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IlPE.Lt;HCJIOBHE 

B 2006 r. ITp11 ITO,ll,llep)f(Ke P<P<PI1 BbIIIIJia B cBeT MOHorpacpmi «OcHOBbI aTOMHOH cpH-

3HKH», HaIT11caHHaH aKa,lleM11KOM M.A. EJibHIIIeB11qeM H MHOIO. B KH11re paccMaTpHBaJIOCb 

CTpOeH11e 11 CBOHCTBa aTOMOB, MOJieKyJI H rnep,llb!X TeJI c IIIHpOKl1M ITPl1BJieqeHl1eM CITeK

rpoCKOITHqeCKHX 11 ,llpyrnx Ha6JIIO,llaTeJibHbIX ,llaHHbIX, c OIT11cam1eM COOTBeTCTBYIOill.11X 

cospeMeHHb!X 3KCITep11MeHTaJibHbIX cpe,llCTB 1). 

HacTOHill.aH KHl1ra HBJIHeTCH ITO cymecrsy ee ITpO,llOJI)f(eHHeM, KaK 6bl «BTOpb!M TOMOM» 

3TOro Tpy,lla; B HeH coxpaHeH TOT )f(e MeTO,llHlJeCKl1H ITO,llXO,ll K ocsememrIO MaTepHaJia. 

3a,llyMaHa oHa 6hIJia KaK HaIII coBMeCTHbIH c M.A. EJibHIIIeBHqeM rpy.ll, HO, K CO)f(aJieH1110, 

OH yrneJI !13 )f(H3HH, H 3TY KHHry ITPHIIIJIOCb ITHCaTb MHe 0,llHOMy, XOTH pa3pa6aTb1BaJICH 

ee ITJiaH HaM11 COBMeCTHO. 

Ilp11 HaIT11CaHl1H KHHfl1 H ITO,llpa3yMeBaJI, qTO lJl1TaTeJib 3HaKOM c Ba)f(HeHIIIHMH 

IIOJIO)f(eHHHMH KBaHTOBOH MexaHHKH - cpyH,llaMeHTaJibHOH 6a30H MHKpOcp113HKl1. 0CH0Bbl 

KBaHTOBOH MexaHHK11, B qacTHOCTl1, paCCMOTpeHbl B YITOMHHYTOH KHHre .llBYX aBTOpOB, 

r,lle 113JiaraIOTCH Ba)f(HeHIIIl1e ITOJIO)KeHHH HepeJIHTHBHCTCKOH 11 peJIHT11Bl1CTCKOH KBaHTOBOH 

MexaHHKH, 3JieMeHTbl KBaHTOBOH 3JieKTpO,lll1HaMHKl1. l-fHrnTeJib MOMeT rrp11 Heo6XO,lll1-

MOCTH HCITOJib30BaTb 3TOT TPY.ll B Kaqecrne CITpasoqHoro IToco611H ( CCbIJIKH Ha Hero 

CO,llepMaTCH 11 B TeKCTax HaCTOHill.eH KH11rH). 

<1>11311Ka aTOMHOro H,llpa OIT11paeTCH TaKMe Ha CBe,lleHl1H 06 OCHOBHblX cp11311qeCKl1X 

xapaKTep11cT11Kax 3JieMeHTapHbIX qacTHI.J.. Heo6xo,lll1MbIH Ml1Hl1MYM 11HcpopMau1111 o Hl1X 

cocpe,llOToqeH rJiaBHb!M o6pa30M BO BBO,llHOM pa3,lleJie. 

B KH11re o6o6meHhI BaMHei1III11e ,llOCT11MeH11H H,!!,epHOH cp11311K11 cpyH,llaMeHTaJibHoro 

xapaKTepa. 0TMeT11M ceHcau110HHb!H xapaKTep HeKOTOpb!X OTKpb!Tl1H, C,lleJiaHHbIX 3a ITO

CJie,llHl1e ,lleCHTl1JieTl1H, qTO, B03MO)KH0, ITp11B€,lleT B 6JIH)f(aHIIIeM 6y,llylll.eM K ITepeCMOTpy 

HeKOTOpb!X ITOJIOMeH11H COBpeMeHHOro ecTeCTB03HaHl1H. 

KaK BH,llHO 113 Ha3BaHHH KHHfl1, B HeH y,lleJrneTCH cpaBHl1TeJibHO 60JibIIIOe BHl1MaH11e 

H,llepHb!M TeXHOJIOrHHM, qTo IT03BOJJHeT 6oJiee IIOJIHO OXBaTl1Tb COBpeMeHHYIO ITpo6JieMa

THKY cp11311K11 aTOMHoro H,llpa. 

HaITHCaHl1!0 ITpe,llJiaraeMOH KH11fl1 BO MHOfOM IIOMOrJil1 KOHCITeKTbl JieKIJ,11H ITO Teo

peT11qecKOH H 3KCITep11MeHTaJibHOH H,llepHOH cp11311Ke, KOTOpbie aBTOp MHOro JieT q11TaJI 

B 06HHHCKOM cp11JIHaJie MI1<PI1 (ITpeo6pa3oBaHHOM BITOCJie,llCTBHH B 06H11HCK11ti rocy

,llapcrneHHbIH TeXHHlJeCKHH ytt11sepcHTeT H,llepHoti 3HeprernK11) 11 B pH.Ile .llpyrnx BbICIIIHX 

yqe6Hb!X 3aBe,lleHl1H. 

3Ta KHl1ra paCClJl1TaHa B ITepByIO oqepe,llb Ha cp11311KOB, pa6oTa KOTOpb!X TeCHO CBH3aHa 

He TOJibKO c cpytt,llaMeHTaJibHOH H,llepHOH <f>11311KOH, HO 11 c H,llepHOH TeXHOJiorneH., a TaK)Ke 

Ha CTy,lleHTOB BY30B, o6yqa!Olll.11XCH ITO CITeu11aJibHOCTH «H,llepHaH cpH311Ka H TeXHOJIOrHH». 

Bo3MOMHO, qro ITpe,llITOJiaraeMaH KH11ra OKaMeTCH ITOJie3HOH ,llJIH yq11TeJieH IIIKOJI c yrny6-

JieHHblM H3ylJeH11eM cpH311Kl1 11 ,llJIH Jll1U, 11HTepecyIOill.11XCH COBpeMeHHb!M COCTOHHl1eM 

ecreCTB03HaHl1H. 

51 6Jiaro,!!,ap!O ITpocpeccopoB A. IO. Ka3aKOBa, n. A. KmKeBHl1KOBa, A. B. KocTIOH11Ha 

3a ITOMOill.b H ueHHbJe COBeTbl. DOJ!bIIIYIO pOJib ITO TexH11qecKOMY o<f>opMJieHl1!0 KHl1rH 

chrrpaJ111 IO. B. AHyposa, I1. B. EapcyKosa 11 M.A. IlJIOTHl1KOB, I1. IO. TenJIOB, C. B. Tep

TbJqHaH 11 0. B. C11poTHH, KOTOpbIM H np11HOIIIY csoIO 11cKpeHHIOIO 6Jiaro,llapHoCTb. 

O.A. BapcyKoB 

1) B 2009 r. He3aBHCHMhIH o6mecTBeHHbIH coser KOHKypca «100 Jiyqurnx BY30B» Yil.OCTOHJI 
asropOB 3BaHH51 JiaypeaTOB KOHKypca B HaHMeHOBaHHH «JlyqwaH KHHra ro)l,a». 



l.JacTb I 

MUP CYBATOMHbIX qACTUU 

f Jiasa 1 

ffAqAJibHbIE CBE,llEHHSI 

0 CYBATOMHbIX qACTHU.AX 

§ 1.1. Onpe,D;eJieHHe cy6aTOMHbIX 1:1acTHD; 

Cy6aTOMHb1e lJaCTHUbI no.rr.pa3,ll,eJI51IOTC51 Ha aTOMHbie 51,ll,pa H 3JieMeHTapHbie 

lJaCTHUbI [8]. ATOMHoe 51,ll,po npe.rr.CTaBJI51eT co6oii cHcTeMy tt3 CB513aHHbIX Me*.ll.Y 

co6oii 51,ll,epHb!MH CHJiaMH npoTOHOB H HeHTpOHOB, o6o6meHHO Ha3bIBaeMb!X HyKJIO

HaMH 1) ( o csoiicrnax 51.I\epHbIX CHJI pel!b noii.rr.eT HH*e). ITpoToH o6Jia.rr.aeT noJio

)KttTeJibHbIM 3JieKTpHl!ecKHM 3ap51,ll,OM e = 1,60 · 10- 19 KJI = 4,80 · 10- 10 e.rr.. CfC3 

H MaCCOH paBHOH 1836me (me = 9, 11 . 10-31 Kr = 9, 11 . 10-28 r. HeiiTpOH 3JieK

Tpttl!eCKH HeHTpaJieH H HMeeT Macey 1839me, T. e. MaCCbl npOTOHa H HeHTpoHa 

OlJeHb 6JIH3KH Me)K.rr.y co6oH. lIHCJIO npOTOHOB B 51,ll,pe cosna.rr.aeT c nop51,ll,KO

Bb!M (aTOMHbIM) HOMepoM coorneTcTByIOmero 3JieMeHTa Z. BeJittlJttHa Ze pasHa 

3ap51.ll.Y aTOMHoro 51,ll,pa. CyMMapHoe lJHCJIO npoTOHOB H HeHTpoHoB s aToMHOM 

H.rr.pe A = N + Z (N - lJHCJIO HeiiTpoHos) Ha3bJBaeTcH .MaccoBbt.M ttuc;w.M. 
l!ttcJio 3JieKTpoHos B HeHTpaJibHOM aToMe pasHo Z. XttMttlJeCKtte csoiicTsa aToMa, 

npHHa,ll,Jie)Kamero K .rr.aHHOMY XHMHlJeCKOMY 3JieMeHTy, onpe.rr.eJI51IOTC51 He aTOMHOH 

Maccoii (ttJIH MaccosbIM lJHCJIOM), a ttMeHHo aTOMHbIM HoMepoM Z. ITocKOJibKY 

Macca npoToHa H HeiiTpoHa 3HalJttTeJibHO npesbllnaeT Macey 3JieKTpoHa, no.rr.aBJI51-

IOIUa51 lJaCTb aTOMa npttXO,ll,HTC51 Ha Macey 51,lJ,pa. 

CornacHo o6menpHH51TOH TepMttHOJiorntt KOHKpeTHbIH aTOM c JJ,aHHbIM lJHCJIOM 

npoToHos tt HeiiTpoHos s 51.rr.pe Ha3bIBaIOT HyK.1tuoo.M 2). HyKJIH.I\bI c O.I\HHaKOBbIM 

Z, HO pa3HbIMH A, Ha3bIBaIOTC51 usomona.Mu. lfa noH51THH «HYKJIH.ll.» H «aToM» 

nepsoe 51BJ151eTC51 6oJiee «Y3KHM» B TOM CMblCJie, lJTO B MHOrOH30TOTIHOM 3JieMeHTe 

OHO OTHOCHTC51 J!Hillb K O,ll,HOMY onpe.rr.eJieHHOMY H30TOny. HyKJIH.I\ (HJIH 51,ll,po) 

o6o3HalJaeTC51 3aTIHCb!O BH,ll,a ~x, r.ne x - XHMHlJeCKHH CHMBOJI 3JieMeHTa c 

n_aHHbIM Z. ITocKOJibKY aTOMHbIH HOMep OJJ.H03HalJHO onpe.rr.eJI51eTC51 Ha3BaHtteM 

3JieMeHTa, TO irn.rr.eKc Z He 51BJI51eTCH Heo6xo.rr.ttMbIM. HanpttMep, HYKJIH.ll. yrJiepo.rr.a 

c A= 12 o6o3HalJaeTc51 1 ~C HJIH 12C (ttJIH s cTpOl!HOM sapttaHTe - yrJiepo.rr.-12). 

1) HyKJIOH - rrpOH3BOAHoe or aHrJIHHCKOro cJioBa «nucleus» - llApo. 
2) B JIHreparype BcrpeqaercH 11 CJieAyJOW.ee onpetJ,eJieH11e: HYKJIHA - HAPO c orrpeAeJieHHbIMH 

3HalJeHH51MH A 11 Z. Mb1 6yAeM rrp11Aep:arnBaTbC5! nepBoro onpeAeJieHHH. 



14 I'll. 1. HattaJlbHbte caeaeHUH 0 cy6amOMHblX ttacmuu,ax 

3JieMeHTapHa51 lJaCTHUa MOMeT 6b!Tb onpe,ll,eJieHa KaK MHKpoo6beKT, KOTOpb!H 

HeB03MOMHO pacmenHTb Ha 6oJiee 3JieMeHTapHbie MHKpoo6beKTbI (3TO onpe,ll,e

JieHHe HYM,ll,aeTc51 B ,ll,aJibHei1urnx yTolJHeHH51X, KOTOpb1e 6y,ll,yT ,ll,aHbI HHMe). 

3JieMeHTapHa51 l!acn1ua BbICTynaeT B Kal!eCTBe e,ll,HHoro ueJioro, coxpaH5151 CBOIO 

HH,ll,HBH,ll,yaJibHOCTb B COCTaBe JII06bIX CJIO)KHbIX MHKpOCHCTeM - aTOMOB, MOJie

KYJI H np. 

§ 1.2. Ilpe,ll;CTaBJieHHe 0 <l>YHAaMeHTaJibHbIX B3aHMO)l;eHCTBHBX 

B Mttpe cymecrnyeT l!eTb1pe cpyH,ll,aMeHTaJibHbIX B3aHMO,ll,eHCTBH51: 3JieKTpoMar

HHTHOe, rpaBHTaUHOHHOe, CHJibHOe (51,ll,epHoe) H cJia6oe. B 51BJieHH51X, H3yl!aeMbIX 

B aTOMHOH cpH3HKe, ,ll,OMHHHPY!Olll.YIO pOJib Hrpa!OT CHJibl 3JieKTpOMarHHTHOH npH

pO,ll,bl, TOr,ll,a KaK B cy6aTOMHOH cpH3HKe HCCJie,ll,y!OTC51 51BJieHH51, B KOTOpb!X np051B

JI51!0TC51 TaK)Ke CHJibl, o6ycJIOBJieHHble 51,ll,epHblMH H CJia6bIMH B3aHMO,ll,eHCTBH51MH. 

B OTJIHlJHe OT ,ll,aJibHO,ll,eHcTBYIOill.HX 3JieKTpoMarHHTHbIX H rpaBHTaUHOHHbIX CHJI, 

,ll,eHCTBHe KOTOpb!X np051BJI51eTC51 Ha JII060M paCCT051HHH OT HCTOlJHHKa CHJibl, 

51,ll,epHbie H CJia6b1e CHJibl 51BJI51!0TC51 6JIH3KO,ll,eHCTBYIOill.HMH; nepBbie np051BJI51-

IOTC51 Ha paccT051HHH R nop51,ll,Ka 1,5 · 10- 15 M = 1,5 · 10- 13 CM, a BTOpb1e -

10- 18 M = 10- 16 CM. BnepBbie o cymecrnoBaHHH 6JIH3KO,ll,ei1crnyIOmttx 51,ll,epHbIX 

CHJI CTaJIO H3BeCTHO H3 Oflb!TOB Pe3epcpop,ll,a no pacce51HHIO O:-lJaCTHU Ha TOHKHX 

cpOJibrax. 

XapaKTepttcTHKOH cpyH,ll,aMeHTaJibHoro B3aHMO,ll,eHCTBH51 51BJI51eTC51 6e3pa3Mep

Ha51 KOHCTaHTa B3aHMO,ll,eHCTBH51 a . .ll.JI51 CHJibHOro, 3JieKTpOMarHHTHOro, CJia6oro 

H rpaBHTaUHOHHOro B3aHMO,ll,eHCTBHH npH6JIH)KeHHbie 3HalJeHH51 KOHCTaHTbl a paB

Hbl COOTBeTCTBeHHO 1, 3, 7 . 10-3, 10-6, 10-38. Tio npHl!HHe 4pe3BbilJaHHOH MaJIOCTH 

KOHCTaHTbl rpaBHTaUHOHHbIX B3aHMO,ll,eHCTBHH B cy6aTOMHOH cpH3HKe flOCJie,ll,HHMH 

o6bilJHO npeHe6peraIOT. PoJib rpaBHTaUHOHHbIX CHJI HalJHHaeT HrpaTb 3aMeTHYIO 

poJib JIHWb B npoueccax npH YJibTpaBbICOKHX 3Heprn51x. 

§ 1.3. Ba11rneiiwue OTJiuquTeJihHhie qepTbI cy6aTOMHhIX cucTeM 

1.3.1. 0 BHeCUCTeMHOH e)J.UHUU.e 3JieKTpOHBOJlbT u ee npOH3BO)J.HbIX. 

B ,ll,aJibHei1weM Mb! 6y,ll,eM wttpoKo npHMeH51Tb o6menpHH51TYIO B MHKpocptt3HKe 

BHeCHCTeMHYIO e,ll,HHHUY 3HeprnH - 3JieKTpOHBOJibT (3B). 1 3B paBeH 3HeprnH, 

KornpyIO nptto6perneT lJaCTHUa, 06Jia,ll,a10ma51 3JieMeHTapHbIM 3ap51,ll,OM e, npOH,ll,51 

YCKOp51!0Ill.YIO pa3HOCTb nOTeHUHaJIOB B 1 B: 1 3B = 1,60 . 10- 19 n)K = 1,60 x 
x 10- 12 3pr. 

l1cnOJib3YIOTC51 H 60JibWHe e,ll,HHHUbl 3HeprnH, KpaTHbie 3JieKTpOHBOJibTy: 

1 KHJI03JieKTpOHBOJibT (K3B) = 103 
3B = 1,60 · 10- 16 

.lJ.M = 1,60 · 10-9 
3pr; 

1 Mera3JieKTpOHBOJibT (M3B) = 106 
3B = 1,60. 10-13 

n)K = 1,60. 10-6 
3pr; 

1 fttra3JieKTpOHBOJibT (f3B) = 109 3B = 1,60. 10- 10 
.u)K = 1,60. 10-3 3pr; 

1 Tepa3JieKTpOHBOJibT (T3B) = 1012 
3B = 1,60 · 10-7 

.[(M = 1,60 · 10° 3pr. 



§ 1.3. BaJICHeiiutue omAuttumeAbHbte ttepmbt cy6amoMHbtX cucmeM 15 

1.3.2. Cpasueuue csoiicTB aTOMHbIX u cy6aTOMHbIX cucTeM. Me*ll.Y 

cy6aTOMHbIMH H aTOMHbIMH o6beKTaMH cymecrnyeT MHoro o6mHx qepT. TaK, Te 

H ll.pyrne o6Jia)J.alOT )1.BOHCTBeHHOH KOpIIyCKym1pHO-BOJIHOBOH IIpHpO)J.OH, T. e. 51B

J15llOTC51 qacTHIJ.aMH c KBaHTOBbIMH CBOHCTBaMH. Ilo3TOMY MHOrne H)J.eH H MeTO)J.bl 

KBaHTOBOH MexaHHKH c ycnexoM HCIIOJ1b3YIOTC51 KaK B cpH3HKe aTOMHOfO 51)1.pa, TaK 

H B cpH3HKe 3JieMeHTapHb!X qacTHIJ.. 

IlpH attaJIH3e COCT051HHH cy6aTOMHbIX o6beKTOB HCIIOJ1b3YIOTC51 IIpHeMbl, CHM

BOJIHKa H TepMHHOJ10fH51, 3aHMCTBOBaHHbie H3 aTOMHOH CIIeKTpOCKOIIHH. 

IlO)J.06HO aTOMHblM CHCTeMaM aTOMHb!e 51)1.pa o6Jia)J.alOT )1.HCKpeTHbIM 3Hepre

THlJeCKHM CIIeKTpOM, HX COCT051HH51 xapaKTepH3YIOTC5I onpe)J.eJieHHb!MH tta6opaMH 

KBaHTOBbIX lJHCeJI. ,ll.JI51 OIIHCaHH51 p51)1.a CBOHCTB 3JieMeHTapHbIX qacTHU BBO)J.51TC51 

attaJiornl!Hbie 6e3pa3Mepttb1e tta6opb1 lIHCeJI. 

c MeTO)J.OJIOfHlJeCKOH TOlJKH 3peHH51 aTOMHbie H cy6aTOMHbie CHCTeMbl o6be)J,H

H51eT TO, lJTO CBOHCTBa MHKpoqacTHU 0)1.HOfO THIIa B HeKOTOpb!X cJiyqa51x MO)l(HO 

onpe)J.eJIHTb no cBoi1crnaM MHKpoqacTHU ll.pyroro THIIa. HanpHMep, pa3pa6oTaHbI 

MeTO)J.bl onpe)J.eJieHH51 MarHHTHbIX MOMeHTOB 51)1.ep IIO CIIeKTpaM aTOMOB HJIH MOJie

KyJI; 3Ha51 TOlIHYIO Macey aTOMa MO)l(HO onpe)J.eJIHTb 3Heprn10 CB513H ero 51)1.pa H np. 

0)1.HaKO HMelOTC51 H cymecTBeHHbie pa3JIHlJH51 Me)l()J.y aTOMHbIMH H cy6aTOMHbI

MH cHcTeMaMH. B aToMe 51)1.po 51BJI51eTC51 HCTOlJHHKOM KYJIOHOBCKoro IIOJI51, yll.ep)l(H

sa10mero aTOMHbie 3JieKTpOHbJ. B 51)1.pe tteT IIOll.06ttoro cpH3HlleCKH BbI)J.eJiettttoro 

u.eHTpa - HCTOlJHHKa IIOJ151, )1.eHCTBYJOJJJ;erO Ha HYKJIOHbl. 

l-faBeCTHO TaK)l(e, lJTO H30JIHpOBaHHbIH aTOM ycTOHlJHB H caMOIIpOH3BOJ1bHO He 

pacIIa)J.aeTC51. c ll.pyroi1 CTOpOHbl, H3BeCTHO orpOMHOe KOJIHlJeCTBO HeCTa6HJibHb!X 

51)1.ep H 3JieMeHTapHb!X llaCTHU. 

3tteprnH CB513H HYKJIOHOB B aTOMHb!X 51)1.pax Ha MHOfO IIOp51)1.KOB npeBbI

waJOT 3HeprHH CB513H 3JieKTpOHOB aToMa. HanpHMep, 3Heprn51 CB513H JierKoro 

51)1.pa ~Li paBHa 39,2 M3B, a TH)l(eJioro 51)1.pa 
2~~U cocTaBJI51eT 1801,7 M3B, lITO 

npH6JIH3HTeJibHO B 4500 pa3 6oJibWe 3HeprHH CB513H 3JieKTpOHOB aTOMa ypatta. 

Cpe)J.H5151 3Heprn51 CB513H HYKJIOHa B 51)1.pe paBHa 8 M3B. CpaBHHBa51 3TO 3HalleHHe 

c 3HeprneH: CB513H BHernttero 3JieKTpotta aTOMa (1-10 3B) BH)J.HO, lJTO B03MO)l(HOe 

3HeprOBbI)J.eJieHHe B 51)1.epHbIX peaKUH51X IIO Kpai1HeH Mepe Ha weCTb IIOp51)1.KOB 

)1.0JI)l(HO npeBbJWaTb 3HeprOBbI)J,eJieHHe B XHMHlleCKHX peaKIJ.H51X. 

1.3.3. 0 COCTOHHHH Teopuu MHKpo11aCTHII;. Ha aTOMHOM ypoBHe onpe

)1.eJI51IOJJJ;YIO pOJib Hrpa!OT, KaK Mb! 3HaeM, 3JieKTpOMarHHTHbie B3aHMO)J.eHCTBH51. 

Oo3TOMY B aTOMHOH cpH3HKe rnHpoKo npHMeH51eTc51 KBaHTOBa51 3JieKTPOll.HHaMHKa. 

B ttaCT051JJJ;ee BpeM51 KBaHTOBa51 3JieKTPOll.HHaMHKa 51BJI51eTc51 HaH6oJiee TOlJHOH 

TeopHei1 51BJieHHH, npoHCXO)J.51JJJ;HX B MHpe aTOMOB. Otta II03BOJI51eT OIIHCbIBaTb 

CTpoeHHe aTOMHbIX CHCTeM H npouecCbl HCIIycKaHH51 H IIOfJIOJJJ;eHH51 HMH 3JieK

TpOMarHHTHOrO H3JiylleHH51. TolIHOCTb npell.CKa3aHH51 3TOH TeopHH 51BJI51eTC51 pe

KOpll.HOH (nop51)1.Ka 1o-9-10- 10). CnpaBe)J.JIHBOCTb KBaHTOBOH 3JieKTPOll.HHaMHKH 

IIO)J.TBep)l()J.aeTC51 orpoMHbIM Ha6JIJO)J.aTeJibHb!M MaTepHaJIOM [6]. 
Cymecrnetttto CJIO)l(Hee o6cTOHT )1.eJio c TeopeTHlleCKHM OIIHCaHHeM 51BJieHHH 

H npoueccoB B MHpe 51)1.ep H 3JieMeHTapHb!X llaCTHIJ., TaK KaK IIpH C03)1.aHHH 

TeopHH Ha cy6aTOMHOM ypoBHe tteo6xo)J.HMO YlIHTbIBaTb Bee TPH nepel!HCJieHHbIX 
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Bblllle nma cpyH,IJ.aMeHTaJibHb!X B3aHMO,IJ.eti:eTBHH - 3JieKTpOMarHHTHOro, eHJibHOfO 

11 eJia6oro. 

0,IJ.Ha 113 Tpy,ll.HOeTeti: e03,ll.aHH51 noJIHOUeHHOH TeOpHH eB513aHHb!X eoeT051HHH 

eHeTeMbl HYKJIOHOB - Teop1111 aTOMHOrO 51,ll.pa - eoeTOHT B TOM, l.JTO noTeHUHaJI 

noJI51 51,ll.epHbIX e11JI ,ll.O e11x nop HeH3BeCTeH. 3Ta TPY,IJ.HOeTb npeo,IJ.oJiesaeTCH nyTeM 

BBe,IJ.eHH51 pa3JIHl.JHb!X MO,ll.eJibHb!X npe,IJ.eTaBJieHHH. 

B cpH3HKe 3JieMeHrnpHbIX qaeTHU eymeeTBy10T eme 6oJibll1He TeopeTw1eeK11e 

Tpy,ll.HOeTH, eB513aHHbie B onpe,IJ.eJieHHOH eTeneHH e MHOfOLJHeJieHHOeTb!O HX npe

spalll,eHHH. E,IJ.HHoti: Teop1111, oxsaTbrna10meti: see aeneKTbI cpH3HKH 3JieMeHTapHbIX 

qaeTHU, He eymeCTsyeT. TeopeT11LJeeK11e pa3pa6oTKH H,IJ.YT B HeeKOJibKHX Hanpas

JieHH51X. 

TaK, eJie,IJ.yeT OTMeTHTb KaK 6oJibllJOe ,IJ.OeTH1KeHHe eo3,IJ.aH11e Teop1111 3JieKTpo

eJia6oro B3aHMO,IJ.eti:eTBH51, o6be,ll.HHHBllleH on11eaHH5I eJia6oro H 3JieKTpoMarHHT

HOro s3a11Mo,IJ.eti:eTs11ti:. Ee eoeTaBHOH qaeTbIO 51BJI51eTCH KBaHTOBa51 3JieKTpO,ll.HHa

MHKa. MHorne npe,IJ.eKa3aHH51 Teop1111 3JieKTpoeJia6oro B3aHMO,IJ.eti:eTBH51 noJiyLJHJIH 

3KenepHMeHTaJibHOe nO,IJ.TBep1K,ll.eHHe. 

Ha1160Jiee ycnellJHoti: Ha eero,IJ.H51 Teop11eti:, on11ebrna10mei1 eTpyKTYPY qaernu, 

yqaeTBYIOlll.HX B eHJibHb!X B3aHMO,IJ.eti:eTBH51X, 51BJI51eTe51 KBaHTOBa51 xpOMO,ll.HHaMH

Ka, noeTpoeHHa51 B 3Hal.JHTeJibHOH eTeneHH no o6pa3UY KBaHTOBOH 3JieKTpO,ll.HHa

MHKH. KsaHTOBa51 xpoMO,ll.HHaMHKa no3BOJIHJia e e,IJ.HHOH TOLJKH 3peHH5I o6b51eHHTb 

npaKTHLJeeKH see 3Mn11p11qeeK11e Ha6JIIO,ll.eHH51, eB513aHHb!e e eHJibHblMH B3aHMO

,IJ.eHCTBH51MH. MHorne ee npe,ll.cKa3aHH51 6b1JI11 no,IJ.TBep1K,ll.eHbI 3Kenep11MeHTaJibHO. 

0,IJ.HaKO Bee KOHKpeTHb!e paeLJeTbl, BbIIlOJIHeHHbie B paMKax 3TOH Teop1111, eo,IJ.ep

)KaT MHoroq11eJieHHb1e Mo,IJ.eJibHhie ,IJ.onymeHH51. KsaHTOBa51 xpoMO,ll.HHaM11Ka, Haxo

,ll.51lll,a51e51 B CTa,ll.HH pa3BHTH51, noKa 51BJI51eTC51 no cymeCTBy cpeHoMeHOJIOrHLJeeKOH 

Teop11eti:. 

npe,ll.npHHHMaIOTe51 nonbITKH C03,IJ.aHH51 TaK Ha3bIBaeMoro BeJIHKOro 06be,ll.H

Hemrn - Grand Unification (GU) - Teop1111, o6be,IJ.HH51IOlll.eti: eHJibHbie, 3JieK

TpoMarHHTHbie 11 eJia6b1e B3aHMo,IJ.eti:cTBH51. l1cxo,IJ.Hoe npe,IJ.noJI01Kett11e BeJIHKoro 

o6be,ll.HHeHH51 eOCTOHT B TOM, l.JTO see TPH BH,ll.a nepeLJHeJieHHb!X B3aHMO,ll.eHeTBHH 

HMeIOT e,IJ.HHYIO npHpo,IJ.y. YeTaHOBJieHo, LJTo c pocTOM 3Heprn11 pa3JIHLJHe KOH

eTaHT a CHJibHOfO, 3JieKTpoMarHHTHOf0 H cJia6oro B3aHMO,IJ.eti:eTBHH yMeHhlllaeTe51 

H npH 3HeprH51X 1015-10 16 f 3B HX 3Hal.JeHH51 «e6eraIOTC51» K o6meti: KOHeTaHTe 

a 0u ~ 2,5 · 10-2. K HaeT051lll.eMy speMeHH eo3,IJ.aHo HeeKOJibKO TeopeTHLJecKHX 

MO,IJ.eJieti: BeJIHKoro o6be,IJ.HHeHH51. HaKoHeu, eJie,IJ.yeT ynoM51HYTb o eynepeTpyHHoti: 

TeopHH H ee MO,ll.Hcp11Kau1111, M-TeopHH, pa3pa6aTbrnaeMoi1 B HaeT051lll,ee speM51, KO

rnpoti: MHorne TeopeTHKH npopoLJaT eTaTye Beeo6beMJIIOlll,eH e,IJ.HHOH TeopHH [2, 5]. 
CorJiaeHo npHBe,IJ.eHHOMY KpaTKOMY 063opy eo3,IJ.aHHe noJIHOUeHHOH TeopHH 

ey6aTOMHb!X CHCTeM - ,IJ.eJIO 6y,IJ.ylll,ero. 

1.3.4. PoJib 3aKOHOB coxpaueHH.H B cy6aTOMHOH <l>H3HKe. np11 paeeMOT

peHHH B3aHMO,ll.eHeTBHH Me1K,IJ.y ey6aTOMHb!MH qaeTHUaMH Hap51,ll.Y c TOl.JHbIMH 

3aKOHaMH eoxpaHeHH51 (3tteprnH, HMnyJibea, MOMeHTa HMnyJibea H np.) npHMe

H51IOT seeB03M01KHbie np116JIH)KeHHbie, HJIH sepHee eKa3aTb, orpaHHl.JeHHbie onpe

,IJ.eJieHHb!MH BH,ll.aMH B3aHMO,ll.eHeTBH51, 3aKOHbl coxpaHeHH51, 11rpa10m11e B ey6aTOM-
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HOH cpH3HKe HCKJIIO'-!HTeJibHO Ba:IB:HYIO pOJib. :'.ho CB5l3aHO B nepsy10 O'-!epe}l,b 

c OTCYTCTBHeM, KaK yKa3hIBaJIOCh, y}l,OBJiernop11TeJibHbIX Teop11i1 aTOMHoro H}l,pa 

11 3JieMeHTapHbIX '-!aCTHU; HCilOJih30BaHHe MHOfO'-!HCJieHHbIX 3aKOHOB coxpaHeHH5l 

KaK 6bI «KOMneHCHpyeT» OTCYTCTBHe TaKHX Teop11i1. 

BcnoMHHM TaKMe, '-ITO MHorne cy6aTOMHhie '-laCTHUhI HeycTOH'-IHBhI. 0)1,HaKo 

paccMaTpirnaTh npesparueHHH c11cTeM y}l,o6Ho, on11paHch Ha He'-ITO, He no}l,Bep:IB:eH

Hoe H3MeHeHHHM. TaKyIO «onopHyIO TO'-IKY» B MHpe cy6aTOMHOH cpH3HKH '-!acTo 

11 06ecne'-!11Ba10T 3aKOHhI coxpaHeHHH. 

3aKOHbl coxpaHeHH5l TeCHO CB5l3aHhl c CHMMeTpHeH Toro HJIH HHoro BH}l,a 

(cM. TeKcT neTHTOM). B MHKpocpH3HKe 3aKOHhI coxpaHeHHH cBH3hIBaIOTC5l c c11M

MeTp11ei1 onpe}l,eJieHHoro THna, '-!TO o6Jier'-!aeT HHTepnpeTaUH!O H OCMblCJIHBaHHe 

HBJieHHH. Bee 06be)l,11HeHHhie TeOpHH MHKpO'-laCTHU HCilOJih3YIOT pa3}l,eJI MaTeMa

THKH - TeopH!O rpynn, KOTOpaH OilHCbIBaeT onepau1111 CHMMeTpHH. 

MeM.n.y c11MMeTp11ei1 cp113HLJeCKHX cHcTeM H 3aKoHaMH coxpaHeHHH cyrn.ecTByeT Tec

HaH CBH3b. CornacHo sechMa o6rn.ei1 TeopeMe Herrep, ecJIH csoiicTBa cHcTeMbI He MeHHJOT

CH OT KaKoro-JIH6o rrpeo6pa30BaHHH nepeMeHHbIX, TO 3TOMY COOTBeTcTByeT HeKOTOpb!H 

3aKOH coxpaHeHHH. 0TCJO}l,a CJie.n.yeT, lJTO HaJIHLJHe CHMMeTpHH B CHCTeMe o6ycJIOBJIHBaeT 

cyrn.eCTBOBaHHe }l,JIH Hee coxpaHHIOUJ.HXCH cpH3HlJeCKHX BeJIWIHH, n03TOMy, 3HaH CBOHCTBa 

CHMMeTpHH CHCTeMbl, MO)!(HO OTblCKaTb }l,JIH 'HOH CHCTeMbl COOTBeTCTBYIOUJ.He HM 3aKOHbl 

coxpatteHHH. 

TaK, HHBapHaHTHOCTb .n.ei1CTBHH }l,JIH CHCTeMbl OTHOCHTeJibHO C,ll.BHfOB BpeMeHH ('ITO 

COOTBeTCTByeT npe,ll.CTaBJieHHIO 0 ero O}l,HOpO,ll.HOCTH) o6ycJIOBJIHBaeT corJiaCHO TeopeMe 

Henep 3aKoH coxpatteHHH 3HeprnH. lfa HHBapHaHTHOCTH .n.eiicTBHH no OTHOWeHHJO K npo

crpaHCTBeHHblM Cll,BHI'aM ('ITO OTBeLJaeT rrpeJJ,CTaBJieHHIO 06 OJJ,HOpOJJ,HOCTH rrpocTpaHCTBa) 

cJie.n.yeT 3aKoH coxpaHeHHH HMnyJihca. AHaJiorHLJHo H3 pasttoueHHOCTH scex npocrpaH

crseHHWX HanpaBJieHHH H CBH3aHHOH c 3THM HHBapHaHTHOCTH }l,eHCTBHH OTHOCHTeJibHO 

Bparn.eHHH CHCTeMbl KOOp,ll.HHaT B rrpocrpaHcTBe (T. e. H3 H30TpOnHH npocrpaHCTBa) BbITe

KaeT 3aKOH coxpatteHHH MOMeHTa HMrryJibCa. 

EcJIH B CHCTeMe cyrn.ecTByJOT CHMMeTpHH, He CBH3aHHbie c npocrpaHCTBOM - Bpe

MeHH, TO reopeMa Henep no3BOJIHeT ycraHOBHTh H .n.pyrne coxpaHHJOW.Hern BeJIHLJHHbI. 

DpHMepoM HBJIHeTCH 3JieKTPHLJeCKHH 3apH,ll., c KOTOpblM MO:tKHO CBH3aTb TaK Ha3bIBaeMoe 

3apH,ll.OBOe rrpeo6pa30BaHHe CHMMeTpHH. 

1.3.5. XapaKTepHbie 3HaqeHnH aHepruH:, paccTOHHUH u epeMeH )l{U3-
uu B cy6aTOMHoii <t>n3nKe. HH:IB:HRR rpaH11ua 3HeprnH HeKOTOpbIX '-!aCTHU, 

paccMaTpHBaeMhIX B cy6aTOMHOH cpH3HKe, MO:IB:eT 6b!Tb cpaBHHTeJibHO HH3KOH. 

HanpHMep, cornaCHo cymecrny10ruei1 B Hei1TpOHHOH cp11311Ke KJiacrncp11KaUHH Hei1-

rpoHoB no 3H€prH5IM, MHHHMaJibHOH 3Heprnei1 o6Jia}l,a!OT XOJIO}l,Hh!e HeHTpOHbl 

(W < 0,01 3B). LlJIR cpaBHeHH5l HanoMHHM, '-!TO 3Heprm-i CB5l3H BHeIIIHHX aTOMHblX 

3JieKTpOHOB HM€IOT nopH}l,KH 1-10 3B (a CKOpOCTH 3THX '-!aCTHU npH6JimKeHHO 

paBHhI ac « c) 
1
). ITocKOJihKY cJiy'-!aH, KOr}l,a CKopocTH H}l,ep 11 3JieMeHTapHbIX 

1
) B § 4.3 [ l] rroKa3aHo, l.!TO Me*JJ.Y rrocTOHHHOH TOHKOH CTPYKTYPhI (KOHCTaHTOH 3JJeKTpo

MarnMTHoro B3aMMOJl,ettcTBml) a = e/hc M CKOpOCTblO op6MT3JlbHOfO Jl,BH)KeH!rn 3JJeKTpoHa aTOMa 

soJJ,opoJJ,a v cymecrnyeT rrpocTaH CB513h a = v/c (cjiopMyJJa 4.20)), rJJ,e c - cKopocTh cseTa 

a rrycTOTe. 411cJJeHHOe 3Hal.!eH11e a paBHO 1/137, T. e. a « I. CJJeJJ,oBaTeJJhHO, v = ac « c. 3To 

HepaBeHCTBO Bbll10JJH51eTc51 Ii Jl,Jl51 CKOpOCTI:! BHeWHl:!X 3JJeKTpOHOB 6oJJee CJJQ)KHbIX aTOMOB. 
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qacTHU 3HatrnTeJihHO MeHbIIIe c, AOCTaTOqHo MHOfOqHcJieHHhl, TO B cy6aTOMHOH 

cpH3HKe Haxo,n:HT npHMeHeHHe HepeJrnTHBHCTCKaH KBaHTOBaH MexaHHKa. TaK, Teo

pHH npocTettIIIero MHOfOHYKJIOHHOrO H,n:pa - ,n:eH:TpOHa OCHOBaHa Ha peIIIeHHH 

ypaBHeHHH lllpe,n:HHrepa. 

0,n:HaKO AJIH cy6aTOMHOH cpH3HKH 6oJiee THnHqHbl CKOpOCTH qacTHU, cyme

CTBeHHO npeBbIIDa!Oll.l,He 3HaqeHHe ac. HanpHMep, CKopocTh HYKJIOHOB B H,n:pe HMe

eT nopH,n:oK 109 CM/ c » ac. B3aHMo,n:eH:cTBHH 3JieMeHTapHhIX qacTHU B 6oJihIIIOM 

qHCJie CJiyqaeB npOHCXOAHT npH peJIHTHBHCTCKHX CKOpOCTHX. no OTMeqeHH~M 

npHqHHaM Teopirn OTHOCHTeJibHOCTH HrpaeT B cy6aTOMHOH cpH3HKe BhI,n:a!Oll.l,Y!O

CH pOJib. 

EcTecrneHHhIH BepxHHH npe,n:eJI 3HeprnH B cy6aTOMHOH cpH3HKe He H3BecTeH. 

no Mepe pa3BHTHH 3KCnepHMeHTaJibHOH TeXHHKH ycTaHaBJIHBa!OTCH BCe 6oJiee 

BhICOKHe 3HaqeHHH 3HeprnH, npHxo,n:Hll.l,eHCH Ha o,n:Hy MHKpoqacTmi,y. Hatt6oJiee 

BbICOK03HeprHqHbie qacTHUbl 3aperHCTpHpOBaHbl B COCTaBe KOCMHqecKoro H3Jiy

qeHHH. 11x 3HeprnH ,n:ocTHraeT 1018-1021 3B. CymecrneHHO MeHbme MaKCHMaJih

HaH 3HeprHH Ha qacTHUy, noJiyqeHHaH qeJioBeKOM. HanpHMep, Ha ycKopHTeJie 

LH C (CERN, lllBeH:uapHH) MaKCHMaJihHaH 3HeprnH yCKopeHHhIX npoTOHOB paBHa 

7000 f3B = 7. 1012 3B 1). 

5IBJieHHH, paccMaTpHBaeMbie B cy6aTOMHOH cpH3HKe, npoHCXOJl:HT Ha pacCTO

HHHHX, He npeBOCXOJl:Hll.l,HX pa3Mepa aToMa, HMe!Oll.l,ero, KaK H3BeCTHO, nopHAOK 

10-8 cM. KaKHX-JIH6o ecTecrneHHhIX 3HaqeHHH HH)KHeH: rpaHHUhI paccTOHHHH 

B cy6aTOMHOH cpH3HKe AO CHX nop He ycTaHOBJieHO. no Mepe COBepIIIeHCTBOBa

HHH TeXHHKH 3KCnepHMeHTa MHHHMaJibHbie paCCTOHHHH, AOCTynHbie H3MepeHH!O, 

CTaHOBHTCH Bee MeHbIIIe. B HaCTOHill,ee BpeMH TaKHe paccTOHHHH HMe!OT nopHAOK 

10- 16 CM. 

B cy6aTOMHOH cpH3HKe IIIHpoKo np11MeHHeTcH BHecttcTeMHaH e,n:HHHUa paccTo

HHHH - cpepMH (<PM). 

1 ¢M = 10- 13 CM, 

6JIH3KaH no nopH,n:Ky BeJI11q11Hbl K pa3MepaM f!,n:ep, paBHbIM 10- 12-10- 13 CM 

(§ 7.3). Pa3MepbI HYKJIOHOB TaKN<:e paBHbI np116JIH3HTeJibHO 10- 13 CM. ,Il.JI11Ha 1 <PM 

MO)KeT cq11TaTbCH HaH60Jiee xapaKTepHblM paCCTOflHHeM AJIH MHpa cy6aTOMHOH 

cpH3HKH. 

lllKaJia paccTOHHHH TecHo CBH3aHa co IIIKaJioH: BpeMeHH. Ba)KHOe MaCIIITa6Hoe 

noHHTHe cy6aTOMHOH cp113HKH xapaKmeprtoe BpeM5l (apeM5l np01iema) onpe,n:eJIHeT

CH KaK BpeMH, Heo6xo,n:HMOe AJIH npoJieTa o,n:HoH: qacTHUbI onpe,n:eJieHHOH 3Hepr1111 

CKB03b ,n:pyryIO. noJiaraH CKopocTb HYKJIOHa B H,n:pe v = 109 cM/c, a pa3Mep H,n:pa 

R"' 10- 13 CM, noJiyq11M, qTo xapaKTepHoe H,n:epHoe BpeMH HMeeT nopHAOK 

T5uiepH = R/v = 10-22 c. 

') YcKopttTeJJh LHC HBJJHeTCH KOJJJJai1.ll,epoM, T. e. yCKopttTeJJeM Ha BCTpetiHbIX 11ytiKax. ITptt

Be.ll,eHHoe 3Ha4eHHe 3HeprHH 11p0TOHOB OTHOCHTCll J!Hllib K 0.ll,HOMY H3 CTaJIKHB3!011\HXCll 11Y4KOB 

(110.ll,p06Hee 3TOT BOI1poc paccMaTpHBaeTCll B rJJ. 5). 



§ 1.3. BaJ1CHeuume omJ1.u<mmeJ1.bHble 'iepmbt cy6amoMHblX cucmeM 19 

,llJIH npoueccoB, CBH3aHHhrx c npeBpamemi:eM 51,ll,ep, 6oJiblllHMH MoryT cq11-

TaTbC5! BpeMeHa t >> 71111.epH = 10-22 
C H MaJih!MH t < Tll!l.epH. 

,llJIH peJIHTHBHCTCKHX 3JI€M€HTapHb!X qaCTHU ( V rv C), HM€!0lll.HX pa3Mep OO

pH,ll,Ka 10- 13 CM, xapaKTepHoe BpeMH paBHO 

TrneM = 3 · 10-24 
C. 

B cpH3HKe 3JieMeHTapHbIX qacTHU ecTeCTBeHHhIH MaClllTa6 BpeMeHH onpe,ll,e

JIHeTcH o6hllJHO BpeMeHeM 73JieM. 

TipttHHTO no,ll,pa3,ll,eJIHTh H,ll,pa Ha J1ern11e (A < 50), cpe,ll,HHe 50 < A < 100 
11 TH)K€Jlble (A > 100), XOTH rpaHHIJ,bl COOTBeTCTBY!Olll.HX HHTepBaJIOB BeCbMa 

ycJIOBHbl. 



f JiaBa 2 

<l>H3HqECKHE XAPAKTEPHCTHKH 

3.JIEMEHTAPHbIX qACTHU 

§ 2 .1. KJiaccmt>uKau.u:s1 aJieMeHTapttb1x qacTHU. 

B Ta6JI. 2.1 npirne,LJ,eHa CBO,LJ,Ka pH,LJ,a BaLKHbIX qrn3fllleCKflX xapaKTepflCTHK 

3JieMeHTapHbIX qacTflU, BKJIIOllaIOmaH Macey m, 3JieKTPfllleCKflH 3apH,ll, Q, CIIflH I 
fl cpe,LJ,Hee BpeMH )Kfl3Hfl T [5, 7]. 

CTepBaH rpyIIIIa IIpe,ll,CTaBJieHa Q>OTOHOM - llaCTHIJ,eH C HyJieBOH MaCCOH IIOKOH, 

KOTopaH corJiaCHO KBaHTOBOH 3JieKTpO,ll,flHaMflKe HBJIHeTCH KBaHTOM 3JieKTpoMar

HflTHOfO IIOJIH. CnflH cpoTOHa paseH 1, II03TOMY OH HBJIHeTCH 6o30HOM. 

HanoMHYIM, '-!TO aTOMHhie H,11,pa YI 3JieMeHTapHbie '-!aCTmJ,hI no,11,pa3,11,e.11HJOTCH Ha TaK 

Ha3bJBaeMble 6030Hbl YI cjlepMYIOHbl. TiepBble OIIYICbJBaJOTCH KBaHTOBOH CTaTYICTYIKOH D03e-

3ttHWTeHHa, YIX BOJIHOBhie QlYHKIJ,YIYI CYIMMeTpYl'-!Hhl; BTOpbie OIIYICbJBaJOTCH KBaHTOBOH 

CTaTYICTYIKOH ct>epMY1-,ll.Y1paKa, YIX BOJIHOBble QlYHKIJ,YIYI aHTYICYIMMeTpYl'-!Hbl. y 6030HOB 

CIIYIHbl IJ,eJibie (BKJIJO'-!aH 0), y cjlepMYIOHOB - IIOJiyIJ,eJihle (CM. § 7.7, Ta6JI. 7.3). 

BTOpaH rpynna npe,LJ,cTaBJieHa JieIITOHaMfl 1). Y HeHTpflHO Tpex Bfl,ll,OB, sxo

,ll,Hll.LflX B 3TY rpynny, Macca IIOKOH, IIO-Bfl,ll,flMOMy, paBHa Hymo (flJifl OlleHb 

HeseJiflKa), y ocTaJihHbIX OHa MeHHeTcH B 3HepreTfll!ecKoi1 111KaJie OT 0,511 M3B 

(3JieKTpoH) ,LJ,O ~ 1800 M3B (Tay-Me3oH). 3JieKTPfllleCKflH 3apH,ll, scex HeiiTpflHO 

paseH HYJIIO, y ocTaJibHbIX JieIITOHOB no a6coJIIOTHOH BeJiflllflHe - e,LJ,flHflIJ,e. Bee 

JieIITOHbl o6Jia,LJ,a!OT CIIflHOM 1/2, II03TOMY OHfl HBJIHIOTCH cpepMflOH3Mfl. JleIITOHbl 

fl QlOTOHbl He yqacrnyIOT B CflJibHb!X B33flMO,LJ,eiicTBflHX. 

B COCTaB TpeTbeH rpyIIIIbl BXO,ll,HT ll3CTfllJ,bl, H33bIBaeMb!e a,LJ,pOH3Mfl 2)' OHfl 

yqacTBYIOT B CflJibHb!X B33flMO,LJ,eHCTBflHX fl IIO,ll,p33,LJ,eJIHIOTCH Ha ,LJ,Ba KJiacca: 6apfl

OHOB 3) fl Me30HOB 4). BapfloHaM npflnflchrnaeTCH KBaHTosoe llflCJIO B, Ha3bIBaeMoe 

TaKLKe 6apuoHHbLM aapR8oM. Ll,JIH 6apflOHOB B = 1, ,LJ,JIH aHTfl6apflOHOB B = -1, 
,LJ,JIH Me3oHoB (fl ,LJ,JIH scex ocTaJihHhIX qacrnu) 6apflOHHbIH 3apH,ll, paseH HYJIIO. 

BoJiee IIO,LJ,po6Ho npe,LJ,cTaBJieHfle o 6apflOHHOM 3apH,LJ,e paccMaTpflBaeTcf! B § 7.2. 

1) TepMHH «JienTOH» npoHCXO,ll,HT OT rpe'lecKoro cJioBa «JiepTOC» - JierKHH. 
2) TepMHH «a;i:poH» npo11cxo;i:HT OT rpeqecKoro CJIOBa «a;i:poc», 03Hal.Ja!Oll\HH «KpenKHH» HJIH 

«CHJibHblH». 
3) TepMHH «6apHOH» npo11cxo;i:HT OT rpeqecKoro cJioBa «6apHc», 03HalJaIOll.\HH nnKeJibIH. 
4) TepMHH «Me30H» npo11cxo;i:HT OT rpeqecKoro cJioBa «Me3o» - cpe;i:HHH, npoMe)KyTolJHbIH. 



K.1accHqrnKaUH5l 3.1eMeH1apHb!X Yacrnu 

CHMBOJI Macca B e,n:HHHL(ax 3tteprm1 
fpyrrrra Ha3BaHne 

4acTHL\a AHTH'Ja- Macchi IIOKOH IIOKOH E, 
CTHL(a 3JieKTpOHa me M3B 

¢OTOH ¢OTOH 'Y 0 0 

e-HeHTPHHO Ve ve rvO rv 14 38 

3JieKTp0Hbl e - e+ 1 0,511 

MIO-HeHTpttHO Vµ vµ rvO rv 0 
JlerrTOHhI - µ+ M!OOHbl µ 206,8 105,7 

Tay-HeHTpttHO VT VT rvO rvO 

Tay-Me30HhI T - T+ 3491 1784 

CTttOHbl 
7ro 264,1 135,0 

7r - 7r+ 273,1 139,6 
K+ K- 966,1 493,7 

KaoHbI 
Ko j(O Me30HhI 973,9 497,7 

3Ta-HOJ!h-Me30H r;° 1074 548,8 
B+ B- 5279 -

B-Me30HhI 
Bo Bo 5279 -

A,n:pOHbl CTpOTOHbl p p - 1836,15 938,28 

HetirpOHbI n n 1838,68 939,55 
Ao xo 2183,2 1115,6 

~+ ~+ 2327,5 1189,4 
fiapHOHbl ~o f:O 2333,6 1192,5 

fnrrepOHhI ~- I:- 2343, 1 1197,3 

30 30 2573,2 1314,9 

~ 3+ 2585,7 1321,3 

o- Si+ 3272,7 1672 

3JieKTptt4eCKHH CrrttH I 
3apH.l\ B e,n:HHH-

B e,n:HHHL(aX lei L(aX n 
0 1 

0 1/2 

1 1/2 

rv 0 1/2 

1 1/2 

0 1/2 

1 1/2 

0 0 

1 0 

1 0 

0 0 

0 0 

1 0 

0 0 

1 1/2 

0 1/2 

0 1/2 

1 1/2 

0 1/2 

1 1/2 

0 1/2 

1 1/2 

1 3/2 

T a ~, .~ ~ ..: a 2 i 

Cpe,n:Hee BpeMH 
)!{H3HH T, 

B ceKytt,n:ax 

Crn6ttJieH 

CTa6HJibHbl 

« 

« 

2,20. 10-6 

Cra6ttJihHhI 

3,5. 10- 12 

0,83. 10-16 

2,60. 10-8 

1,24. 10-8 

5,8. 10-8 

2,4. 10-19 

1,6. 10- 12 

1,5. 10- 12 

Cra6ttJihHhI 

886 

2,63. 10- 10 

0,80. 10- 10 

5,8. 10-20 

1,48. 10- 10 

2,9. 10- 10 

1,65. 10- 10 

1.32 . 10- 10 
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Me30HaM11 rrepsoHalfaJibHO Ha3bIBaJil1 OTKpb!Tb!e B COCTaBe KOCMHlfeCKl1X Jiy

lfeH KBaHTbl 51.ll,epHoro ITOJIH; IT03.ll,Hee 11X CTaJil1 Ha3bIBaTb n11-Me30HaMl1 11Jil1 rrporn,e 

n110HaM11. 3Tl1 lfaCT11Ubl o6Jia)l,aIOT MaccaMl1 rrpoMe1KyTO'-IHblMl1 MeM.n.y MaccaMl1 

3JieKTpoHa 11 HYKJIOHa. 

)laJibHeHIIrne 3KCnep11MeHTbl np11BeJI11 K OTKpb!Tl1!0 Me30HOB, c MaccaMl1 co

noCTaBl1Mb!Ml1 11Jil1 cyrn,eCTBeHHO 6oJibllll1Ml1 Mace 6ap110HOB (TaK '-ITO TepMHH 

«Me30H» 11MeeT Jil1lllb 11cTop11qecKoe 3HalfeH11e). KJiacc Me30HOB OlfeHb MHorolf11c

JieHeH, 11 B Ta6JI. 2.1 yKa3aHbl xapaKTep11CTl1Kl1 JI11lllb Tex Me30HOB, 11mpopMaUl15! 

0 KOTOpb!X HaM ITOHa.n.0611TC5! npH .n.aJibHeHll!eM H3JI01KeHHH. y nepe'-IHCJieHHb!X 

B Ta6JI11ue Me30HOB cn11H paseH HYJIIO (Ho 113secTHbI Me3oHhI c I> 0). 
B KJiacce 6ap110HOB Ha11MeHblllei1 Maccoti o6Jia.n.aeT npoTOH, a HaH60Jiblllei1 -

OMera-M11Hyc-rnnepoH (3HeprH5I ITOK05! paBHa 938 M3B H 1672 M3B COOTBeT

CTBeHHO). 3JieKTp11qecK11e 3apH.ll.bI y HeKoTopbIX 6ap110HoB paBHbI HY JI IO ( B TOM 

lfl1CJie y HeHTpoHa), a y .n.pyrnx + 1 HJIH -1 ( 3apH.n. rrpOTOHa paseH + 1). Bee 

6ap110Hbl o6Jia)l,aIOT noJiyUeJiblM CITl1HOM 11 CTOTOMY 5!BJl5IIOTC5I cpepM110HaM11. 

oOJibll!aH lfaCTb 3JieMeHTapHbIX lfaCT11U rrp11Ha.n.Jie1K.11T K KJiaccaM Me30HOB 

11 6apHOHOB, OHl1 HMeIOT pa3Mepbl nop5!.ll,Ka 1 <PM; yqacrnyIOT B CHJ!bHbIX, 3JieK

TpOMarHHTHb!X 11 cJia6b1x B3aHMo.n.ei1crnHHX. A.n.poHbI o6Jia.n.aioT cneu11cp11qecKoi1 

sHyTpeHHeH CTPYKTypoti (o ee oco6eHHocrnx CM. rr. 2.6.2). K TOlfelfHbIM (6ec

CTPYKTYPHbIM) lfaCT11uaM OTHOCHTCH ll!eCTb JienTOHOB - 3JieKTpoH, MIOOH, TaOH 

H Hei1Tp11HO Tpex THCTOB. 

§ 2. 2. ,IJ;yaJIH3M aJieMeHTapHbIX 'laCTHU. 

rlo.n.aBJIHIOW,eMy lfHCJIY 3JieMeHTapHb!X lfaCT11U np11cyrn, .n.yaJIH3M, 3aKJIIOlfaIO

llJ,11HC5I B TOM, '-ITO B rrpHpo.n.e OHH npe.ll,CTaBJieHbl B BH)l,e nap lfaCTHLI,a-aHTl1- . 

lfaCTHUa. rlp11 O)l,11HaKOBOCTH 6oJibllll1HCTBa cpH3HlfeCKl1X CBOHCTB (MaCCbl, CITHHa 

11 .n.p.), lfaCTHUbl napbl pa3JIHlfaIOTC5I Me1K.ll.Y co6oi1 aJire6pa11lfeCKHMl1 3HaKaMH 

3JieKTPHlfeCKHX 3apH.ll.OB 11 onpe,ll,eJieHHblMl1 lfl1CJiaMH (HanpHMep, y JienTOHOB -

JienTOHHbIMH KBaHTOBbIM11 lfHcJiaM11, CM. n. 12.4.3). B cJiylfaHx napbr qacT11U 

3JieKTp11'-IeCKl1 HeHTpaJibHb!X 11JIH 06Jia)l,alOW,HX O)l,11HaKOBblM11 3JieKTpH'-IeCKl1MH 

3ap5!.ll,aMH, B Ta6JI. 2.1 Cl1MBOJ!bl aHTl1lfaCTHU OTMelfeHbl csepxy KOpOTKHM11 BOJI

HHCTb!MH JIHHHHMH. 

B3a11Mo.n.ei1CTs11e .n.aHHOH lfaCT11UhI c ee aHT11no.n.oM npHBO.ll.HT K HX aHHHrn

JIHUHH - HClfe3HOBeHl1!0 H B03HHKHOBeHHIO .n.pyrnx lfaCTHU. l1MeHHO 6Jiaro.n.apH 

aHHHfl1JIHUH11 lfacTHUbI napbr HBJIHIOTCH aHTHno.n.aMH. Bo3M01KeH 11 o6paTHbIH 

npouecc, Kor.n.a npH B3aHMO)l,eHCTBHH TpeTbHX lfaCTHU pmK.n.aeTcH napa lfaCT11U

aHTHI10.ll,OB. Jlio6yio H3 HHX M01KHO Ha3BaTb lfaCTHUeH, a .n.pyryio - aHTHlfa

CTHLI,eH. 

JlHll!b He60Jibll!aH rpynna 3JieMeHTapHb!X lfaCTHU He HMeeT lfaCTHU-aHTHITO)l,OB. 

K HHM OTHOCHTCH: cpOTOH, HeHTpaJibHb!H ITHOH, 3Ta-HOJ!b-Me30H; M01KHO CKa3aTb, 

'-ITO OHH TO)K)l,eCTBeHHbl CBOHM aHTHlfaCTHUaM. B Ta6JI. 2.1 CHMBOJ!bl nepe'-IHCJieH

HblX lfaCTHU pacnoJI01KeHbl Ha cepe.n.11Hax COOTBeTCTBY!OW,HX CTpOK. 



§ 2.4. Pacna8bt EJAeMeHmapHbtX ttacmuu, 23 

§ 2.3. CTa6HJihHhie 3JieMeHTapHhie 1JaCTHIJ.hI 

CTa6HJibHhIX 9JieMeHTapHbIX LiaCTm.i: coBCeM HeMHoro. K HHM OTHOCHTCH cpo

TOH, TPH HeihpHHO, TPH aHTHHeilTpHHO, 9JieKTpoH, no3HTpoH (noJio.arnTeJibHO 

1apmKeHHhIH 9JieKTpoH), npoTOH H aHTHnpoToH. Xorn HeilTpoH H He BXO,ll,HT 

fl 9TOT cnHCOK, O,ll,HaKO ero BpeMH )KH3HH 3Ha4HTeJibHO 60Jibille, 4eM y ,ll,pyrnx 

11ecTa6HJihHhIX '-lacrnu (::::::: 900 c). B cocTaBe H,IJ,pa HeilTpoH cTa6HJieH. 

YcTOHLIHBOCTh 9JieKTpoHa npHHHMaeTcH KaK ero ecTeCTBeHHaH oco6eHHOCTh, 

TaK KaK YaCTHl.l,bl c MeHbilleH Maccoil H 9JieKTp11YeCKl1M 3apH,ll,OM B np11po,IJ,e He 

BCTpeYaIOTCH. 

Cpe,IJ,11 cra6HJihHhIX qacT11u BhI,IJ,eJIHeTCH npoTOH, 06Jia,IJ,a10m11il Maccoil, 3HaY11-

TeJihHO 6oJibWeil no cpaBHeH1110 c MaccaM11 ,ll,pyrnx cTa611JibHhIX YaCTl11.l,. YcToil

'IHBOCTh qacTl11.l,bl co CTOJib 60.nbWOH Maccoil no TeopeTH4eCKHM coo6paLKeHHHM 

11peJJ.CTaB.nf!eTCH HeCKOJibKO 3ara,IJ,OYHOH (OCTaJibHbie 6ap110Hbl c MaccaMH cpaBH11-

TeJihHO Ma.no OTJil1Ya!OI.ll,HMHCH OT MaCCbl npoToHa pacna)l,a!OTCH). 

CorJiactto reopH11 BeJIHKOro o6be,ll,HHeHHH rrporott cJie,!1,yer C'-IHTaTh ttecra6HJibHOH 

•1aCTHU,eH, 0,!1,HaKO ero «BpeMH )KH3H11» cornacHO rrpe,!1,cKa3aHl1!0 0,!1,HOH 113 MO)l,eJieH 3TOH 

reop1111 rrpeBhiwaer 1032 JieT. EcJIH 3Ta ou.ettKa septta, ro o6ttapy)KHTb pacrra)l, rrporotta 

11paKTH'-leCK11 HeB03MO)KHO (AJIH cpaBttemrn yKa)KeM, '-ITO so3pacr BceJieHHOH ou.ettHBaeTCH 

ll IQlO JieT). 

§ 2.4. Pacrra)l.hI 3JieMeHTapHhIX 1IaCTHIJ. 

Pacna)l,bI (npeBpamettHH) qacTHU npoHCXOJJ.HT cnoHTaHHO. CTp11 9TOM oCBo6mK

JlaercH cso6o.nHaH 9tteprH5J 11, cJie,ZJ,oBaTe.nhHO, yMeHbwa10TC5J 11x MaCChI. TaK11e 

11peBpamett11H npoHcxo.nHT c tte11s6e)KHOCTh10, ecJIH 0TcyTcrny10r orpattH4eHl15J 

rn cropoHbI saKottoB coxpattemrn KJiaccHYeCKoil Mexam1KH 11 MHKpo¢H3HKH. Ha-

11pHMep, B CHJIY 3aKOHa coxpaHeHHH 6apHOHHOfO sapH.na B03MO)KHbl JIHUib TaKHe 

pacna)l,bl HeCTa6HJibHbIX 6apHOHOB, npH KOTOpb!X cpe)l,H npOJJ.YKTOB pacna,IJ,a npH

cyrcTByIOT qacTHl.l,hI c B = 1 (,IJ,JIH npocTOThI Mb! HCKJII04aeM cJiy4aH pacna,IJ,a 

aHrn6apHottoB). HanpHMep, tta6.n10,IJ,a10TCH cJie,IJ,y10mHe pacna,IJ,bI: 

L.;+ ---+ p + 7ro (52 % c.nyqaes); 

L.;+ ---+ n + 7r+ (48 % c.nyqaeB); 

2°---+ A0 + 7ro (100% CJiyqaeB); 

3----+ A0 + 7r- (100% CJiyqaeB) Hr. ,IJ,. 

3a HCK.nI04eHHeM HeilTpotta y OCTaJibHbIX HeycTOH4HBbIX 4aCTHl.l, cpe,ll,Hee Bpe

MH )KH3HH npHXO,ll,HTCH Ha ,IJ,Hanasott 10-24-10-6 c. HaH6o.nee KopoTK11M BpeMe-

11eM )KH3HH (1 o-22-10-24 c) 06.na,IJ,a!OT 4aCTHl.l,bl, Ha3bIBaeMbie pe30HaHCaMH, 06-

pasyIOI.ll,He HaH6o.nee MHOf04HCJieHHbie rpynnbI 9JieMeHTapHblX 4aCTHl.l,. l.JacTHl.l,bl 

c cymeCTBeHHO 60JibllIHMH BpeMeHaMH )KH3HH Ha3b!B8IOT KBa3HCTa6H.nhHbIMH (HJIH 
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.u.a)Ke cTa6HJibHbIMH). Pe3oHaHCbI no cymecrny npe.u.cTaBJIHIOT co6oii B036y)K

.u.eHHH KBa3HCTa6HJibHbIX qacTHII,. Pacna.u.b1 pe3oHaHCOB o6yc.JIOBJieHbI CHJibHbIM 

B3aHMO,ll.eHCTBHeM. 

BnepBbie qacTHII,y, no.JiyLIHBilIYIO Ha3BaHHe pe3oHaHca, Ha6.JIIO.U.a.JI 3. <l>epMH 

B 1951 r. TipH pacceHHHH TIOJIO)KHTe.JibHOro TIHOHa Ha npOTOHe B03HHKa.Jia npo

Me)KyTOGHaH CHCTeMa 7r+ + p----; b. ++ c 3apH,ll.OM +2e; OHa TIOJIYGHJia Ha3BaHHe 

b. ++ -pe30HaHca; TIOCJie,ll.HHH B TeGeHHe 51,ll.epHoro BpeMeHH pacna.u.aeTCH Ha HCXO,ll.

Hble qacTHil,bI: b. ++ ----; 7r+ + p. 

BBe,ll.eM HCTIOJib3yeMbJe B MHKpo<t>H3HKe TIOH51TH51 0 BHpTya.JibHbIX nepexo.u.ax 

B BHpTya.JibHbIX LiaCTHII,ax. c 3TOH II,e.JiblO pacCMOTpHM pa3BHTHe HeKOTopoH: CH

CTeMbl KaK noc.Jie.u.oBaTe.JibHbIH nepexo.u. qepe3 pa3.JIHGHbie cocTOHHHH. Ha3oBeM ee 

npoMe)KyTOGHbJe COCT051HH51 aupmyaJlbflblMU. 3HeprnH 3THX COCTOHHHH MoryT He 

COBTia,ll.aTb HH c 3Heprneii HaGa.JibHOro COCT051HH51, HH Me)K.u.y co6oii. 113 COOTHO

IlleHHH Heonpe.u.e.JieHHOCTeH B KOOp,ll.HHaTax 3HeprnH-BpeM51 b.E b.t ~ h BbITeKaeT, 

GTO 3a npOH3BOJibHO Ma.JibIH npoMe)KyTOK BpeMeHH b.t 3Heprn51 H30.JIHpoBaHHOH 

CHCTeMbl MO)KeT H3MeHHTbC51 Ha Be.JIHGHHY b.E. Ha 3TOM OCHOBaHHH .u.onyCTHMO 

CLIHTaTh, LITO npH aupmyaJtbHbtX nepexoaax, T. e. nepexo.u.ax Me)K.u.y BHpTya.JibHbI

MH COCT051HH51MH, 3aKOH coxpaHeHHH 3HeprHH He BbITIOJIH51eTC51. 1136bITOK 3HeprHH 

b.E npH BbI6ope ,ll.OCTaTOGHO Ma.Jioro npoMe)KyTKa BpeMeHH b.t MO)KeT 6b!Tb OGeHb . 

60.JibllIHM. TaK, TIOJiaraH b.t = 10-21 c, no.JiyqaeM 

b.E ~ 10-27 /10-21 = 10-6 3pr rv 1 M3B. 

Ec.JIH npe.u.no.JIO)KHTb, LITO TaKHM H36hITKOM 3HeprnH 06.Jia.u.aeT 3.JieKTpoH, TO 

OH MO)KeT B TeLieHHe BpeMeHH nopH,ll.Ka 10-21 c HcnycTHTb H nor.JIOTHTb <t>oTOH 

c 3Heprneii nopH.U.Ka 1 M3B. 11cnymeHHhIH <t>ornH H 3.JieKTpoH B «.U.HCCOII,HHpo

BaHHOM» COCTOHHHH Ha3b!Ba!OTC51 aupmyaJlbflblMU. B CBOIO OLiepe,ll.b, 3TOT <t>oTOH 

MO)KeT o6pa30BaTb H 3.JieKTpOHHO-TI03HTpOHHYIO napy, KOTopaH BHOBb npeBpama

eTCH B BHpTya.JibHbIH <t>oTOH, nornomaeMblH HCTIYCTHBilIHM ero 3.JieKTpOHOM. 

06paTHMC51 K B3aHMO,ll.eHCTBHIO .ll.BYX 3.JieKTpOHOB. 113BeCTHO, GTO OHH He MoryT 

B3aHMO,ll.eHCTBOBaTb .u.pyr c .u.pyroM Henocpe.u.crneHHO, a TOJibKO nyTeM o6MeHa 

<t>OToHaMH - nepeHOCGHKaMH 3.JieKTpoMarHHTHOro B3aHMO,ll.eHCTBH51. 3TOT npoII,ecc 

npoTeKaeT nyTeM HCnycKaHH51 O,ll.HHM 3.JieKTpOHOM BHpTya.JibHOro <t>oTOHa, KOTOpbIH 

nornomaeTCH BTOpb!M 3.JieKTpOHOM. 

AHa.JiornLIHbIM o6pa3oM .LI.Ba HYKJIOHa MoryT B3aHMo.u.eiicTBOBaTb Me)K.u.y co-

6oii nyTeM o6MeHa BHpTya.JibHbIM KBaHTOM CHJibHOrO B3aHMO,ll.eHCTBH51, HanpHMep, 

BHpTya.JibHbIM TIHOHOM. 

oo.Jiee no.u.po6Ho Bonpoch1 o BHpTya.JibHbIX nepexo.u.ax H BHpTya.JibHbIX LiaCTH

II,ax, a TaK)Ke 0 ,ll.HarpaMMax <l>eHHMaHa, c TIOMOIUb!O KOTOpb!X OTIHCbIBalOTCH 

BHpTya.JibHO npoTeKaIOIUHe npoII,eCCbl, paccMaTpHBalOTCH BO MHOrHX pa6oTax, Ha

npHMep B [1, 3, 5]. 
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§ 2.6. 0 «rrepseuurnx cym.uocT.HX» sem.ecTBa 

2.6.1. 83aHMonpeepam.aeMOCTh aJieMeHTapu&1x 11aCTm:.1;. Bonpoc o TOM, 

cyw,eCTByeT JIH npe,ll.eJI Jl.p06JieHH51 Bew.ecrna, HHTepecoBaJI ew.e Jl.peBHHX yqe

HbIX. Ott ttenocpe.rr.cTBeHHO CB513aH c npe.rr.cTaBJieHHeM o .rr.HcKpeTHOH CTPYKType 

Bew.ecTBa, BBe,ll.eHHbIM B ttayKy rpeqecKHMH cpHJIOcocpaMH aHTHqHOH 3flOXH, TaK 

Ha3bIBaeMbIMH «aTOMHCTaMH». 0)1.HH H3 OCHOBaTeJieH WKOJibl aTOMHCTOB )J,eMOKpHT 

llOJiaraJI, qTo OCHOBY Bcero cyw.ero COCTaBJI51IOT aTOMbl - HeH3MeHHbie H tte.rr.e

Jll1Mble qacTHIJ,bl (CJIOBO «aTOM» H 03HaqaeT no-rpeqecKH «He)l.eJIHMbIH»). )J,pyroH: 

113BeCTHhIH aTOMHCT 3nHKYP cqHTaJI, qTo aTOMhl Henpepb!BHO )l.BH)KYTC.H B nycTOTe 

11 npHqHHOH HX .!I.BH)KeHH51 51BJI51eTc51 caMa BceJietttta51. TaKoro po,ll.a paccy)K.rr.eHH51 

HOCHJIH, 0)1.HaKO, cyry6o a6cTpaKTHhIH xapaKTep, H B .rr.yxe HayKH Toro BpeMeHH 

o6bJqHo He npe,ll.npHHHMaJIOCh flOflhITOK no.rr.KpenHTb HX ,ll.aHHhIMH Ha6JIIO,ll.eHHH. 

JI11wh flOCJie HaKOflJieHH51 B COBpeMeHHOH HayKe MHOroo6pa3HOH HHcpopMaIJ,HH 

CJl0)KHJIC51 ,ll.OCTaToqHo o6ocHOBaHHhlH OTBeT Ha flOCTaBJieHHhIH sonpoc. 

5b!JIO ycTaHOBJieHO, qTo aTOMhl, MOJieKyJihl H 51)1.pa 51BJ151IOTC51 He npOCThIMH 

(:iJJeMeHTapHhIMH) qacTHIJ,aMH, a CJIO)KHhIMH CTPYKTYPHhIMH CHCTeMaMH, s cocTaB 

KOTOpb!X BXO,ll.51T, B qaCTHOCTH, 3JieMeHTapHbie qacTHU,bl - 3JieKTpOHhl H HYKJIOHhl. 

OnbIT noKa3hrnaeT B03MO)KHOCTh pacw.enJieHH51 CJIO)KHhIX qacTHU. HanpHMep, 

npoCTeH:wyio aTOMHYIO CHCTeMy - aTOM so.rr.opo.rr.a MO)KHO pacw.enHTh Ha npoTOH 

H 3JleKTpOH, 3aTpaTHB 3Heprn!O, paBHYIO HX 3HeprnH CB513H - 13,6 3B; npo

neH:wee CJIO)KHOe 51)1.pO - ,ll.eHTpOH attaJiornqHo MO)KHO pa3,ll.eJIHTh Ha HeHTpOH 

H npornH, 3aTparns 3Heprnio, pasHyIO HX 3tteprnH CB513H - 2,23 M3B. 

c Jl.pyroH: CTOpOHhl, HMe!OTC51 3KCnepHMeHTaJihHhie )l.OKa3aTeJibCTBa Toro, qTo 

MHOrHe qacTHIJ,hl, Ha3bIBaeMble no Tpa)l.HIJ,HH 3JieMeHTapHbIMH, HeJib351 cqHTaTb 

t'l1CTeMaMH, COCT051IUHMH H3 OT,ll.eJihHhIX qacTeH. 

HanpHMep, scnoMHHM 3cpcpeKT o6pa3osaHH51 3JJeKTpoH-n03HTpOHHOH naphI, 

Kor.rr.a B pe3yJihTaTe pacna.rr.a cpoTotta 06pa3yeTC5I 3JieKTpoH H no3HTpoH. CTpespa

ll!eHHe cpoTOHa B napy qacTHIJ, c HeHyJieBOH MaCCOH flOK051 Hl1KaK He HaflOMHHaeT 

npou,ecca pacna)l.a 6oJiee CJIO)KHOH CHCTeMhI Ha cocTaBJI51IOW.He ee qacTH. 06-

paTHhIH npou,ecc - aHHHrHJI51IJ,HIO 3JieKTpoHa H fl03HTpoHa, npHBO,ll.51lll.YIO K B03-

1111KHOBeHHIO 3JieKTpOMarHHTHOro H3JiyqeHH51, HeJih351 paccMaTpHBaTh KaK npou,ecc 

o6pa3oBaHH51 6oJiee cJIO)KHOH CHCTeMhI H3 6oJiee npocTbIX cHcTeM. XapaKTepHoif 

oco6eHHOCThIO 3THX 3cpcpeKTOB 51BJI51eTC51 Hcqe3HoBeHHe HCXO.!I.HhIX qacTHU. B pac

l'MOTpettHbIX npou,eccax npo51BJI51eTC51 OJl.HO H3 Ba)KHeifwHx csoifcTB 3JieMeHTapHhIX 

'laCTHIJ, - HX B3aHMonpespaw.aeMOCTh. 1-faseCTHO MHO)KeCTBO npou,eccoB, B KO

TOpb!X Ha6JIIO,ll.aeTc51 3TO 51BJieHHe. HanpHMep, npoTOHhI, ycKopettHbie .rr.o 3HeprnH 

CBbIWe 1 f3B, na,ll.a51 Ha MHrneHh, npespaw.aIOTC.H ( «nepe3ap51)Ka!OTC51») B Heif

rpoHhI; flOCJie)l.HHe, ,ll.OCTHra51 .rr.pyroH: MHWeHH, B CBOIO oqepe,ll.h, npespaw.aIOTC51 

B npOTOHhl. 

A B03MO)KHO JIH pacw.enHTh 3JieMeHTapHyIO qacTHUY - npoToH? 5bIJIH npose

JleHbI Oflh!Thl, B KOTOpb!X B KaqeCTBe 6oM6ap,ll.HpyIOIUHX qaCTHIJ, HCflOJib30BaJIHCb 

ycKopeHHbie 3JieKTpOHhI; flOCJie)l.HHe, He yqacTBY51 B CHJihHhIX B3aHMO,ll.eHCTBH51X, 

KaK 6b1 rny6)Ke 30H.!I.HPYIOT npoTOHhI. TaKHe 3KcnepHMeHThI npose.rr.eHhI BflJIOTh 

/lO 3HeprHH nop51,ll.Ka COTeH f 3B; XOTH B HHX )l.OCTHraJIOCh rJiy6oKO Heynpyroe 
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pacceRHHe npOTOHOB 3JieKTpoHaMH, T. e. c nepe,n:alJeH 6oJibillOfO HMilYJihCa, o,n:HaKO 

pacmenttTh npoToH He y,n:aJiocb. ITo Mepe yBeJittlJemrn 3Heprn11 60M6ap,n:11py10m11x 

3JieKTpOHOB, HapH,n:y c 3KTaMl1 ynpyroro pacceHHl151, Ha6mo.n.aeTC51 o6pa30BaH11e 

Bee HOBblX 11 HOBbIX lJaCTl1IJ,: 

e- +p----t e- + p; 

e- + p----+ e- + p + 7r0 ; 

e- + p ----+ e- + n +Jr+; 

e- + p----+ e- + B + pa3Hbie lJaCTHIJ,hI; 

B nocJie.n.Heii peaKIJ,1111 4epe3 B o6o3HalJeH KaKOH-JI1160 6ap110H. 

(2.1) 

Pa36epeM peaKIJ,1111 (2.1) 6oJiee no.n.po6Ho. AKThI ynpyroro pacceHHl1H e- + 
+ p ----+ e- + p 6b1JI11 11cnoJib30BaHbI B onhnax XocpillTa.n.Tepa ,ll,JIH aHaJI113a pac

npe.n.eJieH11R 3JieKTp114eCKOfO 3apH.n.a B npoTOHe, OKa3aBilleroCH HeTOlJelJHbIM (no

.n.po6Hee 3TOT Bonpoc paccMaTp11BaeTCH B § 7. 3). OcTaJihHbie npoIJ,eccbI (2.1) 
HBJIHIOTCH Heynpyrn:Ml1 11 .n.eMOHCTp11pyIOT B03MO)KHOCTb He TOJibKO B3al1MHblX 

npeBpameHl1H O,ll,HOH lJaCTHIJ,bl B .n.pyryIO, HO 11 p0)K,ll,eHl151 HOBbIX lJ3CTl1IJ, 3a 

ClJeT npHMOfO npeBpameHl151 Kl1HeTl1lJeCKOH 3Heprn11 CT3JIKl1BaIOill.11XC51 lJaCTl1IJ, 

B BemecTBo. Bo BTopoii peaKIJ,1111 (2.1) HeiiTpaJibHhIH n110H B03Hl1K 11MeHHO 3a 

ClJeT Kl1HeTl1lJeCKOH 3Hepr1111 3JieKTpOHa, TaK KaK 3JieKTpOH 11 npoTOH coxpaHH

Jil1Cb nocJie peaKIJ,1111. B nocJie.n.y10m11x B3a11Mo.n.eticTBl1HX tta6JIIO,ll,a!OTCH aKThI KaK 

p0)K,ll,eHl151 HOBb!X lJaCTHIJ,, TaK 11 11X npeBpameHl151 (B TpeTbeH peaKIJ,1111 npOTOH 

npeBpamaeTcH B tteti"TpoH, a B lJeTBepTOH - B 6ap110H B). 
CornacHo Ta6JI. 2.1 Bee 6ap110HhI KpoMe npoTOHa HeycTOHlJl1BhI 11 cnoHTaHHO 

pacna.n.a10TCH. Hanp11Mep, A 0 -rnnepoH B 63 % cJiylJaeB pacna.n.aeTcH no cxeMe: 

A0 ----t p +Jr-, ero speMH )Kl13Hl1 rv 10-10 c (cM. Ta6JI. 2.1). YKa3hIBaeT Jll1 3TO Ha 

TO, lJTO A0-r11nepoH He 3JieMeHTapeH 11 cocTOl1T 113 npoToHa 11 orp11IJ,aTeJihHoro 

n11otta? 0,n:Hl1M 113 ,ll,OBO,LI:OB npOTl1B 3TOfO npe,n:nOJIO)KeHl1R RBJIHeTCR H8Jil1lJHe 

11 .n.pyrnx cxeM pacna.n.a: A 0 ----+ n + 7ro (30 % cJiylJaeB); A 0 ----+ e- + Ve + p 
(0,8 · 10-3 cJiylJaeB). Pacna.n. A0 -rnnepoHa cJie.n.yeT paccMarp11saTb KaK ero npe

spameH11e B .n.pyrne lJ8CTl1l.I,bl, a He pa3BaJI Ha COCTaBHbie lJaCTl1. 

CoBMecr11Mo Jil1 noHHTHe «Hepa3JIO)Kl1MOCTh» co cnoHTaHHhIM pacna.n.oM? KaK 

o6o5ICHl1Tb MexaHl13M B03HHKHOBeHHR KBaHTa R,!I,epHblX Cl1JI - HeHTpaJibHOfO n110-

Ha BO BTOpOH peaKIJ,1111 (2.1), xorn 3JieKTpOH He ylJaCTByeT B CHJibHblX B3311MO,ll,eH

CTBl15IX? I1ocJie,ll,Hl1H BOnpoc eme 6oJiee aKTyaJieH B OTHOilleHl111 3KCnep11MeHTOB 

Ha BCTpe4HbIX 3JieKTpOH-I10311TpOHHb!X nylJKax (CM. § 5.3), B KOTOpbIX Ha6JIIO,ll,a

eTC51 cxeMa pacna.n.a e- + e+ ----+ Me30HhI, HecMoTpH Ha 0TcyTcTB11e HYKJIOHHhIX 

Ml1IlleHeH. 06o5ICHeHHe B03M0)KH0 TOJlbKO TaKoe: nopO)K,ll,eHHblH B 3JieKTpOH

I103HTpOHHOM CTOJIKHOBeHl111 B11pTyaJihHb!H cpOTOH npespamaeTCH B napy npOTH

BOTIOJIO)KHO 3apH)KeHHblX 51,!I,epHbIX lJaCTHIJ, (HanpHMep, B npOTOH H aHT11npOTOH), 

KOTOpbie, B CBOIO OlJepe,!I,h, npHMO 11Jil1 qepe3 .n.pyrne B11pTyaJibHhie npespameHHH 

nopO)K,ll,aIOT Me30Hbl, B TOM lJl1CJie 11 HeHTpaJibHhie. 
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CxoJI,Hbie pe3yJihTaTbI 6b1JI11 noJiyqeHhI np11 60M6apm1poBKe npoTOHHhIX M11-

111ettett ycKopeHHhIMl1 npoT0HaM11. CTaJIK11Ba10rn.11ern npoTOHhI He npeTepneBaIOT 

U3MeHeHl1tt, KOTOpbie MO.lli:HO 6hIJIO 6hI paccMaTp11BaTh KaK pa3JI,po6JieH11e Ha 6oJiee 

~1eJIKl1e qacT11; 3Tl1 qacTl1Ubl TaK H OCTa!OTC5I npOTOHaMl1, HO cpeJI,11 npO.L\YKTOB HX 

B3al1MOJI,ettCTBl15I MO.lli:HO 06HapyM11Tb 11 JI,pyrne qaCT11Ubl pa3Jil1qHoro Tl1CTa. 

CToJI,BOJI,fl 11Tor cKa3aHHoMy, OTMeT11M, qTo B npouecce JI,po6JieH115I Bern.ecrna Ha 

Bee 6oJiee MeJIKl1e qacTl1 JI,OCT11raeTCfl eCTeCTBeHHbltt npeJI,eJI, KOrJI,a npo11CXOJI,l1T 

y11<e He pa3JI,eJieH11e qacT11U Ha HX «OCKOJIK11», a ocyw.ecTBJI5IIOTCfl KaqeCTBeHHO 

11Hhle npouecCbl o6pa30BaHl15I HOBblX 11 ce6e CTOJI,06Hh!X qacT11U 11 11X B3a11Monpe

Bparn.eH115I. 

TaK11M o6pa3oM, KapJI,11HaJihHoe orn11q11e 3JieMeHTapHott qacT11UhI OT JII06b1x 

:tpyrnx CHCTeM COCTOl1T B TOM, qTo qaCT11Ubl pacnaJI,a He 5IBJI5IIOTC5I COCTaBHbIMl1 

11acrnMH HCXOJI,HOtt 3JieMeHTapHOtt qaCTl1Ubl, a B03Hl1Ka!OT B MOMeHT ee pacnaJI,a. 

:~TOT 0606rn.a10W.l1tt Bb!BOJI,, BbITeKaIOW.11tt 113 MHO.lli:ecrna Ha6JIIOJI,eHl1tt, MO.lli:eT pac

l'MaTp11BaTbC5I B KaqeCTBe 3Mn11p11qecKoro onpeJI,eJieHl15I 3JieMeHTapHOtt qacT11Ubl. 

2.6.2. KsapKoBaH Moµ;eJib aµ;pottos. Pa,LI,11KaJibHhIH war B paccMaTp11Ba

l'MOtt npo6JieMe, np11BeJ]Jlll1tt K yrny6JieHHOMY CTOHl1MaHHIO npe,LI,eJia JJ,po6JieHl15I 

11er.uecrna, CB5I3aH c co3JJ,aH11eM B 1964 r. M. f eJIJI-MaHHOM 11 .llM. UBettroM KBap

KOBOH MOJJ,eJI11 aJJ,pOHOB. B nocJieJJ,y10rn.11e rOJJ,hI 3Ta MOJJ,eJib 6b1Jia cyw.ecrneHHO 

yeoBeprneHcTBoBaHa. CornacHo 3TOtt MOJJ,eJI11 aJJ,pOHhI o6JiaJJ,aIOT CTPYKTypott, HO 

11ocJieJJ,H5I5I paJJ,11KaJibHO orn11qaeTrn OT CTPYKTYPhI aTOMOB, MOJieKyJI 11 flJI,ep [3, 5]. 
Ha OCHOBe KBapKOBOtt MOJJ,eJIH 6hIJia pa3pa60TaHa ynoM11HaBWa5IC5I Bb!We Teo

p1H1, Ha3BaHHa5I KBaHTOBOtt xpoMoJJ,11HaM11Kott. CKOJihKO-H116yJJ,h yrny6JieHHOe 113-

:10JKeH11e 3TO Teop1111 He 5IBJI5IeTC5I Harnett JJ,aJibHettrnett ueJibIO. Mb! orpaH11q11Mc5I 

KpaTKOtt, KaqecTBeHHOrO xapaKTepa 11mpopMau11ett 0 HeKOTOpb!X ee CTOJIO.lli:eHl15IX, 

11eo6xoJJ,11Moi1 JJ,Jifl nocJieJJ,yIOrn.ero paccM0TpeH115I Bonpoca o CTPYKType «MeJihqaif-

1u11x» qacT11uax Bern.ecTBa. 

(q11TaeTC5I, qTo B COCTaB aJJ,pOHOB BXOJI,5IT cynepMaJib!e qaCT11Ubl - KBapKU 
H aHmuKBapKu. 4HcJio KBapKOB paBHO wecT11; Tp11 KBapKa o6JiaJJ,aIOT 3JieKTp11-

2 1 
•1ecK11M 3ap5IJI,OM Q = +3 e, a Tp11 JJ,pyrnx - Q = - 3 e. KBapK11 o6JiaJJ,aIOT 

Clll1HOM 1/2, T. e. 5IBJI5IIOTCfl cpepMl10HaMl1. J3ap110HHbltt 3ap5IJJ, BCeX KBapKOB paB-
1 

110 3. 411CJIO aHTl1KBapKOB TaKMe paBHO weCTl1 . .llJifl Hl1X Q np11H11MaeT 3HaqeHl15I 

-~ e 11 +~ e, a B = -~ . .llpo6ttocTh 3HaqeH11H 3JieKTp11qecKoro 11 6ap110HHoro 

1ap5IJJ,OB - 0JJ,11H 113 yJJ,11B11TeJibHhIX napaJJ,OKCOB KBaHTOBOtt xpoMoJJ,11HaM11K11 11 np11-

MbIKa10rn.ett K Hett KBapKOBOtt MOJJ,eJil1 . .llpyrott yJJ,11Bl1TeJibHbltt napaJJ,OKC CB5I3aH 

c JJ,onyw.eHl1eM, qTo Cl1Jia B3a11MOJJ,ettCTBl15I Me.lli:JJ,Y KBapKaM11 c poCTOM pa3JJ,eJI5I

IOl..Qero 11X pacCT05IHl15I He yMeHbWaeTCfl, a yBeJI11q11BaeTCfl, CT03TOMY KBapK He 

MO)KeT yih11 113 aJJ,poHa . 

.llJI11TeJibHOe BpeMfl (JJ,O 1995 r.) 6hIJIO 113BeCTHO CT5ITb KBapKOB, OHl1 o603Haqa

IOTCfl 6yKBaMl1 U, d, S, C, b, np11qeM 6oJiee JierKl1Ml1 5IBJl5IIOTCfl Tp11 nepBb!X KBapKa. 

Bee aJJ,pOHhI cocT05IT 113 pa3JI11qHoro coqeTamrn KBapKOB, o6pa3y10rn.11x CBfl3aHHbie 

rocT05IHl15I. B cocTaB 6ap110Ha BXOJJ,5IT Tp11 KBapKa, B cocTaB Me3oHa 0JJ,11H KBapK 
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H OJJ.HH aHTHKBapK, aHrn6apHOHhI cpopMHPYIOTCH H3 Tpex aHrnKsapKoB. HanpHMep, 

npoTOH H HeihpoH cocTOHT: nepBhIH H3 coqeTaHHH uud, BTopoi'! - H3 udd, A-rn

nepoH cpopMHpyeTCH H3 KBapKOB uds; n+ -, n°- H 7r- -Me30Hhl «KOHCTPYHPYIOTCH» 

H3 KBapKOBhIX KOM6HHaIJ,HH: ud, dd, ud COOTBeTCTBeHHO. 

B 1995 r. 6hIJI OTKpbIT rneCTOH KBapK, o6o3HaqeHHhIH 6yKBOH t. 3rOT KBapK 

o6Jia,ll,aeT 3HaqHTeJlbHO 60JibWei'! no cpaBHeHHIO c JJ.PYrHMH KBapKaMH Maccoi'!, 

paBHOH 174 r:~B. )lJIH cpaBHeHHH yKa2KeM, qTQ ,ll,Ba JJ.pyrnx «TH2KeJihIX» KBapKa c H 

b 06J1a,ll,aIOT MaccaMH (1,1-1,4) f3B H (4,0-4,4) f3B COOTBeTCTBeHHO. DJiaro,ll,apH 

6hICTpOMY pacnaJJ.y (rropH,ll,Ka 10-25 c) HCKJIIOqeHO ero yqacrHe B o6pa30BaHHH 

a,ll,pOHOB (JJ.a2Ke rrpoCTei'!wero CBH3aHHOfO COCTOHHHH tt). 
Ka*JJ.hIH KBapK rrpe,11,CTaBJieH B Tpex pa3HOBHAHocrnx, pa3JIHqaIOW.HXCH Me*AY 

co6oi'! crreu,HcpHqecKOH KBaHTOBOH xapaKTepHCTHKOH, ycJIOBHO Ha3hIBaeMOH 4ee
mo.M. Pa3JIHqa10T KBapKH (aHTHKBapKH) «)i(eJIThie», «CHHHe» H «KpacHhie». Bse,11,e-. 

HHe 3TOH xapaKTepHCTHKH rro3BOJIHeT H36e)i(aTh TPYJJ.HOCTH, CBH3aHHoi'! c Heo6xo

AHMOCThIO y,11,osJieTsopeHHH npHHIJ,Hrra ITayJIH (HarroMHHM, qTo a,11,poHhI HBJIHIOTCH 

cpepMHOHaMH). HarrpHMep, n- -6apHOH H ynoMHHaBWHHCH Bh!We ~ ++ -pe30HaHC 

06J1a,11,aIOT KBapKOBhIMH CTPYKTypaMH: sss H uuu coorneTcrneHHO. ITo3TOMy, ecJIH 

OT,11,eJihHbie KBapKH B 3THX KOMIT03HIJ,HHX HMeIOT pa3Hh!H IJ,BeT, TO npHHIJ,HIT ITayJIH 

y,11,osJ1ernopHeTCH. 06w.ee qHcJio CTPYKTYPHhIX qacrnu a,11,poHOB c yqeroM aHTH

KBapKoB, COrJiaCHO CBH3aHHOMy, paBHO 36. 

TepMHH «KBapK» BBe,n:eH M. feJIJI-MaHHOM. CrpeMHCb no_n:qepKHYTb Heo6bilJHOCTb 
CBOHCTB KBapKOB, OH BOCil0Jlb30BaJJCH CJJe,n:yIOmeH: aHaJJorneH. B poMaHe )],M. )],:x<OHCa 

«TIOMHHKH no <1>11HHeraHp> BcrpeqaercH 3ara,n:otJHbIH HenoHHTHbIH B03rnac « Tp11 KBapKa 

,n:JJH M11crepa KJJapKa». 

B3aHMo,11,ei'!cTBHe Me*AY KBapKaMH HBJIHeTcH CHJihHhIM H ocyw.eCTBJIHeTcH 

nyTeM o6MeHa KBaHTaMH IlOJIH - fJIIOOHaMH 1), C03J].aBaeMhlMH caMHMH KBapKa

MH, Ha KOTOpbie OHH H B03,[I,ei'!crnyIOT. 06o3HaqaeTCH fJIIOOH 6yKBOH g. Macca 

fJIIOOHa paBHa HYJIIO, a CITHH - e)].HHHIJ,e, T. e. OH HBJIHeTCH 6o30HOM. 4HCJIO 

pa3HOBHJJ.HOCTei'! rJIIOOHOB paBHO BOChMH. Pa3Mep KBapKOB H rJIIOOHOB MeHhrne · 

10-16 CM, H COfJiaCHO COBpeMeHHhIM npe,11,cTaBJieHHHM OHH HBJIHIOTCH qacTHIJ,aMH, 

JIHWeHHhIMH CTPYKTYPhI. 

l1cnycKaeMbre KBapKaMH rJIIOOHhI cocpeJJ.OTa1rnBaIOTCH B Y3KOM rrpoCTpaHCTBe 

Me)i(,11,y HHMH, o6pa3yH Tpy6Ky fJIIOOHHOfO IlOJIH, cnoco6crnyH TeM caMbIM yJJ.ep

)i(aHHIO KBapKoB. Ho H rJIIOOHhI B TaKHX ycJIOBHHX He MoryT pacceHBaThCH B oKpy

*arow.ee rrpoCTpaHCTBO, '-ITO 06ycJ1aBJIHBaeT HeB03MO)i(HOCTh HX pernCTpau,HH. 

BepHeMCH K orrhITaM rro pacceHHHIO BhICOK03HepreTHlJeCKHX 3JieKTpoHoB Ha 

rrpoTOHax. AHaJIH3 BhmOJJHeHHhIX Ha6JIIOJJ.eHHH CBH,11,eTeJihCTByeT B KocseHHOH 

cpopMe o peaJihHOM cyw.ecrnoBaHHH KBapKOB. ITpHse,11,eM coorneTCTBYIOW.He pe-

3YJihTaThI 3THX Oflh!TOB. 

1. B coCTaB rrpoTOHOB BXOAHT TO'-le'-IHhie o6beKThI, Ha3BaHHhie rrapToHaMH 2), 

pa3Mephl KOTOpb!X MeHbWe 10-16 CM. 

1) fJIIOOH - npott3B. OT aHrJIHHCKOro CJIOBa «glue» - KJieiL 
2) TepMHH «napTOH» npottcXOAHT OT aHrnttiicKoro cJiosa «part», o3Ha'laIOmero «lJaCTb». 
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2. BcH Macca (sHyTpeHHHH 3HeprHH) npoTOHOB cocpe.noTotJeHa s napToHax. 

3. 3apernCTpHpOBaHHbie napTOHbl o6Jia,lJ,a!OT TeMl1 1Ke xapaKTepHCTl1KaMl1, 4TO 

H KBapKH; CTil1H napTOHa paseH 1/2, a ero 3JieKTpH4eCKHH 3apH,l1, paBHHeTCH HJIH 

2 1 
t 3 e, HJIH - 3 e. 

AHaJIOrH4HaH BHyTpeHHHH CTpyKTypa o6Hapy1KeHa 11 y Hel'1TpOHOB. 

fOBOpH 0 npo6JleMe npocTeiiurnx «3JleMeHTOB» - «KI1pTIH'II1KOB BemeCTBa», aKa,!l,eMI1K 

B. J1. f11H36ypr nmueT: « ... HBJIHIOTCH J111 KBapK11 nocJ1e,!l,Hl1M11, HaKOHeu, «K11pn11l!11KaM11», 

113 KOTOpb!X TIOCTpoeHbl a,!1,pOHbI? YMe TOT cpaKT, 'ITO KBapKOB MHOro, nop0,!1,HJI rnnoTe3hl 

o cymecrnoBaHHH npoToKBapKOB ... B J1I060M CJ!y'lae, KOr,!l,a-To, Ka3aJIOCh 6b1, c ,!1,po6J1e-

1111eM HYMHO «KOH'laTh». Tpy,!1,HO n0Bep11Tb B cymecTBOBaHHe 6ecKoHel!HOH «MaTpernK11» -

orKpb!JI O,!l,HY KYKJ1y, a B Heii ,!1,pyraH, H TaK 6e3 KOHua. Co6crneHHO roBopH, raKue cpaKThI, 

KaK B3al1MHOe npeBpameHHe 1-IaCTI1u ,!1,pyr B ,!1,pyra ... , BblHCHeHHOe Ha npe,!1,bI,!1,Yll.LeM 

·nane pa3BHTI1H MI1Kp0cpH311Kl1, H «y,!1,epMaHHe» KBapKOB, cp11rypHpyIOmee Ha COBpeMeHHOM 

Hane, CBI1,!l,eTeJlhCTBYIOT 0 TIOHBJleHHI1 B KaM,ll,OH CJle,!l,yIOmeH: «MaTpernKe» Kal!eCTBeHHO 

HOBhIX qepT. ::ho ,!l,eJ1aeT pa3r0Boph1 o «MaTpernKax» B 3Ha'lHTeJlbHOH Mepe ycJ10BHhIM11. 

Ho KaKoB 6yAeT cJ1e,!l,yIOmttH: 3Tan? Bo BCHKOM cJ1y'lae, B03MOMHo, 'ITO Ha KBapKax 

«,ll,p06J1eH11e» a,!1,pOHOB OCTaHOBI1TCH, HO Hl1KaKHX peaJlbHb!X OCHOBaHI1H npOTHB BBe,!l,eHI1H 

11pOTOKBapKOB ceH:l!aC TO)Ke HeT». 

3TO 3aMel!aH11e B. J1. f11H36ypra o npoTOKBapKax, C,ll,eJ1aHHoe HM nocJ1e co3,!l,aH11H 

KBapKOBOH MO,!l,eJ111, OKa3aJIOCb onpaB,!l,aBrneH:CH BTIOCJ!e,!l,CTBI111 ,!l,Ora,!l,KOH. 

2.6.3. Ilpe.n:CTaBJieHHe 0 <l>YHAaMeHTaJibHbIX <l>epMHOHaX H KaJiu6pOB011-

HbIX 6o3oHax. KsapK11 11 JienTOHbI (11x npHHHTO Ha3bIBaTb cpyH8aMeHmaAbHbtMU 
</JepMUOHaMu) no.npa3,lJ,eJIHIOTCH Ha TPH nOKOJieHHH, Ka1K,l1,0e 113 HHX COCTOHT 

H3 .nsyx KBapKOB H .nsyx JienTOHOB onpe.neJieHHOH M0,!1,HcpHKauHH (Ta6JI. 2.2). 
4aCTHIJ,bl .naHHOrO TIOKOJieHHH pa3JIH4a!OTCH Me1K,LJ,Y 3HatJeHHeM 3JieKTp11qecKoro 

:iapH.na. CooTBeTcTBy10rn.He qacTHuhI B Tpex ceMeilcTBax o6Jia,LJ,aIOT H,lJ,eHTH4HbIMH 

CBOHCTBaMH 3a HCKJI!OlJeH11eM MaCCbI, yseJil1411BaIOrn.eilrn B Ka1K,l1,0M nocJie.ny10rn.eM 

llOKOJieHHl1 (T. e. mu < me < mt, md < ms < mb 11 T . .n.). CTa6HJibHaH MaTepHH, 

:ianOJJHH!Olll.aH OKpy1Ka10w.ee Hae npoCTpaHCTBO, CO,ll,ep1KHT qacTHIJ,bl TOJibKO nep

BOro TIOKOJieHHH (T04Hee rosopH, OHa COCTOHT H3 Tpex qacTHu: u, d H e-). PoJJb 

II npHpo.ne cpyH,lJ,aMeHTaJibHbIX cpepM110HOB BTOporo 11 TpeTbero TIOKOJI€Hl1H Tpe6yer 

j\aJJbHeHWHX 11CCJJe,lJ,OBaHHH. 

Ta6J111ua 2.2 
CTepeLieHb <j:lyHA3MeHT3JlbHb!X <j:lepMHOHOB 

HoMep 
3JJeKTptt4eCK11H 3apHA 

2 1 IlOKOJJeHHH -I 0 
3 3 

I u d e 
-

lie 

2 c s µ - I.Iµ. 

3 t b T 
- v., 

<PyH,lJ,aMeHTaJJbHbie cpepMHOHbl CtrnTa!OTCH TOlJelJHblMH (6eCCTPYKTypHb!MH) 

o6beKTaMH (HX pa3Mepbl He npeBbIWa!OT 10- 15 CM). JlI06bie 6oJiee KpynHble 
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MHKpol!acnn.I,bl - a,ll.pOHbl, 51,ll.pa, aTOMbl H T. ,II.. COCTOHT 113 cpyHJJ.aMeHTaJ!bHb!X 

cpepMHOHOB. 

BBeJJ.eM nOHHTHe KaJI116poBOlJHh1x 6o30HOB. K HHM OTHOCHTCH lJaCTHUbI -

nepeHOClJHKH cpyHJJ.aMeHTaJibHb!X B3aHMOJJ.eiicTBHH, Bee OHH 06Jia,1I.aIOT CilHHOM 

paBHb!M e,ll.HHHI.I,e. fpynny KaJI116poBOlJHb!X 6o30HOB COCTaBJIHIOT: rJIIOOHbl - nepe

HOClJHKH CHJ!bHb!X B3aHMO,ll.eHCTBHH, cpOTOHbl - nepeHOClJHKH .3JieKTpoMarHHTHbIX 

B3aHMO,ll.eHCTBHH, nepeHOClJHKaMH CJia6bIX B3aHMO,ll.eHCTBHH 51BJI51IOTCH 6030Hbl, 

o603HalJaeMbie 6yKBaMH w+, w-' Z, nepBbIH 3apHMeH IlOJIO)KHTeJibHO, BTOpoti -

0Tp111.1,aTeJibHO, a TpeTHH - .3JieKTpHl!eCKH ttetiTpaJieH. Macchi noKOH (mc2) rJIIO

OHOB H cpoTOHOB, KaK OTMelJaJIOCb, paBHbl HYJIIO, a 6o30HOB - nepeHOClJHKOB 

CJia6bIX B3aHMO,ll.eHCTBHH BeCbMa BeJIHKH; ,ll.JIH w+ H w- - 6030HOB OHH paBHbl 

80,4 f.3B, a JJ.JIH Z-6o3otta - 91,2 f.3B. BoJiblllaH Macca .3THX lJacrnu o6ycJIOBJieHa 

MaJihIM pa,1I.11ycoM cJia6bIX CHJI. Bee nepel!HCJieHHhie cpyttJJ.aMeHTaJihHbie 6o30HbI 

o6ttapyMeHhI. 

Hhrne ccpopM11poBaJiocb npe,1I.cTaBJieH11e, lJTO lJHCJIO «HCTHHHO .3JieMeHTapttbIX» 

( cpyHJJ.aMeHTaJibHbIX) lJaCTHU orpaHHlJHBaeTCH cpyH,ll.aMeHTaJibHb!MH cpepMHOHaMH 

H KaJIH6pOBOlJHblMH 6030HaMH. 

Ba3HCHOH OCHOBOH coBpeMeHHOH MHKpocpH3HKH HBJIHeTCH CTaHJJ.apTHaH MO

JJ.eJih, on11pa10maHC5! Ha npe,ll.CTaBJieHHe 0 nepel!HCJieHHbIX cpyHJJ.aMeHTaJibHbIX 

lJaCTHuax 11 B3aHMOJJ.eticTBHHx MeMJJ.Y HHMH. B paMKax CTaHJJ.apTHOH MOJJ.eJIH 

HCCJie,ll.yIOTCH 51BJieHH51 H npouecCbl B lllHpOKOM ,ll.Hana30He paCCTOHHHH OT MaJiblX 

nopHJJ.Ka 10-8-10- 10 cM JJ.O MaCll1Ta6oB BceJieHHOH. B CTaHJJ.apTHOH MOJJ.eJIH 11c

noJih3YeTcH PHJJ. HOBeHlllHX TeOpHH, B TOM lJHCJie TeOpHH .3JieKTpocJia6bIX B3aHMO

,ll.eHCTBHH, KBaHTOBaH .3JieKTPOJJ.HHaMHKa, KBaHTOBaH xpOMOJJ.HHaMHKa H HeKOTOpb!e 

npeJJ.CTaBJieHHH BeJIHKoro o6beJJ.HHeHHH. 

2.6.4. Uom1Tue o MHKpoeu6paTopax-CTpyuax. CJieJJ.yIOI.ll.HH Illar B no11c

Kax npocTeHlllHX 06beKTOB BemeCTBa CBH3aH c C03,ll.aHHeM ynoMHHaBllleHCH Bblllle 

cynepcTpyttHOH Teop1111 (tta3bIBaeMoti HHOrJJ.a npome - «CTPYHHOH» ). CornaCHo 

.3TOH TeOpHH B np11po,1I.e cymecrnyIOT «IlpOTOKBapKH» (CM. Bb!llle TeKCT neTHTOM), 

Ha3BaHHbie CTpyHaMH (HJIH cynepcTpyttaMH) - OJJ.HOMepHb!e o6pa30BaHH51, KOTO

pb1e HarJIH,ll.HO MOMHO npe,ll.CTaBHTb B BH,ll.e .3JiaCTHlJHb!X He3aMKHYTb!X «IlaJIOlJeK», 

3aMKHYThIX «KOJielJeK» HJIH JJ.pyrnx cpmyp pa3JIHlJHOH cpopMbl (6oJiee IlOJJ.p06Ha51 

HHcpopMaUHH o HHX npHBOJJ.HTCH B § 20.8). OpornMeHHOCTb cTpytt 4pe3BbilJaHHO 

MaJia, COCTaBJI5151 10-33 CM, lJTO COBila,ll.aeT c TaK Ha3bIBaeMOH nJiaHKOBCKOH ,ll.JIH

HOH Lp ( o ee poJIH B cpH3HKe pel!h nofiJJ.eT HHMe). 

Ynpyrnti xapaKTep cTpyH JJ.aeT B03MOMHOCTb npeJJ.CTaBHTb HX BH6p11py10I.ll.HMH 

o6beKTaMH, Hano,1I.0611e CTPYH MY3hIKaJihHbIX HHCTpyMeHTOB. KoJie6aHHH CTPYH 

c pa3JIHlJHOH lJaCTOTOH Il03BOJI5llOT paccMaTpHBaTb HX B KalJeCTBe pa3Jil1lJHbIX 

lJaCTHU (npHHHMaH BO BHHMaHHe, lJTO lJaCTOTa KOJie6aHHH CTPYHhI CBH3aHa c ee 

.3Heprneti H Maccoti). TaKHM o6pa3oM, cornaetto Teop1111 cTpyH, Bee BHJJ.bI Bemecrna 

nopOM,ll.eHbl BH6paI.I,H51MH MHKpOCKOilHlJeCKHX CTpyH. 

TeopHH cTpyH HalllJia npHMeHeHHe He TOJibKO B cpH3HKe, HO H B KOCMOJIOrHH 

(CM. wecTyIO lJaCTb KHHrH). 
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Ha pHc. 2.1 npHBe.ll.eHa «IIIYTOl!Ha5I» cxeMa cTpyKTYPhI BemecTBa, 3aHMCTBO

BaHHa5I H3 KHHrn 5. fpHHa «3JieraHTHa5I BceJieHHa5I» [4]. lfao6pa1KeHo H6JIOKO 

• ATOMbl 
3JieKTpOH 

.• / TipoTOHhl, 

KsapK 

P11c. 2.1. CTpyKTypa sew:ecrna cornaCHo cospeMeHHhIM rrpe,LJ,CTaBJieH11HM M11Kpocjl11311K11 

11 11epapXH5I MHKpoo6beKTOB, H3 KOTOpb!X OHO COCTOHT: aTOMbl, npoTOHbl, HeHTpo

llbl, 3JieKTpOHhI, KBapKH H CTPYHhI. 

TaKoBo Ha cerOJl.H5I npe.ll.CTaBJieHHe o nepBHl!HhIX «aToMax», npHpO.ll.Y KOTopbIX 

llbITaJIHCb «OTra.ll.aTb» eme .ll.peBHerpel!eCKHe cpHJIOCOcpbi. 
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llacTb II 

B3AHMO,llEHCTBHE 
HOHH3HPYIOil(HX H3JIYqEHHH 
c BEil(ECTBOM, HX HCToqnuKU 

H METO,llbl HABJIIO,llEHH.SI 

f JiaBa 3 

B3AHMO.l(EHCTBHE HOHH3HPYIOIII.HX H3JIYqEHHH 

C BEIII.ECTBOM 

§ 3.1. ffaqaJihHhie CBe,ll.eHlrn 06 HOHH3HPYIOUI.HX H3JiyqeHHSIX 

H HX HCTOqHHKax 

B HacroHw.ee BpeMH .ll.JIH o6o3Ha'-lemrn rrpomma10w.eii pa,11J1aIJ,HH rrpHMeHHerrn 

llOpMaTHBHbIH repMHH - UOHU3upy10U{ee U3/lytteHUe, orrpe.neJrneMoe KaK JII06oe 

113JIY'-leHHe, B3aHMO)l,eHCTBHe KOroporo co cpe.noii rrpHBO)l,HT K o6pa30BaHHIO 3apH

/lOB pa3Hb!X 3HaKOB (r. e. ITOJIO)KHTeJibHb!X H orpHIJ,aTeJibHblX). 

Pa3JIH'-la!OT HOHH3Hpy10w.ee H3Jiy'-!eHHe .ll,Byx BH.ll,OB: KoprrycKyJIHpHoe H 3JieK

rpoMarHHTHOe. 00TOKH '-!aCTHIJ, C HeHyJieBOH MaCCOH ITOKOH (3JieKrpOHbl, rrpOTOHbl, 

llC'HTpOHbl H MHOrHe .npyrne) OTHOCHTCH K rrepBOMY BH.ll,y, a ITOTOKH '-!aCTHIJ, 

t' HyJieBOH MaCCOH ITOKOH (cporOHbl) - KO BropoMy. K HOHH3Hpy10w.eMy H3Jiy'-!eHHIO 

Ill' OTHOCHTCH YJibrpacpHOJieTOBOe H3Jiy'-leHHe H BH)l,HMb!H cser. 

50JiblllaH '-!aCTb KoprrycKyJIHpHb!X '-laCTHIJ, o6Jia)l,aIOT 3JieKTpH'-IeCKHMH 3apH.na

Ml1. I1x y.no6Ho rro.npa3.ll,eJIHTb Ha )],Be ycJIOBHhre rpyrrrrhr - «JiernHe» H «TH)KeJihie». 

K nepBOH OTHOCHTCH 3JieKrpOHbl H IT03HTpOHbI; MaCCbl 3THX '-!aCTHIJ,, KaK H3BeCTHO, 

11a rpH rropH.ll,Ka MeHhrne Macchi Jier'-lattlllero HII.pa - rrporoHa. Bropy10 cocrns

JIHIOT rrpoTOHbl, .neiirpOHbl, aJibcpa-'-!aCTHIJ,bl H .npyrne 6oJiee TH)KeJibie '-!aCTHIJ,bl. 

I h HeiirpaJibHbIX KoprrycKyJrnpHbIX '-lacTHIJ, Hae 6y.nyr HHrepecosaTb rnaBHbIM 

of>pa30M HeiirpoHbI. 

3JieKrpoMarnHrHoe HOHH3Hpy10w.ee H3Jiy'-!em1.e rrpe11.craBJieHo 1- H peHrre-

110BCKHM H3Jiy'-leHHHMH (HJIH, B «KoprrycKyJIHpHOH» repMHHOJ!OrHH, /-KBaHraMH 

It peHrreHOBCKHMH KBaHraMH); /-H3JIY'-!eHHe COCTOHT H3 cporOHOB c OTHOCHTeJibHO 

(>0.nhwoii 3Heprneii (o6bI'-IHO 6oJibwe 500 K3B). 0Ho HcrryCKaercH rrpH H.ll,epHbIX 

npeBpaw.eHHHx H rrpH aHHHrHJIHIJ,HH '-!acrHIJ,. PeHrreHoBcKoe H3Jiy'-leHHe cocroHr 

1u cporoHoB c 3HeprnHMH, rrpoMe)KyTO'-IHbIMH Me)K.ny 3HeprnHMH cporoHOB YJibrpa

<l>110JieroBoro 11 /-H3JIY'-leHHH (rrpH6JIH3HTeJibHO 0,5-500 K3B). 

;• <>.A. BapcyKoB 
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PeHTreHOBCKoe 113JiyY.em1e rro,L1,pa3,L1,em1eTrn Ha xapaKTep11cT11Y.ecKoe 11 TOpMo3-

Hoe. llepBoe rrpe,ll,CTaBJI5!eT co6oM: cpOTOHHOe 113JiyY.eH11e c ,ll,11CKpeTHh!M 3Hepre

Tl1Y.eCK11M crreKTpOM, 11crrycKaeMoe aTOMaMl1 rrp11 113MeHeHl111 11X 3HepreTl1Y.eCKoro 

COCT051Hl151. 3HepreT11Y.eCKl1H crreKTP BTOporo HerrpephrneH; TOpM03HOe 113JiyY.eH11e 

11crrycKaeTC5I rrp11 113MeHeHl111 Kl1HeT11Y.eCKOH 3Hepr1111 3apmKeHHhlX Y.aCTm.I,. 

§ 3.2. 83aHMO)l.eHCTBHe 3apsnKeHHblX qacTHU. c Bem.ecTBOM 

3.2.1. Oco6eHHocTu e3auMo,n;eiicTeuu 3apH.>KeHHb1x qaCTuu; co cpe,n;ou. 
Ou;ettKa attepruu, npu KOTOpbIX qacTHD;bI MoryT cquTaThCH peJIHTHBHCT
cKHMH. llepeY.11CJil1M OCHOBHhie rrpouecchI B3al1MO,ll,eHCTBl151 3apmKeHHhIX Y.aCT11U 

c BeU.I,eCTBOM [1, 12]. 

1. Ll.BmKym11eCH B BeU.I,ecrne 3apmKeHHhie Y.aCTl1Uhl TepmoT CBOIO 3Heprn!O 

rnaBHhIM o6pa3oM B pe3yJihTaTe KYJIOHOBCK11x CTOJIKHOBeH11Vi c aT0MaM11 BeU.I,eCTBa. 

DJiarO,L1,ap51 60JihlllOH pa3H11Ue Mace aTOMHhIX 3JieKTpOHOB 11 51,ll,ep MO:lli:HO npoBe

CTl1 Y.eTKOe pa3Jil1Y.11e Me:lli:,ll,Y CTOJIKHOBeH11eM 3ap51:lli:eHHOH Y.aCT11Uhl c aTOMHh!M 

3JieKTpOHOM, np11BO,ll,5lll.I,l1M K nepe,ll,aY.e ITOCJie,ll,HeMy Y.aCTl1 3Heprn11 rra,ll,a!OU.I,eH 

Y.aCT11Uhl, B pe3yJihTaTe Y.ero aTOM B036y:lli:,ll,aeTC51 11Jil1 110Hl1311pyeTC51 (Heyrrpyroe 

CTOJIKHOBeH11e), 11 coy,L1,apeH11eM 3ap51:lli:eHHOH Y.aCT11Uhl c aTOMHh!M 51,ll,pOM, Y.TO 

o6ycJIOBJil1BaeT rrepeXO,ll, Y.aCTl1 ee KI1HeT11Y.eCKOH 3Hepr1111 B rroCTynaTeJihHOe ,ll,Bl1-

)KeH11e aToMa KaK ueJioro (yrrpyroe CTOJIKHOBeH11e). 

2. Ll.JI51 3JieKTpoHOB (,6-Y.acrnu) cymecrneHHoe 3HaY.eH11e 11MeeT Heyrrpyroe 

B3al1MO,ll,eHCTBl1e c aTOMHhlMl1 51,L1,paM11, rrp11BO,ll,51U.I,ee K 11cnycKaHl1!0 )KeCTKOfO 

3JieKTpOMarHl1THOfO 113JiyY.eHl151. lla,L1,a10U.I,l1H 3JieKTpOH (,6-Y.aCT11ua) MO:lli:eT 11CIThI

TaTh TaK:lli:e yrrpyroe pacce5IH11e Ha 3JieKTpoHax. 

3. T51:lli:eJia51 Y.acT11ua, 06Jia,L1,a10U.I,a5I 3HeprneM:, ,ll,OCTaTOY.HOH ,ll,JI51 rrpeo,L1,oJieH115I 

KYJIOHOBCKl1X Cl1JI OTTaJIKl1BaHl151 51,ll,pa, MO:lli:eT 11CITh!TaTh pacce51Hl1e Ha 51,ll,epHh!X 

Cl1JiaX 11Jil1 Bhl3BaTh 51,ll,epHy!O peaKUl1!0, rrp11BO,ll,5IU.I,YIO K 11crrycKaH1110 pa3Jil1Y.Hh!X 

Y.acni:u, 1-KBaHTOB 11 T. ,LI,. 

4. Ll.B11:lli:eH11e 3ap51:lli:eHHOH Y.aCTl1Uhl B BeU.I,ecrne co CKOpOCTh!O, 60JihllleH 

CKOpOCTl1 CBeTa B ,ll,aHHOH cpe,ll,e, corrpoBO:lli:,ll,aeTC51 o6pa30BaHl1eM 113JiyY.eHl151, 

Ha3hrnaeMoro 113JiyY.eH11eM BaB11JI0Ba-4epeHKOBa. 

0cTaHOBl1MC51 Ha Borrpoce o TOM, np11 KaK11x K11HeT11Y.ecK11x 3Hepr115lx rra,L1,a10-

m11e Y.aCT11Uhl MO:lli:HO CY.11TaTh peJI51Tl1B11CTCKl1Ml1. HarrOMH11M, Y.TO Kl1HeT11Y.eCKa5I 

3Heprn51 peJI51Tl1Bl1CTCKOH Y.aCT11Uhl c MaCCOH ITOK051 mo paBHa 

2 ( ) 
2 2 mac 2 2 l 

W=mc -moc = ~ -m0c =moc ~ -1 , (3.1) 
l - (32 l - (32 

r,ll,e ,6 = v/c, v - cKopocTh Y.aCT11UhI, c - cKopocTh cBeTa B BaKyyMe. Bh1pa311M 

Kl1HeTifl!eCKYIO 3Heprn!O B e,L1,11H11uax 3Heprn11 ITOK051 moc2 = w0
: 

WO=~= l -1 
moc2 ~ . 

(3.2) 
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~b (3.1), (3.2) BbITeKaeT, l.JTO 

_ Jw0(w0 +2 
f3- w0 +1' (3.3) 

1 loJJaraH, I.JTO npHparn.em1e Macchi npHo6peTaeT cyw.ecTBeHHOe 3HaI.JeHHe c m ;?: 
. 1,01 mo (W0 ;;:;: 0,01)' 6yJJ.eM Cl.JHTaTb qacrnuy peJJHTHBHCTCKOH, eCJJH OHa 

o6JJa)l.aeT Maccoii 6oJJbwei1 1,01 m 0 . CKopocTh TaKoii I.JacTHIJ,bI npeBbiwaeT 14 % 
rnopocTH cBeTa c. TaK KaK 3HeprnH noKOH 3JJeKTpoHa paBHa ;:::::: 0,5 M3B, npoToHa 

~ 940 M3B, a a-I.JaCTHIJ,bI W ;:::::: 3700 M3B, TO npH Bb16paHHOM KpHTepHH (Ko

m~4HO, ycJIOBHOM) 3JieKTpOH HBJIHeTCH peJIHTHBHCTCKHM npH w > 5 K.9B, npoTOH 

11pH W > 9,4 M3B, a a-qacrnua npH W > 37 M3B. TaKHM o6pa30M, TH)KeJibie 

•taCTHIJ,bl MO)KHO Cl.JHTaTb peJIHTHBHCTCKHMH JIHWb Hal.JHHaH c 3HeprHH nopH,ll.Ka 

nt'CHTKOB M3B, B TO BpeMH KaK 3JieKTpoH MO)KHO paccMaTpHBaTh KaK peJIHTH

llHCTCKYIO I.Jacrnuy y)Ke npH E > 0,01 M3B. 

06cyJJ.HM Tenepb no,L1.po6Ho Ka)KJJ.bIH H3 nepeI.JHCJieHHbIX Bb1we npoueccoB. 

3.2.2. Hottn3ao:uoHHhie noTepu attepruu THiKeJibIX 3apHiKeHHhIX qacTnu:. 
Pac4eT noTepb 3HeprnH TH)KeJioii 3apH)KeHHOH I.JaCTHIJ,bI Ha eJJ.HHHIJ,e JJ.JJHHbI nyTH, 

o6ycJIOBJieHHb!X B3aHMO,ll.eHCTBHHMH c 9JJeKTpOHaMH Bern.ecTBa, npHBO)l,HT K cpop

MyJJe BeTe-BJioxa 1): 

_ (dW) = 4nz2e4ne {in 2mev
2 

_ (32 - In (l _ f32) }• (3.4) 
dx HOH mev2 I 

l'/lC ne - ilJIOTHOCTb 3JieKTpOHOB B cpe,ll.e, ze - 3apH,L1. I.JaCTHIJ,bl, v - ee CKOpOCTb, 

I = 13,SZ 3B - cpeJJ.HHH HOHH3aIJ,HOHHbIH nOTeHIJ,HaJI aTOMOB nornorn.aIOrn.eii 

q>e.11,br. BeJJHI.JHHY (ddW) Ha3bIBaIOT y8eJtbHbt.MU uo1-tu3a4uoHHbt.MU nomepH.MU 
X HOH 

(rnKparn.eHHO UOHU3a4uOHHbl.MU nomep5l.MU). c yBeJIHI.JeHHeM 3HeprnH I.JaCTHIJ,bl 

YllCJlbHbie HOHH3aIJ,HOHHbie noTepH BHaI.JaJie 6b!CTpo na)l,aIOT (npH6JIH3HTeJibHO no 

li!KOHY 1/v2 (cM. cpopMyJiy (3.4), pHC. 3.1). c cpH3HI.JeCKOH TOl.JKH 3peHHH 3TO 

1000 

<'< :;;; 
(.) 

I 100 
'-

i:o 
<ll 

~ 10 

sl" ""1 ""1 

l 
10-2 10° 102 W,M3B 

I'm·. 3.1. 3aBHCllMOCTb ll0Hll33UllOHHb!X llOTepb B B03,n:yxe pa3JJll'lHb!X 43CTllU OT llX KllHeTlllJeCKOH 

lllt•prntt: 1 - Q-43CTllUbI; 2 - ,n:efiTpOHbI; 3 - rrpoTOHbI; 4 - Me30HbI; 5 - 3JJeKTpOHbl (rryHKTllP -

c y'leTOM pa,n:ttaUHOHHb!X llOTepb) 

1
) B KJJacctt'lecKofi Teoptttt paccMaTpttsaeMaH 33BHCHMOCTb 6bIJJa BbilJHCJJeHa BopoM, a B KBaH-

1011oii - BeTe tt BJJoxa. 

,. 
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o6b5ICH51eTC51 TeM, LJTO no Mepe yBeJIHLJemrn CKOpOCTH LJaCTHIJ.bl COKpaw.aeTCH Bpe

MH ee npe6bIBaHH51 B noJie op6HTaJibHb!X 3JieKTpOHOB; B pe3yJibTaTe BepoHTHOCTb 

B036yJK)l,eHH51 H HOHH3aU.HH aTOMOB yMeHb!liaeTCH. 0.n.HaKO no Mepe npH6JIHJKeHH51 

CKOpOCTH LJaCTHIJ.bl K CKOpOCTH CBeTa y.n.eJibHb!e HOHH3aU,HOHHb!e TIOTepH y6bIBa

IOT Bee MeAJieHHee. HaKoHeu., npH HeKoTopott 3HeprHH KpHBaH npoxo.n.HT qepe3 

MHHHMYM ( 3HaLJeHHe dW / dx B MHHHMyMe coorneTcrnyeT TO My, LJTO CTOHW.HH 

B 3HaMeHaTeJie (3.4) KBa.n.paT CKOpOCTH lfaCTHIJ.bl npH6JIHJKeHHO paBeH nocTOHHHOH 

BeJIHLJHHe c 2). 

AHaJIH3 LJJieHOB B qrnrypHbIX CK06Kax noKa3bIBaeT, LJTO npH .n.aJibHeHilleM yBe

JIHLJeHHH 3Heprm1 HOHH3aIJ.HOHHbie TIOTepH HalfHHa!OT BHOBb Me)l,JieHHO (Jiorapmp

MHLJeCKH) B03pacTaTb. 3TO CB513aHO c peJIHTHBHCTCKHM 3cpcpeKTOM .n.ecpopMaU,HH 

3JieKTPHlfeCKoro TIOJIH ABHJKYW.eikH LJaCTHIJ.bl: OHO CJKHMaeTCH B HanpaBJieHHH 

ABHJKeHHH 11 yc11JI11BaeTCH B nepneH)l.HKYJIHpHOM K HeMy HanpaBJieHHH. B pe3yJib

TaTe 30Ha .n.eikTBHH 3JieKTPHlfeCKHX CHJI lfaCTHIJ.bl B03pacTaeT, lfTO o6ycJIOBJIHBaeT 

B03MOJKHOCTb B036yJK.n.eHH51 H HOHH3aIJ.HH 6oJiee y.n.aJieHHblX OT ee TpaeKTOpHH 

aTOMOB. 

Xorn c yBeJI11LJeH11eM 3HeprnH LJaCTHIJ.bI ee 3JieKTp11qecKoe noJie CJKHMaeTcH 

Bee CHJibHee, poCT y.n.eJibHbIX HOHH3aIJ.HOHHbIX noTepb HMeeT npe.n.eJI. 3TO CB513aHO 

c noJIHp113a11,HeH qacT1111,efl cpeAbI. CJKaTHe noJIH conpoBOJK)l,aeTCH yBeJIHLJeHHeM 

noJIHpH3aIJ.HH B nonepelfHOM HanpaBJieHHH, noJI51pH3aU.H51 JKe npenHTCTByeT npo- . 

HHKHOBeHHIO noJIH BHYTPb cpe.n.b1. floJIHp113au.11H 3aBHCHT OT nJIOTHOCTH Bern.eCTBa: 

B KOH)l,eHCHpoBaHHOM Beill,eCTBe OHa OKa3bIBaeTC51 CHJibHee, LJeM B ra3e. flo 3TOH 

npHLJHHe B03)],eHCTBHe noJIHpH3aIJ.HH Ha yMeHbllleHHe y.n.eJibHb!X HOHH3aU.HOHHbIX 

noTepb Ha3b!Ba!OT 3cpcpeKTOM nJIOTHOCTH. 06ycJIOBJieHHOe HM HaCbIIll,eHHe HOHH-

3aU.HOHHbIX noTepb HacTynaeT B pa3Hb!X Bern.ecrnax np11 pa3JIHLJHb!X 3HeprnHX 

(oT 20mc2 H Bb!Ille). 3cpcpeKT nJIOTHOCTH cpopMyJia (3.4) He YLJHTbIBaeT. flpeo6pa-

30BaB ee c yLJeTOM 3TOfO 3cpcpeKTa, noJiyLJHM COOTHOilleHHe, 113 KOTOporo CJie.n.yeT, 

LJTO np11 .n.ocTaTOLJHO 6oJibllIHX cKopocrnx dW / dx nepeCTaeT 3aB11ceTb OT W 11 I. 
dW 

<DopMyJia (3.4) He YLJHTbrnaeT TaKJKe oco6eHHOCTH xo.n.a 3aBHCHMocrn dx (W) 

Ha HaLJaJibHOM yqacTKe (CM. HHJKe). 

EcJIH CLJHTaTb, LJTO 3aMe.n.JieHHe LJaCTHU,bI ocyrn.ecTBJIHeTcH TOJibKO 3a cLJeT 

Heynpyrnx B3aHMO)l,eHCTBHH c aTOMaMH, TO AJIH LJaCTHU,bl, HCnbITaBilleH noJIHOe 

3aMe.n.JieHHe, cyMMa noTepb 3Heprn11 Ha Bo36yJKAeH11e E1 11 HOHH3aIJ.HIO E2 aTOMOB 

.n.oJIJKHa paBHHTbCH ee HalfaJibHOH KHHeTHLJeCKOH 3Heprn11 W: W = E1 + E2 . 

Pa3AeJIHB W Ha lfHCJIO nap HOHOB N, o6pa3oBaB!lIHXCH np11 3aMe.n.JieHHH lfaCTHUbI, 

noJiyLJHM TaK Ha3bIBaeMy!O cpeAH!OIO 3Heprn!O o6pa30BaHH51 napbl HOHOB 

(3.5) 

3HeprnH w np116JIH3HTeJibHO B )],Ba pa3a npeBOCXO)l,HT 3Heprn!O HOHH3aIJ.HH aTOMOB 

E2/ N. BaJKHeH!lIHH onbITHbIH cpaKT 3aKJIIOLJaeTCH B TOM. LJTO BeJIHLJHHa w npaK

THLJeCKH He 3aBHCHT OT npHpOAbl H 3HeprnH HOHH3Hpy!OW.HX LJaCTHU,. THTIHLJHbie 

3HaLJeHH51 w )],JI51 pa3JIHLJHblX ra30B paBHbl 30-40 3B. 
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l.JHCJIO nap HOHOB, 06pa3yeMhlX '-!aCTHIJ,eH Ha e)l.HHHUe nyTH, Ha3b!BaeTC5I 

yoeJtbHOU UOHU3at4UeU E:. 0ocJie)l.H5I5I paBH5IeTC5I '-!aCTHOMY OT )l.eJieHH5I y)l.eJibHb!X 

HOHH3aUHOHHb!X noTepb Ha cpe)l.HIOIO 3Heprn!O o6pa30BaHH5I napb! HOHOB: 

c = dW/dx. (3_6) 
w 

riocKOJibKY w CJia6o 3aBHCHT OT w' TO c B03paCTaHHeM 3HeprnH y)l.eJihHaH 

HOHH3aUH5I H3MeH5IeTC5I nponopu110HaJibHO y)l.eJibHb!M HOHH3aUHOHHb!M noTepHM. 

I la p11c. 3.2 noKa3aHa 3Kcnep11MeHTaJihHO noJiy'-leHHaH 3aBHCHMOCTb yJl.eJibHOH 
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P11c. 3.2. Kp11BaH 5pera P,JIH o-'!aCTHU, 11crrycKaeMbIX rroJIOHHeM-212 

HOHH3aUHH a-'-laCTHU OT HX ocTaTO'-!Horo npo6era RoCT = R - r (R noJIHh!H 

11po6er a-'-laCTHUbl, a r - y2Ke npOH)l.eHHOe eIO paccT05IHHe). 3Ta 3aBHCHMOCTb 

11a3b1BaeTCH KpHBOH Eperra. PaccMoTpHM ee xapaKTep no)l.po6Hee. 

CornacHo TeopeTH'-!eCKHM coo6pa2KeHHeM dW / dx H E: )l.OJI2KHbl B03pacTaTb no 

Mepe yMeHbWeHHH cKopocTH '-!aCTHUbl (ocTaTO'-IHOro npo6era). XapaKTep KpHBOH 

l)pera cornacyeTC5I c pa3BHTb!MH TeopeTH'-!eCKHMH npe)l.CTaBJieHH5IMH, 3a HCKJIIO

'll'HHeM KOHe'-!HOfO y'-!aCTKa npo6era, r)l.e XO)]. 3KCnepHMeHTaJibHOH KpHBOH pe3KO 

llJJOTHBOpe'-IHT npe)l.CKa3aHH5IM TeOpHH. ,lleHCTBHTeJibHO, y)l.eJibHa5I HOHI13aU115I, 

1tocT11rttyB MaKCHMyMa np11 RoCT ;::;:; 4 MM, 6b1CTpo yMeHbrnaeTCH )l.O HYJIH K KOHUY 

11po6era. 

3Ta oco6eHHOCTb KpHBOH Epera o6bHCHHeTC5I noHBJieHHeM 3cpcpeKTa, He yq11-

r1>1BaeMoro cpopMyJIOH (3.4), a HMeHHO nepe3ap5I)l.KOH 3aMe)l.JI5IeMOH '-laCTHUbl. 

B )l.aHHOM cJiy'-lae yKa3aHHhlH 3cpcpeKT CBO)l.HTCH K cJie)l.yiorn,eMy. a-'-laCTHUa 

r ocTaTO'-IHb!M npo6eroM B 4 MM o6Jia)l.aeT 3Heprnei1 0,75 M3B. CKopoCTb )l.BH2Ke

llHH a-'-laCTHUbl c TaKOH 3Heprnei1 paBHHeTCH 6 · 108 cM/c. AroMHb!e 3JieKTpOHbl, 

(' KOTOpb!MH B3aHMO)l.eHCTBYIOT a-'-!aCTHUbl, o6Jia)l.a!OT npH6JIH3HTeJibHO TaKOH 2Ke 

nwpocThJO. CTaJIKHBaHCh c aToMaMH, a-'-laCTHUbl 3axBaThrnaio1 Me)l.JieHHO )l.BH2Ky-

11t11eC5I OTHOCHTeJibHO HHX 3JieKTpOHbl, npeBparn,a5ICb B O)l.HOKpaTHO HOHH30BaHHhle 

HJ111 HeHTpaJibHb!e aTOMbl reJIH5I. 0pH nOCJie)l.yIOW,HX CTOJIKHOBeHH5IX C aTOMaMH 

o-YaCTHUbl onHTb Moryr noTepHTb np1106pereHHb1e 3JieKTpOHbl. Ha ocraTO'-!HOH 

/lJlHHe npo6era B 4 MM a-'-!aCTHUa o6MeHHBaeTC5I 3JieKTpoHaMH c aTOMaMH Bern,e

rrna CBb1rne 1000 pa3. EJiaro)l.apH nepe3apH)l.Ke a-qacn1u 11x 3cpcpeKTHBHhlH 3apHJl. 



38 I'll. 3. BsauMoaeucmBue UOHU3upy10/J,,{UX U3flytteHUU c Be/J,,{eGmBOM 

nomrnrneTcH, a TaK KaK dW / dx nponopuHoHaJibHO KBa)],paTy 3apHJ],a T..JacTHUbI, 

TO dW / dx 11 E HaT..J11HaIOT 6b1CTpo yMeHblllaTbCH. 3cp<jleKTHBHbIH ( cpe)],HHH) 3apHJ], 

o:-T..JaCT11UbI yJKe B MaKc11MyMe Kp11Boi1 Bpera paBeH He 2e, a np116JI11311TeJibHO 

1,5e; np11 )],aJibHettllleM 3aMe)],JieHl111 OH CTaHOBl1TCH BCe MeHbllle 11 MeHbllle. 

3cpcpeKTbl 3aXBaTa 3JieKTpOHOB cpe.Il,bl 11 nepe3apHJ],Kl1 11MeIOT oco6eHHO 60Jib

llIOe 3HaT..JeH11e )],JIH T..JaCTl1U c 60Jiblll11M HaT..JaJibHblM HOHHbIM 3apHJ],OM, Hanp11Mep, 

)],JIH OCKOJIKOB )],eJieHl1H. 

B cJiyT..Jae Heo6xo)],11MoCT11 y)],eJibHbie 110H113aUHOHHb1e n0Tep11 MOJKHO Jierno 

nepeCT..Jl1TaTb Ha J],pyr11e cpe)],bl 11Jil1 T..JaCTl1Ubl. 

3.2.3. Ilpo6en1 aapst:JKeHHbIX qacTHa;. TloCKOJibKY B pe3yJibTaTe CTOJIKHO

BeHl1H c aTOMHbIM 3JieKTpOHOM TH1KeJiaH T..JaCT11ua OT..JeHb He3Hal..Jl1TeJibHO OTKJIO

HHeTCH OT HanpaBJieHl1H CBOero nepBOHaT..JaJibHOrO )],Bl1JKeHl1H, TO nyT11 )],Bl11KeHl1H 

TH1KeJibIX T..JaCTmi: B Belll,eCTBe npaKTl1T..JeCKl1 npHMOJil1HeHHbl, a cpe)],Hflfl )],Jil1Ha 

nyT11, npOX0)],11MOf0 T..JaCT11ueH: )],0 OOJIHOro 3aMe)],JieHl1fl, HBJIHeTCH T3K1Ke cpe)],Hl1M 

CMelll,eHHeM OTHOCHTeJibHO 11CTOT..JHl1Ka, HcnycKaIOlll,ero T..JaCT11Ubl. 3TO cpe.IJ,Hee 

cMelll,eH11e Mb! 11 6y)],eM Ha3b!BaTb npo6eco.M T..JaCT11UbI R. 3)],ecb Mb! He np11H11MaeM 

BO BHl1MaH11e KyJIOHOBCKOe 11 HJ],epHoe B3aHMO)],eHCTB11H T..JaCTHU c HJ],paM11 (CM. HH

JKe). Tlpo6er R, o6ycJIOBJieHHbIH TOJibKO 110H11sau110HHb1M11 B3a11Mo)],ettcTBl1HM11, 

MOJKHO Bbll..Jl1CJil1Tb c OOMOlll,blO cpopMyJibl (3.4), Ha OCHOBaHHl1 KOTopoi1 

R Wo 

R = J dx = me J v2 

dW 
4nz2e4ne B(v) ' 

(3.7) 

0 0 

r)],e 

) 2mev
2 

2 ( 2) B ( v = ln -
1

- - f3 - ln I - /3 , 

a W0 - HaT..JaJibHaH 3HeprnH qacTHUbI c npo6eroM R. 
B HepeJIHTl1Bl1CTCKOM np116JI111KeH1111, KOTOpbIM Mb! 3)],eCb 11 orpaH11lf11McH, 

B(v) = ln 2m;v2. 

Tlp11H11MaH T3K1Ke BO BHHMaH11e, T..JTO dW = M v dv (M - Macca rnJKeJiott lfaCT11-

UbI), OOJIYT..Jl1M BMeCTO (3.7) 
VQ 

R = meM J v
3

dv 
2 4 2 . 

4nz e ne l 2mev o n-J-

(3.8) 

<t>opMyJia (3.4) He cnpaBe)],Jil1Ba B o6JiaCTH MaJibIX 3Heprni1 (CKopocTeH), COOT

BeTCTBeHHO 11 11HTerpaJI (3.8) He 11MeeT CMblCJia B )],11ana30He CKopoCTeH OT HYJIH 

.IJ,O HeKoToporo 3HalfeHHH cKopocT11 v1, onpe)],eJIHeMoro Bb1pa1KeH11eM 2mevr = I, 
BCJie)],CTB11e He yT..J11Tb1BaeMb1x Teop11i1 npoueccoB nepe3apHJ],Kl1 TH1KeJibIX lfaCT11u. , 

Tlo cpaBH€Hl1!0 c OOJIHbIM npo6eroM OCTaTOT..JHb!H npo6er (Ha npOTH1K€Hl111 KOTopo- . 

ro npo11CXO)],HT npoueCCbl nepe3apHJ],K11 T..JaCT11U) HeBeJil1K 11 M01KeT 6b!Tb onpe)],eJieH 

c OOMOlll,blO 3Mn11p11Y:eCKOH nonpaBKH (CM. Hl11Ke). 
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Corna CHO 8b1pa*em110 (3.8), npo6er H8JrneTcH cpyttKUJieH cKopocrn, npw-1eM 
B K03cpcpHUHeHT nponopUHOHaJibHOCTH nepeJJ. 3TOH cpyHKUHeH 8XO)l,5IT xapaKTepH
CTHKH qacTHUhI M / z2 H cpeJJ.hI ne. 

CTpo6er R 1 ( v) HCCJie)l.yeMoii: TH)KeJioii: qacTHUhI 1 MO)KeT 6hITh 8b1pa)KeH qepe3 
npo6er R2 ( v) KaKOH-JIH6o Jl.pyroii: TH)KeJioii: qacTHUhI 2, 06Jia)l.aIOmeii: TOH )Ke 
HaqaJibHOH CKOpOCTblO, c IIOMOI..UblO COOTHOllleHHH 

M z2 

Ri(v) = ~ R2(v) + C. 
M2z1 

(3.9) 

3)1.ech HCIIOJih308aHo 8b1pa*eHHe (3.8) H 88e)l.etta nonpa8Ka C, yqHTbIBaIOmaH 
pa3JIHqHe npouecco8 nepe3apHJl.KH )l.JIH paccMarpH8aeMhIX qacTHU 8 Kottue nyTH. 
nonpa8Ka c cpa8HHTeJihHO He8emma. HanpHMep, )l,JIH IIpOTOHa c 3Heprneii: 60Jib
we 500 K3B, )l.8H)KyJ..UeroCH 8 803)].yxe, IIOJiyqaeTCH COOTHOllleHHe 

Rp(v) = Mpz~ Ra(v) -0,20 CM= 1,007Ra(v) -0,20 CM, 
Ma.Zp 

rJJ,e Rp ( v) H Ra ( v) - npo6ern npoTOH08 H a-qacrnu c OJl.HHaK08hIMH tta1rnJih
HbIMH CKOpOCTHMH 8 803)].yxe IIpH 15 °( H )l.a8JieHHH 760 MM pr. CT. CTonpa8-
Ka C = -0,20 CM onpeJJ.eJieHa 3KcnepHMeHTaJibHO. 

CTpH pa8HhIX cKopocrnx qacTHU 1 H 2 8hIIIOJIHHeTcH coorHowettHe 

M2 
W2 =Mi W1, (3.10) 

rJJ,e W1 H W2 - KHHernqeCKHe 3HeprnH qacrnu 1 H 2. C yqernM (3.10) coorHO
wettHe )l.JIH npo6era qacTHUbl MO)KHO 3aIIHCaTb 8 cpopMe 

R (W) = M1 z~ R ( M2 w) + C 
1 M 2 2 M ' 

2Z1 l 
(3.11) 

me R2 ( z~ w) - npo6er qacTHUbl 2, o6JiaJJ,aIOJ..UeH KHHeTHqecKOH 3Heprn

.. M2W 
l'H M1 . 

)l.JIH qacnm c O)l.I1HaK08b!M 3ap5IJJ,OM, HO pa3HOH MaCCOH nonpa8oqHb!H qJieH c 
B (3.9) H (3.11) Hcqe3aeT, IIOCKOJ!bKY npouecChl nepe3ap5I)l.KH 8 KOHUe IIYTH )l.JIH 
TaKHX qacTHU nporeKaIOT O)l.HHaKo8o. TaKHM o6pa30M, np11 z1 = z2 HMeeM 

Ri(W) = z~ R2(Z~ w). (3.12) 

HanpHMep, )l.JIH nporotto8 H JJ,eii:TpoH08 cpopMyJia (3.12) )l.aer Rp(W) = 

= ~ Ra(2W). CToJiaraH 3HeprnIO nporoH08 pa8HOH 10 M3B, noJiyqaeM, qro 

llOCJie)l,HHe o6Jia)l.aIOT 8)],80e MeHblllHM npo6eroM no cpa8HeHHIO c )l.ei:hpoHaMH 
r 3Heprneif 20 M3B. 

CTpo6erH TH)KeJibIX qacn1u )l.attttoro copra c OJJ.HHaK08oii: HaqaJibHOH 3Heprneii: 
11ecKOJibKO OTJ!HqaJOTCH JJ,pyr OT Jl.pyra, qro o6ycJI08JieHO CTaTHCTHqeCKHM xapaK

rcpoM npou.ecca n0Tep11 3HeprnH. 3tteprn:H qacTHU. pacxoJJ.yercH 8 oqeHb 6oJiblllOM, 
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HO KOHetIHOM tIHCJie coyJJ.apeHHH c aToMaMH cpeJJ.hI. Pa36poc s 3HatieHHH npo6eros 

B03HHKaeT BCJie,IJ,CTBHe CTaTHCTHtieCKHX cflJIYKTyaUHH KaK B tIHCJie coy,1J,apeHHH Ha 

e,IJ,HHHUY nyTH, TaK H B 3HatieHHH 3HeprnH, TepHeMOH npH Ka.>K,!J.OM coy,1J,apeHHH. 
0 nornow,aIOw,eH cnoco6HocTH sew,ecTBa MO.>KHO cyJJ.HTh no 3aBHCHMOCTH 

~ (r) (KpHBOH nornow,eHHH), r,1J,e No - na,1J,a10W,HH noTOK, a N - noToK, 
HO . 

rrpowe,IJ,WHH ITOrJIOTHTeJib TOJIW,HHOH r. Ha pHC. 3.3 IIOKa3aHa KpHBaH IIOrJIOW,eHHH 

RR, r 

P11c. 3.3. Kp11BaH nornow:eH!lH JJ:JIH TH)KeJJbIX qacT!lU 

,IJ,JIH TH.>KeJib!X MOH03HepreTHtieCKHX qaCTHU. KaK BH,!J.HO, IIOTOK He H3MeHHeTCH 

Ha rrpoTH.>KeHHH 60JihWeH qacTH rrpo6era H pe3KO yMeHhIIIaeTCH B KOHUe IIYTH 

(rrpH6JIH3HTeJihHO rro JIHHeHHOMY 3aKoHy). PaccTOHHHe, Ha KOTopoM noTOK y6hr

saeT B JI.Ba pa3a, rrpe,1J,cTaBJIHeT co6oH cpeJJ.HHH npo6er R. Pa36poc npo6eros 

R3 -R R u 

xapaKTepH3yeTCH OTHoweHHeM R , r,1J,e 3 - TaK Ha3bIBaeMhIH aKcmpano-

AupoBaHHbtU npo6ec, IIOJiyqaeMb!H 3KCTpaIIOJIHUHeH HHCrra,1J,a10w,ero JIHHeHHOro 

u 6 B R3-R 
yqacTKa KpHBOH ,!J.O rrepecetieHHH c OCblO a CUHCC. eJIHtIHHa OTHOWeHHH R 

HeBeJIHKa (o6hitIHO 1-2 %), II03TOMY npH6JIH.>KeHHO MO.>KHO CtIHTaTh, tITO TH.>KeJibie 

qacTHUhI c OJJ.HHaKOBOH cKopocThIO 06Jia,1J,a10T OJJ.HHaKOBhIM npo6eroM R. 
BMecTo JIHHeHHoro npo6era 3apH.>KeHHOH qacTHUhI R tiaCTo yJJ.o6Hee HC

rrOJih30BaTh ee MaccOBbIH rrpo6er Rm, Bhrpa.>KaeMhIH B r/cM2 H CBH3aHHhIH c R 
Bbipa.>KeHHeM 

Rm =pR, (3.13) 

r,IJ,e p - IIJIOTHOCTh sew,eCTsa, r/cM3. CooTBeTCTBeHHO yJJ.eJihHhre HOHH3aUHOHHhre 

noTepH 3aIIHChIBaJOT B cflopMe dW / dRm = ( dW / dx )p. lfacJieHHO Rm paBHHeTCH 

Macce sew,eCTsa, 3aKJIIOtieHHoro s UHJIHHJJ.pe BhICOTOH R CM H nJiow,a,IJ,hJO none

petIHoro ceqeHHH B 1 cM2. 1) 

UeJiecoo6pa3HOCTh HCITOJih30BaHHH Maccosoro npo6era o6bHCHHeTcH TeM, tITo 

nocJieJJ.HHH cJia6o 3aBHCHT OT cocrnsa sew,ecrna. B caMoM ,1J,eJie, cornacHo (3.8) 
npo6er R o6parno nporropuHoHaJieH 3JieKTpOHHOH CTJIOTHOCTH ne = nz. C JJ.pyroH 

CTOpOHbl, ITJIOTHOCTb Bew,eCTBa rrporropUHOHaJibHa rrpOH3Be,IJ,eHHJO IIJIOTHOCTH HJJ.ep 

n Ha aTOMHyIO Macey A: p '"" nA (3TO BhITeKaeT H3 H3BeCTHOH <PopMyJihI n = 

1
) 0TMeT!lM, 4TO pa3MepHOCTb op;:i:!1H3Tbl Ha p11c. 3.3 CBH3aHa c npe;:i:cTaBJJeH!leM !lMeHHO 0 

M3CCOBOM npo6ere, coma CHO KOTOpoMy [ d~] = r- 1 
. CM

2
. 
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p nA A 
=-A NA, r.n.e NA - lU!CJIO ABora.n.po). Oo3TOMY Rm= pR ~ - = -. nocKOJibKY 

nz z 
OTHorneHHe A/ z MaJio H3Mem1eTcH .D.JIH MHOrHx Bew,ecTB, TO H 3HatieHHe Rm MaJio 

H3MeHHeTCH .ll.JIH 3THX Bew,eCTB. 

Onpe.n.eJIHM B KatiecTBe npHMepa MaccoBbIH npo6er o:-tiaCTHUhI c 3Heprneif 

5,5 M3B. YtIHTbIBaH, tITO npo6er s B03.ll.yxe o:-tiaCTHUhI c TaKoif 3Heprneif paseH 

I, 70 CM, a IlJIOTHOCTb B03.ll.yxa npH HOpMaJibHb!X ycJIOBHHX Ps = 1,29 . 10-3 r I CM3, 
H3 (3.13) HMeeM: 

Hrna= 1,29 · 10-3 · 1,70 = 2,19 · 10-3 
r/cM

3 = 2,19 Mr/cM
3. 

3HaH Hmm MO)KHO JierKO onpe.ll,eJIHTb H mrneHHb!H npo6er O:-llaCTHUbl B Ka

KOM-JIH60 .n.pyroM sew,ecTBe. HanpHMep, JIHHeHHhIH npo6er o:-tiaCTHUhI c 3Heprneif 

5,5 M3B B aJIIOMHHHH ttaif.ll.eM, npHHHMaH BO BHHMaHHe, tITO ee MaccOBbIH npo6er 

l:l 803.ll.yxe H aJIIOMHHHH O)l,HH3KOB: 

R _ Rma. _ 2,19 · 10-
3 

= O Sl . l0-3 
<:< - - 2 70 ' CM. 

PAI , 

!lpHBe)l,eHHb!H npHMep IlOK33bJBaeT, lJTO npo6ern O:-tiaCTHU OlJeHb M3Jlbl. 

3.2.4. KyJioHOBCKOe B3aHMO,lI,eiicTBHe nnKeJibIX 3apinKeHHhIX qacTuIJ, 

c eew,ecTBOM. 

Bh1rne yrroMttHaJioch, YTO KOJIHYeCTBeHHOe paccMoTpeHtte rrpoueccos CTOJIKHOBeHHH 

TH)KeJIOH YaCTHUbl c 3JieKTpOHaMl1 cpe,nbI rrp11BO.ll.11T K cpopMyJie (3.4), cornaCHo KOTOpoii 

_dW_ cv _ (ze)2e2
ne 

dx mev2 
(3.14) 

Paccy)K,neHHH, rrp11so,nHmtte K cpopMyJie (3.4) B pasHoii Mepe MoryT 6bITh orneceHbI 11 K 

H.ll,paM, TaK)Ke o6Jia,naJOlll,11M 3JieKTp114eCKl1M 3apH,nOM. Tip11 3TOM CJie,nyeT Jll1illb 3aMeHl1Tb 

Macey 3JieKTpOHa me Ha Macey 51,!1.pa l'vfH, KBa.ll,paT 3apH,na 3JieKTpOHa e2 Ha KBa.ll,paT 

:iapH,na H,npa ( Z e )2, a ITJIOTHOCTh 3JieKTpoHoB Ha ITJIOTHOCTh H,nep n. B TaKoM cJiyYae AJIH 

~Heprn11, rrepe,naHHOH TH)KeJIOH 4acT11uei1 aTOMHblM H,npaM semecrna, IIOJIY411M 

dW" (ze)2 (Ze) 2n 
dx cv - M.v2 (3.15) 

OrnoweH11e 3Heprn11, rrepe,naHHOH 3JieKTpoHaM, K 3Heprn11, rrepe,naHHOH H,npaM, MhI Hai1-

neM, pa3,neJIHB (3.14) Ha (3.15): 

(3.16) 

Macca H,npa l'v1n B03paCTaeT c pocToM rropH,nKosoro HOMepa 3JieMeHTa rrp11MepHo rrporrop

tlHOHaJihHO Z. Do3TOMY ornoweH11e (3.16) .ll.JIH JIJ06b1x semeCTB no rropHAKY seJil1411HhI 

paBHO OTHOWeHl1!0 Mace rrpOTOHa 11 3JieKTpOHa mp/me, TaK '-ITO BO Bcex CJiyYaHx 3Hepr11H, 

11epe,nasaeMaH TH)KeJIOH YaCT11UeH 3JieKTpOHaM, B HeCKOJ!bKO Tb!CH'-1 pa3 rrpeBOCXO.ll.11T 

·~Heprn!O, rrepe.ll,asaeMyJO H,npaM. TaK11M o6pa3oM, MO)KHO cY11TaTh srroJIHe orrpas,naHHhIM 

HblCKa3hIBaBweecH Bb!We rrpe,nITOJIO)KeH11e 0 TOM, '-ITO IIOTep11 3Hepr11H TH)KeJIOH YaCT11Ubl 

IJ04TH IIOJIHOCTb!O o6ycJIOBJieHhl ee CTOJIKHOBeHl151Ml1 c 3JieKTpoHaMl1 cpe,nhI. 
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3.2.5. RAepH&Ie eaanMOAeiicTBUB BAepHoaKTUBHhIX 11acTuu.. RnepHoaK

THBHhie '-laCTHl..J,bl (npOTOHbl, CTHOHbl H ,ll.p.), npoXO,ll.51 '-!epe3 Bew.ecTBO, cpaBHH

TeJibHO '-laCTO BCTynaIOT BO B3aHMO,ll.eHCTBHe c 51,ll.paMH, pacceHBa51Cb 51,ll.epHblMH 

CHJiaMH HJIH Bbl3hIBa51 51,ll.epHbJe peaKUHH. 

,llJI51 Toro, '-IT06hI npOH30WJIO 51,ll.epHoe B3aHMO,ll.eHCTBHe, '-laCTHI..J,a ,ll.OJDKHa 

npH6JIH3HTbC51 K 51.LLPY Ha paCCT051HHe, Ha KOTOpOM ,ll.eHCTBYIOT 51,ll.epHbie CHJibl. 

dTO pacCT051HHe paBH51eTC51 no nop51,ll.KY BeJIH'-IHHbl pa3Mepy aTOMHOfO 51,ll.pa 

,....., 10- 12 CM. Ho Ha 51,ll.po npHXO,ll.HTC51 JIHWh (l0- 12 ;10-8) 3 = 10- 12 '-!aCTh o6beMa 

aTOMa. f103TOMY na,naIOW.He '-laCTHUbl BCTynaIOT B Henocpe.ncrneHHblH KOHTaKT 

c 51,ll.paMH BemecTBa ,ll.OCTaTO'-IHO pe,ll.KO, TaK '-ITO Bep051THOCTb 51,ll.epHbIX B3aHMO

,ll.eHCTBHH ,ll.a:>Ke ,ll.JI51 51,ll.epHOaKTHBHb!X qacTHU OKa3bJBaeTC51 3Ha'-!HTeJihHO MeHhWe 

Bepo51THOCTH HOHH3aUHOHHhIX B3aHMo,nei1cTBHH. EcJIH, o,nHaKo, Bee )Ke npoH30WJIO 

51,nepttoe B3aHMO,ll.eHCTBHe, TO '-!aCTHUa MO:>KeT noTep51Tb 3Ha'-IHTeJihHYIO ,ll.OJIIO 

CBOeH 3HeprnH (HJIH BOo6me nor.JIOTHTC51 51,ll.pOM), TOr,ll.a KaK npH HOHH3aUHOHHOM 

B3aHMO,ll.eHCTBHH OHa Tep51eT JIHWb 30-40 aB 3HeprnH. 

§ 3.3. B3aHMO.II.eiicTBHe aJieKTpouoB (,6-11acTHU.) c Bem,ecTBOM 

3.3.1. HoHuaau.uoHHbie noTepu aHepruu aJieKTpoHoB. f1oTepH atteprnH 

3JieKTpOHOB, ,ll.BH:>KYII..J.HXC51 B BemecTBe, no,ll.pa3,ll.eJI51IOTC51 Ha HOHH3aUHOHHbJe H 

pa,ll.HaUHOHHbie. PaccMOTpHM BHa'-!aJie nepBbie H3 HHX. 

f1pH BbJBO,LLe <iJopMyJihl, OnHCbJBaIOw.eif HOHH3aUHOHHhie noTepH 3.JieKTpOHOB, 

Heo6XO,ll.HMO yqecTb HeKOTOpbie oco6eHHOCTH HX B3aHMO,LLeHCTBH51 c Bew.ecTBOM. 

0,nHa H3 HHX 3aKJIIOT-IaeTC51 B TOM, '-ITO npHBe,ll.eHHa51 Macca CHCTeMhl H3 ,ll.BYX 3JieK

TpOHOB paBHa me/2 (Tor,na KaK npHBe,LLeHHa51 Macca CHCTeMbl H3 rn:>Ke.JIOH '-laCTHUbl 

H 3.JieKTpoHa npaKTH'-!eCKH paBHa Macce aJieKTpoHa). CJie,nyeT TaK)Ke Y'-IHTbIBaTh, 

'-ITO ,LLJI51 3JieKTpoHa z = 1. Ba:>KHa51 oco6eHHOCTh cocTOHT B Heo6xo,ll.HMOCTH 

y'-leTa KBaHTOMexaHH'-leCKOro a<iJ<iJeKTa o6MeHa, CB513aHHOfO c TO:>K,LLeCTBeHHOCTb!O 

3JieKTpoHoB. f1pHHHMa51 BO BHHMaHHe 3TH H HeK0Topb1e ,ll.pyrne YTO'-IH51IOII..J.Hern 

nonpaBKH, <iJopMyJia ,ll.JI51 y,ll.eJibHblX HOHH3aUHOHHhlX noTepb 3HeprnH 3JieKTpOHOB 

npH HX CKOpOCTH, 6JIH3KOH K CKOpOCTH CBeTa, npHo6peTaeT BH,LL 

r.ne w - KHHeTH4eCKa51 3HeprH51 peJI51THBHCTCKOfO 3JieKTpoHa. 3amtCHMOCTb 

y,ll.eJihHbIX HOHH3aI..J,HOHHhIX noTepb 3JieKTpOHOB B B03,ll.yxe OT HX 3HeprnH no

Ka3aHa Ha pHc. 3.1. f1p11 HH3KHX 3Heprn51x am n0Tep11 o6paTHo nponopu110-

HaJihHhI KBa,npaTy CKOpOCTH 3JieKTpOHOB. J10HH3aUHOHHhie noTepH MHHHMaJihHbl 

npH W ,....., 1 MaB, c ,ll.aJibHeifw11M pocTOM 3Heprn11 OHH B03paCTaIOT. 0,ll.HaKo 

3TO B03pacTaHHe, nponopu110HaJihHOe JIOrapH<iJMY 3HeprnH, HeBeJIHKO, COCTaBJI5151 

npH CKOJib yro,LLHO 60JibWOH 3HeprHH npoueHTbl HJIH ,LLeC51TKI1 npoueHTOB OT 
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MHHHMaJibHoro 3Haqemrn y.n.eJibHbIX HOHH3auJIOHHbIX noTepb 1). TaKHM o6pa30M, 

3JieKTp0Hbl c KHHeT11qecKOH 3HeprneH, paBHOH 2mec2 5!BJ15HOTC5l Ha1160Jiee CJia6o 

HOHH3Hpyiow:HMH qacrn:uaMH. B Bo3.n.yxe nptt HOpMaJihHbIX ycJIOBHHX 3JieKTpOHbI 

c TaKOH 3HeprneH o6pa3yIOT Ha 1 MM nyTH 4 napb! HOHOB, Tor.n.a KaK npoTOHbl 

c TOH Me 3HeprneH Ha 1 MM nyrn o6pa3yIOT 800 nap HOHOB. B TpeKOBbIX np116opax 

(HarrpHMep, B KaMepe BttJibcoHa 2)) JJ.BH2KYID.Hern 3ap5!2KeHHbie qacTHUhI o6pa3yIOT 

BHAHMb!e CJie,ll,bl pa3JIHqHoH IlJIOTHOCTH, np11qeM 3JieKTpOHbl OCTaBJI51IOT cpaBHH

TeJ!bHO TOHKHe CJie,ll,bl (TpeKH), JierKO OTJIW-lHMbie OT 6oJiee TOJICTblX CJie,ll.OB TH)Ke

Jlb!X 3ap5!.)KeHHbIX Y:aCTHU (p11c. 3.4, a, 6). Pa3yMeeTc5!, 3JieKTpOHhI 3aMeJJ.JI51IOTC51 

6 

P11c. 3.4. f1p11Mepb1 cpororpacjrnii, rroJiy"leHHhIX c ITOMOll.\h!O KaMephI B11J1bc0Ha: a- TpeK11 a-qacT11u, 

ricnycKaeMblX TIOJIOHl1eM-212; Ha1160J1ee npOT51)KeHHblH cJieA OCTaBJieH TaK Ha3bJBaeMoi1 AJll1HHO

npo6e)KHOH "1aCTm.1gi1, OCTaJibHhie TpeKl1 !1Me!OT rrp116J1!13!1TeJibHO OAl1HaKOBYIO AJll1Hy; 6 - CJieA, 

ocrnsJieHHhIH y3K11M ny"lKOM peHTreHoscKoro 113.JIY"leHmI; TOHKHe cJieAhI o6pa3oBaHhI 3.JieKTpoHaMH, 

BbI6HTb!MH peHTreHOBCKHMH cpOTOHaMH 1!3 aTOMOB ra3a, 3aITOJIH51!0ll.\ero KaMepy 

B sew:ecTBe AO CKOpOCTeH, npH KOTOpb!X HX y.n.eJibHa51 HOHH3au1rn CTaHOBHTC5! 

CTOJib )Ke 6oJiblllOH, Y:TO H y.n.eJibHa51 HOHH3aUH51 TRiKeJib!X qacTHU B o6JiaCTH HH)Ke 

10 M3B. 0.n.HaKO 3TH CKopocnr COOTBeTCTBY!OT HaCTOJibKO MaJib!M OCTaTOY:Hb!M 

npo6eraM, qTO HX npaKTHqeCKH HeB03MO)KHO Ha6JI£o,a:aTb (HarrpHMep, B 803,ll.yxe 

oHH coCTaBJI5!IOT .n.oJIH MM). TaKHM o6pa30M, 3JieKTpOHbI, pernCTpttpyeMbie c no

MOW:bIO TpeKOBb!X nptt6opoB, scer,ll,a OCTaBJI51IOT TOHKHe CJie,ll.bl. 

3.3.2. Pa;:i:HaU.HOHHhie noTepH :=meprHH aJieKTpottou. CTepeii.n.eM K pac

CMOTpeHHIO pa,a:11auttoHHhIX rrOTepb 3Heprntt. Pa.n.11au110HHoe (HJIH TOpMo3Hoe) 

H3JiyY:eHHe B03HHKaeT rrpH HeyrrpyroM pacce.SJ:HHH 3ap5!.)KeHHbIX qacTHU B 3JieK

TpHY:ecKOM noJie 51.n.pa. CornacHo 3JieKTPOAHHaMHqecKOMY pacY:eTy HHTeHCHBHOCTb 

H3JiyY:eHH51 I rrp51MO nponopuHoHaJibHa KBa.n.paTy 3ap51Aa 51.n.pa q2 
H o6paTHO 

2 

nponopu110HaJibHa KBa.n.paTy Maccbr qacTHUbI m 2 : I r-v ~. 
m 

1
) PocT HOH!13aUHOHHh!X ITOTepb B 06.JiaCTH Bb!COKHX 3Heprni1 3.JieKTpOHOB o6b51CH51eTC51 TaK 

>Ke, KaK H B cJiyqae T5J)KeJibIX qacTHU. 0TMeTHM B "1aCTHOCTl1, "iTO 3cpcpeKT ITJIOTHOCTH rrpHBOAHT 

K CHH)KeHHIO HOHH3aU.HOHHb!X ITOTepb. 
2
) DpttHU.HIT pa60TbI KaMepbI BttJibCOHa cM. s rr. 6.6.2. 
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EcJIH cpaBHHBaTb 3JieKTpOHhI c TmKeJibIMH qacTm.1,aMH, TO rroTepH .3HeprHH 

Ha TOpM03HO€ H3JIY4€HH€ y rrepBbIX )J,OJDKHbl 6b!Tb 3Ha'1HT€JlbHO 60Jibill€, '1€M 

y BTOphrx. HarrpHMep, paJJ,Hau,HOHHhie rroTepH .3HeprnH .3JieKTpottoB 6oJihWe, 'leM 

y ITpOTOHOB B (::)
2 

= 3,5 · 106 pa3 (3JJ,€Cb mp - Macca IIpOTOHa). naJJ,aIOIII.H€ 

3Jl€KTpOHbl HCrrycKaIOT paJJ,HaI.J,HOHHOe H3JIY4€HHe TaKMe B ITOJie aTOMHblX .3JieK

TpOHOB. 0JJ,HaKO ero HHTeHCHBHOCTb B z pa3 M€Hbille, qeM B rroJJe HJJ,pa. 

Yrnosoe pacrrpeJJ,eJJeHtte paJJ,HaUHOHHoro H3Jiy'1eHHH o6JiaJJ,aeT HpKo BbipaMeH

Hoii HarrpasJJeHHOCTbIO. ).lJIH 3JJeKTpOHOB c peJJHTHBHCTCKHMH 3Heprn51MH cpeJJ,HHH 

yroJJ HCITyCKaHHH cpOTOHOB TOpM03HOfO H3JIY4€HH51 paBeH meC2 jW ¢opMyJia )J,JJH 

yJJ,eJihHhIX paJJ,ttaUHOHHhIX rroTepb 3HeprnH - (ddW) 6b1Jia ycraHOBJieHa EeTe 
X paJ\ 

H f aHTJiepoM Ha OCHOBe KBaHTOBOH 3JI€KTpOJJ,HHaMHKH H HMeeT BH)J, 

- (ddW) = nz2W<I>(W), 
X paJ\ 

(3.18) 

rJJ,e n - KOHIJ,eHTpau,HH aTOMOB cpeJJ,hl, w - KHH€TH'lecKaH 3HeprttH 3JleK

TpOHa, <I>(W) - JJHHettHaH cpyHKUHH ln W, Z - 3apHJJ, HJJ,ep cpeJJ,bI. Cornac

Ho (3.18) yJJ,eJJhHbie paJJ,HaUHOHHbie noTepH rrponopu,HoHaJibHhI 3Heprm1 3JieKTpo

Ha H KBaJJ,paTy 3apHJJ,a HJJ,ep cpeJJ,bl. 3aBHCHMOCTb yJJ,eJibHb!X noTepb 3HeprnH 

3Jl€KTpOHOB OT KHH€TH'1€CKOH 3HeprHH c yqeTOM paJJ,HaI.J,HOHHblX IlOTepb IlOKa3a

Ha Ha pHc. 3.1 nyHKTHpOM. EcJJH 3HeprnH 3Jl€KTpOHOB OTHOCHT€JlbHO MaJJbl, TO 

( ddW) » (ddW) ' a ecJIH B€JIHKH, TO (ddW) ~ (ddW) . 
x HOH x paJ( x HOH x paJJ, 
I1peJJ,CTaBHM cpopMyJiy )J,JIH y)J,eJibHblX HOHH3aI.J,HOHHblX IlOTepb 3HeprnH 3JieK-

TpOHa B cpopMe, aHaJIOrHlJHOH (3.18): 

( ddW) = nZ<I>'(W), (3.19) 
X HOH 

rJJ,e <I>'(W) - mrneiiHaH cpyHKUHH ln W. CpaBHeHHe cpopMyJJ (3.18) H (3.19) JJ,aeT 

(dW/dx)pai\ 
---rvWZ. 
(dW/dx)lloH 

l13M€p5151 w B M3B, IlOJIY'lHM 

(dW/dx)rai\ WZ 
(dW/dx)HOH rv 800. 

(3.20) 

Cornarno (3.20) JJ,JIH .tKeJie3a (Z = 26) y)J,eJibHbie rroTepH 3HeprnH Ha H3JJyqe

HHe H Homrnau,HIO cpaBHHBaIOTCH Me.IKJJ,Y co6oii rrpH W = 31 MaB, a )J,JIH CBHHUa 

(Z = 82) nptt6JIH3HT€JihHO rrptt 9,8 MaB. 3HeprnH 3JieKTpoHOB, nptt KOTopoii 

y)J,eJibHbie HOHH3aI.J,HOHHbl€ 11 paJJ,ttaI.J,HOHHbie n0Tep11 cpaBHHBaIOTCH Me.IKJJ,Y co6oH, 

Ha3hIBaeTCH KpumulfeCKoii. 3JJeKTpOHbI, 06JiaJJ,a10m11e 3Heprneii, npesb1wa10w.eii. 

KpHTH'1€CKyIO, TepHIOT :rneprnIO rJiaBHbIM o6pa30M rryTeM 11cnycKamrn paJJ,HaI.J,HOH

HOfO H3JJY4€HH51. I1p11 ycJIOBHH, 'ITO n0Tep11 3Heprn11 3J1€KTpOHa B OCHOBHOM paJJ,H

au,HOHHhle, ero KHHeTw1ecKa5! 3HeprnH B sern.eCTBe pastta W = Wo exp (-r /lpaJ\), 

rJJ,e W0 - HaqaJihHaH KHHeTtt'lecKaH aHeprnH 3JJ€KTpoHa, lpaJ( - paJJ,11au,HOHHaH 
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Jl)IHHa, paBHa5! paCCT051H!flO, Ha KOTOpOM 3Hepnrn 3JieKrpoHa yMeHblllaeTC51 B e 

pa3. )lJIH B03,ll.yxa lpaJJ. = 300 M, a ,ll.JI51 CBI1HUa lpaJJ. ~ 0,5 CM. 

YKa)KeM, '-ITO norep11 Ha ropM03Hoe 113JIY1.J:eH11e '-lacro cJie,ll.yeT yLJ:HThIBaTb 11 B 

06JiacT11 cpaBH11TeJibHO HH3KHX 3HeprniL Hanp11Mep, np11 TOpMo)KeHHH B CBHHUe 

"lJieKTpoHoB c 3HeprneH: B HecKOJibKO M3B 06pa3y10m11ee51 cpoTOHbI TOpM03Horo 

113Jiyl.J:eHH51 51BJJ51JOTC51 6oJiee npOHHKaIOlll.HMH, l.J:eM HCXO,ll.Hble HOCHTeJIH 3HeprnH -

3JieKTp0Hbl, H npH pac'-leTe 3alll.l1Tbl 3TO l13JIY'-leHHe CJie,ll.yeT npHH11MaTb BO BHH

MaHHe. 

3.3.3. XapaKTep ,u:BH1KeHHH 3JieKTpOHOB B se.w;eCTBe. )lB11)KeH11e 3JieK

TpOHOB B cpe,!I.e pe3KO OTJIHl.J:aeTC51 no CBOeMy xapaKTepy OT ,ll.BH)KeHH51 B HeH 

TH)KeJihIX LJ:acTHU. Oco6eHHOCTH ,ll.BH)KeHHH 3JieKTpOHOB o6ycJIOBJieHhI MaJIOCThIO 

3JieKTpOHHOH MaCCb! H onpe,!I.eJI51JOTC51 TeM, '-ITO 3JieKTpOHbl, CTaJIKHBa10m11ec51 

c aTOMHblM11 3JieKTpoHaMH H 51,!I.paMH, CHJlbHO OTKJIOH51IOTC51 OT HanpaBJieHH51 

csoero nepBoHa'-laJJbHoro ,ll.Bl1)KeHH5!. Pa36epeM 6oJiee ,ll.eTaJihHO np11'-IHHh1 pe3KHX 

OTKJIOHeHHH pacceHBaIOlll.HXC51 3JieKTpOHOB. 

Bo-nepBbIX, npHMeM BO BHHMaH11e, l.J:TO 3JieKTpOH 51BJif!eTC51 peJIHTHB11CTCKOH 

LiacT11ueH: Ha nporn)KeHHH noLJ:TH scero nyrn (cM. n. 3.2.1). Me)K,!I.Y TeM nepe

Hoc co6CTBeHHO peJI51THBHCTCKOH Macchi (T. e. MaCCbl, o6pa30BaHHOH 3HeprneH. 

nstt)KeH115!) CBH3aH c MeHhlllHM HMnyJihCOM no cpaBHemno c nepeHocoM MaCCbI 

nOK051, npH'-IeM, '-!eM 60Jibllle BKJia,ll. peJIHTHBHCTCKOH ,!I.06aBKH K Macce l.J:aCT11Ubl, 

TeM MeHhllle HMnyJibC, np11XO.D:fllll.11HC5! Ha e,ll}1HHUY ee KHHeTH'leCKOH 3HeprHH, 

r. e. reM MeHbllle BeJIH'-IHHa / = m V /W. )leH.crnttTeJibHO, 3an11cbIBaH v B BH,ll.e /3c 
11 HCCTOJib3Y51 COOTHOllleHH51 (3.2)' (3.3)' npeo6pa3yeM Bb1pa)KeH11e ,!I.Jlf! I K BH,!I.Y 

I Jw0
+2 / = - 0 , OTKy,ll.a cJie,ll.yer, '-ITO c pocToM w0 3Ha1.J:eH11e / yMeHblllaeTCH. 

c w 
f1ptt npo'-IHX paBHbIX ycJIOBHHX yroJI paccef!HHH c yMeHbllleH11eM 11MnyJihCa yse

JI111.J:11saeTCf!. CJie.n:osaTeJihHO, np11 ynpyroM paccef!HHH Ha 51,!I.pe 3JieKTpoH .D:OJI)KeH 

pacce11BaTbC5! Ha 60JiblllHH yroJI no cpasHeHHIO c npoTOHOM, o6Jia,ll.aIOlll.HM TOH )Ke 

3HeprneH. 11 npH TOM )Ke np11u,eJibHOM paCCTOf!HHH. 

Bo-sropbIX, npH 3Heprn51x 3JieKTpoHoB, pasHbIX HecKOJihKHM Mera3JJeKTpOH

BOJibTaM, HX CKOpOCTH OCTaIOTC51 6JIH3KHMI1 K CKOpOCTH CBeTa. CTyTb, KOTOpb!H 

npe,!I.CTOHT npoHTH 3JieKTpOHaM c TaKHMH 3HeprnHMH, eme Ol.J:eHb BeJIHK no 

cpaBHeHHIO c OCTaTO'-!HbIM npo6eroM T5J)KeJibIX '-!aCTHU, 06JiaJI,a10m11x TaKHMH )Ke 

3HeprnHMH. CTo3TOMY 3Ha'-IHTeJihHYJO '-!aCTb nyTH 3JJeKTpOHbI npoxo,IJ.HT, o6Jia,IJ.a51 

oTHoc11TeJibHO He60JiblllHMH 3HeprnHMH, a np11 ynpyroM pacceHHHH yroJI pacceH

HHH TeM 60Jibllle, '-leM MeHbllle 3Heprn51 '-laCTHIJ.bL 

B-TpeThHX, Heynpyrne CTOJIKHoBeHHH 3JieKTpOHOB c aToMaMH, conpoBO)K,ll.aIO

ll.LHeCH 6oJihlllOH nepe,!I.a'-leH 3Heprn11 8-3JieKTPOHaM 1), T. e. no cymecrny aKThI pac

cef!HH51 3JI€KTpOHOB Ha 3JJeKTpOHaX, TaK)Ke np11B0,[(5IT K OTKJIOHeHHIO 3JleKTpOHOB 

Ha 6oJihll1He yrnhI, TaK KaK MaCCbI B3aHMO,IJ.eH:crny10m11x 3JieKTpoHoB O,ll.HHaKOBbL 

1
) b-3JieKTPOHaMH Ha3bJBaJOTCl! 3JieKTpOHb!, BbI6HTbie H3 aTOMOB B npouecce HX HOHH3aUHH H 

cnoco6Hb!e B CBOJO O'-lepe)l,b HOHH3HpOB3Tb Apyrne aTOMbl. 
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Ilo yKa3aHHb!M npwrnHaM 3JieKTp0Hbl npoxo;un ,ll,OBOJibHO H3BHJIHCTbie nyTH; 

,ll,JIHHbl 3THX nyTeH MoryT 3HalJHTeJibHO npeBbIIIIaTb npo6er 3JieKTpOHOB, T. e. 

H3MepeHH0€ no npHMOH cpe.n.Hee CMemeHHe 3JieKTpOHOB OT MeCTa HX BbIJieTa. 

EcJIH TOJIIlI.HHa pacceHBaIOmero cJioH BemeCTBa HaCTOJibKO BeJIHKa, LITO pac

ceHHHe ocymeCTBJIHeTCH MHOrOKpaTHO, TO 6oJibIIIOe lJHCJIO HH3K03HepreTHlJeCKHX 

3JieKTpOHOB M01KeT pacceHTbCH Ha yrnhr, npeBbIIIIaIOmHe 90°. 3ToT 3cpcpeKT HOCHT 

Ha3BaHHe o6pamHOcO pacce5/.HU5/. (nOCKOJibKY '-laCTHI.Lbl, HCnbITaBUIHe pacceHHHe, 

,ll,BH1KYTCH B HanpaBJieHHH, npOTHBOnOJI01KHOM nepBOHa'-!aJibHOMy). 06paTHOe pac

ceHHHe HrpaeT oco6o Ba1KHYIO poJib B BemeCTBax c 60JiblliHM aTOMHbIM HOMepoM. 

3.3.4. Ilpo6ern 3JieKTponoe. Pa3pa6oTKa CTporoii TeopHH npoxo1K,I1,eHHH 

3JieKTpOHOB '-!epe3 BemecTBO HaTaJIKHBaeTCH Ha CHJibHee Tpy,ll,HOCTH, o6ycJIOB

JieHHbie Heo6XO,ll,HMOCTbIO y'-leTa MHOroKpaTHOro pacceHHHH H COOTBeTCTBeHHO 

noTepb 3HeprHH. KaLJeCTBeHHO npouecc ocJia6JieHHH noToKa 3JieKTpOHOB M01KeT 

6bITb onHcaH cJie.n.yIOilI.HM o6pa30M. B Ha'-laJie nyTH 6h1CTpb1e 3JieKTpOHhI JJ.BH

*YTCH npHMOJIHHeHHO, H nOTOK 3JieKTpOHOB yMeHbUiaeTCH rJiaBHb!M o6pa30M 

3a ClJeT pa.n.HaUHOHHb!X noTepb 3HeprnH, npHLieM '-IHCJIO 3JieKTpOHOB B ny'-IKe 

CHH1KaeTC51 np116JIH3HTeJibHO no 3KCnoHeHUHaJibHOMY 3aKoHy. c yMeHhUieHHeM 

3HeprHH 3JieKTpOHOB cymeCTBeHHOe 3HalJeHHe np1106peTaIOT noTepH 3HeprHH Ha 

HOHH3aUHIO H MHOroKpaTHOe pacceHHHe, '-ITO o6ycJIOBJIHBaeT pacnJihIBaHHe nyLJKa. 

Y1Ke y 3JieKTpoHOB c 3Heprnei1 ,....., 1 M3B nyrn ,ll,BH1KeHHH CHJihHO HCKpHBJieHhI, 

a npH ,ll,aJihHeHUieM 3aMe,ll,JieHHH HanpaBJieHHOe ,ll,BH1K€HHe 3JieKTpOHOB CMeHH€TC5I 

,1u1cpcpy3HOHHblM ,ll,BH1KeHHeM. 

IlyTb, npOXO,ll,HMbIH 3JleKTpoHaMH B Bern.ecTBe c ,ll,aHHOH Ha'-!aJibHOH 3Hep

rnei1, MO)KHO Bbl'-IHCJIHTb c nOMOlll.bIO cpopMyJI ,ll,JIH cpe,ll,HHX y,ll,eJibHbIX noTepb 

3HeprnH (3.17) H (3.18). 3aMeTHM, lJTO 3HalJeHH51 y,I1,eJibHblX noTepb 3HeprnH 

ITO,ll,Bep1KeHbl 3HalJHTeJibHblM CTaTHCTHLJeCKHM cpJiyKTyau,HHM, '-ITO o6b5ICH5IeTC5I 

66JiblliHMH noTepHMH 3HeprnH npH CTOJIKHOBeHHHX, rrpHBO,ll,HllI.HX K o6pa3oBaHHIO 

J-3JieKTpOHOB, H 60JiblliHMH ITOTepHMH Ha TOpM03HOe H3JiyLieHHe. Il03TOMY pa3-

JIHlJH51 B ,ll,JIHHax nyTeH 3JieKTpOHOB c O,ll,HHaKOBOH HalJaJibHOH 3HeprHeH BeCbMa 

BeJIHKH, ,ll,OCTHraIOT 10-15 % OT cpe,ll,Hero 3HaLieHHH (JJ.JIH o:-LJaCTHU 3TH pa3JIH'-IHH 

He rrpeBbIIIIaIOT 1 % ) . 
06h!'-IHO npaKTHLieCKHH HHTepec npe,ll,CTaBJIHeT He IlOJIHaH ,ll,JIHHa nyTH 3JieK

TpOHOB, a HX npo6er, KOTOpb!H onpe,ll,eJIHIOT, rrponycKaH 3JieKTpOHbl '-1epe3 norJIO

THTeJib pa3JIHLJHOH TOJIIlI.HHbI. KpHBaH nornorn.eHHH MOH03HepreTH'-lecKHX 3JieK

TpoHoB B aJIIOMHHHH noKa3aHa Ha p11c. 3.5, a. KaK BH,ll,HO, LIHCJio 3JieKTpoHoB 

HerrpepbIBHO yMeHbUiaeTCH c pOCTOM TOJIIlI.HHbl norJIOTHTeJIH (TOr,ll,a KaK '-IHC

JIO TH1KeJibIX LJaCTHU HalJHHaeT CHH1KaTbCH TOJibKO Ha HeKOTOpOM paCCTOHHHH 

OT HCTOlJHI1Ka, CM., HanpHMep, pHC. 3.3). XapaKTepHOH oco6eHHOCTbIO KpHBOH 

(pHC. 3.5, a) HBJIHeTCH cymecTBOBaHHe npoT511KeHHOro JIHHeHHOro y'-laCTKa. Ilpo-

6er MOH03HepreTH'-!eCKHX 3JieKTpOHOB orrpe,ll,eJIHeTCH CJie,ll,yIOilI.HM o6pa30M: JIHHeH

HbIH yqacTOK KpHBOH npO,ll,OJI1KaeTC51 ,ll,O rrepeceLieHHH c OCbIO a6cu11cc, TOr,ll,a TO'-!Ka 

rrepece'-!emrn R3 coorneTcTBYIOT rrpo6ery, Ha3bIBaeMoMy 3KCTpanoJI11poBaHHbIM. 

Ha pHc. 3.5, 6 noKa3aHa Kp11sa>1 norJiomeHHH ,ll,JIH 3JieKTpoHoB (3-pacna,ll,a. 

(3-'-laCTHUbl, COOTBeTCTBYIOilI.He HH3K03HepreTHlJeCKOH LiaCTH (3-crreKTpa, ITOrJIOilI.a-
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N 

No 
0,8 

0,6 

0,4 

0,2 

a 

0 '----'-~--'-----'~-'-tlc--"""'----' 
l 2 3 4 5 6 

Tomu:irna CJJOll Al, 10- 1 r/cM2 

N 

No 
6 

ToJJil(HHa CJJOll Al, r/cM2 
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P11c. 3.5. Kp11Bhie nornomeHHll, noJiy'leHHbie np11 pernc1pau1111: a - MOH03HepreTH'l€CKHX 3JieKTpo-
HOB (W = l M3B); 6 - ,6-qacrnu 

IOTCH cymecTBeHHO 6bICrpee, qeM /3-qaCTHIJ,bl, rrpHXOll.HI.IJ,HeCH Ha ero BbICOK03Hep

ren1qecKy10 LJ:aCTb. Do:YTOMY Kp11Bb1e norno111,eHHH )J,JI51 3JJeKrpottoB /3-pacnaJJ,a 

cnaJJ,aJOT Kpyqe, '-IeM aHaJJOf11'-IHble Kp11Bb!e )J,JJH MOH03HepreTl1'-IeCKl1X 3JJeKTpOHOB. 

Kp11BaH norJJomett11H AJJH f3-qacr11u noqr11 3Kcnottettu11aJJbHa Ha 6oJJbWetf qacr11 

csoero npormKett11H. 

BB11AY OTCYTCTBl151 Jll1HeHHOro yqacTKa Ha Kp11BOH (CM. p11c. 3.5, 6) onpe)J,eJJl1Tb 

npo6er f3-qacr11u 113JJO.IB:eHHbIM BbIWe cnoco6oM tteBo3MO.IB:HO. Llacro 11x npo6er 

onpe)J.eJJHJOT, 11CilOJJb3YH MeTO)J, cpaBHeHl151. CTocJJe)J,Hl1H 3aKJJIO'-IaeTCH B cpaBHeHl111 

naHHOH Kp11BOH nornomeHl15! B aJJIOMl1Hl111 (HBJIH!Olll,eMCH CTaHJJ,apTHblM Bew,e

CTBOM) c Kp11BOH norJJoW,eHl15! 3JJeKTpOHOB CTaH)J,apTHOro 11CTO'-IHl1Ka /3-'-IaCT11U, 

JJ.JJH KOTOpb!X MaKCl1MaJJbHb!H npo6er B aJJIOMl1HHH H3BeCTeH, )J,JJH KOTOpb!X MaK

C11MaJJbHb!H npo6er B aJJIOM11Hl111 113BeCTeH. 

§ 3.4. B3aHMO.ll;eifcTBHe raMMa-KBaHTOB c Be~ecTBOM 

3.4.1. KJiacc1ut>uKau.us BH)l.OB B3aHMO)l.eHcTBHH raMMa-H3JiyqeHuB c se

w.ecTBOM. Xorn HH.IB:e pe'-Ib 6y,neT H)J,TH o 1-KBaHrax, OJl.HaKo 1- 11 peHTreHOBCKoe 

113JJy'-IeHHH OJl.11HaKOBblX LJ:acroT o6JJa)l.aIOr nOJJHOCTbIO 11.ll.eHTH'-IHbIMH csotfcrBaMH; 

OHH OTJJH'-IaJOTCH JJHWb cnoco6oM noJJy'-!eHHH (nepsoe B03Hl1Kaer B OCHOBHOM npH 

pacnaJJ,e H.ll.ep, sropoe 06b1'-IHO noJJy'-IaIOT, 6oM6ap.uHpyH 6hlcTpb1M11 3JJeKTpoHa

MH aHTHKaTO.ll. peHrreHoBcKOH Tpy6KH). Do3TOMY 3aKOHbl B33HMO.ll.eHCTBHH Toro 

11 JJ,pyroro H3JJy'-!eHHH oJJ,11HaKOBOH qacTOTbI c semecrnoM O,UHHaKOBbl. B )l.aJJbHei1-

weM ,UJJH npocTOTbl Mb! 6y)l.eM roBOpHTb TOJJbKO 0 /-H3JJY'-IeHHH. 

B OTJJH'-!He OT rn.IB:eJJbIX 3apH.IB:eHHbIX LJ:acrHU, )J,JJH KOTOpb!X npouecc noTepH 

3HeprHH MO)KHO C'-!11TaTb Henpepb!BHb!M, npouecc B3aHMO,UeHCTBH51 1-KBaHTOB 

c BeW,eCTBOM npoTeKaeT cyw,ecTBeHHO HHa'-!e, IlOCKOJJbKY B O,UHOM aKTe B3al1-

MO)l.eHCTBl151 cpOTOH MO.IB:eT JJH6o norepHTb BCIO CBOIO 3Heprn!O 11 IlOfJJOTHTbCH, 

J11160 noTepHTb LJ:aCTb csoefi 3Hepnrn H pacceHTbCH. DpH pacceHHHH f-KBaHra 
cyw,ecTBeHHO MeHHercH 11 ttanpasJJeHHe ero )J,BH.IB:eHHH. TaKHM o6pa30M, ')'-KBaHT 

MO.IB:er 6bITb BbIBe)l.eH H3 na)l.aIOw,ero nyLJ:Ka B pe3yJJhTaTe e,nHHl1'-IHoro aKTa 

B3al1MO)l.eHCTBl151. }fa cKa3aHHOro Bb!TeKaeT, '-ITO HHTeHCHBHOCTb ny'-IKa no Mepe 

npoXO.IB:)J,eHHH qepe3 semecTBO 6yJJ,eT IlOCTenettHO OCJJa6JJ51TbC~L 
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3aKoH ero ocJia6Jiemrn HeTpy.nHo noJiy'-111Th. OycTb N - nJIOTHOCTh MOHO

xpoMaT11'-!ecKoro noTOKa 1-KBaHTOB, paBHOfO '-111CJIY cpOTOHOB, npoxOJJ,51Ill,11X '-1epe3 

1 cM2 3a 1 c. Dy'-loK, nporne.nrn11ii MaJihIH CJIOH semecTBa dr, yMeHbWl1TCH Ha 

BeJil1'-111HY dN; nocJie)J,H5151 nponopu,110HaJibHa nJIOTHOCTl1 nOTOKa 11 TOJII.ll,11He CJIOH: 

dN = -µNdr, (3.21) 

r.ne µ - K03cpcp11u,11eHT nponopu,110HaJihHOCTI1, 11Me!Olll,11H pa3MepHOCTb o6paTHOH 

)J,Jil1HhI 11 Ha3hrnaeMhIH JlUHeUHblM KoacfJc/Ju4ueHmo.M ocJta6JteHu5l. Op11 ycJios1111 

o.nHopo.nttocT11 cpe.nhI µ - nocTOHHHaH BeJI11'-!11Ha. OoJiaraH, '-ITO np11 r = 0 N = 
= N0 11 l1HTerp11pyH ypasHeH11e (3.21), noJiy'-laeM 

(3.22) 

TaK KaK ocJia6JieH11e ny'-!Ka MO)KeT 6bITh BhI3BaHo pa3HhIMl1 cp11311qecK11M11 npou,ec

caM11, TO µ MO)KHO npe.nCTaBl1Tb B 811)1,e cyMMhl, r.ne Ka)K)J,Oe CJiaraeMoe OTHOCl1TC51 

K COOTBeTCTBYIOI.ll,eMy npou,eccy: 

(3.23) 

BMecTO JI11HettHoro K03cpcp11u,11ettTa µ qacTO noJih3YIOTCH MaccoBhIM Ko3cpcp11u,11eH

TOM µ/ p. OpH TeopeTH'-!eCKHX pac'-leTax y.no6tto 11cnOJih30BaTh TaK)Ke aTOMHhIH 

K03cpcpHLI,11eHT OCJia6JieHl151 µa 11Jil1 3JieKTpOHHbIH K03cpcp11u,11eHT OCJia6JieHl151 µe. 
OepBhIH 113 Hl1X noJiy'-!aeTCH nyTeM yMHO)KeH11H µ/ p Ha a6coJIIOTHYIO Macey 

aTOMa, pastty10 OTHorneH1110 rpaMM-aToMa .nattttoro 3JieMeHTa A K nocTOHHHOH 
µ,A, 

Asora.npo NA: µa = - -N , T. e. µa xapaKTep113yeT ocJia6JieH11e B cJioe, co.nep
P A 

)Kalll,eM o.n11H aTOM Ha cM2. BTopoii 113 yKa3aHHhIX K03cpcp11u,11eHTOB noJiy'-laeTcH 

.neJiett11eM µa Ha '-111CJIO 3JieKTpOHOB B HettTpaJihHOM aToMe Z: 
µa µ A 

µe = Z = p NAz· 

Ll,JIH npou,ecCOB, xapaKTep113yeMbIX Jll1HeHHblMl1 K03cpcp11u,11eHTaM11 µ1, µ2, ... ' 
BXO)J,51Ill,11M11 B cyMMY (3.23), aTOMHbie 11 3JieKTpOHHhie K03cpcp11u,11eHTbl BBO)J,HT

CH attaJIOrH'-IHO. ATOMHhie 11 3JieKTpoHHhie Ko3cpcp11u,11eHThI 06Jia.na10T pa3MepHo

CTh!O CM2 11 HOCHT Ha3BaHl1e acfJc/JeKmUBHbtX CelieHUU (HJIH npocTO CelieHuu). 3Ta 

BeJil1'-111Ha xapaKTep113yeT sepOHTHOCTb onpe.neJieHHOfO B3al1MO)J,eHCTB1151; 6oJiee 

no.npo6Hble pa3b51CHeHl151, paCKpbIBa!Olll,11e ee cp11311'-leCKl1H CMbICJI, 6y.nyT )J,aHhl 

B pa3)J,eJie 3.6.1 Ha np11Mepe B3al1MO)J,eHCTBl151 HettTpOHOB c 51,ll,paMl1 semecTBa. 

OpoXO)J,51Ill,11e '-!epe3 semecTBO ')'-KBaHTbl TepH!OT CBOIO 3Heprn!O B OCHOBHOM 

3a c'-!eT cJie.ny10mHx npou,eccos: 

1) cpoT03JieKTp11'-1eCKOfO nOfJIOI.ll,eHl151 (cpOT03cpcpeKTa); 

2) pacce51Hl151 Ha CB060.LI,Hb!X 3JieKTpOHaX (KOMnTOHOBCKOfO pacceHH1151); 

3) o6pa30BaHl151 3JieKTpOHHO-n0311TpOHHblX nap. 

06o3Ha'-!11M Jll1HeHHbIH K03cpcp11u,11eHT cpoT03JieKTp11'-1eCKOfO nornomeHl151 T' 

Jll1HeHHhle K03cpcp11u,11eHTbl KOMnTOHOBCKOfO pacce51Hl151 11 o6pa3oBaH1151 nap (]' 11 x 
COOTBeTCTBeHHO, TOf)J,a Ha OCHOBaHl111 (3.23) 11MeeM: 

µ=T+O'+X· (3.24) 



§ 3.4. BsauMoaeucmeue zaMMa-KBaHmoe c ee14ecmeoM 49 

B 3an11rn (3.24) He y 1-neH LIJieH, CB513aHHhIH c HAepHhIM11 peaKU11HMl1, KOT0-

ph1e B03MO)l(Hhl TIO)]. )l.eHCTBl1eM BhICOK03HepreTl1LieCKOro l"-113JIYLieHl151. 0)1.HaKO 

11X BepOHTHOCTh 3HaLI11TeJihHO MeHbllie BepORTHOCTH Tpex nepeLIHCJieHHh!X Bhlllie 

npoueccoB. 

3.4.2. <l>oToa<t><t>eKT. <PoT03JieKTp114eCKOe TIOrJIOll.l,eHHe 3aKJIIOLiaeTC51 B TOM, 

YTO na)l.a!Oll.l,11H 1-KBaHT C 3Heprnei1 c = nw (h = 1,05 · 10-34 Jl)i( · C = 1,05 X 

x io-27 3pr · c - nocToHHHaH OJiaHKa) norJiomaeTCH aToMoM; npH 3TOM 11c

nycKaeTCH O)l.11H H3 CB513aHHh!X Ha i-H o6oJIOLIKe 3JieKTpOHOB. 06pa30BaBU1HHC5I 

CB060)l.Hb!H 3JieKTpOH (Ha3bIBaeMbIH cpoT03JleKTpOHOM), TIOK11)l.a51 aTOM, YHOCl1T 

Kl1HeT11LieCKYIO 3Heprn!O 

We= nw - eV'j, (3.25) 

rll,e e Vi - 3Hepnrn CBR311 3JieKTpoHa Ha i-H o6oJIOLIKe. CorJiacHo (3.25) cporo-

3cpcpeKT B03MO)l(eH, eCJil1 TOJibKO nw > eV'j. 003TOMY MaCCOBhIH K03cpcpHUHeHT 

cpoT03JieKTp11LiecKoro nor JIOll.l,eHH51 T / c, a cJieAoBaTeJihHO 11 3cpcpeKTHBHoe ceLieHHe 

cpoT03cpcpeKTa, paCC411TaHHOe Ha aTOM Ta, 11CTib!ThIBaeT pe3KHe CKaLIKH npH 3Hep

nrnx, paBHbIX 3Heprn51M CBR311 3JieKTpoHOB K, L, ... o6oJioLieK. 

<PoT03cpcpeKT HeB03MO)l(eH Ha CB060,LI.HOM 3JieKTpoHe; yLiaCTHe B 3TOM npouecce 

aTOMa CB513aHO c TeM, LITO B npOTHBHOM cJiyLiae He MoryT 6b!Tb BhITIOJIHeHbl 3aKOHhl 

coxpaHeHH51 3Heprn11 11 11MTIYJihca. Ho xorn yLiacr11e aToMa B ¢oTo3¢cpeKre RBJIR

eTC51 Heo6XO)l.11Mh!M, OHO npaKTHLieCKl1 He CKa3bIBaeTCH Ha 6aJiaHce 3Heprn11 (3.25) 
113-3a orpoMHoro pa3JIJ141151 Mace 3JieKTpotta 11 aToMa. 

<PoT03JJeKTpOHbi c 3Heprnei1, 3HaLIHTeJJbHO MeHbllieH 3Heprn11 TIOK051 3.JJeKTpOHa 

(0,51 M3B), 11cnycKa10TC5I r.naBHbIM o6pa30M nepneHAl1KYJJ51pHo Hanpas.neH1110 

11,s11)l(ett115I TKBaHTOB. Yr.nosoe pacnpe,LI.eJiett11e ¢oro3JieKrpoHOB onttcbrnaerrn 

3aKOHOM sin
2 

() (() - yro.n Me*AY HMny.nhcaMH cpoT03JJeKrpoHa 11 1-KBaHTa). 

flo Mepe pocra 3Heprn11 cporoHoB pacteT 11 3Heprn51 cpoTo3JJeKrpoHoB, a npocrpaH

crneHHoe pacnpe)l.e.neH11e 11x 11Mny.nhCOB Bee 60.nee BbIT51rnBaeTC51 B HanpaB.neH11H 

11,Bl1)l(eHl151 na)l.a!Oll.l,11X 1-KBaHTOB. 0)1.HaKO cpOT03JJeKTpOHbl Hl1KOr)l.a He Bb16pacbI

Ba!OTC5! TOLIHO B HanpaBJieHHl1 )l.Bl1)l(eHWI na,LI.aIOll.l,ero cpOTOHa. 

Teop1151 npeAcKa3hIBaeT, LITO ceLieH11e cpoTo3cpcpeKTa Ta ,ll,JJ51 .nern11x 51)].ep npo

nopuHoHaJJbHO Z 5, TOr,ll,a KaK ,ll,JJ51 T51)l(eJJb!X 51,ll,ep 3aBl1Cl1MOCTb Ta OT z HBJIHeTCH 

HeCKOJJbKO 60.nee c.na6oi1. Ha OCHOBaHl111 3MTI11pHLieCKHX ,ll,aHHbIX Ta rv Z 4·6 B U111-

poKOM HHTepBaJJe aTOMHblX HOMepoB (or z = 29 AO z = 82). TaKHM o6pa30M, 

ceLieH11e cpoT03cpcpeKra oLieHb pe3KO 3aBHCHT or 3apH,ll,a 51,ll,pa. CorJiacy10ma51c51 

(' 3MTIHp114eCKHMl1 )l.aHHbIMl1 TeOpH51 npeACKa3bIBaeT TaK)l(e Cl1JlbHYIO 3aBl1C11MOCTb 

ceLieHl151 fPOT03cpcpeKTa OT 3Heprn11 fPOTOHOB np11 nw > eVx (eVx - 3HeprnR CB5!311 

·~.neKrpoHa B K-060.noLIKe), a HMeHHO Ta~ 1/ (nw) 712
. 

3.4.3. 3<t><t>eKT KoMnToHa. KoMTITOHOBCKoe pacceHtt11e npo11cxo,ll,11T np11 

·rneprn51X 1-KBaHTOB, cymecTBeHHO npeBOCXO)l.51ll.l,11X 3Heprn10 CB513H 3JieKTpOHa 

B arnMe. Oo3TOMY 3.JJeKrpoH MO)l(HO CLIHTaTb CBo6o,ll,HbIM. Op11 ynpyroM CTOJIK

HOBeHHH c 3JieKTPOHOM cpOTOH nepe)l.aeT eMy LiaCTb CBoei1 3HeprnH 11 11MTIYJib

c a. PaccMaTpHBa51 npouecc KOMTITOHOBCKoro pacceHHHH c np11MeHeHHeM 3aKOHOB 
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coxpaHeHH5l 3HeprnH H HMnyJihCa qacTHll., yciaCTBY!Olll.HX B npouecce, HeTpy,ZI.HO 

noJiy'IHTb ciJopMyJiy 

ffieC
2 

hw' = -------=
mec2 

1 - cos 'P + _h_w_ 

hw 
(3.26) 

hw ' 
1 + --2 (1 - COSip) 

mec 

r,ZI.e w H w' - llaCToTa /-KBaHTa ,lJ,O H nocJie pacce5IHH5l, c.p - yroJI pacceHHHH. 

Optt hw « mec2 B 3HaMeHaTeJie 3TOH ciJopMyJihI MO)KHO npeHe6pe% pa3HOCTb!O 

1 - cos 'P H TOr,ZI.a nw' ~ nw. OpH nw » mec2 lIJJeH mec2 /nw OlleHb MaJI; 

noJiara5l ero paBHbIM HYJIIO, nOJIY'IHM: nw' ~ mec2I1 - cos c.p, T. e. B ,lJ,aHHOM 

CJiyqae 3Hepnrn pacce5IHHb!X /-KBaHTOB He 3aBHCHT OT HX nepsoHallaJibHOH 3Hep

rHH. B qacrnocrn, npH c.p = 90° hw' ~ mec2 = 0,51 M3B, a npH c.p = 180° 
hw' ~ mec2 /2 = 0,255 M3B. 

Ha pttc. 3.6 noKa3aHbI BbilIHCJieHHhie c noMOW.bIO ciJopMyJibI (3.26) nOTepH 

3HeprHH pacce5IHHb!X 1-KBaHTOB B 3aBHCHMOCTH OT 3HeprnH na,ZI.a!OW.HX 1-KBaHTOB 

100 

~ 80 
::s:: 
::s:: 

5. 60 
Q) 

:I: 

"' ::s:: 40 
0.. 
Q) 

b 20 t:: 

0 2 3 4 
3tteprm1, M3B 

P11c. 3.6. TI0Tep11 3Heprn11 pacceRHHbIX 1-KBaHTOB s 3as11cHMOCTH OT 3Heprn11 na)l.aJOw,ero 1-113JJy

'leHH5!, Bbl'lHCJJeHHbie c llOMOW,bJO <jlopMyJJbl (3.26) 

,ZJ,JIH 3Ha'IeHHH c.p OT 10° ,ZI.O 180°. YMeHbWeHHe 3HeprHH 1-KBaHTa, HCnhITaswe

ro pacceHHHe, npH 3Ha'IeHH5IX c.p, paBHbIX 90-180°, O'IeHb seJIHKO. HanpttMep, 

1-KBaHT c 3Heprneti 4 M3B B pe3yJihTaTe pacceHHHH Ha yroJI 90° 6y,ZI.eT o6Jia,ZI.aTb 

3Heprneti 0,45 M3B, T. e. noTeptt 3HeprnH cocTaB5IT ~ 89 %. 
3.4.4. 06pa3oeaHHe nap. HanoMHHM, 'ITO 06pa3osam1eM nap Ha3bIBaIOT 

npouecc npespaw.eHH5l /-KBaHTa - qacTHll.bI c HyJiesoti Maccotf noKOH, s ,ZI.Be 

KopnycKyJIHpHbie qacTHll.bI - 3JieKTpOH H no3HTpoH: / = e- + e+, TaK KaK 3JieK

TpoH HeCeT OTpH11.aTeJibHbIH 3JieMeHTapHbIH 3ap5I,ZI., a n03HTpOH - nOJIO)KHTeJibHblH 

3JieMeHTapHblH 3ap5I,ZI., TO B 11.eJIOM CHCTeMa 3JieKTpOH-n0311TpOH 3JieKTPHlleCKH 

HettTpaJibHa. B3aHMo,ZI.etfcrnyH Me)K,lJ,y co6otf, 3TH qacrn11.b1 aHHHrHJIHPYIOT, npe

spaw.aHCb B ,lJ,Ba /-KB3HTa: e- + e+ --+ 2,. 
J.l,JI5l Toro, 'IT06bI pacnpe,ZI.eJieHHe 3HeprnH H HMnyJibCa /-KB3HTa He npOTH

sopelIHJIO 3aKoHaM Hx coxpaHeHH5l, B npouecce o6pa3osaHH5l napbI Heo6xo,lJ,HMo 

yqacTHe TpeTbero TeJia. Ero poJib B no,lJ,aBJIHIOW.eM lIHCJie cJiyqaes Bb!IlOJIHHeT 

aTOMHoe H,lJ,po (ropa3,lJ,O pe)Ke - 3JieKTpoH). B KYJIOHOBCKOM noJie «TpeThero 

TeJia» H B03HHKaeT napa 3JieKTpOH-n03HTpOH. 06pa30B3HHe nap HMeeT nopor, 
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paBHb!H YJl.BOeHHOH Macce noK051 3JI€KTpoHa; B 3Hepren1qecKOH lllKaJie OH paseH 

E = 2mec2 = 2 · 0,51 M3B = 1,02 M3B. CeqeHHe o6pa30BaHH51 napbI B pacqeTe 

Ha O,ll.HH a TOM (]a paBHO HYJIIO npH nw < 2mec2, M€,ll.JI€HHO paCTeT npH 3HeprH51X, 

HecKOJibKO npesb1ll1a10ru11x noporosy10 3Heprn10, a s HHTepsaJie 3-40 M3B yseJIH-

411BaeTc51 nponopu,HoHaJibHO JIOrapmpMy nw. flp11 nw > 40 M3B poCT ceqeHl151 (]a 

3aMe,ll.JI51€TC51 (B nepsy10 oqepe,ll.b y T51)K€Jlb!X 51,ll.ep) H3-3a 3KpaHHpOBKH OOJI51 51,ll.pa 

aTOMHb!Ml1 3JI€KTpOHaMH npH pmK,ll.€HHl1 nap B nepmpep11HHOM o6beMe aTOMa. 

B npe,ll.eJibHO peJI51THBl1CTCKOM cJiyqae (]a He 3aBHCl1T OT 3Hepr11H /-KBaHTOB. 

3cpcpeKTHBHOe ceqeHHe BeCbMa pe3KO 3aBl1CHT OT 3ap5!,ll.a 5!,ll.pa (KaK Z 2). 

YhaK, o6pa30BaH11e nap H,ll.eT OC06eHHO 11HTeHCl1BHO Ha T51)KeJib!X 51,ll.pax 11 

npH cpaBHHTeJibHO 60J1bll1HX 3Heprn51x. BKJia,ll. 3JleKTpoHOB B o6ruee 3cpcpeKTHBHOe 

ceqeH11e o6pa30BaH115I nap 3Haq11TeJihHO MeHbwe, qeM 51,ll.ep, B oco6eHHOCTH npH 

Hl13Kl1X 3Heprtt51X H 6oJibllIHX z. 
3.4.5. 06m.uu xapaKTep B3aHMO,!I.eHCTBHSI 1-KBaHTOB co cpe.n.ou. 3HaH11e 

3cpcpeKTHBHb!X ceqeHHH Ta, (]a, Xa no3BOJI51eT paccqHTaTb COOTBeTCTBYIOIIJ.11€ K03cp

cpHLI,11€HTbl OCJia6JieHH51( CM. 3an11cb (3.24). 3aBHCHMOCTb 3cpcpeKTHBHbIX ceqeHHH 

(K03cpcp11u,11eHTOB OCJia6JieH1151) Tpex paccMOTpeHHblX npou,eccoB OT 3Heprn11 1-113-

JiyqeHl15I TaKOBa, qTo B o6JiaCTl1 OTHOCl1T€JlbHO He60Jibllil1X 3HeprttH ,ll.OMl1HHpy10-

w.y10 poJib 11rpaeT cpoTo3cpcpeKT, B npoMe)KyTOqHoH o6Jiacrn - 3cpcpeKT KoMIITOHa, 

a B 06JiacT11 6oJiee Bb1coK11x 3HeprnI'I - 06pa3osaHHe nap. 

Ll,JI51 T51)KeJiblX H JierKHX serueCTB rpaHHLI,bl nepeqHCJieHHblX o6JiaCTeH np11-

XO,ll.5!TC5I Ha cyrueCTBeHHO pa3Hb1e 3Hepr1111. TaK, Jl.JI51 T51)KeJioro 3JieMeHTa -

cs11Hu,a, cpoT03JieKTp11qecKoe nornorueH11e 51BJI51eTC51 npeo6Jia,L1.a10ru11M npou,eccoM 

npH nw < 0,5 M3B, a o6pa30BaHHe nap npeo6Jia,ll.aeT npH nw > 5 M3B. B npo

Me)KyToqHOH o6JiaCTH (0,5 M3B < nw < 5 M3B) ,ll.OMHH11pyeT KOMIITOHOBCKOe 

pacce51HHe. Ll,JI51 Jiernoro 3JieMeHTa - aJIIOMHH1151, cpoTo3cpcpeKT 11rpaeT ocHOBHYIO 

pOJib np11 B€CbMa MaJiblX 3Hepnrnx nw < 50 K3B, TOf,ll.a KaK KOMOTOHOBCKOe 

pacce51HHe npeo6Jia,L1.aeT B w11poKOH o6Jiacrn npocT11pa10rueI'lc51 OT 0,05 M3B Jl.O 

15 M3B; HaKOHeLI,, npH nw > 15 M3B OCHOBHYIO pOJib 11rpaeT o6pa30BaH11e nap. 

Ha pHc. 3. 7 noKa3aHa 3aBHCHMOCTb Maccosoro K03cpcp11u,11eHTa ocJia6JieHH51 µ 
OT 3Heprn11 /-KBaHTa Jl.JI51 3JieMeHTOB c Z > 12. HeK0Topb1e 113 HHx (Cu, Pb 
H ,ll.p.) ll111pOKO np11MeH51IOTC51 B Jia6opaTOpHOH npaKTl1Ke B KaqecTBe norJIOTl1Te

JJeH 1-113JiyqeH115I. KaK BHJl.HO, Ko3cpcp11u,11eHT µ HMeeT xapaKTepHbIH MHHHMyM, 

11p11xo,L1.51IUHHC51 Ha 11HTepsaJI 3HeprnI'I, r,ll.e cpoT03cpcpeKT H KoMIITOH-3cpcpeKT Y*e 

cyruecTBeHHO yMeHbW11JI11cb, a o6pa3oBaHHe nap erue He HrpaeT 6oJibllIOH po

JJ H. flpHB€,ll.€HHbie 3aBl1CHMOCTl1 CBl1,ll.eTeJ!bCTBY!OT TaK)Ke 0 TOM. qTo seruecTBa 

c 6oJihll111M Z ocJia6JI51IOT 1-11BJiyqem1e CHJibHee, qeM seruecrna c MaJihIM Z, 
B oco6eHHOCTH np11 He60JibllIHX 3Heprn51X, T. e. B o6JiaCTH npeo6Jia,L1.aH115I cpoT0-

·7cpcpeKTa. 

3.4.6. Ilpo6eru 1-KBaHTOB. TaK KaK cpoTOHbI 3JieKTp11qecK11 HeI'iTpaJibHbI, 

ro 0H11 cnoco6HbI 110H11311posaTb cpe,ll.y JIHWb onocpe,L1.0BaHHO. flo nyT11 csoero 

nepeMeIUeHH51 /-KBaHTbl nepe,ll.a!OT qaCTb CBOeH 3HeprnH 3ap51)KeHHblM qacTHLI,aM; 

110CJl€,ll.HHe 11 110HH311py!0T npH CBOeM ,ll.BH)KeHHH seruecTBO. 06paTl1MC51 BHOBb 

K p11c. 3.4, 6, Ha KOTOpOM np11Be,L1.eHa cpoTOrpacpH51 CJie,ll.a, OCTaBJieHHOfO Y3Kl1M 
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Pttc. 3.7. 3as!1Cl1MOCTb Maccosoro K03cj:J<}ll1U!1eHTa OCJJa6JJeHl151 OT 3Heprn!1 l'-KBaHTOB ):\Jl51 3JleMeH

TOB c Z > 12. ToqKH - ):laHHble onhITOB 

nyqKoM peHTreHoBcKoro H3Jiyqemrn, noJiyqeHHaH s KaMepe BHJibCOHa (HanOMHHM, 

qTO CBOHCTBa peHTreHOBCKOfO H /-H3JiyqeHHH O)l.HHaKOBbIX 3Heprni1 H)l.eHTHqHbl). 

KaK BH)l.HO, npH csoeM nepeMerueHHH cpoTOHbI 06pa3y10T B pa3HbIX HanpasJieHHHX 

6oJibllIOe qHCJIO CJie)l.OB 8-3JieKTpOHOB. I1TaK, CTOHHTHe npo6era /-KBaHTa KopeH

Hb!M o6pa30M OTJIHqaeTCH OT aHaJiorHqHoro nOHHTHH )l.JIH 3apmKeHHb!X qacTHU. 

Heso3MO)KHO npe)l.cKa3aTb, KaKoi1 nyTb npoti)l.eT 1-KBaHT )l.O B3aHMO)l.ei1cTBHH 

c aTOMOM HJIH H)l.pOM. Mo:lKeT 6bITb JIHlllb HaH)l.eHa sepoHTHOCTb Toro, qro 1-KBaHT 

npotf)l.eT nyTb, He npeBbilllaIOIUHH HeKoroporo paccT051HHH R. 3Ty sepoHTHOCTb 

HeTpy)l.HO ycTaHOBHTb, BOCITOJib30BaBllIHCb cpopMyJIOH (3.22). TioJiaraH B Hett 

r = R, nepenmneM ee B BH)l.e 

(3.27) 

r)l.e N / N0 - )l.OJIH 1-KBaHTOB, ocraIOIUHXCH B nyqKe nocJie npoxo:lK)l.eHHH CJIOH 

semecTBa TOJIIUHHOH R. Tor)l.a HCKoMaH sepoHTHOCTb w = 1 - e-µ.R. 

]lJIH xapaKTepHCTHKH CB060)l.HOro npo6era f-KBaHTa BBO)l.HTCH CTOHHTHe cpe)l.

Hero npo6era R, pasHoro cpe)l.HeMy paccTOHHHIO, npoxo)l.HMOMY 1-KBaHTOM )l.O 

B3aHMO)l.ettCTBHH. I1cnOJib3YH cpopMyJiy )l.JIH cpe)l.Hero 3HaqeHHH cpH3HqecKOH Be-

00 

f re-µrµdr 

R=-o ___ _ 
00 

f e-µrµdr 

0 

µ 
(3.28) 

Herpy)l.HO y6e)l.HTbCH (no)l.cTaBHB B (3.27) cpe)l.Hee 3HaqeHHe R H3 (3.28)), qTQ R 
paBHO paccTOHHHIO, Ha KOTOpOM nepBOHaqaJibHb!H na)l.aIOIUHH Ha semecTBO nOTOK 

1-KBaHTOB y6brnaeT B e pa3. 
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HssecTHbI .ll,Ba BH.ll,a 3JieKTpoMarnHTHbIX BOJIH, B03HHKalOW.HX rrpH pasHo

MepHOM .ll,BHMeHHH B semecTBe sapHMeHHbIX qaCTm.i,: HsJiyqeHHe BasHJIOBa-

4epeHKOBa (qacTo Ha3bIBaeMoe TaKMe qepeHKOBCKHM H3JiyqeHHeM) H rrepeXO.ll,HOe 

H3JiyqeHHe [3, 14]. 
PaccMoTpHM BHaqaJie rrepsoe HS HHX. 0Ho 6b1JI0 OTKpbno TI. A. 4epeHKOBbIM, 

pa6oTasrnHM rro.ll, pyKoBO.ll,CTBOM C.11. BaBHJIOBa, B 1934 r. l1syqa51 CBeqeHHe 

pacrnopoB 00.ll, .ll,eikTBHeM 1-Jiyqeii pa.11,HH, 4epeHKOB yCTaHOBHJI, qTQ KpoMe JilO

MHHecueHUHH paCTBOpa Ha6JilO.ll,aeTC5l MaJIOHHTeHCHBHOe H3JiyqeHHe, HcrrycKaeMoe 

caMHMH paCTsopHTeJIHMH. PH.11,0M .ll,OOOJIHHTeJibHbIX orrhITOB 6h1JI0 .ll,OKasaHo, qTo 

~HO CBeqeHHe Bbl3bIBaeTC5l He 1-KBaHTaMH pa.11,HH, a peJIHTHBHCTCKHMH 3JieKTpOHa

MH, o6pasyJOW.HMC5l IIO.ll, HX B03.ll,eHCTBHeM B 113yqaeMOH cpe.11,e. 

06bHCHHJIH qmsttqecKy10 cyrn.ttoCTb 3Toro 3cpcpeKTa 11. E. TaMM H 11. M. <I>pattK. 

HanoMHHM, qTo cornacHo KJiacc11qecKoi1 3JieKTpO.ll,HHaMHKe sapHMeHHaH qacTHua, 

JJ.BHMYW.aHCH 6es ycKopeHHH, He HcrrycKaeT 3JieKTpoMarHHTHb!X BOJIH. 0.11,HaKO 

·no cnpaBe.ll,JIHBO J!Hlllb npH YCJIOBHH, qTo CKOpOCTb qacTHUbl v MeHbllle CKO

pOCTH cBeTa c' = c/n B cpe.11,e c noKasaTeJieM npeJioMJieHHH n > 1. EcJIH Me 

/) > c/n, TO .ll,aMe rrpH paBHOMepHOM .ll,BHMeHHH qaCTHua 6y.ll,eT HcnycKaTb 3JieK

rpoMafHHTHbie BOJIHhl. B .ll,eHCTBHTeJibHOCTH 11sJiyqa10rn.aH LiaCTm.i,a BCJie.ll,CTBHe 

nOTepH 3Heprn11 6y.ll,eT .ll,BHraTbCH c oTpHUaTeJihHbIM ycKopeHHeM. 0.11,HaKo 3TO 

yCKopettHe B .ll,aHHOM cJiyqae He HBJIHeTCH np11qHHOH H3JiyqeHH5L JlorrycTHM, 

'ITO sapHMeHHaH qacTHUa .ll,BHMeTCH c IlOCTOHHHOH cpaBHHTeJibHO He6oJiblllOH 

CKOpOCTblO B rrpospaqHOM .ll,H3JleKTpHKe. )lBHMeHHe sapHMeHHOH qacTHUbl conpo

BOM.ll,aeTCH IlOJIHpHsau11ei1 aTOMOB cpe.11,bl, pacnoJIOMeHHblX 6JIH3 ero TpaeKTOpHH. 

no.ll, .ll,eHCTBHeM 3JieKTpHqecKOf0 IlOJIH rrpoJieTalOW.eH qaCTHUbl 3JieKTpOHbl aTOMOB, 

pacrrOJIOMeHHb!X 6JIH3 ee TpaeKTOpHH, CMern.aIOTCH OTHOCHTeJibHO CBOHX H.11,ep. 

B pesyJihTaTe aTOMhI noJIHp11sy10TCH. Cpasy Me nocJie yxo.ll,a sapHMeHHOH qa

CTHUbI 113 .ll,aHHOH o6JiaCTH IIOJI5IpH30BaHHbie aTOMbl B03Bparn.aIOTC5l B HaqaJibHOe 

cocTOHHHe, 11crrycKaH KopoTKHe 3JieKTpoMarHHTHbie HMOYJihCbI. Cyrn.eCTBeHHbIM 

MOMeHTOM HBJIHeTCH TO, qTo I10JI5IpH30BaHHbie aTOMbl pacnpe.11,eJieHbl CHMMeTpHqHo 

OTHOCHTeJibHO MeCTOHaXOM.ll,eHHH qacTHUbl, IIOCKOJlbKY ee 3JieKTp11qecKoe IlOJie 

rnoco6HO IlOJIHpH30BaTb see aTOMbl, pacrroJIOMeHHbJe BOKpyr qacTHUbl, B TOM 

•111cJie 11 aTOMbI, HaX0.11,Hlll.HecH srrepe.11,H qacTHUhI. B 3THX ycJIOBHHX KaM.ll,OMY 

IJOJIHPH30BaHHOMY aTOMY COOTBeTcTByeT CHMMeTpW!Hb!H IIOJI5IpH30BaHHb!H aTOM. 

HsJiyqeHHH 3THx aToMOB rrpoTHBOilOJIOMHbI no cpase H noToMy rroracHT .11,pyr 

Jlpyra. B HTore pesyJihTHpy10rn.ee 3JieKTpoMarn11THOe rroJie 11sJiyLia10rn.Hx aTOMOB 

oKaMeTrn paBHhIM HyJI10. 

JlonycTHM Terrepb, qTO sapHMeHHaH qacTHua .ll,BHMeTCH co CKOpOCTbIO, 60Jib-

1ueH CKOpOCTH CBeTa B cpe.11,e. TiocKOJibKY B 3TOM cJiyqae qacTHUa 6y.ll,eT orre

peMaTb CHrHaJI 0 CBOeM IIOHBJieHHH, TO IlOJIHpH3aUHH He 6y.ll,eT IlOJIHOCTb!O 

CHMMeTp11qHoi1. HapyrneH11e CHMMeTpHH o6ycJIOBJIHBaeT B03HHKHOBeHHe B.ll,OJib 

rpaeKTOpHH qaCTHUbl MfHOBeHHb!X He CKOMIIeHCHposaHHb!X 3JieKTpOMarHHTHb!X 
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HMIIYJibCOB. lfa 3THX HMIIYJibCOB MOMeT CJIOMHTbCH pacnpoCTpaHHIOlll.aHrn B npo

CTpaHcrne 3JieKTpoMarHHTHaH BOJIHa IIpH ycJIOBHH, '-ITO MeM,L!,Y HMIIYJibCaMH, o6pa-

3Y!Olll.HMHC5I B pa3HbIX TO'-!Kax nyTH '-laCTHUbI, BbIIIOJIHHeTrn ycJIOBHe KorepeHTH0· 1 

'=' u ·I 
CTH. oTO ycJIOBHe MOMHO HaHTH, BOCIIOJib30BaBWHCb 3JieMeHTapHbIM IIOCTpOeHHeMi 

fioiireHca. J 

PaccMoTpHM 3apHMeHHy10 '-!aCTHUy, ,Ll,BH*Ylll.YIOCH B cpe,L!,e c noKa3aTeJieMl 

npeJIOMJiemrn n s HanpasJieHHH AB co cKopocTbIO v > c/n (pHc. 3.8). I 
I 

A 

B 

HanpaBJiem1e 
pacnpoCTpaHemrn 

qepeHKOBCKOro 
H3JIY'lemrn 

HanpaBJieH11e 
JJ,BmKemrn 'laCTHU 

P11c. 3.8. 3JieMeHTapHoe noCTpoeH11e, 11JIJI10CTp11py101Uee rrpouecc o6pa3oBaHHH H3JIY'leHHH 4epeH·' 
KOBa-BaBHJIOBa . 

lfa npoH3BOJibHbIX TO'-leK TpaeKTOpHH '-!aCTHUbI HcnycKaIOTCH 3JieKTpoMarHHT·: 

Hb!e HMIIYJibCbl (rioH:reHCOBbl BOJIHbl). 3TH BOJIHbI ,Ll,OCTHrHYT HeKOTOpOH IIJIOCKo-: 

CTH BC B omrnaKosoii cpa3e, pacnpoCTpaHHHCb no,Ll, TaKHM yrnoM (} OTHOCHTeJibHO' 

TpaeKTOpHY! '-!aCTHUbl, IIpH KOTOpOM BpeMH, He06XO,Ll,HMOe 3apHMeHHOH '-!aCTHUe Ha: 

npoxOM,Ll,eHHe nyrn AB paBHHeTrn speMeHH, Heo6xo,L1,HMOMY BOJIHe, HcnymeHHOH. 

H3 TO'-IKH A Ha npoxoM,Ll,eHHe nyTH AC. BoJIHbI, HcnymeHHhie BO scex ,L!,pyrnx, 

HanpasJieHHHX, norarnT ,L!,pyr ,L!,pyra 6Jiaro,L1,apH HHTepcpepeHUHH. Ha ocHOBaHmt' 

paseHcrna speMeH npoxoM,L1,eHHH nyTeii AB H AC noJiy'-!aeM 

AB ABcosB 1 
v = c/n OTKy,Ll,a cos(} = f3n, (3.29) 

r,Ll,e (3 = v/c. I1CIIOJib3YH IIOCTpOeHHe (CM. pHc. 3.8), HeTpy,L!,HO 3aKJIIO'-IHTb, '-ITO 

B npoCTpaHCTBe BOJIHOBOH cppoHT '-IepeHKOBCKOro H3JIY'-!eHH5I HMeeT BH,Ll, KOHyca c 

yrnoM pacrnopa 2cp H ocbIO, cosna,L1,aiomei1: c TpaeKTOpHeH '-!aCTHUbI. HanpaBJieHHe 

pacnpoCTpaHeHHH BOJIHosoro cppoHTa 3a,L1,aeTCH yrnoM (}. 

AHaJioroM '-!epeHKOBCKoro H3Jiy'-leHHH HBJIHeTrn y,L1,apHaH BOJIHa, C03,Ll,aBaeMaSI 

B B03,Ll,yxe caMOJieTOM, .IJ.BHMYlll.YIMCH co CBepX3BYKOBOH CKOpOCTb!O. 

CornaCHo BbipaMeHHIO (3.29) H3JIY'-leHHe MOMeT B03HHKHYTh, ecJIH (3n > 1, 
HJIH v > c/ n. floporoBaH CKOpOCTb, npH KOTOpOH H3JIY'-leHY!e CTaHOBHTCH B03-
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MmKHbIM, orrpeJJ,eJUieTCH ycJIOBHeM {Jn= 1. TaKHM o6pa3oM, rroporoBbie CKopocTb 

H 3HeprmI 3aBHC51T OT IIOKa3aTeJI51 rrpeJIOMJieHH51 n. 
3a oTKpb1THe H HHteprrpetaI..J.YIJO 3cpcpeKta 4epeHKOBa l1. E. TaMMy, 

H. M. <PpaHKY H n. A. 4epeHKOBY B 1958 r. 6bIJia rrpHCYMJJ,eHa Ho6eJieBCKa51 

11peMH5I. 

nepeXOJJ,HOe H3JiyI.JeHHe 6bJJIO TeopeTHI.JeCKH OTKpb!TO B. JI. fHH36yproM 

H l1. M. <PpaHKOM. MexaHH3M ero B03HHKHOBeHH51 MOMeT 6bITb orrttcaH cJie

llYIOill,HM o6pa3oM. Dptt paBHOMepHoM JJ,BHMeHHH 3ap51MeHHOH I.JaCTHUbI B cpeJJ,e 

ee 3JieKrpoMarHHTHOe rroJie o6JiaJJ,aer orrpeJJ,eJieHHbIM rrpocrpaHCTBeHHbIM pacrrpe

JleJJeHHeM, 3aBHC51Ill,HM OT K03cpcpHUHeHTa rrpeJIOMJieHH51 Bemecrna. DpH rrepexoJJ,e 

'laCTHUbl H3 OJJ,HOH cpeJJ,bl B JJ,pyryJO rrpOHCXOJJ,HT rrepecrpoti:Ka IIOJI51 I.JaCTHUbl, 

rorrpOBOMJJ,aJOill,a51C51 HcrrycKaHHeM H3JiyI.JeHH51, IIOJIYI.JHBlllerO Ha3BaHHe rrepexoJJ,-

11oro. B OTJIHI.JHe or H3JiyI.JeHH51 BaBHJIOBa-4epeHKOBa, OHO B03HHKaeT rrpH JIJ0-

6oH: cKopocTH JJ,BHMeHH51 3ap51MeHHOH I.JacTHUbl. CrreKTP rrepexoJJ,Horo H3JiyI.JeHH51 

11errpepbIBHbIH, H JJ,JI51 peJI51THBHCTCKHX I.JaCTHU ero HHTeHCHBHOCTb B OIITHI.Je

l'KOH o6JiaCTH crreKTpa pacTeT c 3HeprneH: JIOrapHcpMHl.JeCKH. K. A. napcyKOB 

H r. M. f apH651H rroKa3aJIH, I.JTo B peHtreHOBCKOH I.JacTH crreKtpa rroJIHa51 3Heprn51 

11epeXOJJ,HOro H3JiyI.JeHH51 pacTeT rrp51MO rrporropUHOHaJibHO 3HeprnH l.J3CTHU. 

3KcrrepHMeHTbl He TOJibKO IIOJJ,TBepJJ,HJIH cymecTBOBaHHe rrepeXOJJ,HOro H3Jiy-

11eHH5I, HO H II03BOJIHJIH yctaHOBHTb, l.JTO OHO JJ,OBOJibHO l.J3CTO B03HHKaeT B pa3-

:IH4Hb!X rrpHpOJJ,HblX CHTyaUH51X. 0JJ,H3KO 3TO H3JiyI.JeHHe OTJIHI.JaeTC51 HH3KOH HH

TCHCHBHOCTbJO (OJJ,HH cpOTOH rrpHXOJJ,HTC51 rrpHMepHO Ha 1000 3ap51MeHHblX I.JaCTHU, 

11epeceKaJOill,HX rpaHHUY JJ,BYX cpeJJ,), l.JTO CHJibHO 3atpyJJ,H51eT ero perncrpaUHJO. 

TM He MeHee K HaCT051Ill,eMy BpeMeHH pa3pa6oraHbI JJ,eteKtopb1, rro3BOJI51JOill,He 

11aJJ,eMHO pernctpHpOBaTh rrepexoJJ,Hoe H3JiyI.JeHHe. Mb1 BepHeMCH K 3TOMY Borrpocy 

11 § 6.5. 

§ 3.6. B3aHMO.ZJ;eiicTBHe tte:HTpottoB c sem.ecTBOM 

3.6.1. 3aKOH OCJia6JieHUB HeiiTpOHHOro IlOTOKa B eem;eCTBe. 3aKOHOMep

llOCTH IIOBeJJ,eHH51 HeH:tpOHOB B cpeJJ,e COBepllleHHO HHbJe, HeMeJIH 3ap51MeHHbIX 

•1acTHU H ')'-KBaHTOB. KyJIOHOBCKOe rroJie 51,ll,pa HJIH op6HTaJihHbIX 3JieKtpoHOB 

aTOMa He OKa3bJBaeT B03JJ,eHCTBH51 Ha HeHTpOH, JIHllleHHbIH 3JieKTPHI.JeCKoro 3ap51-

:ta. CTo3TOMY Hei1rpoH MOMeT 6ecrrperr51TCTBeHHO rrptt6JIH3HTbC51 K 51,ll,py H JIH6o 

pacce51TbC51 Ha HeM, JIH60, IIOrJIOTHBlllHCb 51,ll,pOM, Bbl3BaTb 51,ll,epHyJO peaKUHJO. 

1 leihpoH H ')'-KBaHT o6beJJ,HH51eT JIHlllb TO, l.JTO o6a 51BJI51JOTC51 3JieKTpHI.JeCKH 

11d1TpaJibHbIMH I.JaCTHUaMH, OJJ,HaKO rrepBbIH 51BJI51eTC51 KOprrycKyJI51pHOH I.JaCTHUeH, 

a BTOpoH: HMeeT HyJieByJO Macey IIOK051. 

PacrrpocTpaHHM BBeJJ,eHHoe B pa3JJ,eJie 3.4.1 IIOH51THe 3cpcpeKTHBHOro ceI.JeHH51 

Ila cJiyI.JaH B3aHMOJJ,eHCTBH51 HeHTpOHOB c 51,ll,paMH. JlorryCTHM, l.JTO OJJ,HOpOJJ,

llblii rryI.JOK HeH:tpOHOB rraJJ,aeT rreprreHJJ,HKYJI51pHO Ha rHIIOTeTHI.JeCKYJO IIJiaCTHHKY 

TOJJIUHHOH B OJJ,HOaTOMHbIH CJIOH, o6pa30BaHHYJO aTOMaMH OJJ,HHaKOBOro copra. 

I la KaMJJ,OM cM2 rroBepxHOCTH rrJiaCTHHKH pacrroJioMeHo N 51 51,ll,ep. 06o3HaI.JHM 

'1l'pe3 J IIJIOTHOCTb IIOTOKa HeHTpOHOB, T. e. l.JHCJIO HeHTpOHOB, rraJJ,aIOill,HX Ha 

I cM 2 rroBepxHocTH rrJiaCTHHKH B 1 c, a I.Jepe3 C - I.JHCJIO aKTOB orrpeJJ,eJieHHoro 
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f!Jl.epHoro B3a11MOJl.eikTBl1fl, npo11cxo)l.f!IUl1X e)KeCeKyHJl.HO Ha TOH )Ke rn1oma)l.Ke. 
c 

Tor)l.a 3cpcpeKT11BHoe celJeH11e MO)KHO Bbrpa311Th cpopMy.rroti: <T = NHJ, cor.rrac-

HO KOTopoti: )l.OJifl na)l.aIOIUHX Heti:TpOHOB, Bbl3bIBaIOIU11X B3al1MO)l.eHCTBl1fl, paBHa 
c 
J = NH(}. Dpasy10 lJaCTh 3TOro cooTHowemrn MO)KHO HHTepnpeT11poBaTh KaK 

)l.OJIIO nosepxHOCTl1 B 1 cM2, nonaB Ha KOTopyIO, B3al1MO)l,eHCTBl1e )l.OJI)KHO npo-

1130HTl1. TaK KaK no ycJIOBl1IO Ha 1 cM2 nJiaCTl1HK11 np11xo)l.l1TCfl N 51 fl)l.ep, TO, 

CJie)l,OBaTeJibHO, Ka)K)l,OMY f!Jl.PY COOTBeTcTByeT 3cpcpeKTl1BHafl nJIOIUa)l.b, paBHafl (} 

(B CJiylJae HeKOTOpb!X B3aHMO)l,eHCTBl1H 3Ty DJIOIUa)l,b MO)KHO DOJIO)Kl1Tb paBHOH 

npocTo reoMeTp114ecK0My nonepel!HOMY celJeH1110 H)l.pa (} = 7r R2, r)l.e R - ero 

pa)l.11yc; c 3Tl1M 11 CBfl38HO noflBJieH11e TepM11Ha «CelJeH11e» ). 

J..I.onycTHM Tenepb, lJTO Ha peaJibHYIO nJiaT11Hy nepneH)l,11KYJiflPHO ee DOBepXHO

CTl1 na)l,aeT nylJoK Hei'.hpoHOB. CTJIOTHOCTb noroKa B paclJeTe Ha 1 cM2 nosepxttocr11 

B 1 c o6o3HalJ11M l!epe3 J0 (p11c. 3.9). Dycrb N - q11cJio f!Jl.ep-Mm11eHeti: B 1 cM3 

- dJ =Ncrdx 
J 

Jo 

x=O 

_: l-dx 
I I 

----<I 
I I 
I I __,, 
I I 

------; : 
I I 
I I 
I I 

x x=d x 

PHc. 3.9. CxeMa npoxmKJJ.eHHH napaJJJJeJJbHOro ny11Ka tteH.rpottoB 11epes nJJaCTHHY TOJJIUHHoH. d 

semecrna. Tor)l.a Ha 1 cM2 cJIOfl MaJioti: TOJIIUl1Hhl dx np11xo)l.11Tcfl N dx M11rnetteti:. 

0Tttoc11TeJibHoe yMeHbWeH11e nJIOTHOCTl1 noToKa Heti:rpottoB dJ/J np11 11x npo

XO)K)l.eH1111 1.Jepe3 3TOT CJIOH paBHa N (} dx, T. e. 

dJ --y = N(}dX. 

Dpo11ttrerp11posas 3To ypaBHeH11e no TOJIIU11He d, noJiy1.JaeM 

J = Joe-N<rd. 

(3.30) 

(3.31) 

CooTHorneH11e (3.31) npeJl.CTaBJif!eT co6oti: 3aKoH ocJia6JieH11fl tteti:rpoHHoro noroKa 

B semecTBe. 

3cpcpeKT11BHoe ce1.JeH11e 11Meer pa3MepHOCTb cM2 /HJl.po. EJl.11Hl1IJ,a ce1.JeH11H (} = 
= 10-24 CM2 /HJl.pO HOCl1T Ha3BaHl1e 6apH. DoJIHOe 3cpcpeKTl1BHOe ce1.JeH11e (T = = (}t MO)KHO npe,ll,CT3Bl1Tb B BM,l(e cyMMbl 113 cel.JeHMfl pacceHHl1fl (JS 11 ce1.JeHl1Sl 

nornomeHl1fl (3axsara) (Jc 
1). 

(3.32) 

1) I1H)J.eKCbl t, s, c COOTBeTCTBYIOT nepBb!M 6yKBaM aHrJJHHCKHX CJJOB total - nOJJHOe, skatter -
pacceHHHe, capture - saxsar. 
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TaK KaK BeJIH'-IHHa O"t OTHOCHTCH K onpe,!!,eJieHHOMY H,!!,py, TO ee Ha3bIBaIOT HHOr,!J,a 

MHKpocKon11'-IeCKHM 3cpcpeKTHBHhIM ce'-IeHHeM. MaKpocKonulieCKUM aqHpeKmua
HbtM celieHUeM Ha3hIBaIOT BeJIH'-IHHY 

(3.33) 

HMeIOIIJ,YIO pa3MepHOCTh CM- 1. c y'-IeTOM (3.33) ypaBHeHHe (3.30) MO)KHO nepenH

dJ 
caTh B cpopMe --y = "f:.t dx. 

CornacHo 3TOMY cooTHorneHHIO "f:.t ecTh BepoHTHOCTh B3a11Mo,!1,el1crn11H Hei1-

rpoHa Ha e.n11H11u.e .ll,JIHHhI. 3rn BeJIWIHHa o6parno nponopu.11ottaJibHa cpe.ntteMy 

paccTOHHHIO >.., npOXO.ll,HMOMY HeHTpOHOM ,!1,0 TO'-IKH B3aHMO,!J,eHCTBHH c H,!!,pOM: 

1 
"f:.t = ;:· (3.34) 

Bb1pa)f(eHHe (3.34) aHaJIOrH'-IHO COOTHOWeHHIO (3.28) ,!J,JIH /-KBaHTOB, CBH3h!BaIO

IJJ,eMy Me1KAY co6oi1 ero npo6er R c K03cpcpm.1,HeHTOM ocJia6JieHHH µ . 
.Ilo CHX nop npe,!!,CTOJiaraJIOCh, '-ITO HeHTpOHhl o6pa3yIOT napaJIJieJibHhlH ny'-IOK. 

llonycTHM Tenepb, '-ITO HeHTpOHhl ,!l,BH)f(YTCH B BeIIJ,ecrne no BCeB03MO)f(HbIM 

HanpaBJieHHHM. 06o3Ha'-IHM qepe3 n '-IHCJIO ttei1:TpOHOB B 1 cM3 BeIIJ,ecrna. BhI

JJ,eJIHM Hei1TpoH, ,!l,BHMYIIJ,HHCH co cpe,!!,Hei1: CKopoCThIO v; OTHorneHHe v / >.. ecTh 

BepoHTHOCTh .ll,JIH .naHHOfO HeHTpotta B Te'-IeHHe O.ll,HOH ceKyH.ll,hl npHHHTh y'-IaCTHe 

B H,!!,epHoM B3aHMO,!J,ei1cTBHH. Tor,!J,a cKopocTb npoTeKaHHH B3aHMOAei1crnHH (peaK

u.1111) B 1 cM3 G onpe.neJIHTCH Bh1pa1Kett11eM 

(3.35) 

rJJ,e nv = J CTJIOTHOCTb noToKa HeHTpOHOB, nptt'-IeM Bbipa)f(eHHe (3.35) He 3aBHCHT 

OT HanpaBJieHHH ,!1,BYDKeHHH HeHTpOHOB. 

3.6.2. XapaKTep eaaHMO)l.eikTBHB HeihpottoB paaJiuqHhIX attepruu c ee
UJ,ecTBOM. B 3aBHCHMOCTH OT 3tteprn11 Hei1TpOHhI np11HHTO pa3,!1,eJIHTh Ha cJie.nyIO

W,He rpynnh1. Hei1TpOHhI, HaXOAHIIJ,HecH B TenJIOBOM (TepMOAHHaMH'-IeCKOM) paBHO

Bec1111 c aToMaMH (MoJieKyJiaMH) cpe,JJ,hI, Ha3hIBaIOTCH TenJIOBhIMH. CTaTHCTH'-IeCKoe 

pacnpe,!1,eJieH11e Hx cKopoCTei1 annpoKCHMHpyeTcH 33KOHOM MaKcBeJIJia, cornacHo 

KOTOpoMy Ha1160Jiee BepOHTHOH CKOpOCTbIO o6Jia,JJ,aIOT HeihpOHbl c 3Heprnei1 11,T. 
Y'-IHThIBaH, '-ITO CTOCTOHHHaH DOJibIJ,MaHa /'i, = 8,61 . 1 o-5 3B Ha rpa,!!,yC, CTOJIY'-IHM 

JJ,JIH TeMnepaTyphr 20 °C (293 K): K,T = 8,61 · 10-5 · 293;:::::; 0,025 3B. TenJIOBhre 

Hei1:Tp0Hbl WHpOKO HCCTOJih3YIOTCH B H,!!,epHOH TeXHHKe. TaK KaK B H,!!,epHblX 3Hepre

TH'-IeCKHX yCTaHOBKax TeMnepaTypa MO)f(eT 6bITb 3Ha'-IHTeJibHO 60Jihille KOMH3THOH, 

TO K TeCTJIOBbIM HeHTpoHaM OTHOCHT H HeHTpOHbl c 3HeprHHMH np116JIH3HTeJihHO ,!1,0 

0,5 3B. Hei1TpOHhI c 3Heprnei1 HmKe 5· 10-3 3B Ha3hIBaIOT xoJtoa1-tbtMU. Hei1TpOHhI 

c 3Heprnei1 Bhirne 0,5 3B H AO 105 3B Ha3bIBaIOT MeaJte1-t1-tbtMu. B cBoIO oqepe,!!,h, 

Me,!J,JieHHb!e HeHTpOHbl CTOJJ.pa3,!J,eJIHIOTCH Ha pe30HaHCl-lbte 11 npoMeJ1Cymoli1-tbte. 
K pe3oHaHCHhIM ornocHT Hei1TpOHhI c 3HeprnHMH OT 0,5 .no 104 3B. 3TO Ha3BaH11e 

CBH33HO c TeM, '-ITO B yKa3aHHOH o6JiaCTH 3Heprn11 rpacpHKH 3aBHCHMOCTH at(W) 
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3a11acTyIO HMeIOT BH,n ocTphlx MaKCHMYMOB (pe3oHaHcoB). B o6JiaCTH npoMeMy

TOIJHhIX HefnpoHOB (104 -105 3B) OT,ll,eJibHble pe30HaHCbl CJIHBaIOTCH (3a HCKJIIOIJe

HYieM JierKHX HJJ,ep)' a B cpeJJ,HeM 3cpcpeKTHBHh!e ce11eHH5I yMeHhlllaIOTCH no Mepe 

pocTa 3Heprn11. Heii:TpoHbI c 3HepnrnMH OT 0,1 M3B AO 10-20 M3B Ha3bIBaIOT 

6btcmpbt.Mu, c 6oJibWeH 3Heprnett AO I 03 M3B - OlieHb 6btcmpbt.Mu, a c 3Heprnel1 

CBhIIIIe 103 M3B - peARmuaucmcKu.Mu. B 3TOH rnaBe Hae 6yAyT HHTepecoBaTh 

HeH:TpOHhI c 3HeprneH:, He npeBbIWaIOmeH: HecKOJihKO ,neCHTKOB M3B. 

CTp11BeJJ,eHHOe JJ,eJiem1e HeH:TpoHoB no 3HepreT1111ecKHM rpynnaM JJ,OBOJihHO 

ycJIOBHO, np114eM B JIHTepaType 3TO ,neJieH11e HecKOJibKO BapbttpyeTCH. TeM He 

MeHee np11Be,neHHaH KJiaccttcpttKaUHH MO)KeT 6hITh onpaB,naHa no ABYM npH4HHaM: 

xapaKTep B3aHMOJJ,eHCTBH5I pa3Hb!X rpynn HeHTpOHOB c Belll,eCTBOM BeCbMa cne

u11cp1111eH; MeTO)J,bl noJiy4eHH5I H ,neTeKTHpoBaHHH H€HTpOHOB pa3JIH4Hb!X rpynn 

cymecTBeHHo orn114aeTCH Apyr OT Apyra. TaK, Ha1160Jiee pacnpocTpaHeHHbie 11c

TOIJHHKH H€HTpOHOB reHepttpyIOT B 60JibllIHHCTBe cJiy11aeB HeHTpOHbl c 3HeprneH: 

1-10 M3B. XapaKrepHbIMH npoueccaMH AJIH 3THX HeH:rpoHOB HBJIHIOTCH Heynpy

roe H ynpyroe pacceHHHH, np11BOAHm11e K 11x 3aMeJJ,JieHHIO. Ha1160Jiee T11n1111-

HhIM npoueccoM B3aHMOJJ,eHCTBH5I JJ,JIH MeJJ,JieHHb!X Heii:TpoHOB HBJIHeTCH ynpyroe 

pacceHHHe. B 6oJiee HH3KOH 3Heprer1111ecKoH o6JiacTH Ha6JIIO,naeTCH norJiolll,eHHe 

HeH:rpoHOB HJJ,paMH, npH4eM Ce4eHHe 3T0f0 npouecca y pa3Hb!X HJJ,ep MOMeT 

cymecTBeHHO pa3JIHIJaTbC5I. 

CTepeH:JJ,eM K 6oJiee pa3BepHyroH: xapaKrep11cT11Ke 3aBHCHMOCTH 3cpcpeKTHBHhIX 

ce11eHHH OT KHHeTHIJeCKOH 3HeprnH HeH:rpoHOB Ha pH,ne KOHKpeTHb!X npHMe

poB [7]. Ha11HeM c o6cyM,nemrn 3aBHCHMOCTH O"t(W) ,ll,JIH 6epHJIJIHH (p11c. 3.10). 

10..------~-~~----------, 
I •\,,. ,.,._,--, ...... ,I"" - _.,, .... '-~'""'-I-•-

T=410 K 
..... _ : 

............. __ :" 
1,0 ....... ' ·- ' T=300 K"-... ; 

b' O,li-----

T= 100 K 

0 ,Q1 '---'---'-.L..L.O.LU-0---'-............ ...LI..L"-'--'--'-'-'-'-'-"'-'----'---'-'-'-.U..W 

10-4 10-3 10-2 

P11c. 3.10. IloJrnoe HeihpoHHOe celJeHHe 6ep11JJJJI1H B 06J1aCT11 xoJJO,n:HhIX 11 TenJJOBbIX HeihpoHoB. 

To'lKH - 3Kcnep11MeHTaJ1bHbJe ,n:aHHbie 

B 06Jiacn1 xoJIOAHhIX HeH:rpoHOB 3Ha11eH11H 17t pe3KO 3aBHCHT OT TeMnepaTyphI. 

Hanp11Mep, ee H3MeHeHHe or 440 K AO 100 K npHBOAHT K yMeHbWeHHIO ce4eHHH 

np11MepHo B 15 pa3. 3ror 3cpcpeKr o6bH:CHH:eTCH HeynpyrnM pacceHHHeM HeHTpo

HOB Ha KpHcTaJIJI1111ecKOH pewerKe (xoJIO,ll,HhIH HeH:rpoH, craJIKHBaHCb c Y3JIOM, 

yBeJIH4HBaeT CBOIO KHHer1111ecKyIO 3HeprnIO). CpeJJ,Hee np11pameH11e ero 3HeprnH 
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reM 6oJihWe, LieM BhIWe reMrreparypa. PesKtte CKa4KH B xoJJ.e ceLieHHH rrptt 

~tteprnHx rropHJJ.Ka 5 · 10-4-5 · 10-3 3B (cooTBeTcTBy10mttx reMrreparypaM rropHJJ.

Ka COTeH KeJibBHHOB) o6ycJIOBJieHbl yrrpyrnM pacceRHHeM HettTpOHHbIX BOJIH Ha 

ysJiaX perneTKH. nptt 3HeprHHX W > 1 o-2 38 Ce4eHtte rrpaKTH4eCKH IIOCTOHHHO. 

OrrttcattttaH KapTHHa xoJJ,a cetieHHH O"t (W) tta6JIIOJJ,aeTCH H JJ.JIH HHhIX JierKHX 

~JieMeHTOB (C, 0 H JJ.p.). npaKTH4eCKaH He3aBHCHMOCTb 3Ha4eHHH O"t OT 3HeprnH 

no IIOPHJJ.KY BeJIH4HHbl rrpeBOCXO)J,Hlll,HX 10-2 3B CBf!3aHa c OTHOCHTeJibHO 60Jib

WHMH paCCTORHHRMH MeLKJJ.Y ypoBHf!MH COOTBeTcTByIOlll,HX RJJ,ep (rv0,1-1 M3B). 

Do3TOMY OT4eTJIHBhie pesottaHChI s xoJJ,e KpHBbIX O"t(W) JJ.JIH 3THX 3JieMeHTOB Ha-

6JIIOJJ,aIOTCH JIHWb B o6JiaCTH 6bICTpb!X HettTpOHOB (pttc. 3.11). c JJ.pyrott CTOpOHbl, 

6JiaroJJ,apH 3Ha4HTeJibHO 6oJiee TeCHOMY pacrroJioLKeHHIO ypoBHeH THLKeJiblX HJJ.ep 

(J, 
(J, 

6apH 
6apH 

6 

102 B 4 

2 

0 

101 Be c 0 

Pttc. 3.11. 3aBHCHMOCTb nOJJHbIX HeHTpOHHblX ceqem!H 6epHJJJJHll, 6opa, yrnepoJJ,a H KHCJJopoJJ,a OT 
3Heprn11 B HHrepsaJJe 0,01-107 38 

pe30HaHCbl }1,JIH Tfl)KeJiblX 3JieMeHTOB 3a4aCTYIO Ha6JIIO,ll,aIOTCR JJ,aLKe nptt 3HeprHRX 

::::; 1 38. np1rnepoM MOLKeT CJIY)KHTb pe30HaHCHbIH 3aXBaT KaJJ,MHeM HeHTpOHOB 

c 3Heprnei1 0,2 3B (rroJJ,p06Hee 06 3TOM CM. HH)Ke). 

3tteprntt Hei1rpoHOB, He rrpeBbIWaIOlll,He HeCKOJibKHX COTeH 3JieKTpOHBOJibT, 

MeHhWe 3Heprntt rrepsoro sos6y)KJJ,eHHOro ypoBHH HJJ,ep, II03TOMY rroJJ, JJ,eHCTBHeM 

TaKHX Hei1rpoHoB 3HJJ.03HepreTH4ecKtte rrpou,ecchI, HarrpttMep Heyrrpyrne coyJJ,a

peHHH c HJJ.paMH, tteB03MOLKHhl. Hei1rpoHhI yKa3aHHhIX 3Heprni1 Moryr JIHWh 

BbI3hIBaTb 3K303ttepreTtt4eCKtte peaKIJ,HH H yrrpyro paccettsaThCR Ha HJJ.pax. Ha

noMHHM, 4TO 3K30- H 3H)J,03HepreTH4eCKHMH peaKIJ,HHMH Ha3bIBaIOT peaKIJ,HH, 

HJJ.Ylll,He c BbIJJ,eJieHtteM H IIOrJIOlll,eHHeM KHHeTH4eCKOH 3HeprttH COOTBeTCTBeHHO; 

noJJ,po6Hee o HHX paccKasbrnaeTCH B rnasax 7 H 9. l1s pasJIH4HhIX 3K303HepreTH4e

cKHX peaKIJ,HH ( n, x) Hatt6oJiee yHttBepcaJibHOH HBJIHeTCH peaKIJ,HH paJJ.ttau,ttoHHoro 

:rnxsara 
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HJJ:ymaH Ha Bcex H,n:pax, KpoMe §He H ~He. 3HeprnH sos6y)KJJ,eHHH rrpoMe)KyToq

Horo H,n:pa A+_ix* coCTaBJrneT 06b1qHo 5-10 M3B. 3rn 3HeprnH yHocHTCH o,n:HHM 

HJIH HeCKOJlbKHMH 11-KBaHTaMH. 

HarrpHMep, B eCTeCTBeHHOH CMecH H30TorroB Ka,n:MHH coJJ,ep)KHTCH H30Torr 
113Cd, o6Jia)J,aIOIUHH orpOMHbIM ceqeHHeM saxBaTa TeITJIOBblX HeihpoHOB B 21000 
6apH, B pesyJibTaTe peaKLJ,HH n + 1 !~Cd --t 

1 !~Cd+11 HcrryCKaeTC5I KaCKa)J, 11-KBaH

TOB, yHoCHIUHX 3Heprmo 9,04 M3B. Ka,n:MHH HBJIHeTcH 3cpcpeKTHBHbIM rrornoTH

TeJieM TeITJIOBbIX HeHTpOHOB H urnpoKO HCI10Jlb3yeTc5I )J,JI5I 3alll,HTbJ OT HeHTpOHOB 

H )J,JI5I yrrpaBJieHH5I H,n:epHbIMH peaKTOpaMH. 

B pesyJihTaTe peaKUHH ( n, 11) B HeKOTopbIX cJiyqaHx 06pasy10TcH cTa-

6HJibHbie H30TOIThI, a B HeKOTOpbIX - pa,n:HoaKTHBHhie. HarrpHMep, peaKUHH 

n + f H --+ TH + 11 rrpHBOJJ:HT K o6pasosaHHI:O crn6HJibHoro HJJ,pa, a B peaKUHH 

n + !~Jn--+ 1!~Jn + 11 B03HHKaeT pa,n:HoaKTHBHoe HJJ,po. HyKJIH)J, 1 !~Jn pacnaJJ,a

eTcH c rrepHOJJ:OM rroJiypacrra,n:a B 54 MHH: 

1 i~Jn--+ 1 ~gsn + e- + v 
(v - CHMBOJI aHTHHeHTpHHO). 

Ceqemrn paJJ,HauHOHHoro saxsaTa TerrJIOBbIX HeHTpOHOB MoryT pasJJHIJaTbcH 

Me)KJJ,y co6oi1 Ha MHoro nopHJJ:KOB. TaK, ceIJeHHe 3axBaTa )J,JJH iH B TenJIOBOH 

o6Jiacrn paBHo Bcero 4,6 · 10-4 6apH (cpaBHHTe c ceIJeHHeM )J,JI5I Ka,n:MH5I) . 

.llJIH pHJJ,a H,n:ep peaKll,HH (n,p), (n, a) 5IBJl5IIOTC5I 3K303HepreTHlJeCKHMH. 

I1x BepOHTHOCTb oco6eHHO BeJIHKa )J,JIH HeKOTOpbIX HaH60Jiee JlefKHX H,n:ep, 06-

JiaJJ,aIOIUHX cpaBHHTeJibHO HeBbICOKHM KYJIOHOBCKHM 6apbepoM. K BaMHhIM pe

aKUHHM yKa3aHHbIX THITOB OTHOC5ITC5I ~He(n,p)fH, 1gB(n, a)~Li, ~Li(n, a)fH, 
1 jN(n,p) 1 ~C. Tp11 nepBbie peaKuHH, xapaKTep113yeMb1e oco6eHHo 6oJJbWHMH ce

IJeHHHMH, 11cnoJib3YIOTcH JJ,JIH pernCTpau11H HeHTpOHOB. PeaKUHH 6Li(n, a )3H 

rrp11MeH5IeTC5I TaK)Ke )J,J15I noJiyIJeH!15I HYKJIH,ZI,a 3H, 5IBJl5IIOIUerorn KOMITOHeHTOM 

TepMOHJJ,epHoro TOCTJIHBa. 

OIJeHb Ba)KHYIO poJih B HJJ,epHoi1 3HepreTHKe 11rpaeT TaKMe 3K303HepreTH

qecKaH peaKLJ,HH ,ZI,eJieHHH H,ZI,pa ( n, !) 1). CTo,ZI, ,ZI,ei1cTBHeM TerrJIOBbIX Hei1TpOHOB 

peaKll,!15I ,ZI,eJJeH!15I H)J,eT Ha HeKOTOpblX T5J)KeJibIX 5I,ZI,pax (2~~U, 2~~Pu 11 ,ZI,p.). 

B pe3yJibTaTe nornomeHHH HeHTpoHa H,ZI,po ,ZI,eJIHTcH Ha ,ZI,Ba 5IJJ,pa ( ocKOJIKa) 

c rrp116JIH3!1TeJibHO paBHOH Maccoi1, npH 3TOM 11crrycKaeTC5I O,ll,HH HJIH HeCKOJibKO 

6brcTpbIX Hei1TpoHoB. CTpH ,ZI,eJieHHH H,ZI,pa 235U BbI,ZI,eJIHeTcR orpoMHaH 3Heprn5I 

rropHJJ,Ka 200 M3B. 

PaccM0Tp11M 3aBHCHMOCTb O"t(W) JJ,JIH 6opa ( cM. p11c. 3.11 ). KaK BHJJ,Ho, ce

qeHHe O"t B o6JiaCTH TenJIOBbIX HeHTpOHOB )J,OCTHraeT 3HaIJeHH5I B 3800 6apH, qTo 

o6bHCHHeTcH HHTeHCHBHbIM rrornomeHHeM 3THX Hei1TpOHOB 5IJJ,paM11 10 B. B HHTep

BaJie OT 10-2 ,ZI,o 103 3B ceYeHHe H3MeH5IeTC5I no 3aKoHy I /v, r,ZI,e v - cKopocTb 

HeHTpOHa. 06b5ICH€HHe 3T0f0 3aKOHa B MO,ZI,eJibHOM npeJJ,CTaBJieHHH 3aKJIIOI..[aeTCH 

B cJieJJ,yromeM. BpeMH, rrposoJJ,HMoe HeihpoHOM B o6Jiacrn Bo3.nei1cTBHH H.npa, 

TeM 6oJibWe, IJeM MeHbWe v. CTo3TOMY c yMeHbrneH11eM cKopocTH Hei1TpoHa 

1) BTopaH 6yKBa COOTBeTcTByeT aHrJIHHCKOMy CJJOBY «fission» - ,D,eJJeHHe. 
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BepoHTHOCTh ero 3axBaTa yBeJI111urnaeTCH. CTp11 W > 103 38 ce4eH11e .D:JIH 6opa 

yMeHhWaeTCH c poCTOM 3Heprn11 6oJiee MOHOTOHHO. 

3aKOH 1 /v Ha6mo.n:aeTCH 11 BO MHOrHX .n:pyrnx cJiy4aHX. 06cy.n:11M, Hanp11-

Mep, np11Be.n:eHHhie Ha p11c. 3.12 KpHBhie at(W) .D:JIH Cd, Jn 11 Ag. Jl.o 3Heprn11 

<J, 

6apH 

47 Ag 

104 

10 1 '--'--1.....L..J-LI.iJ.ll-L-'-'--LW..U.LL..->...L..-L-~ 
10-2 ro-1 

Pile. 3.12. 3aBHCllMOCTb ITOJIHbIX Hei\TpOHHb!X ceqeHHH OT 3Heprn11 Jl,JIH KaJJ,MHH, HHJl,llH, cepe6pa 

B o6JJaCTH TeITJJOBblX H pe30HaHCHb!X HeiiTpOHOB 

~ 4 · 10-2 38 ce4eHHe Cd yMeHhwaeTcH no 3aKoHy l / v, o.n:HaKo npH W :::::; 0,2 38 

Ha6mo.n:aeTcH pe3oHaHc 11 ce4eH11e .n:ocrnraeT 3Ha4eHl1H np11MepHo B 8000 6apH. 

Xo.n: KpHBb!X .D:JIH 11H.D:l15l H cepe6pa B 06w.11x qeprnx TOT :JKe, c TeM 11CKJIIO

YeHl1eM, 4TO pe3oHaHChI pacnoJio:JKeHhI np11 6oJihWl1X 3HeprnHx, 4eM B cJiyqae 

Ka.D:Ml15l (.D:JIH 11H.D:l15l np11 1,46, a }l,JIH cepe6pa np11 5,2 38). 3rn 3JieMeHThl 11MeIOT 

11 .llpyrne cpaBH11TeJihHO 60Jihw11e pe3oHaHChI. Hanp11Mep, AJIH 11HA11H B 11HTepBaJie 

1-100 38 Ha6JIIOJJ,aIOTCH MHOf0411CJieHHbie pe30HaHCbl c Ce4eHl1eM B MaKCl1MyMe 

104-102 6apH (p11c. 3.13). c JJ,aJibHeHWl1M yBeJI114eHl1eM 3Heprn11 Kp11Ba5l O"t(W) 
,QJIH HHJ],115l np1106peTaeT rnaJJ,K11H B11A, a 3cpcpeKTl1BHOe ce4eH11e CTaHOBl1TCH cpaB

Hl1TeJibHO He60Jibllil1M, 6Jil13Kl1M K reoMeTp114eCKOMY ce4eHHIO HJJ,pa. 

8 06JiacT11 6hICTphIX HeihpoHOB 3HeprnH Bo36Y:JKAeH11H HApa, nornornBwe

ro Hei1TpOH, JJ,OCT11raeT 3Ha4eH11!1, npH KOTOpbIX poJih KYJIOHOBCKoro 6aphepa 

craHOBl1TCH OTHOCl1TeJihHO Hecyw.ecrneHHOH. CT0M11Mo peaKu11i1 c 11cnycKaHHeM 

3apH:1KeHHb!X 4aCTl1U B paccMaTp11saeMOM cJiyqae MoryT Ha6JIIOJJ,aTbCH TaK11e no

poroBbie peaKu1111, KaK ( n, 2n) 11Jil1 ( n, 3n). Hanp11Mep, 3HeprnH nopora nepsoi1 113 

~THX peaKI.I,11H AJIH BOAOPOAa, 6opa 11 yrnepo.n:a paBHa COOTBeTCTBeHHO 3.34 M38; 

9,4 M38 11 20,3 M38. Jl.JIH 6oJibWl1HCTBa Apyrnx 113oTonoB oHa 11MeeT nopHAOK 

10 M3B. Ce4eH11e peaKu1111 (n, 2n) pe3KO yBeJI11411BaeTCH 6JI113 nopora, JJ,ocrnraH 

B MaKCHMyMe 0,2-1 6apH. 
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a-, 
6apH 

104 

P11c. 3.13. fpacjrnK TIOJIHoro ttei1Tpottttoro ceIJeHHH )l,JIH HHAHH B urnpoKoi1 06JiacT11 cTieKTpa 

3.6.3. Paccesrnue u 3aMe,!l.Jiettue HenTpottos. 

3.6.3.1. Ynpy20e pacceRHue. AHaJiorneif ynpyroro pacceHHHH HettTpoHa Ha 
HJJ,pe 51BJ151eTCR ynpyroe CTOJIKHOBeHHe JJ.BYX wapos: Me)l(JJ,y HeihpOHOM H 51)],
poM ocyw.ecTBJIHeTCR nepepacnpeJJ,eJieHHe KHHeTHqecKoi1 3Heprni1 6es H3MeHemrn 
BHyTpeHHero 3HepreTHqecKoro cocTOHHHH nocJieJJ,Hero. YlcnoJih3YH saKOHhI co
xpaHeHHH 3HepntH H HMilYJihCa, MO)l(HO CBH3aTh 3Heprmo naJJ,aiow.ero HeHTpOHa 
c 3Heprnei1 OTJJ,aqH HJJ.pa HJIH 3Heprnei1 Hei1TpoHa nocJie pacceHHHH. 

)lonycTHM, qyo HeHTpOH naJJ,aeT Ha HenOJJ,BH)l(HOe HJJ,po c MaCCOH MA. nocJie 
coyJJ,apeHHH HeHTpOH OTKJIOHHeTCH Ha yroJI e OTHOCHTeJibHO CBOefO nepBOHaqaJih
HOfO HanpasJieHHH )J,BH)l(eHHH, a HJJ,po OTJJ,aqH - Ha yroJI t.p OTHOCHTeJibHO 3T0f0 
HanpasJieHHH. 3anttrneM saKOHhI coxpaHeHHH 3HeprHH H HMnyJihCa 

(3.36) 

rJJ,e Wn, Pn - 3HeprnH H HMnyJihC naJJ,a10w.ero Hei1TpoHa, Wn'• Pn' - 3HeprnH 
H HMnyJihC Hei1TpoHa nocJie coyJJ.apeHHH, WA, PA - 3HeprnH H HMnyJihC HJJ.pa 
OTJJ,aqH. B cKaJIHpHoi1 cpopMe cooTHorneHHe JJ.JIH HMnyJihca MO)l(HO npeJJ,cTaBHTh 
B BHJJ,e 

2 2 2 2 Pn1 = Pn +PA - PnPA cos t.p. 

BocnoJib30BaBrnHCh HepeJIHTHBHCTCKOH cpopMyJioi1 p~ = 2mn Wn H nepenttcas 
nepsoe H3 ypasHeHHH (3.36) B cpopMe Wn' = Wn - WA, nocJie noJiyqeHHhIX 
npeo6pasosaHHH noJiyqaeM 

(3.37) 

rJJ,e 
(3.38) 

1
) 3,1J,eCb 11Cll0Jlb30BaHO !1pe,1l,CT8BJieHHe 0 )l,etjleKTe Mace (§ 7.5), B COOTBeTCTBHH c KOTOpb!M 

TIOrpeWHOCTb paBeHCTBa mn/ MA = 1 I A COCTaBJHieT !1p116JIH3HTeJibHO Bcero 0,5-1 %. 



§ 3.6. BaauMoaeucmaue HeiimpoHoB c aew,ecmaoM 63 

l1crrOJib3Y51 rrpHBe)J.eHHble pe3yJibTaTbl HeTpy.n.Ho TaKLKe rroJiyqHTb )J.Ba BaLKHblX 

pacqeTHbIX COOTHOIIIeHH51: 

M2 ) ~ -sin2 e · 
2 ' mn 

aMA . 
2 COS<p·Slll<p. 

mn(l - a cos c.p) 
sine= 

CTpHMeH5151 3TH cpopMyJibI MOLKHO BbJqHcJIHTb 3Heprmo HeihpoHa, 3Ha51 3Heprmo 
4AWn 

si.npa OT)J.aqH. ,ll.JI51 51JJ.pa MaKCHMaJibHa51 3Heprn51 OT)J.aqH COCTaBJI51eT 2' 

a MHHHMaJibHa51 - HYJib. 
(1 +A) 

Ha rrpaKTHKe pernCTpaI.I.H51 HeihpoHOB no 51JJ.paM oT.n.aqH HCITOJib3YeTC51 BeChMa 

wHpoKo (cM. rr. 6.7.3). HaH6oJiee rro.nxoJJ.51III.HM JJ.JI51 3TOH u.eJIH 51BJI51eTCH Bo.n.opo.n., 

raK KaK MaccbI 51JJ.pa Bo.n.opo.n.a H HeHTpoHa rrpaKTHqecKH OJJ.HHaKOBbI. B .n.aHHOM 

CJiyqae Ha OCHOBaHHH Bb!paLKeHHH (3.37) H (3.38) rroJiyqaeM 

Wp = Wn cos2 <p, 

r.ne Wp - 3Heprn51 oT.n.aqH 51.ll.pa Bo.n.opo.n.a rrpH yrrpyroM coy.n.apeHHH c HeHTpOHOM. 

KaK BH.ll.HO B pe3yJihTaTe coy.napeHH51 HeHTpoHa c rrpoTOHOM B03MOLKHa JIH6o rroJI

Ha51 ITOTep51 KHHeTHqecKOH 3HeprnH HeHTpoHa, JIH6o qacTHqHa51 ( COOTBeTCTBeHHO 

npH «JI060BOM» HJIH Heu.eHTpaJibHOM y.nape). 0TMeqeHHa51 oco6eHHOCTb rrpou.ec

COB pacce51HH51 HeHTpOHOB o6b51CH51eT OTHOCHTeJibHO HHTeHCHBHOe 3aMeJJ.JieHHe 

llOCJie)J.HHX B BOJJ.Opo.n.oco.n.epLKaIII.HX cpe.nax. 

CeqeHHe yrrpyroro pacce51HH51 rJ s 6oJibIIIHHCTBa 3JieMeHTOB 3aBHCHT OT 3Hep

nrn w JIHillb B o6JiaCTH 6bICTpb!X HeHTpOHOB H rroqTH ITOCT051HHO B o6JiaCTH 

HeiiTpOHOB MeHbIIIHX 3Heprnti. l1cKJIIoqeHHe rrpe.n.cTaBJieHo Bo.n.opo.n.oM. B o6JiaCTH 

rerrJIOBbIX HeHTpOHOB f7s BOJJ.Opo.n.a pe3KO yMeHbIIIaeTC51 (OT 50 )J.0 25 6apH), B HH

repBaJie Me)J.JieHHbIX HeHTpOHOB OHO ITOCT051HHO, H BHOBb rra.n.aeT (.n.o 1-5 6apH) 

II o6JiaCTH 6bICTpb!X HeHTpOHOB. 0TMeTHM TaKLKe, qTo yrrpyroe pacce51HHe HeHTpo

llOB Ha BOJJ.Opo.n.e rrpH 3HeprnH HeHTpOHOB 60JibIIIe 100 3B 51BJI51eTC51 rrpaKTHqecKH 

l'JJ.HHCTBeHHbIM rrpou.eccoM B3aHMO)J.eHCTBH51. 

3.6.3.2. Heynpyzoe pacceanue. CTpH HeyrrpyroM pacce51HHH 51.ll.PO rrepexo.n.m 

II B036YLKJJ.eHHOe COCT051HHe, Ha qTo 3aTpaqHBaeTC51 qaCTb KHHeTHqecKOH 3HeprnH 

11etiTpOHa. 3aTeM 3Heprn51 B036yLKJJ.eHH51 51JJ.pa BbI)J.eJI51eTC51 B BH)J.e /-H3JiyqeHH51. 

Heyrrpyroe pacce51HHe MOLKHO rrpe.n.cTaBHTb B BHJJ.e peaKI.I.HH (n, n', 1) TaKHM o6-

pa3oM, rrpH HeyrrpyroM pacce51HHH KHHeTHqecKa51 3Heprn51 CHCTeMbl HeHTpOH-51.ll.PO 

11e coxpaH51eTC51. Heyrrpyroe pacce51HH51 HMeeT 3HepreTHqecKHH rropor, orrpe.n.e

JrneMbIH paccT051HHeM E 1 MeLK.n.y ocHOBHbIM H rrepBbIM B036yLKJJ.eHHbIM ypoBH51MH. 

flJI51 JierKHX 51JJ.ep 3TOT HHTepBaJI 06b1qHo rrpeBbIIIIaeT 1 M3B, a JJ.JI51 rnLKeJibIX 

flJJ.ep OH paBeH )J.eC51TKaM H COTH51M K3B. CT03TOMY Heyrrpyroe pacce51HHe )J.Jl51 

11etiTpoHOB c 3Heprneti rrop51JJ.Ka 1 M3B Ha JiernHx 51.ll.pax HeB03MOLKHO. 0.n.HaKo 

11eiiTpOHbI c 3Heprneti nop5IJJ.Ka 1 M3B H BbIIIIe c 6oJihIIIOH Bepo5ITHOCTbJO HCTihI

ThIBaJOT Heynpyroe pacce51HHe Ha rnLKeJibIX 51.ll.pax. 
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Heynpyroe pacceHHHe HeB03MO)KHO IIOJIHOCThIO on11caTh eAHHCTBeHHbIM ce

qeHHeM. EcJIH HeHTpoH o6JiaAaeT 3Hepr11eH W, AOCTaT04HOH AJIH B036y)KAeHHff 

HeCKOJibKHX ypoBHeH, TO B036y)KAeHHe Ka)KAOro 113 HHX xapaKTep113yeTCH co6-

CTBeHHbIM napu11aJibHbIM ceqeHHeM O""in(W ___, c:), rAe E - 3HeprnH HeHTpOHa, HC

IIbITaBwero pacceHHHe. 06bi4HO B Ta6JI11uax IIpHBOAHT HHTerpaJibHbie ceqeHHH O""in •. 

npeACTaBJIHIOlUHe co6oH BepOHTHOCTb TOro, 4TO HeHTpOH IIOTepHeT HeKOTopoe KO

JIH4eCTBO 3HeprnH, IIOMHMO 3HeprHH, CBH3aHHOH c OTAa4eH B3aHMOAeHCTBYIOlUerO 

C HHM HApa. 

3.6.3.3. 3a.MeaJleHue Heii.mpoHoB. CpeAHee 4HCJIO CTOJIKHoBeHHH c HApaMH, 

He06XOAHMOe HeHTpOHY AJIH 3aMeAJieHH51 OT Ha4aJihHOH 3HeprnH Wi AO HeKOTOpOH 

«KOHe4HOH» Wk, paBHO 

rAe ~ = ln (Wn/Wn') - cpeAH5HI JiorapmpMw-1ecKaH IIOTepH :rnepnrn Ha OAHO 

CTOJIKHOBemfe. ECJIH, HaIIpHMep, wi = 2 M3B, wk = 0,025 3B, TO 

2. 106 

ln---
2,5. 10-2 

- 18,2 
~ -~-. f3= (3.39) 

3Ha4eHHe ~ MO)KHO Bbl4HCJIHTb IIO CJieAyIOlUeH IIpH6JIH)KeHHOH cpopMyJie 

2 
~ = A+ 2/3' (3.40) 

rAe A - MaccoBoe 4HCJIO. B Ta6JI. 3.1 np11BeAeHbI 3Ha4eHHH ~ 11 f3 AJIH HeKOTOpbIX 

3JieMeHTOB, Bbl4HCJieHHbie IIO cpopMyJiaM (3.39) H (3.40). KaK BHAHO, BOAOPO.!J. 

o6JiaAaeT MaKCHMaJibHblM 3Ha4eHHeM ~ H MHHHMaJibHbIM 3Ha4eHHeM f3 (paBHbIM . 

Bcero 18). C pocToM A ~ yMeHbrnaeTCH, a f3 paCTeT. B CJiyqae ypaHa 4HCJIO 

coyAapeHHH, Tpe6yIOlUHXC51 AJIH 3aMeAJieHHH 6bICTporo HeHTpOHa AO TeIIJIOBOH 

3Heprn11, npeBbiwaeT 2000. 

Ta 6 JJ 11 u: a 3.1 
3HaqeH!1e e l1 (3 ;l:JIH HeKOTOpb!X 3JleMeHTOB 

3JJeMeHT A e (3 (2 M3B-0,025 3B) 

Bo,n:opo,n: l 1,000 18 

feJ111il 4 0,425 43 

Eep11JJJ111il 9 0,209 86 

Yrnepo,n: 12 0,158 114 

K11cJ1opo,n: 16 0,120 150 

YpaH 238 0,00838 2172 

Jlo c11x nop Y4HTbIBaJiocb TOJihKO 3aMeAJieHHe HeHTpoHoB 3a cqeT 11x ynpyrnx 

coyAapeHHH c HApaMH. HeHTpOHbl c o6bi4HOH Ha4aJibHOH 3HeprneH wi B HeCKOJib

KO M3B MoryT TaK)Ke AOCTaT04HO 3cpcpeKTHBHO 3aMeAJIHThCH 11 6JiaroAapH Heynpy: 

rHM coyAapeHHHM c T51)KeJiblMH HApaMH, IIOCKOJibKY c TaKOM CJiyqae BbIIIOJIHHeTCH. 
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ycJIOBHe wi > E1. 0.nHaKO qHCJIO Heyrrpyrnx coy.napeHHH Jl.JIH HeHTpoHa He 

MO)KeT 6b!Tb 6oJiblllHM: ITOCJie rrepBb!X CTOJIKHOBeHHH c HJl.paMH HeHTpOH TepHeT 

11acTOJibKO 3HaqHTeJibHYIO Jl.OJIIO 3HeprnH Wi, qTo yKa3aHHOe ycJIOBHe rrepeCTaeT 

BbIITOJIHHTbCH. )laJibHeHlllHH rrpouecc 3aMe)l,JieHHH HJl.eT TOJ!bKO 6Jiaro.napH yrrpy

rl1M coy.napeHHHM. 

Kor.11.a 3Hepnrn 3aMeJJ.JIHIOlll.erocH HeiiTpoHa oKa3hrnaeTCH cpaBHHMOH c XHMHT.JeCKOH 

l'BH3bl0 aTOMOB 3aMeJJ.JIHTeJIH (W"' 1 38), xapaKTep 3aMeJJ.JieHHH MeHHeTCH. 3TO CBH3aHO 

ll OCHOBHOM c yseJIHlJeHHeM 3cpcpeKTHBHOH MaCCbl T.JaCTHll,, c KOTOpbIMH coy.11.apH!OTCH 

tteHTpOHbl. TipH 3HeprnHX w > 1 38 aTOMbl so.11.opo.11.a, BXOJJ.Hlll.He B COCTaB MOJieKyJI 

:iaMeJJ.JIHTeJIH, MO)KHO ClJHTaTb CB060JJ.Hb!MH. c .11.pyroH CTOpOHbl, HeHTpOH c 3Heprne11 

OKOJIO 1 38 He BbI6HsaeT rrpOTOH H3 MOJieKyJihl, a B036y)KJJ.aeT B HeH KOJie6aTeJibH0-

11pamaTeJihHbie Jl.BH)KeHHH. TipH MeHblllHX 3HeprnHX OH yrrpyro pacceHBaeTCH Ha MOJieKyJie 

KaK Ha e.11.HHOM IJ,eJIOM. Tio3TOMy rrpHse.11.eHHaH Macca CTaJIKHBa!Olll.HXCH lJaCTHIJ, yseJIH

'IHBaeTCH BJl.BOe, lJTO rrpHBOJJ.HT K H3MeHeHHIO ceT.JeHHH pacceHHHH H .11.pyrnx rrapaMeTpOB 

npouecca pacceHHHH. 

TioMHMO XHMHlJeCKOH CBH3H Ha 3TOT rrpouecc rrpH 3HeprnHX HeHTpOHOB MeHhllle 

::-:o I 38 BJIHHeT TaK*e TerrJiosoe JJ.BH)KeHHe T.JaCTHU cpeJJ.bI. Tipouecc 3aMeJJ.JieHHH B 06-

JJaCTH 3HeprnH MeHhllle ~ I 38 1) Ha3hIBaJOT TepMaJIH3aIJ,He11. TiocJieJJ.HHH 3aseplllaeTcH 

ycTaHOBJieHHeM TeITJIOBOro ( TepMOJl.HHaMHT.JeCKOro) paBHOBeCHH Me)KJJ.Y HeHTpoHaMH H cpe

llOH. TipaKTHlJeCKH TeITJIOBOe paBHOBeCHe ITOJIHOCTblO He ycrresaeT ycTaHOBHTbCH H3-3a 

nornomeHHH HeHTpOHOB, TaK lJTO B cpe.11.e see speMH HaXOJJ.HTCH cpaBHHTeJibHO 60JiblllOe 

'IHCJIO 3aMeJJ.JIHeMbIX HeHTpOHOB. 

3.6.3.4. XapaKmepucmuKu 3a.M.edJLumeJleii.. )lJIH 3aMe.nJieHHH 6b1CTpb1x Hei1-

rpoHoB Jl.O TeITJIOBbIX 3Heprni1 HCITOJ!b3YIOT 3aMeJl.JIHTeJIH - semeCTBa, COCTOHlll.He 

H3 3JieMeHTOB c He60JiblllOH aTOMHOH Maccoi1, cpaBHHTeJibHO CJia6o ITOfJ!Olll.3IOI11.He 

11el1TpOHbI. B Kaqecrne 3aMeJl.JIHTeJiei1 rrpHMeHHIOT 06b1qHy10 H TH)KeJiyIO so.ny, 

(iepHJIJIHH, yrJiepo.n, napacpHH, ITOJIH3THJieH H .np. 

JV\.epoi1 CMemeHHH Hei1TpOHOB B rrpouecce 3aMe)l,JieHHH HBJ!HeTCH Jl.JIHHa 33-

MCJl.JieHHH, o6o3HaqaeMaH qepe3 JT; BeJIHqHHa T H33bIBaeTCH 803pacmoM Heii
mpOHOB. 06o3HaqHM qepe3 r§ cpeJl.HHH KBa.npaT CMemeHHH Hei1TpOHa ITO npHMOH 

llpH 33Me)l,JieHHH OT 3HeprnH wi Jl.O 3HeprnH wk. BeJrnqHHbl T H r§ CBH33Hbl 

1 rh u u 

l'OOTHOllleHHeM T = -2 ' IlOHCHHIOlll.HM 't'H3HqeCKHH CMbICJI B03pacTa HeHTpo-
6r3 

1108. )lJIH xopOlllHX 3aMe)l,JIHTeJiei1 T paBHO MHOfHM .necHTKaM H COTHHM CM2 

(rM. HH)Ke). IlOCKOJ!bKY Jl.JIH 6bICTpb!X Hei1TpOHOB ceqeHHe 33XBaTa 3HaqHTeJibHO 

Ml'Hbllle ceqeHHH pacceHHHH, TO ITOfJ!Olll.eHHe Hei1TpOHOB 51Jl.p3MH 3aMe)l,JIHTeJIH He 

OK33bIBaeT cymeCTBeHHOfO BJIHHHHH Ha rrpouecc 3aMe)l,JieHHH. 

Hei1TpOHbI, 3aMe.nJieHHbie .no TerrJIOBbIX 3Heprni1, HaqHHaIOT Jl.HcpcpyHJl.HposaTb 

H semecrne. Ilpouecc HX Jl.Hcpcpy3HH MO)KHO OITHC3Tb c ITOMOlll.blO o6bJqHoro ypaB

lll'HHH Jl.Hcpcpy3HH, yqHTbIBaIOmero ITOfJ!Olll.eHHH HeHTpOHOB. JV\.epoi1 CMemeHHH 

Tt'llJIOBbIX HeHTpOHOB B npouecce HX Jl.Hcpcpy3HH B Jl.3HHOH cpe.ne HBJ!HeTCH a/lUHa 

1
) )].JJH BOJ(bl rrpH W < 0,3 38. 

I O A. 5apcyKoB 
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8ucpcpy3UU 
2 1 2 L = 6 r11,, 

fAe r; ~ cpeAHeKBaApaTH4HOe CMelll,eHHe TennoBoro HeHTpOHa (no npHMOH) OT 

MeCTa «pO)KAeHHH» AO MeCTa 3aXBaTa. 

3Ha4eHHH T H L AnH HeK0Topb1x H3 ynoMHHYTbIX BbIIIIe 3aMeAnHTeneH npHse

AeHhI B Ta6n. 3.2. 

Ta6JI11u:a 3.2 
Bos pact 11 ,n:J111Ha ,n:mj:><j:Jys11i1 l\JJH HeKotopbIX saMe,n:J111TeJiei1 ( KOHe4HaH 3tteprnH saMe,n:JieH11H 

W = 0,025 3B) 

I1CTOlJHl1K 
3aMe,n:J111TeJ1b T, CM2 L, CM 

Cel!ett11e 3axBata l\JIH 
HeHTpOHOB TenJJOBWX HeiitpOHOB, 6apH 

CneKtp H20 30,2 ± 1,5 2,767 ± 0,008 0,332 ± 0,002 (so,n:opo,n: H) 
,n:eJ1eH11H 

Po-Be H20 62 ±5 - -

CneKtp 
D20 120 116±4 (0,46 ± 0, 10) . 104 

,n:eJ1ett11e 

CneKtp 
Be 97,2 20,8 ± 0,5 (10 ± 1). 10-3 

,n:eJiett11e 

CneKTp 
C (rpa<j:J11r) 350 51±3 (3,8 ± 0,04) . 10-3 

,n:eJ1ett11e 

KaK BHAHO, AnH BOAbI ft >> L, 4TO CBHAeTenhCTByeT o cpaBHHTenbHO 

CHnbHOM nornorn.eHHH HeHTpOHOB. Hao6opoT, AnH TH)KenoH BOAbI L » ft. 3To 

yKa3b!BaeT Ha TO, 4TO Tfl)KenaH BOAa HBnHeTCH BeCbMa 3cpcpeKTHBHb!M 3aMeAnHTe

neM. ,lJ,ocTaT04HO xopoIIIHMH 3aMeAnHIOlll,HMH CBOHCTBaMH OTnH4aIOTCH 6epHnnHH 

H rpacpHT. 
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0630P HCTQqHHKOB 

HOHH3HPYI0lll.HX H3JIYqEHHH 

§ 4.1. KJiacciupu:Kall,HSI HCTO"llHHKOB HOHH3Hpyiow.u:x H3JIY1IeHHH 

H rrpeACTaBJieHHe 0 «IIOKOJieHHSIX» reHepu:pyeMbIX 11aCTHll, 

YlcTotIHHKH MHKpoqacTHU cy6aTOMHoro ypoBHH BeCbMa pa3Hoo6pa3HbI. K HHM 

OTHOCHTCH HCTO'IHHKH ecTeCTBeHHoro IIpOHCXO)I(,ll,eHHH, C03,ll,a!OI.UHe, KaK npHHHTO 

roBopHTb, ecTeCTBeHHb!H pa,IJ,HaUHOHHb!H qJOH. 3TH HCTO'IHHKH IIO,ll,pa3,ll,eJIHIOTCH 

no CBOeMy IIpOHCXO)I(,ll,eHHIO Ha 3eMHb!e H BHe3eMHbie (KOCMHlleCKHe). 

HaytIHO-TeXHHtiecKHH nporpecc npHBeJI K IIOHBJieHHIO HcKyccrneHHbIX HCTOtI

HHKOB HOHH3HPYIOI.Uero H3JIYlleHHH. K HHM OTHOCHTCH BCe H,ll,epHO-TeXHHlleCKHe 

ycTaHOBKH, HaIIpHMep, H,ll,epHbie peaKTOpbl, ycKopHTeJIH 3apH)I(eHHbIX qacTHU, 

HCKYCCTBeHHbie pa,ll,HOaKTHBHbie Bemecrna, HaIIpHMep, pa,ll,HOHYKJIH,ll,bl, IIpHMeHH

eMbie B Me,IJ,HUHHe H ,ll,p. HH*e Mb! 6y,IJ,eM npH,ll,ep*HBaTbCH cJie,IJ,yIOI.UeH, BbITeKa-

10w,eii H3 CKa3aHHOro, KJiaccmpHKaUHeH HCTO'IHHKOB HOHH3HpyIOI.Uero H3JiytieHHH: 

pa,ll,HOaKTHBHb!e HCTO'IHHKH ecTeCTBeHHOrO H HCKYCCTBeHHOro IIpOHCXO)I(,ll,eHHH, 

H,ll,epHbJe peaKTOpbl, KOCMHtieCKHe JIYllH H ycKOpHTeJIH 3apH)I(eHHbIX qacTHU. 

113 nepetIHCJieHHbIX BH,ll,OB HCTO'IHHKOB H3JIYlleHHH B 3TOM pa3,IJ,eJie KHHrn 6oJiee 

no,ll,po6Ho (B paMKax OT,IJ,eJibHOH rnaBbI) 6y,ll,yT paccMOTpeHbI yCKopHTeJIH, TaK 

KaK IIOCJie,IJ,HHe Hrpa!OT oco6o Ba*HYIO poJib B KalleCTBe HCTO'IHHKOB WHpOKOrO 

KJiacca qacTHU pa3Hoo6pa3HbIX 3Heprnii. ooJiee yrny6JieHHoe H3ytieHHe H,IJ,epHbIX 

peaKTOpOB H KOCMHtieCKHX JiylleH, TaK)I(e Hrpa!OI.UHX HCKJI!OllHTeJibHO Ba*HYIO 

poJib B H,ll,epHOH cpH3HKe, BbJHeceHo B ,ll,pyrne llaCTH KHHrH. 

06bitIHO nepBHtIHbIH nytioK qacTHU, HcnycKaeMbIH HCTOtIHHKOM, na,IJ,aeT Ha 

113yqaeMbIH o6beKT (MHWeHb), Bbl3bIBaH B HeM Te HJIH HHbie BTOpHtIHbie IIpouecCbl. 

Bo MHOrHX cJiytiaHx IIO,ll, ,IJ,eHCTBHeM nepBHllHOro IIOTOKa B MHWeHH B03HHKa!OT 

nytIKH qacTHU «BTOporo», «TpeTbero» H T. ,IJ,. noKoJieHHH. Oco6aH 3KCIIepHMeH

raJihHaH ueHHOCTb 3THX BTOpHtIHbIX npoueccoB CBH3aHa co CJie,ll,yIOI.UHMH o6CTO

HTeJibCTBaMH. f eHepHpyeMbie MHWeHblO BTOpHtIHbie tiaCTHUbl IIpH ycJIOBHH, 'ITO 

HX KOJ!HtieCTBO ,ll,OCTaTOllHO BeJIHKO, MoryT c 60JibillOH BepoHTHOCTblO Bbl3bIBaTb 

HJJ,epHb!e peaKUHH B JJ,pyrnx MHWeHHX. TaK, HCIIOJ!b3YH ycKopHTeJib, c IIOMO

lll,b!O 3Toro MeTOJJ,a IIOJiytia!OT pa3H006pa3Hb!e BTOpHtIHbie qacTHUbl - HeHTpOHbl, 

1-KBaHTbI, IIHOHbI, aHTHHYKJIOHbI H ,ll,p. HecTa6HJibHbie qacTHUbI BO BTopHtIHbIX 

nytIKax IIpH CBOeM pacna,ll,e MOryT o6pa30BbIBaTb tpeTHllHbie qaCTHUbI, TaK)I(e 

HBJIHIOI.UHecH 3aqacTy10 HCTOtIHHKaMH pa3JIH'IHbIX H3JiytieHHH. TaKHM nyreM no-

:l* 
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Jiy<-IaIOT, Hanp11Mep, MIOOHbI 11 HeiiTp11Ho. Csoeo6pa3HaH c11Tyau,1151 B03Hl1KaeT 

np11 113yqemrn KOCMl1LJecK11x JiyLJeii, npoXOAHI.l.Ll1X qepe3 aTMoccpepy 3eMJI11. B ee 

npe.ll,eJiax Ha6JIIOAaIOTCH cpa3y LJaCT11UbI AByx, Tpex 11 6oJiee noKoJieH11H. 

§ 4.2. HcToquuKu paAHOHYKJIHAOB ecTeCTBeHHoro 

H HCKYCCTBeHHOrO npOHCXOJKAeHHSI 

4.2.1. ECTeCTueuu&1e pa,z:t;uouyKJIH,z:t;hI. Pacna.ll, eCTecTBeHHbIX pa.ll,110HyK

Jil1AOB, CO.ll,ep)Kall.Ll1XC51 B np11pO.ll,HOH cpe.ll,e (ropHbIX nopo.ll,aX, BO.ll,e, B03.ll,yxe, 

CTp011TeJibHblX MaTep11aJiax 11 T . .[!,.), np11BO.[l,11T K o6pa30BaHl1!0 Q-LJaCTl1I.l,, (3-qa- '1 

CTl1U 11 1-KBaHTOB. Cpe.ll,11 eCTecTBeHHo-pa.ll,11oaKTl1BHbIX 11cTOLJHl1KOB oco6oe Me- 1 

cTo 3aH11MaIOT o-aKT11BHbie HYKJI11AhI 238 U 11 232Th, 11cnycKaiom11e o-qacT11LI,bl · 

c 3HeprnHMl1, paBHbIM11 cooTBeTCTBeHHO 4, 15 M3B 11 3,95 M3B. 3T11 pa.ll,110-

HYKJil1AbI CO.ll,ep)KaTC51 B Bl1.[l,e MaJiblX np11Meceii B pa3HOo6pa3HeHW11X semeCTBax, i 

BCTpeLia!Oll.L11XC51 B np11po.ll,e. ).I.pyrnM w11p0Ko pacnpoCTpaHeHHbIM pa.ll,110HYKJil1.[l,OM i 
HBJIHeTCH 4°K, 11cnyCKaiom11ii 1-KBaHTbI c 3Heprneii 1,46 11 0,511 M3B. Oep110.ll,bl; 

IlOJiy~acna.[l,a ypaHa-238, TOp11H-232 11 KaJil151-40 paBHbl COOTBeTCTBeHHO 4,51 x 1 
X 10 JieT, 1,41 · 1010 JieT 11 1,26 · 109 JieT. 0epeLJl1CJieHHbie pa.ll,110HYKJil1.ll,bl cy- ·' 

mecTBOBaJil1 B 3eMHOH Kope npaKTl1LJeCKl1 Ha BCeM nporn)KeHl111 l1CTOp1111 3eMHOf0 i 
wapa (reoJiornLJecK11ii B03paCT 3eMJil1 cLJ11TaeTCH paBHbIM 2,5 · 109 JieT). 1 

B pe3yJibTaTe pacna.[l,a HAep 238U 11 232Th o6pa3yIOTCH u,enoLJK11 AOLiepH11X ! 
3JieMeHTOB. KoHeLJHbIM11 npOAYKTaM11 pacna.[l,a pa.ll,11oaKT11BHb1x pHAOB HBJIHIOTCH l 
CTa611JibHb1e 1130TOnhI cs11Hu,a: 206Pb (s ypaHOBOM PHAY) 11 208 Pb (B TOp11esoM : 

pHAy). OcHOBHhie cp11311LJecK11e xapaKTep11cT11K11 pa.ll,110HYKJil1AOB pHAa ypaHa np11-

Be.ll,eHhI B Ta6JI. 4.1, a pH.ll,a TOp1151 - B Ta6JI. 4.2. 

B orn11LJ11e OT pHAa 232Th pHA 238 U c0Aep)K11T He OA11H, a HecKoJibKo AOJ1ro)K11- . 

sym11x 1130TonoB. Cpe.ll,11 H11x cso11M11 csoiicTBaM11 orn11LJaeTCH o-aKTl1BHbIH 1130- J 

TOn 226Ra c nep110.[l,0M noJiypacna.ll,a 1600 JieT. l1Hor.ll,a ypaHOBhIH pHA Ha3bIBaIOT i 

pHAOM ypaHa-pa.ll,1151. Orn11LJ11TeJihHaH oco6eHHOCTb HYKJIHAa 2~~Ra 3aKJIIOLJaeTc51 
1 

B TOM. l.JTO OH 51BJI51eTC51 «Cl1JlbHbIM» ')'-113JiyLJaTeJieM; pa.ll,11H 11 ero cpaBHHTeJibHO 

Ta 6 JI 11 L\ a 4.1 
OcHOBHbie <jrn3w-1ecK11e xapaKTep11cT11K11 pa,l\110HYKJil1,l\OB pH,l\a ypaHa-pa,l\11H 

OcHOBHaH 3HeprnH 113J1y'leH11H, M3B 

HyKJil1,l\ 
l1CTop11lleCKOe I1ep110,l\ (11HTeHCl1BHOCTb, %) 

H33B3Hl1e noJiypacna,l\a 
/3 a "( 

2~~u YpaH I 4,51 · 109 JieT 4,15 (25) - -

2~6Th YpaH X1 24,1 cyT - 0,103 (21) 0,063 (3,5) 

2349JPa YpaH X2 1, 17 Ml1H - 2,29 (98) 0,765 (0,30) 
99,87% 0,3% 1,001 (0,60) 

/3 2~f Pa 
YpaH Z 6,75 lJ - 1,13 (13) 0,100 (50) 

0,53 (66) 0,70 (24) 

234u~ YpaH II 2,47. 105 JleT 4,72 (28) - 0,053 (0,2) 
92 4,77 (72) - -

I 
, 
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Ta 6JJH1\ a 4.1 (oKOHttaHue) 

0cHOBHa5I 3Heprm1 H3JJytJemrn, M3B 

HyKJJHA 
l1CTOpHl!eCKOe TiepHOA (HHTeHCHBHOCTb, %) 

Ha3BaHHe noJJypacnap_a 
a (3 'Y 

2~8Th l10HHH 8,0 · 104 JJeT 4,62 (24) - 0,068 (0,6) 
4,68 (76) 0, 142 (0,07) 

2~~Ra PaAHH 1602 rop_a 4,60 (6) - 0,186 (4) 
4,78 (95) 

2~~Rn PaAOH (Rn) 3,823 CYT 5,49 (100) - 0,510 (0,07) 

2A~Po PaAHH A 3,05 MHH 6,00 ("' 100) 0,33 -
99,98% 0,02% (rv 0,019) 

°'t a PaAHH B 26,8 MHH - 0,65 (50) 0,242 (4) 
2A~Pb 0,71 (40) 0,295 (19) 

0,98 (6) 0,352 (36) 

(3 2A~At AcrnT "'2 c 6,65 (6) ? (rvO,I) -

214Bi~ 
PaAHH C 19,9 MHH 5,45 (0,012) 1,0 (23) 0,609 (47) 

83 5,51 (0,008) 1,51 (40) 0,769 (5) 
3,26 ( 19) 1, 120 (17) 

1,238 (6) 
99,98% 0,02% 1,378 (5) 

(3 a 
1,764 ( 17) 
2,445 (2) 

2A!Po 
PaAHH C' 164 MKC 7,69 (JOO) - 0,799 

(0,014) 

2A?r1 PaAHH C" 1,3 MHH - 1,3 (25) 0,296 (80) 

f3 
1,9 (56) 0,795 (100) 

a 2,3 (19) 1,31 (21) 

zAgPb-+--
PaAHH D 20,4 rop_ 3,72 0,010 (85) 0,047 (4) 

(0,00002) 0,061 (15) 

~1oBi PaAHH E 5,01 CYT 4,65 1,161 -
(0,0007) ("' 100) 

100% 0,0013% 4,69 

fJ I a (0,0005) 

2
AlPo 

PaAHH F 138,4 CYT 5,305 (100) - 0,803 
(0,00110) 

<XI 2~zr1 PaAHH E" 4,19 MHH - 1,571 (JOO) -

206'fPb~f3 PaAHH G CTa6HJJbHbIH - - -
82 

I I p H M e lJ a H H H K n e p a o 11 Ko JJ o H Ke. 1. UenotJKa paAHOaKTHBHbIX npeapaw,eHHH Hp_ep ocy
IIleCTBJJHeTCH B pe3yJJbTaTe HcnycKaHHH HYKJJHAaMH JJH6o a-lJaCTHl.( (nepeXOAbl THlla 1x---+ ~=~Y), 
11H60 {3- -tJacrnu (nepexOAbI rnna ~X---+ z+'tY). 3TH pacnap_br 3atJacTyIO conpoaO)KAaIOTCH Hcnyc
KaHHeM 'Y-KBaHTOB. 2. AJJbTepHaTHBHbie THllbl pacnaP,OB OTMelJeHbl CTpeJJKaMH; aepOHTHOCTH COOT
BeTCTBYIOW.HX nepexop_oB yKa3aHbl B npoueHTaX. 3. EyKBOH «m» OTMelJeH Hp_epHb!H H30Mep (y HAep
H30MepoB OAHHaKOBbl llOPllAKOBbie HOMepa If MaCCOBbie lJHCJJa, HO pa3JJHlJHbl nepHOAbl llOJJypacnap_a). 
((op_po6HO Hp_pa-H30Mepbl paccMaTpHBa!OTCH B § 13.3. 
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Ta6JIHIJ,a 4.2 
OcHOBHbie qm3w1ecK11e xapaKrep11cr11K11 paJJ.HOHYKJIHJJ.OB pHJJ.a rop11H 

OcHOBHall 9HeprnH 113Jiy4eH11ll, M9B 

HyKJIH)l, I1crop114ecKoe 
T1;2 (nHTeHCHBHOCTb, %) 

Ha3BaH11e 
a (3 I 

2~5Th Top11il 1,41 · 1010 JieT 3,95 (24) - -

2~~Ra Me3orop11il I 5,8 JieT - 0,055 (100) -
2~~Ac Me3orop11il II 6, 13 lj - 1,18 (35) 0,34 (15) 

1,75 (12) 0,908 (25) 
2,09 (12) 0,96 (20) 

2§3Th PaJJ.11orop11il 1, 10 JieT 5,34 (28) - 0,084 (1,6) 

la 5,43 (71) 0,214 (0,3) 
:r Top11:li X 3,64 cyT 5,45 (6) 0,241 (3,7) 2~1Ra -

la 5,68 (94) 
,'f 

TopoH 55 c 6,29 (100) 0,55 (0,07) 2~gRn -

la 
:r Top11il A 0,15 c 6,78 (100) 2~~Po - -

\a 
'!' 

Top11il B 10,64 4 0,346 (81) 0,239 (47) 212pbl -
82 (3 0,586 (14) 0,300 (3,2) 

"( 
Top11if C 60,6 MHH 6,06 (25) 1,55 (5) 0,040 (2) 2~~Bi 

64,0% 36,0% 6,09 (10) 2,26 (55) 0,727 (7) 

(3 \ a 1,620 (1,8) 

'f Top11if C' 304 HC 8,78 (100) -2~~Po -

Top11i:i C" 3,10 MHH - 1,28 (25) 0,511 (23) 

a 2~~Tl 
1,52 (21) 0,583 (86) 

I (3 
1,80 (50) 0,860 (12) 

2,614 (JOO) 
l 

Top11if D CTa611JibHbIH __.z~~Pb - - -

KOpOTKmimBym11e ,ll,OI..JepHHe 3JieMeHTbl B paBHOBec1111 c HHM, 11cnycKa10T cneKTP 

/-l13JIYI..JeHH5l, COCT05l1UHH 113 MHOfOI..JHCJieHHbJX JIHHHH. Ha1160Jiee HHTeHCHBHb!e 

JIHHHH o6Jia,ll,aIOT 3Heprnei"i nopH,ll,Ka JJ,eCHTbIX ,ll,OJieH M3B. Ha npaKTHKe I..Jame 

,!1,pyrnx 11cnoJib3YIOT npenapaThI, co,ll,ep:arnm11e 
226

Ra 11 npo,!1,yKT ero pacna,ll,a 210Po. 

B paccMaTp11saeMbIX Ta6Jim.1.ax HapH,!1,Y c cospeMeHHbIMH o6o3HaI..JeHH5lMH eCTe

cTBeHHhIX pa,!1,HOHYKJIH,ll,OB npHBO,ll,5lTC51 11 HX nepBOHaI..JaJibHbie ( «HCTOpHI..JeCKHe») 

o6o3HaI..Jemrn. CTp11Be,ll,eHHaH HHcpopMaUHH HBJrneTcH nJIO,ll,OM ,ll,JIHTeJibHbIX 11ccJie

,ll,OBaHHH, BbJnOJIHeHHb!X B OCHOBHOM B nepBbie ,ll,eC51THJieTH51 npowJioro BeKa 

6Jiecrnmei"i nJieH,ll,OH yI..JeHbIX, MHOrne !13 KOTOpb!X ynoMHH3lOTC51 B 3TOH KHHre. 

ECTeCTBeHHhre pa,!1,HOHYKJIH,ll,bI 11cnoJih30BaJI11Cb B 3noxy ,ll,O C03,ll,3HHH ycKo

p11TeJiefi B KaI..JeCTBe HCTOI..JHHKOB HOHH3HPYI01UHX H3JiyI..JeHHH B MHOfOI..JHCJieHHbIX 

3KCnep11MeHTaJibHbIX pa6oTax. HeK0Topb1e 113 HHX CbirpaJIH BbI,ll,a10my10cH poJib 

B pa3BHTHH 51,!1,epHOH cp113HKH. 
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OrpamiqHMC51 .LLBYM51 npHMepaMH. 

B 1919 r. 3. Pe3epcpop.n., H3yqa51 CTOJIKHOBeHH51 a-qacrnu c 51.LLpaMH JierKHX 

aTOMOB, OTKpb!JI npOTOH H BnepBbie Ha6mo.n.aJI HCKYCCTBeHHOe pacw.enJieHHe 51,ll.ep, 

T. e. 51,ll.epHyIO peaKUHIO. 

B 1934 r. H. H. <P. 1KoJIHo-K10pH, 06Jiyqa51 ')'-KBaHTaMH noJIOHH51 6op, MarHHH 

H aJIIOMHHHH 06Hapy)l<HJIH, qTo 3TH 3JieMeHTbl IlOCJie npeKpaw.eHH51 o6JiyqeHH51 

11cnycKaIOT no3HTpOHbI, T. e. caMH CTaHOB51TC51 pa.n.HoaKTHBHbIMH. TaKHM nyTeM 

6b1Jia OTKpbna HcKyccrneHHa51 pamrnaKTHBHOCTb [ 18]. 

4.2.2. HcKyccTeeuub1e paJJ:HOHYKJIHJJ:bI. HaqHHa51 co BTopoH: noJIOBHHbI 

20-ro BeKa urnpoKoe pa3BHTHe noJiyqHJIO npHMeHeHHe HcKyccrneHHbIX pa,n:HoHyK

JIHJJ:OB. 3ro CB513aHo c TeM, qTo c IlOMOlll,blO 51,n:epHbIX peaKTOpOB H cepHHHblX ycKO

pHTeJieH 6bIJIO HaJia:>KeHO B npoMblll!JieHHbIX MaCllITa6ax npoH3BOJJ:CTBO MHO:>KeCTBa 

pa,n:HoaKTHBHbIX npenapaTOB, HcnycKaIOlll,HX qacTHQbl (H3JiyqeHH51) pa3JIHqHoro 

copTa c pa3Hb!MH BpeMeHaMH :>KH3HH H 3aqacTy10 c Bb!COKOH aKTHBHOCTbIO. 

0,n:HaKO 3HepreTHqecKHH cneKTP pa,n:HOHYKJIHJJ:OB TaKoro npOHCXO:>KJJ:eHH51 npHXO

,LJ:HTCH Ha cpaBHHTeJibHO Y3KHH ,n:Hana3oH OT ,n:oJieti M3B ;:i:o HeCKOJibKHX M3B. 

KaK MbI y6e,n:HMC51 ,n:aJiee, JJ:JI51 H3yqeHH51 6oJibll!oro qHcJia 51BJieHHH 51,n:epHoif 

cpH3HKH Tpe6yIOTCH HCToqHHKH, 06Jia,n:a10w.He 6oJibllIHMH 3Heprn51MH. Oo3TOMY 

HCTQqHHKH paccMaTpHBaeMoro THna MoryT 6b!Tb HCilOJib30BaHbl B HCCJie,n:oBaHirnx 

onpe,n:eJieHHoro JIOKaJibHoro THna. TeM He MeHee, B HayKe H TeXHHKe pa3pa60TaHo 

MHOfO MeTOJJ:OB, OCHOBaHHblX Ha . npHMeHeHHH HCKYCCTBeHHb!X pa,n:HOHYKJIHJJ:OB. 

B 3aBHCHMOCTH OT xapaKTepa pell!aeMoif 3a,n:aqH HcnoJib3YIOTC51 Te HJIH HHb1e 

pa,n:HOHYKJIHJJ:bl c nepHo,n:aMH noJiypacna;:i:a OT HeCKOJibKHX qacoB JJ:O HeCKOJibKHX 

JJeT H 6oJJee. 

OnHCbIBaTb CKOJibKO-HH6y,n:b no;:i:po6Ho HCCJJe,n:oBaHH51, BbmOJIH51eMbie B paMKax 

3TOro HayqHoro HanpaBJieHH51, He BXOJJ:HT B Hall!y 3a,n:aqy; c COOTBeTcrny10w.eti 

HHcpopMauHeH MO:>KHO 03HaKOMHTbC51 no JlHTepaTypHb!M HCTOqHHKaM. 

B HJJJIIOCTpaTHBHbIX ueJJ51X Mb! JIHWb KpaTKO paccMoTpHM cJie,n:y10w.HH: H351W.

HbIH H 3cpcpeKTHBHb!H MeTO,n: - MeTO,n: MeqeHblX aTOMOB (;:i:pyroe ero Ha3BaHHe -

MeTo,n: H30TOilHbIX HHJJ:HKarnpoB), 3aKJI10qa10w.Htic51 B cJie,n:y10w.eM. K H3yqaeMoMy 

3JleMeHTY ;:i:o6aBJI51eTC51 He60JJbllIOe KOJIHqecTBO ero pa,n:HoaKTHBHOro H30TOna, 

Hrpa10w.ero poJib «MeTKH». Op11cyTcTBHe 3Toro H30Tona B HCCJie,n:yeMOM Bew.ecTBe 

MO:>KeT 6bITb o6Hapy:>KeHO c IlOMOlll,bIO CUHHTHJIJI51QHOHHOro cqeTqHKa HJIH KaKoro

JJH6o ;:i:pyroro ;:i:eTeKTopa. B qacTHOCTH, MeTo,n: MeqeHbIX aTOMOB no3BOJI51eT noJiy-

4aTb CBe,n:eHH51 0 CKOpOCTH o6MeHa Belll,eCTB B pa3JIHqHbIX TKaH51X H opraHax qe

JlOBeqeCKOfO TeJia. Pa3pa6ornHo MHO:>KeCTBO BapHaHTOB paccMoTpeHHoro Mern;:i:a. 

Oepeif,n:eM K OilHCaHHIO HCTOqHHKOB HetiTpOHOB [7]. 0,n:.HH H3 qaCTO HCilOJib3y

eMb!X cnoco6oB noJiyqeHH51 HeHTpOHOB OCHOBaH Ha o6JiyqeHHH 51,n:ep ~Be KaKHM

JIH6o a-aKTHBHbIM HYKJIHJJ:OM (226
Ra, 239Ru, 210Po H ;:i:p.). B pe3yJibTaTe B3aHMO

neifcTBH51 Me:>K,n:y (Y-qacTHUaMH H 51,n:paMH 9Be o6pa3yIOTC51 HeHTpOHbl H MaJIOHH

TeHCHBHOe ')'-H3JiyqeHHe: 
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50JibllIOe pacnpocTpaHemie DOJIY'-IHJil1 HCTO'-IHl1KH, B KOTOpbIX B Ka'-leCTBe 0'.-113-

Jiy'-laTemr HCD0Jlb3YIOTCH H30TOD DOJIOHHH-210. l1CTO'-IHHK COCTOHT 113 TIIJ.aTeJibHO 

nepeMelliaHHOH CMeCH H3MeJib'-leHHOro DOJIOHHH 11 nopOllIK006pa3HOro 6ep11JIJll15f. 

CMech 3aKJIIO'-leHa B repMeTH3HposaHHYIO MeTaJIJIH'-leCKYIO aMnyJiy. 5Jiaro.n.apH 

MaJIOCTH npo6eroB O'.-'-laCTHJ.,J:, nocJie)l.Hl1e He Bb!XO)l.HT H3 aMDYJibl, a B03HHKa!OIIJ.He 

HeHTpOHbl cso60)l.HO DOKH)l.a!OT ee. 3HepreTH'-leCKHH cneKTp HeHTpOHOB DOJIOHH

eso-6epHJIJIHeBro HCTO'-IHHKa CITJIOllIHOH, rrpoCTHpa!OIIJ.11HC5f OT 3HeprHH MeHbllieH 

1 M3B .n.o 3HeprnH ~ 11 M3B (p11c. 4.1). He.n.ocTaTKOM Po-Be 11CTO'-IHHKa SIB-

~ 120 ,..-,-.,.-.,.......,......,.......,..---,-,--,--,--, 
:i:: 
0 

~ ,,,( 80 
•::S: Q) 

§j i 
0 5 40 
<:; 
u 

~ 0 '--''----''----''----'--'--'---'---'--=--'-'--"" 

12345678910 
3Hepnrn HeihpoHOB, M3B 

Plfc. 4.1. 3HeprernqecK!fH cneKTp Po-Be-!fcroqH!fKa 

JIHeTCH cpaBHHTeJibHO MaJibIH rrepHO)l. rroJiypacna.n.a 210Po, paBHbIH 138 cyTKaM 

(cM. Ta6JI. 4.1). B 3TOM OTHOllieHHH OH ycTyrraeT pa.n.Heso-6epHJIJIHesoMy HCTO'-l

HHKy, TaK KaK nepHo.n. rroJiypacna.n.a 226 Ra cocTaBJIHeT 1602 ro.n.a. O.n.ttaKo Ra-Be 

HCTOt.JHHK OTJIHt.JaeTCH OT Po-Be 3Ha'-IHTeJibHO 60JibllieH HHTeHCHBHOCTblO ')'-Jiyt.JeH. 

06IIJ.HM He)l.OCTaTKOM Toro H .n.pyroro HCTO'-IHHKa 5IBJI5feTC5f rrporn)KeHHbIH cneKTp 

HeHTpOHOB. 

CToJiy'-lettHe tteiiTpOHOB co cpaBHHTeJibHO «Y3KHM» cneKTpoM, 6JIH3KOM K MO

HoxpoMaTH'-leCKOMy, MO)KeT 6bJTb )l.OCTHrHYTO c DOMOIIJ.b!O KaKOH-JIH6o 3H)l.0-

3HepreTH'-leCKOH peaKQHH, HanpHMep, np11 o6Jiy'-leHl111 .n.eHTpOHa ')'-H3Jiyt.JeHHeM 

c 3Heprneii paBHOH 11JIH 6oJibllieH ero 3Heprn11 CBH3H, paBHOH 2,23 M3B. PeaKUHH 

rrpoTeKaeT rro cxeMe 

5oJiee BbICOKaH CTeneHb MOHOXpoMaTH33U11H MO)KeT 6bITb )J.OCTHrHyTa c IlOMOIIJ.blO 

crreuHaJibHbIX ycTaHOBOK, KOTOpb1e Mbl OITHllieM B CJie)l.yIOIIJ.eM pa3)l.eJie. 

HeiiTpOHHbie 11cTOt.JHl1KH on11chrnaeMoro T11na HallIJI11 ce6e pa3ttoo6pa3ttoe npH

MeHeHHe B Hay'-IHbIX H TeXHHt.JecKHx 3a)l.at.Jax. OrpaHH'-IHMCH Jl.BYMH npHMepaMH. 

HeiiTpoHHbie rrperrapaTbI c ycrrexoM HCITOJih3YIOTCH Jl.JIH aKT11BaUHOHHoro 3Jie

MeHTHoro aHaJIH3a. MeTOJl.11Ka H3MepeHHH 3aKJIIO'-laeTcH B 06Jiy'-leH1111 o.n.11HaKo

BhIM ITOTOKOM HeHTpOHOB 3TaJIOHHOro o6pa3ua, co.n.ep)Kamero H3BeCTHOe KOJIH'-le

CTBO 3JieMeHTa - o6beKTa HCCJie)J,OBamrn H o6pa3u.a, B COCTaBe KOToporo npe)J.nO

JiaraeTCSI npHcyTcTs11e 3Toro 3JieMeHTa. HaJIHt.JHe B HeM JWHHoro 3JieMeHTa H ero 

KOJIHt.JeCTBO MO)KHO onpe)J.eJI11Tb, 3HaH Tl1I1 HcnycKaeMblX t.JaCTHIJ.,, 11X 3Heprmo 

11 nep110.n. rroJiypacrra.n.a. 

B HeqnerrpoMbICJIOBOH rrpaKTl1Ke Ba)KHOH 3a)l.at.JeH HBJIHeTcH pa3JI11t.Jett11e 

B ycJIOBl1HX o6ca)KeHHOH CKBa)KHHbl HeqneHOCHbIX nJiaCTOB OT BO)l.OHOCHbIX. 3a-
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.11.a1-ia 6bJJia peweHa c IlOMOill.b!O TaK Ha3bIBaeMoro HeHTpOHHOro KapOTa)f<a I). 

0.11.Ha H3 MeTO)l,HK H3MepeHHH CBO.ll,HTC51 K CJie.n.yiomeMy. B CKBa1KHHY onycKa

eTC51 repMeTH3HpoBaHHblH npH6op, co.11.ep1Kalll.HH HefnpoHHb!H HCTOqHHK (o6bJqHO 

IlOJIOHHeBo-6epHJIJIHeBblH) H .11.sa cqeTqHKa; 0)1,HH H3 HHX perncTpHpyeT saMe.11.

JieHHbie HeHTpOHbl, a BTopoH: - 1-KBaHTbl, B03HHKa!Olll.He B ( n, ')' )-peaKUH51X. 

Me1K.ll.Y HCToqHHKOM H .11.eTeKTopaMH ycTaHaBJIHBaeTc51 3KpaHHPY!Olll.HH QJHJibTp 

H3 napaqmHa H CBHHU.a. CHrnaJibI, sosHHKaiomHe s cqeTqHKax, c noMOill.b!O 

coorneTcrnyiomeH: 3JieKTpOHHOH annapaTypbI nepe.11.a10Tc5I qepes Ka6eJib Ha nyJibT 

ynpasJieHH51, yCTaHOBJieHHbIH Ha nosepxHOCTH. BsaHMo.11.eH:crnHe HeiiTpoHoB s so.n.e 

H Hecprn HOCHT CXO)l,HblH xapaKTep (noCKOJibKY o6e cpeJJ,bl o6JiaJJ,aIOT npHMepHO 

OJJ,HHaKOBOH KOHJJ.eHTpau.HeH BOJJ,opoJJ,a H, CJieJJ,oBaTeJibHO, OOTOKH 3aMeJJ,JI€HHb!X 

B HHX HeHTpOHOB npH6JIH3HTeJibHO OJJ,HHaKOBb1). OJJ,HaKo soJJ,a 06b1qHo coJJ,ep1K11T 

B cpaBHl1TeJibHO 6oJiblllOH KOHU.eHTpau.1111 aTOMbI xJiopa (s cocTaBe NaCl). 5l.n.pa 

XJiopa 11HTeHCl1BHO IlOrJIOill.a!OT 3aM€JlJI€HHble HeHTpOHbl, HCnycKa51 /-KBaHTbl. 

CTo3TOMy np11 npoX01KJJ,€Hl111 np116opa Ml1MO BOJJ,OHOCHOro TIJiaCTa CKOpOCTb cqeTa 

C'leTq11Ka MeJJ,JI€HHblX H€HTpOHOB 6yJJ,eT M€Hbllle, qeM np11 ero nepeMelll.eH1111 Ml1MO 

HecpTeHOCHOro, a CKOpOCTb cqern cqeTq11Ka 1-KBaHTOB 6y.11.eT HMeTb npoTHBO

IlOJIO)KHbIH xapaKTep. ConoCTaBJieH11e noKasaH11H: Heii:TpoHHoro 11 /-JJ,eTeKTopos 

n03BOJI51eT pasJI11qaTb BOJJ,OHOCHbie ropH30HTbl OT HecpTeHOCHbIX [ 4]. 

§ 4.3. Sl;::i:epHbie peaKTOpb1 

<P11s11Ka 51,n:epHbIX peaKrnpos 11 THnbI 3THX yCTpottcTB paccMaTpHBaIOTC51 B 17-H: 

rnase. 3,n:ech Hae peaKTOpb1 HHTepecyioT JIHlllb KaK HCToqH11KH HeHTpOHOB. Ha ce

ro,n:H51 51,n:epHb!H peaKTOP 51BJI51eTC51 Ha1160Jiee MOill.HbIM HCTOqHl1KOM 3THX qacTHJJ.. 

B cpeJJ,HeM TIOTOK HeHTpOHOB paBeH 1015 qaCT11U Ha cM2 . c; B 3aBl1CHMOCTl1 OT 

rnna peaKTopa 3Ta u.11cppa M01KeT cymecTBeHHo sapb11posaTb B cTopoHy yseJI11qe

Hl15I 11JI11 yMeHhrneH115I. HeH:TpoHHbIH cneKTP peaKTopHbIX HeHTpOHOB cnJiornHoH, 

pasJI11qa51cb B peaKTopax pasHoro rnna cpopMoH: 11 .n.11ana30HOM 3HeprnH:. 06b1qHo 

OH npocT11paeTCH OT .11.oJieii 3B .11.0 .11.ec51rn M3B. 

KaK y1Ke OTMeqaJIOCb, peaKTOpbI 11cnoJih3YIOTC51 JlJI51 noJiyqeH115I caMbIX pasHo

o6pa3HbIX pa,n:110HyKJIH.ll.OB. KpoMe Toro, peaKTop 51BJI51eTCH 11cToqH11KoM MOill.HO-

1
) TiocJJe Toro KaK CKBMKHHa npo6ypeHa, o6bJllHO npoBO,!UlTC51 ee KapOTa)K, 3aKJJJOlJaJOill,HHC51 

ll TOM, lJTO c noMOill,blO COOTBeTCTByJOw,e!l reocjm3HlJeCKOH annaparypbl H3Mep51eTC51 pH,!\ Ba)KHeil

lllllX napaMerpoB (nopHCTOCTH, CTJIOTHOCT!l, 3JleKrponpOB0,1\HOCT!l ll ,1\p.). 0,[(HaKO nocJJe ycraHOBKH 

B CKBa)KHHe CTaJlbHOH rpy6hI If ee l.\eMeHTHpOBaHH51 (lJTO o6ecnelJHBaer MexaHH'leCKYJO npo'lHOCTb 

CKBa)KllHbl) Henocpe,1\CTBeHHhlH KOHTaKT Me)K,[(y H3MepHTeJJbHbIM reocpH3!llJeCKHM np116opoM If no

po,1\0H craHOBHTC51 HeB03MO)KHbIM. B 3THx ycJJOBHHX Ha noMOill,b npHX0,1\llT HeilrpoHHbIH Kapora)K 

(npe,1\JJO)KeHHbIH E. TioHreKopBo B 1941 r.), ocHoBaHHbIH Ha npHMeHeHHH HeilTpOHHOro HCTOlJHHKa; 

HcnycKaeMbie HM 6b1CTpb1e HeilTpOHbI cnoco6HbI npoHHKaTb qepe3 o6ca,1\HYJO rpy6y 11 l.\eMeHTHbIH 

CJIOH H B3a!lM0,1\eHCTBOBaTb c BeW,eCTBOM ropHblX nopo,1\. TIOMHMO HeHTpOHHOro KaporaIB:a npH

MeH51JOT If ')'-KapoTa)K, npH KOTOpOM HCTIOJ!b3yerc51 llCTOlJHHK ')'-KBaHTOB. 83a!lMO,[(eilcTBHe Hcnyc

KaeMbIX HM ')'-KBaHTOB c Bew,ecTBOM nJJaCTOB TI03BOJJ51eT onpe,1\eJJHTb TIJIOTHOCTb ropHb!X nopo,1\. 

HellrpOHHhlH ll ')'-KapOTa)Klf no3BOJJHJOT onpe,1\eJJ51Tb 11 ,1\pyrne CBOHCTBa rIJJacToB (Hx rropHCTOCTb, 

JlllTOJIOfHJO If T. ,!\.). 
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ro rroToKa aHnrnei1Tp1rno, o6pa3y10uu-1xcH rrpH 13- -pacrraAe HAep, B03HHKa!Olll,HX 

a rrpouecce ,LJ:eJieHHH LJ:acTHU 5IAepHoro rop!OLJ:ero (235U, 232Th). 
B 3KcrrepHMeHTaJihHOH HAepHoii cptt3HKe 6oJihWoe 3HaLJ:eHHe HMe!OT Ha6JIIO

AeHHH ITOTOKOB MOHOXpoMaTHLJ:eCKHX HeHTpOHOB AOCTaTOLJ:HO 6oJibll10H HHTeHCHB

HOCTH [7]. CTyLJ:KH TaKHX HeHTpOHOB LJ:aCTO ITOJiyLJ:a!OT c ITOMOlll,h!O crreuHaJibHh!X 

ycTpOHCTB, IT03BOJIH!Olll,HX BhJAeJIHTh H3 o6mero ITOTOKa HeHTpOHOB peaKTOpa Te H3 

HHX, 3HeprnH KOTOphIX rrpHXOAHTCH Ha y3KHH 3HepreTHLJ:eCKHH HHTepBaJI. OrrttrneM 

ABa TaKHX yCTpOHCTBa . 

.llJIH rroJiyLJ:eHHH rryLJ:Ka HeHTpOHOB c OTHOCHTeJibHO Bh!COKOH CTerreHb!O MO

HoxpoMaTH3aUHH HCITOJih3yeTCH MexaHHLJ:eCKHH MOHOXpOMaTOp. BhIXOAHlll,HH H3 

peaKTOpa rryLJ:oK HeHTpOHOB c HerrpepbIBHhlM 3HepreTHLJ:eCKHM crreKTpOM rrocTyrraeT 

LJ:epe3 rrpope3h B 3alll,HTe a MexaHHLJ:eCKHH MOHoxpoMaTOp (pHc. 4.2). B rrpocTeii-

3amHTa 

a 6 

Hei1-
Tpo
Hbl 

8 

PHc. 4.2. CxeMa MexaHwiecKoro MOHoxpoMarnpa: a - npocTei1urni1 sapHattT; 6, B - ycosepweH
cTBOBaHHbie sapHaHTbl 

weM BapHaHTe nOCJieAHero HMeeTCH ABa AHCKa H3 KaAMHH TOJilll,HHOH B 1 MM, 

Haca.IB.eHHhIX Ha o6my!O OCh AJIHHOH l (B 3aBHCHMOCTH OT yc.JIOBHH 3KCrrepHMeHTa 

3HaLJ:eHHH l MoryT cocTaBJIHTh OT HeCKOJihKHX MeTpOB AO AeCHTH MeTpos). B AHC

Kax HMe!OTCH Y3KHe paAHaJihHhie rrpope3H, cMelll,eHHhie Apyr OTHOCHTeJihHO Apyra 

Ha HeKOTOphIH yroJI a (pttc. 4.2, a). KaAMHH yKa3aHHoii TOJilll,HHhI rrornomaeT, KaK 

H3BeCTHO, rrpaKTHLJ:eCKH see rraAa!Olll,He Ha Hero TeITJIOBbie HeiiTpOHhl (CM. IT. 3.6.2, 
pttc. 3.12). EcJIH BpamaTh och c rrocTOHHHOH yrnosoii CKopocTh!O Ill,, TO LJ:epe3 

rrpope3H CMoryT rrpoHTH J!Hillh HeHTpOHhl, AJIH KOTOpb!X Bh!ITOJIHHeTCH ycJIOBHe 

(4.1) 
w 

rAe 1J - cKopocTh rrpoweAWHX HeiiTpOHOB. MeHHH w, MOJKHO rroJiyLJ:aTh HeiiTpOHhI 

pa3HOH CKOpOCTH. 

MoHoxpoMaTOp MO.IB.eT 6hITh ycosepweHCTBOBaH nyTeM 3aMeHhI AHCKOB 

CTaJibHh!M UHJIHHAPOM (poTOpOM)' B KOTOpOM npope3aHhl BHHT006pa3Hhle lll,eJIH 

(pttc. 4.2, 6, e). CKopoCTh rrpoxOAHlll,HX LJ:epe3 HHX HeiiTpoHoB TaK.IB.e orrpeAeJIHeTCH 

Bhipa.IB.emreM ( 4.1 ). CTaJih yAaJIHeT H3 nyLJ:Ka HeiiTpOHhI 60.Jiee BhICOKHX 3Heprnii, 

LJ:eM KaAMHH. CTpH HCITOJih30BaHHH eme HeKoTOph1x norJIOTHTeJieii HeiiTpOHOB 

BepxHHH 3HepreTHLJ:eCKHH rrpeAeJI MOHoxpoMaTOpa MO.IB.eT 6h!Th AOBeAeH AO 1 38. 
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,UpyroH: MeTO)l, rrpHro)l,eH )].JUI peaKTOpOB HJIH ycKopHTeJieH, pa6oTa!Olll,HX 

B HMITYJibCHOM pe)!rnMe. HeH:TpottbI, HcnycKaeMbie HMnyJihCHbIM HCTOLJHHKOM, 

rrorra)l,a!OT B BaKyyMHpOBaHHYIO Tpy6y )l,JIHHOH l nopHAKa HeCKOJibKHX COTeH 

MeTpOB. B rrpoa,ecce rroJieTa tteH:TpottoB npoHCXOJJ.HT HX pa3AeJiettHe no CKopocrnM. 

Ha KOHIJ,e Tpy6hI IlOCTaBJieHa 3aCJIOHKa, KOTOpaH CHHXpOHHO OTKpbrnaeTcH JIHillb 

B MOMeHTbl, KOr)l,a tteH:TpOHbl c )l,aHHOH CKOpOCTb!O 79 rrpOHAYT paCCTOHHHe l. 
3THM o6ecrreLJHBaeTCH Bb!XOA H3 Tpy6hI HeHTpOHOB co CTporo orrpe)l,eJieHHOH 

3tteprneH:. 

§ 4.4. KocMH1JeCKHe Jiyqu 

Koc.MUtleCKU.MU Aylia.MU (HJIH KOC.MUlieGKU.M U3JlytleHue.M) Ha3b!Ba!OT ITOTOK 

cTa6HJibHblX LJaCTHIJ, Bb!COKHX 3HeprnH:, sarrOJIHHIOlll,HX MHpOBOe npOCTpaHCTBO, 

H BTOpHLJHOe H3JIYL!eHHe. 06pa3yeMoe 3THMH L!aCTHIJ,aMH B 3eMHOH arMocct>epe. 

K ttacroHW,eMy speMeHH ttaKorrJietta o6wHpttaH HttcpopMaIJ,HH o cpH3HL!eCKHX xa

paKTepHCTHKax KOCMHL!ecKHX JiyLieH (3ttepreTHL!eCKHX crreKrpax, yrnoBhIX pacrrpe

AeJieHHHX, C03)l,aBaeMb!X HMH )l,03ax HT. A.) [13]. 
PasJIHLJa!OT rrepBHL!Hbie KOCMHL!eCKHe JIYLJH, COCTOHW,He H3 raJiaKTHL!eCKHX 

KOCMHL!eCKHX Jiy'-!eH (fKJI) c 3HeprneH: OT COTbIX )l,OJieH f 3B AO CTa H 6oJiee 

f3B, H HcrryCKaeMhie CoJIHIJ,eM coJittet.Jttbie KOCMHL!ecKHe JIYL!H (CKJI) co stta'-!H

TeJihHO MeHhWHMH 3HeprttHMH; THITHL!Hbie 3HaLieHHH 3tteprHH CKJI cocTaBJIHIOT 

40-50 M3B. 0TMeTHM, '-!TO KHHeTHLiecKHe 3tteprnH KOCMHL!eCKHX '-laCTHU Ha 

MHOfO rropHAKOB rrpeBbIWa!OT KHHeTHL!eCKHe 3Hepnm H3JIYL!eHHH 3eMHOro rrpOHC

XO)K)l,eHHH, paBHbIX, KaK Mb! 3HaeM, rro rropHAKY BeJIHL!HHbI 0, 1-10 M3B. 

fKJI COCTOHT H3 npoTOHOB c MaJIOH rrpHMeCb!O Apyrnx L!aCTHIJ,. 5-lJJ.epHbIH 

cocTaB CKJI, OTJIHL!aHCb OT HAepttoro cocTasa fKJI, rrpH6Jitt)KeHHO coorseTcrnyeT 

COCTaBy COJIHel.JHOH aTMoccpepb!. 

B OTJIHL!He OT fKJI, C03)1.a!OW,HX ITOCTOHHHblH cpoH BblCOK03HepreTHl.JeCKHX 

qacTHIJ,, CKJI B03HHKaIOT arrepHOJJ.HL!eCKH, so speMH TaK Ha3hIBaeMhIX coJIHe'-!HbIX 

xpoMoccpepHblX BCITbIWeK, corrpOBO)K)l,a!Olll,HXCH BbI6pocoM B OKpy)KaIOmee rrpo

CTpaHCTBO ITOTOKOB LJaCTHIJ,, rJiaBHbIM o6pa30M npOTOHOB. 

B pesyJihTaTe ssaHMOJJ.eHcTBHH nepBHL!Horo KOCMHL!ecKoro H3Jiy'-!eHH5I c 5I,l1.pa

MH aTOMOB aTMOCcpepbl o6pasyeTCH orpOMHOe KOJIHl.JeCTBO BTOpHL!HbIX, rpeTHL[HblX 

H T. )].. L!aCTHIJ,. 

OcraHOBHMCH Ha pOJIH KOCMHLJeCKOfO H3JiyL[eHHH KaK HCTOL!HHKa MHKpoqa

CTHIJ,. ,Uo cpaBHHTeJibHO He)l,aBHero BpeMeHH KOCMHLJeCKOe H3Jiy'-!eHHe 5IBJIHJI0Cb 

e)l,HHCTBeHHbIM HCTOL!HHKOM L!aCTHIJ, c 3HeprneH:, )l,OCTaTOL!HOH )l,JIH o6pa30BaHHH 

Me30HOB H nmepOHOB. B ero COCTaBe BCTpeL!a!OTCH see H3BeCTHbl€ B HaCTOH

mee speM5I 3JieMeHTapHbie LJaCTHIJ,bl, rrpHL!eM MHOrne H3 HHX 6b!JIH 06Hapy)K€Hbl 

HMeHHO npH HCCJie)l,OBaHHH KOCMHL!eCKOfO H3Jiyt.JeHHH. 0)].HaKO c IlOHBJieHHeM 

ycKOpHTeJieH, Il03BOJI5Il0lll,HX noJiyL[aTb npOTOHbl B )J.eC5ITKH, COTHH H Tb!CHl.JH f3B, 

KOCMHLJeCKOe H3Jiy'-!eHHe rroTep5IJIO CBOe HCKJI!Ol.JHTeJibHO 3Ha'-!eHHe AJIH cpH3HKH 

MHKpOL!aCTHIJ,. Ho OHO noKa l.JTO OCTaeTC5I e)J,HHCTBeHHblM HCTOL!HHKOM LJaCTHIJ, 

csepXBb!COKHX 3Heprni1, xorn 3Ha'-!HMOCTb 3TOH cpyttKIJ,HH KOCMH'-!€CKHX JIY'-!€H 
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no Mepe co3.namrn Bee 6oJiee MOW:HhIX ycKop1ueJieH: Ha BCTpeYHhIX nyYKax 

(CM. n. 5.3.1 I) nocTeneHHO nomrn<aeTCH. 

TeM He Mettee, HHTepec K H3yYeHHIO KOCMHYeCKHX Jiyqef.i: no pH.UY npHYHH He 

yMeHhIJJaeTCH. 3TO B nepByIO oqepe,Ub CBH3aHO c npo6JieMOH npoHCX02K,Uemrn KOC

MHYeCKHX Jiyqef.i:. Ee peweHHe 6y.ueT cnoco6crnoBaTh yrny6JieHHIO npe.uCTaBJieHHH 

0 MexaHH3MaX cpopMHpOBaHHH 3Be3,U H raJiaKTHK H 3BOJIIOU,HOHHhlX npou,eccax 

BO Bcem:HHOH. OnaIOTCH tteperneHHblMM M pHA npo6JieM Mettee Macrnrn6ttbIX. 

K HHM OTHOCHTCH, HanpHMep, npo6JieMa OTpa2KeHHH (aJih6e.uo) KOCMHYeCKHX 

Jiyqef.i: OT aTMOCcpep 11 noBepXHOCTeH KOCMHYeCKHX TeJI, np11Y11Hhl nOBblllleHHO

ro CO,IJ.ep2KaHHH H,!l.ep JIHTHH, 6epHJIJIHH 11 6opa B COCTaBe KOCMl1YeCKHX Jiyqej:{ 

(B 105 pa3 npeBh1wa10w:ero HX co.uep2KaHHe B cpe.uHeM BO BceJieHttoH:). 0TMe

Tl1M TaK2Ke, YTO cpH311Ka KOCM11YeCKHX Jiyqef.i: TeCHO CBH3aHa c HOBbIMH 6hICTpo 

pa3BHBa!OW:HMHCH BeTBHMH aCTpOHOMHH, OCHOBaHHblMH Ha H3MepeHHHX HeHTpHHO 

H cpoTOHOB (B raMMa- 11 peHTreHOBCKOM ,UHana30Hax), c nOMOW:b!O KOTOpb!X 803-

MO)KHO noJiyqeHHe ytt11KaJibHOH ttayqttoi1: Htt<PopMa11,11H. Mb1 BeptteMCH K H3yYeHHIO 

KOCMHYeCKHX Jiyqei1: B fJI. 23. 



f Jiasa 5 

YCKOPHTEJIH 3AP.SDKEHHbIX qACTHIJ. 

§ 5.1. 4>H3H11eCKHe npHHIJ;Hilbl pa60Tbl ycKopnTeJieH 

H HX KJiaccml>HKaIJ;HSI 

YcKop11TeJn1 rrpeACTaBJIHIOT co6oii yCTpoiicTsa, rro3BOJIHIOlll.11e MHoroKpaTHO 

yBeJiwrnBaTb 3Heprnio 3JieKTpoHoB 11 rroJIO)Kl1TeJibHbIX 110HOB. H11)KHl1H rrpeAeJI 

3Heprn11 ycKopeHHbIX 110HOB .ll,OJDKeH 6b!Tb .ll,OCTaTO'-!HbIM AJIH rrpeo.LI,OJieHl1H Cl1Jlbl 

KYJIOHOBCKOro oTTaJIK11BaH11H Me*AY rraAaiomeii qacT11ueii 11 H,LI,poM-M11IIIeHbIO. 

3Ta 3HeprnH, COOTBeTcTByIOlll.aH Bb!COTe KYJIOHOBCKOfO 6apbepa HApa, COCTaBJIHeT 

HeCKOJibKO Mera3JieKTpOHBOJibT. c ITOMOlll.b!O '-laCT11U, ycKopeHHb!X AO 3Heprn11 

He CBbIIIIe AByx-Tpex AeCHTKOB M3B, B03MO)KHO 113y'-leH11e rnaBHbIM o6pa3oM 

CBOHCTB HApa KaK ueJioro, Harrp11Mep, Cl1CTeMbl ero ypoBHeH 3Hepr1111, oco6eHHO

CTeH ce'-!eHl1H B3al1MOAeHCTBl1H, xapaKTep11CTl1K rrpOAYKTOB peaKU1111 11 rrp. I1p11 

yCKopeH1111 qacT11U AO 3Heprn11 nopHAKa coTeH M3B B03MO)KHO 11x B3a11M0Aeii

crn11e c 0TAeJibHblM11 HYKJIOHaM11 B COCTaBe HAep, '-!TO Il03BOJIHeT 11CCJieAOBaTb 

BHyTpeHHIOIO CTPYKTYPY rrocJieAH11X. I1p11 yCKopeHl1H AO yKa3aHHbIX 3Heprni1 

3JieKTpOHOB B03MO)KHO 113y'-!eH11e HeHAepHb!X (3JieKTpOMarHl1THbIX) CBOHCTB HAep. 

M11KpoqacT11UbI, ycKopeHHbre AO 60JibIII11x 3Heprnii (rropHAKa 1 f 3B 11 BbIIIIe) 

npeACTaBJIHIOT 11HTepec rJiaBHb!M o6pa30M He AJIH cp11311Kl1 aTOMHb!X HAep, a AJIH 

<fi11311Kl1 3JieMeHTapHb!X '-!aCT11U; 11MeHHO rrp11 TaKl1X 3HeprnHX ocymecTBJIHIOTCH 

B3al1MOA€HCTBl1H M€)KAY Hl1Ml1, Ba)f<HOH oco6eHHOCTbIO KOTOpb!X HBJIH€TCH, KaK 

Mb! 3HaeM, 11X B3al1MOnpeBpamaeMOCTb. 

TeM He MeHee, rrp11H11MaH BO BHl1MaH11e TeMaTl1KY HaCTOHlll.€H KHl1fl1, B 3TOH 

rnaBe OCHOBHOe BHl1MaH11e Mb! YA€Jil1M MeTOAaM ycKopeHl1H MHKpo'-!aCTHU AO 

yrroMHHyToro BbIIIIe 3HepreT11'-!ecKoro rrpeAeJia oKoJio 1 f3B. YcKop11TeJI11 Ha 60Jib

w11e 3Heprn11 6YAYT paccMOTpeHbI B KOHUe rnaBbI JIHWb cpparMeHTapHo ( c TOH 

neJib!O, '-!T06b! y '-!11TaTeJIH CJIO)KHJIOCb ueJIOCTHOe npeJI,CTaBJieH11e 0 COBpeMeHHOM 

ypoBHe TeXH11KH ycKopeH11H '-!aCT11U). 0TMeTl1M TaKlKe, '-!TO HaCTOHlll.afI fJiaBa He 

HBJIHeTCfI ITOJIHb!M o63opoM ycKop11TeJibHOH TeXHHK11; Mb! 6yAeM OI111CbIBaTb TOJibKO 

HeKOTOpbie ycTpOHCTBa 113 MHO)l(eCTBa ycKop11TeJieH, C03AaHHbIX K HaCTOHllJ.eMy 

speMeH11. 

BalKHeHIIIeii xapaKTep11cT11Koii ycKop11TeJIH HBJifleTcfI rroMHMO rroJIHOH 3HeprnH 

yCKopeHHbIX '-!aCT11U E TaKlKe 11HTeHCl1BHOCTb 11x rry'-!Ka N, T. e. '-!11CJIO '-!acT11U, 

11crrymeHHb!X B eJI,HHHUY BpeMeHH; aJibTepHaTHBHb!H 11HTeHC11BHOCTl1 napaMeTp -

TOK I= qN, rAe q - 3apHA '-!aCT11UbI. 
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CTpoCTei1ru11i1 cnoco6 ycKopeHHH 3aKJIIO'-IaeTcH B npoxmKJl.eHHH 3apmKeHHOH 

'-laCTHUei1 npOMe)KyTKa, B KOTOpOM C03,ll.aHa BbICOKa51 pa3HOCTb noTeHuHaJIOB. 

Llpyroi1 npHeM ycKopeHH51 OCHOBaH Ha MHOfOKpaTHOM npoXO)K,ll.eHHH '-!aCTHUeH 

npoMe)KyTKOB, r,ll.e C03,ll.aHbl cpaBHHTeJibHO He60JibIIIHe pa3HOCTH noTeHUHaJia. 

J1,BH)KYllla51C51 '-!epe3 HHX '-laCTHUa nocTeneHHO yBeJIH'-IHBaeT CBOIO CKOpOCTb, ycKO

p5151Cb Jl.O 38Jl.8HHOro BbICOKOro 3Ha'-leHHfl 3HeprmI. 

C KOHCTPYKTHBHOH TO'-IKH 3peHHH ycKop11TeJIH MO)KHO pa36HTh Ha )!,Be ocHoB

Hbie rpynnhI. CTepBaH H3 HHX npe.ll,CTaBJieHa ycrnHoBKaMH, B KOTOphIX '-!aCTHUhl 

B npouecce ycKopeHH51 )l,BH)KYTC51 no)!, 11,eHCTBHeM CH.JI 3JieKTpH'-1eCKOro nOJI51 no 

npHMOJIHHei1Hoi1 (HJIH no'-lrn npHMOJIHHei1Hoi1) TpaeKTOpHH. Cpe.ll,H ycKopHTeJieH I 
nepBOH rpynnhI pa3JIH'-la!OT ycTpOHCTBa, B KOTOpb!X ycKopeHHe '-laCTHU ocymecTB- ! 
JIHeTCH noCTOHHHbIM no BpeMeHH 3JieKTpH'-1eCKOM noJieM; npHMepoM CJIY)KHT ycKO- ! 
pr1TeJJb BaH-)1,e-fpaacpa H ycTaHOBKH, B KOTOpbIX ,ll.JJJ! ycKopeHHJ! HCnOJJh3yeTC5I 

nepeMeHHOe 3.JieKTPH'-!eCKOe noJie; K HMM OTHOC51TC51 JJHHeHHbie YCKOpHTeJIH. 

B ycKop11TeJIHX BToporo THna Ha '-!aCTHUY )l,ettcTBYIOT KaK 3.JieKTpH'-!ecKRe, TaK 

H MarHHTHhie CHJibl. c nOMOlllblO 3JieKTpH'-leCKOro noJI51 ocymecTBJIHeTC51 ycKO

peHHe. MarnHTHoe noJie He BJIHHeT Ha KHHeT11'-!ecKy10 3HeprnIO '-!aCTHU, a npH

MeHHeTcH KaK cpe!l,CTBO, IT03BOJI5l!Olllee H3MeHHTb HX HanpaBJieHHe Jl.BH)KeHHH 1). 

TpaeKTop1111 '-!aCTHU B ycKopHTeJIHX 3Toro THna, Ha3hrnaeMhIX LfrUKAUlieCKU.MU, 

HBJIJIIOTCH Kp1rnomrnei1.HhIMH. UHKJIH'-leCKHe ycKopHTeJIH, B KOTOpbIX ycKopem1e 

ocyrn.eCTBJI51eTC51 nepeMeHHb!M 3JieKTpH'-1eCKHM noJieM, CHHXpOHHb!M '-laCTOTe o6-

pameHH51 '-!aCTHUbl, Ha3b!Ba!OTC51 pe301-taHCHbl.MU (UHKJIOTpOH, cpa30TpOH H .ll,p.). 

l1HOH npHHUHn ycKopeHH51, ocymeCTBJI51eMhIH B UHKJIH'-leCKOM HHJl.YKUHOHHOM 

yCKopHTeJie - 6eTaTpoHe, 3aKJIIO'-laeTCH B B03Jl.ei1cTBHH Ha '-!acrnuy (3JieKTpoH) 

BHxpeBoro 3JieKTpH'-1ecKoro noJIH. HaKoHeu, B MHKpoTpoHe 3JieKTpoH ycKopReTCH 

3a C'-leT BblCOKO'-laCTOTHOH 3HeprHH pe30HaTopa. 

CTo .ll,pyroMy npH3HaKy UHKJIH'-!eCKOe ycKOpHTeJIH pa3)1,€JI5llOTC51 Ha yCTaHOBKH, 

B KOTOpb!X '-laCTHUbl )l,BH)KYTCH nO,ll. )l,eHCTBHeM nepeMeHHOfO 3JieKTpH'-!eCKOrO 

OOJI51 no crr11paJIH (UHKJIOTpoH, cpa30TpOH, MHKpOTpoH), H ycTpoi1cTBa, B KOTOpbIX 

'-laCTHUbI HMe!OT HeH3MeHHYIO 3aMKHYTYIO (B '-!aCTHOCTH, KpyroByIO) TpaeKTOpH!O 

(6eTaTpOH, CHHXpOTpOH, CHHXpocpa30TpoH). CHHXpOTpOH, 6eTaTpOH H MHKpOTpOH 

npe.D,Ha3Ha'-leHhl )l,JIH ycKopeHHH 3JJeKTpOHOB, a UHKJJOTpOH, cpa3oTpOH H CHHxpo

cpa30TpOH - T51)KeJib!X '-!aCTHU. 

YcKopHTeJib JII06oi1 CHCTeMhl COCTOHT 113 HCTO'-IHHKa 3ap51)KeHHb!X '-laCTHU (HH

)K€KTOpa), yCKopHIOllleH KaMepbl, B KOTOpoi1 C03)1,aeTC51 Bb!COKHH BaKyyM (o6b!'-IHO 

nopHJl.KOB 10-6-10-8 MM pT. CT.) H Bb!XOJl.HOfO OTBepcrnH, '-1epe3 KOTopoe Bb!BO

)l,HTC51 JIH6o yCKopeHHbIH ny'-IOK, JIH60 C03!1,aHHOe HM B MHilleHH H3JIY'-leHHe. 

0TMeTHM, '-!TO 60JibllIHe COBpeMeHHb!e ycKopHTeJIH 51BJI51!0TC51 '-laCTO KOM6HHH

poBaHHb!MH yCTpoi1crnaMH. HanpHMep, JIHHei1HhIH ycKop11TeJih npornHoB MO)KeT 

6b!Tb HCnOJib30BaH Jl.Jl51 npe.D,BapHTeJibHOro ycKopeHH51 3THX '-!aCTHU, KOTOpbie 

pa3rOH51!0TC51 noTOM Ha cpa3oTpoHe. 

1
) MarnHTHoe noJie HeB03MO)KHO HCTIOJib30BaTb ,!(Jill ycKopeHHll, nocKOJibKY aeKTOp MarHHTHOH 

e 
CHJ!bl fn = - (v, B) HanpaaJieH nepneH,'LHKYJillpHO CKOpOCTH 'iaCTHJ.J,bI v, ll03TOMY pa6orn, BblllOJI

c 
Hl!eMal! 3TOH CHJioil, paaHa Hymo. 
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B npouecce ycKopeHHH HeKoTOphie H3 GaCT11U MoryT BhIHTl1 113 nyGKa (3a cGeT 

l'TOJIKHOBeHl1H c MOJieKyJiaMl1 OCTaT04HOfO ra3a B KaMepe, B pe3yJihTaTe qlJlyK

ryauHOHHOfO 113MeHeHl151 11HAYKU1111 MarH11THoro noJIH B c11Jiy ,L1,pyr11x np11G11H), 

11TO npHBO,ll,11T K yMeHbWeHl1IO (11H0f,D,a 3HaGl1TeJibHOMY) 11HTeHCl1BHOCTl1 nyqKa. 

llo3TOMY O,D,Ha 113 OCHOBHbIX npo6JieM, KOTopyIO np11XO,ll,l1TC5I pernaTb np11 KOHCTpy

HpOBaHHH ycKop11TeJieH, COCTOl1T B 06ecne1.JeHHl1 ycTOH411BOfO ,ll,BH2KeHl151 qacT11U 

110 op611Te. 3Ta Ba2KHaH npo6JieMa o6cy2K,D,aeTCH B cJie,D,yIOmeM naparpacpe. 

§ 5.2. Ilpo6JieMa ycToff:q:usoro JJ;BHJKeH:uSI ycKopsieMhIX IIaCTHU: 

5.2.1. IIpuHI.1.un aeTocl>a3upoeKu. CJia6aH ct>oKycupoeKa. Pa6oTa pe30-

11aHCHhIX ycKop11TeJiei1 OCHOBaHa Ha TaK Ha3bIBaeMOM npUHl{Une aemoc/Ja3upOBKU, 
yCTaHOBJieHHhIM B 1945 r. B.11. BeKcJiepoM (CCCP) 11 He3aBl1CHMO OT Hero 

3. MaKMl1JIJiaHOM (ClllA) [9, 17]. Cornaetto 3TOMY np11Hu11ny B npouecce ycKo

peH11H qacT11UhI pacnpe,D,eJIHIOTCH no rpynnaM, npw1.eM B Ka2K,D,OH rpynne HMeeTCH 

TaK Ha3bIBaeMa51 paBHOBecHaH qacT11ua, HaXO,ll,HIUa51C51 B Ha1160Jiee 6JiaronpH51THbIX 

ycJioBmix ycKopeH11H. OCTaJibHhie qacT11UhI rpynnhI Ha3hIBaIOTCH HepaBHOBeCHbI

Ml1. 11cnbITbIBa51 MaJibie B03MymeH1151 B npo,D,OJibHOM HanpaBJieHl111 ,ll,BH2KeHl151, 

OHl1 COBeprnaIOT HeOOJlbWl1e KOJie6aHl151 OKOJIO TpaeKTOp1111 paBHOBeCHOH GaCT11Ubl 

(p11c. 5.1). 06cy,L1,11M 6oJiee ,D,eTaJibHO npo6JieMy ycTOHGl1BOCTH 1) ,ll,Bl12KeH11H qa-

E 

YsemiqeHHe 3HeprnH 
---PaBHOBeCHOH qacTHJ..{bl 

YseJrnqeHHe 3HeprnH 
- HepaBHOBeCHOH qacTHUbl 

P11c. 5.1. Tiosep,eHHe paBHOBeCHOH H HepaBHOBeCHOH qacn1uh1 B npouecce ycKopeHHH cornacHo 

npHHUHTIY aBTocjla3HpOBKH 

l'THU B U11KJil1GecKOM ycKop11TeJie c aKCl1aJibHO-Cl1MMeTp114HblM MafHl1THblM noJieM; 

cxeMa Me2KDOJIIOCH0f0 3a3opa ITOKa3aHa Ha p11c. 5.2. fop1130HTaJibHaH (Me,L1,11aH-

11aH) IlJIOCKOCTb, B KOTopoi1 ,ll,Bl12KeTC51 4aCTl1Ua c MaCCOH m 11 CKOpOCTb!O V, 

11pe,L1,CTaBJI5IeT co6oi1 IlJIOCKOCTb CHMMeTp1111 MarHl1THOfO Il0Jl51. 0CTaHOBHMC51 Ha 

llOBe,D,eHl111 HepaBHOBeCHbIX qaCT11U, ,ll,B112KYIU11XC51 6Jil13 paBHOBeCHOH op611Tbl. 

JlorrycT11M BHa4aJie, GTO OHl1 He Bb!XO,ll,5IT 3a rrpe,D,eJibl Me,L1,11aHHOH IlJIOCKOCTl1. 

B nocTOHHHOM MarHl1THOM noJie c l1H,L1,yKu,11ei1 B pa,L1,11yc paBHoBecHoi1 OKPY2KHOCTl1 

l) B TeopHH ycKop11TeJiei1 TepMHH «ycToiiqrrsocTb» qacrn 3aMeHHeTcH TepMHHOM «<tJoKycrrpoBKa». 

CoOTBeTCTBeHHO BMecTo «HeycToii•msocTH» rosopHT o «P.ecjloKycHpOBKe». 
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Plic. 5.2. MarnHTHoe rroJie UliKJIH'lecKoro ycKopHTeJIH. ITJiocKocTb paBHOBeCHOH op6HTbJ Jie)KHT 

rrocepe.n:HHe 3a3opa neprreH.D:HKYJillpHo 'lepTe)Ky 

r = ro MOJKHO Haifnr, npttpasmrn rn.11y Jlopem.1.a !JI = ~ vB (ttanpasJieHHYIO 
c 2 

no pa.IJ,Hycy K ueHTpy) ueHTpo6eJKHOH CH.Ile HHepUHH f n = rnv (aanpaBJieHHOH 
r 

B npOTHBOITOJIOJKHYlO CTOpOHY). 

l.J.acTHUhl, HCITb!TbIB3lOI.UHe pa.IJ,HaJJhHbie KOJie6aHmr, 6y.IJ,yT B03BpamaTbCH Ha 
paBHOBeCHYlO op6HTY npH ycJJOBHH, 'ITO H3MeHeHHH HH,ll,YKUHH 33,ll,3!0TCH COOTHO

wettHeM 

B = Bo (n < 1), (5.1) 
rn 

r.IJ,e n - ITOCTORHHaR, H83bIBaeMaR noKa3aTeJJeM MafHHTHOfO IIOJJH, Bo - HeKO

TOpb!H napaMeTp, o6ecneYHB3IOUJ.HH coxpaHeHHe pasMepHOCTH B 3TOM paBeHcTBe. 

l.J.T06hI y6e.IJ,HTbCH B cnpase.IJ,JIHBOCTH YCJIOBHH (5.1)' IIOJ],CT3BHM ero B COOTHOWe

HHe jl;JJR CHJibl Jiopem..I,a 

(5.2) 

H nocTpOHM 38BHCHMOCTI1 f IJ, ( r) H !JI ( r) JI.JJR n < 1 H n > 1 (pHc. 5 .3). 11x aaaJJH3 

IIOKa3bJBaeT, 'ITO pa,ll,H3JJbHbie KOJie6aHH51 6yJI.yT yCTOHYHBbl B nepBOM CJJyYae 

f f 

fu 

P!ic. 5.3. 3aB!iCHMOCTb CliJJ, )J.eHCTBY!OW.liX Ha 'laCTlilJ.Y B UHKJIH'leCKOM YCKOpHTeJie OT pacCTOl!HI15!; 
fu - ueHTpo6earnaH CHJia, f, - JiopeHuosa CHJia 

11 HeycTOHYHBbl BO BTOpOM. ,UeiiCTBHTeJihHO, B CJiyYae n < 1 npH r > ro CH.Ila 

Jlopeaua npeBhilllaeT ueHTpo6eJKHYIO CHJJy, 6.11aro;:i;apH YeMy Yacrnua sepHeTCH Ha 

pasaosecayIO op6HTy. Hao6opoT, npH r < ro ueHTpo6eJKHaR CHJJa npeo6JJaAaeT 
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Ha)l, CHJIOH JlopeHil,a. 3TO TaK)Ke npHBe)l,eT K B03BpaTy Y.acTHil,bl Ha paBHO

secHyIO op6HTy. YY.HThIBaH ew:e ee HHep11,HIO, H3 scero cKa3aHHoro BbITeKaeT, 

4TO npH CBOeM op6HTaJlbHOM )l,BH)KeHHH Y.aCTHil,a 6y.rr.eT COBepwaTh He60JiblllHe 

nocJie.rr.oBaTeJihHbie KOJie6aHHH BOKpyr paBHOBecHoi1 oKpy)KHOCTH. AHaJiorHY.Hoe 

coo6pa)KeHHe )l,JI5I CJiyY.a5I n > 1 IlOKa3bIBaeT, Y.TO Y.aCTHil,a, IlOKHHYBlllaH paBHO

seettyIO op6HTy, y)Ke He CMO)KeT BepHyTbC5I Ha Hee ( TaK KaK npH r > ro 6y.rr.eT 

npeo6Jia.rr.aTb 11,eHTpo6e)KHaH CHJia, yso.rr.HW:aH Y.acTH11,y ew:e .rr.aJibllle OT 11,eHTpa, 

a npH r < r0 - npeo6Jia.rr.aeT CHJia JlopeH11,a, yBo)l.HW:aH Y.aCTH11,y Ha paccTOHHHe, 

MeHblllee paBHOBeCHOfO). 

PaccMoTpHM Tenepb B03MO)KHbie CMew:eHHH Y.aCTHil,bI B sepnmaJihHOM Ha

npaBJieHHH. ,IlJIH ee B03BpaTa B IlJIOCKOCTb CHMMeTpHH MarttHTHOe IlOJie )l,OJI)KHO 

cna)l,aTb c yseJIHY.eHHeM pa.rr.Hyca op6HTbl, '-ITO )l,0CTHraeTC5I npH IlO)l,CTaHOBKe 

B (5.1) n > 0. Jlei1cTBHTeJibHO, o6paTHMC5I BHOBb K pHC. 5.2. <PopMa IlOJIIOC

Hb!X HaKOHeY.HHKOB H pacceHHHe ITOJl5I Ha KpaHX Marmna o6ecneY.HBaIOT ero 

MOHOTOHHOe OCJia6JieHHe B pa.rr.HaJibHOM HanpaBJieHHH, npHY.eM CHJIOBhle JIHHHH 

nOJI5I nocTeneHHO CTaHOB5ITC5I HeCKOJibKO Kp1rnomrneHHb!MH. )lonyCTHM, Y.TO HOH 

)l.BH)KeTcH no cnHpaJIH BHe Me.rr.HaHHOH nJIOCKOCTH. Toma, cornacHo npaBHJIY 

J1esoi1 pyKH, Ha Hero 6y.rr.eT .rr.ei1cTBoBaTh cHJia ~ [vB] (yKa3aHa CTpeJIKaMH), 
c 

HanpaBJieHHa5I K 3TOH IlJIOCKOCTH. 

TaKHM o6pa30M, ycTOHY.HBOCTb )l,BH)KeHHH Y.aCTHil,hI B Me)KnOJIIOCHOM npo

crpaHCTBe MafHHTa o6ecneY.HBaeTC5I ycJIOBHeM 

O<n< 1. (5.3) 

ct>oKyrnpoBKa, OTBeY.aIOW:aH Tpe6oBaHH!O (5.3) Ha3hJBaeTC5I CJla6ou. 0TMeTHM, Y.TO 

He Bee 3HaY.eHH5I n, npHXO)l,5IW:HeC5I Ha HHTepBaJI 0-1, 5IBJI5I!OTC5I .rr.onyCTHMb!MH. 

)J,eJIO B TOM, Y.TO npH HeKOTOpb!X H3 HHX B03HHKaIOT napa3HTHY.eCKHe pe30HaHCbl, 

HapywaIOW:He ycTOHY.HBOCTb )l,BH)KeHH5I. npe)l.CTaBHM, HanpHMep, Y.TO 3a CY.er 

He)l,OCTaTOY.HO xopowei1 CTa6HJIH3all,HH HH)l.YKI1,H5I MarHHTHOfO IlOJI5I Bee speMH 

HeCKOJibKO H3MeHHeTcH, KOJie6JIHCb OKOJio csoero cpe.rr.Hero 3HaY.eHHH. EcJIH npH 

3TOM B MarHHTHOM IlOJie HMeeTCH MeCTHaH HeO)l,HOpo.rr.HOCTb, TO MO)KeT cJJy-

4HTbC5I, Y.TO Y.aCTOTa CHCTeMaTHY.eCKHX qJJiyKTyall,HH BHeurnero IlOJI5I OKa)KeTCfl 

B cpa3e c Y.aCTOTOH o6paw:eHHfl Y.aCTHil,bl Y.epe3 HeO)l,HOpo.rr.HOCTb, B pesyJibTaTe 

4ero B03HHKHeT TaK Ha3bIBaeMb!H BHelllHHH pesottaHC, H ycTOHY.HBOCTb )l,BHM.eHH5I 

HapywHTCH. PesottaHCbI MoryT B03HHKaTh H no pH.rr.y .rr.pyrnx npHY.HH. B HTore 

.n,onycTHMhie 3HaY.eHHfl n YKJia)l,bIBaIOTCfl B npe.rr.eJiax y3Koro )l.Hanasotta OT 0, 1 .no 

0,2. no3TOMY K CTeneHH 0)1,HOpO)l.HOCTH MafHHTHOfO IlOJ!fl H ero CTa6HJJH3all,HH 

3JieKTpoMarHHTOB npe)l,b5IBJifl!OTC5I OY.eHb M.eCTKHe Tpe6oBaHHfl. 

JlpyrnM KpynHb!M He)l,OCTaTKOM yCKopHTeJieH co CJ!a6oi1 cpoKyCHpOBKOH f!BJJf!

eTCH 60JibllJafl aMilJIHTy.rr.a KOJie6aHHH ttepaBHOBeCHbIX Y.aCTHil, BOKpyr paBHOBec

HOH op6HTbl. HanpHMep, B COBeTCKOM CHHXpocpa3oTpOHe Ha 10 f3B (r. )ly6tta) 

3Ta aMnJIHry.rr.a )l,OCTHraeT 2 M. 

5.2.2. CnJihHasr <t>oKycnposKa. 0TMeY.eHHbie He.rr.ocraTKH yCKopHTeJieH co 

CJia6oi1 cpoKycHpOBKOH B 3HaY.HTeJibHOH Mepe ycrpaHHIOTC5I npH OTKa3e OT aKCH

aJibHO-CHMMeTpHY.Hb!X MafHHTHb!X noJieH H nepexo.rr.e K CUJlbHOU (HJIH )KeCTKOH) 
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cpoKyrnpoBKe, npe,nJio)f{eHHOH B 1950 r. H. Kp11cTacp11JiacoM 11 B 1952 r. He3aBH

CHMO 3. KypaHTOM, M. Jl11B11HrCTOHOM 11 X. CHaH:,nepoM (ClllA) [ 11, 17]. 
PaccMoTpHM ee ,neii:cTBHe no,npo6Hee. )J.onycrnM, YTO Marn11T pa36HT Ha 6oJib

woe YHCJIO ceKTopoB, 11Me10m11x OJJ,HHaKoBhIH pacrnop 11 06pa3y10m11x OKPY*HOCTh 

(pHC. 5.4, a). CTo xapaKTepy I13MeHeHH5I nOJI5I B paJJ,HaJibHOM HanpaBJieHHH CeKTOpa 

PaJlHaJ1bHaH 
ne¢oKycaposKa 

n=+400 

a 

,Ue¢oKyrnpyIOw,ae J11iH3bI 

6 

Pac. 5.4. a - PacrroJ10)KeHae ceKTopoB MarHHTa rrpa CliJ1bHOH ¢oKycapoBKe; unpaxoBKOH BbIAeJ1eHa 
o6J1aCTb ABmKeHHH 43CT!il(, ¢oKycapyIOW,!iXCH B paAli3J1bHOM HarrpaBJ1eHHli; 6 - OllTli'JeCKaH 

aHaJ10fliH CliJ1bHOH ¢oKycapOBKli 

MO)f{HO pa36!1Tb Ha JJ,Be rpynrrhI: y rrepBbIX ITOJie pe3KO yMeHblllaeTCH c poCTOM r 
(no3TOMY n ropa3JJ,O 60Jibllle eJJ,HHHU:bl), a y BTOpb!X - pe3KO yBeJIH'IHBaeTC5I 

c pocTOM r (no3TOMY n ropa3JJ,O MeHbrne HYJIH). CeKTOpb1 3THX rpyrrn pacno

JIO)f{eHhI BnepeMernKy qepe3 OJJ,HH. B ceKTopax nepBoro THrra ocymecTBJIHeTCH 

cpoKyc11pOBKa no aKCHaJibHOH OCH I1 ,necpoKyc11poBKa no pa,ll,HaJibHOH OCH, B ceKTO

pax BTOporo THITa Hao6opoT, qaCTHU:bl cpoKycHpyIOTC5I B pa,ll,HaJibHOM HarrpaBJieHHH 

H ,necp0Kyc11py10TCH B aKcHaJihHOM. YYHTbIBaH OJJ,HHaKOBhie pa3Mepb1 Bcex ceKTopoB 

I1 O,ll,HHaKOBOe BpeMH JJ,eHCTBI15I cpoKyc11poBKH I1 ,necpoKyc11poBKH, MO)f{HO, Ka3aJIOCb 

6b!, CJJ,eJiaTb Bb!BO,ll, 0 He3cpcpeKTHBHOCTH TaKOH ycTaHOBKH KaK cp0Kyc11py10mero 

ycTpo11crna. 

0,nHaKO 3TO He TaK. )J.eJIO B TOM, 'ITO ,ll,O CHX rrop Mb! He YYHTbIBaJIH O,ll,HH 

crreu:HcpHYeCKHH 3cpcpeKT, cylll,HOCTb KOTOporo y,no6Ho noHCHHTb c noMOlll,b!O on

TH'leCKoro rrp11Mepa. Ha p11c. 5.4, 6 rroKa3aHo ycTpoH:crno 113 rroCJieJJ,oBaTeJibHO 

pacrroJio)f{eHHhIX co611pa10m11x 11 pacce11Ba10m11x JIHH3 OJJ,HHaKoBoii: CHJihI. B orrpe

,neJieHHhIX ycJIOBWIX OHM cnoco6Hbl ccpoKyc11poBaTb Jiyq CBeTa 3a C'leT Toro, 'ITO 

B cp0Kyrnpy10m11x JIHH3aX OH rrpoXO,ll,HT JJ,aJibllle OT rJiaBHOH OCH, YeM B ,necp0Ky

c11py10m11x JIHH3ax. 

AHaJiornYHO o6cTOHT JJ,eJio 11 B pa3611paeMOM cJiyYae. 06cy,n11M BHaYaJie 

rrpou:ecc OTKJIOHeHHH qacTHU: B pa,n11aJihHOM HarrpaBJieHHH. B ,naHHOM cJiyYae 

cpoKyrnpyIOlll,HMH 5IBJI5IIOTC5I ceKTOpa c n « 1, a ,necpoKyrnpyIOlll,HMH - c n » 1. 
B ,necp0Kyc11py10m11x ceKrnpax YaCTHU:hI, OTTaJIKHBaHCh MarnHTHhIMH c11JiaM11 OT 

op6HTbl, rrpoXO,ll,5IT 6Jiaro,napH 3TOMY coceJJ,HHH cpoKyrnpy!Olll,HH ceKTOp Ha 60Jib

weM paccTOHHHH OT Hee. B 3TOM ceKTope MarHHTHaH CHJia CTpeMHTCH rrp116JIH3HTh 
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yacrnuy K op6HTe. Oo3TOMY B cJie,!1,yJOw,eM ,!1,ecpoKyrnpyJOw,eM ceKTope 1rnCTHUa 

BHOBb npH6JIH3HTC5I K op6HTe H T. ,!I,. 

OpoBe,!l,H no MaKCHMaJibHbIM OTKJIOHeHHHM I.JaCTHU orn6aJOw,He JIHHHH, y6e

,!1,HMC5I, l.JTO OHH OTXO,!l,5IT OT op6HTbl B cpoKyCHpy!Oill,HX CeKTOpax H no,!l,X0,!1,51T K HeH 

B ,!1,ecpoKycHpyJOw,Hx (cM. pHc. 5.4, a). TaKHM o6pa3oM, I.Jacrnua B cpoKyrnpyJOw,Hx 

ceKTOpax c n << 1 B cpe,!1,HeM npoXO,!l,HT Ha 60JiblllHX pacCT05IHH5IX OT op6HTbl, 

YeM B ceKTopax c n >> 1. 3To H cBH,!l,eTeJibcTByeT o npeo6Jia,!l,aHHH cyMMapHoro 

cpoKycHpy10w,ero 3cpcpeKTa B pa,!1,HaJibHOM HanpaBJieHHH. I1HaYe f0BOp5I, ,!l,JI5I nyq

Ka YaCTHU, ,!l,BH1KYW.HXC5I yepe3 paccMaTpHBaeMb!e MarHHTHb!e noJIH, C03,lJ,aeTC5I 

CHTyaUHH no.11,06Ha5I CHTyaUHH ,!l,JI5I JiyI.Ja CBeTa, npOXO,lJ,5IW,ero qepe3 CHCTeMy 

cpoKyCHPYIOW.HX H .11,ecp0Kyrnpy10w,Hx JIHH3, noKa3aHHYIO Ha pHC. 5.4, 6. 
AHaJIOfHLJHO o6cToHT .11,eJio H B a3HMyTaJibHOM HanpaBJieHHH, c TOH pa3HH

uei1, YTO cpoKycHpy!Oill,HM .11,eHCTBHeM 6y.11,yT o6Jia,lJ,aTb ceKTOpbl c n » 1, a .11,e

cpoKyrnpy!Ow,HM - n « 1. CoBMecrnoe ,lJ,eiicrnHe cpoKyrnpoBOK B pa.11,HaJibHOM 

H a3HMyTaJibHOM HanpaBJieHH5IX npHBO,lJ,HT K yMeHbllleHHIO aMnJIHTY,lJ,bl KOJie6aHHH 

HepaBHOBeCHbIX l.JaCTHU npH6JIH3HTeJibHO B 20 pa3 no cpaBHeHHIO c HX OTKJIOHe

HHeM npH CJia6oi1 cpoKyCHpOBKe. 

§ 5.3. YcTpo:HcTBO ycKop1-neJie:H pa3Jnt:11HhIX THnos 

JJ.o CHX nop peYb IllJia B OCHOBHOM 0 npHHUHnax .11,eHCTBHH YCKOpHTeJieH. 

Tenepb MbI nepeii.11,eM K onHcaHHJO HX yCTpoiicrn H oco6eHHOCTei1 npouecca 

ycKopeHH5I B HeKOTOpb!X HaH60Jiee pacnpoCTpaHeHHbIX ycKopHTeJIHX. 

5.3.1. YcKopHTeJib Batt-)l.e-fpaa<t>a. I1cnoJih3YH H,lJ,eJO 3JieKTpocTarnI.JeCKoi1 

MalllHHbI, BaH-,lJ,e-fpaacp CKOHCTpyHpoBaJI B 1931 r. reHeparnp, Ha3BaHHbIH no 

ero HMeHH. CxeMa reHeparnpa noKa3aHa Ha pHc. 5.5. BbICOKOBOJibTHbIH 3JieKTpo.11, 

=:Jill 

5 

6 

7 

P11c. 5.5. CxeMa yCKop11Te.nH BaH-,ZJ.e-fpaa<jJa: 1 - TOLJKa HaHecemrn 3apH,ZJ.a; 2 - ,ZJ.BmKymaHcH 
.neHTa; 3 - TOlfKa CbeMa sapH,ll.a; 4 - ccpepa; 5 - npoMe)!(yTKH, r,ZJ.e npoHCXO,ll.HT KOpOHHblH pa3pH,ll.; 

6 - !130.llHTOpbI; 7 - ycKopmomaH OTKaLJaHHaH Tpy6Ka; 8 - BbIXO,ll.HOe ornepcTHe 

B BH,IJ,e MeTaJIJIHYeCKOfO noJioro Illapa ,!l,HaMeTpOM B 1-2 M H 6oJiee 1) yKpenJIHeTCH 

Ha UHJIHH.11,pHI.JecKoii H30JIHpyJOw,ei1 KOJIOHHe, BHYTPH KOTopoi1 ycrnHaBJIHBaeTrn 

1) <t>opMa wapa np11,ZJ.aeTCH 3.neKTpo,ZJ.y ,ZJ..nH yMeHbwemrn KopoH11pyIOmero pa3pH,ZJ.a. 
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npttcnoco6Jiem1e .D:JIR 3ap5I.D:KH ccpepbI. 11CTOIIHHKOM HanpRX<eHH5I CJIYfKHT 06bIII

HbIH BbICOKOBOJibTHbIH BbmpRMHTeJih, co3,n:aIOw,Htf HanpRX<eHHe nopR,n:Ka 105 B. 
c IIOMOlll,blO ,n:BmKyw,etfCH JieHTbI 3apR,n: nepeHOCHTC5I OT HCTOIIHl1Ka .n:o 3JieKTpo.n:a. 

TaKotf np11eM no3BOJIHeT 3apR.D:l1Tb ccpepy .n:o BbICOKoro noTem.1,11aJia, npeBbIWaIO

w,ero 1 MB. Ero npe,n:eJibHOe 3HaIIeH11e onpe,n:eJIReTCH, so-nepBbIX, TeM, IITO np11 

Bb!COK11X 3HaqeHl15IX IIOTeHI.1,11aJia B03H11K3!0T KOpOHHbie pa3p5IJJ:bl y IIOBepxHOCTl1 

ccpepbI, 11, BO-BTOpbIX, B03MOfKHOCTblO npo6o5I 1130Jil1PY!Olll.HX MaTep11aJIOB . .llJIR 

npe.n:oxpaHeHHH OT 3JieKrp11qecKoro npo6o5! 11 IIOBWWeHl15I IIOTeHu11aJia ycraHOB

KY noMern,aIOT B CTaJibHYIO 060.JIOIIKy, BHYTP11 Koropotf co3,n:aeTcH IIOBbIWeHHoe 

.n:asJieH11e. Op11 TaK11x ycJIOBl1RX ccpepy MOX<HO 3apH,n:HTb .n:o noreHu11aJia pasHoro 

8-10 MJIH BOJihT. Cneu11aJihHhIH 3JieKTpOHHhIH peryJI5nop II03BOJIHeT no.n:.n:ep)K11-

BaTb IIOTeHuttaJI HeH3MeHHbIM c TOIIHOCTb!O .n:o 0, l %. f ettepaTop coe,n:HH5IeTC5I 

c BaKyyMHOH yCKop11reJibHOH rpy6KOH, B KOTOpotf ocyw,eCTBJIHeTCH yCKopeH11e 

qacrnu. nocJie,n:H11e cpoKyrnpy!OTCH B Y3KHH nyIIOK, na.n:aIOlll,11H Ha Ml1WeHh. 

B yCKopHTeJie BaH-.n:e-fpaacpa B pe*11Me HenpepbIBHoro yCKopemrn .n:ocrnra

IOTCR TOKH nopH,n:Ka COTeH M11KpoaMnep, a B ycJIOBl15IX 11MIIYJibCHOro pe)Kl1Ma -

.n:ecHTKOB MHJIJil1aMnep. 

c IIOMOlll,blO ycKop11reJieH paccMarp11BaeMoro r11na 6hIJia IIOJlY'cleHa o6urnpHaH 

11HcpopMaU115I 0 CBOHCTBaX nporoHOB, .n:etfrpOHOB H .upyrnx H.ll,epHb!X qacrnu B 

o6JiaCTl1 HH3K11X 11 cpe.ll,H11X 3Heprntf, OTJIHIIaIOW,aHCH BhICOKOH TOIIHOCTb!O. 

5.3.2. JlnHeHHblH ycKopHTeJib co CTORIIeit: BOJIHOH. .Umi IIOJiyqeHl151 npo

TOHOB 11 TH)KeJihIX 110HOB Bh!COKHX 3HeprHH HCIIOJih3yeTC51 raK Ha3bJBaeMb!H JIHHeH

Hb!H ycKopHreJih co cro51qetf BOJIHOH. Ero cxeMa noKa3aHa Ha pHc. 5.6. CTporOHhI 

HmKeKrop 

floJJ,BO)l,H!llHe Ka6eJIH 
~ 

flpoJieTHa.H rpy6Ka 

UHJIHHAP pe3oHaropa MmlleHb 

P11c. 5.6. CxeMa JIHHei1:Horo ycKop1nem1 co cro.Hqei1: BOJIHOH 

HJIH T5J)KeJibie HOHbl, HcnycKaeMbie COOTBeTCTBY!Olll,HM HH)KeKTOpOM, nona,n:a!OT 

B OTKaqaHHb!H MeTaJIJIHqeCKHH UHJIHH.ll,p, B.ll,OJib OCH KOToporo Ha WTOKaX yKpen

JieHbl raK Ha3brnaeMbie npoJieTHbie rpy6KH, npe11.craBJIHIOW,He co6otf nycroreJibie 

MeTaJIJIHIIeCKHe UHJIHH,ll,pbl 6e3 .ll,HHlll, . .llJIH roro, IIT06hI c,n:eJiaTh BpeM51 npoJieTa 

npoTOHOM Ka)K)l,OH rpy6KH O.ll,HHaKOBbIM, HX .ll,JIHHa pacreT no Mepe ABH)KeHH51 

yCKopHeMotf qacTHUbI K npHeMHoMy ycrpotfcrny. BtteWHHH Kopnyc ycKopHreJIH 

51BJI51eTC51 pe30HaropOM H B036y)K.uaeTC51 BbICOKoqacTOTHb!M reHeparopoM qepe3 

no11.so.UHW.HH Ka6eJih. Me*.UY npoJieTHhIMH rpy6KaMH o6pa3yerCR BbICOKoIIacror

Hoe ttanpH)KeHHe, ycKopmow,ee qacTHUhI. 

Morn,HOCTh BhICOKoqacroTHhIX retteparopos co cro51qetf BOJIHOH cpaBHHTeJibHO 

BeJIHKa, .nocr11raH .necHTKOB 11 coreH KHJIOBarr. Op11MepoM ycraHOBKl1 paccMarp11-

saeMoro r11na HBJIHerrn ycKop11reJih co croHIIetf BOJIHOH KaJI11cpoptt11tfcKoro YHH-
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BepcHTeTa Ha 3Heprmo 140 M3B, noJJyq:irnlllHH 6oJJblllJIO H3BecrnocTb. B qacT

Hocrn, Ha 3TOM ycKopHTeJJe B pesyJJbTaTe 6oM6ap,u,HpOBKH ypatta npOTOHaMH 6bIJl 

IIOJJyqeH TpaHcypaHOBblH 3JleMeHT H06eJJHH. 

5.3.3. JluueHHbIH ycKopuTeJib c 6ery~eu BOJIHOU. )lJJH yCKopeHHH 3JieK

TpOHOB HCIIOJlb3yeTCH JlUHeUHblU ycKopumeAb c 6ecyU{eii BOJlHOU, OTJJHqa!OIUHHCH 

OT OIIHCaHHOro Bhillle TeM, qTo caMO 3JleKTpOMafHHTHOe IIOJie nepe,LI,BHraeTcH 

BMecTe c qacTH11,ei1, ycKopHH ee. AHaJioroM, IIOHcHHIOIUHM MexaHH3M nepe,u,aqH 

3HeprnH B 3TOH ycraHOBKe, CJJJLKHT qeJIOBeK, IIJlbIBYIUHH Ha rpe6He BOJIHbl 11 no,u,

fOHHeMblH eIO. 5Jiaro,u,apH MaJIOCTH MaCCbl 3JieKTpOHa OH JIBJIJieTCH no,u,xo,LJ,JIIUeH 

4acrH11,eti: ,LJ,JIH TaKOro cnoco6a ycKopeHHH. 

Opouecc yCKopeHHH ocymecTBJIHercH B BOJIHOBo,u,e, npe,u,cTaBJIHIOIUero co6oti: 

OTKaqaHHYIO noJiyIO 11,HJIHH,LI,pHqecKy!O Tpy6Ky, neperopoLKeHHYIO ,LJ,HatjJparMaMH 

c ornepcTHHMH nocepe,u,HHe. YcJIOBHH ycKopeHHH B03HHKaIOT ,LJ,JIJI 3JieKTpottoB, 

nonaBlllHX B nOJIOLKHTeJibHYIO noJiyBOJIHy. 

,llJIH Toro qT06br H36eLKaTb npttMeHeHHH BOJIHOBO,Ll,OB CJIHlllKOM 6oJiblllHX pas

MepoB, HcnoJih3YIOT 3JieKTpoMarttHTHhre KOJie6aHHJI B ,u,11anas0He IO CM. Mom

HOCTh B HMnyJihCe IIHTaIOmero reHeparopa - KJIHCTpOHa ,LI,OCTHraer ,u,ecHTKOB 

TblC51q KHJIOBaTT, qTo 3KBHBaJieHTHO MOIUHOCTH KpynHOH KOpOTKOBOJIHOBOH 3JieK

rpocTaHUHH. BHyrptt BOJIHoso,u,a B KaLK,u,oi1 ceKUHH 3JieKTpttqecKoe noJie no ,LJ,JIHHe 

pe3KO y6brnaer. 3To o6bJICHH€TCH TeM, 4TO B ycKOpJIIOIUeti: CHCTeMe npoHCXO,LI,HT 

HHTeHCHBHOe pacceHHHe BhICOKoqacTOTHOH MOillHOCTH, 4TO CBH3aHO c ee norno

w,eHHeM B CTeHKax BOJIHOBO,LJ,a. 

CTpHse,u,eM cse,u,eHHH 06 oTeqecTBeHHOM JIHHeHHOM 3JieKTpoHHOM ycKopttreJie 

cpe,u,Heti: MOIUHOCTH. B KaqecTBe HHLKeKTOpa B HeM HCIIOJih3yeTC51 3JieKTpOHHa51 

nywKa, ,LJ,aIOmaJI nyqoK 3JieKTpOHOB c 3Heprnei1 80 K3B (qTO COOTBeTCTByeT HX 

CKOpocrn: v ~ 0,5 c). 3HeprH51 3JieKTpOHOB Ha Bb!XO,LJ,e MOLKeT MeHJITbC51 B npe,u,eJiaX 

OT 8 ,u,o 30 M3B nptt cpe,u,HeM ToKe 10-15 MKA. KpoMe 3JieKTpoHOB yCKopHTeJih 

nosBOJIHeT noJiy4aTb npH ycTaHOBKe ypaHoBoti: MHWeHH Heti:TpoHhl. YcKopHreJih 

npHMeHHeTC51 KaK ,LI,JIH qHCTO cpH3H4eCKHX H3MepeHHH, TaK H ,LJ,Jl51 HCCJie,LI,OBaHHH 

B 6HOJIOrHH H Me,LJ,Hll,HHe (B KaqecTBe HCToqHHKa npoHHKaIOmero H3JiyqeHH51 npH 

o6Jiy4eHHH BHyTpeHHHX opraHOB). 

TaK KaK B JIHHeti:HOM ycKopHTeJie 3JieKTpoHhI ,LJ,BHLKYTCH no npHMOJIHHeti:

Hoti: TpaeKTOpHH H c noqTH nOCT051HHOH CKOpOCTb!O, TO TOpM03HOe H3JiyqeHHe 

He CJIYLKHT cepbe3HbIM npenHTCTBHeM ,LI,JI51 HX ycKopeHH51 ,Ll,O 04€Hb BbICOKHX 

3Heprnti:. EcJIH B 6eTaTpOHe, 6Jiaro,u,apH o6pasoBaHHIO HHTeHCHBHOro TopMosttoro 

HsJiyqeHHH 3JieKTpOHOB, HeB03MOLKHO ,u,o6HThCH yCKopeHHH CBhillle 300-400 M3B 

(cM. n. 5.3.1), TO JIHHeHHhre yCKopHTeJIH c 6erymeti: BOJIHoti: nosBOJIHIOT yCKopHTh 

3JieKTpOHhI ,u,o sHaqHTeJihHO 6oJihlllHX 3Heprnti:. HanpHMep, B CnHtjJop,u,e (ClllA) 

IIOCTpOeH ycKOpHTeJib c 6erymeti: BOJIHOH, II03BOJI51101UHH noJiyqaTb 3JieKTPOHbl 

c 3Heprneti: 36 f 3B. 

5oJiblllHM npeHMymeCTBOM JIHHeHHhlX ycKOpHTeJieti: nepe,u, 11,HKJIHqecKHMH 51B

JI51eTC51 OTCYTCTBHe MafHHTOB. ,llpyroe cymeCTBeHHOe npeHMymeCTBO JIHH€HHbIX 

ycKopHTeJieti: COCTOHT B npocTOTe HHLKeKll,HH H BbIIIYCKa 4aCTHU Ha MHWeHh. 

ToKH B JJHHeHHhIX ycKopHTeJIHX MoryT ,u,ocTHraTb coTeH MKA, qTo Ha HecKOJihKO 
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11opHAKOB 11peBhIIIIaeT TOKH B ycKopHTeJrnx c KpHBOJIHHeiiHoii TpaeKTOpHeii. He.no

cTaTKOM JIHHeHHbIX ycKOpHTeJieH HBJIHeTCH HX cpaBHHTeJibHO 60JihIIIaH AJIHHa. j 

HarrpHMep, CTempop.ncKHH ycKopHTeJib HMeeT AJIHHY 6oJiee 3 KM. 

5.3.4. 11.HKJIOTpou. B HacToHmee speMH UHKJIHqecKHe yCKopmeJIH 110JiyqH

JIH 6oJibIIIOe pac11pocTpaHeHHe. B11epsb1e ycKopHTeJih 3TOro TH11a, 110JiyqHBIIIHH 

Ha3BaHHe UHKJIOTpoHa, 6bIJI co3.naH .3. JioypeHcoM H M. JlHBHHrcTOHOM B 1931 r. 

[2, 5]. B .naJihHeiiIIIeM UHKJIOTpoH 6bIJI 3HaqmeJibHO ycosepIIIeHCTBOBaH H Hhrne 

3aHHMaeT, 11mKaJiyH, JIHAHPY!Olll.ee 110JIO)KeHHe cpe.nH ycKOpHTeJihHbIX ycTaHOBOK. 

Y11pomeHHaH cxeMa UHKJIOTpoHa 110Ka3aHa Ha pHc. 5.7. B BaKyyMHposaHHOH 

KaMepe pa3Melll.eHbl ABe 110JiyKpyrOBbie 11ycTOTeJibie 110JIOCTH, Ha3hIBaeMbie 8yaH-

0Tpe30K TpaeK

TOpHH HOH3 

.[{ya HT 

HcTO'lHHK 110HOB 

+ + c::==; -==:J L{yaHT Marn11T 

P11c. 5.7. CxeMa UHKJIOTpoHa 

ma.MU, pa3.neJieHHbie .npyr OT .npyra 11pHMOJIHHeHHbIM 11poMe)KyTKOM. JlyaHTbl Ha

XOAHTCH B 3a3ope MarHHTa, co3.na10mero 11ocTOHHHoe MarHHTHoe 110Jie. YcKopeHHe 

qacTHU ocymecTBJIHeTCH 3a cqeT 11epeMeHHOfO 3JieKTpHqecKoro 110JIH c qacTOTOH 

B .necHTKH Mfu, Bb1pa6aTh1BaeMoro crreuHaJihHhIM reHeparnpoM. 

Opouecc yCKopeHHH qacrnu 11poTeKaeT cJie.ny10mHM o6pa30M. Me)K.ny .nyaH

TaMH B ueHTpe ycTaHOBKH 110MemaeTCH .nyrOBOH HCTOqHHK, Hc11ycKa10mHH HOHbl, 

110.ll.Jle)Kalll.He ycKopeHHIO. 0011a.naH B 3a30p Me)K.ny .nyaHTaMH H .ll.BHfaHCb 110 

Ha11paBJieHHIO K OTpHIJ,aTeJibHO 3apmKeHHOMY (B .naHHblH MOMeHT) .nyaHTy, HOH 

HCl1hIThrnaeT ycKopeHHe. )leiicrnHe 3JieKTpHqecKoro 110JIH 11peKpamaeTCH cpa3y 

11ocJie 11011a.naHHH ttoHa BHYTPh 3Toro AyaHTa, r,ll,e Ha Hero B03,ll,eiicrnyeT TOJihKO 

MarHHTHOe 110Jie. 00,ll, )l,eHCTBHeM 110CJie,ll,Hero qacTHIJ,a 011HIIIeT 110JiyOKpy)KHOCTb 

H BHOBh BhIHAeT B 3a3op. EcJIH qacToTa reHeparnpa 110,I1,06paHa TaK, qrn 11pH 3TOM 

Ha11pH)KeHHe Ha .nyaHTax H3MeHHTCH Ha o6paTHOe, TO HOH BHOBb HCl1b!TbIBaeT 

ycKopeHHe B 3JieKTpHqecKoM 110Jie H 11011a,I1,eT B 110JIOCTh Apyroro AyaHTa c eme 

60JibIIIeH KHHen1qecKOH 3Heprnei1 . .3TOT 11pouecc MHOfOKpaTHO 110BTOpHeTCH, B pe-

3YJibTaTe qero HOH ycKopHeTCH ,ll,O pacqeTHOfO 3HaqeHHH 3HeprttH. 

Oo,I1,cqHTaeM 3Heprn10, nptto6perneMy10 HOHOM B 3JieKTpttqecKOM rroJie. EcJitt 

3apH.U qacTHIJ,hI q, a pa3HOCTh noTeHIJ,HaJioB Me)KAY .uyaHTaMtt pasHa V0 , To B 
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pe3yJihTaTe n o6opoTOB 3Heprn:H HOHa E 3 , npHo6peTeHHaH HM s 3JieKTpw1ecKoM 

110Jie, pasHa: 

E3 = qV = 2nqVo. 

flo,ncTaBJIHH B (5.4) Vo= 100 KB, n = 102, q = 1, noJiy1rneM 

E = 2 · 102 
· 105 = 2 · 107 

3B = 20 M3B. 

(5.4) 

flpHpaBHHBaH CHJIY JlopeHua ueHTpo6e)l<HOH CHJie 1rnepUHH, IIOJIYI.JHM Bbipa)KeHHe 

jJ,JIH pa,nHyca paBHOBeCHOH op6HTbI: 

cmv 
ro = qB. (5.5) 

Bb1pa)KeHHe (5.5) IIOKa3bJBaeT, l.JTO pa,nHyc op6HTbl HOHa 6y,neT pacTH c yseJIHI.Je

HHeM CKOpOCTH I.JaCTHUbl (npe,nJiaraeTCH npH 3TOM, l.JTO m = const). TioCKOJibKY 

see HOHbl Ha Bb!XOJ],e H3 UHKJIOTpOHa Jl.BH)KYTCH IIO OJl.HOH H TOH )Ke op6HTe 

OJl.HHaKosoro pa,nHyca, TO, CJie.ll,OBaTeJihHO, HX CKOpOCTb H KHHeTHI.JecKaH 3HeprHH 

COrJiaCHo (5.5) 6y,nyT OJl.HHaKOBbl. 

Hati,neM ycJIOBHe pe3oHaHChI Me)K,ny Jl.BH)KeHHeM HOHa H I.JacTOTOH reHeparopa. 

YCKopHeMbie I.JaCTHUhI 6y,nyT Haxo,nHThCH B cpa3e c nepeMeHHhIM 3JieKTPHI.JeCKHM 

noJieM IIpH ycJIOBHH, l.JTO yrJIOBaH I.JaCTOTa IIOJIH w paBHa yrJIOBOH CKOpOCTH qa-

CTHUbl v 
w = 27rf = -, 

ro 

r,ne f - I.JaCTOTa reHepaTopa, Bbipa)KeHHaH B repuax. 

(5.6) 

Bb1pa)KeHHe (5.6) ,naeT ycJIOBHe pe3oHaHca, KOTopbIH B03HHKaeT, ecJIH speMH 

OJl.HOfO IIOJIHOfO o6opoTa HOHa COBIIa,naeT c IIOJIHblM nepHO.ll,OM KOJie6aHHH reHe

paropa. PeruaH COBMeCTHO ypaBHeHHH (5.5) H (5.6), IIOJIYI.JHM 

f = 2~ ~' (5.7) 

HJIH 

w=B!L. 
me 

(5.7') 

YcJIOBHe (5. 7') noKa3hIBaeT, I.JTO yrnosaH cKopocTb I.JaCTHU npH ,naHHOM 3HaI.Je-

B 
q u u 

HHH 3aBHCHT JIHllib OT OTHOllieHHH - H He 3aBHCHT OT HX JIHHeHHOH CKOpOCTH, 
m 

a, cJie,nosaTeJihHO, speM51, B TeI.JeHHe KOToporo HOH OIIHChrnaeT OKPY)KHOCTh, He 

3aBHCHT OT ee pa,nHyca. <f>H3HI.JeCKH 3TO 03HaI.JaeT, l.JTO I.JeM 60Jibllie CKOpOCTb 

YaCTHUbl, TeM 60Jibll1HH Kpyr Otta npoXOJl.HT 3a 0.ll,HO H TO )Ke speMH. 

CoxpatteHHIO nyI.JKa 110HOB s Me,nttaHHOH IIJIOCKOCTH noMoraeT «ecTecTseH

HaH» cpoKycHpOBKa, o6ycJIOBJieHHa51 oco6eHHOCT51MH KOHCTPYKUHH UHKJIOTpOHa. 

TaK, rueJih Me)K,ny ,nyaHTaMH ,neHCTByeT Ha HOH no,no6Ho 3JieKTpocTaTHI.JecKOH 

JIHH3e, «IIO.ll,)KHMaIOrueH» I.JaCTHUY K IIJIOCKOCTH CHMMeTpHH (5.8)' a Ha Kpa10 

ycTaHOBKH cpoKyettpyIOIUHM ,neHCTBHeM o6Jia,naeT MarHHTHOe IIOJie (cM. pHc. 5.8). 
ToK ycKopeHHhIX npoTOHOB, na,lJ.a10mHx Ha MHrneHh BHYTPH BaKYYMHOH KaMeph1, 

cocraBJIHeT e,nHHHUhI MHJIJIHaMnep. Ba)KHeHWHM orpaHHI.JHTeJieM HHTeHCHBHOCTH 

ny11Ka 51BJIHeTC51 TepMOCTOHKOCTb MHllieHH H ycJIOBHH ee OXJia)K.ll,eHHH. 
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Pttc. 5.8. YcJJOBHH 3JJeKTpocTaTW-IecKoil ¢oKycttpOBKH 11,HKJJOTpoHa 

YcKopeHHhie Liacn1uh1 BhIB0.11.HTCH H3 BaKyyMHOH KaMepb1 UHKJIOTpoHa npH 

yCTaHOBKe MHWeHH BHe ero c nOMOIUh!O )J.OCTOJIHHTeJibHOfO JIOKaJihHOro 3JieKTpH

LieCKOro noJIH, cphrna10ruero HX c Kpyrosoro nyTH B rueJih. CTpH 3TOM HeH36eMHhI 

3HaLIHTeJibHbie noTepH HOHOB, n03TOMY TOK BhIBe)J.eHHOro nyLIKa o6hI4HO B 5-10 
pa3 MeHbWe HOHHOro TOKa B UHKJIOTpoHe. llI,eJib o6Jia)J.aeT QJOKYCHPY!OIUHM )J.eti:

CTBHeM, no3BOJIHH noJiyLIHTh OLieHh y3KHe nyLIKH. 

UHKJIOTpOHhI )J.a!OT B03MOMHOCTh noJiyLIHTh npoTOHhI c 3Heprneti: He BhIWe 

20-22 M3B. CTpH )J.aJibHeti:weM yseJIHLieHHH 3HeprnH npoTOHOB npoHCXO.lJ.HT 3Ha

LIHTeJihHoe B03paCTaHHe HX MaCCbl, LITO HMeeT CBOHM CJie)J.CTBHeM paccTpoti:CTBO 

pe30HaHca (CM. CJie)J.y!OIUHH pa3)J.eJI). 

c nOMOIUb!O UHKJIOTpOHOB 6b!JIH noJiyLieHbl ycKopeHHbie HOHbl 60JibWOro LIHC

Jia 3JieMeHTOB nepHO)J.HLieCKOH CHCTeMhl H H3yLieHO orpOMHOe LIHCJIO H)J.epHbIX 

peaKUHH. CTpHMeHHH cneuHaJihHhie MHWeHH, Ha ycKopHTeJIHX paccMaTpHsaeMoro 

THna MoryT 6hITh noJiyLieHhI MOIUHhie noTOKH MeCTKHx 1-JiyLieti:. UHKJIOTpOHhI 

npHrO)J.HhI TaKMe .11.JIH H3fOTOBJieHHH ueJioro PH.11.a HCKyccTBeHHhIX pa.lJ.HOaKTHBHhIX 

H30TOCTOB. 

THnHLIH~M npe)J.cTaBHTeJieM ycKopHTeJieti: 3Toro KJiacca HBJIHeTcH noJiyTopa

MeTpOBhIH UHKJIOTpoH cPH3HK0-3HepreTHLiecKoro HHCTHTyTa HMeHH A. I1. Jieti:n

TyHcKoro B r. 06HHHCKe (PocrnH), no3BOJIHIOIUHH yCKopHTh npoTOHhI .11.0 10 M3B, 

)J.eti:TpOHhI - .11.0 20 M3B H o:-LiacrnUhI - .11.0 40 M3B. UHKJioTpOH noTpe6JrneT 

3JieKTpHLieCKHH TOK MOIUHOCTh!O .11.0 300 KBT. YcKopHTeJih npe)J.Ha3HaLieH KaK )J.JIH 

HayLIHhIX HCCJie)J.OBaHHH, TaK H )J.JIH noJiyLieHHH pa)J.HOaKTHBHbIX H30TOCTOB. 

0.11.HH H3 HaH6oJiee KpynHhIX UHKJioTpOHOB 6bIJI nocTpoeH no)]. pyKOBO.lJ.CTBOM 

JlHBHHfCTOHa B 0KpH)J.)Ke (ClllA). 3Ta ycTaHOBKa, npe)J.Ha3HaLieHHaH TOJibKO )J.JIH 

yCKopeHHH npoTOHOB, HMeeT 6oJihwoti: AHaMeTp noJIIOCOB (210 CM). Ha UHKJIO

TpoHe 6b1JIH noJiyLieHhI npoTOHhI c peKop.11.HOti: 3Heprneti: 24 M3B npH TOKe Liacrnu 

B 1 MA. 

5.3.5. Me3oHHhie <t>a6pHKH. ff3oxpoHHL1e IJ;HKJIOTpoHLI. CToMHMO yseJIH

LieHHH 3HeprHH ycKOpHeMhlX LiaCTHU BaMHYIO pOJib HrpaeT, KaK OTMeLiaJIOCb, H no

BhIWeHHe HHTeHCHBHOCTH HX nyLIKOB. HaLIHHaH co BTopoti: noJIOBHHhI npowJioro 

BeKa HaLiaJIOCh aKTHBHOe coopyMeHHe CHJlhHOTOL!HblX ycKOpHTeJieH nHOHOB, MIOO

HOB, npoTOHOB H .11.pyrnx LiaCTHU. YcKopHTeJIH 3Toro THna noJiyLIHJIH 3K30THLiecKoe 

Ha3BaHHe Me30HHblX ¢a6puK. I1x C03)J.aHHe 03HaLiaJIO KaLiecrneHHbIH CKaLIOK 

B 3KcnepHMeHTaJibHOH H)J.epHOH QJH3HKe, nOCKOJibKY TaKHe ycTaHOBKH Il03BOJIHJIH 

CTO)J.HHTb HHTeHCHBHOCTb nyLIKOB ycKopeHHhIX LiaCTHU B COTHH H Tb!CH'-l.H pa3. 
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nepBaH Me30HHaH cpa6pHKa, noCTpoeHHaH B Jloc-AJiaMOCe (ClllA) npe,ll,CTaBJIHJia 

co6oi1 JIHHeHHblH pesoHaHCHb!H ycKopHTeJib npoTOHOB, 3HeprnH KOTOpb!X ,ll,OCTHra

Jia 800 M3B npH HHTeHCHBHOCTH ny'-IKa 1 MA. 

B ,ll,aJibHei'!weM B Ka'-lecrne Me30HHbIX cpa6pHK cTaJIH WHpoKo HCIIOJib30BaTb 

TaK Ha3bIBaeMbie U30XpOHHble l{UKAompOHbl, KOTOpb!e TaKm:e npHMeHHJIHCb H )],JIH 

ycKopeHHH '-laCTHLI. c MaCCOH 3Ha'-IHTeJibHO 60JibllleH MaCCbl Me30HOB. 

HanoMHHM, '-ITO B «06bI'-IHOM» LI.HKJIOTpoHe noTepH HHTeHCHBHOCTH ny'-IKa 

CBH3aHbl c yxo)],OM H3 Hero '-laCTHLI., )],JIH KOTOpb!X nepeCTaeT BbIIIOJIHHTbCH ycJIOBHe 

pe30HaHca. B H3oxpoHHOM ycKopHTeJie B03MOm:Ho KaK noBbIWeHHe npe,ll,eJibHOH 

3HeprHH ycKopHeMbIX qacTHLJ., TaK H yseJIH'-leHHe HHTeHCHBHOCTH HX ny'-IKa 

(Ha 2-3 nopH,ll,Ka no cpasHeHHIO c ycKopHTeJIHMH ,ll,pyrnx THnos). Oco6eHHOCTbIO 

H30XpOHHOro ycKOpHTeJIH HBJIHeTCH peaJIH3aLJ.HH a3HMyTaJibHOH BapHaLI.HH Mar

HHTHOro IIOJIH. ,UJIH o6ecne'-leHHH CHHXpOHH3Ma Mem:,ll,y qacTOTOH ycKOpHIOIUero 

noJIH H '-laCTOTOH o6pameHHH qacTHLJ.bI B ycJioBHHX poCTa ee MaccbI cornacHo 

cpopMyJie (5. 7), cJie,ll,yeT yseJIHl.£HTb HH,ll,YKLI.HIO B B,ll,OJib pa,ll,Hyca. Ho Ha qacrnu.y, 

JJ,BH*YIUYIOCH B TaKOM noJie, B BepTHKaJibHOM HanpaBJieHHH B03)],eHCTByeT, KaK 

H3BeCTHO, .11.ecpoKycHpy10maH CHJia. ,Umi: H36em:aHHH 3TOro Heo6XOJJ,HMO H3MeHHTb 

no onpe.n.eJieHHOMY 3aKOHY HH,ll,YKLI.H!O MarHHTHOro nOJIH B a3HMyTaJibHOM HanpaB

JieHHH. 

K HacTOHIUeMy speMeHH cos.n.aHo HecKOJibKO HsoxpoHHbIX ycKopHTeJiei'!, s KO

TOpbIX 6b1Jia peaJIH30BaHa 3Ta H,ll,eH. CoorneTcrnyIOIUHH pesyJihTaT ,ll,OCTHraeTcH 

c noMOIUbIO KOHCTPYKTHBHbIX npeo6pasosaHHH rnro HJIH HHoro po.n.a. HanpHMep, 

Ha HeKOTOpb!X H30XpOHHblX LJ.HKJIOTpOHax Ha IIOJIIOcax MarHHTa yCTaHaBJIHBaIOT

CH ,ll,OIIOJIHHTeJibHbie ceKTopa. B ,ll,pyrnx sapHaHTax ycKopHTeJieii Ha noJIIOcax 

MarHHTa ycTaHaBJIHBaIOTCH CIIHpaJibHbie HaKJia)],KH; HCIIOJib3YIOTCH H pa3)],eJibHb!e 

ceKTOpHbie MarHHTbI, 06pasy10mHe KOJibLJ.O. HanpHMep, TaKoii ceKTOpHbIH KOJib

ueo6pa3HbIH MarHHT yCTaHOBJieH Ha H3oxpoHHOM yCKopHTeJie B l..I,10pHxe (lllseii

uapHH), npe,ll,HasHa'-leHHbIM ,ll,JIH yCKopeHHH npoTOHOB .n.o 3HeprnH 600 M3B npH 

HHTeHcHBHOCTH ny'-IKa ,ll,O ~ 100 MKA. 

DbIJIH cos,ll,aHbI cHJibHOTO'-IHbie LI.HKJIOTpOHbI ,ll,JIH ycKopeHHH qacTHLJ. c Maccoii 

cymecrneHHO 60JibllleH MaCCbl npOTOHa. 0.n.HH H3 nepBb!X ycKopHTeJieH TH)KeJib!X 

HOHOB 6b!JI paspa6oTaH B 06be)],HHeHHOM HHCTHTyTe HJJ,epHblX HCCJie)],OBaHHH (Ol1-

51.l1) B ,Uy6He. l1cnOJib30BaJICH TaH)],eM H3 ,ll,Byx yCKopHTeJieH. l1Hm:eKTOpOM HOHOB 

cJiym:HJI «06bI'-IHb!H» LI.HKJIOTpOH c ,11.HaMeTpOM IIOJIIOCa MarHHTa 300 CM, .n.aJiee 

L!aCTHLJ.bl IIOCTynaJIH B H30XpOHHblH LI.HKJIOTpOH c ,11.HaMeTpOM IIOJIIOCa MarHHTa 

200 CM. lfacTHLJ.bl, ycKopeHHb!e B nepBOM LI.HKJIOTpoHe, OTJIH'-laJIHCb OTHOCHTeJibHO 

CJia6oi1 HOHH3aLI.HeH. Bo BTOpoM LI.HKJIOTpOHe HOHbl nponyCKaJIHCb qepe3 cpOJibry; 

npoXO,ll,H ee, OHH «CTpHXIrnaJIH» c ce6H ,ll,OIIOJIHMTeJibHbie 3JieKTpOHbI, '-ITO npHBO

JJ,HJIO K sospacTaHHIO OTHOllleHHH Z /A. 3ToT MeTO,ll, nosBOJIMJI noJiy'-laTb ny'-loK 

ycKopeHHb!X HOHOB KCeHOHa (Z = 54) c 3Heprnei1 800 M3B. 

Me30HHhie <t>a6pHKH HCITOJib3YIOTCH B pa3JIWIHbIX 3KcrrepHMeHTax (ttarrpHMep, rrpH 

HCCJiell,OB3HHH 3K30TH'IeCKHX 3TOMOB H B Mell,HUHHCKHX ueJIHX rrpH 06JJyi-1eHHH paKOBbIX 

onyxoJJeH). 5Jiaroll,apH M3JJOMY BpeMeHH )KH3HH IIHOHOB H MIOOHOB rrpH COOTBeTCTBYIOIUeH 
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rt. " I 't'OKYCHpOBKe rrytcl.Ka OHH pacrra,11,aIOTCH B rrpe,11,eJiax paKOBOH orryxom1, HHTeHCHBHO pa3py- I 

waH ee KJieTKH, rrpH 3TOM rrpaKTH'-leCKH He rropaMaH 3,11,0pOBbie TKaHH; c ,11,pyrol1 CTOpOHbl, l 
rrpH HCITOJib30BaHHH HHblX H3JIY'-leHHH (HarrpHMep, peHTreHOBCKOfO HJIH 3JieKTpOHHOro) i 

pa,11,Hall,HOHHOMY rropaMeHHIO IT0,11,BepraIOTCH KaK paKOBbie, TaK H 3,11,0pOBbie TKaHH. 

5.3.6. Cuttxpou;uKJIOTpoH (<l>a3oTpott). B )J,aJihHeifweM npH paccMoTpemrn 

npoueccoB ycKopeHHe 4aCTHU )J,O peJIHTHBHCTCKHX CKOpOCTeH MM 6yAeM BMecTO 

cpopMyJI (5.5) H (5. 7) IlOJlb30BaTbCH COOTBeTCTBYIOlUHMH peJIHTHBHCTCKHMH cpop-

MyJiaMH: 
mv 

r=--==== 
qBJl -v2/c2 ' 

qB f 1 - v2 /c2 

2nJ = w = _V~--
m 

(5.8) 

(5.9) 

BocnoJib3yeMCH HMH npe,n;noJIOMHB, 4TO B UHKJIOTpoHe ocyruecTBJIHeTCH ycKope

HHe 4acTHU ,n;o peJIHTHBHCTCKHX CKopocTeif. B TaKOM cJiyqae pe3oHaHc Mem,n;y 

4aCTOTOH o6paI..UeHHH 4aCTHU: H 4aCTOTOH reHeparnpa paccTpOHTCH. )lJIH ero 

BOCCTaHOBJieHHH He06XO)J,HMO nepecTpOHTb pa6oTy ycTaHOBKH TaKHM o6pa30M, 

4T06bl B COOTBeTCTBHH c cpopMyJIOH (5.9) yCKopeHHe ocymecTBJIHJIOCb 6b! B IlOCTO

HHHOM MarHHTHOM IlOJie (B = canst) 3JieKTpH4eCKHM IlOJieM nepeMeHHOH 4aCTOTbl 

(w = w(t)), KOTOpaH )J,OJl)f(Ha yMeHbWaTbCH IlO Mepe pocTa MaCCbl 4aCTHUbl m. 

3TOT npHHUH!l ocymecTBJieH B CUHXpOl{UKJWmporte (TepMHH «Cirnxpou:HKJIO

TpOH» yKa3brnaeT Ha TO, 4TO pa6oTa ycTaHOBKH OCHOBaHa Ha CHHxpomBaUJU-l. 

4aCTOTbl o6paI..UeHHH 4aCTHUbl H 4aCTOTbl yCKopmomero HallpHMeHHH (,n;pyroe 

Ha3saHHe 3Toro yCKopHTeJIH - cpasomport yKa3hIBaeT Ha Mo,n;yJIHposaHHe cpa3bI). 

<Pa3oTpOH Il03BOJIHeT ycKopHTb npoToHhI AO MHornx coTeH TbICH4 M3B H no-

3TOMY ero )J,HaMeTp npeBOCXO)J,HT, KaK npaBHJIO, )J,HaMeTp U:HKJIOTpOHa (CM. cpop

MYJIY (5.8)), COrJiaCHO KOTopoif ro rv mv). B OCTaJibHOM ycTpOHCTBO cpa30TpoHa 

H U:HKJIOTpOHa HBJIHeTCH Il04TH 0)1,HOTHilHb!M. I1p11MeHHeTCH cpa30TpOH )J,JIH ycKope

HHH TeX Me qaCTHU,, l!TO H U:HKJIOTpOH. 1.J.acniU,bl B npouecce ycKopeHHH )J,BHMYTCH 

IlO cnHpaJieBH)J,HOH TpaeKTOpHH. 

0,n;HaKo B cpa3oTpoHax HMeeTCH JIHWb OAHH ,n;yaHT. BMecTo BToporo 11cnoJib-

3yeTCH MeTaJIJIH4ecKaH 3a3eMJieHHaH paMKa. Ha pttc. 5.9 noKa3aHa 6JioK-cxeMa 

cpa3oTpoHa. f eHepaTOp 00)1,COe)J,HHeH qepe3 BbICOKOBOJibTHYIO JIHHHIO K )J,yaHTy. 

11paBblH ,n;yaHT 3aMeHeH paMKOH, MeMAY Hei'! H ,n;yaHTOM paC!lOJIO)KeHa yCKopH

IOlUYIO I..UeJib. l.JacTOTa KOJie6aHHH reHepaTopa MO)KeT H3MeHHTbCH c IlOMOl.UblO 

ClleU,HaJibHOro ycTpOHCTBa. 

5.3. 7. EeTaTpoH. 11pHHU:Hll pa6oTbI HHAYKU:HOHHoro ycKOpHTeJIH 3JieKTpo

HOB - 6emampoHa 3aKJII04aeTCH B CJie)J,yIOI..UeM. 11pH H3MeHeHHH MarHHTHOrO 

noToKa <I>, cornacHo 3aKotty 3JieKTpoMarHHTHOH HHAYKUHH <PapaAeH, B03HHKaeT 

BHxpesoe noJie. Ero HallpHMeHHOCTb E onpe.l1,eJIHeTCH H3 cooTHOIIIeHHH 

l d<I> -- - = il!Eds. 
c dt 

l 
1 
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}J,yaHT 
Asrore- TioJJ.BOJJ.Hlll,aH JUIHHH 

r-~~~~~~~~~~-1 

Heparop Bap11a~-__ _ 

TOP 
qac-

lll,eJih 

P11c. 5.9. oJIOK-cxeMa ¢a3orpoHa 

npH YCJIOBHH, l.JTO MarHHTHOe noJie HMeeT OCeByIO CHMMeTpHIO, CHJIOBhle JIHHHH 

3JieKTPHl.JeCKOf0 nOJIH HMeIOT BH,I\ KpyroB. IlpH ,I\BmKeHHH no Kpyry pa,I\Hyca r 
3JieKTpOH no,I\ ,I\elkTBHeM 3JieKTpO,I\BHLKyw,etf CHJibl npHo6peTaeT npH O,I\HOM o6xo-

1 d<I> 
JJ,e 3Heprn10 - -d = 2wrc:E, a npH n o6opoTax 

c t 

E = 2wrneE. (5.10) 

BnepBbie H,I\eH HCnOJib30BaHH5l HHJJ.YKUHH ,I\JIH ycKopeHHH 3JleKTpOHOB B COOTBeT

CTBHH c cpopMyJiotf (5.10) 6b1Jia peaJJH3oBaHa ,Lt KepcTOM B 1941 r. C03,I\aHHhIH 

HM npH6op H noJiyl.JHJI Ha3BaHHe 6eTaTpoHa. 

CxeMa KOHCTPYKUHH 6eTaTpoHa npHBe,ll.eHa Ha pHc. 5.10. B pacnoJioLKeHHOH 

MeLKJJ.Y noJIIOCaMH 3JleKTpoMarHHTa TOpOH,I\aJlbHOH OTKal.JaHHOH KaMepe npoHCXO-

Marn11r 

yCKopeHHH 

Bo36y)!(
JJ.a10m11e 
06MOTKI1 

P11c. 5.10. CxeMa KOHcrpyKu1111 6erarpoHa 

JJ,HT ycKopeHHe 3JJeKTpOHOB. HanpHLKeHHOCTh 3JJeKTpHqecKoro noJIH B03pacTaeT 

B Tel.JeHHe BCero BpeMeHH yCKopeHHH. IlpH npaBHJlbHO BbI6paHHOH KOHcpHrypa

UHH nOJIIOCOB paBHOBeCHaH op6HTa ycKOpH!Olll,HXCH 3JleKTpOHOB HMeeT BH,ll. Kpyra 

(pHC. 5.11). 3JieKTp0Hbl HHLKeKTHpyIOTCH 3JleKTpOHHOH nyIIlKOH, pacnJio.meHHOH 

Ha,ll. paBHOBeCHOH op6HTOH. 

PaccMoTpHM 6oJiee ,ll.eTaJibHO npouecc ycKopeHHH. B Hal.JaJibHhIH MOMeHT UHK

Jia (t = 0, B = O; CM. p11c. 5.11) 3JieKTpOHhI ,ll.BH.myTcH no npHMoii; c yseJIHl.JeHHeM 

MarHHTHOfO nOJJH JlHHHH MfHOBeHHb!X op6HT 3JleKTpOHOB BCe 6oJiee HCKpHBJIHIOTCH 

(KpHBbie 2 H 3 Ha pHc. 5.11). 
Ha paBHOBecHy10 op6HTY nona,I\aeT JIHIIlh MaJJaH qacTh Hcnyw,eHHhIX 3JieK

rpottoB, npHXO,I\HUJ,aHCH Ha 3aI11TpHXOBaHHb!H yqacTOK Ha pHC. 5.12. 3TH 3JleKTpO

Hbl, ,I\BHraHCb no cnHpaJIH 2, nona,ll.aIOT Ha CTa6HJibHYIO Kpyrosy10 TpaeKTopmo. 

4acTOTa nHTaIOw,ero HanpH.meHHH B 6eTaTpoHax 6brnaeT pa3JIHl.JHOH (OT 50 ,Jl,O 
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3JJeKTpOHHa51 

nyrnKa 

/ 
I 
I 

I 

0 
PaBHOBecHaH op6HTa 

PHc. 5.11. ,UsmKeHHe 3JJeKTpoHOB 

B ycKopHTeJlbHOM KOJ!b1(e 6eTaTpoHa: 

1-3 - MrHOBeHHbie op6HTbl 3Jl€KTpO

HOB, HcnycKaeMblX 3JleKTpOHHOH nyrn

KOH B pa3JJH'-1Hbl€ MOMeHTbl speMeHH 

B 

PHc. 5.12. HapacTaHHe HH

,n:yKL\HH MarnHTHoro noJJH B 
B 6eTaTpoHe (t - BpeMll) 

600 fu). YcKopeH11e JlJIHTCH nepByIO t.IeTBepTb nep110)1.a (0,004 c )l.JIH qacTOTbI 

60 ru). 3a 3TO BpeM5I 3JieKTp0Hbl COBeprnaIOT orpoMHOe l.\HCJIO o6opoTOB. Ha

npHMep, B 6eTaTpoHe Ha 100 M3B 3JieKTpOHbI ABH*YTCH no op6HTe paAHycoM 

84 CM. DpH l.\aCTOTe reHeparnpa 60 ru Ha IlOJIHb!H o6opOT npHpOCT 3HeprnH 

COCTaBJIHeT 400 3B, TaK l.\TO 3JieKTpOH )1.0 IlOJIHOrO ycKopeHHH )l.OJI)KeH COBeprnHTb 

OKOJIO 275 000 o6opoTOB, l.\TO COCTaBJIHeT 1300 KM! 

J.I.o 11cTel.\eHHH nepsoH: qernepTH nepHo.n:a npouecc ycKopeHHH 3aKaHl.\HBaeTc51, 

TaK KaK BO BTOpoH: l.\eTBepTH IlOJie 6y.n:eT y6bIBaTb, l.\TO npHBe)l.eT K TOpMO)KeHHIO 

3JieKTpOHOB. B KOHI.Le UHKJia ycKopeHH51 B cneu11aJibHYIO o6MOTKY Ha cep.n:et.IHHKe 

no.n:aeTCH HMilYJibC TOKa, 6Jiaro.n:apH l.\eMy ycJIOBHe paBHOBecHoro KpyroBoro )l.BH

)KeHHH HapywaeTC5I, H 3JieKTpOHbl, )l.BHraHCb ITO pacwHp5IIOll.LeHC5I cn11paJieBH)l.HOH 

TpaeKTop1111, na.n:aIOT Ha MHWeHb. CTocJie)l.HHH HHor.n:a yKpenJI5IeTCH Ha TbIJibHOH 

CTOpOHe HH)KeKTOpa. I3Jiaro.n:ap51 TOpMO)KeHHIO B Bemecrne MHWeHH 3JieKTpOHbl 

11cnycKaIOT peHTreHoBcKoe HJIH raMMa-H3Jiyt.IeH11e. B Heo6xo.n:11MbIX cJiyt.IaHx ycKo

peHHbie 3JieKTpOHbl Bb!BO)l.HTCH H3 6eTaTpoHa qepe3 cneuHaJibHOe OTBepCTHe. 

Ji.JIH TOro, l.\T06b! paBHOBeCHaH op611Ta 6bIJia pacnoJIO)KeHa B Me)l.HaHHOH ITJIOC

KOCTH, HH.AYK!..LHH MarHHTHOfO ITOJIH B ueHTpe )l.OJI)KHa 6b!Tb 60JibWe, l.\eM Ha Kpa5IX 

MarHHTa (T. e. rrpe)l.bHBJIHeTCH TO )Ke caMoe Tpe6oBaHHe, l.\TO H )l.JIH l..LHKJIOTpOHa). 

B 6eTaTpoHe 3TO .n:oCT11raeTCH rrpHMeHeHHeM IlOJIIOCHbIX HaKoHel.\HHKOB, B KOTOpbIX 

3a3op B ueHTpe Y*e, qeM Ha KpaHx. ITp11 3TOM xo,il, C\'IJlOBbIX JlHHHH MarHHTHoro 

ITOJIH TaKOB, l.\TO Ha 3JieKTpOHbl, cowe.n:rnHe c Me)l.HaHHOH ITJIOCKOCTH, 6y.n.yT 

.n:eH:crnosaTb CHJibI, B03BpamaIOmHe 11x Ha Hee. Pa.n:11aJibHaH tjJ0Kyc11poBKa TaK*e 

o6ecrrel.\HBaeTC5I 3a cqeT .n:eH:CTBHH MarHHTHOro ITOJIH. c 3TOH ueJibIO rpa.n:HeHT 
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ero pa,IJJlaJibHOfO y6brnamrn .11,0Jl)KeH no.11,6HpaTbCfl TaK, 4T06bI n 6b!JIO MeHbWe 
e.D,HHHIJ,bl. 

OcTaHOBHMCfl Ha sonpoce o npe.11,eJibHbIX 3Heprnflx, .11,0 KOTOpb1x MOMeT 
6bITb ycKopeH 3JieKTpOH B 6eTaTpOHHOM peMHMe. HanoMHHM, 4TO 3JieKTpoH 
yMe npH 3HeprHfIX B HeCKOJibKO K3B MOMHO C4HTaTb peJif!THBHCTCKOH I.JaCTHIJ,eH 
(cM. n. 3.2.1); a npH 3Heprnflx B .11,ecf!TKH H COTHH M3B ero CKopocTb CTaHoBHTCfl 
04eHb 6JIH3KOH K CKopocTH cseTa B nycToTe. DocKOJibKY 3JieKrpoH Ha pasHo
secHott op6Hre )l.BHMeTCfl c ycKopeHHeM, TO OH HcnycKaeT 3JieKrpoMarHHTHOe 
( CHHxporpoHHoe) H3JiytieHHe 1). DpH BbICOKHX CKopocrnx, 6JIH3KHX K cKopocTH 
CBeTa, norepH 3HeprnH Ha H3Jiy4eHHe CTaHOBfITCfl CTOJib 6oJibWHMH, llTO npou.ecc 
ycKopeHHfl nepecraer 6bITh 3cpcpeKTHBHbIM. n. n. l1BaHeHKO H 11. H. DoMepaH4YK 
reoperH4eCKH noKa3aJIH, tITO npe)l.eJibHO B03MOMHaf! 3Heprnfl ycKopeHHfl Ha 6era
rpoHe cocTaBJifler 500 M3B. 

Ha npaKTHKe y.ll.aJiocb co3.11,arb 6eTaTpOHbI, yCKopHIOIIJ,He 3JieKrpoHbI .uo 3Hep
rni1: paBHhIX HeCKOJihKHM coTHf!M M3B. DpHMepoM Mo2KeT CJIYMHTb 6ararpoH Ha 
340 M3B (l1JIJIHHOHC, CWA). 

5eTarpoHbI npHMeHf!IOTCfl .11,Jifl HCCJie.11,osaTeJihCKHX u.eJiett. BeJIHKO TaKMe ero 
KJIHHH4eCKOe 3Ha4eHHe (npH JielleHHH paKa H JiyI.JeBOH 6oJie3HH). 

5.3.8. Mn:Kporpou. DpH6op, Ha3bIBaeMbIH .MUKpompoHo.M, npe.11,craBJIHeT 
co6oii OTKaI.JaHHYIO KaMepy c IlOJibIM pe30HaropoM, C03.D,aIOIIJ,HM BbICOKOYaCTOTHOe 
rroJie c nocrof!HHOH tiaCTOTOH w0 (pHc. 5.13). KaMepa MHKporpoHa noMemaer-

06JJaCTb 

P11c. 5.13. CxeMa pa60Tb1 MHKpoTpoHa 

CH B nonepe4HOe nocTOfIHHOe MarHHTHOe noJie (HanpaBJieHO nepneH.11,HKyJIHpHO 
4epTeMy). BbICOKotiacroTHoe noJie BhipbrnaeT 3JieKrpoHbI H3 creHOK pe3oHaropa. 
KHHeTHlleCKafl 3Heprnfl raKHX 3JieKrpoHOB pasHa Hx Macce noKoH (0,511 M3B). 
C)l.eJiaB nepsbIH o6opor B MarnHTHOM noJie, 3JieKrpoHhI npoxo.11,HT '-!epe3 pe3oHarop 
s yCKopmomeif cpa3e. OoJiyI.Jafl HOBoe np11pameH11e 3Heprn11, pasHoe 0,511 M3B. 
5Jiaro.ll,apfl 3TOMY 4aCTora 11x o6pameHHfl rrp11 nocJie.11,osareJibHbIX o6oporax np11-

wo WQ 
HHMaer 3HatieHHe w0 , 

2 
, 

3 
H r. )].. TaKHM o6pa30M, MexaHH3M ycKopeHHfl 

1
) C11HXpOTpottHbIM np11HHTO Ha3bIBaTb 3J1eKTpoMarn11THoe 113JJy4ett11e peJJHTHBHCTCKHX 3apH

>KeHHbIX 4aCT!1L\, KOTOpb!e JJ:BmKyTcH []Q KpyroBb!M TpaeKTOp!1HM no;:r: ;:r:eHCTBHeM nonepe4HOro 

MafHHTHOro TIOJlH. 
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B MHKpOTpOHe HanOMHHaeT MexaHH3M ycKopeHHH B cpa30TpoHe (XOTH B nepBOM 

BhICOKOGaCTOTHOe IlOJie H He MOJJ.YJIHpyeTCH). 

TipirneJJ:eM orrncam1e MHKpOTpoHa <l>H3HK0-3HepreTH4eCKoro HHCTHTyTa (r. 06HHHCK): 

MaKCHMaJibHMI 3HeprnH 3JieKTpOHOB 30 M3B, wo = 3000 Mfll,, JJ:HaMeTp rrOJIJOCOB 3JieKTpo

MarHHTa 6oJiee I M. YCKopeHHbie 3JieKTpOHbI norraJJ:aJOT B peaKTop, BbI3b!BaH o6pa30BaHHe 

HeHTpOHOB, ITOJJ: JJ:eHCTBHeM KOTOpbIX rrpOHCXOJJ:HT HMITYJibCHaH BCilbllllKa peaKll,HH JJ:eJie

HHH. TiocJieJJ:HHH corrpoBo:>KJJ:aeTCH B03HHKHOBeHHeM HHTeHCHBHOro BTOpH4HOro ITOTOKa 

HetiTpOHOB, KOTOpbie norraJJ:aJOT B HeHTpOHOilpOBOJJ: - BaKyyMHpOBaHHYIO Tpy6y JJ:JIHHOH 

OKOJIO I KM, rJJ:e H HCCJieJJ:yJOTCH. 

5.3.9. CuuxpoTpou. YCKopeHHe ~>JieKTpOHOB JJ.O 6oJiee BhICOKHX 3HeprnH: 

ocyw,ecTBJIHeTCH B CUHXpomp01-te. ,ll.JIH IlOHCHeHHH npHHll,Hila pa60Tbl 3TOrO ycKo

pHTeJIH paCCMOTpHM ew,e pa3 COOTHOWeHHe (5.9). BhIWe Mb! BH,LJ,eJIH, GTO B cpa-

30TpOHe Me,LJ,JieHHOe yMeHhWeHHe qacToThI ycKopmow,ero reHepaTopa no3BOJIHeT 

CHHXpOHH3HpOBaTh npou,ecc B ycJIOBHHX 3HaGHTeJihHOro peJIHTHBHCTCKbro pocTa 

Macchi. HeJih3H JIH noCTynHTh aHaJIOrHGHhIM o6pa3oM H JJ:JIH ycKopeHHH 3JieKTpo

HOB, ,ll,BHMyw,HXCH co CKOpocrnMH, 6JIH3KHMH K CKOpOCTH CBeTa? EcJIH, O,LJ,HaKO, 

B cpa30TpoHe ,ll,JIH IlOJiyqeHHH paBHOBeCHOH op6HThl, COOTBeTcTByIOw,eH: 60JihWeH 

paBHOBeCHOH 3HeprnH, u,eJiecoo6pa3HO yMeHbWHTb qacToTy, TO ,LJ,JIH 3JieKTpOHOB, 

Macca KOTOphIX 6h1CTpo B03pacTaeT c yBeJiw1eHHeM cKopocTH, npou,ecc YJJ.06Hee 

npoBO,ll,HTb nyTeM TaKoro H3MeHeHHH MarHHTHOfO IlOJIH, np11 KOTOpOM OTHOWeHHe 

B / m ocTaBaJIOCh 6h1 HeH3MeHHhIM ( T. e. np11 Bh!IlOJIHeHHH ycJIOBHH w = canst, 

B/m =canst, B = B(t)). 
3rn 11,LJ,eH peaJI113oBaHa B rnHxpoTpoHe. B OTJIHGHe OT cpa30TpoHa paJJ.Hyc JJ.BH

MeHHH 3JieKTpOHOB B CHHXpOTpoHe IlOCTOHHeH (CM. cpopMyJiy (5.8), GTO Il03BOJIHeT 

npHMeHHTb KOJibll,eBOH 3JieKTpoMarHHT H OTKaGaHHYIO KaMepy, HMeIOw,y10 BHJJ. 

IlOJIOro KOJ!bll,a. 3JieKTpOMarHHT MOMHO IlHTaTb npOMblWJieHHbIM nepeMeHHblM TO

KOM qacTOTOH 50 fu,, C03,ll.a!OW,HM H3MeHHIOill,HHCH BO BpeMeHH MarHHTHblH IlOTOK. 

0.n.HaKo np11MeHHIOT 11 pe3oHaHCHYIO cxeMy nHTaHHH. C 3TOH u,eJihIO napaJIJieJihHO 

o6MoTKe 3JieKTpOMartt11Ta no.n.KJIIOGaeTcH 6arnpeH KOHJJ.eHcarnpoB 11 3TOT KOHTYP 

HaCTpaHBaeTCH Ha LJaCTOTY 50 fu,. Bo MHOrHX THnax CHHXpoTpOHOB HaLJaJihHblH 

nepHOJJ. ycKopeHHH npoHCXO,ll,HT B 6eTaTpOHHOM peMHMe, a yMe 3aTeM HanpHMeH

HOCTb MarHHTHOfO IlOJIH MOJJ.YJIHpyeTCH B COOTBeTCTBHH c B03pacTaHHeM MaCCbl. 

,llJIH yMeHhWeHHH TeilJIOBhIX noTepb OT TOKOB <l>yKo HCil0Jlh3YIOTCH KaMephl H3 

HeMeTaJIJIHLJeCKHX MaTepHaJIOB ( cpapcpop, CTeKJIO), a cep,LJ,eLJHHK 3JieKTpOMarHHTa 

H3fOTaBJIHBaeTCH H3 pa3,LJ,eJihHblX CTaJibHhlX IlJiaCTHH. 

CHHXpoTpOHhI co3.n.a10TcH ,LJ,JIH noJiyLJeHHH 3JieKTpoHoB, ycKopeHHhIX JJ.O 3Hep

rnH: nopHJJ.Ka 102-104 M3B. Hanp11Mep, CHHxpOTpoH <l>H3HLJeCKoro HHCTHTyTa 

HM. n. H. Jle6e,LJ,eBa (PocCHH) o6ecneLJHBaeT yCKopeHHe 3JieKTpOHOB JJ.O 680 M3B. 

B l1TaKa (ClllA) C03,LJ,aH CHHXpOTpOH, YCKOpHIOill,HH 3JieKTpOHbl JJ.O 3HeprnH 

1,2· 104 M3B. ,llocTHMeHHIO 6oJiee BhICOKHX 3Heprnii npenHTCTByeT CHHXpOTpoH

Hoe H3Jiyqem1e, B03HHKaIOw,ee, KaK .11 B 6eTaTpoHe, B npou,ecce ycKopeHHH 3JieK

TpoHOB. 

5.3.10. Cuuxp0<l>a3oTpou. Cyw,ecTByIOw,He B HacToHw,ee BpeMH U,HKJIH

LJecK.11.e ycKopHTeJIH Ha 3Heprn.11 CBh1we 1 f 3B npe.n.Ha3HaLJeHhI JJ.JIH ycKopemrn, 
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rnaBHbIM o6pa30M, npoTOHOB (Ho HHOr)l.a H P.pyrnx 6oJiee T5DKeJibIX 3apmKeHHblX 

'IaCTHIJ.). 3Ttt ycTpoti:cTBa noJiyLJttJIH Ha3BaHtte cuHxpocfJa3omp01-wB. KaK noKa3bI

saeT TepMHH «CHHXpocpa30TpOH», B 3TOH yCTaHOBKe ocyw.ecTBJieHO CBOeo6pa3HOe 

COl.JeTaHHe npttHUHTIOB, 3aJIO:>KeHHblX B OCHOBY pa6oThl CYIHXpOTpOHa H cpa3oTpOHa. 

UeJiecoo6pa3HOCTh C03JJ.aHHH cttHxpocpa30TpoHa BhITeKaeT H3 cJie)l.yIOw.ttx co

o6pa:>KeHHH. ,Il.o 3Heprnii nopH)l.Ka 1-10 f3B H Bb!llle npOTOHbl MO:>KHO ycKopHTb, 

soo6w.e rosopH, H Ha cpa30TpoHe. 0)1.HaKO 3TO TIOTpe6yeT 3Hal.JHTeJibHOfO yseJIH-

4eHHH pa3Mepa ycKopttTeJIR H CBH3aHHOfO c HHM pe3K0f0 pocTa seca MarHHTOB, 

4TO conpH:>KeHO c HeonpaB)l.aHHO 6oJihlllHMH cpttHaHCOBblMH 3aTpaTaMH. 

B cttHxpocpa30TpoHe nepeMeHHhIMH seJIHLJHHaMH HBJIHIOTCH LJaCTOTa 3JieK

TpttLJecKoro TIOJIH w = w(t) (KaK B cpa30TpOHe) H HH)l.YKUHH MarHHTHoro IIOJIH 

B = B(t) (KaK B CHHXpOTpoHe). l13MeHeHHH 3Tttx seJIHLJHH cTporo CHHxpoHH3H

posaHbI Me:>K)l.Y co6oii c TaKHM pacLJeTOM, l.JT06bi pe:>KHM yCKopeHHH Bee BpeMH 

co6JIIO)l.aJICH. l13MeHeHHe HH)l.YKUHH (yMeHblllaIOw.eiiCH IIO Mepe pocTa MaCCbl 

YCKOpHeMOH l.JaCTHUbl) o6ecnel.JHBaeT IIOCTOHHCTBO pa)l.ttyca paBHOBeCHOH op6HTbl. 

3To JJ,aeT B03MO:>KHOCTb HCIIOJlb30BaTh ycKopttTeJibHYIO KaMepy B cpopMe KOJlhUa 

H II03BOJI5leT npHMeHHTb MarHHTbl cpaBHHTeJibHO MaJioro seca, l.JTO 3Hal.JHTeJib

HO yMeHblllaeT cpttHaHCOBhie 3aTpaThI. Oco6eHHO nepcneKTHBHO HCIIOJib30BaHtte 

csepxnpOBO)l.HW.HX MarHHTOB, II03BOJIHIOW.HX yseJIHl.JHTb HH)l.YKUHIO B 3-5 pa3 nptt 

pe3KOM yMeHbllleHHH HX Beca (no cpaBHeHHIO c BeCOM «06bil.JHbIX» MarHHTOB). 

HanpttMep, peKOHCTPYKUHH B OI1RI1 (r. ,Il.y6Ha) cttHxpocpa3aTpoHa B TaK Ha3bI

saeMbIH HYKJIOTpoH npttse)l.eT K yMeHhllleHHIO noroHHoro seca KOJihUa 6oJiee LJeM 

B 500 pa3 ( 15 j . 
CospeMeHHbie CHHxpocpa3oTpOHbI - MOW.Hbie H JJ.OporocTOHW.He ycTaHOBKH, 

H B MHpe HX cpaBHHTeJihHO MaJio. 06bil.JHO OHH HMeIOT MHOfOCTyneHLJaTyIO CTpyK

Typy. B KaLJeCTBe HH:>KeKTopa 11cnoJih3yeTCH, Hanp11Mep, JIHHeHHhIH pe3oHaHCHhIH 

ycKOpttTeJih, B KOTOpOM LJaCTHUbI noJiy4aIOT nepBOHal.JaJibHOe ycKopeHHe. ,Il.aJiee 

OHH nona)l.aIOT B MaJibIH CHHXpocpa30TpOH, Ha3bIBaeMhIH 6ycTepoM, f)l.e l.JaCTHUbl 

npOXO)l.HT BTopoii UHKJI ycKopeHHH H TOJlbKO 3aTeM )l.OCTHraIOT OCHOBHOfO ycKOpH

TeJIH, np1106peTaH Ha ero Bb!XO)l.e MaKCHMaJihHYIO 3HeprnIO. 

,Il.ttaMeTp KpynHeHlllHX yCKopHTeJieH 3Toro rnna secbMa BeJIHK. HanpttMep, 

CHHXpocpa30TpOH B oaTaBHH (CWA) YCKOpHeT npOTOHbl )l.0 1000 f3B, a ero 

)l.HaMeTp paseH 2 KM. 

ToK npOTOHOB, ycKopeHHbIX B THIIHl.JHOM CHHXpocpa30TpoHe, B COTHH H TbICHl.JH 

pa3 MeHbllle TOKa B UHKJIOTpOHe, He npeBbilllaeT 2-3 MKA, a Hapy:>Ky Bb!BOJJ,HTCH 

TOK, paBHblH scero HeCKOJibKHM npoueHTaM OT BHyTpeHHero TOKa. 

5.3.11. KoJIJiau.n;epbI. ,Il.JIH noJiyLJeHHH LJaCTHU csepxBhICOKHX 3Heprnii pa3-

pa6oTaHhI yCTaHOBKH, noJiyLJHBlllHe Ha3BaHHe KO.!lJtauoepoB. Pe3Koe yseJI11LJeH11e 

3HeprnH LJaCTHU )l.OCTHraeTCH 3a Cl.JeT HX BCTpeLJHOfO coy)l.apeHHH [ 10, 16]. 
B KaLJecrne npttMepa onmneM ycTpoiicrno KOJIJiaHJJ.epa co BCTpeLIHbIMH nyq

KaMH npoTOHOB ISR, co3)l.aHHoro B EsponeiiCKoM ueHTpe H)l.epHbIX 11ccJie)l.0BaHHH 

(coKpaw.eHHO UEPHe), pacnoJio:>KeHHOM B lKeHese (WseiiuapttH). ,Il.JIH noJiyqe

HHH BbICOK03HepreTttl.JeCKHX npoTOHOB HCIIOJlh3yeTC5l paccMOTpeHHaH Bb!llle YCKO

pHTeJibHaH CHCTeMa, COCTOHW.aH 113 JIHHeHHOfO yCKopttTeJIH (HH:>KeKTopa), 6ycTepa 
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11 6oJibllIOro CHHxpoqia3oTpoHa. 3Heprmr npoTOHOB Ha ero BbIXo,ne paBHa 31 f 3B. 
BcJie)l,CTBHe HH3KOH HHTeHCHBHOCTH nOTOKa ycKopeHHhlX npOTOHOB BepOHTHOCTb 
CTOJIKHoBeHHf! ,nByx qacrnu, Jiernm11x HaBCTpeqy ,npyr ,npyry, qpe3Bb1qaHHO 
MaJia. .IlJifl yBeJI11qeHHf! q11cJia CTOJIKHOBeHHH HCnOJib3YIOTCf! TaK Ha3bIBaeMbie 
HaKonHTeJibHble KOJ!bUa, npe)l,CTaBJiflIOmHe co6oH 3aMKHYTbie KpyrOBbie noJIOCTH, 
B KOTOpb!X no,n,nep)KHBaeTCf! BbICOKHH BaKyyM. B onHCbIBaeMOM KOJIJiaH,nepe 6JIH3 
6oJibllIOro c11Hxpoqia3orp0Ha pacnoJio)KeHo ,nBa HaKon11reJibHhrx KOJibUa. CTporo
HbI, nocTyna10m11e 113 ycKOpHTeJif! B KOJibUa, 6Jiaro,napH cymecrny10meMy B HHX 
Bb!COKOMY pa3pe)KeHHIO cnoco6Hbl coxpaHf!TbCf! )l,JIHTeJibHOe BpeMf! (nopH,nKa 
1000 qacoB). 

BBo,n nporoHoB B KOJibUa ocymecTBJIHercf! nooqepe,nHo c raKHM pacqeroM, 
qT06bI B HHX C03)1,aBaJIHCb noTOKH npoTHBOnOJIO)KHblX HanpaBJieHHH. 3ra npoue.ny
pa npo,nOJI)KaeTCf! )1,0 )l,OCTH)KeHHf! TOKOB B 30 aMnep. 3areM ycKopHTeJib OTKJIIOqa
eTCf!. CTOJIKHOBeHHf! BCTpeqHb!X noTOKOB npOHCXO)lf!T Ha yqaCTKaX nepeceqeHHf! 
KOJieu, B KOTOpblX c noMombIO cneu11aJibHOH annapaTypbl Ha6JIIO)l,aIOTCf! co6bITHf!, 
BbI3bIBaeMhie craJIKHBa10m11MHCf! qacr11uaMH. CTptt coy,napeHHH ,nByx nporoHoB 
c 3HeprneH 31 f3B ,nocrnraercH raKOH )Ke 3ci>ci>eKT, qrn H nptt y,nape Jiernmero 
npOTOHa c 3HeprneH 2000 f3B no Heno)l,BH)KHOMY npOTOHy. 

On11caHHbIH KOJIJiaH,nep ISR 6bIJI BBe,neH B crpoH B 1971 r. B nocJie,ny10mtte 
fO)lbl 6bIJIH nocrpoeHbl ycKop11TeJibHO-HaKon11TeJibHbie KOMnJieKCbl )l,Jlf! 113yqeHHf! 
3ct>cpeKTOB CTOJIKHOBemrn KaK 0)1,HHaKOBbIX, TaK H OTJ1Hqa10mHXCf! no KaKOMY-JIH6o 
npH3HaKy qacrnu. CTpttBe,neM HeCKOJibKO npHMepoB. 

B 1987 r. 6b1JI nocrpoeH nporoH-aHrnnporoHHbIH KOJIJiaH,nep TEVATRON 
(Jia6oparopttH HM. ct>epMH, ClllA) c 3HeprneH qacrnu B nyqKax 1000 x 1000 f3B 
(Amrna KOJlbUa 6 ,3 KM). B 1989 r. BC.TYflHJl B CTpOH 3JleKTpoH-TI03MTpOHHblH ycKo
pHTeJib-HaKonHTeJib LEP (UEPH, lllBeHuapttH), 3HeprnH 3JieKrpoHOB 11 no311rpo
HOB paBHf!eTC.f! 101 x 101 f3B (AJIHHa KOJibUa 26,7 KM) 1). B 1992 r. 6bIJI BBe,neH 
B 3KCnJiyaTau1110 3JieKrpoHHo-npoTOHHbIH KOJIJiaH,nep HERA (f epMaHHH) c 3Hep
rneH qacrnu 30 x 920 f3B (AJIHHa KOJihUa 6,3 KM). B 2005 r. BBe)l,eH B CTpOH 
MO,nepHH3HpoBaHHbIH npoTOH-nporoHHbIH KOJIJiaH,nep LHC (UEPH, lllBeHuapHH) 
c 3HeprneH qacrnu 7000 x 7000 f3B (AJIHHa KOJibUa 26,7 KM). 

Eme 6oJiee rpaH)lH03HbIH HayqHbIH ycraHOBKOH f!BHTCH DOJibllIOH a,npoHHbIH 
KOJIJiaH,nep (UEPH), KOTOpb!H npe,nnOJIO)KHTeJibHO BCTynHT B crpoH. BO BTOpOM 
,nec.HTHJiern11 reKymero BeKa (npo6HbIH 3anyc.K 6bIJI ocymecrBJieH y)Ke B 2008 r.). 
OH co3,naBaJICf! yqeHbIMH MHor11x crpaH MHpa, BKJI10qaf! Pocc1110, B reqeH11e 
noqr11 )l.Byx ,neCHTHJieTHH. C noMombIO oOJibllioro a,npoHHoro KOJIJiaH.,nepa yqeHbie 
Ha,ne10rcH np0Bep11Tb cnpaBe)lJIHBOCTh cymecrny10m11x npe,ncraBJiem1H. o nepBbIX 
MrHOBeHHHX B03HHKHOBeHHf! BceJieHHOH (cM. rJI. 21). 

') CTylJKH 3HTHlJ3CTHU: rettep11py10TC5! cneu:11aJJbHblMH CHCTeMaMH, B KOTOpb!X ocymecTBJJHIOTCH 

COOTBeTCTBYIOIL\He H.ll,epHbie peaKU:HH. 



f JiaBa 6 

METO~hl PEfHCTPAUHH 
HOHH3HPYIOlll.HX H3JIYqEHHH 

§ 6.1. KJiacc11<1>11Kan.11si 11 ocHOBHhie xapaKTepHCTHKH AeTeKTopoe 

HOHH3HpyIOW.HX H3JiyqeHHH 

)leTeKTOpb1 H3Jiyqemrn npHH51TO KJiacrnqmu.HposaTb Ha ,ll.Be rpynnhI. CTo,ll. ,ll.ei1-

crn11eM 51,ll.epHb!X H3.Jiyqem1.i1 B ,ll.eTeKTopax nepBOH rpynnbl B03Hl1KalOT 11MilYJibCbl 

TOKa HJIH HMilYJibCbl HanpmKeHl151, pernCTp11pyeMbie 3.JieKTpOHHOH annapaTypoi1, 

a B ,ll.eTeKTopax BTopoi1 - o6pa3yIOTC51 CJie,ll.bl (TpeKH), napaMeTpbl KOTOpb!X 

HCCJie,ll.yIOTC51 O,ll.HHM 113 paccMaTp11saeMbIX Hl11Ke MeTO,ll.OB. )leTeKTOpbl nepsoro 

THna o6bJqHo Ha3bIBalOT cqeTq11KaM11, a BTOporo - Tpeh:OBb!MH )l.eTeKTopaMH. 

CTepsyIO rpynny ,ll.eTeKrnpos coCTaBJI51IOT: 

- ra30Bb!e HOHH3a11,HOHHbJe cqeTq11Kl1, B TOM qHCJie HOHl13a11,110HHa51 KaMepa, 

nponop11,110Ha.JibHblH cqeTq11K H cqeTql1K fei1repa-MIOJIJiepa; OTMeTHM, qTo 110Hl1-

3a11,HOHHa51 KaMepa M01KeT pa6oTaTb He TOJibKO B HMilYJibCHOM, HO H B TOKOBOM 

pe1KHMe; 

- C11,11HTHJIJI5111,110HHbie cqeTqHK11; 

- no.JiynpOBO,ll.HHKOBbie cqeTqHKH; 

- qepeHKOBCKl1e cqeTqHKH; 

- cqeTqJ1K11 nepeXO,ll.HOrO 113.JiyqeHH51. 

Bo BTopyIO rpynny BXO,ll.51T: 

- KaMepb1 811.JibCOHa; 

- IlY3blpbKOBbie KaMepbI; 

- HCKpOBbie KaMepbI; 

- 51,ll.epHbJe 3MYJibCl1H, 3MYJibCHOHHble KaMepbI; 

- ,ll.113.JieKTp11qecK11e ,ll.eTeKTOpb!. 

B npHBe,ll.eHHOM nepeqHe oTcyTcTsyeT p51,ll. perHCTpttpyIOmttx ycTpoHcTB pac

CMaTpttsaeMoro Ha3HaqeHl151, Ho OH oxsaThrnaeT see Hatt6o.Jiee pacnpocTpaHeHHbie 

,ll.eTeKTOpbl HOHH3HpyIOI11,HX 113.JiyqeHl1H. 

PaccMoTpHM Ba1KHei1urne xapaKTepHcT11K11 ,ll.eTeKTopos nepsoi1 rpynnb1. 

1. 3cpcpeKT11BHOCTb rJ - OTHOllleHHe qHc.Jia 3apernCTpHpoBaHHbIX cqeTqHKOM 

CHrHa.JIOB (HMilYJibCOB, CBeTOBb!X BCilbillleK H T. ,ll..) K qHcJJy qacTHU., nonasurnx 

B cqeTqHK; rJ npHH51TO Bbipa1KaTb B npou.eHTaX. 3HaqeH11e rJ 3aBHCl1T OT CBOHCTB 

cqeTqHKa, 3HeprnH na,ll.aIOUJ.HX qacTHU., reoMeTpHH onhna. B JII06oM KoppeKTHO 

IlOCTaBJieHHOM 3KCnepHMeHTe ,ll.0.JI)KHO 6bITb o6ecneqeHO IlOCT051HCTBO HJil1 KOH

TPOJib H3MeHemrn 3cpcpeKTHBHOCTH B TeqeHHe scei1 cepttH H3MepeH11i1. 

4 0. A. 13apcyKoB 
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2. BpeMeHHOe pa3peweHHe orrpeAeJIHeTCH KaK crroco6HocTh cqeTYHKa perH- I 
CTpHpoBaTh co6hITHH, pa3AeJieHHb!e HeKOTOpb!M MHHHMaJihHhlM BpeMeHHhlM rrpo

Me)KyTKOM, Ha3hIBaeMhIM paspeuta/OUfUM BpeMeHeM. EcJIH 3a 3TO BpeMH rrpoH30H

AeT co6hITHe, TO OHO JIH6o He 3aperncTpHpyeTCH BOBCe, JIH6o 3apernCTpHpyeTCH 

«HerrpaBHJihHO». ' 
l 

3. 31-tepiemuttecKoe paspeweHue - rrpoueHTHoe OTHoweHHe wHpHHhI /:l.E rrH- j 
Ka aMrrJIHTYAHOro pacrrpeAeJieHHH HMITYJihCOB K 3HeprnH E, orneYaIOmeH: BepwHHe , 

3TOfO ITHKa rrpH o6Jiy4eHHH AeTeKTOpa ITOTOKOM MOH03HepreTH4eCKHX LJaCTHU. 

4. AMnJlumyaa CUcHaJla Ha Bbtxoae aemeKmopa AOJI)KHa 6hITh Bh!We ypOBHH 

wyMoB, T. e. co6cTBeHHoro cpoHa AeTeKTopa rrpH OTCYTCTBHH perncTpHpyeMhIX 

qacTHU. YpoBeHh wyMoB xapaKTepH3yeTcH 3HaLJeHHeM rropora AHCKpHMHHaUHH, 

KOTOpb!H Bb!pa)KaeTCH JIH6o B BOJibTax, JIH6o B 3HepreTH4eCKHX eAHHHUaX. 

5. ,lleTeKTOpbl xapaKTepH3YIOTCH TaK)Ke CTa6HJihHOCTh!O, HaAe)KHOCTh!O, CTOH

MOCTh!O H rrp. 

OepeI1AeM K OCHOBHhIM xapaKTepHCTHKaM TpeKOBhIX AeTeKTopoB, HaLJaB c Tpe

KOBhIX KaMep. 

1. 3¢rjJeKmUBHblU o6'beM. l13MepHeTCH B JIHTpax, CM3 H T. A. 4eM OH 60Jihllle, 

TeM 60JihWee 4HCJIO co6bITHH MO)KeT 6h!Th 3aperncTpHpoBaHO. 

2. lfyBcmBumeJlbHOCmb. 3aBHCHT OT HOHH3aUHOHHhIX ITOTepb qacTHU. 4eM 

OHH Bh!We, TeM 4eT4e TpeK LJaCTHUhl. 

3. DbtcmpoaeucmBue, T. e. LJHcJio rrepHOAOB pa60Tocrroco6HocTH KaMeph1 3a 

eAHHHUY BpeMeHH. 4eM OHO Bh!We, TeM 6bICTpee ocymecTBJIHeTCH Ha6op Heo6xo

AHMOH HHcpopMaUHH (oco6eHHO rrpH BhIHBJieHHH peAKHX co6hITHH). 

4. YnpaBAReMocmb. OrrpeAeJIHeTCH 6h1CTpornI1 rrepexoAa KaMephI B pa6orn

crroco6Hoe COCTOHHHe (B HAeaJihHOM cJiyqae - rrpaKTH4eCKH MrHOBeHHO). 

5. CmouMocmb. J13 TpeKOBhIX KaMep HaH6oJiee AeweBhI KaMephI BHJihcoHa 

MaJihIX pa3MepoB. CTOHMOCTh KpyrrHhIX rry3hiphKOBhIX H HCKpOBhIX KaMep HacTOJih

KO BeJIHKa, l.JTO HX B COCTOHHHH npHo6peTaTh J!Hlllh KpynHhle Hay'-IHbie ueHTpbl 

c xopoWHM cpHHaHCOBhIM o6ecrreqeHHeM. 

OcTaHOBHMCH Terreph Ha xapaKTepHCTHKax HAepHoH 3MYJihCHH. 

1. lfyBcmBumeJlbHOCmb. ,IlJIH HAepHblX 3MYJihCHH LJYBCTBHTeJihHOCTh HBJIHeTCH 

OCHOBHOH xapaKTepHCTHKOH, orrpeAeJIHIOIUeH crroco6HOCTh 3TOro AeTeKTOpa pa3-

JIH4aTb LJaCTHUhl c pa3HOH yAeJihHOH HOHH3aUHeH. 

,llJIH HAepHOH 3MYJihCHH cymecrnyeT crreuHcpHqeCKHH rropor 4YBCTBHTeJih

HOCTH. 4acTHUhI orrpeAeJieHHoro copTa c 3Heprnei1 BhIWe rroporoBOH He pern

cTpHpyIOTCH 3MYJihcHeI1 c AaHHOH LJYBCTBHTeJihHOCThIO. HarrpHMep, 3MYJihCHH, 

COAep)KamaH KpHcraJIJihI Ag Br pa3MepoM rrpHMepHo 0, 15 MKM LJYBCTBHTeJibHa 

K o:-qacTHUaM, .3HeprHH KOTOphIX He rrpeBhIIIIaIOT 10 M.3B, TOr.D,a KaK o:-LJaCTHUhI 

c 60JihlIIHMH 3HeprHHMH TOpM03HTCH H He perHCTpHpy!OTCH. 

2. Oco6eHHOCmu 06pa6om1w rjJomoMamepuaJlOB. nocJie rrpoHBJieHHH o6Jiy

qeHHOH cpoT03MYJihCHH HaCTyrraeT nepHOA KpOITOTJIHBOH H AJIHTeJibHOH pa60ThI, 

B KOTopoI1 06h1qHo 3aAeHCTBOBaHo MHoro yqacTHHKOB. B ee rrpouecce Heo6XOAHMO 

Bh!HBHTh Ha ¢oTorpaqnrnx THIThl 3aperncTpHpOBaHHhlX '-IaCTHU, onpeAeJIHTh HX 

rrpo6erH, paCC4HTaTb 3HeprHH, rrpoaHaJIH3HpOBaTh oco6eHHOCTH CTOJIKHOBeHHH 

H rrp. B HaCTOHII.I.ee BpeMH 3Ta TPYAOeMKaH pa6oTa Bee wHpe 3aMeHHeTcH TaK 
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lla3bIBaeMb!M 6ecci>HJibMOBbIM CbeMOM 1-rnct>opMauHH, npH KOTOpOM o6pa60TKa ocy-

1uecTBJI5IeTCH Ha 3BM B 3KCnpecCHOM pe:IB:HMe noqTH O,ll,HOBpeMeHHO c TeKyW:HMH 

H3MepeHHHMH. 

3. I'a6apumbt. Onpe,ll,emuoTcH pa3MepaMH ci>OTOnJiaCTHHKH c TOJIW:HHoti qys

CTBHTeJihHoro CJIOH 3HaqHTeJibHO 60Jibillero no cpaBHeHHlO c 06b1qHOH cpoTorpa

(p11qeCKOH TIJI8CTHHKOH. 

4. Cmou.M.ocmb. 5I,ll,epHaH 3MYJibCHH - caMbIH .ll,eilleBbIH TpeKOBbIH ,ll,eTeKTop. 

B 3aKJIJ0qem1e ocTaHOBHMCH Ha HeKOTOpbIX xapaKTepHCTHKax .ll,H3JieKrp11qe

cKoro .ll,eTeKTOpa. CTocJie,ll,HHH o6Jia,ll,aeT MHOrHMH Oco6eHHOCTHMH, CBOHCTBeHHbl

MH ct>oT03MYJibCHOHHOMY .ll,eTeKTopy. TaK, AJIH BbIHBJieHHH TpeKoB nocJie 3KC

no3HUHH Tpe6yeTCH cneu11aJibHaH XHMHqecKaH o6pa60TKa, TIOCJie KOTopoti Ha 

JJ,eTeKTOpe BbIHBJIHIOTCH ,ll,OCTaToqHO qeTKHe TpeKH; CTOHMOCTb ,ll,H3JieKTpHqecKoro 

JJ,eTeKTopa TaK*e HeseJIJrna H T. ,LI,. Ott 06Jia,L1,aeT H pHAOM cneum}:mqecKHX .ll,OCTO

HHCTB, HanpHMep, ,ll,H3JieKTpHqecKHH ,ll,eTeKTOp ueJiecoo6pa3HO HCTIOJ!b30BaTb .ll,JIH 

o6Hapy)l(eHYIH pe,ll,KHX co6bITHH. 

§ 6.2. fa30Bble HOHH3aU.HOHHbie cqeTqHKH 

HaH6oJiee pacnpoCTpaHeHHbIMH cqeTqHKaMH 3apmKeHHbIX qacr11u H 1-KBaHTOB 

HBJIHIOTCH ra30Bbie HOHH3aUHOHHbie cqeTqHKH - HOHH3aUHOHHble KaMepb!, ra30-

pa3pH,ll,Hble cqeTqHKH (H3 TIOCJie.ll,HHX HaH60JibWee pacnpoCTpaHeHHe TIOJiyqHJIH 

C'-JeTqHKH fetirepa-MIOJIJiepa). CTepeqHCJieHHbie cqeTqHKH npe.ll,CT8BJIHIOT co6ott 

KOH.ll,eHcaropbI TOH HJIH HHOH ct>opMbI, 3anoJIHeHHh1e ra3oM; HX CBottcTBa 3aBHCHT 

OT ct>opMbl 3JieKTpO.ll,OB, 3Ha'-leHHH H pacnpe,ll,eJieHHH 3JieKTpH'-IeCKOro TIOJIH Me)l(,ll,y 

3JieKTpO.ll,aMH H .ll,aBJieHHH ra3a. 

6.2.1. HoHI-taau;noHHaSI KaMepa. 11oHH3auHoHHbie KaMephI no3BOJIHIOT pe

r11cTpHpoBaTh qaCTHUhl (H3JiyqeHH51) pa3JIHqHoro THna: 3JieKTpOHhl, /-KBaHThl, 

npOTOHbl H np. fa3 B KaMepe HOHH3HpyeTCH JIH6o Henocpe.ll,CTBeHHO nepBHll

HblMH qacrHuaMH, JIH6o onocpe,ll,OBaHHO - BTOpH4HblMH qacTHUaMH (HanpHMep, 

f-KBaHTbl Bbi6HBa!OT H3 CTeHOK 6bICTpb1e 3JieKTpOHbl, KOTOpbie H HOHH3HPYIOT ra3). 

HanoJIHHIOW:HM ra3oM MO)l(eT cJiy)KHTb KaK B03,ll,yx, TaK H .upyrne ra3bl. JlasJieHHe 

ra3a B 3aBHCHMOCTH OT TIOCTaBJieHHOH 3a.ll,aq11 MO)l(eT 6b!Tb paBHbIM aTMOCcpepHOMy 

)l.aBJieHHIO JIH6o OTJIHqaTbCH OT Hero. 

Pa3pa60TaHbI HOHH3aUHOHHbie KaMepbI caMbIX pa3JIHqHbIX ct>opM H ra6ap11-

TOB. illHpOKOe pacnpoCTpaHeHHe TIOJiyqHJIH KaMepbI c TIJIOCKHMH napaJIJieJibHbIMH 

3JieKTpo.uaMH. B .ll,aJibHeiiweM npe.unoJiaraeTcH, 4TO HOHH3aUHOHHaH KaMepa HMeeT 

HMeHHO TaKyIO cpopMy. 

PacCMOTpHM npHHUHTI pa60Tbl HOHH3aUHOHHOH KaMepb!. no)]. .uetiCTBHeM nep

BH4HOH qaCTHUbl ra3 B KaMepe HOHH3HpyeTCH. 06pa3yIOIUHeC5I TIOJIO)l(HTeJibHO 

H OTpHuaTeJibHO 3ap51:IB:eHHbre qaCTHUbl ,ll,OCTHraIOT COOTBeTCTBY!OW:HX 3JieKTpo

)l.OB, 3JieKTpHqecKaH uenb 3aMbIKaeTCH H no Hett TeqeT TOK, pernCTpHpyeMbIH 

H3MepHTeJibHbIM 3JieKTpOHHhIM yCTpoH:cTBOM. KaMepy, pa60Ta10my10 s on11caHHOM 

pe)l(HMe, Ha3b!Ba!OT mOKOBOU, HJIH UHmeipupy10U{eU. c ee TIOMOW:b!O H3MepH!OT 

cpe,UHHH HOHH3aUHOHHbIH TOK B ra3e. 110HH3aUHOHHaH KaMepa MO)l(eT pa6oTaTb 

4* 
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H B HMilYJibCHOM pexrnMe (pHC. 6.1). B TaKOM cJiy'-lae OHa Ha3bIBaeTC5! U.Mnlj.!lbC

HOU. B .3TOM cJiy'-lae pernCTpHpyIOTCH OT,lJ,eJibHbie '-!aCTHI.J.bI, nonaBrrrne B pa6o'-!HH 

06beM HOHH33UHOHHOH KaMepb!. 
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P1.;c. 6.1. CxeMa BKJJJO'leHJrn ttomrnau.ttoHHOH KaMephI B HMTIYJihCHOM pe)!rnMe 

Pa3HOcTb noTem.1.HaJioB Melf<.n:y .3JieKTpoJ.J:aMH noJJ,6HpaeTrn c TaKHM pac'-!eToM, 

'-!T06b! BCe HOHbl JJ,OXO,lJ,HJIH )1,0 HHX, 06ecne1rnBa5! TeM caMbIM H3MepeHHe nOJIHOH 

HOHH3aUHH, npoH3BeJJ,eHHOH nepBHLJHbIM H3Jiy'-leHHeM. EcJIH npo6ern '-!aCTHU, co

cTaBJIHI01UHX .3TO H3Jiy11eH11e, noJIHOcTb!O yKJiaJJ,bIBaIOTCH B o6beMe KaMepbI, TO 

B npHHUHne MOJKHO onpeJJ,eJIHTb HX KHHeTHLJeCKYlO .3HeprnIO. 

lfaCTHUa C03JJ,aeT B KaMepe W/w nap HOHOB (W - ee KHHeTw-IeCKaH .3HeprnH, 

a w - cpeJJ,H5!5! .3HeprnH, 3aTpa'-!HBaeMaH Ha o6pa3oBaHHe OJJ,HOH napbl HOHOB). 

DoJIHoe '-!HCJIO HOHOB OJJ,Horo 3HaKa, o6pa3oBaHHbIX 11acTHueti:, MO)KHO noJiyLJHTb, 

yMHOlf<HB W / w Ha .3JieMeHTapHbIH 3apHJ.J: e. Co6crneHHaH eMKOCTb KaMepbI ( eM

KOCTb .3JieKTpOJJ,OB OTHOCHTeJibHO ,npyr J.J:pyra) nJIIOC eMKOCTb MOHTa)Ka Ha3bIBaeTrn 

&KBUBa.!leHmHoii e.MKocmb10 C. 
l13MeHeHHe ~ v HanpHlf<eHHH Ha .3JieKTpOJJ,aX KaMepbl npH npoXO)KJJ,eHHH '-1epe3 

Hee HOHOB 0,lJ,HOfO 3HaKa paBHO 

(6.1) 

KaK BHJ.J:HO, .3HeprnH 11acTHUbI nponopuHoHaJibHa ~ V. Do.3ToMy, H3MepHH 3HaLJeHHe 

~ v' MO)KHO onpe.n:eJIHTb .3Heprmo '-laCTHUbl. 

06o3Ha'-IHM l-lepe3 T BpeMH co6HpaHHH 3apHJ.J:OB Ha .3JieKTpo.D,ax. DpH pa3Mepax 

KaMepbr nopHJ.J:Ka 1 CM BpeMH co6HpaHHH .D,JIH .3JieKTpoHoB Te ~ 10-6 c, a JJ,JIH 

noJIOJKHTeJibHbIX HOHOB T11 ~ 10-3-10-4 c ( TaK KaK HX cKopocTb cymecrneHHO 

MeHbille CKOpOCTH .3JieKTpOHOB) 1). <Pop Ma HMnyJibCa 3aBHCHT OT COOTHOWeHHH 

1
) Pa3JIH'laJOT 3neKTpooTpHu.aTeJ1hHb1e H 3J1eKTponoJIO>KHTeJ1bHb1e ra3bl. Dp11MepoM nepBblX HB

JJHeTCH 6poM, xJ1op H naphI BOJlhI; a BTOpbIX - aproH 11 reJJHH. B 3JieKTpooTp11u.aTeJibHbIX ra3ax 

npH HaJIH'lHH CB060)lHblX 3JieKTpOHOB BeJJHKa BepOHTHOCTb HX 3aXBaTa aTOMaMH (MoJJeKyJiaMH); 

B pesyJJbTaTe 06pasy10TCH TJVKeJJble OTPHU.aTeJJbHbie HOHbl. I1x o6pa30BaHHe B .';lJ!eKTpODOJl0)!{!1TeJJb

HblX ra3ax HBJIHeTCH )lOBOJlbHO pe)lKHM HBJJeHHeM. 3)leCb npe)lTIOJJaraeTCH, lJTO ras B )leTeKTope -

3JJeKTpODOJl0)!{!1TeJJbHblH, H lJTO yKa3aHHOe HBJ1eH11e He HMeeT MeCTa. 
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Me.JK.a.y speMetteM co6Hpamrn H nocToHHHOH speMeHH RC, r.ne R - TaK Ha3bI

saeMoe conpOTHBJieHHe yTeqKH (CM. pHc. 6.1), CJiy)KaI.IJ,ee ,UJI5l. BOCCTaHOBJieHH5l. 

noTem.1.HaJia. Ha pHc. 6.2 noKa3aHa cpopMa HMnyJibca Ha BbIXOJJ,e KaMepbI npH 

Pttc. 6.2. <l>opMa HMilYJibCOB, CHHMaeMbIX c HOHH3aUHOHHOH KaMepbi npH pa3JI!i'lHbIX 3Ha'leHHllX 

IlOCTOllHHOH speMeHH; V.Kn - HanpmKeHHe Ha BbIXOAe KaMepb1; Tn - MOMeHT AOCTH)KeHHll MaKCH

MyMa HMnyJJhca npH RC > T 

pa3Hb!X COOTHOllieHH5l.X Me)KJJ,y speMeHeM co611paHH5l. H IlOCT05l.HHOH BpeMeHH. 

,llonycTHM, qyo 11cToqH11K 11cnycKaeT o:-qacTHlJ.bI c 3Heprnei1 5 M3B, npHqeM 

11x npo6erH noJIHOCTbJO yKJiaJJ,bIBaJOTCH B pa6oqeM o6beMe KaMepbI, 3anoJmeHHOH 

aproHoM. ,llJIH aproHa w = 25 3B. T11nHqHoe 3Haqett11e 3KBHBaJieHTHoti eMKOCTH 

paBHo 10- 11 <I>. TorJJ,a 

~v = s. 106. 1,6. 10-19 = 3 2. 10-3 B = 3 2 MB 
25.10- 11 ' ' ' 

T. e. IIOJiyqaeTCH BeCbMa CJia6bIH HMIIYJibC nopHJJ,Ka MHJIJIHBOJ!bTa, 6JIH3KHH 

K ypoBHJO wyMoB. Ero tteJib3H yseJiwmsaTb 3a cLieT yMeHbWeHHH 3KBHBa.neHTHOti 

eMKOCTH, TaK KaK JJ,OJDKHO Bb!IlOJIHHTbCH ycJiosHe RC > T (npH RC ~ T HMnyJibc 

cpopM11pyeTCH B npou.ecce co611paHHH 3apHJJ,OB, CM. p11c. 6.2). MaJIOCTb HMilYJibca 

51.BJIHeTCH rJiaBHb!M He)J,OCTaTKOM HOHH3aUHOHHbIX KaMep. CTpH HX HCITO.ITb30Bamrn 

He06XOJJ,HMO rrpHMeH5l.Tb 3JieKTpOHHb!e ycHJIHTeJIH c MaJib!MH aMITJIHTyJJ,aMH wy

MOB. B paccMaTp11saeMoM cJiyLiae MO)KHO JJ,o6HTbCH 3HepreTHLiecKoro pagperneHHR 

nopHJJ,Ka OJJ,Horo npoueHTa. 

l1oHH3aQifOHHaH KaMepa B HMIIYJibCHOM pe*HMe Hcno.nb3yeTCH H JJ,JIH H3Mepe

HHH qHcJia 3apmKeHHb!X lJ.aCTHU. 3cpcpeKTHBHOCTb KaMep MO)KeT HMeTb 3HaqeHHH 

OT )J,OJieH npou.eHTa ('y-KBaHTbl) )J,0 HeCKOJibKHX JJ,eCHTKOB rrpoueHTOB (3apH)KeH

Hb!e tJ.acTHUbI). Pa3pewaroI.IJ,ee speMH onpe,ll,eJIHeTcH speMeHeM co6ttpaHttR ttoHoB 

H BpeMeHeM, 3a KOTopoe IIOTeHuHaJI BOCCTaHaBJIHBaeTCH )J,O HCXO,ll.HOfO 3Ha4eHHR. 

np11 pa6oTe KaMepbl Ha IIOJIHOM HMIIYJibCe (BKJIJOqaJOI.IJ,eM 3.ITeKTpOHHYIO H HOHHYIO 

KOMIIOHeHTbl) Otta II03BOJI51eT perHCTpHpOBaTb CKOpOCTb C4eTa, He npeBbIUiaIOI.IJ,yIO 

HeCKOJibKO coTeH qacTHU. B ceKytt,ll,y. CTp11 pa6oTe HOHH3au110Httoti KaMepbI Ha 

3JieKTpOHHOM HMilYJibCe MO)KHO perncTpHposaTb COTHH TbICH4 48CTHIJ, B ceKyH,ll,Y. 

OJJ,HaKo B raKOM cJiyqae yxy,Z1,waeTcH 3HepreTHlJ.ecKoe pa3pernetttte, nocKOJihKY 

3HalJ.eHHe 3JieKTpOHHOfO HMIIYJibCa 3aBHCHT KaK OT 3HeprHH 4aCTHQ, TaK H OT 

Toro, tJ.epe3 KaKoH: yqacTOK KaMepbI npoJieTaeT qacnma. 
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)],o CHX nop Mb! paccMaTp1-rnaJIH pa60Ty HOHH3al.l,HOHHOH KaMepbl B HMilYJibC

HOM pe)irnMe. B TOKOBOM pe:tK.HMe HOHH3al.l,HOHHa51 KaMepa npHMeH51eTC51 )l,Jl51 

onpe)l,eJieHH51 )l,03bl H MOil.l,HOCTH )l,03bl, np11:qeM poJib 3Toro np11:6opa B )l,03HMeTpHH 

HCKJIIOqHTeJibHO BaLKHa (CM. n. 25.1.3). 

6.2.2. fa3opa3pR,l(Hhie cqeTqHKH. OT HOHH3aU:HOHHOH KaMepbI 3TH cqeTqH

KH OTJmqaIOTC51 TeM, qTo )l,JI51 HHX Ba:tK.HOe 3HaqeHHe HMeeT BTOpHqHa51 HOHH3aU:H51, 

B03HHKaIOil.l,a51 npH CTOJIKHOBeHH51X nepBHqHbIX HOHOB c aTOMaMH (MOJieKyJiaMH) 

ra3a H CTeHOK )l,eTeKTOpa. 3a pe)l,KHM HCKJIIOqeHHeM yCTpoikTBO 3THX cqeTqHKOB 

TaKOBO: repMeTH3HpOBaHHa51 U:HJIHH)l,pw1ecKa5! Tpy6Ka 33IlOJIH51eTC51 HHepTHblM 

ra30M (HJIH CMeCbIO ra30B). Ilo OCH Tpy6KH HarnHyTa TOHK35! MeT3JIJIHqecKa5! HHTb 

(AHaMeTpoM oKoJio 0,05 MM). CTeHKH Tpy6KH c)l,eJiaHbI H3 MeTaJIJia (Al, Cu H ,1l,p.) 

HJIH H3 cTeKJia c MeTaJIJIH3HpoBaHHbIM BHyTpeHHHM noKpbITHeM. HHTb cJiyLKHT 

3HO)l,OM, a CTeHKH - KaTO)l,OM. IlpH TaKOH reoMeTpHH 3JieKTp0,1l,OB HanpH:tK.eHHOCTb 

3JieKTpHqecKoro IlOJIH B cqeTqHKe Kpaii:He HepaBHOMepHa: OHa BeJIHKa 6JIH3 HH

TH B o6JiaCTH, COCT3BJIHIOil.l,eH J!Hlllb M3JIYIO qaCTb o6mero 06beMa )l,eTeKTOpa 

H 3HaqHTeJibHO MeHbllle B ocTaJibHOM ero o6beMe. OnHcaHHaH KOHCTPYKTHBHaH 

oco6eHHOCTb 3JieKTp0,1l,OB o6ycJiaBJIHBaeT xapaKTepHbie qepTb1 npou:eccoB B pac

CMaTpHBaeMbIX ,D,eTeKTopax. 

Ha pHc. 6.3 noKa3aHa 3aBHCHMOCTb aMnJIHTYAbI HMilYJibca D. V Ha BbIXo)l,e OT 

HanpHLKemrn v. 0)1,Ha H3 KpHBb!X COOTBeTCTByeT HaqaJibHOH HOHH3aU:HH, o6pa3o

BaHHOH O:-H3JiyqeHHeM, a ,1l,pyra51 - ,6-H3JiyqeHHeM. 06cy:tK.)l,aeMyIO 3aBHCHMOCTb 

MOLKHO YCJIOBHO pa36HTb Ha IlleCTb 06.JiacTeH ( o6o3HaqeHHblX Ha pHc. 6.3 U:H<tJpaMH 

1-6). 
Ilp11 pa6oTe cqeTqHKa B 06.JiaCTH 1 qacTb B03HHKaIOil.l,HX HOHOB peKOM6HHHpy

eT; 3TOT npou:ecc KOHKyp11:pyeT, oqeBH)l,HO, c co6HpaHHeM 3apH,1l,a Ha 3JieKTp0,1l,ax. 

c pOCTOM v CKOpOCTb ,D,BH:tK.eHH51 HOHOB yBeJIHqHBaeTC51, a Bep051THOCTb peKoM6H

HaU:HH yMeHblllaeTCH, Il03TOMY paCTeT )l,OJIH 3apH)l,a, co611paeMoro Ha 3JieKTp0,1l,aX 

H, cJie)l,oBaTeJibHo, B03pacTaeT aMnJIHTy)l,a HMnyJibca. IlpH 3HaqeHHHX V, cooT

BeTCTBYIOlll.HX o6JiaCTH 2, qifCJIO peKoM6HHHpyIOlll.HX HOHOB CT3HOBHTCH npeHe-

6peLKHMO MaJibIM. Bee HOHbI, B03HHKaIOmHe np11 npoJieTe qacTHU:bI, )l,OCTHr3IOT 

3JieKTpo)l,oB. AMnJIHTy,n,a HMnyJibCa B o6JiaCTH 2 He 33BHCHT OT HanpH:tK.eHHH. 

l1oHH33U:HOHH3H KaMepa pa60TaeT npH HanpHLKeHHH, OTBeqaIOil.l,eM HMeHHO o6-

Jl3CTH 2. Bo3pacTaHHe HMilYJibca B o6JiaCTH 3 o6ycJIOBJieHo BTOpHqHoii: y,1l,apHoi1: 

HOHH33U:HeH, npHqeM ero 3MCTJIHTy)l,a nporropu:110HaJibH3 HaqaJibHOH HOHH33U:HH. 

Ilo3TOMY )l,eTeKTOp c HanpHLKeHHeM, cooTBeTCTBYIOlll.HM 3TOH o6JiaCTH, H33bIB3eT

C51 nporropu:HOH3JibHb!M (aHaJiornqHo H33bIBaeTCH H 06.JiaCTb 3). 06JiaCTb 4, Ha-

3bIBaeMaH o6JI3CTbIO orpaHHqeHHOH nponopu:HOH3JibHOCTH, xapaKTepH3yeTCH TeM, 

qrn c pOCTOM v pa3JIHqHe MeLK)l,Y 3MI1JIHTY)l,3MH HMilYJibCOB, COOTBeTCTBYIOlll.HX 

pa3JIHqHoi1: HaqaJibHOH HOHH3au:1111, CTaHOBHTCH Bee MeHbllle 11 MeHbllle. B 06.Jia

CTH 5 (Ha3bIB3eMOH rei'!repoBCKOH) aMilJIHTy)l,a HMTIYJibCOB yLKe He 33BHCHT OT 

HaqaJibHOH HOHH33U:HH, a 3Hal.JeHHe D. v cymecrneHHO 60.Jibllle, qeM B o6JiaCTH 2 
HJIH 3. )],eTeKTOp, pa60TaIOil.l,HH npH HanpHLKeHHH, npHXO)l,Hil.l,eMCH Ha o6JiaCTb 5, 
H33bIB3eTCH cqeTl.JHKOM fei-'irepa-MIOJIJiepa (Apyroe H33B3HHe - reiirepoBCKHH 

Cl.JeTqHK). 



1014 

1012 

;::: ;a 
1010 

<l ~ 
"':s: u :i:: 
"' :s: 108 to; ':I: 
>. Q) 

~ Q) 

;;;: ;a 
:s: :i:: 

"' "' ':I: to; 
106 >. 0 

E- <ll 
:s: "' to; :s: 
~ 0 ;;;: g. 
< 

104 

102 

§ 6.2. I'a308bte UOHU3QU,U01ilibte CttemttUl(,U 103 

HaJ!bHOCTH 

2 3 
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\ feHre-

06JiaCTh : 
orpaHW-!eHHOH! 

nponopuHo- : 

4 

I 
I 
I 

5 6 

PHc. 6.3. 3aBHCHMOCTh aMTIJIHTYJl.hI HMTIYJibca OT HanpmKeHHH JJ.JIH ra30BhIX 110H113aUHOHHhIX C'leT

'-IHKOB 

B OTJitttme or nponopu.ttoHaJibHoro C'leT'-lHKa, B KoropoM pa3p.H.I\ HecaMocrn

HTeJibHbIH, T. e. racHylllJ1H npH npeKpaw.eHHH BHeI.I.IHeH HOHH3aUHH, B C4eT4HKe 

fei1repa-MIOJIJiepa pa3p51A caMOCT051TeJibHbIH; pa3 B03HHKHYB, OH cyw.ecTBy

eT 11 6e3 BHeI.I.IHeH: 110HH3au1111. HaKoHeI.J,, np11 HanpmKeHHH, cooTBeTcTByromeM 

o6JiaCTH 6, HAeT Henpepb!BHb!H caMOCT051TeJibHbIH pa3p51A. B .n.aJihHeHI.I.leM Hae 

6y.n.yr HHTepecoBaTb o6JiaCTH 3 H 5, TaK KaK COOTBeTCTByIOmee HM HanpH)KeHHe 

HBJIHercH pa6o4HM AJIH ra3opa3pHAHhIX C4eT4HKOB. 

Pa36epeM oco6eHHOCTH npoueccoB, HAYW.HX B nponopu110HaJihHOM c4eT4HKe. 

Pa3JIH4aIOT rp11 npouecca, nocJieAoBaTeJibHO pa3BHBa10w.11xrn Bo BpeMeHH. 

1. CTepBH4HaH HOHH3aI.J,H51. Bo3HHKaer BAOJih rpaeKTop1111 3apH)KeHHoi1 4aCTH

UhI, npoJieTaIOw.ei1 4epe3 AeTeKTop, npH4eM nepBH4Hbie HOHbl MoryT o6pa30BaTbC51 

s mo6oM Mecre pa601.Jero o6beMa c4eT1mKa, H ecJIH nyTh llacTHUhI yMeCTHTCH 

BHYTPH 3Toro o6beMa, ro 4HCJIO HOHOB 6y.n.er nponopu110HaJihHO ee 3HeprnH. 

2. BropH4Ha51 HOHH3aI . .{H51. no.n. ,ll,eHCTBHeM 3JieKTpH4eCKOfO IlOJl51 nepBH4Hb!e 

3JieKTp0Hbl H IlOJIO)KHTeJibHbie HOHbl Ha1.J1rnaIOT ABHraTbC51 K COOTBeTCTBYIOUJ,HM 

3JieKTpo.n.aM. B o6JiaCTH BOKpyr HHTH (pa.n.11ycoM nop51AKa 10-2 CM) HanpH)KeH

HOCTb 3JieKTpH4eCKOro IlOJI51 3Ha4HTeJibHO 60Jibllle, 4eM B OCTaJibHOM o6neMe 

.n.ereKropa. 3JieKTpoH, .n.ocr11rI.I.1HH 3TOH o6Jiacrn, pe3KO yCKopHHCh, np1106peraer 

3HeprnIO, ,ll.OCTaT04HYIO )l,JI51 y.n.apHOH HOHH3aUHH; BbI6HTb!H HM 113 aTOMa (MOJie-
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KYJibl) .3JieKTpOH ycKopHeTCH .n.o .3Heprm1, rrpH KOTOpoH: OH TaKiKe MOiKeT BbI6HTb 

.3JieKTpOH H3 aToMa (MoJieKyJihI) H T . .n.. B pe3yJihTaTe TaKHX rrpou.eccoB 06pa3yeTcH 

JiaBHHa .3JieKTpOHOB, rrpw-IeM rro.n. .n.etiCTBHeM 0)1.HOro rrepBHqHoro .3JieKTpOHa MoryT 

B03HHKaTb COTHH, Tb!C5JqH H 6oJiee 9JieKTpOHOB; COOTBeTCTBeHHO yBeJrnqirnaeTCH 

H qHcJio rroJIOiKHTeJihHhIX HOHOB. BpeMH pa3BHTHH JiaBHHhI cocTaBJIHeT rrpHMepHo 

10-8 c. PaccMOTpeHHhIH rrpou.ecc Ha3hIBaIOT casoBbtM ycuAenueM. 
06paTHM BHHMaHHe Ha OTHOCHTeJibHYIO MaJIOCTb o6JiaCTH ra30BOro ycirneHHH, 

pacrroJIOiKeHHOti BOKpyr HHTH. MoiKHO rroJiaraTh, qTo rrepBHqHaH HOHH3aU.HH rrpaK

THqecKH Bcer.n.a ocymecTBJIHeTCH BHe ee H, CJie.n.oBaTeJibHO, JII060H rrepBHqHb!H 

.3JieKTpoH 06pa3yeT OJJ.HHaKoByIO JiaBHHy. Ho rrocKOJihKY HX qHcJio rrporropu.Ho

HaJihHO .3HeprnH perncTpHpyeMOH 3apHiKeHHOH qaCTHU.hl, TO qHCJIO .3JieKTpOHOB 

B JiaBHHe rrporropu.HoHaJihHO W 
3. DoBTOpHhie JiaBHHhI. Bo3MOiKHhI .n.Ba pa3JIHqHhIX MexaHH3Ma B03HHKHOBe

HHH IIOBTOpHb!X JiaBHH. ilepBblH CBH3aH C TeM, qTo .3JieKTp0Hbl B HaqaJie pa3BHTH51 

JiaBHHbl B036yiK)l.aIOT HetiTpaJibHhie aTOMbl (MoJieKyJihI); B03BpamaHCb B HCXO)l.HOe 

COCTOHHHe, .3TH aTOMHb!e CHCTeMhl HCrrycKa!OT cpOTOHhl. ilOCJie)l.HHe Bb!6HBaIOT H3 

KaTo.n.a cpOT0.3JieKTpOHbl, KOTOpbie H o6pa3yIOT HOBbie JiaBHHbl. .Il.JIHTeJibHOCTb pac

CMaTpHBaeMoro rrpou.ecca c yqeTOM BpeMeHH )l.BHiKeHHH cpOT0.3JieKTpOHa OT KaTo.n.a 

.n.o o6JiacrH ra3oBoro pa3pH.n.a cocTaBJIHeT '"""' 10-6 c. BTopoti MexaHH3M 3aKJI10qa

eTcH B CJie.n.y10meM. CToJIOiKHTeJihHhie HOHhI, .n.oIIIeJJ.IIIHe .n.o KaTo.n.a, B rrpou.ecce 

HeH:TpaJIH3aU.HH MoryT BhI6HTh H3 Hero .3JieKTpOHhI. DoTeHu.HaJI HOHH3aU.HH ra3a 

B cqeTqHKe Vil BCer.n.a 3HaqHTeJihHO 6oJibIIIe pa60Tbl Bb!XO)l.a MaTepHaJia KaTo.n.a, 

paBHoro 4-5 .3B. HarrpHMep, JJ.JIH aproHa Vi1 = 15,8 .3B. CJie.n.osaTeJihHO, .3HeprnH, 

BbI)l.eJIHeMaH rrpH HetiTpaJIH3aU.HH, paBHa rrpHMepHO 11 .3B; TaKoe 3HaqeHHe .3Hep

rHH cymecrneHHO 6oJihIIIe rropora cporn.3cpcpeKTa . .Il.JIHTeJibHOCTh 06cyiK.n.aeMoro 

rrpou.ecca orrpe.n.eJIHeTCH 3HaqeHHeM BpeMeHH )l.BHiKeHHH IIOJIOiKHTeJihHbIX HOHOB. 

06o3HaqHM N H No - qHcJia BTOpHqHhIX H rrepBHqHhIX .3JieKTpOHOB B pa6o

qeM o6beMe cqeTqHKa. I1x OTHOIIIeHHe N / N0 = M Ha3hIBaIOT Ko.3cpcpHU.HeHTOM 

ra30Boro ycirneHHH . .Il.JIH pa3JIHqHhIX cqeTqHKOB M = 103-107. CT pH He CJIHIIIKOM 

Bb!COKHX HarrpHiKeHHHX HHTeHCHBHOCTb KaiK.11.0H rrocJie.n.y10meH: JiaBHHbl MeHbIIIe, 

qeM rrpe.n.h1.n.ymeti, H rrpou.ecc pa3pH.n.a 3aBepIIIaeTCH cep11eti JiaBHH y6hrna10meti 

HHTeHCHBHOCTH. 

BBe.n.eM K0.3cpcpHU.HeHT IIOBepXHOCTHOH HOHH3aU.HH /, paBHh!H OTHOIIIeHHIO 

qHcJia CB060)l.Hb!X 9JieKTpOHOB, BblpbIBaeMhIX H3 KaTo.n.a 3a cqeT BTOpHqHbIX rrpo

u.eccoB, K IIOJIHOMY qHcJiy IIOJIOiKHTeJibHblX HOHOB, rrpHXO)l.HULHX Ha KaTO)l. . .Il.JIH 

rrpHMeHHeMbIX MeTaJIJIOB H ra3oB / "' 10-4
. 

DycTh mNo - qHcJio rroJIOiKHTeJihHhIX HOHOB, o6pa3oBaHHhix 3a cqeT y.n.apHoH: 

HOHH3all.HH. 0HH Bhl30BYT IIOHBJieHHe /mNo CB060)l.Hb!X .3JieKTpOHOB. ilocJie)l.HHe 

o6pa3yIOT B o6JiaCTH y.n.apHOH HOHH3aU.HH eme 1m2 No rrap HOHOB, Te Bhl30BYT 

rroHBJieHHe y KaTo.n.a 1 2m2 No cBo6o.n.HhIX .3JieKTpOHOB, rro.n. .n.eH:cTBHeM KOTOphIX 

06pa3yeTCH 1 2m 3 N0 rrap HOHOB H T . .n.. CToJIHoe qHcJio rrap HOHOB, B03HHKaIOULHX 

B pe3yJihTaTe ra30BOro ycHJieHHH c yqeTOM BTOpHqHblX rrpou.eccoB, OKaiKeTCH paB

Hb!M N = mNo + 1m2No+12m3 No+ ... , HJIH N = mNo(l + 1m + 12
m

2 + ... ). 
iloCKOJihKY / « 1, TO rrpH He CJIHIIIKOM 60JihIIIHX m (m < 104 ) /ffi < 1 
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(6.2) 

CornacHo 3KcnepHMeHTaJihHhIM .rr.aHHhIM cooTHOIIIeHHe (6.2) BhIOOJIHReTCR, ecJIH 

cnpaBe.LI.JIHBO HepaBeHCTBO 

(6.3) 

r.rr.e W - 3HeprnR perncTpHpyeMoii '-!aCTHUhI, M3B. B TaKOM CJiy'-lae M He 

3aBHCHT OT N0 , a aMnJIHTy.rr.a HMnyJibca HanpmKeHHR nponopuHoHaJibHa 3HeprnH 

pernCTpHpyeMoii '-!aCTHUhJ. YcJIOBHe (6.3) BhIOOJIHReTCR )l.JIR nponopuHoHaJihHhIX 

c'-leT'-IHKOB. C pocToM V 3Ha'-leHHe M yBeJIH'-IHBaeTcR, H ycJIOBHe (6.3) Hapy

IIIaeTCR. 

OCTaHOBHMCR Tenepb Ha HeKOTOpbIX xapaKTepHCTHKax nponopuHoHaJihHhIX 

C'-!eT'-IHKOB. 3TH C'-!eT'-!HKH 003BOJIRJOT He TOJibKO pernCTpHpoBaTb 3apmKeHHbJe '-!a

CTHUbl, HO H H3MepRTb HX 3Hepnm ('-ITO O'-leBH)l.HO H3 H3JIO)KeHHoro BbIIIIe). 3Hep

reTH'-leCKOe pa3peIIIeHHe nponopuHoHaJibHbIX C'-leT'-IHKOB HeCKOJibKO xy)Ke, '-leM 

HOHH3aUHOHHh1x KaMep H3-3a cpJiyKTyauHii BeJIH'-IHHhI m. Ko3cpcpHuHeHT ra3oBoro 

ycHJieHHR nponopu110HaJibHbIX C'-leT'-IHKOB paBeH 102-104. f1o3TOMY H aMnJIHTy)l.a 

HMOYJibca Ha 11x Bh1xo.rr.e cpaBHHTeJihHO HeBeJIHKa (:::::: 10-2 B, ecJIH 11cnOJib30BaTb 

JIHIIIh 3JieKTpOHHYJO KOMnoHeHTY HMOYJibca). B 3TOM cJiy'-!ae pa3peIIIaJOmee speMR 

y.rr.aeTCR .rr.eJiaTb MaJibIM 00-6-10-8 c). 3cpcpeKTHBHOCTb pernCTpaUHH 3apmKeH

HbIX '-!aCTHU nponopu110HaJihHblMH C'-!eT'-!HKaMH MO)KeT )l.OCTHraTb 100 %. f1po6er 

BhICOK03HepreT11'-!eCKHX '-laCTHU npeBhIIIIaeT pa3Mep c'-!eT'-!HKa, K TOMY )Ke ycJio

BHe (6.3) cymecTBeHHO orpaHH'-IHBaeT o6JiaCTb ero npHMeHeHHR. f1o3TOMy TaKHe 

C'-!eT'-IHKH HCOOJib3YJOTC5l npH H3y'-leHHH 3apR)KeHHb!X '-!aCTHU JIHlllb cpaBHHTeJibHO 

HH3KHX 3Heprnii. 

f1pH 3HaYeHHRX V, npHXOARIUHXCR tta o6JiaCTh 5, pa3pR.rr., KaK ynoMHHaJIOCh, 

CTaHOBHTCR caMOCTORTeJihHhIM. HanpR)KeHHe V = V3, np11 KOTopoM pa3pRA npH

o6peTaeT caMOCTORTeJibHblH xapaKTep, Ha3hIBaeTCR noTeHUHaJIOM 3a)KHfaHHR; eMy 

cooTBeTcrnyeT ycJIOBHe 'Ym = 1, M = oo ( O)l.HaKo B )l.eiicTBHTeJibHOCTH M xorn 

H BeJIHKO, Ho KOHeYHo). f1pH V = V3 ra30BhIH pa3pRA, Ha'-!aBIIIHCh B KaKOM

JI1160 MecTe CYeTYHKa, oxBaThIBaeT Beeb ero pa6o'-IHH o6beM. B o6JiaCTH yAapHoii 

HOHH3aUmi HaKaDJIHBaeTCR 60JibIIIOe '-IHCJIO OOJIO)KHTeJihHblX HOHOB, o6pa3yJOIUHX 

npoCTpaHCTBeHHblH 3apRA ( «YeXOJI» BOKpyr HHTH, CHH)KaJOIUHH HanpR)KeHHOCTb 

OOJIR 6JIH3 Hee )l.O 3Ha4eHHR, npH KOTOpOM o6pa30BaHHe JiaBHH CTaHOBHTCR 

HeB03MO)KHbIM. .LlaJiee 3TOT '-leXOJI npHXO)l.HT K KaTO)l.y, H COCTaBJIRJOIUHe ero 

YaCTHUhI HeiiTpaJIH3YJOTCR. HanpR)KeHHe soccTaHaBJIHBaeTCR, a no)]. Aeiicrn11eM 

3JieKTpoHoB, BbI6HThIX npH peKoM6HHaUHH, B03HHKaeT HOBaR cepHR JiaBHH. TaKHM 

o6pa30M, BCTaeT 3a)l.aYa raIIIeHHR pa3pH)l.a. 

B TaK Ha3bIBaeMOM HecaMorarnmeMcR C'-leT'-IHKe feiirepa-MJOJIJiepa 3TO )l.O

CTHraeTCR BKJIJO'-!eHHeM nocJie.LI.OBaTeJihHO c HHM Bb!COKOOMHOro conpOTHBJieHHR, 

YTO npHBOAHT K CHH)KeHHJO HanpR)KeHHR HH*e 3HaYeHHR V3 Ha BpeMR, Heo6xo)l.H

Moe )l.JIR HC'-le3HOBeHH5l B pa6o'-!eM o6beMe BCex CB060.LI.Hb!X 3JieKTpOHOB. 
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3Ha'-!1neJibHO urnpe, '-leM HecaMoracm1.1,HeCH c'-!eT'-!HKH, pacnpoCTpaHeHhI ca

MoracHmHec5:1, 3anoJIHeHHh1e cMecbIO H3 HHepTHoro H racHmero ra3oB (racHmaH 

)l,06aBKa COCTOHT H3 10-15% CnHpTa, 3THJieHa H ,ll,p., HJIH m.e H3 0,1-5% 
raJioreHoB - tio)l,a, 6poMa). MoJieKyJihI npHMeceti HeliTpam13yIOT HOHhI ocHoB

Horo ra3a H HHTeHCHBHO nornomaIOT cpoTOHbl c 3Heprneti, )l,OCTaTO'-IHOH )l,JIH 

BhI6HBaHHH H3 KaTo,ll,a cpoT03JieKTpOHOB, ,ll,Hccou1111pyH npH 3TOM. EcJIH racHmHli 

ra3 - opraHH'-!eCKHH, TO '-IHCJIO ero MOJieKyJI no yKa3aHHOH npH'-IHHe nocTeneHHO 

yMeHbWaeTCH, '-!eM onpe,ll,eJIHeTCH pecypc C'-leT'-!HKa (npH6JIH3HTeJihHO 109 perH

CTpauHli). CTocKOJ!bKY MOJieKyJibl raJioreHOB peKoM6HHHpyIOT, TO HX '-IHCJIO nO'-ITH 

He yMeHbrnaeTCH, no3TOMY raJioreHHhie C'-leT'-IHKH HMe!OT 60JihWOH cpoK CJiy:lK6bI. 

I1MnyJihC cLJeTLJHKa fetirepa-MIOJJJJepa coCTaBJJHeT 0,2-40 B 11 He 3aBHCHT 

OT 3Heprn11 )l,eTeKTHpyeMhIX LJaCTHU. Pa3pewaIOmee BpeMH c'-!eT'-IHKOB fetirepa

MIOJJJiepa paBHO 10-3-10-5 c, a HeKOTOphrx AO 10-7 c. 

PaccMoTpHM KopoTKO KOHCTPYKTHBHhie oco6eHHOCTH C'-leT'-IHKOB fetirepa

MIOJIJJepa, npeJJ.Ha3Ha'-leHHbIX AJJH perncTpau1111 a-, {3-, 1-113JiyLJeHHH. 

CtiemtiuK a-1iacmu4. TaK KaK npo6er o:-'-!aCTHU B B03,ll,yxe cpaBHHTeJibHO 

MaJI (~ 1 CM), TO Jl,JIH perncTpaQHH HCnOJib3YIOT C'-leT'-IHKH c TOHKHM CJJIOJl,HHbIM 

OKOWKOM TOJilll,HHOH OKOJJO 0, 1 MKM. I1HorJl,a HCTO'-IHHK O:-'-!aCTHU noMelll,a!OT 

BHYTPH cqeT'-111Ka. 

C1iem1iuK {3-1iacmulf. )].JJR perncTpau1111 (3-LJacrnu HCTIOJJb3YIOT TOHKOCTeH

Hhre C'-leTl.JHKH c KaTOJJ.OM H3 JierKoro MeTaJIJia. '.:ho o6ycJIOBJieHO cpaBHHTeJibHO 

He60JJbillHM npo6erOM (3-'-laCTHU. 3cpcpeKTHBHOCTb perncTpaQHH a- H (3-'-laCTHU 

6JIH3Ka K 100 o/o. 
C1iem1iUK 1-KBaHmoB. PernCTpaUHH ocymecTBJIHeTCH c noMOlll,hIO 3JJeKTPOHOB, 

BhI6HBaeMbIX naJl,a!Olll,HMH 1-KBaHTaMH H3 CTeHOK Cl.JeT'-IHKa. 3cpcpeKTHBHOCTb pe

fHCTpaum1 1-KBaHTOB MaJia (1-2 %), nocKOJJbKY OHa onpeJl,eJI5IeTC51 BepOHTHOCTb!O 

BhI6HBaHHH 3JieKTpoHa H Bb!XO)l,a ero B pa60l.JHH o6beM )l,eTeKTOpa. c ueJih!O 

yBeJIH'-leHHH 3cpcpeKTHBHOCTH CTeHKH Cl.JeTl.JHKOB '-laCTo Jl,eJia!OT MeJl,Hb!MH HJIH 

CTeKJIHHHb!MH c MeJl,Hb!M noKpb!THeM. 

§ 6.3. Co;HHTHJIJIHU:HOHH&IH cqeTqHK 

CTp11 npoxo:lKJJ.eHHH qepe3 HeKOTOpbie Bemecrna, Ha3bIBaeMbre CUHHTHJJJIHTO

paMH HJIH cpoccp6paMH, HOHH3HpyIOmee H3Jiy'-leHHe cnoco6HO B036ym.Jl,aTb CUHH

THJIJJHUHH - BCnbIWKH (HMnyJJhCbI) BHJl,HMOfO HJJH YJJbTpaqmoJieTOBOro CBeTa. 

3TOT 3cpcpeKT H Jle:IKHT B OCHOBe pa60Thl CUHHTHJIJIHUHOHHh!X Cl.JeT'-IHKOB. J1,JIH 

perncTpaUHH BCnbJWeK HCnOJih3YIOT cpoT03JieKTpOHHbie YMHO)KHTeJIH ( COKpameH

HO <P3Y) [5]. 
I1HTeHCHBHOCTb CBe'-leHHH B036Y:lKJJ.eHHhlX aTOMOB HJIH MOJieKyJI cpoccpopa H3-

MeHHeTCH BO BpeMeHH no 3KCnOHeHIJ,HaJ!hHOMY 3aKoHy: J = Joe-t/T, f)l,e Jo -
Hal.JaJihHaH HHTeHCHBHOCTh, T - BpeMH BbICBel.JHBaHHH, KOTOpoe onpe,ll,eJJHeTCH 

BpeMeHeM )KH3HH '-laCTHUbl B B036y:lKJl,eHHOM COCTOHHHH. 

B opraHHLJeCKHX CUHHTHJIJIHTopax 3JJeMeHTapHwe aKThl BhlcBe'-IHBaHHH npo

HCXOJJ.HT BHYTPH OTJJ.eJJhHhIX MOJJeKyJI. CToA JJ.elicTBHeM npoJ1ern10meti LJaCTHUhI 

MOJieKyJibl B036y:IK)l,a!OTCH; o6paTHbIH nepexoJl, H3 B036y:lK)l,eHHOfO 3JieKTpOHHOfO 
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COCTOHHHH B OCHOBHOe conpoBO)KJJ,aeTCH HcnycKaHHeM CBeTa. 3TOT «6bICTpblH» 

npouecc npoTeKaeT 3a BpeMH nopHJJ,Ka 1 o-9 C H He 3aBHCHT OT arperaTHOfO CO

CTOHHHH BemecTBa. TioMHMO «6bICTporo» npouecca B pHJJ,e CJJyi.iaeB Ha6JJIOJJ,aeTCH 

«MeJJ,JJeHHbIH» npouecc 00-8-10-7 c), CBH3aHHb!H c peKOM6HHau.11eI1 110HH3H

poBaHHbIX MOJleKyJJ H BblCBelJHBam1eM MOJJeKyJJ, HaXOJJ,HIUHXCH B HecTa6HJJbHblX 

COCTOHHHHX. Y.eM BbIWe IlJIOTHOCTb HOHH3aUHH, TeM 6oJJhille lJHCJIO TaKHX MOJJe

KyJJ. TaKHM o6pa30M, OTHOWeHHe Me)KJJ.Y 6h!CTpoi1 H MeJJ,JJeHHOH KOMilOHeHTaMH 

3aBHCHT OT HOHH3Hpyiomei1 cnoco6HOCTH naJJ,a!OIUHX lJaCTHU. 3Ta oco6eHHOCTb 

opraHHlleCKHX CUHHTHJIJIHTOpOB MO)KeT 6bITb HCTIOJ!b30BaHa JJ,JIH HJJ,eHTH<fl11Kau.1rn 

pernCTp11pyeMb!X lJaCTHU pa3JIHlJHblX THTIOB. 

TipouecCbl Bb!CBelJHBaHHH B HeopraHHlJeCKHX KpHCTaJIJlaX-JJ,H3JieKTpHKax CBH-

3aHbl c 11x 30HHOH CTPYKTypoi1: OHH MHOroo6pa3HhI 11 llacTo CJIO)KHbI. 0.UHH H3 B03-

MO)KHbIX MexaHH3MOB B03HHKHOBeHHH H3JiylleHHH HJIJIIOCTpHpyeTCH Ha pHc. 6.4. 

c 

P11c. 6.4. CxeMa, noRCHRIOll.(aR poJib aT0Ma-aKT11BaTopa B npou,ecce Bb1CBeq11saH11ll Kp11cTaJIJia 

Ha 3TOM pHCYHKe noKa3aHbI JIOK3JibHbie ypoBHH, cBH3aHHbie c JJ,ecpeKTaM11 11 Ha-

3bIBaeMbie 3JleKTpOHHb!MH JIOByrnKaMH. TiocJieJJ,HHe o6b!lJHO pacnOJIO)KeHbl cpaBHH

TeJibHO 6JIH3KO OT JJ,Ha 30Hbl npoBOJJ,HMOCTH (Ha paccTOHHHH, paBHOM JJ,eCHTb!M HJIH 

coThIM ,n:oJIHM 3B). Oco6yIO poJih B paccMaTpHBaeMOM cJiyqae HrpaIOT np11MeCH

aKTHBaTOpb1 (Tl, Ag, Eu, Sn) 1). Tip11 BBeJJ,eHHH npHMeCH-aKTHBaTOpa B cpaBHH

TeJihHO WHpOKOH 3anpemeHHOH 30H€ KpHCT3JIJI3-JJ,H3JleKTpHKa TIOHBJIHIOTCH 3Hep

reTHlJ€CKHe ypoBHH, Ha3bIBaeMbie ueHTpaMH Jl!OMHHecueHUHH. 

,LI,onyCTHM, lJTO TIOJJ, JJ,eHCTBHeM naJJ,a10mei1 lJaCTJ.iUbl 3JieKTpOH nepeweJI H3 

BaJieHTHOH 30HbI B 30HY npoBOJJ.HMOCTH. B npouecce cTOJIKHOBeHHH c peweTKOH 

3JieKTpOH MO)KeT IlOTepHTb lJaCTb CBOeH 3HeprnH, 33HHTb HeKOTopy!O JIOBYWKY 

A, onHTh nepei1TH B 30HY npoBOJJ.HMOCTH H T. JJ,. KaK BHJJ.HO, JIOBYWKH Hrpa!OT 

JJ,BOHKYIO pOJib: aKKYMYJIHPYIOT 3Heprn!O nornomeHHoro H3JiylleHHH H cnoco6-

CTBYIOT 3a,n:epIKKe BbICBelJHBaHHH. KBa3HCB060JJ,HhIH 3JieKTpOH MO)KeT 6bITb 3aXBa

tJeH T3K)Ke Ha B036Y*JJ.eHHhIH ypoBeHh aTOMa-aKTHBaTopa B. TiepexoJJ,H JJ,aJiee Ha 

1) TipHHllTO o603HaqaTb 3JieMeHT - aKTHBatop ero XHM11qecKHM CHMBO.nOM, npoCTaB.nlleMblM 
B CK06Kax noc.ne CHMBo.na semecTBa cu,11HTHJIJillTOpa. Hanp11Mep, KpHcTaJIJI tio,n:11cToro HaTpH!!, 
aKTHBHpoBaHHOro TaJIJIHeM, o6o3HaqaeTC!I TaK: NaJ (Tl). 
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ocHOBHOH yposeHb C 3Toro aToMa 3neKTpoH ttcnycKaeT cpoToH H peKoM6HHHpyeT 

c ,LJ,bipKoH. OnttcaHHbIH MexaHH3M HBmieTCH cpaBHHTeftbHO Me,LJ,neHHbIM (,LJ,nHTenb

HOCTbIO T nopH,ll,Ka MKC). l1TaK, BpeMH BbICBe'rnBaHHH HeopraHHlJeCKHX KpHCTak 

ftOB Ha 2-3 npH,ll,Ka 6onbrne, lJeM opraHHlJeCKHX CLl,HHTHftftHTOpOB (Ta6n. 6.1). 
lJHcno cpoTOHOB m c 3HeprneH Eqi, KOTOpb1e o6pa3yIOTCH npH nornomeHHH 

CLJ,HHTHnnHrnpoM 3Heprntt na,LJ,aIOLLJ,ero H3nyqeHHH E, pasHo 

E 
m=Ek, 

"' 
(6.4) 

me k - ,ll,Oft51 3HeprnH perncTpttpyeMOH lJaCTHLl,bl, KOTOpaH npespamaeTCH B CBe-

TOBYIO 3Heprnl0, Ha3bIBaeMaH KOHBepcHOHHOH 3cpcpeKTHBHOCTblO; k 06b!lJHO Bb!pa

:>KalOT B npoLJ,eHTax. 

06o6LLJ,eHHa51 1rncpopMal.l,H5! 0 speMeHH BbJCBelJHBaHHH T, ,ll,ftHHe BOftHbl B MaK

CHMyMe cneKTpa >. H KOHBepcttoHHOH 3cpcpeKTHBHOCTH k ,LJ,nH HeKoTopbIX Hatt6onee 

pacnpocTpaHeHHbIX CLl,HHTHftftHTOpOB npHBe,LJ,eHa B Ta6n. 6.1. 

Ta6JIHIJ.a 6.1 
XapaKTepHcTHKH tteKOTOpbIX KpHCTaJIJIHqecKHX, lKH)l,KHX H rrJiaCTHKOBbIX CIJ.HHTHJIJIHTopos 

KpHcTaJIJibI r, 10-9 c A, HM k, % 

AHTpau.eH C14H10 30 445 4 

CTHJib6ett C14H12 6 410 3 

LiJ(Sn) 1200 450 I 

NaJ(Tl) 250 410 10 

ZnS(Ag) 11 450 2 

CsJ(Tl) 700 560 2 

)K!l)l,KOCT!l: 

pacrnop p-TepcjmHHJia B KC!lJIOJie ( 5 r /JI) 2 350 2 
c )l,o6asJieHHeM PO POP (0, 1 r/ JI) 

pacrnop p-TepcjmHHJia B TOJIYOJie ( 4 r I JI) 2,7 430 2,5 
c )l,06asJieHHeM PO POP (0, 1 r/ JI) 

ITJiaCTHKH: 

IIOJI!lCT!lpOJI c )l,06asJieHHeM p-TepcjmHHJia (0,9 %) 2,2 400 1,6 
!l o:-NPO (0,05 secoBbIX %) 

IIOJI!lB!lHHJITOJIYOJI c )l,06asJieHHeM 3.4 % 3 430 2 
p-TepcjlHHHJia H 0, 1 secoBbIX % POPOP 

CornacHo ,LJ,aHHbIM Ta6n. 6.1, Ha6nIO,LJ,aeTCH ynoMHHaBWHHCH BbIWe 6onbWOH 

pa36poc 3HalJeHHH T; H3nyl!eHHe, HCnycKaeMOe 6onblllHHCTBOM CLl,HHTHftftHTOpOB, 

npHXO,ll,HTCH Ha BH,ll,HMYIO lJaCTb cneKTpa; 3HalJeHH51 k y Bcex cpoccpopoB cpaBHH

TeftbHO HesenHKH: MaKCHManhHoe 3Hal!eHHe pasHo 10% y NaJ(Tl), MHHHManhHoe 

COCTaBnHeT 1 % y LiJ (Sn). 

ct>orn3neKTpOHHbIH yMHO:>KHTenb npe,LJ,cTaBnHeT co6oH OTKalJaHHbIH 6annoH, 

B KOTOpoM HaXO,ll,HTCH cpoTOKaTO,ll,, aHO,ll, (KonneKTOp) H npoMeJKyTOlJHbie 3fteK

TpO,ll,bl - ,ll,HHO,ll,bl. ¢OTOHbl BCilbllllKH, na,LJ,aH qepe3 npo3pal!HOe OKHO Ha cpo-
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TOKaTO)],, BblpbIBalOT 113 Hero cpOT03JieKTpOHbl p11c. 6.5). 00CJie.Z1,Hl1e C CTOMOlll.blO 

3JieKTpw-1ecKoro nOJIH ycKopHIOTCH H cpoKyc11pyIOTCH TaKl1M o6pa30M, l!TO na.n.aIOT 

KpHCTaJIJI ,ll.HHOJJ,bl 

cPOTOKaTOJJ, ,...., 1000 B 

Pttc. 6.5. 5JIOK-cxeMa CUHHTHJIJIHLIJ10HHOrO C'-leT'-lHKa 

Ha 6JI11.xrni:iw11i1 K cpoTOKaTO.n.y .Z1.HHO.Z1.. Pa6oTa Bb1xo.n.a MaTep11aJia .n.11Ho.n.a ornorn

TeJibHO HeBeJil1Ka, no3TOMY na.n.aIOw.11e 3.JieKTpOHbl cnoco6Hbl BbI611BaTb 113 .Z1,HHO.Z1,a 

BTOpH4Hbie 3.JieKTpOHbI. Ka1K.Z1.bIH nepB114HbIH 3.JieKTpoH Bb1611saeT 113 Hero OT 3 
.11,0 10 BTOpH4HblX 3.JieKTpOHOB. 3.JieKTpOHbl c nepsoro .Z1,11HOJJ,a HanpaBJIHIOTCH Ha 

BTOpoi:i .Z1.HHO.Z1. H T. ,JJ,. B <P3Y o6bilJHO yCTaHaBJIHBaeTcH .n.o 10 .Z1.HHO.Z1.0B, no3TOMY 

K03cpcp111.1,11eHT yrnJieHl1H cpoTOTOKa M01KeT .11,ocrnraTb 3Ha1!eH11H 106. I1cKJIIOlJH

TeJibHO Ba1KHOe CBOHCTBO <P3Y COCTOHT B xopowo co6JIIOJJ,aeMOH JIHHeHHOCTl1 

yc11JieHH5I. IloCTyna5I Ha aHO,JJ,, YCHJieHHb!H IIOTOK 3.JieKTpOHOB C03,JJ,aeT 3JieKTpH1!e

CKl1H HMIIYJibC, pernCTp11pyeMbIH c IIOMOW.b!O pa.!1,H03JieKTpOHHOro ycTpOHCTBa. 

0CHOBHbIMH npe11Myw.ecTBaMH CUHHTHJIJIHUHOHHblX ClJeT1!11KOB 5IBJIHIOTC5I Bbl

COKa5I BpeMeHHaH pa3pewaIOlll,aH CIIOC06HOCTb, 60.JibWaH 3cpcpeKTl1BHOCTb, 6Jil13Ka51 

K 100 % .!1,J15I 3apH1KeHHb!X l!aCTHU 11 .11,eCHTKaM npoueHTOB .11,JIH 1-KBaHTOB, a TaK1Ke 

JIHHeHHOCTb 3aBHCHMOCTH aMIIJil1TY.ll.bI HMIIYJihca OT 3Heprn11, TepHeMoH .11,eTeKTH

pyIOw.ei:i lJaCTHUeH B CU11HTl1JIJI51TOpe. 0.n.HaKO B opraHl11leCKl1X KpHCTaJIJiax H IIJia

CTHHKax 3aBl1Cl1MOCTb 11HTeHCHBHOCTl1 BCCTblillKl1 OT 3Heprn11 nepBHlJHOH 4aCTl1Ubl 

B pH.11,e CJiyl!aes OTKJIOH5IeTCH OT JIHHeHHOH, II03TOMY .11,JIH H3MepeHH51 3Hepr1111 

60.Jiee no.11,xo.11,HT HeopraH111!ecK11e Kp11cTaJIJ1bI. B .11,eTeKTopax c HeopraH114eCKHMH 

Kp11CTaJIJiaMl1 TOlJHOCTb H3MepeHl15I 3Hepr1111 no pH.11,y npH1!HH COCTaBJIHeT 10% 
npH 3HeprnH CBbIWe COTeH KHJI03JleKTpOHBOJibT 11 50 % npH 3HeprnH B .11,eCHTKH 

Kl1JI03JieKTpOHBOJ!bT. 3JieKTpOHbl 11 1-KBaHTbl Bb!COKOH 3HeprnH pernCTp11pyIOTCH 

c noMOW.bIO cpaBHHTeJibHO KpynHora6ap11rnb1x KpHcTaJIJIOB NaJ (Tl), 06Jia.11,aIOw.11x 

OTHOCHTeJibHO 60.JibWOH IlJIOTHOCTblO (3,67 r/cM3). 

PaccMOTp11M 60.Jiee no.11,po6Ho npoueccb1 co611paH11H cseTa cpoToKaTo.n.oM <P3Y 

11 cpoT03JieKTpOHHOe YMH01Kem1e. 411c.JI0 cpoTOHOB m1, nona.11,aIOw.11x Ha cpoToKa

T0.11,, Bcer.11,a MeHbWe lJHCJia 11cnyw.eHHb!X CUHHT11JIJIHTOpOM cpOTOHOB m: 

m1 = mF(f = xm. (6.5) 

B (6.5) Y4HTbrnaeTCH poJib cJie.11,yIOW.HX cpaKTopos. 

1. nornomeH11e lJaCTH cpOTOHOB B KpHCTaJIJie; F = e-µx, r,n,e µ - K03cpcp11-

u11eHT IIOrJIOW.eHl15I CBeTa B cpoccpope. 
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2. CToTepH CBeTa 3a cqeT rrornomemrn B KOHTaKTe CUHHTHJIJIHTOp-c:P3Y H OT

pa1Kem1e CBeTa OT 3Toro KOHTaKTa; ( - K03cpqmuHeHT, MeHhWHH e)l.HHHUhI, 

yqHTbIBaIOmHH )].Ba yKa3aHHhIX rrpouecca. 

3. CToTepH rneTa 3a cqeT reoMeTpHH yCTaHOBKH (B3aHMHoro pacrroJio1KeHHH 

c:P3Y H cpoccpopa), yqHTb!BaeMaH K03cpcpHUHeHTOM f. ,llJIH ero yBeJrnqeHHH CUHH

THJIJIHTOP ueJiecoo6pa3HO OKpy1KaTh OTpa1KaTeJieM; rrpHrO)l.HbIM BemeCTBOM HBJIH

eTCH MgO. 

BeJrnqHHa x = F(f, Ha3hrnaeMaH Ko3cpcpHUHeHTOM rnernco6HpaHHH, rrocTOHH

HaH Jl.JIH J].aHHoro coqJieHemrn. 

CTpH rrorra)l.aHHH B cpoToKaTOJl. m 1 cpoTOHOB 06pa3yeTCH n cpoT03JieKTpoHoB, 

(6.6) 

r)l.e p( w) ~ 1 yqHThIBaeT OTKJIOHeHHe qacTOTbl cpoTOHOB OT OITTHMaJihHOH qacTOTbl 

Jl.JIH )l.aHHoro cpoToKaTo)l.a. CTpH cooTBeTCTBHH crreKTpaJihHOH qyBcTBHTeJibHOCTH 

cpoToKaTOJl.a crreKTpaJihHOMY pacnpeJl.eJieHHIO rneTa CUHHTHJIJIHUHH p( w) = 1; G -
TaK Ha3bIBaeMblH KBaHTOBbIH Bb!XO)l., paBHb!H qHcJiy cpoT03JieKTpOHOB, npHXO)l.H

mHXCH Ha OJl.HH na)l.aIOmHH Ha cpoToKaTOJl. cpoTOH. 3HaqeHHe G onpe)l.eJIHeTCH 

rrpHMeHHTeJibHO K OITTHMaJibHOH )l.JIH J].aHHoro cpoTOKaTO)l.a qacTOTe H Jl.OCTHraeT 

15-20%. C yqeTOM (6.4), (6.5) rrpeJl.hIJl.Ymee Bb1pa1KeH11e rreperrHweTCH B BHJl.e 

E 
n =Erp kxGp(w), (6.7) 

oTKyJl.a BHJl.HO, qTo n ex: E. 
,llJIH pacqeTOB, BbITIOJIHHeMbIX c ToqHOCTbIO Jl.0 HeCKOJibKHX rrpoueHTOB, M01KHO 

rrpHHHTb, qTo x = 1, p( w) = 1, TaK KaK 3TH K03cpcpHUHeHTbl OTKJIOHHIOTCH OT 

e)l.HHHUhI Ha coThie Jl.OJIH rrpoueHTa. CTo3TOMy 

E 
n = E kG. (6.8) 

rt> 

06o3HaqHM TOK c cpoToKaTo)l.a c:P3Y qepe3 i, TOK c ero aHOJl.a qepe3 I. Ko3cpcpH

UHeHT yrnJieHHH c:P3Y, oqeBHJl.HO, paBeH 

M = ~- (6.9) 
i 

06o3HaqHM 3apHJl., co6paHHhIH Ha aHOJl.e qepe3 Q. KoM6HHHPYH oqeBHJl.Hhie cooT

HoweHHH Q =It, Q = enM (e - 3JieMeHTapHhIH 3apHJl.); rrpHHHMaH Bo BHHMaH11e, 

qTo TOK, C03)].aBaeMbIH 3a BpeMH t = 1 c 0)].Hl1M 3JieKTpOHOM, COOTBeTCTByeT 1,6 x 

x 10-19 A, 11 yq11Tb1BaH paBeHCTBa (6.8) 11 (6.9), ITOJiyqaeM CBH3b Me1KJl.Y 3Heprnei1 

rrepBHqHoro 113JiyqeHHH 11 aHO)l.HbIM TOKOM c:P3Y: 

I= 1,6 · 10- 19M ·: kG. (6.10) 
rt> 

,llorrycTHM, Hanp11Mep, qTo Kp11cTaJIJI NaJ (Tl) 3apernCTp11poBaJI 1-KBaHT c 3Hep

rnei1 E = 1 M3B. CornaCHo Ta6JI. 6.1 k = 0, 1; rrpHMeM 3HaqeHHe G paBHhIM 0,2, 
3HeprnIO OJl.Horo cpoToHa - 2 3B, M = 106. Tor)l.a TOK 

I= 1 6 · 10-19 · 10-6 · l0
6 

· 0 1 · 0 2 = 1 6 · 10-9 A ' 2 ' ' ' . 
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KaK BHAHO, B paccMaTpHBaeMOM cJiy1-iae, 6JiaroAapH 6oJibWOMY 3HaqeHHJO K03cp

qmuHeHTa ycHJieHHH, <t>3Y 3HaqeHHe TOKa, C03)1.aBaeMoe /-KBaHTOM, noJiyqHJIOCb 

cpaBHHTeJibHO 60JibWHM. 

§ 6.4. IloJiynpoBO~HHKOBbIH cqeTqHK 

)lJIH H3fOTOBJieHHH noJiynpoBO)J.HHKOBbIX cqeTqimOB HCOOJib3YJOT KpeMHHH HJIH 

repMaHHH, CO)J.epfKalll,He npHMeCHbie aTOMbl c TpeMH HJIH nHTblO BaJieHTHblMH 3JieK

TpOH3MH, qTo il03BOJIHeT pe3KO yBeJIHqHTb HX 3JieKTponpOBO)J.HOCTb no cpaBHeHHIO 

c 6ecnpHMeCHbIMH noJiynpoBOAHHKaMH TaKoro fKe rnna (6.1, 6.2). HanoMHHM, qTO 

aTOMbl KpeMHHH H repMaHHH o6Jia)J.aJOT qeTbipbMH BaJieHTHblMH 3JieKTpOHaMH. 

,llonycTHM, qTo B KpHCT3JIJIHqecKOH peweTKe TaKoro noJiynpOBO)J.HHKa 0)1.HH 

113 ero aTOMOB 33Melll,eH 3TOMOM, o6Jia)J,aJOlll,HM OHTblO BaJieHTHbIMH 3JieKTpOH3MH 

(HanpHMep, aTOMOM cpoccpopa). lJeTb!pe 3JieKTpOHa a TO Ma npHMeCH o6pa3yJOT 

CBH3H c coce)J.HHMH aTOM3MH noJiynpOBO)J.HHKa; IlHTbIH «JIHWHHH» 3JieKTpOH, CJia-

60 CBH33HHblH co «CBOHM» aTOMOM OK33bIBaeTCH CB060)J.Hb!M H IlOA )J,eHCTBHeM 

3JieKTpH'IeCKOfO IlOJIH npHHHMaeT yqacTHe B ynopHAO'-IeHHOM ABH.fKeHHH. fio

JiynpOBO)J.HHK, nptto6peTWHH TaKyJO )J.OilOJIHHTeJibHYJO 3JieKTpOHHYJO npttMecHyJO 

npOBO)J.HMOCTb, H33bIBaeTCH noJiynpoBO)J.HHKOM n-THna (n - HaqaJibH351 6yKBa 

JiaTHHCKoro CJIOBa «negativus» - oTpttuaTeJibHbIH). ATOMbI npttMeCH, nocTaBJIH

JOlll,He 3JieKTp0Hbl, H33b!B3JOTCH AOHOpaMH (OT JI3THHCKOfO «donare» - A3PHTb, 

.>KepTBOBaTb). 

fipe)J.IlOJIOfKHM Tenepb, qTQ B KpHCTaJIJie KpeMHHH HJIH repMaHHH 0)1.HH H3 ero 

aTOMOB 3aMelll,eH aTOMOM npHMeCH c TpeMH BaJieHTHb!MH 3JieKTpOHaMH (HanpttMep, 

aTOMOM 6opa). )lJIH o6pa30B3HHH CBH3eH c coce)J.HHMH aTOM3MH noJiynpOBO)J.HHKa 

y aTOMa npHMeCH «He XBaTaeT» 0)1.HOfO 3JieKTpoHa. 0AH3KO aTOM 6opa MO.fKeT 

33HMCTBOB3Tb «He)J.OCT3!0lll,HH» )J.JIH CBH3H 3JieKTpOH y 6JIHfKaJ1wero 3TOMa, B pe-

3YJibTaTe qero y nocJieAHero 06pa3yeTrn BaKaHTHOe MeCTo - AbipKa, KOTopoi1 

MOfKHO npttnHcaTb noJIO.>KHTeJihHbIH 3apHA. BaKaHTHoe MeCTo MOfKeT 6bITb 3aHHTO 

APYfHM 3JieKTpoHoM H3 coce)J.ttero aToMa H T.)l.. fiocJie)J.oBaTeJihHOe 3anoJIHeHtte 

)J.blpOK 3JieKTpOHaMH MOfKeT 6bITb HCTOJIKOBaHO KaK nepeMelll,eHHe ilOJIOfKHTeJib

HblX 3apH)J.OB. fIOA )J,eHCTBHeM 3JieKTpH'-IeCKoro CTOJIH )J.blpKH 6yAyT ynopHAO'-IeHO 

ABHf3TbCH B HanpaBJieHHH, npOTHBOCTOJIO.>KHOM HanpaBJieHHIO ABH.>KeHHH 3JieKTpo

HOB, T. e. B IlOJiynpOBO)J.HHKe B03HHKaeT )J.blpoqHaH npHMecHaH npOBO)J.HMOCTb; 

flOCJie)J.HHH H33b!B3JOT IlOJiynpOBO)J.HHKOM p-THna (p - Hal.faJibHaH 6yKBa JiaTHHCKO

ro cJioBa «positivus» - noJIO.>KHTeJibHbIH). ATOMbI npttMecei1, o6ycJiaBJIHBaJOlll,He 

.ll.blpoqHyJO npoBO)J.HMOCTb, H33b!B3JOT aKuenTOpaMH (OT JI3THHCKOfO «asseptor» -

npHeMlll,HK). 

PaccMoTpHM npHHUHn AettcTBHH noJiynpoBOAHHKOBoro Cl.feTqHKa . .llonycTHM, 

'-!TO Ha noBepxHOCTb CJia6oJiernpoBaHHOfO KpHCTaJIJia p-THna 1) HaHeCeH CJIOH 

1
) Jlen1posam1eM Ha3bIBaeTC51 BBeAeHJ.1e pa3JU.P.!HbIX 3JleMeHTOB B KpHCTaJIJI AJJH noJJylJeHHH 

MaTepHaJJa c onpeAeJJeHHbIMH cJiH3HlJeCKHMH, XHMHlJeCKHMH HJIH MexaHHlJeCKHMH CBOHCTBaMH. 

B AaHHOM cJJylJae JJernposaHHe ocyw,ecTBJJHJOT c u:eJJbIO noJJy'leHHH npHMeCHbIX noJJynpoBOAHHKOB 

n-THna HJIH p-THna. 
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CHJ!bHOJierttpoBaHHOro noJiynpoBOAHHKa n-THna (ueJiecoo6pa3HOCTb 3TOro CTaHeT 

HCHOH LIYTb n03)Ke). TorAa 3JieKTpOHbI H3 KpttcTaJIJia n-Tttna HaLIHYT AHCP<i>YHAH

posaTb B KpHCTaJIJI p-THna, a AblpKH - B npOTHBOOOJIO)KHOM HanpasJieHHH, TaK 

LITO nepsb1i1 HaLIHeT 3apH)KaTbCH noJIO)KHTeJibHO, a BTopoH: - oTpttuaTeJibHO. 3TOT 

npouecc 3aBepWHTCH TeM, LITO co CTOpOHbl n-KpHCTaJIJia B03HHKHeT HeOOABH)K

HbJH CJIOH nOJIO)KHTeJibHbIX HOHOB-AOHOpOB, a co CTOpOHbl p-KpHcTaJIJia - tteno

ABH)KHbIH CJIOH oTpttuaTeJihHbIX HOHOB-aKuemopos (pttc. 6.6, a). TaKHM o6pa30M, 

n-nm I I p-Tl1Il 
I I + a 8 8 + I I 
I I 
I I 
I I + 

8 8 + 
I I 
I I 
I I 

8 8 + 

I I + 
I I 
I I 

8 
I 

8 + 

I + I I 
I I 

)],bipK11 
3JJeKTpOHbl 

I 

6 - I 
+ 

8 8 + 
I c I 

~onpoT11BJJeH11e : 
- I MaJJO I + 

+ 8 8 
I I + 
I I 
I I 

- 8 ConpoTl1BJJeH11e 8 + 

! BeJJl1KO -r--..... + 

- 8 8 + 

I I 
+ I I 

I I 

P11c. 6.6. CxeMa )l,BOHHoro 3ap5DKeHHoro nepexo)l,Horo CJJ05! (p-n)-nepexo)l,a: a - AO no)l,a'-!H 
BHewHero Harrp5DKeHH5!; 6 - nocJJe no)l,a'-!H pa3HOCTl1 rroTemi,ttaJJOB ( «o6paTHoro HarrpmKemrn» ). 
06o3Ha4eH115!: - - 3JJeKTpOHhI, + - )l,bipKH. KpyrrHOMacwTa6Ho (B KPY)l<Kax) BhIAeJJeHbI 3JJeKTpH-

'-lecK11e HOCHTeJ111 Ha rpaHmi,ax (p-n)-rrepexo)l,a 

6JIH3 rpaHHUhI C03AaeTcH ABOHHOH 3apH)KeHHbIH nepexOAHbIH cJioH:, tta3hrnaeMhIH 

(p-n)-nepexo8oM. ITocKoJihKY Me)KAY rnoHMH AOHopos H aKuemopos cymecTByeT 

HeKOTopoe 3JieKTpHLieCKOe noJie, TO 3TY CHCTeMy MO)KHO paccMaTpHB3Tb B Ka

LieCTBe attaJiora HOHH33UHOHHOH KaMepb!. 0AH3KO H3-3a OLieHb MaJIOH TOJIW.HHbl 

(nop5!AKa MHKpOMeTpa), a TaK)Ke 6JiaroAapH 6oJibWOH 3KBHBaJieHTHOH eMKOCTH 

(LITO npHBOAHT K CHH)KeHHIO aMOJ!HTYAbl CHrttaJia) OHa He HMeeT npaKTHLieCKOH 

ueHHOCTH KaK CL!eTLIHK. 
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CTpttJioxn1M K TaKoi1 CHCTeMe BHernHee Hanp5DKeHHe (nJIIOC K n-o6JiacTH, 

a MHHyc - K p-o6JiaCTH, Ta Koe BKJIIOLJeHHe Ha3bIBaIOT o6paTHhIM). BHewHee 

Hanp5DK€HHe «TIOMoraeT» TIOT€HIJ,HaJiy, cyw.ecTBYIOW.eMy B ,ll.BOHHOM CJIOe, yJJ.amITb 

CB060JJ.Hbl€ HOCHT€JIH H3 nepexo,ll.HOH o6JiaCTH - «06e,ll.H51Tb» ee, B pe3yJihTaTe 

lllHpHHa o6e,ll.H€HHOro CJI051 yBeJIHl.JHBaeTCH (pHC. 6.6, 6). 
BcnoMHHM Tenepb, LJTO B (p-n )-nepexo,ll.e p-KpHcTaJIJI JiernpoBaH cJia6o ( ero 

conpoTHBJieHHe OTHOCHT€JlbHO B€JIHKO). CTo3TOMY TIOl.JTH BCe npHJIO)K€HHOe o6paT

Hoe HanpHMeHHe npHXO,ll.HTC51 Ha Bb!COKOOMHYIO p-06JiaCTb, H o6e,ll.H€HHbIH CJIOH 

pacnpoCTpaH51€TC51 HMeHHO B ee CTOpOHy, TaK l.JTO lllHpHHa o6e,ll.H€HHOH o6JiaCTH 

HMeeT nop51,ll.OK 0, 1-1 MM. 06e,ll.H€HHb!H CJIOH H 5IBJI51€TC5l pa60l.JHM o6beMOM 

noJiynpoBO,ll.HHKOBOro Cl.J€Tl.JHKa. 

3apHM€HHa51 LiaCTHIJ,a, nona,ll.aIOill.aH B o6e,ll.HeHHbIH CJIOH, C03,ll.aeT napbI 3JieK

TPOH-,ll.blpKa. 00,ll. ,ll.eHCTBHeM 3JieKTpHLieCKOro TIOJIH ,ll.BOHHOrO CJI051 HOCHTeJIH 

6b!CTp0 yJJ.aJI5l!OTC5l H3 o6e,ll.H€HHOH 06JiaCTH. Op11 ,ll.OCTHMeHHH HMH 3JI€KTp0,ll.OB Ha 

ITOCJie,ll.HHX 06pa3yeTC5l HMITYJibC. npouecc 3aBepwaeTC51 peKOM6HHa11,11ei1 3JieKTpo

HOB 11 ,ll.blpOK. KaK BH,ll.HO, noJiynpoBO,ll.HHKOBbIH Cl.JeTLIHK pa6oTaeT TIO,ll.06HO HOHH-

3aIJ,HOHHOH KaMepe, OTJIHLiaHCb OT Hee TeM, l.JTO pa6oqei1 cpe,ll.OH 5IBJI5leTC51 He ra3, 

a rnep,ll.oe TeJio. CpeJJ.HHH 3HeprnH HOHH3aIJ,HH B noJiynpoBOJJ.HHKe w Ha nopHJJ.OK 

Mettbwe, YeM B ra3e, no3TOMY 06pa3y10mttern npH perncTpa11,HH LiaCTHU HMTIYJihChI 

D. v OKaMyTC51 COOTBeTCTB€HHO Ha nopHJJ.OK 6oJihllle (CM. cpopMyJiy (6.1). 3TO 

o6JierLJaeT perncTpa11,HIO H yBeJIHYHBaeT TOLJHOCTh H3MepeHHH. Pa3pewaIOmee 

BpeMH noJiynpoBOJJ.HHKOBoro cLJeTLIHKa JJ.OCTHraeT 10-7 c. CToJiynpoBOJJ.HHKOBbie 

JJ.eTeKTOph1 o6JiaJJ.aIOT xopow11M 3HepreTHLieCKHM pa3peweH11eM. HanpHMep, JJ.JIH 

o:-qacTHU c 3Heprnei1 5 M3B OHO paBHO 0,25-0,3 %. 
Cyw.ecTBeHHhIM HeJJ.OCTaTKOM noJiynpoBOJJ.HHKOBhIX cLieTLIHKOB HBJIHeTCH MaJiaH 

TOJIIll.HHa pa6oYei1 o6JiaCTH, l.JTO He IT03BOJI5leT npHMeHHTb HX npH H3MepeHHH BbJ

COK03HepreTHl.JeCKHX LiaCTHIJ,. 0)].HaKO 3TH CLieTl.JHKH TI03BOJI5l!OT pernCTpHpoBaTb 

cpaBHHTeJibHO HH3K03HepreT11LieCKHe YaCTHUhI (3JieKTpOHhI JJ.O 2 M3B, npoTOHhI 

AO 20 M3B) npaKTHLJecKH co cTOnpo11,eHTHoi1 3cpcpeKTHBHOCThIO np11 xopoweM 

BpeMeHHOM pa3pellleHHH. 0oJiynpOBO,ll.HHKOBbJe CL!eTl.JHKH npeBOCXO,ll.5IT CL!€TL!HKH 

Apyrnx THITOB no TOl.JHOCTH H3MepeHH51 H KOMITaKTHOCTH (THTIHl.JHblH noJiynpoBO,ll.

HHKOBbIH CL!eTLIHK HMeeT npHMepHO TaKHe JKe ra6apHTbl, L!TO 11 MOHeTa cpe,ll.HHX 

pa3MepoB). 

CTpH KOMHaTHOH TeMnepaType oco6eHHO YJJ.06Ho pa6oTaTh co cYeTLIHKOM H3 

KpeMHHH, He HYJKJJ.aIOill.HMCH B oxJiaMJJ.eHHH, TOrJJ.a KaK repMaHHeBhlH cLieTLIHK 

B 3THX ycJIOBHHX o6Jia,ll.aeT BhICOKHM ypoBHeM wyMa, 11 no3TOMY JJ.JIH Hero Heo6-

XOJJ.HMO rny6oKoe oxJiaJK,ll.eH11e. Ho, c JJ.pyroi1 cTopoHhl, npo6ern 3apRJKeHHhIX 

4aCTHIJ, B KpeMHHH - MaTep11aJie c M€Hbll1HM nopH,ll.KOBbIM HOMepoM H TIJIOTHO

CTb!O - 6oJibllle, 4eM B repMaHHH. 

§ 6.5. qepeHKOBCKHH cqeTqHK H cqeTqHK nepeXO.l(HOrO H3JiyqeHHSI 

Op11H11,Hn JJ.eHCTBHH qepeHKOBCKoro cLieTLIHKa ocHoBaH Ha 3cpcpeKTe BaBHJioBa-

4epeHKOBa (cM. pa3,ll.eJI 3.5). OcttOBHhIMH YacrnMH cLieTYHKa HBJIRIOTCR npo-

3paYHhIH pa,ll.Harop (Bew.ecrno c onpe,ll.eJieHHbIM K03cpcpH11,11€HTOM npeJIOMJieHHH) 
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Hao6pernTeJHI - 4. BHJihCOHa ( 1912 r.) [6]. YcTpoikrno KaMepb1 BHJihCoHa 

B cxeMaTHqecKOM BH,ll,e noKaaatto tta pHc. 6.9. CTeKJIHHHhIH UHJIHH,ll,p 6, aaKpbIThIH 

1 

2 3 

-----------~------ -----------------

5 

P11c. 6.9. KaMepa BHJJbCOHa: 1 - pa60411i\ o6beM; 2 - ceTKa; 3 - no)l,Bm1rnaH )l,Ha<jlparMa 
(noprneHb); 4 - orpaHHlJHTeJ111 XO)l,a )l,Ha<jlparMbI; 5 - ornepcTHe )l,JIH 113MeHeHHH )l,aBJICHHH []0)1, 

)l,Ha<jlparMoil; 6 - CTeKJJHHHb!e CTeHKH KaMepbl 

CBepxy CTeKJI51HHOH Kpb!WKOH, 3anOJIH51eTC51 HeHTpaJihHb!M ra30M (remieM, apro

HOM H ,ll,p.), B KOTOpb!H ,ll,06aBJI51eTC5I He60JibWOe KOJIHqecTBO BO,ll,bl (qacTO B CMeCH 

co cnHpTOM). ,llJI51 H3MeHeHmI ,ll,aBJieHH51 B HHMHeH qacTH UHJIHH,ll,pa BCTaBJieH 

noprueHb 3. Pa6oqHff (qyscTBHTeJibHbIH) o6beM 1 aaHHMaeT npocTpaHCTBO MeM,ll,y 

Kpb!WKOH H noprnHeM. c ueJih!O y,ll,aJieHH51 cJiyqaHHO B03HHKa!Oill,HX B pa6oqeM 

06beMe HOHOB, B HeM C03,ll,aeTC51 noCT051HHOe 3JieKTpHqecKoe noJie nop51,1I,Ka ,ll,eC51T

KOB B/cM. KaMepa ocsemaeTc51 c6oKy HMnyJihCHhIM ocseTHTeJieM. Ha,ll, KpbIWKOH 

KaMepb1 pacnoJiaraIOTCH cTepeoKaMepbI (Ha pHcyHKe He noKa3aHbI). 

B pa6oqeM o6beMa coa,1I,aeTCH ,1I,aBJieHHe, npH KOTopoM nap HaXO,ll,HTC51 B cocTo

HHHH Hacb1meHHH. 3JieKTpHqecKoe noJie OTKJIIOqaeTcH nepe,ll, HaqaJIOM pa6oqero 

UHKJia (B npoTHBHOM cJiyqae TpeKH MOryT OKa3aTbC5I pa3Ma3aHHblMH). 3aTeM 

npoH3BO,ll,HTCH 6bICTpoe ( a,1I,11a6arnqeCKoe) pacurnpeHHe raaa Ha 20-30 % ( nyTeM 

onycKaHH5I nopWHH), qTQ npHBO,ll,HT nap B nepeCbJill,eHHOe COCT05IHHe. Dona

,ll,aHHe aapHMeHHOH qacTHUbl B nepeCbIIll,eHHbIH nap npHBO,ll,HT K o6pa3oBaHHIO 

CJie,ll,a (TpeKa), COCT051Ill,ero H3 KaneJieK )KJ1,ll,KOCTH, B03HHKa!Oill,HX B peayJibTaTe 

KOH,ll,eHcauHH napa Ha o6paaoBaHHhix e!O 110Hax. TpeKH <tJoTOrpaqrnpy!OTC51 npH 
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BKJIJOYeHHOM 60KOBOM OCBeTHTeJie. l.Jepe3 BpeMsi:, paBHOe AJIH pa3Hb!X KaMep OT 0, 1 
AO 1 C, nepecbilll.eHHOe COCTOSl:HHe napa pa3pywaeTCSi (6JiafOAapsi: npHTOKY TenJia 

4epe3 CTeHKH KaMepbl). TiocJie 3TOf0 KaMepa npHBOAHTCSi B HCXOAHOe COCTOSl:HHe. 

B TeYeHHe OAHOH MHHYTbI MO:>£rno npoH3BeCTH OT OAHoro AO Tpex pacwHpeHHH. 

KaK ynoMHHaJIOCb, HcnoJib30BaHHe HecKOJibKHX cpoToo6beKTHBOB no3BOJisi:eT 

noJiyYHTb CTepeocKonHYeCKOe H306pa)KeHHe. TioJiyYeHHbie AaHHbie Aa!OT B03MO)K

HOCTb ycraHOBHTb npHpOAY H cBoH:crna 3apsi:)KeHHbIX qacTHI.J,. TaK, no nJioTHOCTH 

noqepHeHHSi onpeAeJIHIOT yAeJibHYIO HOHH3aI.J,HIO, 3Heprn!O H Macey l.faCTHI.l,bl, 

ocTaBHBrneH: cJieA. Mb1 Y*e npHBOAHJIH npHMep TpeKoB o:-qacTHI.J, H 3JieKTpOHOB, 

BbI6HTbIX peHTreHOBCKHMH cpOTOHaMH H3 aTOMOB ra3a, 3anoJIH5i!Olll.ero KaMepy 

(pttc. 3 .4). TIJIOTHOCTb KarreJib BAOJib TpeKOB rrporropI..1,HOHaJibHa rrJIOTHOCTH HOHH-

3aI.J,HH. Tio3TOMy 0:-l(aCTHI.l,bl OCTaBJISl:IOT «TOJICTbie» CJieAbl, a 3JieKTp0Hbl - «TOH

KHe». EcJIH noMeCTHTb KaMepy BHJibCOHa B OAHOPOAHOe MarHHTHOe noJie B, TO 

3apsi:)KeHHbie YaCTHI.l,bl 6yAyT ABHraTbC51 no cnttpaJIH. l13Mepsi:si: paAHYC KpHBH3Hbl 

TpeKa MO)KHO no cpopMyJie (5.5) onpeAeJIHTb HMnyJibC l.faCTHI.l,bl. 3HaK 3apsi:Aa 

onpeAeJisi:JOT no HanpaBJieHHJO TpeKa. 

KaMepa BHJibCOHa MO)KeT 6bITb HcnoJib30BaHa H AJIH HCCJieAoBamrn 6h1CTpb1x 

HeHTpOHOB. 3Heprnsi: nocJieAHHX MO)KeT 6bITb onpeAeJieHa no AJIHHe TpeKOB npo

TOHOB OTAaYH, 06pa3yeMbIX HeHTpoHaMH. 

)lJisi: Ha6JIJOAeHHsi: AJIHHHOnpo6e)KHbIX YaCTHI.J,, TpeKH KOTOpb1x He yKJiaAbIBa

IOTcsi: B pa6oYeM o6beMe KaMepb1, nocJieAHJOJO neperopa)KirnaJOT psi:AOM napaJI

JieJibHbIX MeTaJIJIH4eCKHX nJiaCTHH. l.JaCTHI.l,bl, npoXOASi qepe3 HHX, 3aMeAJI5ilOTC5i, 

11 HX npo6er coKpamaeTcsi:. 

Pa3pa6oTaHbI MeTOAbI aBTOMaTH'-!ecKoro ynpaBJieHHH KaMepoH: BHJibCOHa. 

Ha rryTH 3apsi:)KeHHOH qacTHI.J,bI ycTaHaBJIHBaeTcsi: KaKOH-JIH6o AeTeKTop, HanpH

Mep, C4eT4HK feH:repa-MJOJIJiepa. CHHxpoHHO c HMnyJibCOM OT Hero 3anycKaeTcsi: 

ynpaBJIHIOlll.HH MexaHH3M, npHBOAHlll.HH KaMepy B pa6oqee cocrnsi:HHe. BJiaroAapsi: 

B03MO)KHOCTH yrrpaBJieHHH KaMepa BttJihcoHa HBJisi:eTcsi: rH6KHM npH6opoM B TOM 

OTHOWeHHH, '-ITO c ee nOMOlll.blO MO)KHO perncTpHpOBaTb peAKl1e co6bITH5i, npoHC

XOASilll.He, HanpHMep, B KOCMH4eCKHX Jiyqax. 

B HCTOpHH HAepHoH: cptt3HKH KaMepa BHJibCOHa CblfpaJia BbIAaIOlll.YIOCH poJih. 

C ee noMOlll.bIO 6bIJI CAeJiaH psi:A cpyHAaMeHTaJibHbIX OTKpbITHH. K HHM oTHOCHT

csi:, HanpHMep, OTKpbITHSi no3HTpoHa H MIOOHa. 0AHaKO c cepeAHHbl 20-ro BeKa 

KaMepa BHJibCOHa noTepsi:Jia CBOe JIHAHPY!Olll.ee 3Ha4eHHe B Ka4eCTBe TpeKOBOfO 

AeTeKTOpa, ycTynHB MeCTO ny3blpbKOBbIM H HCKpOBbIM KaMepaM. 

HeAOCTaTKOM KaMepb1 BHJibCOHa HBJIHeTrn cpaBHHTeJibHasi: MaJIOCTb pa3MepoB 

ee pa6oqero o6beMa. HaH6oJiee pacnpocTpaHeHbI KaMepbI c pa6o4HM o6beMOM 

1-10 JIHTPOB. 06beM KpynHbIX KaMep AOCTHraeT rv 100 JIHTpOB. B KaMepax 

c 6oJibillHM pa604HM o6beMOM npH ero pacwHpeHHH 06pa3yeTC5i CHJlhHOe Typ6y

JieHTHOe ABH)KeHHe JKHAKOCTH, npHBOASilll.ee K 6bICTpOMY pacnJib!BaHHIO TpeKOB. 

6.6.3. Ily3blpbKOBaSI KaMepa. l.JacrnI.J,a Bb!COKOH 3HeprnH (rropHAKa 1 f3B 

11 6oJiee), npoJieTasi: qepe3 KaMepy BHJihCOHa, ocTaBJIHeT B ee pa6o4eM o6beMe 

npepbIBHCThIH TOHKHH CJieA, KOTOpb!H He no3BOJI5ieT onpeAeJIHTh ee npHpOAY 

11 CBOHCTBa. K ToMy *e KaMepa BHJibCOHa npeACTaBJIHeT co6oi1 MHWeHb c HeBbI-
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COKOH 11.JIOTHOCThIO 51,ll,ep, 6Jiaro,ll,ap51 LJeMy 33TPYJJ.H51eTC51 11ccJie,ll,OBaH11e 51,ll,epHbIX 

peaKU11H. 

YKa3aHHhie He,ll,OCTaTKl1 OTCYTCTBYIOT B rry3hipbKOBOH KaMepe, 11306peTeHHOH 

Jl. fJie3epoM B 1952 r. 11 c Tex rrop 11rpa10meB. BhI,ll,a10my10c51 po.Jib B 3Kcnep11-

MeHTaJihHOH 51,ll,epHoH cp11311Ke [2]. CospeMeHHa51 rry3hiphKOBa51 KaMepa rrpe,ll,cTaB

JI51eT co6oB. cJimirnoe ,ll,Oporocrn51mee yCTpoiicTBo. 3ToT ,ll,eTeKTop ueJiecoo6pa3HO 

npttMeH51Tb, eCJil1 TOJibKO eMy HeT nptteMJieMOH aJibTepHaTHBbI, HarrpttMep, rrptt 

per11cTpaUHH TaKHX pe,ll,Kl1X co6hlTHH, KaK peaKUH11 c o6pa30BaHtteM HeHTp11HO, 

11.JIH rrpH H3yLJeHHH CJIO)KHbIX MHOroKaCK3,ll,HhIX rrpoueccoB c yLJaCTHeM lJaCT11U 

Bb!COKOH 3Heprntt. 

CTpoCTeHWa51 rry3b!pbKOBa51 KaMepa COCTOHT H3 MeTaJIJIHlJeCKOro KOprryca B KO

TopoM HMeIOTC51 3aCTeKJieHHhle OTBepcT1151; LJepe3 HHX ocymecTBJI51eTC51 ocsemeHHe 

11 cpoTOrpacp11pOBaHHe TpeKOB lJ3CTHU, B03HHKaIOlll.11X B ee pa60LJeM 06beMe. CTo

CJie,ll,HHH 3allOJIH51eTC51 )KH,ll,KOCTblO, KOTopa51 06513aTeJibHO ,ll,OJl)KHa 6hITb rrpo3pal!

HOH (JJ.JI51 o6ecneLJeHH51 B03M01KHOCTH cpornrpacpttposaHH51 TpeKoB). B Hl11KHeH LJa

CTH rry3hiphKOBOH KaMepbr, KaK 11 B KaMepe BttJibCOHa, Haxo,ll,HTCH nopweHb. Pa6o

lJHM semeCTBOM 5IBJI51eTC5I )KH,LJ,KHH BO,D,opo,D, (pe1Ke )l,eHTep11H, nponaH HJIH ,ll,pyrne 

HarroJIHHTeJitt B 1K11,ll,KOH cpa3e). B pe3yJihTaTe pe3Koro noHtt1KeH11H ,ll,aBJieHHH, ,ll,O

CTHraeMoro np11 nepeMemeH1111 rropwH51, pa60LJ11H o6beM KaMepbr yseJittLJ11saeTCH, 

H )Kl1,ll,KOCTb nepexo,ll,HT H3 paBHOBeCHoro COCTOHHHH B neperpeToe, B KOTOpOM OHa 

OCTaeTCH LJYBCTBHTeJibHOH K 113.JIYLJeHHIO B TelJeHHe HeCKOJibKl1X Ml1JIJIHCeKyH,ll,. 

CTo CJie,ll,y 3apH1KeHHOH lJ3CTHUbl np11 ee npoJieTe LJepe3 KaMepy B03HHKaIOT 3apo

,ll,bIWeBbie ueHTphr KttneHHH. Hx o6pa3oBaHtte BbI3BaHo HarpeBoM MaJioH 06JiacT11 

BOKpyr 3apo,ll,brwesoro ueHTpa, npottcxo,ll,Hlll.ero 6Jiaro,ll,ap51 nornomeHHIO B HeH 

8-3.JieKTpOHOB, BbI6YmaeMh!X ,ll,BH1Kylll.eHCH lJ3CTHUeH H3 )KH,ll,KOCTH. 3apO,ll,b!WeBb!e 

ueHTpbl 33 speMH 0,5-3 MC BbipacTaIOT ,ll,O pa3MepoB 300-500 MKM, o6pa3yH 

uenoLJKY ny3hipbKOB napa, socnpttH11MaeMy10 KaK cJie,ll, (TpeK) LJaCTHUhI. Bo3H11Ka-

10maH KapTHHa TpeKOB ocsemaeTCH 3.JieKTpOHHOH cpOTOBCOb!WKOH 11 npOH3BO,ll,11TC51 

CTepeocpoTOCbeMKa. ,UJittTeJibHOCTb pa6oLJero U11KJia He npeBhIWaeT 0, I c. nocJie 

ero 3aBepweHHH ,ll,aBJieHHe H TeMnepaTypa )KH,ll,KOCTH yMeHbwaeTC5l. ,ll,O 11X HalJaJib

Hb!X 3HalJeHHH, nocJie LJero MO)KHO npttcTynaTb K HOBOMY pa6oLJeMy UHKJiy. 

PacwttpeH11e 1KH,ll,KOCTH B rry3hipbKOBoi1 KaMepe cocTaBJIHeT scero 1-2 %, 
TOr,ll,a KaK B KaMepe B11JihCOHa OHO paBHO, KaK yrroMHHaJiocb, 20-30 %. CTo3TOMY 

,ll,BH1KeH11e )KH,ll,KOCTH B IlY3blpbKOBOH KaMepe He BJIHHeT Ha HCKa1KeHHe TpeKa . 

.UocTOHHCTBOM rry3blpbKOBOH KaMepbl 5l.BJIHeTC51 BblCOKaH CKOpOCTb pa60Tbl, 

,ll,OCTHra10maH ,ll,eCHTKOB pacw11peHHH B ceKyH,ll,y. Ee He,ll,OCTaTOK COCTOHT B HeB03-

M01KHOCTH BHewHero yrrpaBJieHl151, lJTO CBH3aHo c OTHOCHTeJihHO 6bICTpb!M pac

C3CbIBaHHeM IlY3blpbKOB. 0,ll,H3KO 3TOT He,ll,OCTaTOK KOM1leHc11pyeTCH TeM, lJTO 

KaMepy, o6b!lJHO pacrroJiaraeMyIO Ha Bb!XO,ll,e HMilYJibCHOro ycKopttTeJIH, BKJIIOlJaIOT 

CHHXpOHHO c ero 11MllYJibCOM. 

CTy3hiphKOBbie KaMephr, KaK yrroMttHaJioch, ttcrroJih3YIOT ,ll,JIH pernCTpau11tt 

3ap511KeHHbIX LJacTHU BhICOKHX 3HeprnB.. Hei1TpaJihHhie HecTa6HJihHhre LJaCT11UhI 

per11cTpttpyIOTCH orrocpe,ll,OBaHHO, aHaJIH3ttpyH IlOCJie,ll,CTBH51 HX B33HMO,ll,eHCTBH51 

c 51,ll,paMl1 )KH,ll,KOCTH, 11Jll1, B CJiyLJae 11X pacrra,ll,a Ha 3apH1KeHHbie lJ3CTHUhI, H3yLJa5I 

TpeKH IlOCJie,ll,Hl1X. ,UJIH 113MepeHHH HMilYJibCa 33p511K€HHOH LJaCT11Ubl rry3blpbKOBYIO 
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KaMepy n0Mema10T B CHJihHoe MarHHTHOe noJie. HanpHMep, Ha MOIUHOM ycKo

pHTeJie AproHCKOH HauHoHaJibHOH Jia6opaTOpHH (ClllA) ycTaHOBJieH cBepxnpo

BO,ll,HIUHH MarHHT c HH,ll,yKuHeH 1,8 TJI. 3Hafl pa,ll,Hyc KpHBH3HbI TpeKa .. rncrnub1 

B MarHHTHOM noJie MO)l<HO c IIOMOIUbIO cflopMyJibI (5.8) onpe,ll,eJIHTb ee HMIIYJlbC. 

Pa3Mepbr ny3bipbKOBbrx KaMep 3aBHCHT or xapaKrepa nocraBJieHHbIX 3a,ll,a<J. 

Bo MHornx cJiy<JaHx HCIIOJib3YIOTCH KaMepbI pa3MepoM 1-2 M. Ho Ha oco6o MOIU

HbIX yCKopHTeJI5IX ycTaHaBJIHBaIOTCfl KaMepbl 3HaLJHTeJibHO 60JibllIHX pa3MepoB. 

TaK, ny3bipbKOBaH KaMepa Ha ynoMHHyroM BbIIIIe yCKopHTeJie AproHCKOH HauHo

HaJibHOH Jia6opaTOpHH HMeer o6beM 25 M3 H CO,ll,epMHT 20 000 JIHTpOB BO,ll,OpO,ll,a. 

6.6.4. HcKpoBaSI KaMepa. Cepbe3HbIH He,ll,ocraroK ny3bipbKOBOH KaMepbI 

CB5I3aH c OTCYTCTBHeM «ynpaBJifleMOCTH» - HeB03MO)KHOCTH B npouecce H3Mepe

HHH OT6HpaTb co6bITH5I, npe,ll,CTaBJifllOIUHe HHTepec. 003TOMy npH Heo6XO)l,HMOCTH 

H3y<JeHH5I onpe,ll,eJieHHbIX pe,ll,KHX co6bITHH npHXO,ll,HTCfl aHaJIH3HpOBaTb 60JibllIOe 

LJHCJIO cfloTOrpacfJHH. 3roro He,ll,OCTaTKa JIHIIIeHa HCKpOBafl KaMepa [8]. 
DpocreHIIIafl HCKpOBafl KaMepa (pHc. 6.10) COCTOHT H3 IlJIOCKOIIapaJIJieJibHblX 

MeTaJIJIHLJeCKHX 3JleKTpO,ll,OB, HaXO,ll,5IIUHXC5I B 3aMKHYTOM o6beMe, 3aIIOJIHeHHblM 

5 

6 

4 

PHc. 6.10. CxeMa HcKpoBoif KaMepb1: 1 - 3JJeKTPOJl.bI KaMepb1; 2 - repMeTwiecKHH KO)!(yx; 3 -
yrrpaBJJll!OLQ!le Cl.JeTl.JllK!l; 4 - cxeMa COBila)l.eHHH; 5 - HCTOl.JHHK llMITYJJbCHOro IlllT3Hllll; 6 -

cTepeoqwTOarrnapaT 

ra3oM (o6bILJHO cMecbIO reJIHH H HeoHa). PaccroHHHfl MeM,ll,Y coce,ll,HHMH 3JieK

rpo,ll,aMH paBHbl HeCKOJlbKHM MHJIJIHMeTpaM, a IlJIOIUa,ll,b IIJiaCTHH MOMeT )l,OCTH

raTb O,ll,Horo KBa,ll,paTHoro MeTpa. DJiaCTHHbI o6be,ll,HHeHbI B )],Be rpyrrrrh1, rrpHLJeM 

3JieKTpO,ll,bI TOH H ,ll,pyroH qepe,ll,yIOTCH MeM,ll,y co6oH. OJiacrnHbI rrepBOH rpynrrbI 

3a3eMJieHbl, a Ha IIJiaCTHHbl BTOpOH IlO)l,aeTCfl Bb!COKOBOJibTHbIH HMIIYJibC nop5I,ll,Ka 

KB/cM, Bbl3bIBaIOIUHH o6pa3oBaHHe HCKp, KOTOpble OTMe<JaIOT nyTb LJaCTHUbl. 

PaccMoTpHM MexaHH3M pa6oTbI KaMepbI. )lonycTHM, LJTO Ha TOpuax KaMepbI 

ycraHOBJieHO HeCKOJibKO CLJeTLJHKOB (HanpHMep, CUHHTHJIJlflUHOHHbIX)' perncrpHpy

!OIUHX BJieT H BbIJieT LJaCTHU. DpoJieTafl qepe3 KaMepy, OHH o6pa3yIOT Ha CBOeM rry

TH HOHHh1e napb1. CKopocTb nepeMemeHHH nap TaKoBa, LJTo rrp116JIHMeHHO MOMHO 
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C'-nnaTb 11X «OCTaIOUJ.11Ml1CH Ha CBOl1X MeCTaX» B TeqeH11e HeCKOJibKl1X M11KpoceKyHJJ.. 

CqeTq11K11 rrpaKT11qecK11 o.n.HospeMeHHO pernCTpHpyioT BJieT H BbIJieT qaCTm.J.. 11M

rryJibCbI OT cqeTqHKOB nocTynaioT Ha JiornqecKoe yCTpoikrno, KOTopoe onpe.n.eJIHeT, 

npoH30WJIO JIH B KaMepe «HY:>KHOe» C06bITHe, H eCJIH OHO HMeJIO MeCTO, TO 3anyc-' 

KaeTCH reHepaTop, no.n.aiow.Hi1: Ha 3JieKTPOJJ.bI BbICOKOBOJibTHbIH HMTIYJibc .D.JIHTeJibHO

CTbIO TIOpHJJ.Ka 1o-7 C. 11CKpOBOH pa3pHJJ. ,1J.J111TeJibHOCTb!O rv 50 HC cpopM11pyeTCH Ha 

nyTH, KOTOpblH npouIJia qacTHIJ.a (ero «3apOJJ.bIWaMH» HBJIHIOTCH ynoMHHYTble Bbl

we HOHHbie rrapb1). KaK BHJJ.HO, oco6eHHOCTbIO rrpoIJ.ecca HBJIHeTCH TO, qTo TpeK11 

(HcKpbl) o6pa3yIOTCH y:>Ke TIOCJie rrpoJieTa qacTHIJ. qepe3 HCKpOBYIO KaMepy, KOTOpaH ' 

MO:>KeT cq11TaTbCH aBTOMaT11qecKH 3arrycKaeMbIM .n.eTeKTOpOM. 

I1CKpOBbie pa3pHJJ.bl Jil160 cpoTOrpacp11pyIOT, JI1160 pernCTp11pyIOT c IIOMOUJ.b!O 

YJibTpa3BYKOBbIX .n.eTeKTopoB, cHrnaJibI c KOTOpbIX rro.n.aIOTCH Ha crreIJ.HaJibHO 3a

rrporpaMM11posaHHyio 3BM, IT03BOJIHIOW.YIO paccqHTbIBaTb rrapaMeTpbl HCCJie.n.ye

Mb!X B3aHM0,1J.eHCTBHH. 

Ba:>KHbIM .n.ocTOHHCTBOM 11cKpOBbIX KaMep HBJIHeTCH Hx 6brCTpo.n.ei1:crn11e (B ce

KYH.D.Y OHH MoryT COBepwaTb COTHH IJ.HKJIOB)' Il03TOMY HCKpOBb!e KaMepbl c ycrre

XOM HCITOJib3YIOTCH B ycJIOBHHX o6JiyqeHHH ITOTOKaMH 60JibWOH HHTeHCHBHOCTH. 

Pa3Mep 11CKp0Bb!X KaMep He HMeeT orpaH11qeHHH, TaK KaK OHl1 MoryT CKJia,1J.bIBaTb

CH 113 OT,1J.eJibHb!X 6JIOKOB, Ka:>K,1J.b!H 113 KOTOpb!X HBJIHeTCH He60JihWOH KaMepoi1:. 

OrpoMHhie 11CKpOBbre KaMepbr HMeIOT sec nopHJJ.Ka 1000 TOHH. 

KaK H KpynHbie ny3biphKOBbie KaMepbr, 60Jibw11e 11cKpOBbre KaMepbI 11Me10T 

CJIO)KHOe ycTpOHCTBO 11, KaK yrrOMl1HaJIOCb, oqeHb .n.oporn. 

Pa3pa6oraH IJ.eJibIH pH.n. .n.pyrnx Mo.n.11cp11Ka1.J.11H 11CKpoBbIX KaMep. Mbr KopOT

KO orrHweM .n.se 113 H11x: w11poK03a3opHyro 11 CTp11MepHyIO. KoHCTPYKIJ.1151 TOH 

11 .n.pyroi1: HaITOMl1HaeT ITJIOCK11H KOH,1J.eHcaTop np11 pacCTOHH11H Me:>K.n.y rrJiaCTl1HaMl1 

B .n.eCHTK11 caHT11MeTpos. OcHOBHoe pa3JI111.J11e Me:>KJJ.Y 3T11M11 KaMepaMH 3aKJIIO

qaeTCH B ,1J.Jil1TeJibHOCTH HMITYJibCa. I1cKpOBOH pa3pH.D. JJ.JIHTeJibHOCTblO rv 50 HC 

B WHpOK03a3opHOH KaMepe MO:>KeT B03HHKHYTb TOJibKO B CJiyl.JaHx, Kor.n.a yroJI 

Me:>KJJ.Y HarrpaBJieHHHMH JJ.BH:>KeHHH l.JaCTHIJ.bl 11 3JieKTp114eCKOro IlOJIH He rrpeBbI

waeT 40-50°. )],JIHTeJibHOCTb HMITYJibCa HarrpH:>KeHHH B CTpHMepHoJ1 KaMepe 01.JeHb 

MaJia - rropHJJ.Ka 2 . 10-8 c. 3a CTOJlb KOpOTKOe BpeMH 06pa3yeTCH JIHWb 3apo

JJ.b!W HCKpbl - CTpHMep, OCTaBJIHIOUJ.HH BJJ.OJib TpeKa l.JaCTHIJ.bl TOHKHH CBeTHW.HHCH 

CJie.n.. LlocTOHHCTBOM CTpHMepHOH KaMepbl HBJIHeTCH B03MO:>KHOCTb pernCTpaIJ.HH 1.Ja

CTHIJ., BJieTa!OW.HX B KaMepy H3 JII06bIX HanpaBJieHHH. illHpOK03a30pHb!e H CTpHMep

Hbie KaMepb1 co3.n.aHbI B Hawei1: CTpaHe (A. I1. AJIHXaHHHOM, 5.11. JlyqKOBbIM H .n.p.), 

11 IIOTOMY OHH B HHOCTpaHHOH JmTepaType l.JaCTO Ha3b!Ba!OTCH «PYCCKHMH KaMepaMH». 

6.6.5. MeTO.U. H,ll.epHbIX aMyJibCHH. 3MyJibCHOHHaH KaMepa. MeTo.n. H.n.ep

HbIX 3MYJibCHH (1rnor.n.a Ha3bIBaeMblH cpOT03MYJibCHOHHb!M MeTOJJ.OM) HBJIHeTCH 

O,ll.HHM H3 CTapeHWHX TpeKOBbIX MeTO,ll.OB, .n.o CHX rrop He noTepHBWHH CBOero 3Ha

l.JeHHH. OH rro3BOJIHeT rroJiy1.JaTb ToqHbie cse.n.eHHH o MHornx csoi1cTBax H.n.epHbIX 

qaCTHIJ. - HX Macce, 3HeprmI, 3apHJJ.e H JJ.p. CTpH H3yqeHl1H 1.JaCTHIJ. KOCMHqeCKOro 

npoHCXO:>KJJ.eHHH, oco6eHHO 3a npe.n.eJiaMH aTMoccpepbl, H.n.epHbie 3MYJibCHH qacTO 

HBJIHIOTCH Ba:>KHeHWHMH ITOCTaBW.l1KaM11 11Hq>OpMaIJ.1111, B oco6eHHOCTl1 Kaca10w.ei1-

CH aKTOB pacw.errJieHl1H HJJ.ep. 
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51,ll,epHaH 3MYJibCH5l OTJIHqaeTCH OT pacCMOTpeHHb!X BbIIIIe TpeKOBblX np116opoB 

npOCTOTOH (3TO BCero JIHillb cpoTOnJiaCTHHKa HJIH Ha6op cpOTOnJiaCTHHOK) H Henpe

pbIBHOCTb!O perncTpaQHH na)l,a!Olll;HX Ha Hee qacTHQ. 

PaccMOTpHM cTpyKTypy H,ll,epHoH 3MYJibCHH 11 MexaHH3M o6pa3oBaHHH cJie,ll,oB 

4aCTHQ, B03HHKa!Olll;HX npH ee o6JiyqeHHH (3KCCT03HQHH). 

KaK H3BeCTHO, cpoT03MYJibCHH cocTOHT H3 :m:eJiaTHHa 11 3aKpenJieHHbIX B HeM 

3epeH 6poMHCToro cepe6pa AgBr. HornTeJieM cKpbIToro 11306pa:m:eHHH B KaM,ll,OM 

3epHe cq11TaeTcH MHKpoqacTHUa MeTaJIJI11qecKoro cepe6pa, B03HHKaIOmaH B npo

uecce 3KCn03HQHH Ha ero nosepxHOCTH HJIH B6JIH3H OT Hero (np11 6oJiee rJiy-

6HHHOM pacnOJIOMeHHH KpHCTaJIJIHKa cepe6pa OH He )l,OCTyneH B03)],eHCTBHIO XH

MHqecKoro npoHBHTeJHI). MexaHH3M npoHBJieHHH 3aKJIIOqaeTCH B soccTaHOBJieHHH 

raJIOH)l,HOfO cepe6pa )l,O MeTaJIJIHqecKoro COCTOHHHH. B npouecce BOCCTaHOBJieHHH 

soKpyr ueHTpos cKpbIToro H3o6pa:m:eHHH, co,ll,ep:m:am11xrn B o6JiyqeHHbix 3epHax, 

rrpo11cxo,ll,HT HaKonJieHHe cepe6pa, ocso6o:m:,ll,aeMoro npH npoHBJieHHH. B cp11Krnpy-

10meM pacTBope HenpOHBJieHHOe 6poMHCTOe cepe6po y,ll,aJIHeTCH 113 3MYJibCHH. 

Orn11q11e H,ll,epHoH 3MYJibCHH OT 06b1qHoH cpororpacp11qecKoH cocT011r B cJie

Jl.YIOmeM. 

1. 3epHa AgBr B H,ll,epHoH 3MYJibCl1H np11 MeHbIIIHx pa3Mepax o6Jia,ll,aIOT 6oJib

IIIeH rIJIOTHOCTb!O. 

2. ToJimHHa qyscTBHTeJibHOro CJIOH B H,ll,epHoH 3MYJibCHl1 6oJibIIIe. 

3. 51,ll,epHaH 3MYJibCH5l o6Jia)l,aeT 60JibIIIeH qyBCTBHTeJibHOCTb!O; 3TO CBH3aHO 

c TeM, qTQ 3HeprHH, 3aTpaqHBaeMaH Ha o6pa30BaH11e CKpbITOI'O H306pa:m:eHH5l B 

H,ll,epHOH 3MYJibCl1H 3Haq11TeJibHO MeHbIIIe, qeM B cpornrpacp11qecKOH 3MYJibCHl1. 

CpaBHHTeJibHO MaJlbIH pa3Mep 3epeH B H,ll,epHoH 3MYJibCHH B coqeTaH1111 c HX 

OTHOCHTeJihHO TeCHbIM pacnoJio:m:eHHeM 06ecneq11saeT )l,ocraroqHo xopoIIIee npo

cTpaHcTBeHHoe pa3peweH11e, Bbipa:m:aIOmeern B qeTKOM pa3rpaH11qeHHH rpeKOB or 

pa3JIHqHbIX qacTHQ. 3epHa 6pOMl1CTOfO cepe6pa B H,ll,epHbIX 3MYJibCl15IX B 3aBHCH

MOCTH OT 11X Ha3HaqeHH5l HM€!0T pa3Mepbl B rrpe,ll,eJiax 0,05-0,4 MKM. Co,ll,ep:m:aHHe 

AgBr B H,ll,epHoH 3MYJibCHH paBHO no secy np116JIH3HTeJibHO 80 %. ToJimHHa H,ll,ep

HbIX 3MYJibCHH )l,OCTHraeT 1000 MKM, qTo B COTHH pa3 BbIIIIe TOJII.ll;l1Hbl onT11qecKHX 

3MYJibCHH. ,lJ,JIH eme 6oJibIIIero pocTa 3cpcpeKTl1BHOH TOJII.ll;l1Hbl qyscTBHTeJibHOro 

CJIOH HCCTOJib3YIOT TaK Ha3bIBaeMb!e 3MYAbCUOHHbte KaMepbt, COCT05llll;l1e 113 Ha6opa 

HaJIOMeHHblX ,ll,pyr Ha Apyra CJIOeB H,ll,epHOH 3MYJibCl1H npH TOJII.ll;HHe KaM)l,OfO CJIOH 

B HeCKOJibKO COTeH M11KpOH. TOJII.ll;HHa 3MYJibCl10HHOH KaMepb! MOMeT COCTaBJIHTb 

)l.eCHTKH caHTHMerpos. Ka:m:,ll,hIH cJioH KaMepbI nocJJe ee 06JiyqeH11H npoHBJIHeTCH 

OT)l,eJibHO. ,lJ,JIH OTOM)l,eCTBJiemrn TpeKOB qaCTHQ, npoXO)l,Hlll;HX qepe3 HeCKOJibKO 

CJIOeB, npHMeHHeTCH KOOp,ll,11HaTHa5l CeTKa, npe,ll,BapHTeJibHO HaHOCHMaH Ha BCe 

CJIOH c noMOI.ll;bIO YBKoro Jiyqa cseTa. EcJI11 qacT11ua noJIHOCTbIO 3aTopM03HJiacb 

B npe)l,eJiax 3MYJibCl10HHb!X CJIOeB, TO MOMHO onpe)l,eJIHTb KpoMe )l,Jil1Hbl ee npo-

6era B )l,aHHOM semeCTBe H HaqaJibHYIO 3HeprHIO qacTHQbl. 

Ba:m:Heflwei:i xapaKrep11cr11KoH H,ll,epHOH 3MYJibCHl1 HBJIHeTCH 3as11c11MoCTb q11c

Jia npoHBJieHHbIX 3epeH B cJie,ll,e qacT11Qb1 Ha e,ll,11H11ue rryr11 dN / dx OT ee yAeJibHOH 

dN (dE) HOHH3aQHH dE/dx. AHaJIH3 3aBHCHMOCTH dx = f dx noKa3bIBaeT, qrn H,ll,ep-

Hbie 3MYJibCHH MOMHO no,ll,pa3)],eJIHTb Ha TpH THna. 
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1. 3MyJibCHH HH3KOH Y.YBCTBHTeJibHOCTH. Dp11rO)l,HbI ,11,JIH pernCTpau1111 CHJibHO '. 
I 

HOHH311py10m11x Y.aCT11u; Hanp11Mep, K H11M OTHOCHTCH MHOr03apH,11,Hbie 110Hbl 11 ! 

OCKOJIKl1 )l,eJieHirn. Y.neJibHbie HOHl13al.J,H11 TaK11X Y.aCTHU HMeIOT nopH,11,0K COTeH j 
M3B · r- 1 · cM2. 

2. 3MyJibc1111 cpe.nHeH Y.YBCTB11TeJibHOCT11. Dpe.nHa3HaY.eHbI )l,JIH pernCTpau1111 
1 

TpeKoB Y.acrnu c y.neJibHOH 110H113au11ei1 MeHbllle 20 M3B · r- 1 • cM2, Hanp11Mep, . 

K H11M np11Ha)l,Jie)KaT npoTOHbI c 3Heprnei1 .no 50 M3B. 

3. 3MyJibCHl1 BbICOKOH Y.YBCTB1neJibHOCTH. Cnoco6Hb1 pernCTp11poBaTb TpeKH 

Y.acnm c M11Hl1MaJibHOH 110Hl13au11eH, Hanp11Mep, 3JieKTpOHb! 11 MIOOHbl, )l,JI5l. KOTO

pb!X y.neJibHbie 110H113au1111 paBHbI 5-10 M3B · r- 1 · cM 2. 

TaK11M o6pa3oM, .nocTOl1HCTBOM MeTo.na H.nepHoH 3MYJibc1111 5l.BJIHeTc51 Henpepbrn

HOCTb coxpaHeHl151 Y.YBCTBl1TeJibHOCTl1 11 CB513aHHa51 c HeH B03MO)KHOCTb HaKOnJieHl15I 

11HcpopMau1111 Ha npOT5l.)KeH1111 )l,Jil1TeJibHOro cpoKa. 0.nHaKo 3TO )l,OCTOHHCTBO npe

BpamaeTCH B He,11,0CTaTOK np11 Heo6XO)l,11MOCTl1 BpeMeHHOrO 11CCJie)l,OBaHH51 co6bITl15l.. 

MeT0,11, 51,11,epHbIX 3MYJibCHH IlIHpOKo 11cnoJib3yetCH B .no311MeTp1111 (cM. n. 25.6). 

6.6.6. )1.HaJieKTpHqecKHH .u;eTeKTOp. 3ap5l.)KeHHbie Y.aCTHUbl c ,11,0CTaTOY.HO 

60JibllIOH MaCCOH H 3Hepr11eH: BO MHOfHX rnep.ll,b!X .l1,H3JieKTp11KaX (cJIIO.ll,e, UHp

KOHHH, KBapue, TeKTHJIOBOM CTeKJie H .ll,p.) o6pa3yIOT o6JiaCTH pa.n11auHOHHb!X 

nospe)K)l,eH11H. 06JiyY.eHHbIH ,Il.H3JieKTpttK no.nsepraeTCH 3aTeM TpasJieHHIO onpe.ne

JieHHbIM XHMHY.eCKHM coe.ll,HHeHHeM, no.ll, .ll,eHCTBHeM KOToporo HenoBpe)K.ll,eHHbie 

06JiaCTH pa3be.l1,aIOTCH 3HaY.HTeJibHO MeHbllle, Y.eM noBpe)K.ll,eHHbie. ilocJie.ll,HHe 

np1106peTaIOT BH.ll, nOJiblX Tpy6oK - TpeKOB, cpopMa KOTOpb!X 3aBHCHT OT MaTeptt

aJia .l1,H3JieKTPHKa, XHMHY.ecKoro COCTaBa TpaBHTeJIH, ero TeMnepaTypbl 11 BpeMeHH 

TpaBJieHHH. 

EcJIH, ttanpttMep, nJiaCTHHy H3 CJIIO.ll.bI nocJie o6JiyY.eHHH noMeCTHTb B pacrnop 

cpTOpHCTHBO.ll,OpO.ll,HOH KHCJIOTbl, TO Otta cpaBHHTeJibHO 6b1CTpo npoHHKaeT Ha BCIO 

rny6HHY nospe)K.ll,eHHb!X o6JiacTeH, '-I.TO npHBO,Il.HT K o6pa30BaHHIO Tpy6oK U11J1HH

.l1.PHY.eCKOH cpopMbl. B CJIIO,n.e H MHornx ,n.pyrnx .l1,H3JieKTp11Kax ,n.HaMetp npoTpas

JieHHoro CJie.ll,a yseJIHY.11BaeTC5I ,l]O 2 HM Jil1HeHHO co BpeMeHeM TpaBJieHHH, a np11 

)J.OCTaTOY.HO ,UJIHTeJibHOM B03,UeHCTBl111 TpaBHTeJI5l. MO)KeT B03paCTH ,Il.O ~ 5 HM. 

Tpy6Ktt TaKHX ,n.11aMeTpos xopolllo BH,UHbI B onrttY.ecKoM MHKpoCKone. B pH,lle JJ.H-

3JieKTpHY.ecKHX )l,eTeKTOpOB Jl,HaMeTpbl Tpy6oK noJJyY.aIOTCH 3HaY.HTeJibHO MeHbllIH

MH, H B TaKHX CJiyY.aHx )J.JIH Ha6JIIO)J.eHHH HCnOJ1b3YeTC5I 3JieKTpOHHb!H MHKpOCKOn. 

Ba)KHei1Illei1 xapaKrepttCTHKOH ,n.113JieKTp11Y.ecKoro ,n.eteKTopa HBJIHeTCH «Tpe

KOBaH Y.YBCTBHTeJibHOCTb», 3aBHC5l.II.J,aH Jl11Illb OT O)l,HOro napaMeTpa - MHHl1MaJib

HOH (KpttrnY.ecKoii) y.neJJbHOH n0Tep11 3Heprn11 dE / dx 3apH)KeHHbIX Y.acrnu, np11 

Koropoii eme MoryT Bbl5l.BJI5l.TbC5l. (nocJie TpaBJieHmI) nospe*JJ.eHHbie o6JiaCTH. 

3HaHtte KpHTHY.eCKoro 3HaY.eHH5I dE/dx Il03BOJI5IeT npe.ncKa3aTb, KaKHe HMeHHO 

Y.acTHUbI 11 np11 KaK11x 3Heprmi.x cnoco6HbI C03,Il.aBaTb cJie,11,bI. TaK, Hanp11Mep, 

,11,JIH CJII0,11,bI cornaCHo pacY.eTy np11 dE / dx MeHbllle 12 · 103 M3B · r- 1 · cM2 cJie,11,bI 

soo6me He o6pa3yIOTCH, B .n11ana3oHe 3HaY.eHHH dE / dx OT 12 · 103 .no 14,5 x 

x 103 M3B · r- 1 · cM2 Ha6mo.naIOTC5l. Y.aCTl1Y.HO pa3BHTbie cJie,11,bI, a np11 dE/dx 
6oJibllle 14,5 · 103 M3B · r- 1 · CM-2 rpeK11 B03HHKaIOT c sepoHTHOCTbIO, npaKTH

Y.eCKH paBHOH e)l,11HHUe. 
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CToJJp-1eT q11cJia cJie.n.os B npoTpasJieHHOM .n.113JieKTp11Ke MO)KHO ocyrn.ecrnJIHTh 

He TOJibKO Bl13yaJibHO, HO H c TIOMOW.b!O TeX )Ke aBTOMaT113HpoBaHHb!X MeTO,ll.OB, 

KOTOpb!e 11CTIOJlb3YIOTC5l )1.JIH perncTpau1111 TpeKOB B TIY3blpbKOBbIX, HCKpOBbIX 

KaMepax H <PoT03MYJibCH5lX. 

JLmweKTpttLieCKHe )1.eTeKTOpbl HenpHXOTJ!HBbl, HX MO)KHO np11MeH5lTb B ycJIOBl1-

51X Bb!COKl1X H HH3KHX TeMnepaTyp. 0HH urnpOKO 11CTIOJ!b3Y!OTC5l ,ll.JIH perncTpau1111 

T51)KeJiblX qacTHU B OTibJTaX, CBH3aHHblX c npttcyTCTBl1eM 11HTeHCHBHblX TIOTOKOB 

<PoHOBb!X qacrnu c HH3KOH TpeKOBOH LIYBCTBl1TeJihHOCTblO (HanpttMep, np11 tta6mo

)1.eHHH ocKOJJKOB .n.eJJeH11H B np11cyTcTBH11 noToKa TKBaHTOB). B LiaCTHOCTH, 3TH 

)1.eTeKTOpbl OL\eHb y.n.o6Hbl )1.JIH Bb!HBJieHHH pe,ll.KHX cJJyLiaeB CTIOHTaHHOfO )1.eJiemrn; 

oco6eHHO Ba)KHbl TaKHe Ha6JIJO,ll.eHl15l B OTibITaX no CHHTe3y TpaHcypaHOBblX 3Jie

MeHTOB (cM. § 5.2). 

§ 6. 7. MeTO)l.hI pen1CTpau,HH HeihpoHoB 

6. 7 .1. 06w.ne npeJJ:CTaaJiemrn: o MeTOJJ:ax peruCTpau,un HeihpoHoB. B 
octtose scex cyrn.ecrny10rn.ttx MeTOJJ.OB perncTpautt11 Heihpottos JiexrnT OJJ.11H H TOT 

/Ke np11Hu11n: HeHTpOHbl, B3aHMO)J,eHCTBYH c sern.ecTBOM CL\eTL\HKa, 06pa3y10T 3a

pH)KeHHble qaCTHUbl HJil1 1-KBaHTbI, perttcTpHpyeMb!e 33TeM 0)1.HHM H3 on11caHHblX 

B § 6.2-6.4 MeTOJJ.OB. l3Jiaro.n.apH TaKoi1 .n.syxcTynewrnTocT11 npouecca .n.eTeK

TttposaHHH perncTpHposaTh Hei1rpoHbI B np11Huttne TPYAHee, qeM 3apH)KeHHb1e 

l!aCTHUbI. CoorneTCTBeHHO 3cpcpeKTHBHOCTb pernCTpau1111 ct.JeTLIHKOB Hei1TpOHOB 

3aqacTyIO COCT8BJI5l€T H€CKOJibKO npOU€HTOB, rnr.n.a KaK 3cpcpeKTHBHOCTb perncTpa

UHH CL\€TL\HKOB 3ap5l)KeHHblX qacTHU 06bIL\HO 6Jil13Ka K 100 %. 
}1..JIH pernctpaI.JJrn Hei1TpOHOB np11HHTO 11CDOJib30BaTb JIH6o 11X ynpyroe pacce

HHHH Ha JierKHX H,ll.pax (so.n.opo.n., reJIHH), JI1160 HAepHhie peaKUHH (n, x). Pern

cTpaUHH TeTI.JJOBhIX H Me)l.JieHHb!X HeHTPOHOB, Boo6rn.e rosopH, nporn.e perncTpauHH 

6bICTpbIX (113-3a .n.ei1crn11H 3aKOHa 1/v). CTo3TOMY MbI paccMOTpHM pa3AeJibHO 

MeTO)J,bI perncTpaum1 ttei1TpOHOB MaJihIX 11 60.JibWHX 3Hepr11i1. Hei1TpOHHbie no

TOKH, na.n.a10rn.11e Ha CL\eTL\HK, qacTO COAep){rnT np11MeCH - 3apH)KeHHbie qaCTHUbl 

11 /-KBaHTbI; B 3THX ycJIOBH5lX KaL\eCTBO cqeTL\HKa onpe.n.eJIHeTCH 11 TeM, HaCKOJibKO 

Ha,lJ.e)KHO TI03BOJI5leT OH BbJJJ.eJIHTb HeHTpOHbl Ha cpoHe conyTCTBY!OW.HX H3Jiyqe

HHH [1, 12). 

6. 7 .2. C11eT11HKH TenJIOBbIX H MeJJ:JieHHbIX HeihpoHOB. HaLIHeM c on11ca

mrn M€TO)J,OB perncTpau.1111 T€TIJIOBb!X H M€,ll.JieHHb!X HefnpOHOB. ,ll.JIH perncTpau1111 

TeTIJIOBblX H€HTpOHOB 11CTIOJJb3YlOTCH pacCMOTpeHHble Bb!We 3K303HepreTHL\eCKHe 

peaKIJ,11H 

n + 1gB -+ ~Li + a 

n + ~He -+ yH + p 

n +~Li -+ {H +a 

(Q = 2,79 M3B), 

(Q = 0,764 M3B), 

(Q = 4,79 M3B), 

(6.11) 

(6.12) 

(6.13) 

a TaK)Ke (n, f) - peaKu1111 Ha HeKotopb1x TH)KeJibIX H30Tonax 
2~~U, 2~~Pu 11 AP

CToJJ.XOJJ.Hlll.11MH CL\eTL\HKaMH, B KOTOpb!X MoryT 6b!Tb 3aperncTp11poBaHbl BTOpHLI-
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lJ a c Th III 

3KCI1EPUMEHTAJihHhIE 
U MO,l(EJihHhIE UCCJIE,l(OBAHUSI 

CTPYKTYPhl ATOMHhIX Sl,l(EP. 
CBOHCTBA Sl,l(EPHhIX CUJI 

fJiasa 7 

Cl>H3HqECKHE XAPAKTEPHCTHKH Sl.l(EPHbIX CHCTEM 

B CTAl(HOHAPHhIX H KBA3HCTAl(HOHAPHblX 

COCTOSIHHSIX 

§ 7 .1. BBOJl.Hbie npe,ll.CTaBJiemrn o cTaTuqecKHX caoH:cTaax .SI,ll.ep 

H .SI,ll.epHblX MO,ll.eJI.SIX 

Pa3m11-rn10T ,u.1rnaMHqecKHe H cTaTHqecKHe csoiicTBa aTOMHhIX H,u.ep. CTepsb1e 

npOHBJIHIOTCH npH H,ll.epHb!X npespaw.eHHHX H B3aHMO,ll.eHCTBHHX. .LlHHaMHqecKHe 

xapaKTepHCTHKH H,u.ep 6y,u.yT paccMoTpeHbI B 4-ii qacTH KHHrn. CTpe,u.cTaBJieHHH 

0 CTaTHqecKHX CBOHCTBax H,ll.ep pacnpoCTpaHHIOTCH Ha CTa6HJibHbie H,ll.pa, Ha

XO,ll.HW.HeCH He TOJibKO B OCHOBHb!X, HO H B B036y)K,ll.eHHb!X KBa3HCTa6HJibHb!X 

COCTOHHHHX, ,ll.JIH KOTOpb!X BpeMH )KH3HH T (H, COOTBeTcTBeHHO, nepHO,ll. noJiy

pacna,u.a T1; 2) 3HaqHTeJibHO 6oJibWe - Ha nopH,ll.KH - xapaKTepHoro H.11,epHoro 

speMeHH T 51 11- = 10-22 c. B TaKOM speMeHHOM MacwTa6e OHH MoryT cqHTaTbCH 

,ll.OCTaToqHQ npoqHb!MH. 

HanpHMep, 3HaqeHHH T1; 2 AJIH Tpex HH)Katturnx ypoBHeH pa.11,HoaKTHBHoro 

H.11,pa 80Br (OCHOBHOfO H .11,syx B036y)K,U.eHHb!X) Ha MHOfO IIOpH,ll.KOB npeBbI

waIOT BeJIHqHHY T 51w 0HH paBHbI cooTBeTCTBeHHO 17,6 MHH, 37 · 10-9 c H 4,38 q 

(cM. pYic. 13.2). BceM TpeM ypoBHHM npttnHCbIBaIOT onpe,u.eJieHHbie 3HaqeHHH 

paccMaTpHBaeMb!X HH)Ke CTaTHqecKHX xapaKTepHCTHK - CIIHHa H qeTHOCTH 

(cM. HH)Ke). 

Mb1 paccMOTpHM cJJe.11,yiorn.He CTaTttqecKHe csoiicrna 3THX qaCTmJ,: 

1) 3JJeKTpHqecKHH H 6apHOHHbIH sapH,ll.bl H,u.ep; 

2) pasMepbI H,u.ep H pacnpe,u.eJieHHe B Hx o6beMe 3JieKTpHqeCKoro sapH,u.a; 

3) MaCCbl H,u.ep; 

4) 3HeprHH CBH3H H,ll.ep; 

5) MOMeHTbl H,u.ep: CIIHHOBble, MarHHTHbie H KBa,u.pyIIOJibHbie; 

6) CTaTHCTHKa H,ll.ep; 

7) qeTHOCTb H,u.ep. 
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HmpopMaIJJIH 06 erue O,ll.HOM Bam:HoM CBOHCTBe - 1130Ton114ecKoM cn11He H,ll.pa 

6y,ll.eT np11Be,ll.eHa B CJie,ll.y10ruei1 LJaCTl1 KHl1ni. 

I1oJiyLJaeMbie 3Kcnep11MeHTaJihHO cBe,ll.eHl1H o CTaT114ecK11x CBOHCTBax SI,ll.ep, 

npe,ll.CTaBJIHH 60JihllIYIO CT03HaBaTeJibHYIO IJ,eHHOCTh CaMl1 no ce6e, 11rpa!OT 11CKJII0-

411TeJibHO BaJKHYIO poJih 11 np11 IlOCTpoeHl111 HJJ.epHbIX MOJ].eJieH. 

0CTaHOBl1MCH Ha oco6eHHocrnx nocJie,ll.Hl1X HeCKOJihKo rro,ll.po6Hee. B pa3,ll.eJie 

1.3.3 yKa3bJBaJIOCh, 4TO 0)1,Ha 113 rpy)J,HOCTeH pa3pa6oTKl1 reopm1 aTOMHOro H)J,pa 

COCTOl1T B TOM, 4TO He113BecreH TOlJHhIH Bl1)J, Cl1Jl, ,n:eHCTBYIOIU11X Mem:,n:y HYKJIOHa

Ml1 H,ll.pa. Ho ecJI11 6b1 J].am:e 3Tl1 c11JihI 6hIJI11 113BecrHhI, ocraBaJiaCh 6b1 rpy,n:Hocrh 

peweHl1H KBaHTOBOH 3a)l.a411 MHOrHX TeJI. ¥13BeCTHO, lJTO y)Ke 3a)J,a4a rpex reJI 

HBJIHeTCH MaTeMaT114eCKl1 04eHb CJIO)KHOH. 

B reop1rn aroMHoro H,n:pa 3Tl1 rpy,n:Hocr11 o6XOAHT, 11crroJih3YH MO)J,eJihHhie 

rrpe)J,CTaBJieHl1H, T. e. 3aMeHHH HJJ.PO IlOJ].)J,aIOill.eHCH pac4ery ynporueHHOH c11cre

MOH, KoropaH o6Jia)J,aer HeKoropoff COBOKYflHOCThIO ero CBOHCTB. l1Hor)J,a )J,JIH 

OCTHCaHl1H CBOHCTB OJ].HOro H roro )Ke H,ll.pa npHMeHHIDT pSI,ll. MO)J,eJieH. 

CTp11 pa3pa60TKe H)J,epHb!X MO)J,eJieH LJaCTO 11Cfl0Jlh3YIOT 3a11MCTBOBaHHhie 113 

cp11311Kl1 CilJlOllIHhlX cpe,ll. flOHHTHH TeMrreparyphl, noBepxHOCTH, CB060)J,HOf0 rrpo6e

ra H arperarHoro COCTOHHl1H. CTp11MeHHTeJihHO K H,n:epHb!M CHCTeMaM 3TH fl0HHTl1H 

HMemr orpaHWleHHhlH CMhICJl. ,UeJIO B TOM, 4TO lJHCJlO HYKJIOHOB B JII060M H,n:pe 

He CTOJlh BeJil1KO, 4T06hl MO)KHO 6hIJ10 paccMarpHBaTb ero B Ka4eCTBe CilJlOillHOH 

cpe,n:hl (HanOMHHM, 4TO IlOHHTl1e CflJIOlllHOH cpe,n:hI rrpHMeHHMO B CJiyLJae, KOr)J,a 

He TOJihKO BO BCeH CHCTeMe, HO 11 B JII060M MaJIOM ee o6'beMe, KOTOpblH MOJKHO 

npHHHTh 3a «6ecKOHe4HO - MaJlblH» 3JieMeHT o6'beMa, co,n:ep1K11TCH lJHCJIO LJacrm.1,, 

3HalJ11TeJlbHO 6oJiblllee e,n:HHHIJ,hl; )J,JIH H)J,pa 3TO rpe60BaH11e He BblflOJlHHeTCH). 

JI,pyrofi B03MO)KHblH IlO)J,XO,ll., onpaB)J,aHHhlH np11 H3y4eHHH CHCTeM MaJ!oro 

411cJia LJacr11u., ocHoBaH Ha yLJere Bcex cymecrBy10ru11x crerreHeH CBo60AhI. 0)1,
HaKo 411CJIO HYKJIOHOB B H)J,pe CJIHlllKOM BeJil1KO, 4T06b! MOJKHO 6hIJIO yi.1ecrb BCe 

crerreHH cBo6o)J,hL 

CTo3TOMY o6bILJHO rrpH pa3pa6oTKe SI,n:epHhIX Mo)J,eJiei1 orpaH11LJ11Ba10rcH yLJeroM 

HeKoroporo onpe,n:eJ1eHHOro 4HCJ!a ero creneHefi cBo6o)J,hI. Pa3JIH4a10r OAH04a

crH4Hhle 11 KOJIJieKTHBHhie CTefleHl1 CB060)J,hl. CTepBb!e Ofll1CbJBa!OT )J,Bl1JKeHHe 

OT)J,eJibHhlX 4aCTHIJ,, a BTOpb!e OTHOCHTCH K KOppeJ111poBaHHOMY )J,BHJKeHHIO COBO

KYCTHOCTl1 n LJacr11u. (n >> 1). CoornercrneHHO pa3JIH4aIOr Mo)J,eJIH KOJIJieKTHBHhie, 

OAH04acrHLJHhie 11 o6o6rueHHhie (B rrocJie)J,HHX y411rhrna10rcH KaK O)J,HOLJaCTHlJHhie, 

raK 11 KOJ!JleKTHBHhle creneHH CB060,IJ.bl). 

CToMHMO MO)J,eJieH yKa3aHHhIX r11rroB pa3pa6oraHhI 11 .n:pyrne H,n:epHhie MO)J,eJIH, 

no3BOJIH!Oll.l,He aHaJIH311poBaTh orrpe)J,eJieHHhie oco6eHHocr11 SIAepHoro Bemecrna 

(onrHLJeCKaH, KacKa,n:HaH 11 ,n:p.). HeKoroph1e 113 HHX 6yAyr on11caHhI B 4-ff LJacrn 

KHHrH. 

B ,IJ.aHHOH rnaBe noMHMo paccMorpeHHH nepe4HCJieHHhIX Bh1we crar114ecKHX 

xapaKrepHCTHK 6y.n:er npHBO)J,HThCH MO)J,eJlbHaH HHcpOpMaIJ,HH, Heo6XO)J,HMaH )J,JIH 

flOHHMaHHH rex HJIH HHhIX cpH3HlJeCKHX CBOHCTB 51,ll.ep, o6cym:)J,aeMhlX KaK B 3TOH, 

raK H B HeCKOJlhKHX rrocJie)J,yIOill.HX rnaBaX. 
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DOJiee TI0.ll.p06Ho H3JIO)KeHHe 3aTpOHYT~X TeM 4HTaTeJib HaM)l.eT BO MHOfHX 

KHHrax no cpH3HKe aTOMHbIX H)l.ep H 3JieMeHTapHblX qaCTHIJ., HanpHMep, B [3-5, 
9, 10] H Jl.p. 

§ 7. 2. 3JieKTpu11ecKHH H 6apHOHHbIH 3apSI,L1.bl SI,Ll.ep 

KaK yKa3hIBaJiocb Bbillle, aTOMHbIH HOMep Z paBeH 4HCJIY npoTOHOB B H.ll.pe; 

3Ha4eHHe Z )].aeT npe.ll.CTas.neHHe o KYJIOHOBCKOM noTeHI.J.HaJie HJl.pa H onpe)l.eJIHeT 

XHMH4eCKHe csoMcrna 3JieMeHTa. 3apH.ll. Ze HBJIHeTCH npoCTei1lllei1 HHTerpaJibHOH 

xapaKTepHCTHKOM 3JieKTpH4eCKHX CBOHCTB H)l.pa. 

3JieKTpH4eCKHH 3apHJl. ayJl.HTHBeH: cyMMapHbIM 3JieKTpH4eCKHM 3apHJl. CJIO)KHOH 

CHCTeMhl paBeH CYMMe 3JieKTpH4eCKHX 3apH)l.OB Q Bcex qacTHIJ. CHCTeMbl. 3aKOH 

coxpaHeHHH 3JieKTpH4ecKoro 3apH.ll.a Q = canst KaK H 3aKOHbI coxpaHeHHH 3Hep

rHH, HMTIYJibCa H MOMeHTa HMTIYJibCa OTHOCHTCH K T04Hb!M 3aKOHaM npHpO)l.bl. 

HanOMHHM, 4TO npHnHcbrnaeMbIM npoToHy H ocTaJibHbIM 6apHoHaM 6apHoHHbIM 

3apHJl. B paseH 1, a Hx aHrnqacrn1.1.aM -1 (AJIH ocTaJibHbIX qacrn1.1. B = 0) 
(CM. § 2.1). Ilo3TOMY cyMMa npoTOHOB H Hei1TpOHOB B H,ll,pe {MaccoBoe 4HCJIO A) 
pasHo B, T. e. Maccosoe 4HCJIO MO)KHO paccMaTpHBaTb B Ka4ecTBe 6apHOHHoro 

3apH.ll.a H,ll,pa. 

BapHOHHbIH 3apH,ll,, KaK H 3JieKTpH4eCKHM 3ap51.ll., a,ll,,ll,HTHBeH. 3aKOH coxpaHe

HHH 6apHOHHOfO 3ap51)].a B = canst TaK)Ke OTHOCHTCH K T04Hb!M 3aKOHaM npHpO.ll.bl 

H 6b!JI BBe)l.eH Ha OCHOBaHHH Ha6JIIO)l.aTeJibHbIX ,ll,aHHbIX. 

EcJIH 6bI 3TOT 3aKoH He BbITIOJIH51JIC51, TO 0Ka3a.nc51 B03MO)KHbIM pacna)l. npo

TOHa Ha 6oJiee JierKHe qacTHIJ.bl, HanpHMep Ha £10311TpOH H 1-KBaHT, 3TO npespa

meHHe pa3perneHO 3aKOHaMH coxpaHeHH51 MOMeHTa HMilYJibCa H 3JieKTpw.iecKoro 

3apH,ll,a. Pe3yJihTaTOM TaKoro po.ll.a npeBpameHHH .ll.OJI)KeH 51BHTbC51 pacna,ll, 51.ll.ep 

H aTOMOB, T. e. pacna.ll. semecTsa. 

¥fa 3aKoHa coxpatteHH51 6apHOHHoro 3apH,ll,a BbITeKaeT TaK*e ycJIOBHe o6pa-

30BaHH51 aHTH6apHoHa JIHlllb COBMeCTHO c 6apHOHOM. 3To B03MO)KH0, HanpttMep, 

B peaKIJ.HH p + p _, p + p + p + p 1). 

§ 7 .3. ff3y11eHue pa3MepoB aTOMHbIX n.a.ep u pacnpe.a.eJieHue 
B ux o6'beMe aJieKTpu11ecKoro 3apn.a.a 

7 .3.1. IloasITue pa,!I.nyca Sl,!I.pa. l1.cTOptt4ecKH snepBbie cse)l.eHHH o pa3Mepe 

51,ll,pa 6bIJIH noJiy4eHbI H3 3KCnepHMeHTOB no pacce51HHIO a-qacTHIJ. Ha <f>oJibrax, 

BbITIOJIHeHHhIX Pe3epcpop.ll.OM Hero COTPY.ll.HHKaMH. 0cTaHOBHMC51 KOpOTKO Ha 3THX 

HCCJie,ll,OBaHHHX. IlepenHllleM cpopMyJiy Pe3epcp0p)l.a B BH)l.e 

dN·sin4 ~ =nN(zZe
2

)

2 
dD. 2) (7.1) 

2 Mv2 

1
) Bo3MO)!{HO TaK)!{e o6pa3oBaHHe ABYX aHTHnpoTOHOB B nape c ABYMH npoToHaMH. 

2) BbIBOJJ, 3TOH ct>opMyJihl npttseJJ,eH, HanpHMep, B KHHre [2] (n. 2.3.4). 

5 0. A. 5apcyKOB 
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EcJIH B orrhITe Mem1eTCH TOJihKO yroJI (), a ocTaJihHbie ycJIOBH51 coxpaH51IOTC51 

HeH3MeHHhIMH, TO cornacHo (7.1) dN . sin
4 

( () /2) = const . OrrhIThI rroJIHOCThIO 

110,ll.TBep,ll.HJIH crrpaBe,ll.JIHBOCTh '.HOH 3aBHCHMOCTH rrpH pacce51HHH Q-lJaCTHU, sew.e

CTBOM. 

BhmOJIHeHHe 3aKoHa 1 / sin4 ( () /2) yKa3hIBaeT Ha TO, lJTO pacce51HHe o6ycJIOB

JieHo HCKJIIOlJHTeJihHO 3JieKTPHlJeCKHMH CHJiaMH, H lJTO reoMeTpHlJeCKHe pa3Mepbl 

3JieKTpH4eCKHX 3ap51,ll.OB B3aHMO,ll.eHCTBYIOlll.HX lJaCTHU, ITO KpaH.HeH Mepe MeHbille 

MHHHMaJihHoro paccT051HH51 rMHH B aKTe pacce51HH51 (cM. § 2.3 B [2]. PaccT051HHe 

rMHH yMeHbrnaeTCH c pOCTOM yrna (), ,ll.OCTHra51 HaHMeHbilleH BeJIHlJHHhl rrpH () = 7f 

(p = 0). ob1JI0 yCTaHOBJieHo, lJTO Ha6JIIO,ll.aBrnHec51 MaKCHMaJihHhle OTKJIOHeHH51 

a-LJ.aCTH!..I, coorseTCTBYIOT rrpH!..1,eJibHhIM paccT051HH51M 10-12-10- 13 CM. CJie,ll.OBa

TeJibHO, 51,ll.pO 3aHHMaeT o6JiaCTb, pa3Mepbl KOTOpoH. He rrpeBbIWaIOT yKa3aHHhIX 

3Hal.J.eHHH. 

lfaylJeHHe pacce51HH51 a-lJaCTH!..I, Ha JierKHX 51,ll.pax rroKa3aJIO TaK~Ke, l.J.TO 3aKOH 

pacce51HH51 1 / sin
4 ( () /2) HalJHHaeT pe3KO HapyrnaThCH, Kor,11.a paccT051HHe Me)KJl.Y 

B3aHMO,ll.eikTBYIOlll.HMH lJaCTH!..l,aMH yMeHbWaeTC51 ,ll.O 10-12 CM. ::ho MO)KeT 6bITb 

o6b51CHeHo ,L1.eHCTBHeM CHJI, OTJIHlJHhIX OT KYJIOHOBCKHX - 51,ll.epHhIX CHJI. 

,llJI51 KOJIHlJeCTBeHHOH ol..l,eHKH pa3Mepa aTOMHhIX 51,ll.ep y,L1.06Ho HCITOJih30BaTh 

110H51THe THrra paauyca 5lapa. 0,ll.HaKo 110,ll.06Ho BCeM MHKpolJaCTHU,aM, 110,ll.l.J.H

H5110lll.HMC51 KBaHTOBhIM 3aKOHaM, 51,ll.pa He 06Jia,L1.aIOT l.J.eTKO orrpe,ll.eJieHHOH rpa

HHU,eH. BrroJIHe eCTecTBeHHO IT03TOMy, lJTO cyrn.eCTsyeT HeCKOJihKO pa3JIHl.J.HhIX 

orrpe,ll.eJieHHH pa,ll.Hyca 51,ll.pa, Ka)K,ll.Oe H3 KOTOpb!X OCHOBhIBaeTCH Ha KaKOM-JIH6o 

KOHKpeTHOM MeTO,ll.e H3MepeHH51. 

HarrpHMep, B TOJlhKO '-1.TO paccMoTpeHHbIX onbnax pacCT051HHe /'min, npM .n.o

CTH)KeHHH Kornporo Hal.J.HHaeT HapyrnaThC51 3aKoH 1 / sin
4 ( () /2), MO)KHO Cl.J.HTaTh 

pa,ll.HYCOM 51,ll.pa. 

Ho, ITO)KaJiyH., HaH6oJiee 51CeH cpH3HlJeCKHH CMhICJI cpe,L1.HeKBa,L1.paTHLJ.Horo 3JieK

TPHLJ.eCKoro pa,ll.Hyca R3JI, orrpe,L1.eJI5leMoro cJie,L1.y10rn.HM o6pa30M. CLJ.HTa51 51,ll.po 

pasHoMepHo 3ap5!)KeHHOH c<flepotf co cpe,L1.HeKBa,L1.paTHl.J.HhIM pa.ll.HYCOM R, Teo

peTHlJeCKH paCClJHTbIBaeTC.fl KaKOH-JIH6o rrpou,ecc, o6ycJIOBJieHHh!H 3JieKTpOMar

HHTHblMH B3aHMO,ll.eHCTBH51MH, HarrpHMep, B3aHMO,ll.eHCTBH51MH Me)K,ll.y MIOOHaMH 

H 51,ll.paMH B Me30aTOMax (§ 16.2, [2]) HJlH yrrpyroe pacce51HHe 3JleKTpOHOB Ha 

51,ll.pax. Pe3yJihTaThI reopeTHLJ.ecKHX pacLJ.eToB cpaBHHBaIOTC51 c pe3yJihTaTaMH 3KC

rrepHMeHTOB. 3a 3JieKTPHLJ.eCKHH pa,ll.Hyc 51,ll.pa rrpHHHMaeTC51 BeJIHlJHHa R = R3JI, 

coorseTCTsy10rn.a51 HaHJiyLJ.rneMy cornacHIO reopHH H 3KcrrepHMeHTa. OLJ.eBHJl.HO, 

R3 JI eCTh pa,ll.Hyc o6beMa, B KoropoM pacrrpe,ll.eJieHhI rrpoTOHhI 51,ll.pa. 

7 .3.2. MeTOJl.bI onpe)l.eJieHHSI pa,IJ.Hycos si,IJ.ep no ,IJ.aHHbIM o pacce.SIHHH 
6h1CTpb1x aJieKTpoHOB. PaccMOTpHM pe3yJihTaThI 3KcrrepHMeHTOB P. XocpwraH

,ll.epa c COTp., B KOTOpb!X H3ylJaJIOCb pacce51HHe 3JieKTpOHOB Ha 51,ll.pax. 3TH 

OIThIThI rrpoBO,ll.HJIHCh, HalJHHa51 c 1955 r. B HalJaJie B 3KcrrepHMeHTaX rrpHMeH51JIHCh 

3JieKTp0Hbl, yCKopeHHbie ,ll.O 3HeprnH rrop51,ll.Ka ,ll.eCHTKOB M3B (,\ rv 10- 12 CM) 1), 

1) B 60J1bWOM l!HCJle CJiy<-iaes y,n:o6ttee orrep11posaTb He c ,n:J111Hol1 >. ,n:e6pol1J1escKol1 BOJIHbI, 

a c BeJllfl!HHOH B 271" pa3 MeHbwefi: x = >./27!", TaK KaK rrp11 !1Cl10Jlb30Bamrn x BMeCTO >. l!aCTo 
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1103,ll.Hee Ollh!Thl npoBO,ll.11Jil1Cb c 3JieKTpoHaM11 3Ha411TeJibHO 60JibIIIl1X 3Hepr11H, 

paBHbIX COTHHM M3B (); rv 10-I3 CM) 11 10-20 f3B (); rv 10- 15 CM). 

3JieKTpOHbI c 3HeprnHMl1 nopH.n.Ka 10 M3B 11 MeHhIIIe He no.n.xo,ll.HT ,ll.JIH 

onpe.n.eJieH11H R BCJie.n.crn11e Toro, LITO ,I1.JI11Ha ); .n.e6poJieBCKOH BOJIHbI 3JieKTpoHOB 

c TaK11M11 3HeprnHM11 3Haci11TeJihHO 6oJibIIIe pa.n.11yca H.n.pa (X » R). Oo3TOMY 

3JieKTpOHbI pacce11Ba10TCH Ha H.n.pe npaKT11ciecK11 KaK Ha TOLieLIHOM 3apH.n.e. Haci11-

ttaH c 3Heprntf nopH.n.Ka 100 M3B ); CTaHOB11TCH co113Mep11Moif c pa3MepoM H.n.pa. 

Hanp11Mep, np11 We = 200 M3B 

-\" = 7!_ ~ !!!!:._ = i,os-10-21 .3.1010 

10_13 
A , -

6 
~ CM. 

p We 1,60 · 10-

,llaHHb1e Ollb!Ta cpaBHl1BaJil1Cb c TeopeTl14eCK11Ml1 .n.aHHb!M11, llOJiyLieHHb!Ml1 c no

MOIII.b!O ypaBHeHl15I )l11paKa, peIIIaeMoro B npe.n.noJio:>KeHl111 0 paBHOMepHOM pac-

11pe.n.eJieH1111 3apH.n.a H.n.pa. EbIJio yCTaHoBJieHo, LITO 

R = r0A 113, (7.2) 

r.n.e r0 113MeHHeTcH OT 1,32 · 10- 13 CM ,ll.JIH Ca .n.o 1,18 · 10- 13 CM ,ll.JIH Au. 
TaK11M o6pa3oM, 

R = (1,2-1,3). 10- 13 A113 cM. (7.3) 

7 .3.3. MeTOJI. onpe,ll.eJieuusi paJJ.uycos SIJJ.ep no JJ.aHHhIM o ueihpouuoM 
3<l><l>eKTHBHOM ceqettuu. HeifTpoHbI JI11II1eHbI 3JieKTpw1ecKoro 3apH.n.a, no3TOMY 

KYJIOHOBCKOe llOJie aTOMHbIX H,ll.ep 3JieKTpOHOB He OKa3bJBaeT Ha Hl1X BJll15IHl15I. 

B3al1MO,ll.eHCTB11e HettTpOHOB c BeIII.eCTBOM CBO,ll.11TCH B OCHOBHOM K 11X H,ll.epHOMY 

B3al1MO,ll.eHCTBMIO c aTOMHbIMM H,ll.paMM 1). 

)lJIH KOJIMLieCTBeHHOro on11caHMH npou,eCCOB B3al1MO,ll.eHCTBl15I HeHTpOHOB c Be

w.ecTBOM 11Cll0Jlb3yeTCH llOHHTMe acfJc/JeKmUBHOeO Ceif,eHUfl ()' BBe,ll.eHHOe B pa3-

,ll,eJie 3.6.1. HanOMHMM, LITO Ka:>K,ll.OMY HJl.PY Ml1IIIeHl1 COOTBeTcrnyeT ,ll.JIH .n.aHHOfO 

B3aMMO,ll.eHCTBMH 3cpcpeKTMBHaH llJIOIII.a,ll.b paBHaH 11MeHHO a. 0oCKOJlhKY 11HTepe

CY!OIII.11e Hae npou.ecCbl HOCHT BepOHTHOCTHblH xapaKTep, TO BeJil1411Ha a MO:>KeT 

paccMaTpirnaTbCH KaK BepOHTHOCTb .n.aHHOrO B3al1MO,ll.eHCTBl15I. 

Ha OCHOBaHl111 cpopMyJibl (3.31) 

ln [N(d)/No] 
a=- nd · (7.4) 

CornacHo (7.4) AJIH onpeJJ.eJieH11H 3cpcpeKTHBHoro ceIIeHHH AOCTaTOIIHO 113MepHTb 

ocJia6JieH11e HHTeHc11BHocrn nyciKa HettTpoHOB N(d)/N0 , npoxo.n.HIII.11X ciepe3 M11-

weHb TOJIIII.11HOH d 2). 

11eT Heo6xo,11:i-1MocT11 rrncaTh MHO)!(l1TeJJb 211". HarrpHMep, MOAYJJb BOJJHOsoro seKTopa Bblpa*aeTcH 

'lepe3 X cJJeJJ,yJOIUl1M o6pa30M: k = 1 / X. 
1
) Me*AY HeihpoHaMH c Oil.HOH CTOpOHbl H 3JJeKTPOHaMH H HJJ,paMH c Apyroli ocymeCTBJIHIOTCH 

TaK)!(e 3JJeKTpoMarHHTHble s3a11MoJJ,ei1:cTBl15!. OJJ,HOH 113 rrptt411H TaKHX s3a11MoJJ,elicTs11i1: HBJJHeTCH 

Marn11THhIH MOMeHT Hei1:TpoHa (cM. rr. 7.7.3). OJJ,HaKo 3TH s3a11MoJJ,el\crn11H, 6YAY4H 3Ha411TeJ1bHO 

l'Jia6ee 51)],epHbIX, He 11rpa!OT cymecTBeHHOH pOJJH rrp11 paCCMOTpeHl111 rrpou,eccoB MHrpau,1111 HeHTpo-

1108 s semecTse. 
2) 3TOT MeTOA orrpeJJ,eJJeHHH ce4eHl1H Ha3b!Ba!OT MeTO)l,OM rrporrycKaHHH. 
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EcJIH HcnoJib30BaTb HarnH:tI,Hoe npeJJ.CTaBJiemre 06 3cpcpeKTHBHOM ceY.eHHH KaK 

0 OJIOLU.aJJ.H ceY.eHHSI 51JJ.pa, TO pa11.Hyc 51JJ.pa MO)KeT 6b!Tb onpe11.eJieH H3 COOTHO-

weHH51 

(7.5) 

r11.e aKJI - «KJiaCCHY.eCKOe» 3cpcpeKTHBHOe ceY.eHHe. 

00CKOJibKY 3Ta cpopMyJia H30HCaHa 6e3 yY.eTa B03MO)KHblX KBaHTOBblX 3cp

cpeKTOB, TO pe3yJibTaT BbIY.HCJieHH51 R H3 (7.5) MO)KeT co11.ep)KaTb 3HaY.HTeJibHYIO 

norpewttoCTb. KaaHTOBbie 3cpcpeKTbI oco6eHHO cymecTBeHHbI npH cpaBHHTeJibHO 

tte6oJibWHX 3Heprn51x na11.aIOLU.HX tteii:Tpottoa, cooTBeTcTByIOLU.HX ycJIOBHIO .A > R. 
ob1JI0 ycTaHOBJieHo, Y.To ceY.eHHe B o6JiaCTH MaJibIX 3Heprnl1 MoryT 11.ocTHraTb 

orpoMHbIX 3HaY.eHHH. HanpHMep, JJ.JI51 tteiiTpottoB c 3Heprnel1 0,01 38, pacceHBa

IOLU.HXC51 Ha 51JJ.pe 
113

Cd, 3HaY.eHHe 3cpcpeKTHBHOf0 CeY.eHlrn TaKOBO, Y.TO onpe11.e

JieHHb!H no cpopMyJie (7.5) paJl.HYC 51)].pa OKa3bIBaeTC51 paBHb!M 51BHO 33BbJWeHHOMY 

3HaY.eHHIO 0,3 · 10-J l CM. neJIO B TOM, Y.TO 6JI3fOJJ.ap51 KB3HTOBblM CBOHCTBaM 

HeHTpOHOB B o6JiaCTH MaJibIX 3Heprnl1 aepxHHH npe,II.eJI ceY.eHH51 paaett He 7r R2, 

a 47r.A2. 

,llJI51 HettTpOHOB c 3Heprn51MH paBHbIMH )l.eC51TKaM M3B BbinOJIHSieTC51 ycJIOBHe 

A < R H npHo6peTaeT cymecTBeHHOe 3HaY.eHHe TaK Ha3bIBaeMOe oucjJpaKl{UOHHOe 
pacceHHUe, CBO,II.51LU.HeC51 K H3MeHeHHIO HanpaBJieHH51 )l.BH)KeHH51 HeHTpoHa 3a CY.eT 

,II.HcppaKIJ.HH ero )l.e6poJieBcKOH BOJIHbI. CornaCHo pacY.eTy, ceY.eHHe Jl.HcppaKU.HOH

Horo pacce51HH51 paBHO a Am!>p = 7r R2, no3TOMY noJIHoe ceY.eHHe MO)KHO CY.HTaTb 

paBHbIM cyMMe aKJI H O"il,mpp: 

a= aKJI + O"Amj>p = 27r R2
. (7.6) 

OpHBe,II.eM HecKOJibKO npHMepoa onpe11.eJieHH5I pa11.11yca 5111.pa, noJiyY.eHHbIX c no

MOlll.bIO paccMaTpHBaeMoro MeTO)l.a. }fayqa51 OCJia6Jiem1e nyY.Ka HeHTpOHOB c 3Hep

rH51MH 14 H 25 M3B 6bIJIO ycTaHOBJieHo, Y.TO R = 1,4 · 10- 13A113 cM. 0pH6JIH3H

TeJibHO T3KOH )Ke pe3yJibTaT 6bIJI noJiyY.eH npH HCOOJib30BaHHH HettTpOHOB c 3Hep

rneH. 90 M3B. B onhnax no H3yLJ.eHHIO ocJJa6JJeHH5! nyLJ.Ka HeihpottOB c 3Heprnel1 

1,4 f3B paJl.Hyc SIJl.pa OKa3aJICSI HeCKOJibKO MeHblliHM: R = 1,28 · 10- 13A113 CM. 

3TO CB513aHO c TeM, Y.TO )l.JISI HeHTpOHOB c 3Heprn5!MH nop5!JJ.Ka f 3B 5111.PO 5!BJI5!eTC51 

y)Ke He «Y.epHbIM» (HenpOHHU.aeMbJM )l.JI51 HeHTpOHOB), a «CepbIM» (Y.aCTHY.HO 

npo3paY.HbIM). 

11TaK, 3HaY.eHH51 paJl.HYCOB aTOMHbIX 51,II.ep, onpe,II.eJieHHbie MeTOJJ.OM nponycKa-
1 

HH51, paBHbl 

R = (1,3-1,4). 10- 13 A 113 CM, (7.7) 

T. e. ro = ( 1,3-1,4) . 10- 13 CM, TOfJJ.a KaK npH HCCJieJ1,0B3HHH 3JieKTPOMarHHTHb!X 

caottcTB 51)].ep 3HaY.eHHSI r0 noJJyY.aIOTCSI HecKOJibKO MeHbWHMH (cM. (7.3)). ooJJb

urne 3HaLJ.eHH5! ro BO BTOpOM CJiyY.ae IlOJIY43IOTC5I, 00-BH,ll.HMOMy, 6JJaro11.ap5! TOMy, 

Y.TO B ,II.aHHOM cJJyt-iae H3Mep51eTC51 He R 3JI, a HeCKOJibKO 6oJJbwaSI aeJIHY.HHa, 

COOTBeTCTBYIOLU.a51 pa)l.Hycy o6JiaCTH 51,ll.epHoro B3aHMO)l.eHCTBH51. 

00H51THe 3cpcpeKTHBHOf0 CeY.eHH51, BBe,II.eHHOe BbIWe npH paCCMOTpeHHH LJ.aCT

HOfO CJiyY.a51 npOXO)K,ll.eHHSI HeHTpOHOB qepe3 BeLU.eCTBO, npHMeHHMO H K ,II.pyrnM 
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CJiy<IaHM B3aHMOJJ,eHCTBIHI qacTHU; B HJJ,epHOH cpH3HKe OHO HBJIHeTCH OlJ.HHM H3 

Ba)f<HeHWHX IIOHHTHH, H B 11.aJibHeiiweM Mb! 6yJJ,eM HM WHpOKO IIOJib30BaTbCH. 

7.3.4. lfayqeHHe pacnpe)l.eJieHHH aJieKTpuqecKoro 3apH)l.a B onbITax 
Xo<l>mTaH.ZJ;epa. 0IIhITbI XocpunaHJJ,epa II03BOJIHIOT HCCJieJJ,oBaTb H pacnpeJJ,eJie

HHe 3JieKTpHqecKoro 3apHJJ,a B HJJ.pax. Ope1Kt1.e qeM paccMaTpHBaTb MeTOJJ.HKY 3THX 

3KcnepHMeHTOB, Heo6XOJJ,HMO 03HaKOMHTbCH c IlOHHTHeM JJ.HcpcpepeHI..1,HaJibHOfO 

ceqeHHH. )loIIyCTHM, qTo Ha MHIIIeHb IIaJJ,aeT IJyqoK napaJIJieJibHblX MOH03Hep

reTHqecKHX qaCTHU. 00JJ, JJ,eHCTBHeM IlOJIH pacceHBaIOIIJ,ero HJJ,pa, HaXOJJ,HIIJ,efOCH 

B ueHTpe ccpepbl, HaIIpaBJieHHe JJ,BH)KeHHH HeKOTOpOH qacTH IJaJJ,aIOIIJ,HX qacTHU 

H3MeHHeTCH. 0603HaqHM qepe3 J qHCJIO naJJ,aIOIIJ,HX qaCTHU, npoXOJJ,HIIJ,HX 3a 1 c 

qepe3 IIJIOIIJ,aJJ,KY B 1 CM2, HOpMaJibHYIO K HanpaBJieHHIO HX JJ,BH1KeHHH, a qepe3 

dJ - qHCJIO qaCTHU, pacceHHHb!X B 3JieMeHT TeJieCHOfO yrna dO, o6pa30BaHHOfO 

JJ,BYMH KOHycaMH c yrnaMH pacrnopa ()' () + d() H npoIIIeJJ,IIIHX 3a 1 c qepe3 

3JieMeHT ds, KOTOpb!H Bbipe3aeT TeJieCHb!H yroJI dO Ha ccpepe npOH3BOJibHOfO 

paJJ.Hyca r c ueHTpoM B HaqaJie KoopJJ.HHaT (pHc. 7.1). ECTecrneHHO cqHTaTb dJ 
IIponopuHOHaJibHb!M J H dO: 

dJ = xJdO, 

rJJ,e x - K03cpcpHUHeHT IIponopuHoHaJibHOCTH. BeJIHqYIHa 

dJ 
d(J = - = xdO 

J ' 

(7.8) 

(7.9) 

paBHaH }J,OJie IIepBYiqHoro IlOTOKa qacTHU, pacceHHHOH B JJ,aHHblH TeJieCHb!H yroJI, 

Ha3hIBaeTCH JJ,HcpcpepeHuHaJibHb!M ceqeHHeM pacceHHHH. 

z 

P11c. 7.1. CxeMa, 11Ji.n10cTp11py10lll,aH noHHrne ll,mpcpepeHUl1aJibHOro ceqeH11H 

3HaH q11cJIO qacTHU, yIIaBIIIHX 3a KaKOH-JIH6o IIpoMe1KyTOK BpeMeHH Ha MH

IIIeHb, YI qHCJIO qacTHU, pacceHHHb!X 3a TOT 1Ke npoMe1KyTOK BpeMeHH Ha yroJI (), 

M01KHO HaHTH ,11,HcpcpepeHuHaJibHOe ceqeHHe pacceHHHH (7.9). 

3KCIIepHMeHTaJibHO OIIpeJJ,eJieHHaH 3aBHCHMOCTb [ dd~ ( ())] CpaBHHBaJiaCb 
3KCn 

c aHaJiornqHOH TeopeTHqecKOH cpyHKUHeH, BbIBet1.eHHOH Ha OCHOBaHHH Tex HJIH 
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HHh!X coo6pa)KeHHH. H. MOTT TeopeTttl!eCKH paCC4HTaJI 3aBHCHMOCTh [~~ ( o)J 
Te op 

JJ.JI51 pacce51HH51 yJihTpapeJI51THBHCTCKoro 3JieKTpoHa Ha T04e4HOM 51JJ.pe c HyJieBhIM 

CIJHHOM H HyJieBh!M MarHHTHb!M MOMeHTOM B npeJJ.IIOJIO)KeHHH, 4TO z a « 1 (a -
nocTo51HHa51 TOH KOH cTpyKTYPhI). 

B OIIhITax c YJibTpapeJI51THBHCTCKHMH 3JieKTpoHaMtt, JJ.JIHHa BOJIHhI KOTOpbIX .A 
3Ha4ttTeJihHO MeHbIIIe R, 6h1JI0 ycTaHOBJieHo, 4TO 

TOf)J,a KaK nptt cymecTBeHHO MeHhllIHX 3Heprtt51X 3JieKTpOHOB 

[da (O)] = [da (o)J . 
dD 3Kcn dD Teop 

CpaaHemi:e pa)J.11au,ttoHHhIX nonpaaoK K Marn11THOMY MoMeHTY 3JieKTpoHa c pe-

3YJihTaTaMl1 COOTBeTCTBYI01Ul1X 3KCIIepttMeHTOB IIOKa3bIBaeT, 4TO 3JieKTpOH MO)KeT 

C4HTaThC51 T04e4HOH qacTttu,eif no KpaifHeH Mepe JJ.O A~ 10- 16 CM (JJ.OCTHrHYThIH 

K HaCT051I.UeMy BpeMeHH npeJJ.eJI). TI03TOMY paCXO)K)J,eHtte Me)KJJ.Y [ ~~ ( o)J 
d 3Kcn 

tt [ d~ ( 0) J nptt YJihTpapeJI51THBHCTCKHX 3Heprtt51X 3JieKTpoHoB MO)KHO o6b51C-
Teop 

HHTb Heyl!eTOM pa3MepoB 51)1.pa 11 CB513aHHblX c 3THM oco6eHHOCTeH pacnpeJJ.eJieHH51 

3JieKTptt4eCKOf0 3ap51JJ.a. 
da 

)].JI51 y4eTa CTPYKTYPhI 51)1.pa B pacl!eT cpyHKI.l,HH dD ( 0) Heo6XOJJ.HMO aaecTtt co-

OTBeTcTByIOI.UYIO nonpaaKy. TiocJie)J,H5151 Bbl4HCJI51eTC51 CJieJJ.yIOI.UHM o6pa30M. 5l)J.po 

KOHel!HbIX pa3MepoB pa36ttaaeTC51 Ha 60JihIIIOe 4HCJIO «3JieMeHTapHbIX» o6beMOB. 

Ha Ka)KJJ.OM tt3 HHX 3JieKTpOHHa51 BOJIHa .A HCIIhIThrnaeT KorepeHTHOe pacce51Htte. 

YTOl!HeHHoe 3Ha4eHtte ce4eHtt51 JJ.JI51 npoT51)KeHHoro 51JJ.pa noJiy4aeTc51 B pe3yJihTaTe 

cyMMttpOBaHl151 (ttHTerpttpoBaHtteM) pacce51HHblX BOJIH c yl!eTOM cpa3hl. 

YT04HeHHhIH pacl!eT )1.aeT 

00 2 

( da) =[da(O)] [fp(r)sinqr. 47rr2dr] 
dD 3Kcn dD Teop qr 

0 

B (7.10) q - HMIIYJihc, nepeJJ.asaeMhIH 51JJ.PY 3JieKTpOHOM nptt pacce51Htttt, r -
paCCT051Htte Me)KJJ.Y u,eHTpOM 51)1.pa 11 3JieMeHTapHb!M o6beMOM, p( r) - IJJIOTHOCTh 

3JieKTptt4eCKOfO 3ap51JJ.a B 51)1.pe; 6e3pa3MepHa51 BeJIH4HHa 

00 

F(q) = 
4
; f p(r) sin (qr)r dr 

0 

HOCHT Ha3BaHtte cpopM-cpaKTOpa 51)1.pa. 

(7.11) 

TaKHM o6pa30M, BeJI114ttHa F 2 npeJJ.CTaBJI51eT co6oif Mepy HeTOl!el!HOCTtt 51JJ.pa. 

KaK BHJJ.HO tt3 cpopMyJihI (7.11), p(r) tt F(q) CB513hrnaeT c11Hyc-npeo6pa3oBaHtte 

<Pyphe. CJieJJ.oBaTeJihHO, 06pama51 3TO Bb1pa)KeHtte, MO)KHO IIOJIY411Th pacnpeJJ.eJie

H11e p(r), eCJIH 113Becrna cpyHKI.1,H51 F(q), nptt4eM ee Heo6XOJJ.HMO 3HaTb BO BCeM 
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AHana3oHe H3MeHeHHH q. B AeHCTBHTenhHOCTH OH orpaHHGeH csepxy 6naroAapH 

TOMy, GTO AnH ':WeKTpOHOB cymecrnyeT MaKCHManhHaH 3HeprnH: 0 ~ q ~ qMaKC· 

06hIGHO p(r) onpeAenHIOT MeTO'AOM OOA6opa, 'A06HBaHCh HaHnyqwero COBna

AeHHH C OOhITOM. 

Ha pHc. 7.2 npHBeAeHhI pa3nHGHhie MhICnHMhie BH'AhI pacnpeAeneHHH 3neK

TpHGeCKoro 3apH'Aa B HApe (MOAenH A, B, C, D). TeopernGeCKaH 3aBHCHMOCTh 

ro ro 
':!: ':!: 
0:: ' 0:: 
Cl. A Cl. 
ro ro B "' "' 
.0 ~· ..0 ... ~ ... u '.;: g 0 
:i:: :i:: ... ... 
0 0 
~ .5 i:::: 

PaccTOHHHe OT u:eHTpa PaccTOHHHe OT u:eHTpa 
ro ro 
':!: ':!: 
0:: 0:: 
Cl. Cl. 
ro ro 

"' c "' 
.0 .0 D ... ... 
u • u 
0 0 
:i:: :i:: ... ... 
0 0 
~ ~ 

i:::: i:::: 
PaccTOHH11e OT u:eHTpa PaccTOHHHe oT u:eHTpa 

P11c. 7.2. Pa3JJH'JHbJe MbICJJHMbie pacnpe.n:eJJeHHH 3J1eKTpw1ecKoro 3apH.n:a B H.n:pe: A - MO.D:eJJb 
ll.D:pa B B11.n:e o.n:Hopo.n:HOH KallJJH; B, c - npoMelKyToqHbJe MO.D:eJJH MelK.n:y KaneJJbHOH 11 ToqeqHOH 

Mo.n:em1M11; D - Mo.n:eJJb ToqeqHoro H.n:pa 

[ ~~ ( 8) J , noCTpoeHHaH Ha ocHoBe Mo)J.enH C, noKa3aHa Ha pHc. 7.3 B BHAe 
Te op 

cnnOWHOH KpHBOH; TOGKH COOTBeTCTBYIOT 3KCnepHMeHTy. KaK BH'AHO, nonyqaeTCH 

HAeanhHOe cornacHe Me1K'AY TeopHeH: H 3KCnepHMeHTOM, GTO H yKa3bIBaeT Ha 

cnpaBeAnHBOCTh pacnpeAeneHHH C. 
Ha pHc. 7.4 npHBeAeHhI cBO'AHhie AaHHhie, nonyGeHHhie npH H3yGeHHH ccpe

pHGeCKH-CHMMeTpHGHhIX HAep c MaCCOBh!MH GHcnaMH OT 1 (npoTOH) 'AO 209 
(BHCMYT). CTpornH H a-qacrnuy ornHGaeT OT Apyrnx H'Aep cymecrneHHO 6onhrnaH 

nnoTHOCTh 3apH'Aa B HX ueHTpe. PacnpeAeneHHe 3apHAa y ocTanhHhIX 6onee TH1Ke

nhIX H'Aep HMeeT O'AHHaKOBhIH BH'A. ,llnH ero OOHCaHHH BBO'AHTCH ABa napaMeTpa: 

pacCTOHHHe Ro (oTKna'AhIBaeMoe OT ueHTpa HApa), Ha npOTH1KeHHH KOToporo p 
yMeHhrnaeTCH Ha 50 %, H pacCTOHHHe t, B npeAenax KOToporo p H3MeHHeTCH 

OT 90% CBOero MaKCHManhHOfO 3HaGeHHH 'AO 10% OT Hero (CM. pHC. 7.5). ,llnH 

cpeAHHX H TH1KenhIX ccpepHGeCKH-CHMMeTpHGHhIX H'Aep (A = 40-238) yKa3aHHbie 

napaMeTpbl COCTaBnHIOT: 

Ro= (1,07 ± 0,02) ·A· 10- 13 cM; 

t = (2,4 ± 0,3) · 10- 13 CM = const. 
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Yrnepo)l,, 420 M3B 

io-34~~~~_,_~~~_,_~~ 

30 40 50 60 70 80 
YroJI na)l;emrn, rpaAyChI 

da 
P11c. 7.3. 3as11c11MOCTh dO. (0) AJIH ynpyroro pacceHHHH 3JieKTpOHOB Ha yrnepoAe. Kp11BaH -

Teop11H; TQqKJ1 - 3KCnepHMeHT 

KaK BH,ll,HO, 51,n,po cocToHT 113 ,n,syx qaCTeH:: n.noTHOH cep,n,u.es11Hb1, TOJIW.HHa 
KOTOpoH: MOHOTOHHO paCTeT c B03paCTaHHeM A, H pb!XJIOfO nosepxHOCTHOfO CJI051 
c TOJIW,HHOH, IlOCT051HHOH ,ll,JI51 scex paccMaTpHBaeMb!X 51,ll,ep. 

7 .3.5. Pacnpe.rr.eJieuHe npoTOHOB H ueihpouoe no o6'beMy SI.er.pa. CTpe,n,
CTaBJI51eT HHTepec cpasHea11e pacnpe,n,e.neHH51 3JieKTp11qecKoro 3ap51,n,a BHYTPH 51,n,
pa, no.nyqeHHOe c IlOMOill,bJO 3KCnepHMeHTOB, OilHCaHHb!X B npe,ll,bI,ll,yW.eM pa3,n,e.ne, 
c pacnpe,n,e.neHHeM 3JieKTp11qecKoro noTeHU.HaJia, ,n,e!1cTBYJOW.ero Ha na,n,aJOW,HH 
npoTOH, 113yqeHHOro B OilbITax no pacce51HHJO npoTOHOB, B3aHMO,ll,eHCTBYJOW.HX, 
KaK H3BeCTHO, H c npOTOHaMH H c HeHTpoHaMH 51,ll,pa. 

Ha p11c. 7.6 np11se,n,eHo TaKoe conoCTaBJieHHe ,n,JI51 51,n,pa 30.noTa. KaK s11,n,
HO, o6JiaCTb pacnpe,n,e.neHH51 3ap51,n,a HecKOJibKO MeHbrne 06.nacTH pacnpe,n,e.neHH51 
IlOTeHu.11a.na, ,n,eH:cTByJOw,ero Ha na,n,aJOW,HH npoTOH. 3To, IlO-BH,ll,HMOMy, o6b51CH51-
eTC51 TeM, l.!TO B u.eHTpe 51,n,pa IlJIOTHOCTb npoTOHOB 60JibWe IlJIOTHOCTH HeHTpOHOB, 
a Ha ero nepmpepHH - Hao6opOT. 

§ 7 .4. MeTO.lJ.bI H3MepeHH.H Mace aTOMHbIX .H,ll.ep 

7 .4.1. MeTO)l.hI, HcnoJih3yeMbie )I.JIB onpe.rr.eJieHHSI Mace MHKpoqacTHIJ.. B 
3Kcnep11MeHTaJihHOH 51.11.epaoH: cpH3HKe pa3pa60TaH u.e.nhIH p51.ll. MeTO)l.OB H3MepeHH51 
Mace MHKpoqacTHU.. CTo>KaJiyi1, rnaBeHcrnyJOW.YJO po.nh cpe)l.11 HHx :11.rpaeT Macc
cneKTpocKon11qecK11H: MeTO)l.; Hap51.ll.Y c HHM HCilOJib3YJOTC5l. MeTO)l. 51)1.epHb!X npe
Bpaw,eHHH H MeTO)l. MHKpOBOJIHOBOH pa)l.HOcneKTpOCKOmrn. lfaseCTHbl H .11.pyrne 
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PaccTOHHHe no pa,L\Hycy, 10- 13 CM 

PHc. 7.4. Pacnpe,L\eJJeHHe 3JJeKTpwiecKoro 3apH,L\a B HeKOTOpb1x H,L\pax 

ToJJmHHa 
1,0 r----------
0,9 ~-----------,..__-----.-! 

p 

0,5 !-..-----------~ 

0 2 3 4 5 6 7 8 9 
r, e,L\. 10- 13 CM 

PHC. 7.5. napaMeTpbl H,L\pa 

137 

MeTO,LI,hI onpe,11,eJiemrn: Mace MttKpoqacTHU. HanpttMep, c 3TOH ueJibIO npttMeHHIOTCH 

KaMepa BttJibCOHa H ny3hipbKOBaH KaMepa. 

Mb1 orpaHttqHMCfl 06cy:11<:;1,eHtteM ,11,Byx nepBbIX MeTO,LI,OB. ooJiee no,11,po6Hoe 

113JIO)KeHHe MeTO,LI,OB H3MepeHHfl Mace MHKpoqacTHU HHTepecyIOll]HHCfl qHTaTeJib 

HaH,LI,eT B KHttrax [ 1, 2, 4, 6]. 
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P11C. 7.6. Pacnpe,D,eJiemie 3JieKTp11qecKoro 3apH,D,a (cnJIO!llHaH KpttBaH) 11 H,D,epHoro noTem1.11aJia 

(nyHKTHpHaH KpttBaH) ,ll,JJH H,D,pa 30JJOTa 

7 .4.2. E)l.uu1u1.a H3Mepeum1 Mace HYKJIH,!l,OB. B 5!,LI.epHoif cp11311Ke np11HHTO 

11CilOJib30BaTb 3Ha4eHl15! Mace HYKJil1,LI.OB, HO He 5!,LI.ep. 3To CB5!3aHO c TeM, 4TO 

3KCnep11MeHTaJibHO ( o6bI4HO MeTO,LI.OM Macc-cneKTpOMeTp1111) 113MepmoTC5! 11MeHHO 

MaCCbl HYKJI11,LI.OB, noTep5!Billl1X O,LI.11H 11J111 HeCKOJibKO BHeIIIHl1X 3JieKTpOHOB (11c

Km04eH11e cocTaBJIHIOT Ha1160Jiee Jiern11e aTOMbI, KOTopb1e B npou.ecce onhna non

HOCTbIO 110H11311pyIOTC5!). Macca HYKJI11,LI.a - nocTOHHHaH BeJil1411Ha, HBJIHIOlll,aHCH 

ero ocHOBHOH xapaKTep11cT11Koif. 

MacCbl HYKJ111,LI.OB 113Mep5!IOT B OTHOCl1TeJibHblX e,LI.11Hl1Il,ax - amoMHblX eau
HUl{GX Maccbt (coKpalll,eHHO o6o3Ha4aeM a. e. M. 11JI11 u). AToMHaH e,LI.11H11u.a Macchi 

pasHa 1/12 qacrn Macchi HyKJil1,LI.a 1 ~C. TaK KaK Macca 3Toro HYKJI11,LI.a pasHa 

1,993 · 10-26 Kr, TO 

1 993. 10-26 

1 a. e. M. = ' 
12 

= 1,661·10-27 
Kr. (7.12) 

3Heprern4eCKl1H 3KBl1BaJieHT u cocTaBJIHeT: 1u=1 a. e. M. = 931,494 M3B. Mac

ca yrnepo,LI.a-12 11cnoJih3yeTC5! B Macc-cneKTpocKon1111 B Ka4ecrne 3TaJioHa (CM. no

,LI.po6Hocrn o ero poJI11 B 113MepeH1111 Mace HYKJil1,LI.OB B cJie,LI.yIOlll,eM pa3,LI.eJie). 

7 .4.3. Macc-cneKTpocKonuqecKHH MeTO,!l,. Ha4aJibHbie cse,LI.eH11H 06 3TOM 

MeTo,LI.e np11Be,LI.eHbl B § 2.6 [2]. 3,LI.eCb Mb! HeCKOJibKO yrny611M 11 pacw11p11M 

yKa3aHHYIO 11HcpopMau,11IO. HanoMHl1M, 4TO Macc-cneKTpocKon114ecK11if MeTO,LI. no3-

BOJI5!eT npe,LI.Bap11TeJibHO 110H11311pOBaHHbie aTOMhl 11CCJie,LI.yeMoro Belll,eCTBa, Haxo

,LI.5!lll,eroc5! B ra3oo6pa3HOM COCT05!Hl111, np11 11X npOXO)K,LI.eHl111 4epe3 o6JiaCTh 3JieK

Tp114eCKOro 11J111 MarHl1THOro IlOJ15! (JI1160 4epe3 o6JiaCTh, B KOTOpoH: COBMelll,eHhl 

o6a nOJI5!) npocTpaHCTBeHHO pa3,LI.eJil1Th Ha OT,LI.eJihHble ny4Kl1, pa3Jil14alOlll,11eC5! 

y,LI.eJihHhIM11 3ap5!,LI.aM11 q/M (q - noJioM11TeJihHhIH 3ap5!,LI. 110Ha, M - ero Macca). 

3HaH11e y,LI.eJihHOro 3ap5!,LI.a ,LI.aeT B03MOMHOCTh onpe,LI.eJIHTh Macey HOHa, a, CJie,LI.O

BaTeJihHO, 11 Macey HYKJI11,LI.a. PernCTpau,115! 110HOB ocylll,ecrnJIHeTcH JI1160 cpoTo

rpacp114ecK11M, JI1160 3JieKTp4eCKHM MeTO,LI.OM: B nepBOM cJiy4ae pernCTp11pyIOTC5! 

J111H1111 Ha cpoTOnJiaCTl1HKe, a BO BTOpOM - MaKCl1MYMhl 110HHoro TOKa l). )laHHOH 

J111H11H (MaKC11MYMY) COOTBeTcrnyeT rpynna 110HOB c onpe,LI.eJieHHhIM 3Ha4eH11eM 

1
) YlHor,LJ,a Macc-cneKTpOCKOill1l.JeCKJ1e np116opbl, OCHOBaHHble Ha 11CilOJ!b30B3HI111 ¢0TOMeTp11-

qecK11x MeTo,LJ,oB pernCTpau1111, Ha3hIBaIOT Macc-cneKTporpa¢aM11, a ocHoBaHHbie Ha pernCTpau1111 

HOHOB 3JieKTptt4eCKI1MI1 MeTO,ll,3MI1 - Macc-cneKTpoMeTpaMH. 
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q/M, npHcyTcrny10maH B nepsottaqaJihHOM HOHHOM nyqKe. CosoKynttocTh JIHHHH 

(MaKCHMYMOB) Ha3b!Ba!OT MaCCOBb!M cneKTpOM. 

OepBb!H Macc-cneKTpOCKOnHqecKHH npH6op 6hIJI pa3pa6oTaH n)K. ,ll)K. ToMCO

HOM B 1907-1912 rr. EMy npHHaJJ,Jie)KHT qecTh OTKpbITHH H30TonHH. l1ccJieJJ,yH 

B 1913 r. c noMOll.LhIO CBoero npH6opa HOHhI tteotta, ToMcoH ycTaHOBHJI, qTo 

B npHpoJJ,e cymecrny10T JJ,Be XHMHqecKH Hepa3JIHqHMbie pa3HOBHJJ,HOCTH Heotta, 

HeCKOJibKO pa3JIHqa10mHeCH no CBOeH Macce (HM COOTBeTCTBYIOT MaCCOBb!e qHcJia 

20 H 22). ¢. ACToH H A . .lleMcTep C03JJ,aJIH B 1919 r. 60.Jiee coBepweHHbie Macc

cneKTpocKonHqecKHe npH6opb1. 

B Macc-cneKTpoMeTpe Acrntta (tta3BaHttoro HM «nOJIO)KHTeJibHhIM JiyqeBbIM 

cneKTporpacpOM») nyqoK HOHH3HpOBaHHb!X qacTHU 06.JiaJJ,aJI pa3JIHqHblMH HaqaJib

HblMH CKOpOCTHMH; B npH6ope ocymecTBJIHJiaCb HX cpoKycHpOBKa no CKOpOCTHM 

noJJ, B03JJ,eHCTBHeM 3.JieKTpHqeCKoro H MarHHTHOrO noJieH. c 1919 r. no 1924 r. 
c nOMOll.LblO 3TOro Macc-cneKTpoMeTpa 6h!JI HCCJieJJ,OBaH H30TOnHqecKHH COCTaB 53 
ttepaJJ,HOaKTHBHhIX 3.JieMeHTOB. DhIJIO yCTaHOBJieHo, qyo H30TOnHH 3.JieMeHTOB -

HBJieHHe BeChMa pacnpocTpaHeHttoe. 

B Macc-cneKTpoMeTpe .lleMcTepa HcrrycKaeMhie HCTOqHHKOM HOHhI o6JiaJJ,aJIH 

npaKTHqecKH OJJ,HHaKOBOH CKOpOCTblO H ocymecTBJIHJiaCb HX cpoKycHpOBKa no 

HanpaBJieHHHM. CxeMa 3Toro JJ.OBOJihHO npoCToro B TeXHHqecKoM OTHOIIIeHHH 

npH6opa noKa3aHa Ha pHc. 7. 7. AHoJJ,OM A CJIY)KHT HHTh, Ha KOTopy10 HaHeceH 

+ A 

K v 

P11c. 7. 7. CxeMa Macc-cneKrpoMerpa )J,eMcrepa 

TOHKHH CJIOH H3yqaeMoro Bemecrna. OpH HaKaJIHBaHHH HHTH OT Hee HJJ,eT nOTOK 

ITOJIO)KHTeJibHb!X HOHOB, ycKopHeMb!H pa3HOCTblO noTeHUHaJIOB v' npHJIO)KeHHOH 

Me)KJJ,y HCTOqHHKOM (HHTb!O) H meJiblO 81 (Bee JJ,eTaJIH yCTaHOBKH, noKa3aHHb!e 

Ha pHcyHKe, HaXOJJ.HTCH B OTKaqHBaeMOM o6beMe). Opette6peraH nepsottaqaJibHOH 

3Heprne11 HOHOB (KOTOpaH oqeHb MaJia), 6yJJ,eM cqHTaTb, qTQ 3HeprnH BCex ycKO

peHHb!X HOHOB OJJ,HHaKOBa H paBHa 

Mv2 

qV=-
2 

(7.13) 

(v - CKOpOCTb HOHOB). 00CJie Bb!XOJJ,a H3 meJIH 81 MOH03HeprernqeCKHH ny

qoK nonaJJ,aeT B KaMepy, rJJ,e co3JJ,atto OJJ,HopoJJ.HOe nonepeqttoe MarHHTHoe noJie 
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c HHAYKUHeH B. B TaKoM noJie LJaCTHI.J.bI ABHMYTCH no KpyrosoH: TpaeKTopm-1 c pa

AHycoM, KOTOpb!H MOMHO HaHTH, npHpaBHHBaH ueHTpo6eMHYIO CHJIY JIOpeHUOBOH 

CHJie. HaH:.11.eHHbIH TaKHM o6pa30M pa.11.Hyc paBeH 

v 
R = (q/M)B 

(7.14) 

CornaCHo (7.14) LJaCTHI.J.bI, pa3JIHLJa10mHeCH y.11.eJibHbIM 3apHAOM q/ M (npH 

v = const) omm1yT B MarmnHOM noJie .11.yrn pa3JIH1-IHbIX pa.11.HycoB H TaKHM 

o6pa30M nyLJOK OKaMeTC5I npocTpaHCTBeHHO pa3)1.eJieHHb!M Ha OT)l.eJibHbie nyLJKH, 

pa3JIHLJaIOI.I.J.HeCH napaMeTpoM q/ M. 
HcKJIIOLJaf! H3 COOTHOilleHHH (7.13) 11 (7.14) CKOpOCTb v, IIOJIYLJl1M 

R= /2V . 
BVifM 

KaK B11.ll.HO, sapb11pyH 3HaLJeH11H V 11JI11 B, MOMHO ccpoKyc11posaTb Ha BbIXOAHYIO 

meJib 82 110Hb1 c pa3JIHLJHbIMl1 3HaLJeH11HMH q / M (.lleMcTep B cBOHX onb1Tax 

no.11..11.ep.xrnBaJI nOCT05IHHOe MarHl1THOe noJie, 113MeHf!f! ycKOpHIOI.I.J.11H noTeHu11aJI). 

HoHbI, npowe.11.w11e meJib 82 , nona.11.a10T B npHeMHl1K (KoJIJieKTop) K. C11Jia TOKa 

qepe3 KOJIJieKTop cJiyM11T MepoH: KOJIHLJecTBa HOHOB c .11.aHHbIM 3HaLJett11eM q/ M. 
Pa3pewa10maH cnoco6HocTb Macc-cneKTpOMeTpos AcTOHa H ,IleMCTpepa no 

nopHAKY seJI11LJl1HbI paBHHJiacb 102 1). B .11.aJibHeiirneM 6b1JI11 pa3pa60TaHbI Macc

cneKTpoMeTpbI c ABOHHOH cpoKyrnpoBKOH - no HanpasJieHHHM H cKopocrnM; 11x 

pa3pewaIOI.I.J.a5I cnoco6HOCTb Ha HeCKOJlbKO nopHAKOB Bb!Ille yKa3aHHOH. 

,IlJIH oco6o TOLJHOro onpe.11.eJieHHf! Mace HYKJil1)1.0B HCnOJib3yeTC5I TaK Ha3bI

BaeMbIH Memoa ay6JtemoB, OCHOBaHHb!H Ha cpaBHeHHl1 IIOJIOMeHl15I Jil1HHH ABYX 

110HOB, 6JIH3KHX MeMAY co6oi1 no Macce (HanpHMep, napbl 0)1.HOKpaTHO 3apHMeH

Hb!X HOHOB 12CH4- 160). 0.11.Ha H3 JIHHHH BbI611paeTCH B KaLJeCTBe penepHOH (onop

HOH). MeTo.11.11Ka 113MepeH11H CBOAHTCH K onpe.11.eJieH1110 paccTOHHl1H B AOJIHX MaCCbI 

MeM.11.y penepoM H 11ccJie.11.yeMoi1 Jil1HHei1. OnopHaH Jil1Hl1H o6bILJHO cooTBeTCTsyeT 

coe.11.11HeHmO, B COCTaB KOToporo BXO)l.11T B KaLJeCTBe 3TaJioHa HYKJil1A 12C. 
)lo 1961 r. 3a 3TaJIOH Macchi npHH11MaJicH HYKJil1A 160. 0.11.Ha H3 BaMHbIX 

np11LJ11H 3aMeHbI 3TaJIOHa Maccbr cBH3aHa co cJie.11.y10m11M o6cTOHTeJihCTBOM. HyK

JIHA 160 06pa3yeT MaJio .11.ocTynHhIX coeAHHeH11i1-110HoB. OpHMepaMH TaKHx co

e.11.HHeH11H HBJIHIOTCH 160 2, 160 1 H, 160 2H 11 HecKOJibKO .11.pyrnx. MeMAY TeM, 

HYKJil1A 12C 1 06pa3yeT MOJieKyJibI 12Cm c q11cJioM aToMoB 6oJiee .11.ecHTH. 3To 

no3BOJIHeT MeTOAOM JI.Y6JieTOB cpasH11BaTb Maccb1 coe.IJ.HHeH11i1, co.IJ.epMam11x 12C, 

c MaccaM11 rnMeJibIX H30TonoB. Dp11MepoM MoryT CJIYMHTb .11.y6JieTbI rnMeJibIX 
1 

HOHOB 12Cw-- 120sn, 12C10-2 (240Pu) 2). HyKJil1)1.bl 12C JierKO HOHl1311PYIOTC5I )1.Ba-

)K)l.bl, Tp11M.ll.bI H YeTb1peM.ll.bl. BJiaro.11.apH 3TOMY noJiyYa10m11ern 110HbI y.11.06tto 

1
) Pa3pewa10w:aH crroco6HocTb Macc-crreKTpocKorr11qecK11x rrp116opoB orrpe.11,eJrneTCH KaK OTHowe

HHe liM / M, r.11,e liM - HaHMeHblllaH pa3HHU.a B Mace ax, rrp11 KOTopoH: JJHHHH eme pa3pewaIOTCH 
0.11,Ha OT .11,pyroH:, M - ITOJJYCYMMa Mace aTOMOB, COOTBeTCTBYIOW:lfX 3TlfM JllfHlfllM. 

2
) ! (240Pu) - o603Ha4eHHe .ll,Ba)K.11,bl lf0Hlf30BaHHOro ITJIYTOH!fll-240. 

2 
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cpasmrnaTb MeTO,ll,OM ,IJ,y6JieToB H c HOHaMH JierKHx HYKJIH,IJ,OB, TaKHX KaK 2H2, 
3He, 4He, 6Li H ,ll,p. KpoMe rnro, HYKJIH,IJ, 12C sxo,IJ,HT B coCTaB MoJieKyJI rn,IJ,pH,ll,OB 

H ,IJ,ettTepH,ll,OB 12Cm 1Hn H 12Cm2Hn. Maccbr HOHOB 3THX coe,IJ,HHeHHH MOMHO 

cpaBHHBaTb c MaccaMH HOHOB HYKJIH,ll,OB, COOTBeTCTBYIOlll.HX urnpOKOMY ,IJ,Harra30HY 

MaCCOBb!X q0ceJI OT 1 ,ll,O 120. l1crrOJib30BaHH.e MeTo,IJ,a ,IJ,y6JieTOB MOMeT o6ecrre

qH.Tb pa3pernaIOlll.YIO crroco6HocTb He xyMe 107. 

MeTO,IJ, ,IJ,y6JieTOB - o,IJ,HH H3 rrpHMepoB o6mel1 MeTO,IJ,HKH, rrpHMemi:eMOH 

B cpH3HKe rrpH pa3JIH.qHb!X H3MepeHHHX. 3Ta MeTO,ll,H.Ka OCHOBaHa Ha orrpe,IJ,eJieHHH 

pa3HOCTH Me;>K,IJ,y HeH.3BeCTHOH BeJIH.qH.HOH H 3TaJIOHOM. )..LorrycTHM, qTo OTcqeT no 

rnKaJie HeKOToporo rrp06opa 3a cqeT cpJiyKTyaU.HH H HeTOqHOCTeH MOMeT 6b!Tb C,IJ,e

JiaH c rrorpernHOCTbIO ,IJ,O 1 %. EcJIH HeH3BeCTHaH seJI0q0Ha OTJIH.qaeTcH OT 3TaJIOHa 

Ha 0, 1 %, TO rrpH H3Mepemrn 3TOH BeJII.-!4HHbl no pa3HOCTHOH MeTO,ll,H.Ke TOqHOCTb 

H3MepeHHH MO;>KeT ,ll,OCTHrHYTb 0,001 %, TOr,IJ,a KaK rrpH pa3,IJ,eJibHOM orrpe,IJ,eJie

HHH 3TaJIOHa H HeH.3BeCTHOH BeJIH.qH.Hhl TOqHOCTb ee H3MepeHHH COCTaBHJia 6w 

1 %. B qacTHOCTH, MeTO,IJ, ,IJ,y6JieTOB o6ecrre4HBaeT rnqHoCTb orrpe,IJ,eJieHHH Mac

CbI, rrpH6JIH.3H.TeJibHO B 1000 pa3 rrpeBbJWaIOlll,yIO TOqHOCTb rrpHMb!X H3MepeHHH. 

0TMeTHM CJie,IJ,yIOlll,He orpaHH.4HTeJibHb!e oco6eHHOCTH Macc-crreKTpOCKOIIH.qe

CKOro MeTO,IJ,a. Bo-rrepBbIX, OH I103BOJIHeT H3MepHTb TOJibKO MaCCbl 3apH1KeHHb!X 

qacTHU., K TOMY Me ,IJ,oCTaToqHo ,IJ,oJirO;>KHBYlll.HX (Hx speMH ;>KH3HH ,IJ,OJIMHO 

rro KpafrneH: Mepe rrpesbrruaTb speMH rrpoJieTa qacTHU.aMH crreKTpoMeTp0qecKoro 

TpaKTa; BO-BTOpb!X, c IIOMOlll,b!O 3TOro MeTO,IJ,a HeB03M01KHO orrpe,IJ,eJIHTb Macey 

cpyH,IJ,aMeHTaJibHOH qaCTHU.bl - He1hp0Ha. 

7 .4.4. MeTO.LI. H,ll.epHbIX npeBpam.ettuD:. 0TMe4eHHbIX Bbrrne He,IJ,OCTaTKOB 

Macc-crreKTpocKorr0qecKoro MeTo,IJ,a JIHWeH MeTO,IJ, orrpe,IJ,eJieHHH Mace MHKpoqa

CTHU., OCHOBaHHbIH Ha aHaJIH.3e 3HepreTH.qecKoro 6aJiaHca H,ll,epHb!X rrpespalll,eHHH. 

B rr. 3.6.2 Mbr KpaTKO paccMOTpeJIH HeKoTopbre H,IJ,epHbre peaKU.HH. B 3TOM pa3,IJ,eJie 

Mb! pacrnH.pHM H yrny6HM HHcpopMaU.HIO TaKOro po,IJ,a, Heo6XO,ll,HMYIO ,ll,JIH ,IJ,aJib

Heifrnero H3JIOMeHHH. 

PacrrpoCTpaHeHHbIM THIIOM H,IJ,epHoif peaKU.HH HBJIHeTCH B3aHMO,IJ,eH:crnHe MeM

,IJ,y rra,IJ,aIOmeif qacT0u.eH: a: 11 rroKOHlll.HMCH H,ll,pOM-MHrneHbIO A, qrn rrpHBO,ll,HT 

K o6pa3oBaHHIO qacrnu.b1 b H H,IJ,pa-rrpo,IJ,yKTa B: 

o:+A---+b+B. 

(EcJIH B pe3yJibTaTe H,ll,epHOH peaKU.HH o6pa30BaJIOCb 6oJiee ,IJ,BYX qaCTHU., TO qHCJIO 

CJiaraeMb!X crrpaBa ,ll,OJI)KHO 6b!Tb COOTBeTCTBeHHO 60Jibll1e.) 

KoJI0qecrna cso6o,IJ,HOH 3HeprnH, BbI,IJ,eJIHIOlll,HeCH H rrornoI1.1,aIOI1.1,HeCH npH 

H,ll,epHb!X peaKU.HHX, MoryT COCTaBHTb 3aMeTHYIO qacTb OT 3HeprnH IIOKOH qacTHU., 

yqacrnyIOlll.HX so B3aHMO,IJ,eiicTBHHX. CTo::iToMy 3aKoH coxpaHeHHH 3HeprnH ,IJ,JIH 

H,ll,epHb!X peaKU.HH CJie,IJ,yeT cpopMyJIHpoBaTb B HaH.60Jiee 06I1.1,eM BH,IJ,e: IIOJIHaH 

3HeprnH qacTHU. ,ll,O B3aHMO,IJ,eHCTBHH H IIOJIHaH 3HeprnH qacTHU., o6pa3yIOI1.l,HXCH 

B peaKU.HH, paBHbl MeM,IJ,Y co6oH:. 

06o3Haq0M qepe3 Ea H EA rroJIHbie ::iHeprnH qacrnu. o: H A, a qepe3 Eb 
H Es - rroJIHbie 3HeprnH qacTHU. b H B. 3an0rneM 3aKoH coxpaHeHHH ,IJ,JIH 
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paccMaTpirnaeMoro B3aHMo.rr.eticTBHH: 

Ea+ EA= Eb+ EB. (7.15) 

DpHHHMaH BO BHHMaHHe, qTo rroJIHaH 3Hepnrn qacTHIJ.bI CKJia,ll,bIBaeTcH H3 ee 

3Hepnrn rroKOH H KHHeTHqecKoH 3HeprnH W, 6aJiaHc 3HeprnH MO)!(HO rrpe.rr.cTaBHTb 

B cpopMe 

r.rr.e Wa - KirneTHqecKaH 3HeprnH rra.rr.aIOmeH: qacTHIJ.bl, wb H w B - KirneTHqe

CKHe 3HeprnH rrpo.rr.yKTOB peaKUHH. 

31-tepiueu peaK1..4uu Ha3bIBaIOT BeJmqHHY 

Q = (Wb +WE) - (Wa +WA), (7.17) 

KHHeTHqecKyIO 3HeprnIO qaCTHUbI-MmneHH WA MO)!(HO rroJIO)!(HTb paBHOH HYJIIO, 

TaK KaK OHa 06bJqHo, KaK OTMeqaJIOCb, ITOKOHTCH. 

CTo3TOMy 
(7.18) 

KoM6HHHPYH Bb1pa*eHHH (7.16) H (7.18) H rrpeHe6peraH qJieHoM WA, rroJiyqHM 

ma+ MA= mb +MB+ Q. 

3.rr.ecb H .rr.aJiee MaCCbl qacTHU H 3HeprHH Bb!pa)!(aJOTCH B 3HepreTHqecKHX e.rr.H

HHUaX. 

3HaH KHHernqeCKyIO 3HeprnIO 6oM6ap.rr.HpyIOill,eH qaCTHIJ.bl W6 H H3MepHH 

KHHeTHqecKHe 3HeprnH rrpo.rr.yKTOB peaKUHH, MO)!(HO HaHTH Q, a 3aTeM Macey 

JII06oi1: qacTHUbl, eCJIH MaCCbl Tpex OCTaJibHbIX H3BeCTHbl. 

3aKOH coxpaHeHHH HMrryJihCa .rr.aeT .rr.orroJIHHTeJibHYIO B03MO)!(HOCTb «3Kcrre

pHMeHTaJibHoro MaHeBpa»: ecJIH .rr.orrycTHM, TPY.ll.HO orrpe.rr.eJIHTb KHHeTHqecKyIO 

3HeprnIO H.rr.pa B, TO .rr.ocTaToqHo orrpe.rr.eJIHTb HMITYJibC qacTHUbI b, qT06b1 Hai1TH 

KHHeTHqecKyIO 3HeprnIO qacTHUbI B: 

W _ (Pb - Pa)
2 

B - 2 ' 
mb 

r.rr.e Pb H Pa - HMITYJibCbI qacTHU b H a COOTBeTCTBeHHO . 

.H.rr.epHaH peaKUHH, rro.rr.o6Ho XHMHqecKOH peaKUHH, H,ll,ylll.eH c BbI,ll,eJieHHeM 

KHHeTHqecKOH 3HeprnH ( Q > 0)' Ha3bIBaeTCH 3K303HepreTHqecKOH, a H.rr.ymaH c ee 

rrornomeHHeM (Q < 0) - 3H.ll.03HepreTHqecKoi1. EcJIH cyMMa Mace qacTHU -

rrpo.rr.yKTOB peaKUHH MeHbille cyMMbl HCXO,ll,Hb!X qacTHU, TO H,ll,epHaH peaKUHH 

HBJIHeTCH 3K303HepreTHqecKOH, ITOCKOJlbKY KHHeTHqecKaH 3HeprHH MO)!(eT 6b!Tb 

BbI,ll,eJieHa JIHilib 3a cqeT yMeHbilleHHH Mace qacTHU, BCTyrraIOill,HX BO B3aHMO,ll,eH

CTBHe. EcJIH *e cyMMa Mace o6pa3yIOill.HXCH qacTHU 6oJibrne cyMMbI Mace pearn

PYIOill.HX qacTHU, TO peaKUHH MO)!(eT rrpoH30HTH TOJibKO rrpH 3aTpaTe HeKoToporo 

KOJIHqecTBa KHHeTHqecKOH 3HeprHH Ha yBeJIHqeHHe MaCCbl ITOKOH. 06bJqHo 3Ta 

KHHeTHqecKaH 3HeprHH COCTaBJIHeT qacTb KHHeTHqecKOH 3HeprHH rra.rr.aIOmeH: Ha 

MHrneHb qacTHUbI. TaKHM o6pa30M, 3H.ll.03HepreTHqecKaH peaKUHH B03MO)!(Ha rrpH 

ycJIOBHH, qTo Wa rro Kpai1Hei1 Mepe 6oJibrne 3HeprnH peaKUHH Q. 
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flopozoeou 3Hepzueu Wrrop Ha3hrnaeTCH MHHHMaJihHaH 3HeprnH Wa. Haq11HaH 

c KOTopoH: B03Mm1rna 3H,ll,03HepreTHqecKaH peaKI.LHH. Ha1160Jiee npocTo 3Heprmo 

peaKI.LHH MO)KHO onpe,ll,eJIHTb B CJiyqae 3H,ll,03HepreTHqecKOH peaKI.LHH, HCCJie,ll,yH 

ee Ha «3HepreTHqecKOM nopore», nOCKOJibKY npH 3TOM Tpe6yeTCH H3MepHTb JIHlllb 

3Heprmo 60M6ap,ll,Hpy10w,eH: qacTHI.LbI, coorneTcrny10w,eH: nopory peaKI.LHH 

Wrrop = [Q] ma;AMA. 1) (7.19) 

EcJIH HCCJie,ll,yeTCH caMonpOH3BOJibHbIH pacna,ll, CTOKOHW,eroCH H,ll,pa, TO H3Me
pH!OTCH KHHeTHqecKHe 3HeprnH npOAYKTOB npeBpaw,eHHH. 

Oco6o ocTaHOBHMCH Ha onpe,ll,eJieHHH MaCCbI HeH:TpoHa. C 3TOH I.LeJibIO pac
cMoTpHM CJie,ll,yIOW,HH npHMep. )J.onyCTHM, qTO npOH30llJJia peaKI.LHH Me)K,ll,y Ten

JIOBbIM HeHTpOHOM 2) H H,ll,pOM a3oTa 1jN: 
1jN + n --+ j H + 1 ~C. (7.20) 

CornacHo H3MepeHHHM KHHeT11qecKaH 3HeprnH npoToHa, 06pa3y10w,erocH B 3TOH 

peaKI.LHH, paBHa Wp = 0,585 M3B. 

3anHllleM 3HepreTHqecKHH 6aJiaHC H,ll,epHOH peaKI.LHH (7.16): 

mn = M('~C) - M('jN) + M(jH) + Wp + W14c· (7.21) 

B (7.20) npHBe,ll,eHhI Macchi He H,ll,ep, a MaCcbI coorneTcrny10w,11x HM aTOMOB 

(HYKJIH,ll,OB). 0,ll,HaKO TaKaH 3anHCb BCTOJIHe KOppeKTHa, TaK KaK eCJIH nepeHTH 
K 3anHCH Mace H,ll,ep, TO Heo6XO,ll,HMO OT Mace HYKJIH,ll,OB, BO,ll,Opo,ll,a, yrnepo,ll,a 

H a30Ta «OTHHTb» COOTBeTCTBeHHO O,ll,Hy, llJeCTb H ceMb Mace 3JieKTpOHOB; npH 

3TOM 3HepreT11qecKHH 6aJiaHc, oqeBHAHO He HapylllaeTcH. HaH:,ll,eHHaH Macc-cneK

TpocKon11qecKHM MeTo,ll,oM pa3HOCTb Mace HYKJIHAOB 1 ~C H 1jN paBHa 0, 156 M3B, 

a Macca HYKJIH,ll,a BOAOPOAa paBHa 0,782 M3B. 
Bb1pa)KeHHe, no3BOJIHIOw,ee onpe,ll,eJIHTb KHHeT11qecKy10 3Heprn10 HYKJIH,ll,a 

W14c MO)KHO noJiyqHTb, BocnoJih30BaBllIHCb 3aKOHOM coxpaHeHHH HMnyJihca: 

Pn =Pp+ p14c· TiocKOJibKY ,ll,JIH TenJioBoro HeHTpoHa Pn ::::::; 0, TO 3TO ypaBHeHHe 
ynpow,aeTcH: Pp = -p14c. 0TCIO,ll,a nocJie HecJIO)KHbIX npeo6pa3oBaHHH ( c yqeTOM 

113BeCTHOH cpopMyJibl p = V2MW ), noJiyqaeTCH pacqernaH cpopMyJia 

W - mp W 14 C - (14 ) P• 
MH/l. c 

r,ll,e MHA(14C) - Macca HApa yrnepo,ll,a-14. 
I1o,ll,cTaBJIHH onpe,ll,eJieHHhie BeJIHqHHbI B (7.21), noJiyqaeM, qTo b..m = mn -

- M(1 H) = 0, 782 M3B, a 3HaH Macey HYKJIH,ll,a 1 H onpe,ll,eJIHeM H Macey tteH:Tpo
Ha. Cornactto coBpeMeHHbIM H3MepeHHHM otta paBHa 

mn = 1,0086652 ± 1 · 10-7 a. e. M., 

1
) BhIBOA 3Toi1 cjJopMyJihI np11BOAHTCH B § 14.2. 

2
) HanoMHHM, 4TO TerrJIOBhIMH Ha3bIB3IOTCH Hei1TpOHhI, HaXOAHm11ec51 B TerrJIOBOM (TepMoJJ,11-

HaM11qecKoM) paBHOBec1111 c aTOM3MI1 (MOJieKyJiaM11) cpeJJ,bl. ITp11 KOMH3THOH TeMnepaType 20 °C 
(293 K) 11x KHHernqecKaH 3HeprnH pasHa np116JI11311TeJihHO 0,025 3B. IToApo6Hee o TerrJIOBhix 

HeHTpOHax CM. n. 3.6.2. 
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11Jil1 np116JimKeHHO 

mn = 1,00867 a. e. M. = 939,55 M.3B = 1838,68me. (7.22) 

CorJiaCHO (7.22) Macca HettTpoHa Ha 2,5me (Ha 1,3 M.3B) npeBhlllJaeT Macey 
npOTOHa, 'ITO yKa3hIBaeT Ha .3HepreT11qecKy10 B03MO)KHOCTb pacna.na HeHTpoHa Ha 
npoToH 11 3JieKTpOH (3TOT npouecc Ha3brnaeTCH ,B-pacna.noM; ero cxeMa np11se.neHa 
Hl1)Ke). 

TaK11M o6pa30M, MeTO.n H.nepHbIX npespaw.eH11H no3BOJIHeT He TOJihKO c BbI
coKoH TOlJHOCTb!O onpe.neJIHTb Macey HeHTpoHa, HO 11 B 1000 pa3 MeHbllIYIO 
BeJil1'111HY - pa3HOCTb Mace HeHTpoHa 11 npoTOHa. 

DoJiy'IeHHhIH pe3yJihTaT yKa3brnaeT Ha Ba)KHOe .nocT011HcTBo MeTo.na H.nepHbIX 
npespaw.eHl1H - B03MO)KHOCTb npeue3110HHblX 113MepeHl1H MaJibIX pa3HOCTeH 60Jib
Ill11X BeJIH'Il1H. 

B 3aKJIIO'IeH11e OTMeT11M, 'ITO np11MeHHH aHaJior11qHy10 MeTo.n11Ky, MO)KHO 113-
Mep11Th Macey HeHTpoHa 11 no aHaJI113y ero ,B-pacna.na: 

n -+ p + e +Ve, 

r.ne CHMBOJiaM11 e 11 Ve o603Ha'IeHbI cooTBeTCTBeHHO 3JieKTpOH 11 aHT11HeH:Tp11Ho. 

7 .4.5. lfaoTODHhIH cocTaB aJieMeHTOB. X11M11'IecK11e 3JieMeHTbI npe.ncrns
JIHIOT co6ol1 qaw.e BCero CMeCb 1130TOnOB. «X11Ml1lJeCKaH» aTOMHaH Macca 3JieMeHTa 
onpe.neJIHeTCH no cpopMyJie 

M _ M1a1 +M2a2 + ... +Mnan 
x - a1 + a2 + ... +an ' 

r.ne an - npoueHTHOe co.nep)KaH11e ( OTHOCl1TeJibHaH pacnpoCTpaHeHHOCTb 11Jil1 
npocTo pacnpocTpaHeHHOCTb) n-ro 1130Tona B np11po.nHoH CMec11, Mx - aTOMHaH 
Macca 3Toro 1130Tona. 3Ha'IeHHH Mx npe.ncrasJieHbI B Ta6JI11ue MeH.neJieesa. 

Dp11se.neM B KalJeCTBe 11JIJIIOCTpau1111 3HalJeHl1H Mace 113oTonos c MaccoBbI
Ml1 q11cJiaM11 OT A=l (so.nopo.n) .no A=16 (cepa) 11 11x pacnpoCTpaHeHHOCTb 
(Ta6JI. 7.1). Macchi scex 113oTonos onpe.neJieHhI c BbICOKOH TO'IHOCThIO. l3oJihI1111H
crno np11se.neHHb!X 3JieMeHTOB COCTOl1T 113 CMec11 1130TOnOB (K11CJiopon, KpeMHl1H, 
cepa 11 .np.). BcTpe'IaIOTCH, o.nHaKo, 11 «O.U.HOl13TOnHhie» 3JieMeHTbI (6ep11JIJI11H:, 
cpTOp, aJIIOM11Hl1H 11 .np.). AHaJIOrH'IHaH KapTHHa Ha6JIIO.U.aeTcH 11 cpe.u.11 6oJiee 
TH)KeJiblX 3JieMeHTOB. 

Oco6o ocTaHOBl1MCH Ha 1130TOnax so.nopo.na, 11rpa10w.11x orpoMHYIO poJib B np11-
po.ne 11 B TexH11Ke. Cyw.eCTsyeT Tp11 1130Tona so.nopo.na: «Jiern11H:» so.nopo.n 1 H, 
«TH)KeJibIH» so.nopo.n - .nel1Tep11H: 2H, o6o3Ha'IaeMbIH TaK)Ke Cl1MBOJIOM D (6e3 
11H.U.eKcos) 11 «CBepxrn)KeJibIH» so.nopo.n - Tp11T11H, o6o3Ha'IaeMhIH c11MBOJiaM11 
3H 11JI11 T. 51.npo .neH:Tep11H Ha3bIBaeTCH neH:TOHOM (11JI11 .neH:TpoHoM), a H.npo 
Tp11Tl1H - Tp11TOHOM. ,LI.eii:Tep11H COCTaBJIHeT MaJiyIO np11MeCb B eCTecTBeHHOH CMe
Cl1 1130Tonos so.nopo.na. Tp11T11H o6pa3yeTCH no.n .neH:cTBHeM KOCM11'IeCK11x JiyqeJ1 
B arMoccpepe, o.nHaKO OCHOBHblM «nOCTaBW.11KOM» Tp11Tl1H B HaCTOHW.ee BpeMH 
HBJIHIOTCH H.nepHbie yCTaHOBKl1 Ha A3C. Tp11T11H: pa.u.11oaKTHBeH 11 HaKanJI11saeTcH 
B OKpy)KaIOw.eH: cpe.ne (o pOJil1 TPl1THH B np11po.ne CM. § 23.2). 
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Ta6JJnu.a 7.1 
l\1accw H30TOITOB H HX OTHOCHTeJJhHaH pacrrpocTpaHeHHOCTb 

J1JOTOIT l\1acca Mn, u PacnpoCTpaHeH-
J130TOIT l\1acca Mn, u 

PacnpocTpa-
HOCTb, B % HeHHOCTb, B % 

JH 1,007 825 22(±8) 99,9849-99,9861 i~F 18,9984046(±7) 100 

iH = D 2,01410219(±11) O,Ql5 I8Ne 19,9924404(±5) 90,92 

fH = T 3,01604971(±10) - nNe 21,9913845(±6) 0,251 

~He 3,01602994(±23) l,3·10-4 i6Ne 22,989 7726(±16) 9,823 

jHe 4,002 603 61 (±37) 100 If Na 23,985 0446(±19) 100 

~Li 6,0151263(±10) 7,42 i~l\1g 24,985 839 7(±20) 78,98 

~Li 7,0160053(±11) 92,58 i31\1g 25,982 590 9(±24) 11,29 

~Be 9,0121858(±9) 100 i~Al 26,98115349(±21) 100 

i~B 10,012 938 9(±7) 19,6-19,8 i~Si 27,9769271(±31) 92,18 

i~B 11,00930509(±43) 80,2-80,4 i~Si 28,976 490 8(±36) 4,69 

i~c 12,000000 98,892 f~Si 29,973 760 7(±43) 3,12 

i~c 13,003 354 3(±7) 1,108 np 30,973 7634(±15) 100 

ljN 14,003 07438(±17) 99,635 ns 31,9720738(±11) 95,0 

i~N 15,0001081(±9) 0,365 f~S 32,9714605(±30) 0,760 

i~o 15,994 014 94(±28) 99,759 ns 33,967 864 5(±31) 4,22 

i~o 16,999 133 4(±9) 0,0374 f~S 35,967091(±9) 0,014 

i~o 17,99915983(±34) 0,2039 

0 p H M e lJ a H H e. YKa3aHHble B CK06KaX rrorpelllHOCTH OTHOCHTCH K ITOCJJeP,HHM 3HalJalll.HM 
L\!HppaM. 

B pSI.n.e cJiyi.iaea Ha6JIIOJJ.aIOTCSI KOJie6amrn 1130TOnHoro cocTaBa 3JieMeHTOB. 

Hanp11Mep, 6hIJIO yCTaHOBJieHo, 'ITO aTOMHaSI Macca Kl1CJiopo.n.a pa3HbIX 11cTO'lHl1-

KOB, no.n.aep:lKeHa onpe.n.eJieHHb!M KOJie6aH115IM. 3To, B qaCTHOCTl1 5IBl1Jl0Cb OJJ.Hl1M 

113 apryMeHTOB OTMeHbI HYKJI11.n.a 160 B Ka'leCTBe 3TaJioHa B Macc-cneKTpocKon1111. 

Hanp11Mep, ecJI11 np11HSITh aTOMHYIO Macey K11cJiopo.n.a 113 BOJJ.hI ArnaHT11qecKoro 

OKeaHa paBHOH 16,0000, TO aTOMHaSI Macca K11cJiopo.n.a 113 BOJl.bI 03epa M11q11raH 

cocTaBJISieT 15,99998, a 113 yrneK11CJibIX nopo.n. - 16,00015. AHaJiorn'lHaSI Kaprn

Ha Ha6JIIOJJ.aeTcSI y ao.n.opo.n.a 11 6opa. KoJie6aH11SI 1130TOnHoro cocTaBa Ha6JIIOJJ.aIOT

cH, B 'laCTHOCTl1, y pa.n.11oreHHbIX 3JieMeHTOB, T. e. y 3JieMeHTOB, o6pa3oBaHHbIX 

JI1160 B pe3yJihTaTe SIJJ.epHbIX peaK11.11ti, 11.n.ym11x B np11po.n.e, JI1160 B pe3yJihTaTe 

pacna.n.a ecTecrneHHo-pa.n.11oaKTl1BHhIX aemeCTB. Hanp11Mep, y reJil151, o6pa3o

BamnerocSI B :lKeJie3HOM MeTeop11Te 113 MayHT-AHJI11cpa B pe3yJihTaTe SIJJ.epHoti 

peaKU.1111, Bbl3BaHHOH .n.etiCTBl1eM KOCMl1'leCKl1X Jiy'leH, aTOMHaSI Macca COCTaBJISieT 

3, 767, Tor.n.a KaK aTOMHaH Macca «06hI'lHoro» reJIHH paBHa 4,003. EcJI11 aTOMHaH 

Macca «06bI'lHOro» CBl1HU.a paBHa 207.21, TO aTOMHa5I Macca CBl1HIJ.a 113 Ml1HepaJia 

K!OpHTa COCTaBJIHeT 206,03. 
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§ 7 .5. 3Hepnrn CB.H3H .H,n:ep 

7 .5.1. 3ueprm1 CBSl3H, JJ:ect>eKT MaCCbl SI,ll;ep. 3Hepnrn: CBH3H H,ll,pa paBHa 

pa3HOCTH Me)K.ll.Y cyMMOH Mace OT,ll,eJibHbIX HYKJIOHOB H Maceoii H,ll,pa M11/l,(A, Z): 

E(A, Z) = [Zmp +(A - Z)mn - M 1111,(A, Z)] c2 (7.23) 

(see Maech1 Bbipa)KeHbI B 3HepreTHqecKOH nIKaJie). 3Hepnrn CBH3H E(A, Z) HB

JIHeTCH O,ll,HOH H3 Ba)KHeHWHX BeJIHqHH, orrpe.n.eJIHIOW.HX rrpoqHQCTb H,ll,pa. 3HaH 

ee, M01KHO paccqHTaTb 3HepreTHqeeKHH 6aJiaHe ,ll,JIH JI106b1x eJiyqaeB pacrra.n.a 

H B3aHMHb!X rrpespaw.eHHH H,ll,ep (BKJI!OqaH H ,ll,OBOJibHO 3K30THqeeKHH cJiyqaH 

rroJIHoro pacw.errJieHHH H.n.pa). CornaCHo (7.23) Maeca H,ll,pa MeHbwe cyMMbI Mace 

HYKJIOHOB, coeTaBJIHIOW.HX H,ll,po, Ha E( A, Z) / c 2. 

HapH.ll.Y e ITOJIHOH 3HeprHeH CBH3H B H,ll,epHOH cpH3HKe HCITOJib3yeTeH .n.ecpeKT 

MaCCbl D., Bb1pa1KaeMblH B aTOMHb!X e,ll,HHHUaX MaCCbl u, paBHblH pa3HOCTH Me1K.ll.Y 

Maecoi1 aToMa (HJIH HYKJIH.n.a) H MaccoBbIM qHcJioM: 

D. = M(A, Z)c2 - Au, (7.24) 

r.n.e M(A, Z) - Macea aToMa (HyKJIH.ll.a), cocToHw.ero H3 Z rrpoTOHOB, Z 3JieKTpo

HOB H (A - Z) HeiiTpOHOB, u - aTOMHaH e,ll,HHHU.a MaCCbI (B M3B). QqesH,ll,HO, 

.n.ecpeKT Macchi HYKJIH,ll,a 12C paseH HYJIIO. 0TMeTHM, qTO pa3JIHqHe Mace rrpoToHa 

H HeHTpOHa HaWJIO esoe OTpa1KeHHe B pa3JIHqHH HX .n.ecpeKTOB Mace: ,ll,JIH rrpOTOHa 

D.p = 0,007276 u, a ,ll,JIH HeHTpOHa Don = 0,008665 u. 
YqHTbIBaH, qTo Ha orrhne 06b1qHo H3MepHeTcH Maeca He H.n.ep, a HYKJIH,ll,OB 

(aTOMOB), ueJiecoo6pa3HO rrpeo6pa30BaTb COOTHOWeHHe (7.23), rrepeH,ll,H OT Mace 

H.n.ep K MaccaM HYKJIH,ll,OB. Heo6xo.n.HMoe HaM Bb1pa1KeH11e, 3KBHBaJieHTHoe 3TOMY 

COOTHOWeHHIO, HMeeT BH,ll, 

E(A, Z) = [ZMH +(A - Z)mn - M(A, Z)] c2, (7.25) 

r.n.e MH - Macca HyKJIH,ll,a so.n.opo.n.a. Bb1pa1KeHHe (7.25) rroJiyqaeTcH H3 (7.23) 
rryTeM rrp116aBJieHHH H Bb1q11TaHHH B rrpasoif qacTH rrocJie.n.Hero qJieHa Zme. 

BeJIHqHHbI E(A, Z) H t:,. HeTpy.n.Ho CBH3aTb Me1K.n.y co6ol1. C 3TOH ueJib!O 

sse.n.eM B (7.25) .n.orroJIHHTeJihHhIH qJieH A - Z - (A - Z); rrocJie HeeJI01KHhIX 

rrpeo6pa3oBaHHH rroJiyqaeM 

E(A, Z) = [ZD.H +(A - Z)D.n - D.(A, Z)] c2
. (7.26) 

l1crrOJib30BaHHe cpopMyJibl (7.26) BMeeTO (7.25) 3aqacTy10 OKa3bIBaeTCH rrpaKTH

qeeKH y.n.o6HbIM, TaK KaK B HeKOTOpb!X KHHrax ITO H,ll,epHOH cpH3HKe rrpHBO,ll,HTCH 

Ta6JIHU.bl 3HaqeHHH HMeHHO .n.ecpeKTOB Mace. 

7 .5.2. KaneJihHaH MOJJ:eJih HJJ:pa. IloJiyaMnup11qecKaSI cpopMyJia Baiiu,-
3eKKepa. Mb1 sepHeMcH K o6ey1K.n.eHHIO sorrpoca 06 3HeprnH CBH3H H,ll,pa, 

paCCMOTpeB rrpe.n.sapHTeJibHO rrpocTeifwy!O KOJIJieKTHBHYIO H,ll,epHyIO MO,ll,eJib -

KarreJibHYIO, CbirpaswyIO B CBOe BpeMH BbI,ll,aIOIIJ.YIOCH pOJib B 3BOJIIOUHH H,ll,epHOH 

cpH3HKH. 

AHaJIOrHH Me1K.n.y H.ll.POM H KarrJieif 1KH,ll,KOCTH BH,ll,Ha H3 cJie.n.y10w.ero. Cornac

HO 3MITHpHqeeKOMY COOTHOWeHHIO (7.2) Macca H o6beM v H,ll,pa rrporropu.HoHaJibHbl 
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Me*.JJ.Y co6oH: (TaK KaK A "'"' R3 ). 3TO yKa3bIBaeT Ha O.JJ.HHaKOBYIO nJIOTHOCTb 

HYKJIOHOB B H.JJ.pax: 

A A A _ 
10

38 HYKJioHa 

nll!l, = V = ~ 7rR3 = ~ 7r(l,5. 10-13)3. A - CM3 . 

CJie)J.oBaTeJibHO, H nJIOTHOCTb H.JJ.epHoro sew.ecTBa O.JJ.HHaKoBa: 

r5 = nll!l,mN = 1038 · 1,66 · 10-24 ~ 1014 
r/cM

3 = 108 
T/cM

3
, 1) 

'-ITO CBH)J.eTeJibCTByeT 0 ero HeC)KHMaeMOCTH. c .JJ.pyroH: CTOpOHbl, H )KH)J.KOCTb 

npaKTH'-!eCKH HeC)KHMaeMa. 

Ha aHaJiorHIO Me*.JJ.Y H.JJ.epHbIM Bew.ecTBOM H *H.JJ.KOCTblO yKa3hrnaeT TaK*e 

ycTaHOBJieHHaH Bhm1e nponopu,HoHaJihHOCTb 3HeprnH CBH3H E(A, Z) MaccoBoMy 

'-IHCJIY A (Tor)J.a KaK 3HeprnH HcnapeHHH )KH.JJ.KOCTH JIHHeHHO 3aBHCHT OT ee 

MaCCbl). 

AHaJiorn10 Me*.JJ.Y H.JJ.epHbIM Bew.ecrnoM H )KH.JJ.KOCTblO yrny6JIHeT TO, '-ITO 

H.JJ.epHbie CHJibI nO.JJ.06Ho XHMH'-!eCKHM 06Jia)J.a10T CBOHCTBOM HachIW.eHHH. OnH

paHCb Ha npHBe)J.eHHbie aHaJIOrHH, B KaneJibHOH MO)J.eJIH H.JJ.PO paccMaTpHBaeTCH 

KaK CTaTHCTH'-!eCKHH aHCaM6Jib CHJibHO B3aHMO)J.eHCTBYIOW.HX '-!aCTHU. 5l)J.po HMe

eT ¢opMy c¢epbl, pa.JJ.HYC KOTOpoH: onpe.JJ.eJIHeTCH 3MnHpH'-IeCKHM COOTHOllleHHeM 

R = r0A 113, a 3HeprnH CBH3H onHCbrnaeTCH paccMaTpHBaeMoH: HH)Ke noJiy3MnHpH

'-!eCKOH ¢opMyJioH: BaH:u,3eKKepa. 

Bo36y)K.JJ.eHHe H)J.pa CBH3b!Ba!OT c ero «HarpeBOM», npH'-IHHOH KOToporo HB

JIHeTCH poCT KHHeTH'-!ecKoH: 3HeprnH HYKJIOHOB H.JJ.pa H ycHJieHHe KOJie6aHHH 

H)J.epHOH nosepXHOCTH. 0.JJ.HaKO nOHHTHe nosepxHOCTH H.JJ.pa MO)KeT 6bITb npHHHTO 

«C HaTfl)KKOH». )leHCTBHTeJibHO, '-IHCJIO '-!aCTHU Ha noBepxHOCTH MaKpOCKOilH'-!e

CKOH KanJIH 3Ha'-IHTeJibHO MeHbllle o6w.ero '-IHCJia '-laCTHU, BXO)J.flill,HX B ee COCTaB, 

TOr.JJ.a KaK Ha noBepxHOCTH «MO.JJ.eJibHoro H.JJ.pa» c A >> 1 pacnoJio)KeHa npHMepHo 

noJIOBHHa cocTaBJIHIOW.HX ero '-!aCTHU. )lJIH H.JJ.ep *e c A "'"' 1 npe.JJ.cTaBJieHHe 

0 nosepXHOCTH H.JJ.pa-KanJIH Boo6w.e CTaHOBHTCH Heonpe)J.eJieHHbIM. 

TaKHM o6pa30M, KaneJihHaH MO.JJ.eJib H.JJ.pa npaKTH'-!eCKH MO)KeT 6hITb HCnOJib-

30BaHa )J.JIH onHCaHHH HeKOTOpb!X 3aKOHOMepHOCTeH cpe.JJ.HHX H Tf!)KeJib!X H.JJ.ep. 

CTpHBJieKaH nOHHTHH 3TOH MO.JJ.eJIH, paccMoTpHM Tenepb noJiy3MnHpH'-!ecKy10 

cpopMyJiy K. BaH:u3eKKepa, ycTaHOBJieHHYIO HM B 1935 r. nocJie)J.Hflfl 3anHCbIBaeT

Cfl B CJie.JJ.yIOW.eM BH)J.e: 

E(A, Z) = aA - (3A2/3 - 1z2 A-1/3 - ~ (A-A2Z)2 + r5A-3/4. (7.27) 

Ka*.JJ.Oe H3 cJiaraeMbIX 3TOH cpopMyJihI o6Jia)J.aeT onpe.JJ.eJieHHbIM cpH3H'-!eCKHM 

CMbICJIOM. TaK, nocKOJibKY 3HeprnH CBH3H nponopuHoHaJibHa MaccoBoMy '-IHCJIY A, 
TO Bbipa)KeHHe .JJ.JIH E(A, Z) MO)KHO 3an0caTb B BH.JJ.e E(A, Z) = aA (a -

1) )J.JJH cpaBHemrn yKa)KeM, lj TO IIJIOTHOCTb Hatt6oJJee TBep,n:oro «aTOMHOro» MaTepttaJJa - aJJMa-
33 paBHa 3,5 r/cM3

, T. e. Ha 14 rropH,n:KOB MeHhwe! YKa*eM rrorryTHo, 4TO cyw,ecrnyIOT CBepxrrJJOTHbie 
H!l,pa. 3TOT Borrpoc paccMaTpttBaeTCH B rn. 22. 
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K03cpcpm.1.0eHT nponopu.00HaJJbHOcrn), ecJJH C'-IHTaTh see HYKJJOHhI 51.ll.pa pasHou,eH

HhIMH. ilOCKOJlbKY )Ke 3TO He TaK, TO He06XO,JJ,HMO BBeCTH B paCCMaTpHBaeMylO 

cpopMyJJy nonpaBO'-!Hbie '-IJJeHbI. 

ilepBbIM 113 HHX 51BJl51eTC51 '-!JleH ,8A2/ 3, paBHbIH IlOBepXHOCTHOH 3HeprnH 51.ll.pa. 

3Ta xapaKTepHCTHKa 51BJl51eTCH o6UJ,eH .ll.Jl51 Jll06b!X KOHe'-!HbIX CHCTeM: OHa OTpa

)KaeT TO o6CT051TeJlbCTBO, '-ITO '-laCTHU,bl, HaXO.ll.51lll,HeCH Ha nosepxHOCTH, HMe!OT 

MeHhrne coce.n.eH:, '-leM BHyTpeHHHe '-!aCTHU.hI. CTo3TOMY 3Heprn51 CB513H 51.ll.pa 6y.n.eT 

MeHhrne aA Ha seJJH'-IHHy, nponopu.00HaJlhHY10 ero nosepxHOCTH. 

TpeThe cJJaraeMoe noJJy3Mn11p11'-IeCKOH cpopMyJihI - KYJJOHOBCKa51 3Heprn51 

paBHOMepHo 3ap51)KeHHOH ccpepbI pa.n.11ycoM R = RoA 113. KyJJoHOBCKHe CHJlhI He 

06Jia.n.a10T HaChIUJ,eHHeM, Ka)K.ll.blH H3 z npoTOHOB B3aHMO.ll.eHcTByeT c OCTaJlb

HblMH (Z - 1) npoTOHaMH, no3TOMY KYJJOHOBCKa51 3Heprn51 nponopu.110HaJJbHa 

Z(Z - 1) ,..._, Z 2 
H o6parno nponopu,HoHaJlbHa R. Perna51 3a.n.a'-ly 06 3JieKTpocTa

TH'-leCKOH 3Hepr110 Ee rnapa, no o6beMy KOToporo c paBHOMepHOH ITJlOTHOCThlO 

pacnpe.n.eJJeHO z 0.ll.HOHMeHHbIX 3ap51.ll.OB, ITOJIY'-IHM 

3e2 

r.n.e I= 5~· 

E = ~ (Ze)2 = z2A-l/3 
c 5 R I ' 

l.JernepToe CJlaraeMOe B ITOJlY3MITHpH'-IeCKOH cpopMyJJe - 3Heprn51 CHMMeTpHH 

51.ll.pa oTpa)KaeT TeH.n.eHU.HIO K CTa6HJJhHOCTH 51.n.ep c N = Z, npo51BJJ5110UJ,y10rn 

B «51BHOM s11.n.e» B o6JJaCTH JJerKHX 51.ll.ep; OTKJJOHeHHe OT paseHCTBa Z = A/2 = N 
B JJ106y10 cTOpoHy np11so.n.11T K yMeHhUieHHIO 3HeprnH CB513H, '-ITO H Y'-IHThIBaeT-

(A/2 Z)2 

CH B cpopMyJJe (7.27) '-!JleHOM BH.ll.a <; ; • 0TMeTHM, '-ITO y CTa6HJibHblX 

cpe.n.HHX H TH)KeJJbIX 51.ll.ep Z < N, T. e. OHH 06JJa.n.a10T 6oJJbrneH: KOHU.eHTpau.11eH: 

HeHTpOHOB no cpaBHeHHIO c JlefKHMH 51.ll.paMH. 3To cnoco6cTBYeT KOMITeHcau.1rn 

51.n.epHbIMH c11JJaMH KYJJOHOBCKoro paCTaJJKHBaHH51 npoTOHOB, 3Heprn51 KOToporo 

nponopu,HOHaJlhHa, KaK OTMe'-!aJlOCb, Z 2. 0.n.HaKO 3cpcpeKT KYJIOHOBCKOfO paCTaJI

KHBaHH51 Y'-IHThIBaeTc51 TpeTbHM '-IJieHoM, TaK '-ITO .ll.Jl51 cpe.n.HHX H T51)KeJlhIX 51.n.ep 

(A/2 Z)2 

TaK)Ke cJJe.n.yeT Y'-IHThIBaTh 3cpcpeKT CHMMeTpHH, BBO.ll.51 '-IJJeH c; A 

il51ThIH '-!JJeH B (7.27) CB513aH c cyUJ,ecrnosaHHeM y HYKJJOHOB TaK Ha3hrnaeMoro 

napHOcO B3aUM08eucmBU5l. 0 ero cyUJ,eCTBOBaHHH CBH.ll.eTeJlbCTByeT CJJe.n.y10UJ,ee 

o6CT051TeJlbCTBO. 

By.n.eM paccMaTpHBaTh noJIHYIO 3Heprn10 CB513H KaK cpyHKU.HIO nepeMeHHhIX N 
H Z. Harn51.ll.HO MO)KHO npe.n.crnBHTh MaTeMaT11'-leCKy10 cpyHKU.HIO E(N, Z) B s11.n.e 

HeCKOJlhKHX nosepxHOCTeH, paCITOJlO)KeHHbIX .n.pyr Ha.LI. .n.pyroM. l.JeTHO-'-leTHbie 

51.ll.pa (Z, N - '-leTHbie) JJe)KaT Ha Ha1160JJee BhICOKO pacnoJJO)KeHHOH nosepx

HOCTH, nocpe.n.HHe pacnoJJo)KeHa nosepxHOCTh, co.n.ep)Kalll,a51 51.n.pa c He'-!eTHhIM A 
(c '-!eTHhIM Z 11 He'-leTHhIM N, JJ1160 )Ke Hao6opoT); HH)Kaifrna51 nosepxHocTh 

co.n.ep)KHT He'-!eTHO-He'-leTHbie 51.ll.pa (Z 11 N He'-!eTHhI). 3TO 11 yKa3hIBaeT Ha TO, 

'-ITO B 51.ll.pax cyUJ,ecrnyeT 3cpcpeKT cnap11BaHH5I ( coe.n.HHeHH51 B nap bl) 0.ll.HHaKOBblX 

HYKJJOHOB. PaccT051HH51, pa3.n.eJJ5llOUJ,He coce.n.H11e nosepxHOCTH, 11Me10T nop51.ll.OK 

1 M3B, cJie.n.osaTeJJhHO, 6JJaro.n.ap51 3cpcpeKTY cnapHBaHH51 3Heprn51 CB513H yseJIH-



§ 7.5. 3Hepi!U5l CB5l3U flaep 149 

41rnaeTCH opH6JIH3HTeJibHO Ha 1 M3B. )lonoJIHHTeJihHoe yBeJIHYeHHe 3HeprnH, 

CB513aHHOe c 3THM 3cpcpeKTOM IIOJIYYHJIO Ha3BaHHe &Hepiuu cnapuBaHUR HJIH 

napHOH 3HeprnH. 

BecbMa HarJI51,II.Ho 3cpcpeKT coapHBaHH51 HJIJIIOCTpHpyeT pHc. 7.8, r.ne ope,nCTaB

JieHa 3aBHCHMOCTh 3HeprnH oT,neJieHH51 HeihpoHa En = E(A, Z) - E(A - 1, Z) 

15 

5 

0 

0 10 20 30 40 
t t t t 
2 8 20 28 

50 60 
t 

50 

En(N, Z)=E(A, Z)-E(A-1, Z) 

N HeqeTHO 

Z qeTHO 

N 

70 80 90 100 110 120 130 140 150 160 
t t 

82 126 

P11c. 7.8. 3aa11c11MOCTb 3Hepr1111 OT,n:eJJeHHH HeihpoHa En OT q11cJ1a HeihpoHOB N. JI11H11HMl1 coe,n:11-

HeHbI H,n:pa c o,n:11HaKOBbIM HeihpoHHbIM H36bITKOM N - Z 

OT YHCJia HeHTpoHoB N; JIHHH51MH coe,nHHeHbI 51,npa c o,nHHaKOBhIM HeihpoHHhIM 

H36bITKOM N - Z. XapaKTepHoH oco6eHHOCThIO 3aBHCHMOCTH En(N) 51BJI51IOTC51 

CHCTeMaTH4€CKHe pe3KHe CKaYKH, IIpHYeM 51,II.paM c YeTHbIM N COOTBeTCTBYIOT 

cymecTBeHHO 6oJihllIHe 3HaYeHH51 En, YeM c HeYeTHhIM N. HmKe MhI IIOKa)KeM, YTO 

51,npa HMeIOT 060JioqeqHy10 cTpyKTYPY· 0Ka3bIBaeTc51, YTO BapHaLI.H51 nptt N = 82, 
CB513aHHa51 c 3aIIOJIHeHHeM oope,neJieHHOH H€HTpOHHOH o60JI04KH, HMeeT TOT )1(€ 

nop51,II.OK, 4TO H CKaYKH, CB513aHHbie c 3cpcpeKTOM coapHBaHH51. 

CToCT051HHbie a, ... , 8, OIIpe,neJieHHbie C Y4€TOM pe3yJihTaTOB Ha6JIIO,ll.€HHH, 

paBHbl 

a= 15,6 M3B, {3 = 17,2 M3B, 'Y = 0,72 M3B, 

( = 23,6 M3B, 8 = 34 M3B, 

{ 

+ 181 ,ll.Jl51 4€TH0-4€THbIX 51,II.ep, 

8 = 0 ,II.JI51 qerno-HeYeTHbIX 51,II.ep, 

- 181 ,ll.JI51 HeYeTHO-HeYeTHbIX 51,nep. 

ct>opMyJia Bai1u.3eKKepa c 3THMH K03cpcp11u.11eHTaM11 II03BOJI51eT BhIYHCJI51Th 3HaYe

HH51 E(A, Z) KaK ,nJI51 cTa6HJihHhIX, TaK 11 ,II.JI51 KBa3HCTa6HJihHhIX 51,nep c oorpellI

HOCThIO, He opeBhilliaIOI.UeH 10-20 M3B. EcJI11 yqecTh, YTO 3HaYeHH51 E(A, Z) ,II.JI51 

si,nep c A >> 1 cocTaBJI51IOT coTHH M3B, TO BH,II.HO, YTO 3Ta cpopMyJia o6ecneYHBaeT 
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.ll.OBOJibHO BbICOKYIO pacqeTHyIO TOLIHOCTb. HarrpHMep, rrpH A OKOJIO 102 ornocH

TeJibHaH TOt.IHOCTb paBHa ,....., 1 Q-4. 

7 .5.3. 3HepnUI CBH3H KaK Mepa yCToffqHBOCTH H306ap. I1ttor.n.a ueJie

coo6pa3HO paccMaTpHBaTb aTOMbl pa3Hb!X 3JieMeHTOB c O,ll.HHaKOBblM MaCCOBb!M 

LIHCJIOM - H306apb!. 3tteprn:IO CBH311 MO)KHO CLil1TaTb MepoH ycTOHLIHBOCTl1 H306ap: 

cpe.n.11 H.n.ep, cocTOHI.ll,HX 113 A HYKJIOHOB tta1160Jiee ycTOHLil1BO TO, ,ll.JIH KOTOporo 

E(A, Z) HMeeT Ha1160Jibrnee 3HaLiett11e (H, cJie.n.oBaTeJibHO, KoTopoe o6Jia.n.aeT Ha11-

Mettbrnei1 MaccoH:). I1cnOJib3YH cpopMyJibl (7.23) H (7.27), MO.IKHO ttati:rn ycJIOBl1e, 

CBH3bIBaIOI.ll,ee A 11 Z TaKttX H.n.ep. ,Ueti:cTBHTeJibHO, KOM6HHHpyH 3TH cpopMyJibI 

11 Bb1pa.1KaH Bee LIJieHbI rro-npe:»rneMy B 3ttepreT11qecKoi1 rnKaJie, 11MeeM 

- 2/3 z2 (A - 2z)2 3/4 
MH11 (A, Z) - Zmp +(A - Z)mn - aA +,BA + 1 173 + (," A - 6A . 

A (7.28) 
CTpo.n.HcpcpepettuHpoBaB (7.28) rro Z rrpH A = const H rrpHpaBHHB npoH3BO.UHYIO 

Z- A 
- 1,98 + 0,015A213 . 

(7.29) 

<PopMyJia (7.29) II03BOJIHeT no H3BeCTHOMY A ttati:TH «paBHOBeCHoe» 3HaLiem1e Z 
,ll.JIH CTa6HJibHOfO H306apa. 3KcnepHMeHTaJibHaH npoBepKa cpopMyJibl (7.29) rro

Ka3aJia, LITO otta 06ecneq1rnaeT orrpe,neJieHHe 3HaLieHHH Z, OTJIHLiaIOI.ll,HXCH OT 

Hati:,neHHbIX 3MIIHp11LieCKH He 6oJiee, LieM Ha b.Z = ± 1. 

7 .5.4. Y.n.eJihHaSI aHeprHSI CBSl3H. BeJIHLIHHa 

E(A,Z) 
E=---

A 
(7.30) 

Ha3bIBaeTcH yae/IMWU a1-iep2ueu cBa3u. Ha pHc. 7.9 noKa3aHa 3MnHpHLieCKaH 

3aBHCHMOCTb E(A), orn6pa.1KettHaH JIOMattoH: JIHHHeti: c TOLIKaMH. Ha Hee HaJioJKeHa 

TeopeTwiecKaH 3aBHCHMOCTb, IIOCTpoeHHaH c IIOMOI.ll,b!O IIOJIY3MII11pw1ecKOH cpop

MYJibl Bai1:u3eKKepa (7.27) (cnJIOlllHaH KpHBaH). 0TMernM, qrn nocJie,I1,mrn B u.eJioM 

,ll,OBOJibHO xopOlllO annpOKCHM11pyeT Ha6JIIO,UaTeJibHbie ,UaHHbie. 0,nHaKo 3MIIHpHLie

CKaH 3aBl1CHMOCTb E(A) OTJIHLiaeTCH OT Bbll.fHCJieHHOH IIJiaBHOH KpHBOH H3JIOMaMH, 

oco6ettHo pe3KHMH H 6oJibllIHMH B o6JiacTH MaJibIX A. B .n.aJibtteti:llleM MbI o6cy.n.HM 

3TH oco6eHHOCTH 3KcnepHMeHTaJibHoi1: KpHBOH c:(A). CToKa JKe, 11rnopHpyH Hx, 

o6bHCHHM 061.ll,HH xapaKTep paccMaTpHBaeMOH 3aBHCHMOCTH. 

fpacpHK E(A) o6Jia.n.aeT MaKCHMYMOM (:=:::; 8,8 M3B) npH A= 56, cna,I1,aH B cTo

poHy 6oJiblllHX H MeHblliHX 3HaT..J:emrn A. Cna.n.aH11e B CTopoHy MaJibIX 3Ha

qeHHH MaccoBoro LIHCJia o6bHCHHeTCH npOHBJieHHeM IIOBepxHOCTHbIX 3cjJcpeKTOB 

(orn6pa.1KaeMblX BTOpb!M qJieHOM IIOJIY3MIIHpHLieCKOH cpopMyJibl). ,UeHCTBHTeJibHO, 

B o6JiacTH JierKHX H,ll.ep 3cpcpeKTbI KYJIOHOBCKoro pacTaJIKHBaHHH npoTOHOB cJia6b1 

(ornocHTeJibHO MaJI TpernH: LIJieH (7.27)). 4eTBepTbIH T..J:JieH npH A/2 = Z paBeH 

HYJIIO. PoJib JKe noBepxttocTHbIX 3cpcpeKTOB yBeJIHqHBaeTcH c pocTOM OTHOllleHHH 

IIOBepXHOCTH H,ll.pa K ero o6beMy. 
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P11c. 7.9. 3aBl1Cl1MOCTb yAeJlbHOtt 3Hepnm CB5!311 ;;; OT MaccoBoro '-IHCJJa A: nnaBHaH Kp11BaH -

pe3yJJbTaT Bbl'll1CJJeHI1H no cj:>opMyJJe (7.27); JJOMaHa5! JII1Hl15! c TO'lKaMH noCTpoeHa no 3KCnep11MeH

TaJlbHbIM 3Ha'leHl15!M 

Cna,11.am1e Kp11BOH E(A) B crnpoHy 6o.nhll111X A o6yc.noB.neHo B03pacTaH11eM 

OTHOCl1Te.ITbHOH po.n11 KY.ITOHOBCKl1X 3cpcpeKTOB, KaK 06 3TOM Mb! y)Ke rOBOp11.nl1 

Bblllle. 

BaMHOH oco6eHHOCThIO xo,Ua Kp11Boi1 t:(A) HB.nHeTcH TO, lJTO ee cpe,11.Hee 

3Ha'-Iem1e s cpaBm!Te.nbHO Ma.no OT.ITH'-IaeTC5l. OT MHHHMa.nbHOrO 11 MaKCHM3.ITbHOro 

3Ha'-!eH11H y,11.e.nbHOti 3Heprn11. 3Heprn51 CB51311 MOMeT 6h!Tb no.noMeHa paBHOti 

E(A, Z) ;:::j t:A, 11, c.ne,11.oBaTe.nbHO, E(A, Z) nponopu:i10tta.nbHa Macce 51,ll,pa. 3rn 
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yKa3hIBaeT Ha TO, qTo Ka:IBJI,b!H H3 HYKJIOHOB 06pa3yeT CBH3b J!Hlllb c 6JIH)KaH

llIHM napTHepoM ( ecJIH 6h1 ocymecTBJIHJIOCh B3aHMOJI.eHCTBHe KaM)l,oro HYKJioHa 

co BCeMH OCTaJihHbIMH HYKJIOHaMH H,ll.pa, TO IlOJIHaJI 3HeprmI CBH3H 6hIJia 6bI 

nponop1.1,HoHaJibHa qHcJiy B3aHMOJJ.eiicrnyIOmHx HYKJIOHHhIX nap): 

E(A, Z) rv A(A - 1) rv A2. 

0TCIO)J,a CJie)J,yeT, qTQ B HJI.pe cymecrnyeT ftaCbtU{el-tUe aaepHblX CU!l. 

§ 7 .6. MoMeHThI .HJJ.ep 

CBOHCTBa MOMeHTOB HJI.ep no,l1.po6Ho pacCMOTpeHbl HaMH B KHHre [2, fJI. 15], 
TaM Me OilHCaHhl H 3KCnepHMeHTaJibHbie MeTOJ.l.bl HX HCCJie,ll.OBaHHH. 4HTaTeJib 

MOMeT JIH60 o6paTHTbCH K MaTepHaJiaM yKa3aHHOH rJiaBhl, JIH60 orpaHHqHThCH 

KpaTKHM nepecKa30M CBOHCTB HJI.epHblX MOMeHTOB, npHBO)J,HMbIX B 3TOM napa

rpacpe. 

7 .6.1. MoMeHTbI HMDYJILca HJJ.ep. B coOTBeTCTBHH c 3aKOHOM KBaHTOBaHHH 

MexaHHqecKHX MOMeHTOB MHKpoqacTHl..I,, KBa)J,paT MOMeHTa HMilYJibCa HJI.pa paBeH 

M 2 = h2I 2 = h2(1(1+1)), 

r)J,e I - KBaHTOBOe qHcJio, Ha3brnaeMoe cnHHOM HJJ.pa. Do HCTOpHqecKott TpaJI.Hl..J,HH 

cnHHOM qacrn Ha3hIBaIOT H KBaHTOBhIH BeKTOp I = ~ (T. e. MOMeHT HMnyJihca 

H)J,pa, BbipaMeHHblH B e)J,HHHl..l,aX h). 0)1,HaKO 6Jiaro)J,apH O)J,H03HaqHOCTH CBH3H 

MeMJI.Y I H I H6o I = JI (I + 1) , 3Ta oco6eHHOCTh TepMHHOJIOrHH He OTpaMaeTCH 

Ha HCHOCTH H3JIO)KeHHH. DpoTOH H HeHTpOH o6Jia)J,aIOT CflHHOM ~' a )J,JIH pa3Hb!X 

HJI.ep I= 0, 1/2, 1, 3/2, 2, .... 
B o6meM cJiyqae MOMeHT HMnyJihCa HJI.pa onpeJI.eJIHeTcH He cyMMOH I = L Ii 

i 
CnHHOBblX MOMeHTOB HYKJIOHOB, a cyMMOH HX CilHHOBbIX H op6HTaJibHblX MOMeHTOB 

I = 11 + 12 + ... +IA + 11 + 12 + ... + lA, 

r)J,e li - op6maJihHhIH MOMeHT i-ro HYKJIOHa, xapaKTepH3yeMhIH no,l1.o6Ho 3JieK

TpoHy aTOMa 1.1,eJioqHcJieHHblM op6HTaJihHblM KBaHTOBblM qHCJIOM l. ,llJIH HJI.ep 

c qeTHhIM MaccoBhIM qHcJioM A cnHH I npHHHMaeT 1.1,eJibie 3HaqeHHH, a JI.JIH HJI.ep 

c HeqeTHhIM A - noJiy1.1,eJih1e. 

DpoeKl..l,HH Iz = m1 MOMeHTa I Ha npoH3BOJihHOe HanpaBJieHHe z MOMeT 

npHHHMaTb 3HaqeHHH 

m1 = I,I - 1, ... - I, 

BCero 21 + 1 3HaqeHHH. 

KaK H JI.JIH 3JieKTpOHOB aToMa, JI.JIH HYKJIOHOB HJI.pa ocymecrnJIHeTcH LS-CBH3h 

HJIH jj-CBH3b. B nepBoM cJiyqae Bee op6HTaJihHb1e MOMeHThI HYKJIOHOB CKJia)J,bIBa

IOTCH B cyMMapHhIH MOMeHT L, a Bee HX cnHHhI B cyMMapHbIH cnHHOBOH MOMeHT S, 
MOMeHT HMnyJihca HJI.pa paBeH I = L + S. Bo BTopoM CJiyqae op6maJibHhIH 

MOMeHT HYKJIOHa CKJiaJI.hIBaeTcH c ero cnHHOBhIM MOMeHTOM Ii+ li = ji, a noJIHhIH 
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MOMeHT HMilYJibca paBeH I= Lji. CornaCHo Ha6JIIOJJ.eHHHM, B HJJ.pax npeo6Jia,l.J.aeT 

jj-cBH3h. ToJibKO B HaH6oJiee JierKHX HJJ.pax ocymecTBJIHeTCH LS-cBH3b. XapaKTep 

CBH3H HYKJIOHOB B HJJ.pe onpeJJ.eJIHeTCH CBOMCTBaMH RJJ.epHbIX CHJI. 

7 .6.2. MarHHTHbIH 11 KBa,n;pynoJibHbIH MOMeHTbI .s.n;ep. B TeopHH 3JieK

TpHqecrna cymecrnyeT nOHHTHe o 2L-noJie (MYJihrnnoJie), r,l.J.e L MO)KeT npHHH

MaTb 3HaqeHHH 1, 2, 3, ... ; B L-noJihHOM npH6JIH)KeHHH noJiyqaeTCH MarHHTHoe 

2L-noJibHOe H 3JieKTpHqecKoe 2L+ 1-noJihHoe H3JiyqeHHH. B paMKax npeJJ.cTaBJie

HHH 06 L-IlOJibHOM H3JiyqeHHH BBO,l.J.5ITC5I IlOHHTM5I H3JiyqaJOI.I.J.HX CHCTeM: JJ.HilO

JIH - COBOKYilHOCTH H3 JJ.BYX 3apHJJ.OB - IlOJIO)KHTeJibHOrO H OTpHl..l,aTeJibHOro, 

KBaJJ.pynoJIH, COCTOHI.I.J.ero H3 JJ.BYX npOTHBOilOJIO)KHO HanpaBJieHHbIX JJ.HilOJieM, 

OKTynoJIH - coBoKynHOCTH JJ.Byx KBaJJ.pynoJieif H T.JJ.. (noJJ.po6Hee 3TOT sonpoc 

paccMaTpHBaeTCH B KHHre [2, § 9.3]. 
B HJJ.epHOH cneKTpocKOilHH, onHpaHCh Ha 3TO npeJJ.CTaBJieHHe, BBOJJ.HTCH no

HHTHH MarHHTHbIX H 3JieKTpHqecKHX MOMeHTOB aTOMHbIX HJJ.ep nopHJJ.Ka n = 2L 

(L = 1, 2, 3, ... ), npHqeM JJ.JIH nepBbIX L HeqeTHo, a JJ.JIH BTOpbIX L qeTHo. 0JJ.HaKo 

npaKTHqecKOe 3HaqeHHe HMelOT JIHlllb MOMeHTbl HH)KaHllIHX nopHJJ.KOB: MarHHTHbIH 

)],HilOJibHblH MOMeHT (n = 2 1 = 2), Ha3hIBaeMblH o6bJqHQ AWZHUmHblM MOMeHmOM 

H 3JieKTpHqecKHH KBaJJ.pynoJibHblH MOMeHT (n = 2 2 = 4), COKpameHHO Ha3bIBa

eMbIM npocTo KeaapynoAbHbtM MOMeHmOM. PoJib MarHHTHhIX H 3JieKTpHqecKHX 

MOMeHTOB 6oJiee BbICOKHX nopHJJ.KOB B IlO,l.J.aBJIHJOI.I.J.eM qHCJie CJiyqaes He3HaqH

TeJibHa H B ,l.J.aJihHeHllleM, 3a pe,l1.qaifllIHMH HCKJIJOqeHHHMH, He paccMaTpHBaeTCH. 

Sfopa o6Jia,l.J.aJOT MarHHTHhIMH MOMeHTaMH B CHJIY JJ.BYX cJieJJ.yJOI.I.J.Hx npHqHH: 

BO-nepBbIX, 6Jiaro,l1.apH TOMy, qTQ HYKJIOHbl, BXO,l.J.51.I.I.J.He B COCTaB HJJ.pa, o6Jia,l.J.alOT 

co6CTBeHHblMH MarHHTHbIMH MOMeHTaMH, a, BO-BTOpbIX, BCJie,l.J.CTBHe cymecTBOBa

HHH op6HTaJibHOro JJ.BH)KeHHH npOTOHOB. 

YcpeJJ.HeHHhIH no JJ.BH)KeHHJO qacTHIJ, B HJJ.pe MarHHTHbIH MOMeHT µ1 HanpasJieH 

BJJ.OJih HJIH npoTHB MOMeHTa HMilYJibca HJJ.pa I, 3aJJ.a10mero eJJ.HHCTBeHHOe BhIJJ.e

JieHHoe BHYTPH HJJ.pa HanpasJieHHe. 3TH BeKTOpbI CBH3aHbI cooTHOllleHHeM 

(7.31) 

B (7.31) µHA - HJJ.epHbIH MHO)KHTeJib, 3HaqeHHe Kornporo onpeJJ.eJIHeTcH rnnoM 

H)].pa (g - BeJIHqHHa nopHJJ.Ka 1)' 

(7.32) 

HJJ.epHbIH MarneTOH (mp - Macca npoToHa). B Kaqecrne eJJ.HHHIJ,bI H3MepeHHH 

~JieKTpOHHbIX MarHHTHbIX MOMeHTOB HCilOJib3yeTC51., KaK H3BeCTHO, MarHeTOH 5opa 

/l5 OilHCbJBaeMbIH cpopMyJIOH 

(7.33) 

r,l.J.e me - Macca 3JieKTpoHa. CpaBHeHHe 3HaqeHHH µHll. H µ5, IlOKa3bIBaeT qTQ 

~=mp= 1836 
' µHA me 
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T. e. µfl/l, B 1836 pa3 MeHbrne µ5. CoorneTcTBeHHO 3HatJeHHH H.n:epHbIX MarHHTHhIX 

MOMeHTOB OKa3h!BaIOTCH Ha TPH nopB.n:Ka MeHhille 3HalJeHlfH 3JieKTpOHHb!X MarHHT

HbIX MOMeHTOB. H.n:epHbIH MarHeTOH HBJIHeTCH eCTeCTBeHHOH e.n:HHHU,eH H3MepeHHH 

MafHHTHb!X MOMeHTOB aTOMHbIX HAep. 00CJieAHHe, OAHaKO, He KpaTHbl µfill.. 
3HeprHH B3aHMo.n:eH:cTBHH MOMeHTa µ1 H MarHHTHoro noJIH B onpe.n:eJIHeTCH 

cf>opMyJIOH 

r.n:e µ1z - npoeKU,HH MarHHTHoro MoMeHTa Ha BhIAeJieHHoe HanpaBJieHHe Z. 
MaKcHMaJihHOe 3HatJeHHe 3TOH npoeKU,HH pasHo 

(µlz )MaKC = g1µH/l,(Iz)MaKC = g1µH/l,I. 

(7.34) 

paBHhIH (µ1z )MaKc• o6bilJHO Ha3b!BaIOT MarHHTHbIM MOMeHTOM HApa. EcJIH aeKTOpbI 

µl H I OAHHaKOBO HanpaBJieHbl, TO MarHHTHb!H MOMeHT µ1 IlOJIOLKHTeJieH, eCJIH LKe 

3TH BeKTOpbl npoTHBOilOJlO)KHO HanpasJieHbl, TO µ1 OTpHU,aTeJieH. 

OcTaHOBHMCH Tenepb Ha sonpoce o CBH3H MeLK.n:y pacnpe.n:eJieHHeM 3JieKTpH

qecKoro 3apH.ll.a a H.ll.pe H ero KBa.n:pynoJihHhIM MOMeHTOM. HApo c acHMMeTpHlIHO 

pacnpe.ll,eJieHHb!M 3JieKTPHlieCKHM 3apH.ll,OM o6Jia.n:aeT oceBOH CHMMeTpHeH H HMeeT 

Bb!THHYTYIO ( COJIIOCHYTYIO) cf>opMy. 

PacnoJIOLKHM HatJaJio Koop.n.irnaT B u,eHTpe rnLKecTH H)l,pa. 06o3HalJHM qepe3 p 
nJIOTHOCTb 3JieKTpHtJecKoro 3apH.n:a, pacnoJioLKeHHoro B TOlJKe c Koop.n:HHaTaMH 

~. TJ, (, HaXOAHIIl,eHCH Ha paccTOHHHH r OT HalJaJia KOOPAHHaT H BbI6epeM OCb 

CHMMeTpHH H.ll,pa 3a OCb (. KBa.ll.pynoJibHblH MOMeHT H.ll.pa onpe.ll,eJrneTCSl Bbrpa-

LKeHHeM 

eQ = e J (3(2 
- r2)pdV, (7.35) 

r.n:e HHTerpHpOB3HHe npOH3BOAHTCH no BCeMy o6beMy H.n:pa. 

Ksa.n:pynoJihHhIH MOMeHT o6Jia.ll,aeT pa3MepHOCTbIO 3apH.ll.a, yMHOLKeHHOro Ha 

KBa.ll.paT .ll.JIHHb!. 0.ll.H3KO o6bllJHO OH Bb1paLKaeTCH B eJI.HHHU,ax, HMeIOIIl.HX pa3Mep

HOCTb KBa.n.paTa AJIHHbl. Do DOpHAKY BeJIHlJHHbl KB3.ll.PYDOJibHhie MOMeHTbl paBHbl 

10-26-10-24 CM2, lJTO npH6JIHLKeHHO COOTBeTcrnyeT 3HalJeHHHM nonepelJHOro ce

lJeHHH HJI.pa. 

Ll.JIH H)l,pa ccf>epHlieCKOH cpopMbl KBa.ll.pynOJibHblH MOMeHT paseH HYJIIO. LI.eA

CTBHTeJibHO, B 3TOM CJiyqae HMeeM: 

J (2 
p dV = (

2 = ~2 = rf = ~ r 2 = ~ J r2 
p dV, 

OT Ky JI.a 

Il03TOMY HHTerpaJI (7.35) o6pamaeTCH B HYJib. Ll.JIH H.ll,pa, Bb!THHYTOro B.ll.OJlb OCH ( 

( rnrapoo6pa3Hoe H.ll.PO) 
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H KBa)l.pynoJJbHblH MOMeHT IIOJJQ)iUITeJJeH; )l.Jl51 51)].pa, CIIJl!OCHyToro B)l.OJlb 3TOH OCH 

(Jl.HCKoo6pa3HOe 51)].po) 

H KBa)l.pynoJJbHblH MOMeHT OTpm.i:aTeJJeH. TaKHM o6pa30M, KBa)l.pynoJJbHb!H MO

MeHT 51BJ151€TCH MepoH OTKJIOH€HH51 pacrrpe)l.eJieHH51 3ap51)].a 51)].pa OT ccpepH4€CKOH 

C11MMeTpHH. 

5I)l.pa co cnHHOM I, paBHbIM 1/2, TaKw:e o6JJa)l.aIOT ccpepw1ecKH-CHMMeTpw1-

HbIM pacnpe)l.eJJeHHeM 3ap51)].a, I103TOMY H )l.Jl51 HHX KBa)l.pyrrOJibHblH MOM€HT Q 
paBeH HYJIIO. YlTaK, KBa.ll.pynoJibHbIMH MOMeHTaMH o6Jia)l.aIOT 51)].pa c I ~ 1. 

7 .6.3. CpaBHHTeJibHhIH attaJIH3 3KcnepHMeHTaJihHbIX 3Ha11eHHH .H,z:i;epttbIX 

CilHHOB H MarHHTHbIX MOMeHTOB. 06o6w,HM 3KCnepHMeHTaJibHO orrpe)l.eJieHHbie 

3Ha4eHH51 51)].epHblX CIIHHOB H MarHHTHb!X MOM€HTOB Ha p51)].e npHMepoB. Ha4H€M 

c npoCTeHrnHx 51)].epHbIX qacrm.i: - nporoHoB H Hei1rpOHOB. KaK H3BeCTHO, crrHHbI 

3THX 4aCTHU paBHbl 1/2, MarHHTHb!H MOMeHT npOTOHa µp = 2,79 µHA• a HeHrpo

Ha µn = -1,91 mHA· 
CTpHBe)l.eHHbie 3KCrrepHMeHraJibHbie 3Ha"!eHH51 µP H µn He coorBeTCTBy10r HX 

3Ha"leHH51M, OW:H)l,aeMb!M Ha OCHOBaHHH peJI51THBHCTCKOH KBaHTOBOH MexaHHKH. 

ll,eHCTBHTeJibHO ypaBHeHHe ll,HpaKa, OIIHCbIBaIOmee )l.BHW:eHHe qacTHU co CIIHHOM 

1/2, npHMeHHMo He TOJibKO K 3JieKrpoHy, HO H K HYKJioHaM. Cornactto reopHH 

ll,ttpaKa, MarHHTHbie MOMeHTbl 3JieKrpoHa H nporoHa paBHbl, COOTB€TCTB€HHO, 

O)l.HOMY MarneTOHY Eopa (7.33) H O)l.HOMY 51)].epHOMY MarneTOHa (7.32), TOr)l,a 

KaK MarHHTHb!H MOMeHT JIHWeHHoro 3ap51)].a HeHTpoHa )l.OJIW:eH paBH51TbC51 Hy

Jl!O. B KHHre [2] Mb! noKa3aJIH, "!TO Ha6JIIO)l.aeMbie «aHOMaJibHbie» 3Ha"leHH51 

MarHHTHb!X MOMeHTOB 3JleKrpotta, rrpOTOHa H HeHTpoHa CB513b!BaIOT c 3cpcpeKTOM 

noJI51pH3aUHH BaKyyMa (Jl.pyrne 3cpcpeKTbl, CB513aHHbie c B03)],eHCTBHeM BaKyyMa: 

caMO)l.ehCTBHe 3JleKrpoHa, C)l,BHrH ypoBHeH aroMa BOJl.OpO)l.a, MIOOHHOro aroMa 

H Jl.p., TaKw:e OIIHCaHbl B KHHre [2, § 11.2]). 
06cy)l.HM renepb pe3yJibTaTbl H3MepeHHH CITHHOB H MarHHTHbIX MOMeHTOB, 

npHBe)l,eHHb!X B Ta6JI. 7.2. 3aMeTHM, 4TO rrorpernHOCTH CO)l.epw:aw,HXC51 B HeH 

3Ha4eHHH MarHHTHb!X MOMeHTOB paBHbl O)l.HOH HJIH HeCKOJibKHM e)l,HHHUaM rro

CJie)l,Hero 3HaKa. 

Ta 6 JI 11 u a 7.2 
CrrnHhI 11 MarH!1THbie MoMeHTbl HeKOTOpbIX 1111-ep 

.H11-po I µ/µ,n H11-po I µ/µ,n ITp11Me'rnH11e 

TH 1 0,85742 ~~Cu 3/2 2,2259 

yH 1/2 2,9788 ~~Cu 3/2 2,3846 .H11-po yH pa11-11oaK-

~He 1/2 -2,1275 1 l~Cd 1/2 -0,5922 
TI1BHO, OCTaJibHble 
1111-pa CTa6!1JibHbl 

~He 0 0 '!~Cd 1/2 -0,6196 

CnHH )l.eHTpoHa - 51)].pa, cocT051w,ero H3 OJl.HOro nporoHa H OJl.HOro HeHTpoHa, 

paBeH eJJ,HHHUe, cJie)l.oBaTeJibHO, MOMeHTbI HMITYJibca cocraBJIHIOW,HX ero HYKJIO

Hos CKJJa)l.bIBaIOTC51. CoorneTcrseHHO H MarnHTHbIH MOMeHT )l.eHTpoHa )l.OJIW:eH 



156 I'A. 7. <Pu3uitecKue xapaKmepucmuKu aaepHbtx cucme.M 

CKJia,nbIBaTbCH H3 MarnHTHbIX MOMeHTOB rrpoTotta H ttei'1Tpotta. O,nttaKo B )1,eHCTBH

TeJibHOCTH cyMMa µp + µn 6JIH3Ka K MarHHTHOMy MOMeHTY ,neHTpotta, HO He paBHa 

eMy TOYHO (µp + µn > µa Ha 3HaYeHHe 0,0222 µfill.; 3TO OTKJIOHeHHe Bb!XO)J,HT 

,naJieKo 3a rrpe,neJibI ourn6oK H3MepettHH). CJie,nosaTeJibHO, cyMMapttbIH MarHHTHhIH 

MOMeHT (n-p)-CHCTeMbl He BilOJIHe a)J,)J,HTHBeH MarHHTHOMy MOMeHTY ,neH:TpoHa . 

.Il.aJiee 3aMeTHM, YTO CIIHH H,npa 1H, COCTOHlll.ero H3 O)J,HOro npoTOHa H ,nsyx 

HeHTpOHOB, paBeH 1/2, a 3HaYeHHe ero MarHHTHOfO MOMeHTa 6JIH3KO K 3HaYeHHIO 

MarHHTHOfO MOMeHTa npOTOHa. 51,npo ~He, COCTOHlll.ee H3 ABYX npoTOHOB H 0)1,HOro 

HeHTpOHa, o6Jia,naeT CIIHHOM s H MarHHTHblM MOMeHTOM, 6JIH3KHM K MarHHTHOMY 

MOMeHTY HetiTpotta. 3TH Ha6mo,neHHH MO)KHO o6bHCHHTb, rrpe,nnOJIOMHB, YTO B 

yKa3aHHb!X H)J,pax 83GUMHO KOMnertcupy10mc5l KaK cnUHbt, maK u MacHUmHbte 

MOMeHmbt oeyx OOHomunHbtX HYKAOHOB (HeHTpOHOB B nepBOM cJiyqae H rrpOTOHOB 

BO BTOpOM). TipHBe)J,eHHOe coo6pameHHe IIO)J,TBepm,naeTCH ,naHHb!MH 0 MOMeHTax 

BbICOKoycTOHYHBOro H,npa ~He. CnHH H MarHHTHbIH MoMeHT ~He paBHbI HYJIIO. 

TiepeXO)J,H K 6oJiee rnmeJibIM CTa6HJibHblM 5:1)1,paM OTMeTHM, YTO HX CilHHbl He 

npeBbilllaIOT 9/2 1). CpaBHHTeJibHaH MaJIOCTb H,nepHbIX crrHHOB TaKme CBH,neTeJib

crnyeT o KoMrrettcauHH MOMeHTOB HMIIYJibca HYKJIOHOB B HApax. ,UeJ':icTBHTeJibHO, 

eCJIH ,nonycTHTb, YTO CIIHHbl BCex HYKJIOHOB H,npa HarrpaBJieHbl B O)J,HY CTopoHy, 

TO ero crrHH ,noJimeH 6b!Tb He Mettee A/2. HanpHMep, )J,JIH H,npa 
111 

Cd crrHH 6bIJI 

6b1 He Mettee 55. B ,neifcTBHTeJibHOCTH me OH paBeH 1/2 (cM. Ta6JI. 7.2). 
CymecrnoBaHHe HBJieHHH KOMrreHcaUHH MoMeHTOB HYKJIOHOB B H,npax Momtto 

o6HapymHTb, cpaBHHBaH CIIHHbl H MarHHTHbie MOMeHTbl H,nep )J,BYX H30TOIIOB, 

OTJIHYaIOlll.HXCH Ha ,IT.Ba HeHTpOHa. 0Ka3bIBaeTCH, YTO B 60Jibll!HHCTBe cJiyqaeB 

npOHCXO)J,HT B3aHMHaH KOMneHCaQHH MOMeHTOB IlOCJie)J,OBaTeJibHO )1,06aBJIHeM~X 

HeHTpOHOB, IIOCKOJ!bKY TaKHe 5:1,npa o6Jia)J,aIOT O)J,HHaKOBbIMH CilHHaMH H rrpH6JIH-

3HTeJibHO cosna,naIOlll.HMH MarHHTHbIMH MOMeHTaMH. B rn6JI. 7.2 rrpHBe,neHbI )1,Be 

napb1 TaKHX 5:1rrep· 63Cu-65Cu H 111 Cd- 113Cd ...... . 29 29 48 48 . 
0TMeTHM, HaKOHeQ, YTO KaK H y 5:1,IT.pa ~He, CilHHbl H MarHHTHbie MOMeHTbl 

ocTaJibHbIX 5:1,nep c YeTHbIMH A H Z pasttbI HYJIIO, T. e. coorneTcTByIOlll.He MOMeHTbI 

COCTaBJIHIOlll.HX HX HYKJIOHOB IlOJIHOCTbIO KOMIIeHCHpyIOTCH. 

MbI BH)J,HM, YTO H,nepttb1e MOMeHTbI onpe,neJieHHbIM o6pa3oM 3aBHCHT KaK 

OT YeTHOCTH o6mero YHCJia HYKJIOHOB B H,npe A, TaK H OT qeTHOCTH YHcJia 

npoTOHOB Z H YeTHOCTH YHCJia HeHTpottoB N = (A - Z). 

§ 7. 7. CTaTHCTHKa aTOMHhIX ».n:ep 

7. 7 .1. KJiaccuqecKaH 11 KBaHTOBaH cTaTHCTHKa. .II.o CHX nop Mb! JIHlllb 

BCKOJib3b 3aTparHBaJIH Bonpoc o cTaTHCTHKe MHKpoqacTHQ. B 3TOM rraparpacpe 

Mb! yrny6HM HHcpopMaQHIO TaKoro po,na. HaYHeM c o6cym,neHHH pa3JIHYHH Mem,ny 

TpeMH CTaTHCTHKaMH: KJiaccHYeCKOH H KBaHTOBbIMH - <PepMH-.Il.HpaKa H 5o3e-

3!'1ttll!Tei'1tta 2). 

1) ,Ll.Jrn pap,110aKT11BHbIX Hp,ep I MOJKeT 6b1Tb 6oJibllle. Hanp1rnep, ,D,Jill 13Csl=8. 
2) CoKpameHHO nepsal! Ha3hIBaeTCll CTaTHCTHKOH ct>epMH, a BTopaH - o03e. 
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1. B OTJIHT-rtte OT KJiacctttiecKoH. CTaTHCTHKH B cTaTHCTHKax <DepMH-Ll.ttpaKa 

11 Eo3e-3H.H111Tei1.Ha HHJJ.HBHJJ.yaJibHOe pacno3HaBaHtte TO)KJJ.ecrneHHbIX qacTm..1, 

HeB03MO)KH0 (B CHJIY npliHIJ.Hna Hepa3JIH4HMOCTH i:rncTHIJ.). 

2. BoJIHOBaH cpyHKIJ.HH 'l/J(q1,q
2
), 3asttc5Illl,a5I OT npocTpaHcTBeHHbIX H cnttHOBbIX 

KOOp)J.HHaT q1 H q2 TO)K)J,€CTBeHHb!X tiaCTHIJ. 1 H 2, He M€H5IeT 3HaK nptt nepeMeHe 

4acn1IJ. MecTaMtt, ecJIH 3TH tiaCTHIJ.bI nOJJ.4HH5IIOTC5I cTaTHCTHKe Eo3e-3H.H111Tei1.Ha 

11 MeHHeT ero, eCJIH OHH nO)J,4HH5IIOTC5I CTaTHCTHKe <DepMH-,llHpaKa: 

( cTarncrnKa E03e-3H.H111Tei1Ha), 

( CTaTHCTHKa <DepMH-Ll.ttpaKa). 

B nepsoM cJiyqae cpyHKIJ.HH 'l/J(qi ,q2) CHMMeTpHtIHa, a BO BTOpoM - aHTHCHMMeT

pHtIHa. 

3. EcJIH qacTHIJ.bI nOJJ.lIHH5IIOTC5I cTaTHCTHKe <DepMtt-,llttpaKa, TO B Ka)KJJ.OM 

COCT05IHHH MO)KeT H3XO)J,HTbC5I He 6oJiee O)J,HOH '-laCTHIJ.bl (B CHJIY npHHIJ.Hna 

CTayJIH), a eCJIH - CTaTHCTHKe D03e-3HHll1TeHHa, TO B O)J,HOM H TOM )Ke COCT05IHHH 

MO)KeT 6b!Tb HaXO)J,HTbC5I JII06oe lIHCJIO '-laCTHIJ.. 

KaK Mb! 3HaeM, CHCTeMbl, COJJ.ep)Kalll,He TOJibKO TO)KJJ,eCTBeHHbie '-!aCTHIJ.bl -

cpepMHOHbl (HanpHMep, 3JieKTp0Hbl aTOMa), no)J.'-!HH5IIOTC5I npHHIJ.ttny I1ayJIH H onH

Cb!BalOTC5I CTaTHCTHKOH <DepMtt-Ll.HpaKa. ,llJI5I CJIO)KHblX '-!aCTHIJ., COCT05Illl,HX H3 

HeTO)K)J,eCTBeHHbIX 3JieMeHTapHbIX '-!3CTHIJ., BH)J, CT3THCTHKH 33BHCHT OT tieTHOCTH 

4HCJia cpepMHOHOB. B caMOM )J,eJie, npeJJ.CTaBHM, '-!TO CHCTeMa COCTOHT H3 JJ.BYX 

CJIO)KHblX TO)K)J,eCTBeHHb!X '-!aCTHIJ., o6pa30BaHHb!X H3 «3JieMeHTapHb!X» 6o30HOB 

H «3JieMeHT3pHbIX» cpepMHOHOB. ,llonycTHM, '-ITO Mb! nepeCTaBHJIH CJIO)KHbie qa

CTHIJ.bl. 3To paBHOCHJibHO nepecTaHOBKe HeKOToporo '-!HCJia nap 6030HOB H cpep

MHOHOB. 0)J.HaKO nepecTaHOBKa 6030HOB HHKaK He CKa)KeTC5I Ha 3H3Ke BOJIHOBOH 

cpyHKU.HH CHCT€Mbl; nepeCTaHOBKa )Ke cpepMHOHOB JIH60 He H3MeHHT 3T0f0 3HaKa 

( eCJIH '-!HCJIO nap cpepMHOHOB qerno)' JIH6o H3MeHHT ( eCJIH HX '-!HCJIO He'-leTHO). 

TaKHM o6pa3oM, cJIO)KHbie '-!aCTHIJ.bI c tieTHbIM '-!HCJIOM «::>JieMeHTapHbIX» cpep

MHOHOB onHCbIBalOTC5I cTaTHCTHKOH D03e, a c HetieTHblM '-!HCJIOM nocJie)J.HHX -

CTaTHCTHKOH <DepMH. HanpHMep, aTOM BO)J.OpoJJ,a COCTOHT H3 JJ.BYX qaCTHIJ. -

cpepMHOHOB - npoToHa H ::>JieKTpoHa - H noTOMY nOJJ.lIHHHeTCH cTaTHCTHKe Eo3e; 

rx-'-!aCTHIJ.a, cocT05Illl,a5I H3 '-!eTb1pex HYKJIOHOB, TaK)Ke nOJJ.lIHHHeTCH ::>TOH caTH

CTHKe. HanpoTHB, HJJ.po JIHTH5I 7Li, cocTOHlll,ee H3 ceMH HYKJIOHOB, nOJJ.lIHH5IeTC5I 

CTaTHCTHKe <DepMH. 

7. 7 .2. CTaTHCTHKa H MOMeHTbI .H;:i:ep. B 3asttcHMOCTH OT '-!eTHOCTH lIHCJia 

npOTOHOB z H '-!HCJia HeHTpOHOB (A-Z) CTa6HJibHbie 5IJJ.pa MO)KHO pa36HTb Ha 

4eTbrpe rpynnb1 (ra6JI. 7.3). 
I1epBa5I rpynna COCTOHT H3 '-!€THO-'-!€THblX 5IJJ.ep. 3TH 5IJJ.pa nO)J,lIHH5IIOTC5I 

cTaTHCTHKe Eo3e-3H.H111Tei1.Ha. CnttHbI, MarHHTHbie H KBaJJ.pynoJibHbie MOMeHTbI 

y HJJ.ep nepsoH. rpynnbI paBHbI HYJIIO. EoJiblllaH '-!aCTb scex ycTOH'-!HBbIX HJJ.ep 

npirna)J.Jie)KHT K nepsoH. rpynne. 

BTopaH rpynna cocTOHT H3 '-!eTHO-He'-!eTHbIX HJJ.ep. 3TH HJJ.pa nOJJ.'-!HH5IIOTC5I 

cTaTHCTHKe <DepMH-,llttpaKa. I1ocKOJibKY y HJJ.ep BTopoH. rpynnbI A He'-lernoe, 

TO OHH o6Jia)J,alOT noJiyIJ.eJib!MH cnHHaMH. 3a H€KOTOpb!M '-!HCJIOM HCKJIIOlleHHH 
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Ta 6 JI YI '-la 7.3 
MoMeHThI 11 cTaT!lCT!lKa H.a.ep 

Marn11THhIH 
Ksa.a.pynoJih-

CTarn-
411cJio ycrnH:-

Tm1 H.a.ep Cn11H HbIH MOMeHT, lJ!lBbJX ll)l,ep 
MOMeHT, µHA Q. 10-24 CM2 CT!lKa 

.a.aHHOrO T!lna 

1. 4eTHO-lJeTHbJe 0 0 0 5o3e-.3i1H- 162 (A 11 Z - qernble) uneH:Ha 

2. 4eTHO-HelJeTHble IToJiyue-
OT -2,13 .a.o 

OT -0,21 .a.o 10. 
<Pep Mil-(Z - qernoe, JibIH, OT 

+0,936 ITp11 I= 1/2 
.ll.11paKa 

56 
A - Be'lernoe) 1/2 .a.o 9/2 Q=O 

3. HelJeTHo-lJeTHbie IToJiyue-
OT 0,283 .a.o 

OT -0,69 .a.o 6. 
¢epMH-

(Z 11 A- Jlb!H, OT ITp11 I= 1/2 50 
HelJeTHhie) 1/2 .a.o 9/2 

6,17 
Q=O 

,l],11paKa 

4. HelJeTHO-HelJeT-
1.1,eJibIH:, OT 0,40 .a.o OT 0,0008 .a.o 5o3e-.3i1H-

Hb!e (Z - HelJeT- 4 
Hoe, A - lJeTHoe) 

OT l )l,0 6 3,35 0,4 lllTeH:Ha 

MarH11THhie MoMeHTbI y I..JeTHO-HeI..JeTHhIX 51,LI.ep oTpm.1,aTeJibHhI. KBa,LI.pynoJihHbie 

MOMeHTbl 51,LI.ep 3TOH rpynTihl, !1Me10r.u:11x CTil1H 1/2, B COrJiac1111 c TeopeTl1I..JeCKl1Ml1 

npe,LI.CTaBJieHl151Ml1 paBHbl Hymo; cpe,LI.11 OCTaJibHbIX 51,LI.ep BCTpetiaIOTC51 51,LI.pa KaK 

c TIOJIO)K11TeJihHb!Ml1, TaK 11 c OTpm..1,aTeJibHb!Ml1 KBa,LI.pynOJibHbIMl1 MOMeHTaMl1. 

TpeTh51 rpynna COCTOl1T 113 HeI..JeTHO-I..JeTHblX 51,LI.ep, TIO,ll.I..J11H51l01.IJ:11XCH CTaT11CT11-

Ke <PepM11-)l11paKa. 3ttaI..Jett11e A y 51,LI.ep 3TOH rpynnh1 HeI..Jerno, no3TOMY 11x cn11HbI 

noJiy1.1,eJihre. Y 6oJihIIIl1HCTBa 51,LI.ep MarHl1THbre MOMeHThI nOJIOR<HTeJibHhI. KaaJ:I,

pynoJibHhie MoMeHThI y HeKOTOpbIX 51,LI.ep 3TOH rpynnhl noJIO)Kl1TeJibHhI, y J:I.pyrnx 

OTpHI.J.aTeJibHhr; a y 51,LI.ep c I = 1 /2 0H11 paBHhr ttyJIIO. l.l11cJio ycTOHI..Jl1BhIX 51,LI.ep 

BTopoA 11 TpeTbeH rpynn HeCKOJibKO 60JibIIIe CTa. 

l.leTBepTa51 rpynna COCTOl1T 113 HeI..JeTHO-HeI..JeTHblX 51,LI.ep. nocJie,LI.HHe TIO,ll.I..Jl1-

H51IOTCH cTaT11cT11Ke Eo3e-3AHIIITeiitta. CTa611JihHhIX 51,LI.ep 3Toro nma HacI..Jl1Thl

BaeTCSI Bcero I..JeTbrpe: 2H, 6Li, 10B, 14N. MaccOBble I..Jl1CJia 51,LI.ep ::irnfi rpynnhr 

I..JeTHbl, H OHl1 o6Jia,LI.aIOT I.J,eJib!M11 CTil1HaMl1. MarHl1THble MOMeHTbl HeI..JeTHO-HeI..JeT

Hb!X 51,LI.ep TIOJIO)Kl1TeJibHbl, a KBa,LI.pynoJibHhie MOMeHTbl OTJil1I..JHbl OT HYJI51, XOT51 

11 OTHOCHTeJibHO HeBeJil1Kl1. 

KaK Bl1,ll.HO 113 Ta6JI. 7.3, cyr.u:ecTByeT Henocpe,LI.CTBeHHa51 CB513h Me*AY THTIOM 

KBaHTOBOH CTaTl1CTHKl1, KOTOpOH TIO,ll.I..Jl1H51lOTC51 51,LI.pa, 11 11X CTil1HOM: 5lOpa c l{eJlbt.M 
cnurto.M noi31iuHR10mc5l cmamucmuKe Eo3e-3iirtUtmeurta, a c noJtyl{eJtbt.M -
c/>ep.Mu-J(upaKa. 3TOT pe3yJibTaT MO:>K.HO JierKO 06bHCHHTb Ha OCHOBe pa3Bl1Tb!X 

BbIIIIe TeopeT11I..JeCKl1X coo6pa)KeH11H. 

§ 7.8. qeTHOCTh .H,n:ep 

noHHTl1eM I..JeTHOCTl1 Mb! HeO,ll.HOKpaTHO TIOJib30BaJIHCb B [2]. HanoMHHM, 

I..JTO I..JeTHOCTb xapaKTep113yeT CBOHCTBO Cl1MMeTp1111 M11KpOCl1CTeM no OTHOIIIe

Hl1lO K 3epKaJibHOMY 0TpaMett1110. BaMHOCTh 3Toro cpytt,LI.aMeHTaJibHOro noH51Tl151 

CB513atta c 3aKOHOM coxpatteH115I I..JeTHOCT11: c/Ju3u1iecKa5l cucme.Ma, 06Aaoa1014a5l 



§ 7.8. l/emnocmb Jtaep 159 

3epKaAbHoii cuJvtMempueu B HattaAbHOM cocmoflHUU coxpaHRem ee u Bo Bee 
nocAeay10UfUe MOMeHmbl BpeMeHu. 3aKOH coxpaHeHIUI lJ.eTHOCTH cnpaBe,ll,JIHB ,ll,JIH 

3JieKTpoMarHHTHbIX H CHJibHbIX B3aHMO,ll,eHcTBHH. B cJia6bIX B3aHMO,ll,eHcTBHHX 

3TOT 3aKOH HapywaeTCH (cM. HH:>Ke). 

Yacn11..1,aM c HeHyJieBOH MaccoH: noKOH MO:>KHO np11nttcaTb xapaKTepHCTHKy, Ha-

3bIBaeMyIO BHyTpeHHeH lJ.eTHOCTb!O ( HJIH npOCTO lJ.eTHOCTb!O). lieTHOCTb lJ.aCTHU,bl 

Bbipa:>KaeTCH l.J.HCJIOM 7r = + 1 HJIH 7r = -1. EcJIH ,ll,JIH tJ.aCTHUbI 7r = + 1, TO otta 

Ha3bIBaeTCH ttemHOU, a ecJIH 7r = -1, TO HettemHOU. 
lieTHOCTb CJIO:>KHOH (cOCTaBHOH) lJ.aCTHU,bl lJ.aCTO MO:>KeT 6b!Tb onpe,ll,eJieHa CJie

ll.Y!Olll,HM o6pa30M. ,llonycrnM, l.J.TO HMeeTCH CHCTeMa ll.BYX HeB3aHMOJJ,eHcTBy!Olll,HX 

lJ.aCTHU 1 H 2, onHCbIBaeMbIX BOJIHOBOH <PYHKU,HeH 

(7.36) 

rJJ,e BOJIHOBbie <PYHKUHH 1/J1 l1 1/J2 onHCbIBaIOT BHyTpeHHee COCTOHHHe lJ.aCTHU 1 H 2 
COOTBeTCTBeHHO (nocJie,ll,HHe MoryT 6b!Tb, eCTecrneHHO, CJIO)KHb!MH CHCTeMaMH), 

'l/Jl1 H 1/J12 - BOJIHOBbie <PYHKUHH OTHOCHTeJibHOfO ,ll,BH:>KeHHH 3THX lJ.aCTHI.l,. ,llJIH 

onpe,ll,eJieHHH lJ.eTHOCTH Heo6XO,ll,HMO npoBepHTb, MeH.HeTCH JIH 3HaK nepe,ll, COOT

seTCTBYIOlll,eH BOJIHOBOH <PYHK1.1,HeH npH HHBepc1111 Koop,ll,HHaT. ITposeJJ,ett11e TaKOH 

onepaUHH no OTHOllleHHIO K <PYHKI.l,HHM 1/J1' 1/J2. 1/Jz2 H 1/J12 ,ll,aeT 7ri+2 = 'TrJ 7r27rz11rl2. 

3JJ,eCb 7ri+2 - lJ.eTHOCTb CHCTeMbl lJ.aCTHI.l, 1 H 2. 
l1TaK, lJ.eTHOCTb CJIO:>KHOH CHCTeMbl 7ri+2 paBHa npOH3BeJJ,eHHIO BHyTpeHHHX 

YeTHOCTeH COCTaBJIH!Olll,HX ee lJ.aCTHI.l, H lJ.eTHOCTeH BOJIHOBb!X <PYHKUHH, KOTOpb!e 

onHCbIBa!OT ,ll,BH:>KeHHe 3THX lJ.aCTHU OTHOCHTeJibHOfO o6mero uettTpa HHepI..1,HH. 

OnepaUHH HHBepcm1 npHBO,ll,HT K npeo6pa3osaHHIO Jr = (-1 )1 (cM., ttanp11Mep, 

[2, § 12.4]). YlJ.HTbIBaH 3TO COOTHOllleHHe, HMeeM 

(7.37) 

c noMOlll,b!O npaBHJia (7.36) MO)KHO onpeJJ,eJIHTb lJ.eTHOCTb paccMaTpHBaeMOH 

rncTeMbI, ecJIH BHyTpeHHHe lJ.eTHOCTH lJ.aCTHU 1 H 2 H3BecTHbI. EcJIH :>Ke OHH 

HeH3BeCTHbl, TO no OTHOllleHHIO K Ka:>K)l,OH H3 HHX MO)KHO npHMeHHTb attaJIOfHlJ.

HOe paccyMJJ,eHHe. B Kottue-KOHI.J.OB MbI npeJJ,cTaBHM paccMaTpHBaeMyIO CHCTeMy 

B BH,ll,e COBOKynHOCTH 3JieMeHTapHb!X lJ.aCTHI.l,. HanpHMep, H,ll,po B paMKax COOTBeT

CTByIOlll,ero npH6JIH)KeHHH (MOJJ,eJIH H,ll,epHbIX o60JIOlJ.eK) MO:>KHO ClJ.HTaTb CHCTeMOH, 

COCTOHlll,eH 113 HeB3aHMO,ll,eHCTBY!Olll,HX ,ll,BHMYlll,HXCH HYKJIOHOB, lJ.eTHOCTb H,ll,pa 

pastta 

(7.38) 

rJJ,e li - KBaHTOBoe l.J.HCJIO, xapaKTep113y10mee JJ,BHMett11e i-ro HYKJioHa. B o6hilJ.

HbIX H,ll,epttbIX npou,eccax l.J.HCJIO HYKJIOHOB coxpaHHeTCH. ITo3TOMY ,ll,JIH HYKJiotta 

c lJ.eTHbIM l 7r = + 1, a ,ll,JIH HyKJIOHa c HelJ.eTHb!M l 7r = -1. 
B o6meM cJiytJ.ae ,ll,JIH KBaHTOBOH c11cTeMbI, xapaKTeptt3yeMoH op6HTaJibHbIM 

KBaHTOBbIM l.J.HCJIOM L, ee tJ.eTHOCTb onpe,ll,eJIHeTCH tJ.eTHOCTbIO 3Toro lJ.HCJia H paBHa 

(7.39) 
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TaKHM o6pa3oM, 3HaH cnHHbI li HYKJIOHOB HJl.pa, c nOMOIUbJO Bb1pa)!(eHHH (7.37) 
HJIH (7.38) MO)!(HO onpe)l.eJIHTb ero qeTHOCTb. KottKpeTHhie npHMepbI ou.ettKH 

qeTHOCTH H,1l.ep Mb! npHBe)l.eM B IlOCJie)l.yJOIUHX rnasax. 

I13JIO)!(ettttoe npaBHJIO onpe,1l.eJieHHH qeTHOCTH pa3JIHqHhIX cocTOHHHH ttenpH

MeHHMO )l.JIH qaCTHLJ, c HyJieBOH MaCCOH IlOKOH H HettyJieBbIM CilHHOM, B qacTHOCTH, 

)l.JIH cpOTOHOB. 

CnHH H qeTHOCTh )l.attttoro cocTOHHHH (ypoBHH) aTOMttoro HJl.pa tta3hIBaJOT ero 

xapaKmepucmwwu. CnHH yKa3hIBaJOT B BHJl.e qHcJia, a qeTHOCTh 3HaKOM nJIJOC 

)l.JIH qeTHh!X COCTOHHHH (ypoBHeH), H 3HaKOM MHHyc - )l.JIH HeqeTHh!X. 3ttaK «+» 
HJIH «-» cTaBHTCH cnpasa BBepxy OT qHcJia, onpe,1l.eJIHJOIUero cnHH. TaK, xapaK

TepHCTHKa Q+ 03HaqaeT qeTHhIH ypoBeHh C ttyJieBhIM CilHHOM, a xapaKTepHCTHKa 

3- - HeqeTHhIH ypoBeHh co cnHHOM I= 3. 
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Ol>OJI011E11HASI H Ol>Olill(EHHASI MO,UEJIH SI,UEP. 

3JIEMEHTbl Sl,UEPHOH CUEKTPOCKOUHH 

§ 8.1. 060Jioqe1rnan Mo,n:eJI& si,n:pa 

8.1.1. ,I:(oKaaaTeJihCTBa 060JI011equoii cTpyKTYPhl H,Il;pa. 06oJioqeqtta51 

MO,ll.eJib 51,ll.pa CTpOHTC51 c yqeTOM O,ll.H04aCTH4HblX CTeneHeH CB060,llhl, 51BJI5151Cb 

B onpe,lleJieHHOH Mepe aHaJIOrOM o6oJI04e4HOH MOJI,eJIH aTOMa. 06ocHOBaHHeM 

o60JI04e4HOH MOJI,eJIH 51,Ll.pa MoryT CJIYiKHTb npHBO,Ll.HMhie HHiKe pe3yJihTaThl Ha-

6JIIO,ll.eHHH. TaK, MhI 3HaeM, 4TO HaH6oJiee ycTOH4HBhI aTOMhI co 3Ha4eHH51MH Z, 
paBHbIMH aTOMHbIM HOMepaM HHepTHbIX ra30B z = 2, 10, 18, 36, 54, 86; c .rr.pyroH 

crnpOHhI, Ha1160Jiee ycTOH4HBhI 51,ll.pa c Z = 2, 8, 20, 50, 82 11 N = 2, 8, 20, 50, 
82, 126. 3TH 4HCJia H COOTBeTCTBYIOIJJ:He HM 51,ll.pa, Ha3b!Ba!OTC51 MacutteCKUMU. 

5Jiaro,ll.ap51 CBOeH Bb!COKOH ycTOH4HBOCTH MarnqecKHe 51,ll.pa OTJIH4a!OTC51 p51,ll.OM 

xapaKTepHbIX csoiicrn. PaccMoTpHM eme pa3 3Kcnep11MeHTaJihHYIO 3as11c11MOCTh 

c(A) (pHc. 7.9). MarnqecKHM q11cJiaM N 11 Z coorneTcrnyIOT MaKCHMYMhI 3Haqe

HHH E, T. e. MarnqecK11e 51,LI.pa o6Jia,LI.aIOT 6oJihll1eH y.rr.eJihHOH 3Heprneff CB513H no 

cpaBHeHHIO co CBOHMH coce,LI.51MH. 5!,ll.pa, 06Jia,Ll.a10m11e MarnqecKHM 4HCJIOM H Heii

TpOHOB H npOTOHOB, Ha3bIBa!OTC51 aea:JIC8bt MacutteCKUMU. K HHM OTHOC51TC51 51,ll.pa 
4H 160 40C 48C 208pb n 6 u 

2 e, 8 , 20 a, 28 a, 82 . ,t.-1,BaJK,ll.hI MarnqecK11e 51,ll.pa oco eHHO ycTOH4HBhI. 

06 3TOM, B qacTHOCTH, CBH,ll.eTeJibCTBYeT cpaBHHTeJibHO BblCOKOe pacnOJIOJKemie 

HX nepBbIX B036yJK,ll.eHHbIX ypoBHeH. 

0o,LI.06HO TOMy, KaK BapHaUHH IlOTeHUHaJia HOHH3aUHH Vi CBH,Ll.eTeJihCTBYIOT 

0 CJIOHCTOM CTpoeHHH 3JieKTpOHHOH o6oJI04KH aTOMa, sapHaUHH 3HeprHH OT,ll.e

JieHH51 HeHTpotta En 11 npoToHa Ep oTpaJKaIOT o6oJio'-le4HYIO CTPYKTYPY 51,ll.pa. 

MarnqecKHe 51,ll.pa OTJIH4aIOTC51 nOBhillleHHOH pacnpocTpatteHHOCThIO (cM. § 22.7) 
11 o6Jia,ll.aIOT Ha1160Jihll1HM 4HCJIO cTa6HJihHhIX H30Tonos H H30TOHOB 1). Hanp11-

Mep, Ha ynoMHHaBll1eMC51 Bb!ille rpacpHKe 3aBHCHMOCTH 3HeprnH OT,Ll.eJieHH51 HeH

TpoHa En= (E(A, Z) - E(A - 1, Z)) OT 4HCJia HeHTpottoB ,ll.JI51 51,LI.ep c He4eT

HhIM N 11 qeTHhIM Z (p11c. 7.8), MaKCHMYMhI 3Heprn11 OT,ll.eJieHH51 HeHTpottoB 

tta6JIIO,ll.aIOTCH npH scex 3Ha4eHH51X MarnqecKHX q11ceJI, Ha411Ha5I c 8. AttaJio

r114Ha51 KapTHHa noJiyqaeTC51 H ,ll.Jl51 3aBHCHMOCTH 3HeprHH OT,ll.eJieHH51 npOTOHa 

Ep = E(A, Z) - E(A, Z - 1) (p11c. 8.1). JIHHH51MH coe,ll.11HeHhI T04KH, coorneT

crny10m11e 51,ll.paM c 4eTHhIM N 11 He4eTHhIM Z. BH,ll.HO, 4TO cKa4KH 3Heprn11 

HMeIOT npHMepHO TaKHe JKe 3Ha4eHH51, 4TO H ,ll.Jl51 3aBHCHMOCTeH En(N). 5Jiaro,ll.ap51 

1
) lfaoTOHaMH Ha3bIBalOT aTOMbl pa3Hb!X 3.neMeHTOB c OAHHaKOBbIM qHc.noM HettTpOHOB (N = 

= const). HanpHMep, H30TOHaMH HB.nilIOTCH f~Ar, f~K, ~gca. 

6 0. A. 5apcyKoB 
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P11c. 8.1. 3Heprm1 OTJJ,eJiemrn npoTOHOB Ev OT l!HCJia Z. JlHHHHMH coeJJ,HHeHhl S!JJ.pa c OJJ.HHaKOBbIM 

npOTOHHblM lf36bITKOM 

3cpcpeKTY KYJIOHOBCKoro pacTaJIKHBamrn: npoTOHOB, B03pacTa10w.eMy np11 nocJie

Jl.OBaTeJibHOM JJ.06aBJieHHH npOTOHOB, no Mepe 3anOJIHeHHH npOTOHHOH o60JIOYKH 

3HaYeHHH Cp pe3KO cnaJJ,aIOT. Tio3TOMY 3aMKHYTb!M npOTOHHbIM o6oJIOYKaM COOT

BeTCTBYIOT He MaKCHMYMbl, KaK B aHaJIOrHYHOM CJiyqae Jl.JIH HetiTpOHOB, a pe3KHe 

nOHH)KeHHH KpHBblX. 

lfasecTHO 6oJibllIOe YHCJIO JJ.pyrnx «MarnqecKHX» 3cpcpeKTOB. Co MHOrHMl1 113 

Hl1X Mb! n03HaKOMl1MCH HH)Ke. 

8.1.2. IlpnHIJ.HDhI noCTpoettnsi 060J1oqeqttoH: Mo)l;eJiu. B orn11q11e OT aTO

Ma 11,ettTpaJibHoe (KyJioHoBcKoe) noJie B HJJ.pe oTcyTcTsyeT. B KaqecTBe c11JI0Boro 

nOJIH B HJJ,epttoti o60JIOYeYHOH MOJJ,eJIH np11H11MaeTCH cpeJJ,Hee (caMOCOrJiaCOBaHHOe) 

noJie, co3JJ,asaeMoe sceM11 HYKJIOHaM11 HJJ.pa, KpoMe OJJ.Horo BbIJJ.eJieHttoro. 5bpo 

CYHTaeTCH CHCTeMOH HeB3al1MOJJ,eHCTBYIOlll.11X HYKJIOHOB, «3anepTbIX» B ccpep11qe

CKOH ITOTett11,11aJibHOH HMe, 11MeIOw.eti pa3Mepbl HJJ,pa. 

Jlonyw.ett11e 0 caMocor JiacoBaHHOM ITOJie CT03BOJifleT CBeCTl1 3aJJ,aqy MHOrHX 

TeJI K 3aJJ,aYe 06 OTJJ,eJibHOH qacT11u,e, Jl.Bl1)f(Ylll.etiCH B 3aJJ,aHHOM ITOJie. I1oTeH11,HaJI 

3Toro rroJIH noJJ,611paeTcH 3Mn11p11qecK11. JlaJiee ocyw.ecTBJIHeTcH Ta )Ke npou,eJJ,y

pa, YTO 11 B CJiyqae OJl.H03JieKTpOHHOrO np116JI11)KeHHfl, pacCMOTpeHHOro B § 3.1 
[2}: pelllaeTcH ypastteH11e illpeJJ,11ttrepa Jl.JIH Jl.BH)Kemrn BbIJl.eJiettttoro ttyKJIOHa 

B caMocornacosattttoM noJie aToMa. I10Jiyqa10w.wern Bb1pa)Kett115l JJ.JIH 3ttepnm xa

paKTep113y10T CHCTeMy 3ttepreT11YecK11x ypostteti HYKJiotta (attaJiorn n-l-ypostteti 

3JieKTpotta aToMa). TiocKOJibKY JJ.JIH HYKJIOHOB (ttetiTpottos 11 npoTOHOB nopo3Hb) 



§ 8.1. 06oJto'te'tHaH Mo8eJtb H8pa 163 

cnpaBe,D..JIHB npHHU.HTI DayJIH, To ,ll,Jl51 51,ll,pa, KaK H ,ll,JI51 aToMa, ,ll,OJI)KeH BhIIIOJI

H51ThC51 npHHU.HTI MHHHMyMa 3HeprHH. B TaKOM cJiyqae HYKJIOHhI B 51,ll,pe ,ll,OJI)KHhI 

TIOCJle,ll,OBaTeJlbHO 3aTIOJIH51Th 3HepreTHqecKHe ypoBHH, HaqHHa51 c HaHHH3Wero. 

Ho B OTJIHqHe OT aToMa ,ll,OJI)KHhI 6hITh ,ll,Be cHcTeMhI ypostteif - HettTpottHhIX 

H npOTOHHhIX. 

Dop51,D..OK 3anoJIHeHH5I HYKJIOHHhIX ypostteif B cpe,ll,tteM noJie onpe,ll,eJI51eTc51 

BH,ll,OM caMOCOrJiacoBaHHOfO TIOTeHI.I,HaJia. 

Co3,ll,aHHe y,ll,aqttoro sapHattTa O,ll,HoqacTHqHoif MO,ll,eJIH B pewaIOrn,eif cTenem1 

3aBHCHT OT BhI6opa TIOTeHll,HaJia CJIO)KHOfO (MHOfOHYKJIOHHOfO) 51,ll,pa. 

I. B OTJIHlIHe OT 0Tp11u.aTeJibttoro HJJ,epHoro noTeHIJ,HaJJa U0 , cBH3aHHoro c HJJ,epHbIMH 

CHJiaMH rrpHTfDKeHH51, KyJIOHOBCKHM CHJiaM OTTaJIKHBaHHH npoTOHOB OTBe'-laeT I10JlQ)!\H

TeJibHb!H rroTeHIJ,HaJI UK. EJiaroJJ,apH 6JJH3KOJJ,eH:cTBHIO H.IJ,epHbIX CHJI cymecrnyeT pe3Koe 

pa3rpattH'-leHHe o6JJacTeH: npoHBJieHHH JIH6o TOJibKO .IJ,aJibHO.IJ,eti:cTBYIOW.HX KYJIOHOBCKHX 

CHJI, JIH6o TOJibKO H.IJ,epHbIX, rro.IJ,aBJIHIOW.HX KYJJOHOBCKHe CHJibI Ha paccTOHHHHX nopH.IJ,Ka 

1 <l>M. 
2. KaK H3BeCTHO, no Mepe yBeJIH'-leHHH nopH.Il,KOBoro HOMepa aTOMa Z pa.IJ,HYCbI 

6opOBCKHX op61.n ero rny6HHHb!X 3JleKTpOHOB yMeHblllaIOTCH, a 3HeprnH CBH3H ITOCJie)l,HHX 

pacTyT. I1HaH 1<apT11Ha tta6JIIO)l.aeTCH B HApax. YpoBHH 3HeprnH HYKJJOHOB HApa pacno

JJmKeHbI OTHOCHTeJibHO TeCHO, TaK KaK HX yJJ,eJJbHble 3HeprHH CBH3H 6JIH3Kl1 K 3Ha'-leHHIO 

cpe.IJ,tteH: 3Heprn11 CBH311 €. YBeJIH'-leHHe c pocTOM Z '-IHCJia HYKJIOHOB B HJJ,pe He conpo

BO)!{.IJ,aeTCH cyw.ecTBeHHblM H3MeHeHHeM E, o6beMbl H.IJ,ep He yMeHblllaIOTCH, Hao6opoT, OHH 

nponopu.HoHaJibHbI '-IHCJIY HYKJIOHOB B HApe. 

3. l13y'-!eHHe H.IJ,epHb!X peaKIJ,HH H ITOCJie)l,CTBHH B036y)!{)l,eH!1H H.Il,ep CBH)J,eTeJJbCTByeT, 

'-!TO HYKJIOHbl H.IJ,pa HeJib3H rro.IJ,pa3.IJ,eJIHTb Ha rpyrrITbl CHJlbHO H CJia6o CBH3aHHblX '-!aCTHU,, 

KaK B CJiyqae aTOMHblX 3JleKTpOHOB, KOTOpb1e I10.IJ,pa3)1.eJIHIOTCH Ha nepmpepHHHble - CJia6o 

CBH3aHHbie H rny611HHbJe - CHJlbHO CBH3aHHbie. 

8.1.3. KoHKpeTH&1e eapHaHThI o6oJio•rnK. 4acTHU.e, ,D,BH*ymeifc51 B u.eH

rpaJihHOM noJie, MO)KHO npHnHcaTh onpe,ll,eJieHHhIH MOMeHT HMTIYJibca I. Pac

npocrpaH5151 Ha HYKJIOHhI 51,ll,pa TepMHHOJIOrHIO, np11MeH5IBWYIOCH ,D,JI51 aTOMHhIX 

'lJieKTpottoB, 3HeprnIO HYKJIOHHhIX ypoBtteif MO)KHO xapaKTepH3oBaTb rnaBHhIM 

KBaHTOBh!M qHCJIOM n H op6HTaJihHblM KBaHTOBhlM 411CJIOM l, np11qeM n MO)KeT 

npHHHMaTh 3HaqeHH51 1, 2, ... , a l = 1, 2, ... , n - 1. 13Jiaro.n.ap51 H30Tpon1111 no

JIH BCeM (2l + 1) op11eHTalJ.H5IM MOMeHTa I orneqaeT omrnaKoBaH 3Heprn51 11, 

CJie,ll,OBaTeJibHO, CTeneHb Bblp0)K,D,eHH51 ypoBH51 c ,naHHh!M11 3Ha4eHl151Ml1 n 11 l 
COCTaBJI51eT gz = 2(2l + 1) (n05IBJieH11e ,ll,BOHKl1 o6ycJIOBJieHO ,D,BYM51 B03MO)KHblMl1 

op11ettTaU.H5IMH cmrna). 

TaK11M o6pa30M, ,ll,aHHoMy cocT051H11IO 51,ll,pa MO)KHO np11n11caTb tta6op KBaHro-

BbIX q11ceJI 

onpe,neJI51IOW,HH ttyKJIOHHYIO Kottqrnrypau,1110 51,ll,pa, T. e. coBoKynttocTh HYKJIOHOB, 

ll3XO,ll,51lll,HXC51 B onpe.n.eJieHHhIX KBaHTOBhIX COCT051Hl151X. 

KBaHToBoMy qHcJiy l = 0 cooTBeTCTByer s-cocT05IH11e, l = 1 - p-cocT05IH11e, 

l = 2 - d-COCT051HHe H T. ,ll,. 0TMeTl1M, qTo fJ!aBHOe KBaHTOBOe 411CJIO, l1CTIOJib-

3yeMoe B aTOMHOH cneKTpOCKOTIHH ( o603Haq11M ero qepe3 naT) OTJI11qaeTC5I OT n: 

••• 
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naT = n + l. Do3TOMY o6o3Haqemrn: Ha6opos cocTOHHHH B o6oJioqeqHoi1 Mo,n,eJIH 

H B aTOMHOH cneKTpOCKOCTHH pa3JIHqHbI: 

06oJioqeHaH Mo,n:eJih H,n:pa ArnMHaH crreKTpocKorrHH 

Is Is 

2s Ip 2s 2p 

3s 2p Id 3s 3p 3d 

4s 3p 2d If 4s 4p 4d 4f 

HT. ,n:. HT. ,n:. 

CornaCHO npHHUHny nayJIH MaKCHMaJibHOe qHCJIO T02K,D,ecrneHHb!X HYKJIOHOB 

Ha ,n,aHHOM yposHe paBHHeTCH N = 2(2Z + 1). Do3TOMY ,D,JIH s-cocTOHHHH oHo 
paBHO 2, ,ll,JIH p-COCTOHHHH - 6, ,ll,JIH d-COCTOHHHH - 10 H T. ,LI,. 

CosoKynHOCTb yposHei1 c 6JIH3KHMH 3HeprnHMH B H,n,epHoi1 cpH3HKe npHHHTO 

Ha3bIBaTb o6oJlOttKoii. ,L(JIH nepeso,n,a HYKJioHa H3 o,n,Hott o6oJioqKH B ,n,pyryIO 

Heo6xo,D,HMO 3aTpaTHTb 3HeprnIO, 3HaqHTeJibHO 60JibWYIO 3HeprnH, 3aTpaqHsaeMOH 

,D,JIH nepeso,n,a HYKJIOHa c o,n,Horo ypoBHH ,n,aHHOH o6oJioqKH Ha ,n,pyroi1 ee yposeHb. 

DoJIHOCTbIO 3anoJIHeHHh1e o6oJioqKH o6pa3yIOT ocTOB (cep,n,u.eBHHY) H,n,pa. 

DpH HcnoJih30BaHHH noTeHU.HaJia rapMoHHqecKoro OCU.HJIJIHTopa (KpHBaH H Ha 

pHc.8.2) noJiyqaeTCH CHCTeMa ypOBHeH, xapaKTepH3yeMaH 3HaqeHH5IMH 3HeprHH 

10 

0 
9 10 11 

-10 r, <PepMH 

P'.l -20 "' ~ 
~-30 
~ 

-40 

-50 

-60 

PHc. 8.2. ,Usa sapHaHTa H,n:epHoro rroTeHUHaJia 

Nhw (N - KBaHTosoe qHcJio, w - qacToTa OCUHJIJIHTopa) H qeTHOCTbIO (JieBbIH 

cToJI6eu Ha pHc. 8.3). 06oJioqKH 3anoJIHHJIHCb 6b1 npH Y:HCJiax HYKJIOHOB 2, 8, 

20, 40, 70, 112. JlHWb TPH nepBbIX Y:HCJia H3 nepeq11cJieHHbIX coorneTcrnyIOT 

nocJie,n,oBaTeJibHOCTH MarnqecKHX H,n,ep. DpH Bb16ope 6oJiee npas,n,ono,n,o6Horo 

noTeHuHaJia (KpHBaH s Ha pHc.8.2) noJiyqaeTCH KapTHHa ypoBHeH, noKa3aHHaH 
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' ' ' ' ' ~ li1s;2 (16)-[184]- 184 r·' --;r'~-- 4s1;2 

3d3;2 (4) -[126] 

'2g7 /2 (2) = [100] 
-3d~, li11;2 - (12)_ [82] 

6hw, -2g---<.x'i< 3ds;2 (6) - [64] 
4eTH. 

1
'f.., 2g9/2 (10)-[50] 

- li -----< 
' ' \ 

\ 
\ li13;2 _ (14)_ [126}- 126 

r3p-/--3P1;2 
(2) -

----3p3;2 
2fs;2 

(4) -

-2f--::: (6) -
5hw, - 2f1;2 

lh9;2 
(8) - [100] 

HeqeTH. ,/ (10)-

-lh--/ 
',, 

' \ I hll/2 (12)_ [82] - 82 r3· -------3s1;2 (2) -
2d3;2 

-2d--:.-- (4) -
4hw, --

lg7 /2 
2ds;2 (6) - [64] 

qeTH. / (8) -

-lg~< 
' lg9/2 ' (10)- [50] - 50 

_ 2p--:/~2P1;2 lf1;2 
(2) - [40] 

3hw, (4) = [38] 
HeqeTH. -lf--(::~2p3;2 (6) 

' lf?;2 (8) - [28] - 28 

2hw, {- 2s ~-,.., ld3;2 (4) - [28] - 20 
-Id--- '-2s1;2 (2) - [16] qeTH. ',, 

lds;2 (6) - [14] 

- Ip------ lP1;2 (2) - [8] -8 lhw, 
HeqeTH. 

----lp3;2 (4) - [6] 

0 - ls-------- ls1;2 (2) - (2] -2 

Pttc. 8.3. fpymrnpoBaHtte ypoBHei1, noJiyqa10ru.eec51 nptt 11cnoJib30Bamm caMocornacoBaHHoro no
TeHI.(HaJia pa3JIHqHoro Bttti:a 

so sropoM croJI6ue pY1c. 8.3. Bb1pmK)'.l,eHY1e, csoi1crneHHoe ypoBHHM ocUYIJIJIHropa, 
CHYIMaerrn. Ka)i{)'.l,bIH Yl3 pacmerIJieHHbIX yposHei1: xapaKrepY13yercH onpe,l'.l,eJieHHOH 
rrnpott KBaHTOBbIX trnceJI n YI l. 0)'.l,HaKO YI B 3TOM CJiyt.Iae pacnOJIO)f{eHYle ypOBHeH 
He no3BOJIHeT o6bHCHYITb )'.l,ei1:cTBYITeJibHOro pacnpe,l'.l,eJieHYIH HYKJIOHOB no cocTo
HHYIHM. 

PernaIOlll,YIH ycnex 6bIJI )'.l,OCTYlrnyr nocJie Toro, KaK 6bIJI yt.ITeH 3cpcpeKT cnY1H
op6Y1TaJibHoro B3aY1MO)'.l,eHcTBY15!. OcTaHOBYIMCH Ha 3TOM Bonpoce no.n.po6Hee. 

Ha ocHoBaHYIYI aHaJIYl3a 3KcnepY1MeHTaJibHoro MarepY1aJia M. fennepr-Maiiiep, 
0. XaKceJib YI ,l'.l,p. ycTaHOBYIJIYI, t.ITO KJiacrncpY1KaUY1H ypoBHeH HYKJIOHOB HApa 
AOJI)f{Ha ocHOBbIBaTbCH Ha CBH3YI jj-TY1na [ 11]. HanoMHYIM, t.ITO 3Ta CB513b B03-
HYIKaer 3a Ct.IeT CilYIH-op6Y1TaJibHOro B3aYIMOAei:fcTBYl5!, Bb1pa)f{a!Olll,eroc5! B TOM, 
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l.!TO op6HTaJibHb!H MOMeHT Ka:>KJI,Oro HYKJIOHa 1 CKJiaJI,bIBaeTCH c ero cmIHOBb!M 

MOMeHTOM s B TIOJIHb!H MOMeHT j: 

j = 1 + s. (8.1) 

1\1\oMeHT j HMeeT onpeJI,eJieHHOe 3Hat.ieHHe, TIOCKOJibKY npHMOe B3aHMOJI,eHCTBHe 

HYKJIOHOB Me:>KAY co6oii He pa3pywaeT CBH3H Me:>KAY seKTopaMH 1 H s. Ka:>KJI,OMY 

3Hat.ieHHIO l > 0 OTBet.iaIOT JI,Ba COCTOHHHH, xapaKTepH3yeMbie j - l ± 1 /2 (Ho l = 0 

coorneTCTsyeT OAHO 3Hat.ieHHe j = s = 0). BeKTOpbI j CKJiaJI,hIBaIOTCH B cyMMapHbIH 

MoMeHT HJI,pa J = I. 
f ennepT-1\1\aiiep H 1\1\eHCeH npell,JIO:>KHJIH B 1950 r. TIOTeHI.J,HaJI 

Uzs = -U(r)(sl), (8.2) 

rJI,e U(r) - HeKOTOpbIH ueHTpaJibHO-CHMMeTpHt.iHbIH nOTeHuHaJI, HMeIOlll.HH xa

paKTep KpHBOH H Ha pttc. 8.2, BTOpoii COMHO:>KHTeJib B (8.2) OTIHCbIBaeT CTIHH

op6HTaJibHOe B3aHMOJI,eiicrnHe HYKJioHa B HJI,pe. 

DpH pact.ieTe npoTOHHbIX ypoBHeii Heo6xoJI,HMO TaK:>Ke yt.ieCTb 3Heprn10 caMo

cornacosaHHoro KYJIOHOBCKoro nOJIH. OJI,HaKo 3JI,ech MhI Ha 3TOM sonpoce ocTa

HaBJIHBaTbCH He 6yJI,eM, TaK KaK yt.ieT nonpaBKH HHt.iero He MeHHeT B H3JiaraeMb!X 

HH:>Ke 06lll.HX npell,CTaBJieHHHX MOJI,eJIH. 

HecKOJibKO npeo6pa3yeM 3anHcb (8.2), HCTIOJih30BaB B03BeJI,eHHoe B KBaJI,paT 

COOTHOllleHHe (8.1): 

HaiiAH OTCIOJI,a MHO:>KHTeJih 

3Hat.ieHHH BeKTOpOB j, 1 H s: 

j2 = 12 + s2 + 2(sl). 

(sl) H TIOJI,CTaBJIHH ero B (8.2), TIOJIY4HM c yt.ieTOM 

U1 8 = - U~r) [j(j + 1) - l(l + 1) - s(s + 1)]. (8.3) 

DpH noJI,cTaHOBKe B (8.3) 3Hat.ieHHH j = l ± 1 /2 6yAeT noJiyt.iaTbCH JI,Ba 3Hat.ieHHH 

Uzs (npH l > 0), t.iTO yKa3bIBaeT Ha pacmenJieHHe ypoBHH, ornet.ia10mero JI,aHHOMY 

l, Ha JI,Ba ypoBHH: j, = l + 1 /2 H j2 = l - 1 /2. Bb1pa:>Kem1e B KBaJI,paTHb!X CK06Kax 

B nepBOM CJiyt.iae paBHO l, a BO BTOpOM - l + 1. lfa (8.3) CJieJI,yeT t.iTO: 

1) ypoBeHh, AJIH KOToporo j = l - 1 /2 pacnoJiaraeTCH BbIWe Apyroro ypoBHH 

c j = l + 1/2; 

2) c poCTOM l pacCTOHHHe Me:>KJI,y pacme1rneHHb!MH ypoBHHMH yseJIHl.!HBaeTCH. 

OnpeJI,eJIHM MaKCHMaJihHOe t.iHCJio HYKJIOHOB (HeiiTpOHOB HJIH npoToHoB), Ko

TOpb1e MO:>KHO pa3MeCTHTb Ha ypoBHe c JI,aHHb!M j. 1\1\oMeHTy j OTBet.iaeT 2j + 1 

COCTOHHHH, OTJIHt.iaIOlll.HXCH 3Hat.ieHHHMH npoeKUHH jz = ffij 3T0f0 MOMeHTa. Do-

3TOMY HaH60Jibillee l.!HCJIO tte:ihpOHOB (HJIH npoTOHOB), HaXO..QHlll.HXCH B COCTOHHH-

HX c ,a,aHHb!M j' paBHO 

Ni= 2j + 1, (8.4) 

rJI,ej=l±l/2. 

TaKHM o6pa30M, B 060Jiot.iet.iHOH MOJI,eJIH 0,QHOt.iaCTHl.!Hb!e COCTOHHHH xapaK

TepH3YIOTCH 3Heprneii, MOMeHTOM HMTIYJibca j H ero npoeKuHeii mj (npHt.ieM 

3HeprnH COCTOHHHH BblpO:>K,QeHbl no mj) H t.ieTHOCTb!O. ,l.J,JIH 3aTIHCH HYKJIOHHbIX 

KottqrnrypauHii npHHHTO o6o3Hat.iaTb cosoKynHOCTh Nj HYKJIOHOB CHMBOJIOM nlj. 
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CpaBHem1e cxeM pacnpeJJ.eJiemui no cocTOHHYIHM aTOMHhIX 3JieKTpOHOB YI HYK

JlOHOB HJJ.ep noKa3bIBaeT, 'ITO aHaJIOrYIH npocJie:lirnBaeTCH JIYIWb ,ll.JlH aTOMOB 

YI H,ll.ep 3JieMeHTOB, OTHOCHW.YIXCH K caMOMy HalJ:aJiy nepYIO,ll.YllJ:eCKOH CYICTeMhl. 

TaK, 3anoJIHeHY1e 3JieKTpOHHoro cocTOHHYIH 1 s 1; 2 3asepwaeTCH B aToMe He, TOr,ll.a 

KaK 3anOJ1HeHY1e HeHTpOHHOH YI npoTOHHOH o6oJIOlJ:eK ls1;2 3aBepwaeTCH B H,ll.pe 

~He. CTpouecc 3anoJ1HeHYIH nocJieJJ.yIOW.YIX 6oJiee BhICOKYIX cocTOHHYIH aTOMOB 

YI HJJ.ep npoTeKaeT cosepweHHO no-pa3HOMy, 'ITO ecTecTBeHHo, YIJ:YIThIBaH pa3J1YIIJ:Yle 

B npYIHUYlnax nocTpOeHYIH o60JIOIJ:elJ:Hb!X TeOpYIH aTOMa YI H,ll.pa. 

Ha pY1c. 8.3 B ueHTpe noKa3aHa KapTYIHa HYKJIOHHhibX ypoBHeH c yqeToM 

cnY1H-op6Y1TaJihHoro B3aYIMO,ll.eHcTBYIH. KaK BYIJJ.HO, seJIYIIJ:YIHa pacmenJieHYIH, OTHO

CYITeJihHO MaJiaH npYI He60JihWYIX 3HalJ:eHYIHX l, c pOCTOM l CTaHOBYITCH HaCTOJibKO 

6oJihWOH, 'ITO B pHJJ.e cJlyqaeB JJ.Ba ypoBHH c OJJ.YIHaKOBhIMYI n YI l, HO pa3HhIMYI j, 
BXOJl.HT B cocTaB pa3HhIX o6oJioIJ:eK. HanpY1Mep, yposeHh lh (l = 5) pacmenJIHeTCH 

Ha ypoBHYI 1 h11;2 YI 1 hg;2. nona,ll.aIOW.Yle B pa3J1YllJ:Hhie o60JIOlJ:KYI. 

3HaIJ:eHYIH Nj, onpe,ll.eJleHHhie no cpopMyJie (8.4), npY1Be,ll.eHhI Ha pY1c. 8.3 cnpasa 

B KpyrnhIX CK06Kax; B cJleJJ.y10meM CTOJ16ue IJ:YICJia B KBa,ll.paTHhIX CK06Kax -

cyMMa 3HaIJ:eHYIH N1 ,ll.JlH scex HRIB:epacnoJIOlli:eHHhIX ypoBHeH YI ,ll.aHHoro ypoBHH. 

B Kpai1HeM CTOJI6ue npY1Be,ll.eHhI 3KcnepY1MeHTaJihHO onpe,ll.eJieHHhie IJ:YICJla HyK

JlOHOB, COOTBeTCTBYIOW.Yle 3anoJIHeHHh!M o60JIOIJ:KaM (MarnIJ:eCKYle lJ:YICJia). lfocJla 

2, 8 YI 20 COOTBeTCTBYIOT nOJIHOCTblO 3anOJIHeHHh!M nepBOH, BTOpOH YI TpeTbeH 

060JlOIJ:KaM. YpoBeHh lf1; 2 JieIB:YIT cpaBHYITeJlhHO HYl3KO YI BhIJJ.eJlHeTCH B no,ll.-

060J10IJ:Ky. Ha nocJle,ll.HeH MOlli:HO pa3MeCTYITh soceMh HYKJlOHOB ,ll.aHHoro copTa. 

3anOJIHeHYIIO 3TOH no,ll.o6oJIOlJ:KYI COOTBeTCTByeT «,ll.OnOJIHYITeJlbHOe» MarYIIJ:eCKOe 

lJ:YICJIO 28. 3anoJIHeHYle IJ:eTBepTOH o6oJIOlJ:KYI 3aBepwaeTCH npYI MarnIJ:eCKOM lJ:YICJle 

50, a nHTOH YI weCTOH - npYI MarnIJ:eCKYIX lJ:YICJiax 82 YI 126. 
06cy,ll.YIM Tenepb 6oJlee ,ll.eTaJibHO pa3JIYllJ:Hh!e BapYlaHThl o60J10lJ:elJ:HOH MO,ll.eJIYI. 

B paMKax MO,ll.eJIYI c cpeHoMeHoJiornqecKYIM cnapY1BaHY1eM B3aYIMOJJ.eHCTBYIH Melli:JJ.Y 

HYKJIOHaMYI B H,ll.pe pa3,ll.eJIHIOT Ha ,ll.Ba TYlna: O,ll.HYI Yl3 HYIX onpe,ll.eJIHIOTCH caMOCO

rnacoBaHHb!M noJleM, a JJ.pyrne - OCTaTOlJ:Hh!MYI B3aYIMO,ll.eHCTBYIHMYI, npYIBO,ll.HW.Yl

MYI K cnapY1BaHY1IO HYKJIOHOB OJJ.HOro copTa c KOMneHcauY1eH YIX MOMeHTOB. TaKoe 

JJ,onymeHYle onYlpaeTCH Ha Ha6JlIOJJ,aeMoe paseHcTBo HYJIIO cnYIHOB IJ:eTHo-IJ:eTHhIX 

HJJ,ep (§ 7. 7). 
CornacHo paccMaTpYIBaeMoMy sapYlaHTY MOJJ.eJlYI, npYI IJ:eTHOM IJ:YICJle HYKJlOHOB 

JJ,aHHoro copTa B HJJ.pe OHYI o6beJJ,YIHHIOTCH B napb1, npYI HeIJ:eTHOM IJ:YICJie HYKJlOHOB 

B napbI o6beJJ.YIHHIOTCH see HYKJlOHhI, KpoMe OJJ,Horo. CTo3TOMY cnYIH YI IJ:eTHOCTh 

HJJ.pa onpeJJ,eJIHIOTCH cnYIHOM YI IJ:eTHOCThIO HenapHoro HYKJioHa. 0TCIOJJ.a BhITeKaIOT 

cJie,ll,yIOW.Yle ,ll,Ba npaBYIJia: 

1) ,ll.JIH OCHOBHOro COCTOHHYIH J1I06oro lJ:eTHO-IJ:eTHOfO H,ll.pa J7r = O+; 

2) OCHOBHOe COCTOHHYle HJJ,pa c HelJ:eTHb!M A xapaKTepY13yeTCH 3HalJ:eHYIHMYI 

cnY1Ha YI lJ:eTHOCTYI ypoBHH, Ha KOTOpOM HaXO,ll.YITCH HenapHbIH HYKJlOH. 

CTepsoe npaBYIJIO He YIMeeT YICKJIIOIJ:eHYIH, BTopoe cnpase,ll.JIYIBO JJ.JIH 6oJihWYIH

cTBa HJJ.ep c HeIJ:eTHhIM A. 
PaccMOTPYIM JJ,Ba npY1Mepa. Rnpo 1 ~N o6JiaJJ,aeT OJJ.HYIM HecnapeHHhIM npoTO

HOM B COCTOHHYIYI lP1/2· B COOTBeTCTBYIYI c npaBYIJIOM 2 JJ,JlH OCHOBHOro COCTOHHYIYI 
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51.ll,pa 1 ~N pr = 1 ;2-. 5!)1.po 1 ~F 11MeeT HenapHbIH HeHTpOH B COCT051Hl111 ld5;2; 
.ll,Jl51 OCHOBHOfO COCT051Hl151 3TOro 51.ll,pa B COOTBeTCTBl111 c npasl1JIOM 2 pr = 5 ;2+. 

iloCKOJlbKY B cpopM11poBaH1111 crmHa 11 '-leTHOCTl1 He'-!eTHO-HeY:eTHOfO 51.ll,pa 

yy:acTBYIOT .ll,Ba HYKJIOHa, O.ll,H03Ha'-!HO onpe.ll,eJil1Tb xapaKTep11cT11Ky ero OCHOBHOfO 

COCT051Hl111 B paMKaX paccMaTpttsaeMOH MO.ll,eJ111 He scer.ll,a B03MOH<HO. 

Cyll.l,eCTsyeT npas11.no, cor.nacHo KOTopoMy cyMMapHbIH cn11H HeY:eTHO-HeY:eT

Horo 51.ll,pa, HenapHble HYKJIOHbl KOToporo HaXO.ll,51TC51 B O.ll,11H3KOBOM COCT051Hl111, 

paseH yJJ.soeHHoMy MOMeHTY HenapHoro HYKJioHa. Hanp11Mep, 51.ll,po 1gB 06.na.ll,aeT 

JJ.BYM51 HenapHbIMl1 HYKJIOHaMl1 (HeHTpOHOM 11 npOTOHOM B COCT051HHI1 lp3;2). ilo-

3TOMY COl1H 3TOfO 51.ll,pa cor.naCHO 113JIOH<eHHOMY npaBHJIY paseH (3/2). 2 = 3, '-ITO 

no.ll,TBep:>K.ll,aeTCH onhITOM. AHa.nornY:HO o6cTOl1T .ll,e.no 11 JJ.JI51 51JJ,pa 1 ~N, 11Me10w.ero 

JJ.Ba HenapHbIX HYKJIOHa s cocT05IH1111 lp1; 2 . OJJ,HaKo 3TO npas11.no BhinOJIH51eTc51 

JJ,a.neKo He scer.ll,a. 

Boo6ll.l,e B c.nyY:a51x, KOrJJ,a csepx ocTosa HaXOJJ,HTC51 csb1111e OJJ.HOro HYKJIOHa, 

MoryT Ha6JIIO.ll,aTbCH pa3HOfJ!aCl151 Me:>KJJ.Y npe.ll,CKa3aHl151Ml1 MO)l,eJ111 c cpeHOMeHOJIO

rn'-!eCK11M cnap11saH11eM 11 onbITOM. HanpttMep, y 51.ll,pa i6Ne csepx 3ano.nHeHHoro 

Hei1TpOHHoro yposmr lp1; 2 pacno.no:>KeHo Tp11 Hei1TpoHa, a csepx 3ano.nHeHHoro 

npoTOHHoro ypoBHH lp1; 2 - JJ,Ba npoToHa (p11c. 8.4). Cor.nacHo npas11.ny 2 cn11H 

fbNe 
06oJioqeqHaH Mo,11.eJib 

I 
Mo,11.eJib H1rnbc0Ha 

I 
HeifTpOHbl ITpoToHbI HeifTpoHhI ITpoTOHbl 

I 
I 

lds;2 --0-0-0-- • • i r+ ! ds;2 3/2+ -0--

\ l/2+ ---0-0----- • • lp1;2 --0----0- • • I 
I 
I 

lp3;2 ---0-0-00- •••• ! P1/2 I/r ----0-0--- • • 
: {3/r ----0-0-- • • i Pa/2 I/r ----0-0-- • • 1 S1 /2 --0----0- • • I 

! s1;2 1;2+ ----0-0-- • • I 
I 
I 

I" 0:>1rn,11.aeMoe 
I 

s;2+ I 3/2+ I 
3Haqem-1e I 

I 

Orrb!T 3/2+ I 3/2+ I 

Q OrrbIT i 0,09 

PHc. 8.4. Pacrrpe,11.eJieHHe HYKJIOHOB no COCTOHHHHM B H,11.pe i6Ne B paMKaX o60JIOlJelJHOH M0,11.eJIH 
H Mo,11.eJIH HHJihCOHa 

11 Y:eTHOCTb 3TOfO 51JJ,pa .ll,OJIH<Hbl 6b!Tb paBHbl 5/2+. 0.II.HaKo OTibIT noKa3aJI, '-ITO 

y 3TOfO 51.II.pa J1f = 3/2+. 

B ti.aHHOM cJiy'-!ae rrpas11JibHhIH pe3yJihTaT AJIH Hti.pa tteotta - 21 noJiy'-laeTC51 B paMKax 

0,11.Ho'-!aCTH'-lttoti M0,11.em1 c Heccpep11'-!eCKHM noTem.1,11aJIOM (Mo,11.eJ111 H11JibCOHa), rrpe,11.rroJia

raJOmeli, '-ITO HYKJIOHbI )1.BHMYTCH He3as11c11Mo B aKcHaJibHO-CHMMeTpwrnoM caMocornaco

BaHHOM noJie. B TaKOM rroJie rrp11MeH11TeJihHO K paccMaTp11saeM0My np11Mepy ypoBHH p 3; 2 

11 d5; 2 ,11.orroJimneJibHO pacmerrJIHJOTCH, KaK yKa3aHo Ha p11c. 8.4 crrpasa. Bee HYKJIOHhI 
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KpoMe HenapHoro OJl.HHHa,ll.U.aToro HeHTpoHa B cocTOHHHH 3/2+ pacnoJiaraIOTCH rronapHo 

no COOTBeTCTBY!Ol.UHM noJiyypoBHHM. HenapHbIH HeHTpOH H onpe,ll.eJIHeT CTIHH H 'IeTHOCTb 

3TOro H,ll.pa. 

0)].HHM H3 HaY160Jiee y,ll.alJHblX BapY1aHTOB o60JIOlJelJHOH MO,ll.eJIH HBJif!eTCH MO

,ll.eJih o6oJiotJeK c ocTaTOIJHhIM B3aHMO,ll.ei1cTBHeM. Mb1 He 6yAeM ee paccMaTpHBaTb, 

orpaHHIJHBllIHCh KopoTKYIM KOMMeHTapY1eM. B 3TOH MO,ll.eJIYI c noMOlll.hIO KaKoro

JIY160 cnoco6a no,ll.6Y1paeTCH noTeH11,Y1aJI OCTaTOIJHoro B3aYIMO)l.ei1cTBHfl. MaTeMaTYl

qecKHH annapaT MO,ll.eJIH rpoM03,ll.OK, O,ll.HaKO OHa CT03BOJ!fleT o6bf!CHf!Tb YI npe,ll.CKa-

3bIBaTb MHOrHe f!BJiemrn H CBOHCTBa f!,ll.ep, HanpHMep, xapaKTepHCTYIKYI ypOBHeH 

3HeprnH, oco6eHHOCTH f!,ll,epHb!X peaK11,YIH YI pacna,ll.OB. 

00,ll.BO,ll,H HTOf B03MO:lKHOCTHM o60JIOlJelJHOH MO)l.eJIH, OTMeTHM ee ycneXYI 

B o6bflCHeHYIH KBaHTOBhIX csoH:crn cocTOflHYIH 6oJibllIOH rpynnhI fl,ll,ep. Ho c no

MOlll.hIO paCCMOTpeHHbIX BapHaHTOB 3TOH MO,l],eJIH He y,ll.aJIOCb npaBHJ!bHO 011,eHHTb 

f!,ll.epHwe MarHHTHhle ,ll.YICTOJ!bHhle YI 3JieKTpY1tieCKHe KBa,ll.pynoJibHhle MOMeHThl. 

06bllJHO B paMKax o6oJIOlJelJHOH MO)l.eJIH noJiyqaJOTCH 3aHH:lKeHHhie 3HatJeHYIH 

yKa3aHHb!X BeJIHlJYIH. CTo:lKaJiyH, rJiaBHblH He,ll.OCTaTOK 3TOH MO,ll.eJIH COCTOYIT B TOM, 

lJTO OHa He B COCTOHHHYI o6bflCHHTb OTHOCYITeJibHO 60JibllIHe 3HatJeHYIH KBa,ll.py

noJihHbIX MOMeHTOB 11,eJioro PflAa f!,ll.ep. 

CJie,ll.yeT O:lKH)l,aTb, IJTO c yseJIY1tJeHY1eM Maccosoro tJYICJia o6oJioqetJHbie 3cpcpeK

ThI 6y)l.yT OCJia6esaTb B CHJIY CJie,ll.yIOlll.HX npYltIHH. 

1. Op11 11cnoJib30BaHHH JI106oro pa3yMHO BbI6paHHOro noTeH11,HaJia B o6oJIOIJKH 

rpynnHpyIOTCfl HH:lKaH:urne HYKJIOHHhie ypoBHH. l.JeM Bhillle pacnoJio:lKeHbI ypoBHYI, 

TeM MeHbllle ,ll.OJl)KHbl 6b!Tb pacCTOHHYIH Me:lKJl.Y o6oJIOlJKaMH. 

2. c yseJIHlJeHHeM MaCCOBOro lJYICJia OTHOCHTeJibHafl pOJib OCTaTOlJHbIX B3a

HMO,ll.eHCTBHH so3pacrneT. CJie)l,oBaTeJibHO, ,ll.Jifl otJeHh rn:lKeJihIX fl,ll.ep MO,ll.eJib 

He3aBHCHMbIX qacTHU. MO:lKeT OKa3aTbCH HenpeMeHHMOH. 

0)].HaKO ,ll.JIH O'-leHb TH)l<:eJiblX (TpattcypaHOBbIX) H,ll.ep, COrJiaCHO HaKOTIJieHHblM Ha-

6JIIO,ll.eHHHM, poJib o60JIO'-!e4HblX 3cj:Jcj:JeKTOB B03pacTaeT. )leJIO B TOM. '-!TO np11 6oJiblllHX 

,ll.ecj:JopMaU.HHX, CBOHCTBeHHblX TaKHM H,ll.paM, BHOBb B03HHKa!OT o60JI04KH, H CTaHOBHTCH 

B03MOMHhIM cymecTBOBaHHe ,ll.OCTaTO'-IHO cTa6HJihHhIX 3JieMeHTOB. OcTaHOBHMCH B CBH3H 

co CKa3aHHblM Ha oco6eHHOCTHX 3aITOJIHeHHH 7-H o60JIO'-IKH, KOTOpOH Ha cxeMe pHC. 8.3 
COOTBeTCTByeT COCTOHHHe 1)15/2· Dpe,ll.ITOJiaraeTCH, '-!TO B paccMaTpHBaeMOM CJiyqae H,ll.pa 

co,ll.epMaT MarnqecKoe '-IHCJIO HeHTpoHos N = 184 npH Marn'-!eCKOM '-IHCJie rrpoTOHOB 

z = 114. )lsaM,ll.bl Marn'-!eCKHe H,ll.pa 298 114 o6Jia,ll.a!OT 3aMKHYTblMH o60JI04KaMH; npH

'-IHHa ycTOH'-IHBOCTH 3THX H,ll.ep CBH3aHa c TeM, '-!TO 3aITOJIHeHHe HX HYKJIOHHblX o60JIO'-!eK 

corrpoBOM,ll.aeTCH 3Ha'-!HTeJibHblM BbmrpbillleM 3HeprHH. 

K 3aTpoHyToMy sonpocy MhI sepHeMcH B rn. 15 (§ 15.2). 

8.1.4. funepHJJ.pa H HX HCilOJib30BaHHe )J.JISI u3yqeHHSI o6oJioqeqHoii 

CTPYKTyp&1 SIJJ.ep. lfasecTHbI fl,ll.pa, Ha3bIBaeMbie 2unepRiJpaMu, B KOTOpbIX OJl.HH 

HJIYI ,ll.Ba HYKJIOHa 3aMeHeHbI A-qacTHU.aMH. fHnepf!Jl.PO 6bIJIO OTKpbITO B 1935 r. 
M. MaH,ll.hillleM YI B. CTHeBCKHM (OoJihllla) B cocTase KOCMHIJeCKHX Jiyqei-f. 3a

xsatJeHHhitt A-rnnepoH H B coCTaBe fl,ll.pa pacna,ll.aeTCH 3a speMfl nopfl,ll.Ka 10- 10 
c 

3a ClJeT CYIJI CJia6oro B3aHMO,ll.eHCTBHH ( CJie,ll.OBaTeJibHO, TaKOBO H speMf! )KH3HH 

rnnepfl,ll.pa). 
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B nocJie,ll,yIOmHe fO,ll,bl rnnepH,ll,pa H3yLiaJIH He TOJ!bKO B COCTaBe KOCMHLieCKHX 

Jiyqetf, HO H (B OCHOBHOM) B onbITax Ha ycKOpHTeJIHX c urnpOKHM npHMeHeHHeM B 

KaLiecrne ,ll,eTeKTopoB ny3hipbKOBhIX KaMep. obIJIH o6Hapy)KeHbI rnnepH,ll,pa IJ,eJioro 

pH,ll,a 3JieMeHTOB, KaK JierKHX, TaK H TH)KeJiblX. 3KcnepHMeHTbl noKa3aJIH, 0)1,HaKO, 

oTcyTcTBHe rnnepBO,ll,opo,ll,a - H,ll,pa, cocToHmero H3 npoTOHa H A-rnnepoHa. 3TO 

yKa3bIBaeT Ha TO, LITO CHJihI, CBH3hIBaIOmHe HYKJIOH H A-rHnepoH OTHOCHTeJihHO 

CJia6bI (TOLIHO TaK )Ke, KaK HeBeJIHKl1 Cl1Jlbl, CBH3bIBaIOI.ll,11e npOTOH 11 HeHTpOH 

B )l,eti:TpOHe (CM. § 9.5). 
Ha1160Jiee JierK11M rnnepH,ll,poM HBJIHeTCH >. 3H. 3TO rnnepH,ll,po MO)KHO cLI11TaTb 

)l,eHTpOHOM c np11coe)l,11HeHHbIM K HeMy JI51M)l,a-rnnepoHOM. 

TaK KaK A-rnnepoH, no,ll,o6Ho HYKJioHaM, HBJIHeTC51 cpepM110HOM, TO OH MO)KeT 

3aH11MaTb Te )Ke COCT051Hl151, LITO 11 HYKJIOH' BKJIIOLiaH Hl1)KaHll1HH ypoBeHb 1 s. 
Ha p11c. 8.5 noKa3aHa COCTaBJieHHaH Ha OCHOBe Ha6JIIO)l,aTeJibHbIX )l,aHHbIX cxeMa 

HeiiTpoH A' ITpoToH t )..-rimepoH 

Pttc. 8.5. ITpou:eccbI o6pasoBaHHH rnnepH,n:ep JierKHX 3JieMeHTOB 

3anoJIHeH115! A-rnnepoHaM11 HYKJIOHHhIX ypoBHeti: Jiern11x H,ll,ep, KoTopoe conpo

BO)K,ll,aeTcH o6pa30BaHl1eM pa3Jil1L!Hb!X rnnepH,ll,ep. 0TMeTHM, LITO B )l,eHCTBHTeJib

HOCTl1 ypoBeHb, Ha KOTOpbIH nona,ll,aeT 3axBaLieHHbIH A-rnnepoH, pacnoJIO)KeH 

HeCKOJ!bKO Bb!Ille no cpaBHeHl1IO c pacnOJIO)KeH11eM COOTBeTCTBYIOlll.erO HYKJIO

Ha (c,ll,B11r o6bHCHHeTC51 TeM, LITO B3a11MO,ll,eHCTB11e A-r11nepoHoB c HYKJIOHaM11 

HeCKOJ!bKO CJia6ee no cpaBHeHl1IO c B3al1MO)l,eHCTBl1eM nocJie)l,Hl1X Me)K,ll,y co6oH:). 

3TO, 0)1,HaKO, He 51BJI51eTC51 npenHTCTBl1eM )l,JIH 3KCnep11MeHTaJibHOH npoBepK11 

OCHOBHb!X nOJIO)KeHl1H o60JIOLieLIHOH MO)l,eJil1, 6a311pyIOmeti:C5! Ha 113yLieHl1H cp11311-

LieCKl1X xapaKTep11CTl1K rnnep51,ll,ep. 

§ 8.2. 06o6w;eHHaB MOAeJib BApa 

8.2.1. Buo,n:Hbie 3aMeqaHHH. 5l,ll,po co ccpep11qecK11-c11MMeTp11LIHhIM caMoco

rnacoBaHHhIM noJieM He MO)KeT 11MeTb BpamaTeJibHb!X ypoBHeH 3Heprn11, noCKOJib

KY B KBaHTOBOH MexaH11Ke )l,JIH Cl1CTeMbl LiaCTl11.l,, ,ll,Bl1)KYI.ll,11XC51 B ccpep11LieCKl1-
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CHMMeTpttqHoM noJie, nomntte BpameHHH He HMeeT CMbICJia. Cornactto 3Kcneptt

MeHTaJibHbIM JJ,aHHb!M 60JiblllaH qaCTb HJJ,ep JIHllleHa 3HepreTHI-IeCKOH BpamaTeJib

HOH CTPYKTYPbI. CJieJJ,oBaTeJibHO, ccpepttt.JeCKH CHMMeTpttqHoe caMocornacosaHHoe 

ITOJie HBJIHeTCH JJ,JIH HHX xopornHM nptt6Jittm:em1eM, H OHH HMe!OT ccpepttt.JeCKYIO 

cpopMy c TOl.JHOCTb!O )J,O KBaHTOBblX cpJI!OKTyau,tti1. 

OJJ,HaKo H3BeCTHbI H HJJ,pa JJ,pyroro THna (c MaccoBbIMH t.JHCJiaMH, npHXOJJ,H

lll.HMHCH Ha o6Jiacrn 150 ~ A ~ 186 H A ;;:: 222), 06JiaJJ,a10mtte spamaTeJibHbIM 

cneKTpOM :rneprni1. 3To CBHJJ,eTeJibCTByeT 0 HenpHrOJJ,HOCTH JJ,JIH TaKHX HJJ,ep npH-

6JIH:lli:eHHH, B KOTOpOM caMOCOrJiaCOBaHHOe ITOJie Cl.JHTaeTCH ccpepttqecKH-CHMMeT

pHt.JHb!M. ,UJIH Toro, l.JT06bI o6ecrrel.JHTb cornactte c 3KCITepHMeHTaJibHblMH JJ,aHHbI

MH, Heo6XOJJ,HMO 3aMeHHTb 3TO ITOJie caMOCOfJlaCOBaHHbIM ITOJieM, HMe!Olll.HM OCb 

CHMMeTpHH H rreprreHJJ,HKYJIHPHYIO ei1 ITJIOCKOCTb CHMMeTpHH. TaKOH CHMMeTpHei1 

o6JiaJJ,aeT HJJ,po 3JIJIHITCOHJJ,aJibHOH cpopMbl. 

CymecrnoBaHHe B HJJ,pax He3arroJIHeHHbIX o6oJiot.JeK crroco6CTsyeT B03HHKHO

BeHHIO HX HeccpepHt.JHOCTH. OJJ,HaKo ecJIH l.JHCJIO HYKJIOHOB csepx 3arroJIHeHHbIX 

o6oJioqeK 1) cpaBHHTeJibHO HeBeJIHKO, TO ccpepHt.JeCKH-CHMMeTpHt.JHaH cpopMa HJJ,pa 

OCTaeTCH CTa6HJibHOH. CToJiom:eHHe, OJJ,HaKO, MeHHeTCH ITO Mepe poCTa l.JHCJia TaKHX 

HYKJIOHOB. HyKJIOHbI o6JiaKa MoryT npHHHMaTb yt.JaCTHe B pa3JIHl.JHbIX KOJIJieK

THBHbIX JJ,BH:lli:eHHHX, OKa3bIBaH u,eHTpo6em:Hoe JJ,aBJieHHe Ha «CTeHKH» OCTOBa HJJ,

pa, l.JTO npHBOJJ,HT K yMeHbllleHHIO CTa6HJibHOCTH ero ccpepttt.JeCKH-CHMMeTpHt.JHOH 

cpopMbI. B pe3yJibTaTe nptt HeKoTopoM JJ,OcTaTot.JHO 60JiblllOM l.JHCJie H36bITOl.JHbIX 

HYKJIOHOB ccpepttt.JecKH-CHMMeTpHt.JHaH cpopMa HJJ,pa oKa3wsaeTcH HecTa6ttJibHoi1, 

H HJJ,po JJ,ecpopMttpyeTcH. Hao6opoT, 3aMKHYTOCTb o6oJiot.JeK cnoco6crnyeT ccpepttt.J

HOCTH 5IJJ,pa. XapaKTepHa B 3TOM COOTHOllleHHH CHTyau,HH cpeJJ,H HJJ,ep, 6JIH3KHX 

ITO Macce K JJ,Ba:lli:JJ,bl MarnqecKOMY HJJ,py 
2~~Pb (N = 126, z = 82). He TOJibKO 3TO 

Bb!COKOYCTOHl.JHBOe HJJ,po, HO H coceJJ,HHe HJJ,pa o6JiaJJ,a!OT ccpepttt.JeCKOH cpopMOH, 

t.JTO o6ycJiaBJIHBaeT cymecrnoBaHtte pa3pbrna B u,enot.JKe Heccpepttt.JeCKHX rnm:e

JibIX HJJ,ep. 

KJiaccHcpHKau,HH yposHei1 HeccpepHt.JecKoro HJJ,pa cxoJJ,Ha c KJiaccHcpHKau,Hei1 

ypoBHei1 JJ,ByxaTOMHOH MOJieKyJibl, COCTOHlll.eH H3 OJJ,HHaKOBbIX HJJ,ep, TaK KaK B TOM 

H JJ,pyroM cJiyt.Jae l.JaCTHil,bl (HYKJIOHbl HJIH 3JieKTp0Hbl) JJ,BH:lli:YTCH B ITOJie c OJJ,H

HaKOBOH CHMMeTpHeH:. CTo3TOMY nptt paccMorpeHHH reopHH tteccpepttqecKHX HJJ,ep 

Mb! BOCITOJ!b3yeMCH aHaJiorneH: c COOTBeTCTBY!Olll.HMH rrpeJJ,CTaBJieHHHMH reopHH 

spamaTeJibHOrO JJ,BH:lli:eHHH MOJieKyJI, H3JIO:lli:eHHOH B fJI. 20 [2]. 
TaK, B MOJieKyJie JJ,BHm:eHHe 3JieKTpOHOB npoHCXOJJ,HT B cpaBHHTeJibHO MeJJ,

JieHHO MeHH!Olll.eMCH ITOJie KOJie6JI!Olll.HXCH HJJ,ep. 3To IT03BOJIHeT B paMKax TaK 

Ha3bIBaeMoro aJJ,tta6aTHl.JeCKOro nptt6JIH:lli:eHHH paccMaTpHBaTb )J,BH:lli:eHHe 3JieKTpO

HOB nptt HenoJJ,BH:lli:HbIX HJJ,pax (§ 17.1). AHaJiornt.JHbIM o6pa30M H3MeHeHtte cpopMbI 

H optteHTaIJ,HH JJ,ecpopMttpoBaHHOro HJJ,pa npOHCXOJJ,HT 3a npoMem:yTKH BpeMeHH, 

cymecTBeHHO 60Jibrntte nepttoJJ,a JJ,Bttm:eHHH HYKJIOHOB B caMocornacoBaHHOM rroJie 

H, CJieJJ,OBaTeJibHO, MO:lli:HO rosopHTb 0 MeJJ,JieHHOM aJJ,Ha6aTHl.JeCKOM BJIHHHHH cpop

Mbl HJJ,pa Ha JJ,BH:lli:eHHe HYKJIOHOB. 3TO o6cTOHTeJibCTBO IT03BOJIHeT HCITOJib30BaTb 

aJJ,tta6aTHl.JeCKOe nptt6JIH:lli:eHHe B TeOpHH Heccpepttt.JeCKHX HJJ,ep. 

1
) CosoKyTIHOCTb 3THX HYKJIOHOB Ha3hIBaIOT «06JiaKOM» H,a.pa. 
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CTo.n.o6HO TOMy, KaK B CJIY'-Iae MOJieKyJI MO)KHO B ,ll.OCTaTO"IHO xoporneM npH-

6JIH)KeHHH npeHe6peraTb CB5!3bl0 BpamaTeJibHOro ,ll.BH)KeHH5! c 3JieKTpOHHblM H KO

Jie6aTeJibHbIM, B a.n.tta6aTH"leCKOM npH6JIH)KeHHH TeopHH Heccpeptt"leCKHX 5!,ll.ep 

npeHe6peraJOT CB5!3bl0 BpameHH5! 5!,ll.ep c KOJie6aHH5!MH HX IlOBepXHOCTH H BHYT

peHHHM .ll.BH)KeHHeM HYKJIOHOB. B paMKax a.n.11a6aTHL1ecKoro np116Jitt)KeH115! MO)KHO 

BhIGHCJI51Tb 3Heprn11 o.n.HoGacn1'lHhIX yposHeH: HYKJIOHOB B aKcHaJihHO-CHMMeTpH'l

HOM caMocornacosaHHOM noJie. B cJie.n.y10meM pa3.n.eJie Mb! paccMoTpHM Mo.n.eJib, 

Y'lHTbrna10my10 HeccpepHL!HocTb H.n.ep. 

8.2.2. Mo,11;eJI& B,11;pa .11:e<t>opMHpouaHHOH <t>opM&I. B MO,ll.eJIH 5!.ll.pa, pa3pa-

6ornHHOH )l)K. Pei:iHycTepoM, n)K. YHJIJiepoM H .n.p. Y'lHTbIBaeTC5! BJ!H5!HHe KOJI

JieKTHBHOro ,ll.BH)KeHH5! HYKJIOHOB Ha napaMeTpbI cpe.n.ttero noJI5!. CLIHTaeTC5!, 'ITO 

KOJIJieKTHBHOe ,ll.BH)KeHHe HyKJIOHOB, pacnOJIOiKeHHblX BHe 3ailOJIHeHHblX o60JIO'leK, 

Bbl3bIBaeT H3MepeHHe cpopMbl 5!,ll.pa (6e3 H3MeHeHH5! 06beMa) H npocTpaHCTBeHHOH 

opHeHTaU,HH. )leqlOpMHpOBaHHOe 5!,ll.pO OOMHMO cneKTpa O,ll.HO"!aCTH'lHbIX COCT0-

5!HHH o6Jia.n.aeT cneKTpoM, C513aHHbIM c Ko.nJieKTHBHhIM ,ll.BHiKeHHeM HYKJIOHOB. 

PaccMoTpHM ero no.n.po6Hee. 

5Jiaro,nap5! ,necpopMaU.HH 51,npo npespamaeTC5! B 3JIJIHncoH,n spameHH5!, cnoco6-

HhIH BpamaTbC51 BOKpyr OCH, nepneH,nKyJI5!pHOH OCH CHMMeTpHH 51)1.pa. BbI'lHCJIHM 

3Heprn10 BpamaTeJibHbIX cocT05!HHH. Ha6JI10,naeMoe 3Ha"!eHHe cn11Ha y Heccpe

pHL!ecKoro 51,npa onpe,ne.n51eTC51 npoeKU,HeH BeKTOpHOH cyMMbl IlOJIHb!X MOMeHTOB 

HMilYJibca HyKJIOHOB Ha och CHMMeTpHH 51,npa A: K = 2.:) (pHc. 8.6). )lJI5! 

A 

P11c. 8.6. CxeMa c.JJ01Kett11H MOMettTOB HMnyJJbca .n:eqJOpM11posattttoro H.n:pa 

ocHOBHoro cocT05!HH5! 51,npa K coBna,naeT c ero cnHHOM 10 . Y "leTHO-"leTHbIX 51,nep 

Io = K = 0. Y Bo36yiK,neHHoro Heccpeptt'leCKoro 51,npa 3HaGeHHe cnHHa MO:IB.eT He 

cosna,naTb c Io no .ll.BYM npHGHHaM: 

a) B03MOiKHO H3MeHeHHe cyMMbl z=j; 

6) B03MOiKHO BpameHHe 5!,npa BOKpyr OCH, nepneH)J.HKYJI5!pHOH OCH CHM

MeTpHH. 

OoJIHb!H MOMeHT HMilYJibCa HeccpepH'leCKoro 51,npa B B036y:IB.,neHHOM COCTOHHHH 

paBeH I = K + n, r,ne 0 - BpamaTeJibHblH MOMeHT 51,npa . .Ll.JI5! 3HeprnH Bpama-
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TeJibHOro COCTOSIHHSI cnpase.n:JIHBa cpopMyJia 

n2 I) 
Esp= -2J , 

3cjlcjl 
(8.5) 

3,n:ecb J,cpcjl - 3cpcpeKTHBHbIH MOMeHT HHepti:HH; 

(
f)..R)2 

licpcp~JT R ' (8.6) 

Jy - MOMeHr HHepti:HH rnep.n:oro TeJia, HMeIOw.ero TY )Ke cpopMy, 'ITO H SI,n:po, 

R - cpe,n:HHH pa.n:Hyc 3JIJIHncoH.n:a. 

CTp11 K = const noJiyqaeTCSI spamaTeJihHaSI noJioca, ypoBHH KOTopotf B CHJIY 

(8.5) xapaKrepH3YIOTCSI Bbipa)KeHHeM 

n2 
Esp= -2J 

3cjlcjl 

!2 -K2 = 2Jn2 [I(I + 1) -K(K + l)]. 
2J9cjlcjl 9cjlcjl 

,llJISI lJ:eTHO-lJ:eTHoro SI,n:pa npH nepexo.n:ax B OCHOBHOe COCTOSIHHe K=O, H Mb! HMeeM 

ri2 
Esp= -2J I(I + 1), (8.7) 

9cjlcjl 

r.11,e no coo6pa)KeHHSIM CHMMeTpHH I MO)f(eT npHHHMaTh JIHlllh lJeTHhie 

0, 2, 4, 6, .... 3tteprnSI spaw.areJihHhIX yposttetf cornactto (8. 7) pastta 

E(O) - 0 E(l) - 3n2 
E(2) - 10n2 

E(3) - 21n
2 

sp - ' sp - J ' sp - J ' sp - J • 
9cjlcjl 9cjl<jl 3<jl<jl 

Cornarno cpopMyJie (8.6) /lcpcp < Jy. 3ro o6bSICHSieTcSI TeM, lJTO so 

ylJaCTBYIOT JIHlllb nosepXHOCTHbie HyKJIOHbl. 

3H3lJeHHSI 

(8.8) 

Bpaw.eHHH 

,UpyroH B03MO)i(Hb!H rnn .11,BH)KeHHSI - KOJie6aHHSI cpopMbl SI.11,pa, conocTaB

JISieMbie c pacnpocrpatteHHeM B SI,n:pe KOJie6aTeJihHhIX KBaHTOB MYJihTHilOJihHO

crn .\. KoJie6aTeJihHhie KBaHThI xapaKTepH3YIOTCSI MOMeHTOM A., lJeTHOCThIO ( -1 )>.. 
H 3Heprnetf nW).., r.11,e W>.. = JC>../ B>.. - lJaCTOTa KOJie6aHHH, C>.. - napaMeTp 

nosepxttocrnoro Harn)KeHHSI H,n:pa, a B>.. - napaMeTp, xapaKTepH3YIOill.HH nepettoc 

MaCCbl B npou:ecce KOJie6aHHH. nocKOJibKY CJiylJaH A = 1 COOTBeTcrnyer npo

CTOMY nepeMeW,eHHIO B npocrpaHCTBe, TO npocTeHlllHM BH.LJ:OM KOJie6aTeJibHb!X 

KBaHTOB SIBJISIIOTCSI KBa.11,pynOJibHb!e KBaHTb! (.\ = 2), o6Jia,n:aIOW,He, OlJeBH.LJ:HO, 

noJIO)KHTeJihHOH lJeTHOCThIO. KoJie6areJihHhIH cneKTP cocTOHT H3 ypoBHei1 c 3Hep

rnei1 nw, 2nw, ... , COOTBeTCTBYIOW.HX B03HHKHOBeHHIO O,Li..HOfO, ,LI..ByX, ... KB3HTOB 

KBa.11,pynoJihHhIX KOJie6aHHH. CTpHMeHSISI npaBHJIO cJio)f(eHHSI BeKTopos, HeTpy.11,tto 

IlOJIYlJ:HTh xapaKTepHCTHKH 3THX ypOBHeH: 2+ (o.D,HH KB3HT), Q+, 2+, 4+ (.11,Ba 

KB3HTa), .... TaKHM o6pa30M, nepsoe B036y)K,n:eHHOe COCTOSIHHe KOJie6aTeJibHOrO 

cneKrpa HMeer xapaKTepHCTHKY 2+, a BTOpoe SIBJISieTCSI BbipO)K.11,eHHblM TpHnJieTOM 

C COCTOSIHHSIMH Q+, 2+, 4 +. 

1) 3rn ¢opMyJia saITHCbrnaeTrn ITO aHaJiornH c ¢opMyJioi1 ( 19.24) [2], HMeIOru.eti BH.D, E = ~}, 
r.n,e E - 3Heprm1 sparu.eHHH H.n,pa, MR - MOMeHT HMITYJibca, HaITpasJieHHbIH ITO OCH spaw.eHHH, 
I - MOMeHT HHepUHH, OTHOCHTeJibHO OCH sparu.eHHH. 
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flpH B036y:lK.lleHHH OKTynOJibHbIX KOJie6aHHH, KBaHTbl KOTOpbIX HMeJOT MO

MeHT H IJeTHOCTb 3-, TaK:lKe 06pa3yeTcH 3KBHJl.HCTaHTHbIH cneKTp. Bo3MO:lKHbI 

B036y:lK.neHHH, CB513aHHbie c o6pa30BaHHeM 0.llHOro KBa.npynOJibHOro H 0.llHOro 

OKTynoJibHOro KBaHTa, a TaK:lKe cJiylJaH ew.e 6oJiee CJIO)KHbIX KOJie6aHHH. 

PaccMoTpeHHhie npe.ncKa3aHH51 o6o6w.eHHOH Mo.neJIH xopolllo no.nTsep:lK.naJOTC51 

3KcnepHMeHTaJlbHO; COOTBeTCTBYIOW.He npHMepbl Mb! npHBe.neM B cJie.nyJOW,eM na

parpaqie. 

BepHeMC51 K cJiylJaJO 51.llpa, .nectiopMHpOBaHHbIH OCTOB KOTOporo HMeeT OCb 

CHMMeTpHH A (pHc. 8.6). CIJHTaeTrn, lJTO KBa.npynoJibHbIH MoMeHT Qo TaKoro 51.llpa 

C03.naeTC51 B OCHOBHOM .ne<tiopMHpOBaHHbIM OCTOBOM, a He nepHqiepHHHbIMH HYKJIO

HaMH. 3TOT KBa.npynoJibHbIH MOMeHT Ha3b!Ba!OT BHympeHHUM HJIH co6cmBeftftblM. 

flpH H3MepeHH51X o6Hapy:lKHBaeTC51 He MOMeHT Qo, a ero npoeKLI,H51 Q' Ha OCb 

cnHHa 51.llpa. 3TO o6b51CH51eTrn npeuecrneif OCH A BOKpyr OCH I. MoMeHT Q', 
Ha3bIBaeMbIH Ha6JIJO.L1.aeMbIM, CB513aH c MOMeHTOM Qo COOTHOllleHHeM 

Q' = Qo [~ cos
2 (K, I) - 4J. 

flpeo6pa30BaB Bbipa:lKeHHe B CK06Ke, IlOJIYlJHM 

I l [ 3K2 
] 3K

2
-l(l+l) 

Q = Qo 2I + 3 l(l + l) - 1 = Qo (l + 1)(21+3). (8.9) 

)lJI51 51.npa B OCHOBHOM COCT051HHH I= K, Il03TOMY (8.9) npHo6peTaeT BH.ll 

I l 21 - l 
Q = Qo l + l . 21 + 3. (8.10) 

lfa qiopMyJihI (8.10) EH.LI.HO, lJTO npH I= 0, 1/2, Q' = 0, ecJIH .na:lKe Qo i= 0. 3rn 

o6b51CH51eTC51 TeM, lJTO 6Jiaro.nap51 npeuecCHH OCH CHMMeTpHH fl.LI.PO CTaHOBHTC51 

cqiepHIJecKH cHMMeTpHl!HbIM. 0.nHaKo npH I ~ 1 Q' i= 0. I-fa (8.10) BbITeKaeT 

TaK)Ke, lJTO Jl.JI51 onpe.neJieHH51 BHyTpeHHero KBa.npynOJibHOro MOMeHTa Heo6XOJl.HMO 

YMHO:lKHTb Q' Ha MHO:lKHTeJib 

l + l 21+3 
-l-. 21 -1 · (8.11) 

HanpHMep, npH I = 3/2 3TOT MHO:lKHTeJih paseH 5, a npH I= 9/2 paseH 11/6. 
no Mepe .naJibHeHlllero poCTa I MHO)KHTeJib (8.11) npH6JIH)KaeTC51 K e.nHHHLI,e. 

l..J.eTHO-lJeTHbie 51.llpa B B036Y:lK.lleHHOM COCT051HHH (K = 0, J = f2 -/= 0) COrJiaCHO 

(8.9) o6Jia.naJOT KBa.npynOJibHbIM MOMeHTOM 

Q
I l 
= -Qo 21 +3' 

He paBHbIM HYJIJO, ecJIH Qo i= 0. 
3HalJeHH51 Q0 MoryT 6hITb Haif.neHbI Henocpe.ncTBeHHO MeTO.llOM KYJIOHOBCKoro 

B036Y:lKJl.eHH51 Bpaw.aTeJibHbIX ypOBHeH 51.llpa (§ 15.1). 
Ha pHc. 8.7 noKa3aHa 3aBHCHMOCTb BHyTpeHHHX KBa.npynoJibHbIX MOMeH

TOB Qo OT lJHCJia HelJeTHbIX HYKJIOHOB B 51,Zlpe. )lJI51 HCKJIJOlJeHH51 3aBHCHMOCTH Qo 
OT reoMeTpHIJecKHX pa3Mepos 51.llpa 3HalJeHH51 Q0 pa3.neJieHbI Ha R2. KaK BHJl.HO, 

c yseJIHlJeHHeM Macchi 51.npa Ha6JIJO.L1.aeTrn TeH.neHLI.H51 poem Q0 . CTpeJIKaMH Ha 
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P11c. 8.7. 3as11c11MOCTb co6CTBeHHoro KBa.n;pynoJibHOro MOMeHTa OT q11cJia HeqeTHbIX HYKJIOHOB 

B l!Ape 

p11c. 8. 7 OTMeLieHhl KBa.II,pynoJibHbie MOMeHTbl MarnLieCKl1X H.II,ep; OHl1 cpaBHl1TeJib

HO MaJihl 11Jil1 paBHbl HYJIIO. nJIH 60Jibllll1HCTBa THJKeJih!X H.II,ep KBa.II,pynOJibHbie 

MOMeHTbl OTJil1LIHbl OT HYJIH 11 IlOJ!OlKl1TeJibHbl, T. e. TaK11e H.II,pa 11Me!OT cpopMy 

Bb!THHYTOro 3JIJll1IlC011.II,a spameHl1H. 

§ 8.3. HcnoJib30Bamte npeACTaBJieHHii: 06onoqe1rnoii: H o6o6w.eHHoii: 
MOAeJieii: B SIAepHOH cneKTpOCKOilHH 

B KH11re [2] 11I11p0Ko 11cnoJih3yeTcH 11HcpopMau,11H 06 ypoBHHX 3Heprn11 aToM

HhIX Cl1CTeM, noJiyqaeMaH MeTO.IJ,aMl1 aTOMHOH 11 MOJieKyJIHpHOH cneKTpOCKOill111, 

C'Il1TaIOI..I.J.ei1rn nepBbIM cpyH.IJ,aMeHTaJihHhIM B11AOM cneKTpocKon1111. BaJKHeH.lllaH 

3a.IJ,aLia H.II,epHOH cneKTpOCKOill111 ~ BTOporo cpyH.IJ,aMeHTaJihHOro 811.II,a cneKTpo

CKOill111, COCTOl1T B 113yLieHl111 3HepreTW.JeCKl1X yposHeH H.II,ep, B03Hl1KaIOI..I.J.11X np11 

pa.II,11oaKTl1BHOM pacna.IJ,e 11 HAepHbIX peaKu,11Hx. B 3TOH KH11re MhI 6y.IJ,eM qacTO 

HCilOJ!b30BaTb CBe.II,eHl1H 0 H.II,epHb!X ypoBHHX, noJiyLiaeMb!e MeTO.IJ,aM11 H.II,epHOH 

cneKTpOCKOill111 [8]. 
TeopeT11LiecKoi1 ocHosoH. H.II,epHOH cneKTpocKon1111 HBJIHIOTCH o6oJioLieLIHaH 11 

o6o6I..I.J.eHHaH MO.IJ,eJil1 H.II,pa. 003TOMY cymecrnyIOI..I.J.aH KJiaCC11cp11Kal.l,l1H H.II,epHb!X 

ypoBHeH on11paeTCH Ha npe.II,CTaBJieHl1H yKa3aHHb!X MO.IJ,eJieH. 

PacCMOTp11M 3TY KJiacc11cp11KaU,11IO no.II,p06Hee. np11 B036yJK.II,eHl111 cep.II,u,eBl1Hbl 

H.II,pa B03Hl1KaIOT pe.II,KO pacnoJioJKeHHbie yposH11 co cpasH11TeJihHO 6oJibllIOH 3Hep

rneiL Ha1160Jiee BhICOKO pacnoJioJKeHHhIH yposeHh Ha p11c. 8.8, a (E ~ 20 M3B) 
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CrreKTp, o6ycJJOBJJeH
HhIH KOJJe6aHHeM 
cep,n,u,eaHHhI ll,u:pa E(M38) 

i------20 

2+ 12 
O.u,Hoqacn11rnh1H 

3- 2,6 ClleKTp (M3B) 7-

13+ 2 
2,37 

2 
1,63 

3-
5- - 0,89 
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2 
0 

207 Pb ( n = -1) 
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ToqKH A, B cooTBeTCTBYJOT 
3aITOJJHeHHb!M o6oJJoqKaM 
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194Pt (n=-14) 176Hf (n=-32) 

B 

PHc. 8.8. 3HepreTHqecKHe cneKTpbI 51Apa, cooTaeTCTBYJOW.He pa3JJHqHhIM cJJyqaHM ,U:BH)!{eHH51 ero 
OCTOBa H nepH<jlepHHHblX HYKJJOHOB 

COOTBeTCTByeT oco6eHHO CHJibHOMY B036y)K)l,eHHIO, npHBO)l,Hlll,eMy K )1,HCTOJibHOH 

)1,ecpopMau.1111 HJJ.pa. 3TOT 3cpcpeKT He o6Hapy)KHBaeT HHKaKOR CB5l.3l1 c o60JlOLiel.\

HOH CTPYKTypoii HJJ.pa, TaK KaK 3Hepr11H so36Y*JJ.eHHH )1.ttnoJibHOro pe3oHaHca 

HBJJHeTCH nJiaBHOH <PYHKU,HeH Maccosoro 1UICJia, nocTeneHHO yMeHbllJaHCb c ero 

pocTOM. CTp11 3Heprn11 so36Y*.ll.eHHH nopHJJ.Ka 10 M3B B ocrnse HJJ.pa B03HHKaeT 

KBaJJ.pynoJibHaH )1,ectJopMaU.HH, a np11 3Heprn11 2,5-3 M3B - OKTynoJibHaH. 

XapaKTep cneKTpoB ocTaJibHbIX T11nos c11JihHO 3as11c11T OT o6oJioIIeIIHOH cTpyK

TYPhI HJJ.pa. 0cTaHOBl1MCH BHaIIaJie Ha cJiyqae, KOr)l,a csepx ocTosa HJJ.pa 11MeeTCH 

OJJ.HH 1136bITOIIHbIH HYKJlOH. CTp11 B036Y*JJ.eH1111 nocJie)l,Hero B03Hl1KaeT TaK Ha-

3hrnaeMhIH o8HoliacmuliHbtu cneKmp. B cJiyIIae 5!)1.pa, o6Jia)J,aIOlll,ero «.ll.bipKoH», 

T. e. O.ll.HOH saKaHc11ei1 B ocTose, 06pa3yeTcH cneKTp TaKoro *e nma. CT0HHT11e 

«)1,blpK11» )1,0CTaTOIIHO qaCTO 11CTIOJlb3yeTCH B aroMHOH 11 MOJieKyJIHpHOH cneK

TpOCKOCTHH (cM., Hanp11Mep, B [2, § 25.1]). B )1,aHHOM cJiyqae otto yJJ.o6tto TeM, 

'ITO no3BOJI5IeT pe3Ko coKpaTHTb IIHCJIO paccMarp11saeMbIX qacTHU.. HanpttMep, 

HJJ.PO 1 ~C, o6Jia)l,a!Olll,ee CeMb!O HeHTpottaMH, MO)KHO paccMaTp11saTb KaK HJJ.pO, 

HMeIOlll,ee 0.ll.HY )1,blpKy, raK KaK )1,0 3anOJIHeHH5I BTOpoH HeHTpOHHOH o60JIOIIKH, 

COOTBercrny10lll,eH Marw-1eCKOMY IIHCJIY 8, He XBaTaeT 0)1,HOro HeHTpOHa. l.JHCJIO 

HYKJIOHOB csepx 3aMKHYTbIX o6oJioIIeK MbI 6y.ll.eM o6o3HaIIaTb qepe3 n, a IIHCJIO 

)1,blpOK B o60JIOIIKax qepe3 -n, npHIIeM lnl He MO)KeT npeBbllllaTb CTOJIOBHHbl 

OT MaKCHMaJibHOro IIHCJia HYKJIOHOB B HeiirpOHHOH H npoTOHHOH He3aMKHYTbIX 

o6oJIOIIKax. 
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Ha p11c. 8.8, 6 B Kal!ecTBe np11Mepa np11Be)J.eH OJJ.HOl!acTHl!HbIH cneKTP HJJ.pa 
207 Pb (n = -1). KaK BHJJ.HO, paccTOHHHH Me1KJJ.Y ypoBHHMH 11MeIOT nopHJJ.OK 

JJ.eCHTbIX JJ.OJieH M3B HJIH 1 M3B. 

,llJIH HJJ.ep c lnl > 1 CJieJJ.yeT YllHTb!BaTb xapaKTep ocTaTOl!HbIX B3aHMOJJ.eif

CTBHH. CornacHo 06w.enp11HHTOMY npeJJ.nOJIO)l(eHHIO, «OcTaTO'-IHbie CHJibI», JJ.eif

cTBy10w.11e Me1KJJ.Y H36hITOl!HbIMH HYKJIOHaMH, )J.eJIHTCH Ha JJ.Be rpynnhI. DepBbie 

CHJ!bl OTBeCTBeHHbl 3a CBH3b HYKJIOHOB B napbl c HyJieBbIMH MOMeHTaMH HMilYJibCa. 

B cJiyqae )J.ei:i:cTBHH 3THX CHJI cyw.ecTBeHHO nepeKphrnaIOTCH BOJIHOBbie cpyHK-

1..1,1111 JIHWb JJ.Byx B3aHMOJJ.ei:i:cTBy10w.11x qacT111..1,. Dp11 JJ.eHcTBHH TaK Ha3brnaeMbIX 

KeaapynOflbHbtX CUA cyw.eCTBeHHO nepeKpb!BaIOTCH BOJIHOBble cpyHKI..l,HH Bcex n 
l!aCTHU. KBaJJ.pynoJibHhie CHJibI HBJIHIOTCH 6oJiee )J.aJibHOJJ.ei:i:cTBy10w.11M11 no cpas

HeHHIO c napHb!MH. 

EcJIH cpeJJ.H H36bITOl!HbIX HYKJIOHOB npeo6Jia)J.aIOT CHJibI nepsoro THna, TO 

o6JiaKO HMeeT ccpep11qecKyIO cpopMy. Dp11 )J.eHCTBHH CHJI BToporo rnna HyK

JIOHbl o6JiaKa CTpeMHTCH CKOHI..l,eHTpHpOB3TbCH B onpe)J.eJieHHb!X HanpasJieHHHX, 

11 noCJieJJ.Hee JJ.ecpopM11pyeTCH. TaKHM o6pa3oM, JJ.ecpopMa1..1,11H o6JiaKa o6ycJIOBJietta 

JJ,eHCTBHeM KBaJJ,pynoJibHb!X CHJI. 

Dp11 HaJIHl!HH napHbIX CHJI 3HeprnH CBH3H nponop1..1,110HaJihHa l!HCJIY nap n/2, 
a KBaJJ.pynOJibHbIX - n2. Do3TOMY napHbie CHJ!bl npoHBJIHIOTCH B OCHOBHOM npH 

MaJihIX n; np11 n » 1 KBaJJ.pynoJibHhie CHJibI pe3KO npeo6JiaJJ,aIOT ttaJJ. napttbIMH. 

B llaCTHOCTH cneKTP «o6JiaKa» c l!eTHbIM n HMeeT cJieJJ.y10w.11e oco6eHHOCTH. 

EcJIH n cpaBHHTeJibHO MaJio, TO o6JiaKo HMeeT ccpep11qecy10 cpopMy. KoJIJieKTHB

Hoe JJ.BH1Kett11e B JJ,aHHOM cJiyqae 3aKJIIOl!aeTcH B KOJie6att1111 HYKJIOHOB o6JiaKa 

OTHOCHTeJibHO ccpep11'-IeCKH pasttosecttoi-i cpopMbI, B npouecce TaK11x KoJie6aHHH 

11cnycKaIOTCH KBaJJ.pynOJibHbie KBaHTbl. Depsoe B036Y1KJJ.eHHOe COCTOHHHe HMeeT 

xapaKTep11cT11Ky 2+; np116JI11311TeJibHO np11 y.nsoeHHOH 3Heprn11 06b1l!HO HaXOJJ.HTCH 

COCTOHHHe - Bblp01KJJ,eHHb!H TpHnJieT Q+, 2+, 4 +. DpHMep KOJie6aTeJibHOrO cneKTpa 

np11se.neH Ha p11c. 8.8, B. 

Dp11 JJ,aJibHei:i:rneM cyw.ecTBeHHOM pocTe lnl o6JiaKo JJ,ecpopM11pyeTcH HaCTOJib

Ko, l!TO HJJ.po np1106peTaeT Heccpep11l!eCKy10 cpopMy. Cep.n1..1,es11Ha H.llpa TaK1Ke 

HeCKOJibKO JJ,ecpopM11pyeTCH, 0.llHaKO, o6JiaJJ,aH cyrn.eCTBeHHO 60JibllIHM 3apHJJ.OM 

no cpasHeHHIO c o6JiaKoM, oHa JJ,ecpopM11pyeTcH 3Hal!HTeJibHO cJia6ee nocJieJJ,Hero. 

TaKoe H)J,po o6JiaJJ,aeT OTHOCHTeJibHO 6oJibllIHM KBaJJ.pynoJibHb!M MOMeHTOM. 

Heccpep11qecK11e H.npa MoryT spaw.aThCH; xapaKTep spaw.aTeJibHbIX cneKTpoB 

MbI on11caJI11 BbIIlle. Ha p11c. 8.8, B noKa3aH sparn.aTeJihHbIH cneKTP 176Hf (n = 
= -32). YpoBHH 3HeprnH HMeIOT xapaKTepHCTHKH o+, 2+, 4+, 5+ B COOTBeTCTBHH 

c npeJJ,cKa3aHHHMH o6o6w.eHHOH MO.lleJIH. 

3tteprHH KOJie6aTeJibHO-Bparn.aTeJibHb!X ypOBHeH ( COTb!e H .necHTbie .no

JIH M3B) 3Hal!HTeJibHO MeHbllle 3Heprn11 OJJ.HOl!aCTHl!HbIX yposttei:i:. 

3tteprnH KOJie6aTeJibHo-Bparn.aTeJibHbIX JJ.B111KeHHH CHJibHO 3aBHCHT OT n. Ha

np11Mep, )J,JIH ypoBHH 2+ c pocTOM n 3HeprnH yMeHblllaeTCH, )J,OCTHraeT MHHHMyMa 

11 Bo3pacTaeT (KpHBaH B paMKe, p11c. 8.8). KorJJ,a H36bITOl!Hbie HYKJJOHbI 06pa3y10T 

KOHcp11rypa1..1,1110, 6JIH3KYIO K 3aMKHYTOH, B036Y1K.lleHlrn OTHOCHTeJibHO BeJIHKH, 

11 ypOBHH 3HeprnH 06pa3y10T cneKTp, IIO)J,06Hb!H O)J,HOl!aCTHlJHOMY cneKTpy. 
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3HepreTHYeCKHH cneKTp c HeYeTHhIM YHCJIOM HYKJIOHOB B He3aMKHYTOH 060-

JIOYKe npe,11,cTaBJIHeT co6otf COYeTaHHe H3 CileKTpOB, COOTBeTCTBYIOUJ.HX KOJI

JieKTHBHhIM COCTOHHHHM n YaCTHIJ, H 0,11,HOYaCTHYHOMy COCTOHHHIO HenapHoro 

HYKJioHa. 

11TaK, 3HepreTHYeCKHe cneKTphI H,11,ep MO)KHO no,11,pa3,11,eJIHTh Ha TPH nma: 

cneKTp, CBH3aHHhIH c KOJie6aHHHMH cep,11,11,eBHHhl H,ZI,pa, O,ll,HOYaCTHYHblH cneKTP 

H KOJie6aTeJihHO-Bpaw.aTeJihHhIH cneKTp. CpaBHHTeJihHO 6oJibWaH 3HeprnH ypoB

Heti nepsoro THIIa o6bHCHHeTCH CTa6HJibHOCThIO 3anoJIHeHHh!X o60JIOYeK. 3Hep

rHH 0,11,HOYaCTHYHhIX ypoBHeH, MeHbWe qeM 3HeprnH KOJie6aHHH cep,ZI,11,eBHHhl, HO 

3HaYHTeJ1bHO 60J1bWe 3HeprHH yposHeH KOJie6aTeJihHO-Bpaw.aTeJibHOro cneKTpa. 

Pa3JIHYHe 3Heprntf ypoBHeti sroporo H rperbero THna Herpy,ZI,HO o6bHCHHTh. 

I1pH KOJIJieKTHBHOM KOJie6aHHH HJIH spaw.eHHH HYKJIOHOB He3aMKHYTOH o6oJIOYKH 

B ,ZI,BH)KeHHH O,ll,HOBpeMeHHO yqacrnyeT MHOro qacTHIJ,, o6Jia,ZI,a!OUJ.HX B COBOKyn

HOCTH OTHOCHTeJihHO 60JihWOH MaCCOH. CaMocornacosaHHOe IIOJie Ha nepmpepHH 

H,11,pa cpasmneJibHO CJia6o, YTO o6ycJiaBJIHBaeT MaJIOCTh B03Bpaw.aIOw.etf CHJ!bl. 

C ,ZI,pyrotf cropOHhI, ABH)KeHHe OT,ZI,eJihHOH qacrHIJ,hI npH n = I npoHcXO,ZI,HT 

B ropa3,ZI,0 6oJiee CHJlhHOM caMOCOrJiaCOBaHHOM IIOJie IIOYTH c~epHYeCKOfO H,11,pa, 

npHYeM Macca HYKJIOHa HaMHoro MeHhrne MaCChI o6JiaKa. I1o3ToMy B03Bpaw.aIOUJ.aH 

CHJia BO BTOpOM CJiyqae cyw.ecTBeHHO 6oJihWe, YeM B nepBOM. 

I1pHBe,11,eHHOe no,11,pa3,ZI,eJieHHe cneKrpoB H,ZI,epHhIX ypoBHeti 3HeprnH Ha rpH 

THna B H3BecTHOH Mepe ycJIOBHO. PeaJihHhie H,11,epHb1e cneKTphI npe,ZI,cTaBJIHIOT 

co6otf CJIO)KHOe COYeTaHHe cneKTpOB pa3JIHYHbIX BH,ll,OB. 



f Jiasa 9 

R,lJ;EPHhIE CHJihl 

oJiaro,D,apH HenoJIHOTe Haurn:x 3HaHHH o npttpo,D,e 51,D,epHbIX CHJI «CTpaTerw-i:e

CKHH 00,ll,XO,ll,» K peweHHIO 3TOH npo6JieMbl 3aKJIJOqaeTC51 B npose,D,eHHH KOMnJieKc

HbIX HCCJie,D,oBaHHH TeopeTHqecKoro H 3KcnepHMeHTaJibHoro xapaKTepa. B 3TOH 

rnase HMeHHO B TaKOM KJI!oqe - TeCHOM nepenJieTeHHH TeopeTHqecKHX H Ha6JIIO

,D,aTeJibHb!X ,D,aHHb!X, H3JiaraIOTC51 BonpocbI, CB5!3aHHbie c 113yqeHHeM cpH3HqeCKHX 

xapaKTepHCTHK 51,D,epHb!X CHJI. 

§ 9.1. <l>eHOMeHOJIOru:qecKaSI H Me30HHaSI TeopHH SI,ll,epHhIX CHJI 

lfa pa3JIHqHblX pa3pa60TaHHblX K HaCT051ll.l,eMy speMeHH sapttaHTOB TeopHH 

5!,D,epttb!X CHJI Mb! orpaHHqHMC51 KpaTKHM OOHCaHHeM JJ.BYX H3 HHX: cpeHOMeHOJIO

rnqecKOH H Me30HHOH TeOpHH. 

cDettOMeHOJIOfHqecKa51 TeopH51 51,D,epHbIX CHJI OCHOBaHa Ha 3MrmpttqecKOM OO,D,-

6ope nOTeHUHaJIOB B3aHMOJJ.eHcTBHH MeJKJJ.Y JJ.BYM51 HYKJIOHaMH ((N-N)-B3aH
MO,D,eHcTBH51) c TeM, qTo6bI o6ecneqHTb cornacHe TeopeTHqecKH BblllHCJieHHbIX 

BeJIHqHH c H3BeCTHOH COBOKYDHOCTb!O 3KCnepHMeHTaJibHbIX cpaKTOB. l1cnOJib3Y51 

,D,aHHbie tta6JIIO,D,eHHH o B3aHMO,D,eHcTBH51X HYKJIOHOB c 3Heprnei1 B tteCKOJibKO 

,D,ec5!TKOB M3B, 6b1JIH no,D,o6pattbI noTeHI.1,HaJibI, oKa3asurnern «yJJ.aqHbIMH» s yKa-

3aHHOM 3ttepren1qecKOM ,D,Hana3otte. Ho, KaK BbIHCHHJIOCb, JJ.JI51 onttcaHH51 B3aH

Mo,D,eHcTBHH HYKJIOHOB c 3tteprnei1 nop51,D,Ka cTa M3B H Bb1we 3TH «HH3K03ttepre

THqecKHe» noTeHUHaJibl ttenpHMeHHMbl. 

K HaCT051ll.l,eMy speMeHH npe,D,JioJKetto ttecKOJibKO noTettuHaJioB, YJJ.OBJiernopH

TeJibHO onHCbIBaIOll.l,HX (N -N)-pacce51HHe JJ.O 3tteprni1 B tteCKOJibKO coTeH M3B; 

HO Bp5!,D, JIH MOJKHO Ha,D,e51TbC5!, qTo OHH OKaJKyTC5! cnpaBe,D,JIHBbl H npH 60JibllIHX 

:rneprnHx. 

l1TaK, cpeHOMettoJiornqecKaH TeOpH51 5!,D,epttb!X CHJI npHBeJia K orpattHqeHHOMY 

ycnexy ,D,aJKe B «yra,D,bIBaHHH» xapaKrepa noTettuHaJia (N-N)-B3aHMo,D,ei1crnHH. 

OrpattH4eHHOCTb 3TOH TeopHH npo51BJI51eTc51 TaK)Ke B TOM, qTo B ee paMKax soo6-

me HeB03MOlKHO OOCTaBHTb 3a,D,aqy HCCJie,D,OBaHH51 npttpO,D,bl CHJI, np051BJI51!0ll.l,HXC51 

nptt B3aHMO,D,eHcTBH51X MeJKJJ.Y HYKJiottaMH. 

5oJiee ycnewttoH OKa3aJiacb Me30HHa51 TeopH5!. 0cTaHOBHMC51 tta tteKOTOpbIX 

npe,D,CTaBJieHH51X, Jie)Kall.l,HX B OCHOBe 3TOH TeopHH. HanOMHHM, qTo B KBaHTOBOH 

3JieKTpO,ll,HHaMHKe B3aHMO,D,eHCTBHe MeJK,D,Y JJ.BYM5! 3JieKTpH'-IeCKH 3ap511KeHHblMH 

4aCTHUaMH OOHCbJBaeTC5! KaK HcnycKaHHe BHpTyaJibHOrO cpoTOHa - KBaHTa 3JieK

TpOMarttHTHOfO OOJI51, O,ll,HOH H3 HHX H ero nocJie,D,yIOmee nornomettHe JJ.pyroH. 

B 1934 r. 11. E. TaMM BbICKa3aJI H,D,eIO o TOM, '-!TO no)J.o6ttbIH JKe o6MeHHbIH 
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MexaHH3M HMeeT MeCTo H JJ.Jifl f!JJ.epHbIX CHJI. OH onHpaJICfl Ha TOJibKO qTo 

co3JJ.aHHYIO 3. <PepMH TeopHIO ,8-pacna}l.a (oHa KpaTKo H3JiaraeTCfl B § 12.5). Co

rJiacHo rnnoTe3e TaMMa KBaHTaMH Ht1.epHoro noJif! HBJIHIOTCfl napbI e--v H e+ -v 
(KaK H3BeCTHO OHH B03HHKaIOT B pe3yJibTaTe B3aHMHOf0 npespaw.eHHfl HeihpoHa 

H npoTOHa: n-+ p + e- + v, p-+ n + e+ + v). Ho scKope TaMM noKa3aJI, qTQ 

B3aHMOtJ.eHCTBHfl, B03HHKa!OW.He npH o6MeHe TaKHMH KBaHTaMH, CJIHillKOM CJia6bI, 

qT06b1 o6bf!CHHTb oco6eHHOCTH Ht1.epHbIX CHJI. TaKHM o6pa30M, 3JieKTpOHbI H Heif

TPHHO HeJib3fl OTO)KtJ.eCTBJif!Tb c KBaHTaMH HJJ.epHoro noJIH. Ll.pyrne )Ke qacTHUbI, 

KOTOpbie MO)KHO 6bIJIO 6bl npHHf!Tb 3a f!j],epHble KBaHTbl, B TO speMfl He 6bIJIH 

H3BeCTHbl. 

l-i}l.efl TaMMa noJiyqHJia JJ.aJihHettlllee pa3BHTHe B 1935 r. B pa6oTe X. IOKaBhI 

[ 1] npe}l.IIOJIO)KHBillero, qTo KBaHTaMH fl}l.epHoro IIOJifl f!BJifl!OTCfl qacTHUbl IIOKa 

qTo He o6Hapy)KeHHble 3KCnepHMeHTaJlbHO. l13 Toro, qTQ paJJ.HYC f!j],epHblX CHJI 

cpaBHHTeJibHO MaJI ("' 10- 13 CM), BbITeKaJio, qTQ flj],epHbie KBaHTbl }l.QJI)KHbl HMeTb 

KOHeqHy!O Macey IIOKOfl. 

floKa)KeM 3TO. BocnoJih3yeMcf! H3BeCTHbIM peJif!THBHCTCKHM cooTHOilleHHeM 

(9.1) 

r}l,e E - noJIHaf! 3Heprn51 qacTHUbI, p - ee HMIIYJibC, m - Macca, c - cKopocTb 

CBeTa B nycTOTe. 

Ha ocHoBaHHH H3BeCTHbIX npaBHJI KBaHTosoH: MexaHHKH 3aMeHHM BeJIHqHHbI 

E 2 H p2 HX onepaTOpaMH: 

~ a2 
E2-+ E2 = -1i2 _. P2-+ P~ = -1i2D., 

at2' 

qTo n03BOJif!eT 3aMeHHTb Bbipa)KeHHe (9.1) ypasHeHHeM 

a2 
-1i2 _ + 1i2c2 D. _ m2c4 = 0. 

at2 
(9.2) 

BBe}l,eM cpyHKUH!O i.p = r.p(r, t), OIIHCbIBaIOW.Y!O ccpepHqeCKH-CHMMeTpHqHoe noJie 

f!j],epHbIX CHJI. 

CocTaBHM, HCXOAfl H3 cooTHOilleHHH (9.2), ypastteHHe AJIH noJIH HJJ.epHbIX CHJI: 

D. - - - - K r.p = 0, ( 
1 a2 

2) 
c2 at2 

(9.3) 

me 
r}l.e K = r;:· B CTauHoHapHoM CJiyqae ypasHeHHe (9.3) npHo6peTaeT BHJJ. 

(9.4) 

CpaBHHM ypasHeHHe (9.4) c ypasHeHHeM JlanJiaca, onHCbIBaIOW.HM nOTeHUHaJI 

3JieKTpocTaTHqecKoro IIOJifl r.p' B o6JiaCTH, He COJ].ep)Kaw.eH: 3ap51,ZI..OB: 

D.r.p' = 0. 
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B npe,1u10JimKemrn, YTO 3JieKTpocrnni:qecKoe noJie C03JJ,aeTcH TOYeYHbIM 3JieKTpH-

4eCKHM 3apH.ll,OM e, HaXO.ll,Hlll.HMCH B HaYaJie KOOp.ll,HHaT, OHO HMeeT perneHHe 

cp'(r) = ~. 
r 

AHaJIOrHYHbIH BHA HMeeT H perneHHe ypaBHeHHH (9.4): 

rJJ,e 

e-Kr e-r/r0 

cp(r) =g- =g--, 
r r 

1 h 
ro= - = -

K me 

(9.5) 

(9.6) 

xapaKTepHCTHYeCKHH paJJ.Hyc, g - nocTOHHHaH, HHTepnpeTHpyeMaH KaK HYK

JJOHHhIH 3apHA HJIH KOHCTaHTa CBH3H AJIH HJJ,epHoro B3aHMOJJ,eHCTBHH. BeJIHYHHa, 

OilHCbIBaeMaH Bbipa)KeHHeM (9.5), Ha3bIBaeTCH nomeH4UaJWM J01w8bl. 

BeJIHYHHY ro MO)KHO HCTOJIKOBaTb KaK KOMilTOHOBCKYIO .ll,JIHHY BOJIHbl qacTHIJ..bl 

c HMilYJibCOM me ( cpaBHHTe c qiopMyJIOH Ae = _!!____ rv 10- 11 CM .ll,JIH KOMilTOHOB-
meC 

CKOH AJIHHbI BOJIHbI 3JieKTpoHa). BJIHHHHe noTeHu..HaJia lOKaBbI (9.5) 34>4>eKTHBHO 

npoHBJIHeTCH Ha paccTOHHHHX r ~ r0 . TioJiarasi: r0 = 2 · 10- 13 cM, onpeJJ,eJIHM 

Macey 3TOH qaCTHU.bJ: 

m = 1,05. 10-27 0 18 10-24 200 
2. 10-13. 3. 1010 = , . r ~ me. 

TaKHM o6pa3oM, H.ll,epHbIH KBaHT AOJI)KeH o6JiaJJ.aTb sechMa 3HaYHTeJihHOH Maccoff, 

npoMe)KyTOYHOH Me)KAY MaccaMH npoToHa H 3JieKTpoHa. Tio3TOMY HAepHbie KBaH

TbI H 6b!JIH Ha3BaHbl, KaK rosopHJIOCb B § 2.1, Me30HaMU ( «Me30» no-rpeqecKH -

cpe.ll,HHH, npoMe)KyTOYHb!H). B 1947-1950 rr. B COCTaBe KOCMHYeCKoro H3Jiyqe

HHH, a 3aTeM Ha yCKopHTeJisi:x 6b1JIH HaH,LI.eHhI 7r-Me30HbI (nHOHb1) (7r+, 7r-, 7r0), 

HCTOJIKOBaHHbie KaK KBaHTbl HJJ.epttoro IlOJIH. 

TioJJ,CTaBJIHH 3KCnepHMeHTaJibHO HaHJJ,eHHOe 3HaYeHHe MaCCbl IlHOHa (m7r = 
= 273me) B qiopMyJiy (9.6), YTOYHHM pa.ll,Hyc JJ,eHCTBHH H.ll,epHbIX cirn: 

X h 1,05. 10-27 1 41 10-13 1 41 <P 
ro ;::::: 7r = 273mec 273 · 9, 11 · 10-28 · 3 · 1010 = ' . CM = ' M. 

HyKJIOH MO)KHO npeJJ,cTaBHTb ce6e ttarJIHAHO KaK 6b1 oKpy)KeHHhIM o6JiaKoM 

HenpepbIBHO HcnycKaeMbIX H nornomaeMbIX BHpTyaJibHbIX Me3oHOB. Ou..eHHM 3Ha-

4eHHe speMeHH, B TeYeHHe KOTporo HYKJIOH MO)KeT HaXO.ll,HTbCH B COCTOHHHH 

Jl.HCCOU.HaU.HH Ha «rOJibIH» HYKJIOH H nHOH. TipH BHpTyaJihHOM HcnycKaHHH nH

oHa 3Heprnsi: HYKJIOHa yMeHbrnaeTCH Ha fiE = m7rc2. CornacHo cooTHorneHHIO 

Heonpe.ll,eJieHHOCTeH fiE fit ~ n speMH ,ll,HCCOU.HaU.HH He .ll,OJI)KHO npeBbIWaTb 

h 
BeJIHYHHY fit~ --2 ~ 0,47. 10-23 c. 3a 3TO speMH IlHOH, ,!1,BH)KYill.HHCH ,ll,a)Ke 

m7rc 
co CKOpOCTb!O CBeTa, He yH:,!1,eT Ha paCCTOHHHe, 60JibWee a = fit c ~ 0,4 7 . 10-23 x 

x 3 · 1010 ~ 1,41·10-13 CM, YTO cosna,ll,aeT c BbIYHCJieHHbIM Bh1rne 3HaYeHHeM X7r. 
0TCIO,ll,a BeJIHYHHa a (pa,!1,Hyc JJ,eHCTBHH H,!1,epHbIX CHJI) noJiyqaeT CJie,ll,y!Olll.ee 

HarJIH,ll,HOe TOJIKOBaHHe: a COOTBeTCTByeT npe.ll,eJibHOMY paCCT05l.HHIO, Ha KOTOpoe 
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M0:1KeT yH.rn OT HYKJIOHa 11cnymeHHbIH HM BHpTyaJibHbIH n110H. JlpyroH. HYKJIOH 

CM0:1KeT nornoTHTb BHpTyaJibHbIH n110H, 11cnymeHHbIH nepBbIM HYKJIOHOM, ecJIH 

paCCTOHHHe Me:1K)l.Y HYKJIOHaMH OKa:1KeTCH paBHbIM r :( a = x7r. 
11cnOJib30BaHHe Me30HHOH Teop1111 n03BOJIHJIO C)l.eJiaTb pH)]. npe,1l.CKa3aHH cpyH

)l.aMeHTaJibHOro xapaKTepa (noMHMO npe,1l.CKa3aHHH caMoro cpaKTa cymeCTBOBaHHH 

n110HoB). TaK, 6b1JI11 npe,1l.cKa3aHbI 11x crrHH, LJeTHOCTb, LJHCJio n110HOB pa3Horo 

BH)l.a, OTHOCHTeJibHO 60JibllIOe 3HaLJeHHe ceLJeHHH nornomeHHH nHOHOB H)l.paMH. 

K co:1KaJieHHIO, nonbITKH c03)l.aTb noJIHOUeHHYIO pacLJeTHYIO MO)l.eJib B3a11-

MO)l.eHcTBHH HYKJIOHOB, OCHOBaHHYIO Ha npe)l.CTaBJieHHHX Me30HHOH Teop1111, He 

yBeHLJaJIHCb ycnexoM !13-3a 6oJibllll1X MaTeMaTHLJeCKHX 3aTpy,1l.HeHHH, CBH3aHHbIX 

co cneu11cp11LJeCKHMI1 oco6eHHOCTHMI1 H)l.epHb!X CHJI. 

06e pacCMOTpeHHbie Teop1111 - cpeHOMeHOJIOrnLJeCKaH 11 Me30HHaH, cnpaBe)l.

JIHBbl np11 3HeprnHx, He npeBbIIlla10m11x no nopH)l.KY BeJIHLJHHbI O)l.Horo r11ra3JieK

TPOHBOJibTa. CTp11 6oJiee BbICKOHX 3HeprnHx B Teop1111 CHJibHbIX B3a11Mo)l.eifcrn11H. 

HCnOJib3YeTCH ynOMHHaBillaHCH BO BBe)l.eHHH KBaHTOBaH xpoMO)l.HHaMHKa, o6cy)K

)l.aeMaH B paMKax cp11311K11 3JieMeHTapHbIX LJacTHU. HanoMHHM, LJTO poJib KBaHTOB 

CHJibHblX B3aHMO)l.eHCTBHH 11rpa10T B HeH rJIIOOHbl. 

§ 9. 2. 3KcrrepHMeHTaJibHbie MeTO,!l.bl H3y'leHHSI SI,!1.epHblX CHJI 

B3a11Mo)l.eifcrn11H, B KOTopbIX npoHBJIHIOTCH H)l.epHbie CHJibI, M0:1KHO pa36HTb 

Ha TPH THna: 1) napHbie B3aHMO)l.eifcTB11H Me:1K)l.Y HYKJIOHaMH, 2) B3aHMO)l.eifcTBHH 

cso6o)l.HbIX HYKJIOHOB c H,1l.paM11 HJIH H)l.ep Me:1K)l.Y co6oH., 3) B3aHMO)l.eifcTB11H 

Me*)l.Y HYKJIOHaM11 B H)l.pe. 

CLJ11TaeTcH, LJTO xapaKTep11cT11K11 B3aHMO)l.eHcTBHH BToporo 11 TpeTbero THna 

MO)KHO onpe)l.eJIHTb, 3Ha51 CBOHCTBa 51)1.epHbIX CHJI, npo51BJI51!0JJJ:HXC51 BO B3aHMO)l.eH

CTBI151X nepBoro THna, noCKOJibKY see nepeLJHCJieHHbie B3aHMO)l.eHCTBI151 OCHOBaHbl 

Ha 0)1.HOM 11 TOM :1Ke npouecce - o6MeHe Me30HaMH Me:1K)l.Y )l.BYM51 HYKJIOHaMH. 

On11cbrnaeMb1e HH:1Ke 3Kcnep11MeHTbI no3BOJI51IOT 11ccJie)l.0BaTb 06hILJHb1e napHbie 

51)1.epHbie CHJibI. Pa3JIHLJaIOT cJiyLJaH, KOr)l.a 3Heprn51 E 3TOH c11cTeMbI 6oJibllle 

11 MeHbllle HYJIH (HaLJaJIOM OTCLJeTa E = 0 51BJIHeTc51 3HaLJeH11e cyMMapHoif 3Hep

rn11 noKo51 napb1 3THX LJaCTHU). B3a11Mo)l.eifcrn11e c E > 0 HMeeT MeCTo np11 

(N-N)-pacce51HHH. B np11po,1l.e cymecrnyeT Bcero O)l.Ha CB513aHHaH rncTeMa 113 

)l.Byx HYKJIOHOB - )l.eifTpoH. JlJI51 3TOH rncTeMbI, oLJeBH)l.HO, E < 0. 
B HaCT051meH. rnaBe MbI H3YLJHM CBOHCTBa )l.eHTpoHa 11 paccMoTpHM onbITbI no 

ynpyroMy pacceHHHIO )l.Byx HYKJIOHOB. Pa3JIHLJa!OT TPH T11na TaKHX B3aHMO)l.eH

crn11H: ynpyroe pacce51HHe HeHTpoHa Ha npoToHe ((n-p)-pacce5IH11e), npoToHa Ha 

npoTOHe ((p-p)-pacceHHHe) 11 HeHTpoHa Ha HeifTpoHe ((n-n)-pacceHH11e). B3a11Mo

)l.eifcrn11H nepBbIX )l.BYX THnOB K HaCT051Il..(eMy BpeMeHH H3yLJeHbl )l.OBOJibHO noJIHO, 

TOr)l.a KaK HCCJie)l.OBaHHe B3aHMO)l.eHCTBHH TpeTbero THna 3aTpy,1l.HeHO OTCYTCTBHeM 

HeihpoHHbIX MHilleHeif. TeM He MeHee, 6bIJIH pa3pa6oTaHbI 3Kcnep11MeHTaJibHb1e 

MeTO)l.bl H3yLJeHHH (n-n)-pacceHHHH, O)l.HaKO OHH HBJIHIOTC51 JIH6o He COBCeM 

KOppeKTHblMH, JIH60 KOCBeHHbIMH. 

CTpouecc (N-N)-pacceHHH51 xapaKTepH3yeTCH 3aBHCHMOCTblO )l.HcpcpepeHUH

aJibHOro ceLJeHHH db/dO OT yrJIOB H 3HeprHH. B 3KcnepHMeHTax no ynpyroMy 



§ 9.3. Hsomonu•tecKuu cnuH 183 

pacceHmuo HYKJIOHOB Ha HYKJIOHax H ttsyqa10TcH 3TH saBHCHMOCTH. C IIOMOllJ.blO 

orrpe,ll,eJieHHbIX IIpHeMOB HX aHaJIH3a (Mb! HX orrmueM qyTb II03)Ke) y,ll,aeTCH 

113BJieqb pa3JIHqHyJO HHcpOpMaI..I,HIO 0 H,ll,epHb!X CHJiaX. 

,llaHHb1e, noJiyqaeMbie nptt ttsyqeHHH ,ll,ByxHyKJIOHHbIX rncTeM c E > 0 H E < 
< 0, H II03BOJIHIOT cpeHOMeHOJiornqeCKH ITO,ll,6ttpaTb ITOTeHI..I,HaJibl (N-N)-B3aHMO

,ll,eHCTBHH. 

ny,ll,eM ycJIOBHO pa3,ll,eJIHTb KHHeTHqecKHe 3HeprHH B3aHMO,ll,eHCTBY!Olll.HX qa

CTHU Ha HU3KUe (He CBb!Ille 20-30 M3B) H BbtCOKUe (nopH,ll,Ka CTa M3B H 6oJiee). 

nptt HH3KHX 3HeprnHX ,ll,JIHHa ,ll,e6poi1JieBCKOH BOJIHbl A MeHbllle HJIH IIpHMepHO 

paBHa r 0 . BbICOKHe 3Heprntt rrptt6Jitt;>KeHHO paBHbI HJIH npeBbilllaJOT 3Heprn10 rroKOH 

IIHOHa. l1HOf,ll,a 3HeprnH CBb!llle 1 f 3B Ha3bIBaJOT CBepXBb!COKHMH, IIOCJie,ll,HHe 

rrpeBbIIllaJOT 3Heprn10 ITOKOH HYKJIOHa. Tiptt TaKHX 3HeprnHX IIptto6peTaeT 6oJiblllOe 

3HaqeHHe Heynpyroe pacceHHHe, H IIOHBJIHIOTCH npoueCCbl, o6ycJIOBJieHHbie, KaK 

Mb! 3HaeM, He CTOJibKO H,ll,epHbIMH CHJiaMH, CKOJibKO CBOHCTBaMH 3JieMeHTapHbIX 

4aCTHU. 0,ll,HaKO, B pH,ll,e CJiyqaeB Ha6JIJO,ll,aTeJibHbie ,ll,aHHbie, IIOJiyqaeMbie npH 

3HeprttHX ssaHMO,ll,ettcTBHH HYKJIOHOB CBbillle O,ll,Horo rnra3JieKTpOHBOJibTa, Kaca

IOTCH Tex HJIH HHbIX csoi1crn H,ll,epHbIX CHJI. TaKoro po,ll,a HHcpopMaUHH 6y,ll,eT 

3IIH30,ll,HqecKH rrpHBO,ll,HTbCH H B 3TOH rJiaBe. 

§ 9.3. lfaoTonHqecKHH CilHH 

9.3.1. 3apH.zi:osaH CHMMeTpnH HAepHbIX cuJI. HaoTonu11ecKaH HHBapu
aHTHOCTb. Tipe;>K,lJ,e qeM paccMaTpHBaTb CBOHCTBa ,ll,BYXHYKJIOHHb!X CHCTeM HaM 

Heo6xo,ll,HMO nosHaKOMHTbCH c O,ll,HHM Ba;>KHbIM csoi1cTBOM HYKJIOHOB - u3o

monuttecKUM cnw-to.M. Mb! 3HaeM, qTo npOTOH H HeiiTpOH HMeJOT pa3JIHqHbIH 

3JieKTpttqecKHH sapH,ll, H pa3JIHqHb!H MarHHTHbIH MOMeHT. B ornttqtte OT npoTOHa, 

CTa6HJibHOfO B CB060,ll,HOM COCTOHHHH, CB060,ll,Hb!H HeHTpOH HeycTOflqHB. l1, KaK 

ynoMHHaJIOCb, B03MO;>KeH ero pacna,ll, Ha IIpOTOH, 3JieKTpOH H aHTHHeHTpHHO: 

n __.., p + e- + v. 
TaKHM o6pasoM, Ha nepBbIH B3fJIH,ll, MO;>KeT cos,ll,aTbCH sneqaTJieHtte, qTo npoTOH 

11 HettTpOH HBJIHIOTCH cymecTBeHHO pa3JIHqHb!MH qacTHI..I,aMH. 0,ll,HaKO o6be,ll,HHe

HHe HX B rpynny po,ll,cTBeHHhIX qacTHU - HYKJIOHOB MO;>KHO cqHTaTb cpttsttqecKH 

o6oCHOBaHHbIM. ,UettCTBHTeJibHO, OHH o6Jia,ll,aJOT O,ll,HHaKOBbIM CITHHOM, 6JIH3KHMH 

MaccaMH H MoryT ssaHMHO rrpespamaThCH ,ll,pyr B ,ll,pyra. Oco6eHHO HpKo cxo,ll,cTBo 

11ei1TpOHa H IIpOTOHa IIpOHBJIHeTCH y «3epKaJibHbIX H,ll,ep»' IIOJiyqaJOlll.HXCH ,ll,pyr 

113 ,ll,pyra npH 3aMeHe rrpOTOHOB Ha HeHTpOHbl H Hao6opoT. TiepBOH napoi1 sep

KaJibHbIX H,ll,ep MO)KHO cqHTaTb caMH HeHTpOH H IIpOTOH, BTopoi1 - H,ll,pa 3H-3He. 

3JieKTpoMarHHTHbie csoi1crna 3THX H,ll,ep pa3JIHqHbI: 3JieKTpttqecKHe sapH,ll,bI paBHbI 

COOTBeTCTBeHHO 1 H 2, a MarHHTHbie MOMeHTbl +2,98µlll\ H -2,13µllll· 0,ll,HaKO 

Jlpyrne Hx csoi1crna y,ll,HBHTeJibHO cxo,ll,HbI Me*,ll,Y co6oi1. TaK. 3Heprntt CBH3H 

'JTHX H,ll,ep, o6ycJIOBJieHHb!e H,ll,epHb!M npttrn;>KeHHeM, paBHbl Me)K,ll,y co6oii. 0HH 

o6Jia,ll,a!OT CXO,ll,Hb!MH CHCTeMaMH ypoBHeH H 0)1,HHaKOBblMH CIIHHaMH. AHaJIOfHq

Hbie oco6eHHOCTH CBOHCTBeHHbl H ,ll,pyrnM napaM sepKaJibHbIX H,ll,ep, HarrpHMep, 
7Be-7Li, 9B-9Be. 
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CHMMeTpirn CBOHCTB 3epKaJihHhIX 51.n:ep MO)KeT 6hITh o6b51CHetta, ecJIH .n:ony

CTHTh cymecTBOBaHHe 3ap5l80BOU CUMM.empuu 5l8epH.blX CUJl, Bb!pa)KaJOIUeHC51 

B TO)K)I,ecTBeHHOCTH 3JieMeHTapHbIX (n-n)- H (p-p)-B3aHMO)I,eHCTBHH. 3ap51)I,OBa51 

CHMMeTpH51 51,AepHblX CHJI BbJTeKaeT H3 6oJiee rJiy6oKOH 3aKOHOMepHOCTH, Ha-

3bIBaeMOH u3omonuttecKou urt.eapuart.mrt.ocmb10. Otta He TOJihKO no.n:rnep)K.n:aeT 

TO)K)I,eCTBeHHOCTb (n-n)- H (p-p)-B3aHMO)I,eHCTBHH, HO H 06b51CH51eT HeKOTopoe 

HX OTJIH'rne OT (n-p)-B3aHMO)I,eHCTBH51. 

J.faoTOilHL!eCKYJO HHBapHaHTHOCTb npHH51TO TpaKTOBaTb B paMKax MaTeMa

THYeCKOro OilHCaHH51, CBO)I,51IUeroCH K CJie.n:y10rueMy. BBe)I,eM YHCTO cpopMaJib

HOe npe.n:cTaBJieHHe 0 TpexMepHOM npoCTpaHCTBe, Ha3hIBaeMOM U30monutteCKUM., 

H npoBe.n:eM B HeM TPH B3aHMHO nepneH.AHKYJI51pHhie oc11 (, E. TJ (H30TOnHYecKoe 

npoCTpaHCTBO He HMeeT HHKaKoro OTHOWeHH51 K 06b!YHOMY npocTpattcrny). By.n:eM 

CYHTaTb, YTO qacTm..1,a HaXO)I,HTCH O)I,HOBpeMeHHO H B 06b!YHOM H B H30TOilHYe

CKOM npoCTpaHCTBe. B nocJie)I,HeM OHa BCer.n:a pacnoJIO)KeHa B HaYaJie KOOp)I,HHaT. 

no3TOMy B H30TOilHYeCKOM npoCTpaHCTBe YaCTHI.J,a He MO)KeT )I,BHraThC51 IlOCTyna

TeJihHO, HO MO)KeT BpamaThC51, T. e. Otta He o6Jia.n:aeT «H30TOilHYeCKHMH» HMilYJib

COM H op6HTaJibHhlM MOMeHTOM, HO MO)KeT o6Jia)I,aTh «H30TOilHYeCKOM» CilHHOM. 

BeKTOp H30TonHqecKoro cnHHa (H30CilHHa) paBeH no Mo.n:yJI10 ITI = JT(T + 1), 
f)I,e T = 1 /2. l-faoTOilHYeCKOH CilHH 51BJI51eTC51, OYeBH)I,HO, attaJIOfOM CilHHa 

B o6b!YHOM npocTpaHCTBe. 

HeHTpOH H npOTOH paccMaTpHBaJOTC51 KaK )I,Ba «3ap51)I,0Bb!X COC051HH51» O)I,HOH 

H TOH )Ke YaCTHI.l,bl - HYKJIOHa. no.n:o6Ho 06b!YHOMY CilHHY H30CilHH MO)KeT 

o6Jia)I,aTb TOJibKO )I,BYM51 3HaYeHH51MH npoeKI.J,HH Ha BbI)I,eJieHHYJO OCb - OCb (. 

npoeKI.J,1151 T = 1 /2 COOTBeTCTByeT npOTOHy, a T( = -1 /2 - tteHTpotty. J..l,JI51 

nepexo.n:a OT npOTOHa K HeHTpOHY Ha)I,O H3MeHHTb npoeKI.J,HJO OT 1 /2 )I,0 -1 /2. 
EcJI11 cHcTeMa cocTOHT 113 i HYKJIOHOB, Ka)K)I,OMY H3 KOTOpbIX npHnHcbrnaeTCH 

H30CnHH 't, TO cyMMapttbIH BeKTOp H30CilHHa T paBeH 

Cornactto npaBHJiaM KBaHTOBaHH51 MOMeHTOB H30CnHH T MO)KeT npHHHMaTb 3Ha

l 3 
YeHH51 T = 0, 2, 1, 2, 2, ... , a ero npoeKI.J,HH Ha BhI)I,eJiettttoe HanpaBJieHHe -

T( = m( = T, T- 1, ... -T. 

TaKHM o6pa30M, CHCTeMa c H30CilHHOM T o6Jia.n:aeT B H30TOnHYecKoM npocTpatt

crne (2T + 1) COCT051HH51MH. 

,ll.JI51 CHCTeMhl, COCTOf!IUeH H3 z npoTOHOB H N HeHTpOHOB: 

'°"' I I I T( = L..t Ti( = "2 Z - "2 N = "2 ( Z - N). 
i 
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CornacHo H3JIO)l(eHHOH qiopMaJibHOH cxeMe H30Toow1ecKaH HHBapHaHTHOCTb ecTb 

csoH:cTBO UHBapuartmHocmu cucme.Mbt omHocumeAbHO noeopomoe B usomonutte
CKO.M npocmpaHcmee. 3apHll,OBaH CHMMeTpHH - qacTHbIH CJiyqaif H30TOIJHqecKOH 

HHBapHaHTHOCTH - 3TO UHBapuaHmHOCmb CBOUCmB cucme.Mbl omHocumeJlbHO 
sa.MeHbt ecex ee HeiimpoHoB Ha npomOHbt u Hao6opom. B H3JIO)l(eHHOH cxeMe 

3apHll,OBaH CHMMeTpHH eCTb HHBapHaHTHOCTb OTHOCHTeJibHO IIOBOpOTa B H30TOIIH-

4eCKOM opoCTpaHCTBe Ha yroJI 180° BOKpyr OCH ( (pHC. 9.1, a). l1Haqe rosopH, IIpH 

+( 

T/ 
n-n(Oe) 

~ 
'?>. 
~ 

'q:,. 
n-p(le) 

p-p(2e) 
7r 

I 1:'. 
I ~' e I 
I ~ I 

~ 1 I -1 0 I 'q:,. 

' 2 2 

-( T< 

a 6 

PHc. 9.1. ITpeo6pasoBaHHe HYKJIOHOB B Hsoronw1ecKOM npocrpaHcrBe: a - noBopor BeKropa 
H30CTIHHa Ha yroJI 180° B H30TOTIH'IeCKOM npocrpaHCTBe; 6 - npoeKU,HH .ll:BYXHYKJIOHHOH CHCTeMbl 

Ha OCb ( 

H30TOIJHqeCKOH HHBapHaHTHOCTH B oapax qacTHU p-p, n-n, n-p B 0)1,HOM H TOM 

>Ke COCTOHHHH Hll,epHbie CHJ!bl 0)1,HHaKOBbl. Ha pHc. 9.1, 6 npell,CTaBJieHbl npoeKUHH 

JJ.BYXHYKJIOHHOH CHCTeMbl Ha OCH (. 

CTpH OIIHCaHHH Hll,epHoro B3aHMOJJ.eHCTBHH IIOMHMO 06b1qHbIX 3aKOHOB coxpaHe

HHH (3HeprnH, HMIIYJibCa H T. )],.) Heo6XO)l,HMO BBeCTH HOBbIH 3aKOH coxpaHeHHH -

3aKOH coxpaHeHHH H30TOIJHqecKoro CIIHHa H30JIHpOBaHHOH HJJ.epHOH CHCTeMbI: 

T =canst. (9.7) 

3aKOH coxpaHeHHH H30TOIJHqecKoro CIIHHa cnpaBe)l,JIHB KaK JJ.JIH B3aHMO)l,eH

CTBHH Me*AY cso6oJJ.HbIMH qacTHUaMH, TaK H soo6me AJIH mo6h1x qacTHU, yqacT

sy10mHx B CHJ!bHblX B3aHMOJJ.eHCTBHHX. 

f pynoy OJJ.HHaKOBbIX no OTHOUieHHIO K CHJ!bHbIM B3aHMO)l,eHCTBHHM qacTHU 

Ha3bIBalOT usomonuttecKU.M .MYAbmunAemo.M. CTp11MepoM oocJie)l,Hero cJiy)l(HT H30-

TOIJHqecKHH JJ.y6JieT - CHCTeMa 113 IIpOTOHa H HeHTpOHa, KOTOpbie paccMaTpHBa

IOTCH, KaK MhI 3HaeM, B KaqeCTBe ABYX 3apHAOBhIX cocTOHHHH HYKJIOHa. CTpHMepoM 

H30TOnHqecKoro TpHIIJiera MoryT CJIY)l(HTb ?T+ -, 1T0-, ?T- -Me30Hbl, KOTOpb!e TpaK

TYIOTCH KaK TPH 3apHJJ.OBblX COCTOHHHH 3JieMeHTapHOH qacTHUbl - IIHOHa. 



186 Di. 9. Haepnble cuAbl 

B .9JieKTpoMarHHTHhJX B3aHMOJl.eHcTBHHX 3aKOH coxpaHeHHH 113ocn11Ha Hapywa

eTCH. 3TO cpopMaJihHO BH)l.HO 113 Toro, l.JTO 3ap5!Jl. onpe}1,eJI5!eTCH npoeKu:HeH H30CilH

Ha, no.9TOMY KyJioHoBcKoe s3a11Mo)l.eHTCBHe 3aBHCHT OT 3HaLJeHHH ero npoeKU:HH, 

He HBJIHIOW.HXCH HHBapHaHTHhlMH OTHOCHTeJibHO spaw.eHHH CHCTeMbl KOOPJl.HHaT. 

1. K rrpe,D,CTaBJieHJHO 06 H30TOITH4eCKOH HHBapHaHTHOCTH MOMHO rrpHHTH, BOCITOJlb30-

BaBlIIHCb KBaHTOBOMexaHH4eCKHM rrpHHU.HITOM cyrreprr03HU.HH. 3aITHllieM ero Jl,JIH CHCTeMbl 

H3 rrpOTOHa H HeHTpotta 

(9.8) 

EcJIH C[ = 0, TO COCTOHHHe \Ii HBJIHeTCH 4HCTO HeHTpOHHbIM, eCJIH Me Cz = 0, TO 4HCTO 

rrpoTOHHbIM. flptt C[ H Cz OTJIH'-IHb!X OT HYJIH, ITOJiy4aeTCH KOrepeHTHaH CMeCb HeHTpOHHOfO 

H rrpoTOHHoro cocTOHHHH. BseJJ,eM JJ,orrymetttte, 'ITO HJJ,epHbie cttJibI OJJ,HHaKOBbJ JJ,JIH rrpo

TOHa, HeifTpotta H JJ,JIH mo6oif Korepettrnoif cyrreprro3HIJ.HH (9 .8). B 3TOM H Bb1paMaeTCH 

cymHOCTb H30TOITH'leCKOH HHBapttaHTHOCTH. 

YcJIOBtte (9.8) cooTBeTcTByeT pa3JIH4HbIM rrosopOTaM BeKTopa T B tt3oTorrtt'!ecKOM 

rrpoCTpattcTBe. 

2. B rn. 1 (rr. 1.3.4) Mb! yKa3bIBaJIH, 'ITO B cirny TeopeMbJ Herrep 3aKOHbI coxpaHeHttH 

HBJIHJQTCH CJieJJ,CTBHeM orrpe,D,eJieHHOfO BHJJ,a CHMMeTop1m CHCTeMbl. B '!aCTHOCTH, 3aKOH 

coxpaHeHHH H30CITHHa OTpa)!<aeT CHMMeTpHID HJJ,epttoro B3aHMOJJ,eHCTBHH OTHOCHTeJibHO 

ITOBOpoTa oceif H30TOITH'leCKOfO npocTpaHCTBa, C'IHTaIDmerocH TaKHM o6pa30M H30Tpon

Hb!M. 

9.3.2. AHaJioroe&1e cocTO.HHH.H. Bse)l.eM npeJl.CTasJieHHe o TaK Ha3LJBaeMhIX 

aftaflOcOBbtX cocmo.RHUflX (HJIH aHaflOcOBbtX ypoBHRX) aTOMHblX 5!}1,ep, CB5!3aHHO

ro c IlOHHTHeM H30TOilHl.JeCKOH HHBap11aHTHOCTH. c .9TOH u:eJiblO BOCilOJih3yeMC5! 

cJie)l.yJOW.HM npHMepoM. B pe3yJihTaTe o6JiyLJeHHH H)l.ep 2~~Pb yCKopeHHhIMH npo

TOHaMH npoHCXO)l.HT peaKU:HH 

2~~Pb + l H --+ 
2~~Bi. 

ITp11LJeM 5!Jl.pa BHcMyTa-209 06pa3y10Tc5! B so36y)KJl.eHHOM cocTOHHHH. XapaKTep

HaH oco6eHHOCTb B03HHK1llero 5!}1,pa 3aKJIJOl.JaeTC5! B TOM. l.JTO ero H30CilHH paseH 

45/2, TOr)l,a KaK B OCHOBHOM COCTOHHHH HJl.PO 
2~~Pb HMeeT l130CilHH 43/2. c Jl.py

roti CTOpOHhl, 5!Jl.p0-H306ap 2~~Pb B OCHOBHOM COCTOHHHH TaK)Ke o6Jia}1,aeT H30CilH

HOM 45/2. YposeHb 9/2+ H)l.pa 209Bi BXO)l.HT BMeCTe c OCHOBHb!M ypOBHeM 5!}1,pa

H306apa 209Pb B cocTaB 1130Ton11LJeCKoro MYJihTHnJieTa c T = 45/2 (p11c. 9.2). 

Ha .9TOM np11Mepe BHJl.HO, l.JTO H30TOilHLJeCKHe MYJihTHnJieThJ 06pa3y10T ypoBHH 

5!Jl.ep - H3o6ap, T. e. HJl.ep, 06Jia)l.a10w.11x OJl.HHaKOBhIM MaCCOBhIM l.JHCJIOM A. 
ITpHHHTO Ha3bJBaTb ypoBHH ( COCT05!HH5!) 5!}1,ep, BXO)l.Hlll.HX B COCTaB l130CilH

HOBOro MYJihTHnJieTa, aHaJiorOBhIMH. TaK, yposeHh 9 ;2+ 5!}1,pa 209Bi 5!BJI5!eTcH 

aHaJioroM OCHOBHoro ypOBHH 5!}1,pa 209Pb. B CBOIO Ol.Jepe)l.b, MO)KHO BBeCTH npe)l.

CTaBJieHHe l1 0 6oJJee Bb!COKHX ypoBHHX - aHaJiorax, COOTBeTCTBYIOW.HX B036y)K

}1,€HHh!M COCTOHHHeM 5!}1,ep-H306ap 209Pb-209Bi, KaK .9TO IlOKa3aHo Ha p11c. 9.2. 

yfayLJeHHe aHaJIOfOBb!X COCTOHHHH Cl.JHTaeTCH nepcneKTHBHh!M HanpaBJieHHeM 

HJJ,epHOH cflH3HKH. TaKHM nyTeM B HaCTOHW.ee speMH noJJyLJalOT sechMa 0611I11pHy10 

HH<flopMaU:HIO o CTPYKType HJJ,ep. B LJaCTHOCTH, MeTOA HaXO)K}J,eHHH aHaJJoroBhIX 

cocTOHHHH ::icpcpeKTHBHO np11MeH5!eTCH JJ,JIH OTKphITHH HOBhJX HYKJIOHO-CTa611JibHhJX 

H30TOilOB. 



§ 9.4. KJtaccu<jJwwu,w1 cocmoHHUU dByXHYKJtOHHou cucmeMbt 

M3B 

2,511-----! 3d3;2 
2,47 2g7/2 
2,01 4s1;2 
1,56 3ds;2 
1,42 lfo;2 

0,79 lj11;2 

j 

C'.l 

"' :OS 
OCJ 
00 -

-~ 

_.._, 
-1--

l 

3/2+ 
7/2+ 
;2+ 

5/2+ 
5/2+ 1 

1 1/2+ 

9/2+ T=45/2 

-'-' _,_, 

0 ;clh9;2T=43/2 
2~~Bi 

P11c. 9.2. 3HepreTtt4eCKHi1 cneKTP 11306ap 
2g~Pb 11 

2g~Bi 

§ 9.4. KJiaCCH<pHKa:a;m1 COCTOHHHH ,LI;BYXHYKJIOHHOH CHCTeMhl 

187 

B rn. 8 Mb! BBeJIH npeJJ,CTaBJieHHe o 5lJJ,epHOH cneKtpocKonHH. 3JJ,ecb Mb! 

HeCKOJibKO pa30BbeM 3TY TeMy, HO B 6oJiee «Y3KOM nJiaHe» npHMeHHTeJibHO 

K rncreMe H3 JJ.BYX HYKJIOHOB [6]. ITo-npe*HeMy HcnoJib3Y5l CHMBOJIHKY aroMHOH 

rneKrpocKonHH, o6o3Ha'-IHM op6HTaJibHbIH MOMeHT cHcTeMhI HYKJIOH-HYKJIOH qe

pe3 L. CHcTeMa MO)KeT HaxoJJ,HTbCH B JJ,HCKpeTHbIX cocTo5!HH5!X, onpeJJ,eJIHeMbIX 

1rnaHTOBbIM '-IHCJIOM L, npHHHMaIOIUHM 3Ha'-!eHH5! 0, 1, 2, 3. 4. 5, ... ; coorner

crny10ruHe HM cocro5!HH5! o6o3Ha'-!aIOTC5! 6oJibllIHMH 6yKBaMH S, P, D, F, G, 
ll, ... 1) CyMMapHbIH cnHH HYKJIOHOB o6o3Ha'-!HM qepe3 S, xapaKTepH3y10ruee ero 

J\BaHTOBOe '-IHCJIO s paBH5leTC5I 0 HJIH 1. floJIHb!H MOMeHT HMilYJibCa CHCTeMbl 

6yJJ,eM, KaK H paHbllle, o6o3Ha'-laTb '-Iepe3 J, npH'-IeM J = L + S; KBaHTOBOe 
1 ll1CJIO J MO)KeT npHHHMaTb 3Ha'-!eHH5! 

J=L+S,L+S-1, ... ,!L-S!. (9.9) 

MoMeHTbI L H S B 5IJJ,epHbIX B3aHMOJJ,eHCTBH5!X no OTJJ,eJibHOCTH He coxpaH5lIOTC5!, 

a coxpaH5leTC5l JIHlllb cyMMapHb!H BeKTOp J. ,llpyroi1 coxpaH5IIOIUeHC5! BeJIH'-IHHOH 

HBJI5leTC5!, KaK H3BeCTHO, '-!eTHOCTb. 

MyJibTHnJieTHOCTb K, = 28 + 1 npocTaBJIHeTCH cJieBa BBepxy OT CHMBOJia co

noHHHSI, a HHJJ,eKCOM cnpaBa BHH3Y OT CHMBOJia - KBaHTOBOe '-IHCJIO 1. 

1
) CoCT051HH51 c L > 4 B 3TOH KHHre HaM He BCTpernTC51, ll03TOMY H CHMBOJlhl COCT051HHH Mb! 

ll!JHBO)LHM B yKa3aHHOM «COKparneHHOM» BH)Le. 
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PaccMoTpHM cocTOHHHH (n-p)-cttCTeMhI. TaK KaK nocJJe,n:HHH npe,n:CTaBJJe

Ha HeTO)K_n:ecTBeHHb!MH t.IaCTHUaMH, TO npHHUHTI OayJJH K Hett HenpHMeHHM. 

Optt S = 0 H J = L noJJyqaeTCH Ha6op o,n:HHOt.IHhIX - CHHrJJeTHhIX cocTo

HHHH c MYJJhTHnJJeTHOCThIO 1 (CM. sepxHIOIO qacTh Ta6JJ. 9.1 ), a nptt S = 1 
H I = L + 1, L, L - 1 - Ha6op TpttnJJeTHhIX cocTOHHHH c MYJJhTHTIJJeTHOCThIO 3 
(cM. HH)KHJOIO qacTh Ta6JJ. 9.1). Xorn nptt L = 0 cymecTByeT He TpH, a o,n:Ho 

COCTOHHHe - 3S,' O,n:HaKO J]:JIH e,n:HH006pa3HH ero TaK)Ke Ha3bIBaIOT TpHnJJeTHblM. 

Ta6J111ua 9.1 , 
Ha6opbl C!lHrJ!eTHb!X !l TpmrneTHb!X COCTOHH!lH (n-p)-CHCTeMbl 

C11ttrneTHb1e cocTOHHHH 

J=L 0 1 2 3 4 5 

C!lMBOJlbl COCTOHH!lH 1So lpl 1
02 

1
f3 

1
G4 

1
H5 

Tp11nJieTHb1e cocTOHHHH 

L 0 1 2 3 4 5 

0 1 2 3 4 

J 1 1 2 3 4 5 

2 3 4 5 6 

3po 3
01 

3
F2 

3
G3 

3
H4 

C!lMBOJibl COCTOHH!lH 3
51 3pl 3

02 
3
f3 

3
G4 

3
H5 

3p2 3
03 

3
f4 

3
G5 

3
H6 

CornaCHo cpopMyJJaM (7.36) H (7.37) qernocTh cocTOHHHH onpe,n:eJJHeTCH op-

6ttTaJJbHhIM KBaHTOBhIM t.IHCJJOM (s ,n:aHHOM cJJyqae t.IHCJJOM L), no3TOMY cocTOH

HHH S, D, G H T. ,n:. - t.IeTHhie, a cocTOHHHH P, F, H HT. ,n:. - Het.IeTHbie. 

3a,!1.aHHe J H t.IeTHOCTH onpe,!1.eJJHeT OAH03Ha'-IHO 3Hat.IeHHH L AJJH scex cttrne- 1 

TOB H TpttnJJeTOB c J = L, HO He no3BOJJHeT OAH03Hat.IHO onpeAeJJHTh L AJJH 

TpHnJJeToB c J = L ± 1, nocKOJJhKY B 3TOM cJJyqae scer,!l.a cymecTByeT ,n:sa co-
1 

CTOHHHH c OAHHaKOBhIM 3Hat.IeHHeM J H OAHHaKoBoi'i t.IeTHOCTh!O, HO c pa3HhIMH L. 
K HHM OTHOCHTCH napbl COCTOHHHH 3S1-3D1, 3P2-3F2, 3D3-3G3, 3F4-3H4. TaKHe 

COCTOHHHH, OTJIHt.IaIOlll.HeCH no L Ha ,n:Be e,!l.HHHJ..J.bl, KOM6HHHpyIOT Apyr c ApyroM, 

t.ITO 03Hat.IaeT HX HaJJO)KeHHe ( cynepno3HUHIO). Mo)KHO HarJJHAHO npe,n:cTaBHTh, 

l.!TO CHCTeMa qacTb BpeMeHH npoBOJl:HT B COCTOHHHH c J = L - 1, a t.IaCTb -

B COCTOHHHH c J = L + 1. ,llJJH COCTOHHHH 3Po, 302, 3F 3 H pH,!1.a Apyrnx KOM-

6HHHpOBaHHe TaKoro po,!1.a HeB03MO)KH0 H3-3a OTCYTCTBHH ,!l.JIH HHX «TIO,!l.XO,!l.Hlll.HX 

napTHepoB», T. e. COCTOHHHH, KOTOpb!e, pa3JJHt.Ia51Cb Me)K,!1.Y co6oi'! Ha 2L o6JJa,n:aJJH 

6bi COBTia,!1.aIOlll.HMH 3Hat.IeHHHMH J [8]. 
Cynepno3HUHH ABYX cocTOHHHH c pa3HhIMH L CHMBOJJHt.IeCKH 3anttchrnaeTCH 

B BH,n:e cyMMhI 3THX cocTOHHHH. HanpttMep, cocTOHHHe Aei'ITpoHa H3o6pa)KaeTcH : 

B BH,n:e (1 +)3S1 + 3D,' r,n:e e,!l.HHHUa B CK06Kax - 3Hat.IeHHe J. . 
OpttBe,!l.eM CBOJJ:KY B03MO)KHhIX cocTOHHHH (n-p)-CHCTeMbI. 
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Ta 6 JI 11 l\ a 9.2 
Bo3MO)KHhle cocT051Hl151 (n-p)-c11cTeMhI 

CocT051Hl151 C1-rnrneTbl (S = 0, L = 1) Tp11nJ1eTbl (S = 1, J = L + 1, L, L - 1) 

06o3HaqeH11e o+s · o-)1P · (2+) 1
0 · __ o, 1, 2, (0-)

3
Po; (1+)351+ 301; (l-)3P1; (2+)302; 

COCT051Hl1H (3-) 1F3 (r)3
P2 + 

3
F2; (3+)3

03 + 
3
G3; ... 

n p 11 Me q a H 11 e. 0603HaqeHl151 COCT051Hl1H, B03MO)KHblX AJIH (n-n)- 11 (p-p)-CHCTeM, TIOAqepK

HYTbl. 

0epeJ1)1.eM Tenepb K aHaJ1H3Y COCTOHHHH (n-n)- H (p-p)-CHCTeM 1). Ba.IB:

HaH oco6eHHOCTb 3THX CHCTeM CBH3aHa c TO.IB:)l.eCTBeHHOCTbIO COCTaBJlHIOlll.HX 

HX '-laCTHU., '-ITO npHBO)l.HT K Heo6XO)l.HMOCTH y'-leTa orpaHH'-leHHH, CBH3aHHbIX 

c npHHU.HilOM nayJlH. B CHJlY IlOCJle)l.Hero BOJlHOBbie cpyHKU.HH, OilHCbIBaIOmHe 

3TH CHCTeMbI, )l.OJl.IB:HbI 6hITb aHTHCHMMeTpH'-IHbIMH. B rn. 11 [2] noKa3aHo, '-ITO 

B TpHnJleTHbIX COCTOHHHHX KOOp)l.HHaTHaH KOMilOHeHTa BOJlHOBOH cpyHKU.HH w A 

(1,2) )l.Jlfl CHCTeMbl, COCTOHlll.eH H3 0)1.HHaKOBbIX '-!aCTHIJ. 1 H 2, aHTHCHMMeTpH'-IHa, 

a cnHHOBaH Sc(sz1 , sz2 ) - CHMMeTpH'-!Ha (sz1 , sz2 - npoeKU.HH cnHHOB 3THX 

'-laCTHU. Ha ocb Z). B CHHfJleTHbIX .IB:e cocTOHHHHX Hao6opoT, KOOPJl.HHaTHaH 

cpyHKU.HH w c ( 1,2) CHMMeTpH'-!Ha, a CilHHOBaH s A ( s Z1' s Z2) aHTHCHMMeTpH'-IHa. 

nJlaro)l.apH 3TOMY B 11,eJlOM BOJlHOBaH cpyHKUHH Bcer)l.a aHTHCHMMeTpH'-IHa; )l.JlH 

CHHfJleTa H TpHnJleTa HMeeM: 

WA= Wc(l,2)SA(sz1,Sz2 ) (CHHrJleT), 

WA= WA(l,2)Sc(sz1,Sz2 ) (TpHnJleT). 
(9.10) 

CnHHOBaH cpyHKUHH SA cooTBeTcTByeT OJl.HOH npoeKUHH cnttHa Ha ocb Z, paBHOH 

HYJlIO, a Sc - TpeM npoeKU.HHM cnHHa Ha 3TY ocb, paBHbie 1, 0, -1. 
KaKaH CBH3b cyw.eCTsyeT Me.IB:Jl.Y '-!eTHOCTbIO H CHMMeTpttei1 3THX cocTOHHHH? 

,l.LJlH CHHfJleTOB cpyHKUHH Wc(l, 2) He 6y)l.eT MeHHTb 3HaK npH nepecTaHOBKe 

'-laCTHU MeCTaMH, ecJlH 3Ha'-leHHH L '-!eTHbI (T.e. npH BbIIlOJlHeHHH ycJlOBHH (-1) 
L(qerno) Wc(l,2) = Wc(2, 1)). Hao6opOT, )l.JlH TpHnJleTOB cpyHKUHH WA(l,2) Me

HHeT npH TaKoi1 nepecTaHOBKe 3HaK, ecJlH L He'-lerno (B TaKOM cJly'-lae ( -1) 
L(He'-!erno) WA(l,2) = -WA(2, 1)). 

3TH Tpe6oBaHHH o6ecne'-!HBa!OT aHTHCHMMeTpH!O IlOJlHOH BOJlHOBOH cpyHK-

11.HH WA· Ho H3 CKa3aHHoro BbITeKaeT, '-ITO )l.JlH (n-n)- H (p-p)-cttcTeM pe

aJ1H3yeTCH JlHlllb '-!aCTb COCTOHHHH, B03MO.IB:Hb!X )l.JlH (n-p)-CHCTeM, a HMeHHO 

)l.JlH CHHfJleTOB ocyw.ecTBJlHIOTCH JlHlllb '-!eTHbie COCTOHHHH, a )l.Jlfl TpHnJleTOB -

He'-leTHbie (CM. Ta6J1. 9.2 H npHMe'-laHHe K HeH). 

l1cnOJ1b3YH npe)l.CTaBJleHHe 06 H30TOilH'-!eCKOM CilHHe, MO.IB:HO yrny6HTb KJlaC

CHcpHKaIJ,HIO COCTOHHHH CHCTeMbl Jl.BYX HYKJlOHOB. 00CKOJ1bKY Ka.IB:)l.b!H H3 HHX 
1 

o6Jla)l.aeT H30CilHHOM T = 2' TO corJlaCHO npaBHJlaM CJlO.IB:eHHH BeKTOpOB cyM-

1
) (p-p)-c11cTeMa OTJIHqaeTCH OT Apyrnx HYKJJOH-HYKJJOHHblX CHCTeM 3JleKTpHqecKl1M B3aHMO

AeHCTBl1eM Me*AY npOTOHaMH, qTO OTpa)KaeTCH Ha xapaKTepe pacceHHHH npoTOHOB Ha npoTOHax 

(cM. Hl1)Ke). 
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MapHbIH H30Tonw-1ecKHH cmrn MO)KeT npHHHMaTb 3HaqeHHH T = 0, 1. flo:HoMy 

COCTOHHHH (N-N)-CHCTeM MO)KHO noJJ,pa3JJ,eJIJ1Tb Ha )],Be rpynnhI, O)],Ha H3 KOTO

pb!X xapaKTep113yeTcH mocnHHOM T = 1, a JJ,pyraH H3ocnHHOM T = 0. lfaocn11Hy 

T = 1 oTBeqaIOT TPH 3HaqeHHH npoeKUHH: np11 T( = -1 (n-n)-CHcTeM) ee 3apH.ll 

paBeH 0, np11 T( = 0 ((n-p)-CHCTeMa) OH paBeH le, npH T( = 1 ((p-p)-cHcTeMa) 

3apHJJ, paBeH 2e (pHC. 9.1, 6), T. e. B COCTOHHHH c T = 1 MoryT HaXO)],HTbC51 Bee 

TPH BHJJ,a (N-N)-cHcTeMhI. 

fpynne cocTOHHHH c T = 0 oTBeqaeT JIHillh OJJ,Ha npoeKUHH T( = 0, 3TY rpyn

ny COCTaBJIH!OT (n-p)-CHCTeMhl, KOTOpbie He yJJ,OBJieTBOp5I!OT npHHUHDY flayJIH. 

flocJie)],HHe onHChIBa!OTCH DOJ!Hb!MH CHMMeTpHqHblMH BOJIHOBblMH cpyHKUHHMH: 

We= WA(l,2)SA(szl'Sz2 ) (cHHrJieT), 

We= We(l, 2)Se(Sz1 , sz2 ) (TpHnJieT). 

KaK BHJJ,HO, B rpynny cocTOHHHH c T = 0 BXOJJ,HT HeqeTHbie CHHrJieThI H qeTHbie 

TpHnJieTbl. 

CBOJJ,Ka cocTOHHHH, peaJIH3yeMhIX c yqeTOM H3ocnHHa, np11BeJJ,eHa B Ta6JI. 9.3. 

Ta6J111ua 9.3 
KJiaccmjrnKaum1 (N -N)-c11cTeM c yqernM H30TOrr11qecKoro crr11Ha 

T11rr c11cTeMhI T CocToHHHH 

n-n, n-p,p-p I (0+) 1So, (0-)3Po, (1-)3P1, (2-)3P2, ... 

n-p 0 (1+)3S1 + 3 D1, (l-)1P1, (2+)3 D2, ... 

CornacHo JJ,aHHhIM 3TO:ii Ta6JIHUhI CHHrJieThI 11 TpHnJieThI np11 3aJJ,aHHOM L 
xapaKTepH3YIOTCH pa3HhIMH 3HaqeHHHMH T H B CHJIY 3aKoHa coxpaHeHHH H30To

n11qecKoro cn11Ha He MoryT KOM6HHHpoBaTh Me)KJJ,y co6o:H. 

Ha ocHoBaHHH npoBeJJ,eHHoro aHaJIH3a cocTOHHHH JJ,BYXHYKJIOHHWX c11cTeM 

CBOHCTBO H30TODHqecKOH HHBapHaHTHOCTH HJJ,epHbIX CHJI MO)KeT 6bITb Bbipa)KeHO 

B BHJJ,e CJieJJ,y!01.I..LeH KpaTKOH cpopMyJIHpOBKH: H30TOnHqecKaH HHBapHaHTHOCTb 

03HaqaeT, qTo B3aHMOJJ,e:iicTBHe JJ,Byx JII06hIX HYKJIOHOB B coCTOHHHHX c T = 1 
TO)KJJ,eCTBeHHbl. 

B 3aKJIIOqeHHe 3Toro naparpacpa npHBeJJ,eM Ba)KHhIH npHMep npoHBJieHHH 

3aKoHa coxpaHeHHH H30TOnHqecKoro cn11Ha. KaK 6yJJ,eT ycTaHOBJieHo B § 9.6, 
eJJ,HHCTBeHHaH CBH3aHHaH (n-p)-CHCTeMa, npeJJ,CTaBJieHa JJ,ettTpOHOM, HaX0)],511.l.LHM

CH B cocTOHHHH c T = 0. TaK KaK Bee TPH (N-N)-cHcTeMhI B cocTOHHHHX 

c T = 1 o6JiaJJ,aIOT HJJ,eHTHqHbIMH HJJ,epHbIMH CBOHCTBaMH, HO HX nepexoJJ,hI H3 

3THX cocTOHHHH B cocTOHHHH c T = 0 3anpemeHhI, To, cJieJJ,oBaTeJihHO, JJ,JIH (n-n)
H (p-p)-CHCTeM He cymecTByeT ycJIOBHH )],JIH B03HHKHOBeHHH CBH3aHHblX COCTO

HHHH. HHaqe roBopH, B03MO)KHOCTh cymecTBOBaHHH B np11poJJ,e 6HHe:iiTpoHa n2 

11 611npoTOHa p2 HCKJIIOqeHa B CHJIY paccMaTpHBaeMoro 3aKoHa. Bech HMeIOl.I..LHHCH 

3Kcnep11MeHTaJihHbIH MaTepHaJI noJJ,TBep)KJJ,aeT 3TOT Bb!BO)],. 
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§ 9.5. ,ZJ;euTpOH 

9.5.1. 06aop ceoucTB .n;euTpotta. B Teopm1 arnMHbIX 51,nep ,neihpoH HrpaeT 

pOJib, B KaKOH-TO Mepe aHaJiorwrnyio pOJIH O,lLH03JieKTpOHHOro aTOMa B aTOMHOH 

cpH3HKe, 51BJI51IOill.eroC51, noti,o6Ho ti,eifTpoHy, rncTeMOH H3 ti,syx qacrnIJ,. Oti,HaKo 

Me:>K,ny TeopHeH O,LLH03JieKTpOHHOro aTOMa H TeOpHeH ,neifTpOHa cylll.ecrnyeT 60Jib

lIJa51 pa3HHIJ,a. lfa perneHH51 ypasHeHH51 Wpe,nHHrepa 3HaqeHH51 yposHeif 3HeprnH 

O,lLH03JieKTpOHHOro aTOMa MoryT 6bITb onpe,neJieHbl c OTHOCHTeJibHOH TOqHOCTb!O 

10-2-10-3. B KBaHTosoif 3JieKTpoti,HHaMHKe nonpaBKH K ypoBH51M 3HeprnH BbI

qYJCJI51IOTC51 c OTHOCHTeJibHOH TOqHOCTb!O 10- 10 H BbilIIe. <l>H3HqecKHe xapaKTepH

CTHKH npocTeifrnero 51,lLpa - ,lLeHTpOHa HeJib351 paccqHTaTb co CTOJib Bb!COKHMH 

TOqHOCT51MH B nepsyio oqepeti,b H3-3a HeB03MO:>KHOCTH KOJIHqecTBeHHOro OilHCaHH51 

CHJibHblX B3aHMO,LLeHCTBHH c TaKOH :>Ke TOqHOCTb!O, KaK H 3JieKTpOMarHHTHbie B3a

HMO,LLeHCTBH51. CHTyaIJ,H51 B aTOMHOH cpH3HKe HanoMHHaJia 6b1 CHTyaIJ,HIO B 51,nepHoi1 

cpH3HKe, ecJIH 6bI rnqHbIH BH,n 3aKoHa KyJioHa He 6b1JI H3BecTeH, H MbI nbITaJIHCb 

6b! annpoKCHMHpOBaTb ero KaKHM-JIH6o p51,LLOM, ,nonycTHM, BH,na rne-r. 
06o6Ill.HM HHcpopMaIJ,HIO 0 csoikrnax ,nei1TpoHa (HeKOTOpb!e H3 HHX npHBe,neHbl 

s npe,nbI,lLYill.HX pa3ti,eJiax). TaK, MbI 3HaeM qTo npoToH H Hei1TpoH CB513aHbI 

Me:>Kti,y co6oi1 KOpOTKO,LLeHCTBYIOill.HMH 51,lLepHbIMH CHJiaMH, pa,nHyc ti,eHCTBH51 KO

TOpb!X onpe,neJI51eTC51 KOMOTOHOBCKOH ,LLJIHHOH BOJIHbl IlHOHa, paBHOH no nop51ti,Ky 

BeJIHqHHbl O,LLHOMY cpepMH. 

B § 9.4 Mb! ynoMHHaJIH, qrn cocT051HHe ,nei1TpoHa npeti,cTaBJieHo cynepno3H

IJ,Hei1 S- H D-cocT051HHi1. Cylll.ecrnosaHHe HMeHHO TaKOH KOM6HHaIJ,HH cocT051HHi1 

no,nTsep:>Kti,aeTC51 cJieti,yIOill.HMH Ha6Jiioti,aTeJibHbIMH ,naHHbIMH. B pa3,neJie 7. 7.3 Mb! 

npHBeJIH HHcpopMaIJ,HIO 0 TOM, qTo KBati,pynoJibHbIH MOMeHT ,lLeHTpOHa OTJIHqeH OT 

HYJI51, xorn H cpaBHYITeJibHO MaJI: Q(iH) = 0,00273 CM
2 « 7ra2 H, CJie,nosaTeJibHO, 

ero cpopMa HeCKOJibKO OTJIHqaeTC51 OT ccpepHqecKH-CYIMMeTpHqHoif. HeccpepHq

HOCTb cpopMbl ,neifTpOHa, a TaK:>Ke Hea,LL,lLHTHBHOCTb MarHHTHb!X MOMeHTOB npo

TOHa H HeHTpOHa B ,nei1TpOHe yKa3bIB3!0T, qTo OCHOBHOe COCT051HHe ti,ei1TpoHa 

He 51BJI51eTC51 qifcTbIM S-cocT051HHeM. )lse nepeqHcJieHHbie oco6eHHOCTH ,neifTpoHa 

CBH,LLeTeJibCTBYIOT TaK:>Ke 0 TOM, qTO 51,nepHbie CHJibl 51BJI51!0TC51 HeIJ,eHTpaJibHbIMH: 

OHH 3aBHC51T OT yrna Me:>K,ny HanpasJieHHeM CilHHa H np51MOH, coe,lLHH51!0Ill.eH 

HYKJIOHbI ( TaKHe CHJibI Ha3bIBaIOT mertsoprtbt.MU). 
3Ha51 3KCnepHMeHTaJibHOe 3HaqeHHH KBati,pynoJibHOro MOMeHTa ,neifTpOHa, 

MO:>KHO oIJ,eHHTb BKJia,n D-cocT051HH51 s cynepno3HIJ,HIO ero cocT051HHH. CornacHo 

pacqeTy ti,OJI51 D-cocT051HH51 pasHa 4 %. HarJI51,LLHO MO:>KHO npeti,cTaBHTb, qTo ,nei1-

TpoH 96 % speMeHH Haxoti,HTC51 B S-cocT051HHH, a 4 % - B D-cocT051HHH. 

EcJIH 6b1 51,nepHbie CHJibI, ti,eifcrnyIOill.He Me:>K,ny npoTOHOM H HeifTpOHOM, cJia6o 

3aBHCeJIH OT B3aHMHOH opHeHTaIJ,HH COHHOB, TO ti,ei1Tp0H Mor 6bI HMeTb CHHrJieT

HbIH H TpHnJieTHblH ypoBHH co cpaBHHTeJibHO MaJio pa3JIHqaIOill.HMHC51 3HeprH51MH. 

TaKa51 CHTyaIJ,Hfl xapaTKepHa ,LLJI51 CHCTeM H3 ,lLBYX qacTHI.l,, Me:>K,ny KOTOpblMH 

,neHCTBYIOT 3JieKTpoMarHHTHbie CHJibl. 

0,nHaKO, KaK Mb! 3HaeM, CB513aHHa51 (n-p)-CHCTeMa B COCT051HH51X co COHHOM 

0 He 06pa3yeTcf!. CJie,nosaTeJibHO, 51,nepHbie CHJibI HacTOJibKO cHJibHO 3aBHC51T OT 
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cmrna, Y.TO TOJibKO npHT5:DKeHHe Me*AY npoTOHOM H HeihpOHOM npH napaJIJieJib

HblX CTIHHax cnoco6HO o6ecneY.HTb B03HHKHOBeHHe CBH3aHHOH CHCTeMbl. 

DocKOJibKY npttMecb D-cocToHHHH MaJia, TO B nocJie,11.yIOW.HX pacY.eTax Mb! 

6y,11.eM eIO npette6peraTb, CY.HTaH, Y.TO ,11.eHTpOH HaX0,11.HTCH B «Y.HCTOM» 3S-COCTO

HHHH H Y.TO, CJie,11.0BaTeJibHO, CHJibl, ,11.eHCTBYIOW.He Me2KAY COCTaBJIHIOW.HMH ero 

HYKJIOHaMH, HBJIHIOTCH u.ettrpaJibHbIMH. 

9.5.2. HepeJIHTHBHCTCKaH TeopHH )l.eiiTpotta. Mo*HO npe,11.JIO)f(HTb pHA 

cct>epHY.eCKH-CHMMeTpHY.HbIX noTeHU.HaJIOB, KOTOpbie o6ecneY.HBaIOT H3BeCTHbie H3 

OCTbITa MaJiblH pa,11.ttyc H,11.epHblX CHJI H 3HeprnIO CBH3H ,11.ei1Tp0Ha Eo = 2,23 M3B 

[6, 7]. K HHM OTHOCHTCfl, ttanpHMep, I13o6pa:1KeHHbIH Ha pHC. 9.3 noTeHu.HaJI rnna 

U(r) 

a 

-Eo 1-----1 r 

-Uo--~ 

PHc. 9.3. CxeMa rroTeHI.1,HaJibHOH l!MbI .n:ei1Tpotta H pa,n:HaJibHall 3aBHCHMOCTb IIJIOTHOCTH sepol!T

HOCTH w(r) 

npHMOYfOJibHblH 5IMbl urnpHHOH a: 

{
-Uo U= 

0 
,11.JIH r ~a, 
,11.JIH r >a. 

(9.11) 

Ha nepBbIH B3fJI5IJ.J: 3TOT noTeHu.ttaJI flBJIHeTrn Ma.no no,11.XOAHW.HM. )leJ1cTBHTeJibHO, 

BCCTOMHHaH, Y.TO 3HaY.eHHe CHJlbl paBHO npOH3BO,ll.HOH OT noTeHu.Ha.na, H YY.HTbIBafl, 

Y.TO npH r < a noTeHU.HaJI nOCTOHHeH, Mb! BH,ll,HM, Y.TO HettTpOH H npoTOH B3aHM0-

,11.eHCTBYIOT JIHlllb Ha pacCTOflHHH Me2K,n:y HHMH, paBHOM TOY.HO a, npHY.eM B TOY.Ke 

r = a CHJia B3aHMO,ll.eHCTBH5I 6eCKOHeY.Ha; c cl>H3HY.eCKOH TOY.KH 3peHHH TaKOH 

noTeHu.HaJI HHKaK He.nb3H CY.HTaTb ecTeCTBeHHbIM. TeM He Mettee, 3TOH Mo,11.e.nbIO 

Y.aCTO nOJib3YIOTCH, nOCKOJibKY OHa o6ecneY.I1BaeT npH6JIH:1KeHHO npaBHJibHOe onH

caHHe OCHOBHblX KBaHTOBb!X CBOHCTB B3aHMOJ:JgHCTBH5I H CT03BOJIHeT BeCbMa npocTO 

npoH3BOAHTb BhIY.HCJieHHfl. K TOMY :1Ke 6b1.no ycTaHOBJietto (H3 pellleHHfl ypaBHeHHH 

lllpe,ll.HHrepa c HCTIOJib30BaHHeM noTeHu.HaJIOB pa3JIHY.HOfO BHJJ.a), Y.TO pe3yJibTaTbl 

pacY.eTOB CJia6o 3aBHCHT OT Bb16opa noTeHu.Ha.na, ec.nH TOJibKO OH o6ecneY.HBaeT 
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6bICTpoe y6hlBaHHe H,LI,epHhIX CHJI BHe «nHOHHoro» pa,LI,Hyca HX ,LJ,eikTBHH. CTo:iToMy 

Mb! B ,LJ,aJibHei1weM 6y,LJ,eM HCilOJlb30BaTh IlOTeHIJ:HaJI (9.11). 
CornacHo pacqeTy (cM. n. 7.6.1 a [2]) noae,LJ,eHHe qacTHU.hI a noTeHU.HaJihHOH 

npHMoyroJibHOH HMe OTJIHlJaeTCH CJie,LJ,yIOill.HMH cymecTBeHHhIMH oco6eHHOCTHMH: 

1) Ha wHpHHe noTeHU.HaJihHOH HMhI a yKJia,LJ,hIBaeTCH u.eJioe 'IHCJIO noJiyaoJIH 

qacTHU.hl, «3anepTOH» B HMe; 

2) cpe,LI,H ,LJ,onycTHMhIX ,LJ,HCKpeTHhIX 3HalJeHHH 3HeprnH 3Toi1 qacTHU.hI oTcyT

CTayeT 3HalJeHHH E = 0, T. e. qacTHU.a He MO)KeT «JielJh» Ha ,LJ,HO HMhI. 

CJieJI,oaaTeJihHO, B paccMaTpHsaeMoM cJiyqae ypoBeHh Eo = 2,23 M3B AOJI)KeH 

pacnoJiaraTbCH Ha HeKOTOpOM paccTOHHHH OT ,LJ,Ha noTeHu.HaJihHOH HMbl ,LJ,eHTpOHa. 

HH)Ke 6y,LJ,eT noKa3aHo, 'ITO 3HeprnH B3aHMOAei1cTBHH Hei1TpoHa H npoToHa 3Ha-

4HTeJihHO 6oJihWe 3Heprn11 CBH3H ,LJ,ei1TpoHa, no3TOMY ypoaeHh E0 = 2,23 M3B 

pacnOJIO)KeH 6JIH3 KpaH noTeHU.HaJihHOH HMbl, T. e. AJIH JI,eHTpoHa Bb!IlOJIHHeTCH 

ycJIOBHe Eo « Uo. 
CsH3h Me)KJI.Y U0 , E0 H a B HepeJIHTHBCTcKoM np116JIH)KeHHH MO)KeT 6bITh 

Haii,LJ,eHa H3 peweHHH ypasHeHHH lllpeAHHrepa. CTycTh B npHMoyroJihHOH noTeH

u.11aJihHOH HMe w11p11Hoi1 a 11 rny6HHOH U0 Haxo,LJ,HTCH tJaCTHU.a c Maccoii, paBHOH 

np11BeJI,eHHOH Macce npoToHa H HeHTpoHa µ, = mnmp/mn +mp. 06o3Ha4HM noJI

HYIO 3Heprn10 qepe3 E, a BOJIHOBYIO cpyHKU.HIO ,LJ,etiTpoHa qepe3 '1!. YpaBHeHHe 

lllpe,LI,HHrepa MO)KHO 3an11caTb B BH,LI,e 

(9.12) 

B CHJIY npe,LI,nOJIO)KeHHH o ccpep11qecKoi1 CHMMeTpHH BOJIHOBaH cpyHKU.HH \]! 3a

BHCHT TOJibKO OT r H He 3aBHCHT OT yrnoB () H <p. 3anHCb!BaH Li\]! B IlOJIHpHbIX 

Koop,LI,HHaTax H npOH3BO,LJ,H B (9.12) noJI,CTaHOBKY '1! = R(r)/r, noJiy'IHM 

d
2 
R(r) + 2µ [E - U(r)] R(r) = 0. 
dr2 n? 

(9.13) 

5y,LJ,eM pewaTh ypasHeHHe (9.13) pa3,LJ,eJihHO AJIH ABYX npocTpaHCTBeHHhIX HHTep

saJioB: 

1) r ~ a, U = -Uo, 

d2Ri
2
(r) + 2~ (Uo -Eo)R1(r) = 0. 

dr h 

2) r >a, U = 0, 
d2 R2(r) - 2µ Eo. R2(r) = 0. 

dr2 h2 

3an11weM rpaHHqHhie ycJIOBHH 3aJI,a'lH: npH r -> 0 

np11 r-> oo 

7 0. A. 5apcyKOB 

R2(r) _, O. 
r 

(9.14) 

(9.15) 
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Pewemui: ypaBHeHHH (9.14) H (9.15) HMeIOT BHA 

3,LI.eCb 

r ~a R 1 (r) =A sin [ J2µ(Uo - E0 )/n2 r] =A sin kr, 

r>a R ( ) - B -k~r - B -"(T 2r-e -e. 

k = J2µ(U0 - E0 )/n2 , 

1 = J2µEo/n 2 

(9.16) 

(9.17) 

(9.18) 

(9.19) 

- BOJIHOBhie l.JHCJia B npe,LI.eJiaX H BHe noTeHI.l,HaJibHOH HMbl COOTBeTCTBeHHO. 

l1HTepecy10mee Hae COOTHOWeHHe MO)KHO 6bICTpo nOJIYl.JHTb, ecJIH BOcnOJib-

30BaTbCH ycJioBHeM HenpepbIBHOcTH cpyHKI.l,HH R(r) H ee nepBOH npoH3BOAHOH, 

B CHJIY KOTOporo 

(9.20) 

,llttcpcpepeHI..1,Hpysi: Bblpa)KeHHH (9.16) H (9.17) H nO,LI.CTaBJIHH 3Hal.JeHHH d~~r) H 

R(r) B (9.20), noCJie HecJIO)KHbIX npeo6pa30BaHHH noJiyl.JHM 

kctgka = -1. (9.21) 

0TCIO,LI.a 

'Y ~ 
ctgka = -y;; = -y ~· (9.22) 

3TO H ecTb HCKOMoe coornoweHtte Me)KAY U0 , Eo H a. TaK KaK Eo « U, 

TO -~ eCTb MaJioe OTpHI..1,aTeJibHOe l.JHCJIO H, CJie,LI.OBaTeJibHO, yroJI ka 

npeBbiwaeT yroJI 7r /2 Ha MaJiyIO BeJIH4HHY a. ,llpyroe B03MO)KHOe 3HaLiemte 

ka = 37r /2 +a, COOTBeTCTBYIOll.l,ee nepBOMY B036y)K,LI.eHHOMY COCTOHHHIO, Mb! nOKa 

He 6y,LI.eM npHHHMaTb BO BHHMaHHe, TaK KaK Hae 3,LI.eCb HHTepecyeT OCHOBHOe 

COCTOHHHe, OTBe4aIOll.l,ee ka = 7r /2 +a. 
CTo,LI.CTaBJIHH B 3TO COOTHOWeHHe Bbipa)KeHHe (9 .18), nOJIY4HM 

/2µ(Uo - Eo _ 7r V h2 a - 2 +a, 

(Uo - Eo)a2 = (7r/2 + a)2h2 
2µ 

(9.23) 

J13 (9.23) BHAHO, 4TO poCT U0 (nptt a= canst) 6yAeT conpoBO)K,LI.aTbCH CMell.l,eHHeM 

ypoBHH E0 BHH3. 

BocnoJib30BaBWHCh (9.23), 3anttweM ycJIOBHe cyw.ecrnoBaHHH ypoBHH c E0 = 
= 0 B npHMoyroJibHOH si:Me: U0a 2 = 7r2n2 /8µ = 1,02 · 10-24 M:=iB · cM2. (3,LI.ech MbI 

npeHe6perntt MaJioti: BeJIH4HHOH a.) MttHHMaJibHaH rny6tttta U0 npsi:MoyroJibHOH 
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HMbl, He06XO.LI.HMaH npH .LI.aHHOH IIIHpHHe .LI.JIH Toro, LJT06bi B HeH MOrJIO cyruecTBO

BaTb CBH3aHHOe COCTOHHHe, paBHa 

2-t.2 10-24 
u.MlfH - 7r n ,...., M B 0 ---,....,-- 3 

8µa2 0:2 CM2 . 
(9.24) 

06paTHM BHHMaHHe, LJTO IlOCKOJibKY B 3HaMeHaTeJib (9.24) BXOJl.HT a 2 B KBa)l.paTe, 

TO MHHHMaJihHoe 3HaLJeHHe Uo Jl.OJI1KHO pe3KO 3aBHCeTb OT a. HanpHMep, npH 

a= 1,4 <l>M H3 (9.24) noJiyLJaeM: U0ttH = 51 M3B. EcJIH :tKe npe.ll.IlOJI01KHTb, LJTO a 
Ha nopH.LI.OK 6oJibIIIe, To U0ttH ~ 1 M3B. 

MbI BH.LI.HM, LJTO O.LI.Ha H Ta 1Ke 3HeprnH CBH3aHHOH (n-p)-cHCTeMbI M01KeT 

cooTBeTCTBOBaTb KaK IIIHpOKOH, HO MeJIKOH noTeHuHaJibHOH HMe (a >> R, U0 ~ 
~ Eo), TaK H Y3KOH, HO rny6oKOH (a"'-' R, Uo » Eo). nepBbIH CJiyLJaH, 0)1.HaKO, 

CJie)l.yeT OTBeprHyTb, TaK KaK HJl.epHbie CHJ!bl 3cpcpeKTHBHO npOHBJIHIOTCH J!Hlllb Ha 

pacCTOHHHHX nopHJl.Ka 1 <l>M. 

noJiaraH B COOTBeTCTBHH e 3KCilepHMeHTaJlbHbIMH )l.aHHblMH a = 1, 7 <I>, IlOJiy

LJHM H3 (9.24) .LI.JIH )l.eHTpOHa, HaXOJl.HIUeroCH B TpHnJieTHOM COCTOHHHH 3S1' 

U/JHH ~ 35 M3B. (9.25) 

noJiyLJeHHOe 3HaLJeHHe U/)lfH )l,aeT npe.ll.CTaBJieHHe 06 «HCTHHHOH» rny6HHe IlOTeH

UHaJibHOH HMbl .LI.eHTpOHa. 

9.5.3. Pa.11.uyc .11.eiiTpoua. npH pacLJeTe rny6HHbl IlOTeHUHaJibHOH HMbl )l,eH

TpOHa eeTeCTBeHHO eLJHTaTb, LJTO ee IIIHpHHa pasHa pa.ll.HYCY )l,eHCTBHH HJl.epHbIX 

CHJI. 0)1.HaKO BeJIHLJHHa a He COOTBeTCTByeT pa.LI.HYCY )l,eHTpoHa. ,l{eHCTBHTeJibHO, 

npH r >a cpyHKUHH R(r) = rW He paBHa HYJIIO, HO 3KCilOHeHUHaJibHO y6hrnaeT, H, 

CJie)l,OBaTeJibHO, )l,eHTpOH He HMeeT KaKOrO-JIH6o onpe)l.eJieHHOro pa.ll.Hyca. yfa Bbl

pa:m.eHHH R2(r) = Be-1r BH,ll.HO, LJTO r o6Jia)l,aeT pa3MepHOCTb!O o6paTHOH ,ll.JIHHbI. 

<l>yHKUHH R2 ( r) yMeHbIIIaeTeH B e pa3 npH r = 1 / r. 3a pa.ll.HYC .ll.eHTpoHa ycJIOBHO 

npHHHMaIOT BeJIHLJHHY 1/y. HenoJib3YH (9.19), HaH)l.eM 

1 h h 1,05 . 10-27 

Rn= 1 = .)2;Eo ~ JmNEo = Jl,67 · 10-24. 2,23 · 1,60. 10-6 = 4
'
32 

<l>M. 

(9.26) 
TaKHM o6pa30M, pa.LI.Hye .LI.eHTpoHa Rn 3HaLJHTeJibHO npeBbIIllaeT pa3yMHO Bb16paH

ttoe 3HaLJeHHe a (~ 2 <l>M). HanoMHHM, LJTO 3KenepHMeHTaJibHO onpe.ll.eJieHHbIH 

pa.LI.Hye .LI.eHTpoHa paBeH 4,8 <l>M, LJTO HaXO.LI.HTeH B .LI.OBOJibHO xopollleM COrJiaCHH 

c (9.26). 
Ha pHe. 9.3 exeMaTHLJeeKH H3o6pa:tKeHa nJIOTHOCTb sepoHTHOCTH w(r) = 

= jw(r)j 2 
HaX01KJl.eHHH HYKJIOHOB Ha paccTOHHHH r Me1K.ll.Y co6oii. BoJihlllaH LJaCTb 

nJIOIUa.LI.H no.LI. KpHBOH w(r) npHXO,ll.HTCH Ha o6JiaCTb BHe HMbl. KaK BH.LI.HO, .LI.eHTpoH 

HBJIHeTeH .ll.OBOJibHO «pb!XJlbIM» HJl.pOM. 

9.5.4. 3uepreTH11eCKHH cneKTP .LI.eihpoua. 3Heprn!O eBH3H )l.eHTpOHa MO)K

HO H3MepHTb no nopory cpOT03cpcpeKTa, COOTBeTeTByIOruero HaHMeHbIIIeH LJaCTOTe 

·19min. na.LI.aIOruero 1-H3JiyLJeHHH, npH KOTOpOH )l.eHTpOH cnoco6eH Jl.HCCOUHHpoBaTb 

Ha HeHTpoH H npoTOH. Mo1KHO y6e.LI.HTbeH TaK1Ke, LJTO )l.eHTpoH He nornoruaeT H3-

JJyLJeHHe e LJaeTOTOH '19min H, eJie.LI.OBaTeJibHO, B036Y:tKJl.eHHbie .LI.HCKpeTHbie ypoBHH 

7' 
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y Hero OTcyTcTBYIOT. 3To Ha6JJ10.n.eHHe Haxo.n.HTCH B cornacHH c BbIBO.D.aMH TeopHH . 

.lleJJO B TOM, qTo rny6HHa noTeHu.HaJlbHOH HMbl )l.eHTpOHa He)l.OCTaToqHa )l.JlH 

cyI1.1.eCTB0BaHHH B HeH B036Y*.D.eHHbIX ypoBHeH. TaK, nepsoMy B036Y*JJ.eHHOMy 

COCTOHHHIO (n = 2, L = l = 0) COOTBeTcTByeT yroJJ ka, paBHbIH ka = (3/2)n + b. 
KoM6HHHpyH 3TO Bbipa*eHHe c (9.18) H noJJaraH MaJJy10 BeJJHqHHY b paBHOH HYJJIO, 

. f 2µ(U - Eo) _ 3 V h a-21r. 

0TC!O)l.a MO)l(HO HaHTH ycJJOBHe cyI1.1.eCTBOBaHHH B036y)l(JJ.eHHOfO COCTOHHHH c l = 
= 0, ecJJH npHpaBHHTb E0 = 0: 

9n2 h2 9 · 10-24 M3B u.MHH _ ,....., ---=---Q ---,....., --
2µa2 a 2 cM2 · 

CT pH o: = 1, 7 <l>M U0HH = 310 M3B, qTQ 3Hal!HTeJJbHO 6oJJbllie rny6HHbI noTeH

U.HaJlhHOH HMbI )l.eHTpoHa (9.25). CyI1.1.eCTB0BaHHe HMbI rny6HHOH oKoJJo 300 M3B 

npornsopelIHJlO 6bi H)l.epHbIM MaCllITa6aM 3HeprnH: npH TaKOH rny6HHe HMbl npoq

HOCTb 6b!Jla 6hI Ha nopHJJ.OK 60Jlbllie Ha6JJIO)l.aeMOH. 

OnbITHbIH <PaKT OTCYTCTBHH y JJ.ei1TpoHa B036Y*.D.eHHoro cocTOHHHfl c l = 1 
TaK)l(e JJerno o6bflCHfleTCfl. DpH l =F 0 Me*JJ.Y HeHTpOHOM H npoTOHOM JJ.OJJ)l(HO 

B03HHKHYTb OTTaJlKHBaHHe, o6ycJJOBJieHHOe )l.eHCTBHeM u.eHTpo6e)l(HOH 3HeprnH 

Uu. = n2l(l + 1)/2µr2. nopHJJ.OK Uu. MO)l(HO ou.eHHTb, IlO)l.CTaBHB B 3TO COOTHOllie

HHe 3HaqeHHe RD H3 (9.26): 

Uu. = n2 l(l ~ l) · 2µ = l(l + l)Eo?:: 2Eo 
RD 

npH l > 0, T. e. u.eHTpo6e)l(Hbie CH.Jlbl JierKO pa3Ba.JIHBaJOT pb!X.Jlb!H )l.eHTpOH. 

TaKHM o6pa3oM, 3HepreTHl!ecKHe cneKTpb1 JJ.ByxqacTHqHhIX CHCTeM aTOMa so

JJ.OpoJJ.a H )l.eHTpOHa pa3HTe.JibHO OTJIHqaJOTCfl Me)l(JJ.Y co6oi1; eCJlH nepBb!H npeJJ.

CTaBJleH MHoroqHcJleHHb!MH ypoBHflMH 3HeprnH, TO BTopofl - Bcero 0)1.HHM. 

§ 9.6. 3JieMeHThI Teopuu ynpyroro paccesrnu.s qacTHU. 

9.6.1. Jla6opaTopHa.H CHCTeMa KOOp,n:HHaT H CHCTeMa u;eHTpa HHepn;HH. 
KaK H3BecTHO, ynpyrnM paccef!HHeM Ha3bIBaJOT TaKoi1 npou.ecc B3aHMOJJ.ei1cTBHfl 

JJ.BYX qacTHU., npH KOTOpOM HX cyMMapHafl KHHeTHqecKaH 3HeprHfl coxpaHfleTCfl, 

JlHllib nepepacnpe)l.eJlflflCb Me)l(JJ.Y HHMH, a qaCTHU.bl H3MeHHIOT HanpaBJleHHe CBO

ero .D.BH)l(eHHfl. B HaCTOHI1.J.eM naparpaipe, flBJlflJOllJ.eMcH no cyI1.1.ecTBY BBeJJ.eHHeM 

K nocJJeJJ.yJOllJ.HM pa3)1.e.JiaM, nocBfllll.eHHbIM ynpyroMy pacceHHHJO HYKJIOHOB Ha 

flJJ.epHb!X CHJlaX, Mb! o6cyJJ.HM Heo6XOJJ.HMb!e )l.Jlfl ero OilHCaHHfl TeopeTHqecKHe 

npe)l.CTaBJJeHHfl. 

,Uo CHX nop npH OilHCaHHH pa3.JIHqHblX 3KCnepHMeHTOB HCilOJlb30BaJlaCb JLa-
6opamopHafl cucmeMa Koop8u1-tam (JJ. c. K.); otta )l(eCTKO cBH3aHa c MecToM, rJJ.e 

ocylll.eCTBJIHeTCH OilbIT. 0)1.HaKo npH paCCMOTpeHHH npou.eccOB B3aHMO,ll.eHCTBHH 

JJ.Byx qacrnu. qacTO YJJ.06Hee noJJh30BaThCH CHCTeMOH u.eHTpa HHepU.HH (c. u.. H.), 
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B KOTOpOH HeITOABH)l(HOH TOqKOH (HaqaJIOM OTcqeTa) HBJIHeTCH u.eHTP HHepU,HH 

3THX qaCTHU,. 

PaccMoTpHM c ToqKH 3peHHH JI. c. K. H c. u.. H. rrpou.ecc yrrpyroro pacceHHHH 

HepeJIHTHBHCTCKHX qacTHU. 1 H 2 c MaccaMH m1 H m2 . .11.onycTHM, qTo qacTH

u.a 1 naAaeT Ha HeITOABH)l(HyIO qacTHU.Y 2, o6JiaAaH CKOpOCTblO VJ H HMITYJibCOM 

Pl = m1v1. B JI. c. K. 3TOT npou.ecc noKa3aH Ha pHc. 9.4 cJieBa. B pe3yJihTaTe 

JI. C. K. C.U.11. 

PHc. 9.4. CxeMa ynpyroro pacceHHHH ~syx HepenHTHBHCTCKHX qacTH~ B na6opaTopHOH cHcTeMe 
H CHCTeMe ~eHTpa HHep~HH 

COyAapeHHH 1-H qaCTHU,a OTKJIOHHeTCH Ha yrOJI 8, a BTOpaH - Ha yroJI tp (nepBb!H 

Ha3bIBaeTcH yrnoM pacceHHHH, a BTopoH: - yrnoM OTAaqH). 3ToT *e npou.ecc 

B c. u.. H. H306pa)l(eH Ha pHC. 9.4 cnpasa (3AeCb HMITYJibCbl H CKOpOCTH 1-H 

H 2-H: qacTHU. OTMeqeHbI HHAeKcaMH a H b coorneTCTBeHHo). CKopocTb u.eH

Tpa HHepU,HH Xm OTHOCHTeJibHO JI. c. K. MO)l(eT 6b!Tb HaHAeHa H3 COOTHOWeHHH 

vm(m1 + m2) = m1v1, oTKyAa 

(9.27) 

B c. u.. H. qacTHU.a 2 AO B3aHMOAeHCTBHH ABH)l(eTCH no HarrpasJieHHIO K u.eHTpy 

HHepu.HH co CKOpOCTblO Vm, np:wqeM ee HMITYJibC Pb B 3TOH CHCTeMe AO pacceHHHH 

paseH 

(9.28) 

TorAa cKopocTh Va H 11MilYJibC Pa 1-H qacTl11..J.bI AO pacceHHl1H B c. u.. H. pasHa 

m1 m2 
Va = VJ - Vm = VJ - VJ = VJ, 

m1 +m2 m1 +m2 
(9.29) 

m2 m2 
Pa =m1 VJ= Pl· 

m1 +m2 m1 +m2 
(9.30) 

CpaBHeH11e (9.28) H (9.30) noKa3bIBaeT, qTQ 3HaqeH11H 11MilYJibcos qacrnu. B c. u.. 

11. paBHbl Me*AY co6oH, np11 3TOM B cornac1111 c 3aKOHOM coxpaHeH11H MOMeHTa 

HMITYJibCa OHH AOJI)l(HbI 6hITb npoT11sonoJIO)l(HO HanpaBJieHbI. 

flocJie CTOJIKHOBeHl1H 1-H qacTHU,a B c. u.. 11. OTKJIOHHeTCH Ha yroJI u'' 2-H 

4aCTl1U,a 6yAeT npH 3TOM AB11raTbCH B o6paTHOM HanpaBJieHl111, TaK KaK u.eHTp 

HHepu.1111 BCerAa HaXOA11TCH Ha npHMOH, coe.n.11HHIOI11,eH o6e qacTl1U,bl. 0603Haq11M 



198 I'll. 9. 5/aepHbte cuJtbt 

CKOpOCTH 1-H H 2-H GaCTHU B c.u.H. nocne coy,n:apeHHH qepe3 v~ H v~ COOTBeT

CTBeHHO. 

CornacHo 3aKoHy coxpaHeHHH 3HeprnH 

1 ( m2 )
2 1 ( m 1 )

2 
1 12 1 12 -

2 
m1 VJ + -

2 
m2 v1 = -

2 
m1 Va + -

2 
m2vb . 

m1 +m2 m1 +m2 

0TCIO,n:a 

CpasHeHHe (9.27) H (9.29) c nonyGeHHbIMH Bb1pa)KeHHHMH noKa3brnaeT, GTO B c. 

u. H. CKOpOCTH GaCTHU nocne CTOnKHOBeHHH He H3MeHHnHCb. TaKHM o6pa30M, ,n:o 

CTOnKHOBeHHH GaCTHUbl Jl:BH)KYTCH K HX o6meMy ueHTPY HHepuHH, a nocne CTOnK

HOBeHHH y,n:anHIOTCH c TeMH )Ke CKopocTHMH B npOTHBOfIOnO)KHblX HanpasneHHHX, 

COCTaBnH!Olll.HX HeKOTOpb!H yron u1 c nepBOHaGanbHblM HanpasneHHeM. 

K1rneTHGecKaH 3HeprnH, CBH3aHHaH c nepeMemeHHeM ueHTpa 1rnepuHH, pasHa 

2 

Wm= (m1 +m2) v
2
m = mi W, 

m1+m2 
(9.31) 

3,n:ecb YGTeHO, GTO B rnny (9.27) 

r,n:e W = m 1 vr /2. CyMMapHaH KHHeTHGeCKaH 3HeprnH W 1 o6eHx qacTHU B c. u. H., 

COOTBeTCTBYIOill.aH HX OTHOCHTenbHOMY Jl:BH)KeHHIO B 3TOH CHCTeMe, ,n:on)KHa paB

HHTbCH pa3HOCTH W H Wm: 

(9.32) 

W
1
=4W. (9.33) 

9.6.2. CeH3h .n:uct><t>epeuu.uaJibHOro ceqeuuS1 c aMnJiuTy,n;ou BOJIHhI. ,llo
nycTHM, GTO Ha MHllleHb na,n:aeT nyGOK napannenbHbIX MOH03HepreTHGeCKHX 

qacTHU. B paccMaTpHsaeMoM cnyqae cnpase,n:nHBa cxeMa pacceHHHH qacTHU, 

TIOKa3aHHaH Ha pHc. 7.1, KOTOpb!H Mb! HCTIOnb30BanH npH BBe,n:eHHH TIOHHTHH 

,n:H<P<PepeHuHanbHOro ceGeHHH pacceHHHH. HH)Ke MbI 6y,n:eM nonb30BaTbCH TeMH 

)Ke o603HaGeHHHMH TIOTOKa GaCTHU, GTO H Ha 3TOM pHCYHKe. 

Yno,n:o6HM na,n:aIOmHe GaCTHUbI nnocKOH sonHe, onHCbrnaeMOH sonHOBOH <PYHK

uHeH 1/Jo = eikz (3,n:ecb npe,n:nonaraeTCH, GTo ocb z cosMemeHa c HanpasneHHeM 

pacnpocTpaHeHHH BOnHbl) . .UonycTHM, GTO O,n:Ha H3 GaCTHU nyGKa HCTib!Tana 

pacceHHHe B none H,n:pa, pacnono)KeHHoro B ueHTpe ccpepb1 Ha pHc. 7.1; npH KBaH

TOMexaHHGeCKOM OTIHCaHHH OHa yno,n:o6nHeTCH pacceHHHOH BOnHe, Bb!XOJl:Hlll.eH 

H3 H,n:pa. 
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CTpe.11,noJio:>KHM, qTo B3aHMo.11,eikrny10w.He qacTHUbI HeTmK.11,eCTBeHHbI, 06Jia

.11,a10T HyJieBbIM cnHHOM, a noTeHUHaJI B3aHMo.11,eikTBHH U(r) ccpepHqecKH CHMMeT

pHqeH. Tor.11,a ypaBHeHHe Illpe.11,HHrepa 3anmneTCH B cpopMe 

2m 
!:!l.'lj; + -

2 
[E- U(r)] 'lf; = 0, 

h 
(9.34) 

r.11,e m - Macca qacrnub1, .11,BmKyw.eifcH B noJie U(r). PeweHHe ypaBHeHHH 

Illpe.11,HHrepa MOJKHO 3anHcaTb B BH.11,e cyMMbI 'lj;(O) + 'lj;(I), r.11,e 'lj;(O) - pewe-

HHe ypaBHeHHH /:!l.'lj; + 2n; E'lj; = 0, a 'lj;(I) - qacrnoe peweHHe Heo.11,Hopo.11,Horo 
h 

ypaBHeHHH (9.34). CornacHo HCX0.11,HOMY yc.JIOBHIO 'lj;(O) = eikz npe.11,cTaBJIHeT co-

6oif BOJIHOBYIO cpyHKUHIO qacTHUbI .11,0 aKTa paccef:IHHH. PeweHHe 'lj;( 1) HW.eTCH 

B npe.11,noJioJKeHHH, qrn .11,eifcTBHe noTeHUHaJia H.11,epHbIX CH.JI U(r) 3cpcpeKTHBHO 

np05:1BJI5:1eTC5:1 B HeKOTOpOM cpaBHHTeJibHO Ma.JIOM o6beMe pa.11,Hyca r' BHe KOTOporo 

U(r) = 0. Tor.11,a Ha paccTOHHHH r » r' (acHMmornqecKHH CJiyqaif) peweHHe 

ypaBHeHH5:1 Illpe.11,HHrepa MOJKeT 6b!Tb 3anHCaHO B BH.11,e 

'lj;(r, 0) ~ eikz + F(r, 0), (9.35) 

r.11,e 
eikr 

F(r, 0) = - f(O), 
r 

(9.36) 

f(O) - BeJIHqHHa, HMe!OII.1,af:I pa3MepHOCTb .11,JIHHbl H Ha3bIBaeMa5:1 a.MnAumyaou 
pacceHHUH. CornacHo (9.35) B acHMnTOTHqecKoM cJiyqae cyMMapHaf:I BOJIHa onH

CbrnaeTCH cynepno3HUHeH ITJIOCKOH BOJIHbl co ccpepHqecKOH BOJIHOH, paCX0.11,f:III.l,eHCf:I 

H3 ueHTpa B3aHMo.11,eifcTBHH. CTocJie.11,HHH, oqesH.11,Ho, 06pa3yeTCH B pe3yJibTaTe 

B3aHMo.11,eifcTBHH n.JIOCKOH BOJIHbI c noJieM pacceHBa10w.ero ueHTpa U ( r). CTJIIOC 

B noKa3aTeJie 3KCITOHeHTbl B (9.36) yKa3bIBaeT, qTO BTOpHqHaf:I BOJIHa pacnpocTpa

Hf:leTCf:I OT pacceHBa10w.ero ueHTpa B crnpoHy 6ecKoHeqHoCTH. MHOJKHTeJib l/r 
B (9.36) o6ecneqHsaeT OCJia6JieHHe 3TOH BOJIHbl c pacCTOf:IHHeM no 3aKOHY 1 /r2, 

Ha6JIIO.ll,aeMOMY 3KCnepHMeHTaJibHO 1). 

Haif.11,eM CB5:13b MeM.11,y f ( 0) H .11,HcpcpepeHuHaJibHbIM ceqeHHeM paccef:IHHH. 

CTornK qacrnu, npoxo.11,HII.1,HH qepe3 3.JieMeHT nJiow.a.11,H ds (cM pHc. 7.1) co CKopo

CTb!O v MOMeT 6b!Tb npe.11,CTaBJieH B cpopMe 

dJ = v If (B)l
2 

ds 
r2 

(9.37) 

(Bb!B0.11, B KBaHTOMexaHHqecKOH HHTepnpeTaUHH 3TOH cpopMyJibl .11,aeTCf:I HH)Ke, 

CM. TeKCT nennoM). BoJIHOBaf:I cpyHKUHH eikz, xapaKTepH3YIOW.a5:1 n.JIOCKYIO BOJIHy, 

pacnpocTpaH5:1IOII.1,YIOC5:1 B.11,0Jib nOJIO)KHTeJibHOro HanpaBJieHH5:1 OCH z, npH aM

CTJIHTy.11,e paBHOH e.11,HHHUe, npOX0.11,f:III.l,eH B 1 c qepe3 1 CM2, H306paJKaeT ITOTOK 

4acrnu nJIOTHOCTb!O J = v. CJie.11,osaTeJibHO, npasy10 4aCTb cpopMyJibI (7.8) MOMHO 

1
) H11KaKoro rrapa.ll.OKCa 3.lJ.eCb HeT. )].eJIO B TOM, lJTO OCJia6JieHHe BOJ!Hbl orrpe.ll.eJI51ercH KB3.ll.pa

TOM aMITJIHTY.lJ.bl pacceHHHH (CM. HmKe). 
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nepem1caTh B BH,lle xv dO. OpHpaBHHBaH :ny BeJiwrntty npaaoH: qacrn (9.37), 
yqHTbJBaH qTo 

Iii HCTIOJih3YH onpe.neJieHHe .nmpcpepeHUHaJihHOfO ceqeHHH: 

dJ 
dcr = - = xdn 

J 
(cpopMyJia (7.9)), noJiyqHM OKQHqaTeJibHO 

~~ = 1/(0)12
. (9.38) 

1. B KBaHTOBOH MexaHHKe ITOHHTHe ITJIOTHOCTH ITOTOKa 3aMeHHeTCH ITOHHTHeM ITJIOT

HOCTH ITOTOKa sepoHTHOCTH s [7]. B ,11.aHHOM CJiy<-1ae seJIH4HHa s MOMeT 6b!Tb 3aITHCaHa 

B BHJ].e 

S = ~ (F* oF _ F 8F*). 
2rni or or (9.39) 

BocrroJib30BaBillHCb Bb1paMeHHeM (9.36), rroJiy11HM OTCIOJJ.a 

S= kn \f(B)\2 ~ = vlf~8)1 2 . 
rn r r 

PaCC4HTbIBaH Ha rrpOXO)f(J].eHHe ITOTOKa sepOHTHOCTH 11epe3 ITJIOillaJJ.KY ds, HMeeM: 

S ds = v lf~B)l 2 ds. 
r 

(9.40) 

KaK BHJJ.HO, rrpaBbie 11acrn <PopMyJI (9.40) H (9.37) cosrra.J].a!OT MeMAY co6oH:. 

2. <t>opMyJia (9.39) HanHCaHa no aHaJIOrHH c H3BeCTHOH KBaHTOBOMeXaHH4eCKOH 

<PopMyJIOH ,11.JIH ITJIOTHOCTH ITOTOKa sepOHTHOCTH: 

s = ~ ('l/J*o7/J -'l/J 07/J*). 
2rni oz oz (9.41) 

TiocJie,11.HHH BbIBOtI.HTCH cJiep,y!OlllHM o6pa30M. Bsep,eM npep,crasJieHHe o rnnoTeTH4ecKOH 

MH,l1.KOCTH ITJIOTHOCTb!O 'l/J'lj;*, 3arroJIHH10llleH rrpocTpaHCTBO. He3aBHCHMOCTb HHTerpaJia 

f 'l/J'l/J* dq OT speMeHH rapaHrnpyeT coxpaHeHHe KOJIH4eCTBa 3TOH )f(H,l1.KOCTH: yseJIH4eHHe 

ITJIOTHOCTH BepoHTHOCTH B KaKOM-JIH60 MeCTe rrpocTpattCTBa o6H3aTeJibHO corrpOBO)K.,l1.aeT

CH ee yMeHbllleHHeM B ,11.pyroM, T. e. sepOHTHOCTb KaK 6bI «Te4eT B rrpocTpaHCTBe». 

Tio,11,XO,l1.HllleH aHaJiorneH: HBJIHeTCH ypaBHeHHe Herrpepb!BHOCTH KJiaCCH4eCKOH rH,11.pO

,l1.HHaMHKH, KOTOpoe ,l1.JIH ITOTOKa, HarrpasJieHHOro B,l1.0J!b OCH Z, MO)f(eT 6b!Tb 3anHcaHO 

B BH,11.e 
op_ f)N = O 
at az • 

r,11.e p - rrJIOTHOCTb *Hti.KOCTH, N - ITJIOTHOCTb rroTOKa *HAKOCTH. 

3arrHilleM aHaJIOrH4HOe KBaHTOMexaHH4eCKOe ypaBHeHHe, HCITOJ!b3YH ,11,Be CJie,11.y!OlllHe 

<PopMy.n11poBKH ypaBHeHHH Illpe,l1.HHrepa ,l1..ITH ¢YHKUHH 'l/J(z, t) H 'l/J*(z, t): 

!!:_ 87/J* = _.!£_ 827/J* + U'lj;* _!!:_ 8¢ = _.!£_ 821/; + U'lj; 
i at 2rn {)z2 , i at 2rn f)z2 • 

') TaK KaK 3a Mepy re.neettoro yr.na npHHHMalOT OTHOllleHHe ITJIOUJ.a)l,H, Bblpe3aeMOH HM Ha ccpepe 
paJJ,Hyca r (c uettrpoM B aeprnHHe re.neettoro yr.na) K KBaJJ,pary 3roro paAHyca. 
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YMHOMHM nepsoe H3 HHX Ha 7/J, a BTopoe Ha 7/J*, nocJJe qero BhI'ITeM H3 nepsoro 
ypaBHeHHH BTopoe: 

~ ( 7/J* 8V; + 7/J 8V;*) = !i_ ( 7/J* 8
2

V; - 7/J a2V;*). 
i at at 2m 8z2 8z2 

ITpoH3Be,ll.H HeCJJO:lKHhie npeo6pa3oBaHHH, noJJy'IHM: 

.?._ ( 'l/J*'l/J) + i_ [~ ( 7/J* 8V; - 7/J 8V;*] = 0. at oz 2mi oz oz 
(9.42) 

CTpyKTypa 3Toro ypaBHeHHH cxot1.Ha co cTpyKTypoH ypaBHeHHH HenpepwBHOCTH KJJac

c11qecKoH rnt1.pot1.HHaMHKH. B (9.42) poJJh DJIOTHOCTH sepoHTHOCTH HrpaeT qJieH {'lj;*'lj;), 
a poJJb DJJOTHOCTH nOTOKa BepOHTHOCTH - 'IJJeH B KBa,ll.paTHhIX CK06Kax, cosna,ll.aIOmHH 

c Bblpa:lKeHHeM {9.41). 

9.6.3. OcuoeHbie ct>opMyJibI TeopHH ynpyrHx CTOJIKHoeenHH. BepHeMcH 
K attamrny cpopMyJihI (9.35). Pa3JIOLKHM cpyHKU.H!O '!f;(r, 0) B pHJJ. no noJIHHOMaM 
JleLKaHJJ,pa: 

00 

'<f;(r, e) = L Rz;r) Pz(cosO), (9.43) 
l=O 

rJJ,e R1(r) H P1(cosO) - cpyHKll,HH-COMHOLKHTeJIH, 3aBHCHI1..J:Jie OT r H case 
cooTBeTcTBeHHO, xapaKTepH3YIOT napu.HaJibHbie BOJIHhI S, P, D, ... , KaLKJJ,aH H3 
KOTOpb!X o6JiaJJ,aeT MOMeHTOM HMnyJibCa 1, a HX yrJIOBOe pacnpeJJ,eJieHHe 3aJJ,a
eTCH noJIHHOMOM Jle:>KaHJJ,pa. TaK, S-BOJIHa (l = 0) ccpepw.iecKH CHMMeTpHqHa 
(Po(cosO) = 1), yrnosoe pacnpeJJ,eJieHHe P-BOJIHhI (l = 1) onpeJJ,eJIHeTCH MHo
)l{JUeJieM P1 (cos 0) = cos(), D-BOJIHa (l = 2) HMeeT yrnosoe pacnpeJJ,eJieHHe, 

l 
3aJJ,asaeMoe noJIHHOMOM P2 (cos 0) = 2 ( 3 cos 0 - 1)' H T. )J,. 

PacKJiaJJ,hIBaH aHaJiornqHhIM o6pa3oM cpyHKU.H!O f (0) no noJIHHOMaM Jle:>KaHJJ,
pa, nocJie JJ.OBOJihHO rpoM03JJ.KHX npeo6pa3oBaHHH noJiyqaeM 

00 

f(O) = XL(2l+ l)ei01 sinozPz(cosO). (9.44) 
Z=O 

Ba:>KHaH oco6eHHOCTh cpopMyJihI (9.44) 3aKJI10qaeTcH B TOM, qTo oHa oJJ,HHaKosa 
JJ.JIH JI106oro pacceHBa!Olll.ero noTeHu.HaJia U ( r). KoHKpeTHbIH BHJJ. nOTeHU.HaJia 
BJIHHeT JIHlllb Ha 3HaqeHHe cpa30BOro CJJ,BHra (qacTO Ha3bIBaeMoro npocTO cpa30H). 
OJJ,Ha H3 Ba.>KHeHlllHX 3aJJ,aq TeopHH ynpyroro pacceHHHH H 3aKJIIOqaeTCH B onpe
.11.eJJeHHH cpa30BOro CJJ,BHra. 

CTpHqHHa nosi:sJJeHHH cpa3osoro CJJ.BHra cssi:3aHa c Tpe6oBaHHeM o6palll.eHHH 
B HYJih BOJIHhl Ha nosepxHOCTH pacceHBa!Olll.ero u.eHTpa (npeJJ,cTaBJIHeMoro B BHJJ,e 
HenpOHHIJ,aeMOH ccpepb! paJJ,Hyca a). Ha pHC. 9.5 nyHKTHpOM OTMeqeHa BOJIHOBaH 
cpyHKU.HH 6e3 CJJ.Bttra cpa3bl. B cJJyqae OTTaJIKHBamrn (01 < 0, pHc. 9.5, a) paccesi:H
HaH BOJIHa OTCTaeT no cpa3e OT nepsHqHOH BOJIHhI; B CJiyqae npHTH:>KeHHH (Oz > 0, 
pHc. 9.5, 6) - onepe.>KaeT ee. 

CTepHOJJ,HqHOCTb noJiyqeHHblX 3aBHCHMOCTeH o6yCJIOBJIHBaeT OJJ,HO H TO :>Ke 
:rnaqeHHe BOJIHOBOH cpyHKIJ.HH npH cpa3ax Oz H Oz + 7r. CTo3TOMY cpa3a scerJJ,a MO:>KeT 
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OTTaJJKHBam1e 

BOJJHa a - 6 

PHc. 9.5. ¢a30Bb!H C,QBHr, rrpHo6peTaeMbIH BOJIHOH B CJJytciae OTTaJJKHBaHHH (a) H rrpHTH)!(eH!rn (6) 

6b!Th onpe,IJ,eJieHa c T04HOCThlO )1,0 npOH3BOJlhHOro qJieHa, KpaTHOro 7f. 06bi4HO 
7f 7f 

3Ha4eHHfl cpa3hl orpaHH4HBaIOT npe,IJ,eJiaMH OT 0 )J,0 7f HJIH )Ke OT -2 )J,0 + 2. 
3Haf! aMnJIHTYJJ.Y paccef!HHfl f ( 0)' MO)KHO JierKO onpe,IJ,eJIHTh ,ll,HcpcpepeHI.I,HaJib

HOe ceqeHHe. CTo,IJ,CTaBJiflfl C 3TOH I..I,eJiblO (9.44) B (9.38), Hatt,IJ,eM, 4TO 

;;; ~ x'Jt. (21+1)e'°' sinO,fl(coso)j
2 

(9.45) 

CoornorneHHfl (9.44) H (9.45) C4HTalOTCfl OCHOBHhIMH cpopMyJiaMH TeopHH pac

cef!HHfl. 

B 3aseprneHHe HaCTOHrn,ero pa3,IJ,eJia npHBe,ll.eM o4eHh HarJIHAHYIO noJiyKJiac

c0qecKy10 HHTepnpeTaI..I,HIO npouecca pacceHHHH. C KJiacc0qecKoii T04KH 3peHHH 

qacTHUhI MoryT pacceHThCH JJ.pyr Ha JJ.pyre npH np0ueJihHOM paccTOHHHH Pl, 
MeHhWHM pa,IJ,Hyca ,IJ,eikTBHH HJJ.epHhIX CHJI: Pl < a 1). 

MoMeHT HMnyJihca pacce0sa10rn,eiicH qacTHUhI c HMnyJihCOM p onHchrnaeTCH 

KJiacc0qeCKoI1 cpopMyJioii Ill = PPl· 
BocnoJih30BaBrnHCh cooTBeTCTBHeM KJiacc0qecK0x H KBaHTOMexaHH4eCKHX 

h 
cpopMyJI, noJiyqaeM: Ill = PPl = nJl(l + 1)' OTKy,IJ,a Pl = -Jl(l + 1) ~ lX H, 

p 
cJie,IJ,oBaTeJihHO, ycJIOBHe pacceHHHH MO)KHO 3an0caTh B BH,IJ,e lX < a. CornacHo 

HarJIH,lJ,HhIM npe,IJ,CTaBJieHHf!M na,IJ,aIOrn,He qacTMI..I,hl o6pa3yIOT nyqoK, KaK 6bi pac

na,IJ,aIOW,HHCfl Ha UHJIHHJJ.pHqecKHe CJIOH paJJ.HycaMH Pl = 0, A, 2X, ... , lX. 4acrnua 

c MOMeHTOM l = 0 «JieTHT» B CJIOe HyJieBoro pa,IJ,Hyca, qacTHI..I,a c MOMeHTOM 

l = 1 - B cJioe pa,IJ,Hyca A H T. ,IJ,. 

9.6.4. <l>aaoBbIH aHaJIH3 B TeopHH paccesrnH.H. 3a,IJ,aqa HaxmK,IJ,eHHH cpa3 

no 3Ha4eHHIO ,ll,HcpcpepeHI..I,HaJihHOro ceqeHHfl Ha3hIBaeTCH cpa30BhIM aHaJIM30M. 3Ta 

3a,IJ,a4a MO)KeT 6hITh perneHa O,IJ,H03Ha4HO JIHWh ,IJ,JIH S-pacceHHHH; B 3TOM cJiyqae 

1
) 00HHTHe rrpHL\eJJbHOfO paCCTOHHHH llIHpOKO HCITOJlb3YeTCH ,QJIH HafJIH,QHOH HHTeprrpeTaUHH TeX 

HJIH HHbIX KBaHTOBbIX HBJJeHHH. 0,11,HaKO rrpe,11,CTaBJ1em1e 0 rrp11ueJ1bHOM pacCTOHHHH CJJe,11,yeT rrpH

MeHHTb ,QOCTaTO'lHO OCTOpO)!(HO, H60 B KBaHTOBOH MexaHHKe He cymecTsyeT ITOHHTHH TpaeKTOpHH, 

a, CJJe,QOBaTeJJbHO, ITOHHTHe rrpHUeJJbHOrO pacCTOllHHH CTporo rosopH He HMeeT CMb!CJJa. 
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cpopMy.lla (9.45) np1106peTaeT B11A 

da() 2·2 - df! 0 = A. sm &o. 

da 
3HaH 113 Oilb!Ta dn ( 0)' OTCIO)J,a HaXO)J,11TCH cpa3a 5o. 

0)1.HaKO B 06I1.1,eM CJiyqae np11 HaJI11q1111 HeCKOJibKl1X napu.11aJibHblX BOJIH 3a)l.aqa 

onpeJJ.eJieHl1H cpa3 51 no 113BeCTHOH 113 3KCnep11MeHTa 3aB11CHMOCTl1 ~~ ( 0) HBJIHeT

CH HeO.IJ,H03HaqHOH. TeM He MeHee, cpa30Bb!H aHaJil13 11 B TaKl1X CJiyqaHx OCTaeTCH 

BeCbMa noJie3HbIM MeTO)l.OM, o6JierqaIOI1.l,11M, KaK Mb! YBH)J,11M Hl11Ke, 11HTepnpe

TaIJ,HIO 3KCnep11MeHTaJibHbIX .IJ,aHHbIX (B oco6eHHOCTH B coqeTaHHH c )l.aHHblMH 

0 TIOJIHp113aIJ,Hl1, CM. § 9.9). 
l1HTerp11pyH (9.45) B nOJIHOM TeJieCHOM yrne 47r 11 yq11Tb1BaH opToroHaJibHOCTb 

nOJIHHOMOB JleJKaH)l.pa, noJiyqHM BbipaJKeH11e )l.JIH TIOJIHOro ceqeHHH 

00 

a= 47rA.2 L (2l + 1) sin2 5z. (9.46) 
l=O 

CTp11 [ = 0 (9.46) np1106peTaeT BH)l. 

ao = 47r A.2 sin2 ao. (9 .4 7) 

0TCIOJJ.a Bl1JJ.HO, 'HO ceqeH11e pacceHHl1H np11 l = 0 orpatt11qetto MaKc11MaJibHbIM 

3HaqeHl1eM, onpe)l.eJIHeMblM ycJIOB11eM 

a(;aKc = 47rA2. (9.48) 

B c11Jiy (9.46) AJIH BOJIH, orneqa10m11x l > 0, 

a(;aKc = 47r(2l + l)A.2. 

BecbMa saJKHoii xapaKTep11cT11Koi1 HBJIHeTcH 3HaK cpa3bI, onpeJJ.eJIHeMbIH xa

paKTepoM JJ.ei1crny10m11x CHJI. OocKOJibKY cornaetto (9.46) 
. 2 J: a rv Slll U[, 

TO 3Haqett11e ceqeHHH pacceHHHH He 3as11c11T OT 3HaKa cpa3bl. CTo3TOMY 3HaK 

cpa3bl MOJKHO onpe)l.eJil1Tb 113 tta6JIIO)J,eHl1H, 11CilOJib3YH 11HTepcpepeHIJ,11!0 HJJ.epttoro 

11 KYJIOHOBCKoro pacceHHHH 11JI11 JJ.Byx HAepttbIX pacceHHl1H, npo11cxo.IJ,HI1.1,11x np11 

pa3HbIX B3a11MHbIX op11ettTau,11Hx cn11ttoB B3a11Mo)l.ei1crny10m11x qacTHIJ.. B nepsoM 

cJiyqae 113 Teop1111 H3BeCTeH 3HaK KYJIOHOBCKOrO B3al1MO.IJ,eHCTBHH, a BO BTOpOM -

H)],epttoro, COOTBeTCTBY!Olll.ero CBH3aHHOMY COCTOHHHIO npH napaJIJieJibHbIX CTIHHax 

B3aHMO)l.eHCTBYIOI1.1.11X qacTHIJ,. 3To .IJ,aeT B03MOlKHOCTb onpe.IJ,eJIHTb 3HaK cpa3bl 

)].pyroro B3al1MO)l.eHCTBl1H. 

§ 9. 7. Paccesrnue HYKJIOHOB Ha HYKJIOHax npu HH3KOH aHepr1111 

PacceRnue neumponoB na npomonax. Tenepb MbI AOCTarnqtto noJJ.rOTOBJieHbI 

AJIH Toro, qT06b1 nepeH:T11 K attaJI113y onbITOB no ynpyroMy pacceHHl1!0 HYKJIOHOB 

Ha HYKJiottax. Mb1 ttaqtteM c attaJI113a (n-p)-pacceHHl1H np11 Hl13KHX 3HeprnHx. 
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OueHHM ,llJIHHbI BOJIH HH3K03HepreTw1ecKHx HeifTpoHOB. Ha ocHoBaHHH (9.30) 
Pa = Pl /2 = J2mn w /2 (pl H w - HMnyJibC H KHHeTH4eCKaH 3HeprnH na

,lla10r.uero HeifTpoHa B JI. c. K). Oo3TOMY cpopMyJia ,lle-EpoifJIH .A = 1i/Pa nocJie 

nO,llCTaHOBKH KOHCTaHT npHo6peTaeT BH,ll 

9 l . 10-13 

A= jw CM, 
W M3B 

(9.49) 

r,lle W 6epeTcH B JI. c. K. KaK BH.llHO, ,llJIH HeifTpoHa c W,...., 10 M3B .A> a. OT

CIO.lla BbITeKaeT, 4TO B paccMaTpHBaeMOM CJiyqae cyr.uecTBeHHOe 3Ha4eHHe ,llOJI)t(Ha 

HMeTb JIHWb 5-BOJIHa (TaK KaK Y*e npH l = 1 pz > a). Oo3TOMY yrnosoe pac

npe,lleJieHHe HeHTpOHOB HH3KHX 3Heprnif, pacceHHHbIX Ha npoTOHax, ,llOJI)KHO 6b!Tb 

B c. u. H. H30TpOnHb!M. 3TOT Bb!BO,ll 6bIJI nO,!l.TBep)K,!I.eH onbITaMH no 113yqeHHIO 

(n-p)-pacceHHHH. 0Ka3aJIOCb, 4TO pacceHHHe HeHTpOHOB Ha npoTOHax B c. u. H. 

ccpepHqecKH CHMMeTpH4HO BnJIOTb .llO 3HeprnH W = 20 M3B. CJie,!l.oBaTeJibHO, H3 

ycJIOBHH .A > a noJiyqaeM, 4TO a < 9 · 10- 13 / ..J20 = 2, 1 · 10-13 CM. 11TaK, onbITbI 

no (n-p)-pacceHHHIO n03BOJIHIOT oueHHTb BepXHIOIO rpaHHUY pa,!I.Hyca ,lleHCTBHH 

H,llepHbIX CHJI. 

EoJibrnoif HHTepec npe,llCTaBJIHIOT onhITbI no pacceHHHIO MOJieKyJIHpHbIM BO,!l.O

pO.llOM HeifTpOHOB c oqeHb HH3KOH 3Heprneif (rv 2 · 10-4 3B). HeifTpOH c TaKOH 

3Heprnei1 o6Jia,!l.aeT ,llJIHHOH BOJIHbl, 3Ha4HTeJibHO npeBOCXO,!l.HI..UeH Me)KH,llepHoe 

pacCTOHHHe B MOJieKyJie BO,llOpO,lla (rv 7,5 HM), no3TOMY HeHTpOH pacceHBaeTCH Ha 

HeH KaK Ha ueJIOCTHOH CHCTeMe. B 3aBHCHMOCTH OT opHeHTaUHH cnHHOB .llBYX 

npoTOHOB MOJieKyJihr BO.llopo,lla pa3JIH4a!OT ,!I.Be ee MO.llHcpHKaUHH. B opTOMOJieKyJie 

BO,!I.Opo,lla cnHHbl npoTOHOB napaJIJieJibHbl, n03TOMY cyMMapHblH cnHH nocJie,!l.HHX 

paseH e,!l.HHHUe, a B napaMOJieKyJie HX cnHHbl aHTHnapaJIJieJibHbl H, CJie,llOBaTeJib

HO, cyMMapHbIH cnHH npoToHOB paBeH HYJIIO. 

B onhnax H3y4aJicH npouecc pacceHHHH HeHTpOHOB Ha 4HCTOM napaBo,llopo,lle 

H CMeCH opTO- H napaBO,llOpO,lla, 4TO n03BOJIHJIO pa3,lleJIHTb 3cpcpeKT pacceHHHH 

HeHTpOHOB Ha opTO- H napaBO,llOpo,!I.e. 0Ka3aJIOCb, 4TO Ce4eHHe pacceHHHH HeH

TpOHOB Ha opTOBO,!I.OpO,!I.e 3Ha4HTeJibHO 60Jibllie, qeM Ha napaBO,!I.OpO,!I.e: 

O"oprn : O"napa :::::i 30, (9.50) 

4TO CBH,!l.eTeJibCTByeT 0 CHJibHOH 3aBHCHMOCTH H,llepHbIX CHJI OT CilHHa B3aHMO,lleH

CTBYIOLUHX qacTHU. 

PacceJutue npomoHoB Ha npomoHax. ,llJIH 113yqeHHH (p-p)-pacceHHHH BO.llopo

.llOCO,llep*aLUHe MHWeHH 06Jiyqa10T yCKopeHHbIMH npornHaMH. Me*.llY npoToHaMH 

noMHMO H,llepHb!X CHJI ,lleHCTBYIOT, KaK H3BeCTHO, KYJIOHOBCKHe CHJibl OTTaJIKHBa

HHH. Xorn Ha MaJibIX paccTOHHHHX nopH.llKa pa,llHyca ,lleHcTBHH H,llepHbIX CHJI OHH 

3Ha4HTeJibHO cJia6ee nocJie,llHHX, O,!l.HaKo Ha 6oJibWHx paccTOHHHHX KYJIOHOBCKHe 

CHJibI, 6Jiaro,!I.apH HX ,llaJibHO,lleHCTBHIO, cTaHOBHTCH npeo6Jia,llalOLUHMH. CTa,lla10r.uaH 

qaCTHUa nO,llBepraeTCH HX ,lleHCTBHIO 3a,llOJiro ,llO nona,llaHHH B o6JiaCTb 3cpcpeK

THBHOro ,lleHCTBHH H,!I.epHbIX CHJI. Oo3TOMY KYJIOHOBCKoe pacceHHHe oco6eHHO 

cyr.uecrneHHO npH HH3KHX 3HeprnHx H npH pacceHHHH Ha MaJibre yrnhr (npH 

nepHcpepHHHb!X CTOJIKHOBeHHHX). 
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B onbITax c npoTOHHhlMH nylfKaMH HH3KHX 3HeprnH: 6b!JIO B lfaCTHOCTH 
da 

ycTaHOBJieHO, lfTO 3aBHCHMOCTb dO. (E) .ll.JIH yrJia pacceHHHH u = 45° o6Jia.n.aeT 

xapaKTepHbIM HHTepcpepeHLI.HOHHbIM MHHHMYMOM, npHXO.ll.Hll.l,HMCH Ha 3Heprmo 

E = 380 K3B. 0TcJO.n.a BbITeKaeT cJie.n.yJOll.l,aH HarJIH.ll.HaH KapTHHa (p-p)-B3aHMO

.n.eH:cTBHH. KHHeTHlfecKaH 3HeprnH npoTOHOB, cyll.l,eCTBeHHO MeHbIIlaH 380 K3B, 

He.n.ocTaTOlfHa .ll.JIH npeo.n.oJieHHH KYJIOHOBCKoro 6apbepa, H npHLI.eJibHOe paccTOH

HHe p .ll.JIH pacceHBa!Oll.l,HXCH npoTOHOB OTHOCHTeJibHO BeJIHKO. c pocTOM 3HeprHH 

na.n.aJOll.l,He npOTOHbl 6y.n.yT npOHHKaTb Bee 6JimKe K u.eHTPY pacceHBa!Oll.l,HX H.n.ep. 

OpH HeKoTopoH: 3HeprnH, 6JIH3KOH K E = 380 K3B, KYJIOHOBCKoe oTTaJIKHBaHHe 

CTaHOBHTCH paBHbIM H.n.epHOMY npHTH:>KeHHIO, TaK lfTO pacceHHHH BOBCe He npo

HCXO.ll.HT (na.n.aJOll.l,HH npoTOH JieTHT no npHMoH:), B 3TOM cJiy•rne p = a. OpH 

60JibIIIHX 3HeprHHX HaJieTa!Oll.l,HH npOTOH npo6HBaeT 6apbep, no.n.aepraHCb npH 

p < a .n.eHCTBHIO H.llepHbIX CHJI npHTH:>KeHHH, lfTO npHBO.ll.HT K H3MeHeHHIO 3HaKa 

yrJia pacceHHHH. 

,ll,JIH COCTOHHHH 1So 3HalfeHHe a= 2,8. 10-13 CM npH rJiy6HHe noTeHLI.HaJibHOH 

HMbI -11,3 M3B ( onpe.n.eJIHeMoH: H3 ycJIOBHH corJiacoaaHHH TeopeTHLJeCKHX H 3KC

nepHMeHTaJibHbIX 3HalfeHHH CeLJeHHH pacceHHHH). 

ConocrnaJieHHe BH.lla noTeHLI.HaJia .ll.JIH (n-p)- H (p-p)-pacceHHHH B cocTOHHHH 
1So noKa3bJBaeT, LJTO H.n.epHbie B3aHMo.n.eikTBHH B TOM H .n.pyroM CJiyLJae npaKTH

LJeCKH coana.n.aIOT Me:>K.n.y co6oH: (pHc. 9.6). 

(n-p)-paccel!HHe 

2,7·10- 13 
CM 

HAepttoe 
rrpHTll:1KeHHe 

u 
(p-p)-paccel!HHe 

27·10- 13 
CM 

'HAepttoe 
rrpHTll:1KeHHe 

KyJ10HoBcKoe 
OTTaJIKHBaHHe 

PHc. 9.6. floTeHI.(HaJJbI (n-p)- H (p-p)-paccel!HHll (cocTol!HHe 1 So, HH3KHe 9HeprnH) 

PacceRnue neumponoe na neumponax. l1HcpopMaLI.HJO o (n-n)-pacceHHHH 

npH HH3KHX 3HeprHHX MO:>KHO IlOJIYlfHTb, HCCJie.n.yH YrJIOBbie H 3HepreTHLJeCKHe 

pacnpe,11,eJieHHH HeHTpOHOB B H,11,epHbIX npeapall.l,eHHHX c BbIJieTOM ,11,Byx Heihpo

HOB. OpHMepoM MO:>KeT CJIY:>KHTb peaKLI.HH n + d -+ p + n + n. B3aHMo,11,eH:crnHe 

Me:>K.n.y BbIJieTa!Oll.l,HMH HeHTpOHaMH npH HX He60JiblllOM OTHOCHTeJibHOM HMilYJibCe 
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cymecTBeHHO CKa3bIBaeTCf! Ha ceqemm: peaKUJ1H. 3Haf! IlOCJieJI,Hee, MOJf<HO c IlOM0-

1.Ub!O JI.OBOJibHO CJIO)KHOfO TeopeT11LiecKoro 11CCJieJI.OBaHHf! IlOJIYLIHTb 11HcpopMalJ,11!0 

06 (n-n)-s3a11Mo,IJ,eikrn1111. KaK Bl1JI.HO, 3TOT MeTOJI. KOCBeHHbIH. Ero TOLIHOCTb 

HeBeJI11Ka no cpaBHeH11!0 c on11caHHb!Ml1 BbIIlie MeTOJI.aMH. 

TeM He MeHee, 11CnOJib3Yfl 3TOT KOCBeHHbIH MeTOJI. yJI.aJIOCb ycTaHOBHTb COB

na,IJ,eHHe xapaKTep11cT11K f!JI.epHoro noTettu.11aJia JI.Jif! (n-n)-paccef!HHf! npH HH3Kl1X 

3HeprmIX c xapaTKepHCT11KaM11 f!,IJ,epHbIX noTeHu.11aJIOB ,IJ,Jlf! pacCMOTpeHHbIX BbIIIIe 

CJiyqaes (n-p)- 11 (p-p)-pacceHH11f!. 

TaK11M o6pa30M, 3Kcnep11MeHTaJibHhie ,IJ,aHHbie, noJiyLieHHhie npH H3yLieHH11 

(N-N)-B3aHMO,IJ,eHCTBHH (HH3Kl1e 3HeprnH) nO,IJ,TBep1KJI.a!OT cymecTBOBaHHe H30-

TOCT11LiecKOH l1HBap11aHTHOCTl1 f!JI.epHblX Cl1JI. 

§ 9.8. Paccesrn11e HYKJIOHOB Ha HYKJIOHax np11 BbICOKoii aHepr1111 

PacceHHUe HeumpoHoB Ha npomoHax. )le6poiiJieBcKaH JI.JI11Ha BOJIHbI HyK

JIOHOB np11 Bb!COKOH 3Heprn11 3HaLI11TeJibHO MeHbllie pa,1I,11yca ,IJ,eHCTB11f! f!,IJ,epHblX 

CHJI: X «a. (N-N)-paccef!H11e B 3TOM CJiyLiae y1Ke He 1130Tpontto B c. u..11.; 

noM11Mo S-BOJIHbI cymecTBeHHoe 3HaLieH11e np1106pera10T napu.HaJibHbie BOJIHhI 

c l > 0. CTo3TOMY M01KHO 6hIJIO 01Kl1JI.aTh, LITO 113 Bl1JI.a ceLJ:ett11H., H3MepeHHhIX np11 

Bb!COK11X 3HeprnHX, yJI.aCTCf! nOJIY'Il1Tb ,IJ,aHHbie 0 cpopMe noTeHu.11aJia HJI.epHoro 

B3al1MO,IJ,eHCTB11f! Ha paccTOf!Hl1f!X, 3HaLJ:l1TeJibHO MeHbllI11X 2 <PM. 

B paccMaTp11saeMOM cJiyLiae M01KHO 1136e1KaTh np11MeHeH11H rpoM03JI.KOro cpa-

30Boro aHaJI113a, 11cnoJib3YH cymecTBeHHO 6oJiee npocToii MeTOJI., on11pa10m11iicfl 

Ha Teop1110 B03MymeH11i1 (raK Ha3brnaeMoe np116JI111Kem1.e fiopHa). TeopHH fiopHa 

cnpaBe,IJ,JI11Ba B ,IJ,aHHOM cJiyqae, nOCKOJlbKY Kl1HeTHLJ:ecKaf! 3HeprHH CTaJIK11Ba!O

IlI.11XCH HYKJIOHOB ( coTHl1 M3B) 3HaLI11TeJibHO 6oJihWe 11X 3Heprn11 B3a11Mo,IJ,eiicrn1.rn 

(JI.eCHTK11 M3B), paccMaTpirnaeMOH KaK B03Mylll.eH11e. B paMKax np116JIH1KeHHf! 

fiopHa aMnJIHTyJI.a pacceHHl1f! B c. u.. 11. onpe,IJ,eJIHeTcfl cpopMyJioii 

f (O') = -~ J U(r)ei(qr) dr. 
47r h2 

3,IJ,ecb q = k - k' - BOJIHOBOH BeKTOp nepe,IJ,aHHOfO 11MnyJibCa (p11c. 9.7); k 
BOJIHOBOH BeKTOp LiaCT111J,bl JI.O aKTa paccef!Hl1f! (HanpaBJieH no OCH z), a k' 
nocJie aKTa pacceHHl1f! (HanpasJieH no r). 

r 

(}' ---------
q 

----- z 

P11c. 9. 7. HarrpaBJ1eH11e BeKTopoB k, k' 11 q (rrp116J111:lKeH11e BopHa) 



§ 9.8. PacceJutue HYKJtDHDB Ha HYKJtOHax npu BbtCOKou aHepeuu 207 

AMnJIHTy.n.a paccesrnm1 f ( O') c ToqHoCTbIO .n.o nocTOHHHoro K033cpHIJ.HeHTa 

HBJIHeTcH aMnJIHTy.n.ott <l>ypbe oT noTeHuHaJia B3aHMo.n.ettcTBHH. CJie.n.osaTeJibHO, 

HCilOJib3YH o6paTHMOCTb HHTerpaJia <t>ypbe, no H3BeCTHOH aMnJIHTy.n.e pacceHHHH 

f(O') MO)KHO HaHTH noTeHuHaJI U(r). 
da 

Ha pHc. 9.8 noKa3aHa 3aBHCHMOCTb drl (O'), BbJqHcJieHHaH s 6opHOBCKOM 

npH6JIH)KeHHH. KaK BH.D.HO, ttefnpoHbI .ll.OJI)KHbI pacceHBaTbCH npeHMymecTBeHHO 

()' 

0 90 180 

P11c. 9.8. 3aBHCHMOCTb :~ (O'), Bbl'-IHCJiettttaH B 6opttoBCKOM np116JimKeHHH ~JIH (n-p)-pacceHHHH 

(c. U. H.) 

B I1pe.n.eJiaX OTHOCHTeJibHO MaJIOfO yrna 01
• 3TOT pe3yJibTaT KaqeCTBeHHO JierKO 

noHHTb. HettTpoH BbICOKOH 3HeprnH B npHHUHne He MO)KeT nepe.n.aTb npoToHy 

npH CTOJIKHOBeHHH 3HaqHTeJibHYIO qacTb CBOeH 3HeprHH: nepe.n.aHHaH 3HeprHH 

He npes~CHT 3HeprHH H.n.epHoro B3aHMo.n.eHCTBHH. KoHeqHoH 3HeprHH B3aHMO

.n.eHCTBHH OTBeqaeT orpaHHqeHHaH pa6oTa CHJI, HX .n.eHCTBHe MO)KeT npHBeCTH 

JIHIIlb K cpaBHHTeJibHO HecymecTBeHHOMy yMeHbIIIeHHIO KHHeTHqecKOH 3HeprnH 

HettTpotta. CTo3TOMY pacceHHHbie HeHTpOHbI .ll.OJI)KHbI o6Jia.n.aTb 3HaqHTeJihHO 6oJib

WHMH HMilYJibCaMH, qeM npoTOHbl OT.n.aqH; H3 3aKOHa coxpaHeHHH HMilYJibCa 

CJie.n.yeT, qTo HeHTpOHbl 6y.n.yT pacceHBaTbCH npeHMylll.eCTBeHHO B HanpaBJieHHH 

nepsoHaqaJibHoro .ll.BH)KeHHH (Ha MaJibie yrnb1), a npoTOHbI - Ha 6oJibWHe yrnhI. 

0.n.HaKo OKa3aJIOCb, qTo pe3yJibTaTbl OilbITOB OTJIHqaIOTCH OT 3THX npe.n.cKa3a

HHH. AttaJIH3 Hecosna.n.eHHH Me*.ll.Y npe.n.cKa3aHHHMH Teopmi H 3KcnepHMeHTOM 

npHBeJI, KaK cettqac YBH.ll.HT qHTaTeJib, K qpe3Bb1qaHHO HHTepecHbIM BbIBo.n.aM. 
da 

Ha pHc. 9.9 noKa3aHbI 3aBHCHMOCTH drl (O') .n.JIH (n-p)-pacceHHHH npH 3ttep-

rm1x OT 156 M3B .n.o 400 M3B. 3TH 3aBHCHMOCTH HMeIOT V-o6pa3HbIH BH.ll. 

c MHHHMYMOM npH 90°, qTo yKa3bIBaeT Ha npeo6Jia.n.aIOill.ee pacceHHHe HeHTpOHOB 

snepe.n. (O' = 0°) H Ha3a.n. (O' = 180°) B c. u. H. CTpH E = 300 M3B H 400 M3B 

pacceHHHe Ha3a.n. cymeCTBeHHO 6oJibIIIe, qeM snepe.n.. 

Oco6ettHOcTH paccMoTpeHHbIX 3aBHCHMOCTeH (11x V-o6pa3HOCTb) MO)KHO o6b

HCHHTb, npHHHB, qTO Me)K.n.y HeHTpOHOM H npoTOHOM .n.eHCTBYIOT CHJlbl, HMe!O

IUHe 3apH.ll.OB006MeHHbIH xapaKTep; na.n.aIOllJ.HH HeHTpOH, nepe.n.as cpaBHHTeJibHO 

11e60JibIIIOH HMilYJibC npoToHy, npo.n.oJI)KaeT .ll.BH)KeHHe Y*e s KaqeCTBe npoToHa. 

B 3TOM cJiyqae pacceHHHbie HeHTpOHbI .ll.OJI)KHbI pernCTpHposaThCH npeHMyme

nseHHO He no.n. MaJibIMH yrnaMH (KaK npe.n.cKa3brnaeT Teop1rn), a no.n. 6oJibIIIHMH 
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da / 
PHc. 9.9. 3aeHCHMOCTb dO (0 ), rrOJIY'leHHbie e orrbITax no (n-p)-paccesrnHio rrpH BbICOKHX 3Heprm1x 

(C. l.\. H.) 

yr.naMH (pHC. 9.10). noCKO.nhKY )Ke Ha6.nIO,ll,aeMOe pacceHHHe HMeeT ,ll,Ba MaKCH

MyMa (npH 01 = 0° H 01 = 180°), TO OTCIO,ll,a MO)KHO 3aK.nJOqHTb, qTQ Me)K,ll,y 

PHc. 9.10. HarnH.!l,Hall KaprnHa (n-p)-pacceHHHll e C. l.\. H.: a - 06b1qHbIH MexaHHJM pacceHHHH; 
6 - o6MeHHbIH MeXaHH3M paccel!HHll 

HyK.nottaMH ,ll,eHCTBYIOT ,ll,Ba po,ll,a CH.n: 06hJqHbie CH.nbl (OHH o6yc.nas.nHBaJOT pacce

flHHe HeHTpOHOB snepe,ll,) H o6MeHHble CH.nbl ( OHH OTBeTCTBeHHbl 3a HX pacceHHHe 

Ha3a,ll,). npeBblllleHHe MaKCHMyMa npH e' = 180° Ha,ll, MaKCHMYMOM npH O' = 0° 
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yKa3bIBaeT Ha HeKOTOpoe npeo6Jia.n.aHHe o6MeHHbIX CHJI Ha.n. o6hIYHblMH CHJiaMH 

npH Bb!COKHX 3HeprnHX. 

Ynpyroe pacceHHHe Ha3a.n. HeihpoHOB Ha npoTOHax npH 3HeprnHx CBhIIIIe 

1 f 3B H3yYaJIOCh Ha ycKopHTeJie s Cepnyxose H Ha pH.n.e .n.pyrHx ycKopHTeJieH, 

Il03BOJIHIOII.1,HX noJiyYaTb npOTOHbl c 3HeprnHMH B .n.ecHTKH H 6oJiee rnra3JieK

TpOHBOJlbT. B pH.n.e onhITOB HcnoJih3osaJicH TaK Ha3hIBaeMhIH MeTO.n. .n.soHHOH 

nepe3apH.ll.KH. HeHTpOHhI o6pa30BhIBaJIHCh s pe3yJihTaTe nepe3apH.ll.KH npoTOHOB 

Ha BHyTpeHHeH MHIIIeHH YCKOpHTeJIH. JlaJiee Ha BHeIIIHeH BO.ll.OPO.ll.HOH MHIIIeHH 

HeHTpOHhI ynpyro nepe3apmKaJIHCh s npoTOHhI. nocJie.D.HHe aHaJIH3HposaJIHCh no 

HMnyJihcy, H H3MepHJICH yroJI pacceHHHH. EcJIH .n.soHHaH nepe3apH.n.Ka .n.eHCTBH

TeJihHO npOH30IIIJia, TO 3HeprnH BTOpHYHblX npoTOHOB .ll.OJl)KHa paBHHTbCH 3HeprHH 

npOTOHOB B KOJlbl.l,e ycKOpHTeJIH. 

OnhIThI no.n.Tsep.n.HJIH He TOJihKO cpaKT cymecTBosattHH .ll.BOHHOH nepe3apH.D.KH, 

HO H TO, YTO OHa o6ycJIOBJieHa nHOHHblM o6MeHOM. 

PacceRHUe npomoHOB Ha npomo1tax. 3KcnepHMeHTaJihHhie 3aBHCHMOCTH 
dCJ 
dO ( O') .D.JIH (p-p)-pacceHHHH noKa3aHhl Ha pHc. 9.11. J13-3a TO)K.ll.eCTBeHHOCTH 

24 
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da / PHc. 9.11. 3asHCHMOCTh - ((}) JlJIH (p-p)-pacceHHHH npH BhlCOKHX 3HeprnHx (c. u. H.) dn 
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npoTOHOB Mb! He MO)!{eM OTJIHql'.ITb IIpOTOH OTAaqH OT pacceHHHoro npoTOHa, 

II03TOMY H3MeHeHHe (}' Ha -{}' o6Hapy)!{HTb 3KCnepHMeHTaJibHO HeB03MOJKHO. 

Do 3TOH IIpHqHHe B C. LI.. H. cym.ecTByeT CHMMeTpHH cet.ieHHH (p-p)-pacceHHHH IIO 

oTHorneHmo K yrny go0
, H Ha rpaqmKax pHc. g.11 AHana3oH yrnoB npocn-1paeTcH 

OT 0° AO goo. 
CpasHeHHe paccMaTpHsaeMbIX saBHCHMOcTeH c aHaJiorHqHhIMH saBHCHMOCTHMH 

AJIH (n-p)-CHCTeMhI (pHc. g.10) noKa3brnaeT HX pesKoe HecoorseTCTBHe. B AaHHOM 

cJiyqae KYJIOHOBCKHe CHJIW o6ycJiaBJIHBaIOT cneu.H<PHt.iecKoe pacceHHHe BnepeA 

B HHTepsaJI MaJibIX yrnoB 0°-10°. DpH 60.JibillHX yrnax ceqeHHe OT yr JI OB npaKTH

qecKH He 3aBHCHT. 

Ec.JIH B cJiyqae (n-p)-pacceHHHH npH BhICOKHX 3HeprnHx npeACKa3aHHH reo

pHH BopHa B KaKOH-TO Mepe COOTBeTCTBYIOT 3KCnepHMeHTaJibHblM AaHHbIM, TO 

B HaCTOHilJ,eM CJiyqae OHH COBeprneHHO He cornacyIOTCJI c OIIbITHblMH AaHHbIMH. 

Bo3HHKaeT eCTecTBeHHhIH sonpoc: qeM o6bHCHHeTCH yrnoBaH H3oTponHH 

(p-p)-pacceHHHH? 3TOro HeJih3H o6bHCHHTb TeM, qTQ B npou.ecce yt.iacTByeT JIHlllb 

8-BOJIHa . .Uei1cTBHTeJihHO, B HHTepBaJie 3Heprni1 164-330 M3B AH<P<PepeHU.H

aJibHOe ceqeHHe pacceHHHH paBHO 3,65 M6 / cTep (CM. pHc. g.11). CpaBHHM 3TO 

3HaqeHHe c COOTBeTCTBYIOW.HM TeopeTHqecKHM 3HaqeHHeM ceqeHHH, IIOJiyqeHHb!M 

B npeAIIOJIO)KeHHH, qTQ npH 3HeprnH paBHOH 300 M3B B npou.ecce yqacTByeT 

JIHillb 8-BOJIHa. I1cnOJih3YH cpopMyJiy (g.48), HaHAeM ceqeHHe pacceHHHH (JoaKC 

AJIH 8-BOJIHbl B pacqeTe Ha OAHH CTepaAHaH: (JoaKc /47r = 2,80 M6/cTep. 

Pa3HHU.a Me*AY 2,80 M6/cTep H 3,65 M6/CTep AOJIJKHa 6bITh oTHecetta 3a 

cqeT BKJiaAa B ceqeHHe BOJIH 6oJiee BhICOKHX nopHAKOB, B nepByIO oqepeAh P
H D-BOJIH. I1cnoJib3YH cpa30BhIH aHaJIH3, MO)!{HO noKasaTh, qTo H30TponHH pac

ceHHHH o6ecneqHBaeTC51 J!Hlllb npH ycJIOBHH, lITO y cpa3 80 H 82 3HaKH npo

THBOIIOJIO)!{Hbl. .IlJIH YAOBJieTBopeHHH 3TOro Tpe6oBaHHH npeAIIOJIO)KHM, qTO Ha 

pacCTOHHHHX, cym.eCTBeHHO MeHblllHX a, HaqHHaIOT AeHCTBOBaTb CHJibl OTTaJIKH

BaHHH cpaBHHTeJibHO 60.JiblllOH HHTeHCHBHOCTH. 06octtoBaHHOCTb TaKoro npeAnO

JIO)KeHHH CTaHeT HCHOH, ecJIH BBeCTH AJIH OIIHCaHHH cpa3bl 8-BOJ!Hbl COOTHOllle

HHe 80 ~ -kb+ pa, rAe k H p - HeKOTOpb!e IIOCTOHHHbie; a H b - paAHYCW 

AeHCTBHH CH.JI npHrn)!{eHHH H OTTaJIKHBaHHH. 3HaqeHHe pa, npeo6JiaAaIOm.ee npH 

w rv AeC51TKOB M3B, 6bICTp0 yMeHhlllaeTCH c AaJibHeHlllHM poCTOM W, II03TOMY 

3HaK 80 H3MeHHeTCH OT IIOJIOJKHTeJibHhIX 3HaqeHHH npH HH3KHX 3HeprHHX .n.o 

OTPHU.aTeJihHbIX 3HaqeHHH npH HeKOTopoii seJIHt.iHHe E0 , onpe.n.eJIHeMOH Bb16opoM 

IIOCTOHHHbIX. 0o.n.6op IIOCJie.!l,HHX AaeT b ~ 0,4 <l>M. 

TaKHM o6pa3oM, npH yKa3aHHOM paccTOHHHH noTeHU.HaJibHaH HMa .!1.0JI)!{Ha 

nepexo.n.HTh B OTTaJIKHBa10w.y10 cepAu.eBHHy (pHc. g.12). HyKJIOH HH3KOH 3HeprnH 

npH (N-N)-B3aHMO.!l,eHCTBHH «He AOXOAHT» AO cepAu.eBHHbl, H pacceHHHe ocy

mecTBJIHeTCH KaK Ha «06b1qHOH» HMe. HyKJIOH BhICOKOH 3HeprnH npH (N -N)-s3a

HMOAeHCTBHH «CJia6o 3aMeqaeT» HMy, H pacceHHHe ocym.ecTBJIJieTCH B OCHOB

HOM Ha OTTaJIKHBaIOm.eH: cepAu.eBHHe. Ha MaJibIX pacCTOHHHHX, COCTaBJIHIOilJ,HX 

0,2-0,4 <l>M, nepettocqHKaMH H.!1,epttb!X B3aHMO.!l,eHCTBHH HBJI5HOTC51, IIO-BH.!1,HMOMy, 

Y*e He IIHOHhI, a 60.Jiee TH)KeJibie Me30HhI. 

Ha pttc. g.13 cpaBHHBaIOTC51 IIOJ!Hhle (p-p)- H (n-p)-ceqeHHH B HHTepBaJie 

10-60 f3B, noJiyqeHHhie B OIIbITaX Ha npoTOHHhIX ycKopHTeJIHX. KaK BHAHO, 
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u 
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PHc. 9.12. CT0TeH1.1,HaJ1 (p-p)-pacce1rnm1 npH BbICOKHX 3HeprnHx 
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PHc. 9.13. CT0J1Hb1e (p-p)- H (n-p)-celJeHHH B 11HTepsaJ1e 10-60 f38: J-3 - (n-p)-,QaHHb1e; 4, 5 -
{p-p)-,11.3HHbie 

IlOJIHble ceqemrn (n-p)- 11 (p-p)-B3al1MO)l.eHCTBl1H COBOa)l,aIOT B npe)l.eJiax TOYHO

CTl1 3Kcnep11MeHTOB. l1x paBeHCTBO CBl1)1,eTeJibCTBYeT 0 TOM, YTO B3al1MO)l,eHCTBl1e 

HYKJIOHOB B pa3HMX 1130TOill1YeCKl1X COCTOHHl1HX npaKTl1YeCKl1 0)1,11HaKOBO 11 np11 

3HeprnHx, cyw,ecTBeHHO 6oJibUIHX I f 3B, T. e. np11 oqeHb TeCHOM KOHTaKTe M€lKAY 

CTaJIK11Ba10w,11M11CH HYKJIOHaM11. 

PacceflHUe HeiimpoHoB Ha HeumpoHax. 0 cnpaBeAJil1BocT11 np11Hu,11na 1130-

Ton11YecKofi HHBap11aHTHOCTl1 )l.Jlfl o6JiaCTl1 Bb!COKl1X 3Heprnfi MO)KHO cy)l.11Tb no 

pe3yJibTaTaM BeChMa TPYAHbIX onhITOB no 113yqeH1110 (n-n)-pacceHH11H. CBeAeHHH 

o HeM 113BJieKaIOTCH 113 )l.aHHbIX ABYX onhITOB: pacceHHl1H HettTpoHoB Ha npoTOHax 

H pacceHHl1fl HeHTPOHOB Ha )l.€HTpOHax. 

ilOCKOJlbKY 3HeprnH W Oa)l,aIOlll,11X H€HTpOHOB 3HaYHT€JlbHO 60JibllI€ 3Hepr1111 

CBH311 E0 = 2,23 M3B AettTpoHa (W » E0), To MOlK:Ho cq11TaTh, YTO pacceHH11e 

HettTpOHOB Ha npoToHe H HettTpoHe )l,ettTpoHa npo11cxo)l.11T HesaB11c11Mo. ToYHOCTb 

H npe)l.eJibl npHM€HHMOCTl1 3TOH annpoKCHMaI.I,1111, Ha3bIBaeMOH 11MOYJibCHblM np11-

6JI112KeHl1€M, HCYepnbIBaIOW,11M o6pa30M He BblHCHeHbl, Il03TOMY OilHCaHHb!H MeTOA 
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da 
HBJIHeTCH He BCTOJIHe KoppeKTHb!M. 3aBHCHMOCTb dO. (O') .IJ.JIH (n-n)-pacceHHHH 

noKa3aHa Ha pHc. 9.14. KaK BH.ll.HO, 3Ta 3aBHCHMOCTb attaJiorwrna 3aBHCHMOCTHM 

do 
dO. 1C>27' CM

2 
/cTep 

7 

5 

0 0 0 
0 0 

0 0 

3 

e' 

10° 30° 50° 70° 90° 

du / 
PHc. 9.14. 3aBHCHMOCTh dO (8) )l,JIH (n-n)-pacceHHHH npH BblCOKHX 3HeprnHx (c. u. H.) 

Ha pHc. 9.11, npw-1eM ceqeHHe B cJiyqae (n-n)-pacceHHHH pastto npH6JIH3HTeJibHO 

3,5 M6/cTep. 

AttaJIOrHYHbIM o6pa30M 6bIJIO onpe.n.eJieHo ceqettHe JI.JIH (p-n)-pacceHHHH. Otto 

OKa3aJIOCb paBHblM ceYeHHIO (n-n)-pacceHHHH. 3TO TaK>Ke CJIYiKHT no.n.TBep.>KJI.e

HHeM H30TOnHYeCKOH HHBapHaHTHOCTH HJI.epHbIX CHJI. 

§ 9.9. OrrhITbI c rroJu1pH30BaHHhIMH rry11KaMH H MHmeHRMH 

CTpH BbICOKHX 3Heprm1x tteuettTpaJibHbie HJI.epttbie CHJibI JI.OJiiKHhI npoHBJIHThCH 

6oJiee pe3KO, YeM npH HH3KHX. 3TH CHJlbl HanpaBJieHbl no.n. yrJIOM K npHMOH, 

coe.n.HHHIOW.ei1 B3aHMO.IJ.eHCTBYIOW.He HYKJIOHbI; c KBaHTOMexaHHYeCKOH TOYKH 3pe

HHH HeueHTpaJibHOCTb CHJI o6ycJIOBJIHBaeT HecoxpatteHHe op6HTaJihHOro MOMeHTa 

HMnyJibCa. 

06 O.IJ.HOM H3 BH.ll.OB HeueHTpaJihHbIX CHJI - TeH30pHbIX CHJiax Mb! y.>Ke yno

MHHaJIH, HeueHTpaJibHhie CHJibl .n.pyroro THna - cnHH-op6HTaJibHbie - 3aBHCHT OT 

opHeHTaUHH cnHHOB B3aHMO.IJ.eHCTBYIOW.HX HYKJIOHOB OTHOCHTeJibHO op6HTaJibHOfO 

MOMeHTa HX OTHOCHTeJibHOro .IJ.BH.>KeHHH. 

HeuettTpaJihHhie CHJihI MoryT C03JI.aBaTh nom1pH3auH10 HYKJIOHOB. 0)1.ttaKo 

onhIThI c noJIHpH30BaHHhIMH nyYKaMH H MHWeHHMH TeXHHYeCKH TPY.IJ.Hhl. ,llJIH

TeJibHoe speMH soo6ru.e tte yJI.aBaJIOCb C03JI.aTh nom1pH30BaHHb1e MHIIIeHH. B oc

HOBe pa3pa60TaHHbIX K HaCTO.flW.eMy speMeHH MeTO.IJ.OB noJiyYeHHH nOJIHpH30BaH

HbIX MHWeHeH: JieiKHT 803)1.eHCTBHe MarHHTHbIX noJieH Ha MarHHTHbie MOMeHTbl 

npOTOHOB. 3aMeTHaH noJIHpH3aUHH B03HHKaeT npH oqeHb HH3KHX TeMnepaTypax 

(MeHbWHX TeMnepaTypbI KHnemrn: reJIHH). CJIOiKHOCTh onhITOB c nOJI5IpH30BaHHOH 

MHWeHbIO ycyry6JIHeTC5l TeM, YTO Otta «neperpeBaeTCH» H TepHeT nOJI5IpH3aUHIO 
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HenocpeJI.cTBeHHO cpa3y )Ke nocJie naJI,eHHH Ha Hee nyqKa pacceHsaeMbIX HyK

JIOHOB. 

MeTOJI.bI noJIHpH3aUHH nyqKoB HYKJIOHOB 6hIJIH pa3pa6oTaHhI 3HaqHTeJibHO 

paHhllle, qeM MeTOJI.bl nOJIHpH3aUHH MHllleHeH. nyqoK HYKJIOHOB MO)KHO noJIHpH-

30BaTb c nOMOULb!O JI.BOHHoro pacceHHHH (CM. § 4.1) - npouecca, npH KOTOpOM 

BHaqaJie nyqoK pacceHsaeTCH Ha OJI.HOH MHllleHH, nocJie qero qacTHUhI, pacceHH

Hbie Ha HeH nOJI. onpeJI.eJieHHblM yrnoM, cpoKycHpy!OTCH H pacceHBa!OTCH Ha JI.pyroH: 

MHllleHH. 

)lJIH Toro qTo6hI Bb!IlOJIHHTb Tpe6oBaHHe 0 HeH3MeHHOCTH 3HeprnH qacTHUbl 

nyqKa JI.O H nocJie aKTa pacceHHHH, 6y.neM npe.nnoJiaraTb, qTO pacceHBaJOULHH 

ueHTp HBJIHeTCH «TH)KeJibIM», T. e. ero Macca BeJIHKa no cpasHeHHIO c MaCCOH 

na.na10meH: qacTHUhI. 

.UonycTHM, qTQ Ha TaKOH pacceHBa!OULHH ueHTP na.naeT nyqoK MOH03Hepre

THqecKHX HenoJIHpH30BaHHhIX qacTHU co cnHHOM S H nJioTHOCTh!O noToKa N0 . 

113 qHcJia pacceHHHbIX Ha HeM qacTHU BbI.LI.eJIHM MbICJieHHO qacTHUbl, JiernmHe 

B KOHyce (0, () + dO), noJiaraH, qTO .naJibHeHlllee Ha6JI10.neHHe ocymecTBJIHeTcH no.n 

a3HMyTaJibHb!MH yrnaMH <p = 0 H <p = 7r (pHC. 9.15). 

Oa.na10maH qaCTHUa, nonaB B noJie pacceHBa10mero UeHTpa, H3MeHHeT Ha

npaBJieHHe csoero .LI.BH)KeHHH. Mo)KHO noJiaraTb, qTO pacceHsaeMaH qacTHUa 

B npouecce B3aHMO.LI.eHCTBHH c pacceHBa!OULHM ueHTpOM coseplllaeT op6HTaJibHOe 

.LI.BH)KeHHe, xapaKTepH3yeMoe MOMeHTOM 1. By.neM cqHTaTb, qTO H.LI.epHbie CHJibI 

3aBHCHT OT B3aHMHOH opHeHTaUHH cnHHOBoro MOMeHTa na.na10mei1 qacTHUbl s 

H op6HTaJibHOro MOMeHTa 1, T. e. JI.OnycTHM, cymecTBOBaHHe cnHH-OpH6HTaJibHOH 

3aBHCHMOCTH H.LI.epHbIX CHJI. Tor.na qacTHUhI c pa3HOH opHeHTaUHeH cnHHa .LI.OJI)KHbI 

pacceHsaThCH pa3JIHqHo. MoMeHT 1, CBH3aHHhIH c pacceHHHeM HaJieso, Hanpas

JieH Ha pHc.9.15 «BBepx» OT nJIOCKOCTH pacceHHHH, a c pacceHHHeM snpaso -

«BHH3». EcJIH B3aHMO.LI.eHCTBHe npH napaJIJieJihHhIX MoMeHTaX s H 1 CHJihHee, qeM 

npH aHTHnapaJIJieJibHblX, TO qHCJIO qacTHU, nepeXO.LI.HllLHX H3 na.na10mero nyqKa 

B pacceHHHb!H H o6Jia.na!OULHX CnHHaMH, napaJIJieJibHblMH op6HTaJibHOMY MOMeHTY 

6y.neT 60Jibllle, qeM npH aHTHnapaJIJieJibHOH OpHeHTaUHH 3THX MOMeHTOB. 003TOMY 

HaJieBO 6y.nyT pacceHBaTbCH npeHMymecTBeHHO qaCTHUbl co cnHHOM, HanpaBJieH

HbIM «BBepx», a Hanpaso - co CnHHOM, HMe!OULHM HanpaBJieHHe «BHH3». 

I1HTeHCHBHOCTb pacceHHHOro nyqKa cymecTBeHHO MeHbllle, qeM nepBOHaqaJib

Horo .na:w;e npH TULaTeJibHOH ¢0Kyc11posKe. Oo3TOMY MeTo.n .nsoH:Horo pacceHHHH 

npHo6peJI npaKTHqecKoe 3HaqeHHe JIHlllb nocJie Toro, KaK 6bIJIH pa3pa6oTaHbI cno

co6hI noJiyqeHHH BblCOKOHHTeHCHBHbIX nyqKoB npoTOHOB, ycKopeHHbIX Jl.O BbICOKHX 

3HeprnH: (cM. § 5.3). B HacToHmee speMH HHTeHCHBHOCTb TaKHX nyqKOB MO)KeT 

6bITb c.neJiaHa CTOJib 3HaqHTeJibHOH, qTo OKa3bIBaeTCH B03MO)KHbIM i.rnyqeHHe 

TpOHHOro pacceHHHH qacTHU. 

MaTeMaTw1ecKHH attamrn o6llIHpHoro MaTepHaJia 3KcnepHMeHTOB no 06b1qHo

My, .LI.BOHHOMY H TpoH:HoMy (N-N)-pacceHHHIO npH pa3HbIX 3HeprnHx, noKa3aJI, 

qTQ B (N-N)-B3aHMO,ll.eHCTBHHX yqacTBy!OT KaK ueHTpaJibHbie, TaK H HeueH

TpaJibHbie CHJibI. Cpe.nH nocJieJI.HHX ocHOBHYIO poJib Hrpa10T, sepoHTHO, cnHH

op6HTaJibHbie CHJibl. B Ka)KJI.OM KOHKpeTHOM cJiyqae HJI.epHbie CHJihI npeJI.CTaBJIHIOT 

onpeJI.eJieHHYIO CMeCb Toro HJIH HHOro pOJI.a. 
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P11c. 9.15. CxeMa ABOHHoro pacceHHHH rrp11 rroJ1Hp113au,1111 HYKJJOHOB: 1, 2 - pacce11sa10w,11e u,eHTpbI, 
csernb1e 11 TeMHbie KPYJKKH - HYKJJOHhl c rrpoT11sorroJJOJKHOH op11eHrnu,11eil: crr11Ha 

§ 9.10. 06o6w;euue CBOHCTB .H,zi;epHbIX CHJI 

00)].Be)l.eM HTOrH H3yqeHH51 HJl.epHbIX CHJI. 0epeqHCJl5151 CBOHCTBa 51)].epHbIX CHJI, 

Mb! 6y)l.eM yKa3bIBaTb cpaKTbl H OCTb!Tbl, CBH)l.eTeJibCTBYIOilJ,He 0 HHX. 

Ta 6 JJ 11 u, a 9.4 

Csoil:crno HAepHhIX c11J1 I1CTOqHHK CBe,ll,eHHH 

1. KoporKo,ll,eil:crn11e c11J1 rrp11rnJKeH11e 
= (2-3) · 10- 13 CM 

(a= (n-p)- 11 (p-p)-pacceHHHe rrp11 Hl13KHX 3HeprnHX 

2. Cyw,ecrnosaH11e c11J1 OTTaJJKHBaHHH Ha pac-
CTOHHHHX b ~ 0,4 · 10- 13 CM 

(p-p)-pacceHHHe rrp11 Bb!COKHX 3HeprnHX 

3. 0THOCHTeJJbHO 60JJbWHe 3HaqeHHH, rrpHBO- <l>oTopacw,errJ1eH11e ,ll,eHTpoHa, 3HaqeH11e cpe,ll,Heil 
AHW,He K 3Heprn11 CBH3H rropHAKa 1-10 M38 3Hepr1111 CBH3H 11 AP· 
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Ta 6 JJH u a 9.4 (oKOHttaHue) 

CsoikTBO HAepHbIX c11JI l1cTO'lHl1K CBe)l,eHl1H 

4. CrrnHosaH 3as11c11MOCTb PacceHH11e Ha opTo- 11 napaso)l.opo)l.e, cymecrno-

BaH11e )l.eHTpoHa TOJibKO 8 rp11nJieTHOM COCTOHHl111 

5. 06MeHHbJe B3al1MO)l.eHCTBl1ll (n-p)-PacceHHl1e np11 Bb!COKl1X 3HeprnHX 

6. Hacbill.leH11e Ilp116J111)KeHHOe nOCTOHHCTBO 3Hepr1111 CBH311 Ha 

0)1.11H HYKJIOH 

7. Me30HHhIH xapaKTep 5oJibwoe ce'leH11e nornomeHl1ll n110HOB H)l.paMl1, 

MHO)KeCTBeHHOe pO)K)l.eH11e n110HOB np11 HYKJIOH-

HblX B3a11MO)l.eHCTBl1HX, cymecTBOBaH11e 3apH)KeH-

Hb!X nl10HOB, n03BOJIHIOll.lee o6bHCHl1Tb o6MeHHbIH 

xapaKTep H)l.epHbIX Cl1JI 

8. HeueHTpaJibHbIH xapaKTep PacxO*AeH11e Me*AY 3Ha'leH11eM MarHHTHoro Mo-

MeHTa )l.eHTpoHa 11 cyMMapHbIM MarHl1THbIM MO-

MeHTOM npoTOHa 11 HeHTpoHa, HaJil1'll1e y )l.eH-

rpoHa KBa)l.pynOJibHOro MOMeHTa, (p-p)-pacceH-

Hl1e np11 BblCOKl1X 3HeprnHX, noJIHp113aUHH HYKJIO-

HOB np11 Bb!COKl1X 3Hepr11HX 

9. 3apH)l.OBaH CHMMeTp11H CsoH:crna 3epKaJihHbIX HAep, cpasHeH11e onbITOB 

no (p-p)- 11 (n-n)-pacceHHHJO 

10. l130TOn11'leCKaH l1HBap11aHTHOCTb OnhITbI no (n-p)-, (n-n)- 11 (p-p)-pacceHH11JO 

np11 HH3Kl1X 11 Bb!COKl1X 3HeprnHX 
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4acTh IV 

.Sl,[(EPHhIE UPEBPAIIJ.EHHB 

f Jiaaa 10 

BA.iKHEHIDHE 3AKOHOMEPHOCTH 

PAilHOAKTHBHOfO PACilAilA SlilEP 

§ 10.1. Onpe,II.eJieHHe pa,II.HOaKTHBHOCTH. 3aKoH pa.11.HoaKTHBHoro 

pacna):(a H OCHOBHbie BeJIHqHffbI, xapaKTep.u3y10w.He 3TO .HBJieHHe 

5!.II,epHbie npespaw.emrn MO)KHO 113yqaTb Jrn6o Henocpe.II,cTBeHHO, Ha6J110,ll.aR 

pa.LI.HOaKTHBHbIH pacna.IJ, H.Uep, Jrn6o no,ll.sepraH H,Upa onpe.LI.eJieHHOMY BHeurneMy 
803,ll.eHCTBHIO. 5IBJieH11e pa,ll.HOaKTHBHOCTH COCTOHT B caMonpOH3BOJibHOM pacna,ll.e 

H.II,ep c 11cnycKaHHeM OAHOH HJIH HeCKOJibKHX qacrnu.. Bee H.II,pa c A > 209 pa.LI.HO

aKrHBHhI, ror,ll.a KaK cpe.LI.H H.LI.ep c A < 209 scrpe'-IaIOTCH KaK cra6HJihHble, raK 

11 pa.II,11oaKTHBHhie. OrMernM, 'ITO H.Upa c A = 5 11 8 s np11po.ue He o6Hapy)KeHbI. 

4acr11u.h1 (113Jiy'IeH11H) .uocraro'IHO BbICOKOH 3Heprn11, na.ua10w.11e Ha sew.ecrso, 

Moryr BhI3BaTh H.UepHbie peaKU.HH. B Jia6opaTopHbIX ycJIOBHHX H,UepHbie peaKU.HH 

06bI'IHO ocyUleCTBJIHIOT, 60M6ap,ll.11pyH H,Upa, BXO.UHlllHe B cocras MHllleHH, nyqKa

MH qacrHu.. B pe3yJihrare norJiollleHHH H.UpoM na.ua10Ulei1 qacrnU.hI MO*er o6pa-

3osarbcH cocrasHoe H.Upo (Ha3hIBaeMoe raK)Ke npo.MeJ1CymottHbt.M HJIH KO.Mnay1-t8-
R8poM) co speMeHeM JKH3HH 3Ha'IHTeJihHO 6oJibllIHM xapaKrepHoro R,a:epHoro spe

MeHH Tsui, = 10-22 c. 3ro H,a:po B H,UepHOM MaCllJTa6e speMeHH MO)KeT C'IHTaTbCH 

crau.HoHapHbIM (ero cocroHHHH qacro Ha3hIBa10r KBa3Hcrau.110HapHbIM11). Cocras

Hoe H,Upo B KOHU.e-KOHU.OB pacna,ll.aercH, HcnycKaH O.LI.HY HJIH HeCKOJlbKO qacr11u.. 

H11JKe MhI ys11.u11M, qro cyw.ecrny10r 11 .upyrne MexaHH3MbI H.II,epHbIX peaKU.HH. 

J1106oe pa,UHOaKTHBHOe H.UPO MO)KHO noJiy'IHTb, 60M6ap.u11pyH cra6HJibHble 

H,Upa qacr11u.aMH. B cylllHOCTH rosopH, Me*.UY pacna,a:oM cocrasHoro H.Upa H pa
.LI.HOaKTHBHOCTbIO Her HcHOH cpH3H'IecKoi1 pa3HHU.bI: nocJie,a:HIOIO MO)KHO cq11rarb 

pacna.uoM KOMnayH,U-H,Upa c oqeHb 60JibllIHM speMeHeM )KJ13HH, T. e. qacTHblM 

cJiyqaeM H,a:epHoti peaKU.HH. TeM He MeHee, pa.LI.HOaKTHBHocrh o6bI'IHO Ct.JHraercH 

oco6b1M HBJieHHeM. Pa3JIH'IHe H,UepHbIX peaKU.HH, nporeKaIOlllHX c o6pa3osaHHeM 

cocraBHOrO 51,Upa, H pa.u11oaKTHBHOro pacna.ua CBH3aHO He c HX cpH3H'IeCKHMH oco-

6eHHOCTHMH, a c B03MO)KHOCTHMH cyUleCTBYIOlllHX 3KCnepHMeHTaJibHblX MeTO.II,OB. 
DpHHHTO C'IHTaTb H,a:pa pa.u11oaKTHBHhIMH, ecJIH HX speMeHa )KH3HH MO)KHO 

onpe,ll.eJIHTb COBpeMeHHblMH H3MepHreJibHb!MH cpe,a:CTBaMH. 00CJie,[{HHe Il03BOJIH

IOT B HacrOHUlee speMH H3MepHrh speMeHa )KH3HH T .uo 10-9 c. MeHbllIHe 3Hat.Je

HHH T onpe.II,eJIHIOT no llIHpHHaM ypoBHeH pa.uHoaKTHBHblX H,Uep (HCil0Jlb3YH 3Hep-
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ro-speMeHHYIO cpopMyJrnpoBKY coornowemrn Heonpe;:i:eJieHHOCTeii). TaKHM nyTeM 

B p51;:i:e cJiyqaeB y;:i:aeTC51 HaHTH speMeHa LKH3HH Ha MHOfO nop51AKOB MeHhllie 

BeJIHqHHbl 10-9 C. 

06bJqHO HeCTa6HJihHhie 51;:i:epHhie CHCTeMbl KJiaCcHcpHI..i,HpyIOT no BpeMeHaM 

LKH3HH cJie;:i:yIOLIJ,HM o6pa30M: 

1) T > 10- 12 c - BpeMeHa LKH3HH pa;:i:HOaKTHBHhlX 51;:i:ep; 

2) 10- 12 > T > 10-22 c - BpeMeHa LKH3HH 51.11,ep B KBa3HCTaUHOHapHbIX co

CT051HH51X; 

3) T rv 10-22 C - 51;:J:epHyIO CHCTeMy C TaKl1M BpeMeHeM LKH3HH Jiyqrne B006LIJ,e 

He KJiaccHcpHUHpOBaTb KaK «51;:i:po». 

Pa.11,HoaKTHBHhIH pacna;:i: - 3K3oTepMHqecKHH npouecc, 3TO ero saLKHeiiwa51 

oco6eHHOCTb. Bb1.11,eJI51IOLIJ,a51C51 npH pacna;:i:e 3Heprn51 (W > 0) pasHa 

( 10.1) 

r;:i:e Mi, Mk, Mx - MaCCbI noKo51 Hcxo.11,Horo 51;:i:pa, KOHeqHoro 51.11,pa H HcnycKae

MhIX qacTHU COOTBeTCTBeHHO. 

OnhIT cs11.11,eTeJihCTByeT, qTo pa.11,11oaKTHBHOCTh 51BJIHeTC51. cTaTHCTHqecKHM npo

ueccoM. Xorn o;:i:ttHaKOBhie 51;:i:pa MoryT pacna;:i:aThC51 qepe3 pa3Hhie npoMeLKyTKH 

BpeMeHH, 0.11,HaKO cpe;:i:Hee BpeM51 LKH3HH 51;:i:ep .11,aHHOro copTa, Haii;:i:eHHOe 113 

Ha6JIIO;:J:eHHH 60JihllIOfO q11cJia pacna;:i:oB (Ha MHOfO nop51AKOB npeBOCXOJl:51LIJ,ero 

e;:i:HHHUy), He 3aBHCHT HH OT cnoco6a o6pa3oBaHH51 3THX 51;:i:ep, HH OT BHellIHHX 

ycJIOBHH (TeMnepaTyphI, ;:i:asJieHH51, arperarnoro cocT051HH51 H .11,p.). TaKHM o6pa-

30M, pa;:i:ttoaKTHBHOCTb eCTh CBOHCTBO 51..11,pa, H Bepo51THOCTh pacna.11,a 3a etI,HHHUY 

speMeHH ,\ AJI51 51..11,ep ;:i:aHHOfO copTa, HaXOJl:51llJ,HXC51 B onpe.11,eJieHHOM .3HepreT11qe

CKOM COCT051HHH, nocT051HHa. BeJIHqHHa ,\ Ha3bIBaeTC51 nocmoRHHOU pacnaaa. 
3aKOH pa;:i:ttoaKTHBHOro pacna.11,a MOLKeT 6b!Th ycTaHOBJieH CJie;:i:yIOLIJ,HM o6pa-

30M. CTocKOJibKY pa;:i:ttoaKTHBHhIH pacna;:i: 51BJI51eTrn caMonpoH3BOJihHhIM ( cnoHTaH

H~M) npoueccoM, TO H3MeHeHtte dn q11cJia 51;:i:ep n 3a cqeT pacna;:i:a B TeqeHHe 

npoMeLKyTKa BpeMeHH dt onpe;:i:eJI51eTC51 JIHllih q11cJJOM pa;:i:ttoaKTHBHbIX 51;:i:ep n 
B MOMeHT t H nponopuHOHaJibHO dt: 

-dn = ,\n(t) dt. (10.2) 

l1HTerp11py51 3TO COOTHOIIIem1e (qrn JJerKO c;:i:eJiaTh, yqHTbIBa51 He3aBHCHMOCTh ,\ 

OT speMeHH) H HCilOJlh3Y51 HaqaJJhHOe ycJIOBHe n = no B MOMeHT t = 0, noJiyqHM 

3aKOH pa.11,11oaKTHBHOfO pacna.11,a 

(10.3) 

11TaK, q11CJIO eme He pacnaBWHXCf! pa;:i:11oaKTHBHhIX 51.;:i:ep HJIH, qTo TO LKe caMoe, 

pa;:i:11oaKTHBHhIX aTOMOB, yMeHbIIIaeTC51 co BpeMeHeM no 3KCilOHeHUHaJibHOMY 3a

KOHy. CTo.11,qepKHeM, qTo 3aKOH (10.3) OTHOCHTC51 K CTaTHCTHqeCKH cpe.11,HHM BeJIH

q11HaM: OH cnpaBetI,JIHB TOJlhKO nptt .11,0CTaTOqHo 60JihllIOM qHCJie pacna;:i:aIOLIJ,HXCf! 

HtI,eHTHqHbIX aTOMOB. 
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nocT05IHHYIO pacna.ua >. MO)KHO CB5l3aTb c nepHO.UOM noJJypacna.ua T1;2. eCJJH 

yqeCTb, qTQ B cornarnH c (10.3) .UJJH MOMeHTa BpeMeHH t = T1;2 HMeeM n/no = 
= 0,5 = e>-t, OTKy.ua 

T _ ln2 _ 0,693 (l0.4) 
1/2 - ).. - ).. . 

B orn11q11e OT 6eapaaMepHoH: BeJJHqHHhI -dn/n, BepoHTHOCTb >. HMeeT paaMep

HOCTh o6paTHoro BpeMeHH, H ee 06b1qHo ttaMepHIOT B c- 1. C.ne.uyeT no.uqepK

HYTh, qTo B TO BpeMH KaK MaTeMaTHqecKa5l 6eapaaMepHa5l BepoHTHOCTb MO)KeT 

npHHHMaTb 3HaqeHH5l OT 0 .uo 1, BepOHTHOCTb, OTHeCeHHa5l K e,n,HHHLI,e BpeMeHH, 

MO)KeT npHHHMaTb JJI06bie 3HaqeHH5l OT 0 .uo 00. 4eM 60JJbWe 3HaqeHHe >., TeM 

6b1CTpeH: npoTeKaeT cnoHTaHHbIH npoLI,ecc pacna.ua, HanpttMep, eCJJH >. = 108 c- 1, 

TO 3a BpeMH dt = 10- 11 c cornaCHo (10.2) CIIOHTaHHbie npeBpaw.eHH51 HCilbITaeT 

10-3 = 1/1000 Bcex H,n,ep. 

CBH3b >. co cpe.UHHM BpeMeHeM )KH3HH 51.Upa T MO)KeT 6bITh Haii:.ueHa c no

MOill.hIO cJJe,n,yIOW.HX paccy*.UeHHH. CTpo.uoJJ)KHTeJJbHOCTb cyw.ecrnoBaHHH H.uep, 

pacna.uaIOlll.HXC5l aa BpeM51 OT t .uo t + dt, MO)KHO cqHTaTb paBHbIM t. 4HCJJO 

H.Uep, pacnaBWHXC5l aa BpeMeHHOH npoMe)KyTOK (t, t + dt) cornaCHO (10.2) paBHO 

>.n(t) dt. CyMMapttoe BpeM51 )KH3HH Bcex nepBoHaqaJJbHO HMeBWHXCH H,n,ep n0 
MO)KeT 6bITb HaH:.ueHO HHTerpttpoBaHHeM npoH3Be,D,eHH5l t . >.n(t) dt no BpeMeHH 

OT 0 .uo oo. Cpe.uHee BpeMH )KH3HH H.Upa T noJJyqHTCH, ecJJH paa.ueJJHTb cyMMY 

BpeMeH )KH3HH Bcex H,n,ep Ha n0: 

00 00 

'f = ~o f t>.n(t) dt = >. f te->.t dt = ± (10.5) 

0 0 

(npH BbJqHcJJeHHH 6b!JJ yqTeH 33KOH pa.UHOaKTHBHOro pacna.ua (10.3). 
l1TaK, cpe.uHee BpeMH )KH3HH pa.uimaKTHBHOro 51.Upa T eCTb o6paTH351 Be

JJHqHHa OT IIOCT051HHOH pacna.ua >.; no HCTeqeHHH BpeMeHH T = l ,443T qHCJJO 

nepBOHaqaJJbHbIX pa.uttoaKTHBHb!X H.Uep yMeHbillHTC5l B e paa. 

Ha COOTHOWeHHH (10.4) H (10.5) BH.UHO, qTo KOHCTaHTbl >., T, T, xapaKTe

pH3YIOlll.He pa.UHOaKTHBHOe BemecTBO, CB5l3aHbl Me)K.uy co6oH:; 3Ha5l O.UHY H3 HHX, 

MO)KHO HaHTH .UBe .upyrne. 

BeJJHqHHY A = -dn/ dt, onpe.ueJJHIOlll.YIO CKopocTb pacna.ua H.Uep, T. e. qHc

J10 pacna.uoB B e,n,HHHLI,Y BpeMeHH, HaabrnaIOT aKmueHocmb10. Cornaetto (10.2) 
rln/dt = ->.n, II03TOMY 

A(t) = >.n(t), ( 10.6) 

HJJH, no.uCTaBJJ5l5l (10.3) B (10.6), 

A(t) = >.n0e->.t = A0e->.t, (10.7) 

r.ue Ao = >.n0 - cKopocTh pacna.ua B HaqaJJhHhIH MOMeHT t = 0. EcJJH HMeeTcH 

60J1bWOe qHCJ10 n O.UHHaKOBbIX pa.uttoaKTHBHblX aTOMOB, TO aa e,n,HHHLI,Y t B cpe.u

HeM 6y.ueT pacna.uaTbCH >.n aTOMOB. Mb1 BH.UHM, qTo aKTHBHOCTb HBJJHeTCH xa

paKTepHCTHKOH HHTeHCHBHOCTH H3JJyqeHH5l He OT.UeJJbHOrO HeCTa6HJJbHOfO aTOMa, 
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a pa,D,HOaKTHBHOfO BeI.I.I.ecrsa B u.eJIOM. 0,D,HaKO cpasHeHHe (10.7) H (10.3) noKa-

3bJBaer, qro 3aBHCHMOCTb OT speMeHH CKOpocrH pacna.na H q0cJia pa,D,HOaKTHBHbIX 

aroMOB O,D,HHaKOBa. 

B Kaqecrse HaH6oJiee ynorpe6HreJihHOH e,D,HHHU.hI aKTHBHOCTH npHMemnoT 

KIOpH (Ku): I Ku= 3,7 · 1010 pacna.nos s ceKytt,D,y. HcnoJih3YIOT H 6oJiee MeJIKHe 

e,D,HHHU.bl - MHJIJIHKIOpH 00-3 Ku) H MHKpOKIOpH oo-6 Ku). KIOpH - BHeCH

CTeMHaH e,D,HHHU.a. E,D,HHHU.eH: aKTHBHOCTH B CHCTeMe CH HBJIHeTCH 6eKKepeJib 

(BK), paBHhIH o.nttoMy pacna,D,y s ceKytt,D,y I Ku= 3,7 · 1010 BK. 

3KcnepHMeHTaJibHO onpe.neJieHHbie qHCJia pacna.nos HHKOr,D,a B TOqHQCTH He 

CJie,D,yIOT 3aKOHY (10. 7)' OilHChJBaIOI.I.I.eMy cpe,D,HIOIO CKOpOCTb pacna,D,a aTOMOB. 

nocKOJibKY pacna,D, B e,D,HHHU.Y BpeMeHH HeKOTOporo KOJIHqeCTBa aTOMOB HBJIHeTCH 

cJiyqaHHbIM HBJieHHeM, TO qHcJia pacna.nos IlO,D,Bep)KeHbl CTaTHCTHqeCKHM cf)JllOKTy

au.HHM, OTIHCbJBaeMbIM 3aKOHOM nyaCCOHa. 0THOCHTeJibHhie 3HaqeHHH CJiyqaifHbIX 

OTKJIOHeHHH q0ceJI pacna.na OT HX cpe,D,Hero 3HaqeHHH TeM MeHbille, qeM 60Jibll1e 

cKopocrb pacna.na. TaKHM o6pa30M, 3KCnepHMeHTaJibHO H3MepeHHhie 3HaqeHHH 

aKTHBHOCTH corJiacyIOTCH c Bbipa*eHHeM (IO. 7) c TOqHoCThIO ,D,O nonpaBKH Ha HX 

CTaTHCTHqecKHH pa36poc. 

).J.JIH onpe,D,eJieHHH nocTOHHHOH pacna.na A c noMOI.I.I.hIO cooTBeTcTByIOI.I.I.ero 

,D,eTeKTOpa perncTpHpyIOT qHCJIO qacTHU., HcnycKaeMbIX npenapaTOM 3a e,D,HHHU.Y 

speMeHH, .npyrnMH CJIOBaMH, onpe.neJIHIOT ero aKTHBHOCTb (-dn/dt). no noJiy

qeHHblM pe3yJibTaTaM CTpOHTCH rpacfrnK JIOrapmPM aKTHBHOCTH - speMH. <l>opMa 

3TOro rpacf>HKa 3aBHCHT OT xapaKTepa pacna,D,OB, KOTOpbie MoryT 6bITb npOCTblMH 

HJIH CJIO)KHbJMH. 

PaccMorpHM HeCKOJibKO THnHqHbIX cJiyqaes. 

I. np11 npocTOM pacna.ne pa.n11oaKTHBHbJe aTOMbl cpa3y pacna.naIOTCH Ha CTa-

6HJibHhie. JiorapHcf>MHPYH Bbipa)KeHHe dn/dt =-An, noJiyqHM 

ln (- ~~) = ln (.An) = ln (.Ano) - .At. 

KaK BH,D,HO, JiorapHcf>M aKTHBHOCTH ecTb JIHHeHHaH cf>yHKU.HH speMeHH. fpacf>HK 

JIOrapHcf>M aKTHBHOCTH - speMH HMeeT BH,LI, npHMOH, COCTaBJIHIOI.I.I.eH c OCblO 

a6cu.0cc yroJI <p, np11qeM tg <p = A (pHc. 10. I). 

PHc. 10.1. 3aBHCHMOCTb JJorapmjJMa aKTHBHOCTH OT speMeHH rrpH rrpocToM pacrra)l.e 
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2 . .LJ.onycnrn Teneph, qTo HMeeT MeCTo CJIOJKHhIH pacna,n:, 3aKJI10qa10W:HHC.H 

B TOM, qTo HCXO.ll:HhIH aTOM A, pacna,n:a.Hch, npespaw:aeTcH B aTOM B, KOTOpbIH 

B cso10 oqepe,n:h npeTepnesaeT pacna.n:, npespaw:a.Hch B aToM C H T. ,n:. 5aJiaHc 

pa,n:HOaKTHBHb!X aTOMOB onpe,n:eJI.HeTC.H CHCTeMOH ypaBHeHHH 

dnA dnB 
d:t = -AAnA; d:t = -ABnB + AAnA; 

(10.8) 
dnc , , dt =-/\enc+ /\BnB, 

r.n:e HH,n:eKC A OTHOCHTC.H K HCXO,n:HOMY (M.amepWlCKOM.y) pa,n:HoaKTHBHOMY Bew:e

CTBy, a HH,n:eKChl B, C, ... , k - BTOpHqHbIM (OOt.{,epHUM.) sew:ecTBaM. nepsoe ypaB

HeHHe 3TOH CHCTeMhl COBna.n:aeT no cpopMe c ypaBHeHHeM (10.2). 5aJiaHC aTOMOB 

,n:aHHOfO ,n:oqepHero Bew:eCTBa onpe,n:eJI.HeTC.H CKOpOCTblO pacna.n:a COCTaBJI.HIOLQHX 

ero aTOMOB, nponopI..I.HOHaJibHOH qHcJiy 3THX aTOMOB, H CKOpOCTblO pacna.n:a aTOMOB 

sew:ecTBa-npe.n:wecTBeHHHKa. PeweHHe ypasHeHH.H ,n:JI.H aTOMOB ,n:aHHoro ,n:oqepHe

ro sew:ecTBa 3aBHCHT JIHillb OT BH,n:a peweHH.H npe.n:weCTBYIOW:ero ypaBHeHH.H. 

npe,n:nOJIOlKHM .ll:Jl.H npOCTOTbl, qTO B npenapaTe ocyw:ecTBmieTCH uenoqKa 

npespaw:eHHH A--+ B--+ C, npHqeM B HaqaJibHhIH MOMeHT speMeHH t = 0 HMeeTc.H 

nAo aTOMOB AH HeT aTOMOB B: 

(10.9) 

PeweHHe .n:syx nepBbIX ypaBHeHHH (10.8) c HaqaJihHhIMH ycJioBHHMH (10.9) HMe-

eT BH.ll: 

noJIHa.H aKTHBHOCTb npenapaTa paBHa 

AAnA + ABnB = AAonAo [e->.At - ( 1 +AB A!!, AA) - e->.Bt (AB~ AA)]· 

(10.10) 
npoaHaJIH3HpyeM 3aBHCHMOCTb ln (-dnjdt) = f(t) B CJie,n:y!OW:HX npaKrnqe

CKH BaJKHb!X cJiyqa.HX. 

a. AA>> AB, T. e. aTOMhI B 3HaqHTeJibHO 6oJiee ,n:oJirmtrnsyw:He no cpastteHHIO 

c aTOMaMH A. f pacpHK JiorapHcpM aKTHBHOCTH - speMH B 3TOM cJiyqae HMeeT 

BH,n:, noKa3aHHhIH Ha pHc. 10.2, a. B HaqaJie HaKJIOH KpHBOH onpe,n:eJI.HeTc.H rnaB

HhIM o6pa30M 6oJiee 6bICTpbIM pacna,n:oM aTOMOB A. HeKoTopoe speMH cnycrn 

(npH t > t') qHcJio aToMOB A B cMecH H30Tonos cTaHOBHTCH ttacTOJihKO MaJibIM, 

qTo HaKJIOH KpHBOH onpe,n:eJIHeTCH B OCHOBHOM npoueccoM pacna,n:a aTOMOB B. 
3HaqeHHe AB MOJKeT 6bITh onpe,n:eJieHo no HaKJIOHY KpHBOH s o6Jiacrn t > t' 
(nepBh!H 3KCilOHeHI..I.HaJibHb!H qJieH B (17.10) B paccMaTpHsaeMOM CJiyqae MOJKeT 

6bITh OT6poweH). .ll.JIH ttaxoJK,n:eHHH AA Heo6xo,n:HMO yqecTb BJIHHHHe pacna.n:a 

a TO MOB B Ha HaKJIOH KpHBOH npH t < t'. C 3TOH ueJihlO 3KCTpanoJIHpy10T npHMYID 

ab B o6JiaCTh t < t', Bb!qHTa.H B HeCKOJibKHX TOqKax H3 cyMMapHOH aKTHBHOCTH 

aKTHBHOCTh sew:eCTBa B. noJiyqeHHhie ,n:aHHhie n03BOJIHIOT nocTpOHTb rpacpHK 

JiorapHcpM aKTHBHOCTH - speM.H ,n:JIH sew:ecTBa A. fpacpHK HMeeT BH.ll: npHMOH, 

no3TOMY onpe,n:eJIHB yroJI <{JA, MOJKHO HaH'PH 3HaqeHHe AA· 
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Pttc. 10.2. 3aBHCHMOCTb JJoraptt¢Ma aKTHBHOCTH OT speMeHH npH CJJO)KHbIX pacna,1J,ax: a - AA >> 
»As; 6 - As > AA 

6. )..B > >.A, T. e. aTOMhI A 51BJHIIOTCH 60.Jiee AOJiro)JUIBYlll.HMH no cpaBHeHHIO 

c aToMaMH B. B (10.10) K03cpcp11u11eHT np11 BTopoif 3KcnotteHTe 0Tp0uaTe.JieH, 

a a6COJIIOTHOe 3Ha4eHHe ee IlOKa3aTe.JI51 60.JibWe IlOKa3aTe.JI51 nepBOH 3KCilOHeHTbl. 

flo3TOMY rpacpHK aKTHBHOCTb-BpeM51 He MOHOTOHeH, a 06.Jia)l,aeT MaKCHMYMOM 

(pHc. 10.2, 6). flo npowecTBHH )l.OCTaT04HO 60.JibWOro BpeMeHH (>.At» 1) BTOpa51 

3KCilOHeHTa CTaHOBHTC51 npette6pe:JJrnMO Ma.JIOH, H HacTynaeT paBHOBeCHe, Ha3bl-

BaeMoe pa)l.HOaKTHBHhIM, xapaKTepH3yeMOe He3aBHCHMOCTb!O OT BpeMeHH COOTHO

weHH51 nA/nB: 
nA AB - AA 

nB AA 
ec.JIH (10.11) 

B c.Jiyqae ttecKOJihKHX noc.Jie)l.oBaTe.JihHhIX pacna)l.OB A -* B -* C -* D -* ... , 

KOr)l,a nepHO)I. no.Jiypacna)l,a aTOMOB MaTepHHCKOro BemeCTBa 3Ha4HTe.JibHO 60.JihWe 

nepHOAOB no.Jiypacna)l.a ocTa.JihHhIX aToMoB: TA »TB, Tc, TD, ttaCTynaeT BeKoBoe 

paBHOBeCHe, KOTOpoe MO)i(HO paccMaTpHBaTh KaK npe)l.e.JibHbIH CJiyqaif pa)l.HOaK

THBHOro paBHOBeCH51. fl pH BeKOBOM paBHOBeCHH COOTHOWeHHe ( 10.11) )l.Jl51 ABYX 

IlOCJie)l.OBaTe.JihHbIX pacna)l,OB MO)i(HO nepenHCaTh B BH)l.e 

nA AB TA (TA» TB), 
nB AA TB 

OT6pocHB B 4HCJIHTe.Jie Ma.JiyIO Be.JIH4HHY )..A. 

Atta.JIOrH4HO AJI51 60.Jihrnoro 4HCJia noc.Jie)l.oBaTe.JihHhIX nepexo)l.OB 

T. e. npH BeKOBOM paBHOBeCHH KOJIH4eCTBO aTOMOB )l,aHHOro pa)l.HOaKTHBHOro 3.Jie

MeHTa nponopu0otta.JihHO ero nepHOAY no.Jiypacna)l.a. 

§ 10.2. KJiaccmlmKao;u.H THnoe paAHOaKTHBHhIX .HAep. 
Ilpu1mHhI 3aAepJKKH pacna,II.oB HeycToff:quebIX .HAep 

OcttOBHhIMH THnaMH paAHOaKTHBHoro pacna)l.a 51)1.ep C4HTaIOTC51: 

- a-pacnaA (0cnycKaHHe 51)1.pa ~He); 
- ,8-pacna)J. (HcnyCKaHHe e±, V, v); 
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- 1-pacnaA; 

- CilOHTaHHOe AeJieHHe. 

)1.oJiroe speMH (npH6JIH3HTeJibHO AO cepeAHHbI npowJioro seKa) cqHTaJIOCb, 

qTo KpOMe nepeqHcJieHHblX qeTbipex BHAOB paAHOaKTHBHOCTH Apyrnx BHAOB 

CilOHTaHHOfO pacnaAa HAep B npHpOAe He cyw.ecTByeT. 3To npeACTaBJieHHe oc

HOBbIBaJIOCb Ha H3BeCTHbIX s TO speMH ycJIOBHHX ycToflqHsocTH HAep. Hosb1e 

3KCnepHMeHTaJibHbie Ha6JIIOAeHHH, Bb!IlOJIHeHHbie BO BTOpOH IlOJIOBHHe 20-ro BeKa, 

npHseJIH K nepecMoTpy 3Toro B3rJIHAa. TaK, 6b1Jia ycTaHOBJieHa B03Mo:>KHOCTb 

OAHOilpOTOHHOH, AByxnpoTOHHOH H KJiaCTepHOH paAHOaKTHBHOCTH [ 1]. 
Oco6~fl BHA paAHOaKTHBHOCTH npeACTaBJIHeT co6ofl pacnaA c HcnycKaHHeM 

TaK Ha3bIBaeMbIX 3ana3AbIBa!OW.HX HeHTpOHOB, HAYW.HH TOJibKO 3a cqeT CHJibHOfO 

B3aHMOAeHCTBHH H xapaKTepH3yeMbIH nepHOAaMH noJiypacnaAa OT AeCHTbIX AOJieH 

ceKyHAbI AO AeCHTKOB ceKyHA. He see asrnpbI CKJIOHHbI cqHTaTb pacnaA 3ana3AbI

sa10w.Hx HeHTpOHOB OAHHM H3 BHAOB paAHOaKTHBHOCTH [ 10]. 
l'fa nepeqHCJieHHblX THilOB paAHOaKTHBHOCTH HAep Ba)lrneflwee 3HaqeHHe 

HMeIOT a-, (3-, 1-pacnaAbI, AOMHHHpy10w.He B 3eMHbIX ycJIOBHHX. HM 6yAeT yAe

JieHo OCHOBHOe BHHMaHHe npH AaJibHeHWeM H3JIO)KeHHH npo6JieM paAHOaKTHBHO

CTH. OcTaJibHbie BHAbI cnoHTaHHoro pacnaAa HBJIHIOTCH AOBOJibHO 3K30THqecKHMH 

HBJieHHHMH. 0AHaKO AJIH IlOJIHOTbl KapTHHbl HH)Ke Mb! H HX KpaTKO o6cyAHM. 

B 3TOM naparpacpe BBOAHOro xapaKTepa Mb! orpaHHqHMCH paccMoTpeHHeM npHqHH 

3aAep)KKH pacnaAOB HeycToflqHBbIX HAep H KaqecTBeHHO OilHWeM a-, (3- H 1-npo

u,eCCbl. 

YAHBHTeJibHOH oco6eHHOCTblO paAHOaKTHBHOCTH HBJIHIOTCH AJIHTeJibHbie 3a

Aep)KKH pacnaAa HeycrnflqHBbIX HAep. )1.eflcTBHTeJibHO, nocKOJibKY HYKJIOHbI B HA

pe CBH3aHbl HAepHbIMH CHJiaMH, TO, Ka3aJIOCb 6bI, npou.ecCbl pacnaAOB AOJI)KHbl 

npOHCXOAHTb 3a speMH cpaBHHTeJibHO 6JIH3KOe K xapaKTepHOMY HAepHoMy speMe

HH THA = 10-22 C. 

)1.JIHTeJibHbie (B HAepHOM MaCWTa6e speMeHH) 3aAep)KKH pacnaAa paAHOaK

THBHbIX HAep npOHCXOAHT B CHJIY CJieAyIOW.HX npHqHH. 

1. Cyw.ecrnosaHHe KYJIOHOBcKoro 6apbepa HApa. 3Ta npHqHHa HMeeT cyw.e

CTBeHHoe 3HaqeHHe AJIH TH)KeJiblX HAep. 

2. CpaBHHTeJibHasi: MaJIOCTb cJia6oro B3aHMOAeHCTBHH. YKa3aHHaH npHqHHa 

npoHBJIHeTCH AJIH HAep, IlOABep)KeHHbIX AeHCTBHIO CJia6bIX CHJI, T. e. HCilb!TbIBalO

W.HX (3-pacnaA. 

3. MaJiaH 3HeprHH, BbIAeJisi:10w.asi:csi: npH pacnaAe. 4eM oHa MeHbwe, TeM 

6oJibWe speMH )KH3HH HApa. 

4. Pa3HOCTb cnHHOB HJIH 113ocnHHOB HCXOAHoro H KOHeqHoro HApa. 4eM 60Jib

we 3Ta pa3HOCTb, TeM 6oJiee 3aTPYAHeH pacnaA. 

OepBb!e ABe npHqHHbl HBJIHIOTCH Ba)KHeHWHMH; HMeHHO 6JiafOAapH HM cy

meCTBYIOT HApa c oqeHb 6oJibWHMH speMeHaMH )KH3HH. TpeTbH H qernepTaH 

npHqHHbl MoryT npHBOAHTb K cpaBHHTeJibHO .He60JibillHM H3MeHeHHHM speMeHH 

)KH3HH HAep (He 6oJiee, qeM Ha HeCKOJibKO nopHAKOB). 

OepeHAeM K OilHCaHHIO a-, (3-, 1-pacnaAOB. 



224 I'A. I 0. Ba:J1Cneuutue 3aKonoMepnocmu paauoaKmuano20 pacnaaa Raep 

Ha1.rneM c o:-pacna.n.a, 3aKJIJO<rnJOmerocfl, KaK y:>Ke OTMeqaJIOCh, s caMonpo
H3BOJihHOM HcnycKaHHH Tfl:>KeJiblM fl.ll.POM o:-qacTHU.hl, qTO npHBO)l.HT K yMeHh
rneHHIO ero Maccosoro qHcJia Ha qeTbipe e.n.HHHU.hI, a aTOMHoro HOMepa - Ha 
.n.se: 1X ---+ ~=~X + ~He. Xorn o:-pacna.n. - fl.n.epHhIH npou.ecc, H.ll.Ylll.HH no.n. 
.n.eHCTBHeM CHJihHOro B3aHMO)l.eHCTBHfl, O)l.HaKo 6Jiaro.n.apfl cymeCTBOBaHHIO y fl)l.ep 
KYJIOHOBCKoro 6apbepa o:-aKTHBHhie fl.LI.pa MoryT o6Jia.n.aTh orpoMHhIMH speMeHaMH 
:>KH3HH. BcnoMHHM, ttanpHMep, qTQ speMfl :>KH3HH o:-pa.n.HoaKTHBHOro fl.LI.pa 232Th 
COCTaBJifleT 1010 JieT (OKOJIO 1017 c), qTQ Ha 39 nopfl.ll.KOB 60Jihllie xapaKTepttoro 
fl.ll.epttoro speMeHH. 

Pacna.n. ,B-aKTHBHhIX fl.n.ep npoHCXO.ll.HT, KaK yKa3bIBaJiocb, no.n. .n.eH:cTBHeM cJia-
6bIX CHJI. B-pacna.n. - npou.ecc caMonpoH3BOJihHOro npespameHHfl ttecrn6HJihHOro 
fl.LI.pa B fl.ll.PO-H306ap c 3apfl.ll.OM, OTJIHqHhIM Ha 6.Z = ± 1 B pe3yJihTaTe HcnycKaHHfl 
3JieKTpotta (no3HTpotta) HJIH 3axsaTa 3JieKTpoHa. Pa3JIHqaJOT TPH BH.ll.a ,B-pacna.n.a: 
,a+-pacna.n., ,a- -pacna.n. H K-3axsaT. CTpH ,a- -pacna.n.e O.ll.HH H3 HeHTpOHOB fl.LI.pa, 
HcnyCTHB 3JieKTpOH H aHTHHeHTpHHO, npespamaeTCfl B npOTOH, T. e. ocymecTB
JifleTCfl H3o6apttoe npespameHHe THna 1X ---+ z+1Y. CTpH ,a+-pacna.n.e O.ll.HH H3 
npOTOHOB fl.LI.pa, HcnyCTHB n03HTpOH H HeHTpHHO, npespamaeTCfl B HeHTpOH. 
K-3axsaT 3aKJIJOqaeTcfl B 3axsaTe fl.ll.POM K-3JieKTpotta aTOMa; npH 3TOM O.ll.HH H3 
npOTOHOB npespamaeTCfl B HeHTpOH H HCnycKaeTCfl HeHTpHHO (H3BeCTHbl H cxo.n.
Hble npou.eccb1: 3axsaT fl.ll.POM £-3JieKTpotta, M-3JieKTpoHa, ... ; o6mee Ha3BaHHe 
npou.eccos TaKoro po.n.a - E-3axsaT; HaH6oJiee sepoflTeH H3 HHX K-3axsaT, 
KOTOpb!H H 6y.n.eT paccMaTpHBaTbCfl B .n.aJihHeH:rneM). B pe3yJihTaTe ,a+-pacna.n.a 
H K-3axsarn ocymecTBJifleTCH H3o6apttoe npespameHHe rnna 1X---+ z_1Y. 

CTocKOJihKY npH K-3axsaTe B K-o6oJioqKe 06pa3yeTCfl saKaHCHfl, TO K-3axsaT 
.n.oJI:>KeH conposo:>K.n.aThCfl HcnycKaHHeM xapaKTepHCTHqecKoro H3JiyqeHHfl H o:>Ke-
3JieKTpOHOB. 3TH BTOpHqHhie npou.ecCbl MOryT 6hITh HCnOJib30BaHbl .ll.Jlfl o6Hapy
:>KeHHfl K-3axsarn. 

'Y-pacna.n. 3aKJIJOqaeTcfl s caMonpoH3BOJihHOM HcnycKaHHH fl.ll.POM 'Y-KBaHTOB. 
3TOT npou.ecc H)l.eT no.n. .n.eHCTB11eM 3JieKTpoMarHHTHOro B3al1MO)l.eHCTBHfl, JI11Illh 
Ha qeTbipe nopfl.ll.Ka 6oJiee cJia6oro no cpastteH1110 c Cl1JihHhIM s3a11Mo.n.eH:cTs11eM. 
CTo3TOMY speMeHa :>Kl13Hl1 fl.ll.ep T·y no OTHorneH1110 K 'Y-pacna.n.y .n.oJI:>KHhI 6hITh 
OTHOCl1TeJibHO MaJibl. 0.n.HaKO B Cl1JIY .n.eHCTBl1fl npHql1H 3 11 4 y HeKOTOpblX fl)l.ep Try 

MO:>KeT COCTaBJiflTh Ml1HYThl, qachI 11 6oJiee. 

§ 10.3. CocTaB H.11.pa H pa.11.uoaKTHBHOCTb 

fl.n.pa CTa611JibHhl np11 BnOJIHe onpe.n.eJieHHOM COOTHOilleHl111 Me:>K.n.y q11cJIOM 
HeHTpOHOB N 11 q11cJioM npoTOHOB Z (nocJie.n.Hee MO:>KHO ttaH:rn no cpopMyJie (7.29). 
EcJI11 nocTpo11Th rpacp11K 3as11cHMOCTH NOT Z, TO cTa611JihHhIM fl.ll.paM 6y.n.eT cooT
seTCTBOBaTh y3Kafl «.n.opo:>KKa cTsa611JihHOCTH» (p11c. 10.3). Otta orpatt11qeHa cH113y 
o6JiaCThlO HeHTpOHOl136hITOqHhIX ,a- -aKTl1BHhIX fl)l.ep, a csepxy o6JiaCThlO HeHTpO
HO.L1.ecp111.1.HTHhIX fl.ll.ep, HeycToH:q11sb1X no OTHornett1110 K ,a+ -pacna.n.y H K-3axsaTy. 

fl.n.pa, COOTBeTCTBYIOlll.He TeMHblMl1 KBa.n.paT11KaM Ha p11c. 10.3, HHor.n.a Ha3hl
Ba!OT ,B-cma6uAbHbtMU, qeM no.n.qepKHsaeTcfl 11x ycToH:q11socTh no OTHornett1110 
K ,8-pacna.n.y. Boo6me B fl.ll.epttoH: cp11311Ke qacTO MO:>KHO BCTpeTl1Th npe.n.cTasJieH11e 
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0 51)1.pe, CTa6YIJibHOM B OTHOllleHYIYI YICnycKaHYl51 LiaCTYII..I, onpe)l.eJieHHOfO copTa. 

TaK, ;J-aKTHBHbie 51)1.pa, oT06pa1KeHHhie Ha pY1c. 10.3, Y1Me10T nepYIOJl.bI noJiypac

rra)l.a T1; 2 no ornorneHYIIO K a-pacrra)l.y MeHbWYle 109 JieT. ;J-crn6Y1JibHbie 51)1.pa 

BMecTe c ;J-aKTYIBHbIMYI Ha3bIBaIOT HYK.llOHocma6u.llbHblMU 51)1.paMYI, nocKOJibKY 

)l.JI51 HYIX 3HeprY151 CB513YI (OT)l.eJieHY151) HeHTpOHa En YI rrpoTOHa Ep 60Jibllle HYJI51 

11, CJie)l.OBaTeJibHO, OHYI ycTOH411Bbl ITO OTHOllleHYllO K YlcnycKaHHIO HYKJIOHOB. 3To 

Jierno noKa3aTb, BOCilOJib30BaBlllYICb cpopMyJiaMYI 

En= [mn + M(A- 1, Z) - M(A, Z)] c2 = E(A, Z) - E(A- 1, Z), 

Ep = [mv+M(A-1,Z-1)-M(A,Z)]c2 = E(A,Z)-E(A- l,Z-1). 

J1106b1e ;3-HecTa6Y1JibHb1e, HO HYKJIOHOCTa6Y1JibHb1e 51)1.pa B 51)1.epHoM MacrnTa6e 

BpeMeHH MOryT C4YITaTbC51 CTa6Y1JibHblMYI CYICTeMaMYI, coxpaH51!0Ill,YIMYI BCe CBOYI 

CBOHCTBa, B TOM LIYICJie Macey, HYKJIOHHbIH COCTaB, CYICTeMy ypoBHeH YI T. )].. 

411cJio Yl3BeCTHbIX ;J-cTa6Y1JibHbIX 51)1.ep cocTaBJI51eT 350. CymecrneHHO 6oJibllle 

LIHCJIO 11)1.eHrncpm..1,Y1poBaHHbIX HYKJIOHOCTa611JibHbIX 51)1.ep (oKOJIO 2000), YI 3HaLie

Hl151 (A, Z), coorneTcrny10mY1e TaKYIM 51)1.paM, rrp11xO)l.5ITCH Ha Jl.OBOJibHO 06w11p

HYIO o6JiaCTb Ha pY1c. 10.3, orpaHYILieHHYIO JIYIHYl51MYI En = 0, Ep = 0. fpaHYIUa 

Sn = 0 COOTBeTcTByeT HeiiTpOHHOMY 1136bITKy, rrpYI KOTOpOM 3Heprn51 OT)l.eJieHYl51 

HettTpoHa cTaHOBYITC51 paBHOH HYJIIO. CTpe)l.eJI o6JiaCTYI cTa6YIJibHOCTYI HeHTpoHo

H36bITOLIHbIX (;3- -aKTHBHbIX) 51)1.ep MO)KHO ITOJIY411Tb Yl3 cpopMyJibl (7.27) rrp11 

8E(N, Z) I 
ycJIOBYIYI oN = 0. AHaJIOrHLIHbIM o6pa30M HaXOJl.YITC51 rrpe)l.eJI Ep 

Z=const 
o6Jiacrn crn611JibHOCTY1 HettTpoHOJl.ecpYIUHTHbIX (;J+ -aKTHBHbIX) 51)1.ep. CToJiyLieHHbie 

TaKYIM nyTeM oueHKH 51BJI51IOTC51 cpe)l.HHMYI YI, YICITOJib3Y51 YIX, HeB03M01KHO OITYICaTb 

crpyKTYPY rrepexo)l.HOH o6Jiacrn rrpYI En :::::! 0, Ep :::::! 0. CTo3TOMY oco6y10 ueHHOCTb 

HMeIOT rrp51Mbie 3KcrrepY1MeHTaJihHb1e H3MepeHYl51 B 3TOH 06JiacT11. Ho noKa TOLIHoe 

llOJIO)KeHYle rpaHHU npOTOHHOH YI HeHTpOHHOH ycTOH4YIBOCTl1 He!13BeCTHbl. 

H 0. A. 5apcyKoB 



226 I'll. 10. Ba:J1CHeuutue 3aKOHoMepHocmu paauoaKmuBHow pacnaaa Haep 

f1pe,n;noJiaraeTCR, qTQ R,n;pa, pacnOJIO)KeHHb!e 6JIH3 rpaHHI..l.bl npOTOHHOH CTa-

6HJibHOCTH, ,ll;OJI)KHbl 6b!Tb HeycrntfqHBbl no OTHOWemuo K IT03HTpOHHOMY pacna,n;y 

H npH ycJIOBHH Cp < 0 06.Jia,n;aTb ynoMHHaBwetiCH Bb!We npoTOHHOH pa,n;HOaKTHB

HOCTb!O, a npH ycJIOBHH Cp > 0, C2p < 0 - ,n;syxnpOTOHHOH. f1poTOHOCTa6HJibHb!e 

H,ll;pa 06.Jia,n;aIOT cpaBHHTeJibHO 60.JibWHMH speMeHaMH )KH3HH B CHJIY npHqHHbl 1 
(T. e. 6Jiaro,n;apH cyw.ecrnosaHHIO KYJIOHOBCKoro 6apbepa). K HaCTOHW.eMy speMeHH 

OTKpbIT pH,n; JierKHX H,n;ep c qeTHbIMH Z H A = 2Z - 3, o6Jia,n;aIOW.HX npoToH

HOH pa,n;HoaKTHBHOCTbIO: 
1 ~0, J6Ne, 11 Mg H ,n;p., HMe10rn.11x speMeHa )KH3HH oT 

,n;ecf!TbIX ,n;oJieti ceKyH,n; .n;o ,n;ecHTKOB ceKytt,n;. KaK noKa3bIBaeT attaJIH3 csotfcrn 

HeHTpOHO,ll;e<l>HI.1.HTHb!X fl,!1,ep, npOTOHHaf! pa,n;HOaKTHBHOCTb )l,OJl)KHa 6bITb pacnpo

CTpaHeHa cpe,n;H H,n;ep c A < 208. EcJIH o,n;HaKo npoTOHHbIH pacna,n; npoTeKaeT 

,ll;OCTaTOLJHO Me.n;JieHHO, TO OH, KaK noKa3b!BaIOT oueHKH, 6y,n:eT npaKTHqecKH 

noJIHOCTb!O no,n;aBJieH f3+ -pacna,n;oM, npH KOTOpOM H,ll;pa TaK)Ke OCB060)K,ll;a!OTCf! OT 

H36b!TKa npoTOHOB. 
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P11c. 10.4. TpexMepHoe orn6pa)l{eH11e pacnoJio)l{eH11H crn611JibHbIX H,n:ep; nocJie,n:H11e, o6Jia,n:aH Ml1Hl1-
MaJibHoil Maccoll, 3aH!1MaJOT «.!lHO .!l0Jll1Hbl ycTOH4!1BOCTI1» 

f1pH OTHOCHTeJibHO 6oJibWOM OT)l,aJieHHH f!,ll;ep OT rpaHHI.1.bl HeHTpOHHOH CTa-

6HJibHOCTH CTaHOBHTCf! B03MO)KHb!M HcnycKaHHe HMH 3ana3,ll;b!Ba!OW.HX HeHTpo

HOB. BpeMeHa )KH3HH nocJie)l,HHX sapbHPYIOTCf! OT HecKOJibKHX ,n;eCHTKOB ceKyH,n; 

,n;o HeCKOJ!bKHX MHKpoceKyH)l,. 1'faBeCTHO 6oJiee 150 BH,ll;OB f!,!1,ep, HcnycKa!OW.HX 

3ana3)1,bIBaIOrn.He ttetiTpOHbI. 
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)lmi: TmKeJihIX 51,ll,ep B03MO)KeH a-pacna,ll, HJIH cnoHTaHHOe ,ll,eJieHHe. HeK0Topb1e 

oco6eHHOCTH 3THX npoueccos paccMaTpHBaIOTCH B cJie,ll,y10meM naparpacpe. 3a

unp11xosaHHbIH KpynHOH KJieTKOH yqacTOK cnpasa BBepxy ,ll,HarpaMMbl - o6JiaCTb 

3K30THlJeCKHX HCKYCCTBeHHO noJiyqaeMb!X 51,ll,ep; MeTO,ll,bl HX CHHTe3a H CBOHCTBa 

o6cy)K,ll,a!OTC51 B § 15.2. 06mee lJHCJIO H3BeCTHbIX 51,ll,ep paBHO npH6JIH3HTeJib

HO 3000. 

KaK y)Ke OTMelJaJIOCb B § 7.6, cpe,ll,H 51,ll,ep, cocT051Ill,HX H3 A HYKJIOHOB, 

Ha1160Jiee ycTOHlJHBO TO, ,ll,JI51 KOTOporo Macca MHHHMaJibHa. HarJI51,ll,HO 3TO o6-

CT051TeJibCTBO MO)KHO orn6pa3HTh, noCTpo11s Ha Koop,ll,11HaTHbIX OC51X N, Z, .6. 
,ll,JI51 COBOKYCTHOCTH CTa6HJibHbIX H HeCTa6HJibHb!X 51,ll,ep, TaK Ha3bJBaeMyIO ,ll,OJIHHY 

ycTOHlJHBOCTH (p11c. 10.4). «)lHO» ,ll,OJIHHbl 3aHHMa!OT Ha1160Jiee ycTOHlJHBbie 51,ll,pa, 

COOTB€TCTBYIOI11,He uenOlJKe CTa6HJibHblX 51,ll,ep Ha pHc. 10.3. 

§ 10.4. Pa;:i:HoaKTHBHhie pBJJ:bI 

B § 4.2 B Ta6JI. 4.1 H 4.2 npHBe,ll,eHa HHcpopMaIJ.H51 06 OCHOBHbIX cpH3HlJeCKHX 

xapaKTepHCTHKax pa,ll,HOHYKJIH.ll.OB ypaHosoro 11 Top11esoro p51.ll.OB. B 3TOM pa3,ll,eJie 

Mb! H€CKOJibKO pacurnpHM H yrny6HM CBe,ll,eHH51 0 pa,ll,HOaKTHBHblX p51,ll,ax. 

DoMHMO .ll.BYX paccMOTpeHHbIX p51.ll.OB pa,ll,HOHYKJIH.ll.OB cymecrnyeT eme ,ll,Ba 

ecTeCTBeHHO pa.ll.HOaKTHBHbIX p51,ll,a 3JieMeHTOB. TpeT11i1 p51.ll. Ha3hrnaeTCH aKTHHH

esbIM (HJIH ypaH-aKTHHHeBbIM). Ero po,ll,OHalJaJibHHKOM 51BJI51eTCH HYKJIH.ll. 2~gu 
(T = 7, 1 · 108 JieT), a uenolJKa pacna,ll,OB 3asepwaeTCH CTa6HJibHbIM HYKJIH

.D,OM 2g~Pb. Po.D,oHalJaJihHHK lJeTBeprnro p51,ll,a npe,nCTaBJieH HemyHHeM 
2~;Np 

(T1;2 = 2,2 . 106 JieT), KOHelJHb!M npo,nyKTOM pacna.na 51BJI51eTCH CTa6HJibHbIH 

HYKJIH)J, 
2g~Bi. 

KaK H3BeCTHO, speM51 )KH3HH 3eMJIH cocTaBJI51eT 4,7 · 109 JieT. lfa cpasHeHH51 

c HHM nepHO,ll,OB noJiypacna.na po,noHalJaJibHHKOB yKa3aHHb!X pa,ll,HOaKTHBHbIX p51-

,ll,OB CJie.D,yeT, lJTO K HaCT051Ill,€MY speMeHH 51,npa TOpH51-232 (T1;2 = 1,4. 1010 JieT) 

CTOlJTH CTOJIHOCTb!O coxpaHHJIHCb, rnr.na KaK 51,ll,pa ypaHa-238 (T1;2 = 4,5. 109 JieT) 

pacnaJIHCb lJaCTHlJHO, a 51,npa ypaHa-235 pacnaJIHCb CTOlJTH CTOJIHOCTb!O ( CO.D,€p)Ka

HHe 235 U B 3eMHOH Kope Hb!He B 140 pa3 MeHbWe CO,ll,ep)KaHH51 238 U); HaKOHeu, 

H.D,pa HenTyHH51-237 pacnaJIHCh npaKTHlJeCKH noJIHOCTbIO. Dpas.na, HHlJTO)KHhie Ko

JIHlJeCTBa 3TOro HYKJIH,ll,a 6bIJIH o6Hapy)KeHhI B ypaHOBhIX py,ll,ax y)Ke nocJie Toro, 

KaK OH 6b!JI HCKYCCTBeHHO CHHTe3HpOBaH (f. C116oproM, A. r11opco B 1950 r.). 
HanoMHHM (cM. § 10.2), lJTO npH a-pacna.ne A yMeHbrnaeTC51 Ha lJeTb1pe 

e.D,HHHIJ.bI, a Z - Ha .nse; npH (3- -pacna.ne A He H3MeH51eTCH, a Z so3paCTaeT 

Ha e.D,HHHIJ.y. DpaBHJio cMelll,eHH51 pa,ll,HOHYKJIH.D,OB npH a- H /3-nepexo.nax 6hIJIO 

ccpopMyJI11posaHo s pe3yJihTaTe ,ll,JIHTeJibHbIX Ha6JIIO,neHHH K. <Pa51HCOM B 1913 r. 
11 He3aBHCHMO OT Hero B TOM )Ke ro.ny <P. Co.ll..nH 11 .ll.P-

CornaCHo cpopMyJI11posKe K. <Pa51Hca «np11 a-pacna,ll,e pa,ll,H03JieMeHT nepe

xo,nHT B nepHO)J,HlJ€CKOH CHCTeMe Ha ,ll,Be KJieTKH BJieBO, a npH /3-pacna,ll,e -

B coce,nHIOIO KJieTKY snpaso». Ha ocHoBaHHH 3Toro npaBHJia <Pa51HC npaBHJibHO 

pa3MeCTHJI B nepHO,ll,HlJ€CKOH CHCTeMe H3BeCTHb!e B TO BpeM51 pa,ll,HOaKTHBHbie 

"7JieMeHTbl [ 14]. 

x• 
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f1ocKOJihKY npH o:-pacna,ll,e Maccosoe LIHCJio A yMeHhrnaeTCH, KaK ynoMHHa
JIOCb, Ha 4, TO Jl.JIH scex LIJieHoB OJl.HOro H Toro Me pHJl.a ocTaTOK OT ,ll,eJieHHH A 
Ha 4 OJl.HHaKoB. 3To yKa3hIBaeT Ha B03MOMHOCTb «aTTecTaU:HH» LieTwpex nepeLIHC
JieHHbIX pHJl.OB paJl.HOHYKJIHJl.OB cJieJl.yIOW.HMH LieTbipbMH cpopMyJiaMH: 

A= 4n, A= 4n + 1, A= 4n + 2, A= 4n + 3, (10.12) 

r}l,e n - nO}l,XO}l,Hill,ee u:eJioe LIHCJIO. f1pHBe}l,eHHbie cpopMyJibl OTHOCHTCH COOTBeT
CTBeHHO K pHAaM TopHH, HenTyHHH, ypaHa tt aKTHHHH. 

Bo speMeHa ¢aHHca H COJl.Jl.H 6bIJIH OTKpbITbI TPH pa,ll,HOaKTHBHbIX pHJl.a 
(ceMeikTBa), }l,JIH KOTOpb!X Maccosoe LIHCJIO xapaKTepH30BaJIOCb nepBOH, TpeTbeti 
H LieTBepTOH cpopMyJiaMH (10.12), HO He 6bIJIO H3BeCTHO ceMeHCTBO, COOTBeT
CTBYIOW.ee cpopMyJie A = 4n + 1. 11MeHHO noHCKH ::iToro pa,ll,HOaKTHBHoro pHAa 
H npe,ll,CTaBJIHJIH B TO BpeMH HHTepec }l,JIH HCCJie}l,OBaTeJieH. 

HeK0Topb1e HJl.pa MoryT pacna}l,aTbCH KOHKYPHPYIOW.HMH cnoco6aMtt, T. e. ny
TeM JIH6o o:-, JIH6o ;3-pacna}l,a. HanpHMep, 2~~Po B no}l,aBJIHIOW.eM '-IHCJie CJiyqa
es (99,98 %) 11cnhITb1BaeT o:-pacna,ll,, a B MaJIOM LIHCJie cJiyLiaes (0,02 %) - ;3-pac
na,ll, (cM. Ta6JI. 4.1). CooTBeTcTBeHHO o6pa3yIOTCH H,ll,pa 214Pb H 218 At. B csoIO 
oqepell.h 214Pb HCTibIThrnaeT ;3-pacna,ll,, a 218 At - o:-pacnaJl.. B TOM 11 Jl.pyroM cJiy
qae 06pa3yeTcH HYKJIHA 214Bi, tt B03HHKaIOrn.aH xapaKTepHaH «BHJIKa» nepexo}l,oB 
3aMbIKaeTCH. AHaJiorHLIHbie «BHJIKH» nocJie,ll,oBaTeJibHbIX pacna,ll,OB Ha6JIIOJl.aIOTCH 
H B u:enHx pacna,ll,a Jl.pyrnx HYKJIHJl.OB. 

Cpe,ll,11 HJl.ep c A > 232 Ha6JIIO,ll,aeTCH KOHKypeHU:HH o:-pacna,ll,a co cnoHTaHHbIM 
,ll,eJieHHeM - npou:eccoM caMonpoH3BOJibHOro pacna,ll,a HJl.pa Ha }l,Ba HJl.pa ( ocKOJIKa) 
c npH6JIH3HTeJibHO paBHOH Maccoti. 

y HaH60Jiee Jiernoro H3 H3BeCTHb!X cnOHTaHHO }l,eJIHill,HXCH HYKJIH}l,OB - 2~~u 
nepHO}l, noJiypacna}l,a no OTHOllleHHIO K cnoHTaHHOMY }l,eJieHHIO paBeH 

Tf/2 = 8 · 10
13 

JieT, 

a no OTHOWeHHIO K o:-pacna,ll,y TJ/2 = 72 ro}l,a. ,llJIH 6oJiee THMeJib!X HYKJIH,ll,OB rcn 
yMeHbrnaerCH. Hanp11Mep, Jl.JIH i8iFm 11MeeM 

Tf/2 = 100 Jier, TJ/2 = 80 Jl.Heti, 

qro cocraBJIHeT yMe }l,Be }l,eCHTbIX npou:eHTa OT Tf/2. 

Ha pHc. 10.3 rpaHHU:a cnoHTaHHoro }l,eJieHHH noKa3aHa mrntteti, xapaKTeptt3y
eMoti napaMeTpoM Z 2 /A= 41. Ero cp113HLieCKHti CMbICJI 6yJl.eT o6cyMAeH B rJI. 15. 

B HacToHrn.ee speMH pa,ll,HoaKTHBHbie pHll.bI He npe,D,cTaBJIHIOT oco6oro HH
Tepeca Jl.JIH cpyHJl.aMeHTaJibHbIX pa3,ll,eJIOB H,ll,epHOH cpH3HKH, 0)1,HaKO BeJIHKO HX 
3HaLieHHe }l,JIH npHKJia}l,HblX pa3}l,eJIOB MHKpocpH3HKH H CMeMHbIX c Heti HayK -
H,D,epHOH reocpH3HKH, HJl.epHOH reOJIOrHH, pa,ll,HaU:HOHHOH Me,D,HU:HHbl H Jl.p. 

B nocJie,D,yIOW.HX rJiasax MbI nepexoJJ.ttM K 6oJiee nonpo6HoMy o6cyMJJ.eHHIO 
pa3JIHqHb!X BHJJ.OB panttoaKTHBHOCTH, HaqaB c paCCMOTpeHHH (B 11 rJiaBe) pacna}l,a 
H,ll,ep, HcnycKaIOill,HX qacTHU:bl co cpaBHHTeJibHO 60JibWHMH MaccaMH ( o:-qaCTHU:, 
nporoHoB, KJiacTepos). fJiaBa 12-H nocBHW.eHa ;3-pacnany, a 13-H - 1-pacnany; 
cnOHTaHHOe }l,eJieHHe 6yneT o6cyM,ll,eHO B 15-ti rJiaBe, TIOCBHill,eHHOH cpI13HKe 
}l,eJieHHH HJJ.ep. 
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§ 10.5. lfao6paJKemrn cxeM pacrra;::i:a pa;::i:uoaKTHBHhIX BJJ:ep 

CTptt nocJieJJ.y10meM H3YlJeHHH paJJ.HOaKTHBHOCTH HJJ.ep MbI 6yJJ.eM JJ.OBOJibHO urn

poKo HCil0Jlb30BaTb HHcpopMalJ,HIO, noJiylJaeMyIO MeTO,ll,aMH aJibcpa-, 6eTa-, raMMa

cneKTpOCKOilHH - Kpynttoro pa3,ll,eJia HJJ.epttoi1 cneKTpocKonHH [2]. B 3TOM scno

MoraTeJibHOM naparpacpe Mb! 03HaKOMHMC5! c COOTBeTCTBYIOW.HMH o603HalJeHI15!MH, 

KOTOpb!X 6yJJ.eM npHJJ.ep)irnBaTbC5! B )],aJibHei1rneM. 

Ha pttc. I 0.5 npHBe,ll,eHbI cxeMbI tteKOTOpbIX pacna,ll,oB paJJ.HOaKTHBHbIX HJJ.ep. 

CToTeHu,HaJibHaH HMa HJJ.pa ycJIOBHO H3o6pa)Ketta B BHJJ.e OTKpbIToro csepxy npH-

1-KacKa,ll,HOe "I 
H3JJy4eHHe 

YpoBHH 3Heprm1 
HCXO,ll,HOro 51,ll,pa 

~x 
1---------<>--------l 0,6 c "' 

IlepHO,ll,bl 

~ 

/t 
I1HTeHCHBHOCTb '0 

rroJJypacrra,ll,a 
/ 

2,34 r 

3Hepnrn 
H3JJy4eHH51 

rrepexo,ll,a B % ~---

z+1Y 

0CHOBHOH ypoBeHb ,......,;---,.-~~~~-~_,__, o-t:.._ XapaKrepHCTHKa ypoBHH 

PHc. 10.5. CxeMa rrepexo,ll,OB, paccMarpHBaeMbIX B a-, (3- 11 1-crreKrpocKorr11H 

MoyroJibHHKa. Ero HI1)KH5!5! CTopoHa, BbI,ll,eJieHHaH llITPI1XOBKOH, COOTBeTcrnyeT 

ocHOBHOMY ypoBHIO. PacnoJIO)KeHHbie HaJJ. HHM roptt30HTaJibHbie JIHHHH, orpattH

YeHHbie cnpasa H CJieBa CTeHKaMH noTeHU,HaJibHOH 5!Mbl, COOTBeTCTBYIOT B036y)K

JJ,eHHblM ypoBHHM. 

EcJIH paccMaTpirnaeTCH JIHlllb OJJ.HH H3 yposttei1 HJJ.pa, TO OH MO)KeT H306pa-

11<:aTbCH npocTo B BHJJ.e ropH30HTaJibHOH JIHHHH. CttMBOJibI HJJ.ep ~X, ~+I Y I1 T. JJ.. 

npoCTaBJI5!!0TC5! y COOTBeTCTBYIOW.HX ypOBHeH (rnepxy HJIH CHH3y). 3ttalJeHH5! 

3Heprni1 B (K3B), xapaKTepHCTHKH (o603HalJeHH5! CilHHa H lJeTHOCTH) H nepHO,ll,bl 

noJiypacnaJJ.a npoCTaBJIHIOTCH cJiesa HJIH cnpasa OT yposttei1. 

')'-nepeXO,ll,bl o603HalJaIOTC5! BepTHKaJibHblMH npHMbIMH JIHHHHMH c TOlJKOH B 

HalJaJie H cTpeJIKOH BHH3y. B HeK0Topb1x cJiylJaHx pHJJ.OM c Jil1HHei1 yKa3brnaeTcH 

3HeprnH (s K3B) H MYJibTHilOJibHOCTb nepexo,ll,a. 
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npouecCbl O:- H ,8-pacna,ll,a H306paL!<:aIOTCH HaKJIOHHb!MH JIHHH51MH CO CTpeJIKa

MH BHH3y: nepeXO,ll,bl c HcnycKam1eM O:-l.JaCTHU (o:-nepeXO,ll,bl) - TOJICTbIMH JIHHH-

51MH HaKJIOHeHHblMH BJieBo; npoueCCbl ,e--H ,e+ -pacna,ll,a (,8- - H ,e+ -nepeXO,ll,bl) -

TOHKHMH JIHHH51MH, HaKJIOHeHHbIMH BnpaBO H BJieBO COOTBeTCTBeHHO; K-3aXBaT -

HaKJIOHHOH llITpHXOBaHHOH JIHHHeH ( c CHMBOJIOM c). 

B tteo6xo,ll,HMbIX cJiyqa51x csepxy Ha,ll, HaKJIOHHhIMH JIHHH51MH npHBO,ll,51TC51 

CBe,ll,eHH51 06 3HeprHH nepexo,ll,a (B K3B) H ero HHTeHCHBHOCTH (B npouettTaX 

OT noJittoro LJHCJia pacna,ll,oB). B cJiyqae ,8-pacna,ll,a B CK06Kax )J,aeTC51 3HaLJettHe 

JiorapHciiMa cpaBHHTeJihHoro nepHO,ll,a noJiypacna,ll,a (cM. § 12.6). 
KaK BH,ll,HO, nepexO,ll,hI, paccMaTpHsaeMbie B aJibciia-, 6eTa-, raMMa-cneKTpo

CKOTIHH, 3Hal.JHTeJibHO 6oJiee pa3H006pa3Hbl no cpaBHeHHIO c nepexo,ll,aMH, HC

CJie,ll,yeMbIMH B aTOMHO-MOJieKyJIHpHOH CTieKTpOCKOTIHH. no,ll,p06ttee o6cy)K,ll,eHHe 

npo6JieM, CB513aHHbIX c 51,ll,epHOH cneKTpOCKOTIHeH, l.JHTaTeJib HaH,ll,eT B [2, 15]. 



f JiaBa 11 

AJih4>A-PACIIAJ];. 

llPOTOHHhIH H KJIACTEPHhIH PACllAJ];hl 

§ 11.1. 3Heprm1 a-pacna)l.a 

KaK Mbl 3HaeM, a-pacnaJJ. BcTpeqaeTcH TOJibKO cpem-I TH)KeJibJX HJJ.ep 1). )lJIH 

orpoMHoro 6oJibWHHCTBa a-aKTHBHbJX HJJ.ep A> 200, Z > 82 (aTOMHbIH HOMep 82 
HMeeT CBHHeu.). lfaBeCTHa He60JibWa51 rpynna a-aKTHBHblX HJJ.ep B pe3K03eMeJib

HOH o6JiaCTH (A::::::; 150). HeKOTOpb1e JJ.pyrne TH)KeJibie HJJ.pa TaK)Ke HCilbITb1Ba10T 

a-pacnaJJ.. Bcero H3BecTHO OKOJIO 200 a-aKT11BHhIX H.D.ep. 3Hepnrn, BbJ,D.eJIH!Olll.aH

rn B eJJ.11HH'lHOM aKTe pacnaJJ.a, cocTaBJIHeT 4-9 M3B JJ.JIH H,D.ep c A > 200 M3B 

11 2-4,5 M3B JJ.JIH H.D.ep c A::::::; 150. 
3HepreTl1'leCKa51 B03MO)KHOCTb a-pacna)l.a onpeJJ.eJIHeTCH HepaBeHCTBOM 

M(A, Z) > M(A- 4, Z - 2) + M(~He). (11.1) 

HeTPYJJ.HO o6bHCH11Tb, no'leMy a-pacna,D. xapaKTepeH 11MeHHO JJ.JIH TH)KeJibIX HJJ.ep. 

3HeprnH CBH3H, npttxOJJ.Hlll.aHCH Ha O)J.HH HYKJIOH TH)KeJioro HJJ.pa, yMeHbwaeTcH 

C pOCTOM MaCCOBOfO 'll1CJia (CM. p11C. 7.9). 003TOMy IlOCJie y)J.aJieHl151 113 T51)KeJIOfO 

51)1.pa O)J.Horo 11JI11 HecKOJibKl1X HYKJIOHOB 06pa3yeTcH 6oJiee npollHO CBH3aHHoe 

51)1.po. Ho ecJI11 A yMeHbWHTCH TOJibKO Ha e)J.HH11u.y, TO Bhrnrpb1rn B 3Heprntt 

OKa)KeTCH 3Ha'll1TeJibHO MeHbWe 3HeprHl1 CB51311 0)1.HOro HYKJIOHa B 51)1.pe; CJie)J,O

BaTeJibHO, HcnycKaHHe T51)KeJibJM 51)1.pOM HeHTpOHa HJil1 npOTOHa, o6Jia)l.a!Olll.ero 

3a npe,D.eJiaM11 51)1.pa HyJieBoi1 3Heprnei1 CBH311, 3HepreTH'leCKH HeBbJrO)J.HO. Cpe)J.11 

Ha1160Jiee JierKl1X 51)1.ep )J,Ba)K)l.bl Marn'leCKOe 51)1.pO ~He OTJil1'laeTC51 oco6eHHO 

60JibWOH y,D.eJibHOH 3Heprnei1 CB51311, paBHOH 7,1 M3B (cM. BCTaBKy Ha p11c. 7.9). 
3TO H npe,l1,0npe,l1,eJIHeT 3HepreTl1'leCKYIO BblfO)J,HOCTb a-pacna)J.a )J,JI51 MHOrHX TH

)KeJiblX 51)1.ep. nocJie)J,H11H B03MO)KeH, ecJIH 3Heprn51 CB51311 HYKJIOHOB 11CXO)J,HOf0 

51JJ.pa MeHbwe cyMMapHoi1 CBH311 HYKJIOHOB B HJJ.pe-npOJJ.YKTe 11 HJJ.pe 4He. 

C,lJ,eJiaeM cooTBeTcTBY!Olll.He KOJI11'leCTBeHHbie ou.eHKH. Ylll1TbJBaH HepaBeHCTBO 

(11. I), 3Heprn!O o:-pacna,D.a 3an11weM B Bl1JJ.e 

Ea= lcal = [M(A, Z) - M(A - 4, Z - 2) - M(~He)] c2 = Wa + WHI\• (11.2) 

rJJ.e Wa 11 WHI\ - KHHeT11'leCKHe 3HeprHH a-qacTHU.bI H .lJ.OllepHero HJ.I.pa. 0oJJ.

cTaBJIH51 B cpopMyJiy ( 11.2) TO'lHbie 3Ha'leHH51 Mace COOTBeTCTBY!Olll.HX qacrnu., 

1
) Pacna,ll, 51,!1,pa ~Be Ha ,ll,Be a-lJaCTHQbl, HMelOW,ero speM51 )Klf3HH nopH,!1,Ka 10- 16 

c, B COOTBeT

CTBHH c KJJaccmpHKaQHeH, BBe,ll,eHHOH B § l 0.1, CJJe,ll,yeT ClJHTaTb He pa,!1,HOaKTHBHblM pacna,ll,OM, 

a pacna,ll,OM COCTaBHOrD 51,!1,pa. 
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orrpeJl.eJieHHbie 3KcrrepHMeHTaJibHO, H BbIYHCJI5151 Ea. Hai:f)l.eM rpaHHUY o6JiaCTH 

3HaYeHHH A, )].JI51 KOTopoi1 o:-pacrra)l, 3HepreTHYeCKH BbirO)l.eH. Pe3yJibTaTbI TaKHX 

BbILJHCJieHHH )l.JI51 HaH6oJiee ycTOHLJHBbIX H3o6ap rrpe)l.CTaBJieHbI Ha pHc. 11.1. KaK 

\ I 
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80 120 160 200 240 

P11c. 11.1. 3as11c11MOCTb 3Heprn11 a-pacnaJJ.a OT Maccosoro 411c.11a JJ..1151 Ha1160.11ee ycTOii'-IHBbIX 11306ap 

BHJl.HO, Ea > 0 rrpH A ): 140, T. e. o:-pacoa)l, B03MO)KeH, HaLJHHa51 c 51)].ep peJl.K03e

MeJibHbIX 3JieMeHTOB. 

KpHBa51 Ea (A) HMeeT )].Ba MaKCHMyMa Ha HHTepBaJiax 3HaLJeHHH A = 140-150 
H A= 205-212. DepBbIH coorneTcrnyeT o:-rrepexo)l,aM, rrpH KOTopbIX 06pa3y10Tc5I 

51)].pa c MarnLJeCKHM LJHCJIOM HeHTpOHOB N = 82, a BTopoi1 - c MarnqecKHM 

LJHCJIOM rrpoTOHOB Z = 82. HarrpHMep, rrpH o:-pacoa)l,e pe)l.K03eMeJibHOro 51)].pa 
1 i~sm 06pa3yeTC.H MarnYeCKoe 51Jl.po 

1t6Nd (N = 82), a rrpH o:-pacoa)l,e 51Jl.pa 

2~~Po - )l,Ba)KJl.bI MarnLJeCKoe 51)].po 
2~~Pb (Z = 82). DocKOJibKY MarnLJeCKHe 51)].pa 

oco6eHHO ycTOHLJHBbl (Hx Macca cpaBHHTeJibHO MaJia), rrpH o6pa30BaHHH TaKHX 

51)].ep H BbI)l,eJI51eTc51 oco6eHHO 60JibWa51 3Heprn51 Ea. 
Hao6opoT, 3Ta 3Heprn51 rroHH)KeHa, Kor)l.a MaTepHHCKoe 51)].po o6Jia)l.aeT 3a

MKHYTbIMH o60JIOLJKaMH. HarrpHMep, HH3KOe 3HaYeHHe Ea y 51)].pa 
2gAt o6b51CH51-

eTC.H TeM, LJTO OHO COJ],ep)KHT MarnLJeCKOe LJHCJIO HeHTpOHOB 126. l1HTepecHO, LJTO 

6oJiee JierKHe H30TOObl aCTaTa, y KOTOpb!X LJHCJIO HeHTpOHOB HeCKOJibKO MeHbWe, 

TaK)Ke HMeIOT cpaBHHTeJibHO He6oJibWHe 3Hepnrn o:-pacrra)l.a. TaKHM o6pa3oM, 

B o:-pacoa)l,e rrp051BJ151IOTC51 o6oJIOYeLJHble 3cpcpeKTbl 1). 

Hai:f)l,eM pacrrpe)l.eJieHHe 3HeprHH o:-pacrra)l.a Me*Jl.Y o:-LJacTHUei1 H Jl.OLJepHHM 

51Jl.POM, BocrroJib30BaBWHCb 3aKOHOM coxpaHeHH51 HMITYJibca 

Pa+ PHll. = p(A, Z), 

r)l,e p(A, Z) - HMITYJibC HCXOJl.HOro 51)].pa. EcJI11 rroCJie)l.Hee rroKOHTC51, TO IPa I = 
= IPHlJ. I• 003TOMY 

( 11.3) 

1
) JlJ06onbITeH B 3TOM OTHOUieHl111 Jl.080.JibHO 3K30Tl1'-!eCKl1H c.11y4an a-pacnaJ].a OTHOCHTe.JibHO 

.11erK11x 51JJ.ep 
1g;T1 11 

1 g~Tl (coorneTcrny10m11e nepHOJJ.bI no.11ypacnaJJ.a paBHbI scero HecKO.JibKHM 

ceKyHJJ.aM). 06pa3yJOl.l(11eC51 np11 HX pacnaJ].e 51)1.pa HMelOT 3aMKHYTbie npOTOHHble 060.JIO'-IKH, OTBe

'-!a!Oll(He Z = 50. 
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T. e. KHHenP-recKaH 3Hepnrn pacnpe,ll.eJrneTCH MeM.ll.Y o:-qacTHU.eH H )l.oqepHHM 

H)l.pOM o6paTHO nponopu.HoHaJibHO HX MaccaM. Ho IIOCKOJibKY Macca o:-qacTHIJ.bl 

3HaqHTeJibHO MeHhllle MaCCbl H,ll.pa-npo,ll.yKTa, TO IIO)l.aBJIH!Olll,aH qacTb 3HeprHH 

pacna)l.a YHOCHTC5I a-qaCTHU.eH H J!Hlllb MaJiaH ee qaCTb - )l.oqepHHM H,ll.pOM. 

HanpHMep, npH o:-pacna)l.e H,ll.pa 2~~Pu HcnyCKaIOTCH o:-qacrnU.bI c 3tteprneli 

5,491 M3B (pHc. 11.2). Cornarno (11.3), KHHernqecKaH 3HeprnH )l.oqepttero H,ll.pa 
2~~U pastta 

4 
WHI( = 5,491 234 = 0,0939 M3B. 

CJie)l.oBaTeJihHO, IIOJIHaH KHHeTHqecKaH 3HeprHH Em BbI)l.eJIHeMaH npH o:-pacna)l.e, 

COCTaBJIHeT 
Ea = Wa + WH,n = 5,5849 M3B. 

KaK BH)l.HO, WH,n pastto scero JIHlllb 1,6 % OT IIOJIHOH 3HeprnH o:-pacna)l.a. CTo3TOMY 

npH6JIH:IB:eHHO MOMHO cqHTaTb, qTo Ea paBHa KHHeTHqecKOH 3HeprnH o:-qacTHIJ.bI. 

2~lPu 86,4 r 

J 7 

o+ 810,6l I I 
3+ 499 f-----------+--+-----r 

5+ 296,4 1------~--+---+----< 

153, 112 

4 + 143,2 1------.L.----f---+----f 

2+ 43,5 1-----'-------L--+----f 

49,5 E1 
o+ Qr-,,...-f--,--,-...,...-.,---,--,--,---....,--,----,,____,_-r-_, 

z~~u 

PHc. 11.2. CxeMa o.-pacna,Qa HApa 2~~Pu H TIOcJieAyJO!ll,HX 1-Tiepexo,QoB A04epHero HJ:lpa 2~~U 

§ 11.2. EbeMeHTbI TeOpHH a-pacna)l.a 

JlonycTHM, qTQ H,ll.pO 1:x' HCilb!TbIBa!Olll,ee o:-pacna)l., c¢epHqeCKoe H COCTOHT 

H3 .ll.BYX qacrnu.: H,ll.pa ~y (A= A' - 4, Z = Z' - 2) H o:-qacTHIJ.bI. B )l.ettcTBH

reJibHOCTH o:-qacTHIJ.a, nonaBlllaH BHyTpb H)l.pa (HJIH CIIOHTaHHO B03HHKlllaH B HeM) 
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c 60.JibllIOH sep051THOCTblO pa3Ba.JIIiTC51, Il03TOMY MaTep11HCKOe 51,LI.po npaBl1.JibHee 

CYl1TaTb COCT051lll,11M TOJibKO 113 HYKJIOHOB. L{a.Jiee O)l,HaKO Mb! y6e)l,11MC51, 'ITO 

OCHOBHbie oco6eHHOCTl1 a-pacna)l,a MO)KHO on11caTb, np11H51B )l,OnymeH11e 0 CaMO

CT051Te.JihHOM cymeCTBOBaH1111 a-qacTHI.J.hl BHYTPl1 51,ll,pa. 

PacnOJIO)Kl1M Hatia.JIO KOOp,ll,11HaT B IJ,eHTpe 51,ll,pa ~ Y. nocKOJibKY BHe ero KOpOT

KO)l,eHCTBYIOlll,11e 51,ll,epHbie c11.Jib1 6hICTpo o6pamaJOTC51 B HYJih, TO np11 r > R (R -
pa,ll,11yc 51,ll,pa), Ha a-YacT11IJ,y ,ll,ettcTByeT Jil1lllh 3.JieKTpocTaTw1ecKoe KYJIOHOBCKoe 

OTTa.JIKl1BaH11e, xapaKTep113yeMoe IIOTeHIJ,11a.JibHOH 3Hepr11eH 

zZe2 2Ze2 

Ukr)=-=-, 
r r 

r)l,e z = 2 - aTOMHhIH HOMep 51,ll,pa ~He. Op11 r = R a-qacT11IJ,a 11cnbITbIBa

eT Cl1.JibHOe np11T5l)KeH11e co CTOpOHbl 51,ll,pa, o6yc.JIOBJieHHOe 51,ll,epHblMl1 Cl1.JiaMl1. 

Coo6pa*eH115I, BhICKa3aHHbie HaM11 s OTHOllleH1111 noTeHIJ,11a.Jia CJIO)KHOro H,ll,pa, 

cnpase)l,Jil1BhI 11 B paccMaTp11saeMOM c.JiyYae. TaK, Kp11saH U(r) np11 r = R npe

TepnesaeT pe3Kl1H IIOYTl1 sepT11Ka.JihHbIH CKalJOK BHl13, a np11 r < R TOYHa51 cpopMa 

IIOTeHIJ,11a.Jia Hel13BeCTHa. 

Op11MeM 3a HYJih 3HepreT11YeCKOH llIKa.JibI cyMMY 3Heprni1 noK051 a-qacT11IJ,bI 

11 51,ll,pa-npo,ll,yKTa. B TaKoM c.Jiyqae 3Hepr11H 11cxo,ll,Horo a-pa,ll,11oaKTl1BHoro H,ll,pa 

6y,ll,eT onpe,ll,e.JIHThCH yposHeM Ea (p11c. 11.3). B pe3y.JihTaTe a-pacna,ll,a 51,ll,po 

u 

PHc. 11.3. CxeMa noreHIJ,HaJJhHOro 6aphepa a-aKTHBHoro H,n:pa 

nepexo.n.11T B cocT051Hl1e c Hy.Jiesoii 3Heprnei1 (np11 3TOM r ~ R); a 3HeprnH Ea 
BbI)l,e.JI51eTC51 B 811)],e Kl1HeT11YeCKOH 3Heprn11 a-qacTl1Il,bl 11 H,ll,pa-npo,ll,yKTa. 

Ec.JI11 npe,ll,cTaBl1Th, lJTO noTeHIJ,11a.JI Uk «BhIKJIJOlJeH», To paccMaTp11saeMa5I 

c11cTeMa )l,OJI)KHa pacnacThC51 npaKT11qecK11 MrHoBeHHO. B ,ll,ettcTB11Te.JibHOCT11 *e 

a-qacT11IJ,a B 51,ll,pe «3anepTa» IIOTeHIJ,11a.JihHbIM 6apbepoM, C03)],aBaeMhIM Ky.Jio

HOBCKl1M IIOTeHIJ,11a.JIOM BHe 51,ll,pa. MaKCl1MYM Kp11BOH IIOTeHIJ,11a.JihHOH 3Heprn11, 

np11xo,ll,5llll,ettc5I Ha r = R, o6o3HaYaJOT qepe3 Bk. 0o.Jiara51 R = 1,4A 113 <PM, 

11MeeM zZ 
Bk~ A 113 M3B. 

Hanp11Mep, ,ll,JI51 51,ll,pa 
2~6Th Bk= 88 · 2/(228) 113 ~ 29 M3B. 

YTOlJHeHHoe 3HaYeH11e BhICOThI noTeHIJ,11a.JihHOro 6apbepa Jil1lllh Ha HeCKOJih

KO M3B MO)KeT orn11YaTbC5I OT se.JI11lJ11HhI Bk (cM. Hl1)Ke). C ,ll,pyroii cTOpOHhI, 

3HaYeHl151 Ea He npeBbilllaJOT 9 M3B. TaK11M o6pa30M, Ea « Bki T. e. cornarno 

KJiacc11qecKOH MexaH11Ke a-pacna)l, HeB03MO)KeH. 
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Teop11H a-pacna.u.a, paccMaTp11saeMoro B Kat.JeCTBe t.JHCTO KBaHTosoro HBJieHHH, 

3aKJIIOt.JaIOw.erocH B npOXO)K.U.eHHH qacTHU,bl CKB03b noTeHU,HaJibHblH 6apbep, 6bIJia 

co3.naHa B 1928 r. r. faMOBbIM 11 He3aBHCHMO OT Hero P. f epHH H 3. KoH.U.OHOM [ 1]. 
B OCHOBe 3TOH Teop1111 Jie)KaT rrpe.ncTaBJieHHH HepeJIHTHBHCTCKOH KBaHTOBOH Me

xaHHKH, '-!TO BITOJIHe orrpas.naHO, ITOCKOJibKY KHHeTH'-leCKaH 3HeprnH a-qacTHU. He 

rrpesocxo.n11T 9 M3B, H Hx cKopocTH, KaK Jierno y6e.nHTbCH, MoryT Ct.JHTaTbCH 

HepeJIHTHBHCTCKHMH. 

Mb1 orpaHHt.JHMCH 3.U.ecb H3JIO)KeHHeM 3JieMeHTapHoH TeopHH a-pacna.na, oc

HOBaHHOH Ha cpopMyJie .U.JIH npoH11u.aeMOCTH noTeHU,HaJibHoro 6apbepa. B .naHHOM 

cJiyqae 3Ta cpopMyJia HMeeT BB.II. 

F4i 

D =exp{-~ J J2µ [U(r) - E] dr }· 
R 

(11.4) 

r.ne E =Ea., µ = ma.M/ma. + M - np11BeAeHHaH Macca a-qacTHU.bI c MaccoH: 

ma. H 5I.U.pa c MaCCOH M. nocKOJibKY JJ:JI5I T5I)K€J1b!X H,n:ep ma « M' TO µ ~ ma. 
(IT03TOMY HH)Ke BMeCTO µ Mb! 6y)l.eM 3aOHCbIBaTb ma)· 

B o6rn.eM cJiyqae noTeHu.11aJibHaH 3Heprn5I CKJiaJJ.bIBaeTCH H3 JJ.Byx KOMnoHeHT: 

KYJIOHOBCKOH 3HeprnH Uk H u.eHTpo6e)KHOH 3HeprnH Uu,, rrpo11cxo)KJJ.eHHe KOTopoH: 

CB5I3aHO c B03M0)KHOCTbIO BbIJieTa H3 H.U.pa a-qacTHU,bl c OTJIH'-!Hb!M OT HYJIH 

op6HTaJibHbIM MOMeHTOM 1 (KBaHTOBOe l.JHCJIO l, xapaKTepH3YIOW.ee 3TOT MOMeHT, 

MO)KeT rrpHHHMaTb ueJIO'-IHCJieHHbie 3Hat.JeHHH). 

UeHTpo6e)KHaH 3HeprnH orrHcbrnaeTCH cpopMyJioH 

h2 
Uu.(r) = l(l + 1)--2 • 

2mar 

,UorrycTHMbie 3Hat.JeHHH KBaHTOBOro l.JHCJia l orpaHHt.JeHbl ycJIOBHeM 

I Ii - h I ~ l ~ I Ii + h J, (11.5) 

BbITeKaIOW.HM 113 3aKoHa coxpaHeHHH crr11Ha. B (11.5) Ii 11 h - crrHHbI MaTe

p11HcKoro 11 )l.Ot.JepHero 5IJJ.ep COOTBeTCTBeHHO. 06o3Hat.JHM t.JeTHOCTb Hat.JaJibHOro 

H KOHecrnoro COCT05IHHH H,n:pa 'lri H 'lrk· J13 3aKOHa coxpaHeHH5I '-1€THOCTl1 CJie,n:y-

eT, '-!TO 

(11.6) 

(rrocKOJibKY BHyTpeHH5IH t.JeTHOCTb a-qacTHU.bI 7ra = +1, a ee crr11H Ia = 0). 
CornacHo ( 11.6) l JJ.OJI)KHO 6bITb t.JeTHbIM npH cosrra,ll,eHHH t.JeTHOCTH MaTe

p11HcKoro 11 )l.Ot.JepHero 5I,ll,ep 11 Het.JeTHbIM npH pa3HOH t.JeTHOCTH 3Tl1X 5I,ll,ep. 

3Hat.JeHHH l orpaHHt.JeHbl. 3To BbITeKaeT 113 Toro, '-!TO .U.JIH HcnycKaeMOH 5I)l,

poM a-t.JaCT11Ubl np11ueJibHOe paCCTOHHl1e c He )l,OJI)KHO npeBbIWaTb pa.[(11yca H)l,

pa R: p = XJZ(l + 1) ~ Xl ~ R. ,IlJIH T5I)KeJibIX H,ll,ep R ~ 10- 12 CM, no3TOMY 

Xl < 10-12 CM. 3Hat.JeHHe X .[(JIH a-qacTHUbI c KHHeTHt.JecKoH 3HeprneH: Wa. KaK 

H€TPYAHO rroKa3aTb, orrpe,ll,eJIHeTCH cpopMyJIOH 

2 25. 10- 13 

A= ' CM. 

Jw: 
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Cpe,nHee 3HaLiem1e KHHeTHLieCKOH 3Heprntt a-LiaCTHU, ttcnycKaeMbIX H,npaMH c A > 
> 200, paBHO 6 M3B; noJiaraH 3Heprmo Wa paBHOH 3TOH BeJIHLIHHe, noJiyLIHM 

X ~ 10- 13 CM. CJie,noBaTeJibHO, l :( 10. 
3Ha4etttte Uu. nptt r = R Ha3bIBaIOT BbICOTOH ueHTpo6e)!{HOro 6apbepa; o6o-

3HaLiaH ee Liepe3 Bu. H noJiaraH, LITO R ~ 10- 12 CM, noJiyLIHM 

B = h
2
l(l+I) ~ l(l+I) M

3
B 

u. 2maR2 20 ' 

T. e. nptt l = 0 HMeeM Bu. = 0, a nptt l = 1, 2, 3, ... 3HaLieHHe Bu. paBHO co

orneTcTBeHHO 0, 1 M3B, 0,3 M3B, 0,6 M3B H T. ,n. MaKCHMaJibHOMY 3HaLieHHIO 

l = 10 OTBeLiaeT Bu. = 5,5 M3B, LITO cyw,ecTBeHHO MeHbllle BeJIHLIHHbI Uk ,nJIH 

H,npa 232Th. UeHTpo6e)!{HaH 3HeprnH yMeHblllaeTCH c pocToM r no 3aKoHy 1 /r2, 

Tor.na KaK KYJIOHOBCKaH 3HeprnH y6brnaeT no 3aKoHy 1 / r, T. e. ropa3,no Me,nJieHHee. 

KaK BH,nHo, Uu.(r) « Uk(r) BO BCeM paccMaTpHBaeMOM ,nttana3oHe 3HaLieHHH r. 
ITptt yLieTe ueHTpo6e.m:Hoif 3Heprntt 3HaLieHHe U(r) Bo3pacTaeT, a TaK KaK 3Ta 

BeJIH4HHa BXO,llHT B cpopMyJie ( 11.4) B noKa3aTeJib 3KCOOHeHTbl H ,neJIHTCH Ha 

nocTOHHHy10 ITJiaHKa, TO nptt l > 0 BepoHTHOCTb HcnycKaHHH H,npoM a-LiaCTHUbI 

MO)!{eT ,noBOJibHO cyw,ecrneHHO yMeHblllHTbCH. HanpttMep, BepoHTHOCTb HcnycKa

HHH H,npoM a-LiacTHUbl c l = 4 B 5,5 pa3 MeHbllle, LieM a-LiacTHUbI c l = 0. TaKHM 

o6pa3oM, nptt cpaBmneJibHO He6oJiblllHX l 3HaLieHHH D xorn 11 pa3JIH4HbI, HO 

o,nttoro nopH,nKa. 

CBH)!{eM npoHHUaeMOCTb c nocTOHHHOH pacna,na H nep110,noM noJiypacna,na. 

ITycTb HMeeTCH n a-pa,n11oaKTHBHbIX H,nep. flpoH11uaeMOCTb HMeeT CMbICJI Bepo

HTHOCTH npoxo.m:,neHHH a-LiaCTHIJ,bl CKB03b 6apbep npH O,llHOM y.nape 0 CTeHKY 

noTeHIJ,HaJibHOH HMbl. flo3TOMY 3a BpeMH dt 6y,neT pacna,naTbCH 4HCJIO H,nep dn, 
paBHOe 

dn = >.ndt = kDndt, ( 11. 7) 

r.ne k - 4HCJIO y,napoB a-LiaCTHIJ,bl 0 CTeHKY HMbl B e,nHHHUY BpeMeHH. flpHMeM 

Tenepb BO BHHMaHHe, 4TO k rv v IR ( v - CKOpOCTb a-LiaCTHIJ,bl). Jl,JIH onpe,neJieHHH 

v BOCnOJib3yeMCH COOTHOllleHHeM Heonpe,neJieHHOCTeH KOOp,n11HaTa - HMnyJibC, Ha 

OCHOBaHHH KOTOporo v = n/maR, 11, CJie,llOBaTeJibHO, k = n/maR2. KoM611H11pyH 

3TO COOTHOllleHHe c ( 11. 7)' HMeeM 

r.ne k ~ 1020. 

h 
>.~--2 D=kD, maR 

flepen11llleM coornollleHHe ( 11.8) B 6oJiee o6w,eif cpopMe: 

~ 

).. = 
1~2 = kexp{-~ I J2ma [U(r) - W] dr} = kexp [<p(W)]. 

R 

3,necb w = Wa + wll.l\ = E. flpoJiorapttcpMHpyeM Bb!pa.m:eHHe ,llJIH >.: 

ln>. =Ink+ <p(W). 

(11.8) 

(11.9) 
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c noMOill,h!O npoCThIX npeo6pa30BaHHH 3TY qwpMyJiy MO)KHO npHBecrn K BH,II,Y 

A 
lg .A = m:r + B, 

v w°' 
(11.10) 

rne YLJTeHo, LJTO W = Wa' • A H B - KOHCTaHThI, MaJio H3MeH51!01ll.Hern c 3ap51-

noM Z. 
<PopMyJia (11.10) CXO,II,Ha c 3aKOHOM, 3MnHpHI..JeCKH yCTaHOBJieHHhIM r. feflre

poM H )],LK. HeTTOJIOM eme B 1911 r.: 

lg .A = A' lg W a + B', (11.11) 

HOCHlll.HM HX HM51. KoHcTaHThI A' H B' He 3aBHC51T OT Maccoaoro LJHCJia H cJia6o 

3aBHC51T OT nop51,II,KOBOro HOMepa. 3aKOH feflrepa-HeTTOJia oco6eHHO xoporno 

BblIIOJIH51eTC51 ,ll,JI51 l.J€THO-I..JeTHhlX 51,II,ep. 3TOT 3aKOH n03BOJI51eT, B I..JaCTHOCTH, 

HaXO,II,HTh nOCT051HHYIO pacnana (a, CJie,II,OBaTeJihHO, H nepHO,ll, noJiypacnana) 51,II,ep, 

,ll,JI51 KOTOpb!X Henocpe,II,CTBeHHOe H3MepeHHe 3THX BeJIHl.JHH HeB03MOLKHO. 

CpaBHHBa51 BbipaLKeHH51 (11.10) H (11.11), He06XO,ll,HMO HMeTb B BHJJ.y, l.JTO 

nepaoe H3 HHX CB513hIBaeT .A He TOJihKO c Wa (nono6Ho 3aKoHy feflrepa-HeTTOJia), 

Ho H c Z H R. YKa3aHHhie KOHCTaHThI H3BeCTHhI ,II,JIH 6oJihllloro LJHCJia a-aKTHBHhIX 

51J],ep, B TOM l.JHCJie H MHOrHX HCKyccTBeHHO noJiyI..JeHHhIX. <PopMyJia (11.10) 51BJI5!

eTC5l, TaKHM o6pa30M, 6oJiee HHcpopMaTHBHOH no cpaBHeHHIO c cpopMyJIOH (11.11); 
K roMy LKe nepaa51 H3 HHX ycraHaBJIHBaer 6oJiee TOLJHoe coorHollleHne MeLKJJ.Y .A 
11 Wa. I..JeM LJHCTO 3MIIHpHI..JeCKHH 3aKOH feflrepa-HerrnJia. 

C noMOlll.h!O ( 11.10) no 3HaI..JeHHIO .A MOLKHO onpeJJ.eJIHTh panHyc 51JJ.pa R. 
I-fa ( 11.11) BH,II,HO, LJTO 3HaI..JeHHe R pe3KO MeH51eTC51 npH cpaBHHTeJihHO He6oJih

rnHx H3MeHeHH51X .A, no3TOMY 3HaH .A, MOLKHO nocraTOLJHO TOLJHO onpeJJ.eJIHTh R 
(HO no 3TOH LKe npHLJHHe HeU,eJiecoo6pa3HO HCnOJih30BaTb cpopMyJiy ( 11.10) J],JI51 

HaXOLKJJ.eHHH BeJIHLJHHhI .A, ncnoJih3YH H3BecrHoe 3HaI..JeH11e R). 
PacI..JeThI, npoJJ.eJiaHHhie ,II,JI51 6oJibllloro LJHCJia a-paJJ.HOaKTHBHhIX 51,II,ep, npnae-

JIH K COOTHOllleHHIO 

R = (1,45-1,5) · 10-13 A113. (11.12) 

OnpeneJieHHhie c noMOill,hlO cpopMyJihI ( 11.12) paJJ.HYChI 51,II,ep Ha 20-30 % npe

BhilllaIOT 3HaI..JeHH51 R, onpeneJieHHhie JJ.PYrHMH MeToJJ.aMH, on11caHHhIMH B rn. 7. 
CTpHLJHHY 3roro pacxOLKJJ.eHH51 HerpyJJ.HO o6b51CHHTh. B reop1111 a-pacnana npen

rroJiaraerCH, LJTO HJJ.pa ccpep11I..JecKH-cHMMerp11LJHhI. MeLKJJ.Y TeM, H3MepeH11e Kaan

pynoJihHhIX MOMeHTOB noKa3bIBaeT, l.JTO 60Jibllla51 I..JaCTb a-pannoaKTHBHhIX 51,II,ep 

HMeer cpopMy 3JIJIHnco11na apaw.eHH51. B pa3JIHLJHhIX Mecrax raKoro 51,II,pa npoHH

uaeMOCTh ,II,OJILKHa 6hITh pa3JIHLJHOH. CT03r0My anoJIHe ecTecrneHHO, LJTO onpene

JieH11e panHyca c noMOlll,hlO np116JIHLKeHHOH cpopMyJihl ( 11.10)' Bh!TeKa!Olll,eH H3 

H3JIOLKeHHOH TeopHH, He COBnanaeT c ero OU,eHKaMH, BhIIIOJIHeHHhIMH npyrHMH 

cnoco6aMH. 

)],aHHhie Ta6JIHU, 4.1 H 4.2 noKa3hIBaIOT, Y.TO nepHOJ],hl noJiypacnana a-aKTHB

HhlX HJ],ep ypaHOBOro H ropHeBbIX p51,II,OB npHXO,II,51TC51 Ha He06bJY.aHHO lllHpOKHH 

HHTepBaJI BpeMeHH; HanpHMep, ,ll,JI51 BTOporo 113 HHX OT 1010 JieT (232 Th) ,l.1,0 10-? C 

(2 12
Po). Cxontta51 Ka pm Ha 6oJihlllHX pa36pocoa 3HaY.eHHH nep11onoa noJiypacnana 
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HMeeT Mecrn Jl.JIH a-aKTHBHhIX HJl.ep Jl.pyrnx paJl.HOaKTHBHhIX pHJ1.0B. 0.n.HaKo 3Hep

rHH a-qaCTHU: BO Bcex CJJyqa.fIX rrpHXOJl.HTC.fl Ha cpaBHHTeJihHO Y3KHe HHTepBaJlhI; 

HarroMHHM, qrn rrpH A > 200 3HeprnH a-qacTHU: yKJJa)l.bIBaIOTCH B Jl.Harra3oHe oT 

4 Jl.O 9 M3B, a rrpH A ~ 150 - OT 2 Jl.O 4,5 M3B. TaKHM o6pa30M, a-pacrraJl. 

o6JJa,ll,aeT rropa3HTeJlbHhlM CBOHCTBOM, Bbipa:»<a10meMC.fl B oqeHb CHJ!hHOH 3aBHCH

MOCTH rrepHOJl.a rroJiypacrra,ll.a OT 3HeprnH HcrrycKaeMhIX qacTHU:. TaK, yMeHhilleHHe 

HX 3HeprnH Ha 1 % COOTBeTCTByeT H3MeHeHHIO rrepHO,ll.a IIOJJypacrra,ll.a Ha ,ll.Ba-TpH 

rropH,n,Ka. 

3To CBOHCTBO a-pacrra,ll.a HeTPYJl.HO o6bHCHHTh. CHJJhHaH 3aBHCHMOCTh rre

pHOJl.a IIOJiypacrra,ll.a H,ll.pa OT 3HeprnH o6ycJIOBJieHa HaJIHqHeM B IIOKa3aTeJie 

3KCITOHeHThl ( 11.9) MaJIOH BeJIHqHHhl - IIOCTOHHHOH TIJiaHKa n. ,lla:»<e rrpH OT

HOCHTeJibHO He60JihillOM H3MeHeHHH 3HeprHH rrpoHCXOJl.HT CHJibHOe H3MeHeHHe 

rroKa3aTeJIH H oqeHh pe3KOe H3MeHeHHe T. I1MeHHO 3THM o6bHCHHeTcH TO, qTo 

3HeprHH HcrrycKaeMbIX a-qacTHU: Jl.OBOJihHO :»<eCTKO orpaHHqeHbl, XOT.fl B rrpHHU:Hne 

rrpoHHu:aeMOCTh ( 11.4) OTJIHqHa OT HYJIH rrpH JII06oM 3HaqeHHH E. TaK, pacqeT no 

¢opMyJie (11.9) fiOKa3bIBaeT, "lJ.TO eCJIH 3HeprnH O'.-'-l.aCTHU., HcnyCKaeMhIX H,ll,paMH 

c A > 200 rrpeBhIIllaeT 9 M3B, TO pacrra,ll. npoHCXOJl.HT rrpaKrnqecKH MrHOBeHHO. 

B KJiaccHqecKOM CJiyqae n - 0, D - 0, A - 0, T - 00, qTo COOTBeTcrnyeT 

tteB03MOJKHOCTH pacrra,ll,a. EcJIH JKe CHTyau:HH He CJIHillKOM CHJihHO OTJIHqaeTcH 

OT KJiaccHqecKOH, TO 3HaqeHH.fl rrepHO,ll.a rroJiypacrra,ll.a IIOJiyqaJOTCH qpe3BbJqaHHO 

6oJihillHMH. 3rn HMeeT MeCTo, KOr,ll.a 3HeprnH ;J-pacrra,ll.a HJI.ep c A > 200 6JIH3Ka 

K 4 M3B, TOrJl.a KaK c ee JI.aJihHeHillHM yMeHbilleHHeM rrepHOJl.hI noJiypacna,ll.a 

CTaHOBHTCH CTOJih orpOMHhIMH, qTo ,8-pacnaJI. yJKe rrpaKTHqecKH HeB03MOlKHO 

o6ttapy2KHTb (npH T""' 1017 -1018 
JleT). CHmKeHHe rpaHH'·l.HhlX 3Ha'-l.eHHH 3Hepnrn 

a-pacrraJI.a Jl.JIH HJl.ep c A ~ 150 o6bHCHHeTC.fl yMeHbilleHHeM pa,ll.Hyca H BhICOThI 

6aphepa. 

TipH BhIBOJI.e ¢opMyJihI (11.9) rrpeJl.IIOJiaraJioch, qrn a-qacrnu:a cymecrnyeT 

B HCXOJI.HOM HJl.pe B KaqeCTBe caMOCTOHTeJibHOH qacTHU:hI. B ,ll.ettcTBHTeJihHOCTH 

Bh!XOJ1.Y a-qacTHU:hl H3 H,ll.pa )J,OJIJKeH rrpe,ll.IlleCTBOBaTb rrpou:ecc ee o6pa30BaHH.fl 

H3 HYKJIOHOB. TipH yqeTe TaKoro rrpou:ecca B cpopMyJie (11.9) H3MeHHTC.fl JIHillh 

rrpe,ll.3KCIIOHeHU:HaJibHhIH MHOlKHTeJib, a IIOKa3aTeJib 3KCIIOHeHThl OCTaHeTC.fl HeH3-

MeHHblM. 0,IJ,H3KO nepHO,Il, noJiypacna,IJ,a 3aBHCHT OT Hero 3Ha'-l.HTeJlhHO CHJlhHee, 

qeM OT npeJ1.3KCIIOHeHu:HaJihHoro MHOJKHTeJIH. Tio3TOMY BJIHHHHe BHYTPHHJl.epHhIX 

npou:eccoB Ha a-pacnaJl. He oqeHh cymecrneHHO. TeM He Mettee, 3HaqeHHH T, 
BhJqHCJIHeMbie no cpopMyJie (11.9), 3aqaCTyIO OKa3bIBaIOTC.fl 3HaqHTeJihHO 6oJibille 

3Kcrrep11MeHTaJihHh1x KaK no rrpHqHHe tteyqern Teop11ei1 BJIHHHHH BHYTPHHJl.epHhIX 

rrpou:eccos Ha a-pacrra,ll,, TaK H rro HeKornphIM APYrHM npHqHHaM. HarrpHMep, 

3KCrrepHMeHTaJihHO ycTaHOBJieHO cymecTBOBaHHe a-pacrra,ll.a, 3arrpemeHHOfO 3aKo

HOM coxpaHeHHH qeTHOCTH (3arrpeT, HaKJia,ll.bJBaeMbIH 3THM 3aKOHOM, He HBJIHeTC.fl 

a6COJIIOTHhIM, O,ll,HaKo OH o6yCJIOBJIHBaeT O"lJ.eHh CHJlhHOe - B 107 -1014 pa3 -

yMeHbilleHHe sepOHTHOCTH a-pacrra,ll.a). 0Ka3bJBaeT HeKOTOpoe BJIHHHHe Ha rrpo

u:ecc a-pacrra,ll.a H 3JieKTpoHHaH o6oJioqKa a-pa,ll.HOaKTHBHoro HJl.pa. a-pacrra,ll. Ha-

3bIBaIOT o6JlectteHHbl.M, ecJJH cpopMyJia (11.9) rrpHBO)J,HT K pe3yJihTaTy, Jl.OCTaToqHQ 

6JJH3KOMY K coorneTCTBYIOII.I.eMy Ha6JIIOJ1.eHHIO. Ecm1 JKe 3KcrrepHMeHTaJihHO orrpe

,ll.eJieHHhIH rrepHOJl. rroJiypacna,lJ,a rrpeshIIllaeT pacqeTHhIH 6oJiee, qeM Ha rropHJl.OK 
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(H3BeCTHbl OTKJIOHeHH51 Ha ABa H 6oJiee nopHAKOB), TO pacnaA Ha3bIBalOT Heo6-

Ae2t.ieHHblM. 06Jier'leHHbIMH HBJl51IOTCH a-pacnaAbl Me)KAY OCHOBHblMH ypoBHHMH 

'leTHO-'leTHblX 51Aep. 

KaqecTBeHHoe o6bHCHemi:e o6Jier'leHHbIX 11 Heo6Jier'leHHbIX pacnaAoB B HApax 

c He'leTHhIM A MO)KHO AaTb, socnoJih30BaBrnHch Teop11ei1 Hecqiep11qecKHX HAep 

(§ 8.2) ,UJIH Toro, 'lT06b1 o6beAHHHTbCH B a-qacrnu.y, 'leTBepKa HYKJIOHOB AOJI)KHa 

HMeTb HyJieBhie OTHOCHTeJibHbie MOMeHTbI HMnyJihca. HaH6oJiee JierKo a-qacn1u.a 

MO)KeT o6paaosaThCH H3 ABYX cnapeHHbIX Hei1TpoHOB 11 ABYX cnapeHHbIX npoTo

HOB, nocKOJlbKY AJIH cnapeHHblX HYKJIOHOB BepOHTHOCTb HMeTb HyJieBOH OTHOCH

TeJibHblH MOMeHT MaKcHMaJibHa. CTo3TOMY a-qacTHU.a c Ha1160Jibrnei1 sepoHTHO

CThIO o6paayeTCH B cJiyqae, KOrAa npoeKIJ,HH K noJIHOro MoMeHTa HecqiepH'lecKoro 

HApa Ha ero ocb CHMMeTpHH ocTaeTrn HeHaMeHHOH. CTpH npoq11x paBHhIX ycJIOBHHX 

Ha1160J1ee sepoHTHbI TaKHe pacnaAhI, np11 KOTOpbIX K H qeTHOCTb He MeHHIOTCH. 

CTepeq11cJieHHb1e Tpe6oBaHHH BbinOJIHHIOTCH np11 ynoMHHYTbIX BhIWe nepexoAaX 

Me)KAY OCHOBHblMH COCTOHHHHMH 'leTHO-'leTHbIX HAep. 

,UJIH HAep c He'leTHhIM A a-pacnaA ocJIO)KHHeTC51 6JiaroAap51 HaJIH'lHIO He'leT

Horo HecnapeHHoro HYKJIOHa. B 3TOM cJiyqae AJIH ocHOBHhIX cocTOHHHH MaTe

pHHCKoro 11 AO'lepHero HApa K MmKeT 6bITb pa3JIH'lHhIM, H pacnaA B OCHOB

Hoe COCT051HHe OKa)KeTCH He06JierqeHHblM. ,UonycTHM, 'ITO B 3HepreTH'leCKOM 

cneKTpe AO'lepHero HApa HMeeTCH HH3KOJie)Kaill,HH B036y)KAeHHb!H ypoBeHb, AJIH 

KOToporo K H 'leTHOCTb Te )Ke, 'ITO H AJI51 OCHOBHOro COCTOHHH51 MaTepHHCKOro 

HApa. TorAa Ha1160Jiee sepoHTeH nepexoA Ha yKaaaHHhIH yposeHb AO'lepHero 

HApa, HBJIHIOill,HHCH o6Jier'leHHhIM. HanpHMep, AJIH 2~~Np B03MO)KeH pacnaA no 

cxeMe 2~~Np ---+ 2~l Pa+ ~He. XapaKTepHCTHKa 5/2+ OCHOBHOro COCTOHHHH 51Apa 
235Np onpeAeJIHeTC51 cnHHOM H 'leTHOCTblO OAHO'laCTH'lHOro ypoBHH, 3aHHMaeMoro 

He'leTHbIM 93-M npoTOHOM. B TaKOM cJiyqae Ha1160Jiee sepoHTeH nepexoA, np11 

KOTopoM cnHH H qeTHOCTb HApa He H3MeHHIOTCH. Dp11 3TOM nepexoAe cocTOHHHe 

He'leTHoro npoTOHa ocTaeTCH npe)KHHM. Ho AJIH HApa 2~J Pa OHO orneqaeT y)Ke 

He ero OCHOBHOMY ypoBHIO 3/2-, a B036y)KAeHHOMY c xapaKTepHCTHKOH 5/2+ 

(cM. p11c. 11.4). OnbIT noKa3bIBaeT, 'ITO noAaBJIHIOill,aH qacTh a-nepeXOAOB (oKoJio 

84 % ) COBepwaeTCH HMeHHO Ha 3TOT ypoBeHb. 

§ 11.3. 3JieMeHTbl a-crreKTpOCKOIIHH 

HaH6oJiee TO'lHO 3HeprnH a-qacrn.u MO)KeT 6bITh onpeAeJieHa c noMOill,bIO 

aJih<t>a-cneKTpoMeTpa. CTpHHUHn ero AeHCTBHH aHaJIOrn'leH np11Hu11ny AeHCTBHH 

Macc-cneKTpoMeTpa. HanoMHHM, 'ITO npH ABH)KeHHH aapH)KeHHhIX qacTHU B none

pe'IHOM MarHHTHOM noJie OHH ABH)KYTC51 no KpyroBblM TpaeKTOpH51M c paAHycaMH 
Mv 

R = eB . CTp11 v = const ocymecTBJIHeTCH attaJIH3 no MaccaM 'laCTHU, a np11 

M = const - no HX cKopocrnM (KHHeTH'leCKHM 3HeprnHM). 

Macca a-qacTHUhI HaCTOJihKO 3Ha'lHTeJibHa, 'ITO AJIH HCKpHBJieHHH ee TpaeK

rnp1111 Tpe6yeTCH AOCTaTO'lHO CHJlbHOe MarHHTHOe noJie (nopHAKa AeCHTH TbIC51'l 

3cTpeA np11 R ~ 50 CM); 3TO noJie AOJI)KHO coxpaHHTb BhICOKYIO CTeneHb OA

HOPOAHOCTH Ha BceM npoTH)KeHHH TpaeKTop1111 a-1.rncTHIJ.bl. I1cTO'lHHK a-qacTHU 
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235 

173 

7/2+ 102,3 

5/2+ 84,17 

5/T 68,5 

7/T 
58,53 

3/T 0 

z~lPa 

Pnc. 11.4. CxeMa a-nepexo.nos 2~~Np--> 2~lPa 

B cneKTpoMeTpe ,ll,OJDKeH 6b!Tb HaCTOJibKO TOHOK, 4T06bJ TOpMO)KeHHe 0:-LiaCTHU 

B sew.ecrne HCTOLIHHKa 6bJJIO 6b! npeHe6pe)KHMO MaJiblM. flpH HCnOJib30BaHHH 

,ll,OCTaTOLIHO TW.aTeJibHO npHrOTOBJieHHbIX HCTOLIHHKOB MO)KHO noJiyLIHTb JIHHHH 

wHpHHOH nopH,n,Ka 2-4 K3B. KaK BH,D,Ho, onbITbI no TOLIHOMY H3MepeHHIO 3HeprnH 

a-LiaCTHU ,ll,OBOJibHO CJIO)KHbl. 

EcJIH 6b1 B pe3yJibTaTe HcnycKaHHH HeBo36y)K,n,eHHbIM H,n,poM a-LiaCTHUbI H,n,po

npo,n,yKT OKa3bIBaJIOCb Bcer,n,a B OCHOBHOM COCTOHHHH, TO 3HepreTHLieCKHH cneKTP 

a-LiaCTHU (a-cneKTp) 6bIJI 6b1 npe)l.CTasJieH o,n,Hofi JIHHHefi. B ,n,effcrnHTeJibHOCTH 

oLieHb LiacTo a-cneKTpb1 o6Jia,n,aIOT TOHKOH CTPYKTypoff, B03HHKaIOw.eff 6Jiaro,n,apH 

pacna,n,aM Ha B036y)K,n,eHHbie ypoBHH. 0,n,HaKo 6Jiaro,n,apH HCKJIIOLIHTeJibHO pe3KOH 

3aBHCHMOCTH sepoHTHOCTH a-pacna,n,a OT 3HeprnH o6bi4HO npeo6Jia,D,aIOT nepexO)l.bl 

Ha OCHOBHOH ypoBeHb, HM OTBeLiaeT B a-cneKTpe HaH60Jiee HHTeHCHBHaH JIHHHH, 

o6pa30BaHHaH a-Liacn1uaMH, COCTaBJIHIOW.HMH TaK Ha3bJBaeMyIO OCHOBHYIO rpyn

ny. JlHHHH TOHKOH CTPYKTYPbI, KOTOpb1e y,n,aeTcH 3KcnepHMeHTaJibHO Ha6JIIO,D,aTb, 

B03HHKaIOT npH nepexo,n,ax Ha Bpaw.aTeJibHbie ypoBHH, HMeIOw.He, KaK H3BeCTHO, 

OTHOCHTeJibHO HH3KHe 3HeprnH B036y)K,D,eHHH (nopH,n,Ka ,ll,OJieH M3B). 3Heprn5! 

a-LiaCTHU OCHOBHOH rpynnbl 60Jibllle 3Heprm1 a-Liacnn.1,, COOTBeTCTBYIOW.HX JIH

HHHM TOHKOH CTPYKTypb1; nocJie,D,HHe cosepwaIOT B sew.ecrne MeHbWHH npo6er 

no cpasHeHHIO c LiaCTHI..I,aMH OCHOBHOH rpynIIbl. a-cneKTpbl OIIHCbIBaeMoro THIIa 

o6pa3yIOTCH npH pacna,n,e H,n,ep 2~~Pu (pHc. 11.2). ,Il,oLiepHHe H,n,pa 
2~~U HMeIOT 

Bpaw.aTeJibHbie ypOBHH C xapaKTepHCTHKaMH 2+, 4 +, 6+, s+. flepeXO,ll,bl C Hcnyc

KaHHeM a-4aCTHU npOHCXO,ll,HT Ha Bee nepeLIHCJieHHbie ypoBHH, npHLieM HHTeH-
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CHBHOCTb TeM M€Hbille, '-leM BbIIlle pacnoJIO:>KeH ypoBeHh . .3To 06bRCHReTCR TeM, 
'-!TO npomn.1.aeMOCTb KyJIOHOBCKOro 6apbepa pe3KO yMeHbillaeTC51 c yMeHbilleHHeM 
3HeprHH a-'-!aCTHU. 3Ha51 3KCnepHM€HTaJibHO onpeneneHHWe 3Ha'-!eHH51 3HeprHH 

a-'-!aCTHU, HeTpynHo BhI'-!HcnHTh 3Heprmo ypoBHefl noqepHero Hnpa. 
l1cnycKaHHe a-'-lacrnu conpoBo:>KnaeTCH nocneny10mHM (cnycrn 10- 13-10- 14 c) 

HCnycKaHHeM onHoro HnH H€CKOnhKHX /-KBaHTOB C 3Heprnefl 

rne '-!epe3 Ei. Ek. Ez, ... o6o3Ha4eHhI 3HeprnH B036y:>KneHHhIX ypoBHefl no'-IepHero 
Rnpa, a '-Iepe3 E0 -3HeprnR ero ocHOBHoro ypoBHR (3aMeTHM, '-ITO HcnycKaHHe 
a-'-!aCTHU OCHOBHOH rpynnhl He conpOBO:>KnaeTC51 HcnycKaHHeM 1-KBaHTOB). 

)lnH npoBepKH 3Ha'-leHHH 3HeprnH ypoBHefl no4epHHX Hnep, onpeneneHHhIX 
no naHHblM 06 3HeprnH a-'-!aCTHU, nononHHTenhHO Hcnonb3YIOTC51 3KcnepHMeH
TanhHhie naHHhie 06 3HeprnH /-KBaHTOB, ttcnycKaeMhIX npH a-pacnane. 06bI4Ho 
Ha6nIOnaeTrn xopoillee cornarne Me:>Kny HmpopMauHefl 06 3HeprnH ypoBHefl, no
ny'-laeMofl TeM H npyrnM cnoco6oM. 

l1HTeHCHBHOCTh HeKoTophIX nHHHH TOHKOH cTpyKTYPhI 3HepreTH'-!ecKoro cneK
Tpa a-qacTHU '-Ipe3BhI'-laf!Ho Mana. HanpHMep, H3 cxeMhI pHc. 11.2 BHnHo, 4TO 
HHT€HCHBHOCTh rEynnhI a-'-laCTHU, HCnycKaeMbIX npH nepexone Ha ypoBeHb 3+ 
noqepHero HJJ.pa 34 U, paBtta Bcero 0,005 %. CTonb cna6b1e nHHHH o'-!etth Tpyn
HO 3aperncTpHpOB8Th. )lnH pernCTpaUHH cna6b!X nHHHH Hcnonb3Y€TC51 MeTOn 
a-1-coBnaneHHH. PerncTpHpyIOmaH CHCTeMa COCTOHT H3 neTeKTOpa a-'-!aCTHU, 
onpenenHIOmero 3HeprnIO a-4aCTHU H neTeKTopa 1-KBaHTOB, c noMOUJ,b!O KOToporo 
onpenenHeTC51 HX 3Heprn51. l1MnynhCbl OT 3THX neTeKTOpOB nocTynaIOT Ha cxeMy 
COBnaneHHH, KOTopaR cpa6aThIBaeT, ecnH TOnbKO HMnynhCbl nocTynaIOT onHOBpe
MeHHO. c noMOUJ,b!O TaKoro npHeMa, urnpOKO HCnOnh3yeMoro B HnepHOH cpH3HKe, 
ynaeTC51 perncTpHpOBaTh penKHe 51BneHH51 Ha 6onhillOM cpoHe. 

5Inpa 2§~Po H 2§!Po HcnycKa!OT H3 B036ym:neHHbIX COCTOHHHH a-'-!aCTHUbl c 
3Heprnefl, npeBocxonHmefl 3HeprnIO a-'-!aCTHU ocHOBHOH rpynnhI. TaKHe qacTHUhI 
npoxonHT B Bemecrne cymecTBeHHO 6onhillHH nyTh no cpaBHeHHIO c ocTanhHhIMH 
a-'-!aCTHUaMH H Ha3b!Ba!OTC51 8JLUHHOnpo6e:JJCHblMU. 

Ha pHc. 11.5 noKa3aHa cxeMa a-pacnana Hnpa 2§~Po (nnH npocTOThI 
npHBeneHa nHillh '-!aCTh 3KcnepHMeHTanhHO Ha6nIOnaeMhIX nepexonoB). Xorn 
Hnpa 212 Po o6pa3yIOTC51 B B036y:>KneHHOM COCTOHHHH 2+ npH6nH3HTenhHO B 8 % 
cny1rneB, onttaKO HHTeHCHBHOCTb JIHHHH, B03HHKaIOmefl B pe3ynhTaTe HCnycKamrn 
nnHHHonpo6e:>KHbIX '-laCTHU H3 3TOro COCT051HH51, O'-!eHb Mana (Bcero 0,0035 %, 
CM. cxeMy pHC. 11.5). 

)leno B TOM, '-ITO a-pacnan H3 B036ym:neHHOro COCT051HH51 2+ 212Po KOHKY
pHpyeT C /-nepexonoM 2+ --+ O+ B OCHOBHOe COCTOHHHe 3TOrO Hnpa. BepOHTHOCTb 
pacnana C HcnycKaHHeM nnHHHOnpo6e:a<:HOH a-qacTHUbl 3H84HTenhHO M€Hhille 
BepOHTHOCTH 1-nepexona. 0603Ha'-!HM COOTBeTCTBYIOmHe 3THM npoueccaM nOCT0-

51HHhie pacnana '-Iepe3 Aa H A1 (Aa « A1 ). 

B cornacHH c (10.2) pacnan Hnep 212 Po onpenenHeTCH coornoilleHHeM 

dn = -( A1 + Aa)n dt, rne n - '-!Hcno panHOaKTHBHhIX Hnep B MOMeHT t, dn -
yMeHbWeHHe HX '-!Hcna 3a BpeMH dt, o6ycnoBneHHOe a- H 1-pacnanaMH. 
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60,5 MHH 

"J---------1 727 ,2 

P11c. 11.5. CxeMa pacnaJJ:a RJJ:pa 212Po, conpoBO:IKJJ:aIOmerocR 11cnycKaHtteM JJ:JJHHHonpo6e:1KHOH 
a-qaCTHJ:J,hI 

llttCJIO pa,IJ,HOaKTHBHblX H,IJ,ep, HCilbITaBlllHX pacna,IJ, 3a BpeM5! dt, paBHO cyMMe 

q11ceJI /-KBaHTOB H ,IJ,JIHHHOnpo6e;>KHblX a-qaCTmJ;, HCnymeHHblX 3a TO )Ke BpeM5!: 

dn = dn1 + dna. r,IJ,e dn1 = >.1 ndt, dna = >.andt. 11TaK, dn1 /dna = >.1 />.a. 
3HaqeHH5! dn, H dna ,!I.JHI CJiyqa51 nepeXO,ll,OB c ypoBH51 2+ H3BeCTHbl H3 OilbITa; 

HX OTHOWeHHe paBHO dn, I dna = 4000. TaKHM o6pa30M, OTHOllleHHe >..,I Aa rv 103, 

T. e. Bep051THOCTb 1-nepexo,IJ,a H3 COCT051HH5! 2+ npHMepHO B 103 pa3 6oJibille 

Bepo51THOCTH HcnycKaHH51 ,IJ,JIHHHOnpo6e;>KHOH a-qacTHUbl. 

11cnycKaeMbie ,ll,JIHHHOnpo6e)KHbie qaCTHUbl o6Jia,IJ,aIOT 3Heprn5!MH, npeBOCXO

,ll,51lll.HMH 3Heprn10 a-qacTHU OCHOBHOH rpynnbI Ha 3HaqeHHe 3HeprnH B036Y*Ae

HH51 MaTepHHCKoro 51,!I,pa. TaKHM o6pa30M, H3yqem1e 3HepreT11qecKoro cneKTpa 

,IJ,JIHHHOnpo6e;>KHbIX qacTHU ,IJ,aeT CBe,IJ,eHH5! 06 3HeprnH ypoBHei1 MaTepHHCKOfO 

51,IJ,pa. 

Xorn ycJioBH51 11cnycKaHH5I ,ll,JIHHHonpo6e*HbIX qacTHU cymecTByIOT y MHornx 

51,!I,ep, O,IJ,HaKO 06b1qHo Bep051THOCTb HcnycKaHH51 1-KBaHTa Ha MHOfO nop51,ll,KOB 

npeBOCXO,ll,HT Bepo51THOCTb HcnycKaHHH a-qacTHUbl H3 B036y;>K,IJ,eHHOf0 COCTOHHHH. 

B TaK11x cJiyqaHx He y,IJ,aeTCH o6Hapy;>KHTb ,1I,JIHHHonpo6e;>KHb1e qacTHUbI. 11 JIHWb 

,ll,Jl51 51,!I,ep 
212

Po H 
214

Po Bep051THOCTb 11cnycKaHHH 1-KBaHTa TOJlbKO Ha HeCKOJibKO 

nop51,!I,KOB 60JiblI1e BepOHTHOCTH HcnycKaHH51 a-qacTHUbl. 3To H n03BOJIHJIO o6Ha

PY*HTb ,IJ,JIHHHonpo6e;>KHbie a-qacTHUbI, HcnycKaeMbie yKa3aHHbIMH H,IJ,paMH. 

§ 11.4. IIpoTOHHbIH 11 KJiacTepttbIH pacrra,!1.bI 

K HaCT051lll.eMy BpeMeHH OTKpbITO HeCKOJibKO o6cy;>K,IJ,aeMbIX HH*e BH,IJ,OB npo

TOHHOH pa,!I,HOaKTHBHOCTH. 

B 1962 r. B. A. KapHayxoB c COTPYAHHKaMH (Jly6Ha), 06Jiyqa51 HHKeJieByIO 

<t>oJibry HOHaMH HeOHa-20 Ha6JIIO,IJ,aJIH 11cnycKaHHe MHWeHbIO 3ana3,IJ,bIBa10m11x 

npoTOHOB c nep110,IJ,OM noJiypacna,IJ,a 24 c. AHaJiornqHbIH 3<l><l>eKT npaKrnqeCKH o,IJ,-
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HOBpeMeHHO Ha6JllO,ll,aJICH H pH,ll,OM 3apy6e:lKHblX HCCJie,ll,OBaTeJieH . .lI.onycTHM, 'ITO 

npH 13+ -pacna,ll,e HeHTpOHHO,ll,e<t>HUHTHOro H,ll,pa 06pa3yeTCH CHJibHO B036y:>K,ll,eHHOe 

,ll,01Iepttee H,ll,po, npH'IeM ero 3Heprnsi so36y:>K,L1,eHHH oKa3hrnaeTCH 6oJihWe 3HeprnH 

CBH3H npoToHa B 3TOM H,ll,pe, BCJie,ll,CTBHe qero B03HHKaeT B03MOJKHOCTb npoTOH

Horo pacna.n.a (KOHKYPHPYIOW.HMH npoueccaMH OCTaIOTCH f3- HJIH 'Y-pacna,ll,bl). 

Pa3HOCTh Me:>K,ll,y 3HeprneH: so36y:>K,ll,eHHoro ypoBHH ,ll,aHttoro H,ll,pa H 3Hep

r11eH: CBH3H npoTOHa B HeM onpe,ll,eJIHeT 3HeprHIO, KOTOpOH nocJie,ll,HHH o6Jia,ll,aeT 

B MOMeHT HcnycKaHHH. 0,ll,HaKo npoTOHHblH pacna,ll, MaJIOBepoHTeH, eCJIH 3HeprnH 

rrpoTOHa cpaBHHTeJibHO H€B€JIHK8, H6o B T8KOM CJiyqae ,ll,Jlfl Hero 38Tpy,ll,HHeTCH 

rrpeo,ll,oJieHHe KYJIOHOBCKoro 6apbepa. BpeMH 3ana3,ll,hIBaHHH BhIJieTa npoTOHOB 

onpe,ll,eJIHeTCH speMeHeM JKH3HH /3-pa,ll,HOaKTHBHOro 51,ll,pa. 

K HaCTosirn.eMy speMeHH OTKpbITO CBb1rne cTa pa,ll,HOHYKJIH,ll,OB, HcnycKaIOrn.He 

3ana3,ll,bIBaIOrn.He npOTOHbl. JlerKHe H,ll,pa HcnycKa!OT B 60Jibll1HHCTBe cJiyqaeB O,ll,HY 

HJIH ,ll,Be rpynnhI 3ana3,ll,b!Ba!OW.HX npOTOHOB, TOr,ll,a KaK c yseJIH'IeHHeM MaCCbl 

H,ll,ep, HCilb!TbIBa!OW.HX npOTOHHbIH pacrra,ll,, 'IHCJIO TaKHX rpynn 3Ha1IHTeJibHO 803-

pacTaeT. 

OpHBe,ll,eM ,ll,Ba xapaKTepHhIX npHMepa: rrepBbIH KacaeTCH npoTOHHOro pacrra,ll,a 

Jiernoro H,ll,pa ~B, a BTopoii - rn:>KeJioro H,ll,pa 1 ~bHg. B pe3yJibTaTe f3+ -rrepexo-

,ll,a ~C ~ ~B 06pa3y10rn.eecH H,ll,po 9 B 11crryCKaeT 3arra3,ll,brna10rn.11e rrpoTOHhI 
0,121 c 

cpaBHHTeJibHO BbICOKHX 3Heprni1 - 8,24 H 10,02 M3B. 51,ll,po 1 ~bHg HcrryCKaeT 

MHoroqHcJieHHYIO rpyrrrry rrpoToHOB c 3HeprnHMH B ,ll,Harra3oHe 3-6 M3B, co3,ll,a

IOW.HX IT01ITH HerrpepbIBHb!H crreKTp. 

OcTaHOBHMCR ern:e Ha O,ll,HOM MexaHH3Me npoTOHHOro pacna.n.a, OTKphnoro B 

1970 r. K . .lI.:>KeKCOHOM, .ll.JK. l.J:epHH c coTpy,ll,HHKaMH. l13yqa51 H,ll,eptty10 peaKUHIO 

gaFe + l H __, g~co + 2n, 

OHH ycTaHOBHJIH, 'ITO B03HHKaIOrn.ee B H30MepHOM COCTOHHHH H,ll,po K06aJib

Ta-53 CHJibHO B036y:>K,ll,eHO H o6Jia,ll,aeT 60J1bll1HM CITHHOM 19 ;2-. Oo 3TOH 

rrpH1IHHe nepHO,ll, ITOJiypacrra,ll,a H30MepHoro COCTOHHHH cpaBHHTeJibHO BeJIHK: 

T1; 2 (53 Co) = 247 ± 12 MC. l.J:ame scero H,ll,po 53Co HCIThITbrnaeT 13+-pacna,ll,, O,ll,Ha

KO ,ll,OCTaTO'IHO pe,ll,KO ( c sepOHTHOCTb!O 1,5 % ) Ha6JIIO,ll,aeTCH HcrrycKaHHe rrpoTOHa. 

)],pyrnx CJiyqaeB BbIJieTa rrpOTOHOB H3 H30Mepttoro COCTOHHHH ITOKa He Ha6JIIO

,ll,aJIOCb. 

HapH,n;y c 11crryCKaHHeM npoTOHOB H3 Bo36y:lK.n.eHHbIX cocToHHHH si,n;ep Ha-

6JIIO,ll,aJICH TaK:>Ke H HX BbIJieT H3 OCHOBHblX COCTOHHHH. PeY:h H,ll,eT 0 HeHTpO

HO,ll,e<t>HUHTHblX H,ll,pax, pacnOJIO:>KeHHbIX ,ll,aJieKO OT ,ll,OpO:>KKH CTa6HJibHbIX H,ll,ep, 

«B CHJihHOH CTeneHH» neperpy:>KeHHhIX npoTOHaMH. B TaKHX cJiyY:asix Hcnyc

Kamie rrpOTOHOB H3 OCHOBHOI'O COCTORHHH OKa3bIBaeTCH B03MO/KHbIM. 3a,n;ep.m:Ka 

HX BbIJieTa CBH3aHa c npeO,ll,OJieHHeM KYJIOHOBCKOro 6apbepa, IT03TOMY MeXaHH3M 

rrpOTOHHOH pa,ll,HOaKTHBHOCTH 3TOro po,ll,a B KaKOH-TO Mepe CXO,ll,eH c MexaHH3MOM 

o:-pa,ll,HOaKTHBHOCTH. 06cy.m:,ll,aeMbIH BH,ll, npoTOHHoro pacna,ll,a BnepBb!e Ha6JIIO

,ll,aJICH B 1972 r. B. A. KapHayxoBhIM (J.J.y6tta) B cJiy,ll,e10meM npouecce: 

~!Ru+ ns--> 1 ~i Pr +p + 6n. 
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Ope,ll.CTaBJHieT HHTepec cpaBHHTb H,ll.pO 1 §~Pr C ,8-cTa6HJibHbIM H,ll.pOM !~?Ag; HX 

«06be,II.HHHeT» O,ll.HHaKOBOe '-lHCJIO HeihpOHOB, paBHOe 62, a pa3.nHqHe Me)K,II.y HHMH 
3aKmoqaeTCH B «neperpy)KeHHOCTH» H,ll.pa npa3eO,ll.HMa npoToHaMH, qHCJIO KOTOpbIX 

Ha 12 60.nbwe, qeM B H,II.pe cepe6pa. Optt TaKoil CTPYKType H,II.pa 1 §~Pr 12-il 
nepmpepHHHbIH npOTOH HaCTOJ!bKO c.na6o CBH3aH, qTo BepOHTHOCTb ero OTpbIBa OT

HOCHTeJibHO semma. I1cnyw.eHHbIH npoTOH 06.na,II.aeT Ma.noil 3Heprneil 0,83 M3B, 

nepHo,II. no.nypacna,II.a 3Toro npou,ecca TaK)Ke HeBeJIHK: 1,4 ± 0,8 c. K Haqa.ny 

TeKyw.ero BeKa 6bIJIO BbIHBJieHO 6oJibWe 30 H,II.ep, HcnycKaIOW.HX npOTOHbl H3 
OCHOBHOfO COCTOHHHH, c nepHo,II.aMH no.nypacna,II.a, 3aKJIIOqeHHb!MH B ,ll.Hana30He 

17 MKC - 50 C. 

OcTaHOBHMCH Tenepb Ha MexaHH3Me ,II.BOHHoro npoTOHHOro pacna,II.a, cyw.e

CTBOBaHHe KoToporo 6h1.no npe,II.cKa3aHo B. l1. foJib,II.aHCKHM B 1960 r. Bb1we 

Mb! paCCMOTpeJIH 3cpcpeKT cnapHBaHHH qacTHIJ, B H,II.pe, CBH3aHHOfO c TeM, qTQ 
3HeprHH CBH3H Ka*,II.oro qeTHoro HYKJiotta 60.nhwe, qeM ero tteqeTHoro napTttepa. 

OpoHBJieH11e 3Toro 3cpcpeKTa B qeTHo-qeTHOM H,II.pe, pacno.no*eHHOM 6.n113 rpaHHUbI 
npOTOHHOH cTa6HJibHOCTH, CBO,ll.HTCH K TOMy, qTo «noc.ne,II.HHH» qeTHblH npoTOH 

06.na,II.aeT cpaBHHTeJibHO MaJIOH noJIO)KHTeJibHOH 3HeprHeH CBH3H, TOr,II.a KaK ero 

«COCe,II.» - HeqeTHblH npOTOH - OTHOCHTeJibHO 6oJibWOH OTpHIJ,aTeJibHOH 3HeprHeH 

CBH3H. Oo3TOMY coBMeCTHo 3Ta napa HYKJIOHOB 06.na,II.aeT oTpHu.aTeJibHOH 3Heprn
eil CBH3H H COBMeCTHO OHH MoryT 6bITb Hcnyw.eHbl H,ll.pOM, qTo HeB03M0)KH0 ,ll.JIH 

«noc.ne,II.Hero» npOTOHa. 

OpttBe,II.eHHbie coo6pa*eHHH cnpase,II.JIHBbI H ,II.JIH H,II.ep s so36y)K,II.eHHbJX co
CTOHHHHX, TaK qTO BO Bcex pacCMOTpeHHbIX BbIWe c.nyqaHx npoTOHHOH pa,II.HOaK

THBHOCTH MO)KHO O)KH,ll.aTb TaK)Ke H HcnycKaHHH npOTOHHbIX nap. )lo HacTomuero 

speMeHH, O,ll.HaKO, y,ll.aJIOCb Ha6JIIO,II.aTb TaKOH ,ll.BOHHOH pacna,II. TOJ!bKO B cpopMe 

3ana3,II.bIBa10w.11x npoTOHOB. Cor.nacHo npe,II.cKa3aHHIO f o.nb,II.aHCKoro, c,II.e.naHHoMy 

B 1980 r.' ,ll.BOHHOH npOTOHHb!H pacna,ll. B03MO)KeH B pe3yJibTaTe c.ne,II.y10w.ero 

npou,ecca: H,II.pa T§Al H T~P, HCObITaB ,e+-pacna,ll. o6pa3yIOT H,II.pa T~Mg H T~Si, 
KOTOpbie B CBOIO oqepe,II.b pacna,II.yTCH 6.naro,ll.apH BbIJieTy npOTOHHblX nap. 

B 1973 r. M. K36.n H ,II.p. (ClilA) ,II.eilcTBHTeJlbHO Ha6J1IO,II.a.ntt ,II.BOHHOH npo

TOHHbIH pacna,ll. B CJie,ll.yIOll.l,eM onbITe. Ha IJ,HKJIOTpOHe B oepKJJH HOHbl re.nmi-3, 

yCKopeHHbie ,II.O 3HeprnH 110 M3B, 06.nyqa.nH H,II.pa T~Mg: 

T~Mg +~He --+ T§AI + p + 4n . 

.5I,I1.pa aJIIOMHHHH-22, B03HHKaIOll.l,He B 3TOH peaKIJ,HH, HCnbITaB ,e+ -pacna,II., npespa

ll.l,aIOTCH B H,II.pa MafHHH-22, o6pa3yIOw.HeCH B CHJibHO B036y)K,ll.eHHOM COCTOHHHH, 

KOTOpb1e npH nocJ1e,II.y10w.eM pacna,II.e ttcnycKaIOT napbI npoToHoB: 

22AI f3+ 22 20N 2 
t3 -------+ 12Mg --+ 10 e + p. 

0,07 c 

B noc.ne,II.y10w.11e ro,II.bI 6b1.na 3KcnepHMeHTaJibHO no,II.TBep)K,II.eHa H cnpase,II.JIHBOCTb 

BToporo npe,II.cKa3aHHH f OJib,II.aHCKOfO. 

B 3aKJIIOqeHHe pacCMOTpHM K.nacTepHyIO pa,II.HOaKTHBHOCTb. no,ll. KJiaCTepoM 
B ,II.aHHOM c.nyqae noHHMaIOTCH cpparMeHTbI, TH)Ke.nee o:-qacTHU. Bo3MO)KHOCTb 

K.nacTepHOH pa,II.HOaKTHBHOCTH npe,ll.CKa3aJIH B 1980 r. A. CaHry.neCKKy, ).l. no-
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3Hapyr, B. fpeiittep. B 1984 r. X. Poy3 H r. ,ll)KOHC o6ttapy)KHJIH, l.JTO B parna.rr.e 

HJJ.pa 
2~~Ro HcnycKaIOTCH KJiaCTepb1 - HJJ.pa 

1ic: 
2~~Ra ---+ 

1ic + 2g~Pb. 
CTo cpaBHeHHIO C Bh!XO)l.OM O:-'-IaCTH:U, HCIIYCKaeMhIX TeM )Ke H)l.pOM - pa)l.HeM-223, 

Bb!XO)l. HJJ.ep yrnepo)l.a-14 Ol.JeHh MaJI. B IIOCJie.rr.yIOlll,eM 6bIJia OTKpbITa KJiaCTepHaH 
24N 2sM 325· pa)l.HOaKTHBHOCTb c BbIJieTOM HJJ.ep 10 e, 12 g, 14 1. 

KJiaCTepttaH pa.rr.HoaKTHBHOCTh MO)KeT Cl.JHTaThCH npoMe)KyTOLJHhIM BHJJ.OM pa

JJ.HOaKTHBHOCTH Me)KJJ.Y a-pacIIa)l.OM (cJiyLJaH HCIIYCKaHHH Ol.JeHb JierKHX KJiaCTe

poB) H CIIOHTaHHblM )l.eJieHHeM ( CJiyl.JaH HCIIYCKaHHH Ol.JeHh TH)KeJihIX KJiaCTepoB). 

OLJeBHJJ.HO, LJTO TeopHIO KJiaCTepttoi1 paJJ.HOaKTHBHOCTH MO)KHO pa3BHTh no atta

JIOrnH JIH6o c TeopHei1 a-pacna)l.a, Jrn6o c Teop11ei1 pacna)l.a 3HaLJI1TeJibHO 6oJiee 

TH)KeJibIX l.JaCTHU. 



f JiaBa 12 

l>ETA-PACilA,Ll. IlPOl>JIEMA HEHTPHHO 

§ 12.1. Oco6ettttocTH ,13-cneKTpoa. 3tteprH.H ,13-pacna)J.a 

,6-pacna.n. - npouecc He BHyTp1rn.n.epHbIH, a BHyTp1rnyKJIOHHhIH. Ho nocKOJihKY 

npH ,6-pacna.n.e .LJ.OJI:tKHhI BhIITOJIH51ThCH 3aKOHbI coxpaHeHH51 3HeprnH H HMnyJihCa, 

TO 3TOT npouecc CB513aH l1 c 113MeHeHHeM HeKOTOpb!X CBOHCTB pacna.n.aIOIJJ,eroCH 

51.LJ.pa (HanpHMep, ero CIIHHa). CTo3TOMy csoffcrna ,6-aKTHBHbIX 51.LJ.ep B CHJibHOH 

CTeneHH 3aBHC51T OT npouecca nepeCTpOHKH BHyTpeHtteff CTPYKTYPhI 3THX LiacT11u; 

Hanp11Mep, 3TO OTpa:tKaeTC51 Ha HX BpeMeHax )Kl13HH, 3HalleHH51 KOTOpb!X npHXO

.LJ.5ITC51 Ha orpOMHbIH .LJ.Hana30H OT 10-2 .LJ.O 1015 JieT. 

TaKHM o6pa3oM, B OTJIHLIHe OT a-pacna.n.a, 51BJI51IOIJJ,eroCH LIHCTO 51.LJ.epHbIM 

npoueccoM, ,6-pacna.n. npe.n.CTaBJI51eT co6off 6oJiee cJio:tKHhIH npouecc, CB513aHHhIH 

c O.LJ.HOH CTOpOHbl c oco6eHHOCT5IMH CJia6bIX B3aHMO.LJ.eHCTBHH, a c .n.pyroff - co 

CTPYKTypoff 51.LJ.pa. 

EcJIH a-pacna.n. npo51BJI51eTC51 JIHWh cpe.n.H rn:tKeJibIX 51.LJ.ep, TO ,6-pacna.n. BCTpe

LiaeTc51 3HallHTeJihHO llaIJJ,e, a HMeHHO, HallHHa51 OT CB060.LJ.HOro HeHTpoHa (A = 1) 
l1 KOH'la51 rn:tKeJib!MH 51.LJ.paMH (CM . .LJ.HarpaMMY Ha pHC. 10.3). 3Heprn51, BbI.LJ.eJI51-

IOIJJ,a51C51 B e.n.11HHLIHOM aKTe ,6-pacna.n.a, H3MeH51eTC51 OT 0,018 M3B npH pacna.n.e 

TPHTH51 .n.o 16,6 M3B np11 pacna.n.e 1 ~N. 
Xorn no3HTpOHhI (,B+ -LiaCTHUbI) no.n.o6Ho a-LiacrnuaM 06Jia.n.a10T noJIO:tKHTeJib

HbIM 3ap51.LJ.OM, o.n.HaKo KYJIOHOBCKHH 6apbep 51.LJ.pa .LJ.JI51 no311TpoHoB He 11MeeT cy

IJJ,eCTBeHHoro 3HalleHH51. 3To MO:IKHO noKa3aTb, BOCOOJib30BaBWHCb cpopMyJIOH .LJ.JI51 

npo3paLIHOCTl1 noTeHJJ,HaJibHOro 6apbepa 51.LJ.pa, IlO.LJ.CTaBHB B Hee Macey 003HTpOHa, 

KOTOpa51 npH6JIH311TeJihHO B ceMb Tb!Cflll pa3 MeHbWe MaCCbl ()-llaCTHIJ,bl. 

3KcnepHMeHTaJibHoe H3yLieHHe 3HepreTHLieCKHX cneKTpos ,e±-pacna.n.a noKa-

3bJBaeT, llTO IlOCJie,UHHe He 51BJI51IOTC51 JIHHeHLiaTbIMH no.n.o6Ho a-cneKTpaM (KaK 

MO:IKHO 6b!JIO 6hI O:IKH,UaTb, noJiara51 ,6-pacna.u CB513aHHbIM c nepexo,UOM Me:tK,ny 

.LJ.BYM51 ,nHcKpeTHhIMH ypoBH51MH); ,6-cneKTpbI HenpepbJBHbI H npocrnpaIOTC51 OT Hy

JI51 .ll.0 3HeprnH Wm• npH6JIH3HTeJibHO paBHOH pa3HOCTH 3HepreTH'leCKHX ypOBHeH 

MaTepHHCKoro H .n.oLiepHero 51.LJ.pa: 

Wm= Em= [M(A, Z) -M(A, Z + 1)] c2. 

3HalleHHe cpe.n.HeH 3HeprnH 3JieKTpOHOB (,6±-llaCTHU)' HcnycKaeMb!X T5I:tKeJiblMl1 

51.LJ.paMH, o6bI'lHO paBHO l /3 3Hepr1111 w m H .LJ.JI51 eCTeCTBeHHO pa.n.ttoaKTHBHbIX 

3JieMeHTOB W = 0,25-0,45 M3B. JierK11e 51,n:pa HMeIOT 6oJiee CHMMeTp111rnh1e 
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cneKTpb1; B 3TOM cJiy1rne W = ( 1 /2) Wm· Ha p11c. 12.1 np11BeJJ,eHbI B KaT.JeCTBe 

np11Mepa ,B-cneKTpb1 26 Al 11 3op. 

N~~~~~~~~~~~~~~~~~~ 

0 600 1200 1800 2400 3000 3600 K3B 

P11c. 12.1. {3-cneKTpbI 28 Al 11 30p 

CymecTB0BaH11e cnJIOillHOro ,8-cneKTpa JJ,aJio B cBoe BpeM.H noBOJI. JI.JI.H o6cy)K

JJ,emrn rnnoTe3hI o HeBbmOJIHemrn 3aKoHa coxpaHemrn 3Hepnu1 np11 ,8-pacnaJJ,e. 

,lleJIO B TOM, T.JTO ecJil1 6hI HCnycKaJiaCb TOJibKO ,8-Liacnn.1,a, TO 3HaT.JeHH.H HMilYJib

COB 3JieKTpoHa H .HJJ.pa 6b1JI11 6hI CTporo onpeJJ,eJieHHhIM11, a cneKTp npeJJ,cTaBJieH 

JI11H11ei1, paBHOH MaKCl1MaJihHOH 3Heprn11 Em. 
CornacHo rnnoTe3e B. CTayJI11 ( 1930 r.) npH ,8-pacnaJJ,e 11cnyCKaeTC.H He OJJ.Ha, 

a JJ,Be T.JaCTHIJ,bI: 3JieKTpOH C 3HeprneH Wb 11 CneIJ,H<pHT.JeCKa.H T.JaCTHIJ,a - Heumpu
HO, YHOC.HW.a.H 3Heprmo Em - wb. CyMMapHa.H 3Heprn.H 3THX JJ.BYX T.JaCTHIJ, paBHa 

3HeprnH ,8-pacnaJJ,a Em (KHHeTHT.JeCKa.H 3Heprn.H .HJJ,pa OTJJ,aT.JH wlli\ « wb H e10 

o6bIT.JHO npette6pera10T). I3JiaroJJ,ap.H cTaTHCTHT.JecKOMY xapaKTepy paJJ.HOaKTHBHoro 

pacnaJJ,a, B eJJ,HHHT.JHOM aKTe ,8-pacnaJJ,a pacnpeJJ,eJieHHe 3HeprnH Em Me)KJJ.Y 3JieK

TpOHOM H Hei1Tp11Ho MO)KeT 6bITh JII06hIM. EcJIH, B T.JaCTHOCTH, 3Heprn.H ,8-T.JaCT11IJ,hI 

MaKCl1MaJibHa, TO 3Heprn.H Hei1Tp11Ho paBHa HYJIIO, H Hao6opoT. 0JJ.HaKo npH 

OT.JeHb 6oJibWOM T.JHCJie ,8-pacnaJJ,OB OJl.HHaKOBb!X .HJJ,ep BCJieJJ,CTBHe CTaTHCTHT.JeCKOro 

ycpeJJ.HeHH.H Ha6JIIOJJ,aeTC.H BnOJIHe onpeJJ,eJieHHoe 3HepreTHT.JecKoe pacnpeJJ,eJieHHe. 

Hei1TpHHO cJieJJ,yeT np11n11caTh noJiy11,eJibIH cnHH. )leI1cTBHTeJibHO, H3 Ta6JI. 7.3 
BHJJ.HO, T.JTO .HJJ.pa c T.JeTHbIM MaccoBhIM T.JHCJIOM A o6JiaJJ,aIOT HyJieBbIM HJIH 11,eJio

T.JHCJieHHhIM cn11HOM, a c HeT.JeTHhIM A - noJiy11,eJihIM. Ho y .HJJ,pa, HCnhIThrna10mero 

,8-pacnaJJ,, A He MeH.HeTC.H, no3TOMY xapaKTep ero cn11Ha (11,e.nbIH 11JI11 noJiy-

11,eJihIH) JJ,OJI)KeH coxpaH.HTbC.H H noCJie 11cnyCKaHH.H HM 3JieKTpOHa (n03HTpOHa). 

3TO MO)KeT 6hITb o6ecneT.JeHO npH ycJIOBHH, T.JTO HeHTpHHO o6JiaJJ,aeT noJiy11,eJib!M 

cn11HOM. l13 TeopeT11T.JeCKl1X pacT.JeTOB cpopMbl ,8-cneKTpa, CJJ,eJiaHHb!X np11 pa3JIJ1Ll

Hb!X npe.n.noJIO)KeHH.HX 0 3HaT.JeHHH cnHHa HeHTpHHO, Bb!TeKaeT, T.JTO OH Jl.OJI)KeH 

paBH.HTbC.H 1 /2. 

B. ITayJrn B ,D,eKa6pe 1930 r. B TIHCbMeHHOM o6paw.eHHH K yqacTHHKaM ceMHHapa 

B T10611HreHe n11caJ1: « ... npH /)-pacna,D,e BMecTe c 3JJeKTpoHoM 11cnycKaeTc5I ,D,pyroe, 

CHJlhHOnpOHHKaIOW.ee H3JJY'-leHHe, COCT051W.ee H3 HOBb!X HeHTpaJJbHbIX '-laCTHll, ... I1MeeTC51 

B03MO)KHOCTb Toro, '-ITO B 51,D,pax cyw.ecTBy!OT 3JleKTpH'-1eCKH HeHTpaJJbHbie '-!aCTHll,bl, 

KOTOpb!e 51 6y,D,y Ha3bJBaTb HeHTpOHaMH, H KOTOpbie o6JJa,D,a!OT CTIHHOM s; OHH TIO,ll,'-IHH51!0TC51 

npHHll,HTIY 3anpeTa H OTJIH'-!a!OTC51 OT CBeTOBb!X KBaHTOB IIOMHMO 3Toro ew.e H TeM, 'ITO 

ABHMYTC51 He co CKOpOCTbIO CBeTa». 
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B JJ,OKJiaJJ,e, cJJ,eJiaHHOM TiayJIH B HIOHe 1931 r. Ha co6paHHH AMepHKaHcKoro qnBw-1e

CKoro o6w,eCTBa, rosopH 0 CBOeH rHITOTe3e, OH H3MeHHJI rrepBOHaL!aJibHOe rrpeJJ,CTaBJieHHe 

0 TOM, L!TO rrpeJJ,ITOJiaraeMbie Hei\TpaJibHbie 'laCTHUbl (KOTOpbie OH yme He Ha3bIBaeT 

HettTpoHaMH) He HBJIHIOTCH COCTaBHbIMH KOMITOHeHTaMH HJJ,pa. 3TOT JJ,OKJiaJJ, He 6bIJI 

orry6JIHKOBaH. 

B cJieJ1,y10w,eM roJJ,y 3. <l>epMH, «yseposaBWHH» B rnrrOTe3y Tiaym1, Ha3BaJI 3TY 

rHITOTeTH'leCKy!O HeHTpaJibHYIO qaCTHUY «HeHTpHHO» (rrO-HTaJlbHHCKH neutrino - yMeHb

WHTeJibHOe OT CJIOBa neutron). TipHBeJJ,eHHOe Ha3BaHHe B JJ,aJibHettweM «3aKpenHJIOCb» 

3a Hett. 

B 1933 r. TiayJIH B csoeM JJ,OKJiaJJ,e Ha CoJibBeescKOM KOHrpecce orrHcaJI 6oJiee 

orrpeJJ,eJieHHO csoi1cTBa Hei1TpHHO: «B03MomHo, L!TO Macca Hei1TpHHO pasHa HYJIIO, H, 

cJieJJ,osaTeJibHO, 3TH qacTHUbI, rroJJ,o6Ho cpoToHaM, JJ,BHmyTCH co CKopocTb!O csern. TeM 

He MeHee HX rrpoHHKa!OW,aH crroco6HOCTb Jl,OJT)!{Ha 6b!Tb cyw,ecrneHHO 60JibWe, L!eM 

y cpoTOHOB c TOH me 3Heprnei1. MHe KameTCH pa3yMHbIM rrpeJJ,rrOJIO)KHTb, L!TO crrHH 

HeihpHHO paBeH 1/2, H OHH ITOJl,L!HHHIOTCH CTaTHCTHKe <l>epMH» [1, 14]. 
B 1934 r. <l>epMH, orrHpaHCb Ha rnrrOTe3y TiayJIH, C03JJ,aJI TeopH!O ,8-pacrraJJ,a. Ee oc

HOBHbie ITOJIO)KeHHH paccMaTpHBa!OTCH B § 12.5. 
B 1960 r., T. e. crrycrn MHoro JieT rrocJie yrroMHHyToro CoJibseesCKoro KOHrpecca, 

rocrrom:a By U3HHbCIOH 1), rrpocJiaBHBWaHCH OTKpbITHeM B 1956 r. HecoxpaHeHHH rrpo

CTpaHCTBeHHOH 'leTHOCTH B ,8-pacrraJJ,e (CM. IT. 12.10.1 ), KOMMeHrnpyH Jl,OKJiaJJ, TiayJIH 

Ha 3TOM KOttrpecce, ITHCaJia: «0xapaKTepH30BaHHOe CTOJlb ITOJIHO HettTpHHO 6e3yCJIOBHO 

3aCJIYMHBaeT ITO'leTHOro MeCTa B ceMbe 3JieMeHTapHbIX qaCTHU. 0JJ,HaKO HHKTO He Mor 

rrpeJJ,BHJJ,eTb TOH 6Jiecrnw,ei1 H YJl.HBHTeJibHOH poJIH, KOTopy10 3TOH qacrnue cym:JJ,eHo 6bIJIO 

CbirpaTb B 6yJJ,yrn,eM». 

TipHBeJJ,eHHaH oueHKa pOJIH HeHTpHHO OKa3aJiaCb oco6eHHO 3HaL!HMOH B CBeTe OTKpbI

THH ITOCJieJJ,y!Orn,HX JJ,eCHTHJieTHH. 

§ 12.2. MoryT JIM cyw.ecTBOBaTb f3-qacnn.i;L1 B B)J;pax? 

Bonpoc o TOM, cyw.ecrny10T Jil1 JienTOHhI nepsoro noKoJiett11H CTaH,ll,apTHOH 

MO)l,eJI11 (CM. Ta6JI. 2.2) - e-, e+, Ve, Ve, 11coyCKaeMhie ,6-aKT11BHhIMl1 H,ll,paM11, 

)l,O pacna)l,a 11JI11 pmK)l,aIOTCH B caMOM npouecce pacna)l,a, )l,aJieKo He Tp11s11aJieH. 

Ilo COBpeMeHHblM rrpe,ll,CTaBJieHl1HM nepe411CJI€HHhie 4aCTl1IJ,bl B03Hl1KaIOT 11M€HHO 

B rrpouecce pacna)l,a. B 3TOM ttaxo)l,11T csoe Bbipa*eHHe csoiicrno B3a11Monpespa

w.aeMocT11 3JieMeHTapHb!X LiaCTHU (n. 2.6.1). 
Ilp11Be)l,eM coo6pa)KeHl1H, CBl1)l,€T€JlbCTBYIOW.11e 0 H€B03MO)KHOCTl1 cyw.ecTBO

BaH11H 3JI€KTpOHOB B H,ll,pe. 

1. Cn11ttb1 H,ll,ep. ,llonycTHM, LITO 3JieKTpott cyw.ecrnyeT B H,ll,pe. IlpoCTef.iwee 

CJIO)KHOe H,ll,po - )l,€HTpOH B TaKOM CJiyqae COCTOl1T 113 )l,Byx npoTOHOB H O)l,HOfO 

3JieKTpotta. Ka*)l,aH 113 3Tl1X 4acT11u o6Jia)l,aeT co11HoM 1 /2. Ilo3ToMy co11H 

)l,€HTpOHa )l,0JI)K€H paBHHTbCH JI1160 1/2, Jil160 3/2. 0)1,HaKO MaCCOBOe 411CJIO 

)l,€HTpOHa paBHO 2, CJie)l,OBaTeJihHO, ero COHH )l,OJI)KeH paBHHTbCH €)l,11Hl1IJ,e, 4TO 

no)l,TBep)K,ll,aeTCH onhITOM. HecooTBeTCTB11e TaKoro *e po,ll,a noJiyLiaeTcH 11 )l,JIH 

,ll,pyrnx H,ll,ep. 

1
) B JIHTepaType lJ3CTO BCTpe<JalOTCll COKpameHHbie HMeHa <jlll311KOB KllT3HCK0fO npoHCXQ)l{Jl,e

HllH. TaK, By )J.sHHhCIOH 11Metty10T U. By. 
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2. Marn11THb1e MOMeHThI. 5!.11.po, co.11.ep)Karn,ee 3JieKTpOHhI, 06Jia.11.aJio 6b1 Mar

Hl1THhIM MOM€HTOM Toro )Ke IIOp51)l,Ka, 4TO 11 MarHeTOH 5opa µ5. 0.11.HaKO Martt11T

Hbl€ MOMeHThI 51.11.ep Ha Tp11 nop51AKa MeHhIIIe µ 5 . 

3 . .3Heprn51 3JieKTpOHOB ,B-pacna.11.a. Han11IIIeM AJI51 rnnoTer114ecKoro 3JieK

TpoHa 51.11.pa coornoIIIeH11e Heonpe.11.eJieHHOCTeif /J.p!J.x ~ 1i. CToJIO)Kl1M !J.x pas

HOH pa.11.11ycy 51.11.pa 10- 12 CM. Tor.11.a 3Heprn51 3JieKTpoHa np116JI11)KeHHO paBHa 

E ~ /J.p · c = 1ic/ !J.x = 10-27 · 3 · 1010 ;10- 12 ~ 3 · 10-5 3pr ~ 20 M3B, LJTO Ha 

nop51AOK npeBhIIIIaeT 3Heprmo ,8-LJacrnu. . .3Heprn51 20 M3B 3Ha411TeJibHO 6oJihIIIe 

cpe.11.HeH 3Heprn11 CB51311 Ha O)l,HOH 4aCT11U.y, 11 3JieKTpOH c TaKOH 3HeprneH. 6b!JIO 

6hI HeB03MO)KH0 y.11.ep)KaTb B 51)],pe. 0.11.HaKo 113BeCTHbl ,B-pa.11.11oaKTl1BHbie 51)],pa 

c orpoMHhIMl1 nep110.11.aM11 noJiypacna.11.a. 

c .11.pyroH. CTOpOHbl, HMeIOTC51 )l,OKa3aTeJibCTBa Toro, 4TO B npou.ecce ,s- -pac

na.11.a 51.11.pa 11cnycKaIOT 11MeHHO 3JieKTpOHhI: 

1) 3ap51)l, 11 Macca ,s- -4aCTl1IJ. H aTOMHb!X 3JieKTpOHOB COBIIa)l,aIOT Me)K.11.y 

co6oH.; 

2) IIp11HIJ,11II 0ayJil1 CIIpaBe)l,Jil1B )l,Jl51 CHCTeMbl aTOMHbIX 3JieKTpOHOB 11 ,s- -qa

CTl1IJ, (oKa3bIBaeTC51, 4TO ,s- -4aCTl1IJ.bl He 3aXBaThIBaIOTC51 Ha 3aH51Tbie 3JieKTpOHa

Ml1 ypoBHl1 aTOMOB). 

BcnoMHHM TaK)Ke, 4TO 51.11.pa cnoco6HhI Hap51AY c 11cnycKaH11eM 3JieKTpOHOB 

11 IIOrJIOW,aTb 11X (K-3aXBaT). 

§ 12.3. 3ttepren1qecK11e ycJIOBHB ,B-pacna,ll,a 11 npo~ecc 
B03HHKHOBeHHSI ycToifqHBhlX Sl,ll,ep npH /3-pacna,ll,e 

HcnoJih3Y51 cpopMyJiy (10.1), ycraHoB11M 3HeprernqecKoe ycJios11e ,a- -pacna.11.a. 

B .11.aHHOM cJiyLiae 

3Heprn51 W (10.1) 6y.11.eT 6oJihIIIe HYJI51 11, cJie.11.osaTeJihHO, pacna.11. oKa)KeTc51 

3HepreTl14€CKl1 BbirO)l,Hb!M np11 ycJIOBHl1, 4TO 

(12.1) 

nepeH..11.eM OT Mace 51)],ep K MaccaM HYKJil1)l,OB. )lJI51 3TOro .11.06aBl1M B JieByIO 11 

npasy10 LiaCTh (12.1) Zme. Tor.11.a 

M(A, Z) > M(A, Z + 1). (12.2) 

B (12.2) npeHe6pe)KeHo 3HeprneH. CB51311 3JieKrpoHOB B aToMax, raK KaK 3Ha4eH115I 

nocJie)l,Heii HaXOA51TC51 Ha rpaH11u.e T04HOCTl1 npeu.113110HHhIX 113MepeH11H.. H11)Ke 

B aHaJIOrH4HblX cJiy4a51X Mb! TaK)Ke 6y.11.eM npeHe6peraTb 3HeprneH. CB51311 aTOMHbIX 

3JieKTpOHOB. 

lfocJIO 3JieKTpOHOB y aTOMa, npeTepneBIIIero 3JieKTpOHHbIH pacna.11., He MeH51-

eTC51, IIOCKOJ!bKY 11cnycKaH11e 3JieKrpoHa 51.11.POM KOMIIeHc11pyeTC5I np11coe.11.11HeH11eM 

eme O)l,HOro 3Jl€KTpOHa K 3JieKTpOHHOH o60JI04Ke IIOCJie yseJI11LJeH115I 3ap51)l,a 

aTOMHOro 51)],pa Ha e)l,11HHIJ.Y. 
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YcJIOBHe HecTa6HJihHOCTH rrpH /3+ -pacna.n.e HMeeT BHJJ. 

MHl\(A,Z) > MHl\(A,Z-1) +me. (12.3) 

CTepexo.n.51 K MaccaM HYKJIHJJ.OB, rroJiy'-IHM BMecrn (12.3): 

M(A, Z) > M(A, Z - 1) + 2me. (12.4) 

3arrHCb (12.4) cpH3H'-leCKH IlOH51THa: rrpH /3+ -pacrra.n.e aTOM Tep51eT OOMHMO Il03H
TpOHa TaK:»<:e H .3JieKTpOH H3 CBOeH o60JIO'-IKH, '-ITO o6b51CH51eTCH yMeHbllleHHeM 
3ap51.n.a ero 51.LJ.pa Ha e.n.ttHHIJ,y. 

3HepreTH'-lecKoe ycJioBHe K-3aXBaTa HMeeT BHJJ. 

MHl\(A, Z) +me> MHl\(A, Z - 1), 

HJIH, rrepexo.n.51 K MaccaM HYKJIHJJ.OB 

M(A, Z) > M(A, Z - 1). (12.5) 

CTocKOJihKY rrptt /3+ -pacrra.n.e 11 K-3axBaTe B 51.LJ.pe rrpoHcxo.n.ttT o.n.ttHaKOBhIH rrpo
IJ,ecc rrpeBpameHH51 rrpOTOHa B HettTpOH, TO o6a THrra rrpespameHH51 B03MO:»<:Hbl JJ.Jl51 
OJJ.HOro H Toro m:e 51.LJ.pa. ,llettCTBHTeJibHO, OHH '-laCTO KOHKypttpyIOT Mem:11,y co6ott. 
CpaBHeHtte (12.4) H (12.5) rroKa3bIBaeT, '-ITO K-3axBaT .3Heprern'-!eCKH BhirOJJ.Hee 
f3+ -pacrra.n.a. B '-!aCTHOM cJiy'-lae, Kor.n.a crrpase.n.JIHBO HepaBeHcrno 

M(A, Z - 1) + 2me > M(A, Z) > M(A, Z - 1), 

f3+ -pacrra.n. HeB03MO:»<:eH, HO B03MomeH K-3axBaT. CTocJie,QHHH, BOo6me roBopH, 
3aTpy11,HeH TeM, '-ITO 3axBaTbrnaeMbIH .3JieKTpOH HaXO.ll.HTC51 cpaBHHTeJihHO .n.aJieKO 
OT 51.LJ.pa (Ha paCCT051HHH rrop51.LJ.Ka 10-8 CM). 011,HaKo pac'-!eT rroKa3hIBaeT, '-ITO 
Bepo51THOCTh K-3axsarn 6b1CTpo pacTeT c yBeJIH'-lemieM Z: oco6eHHO BeJIHKa .3Ta 
Bepo51THOCTh .ll.Jl51 rnmeJiblX 5111,ep, T. e. B CJiy'-la51X, Koma paCCT051HHe Me:»<:11,y 5111,pOM 
H K-o6oJio'-IKOH cpaBHHTeJihHO HeBeJIHKO. ,llJI51 TaKHx 51.LJ.ep ocHOBHhIM BH,QOM 
11306apHoro rrpespameHH51 ~X -z_1Y 51BJI51eTCH yme He f3+-pacna.n., a K-3aXBaT. 

0TMeTHM cymeCTBeHHOe pa3JIH'-!tte Mem.n.y .3HepreTH'-leCKHMH crreKTpaMH 
K-3axBaTa (ttJIH B o6meM cJiy'-lae E-3axBarn) 11 .3JieKTpOHHhIM (rro3HTpOHHhIM) 
pacna11,0M. TaK KaK rrptt K-3axBaTe 51.LJ.po 11cnyCKaeT JIHlllh OJJ.HY '-!acrnIJ,y -
HeHTpHHO, TO pacrrpe.n.eJieHHe .3HeprnH Mem:.n.y HeH H KOHe'-!HhIM 51.ll.POM 51BJI51eTC51 
cTporo orrpe.n.eJieHHhIM. CTo.3ToMy .3HepreTH'-!eCKHH crreKTp rrpo.n.yKTOB pacrra11,a rrptt 
K-3axBaTe 51BJI51eTc51 JJ.HCKpeTHhIM. 

CTpoaHaJIH3HpyeM Terrepb rrpoIJ,ecc B03HttKHOBeHH51 ycTOtt'-IHBhIX 51.LJ.ep rrptt 
/3-pacrra.n.e. BocnoJih3yeMC51 cpopMyJiott (7.28): 

( ) ( ) 
2/3 Z2 (A - 2Z)

2 
-3/4 

MHI\ A,Z =Zmp+ A-Z mn-aA+,6A +1 A'l3 +~ A -8A . 
(12.6) 

KpttBa51 MH)((Z), rroCTpoeHHa51 c rroMOlll.hIO cpopMyJihI (12.6) (A= const) HMeeT 
BHJJ. rrapa6oJihI. ,llJI51 51.LJ.ep c He'-leTHhIM A '-IJieH 8 = 0 tt cpyHKIJ,H51 MH)( ( Z) 
OJJ.H03Ha'-!Ha, see 3Ha'-!eHH51 MHl\(A, Z) pacnoJio:»<:aTC51 Ha OJJ.HOH 11 TOH m:e rra
pa6oJie (pttc. 12.2 cJieBa). R.n.pa, coorneTcrny10m11e TO'-IKaM Ha ee JieBoH: BeT-
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A HeqeTHoe A qeTHOe 

P11c. 12.2. 3as11c11Mocrn M,~(2) np11 A= const. Kp11sa51 c.11esa - A Heqerno; KpllBbie cnpasa -
A qeTHO 

BH, HeycTOH'-IHBbl OTHOCHTeJibHO 13- -pacrra)l,a. B pe3yJibTaTe IIOCJie)l,OBaTeJibHblX 

13- -npeBpameHHH, yKa3aHHblX CTpeJIKaMH, 06pa3yeTC5I ycTOH'-IHBOe 51,ll,pO a, Jie)f<a

mee 6JIH3 MHHHMyMa KpHBOH. AHaJIOrH'-IHO 51,ll,pa, COOTBeTCTBYJOIUHe TO'-!KaM Ha 

rrpaBOH BeTBH napa6oJibl, HCIIbITaB p51,ll, IIOCJie)l,OBaTeJibHbJX 13+ -pacna)l,OB, nepeH,ll,YT 

B ycTOH'-IHBOe COCT051HHe b, TaK)Ke pacnOJIO)KeHHOe B HH)KHeH '-!aCTH KpHBOH 

(cM. TaK)Ke o6cy)K,ll,eHHe 3Toro Borrpoca B pa6oTax [9, 12]. 
I-fa HepaBeHCTBa (12.1) BH)l,HO, '-ITO 51,ll,pO a He CMO)KeT rrpeBpaTHTbC51 B 51,ll,pO b 

rrpH ycJIOBHH, '-!TO Macca nocJie,ll,Hero Ha me 60Jibllle MaccbI 51,ll,pa a. C .I1,pyrol1 

CTOpOHbl, eCJIH )l,Jl51 51,ll,ep a H b BblIIOJIH51eTC51 HepaBeHCTBO (12.3), TO 51,ll,po b 
CMO)KeT npeBpaTHTbC51 B 51,ll,po a nyTeM no3HTpOHHoro pacrra,ll,a. B HTore KoHe'-!HbIM 

rrpo,ll,yKTOM pacna,ll,a 6y)l,eT JIHlllb 51,ll,po a. TaKHM o6pa30M, ,ll,JI51 no,ll,aBJI51JOIUero 

'-IHCJia 51,ll,ep c He'-leTHbIM A 51,ll,pa THrra a He MoryT npeBpaTHTbC51 B 51,ll,pa THrra b, 
TOr)l,a KaK rrpeBpameHHe 51,ll,ep THIIa b B 51,ll,pa THIIa a B03MO)KH0. 0)1,HaKO B pe,ll,KHX 

CJiy'-!a51X )l,Jl51 5!,ll,ep THIIa a ycJIOBHe (12.3) He BblIIOJIH5IeTC5I, TOr)l,a o6pa3yJOTC5I )],Ba 

ycrni1'-IHBbIX H3o6apHbIX H,ll,pa c 3apH,ll,aMH, pa3JIH'-!aIOruHMHC5I Me)K,ll,y co6ol1 Ha 

e)l,HHHUY· TaKHx H306apHb1x nap H3Becrno Bcero )],Be: 
1 i~Cd- 1i~In H 

1 grSb- 1 g~Te. 
,l.1,JIH H,ll,ep c '-!eTHbIM A norrpaBO'-!HbIH MHO)KHTeJib 8 oTJIH'-leH OT HYJIH. B 3TOM 

CJiyqae IIpOHCXO)l,HT IIOCJie)l,OBaTeJibHOe npeBpameHHe '-leTHO-'-!eTHblX H,ll,ep B He'-leT

HO-He'-!eTHbJe, 3aTeM onHTb B '-leTHO-'-!eTHhie H T. Jl. B pe3yJibTaTe MO)KeT 06pa30-

saTbCH HeCKOJlbKO (JlO Tpex) ycTOH'-IHBbIX H306ap (Hanpirnep, H3BeCTHa H306apHa5I 

rpHa,ll,a 18Zr-1~Mo-11Ru). PaccMoTpHM cxeMy nepexo,ll,OB, rrpe,ll,CTaBJieHHYJO Ha 

pHc. 12.2 cnpaBa. Opouecc nocJie,ll,OBaTeJihHbIX nepexo)l,oB 3aKaH'-!HBaeTcH 06pa30-

sam1eM ,ll,Byx '-!eTHo-'-!eTHbIX H,ll,ep c H e. 06a OHH ycrnH'-IHBbJ. ,l.1,eti:cTBHTeJihHO, 

51,ll,pO c He MO)KeT rrpeBpaTHTbC5I B 5!,ll,po d nyTeM II03HTpOHHOro pacrra)l,a, IIOCKOJib

KY ,ll,JIH nepBoro H3 HHX He BbIIIOJIHHeTCH ycJIOBHe (12.3). C .I1,pyrol1 CTOpOHbI, 

sepOHTHOCTb npeBpameHHe H,ll,pa e B H,ll,pO c rryTeM 0)1,HOBpeMeHHOro HcnycKaHHH 

JlByx II03HTpOHOB 06bJ'-!HO rrpeHe6pe)KHMO MaJia. 

,l.1,BOHHOH 13- -pacna)l, 5!,ll,pa c, npHBO)l,5!1..UHH K o6pa30BaHHJO 5!,ll,pa e, TaK)Ke 

npaKTH'-!eCKH HCKJIJO'-!aeTCH. OpeBpameHHe H,ll,pa c B H,ll,po d nyTeM O,ll,HOKpaTHoro 
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11crrycKaHH5I 3JieKTpoHa 3HepreTHqecKH 3arrpemeHO, TaK KaK rrpH 3TOM He BbII10JI

HfieTC5I HepaBeHCTBO (12.3). 
TaKHM o6pa3oM, cpe)l.11 H)l.ep c qerHhIM A ycroi:fq11BhIMH )l.OJI)KHhI 6bITh TOJihKO 

qeTHo-qeTHhie H)l.pa. 3TOT Bh!BO)l. I10)].TBep)K)l.aeTC5I 3KcnepHMeHTaJibHb!MH )l.aHHbI

MH: 113 H3BecTHh!X 60 ycrni:fqHBh!X 11306apHhIX nap noqr11 Bee 11Me10T qeTHhie A 
11 Z; raK11e rraph1 npe)l.cTaBJieHhI H)l.paM11, pa3JI11qa10m11M11cH Me)K)l.y co6oi1 rro Z Ha 

(40A 40C . 56c 56F . 184w 1840 ) c u )].Be e)l.HH11Il,bl 18 r-20 a, 24 r-26 e, 74 - 76 s 11 T. )].. . )l.pyroH CTOpOHbl, Bee 

HeqeTHO-HeqeTHhie H)l.pa )l.OJl)KHbl 6b!Tb HeCTa611JibHbIMl1, TaK KaK Ka)K)l.OMY H)l.py 

co 3HaqeH11eM MHJJ., rrp11xo)l.Hlll,l1MCH Ha BepxHIOIO napa6oJiy, MO)KHO corrocraB11Th 

H)l.po, OTJmqaIOmeern rro Z Ha + 1 c Maccoi1 M~JJ. < M"JJ., OTHOcHmei1cH K HH)KHei1 

napa6oJie. l1cKJI10qeH11H rrpe)l.CTaBJieHhI qerhipbMH H)l.paM11: l H, ~Li, 1gB, 1jN, 
HBJIH!Oll.l,11Ml1CH cra611JihHhIMl1. Dp11q11Ha 11x cra611JibHOCT11 noHCHHeTCH c rroMo

lll,hlO p11c. 12.3. BeTBl1 rrapa6oJI B cJiyqae Jiern11x H)l.ep 11)].YT BBepx Kpyqe, qeM 

A qerHoe 

Yer. He'!. Yer. z 

P11c. 12.3. 3as11c11Mocrn M,~(2) (A= canst), HJIJI10crp11py10m11e npH'IHHY HeycrottlJHBocrH HeKo
ropbIX He'lerHo-HelJerHbIX 51,D,ep 

B npe)l.bIAym11x cJiyqaHX 11 np11 ITOCJie)l.OBaTeJibHb!X npeBpameHl15IX qerHo-qeTHbIX 

11 HeqerHo-HeqeTHhIX H)l.ep Ml1HHMaJibHoe 3HaqeH11e M51JJ. (A, Z) np11xo)l.11TCH He Ha 

HH)KHIOIO, a Ha BepxHIOIO rrapa6oJiy. 

§ 12.4. OnbITbI no o6uapyJKeumo ueiiTp1rno. 
ff3y1:1euue HX CBOHCTB 

12.4.1. 0 cneu;mt>uqecKux oco6euuocTHX onhITOB no uayqeumo ueii
Tpuuo. 113 cKa3aHHOro BbIWe Bb!TeKaeT Ba)KHOCTb 3KcnepHMeHTaJihHb!X pa6oT, 

rrpoBO)l.11Mhlx c IJ,eJih!O AOKa3aTh cymecTBOBaH11e Hei1rp11Ho 11 Bhl5IBHTh ero cBoi1-

CTBa. 0)].HaKO TaK11e OI1h!Tbl oqeHb rpy)l.Hhl. 3ro CB5I33HO c TeM, qro Hei1TpHHO, 



§ 12.4. Onbtmbt no o6Hapy]ffeHUIO HeiimpuHo. HsytteHue ux caoucmB 253 

3ReKTpHqecKH HeHTpaReH, o6RaJJ:aeT HyReBOH (HRH oqeHb MaRott) MaCCOH IIOKOH, 

HyReBbIM (HRH oqeHb MaRbIM) MarHHTHb!M MOMeHTOM. 

3cpcpeKTHBHOe ceqeHHe B3aHMOJI:eHCTBHH HeHTpHHO c HJI:POM (Jo cornacHO oueH

KaM HMeeT IIOpHJI:OK 10-44 CM2 (CM. CT. 12.4.3). 0ROTHOCTb HJI:epHOfO Beill,eCTBa 

paBHa nH)J, = 1038 CM3 (CM. II. 7.6.2). 0po6er HeihpHHO B HJI:epHOM Beill,eCTBe paBeH 

lv = 1/nH)J,(JV = 1/1038
. 10-44 = 106 CM= 10 KM, 

qTo B 1018 pa3 npeBb1waeT pa3Mep HJI:pa. B KOHUeHTpHpoBaHHOH cpeJI:e nnornocTb 

1022 '-13CT11U 6 u u 

aTOMHOfO Beill,eCTBa paBHa naT = --3 - ' II03TOMY npo er HeHTpHHO B Ta KOH 
CM 

cpeJI:e COCTaBRHeT 

lv = 1/naT(JV = 1/1022
. 10-43 = 1021 CM= 1016 

KM 

(JI:RH cpaBHeHHH yKa:JKeM, qrn JI:HaMeTp 3eMnH rpy6o paBeH 104 KM). Bb1pa:1KaHCb 

qmrypanbHO MO:JKHO CKa3aTb, qTo HefnpHHO «nerno ycKORb3aeT OT Ha6moJI:eHHH». 

)lnH o6Hapy:JKeHHH qacTHU c TaKHMH napaJI:OKcanbHbIMH cBoi1crnaMH Heo6xo

JI:HMbI MOill,Hbie OOTOKH nocne,n:HHX. E;:i:HHCTBeHHbIM MOill,HbIM HCTOqHHKOM HettTpH

HO B 3eMHblX ycnOBHHX HBnHeTCH HJI:epHbIH peaKTOp. 0JI:HaKO OOI!b!TKH o6ttapy:JKe

HHH HeHTpHHO npeJI:IIPHHHMaRHCb ew.e JJ:O 3IIOXH C03JI:aHYIH HJI:epHbIX peaKTOpOB, 

npHqeM, OI!b!Tbl 6bWH, ecTeCTBeHHO, KOCBeHHb!MH. 

12.4.2. OnhIThI JleH:nyttcKoro H AJ1J1etta. BnepBbie OIIbIT TaKoro poJI:a 

6bin BbIIIOnHeH B CCCP B 1936 r. A. 11. Jlei1uyHCKHM [6]. 11JI:eH 3KcnepHMeHTa 

COCTOHna B cpaBHeHHH CIIeKTpOB ,6-qacTHU H HJI:ep OTJI:aqH, B03HHKaIOill,HX IIpH HX 

pacnaJI:e. EcnH Hei1TpHHO B 3TOM npouecce 06pa3yeTcH, TO HMnynbCbI ,6-qacTHUbI 

H HJI:pa OTJI:aqH B cHny 3aKoHa coxpaHeHHH HMnynbca paBHbI Me:JKJI:Y co6oi1 no 

MOJI:yn10: IP!'ll = IPH)J,.ol· ErnH :JKe npH ,6-pacnaJJ:e HcnyCKaeTCH HeHTpHHO, TO B co

rnaCHH c 3THM 3aKOHOM !P(.31 # IPH)J,.ol· nocKORbKY ,6-qacrnua H HJI:PO OTJI:aqH -

3apH:JKeHHbie qacTHUbl, TO HX HMIIYRbCbl B IIpHHUHne MO:JKHO H3MepHTb. 

Pe3ynbTaTb1 OIIbITa CBHJJ:eTenbCTBOBanH, qTo 3HepreT11qecKoe pacnpeJI:eneHHe 

HJI:ep OTJI:aq11 He cornacyeTCH co cxeMoi1 JI:ByxqacTHqHoro ,6-pacnaJI:a. 

CornacHo HJI:ee coBeTCKHX yqeHbIX A.11. An11xaH0Ba 11 A.11. An11xaHHHa 

(1938 r.) KORHqecTBeHHble pe3ynbTaTbl MoryT 6bITb nonyqeHbl IIpH HC00Rb30BaHHH 

K-3axBaTa 3ReKTpotta HJI:poM ~Be. Uenecoo6pa3HOCTb HCIIORb30BaHHH K-3axBaTa 

BMecTo ,6-pacnaJI:a CBH3aHa c oco6eHHocrnMH 11x KHHeMaTHKH. Op11 ,6-pacnaJI:e pac

CMaTpHBaeTca 3aJI:aqa Tpex Ten, a npH K-3axBaTe - TORbKO JI:Byx, TaK KaK MO:JKHO 

cq11TaTb, qTo HJJ:po, 3axBaT11Bwee K-3neKTpott, 11cnycKaeT nHWb OJI:HY qacTHUY -

HeHTpHHO. 5bpo ~Be HBRHeTCH OJI:HHM H3 HaH6onee nerKHX HJI:ep, II03TOMY OHO 

JI:OR:JKHO HCilb!TbIBaTb cpaBHHTeRbHO 6onbWYIO OTJI:aqy npH HcnycKaHHH HeHTpHHO. 

3Heprn10 OTJI:aq11 HeTpyJI:Ho BbJqHcRHTb, np11MeHHB K npoueccy K-3axBaTa 3aKOHbI 

coxpatteHHH 3tteprnH 11 HMIIYRbChI. HaqaswaHCH soi1Ha ( 1941 r.) noMewana ocy-

1.uecTBneHHIO 3Toro 3Kcnep11MeHTa B CoBeTcKoM Co103e. 

TaKoi1 onbIT 6bin nocTaBneH B ClllA ,ll,:JK. AnneHOM. DbWO ycTaHoBneHo, qrn 

':lHeprnH HJI:ep OTJI:aq11 ~Li, B03HHKa10w.11x B aKTax K-3axBaTa B HJJ:pax ~Be, paBHa 

(56,6 ± 1,0) 3B, qTQ npaKTHqecKH COBIIaJI:aeT c COOTBeTCTBYIOW.eH TeopeTHqecKOH 

oueHKOH, COCTaBRHIOill,eH 57,3 3B. 
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Xorn onbIT AJietta H tteJib351 paccMaTpHBaTb B KaLJecTBe 3KcnepHMettTaJibHoro 

)l.OKa3aTeJibCTBa cyw:ecTBOBaHH51 HeHTpHHO, O)l.HaKO B 3TOM OilbITe c HeCOMHeHHO

CTbIO 6bIJIO )l.OKa3aHO, lJTO npe)l.nOJIO:IB:eHHe 0 cyw:ecTBOBaHHH HeHTpHHO cornacy

eTCH c 3aKOHaMH coxpaHeHH51. 

12.4.3. OnbIT Peiitteca H Koyatta. OnbIT no np51MOMY o6ttapy)KeHHIO tteif

TpHHO (ToLJttee aHTHHeifTpHtto) 6bIJI BbinOJIHeH K. Koy3HOM H cP. PeifttecoM B ClllA 

B 1953-1956 rr. npe)K)l.e YeM ero o6cy)K)l.aTb, ueJiecoo6pa3HO 03HaKOMHTbC51 

c HCnOJib3yeMblM B 51)].epHOH cpH3HKe npaBHJIOM, Ha3bIBaeMb!M «aJire6poif lJaCTHU» 

[9, 1 O]. Otto cocTOHT B cJieLI.yIOW:eM. EcJIH ycTaHOBJieHo, lJTO c yqacTtteM qacTHU 

o:, (3, /, o B03MO)KHO B3aHMO)l.eifcrnHe o: + (3 __, / + o, TO MO)KeT ocyw:ecTBJI51TbC51 

o6parnoe B3aHMO)l.eifcrn11e I + o __, o: + (3, HJIH JII06oe LI.pyroe, noJiyLiaIOw:eern 

B pe3yJibTaTe nepettoca JII060H lJaCTHUbl H3 JieBOH lJaCTH 3ailHCH B npaByIO, HJIH 

Hao6opoT, c 3aMeHOH 3TOH lJaCTHl.l,bl Ha ee aHTHlJaCTHUy: 

(12.7) 

CTpttMeHHM npaBHJio (12.7) K npoueccy npeBpaw:ettH51 tteifTpotta, nornoTHBrnero 

HeHTpHHO, B npOTOH: 
n + v __, p + e -. (12.8) 

Cornactto aJire6pe qacTHU )l.OJI)KeH 6bITb B03MO)KeH H o6paTHbIH npouecc npeBpa-

meHH51 npoTOHa B Heihpott: 

(12.9) 

B onbITe Peiftteca H Koy3Ha H HccJie)l.oBaJIC51 Bonpoc o TOM, B03MO)KHa JIH peaKUH51 

(12.9). 
CTpoToH - cTa6HJibHa51 qacTHUa, H ecJIH aHTHHeifTpttHO He cyw:ecrnyeT, TO 3Ta 

peaKIJ,H51 HeB03MOIB:Ha. B KalJeCTBe HeHTpHHHOfO HCTOlJHHKa HCITOJib30BaJICH 51.JI.ep-
u u u u u u lOl7 l!aCTIU.J. 

Hb!H peaKTOp, HcnycKaIOW:HH MOW:Hb!H HeHTpOHHb!H nOTOK, paBHb!H -2--· 
M • C 

CTpeLI.noJiaraJIOCb, lJTO B pe3yJibTaTe (3-pacna)l.OB npOLI.YKTOB )l.eJieHH51 51)].ep ypatta 

B paclJeTe Ha O)l.HH aKT )l.eJieHH51 B cpe)l.HeM 06pa3yeTC5I 6 aHTHHeHTpHHO. 

,llJI51 perncTpaUHH HeHTpOHOB H n03HTpOHOB, npe)l.nOJIO)KHTeJibHO B03HHKaIO

W:HX B peaKUHH (12.9), no)]. 3eMJieif (c ueJibIO CHH)KeHH51 cpotta) pacnoJiaraJICH 

KOHTefrnep c )KH)l.KHM CUHHTHJIJI51TOpOM, CO)l.ep)Kaw:eM BO)l.Opo)l., BeCOM B HeCKOJib

KO TOHH, )KH)l.KOCTb npocMaTpHBaJiaCb COTH51MH CUHHTHJIJI511.1,HOHHblX ClJeTlJHKOB. 

flocJie)l.HHe perHCTpttpOBaJIH /-KBaHTbl, B03HHKaIOW:He B IlOCJie)l.yIOW:HX C06bITH51X. 

CTo3HTpoH 3aMe)l.JI51JIC51 H aHHHrHJIHpoBaJI qepe3 10-8 c nocJie o6pa3oBaHH51, 

HcnycKa51 LI.Ba KBaHTa B npoTttBonoJIO)KHbIX ttanpaBJieHH51X. HeiiTpoH 3aMe)l.JI51JIC51 

3a BpeM51 1 o-6 C H 3aXBaTb!BaJIC51 paCTBOpeHHbIM B Cl.I,HHTHJIJI51TOpe Ka)l.MHeM, lJTO 

npHBOLI.HJio K ttcnycKaHHIO nocJie)l.HHM 1-KBaHTOB. CxeMa 3a)l.ep)KaHHbIX coBna)l.e

HHH OT6HpaJia COOTBeTCTBYIOW:He COlJeTaHH51 CHrHaJIOB: COBTia)l.eHHe HMnyJibCOB OT 

/-KBaHTOB aHHHfHJI511..1,HH c 1-KBaHTaMH, HCnycKaeMblMH Ka)l.MHeM, no51BJI51IOW:H

MHC51 qepe3 10-6 c. 

l13MepeHH51 OTJIHlJaJIHCb 60Jibll10H npOLI.OJI)KHTeJibHOCTb!O ( O)l.HH 3aMep paB

H51JIC51 1400 qacaM). OnbIT noKa3aJI, LJTO B cpeLI.HeM perncTpHpyeTC51 2,88 ± 0,22 
C06bITHH B qac. 3tta51 napaMeTpbl ycTaHOBKH H nJIOTHOCTb noTOKa aHTHHeHTpHHO 
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OT peaKTopa, 6b!JIO BbJlUICJieHO ceqem1e HX B3aHMO.LI.eHCTBHH c npOTOHaMH, OKa3aB

weecH paBHbIM (j v = (1, 1 ± 0,28) . 10-43 CM2, qTQ CBH.LI.eTeJibCTByeT 0 Heo6b1qaJ1HO 

Bb!COKOH npOHl1Ka10rn.eii cnoco6HOCTl1 3TOH qacTl1IJ.bl, 0 qeM Mb! ynoMl1HaJil1 Bb!We. 

KoHTPOJib ocyrn.eCTBJIHJICH c IlOMOlll,bIO CJie.LI.yIOlll,HX Mep. nocJie BbIKJIIOqeHl1H 

peaKTOpa Ha6JIIO.LI.aJIOCb 3Haq11TeJibHOe yMeHbWeHl1e aKTOB pernCTpau.1111, qTQ .LI.a

BaJIO B03M02KHOCTb ou.eHHTb <Pos CJiyqaHHblX COBila.LI.eHHH. KpoMe Toro, B Belll,e

CTBe CU.l1HTl1JIJIHTOpa BO.LI.OPO.LI. qacT11qso 3aMeHHJICH Ha .LI.eHTepHH, qTQ npHBO.LI.l1JIO 

K yMeHbWeHHIO B e.LI.l1HHU.e o6beMa .LI.OJil1 npoTOHOB no OTHOllieHHIO K HeHTpoHaM. 

Ha6JI10.LI.aBweecH yMeHbWeH11e q:11cJia peaKU.HH (12.9) B coorneTCTBy10rn.eii nponop

U.HH TaK2Ke CBH.LI.eTeJibCTBOBaJIO 06 ycnexe B Ha6JIIO.LI.eHHH HMeHHO 3TOH peaKU.HH. 

TaKHM o6pa30M, 6b1Jia .LI.OKa3asa B03M02KHOCTb peaKu.:11:11 (12.9), B03HHKaIOlll,ei1 

B pe3yJibTaTe 3aXBaTa npoTOHOM aHTHHeHTpHHO, cylll,eCTBOBaHHe KOToporo CTaHO

BHJIOCb oqeBH.LI.HblM. 

)lo CHX nop Mb! JIHllib IlOCTYJIHpoBaJIH cylll,eCTBOBaHHe .LI.BYX MO.LI.HtPHKaU.HH 

3JieKTpOHHoro HeHTp1-rno: Ve H Ve. <PopMaJibHbIM o6pa30M pa3JIHqHTb 3TH qacTHU.bI 

no3BOJIHeT BBe.LI.eHsoe B 1953 r. E. KosonHHCKHM H )l21<. MaxMy.LI.OM KBaHTO

soe qHcJio - AenmoHHbtii 3apaa L. )lJIH 3JieKTposa H 3JieKTpossoro sei1TpHHO 

L = + 1, a .LI.JIH no3mp0Ha H 3JieKTpoHHoro aHrnHei1TpHHo L = -1. )lJIH ocTaJib

HbIX qacTHU. L = 0. )lJIH JII06b1X B3aHMO.LI.ei1cTBHH BBO.LI.HTCH 3aKoH coxpaHeHHH 

JieilTOHHOro 3apH.LI.a, B CHJIY KOTOporo peaKU.HH (12.9) HeB03MQ)l<Ha npH yqacTHH 

HeHTpHHO. 

12 .4.4. OnbIT JI.ae11ca. 3KcnepHMeHTaJibHOe .LI.OKa3aTeJibCTBO HeT021<.LI.e-

crnessocTH Ve H Ve 6bIJIO noJiyqeso B OilbITe, Bb!IlOJIHeHHOM P. )l3BHCOM B 1967 r. 
CTpH H.LI.eHTHqsocTH csoi1crn HeHTpHHO H asrnHeHTpHHO, T. e. ecJIH cylll,ecrnyeT 

JIHllib O.LI.Ha qacrnu.a - HeHTpHHO, peaKU.HH rnna (12.8) B03MQ)l<Ha, B npornBHOM 

CJiyqae, T. e. eCJIH v # v, TaKaH peaKU.HH OKa21<eTCH 3anpelll,eHHOH. 

3KcnepHMeHT )l3BHCa npOBO.LI.HJICH CJie.LI.y!Olll,HM o6pa30M. 00TOKOM aHTHHeH

TpHHO H3 peaKTOpa, yCTaHOBJieHHOro .LI.JIH yMeHbllleHHH <PoHa Ha 60JiblIIOH rny6:11He 

IlO.Ll. 3eMJieH, o6JiyqaJiaCb 60JiblliaH (4000 JIHTpOB) eMKOCTb c qeTbipexxJIOpHCTbIM 

yrnepo.LI.OM. EcJIH 6b1 KaKoH-JIH6o HeHTpos H.LI.pa xJiopa Mor norJIOTHTb aHTHHeH

TpHHo c o6pa30BaHHeM npoTOHa, TO B03HHK 6b! pa.LI.HOaKTHBHb!H H30TOil aprosa: 

Ve + y~Cl -+ e- + y~Ar c nepHO,!I,OM noJiypacna,U,a 34 .LI.HH. OoCJie MHOrO.LI.Hessoro 

o6JiyqeHHH eMKOCTH ra3, BbI,!I,eJIHeMb!H H3 o6JiyqeHHOro XJiopa, HCCJie,!I,OBaJICH 

4YBCTBHTeJibHb!MH ,8-cqeTqHKaMH c u.eJib!O 06sapy21<eHHH pa.LI.HOaKTHBHb!X aTOMOB 

aproHa. I1x KOJIHqecTBO OKa3aJIOCb Ha ypoBHe tPOHOBbIX 3HaqeHHH, qTo CBH,!I,eTeJib

CTBOBaJIO 0 cnpaBe.LI.JIHBOCTH BepcHH HeTO)K,!I,eCTBeHHOCTH 3JieKTpOHHOro HeHTpHHO 

H 3JieKTpOHHOro aHTHHeHTpHHO: 

Ve# Ve. 

3TOT 3KCnepHMeHTaJibHbIH pe3yJibTaT HaXO.LI.HTCH B COrJiaCHH c 3aKOHOM coxpase

HHH JienTOHHoro 3apH,U,a, 3anpelll,a10lll,ero npou.ecc n + v -+ p + e-. 

1. 11HTepeCHO OTMeTI1Tb, 4TO B OTJIJ1lrne OT 3JieKTpOHHbIX aHTI1HeHHTp11HO, o6pa3yJO

IUI1XCH B H,ll,epttbIX peaKTopax, OT CoJIHU.a HAYT 3JieKTpOHHbie HeHTpHHO, B03HHKaJOm11e 

B pe3yJibTaTe peaKU.HH CHHTe3a reJIHH (cM. rn. 22). 
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2. B ¢11311Ke 3JieMeHrnpHbIX '-IaCT1111, BBO.IJ:l1TCH eme )J:Ba JierrTOHHbIX KBaHTOBbIX lJl1CJia 

(JierrTOHHbIX 3apHAOB). B CBH311 c ycTaHOBJieHHhIM 3Kcrrep11MettTaJibHO OTCYTCTBl1eM pac

rra.1i:a MJOoHa Ha 3JieKTpOH 11 1-KBaHT: µ- -+> e- + ')' 6hIJI BBe)J:eH JierrTOHHbIH 3apHA L'. 
)lJIH OTpm..1,aTeJibHOro MIOOHa 11 MIOOHHOro HeHTp11HO L' = + 1, a AJIH ITOJIQ)!{l1TeJibHOro 

MIOOHa 11 MIOOHHOro aHTl1HeHTp11HO L' = -1; )J:JIH OCTaJibHb!X lJ3CTl111,, BKJIIOlJaH 3JieKTpOH 

11 ')'-KBaHT, L = 0. I-fa attaJiornIJHbIX coo6pa)!{etttti1 AJIH TaottoB tt TaoHHbIX ttel1TpttHo 

11crroJib3yeTcH JierrTOHHhIH 3apHA L". )lJIH 0Tp1111,aTeJibHoro TaoHa tt TaOHHoro HeHTpttHO 

L" = + 1, a AJIH rroJim1rnTeJibHoro Taotta 11 TaOHHOro aHTHHeHTpttHO L" = -1. )lJIH ocTaJib

HhIX IJacT1111, L" = 0. CooTBeTcTBeHHO BBOAHTCH 3aKoHbI coxpatteHttH 3apHAOB L' H L". 

12.4.5. ,ll;Bonuon ,8-pacnaJJ:. ITp11 )l,BOHHOM ;J-pacna)l,e 5!.ll,po O.ll,HOBpeMeHtto 
11cnycKaeT )],Ba 3JieKTpoHa (JI1160 )],Ba IT0311TpOHa)' LJTO np11BO)l,l1T K 113MeHeHl1IO 3a
p5!.ll,a 5!.ll,pa Ha )],Be e)l,11H11UbI (np11 /)- -pacna)l,e Ha 2Z, a np11 ;J+-pacna)l,e Ha -2Z). 
)l,BOHHOH ;J- -pacna)l, (2;321/) conpmKeH c O)l,HOBpeMeHHbIM npeBparueH11eM )l,Byx 
HeHTpOHOB 5!.ll,pa B )],Ba npOTOHa 11 BbIJieTOM )l,BYX aHTl1Hetl:Tp11HO: 

2n---; 2p + 2e- + 21/, 

a )l,BOHHOH ;J+-pacna)l, (2;32v) np11BO)l,11T K O)l,HOBpeMeHHOMY npeBparueHHIO )l,Byx 
npOTOHOB 5!.ll,pa B )],Ba HeH:rpoHa 11 11cnycKaHl1eM )l,BYX Hetl:rp11Ho: 

2p---; 2n + 2e+ + 2v. 

ITo TeopeT11LJecK11M ouettKaM Bepo51THOCTb )l,Botl:ttoro /)-pacna)l,a oLJettb MaJia, H 
coorneTcrnettHo, 4pe3BbILJatl:Ho BeJI11K ero nep11o)l, noJiypacna)l,a (6oJiee 1021 JieT). 

Bo3MmKHOCTb )l,BOHHoro /3-pacna)l,a 6b1Jia npe.ll,CKa3aHa B 1935 r. M. rennepT
MaH:ep. Ee coo6pa*eHl151 MO)KHO no51CHl1Tb, socnoJib30BaBW11Cb cJie.ll,y10ru11M np11-
MepoM. 3an11weM CHMBOJibl Tpex coce)l,H11X 5!.ll,ep-11306ap c LJeTHblM 3Ha4eHl1eM 
Maccosoro LJl1CJia 130Te 1301 130Xe Macca 5!"pa 1301 6oJibWe Macchi 51rrpa 130Te 52 ' 53 ' 54 . ,u, 53 ,u, 52 . 
ITo3TOMY /)- -pacna)l, 51.ll,pa 1ggre HeB03MO)KeH. Ho, c .ll,pyroH: cTOpOHbI, ero Macca 
HeCKOJlbKO npeBbIWaeT Macey 5!.ll,pa 'g~xe 11, CJie)l,OBaTeJibHO, no 3HepreTHLJeCKl1M 
coo6pa*eH115!M B03MO)KeH /)- -pacna)l, 5!.ll,pa 52 Te c 11cnycKaH11eM LJeTb1pex LJa
crnu - )l,BYX 3JieKTpOHOB H )l,BYX aHrnHeHTp11HO: 1ggre ---; !~~Xe + 2/)- + 21/. 
ITp11Hu11n11aJibHO Ba)KHbIM ycJIOB11eM 51BJI51eTc51 crpora51 O)l,HOBpeMeHHOCTb 11cnyc
Katt115! LJeTbipex yKa3aHHbIX LJacr11u. 

EcJI11, )l,onycrnM, np11 )l,BOHHOM ;J-pacna)l,e 5!.ll,pa TeJIJiypa-130 BbIJier nepsoro 
3JieKTpOHa np01130H)l,eT npe)K)l,e BbIJieTa BTOporo 3JieKrpoHa XOT5! 6b! Ha 4pe3BbI
LJaHHO MaJIOe BpeM51, TO B reLJeHHe 3TOro BpeMeHHOro npoMe)KyTKa o6pa3yeTC5! 
5!.ll,po tl:o)l,a-130, Macca KOToporo, KaK yKa3bIBaJiocb, npeBb1waer Macey 11cxo.ll,Horo 
51.ll,pa. 

B 1937 r. 3. MaH:opaH BblCKa3aJIC51 o B03MO)KHOCTH 11Horo MexaH113Ma )l,BOHHO
ro /3-pacna)l,a, OCHOBaHHOrO Ha npe.ll,ITOJIO)KeHl111 11)l,eHTl14HOCTl1 HeHTp11HO 11 aHTl1-
HeH:rp11HO (v = v). ITp11BJieKa5! cxeMbl pacna)l,a (12.8) 11 (12.9), npouecc )l,BOHHoro 
,6-pacna)l,a MO)KHO npe.ll,CTaBl1Tb B cpopMe )l,BYX CB5!3aHHbIX B3al1MO)l,eHCTBl1H: 

n ---; p + e- + v;-?i + v ---; p + e-, 
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T. e. He11TpHHO cJiesa, B03HHKaIOmee npH pacna.Il,e Hei:hpoHa, HeMe.Il,JieHHO norno
maerc51 BTOpblM HeihpOHOM, KOTOpb!H npespamaeTC51 B npOTOH, HHal.Je rosop51 
ocymecrBJI51eTc51 · npeo6pa3oBaHHe: 2n ___, 2p + 2e-. 

OnHcaHHbIH npouecc 6bIJI Ha3BaH 6e3HeHTpHHHbIM .Il.BOHHbIM ,8-pacna.I1,0M 
(2,80v). EcJIH .I1,onycTHTb, l.JTO TaKoH npouecc cyruecTByeT, TO sepo51THOCTb .Il.BOH
Horo ,8-pacna.Il,a .Il,OJI:>KHa cymecTBeHHO yseJIHl.JHThC51, a ero nepHO.Il. noJiypacna.Il,a 
noHH3HTC51 .Il,O 1015 JieT. 

01..JeBH.Il,HO, l.JTO o6Hapy:>KeHHe .Il,BOHHoro ,8-pacna.Il,a H onpe.Il,eJieHHe ero nepHo.Il,a 
noJiypacna.I1,a n03BOJIHJIO 6bI noJiyl.JHTb Ba:>KHb!H apryMeHT B nOJih3Y npe.I1,CTaBJie
HH51 06 H.Il,eHTHl.JHOCTH HJIH HeH.Il,eHTHl.JHOCTH HeHTpHHO H aHTHHeihpHHO. 

,llJI51 o6Hapy:>KeHH51 .Il.BOHHoro ,8-pacna.Il,a H Bhil.JHCJieHH51 ero nepHo.Il,a no.I1,y
pacna.I1,a 6b1JI0 pa3pa6oTaHo .Il,Ba MeTo.Il,a. OepBbIH ocHosaH Ha Henocpe.Il,CTBeHHOH 
pernCTpauHH o6pa3y!OIUHXC51 ,8-1..JaCTHU, a BTOpoH: - Ha onpe.Il,eJieHHH HaKOnJieHH51 
KCeHOHa B semecTBe, CO.Il,ep:>KaIUHM TeJIJIYP· 

flepsa51 nonbITKa 06Hapy:>KeHH51 .Il,BOHHOfO ,8-pacna.Il,a 6hJJia ocyrueCTBJieHa 
vlHrpaMMOM H PeHHOJib.Il,CTOM B 1949 r: asTOpbi HCnOJib30BaJIH BTOpoH: H3 nepel.JHC
JieHHhIX MeTO.Il,OB. I-fa HX onhna BbITeKaJio, 1..JTO nepHO.Il. noJiypacna.Il,a TeJIJiypa T1; 2 
paseH 1,4 · 1021 JieT. AHaJIOrHl.JHbie H3MepeHH51 5epHaTos111..Ja, npose.I1,eHHb1e 1..Jepe3 
TPH ro.I1,a, no3BOJIHJIH yTOl.JHHTh 3Ha1..JeHHe T1; 2, oKa3aBilleern paBHhIM (2, 7±0,1) x 

x 1021 JieT. Oo.I1,1..JepKHeM, l.JTO no HaKonJieH1110 KOHe1..JHoro npo.I1,yKTa - KceHoHa 
HeJib351 onpe.Il,eJIHTh, KaKaH HMeHHO cxeMa, (2,82v) HJIH (2,80v), ocymecTBJI51eTC51 
B .Il,eHCTBHTeJihHOCTH. 

OepBhIH MeTO.Il. no3BOJI51eT B npHHUHne ycTaHOBHTb cnoco6 pacna.I1,a; ecJIH OH 
11.I1,eT no cxeMe 2,82v, TO 3HepreTH1..JecKoe pacnpe.I1,eJieHHe .Il.OJI:>KHO 6hITb raKHM :>Ke 
HenpepbIBHhIM, KaK H npH «06hil.JHOM» ,8-pacna.I1,e, ecJIH :>Ke HMeeT MeCTo pacna.Il, no 
cxeMe 2,80v, TO cyMMapHaH 3Hepnrn .Il.BYX l.JaCTHU .Il,OJI:>KHa B TOl..JHOCTH paBHHTbC51 
IlOJIHOH BbI.Il,eJI51!0lll,eHC51 3HeprnH (KpOMe He60JiblllOH ee l.JaCTH, 3a6HpaeMOH 51.Il,pOM 
OT.I1,a1..JH), H 3HepreTHl.JeCKoe pacnpe.I1,eJieH11e 6y.I1,eT noJiy1..JaThCH s cpopMe y3Koro 
nHKa. CJIO:>KHOCTh TaKHx H3MepeHHH CBH3aHa c 01..JeHh HH3KOH cKopoCThIO c1..JeTa 
(B cpe.Il,HeM O.Il,HO co6bITHe 3a He.Il,eJIIO) H Heo6XO.Il,HMOCTb!O CHH:>KeHH51 cpoHa. 
C ueJihIO ero yMeHbllleHHH H3MepeHHH nposo.Il,HT rny6oKo no.II, 3eMJieH:. Ha1..JHHaR 
c 1995 r. B pa3Hb!X CTpaHaX 6b!JIO C03.Il,aHO HeCKOJibKO ycraHOBOK, OCHOBaHHbIX Ha 
pernCTpaUHH ,8-1..JaCTHU.. B O.Il,HOH H3 HHX, pa3pa60TaHHOH B CO.Il,py:>KeCTBe <PH3HKa
MH MocKBhI 11 feH)l.eJib6epra, pa601..JHM semecrsoM CJIY:>KHJI repMaHHH, o6orameH
HhIH )l.O 86 % H30TonoM 76 Ge. Pa601..Jee seruecTBo HBJIHJIOCh O.Il,HospeMeHHO H H3JIY-
1..JaTeJieM H .Il,eTeKTopoM. OnhIT nposo.I1,11Jic5! s l1raJIHH s no.Il,3eMHOH Jia6oparnpHH. 
UeJihIO H3MepeHHH HBJIHJIOCh o6Hapy:>KeHHe )l.BOHHoro ,8-pacna.Il,a repMaHHH-76 
11 oueHKa ero nep110.Il,a noJiypacna.Il,a. OnbIT no3BOJIHJI ycraHOBHTb, l.JTO 

T1;2(2,82v) = (1,7~g'.\f) · 1021 JieT, 

T1;2(2,80v) > 6,4 · 1024 JieT. 

B nocJie)l.Hee )l.eCHTHJieTHe 20-ro seKa H s TeKyIUeM cToJieTHH onhIThI TaKoro po.Il,a 
npo.Il,OJI:>KaIOTC51 c npHMeHeHHeM see 6oJiee CJIO:>KHOH annaparypb!. K HacTOHlll,eMy 
speMeHH ycHJIH51MH y1..JeHbIX MHOrHX Jia6oparnp11ti: MHpa o6Hapy:>KeHO cpaBHHTeJib
HO MHOro pa.Il,HOHYKJIH)l.OB, HCnbITbIBa!Olll,HX .Il,BOHHOH ,8-pacna.Il,, H)l.Ylll.HH no cxeMe 

9 0. A. 5apcyKOB 
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2 (32 K . 4sc 76G s2s 100M 116cd 1301 135x 150Nd 
I/. HHM OTHOC5ITC5l. 20 a, 32 e, 34 e, 42 o, 48 ' 52 e, 54 e, 60 . 

Bo Bcex CJiy<iaHx 3HaqeHHH T 1; 2 (2(32v) npeBocxo}l,HJIH nopH.ll.OK 1021 JieT. flpH 

3TOM He 6b!JIO HH O}l,HOfO Ha}l,e)KHO 3aperncTpHpOBaHHOf0 cJiyqa51 pacna}l,a no 

cxeMe 2(30v, H noJiyqeHbl JIHlllh HH:IB:HHe oueHKH COOTBeTCTBYIOill,HX 3HaqeHHH 

T 1; 2 (2(30v). HanpHMep, B 1999 r. noJiyqeHa CJie}l,y10maH oueHKa: 

T1;2(2(30v) > 5,7 · 1025 
JieT. 

CornacHo o6Ill,HM npe}l,cTaBJieHHHM o .ll.BOHHOM (3-pacna}l,e, npHBe}l,eHHhIM B HaqaJie 

ttacTOHill,ero pa3}l,eJia, (2(30v)-pacna}l, }l,OJI:IB:eH npHBO.ll.HTh He K poCTy, a K yMeHh

llleHHIO 3HaqeHHH T 1; 2 }l,BOii:ttoro (3-pacna}l,a. 

TaKHM o6pa3oM, npoBe}l,eHHhie .ll.O ttacTOHill,ero BpeMeHH 3KcnepHMeHThI no 

H3yqeHHIO }l,BOHHOfO (3-pacna}l,a CBH}l,eTeJibCTBYIOT, qTQ 6e3Heii:TpHHHh!H (3-pacna}l, 

no Bceii: BH}l,HMOCTH B npHpO}l,e He BCTpeqaeTCH, H YTBep:IB:}l,eHHe, qTo Heii:TpHHO 

H aHTHHeii:TpHHO - pa3JIHqHbie qacTHUhl MO:IB:HO cqHTaTb }l,OCTaToqHo Ha}l,e:IB:HO 

ycTaHOBJieHHh!M cpaKTOM. 

12.4.6. IIOHCKH COJIHe'IHblX HeihpHHO. 3KcnepHMeHT c ueJib!O nOHCKOB 

COJIHeqHhIX Heii:TpHHO ocymecTBHJia B 1988 r. rpynna 5IIlOHCKHX <PH3HKOB Ha 

ycTaHOBKe Kamiokande-11, cocTOHill,eii: H3 orpoMHoro 6aKa H3 Hep:IB:aBeIOmeii: 

CTaJIH, 3aJIHTOfO 3000 TOHHaMH l.JHCTOH BO}l,hl. 11}1,eH onhITa COCTOHJia B TOM, qTo 

3a cqeT pacceHHHH 6bICTpb!X Heii:TpHHO Ha 3JieKTpOHax MOJieKyJI BO}l,hI, o6pa3yIOTC5l 

CB060}l,Hhie 3JieKTpOHhI, o6Jia}l,aIOill,He 3Heprneii:, npH KOTopoii: B03HHKaeT qepeH

KOBCKOe H3Jiyqemre. ITocJie}l,Hee perncTpHpoBaJioch ThICHqhIO <P3Y, ttaxo}l,Hlll,HXCH 

BHYTPH 6aKa. floJiyqeHHaH B onh!Te HHTeHCHBHOCTh H3JiyqeHHH oKa3aJiach B.ll.BOe 

MeHhllle npe}l,noJiaraeMoii: Ha ocHOBe TeopeTHqecKoro pacqern. 

Oco6eHHocTh ycTaHOBOK H Ll.3BHca H HnoHCKHX <PH3HKOB cocToHJia B TOM, 

qTo OHH Il03BOJI5IJIH perncTpHpOBaTb JIHlllh Heii:TpHHO c He60JihlllHMH CKopocrnMH, 

COCTaBJIH!Olll,HMH OTHOCHTeJihHO MaJiyIO qacTb HX o6mero IlOTOKa. f1o3TOMY npe}l,

CTaBJIHJIOCh ueJiecoo6pa3Hh!M H3MeHHTh MeTO}l,HKY OilhITa, perHCTPHPYH 60Jihlllee 

qHCJIO HeHTpHHO, cpopMHpyIOill,HX cneKTP 3THX qacTHU B H}l,epHb!X peaKUHHX 

BO.ll.OPO.ll.HOfO UHKJia (CM. n. 22.4 H Ta6JI. 22.1). Ll.JIH ero peaJIH3aUHH He06XO}l,HM 

raJIJIHH. flpH nona}l,amm Heii:TpHHO B aToM raJIJIHH nocJie}l,HHH npeBpamaeTcH 

B aTOM HeCTa6HJihHOfO H30TOna repMaHHH, nepHO}l, noJiypacna}l,a KOToporo paBeH 

11 cyTKaM. TaKoro po}l,a onhIT Tpe6yeT 6oJihlllHX 3KOHOMttqecKHX 3aTpaT, no

CKOJihKY raJIJIHH - pe.ll.KHH H .ll.Oporoii: MeTaJIJI, a cornacHo pacqeTy pe3yJihTaThI 

onbITa MO)KHO cqHTaTb Ha}l,e:IB:Hh!MH, eCJIH 3KcnepHMeHTaJibHa5l ycTaHOBKa 6y}l,eT 

co}l,ep:IB:aTh He Mettee 40 TOHH ra.JI.JIHH. OnhIT c raJIJIHeM, noJiyqHBlllHH Ha3BaHHe 

«SAGE», 6bIJI npoBe}l,eH B CO.ll.py:IB:ecrne aMepHKaHCKHMH H COBeTCKHMH <PH3HKaMH 

B HeHTpHHHOH Jia6opaTopHH, HaXO}l,Hlll,eHCH B oaKcaHCKOM ymeJibe Ha KaBKa3e Ha 

6oJihlllOH rny6HHe no}], 3eMJieii:. 3a }l,eCHTHJieTHe (c 1990 no 2000 rr.) 6b1JI0 ocy

mecrnJieHo 6oJiee 100 H3MepeHHii:. 0}1,HaKO 3aperncTpHpoBaHHh!H nOTOK OKa3aJIC5l 

B.ll.BOe MeHbllle o:IB:H}l,aeMoro. 

Pacxo:IB:}l,eHHH Me:IB:.ll.Y TeopeTHqecKHMH npe.ll.CKa3aHHHMH H Ha6.JIIO}l,aTeJihHhIMH 

}l,aHHhIMH noKa He no.JiyqHJIH y6e}l,HTeJibHoro o6bHCHeHHH. He HCK.JIIOqeHo, qTo 

npHqHHa 3TOf0 pacXO:IB:}l,eHHH CB5l3aHa c He}l,OCTaToqHhIM nOHHMaHHeM npHpO}l,hl 

HeHTpHHO. 
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B CJI01KHBlllettcH cHTyaUHH npe.nCTaBJIHeT HHTepec co3.naHHaH elll,e B 195 7 r. 
E. DoHTeKopso TeopHH Hei'ITpHHHbIX npeo6pa3oBaHHH, Ha3BaHHbIX Hei:iTpHHHbIMH 

OCUHJIJIHUHHMH. CyTb 3THX npeo6pa30BaHHH COCTOHT B TOM, 4TO Hei:iTpHHO O,ll.HOro 

THna MoryT npeBpalll,aTbCH B HetiTpHHO .npyroro THTia H Hao6opoT. Ho HeHTpHHHbie 

OCUHJIJIHUHH B03MO)KHbl, ec.JIH TOJ!bKO HeHTpHHO 06.Jia.naeT XOTH 6bI He3Ha'-II1TeJib

HOH, HO He HyJieBOH MaCCOH OOKOH. B HaCTOHlll,ee BpeMH npe.nnpHHHMaIOTCH OTib!Tbl 

c ueJiblO o6Hapy1KeHHH HettTpHHHb!X OCUHJIJIHUHH [ 12]. 

12.4. 7. OnbIT CmrnaKa. KaK H3Becrno, rno60,L1.HbIH HettTpoH HeCTa611J1eH, 

HCObITbIBaH ,8-pacna.n. 

,8-pacna.n CB060,ll.HOrO HeHTpOHa npe.nCTaBJIHeT co6oi'! npocTeHllIHH BH,ll. pa

,ll.HOaKTHBHOCTH 3Toro THna. CTpouecc pacna.na HettTpoHa He HCKa1KeH HHKaKHMH 

BHYTPHH.nepHbIMH B3aHMo.nei'lcTBHHMH, npoHcxo.nHlll,HMH B CJI01KHbIX H.npax, HCIIbI

TbIBaIOlll,HX ,8-pacna,ll.. Do OTMe'-!eHHOH npH'-IHHe OTKpbITHe H HCCJie,ll.OBaHHe ,8-pac

na.na HeHTpoHa '-Ipe3Bb!'-laHHO Ba)KHO B paMKax H3y'-!eHHH BCeH npo6JieMaTHKH 

,8-aKTHBHOCTH. 

0.nHaKO HCCJie,ll.OBaHHe ,8-pacna.na CB060,ll.Horo HeHTpoHa HBJIHeTCH CJIO)KHOH 

3KcnepHMeHTaJihHOH 3a,ll.a'-!ett. )],eJio B TOM, '-!To ,ll.JIH o6Hapy1Kemrn npouecca ero 

pacna.na, Heo6XO,ll.HMO npHroTOBHTb «HeHTpOHHbIH o6pa3eU», '-ITO npe,ll.CTBJIHeTCH 

TexH11'-!ecK11 TPY,ll.HbIM, TaK KaK rno6o.nHbIH Hei'!TpOH 06.Jia.naeT BbICOKOH npomrna

IOlll,ett cnoco6HOCTblO. 3Ta Tpy,ll.HOCTb 6bJJia npeO,ll.OJieHa B OObJTax aMep11KaHCKHX 

cp11311KOB A. CHeJIJia H JI. M11JIJiepa B 1948 r. H COBeTCKOro cp113HKa n. E. CnHBaKa 

B 1949r. 
PaccM0Tp11M 3Kcnep11MeHT Cn11BaKa. KoJIJIHMHposaHHhIH ny'-!oK TenJIOBbIX Hei'l

TpOHOB, Bb!XO,ll.Hlll,11H 113 peaKTOpa, npoXO,ll.11.JI 4epe3 3JieKTp11'-IeCKl1H KOH,ll.eHCaTop 

c H30rHYThIMl1 cneuHaJibHbIM o6pa30M nJiaCT11HaM11. Xorn cKopOCTh TenJIOBbIX 

HeHTpOHOB cpaBHl1TeJibHO BeJIHKa (2200 M/c), TeM He MeHee B npoCTpaHCTBe Me)K

.ny OJiaCTl1HaMl1 KOH,ll.eHCaTopa B JII060H MOMeHT speMeHH HaXO,ll.11.JIOCb HeKOTopoe 

<111c.JI0 HettTpOHOB, 11, TaKHM o6pa3oM, C03,ll.aBaJicH «Hei1TpOHHbIH 06pa3eu». Ha o.n

HOH nJiaCTHHe HMeJIOCb MaJioe «OKHO», 3aKpbnoe TOHKOH nJieHKOH, Ha .npyroi1 

ee cTopoHe pacnoJiaraJicH .neTeKTop npoTOHOB. CTJiacT11Ha c npoTHBonoJio1KHOH 

cTOpOHbI 6b1Jia 3apH1KeHa noJI01K11TeJibHO .no nOTeHu11aJia OKOJIO 20 KB. 

Dp11 pacna.ne Ha JieTy O,ll.HOrO 113 HeHTpOHOB o6pa30BaBllll1HCH npOTOH np11-

THrHBaJICH 3apH1KeHHOH nJiaCTl1HOH, co.nep1Kalll,eH .neTeKTOp 11 pernCTp11poBaJICH 

HM. TaK11M o6pa30M, noMHMO ycTaHOBJieH11H caMoro cpaKTa pacna.na HettTpOHOB 

onpe.ne.JIHJICH 11 nep110.n 11x noJiypacna.na. KaK OTMe'-!aJiocb, nocJie.nmIH paBeH 

np116Jil1311TeJibHO 900 CeKyH,ll. [ 4]. 

§ 12.5. 3JieMeHTbI Teop1rn: /3-pacrra,!I,a <l>epMH 

06paTl1MCH K KpaTKOMY 113JI01KeHHIO Teop1111 ,8-pacna.na <t>epMH, pa3pa6o

TaHHOH HM, KaK ynoMHHaJIOCb, B 1934 r.' T. e. ,ll.O Toro BpeMeHH, Kor.na 6b!JIO 

3KcnepHMeHTaJibHO ,ll.OKa3aHO cylll,eCTBOBaHHe HeHTpHHO. 

B TeopHH HcnoJib3YeTcH HettTpHHHaH rHnoTe3a CTayJIH H npe.ncTaBJieHHe ttei'!

Tpott-npoTOHHOH MO,ll.eJIH H,ll.pa, npH'-IeM npe.nnoJiaraeTCH, '-ITO HeHTpOH H npoTOH 

9* 
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npe,ll,CTaBJISIIOT co6ofl JJ,Ba cocTOSIHl1SI oJJ,HOH 11 TOH *e YaCT11I..LbI - HYKJIOHa. 

Oo aHaJIOfl1H C KBaHTOBOH 3JieKTpO,ll,HHaMl1KOH BBO,ll,11TCSl. CTOHSl.Tl1e 3JieKTpOHHO

CT0311TpOHHOfO nOJIH, a HYKJIOH CYHTaeTCH HCTOYHl1KOM /)-qacni.u H HeHTpHHO 1). 

JVl.aJiaH 11HTeHCl1BHOCTb CJia6oro B3al1MO,ll,eHCTBHH no3BOJIHeT 11CnOJib30BaTb TeO

p1110 B03MyllI.eHl1H. 

B KBaHTOBOH MexaH11Ke BepoHTHOCTb nepexoJJ,a c11cTeMb1 3a eJJ,11H11uy BpeMeH11 

113 HaYaJibHOrO COCTOHHl1Sl., xapaKTep113yeMOfO BOJIHOBOH cpyHKI..L11eH Wi, B KOHeY

HOe, on11Cb1BaeMoe BOJIHOBOH cpyHKI..LHeH \]! k. onpeJJ,eJIHeTCH Bbipa)KeHHeM 

(12.10) 

rJJ,e Hki = J 1/J;Ji1/Ji dv - MaTp11YHbIH 3JieMeHT oneparnpa B03MyllI.eH11H H; 
p(E) = dn/dE - nJIOTHOCTb KOHeYHblX COCTOHHHH; Yl1CJIY KOHeYHblX COCTOH

Hl1H dn coorneTcrnyeT 3HeprnSI, np11xoJJ,HllJ.aHcSI Ha 11HTepBaJI E, E + dE; dv -
3JieMeHT o6beMa. B paccMaTp11BaeMoM cJiyYae coornoweH11e (12.10) onpeJJ,eJIHeT 

BepoHTHOCTb /)-pacnaJJ,a HJJ,pa 3a 1 c. 

I-fa 06m11x npeJJ,cTaBJieH11H o /)-pacnaJJ,e BbITeKaeT, YTO 3HeprnH ,B-pacnaJJ,a 

paBHa 

Em= Ef3 +Ev. (12.11) 

rJJ,e Ef3 - 3HeprnH /)-YaCT111..LbI, Ev -3HeprnH HeHTp11Ho. 

BbIYl1CJil1B p(E) 2), cpopMyJiy (12.10) MO)KHO npe,ll,CTaBl1Tb B B11JJ,e 

d _ v2 IH .
1

2 E E (E~ 2 2)1;2(E~ _ 2 2)1;2dE Wf3 - 3 7 4 ki f3 v -2 - mvc -2 mvc . 
271" 1i c c c 

(12.12) 

r,ll,e v - o6beM, B KOTOpOM HaXO,ll,HTCH JJ,aHHaH Cl1CTeMa. 

TaK KaK onbIT He no3BOJIHeT HenocpeJJ,cTBeHHO 113Mep11Tb Ev, ueJiecoo6pa3HO 

11CKJIIOYl1Tb 113 cpopMyJibl (12.12) 3HeprnIO HeHTp11HO, BOCnOJib30BaBWl1Cb cpopMy

JIOH (12.11). TorJJ,a, onycKaH 11HJJ,eKc /) np11 E, nepen11weM (12.12) B cpopMe 

_ V
2 

. 2 . _ E
2 

_ 2 2 1;2 [(Em - E)
2 

_ 2 2] 
112 

dwf3 - 3 7 4 IHkil E (Em E)( 2 mec ) 2 mvc dE. 
27r 1i c c c 

(12.13) 
nocKOJibKy, cornacHo rnnoTe3e HeHTp11Ho, ero Macca noKOH paBHa HYJIIO 11JI11 

OYeHb MaJia, TO YJieHOM, CO,ll,ep)KallJ.11M mv, MO)KHO npeHe6peYb: 

_ v2 

1 

.

1

2 (E
2 

_ 2 2)1;2( _ )2 dwf3 - 3 7 5 Hki E 2 mec Em E dE. 
27r h c c 

BBeJJ,SI o6o3HaYeHHH E = E/mec2, Em= Em/mec2, noJiyY11M 

d~~E) = We(E) = C2c(c2 - 1) 1/2 ·(cm - c)2, (12.14) 

1) fosopH o qacnn-1ax, 11cnycKaeMbIX np11 ,6-pacna.n:e, Mb! 6y.n:eM ynoTpe6JIHTh TepM11HhI «,6-qa
cT11u,a» 11 «Hei1Tp11HO», no.n:pa3yMeBaH, lJTO ,6-lJaCTl1U,a - 3TO JI1160 3JieKTpOH, JI1160 TI0311Tp0H 
11 l1rHOp11pyH TIO.n:pa3JJ:eJieH11e HeHTp11HO Ha JJ:Ba THTia (v 11 v). 

2) CM. TeKCT neT11ToM B KOHu,e 3Toro naparpa¢a. 
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r.ne C2 = V2m~c4 IHkil /27r3ri7. Bb1pa)KeHHe (12.14) npe,ncTaB.JIHeT co6oi1 cpyHK

LI,HIO pacnpe.ne.rreHHH ,6-LJacrnu. no 3HeprnHM. B rpacpHLJecKOM BH,ne 3Ta cpyHKLI.HH 

noKa3aHa Ha pHc. 12.4 (KpHBaH o:). KaK BHAHO, B coorneTCTBHH c pa3BHTbIMH 

cm 

P11c. 12.4. 3aBllCllMOCTb w.l\(c:). Kp11sa5! a noCTpoeHa c ITOMOW,b!O Bblpa)l{eHll51 (12.14), 6 -
Bb1pa)l{eH115! (12.15) 

Bb1we npe.nCTas.rreHHHMH o ,6-pacna.ne, 3HepreTHLJecKoe pacnpe.ne.rreHHe ,6-LJaCTHLI. 

HenpepbIBHO H npoCTHpaeTC51 OT E = 0 .no E = Em. 

Bse,neM 3ase,n0Mo HeBepHoe npe.nno.JIO)KeHHe, LJTO Macca noKoH Hei1TpHHO pas

Ha Macce noKOH 3.JieKTpoHa. OpH me= mv coornoweHHe (12.13) npeo6pa3yeTCH 

K BHAY 

(12.15) 

Pacnpe.ne.rreHHIO (12.15) Ha pHc. 12.4 coorneTcrnyeT KpHBaH B. o.JIH3 TOLJKH Em 

KpHBbie a H 8 Be,nyT ce651 pa3.JIHLJHO: KacaTe.JibHaH K nepBOH H3 HHX 6.JIH3 

TOLJKH Em COBna.naeT c OCbIO a6cu,HCC, Tor.na KaK KaCaTe.JibH35I BTOpoi1 npH E = Em 

nepneHAHKy.rrHpHa K 3TOH OCH. C.rre.nosaTe.JibHO, H3yLJeHHe xo.na KpHBOH w(E) 
B6.JIH3H TOLJKH Em B npHHLI,Hne MO)KeT 6bITb HCnO.Jib30BaHO A.JIH ou,eHKH MaCCbl 

Hei1TpHHO. K CO)Ka.JieHHIO, noCTpoeHHe oTpe3Ka 3KcnepHMeHTa.JibHoi1 KpHBOH 6.rrH3 

3TOH TOLJKH 3aTpy,nHeHO TeM, LJTO LJHC.JIO ,6-LJaCTHLI, c 3HeprHei1, 6.JIH3KOH K Em, 

oLJeHb Ma.rro. K sonpocy 06 onpe.ne.rreHHH mv no ,naHHbIM ,6-cneKTpOB Mb! BCKope 

sepHeMcH. C.rre.nyeT TaK)Ke 3aMeTHTb, LJTO coornoweHHe (12 .14) no3BO.JIHeT .JIHWb 

KaLJecrneHHO onHcaTb 3HepreTHLJecKoe pacnpe.ne.rreHHe ,6-LJacTHU. ,Ll,.rrH npose,neHHH 

KO.JIHLJeCTBeHHbIX pacLJeTOB Heo6xo,nHMO 3HaTb 3HaLJeHHe MaTpHLJHOro 3.JieMeHTa 

Hki = J 1/J;/i'l/Ji dv, sxo.nHmero B KOHCTaHTy C. 
B Hepe.rrHTHBHCTCKOM npH6JIH)KeHHH 1/J'k H 1/Ji HB.JIHIOTCH OAHOKOMnoHeHTHbI

MH cpyHKUHHMH. B cooTBeTCTBHH c o6mHMH npe,nCTas.rreHHHMH TeopHH 6y.neM 

CLJHTaTb, LJTO B 3.JieMeHTapHOM aKTe ,6-pacna.na yqacTsyeT o,nHH HYK.JIOH. Tor.na 

1/Ji = Ui eCTb BO.JIHOBaH cpyHKll,HH HaLJa.JibHOro COCTOHHH51 HYK.JIOHa (A.115! onpe.ne

.JieHHOCTH 6y,neM CLJHTaTb ero HeHTpOHOM). B KOHeLJHOM COCTOHHHH, OnHCbIBaeMOM 

cpyHKll,HeH 1/Jk, CHCTeMa COCTOHT H3 npOTOHa, ,6-LJaCTHll,bl H HeHTpHHO. 003TOMY 

'l/lk = UkUf3Uv (Uk, Uf3 H Uv - BO.JIHOBbie cpyHKll,HH npOTOHa, ,6-LJaCTHll,bl H Hei1Tptt

HO cooTBeTCTBeHHo). Tor.na 
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r.11.e H - oneparnp, xapaKTepH3YIOill.HH B3aHMo.11.eficrnHe IIeTb1pex nepeIIHCJieHHhIX 

IIaCTmi:. 11HTerpHpoBaHHe npOH3BO)l.HTC51 no KOOp~HHaTaM BCex 3THX qaCTmi:. 

3HaIIeHHe Hki CHJihHO 3aBHCHT OT BH.11.a onepaTopa H. 
CyI11.ecrnyeT HecKOJihK9._ sapHaHTOB 3anHCH 3Toro onepaTopa. B npocTefiweM 

BapHaHTe CIIHTaeTC51, IITO H CBO)l.HTC51 K KOHCTaHTe, TaK IITO 

H · = acJI.s3·Ju*u*u*u·dv ki k{3vi · (12.16) 

KottCTaHTa acJI. 83 xapaKTepH3yeT HHTeHCHBHOCTh B3aHMo.11.eticTBH5I IIaCTHU. Ee 

MO.lli:HO onpe.11.eJIHTh, cpaBHHBa51 3KCnepHMeHTaJihHhie H TeopeTHIJeCKHe .11.aHHbie 

(CM. HH.IB:e). c!>yHKUHH Uk, Ui, u13 H Uv )l.OJI.lli:Hhl 6paThC51 B 0)].HOH H TOH .IB:e TOIJKe, 

n03TOMY HHTerpHpOBaHHe B (12.16) ocyill,eCTBJI51eTC51 no KOOp.11.HHaTaM HYKJIOHa, 

HCnhIThIBaIOill,ero ;3-pacna.11., T. e. no o6JiaCTH, He npeBhIWaIOill,eH pa3Mep 51)].pa. 

EcJIH CIIHTaTh KYJIOHOBcKoe s3aHMo.11.eficTBHe /)-qacTHUhI c ttyKJIOHaMH ttecy

Ill,eCTseHHhIM, TO BOJIHOBbie cpyHKUHH u13 H Uv MO.lli:HO npe.11.cTaBHTh B BH)l.e 

nJIOCKHX BOJIH. 0603HaIJa51 HMnyJihC J3-qaCTHUhl qepe3 p13, a HeHTpHHO - qepe3 

Pv, 3anHweM BOJIHOBhie cpyttKUHH 3THX qacTHU B cpopMe 

u13 = c13exp [* (p13r)], Uv = Cvexp [* (pvrv)], 

r.11.e c13 H Cv - HOpMHpOBOIIHhie MHO.IB:HTeJIH. HopMHpOBKY B o6beMe V yCTaHOBHM 

TaKHM o6pa3oM, IIT06hI J u~u/3 dv = 1 H J u~uv dv = 1 
v v 

B npe.11.eJiax aTOMHoro 51.11.pa u13 H Uv MeH51IOTC51 MaJio. )leticTBHTeJihHO, P/3 = 
= Pv ~ mec; pr /n ~ mecR/n ~ 10-2. CTo3TOMY B COOTHOWeHH51X )l.Jl51 u13 H U{} 

1 
MO.lli:HO nOJIO)KHTh r = 0. B TaKOM CJiyqae u13(0) = Uv(O) = JV' CJie)l.OBaTeJihHO, 

1 i 1 i 
u13 =JV exp [r;: (prr], Uv = JV exp [r;: (pvrv)]. 

YIIHThIBa51, IITO cpyHKUHH u13 H Uv He3ttaIIHTeJihHO MeH51IOTC51 BHYTPH 51)].pa, HX 

MO.lli:HO BhIHeCTH 3a 3HaK HHTerpaJia B (12.16): 

Hki = acJI.s3·u~u~ J u'kui dv. 

B351B 3HaIJeHH51 u13 H Uv B TOIIKe r = 0, noJiyIIHM OKOHIIaTeJibHO: 

o/Jl.83. I 
Hki = ---V- u'kui dv. 

,llo CHX nop Mb! HrHOpHpOBaJIH KYJIOHOBCKOe B3aHMO)l.eHCTBHe Me.IB:.11.y 51.11.POM H BhI

JieTaIOill,eH H3 Hero /3-IIaCTHUeH. 3TO He.11.onycTHMO, eCJIH 3Hepnrn /3-IIaCTHUhl MaJia 

no cpastteHHIO c noTeHuHaJihHOH 3Heprnef1 3JieKTpoHa B KYJIOHOBCKOM noJie 51.11.pa. 

B TaKOM cJiyqae B cpopMyJiy (12 .14) Heo6xo.11.HMO ssecrn tteKoTopyio cpyHKUHIO 

f (r:;, Z), 3aBHC51Ill.YIO OT 3ap51.11.a 51.11.pa Z H 3HeprnH r:;: 

We(E) = C2 f(E, Z)c(c2 - 1) 1!2c(cm - c)2 . (12.17) 
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l13 (12.14) BbITeKaeT, qrn Jwe(E)/ f (E, Z)(E2 - 1 )112 = c(Em - E). CTo3TOMY 

ecJU1 3KcnepHMeHTaJibHO onpe,11,eJIHTb HHTeHCHBHOCTb I(E) ,6-H3JiyqeHHH H no

CTpOHTb 3as.11c.11MOCTb JI ( E) / f ( E, Z) ( E2 - 1) 1 / 2 , TO nocJie,11,HHH 6y,11,eT .11.MeTb s.11,11, 

npHMOH JIHHHH. 3TOT rpaqmK Ha3bIBaIOT rpaqmKOM <PepMH (HJIH KiopH). )J.JIH ero 

noCTpoeHHH tteo6xo,11,HMO, oqes.11,11,Ho, 3HaTb cpyttKI..LHIO f (E, Z). 
CTpH yqeTe BJIHHHHH KYJIOHOBCKoro noJIH H,11,pa s HH3K03ttepreTHqecKoii qacTH 

,e--cneKTpa qHCJIO 3JieKTpOHOB B03pacTaeT; Hao6opoT, B HH3K03HepreTHqecKOH 

qacTH ,e+ -cneKTpa q.11.cJio no3HTpottoB yMettbwaeTcH (nocKOJibKY KyJiottoBcKoe 

noJie H,11,pa TOpM03HT ,e- -qacrnub1 H yCKopHeT ,e+-qacrnub1). 

HeKoTopoe BJIHHHHe Ha cpyttKI..LHIO We ( E) OKa3bIBaeT .11 noJie aTOMHbIX 3JieKTpo

HOB. )lJIH yqeTa HX 3KpaHHpyiomero ,11,eHCTBHH HHOr)l,a BBO)l,HTC5! COOTBeTcTByIO

IUaH nonpasKa. 

Ha pHc. 12.5 noKa3aH rpacpHK <PepMH ,11,JIH TPHTHH yH. To o6cTOHTeJibCTBO, 

qTo 3KcnepHMeHTaJibHbie TOqKH xopowo yKJia,11,brnaioTcH Ha npHMyio, yKa3bIBaeT 

,,:( 
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Pttc. 12.5. fpacpttK <l>epMH )],JUI TPHTHH 

Ha npHMeHHMOCTb paCCMOTpeHHOH TeopHH ,6-pacna,11,a. 

CTpHse,11,eHHbIH rpacpHK HHTepeceH H s ,11,pyroM OTHOWeHHH. Mb1 y;>Ke yKa3bIBa

JJH, qTo .113 scex ,6-pa,11,HoaKTHBHhIX 51,11,ep 3HaqeHHe Em MHHHMaJibHO )l,JI51 TPHT.115! 

(Em = 0,018 M3B). BJiaro,11,apH MaJiocTH Em Macca tteH:TpHHO ,11,0JI;>KHa oKa3bI

saTb cymecTBeHHOe BJIH51HHe Ha BH)l, cneKTpa. 113 aHaJIH3a 3KCnepHMeHTaJibHbIX 

D,aHHbIX 6b!JIO yCTaHOBJieHO, qTo Macce IlOK05l HeiiTpHHO COOTBeTCTByeT 3HeprH51, 

He npeBbIUJaIOJUa5! 250 38, T. e. 3HaqeHHe mv He )l,OJl;>KHO 6b!Tb 60Jibllie 0,04 % 
OT MaCCbl me. 3TOT pe3yJibTaT CJIY)K.11.T 0)1,HHM .113 o6oCHOBaHHH npette6pe;>KeHH5! 

MaccoH: IlOK051 HeHTpHHO B TeopHH ,6-pacna,11,a (HH;>Ke Mb! flOKa;>KeM, qTQ HMelOTC5l 

coo6pa;>KeHH51, Ha OCHOBaHHH KOTOpb!X mv CJie,11,yeT cq.11.TaTb paBHOH HYJIIO). 

Bse,11,eM HOBYIO cpyttKI..LHIO F(11m), r,11,e 'r/m = Pm/mec HMeeT CMbICJI HMflYJibCa 

flm, H3Mepettttoro B e,11,.11.HHI..Lax mec. <PyHKI..LH5l F(17m) - ,11,0BOJibHO CJIO;>KHaH, ee, 

TeM He Mettee, MO)KHO TQqHo BbJqHCJIHTb (cM., HanpHMep, [8]). flpoH3Be)l,eHHe 
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F( rJm) Ha nepH0.11. noJiypacna.11.a T onHcbIBaeTcH Bhrpa)KeHHeM 

FT = ln 2 2
7r

3
t/ 

2
. 

(o:c.n.s3.)2m~c4JJ u'kui dvl 
(12.18) 

BeJIHqHHa FT Ha3bIBaeTCH cpa81-tumeAbHbtM .nepuoiJoM noAypacnaiJa 1). 

HeH3BecTHhIM BeJIHqHHaMH B (12.18) HBJIHIOTCH MaTpHqHhIH :rneMeHT J u'kui dv 

H I10CTOHHH3H aCJI. 
83

". 3ttaqeHHH KBa.11.paTa MO,IJ.YJIH MaTpHqHoro 3JieMeHTa npHXO

.IJ.HTCH Ha HHTepBaJI (0, 1 ). 3rn 3HaqeHHH TeM 6JIH)Ke K e)J.HHHIJ.e, qeM MeHbWe 

pa3JIHqaJOTCH Me)KJJ.Y co6oH: HaqaJihHOe H KOHeqHoe COCTOHHHH, T. e. qeM MeHbWe 

pa3JIHqHe BOJIHOBb!X <iiYHKUHH Uk H Ui. 

lfayqeHHe 3KcrrepHMeHTaJihHhIX 3HaqeHHH FT H <tiopMhI /)-crreKTpa nomBep

)KJJ.aeT cnpaBe)J.JIHBOCTb Ba)KHeHWHX Bb!BO)J.OB H3JIO)KeHHOH 3JieMeHTapHOH TeOpHH 

/)-pacna.11.a, qTQ I103BOJIHeT oueHHTb KOHCTaHTY CJia6oro B33HMO)J.eHCTBHH aCJl. 
83

". 

Ee oueHKa ocymecTBJIHeTCH c noMOI.l.LhIO ( 12.18). HcrroJih3YIOTCH /)-nepexo.11.hr, 

JJ.JIH KOTOphIX \J u'kui dv\
2 

MO)KHO cqHTaTh paBHhIM e.11.HHHUe; BeJIHqHHhr F H T 

6epyTCH H3 onhITa. OuettKa noKa3aJia, qTo acJI. 
83

· = 1,4 · 10-49 3pr/cM3. 5oJihWHe 

3HaqeHHH nepHOJJ.OB noJiypacna.11.a /)-pa.11.HoaKTHBHhIX HJJ.ep o6ycJIOBJieHbl HMeHHO 

HH3KOH HHTeHCHBHOCTbIO cJia6hIX B3aHMO)J.eHCTBHH. 

Bbl'IHCJIHM p(E). c 3TOH ueJib!O HaH,n:eM l.JHCJIO KOHe'IHbIX COCTOHHHH dn CHCTeMhl. 

5y,n:eM C'IHTaTh, 'ITO 3HeprnH ,8-qacrnuhI rrpHxo,n:HTCH Ha HHTepsaJI (Ef3, Ef3 + dEf3), a 

3HeprnH HeHTpHHO - Ha HHTepBaJI (Ev, Ev+ dEv ). Tor,n:a 

dn = dnf3 dnv, 

r,n:e dnf3 H dnv - lJHCJia COCTOHHHH ,8-qacTHUbl H HeHTpHHO, rrpH KOTOpbIX 3HeprnH 3THX 

qacrnu rrorra,n:a!OT Ha HHTepBaJibl (Ef3,Ef3 + dEf3) H (Ev.Ev+ dEv) COOTBeTCTBeHHO, 

rrpH'IeM rrocKOJihKY Em - rroCTOHHHaH seJIH'IHHa, TO B CHJIY (12.10). 

ldEf31 = ldEvl = dE. (12.19) 

Mo)KHO rroKa3aTh, 'ITO 

dn = 47rp~ dp13 V 
f3 (27rh)3 , 

dn = 47rp~ dpv V 
v (27rh)3 , 

r,n:e v - o6beM, B KOTOpOM HaXO,ll:HTCH ,n:aHHaH CHCTeMa. Tio3TOMY 

r,n:e Pf3 - HMITYJihC ,8-qacTHUhI, a Pv - HMITYJihC HeHTpHHO. TipHHHMaH BO BHHMaHHe 

COOTHOWeHHH 

(12.20) 

1) CpaBmlTeJJhHbIM neptto,n:oM noJJypacna,n:a HHor,n:a Ha3hIBaJOT TaK>Ke seJJWIHHY FT, MeHhlllYJO 
FT Ha ln 2 = 0,693. 
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11MeeM 

I1crroJih3YH ,!!_Ba ITOCJie,ll_Hl1X COOTHOWeHl1H 11 Ylll1TbIBaH ( 12.19)' rreperr11weM Bb1pa)KeH11e 
,!!_JIH p( E) B ¢opMe 

6 2 2 

(E) = dn = I Jr v Pf3PvE(3Ev dE 
p dt (2nn,)6 c4 • 

(12.21) 

CTo,!!_CTaBJIHH (12.21) B (12.8) 11 Ylll1TbIBaH COOTHOWeHl1H (12.20), ITOJIYlJHM (12.11). 

§ 12. 6. Pa3perneHHbie H 3arrpern.eHHb1e rrepexOAhI 

,llJUI KJiacrnqnmaI.I,HH /3-rrepexo,D,OB HCITOJib3YIOT cpaBHHTeJihHblH rrepHO,D, rro

Jiypacrra,ll_a. ilOCKOJibKY ero 3HaI.JeHH51 Bb!pa)Ka!OTC51 60JibillHMH l.JHCJiaMH, 06hll.JHO 

rrpHH51TO rrpHBO,D,HTh He FT, a lg FT. B 3aBHCHMOCTH OT 3HaI.JeHH51 lg FT ;J-pacrra.n. 

rro.n.pa3,D,eJI51!0T Ha HeCKOJihKO rpyrrrr; BHYTPH Ka)K,D,OH H3 HHX 3HaI.JeHH51 3TOH 

BeJIHl.JHHbl 6JIH3KH Me)K.n.y co6ol1. 

HaHMeHbillHe 3HaI.JeHH51 lg FT = 3-4, coorneTCTBYIOT rrepexo,D,aM Me)K.n.y co

CT051HH51MH c MaJio OTJIHI.Ja!Olll,HMHC51 BOJIHOBhIMH cpyHKI.I,H51MH. CI.JHTaeTC51, I.JTO 

TaKa51 CHTyaI.I,H51 HMeeT MeCTO rrpH /3-rrepexo.n.ax Me)K,D,y 3epKaJihHblMH 51,D,paMH 
3H 3H 18 7L· 11c 11 8 1 1H 
1 ---} 2 e, 4 e ---} 3 1, 6 ---} 5 H T . .n.., a TaK)Ke rrpH rrepexo.n.e 0n ---} 1 . 

B rrepeI.JHCJieHHhIX cJiyI.Ja51x MO)KHO, He orraca51Ch c.n.eJiaTb 6oJihillYIO 0111H6Ky, 

rroJIO)KHTh jJ u'kui dvj
2 

= 1. PaccMoTpeHHbie rrepexo,D,bI Ha3h1Ba10T ceepxpa3peuteH

HbtMU. DpH csepxpa3pe111eHHhIX ;J-pacrra.n.ax HHKaKol1 rrepecTpoiiKH CTpyKTYPhI 

5!,D,pa He npOHCXO,D,HT. 

DpH ;J-rrepexo,D,ax co cpe,D,HHM 3HaI.JeHHeM lg FT = 5, Ha3hIBaeMhIX HopMaAbHO 

pa3peuteHHbtMU, cTpyKTypa 51,D,pa y)Ke cyw.ecrneHHO rrepeCTpaHsaeTc51. Ha3BaHHe 

«pa3pe111eHHh1e rrepexo,D,bI» o6b51CH51eTC51 TeM, I.JTO rrpH TaKHX rrepexo.n.ax He Hapy

wa10TC5I npaBHJia 3anpern no MOMeHTY HMITYJibCa H I.JeTHOCTH. 

EcJIH crrHHhI MaTepHHCKoro H ,D,Ol!epHero 51,D,pa CHJihHO pa3JIHI.JaIOTC51 Me)K.n.y 

co6ol1, TO B CHJIY 3aKOHa coxpaHeHH51 MOMeHTa HMITYJihCa MoryT HcrrycKaThC51 

lJaCTHI.l,bl co cpaBHHTeJibHO 60JibillHMH MOMeHTaMH l, l.JTO o6ycJiaBJIHBaeT poCT 

lg FT; B03HHKaIOT TaK Ha3hrnaeMbie 3arrpemeHHb1e rrepexo.n.h1. 

3HaI.JeHHe KBaHTOBOfO l.JHCJia l, xapaKTepH3YIOill,erO cyMMapHbIH op6HTaJibHbIH 

MOMeHT HMITYJibca /)-I.JaCTHI.I,hI H HeHTpHHO, Ha3h!BaIOT nopH8KoM 3anpeU{ertrtocmu 
rrepexo.n.a. DpH l = 1, 2, 3, T. e. B cJiyI.Jae 3arrpemeHHhIX rrepexo.n.os rrepsoro, 

srnporo H TpeThero rrop51,D,Ka, cpe.n.Hee 3HaI.JeHHe lg FT paBHO 9, 15 H 18 cooT

seTCTBeHHO. I1HTepecHo, I.JTO B TpeTheM cJiyI.Jae T = 109 JieT, I.JTO cpaBHHMO co 

speMeHeM )KH3HH CoJIHeI.JHOH cHcTeMhI. 

;J-pacnaA 51,D,pa i8K OTHOCHTCH K 3anpemeHHhIM nepexoAaM TpeThero nopH.n.Ka. 

06Jia,D,a51 orpoMHhIM rrepHO.ll.OM rroJiypacrra.n.a, i8K AO CHX rrop co.n.ep)KHTC51 B ecTe

CTBeHHOH CMeCH H30TOITOB KaJIH51. 



266 I'll. 12. Eema-pacnaa. flpo6Ae.Ma HeumpuHo 

§ 12. 7. IlpaBHJia oT6opa .n:m1 /3-nepexo,n:ou 

PaccMOTpHM npaBHJia oT6opa .II.JIH pa3perneHHbIX nepexo.II.OB, CBB3aHHbIX c BbI

noJIHeHHeM 3aK0HoB coxpaHeHHH MOMeHTa HMilYJibca H LJeTHOCTH. Pa3JIHLJaIOT 

npaBHJia oT6opa <PepMH H npaBHJia oT6opa faMoBa- TeJIJiepa. 

Ilo npaBHJlaM OT6opa cDepMH K pa3perneHHbIM nepeXO)l,aM OTHOCHTCH TaKHe 

,8-nepeXO)l,bl, npH KOTOpblX Hf! MOMeHT HMilYJibCa, Hf! l.JeTHOCTb H.II.pa He MeHHIOTCH: 

b.J = 0, 7ri/7rk = 1. 

EcJIH ttcnyCKaeMbie npH pa3perneHHOM ,8-nepexo.II.e ,8-qacTmi:a H HeJ'.iTpHHO o6Jia.II.a

IOT npOTHBOilOJIO)KHO opHeHTHpoBaHHb!Mfl Cilf!HaMH, TO IlOJIHb!H MOMeHT HMilYJibCa, 

yHOCHMhIH 3THMH qacTHUaMH, paseH HYJIIO, no3ToMy MoMeHT H.II.pa, HCilhITaswero 

,6-pacna.u., tte MettHeTcH: 6.J = 0, T. e. MbI npttWJIH K rrpamrny OT6opa <PepMH. EcJIH 

)Ke Cilf!Hbl ,8-l.JaCTHUbl fl HeHTpHHO HMeIOT 0)1,HHaKOBOe HanpaBJiem-1e, TO IlOJIHb!H 

MOMeHT HMnyJihCa, KOTOpb!H YHOCHTCH 3THMH l.JaCTHUaMH, xapaKTeptt3yeTCH KBaH

TOBblM l.JHCJIOM l = 1. IlpH 3TOM IlOJIHbIH MOMeHT HMilYJibCa HcnycTHBWero HX H.II.pa 

JIH60 OCTaeTC.fl HeH3MeHHbIM, H TOr)l,a 6.1 = 0, JIH6o MeHHeTCH TaK, l.JTO 6.J = ± 1 
(Ho 3TO He OTHOCHTCH K 0-0-nepexo)l,aM). IloJiyLJeHHbIH pe3yJibTaT COOTBeTcrnyeT 

npaBHJiy OT6opa faMOBa-TeJIJiepa )l,JIH MOMeHTa HMilYJibCa. 

IlpaBHJIO OT6opa IlO l.JeTHOCTH M01KHO 060CHOBaTb CJie)l,yIOLUHM o6pa30M. 

MaTpHLJHbIH 3JieMeHT J u'kui dv rrponoputtottaJieH 06JiacT11 nepeKpbITHH BOJIHOBbIX 

cpyHKUHH uk H Ui· Pa3perneHHhie nepexo.II.bI ocyr.uecTBJIHIOTCH Me*.II.Y cxo.II.HbI

MH COCTOHHHHMH, T. e. TaKHMH, )l,JIH KOTOpblX CTenettb nepeKpb!THH BOJIHOBbIX 

cpyHKUHH cpasmneJibHO BeJIHKa. Ho o.II.HO H3 Heo6xo.II.l1MbIX ycJIOBHH cxo.II.CTBa 

Hal.JaJibHOro H KOHel.JHOro COCTOHHHH CHCTeMbl COCTOHT B COBila)l,eHHH HX l.JeTHOCTH: 

7ri/7rk = 1. 
IlpHMepoM cpepMHeBCKoro nepexo.u.a M01KeT CJIY1KHTb ,8-pacna.II. H.II.pa 1 ~0, 

COOTBeTcTByIOI..UHH (O+ -O+)-nepexo.II.y, a ,8-pacna)l, ~He, cooTBeTCTBYIOI..UHH 

(O+ -1 + )-nepexo.II.y, HBJIHeTCH raMOB-TeJIJiepoBCKHM. 

Bo3M01KHbI H CMernaHHbie nepexo.II.bl. K Hl1M OTHOCHTCH ,8-pacna.II. HeHTpoHa. 

orneLJaIOI..UHH (1 /2+ -1 /2+)-nepexo.II.y. 

)lJIH IlOJIHOTbl Kapn!Hbl 3aMeT!1M, l.JTO )l,JIH ,8-pacna)l,a cyr.uecTByIOT TaK1Ke 

HeKOTopb1e npaBHJia OT6opa no H3ocrrtttty. B .u.aJihttefirneM OHH HaM He notta.II.o6HT

CH, Il03TOMY Mb! He 6y.II.eM 3)1,eCb Ha HHX OCTaHaBJIHBaTbCH. 

§ 12.8. CBSI3b MeJK,n:y 060.JioqeqHo:H CTPYKTypo:H si:,n:pa 
11 /3-pacna,n:oM 

TeCHyIO CBH3h Me*.II.Y o6oJioLJeLJHOH CTPYKTypoJ'.i H.II.pa H ,8-pacna.II.OM tteTpy.II.HO 

ycTaHOBHTb, BOCilOJib30BaBWHCb npe)l,cTaBJieHHHMH o6oJIOl.Jel.JHOH MO)l,eJIH H)l,pa. 

Mo1KHO Cl.JHTaTb, LJTO cnapeHHbie HYKJIOHhI, 3anoJIHHIOI..UHe BHyTpeHHHe o6oJiol.JKH, 

He npeTepnesa10T ,8-pacna.II.a (rosopH TOLJHee, OHH OKa3bIBaIOT Ha 3TOT npouecc 

He3Hal.JHTeJibHOe BJIHHHHe). Ilo3TOMY B MaTpHLIHbIH 3JieMeHT BOH)l,eT BOJIHoBaH 

cpyHKUHH HecnapeHHoro HYKJiotta, pacnoJio1KeHHoro Ha BHernHeM ypoBHe. BceM 
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pa3peweHHhIM nepexo,LI.aM (lg FT ~ 4 11 6) orneqaeT nepeCTpoi1Ka CTpyKTYPhI 
BHYTPl1 O,LI.HOH onpe,LI.eJieHHOH 060JioqK11 H,LI.pa, np11 KOTopoH: op611TaJihHoe KBaHTO
soe q11CJIO OCTaeTCH Hel13MeHHblM (b.l = 0)' CDl1H H,LI.pa TaK)Ke He 113MeHHeTCH 11Jil1 
113MeHHeTcH Ha 1. 

f1p11MepOM MO)KeT CJIY)Kl1Tb /J-pacna,LI. H,LI.pa {~S. 19-H HefnpoH 3TOrO H,LI.pa 

HaXO,ll.11TCH Ha YPOBHe I d3/2· 51,LI.po r~s, 11CilbJTaBwee /3-pacna,LI., npespaUJ,aeTCH B 

H,LI.po {~Cl, 17-H: npoToH KOToporo pacnoJIO)KeH TaK)Ke Ha ypoBHe I d3; 2 . B ,LI.aHHOM 
cJiyqae t:il = 0, b.I = 0, Jri/1fk = ±1. TaKoH: nepexo,LI. HBJIHeTcH pa3peweHHhIM. 
OnbIT noKa3aJI, '-I.TO ,ll.JIH /3-pacna,LI.a ns lg FT = 5,01. 

B cJiyqae nepexo,LI.OB, 3anpeUJ,eHHhIX B nepsoM nopH,LI.Ke, HecnapeHHhie HYKJIO
HhI MaTep11HCKOro 11 ,LI.OY.epHero H,D.pa HaXO,ll,HTCH, KaK npaBl1JJO, B pa3Hb!X o6oJJOY.
KaX. Hanp11Mep, H,D.po 1 ~5Sn, npeTepnes /3- -pacna,LI., npespaUJ,aeTcH B H,D.po 1 ~{Sb, 
73-H: H€HTpOH H,LI.pa 123Sn, HaXO,ll.Hlll,11HCH Ha ypoBHe Ih11;2. nocJie /3 - nepexo,LI.a 

npespaUJ,aeTCH B 51-11 npOTOH 123Sb, KOTOpb!H pacnoJIO)KeH Ha ypOBHe Ig7/2· 
B 3TOM CJiyY.ae t:il = 1, b.I = 2, 7ri/7rk = -1. CornaCHo 3Kcnep11MeHTaJibHhIM 
,LI.aHHhIM ,LI.JIH /3-pacna,LI.a 1 ~5Sn lg FT = 9, 1. 

Mb! Bl1,LI.11M, Y.To, 11cnOJih3YH npe,LI.cTaBJieH11H o6oJioY.eY.HOH MO,LI.eJ111 H,LI.pa, MO)K
HO Y.eTKo pa3rpaH11Y.11Tb pa3peweHHhie nepexo,LI.hI OT nepexo,LI.oB, 3anpeUJ,eHHhIX 
B nepBOM nopH,ll,Ke. 0,LI.HaKo c nOMOUJ,b!O o60JIOY.eY.HOH MO,LI.eJil1 OKa3aJIOCb HeB03-
MO)KHblM o6bHCHl1Tb see 3aKOHOMepHOCTl1 /3-pacna,LI.a, Hanp11Mep, cyUJ,eCTBOBaH11e 
TaK Ha3bIBaeMhIX csepxpa3perneHHhIX nepexo,D.oB. 

§ 12.9. 3JieMeHTbl ,L3-cneKTpOCKOilHH 

CneKTpbI noJiyY.aJOT c noMOUJ,hJO np116opa, Ha3hIBaeMoro /3-cneKTpoMeTpOM 
11 npe,LI.cTaBJIHJOUJ,ero co6oi1 MarH11THbIH aHaJil13aTOp 11MDYJibCOB 3JieKTpOHOB. 
ITp11H11.11n ero ,LI.ei1cTBl1H aHaJiornY.eH np11Hu,11ny ,LI.ei1crn11H Macc-cneKTpoMeTpa . 
.3JieKTpOHhI, 11cnycKaeMhre rrp11 /3-pacna,D.e, rrpoxo,D.HT Y.epe3 nocTOHHHOe Marn11THoe 
noJie, B KOTOpOM ,LI.Bl1)KYTCH no KpyroBb!M TpaeKTOp11HM, pa,LI.11ychI KOTOpb!X c 
rrponopu,110HaJibHb! 11MIIYJibCaM 3Jl€KTpOHOB pc = eB p. 

Ha BhIXO,LI.e np116opa ycTaHOBJieH 6ern-cY.eTY.11K, pernCTp11pyIOUJ,11i1 Y.11CJIO 3JieK
TpOHOB c ,LI.aHHb!M 11MnyJihCOM. 3HaH 11MnyJihC 3Jl€KTpOHOB, no cpopMyJie 

E = Jp2c2 + m~c4 

onpe,LI.eJIHeTCH 11x noJIHaH 3HeprnH, a no cpopMyJie 

W = mec
2(h -1) 

1 - J32 
- 11X Kl1H€Tl1Y.eCKaH 3Hepr11H. 

/3-pacna,LI. o6bJY.HO np011CXO,ll.11T 113 OCHOBHoro COCTOHHl15I MaTep11HCKOro H,LI.pa, 
rrp11Y.eM y MHornx j3-113JIYY.aTeJiei1 npeo6Jia,LI.aJOT nepexo,LI.hI Ha B036Y*,LI.eHHbie 
ypoBHl1 ,LI.oqepHero H,LI.pa. B orn11Y.11e OT cmyau,1111 np11 a-pacna,LI.e, 3Heprn11 3THX 
ypoBHei1 He o6H3aTeJibHO MaJihI; 0H11 MoryT 6b!Th cpaBH11MhI c 3Hepr11eH: Em, 
BbJ,LI.eJIHJOUJ,eHCH np11 nepexo,LI.e Ha OCHOBHOH ypoBeHb. 
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PaccMoTpHM, HanpHMep, cxeMy ,8-pacna,ll,a 51,ll,pa ~Li (p0c. 12.6). l1HTeHCHB
HOCTh nepexO,ll,OB Ha BTOpotf B036y)K,ll,eHHblH ypoBeHb 51,ll,pa ~Be. (E = 2,43 M3B) 
pasHa 75 %. 

~Li 
f-----4 2691 

T=312 
14392 3/2-

11900 
11300 

9100 

7940 
6760 7/r 

4740 

3105 3/2+ 
2435 5/r 
1680 1/2+ 

,0 3/r 
~Be 

P11c. 12.6. CxeMa /3-pacnap,os Hp,ep ~Li 11 nocJiep,yIOm11e ')'-nepexop,bI B p,oqepH11x Hp,pax ~Be. 
Ha6JIIOp,aeTCH 11cnycKaH11e c sos6y*p,eHHhIX yposHeil nocJiep,Hero a-'laCT11U 11 HeilTpOHOB 

KaK BH,ll,HO, B pe3yJJbTaTe TaKHX nepexo,ll,oB 51,ll,po so36y)K,ll,aeTCfl 3a C4eT 
3HeprnH ,8-pacna,ll,a Em, npH4eM JJHlllb HeKoTopa51 ee 4aCTb E~ yHOCHTCfl JJerKHMH 
4acrnu.aMH. 06o3Ha4a51 3Heprmo B036y)K,ll,eHH51 ,ll,04epHero 51,ll,pa 4epe3 E;, HMeeM 
E~ = Em - E;. nepeXO,ll, B036y)K,ll,eHHOfO ,ll,04epHero 51,ll,pa B OCHOBHOe COCT051HHe 
ocymecTBJJ51eTCfl JJH6o nyTeM HcnycKaHH51 O,ll,Horo l'-KBaHTa c 3Heprnetf E'Y = E;, 
JJH6o KaCKa,ll,a l'-KBaHTOB c cyMMapHotf 3Heprnetf E;. 

CTpH ,8-pacna,ll,ax Ha HeCKOJJhKO B036y)K,ll,eHHhlX yposHetf ,ll,04epHero 51,ll,pa noJJ
HhlH ,8-cneKTP npe,ll,CTaBJJ51eT co6otf HaJJO)KeHHe HeCKOJlbKHX cneKTpOB c MaKCH-

E' E" E"' MaJJbHblMH 3HeprH51MH m' m' m' ... 

rpaqrnKH <DepMH MoryT 6b!Tb HCCTOJ!b30BaHbl ,ll,Jl51 aHaJJH3a ,8-cneKTpOB. B CJJy-
4ae pa3pe11IeHHoro nepexo,ll,a Ha O,ll,HH yposeHh rpaqrnK <DepMH npe,ll,CTaBJJ51eT co-
6otf np51MYJO JJHHHJO, KOTopa51 npH E =Em yn0paeTC5I B ocb a6cu.0cc (pHc. 12.5). 

PaccMoTpHM 6oJJee CJJO)KHbJH cJ1y4atf. ,8-CneKTp 51,ll,pa 77 Ge cocTOHT H3 Tpex 
COCTaBJl5110W:HX, Ka)K,ll,OH H3 KOTOpb!X OTBe4aeT onpe,ll,eJJeHHbIH np51MOJIHHeHHblH 
y4acToK rpa<t>HKa <DepMH (p0c. 12. 7). B pe3yJJhTaTe cJJo)KeHH51 op,ll,HHaT np51MOJJH
HeHHhlx rpa<t>HKOB nocTpoeHa KpHBa51, noKa3aHHa51 nyHKrnpoM. AHaJJH3 rpa<t>HKa 
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<PepM11 ,n,Jrn Ge II03BOJil1JI ycTaHOBl1Th, '-ITO Tp11 o6Hapy)KeHHhrx cocTaBJIH!OI.U11X 

xapaKTep113y!OTCH 3Ha'-!eHl1HMl1 Em, paBHhIMl1 2,196; 1,379 11 0,710 M3B. 

,llJIH 3anpemeHHoro pacna,n,a, 11,11,ymero Ha o,11,11H onpe,n,eJieHHhIH ypoBeHh (0,11,11-

HO'-IHhIH pacna,n,)' rpaqrnK <PepM11 IIJiaBHO 11CKpHBJIHeTCH Ha BCeM CBOeM npo

TH)KeHHH. 3HaH KpHBH3HY KpHBOH, MO)KHO onpe,n,eJIHTh CTeneHh 3anpemeHHOCTH 

nepexo,n,a. 

lfraK, c IIOMOI.Ub!O rpaqrnKa <PepMH MO)KHO pa3,n,eJIHTh CJIO)KHb!H cneKTP Ha 

ero COCTaBJIH!OI.UHe H HaX0,11,HTh CTeIIeHh 3anpemeHHOCTH. 

B 6oJihWHHCTBe cJiy'-laeB 3HeprnH B036Y*Aemrn ,n,o'-!epHero H,n,pa paBHa 

0, 1-3 M3B. Ho B03MO)KHhr cJiy'-laH, Kor,n,a E; » 3 M3B, ,n,ocrnraH 11Hor,11,a 

8-10 M3B. 3HeprnH TaKoro nopH,n,Ka cpaBHHMhI HJil1 6oJihWe 3Hepnrn CBH3H 

HYKJIOHa HJIH o:-'-!acTHUhI B H,n,pe. B no,n,o6HhIX cJiy'-laHx Ha6JIIO,n,aeTcH ocB060*,11,e

HHe H,n,pa OT H36b!TO'-IHOH 3HeprnH nyTeM 11cnycKaH11H COOTBeTCTBYIOI.UHX '-laCTHU 

c HeHyJieBOH MaCCOH IIOKOH. 0,n,HaKO HcnycKaH11e BCJie,11, 3a /)-pacna,n,OM HYKJIOHOB 

HJIH 0: '-!aCTHU (Ha3hIBaeMh!X sana30bt8a10£«UMU) - HBJieHHe ,11,0CTaTO'-IHO pe,n,Koe; 

OHO Ha6JII0,11,aeTCH npH pacna,n,e HeKOTOpb!X KOpOTKO)KHBYI.UHX pa,n,HOaKTHBHh!X Be

w.ecTB. OpHMep /)-pacna,n,a, conpoBO*AaIOw.erocH HcnycKaHHeM 3ana3,11,hrna10m11x 

YaCTHU, IIOKa3aH Ha pHC. 12.6. 
KopoTKO)KHBYI.UHe pa,n,HoaKTHBHhre H,n,pa o6hr'-IHO B03HHKa!OT B H,n,epHhIX pe

aKUHHX. OocJie npeKpameHHH 06Jiy'-leHHH BeI.UeCTBa '-!aCTHUaMH, Bhl3b!Ba!OI.UHMl1 

H,n,epHbie peaKUHH, HcnycKaHHe npo,n,yKTOB peaKUHH - HYKJIOHOB 06h1'-!HO cpa3y 

.>Ke npeKpamaeTcH. Ho ecJIH o6pa30BaBw11ern H,n,pa /)-aKTHBHhI, TO HcnycKaHHe 

HYKJIOHOB MO)KeT npo,n,oJI)KaThCH c 3ana3AhIBaHHeM Ha BpeMH )KH3HH /)-pa,n,HoaK

Tl1BHoro H,n,pa npH ycJIOBHH, '-ITO 3Hepr11H B036Y*AeHHH 6oJibWe 3Hepr11H CBH311 

HYKJIOHa E. Y6hrnaH11e BO BpeMeHH '-IHCJia 3ana3AhIBa!OI.UHX HYKJIOHOB nocJie npe

KpameHHH B036y)K,11,eHHH H,n,epHOH peaKU1111 OIIHCb!BaeTCH 3aKOHOM J = Joe->.t, 
r,n,e A - IIOCTOHHHaH pacna,n,a /)-pa,11,11oaKTHBHhIX MaTep11HCKHX H,11,ep. 003TOMY 

3Ml1CCHH 3ana3,11,h!Ba!OI.U11X HYKJIOHOB pacnpe,n,eJieHa BO BpeMeHl1 B COOTBeTCTBHl1 

c 3THM 3KCIIOHeHu11aJihHh!M 3aKOHOM. 
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0o.n.po6HO npouecc o6pa30Bamrn 3aIIa3.ll.b!Ba!OI.I.J.HX Heii:TpOHOB paCCMaTpHBaeT

C5I B rJI. 15 (nyHKT 15.1.5). 

B TeopHH ,8-pacna.n.a <PepMH HernacHo no.n.pa3yMeBaeTc5I coxpaHeHHe I.JeTHOCTH 

B CJia6bIX B3aHMO.ll.eHCTBH5IX. CTocJie TOfO, KaK B 1956 r. YCTaHOBHJIH, l.JTO I.JeTHOCTb 

B HHX He coxpaHHeTCH, M. feJIJI-MaHHOM, P. <Pei1HMaHOM H .n.p. 6b1Jia co3.ll.aHa 

HOBaH TeopHH cJia6b1x B3aHMo.n.ei1cTBHH ( 1958 r.), yI.JHThIBaJOI.I.J.aH HecoxpaHeHHe 

B IIOCJie.11.HHX I.JeTHOCTH. 3Ta TeOpH5I npe.n.CTaBJI5IeT OCHOBHOH HHTepec .ll.J15I cpH3HKH 

3JieMeHTapHbIX I.JaCTHU, H B .n.aHHOH KHHre paccMaTpHBaTbC5I He 6y.n.eT. 

B 3aKJIIOI.JeHHe OTMeTHM, l.JTO OCHOBHbie IIOJIO)KeHH5I TeOpHH ,8-pacna.n.a <PepMH 

He yTep5IJIH CBOero 3HaI.JeHH5I .n.o HaCT05II.I.J.ero BpeMeHH, IIOCKOJibKY 3Ta TeOpH5I 

II03BOJI5IeT npaBHJibHO OIIHCbIBaTb COBOKYIIHOCTb paccMOTpeHHbIX BbIWe 5IBJieHHH; 

ee Bb!BO.ll.bl IIO.ll.TBep)K.n.aJOTC5I COOTBeTCTBYIOI.I.J.HMH Ha6JIIO.ll.aTeJibHbIMH .n.aHHblMH. 

CaM <PepMH CI.JHTaJI pa3BHTYJO HM TeOpHIO ,8-pacna.n.a cBoei1 JiyI.Jwei1 pa6orni1. 

§ 12.10. Ilpo6JieMa HecoxpaHeHH.H qeTHOCTH 

B CJia6hIX B3aHMO,z:t:eHCTBH.HX 

12.10.1. J].oKa3aTeJibCTBa HecoxpaHeHHSI qeTHOCTH B CJia6bIX B33HMO)J.eH

CTBHSIX. 0CTaHOBHMC5I Ha «HeO)KH.11.aHHO» B03HHKWeH B 50-e f0.11.bl npoWJIOro 

CTOJieTH5I ynoMHHaBWeHC5I BbIWe npo6JieMe HecoxpaHeHH5I I.JeTHOCTH B cJia6hIX 

B3aHMO.ll.eHCTBH5IX, l.JTO IIOBJieKJIO 3a co6oi1 nepeCMOTp HeKOTOpb!X KOpeHHbIX npe.n.

CTaBJieHHH, CB5I3aHHbIX c 3THMH B3aHMO.n.ei1CTBH5IMH. 3Ta «peBH3H5I» HaI.JaJiaCb 

c aHaJIH3a npo6JieMbl I.JeTHOCTH, KOTOpb!H ocymecTBHJIH B 1956 r. aMepHKaHCKHe 

cpH3HKH-TeopernKH U. JlH H 4. Rm 1). CToBo.n.oM K nepecMoTpy npe.n.CTaBJieHHH 

o I.JeTHOCTH nocJiy)KHJIO cJie.n.yJOmee o6cTOHTeJibCTBo. B TO BpeMH cTaJio H3BeCTHO, 

I.JTO K-Me30HhI MoryT pacna.n.aThCH Ha .n.Ba H Ha TPH IIHOHa: 

K+ --+ 7r+ + 7r+ + 7r-; K+ --+ 7r+ + 7ro. (12.22) 

CTHoHbI - 6eccnHHOBbie I.JaCTHUbI c oTpHUaTeJihHOH I.JeTHOCTbJO. HeTpy.n.Ho y6e

.ll.HTbC5I, l.JTO I.JeTHOCTb .ll.BYX IIHOHOB IIOJIO)KHTeJibHa. a Tpex - OTPHUaTeJibHa. 

Y6e*.n.emre B coxpaHeHHH I.JeTHOCTH 6hIJio CTOJih CHJibHO, I.JTO BHaI.JaJie no.rra

raJIH, 6y.n.rn (12.19) OIIHCbIBaeT He .II.Ba BapHaHTa pacna.n.a 0.11.HOH H TOH )Ke 

I.JaCTHUbI, a pacna.n. pa3Hb!X I.JaCTHU, Ha3BaHHbIX T H 0. 0.n.HaKO «IIO.ll.03pHTeJib

HOe» COBna.n.eHHe HX Mace H BpeMeH )KH3HH no6y.ll.HJIO JlH H RHra CKJIOHHTbCfl 

K MHeHHJO, I.JTO 3TO o.n.Ha H Ta *e qacn1ua, pacna.n.aJOI.I.J.aflcfl c HapyweHHeM 

I.JeTHOCTH. 5b!J10 npe.n.noJIO)KeHO, l.JTO I.JeTHOCTb He coxpaHf!eTCfl BO Bcex BH.n.ax 

CJia6bIX B3aHMO.ll.eHCTBHH, B TOM l.JHCJie H npH ,8-pacna.n.e 51.ll.ep. c .n.pyroi1 cTOpOHbl, 

coxpaHeHHe I.JeTHOCTH B CHJibHbIX H 3JieKTpoMarHHTHbIX B3aHMo.n.ei1CTBH5IX HMeeT 

MHOrOI.JHCJieHHbie 3KCnepHMeHTaJibHbie no.n.rnep)K.n.eHH5I 2). JlH H 5IHr yKa3aJIH Ha 

1
) Jh! 11 Httr - Kl1TafrcK11e 3MHrpattTbI. I1x TIOJJHhie 11Metta: JIH .ll.*YH)l.ao 11 Htt 4*eHbHl1H. 

2
) TeopeT11<1ecK11 coxpattett11e 'leTHOCTH B cHJJbHbIX B3aHMO)l.eficTBHHX cJJe)l.yeT 113 Toro, 'ITO 

BOJIHOBaH tYH~UHH COCTOHHHH aTOMa HJll1 51)1.pa w HBJJHeTCH co6CTBeHHOH cpyHKUHeH OllepaTopa 

HHBepc1111 II: rrw = ±w. CTo3TOMY ll0HHTl1e 'leTHOCTH 6oJJee llOJIHO MO)!(HO 3aMeHl1Tb llOHHTHeM 

TipocTpattcTBeHHOH qeTHOCTH. Bse)l.eHHe TiocJJe)l.Hero ueJJecoo6pa3HO eme 11 TIOTOMy, 'ITO HH*e Mb! 

6y)l.eM ll0Jlb30BaTbC51 llpe)l.CTaBJJeHHeM 0 TaK tta3bIBaeMOH KOM611tt11poBaHHOH 'leTHOCTH. 
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3KCnepHMeHTbl, KOTOpb1e CMOrJIH 6bI )l.aTb OTBeT - cnpaBe)l,JIHBa JIH rHDOTe3a 

0 HecoxpaHeHHH npocTpaHCTBeHHOH 4eTHOCTH B c.na6hIX B3aHMO)l,eHCTBH51X. 

BnepBbie TaKoH: onbIT 6hIJI ocymecrn.neH rpynnoH: aMepHKaHCKHX cpH3HKOB 

no)]. pyKOBO)l.CTBOM IJ,. By B 1956 r. [5]. 11)].eSI onbITa OCHOBaHa Ha Ha6JIIOAeHHH 

/3-H3JiyqeHHSI IlOJIHpH30BaHHbIX SI)l.ep, T. e. SI)l.ep c onpe)l.eJieHHblM Hanpas.neHHeM 

cnHHa. Ec.nH 4eTHOCTb TaKHX H.ll.ep npH /3-pacna)l.e He coxpaHHeTCH, TO yrnosoe 

pacnpeAeJieHHe 3JieKTpOHOB pacna)l,a HMeeT BH.ll. 

w(B) = 1 + acosB, (12.23) 

f)l,e 8 - yrOJI Me)K)l.y HanpaBJieHHeM CilHHa SI)l.pa H HanpaBJieHHeM )l,BH)KeHHSI 

3JieKTpoHa; a - nonpasKa, Y4HTb1Ba10maH acHMMeTpH!O pacnpe)l.eJieHHH. 

HeTPYAHO BH)l.eTb, 4TO yc.nosHe (12.23) )l.eiicTBHTeJihHO HecosMeCTHMO c yc.no

BHeM coxpaHeHHSI 4eTHOCTH BOJIHOBOH cpyHKUHH, COrJiaCHO KOTOpoMy )l,OJl)KHO 

Bb!IlOJIHSITbCSI COOTHOIIIeHHe 

l,,P(x, y, z)l 2 = 1717(-x, -y, -z)l 2
. 

CTepenHIIIeM ero B ccpepH4eCKHX KoopAHHaTax 

IVi(r, e, 'Pl 2 
= IVi(r, 7r - e, 7r + cp) 12 . 

0TCIO)l,a BbITeKaeT paseHCTBO BepOSITHOCTeH HaHTH qacTHUY DO)], yrnaMH 8 H 7r - 8. 
CT03TOMY cpyHKUHSI yrnosoro pacnpe)l,eJieHHSI qacTHU w( e) He )l,OJl)KHa CO)l.ep)KaTb 

4JieHa C COS 8, eCJIH TOJlbKO 3aKOH COXpaHeHHSI qeTHOCTH BepeH. 

B onhne By H AP· H3yqa.nCSI /)- -pacna)l. H.ll.ep 60co: 

~~Co--+ ~~Ni+ e- + v + '"'!· 
B saKyyMHposaHHOM cocyAe Ha paccTOHHHH 2 CM Apyr OT Apyra pacno.naraJIHCb 

c.noH: 6°Co TOJIIUHHOH 50 MHKpoH (HaHeceHHbIH Ha nosepxttocTb KpHcTa.n.na CeMg 

H KpHCTaJIJI aHTpaueHa )l,HaMeTpOM 3 CM H TOJ!ll.l,HHOH 1,6 MM (pHC. 12.8). Bb16op 

Nal(Tl) 

Nal(Tl) 

Pttc. 12.8. CxeMa onhITa By 

B Ka4eCTBe HCT04HHKa 3JieKTpOHOB Ko6aJibTa-60 CBSI3aH c TeM, 4TO OH o6Jia)l,aeT 

60.nhIIIHMH cnHHOM (I = 5) H MarnHTHbIM MOMeHTOM. AttTpaueH HcnoJih30BaJICSI 

B Kaqecrne )l.eTeKTopa 3.neKTpottoB pacna)l.a. ,ll.nH onpeAeJieHHSI cTeneHH no.nHpH3a

UHH npHMeHHJIHCb )].Ba CUHHTHJIJIHUHOHHbIX C4eT4HKa 1-.nyqeH: N aJ (Tl), pacno.no

)KeHHbIX no)]. yrnoM 90° Apyr K Apyry. CTo.nHpH3aum1 HAep .ll.OCTHraJiacb co3)].aH11eM 
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MOW.HOfO MarmHHOfO nOJHI B COl!eTamrn c «HMnyJibCHb!M» OXJia)K,11,eHHeM KpHCTaJI

Jia CeMg AO qpe3Bbil!aHHO HH3KOH TeMnepaTypbl < 0, 1 K. noJie opHeHTHpoBaJio 

MafHHTHbJe MOMeHTbl 51,11,ep, a, CJie,11,0BaTeJibHO, H CB513aHHbie c HHMH cnHHbl, 

ox.naM,11,eHHe CBOAHJIO K MHHHMYMY ,u,eno.n51pH3aumo 3a ctieT TenJioBoro ABHMe

HH51 51,11,ep. CocT051HHe ox.naM,u,eHH51 ,11,.nHJIOCb .nHUib nepBbie 3-6 ceKyH,11,, B 3TO 

BpeM51 noKa3aHH51 «BepxHerO» ClleTlJHKa ')'-KBaHTOB pe3KO npeBbIUiaJIH noKa3aHH51 

«HHMHero». l.Jepe3 6-8 MHHYT noKa3aHH51 cpaBHHBa.nHCb, LITO yKa3bIBaJio Ha 

nOJIHY!O ,u,enOJI51pH3aUH!O 51,11,ep 6°Co. nJI51 «nepeBepTbIBaHH51» cnHHa HanpaBJieHHe 

MafHHTHOfO noJI51 MeH51JIOCb Ha npOTHBOnOJIQ)KHOe, npH 3TOM HCTOlIHHK nOBTOpHO 

OXJiaM,U,aJIC51 ,11,0 CBepxHH3KOH TeMnepaTypbI. 

OnbIT noKa3a.n, LITO LIHCJio 3.neKTpoHOB, BbIJieTa!OW.HX B HanpaBJieHHH npoTHB 

cnHHa Ha 40% 60JlbUie, lleM no cnHHy, T. e. B (12.23) a =I= 0, npHLieM aCHMMeTpH51 

yrnoBoro pacnpe,u,eJieHH51 3JieKTpoHoB pacna,u,a pe3KO Bb1paMeHa. TaKHM o6pa3oM, 

3KCnepHMeHT n03BOJIHJI ycTaHOBHTb HecoxpaHeHHe lleTHOCTH B CJia6~x B3aHMO

,u,ei1 CTBH5IX. 

AttaJJOrHLIHbIH onbIT 6bIJI npoBe,UeH c 51,11,paMH 58 Co, o6Jia,UaIOW.HMH no3HTpoH-

HOH aKTHBHOCTbIO: 

~~Co ---+ ~~Fe+ e+ + v + 'Y· 

Ha6mo,u,eHH51 noKa3aJIH, LITO no3HTpOHbI HcnycKa!OTC51 npettMyw.ecTBeHHO «no 

cnHHy», T. e. yr.noBoe pacnpe,11,eJieHHe qacTHU pacna,u,a 3epKaJibHO npoTHBono

.noMHO no cpaBHeHH!O c Ha6JI!O,U,aeMblM B npe,U,bl,11,YW.eM OTibITe. 11TaK, B ,11,aHHOM 

3KCnepHMeHTe 3aKOH coxpaHeHH51 qeTHOCTH TaKMe He Bb!TIOJIH51eTC51. 

HecoxpatteHHe LieTHOCTH Ha6.nIO,D,aeTC51 TaKMe H B peaKUHH pacna,u,a 7r±-Me3o

Ha Ha µ±-Me30H H Hei1TpHHO: 

7r+ ---+ µ+ + vµ; µ+ ---+ e+ + Vµ +Ve. 

KaK BHAHO, rnnoTe3a JIH H f!Hra o HecoxpaHeHHH npocTpaHcTBeHHoi1 LieTHOCTH 

B CJia6~x B3aHMO,u,ei1cTBH51X no.nyLIHJla y6e,u,HTeJibHOe 3KCnepHMeHTaJlbHOe no,11,

rnepM,11,eHHe. ABTOpbI rnnoTe3bI B 1957 r. 6hIJIH y,D,ocToeHbI Ho6e.neBcKoi1 npeMHH. 

12.10.2. KoM6HHHpoeaHHa.H qeTHOCTh. Ha nepBbIH B3fJl51A HecoxpaHeHHe 

npocTpaHCTBeHHOH lleTHOCTH yKa3bIBaeT Ha 3epKaJlbHY!O aCHMMeTpH!O npocTpaH

CTBa, l!TO HHKaK He «COCTbIKyeTC51» c HaUIHMH 3HaHH51MH 0 ero O,ll,HOp0,11,HOCTH 

H H30TponHOCTH. 0,u,HaKO ,u,ei1CTBHTeJlbHO cyw.ecrnyIOW.Y!O B npHpo,u,e aCHMMeTpH!O 

MeM,11,y npaBbIM H JieBb!M BOBCe HeT npHlIHH npHnHCbIBaTb npocTpaHCTBy, a MOMHO 

CB513aTb ee c ABHMYW.HMHC51 B HeM qacTHUaMH. OpHMepaMH TaKHX qacTHU H 51B

Jl51!0TC51 Hei1TpHHO H aHTHHei1TpHHO. 

B 1957 r. JI. n. JlaH,11,ay (CCCP) H He3aBHCHMO u. JIH H l.J. flHr (ClllA) 

H A. Ca.naM (AHrJIH51) npe,u,.noMHJIH rnnoTe3y o Bhmo.nHeHHH 3aKoHa coxpaHeHH51 

qeTHOCTH B c.na6b!X B3aHMO,u,ei1cTBH51X B npeo6pa30BaHHOM BH,11,e, OCHOBaHHY!O Ha 

npe,11,cTaB.neHHH o npo.no.nbHO no.n51pH30BaHHOM Hei1TpHHO. CyTb 3Toro npe,u,cTaB

.neHH51 COCTOHT B c.ne,11,yIOW.eM. By,11,eM ClIHTaTb, l!TO HanpaBJieHHe cnHHa Hei1TpH

HO Bcer,u,a napa.nJieJibHO HanpaBJieHH!O ero nepeMew.eHH51, no,u,LIHH5151Cb npaBH.ny 

BHHTa. Yno,u,o6HM Hei1TpHHO LiaCTHUe, ABHMYW.ei:fc51 no npaBH.ny .neBoro BHHTa 

(.neBa51 cnHpa.nbHOCTb), a aHTHHei1TpHHO - npaBoro BHHTa (npaBa51 cnHpa.nb-
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HOCTb), CM. pHc. 12.9. Hei1TpHHO, 06.na.ll.,aJOmee TaKHMH csoikTBaMH, no.ny'IHJIO 

Ha3BaHHe «npO.ll.,OJibHO IlOJU!pH30BaHHOro» HJIH «ABYXKOMilOHeHTHOfO» . .llonycTHM, 

CrrnpaJibHOCT!i 

JiesaH f1pasaH 

e D 

OJl,ll,pO 

~ 

PHc. 12.9. KoppeJIHU:lill HarrpasJieHHil BhIJieTa Ii HarrpasJieHHil rroJIHpH3aU:Hil, B03HHKa10w,aH rrpH 
HCrrycKaHHH 3JieKTpOHa Ii HeilTpHHO 

'ITO Macca IlOKOH HefnpHHO ffiv paBHa HYJIIO H, CJie.ll.,OBaTeJibHO, B BaKyyMe OHa 

no.ll.,o6Ho cfloToHy ABHMeTcH co CKopocTbJO csern c. B npoTHBHOM c.nyqae (T. e. npH 

mv > 0) .ll.,BHM€HHe HeihpHHO npOHCXO.ll.,HJIO 6bi CO CKOpOCTblO V < C l). Jfa CHCTe

Mbl KOOp.ll.,HHaT, nepeMemaJOmeii:CH co CKOpOCTblO VJ > v B TOM Me Hanpas.neHHH, 

,11,BHMeHHe HeHTpHHO npe.ll.,CTaBJIHJIOCb 6bI ABHM€HHeM B o6paTHYIO CTOpoHy, HO 

c coxpaHeHHeM csoero Hanpas.neHHH spameHHH. C.ne,11,osaTeJihHO, npHcymee Heii

TPHHO BHyTpeHHee CBOHCTBO - cnHpa.nbHOCTb - 3aBHCHT OT CHCT€Mbl KOOp,11,HHaT, 

'ITO HBJIH€TCH He,11,onycTHMbIM. ::horo MOMHO H36eMaTb JIHlllb npH YCJIOBHH, 'ITO 

ABH)K€HHe HeHTpHHO npoHCX0,11,HT co CKOpOCTblO CBeTa H 'ITO, CJie.ll.,OBaTeJibHO, 

Macca noKOH HeiiTpHHO paBHa HYJIJO. 

B csoJO oqepe,11,b MeMAY CBOHCTBaMH npOAOJibHO no.nHpH30BaHHoro HeHTpHHO 

H coxpaHeHHeM '1€THOCTH B c.na6bIX B3aHMO.ll,€HCTBHHX, cymecrnyeT CBH3b, KOTOpaH 

MOMeT 6b!Tb BblflBJieHa Ha OCHOBe cymecTByJOmeii B KBaHTOBOH TeOpHH IlOJIH 

CPT-TeopeMbI (AOKa3aHHOH r. JlJOAepcoM H B. ITayJIH H noToMy Ha3hrnaeMoii 

HHOr.ll.,a TeopeMOH JlJO.ll.,epca-ITay.nH). <l>H3Hll€CKHH CMb!CJI '.HOH TeopeMbl 3aKJIIO

qaeTCH B TOM, 'ITO cymeCTBYIOll.LHH MHp H.ll,eHTH'leH 3epKaJibHO OTpaMeHHOMY 

MHpy, no.nyqaeMoro H3 nepaoro nyTeM 3aMeHbl qaCTHU Ha COOTB€TCTBYIOI1.LH€ 

aHTH'laCTHUbl H H3MeHeHHH HanpaBJI€HHH nepeMemeHHH Bcex TeJI Ha npoTHBOilO

JIO)KHble. Cor.nacHo C PT-TeopeMe HHBapHaHTHOCTb BOJIHOBbIX ypasHeHHH ,11,0.nMHa 

coxpaHHTbCH B c.nyqae Tpex O.ll,HOBpeMeHHO npoH3BO.ll,HMbIX npeo6pa30BaHHH: 

1) HHBepcHH npoCTpaHcTBa (P-npeo6pa3osaHHH), T. e. npH nepexo.ll,e OT npa

aoii CHCT€Mbl KOOPAHHaT K JieBOH HJIH Hao6opoT; 

2) 3apHAOBo-conpHMeHHOro npeo6pa3osaHHH ( C-npeo6pa3osaHHH), 3aK.n10qa-

10ll.LerOcH B 3aMeHe qaCTHU HX aHTH'laCTHUaMH; 

1) B ttacToHw,ee speMH sorrpoc o Macce HeilTpHHO HBJIHeTcl! AHCKyccHOHHhIM. CornacHo HeKoTo
pbIM ou:eHKaM 3HalleHHe MaCCbl llOKOll HeilTp!iHO m,, liMeeT rropll,ll,OK l 0 3B, T. e. Ol!eHb HeBeJiliKO 
(s Macuna6e Mace HAepttbIX qacTHL\). B paMKax ,ll,attttoil Teop1rn ycJIOBHe m,, = 0 MO)KeT Cl!HTaTbCH 
npHeMJieMbIM ,ll,OIIyw,eHHeM. 
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3) o6paw,emrn speMeHH (T-npeo6pa3osaHm1), T. e. H3MeHeHH51 3HaKa speMeHH 

Ha 06parnb1H. 
0nHcaHHa51 CJI01KHa51 onepaIJ.H51 CPT-npeo6pa3osaHHe scer,ll,a 51BJI51eTC51 HHBa

pHaHTHOH. 
B paMKax TeopHH Jl.BYXKOMnoHeHTHoro HeHTpHHO ocyw,ecTBJI51IOT ,ll,Be H3 ne

petrncJieHHbIX onepa11.Hii: c noMOW,bIO P-npeo6pa3oBaHH51 HeiiTpHHO nepeBOJl.HTC51 

B Hecyw,eCTsy10w,ee cocT051HHe npasoii cnHpaJibHOCTH, c noMOW,hIO C-npeo6pa3o

BaHH51 3TO COCT051HHe npeo6pa3yeTC5I B peaJibHOe (pHC. 12.10). flo3TOMY coxpaH51-

v (HeT B np11po;1.e) 

P11c. 12.10. CxeMa CP-npeo6pa300aH11ll 

10w,eern (HHBapHaHrnoe) npeo6pa3oBaHHe M01KeT 6bITb Bb1pa1KeHo B <tiopMe 

GP= canst. (12.24) 

YcJIOBHe (12.21) H Bb1pa1KaeT co6oii npHHIJ.Hn KOM6HHHposaHHOH tJernocrn. 

HeTPYJl.HO BHJl.eTh, tJTO eMy YJl.OBJieTBOp51IOT paccMoTpeHHbie BhIIIIe npo11.ecch1 
,6-pacna.na. J.LeiicTBHTeJibHO, npH nepexo.ne OT ,e- -pacna.na K ,e+ -pacna,ll,y Hanpas

JieHHe npeHMyw.ecrneHHoro BbIJieTa MeH51eTc51 Ha o6paTHoe (P-npeo6pa3osaHHe), 

a lJaCTHIJ.a-3JieKTpOH H3MeH51eTC51 Ha aHTHlJaCTHIJ.y-no3HTpOH (C-npeo6pa30BaHHe, 

CM. pHC. 12.10). 
Cm1paJibHOe HeiiTpHHO M01KeT 6hITb Hcnyw,eHo 51Jl.POM JIHIIlb B HanpasJieHHH, 

Jl.Jl51 KOTOporo spaw,eHHe 51Jl.pa COOTBeTCTByeT npaBOMY BHHTY B CJiytJae v H Jie
BOMY BHHTY B cJiytJae v. TeM caMhIM 3a.naeTrn HanpasJieHHe npeHMyw,eCTBeHHoro 

BbIJieTa H Jl.Jl51 ,6-tJaCTHIJ.bl. J.LeiiCTBHTeJibHO, HeHTpHHO YHOCHT tJaCTb COHHa 51Jl.pa, 

003TOMY HcnycKaeMa51 ,6-tJaCTHIJ.a Jl.OJI)KHa KOMneHCHpOBaTb ero H3MeHeHHe. 

12.10.3. Hapywem1e CP-qeTuocTu. B 1964 r. .LL1K. KpoHHH H B. <l>HHlJ 

(CillA) o6Hapy1KHJIH Hapy1I1eHHe CP-tJernocrn npH pacna,ll,e HeiiTpaJibHbIX Kao

HOB . .LlJIHTeJibHOe BpeM51 He y.nasaJIOCb yCTaHOBHTb TaKOro po,ll,a HapyIIleHHe B .npy

rnx npo11.eccax. 11 JIHIIlb B 2001-2004 rr. 6bIJio OTKpbITO HecoxpaHeHHe CP-tJeT

HOCTH npH pacna.ne B0-Me30HOB (Hx xapaKTepHCTHKH npHBe,ll,eHhI B Ta6JI. 2.1). 
HeT npHtJHH noJiaraTh, tJTO C P-HHBapHaHTHOCTb HapyII1aeTC51 TOJihKO B 3THX .nsyx 

CJiytJa51X. 

Heo6XOJl.HMO no.ntJepKHYTb, tJTO OTKpbITHe HapyII1eHH51 C P-HHBapHaHTHOCTH 

HH s Koeii Mepe He KOJie6JieT y6e1K.neHH51 o cnpaBeJl.JIHBOCTH CPT-TeopeMhI, 

OOJl.TBep1KJl.aeMOH BCeH COBOKYilHOCTbIO Ha6JIIOJl.aTeJibHbIX .naHHbIX. 0Jl.HHM H3 CBH
.neTeJibCTB cnpaBeJl.JIHBOCTH CPT -TeopeMhI 51BJI51eTC51 paseHCTBO Mace H speMeH 

)KH3HH tJaCTHI.l. H COOTBeTCTBYIOW,HX aHTHlJaCTHIJ.. 

c HecoxpaHeHHeM KOM6HHHpOBaHHOH tJeTHOCTH CB513aHa OJl.Ha H3 HHTpHry10-

lll,HX npo6JieM KOCMO<!iH3HKH - 6apHOHHa51 acHMMeTpHH so BceJieHHOH, 3aKJIIO

tJa10w,a51c51 B notJTH noJIHOM oTcyTcTBHH B Heft aHTHBew,eCTsa. B HacTo51w,ee 
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speMH ycTaHOBJieHo, 'ITO so BceJieHHOH cooTHOlllem1e attnrnemecTBa H semecTBa 

He rrpeBbllll3eT 1 Q-4, rrpHlleM 60Jiblll3H '13CTb M3TepHH npe,!l.CT3BJieHa 6apHOH3MH 

CorJiactto rnrroTe3e A. Jl. Caxaposa (1967 r.) tta6JIIo.n.aeMaH acHMMeTpHH MeLKJJ.Y 

6apHOH3MH H aHTH6apHOH3MH B03HHKJia BCJie,!l.CTBHe HecoxpaHeHHH 6apHOHHOf0 

3apH.n.a H ttapyllleHHH CP-HHBapttaHTHOCTH Ha patttteii CT3JJ.HH 3BOJIIOIJ,HH BceJieH

HOH (3Ta rrpo6JieMa paccMaTpHBaeTCH 6oJiee rro.n.po6Ho B rJI. 21). 
HecoxpatteHHe KOM6HHHposaHHOH qeTHOCTH B cJia6hIX B3aHMo.n.eiicTBHHX HhIHe 

HBJIH€TCH 0,lJ,HOH H3 B31KHeiinrnx npo6JieM COBpeMeHHOH tjlH3HKH. 3a OTKpbITHe 

3Toro HBJieHHH ero aBTopaM 6hrJia rrpttcyM.n.etta B 1980 r. Ho6eJiescKaH rrpeMHH. 

B u,eJioM MO)l<HO cKa3aTb, 'ITO MHorne H3 3aTpottyThIX B 3TOH rJiaBe rrpo6JieM 

eme H3XO,!l.HTCH B npou,ecce CBOero pa3BHTHH. 

3aBeplllaH 3TY rJiaBy OTMeTHM Bb!COKYIO Il03HaBaTeJihHYIO u,eHHOCTb HHtjlOpMa-

1.J,HH 0 ,B-pacrra.n.e H B u,eJIOM 0 CJia6hIX B33HMO,!l.eHCTBHHX, KOTOpaH 6bIJia noJiylJeHa 

B OilHCaHHbIX Bblllle 3KCrrepHMeHT3JlhHbIX H TeopeTH'leCKHX HCCJie,!l.OBamrnx. 



fJiaBa 13 

fAMMA-H3JIYqEHHE R,llEP 

§ 13.1. 3Heprm1 /-H3JiyqeHHH H ero HeKOTOpbie oco6eHHOCTH 

B npe,ll.bIJl.YW.eH rnase Mb! KpaTKO paccMoTpeJIH Ha np11Mepe npesparn.eHHH 

§Li -t ~Be (pHC. 12.6) MexaHH3M B03HI1KHOBeHHH /-I13JIYLJeHHH, conpOBO)K,ll.aIOw.e

ro ,8-pacna,ll., HCXO,ll.Horo HJl.pa. XapaKTepHbie 3HaLJeHHH 3Heprn11 1-KBaHTOB, 06-

pa3yiow.11xrn npH ,8-pacna,ll.e 06bil.JHO COCTaBJIHIOT HeCKOJlbKO Mera3JieKTpOHBOJibT. 

Mb1 3HaeM TaK)Ke, LJTO 1-113JiyLJeH11e conpoBo)K,ll.aeT H a-pacna,ll.. 0)1.HaKo THn11q

Hb1e 3HaLJeHHH 3HeprnH 1-KBaHTOB B 3TOM CJiyLJae 06bll.JHO cpaBHHTeJibHO HeBeJIHKH 

(MeHbIIIe 0,5 M3B). TaKaH pa3H11u,a 3HeprnH: CBH3aHa c reM, qro sepoHTHOCTb 

a-pacna)l.a onpe,ll.eJIHerrn 6oJiee pe3KOH cpyHKu,11eH: 3Heprn11, LJeM sepoHTHOCTb 

,8-pacna,ll.a, IT03TOMY B nepBOM CJiyqae o6pa30BaHHH )l.OLJepHero H,ll.pa B CHJlbHO 

B036y)K,ll.eHHOM COCTOHHHH ( c E > 0,5 M3B) 3aTpy,ll.HeHO. 

Bo36y)KJl.eHHb1e (t-aKTHBHbie) H,ll.pa MO)KHO noJiyLJaTb TaK)Ke c noMOW.bIO Ky

JIOHOBCKoro B036y)K,ll.eHl1H (cM. § 14.1), o6JiyLJaH sew.ecrno HeHTpOHaMl1 11 HeKO

ropb!MH Jl.PYrHMH LJaCTHIJ,aMH, Bbl3b!BaIOlll,I1MI1 H,ll.epHbie peaKIJ,HH. 

l1cnycKaHl1e (HJIH ITOrJIOlll,eHHe) /-KBaHTa I130JII1pOBaHHbIM CB060)1.Hb!M HyK

JIOHOM 3anpew.eHO COBMeCTH~M ,ll.eHCTBHeM 3aKOHOB coxpaHeHHH 3HeprHH I1 HM

nyJibCa. 0)1.HaKo Jl.JIH HYKJIOHa H,ll.pa 11cnycKaH11e 1-KBaHTa ,ll.onycKaeTcH 3THMH 

3aKOHaMH, ITOCKOJibKY B036y)K,ll.eHHbIH HYKJIOH MO)KeT npH 3TOM nepe,ll.aTb LJaCTb 

HMITYJibCa Jl.pyrnM HYKJioHaM H,ll.pa. CTo3TOMY npou,ecc 11cnyCKaHHH (nornorn.eHHH) 

cporoHOB HJl.paMH HBJIHeTCH He BHyrpHHYKJIOHHbIM, a BHYTPHH,ll.epHbIM. 

Onpe,ll.eJIHM 3HeprnIO will.\ H,ll.pa OT)l.aLJH, HCI10Jlb3YH 3aKOH coxpaHeHHH 3HeprnH 

11 11MnyJibca 

E = E-y + WH)\• 0 = P-y +PH)\ 

E2 E2 
(pHA - HMITYJibc H,ll.pa). Orcio,ll.a WHA = 'Y 2 ~ 2 . CT pH E ~ 0, 1-1 M3B 

2A1HAc 2A1HAc 
H A ~ 100 WHA ~ 0, 1-10 3B, T. e. no,ll.aBJIHIOW.aH LJaCTb 3Heprn11 B036y)K,ll.eHHH 

H,ll.pa yHoc11rcH 1-KBaHTOM. 

§ 13.2. 3JieMeHTbl TeOpHH /-H3JiyqeHHH 

BbIIIIe MbI paccMaTp11saJI11 rnaBHbIM o6pa30M LJaCTHU.bI c HeHyJiesoH: MaccoH: 

ITOKOH, )l.JIH KOTOpb!X cyw.ecrnyer ITOHHTl1e op611raJibHOro MOMeHra HMITYJibCa, 

xapaKTep113yeMoro onpe,ll.eJieHHbIM 3HaLJeHHeM op611raJibHoro KBaHTOBoro LJHCJia l; 
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np11 l = 0 Mb! 11MeeM S-COCTOHHl1e, np11 l = 1 - p-COCTOHH11e 11 T. ,1I,. 0,1I,HaKO 

ytIHTbIBaH cneumfmqecK11e CBOHCTBa cpOTOHa - Hy.JieBylO Macey IIOKOH B coqeTa

Hl111 c e,1I,11Hl1qHbIM CIIl1HOM, ,1I,.JIH Hero 3TO IIOHHTl1e CTaHOBl1TCH «HeII0,1I,X0,1I,HW.11M» 

11 BMeCTO Hero BB0,1I,11TCH paccMOTpeHHOe Bb!We (n. 7.6.2) IIOHHTl1e MYJibTl1IIOJIH 

n = 2L (L = 1, 2, 3, ... ), MY.JibTHIIO.JibHOCTb L xapaKTepH3yeT 3Ha'leH11e rro.JIHoro 

MOMeHTa HMIIY.JibCa cpoToHa 11 ero qeTHOCTb. 

,Ll.JIH cpoTOHOB pa3.JI11qttoti MYJibTl1IIO.JibHocTH rrp11HHTbI cJie,1I,y10w.11e c11MBOJI11-

qecK11e o603Ha'leHl1H. 3.JieKTp11qecKHti ,1I,11IIOJibHbIH MOMeHT (L = 1) o6o3HaqaeTCH 

qepe3 El, 3JieKTpH4eCKl1H KBa,1I,pyno.JibHbiti MoMeHT (L = 2) - qepe3 E2 H T. ,1I,.; 

Marn11rnb1ti ,1I,11rIOJibHbiti MOMeHT (L = 1) o6o3HaqaeTCH qepe3 M 1, MarHHTHbiti 

KBa,1I,pyno.JibHbiti MOMeHT (L = 2) - qepe3 M2 11 T. ,1I,. Atta.JIOrH'lHbIM o6pa30M 

o6o3Ha'la!OTCH 11 COOTBeTCTBYIOW.11e 113.JiyqaTe.JibHbie nepeX0,1I,bl. <f>11311qecKoti np11-

q11HOH B03Hl1KHOBeHl1H B H,1I,epHoM semecrne cpoToHoB T11na EL HB.JIHeTcH rrepe

pacnpe,1I,eJieH11e B HeM 3.JieKTp11qecK11x 3apH,1I,OB, a cpoTOHOB THna ML - cn11HOBbIX 

11 op611TaJibHbIX MarHl1THblX MOMeHTOB. 

KaK ynoM11HaJiocb B Haqa.Jie § 12.5, Teop11H ,6'-pacna,1I,a <t>epMH nocTpoeHa, 

HCX0,1I,H H3 aHaJior1111 c KBaHTosoti 3JieKTpo,1I,11HaM11Koti. He.Jib3H Jil1 11 B c.Jiyqae 

l'-pacna,1I,a - T11rr11qttoro 3.JieKTpoMarHHTHoro npouecca, paccq11TaTb sepoHTHOCTb 

l'-nepexo,1I,a cnoco6oM, atta.JiornqHbIM np11MeHeHHOMY HaM11 rrp11 paccMOTpett1111 

Teop1111 ,6'-pacrraJJ,a (CM. cjlopMy.Jiy (12.10)? K coJKa.JieHHIO, TaKOH rI0,1I,X0,1I, 3aTpy,1I,HeH 

TeM, qrn ,1I,.JIH 3Toro Heo6xo,1I,11Mo 3HaTb HJJ.epHbie BO.JIHOBbie cpyHKu1111. CTo3TOMY 

B Teopirn ')'-pacrra,1I,a HCrIO.Jib3YIOT np11eMbl, OCHOBaHHbie Ha Tex 11.Jil1 11Hb!X M0,1I,eJib

Hb!X npe,1I,CTaBJieHl1HX. 

HanpHMep, B np116.JittJKeHHOti TeopH11 B. BatiCKoncpa paccMaTp11saeTcH npouecc 

o6pa30BaHl1H l'-113.JiyqeHl1H np11 ,1I,Bl1JKeHl111 npOTOHa B ueHTpaJibHOM caMOCOr.Jia

COBaHHOM IIO.Jie. Dbl.JIO IIO.JiyqeHO COOTHOWeH11e, CBH3bIBa10mee o6paTHblH nep110,1I, 

IIOJiypacna,11,a l/T1;2, nponopu110Ha.JibHblti BepoHTHOCTH l'-nepeX0,1I,a W, c MHO)Kl1-

TeJieM (R/A.): 
w rv _I rv _!_ (R)A 

1'1;2 x x ' (13.1) 

r,1I,e R - pa3Mep H,1I,pa, 11Me10w.11ti nopH,1I,OK 10-13 CM, A = 2L ,1I,JIH nepexo,1I,a EL 
HA= 2(L + 1) ,1I,.JIH nepexo,1I,a ML. 

C,1I,e.JiaeM HeCKOJibKO HeCJIOJKHbIX oueHOK. 3ttaqemrn A. MOJKHO noJioJK11Tb paB

HbIM xapaKTepHbIM 3HaqeHHRM ).J,JJHH BO.JIH 1-113.JiyqeHHH: (10- 10-10- 11 cM). B Ta-

R 
KOM C.Jiyqae x << 1; Ma.JIOCTb 3TOro OTHOWeHHH npe,1I,OIIpe,1I,e.JIHeT pe3KYIO 3aB11Cl1-

MOCTb 1 /T1;2 11 w OT MHOJKl1Te.JIH (R/A.)A. Hanp11Mep, OTHOWeHHH BepoHTHOCTeti 

w(El)/w(E2) 11 w(El)/w(Ml) B CHJIY (13.1) no nopH,1I,KY Be.JI11qHHbl paBHbl 104
, 

a w(Ml)/w(M2) 11MeeT nopH,1I,OK 102
. 

Ha ocHoBaHHH TaKoro po,1I,a oueHOK MO)KHO cJJ,e.JiaTb c.Jie,1I,y10w.11e BbIB0,1I,hI: 

1) BepoHTHOCTb nepexo,1I,a c HcnycKaH11eM l'-113.JiyqeHl1H ,1I,aHHoro Bl1,1I,a yMeHb

waeTCH c pocToM MY.JibT11no.JibHOCT11 L; 
2) np11 L = const sepoHTHOCTb Marn11THbIX nepexo,1I,OB MeHbrne, qeM 3.JieKTp11-

qecKHx. 



278 I'll. 13. I'aMMa-u3Jtytte1me RBep 

KaK BHJl.HO, Ha1160Jiee sepoHTeH nepexo,ll. El, 3Haq11TeJihHO MeHhllie sepo

HTHOCTH nepexo,ll.OB E2 11 M 1 H T. JI.. Op11 aHaJIH3e B03MO>KHOCTH nepexo,ll.OB 

pa3JIHqHoro THna CJie,ll.yeT yqHThIBaTh TaK>Ke orpaHHqeHHH, HaKJia,ll.hIBaeMbie Ha 

HHX npaBHJiaMH OT6opa no MOMeHTY HMOYJihCa H qeTHOCTH. 

OCTaHOBHMCH no,ll.po6Hee Ha 3THx npaBHJiax. 

Ksa,ll.paT MOJl.YJIH MOMeHTa HMnyJihca ILl2
, yHoCHMoro /-KBaHTOM, xapaKTe

p113yeMhIM MYJihTHnOJihHOCThIO L, B cooTBeTCTBHH c npaBHJiaMH KBaHTOBaHHH 

MOMeHTOB HMnyJihCOB, paBeH 

\L\ 2 = L(L + 1). (13.2) 

YcJIOBHe, onpe,ll.eJI5IIOW.ee OTJI11q11e COHHa H,ll.pa B KOHeqHoM COCT05IHHH h OT ero 

COCTOHHHH B HaqaJihHOM COCTOHHHH Ii MO>KeT 6b!Th 3an11caHO B cpopMe 

(13.3) 

(ycJIOBHe (13.3) OTJIHqaeTCH OT ycJIOBHH ( 11.5) JIHWh 3aMeHOH l Ha L). 
¥13 ( 13.3) BhITeKaeT 3anpew.eH11e nepexo,ll.a c 11cnycKaHHeM O,ll.Horo cpoToHa, 

ecJIH Ii = h = 0 ( «HYJih-HYJih-nepexo,ll.a), nocKOJihKY L He MO>KeT 6hITh MeHhrue 

e.n.HHHU.hI ( cso6oAHhIX KBaHTOB EO H MO He cyw.ecTByeT) 1). 

OpaBHJIO OT6opa ,ll.JIH qeTHOCTH (7.38) HeTpy,ll.HO o6o6W.HTh Ha JII06hie nepe

XO,ll.hl EL H ML. 06o3Haqa51 qeTHOCTH HaqaJihHOro H KOHeqHoro cocTOHHHH H,ll.pa 

qepe3 7ri H 7rk. HMeeM: 

AJIH H3JiyqeHHH EL, 

,ll.JIH H3JiyqeHH5l ML, 

r,ll.e !:l.7r = -1 COOTBeTCTByeT H3MeHeHHIO qeTHOCTH, a !:::.Jr = + 1 

TaKoro H3MeHeHHH. 

(13.4) 

OTCYTCTBHIO 

PaccMoTpHM JI.Ba KOHKpernhIX np11Mepa 1-pacna,ll.a. Ha p11c. 13.1, a np11se,ll.eHa 

CXeMa Jl.BYX /-OepeXO,!I.OB B H,ll.pe H30TOna KHCJIOpO,ll.a 1 ~0. OepeXO,ll., OOKa3aHHhIH 
CJieBa, cosepwaeTCH Me)l{,ll.y ypoBHHMH 1 ;2+ -1 ;2- H, CJie,ll.OBaTeJihHO, COrJiaCHO 

(13.4) .6.7f = -1. B CHJIY npaBHJia (13.3) cpoTOH MO)l{eT yHeCTH MOMeHT, paBHhIH 

JIH6o HYJIIO, JIH60 e,ll.HHHU,e. nocKOJihKY O,ll.HaKO (0-0)-nepexO,ll.hl c HcnyCKaHHeM 

O,ll.HOrO cpOTOHa 3anpew.eHhl, TO paccMaTpHBaeMh!H nepexO,ll. ,ll.OJI)l{eH 6hITh «qH
CThIM» El-nepexo,ll.OM. 

OepeXO,!l., OOKa3aHHhIH Ha CXeMe pHC. 13.1, a cnpaBa, COBepruaeTCH Me)l{,ll.y 

ypoBHHMH, ,ll.JIH KOTOphIX !:::.I= 2, !:::.Jr= -1. B COOTBeTCTBHH c npaBHJIOM (13.3) 

B .n.aHHOM cJiyqae cpoToH MO)l{eT yHeCTH MOMeHT, paBHhIH 2 mm 3. Op11MeHHH 

npaBHJIO (13.4), noJiyqHM, qTo pa3peweHhI nepexo,ll.hI M2 H E3. 

nepett,ll.eM K cxeMe, noKa3aHHOH Ha pHC. 13.1, 6. B pe3yJihTaTe (3- -pacna,ll.a 

H,ll.pa TJNa, 06pa3yeTCH H,ll.po i~Mg (npHqeM Ha1160Jiee seposneH (3-nepexo.n. Ha 
yposeHh 4+ .n.oqepHero HJl.pa). Xorn c 3Toro ypoBHH B03MO*eH npHMOH pa,ll.Ha

U.HOHHhIH nepexo,ll. E4 Ha ocHOBHOH yposeHh, O,ll.HaKo Ha1160Jiee sepoHTeH nepexo,ll. 

1
) 4TO o6ycJJOBJieHO rrorrepe'lHOCTblO 3JleKTpoMarHIJ.THbIX BOJIH. 
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P1-ic. 13.1. CxeMa 1-nepexo,11,oB: a - 5/2+--; 1;2- 11 1;2+--; 1;2- (H,11,po 1 ~0); 6 - 4+--; 2+--; 
__, o+ (H,11,po i~Mg) 

c MHHHMaJihHO B03M01KHOH MYJihTHIIOJihHOCThIO. CTpaKTHqecKH e.rr.HHCTBeHHhIM Ha-

6JIIO.II.aeMhIM SIBJISieTCSI KaCKa.rr. nepexo.rr.oB 

nonyrno 3aMeTHM, qTQ eCJIH .11.JISI 0.11.HOfO H3 KOM6HHHPY!Olll,HX ypoBHeH I > 0, 
a .II.JISI .rr.pyroro I = 0, TO fl.I HMeeT e.rr.HHCTBeHHO B03M01KHOe 3HaqeHtte; II03TOMY 

nepexo.rr. SIBJISieTcSI «qHcThIM» El- HJIH Ml-nepexo.rr.oM; ecJIH, Hanp1rnep, Ii > 0, 
h = 0 H fl.Jr= 1, To ocymecTBJISieTCSI nepexo.rr. THna Eli (B pa36ttpaeMOM npttMepe 

TaKOB nepeX0.11. Me1K.ll.Y ypOBHSIMH 2+ H Q+). 
CToMHMO npaBHJI oT6opa no CIIHHY H qeTHOCTH "}'-nepexo.rr.h1 .II.OJI1KHhI y.rr.osJie

rnopHTh H CJie.rr.yIOlll,HM npaBHJiaM OT6opa IIO H30TOIJHqecKoMy CIIHHy, cnpaBe.II.JIH

BOMY .II.JISI "}'-KBaHTOB JII06oH: MYJihTHIIOJihHOCTH: 

tl.T = 0 ± 1 H tl.T = 0. (13.5) 

l1MeIOlll,aSICSI 3KCIIepHMeHTaJihHaSI HHcpopMaJJ,HSI HaXO.II.HTCSI B cornaCHH c npaBH

JiaMH (13.5). HanpttMep, .II.JISI HeKoTopbIX H.II.ep 6bIJIO ycTaHOBJieHo, qTo npHMOH 

nepexo.rr. c ypoBHSI, .II.JISI KOToporo T = 2, Ha yposeHh c T = 0 «He H.II.eT»; 

tta6JIIO.II.aeTcSI KaCKa.rr. nepexo.rr.os, tt.rr.ymttx qepe3 yposeHh c T = 1. 

§ 13.3. SIJJ.epuaR H30Mep1rn 

CornacHo 3KcnepHMeHTaJihHhIM HCCJie.rr.osaHHSIM B HeKoTopbIX cJiyqa5:1x Ha6JIIO

.rr.aeTCSI BhICBeqHBaHHe B036y1K.II.eHHhIX COCTOSIHHH aTOMHh!X SI.II.ep c H3MepHMhIMH 

(T. e . .II.OCTaTOqHO .11.JIHTeJihHhIMH) neptto.rr.aMH IIOJiypacna.rr.a. :'.ho SIBJieHHe H33b!Ba

IOT U30Mepueu amoMHblX H8ep. OcTaHOBHMCSI Ha HCTOpHH ero OTKpb!THSI. 
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B 1921 r. 0. faHHOM 6b1JI0 OTKpbITO Hosoe pa.ll,HOaKTHBHoe sew:ecTBo ypaH 

z (UZ), xapaKTepH3yeMoe TeM )Ke nopH.ll,KOBb!M HOMepoM H MaCCOBbIM 4HCJIOM, 

4TO H H3BeCTHblH H30TOII ypaH X2 (UX2) 1), HO OTJIH4aJOru:eecH OT IIOCJie.ll,Hero 

pa.ll,HOaKTHBHb!MH CBOHCTBaMH. 3TH .ll,Ba sew:ecTBa IIO aHaJIOfHH c H30MepHbIMH 

opraHH4eCKHMH coemrneHHHMH noJiyLJHJIH Ha3BaHHe H.ll,epHbIX H3oMepos. B 1935 r. 
11. B. KypLJaToB, 5. B. KypLJaTOB, JI. B. MbICOBCKHH H JI. 11. PycHHOB oTKpbIJIH 

H.ll,eptty10 H30MepH!O y HCKyccTBeHHo-pa.ll,HOaKTHBHbIX H.ll,ep. B BbIIIOJIHeHHbIX HMH 

OIIbITax o6bil.JHblH 6poM ( COCTOHW:HH H3 .ll,BYX CTa6HJibHblX H30TOilOB 79Br H 81 Br) 

o6JiyLJaJICH HeI1TpottaMH. B pe3yJibTaTe peaKU,HH 

~~Br+ n---+ ~gBr + "(, ~ABr + n---+ ~~Br+"( 

noJiyLJaJIHCb .ll,Ba {3- -pa.ll,HOaKTHBHbIX H30Tona ~gBr H ~~Br. OnbIT noKa3aJI, LJTO 

y 3THX H30TOIIOB cymecTByeT He .ll,Ba, a TPH pa3JIHLJHbIX nepHo.ll,a noJiypacna.ll,a. 

CornacHo cospeMeHHbIM .ll,aHHbIM OHH paBHbI T1 = 17,6 MHH, T2 = 4,38 4, T3 = 
= 35,34 4. 

)lJIH Toro, l.JT06bi onpe.ll,eJIHTb, KaKHe H3 nepeLJHCJieHHb!X nepHO.ll,OB IIOJiypac

IIa.ll,a OTHOCHTCH K KaKOMY H30TOIIy, npenapaT 6poMa o6Jiy4aJICH "(-KBaHTaMH. 

Ha6JIJO.ll,aJIHCb peaKU,HH 

~~Br + "( ---+ ~~Br + n, ~gBr + "( ---+ ~gBr + n. 

06pa3y10w:HeCH H30TOIIbl ~~Br H ~gBr {3-pa.ll,HOaKTHBHbl H pacna.ll,aJOTCH no 

cxeMaM 

78Br ~ 78Se} 35 34 

soBr ~ soKr 
35 36 

T1 = 6,5 MHH, T2 = 17,6 MHH, T3 = 4,38 l.J, 

T. e. B 3TOM cJiyLJae Ha6JIJO.ll,aeTcH TPH pa3JIHLJHbIX nepHo.ll,a noJiypacna.ll,a. 

11TaK, B o6eHx cepHHX Oilb!TOB IlOJiy4aeTCH O.ll,HH H TOT )Ke H30TOII 6poMa 

~gBr H Ha6JIJO.ll,a!OTCH nepHO.ll,bl IlOJiypacna.ll,a - 17 ,6 MHH H 4,38 l.J, KOTOpbie, 

Ol.JeBH.ll,HO, H cJie.ll,yeT npHIIHCaTb 3TOMY H30TOIIy. 

l13oMepHH H.ll,ep 6bIJia o6bHCHeHa B 1936 r. BaI1u.3eKKepoM. 3rn o6bHCHeHHe 

( o6menpHHHTOe B HaCTOHW:ee speMH) OCHOBaHo Ha npe.ll,IIOJIO)KeHHH, l.JTO H30Me

pHH CBH3aHa c cyw:ecTBOBaHHeM y HeKOTOpb!X H.ll,ep MeTaCTa6HJibHb!X (H30Mep

Hb!X) ypostteI1. TaKoI1 yposeHb, KaK noKa3bIBaeT aHaJIH3 cooTHorueHHH BaI1cKon

cpa (13.1 ), .ll,OJI)KeH o6Jia.ll,aTb cpaBHHTeJibHO He60JiblllOH 3HeprneH: ( OTHOCHTeJibHO 

OCHOBHOfO ypoBHH), H ero CIIHH .ll,OJI)KeH 3Hal.JHTeJibHO OTJIHl.JaTbCH OT CilHHOB 

HH)KepaCIIOJIO)KeHHb!X ypoBHeH. 

PaccMoTpHM, HanpHMep, cxeMy nepexo.ll,OB B H.ll,pe ~gBr (pHc. 13.2). CHJib

HOB036y)K.ll,eHHoe H.ll,pO 80Br, 06pa3y10meecH B pe3yJibTaTe 3aXBaTa H.ll,pOM 79Br 

HeI1TpoHa, B npou.ecce nocJie.ll,y10w:ero 1-pacna.ll,a MO)KeT 6b1CTpo (3a speMH OKOJIO 

1) YpaH i H ypaH X2 - cTapb1e Ha3BaHHll pa;moaKTHBHhIX HYKJIHAOB 234Pa H 234mPa, rAe HH

AeKcoM m o6o3HaIJeHhI HYKJIHAhI npoTaKTHHHll, oTJIHIJaJOw:HeCH OT nepabIX nepHOAOM noJiypacnaAa 
(CM. Ta6JI. 4.1 H npHMe'laHHe 3 K Heil). 
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P11c. 13.2. CxeMa ')'-riepexonoB Hnpa ~gBr 

10- 13 c) nepexO,llJ1Th JIH6o Ha OCHOBHOH ypoBeHh 1 +, JIH60 Ha ypoBeHb 5-, 
5IB.n51IOW.HHC5l MeTaCTa6HJihHh!M (pacCT05IHHe Me1KAY HHM H OCHOBHhIM ypoBHeM 

paBHO 84,4 K3B). 5!.11.po ~gBr ,B-pa.11.HoaKTHBHO (T = 17,6 MHH), npHYeM ,B-nepexo.11. 

COBepwaeTC5l H3 OCHOBHOro COCT05IHH5l. Ec.nH 1Ke paccMaTpHBaeMoe 5!.11.PO HaX0.11.HT

C5l B COCT05IHHH 5-, TO OHO BHaqa.ne HCCTh!Th!BaeT 1-pacna.11. (T = 4,38 q), a y1Ke 

3aTeM (noc.ne nepexo.11.a Ha OCHOBHoi1 yposeHh) ,8-pacnan. TaK KaK B TOM H .11.pyroM 

c.nyqae ,8-qacTHUhl HcnycKa!OTC5l H3 0.11.HOro H Toro )Ke COCT05IHH5l, TO HX cneKTpbl 

.11.0Jl1KHhl 6b!Th H.11.eHTHqHhl. 

l13BeCTHhl H30MepHbie 5!.11.pa, B KOTOpb!X ,B-pacna.11. B03M01KeH H Henocpe.11.cTBeH

HO H3 B036Y1K.11.eHHoro MeTaCTa6HJihHOro COCT05IHH5l. CTpHMepoM MO)KeT CJIY1KHTh 

~Co 

..,_ ______ ___, 2+ 

~gNi 

P11c. 13.3. CxeMa /3-pacna.D,a 51.D,pa ~~Co 
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H,LI.po ~~Co, cxeMa pacna,LI.OB KOToporo noKa3aHa Ha pttc. 13.3. KaK BH,LI.HO, nepe

xo,LI. H3 MeTaCTa6HJibHOro COCTOHHHH 2+ ocymecTBJIHeTCH JIH60 Henocpe,LI.CTBeHHO 
[3-

nyTeM HcnyCKaHHH ,8-l!aCTHU.bl (cxeMa pacna,LI.a ~~Co ---) ~~Ni), JIH60 nyTeM HC-

nyCKaHHH 1-KBaHTa M3 c nepexo,LI.OM Ha ypoBeHb 5+. B CBOIO Ol!epe,LI.b, B03MO)KHbl 

,e- -nepexo,LI.bl H c 3TOfO ypoBHH. 

B pe,LI.KHX cJiyl!aHx paccTOHHHe Me)K,LI.y MeTacTa6HJibHbIM yposHeM H ocHOBHbIM 

MO)KeT 6bITb cpaBHHTeJibHO 6oJihIIIHM. CTpttMepoM cJiy)KHT HLI.po 180Hf, y KOToporo 

nHTb!H B036y)K,LI.eHHbIH ypoBeHb g- (E = 1143 K3B) HMeeT nepHO,ll. noJiypacna

,LI.a 5,5 l!. Htt)KepacnoJiom:eHHbie ypoBHH, 06pa3y10IIJ.He spamaTeJihHYIO noJiocy, 

3Hal!HTeJibHO OTJ!Hl!a!OTCH no CBOHM CBOHCTBaM OT COCTOHHHH g-. B pe3yJibTaTe 

nepeXO,ll.bl Ha HH)KepacnoJIO)KeHHbie ypoBHH OKa3bIBalOTCH CHJibHO 3anpemeHHbIMH. 

5l,LI.epHaH H30MepHH - HBJieHHe ,ll.OBOJibHO pacnpoCTpaHeHHoe; H3BeCTHO CBbIUie 

cTa ,LI.oJirom:HBYIIJ.HX H30Mepos. 5l,LI.paM-H30MepaM Ha rpaqmKax A(Z) HJIH A(N) 
COOTBeTCTBYIOT csoeo6pa3Hble «OCTposa H30MepHH», npH'IeM HX npaBaH rpaHHIJ.a 

npttxo,LJ.HTCH Ha MarHl!ecKHe l!HCJia 50,82 HJIH 126 (pttc. 13.4). HeTpy,LI.Ho y6e,LI.HTb-

A 
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Pttc. 13.4. Pacnpe,n:eJJeHtte ,n:oJ1ro11rnsyru:ttx H30Mepos c He'-!eTHbIMH MaccosbIMH '-IHCJJaMH B 3asttctt

MOCTH or '-lttcJia He'-leTHbIX HYKJJOHOB (N HJIH Z) 

CH, l!TO H30MepHH CBH3aHa c o6oJiol!el!HOH cTpyKTypoH: H,LI.pa. HanpHMep, y H,LI.ep, 

06pa3y10IIJ.HXCH npH 3anOJIHeHHH COCTOHHHfl 2P!/2• nepBb!M B036y)K,LI.eHHblM co

CTOHHHeM HBJIHeTCH lg9;2, OTJIHl!aIOIIJ.eecH no cnHHY OT OCHOBHOfO COCTOHHHH 

2p1; 2 Ha lleTb1pe e,LI.HHHIJ.bI (pttc. 8.4). TaKHe H,LI.pa o6Jia,LI.aIOT l!HCJIOM HeHTpoHoB 

HJIH npoTOHOB, npHXO,LI.Hlll.HMCH Ha HHTepsaJI 39-50. l.JeTHOCTb ypoBHeH lg9;2 
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11 2p1;2 pa3JIWrna, II03TOMY B CHJIY npaB11Jia (13.4) np11 1130MepHOM nepexo,LI,e 

lg9; 2 --+ 2p1; 2 JJ.OJI)KHO HCIIyCKaTbC5I H3JiyqeHHeM M4. AHaJiornqHo o6b5ICH5IeTC5I 

113oMepH5I y 5I,LI,ep c N HJIH Z 6oJibUie 50. 
B 3aBHCHMOCTH OT MYJibTHIIOJibHOCTH 1-nepexo.n,a BpeM5I )Kl13HH B036y)K.n,eHHO

ro COCT05IHH5I 5I.ll,pa MO)KeT MeH5ITbC5I B qpe3Bb1qaHHO UIHpOKl1X npe.n,eJiax (OT MHO

rnx TbIC5Iq JieT .n,o MaJibIX .n,oJieH ceKyH.n,bI). CJie.n,yeT noJiaraTb, qrn no Mepe 

COBepUieHCTBOBaHH5I TeXHHKH 3KCIIepHMeHTa 6y.n,yT o6Hapy)KHBaTbC5I HOBbie 1130-

Mepbl c oqeHb MaJibIMH H oqeHb 60JibUIHMH nepHo.n,aMH noJiypacna.n,a. CTpHMefoM 

1130Mepa nepBoro rnna 5IBJI5IIOTC5I 135Cs (T = 2,8 · 10- 10 c), a BToporo - 23 Np 

(T = 5000 JieT). 

§ 13.4. BHyTpeHmu1 KOHBepc1rn: 

CH5ITHe 3HeprnH B036y)K.n,eHH5I 51.n,pa MO)KeT ocymecTBJI5ITbC5l Hap5IJJ.Y c Hcnyc

KaHHeM 1-H3JiyqeHH5I TaK)Ke H nyTeM nepe,LI,aqH 3HeprnH KaKOMY-JIH6o 3JieKTpoHy 

aTOMHOH o60JIOqKH. 3TOT npouecc Ha3bIBaeTC5I BHympeHHeU KOHBepcueu. 
CTpH BHyTpeHHeH KOHBepcHH HcnycKaeTC5I 3JieKTpoH c 3HeprHeH i¥e, paBHOH 

3HeprnH 51.n,epttoro B036y)K.LJ,eHH5I 3a BbJqeTOM 3HeprnH CB5I3H E aTOMHOro 3JieKTpo

Ha: i¥e = E - E. B ornHqHe OT 3JieKTpoHOB ,6-pacna.n,a, 06pa3y10mHx cnJIOllIHOH 

3HepreTHqecKHH CIIeKTp, MOH03HepreTHqecKHe 3JieKTp0Hhl BHyTpeHHeH KOHBep

Cl1H o6pa3y!OT JIHHefiqaTbIH CIIeKTp; MaKCHMYMbl, Ha6JIIO.LJ,aeMbie B HeKOTOpb!X 

,6-cneKTpax, B03HHKa!OT HMeHHO 6Jiaro.n,ap5I HcnycKaHHIO 3JieKTpOHOB BHyTpeHHeH 

KOHBepcHH. CymecTBOBaHHe HecKOJibKHX MaKcHMYMOB yKa3brnaeT Ha To, qTo 3JieK

TpOHbI BbI6HBaIOTC5I H3 pa3HbIX 3JieKTpoHHbIX o6oJioqeK. Onpe.n,eJI5I5I paccT05IHHe 

Me)K.n,y 3THMH MaKCHMyMaMH, MO)KHO H.LJ,eHTHcpHUHpOBaTb 3JieMeHT, Ha KOTOpOM 

npoHCXO.ll,HT KOHBepcH5I. 

MaKCHMYMbl KOHBepcHOHHOro npOHCXO)K.ll,eHH5I IIpHH5ITO OTMeqaTb 3HaqKaMH e. 
Ha cxeMax nepexo.n,oB TaKHMH )Ke 3HaqKaMH OTMeqa10T KOHBepcHOHHbie nepexo,LI,bl. 

BHyTpeHH5I5I KOHBepcH5I conpoBO)K.LJ,aeTC5I HcnycKaHHeM peHTreHOBCKHX cpo

TOHOB 11 O)Ke-3JieKTpoHoB, B03HHKaIOmHx npH rny6HHHbIX nepexo.n,ax aTOMHbIX 

3JieKTpOHOB. 

CTpHBe,LI,eM xapaKTepHbIH npHMep. CTpH H3yqeHHH 3HeprernqeCKoro cneKTpa 

1-H3JiyqeHH5I 51.n,pa 2~~Pu 6hIJIO B qacrnocrn o6Hapy)KeHo TPH 1-nepexo.n,a Ha 

ypoBeHb 7,85 K3B, O.LJ,HaKO 1-nepexo.n, c 3TOro ypoBH5I Ha OCHOBHOH He 6b!JI HaH.n,eH 

(pHC. 13.5). CTocJie.n,yIOil.I,He HCCJie.LJ,OBaHH5I IIOKa3aJIH, qTQ 3HeprH5I B036y)K.LJ,eHH5I 

7,85 K3B 5I.n,pa 239Pu 3aTpaqHBaeTC5I Ha HCIIYCKam1e KOHBepcHOHHbIX 3JieKTpOHOB. 

Ha pHc. 13.6 noKa3aH yqacTOK cneKTpa KOHBepcHOHHbIX 3JieKTpOHOB 239Pu, HC

nyCKaeMbIX c aTOMHbIX ypoBHeH Nr, Nn, Nm. B cneKTpe npHcyTcrnyioT TaK)Ke 

MaJIOHHTeHcHBHbie L-, M-JIHHHH, o6pa3oBaHHbie O)Ke-3JieKTpoHaMH. 

PaccMoTpHM MexaHH3M BHyTpeaaefi KOHBepcHH no,LI,po6aee. CqHTaeTC5I, qTo 

1-KBaHT, HcnymeHHbIH 5I.ll,pOM, nornomaeTC5I O.ll,HHM H3 aTOMHblX 3JieKTpOHOB, 3a-

11MCTBY!Oll.I,HM BCIO ero 3Heprmo. B TeopHH BHyTpeHHeH KOHBepcHH npHHHMaeTc5I, 

LITO nepeHocqHKaMH 3Heprmi B 3TOM npouecce 5IBJI5IIOTC5I He peaJibHbie, a BHpTy

aJibHbie cpoTOHbI (cM. § 2.5). EcJI11 3TO TaK, TO HHTeHCHBHOCTb 1-113JiyqeHH5I He 

,ll,OJI)KHa H3MeH5ITbC5I IIpH 3aMeHe .n,aHHOH COBOKYIIHOCTH aTOMOB COOTBeTCTBYIOil.I,eH 
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Pile. 13.6. Y'laeTOK cneKrpa 3JieKrpoHOB KOHBepellll 2~~Pu 
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cosoKynHocTbIO 51)1.ep. Xorn Ha6JIIO)l.eHHe 1-H3JiyYeHH51, HcnyCKaeMoro 51)1.paMH, 

IlOJIHOCTbIO JIHilleHHbIMH CBOHX 3JieKTpOHOB, TeXHHYeCKH OYeHb CJIO)KHO H )l,0 CHX 

nop He ocyw,eCTBJieHO, 0)1,HaKO B TeOpHH BHyTpeHHeH KOHBepcHH He HCI10Jlb3YeTC51 

HHKaKHX IlO)l,fOHOYHbIX napaMeTpOB, H pe3yJibTaTbl 3TOH TeopHH npeKpacHO co

rJiacyIOTC51 c onbITHbIMH )l.aHHbIMH. CTo3TOMY B HacTo51w,ee speM51 He cyw,ecrnyeT 

KaKHX-JIH6o COMHeHHH B TOM. YTO B npouecce BHyTpeHHeH KOHBepcHH yqacrnyIOT 

BHpTyaJibHbie cpOTOHbl. 

Oco6eHHO OTYeTJIHBO poJib BHpTyaJibHbIX cpoTOHOB npo51BJI51eTC51 B (0-0)-ne

pexo)l,ax. TaK o6cTOHT )l.eJio, HanpHMep, y 51)1.pa ~gca (pHc. 13. 7). CTocKOJibKY 

5,0· 10- 11 c 

3351 o+ 

a g 
~ 0 >< 

(J) 
0 M 0.. 
Lt'.) r:- (J) 
Lt'.) M c: 
M ?--

/, o o+ 
~8ca 

P11c. 13.7. CxeMa ry-rrepexo11.os HApa ~gca 

H3JiyYeHH51 EO He cyw,ecrnyeT, TO 51)1.po B cocT051HHH c 3HeprneH: 3351 K3B He 

MO)KeT OCB060)l.HTbC51 OT 3HeprnH B036y)K)l.eHH51, HcnycTHB cpoTOH. 0)1.HaKO 803-

MO)KHO cyw,ecrnoBaHHe BHpTyaJibHoro cpoToHa EO, xapaKTepH3yeMoro HyJiesoH: 

MYJibTHilOJibHOCTbIO H noJIO)KHTeJibHOH YeTHOCTbIO. CTepe)l.aB 3TOT cpoToH 3JieKTpo

Hy, 51)1.pO ~gca nepexO)l,HT B OCHOBHOe COCT051HHe nyTeM BHyTpeHHeH KOHBepCHH. 

0THOllieHHe Bepo51THOCTH We HcnycKaHH51 KOHBepcHOHHOro 3JieKTpoHa K Be

p051THOCTH w'Y HcnycKaHH51 cpoTOHa, ak = We/w'Y, HOCHW,ee Ha3BaHHe 1w::H/xpu-
4ueHma BHympeHHeU KOHBepcuu, xapaKTepH3yeT ee HHTeHCHBHOCTb. c IlOMO

Ill,bIO cyw,ecrnyIOill,HX MeTO)l,OB 3TOT K03cpcpHUHeHT MO)KHO H3MepHTb B npe)l.eJiax 

10-4 < aK < 102. c pocTOM MYJibTHilOJ!bHOCTH nepexo)l,a K03cpcpHUHeHT aK 6bICTpo 

yseJIHYHBaeTC51. 3HaYeHHe aK yMeHhrnaeTc51 c yseJIHYeHHeM 3HeprnH nepexo)l.a. 

EcJIH 3Heprn51 B036y)K)l.eHH51 51)1.pa E 6oJibWe y)l.BOeHHOH 3HeprnH noK051 

3JieKTpoHa E > 2mec2 = 1,02 M3B, TO B03MO)KHa napHa51 KOHBepcH51, 3aKJIIO

YaIOw,a51c51 B TOM. YTO 51)1.pO OCOB60)K)l,aeTC51 OT CBoeH: 3HeprnH B036y)K)l.eHH51, 

HCnycKa51 3JieKTpOHHO-I103HTpOHHYIO napy. 3TOT npouecc npoTeKaeT CJie)l.yIOw,HM 

o6pa3oM. BHpTyaJibHbIH cpoToH, Hcnyw,eHHbIH 51)1.pOM, npespaw,aeTcH noTOM B napy 

3JieKTpOH-I103HTpOH. Mb! BH)l,HM, YTO napHa51 KOHBepCH51 He CB513aHa c 3JieKTpOH

HOH o6oJIOYKOH aTOMa H MO)KeT H)l,TH Ha 51)1.pe, J!HllieHHOM CB513aHHbIX 3JieKTpo

HOB. CTapHa51 KOHBepCH51 xapaKTepH3yeTC51 Koa¢¢u4ueHmOM napHOU KOHBepcuu 
O'.n = Wn/w'Y, r)l,e Wn - Bepo51THOCTb HCilyCKaHHf! (e- -e+)-napb!. c pOCTOM 

3HeprHH nepexo)l,a OTHOCHTeJibHa51 pOJib napHOH KOHBepCHH yseJIHYHBaeTC51. TaK, 
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(0-0)-nepeXO.ll. B H.L1.pe 1 ~0, 3HeprnH KOToporo paBHa OTHOCHTeJihHO 60JihllIOH 

BeJIH'lHHe 6,06 M3B, ocymecTBJIHeTCH B OCHOBHOM nyTeM HcnycKaHHH KOHBepcH

OHHOH naph!. 

§ 13.5. KoppeJUIIJ,HOHHbie H3MepeHHB B B,lI.epttoH: cneKTpocKonnn 

13.5.1. Ilpe.n.CTaBJieHue 06 yrnoeLIX Koppem1u;m1x. B H.ll.epHoti cneK-

TpocKOilHH Ba:>KHYIO pOJih Hrpa!OT KoppeJIHIJ.HOHHbie H3MepeHHH, Il03BOJIHIOUJ.He 

H3ytiaTb CBOHCTBa HeCTa6HJihHhIX H.ll.ep [7]. ooJihIIIOH HHTepec K KoppeJIHIJ.HOH

HhlM H3MepeHH5IM o6bHCH5leTC5l B OCHOBHOM cymecTBOBaHHeM Henocpe.ll.CTBeHHOH 

TeopeTWleCKOH CB5!3H Me:>K.ll.Y .ll.aHHhlMH OilbITa H HCKOMhIMH BeJIHllHHaMH H cpaB

HHTeJihHOH npoCTOTOH TaKHX H3MepeHHH. 

PaccMoTpHM cpH3HllecKHe npHHIJ.HilhI MeTo.L1.a H3ytieHHH yrnosb1x KoppeJIHIJ.HH 

npH KacKa.ll.HOM HcnycKaHHH H.ll.POM 1-KBaHTOB. CornacHo TeopHH 3JieKTpoMarttHT

Horo H3JiylleHHH npoeKIJ.H5! MOMeHTa HMilYJihCa, YHOCHMOro tj:>OTOHOM, Ha HanpaB

JieHHe ero pacnpoCTpaHeHHH MO:>KeT npHHHMaTb J!Hlllh 3HalleHH5l +h HJIH -h, HO 

He Mo:>KeT pasHHThCH HyJI10, llTO o6ycJIOBJieHo nonepetIHOCThJO 3JieKTpoMarHHT

HhIX BOJIH. 

OcTaHOBHMCH Ha cJie.Qy10mei1 xapaKTepHoH CHTyaIJ.HH. H.Qpo co cnHHOM I= 0, 

HcnycTHB .ll.HilOJihHhIH KBaHT B HeKOTOpoM HanpaBJieHHH n, nepeXO.ll.HT B 6oJiee 

HH3Koe cocTOHHHe c I = 1. DpoeKIJ.HH cnHHa H.ll.pa Ha HanpasJieHHe n MO:>KeT, 

otieBH.QHO, npHHHMaTh 3HatieHHH ± 1, a He 0 (p11c. 13.8). CJie.QosaTeJihHO, npo-

I 

0 

0 ' 

m 

1 
0 

-1 

0 

Pnc. 13.8. TipttMep KacKaAHOro )'-rrepexo)J:a 

cTpattcTBeHHaH opHeHTaIJ.HH H.Qpa y:>Ke He HBJIHeTcH snoJIHe xaoTHllHOH. YrJio

Boe pacnpe,n;eJieHHe J(HIIOJihHOfO H3Jiy'leHHH, HcnycKaeMoro HJI.POM, H3 COCTOHHHH 
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c I = 1, onHchrnaeTCH Bbipa)KettHeM 

r,n.e 0 ~ yroJI Me)K,n.y ttanpaBJieHHeM pacnpocTpatteHHH BToporo KBaHTa KacKa,n.a 

H ttanpaBJiettHeM n. TaKHM o6pa3oM, Me)K,n.y HanpaBJieHHHMH pacnpocTpatteHHH 

,n.Byx ')'-KB3HTOB K3CKa,n.a cymeCTByeT onpe,n.eJieHHaH KoppeJIHll,HH. 

O,n.ttaKo B o6bilJHbIX ycJIOBHHX HccJie,n.oBaTb ee tteB03MO)KHO, TaK KaK noJittoe 

IBJiyqeHHe HCTOlJHHKa ')'-KB3HTOB H30TponHO. Jl,JIH Ha6mo,n.eHHH aHH30Tponttoro 

H3JiylJeHHH Heo6xo,n.HMO BbJ,ZJ.eJIHTb attcaM6Jib H,n.ep, opHeHTHpoBaHHh!X He xao

THlJeCKH. 0,n.HH H3 cnoco6oB BhI,n.eJieHHH TaKoro attcaM6JIH H,n.ep aaKmoqaeTcH 

B OXJI3)1{,ll.eHHH HCTOlJHHKa ,ll.O OlJeHb HH3KHX TeMnepaTyp B CHJibHOM MarHHTHOM 

IlOJie, 'ITO npHBO,ll.HT K nOJIHpH33UHH H,n.ep. 

JJ,pyroii cnoco6 COCTOHT B OT6ope JIHWb H,ll.ep co CilHHOM, HMeIOlll,HM no TOH 

HJIH ,n.pyrol1 npH'IHHe HeKOTOpoe npe,n.nOlJTHTeJibHOe HanpaBJieHHe. 

13.5.2. MeTo,n;uKa BblnOJIHeHH.H KoppeJI.HI(HOHHbIX H3MepeHHH. Pac-

cMoTpHM MeTO,ll.HKY BbinOJIHeHHH KOppeJIHUHOHHoro 3KcnepHMeHTa, npe,n.noJiaraH, 

'ITO HCCJie,n.yeMbie H,n.pa HCilblTb!BaJOT IlOCJie,ZJ.OBaTeJibHb!H pacna,n. a ~ b ~ c 
(pHc. 13.9, a). Ha6JIJO,ZJ.aH H3Jiylfettwe ')'1 B onpe,n.eJieHHOM ttanpaBJieHHH n, MhI 

a---..---

b--.....---

c---'----

P11c. 13.9. CxeMhI, HJIJIJOCTp11py10IUHe onhIT no H3MepeHHIO KoppeJIHil,1111 HanpasJieH11ii; Ia, h, Ic -
C011H 51,!l,pa B COCTOHH11HX a, b, c 

BhI,ZJ.eJIHeM HeKoTopyIO coBoKynttOCTh H,n.ep co cnHHaMH, opweHTHpoBaHHhIMH aHH-

30Tpontto. Jl,Jrn H3JiylJeHHH ')'2 B T3KOM CJiyqae 6y.n:eT Ha6JIJO,ll.3TbCH onpe.n:eJieHHaH 

yrJioBaH KOppeJIHUHH OTHOCHTeJihHO HanpaBJieHHH n 1) 3a.n:aqa COCTOHT B onpe,n.e

JieHHH ornocwTeJihHOH BepoHrnocrn W(O)dO HcnycKaHHH H3JiylfeHHH 'Yz B TeJiec

HhIH yroJI dO no,n. yrJIOM 0 K ttanpaBJieHHJO n (p11c. 13.9, 6). 

1
) TepMHH «YfJIOB3R KOppeJIRIJ,HH» o6bl'lHO o603Ha'laeT OAHOBpeMeHHO K3K KoppeJIRil,HIO Ha

npaBJieHHH, TaK 11 KOppeJIRIJ,11!0 noJIHp113ail,HH. B nepsoM cJiy'lae 113yqaJOT JI11lllh HanpasJieH11H 

11cnycKaHl1H 113JIY'leHHH, a BO BTOpOM - onpe;i,eJIHIOT T3K/Ke OOJIHp1133IJ,HIO XOTH 6h1 OAHOro 113 

113JIY'leHl1H. 
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TeopeTwiecKyIO ¢YHKUl1IO npoCTpattcTBeHHOH KoppeJI5IU1111 3anttChIBaIOT B 

¢op Me 
kMaKC 

W(O) = L AkPk(cose), 
k=O 

r.n.e P( cos e) - noJIHHOMbl JleJKaH.n.pa, Ak - K03¢¢m.1.tteHT, co.n.epJKam11H BC!O 

¢113w.1ecKy10 irn¢opMau1110. Ko3¢¢11u11eHT Ak ,ll,JI51. paccMaTpHBaeMoro KaCKa,ll,ttoro 

pacna.n.a MOJKeT 6hITh npe.n.cTaBJieH B BH.ll.e Ak = Ak(a, b)Ak(b, c), KaJKJJ.hIH 113 K0-

3¢¢11u11eHTOB-COMHOJKHTeJieH 3aB11CHT TOJibKO OT OJJ.HOro 113 nepexo.ll,OB B KacKa.n.e. 

Hanp11Mep, cBoikTBa H3Jiy4eHH51. "(2 11 ypoBHeH b H c noJIHOCThIO onpe.u,eJI5l!OT 

3Ha4ett11e Ko3¢¢11u11eHTa Ak(b, c). 
¢yHKUH5l KOppeJI5lUl1H W ( 0) Bbl4HCJieHa TeopeTH4eCKH .ll,JIH 60Jlbll1HHCTBa 

CJiyqaea, npe.n.CTaBJIHIOll.l,HX HHTepec. HanpttMep, ¢YHKUHH w ( e) .ll.JlH nepexo.n.oB, 

CTOKa3aHHb!X Ha pHC. 13.8, HMeeT BH.ll. W(O) = 8 + 4P2(cose). 
B OCTbITe HaXO.ll,HT <flYHKUHIO C ( 0), r.n.e C - 4HCJIO COBCTa.ll,eHHH MeJKJJ.Y /I H /2, 

yroJI e eCTb yroJI Me:>K.u,y OC5IMH ABYX cqeT4HKOB (pHC. 13.9, a). B .n.eHCTBHTeJlbHO

CTH npH .ll,aHHOM yrne 0 perHCTpaUH5l npOH3BO.ll,HTC5l B HeKOTOpOM HHTepBaJie YrJIOB 

de. flo3TOMY oT ¢yttKu1111 C(O) Heo6xo.n.11Mo nepeHTH K «HCTHHHoH» KoppeJIHUHOH

HOH ¢yHKUH11 w.3KCn(B), HaJJ,Jie:>Kall.l,HM o6pa30M HCnpaBHB 11 npoHOpMHpOBaB C(O). 
CpaBHeH11e w3Kcn(B) c pa3JIH4Hb!MH TeopeTH4eCKHMH ¢YHKUH51.MH WTeop(B) 

CT03BOJIHeT HaHTH CTO.ll,XOJJ.5II.IJ.ee aHaJIHTH4eCKOe Bbipa:>KeHHe .ll,JIH KoppeJI5lUHOHHOH 

cpyHKU11H. 

PernCTpHpyiomaH cxeMa AOJI:>KHa o6ecne411BaTb H3MepeHHe cosnaLI,emrH OT 

reHeTH4eCKH CB5l3aHHb!X H3Jiy4eHHH (r. e. 11cnymeHHblM O.ll,HHM H TeM JKe HJJ.POM). 

C'-!HTaIOT, '-!TO H3Jiy'-!emrn 11 11 1 2 CB5l3aHbI retter114ecK11, ecJIH OHH perncrp11py-

10TC5l B npe.u,eJiax o4eHb MaJioro npoMeJKyrKa, paattoro pa3peII1aiomeMy BpeMeH11 

CXeMbl. flpH 3TOM He06XO.ll,11MO BBeCTl1 nonpaBKY Ha CJiy4aHHbie COBna.n.eHH5l. 

13.5.3. Onpe,ll;eJieHHe MoMeHTOB eo36yJK,!J;eHHhIX cocTOIIHHH aTOMOB ' 

Il,ll;ep. flp11MepoM OCTbITa no 113yqeHHIO 1-1-KoppeJI5lUl1H HanpaBJieHHH, 

CTaBIIlHM yJKe KJiaCCl14eCKl1M, 5lBJI5leTCH 1-pacna.u, 4eTHO-He4eTHOrO H.u,pa 60Ni. 
Ha p11c. 13.10 np11se.n.ett rpaqrnK ¢yttKUHH W(O) .ll.JIH cJiy4aH 1-1-nepexo.n.a 

MeJK)l.y COCTOHHHMH 3TOro H,ll.pa co CCTHHaMtt 4, 2, 0. KaK BH.ll,HO, TeopeT114eCKa5l 

KpHBaH xopowo cornacyeTCH c 3KCnep11MeHTaJlbHblMH T04KaMH. 

Mero.n.oM yrJIOBOH KoppeJIHUtttt MOJKHO onpe.n.eJI5lTh MarttttTHbie 11 KBa.ll.pynoJib

Hhie MOMeHTbl B036yJK.n.eHHb!X H.ll,ep. 

,llonycTHM, 4TO KaKHM-JIH6o cnoco6oM Mbl BbI.ll,eJIHJIH CHCTeMhl H.ll,ep c onpe

.n.eJieHHOH npettMymecTBeHHOH op11ettrau11ei1. 5I.n.pa Haxo.n.HTCH HeKoropoe apeM5l 

B ao36y)KJJ.eHHOM cocTOHHHl1, nocJie qero pacna.n.aiorcH. flp11 pacna.n.e 11cnycKaerC5l 

tt3Jiyqem1.e, 11cnoJih3yeMoe ,ll,Jrn noJiyqett115l CBe.n.ettHH 06 op11ettTau1111 H.u,ep. O.n.ttaKo 

npH JII060M BHeU1HeM B03MymeHHH - 3JleKTpH4eCKOM 11JIH MarHHTHOM - xapaKrep 

pacnpe.u,eJiett11H H3Jiy4eHHH H3Mett5leTCH. TaKoe H3MetteHHe, B03HHKaiomee npH 

CTOMememrn paccMaTpHBaeMoro attcaM6JIH H,ll.ep BO BHeU1HeM noJie, 11 HCCT0Jlb3YIOT 

.ll.J!H onpe.n.eJieHHH Marttl1THbIX H KBa.u,pynOJibHb!X MOMeHTOB B036y)KJJ,eHHb!X H.ll,ep. 
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W(B) 
6oCo 60Ni 

1350 5+ 5,3 roAa 

fr J; 4+ 2,5MaB 
11 E2 

1300 12+ l,33MaB 
12 E2 

Ito+ 0 
1250 

1200 

1150 

90 120 150 8, rpaA 

P11c. 13.10. CxeMa pacnaAa H,a:pa 6°Co 11 cxeMa KoppeJJHL\1111 HanpaaJ1eH11i1 1-1-KaCKaAa B HApe 
60Ni. Tol.!KH - 3KcnepHMeHT; unp11xoaaH JJHHHH - TeopeTHl.!ecKaH ¢YHKL\11H W(B) AJJH paccMaTpH

BaeMoro KacKaAa 

KoppeJIHUHOHHhIH MeTOJI. 003BOJIHer TaKMe onpe)l.eJIHTh qerttocrh so36yMJ1.eH

HhIX COCTOHHHH aTOMHbIX H)l.ep. l13JIO)Kem1e 3TOfO Bonpoca q11TaTeJib MOMeT HaHTH 

B cneuHaJibHOH JIHTepaType. 

Bo3MOMHbie o6o6w.eHHH TOJihKO qro onHcaHHhIX KoppeJIHUHOHHhIX 3KcnepH

MeHTOB oqeBH)l.Hbl. BMeCTO ')'-KBaHTOB MOMHO HCTIOJib30BaTb o:-, j3-qaCTHUbl HJIH 

3JieKTpOHhI KOHBepcHH. ITpH cooTBeTCTBYIOW.eM H3MeHeHHH cxeMhI perncTpaUHH 

MO)KHO, HanpHMep, H3yqarh ,8-')'-KOppeJIHUHH. 

§ 13.6. 94>4>eKT Mecc6ayapa 

13.6.1. Pe3oHaHcHoe nor.rrow,eHue «l>oTOHOB aTOMaMH H H,ll.paMH. B aTOM

HOH cneKrpocKonHH H3BeCTHO HBJieHHe, Ha3bIBaeMoe pe3oHaHCHOH q)JiyopecueH

IJ.HeI1. 3TO HBJieHHe MOMHO Ha6mo.n.aTb, ttanpHMep, npH o6JiyqeHHH napoB HaTpHH 

CBeTOM c qacTOTOH '!91 rJI = 3S-3P (qacroTa )KeJITOH JIHHHH HaTpHH); o6JiyqaeMb!e 

napb1 caMH ttaqHHaIOr HcnycKaTb cseT TOH Me qacroThI. 

CseT, npowe)l.WHH qepe3 cpJiyopecuHpyIOw.ee sew.ecTBo, ocJia6JIHeTCH BCJie)l.

crsHe nornow.eHHH, B CBH3H c qeM qacro roBopHT He o pe3oHaHCHOH cpJiyopecueH

UHH CBera, a 0 ero pe30HaHCHOM nocAOU{eHUU. 

PaccMoTpHM OJI.HY saMHYIO oco6eHHocTh npouecca HcnycKaHHH H nornow.eHHH 

cporotta aTOMOM. 13y.n.eM cqHTaTh, qTo aToM MaccbI M CBo6o.n.eH H nepsotta'-!aJihHO 

OOKOHTCH. 0603HaqHM 3HeprHIO ero OCHOBHOfO COCTOHHHH Ek, a 3HeprHIO nep

BOfO so36yMJ1.eHttoro ypoBHH Ei. I1cnycTHB cpoToH c '-Iacrorol1 w0 = Ei - Ek/n, 
aTOM noJiyqaer HMI1YJibC OT)l.3'-IH p = -(nwo/c)n, r.n.e n - e,ll.HHH'-!Hb!H BeKTOp 

B HanpasJieHHH pacnpocTpatteHHH cporoHa. Ho Tor.n.a 3HeprnH cpoToHa )l.OJIMHa 

yMeHbillHTbCH Ha BeJIHqHHY 

P2 (nwo)2 
R=-=--

2M 2MC2' 
(13.6) 

10 0. A. BapcyKoB 
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paBHYIO 3Hepnrn OT)l,aqlf 51,ll,pa, a cneKTpaJibHaH JIHHH5I CMeCTHTCH B CTopoHy 

MeHhlllHX qacTOT (60JihlllHX )l,JIHH BOJIH) Ha pacCTOHHHe 

R hw2 

~WR= - = --0
-. 

ti 2Mc2 (13.7) 

HaH:,ll,eM 3HaqeHHe ~w )l.JIH qacTOThI )KeJITOH JIHHHH HaTpHH w ~ 1,07 · 10-15 c- 1: 

~w = 1,05 · 10-27 
· (1,07)2 

· 10-3o ~ 2 . 104 c-1 

R 2 · 23 · 1,66 · 10-24 · 9 · 1020 ' 

HJIH rrepexO.ZIJ! K WKaJie qacTOT, ~AR '"" 10-5 HM. 

CToKOHill.HHCH aTOM, norJIOTHBWHH cpoTOH, noJiyqaeT ero HMnyJihC H npttxo,ll,HT 

B noCTynaTeJihHOe ,ll,BH)KeHHe. Ero 3Heprnio MO)KHO HaHTH no cpopMyJie (13.6). 
QqeBH)],HO, rrepexo.u Ek -+ Ei B03MO)KeH, ecJIH na.uaiolll.HH cpoToH o6Jia.ZI,aeT 3Hep

rneH: nw = nwo + R, aero qacTOTa paBHa w = wo +~WR, r.ue ~WR onpe.ueJIHeTCH 

cpopMyJIOH ( 13. 7). 
BcnoMHHM, qTQ BCJie)l,CTBHe KOHeqHoH WHpHHhl r B036y)K,ll,eHHOrO ypoBHH Ei 

cneKTpaJihHaH JIHHHH, coorneTcTByIOill.aH rrepexo.ZI.y Ei -+ Ek, o6Jia.uaeT KOHeqHOH 

WHpHHOH ~Wo = r /n = 1 IT' r.n.e ~wo - ecTeCTBeHHaH WHpHHa JIHHHH B WKaJie I 

qacTOT; B WKaJie .UJIHH BOJIH 3HaqeHHH 3TOH BeJIHqHHhl .l(JI5I BH)l,HMOH 06JiaCTH 

cneKTpa HMe!OT rropH)],OK 10-3 HM. ,llonJiepoBcKaH lllHpHHa cneKTpaJihHOH JIHHHH 

cylll.eCTBeHHO 6oJihWe (.UJIH D - JIHHHH Na oHa paBHa 1,5 · 10-1 HM). 

TaKHM o6pa3oM, noJiyqaeTcH cJie,ll,yIOill.aH KapTHHa: cepe,ll,ttHa cneKTpaJihHOH 

JIHHHH onTHqeCKOro cneKTpa HcnycKaHHH pacIJOJIO)KeHa rrpH qaCTOTe wo +~WR, 
B cneKTpe norJIOill.eHHH Toro )Ke aTOMa OHa npHXO.l(HTCH Ha qacTOTY Wo - ~WR. 
CMelll.eHHe JIHHHH B crreKTpe HcrrycKaHHH H rrornow.eHHH paBHO B WKaJie .umrn 

BOJIH 2~AR ~ 10-6 HM, qTo Ha fIHTh rropH.l(KOB MeHhllle )l,OITJiepoBCKOH lllHpHHhl 

JIHHHH H Ha TPH rropH.uKa MeHbWe ee ecTeCTBeHHOH wHpHHhI. CTo3TOMY JIHHHH 

ttcnycKaHHH H fIOrJIOill.eHHH .l(JIH BH.l(HMOro CBeTa MO)KHO cqHTaTh npaKTHqecKH 

ITOJIHOCTh!O COBMelll,eHHblMH Me)K.l(y co6oH:, qTO o6hJqHo MOJiqaJIHBO npe.n.rroJiara

eTCH B aTOMHOH crreKTpOCKOilHH. 

Cyw.ecrneHHO HHaqe o6cTOHT .ueJio B 1-crreKTpocKonHH. ,ll.orrycTHM, qTo rrJia

CTHHKa, COJJ.ep)Kalll,aH H)J.pa 57 Fe B OCHOBHOM COCTOHHHH, o6JiyqaeTCH ')'-KBaHTaMH 

c 3HeprneH: 14,4 K3B, HcrryCKaeMblMH HCTQqHHKOM, CO,ll,ep)Kalll.HM Te )Ke 5!.Upa 57Fe 
(pHc. 13.11). 1-KBaHThI c yKa3aHHOH 3Heprneif 06pa3yioTCH rrpH nepexo.n.e H,ll,ep 
57Fe c nepsoro B036y)KJJ.eHHoro ypoBHH Ha OCHOBHOH. 

I I ,"'- 1 // 
~ oi'------------------CJ / ! ~I / "' ,UeTeKTop / ! """ f'-KBaHTOB 

ITornoTHTeJib 

PHc. 13.11. CxeMa onbJTa no o6Hapy:>KeHHIO pe3oHaHcHoro nornomeHHH f'-H3Jiy4eHHH 



§ 13.6. 3</J</JeKm Mecc6ayapa 291 

DpoaHaJIH3HpyeM ycJIOBHH OIIhITa. BocnoJih3yeMCH cpopMyJioH (13.6), noJiaraH, 

'ITO M = M 51A - Macca H.n.pa. ,Ll.JIH HJl.pa 
57

Fe cornacHo 3TOH cpopMyJie 

R = (14. 103)2 6 ~ 2. 10-3 3B. 

2-57·931 ·IO 

3Ta 3Heprnfl OTHHMaeTCH y 1-KBaHTa. 51.n.po-IIOfJIOTHTeJih, IIOJiy'laf! HMIIYJibC 

na.n.aJOrn,ero 1-KBaHTa, ,ll,OJI)KHO npHo6pecTH H 3HeprHH OT,ll,a'IH. 0.n.HaKO pe3o

HaHCHOe IIOfJIOill,eHHe B03M01KHO, ecJIH TOJibKO 3HeprHH OT,ll,a'!H MeHhllie WHpHHbl 

CIIeKTpaJihHOH JIHHHH f: 
R<f. 

DepBbIH B036y1K.n.eHHhIH ypoBeHh H,ll,pa 57 Fe E = 14,4 K3B HMeeT BpeMf! 

)KH3HH nopH.n.Ka 10-7 c, no3ToMy r = n/T ~ 6. 10-9 3B 1L YiwK, r / R"" 10-6, 

T. e. nepe.n.aHHaH HJl.PY KHHeTH'leCKaH 3Heprnfl Ha MHOfO nopH,ll,KOB npeBbIWaeT 

IllHpHHY ypoBHfl r H, CJie,ll,oBaTeJibHO, ycJIOBHe R < r He BbmomrneTCfl. 

DpaB.n.a, 3HeprnH R paBHa 3HeprnH oT.n.a'lH, KoTopyIO noJiy'lHJIO 6h1 CBo6o.n.Hoe 

H HeIIO,ll,BH)KHOe H,ll,po, rnr.n.a KaK B paccMaTpHBaeMOM Oilb!Te fl,ll,pa-IIOfJIOTHTeJIH 

CBfl3aHhI B TBep.n.oM TeJie. 0.n.HaKo c TO'IKH 3peHHfl KJiacc11qecKOH MexaHHKH 

ycJIOBHfl ,ll,Jlfl nornorn,eHHH 1-KBaHTOB MaJIO MeHf!IOTCfl npH 3aMeHe CB060,ll,HbIX H,ll,ep 

CBfl3aHHblMH. XoTf! no.n. .n.eikTBHeM CHJI CBH3H Me1K.ll.Y 'laCTHUaMH, COCTaBJIHIOill,H

MH KpHCTaJIJI, OT,ll,aqa H,ll,pa ,ll,OJl)KHa HeCKOJibKO yMeHblliHTbCfl, HO He HaCTOJlbKO 

CHJibHO, 'lT06hI OKa3aJIHCb o6ecne'leHHbIMH ycJIOBHfl Ha6JIIO,ll,eHHH pe3oHaHCHOfO 

flOfJIOill,eHHH. 

TaKHM o6pa3oM, B OTJIH'!He OT cJiy'laf! ynpyroro paccef!HHH onTH'leCKHX cpoTo

HOB, 1-KBaHTbl B CXO,ll,HbIX ycJIOBHHX ,ll,OJI)KHbl HCilb!Tb!BaTb Heynpyroe pacceHHHe. 

3rn HBJIHeTcH cJie.n.cTBHeM rnro, 'ITO 3HeprnH 1-113Jiy'leHHH Ha TPH H 6oJiee 

nopH.n.Ka npeBOCXOJl.HT 3HeprnIO onTH'leCKoro H3Jiy'leHHH, a 3HeprnH oT.n.aqH R 
qacTHIJ.bl KBa.n.paTH'lHO yBeJIH'lHBaeTCH c poCTOM 3HeprnH cpoTOHa (CM. 13.6). 

THIIH'!Hhre cneKTpbI 11cnycKaHHH H nornorn,eHHfl 1-KBaHTOB H.n.paMH, CBf!3aH

HbIMH B TBep.n.oM TeJie, noKa3aHhI Ha pHc. 13.12. KaK BHJl.HO, JIHHHH cMern,eHbI Ha 

paccTOHHHe 2R. Pe3oHaHCHbie HcnycKaHHe H nornorn,eHHe B03M01KHhI TOJihKO Jl.Jifl 

MaJIOH qaCTH /-KBaHTOB COOTBeTCTByJOrn,eH o6JiaCTH nepeKpb!THH JIHHHH. 

,Ll.JIH yJiyqweHHH ycJIOBHH Ha6JIJO,ll,eHHfl H,ll,epHoro pe30HaHCHOfO nornorn,eHHH 

Heo6XO,ll,HMO KOMneHrnpoBaTb 3Heprn!O 1i6..w = 2R, TepHeMyJO 1-KBaHTOM. c .9TOH 

u.eJiblO MO)KHO HCIIOJib30BaTb 3cpcpeKT )lonJiepa. ,Ll.orn1epoBCKOe H3MeHeHHe Y:a
v 

CTOTbl WQ OIIHChIBaeTCH COOTHOWeHHeM flw = W - Wo = WQ - COS 0 (CM. cpopMyJiy 
c 

(15.19) B [3]), f,ll,e V - CKOpOCTb H3Jiy'laJOW,eH '!aCTHUbI, 0 - yrOJI Me1K,ll,y 

HanpaBJieHHHMH ,ll,BH)KeHHH Y:aCTHUbl H Hcnyw.eHHOro eJO ¢oTOHa. 

DpH Jl.BH1KeHHH HCTO'lHHKa H3Jiy'leHHH no HanpaBJieHHJO K Heno.n.BH1KHOMY 

nornonneJIJO co CKOpOCTblO v 3HeprnH H3JIY'leHHfl, na.n.aJOrn,ero Ha IIOfJIOTHTeJib, 
v 

yseJIHY:HBaeTcH Ha 1i6..w = E0 - (r.n.e E0 = 1iw0 ). Onpe.n.eJIHM cKopocTh Jl.BH1KeHHH 
c 

1
) B raMMa-cneKTpocKorrn11 npHHllTO BMecrn qacTOT noJib30BaTbCll 3HeprttllMH. Hanp11Mep, w11-

p1rny Jll1Hl1!1 o6bJ4HO Bbipa)!(aJOT B ep,!1Hl11\3X 3Heprttl1, YMH0)!(3ll c 3TOH l(eJibIO BeJil14l1HY Wo Ha 

OOCTOllHHYIO flJiaHKa n. 

10* 
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Eo 

P11c. 13.12. T11nH'-!Hall Kapr11tta B3aHMttoro pacnoJIO:>KeHHll ')'-JIHHHH 11cnycKaHHll 11 nornow,eHHll 

11cToqmma v, npH KOTopoM 06ecneq11BaeTC5! KOMnettcau.1151 3tteprn11, nepe,ll,attttoH: 

51,ll,paM OT)l,aq11. c 3TOH ueJiblO np11paBH5leM 

Eo ~ = 2 (hwo)2 = E5 . 
c 2Mc2 Mc2 

0TCIO)l,a )l,JI51 CKOpOCTl1 11crnqH11Ka 

Eo 2R 
v = - = c-. (13.8) 

Mc Eo 

B qacrnocrn )l,JI51 ~~Fe v ~ 100 M/c. 

CoorneTCTBy10m11i1 onhIT, npoBe)l,etttthIH c )l,Bl1)KYill.HMC51 HcToqtt11KOM 11 tteno

)l,Bl1)KHhIM IlOfJIOTHTeJieM IlOKa3aJI, qTo npH )l,OCTaTOqHo 60JJbWOH CKOpOCTH )l,Bl1-

)KeHl151 HCTOqHHKa )l,eHCTBHTeJibHO Ha6JIIO)l,aeTC51 51,ll,epttoe pe30HaHCHOe norno

mett11e. 0)1,ttaKo BcJie)l,CTB11e cpaBHHTeJihHO 6oJihWHX 3HaqeH11i1 v = E0 / Mc He 

y,ll,aJJOCb C03)l,aTh BhlCOTOqttoro H npaKTH'-IeCKl1 y)l,o6ttoro MeTo)l,a Ha6JJIO)l,eHl151 

pe30HaHCHOro nornomeHl151 /-KBaHTOB, OCHOBaHHoro Ha H3JJO)KeHHOH H)l,ee 0 KOM

nettcauirn 3Hepr1111 OT)l,aq11 3a cqeT )l,OrrJieposcKoro cMemeH115I JIHHl1H. 

13.6.2. Sl,IJ.epHoe pe3oHaHcHoe norJiom.eHu:e 6e3 OT,IJ.aqu:. CymecrneHtthIH 

C)l,Bl1f B rrpe,ll,CTaBJieH11H 0 B03M0)KHOCTH Ha6JIIO)l,eH1151 51,ll,epHoro pe30HaHCHOf0 

nornomeHH51 CB513aH c OTKph1rneM B 1958 r. P. Mecc6ay3poM 3qicpeKTa, no

J1yq11swero ero HM51. 3cp<PeKTOM Mecc6ay3pa tta3hIBaIOT ynpyroe (6e3 n0Tep11 

3Heprn11 Ha OT)l,aqy) 11cnycKaH11e HJIH nornomeHHe /-KBaHTOB aTOMHb!MH 51,ll,paMl1, 

He conpoBO)K)l,3IOill.HeC51 113MeHeH11eM BHyTpettHeH 3Hepnrn TeJia. 

Bh1we MhI r0Bop11J111, qrn c TOqK11 3peHH51 KJiacc11qecKoi1 MexaH11K11 nepexo)l, 

OT CB060)l,Hb!X 51,ll,ep K 51,ll,paM, CB513aHHb!M B rnep,ll,OM TeJie, He MO)KeT rrp11se

CTl1 K cymecTBeHHOMy 113MeHeHHIO c11Tyau.1111. Ho OOCKOJ!bKY aMnJ111Ty)l,a OT)l,a1rn 

OTHOCHTeJihHO MaJia, TO K paccMaTp11BaeMOMY 51BJJeHmo CJie)l,yeT np11MeH5ITb He 

KJiacc11qecKy10, a KBaHTOBYIO MexaHHKy. 

Mecc6ay3p 11 11cxo)l,11JI 113 Toro, qTo c ToqK11 3pettH51 KBaHTOBoH: Mexatt11KH 

poJJb Kp11cTaJIJ111qecKoi1 CB513H 11Ha5I, qeM c TOqK11 3peHH51 KJiacc11qecKoi1:. XoT51 

B cpe,ll,HeM BJil151HHe CB513eH B KpHCTaJIJie He3Haq11TeJibHO, 0)1,HaKO B HeKOTop~x 

)l,OCTaTOqHo pe,ll,KHX cJiyqa51x rrepexO)l,bI rrpo11CXO)l,51T 6e3 IlOTep11 3Hepr1111 Ha 
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OT,ll.aqy. 411eJIO TaKl1X nepeXO,ll.OB 3aB11e11T OT MHOrHX np11q11H 11 He Bee OHl1 

11eqepnhrna10m11M o6pa3oM o6b5IeHeHbI. 

Mb1 06p11eyeM MexaHl13M B3a11Mo,L1.eH:ern1u1 1-KBaHTa e KpHeTaJIJIOM B 06w,11x 

4epTaX, BBe,ll.51 npe,ll.eTaBJieHHH 0 <jJOHOHe - KBaHTe IlOJIH KOJie6aH11H: Kp11eTaJI

JI11qeeKOH perneTKl1 [3]. <PoHOH HBJI5IeTeH aHaJIOfOM KBaHTa 3JieKTpoMarHl1THOf0 

IlOJIH - cpOTOHa. 3Heprn.11 cpOHOHOB onHebrnaeTe51 ypaBHeHl1eM CTJiaHKa E = nw, 
r,L1.e w - qaernrn il,aHHoro KOJie6amrn peweTKl1. KoJie6aHHH paenpoeTpaHHIOTeH 

no Kp11eTaJIJIY B BH,ll.e ynpyrnx BOJIH. Ka)K.11.oH: BOJIHe 11 eTaB11TeH B eooTBeTeTB11e 

coBoKynHOCTh cpoHoHOB. Bo36y)K.11.eH11H B Kp11cTaJIJie, He npHB0.11.Hlll.He K JioKaJib

HbIM pa3pyrneHl1HM perneTKl1, HOeHT KOJIJieKTHBHbIH xapaKTep H B o6meM eJiy4ae 

paenpoeTpaHHIOTeH Ha Beeb Kp11eTaJIJI. 

EeJIH HJJ.po, nornoT11B 1-KBaHT, np1106peraeT HMilYJibe 0Ti1,aq11 p = - Eon, 
c 

TO 3TO npHBO,ll.HT K B036y)K,ll.eHHIO cpOHOHOB. l1MnyJibe cpOHOHa (11JIH eyMMapHbIH 

HMilYJibe cpOHOHOB) B o6meM eJiyqae He eoBna,ll.aeT e p, noeKOJibKY B03M0)KHa 

nepeJJ.aqa qaeTH HMilYJibea Kp11eTaJIJIY KaK ueJioMy. 5Jiaro,L1.ap.11 6oJiblllOH Maeee 

KpHeTaJIJia nepe.11.aqa HMilYJihea He eonpoBO)KJJ.aeTe.11 nepe.11.aqeH: 3Heprn11. B qaeT

HOeTH, Beeb HMilYJibe OT.11.aqH p MO)KeT 6b!Tb nepe.11.aH Kp11eTaJ1J1Y KaK u.eJioMy, HO 

TOr,ll.a nepe.11.aHHaH 3HeprnH paBHa HYJIIO. PaecMoTpeHHbIH eJiyqaH: eoorneTernyeT 

ynpyroMy nornomeHHIO (11cnycKam110) 1-KBaHTOB; npH 3TOM JIHHHH nornomemrn 

(ttenyeKamrn) oKa3brnaeTeH HeeMemeHHOH, T. e. HMeeT MeCTo 3cpcpeKT Meee6ay-

3pa. llfapHHa TaKHX «Meee6ay3pOBeKHX» JIHHHH paBHa f, qTo eymeeTBeHHO 

MeHbWe w11pHHbl JIHHHH, IlOKa3aHHbIX Ha pHe. 13.12. 
0THoe11TeJibHaH HHTeHeHBHOeTb TaKoH: JIHHHH (11 BepoHTHoeTb 3cpcpeKTa Meec-

6ay3pa) TeM 60Jibllle, qeM 60Jibllle Bep05ITHOeTb HeB036y)K,ll.eHH51 cpoHOHOB np11 

noJiyqeHl111 H,ll.pOM, eBH3aHHbIM B Kp11eTaJIJie, HMilYJibea p. flp11 a6eOJIIOTHOH 

TeMnepaType T, paBHOH HYJIIO, Bepo.11THOeTb Bo36y)KJJ.eH11H cpoHoHa e qaeToToH: w 
3aB11e11T OT oTHorneH11.11 R/nw 11 pacTeT e ero yBeJI11qeH11eM. EeJI11 JJ.JIH 06JiaeT11 

YaeToT, xapaTKepHoH: Jl.JIH KpHeTaJIJia, R/nw He npeBb1rnaeT 3HaqHTeJibHO 1, TO 

sepoHTHOeTb 3cpcpeKTa Meee6ay3pa 6yJJ.eT np11 T = 0 OTHOCHTeJibHO BeJIHKa. 

Ho e poeTOM T 3Ta Bepo.11THOeTb HenpepbIBHo yMeHbrnaeTeH. Ll,eJio B TOM. qTo 

sepo5ITHOeTb B036y)KJJ.eHl151 cpoHOHOB yBeJI11q1rnaeTC5! e poeTOM '-IHCJia cpoHOHOB 

LJ,aHHoro eopTa n( w) B Kp11eTaJIJie. Ho e poeTOM TeMnepaTypbI q11eJio cpoHOHOB 

Henpepb!BHO paeTeT B eoOTBeTeTBl111 e Bbipa)KeHl1eM ,ll.JIH paBHOBeeHoro paenpe,L1.e

JleHHH n(w) = I/ehw/kT - I. no3TOMY qeM 60JibWe T, TeM 60JibWe BepOHTHOeTb 

B036y)K,ll.eHirn cpOHOHOB np11 OT,ll.aqe 11, eJie,ll.OBaeJibHO, TeM MeHbWe Bep05ITHOeTb 

3cpcpeKTa Meee6ay3pa. 

TaK11M o6pa3oM, yeJIOBH51 .11.JIH Ha6JIIO.Z1.eH11.11 3cpcpeKTa Meee6ay3pa 6y.11.yT TeM 

6JJaronpHHTHee, lieM MeHbute &Hep2uH nepexoaa u HU:J/Ce meMnepamypa meepao-
20 meAa. 0,Ll.HaKO oTqeTJIHBbIH 3cpcpeKT ,ll.JIH HeKOTOpbIX H,ll.ep y.11.aeTCH Ha6JIIO,ll.aTb 

JJ,a)Ke np11 KOMHaTHOH TeMnepaType. Ho B 6oJibUIHHCTBe eJiyr-iaeB Heo6xoJJ.HMO 

oxJia)KJJ.eHHe 06pa3ua. 

5Jiaro,L1.ap.11 y3oeT11 HeeMemeHHOH JJl1Hl1H 11 OTHoe11TeJJbHO 6oJibWHM 3HaqeH11eM 

~rnepr1111 /-KB3HTOB ycJIOBHe pe30H3HeHoro nornomeHl151 JierKO HapywaeTC51. 3aMe

HHB B (13.8) R Ha r HeTPYJJ.HO 3aKJIIO'-ll1Tb, '-ITO HapyllleHHe 3T0f0 yeJIOBHH 6yLJ,eT 
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HMeTh MeCTO npH BeCbMa MaJIOH OTHOCHTeJibHOH CKOpOCTH v HCT04HHKa H no

rnOTHTemL HanpHMep, B cJiyqae 57 Fe, Y4HThIBa5! Hai1,n:eHHoe paHbille OTHOilleHHe 

r IR ,.._, 10-6, OOJIY4HM 3Ha4eHHe v nop.H,n:Ka 0, 1 MHJIJIHMeTpa B ceKyH,n:y. B OObJTax 

no Ha6mo,n:eHHIO 3cpcpeKTa Mecc6ay3pa THOH4Hhie 3Ha4eHHH v HMeIOT nop.H,n:KH OT 

10-2 CM/c AO 1 CM/c (4TO onpe,n:emieTCH, 04eBHAHO, BbI6opoM 5!,n:ep-H3JiyqaTeJiei1). 

YCTpOHCTBa, n03BOJIHIOll.l,He aBTOMaTW·IeCKH nepeMemaTh HCT04HHKH c TaKHMH 

CKOpOCT51MH, HeTpy,n:HO H3fOTOBHTb. 

)lJIH Ha6JI10,n:eHHH 3cpcpeKTa Mecc6ay3pa MO.lKeT 6bITh HCOOJih30BaHa BHAOH3-

MeHeHHaH cxeMa OOh!Ta, OOKa3aHHaH Ha pHC. 13.11; H3MeHeHHe CBOAHTCH K ne

peMell.l,eHHIO HCTO'IHHKa B HanpaBJieHHH nornOTHTeJIH H o6paTHO c HeKOTOpoH: 

CKOpOCTb!O v; B OOh!Te onpe,n:eJI.HeTCH 3aBHCHMOCTb CKOpOCTH cqeTa ,n:eTeKTOpa 

1-KBaHTOB N OT v. CTpH ,n:ocTaT04HO 6oJihll10H cKopocTH HCT04HHKa JIHHHH HC

nycKaHHH c,n:sHraeTCH sa cqeT 3cpcpeKTa ,IlonJiepa, H pesoHaHcHoe nornomeHHe 

HeB03MO.lKHO. CTo Mepe yMeHhllJeHHH V AOTIJiepOBCKHH CABHf JIHHHH HCnycKaHHH 

H nornomeHHH yMeHhillaeTcH. CTpH nepeceqemrn 3THX JIHHHH Ha4HHaeTCH HHTeH

CHBHoe pesoHaHCHOe nornomeHHe, 4TO OTpa.lKaeTCH Ha pe3KOM na,n:eHHH CKOpOCTH 

C4eTa (pHC. 13.13). 
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PHc. 13.13. 3aBHCHMOCTb HHTeHCHBHOCTH /-H3JiyqeHHll (E-y = 14,4 K3B), nr,oweti,wero qepe3 no

rJIOTHTeJib - coJib K 3 
57

Fe(CN)6 OT cKopocTH HCToqHHKa 7 Co 

11cnOJih3Y5! OOHCaHHYIO MeTO,n:HKy, MO.lKHO HaHTH OOJIO.lKeHHe ueHTpa JIHHHH, 

ee illHpHHY H HHTeHCHBHOCTh (a, cJie,n:osaTeJibHO, H sepoHTHOCTh 3cpcpeKTa Mecc-

6ay3pa), oco6eHHOCTH cpopMbl JIHHHH H T. ,n:. 

YHHKaJihHOCTh H B03MO.lKHOCTH 3cpcpeKTa Mecc6ay3ga o6ycJIOBJieHhI sechMa 

Bb!COKHM 3HepreTH4eCKHM paspeilleHHeM r I Eo = 10-1 -10- 15, 4TO TI03BOJIHeT 

H3MepHTh qpe3BhI4ai1Ho MaJihie H3MeHeHHH 3HeprnH. B 51,n:epHoH cflH3HKe 3cpcpeKT 

Mecc6ay3pa npMMeHHIOT AJIH oco6o T04HhIX H3MepeHHH. 

XoTH BJIHHHHe npoueccos B 3JieKTpOHHoi1: o6oJI04Ke aToMa Ha BHYTPHH,n:epHhie 

npouecChl HH4TO.lKHO, o,n:HaKo ero y,n:aeTCH o6Hapy.lKHTh c TIOMOll.l,h!O 3cpcpeKTa 

Mecc6ay3pa. Ha6JI10,n:aeTCH c,n:sMr Mecc6ay3poscKHx JIHHHH H H3MeHeHHe HX llJH

pHHhI npH HsMeHeHHHX TeMnepaTyphI, CTPYKTYPhI KpHCTaJIJia, nepexo,n:e OT o,n:Horo 

XHMH4ecKoro coe,n:MHeHHH K ,n:pyroMy H T. ,n:. CTo3ToMy B cflH3HKe TBep,n:oro TeJia 

TaK.lKe ll1HpoKo McnoJih3YIOT 3cpcpeKT Mecc6ay3pa. 



f JiaBa 14 

.H~EPHhIE PEAKU.HH 

§ 14.1. MexaHH3MbI B,II.epHbIX peaKU.HH 

Onpe.n.eJiem1e HJJ.epHbIX peaKL1,11H: H 3nH30.n.w1ecKaH HHcpopMaUHH o HHX Y*e 

npHBO.Il.HJiacb BbIIlle. B HaCTOHill.eH rnase Mb! o6o6Ill.HM H yrny6HM cse.n.eHHH o 

H.n.epHbIX B3aHMO.lJ.eHCTBH5IX, HMeHyeMbIX H.n.epHblMH peaKUHHMH [2]. 
B pe3yJibTaTe H.n.epHoH peaKUHH B H.n.pe npoHcxo.n.HT CJIO)l(HaH nepecTpoH:Ka 

cTpyKTYPbI, T01-rnoe KOJIWiecrneHHOe onHcaHHe KOTopoH: npaKrn:qecKH HeB03MO)l(

HO. CTo3ToMy npouecc B3aHMo.n.eH:crnHH 06b1qHo annpoKCHMHPYIOT TeM HJIH HHbIM 

ynpomeHHbIM MeXaHH3MOM peaKUHH, T. e. nocTynaIOT no aHaJIOrHH c OilHCaHHeM 

CTPYKTYPbI HJJ.pa, KorJJ.a nocJie.lJ.HIOIO annpoKCHMHpyIOT pa3JIHqHbIMH HJJ.epHbIMH 

Mo.n.eJIHMH. CymecrnyeT MHO)Kecrno MexaHH3MOB HJJ.epHbIX peaKUHH. ,llJIH pa3HbIX 

3HeprnH: H qacTHU pOJib pa3JIHqHblX MexaHH3MOB peaKUHH HeOJJ.HHaKOBa, npHqeM 

HHor.n.a pa3Hbie MexaHH3MbI KOHKYPHPYIOT Me*AY co6oH:. Mb! 3.n.ecb orpaHHqHMCH 

nepeqHCJieHHeM Tex H3 HHX, KOTOpbie MO)l(HO TpaKTOBaTb KaK «Ba)l(HeHilIHe». 

1. oOJibllIOe 3HaqeHHe HMeeT npe.n.Jio)l(eHHbIH H. BopoM MexaHH3M coCTaBHoro 

HJJ.pa (§ 10.1), B COOTBeTCTBHH c KOTOpb!M peaKUHH pa3.n.eJIHeTC5I Ha .n.se He3a

BHCHMbie CTa.lJ.HH: nepBaH H3 HHX 3aBeplllaeTCH o6pa30BaHHeM npoMe)KyTOqHoro 

HJJ.pa C, a BTopaH - ero pacna.n.oM: a+ A-+ C-+ b + B. 06pa3oBaHHe cocTaB

Horo H.n.pa B03M0)1(HO JIHillb npH ycJIOBHH, qTo ero BpeMH )l(H3HH Tc 3HaqHTeJibHO 

60Jibllle THA. 

CTpeJJ.CTaBJieHHe 0 COCTaBHOM 51.Il.pe COXpaHHeTCH H B TaK Ha3bIBaeMOH CTaTH

CTHqecKOH TeopHH H.n.epHbIX peaKUHH (Mo.n.eJIH HcnapeHHH). 

2. ECJIH na.n.aIOmaH qaCTHUa o6Jia.n.aeT 3apHJJ.OM H OTHOCHTeJibHO 6oJibllIOH 

MaccoH: (ma >> me), TO B03MO)KHO KYJIOHOBCKoe B036Y*JJ.eHHe: na.n.aIOmaH qacTH

ua, HaXO.lJ.HCb BHe o6JiaCTH JJ.eHCTBHH HJJ.epHblX CHJI H.n.pa, B036Y*AaeT ero CBOHM 

KYJIOHOBCKHM noJieM. CTpH o6JiyqeHHH HJJ.pa 3JieKTpoMarHHTHbIM H3JiyqeHHeM JJ.O

CTaToqHo Bb!COKOH qacTOTbl B03M0)1(Ha TaK)Ke cpOTOHAepHaH peaKUHH. 

3. Csoeo6pa3eH MexaHH3M peaKUHH, oT06pa*aeMbIH omHqecKoH: MOJJ.eJibIO, 

COrJiaCHO KOTopoH: H.Il.PO npe.n.CTaBJIHeT co6oH: CJIO)l(HYIO cpeJJ.y, cnoco6Hy!O npe

JIOMJIHTb H nornomaTb soJIHbI JJ.e 5poi1JIH HaJieTaIOill.HX Ha Hee qacTHU. 

4. CTpH speMeHH B3aHMOJJ.eHCTBHH nopH.n.Ka THA ocHOBHYIO poJib HrpaIOT npH

Mbie npoueCCbl CTOJIKHOBeHHH naJJ.8!0Ill.eH qacTHUbl c 0.Il.HHM HJIH HeCKOJibKHMH 

HYKJIOHaMH HJJ.pa, TOr.n.a KaK oCTaJibHbie HYKJIOHbI He yqacTBYIOT so B3aHMOJJ.eI1-

CTBHHX. l13BeCTHO HeCKOJibKO sapHaHTOB MexaHH3Ma npHMOH peaKUHH. 
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5. ,llm1 onHcaHHH l.J.acTm.1, BhICOKHX 3tteprnti npHMeHHIOT ueJihIH pH.IT. cneu11-

tj:>11qecK11x MO,ll.eJieH:; Mb! orpaHHl.J.HMC5l o6cyTh:.rr.eHHeM .ll.BYX 113 HHX: K3CK3.ll.HOH 

H rn.rr.po.rr.11HaMHl.J.eCKOH. 

6. K oco6oH: KaTeropHH OTHOCHTC5l MexaHH3M .rr.eJieHH5l T5ITh:eJibIX 51,ll.ep, CB5l-

3aHHbIH c pa.rr.11KaJibHhIM H3MeHeHHeM CTPYKTYPhI H.rr.epHott cHcTeMhI. 

7. YHHKaJibHhIH xapaKTep HOCHT H.rr.epHbie peaKIJ,HH, 11.rr.yw.11e no.rr. .rr.eH:cTBHeM 

KOCMHl.J.eCKHX Jiyl.J.eH B aTMOctj:>epe 3eMJIH. 

B 3TOH rJiaBe MbI paccMoTpHM MexaHH3MbI peaKIJ,HH, nepe'-l.HCJieHHbIX B nyHK

Tax 1-5. Y'-l.HTbIBaH cneumpH'-l.HOCTb H.rr.epHbIX peaKIJ,HH, yKa3aHHhIX B nyHKTax 6 
H 7, OHH BbI,ll.eJieHbl B OT,ll.eJibHbie fJI3Bbl. 

§ 14.2. OcHOBHhie xapaKTepHCTHKH SI.lJ.epHbIX peaKU.HH 

HanoMHHM JiaKoHH'-l.HYIO tj:>opMy 3an11c11 H.rr.epHoH: peaKIJ,1111: A(a, b)B. 3.rr.ecb 

a - l.J.3CTHUa na.rr.a10w.ero nyl.J.Ka, A - H.rr.po MmneHH, b - BbIJieTa10w.aH l.J.aCTHUa 

(HJIH cosoKynttocTb TaKHX l.J.aCTHU), B - H.rr.po-npo.rr.yKT. 3TH Tpa.rr.11u110HHb1e 

o603Hal.J.eHH5l 6y.rr.yT HCilOJib30BaTbC5l npH .rr.aJibHeHweM H3JIOTh:eHHH. 

,llJI5l KOJIHl.J.eCTBeHHOro on11caHH5l 51,ll.epHOH peaKIJ,HH HCilOJib3YeTC5l 3tj:ltj:>eKTHB

HOe cel.J.eHHe - noJIHOe HJIH .rr.11tj:>tj:>epeHu11aJibHoe. TaK, sepoHTHOCTb w H.rr.epHoro 

B3aHMO,ll.eHCTBI15l MeTh:.rr.y 51.ll.POM MHWeHH H l.J.aCTHIJ,eH-CHap5I,ll.OM nponopI.I,HOHaJibHa 

nJIOTHOCTH noTOKa TaKHX l.J.aCTHU N, na.rr.a10w.11x Ha 3TY MHWeHb: 

w = crN, 

r.rr.e er = f df'l ~~ - HHTerpaJibHOe cel.J.eHHe, xapaKTepH3YIOW.ee HHTeHCHBHOCTb 

peaKIJ,HH. 

B Kal.J.ecrne LiaCTHU, BbI3bIBa10w.11x H.rr.epHhie peaKUHH, 11cnoJib3YIOTC5l npoTOHbI, 

HeHTpOHbl, .rr.eH:TpOHbl, o;-qaCTHIJ,bl, tj:>OTOHbl, MHoroKpaTHO HOHH30BaHHble aTOMbl, 

Me30HbI, rnnepoHbI, HeHTpHHO 11 MHorne .rr.pyrne. B 6oJihWHHCTBe cJiyqaes Macca 

HaJieTaIOw.eH: qaCTHIJ,bl ma 3Hal.!HTeJibHO MeHbllie MaCCbl 51,ll.pa MHllieHH MA. f1p11 

ma << MA 11 He CJIHWKOM BbICOKHX 3Heprn5Ix na.rr.a10w.11x qacTHU JI. c. K. 11 c. u. 11 . 

.ll.OJI)K:Hbl npaKTHl.!eCKH cona.rr.aTb. 

EcJIH Ha MHWeHb ynaJio N LiacTHU 11 OHH BhI3BaJIH {) H.rr.epHbIX B3a11Mo.rr.eH:

crn11H:, TO OTHOWeHHe y = {)jN HOCHT H33BaHHe Bbtxoaa 51,ll.epHOH peaKIJ,HH 1). 

ITpH O.ll.HHX 11 Tex Th:e HaLiaJihHbIX ycJIOBHHX H.rr.epHbie peaKIJ,HH MoryT H.IT.TH 

pa3JIHl.!HbIMH nyrnMH: 

a+A 

a+A~b+B 
c+C 

(Q = 0) 

(Q > 0) 

(Q < 0) 

1
) BbIXOJJ.OM HJJ.epHOH peaKIJJm Ha3b!BaIOT TaKIB:e q11cJJo qacT11U, perncTp11pyeMbIX ycTaHOBKOH 

B 3a)J.aHHbIX qrn311qecK11x ycJJoB11.Hx. TaKoe oTipeJJ.eJJeH11e BbIXOJJ.a HBJJ.HeTC.H oqeHb IJrnpoK11M, TaK 

KaK B03MOIB:Ha perncTpau.11.H qacTHU, 11CTIYCKaeMbIX TIO)]. BCeMl1 yrnaM11, TIO)]. OTipe)J.eJJeHHbIM yrnoM, 

06JJa)J.a10lll,11x oTipe)J.eJJeHHOH 3Heprneii 11JJ11 JJI06b!Ml1 3Heprn.HMl1 11 T. Jl.. 
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Opttse.n.eHHhie KOHe4Hhie cocTOHHHH Ha3hIBa!OT KaHaJiaMH peaKu1111. Op11MeHH-

10T TaK*e npe.n.cTasJieHHH o BXOJl.HOM 11 BhIXO.D.HOM KaHaJiax. B .n.aHHOM cJiyqae 

BXO.Il.HhIM KaHaJioM HBJIHeTcsi: KaHaJI a + A, a BhIXOJl.HhIMH a + A, b + B, c + C. 
EcJIH 3Heprnsi: na.n.a10mei1 qacTHUhI MeHhllle noporosoti 3Heprn11 KaKoH-Jitt6o 

3H)l,03HepreTH4eCKOH peaKIJ,HH, TO nocJie)l,H5151 HeB03MO)KHa, COOTBeTCTBYIOIUHH 

KaHaJI 51BJI51eTC51, KaK rosopsi:T, «3aKpb!Th!M». ,llJIH na.n.a!OIUHX qacTHU oqeHh HH3-

KOH 3Heprn11 OTKpb!Tbl TOJlbKO «ynpyrni1» KaHaJI, COOTBeTCTBYIOIUHH ynpyroMy 

paccesi:HH!O (a + A --+ a+ A) H 3K303HeprernqecKtte KaHaJihI (s .n.aHHOM cJiyqae 

KaHaJI b + B). no Mepe yseJIW!eHHSI 3HeprnH na.n.a!OIUHX qacTHU nocJie)l,OBaTeJibHO 

OTKpbIBa!OTCSI 3H)l,03HepreTH4eCKHe KaHaJibl. 

Ka*.D.OMY KaHaJiy coorneTcrnyeT onpe.n.eJieHHoe 3cpcpeKTHBHoe ceqeHHe. CyM

MY O"in ceqeHHH peaKu11i1 no sceM HeynpyrnM KaHaJiaM Ha3bIBaIOT ceqeH11eM 

Heynpyroro paccesi:mrn 1), a cyMMY ceqeHHH O"in 11 ceqeHHH ynpyroro paccesi:HHH 

ae1 - nOJIHhIM ceqeHHeM at: at = ain + ae1 

Op11 HH3KHX 3HeprHsi:x ceqeHHe MO)KeT oqeHh 3Ha4HTeJihHO (Ha HeCKOJihKO 

nopH.D.KOB) npeBhilllaTb 3Ha4eHHe a KJI = 7f R~aKc, r.n.e RMaKc MaKCHMaJibHoe paccTo

RHHe, npH KOTOpOM B03MO)KH0 B3aHMO)l,eHCTBHe Me)K.n.y qacTHUaMH. 

B rJI. 7 (pa3.n.eJI 7.3.3) MhI noKa3aJIH, 4TO sepxHHH npe.n.eJI ceqeHHH ynpyroro 

pacceHHHsi: B S-cocTOHHHH paseH 

(14.1) 

Mo)KHO noKa3aTh, 4TO sepxHHH npe.n.eJI ceqeHHH ain B S-cocTOHHHH onpe.n.eJIH!OTCH 

HepaseHCTBOM 
(14.2) 

CBH3h ceqeHHH ynpyroro H Heynpyroro npoueccos npe.n.cTaBJieHa Ha pttc. 14.1. 
KaK BM.LI.HO, 4HCTO Heynpyroe B3aHMO.D.eHCTBHe HeB03MO)KHO (ecJIH ael > 0, To 

H ain > 0). )lJIH OOJIHOfO ceqeHHSI BbinOJIHSleTCH HepaBeHCTBO c5t ~ 47f.A2. 

B si:.n.epHhIX peaKuttsi:x .D.OJI)KHhI BhinOJIHHThCH eme TPH .n.pyrnx T04HhIX 3aKoHa 

coxpaHeHHSI: IlOJIHOH 3HeprnH, HMOYJihCa H MOMeHTa HMnyJihCa. OepBb!H H3 HHX 

npttMeHHTeJibHO K HJJ.epHOH peaKIJ,HH 6hIJI pacCMOTpeH B fJI. 7 (pa3)],eJI 7.4.4). 
YlcnOJih3YH 3aKOHb! coxpaHeHHSI 3Hepnrn HMnyJibCa, MO)KHO HaHTH CBH3b Me)K.n.y 

pa3JIH4HhIMH seJIH4HHaMH, xapaKTepii3yIOIUHMH KttHeMaTHKY peaKUHH 2). HeTpy.n.

HO, HanpHMep, CB513aTb Me)K.n.y co6oi1 KHHeTH4eCKHe 3HeprnH Wa, wb qaCTHU a, 
b H yroJI e Me)K.n.y HMnyJibCaMH 3THX qacTHU Pa H Pb· ,lleHCTBHTeJibHO, B CHJIY 

3aKoHa coxpaHeHHH 3Heprntt 3HeprernqecKHH 6aJiaHc Jl.JIH peaKUHH A( a, b )B 
MO)KHO 3an11caTb B BH)l,e 

p2 p2 p2 
Q = w B + wb - Wa = 2MB + -2 b - -2 a ' 

B ffib ma 
(14.3) 

r.n.e WB - KHHeTH4ecKasi: 3Heprnsi: qacTHUhI B, a PB - ee HMnyJihC. Ha ocH0Ba

H1111 3aKOHa coxpaHeHl151 HMOYJibCa p~ = p~ + p~ - 2PaPb cos e. KoM6HH11pysi: 3TY 

1
) B 6oJJee Y3KOM CMhicJJe a-.1 C'lHTaeTCH ceIJeHHeM Heynpyroro pacceHHHH KaK TaKosoro. 

2) K1rneMaTHKOH npouecca Ha3b!B8IOT COBOKynHOCTb 3HaIJeHHH Mace, 3Heprnif H HMnyJJbCOB 

IJaCTHU, yIJaCTBYIOlllHX B H,!I.epHOH peaKUHH. 
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P11c. 14.1. Csl!3h ce'leHHH ynpyroro 11 tteynpyroro pacceHHHH np11 HH3KHX 3tteprnHx. 06JJaCTh 
JJ,onycTHMhlX 3Ha'leHHH O"eJ H O"in 3aWTpHXOBaHa 

cpopMyJiy c (14.3), noJiy1.u1M 

Q = Wa (;:;: - 1) + Wb (;:;: + 1) - ~B }WaWbmamb cosO. (14.4) 

OpH e =goo (14.4) npHo6peTaeT 6oJiee npoCTOH BH.ll. 

Q = Wa ( ;:;: - 1) + Wb ( ;:;: + 1) . 
B Kal.J.eCTBe npHMepa Ha pHC. 14.2, a noKa3aHbl 3aBHCHMOCTH Wa OT wb .ll.Jl5I 
3K303HepreTHl.J.eCKOH peaKUHH yH(d, n)~He OpH pa3HbIX 0. )lJIH 3HepreTH'-leCKOH 
peaKUHH B CJiy'-!ae 0 =/= goo cpopMyJia (14.4) He ynporuaeTCH. I1ccJie.ll.yeM 3TY 
cpopMyJiy Ha npHMepe nepsoi1 HCKyccrneHHOH H.nepttoi1 peaKUHH, tta6JI10.naswei1cH 
Pe3epcpop.noM B 1g1 g r.: 

1jN +~He--+ 1 ~0 + \H + Q. 

Bbll.J.HCJIHM 3HeprnH 3TOH peaKUHH. no.ncTaBJI515I 3Hal.J.eHHe Mace HYKJIH.ll.OB B cpop
MYJIY .ll.JIH 3HeprnH peaKUHH Q = (ma+ MA - mb - MB)c2, noJiy'-!HM: Q = -
-1, 188 M3B. I1cnoJih3YH 3TO 3Hal.J.eHHe Q H 3a,ZI.aBaHCb 3Ha'-!eHHHMH Wa, noCTpo
HM 3aBHCHMOCTb wb OT Wa .ll.JIH pa3Hb!X yrnoB BbIJieTa e (pHC. 14.2, 6). KaK BH,ZI.HO, 
KHHeTHl.J.eCKaH 3HeprH5I HcnycKaeMOH '-laCTHl.J.bl 3aBHCHT OT 0 cyruecTBeHHO Mettee 
pe3KO, LJeM B CJiy'-!ae 3K303HepreTH'-leCKOH peaKUHH yH(d, n)~He. 

B OTJIH'-!He oT 3TOH peaKUHH peaKUHH 1jN(o:,p) 1 ~0 HeBo3MO)KHa npH 3Ha1..J.e
HHHx Wa, MeHhWHX noporosoi1 3HeprnH Wnop· B c. u. H. noporoBaH 3HeprnH W~op 
COOTBeTCTByeT cyMMapHOH KHHeTHLJeCKOH 3HeprnH B3aHMO,ZI.eHCTBYIOIUHX LJ:aCTHU, 
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Wb,M3B Q=l7,6M3B Wb,M3B 'tH+~He--+ 1~0+ lH+Q 

25 
oo 

25 Q=-l,188M3B oo 300 

24 30° 24 60° 
23 23 
22 22 goo 
21 21 
20 60° 20 
lg lg 
18 18 
17 17 
16 goo 16 
15 15 
14 o, 

1 2 3 4 5 6 Wo,M38 1 2 3 4 5 6 Wo,M38 
a 6 

P11c. 14.2. 3aB11c11MOCT11 Wa (Wb) np11 pa3HbIX yrnax (} /l}IH 3K303HepreTw1ecKott (a) 11 3H,ll,03Hep

reTw-1eCKott ( 6) peaKl.\1111 

IIpHqeM w~op = IQI. ,llJrn: nepexo.LI,a B JI. c. K. BOCIIOJih3yeMCH cpopMyJIOH (9.3.1), 

W I MA 
nop = M Wrrop· 

ma+ A 

corJiaCHO KOTOpOH 

CJie.LI,oBaTeJihHO, 

(14.5) 

Wnop Rj IQI, 
T. e. noporoBaH 3HeprnH B JI. c. K. npaKrnqeCKH cosna.LI,aeT c IQI. 

B CJiyqae H.LI,epttoi1 peaKUHH A( a, b )B CIIHHOBhie MOMeHThI qacrnu 3a.LI,aIOTCH 

COOTHOWeHHHMH 

r.LI,e HH.LI,eKcaMH A, a, b, B OTMeqeHbI CIIl1HhI coorneTCTBYIOUJ,11x qacT11u. 11x 3Ha

qett11H MO)KHO Jil16o BbJq11cJil1Tb c IIOMOlll,bIO KaKOH-JI1160 MO.LI,eJil1 (o.LI,HOHYKJIOHHOH, 

o6o6UJ,eHHOH 11 T . .LI,.), JI1160 ttai1T11 113 OIIhITa. MoMeHT lAa onpe.LI,eJrneT OTHoc11-

TeJihHoe .LI,B11)KeH11e qacrnu (A-a), a lBb - (B-b) qacrnu. 

B CHJIY 3aKoHa coxpatteHl151 MOMettra 11MIIYJibCa 11 = 12. 3TOT 3aKOH np11Bo.LI,11T 

K 06b1qHbIM npaBHJiaM OT6opa, c KOTOpbIMH Mbl BCTpeqaJIHCb IIpH H3yqeHHH 

pa.LI,1103KTl1BHOCTl1 H.LI,ep. 

CyMMapttoe KBaHTOBoe qHcJio I1, xapaKTepH3YIOUJ,ee cmrn 11, onpe.LI,eJrneTCH 

npaBHJIOM 

Ii= IA+ I', IA+ I' - 1, ... , !IA - I'I (I'= Ia+ lAa)· !) 

I) AHaJiorwrnoe YCJIOBl1e MO)l{HO COCTaBl1Tb 11 /l,Jl5! BTOporo 3TaTia peaKl.(1111. 
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Bcero noJiyirneTcSI 2I' + 1 3HaqeHHH cnHHa np11 I' < IA 11 2IA + 1 ero 

attal.JeHHH np11 IA <I'. 
PaccMOTpHM, Hanp11Mep, KyJioHoBcKoe B3aHMot1,eHcTB11e Sl.t1,ep 165Ho 11 160. 

Cmrn Sl..ll,pa-MHllleHH 165Ho IA paBeH 7 /2, a CCTHH I' = 8. no:noMy COHHhl o6paay

!Olll.HXCSl. B036y:Ji<:)l,eHHh!X BpamaTeJibHhIX ypoBHeH npHHHMaIOT 3Hal.JeHHSl. OT 9/2 )l,O 

23/2, Bcero 2 . (7 /2) + 1 = 8 3HaqeHHH, qTQ COOTBeTCTByeT 3KcnepHMeHTaJlhHOH 

KaprnHe (p11c. 14.3). 
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P11c. 14.3. 3ttepreTI1'·IeCKHH cneKTP 51)1,pa 
165

Ho, noJiyT.JeHHbIH MeTO)J,OM KYJIOHOBCKOro B036y)KJJ,eHH51 

npH 60M6apJJ,11posKe 
165

Ho 110HaMH 
160 c 3tteprnei1 65 M3B. Bo BCTaBKe noKa3aHa noCTpoeHHaH no 

. 3THM )J,aHHb!M cxeMa sparuaTeJ!bHb!X ypOBHeH OCHOBHOfO COCT051HH51 51)1,pa 
165

Ho 

CymecrneHHoe 3Ha4eHHe npH 11ayLJeHHH SI.ll,epHhIX peaKUHH MO:Ji<:eT HMeTh aaKOH 

coxpaHeHHSI qeTHocrn. )],JISl. Sit1,epHOH peaKUHH A(b, b)B 3TOT aaKOH aan11chrnaeTCSl. 

B BH)l,e 

(14.6) 

r.ll,e 1fa, 7rA, 7rb, 7rB - BHyTpeHHHe qeTHOCTH LJaCTHU a, A, b, B cooTBeTCTBeHHO, 

laA. lbB - op611TaJihHh1e MOMeHThI nap qacrnu (a, A) 11 (b, B). HanpHMep, cornac

HO (14.6) COCTOSl.HHSl., noKa3aHHhie Ha p11c. 14.3, HMeIOT OTpHI.1,aTeJihHYIO l.JeTHOCTh. 

§ 14.3. CocTaBHoe B.ll.PO 

14.3.1. 06w;ue npe,n:CTaBJieHH.H o KOMnaytt,n:-.H,n:pe. CTpet1,cTaB11M, l.JTO Ha 

Henot1,BH:Ji<:Hoe Sl.t1,po A ynaJia qacT11ua a, 06Jiat1,aIOill.aSI KHHeTHLJeCKOtt 3Heprn

eH Wa. 06pa3oBaBiueecSI KOMnayH.ll,-Sl.t1,po HCCThITaJio OT.ll,aqy, 3HeprnIO KOTopoii 

06oattaq11M qepea Wc(Wa H We paccMaTpHBaIOTCSl. B JI. c. K.). Ha ocHoBaHHH 
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3aKoHa coxpattemrn 3Hepnrn 

(MA+ ma)c2 + Wa = M;c2 +We, (14.7) 

r)l,e (MA+ ma)c2 H M;c2 - 3Heprm1 IIOK051 COOTBeTCTBeHHO )l,JIH )l,Byx B3aHMO

)l,eikTBy!Oill,HX qacrnu, A+ a 11 KOMnaytt)J,-H)l,pa C. 
3tteprnH B036y;>K)J,eHl1H npoMe)KyTOqHoro H)l,pa paBHHeTC51 

E = M;c2 
- Mec2, 

r)l,e Mec2 - 3HeprHH IIOKOH COCTaBHOfO H)l,pa B OCHOBHOM COCTOHHl111. 00)1,CTaBJIHH 

C!O)l,a 3Haqett11e M;c2 113 (14.7), IIOJiyq11M E =(MA+ ma - Me)c2 + Wa - We. 
nepBbIH qJieH cnpasa paBeH 3Heprn11 CBH311 3axsaqeHHOH qacTl1IJ,bl Ca· Pa3-

HOCTb Wa - We = w~ MO;>KeT 6hITb 11CTOJIKOBaHa KaK 3Hepr11H OTHOCl1TeJibHOro 

)l,B11;>Kemrn qacT11u, a 11 A. CTo3TOMY 

W I= MA w 
a M a, A+ma 

(14.8) 

E =ca+ W~. (14.9) 

TaK11M o6pa30M, 3HeprnH so36y*)J.ett11H KOMnayH)l,-H)J,pa CKJia)l,hIBaeTcH 113 3Heprn11 

CBH311 3axsaqeHHOH qacTl1IJ,bI 11 KHHeT11qecKoii 3HeprnH qacT11u, a H A B c. u,. 11. 

CTpH 3HeprnH B036y;>K)J,eHHH, npesocxo)l,Hill,eH 3Heprn!O CBH3H HYKJIOHa, urnp11-

HbI ypoBHeH COCTaBHOro H)l,pa HMe!OT IIOpH)l,OK f:lE = f ~ 0, 1 3B )l,JIH TH;>KeJibIX 

H)l,ep H f ~ 103-104 3B )l,JIH JierKHX. 3THM ll1HpHHaM COOTBeTCTBY!OT BpeMeHa 

)KH3HH OT flt = T = Ti/r ~ 10- 14 c )l,JIH TH)KeJibIX H)l,ep H )1,0 T ~ 10- 19 c )l,JIH 

JierKHX. CTapa)l,OKCaJibHOCTb CHTyau,HH COCTOHT B TOM. qTQ IIpH 3HeprHH B036y;>K)J,e

HHH, npeBOCXO)l,51Ill,eH 3Heprn!O CBH3H HYKJIOHa, cymecrny!OT )l,HCKpeTHbie ypoBHH. 

HeKOTOpb1e H3 npHqHH, 06ycJIOBJIHBa10I11,HX CTOJib 6oJihll!He speMeHa ;>KH3HH 

cocTaBHoro H)l,pa, HaMH, B cymttocTH rosopH, Y*e 6bIJIH yKa3aHhI Bbill!e. TaK. 

npoHHu,aeMOCTb KYJIOHOBCKoro 6apbepa cpe)l,H11x 11 TH;>KeJibIX H)l,ep cpasHHTeJibHO 

MaJia. B cJiyqae 3THX H)J.ep KYJIOHOBCKoe pacTaJIKHBaHHe npoTOHOB npHBO)l,HT 

K yMeHhll!eHH!O Ha HeCKOJibKO nopH)J.KOB sepoHTHOCTH HX HcnycKaHHH. BhIJieT 

qacTHIJ, MO;>KeT 6b!Tb TaK;>Ke 3aTpy)l,HeH TeMH HJIH HHbIMH npaBHJiaMH OT6opa. 

PeaKIJ,HH c HcnycKaHHeM 1-KBaHTOB conpH;>KeHbI c nepeCTpoiiKoii cTpyKTYPhI H)J.pa, 

3aHHMa!Oill,eH BpeMH IIOpH)l,Ka 10- 13-10- 14 c H 60Jibllle, qTQ Ha MHOro IIOp51)1,KOB 

npeBhill!aeT xapaKTepttoe H)J.epttoe speMH Tl!A = 10-22 c. 

0)1.HaKO cymecrnyeT H 6oJiee o6maH IIpHqHHa, 6Jiaro)l,apH KOTOpOH T » Tl!A· 

BcJie)l,CTBHe KopoTKO)J.eiicTBHH H)l,epHbIX CHJI )l,B11;>KeHHe HYKJIOHOB B H)J.pe HBJIHeTCH 

6oJiee HJIH Mettee 3anyTaHHbIM, II03TOMY 3HeprnH qacTHIJ,bl, 3axsaqeHHOH H)l,pOM, 

)l,OJl)KHa 6bICTpo (B H)l,epHOM MaCll!Ta6e speMeHH) pacnpe)l,eJIHTbCH Me)K)l,y HyK

JIOHaMH H)l,pa. CTo 3TOH IIpHqHHe qaCTO OKa3bIBaeTCH, qTo HH 0)1,Ha qacTHIJ,a He 

o6Jia)l,aeT 3Heprneii, )l,OCTaTOqHOH )l,Jl51 BbIJieTa 113 Hero. 5bpo CMO;>KeT pacnaCTb

CH, eCJil1 0)1,Ha H3 qacTHIJ, B pe3yJibTaTe BHyTpeHHero coy)l,apeHHH IIpHo6peTaeT 

TaKy!O 3Heprn!O. yfa CKa3aHHOro BbITeKaeT TaK;>Ke, qTo COCTaBHOe 51)1,pO B H)l,ep

HOM MaCll!Ta6e speMeHH )l,OJI)KHO «CKopo 3a6hITb» cnoco6 CBOero o6pa30BaHHH; 

II03TOMY-TO 51)1,eptty!O peaKIJ,H!O MO;>KHO pa3)1,eJIHTb Ha )],Be He3aBHCHMbie CTa)l,1111: 
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Ha nepBoi1 H3 HHX (a+ A ---+ C) B pe3yJibTaTe nornomeHHH B03HHKaeT ycTOi1qHBoe 

B H,n:epHoM Macuna6e BpeMem1 B036y)K,n:eHHOe cocTaBHoe H,n:po C, a Ha BTopoi1 

(C ---+ b + B) npottcxo,n:HT pacrra,n: 3TOro H,n:pa. CoorneTcTBeHHO ceqeHHe O"ab 

peaKUHH a+ A---+ C---+ b + B MO)KHO 3anttcaTb B BH,n:e npoH3Be,n:eHHH ceqeHHH O"aC 

o6pa30BaHHH npoMe)KyToqHoro H,n:pa H BepOHTHOCTH f b/f pacrra,n:a 3TOfO H,n:pa no 

KaHaJiy b: 

r,n:e 

rb 
O"ab = O"aC r' 

r = r a + rb + rb' + ... , 

(14.10) 

a, b, b1 
- pa3JIHqHbie KaHaJibl peaKUHH, a OTHOilleHHe f a/f paBHO BepOHTHOCTH 

pacna,n:a COCTaBHoro H,n:pa no BXO,L(HOMY KaHaJiy. 

CTOCKOJibKY IllHpHHbl fa, f b, f b', ... , a, CJie,L(OBaTeJibHO, H f He 3aBHCHT OT 

Toro, KaKOH HMeHHO KaHaJI 6b!JI BXO)lHbIM, TO ceqeHHe peaKIJ,HH B CJiyqae TaKoro 

)Ke npoMe)KyToqHoro H,n:pa H ,n:pyroro BXO,n:Horo KaHaJia b' + B' ---+ C ---+ b + B 
3anHilleTCH B cpopMe O"b'b = O"b'cfb/f, T. e. C TeM )Ke MHO)KHTeJieM fb/f. 0TCIO)la 

BbITeKaeT, qTo 
O" ab : O" ab' : O" ab" = O"bb : O"bb' : O"bb" · 

CnpaBe)lJIHBOCTb 3Toro cooTHOillemrn no,n:TBep)K,n:eHa MHoroqHcJieHHbIMH Ha6JIIO

,n:aTeJibHbIMH ,n:aHHblMH. 

BeJIHqHHbl r a. rb, HMeIOI..U.He pa3MepHOCTb 3HeprnH, Ha3bIBaIOT napuHaJibHbIMH 

IllHpHHaMH. Hx cyMMa r eCTb noJIHaH IllHpHHa ypoBHH npoMe)KyToqHoro H)lpa, 

qepe3 KOTOpb!H ocymecTBJIHeTCH peaKUHH. 

BTOpaH xapaKTepHaH oco6eHHOCTb MexaHH3Ma npoMe)KyToqHoro H,n:pa cocTOHT 

B TOM, qTo yrJIOBOe pacnpe,n:eJieHHe npo,n:yKTOB peaKUHH, H)lYI..U.HX qepe3 KOM

nayH,n:-H,n:po, B c. u. H. CHMMeTpHqHo OTHOCHTeJibHO yrna ()' = 90° (CHMMeTpHH 

«Bnepe,n:-Ha3a,U» ). CTo,n:qepKHeM 0,L(HaKO, qTQ cyI..U.eCTBOBaHHe CHMMeTpHH Bnepe,n:

Ha3a,L( OTHIO,L(b He CBH,L(eTeJibCTByeT 06 OTCYTCTBHH ,n:pyrnx B03M0)KHbIX MexaHH3-

MOB, a JIHillb He npOTHBOpeqHT MexaHH3MY npoMe)KyToqHoro H,n:pa. 

PaccMoTpHM cJie,n:yIOI..U.HH npHMep. Ha pttc. 14.4 noKa3aH ,n:HcpcpepeHUHaJibHbIH 

3HeprernqecKHH crreKTp npOTOHOB, B03HHKaIOI..U.HX B peaKUHH g~Ni( 0:, p )~§Cu. 
KpHBbie Ha KpynHOMaCI11Ta6HOM rpacpHKe HMeIOT CXO,L(Hb!H BH,L(: MaKCHMYM cneK

TPOB npH Bcex yrnax ()' (BapbttpyeMbIX oT 30° ,n:o 150°) npHxo,n:HTCH npaKTHqecKH 

Ha O.IJ:HY H Ty)Ke MaJiyIO 3HeprnIO (5 M3B); npH 66JibillHX 3HeprnHX KpHBbie 

HMeIOT na,n:aIOI..U.HH BH,n:. OCTaHOBHMCH Tenepb Ha oco6eHHocrnx 3aBHCHMOCTeH 

0"(0'), npHBe,n:eHHbIX BO BCTaBKaX. BepxHHH KpHBaH nOCTpoeHa npH OTHOCHTeJibHO 

MaJioH 3HeprnH HcnycKaeMbIX npoTOHOB, Hx yrnoBoe pacnpe,n:eJieHHe o6Jia,n:aeT 

CHMMeTpHeH snepe,n:-Ha3a,n:; B 3TOM CJiyqae, nO-BH,L(HMOMy, 06pa3yeTCH COCTaBHOe 

H,n:po, a npH 6oJibillHX 3HeprnHX HMeeT MeCTO npHMOe B3aHMO,L(eHCTBHe, nOCKOJibKY 

yrnoBoe pacrrpe,n:eJieHHe ~~ ( O') B cJiyqae npHMOH peaKIJ,HH ,n:OJI)KHO o6Jia,n:aTb 

MaKCHMYMOM B o6JiaCTH MaJiblX yrJIOB. 

CToHCHHM npHqHHY B03HHKHOBeHHH cHMMeTpHH Bnepe,n:-Ha3a,n:. BeKTOpHoH Be

JIHqHHOH, xapaKTepH3YIOI..U.ei1 COCTaBHOe H,n:po, HBJIHeTCH noJIHblH MOMeHT HM

nyJibCa. CTocJie,L(HHH CKJia,L(bJBaeTCH, KaK yKa3b!BaJIOCb BbIIlle, H3 CilHHOB HCXO,L(

Hb!X qacTHU Ia H IA H op6HTaJibHoro MOMeHTa OTHOCHTeJibHOro ,L(BH)KeHHH laA· 
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du 
P11c. 14.4. 3as11c11MOCTb dO dE OT 3Heprn11 npoTOHOB ,n:Jill peaKu1111 11 ~~Ni (a, p) ~~Cu. 3tteprnll 

a-qacT11u 42 M3B. Bo BCTaBKax noKa3aHhI 3aBl1CHMOCTl1 a(B') B c. u. 11. 

OpttettTaQH51 MOMeHTOB Ia H IA oTcyTcrnyeT, cJie)l,oBaTeJihHO, MOLKHO cKa3aTb, 

GTO OHH opHeHTHposaHbl CHMMeTpHGHO no BCeM HanpaBJieHH51M, MOMeHT laA 

rreprreHJJ.HKYJIHpeH HMilYJihCY rra.11.aromeii qacTHQbI, HO OTHOCHTeJibHO nepneH)l.HKy

JI51pHOH eMy IIJIOCKOCTH opHeHTHposKa laA xaoTHGHa. KaK BHJJ.Ho, sceM seKTOpHbIM 

BeJIHGHHaM, xapaKTepH3YIOIQHM COCTaBHOe 51JJ.p0, npHcyma CHMMeTpH51 snepe.11.

Ha3a)l,. 3Ta CHMMeTpHH coxpaHHeTcH H npH pacna.11.e rrpoMeLKyTOGHOro 51)1.pa, GTO 
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H o6yeJIOBJrnsaeT Ha6mo,ll,aeMyIO CHMMeTpHIO yrJiosoro paenpe,ll,eJieHH51 npoJJ.yKTOB 

peaKU.HH. 

Pae11eTbl ee4eHHH O"aC H T/Cb· KaK npaBHJIO, oeHOBaHbl Ha MO,ll,eJibHbIX npe,ll,

eTaBJieHH51X 0 eTpoeHHH 51,ll,ep. 3,ll,eeb Hae 6yJJ.eT HHTepeeoBaTb paeqeT nepBOH H3 

3THX BeJIHlJHH. f1pH pael!eTe a aC HeXO,ll,51T H3 TOro, 4TO 6JiarO,ll,ap51 KOpOTKO,ll,eH

eTBHIO H,ll,epHbIX eHJI see npoeTpaHeTBO MO:>KHO pa36HTb Ha ,ll,Be o6JiaCTH: BHelllHIOIO 

H BHyTpeHHIOIO. B nepsoH, Jie:>Kaw.eH 3a npeJJ.eJiaMH 51JJ.pa, Ha na,ll,aIOW.YIO qaeTHU.Y 

,ll,eHeTByIOT onpe,ll,eJieHHhie xoporno H3y4eHHbie eHJibl (KYJIOHOBCKHe, u.eHTpo6e:>K

Hbie), a BO BTOpOH - 51,ll,epHbie eHJibl, esoHeTBa KOTOpbIX, KaK H3BeCTHO, Mb! 3HaeM 

cyw.eerneHHO xy:>Ke. Cel!eHHe norJiow.eHH51 11aeTHI.J.hI 3anHehrnaeTeH B BHJJ.e 

00 

aac = L (2l + 1 )7r.X2 Pz~z, (14.11) 
l=O 

r,ll,e X - JJ.e6poHJieBeKa51 JJ.JIHHa BOJIHhI na,ll,aIOI.I.J.HX qaeTHU., P1 - sepo51THoeTh 

npOHHKHOBeHH51 11epe3 noTeHu.HaJibHbIH 6apbep HaJieTaIOW.eH 11aeTHI.J.bl e MOMeH

TOM 1, ~l - sep051THOCTb npHJIHnaHH51 3TOH qaeTHI.J.bl K 51JJ.py-MHWeHH, 3aBHC51I.I.J.a51 

JIHWh OT xapaKTepa 51,ll,epHoro B3aHMOJJ.eHeTBH51 11aeTHU. a H A. Tiose,ll,eHHe na

JJ.aIOI.I.J.eH qaeTHU.bl a BO BHernHeH o6JiaeTH OilHChIBaeTe51 JierKO Bhl4HeJI51eMb!MH 

MHO:>KHTeJI51MH (2l + 1 )7r.X2 H Pz. EeJIH X « R ( o6JiaeTh BhieOKHX 3HeprnH), 

TO npH6JIH:>KeHHO MO:>KHO ynoJJ.o6HTh 51JJ.pO-MHrneHh A a6eoJIIOTHO qepHoMy TeJiy, 

noJIO:>KHB 6 = 1. TaK KaK B 3TOH o6JiacTH Pz = 1 npaKTH4ecKH JJ.JI51 JII06hIX 

51,ll,ep (4aCTHI.J.), TO O"aC = 1rR2. 5l,ll,po MO:>KeT norJIOTHTb na,ll,aIOI.I.J.YIO qaeTHU.Y npH 

yeJIOBHH, lJTO nocJie,ll,H5151 nonaJia BO BHyTpeHHIOIO 06.rraeTb, 4TO COOTBeTCTByeT 

npHU.eJibHOMY paeeT051HHIO p ~ R. TaK KaK p = l.X, TO norJioW.eHHe B03MO:>KHO 

J!Hillh ,ll,Jl51 11aeTHU. e 

l ~ R/X. (14.12) 

I1pH HH3KHX 3Heprn51x X » R, H yeJIOBHe (14.12) enpase,ll,JIHBO, eeJIH TOJihKO 

l = 0. lfraK, B o6JiaeTH HH3KHX 3HeprnH sep051THOeTb npHJIHnaHH51 OTJIHlJHa OT 

HYJI51 JIHWh B eJiyqae Jio6osoro eTOJIKHOBeHH51 qaeTHU. a H A. TipoHHI.J.aeMoeTh 

KYJIOHOBeKoro 6apbepa ,ll,JI51 qaeTHI.J. c HH3KHMH 3HeprH51MH OTHOeHTeJibHO MaJia. 

I1o3TOMY B o6JiaeTH HH3KHX 3HeprnH OCHOBHOe 3HalJeHHe HMeIOT 51,ll,epHbie peaK

U.HH, B036y:>K,ll,aeMbie HeHTpoHaMH. 0JJ.HaKO H ,ll,JI51 HHX O"aC 3HalJHTeJibHO MeHbille 

7r.X2 Ha 6oJibrneH qaeTH paeeMaTpHsaeMoro HHTepsaJia. J1Hrnb s eJiy4a51x, KOrJJ.a 

3HeprH51 na,ll,aIOw.ero HeHTpOHa COOTBeTCTByeT KaKHM-JIH6o ypoBHHM coeTaBHOfO 

51,ll,pa, O"aC MO:>KeT npHHHMaTb 3HalJeHH51, 6JIH3KHe K 47r.X2. J..l.JIHHa BOJ!Hbl norJIOW.a

eMoro HeHTpoHa MeH51eTe51 OT X JJ.O 3Ha4eHH51, eooTBeTCTBYIOI.I.J.ero 3Hepr1111 BHYTPH 

51JJ.pa (HeeKOJihKO JJ.eCHTKOB M3B). 

3axsaT HeHTpOHa 51,ll,pOM B03MO:>KeH J!Hillb npH yeJIOBHH, 4TO o6e 3TH BOJ!Hhl 

HMeIOT IlOlJTH O,ll,HHaKOBhie aMnJIHTYJJ.bl H CMbIKaIOTe51 Me:>KJJ.Y eo6oH Ha rpaHHU.e 

51,ll,pa rJia,ll,KO H HenpepbIBHO. 3TO HMeeT MeCTo npH o6paw.eHHH npOH3BO,ll,HOH 

BOJIHOBOH <PYHKU.HH B HYJih Ha rpaHHI.J.e 51,ll,pa. 0THOeHTeJihHO 6oJibWOe 3Ha4eHHe 

aMnJIHTYJJ.bl BOJIHOBOH tPYHKU.HH B 51,ll,pe, Ha6JIIO,ll,aeMoe np11 TaKHX yeJIOBH51X, 

H 03HaqaeT 60JibillYIO sepo51THOeTb 3axsaTa HeHTpOHa. 3Ta eHTyaI.J.H51 B03HHKaeT 

0 OlJeHb Y3KOM HHTepsaJie 3HeprnH, eooTBeTCTBYIOI.I.J.eM ypoBHIO KOMnayH,ll,-51,ll,pa. 
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14.3.2. 3uepreTuqecKHe ypoeuu cocTaeuoro H,11.pa. Ha p11c. 14.5 noKa3a

Ha CBH3b 3HepreTWieCKHX ypoBHeH COCTaBHOro H.11,pa c Ce'leHHeM ero o6pa30BaHHH 

HenpepbIBHhIH cneKTP 

/ 

q ----- -----+---------1 H;~~~~~~Jf ~ 
p -- ------ - ------------------------>------------- 7r R2 l_..0""'4-l0,_2__u 
,~ 

,¢' ~ 
~~ :f ~ en CTau,1:10Hap

Hb1e ypoBHl1 ~ :§' 
1"-. 

IQ,'tr '1:/'tr 
~ ,,, 

Mc2 

0CHOBHOe COCTOH· 

HHe HJJ,pa-MmIJeHH 

OcHOBHoe cocTOH- Q)!{11JJ,aeMaH 

HHe KOMnayHJJ,-HJJ,pa 3aBHCl1MOCTb 
ceqeH11H 

OT 3Heprn11 

P11c. 14.5. CxeMa ypostteif cocrnsttoro HJJ,pa 11 xapaKTepttbJH BH.ll. ¢YHKU:1111 a~c 
47r R (E) 

(Mb! no-npe*HeMy npe.11,noJiaraeM, 'ITO nornow.aeMaH qacrnu,a - He1hpoH). Co

CTaBHOe H.11,pO 06Jia.11,aeT .11,HCKpeTHb!M 3HepreTH'leCKHM cneKTpOM (npH He CJIHWKOM 

6oJibWHX 3Heprmix so36yX<.11,eHHH). B OTJIH'IHe OT aTOMHoro cneKTpa B .11,aHHOM 

cJiyqae CJie.11,yeT pa3JIH'laTb KBa3HCTaLI,HOHapHb!e ypOBHH ( COOTBeTCTBYIOW.He 3Hep

rHH E 60JibWe 3HeprnH CBH3H HeHTpoHa En) H CTalJ,HOHapHb!e ypoBHH (.11,JIH KOTO

pb!X E < En). B o6JiaCTH .11,HcKpeTHbIX KBa3HCTaLI,HOHapHbIX ypostteii paccTOHHHH 

Me)K.11,y HHMH, ecTeCTBeHHO, 60JibWe WHpHHbl ypOBHeH, H 3aBHCHMOCTb ce'le

HHH o6pa3oBaHHH COCTaBHoro H.11,pa OT 3HeprnH 06Jia.11,aeT 'leTKO Bbipa)KeHHb!MH 

MaKCHMyMaMH - pe3oHaHcaMH (p11c. 14.5, cnpasa). PeaKu,HH, xapaKTep113yeMhie 

no.11,06HOH KpHBOH <7(E), Ha3b!BaIOT pe30HaftCHbt.MU. 

Do Mepe pocTa 3HeprnH na.11,a10w.11x HeH:TpoHoB H 3HepmH so36y*.11,eHHH 

COCTaBHOro H.11,pa, 'IHCJIO yposHeH H pe30HaHCOB B03paCTaeT, paccTOHHHH Me)K.11,y 

HHMH coKpaw.a10TcH, a HX wHpHHhI yBeJIH'IHBaIOTCH. DpH .11,ocTaTO'IHO 6oJibllIOH 

3Heprm1 B036y)K.ll,eHHbie ypoBHH nepeKpbIBaIOTCH, H cneKTp CTaHOBHTCH Henpe

pb!BHbIM, COOTBeTCTBeHHO pe30HaHCbl CJIHBaIOTCH, H ce'leHHe CTaHOBHTCH nJiaBHOH 

cpyttKLI,HeH: 3ttepmH. PeaKLI,HH, tta6JI10.11,aeMhie npH yKa3aHHhIX ycJIOBHHX, Ha3bIBa

IOTCH Hepe30HGHCHbl.MU. )lJIH HX onHCaHHH HCnOJih3yeTCH CTaTHCTH'leCKaH TeopHH. 

KaK noKa3hrnaeTCH B KBaHTOBoii MexaHHKe, cpopMa H30JIHposattHoro peaottattca 

(T. e. y.11,aJieHHOfO OT CBOHX coce.11,eH:), COOTBeTCTBy10w.ero 3HeprnH Eo KBa3HCTa-

1l,HOHapHoro ypoBHH, onHCbIBaeTCH cpopMyJIOH .5peH:Ta-BHrnepa 

a =7rA.2f I'aI'b 
ab Jl(E-Eo)2+r2;4· 

(14.13) 
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2J + l 
3.n.ecb fz - CTarncTwiecKHH Bee: fz = (2Ia + l)(2h +I), r.n.e I - MOMeHT 

HMnyJibCa ypoBHH cocTaBHoro H,ll,pa, Ia H IA - cnHHbI CTaJIKHBaIOW.HXCH qa

CTHU. 3tteprnH ypoBHH E0 oTcqHTbIBaeTcH OT 3Heprntt B036Y*.ll.eHHH cocTaBHoro 

H,ll,pa, paBHOH 3HeprnH CBH3H qaCTHUbl a B 3TOM H,ll,pe (Ha pttc. 14.5 ypoBeHb 

OTcqeTa COOTBeTcTByeT JIHHHH p; B qacTHOCTH ,ll,JIH 3HeprnH ypoBHH q HMeeM: 

Eo = Eq - Ep = Eq - En). 
¢opMyJiy ,ll,JIH ceqeHHH o6pa30BaHHH COCTaBHOro H,ll,pa MO)I(HO noJiyqHTb, CJIO

)i(HB ceqeHHH peaKUHH (14.13) no BCeM B03MO)i(Hb!M KaHaJiaM: 

O"ac = 7rA.
2 

fz (E _ ~)r+ r214 . (14.14) 

YqHTbIBaH (14.10), npeo6pa3yeM cpopMyJiy (14.14) ,ll,JIH cJiyqaH pacna.n.a H.n.pa no 

KaHaJiy B: 
'):._2f rar rb 

O"ab = 7r Jl (W- Wo) +r2/4. r· (14.15) 

Optt E = E0 cooTHOIIIeHHH ,ll,JIH ynpyroro H tteynpyroro ceqeHHH npHMYT BH.ll. 

0 2 r~ 0 2 r arb 
O"aa = 47rA fz 2• O"ab = 47rA fz - 2-. (14.16) r r 

Ll,onycTHM ,ll,JIH npOCTOTbl, qTQ r = r a + rb. CorJiaCHO nepBoMy H3 Bb!pa)i(e

HHH (14.16), npH I'b = 0, I'a =I' ,ll,OCTHraeTCH MaKCHMYM ynpyroro ceqeHHH, 

paBHb!H (J~a = 47rX2fz, qTQ COOTBeTcrnyeT ycJIOBHIO (14.1) 1). ¥fa BToporo Bbipa

)I(eHHH (14.16) noJiyqaeM, qTo ceqeHHe tteynpyroro pacceHHHH MaKCHMaJibHO npH 

I'b = I'a = I'/2: O'~b = 1fA~fz, qTQ COrJiacyeTCH C ycJIOBHeM (14.2). 
Pea KUH IO MO*HO C'-l.HTaTb pe3oHattcttoH: npH BbinOJIHeHHH KpHTepHH (14.1). 

CToKa ern.e HeJib3H cqttTaTb OKoHqaTeJibHO peIIIeHHbIM Bonpoc o TOM, nptt KaKHX 

HMeHHO 3HeprnHx B036Y*.ll.eHHbie ypoBHH nepeKpbIBaIOTCH. CToJiaraIOT, qTo ypoB

HH, B036y)i(.n.aeMbie B pe3yJibTaTe norJiorn.eHHH HeHTpOHOB c 3HeprneH: B HeCKOJibKO 

M3B, B cpe.n.HHX H TH)i(eJibIX H.n.pax Y*e nepeKpbIBaIOTCH. O.n.ttaKo B cJiyqae Jier

KHX H,ll,ep H30JIHpOBaHHbie pe30HaHCbl Ha6JIIO,ll,al0TCH H B HHTepBaJie cyrn.ecrneHHO 

6oJibIIIHX 3HeprnH:. C pocToM A cpe.n.ttee paccTOHHHe Me*.ll.Y ypoBHHMH TaK*e 

yMeHbIIIaeTCH, IIIHpHHbl ypoBHeH npH 3TOM TO)I(e CTaHOBHTCH MeHbIIIe. 

EcJIH ttapH.ll.Y c pe30HaHCHbIM pacceHHHeM HMeeTcH 6oJibIIIOH cpoH Hepe30-

HaHcHoro paccemrn, TO cpopMa ceqeHHH MO)I(eT OTJIHqaTbCH OT npe,ll,CKa3bIBaeMOH 

cpopMyJioH: BpeH:Ta-Bttrnepa. 

§ 14.4. Mo)l;eJih ucrrapeHHH 

CTpe.n.crnBJieHHe o cocrnBHOM H.n.pe MO)I(HO coxpaHHTb H B cJiy'-l.ae HApa, B03-

6y*.n.ettttoro B o6JiaCTb HenpepbIBHoro 3HepreTttqecKoro cneKTpa, ecJIH BBecTH 

,ll,OnOJIHHTeJibHO CTaTHCTHqecKHe coo6pa)i(eHHH. 3TOT nyTb npHBeJI K C03,ll,aHHIO 

1
) 0TMenIM, 'ITO Jl.JHI 6ecCIHIHOBhIX qacn1u,, BCTynaIO!ll,HX B peaKU,HIO H3 S-cOCTOl!HHll OTHOCH

TeJibHOfO JJ.BmKeHHll, Ji = 1. 
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Mo8eJtu ucnapeHUH HJrn cTaT11cT11GecKOH Teop1111 51,!I.epHbIX peaKu.11if. CornacHo 

3TOH MO,ll.eJ111 nocJ1e 3axBaTa 51,!I.pOM A qacTl1IJ.bI a nocJ1e,ll.H5151 6bICTpo (B 51,!I.epttoM 

Macwrn6e BpeMeH11) TepHeT 3Heprmo, nepe,!I.aBaH ee BCeM ocTaJlbHbIM HYKJIO

HaM H,!I.pa. Bo36ym.,ll.eHHOMY HAPY np11n11cbrnaeTCH onpe,!1.eJ1eHHa5I TeMnepaTypa 

(B HeBo36Y:>KAeHHOM cocTOHH1111 oHa CGl1TaeTcH paBHOH ttymo). B Te4eH11e HeKo

rnporo BpeMeHl1, OTOm.,ll.eCTBJl.fleMoro co BpeMeHeM ){<.113Hl1 COCTaBHOro H,!I.pa, Hl1 

O,ll.11H HYKJIOH He 06J1a,ll.aeT 3Heprneif, Heo6xo,ll.11Moif ,!I.JI.fl yxo,ll.a 113 51,!I.pa. 3Ta 

CTa,ll.11.fl 3aBepwaeTC.fl B MOMeHT, KOr,ll.a O,ll.11H 113 HeHTpOHOB 6J1aro,!1.apH tjlJIJOKTy

au.1111 np1106peTaeT ,L\OCTaTOGHO 60JlbWYIO 3Heprn!O 11 BbIJleTaeT 113 H,ll.pa ( «11Cna

pHeTCH» ). 

PacnpocTpatteH11e noHHTl1.fl TeMnepaTypbI, 11cnoJ1h3yeMoro B CTaTl1CT1111ecKoif 

<}ll1311Ke, Ha H,ll.pO CJle,ll.yeT ClJ11TaTb He BnOJIHe KOppeKTHbIM, nOCKOJlbKY ,L\a:>Ke B T.fl

m.eJlbIX H,!I.pax lJl1CJIO lJaCTl1IJ. He,ll.OCTaTOGHO BeJll1KO ,!I.JI.fl Toro, 4T06bJ MO:>KHO 6bIJIO 

6bl CGl1TaTb onpaB,ll.aHHbIM np11MeHeH11e ,!I.JI.fl 11X on11caHl1.fl BeJl11Gl1H, 11cnOJ1b3yeMbIX 

B <f>11311Ke CnJIOWHb!X cpe.n ( 06 3TOM y:>Ke fOBOp11JIOCb B § 7.1). 
OcrnHOB11McH Ha npe,!I.cKa3aHl151X, K KOTOpbIM np11BO,ll.l1T CTaT11cT11tJecKaH Teo

p11H. CornacHo MO,ll.eJ111 11cnapeH11H, yrnosoe pacnpe,!1.eJ1eH11e BbIJ1eTaiow.11x qa

CT11U. ,L\OJl)f<.HO 6bITb 1130TponHbIM, a He 06J1a,ll.aTb CHMMeTpHeH Bnepe.n-Ha3a,ll., 

TaK KaK B COCTaBHOM H,!I.pe ycTaHaBJll1BaeTC.fl TenJIOBOe paBHOBec11e, 11 OHO «3a-

6brnaeT» cnoco6 CBoero o6pa30BaH11.fl. l1cnycKaeMbie H,!I.poM HeifTpOHbI ,ll.OJlm.HbI 

06J1a.naTb MaKcBeJ1J10BcK11M pacnpe.neJ1ett11eM no CKopocTHM. HaKoHeu., 11cnapeH11e 

3apHm.eHHblX qaCTl1IJ. npaKTl1lJeCKl1 HeB03M0){<.H0, TaK KaK 11cnapHeMbie lJaCTl1IJ.bl, 

cKopocT11 KOTOpbIX pacnpe.neJ1eHhI no 3aKoHy MaKcBeJ1J1a, ,ll.OJl:>KHbI 6hITb 3Ha

Gl1TeJlhHO MeHbWe CKOpOCTl1 nornow.eHHOH lJaCTl1IJ.bJ, O,ll.HaKO BbIJleT Me,ll.JleHHbIX 

3apmKeHHbIX qacT1111. 3aTPYAHHeTC51 HaJ111tJ11eM KYJIOHOBCKoro 6apbepa. B MO,ll.eJ111 

11cnapeHl1.fl coxpaH5110TC.fl, pa3yMeeTC.fl, 60J1ee 06w.11e ITOJIOm.eHl1.fl MO,ll.eJ111 COCTaB

Horo H,!I.pa. 

Ha6J110,ll.eH11H OTtJacT11 onpaB,ll.bIBaJOT npe,!I.cKa3aH11H Mo,ll.eJ111 11cnapeH11H. Ha

rrp11Mep, OKa3aJIOCb, GTO 3HepreTl1GeCKOe pacnpe,!1.eJ1eH11e HeHTpOHOB, 11cnycKae

Mb!X B036ym.,ll.aeMblM11 cpe,!I.H11Ml1 11 rnm.eJlblMl1 H,!1.paM11, MO:>KeT 6bITb cpaBHl1TeJlbHO 

xopowo annpoKCHM11poBaHo pacnpe,!1.eJ1eH11eM MaKcBeJ1J1a. C .npyroif crnpoHbI, 

yrnoBoe pacnpe,!1.eJ1eH11e HYKJIOHOB, BbIJleTaJOW.11X 113 TaK11x H,!I.ep, OTJ111qaeTrn 

HeKOTOpOH aHl130Tpon11eif. 

§ 14.5. <l>oTOB,ll.epHbie H aJieKTpOH,ll.epHbie peaKU.HH 

EcJ111 Bew.ecrno 06J1yGaTb 1-113J1yGeH11eM c 3Heprneif, rrpeBhIWaiow.eif 3Heprnio 

CBH311 KaKoii-J11160 qacT11U.bI H,!I.pa, TO nocJie,ll.HHH MO:>KeT ObITb BbipBaHa 113 Hero. 

TaK11M nyTeM Mom.Ho noJ1ytJ11Tb CBo6o.nHbie HeifTpOHbI, npoTOHbI 11 HeK0Topb1e APY

rne qaCTl1U.bl. 3TOT npou.ecc aHaJIOrHlJeH <f>oTo3<f>cpeKTY - BblpbIBaHl1!0 3JleKTpO

HOB na,ll.a!OW.11M11 'Y-KBaHTaM11 (§ 3.4). no aHaJIOrHl1 11cnycKaH11e H,!I.paM11 HYKJIOHOB 

11 Apyr11x 60J1ee rn:>KeJlbIX qacT11U. no,ll. ,ll.eifcrn11eM 3J1eKTpoMarn11THoro 113J1ytJeH11H 

Ha3b!Ba!OT H8epHblM, ¢omoaq)(peKmOM, a COOTBeTCTBYIOW.YJO peaKU.11!0 - cpoT0-

51,!I.epHOH. 
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Tio)l. )l.eHCTBHeM 'Y-H3Jiy1IeHHfl, HcnycKaeMoro ecTeCTBeHHblMH pa,ll,HOaKTHBHbI

MH 3JieMeHTaMH, MoryT H)l.TH )],Be cpOTOH,ll,epHbJX peaKU.HH: 

yH + 'Y-+ lH + n; ~Be+ 'Y-+ ~Be+ n; ~Be-+ 2~He. 

OCTaJihHbie cp0To.H.n.epttb1e peaKU.HH o6bILIHO 03yqa10T, HcnoJJb3YH 1-03Jiyqem1e, 

06pa3y10meecH np11 TOpM01KeHHH s semecTBe ycKopeHHbIX 3JieKTpoHos. Ha1160Jiee 

xopowo 113yqeHbI cpoTOH,ll,epHbie peaKU.HH ('Y, n) H ('Y, p). lfa .n.pyrnx 11ccJie.n.osaH

HhIX cpoTOH,ll,epHbIX peaKU.HH OTMeTHM rrpoueccbI ( 'Y, 2n), ( 'Y, np) 11 ( 'Y, a). K ¢0To

H,ll,epHbIM peaKUHHM M01KHO OTHeCTH TaK)Ke rrpou.ecCbl, rrpH KOTOpb!X B pe3yJibTaTe 

IIOrJJOI.LJ.eHHH H,ll,paMH KBaHTOB Bb!COKOH 3Heprn11 (E ;;:;:: 100 M3B) o6pa3yIOTC5l 

IIHOHbl, KaOHbl H .n.pyr11e 3JieMeHTapHb!e qaCTHLJ.bl. 

HHTeHCHBHOCTb 3J1eKTpoMarHHTHbIX rrpou.eccos 06b1LIHO cymeCTBeHHO MeHbWe, 

qeM ,ll,pyrnx H,ll,epHblX peaKLJ.HH 6JiaroJJ,apH TOMy, 'ITO 3JieKTpoMarHHTHbJe B3aH

MO,ll.eHCTBH5l rro cpasHeHHIO c H.ll.epHbIMH cJ1a6ee Ha TPH rropHJI.Ka. B OTJIHLIHe OT 

CHJibHhlX B3aHMO,ll.eHCTBHH 3JieKTpoMarHHTHbie B3aHMO)l.eHCTBH5l xopowo H3y1IeHbl 

TeopeTH'IeCKH, I103TOMY rrapaMeTpbl cpOTOH)l.epHOH peaKUHH, MoryT 6bITb paCC'IHTa

Hhl c OTHOCHTeJibHO Bb!COKOH TO'IHOCTb!O. 9To, O,ll.HaKO, He 03Ha1IaeT B03M01KHOCTH 

scecTOpOHHero H3y1IeHH5l MexaHH3Ma norJJOI.LJ.eHHH KBaHTa H,ll,pOM. ,ll.eJIO B TOM, 

qTo HYKJJOH, rrornoTHB 1-KBaHT, npHo6peTaeT HMIIYJ1bC H 3Heprn10; s rrpou.ecce 

nocJ1e.n.y10mHx CTOJIKHOBeHHH oH M01KeT nepe,ll.aTb HX JI.pyrnM HYKJIOHaM. TaK KaK 

Ha 3TOH CTaJI.HH npou.ecca yqaCTBYIOT H,ll.epHbie CHJibI, TO ee ropa3JI.O TPYJI.Hee 

paCC'IHTaTb TeopeTH'IeCKH. 

3asHCHMOCTb rrOJIHoro ceqeHHH CTt OT 3HeprHH E1 1-KBaHTOB OTJIHqaeT O,ll,Ha 

oco6eHHOCTb, npocJie)KHBaIOI.LJ.aHCH )l.JIH scex H,ll.ep, 3a HCKJ1!01IeHHeM HeCKOJ1bKHX 

JierqaH:wHx. 3Ha1IeHHH CTt cpaBHHTeJ1bHO MaJ1bI npH scex 3Heprm1x E1 , 3a HC

KJ1I01IeHHeM HHTepsaJia 3Ha1IeHHH E1 wHpHHOH 3-4 M3B, Ha KOTOpb1H: npHXOJI.HT

CH BbJCOKHH MaKCHMyM, Ha3bIBaeMbIH cUcaHmCKUM pe30HaHCOM ( caMO 5lBJ1em1e, 

rrpHBO,lJ,HI.LJ.ee K IIOHBJleHHIO 3Toro MaKCHMyMa, TaK)Ke Ha3b!Ba!OT rHraHTCKHM pe-

30HaHCOM). 

f HraHTCKHH pe30HaHC CBH3aH c ,ll.HnOJlbHb!M B036y1K,l1,eHHeM cepJI.u.esHHbl H,ll,pa 

(cM. § 8.3). CornaCHo o6meH: KJiacrncp0Kau.m1 HJI.epHbIX yposHeH, rrpH 3TOM so3-

HHKaeT BbICOKO pacrroJI01KeHHbIH yposeHb (Ha pHc. 8.8, a yposeHb 1- c 3HeprneH: 

20 M3B). TioJI01KeHHe rnraHTCKOro pe30HaHca IIJ1aBHO H MOHOTOHHO MeHHeTCH 

c pocTOM Maccosoro 'IHCJia oT 20-25 M3B s JierKHX HApax JI.O 13-15 M3B 

s TH1KeJihIX. 06cyJI.HM sonpoc o MexaHH3Me rnraHTCKoro pe3oHaHca. 

TipH nornomeHHH HJI.POM TH3Jiy1IeHHH EI co cTOpOHbI O,ll.Hopo,ll,Horo 3JieK

TpHqecKoro IIOJIH, HarrpaBJ1eHHOf0 rreprreHJl.HKYJJHpHo HarrpasJieHH!O Jl.BH1KeHH5l 

'Y-KBaHTOB, Ha see rrpOTOHbl H,ll,pa .n.eH:crnyeT HMIIYJibC, 'ITO rrpHBO,ll.HT K CMe

meHHIO HX u.eHTpa T5l)KeCTH OTHOCHTeJibHO u.eHTpa TH)KeCTH HeHTpOHOB. 0,ll.HaKO 

TaKoe cMeI.LJ.eHHe M01KeT HMeTb pa3JIH1IHbIH xapaKTep. CornacHo TaK Ha3hIBaeMOH 

KOJ1JieKTHBHOH MOJI.eJIH rnraHTcKoro pe3oHaHca, see HYKJIOHbI cMeI.LJ.aIOTCH npH-

6J1H3HTeJibHO Ha O,ll,HHaKosoe paccTOHHHe. B cooTseTCTBHH c rrpe,ll,CTasJieHHHMH 

o60J101Ie1IHOH MO,ll.eJIH CMemaeTCH TOJibKO 0)1.HH HYKJIOH; CMeI.LJ.a!OI.LJ.eHCH qacTHU.eH 

M01KeT 6b!Tb He TOJibKO npoTOH, HO H HeHTpOH. Xorn IIOCJ1e,ll.HHH He o6Jia,ll.aeT 

3apHJl.OM H Henocpe,ll.CTBeHHOe nornomeHHe HM cpoTOHa HeB03M01KHO, 'Y-KBaHT 
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nornomaeTCSI B COOTBeTCTBYIOill.eM CJiyqae He HefnpOHOM, a OCTaJibHOH qacTblO 

si:LI,pa. obIJIO ycTaHOBJieHo, qTo HH Ta, HH LI.pyrasi: H3 onttcaHHhIX MOLI.eJieH: He 

o6ecneqttsaeT cornacttsi: c 3KcnepHMeHTaJihHhIMH LI,aHHhIMH. 

ITo-BHLJ.HMoMy, onttcaHHe MexaHH3Ma rnraHrcKoro pe30HaHca, LI,asaeMoro 060-

JioqeqHoH: MOLI,eJiblO, 6JimKe K HCTirne, TaK KaK npH pacqernx, BblTIOJJHeHHbIX 

B paMKaX sapHaHTa o6oJioqeqHOH MOLI,eJIH c yqeTOM OCTaT04HOro B3aHMOLI,ei:hCBHH 

Me)KLJ.Y HYKJIOHaMH, 6bIJIH noJiyqeHhI pe3yJihTaTbI, cornacyJOill.HecH c onhITOM. 

ITptt 6oM6apLI.HposKe HLI.ep 3apH)KeHHhIMH qacTmJ.aMH TaK)Ke MO)KeT npoHB

JIHThCH 3JieKTpoMarHHTHoe B3aHMOLI.ei1cTBHe. TaKHe npoIJ.eCChI Ha3h!BaJOT 3JleK

mpo51.BepHbt.Mu. Bo3MO)KHa KOHKypeHIJ.HH Me)K,LJ,y npoIJ.eccaMH, HLI.Ylll.HMH c yqa

CTtteM H 6e3 yqacTHH 3JieKTpoMarHHTHoro noJIH. HanpttMep, npH coyLI.apettHH HLI.pa 
160 c TH)KeJib!M SILJ.POM Me)KLJ.Y HHMH B npHHIJ.Hile Moryr ocymeCTBJIHTbCH KaK 

3JieKrpoMarHHTHOe, TaK H CHJibHOe B3aHMOLI,eHCTBHH. I1peo6Jia,LJ,aHHe Toro HJIH 

LI.pyroro 3aBHCHT OT 3tteprnH W HLI.pa 160 H 3apHLI.a Z TH)KeJioro HLI.pa. YqHTb!BaH 

H3BeCTHbie HaM CBOHCTBa H,Ll,epHb!X H KYJIOHOBCKHX CHJI MO)KHO 3aKJIJOqHTb, qTo 

npH Bb!COKHX 3HeprnHX HLI,ep 160 OHH 6yLI.yT B COCTOHHHH IlOLI,XOLI,HTb K HLI.PY 

H BCTynarb c HHM B HHTeHCHBHOe H,Ll,epHoe B3aHMOLI,eHCTBHe; npH 3TOM poJib 3JieK

TpHqecKHX CHJI HHqTo)KHa. Hao6opoT, npH HH3KHX 3HeprnHx Henocpe.ucrneHHhIH 

KOHTaKT Me)KLJ.Y H,Ll,pOM 160 H TH)KeJiblM HLI.POM npaKTHqecKH HeB03MO)KeH, H OHH 

B3aHMOLI,eH:crnyJOT Me)KLJ.Y co6oH: 4epe3 KYJIOHOBCKOe noJie. ITpH TaKoM B3aHMO

LI,eH:crBHH B03MO)KH0 H Heynpyroe pacceHHHe, CBOLI.HI11.eeCH K TOMy, 1no TH)KeJioe 

HLI,po nepeXO,Ll,HT Ha OLI,HH H3 HH)Kaih1mx B036y)KLJ.eHHblX ypoBHeH. 3roT npoIJ.eCc 

Ha3brnaeTcH KYJIOHOBCKHM so36y)KLJ.eHHeM HLI.pa; o HeM ynoMHHaJiocb Bhillle. ITpH 

KYJIOHOBCKOM B036y)K,UeHHH TH)KeJioro HLI.pa OHO nepexoLI,HT Ha spamaTeJihHhIH 

so36y)KLJ.eHHbIH yposeHh. BepoHTHOCTh raKoro nepexoLI,a nponopIJ.HOHaJihHa Q6. 
TaK KaK 3JieKTpoMarHHTHOe B3aHMOLJ.ei1cTBHe no,LJ,LI,aeTCH ToqHoMy pacqeTy, To 

K03cpcpHIJ.HeHT nponopIJ.HOHaJihHOCTH MO)KHO BeCbMa T04HO onpeLI,eJIHTb TeopeTH

qecKH. ITo3TOMY onpe.neJIHH ceqem1e KYJIOHOBcKoro so36y)K,LJ,eHHH, MO)KHO HaHTH 

H Q0 . )].JIH HLI.eHTHcpHKaIJ.HH peaKIJ.HH KYJIOHOBCKoro B036y)K.neHHH perncTpttpyIOT

CH ')'-KBaHTbl, HcnycKaeMbie npH o6paTHOM nepexo.ne B036y)K.neHHOrO H.npa Ha 

ocHOBHOH yposetth. 

ITpttMep cneKTpa spamaTeJibHbIX cocTOHHHH, noJiyqaJOmerocH npH KYJIOHOB

CKOM B036y)K,LJ,eHHH TH)KeJioro HLI,pa 165Ho, IlOKa3aH Ha pHc. 14.3. 

§ 14.6. OnTuqecKaB MO)l.eJib 

B paMKax onTHqecKoH: MOLI,eJIH HLI.po npeLI.cTaBJIHJOT B BHLI.e cnJIOlliHOH cpe,LJ,bI 

( CHJIOBOro IJ.eHrpa); npH naLI.eHHH Ha Hero qacTHIJ. HLI.PO cnoco6HO npeJIOMJIHTb 

H nornomaTb HX LI.e6poi1JieBcKHe BOJIHbI. IToTeHIJ.HaJI B3aHMOLI.ei1cTBHH CHJiosoro 

IJ.eHTpa c qacTHIJ.eH: mpaer poJib K03cpcpHIJ.HeHra npeJIOMJieHHH LI.JIH ee LI,e6poH:JieB

CKOH BOJIHbI. ITornomeHHe onHchrnaeTCH MHHMOH qacrbJO noreHHIJ.aJia, HMeJOmero, 

raKHM o6pa30M, BH,LJ,: 

v = Vo(l + i~) 
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(rrptt W = 1-3 M3B ~ = 3-5 %). KaK BHJJ.HO, omw1eCKaH MOJJ.eJih no3BOJIHeT 

3aMeHHTb perneHHe 3aJJ.,aq11 A + 1 TeJI pewem1eM 3aJJ.a'rn. OJJ.Horo TeJia. 

EcJIH cqHTaTh HJJ.po a6coJIIOTHO qepHbIM TeJioM, TO Bee HeHTpOHhI, rrorraJJ.,a10m11e 

B ero o6beM, JJ.,OJI:IB.Hbl nornomaTbCH, H 3cpcpeKTHBHOe ceqeHHe OKa:IB.eTCH paBHb!M 

1f R2. 0JJ.HaKo, KpoMe rrornomeHHhIX HeHTpoHoB, eme HeKoTopoe 11x q11cJio 6yJJ.eT 

BbI6brnaTb H3 nyqKa 3a cqeT JJ.HcppaKUHOHHoro pacceHHHH. KaK yKa3bIBaJIOCb B 

pa3JJ.,eJie 7.3.3, O" ,l(ttljJp = 1f R2, no3TOMY rroJIHoe ceqeH11e BbI6hrnaHHH H3 rryqKa O"J = 
= 7r R2 + O" 11.mpp = 27r R2. CpeJJ.HHH yroJI JJ.HcppaKUHOHHOro pacceHHHH () paBeH A./ R. 
,llJIH ceporo (noJiyrrpo3paqHoro) HJJ.pa ,llHcppaKUHOHHbie .3cpcpeKThI yMeHbWaIOTCH, 

a npH a6coJIIOTHO npo3paqHQM H.ll,pe AHcppaKUHH 11cqe3aeT BOBCe (npH 3TOM () = 0). 
OrrTw1ecKaH MOAeJih ycrrenrno rrpHMemi:eTcH He TOJibKO AJIH onHcaHHH B3aH

MOAeHCTBHH HeHTpoHOB c HApaMH, ee 3Haqem1e nmpe. HanpHMep, 3TY MOAeJib 
11crroJih3YIOT AJIH paccMOTpeHHH B3aHMOAeHCTBHH HYKJIOHOB 11 ITHOHOB c HyKJIO

HaMH rrpH Bb!COKHX .3HeprnHX. bbJJIO ycTaHOBJieHO, qTQ flOA .[l,eHCTBHeM rrpOTOHOB 

c 3Heprnett, paBHOH HJIH rrpeBocxoAHlll.eH HeCKOJibKO ,ZJ,eCHTKOB M.3B, c 6oJibWOH 

BepOHTHOCTb!O npOHCXO)J.,HT Heynpyrne npouecCbl, a ynpyroe pacceHHHe HOCHT 

rnaBHbIM o6pa30M ,ll,HCppaKUHOHHblH xapaKTep. 

Ha pttc. 14.6 cpaBHHBaIOTCH AHcpcpepeHUHaJihHbie ceqeHHH yrrpyroro pacceH

HHH npOTOHOB c .3Heprneii 49,5 M3B H 1 f3B Ha yrnepoJJ.,a B c. u. H., onpeJJ.,eJieHHbie 

(J, M6apH/CTep 

0 20 40 60 80 JOO 120 (}', rpa.u 

Pttc. 14.6. ,Umjl<j:>epeHI.(HaJJhHbie ceqeHHH yrnoBoro pacceHHHH npoTOHOB Ha yrnepo.ue. ToqKH 
3KcnepttMeHTaJJhHbie .uaHHb1e; KpttBhie - pacqeT no onTHqecKoli MO.UeJJH. YroJJ (} B c. u. H. 

3KCI1epHMeHT3JibHO H BbJqHCJieHHb!e c flOMOlll.b!O OflTHqecKOH MO,ZJ,eJIH. 0TMeTHM 

npeBoCXOJJ.HOe cornac11e TeopeT11qecK11x 11 orrbITHhIX JJ.,aHHhIX. BHAHO, qTo rrpoTOHbI 

pacce11BaIOTCH npe11MymecTBeHHO BrrepeA Ha yrnh1 ()' ~ A./ R, np11qeM 3TOT yroJI 

npH W = 1 f 3B cymecTBeHHo MeHbrne, qeM np11 W = 49,5 M3B. 

§ 14. 7. IlpHMbie H,11.epHbie peaKI(HH 

npHMbJe rrpouecCbl HJJ:YT Ha BCeX H,n:pax £10,ll, ,ZJ,eHCTBHeM JII06bIX na,ZJ,a!Olll.HX 

qacTHU, no3TOMY npHMhie peaKUHH orn11qa10TcH 6oJihWHM pa3Hoo6pa3HeM. B npH

MbIX peaKUHHX HApa MoryT 11crrycKaTb o,n:HHoqHbie HYKJIOHbI, rrapb1 HYKJIOHOB, 

Aei'npoHbI, a-qacTHUhI H 6oJiee CJIO:IB.Hb1e HApa (7Li, 9Be, 10B 11 T. A.). CJIO:IB.Hhie 
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HJJ,pa-«OCKOJIKH» Ha3bIBaIOT cppacMeHmaMU, a npou.ecc HX HcnycKaHHH cppac
MeHmal{UeU HJIH CIWJlblBaflUeM. Dpou.ecCbl CTOJIKHOBeHHH, npH KOTOpb!X HJJ,pa 

HcnycKaIOT 3JieMeHTapHbie qacTHU.bl - CTHOHbl, KaOHbl H T. )],., TaK)Ke HBJIHIOTCSI 

npHMbIMH. 

PaHee noJiaraJIH, qTo npHMbie npou.eccbI HMeIOT cymecTBeHHoe 3Haqem1e npH 

3HeprnHx naJJ,a10mHx r.i:acTHU., paBHbIX JJ,eCHTKaM H 6oJiee M3B. B HacToHmee 

BpeMH cqHTaeTCH, qTo npHMbie npou.eccbI HMeIOT HeKOTOpoe 3HaqeHHe H npH 

3HeprnHx oKoJio 10 M3B, a B HeKOTOpbIX cJiy'-IaHx H eme MeHbIIIe. 

YcTaHOBJieHo, qTo BnJIOTb AO 3Heprnif B HeCKOJihKO JJ,ecHTKOB f:::iB npHMbie 

peaKU.HH HAYT co cpasmneJihHO 6oJihIIIoii: HHTeHCHBHOCThIO. 

DepeqHcJIHM Tenepb HaH6oJiee H3y'-IeHHhie npHMbie peaKU.HH, HBJIHIOll.l.HecH B 

onpeJJ,eJieHHOM CMblCJie Ba)KHeHIIIHMH: 

1) peaKU.HH ( n, n ), (n, p), (p, n) (p, p ); 
2) KBa311ynpyroe BbI6HBaHHe (p, 2p), (p,pn) H JJ,p.; 

3) BbI6HBaHHe CJIO)KHblX qacTHU. H npou.ecCbl o6pa30Bamrn 3Be3JJ,; 

4) cpbIB (d,p), (d,n) H noJJ,xBaT (p,d), (n,d); 
5) npHMbie peaKU.HH, Bbl3bIBaeMbie T5l)KeJiblMH HOHaMH (yrnepoJJ,a, a30Ta 

H T.JJ,.); 

6) npou.eccbI CTOJIKHOBeHHH, np11 KOTOpb!X p0)KJJ,aIOTC5l nHOHbl, KaOHbl, rnne

pOHbl HT.)],. 

Jl.JI.H Hae npeJJ,cTaBJI.HIOT HHTepec npou.eccbI 1-5. PaccMOTpHM HeKOTopb1e oco-

6eHHOCTH 3THX npou.eccoB. 

1. PeaKU.HH (n, n), (n,p), (p, n), (p,p). DpouecchI (n, n), (n,p) 6hIJIH paccMOT

peHbI BblIIIe (§ 3.6, 9.7, 9.8). 3JJ,ecb MhI ocTaHOBHMC.H Ha npou.eccax (p,p)-pacceJI

HHJI npH KHHeTHqecKHX 3Heprn.Hx naJJ,aIOmHx npoTOHOB nopHAKa 100 M3B H 60-

Jiee, 3Ha'-IHTeJibHO npesb1IIIa10mttx 3HeprnIO CBH3H HYKJIOHa B HJJ,pe. DaJJ,aIOmttii: 

HYKJIOH c TaKoii: 3Heprneii: MO)KeT B3aHMOAeikTBOBaTh c oT.n,eJihHbIMH HYKJIOHaMH 

.H.n,pa. )leHCTBHTeJibHO, JJ,e6poii:JieBcKaH .n,JIHHa BOJIHbI HYKJIOHa c W ~ 100 M3B 

MeHbllle pa.n,Hyca HJJ,pa H cpaBHHMa co cpe.n,HHM paccTOHHHeM Me)K.n,y COCTaB

JIHIOll.l.HMH ero HYKJIOHaMH. HanpttMep, npoTOH c 3Heprneif 300 M3B o6Jia.n,aeT 

B JI. c. K . .n,JIHHOH BOJIHbI 0,27 · 10-13 CM. Do3TOMY .n,JI.H '-!aCTHU c TaKHMH 3Hep

rHHMH MO)KHO BBeCTH noH.HTHe TpaeKTOpHH. BpeMH Me)K.n,y nocJie.n,osaTeJibHbIMH 

coy.n,apeHHHMH HYKJIOHOB B H.n,pe 3Ha'-IHTeJihHO 6oJibIIIe speMeHH coyJJ,apeH11.H na

.n,a10meii: '-!aCTHUhI c KaKHM-JIH6o HYKJIOHOM H.n,pa, TaK qTo oHa CMO)KeT nepe.n,aTb 

3HeprnIO orpaHH'-leHHOMy '-IHCJIY HyKJIOHOB (B npeJJ,eJibHOM cJiy'-lae O.lI,HOMy). 

TaKHM o6pa30M, HYKJIOHbI c W "'"' 100 M3B MoryT BhI3hIBaTh np.HMbie .H.n,epHhie 

peaKUHH KaK Ha nosepxHOCTH, TaK H B rny6HHHbIX o6Jiacrnx HJJ,pa 1). Ynpyroe 

pacceHHHe npoTOHOB BcerJJ,a conpOBO)K.lI,aeTCH TaK Ha3hIBaeMblM KBa3HynpyrnM 

pacceHHHeM (no cymecrny HBJIHIOll.l.HMCH HeynpyrnM npoueccoM), nptt KornpoM 

H.n,po OCTaeTC5l B CJia60B036y)K.n,eHHOM COCT05IHHH. 

Do3TOMY ecJIH pa3peIIIeHHe no 3HeprnH pernCTpttpy10mero yCTpoifcrna .n,o

craTO'-IHO BeJIHKO, TO B 3HepreTHqecKHX pacnpe.n,eJieHHHX pacceHHHbIX npoTOHOB 

1) Tor.Qa KaK no.Q .QetiTCBHeM HYKJIOHoB c KHHeTHqecKoil 3Heprneti, pasHoil HeCKOJihKHM .QeCl!T

KaM M3B, npHMbie peaKUHH B03MO)KHbI Jittlllb Ha ero nosepxHOCTtt. 
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OOMHMO MaKCHMyMa, COOTBeTCTBYIOlll.ero ynpyroMy pacce51HHIO, Ha6JIIO,ZI.a!OTC51 

MaKCHMYMbl, OTBeT.Ja!Olll.He nepBOMY H CJie,ZI.y!OllJ.HM B036y)K,ZI.eHHbIM COCT051HH51M 

5l,ZI.pa-MmlleHH, o6ycJIOBJieHHbIX KBa3ttynpyrttM pacce51HHeM. 

PaccMoTpHM, HanpHMep, noKa3aHHOe Ha pttc. 14.7 3HeprernqecKoe pacnpe,ZI.e

JieHHe npoTOHOB, pacce51HHbIX npH W = 185 M3B 51,ZI.paMH 12C Ha yroJI 17,5° 

a 

2 

OL...J.._L.__J___j.._l__J_.L...J._J__J__L__.L~.L...l__J_~1!!!5!!~'..L....J___J!lim.J 

22 20 18 16 14 12 10 8 6 4 2 0 

3 6 

2 
x 1/20 

24 22 20 18 16 14 12 10 8 6 4 2 0 

Pile. 14.7. 3HepreTwiecKoe pacnpep,eJieH!le npoTOHOB, pacceHHHhIX np!l W = 185 M3B Hp,paMH 
12C Ha yroJI 17,5° (a) !l Hp,paM!l 160 Ha yroJI 25° (6) B npoH3BOJihHhIX ep,HHHu,ax B JI. c. K. ITo 
OCH a6cu,Hcc orno2KeHbI pa3HOCT!l 3Heprni1 pacceHHHoro !l nepaoHaqaJibHoro npoToHOB W' - W = 

=~W,M3B 

H 51,ZI.paMH 
16

0 Ha yroJI 25° (no OCH a6CU,HCC OTJIO)KeHa pa3HOCTb 3Heprnif pacce-

51HHOfO H nepBHT.JHOro npoTOHOB B M3B). Pa3perneHHe paBH51JIOCb 400-500 K3B. 

AttaJIH3 noJiyT.JeHHbIX ,ZI.aHHbIX ,ZI.aJI cse,ZI.eHH51 cpa3y o noJiyTopa ,ZI.eC51TKax ypostteif 

,ZI.JI51 rnro H ,ZI.pyroro 51,ZI.pa (pHc. 14.8). 

2. Ksa3Hynpyroe BbI6HBaHHe (p, 2p), (p, np) H ,ZI.p. B pe3yJihTaTe noCJie,ZI.o

BaTeJibHbIX CTOJIKHOBeHHH npoToHa c 3Heprneif W ,..__, 100 M3B c OT,ZI.eJibHbIMH 

HYKJIOHaMH 51,ZI.pa nocJie,ZI.HHM MO)KeT 6bITb nepe,ZI.aHa 3Heprn51, ,ZI.OCTaTOT.JHa51 ,ZI.JI51 

HX yxo,ZI.a H3 51,ZI.pa. ITpou.ecc HanoMHHaeT cso6o,ZI.Hoe ynpyroe CTOJIKHoBeHtte ,ZI.Byx 

HYKJIOHOB, npHBO,ZI.51llJ.ee K HX pa3JieTy H yxo,ZI.y H3 51,ZI.pa. 

OJiaro,ZI.ap51 TOMy, T.JTO npOTOHbl MO)KHO perncTpHpOBaTb c OTHOCHTeJibHO xopo

IllHM pa3perneHHeM no 3HeprnH c IIOMOllJ.blO peaKU,HH KBa3Hynpyroro BbI6HBaHH51 

y,ZI.aeTrn noJiyT.JHTb HHcpopMaU,HIO o BHyTpeHHeif cTpyKType 51,ZI.pa, HcnoJib3Y51 Me

TO,ZI., cxo,ZI.HbIH c TOJibKO T.JTO onHcaHHbIM. TaKHM nyTeM 6bIJIH H3yT.JeHbI csoifcTBa 

BHyTpeHHHX o6oJIOT.JeK JierKHX 51,ZI.ep BIIJIOTb ,ZI.O 51,ZI.pa ~gca. 0,ZI.HaKo yKa3aHHbIH 

MeTO,ZI. He II03BOJI51eT CTOJib *e 3cpcpeKTHBHO H3yT.JaTb CTPYKTYPY 6oJiee TH)KeJibIX 

51,ZI.ep no TOH npHT.JHHe, T.JTO BhI6HBaHHe H3 HHX rny6HHHbIX HYKJIOHOB O,ZI.HHM 

y,ZI.apoM CTaHOBHTC51 MaJIOBepo51THblM. 
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E,M::iB 
23,4±0,4 23,4±0,3 

22,1±0,3 
21,6±0,3 

21,4±0,3 

20,4±0,4 20,2±0,3 
20 19,3±0,2 19,8±0,3 

18,2±0,3 
18,7±0,2 
17,8±0,3 
17,1±0,3 

16,1±0,2 

15,15±0,l 15,3±0,2 
15 14,2±0,4 

12,7±0,2 
13,1±0,2 

11,1±0,4 11,5±0,2 

10,6±0,4 10,4±0,3 
10 9,7±0,15 

7,65±0,l 
7,05±0,15 

6,15±0,l 

5 4,4±0,l 

0 

P11c. 14.8. 3tteprerwieCKHH crreKTP H,n:ep 12C 11 160, orrpe,n:eJieHHbIH B orrhITax c KBa311yrrpyrnM 
pacceHHHeM rrporoHoB c ::itteprneii 185 M::iB 

3. Bb161rnaHHe CJIO)KHbIX qaCTm.1, H npoueccbI o6pa3oBaHH51 3Be3,LJ.. B np51MbIX 

npoueccax B03M0)KHO BbI6HBaHHe He TOJibKO O,ll.HHoqHbIX HYKJIOHOB, HO H CJIO)KHbIX 

qacTHU - cpparMeHTOB THna ynoM51HYTbIX JierKHx 51,ll.ep. B qacTHOCTH cymecrny

eT OTHOCHTeJibHO 6oJibUJa51 sepo51THOCTb o6be,LJ.HHeHH51 HYKJIOHOB B HYKJIOHHbie 

accouHau,HH THna o:-qacTHU H Hx cpparMeHTaUHH. B nepsyIO oqepe,ll.b :no cnpase,LJ.

JIHBO ,LJ.JI51 TaK Ha3hIBaeMbIX o:-qacTHqHbIX 51,ll.ep ~Be, 1 ~C, ... , T~Mg. ITo-BH,ll.HMOMy, 

MO)KHO noJiaraTb, qTo acco1.1,HHposaHHe HYKJIOHOB B 51,ll.pax He npoTHBopeqHT 

npe,ll.CTaBJieHHHM o6oJioqeqHOH MO,LJ.eJIH, a B onpe,ll.eJieHHOH Mepe ,ll.OllOJIH51eT HX. 

ITo,LJ. ,LJ.e0crnHeM HYKJIOHOB HJIH ,ll.pyrnx qacTHu, BbICOKHX 3Heprn0 (HecKOJibKO 

coTeH M3B H 6oJibIIIe) MoryT npoHCXO,ll.HTb «B3pbIBbI» 51,ll.ep, npe,LJ.cTaBJI51IOLUHe 

co6o0 pa3BaJI Hx Ha 6oJibIIIOe qHcJio qacTHU «OCKOJIKOB». Ha CHHMKax B ny-
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3blpbKOBOH KaMepe HJIH Ha QlOT03MYJibCIUI pa3JieTaIOill,HeCH OCKOJIKH OCTaBJIHIOT 

TpeKH B BHJl.e Jiy'-lei-i: «3Be3Jl.bI» (cM., HanpHMep, pHc. 14.9). PeaKIJ,HH TaKoro rnna 

P11c. 14.9. 06pa3osam1e 3Be3):( B ¢oT03MYJibc1111 rrp11 3axsaTe rrpoToHa KOCMH'leCKOro rrpo11cxo*Ae

mrn. B TO'IKe A rrpoToH, rrornomeHHbIH HAPOM aToMa cepe6pa 11JI11 6poMa, BbI3b!BaeT ero pa3BaJI. 
Bb16poweHHb1ii rrp11 pacrra):(e H):(pa ocKOJIOK rrpe):(CTaBJIHeT co6oii rnrrepHApo. ITocJie):(Hee B CBOJO 
ol!epeAb BbI3bJBaeT pa3BaJI HAep B TOl!Ke B, l!TO rrpHBOAHT K o6pa3oBaHHJO Tpex 3apl!)!{eHHbIX l!aCTHU 

11 HeCKOJlbKHX HeiiTpOHOB, He OCTaBlllHXCll TpeKOB 

Ha3bIBaIOT npou.eccaMH c o6pa3oBaHHeM 3Be3Jl.. 

4. CpbIB (d,p), (d,n) 11 nOJl.XBaT (p,d), (n,d). PeaKIJ,11H cpbrna 3aKJIIO'-laeTCH 

B TOM, 4TO )l.eHTpOH, CTaJIKl1BaHCb c HJl.POM, «3aIJ,enJIHeTCH» 3a Hero 0Jl.Hl1M H3 

HYKJIOHOB, KOTOpbIH nornomaeTCH HJl.poM; Brnpoti HYKJIOH yxOJ1.11T np11MepHo B 

TOM )Ke HanpaBJieH11H, B KaKOM Jl.BHraJICH J].ei-i:TpOH. Ha1160Jiee 11HTeHCl1BHO 3Ta 

peaKIJ,HH HJl.eT npH B3aHMOJ].ei-i:crnm1 c HJl.paMH HMeHHO J].ei-i:TpOHOB no TOH npH'-111He, 

'-ITO nocJieJl.HHe o6JiaJ].aIOT pHJl.OM yHHKaJihHbIX CBOHCTB, y)Ke 3HaKOMbIX '-IHTaTeJIIO 

(§ 9.5), B '-laCTHOCTH, HYKJIOHbl B )l.eHTpoHe CJia6o CBH3aHbl. 

06paTHOH peaKIJ,Hei-i: HBJIHeTcH peaKU.HH noJ].xBaTa: naJ].aIOill,HH HYKJIOH npH 

B3al1MOJl.ei-icTBHH c HJl.pOM BbipbrnaeT 113 Hero Jl.pyroti HYKJIOH. B nocJieJl.HHe rOJl.bI 

Ha'-!aJIH H3y'-laTh TaK)Ke peaKIJ,HH cpbrna (3He, a), (d, t) H np. PeaKIJ,HH cpbrna 

H IlOJl.XBaTa (d,p), (d, n), (p, d) (~He, a), (d, t) H Jl.p. OKa3bIBaIOTCH oLieHb noJie3-

HblMH ,n:JIH H3yLieHHH cTpyKTYPhI HJl.pa. TaK KaK Jl.JIH npHMhIX peaKIJ.HH xapaKTepHo 

OJl.HOKpaTHOe B3aHMOJ].eHCTBl1e '-laCTl1IJ,, BCTynaIOill,HX B peaKIJ,HIO H noJiyLiaIOill,HXCH 

B ee pe3yJibTaTe, TO yrnoBoe pacnpeJ].eJieHHe npOJl.YKTOB peaKIJ,HH CHJibHO 3aBHCHT 

OT KBaHTOBb!X '-IHCeJI COCTOHHHH H)l.pa, HaXOJl.HCb B KOTOpOM OHO 3axBaTbIBaeT HJIH 

TepHeT HYKJIOH. 

lfay'-laH yrJIOBOe pacnpeJ].eJieHHe npOJl.YKTOB peaKIJ,HH, MO)KHO TaKHM o6pa30M 

HaHTH KBaHTOBbie 4HCJia COOTBeTCTBYIOill.ero ypoBHH HJ].pa. KpoMe Toro, 6JiaroJ].apH 
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OJJ.HOKpaTHOMY xapaKTepy B3aHMOJJ.ei1cTBH5I qaCTHU, ceqeHHe 3aBHCHT OT Toro, 

ttaCKOJibKO 3anoJIHeH ypoBeHb JJ.pyrHMH HYKJIOHaMH. HanpHMep, B cJiyqae peaKUHH 
1 ~0(d,p) 1~0 3aXBaT 5IJJ.POM 

1 ~0 HeihpoHa Ha ypoBeHb lp HeB03MO)KeH, TaK KaK 

Ha 3TOM ypoBHe HeT BaKaHTHb!X MeCT. 

CeqeHHe peaKUHH cpbrna MO)KHO cqHTaTb npHMO nponopu110HaJibHblM q11cJiy 

JJ.bipoK Ha HYKJIOHHOM ypoBHe nlj; a ceqeHHe peaKUHH nOJJ.XBaTa - q11cJiy HYKJIO

HOB Ha 3TOM ypoBHe. 

5) CTpHMbie peaKUHH, BbI3brnaeMbie TH)KeJihIMH 110HaMH (yrnepoJJ.a, a3oTa 

H T. JJ..). Dp11 60M6apJJ.11poBKe MHrneHH rn)KeJibIMH 110HaMH MoryT Ha6JiioJJ.aTbCH 

KaK npouecCbl, CXOJJ.Hb!e c npoueccaMH, HJJ.YI.UHMH DOJJ. J].eHCTBHeM 6oJiee JierKHX 

qacTHU, TaK H Jl.OBOJlbHO cneumtrnqeCKHe peaKUHH. lfa q11cJia nocJie}l.HHX yKa)KeM 

peaKUHH nepeJJ.aqH HYKJIOHa: 
1jN (1jN, 1 ~N) 1 ~N, 1jN (1§F, 1 ~F) 1 ~N H JJ.p.; B TOM 

qHCJle peaKUHH, Il03BOJ15IIOI.UHe IlOJiyqaTb HOBbie H30TODbl c 60JlbWHM JJ.ecpHUHTOM 

HeHTpOHOB HJIH TpaHcypaHOBbie H30TOilbl. 

§ 14.8. BttyTpHB,ll.epHbie npou,eccb1, H,!1.YW.He 

IlO,ll. ,ll.eHCTBHeM 11aCTHU. BbICOKOH aHepru:u: 1) 

0JJ.Ha H3 ueHTpaJibHb!X 3a}l.aq cp113HKH Bb!COKHX 3Heprni'! - 6ypHO pa3BHBa

IOI.UeHC5I 06JiacT11 MHKpocpH3HKH, 3aKJIIOqaeTCH B H3yqeHHH CTPYKTYPbI 3JieMeH

rnpHbIX qacTHU, COCTaBJIHIOI.UHX aTOMbl H 5IJJ.pa. c 3TOH 3a)l.aqei'! TeCHO CB5I38Ha 

npo6JieMa 11ccJieJJ.0BaHHH BHYTPHHJJ.epHbIX npoueccoB, H.ll.YI.UHX noJJ. JJ.ei'icTBHeM 

BbICOK03Hepren1qecKHX qacTHU. l1MeHHO IlOCJieJJ.H5I5I 3a)l.aqa H HHTepecyeT Hae 

B J].aHHOH KHHre. 

EJJ.HHbIH npouecc - B3aHMOJJ.ei'icTBHe qacTHU c HJJ.paMH, B cpH3HKe BbICOKHX 

3Heprnti npHHHTO ycJIOBHO pa3JI.eJIHTb Ha JI.Ba npouecca, pa3BHBalOI.UHXC5I B npo

JJ.OJihHOM H nonepeqHOM ttanpaBJieHH5IX. 3To o6b5ICH5IeTC5I cyiuecTBeHHO pa3JIHq

HbIM cpH3HqeCKHM CMbICJIOM yKa3aHHblX npoueccoB, qTO BHJJ.HO 113 CJle}l.yIOI.Uero 

nepeqHH Hx oco6ettHOCTeti: 

flpop,OJihHOe HanpasJiemie flonepe'IHOe HanpasJieH11e 

1. Bo3MO)KHO o6pa30BaH11e HOBhIX qacT11u: 1. HoBbie qacT11U:bI npaKTl1'1eCKl1 He o6pa3yJOTCH 

2. ,Ll.Bl1)KeH11e semecTBa 0[]11CbJBaeTCH peJIHTl1- 2. ,Ll.Bl1)KeH11e seiu:ecTBa 0[]11CbIBaeTCH HepeJIHTl1-

Bl1CTCKOH Teop11ett; ypaBHeH11e COCTOHHl1H pe- Bl1CTCKOH Teop11eH; ypaBHeH11e COCTOHHl1H Hepe-

JIHT11Bl1CTCKOe JIHTl1Bl1CTCKOe 

3. ,Ll.Bl1)KeH11e []0'1Tl1 OP,HOMepHoe 3. Ha KOHe'IHOH crnp,1111 ABl1)KeH11e 1130TponHo 

KoJIHqecTBeHHoe on11caHHe nepeqHcJieHHbIX npoueccoB B cpH3HKe BbICOKHX 

3Heprnti ocyiuecTBJIHeTCH B paMKax Tex HJIH HHhIX MOJJ.eJieti. PaccMoTpHM Kac-
1wa1-ty10 Moae/lb, OCHOBaHHYIO Ha rHITOTe3e 0 nocJieJJ.OBaTeJibHblX H He3aBHCHMblX 

1
) B HaCTOHiu:eM naparpacpe npep,noJiaraeTCH, '!TO B3al1Mop,eHCTBl1H npo11cxop,HT Me*AY ap,poHa

Ml1 11 HP,paMl1 (HanoMHl1M, '!TO ap,poHaMl1 H33b!B3IOT '13CT11U:bl, []QP,Bep)KeHHbie Cl1JlbHOMy B3311MO

p,eHCTBl1!0 (CM. § 2.1). 
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coynapemrn:x nepBH'-IHbIX H BTopH'-IHbIX '-!aCTHU. c HYKJioHaMH Hnpa. flpoxmKne

HHe Bb!COKO::rnepreTH'-IeCKOH '-IaCTHU.bl '-Iepe3 H,11,pO B 3TOH M0,11,eJIH ynono6JIHeTCH 

npoJieTy 6b1CTpoti '-!acrnu.h1 '-Iepe3 rncTeMy HeB3aHMoneticrnyIOW.HX Me)Kny co6oti 

cpepMHOHOB. flpH CTOJIKHOBeHHHX c HYKJIOHaMH H,11,pa nepBH'-IHaH '-IaCTHU.a nepenaeT 

HM '-IaCTb csoeH 3HeprHH. EcJIH 3aHMCTBOBaHHaH HYKJIOHaMH Hnpa 3HeprHH no

cTaTO'-!Ha BeJIHKa, TO HX coynapeHHH c ,11,pyrnMH HYKJIOHaMH 6ynyT HOCHTb TaKOH 

)Ke xapaKTep, '-ITO H coynapeHHH Me)KnY nepBH'-IHOH qacrnu.eti H cpepMHOHaMH 

CHCTeMbl. CTOJIKHOBeHHH HYKJIOHOB OT,11,a'-!H «nepsoro TIOKOJieHHH» c npyrHMH 

HYKJIOHaMH npHB0,11,HT K B03HHKHOBeHHIO HYKJIOHOB OT,11,a'-!H «BToporo noKoJieHHH» 

H T. n. B pe3yJibTaTe B H,11,pe B03HHKaeT JiaB~rna HYKJIOHOB, Ha3brnaeMaH BHympu-
5laepliblM KaClwaoM. BpeMH pa3BHTHH KacKana c'-IHTaeTcH cpaBHHMbIM c H,11,epttbIM 

speMeHeM T5u1,. Bo36y)KneHHoe H,11,po ynono6JIHIOT CHCTeMe cpepMHOHOB, CHJibHO 

B3aHMO,IJ,eHCTBYIOW.HX Me)Kny co6oti. 

HyKJIOHbI oT,11,a'-IH, 3Heprmi: KOTOpbIX nocTaTo•rna ,11,JIH Bb1xona H3 H,11,pa, Ha3bI

BaIOC51 KaCKaaliblMU. flocJie,11,HHe 06Jia,1J,alOT cneu.HcpH'-IeCKHMH yrJIOBb!MH H 3Hep

reTH'-IeCKHMH pacnpeneJieHHHMH. KaCKa,11,Hhie HYKJIOHbJ HcnycKaIOTCH npeHMyrn.e

CTBeHHO B HanpaBJieHHH ,11,BH)KeHHH nepswrnoti '-IaCTHU.bI. CpenH Hcnyrn.eHHbIX 

HyKJIOHOB cpaBHHTeJibHO MHOro BblCOK03HepreTH'-!eCKHX '-!aCTHU.. 

0,11,HaKo Me*nY CTOJIKHoBeHHHMH cso60,11,HbIX HYKJIOHOB H BHYTPHH,11,epHbIMH 

(N - N)-cTOJIKHOBeHHHMH HMeeTcH cyrn.ecTBeHHoe pa3JIH'-!He, CBH3aHHOe c TeM, '-ITO 

npH paccMoTpeHHH CTOJIKHOBeHHH nanaIOrn.ero cpepMHOHa c HYKJIOHOM H,11,pa Heo6-

xo,11,HMO Y'-IHTbIBaTb npHHU.Hn flayJIH, sanpern.aIOW.Hi1 coynapeHHH, npHsonHrn.He 

K nepena'-Ie 3HepmH MeHhllleti HeKoToporo 3ttepreTH'-IecKoro nopora, xapaKTepttoro 

,11,JIH naHHoro Hnpa. 

OCTaTO'-IHOe Hnpo, B KoTopoM sasepllleH BHYTPHHnepHbIH KacKan, ocTaeTcH 

B CHJlbHO Bos6y)KneHHOM COCTOHHHH (3HeprnH B036y)f{neHHH MO)f{eT COCTaBJIHTb 

necHTKH M3B H 6oJiee). ,llaJibHettllIHH npou.ecc onHcbrnaeTCH cTaTHCTH'-IecKOH Teo

pHei1. TaK, sos6y)KneHHOe H,11,po HcnycKaeT HcnapHTeJibHbie HetiTpOHbI H npoTOHbI 

(B03MO)f{H0 HcnycKaHHe H npyrnx '-!acrnu., BKJIIO'-!aH 1-KBaHTbl). BpeMH HCnapH

TeJibHOH CTa,11,HH COCTaBJIHeT 10- 13-10- 14 c, T. e. 3Ha'-!HTeJibHO 60Jibllle speMeHH 

pa3BHTHH BHyTpHH,11,epHoro KaCKana. 

Ha pHc. 14.10 noKasaHbI saBHCHMOCTH Bbixona H cpenHei1 3HeprnH KacKa,11,HbIX 

'-!aCTHU., HcnycKaeMbIX H,11,poM 27 Al, OT 3HeprnH nanaIOrn.ero npoToHa, B3aHMonei1-

crnyIOrn.ero C 3THM H,11,pOM. flo Mepe poCTa 3HeprnH npOTOHa Bb!X0,11, KaCKa,11,Hb!X 

HYKJIOHOB cTpeMHTCH K onpeneJieHHOMY npeneJibHoMy 3Ha'-IeHHIO, Torna KaK Hx 

3HeprnH yBeJIH'-IHBaeTCH TIO'-ITH JIHHeMHO, '-ITO o6ycJIOBJieHO orpaHH'-!eHHOCTblO 

'-IHcJia HYKJIOHOB B Hnpe. KacKa,11,Hbie '-!aCTHU.bI HcnycKaIOTCH rnaBHbIM o6pasoM 

snepen. 

KacKa,11,HaH Mo,11,eJib II03BOJIHeT noJiy'-IHTb cornacHe c onbITOM JIHillb B HeKo

TOpbIX orpaHH'-IeHHb!X HHTepBaJiaX 3HeprnH npH COOTBeTCTBYIOW.eH nonroHKe na

paMeTpOB TeopHH. OnHaKo oHa npHso,11,HT K npoTHBope'-IHHM c 3KcnepHMeHTOM 

B pHne cJiy'-!aes. flpHseneM ,11,Ba npHMepa. B cpH3HKe BbICOKHX 3Heprni1 Ba*HbIM 

napaMeTpoM HBJIHeTrn K03cpcpHU.HeHT Heynpyrocrn K, paBHbIM ,11,oJie nepBH'-IHOH 

3HeprmI, nepenasaeMOM nptt B3aHMonetiCTBHH BTOpH'-IHblM '-IaCTHU.aM. 3KcnepH

MeHTaJibHbie naHHhie csHneTeJibCTBYIOT, '-ITO 3Ha'-IeHHH K nptt6JHl3HTeJibHO no-
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PHc. 14.10. 3aBHCHMOCTh Bhixo,ua H cpe,uHeif 3HeprnH KaCKa,UHbIX lJaCTHIJ., HcrrycKaeMbIX 51,upoM 
27 Al, OT 3HeprnH na,uaIOmero npoToHa, B3aHMo,ueifCTBY!OllJ.ero c 3THM 51,upoM: 1 - cpe,uH5151 3Heprn51; 

2 - cpe,uHee lJHCJIO rrpoTOHOB; 3 - cpe,uttee lJHCJIO HeHTpOHOB 

CTOHHHbl B umpOKOM HHTepBaJie nepBHIIHblX 3Heprnii: Wo (no KpaHHeii: Mepe 

,no 10 T3B, T. e. ,no 1013 3B). OT Maccososro •-mCJia MHrneHH A K03cpcpm..1,HeHT 

HeynpyrocTH K 3aBHCHT cJia6o. 3To BHJJ.HO H3 3aBHCHMOCTel1, npHBe,neHHbIX Ha 

pHc. 14.11. CnJIOWHoi1 JIHHHei1 Ha TOM .m:e pHcyHKe noKa3aH peayJibTaT pacqeTa 

K 
0,3 

a 
0,2 

0,3 / 6 
0,2 

8 27 56 207 A 

PHc. 14.11. 3aBHCHMOCTb K03cpcjJHUHeHTa K OT aTOMHoif MacChI 51,Upa-MH!IleHH. CnJJOlllHa51 JJH

HH51-paclJeT TIO KaCKa,UHOH MO,UeJJH, TO'lKH-3KCrrepHMeHT: a - BCe 51,UepHO-aKTHBHbie lJ8CTHUbI; 

6 - nepBHlJHbie HeHTpOHbl 

no KacKaAHOH MOAeJIM. B OTJIMqHe OT 3KCnepHMeHTaJibHoii: aaBHCHMOCTM K(A) 
COOTBeTcTByIOrn,aH TeopeTHqeCKaH KpHBaH HMeeT cyrn,ecrneHHO HHOH XO)].. 

,llpyrol1 sa.m:HbIH napaMeTp - cpe,nHHH HMnyJibC Pl, nepeAaBaeMbiii: npH co

yAapeHHH HAPY B nonepeqHoM HanpasJieHHH. B HHTepsaJie Wo = 103-106 f3B 

3HaqeHHH p 1 MeAJieHHo (B03MOMHO JIOrapmpMHqecKtt) yseJIHqttBaIOTCH c 3Heprttei1. 

KacKaAHaH MOJJ.eJib npoTHBopeqHT cJia6oii: 3aBHCHMOCTH Pl OT A. 
HaKoHeU, KacKa,nHaH Mo,neJib He Mo.m:eT o6bHCHHTb cJieAyIOrn,yIO oco6eH

HOCTb BHYTPHHAepHoro (7r-N)-saaHMOJJ.eHCTBHH. ,llonycTHM, qTo B pe3yJibTaTe 

CTOJIKHOBeHHH HaJieTaJOrn,eii: qacTHUbI c BHYTPHHJJ.epHbIM HYKJIOHOM o6pa3oBaJioch 

HeCKOJ!bKO OHOHOB. 3TH H,U,epHOaKTHBHble qaCTHUbl 6y,nyT c 60JibllIOH BepoHTHO

CTbIO nornorn,aTbCH BHYTPH H,n,pa. EcJIH B cooTBeTCTBHH c HCXOJJ.HbIM noJio.m:eH11eM 

KaCKa,U,HOH MO,U,eJIH cqHTaTb, qTO OHOHbl B3aHMO,ll,eHCTBYIOT He3aBHCHMO ,npyr OT 

.npyra, TO ceqeHHe nornorn,eHHH n CTHOHOB ,[I,OJl)KHO paBHHTbCH n-KpaTHOMY ceqe-
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HHIO Heynpyroro (7r-N)-B3aHMo,neikrnm1: <YmrN ~ n<YnN· Hanp11Mep, np11 n = 3 
<Y3nN ~ 3<YnN, OpH n = 5 <Y5nN:;::::: 5<YnN H T. JJ:. 0,nHaKO COrJiaCHO Ha6JIIOJJ:eHHHM 

CT3nN ~ <YnN. a <Y5nN::::::: <YnN /2, T. e. np11Be,neHHoe paccy)KJJ:eHHe HeBepHo. 

DoHCHHM oco6eHHOCTh 3TOH c11Tyau:1111, np11BeJJ:H cJie,nyIOIUYIO aHaJIOrHIO H3 

3JieKTPOJJ:HHaMHKH. ¥13yIJ:eHHe npou:ecca TOpM03HOf0 H3JIYIJ:eHHH 6bJCTporo 3JieK

TpoHa npH pacceHHHH Ha 6oJihUrne yrnh1 noKa3aJio, IJ:TO B 3JieKTpoMarHHTHOM noJie 

pacceHHHoro 3JieKTpoHa HeKoTophIH npoMe)KyTOK BpeMeHH OTCYTCTBYIOT BHpTy

aJihHbre cpoTOHbl B onpe,neJieHHOM HHTepBaJie IJ:aCTOT L\w (o6pa3HO fOBOpHT, lJ:TO 

B TelJ:eHHe HeKOToporo BpeMeHH 3JieKTpOH HBJIHeTCH IJ:aCTHlJ:HO «pa3,neTWM» HJIH 

«OOJIYfOJib!M» ). JlHll!b qepe3 onpe.neJieHHOe KOHelJ:HOe BpeMH co6cTBeHHOe 3JieK

TPOMarHHTHOe noJie 3JieKTpOHa OOJIHOCTblO BOCCTaHaBJil1BaeTCH, 11 OH HalJ:11HaeT 

11cnyCKaTb B HOBOM HanpaBJieHl1H JJ:BH)KeHl1H cpoTOHbl c IJ:aCTOTaM11, np11XOJJ:HIUH

MHCH Ha 11HTepBaJI L\w. 
3cpcpeKT yMeHbllleHl1H ceIJ:eHl1H B3a11MOJJ:eHCTBHH B H,npe o6bHCHHeTCH CXOJJ:Hb!M 

o6pa30M. )].eHCTBl1TeJihHO, JJ:JIH BOCCTaHOBJieHl1H Me30HHOfO OOJIH a.npoHa Heo6-

XOJJ:l1MO KOHeIJ:HOe speMH. HeKOTOphIH npoMe)KyToK BpeMeHH BTop11lIHhie a.npoHhI 

B H,npe HBJIHIOTCH «fOJibIMH» 11JIH «IlOJiyroJih!Ml1» (T. e. 11X Me30HHOe noJie OCJia6-

JieHO) B3a11Mo,nei1cTB11e 3THX IJ:aCT11U: c BHYTPHH,nepHhIMl1 HYKJIOHaM11 oKa3hIBaeTcH 

3HaIJ:HTeJibHO cJia6ee, IJ:eM B3a11Mo,nei1cTB11e Me)K.ny HYKJI0HaM11 11 a.npottaM11 co 

ccpopMHpOBaBll!l1MCH co6cTBeHHh!M noJieM. 

Mo)KHO o6bHCHl1Th paccMaTp1rnaeMhIH 3cpcpeKT 11 11HaIJ:e, npe.nnoJIO)Kl1B, IJ:TO 

a.npotthI, po,n11Bll!l1ecH BHyTp11 H,npa, B TeIJ:eHHe speMeH11 nopH,nKa T 51 .D- cocTaBJIHIOT 

KJlacmep (§ 11.4). Do,no6HO OT,neJihHOMy a,npoHy, IlOCJieJJ:HHH B3aHMOJJ:eHCTByeT 

c BHYTPHHAepHhIMl1 HYKJI0HaM11 KaK eAHHoe u:eJioe. 3To B3aHMO,nei1cTBl1e xapaK

Tep113yeTCH CeIJ:eHHeM Toro )Ke nopH,nKa (HJIH .na)Ke MeHbllle), lJ:TO H ceIJ:eHHe 

o6bJlJ:HbIX a.npoH-a,!I,pOHHhlX B3aHMOJJ:eHCTBHH. 

He 11cKJJIOIJ:eHo, IJ:TO o6a cpaKTopa (yMeHhll!eHHe ceIJ:eH11H 11 B03HHKHOBeH11e 

KJJacTepa) B3aHMOCBH3aHhl. 

npe.ncTaBJieHHe 0 KJJacTepe no,!I,pa3yMeBaeT, lJ:TO HeKOTopaH COBOKYilHOCTb 

IJ:aCTHU: B onpe.neJJeHHOH CHTyau:1111 MO)KeT COCTaBJIHTb KaK 6hI OJJ:HY «CJ111THYIO» 

lJ:aCTYIU:y. 3Ta 11,neH Hall!Jia CBOe pa3BHrn:e B TaK H83hIBaeMOH zuapoaU/-ta.MU
lieCKOU KJlacmepHOU MoaeJlU, COrJiaCHO KOTOpOH Me)KAY na)l,aIOIUHM a.npoHOM 

11 HYKJIOHaM11 H,npa, pacnoJio)KeHHhIM11 BAOJih ero nyTH B H.nepHoM Beruecrne, 

ocyrueCTBJIHeTCH KOJIJieKTHBHOe B3811MOJJ:eHCTBl1e. Da,naIOIUaH IJ:aCTHU:a KaK 6bI 

Bb!pe3aeT B H,nepHOM Beruecrne Tpy6Ky, ,nHaMeTp KOTOpOH onpe,!I,eJIHeTCH 3cpcpeK

THBHh!M pa3MepoM o6JJacTH B3aHMOAettcTBHH B nonepelIHOM HanpasJieHHH. Tpy6Ka 

H,nepHoro seruecrna He HMeeT cTpyKTyphr 11 no3TOMY MO)KeT cIJ:11TaTbCH oT,neJihHOH 

IJ:aCTHIJ,eH, Macca KOTopoi1 paBHa cyMMapHOH Macce HYKJIOHOB B Tpy6Ke. 

B MOAeJI11 Ylil1ThIBaeTcH JJopeHIJ,OBCKOe coKparuettHe npOAOJihHhIX pa3MepoB 

B CHCTeMax OTClJ:eTa, ABH)KYIU11XCH OTHOCHTeJibHO JI. c. K. TaK, noJiaraIOT, lJ:TO B Ha

lJ:aJJbHb!H MOMeHT coy,!I,apeHHH HaJieTaIOruaH lJ:aCTHIJ,a H Tpy6Ka HBJIHIOTCH C)KaTb!MH 

A11CKaMl1. 06a Al1CKa conp11KacaIOTCH B ttalJ:aJibHb!H MOMeHT (p11c. 14.12, a); .naJiee 

B TY 11 .npyryIO cTopoHy OT nJIOCKOCTl1 conpHKOCHOBeH11H no a.npoHHOH )KHJl.KOCTl1 

c HeKoTopoJ1 cKopocTbIO D pacnpoCTpaHHIOTCH yAapHhre BOJIHhI, np11IJ:eM Beruecrno 

B o6beMe Me)KAY Hl1MH OOKOHTCH ( eMy COOTBeTCTByeT 3all!TpHXOBaHHb!H yqacTOK 
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Pttc. 14.12. HeKOTOpbie CTaJJ.HH rrpou,ecca B3aHMOJJ.eikTBHH aJJ.poHa c HJJ.POM cornacHo rHJJ.POJJ.H

HaMHqecKoH MOJJ.eJm: a - MOMeHT CTOJIKHOBemrn yJJ.apHbIX BOJIH B aJJ.pOHHOM semecTBe; 6 -
pacrrpoCTpaHeHHe yJJ.apHb!X BOJJH B aJJ.pOHHOM Belll,eCTBe; 8 - MOMeHT HaqaJJa HCTeqeHHll a,npOHHOro 

Belll,eCTBa B BaKyyMe 

Ha pHC. 14.12,6). 4epe3 HeKOTOpoe speMH YAapHaH BOnHa AOXOAHT AO nesoro 
KpaH Tpy6KH (pHC. 14.12, 8), H Hal.!HHaeTCH «HCTel.!eHHe» aApOHHOro sew.ecrna 

B saKyyM, a rro HAepHoMy sew.ecrny npoxOAHT sonHa pa3pe*eHHH. AHanornl.!HO 
yAapHaH BOnHa, ABH)KyW.aHCH snpaso, AOXOAHT AO npasoro KpaH Tpy6KH, Hal.!HHa
eTCH «HCTe'-leHHe» sem.eCTBa B BaKyyM, sneso )Ke HAeT BOnHa pa3pe)KeHHH. 

fHAPOAHHaMHl.!eCKHH pa3neT npOAOn)KaeTCH AO Tex nop, noKa rrnOTHOCTb aA
poHHOro sem.eCTsa He yMeHblllHTCH AO xapaKTepHoro 3Ha'-lemrn, npeACKa3hrnae
Moro MOAenhlO, npH KOTOpOM OHO Hal.!HHaeT pacnaAaTbCH Ha peanbHbie aApOHbl 
B cornacHH c 3aKOHaMH CTaTHCTHKH HnH TepMOAHHaMHKH. 

f HAPOAHHaMH'-leCKaH MOAenh HBnHeTCH nepcneKTHBHOH MOAenh!O, Il03BOnHB
llleH 06bHCHHTb Ha116onee cym.eCTBeHHbie xapaKTepHCTHKH npougCCOB B3aHMOAeH

CTBHH '-laCTHU c HApaMH npH Bb!COKHX 3HeprHHX. 



f Jiasa 15 

,llEJIEHHE ATOMHhIX Sl,llEP. 
TPAHCYPAHOBhIE 3JIEMEHThl 

§ 15.1. ,lleJieHHe SI)J.ep 

15.1.1. 0TKpbITne )leJieum1 .HJJ:ep. HcTOpH!O 3TOro OTKpbITHfl 3noxaJibHOro 

3Ha4eHHfl, He JIHWeHHY!O HaJieTa ,n:paMaTH3Ma, CJie,n:yeT Ha4aTb c Oflb!TOB 3. <Pep

MH, BbmOJIHeHHb!X B 1934 r .. HccJie,n:osaJiacb HcKyccTBeHHaf! pa,n:HoaKTHBHOCTb, 

B03HHKaIOW.af! B sew.ecTBax, no,n:sepraeMbIX so3,n:eikTBH!O Me,n:JieHHbIX Heihpo

HOB. 0,n:HHM H3 o6JiyqaeMbIX 3JieMeHTOB f!BJif!JICfl ypaH. TioCJie npeKpaw.eHHfl 

o6Jiyqemrn ypaHoBhIH o6pa3eu, HcnycKaJI (3- -•rncTHIJ.bI. Tipe,n:noJiaraJIOCb, 'ITO OHH 

B03HHKaIOT B npou.ecce cJie,n:yiow.Hx npespaw.eHHH: 

238U + n -+ 239U ~ 239R ~ 239R 
92 92 93 94 ' 

me 2~~R H 2~~R - TpaHcypaHOBbie 3JieMeHTbl c z = 93 H 94. Xorn B OflbITax <Pep

MH ,n:eHCTBHTeJibHO COrJiaCHO cospeMeHHb!M npe,n:cTaBJieHHf!M HMeJI MeCTO CHHTe3 

3JieMeHTOB 93R H 94R, o,n:HaKo H. Ho,n:,n:aK B TOM R<e 1934 r. ,n:oKa3aJia, 'ITO XHMH-

11ecKaf! H,AeHTHqmKaU,Hfl 3THX 3JieMeHTOB ocyw.ecTBJif!JiaCb HenpaBHJibHO (Ha 3TOM 

BOnpoce, He HMe!OW.HM ,AJifl Hae cyw.ecTBeHHOfO 3HalleHHfl, Mb! ocTaHaBJIHBaTbCfl 

He 6y,n:eM; apryMeHTbI Ho,n:.n,aK npJ.rne.n,eHhI, Hanp11Mep, B KHHre [14, c. 160]). 
B 1938 r. H. KiopH H TI. CJiaBH'l npo,n:OJIR<HJIH aHaJiorwrnhie onhITbI H o6Hapy

R<HJIH, 4TO npH 6oM6ap,n:HpOBKe ypaHa HeHTpoHaMH o6pa3yeTCfl pa,n:HOaKTHBHb!H 

H30TOn c nepHo,n:oM noJiypacna.n,a 3,5 qaca, Ha3BaHHoro HMH «R (3,5 11aca)». X11-

MH'leCKHe HCCJie,n:oBaHHfl noKa3aJIH, 'ITO 3TOT H30TOIT coocaR<,n:aeTCfl c OKCHJiaTOM 

JiaHTaHa. Ha 3TOM ocHoBaHHH K10pH H CaBH'l 3aKJI!04HJIH, 4TO cso?icTBa 3JieMeHTa 

«R (3,5 qaca)» H,n:eHTH4HbI CBOHCTBaM JiaHTaHa. HoBH3Ha 3Toro BhIBo,n:a cocToHT 

B TOM, 4TO nopH,AKOBb!H HOMep JiaHTaHa (Z = 57) He 60Jibllle, a ropa3,n:o MeHbllle 

nopH,AKOBblX HOMepoB ypaHa H 3JieMeHTOB 93R H 94R (BnOCJie,n:cTBHH Bblf!CHHJIOCb, 

4TO «R (3,5 qaca)» ,n:eiicTBHTeJibHO npe,n:cTaBJifleT co6oii H30Ton JiaHTaHa). TeM 

caMbIM KiopH H CaBH4 «BITJIOTHYIO no,n:ollIJIH» K OTKpbITH!O ,n:eJieHHfl ypaHa, o,n:HaKo 

pellla!OUJ.HH npaBHJibHb!H BblBO,A HMH He 6bIJI c,n:eJiaH. 

Pelllaiomee 3Ha4eHHe B OTKpbITHH npou,ecca ,n:eJieHHfl HMeJIH onbITbI 0. faHa 

11 <P. lliTpaccMatta. Tiposo.n,H B .n,eKa6pe 1938 r. onbITbl, aHaJIOrH4Hbie 3KcnepHMeH

TaM KiopH H CaBH4a, faHH H lliTpaccMaH c noMOW.b!O T04HOro pa.n,HOXHMH4ecKoro 

aHamrna ,!l,OKa3aJIH, 'ITO B pe3yJibTaTe 6oM6ap,n:HpOBKH ypaHa HeihpoHaMH B03HH

KaeT 3JieMeHT 6apHH (Z = 56) H (sepOHTHO) 3JieMeHT c z = 43, Ha3bIBaBllIHHCfl 

B TO speMH Ma3ypHeM (ero cospeMeHHOe Ha3BaHHe-TexHeu,Hii). Y,n:HBHTeJibHOH 
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oco6eHHOCTblO pe3yJibTaTOB OITl1CbIBaeMb!X OITb!TOB ITpe.ncTaBJIHJIOCb TO, lJTO o6a 

3Tl1X 3JieMeHTa pacITOJIO)KeHbI B cepe.n11He ITep110.n11qecKoi1 c11cTeMbI. B csoeii 

CTaTbe OT 22 .neKa6p5! 1938 r. faH 11 lllTpaccMaH OTMelJa!OT, lJTO «CYMMa MaCCOBb!X 

q11ceJI 6ap11H 11 Ma3yp11H 138 + 101 .naeT 239», (a 3HalJeH11e 239 KaK pa3 pasHO 

cyMMe aTOMHbIX Mace ypaHa 11 HeihpoHa). O.nttaKo, OTKpbrn cpaKTHlJeCKH JI,eJJeHHe 

H.nep ypaHa, f aHH 11 lllTpaccMaH He .naJil1 lJeTKOH cp11311lJeCKOH l1HTepITpeTau1111 

CBOl1X Ha6JIIOJI,eHl1H. 

B cJie.nyIOmeM 1939 r. JI. Mei-irnep 11 0. <Ppmn 11cqepITb1Ba10m11M o6pa3oM 

06bHCH11JI11 pe3yJibTaT OITbITOB faHa 11 lllTpaccMaHa. Mei-iTHep H <Pp11w IT11caJI11: 

«Ha rrepBbIH B3rJIH.ll. 3TOT pe3yJibTaT OlJeHb Tpy.nHo ITOHHTb. Bo3MO)KHOCTb o6pa-

3osamrn 3JieMeHTOB, Jie)Kam11x MHoro Hl1)Ke ypaHa, paccMaTp11saJiacb 11 paHbwe, 

HO BCerJI,a ornepraJJaCb ITO PH.ll.Y cpH3HlJeCKl1X ITPl1lJHH ... 0.nHaKO Ha OCHOBe HOBb!X 

rrpe.nCTaBJieHHH 0 ITOBeJI,eHl111 T51)KeJib!X HJI.ep B03Hl1KaeT COBepweHHO Apyra5! Kap

THHa 3T11x HOBbIX ITpoueccos pacITa.na ... Ope.nCTaBJIHeTCH B03MO)KHbIM, lJTO H.npo 

ypaHa HMeeT Jil1Wb He6oJibWYIO ycTOHlJHBOCTb cpopMbl 11 MO)KeT ITOCJie 3axBaTa 

Hei-iTpoHa pa3.neJI11TbCH Ha JI.Ba HJI.pa ITp11MepHo OJI.11HaKOBbIX pa3Mepos». Mei-irnep 

11 <Pp11w ITOJJaraJIH, lJTO ITO ITPl1lJHHe 3HalJHTeJibHOro ITpeBbIWeHl1H B H.npaX-OCKOJI

Kax 'lHCJia HeHTpOHOB HaJI, lJHCJIOM npoTOHOB, 3TI1 5l.JI.pa .UOJI)KHbl 6bITb (3- -aKTHBHbl 

11 nocJie pH.na nocJie.nosaTeJibHbIX /3- -pacITa.nos rrpespamaTbCH B cTa611JibHb1e 

lJaCTHUbl. 00JiaraJil1 TaK)Ke, lJTO (3- -aKTHBHOCTb HeKOTOpb!X H.Uep - npo.nyKTOB 

pacITa.na H.nep ypaHa, B03HHKa!Olll,HX B OilbITax <PepMH, ITO-Bl1)1.HMOMY, OWH60lJHO 

npHITHCbIBaJJaCb TpaHcypaHOBblM H.npaM. 

Mei-irnep 11 <P11w rrpe.nCKa3aJI11, lJTO B ITpouecce .neJJeHHH H.nep ypaHa .ll.OJI)KHa 

BbI.UeJIHTbC5l. 60JibWa5l. KHHeT11lJeCKaH 3HeprnH. 

)J,JI5l. ITOJJylJeHl15l. lJHCTO cp113HlJeCKoro )l.OKa3aTeJibCTBa B03MO)KHOCTl1 .neJieHl1H 

c npe.ncKa3aHHb!M Bb!COKl1M 3HeprOBbI)l.eJieHHeM <Pp11w B TOM )Ke 1939 ro.ny 

nposeJI OITbIT, ocHoBaHHbIH Ha 11cnoJib30BaH1111 110H113aUl10HHOH KaMepbI. BITocJie.n

CTBHl1 aHaJIOrHlJHb!e Oilb!Tbl 6b!Jil1 BOCITp0113Be.neHbl MHOrHMl1 HCCJJe.nosaTeJI5l.MH. 

06bilJHO TaKOH 3KCITepHMeHT ITPOBO)l.11TC5l. c ITOMOill,b!O HOHl13aU110HHOH KaMepbl, 

Ha 0)1.HH 113 3JieKTpo.nos KOTOpOH HaHOCHTC5l. TOHKl1H CJIOH ypaHa (11Jil1 ypaHOCO

.nep)Kalll,ero semecrna) 1). KaMepa coe.nHH5l.eTc5! c yrnJIHTeJieM 11 ocu11JIJiorpa¢0M. 

Ha 3KpaHe ITOCJie)l.Hero B OTCYTCTBHH HeHTpOHHOro 11CTOlJH11Ka Ha6JIIO)l.a!OTCH 

Jil1Wb MHOrolJl1CJieHHble 11MITYJibCbl OT O:-lJaCT11U, 11CITYCKaeMb!X ypaHOM (c 3Heprn

ei1: rv 4,5 M9B). 0.nHaKo ITPH o6JiylJeHHH KaMepb! Hei1TpoHaMH B03HHKa!OT MHOro

lJl1CJieHHbie 11MITYJibCbl, B 15 pa3 11 6oJiee ITpesocxo.nHm11e 11MITYJibCbI OT o:-lJaCTHU, 

lJTO orneqaeT 3Heprn11 .no 100 M3B (p11c. 15.1). 

B 1940 ro.ny K. A. neTp)KaK 11 r. H. <PJiepos ycTaHOBl1Jil1, lJTO H.npa ypaHa 

CITOC06Hbl 11 K caMorrp0113BOJlbHOMY ( CITOHTaHHOMy) .neJieHl1!0 . .ll,JI5l. Ha6JIIO)l.eHl1H 

HCI10Jib30BaJiaCb MHOfOCJIOHHaH KaMepa .neJieHl15l., 3JieKTPO.ll.bl KOTopoi-i ( o6mei1 

ITJIOill,a)l.b!O .no 6000 CM2) 6bIJil1 ITOKpb!Tbl TOHKl1M CJIOeM ypaHa. HecMOTp5! Ha 

CTOJib 6oJibillYIO ITOBepxHOCTb ITJiaCTl1H, 3cpcpeKT OKa3aJJC5! Kpai-iHe MaJibIM, COCTa

Bl1B scero ttecKOJibKO 11MITYJJbCOB ocKOJIKOB .neJieH115! B qac. B ITOCJie.ny10m11e ro.nbI 

6bIJ10 ycTaHOBJieHO, lJTO CITOHTaHHOe .neJieH11e Ha6JIIO)l.aeTC5l. 11 Ha .npyrnx T5J.)KeJibIX 

1) )1,pyroe Ha3BaHHe 3TOro yCTpoikrna - KaMepa ,ll.eJJeHHH. 

11 0. A. napcyKOB 
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P11c. 15.1. OcL(HJIJiorpacpwiecKaH KapT11Ha HMTIYJibCOB, B03HHKa10w,11x npH ;i,eJieHH!l H;i,ep. TeMHaH 

llOJIOCa BH!l3Y o6pa30BaJiaCb OT CJI!lB!Il!lXCH !lMllYJibCOB a-IJaCTHL\ 

51.ll,pax. Ero xapaKTepHoH oco6eHHOCTbIO 51BJI51eTC51 6oJibIIIOH nepHOJl. noJiypacna}l,a 

(Jl.JI51 ypaHa rv 1016 JieT). 

BcKope nocJie rnro, KaK cTaJia HCHOH npHHUHnHaJibHaH B03MOLKHOCTb H3BJieqe

mrn rpoMaJl.HOH 3Heprm1 B npouecce J],eJieHH51 51.ll,ep ypaHa, ny6JIHKaUHH o JI.eJieHHH 

THJKeJib!X 51.ll,ep H3 coo6pa)KeHHH ceKpeTHOCTH Ha Jl.OJirHe fO}l,bl 6bIJIH npeKpaIII.eHbl. 

I. Eme 3a l.JeTb1pe ro,n:a ,n:o oTKphITHJI npouecca ,n:eJiemrn H,n:ep ypaHa - B 1934 r., 

rocno)!(a l1,n:a Ho,n:,n:aK, C'HITaBrnaJICJI aBTop1neTHhIM y'-leHbIM B o6JiacTH XHMH'-leCKoro 

aHaJIH3a pe,n:KHX 3eMeJih, BbJCKa3aJia rnnoTe3y, cornaCHO KOTOpOH «TipH 6oM6apJJ.HpOBKe 

TH)!(eJibIX HJJ.ep HeHTpoHaMH 11ccJieJJ.yeMoe HJJ.po pacna}l,aeTCH Ha HeCKOJibKO KpynHhIX 
KYCKOB, KOTOpbie, HeCOMHeHHO, }l,QJI)!(Hbl 6bITb H30TOTiaMH H3BeCTHbIX 3JieMeHTOB, HO He 

coceJJ.HHX 3JieMeHTOB, TIOJJ.BeprnyThIX o6Jiy'leHH!O». Ho HH <l>epMH, HH faHH co lllTpac

cMaHoM Bcepbe3 He npHHHJIH rnnoTe3y HOJJ.)l,aK. 3To MO)!(HO TIOHHTb, eCJIH npHHHTb BO 
BHHMaHHe, 'lTO no cymecTBOBaBWHM B 30-x ro}l,aX npOWJIOro BeKa cpH3Hl.JeCKHM npe.ll,CTaB

JieHHHM BHYTPh TH)!(eJioro HJJ.pa MO)!(eT npoHHKHYTh 11 pacmenHTh ero TOJihKO qacT11ua, 

o6Jia}l,a!OIIJ.3H KHHeTHl.JeCKOH 3Heprneii cymecTBeHHO 60JibllleH, l.JeM KHHeTHl.JeCKaH 3HeprnH 

a-'laCTHU, 11cnoJih30BaHHhIX B onhITax Pe3epcpopJJ.a H ero cOTPYJJ.HHKOB. l1MeHHO c ueJib!O 
pacmenJieHHH HJJ.ep H CTaJIH HCTIOJib30BaTh qacTHUhI, ycKopeHHbie Ha reHepaTope BaH-JJ.e

fpaacpa H JJ.pyrnx ycKopHTeJIHX. HeiiTpOH, o6Jia)l.a!OIIJ.HH ornocHTeJibHO He6oJibrnoii 3Hep
r11eii, HHKaK He noxo}l,HJI Ha poJib «CHapR,11,a», cnoco6Horo npoHHKaTb BHYTPh TH)!(eJioro 

HJJ.pa H pacmenHTh ero. 

2. <l>p11w TaK OTIHCbJBaeT pe3yJibTaT ,11,HCKYCCHH Me)!(JJ.Y HHM H MeHTHep no TIOBOJJ.Y 

HHTepnpeTaUHH OTKpbITHH faHa H lliTpaccMaHa: «flocTeneHHO HaM cTaJIO HCHO, 'JTO 

pa3pyweH11e HJJ.pa ypaHa Ha JI.Be TIO'JTH paBHhie '-laCTH . . . }l,QJI)!(HO npoHCXO}l,HTb COBep

lIJeHHO onpe,11,eJieHHblM o6pa30M. KapTHHa TaKOBa ... TIOCTeneHHO }l,ecpopMaUHH HCXO}l,HOI'O 

ypaHoBoro HJJ.pa, ero YJJ.JIHHeHHe, o6pa30BaH11e cy)!(eHHH 11, HaKOHeU, }l,eJieH11e Ha JJ.Be 

TIOJIOBHHbl. flopa3HTeJibHOe CXO}l,CTBO 3TOH KapTHHbl c npouecCOM }l,eJieHHH, KOTOpbIM 

pa3MHO)!(a!OTCH 6aKTep1111 ... ». 

15.1.2. Ocuosub1e 3aKouoMepuocTn peaKI.J,HH ~eJieuu.s. ,lleJieHHe npeJI.

crnsm1eT co6ol1 3K30TepMHqecKyIO peaKUHIO, conpOBOJK}l,aIOilI,YIOC51, KaK yKa3bIBa

JIOCb, 60JibllIHM Bb!}l,eJieHHeM 3HeprnH. 06b1qHo 51.ll,pO }l,eJIHTC51 Ha }],Be qacTHUbl 

(ocKOJIKH), xoT51 B pe.ll,KHX cJiyqa51x HX q11cJio MO)KeT 6bITb 6oJibIIIe 1). KpoMe 

OCKOJIKOB npH }l,eJieHHH HcnycKa!OTC51 HeHTpOHbl H HeKOTOpbie Jl.pyrne qacTHUbl. 

CosoKynHOCTb scex qacTHU, B03HHKaIOIII.HX npH Jl.eJieHHH B nocJieJl.YIOIII.eM pacna

Jl,e Ha3b!Ba!OT npOJl.YKTaMH }l,eJieHH51. 

1
) B ;i,aJibtteiillleM 6y;i,eT paccMaTpHBaTbCH TOJibKO ;i,eJieHHe Ha ;i,sa OCKOJIKa. 
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Pa3JIH'iaIOT HU3KOaHepeemuqeC1we iJeJteHue, HJI,yw.ee noJI, JI,eikTBHeM MeJI,

JieHHhlX HeHTpOHOB, H BblCOK03HepeemuqecKoe iJeJteHue, npH KOTOpOM HeHTpOHbl 

JIH60 HHhie 6oM6apJI,Hpyiorn.He 'iaCTHI..I,bl 06J1a)J,aIOT 6oJibllleH 9HeprneH ( 06bI'iHO 

nop5UJ.Ka JI,ecHTKOB 11JIH coTeH M9B). Macchi ocKOJIKOB rrp11 JI,eJ1eH1111 rrepBoro 

THna pacnpeJI,eJieHhl aC11MMeTpH'iHO (p11c. 15.2), a np11 )l.eJleHl111 BTOporo Tl10a 

IO 

* o:i 
:s: 
:z: 
"' to; 

"' "'1: 
0,1 0 

to; 
u :s: ::r 

0,01 

0,001 

80 100 120 140 160 A 

P11c. 15.2. Pacnpe.n;eJieH11e H.n;ep ocKOJIKOB no MaccaM np11 HH3K03HeprernqecKoM .n;eJieHHH ypatta-235 

CHMMeTp11'-IHO 11JIH OO'iT11 CHMMeTpwrno. EcJIH 3Hepnrn 60M6apJI,11pyiom11x 1-raCTHI.1, 

He npeBhilllaeT HeCKOJihKl1X )l.ecHTKOB M9B, TO )l.eJ1ett11e 11):1,eT c o6pa3osaHHeM 

COCTaBHOro HJJ.pa. 

flp11 acHMMeTp11'-IHOM ):l,eJleHl111 HJI,ep ypaHa-235 Ha1160J1ee BepOHTHOe OTHOllle

Hl1e Mace OCKOJIKOB COCTaBJIHeT 1,46; OHO paBHO OTHOllleHl1IO MaCCOBhlX '-!HCeJI TH

:>KeJloro OCKOJIKa - KCeHOHa (A= 139) 11 JlerKoro OCKOJIKa - CTpOHI..I,HH (A= 95). 

3tta'ieHl1H 9THX MaCCOBhIX 'iHCeJI COOTBeTCTBYIOT Ha p11c. 15.2 MaKCl1MyMaM Bb!XO

.ll.a npOJJ.YKTOB ):l,eJieH11H. 

PeaKI..I,11H .ll,eJieH11H s .ll,aHHOM cJ1yYae 3anHchrnaeTCH B ¢opMe 

2~~U + n --> 
2~~U --> 

1 ~~Xe + j~Sr + 2n. 

B 3TOH peaK1..1,1111 11cnycKaeTCH ):I.Ba MrHOBeHHhIX 6bICTpb1x HeHTpotta. 

3ttepreTl1'ieCKaH BbirO)l.HOCTb ):l,eJieHHH onpe)l.eJIHeTCH pa3HOCTbIO 3Heprn11 CBH-

311 TH:>KeJlhIX 11 cpe.ll,HHX H.ll,ep. Hanp11Mep, JI,JIH 235 U y.z1.eJ1hHRH 3HeprnH cBR3H E 

pastta 7,60 M9B, TOrJJ.a KaK 3Ha'ieHHe E JJ.JIH cTa6HJ1hHhIX npoJJ.yKTOB )l.eJ1eHHH, 

pacnOJIO:>KeHHhIX B cepe)l.HHe nep110)l.H'-leCKOH Ta6J111I.l,bl, COCTaBJIHeT npH6JIH3HTeJlb

HO 8,45 M3B (p11c. 7.9). TaKHM o6pa3oM, H3MeHeHHe 9HeprnH CBH3H JJ.JIH coCTaB

ttoro HJJ.pa 236U(o6pa3oBaHHoro B pe3yJ1hTaTe nornorn.eHHH HJJ.poM 235 U HeHTpotta) 

COCTaBJIReT 236. (8,45 - 7,60) ;:::;j 200 M3B. 

3tteprnH peaKUHH Q f pastta 

(15.1) 

11* 
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rJJ,e E - noJIHa5i 3Hepnrn CB5i3H 5iJJ,pa, a E 1 H E2 - noJIHhie 3HeprnH CB5i3H 

ocKOJIKOB. ,llmi BhILIHCJieHH5i Q f HCOOJih3yeM noJiy3MnHpHLiecKy10 cpopMyJiy Baihi:-

3eKKepa 

(15.2) 

(3HaLieHH5i K03cpcpHUH€HTOB a, (3, /, c; npHBeJJ,eHhl B n. 7.5.2). 
B (15.2) OTCYTCTByeT LIJieH <SA-314, LITO 06b5iCH5ieTC51: ero OTHOCHT€JlbHOH 

MaJIOCThIO; BJIH5iHHe 3TOfO LIJieHa Ha npouecc JJ,eJieHH5i 51:)1,ep 235 U H 
238U 6yJJ,eT 

HCCJieJJ,OBaHO HH2Ke. 

JJ:onycTHM, LITO 3ap5iJJ,hI ocKOJIKOB Z1 H Z2 OTHOC5iTC5i KaK HX MaCChI M1 H M2: 

(15.3) 

Ha ca MOM JJ,eJie npH JJ,aHHOM oTHollleHHH M1 / M2 o6bILIHO HMeeT MeCTo He6oJihlllOH 

pa36poc 3HaLieHHH Zif Z2. OJJ,HaKO OH HaCTOJibKO MaJI, LITO COOTHOilleHHe (15.3) 
M02KeT CLIHTaThC51: cnpaBeJJ,JIHBb!M npH orpaHHLI€HHOH TOLIHOCTH OOJIY3MOHpHLie

CKOH cpopMyJihl (15.2). l1raK, OOJIO)KHM, LITO MaCCOBhie LIHCJia OCKOJIKOB co-

CTaBJI5ilOT 

A, = f A H A2 = (1 - f)A, (15.4) 

a 3ap5iJJ,h1 

Z1=JZ H Z2=(l-f)Z, (15.5) 

rJJ,e f H ( 1 - J) - K03cpcpHUHeHThI, yLIHThrna10mHe JJ,OJIH A H Z, npHXOJJ,5iI11.Hec5i 

Ha nepBblH H BTOpOH OCKOJIKH COOTBeTCTBeHHO (0 < f < 1). l1cnoJih3Y5i cpopMyJiy 

(15.2) npHMeHHTeJihHO K E1, E 2 H E H BBOJJ,51: o6o3HaLieHH5i (15.4) H (15.5), 
H3 (15.1) OOJIYLIHM 

2/3 z2 ) Q1 = (3A C1(f) +1 A 113 C2(f, (15.6) 

rJJ,e C1 (!) = 1 - [!2/3 + ( 1 - !)2/3]; C2 (!) = 1 - [!5/3 + ( 1 - !)5/3]. 
IlpH Bh!BOJJ,e cpopMyJihl (15.6) LIJI€Hbl, COJJ,ep2KaI11.He (3 H /, HCLI€3JIH BCJI€)J,CTBHe 

COKpameHH5i. 

Hai1JJ,eM 3HepreTHLiecKoe ycJIOBHe B03M02KHOCTH JJ,eJieHH5i. IlpHpaBH5iB c 3Toi1 

U.eJiblO B (15.6) Qf HYJIIO, OOJIYLIHM 

Z
2 

= _/3Ci(f) = -25C(f) (15.7) 
A 1C2(f) ' 

z2 
f)J,e C(f) = C1(f)/C2(f). Ha p11c. 15.3 noKa3aHa 3aa11c11MOCTh A(!), onpeJJ,e-

JieHHa5i c noMOill.h!O (15.7). KaK BH,ll,HO, JJ,eJieHHe HeB03M02KHO JJ,JI5i 3JieMeHTOB 

c Z2 I A < 17. 3TOMY ycJIOBH!O y,n,OBJieTBOp5ilOT 3JieMeHTbl c z < 40 H A < 100. 
JlpHMepoM TaKoro «rpattHLIHoro» 3JieMeHTa 5iBJI5ieTrn TextteQHH (Z = 43, A= 99). 
MaKCHMaJibHoe 3HaLieH11e f = 0,5 cooTBeTcTayeT ,neJieH1110 Ha ,naa paBHhIX no 

Macce OCKOJIKa. 3JieMeHTbl B KOHQe nepHO)l.HLieCKOH CHCT€Mbl MoryT JJ,eJIHTbCH 

,na2Ke npH ycJIOBHH f R:j 0,025, LITO cooTBeTcrnyeT a-pacnaJJ,y. TaKHM o6pa30M, 

OTHOilleHHe Z 2 I A 5iBJI5ieTC5i Ba2KHOH BeJIHLIHHOH, onpe,neJI5iIOill.eH 3HepreTHLieCKYIO 

B03M02KHOCTh JJ,eJieHHH. Otto noJiyLIHJIO Ha3Batt11e napaMeTpa JJ,eJieHHH. 
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PHc. 15.3. KpHBaH f(Z 2 /A), HJIJIIOCTPHPYIOll\aH 3HepreTw-1ecKyIO B03MO)l{HOCTb JJ,eJiemrn 

Teopm1 .n.e.nemrn, pa3pa6oTaHHa51 B 1939 r. H. oopoM 11 .Ll.:IB:. Y11.n.nepoM 
(11 tte3aB11c11Mo OT tt11x H. M. <PpettKe.neM), 11cxo.n.11.na 113 npe.n.crnB.nett11fi Kane.nh
HOH Mo.n.e.n11. B octtoBy Teop1111 no.no:IB:etta 11.n.eH o TOM, 4TO 113MeHeH11e :rnepnrn 
.n.e.nm11.erOC5I 5I.LJ.pa-Kan.n11 CB5I3aHO c 113MeHeH11eM ero cpopMbl. .Ll.onycT11M, 4TO 5I.LJ.PO 
B ycTOH411BOM cocT05IH1111 11MeeT Bl1.LJ. ccpepbI pa.n.11yca R, a B B036y:IB:.LJ.eHHOM -
3.n.n11nco11.n.a Bparn.eHl1H. I1p11 OTK.nottemrn OT wapoo6pa3HOH cpopMbI noBepxHOCTb 
51.LJ.pa yBe.nl1411BaeTCH, c.ne.n.oBaTe.nbHO, B03paCTaeT 11 noBepXHOCTHaH 3Heprm1. 0.n.
HOBpeMeHHO c ee poCTOM 3.neKTpOCTaTl14eCKa5I 3Heprn5I yMeHhrnaeTCH, nOCKO.nbKY 
npoTOHbl MaKCHMa.nbHO c6.n11:IB:eHbl Me:IB:.LJ.Y co6oi1 np11 ccpep111-1eCKOH <PopMe 51)1.pa. 
I1TaK, npH )l.ecpopMau1111 H)l.pa 113MeHH!OTC51 )l.Be KOMnOHeHTbl noTeHu11a.nbHOH 3Hep
rHl1 51.D.pa, BXO.LJ.51Ill.11e B cocTaB Bb1pa)KeH115I (15.6). HanttrneM ero npHMeHHTe.nbHO 
K ypatty, )l..nH KOToporo onb1THoe 3HalJeHHe f cocrnBmieT 0,67. Tor.n.a 

Q1 = 0,361Z2 A-1!3 - 0,25,6A213, ( 15.8) 

T. e. npH .n.ecpopMaU:HH 5I.LJ.pa H3MeHeHHe Ky.noHOBCKOH 3Heprntt npOTHBOno.nO)KHO no 
3HaKy H3MeHeHl1IO noBepxHOCTHOH (KaK H c.ne)l,OBa.no O)KH)l.aTb). I1o)l.ClJl1TaeM Q1 
)l..n51 KOMnayH.LJ.-5I)l.pa 236U (U235 + n); n - Ten.nOBOH HetnpoH: 

Q1 = 0,36 · 0,71 3
922 

- 0,25 · 17,8 ij2362 = 350 - 168 = 182 M3B. 
1236 

B cooTBeTCTBl1H c yc.noBHeM HeC)Kl1MaeMocT11 51.LJ.epttoro Bern.ecTBa B Teop1111 C411-
TaeTc51, 4TO o6beM 51.D.pa, 11cnhITaBrnero .n.ecpopMau.1110, Bcer.n.a paseH 411 R3 /3. 
Bocno.nh30BaBrn11cb 3T11M yc.noB11eM, MOmtto no.nyL111Tb Bb1pa:IB:ett11e, CB513hIBaIOw.ee 
MeM.D.Y co6oi1 113MeHett11e noTettu:11a.nbHOH 3Heprn11 51.LJ.pa, o6yc.noB.neHHOe ero 
.D.e¢opMau11efi b.E, 11 napaMeTp .D.ecpopMau.1111 a: 

b.E = 0,2a2 A 213(35,6 - 0,710Z2/A) M3B. (15.9) 

I1o.no:IB:I1Te.nbHOe 3Ha4eH11e b.E yKa3hJBaeT Ha ycTOH411BOCTb 51)1.pa, nOCKO.nhKY np11 
b.E > 0 yseJmtieH11e .n.ecpopMau.1m (a: pacTeT) conposom.n.aeTC51 yse.n11tieH11eM no
TeHu:11a.nbttoi1 3Heprn11. Hao6opoT, 0Tp11u:aTe.nbHOe 3Ha4ett11e b.E cB11.LJ.eTe.nhcTByeT 
o HeycTOH4HBocrn 51.D.pa. Yf3-3a 60.nee 6b1CTporo poem BToporo q.netta B (15. 9) 
cpyttKU.1151 b.E(Z2 /A) )l,O.n:IB:Ha nepei1rn 4epe3 tty.nh 11 CTaTb OTp11u.aTe.nbHOi1; np11 
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Z 2 I A ~ 49 b..E = o. 3TOMY 3HaYemHO Z 2 I A COOTBeTcTByeT 3JieMeHT c z ~ 120, 
,ll,em1wJ1HCH caMonpoH3BOJihHO H MrHOBeHHO (3a 51,ll,epHoe BpeM51). CornacHo pa3-

BHTOH MO,ll,eJibHOH reopHH 3JieMeHT c z = 120 H ,ll,OJI)KeH onpe,ll,eJI51Th B03MO)KHYIO 

rpaHHu,y nepHO,ll,HYeCKOH CHCTeMhl. 

B npou,ecce ,ll,aJibHeH'wero pa3BHTH51 reopHH ,ll,eJieHH51 H coBepweHCTBOBaHH51 

3KCnepHMeHTaJihHbIX MeTO,ll,OB CHHTe3a rpaHcypaHOBhIX 3JieMeHTOB 6hIJia IlOJiyYeHa 

HOBa51 HH<PopMaIJ,H51, BO MHOfOM H3MeHHBJlla51 HaYaJibHbie npe,ll,CTaBJieHH51 0 npe

,ll,eJiax o6JiaCTH B03M0)KH0f0 cymecTBOBaHH51 CBepxrmKeJib!X 51,ll,ep H creneHH HX 

ycroHYHBOCTH. 3TH Bonpocb1 Mhl paccMorpHM B § 15.2. 

15.1.3. HHTepnpeTaU:HSI npou:ecca )];eJieHHSI Ha OCHOBe KaneJibHOH MO
)];eJIH SI)];pa. IlpH paccMorpeHHH npou,ecca ,ll,eJieHH51 cJie,ll,yer YYHThIBaTh cyme

CTBOBaHHe IlOTeHIJ,HaJihHOfO 6apbepa, aHaJIOfHYHOro 6apbepy, npemITCTBYIOlll.eMy 

a-pacna,ll,y. c KJiaCCHYeCKOH TOYKH 3peHH51 ,[l,eJieHHe 51,ll,pa MO)KHO Bhl3BaTb, coo6-

lll.HB ,ll,06aBOYHYIO 3HeprnIO, Ha3brnaeMyIO 3Heprnei:i aKTHBau,HH E1, Heo6xo,ll,HMYIO 

,ll,J151 npeO,ll,OJieHH51 3TOro 6apbepa. c KBaHTOMexaHHYeCKOH TOYKH 3peHH5I B03MO

)KeH H ,ll,pyroi:i cnoco6 pacna,ll,a, o6ycJIOBJieHHhIH npocaYHBaHHeM ocKOJIKa CKB03h 

IlOTeHIJ,HaJihHbIH 6apbep (y)Ke 3HaKOMOe HaM CilOHTaHHOe ,ll,eJieHHe). 

PaccMorpHM pHc. 15.4, r,ll,e noKa3aHa 3aBHCHMOCTh norem.1.HaJihHOH 3HeprnH 

51,ll,pa U or napaMerpa, xapaKrepH3YIOlll.ero creneHh ,ll,ecpopMaUHH 51,ll,pa H paccro-

z2 
-rv35 
A 

z2 
-rv25 
A 

z2 
-<25 
A 

I 

PaccTOH~He Me)K.n:y ocKOJIKaMH 
I 
I 
I 
I 
I 
I 
I 
I 
I 

: :a 
: [ 

0'0 9 

P11c. 15.4. Bapbep .n:eJieHHH np11 pa3JIJ11lHbIX 3Ha'leHHHX napaMeTpa Z2 I A 11 COOTBeTCTByJOm11e eMy 
nocJie.n:oBaTeJihHbie crn.n:;rn .n:eJieHHH H.JJ:pa I-V 
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HHl1e Me)KJJ.Y OCKOJ1KaM11 IlOCJie ,ll.eJieHl1H. Dpeo,ll.OJieH11e 6apbepa CBH3aHO c ,ll.aJib

HeihueH ,!1.ecpopMau11eH H,!1.pa, np11H11Ma10r.uero 811,ll. raHTeJil1 (cM. p11c. 15.4, IlOJIO)Ke

Hl1H I, II, III). Bo3Bpar.ueH11e K nepsoHal.!aJibHOH cpopMe cTaHOBl1TCH HeB03MO)KHbIM 

nocJie npoXO)K,ll.eHl1H HJJ.pOM Kp11Tl1l.!eCKOH TOl.!KH npe,!1.eJibHOH ynpyroH ,!1.ecpopMa

u1111. ,Ll.aJibHeAwaH JJ.ecpopMaUHH xapaKTep113yeTCH npeo6JiaJJ.aH11eM KYJIOHOBCKHX 

c11JI HaJJ. c11JiaMH nosepxHOCTHoro HaTH)KeH11H. Ha nocJieJJ.HeH cTaJJ.HH npouecca 

nosepxHOCTHbie Cl1Jlbl ,ll.a)Ke cnoco6crnyIOT pa3BaJiy H,!1.pa, IlOCKOJlbKY IlO,ll. HX 

JJ.eHCTBHeM noJioBHHKH raHTeJI11 CTpeMHTCH np11HHTh cpopMy wapa (noJio)KeH11e IV 
Ha p11c. 15.4). Dpouecc JJ.ecpopMaUHH HJJ.pa 3asepwaeTCH ero pacnaJJ.OM Ha JJ.Ba 

OCKOJIKa, np11l.!eM OCKOJIKl1 np1106peTaIOT Kl1HeTHl.!eCKYIO 3Heprn!O B npouecce 11X 

3JieKTpocTaTHl.!ecKoro OTTaJIKHBaHHH. B caMOM JJ.eJie, JJ.eHcrn11e HJJ.epHbIX c11JI npe

Kpar.uaeTcH s MOMeHT JJ.eJieH11H (noJIO)KeHHe IV), np11 pa3JieTe ocKOJIKl1 HaXOJJ.HTCH 

s KYJIOHOBCKOM noJie JJ.pyr JJ.pyra. Bhrl.!11cJI11M KYJIOHOBCKYIO 3Hepr1110 JJ.emrr.uerocsr 

H,!1.pa 235U, 3axBaT11swero TenJIOBOH HeHTpOH . .5yJJ.eM Cl.!11TaTb, l.!TO B MOMeHT 

pa3pbrna ocKOJIKl1, xapaKTep113yeMhie paJJ.11ycaM11 p1 11 p 2 11 3apHJJ.aM11 Z1 11 Z2 , 

conp11Kaca10TCH ,!1.pyr c JJ.pyroM, TaK l.!TO KYJIOHOBCKaH 3Hepnrn 11x oTTaJIK11BaH11H 

pasHa Ek= Z1Z2e2/(p1 + P2). Dp11MeM, l.!To A1 = 95, Z1 = 38, A2 = 139, 
Z2 = 54, c1 = c2 = 1,5 · 10-13 · A113 CM. Tor,ll.a 

Ek= 38. 54. (4,8. 10-10)2 ~ 200 M3B 1) 
1,5. 10-13 . (95 113 + 139113). (1/6). 10-6 ' 

l.!TO COBila,ll.aeT c oueHKOH 3Heprn11 ,ll.eJieHl1H, C,ll.eJiaHHOH Bb!We 113 6oJiee 06r.u11x 

coo6pa)KeHHH. 

PaccM0Tp11M oco6eHHOCTH ,ll.eJieH11H np11 pa3HOH BhICOTe 6apbepa E f. KaK 

OTMel.!aJIOCb Bb!We, 3JieMeHT c z = 120 ,ll.eJ111TCH CilOHTaHHO 11 MrHOBeHHO . .Ll.JIH 

Hero Z 2 I A = 49, E f = 0. ilp11 Z 2 I A < 49 2)' E f > 0, 11 caMonp0113BOJ1bHOe 

,ll.eJieHHe B03MO)KH0 TOJibKO nyTeM npocal.!HBaHHH CKB03b IlOTeHU11aJibHblH 6apbep, 

T. e. CilOHTaHHOe ,ll.eJieH11e aHaJIOrHl.!HO a-pacna,ll.y 11 MO)KeT 6hITb o6bHCHeHo J111lllb 

B paMKax KBaHTOBOH MexaH11K11. BepoHTHOCTb cnoHTaHHoro JJ.eJieH11H 3as11c11T OT 

napaMeTpa ,ll.eJiemrn, yMeHblllaHCb c yMeHhllieH11eM Z2 I A . .Ll.JIH ypaHa (Z2 I A= 36) 
3Ta sepOHTHOCTb MaJia, COOTBeTCTBeHHO BeJIHK nep110,ll. noJiypacna,ll.a no OTHOWe

HHIO K ,ll.eJieHl1!0, a 11MeHHO Ten = 8 · 1015 JieT. 

,Ll.JIH «6bICTporO» ,ll.eJieHl1H TH)KeJioro HJJ.pa c Z2 I A < 49 c Ol.!eHb 60Jibllll1M 

3Hal.!eHYieM Ten He06XO,!l,HMO npe,I1,Bap11TeJihHO nepe,!!,aTb eMy 3Hepn!IO B036y)K,!l,e

Hl1H E, 60Jihrny10 Er 
(15.10) 

3TO MO)KHO ocyr.uecTs11Tb, o6Jiyl.!aH H,!!,po ')'-KBaHTaM11 c 3HeprneA Et, YJl.OBJie

rnopsr10r.ueA HepaBeHCTBY By > EJ. CJieJJ.OBaTeJibHO, o6Jiyl.!aH HJJ.pa ')'-KsaHTaMl1 

1
) Pa3yMeeTcH, 3TOT rro,ll,cqeT HBJIHeTCH cyry6o op11eHT11posoqHbIM. 

2
) 3HaqeH11e Z 2 /A = 49 HBJIHeTCH np116J111iKeHHbIM 11 s 3as11c11MOCT11 OT crroco6a no,ll,cqera 

sapb11pyeT OT 45 ,ll,O 49. 0TMeT!1M TaKiKe, qTo rrp11Be,ll,eHHaH Teop11H He yq11Tb1BaeT oco6o Bb!COKOH 

CTa6!1JibHOCTl1 Mar11qecK11x THiKeJiblX 51,ll,ep, KOTOpbie MoryT OKa3aTbCH cpaBHHTeJibHO ,ll,OJlrDiKl1By

Il\11Ml1 (CM. § 15.2). 
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pa3Hb!X 3Heprni1 no nopory peaKIJJil1 .n,eJieHl1H MO.MHO ycTaHOBl1Tb Bb!COTY 6apbe

pa E1. 
B 11HTepBaJie Z 2 I A = 17 -25 6apbep E f OlleHb Bb!COK (.n,eCHTKl1 M3B)' 11 .ll,JIH 

ocyw.ecTBJieH11H peaKu.1111 .n,eJieH11H Heo6xo.n,11MbI 60M6ap.n,11py10w.11e qacTl1IJ.bI, ycKo

peHHbie .n,o 3Heprn11 B HeCKOJibKO .n,ecHTKOB 11JI11 coTeH M3B. )lJIH 3JieMeHTOB 

c Z 2/A = 35-36 (go Th, 91Pa, 92U) Ej He npeBOCXO.ll,11T 5-6 M3B, lJTO np11MepHo 

COOTBeTCTByeT 3Hepr1111 CBH311 HeHTpOHOB. 

EcJI11 .n,eJieH11e npo11cxo.n,m no.n, .n,ei1crn11eM Hei1TpoHa, To ycJios11e (15.10) 
np11Hl1MaeT 811.ll, 

(15.11) 

A 
r.n,e En - 3HeprnH CBH311 HeHTpOHa B COCT3BHOM H.ll,pe, w~ = A+ 1 Wn -

OTHOCl1TeJibH3H Kl1HeT11tiecKaH 3Hepr11H H.n,pa 11 HeHTpOHa, Wn - Kl1HeTl1lleCK3H 

3HeprnH nocJie.n,Hero B JI. c. K. [cM. cpopMyJihI (14.8) 11 (14.9)]. 
Onb!T noKa3bIBaeT, tITO 1130TOn ypaHa 235 U .n,eJI11TCH TenJIOBbIMl1 HeHTpoHaMH, 

a .n,pyrot'i ero 1130Ton - 238U - Hei1TpoHaMH c 3Heprnei1, He MeHbrneH: 1, 1 M3B 

(no.n,po6Hee 06 3TOM CM. B § 16.3). B nepBOM H BTOpOM CJIYll3HX .n,eJieHHe npo11c

XO.ll,l1T COOTBeTcTBeHHO qepe3 npoMe.MyTO'IHbie H.ll,pa 236 U 11 239U; 11X COCTOHHl1H 

11 CJie.n,yeT paccMaTpHsaTb. Opou.ecc .n,eJiemrn npOTeKaeT y 3THX 51.n,ep pa3JIHtIHO no 

.n,syM np11tI11HaM. Bo-nepBbIX, BbICOTa 6apbepa E1 .ll,JIH 236U MeHbWe, qeM .n,JIH 239U, 

TaK KaK napaMeTp .n,eJieHl1H B nepBOM CJiyqae 60JibI1Ie. 113 pactieTOB Bb!TeKaeT, 'ITO 

E - , ,,_., , 
{

6 o M3B TTJ]fl 
236u 

f - 7 ,0 M3B .ll,JIH 2~~U. 
(15.12) 

Bo-BTOpb1x, 3HeprnH CBH311 Hei1TpoHa En s H.n,pe 236 U 6oJibWe, tieM B H.n,pe 
239U, tITO CBH3aHO c 3cpcpeKTOM cnap11saH1rn o.n,11HaKOBbIX HYKJIOHOB [3HeprnH 

cnap11saHl1H on11CbIBaeTCH B (7.27) nHTb!M qJieHOM c)A-314 ]. ,UettCTBl1TeJihHO, .ll,JIH 

lleTHO-tieTHOro 51.ll,pa 2~~u tIJieH c)A-314 noJIO)Kl1TeJieH (Tor.n,a KaK .ll,JIH 11CXO.ll,HOro 

H.n,pa 235 U oH paseH HYJIIO), a .n,JIH qerno-Hetiernoro H.n,pa 2~~U 3TOT tIJieH paseH 

HYJIIO (.n,JIH H.ll,pa 238 U OH nOJIO)Kl1TeJieH). 

B nepsoM CJiytiae En = 6,5 M3B, T. e. ycJioB11e ( 15.11) np1106peTaeT BH.n, 

E ~ En > E f, a BO BTOpOM En = 6,0 M3B; Yll11TbIBaH ( 15.12), ycJIOB11e (I 5.11) 
6y.n,eT BbJnOJIHeHO, eCJil1 Kl1HeTHtieCK3H 3HeprnH na.n,aJOw.ero HeHTpoHa OKa.MeTCH 

He MeHbWe ~ 1, 1 M3B. TaK11M o6pa3oM, H.n,po 236U 11MeeT 6oJiee Hl13KYJO 3HeprnIO 

aKT11sau.1111 11 c11JihHee so36y.M.n,aeTCH, tieM H.n,po 239U. AHaJiorntIHaH c1Hyau.HH 

Ha6JIJO.n,aeTCH 11 B .n,pyrnx cJiytiaHx. TaK, 51.n,po 233 U .n,eJil1TCH TenJioBbIMH Hei1Tpo

HaMH, a H.n,po 232 Th - TOJibKO 6bICTpblM11. Ilo3TOMY yqeT HBJiemrn cnap11BaH11H 

11MeeT 3HatieH11e .ll,JIH peweHl1H BOnpoca 0 TOM, H.ll,eT Jll1 .n,eJieHHe Jl11I1Ib Ha 6h!CTpb!X 

HeihpoHaX, 11Jil1 )Ke OHO B03MO)KH0 H Ha Me.n,JieHHb!X. 

Ha npou.ecc .n,eJieH11H oKa3b!BaeT BJil1HHl1e paccMaTp11saeMaH H11.Me o6oJioqeq

HaH CTpyKTypa TH)KeJib!X H.ll,ep, He YllHTbIBaeMaH B paMKax 113JIO)KeHHOH BbIIlie Teo

pHH. CtI11TaeTCH, 4TO acHMMeTp11H Mace ocKoJIKOB, Ha6JIJO.n,aeMaH np11 H113K03Hep

reT11tiecKOM .n,eJieHl111, o6ycJIOBJieHa 11MeHHO 060JiotietIHOH CTPYKTypoH: .n,eJIHW.erocH 

H.n,pa. OoJiaraJOT, tITO 11p11 .n,ocT11.MeHHH Kp11T11tieCKOH .n,ecpopMau.1111 11osepxHOCT11 
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51.ll.pa BHernm1e o60JI0l.JKl1 pa3pb!Ba!OTC51 Cl1MMeTp11l.JHO, o.n.HaKO npO'-IHO CB513aHHa51 

cep.n.ueB11Ha 51.n.pa He pa3pbrnaeTc51; BMeCTe c noJIOBl1HOH HYKJIOHOB 113 BHernH11x 

o6oJJol.JeK OHa yHOCl1TC51 o.n.H11M 113 OCKOJIKOB. CTp11 BhICOK03HepreT11l.JecKoM .n.eJie

H1111 cpopMHpoBaH11e o6oJIOl.JeK B OCKOJIKaX 3aTpy.n.HeHo Cl1JlbHblM B036y:>K.n.eH11eM 

.n.eJI51lll.eroc51 51.ll.pa; B pe3yJihTaTe o6pa3y!OTCH OCKOJIKl1 c paBHbIMl1 HJIH IlOl.JTH 

paBHblMH MaccaMl1 (CHMMeTpHl.JHOe .n.eJieH11e). 

15.1.4. CeoH:cTea npo,n:yKTOB ,n:eJieHHH. .H.n.pa 3JieMeHTOB, pacnoJIO)KeHHhIX 

B KOHue Ta6JI11U,bI MeH.n.eJieeBa, HMeIOT BhICOKoe OTHorneHHe l.JHCJia HeihpoHoB 

K l.JHCJIY npoTOHOB (Hanp11Mep, .ll.Jl51 ypaHa OHO paBH51eTCH 1,6). c .n.pyroii CTO

pOHbl, .ll.JI51 cpe,n:HHX 51,nep 3TO OTHorneHtte 3Hal.JHTeJihHo MeHhrne. CTo3TOMY rrocJie 

CBOero o6pa30BaHl151 OCKOJIKH neperpy:>KeHhl HeHTpoHaMH. CTepexo,n B CTa6HJibHOe 

COCT051HHe ocymeCTBJI51eTC51 rryTeM HCnycKaHH51 HeHTfOHOB, HeHTpHHO, ,8-l.J3CTl1Il, 

H 1-KBaHTOB. PaccMoTpHM, HanpttMep pacrra.n. 51.n.ep 23 U. 
Ha nepBoii CTa.ll.HH 11cnycKa10TC5I «MrHOBeHHbie» HeiiTpOHhI H /-KBaHThI (speM51 

HCnycKaHH51 TeX H .n.pyrnx rv 10-I4 c), a Ha BTOpOH CTa.ll.HH 3JieKTpOHbl, /-KBaHTbl 

pacna.n.a H 3ana3.ll.hIBa!Olll.He HeHTpOHbl (BpeM51 ttcnycKaHH51 .n.o .n.ec51TKOB c H 60-

Jiee). Pacrra.n. npo.n.oJI:>KaeTc51 .n.o Tex nop, rroKa He B03H11KHeT CTa6HJihHOe 51.ll.pO. 

MrnoBeHHhie HeiiTpOHhI 11cnycKa10TC5I B036y:>K.n.eHHhIMH ocKOJIKaMH .n.eJieHH51, a He 

COCTaBHblM 51.ll.POM 236U (BpeM51 HX ttcnyCKaHH51 rv 10-19 c). MrnoBeHHbJe TKBaH

Tbl TaK)Ke ttcnycKa!OTC51 B036y)K.n.eHHblMH OCKOJIKaMH B npouecce HX nepexo.n.a 

B OCHOBHOe COCT051HHe. CrreKTp MrHOBeHHOro /-H3Jiyl.JeHH51 HenpepbIBHblH, c MaK

C11MaJibHOH 3Heprnei1, 6JIH3KOH K 7 M3B. 

OcKOJIKH, 11cnhITh1Ba10m11e ,8-pacna.n., KaK H npe.n.CKa3aJIH MeiiCHep H <Ppttw, 

o6pa3y!OT uenol.JKH pa.n.11oaKTHBHblX 3JieMeHTOB, rrpHl.JeM HX .ll.JlHHa BeCbMa pa3-

JIHl.JHa. B Kal.JeCTBe O.ll.HOH 113 Hatt6oJiee KopoTKHX uerrol.JeK MO)KHO yKa3aTb Ha 

cJI e.n.yiomyio: 

I47Nd ~ I47pm 
60 II AH 61 

13- I47Sm 
62 ' 2,5 ro,rI,a 

a B Kal.JeCTBe 0.ll.HOH H3 caMhIX .ll.JIHHHblX 

I43Xe ~ I43Cs f3- I43Ba f3-
54 I c 55 

KOpOTKllH 
56 

KOpOTKllH 

I43La ~ l43Ce ~ 
57 J9MHH 58 324 

~ 143 Pr __£____, 1 ~~Nd (crn6HJieH). 
32 4 59 13,7 j\H 

lln,eHTHcpHKaUl'IH MHOfHX <IJieHOB uenol.JeK pacnaJJ,a 3aTpy.n.HeHa (oco6eHHO 

B nepBbJe MOMeHTbl rrocJie B03HHKHOBeHH51 OCKOJIKa) HX MaJibIMH neptto.n.aMH 

noJiypacna.n.a. B coorneTCTBHH c oco6eHHOCTHMH ,8-pacna.n.a rrpH yKa3aHHhIX 

rrpespameHH51X ocKOJIKOB A = const, a MeH51eTc51 JIHWh Z. CTpH Ka:>K.ll.OM aKTe 

.n.eJieHH51 H30Tona 2~~u 11cnyCKaeTC5I B cpe.n.HeM {) = 2,5 HeHTpOHa. 0KOJIO 0, 75 % 
OT BCex HeihpoHOB, BbIJieTa!Olll.11X rrpH JJ,eJieHl1H COCTaBJI51!0T 3ana3.ll.b!Ba!Olll.He 

HeHTpOHbl (MexaHH3M HcnycKaHH51 3ana3.ll.b!Ba!Olll.HX HeHTpOHOB paccMaTpirnaeTC51 

B n. 15.1.5). Cpe.n.Hee BpeM51 HX 3ana3.ll.hIBaHH51 (rrpH .n.eJieH11H 235U) paBHO np11-

6JIH3HTeJibHO 12 c. KaK MhI y6e.n.11MCH H11:>Ke, 3ana3.ll.bIBa!Olll.He HeiiTpoHhI HrpaioT 

6oJihrnyio poJib B npouecce caMono.n..n.ep:>K11BaiomeACH 51.n.epHoii peaKu,1111. 
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CTpH ,ll,eJieHHH 235U TerrJioBhIMH HeihpoHaMH MrHOBeHHo BhI,ll,eJI5noma51c51 3Hep
rH51 Qf (3Heprn51 peaKUHH) paBHa 180 M3B, a 3Heprn51 Qf3, yHoCHMa51 '-IacrnuaMH 
H 1-H3Jiy'-IeHHeM rrpH l10CJie,ll,yromeM pacrra,ll,e rrpo,ll,yKTOB ,ll,eJieHH51, COCTaBJI51eT 
22 M3B. CTpHMepHoe pacrrpe,ll,eJieHHe 3HeprnH .neJieHH51 (B M3B) BhirJI51,ll,HT cJie
.nyromHM o6pa3oM: 

KirnerwiecKall 3Hepnrn ocKoJJKOB t1,eJ1eH!lll 168 

3ttepr11ll HeHrpoHOB t1,eJ1eH!lH 5 

3tteprnH MrHOBeHHOro ')'-!l3JIY'leH!lll 7 

3ttepr!lH fJ-lJaCT!lU npot1,yKTOB tJ,eJJeH!lll 5 

3Hepr!lH ')'-!l3JJY'leH!lll npot1,yKTOB tJ,eJJeH!lll 6 

3ttepnrn aHrnHeHrp!lHO npOt\YKTOB tJ,eJJeH!lll 10 

l1roro 201 M3B 

15.1.5. MexaHH3M HcnycKamrn 3ana3~&rna10m;Hx HeiiTpoHOB. CTo,ll,o6Ho 
MrHOBeHHh!M HeihpoHaM 3arra3,ll,b1Ba!OII.(He HeHTpOHhl TaKJKe HcrrycKa!OTC51 51,ll,pa
MH - rrpo.nyKTaMH .neJiemrn. 5Jiaro,ll,ap5! TOMy, '-ITO OHH 51BJI51!0TC5! HeHTpOHOH3-
6bITO'-!Hb!MH, C03,lI,a!OTC5! YCJIOBH51 ,lI,JI5! HX (3- H HeHTpOHHOfO pacrra.na. CTepHO,lI,bl 
rroJiypacrra,ll,a T1; 2 3arra3.nhrnaromHx HeH:TpOHOB pa3JIH'-IHhI H 3aBHCHT OT XHMH

'-IeCKOH rrpHpO,ll,bI rrpOAYKTOB ,ll,eJieHHH. HarrpHMep, ,ll,JI51 HeATpoHOB pacrra.na ~~Br 
11 1 ~~1 3Ha'-IeHl1H T1; 2 paBHhI coorneTCTBeHHO 55,6 c 11 27,7 c. M11HHMaJibHb1e 3Ha
'-IeHl151 rrep110.na rroJiypacrra.na y HeKOTOpb!X 51,ll,ep-rrpo,ll,yKTOB .neJieHH5! COCTaBJIHIOT 
,ll,eCHTble ,ll,OJil1 ceKyH.II.hl. 

PaccMOTp11M rrpouecc HcrrycKaHl15! 3a.nepJKaHHbIX HeHTpoHOB Ha rrp11Mepe pac
rra,ll,a BhnneyKa3aHttoro rrpo.nyKTa .neJieHH51 H.npa 87Br. CxeMa ero pacrra,ll,a rrp11se
.neHa Ha pHc. 13.2. B ,ll,syx npoueHTax cJiy'-Iaes (3-pacna.n 3Toro H.npa np11so.n11T 
K o6pa3osamno so36yJK.neHHoro H.II.pa 87Kr c 3Heprneif E* = 5,8 M3B (p11c. 15.5). 

87 Br(55,6c) 

E* 

fJ-

fJ-

P11c. 15.5. CxeMa uenotJK!l pacnat1,a 87 Br--> 87 Kr + f3 __, 86 Kr + n 
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3ttepnrn CB51311 nepmpep11HHblX HeHTpOHOB npOTOHO.Uecpm.I.11THbIX 51.Uep cpaBHl1-

TeJibHO HeBemma. B .uaHHOM cJiyY.ae cJie.uyeT TaK*e yY.eCTb Y.TO cornacHo 060-

JioY.eY.HOH MO.UeJil1 B COCTaB 51JJ.pa 87 Kr BXO.U11T 3aMKHYTa51 HeHTpOHHa51 o6oJIOY.Ka 

c MarnY.eCKl1M Y.11CJIOM 3THX Y.aCTHU (N = 50), a O)J,HH HeHTpOH pacnOJIO)l(eH CBepx 

yKa3aHHOH 060JIOY.KH. f1o H3JIO)l(eHHbIM np11Y.HHaM 3TOT nep11cpep11HHbIH HeHTpOH 

OTJIHY.aeTC51 oco6o MaJioii 3Heprneii CB513H, paBHOH E = 5,53 M3B. ITpH TaKHX 

ycJIOBH51X 3HepreTHY.ecK11 BbirO.UHO 11cnycKaHHe tteiiTpotta c ypoBH51 E*, Y.TO npHBo

JJ.HT K o6pa30BaHHIO CTa6HJibHOro 51.Upa 86 Kr. 3TOT HeHTpOH 11 HJJ,eHrncpHUHpyeTC51 

B KaY.eCTBe «3anas.uhrna10mero» 1). 

Ha pm:. 15.5 npHBe.uetta TaK*e cxeMa /3- -pacna.ua 51.Upa 87 Kr c ornoBHoro 

ypOBH51. 

foJib.UaHCKHH B 1960 r. npe.ucKa3aJI B03MO)l(HOCTb cymecTBOBaHH51 .UBOHHOro 

HeiiTpottHoro pacna.ua. MexaHH3M nocJie.n.ttero cxo.ueH c MexaHH3MOM 11cnycKaHH5I 

sanas.ubrna10m11x HeihpottoB. TaK, npH ycJIOBHH, LfTO 3HeprnH Bos6y*JJ.eHtt51 51.Upa, 

HCilb!TaBillero /3-pacna.u, 6oJibllle 3Heprn11 CB513H .UBYX HeHTpOHOB, TO MO)l(eT 

peaJIH30BaTbC51 npouecc HCnycKaHH51 napbl HeHTpOHOB. 3To 51BJieHHe 6bIJIO .ueH.

CTBHTeJibHO o6ttapy*eHo B 1979 r. B UEPHe. 

Ha6JIIO.UaJic51 npouecc /3- pacna.ua 51.Upa 11 Li. B .uec51TH npoueHTax cJiyY.a

eB B pesyJibTaTe B03HHKaJIO 51.UPO 1 l Be B B036Y*.UeHHOM COCT051HHH. 3Heprn51 

Bos6y*JJ.eHH51 3Toro 51.Upa, paBHa51 ~ 9 M3B, npeBocxo.n.ttJia 3HeprnIO OT.UeJieHH51 

JJ,Byx HeiiTpottoB, cocTaBJI51IOUJ.YIO 7 ,3 M3B, no3TOMY oKa3bIBaJiacb B03MO*HOH 

JJ.ByxcTyneHY.aTa51 peaKUH51 

11 L" 8,6 MC 11 B - ~ 
3 I -------+ 4 e + e + Ve . 

1 
~Be+ 2n 

ITep110.u noJiypacnaJJ,a 11Li paBHbIH 8,6 MC onpeJJ,eJI51eT H BpeM51 sanas.ubrnaH115I 

HeHTpOHOB. 

§ 15.2. TpaHcypaHOBbie aJieMeHTbI 

15. 2. l. 06 060J101Je'IHOH CTPYKType ,ll;emnn;nxrn HJJ:ep. PaccMoTpeHHaH 

Bb!llle MOJJ,eJib 51.Upa - aHaJiora )l(HJI.KOH KailJIH, OCHOBaHHa51 Ha npe.uCTaBJieHHH 

0 TOM, Y.TO ero paBHOBecHa51 cpopMa npe.uCTaBJI51eT co6oH ccpepy, 51BJI51eTC51 .UOCTa

TOY.HO rpy6b!M npH6JIH)l(eHHeM, IlOCKOJlbKY B .ueiiCTBHTeJibHOCTH HeB036Y*.UeHHbie 

TH)l(eJibie 51.Upa - rnp11H., ypaH 11 TpattcypaHbI - 06Jia.ua10T rnrapoo6pa3HOH 

cpopMoii. Cornactto rnnOTese, BbICKa3aHHOH E.T. feH.JI11KMaHoM B 1958 r., y 51JJ.ep 

c OTHOCl1TeJibHO 6oJibllil1M11 OTKJIOHeHl151Ml1 cpopMbl OT ccpep11Y.eCKOH .UOJl)l(Hbl 

npo51BJI51TbC51 o6oJioY.eY.Hbie 3cpcpeKTbI. ITp11Be.UeM coo6pa*eH115I, no.urnep*JJ.a10m11e 

cnpaBe,UJil1BOCTb 3TOH r11n0Te3bl, 

1
) 0TMeTHM, lJTO B HeKOTOpb!X yT.Je6Hb!X noco611HX no H)l,epHOH cp11311Ke (Hanp11Mep, B KHHre 

A.H. HayMosa [ 10, c. 236]) BbICKa3bIBaeTC5l coo6paMeH11e, T.JTO HBJieH11e 11cnycKaHHH 3ana3)l,bIBaJO

m11x HeHTpOHOB HeJib3H ClJHTaTb pam1oaKTl1BHblM pacna)l,OM, TIOCKOJibKY 11X 3a)l,epMKa onpe)l,eJIHeTCH 

JIHlllb speMeHeM npe)l.lllecTByJOIUerO /)-pacna)l,a. 
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.llm1 omi:camrn ycpe.n.ttettttoro caMocornacoBaHHoro noJI51 51)1.pa, HMeioruero 

cpopMy 3JIJIHITCOH)l,a Bparuemrn:, MO)KeT 6b!Tb HCITOJib30BaH noTeHI.1.HaJI rapMOHHl.Je-

CKOfO OCU.HJIJI51TOpa 

U = kr2 
' 

r.n.e k - K03cpcpHUHeHT, xapaKTepH3YJOIUHH )KeCTKOCTb 51)1.pa OTHOCHTeJibHO H3Me

HeHH51 era cpopMbI. Pacl.JeT noKa3bIBaeT, llTO B paccMaTpHsaeMOM cJiyqae qacTo

Ta OCUHJIJIHUHH B ttanpaBJieHHH OCH CHMMeTpHH H nepneH)l,HKYJIHpHo eii 6y.n.eT 

pa3JIH1.JHOH. Ha pHc. 15.6 npHse.n.etta 3aBHCHMOCTb 3tteprnH OCUHJIJIHI..J.HH hw OT 

OrnoweHHe ocei1: 
5/4 3/2 2 3 4 

21/2 

19/2 

17/2 

15/2 

13/2 
0 

3 ...:: 
o;- 11/2 
:>: 
<-. 
0.. a; 
:r: 9/2 CT) 

7/2 

8 
5/2 

2 
3/2 

0 
0,0 0,2 0,4 0,6 0,8 1,0 

,ll.e¢opMaQHll, r:: 

P11c. 15.6. CxeMa ypoBHeH: aH11sorporrHoro rapMoHHqecKoro oCQHJJJJHTOpa 

.n.ecpopMaU.HH E H OTHOilleHH51 oceii 3JIJIHITCOH)l,a BparueHH51. KaK BH)l,HO, OTKJIO

HeHHe OT ccpepHlleCKOH cpopMbl npHBO)l,HT K pacruenJieHHIO ypoBHeH, npHlleM npH 

OTHOllieHHH oceii 3JIJIHnca 1,50; 2,0 H 3,0 Ha6JIJO)l,aeTC51 HX pa3pe)KeHtte. 3TO 
MO)KHO CB513aTb c TeM, 1.JTO npH )].OCTaTOllHO 60JibllIOH )].ecpopMaUHH 51)].pa CHOBa 06-
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pa3yIOTCH HYKJIOHHbie o6oJIOLJKH (U.H<ppbI HaJJ, ypoBHHMH npH c = 0,6 o6o3HaLJaIOT 

l.JHCJIO HYKJIOHOB B HHX). 

B. M. CTyTHHCKHH pa3pa6oTaJI MeToJJ, HCCJieJJ,OBaHHH o6oJioLJeLJHbIX 3cpcpeKTOB 

(o6oJIOl.Jel.JHb!X nonpaBOK), HCXOJJ,51 H3 MOJJ,eJIH )KHJl,KOH KanJIH. MeTOJJ, OCHOBaH 

Ha npeJJ,nOJIO)KeHHH, 'ITO o60JIOl.Jel.JHbie 3cpcpeKTbl cpopMHPYIOTCfl OTHOCHTeJibHO 

He60JiblllHM l.JHCJIOM HaHMeHee CBH3aHHb!X HYKJIOHOB 5IJJ.pa, TOrJJ,a KaK )J.JlH OCTaJib

Hb!X HYKJIOHOB, COCTaBJIH!Olll.HX ero OCTOB, cnpaBeJJ,JIHBbl npeJJ,CTaBJieHHH MOJJ,eJIH 

)KHJJ,KOH KanJIH. Pe3yJibTaTbI pacLJeTOB, nposeJJ,eHHbIX Ha octtose TaKoro npeJJ,CTaB

JieHHH, npHBeJJ,eHbI B rpacpHLJecKoM BHJJ.e Ha pHc. 15. 7. CnJIOllIHaH Kp1rnaH H3o6-

Bapbep .n:eJJemrn 
c o60JJ04e4Hb!MH 

0:: E rrorrpaBKaMH 
0.. 
Q) 

:i:: 

"' 0:: 

"" :i:: 
..a 
~ 

"" ::s:: 
;::( 
:i:: 
Q) 
..... 
0 
c: 

Bapbep .n:eJJeHHH 

CrroHraHttoe 
.n:eJJeHHe 

( OCHOBHOe COCTOHHHe) 

' ' ' 

P11c. 15. 7. Bo3MO)!(Hbie Mo.n:eJJH cjJopM 6apbepos .n:eJJeHHH 

pa)KaeT noTeHU.HaJibHYIO 3Heprn!O c yLJeTOM o6oJIOl.Jel.JHb!X 3cpcpeKTOB, a nyHKTH

poM OT06pa)KeH nOTeHU.HaJibHb!H 6apbep HJJ,pa-aHaJiora 3JieKTPHLJeCKH 3apH)KeHHOH 

HeC)KHMaeMoi1 KanJIH )KHJJ,KOCTH. KaK BHJJ,HO, nepsaH KpHBaH OTJIHLJaeTCH OT BTO

poi1 JJ,BYMH MHHHMyMaMH noTeHI..J.HaJibHOH 3HeprnH, KOTOpbie COOTBeTCTBYIOT JJ,BYM 

ypoBHHM ycTOHLIHBoro pasHosecHH. 5oJiee rny6oKHH MHHHMYM cooTBeTcTsyeT 

OCHOBHOMY COCTOHHHIO HJJ,pa, npH KOTOpOM OHO npHHHMaeT cpopMy 3JIJIHnCOHJJ,a 

Bpalll.eHHH c OTHOllleHHeM oceif 1,25; BTOpoif MHHHMYM OTBeLiaeT 6oJibllleH JJ,ecpop

MaI..J.HH HJJ,epHoro Belll.eCTBa, onpeJJ,eJIHeMOH OTHOilleHHeM oceif 3 : 2. 
CnOHTaHHOe JJ,eJieHHe HJJ,pa H3 OCHOBHOfO COCTOHHHH, Ol.JeBHJJ,HO, npoHCXO

)J.HT co 3HaLIHTeJibHO MeHbllleH sepOHTHOCTb!O no cpaBHeHHIO co cnOHTaHHb!M 

JJ,eJieHHeM H3 B036y)KJJ,eHHOf0 H30Mepttoro COCTOHHHH, KOTOpoMy COOTBeTCTByeT 

npaBb!H MHHHMyM, TaK KaK B 3TOM nocJieJJ,HeM CJiyqae 6apbep JJ,eJieHHH 3HaLIH

TeJibHO yMeHhllleH. YposeHb 3HeprnH, OTBeLJa!Olll.HH npasoMy MHHHMYMY, HBJIHeTcH 

MeTacTa6HJibHb!M H JJ,eJieHHe HJJ,pa B JJ,aHHOM cJiyqae KJiaCCH<pHU.HpyeTCH KaK 

cnoHTaHttoe JJ,eJieHHe H30Mepa. CooTBeTCTBYIOlll.aH eMy 3tteprnH Bbillle 3HeprnH 

OCHOBHOfO COCTOHHHH Ha JJ,Ba-TpH Mera3JieKTpOHBOJ!bTa. CT03TOMY sepOHTHOCTb 

cnoHTaHHOfO JJ,eJieHHH )J.JI5l JJ,aHHOfO 5IJJ,pa H3 H30MepHoro COCTOHHHH 3HalJHTeJibHO 

60Jibllle (Ha MHOfO nopHJJ,KOB), LieM H3 OCHOBHOfO. HanpHMep, nepHOJJ, noJiypacnaJJ,a 

OTHOCHTeJibHO cnOHTaHHOfO )J.eJieHHH JJ,JIH H30TOna aMepHU.HH 2~~Am B OCHOBHOM 

COCTOHHHH paBeH npH6JIH3HTeJibHO 1014 JieT, a B ero H30MepHOM COCTOHHHH -

OKOJIO 10-2 c; COOTBeTCTBeHHO sepoHTHOCTb cnOHTaHHOfO JJ,eJieHHH BO BTOpOM 
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cJiyLJae B 1021 pa3 6oJihrne, LJeM B nepBoM. CornacHo cxeMe ypoBHeii, noKa3aHHOH 

Ha p11c. 15.6, np11 nepexo,LJ,e OT OCHOBHOro COCT051HH51 K 1130MepHOMY 51,ll,po ,ll,OJI)KHO 

CHJlbHO BbIT51nrnaTbC51; 3TO H o6Jier'-laeT CIIOHTaHHOe ,LJ,eJieHHe. 

5IsJiemfe CIIOHTaHHOro ,LJ,eJieHH51 TpaHcypaHOBoro 3JieMeHTa 6hIJIO OTKpbITO 

C. M. OoJIHKaHOBhIM B 1962 r. [ 11]. 
5I)J.pa c MaCCOBbIMl1 LJHCJiaMH, 6JIH3KHMH K 300, npHH51TO Ha3b!BaTh csepXT51-

2KeJibIMH. 0THOCl1TeJibHO BbICOKa51 CTa6HJibHOCTb TaKHX H,!1,ep MO)KeT B03HHKaTb 

TOJibKO B Tex CJiyLJa51X, Kor.na COCTaBJIHIOlll.He HX HYKJIOHbl o6pa3yIOT 33MKHy

TbJe o6oJIOLJKH, xapaKTep113yeMh1e onpe,L1,eJieHHhIM11 MarnLJeCKHMH LJHCJiaMH. Op11 

paccMoTpeHHH ycTOHLJl1BOcT11 csepxTmKeJibIX H.nep noMHMo H3BecTHhIX HaM Mar11-

LJecKHX LJl1CeJI 82 11 126 11rpa10T BaJKHYIO pOJib )],Ba .npyrnx MarnLJeCKHX LJHCJia: 

114 11 184 (cM. TeKcT neTHTOM B KOHUe § 8.1.3). EcJI11, Hanp11Mep, np11 ,LJ,eJieHHH 

H,LJ,ep o60JIOLJeLJHbie :oicpcpeKTbl He HMeJIH 6bI MeCTa, TO 51,ll,pa c z = 114 6bIJIH 6b! 

HeycTOHLJHBb!MH, MfHOBeHHO pacna)J,a51Cb IIOCJie CBOero B03HHKHOBeHH51. 

OcTattoBHMCH eme Ha pe3yJihTaTax pacLJeToB npoTOHHhlX ypostteii 51,LJ,ep c ,LJ,o

CTaTOL!HO 6oJihllIHMH 3HaLJeHl151MH Z, BbIIIOJIHeHHhIX HeCKOJihKHMH asTopaMH 

(p11c. 15.8). PacLJeThI ornosattbI Ha pa3JIHLJHhIX npe,LJ,IIOJI02KeHH51X o cpopMe noTeH-

r:o 
"' 

0 

~ -5 

-15 

/ li 11/2 

------- /,//, 3p 1/2 
- :::-::==--::.?-~:>- ~/ _,/ - 3p 3/2 
===::=::==::<-----=-:_~>----<--<- 2f 5/2 
114 ___ 114' ____ .llL ____ 114 '~~~::::::=:::::>---/ li 13/2 

-~----=<.-=---------~~'-.. 114 _/::::.-- 2f 7/2 
-------------- '~---~----- lh 9/2 

82 82 ----=--- -----------
---------- 82 ', - 3s 1/2 ====----------,>, 82 -----___ .:::.:=:::::=..-....-::.------, '-'::=:=:--_ 82 _/ ----- 2d 3/2 
------~ '--..<':..,.. __ :::::.:=:=::::: _____ lh 11/2 

----- ------------------- 2d 5/2 
fycrnsccoH EpaK 11 ,!1.p. KeJJJ1ep 

EoJibCTepJrn 11 ,!1.p., B0Tep11H 11 ,!1.p. 

AaTOpbI pa6oT 

P11c. 15.8. CxeMa npoTOHHbIX ypoaHei\ TmKeJibIX .11,!1.ep 

UHaJia ycpe)J,HeHHOro IIOJIH (KOHKpeTHblH BH,ll, 3THX IIOTeHUHaJIOB B ,LJ,aHHOM CJiyqae 

Hae He 11HTepecyeT). Xorn pa3Hb1e sap11aHTbI pacLJeTa He snoJIHe cosna,LJ,aIOT 

MeJK)J.Y co6oi1, O)J,HaKO BCe OHH npHBO,ll,51T K BhIBOUy 0 cymecTBOBaHl111 3aMKHYTbIX 

o6oJioLJeK np11 Mar11LJecK11x q11cJiax 82 11 114. 
5h!Jil1 C,LJ,eJiaHbl op11eHTHpOBOLJHbJe oueHKl1 nep110,LJ,a IIOJiypacna,LJ,a OTHOCl1TeJib

HO CIIOHTaHHOfO )J,eJieHl15l Ten CBepxTmKeJibJX H,ll,ep, OKa3aBUIHeCH OLJeHb Bb!COKH

MH. TaK, ,il.JIH ,[J.BaJK)J,bl MarnqecKoro 51,il.pa 298 114 rcn ,.._, 105 JieT. B ,n.eHCTBH

TeJibHOCTl1 CJie,LJ,yeT 02KH,LJ,aTh, l.!TO peaJibHbJe 3HaLJeHH51 Ten ,ll,JIH cBepXT512KeJiblX 

H)J.ep oKaJKyTCH 3HaLJl1TeJihHO MeHbllIHMH, eCJIH yLJeCTb B03M02KHOCTb ,il.JIH HHX a-
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H ,6-pacna.n.oB. HanpHMep, AJI51 51,ll.pa 298 114 npo.n.omKHTeJibHOCTb cyrn.ecrnoBamrn 

orpaHHlIHBaeTC51 nptt6JIH3HTeJibHO .n.ecHTb!O ro.n.aMH. 

Bb!Ine MbI OTMeqaJIH, qTo cornacHo KaneJibHOH Mo,neJIH H,npa KpHTH4ecKoe 

3Ha4eHHe napaMeTpa .n.eJieHHH Z 2 I A, npH ,!l.OCTH)KeHHH KOTororo 6apbep ,!l.eJieHHH 

paBeH HYJIIO, COCTaBJIHeT 45-49. 3TOT napaMeTp ,llJIH H,!I.pa 29 114 paBeH 43,6, T. e. 

6JIH30K K KpHTH4eCKOMy. 

BbI4HCJieHHbie 3Ha4eHHH Ten AJIH pa3JIH4HbIX csepxT5!)KeJibIX 5!,!I.ep npi.rne,!l.eHbI 

Ha pHc. 15.9. KaK BHAHO, no Mepe yAaJieHHH OT ABa)K,!l.bI MarnqecKoro HApa 298 114 

126 

~ 120 
c. 
Q) 

:0 
0 
::c 

>:S: 
:a 
i 114 
0 

~ 

106 

172 178 184 190 
4ttcJJo HetirpoHoB, N 

Pttc. 15.9. ITepHO,ll.hl noJJypacna.u.a OTHOCHTeJJhHO CCTOHT3HH0f0 .u.eJJemrn CBepxnrn<eJJblX H,ll.ep 
(s ro.u.ax) 

«B JIJ06hIX HanpasJieHHHX» 3HaLJeHHH Ten 6bICTpo y6brna10r, LJTO MO)KeT paccMaT

pHBaTbCH B KaqecTse CBH,lleTeJibCTBa 0 cyrn.ecrsosamrn «OCTposa cTa6HJibHOCTH». 

CTpe,!I.noJiaraeTcH, qTo 3Ha4HTeJibHOe LJHCJIO csepxrn)KeJibIX H.n.ep, 06pa3y-

10rn.Hx «OCTpOB CTa6HJibHOCTH» rpyrrnHpyeTc51 BOKpyr 51,!I.ep c z = 110-114 
H N = 178-184. I1x ycTOH:qHsocTb o6ecneqHsaeTrn OTHOCHTeJibHO 6oJibruoH: 

BbICOTOH 6apbepa .n.eJieHHH. HanpHMep, cornacHo pacLJeTy, AJIH 5!,ll.pa c Z = 114 
H N = 184 oHa paBH51eTcH noqrn 10 M3B. 

3oHa 3THX OTHOCHTeJibHO ,!l.OJif0)KHBYII1HX H,!I.ep OKpy)KeHa 51,!I.paMH, 6apbe

pbl AeJieHHH KOTOpblX cpaBHHTeJibHO HeBeJIHKH, a, CJie,!l.OBaTeJibHO, OTHOCHTeJib

HO MaJibI H HX nepHOJlbI noJiypacna,!l.a Ten. B LJaCTHOCTH, AJIH TpaHcypaHOB 

c z = 100-107 npocJie)KHBaeTC51 TeH,!l.eHIJ,H51 CTpeMHTeJibHoro y6bIBaHH51 3Ha4eHH51 

Ten no Mepe poCTa nop5!AKOBoro HoMepa 3JieMeHTa. HanpHMep, AJI51 cpepMH51 

(Z = 100), KypqaTOBH.Sl (Z = 104), ,ny6HH.Sl (Z = 105), rn6oprH5! (Z = 106), 
6opHSI (Z = 107) nepHOJlbI noJiypacna,!l.a Ten pasHbI cooTBeTCTBeHHO 79 AH5!M, 



336 I'll. 15. /!eJ1e1-tue amoMHbtX Raep. Tpa1-tcypa1-tOBbte 3JleMeHmbt 

65 c, 40 c, 0, 9 c, 2 · 10-3 c [ 13, 16]. CTo3TOMy )l.Jrn 3KcrrepHMeHTaTOpOB B03HHKJia 

npo6JieMa, 3aKJI!OlJa!OI.I.I,aHCH fOBOpH qmrypaJibHO, B TOM, KaKHM o6pa30M MO)KHO 

«nepeceqb Mope HecTa6HJihHhIX HYKJIH.ll.OB H .n.ocTHlJh ocTpoBa CTa6HJihHOCTH». 

K HaCTOHI.I.I,eMy BpeMeHH <flH3HKH, 3aHHMa!OI.I.I,HecH npo6JieMoii CHHTe3a cBepxrn)Ke

JihIX H)l.ep, .ll.OBOJihHO ycneurno pa3pa6aTbIBa!OT MCTO.ll.hl, CT03BOJIHIOI.I.I,He «npeO)l.OJie

BaTb» 3TY 30HY (cM. n. 15.2.2). 

B 3aBepwettHe 3Toro pa3)1.eJia OTMeTHM Ba)KHOe 3HalJettHe MCTO)l.OB pa.n.Ho

XHMHH B H.ll.CHTH<flHKaUHH TpattcypaHOBb!X 3JICMCHTOB. 0603Ha'-lett¥Ie IlOCJIC)l.HHX 

TaK)Ke HMeeT «XHMHlJCCKOe» npoHcXO)K)l.eHHe. TaK, rpynny 3JieMeHTOB 89Ac, 90 Th, 

91Pa, 92U H rpattcypaHOB OT HemyHHH (Z = 93) )1.0 JioypeHCHH (Z = 103) npHWITO 

Ha3bIBaTb aKTHHOH.ll.aMH, TaK KaK HX CBOHCTBa HaIJOMHHa!OT CBOHCTBa aKTHHHH. 

nJIH30CTh XHMH'-leCKHX CBOHCTB aKTHHOH)l.OB o6bHCHHeTCH TeM, '-ITO y HHX no)]. 

0)1.HHaKOBO 3ailOJIHeHHb!MH BHeWHHMH 3JieKTpOHHb!Ml1 CJIOHMH H)l.eT 3aCTOJIHeHHe 

BHyTpeHHHX CJIOeB 5f H 6d. JV\aKCHMaJibHOe lJHCJIO 3JieKTpOHOB B 3THX CJIOHX 

paBHHeTCH 15, lJTO yKa3bIBaeT Ha B03MO)KHOCTb cyI.I.I,eCTBOBaHHH 15 aKTHHOH)l.OB; 

nocJie)l.HHH H3 HHX, KaK ynoMHHaJiocb - JioypeHCHH. CJie)l.yIOI.I.I,HH 3JieMeHT -

pe3ep<flop)l.HH (Z = 104) HBJIHeTCH aHaJioroM ra<flHHH. 

15.2.2. MeTo,11.&1 cunTe3a Tpancypanou&1x 3JieMeHTOB H ueKoTopble ux 
cuoiiicTBa. CTocJie.n.oBaTeJihHoe H3ylJeHHe TpaHcypaHOBbIX 3JieMeHTOB Ha'-!aJIOCh 

c 1940 r., KOr)l.a 3. JV\aKMHJIJiaH H CT. A6eJihCOH Ha UHKJIOTpotte B BepKJIH (ClllA) 

npoBeJIH 3KcnepHMeHT no 6oM6ap.n.HpOBKe HCHTpOHaMH MHWeHH H3 HHTpara ypa

HHJia. B onhne tta6JIIO)l.aJiach peaKUHH 

238u + 239u 25 MllH 23993 2,33 ,llH 
92 n---+ 92 ----+ ----+ · 

e- e-

CToJiy'-leHHhIH 3JieMeHT c Z = 93 6bIJI Ha3BaH HenTyHHeM. Ha TOM *e UHKJIOTpotte 

H B TOM )Ke ro.n.y f. CH6opr, 3. JV\aKMHJIJiaH H .n.p. nptt 6oM6ap.n.ttpOBKe ypaHOBOH 

MHWeHH )l.eHTpOHaMH Ha6JIIO)l.aJIH peaKUHIO o6pa30BaHHH )l.pyroro H30TOna tten

TYHHH: 

23su + d ---+ 2 n + 238Np ~ 92 93 . 
e-

Bo3HHKa!OI.I.I,HH H30TOII 2~~Np 13- -pa.n.HoaKTHBeH H pacrra)l.aeTcH, 06pa3y51 BTopoii 

TpattcypaHOBb!H 3JieMeHT - IIJIYTOHHH: 

2~~Np ~ 2~~Pu (T°' = 90 JieT). 
e-

239N 2,33 .lltt 239p 
93 p ----+ 94 LI 

e-
(T°' = 24400 JieT). 

B pe3yJihTaTe o:-pacna)l.a 2~~Pu npespaI.I.I,aeTCH B 2~gu. 
Pam10xHMH'-leCKHe 11ccJie)l.0BaHHH nJiyTOHHH, HenTyHHH ypatta noKa3aJIH cxo)l.

HOCTh HX XHMH'-leCKHX CBOHCTB' 1.JTO HBHJIOCb .ll.OIIOJIHHTCJibHb!M .ll.OKa3aTeJihCTBOM 

3aIJOJIHCHHH 3JICKTpOHHOro CJIOH 5f rpynnoH: 3JieMeHTOB c z ;;::: 92. 
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B nocJie.n.yiomeM )l.JI51 noJiyciemrn TpaHcypaHOBbIX 3JieMeHTOB crnm1 lllHpo

Ko np11MeH5ITb MOW.Hb!e 51)1.epHb!e peaKTOpbl, '-ITO Il03BOJI51JIO o6JJy'-!aTb MHllleHH 

HHTeHCHBHbIMH noTOKaMH He~hpoHos 1). TaK, B 1945 r. r. C116opr, P. ,ll)KeMc, 

n. J\tlopraH H A. f11op11 nyTeM )l.JIHTeJ!bHOrO o6Jiy4eHH51 IlJIYTOHHH HeHTpoHaMH 

B 51)1.epHOM peaKTOpe IlOJIYLIHJIH 3JieMeHT c z = 95, Ha3BaHHb!H aMep11u11eM. 

CooTBeTCTBYIOlll.a51 51Jl.epHa51 peaKUH5! MmKeT 6bITb 3an11caHa B <f>opMe 

2~~Pu (n, 1) 2~~Pu (n, 1) 2~!Pu ~ 2~~Am. 
e-

)lpyroH H30T0Il aMepHUHH 95Am242, pacna.n.a51Cb, 06pa3yeT K!OpHH'. 

242A 16 q 242c 
95 m---> 96 m 

e-
(Ta= 162 Jl.H51). 

CToCJie.n.y10m11e TpaHcypaHOBbie 3JieMeHTbI ObIJJH noJiycieHbI JIH6o nyTeM o6Jiy

cieHH5! aKTHHH)l.OB B peaKTope, JIH6o nyTeM HX o6JiycieHH51 T5l)KeJib!MH ycKopeHHbI

MH HOHaMH (2He, 5C, sO H .n.p.). 

HanpHMep, )l.JI51 noJiy4eHH5! 3JJeMeHTOB c Z = 99 11 100 (3HHlllTeHHH 11 cpep

MHH, 99Es H 100Fm) 6bIJIH HCTIOJlb30BaHb! CJie)l.yIOlll.He npoue.n.ypbl'. a) 06JiyLieHHe 

HeHTpOHaMH peaKTOpa o6pa3ua 2~~Pu B TeLieH11e )l.JIHTeJibHOfO BpeMeHH; 6) 60M-

6ap.n.11pOBKa a-ciaCTHUaMH MHWeHH H3 KaJIH<f>OpHHH 93Cf; B) 60M6ap.n.11posKa 92U 
MHOf03ap51)1.HblMH HOHaMH a30Ta (c 3Heprnei1 100 J\t13B) H KHCJiopo.n.a (c 3HeprneH 

180 J\t13B). B noCJie.n.HeM cJiyciae 11.n.yT cJJe.n.y10m11e peaKu.1111: 

2~~U + 1jN ___, 2~~Es + 6n 
2~~u + 1 ~0 ___, i88Fm + 4n. 

0TMeTHM, LITO eme )1.0 3THX OilblTOB 3HHlllTeHHH H <f>epMHH 6bIJIH o6Hapy)KeHbl 

B npo.n.yKTax TepMOH)l.epttoro B3pb!Ba. )leJIO B TOM. LITO B TepMOH)l.epHOH 6oM6e 

B Ka4ecrne 3anaJ1a 11cnoJ1b3YeTc51 aTOMHa51 6oM6a, co.n.ep)KamaH ypaH HJJH nJiy

TOHHH (CM.§ 19.3). CT03TOMY B MOMeHT B3pb!Ba MOryT B03HHKHYTb 51)1.pa ypaHa, 

neperpy)KeHHbie HeHTpOHaMH, B TOM LIHCJie 2~~u H 2~~U. I/fa HHX cooTBeTCTBeHHO 

o6pa3y!OTC51 
2~~Es H i88Fm. 

Pttc. 15.10 HJIJIIOCTpHpyeT pa3JIHLIHhre cnoco6br noJJycieHHH rpaHcypaHOBbIX 

3JJeMeHTOB. Ha pttc. 15.10, a noKa3aHbI nyTH .H.n.epHLIX npespameHHH, np11so.n..Hm11x 

K o6pa30BaHHIO TpaHcypaHOBb!X 3JieMeHTOB nyTeM o6JiycieHH51 51)1.ep ypaHa-238 

HeHTpOHaMH B .51)1.epHOM peaKTope. c TIOMOW.b!O 3Toro Mern.n.a 6bIJIH B "13CTHOCTH 

noJJycieHbl MHOfOLIHCJieHHbie H30T0Ilbl cpepMH.51 ( 6oJiee .n.eCHTH). 0.n.HaKO 6Jiaro.n.ap51 

TOMy, 4TO c pocTOM Z Bepo51THOCTb .n.eJJemrn CHHTe3HpyeMbIX 3JieMeHTOB 6hICTpo 

HapacTaeT, TIOTib!TKH noJiycieHH51 3JieMeHTOB T5l)KeJiee cpepMH51 c TIOMOW.b!O 51)1.epHblX 

peaKTopos 6hIJIH C04TeHbI HeueJJecoo6pa3HbIMH. Ha pHc. 15.10, 6 npe,n.cTaBJJeHbI 

cxeMbl noJiyLieHH.51 TpaHcypaHOB MeTO)l.OM 6oM6ap.n.HpOBKH yCKopeHHblMH TH)KeJibI

MH HOHaMH COOTBeTCTBYIOW.HX MHWeHeH. B Kaciecrne npHMepa TIOKa3aHb! nepexo-

1
) ,ll.Jrn noJJyqemrn CHHTe3a TpaHcypaHOB MoryT 6b!Tb HCTIOJlb30BaHb! H BbJCOKOHHTeHCHBHble 

TIOTOKH HeihpOHOB, noJJy'leHHbJe c TIOMOIUblO Me30HHblX cpa6pHK (CM. n. 5.3.5). 
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P11c. 15.10. ITyrn HJJ,epHbIX rrpespaw:eHHH, rrpHBO.ll.HW:HX K B03HHKHOBeHHH, TpaHcypaHOBbIX 3JieMeH
TOB: a - 06JJyqem1e ypaHa-238 HetlTpoHaMH; 6 -6oM6apll,HpOBKa TH)!(eJiblMH HOHaMH; 1 - peaKU:HH 
ITOJiyqeHHH Ho6eJIHll; 2 -peaKuHH rroJiyqeHHH KaJJHcj:lopHHH. 0603HaqeHHH: • - /3-yCTOHqHBbie 

H.n.pa; o - /3-aKTHBHbie H30TOITh1; I - /1-pacrra.n.; - - 3aXBaT HeH:rpottoB 

,Ab!, npHBO,LJ:Hll.IJ1e K o6pa3oBaHHJO H06eJIHH (Z = 102) H KaJIH<popHHH (Z = 98). 
TaKOH Mero,n: H npHMeHHeTCH B OCHOBHOM B HaCTOHIUee speMH ,LJ:JIH noJiyqeHHH 

HOBbix rpaHcypaHOB. Mero,n: peaJII·l3yercH rnaBHbIM o6pa3oM Ha H30xpoHHhIX UHK

JiorpoHax (cM. n. 5.3.5), cneuHaJibHO npHcnoco6JieHHbIX ,n:JIH ycKopeHHH THN<eJibIX 

HOHOB 60Jibll.IOH HHTeHCHBHOCTH. HanpHMep, B .LI.y6He 6bIJI co3,n:aH UHKJIOTpOH, 

HHTeHCHBHOCTh YCKOp5IeMhlX TH)KeJib!X HOHOB B KOropoM B ,n:eCHTKH pa3 BbIIIIe, 4eM 

B UHKJiorpoHe B BepKJIH. r. H. <PJiepos, IO. U,. OraHeCHH H .11.P., 11cnoJih3YH ,n:y6-

HeHCKHH UHKJIOTpOH, B 70-x ro,n:ax npollle,lllllero BeKa CHHTe3HpoBaJIH KypqarOBHH 

(Z = 104) H ,n:y6HHH (Z = 105). B qacrnocrn, nocJie,n:HHH 6b!JI CHHTe3HposaH 

B pe3yJibTare o6Jiy4eHHH 243 Am HoHaMH 22Ne. 

PH,n: rpaHcypaHOB HaKonJieH B cpaBHHTeJihHO OOJihlliHX KOJIHGeCTBax (Henry

HHH, nJiyroHHH H ,n:p.), qro no3BOJIHeT no,n:po6Ho HCCJie,n:osarb Hx tPH3H4eCKHe 

H XHMH4eCKHe csoifcrsa. XapaKrepHoif oco6eHHOCThJO MHornx rpaHcypaHOBhIX 
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3JieMeHTOB HBJIHeTCH 60JibWOe qHCJIO H30TOI10B, BXO.UHIUHX B HX COCTaB. Ha

npHMep, H3BeCTHO 12 H30TOI10B HeIITYHHH, I1JIYTOHHH COCTOHT H3 IlHTHa.uuaTH 

H30TOIIOB H T . .u. K coLKaJieHHIO, 6oJibWHHCTBO TpaHcypaHOBbIX 3JieMeHTOB y.uaeTCH 

noJiyqaTb a HWITOLKHbIX KOJrnqecrnax. HarrpHMep, 6epKJIHH (Z = 97) H KaJIH

lf>opHHH (Z = 98) CHHTe3HpOBaHbl B KOJIHqecTBe rrop51,ll,Ka COTeH MHJIJIHrpaMMOB, 

CHHTe3HpOBaHHble 3JieMeHTbl c z > 100 HCqHCJI51IOTC5! yLKe COTH51MH H.UH JJ,eC51T

KaMH 51,ll,ep, a 3aqacTy10 scero HeCKOJibKHMH 51,ll,paMH. 

0.uHOH H3 OCHOBHbIX rrpwmH, 3aTPY.UH51IOIUHX CHHTe3 3JieMeHTOB c rrop51.UKO

Bb!MH HOMepaMH z ;?: 104, 51BJI51eTC51 MaJIOCTb HX BpeMeH LKH3HH. HarrpHMep, 3a 

cyTKH y.uaBaJIOCb CHHTe3HpOBaTb Bcero HeCKOJlbKO 51,ll,ep c z = 104 H 105, KOTOpble 

3a KOpOTKOe speM51 pacrraJJ,aJIHCb. 0.uHaKO, KaK rosopHJIOCb BbIWe, TeH.ueHUH51 

yMeHbilleHH51 speMeHH LKH3HH c poCTOM IIOp51,ll,KOBOrO HOMepa 3JieMeHTa, no

BH,ll,HMOMy, HBJIHeTC51 npoMeLKyrnqHoH, CMeH5151Cb o6paTHOH. 06 3TOM CBHJJ,eTeJib

CTBYIOT, B qacTHOCTH, pe3yJibTaTbI, rroJiyqeHHhie o6beJJ,HHeHHOH rpyrrnoti pyccKHX 

H HHoCTpaHHbIX yqeHbIX (pyKoBO.UHTeJib rrpoeKTa IO. U. OraHeCHH), pa60Ta10meti 

B 06beJJ,HHeHHOM HHCTHTyTe H,ll,epttb!X HCCJJeJJ,OBaHHH B JJ:y6tte. 3a rrepHO,ll, c 80-x 

ro.uos rrpowe.uwero cToJieTH51 H .uo nepBbIX JieT TeKymero cpe.uH ueJioro p51.Ua 

3HaqHMb!X ,ll,OCTHLKeHHH 3TOH rpyrrrrbl CJie.uyeT BbIJJ,eJIHTb ocymecTBJieHHe Ha UHK

JJOTpotte B ,Uy6He CHHTe3a 110-ro H 115-ro 3JieMeHTOB, BpeMeHa LKH3HH KOTOpb!X 

paBHbl 0,01 c H 0, 1 c COOTBeTCTBeHHO (51.upa 115-ro 3JieMeHTa qepe3 O.UHY .ueCHTYIO 

,ll,OJIIO ceKyHJJ,bl pa3BaJIHBaIOTC51, 06pa3y51 51,ll,pa 113-ro 3JieMeHTa). CTo cpaBHeHHIO 

c BpeMeHeM LKH3HH 6opH51 (Z = 107) BpeMH )KH3HH 110-ro 3JieMeHTa Ha O,ll,HH 

rrop51.UOK 6oJibWe, a 115-ro - Ha .usa rrop51.UKa. Bo3MOLKHO, qTo y.uaJIOCb .uocTHqb 

«rropora» OCTpoaa CTa6HJibHOCTH, cymecTBOBaHHe KOToporo B o6JiaCTH JJ,aJie

KHX TpattcypaHOB rrpe.ucKa3bIBaeTC51 paccMOTpeHHOH Bblille o6oJioqeqHoti MOJJ,eJJbIO 

csepxrnLKeJibIX 51,ll,ep [ 16]. 

Bo3MOLKHO JIH o6HapyLKeHHe csepxrnLKeJJbIX 51.Uep B rrpttpO.UHbIX ycJJOBHHx? 

CTpe.unoJIOLKHTeJJbHO HX B03HHKHOBeHHe CB513aHo co B3pbIBaMH csepxHOBbIX 3Be3JJ,. 

B ycJJOBHHx KOCMHqecKoro rrpoCTpaHCTBa npH B3pbrne csepxttoBoti 3Be3JJ,bI TeM

rrepaTypa pe3KO IlOBbIWaeTC51, 6Jiaro.uap51 qeMy C03JJ,a!OTC51 ycJIOBH51 ,ll,J151 HHTeH

rnlf>HKaUHH npoueccoa pOLKJJ,eHH51 HetiTpOHOB, HarrpHMep, B pe3yJibTaTe peaKUHH 

d + T ----+ 3He + n. CTocJie.uosaTeJibHbIH 3axsaT ttetiTpottoa 51,ll,paMH semecrna rrpH

BO.UHT K 3HaqHTeJibHOMY yBeJIHqeHHIO HX MaCCbl BIIJIOTb ,ll,O o6pa30Bamrn csepx

T51LKeJibIX 51,ll,ep, «06orameHHbIX» HetiTpoHaMH, qTo o6ycJiaBJIHBaeT B03MOLKHOCTb 

06pa3osaHHH ycTotiqHBbIX csepxTHLKeJibIX H.Uep. EcJIH TaKHe rrpoueccbI .ueiicTBH

TeJJhHO rrpOHCXO,ll,51T, TO rrpHcyTCTBHe CBepxT51LKeJibIX 51,ll,ep B COCTaBe KOCMWieCKHX 

JJyqefi B rrpHHUHrre B03MOLKHO. 0.uHaKo IIOHCKH caepxrnLKeJib!X H,ll,ep B COCTaBe 

KOCMHqeCKHX JJyqefi H MeTeopHTOB IIOKa qyo He yaeHqaJJHCb ycrrexoM. 

CToJiyqeHHe TpaHcypaHOBbIX 3JieMeHTOB IIOMHMO HayqHoro HHTepeca HMeeT 

H rrpaKTHqecKoe 3HaqeHHe. HarrpHMep, pa.uttottyKJJH.U 238Pu BXO.UHT B cocTaB 

H30Torrttoro HCToqHHKa TOKa Ha crryTHHKax 3eMJIH. CTJiyTOHHti-239 HcrrOJih3yeTC51 

B KaqecTBe O,ll,HOro H3 OCHOBHblX BH.UOB 51.Uepttoro rop10qero. HyKJIH.U KaJIHCpop

HHti-252 rrpH O,ll,HOM aKTe CIIOHTaHHOro JJ,eJJeHH51 HCIIYCKaeT B cpe.uHeM qeTblpe 

HeHTpotta, H TaKOe CBOHCTBO II03BOJI51eT HCIIOJib30BaTb 3TOT TpattcypaH B KaqecTBe 

MOIUHOrO MaJJora6apHTHOrO ttetiTpOHHOro HCTOqHHKa. 
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4aCTh V 

.SI,nEPHA.SI 3HEPfETHKA . 
.SI,nEPHOE OPYJKHE 

f JiaBa 16 

BBO,U:HhIE CBE,U:EHH.sl 
0 COBPEMEHHOH .sl,U:EPHOH 3HEPfETHKE, 

BA3HPYIOIIl.EHCSI HA HCIIOJlh30BAHHH 
,U:EJISIIII.HXCSI H30TOIIOB 

§ 16.1. Ilpo6JieMbl pa3BHTIUI MHpOBOH 9HepreTHKH 

0TKpb!THe 5I.I1,epHOH 3HeprnH npHBeJIO K KOpeHHbIM H3MeHeHHHM B pa3BHTHH 

Harnett LI,HBHJIH3au.1111. BcecTopoHHHH o63op npHMeHemrn HJJ.epHo-cp11311qecK11x .11,0-

CTH)KeHHH B pa3JIHqHbIX o6Jiacrnx HayKH H TeXHHKH Bb!X0.11,HT 3a paMKH 3TOH 

KHHrn. MbI orpaH11q11McH paccMoTpeHHeM .11,syx Ba)KHeflw11x acneKTOB npHKJiaJJ.

Horo HCilOJib30BaHHfl H.11,epHOH 3HeprnH: B MHpOBOH 3HepreTHKe H BOeHHOM .11,eJie. 

fJiaBa 16-18 IlOCBHlLl,eHbl H.11,epHOH 3HeprernKe, a B rJI. 19 o6cy)KJJ.310TCH sonpOCbl 

C03.ll,aHHfl H cosepweHCTBOBaHHfl H.11,epHoro opy)KHfl. 

B HacTOHlLl,eM naparpacpe sso.11,Horo xapaKTepa KpaTKo aHaJIH3HpyIOTCH cospe

MeHHoe COCTOHHHe MHpOBOH 3KOHOMHKH H TeH.11,eHLI,HH ee pa3BHTHH. 

K cospeMeHHOH 3ttepreTHKe npe.11,bHBJIHIOTCH cJie.11,y101L1,He Tpe6osatt11H: ocHoB

HbIX IlOTpe6HTeJieH (K HHM OTHOCHTCH MHorne npOMblllIJieHHbie npe.11,npHHTHfl, 

HeKOTOpbie BH.11,bl TpaHcnopTa H CHCTeMbl o6orpesa )KHJIH1LI,) Heo6XO.ll,HMO o6ecne

qHB3Tb B IlOCTOHHHOM pe)KHMe 3JieKTpocHa6)KeHHeM, paBHblM no KpaflHeH Mepe 

IlOJIOBI1He np0113BO.ll,HMOH 3HeprnH. 9Ta '-laCTb 3HepreTHKl1 Ha3bIBaeTCR 6a30BOU. 
OCTaJihHaH qaCTb 3Heprmi: JJ.OJI)KHa Bbipa6aTbIBaTbCH H TpaTHTbCH B COOTBeTCTBHH 

c 3HepreTHqeCKHMH Il0Tpe6HOCTHMH, 3aBHCH1Ll,HMH OT BpeMeHH cyTOK, Ce30HHb!X 

H noro.11,Hb!X H3MeHeHHH. 

3HaqHTeJibHaH qaCTb 6a30BOH 3HepreTHKH o6ecneqHsaeTCfl 3JieKTpOCTaHLI,H

RMH, Il0Tpe6JIRI01Ll,HMH yrneso.11,opo.11,Hoe HCKonaeMoe TOilJIHBO, 3anaCbI KOToporo 

s 11cTop11qecKofl nepcneKTHBe 6yAyT tteH36e)i<HO HcqepnattbI. Bb1pa60TKa TaKHMH 

npe.11,npHRTHHMH 3JieKTp03HeprnH conpoBO)K.11,aeTCfl KpynttoMaCWTa6HbIM C)KHraHH

eM KHCJiopo.na H e)Ker0.11,HblMH Bbi6pocaMH B aTMoccpepy npH6JIH3HTeJibHO 5,5 f T 

(5,5 · 109 TOHH) yrJiepo.11,a B cocTase yrneKHcJioro ra3a. EcJIH cymecrnyIOmaH 

CTPYKTypa npo113so.11,crna 3HeprnH coxpaHHTCH 11 .11,aJiee, TO K 2050 ro.11,y cJie.11,yeT 

O)KHJJ.aTb Bb16pocos yrnepo.11,a .no 11 fT B ro.11,. Ho y)Ke JJ.OCTHrHYThIH Hhrne ypo

seHb BbI6pocos yrJieKHCJIOrO ra3a B 611occpepe He MO)KeT 6b!Tb CKOMileHCHpOBaH 

eCTeCTBeHHblM nyTeM. Tip116JIH3HTeJibHO 3,3 f T 113 yKa3aHHoro Bbillie IlOJIHOrO 
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BbI6poca B aTMOCcpepy OCTaeTCH B Hett B COCTaBe C02 ITO Kpai1Hei1 Mepe B Te4eHHe 

HeCKOJibKHX COTeH JieT. 

Dosbrwemre KOHUeHTpau.11.11. yrneKHCJioro ra3a B aTMoccpepe npHBOAHT K cylll,e

cTBeHHOMY H3MeHemno 3KOJIOf!1'-l:eCKOH o6cTaHOBKH Ha orpoMHbIX TeppttTOpHHX: 

HJJ.YT KHCJIOTHble AO:JKAH, pe3KO yxy.IJ,waIOTCH ycJIOBHH cylll,eCTBOBamrn HaceKOMbIX, 

,!l,HKHX :JKHBOTHbIX, pbI6 H T. ,!l,. 

3a C4eT HaKOnJleHH5l C02 B aTMoccpepe ycHJIHBaeTrn Harpes 3eMHOH no

sepxHOCTH (TaK KaK TeITJIOBaH 3HeprH5l B ra30BOH cpe.n,e Ha.n, HeH norJIOlll,aeTCH 

B ocHOBHOM MOJieKyJiaMH C02 H H20). Bo3HHKaIOlll,HH napHHKOBhIH 3cpcpeKT, 

o6ycJIOBJieHHb!H H36bITO'lHb!M yrneKHCJlb!M ra30M B aTMOCcpepe, npHBO,!l,HT K 3cp

cpeKTHBHOMY Harpesy nosepxHocrn 3eMJIH, paBHOMY rrp116JIH311TeJibHO 2,45 BT/M2. 

O:JKtt.n,aeTCH, Y:TO OH B03pacreT Jl.O 5-6 BT/M2 K 2050 ro)l.y, T..J:TO corrocrasHMO 

c ecrecTBeHHb!M IlOBbJWeHHeM ypoBHH COJIHeYHoro H3JiyYeHHH, rrpHBO)l.HBWHM 

B npornJihie reoJiorHY:eCKHe 3nox11 K 3Ha4HTeJihHbIM H3MeHemrnM KJIHMaTa. Co

rnacHo naJieOKJIHMaTH4eCKHM )l.aHHbIM KJIHMaT MO:JKeT H3MeHHTbC5l 3a BpeMH, 

COilOCTaBHMOe c :JKI13Hbl0 O,!l,HOrO IlOKOJiemrn, T. e. ,!l,OCTaTO'-l:HO 6h!CTpO. 

L(JIH l13MeHemrn CJIO:JKHBWeHCH o6CTaHOBKH Heo6xo.n,11Ma pa,ll,HKaJihHaH ne

pecTpOHKa cylll,eCTByIOlll,eH 3HepreTHY:eCKOH CHCTeMbl. Do BCeH BH,!l,HMOCTH MO

.n,epHH3HpoBaHHaH 3HepreTHY:eCKaH CHCTeMa 6y.n,eT OCHOBaHa Ha HCTIOJib30BaHHH 

KOM611Hau1111 3Hepropecypcos, B TOM 'lHCJie 6110MaccbI, 3Heprm1 CoJIHUa, BeTpa, 

rn.n,popecypcoB, OKeaHCKHX rrpHJIHBOB, H.D,epHb!X peaKTOpOB ,ZJ,eJieHHH [8]. 
Hbrne 3HepreTHKa, ocHosaHHaH Ha 11cnoJib30Batt1111 H.n,epHbIX peaKTopoB yKa-

3aHHoro T11na, .n,11HaM11T..J:ecK11 pa3BHBaeTcH. B HJl.epHbIX peaKTopax Ha aTOMHhIX 

3JleKTpOCTaHUHHX (A3C), rop!OYHM ,!l,JIH KOTOpbIX HBJIH!OTCH .n,eJIHlll,HeCH MaTep11-

aJibl, KHCJIOpo.n, He TIOTpe6JIHeTCH, a BbI)l,eJieHHe yrneKHCJIOro ra3a npOHCXO)l,HT 

B HH4TO:JKHb!X KOJ1!14eCTBaX, Il03TOMY npouecCbl B TaKHX yCTaHOBKaX He cnoco6-

CTBYIOT yc1rneHHIO napHHKOBoro 3cpcpeKTa B aTMoccpepe. B HOpMaJibHOM pem11-

Me pa6oTbI A3C 06ecne411saeT .n,ocraT04HO BbICOKYIO 3KOJiorwiecKyIO YHCTOTy. 

HeTPYAHO no,ZJ,cT..J:ttTaTb, Y:TO 3Heprosbr.n,eJieH11e 1 r ypaHa npH6JIH3HTeJibHO 3KBH

saJieHTHO 3Heprosb1,ZJ,eJieHHIO 2,7 T yrnH 11, cJie.n,osaTeJibHO, .D,JIH A3C rpe6yercH 

HecpaBHeHHO MeHbWee KOJIHT..J:eCTBO TOTIJIHBa, T..J:eM ,!l,JIH o6hI'-l:Hb!X 3JieKTpocTaHUHH 

(cM. pHc. 16.1). DpH Hx 3aMeHe aTOMHbIMH 3JieKTpocTaHUHHMH orna.n,aeT Heo6-

xo.n,11Mocrb B .n,oporoCTOHlll,eH rpattcnoprnpoBKe KPYTIHbIX Mace ronJIHBa. Dpo

H3BOJl.CTBO renJia 11 3Heprntt Ha A.3C o6hIT..J:HO BTpoe ,ZJ,ewesJie no cpastteHHIO 

c 3JieKrpocraHUHHMH, pa6oTaIOlll,HMH Ha HCKonaeMOM TOIIJIHBe. HaKOHeU, yHH

KaJibHOCTb H.n,epHoro TOITJIHBa 3aKJIIOT..J:aeTCH B B03MO:JKHOCTH ero pacwttpeHHOro 

BOCilpOH3BOACTBa (ttcKyccTBeHHOH Bbrpa60TKH) B rrpouecce pa60Tbl peaKTOpOB 

HeKOTOpb!X THilOB (CM. HHme). 

0 3Ha'-l:HMOCTH H,ZJ,epHOH 3HepreTHKH, OCHOBaHHOH Ha peaKUHH .n,eJieHHH B co

BpeMeHHOM HapO,ll,HOM X035IHCTBe, CBH.IJ,eTeJibCTBYIOT, HanpHMep, CJie.n,yIOlll,He JJ,aH

Hbie: B HaCTOHlll,ee speMH BO BCeM Mttpe HaCT..J:HTbIBaeTCfl CBbIWe 400 flAepHblX 

3HepreTH'leCKHX peaKTOpOB, rrpoH3BOJJ,Hlll,HX npH6JIH3HTeJibHO 17 % BCeH 3JieKTp0-

3Hepnrn. B T..J:aCTHOCTH B Poccm-1 Bb1pa6arhrnaeTCH OKOJIO 7 %, B HeKoropbIX :JKe 

crpaHaX 3TOT BKJiaJJ, COCTaBJI5IeT MHOrne JJ,eCHTKH npoueHTOB; TaK, B I1cnaHHH 
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P11c. 16.1. a - AToMHaH 3JJeKTpocTaHU:HH. TorrJ111so: 27 T (160 T rrp11po!l,ttoro ypatta/roiJ,). 0TXO)l,bI: 

35 T (BbICOKOaKTHBHble); 310 T (rrpoMe)l(yTO'-IHOH aKT!1BHOCTl1); 460 T (H113KOaKTl1BHbie). 6 - 3JJeK

TpOCTaHU:11H Ha yrne (ocHarn,eHHaH HOBefirnell. TexHoJJornell. rro 6oph6e c 3arpH3Hem-1eM). Torrmrno: 

2,6 MJIH. T (5 COCTaBOB rro 14000 T/!l,eHb). 0TXO)l,bI: 6,5 MJIH T C02; 900 T S02; 4500 T NOx; 
320 000 T 30.Jlbl (BKJIJO'la.H 400 T TOKCl14Hb!X T.H)KeJlblX MeTaJIJIOB) 

11.oJIR 3JieKTp0.9HeprnH, Bbipa6aThrnaeMoI1 A3C, paBHa npHMeptto 40 %, a BO <Ppatt

UHH COCTaBJIHeT CBbillle 70 % [2). 

B 6JIH)K8Hlllett HCTopw·1ecKoI1 nepcneKTHBe no Mepe HCTomeHHH yrnepO,ll,Horo 

HCKonaeMoro TOOJIHBa see 60JibllIYIO poJib B 6a30BOH 3HepreTHKe 6y,ll,eT, sepOHT

HO, npHHa)],Jie)KaTb peaKTOpaM, o6ecneqHB8IO!l.LHM paCllIHpeHHOe BOCnpOH3BO,ll,CTBO 

H,ll,epHoro ropIOqero. Ho pa6oTa 3THX peKTopos ocHosaHa Ha 11cnOJih30BaHHH 

nepm..iqHoro HJ],epttoro ropIOLJero - ypatta-235. 0AHaKo 3Hepro3anac nocJie,ll,Hero 

coH3MepHM c 3anacoM HCKonaeMoro opraH11qecKoro TOnJIHBa, T. e. cpaBHHTeJibHO 

MaJI. Do.9TOMy B ,ll,JIHTeJihHOH HCTOpHLJeCKOH nepcneKTHBe OCHOBHbIM KaH/1.H/1.aTOM 

6a30BOH 3HepreTHKH npe,ll,BH,ll,5!TC51, nO-BH,ll,HMOMy, TepMOH,ll,epHbie peaKTOpbl, HC

nOJib3YIO!l.LHe 3KOJIOrHl.J€CKH q11cThie H B0306HOBJI5leMbie HCTOl.JHHKH 3Hepnrn [8]. 
I1MeHHO TaKoe HanpaBJieHHe B pa3BHTHH MHpOBOH 3HepreTHKH 003BOJIHJIO 6hI 

o6ecneLJl1Th 6yl1.ymee npouBeTaH11e nocJie,ll,yIOm11x noKoJieH11fi. 

§ 16.2. ffaqaJibHbie CTa)l.1rn: B,ll.epuoro TODJIHBHOfO U:HKJia 

5!,ll,epHaR 3HeprernKa, noM11Mo A3C, BKJIIOLJaeT TaKIB:e ropHopyl1.HYIO npOMbillI

JieHHOCTh no ,ll,06b1qe ypaHa 11 Top115!, o6oraTHTeJibHbie 3aBO,ll,hI, npe,ll,np11HTH5l 

no npoH3BO,ll,CTBY o6opy,ll,OBaHH5l ,ll,Jl5! aTOMHbIX 3JieKTpOCTaHUHH 11 TOnJIHBHblX 

3JieMeHTOB, 3aBO,ll,hI no nepepa6oTKe oTpa6oTaHHoro R,ll,epttoro ropIOYero H ,ll,pyrne 

npe,ll,npHHTHH [ 1]. 
B 3TOM naparpacpe Mb! KopoTKo paccMoTpHM HaLJaJihHbie cTa,ll,11H H,ll,epHoro 

TOOJIHBHOro UHKJia, a B CJie,ll,yIOmeM o6cy)l,HM npouecc uenHOH peaKUHH ,ll,eJieHH5l. 

16.2.1. Pa3ee,n:Ka, ,n:o6&1qa H XHMHqecKaR nepepa6oTKa si:,n:epHoro c&Ip&si:. 
OcHOBHbIMH 3JieMeHTaMH )l,JI5l noJiyYeHH5l BHYTPH5l,D,epHoi1 .3Heprn11 cJiy2KaT ypaH 

11 Top11ii. Ypatt HHorJ],a Ha3bIBaIOT «Be3,IJ,ecymHM» 3JieMeHTOM 3a ero 6oJibllIOe 

pacceHH11e B np11po,ll,e. TaK, oH co.n.ep)KHTCH KaK MaJiaH npHMeCh BO Bcex ropHbIX 
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nopo.n.ax, no'-rne, a CJie,II.OBaTeJibHO, H B JII06bIX MaTepHaJiax (rnHHe, H3BeCTH, .n.epe
Be H np.), a TaK;>Ke B mm.J,e . .IKHBbie TKaHH, KaK npaBHJIO, co.n.ep;>KaT ypaH B BH,II.e 

MaJIOH npHMeCH. PacnpocTpaHeHHOCTb ypatta COCTaBJIHeT 3 . 10-4 %. TopHH TaK;>Ke 

urnpoKo pacnpoCTpatteH KaK npHMecb, B MaJioH KOHUeHTpaUHH. PacnpoCTpatteH

HOCTb ero B npHpO,II.e COCTaBJI5IeT 80 · 10-4 %. ilpoUeHTHOe CO,II.ep;>KaHHe ypatta 
H TOpHH B 60Jibll1HHCTBe nopo.n. oqeHb MaJIO. )lo6b1qa cqHTaeTCH npOMbllllJieHHO 

nepcneKTHBHOH, eCJIH co.n.ep;>KaHHe 3THX 3JieMeHTOB JJ.OCTHraeT B nopo.n.e 0,01 %, 
HJIH 6oJiee. 

)lJIH opraHH3aUHH pa3Be,II.KH Ha ypaH HJIH TOpHH HC00Jlb3YIOT HX pa,II.HOaK
THBHOCTb. B qacTHOCTH, ypatt MO;>KeT 6bITb npH H3BecTHbIX ycJIOBHHX o6ttapy;>KeH 

no npHCYTCTBHIO Ha,II. nosepXHOCTblO noqBbl pa.n.oHa - ra3a, BbI,II.eJIHeMoro ypaHOM 

B npouecce pacna.n.a (cM. § 26.4). Pa.n.ott - npoHHKaIOllJ,HH pa.n.HoaKTHBHbIH ra3, 
cnoco6Hb!H MHrpHpOBaTb CKB03b 60Jibll1He TOJillJ,H ropHbIX nopo.n.. 

Pa.n.11oaKTHBHOCTb ropttbIX nopo.n. Mo;>KeT 6bITb o6cJie.n.osaHa H nyreM pern

crpaUHH npoHHKa10mero ')'-H3JiyqeHHH, HcnycKaeMoro ')'-aKTHBHbIMH HYKJIH,II.aMH 

ypaHo-pa.n.HeBoro H rop11esoro pHJJ.OB. HaH6oJiee 3KCnpecCHbIM MeTOJJ.OM H3Me
peHHH ecrecrBeHttoro ')'-H3JiyqeHHH HBJIHeTCH Mero.n. a3poraMMa-cneKrpaJibttoi1 

CbeMKH, 3aKJIJOqaIOllJ,HHCH B H3MepeHHH HHTeHCHBHOCTH ')'-H3JiyqeHHH onpe.n.e

JieHHbIX 3Heprni1 c nOMOllJ,blO BblCOKoqyscTBHTeJibHb!X raMMa-cneKrpoMerpoB, KO

ropb!e ycrattaBJIHBaIOTCH Ha 6opry HH3KOJiernmero caMoJiera HJIH seproJiera. 

Ha pHc. 16.2 noKa3aHo noJiyqeHHOe 3THM MeTOJJ.OM H. JI. ooJITHeBbIM, P. M. Kora

HOM, H. M. Ha3apoBbIM, Ill. )l. <t>p11.n.MaHOM H .n.p. B 1960-1980 rr. pacnpe.n.eJiettHe 
KOHUeHrpaUHH ypaHa H ropHH B nosepxHOCTHblX OTJIO;>KeHHHX Ha reppHTOpHH 

esponeifcKoH qacrH PocCHH H conpe.n.eJibHbIX rocy.n.apcrn [3]. KaK BHJJ.HO, pacnpe

.n.eJieHHH 3THX pa,II.HOHYKJIHJJ.OB HOCHT BeCbMa M03aHqHblH xapaKrep. 

B Mecrax nosbrllleHHOH KOHUeHrpaUHH ypaHa HJIH ropHH 6ypttrcH CKBa;>KHHa 

H npOH3BO,ll.HTCH Kapora;>K, 3aKJIIOqaIOllJ,HHCH B HCCJie,II.OBaHHH no CTBOJIY CKBa
;>KHHbl HHTeHCHBHOCTH ')'-H3JiyqeHH5l c ueJiblO o6Hapy)KHTb no MaKCHMaJibHb!M 

orcqeraM pacnoJio;>KeHHe nopOJJ.bI c noBbillleHHbIM co.n.ep;>KaHHeM ypaHa. 3areM 

crpoHTCH lllaxra H Haq11HaercH ee 3KCnJiyarauHH. 

4ame scero ypaH scrpeqaercH B cocraBe ypaHosoif CMOJIHHOH PYJJ.bI, B MOJie
KYJIHpHOM coe,II.HHeHHH U30 8, HJIH ypaHHJia, sa;>KttettlllHM KOMnoHeHTOM Koroporo 

HBJIHeTCH .n.syoKHCb ypaHa U02. OcHOBHbIM MHHepaJIOM, co.n.ep;>KallJ,HM ropHif, 

HBJIHeTCH MOHaUHT, BXOJJ.HllJ,HH B COCTaB raK Ha3bIBaeMb!X MOHaUHTOBb!X neCKOB. 

BropbIM 3ranoM B nepepa6orKe PYJJ.bI HBJIHercH ee o6orameHHe, npoH3BOJJ.HMoe 
Ha cneuHaJibHblX cpa6pHKaX. ilpHMeHHeTCH 06biqHaH o6oraTHTeJibHa5l TeXHHKa 

(rpaBHTaUHH, cflJioTaUHH, BbillJ,eJiaqHBaHHe H np.). c o6oraTHTeJibHOH cpa6pHKH 

noJiycfla6pHKaT HanpaBJIHeTCH Ha XHMHqecKHH 3aBO,ll.. 

Ll.JIH noJiyqeHHH MeraJIJIHqecKoro HJIH lllecrHcflropHcroro ypaHa Ha.n. noJiy

cpa6p11KaTOM nposo,II.HT pHJJ. onepauHti (so3.n.ei1crBHe a30THOH H cepHoif KHCJIOTOH 

H np.), B pe3yJibTare qero o6pa3yeTCH HHTpar ypaHHJia U02(N03)2 B BOJJ.HOM 
paCTsope. Bee onepaUHH npoBOJJ.HT B ycJIOBHHX, 06ecneqttsa10m11x noJiyqeHHe 

npo.n.yKra HCKJIJOq11reJibHOH q11cTOTbl c co.n.ep;>KaHHeM npHMeceif He Bblllle HeCKOJib

KHX MHJIJIHOHHbIX ,II.OJieH (nocKOJlbKY 6oJiee 3HaqHTeJibHbie npHMeCH np1rne.n.yT 

K ocTaHOBKe uenHoif peaKUHH B HJJ.epHoM peaKrnpe, cM. HH;>Ke). Oco6eHHO 6oJib-
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P11c. 16.2. Pacnpe"eJJeH11e ypaHa (a) 11 Topm1 (6) Ha Tepp11Top1111 esponeikKoli qacrn Pocrn11 
11 conpe"eJJbHbIX rocy "a pcm 

rnoe BHHMaHHe y.n.eJUieTCH y.n.aJieHmO TaKHX 3JieMeHTOB - CHJibHbIX TIOrJJOTHTeJJei-i 

HeihpOHOB, - KaK 6op, Ka,LI.MHH, HH)lHH H pe.IJ.K03eMeJlbHb!e 3JleMeHTbl. 

3aKJIIQqHTeJibHblH TeXHOJIOfHqecKHH .:nan O'-IHCTKH COCTOHT B B03,LleHCTBHH 

3cpHpOM Ha ypaHHJJ-HHTpaT. 3KCTparnpoBaHHe 3cpHpOM IT03BOJJHeT ITOJIY'-IHTb oco-

6eHHO '-IHCTbIH rrpo.ll.yKT. B pe3yJJhTare ypaHHJI-mnpar nepeXO.ll.HT B 3Qmp, a npH-
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MeCH OCTa!OTCH B paCTBope. 3aTeM ypaHHJI-HHTpaT Bb!MbIBaeTCH H3 3qrnpa BO)l.OH, 

nocJie qero, B03)].eifcTBYH Ha Hero KHCJiopO.ll.OM, noJiyqaioT nepeKHCh ypaHa. CTyTeM 

npoKaJIHBaHHH nocJie)l.HHH nepexo)l.HT B Jl.BYOKHCh ypaHa U02. LleiicTByH Ha U02 
cpTOpHCTbIM BO.ll.OPO.ll.OM, noJiyqaIOT qeTb1pexcpTOpHCTbIH ypaH UF 4. CTpH o6pa6oTKe 

ero 3JieMeHTapHbIM cpTOpoM o6pa3yeTCH UF 5, HBJIHIOW.HHCH ocHOBHhIM npO.ll.YKTOM 

ra30Jl.Hcpcpy3HOHHbIX ycTaHOBOK, Ha KOTOpb!X ocyw.ecTBJIHeTCH pa3)].€JieHHe H30TO

noB (CM. HH:m:e) . 

.[lJIH noJiyqeHHH MeTaJIJIYJqecKoro ypaHa UF 6 nepeMerrrnBaIOT co cTpy:m:KaMH 

KaJibll,HH H IlO)l.BepraIOT HarpeBaHHIO; B pe3yJibTaTe peaKIJ,HH BOCCTaHOBJI€HHH 

06pa3yeTCH 3JieMeHTapHbIH ypaH. 3aTeM nocJie)l.HHH no)l.BepraeTcH nepenJiaBKe 

B BaKyyMe. YpaHOBhie CTep:m:HH 3anaKOBbIBaIOT B repMeTYJqecKHe aJIIOMHHHeBbie 

LJeXJibl, l.JTO il03BOJIHeT npe)l.OTBpaTHTb ero OKHCJieHHe H BbI)l.eJieHHe H)l.OBHTbIX 

npo.ll.yKTOB pacna)l.a ypaHa. 

CTOJib :m:e CJIO)KHbIH nyTb o6pa6oTKH npOXO)l.HT PY.ll.bl, CO)l.ep:m:aw.He TOpHH. no

CJie)l.HHH HrpaeT B H)l.epHOH 3HepreTHKe pOJib, TaK CKa3aTb, «3anacHoro HrpoKa». 

Ba:m:HeifrnHM HJl.epHbIM ropIOLJHM CLJHTaeTCH ypaH. B )l.aJihHeifrneM MhI H 6y)l.eM 

OCHOBHOe BHHMaHHe Y.ll.€JIHTb 3TOMY 3JieMeHTy. 

16.2.2. IlpoM&1wJienu&1e MeTOJJ:bI pa3.zi:eJieuu.H n3oTonoe ypaua. CJie)l.y

iow.aH TeXHOJIOrHLJecKaH CTa)l.HH nepepa60TKH ypaHa 3aKJIIOqaeTCH B o6oraw.eHHH 

ecTeCTBeHHOH CMeCH H30TOilOM 235 U (HanOMHHM, l.JTO B ee COCTaBe Ha )l.OJIIO 

ypaHa-235 npHXOJl.HTCH Bcero 0, 7 %). B 51.ll.epHOH 3HepreTHKe npHMeHHIOT rnaB

HhIM o6pa3oM TPH cJie)l.yiow.ttx MeTo)l.a o6oraw.eHHH: ra30BOH Jl.Hcpcpy3HH LJepe3 

nopHCTbie neperopO)l.KH, 3JI€KTpOMafHHTHOfO pa3)].eJieHHH H IJ,eHTpHcpyrnpoBaHHH. 

Htt:m:e nocJie)l.oBaTeJibHO paccMaTpHBaIOTCH 3TH MeTOJl.hI. 

I'a3oBa5l aucp<fJy3u5l B KaLJeCTBe npHMepa o6cy)l.HM ra30)l.Hcpcpy3HOHHbie npo

IJ,eCCbl Ha ycTaHOBKax 3aBo)l.a K-25 (OKpHJl.M, rnTaT TeHHecrn, ClllA). B KaMepy, 

pa3)].eJieHHYIO noJiynpoHHIJ,aeMoif neperopo.ll.KOH (pHc. 16.3, a), no)l.aeTCH ra3 Uf 6, 

co)l.ep:m:aw.Hif cMecb H30TonoB 238 U H 235U. CTptt TenJIOBOM paBHoBeCHH cpe)l.HHe 

3HeprnH LJaCTHI.l, o60HX H30TOOOB paBHbl. 0603HaLJaH MaCCbl JierKOH H rn:m:eJIOH 

KOMilOHeHTbl ffiL H ffiH COOTBeTCTBeHHO, MOMHO HanHCaTb: 

( 16.1) 

3)1.eCb v - cpe)l.HHH CKOpOCTb MOJieKyJI. Jfa (16.1) CJie)l.yeT, l.JTO CKOpocTb JierKHX 

MOJieKyJI 60Jibllle CKOpOCTH rn:m:eJiblX 

VL = ~VH, (16.2) 

TaK KaK ~ > 1. CJie)l.oBaTeJihHO, JierKHe MOJieKyJihI 6y.ll.yT B cpe)l.HeM LJaw.e 

CTaJIKHBaTbCH c nopHCTOH neperopO)l.KOH ab H qepe3 neperopO.ll.KY npOHHKHeT B 

pe3yJibTaTe 60Jibllle JierKHX MOJieKyJI. 
n' 

CTo3TOMY qepe3 KaKOe-TO MaJioe BpeMH OTHOllleHHe KOHIJ,eHTpall,HH + JI€rKHX 
nH 

MoJieKyJI K rn:m:eJibIM B cocy)l.e II 6y)l.eT OTJIHLJaThCH OT HX nepBoHaLJaJibHOH 
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II 

a ------------------ b 

t 

6 

p ---------------------- p' 
N=7,16·10-3 

c 

~ 
d 

N=7,14·10-3 

I 
O! ---------------------- O! 

N=7,12·10-3 N =7,14· 10-3 
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P11c. 16.3. CxeMa 11,nea.JJ11311poBaHHOH ycTaHOBKM ,Q.JJH ra30,n11<jl<jly31wHHOro pa3,neJ1eHMH H30TorroB: 

a - OTJJ,eJJhH351 w1ei1Ka, pa3,Qe.JJeHH351 rro.JJyrrpOH!lUaeMOH rreperopOJJ,KOH; 6 - paUllOH3Jlll3llpOB3HH351 

CXeMa AByx H3'l3.JlbHbIX H'leeK 

(16.3) 

4HCJIO coyAapeHHH MOJieKyJI c rreperopOAKOH 3a €AHHHUY BpeMeHH rrporropUHO
H3JlbHO Y.HCJIY MOJieKyJI B €AHHHUe o6beMa v H HX CKOpOCTH v, rrpw-1eM n' ex nv. 
TI03TOMY 

n' L 
-;["" 

H 

flOACTaBJI5!5! (16.4) B (16.3), rrOJIYY.HM c yY.eTOM (16.2) 

(16.4) 

r = nLVL/nHVH = VL = fljjji. (16.5) 
nL/nH VH v ffiL 

TIOACT3BJl5!5! B (16.5) MaCCbl H30TOCTOB ypaHa-238 H ypaHa-235, rroJiy1rneM 

r = 1,0043, 

T. e. pa3HHUa B Maccax H30TorroB B Y.acrnx cocyAa I H II HHY.TO)f(HO MaJia. flpH 
3TOM eme CJieAyeT HMeTh B BHAy, Y.TO B npouecce AHcpcpy3HH c yMeHhW€HHeM 
Y.HCJia JierKHX MoJieKyJI B KaMepe I KOJIHY.ecTBO TH)f(eJibIX Y.aCTHU, npoHHKaIOmHx 
Y.epe3 neperopOAKy, B03paCTaeT, H r nocTeneHHO yMeHbWaeTCH (AJIH COeAHHeHHH 
UF 6 MO)KHO npHHHTb, Y.To nocJie npoxo*AeHHH Y.epe3 neperopOAKY noJIOBHHbI 
raBa r paBHO 1,0030). 

3TO CTOK33bIBaeT, Y.TO cxeMy pa3AeJieHH5! H30TOCTOB ueJiecoo6pa3HO HeCKOJibKO 
H3MeHHTb. Ha pHc. 16.3, 6 noKa3aHa MOAepHmHpoBaHHaH cxeMa. BBeAeM ABa 
CJieAyIOll.LHX nOHHTHH: KOHUeHTpauHIO JierKoro 3JieMeHTa 

(16.6) 
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(N JJ:JHI 235 U paBHO 0,00714 HJIH 0,714%) H OTHOCHTeJibHYIO KOHUeHTpaUHIO R = 
= nL . BeJiwIHHhI R 11 N CBH3aHhI Me:>K;:i:y co6oH: cpopMyJiaMH 

nH 

R N 
N=-- H R=--. 

R+l 1-N 
.Ll.JIH ecTecTBeHHOH CMeCH ypaHa 

R = 0,00714/(1 - 0,00714) = 0,00719. 

n' n 
Cornaetto (16.3) -fo- = r ___!:_ HJIH R' = r R = 1,0030 · 0,00719 = 0,00721, 

nH nH 

N' = _!!!__ = 0,00721 = 7 16 . 10_3 
R + 1 1,00721 ' . 

PaccMoTpHM Tenepb npouecc npoxo:>K;:i:eHHH ra3a Y.epe3 ycTaHOBKy. l1cxo;:i:HaH 
cMecb no;:i:aeTcH Y.epe3 KaHaJI a (N = 0,00714). oJiaro;:i:apH ,n11cpcpy3HH Y.epe3 
neperopo,n:Ky aa' CMeCb 3a neperopo,n:KOH o6oraTHTC51 JierKOH KOMITOHeHTOH Ha
CTOJlbKO :>Ke, HaCKOJibKO o6e;:i:HHTC51 e!O nepBOHaY.aJibHaH CMeCb, T. e. ,naJiee npoH:
.neT npo;:i:yKT c KOHUeHTpau11ei1 7' 16 . 10-3, a OT06paHa 6y,neT B OTXO,U CMeCb 
c N = 7,12 · 10-3. 

06oralll.eHHblH B OTHOWeHHH 235U npo;:i:yKT c N = 7' 16 . 10-3 npoi1:,n:eT Y.epe3 
KaHaJI c B cJie,n:y10lll.Y10 KaMepy, r;:i:e o6e,n:HHTCH ;:i:o KOHUeHTpau1111 N = 7, 14 x 
x 1 o-3. .3TOT ra3 ueJiecoo6pa3HO no,naTb Y.epe3 KaHaJI d B nepBy!O KaMepy. Ha 
Bb!XOJJ,e 6yJJ,eT OTo6paHa o6orameHHa51 cMeCb c N = 7' 18 . 1 o-3. CxeMa peaJibHOM 
ycTaHOBKH, Ha3bIBaeMOH KaCKa)l,OM, noKa3aHa Ha pHC. 16.4 . 

.LI.mi o6oralll.eHH51 CMeCH H30TOTIOM 235U OT KOHUeHTpauHH 7, 14 . 10-3 .no 0,8 
HJIH 0,9 Ha 3aBOJJ,e K-25 06be)l,HH5IIOT B e)l,I1HYIO CHCTeMy HeCKOJibKO Tb!CHY. KaCKa
)1,0B (CTyneHH E-S). Molll.Hhie HacocbI co3,na10T BaKyyM H BbI3bIBa!OT nepeTeKaHHe 
ra3a. DoJIHaH ;:i:mrna ycTaHOBKH 1 MHJIH. 

KoHTPOJib 3a pa6oToi1 KacKa;:i:os ocylll.eCTBJHieTrn aBTOMaTHY.ecKH c noMOlll.b!O 
Macc-cneKTpOCKOTIHY.eCKHX ycTaHOBOK. J13-3a Kpai1Hei1: Bpe;:i:HOCTH reKcacpTop11;:i:a 
ypaHa ,UJIH Y.eJIOBeKa (B,UbIXaHHe ra3a Bbl3bIBaeT CMepTeJibHbIH HCXO.U), Bee ynpaB
JieHHe 3aBO)l,OM TaK:>Ke ocylll.eCTBJIHeTC51 JJ,HCTaHUHOHHO. 

3AeKmpohtacHUmHoe pa3iJeAeHue )lJIH pa3,neJieH11H MO:>KeT 6hITb np11MeHeHa 
CHJibHO yseJIHY.eHHaH B pa3Mepax ycTaHOBKa )leMCTepa, TIOKa3aHHaH Ha pHC. 7.8. 
YpaHoco)l,ep:>Kalll.ee Belll.ecrno 11cnapHeTCH B cneu11aJibHOH neY.Ke, 11 06pa3osasw11-
ern HOHbI (ttanp11Mep, UBr 4 HJIH UCl4) yCKopH!OTCH c noMOlll.bIO cneu11aJibHbIX 
3JieKTpO.UOB, Ha KOTOpb!e no.naeTCH Bb!COKOe HanpH:>KeHHe. )laJiee HOHbl nona;:i:a!OT 
B BaKyyMHYIO KaMepy, r;:i:e co3,naHo nonepeY.Hoe MarHHTHoe noJie. 11oHbI, co;:i:ep
:>Kalll.He 238U' OITHCbIBa!OT ;:i:yry 60JibWero pa.u11yca no cpaBHeHHIO c HOHaMH, 
co;:i:ep:>Kalll.HMH 235U. I1o3TOMY Te H ;:i:pyrne nona,Ua!OT B pa3Hb!e npHeMHHKH. 

TipH TaKOM pa3)1,eJieHHH, Ka3aJIOCb 6bl, K03cpcpHUHeHT pa3)1,eJieHH51 MO:>KeT 6b!Tb 
KaK yro;:i:Ho 6oJihWHM. 

Ha caMoM ,n:eJie 113-3a BJIHHHHH npocTpaHcrneHHoro 3apH,na 11 cpJiyKTau110HHbIX 
OTKJIOHeHHH OT,UeJibHbIX HOHOB OT OCHOBHOH TpaeKTOpHH, ITOJIHoro pa3,n:eJieHH51 .no-
6HTbC51 He y;:i:aeTCH. 06bIY.HO npHMeHHIOT HeCKOJibKO CTyneHeH OY.HCTKH, ITOBTOp515I 
neperoHKy. 
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06oraTHTeJJb a 

neperopoAKa 
3arpyaKa 

8bIXOA p 
6 

06oraTHTeJJb 

CTyneHh 2 

CTyneHh I~--.-----------,--' 

CTyneHh I~-~-------~--' 
3arpyaKa p 

CTyneHh 2 

'----~-----~-----' 06e.QHHJOll(aH 
'-laCTb 

0TXO)l,bl W 

Pttc. 16.4. a - CxeMa ra30.u.tt¢¢ya110HHoro KacKa.Qa. KaMepbI, co.u.ep:»rnm11e o6orameHHYJO cMeCb, 
HMeJOT 6oJJee TeMHbIH BH.Q. 6 - CxeMa noJJHOH raao.u.tt¢¢y3110HHOH ycTaHoBKH 

,UJH1 BbI)l.eJiemrn 6oJiblllHX KOJIHl.J.eCTB 235U 3TOT cnoco6 He BbirO)l.eH. Ho 3aTo 

OH u.eJiecoo6pa3eH )l.Jl51 pa3)l.eJieHH51 HeKOTOpb!X ,ll.pyrnx H30TOnOB B TeX CJiyl.J.aHX, 

KOr)l.a coopy)Kemre .ll.Hcpcpy3HOHH0f0 3aBO)l.a 51BJI51eTC51 3KOHOMH4eCKH HepeHTa6eJib

Hb!M. 3JieKTpOMarHHTHblM cnoco6oM B HaCTOHIIJ.ee speM5! noJiyLiaeTC5! 6oJiblllOe 

L!HCJIO CTa6HJibHb!X H30TOnOB ( 6Li, 7u, 10B, 12c H ,ll.p.). 

lJe1-tmpu<jJyiupoea1-tue l.Jepe3 11.eHTp11cpyry nponycKaeTcH nap, co,ll.ep)KaIIJ.HH 

CMeCb H30TOnOB onpe)l.eJieHHOfO 3JleMeHTa. CTo)l. )l.eHCTBHeM u.eHTpo6e)KHb!X CHJI, 

co3)l.aBaeMbIX 6brCTpo Bpaw.a10w.11MCH poTopoM, LiacTHU.bI Jiernoro H30Tona rpyn

mrpyIOTC5! 6JIH3 Hero, a nJ)KeJibie - Ha nepHcpepm1 11,eHTpHcpyrn. B ee BHyTpettttei1 

L!aCTH ITOTOK napa c JierKHM H30TOnOM HarrpasJieH BBepx, a c T51)KeJiblM H30TO-
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ITOM - BHH3. ,llm1 noJiytieHHH 3a.n:aHHOH CTerrem1 o6orameHHH HeCKOJihKO ll,eHTpH

cpyr coe.n:HHHIOT Me)K.n:y co6oi1 B KaCKa.n:. 3TOT MeTO.n: MO)KeT HCITOJih30BaThCH .ll:JlH 

pa3.n:eJieHHH H30TorroB 11 JierKHx 11 TH)KeJihIX 3JieMeHTOB. KoHKpeTHhie .n:aHHhie 06 

yCTpoi1cTBe u.eHTp11¢yr, npe.n:Ha3HatieHHhIX .ll:JIH pa3.n:eJieHHH 235U 11 238U B pH.n:e 

CTpaH .n:o CHX rrop He orry6JIHKOBaHhl. 

§ 16.3. II.enHaB peaKU:HB ,n;eJiemrn 

Ha cJie.n:y10mei1 ocHoBHOH cw.n:1111 H.n:epHoro 3HepreTHtiecKoro IJ,HKJia o6ora

meHHhIH rrpo.n:yKT rroCTyrraeT B KatiecTBe pacmerrJIHIOLU.eroCH MaTep11aJia B H.n:epHhie 

peaKTOph1 - yCTaHOBKH .ll:JIH rroJiytieHHH BHYTPHH.n:epHOH 3Heprn11. B HacTOHLU.eM 

rraparpacpe Mhl paccMOTpHM rrpOHCXO.ll:HLU.He B HHX ¢H3HlleCKHe npou.ecChl. 

Bh1we yKa3bIBaJiocb, tITo s o.n:HoM aKTe .n:eJieHHH Bh1cso6mK.n:aeTcH B cpe.n:

HeM 2,5 Hei1TpOHa. 3TOT <PaKT HMeeT cpyH.n:aMeHTaJihHOe 3HalleHHe, CBH.n:eTeJih

CTBYH o rrpHHIJ,HITHaJihHOH B03MO)KHOCTH HapaCTaIOmero rrpou.ecca u.enHoi1 H.n:epHoi1 

peaKIJ,HH .n:eJieHHH, corrpOBO)K.lJ:aIOLU.eHCH OCB060)K.lJ:eHHeM Bee HOBhIX HeHTpOHOB 

H BhI.lJ:eJieHHeM BCe HOBbIX rropll,HH BHyTpm1.n:epHOH 3HeprnH ( o6h!lJHO Ha3hIBaeMOH 

aTOMHOH). 

CTpe.n:CTaBHM ce6e, tITO B ecTecTBeHHOH cMecH H30Torros ypaHa HMeeTCH 

HeKoTopoe KOJIHlJeCTBO 6h!CTphIX HeHTpOHOB. 3TH Hei1Tp0Hhl 6y.n:yT 3aMe.lJ:JIHThCH 

11 rrornomaThCH H.n:paMH cpe.n:b1. HeKoTopaH qacTh HeHTpoHoB BbI3oBeT .n:eJieHHe 

H.n:ep 238 u ( eCJIH TOJihKO 3HeprHH HeHTpOHOB 60Jihille rropora yKa3aHHOH pe

aKll,HH). 0.n:HaKO HX .ll:OJIH 6y.n:eT HeBeJIHKa He TOJlhKO H3-3a Bh!COKOfO rropora 

peaKu.1111 (1, 1 M3B), Ho 11 113-3a cpaBHHTeJihHO MaJioro cetieHHH .n:eJieHHH 238U 
("-' 1 6apHa, CM. p11c. 16.5). Hei1TpOHhI, .n:ocrnrwHe B rrpou.ecce 3aMe.n:JieHHH 3Hep

rHH 1-100 3B, 6y.n:yT c 6oJibll10H BepOHTHOCThlO HCITh!ThIBaTh pa.n:Hall,HOHHhIH 

3axBaT Ha H.n:pax 238 U, TaK KaK B yKa3aHHOH o6JiacTH cetieHHH 3Toro rrpou.ecca ()1 

xapaKTep113yeTCH MHOfOlJHCJieHHhIMH pe30HaHCaMH (HeKOTOphie IlHKOBbie 3HatieHHH 

()1 rrpeBhIWaIOT 103 6apHa (cM. p11c. 16.6, a). CetieH11e .n:eJieHHH 235U Me.n:JieHHhIMH 

HeHTpOHaMH OlleHb BeJIHKO (580 6apHa B o6JiaCTH TeITJIOBhIX HeHTpOHOB; c poCTOM 

3Heprn11 OHO yMeHhWaeTCH rro 3aKoHy l/v, p11c. 16.6, 6). CTo3TOMY sepoHTHOCTh 

.n:eJieHHH H.n:ep 235 U Me.n:JieHHhIMH HeHTpoHaMH cpaBHHTeJihHO BeJIHKa, o.n:HaKO 235U 
B cMec11 H30TorroB B 140 pa3 MeHhwe, tieM H.n:ep 238U. Mo)KHO 3HatIHTeJibHO 

yJiytIWHTh ycJIOBHH Bocrrpo113so.n:cTBa Hei1TpoHoB JI1160 o6oramaH cMeCh H30TOITOM 
235U, JIH6o HCilOJih3YH 3aMe.lJ:JIHTeJih, co.n:ep)Kalll.HH Jierntte H.n:pa, BO BTOpOM cJiy•rne 

3HeprHH HeHTpOHOB 6y.n:eT TepHThCH 66Jibll1HMH rropll,HHMH, lJTO Il03BOJIHT HM 

«rrpocKaKHBaTb» qepe3 pe30HaHCHYIO o6JiaCTh 238U. 
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<Jj,6apH 

1,0 ~~~~~~~~~~~~ 

0,1 

O,Dl 

0,001 ~~~~~~~~~~ 
0,1 1,0 E, M3B 10,0 

PHc. 16.5. CeqeHHe ,ll,eJieHHH H,!1,pa 
238 U s 3aBHCHMOCTH OT 3HeprnH 6b1CTpb1x HeihpoHoB 

Ba)KHOH xapaKTepHCTHKOH u:enttoH peaKU:HH HBnHeTCH cKopocTb ee ttapacTa
HHH, onpe.n.enHeMaH cpe8HUM BpeM.eHeM :J/CU3HU 081-tOcO noKO.JleHU5l HeHTpOHOB T' 

T. e. BpeMeHeM, npoxo.n.mu:HM M€)K,ll,Y .ll.BYMH nocne.n.oBaTenbHbIMH aKTaMH .n.eneHHH, 
H K03c/J</JUlfUeHmOM pa3MHO:J/CeHU5l HeHTpOHOB k, paBHb!M OTHOWeHYllO trncna 
HeihpottoB Ni B i-M noKoneHHH K HX GHrny B npe,11.hr,11.yru:eM: k = Ni/Ni-1· 
CTpHpoCT GHrna ttettTpoHoB 3a o.n.ttoH noKonettHe paBeH dN = N ( k - 1), a 3a 
e,ll.HHHU:Y BpeMeHH 

dN 
dt 

N(k- 1) 
(16. 7) 

T 

BenHGHHa T cKna.n.brnaeTCH H3 BpeMeHH .n.enemrn H,11.pa, BpeMeHH sana3,D,bIBaHHH 
BbineTa HeHTpOHa OTHOCHTenbHO MOMeHTa .n.eneHHH H BpeMeHH, He06XO,ll.HMOrO Ha 
nepeMeru:ettHe Hcnyru:ettttoro HeHTpotta ,11.0 cne,11.yIOru:ero .n.enHru:erocH H,11.pa . 

.ll.nH nonyqeHHH u:enHOH peaKQHH B3pb!BHOro THna Heo6XO,ll.HMO BeCTH npou:ecc 
TaKHM o6pa30M, GT06b! 3HaGeHHe T 6bWO B03M0)KH0 MeHbWe. 3TOrO ,ll.OCTHraIOT, 
HCnOnb3YH nHWb MrHOBeHHO BbineTaIOIIJ:He H cpaBHHTenbHO 6b!CTpo ,ll.BH)Kyru:HeCH 
ttettTpOHbI. EcnH )Ke Tpe6yeTcH nonyGHTb ynpaBnHeMyIO u:enHyIO peaKQHIO, TO 
He06XO,ll.HMO, GT06b! BpeMH 3ana3,D,b!BaHHH BbWeTa HeihpoHOB H speMH HX nepe
Meru:eHHH 6bWH 6b! B03M0)KH0 6onbWHMH. CTocne,11.Hee onpe.n.enHeTCH XapaKTepOM 
B3aHMO,ll.eHCTBHH HeHTpOHOB c Beru:ecTBOM, T. e. npou:eccaMH saMe,11.neHHH, ,n,mpcpy-
3HH H nornoru:eHHH. 

B cocTaB H,n,epttoro peaKTopa Bxo,11.HT: H,n,epttoe ropIOGee, 3aMe,n,mnenb 1), oTpa
)KaTenb, cny)KaIIJ:HH 0,11.HoBpeMeHHO 6HonornqecKoH saru:HTOH, H KOHCTPYKU:HOHHbie 

1
) HcKJIIOqeHHeM HBJIHeTcH peaKTOp Ha 6bICTpbIX HeHTpottax, He co,!1,ep11rnll.(HH 3aMe,ll,JIHTeJIH 

(CM. HmKe). 
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P11c. 16.6. a - 3as11c11MOCTb ce'leHHH pe3oHaHcHoro 3axBaTa HeihpoHoB 5!.QpaM11 
238 U B pe30-

HaHcHoil 3HepreT!1'leCKOH o6JJaCTl1. 6 -. 3aB!1Cl1MOCTb ce'leHHll 3aXBaTa HeiltpOHOB 51,QpaM11 
235 U 

B Hl13K03HepreT11'leCKOH 'laCTH cneKtpa 

MaTepttaJibI. RaepHoe ropIO'-lee B cosoKynHoCTH c 3aMetLJIHTeJieM cocTasm1eT ero 

aKTHBHYIO 30HY. 

)lonycTHM, LITO OHa COCTOHT H3 npHpO;:I,HOfO ypaHa B CMeCH c 3aMe;:I,JIHTeJieM 

H B Heii B036YMtLeHa u.enHaH peaKIJ.HH aeJieHHH. EcJIH k = 1, To nocJie;:I,HHH HJJ,eT c 

CTOCTOHHHOH CKOpOCTblO, npH k < 1 u.enHaH peaKIJ.HH 3aTyxaeT, a npH k > 1 H.L{eT c 

HapacTaIOrueii BO speMeHH HHTeHCHBHOCTblO. Ilpe;:I,CTaBHM k Jl,JIH paccMaTpHBaeMOH 

CHCTeMbl B BH.L{e k = Xk00 , f.L{e X - BepOHTHOCTb H36eMaTb yTe'-IKH; OHa 3aBHCHT 

OT reoMeTpI111 peaKTopa; koo - K03cpcpHIJ.HeHT pa3MHOMeHHH .L{JIH 6ecKOHeLIHOH 

cpe.L{hl; koo 3aBHCHT OT CBOHCTB MaTepttaJIOB, 3anOJIHH!Olll,HX peaKTOp 6ecKOHeLIHO 

6oJihWHX pa3Mepos. 

06o3Ha'-IHM ciepe3 N '-!HCJIO 6b1CTpb1X HeHTpoHOB aaHHoro noKoJieHHH. IlpeMJJ,e 

LieM OHH ycne!OT CKOJibKO-HH6y.L{h cymecTBeHHO 3aMe;:I,JIHTbCH, ciaCTb H3 HHX 

BhI30BeT .L{eJieHHe HtLep 238U, a ciacTb - .L{eJieHHe H.L{ep 235 U, '-ITO npHBe.L{eT 

K HeKOTopoMy yseJ!HLieHHIO KOJIHLiecrna CB060.L{Hb!X HeHTpOHOB; LIHCJIO HX OKa-
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:>KeTC51 paBHbIM NE ( E > 1). Optt JJ,aJihHefiweM JJ,BH:>KeHHH NE He11TpoHoB OHH 

6yJJ,yT 3aMeJJ,JI51TbC51. Optt npoxo:>KJJ,eHHH o6JiaCTH pe3oHaHcHoro nornolll,eHH51 238U 
GaCTb H3 HHX HCCTbITaeT paJJ,HaIJ,HOHHbIH 3aXBaT, 4TO npHBeJJ,eT K o6pa30BaHHIO 

H30Tona 239U. 06o3HaGHM Gepe3 p Bep051THOCTb H36e:>KaTb pe30HaHCHoro 3aXBaTa 

(p < 1); nocJieJJ,H5151 3aBHCHT OT OTHOCHTeJibHbIX KOJIHL!eCTB 3aMeJJ,miTeJI51 H ypaHa 

H HX pacnOJIO:>KeHH51 B peaKTope. 4HCJIO HefiTpOHOB, coxpaHHBWHXC51 B CHCTeMe 

nocJie 3aMeJJ,JieHH51 AO TenJIOBbIX CKopocTefi, pasHo N Ep. TenJIOBhie HefiTpOHbI 

6yJJ,yT 3axsaTbIBaTbC5I 51.ll,paMH cpeJJ,bl. BeJIMGirna f = nvrY l/ < 1 eCTb JJ,OJI51 
nvrYv + n 3rY3 

TeCTJIOBb!X HefiTpOHOB, 3aXBa"!eHHb!X 51.ll,paMH ypatta (nv H av COOTBeTCTBeHHO 

4HCJIO 51.ll,ep ypaHa B cM3 CHCTeMbl H ceGeHHe Il0rJIOlll,eHH51 TenJIOBblX HefiTpOHOB 

ypaHOM, n 3 H a3 - attaJIOrH"!Hbie seJIHGHHbI JJ,JI51 3aMeJJ,JIHTeJI51). TorJJ,a 4HCJIO 

nornolll,eHHbIX ypaHOM ttefiTpoHoB cocTaBHT N Ep f. HeKOTOpb1e H3 3THX qacTMIJ, 

Bbl30BYT JJ,eJieHHe. OycTb rt - cpeJJ,Hee GHCJIO 6bICTpb!X H€HTpOHOB, Bb!JJ,€JI.RIO

lll,HXC51 npH nornoruettHH ypattoM OJJ,Horo TenJioBoro ttefiTpOHa. UenHa51 peaKIJ,H51 

MO:»<:eT HJJ,TH, eCJIH TOJibKO 'T} > 1. 4eM 60Jibllle 3Ha"!eHMe rt. TeM Bblllle KaqeCTBO 

51JJ,epHoro ropI04ero. BeJIH4HHa rt onHcbrnaeTc51 <t>opMyJiofi rt = va f /L,, rJJ,e a f H L, 
COOTBeTCTBeHHO ce"leHHe JJ,eJieHH51 H cyMMa ce"leHHH )],eJieHH51 H paJJ,HaIJ,HOHHoro 

saxBaTa B 235U H 238U c yqeTOM npou,eHTHOfO COCTaBa ecteCTBeHHOfO ypatta: 

L, =a f + a(n, 1)235 + 140a(n, 1)233, v - cpeJJ,Hee "IHCJIO BTOpH4Hb!X HefiTpOHOB, 

HcnycKaeMbIX Ha OJJ,HH aKT JJ,eJieHH51. TaK KaK 4HCJIO 6bICTpbIX ttei1TpoHOB cJieJJ,y

IOIUero noKOJieHH51 paBHO NEpfrt, TO k00 = NEpfrt/N, HJIH 

koo = Epfrt· ( 16.8) 

CoornorneHHe ( 16.8) Ha3hJBaeTC51 ¢opMy1wu f.J,embtpex coMrto:J1CumeAeu. 
3Ha"lem1e rt onpeJJ,eJI51eTC51 BHJJ,OM TO!lJIHBa, a 3Ha4eHHe E O"leHb 6JIH3KO K eJJ,H

HHIJ,e, Il03TOMY Ka"!eCTBO KOHKpeTHOH CHCT€Mbl xapaKTepH3yeTC51 npOH3BeJJ,eHHeM 

pf (Ha!lOMHHM, "!TO p < 1, f < 1). 003TOMY BbirO)],HO C03JJ,aTb TaKHe ycJIOBH51, 

rrpH KOTOpbIX K034>4>ttu,HeHTbI p H f 6bIJIH 6h1 KaK MO:»<:Ho 6oJihWe. OJJ,HaKo 

3To He npoCTa51 3aJJ,aY.a. CpaBHl1M, Hanp11Mep, c11Tyau,HIO JJ,JI51 3aMeJJ,JI51!0lUl1XC51 

H JJ,11cpcpyHJJ,HPYIOlUHX HeHTpOHOB B aKTHBHOH 30He, COCT051IUeH B 0)],HOM CJiyqae 113 

Y.epeJJ,y!Olll,HXC51 6JIOKOB ypaHa 11 3aMeJJ,JIHTeJI51, a B JJ,pyroM - 113 HX 0)],HOpOJJ,HOH 

CMec11, (aKTl1BHa51 30Ha rrepsoro t11na HasbrnaeTCH reteporeHHOH, a stoporo -

roMorettHoH:). B reTeporeHHOH CHCTeMe 6h1ctpb1fi HefiTpott, ttcrryrueHHbIH np11 

JJ,eJieH1111 51)],pa ypaHa, c 60JiblllOH Bepo51THOCTblO yxoJJ,HT B 3aMeJJ,Jil1TeJib )],0 JJ,O

CTl1MeHl151 pesottaHCHbIX 3Heprni1. TaK KaK JJ,aJibHei1wee saMeJJ,Jiett11e npo11cxoJJ,11T 

B Y.HCTOM 3aMe)],JIJ1TeJie, TO Bep051THOCTb 1136em:aTb pe30HaHCHoro 3aXBaTa B JJ,aH

HOM CJiy4ae 60Jibllle, 4eM B CJiy4ae 3aMe)],JieHHH Hetttpotta B roMoreHHOH CHCTeMe: 

PreT > ProM· C Apyroi1 ctopottbI, JJ,OCTHrHYB TenJIOBOH 3Hepr1111 B 6JIOKe 3aMeJJ,JIH

TeJI51 reteporeHHOH CHCTeMbl, HeHTpOH MO:»<:eT Bbl3BaTb peaKIJ,11!0 JJ,eJieHl151, Jll1Illb 

npOJJ,HcpcpyHJJ,11pOBaB )],0 ero rpaHl1Il,bl. 04eBl1)],HO, K03cpqi11u,11eHT f B rereporeHHOH 

Cl1CTeMe MeHbllle, Y.eM B roMoreHHOH: freT < froM· 

OepBbIH 51)],epHbIH peaKTOp, 3arrylll,eHHbIH 3. ¢epMH B 1942 r. B 4HKaro, npeJJ,

CTaBJl51JI co6oi1 reTeporeHHYIO Cl1CTeMy H3 ecTeCTBeHHOro ypaHa H rpacp11Ta H 06-

12 0. A. !3apcyKOB 
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JiaJJ,aJI CJieJJ,yIOI.ll,HMH rrapaMeTpaMH: 7] = 1,35; E ~ 1,03; Epf ~ 0,8; koo = 1,08 1). 
CxoJJ,Hhie xapaKTepHCTHKH HMeJI H rrepBbIH coseTCKHH HCCJieJJ,oBaTeJihCKHH HJJ,ep

HhIH peaKrnp, rrocTpoeHHhIH H rrymeHHhIH rroJJ, pyKoBOJJ,CTBOM 11. B. KypqaTosa 

B MoCKBe B 1946 r., TaK)Ke COCTOf!BWHH l13 ecTeCTBeHHoro ypaHa l1 rpaqnna [5]. 

C. fJieccTOH 11 M. 3)1.JIYH)l. - crreu11aJI11CTbI no Teop1111 H)l,epttbIX peaKTopoB (CWA) -
rrp11BO)l,lIT Tl1ITl1'1Hb!H 6aJiaHC He1hpOHOB B caMOITO)l,)l,ep)K11BaIOI..UeHCH uerrHOH peaKU1111, 

11CXO)l,H 113 CJie)l,yIOJ..Ul1X rrpe)l,ITOJlO)KeH11H: 1) K03cpqmu11eHT pa3MHO)KeHl1lI B T01.JHOCTl1 

paBeH e)l,11H11Ue; 2) )l,eJieH11e ocyI..UeCTBJIHeTCH TOJibKO rrp11 3aXBaTe TeITJIOBblX (Me)l,JieHHblX 

HeHTpOHOB; 3) rrp11 Ka)K)l,OM aKTe )l,eJieHl1lI 06pa3yeTCH )],Ba BTOp11'-1HblX HeHTpoHa. 

,Ll.JIH rrpOCTOTbl Cl.Jl1TaeTCH, 1.JTO BHal.JaJie 100 TeITJIOBbIX HeHTpOHOB, ITOrJIOTl1Bll111Cb 

H)l,paM11 ypatta-235, Bbl3bIBaIOT o6pa30BaH11e 200 6bICTpb!X HeHTpOHOB. I-fa Hl1X: 

1---+ 40 BbIJieTaIOT 113 Cl1CTeMbl rrp11 3aMe)l,JieHl111, 

1---+ 20 ITOrJIOI..UaIOTCH B ypaHe-238 BO BpeMH 3aMe)l,JieHl1H, 

140 3aMe)l,JIHIOTCH; 113 Hl1X: 

1---+ 10 BbIJieTaIOT 113 Cl1CTeMbl' 

130 MoryT 6h!Tb 3axBa'-leHhI; B TOM 1.Jl1CJie: 

1---+ 30 ITOrJIOI..UaIOTCH 3aMe)l,Jil1TeJieM, ypaHOM-238, Bpe)l,Hb!Ml1 rrp11MeCHMl1 11 rrp., 

100 - BbI3bIBaIOT )l,eJieH11e H)l,ep ypatta-235. 

1) ITo noao,n:y TeMnOB pa3BHTHH H,n:epHoii 3HeprernKH M. Bai1H6epr H E. BHrnep no3,n:Hee 
3aMeTHJIH: «J.fa acex COBpeMeHHbIX orpacJieH TeXHHKH TeXHHKa H,n:epHb!X peaKTOpOB YHHKaJibHa 
eme 11 CBOHM HeHMOBepHO 6ypHb!M pa3BHTHeM. TOJibKO LJeTbipe ro,n:a or,n:eJIHIOT OTKpbITHe peaKQHH 
,n:eJieHHH H,n:pa (1938 r.) OT npaKTHLJeCKOro ocymeCTBJieHHH nepBOH u:enHOH 51,n:epHOH peaKQHH 
(1942 r.).» 
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Sl,llEPHbIE PEAKTOPbl 

§ 1 7 .1. T11nbl SI~epHbIX peaKTopos 11 oco6ettttocT11 11x pa6oTbI 

Pa3JIW-IaIOT 51:,r1,eptthre peaKTOpbr Ha TenJIOBbIX, npoMeJKyTol!HbIX 11 6brCTphrx 

HeihpoHax. PeaKTOpbl Ha TenJIOBbIX He11Tp0Hax COCTOHT 113 np11po,11.Horo H,11.epttoro 

roproqero ( qaCTo cJierKa o6orarn.ettttoro) s CMecH co cpaBHHTeJibHO 6oJihllll1M 

KOJIHl!eCTBOM 3aMe,ll.JIHTeJIH. PeaKTOpbl Ha npoMeJKyTOl!HbIX HeihpoHax COCTOHT H3 

,11.eJIHrn.erocH H30Tona H 3aMeJJ.JIHTeJIH. KoJIH'-leCTBO nocJie,11.Hero no,11.6HpaeTCH H3 

ycJIOBHH 3aMe,ll.JieHHH 60JibllleH qaCTH 6b!CTpb!X HeHTpOHOB Jl.O npoMeJKyTOl!HbIX 

3Heprni1 ( c noCJie,11.yIOW.HM HX nornorn.ettHeM). B peaKrnpax TpeThero rnna uenHaH 

peaKUHH ocyw.ecTBJIHeTCH 6e3 3aMe,ll.JIHTeJIH. 

B pa6oTarorn.eM peaKTope HJJ.YT cJie,11.yrorn.He npouecchi: 1) Bhr,11.eJiett11e TenJia, 

06pa3yrow.eroCH npH peaKUHH (n, f); 2) BbirOpaHHe H BOCilpOH3BOJJ.CTBO H,11.epHoro 

roproqero; 3) OTpaBJieHHe aKTHBHOH 30Hbl npo,11.yKTaM11 pacna,11.a; IlOCJie)l.Hl1e pa,11.HO

aKTl1BHbl H cnoco6Hbl HHTeHCl1BHO IlOrJIOW.aTb HeHTpOHbI; 4) IlOrJIOW.eHHe 3aW.HTOH 

H KOHCTPYKTHBHbIMH MaTepHaJiaMH Heii:TpOHOB, '-ITO o6ycJIOBJIHBaeT IlOHBJieHHe 

B HHX HaBe,11.eHHOH pa,11.HOaKTHBHOCTH H npHB0,11.HT K 113MeHeHHfO HX cpH3HKO

XHMHl!eCKl1X CBOHCTB. 

OcHOBHaH xapaKTep11cTHKa peaKTopa - ero MOW.HOcTb; oHa onpe,11.eJIHeTCH 

KOJIHl!ecrnoM TenJiosoH: 3Heprn11, BbIJJ.eJrnrow.eH:cH B e,11.HHHUY speMeHH. Morn.HOCTh 

peaKTopa H3MepHIOT B MerasaTTax (106 BT); 1 MBT coorneTcTByeT uenHoi1 peaK

UHH, B KOTOpoH: ocyw.ecTBJIHeTCH 3. 1016 aKTOB ,11.eJieHHH B ceKyH,11.y. 

0,11.HHM 113 HaH6oJiee pacnpocTpaHeHHbIX THilOB peaKTOpa HBJIHeTCH ynoMH

HaBillHHCH BbIIlle reTeporeHHbIH TeilJIOBOH peaKTOp c ypaHOM B Kal!eCTBe ropIO

qero H rpacpHTOM B Kal!eCTse 3aMeJJ.JIHTeJIH. CTeneHb o6orarn.eHHH ,11.eJIHrn.eroCH 

MaTepHaJia MOJKeT 6b!Tb pa3Jil1l!HOH; npHMeHHfOTCH KaK eCTeCTBeHHblH ypaH, TaK 

H o6orarn.eHHbIH OT HeCKOJibKHX npoueHTOB ,11.0 ,11.eCHTKOB npoueHTOB. PeaKUHH HJJ.eT 

Ha ypaHe-235. AKTHBHaH 30Ha 3anoJIHHeTCH npeccosaHHbIMH 6JioKaMH rpacpHTa 

c KacceTaMH, co,11.epJKaW.HMH H,11.epHoe roproqee. B HHX BbIJJ.eJIHeTcH 3Hepnrn, 

Il03TOMY TaK11e KacceTbl Ha3b!B3fOT TenJIOBbI,11.eJIHIOW.HMH 3JieMeHTaMH ( TB3JI3MH) . 

.ll.JIH OXJiaJK,11.eHHH pa6oTaIOw.ero peaKTOpa HCilOJib3yeTCH JIH6o B0,11.a Il0,11. ,11.aBJie

HHeM, JIH60 yrneKHCJiblH ra3, JIH6o ,11.pyrne sew.ecrna c 60JiblllOH TeilJIOeMKOCTbfO. 

OxJiaJK,11.arow.ee sew.ecrno UHPKYJIHpyeT HenpephIBHO B Tel!ett11e scero nepHo,11.a 

pa6oTbI peaKTopa. 

KpHTH'-lecKoe cocTOHHHe peaKTopa yCTaHaBJIHBaeTCH H no,11.,11.epJKHBaeTCH c no

MOW.bIO ynpaBJIHIOW.HX cTepJKHei1 H3 KaJJ.MHH HJIH 6opHcToi1 cTaJIH. CTpH 6oJiee 

12* 
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rny6oKoM BBe,ll.emrn TaKoro CTepMHH arny6b aKTHBHOH 30HbI nornomeHHe Ten

JIOBbIX HeHTpOHOB B03pacTaeT, H CKOpOCTb npouecca ,ll.eJieHHH 5!,ll.ep ypaHa-235 

yMeHbillaeTCH; npH BbIBe,ll.eHHH )Ke CTepMHH H3 aKTHBHOH 30Hbl KOJ!HlJeCTBO Ten

JIOBb!X HeHTpOHOB yBeJIH'IHBaeTCH, H CKOpOCTb npouecca ,ll.eJieHHH OOBbIWaeTCH. 

CTepMHeM ynpaam1eT oco6b1H aBToMaT, coeJI.HHeHHbIH co c11eT11HKOM, pern

CTPHPYIOIUHM ypoBeHb paJI.HaI.J.HH B peaKTope. I1MeIOTCH TaK)f(e JI.OOOJIHHTeJibHbie 

aaapHHHble CTepMHH, npe,ll.yCMOTpeHHble ,ll.JIH CJiy11aH BHe3aOHOfO pocTa HHTeH

CHBHOCTH uenHOH peaKUHH; HX BBe,ll.eHHe B aKTHBHYIO 30HY npHBO,ll.HT K ee 

npeKpameHHIO. 

CpaBHHTeJibHO npocToe ynpaBJieHHe uenHwM npoueccoM B peaKTope Ha Ten

JIOBbIX HethpoHax o6ycJIOBJieHO TeM, 'ITO cpe,ll.H BTOpH'IHb!X qacTHU HMeIOTCH 

sana30blBG10UfUe HeiimpoHbl (CM. n. 15.1.5). PacCMOTpHM 6oJiee OO,ll.p06Ho HX 

pOJib B npoTeKaHHH u.enHOH 5!,ll.epHOH peaKU.HH ,ll.eJieHHH. 

TiocJie caoero o6pa3oBaHHH 3ana3JI.bIBaIOIUHe Hei'ITpoHbI HCObITbIBaIOT 3aMe,ll.Jie

HHe H JI.H¢¢Y3HIO no TOMY Me «CUeHapHIO», 'ITO H MfHOBeHHb!e HeHTpOHbl. JJ,ony

CTHM, 'ITO K03¢¢HI.J.HeHT pa3MHO)KeHH5! k OKa3aJIC5! 60Jibille e,ll.HHHUbl, HanpHMep, 

1,005. )],oJIH 3ana3JI.bIBaIOIUHX Hei'lrpoHOB cocTaBJIHeT 0,0075. CJieJI.OBaTeJibHO, 

K03¢¢HI.J.HeHT pa3MHO)KeHH5! TOJ!bKO c y11eTOM MfHOBeHHb!X HeHTpOHOB paBeH 

0,9975. B TaKOM cJiy11ae OJI.HH MrHOBeHHbie Hei'!TpOHbI He cnoco6HbI 06ecne11HTb 

u.enHyIO 5!,UepHyIO peaKUHIO, OOCKOJ!bKY ,ll.J!H HHX peaJibHb!H K03¢¢HUHeHT pa3-

MHO)KeHH5! MeHbille e,UHHHUbl. 

CpaBHHM TeMn pocTa noToKa npH JI.aHHOM 3Ha'IeHHH K 6e3 y11eTa 11 c y11ernM 

3ana3,UbIBaIOIUHX HeHTpOHOB. Jl.JIH npOCTOTbl oueHKH cpe,ll.Hee BpeMH )KH3HH O,U

HOfO HeHTpOHHOro OOKOJieHHH T 6e3 y11eTa 3aOa3,Ub!BaIOIUHX HeHTpOHOB OOJIOMHM 

paBHbIM 10-8 c, a c HX y11eToM - 10- 1 c, noJiara51 t = 1 c. 3anHrneM perneHHe 

ypaBHeHHH ( 16. 7): 

N - (k-1)/T 
No -e ' (17.1) 

r,ll.e N0 - 1111cJio HeihpoHOB npH t = 0. TioJI.CTaBJIH51 B (17.1) npHBe,ll.eHHbie BbIWe 

3Ha'IeHH51 T, noJiy11HM N/N0 = e5 :::::i 150 (npH T = 10-3 c); N/N0 = e0·5 :::::i 1,6 

(npH T = 10-2 c). 

KaK BHJI.HO, 6e3 y11eTa 3ana3JI.bIBa10m11x Hei'!TpOHOB HHTeHCHBHOCTb uenHoi'I 

peaKUHH 3a CeKYHJI.Y B03paCTaeT npH6JIH3HTeJibHO B 150 pa3, a c HX y11eTOM -

npHMepHo B nomopa pa3a. 

CpaBHHTeJibHO Me,UJieHHWH pocT HHTeHCHBHOCTH u.enHoH peaKU.HH H o6ecne

'IHBaeT B03MO)KHOCTb 3¢¢eKTHBHOfO ynpaBJieHHH pa60TOH peaKTopa. 

Tio CBOeMy Ha3Ha'IeHHIO peaKTOpbl OO,ll.pa3,ll.eJI5!IOTC5! Ha 3HepreTH'IeCKHe (.UJIH 

noJiyqeHHH 3HeprHH), HCCJie,ll.OBaTeJibCKHe (AJIH HCCJie,ll.OBaHHH B3aHMO,ll.eHCTBHH 

HeHTpOHOB c 51,ll.paMH H B03,UeHCTBH5! HeHTpOHHOfO o6JiyqeHH51 Ha ¢H3HqeCKHe 

H XHMHqecKHe CBOHCTBa MaTepHaJIOB) H pacrnHpeHHOfO BOCOpOH3BO,ll.CTBa (JI.ml 

noJiyqeHHH HJI.epHoro rop10qero) 1). 

1) PeaKTOph1 pacumpeHHoro socrrpo113BOJJ,CTBa 11Ha'le Ha3hIBaIOT peaKrnpaM11-pa3MHO)Kl1TeJil!Ml1, 
peaKTOpaM11-6p11JJ,epaM11 J11160 )Ke rrpocTo 6p11JJ,epaM11 (oT aHrJI. rnaroJia to breed - pa3MHO)KaTh). 
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llfapOKOe pacnpocTpaHeHHe B H,n:epHOH 3HepreTHKe rro.rryqHJIH peaKTOpbl c.rre

.ll:YIOlll.HX THITOB: BOLJ:O-BOLJ:HHbie (Ha .rrerKOH Bo,n:e), raso-rpacpHTOBb!e H BOLJ:O

rpacpHTOBbie 1), HCITOJib3yeMbie Ha aTOMHbIX 3.TieKTpOCTaHIJ.HHX LJ:JIH rro.rryqemrn 

3.rreKTp03HeprnH. TaK, peaKTop nepsoi1: B MHpe aTOMHOH 3.rreKTpoCTaHUHH B 06-

HHHCKe, BBe,n:eHHOH B 1954 r., 3JieKTpwiecKoi1 MOlll.HOCTbIO 5 MBT, HBJIHeTcH so,n:o

rpacpHTOBbIM. PeaKTOp TaKoro :IB:e THrra MOlll.HOCTbIO 100 MBT ycTaHos.rreH Ha Ee

.rroHpcKOH A.3C. Bo.n:o-so,n:HHbie peaKTOpbr MOlll.HOCTbIO Ha 200 MBT yCTaHoB.rreHbI 

Ha HoBo-BopoHe:IB:cKoH A.3C. B ornosy H,n:epHoi1 3HepreTHKH ClllA rro.rro:IB:eHbI 

peaKTOpbr TaKoro :IB:e THrra. B HaCTOHlll.ee speMH 60.rree 85 % 3JieKTp03HeprnH, 

Bb1pa6aTb1BaeMoi1 Ha A.3C so BCeM MHpe, npHxo,n:HTCH Ha .n:o.rrIO so.n:o-BOLJ:HHhrx 

peaKTOpOB. 

Ba:IB:HOH xapaKTepHCTHKOH Hcc.rre.n:osaTeJibCKHX peaKTOpos HBJIHeTCH n.rroT

HOCTb ITOTOKOB HeHTpOHOB, paBHaH o6bJqHo 1012-1014 qacTHU/(cM2 . c). B 060.rroq

Ke aKTHBHOH 30Hbl TaKOro peaKTopa HMeIOTCH OTBepcTHH LJ:JIH Bb!BOLJ:a HeHTpOH

HbIX nyqKOB Hapy:IB:y. ,ll.rrH H3yqeHHH B3aHMOLJ:eHCTBHH npoMe:IB:yToqHb!X HeHTpo

HOB c BemecTBOM B Hawei1 CTpaHe IIOCTpoeH HCC.rre,n:oBaTeJibCKHH BOLJ:O-BO.ll:HHOH 

peaKTOp Ha npoMe)i{yToqHbIX HeHTpOHax, ,n:aIOlll.HH oqeHb HHTeHCHBHbIH IIOTOK 

HeHTpOHOB IIJIOTHOCTbIO 5. 1015 qaCTHU/(cM2 . c). 

OcTaHOBHMCH Tenepb Ha npouecce pacwHpeHHoro socnpoHsso,n:CTsa H,n:epHoro 

ropIOqero. PaccMaTpHBaH BbIWe pa,n:HaUHOHHbIH saxsaT Hei1TpoHoB H,n:poM 238U, 

Mb! cq1na.rrH ero He)i{eJiaTeJibHbIM npoueccoM, cnoco6crnyIOlll.HM o6pbIBY uenHoH 

peaKUHH. 0,n:HaKo OH BblIIOJIHHeT H IIOJIO)i{HTeJibHYIO cpyHKUHIO, cnoco6crnyH pac

UIHpeHHOMY BOCIIpOH3BOLJ:CTBY H,n:epHoro ropIOqero sa cqeT peaKUHH 

n + 238U _, 239U ~ 239Np ~ 239Pu. 
92 92 23 93 23 94 , )l.H , )l.H 

(I 7.2) 

Do,n:o6Ho H30Tony 235 U H30Ton 239Pu cnoco6eH .n:e.rr11TbCH no.n: .n:ei1crn11eM Ten.rro

BbIX Hei:i:TpoHoB H HBJIHeTCH TaKHM o6pasoM H,n:epHbIM ropIOqHM. Dpouecc pacwH

peHHoro socnpoH3BOLJ:CTBa B COOTBeTCTBHH c peaKUHeH ( 17.2) 11,n:eT H B o6bJqHb!X 

peaKTopax Ha Ten.rroBbIX Hei:i:TpoHax. Depsbre peaKTOpbr, pa60TaBrn11e Ha ecTe

CTBeHHOH HJIH HeCKOJibKO o6orameHHOH CMeCH H30TOIIOB ypaHa, np11MeHHJIHCb 

HMeHHO LJ:JIH no.rryqeHHH H30TOIIa 239Pu H3 238U. 

PeaKTopbr-pa3MHO)i{HTe.rrH pa6oTaIOT Ha 6hICTpbrx HeHTpoHax. 0,n:HospeMeHHO 

c pacwHpeHHbIM BOCIIpOH3BO.ll:CTBOM H,n:epHoro ropIOqero c IIOMOlll.bIO 3THX peaKTO

poB Bbrpa6aThIBaeTCH 3.rreKTp03HeprnH. PacwHpeHHOe socnpoHsBo,n:crno H,n:epHoro 

ropIOqero ocymecrn.rrHeTCH no cxeMe (I 7.2), Jm6o B peaKUHH 

n + 232Th _, 233Th ~ 233pa ~ 233U. ( 17_3) 
90 90 22 MHH 9J 27 )l.H 92 

B 3TOM c.rryqae cbrpbeM c.rry)i{HT Top11!1:, cneu11a.rrbHO BBO.ll:HMhIH B peaKTop. Ha

IIOMHHM, qTQ H30TOII 2~~u ,n:eJIHTCH IIO.ll: ,n:eHCTBHeM TeIIJIOBb!X HeHTpOHOB. B Ha

CTOHlll.ee speMH no.rryqH.rro npeo6.rra,n:aIOmee pacnpocTpaHeH11e JIHUib pacrnHpeHHoe 

socnpoH3BOLJ:CTBO, OCHOBaHHOe Ha npouecce (17.2). 

1) BHa'laJie yKa3aH nm TenJIOHOCHTeJill, a 3aTeM - 3aMeJJ,JIHTeJill. 
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AKrnBHaH 30Ha peaKTopa Ha 6b1CTpb1x HeihpoHax (p11c. 17.1) JrnrneHa 3aMe,Ll,

J111TeJ1H 11 COCT011T 113 ypaHa-235, oKpy)KeHHoro 3KpaHOM, CO,L1,ep)Kam11M eCTecrneH-

PHc. 17.1. H,n:eaJJH3HpoaaHHaH cxeMa peaKTopa pacnrnpeHHoro aocnpoHsao,n:cTBa 

Hb!H 11J111 o6e)],HeHHbIH ypaH (11HOr,Ll,a 11COOJ1b3YIOT o6e,Ll,HeHHblH )],110KCH,Ll, ypaHa). 

CTepBbIH peaKTop-pa3MHO)Kl1TeJ1h 6bIJ1 ITOCTpoeH B ClllA B 1946 r. B Co

BeTCKOM CoI03e B ¢11311K0-3HepreTw1ecKOM 11HcT11TyTe (¢311, r. 06H11HcK) ITO)], 

pyKoBO,Ll,CTBOM aKa,Ll,eM11Ka A.11. JieiiITyHcKoro 6bIJ10 pa3pa60TaHo HeCKOJlbKO pe

aKTopos Ha 6bICTpb!X HeHTpOHax: 5P-1, 5P-2, 5P-3, 5P-5 (B ITep110)], c 1955 r. 
ITO 1959 r.). B ITOCJ1e,Ll,yIOm11e ro,Ll,hI ITO)], pyKOBO,Ll,CTBOM pH,Ll,a coTpy,Ll,Hl1KOB ¢311 

6bIJ1a C03,Ll,aHa cep115I peaKTOpOB 3TOro Tl1ITa: 50P-60 (r. JlM11Tposrpa,Ll,, 1969 r.), 
BH-350 (Ka3axCTaH, 1973 r.) 11 BH-600 Ha 5eJ1oHpcKoH A3C, III 6J10K (YpaJl, 

1980 r.) 1). 

B § 17.4 6y,Ll,eT 6oJ1ee ITO,Ll,po6Ho paccMoTpeHo yCTpoiicrno peaKTOpos HeK0To

pb1x Tl1ITOB, 11CITOJlb3yeMbIX B H,Ll,epHOH 3HepreTl1Ke. 

,llJlH y,Ll,aJ1eHl15I B aTMOccpepy ra3006pa3Hb!X ITpO,Ll,YKTOB )],eJ1eHl15I H,Ll,ep y J1I06oro 

peaKTopa cymeCTsyeT ,Ll,OCTaTO'-l.HO BhICOKaH BbITH)KHaH Tpy6a. HeK0Toph1e 113 ra3o

o6pa3HbIX ITpO,Ll,YKTOB 3a,Ll,ep*11BaIOTCH cp11JlbTpaM11 ( HaITp11Mep, HO,Ll,-131). 0,Ll,HaKo 

11HepTHb!e ra3bl Kp11ITTOH-85 11 KCeHOH-133 B Cl1J1Y 11X X11Ml1'-l.eCKOH 11HepTHOCTl1 

Hl1KaK11e cp11JlbTpb! 3a,Ll,ep)K11BaTb He B COCT05IHl111. 0Hl1 6ecITpeITHTCTBeHHO ITpo

Hl1KaIOT B aTMOCcpepy, pacce11BaHCb Ha 60J1hilll1e pacCT05IHl15I, HO o6Jla)],a5I MaJlblM 

BpeMeHeM )K113Hl1, B aTMOCcpepe He HaKaITJ111BaIOTC5I. 

§ 17 .2. Kp11T111:1ecKHH pa3Mep 11 KpHT111:1ecKaH Macca aKTHBHOH 30HbI. 

BJIHHHHe oTpa:arnTeJIH 

BBe,Ll,eM ITOH5ITl15I Kp11Tl1'-l.eCKoro pa3Mepa 11 Kp11Tl1'-l.eCKOH MaCChl pa3MHO)KaIO

meii cpe,Ll,bl. ,lleJ1eH11e H,Ll,ep ocymeCTBJ15IeTCH BO BCeM o6beMe aKTl1BHOH 30Hbl, 

TOr)],a KaK yTe'-l.Ka HeHTpOHOB ITPOl1CXO,Ll,11T J111lllb 113 ee ITOBepxHOCTHOro CJ105I. l.J:11c

J10 HeHTpOHOB, BbI)],eJ1HIOm11xrn ITp11 )],eJleHl111, ITPOITopu:110HaJlbHO o6beMy, a '-l.11CJ10 

HeHTpOHOB, yxo,Ll,Hm11x 113 aKTl1BHOH 30Hhl peaKTopa, ITpoITopu:110HaJ1bHO ITJloma)],11 

ee ITosepxHocT11. CTo3TOMY ,Ll,JlH cse,Ll,eH11H K Ml1Hl1MYMY noTepb Heii:TpOHOB 113-3a 

1) UmppbI a KOHQe HaHMeHoBaHHH peaKTopoa o6osHa'laIOT HX 3J1eKTpH'lecKy10 MOIL\HOCTb 
B Tb!C. KET. 
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yTe4Kl1, 11,eJiecoo6pa3HO yMeHhlll11Tb OTHOllleH11e IIOBepxHOCTl1 aKTl1BHOH 30Hbl K ee 

o6beMy . .3TO OTHOllleH11e Ml1Hl1MaJihHO y c<iJepb!. Pa3MepbI pa3MHOLKaIOmeii cpeJJ,hI 

Ha3bIBaIOT Kpumut.{,eCKU.M.U, eCJil1 411CJIO HeHTpOHOB, IIOTepHHHhIX B pe3yJihTaTe 

3axsaTa 11 yTe4Kl1, ypaBHOBellrnBaeTCH 411CJIOM HeHTpOHOB, OCB060LKJJ,aeMbIX np11 

JJ,eJiett1111 HJJ,ep (k = 1). ITp11 k < 1 TaKyIO rncteMy Ha3hIBaIOT noJJ,Kp11Tl14eCKOH, 

a np11 k > 1 - Ha,IJ,Kp11TH4eCKOH. AttaJIOrH4HO Ha3hIBaIOTCH 11 Macchi 3r11x rn.CTeM 

( T. e. Kp11T!14eCKOH, IIO,Il,Kp11Tl14eCKOH 11 HaJJ,KpHT!14eCKOH COOTBeTCTBeHHO). )J,JIH 

aKTl1BHOH 30Hbl c4JepH4eCKOH <iJopMbl BBO)J,HT IIOHHTl1e Kp11Tl14eCKOrO paJJ,Hyca 

R = RKpHT· ITp11 R < RKpHT k < 1, a np11 R > RKpHT k > 1. Kp11mtieCK11e pa3Mepb1 

3aB11CHT OT KOHCTpyK11,1111 peaKtopa, BHJJ,OB HJJ,epttoro rop104ero 11 3aMeJJ,JIHTeJIH. 

TaK, cpeJJ,11 peaKTopos Ha TeIIJIOBhIX HettTpottax tta1160Jihllll1MH pa3MepaM11 aKT11B

HOH 30HhI (JJ,oCTHra10m11x JJ,eCHTKOB Ky6oMeTpos) o6JiaJJ,aIOT peaKTOphI c rpa<tJ11-

TOBhIMl1 3aMe)J,Jil1TeJIHMl1, TOrJJ,a KaK y BO)l,HHhlX peaKTOpOB Kp11Tl14eCKHe pa3Mepbl 

aKTl1BHOH 30HhI cpastt11teJihHO MaJihI (Mettee Ky6oMetpa). Kp11TH4eCKHe pa3MepbI 

MOLKHO yMeHbllIHTh, npHMeHHB o6oraUJ,eHHbIH ypaH (4TO npHBO)l,HT K yseJIH4eHHIO 

KaK p, TaK H f (CM. <iJopMyJiy (16.8). 
0CTaHOBl1MCH Ha Bonpoce 0 BJ1115IHHH OTpaLKaTeJIH, paCCMOtpeB )l,JIH onpe

,IJ,eJieHHOCTH peaKTOp Ha TeIIJIOBbIX HeHTpoHax. 3aBl1Cl1MOCTb IIOTOKa TeIIJIOBbIX 

HeHTpOHOB B pa)l,HaJibHOM HanpaBJieHHH )l,JIH peaKTopa c4Jep114eCKOH 11JIH 11,11JIHH

)l,pH4eCKOH <iJopMhI c OTpaLKaTeJieM 11 6e3 Hero noKa3aHa Ha pHc. 17.2. B nepsoM 

R T 

\ \ 

'Y r 

P11c. 17.2. 3as11c11MocTb TIJIOTHOCTH TIOTOKa TeTIJIOBbIX HeihpoHOB OT r -paccTOHHHH OT reoMeTp11-

qecKoro u:eHTpa CHCTeMbl )l,JIH peaKTOpa 6e3 OTpaJKaTeJIH ( KpHBaH l} 11 c OTpaJKaTeJieM ( KpHBaH 2); 
R - TOJILL\HHa aKTHBHOH 30HbI, T -ToJILUHHa OTpaJKaTeJIH 

CJiytiae IIJIOTHOCTb IIOTOKa HethpoHOB cymecrneHHO Bblllle, np114eM B o6JiaCTH 

orpaLKateJIH Ha6JIIO)l,aeTCH xapaKTepHhIH IIO,IJ,beM Kp11soii. OH CBH3aH c teM, 4TO 

6Jiaro)l,apH MeHbllleMy IIOrJIOUJ,eHHIO TeIIJIOBhlX HethpOHOB B OTpaLKaTeJie 6JIH3 

rpaHHll,hl aKTHBHOH 30Hbl B03HHKaeT o6JiaCTb, «o6oraUJ,eHHaH» TeIIJIOBbIMH HeHTpo

HaMH. HepaBHOMepHOCTh HeiiTpoHHoro notoKa B aKTHBHOH 30He 011,eHHBaeTCH no 

BeJIH4HHe K034Jqrn11,11eHTa HepaBHOMepHOCTH kv; kv = Nmax/ N, r)l,e Nmax - HaH-

6oJiblliHH, a N - cpe,IJ,HHH noTOKH HeiiTpoHoB B aKTHBHOH 30He. B peaKTope 6e3 

OTpaLKaTeJIH IIOTOKH HeHtpOHOB B 11,eHTpe H Ha KpaIO OTJIH4aIOTCH )l,pyr OT )l,pyra 

B 10 pa3 (11 )l,aLKe 60Jihllle), II03TOMY kv ropa3)l,O 6oJibWe e,IJ,HHHLI,hl. B peaKTope 

LKe c OTpaLKaTeJieM HX pa3JIH4He COCTaBJIHeT scero 1,5-2, II03TOMY kv 6JIH30K 

K e,IJ,HHHLI,e. 0TCIO)l,a CJie)l,yeT, 4TO B peaKTOpe 6e3 OTpaLKaTeJIH 4HCJia ,IJ,eJieHHH 
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B ueHTpe H Ha nepmpepHH CHJibHO OTJIHqaJOTCH Mem:JJ,y co6oif, H HJJ,epHOe TOn

JIHBO Bb!rOpaeT HepaBHOMepHo. I1cnoJib30BaHHe OTpam:aTeJIH cnoco6cTByeT, TaKHM 

o6pa30M, 6oJiee pauirnHaJibHOMY HCCTOJib30BaHH!O HJJ,epHOfO ropioqero. 3aMeTHM, 

OJJ,HaKo, qyo aKTHBHY!O 30HY peaKTopa rrpaKTHqeCKH BcerJJ,a OKpym:aJOT OTpa:IKa

TeJieM, CJJ,eJiaHHblM H3 BeW,eCTBa, xopowo OTpa)KaJOw,ero HeHTpOHbl, CJiy:IKallJ,HM 

TaK:IKe 3arn,HTOH OT H3JiyqeHHH, HanpaBJieHHbIX B OKpym:a10w,y10 cpeJJ,y. 

§ 17.3. Heran1BH&1e .HBJICHH.H, B03HHKa10w:ue 
B rrpou.ecce pa6oThI peaKTopa 

Cpe,ll,H npoJJ,yKTOB pacnaJJ,a, nocTeneHHO 3arp5I3HHJOW,HX aKTHBHYJO 30HY peaK

Topa no Mepe BblfOpaHH51 HJJ,epHoro rop10qero, oco6eHHO HeraTHBHYIO poJih HrpaeT 

H30TOn 135Xe, 06Jia.n,a10W,HH orpOMHb!M ceqeHHeM nornow,eHHH TenJIOBb!X HeHTpo

HOB, paBHhIM 3 · 106 6apH. Do3TOMY npHCYTCTBHe .n,am:e tte6oJibillHX npHMeceif 

3TOfO H30TOna rrpHBOJJ,HT K «KCeHOHOBOMY OTpaBJieHH!O» peaKTOpa, qyo CKa3hI

BaeTC51 Ba pem:HMe ero pa60Th1. KceHOH-135 B03HHKaeT B npouecce cJieJJ,y10w,Hx 

pa,IJ,HOaKTHBHb!X npeBpaw,eHHH npoJJ,yKTOB ,IJ,eJieHHH 

<0,5 MHH 

KaK BH,!l,HO, Bee aToMbI KCeHoHa B03HI-maJOT BCJie,IJ,CTBHe pacna,IJ,a ifoJJ,a. TaK KaK 

nepHO,IJ, noJiypacrra,IJ,a KceHoHa-135 cpaBHHTeJihHO HeBeJIHK, TO JJ,JIH npeKpaw,emrn 

KCeHOHOBOfO OTpaBJieHH51 pa60Ta peaKrnpa npHOCTaHaBJIHBaeTC51 Ha BpeM51 nopH,!1,

Ka cyTOK HJIH 6oJiee. 

DoMHMO KCeHOHa B pa60Ta10w,eM peaKTOpe B03HHKaIOT qpe3Bh1qaiftto pa,I1,Hau11-

0HH0-onacttb1e BblCOKOaKTHBHh!e OTXO,Il,bl (BAO), KOTOpbie Heo6XO,IJ,HMO y.n,aJIHTb H3 

CHCTeMbI 11 oTnpaBJIHTb Ha ,IJ,oJiroBpeMeHHOe xpatteHHe. Do,IJ,aBJIHIOW,aH qacTh BAO 
pacna,IJ,aeTc51 3a 300 JieT. 0.n,Ha H3 TexttoJiornif JIHKBHJJ,aUHH BAO 3aKJIJOqaeTCH 

B HX npe.n,BapHTeJibHOM OCTeKJIOBbIBaHHH c TIOCJie,IJ,yIOw,HM 3axopoHeHHeM Ha COTHH 

JieT. )],JI51 ,Il,OJ!fOBpeMeHHOfO 3axopoHeHHH Bb!COKOaKTHBHb!X OTXO,Il,OB HCCTOJib3YJOT

CH CKBa:IB:HHbI rny611ttoif 600-1200 M, nepeceKa10w,11e onpeJJ,eJieHHhie reoJiornqe

CKHe cpopMaUHH, o6ecneqHBa!OW,He HX Ha,IJ,e)KHYIO H30JIHUHIO. )],JIH JIHKBH,!l,aU,HH 

BAO MO:IKeT 6bITh TaKm:e HcnoJib30BaH MeTOJJ, TpaHcMyTaUHH pa.n,HOHYKJIH,IJ,OB, 3a

KJI10qa10wJ1ifc51 B HX o6JiyqeHHH TIOTOKOM ,6-qaCTHU HJIH HeHTpOHOB, B pe3yJihTaTe 

qero OHH npeo6pa3yJOTCH B cTa6HJibHbie HYKJIH,IJ,bl. 

)],pyroe He:IKeJiaTeJibHOe HBJieHHe CBH3aHO c pa,IJ,HaUHOHHb!MH TIOBpem:,IJ,eHHHMH 

MaTepHaJIOB. HarrpHMep, B TBep,IJ,bIX MaTepHaJiax npH CTOJIKHOBeHHH c OCKOJIKaMH 

,neJieHHH npOHCXO,!l,HT CMellJ,eHHe aTOMOB B KpHCTaJIJIHqecKOH peilleTKe HJIH ee pa3-

pyU1eHHe. 

B pa60Ta10w,eM peaKTope B03HHKaeT H pH.II, Apyrnx HerarnBHhlX HBJieHHH, 

OTIHCaHHe KOTOpbIX .n,aeTCH B 6oJiee cneuHaJIH3HpoBaHHb!H JIHTepaType. 
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§ 1 7 .4. Rzi:epHbie peaKTOpbI 6aaosoii attepreTHKH Poccuu 

B 3TOM naparpacpe MbI paccMoTpHM Ba)JrneHlliHe oco6eHHOCTH HeKoTopbrx 
HJJ,epHblX peaKTOpOB, Hrpa!OW,HX oco6o cyw,ecTBeHHYIO pOJ!b B 6a30BOH 3HepreTHKe 
Poccmr. 50J1ee noJJ,po6Hoe omicaHHe 3HepreTw1ecKHx peaKTopoB npOMbilliJ1eHHoro 
3HaIJ:eHHH HHTepecyIOill,HHCH IJ:HTaTeJ!b HaH:JJ,eT B cnell,I·!aJIH3HpOBaHHOH KHHre [3], 
BbIJJ,ep;>KaBilleH: TPH H3JJ,aHHH. 

1 7 .4.1. PeaKTop P6MK. Ha MHOrnx aTOMHbIX 3JleKTpocTaHIJ,HHX ycraHoB
JleHbI peaKTOpbI 60J!bllIOH MOill,HOCTH KHnHW,He (PBMK). f1epBblH peaKTOp 3TOH 
cepHH renJ1osoi1 MOill,HOCTbIO 3200 MBr H 3JleKTPHIJ:ecKoH: MOill,HOCTbIO 1000 MBr 
(PBMK-1000) 6bIJI BBeJJ,eH B 3KcnJ1yaraIJ,HIO B 197 4 r. Ha J1eHHHrpaJJ,cKoi1 A3C. 
AKTHBHaH 30Ha HMeeT u,HJIHHJJ,pHIJ:ecKyIO cpopMy (JJ,HaMeTp <P = 11,8 M, Bbrco
ra H = 7 M). PeaKTop CJIO;>KeH H3 rpaqmTOBbIX npH3M. C ropIJ,esoH: cropoHbr 
UHJIHHJJ,p aKTHBHOH 30Hbl paBHOMepHO npoHH3aH OTBepcTHHMH J],JIH 211 rpy6, 
qepe3 KOTOpbie nponycKaeTCH TenJIOHOCHTeJ!b ( o6bIIJ:Ha5I BOJJ,a). )lJIHHa Ka;>KJJ,OH 
rpy6bI - 22 M, ee ceMHMeTpOBaH IJ:aCTb, npHXO)],Hill,aHCH Ha aKTHBHYIO 30Hy, 
BbinOJ!HeHa H3 JJ,opororo UHPKOHHesoro cnJ1aBa c 2,5 % mI06HH, sepx H HH3 
Tpy6bI - H3 Hep;>KaBeIOw,eii CTaJIH. B Tpy6ax OJJ,Ha Ha)], JJ,pyroH: pa3Meill,eHbl )],Be 
TeOJIOBbI)],eJIHIOill,HXCH c6opKH TBC) Bb!COTOH 3,5 M Ka;>KJJ,aH (pHC. 17.3, a). no OCH 
TBC pacnoJ1o;>KeHbI UHPKOHHeBbIH crep;>KeHb H TB3JlbI (pHc. 17.3, 6), coJJ,ep;>Kaw,He 
J],HOKCHJ], ypaHa c o6orameHHeM B 2,4 %. f10J1Ha5I 3arpy3Ka HJJ,epHbIM TOOJIHBOM 
COCTaBJ!HeT 180 T. f1oJJ,aIJ:a BO)],bl ocyw,eCTBJ!HeTCH CHH3y; HarpesaeTCH B KOHTaKTe 
c TBC H 3aKHnaer; napoBOJJ,HHaH cMeCb OTBOJJ,HTCH H3 BepxHei1 qacTH rpy6bI. 
f1ap npH TeMneparype 280 °C H JJ,aBJ!eHHH 65 arMoccpep or6HpaercH B cenaparope 
H noJJ,aercH Ha ryp6HHy. Kf1,ll peaKropa paBeH 31 %. 

PeaKTopbI PBMK pa6ora10T Ha KypCKoi1, CMoJ!eHcKoH:, 4epHo6bIJ!bCKOH H pH
JJ,e JJ,pyrnx A3C. 

f10CJ1e KaracrpoqmqecKoro B3pbIBa IV 6J10Ka PBMK-1000 Ha 4epH06bIJ!bCKOH 
A3C 26 anpeJ1H 1986 r., JJ,onyw,eHHoro rnaBHbIM o6pa30M H3-3a 3JleMeHTapHbIX 
ourn6oK 06cJ1y;>KHBa10w,ero nepcoHaJ1a B peaKTOpbI paccMarp11saeMoro THna 6bIJI 
BBeJJ,eH pHJJ, KOHCTPYKTHBHbIX H TeXHOJ!OfHIJ:ecKHX H3MeHeHHH, cymeCTBeHHO noBbI
cHBlllHX 6e3orracHocTb HX pa60TbI. On11caH11e npHIJ:HH, rrp11BeJJ,lllHX K 3TOH asapHH, 
IJ:HTaTeJ!b ttaH:JJ,eT B y;>Ke ynoMHHaBIIIettcH KHHre A.H. KJ1HMOBa [3]. 

17 .4.2. PeaKTop BB3P. BoJJ,O-BOJJ,HHbie 3HeprernqecKHe peaKTOpbI (BB3P) 
IlOJIYIJ:HJIH, KaK ynOMHHaJIOCb, IIIHpOKOe pacrrpoCTpaHeHHe KaK y Hae B CTpaHe, TaK 
H 3a py6e;>KOM. B HHX B Ka'-lecTBe 3aMeJJ,J1HTeJ1H H TenJ10HOCHTeJ1H HCOOJ!b3yeTcH 
J1ernaH BOJJ,a, no3TOMY qacTo 3TH peaKTopb1 Ha3bIBaIOTCH J1erKOBOJJ,HbIMH. K Ha
CTOHW,eMy BpeMeHH B Pocrn.H co3JJ,aHbI J1erKOBOAHb1e peaKTOpbI c 3JleKTpHIJ:ecKott 
MOill,HOCTb!O 440 MBT (BB3P-440) H 1000 MBT (BB3P-1000). 

PaccMoTpHM KopoTKO ycrpoticrso peaKropa BB3P-1000 (p11c. 17.4). IllTaHrn 
npHBOJJ,OB cHcTeMbI ynpasJ1eHHH H 3aill,HTbI (CY3) nponyw,eHbI qepe3 ynJ10THemrn 
B sepxHeH: qacrH peaKropa. B cocTaB CY3 BXOJJ,HT 37 noJJ,BH;>KHbIX 3JleMeHTOB, 
o6pa3yIOW,HX TaH)J,eM H3 ,!I.Byx c6opoK; BepXHHH COAep;>KHT nornow,a10w,He CTep)K
HH, a HH;>KHHH - ,ll,eJIHW,HeCH MaTepHaJ!bl. Li.BH;>KeHHe TaH,ll,eMa BBepx npHBO)],HT 
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P11c. 17.3, a. CxeMa peaKTopa PBMK-1000: 1 - aKTHBHaH 30Ha; 2 - Tpy6b1 BX0,11.HOH BO,ll.b1; 3 -
OTB0,11. naposo,11.HHOH CMec11; 4 - neperpy301rnaH MaumHa; 5 - cenapaTop; 6 - n11TaTeJibHbIH Hacoc 

K y,ll,aJiemno nornonITeJU! H3 aKTHBHOH 30Hbl, a ero MeCTo 3aHHMaeT 51,ll,epHoe 
rop10qee. 

AKrnBHaH 30Ha B cpopMe UHJIHH,ll,pa (<I> = 3, 12 M, H = 3,5 M) pa3MemeHa 
B Kopnyce ,ll,HaMeTpOM 4,29 M, H3fOTOBJieHHOfO H3 BblCOKonpOIIHOH HH3KOJJernpo
BaHHOH cTaJJH. l1cnoJJb3YeTC51 ypaH c o6orameHHeM ,ll,O 4,4 %. CxeMa TenJ10Bb1,ll,e
J1H10mei1 c6opKH (TBC) noKa3aHa Ha pHc. 17.3, 6. l-JHcJJo TBC B aKrnBHoi1 30He 
paBHO 163, a B cocrnB Ka:>K,ll,OH c6opKH BXO,ll,HT 317 TB3JJOB. TeMnepaTypa TenJJo
HOCHTeJJH Ha Bb!XO,ll,e paBHa 321 °C npH ,ll,aBJJeHHH ,ll,O 160 aTMOccpep. B OTJIH'IHe OT 
O,ll,HOKoHTypHoro peaKTopa P5MK JJerKOBO,ll,HblH peaKTop - ,ll,BYXKOHTYPHh1i1; nap, 
Bb!pa6aTbJBaeMblH BO BTOpOM KOHType, HMeeT ,ll,aBJJeHHe OKOJIO 60 aTMOCcpep np11 
TeMnepaType 278 °C. Bo,ll,a BO BTOpOM KOHType, npeBpamaHCb B nap, no,ll,aeTC51 Ha 
Typ6HHy. KD)l peaKTopa paBeH 33 %. 

PeaKTOpb! BB3P-1000 ycrnHOBJJeHbl Ha KaJJHHHHCKoi1, lO:>KHO-YKpaHHCKoi1, 
5aJJaKOBCKoi1, 3anopo:>KcKoi1 H ,ll,pyrnx A3C. PeaKTOpb1 3Toro :>Ke rnna, HO MeHb
wei1 MOll.I,Hocrn BB3P-400 pa60Ta10T Ha KoJJbCKOH, ApMHHCKoi1, PoBeHcKoi1 A3C, 
a TaK:>Ke B 5oJJrapHH, BeHrpHH, 6hrnrnei1 f)lP, l-JexHH, <l>HHJJHH,ll,HH. 
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P11c. 17.3, 6. CxeMa TeflJJOBbI;J:eJJHIO!llei1 c6opKH peaKTopa PBMK-1000: 1 - sxo;i: BOJi:bI; 2 - cTaJJb

HaH Tpy6a; 3 - Hl1:/KH5151 ITJIHTa samttTbI; 4 - rpaqmTOBaH ycTaHOBOIJHaH BTYJJKa; 5 - UHpKOHHeBaH 

Tpy6a; 6 - c6opKa TB3JIOB; 7 - sepXH5151 []JJHTKa samHTbI; 8 - BbIXOJi: napoBOJi:HHOH CMectt 

B HaCTOHll.I,ee BpeMH peaKTOpb1 BB3P HapHAY c peaKTopaMtt PBMK cocTaB
JIHIOT ocHoBy H,ll.epHoti 3HepreTHKH Pocctttt. 

17 .4.3. PeaKTOpb1 Ha 6hlcTpbIX HeihpoHax. OnttllleM yCTpoticrno nepBoro 
peaKTopa 6oJihlllOH MOll.I,HOCTH BH-350 (pttc. 17.5), noCTpoeHHoro B r. llleBqeHKO 

(Hbrne AKTay) B 1973 r. B Ka3axcrnHe Ha 6epery KacnttticKoro MOpH. Ha 3TOM pe
aKTope npe,ll.noJiaraJioch npoBepttTh ueJiecoo6pa3HOCTh npttMeHeHHH H,ll.epH03Hep
reTttqecKHX yCTaHOBOK )l.JIH onpecHeHHH MOpCKOH BO)l.bl. f1ptt pacqeTHOH TenJIOBOH 



364 I'll. 17. HaepHbte peaKmopbt 

1 
g 
ell rn 
<:( :>< 
~ >. 
ell <:( 

e; "' ~ g 
0 

<:( <... 
0 Q) 

~ 8 
0 

0 b 
0 e; a: 
0 ~ e; 
<N 

Q) Q) ...... 
2 <:( :s: 

0 u 
--- :>< 0 :a :I: 

co 

b a: 
~ e; 

~ e; 
Q) Q) ... ... 

:s: 
<:( u 
0 0 
:>< :I: 

co 

2 

3 

Pttc. 17.4. CxeMa peaKTopa BB3P-1000: 1 - 6JioK c rrpttso;i,aMtt CY3; 2-aKrnBHaH 30tta; 3 - Koprryc 

MOill,Hocrn peaKTopa 1000 MBT 3JieKTpw1eCKa5! MOW.HOCTh paBHHJiacb 350 MBT, 

a KCT.ll cocTaBJIHJI 35 %. 
BoKpyr aKTHBHoi1 30HhI IJYIJIHHJlPH4eCKoi1 cpopMbI (<I> = 1,5, H = 1,06 M) pa3-

Melll,aJiach 30Ha BocnpOH3BOJlCTBa (3Kpatt) TOJllll,HHOH 0,6 M (pHC. 17.4). B COCTaB 

30HhI BocnpoH3BOJlCTBa BXOJlHT o6e)lHeHHhIH JlHOKCHJl ypaHa. AKTHBHaH 3otta 

H 3KpaH 3aKJIIOl.JeHbl B CTaJibHOM KOpnyce, B HH:>KHIOIO l.JaCTb KOToporo noCTynaeT 

HaTpHH npH TeMnepaType 300 °C, npoXO)l51Ill,HH 4epe3 aKTHBHYIO 30HY co CKopo-
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Pttc. 17.5. CxeMa peaKrnpa BH-350: 1 - aKTHBHaH 30Ha; 2 - 30Ha socnpoH3Be,IJ,eHHH; 3 - Kopnyc; 

4 - ueHTpaJJbHaH KOJJOHKa c npHBo,IJ,aMH CY3; 5-spaw:aiow:ttecH npo6Ktt; 6 - pa3rpy304HbIH 6J10K; 

7 - paarpy304Hb!H 3JleBarnp; 8-6HOJIOrH4eCKaH 3alll,HTa 

CTblO 10 M/c 1). C TeM qT06b1 npH neperpy3Ke TBC aKTHBHaH 30Ha Haxo,nHJiaCh 6h1 
B aTMoccpepe HaTpHH (JJ.Jrn 1136e:>Kamrn neperpeBa) HaJJ. Hett pacnoJio:>KeH 6oJibWOI1 
o6beM, 3arroJIHeHHbIH HaTpHeM. B cocTaB aKTHBHOH 30HbI BXOJJ.HT 211 TBC. Ka:>K-

1
) I1po6JJeMa TeTIJJOOTBO,IJ,a B peaKTopax Ha 6bICTpbIX Heti:TpOHaX BeCbMa CJJ0:>1rna. 0HH OTJIH4a!OT

C51 orpoMHbIM 'rneproBbIAeJleHHeM (0KoJ10 0,5 KBT Ha I cM
3
), a K TenJ10HoCHTeJ1!0 npeAbHBJJHeTcH 

,ll,OTIOJIHHTeJJbHOe Tpe6oBaHHe B03MOLKHO MeHbillero 3aMe,IJ,JJ€HHH HefhpoHOB. I1o3TOMY B Ka4eCTBe 

TeTIJJOHOCI1TeJUJ HCil0Jlb3Y!OT )K\1,ll,KHH HaTpHH - MaTep11aJJ, HBJIH!OIUHHCH HaHJJY4lliHM no Ten

JJOOT,ll,3!0\UHM csoti:CTBaM; AJJH Na A >> I, 11, cJ1e,IJ,0BaTeJ1bHO, OH He HBJJl!eTcH a<j:l<j:leKTHBHbIM 

3aM€,ll,JIHTeJleM. 0,IJ,HaKo pa6oTa c TaKHM T€TIJJOHOCHTeJJeM OCJJO)!{HHeTCll TeM, 4TO HaTpHH 06J1a,n_aeT 

Bb!COKOH XHMH4eCKOH aKTHBHOCTb!O. 
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)l.aH c6opKa CO)l.ep)IUIT 217 TB3JIOB B CTaJibHOH o60JI0'-1Ke, cep)l.e'-IHHKH KOTOpbIX 

C)l.eJiaHbl H3 Jl.HOKCH)l.a ypaHa. J],JIH Bb!paBHHBaHHH TIOTOKa HeHTpOHOB o6oraw:eHHe 

B 30He HeO)l.HOpOJl.HO H COCTaBJIHeT 17 % BHYTPH ee H 26 % - CHapy)!{H. 3arpy3Ka 

ypatta-235 pasHa 1050 Kr. 

J.(Jrn xapaKTepHCTHKH npouecca pacumpeHHOfO BOCTipOH3BOJl.CTBa BBOJl.HTCH 

K03cpcpHu,HeHT BOCTipOH3BOJl.CTBa Ks, paBHbIH OTHOrnemno '-IHCJia BHOBb o6pa3oBaB

WHXCH )].eJI51W:HXCH 51)].ep K '-IHCJIY pacrraBWHXCH )l.eJIH1UHXCH 51)1.ep. 3TOT K03cpqm

U,HeHT Jl.JI51 peaKTopa BH-350 HeCKOJihKO npeBb1rnaeT e)l.HHHu,y. 

Jlpyrofi Ba)!{HOH xapaKTepHCTHKOH peaKTOpa Ha 6bJCTpb!X HeHTpOHaX HBJIHeTCH 

BpeMH YJJ.BOeHHH, 3a KOTopoe KOJIH4eCTBO 51)1.epttoro TOTIJIHBa B HeM yseJIH'-IHTCH 

BJl.Boe. Cornactto HaKonJieHHbIM )l.aHHhIM speMH YJl.BOeHHH Jl.JIH 6oJihWHHCTBa pe

aKTopos paccMaTpHBaeMoro THTia rrpH6JIH3HTeJibHO paBHO )l.eC51TH ro)].aM. 

HaKonJieHHhIH B npou,ecce CTpoHTeJibCTBa H 3KCnJiyarnu,HH peaKTopoB BH-350 

H BH-600 onhIT no3BOJIHJIH no)l.rOTOBHTh npoeKThI THnOBhIX peaKTopos c HcnoJih-

30BaHHeM cMernaHHoro ypaH-nJiyTOHHesoro OKCHJl.Horo TonJIHBa. Ko3cpqmu,11eHT 

BOcnpOH3BOJl.CTBa )l.JIH HHX COCTaBJIHeT 1,3, H npe)l.OOJiaraeTCH, '-ITO 3TH peaKTOpbl 

oKa)!{yTCH KOHKypeHTocnoco6HhIMH B npoH3BOJl.CTBe 3JieKTp03HeprHH. B HaCT051-

w:ee speMH Ha'-!aJiacb noCTpoH:Ka peaKrnpa BH-800, ero BBOJl. B 3KcnJiyaTau,mo 

nJiamipyeTCH Ha 2015 ro)].. 3anJiaH11posaHo TaK)!{e C03JJ.aHHe B nocJieJJ.y10rutte ro)].hl 

eme 6oJiee MOW:HOro peaKTopa BH-1800 [7]. 

B cepe)].1rne 70-x roJJ,OB 6w10 ycTaHOBJJeHo, 'HO B anoxy AOKeM6pHH (> 6 · 108 JJeT 

TOMY Ha3a,JJ,) Ha MeCTe COBpeMeHHOro ypaHOBOro MecTopmK,JJ,eHlrn 0KJJO (fa6oH, 3arrn,JJ,HaH 

Arj:JpttKa) cymecrnoBaJJ ecTeCTBeHHhIH H,JJ,epHbIH peaKTOp. 
UenHaH peaKU:HH npOTeKaJJa B rJJHHHCTbIX JJHH3ax c KOHUeHTpau:Heli ypaHa ,JJ,O 

20-40 % H 60JJbllle, pacnoJJO)f(eHHblX B rropo,JJ,e co cpe}l,Heli BeCOBOH KOHl(eHTpau:tteli ypaHa 

0,5 %. JlHH3a npe.QCTaBJrneT co6oli KOMrraKTHOe PYJJ.HOe TeJJo npornMeHHOCTb!O 10-20 

MeTpoB H TOJJW:HHOH nopH.QKa MeTpa. Ha paccTOHHHH B HecKOJJbKO }l,eCHTKOB MeTpoB 6hIJJO 
HaH}l,eHO llleCTb OlJafOB u:enHOH peaKU:HH. 

OnpeJJ.eJl5rn KOJJHlleCTBO o6pa3oBaBlllerocH 239 Pu, MO)KHO ou:eHHTb npoJJ.OJJMHTeJJb

HOCTb pa60Tbl peaKTOpa t. 0Ka3aJJOCb, lJTO 3HalJeHHe t (BepHee, HH)!{HHH rpaH11u:a t) 
cocTaBJJHeT rrp11MepHo 0,6 MJJH JJeT. Bb1pa60TaHHaH peaKTopoM 3HeprnH paBHa nptt6JJH3H

TeJJbHO 1,5 · 104 MBT · JJeT. EcJJH npHHHTb t paBHhIM 0,6 · 106 JJeT, TO cpeJJ.HHH MOW:HOCTb 

peaKTopa 0KJJO paBHa Bcero 25 KBT. 
ct>eHoMeH 0KJJO HHTepeceH He TOJJbKO caM no ce6e. ToT ¢aKT, lJTO peaKTOp 0KJJO 

OKa3aJICH npeKpaCHblM xpaHHJJHW:eM paJ],HOaKTHBHblX OTXO,QOB, BeCbMa HHTepeceH c TOlJKH 

3peHml npo6JJeM 3axopoHeHHH OTXO}l,OB aTOMHOH 3HepreTHKl1. 

KaK BH,ll,HO, «B C03)],aHHH peaKTopa lleJJOBeK 6bIJJ He HOB<lTOpOM, a HeBOJlbHbIM HMHTa

TOpOM rrp11pOJJ.hI» (A. KoB6eK). 
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TEPMOSIJ.(EPHhIE PEAKTOPhl 

§ 18.1. OcHOBHbie cse;:i:emu1 o TepMoSI;:i:epHOM CHHTe3e 

BrrepBbie BOrrpoc 0 B03MO)l(HOCTH TepMoH,n;epHoro CHHTe3a B rrpHpo,n;e ( TOL!Hee 

B He,n;pax 3Be3,n;) 6hIJI paccMOTpeH r. BeTe H pH,ll,OM ,n;pyrnx yqeHhIX B 1939 r. 
B HCCJie,ll,OBaHHH, TIOJIO)l(HBllleM Hal.!aJIO HOBOMy HarrpaBJieHH!O B HayKe - H,ll,epHOH 

KOCMOqJH3HKe. B CJie,n;yIOmeti qacTH KHHfH Mbl eme BepHeMCR K 3TOH HHTepecHeH

weH npo6JieMe. CToKa )l(e o6cy,n;HM OCHOBHbie npe,ll,CT3BJieHH5l 0 peaKIJ,H5IX CHHTe3a 

51:.ZJ.ep. 

HarroMHHM, '-!To Ha1160Jiee JierKHe H HaH6oJiee TH)l(eJihie 5JJI,pa o6Jia,n;aIOT cyme

crneHHO MeHbllleH y,n;eJihHOH 3Heprneti CB5l3H no cpaBHeHH!O c 5!,ll,paMH rrpoMe)l(y

TOLIHOH MaCChI (cM. p11c. 7.9). TaK KaK cyMMa Mace ,n;syx JierKHX H,n;ep 6oJihllle Mac

ChI 5!,ll,pa, 06pa3y10merOCH npH HX CJIHHHHH, TO TaKOH npoI.I,ecc CHHTe3a npHBO,ll,HT 

K OCB060)1(,ll,eHH!O 3Heprn11. 3HeprOBbI,ll,eJieHHe B pacYeTe Ha 0)1,HH HYKJIOH q B pe

aKU.HHX CHHTesa Ha1160Jiee JierKHX H,n;ep 3Ha'-!HTeJihHO 6oJihllle, YeM B rrpouecce ,n;e

JieHHH rn)l(eJihIX H,n;ep. HarrpHMep, B peaKU.HH yH(d, n)~He q = 17,6/5 = 3,5 M3B, 

ror,n;a KaK B peaKu.1111 ,n;eJieHHH Ha 238 U = 200/238 = 0,85 M3B. 

CHHTe3 ,n;syx JierKHX H,n;ep B03MO)l(eH npH ycJJOBHH, '-!TO OHH o6Jia,n;aIOT KHHe

THYecKoti 3HeprHeH, ,ll,OCTaTO'-IHOH ,ll,JIH npeo,ll,OJieHH5l 3JieKTpOCT3TH'-leCKOf0 OTTaJI

KHBaHHH Me)l(,n;y HHMH, HHblMH CJIOBaMH, ecJJH 3TH H,n;pa B COCTOHHHH npeo,n;oJJeTb 

pa3,n;eJIHIOllJ.HH 11x KYJIOHOBCKHH 6apbep. Bh1cora rrocJie,n;Hero ,ll,JIH JierqaiillIHX 51,n;ep 

HMeer nop5I,lI,OK ,n;eCHTKOB K3B. 

PeaKU.H!O CHHTe3a MO)l(HO ocymecTBHTh B ycnoBHHX ,n;ocTaroYHO CHJihHO pa3o

rpeTOH cpe,ll,hl. Jl.orrycTHM, HarrpHMep, '-!TO ,ll,JI5l npeo,n;oJieHHH B3aHMHOfO 3JieK

TpOcTaTH'-leCKOrO OTTaJIKHBaHHfl ,ll,BYX JierKHX H,n;ep He06XO,lI,HMa 3HeprnH, paBHafl 

50 K3B. Tennosoti 3HeprnH kT = 50 K3B coorneTcrnyeT TeMnepaTypa 6 · 108 K, 
T. e. BeChMa Bb!COKafl. B peareHTe, COCTOHlll.eM H3 TaKHX fl,11,ep H pa3orpeTOM ,lI,O 

yKa3aHHOH TeMnepaTyphl, B03MO)l(H0 CTOJib TeCHOe c6JIH)l(eHHe napbl H,D;ep, npH 

KOTOpOM Me)l(,n;y HHMH HaLIHHaIOT ,11,eHCTBOB3Tb H,11,epHbie CHJihl, Bbl3hIBaIOm11e HX 

CJIHHHHe ( CHHTe3). 

0o,n;qepKHeM, '-!TO paCCMOTpeHHhlH B 3TOM npHMepe COOC06 CHHTe3a fl,D;ep, 

OCHOBaHHbIH Ha HCITOJlb30BaHHH CHJibHO pa3orpeToro BemecTBa, 5lBJI5leTC5l OOKa 

e,11,HHCTBeHHhIM, H3BeCTHbIM B COBpeMeHHOH cpH3HKe. PeaKIJ,HH CHHTe3a, B COOTBeT

CTBHH co CKa3aHHh!M, H33bIBaeTCfl TepMOH,11,epHOH peaKIJ,HeH. 3Ta peaKIJ,Hfl MO)l(eT 

CTaTb caMono,n;,n;ep*1:rna10meiicH, ecJIH 3HeprOBb1,11,eJiett11e B npoI.I,ecce CJIHHHHH H,11,ep 

6y,n;eT corrpOBO)l(,lI,aTbCH I10,ll,,lI,ep)l(aHH€M TeMnepaTypbl, npH KOTOpOH o6ecrrel.!H-
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saeTrn )l,aJihHeihuee ocymecTBJieHHe npouecca CHHTe3a. EcJIH nocJie.ll,HHH 6y.ll,eT 

3anymeH, TO B )l,aJibHef!llleM CHHTe3 51.ll,ep MO:>KeT npoTeKaTb caMOCT051TeJibHO, 

aHaJiornqHo uenHoi1 peaKuHH Jl,eJieHH51 rnw:eJibIX 51.ll,ep. 

CHJibHO pa3orpeToe semecTBo (Jl,o TeMnepaTyp nop51.ll,Ka 104 K H 6oJiee) Haxo

.ll,HTCH B COCT051HHH nJia3Mbl. HanOMHHM, qTO OJia3MOH Ha3bJBaeTC5I ra3, B KOTOpOM 

HOHH3HpoBaHa JIH60 3HaqHTeJibHa51 qacTb aTOMOB HJIH MOJieKyJI, JIH6o HOHH3Hposa

Hbl OHH see, npHqeM no Mepe pocTa TeMnepaTypbl )l,0Jl51 HOHH3HpOBaHHblX qacTHU 

semecTBa yseJIHqHsaeTC51. HanpHMep, npH TeMnepaType (2-3) · 104 K ra3 cocTOHT 

B OCHOBHOM H3 O)l,H03ap51.ll,Hb!X HOHOB H 3JieKTpOHOB, Hei1TpaJibHa51 KOMnOHeHTa 

B HeM oTcyTcTByeT. CTpH Jl,aJibHei1weM poCTe TeMnepaTypbI yseJIHqHsaeTC51 Jl,OJI51 

)l,BYX3ap51)l.Hb!X, Tpex3ap51.ll,Hb!X H T. )],. HOHOB, HaKOHeu, npH T rv 107 K ra3 HOHH-

3HpyeTC51 nOJIHOCTblO, T. e. npespamaeTC51 B CMeCb «fOJibIX» 51.ll,ep H 3JieKTpOHOB. 

3ttaqHTeJibHa51 qacTb BceJieHHOH ttaxo.ll,HTC51 HMeHHO B cocT051HHH nJia3MbI, 

B TOM qHcJie 3Be3.ll,bI (BKJIJ0qa51 CoJittue), 3Be3.ll,Hbie aTMoccpepbI, raJiaKTHqecKHe 

TyMaHHOCTH H MHOrHe .ll,pyn1e KOCMHqeCKHe o6beKTbl. 

B 3eMHbIX ycJIOBHHX TepM051.ll,epHOH CHHTe3 OCBOeH, noKa qTo, TOJlbKO B BOeH

HbIX ueJI51X - )l,JI51 npoH3BO.ll,CTBa Bo.ll,opo.ll,HbIX 6oM6. B nocJie.ll,HHX ocymecTBJIH

eTc51 HeynpaBJI51eMa51 (B3pbIBHOro xapaKTepa) uenHaH peaKuHH CHHTe3a (cM. cJie

Jl,y10my10 rnasy). B 3Toi1 rnase Hae 6y.ll,yT HHTepecosaTb MeTO.ll,bI ynpaBJI51eMoro 

TepMOH.ll,epHoro CHHTe3a. Pa6oTbI no C03.ll,aHHJO 3HepreTHqecKHX ycTaHOBOK, Hc

noJib3YJOlll.HX 51.ll,epHbIH CHHTe3 (HenpHrO)l,HbIX no csoei1 cymHOCTH )l,JIH BOeHHOro 

HCnOJib30Bamrn), 6b!JIH HaqaTbl c 50-x rO)l,OB npowJioro CTOJieTHH B pH.ll,e CTpaH, 

BKJ11oqa51 H Hawy cTpatty (Tor.ll,a CCCP). Ha nepBbIX 3Tanax HCCJie.ll,0Bam1i1 ynpas

JI51eMoro TepMOH.ll,epHoro CHHTe3a ccpopMHpOBaJIOCb y6e:>K)l,eHHe, 'lTO C03)],aHHe 

3cpcpeKTHBHO pa60Tal01UHX TepMOH.ll,epHblX peaKTopoB - )l,eJIO He CJIHllIKOM OT)l,a

JieHHOro 6y.ll,ylI.J.ero. 0)],HaKO 3TO MHeHHe OKa3aJIOCb qpe3MepHO OnTHMHCTWieCKHM, 

H Ha npOTH:>KeHHH HeCKOJlbKHX )l,eCHTHJieTHH 6b!JIH JIHllib Bbl5IBJieHbl ycJIOBH51, npH 

KOTOpb!X B03MOW:HO noJiyqeHHe TepMOH.ll,epHOH 3HeprnH. 

CTpHqHHbI «HH3Koro TeMna» B npo.ll,BH:>KeHHH TepMOH.ll,epHbIX HCCJie.ll,oBaHHH 

MOfO'lHCJieHHbl H pa3HOnJiaHOBbl. K qHCJIY Baw:HeHllIHX npH'lHH OTHOCHTCH He)l,O

CTaToqHOCTb 3HaHHi1 o csoi1cTsax nJia3MbJ. CToTpe6oBaJiocb 6oJiee 40 JieT Ha 

pa3BHTHe COBpeMeHHOro yqeHH51 0 cpH3HKe nJia3Mbl, B paMKaX KOTOporo 6b!JIH 

nOHHTbl H KOJIHqecTBeHHO OOHCaHbl CJIO)KHbie npoueCCbl, B03HHKaJOmtte B npouecce 

pa3BHTHH TepMOH.ll,epHoro CHHTe3a. CTpttrnJIOCb pernaTb MHoroqHcJieHHbie CJIO:>KHbie 

HH:>KeHepHbie npo6JieMbl. K HHM MO:>KHO OTHeCTH C03)],aHHe MeTO.ll,OB rny6oKoro 

BaKyyMa B 6oJibillHX 06beMax, pa3pa6oTKY Kpynttora6apHTHb!X CBepxnpoBO)l,HlI.J.HX 

MarHHTOB, C03)],am1e Jia3epoB 60JibllIOH MOlI.J.HOCTH, HHW:eKTOpOB peHTreHOBCKHX 

Jiyqefi, HCTO'lHHKOB MOlI.J.HbIX ny'lKOB HeHTpaJibHbIX aTOMOB; MOW:HO eme )l,OJirO ne

peqHCJIHTb pa3HOp0.ll,Hbie 3a)l,aqH, KOTOpbie yw:e perneHbl HJIH HaXO)l,51TCH B CTa.ll,HH 

pa3pewemrn. 

B KOHue KOHUOB CTaJIO oqeBH)l,HO, qTo HCCJie)l,OBaHHH no C03.ll,aHHIO Ha)l,eW:HO 

pa60Ta!Olll.eH 3HeprernqecKOH ycTaHOBKH, HCTIOJib3Y!Olll.ei1 H.ll,epHbIH CHHTe3, Ha

CTOJlbKO CJIOW:Hbl H Tpy.ll,OeMKH, qrn peWHTb 3TY npo6JieMy CI1JlaMH O)l,HOH CTpaHbl 

Kpai1He 3aTpy.ll,HttTeJibHO. B HacToHmee BpeMH HccJie)l,oBaHH51 no paccMaTpHBaeMoi1 

npo6JieMaTHKe npOBO)l,HTC51 BO <PpaHuHH B paMKax Mew:Jl,yHapO.ll,HOfO npoeKTa, 
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B KOTOpOM 3a)],eikTBOBaHbl yqeHbie YI YIH)KeHepbl pa3JmqHbIX cneu,YlaJibHOCTeH 

Yl3 <PpaHU,YIYI, PoCCHYI, ClllA YI .HnoHYIYI. no3)],Hee K npoeKTY nO)],KJllOqYIJIYICb 

cneu,Y1aJIY1CThI Yl3 Kma51, 11H)],YIYI YI IO)KHOH KopeYI. Pe3yJihTaTbI ::>TOH pa6oTbI 6y)],yT 

)],OCTynHhl 6e3 orpaHY1qeHY1H BCeM cneu,Y1aJIY1CTaM, yqacTBy!OmYIM B npoeKTe. 

0TMeTYIM nYIOHepcKy!O pOJib poCCYIHCKYIX yqeHhIX B pa3BYITYIYI YICCJie)],OBaHYIH 

no ynpaBJI51eMoMy TepM051)],epHoMy rnHTe3y. TaK, eme B 1951 ro)],y rpynnoH 

yqeHbIX B cocTase JI. A. Apu,Y1MOBY1qa, 11. H. foJIOBYIHa, H . .H . .HsJIYIHCKoro YI J],p. 

6bJJia C03)],aHa nJia3MeHHa51 ycTaHOBKa, Ha3BaHHa51 TOKaMaKOM, 51BJl51!0ma51C51 npo

TOTYlnOM Hb!He pa3pa6aThJBaeMoro TepM051)],epHoro peaKTOpa, KOTOpbIH, B03MO)KH0, 

OKa)KeTC51 HaYl60Jiee KOHKypeHTHOCnoco6HhlM cpe)],YI 3HepreTY1qecKYIX ycTpOHCTB, 

YICnOJib3Y!OmYlx 51)],epHblH CYIHTe3. 50JiblllOH BKJia)], yqeHbie HallleH CTpaHbl BHeCJIYI 

YI B pa3BYITYle TeOpYIYI nJia3MeHHb!X npou.eccoB. 

K HacTo51meMy speMeHYI o6o3HaqYIJIYICh )],Ba npY1Hu,Y1nY1aJihHO pa3JIYlqHhIX Ha

npasJieHYl51 pa3BYITYl51 repM051)],epHblX peaKropoB, YI noKa Her 51CHOCTYI B TOM, KaKoe 

YIX HYIX OKa)KeTCH 6oJiee nepcneKTYIBHbIM. CTepBOe HanpaBJieHYle npej],CTaBJieHO 

TepM051)],epHblMYI peaKTOpaMYI, OCHOBaHHbIMYI Ha MarHYITHOM y)],ep)KaHYIYI nJia3Mbl, 

a BTOpoe, YIMeHyeMoe Y1Hepu,Y1aJihHbIM repM051)],epHbIM CYIHTe30M, MO)KeT 6hITb 

peaJIYl30BaHO B cneu,Y1aJihHbIX KaMepax. CTepBOMY HanpaBJieHYllO nOCB51meH § 18.2, 
a BTopoMy - § 18.3. 

§ 18.2. TepMosr,n:epHhie peaKTOphI, ocHoBaHHhle Ha MarHHTHOM 
y,n:ep1KaHHH IlJia3Mhl 

B Ta6JI. 18.1 npY1Be)],eHbI 3HaqeHYl51 ::>HeproBbI)],eJiemrn YI MaKCYIMaJihHoro ceqe

HYl51 )],JI51 repM051)],epHblX peaKU,YIH JierqattlllYIX 51)],ep. 

Ta6J111ua 18.1 
3Ha'leHH51 3HeproBbIJJ,e.nemrn H MaKCHMa.nbHOro ceqemrn JJ,.n51 TepM051AepHb!X peaKUHH npoCTeH

WHX 51.ll,ep 

3HeproBhIJJ,e.ne-
rJ, 6apH 

PeaKUH51 HHe, 
(nptt 3Heprntt 1 M3B) 

M3B 

l)p+p-->tH+e++v 2,2 10-23 

2) p + d -+ ~He + 'Y 5,5 10-6 

3) d + d -+ 3He + n 3,3 0,09 

4) d + t --> ~He+ n 17,6 5,0 

TI p H M e 'l a H H e. 51Apo JJ,eiiTeptt51 - JJ,eiiTpoH - 3.ll,eCh o6o3Ha'leH CHMBO.nOM d, a 51.ll,po TPHT!i51 -
TpHTOH - CHMBO.nOM t. 

KaK BYl)],HO, npe)],noqrY1reJibHOH m npYIBe)],eHHhIX peaKU.YIH 51BJI51eTCH qernep

Ta51, 06ecneqY1sa10maH HaY160Jiblllee ::>HeprOBhI)],eJieHY1e YI ceqeHYle KoTOpoH Ha 

MHOro nopH)],KOB Bb!llle no cpaBHeHYllO c ceqeHY1eM rpex j],pyrnx B3aYIMO)],eHCTBYIH. 

CT03TOMY B 60JiblllYIHCTBe pa3pa6aThJBaeMbIX repM051)],epHbIX ycraHOBOK YICnOJih3y

eTCH YIMeHHO peaKU,Y151 CYIHTe3a 51)],ep )],eHrepY151 YI TpY1TYl51. CTOCJie)],H5151 B03MO)KHa 
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rrp11 .Il,OCTI1)KeHI1l1 .IJ,e1hep11eBO-TpI1THeBOH CMeChIO (coKpameHHO d-t CMeCbIO) TeM

rrepaTypbl T rropH.II,Ka cTa MHJIJIHOHOB rpa.n:ycoB. 0.IJ,HaKo YAep)KaTh .3TY ropH'IYIO 

CMeCh B 3aMKHYTOH pa6oqef:i KaMepe peaKTOpa 6e3 rrpHMeHeHHH KaKHX-JIH6o Mep 

TepMOH30JIHUHH npaKTH'IeCKH HeB03MO)KH0, TaK KaK npH KOHTaKTe co CTeHKaMH 

rrJia3Ma 6b1CTpo oxJiaJJ:HTCH, a OHH MrHoBeHHO HcnapHTcH. B 1950 r. poccHMCKHe 

y'IeHhie A. ,ll. CaxapoB H I1. E. TaMM rrpe.II,JIO)KHJIH AJIH o6ecne'IeHHH AOCTaTO'IHO 

)l.JlHTeJibHOH TepMOH30JIHU11H nJia3Mbl HCil0Jlb30BaTb MarHHTHOe noJie (.3Ta )Ke 

H,n:eH 6b1Jia BhICKa3aHa aMepHKaHCKHM yqeHbIM JI. CrrHTUepoM B 1951 r.). EcJIH 

B pa6o'IeM o6beMe peaKTopa C03,AaTh MarHHTHOe ITOJie B cpopMe JIOBYlllKH, TO 

rrJia3Ma OKa)KeTCH «3arrepTOH» B HeH H He 6y.IJ,eT KacaTbCH CTeHOK KaMepb!. 

DhJJIH pa3pa6oTaHbI CHCTeMbI c rrJia3MeHHhIMH ll!HypaMH, B KOTOpbIX ocHOBHYIO 

pOJib B yAep)KaHHH ropH'IeH d-t CMeCH BbinOJIHHeT ee caMOCTHrHBaHHe MarHHTHb!M 

ITOJieM, B03HHKaIOI.JJ,ee npH rrpoTeKamrn no ITJia3Me. 3To HBJieHHe Ha3bIBaIOT nUT-ttt

arjJrjJeKmOM (.3cpcpeKTOM C)KaTHH) 1). 0,n:HH H3 ero BHJJ:OB (u-ITHH'I) Ha6JIIO)l.aeTCH 

rrpH 6b1CTpOM C)KaTHH ITJia3Mbl HapacTaIOI.JJ,HM BO BpeMeHH rrpOJJ:OJibHblM BHell!HHM 

MarHHTHhIM rroJieM, 'ITO rrpHBOAI1T K pe3KOMY ITOBhIIlleHHIO ee TeMrrepaTyphI. CHJia 

C)KaTHH rrpH u-ITHH'Ie B03HHKaeT 3a C'IeT B3aHMO,n:eikTBHH rrpo;:i:oJihHOro Mar

HHTHOro ITOJIH c a3HMYTaJibHblMl1 TOKaMH. DHH4-.3cpcpeKT o6Jia,n:aeT xapaKTepHOH 

oco6eHHOCTbIO, 3aKJIIO'IaIOI.JJ,eHCH B HeyCTOH'IHBOCTH ITJia3MeHHOro WHypa. Do,n: 

)l,eHCTBHeM BHyTpeHHHX CHJI urnyp .II,ecpopMHpyeTCH: B HeM B03HHKaIOT rrepeTH)KKl1, 

yTOJII.JJ,eHHH H H3rH6hI, B pe3yJibTaTe IllHYP pa3pywaeTCH, a ITJia3Ma pa36pacbIBa

eTCH H OCTbJBaeT. 

HaH6oJiee rrepcrreKTHBHhIM THITOM ycTaHOBKH c MarHHTHhIM y;:i:ep)KaHHeM rrJia3-

MhI B HaCTOHI.JJ,ee BpeMH C'IHTaeTCH yrroMHHaBWHHCH Bb!Ille TOKaMaK (6oJiee ITOJIHOe 

HaHMeHOBaHHe - TOpOH)l.aJibHaH KaMepa co CTa6HJIH3HpyIOI.JJ,HM MarHHTHbIM rro

JieM). OrrHrneM cxeMaTH'IHo ycTpoi1crno OAHoro H3 rrepBbIX ToKaMaKOB. YcTaHOBKa 

COCTOHT H3 pa6o'IeH KaMepbl B cpopMe TOpa, OKpy.iKeHHOH CHCTeMOH KaTyrneK, 

qepe3 KOTOpbre rrporrycKaeTCH TOK, C03)l.aIOI.JJ,HH rrpOAOJlbHOe MarHHTHOe ITOJie. 

B pa6oqeM o6beMe B03HHKaeT TOpOHAaJibHhIH rrJia3MeHHhIH IllHyp, 11rpaIOI.JJ,HH pOJih 

BTOPHlIHOH o6MOTKH rpaHccpopMaropa (pHc. 18.1). ToK i, Bbipa6aThIBaeMbIM HH

AYKUHOHHhIM rryreM, HarpeBaer rrJia3My, a rropo.iK)l.aeMoe HM MarHHTHOe rroJie Bz, 
HarrpaBJieHHOe B)l.OJib OCH TOpa, co3,n:aeTCH c ITOMOI.JJ,b!O o6MOTKH, HaBHTOH Ha 

BHeillHIOIO ITOBepXHOCTb KaMepbi. Jl,JIH OTKa'IKH H Ha6JIIO,AeHHH 3a rrJia3MOH CJIY.iKHT 

crreuHaJibHb!H rraTpy6oK (He ITOKa3aH Ha pHCYHKe). 

OcTaHOBHMCH Ha Borrpoce 06 o6ecrre'IeHHH B TOKaMaKax cTau11ottapHOCTH 

TepMOH,n:epHOH peaKUHH. 0603H84HM qepe3 n ITJIOTHOCTb d-t CMeCH, rrpw1eM 

ITOJIQ)KHM, 'ITO KOHUeHTPBUHH H,n:ep )l.eHTepHH H TPHTHH B CMec11 O)l.HHBKOBa. 

nycTh T - TeMrrepaTypa, npH KOTOpOH ocymecTBJIHeTCH CHHTe3 H,Aep, a T -

speMH )KH3HH ropHqef:i nJia3MhI, T. e. speMH, ee y;:i:ep)KaHHH B pa6oqef:i KaMepe. 

DocJie HCTe'IeHHH .3TOrO BpeMeHH rrpOHCXO,AHT 3aMeHa «OTpa6oTaHHOH» ropH'IeH 

cMeCH HOBOM oTHOCHTeJibHO XOJIOJJ:HOH rrJia3MOH. CTauHoHapHOCTh rrpouecca 6yAeT 

o6ecrre'IHBaTbCH, eCJIH BbIJJ:eJieHHe TepMoH;:i:epHOH .3HeprnH 38 BpeMH T OK83hIBaeT-

1) OT aHrJJHifcKoro rnaroJia to pinch - C)!{HMaTb, CTlirHBaTh. 
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I 

2 

I 

P11c. 18.l. CxeMa O}l,Horo 11s rrepBbIX TOKaMaKoB: I - rnpo11}l,aJ1bHaH KaMepa; 2 - KaTywKa 

CH ,UOCTaTOqHhIM ,UJIH pa3orpesa BHOBh ITOcTyrurnwei1: ITJia3MhI JlO TeMITepaTyphI T 
H ,UJIH KOMITeHCaUHH ITOTepb 3HeprnH B pa6oqei1: KaMepe. 

KoJIHqeCTBeHHaH oueHKa BhIXO,Ua 3Heprm1 oITpe,UeJIHeTCH c ITOMOUI.b!O TaK Ha-

3hrnaeMoro Kpumepufl .HoycOfw [2] 

nT > 5 · 1014 
c/cM

3
. (18.1) 

ITpH xapaKTepttoi1: ITJIOTHOCTH d-t cMeCH 1014 r/cM3 speMH 1KH3HH ITJia3MbI cornac

Ho 3TOMY KpHTepH!O ,UOJI)KHO 6b!Tb paBHbIM ITO Kpai1:HeH Mepe 5 c. 0,UH3KO B TOKa

MaKax ITepBblX ITOKOJieHHH 3Ha'-leHHH T' 6Jiaro,UapH paccMOTpeHHblM ITJia3MeHHblM 

HeycTOH'-IHBOCTHM, ITOJiy'-laJIHCb paBHbIMH 10-3-10- 1 c. JlHlllb ITOCJie ,UJHiTeJibHblM 

HCCJie,UoBaHHH y,UaJIOCb C03,UaTh ycTpOHCTBa, ,UJIH KOTOpb!X BblflOJIHHeTCH KpHTepHH 

JioycoHa. 

5h!JIO ycTaHOBJieHO, qTo ,UJIH ITO,U3BJieHHH ITJia3MeHHb!X HeycTOHqHBOCTeH ,UO

ITYCTHMOe ,UaBJieHHe ITJia3Mbl ,UOJI)KHO COCTaBJIHTb HeCKOJihKO ITpoueHTOB OT Mar

HHTHOro ,UaBJieHHH. 3TO )lOCTHraeTCH, eCJIH HHJlYKUHH MarHHTHOro ITOJIH, y,Uep

)KHBa!Omero ITJia3My, ITO KpaHHeH Mepe B HeCKOJibKO pa3 ITpeBblllJaeT 3Haqem1e 

HHJlYKUHH, ITPH KOTopoi1: ,UOCTHraeTCH paBHOBeCHe ITJia3Mbl. 

3a ITOCJie,UHHe ,UBa ,UeCHTHJieTHH C03,UaHO HeCKOJibKO 3KCITepHMeHTaJibHhlX TO

KaMaKOB HOBOrO ITOKOJieHHH, B KOTOpb!X yqTeH HaKOITJieHHhlH OITbIT 3KCITJiyaTaUHH 

TOKaMaKOB ITpe,UllleCTBYIOILLHX ITOKOJieHHH. ITapaMeTpbI tteKoTOpb!X cospeMeHHhIX 

TOKaMaKOB TaKOBhI: TeMITepaTypbl ITJI33Mbl ,UaBJieHHeM 1014 qaCTHU/CM3 COCTaBJIH

eT 105 K; ITPH ,UaBJieHHH ITJia3MhI 2-3 aTM HHJlYKUHH MarnHTHoro ITOJIH, 06ecITe

'-IHBa10maH ee TepMOH30JIHUHIO, COCTaBJIHeT B rv 1 TJI. 

HaITOMHHM, '-ITO cornactto KPHTepH!O Jloycotta speMH yJlep1KaHHH ITJia3MhI 

,UOJI1KHO 6bITh He Mettee 5 ceKyHJl. CTOJih ITPOJlOJI)KHTeJihHOe ee y,Uep1KaHHe M01KeT 

6bITh o6ecITe'-leHo JIHillh B TOKaMaKe JlOCTaTO'-IHO 6oJiblllHX pa3MepoB (7-9 M). IToJI

HaH TeITJIOBaH MOILLHOCTb TaKoro peaKTopa paBHHeTCH ITpH6JIH3HTeJibHO 0,UHOMY 

1 fBT. 
C IJ,eJih!O yMeHbllleHHH 3HepreTH'-leCKHX paCXO,UOB M3rHHTHOe ITOJie B COBpeMeH

HblX TOKaMaKax co3,UaeTCH csepxITpoBOJlHllLHMH MarHHTaMH. HaITpHMep, B PoccHH 
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noCTpoeH 3KCnepHMeHTaJibHblH TOKaMaK T-15, B KOTOpOM npHMeHeHbl HM€HHO 

csepxrrposo.n:m.r.1.He MarnHThI. ToKoMaKH cospeMeHHoro noKoJieHH51 pa6oTaIOT Ha 

d-t CMeCH B pe)KHMe caMorro.n:.n:ep)KHBaIOIU€HC51 TepM051,UepHOH peaKUHH; HarpeB 

nJia3Mbl ,UO He06XO,UHMOH TeMrrepaTypbl ocyI.IJ.eCTBJI51eTCH npH ee HarpeBaHHH o:-qa

CTHUaMH (HoHaMH He), B03HHKaIOI.IJ.HMH B peaKUHH d + t ---t He+ n. 
K HacTomueMy speMeHH Ha TOKaMaKax 3Toro noKoJieHH51 npaKTHqecKH BbI

noJIHeHhI see HaMeqeHHhie 3KCrrepHMeHTbl ¢YH,UaMeHTaJibHOfO 3Haqemrn, H Hh!He 

HMelOTC51 rrpe,UITOChlJIKH ,UJI51 C03,UaHH51 nocJie,UyIOI.IJ.ero CTOKOJieHH5I ycTaHOBOK, 06-

Jia,UalOI.IJ.HX qepTaMH npOMh!IIIJieHHOfO TepM05I,UepHoro peaKTOpa. 

Cos.n:aHHe 3Kcnep11MeHTaJihHOH ycTaHOBKH TaKoro THna y)Ke Be,UeTcH - 3TO 

TepM05I,UepHb!H peaKTOP I1T3P [12]. B cxeMarnqecKOM BH.il,e OH npe.n:CTaBJieH Ha 

pHc. 18.2. 0.u,HOH H3 ero oco6eHHOCTeH 51BJI5!eTCH HaJIHqHe Ha nepmpepHH pa6oqeif 

KaMepbl 6JiaHKeTa, COCT051I.IJ.ero H3 MOJIH6.u,eHa H )KH,UKOfO JIHTH51 npH TeMnepaType 

oKoJio 850 K. nhrcTph1e Heil:TpOHhI (E ~ 14 M3B), 06pasy101UHeCH B npouecce 

CHHTesa, pa3MHO)Ka!OTC51 B npeBpaI.IJ.eHH51X nma ( n, 2n)' c 6oJibll.IOH sep051THOCThlO 

npoHCXO.il,51JUHX Ha MOJIH6,UeHe. 3aMe,UJI5151Ch 3TH HettTpOHhl CTOfJIOI.IJ.aIOTC51 JIHTHeM 

~Li, 06pasy51 TpHTHH H BhI,UeJI5151 ,UOCTOJIHHTeJihHYIO 3HeprnIO: 

n +~Li ---t ~He+ yH + 4,6 M3B. (18.2) 

CyI.IJ.ecrneHHO, qTo npo.u,yKT peaKUHH (18.2) - reJIHH He pa.n:HoaKTHBeH. Dpas.n:a, 

B caMOM peaKTOpe no.n .n:ettCTBHeM HeHTpOHOB .il,OJI)KHa B03HHKaTh HaBe,UeHHa51 

aKTHBHOCTh. CyI.IJ.eCTBYIOT, o.nttaKo, MaTepHaJihI c HH3KOH aKnrnauHeH, np11ro,UHh1e 

.U,JI51 H3roTOBJieHH51 KOHCTPYKUHOHHhIX cocTaBJI51IOI.IJ.HX peaKTopa. 

CTpOHTeJibCTBo peaKTopa I1HTEP ocyr.uecTBJI51eTc51 B paMKax yrroMHHyrnro 

BhIIIIe Me)K,UyHapo,UHOfO npoeKTa. OcHOBHOH BKJia,U B ero C03,Uam1e BHOCHT p51,U 

sana.n:HoesporreiicKHX cTpaH, PocCH51, ClllA H .HrroHHH. 0KoHqaHHe nocTpottKH 

peaKTopa HaMeqeHo Ha 2012 ro.n:. 

06cy,UHM KOpOTKO BOnpoc 0 sarracax TOilJlHBa ,UJI51 TepM051.il,epHbIX peaKTOpOB. 

,lleil:TepHH ornocHTCH K 11soTorraM U.IHpoKo pacrrpoCTpaHeHHhIM K npHpo.n:e. B qaCT

HOCTH ero MO)KHO .n:o6bIBaTb H3 MOpCKOH BO,Uhl. TpHTHH )Ke 51BJI51eTC51 H30TOITOM 

MaJio pacnpocTpaHeHHhIM B rrpHpo.n:e. 0.n:HaKo TPHTHH MO)KeT rrpo11sso,UHThC5!, KaK 

IlOKa3aHO BhII.IIe, 113 JlHTH51 B CaMOM peaKTOpe. DpHpO,UHbie 3aITaChl .U,ettTepHfl 

H JlHTH51 HaCTOJlhKO BeJIHKH, qTo HX ,UOCTaTOl:jHO .il,Jlfl rroJiyqeHH5I 3HeprHH B Tep

M05I,UepHbIX peaKTOpax B TeqeHHe MHOrHX ThJC51qeJieTHH. 0TMeTHM T3K)Ke, l:jTO 3TH 

3JieMeHThl He pa,UHOaKTHBHhl. 

§ 18.3. HHepu.HoHHhie TepMOSIJI.epHhie peaKTOpbI 

BosMO)KHhIH sap11aHT CHHTesa, ocyI.IJ.eCTBJI.HeMhIH B HHepuHoHHOM TepMoH.n:ep

HOM peaKTope, OCHOBaH Ha MHKpOB3pbIBe ITJla3Mbl, B03HHK3IOIUeM rrpH ee 6b!CTpOM 

pasorpeBe. B 3TOM cJiyqae CHHTes d-t cMeCH ocyI.IJ.eCTBJI51eTc51 B TeqeHHe speMeHH 

pasJieTa rrJia3MhI 
L 

'T ("'V -, 

v 
( 18.3) 
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r.ne L - .nJnrna, xapaKTepHsyIOW:af! pa601.rne pa3Mepb1 o6beKTa npH MHKpoB3pbrne, 
v - CKOpOCTb qacTHU CMeCH. TipH TeMnepaType T rv 108 K/c 3Ha4eHHe v paBHO 
npH6JIH3HTeJibHO 108 CM/'C. )lJHI Toro, 4T06bl npouecc 6bIJI ynpaBJif!eM, a He HOCHJI 
xapaKTep pa3pyurnTeJibHOro B3pb!Ba, CJie,nyeT HCCTOJ!b30BaTb Jl:OCTaT04HO MaJiyIO 
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nopu,mo )l,eihepHe80-TpHTHe80H CMecH (He 6oJiee HeCKOJihKHX MHJIJIIffpaMM, LJTO 

coornercrnyeT o6beMy nopH.ll,Ka 1 MM3 H L nopH.ll,Ka 0, 1 CM). CMeCh OKPY*aerrn 

3aill,HTHOH o6oJIOLJKOH. 

)lonyCTHM, LJTO TaKafl MHllleHb 06JiyLJaeTCH C8eTOM MOill,HOfO Jia3epa. no)], 

ero 803.ll,eHCT8HeM o6oJIOLJKa MHllleHH HaLJHHaeT HCnapHThCfl, LJTO conp080)K)l,aeTCfl 

803HHKH08eHHeM cpa8HHTeJibHO CHJihHOro peaKTH8HOro )l,a8JieHHfl Ha 008epXHOCTh 

o6pa3IJ,a. no)], 803.ll,eHCT8HeM peaKTH8HhIX CHJI o6pa3eIJ, C)KHMaeTCH 8 Th!Cf!LJH pa3 

H 803HHKaer repM05!.ll,eptta5! peaKIJ,H5! . .Ilm1 ocyw,ecT8JieHH5! 3TOro npou,ecca Heo6-

xo.ll,HMo nepe.ll,aTh MHWeHH 3Heprmo OKOJio 2 M.Il*. HH*HHH rpaHHIJ,a 8peMeHH 

npoTeKaHHH peaKIJ,HH T min onpe.ll,eJI5!eTC5! yKa3aHHhIMH 8hIWe 3HaLJeHH5!MH L 11 v, 
10-1 

TaK LJTO COrJiaCHo (18.3) Tmin = -8- = 10-9 c. 3tteprnH M11KpOB3pbIBa COCTa8JI5I-
10 

er np11MepHo 5. 108 ,ll)K (4TO 3K8H8aJieHTH0 3HeprnH 83phIBa OKOJIO 100 Kr o6b!LJ-

PHc. 18.3. CTpOHW.aHcH B CWA ycTaHOBKa, NIF, B KOTopoii 6yJJ.eT npo11cxoJJ.HTb 06)KaT11e 11 TIOJJ.)KHf 

MHll!em1 c TIOMOW.b!O Jia3epHoro l13JiylJeHHH 
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HOH B3pbrnqaTKH). J13roTOBHTb pa6oqy10 KaMepy HHAYKUHOHHOro peaKTopa H3 

JJ,OCTaToqHo npoqHoro MaTepttaJia, cnoco6Horo BhIJJ,ep1KaTh TaKOH MHKpos3pbIB -

snoJIHe Texm1'-!eCKH pernaeMaH 3aJJ,aqa. 

DpeJJ,noJiaraeTCH, qTo B pa6orn10meM peaKrnpe '-!aCTOTa nocJieJJ,osaTeJibHO npo

BOJJ,HMbIX MHKpOB3pbIBOB COCTaBl1T HeCKOJibKO repu, a TefIJIOBaH 3Hepr11H, BbIJJ,eJIH

eMaH B pa6oqeJ1 KaMepe, 6yJJ,eT CH11MaTbCH TeOJIOHOCl1TeJieM, npeo6pa3yHCb 3aTeM 

B 3JieKTp11'-!eCKYIO 3Heprmo. (qHTaeTCH, qTo C03JJ,aH11e peaKTOpOB paccMaTp11sa

eMoro Tttna npoJJ,sttraeTCH JJ,OCTaTOqHo ycnernHo. Hanp11Mep, B CWA crpo11rcH 

ycTaHOBKa NIF, B Koropoi1 npeJJ,noJiaraeTCH ocymecrn11Tb 061KaT11e 11 noJJ,1Kor 

MHilleHH H3 CMeCH nptt IlOMOlll.H MOlll.HOro Jia3epttoro H3JiyqeHl15I (pttc. 18.3). 
OrMeTHM OJJ,HaKo, qrn Jia3ep KaK o6Jiy'-!aTeJib o6JiaJJ,aer cJieJJ,yIOlll.11MH np11H

u11nttaJibHbIMH HeJJ,ocraTKaM11. B Jia3epe Ko3cpqmuHeHr npeo6pa3osaH11H 3JieKrpH

qecKoI1 3HeprnH B CBeTOBYIO paBeH BCero 1 %, K TOMY 1Ke Ha C1K3Tl1e H HarpeB 

M11rneH11 pacxoJJ,yercH JIHillb 6-10 % CBeTOBOH 3Heprn11, TOrJJ,a KaK 60Jibll135I ee 

'-laCTb yxoJJ,11T Ha 11cnapeHHe semecrna. 

B Apyrnx pa3pa6arbrnaeMbIX 11Hepu110HHhIX peaKrnpax npttMeHHIOTCH 11Hb1e 

06JiyqareJI11: MOlll.Hbie OOTOKl1 peHrreHOBCKOfO 113Jiy'-leHl15I, HOHHbJe 11JIH 3JieK

rpOHHb!e nyqK11. B C03JJ,aHHH KaMep c TaK11M11 o6JiyqareJIHMH TaK1Ke JJ,ocT11rnyT 

K ttaCTOHlll.eMy speMeHH cymecrneHHbIH nporpecc. 

KaK B11AHO, Ba1KHeI1rn11M JJ,OCTOHHCTBOM 11Hepu110HHbIX TepMOHJJ,epHbIX peaKTO

pos HBJIHeTCH OTCYTCTBl1e Heo6XO,llHMOCTl1 yJJ,ep1KaHl15I 11 TepM01130JIHU1111 nJia3Mbl. 
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Sl,Ll;EPHOE OPY)KHE 

§ 19.1. Ilpe;::i;eapuTeJI&Hbie 3aMeqaHHSI 

Cos,ll.aHHe 51,ll.epHoro opy)KH51 pa3BHBaJIOCb no cyw.ecrny napaJIJieJibHO c cpop

MHposaHHeM 51,ll.epHoH: 3HepreTHKH, y)Ke sHaKoMoH: 4HTaTemo. CTo3ToMy npH onH

caHHH npou.eccos paspa6oTKH 3TOro opy)KH51 MbI 6yJl.eM B Heo6XOJ1.HMbIX cJiyqa51x 

CCbIJiaTbC51 Ha HH<PopMaU,HIO Jl.BYX npe,ll.b!Jl.Ylll.HX mas. 

KaK H3BecTHO, HaH60JibIIIHX ycnexos B cos,ll.aHHH 51,ll.epttoro opyJl.H51 Jl.OCTHr

JIH ClllA H CCCP. 0)1.HaKo He cJie,ll.yeT HrnopHposaTb H Jl.OCTH)KeHH51 Jl.pyrnx 

cTpaH. Xorn fepMaHHH H He yJl.aJIOCb H3rOTOBHTb 51,ll.epHoe opy)KHe (npH4HHbI 

3TOro 6yJl.yT paCCMOTpeHbl HH)Ke), 0)1.HaKO BKJia,ll. HeMeU,KHX yqeHb!X B pa3BHTHe 

51,ll.epHoH: TexttoJIOrHH HeJib351 tte,ll.oou.eHHBaTb. B AttrnHH H <t>paHU.HH nos,ll.Hee, qeM 

B ClllA H CCCP, HO TaK)Ke cos,ll.aJIH H 51,ll.epHOe opy)KHe, H 51,ll.epHyIO 3HepreTHKy. 

Ew.e no3,ll.Hee K ,ll.ep)KaBaM, o6Jia,ll.aIOW.HM 51,ll.epHbIM opy)KHeM, npHcoe,ll.HHHJIHCb 

KHTaH:, YlHJl.H51 H CTaKHCTaH. CTo-BHJl.HMOMy, npoH3BOJl.CTBO 51,ll.epHbIX 6oM6 ocsoeHo 

H B HspaHJie. CTepe4HCJieHHbIMH cTpaHaMH noKa 4TO H HC4epnbrnaeTC51 cocTaB 

«KJiy6a 51,ll.epHblX ,ll.ep)KaB». 0)1.HaKO «nepsonpoXO,ll.I.l,aMH» B pa3BHTHH 51,ll.epHbIX 

HCCJie,ll.OBaHHH 51BHJIHCb ClllA, CCCP, fepMaHH51, <t>paHU.H51 H AHrmrn. 

B HacTo51w.eH: rnase Mb! KpaTKO o6cyJl.HM ycTpoH:crno 51,ll.epHbIX H 6oJiee 

MOW.Hb!X BOJl.OPOJl.HbIX 6oM6 H pacCMOTpHM B03MO)KHbie nocJie,ll.CTBH51 npHMeHeHH51 

51,ll.epHoro opy)KH51. 

5oJiee no,ll.po6Ho o6sop pa6oT no cos,ll.aHHIO TaKoro opy)KH51 BbrneceH B CTpHJIO

)KeHHe A (stta4HTeJibHa51 qacTb npHBOJl.HMOH B HeM HH<PopMaU.HH cTaJia Jl.OCTynHoH: 

B pesyJibTaTe cpaBHHTeJibHO He,ll.aBHero pacceKpe4HBaHH51 «aTOMHbIX» apxHBOB). 

§ 19.2. Sl;::i;epH&Ie 60M6&1 

Hs HH<PopMaU.HH, npHBe,ll.eHHOH B rn. 18, cJie,ll.yeT, 4TO cyw.ecrnyIOT ,ll.Ba nyTH 

noJiy4eHH51 pacw.enJI5110W.HXC51 MaTepHaJIOB: JIH6o c noMOW.b!O O,ll.HOrO H3 MeTO,ll.OB 

pas,ll.eJieHH51 H30Tonos BbIJl.eJI51Tb HYKJIHJl. 235 U H3 ecTecrneHHoro ypatta, JIH6o 

c nOMOW.b!O peaKTOpOB c paCIIIHpeHHbIM socnpOH3BO,ll.CTBOM noJiyqaTb nJiyTOHHH, 

H3BJieKa51 ero pa,ll.HOXHMH4eCKHMH MeTO,ll.aMH H3 o6Jiy4eHHbIX ypaHOBbIX 6JIOKOB. 

BrnpoH: sapHaHT 3KOHOMH4eCKH 6oJiee BbffO,ll.eH. TeM He MeHee B ClllA (a saTeM 

H B HaIIIeH CTpaHe) ,ll.JI51 C03,ll.aHH51 aTOMHbIX 6oM6 6b!JIH HCnOJib30BaHbl o6a 

sapHaHTa. HanoMHHM, 4TO B nepsoM cJiyqae H3roTaBJIHBaeTC51 yCTpoH:cTBO H3 

H30Tona 235U :__ ypaHOBa51 6oM6a, a BO BTOpOM H3 H30Tona 239Pu - nJiyTOHHeBa51 
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6oM6a (OTMeniM, llTO 51,ll.epHbie 6oM6bI IIO Tpa,ll.11I.l,1111 llaCTO 11MeHyIOT aTOMHbIMl1 

60M6aM11; 3Tl1 ,ll.Ba TepM11Ha CTaJrn 11,ll.eHTl1llHbIM11). 

l1,ll.e51 ycTpOHCTBa 11 np11HI.l,11II ,ll.eHCTBl151 51,ll.epHOH - ypaHOBOH 11Jil1 IIJIYTOHl1-

eBOH - 60M6b1 HecJio)irna. Heo6xo,ll.11Mo c IIOMOill,bIO KaKoro-Jrn6o TexH11qecKoro 

np11eMa coe,ll.11Hl1Tb Me:1KJl.Y co6oH ,ll.Be IIO,ll.Kp11Tl1lleCKl1X MaCCbl 51,ll.epHbIX 3ap51,ll.OB, 

llTO np11BO,ll.11T 11X B Ha,ll.Kp11Tl1lleCKOe COCT051Hl1e, 3asepwa10meeCH B3pbIBOM. 

0)1.HaKO peaJibHa51 aTOMHa51 6oM6a o6JJa,ll.aeT ,ll.OBOJibHO CJIO)KHbIM TeXHl1lleCKl1M 

yCTpOHCTBOM [6]. PaccM0Tp11M, Hanp11Mep, ynpomeHHYIO cxeMy 11 MexaHl13M ,ll.eH

CTBl151 COBeTCKOH IIJIYTOHl1eBOH 6oM6bI. 51,ll.epHbIH 3ap51,ll. 113 IIJIYTOHl151 wapoo6pa3-

HOH cpopMbI MaccoH 20 Kr (pa3MepoM B 60Jibrnoe 516JioKo) nepsoHallaJibHO Haxo

Jl.l1TC51 B IIO,ll.Kp11Tl1lleCKOM COCT051Hl111. B ero I.J,eHTpe pacnoJiaraeTC51 HeHTpOHHbIH 

11cTOllHl1K. B pe3yJibTaTe c11JibHeHrnero scecTopoHHero c:1KaT115I nop51,ll.Ka HeCKOJib

Kl1X COTeH Tb!C51ll aTMOccpep 51,ll.epHbIH 3ap51Jl. C,ll.aBJil1BaeTC51 IIOllTl1 B ,ll.Ba pa3a; 

np11 3TOM COCTaBJI5110lll,11e ero aTOMbl c6Jil1)KaJOTC51 Me:1KJl.Y co6oH HaCTOJibKO, llTO 

B03Hl1KaeT Ha,ll.Kp11Tl1lleCKOe COCT051Hl1e. 3TOT npoI.J,ecc Ha3bIBaeTCH U.MnA03Ueu. 

C:1KaT11e 06ecneq11saeTc5I HanpasJieHHbIMl1 BHYTPh Ha IIJIYTOHl1eBbIH wap B3pb1-

saM11 MH0:1KeCTBa 06bil1Hb!X Xl1Ml1lleCKl1X B3pbIBaTeJieH, ccpep11qecK11 pacIIOJIO)KeH

HbIX Ha paBHbIX paccT051Hl151X OT 51,ll.epHoro 3ap51,ll.a. 

C11HxpoH113aI.J,115I 11x B3pbIBOB Jl.OCT11raeTC5I c IIOMOill,bIO 3JieKTp11qecK11x ,ll.eTo

HaTopos. 

B c:1KaTOM 51,ll.epHoM 3ap51,ll.e IIOJl. ,ll.eHcrn11e HeHTpoHoB, 11cnycKaeMbIX 11cTOllH11-

KOM 3Tl1X llaCTl1I.l,, B03Hl1KaeT I.J,eIIHa51 3KCIIOHeHI.J,11aJibHO HapacTaIOill,a51 peaKI.J,1151 

,ll.eJieHl151, 3asepwa10ma51c51 51,ll.epHbIM B3pbIBOM. On11caHHOe B3pbrnHoe yCTpOHCTBO 

HaXOJl.11TC51 BHYTPl1 BbICOKonpoqHoH 3alll,11THOH 060JIOllKl1, 06ecneq11sa10lll,eH 6e3-

onacHocTb nepeB03Kl1 113,ll.eJil151 11 CIIOC06CTBYIOill,eH yc11JieH1110 MOill,HOCTl1 B3pbIBa. 

no IIOP51Jl.KY BeJil1lll1Hbl speM51 51,ll.epHoro B3pbIBa COCTaBJI51eT 10-8-10-7 c. np11 

B3pbIBe TeMnepaTypa B I.J,eHTpe 6oM6bI IIOBbIWaeTC51 ,ll.O 108 K, a ,ll.aBJieH11e - ,ll.O 

105 aTMoccpep. 

BoM6a 113 ypaHa-235 11MeeT cxo,ll.Hoe CTpoeH11e 11 aHaJiornllHbIH MexaHl13M 

B3pbIBHoro yCTpoHcTsa; 51,ll.epHbIH 3ap51Jl. TaK:1Ke o6hillHO 113roTaBJI11saeTC5I s cpopMe 

wapa, O,ll.HaKo ero Macca 3Hall11TeJibHO npesb1rnaeT Macey IIJIYTOH11esoro 3ap51,ll.a, 

COCTaBJI5151 50 Kr. 

Pa3pa6oTaHbI aTOMHbie 60M6b1 11 6oJiee CJI0:1KHoro yCTpoHcrna. CymecrnyeT 

I.J,eJioe ceMeHCTBO pa3HOBl1,ll.HOCTeH aTOMHOrO opy:1Kl151 pa3Jil1l1Hb!X KaJI116poB 11 Ha-

3HalleH1151; 11X ycTpOHCTBO 06billHO 3aceKpeq11saeTCH. 

MomHoCTb aTOMHbIX 6oM6 3KB11saJieHTHa MOill,HOCT11 B3phrna 10-20 Kl1JIOTOHH 

Tp11H11TpoTOJiyoJia (THI) - o6billHoro B3pbrnllaToro semecrna. 

§ 19.3. Bo,1J,opo,1J,Hh1e 6oM6hl 

B CWA 11 CCCP pa6oTbI no co3,ll.aH1110 BOJl.OPOJl.HOH 60M6b1 6h1JI11 HallaTbI s co

poKOBbIX ro,ll.ax npowJioro CTOJiern51. PeaKI.J,1111 rnHTe3a D( d, n )3He 11 T( d, n )4He, 

conpos0:1K,ll.a10m11eCH BbI,ll.eJieH11eM orpoMHOH 3Heprn11 (cM. Ta6JI. 18.1), npeJl.CTas

JI5IJI11cb Ha1160Jiee IIOJl.XOJl.5llll,11M11 Jl.JI51 11cnoJib30BaH115I B TaK11x yCTpoHCTBax. 
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B CIIlA no.u pyKOBO.UCTBOM 3. TeJIJiepa np11cTym1JI11 K pa3pa6oTKe 113.ueJI115l, 

B KOTOpOM npe.unoJiaraJIOCh 11CnOJih30BaTb BTopyIO 113 yKa3aHHhIX peaKU11H. )lJI5l 

11H11u1111poBaH115l caMono.u.uep.xrnBa10merorn TepMOH,nepHoro B3phrna cornacHo nep

BoHatiaJihHOH Teop1111 TeJIJiepa 6h1JI0 .uocTaTOtIHO 11MnJI031111 o6h!tIHhIX B3phIBtiaThIX 

Belll,eCTB, co3,na10m11x .uaBJieH11e B HeCKOJihKO coTeH ThICHtI aTMoccpep. Ho .UJI5l 

.uoKa3aTeJihCTBa ocymecTBl1MOCT11 TaKoro MexaHl13Ma no,nphrna npmuJIOCh npoBe

CTH KpynHOMacwTa6Hhie pactieThI, pe3yJihTaThI KOTOphIX pa3oqapoBaJI11 TeJIJiepa. 

CornacHo nocJie.UH11M ,UJI5l peaJIH3au1111 d-t peaKu1111 B3phrnHoro xapaKTepa TeM

nepaTypa .uomima nOBhIWaThCH, KaK yKa3hIBaJIOCh, .uo coTeH MJIH K, a ,naBJieH11e 

.no .uecHTKOB MJIH aTMoccpep. CToJiytI11Th CTOJih BhICOKYIO TeMnepaTypy 11 ,naBJieH11e 

c nOMOlll,h!O 06bilIHhIX X11Ml1tieCKl1X B3pbIBtiaTbIX Belll,eCTB 6b!JIO HeB03MO)KH0. 

Bhixo.u 113 Tyn11Ka 6hIJI pa3peweH nocJie Toro, KaK coTpy,nH11K 3. TeJIJiepa 

C. YJiaM BhICKa3aJI H,ne10, cornacHo KOTopoH: ,naBJieH11e, Heo6xo,n11Moe .UJI5l CHHTe3a 

,n,eihep115I 11 Tp11Tl15l, MOrJIO 6bITh ,UOCTHrHYTO HMnJI0311eH OTpa)KeHHhIM 113Jiy

tieHl1eM, co,n,ep)Kalll,11M MOlll,HYIO 3JieKTpoMarHl1THYIO KOMnOHeHTy, B03Hl1Ka!Olll,YIO 

np11 B3phrne H,n,epHoH 6oM6hI. DhIJIO HatiaTo co3,naH11e Mo,n,eJI11 BO,n,opo.UHOH 6oM6hI 

(noJiytI11Bwei'.! Ha3BaH11e MO,UeJIH YJiaMa-TeJIJiepa), B KOTopoi'.! npe.unoJiaraJIOCh 

peaJI1130BaTh 11.ue10 YJiaMa. 

)J,JIH nocTpoeH115l 3Toro H3,UeJIH5l Tpe6oBaJIOCh 6oJihwoe KOJI11qecTBO TPl1Tl15l. 

DhIJIH coopy)KeHhI KpynHhie ,n,oporocT05llll,11e yCTaHOBKl1 no ero npoH3BO,UCTBy. 

Co3,UaHHoe TepMOH,nepHoe ycTpoi'.!cTBO noJiytIHJIOCh CTOJih rpoM03,UKHM, tITO ero 

Hl1KaK HeJib35l 6hIJIO paccMaTpHBaTb KaK 6oM6y, np11ro,n,Hy10 ,UJI5l BOeHHOro yno

Tpe6JieHH5l (no,n,po6Hocrn CM. B np11Jio)KeH1111 1). YCTpoi'.!crno 6hIJIO ycnewHo B3o

pBaHo B Ha3eMHOM noJIO)KeH1111 1-ro H05I6p5I 1952 r. Molll,HOCTh B3phIBa cocTaB11Jia 

10,4 MeraTOHH B TPOTl1JIOBOM 3KBHBaJieHTe, tITO npeBhICl1JIO MOlll,HOCTh ypaHOBOH 

6oM6hI, c6poweHHOH Ha X11pornMy, B ThICfltIY pa3. 

KaK B11.UHO, npouecc B 3TOM yCTpoi'.!crne 6b1JI ,nByxcTyneHtiaThIM (BHatiaJie 

fl,n,epHblH B3pbIB, a 3aTeM TepM05l,!1,epHbIH B3pbIB). 

B CoBeTCKOM Co103e Ha nepBOH CTa,U11H pa3Bl1Tl15l 11ccJie,noBaH11i1 no co3,naH1110 

TepMo5l,nepHoro opy)K115l 6hIJI 1136paH np11ttu11n11aJihHO HHOH no.uxo.u. A. )l. Caxa

pos 11 B. JI. f11tt36ypr npe,UJIO)Kl1Jil1 Mo,n,eJih, cornacHo KOTopoi'.! npouecc pacna.ua 

5l,UepHoro 3ap51,na (nJiyToH115I) 11 npouecc TepMoH,n,epHoro Cl1HTe3a, BhI3BaHHoro 

5l,!l,epHbIM B3pb!BOM, np011CXO,U11JIH O,!l,HOBpeMeHHO, a He B .use CTa,!J,HH. )lJI5l pa3-

peweHH5l npo6JieMhI ,n,asJieHH5l cJI011 ,n,eH:TepH5I pacnoJiaraJIHCh BnepeMe)KKY co 

CJI05IMl1 nJiyTOHH5l. 3Ta MO,UeJih nOJIYlIHJia Ha3BaH11e «CJIOHKl1» . .H.uepHbIH B3pb!B 

nJiyTOHHH 06ecnetI11BaJI co3.naH11e ycJioB11i1, Heo6xo.u11MhIX .UJIH ocymecrnJieH115l 

TepMoH.nepHoro B3phrna. ,lJ,oporoH: H HCKyccrneHHO noJiyqaeMhIH TPHTHH 3aMeH5IJIC5l 

1130TOnOM ~Li. JlHTHH - np11po,UHhIH 3JieMeHT, co.uep)Kalll,11HC5l B 3eMHOH Kope. 

CTpouecc noJiyqeHHH Jil1TH5l-6 .ueweBJie npouecca 113roTOBJieHH5l Tp11TH5l B ThIC5ltI11 

pa3. K TOMY )Ke Jil1Tl1H MO)KHO npHMeHHTh He. TOJihKO B CMecH, HO 11 B coe,n,11HeH1111 

C ,neHTepHeM B Bl1,Ue rnep,noro Belll,ecrna - ,UeHTep11,na Jil1TH5l - 6Li2H. CTp11 5l,Uep

HOM B3phrne 5I,Up0 Jil1Tl15l-6, nOrJIOlll,a5l O,UHH HeHTpOH, pacna.uaeTC5l no 3HaKOMOH 

HaM cxeMe 

(19.1) 
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3Hepnrn 4,6 M3B rrpeBhirnaeT 3Heprmo, BhI)l,em1eMy10 B pe3yJihTaTe CJil1HHl1H 

)l,Byx f!)l,ep )l,eHTep115I, HO MeHbWe 3Heprn11, BhI)l,eJIH!Olll,eHCfl rrp11 CJ1115IHl111 )l,eHTpOHa 

11 Tp11TOHa (CM. Ta6JI. 18.1). 5!)],po Tp11TI15I, B03Hl1Ka!Olll,ero rrp11 peaKLl,1111 (19.1 ), 

)l,aJiee BCTyrraeT BO B3al1MO)l,eHCTBl1e c H)l,pOM )l,eHTep115I. 

Oco6eHHOCTh!O 60M6b1 113roTOBJieHHoi1 B cooTBeTcrn1111 c Mo)l,eJihIO Caxap0Ba

f 11H36ypra, 5IBJ15IeTC5I cpaBHl1TeJihHa5I MaJIOCTb ee pa3MepoB. 3TO CBH3aHO c TeM, 

4TO MaCCbl ITJIYTOHl15I 11 TepMOH)l,epHoro KOMITOHeHTa rrp11 11X ITOCJIOHHOM pac

ITOJIO)KeHl111 )l,OJI)KHbl 6hITh rrporropu110HaJihHhl Me)K)l,y co6oi1, Il03TOMY pa3Mepbl 

yCTpoiicrna HeB03MO)KHO Hapam11BaTh TOJihKO 3a c4eT )l,ei1Tep11H. oJiaro)l,apH cpaB

H11TeJihHO MaJibIM pa3MepaM 11 Macce 6oM6a rrp11ro)l,Ha )l,Jlfl 11CITOJ1h30BaH115I B BO

eHHhIX ueJIHX. Ho orpaH114eHHhie ra6ap11ThI 60M6b1 JI11M11T11py10T MOlll,HOCTh 3Toro 

113)],eJI11H B rrpe)l,eJiax 1-2 MeraTOHHhI THT. «CJioi1Ka» 6b1Jia ycrrewHo 11crrh1TaHa 

12 aBrycTa 1953 r. 

0TMeT11M B 3aKJII04eH1111, 4TO HeKOTOpb1e )l,eTaJI11 ee yCTpoi:i:CTBa )l,O c11x rrop 

3aKphIThI )l,JIH rre4aT11. 

B rrocJie,n:y10meM A. )l. CaxapoB, 51. 5. 3eJih)l,OBl14 11 pH)], )l,pyrnx cp11311KOB 

pa60TaJI11 Ha)], C03)],aHl1eM 6oJiee MOlll,HOH )l,BYXCTyrreH4aTOH BO)l,OpO)l,HOH 6oM6bI, 

CXO)l,HOH c pa3pa60TaHHOH aMep11KaH11,aM11, HO 3Ha411TeJihHO ycoBepweHCTBOBaHHOH 

(B 4aCTHOCTl1, BMeCTO Tp11Tl15I 11CITOJ1h30BaJIC5I J111Tl1i1-6). 

l1crrbITaH11e 3TOH 6oM6hI 6b!J10 ocymecTBJieHO 22 HOH6pH 1955 r. 
AHaJiorn4Hhie ycoBepweHCTBOBaH11H BO)l,opo)l,HhIX 6oM6 6b1JI11 peaJI113oBaHhI 

11 B Coe)l,11HeHHhIX llhaTax. TiepBoe 11crrh1TaH11e MO)l,epH11311poBaHHOH ,n:ByxCTy

rreH4aToi1 BO)],OpO)l,HOH 6oM6bI, rrp11rO)l,HOH )l,Jlfl 11CITOJ1h30BaHl15I B BOeHHb!X 11,eJIHX, 

6hIJIO rrpoBe)l,eHo 20 MaH 1956 r. 

MomHocrn coBpeMeHHhIX BO)l,opo)l,HhIX 6oM6 cocTaBJIHIOT 1-10 11 6oJiee MT 

B TPOTl1JIOBOM 3KBHBaJieHTe. 

TaK11M o6pa30M, Ha411HaH c 50-x ro)l,OB rrpowJioro CTOJieTHH Hawa CTpaHa 

11 Coe)l,11HeHHhie llhaThI cTaJI11 06Jia)l,aTeJIHM11 caMoro MOlll,HOro B M11pe opy*11H. 

§ 19.4. 3KoJion1qecKHe nocJieACTBHB BAepttoU: BOHHhI 

0cTaHOBl1MC5I Ha B03MO)KHhIX 3KOJ10r!14eCKl1X ITOCJie)l,CTBl15IX H)l,epHOH BOHHhl -

Borrpoce, HOCHlll,eM, K C4aCTh!O, J111Wh YM03p11TeJihHhIH xapaKTep, HO aKTyaJibHOCTh 

KOTOporo coxpaHHeTCfl 8811)],Y ITOTeH11,11aJihHO B03MO)KHOrO 11CITOJ1h30BaH115I H,n:epHO

ro OPY*HH B BOeHHhIX 11,eJIHX. 3ToT Borrpoc 11ccJie)l,0BaJirn pH,n:oM aBTOpoB ( [9-11] 

11 )l,p.). PaccMaTp11BaJI11Ch pa3Jil14Hh1e c11,eHap1111 H)l,epHoi1 BOHHhI, pa3JI114a10m11ern 

o6mei1 MOlll,HOCTh!O B3pbIBOB, 11X Tepp11Top11aJibHhIM 11 BhICOTHhIM pacrrpe)l,eJieH11eM 

11 rrp. B 6oJihWl1HCTBe c11,eHap11eB o6maH MOlll,HOCTh B3phIBOB rroJiaraJiach paBHOH 

(6-15) · 103 MT THT rrp11 MOlll,Hocrn OT)l,eJihHhIX B3phIBOB or 1 )l,O 3 MT (B pH)l,e 

c11,eHap11eB )l,O 10 MT). 

51)],epHbIH (TepMOH,n:epHbIH) B3pbIB rrp11BO)l,11T K o6pa30BaHHIO B aTMOCcpepe 

B3pbIBHOH BOJIHhl orpoMHOH MOlll,HOCTl1. 3HeprnH B3phrna 3a HeCKOJlhKO MHKpoce

KYH)l, 3aHMCTByeTC5I OKpy)Ka!Olll,eH cpe)l,oH; B 803)],yxe Il05IBJIHeTC5I HpKo CBeTfllll,HH

Cfl orneHHhIH map ( «Hp4e ThICH411 coJIHU» rro o6pa3HOMY Bb1pa)KeH1110 P. lOHra). 



380 I'A. 19. 5/aepHoe opyJ1Cue 

llepe3 BpeMH rropHJJ.Ka HeCKOJibKHX JJ.OJieH ceKyHJJ.bl paJJ.HYC wapa JJ.OCTHraeT pa3Me

pa 150 M, a TeMrrepaTypa B HeM yMeHbrnaeTCH JJ.O HeCKOJibKHX TbICH4 K. CTp11 B3pb1-

Be o6pa3yIOTCH MOllJ.Hbie ITOTOKH HeihpoHOB H 3JieKTpOMarHHTHOro H3Jiy4eHHH. 

HarpeTbIH pa3pe)KeHHbIH B03JJ.yx, HaCbilll.eHHbIH IIbIJihIO, JJ.OCTHraeT TponoccpepHbIX 

H CTparnccpepHb!X Bb!COT, r,ll.e cpopMHpyIOTCH o6JiaKa pa,ll.11.0aKTHBHblX a3p030JieH 

(cM. HH)Ke). 3Ta rrepBaH cpa3a yJJ.apa conpOBO)K,ll.aeTCH KpynHbIMH pa3pyweHHHMH, 

ITO)KapaMH H MaCCOBbIM Jiy4eBb!M nopaiKeHHeM 6HOJIOrn4eCKHX 06beKTOB BOKpyr 

3n11.u,eHTpa B3phrna. BrnpH4Hbie 3cpcpeKTbI CBH3aHbI c 06pa30BaH11.eM paJJ.HOaKTHB

HbIX o6JiaKOB, oco6eHHOCTH pacnpoCTpaHeHHH KOTOpb!X pacCMOTpeHbl B pa3,ll.eJie 

21.8. B OTJIH4He OT nepBoi1 cpa3bI B03JJ.ei1crnirn HJJ.epHoro yJJ.apa, KOrJJ.a nopa)KeHHe 

HaHOCHTCH B npe,ll.eJiaX JIOKaJibHOH TeppHTOpHH (xorn ITO Macwrn6y npoCTpaHCTBa 

cpaBHHTeJibHO 60JiblIJOH), BO BTOpoi1 cpa3e, CBH3aHHOH c nepeMemeHHeM IIO BeTpy 

paJJ.HOaKTHBHb!X o6JiaKOB H BbJOa,ll.eHHeM pa,ll.HOHYKJIHJJ.OB, pa,ll.Hall,HOHHOMY rropa

)KeHHIO IIO)l.BepraIOTCH rpoMaJJ.Hb!e TeppHTOpHH npOTH)KeHHOCTb!O BO MHOfO Tb!CH4 

KHJIOMeTpOB (CM.' HanpHMep, ,ll.aHHbie Ta6JI. 21.16). 
B HJJ.epHoi1 BOHHe, no Bceii BHJJ.HMOCTH, 6yJJ.yT nJiaH11poBaTbCH KaK B03JJ.YW

Hbie, TaK 11 Ha3eMHbie B3pbIBhI. CTpeJJ.II04Tem1e, BepoHTHO, 6yJJ.eT OTJJ.aHo nepBbIM, 

TaK KaK OHH o6ecne4HBaIOT nopa)KeHHe yJJ.apHOH BOJIHOH 3Ha4HTeJibHO 60JibllleH 

ITJJOlll.aJJ.H no cpaBHeHHIO c Ha3eMHb!MH B3pb!BaMH. 0JJ.HaKO npoBe,ll.eHHe Ha3eMHb!X 

H,ll.epHb!X B3pb!BOB II03BOJIHeT 6oJiee 3cpcpeKTHBHO pewaTb 3a,ll.a4H, CBH3aHHb!e 

c YHH4TO)KeHHeM CTpaTertt4eCKH Ba)KHhIX, JJ.OCTaT04HO xopowo 3am11meHHhIX 

u,eJieH (KaK BOeHHbIX, TaK H npOMbllllJieHHbIX). 

CTp11 B03JJ.YWHhIX MaccoBhIX B3pbrnax KOJIH4eCTBO 06pa3y10merorn paJJ.HOaK

THBHoro BemecTBa, COCTOHllJ.ero 113 BbICOKOJJ.HCnepcHb!X a3p030JlbHbIX 4aCTHU,, 

6yJJ.eT JJ.OCTHfaTb, IIO-BHJJ.HMOMy, ,ll.eCHTKOB Tb!CH4 TOHH H no,ll.HHMaTbCH Ha Bb!COTY 

10-40 KM, OCTaBaHCb B CTparnccpepe B Te4eHHe HeCKOJlbKHX JieT. 3To KOJIH4eCTBO 

CTparnccpepHbIX a3p030JieH COIIOCTaBHMO c KOJIH4eCTBOM BemeCTBa, BbI6pacbI

BaeMOfO B CTparnccpepy rrptt oco6o KpynHbIX H3Bep)Kemrnx BYJIKaHOB. B 3a

rpH3HeHHOH a3p030JIHMH aTMOCcpepe 6yJJ.eT ycHJIHBaTbCH norJIOlll.eHHe COJIHe4HOH 

3HeprnH, 4TO MOiKeT npHBeCTH K JJ.OJifOBpeMeHHOMY rno6aJibHOMY IIOXOJIO,ll.aHHIO 

Ha HeCKOJibKO rpaJJ.ycoB. 

Ha3eMHbie B3pbIBbI conpoBO)KJJ.aIOTCH KpynHoMacwrn6HbIM Bb16pocoM B aTMO

ccpepy rpyHTa (B OCHOBHOM B BHJJ.e nhIJIH) - JJ.O 5 Tb!C. T. nopOJJ.bl Ha KHJIOTOHHY 

MOlll.HOCTH B3pbrna. Macca Bb16poweHHoro rpyHrn 6h1CTpo yMeHbrnaeTCH no Mepe 

poCTa BbICOTbl, Ha KOTOpOH npoH3BOJJ.HTCH B3pbIB; nptt Bb!COTHOM HJJ.epHOM B3pb!Be 

Bbl6poweHHaH B OKpyx<a10mee npoCTpaHCTBO Macca cpaKTH4eCKH CBe,ll.eTCH K Macce 

HJJ.epHoi1 60M6b1. 5oJibUJaH 4aCTh BhI6poweHHoro np.11 Ha3eMHOM B3pbrne rpyHTa 

oce,ll.aeT 6JIH3 MeCTa B3pbrna, He6oJibUJaH JJ.OJIH ero MaCCbI 11cnapHeTcH, npeBpama

HCh B a3p030JlbHYIO cppaKU,HIO. 

c 6oJiblllOH BepoHTHOCTb!O Ha1160Jiee HHTeHCHBHbIM H,ll.epHbIM yJJ.apaM IIO,ll.

BeprnyTCH Tepp.11Top1rn cpeJJ.HHX w11poT ceBepHoro noJiywap11H. EcJIH npe.n.no

JIO)KHTb, 4TO B3pb!Bbl 6y.n.yT Ha3eMHb!MH H HX o6maH MOlll.HOCTb 6yJJ.eT paBHa 

yKa3aHHOH BbIWe, To no4TH no Bceii Tepp.11rnp11.11 EBponbI H ClllA 06pa3y10TcH 

30Hbl c IIOBblllleHHblMH JJ.03aMH /-H3Jiy4eHHH H 3arpH3HeHHeM JJ.OJifO)KHBYill.HMH 
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1130TonaM11 CTpOHUHeM-90 11 ueBHeM-137, JI,O IO K11/KM2 (npeJJ,eJibHO JJ,onycTHMbIH 

HopM11poBaHHhIH Ha nJioUJ,a/I,h ypoBeHh aKTHBHOCTH paBeH 1 K11/KM2). 

OJJ,Ho 113 caMbIX nnKeJibIX nocJieJJ,cTBHH HlI,epHoro yJJ,apa cBH3aHo c MaccOBhIMH 

nmKapaMH, B03HHKHOBeHHe KOTOpblX BeChMa BepoHTHO B ropoJJ,aX, Jiecax, Ha ra-

30Bb!X 11 HeqnHHhIX npOMbicJiax. CornacHo oueHKaM KOJIHGecTBo 0K11c11 yrnepoJJ,a, 

o6pa3yIOw.eroCH B pe3yJibTaTe nO:ti<apOB, COCTaBHT (2-4) . 10
14 

r (no yrnepoJJ,y), 

a OKHCJIOB a30Ta (0, 15-0,3) . 1014 r (no 830Ty); 3TH 3HaGeHHH HeCKOJibKO npeBbI

rnaIOT KOJIH'leCTBa COOTBeTCTBYIOW.HX np11Mecei1: aHTponoreHHOro npOHCXQ)KJJ,eHHH, 

e)KeroJJ,HO noCTyna10w.11x B oKpy)KaIOW.YIO cpeJJ,y. B cocTaB BhICOKOJJ,HcnepcHhIX 

a3p030JibHbIX GaCTHU, o6pa3yIOW.HXCH np11 JieCHbIX no)Kapax, BXO/I,HT /I,O 25 % 
ca)KH. CTepeq11cJieHHb1e npoJJ,yKTbI no)KapoB 6yJJ,yT CHJibHO nornow.aTb coJIHeGHoe 

H3JiyqeHHe B BH/I,HMOM H HHctipaKpaCHOM /I,Hana30He, llTO np11BeJJ,eT K pe3KOMY 

COKpaw.eHHIO HHTeHCHBHOCTH COJIHellHOrO CBeTa H naJJ,eHHIO TeMnepaTypbl Ha 

06rn11pHblX Tepp11Topm1x B TeGeHHe npOlI,OJI)KHTeJibHOro BpeMeHH, HC'lHCJIHeMoro 

MeCHUaMH. 3TOT 3qiqieKT «HJJ,epHOH 3HMbl» 6yJJ,eT HeraTHBHO B03JJ,eHCTBOBaTb Ha 

COCTOHHHe 3KOJIOrHGeCKHX CHCTeM H Ha npOJJ,YKUHIO ceJibCKoro X03HHCTBa. 

BbmaJJ,eHHe Ca)KH Ha noBepXHOCTb JieJJ,HHKOB, MOpcKHX Jlb/I,OB H CHera (3HMOH) 

np11BeJJ,eT K yc11JieHHIO HX TaHHHH, llTO nOBJieGeT 3a co6oi1: KpynHOMacrnTa6Hbie 

H3MeHeHH5l COCTOHHHH Kp11occtiepbl 1) . 

.LI,pyroi1: O)KHJJ,aeMblH HeraTHBHblH 3clictieKT CBH3aH c pe3KHM OCJia6JieHHeM 

030HHoro cJIOH. OueHeHo, GTO B pe3yJibTaTe MaccoBbIX HJJ,epHbIX B3pbIBOB MOW.

HOCTbIO 104 MeraTOHH B ceBepHOM noJiywap1111 6yJJ,eT pa3pyrneHO OT 30 /I,O 60 % 
o6w.ero KOJIH'leCTBa 030Ha; llaCTb ero coxpaHHTCH TOJibKO Ha BbICOTaX He HH)Ke 

10-15 KM, T. e. HH)Ke BbICOTbI noJJ,beMa paJJ,11oaKTHBHOro o6JiaKa. PaapyrueH11e 

oaoHHoro CJIOH o6JierGHT npoxo)KJJ,eH11e qepea aTMoc<tiepy )KeCTKoro yJibTpaqi110Jie

TOBoro H3JIYGeHH5!, ry611TeJibHOrO /I,JIH 611occtiepbl, H nOBJIHHeT Ha pacnpeJJ,eJieHHe 

TeMnepaTypbl B CTpaTocqiepe, llTO CKa)KeTCH Ha KJIHMaTe 3eMJIH. 

3JJ,eCb np11BeJJ,eH JJ,aJieKO He nOJIHbIH nepeGeHb HeraTHBHblX nocJie/I,CTBHH HJJ,ep

HOH BOHHbI. Ho 11 H3 cKa3aHHOro MO)KHO 3aKJIIOGHTh, GTO pe3yJibTaTaM11 MaccoBhIX 

HJJ,epHbIX 6oM6aplI,HpOBOK 6yJJ,yT KaK pa3pyrnHTeJibHbie nopa)Ka!OUJ,He 3ctictieKTbl 

JIOKaJibHblX MacrnTa60B, TaK H rno6aJibHb!e HapyrneHHH COCTOHHHH 611occtiepbl, 

Heo6paTHMbie H3MeHemrn KJIHMaTa. B TaKHX ycJIOBHHX He1136e)KHa cyw.eCTBeHHaH 

nepecTpOHKa 6HOCHCTeM nJiaHeTbl, H CTaHeT npo6JieMaTH'lHOH caMa B03MO)KHOCTb 

npOlI,OJI)KeHHH )KJ13HH B 3eMHbIX ycJIOBHHX. 

1) Kpimc¢epoi1 (oT rpeq. kryos - xoJio,D,, Jie,D, + ccpepa) Ha3brnaeTCH npepbIBHCTaH o6oJioqKa 
3eMJIH B norpaH11qHoi1 o6Jiacrn aTMoccpepbr, rn,D,poccpepbI 11 JIHToccjlepb!, xapaKTep1-f3yiomaHCH 
HaJI11q11eM Jlb,D,a H B03MO)KH0CTblO ero cymeCTBOBaHHH. 
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lJ a c Th VI 

3BOJIIOI.JJISI BCEJIEHHOH. 
IIPOUECCbl OBPA30BAHHSI Sl)J;EP 

BO BHE3EMHblX YCJIOBHSIX 
ff B ATMOC<l>EPE 3EMJIH 

f JI a Ba 20 

KOCMOJIOrHSI - yqEHHE 0 BCEJIEHHOH 

§ 20.1. CTpyKTypa BceJieHHOH 

BceJieHHOH Ha3bIBaJOT Beeb cylll.eCTBy10w.11i1 MaTep1rnJibHbIH MHp, cocTOHllJ.HH 

H3 rpoMa,ll,Horo MHO)KeCTBa pa3H006pa3Hb!X KOCMWieCKHX o6beKTOB - raJiaK

THK, 3Be3,ll,, nJiaHeT, ra3oB, MeTeopHTOB, IlbIJIH H T. ,!I,. OcttoBHbIM cTpyKTYPHbIM 

3JieMeHTOM BceJieHHOH HBJIHeTCH raJiaKTHKa, npe,!1,cTaBJIHJOlll.aH co6o11 06be)1,11He

HHe 3Be3,ll,, cBH3aHHbIX Me)K,ll,y co6oi1 rpaBHTaUHOHHOH CHJIOH [ 17]. OcHOBHbIMH 

CTPYKTYPHhIMH 3JieMeHTaMH raJiaKTHKH HBJIHJOTCH 3Be3,ll,bI, MHorne H3 KOTopbIX 

11crrycKa!OT BH,ll,HMbIH CBeT. 

lfaBeCTHbl nJiaHeTapHbie CHCTeMbl, COCTOHllJ.He H3 ueHTpaJibHOfO TeJia - 3Be3-

)1,bl H CBH3aHHblX c HeH CHJIOH T5IfOTeHH5I MeHbllIHMH no Macce HeCBeTHlll.HMHCH 

TeJiaMH - nJiaHeTaMH. CoJIHeirnaH cHcTeMa, O,ll,HOH H3 nJiaHeT KOTopoii HBJIHeTCH 

Harna 3eMJI5I, BXO,ll,HT B COCTaB raJiaKTHKH, HMeHyeMOH MJieqHb!M nyTeM H COCTO

Hlll.eH npH6JIH3HTeJibHO H3 cTa MHJIJIHap,!1,oB 3Be3,ll,. U.eHTpaJibHaH lJaCTb MJielJttoro 

nyTH HMeeT BH,ll, ccpepbl, nepeX0)1,5IllJ.HH B )1,HCK, pacnoJIO)KeHHbIH CHMMeTpHqHo 

BOKpyr o6lll.ero ueHTpa. DpHHHTO ueHTpaJihHYJO H rrep11cpep11qeCKy10 qaCTH raJiaK

THKH Ha3bIBaTb COOTBeTCTBeHHO ccpep11qeCKOH H IlJIOCKOH COCTaBJIH!Olll.eH. Mo,!1,eJib 

Haweii raJiaKTHKH, TaK cKa3aTh, «c6oKy» noKa3aHa Ha p11c. 20.1. B nepneH,LJ,HKy

JIHpHoM HanpaBJieHHH, ycJIOBHO rOBOpH, «CBepxy» raJiaKTHKa HMeeT BH,ll, cnHpaJIH. 

)lHaMeTp HallleH raJiaKTHKH paBeH 1018 KM. )lJIH ee nepeceqeHHH, )1,BHraHCb 

co cKopocTbJO CBeTa, Heo6xo,ll,HMO 3aTpaTHTb 100000 JieT. Cpe,LJ,Hee paccTOHHHe 

Me)K,LJ,y 3Be3,ll,aMH, BXO,ll,Hlll.HMH B coCTaB MJieqttoro nyTH, paBHO wecTH cBeTOBbIM 

ro)],aM, HJIH llleCTH,LJ,eCHTH TpHJIJIHOHaM KHJIOMeTpOB. 

KoJIHlJeCTBO raJiaKTHK Bo BceJieHHOH cornacHo oueHKaM npeBbIWaeT cTo MHJI

JIHap,noB. faJiaKTHKH He pacceHHbl xaoTHlJHO, OHH o6pa3y!OT rnraHTCKHe CKOil

JieHHH. HeK0Topb1e H3 HHX co,nep)KaT cpaBHHTeJihHO MaJio raJiaKTHK. Hanp11Mep, 
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P11c. 20.1. 0,n:Ha 113 Mo,n:eJieil Haweil raJiaKTHKH - MJie'lHOro nyTH. I-fao6pa)!(eHHe - pe3yJihTaT 

o6pa60TKH ,n:aT'lHKOB, ycTaHOBJieHHbIX Ha cnyrn11Ke DLRBE (ClllA); perncTp11posaJiocb H3JIY'leH11e 

c AJIHH3Mll BOJIH 1,25; 2,20; 3,50 MKM. OcHOBHblMH HCTO'lHllK3Mll 3TOrD H3Jiy'leHH51 51BJI5llOTC51 

3Be3,LJ:bI MJie'lHOro ITyn1. 5IpK11e TO'lKH BOKpyr ero ,n:11cKa - cse'leH11e He6ecHbix TeJI s y,n:aJieHHbix 

raJiaKTHKaX, CMemeHHOe B KpaCHYIO CTOpoHy 

J\t\JieqHhlH nyTb HaXOAHTCH B COCTaBe CKODJieHHH H3 20 raJiaKTHK. f aJiaKTHKa 

AHApoMeAa HBJIHeTCH «coceAKOH» J\t\Jie4HOro nyTH. IloAo6tto Haweii raJiaKTHKe 

otta HMeeT cnHpaJibHYIO CTPYKTYPY· )lpyrne CKODJieHHH HacqHTbIBaIOT MHOrne 

AeCHTKH, COTHH H TbICHl!H raJiaKTHK. 

K CTpyKTYPHhlM 3JieMeHTaM raJiaKTHKH CTaJIH OTHOCHTb nocJie HX cpaBHH

TeJibHO HeAaBHero OTKpbITHH H TaK Ha3bJBaeMbie raJIO, HMefOil1,He npH6JIH3HTeJibHO 

ccpepHl!eCKHe cpopMbI. B raJio oTcyTcTByIOT 3Be3AhI, OHO cocTOHT H3 TeMHoro Be

Il1,ecrna - cy6cTaHI.I,HH, npHpOAa KOTOpoi1 AO CHX nop He HCHa. HHKaKoro CBeTa H3 

raJio He Bb!XOAHT, OHO npOHBJIHeT ce651 JIHlllb CBOHM T5IrOTemieM. Ilo cpaBHeHHIO 

c MaCCOH scex 3Be3A B raJiaKTHKe Macca TeMHOfO Beil1,eCTBa B ee COCTaBe Ha 

HeCKOJibKO nopHAKOB 60Jibllle. 

IlpH onHcaHHOH cJIOLKHOH CTPYKType BceJieHHOH H pa3Hoo6pa3HH CBOHCTB 

COCTaBJIHIOil1,HX ee He6eCHbIX TeJI OHa, TeM He Mettee, npeACTaBJIHeT co6oi1 eAHHOe 

u_eJioe; ee csoi1crna HeJih3H 3aMeHHTb cyMMOH csoi1crn cocTaBJIHIOill.HX ee o6beK

TOB (16, 21]. 
f paHAH03HOCTb MaClllTa6os BceJieHHOH H ee eAHHCTBeHHOCTb s npttpoAe Hc

KJII04aIOT B03MOLKHOCTb 3KCnepHMeHTHpOBaHHH eIO, BbIHYLKAaH HCCJieAOBaTeJrn 

orpaHHl!HBaTbCH JIHlllb tta6JIIOAeHHeM. B 3TOM oTHOllleHHH ttayKa o BceJieHHOH 

OTJIHqaeTCH OT <l>H3HKH MHKpoqaCTHU., c KOTOpblMH B03MOLKHbl pa3miqHbie Oilb!Tbl. 

C Apyroi1 CTopottbI, CTPYKTypa BceJieHHOH rny6ollaHlllHM o6pa30M CBH3aHa co 

CTPYKTypoi1 MHKpoqacTHU.. 3Ta CBH3b tta4aJia npoHBJIHTbCH, KaK MbI y6eAHMCH, 

c caMoro Hal!aJihHoro nepHoAa 3BOJIIOU.HH BceJieHHOH, TaK Ha3bIBaeMoro 5oJibllloro 

B3pbIBa, T. e. HenocpeACTBeHHO c nepBblX MrHOBeHHH ee 3apOLKAeHHH (§ 21.1) 
H npOAOJILKaeTCH yLKe MHoro MHJIJIHapAOB JieT cyil1,eCTBOBaHHH Halllero 60JiblllO

ro MHpa. 3soJIIOU.HH BceJieHHOH npHBeJia K cpopMttposaHHIO aTOMHhIX HAep -

HyKJieOCHHTe3y I). 3TOT npou.ecc 6yAeT npocJieLKeH HaMH Ha npornLKeHHH Tpex 

nocJieAyIOill.HX mas. 

1
) HyKJieocHHTe3 - o6pa30BaH11e B ecTeCTBeHHbIX ycJJOBHHX aTOMHbIX 51,n:ep. 
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§ 20.2. llpe,n:cTaBJieHHe 0 KOCMOJIOrHH. 

KpaTKaJI ncTopHII ee pa3BHTHJI 

l13yqem1e BeeJieHHOH oeymeernm1eTCH B paMKax oeo6oi1 HayK11 - KOeMoJio
nn1, 6a311pyIOlll,eHC5! IlOMl1MO aeTpOHOMl1'-leeK11X Ha6JIIO,LI.eHl1H 11 Ha 06m11x cp11311-
'-leeKl1X 3aKoHax. KoeMOJIOrn51, KaK o'-!eB11,LI.HO 113 eKa3aHHoro, HayKa 3Kenep11MeH
TaJibHa5I, 11 pe3yJibTaT Be51KOro TeopeTl1'-leeKoro 11eeJie,LI.0BaHl15I ,LI.OeTOBepeH Jil1Illb 
np11 yeJIOBl111 ero IlO,ll.TBep1K,LI.eHl151 Ha6J110,LI.aTeJibHblMl1 ,LI.aHHbIMl1. 

KoeMoJiorn11 np11eyme TaK1Ke po,LI.eTBO e cp11JioeocpeK11M11 11eKaH115IM11 eym
HoeT11 M11po3,LI.aHl151. KoeMOJIOrn51 6a311pyeTe5I TaK1Ke Ha eJie,LI.yIOmeM np11Hu11ne 
cp11JioeocpeKoro xapaKTepa: 3aKOHbI np11po,LI.bI, OTKpbITbie B npe,LI.eJiax orpaH11'-!eHHOH 
qaeT11 BeeJieHHOH (qaeTo B npe,LI.eJiax OKOJI03eMHoro npoeTpaHerna), ,LI.onyeKaeTCH 
3KeTponoJI11poBaTb Ha 6oJibIIIl1e (B KOeMl1'-leeKOM MaeIIITa6e) npoeTpaHeTBa HJIH 
,LJ.a1Ke Ha BeIO BeeJieHHyIO. 

OepBbIH 3Tan pa3Bl1TH51 KOeMoJiorn11 eB513aH e eo3,LI.aH11eM B 1916 r. A. 911H
IIITei1HoM peJI5IT11B11eTeKoi1 Teop1111 rnroTeHl151. BoJibIIIOe BH11MaH11e 911HIIITeHH 
y,LI.eJIHJI reoMeTp:irn BeeJieHHOH, TO'-!Hee, KpHB113He '-leTbipexMepHoro npoeTpaH
eTBa-BpeMeH11 11 B03M01KHOH 3aMKHYTOeTl1 M11pa. 

BTOpoH: 3Tan pa3Bl1Tl151 KOeMOJ!OrHl1 eB513aH e TeopeTH.'-!eeKl1Ml1 pa60TaMl1 BbI
,LI.aIOlll,eroe51 pyeeKoro y'-leHoro A. A. <Pp11,LI.MaHa. Ero oeHOBHa51 3aeJiyra eoeTOl1T 
B OTKpbn1111 ,LI.11HaM11K11 11 peaJibHOH reoMeTp1111 BeeJieHHOH. B 1922-1924 rr. 
<Pp11,LI.MaH eo3,LI.aJI y,LI.11B11TeJibHYIO npornoeT11'-!eeKyIO Teop11IO. Bee HaKonJieHHbie 
B noeJie,LI.yIOlll,11e ro,LI.bl aeTpOHOMl1'-!eeK11e Ha6JIIO,LI.eHl151 IlO,LI.TBep1K,LI.aIOT Bb!BO,ll.bl 
3TOH Teop1111. 

H111Ke Mb! 06ey,LI.11M HeKoTOpb1e Ba1KHbie aeneKTbI Teop11H: 911HIIITei1Ha 11 
<Pp11,LI.MaHa. 

TpeTl1H 3Tan eB513aH e 11MeHeM pyeeKO-aMepHKaHeKoro y'-leHoro r. A. faMo
Ba 1)' 3aeJiyra KOTOporo eoeTOHT BO BHeeeHHH B KOeMOJIOrHIO TepMO,ll.HHaMHKH 
11 51,LI.epHOH cp11311KH. CornaeHo Teop1111 f aMoBa ( 40-50 ro,LI.bI npoIIIJioro BeKa) 
paHH5151 BeeJieHHa51 npe,LI.eTaBJI51Jia eo6oi1 eeTeerneHHbIH 51,LI.epHbIH peaKTop; B HeM 
npH r11raHTeKOH TeMnepaType oeymeeTBJI51Jie51 e11HTe3 Xl1Ml1'-leeKHX 3JieMeHTOB. 
B ,LI.aJibHeiiIIIeM e yqaeT11eM ,LI.pyrnx 11eeJie,LI.0BaTeJiei1 6b1JI no,LI.rnep1K,LI.eH O,LI.HH 113 
BbIBO,LI.OB Teop1111 «rop51qeJ1: BeeJieHHOH» - npeo6Jia,LI.aIOlll,a51 paenpoeTpaHeHHOeTb 
B np11po,LI.e BO,LI.opo,LI.a 11 remrn, B03Hl1KIII11X B pe3yJibTaTe 51,LI.epHbIX peaKU11H B Be
meerne paHHei1 BeeJieHHOH. 

B pa3Bl1Tl1H KOeMoJiorn11 oeH0BonoJiaraIOm11M11 51BJI51IOTe51 Tp11 3Kenep11MeH
TaJibHbIX OTKpbITH51: 

- 9. Xa66JI B 1929 r. OTKpbIJI pa36ecaHue caJtaKmuK, '-ITO yKa3bIBaJio Ha 
paeIII:11pem1.e BeeJiettttoii; 

- A. 0eH311ae 11 P. B11JibeOH B 1965 r. OTKpb1JI11 pe!luKmoBoe U3Jly'leHue, 
KOTOpoe paBHOMepHO 3anOJIH51eT Bee MHpOBOe npoCTpaHeTBo; 

1) r. A. faMOB - OJ(HH H3 ylJeHHKOB A. A. ct>pHJ(M3Ha - Bb!J(310!UHHCll TeopernK; B 1931 ro;:i:y 

(27-MH JieT) 6bIJI H36paH lJJieHoM-Koppecrrott;:i:eHTOM AH CCCP. B 1933 r. faMoB 3MHrpHposaJI. 

13 0. A. 5apcyKoB 
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- JJ.Be rpynnbl acTpOHOMOB B 1998-2000 rr. OTKpb!JHI cymecTBOBam1e TaK 

Ha3brnaeMoH meMrtou artepzuu, TaK~Ke 3anoJ1Hmomeil scio BceJ1eHHY10 [ 10-13]. 

I1HTepeCHO OTMeTHTb, qTo BCeM TpeM nepeqHcJ!eHHb!M Ha6J110JJ.aTeJ1bHb!M 

OTKpb!THHM npeJJ.ll!ecTB0BaJ10 HX TeopeTHqecKoe npeJJ.CKa3aHHe. TaK, <PpHJJ.MaH 

B 1922 r. npeJJ.cKa3aJI pacll!HpeHHe BceJ1eHHOH, cymecTBOBaHHe peJ1HKTOBoro H3-

J1yqeHHH 6b!JIO npeJJ.CKa3aHO faMOBb!M B 40-50-x fOJJ.aX npOlllJ!OfO CTOJ!eTHH, 

a 3HHll!TeHHOM eme B 1917 r. 6blJIO cpaKrnqeCKH npeJJ.CKa3aHO cymecTBOBaHHe 

TeMHOH 3HeprnH. 

3aTpoHyTb1H Bblllle sonpoc o CBH3H CTPYKTYPbl BceJ1eHHOH co CTPYKTypoH 

MHKpoqacTHU HBJ!HeTCH ueHTpaJ1bHb!M B 3TOH qacTH KHHrH. Mb1 He CTaBHJIH 

3JJ.eCb CBOeH ueJ!b!O paCCMOTpeHHe MHOfHX BaLKHeHlllHX BonpocOB KOCMOJ!OfHH, 

HaM Heo6XOJJ.HMO npocJ!eJJ.HTb pOJ!b, KOTopyio HrpaeT HJJ.epHaH cpH3HKa B pa3BHTHH 

Hall!HX npeJJ.CTaBJ1eHHH 06 3BOJllOUHH H CTpoeHHH MHpa. DoJJ.p06Hoe H3JIOLKeHHe 

KOCMOJ!ornqecKHX npo6J1eM qHTaTeJ!b HaHJJ.eT B pHJJ.e npeKpacHo HanHcaHHb!X 

KHHf, H3JJ.aHHb!X B KOHUe npOll!J!OfO H HOBOM CTOJ!eTHH, HHcpopMaUHH 0 KOTOpb!X 

npHBeJJ.eHa B CTIHCKe JIHTepa1ypb! (CM., HanpHMep, [ 16-19, 21, 22]). 

faMoB cosMeCTHO co CBOHM yqeHHKOM AJihcpepoM (TaKMe pyccKoro rrpottcxoM)l,eHHH) 

ITO)l,fOTOBHJI 60JibWYIQ CTaTbIQ, ITOCBH!ll,eHHYIQ rrpe)l,CTaBJieHHHM 0 ropH'-!eH BceJieHHOH; OHa 

6bIJia orry6JIHKOBaHa B 1946 ro)l,y ITOJJ. TpeMH cpaMHJIHHMH: AJibcpepa, neTe H faMOBa. 

5eTe HHKaKoro OTHOWeHHH K CTaTbe He HMeJI H BBe)l,eHHe ero B '-IHCJIO aBTOpOB HBJIHJIOCb 

«Hay'-!Hoti wyTKOH» faMosa; ITOJJ.06Hbie «WYTKH» OH rrpoJJ.eJibIBaJI H paHbrne. 3TO TBopeHHe 

ITOJIY'-IHJIO B HayKe Ha3BaHHe «AJibcpa-5ern-faMMa TeopHH». 

§ 20.3. Teopen1qecK11e 11ccJieAOBaHHS1 3iittll1Teiitta 11 ct>pHAMaHa 

PaccMoTpHM Tenepb 60J1ee noJJ.po6Ho ynoMHHaBll!HeCH B § 20.2 HCCJ!eJJ.OBaHHH 

3HHll!TeHHa H <PpHJJ.MaHa. 

DpeJJ.BOpHH Hx, yKaLKeM, q10 JJ.J1HTeJ1hHOe speMH B HayKe BceJ1eHHaH cqH1a

J1acb HecoTBopHMOH, seqHoH, OJJ.HOpOJJ.HOH H HeH3MeHHOH. KoppeKTHb!M cqHTaJIOCb 

npeJJ.CTaBJ!eHHe 0 TOM, qTO BO BCe BpeMeHa BceJ!eHHaH TOLKJJ.eCTBeHHa ce6e caMOH. 

Ha Mb!CJ!b o CTaTHqHOCTH BceJ1eHHOH HaBOJJ.HJIO H3yqeHHe 3Be3JJ.Horo He6a. 

0JJ.HaKo oqepTaHHH C03Be3JJ.HH co BpeMeHeM MeHHIOTCH, HO npouecc 3TOT 3aMeTeH 

npH oqeHb Jl.JIHTeJ!bHb!X Ha6J110JJ.eHHHX, HCqHCJ!HeMb!X BeKaMH H Tb!C5JqeJ1eTHHMH. 

0JJ.HOPOJJ.HOCTb npocTpaHCTBa Bb!paLKaeTCH B omrnaKOBOCTH Bcex ToqeK (MeCT) 

B ero npeJJ.eJ1ax. A speMeHHaH HeH3MeHHOCTb MHpa Bb1paLKaeTcH B OJJ.HHaKOBOCTH 

scex 3nox B ero HCTopHH. ,llpyrHMH CJIOBaMH, BceJ1eHHaH cqH1aJ1aCh CHMMeTpHq

HOH B npoc1paHcTBe H speMeHH. 

lfro KacaeTCH cospeMeHHblX B033peHHH Ha OJJ.HOpOJJ.HOCTb BceJ1eHHOH, TO cnpa

BeJJ.JIHBOCTb 3T0f0 npeJJ.CTaBJ!eHHH Bb!TeKaeT H3 acTpOHOMHqecKHX Ha6J110JJ.eHHH. 

DpaBJJ.a, ee paBHOMepHOCTb npoHBJ!HeTCH, ecJIH onepHpoBaTb 60J1bll!HMH MaCll!Ta-

6aMH, nopHJJ.Ka 300 MJIH CBeTOBb!X JleT H 60J1ee. c JJ.pyroH CTOpOHbl, CHMMeTpHH 

BceJ1eHHOH BO speMeHH He TIOJJ.TBepJJ.HJ!aCb acTpOHOMHqecKHMH Ha6J110JJ.eHHHMH 

20-X fOJJ.OB. 
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Ho eme paHee, s 1917 r. 3ttHIInefrn co3)],aJI yn0Mvrnasrny10CH KOCMoJiornLie

CKYIO Teoptt!O, HCX0)],51 H3 BeKaMH CJIO)KHBWHXC51 npej],CTaBJieHHH 0 HeH3MeHHOCTH 

BceJieHHOH s npoCTpaHCTBe tt speMeHH. 3Ta Teoptt51 npe)],cTaBJI51Jia co6oii pacnpo

CTpaHeHHe o6meii Teoptttt ornornTeJJhHOCTH (OTO) Ha BceJJeHHyIO. Ba)KHeiiweii 

3a)],a4ett OTO 6b1Jia TeopeTtt4eCKa51 HHTepnpeTaUH51 CTPYKTYPhI H csoiicrn Mttpo-

3)],aHH51. K y,lJ,ttBJieHHIO 3iiHruTettHa, cornacHo pa3BHTOH HM Teoptttt BceJieHHa51 He 

6bIJia CTaTH4HOH. flepej], ee aBTOpOM CTaJia )],HJieMMa: HJIH H3MeHHTb HCXO)],HYIO 

ycTaHOBKY HJIH pa)],HKaJibHO 4TO-TO H3MeHHTb B 3TOH HOBOH TeopHH. 3ttHWTeHH 

npe)],TI04eJI BTOpOH nO)],XO)],. 

OH nttrneT: «5I npttrueJI K y6e)K)],eHHIO, LITO ypasHeHH51 rpasttTall,HOHHOro nOJI51, 

KOTOpb!X 51 npttj],ep)lrnBaJICH, HY)K)],a!OTCH eme B HeKOTOpOH MO)],HcpttKall,HH ... » 
flpe)K)],e LieM paccMaTpHBaTh 3TY MO)],HcpttKall,HIO, noJie3HO 03HaKOMHThC51 KaK 

c oco6eHHOCT51MH KOCMOJIOrtt4eCKOH KOH11,en11,HH 3HHWTettHa, TaK H c npe)],rne

CTBY!Olll.HMH TeopeTttLieCKHMH npe)],cTaBJieHtt51MH o T51roTeHHH. 

HaLIHeM c He60Jihrnoro BBO)],Horo KOMMeHTaptt51. B OTO ttcnoJib3yeTCH TeH-

30pHoe HC4HCJieHHe - MaTeMaTH4eCKa51 TeOpH51, B KOTOpOH o6o6meHO BeKTOpHoe 

HCLIHCJieHHe tt MaTptt4Ha51 aJire6pa. B TeH3opHOM HCLIHCJieHHH ocymecTBJI51IOTC51 no 

onpe)],eJieHHbIM npaBHJJaM onepa11,HH c TeH30paMH - BeJIH4HHaMH, 3a)],asaeMbIMH 

B )],aHHOH CHCTeMe KOOpj],HHaT HeCKOJibKHMH 4HCJiaMH. B OTJIH4HH OT TeopttH rnro

TeHH51 HhIOTOHa, s KOTopoii paccMaTpHsaeTCH nJiocKoe npoCTpaHcrno, o6beKTOM 

tt3yLieHH51 s OTO 51BJI51eTCH KpHBOJIHHettHoe npoCTpaHcrno-speM51. B KpHBOJIHHeii

HhIX KOOpj],HHaTaX OHO 3anHCbIBaeTC51 CJie)],y!Olll.HM o6pa30M: 

ds2 = gik dxi dxk, 

r)],e ds - HHTepsaJI Me)K)],y )],BYM51 6eCKOHe4H0-6JIH3KHMH co6bITH51MH, HH)],eKCbl i 
H k npHHHMa!OT 3Ha4eHH51 0, 1, 2, 3; x 1' x 2 ' x3 - npott3BOJihHbie npoCTpaHCTBeH

Hbie KOOpj],HHaTbl, x 0 
- speMeHHa51 KOOpj],ttHaTa, TeH30p gik 51BJI51eTC51 cpyHKll,HeH 

nepe4HCJieHHblX KOOpj],HHaT, c ee nOMOlll.h!O onpe)],eJI51!0T reoMeTpH4eCKHe CBOHCTBa 

npoCTpaHCTBa-speMeHH. CosoKynHOCTh seJIHLIHH gik Ha3hIBaJOT MeTpHLiecKHM 

TeH30pOM g/{ 3Ha51 g/f! MO)KHO Bbl4HCJIHTb pacCT051HH51 Me)K)],y T04KaMH B Tpex

MepHOM npoCTpaHCTBe H TeMn Te4eHH51 speMeHH B pa3Hb!X CHCTeMax OTC4eTa. 

YpasHeHH51 rnroTeHH51 3iiHrnTeHHa HMeIOT BH)], 

(20.1) 

r)],e Rik - TeH3op KpttBH3HhI npoCTpaHcTBa-speMeHH (TeH3op Ptt44H), Bbipa

)Ka!Olll.HHC51 4epe3 giki ero nepBb!e H BTOpb!e npOH3BO)],Hhie no KOOpj],ttHaTaM; 

R = Rikgik; )],JI51 onpe)],eJieHH51 seJIHLIHHhI gik pernaIOTCH ypasHeHH51 gikgkm = 5i, 
r)],e Si = 1, nptt i = m, gim = 0 npH i # m; Tik - TeH3op ::>Heprntt - HMnyJibca 

MaTeptttt, xapaKTeptt3YIOlll.HH TaK)Ke ee )],Btt)KeHtte; G - rpasttTaUHOHHa51 nocT051H

Ha51 HhIOTOHa. Y.ttcJio ypasHeHHH THna (20.1) onpe)],eJI51eTCH LIHCJIOM He3asttCHMbIX 

nepeMeHHbIX gik· 

1) l1x Bb!BOP,, om1pa10IIJ,llHCH Ha rrp!!Hl_\llIT Ha11MeHbwero p,eHCTBllH, rrp!!BOP,llTCH B KHl!re [9, 
c. 252-254). 

13* 
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.IlJrn noJIHOThI om1caHHH npouecca pacnpocTpatteHHH MaTepHH B rpaBHTaUH

OHHOM IlOJie Heo6xo.nHMO .nonOJIHHTb ypaBHeHHH 3HHllITefrna He co.nep)Kall.l.HMCH 

B HHX ypaBHeHHeM COCTOHHHH Bemecrna. Otto CBH3bJBaeT Me)K.ny co6oi1 DJIOTHOCTb 

Bemecrna p H .naBJieHHe p. 3TO ypaBHeHHe 3aDHCbJBaeTCH B cpopMe 

2 pc = -p. (20.2) 

06maH TeopHH OTHOCHTeJibHOCTH 3i1Hll1Tei1Ha no cymecrny np0.11.0JI)KaeT pa3BHTHe 

H o6o6mettHe TeopHH rnroTeHHH HhIOTOHa. MexaHHKa HbIOTOHa H ero rpaBHTa

UHOHHaH TeopHH co.nep)KaTcH B OTO B KaLJecrne LJacrnoro (npe.neJibHoro) cJiyLJaH 

MaJibJX CKOpOCTeH H CJia6hIX DOJieH rnroTeHHH. TeopHH 3ttHllITei1Ha He HMeeT 

TaKHX orpaHHLJeHHH H noToMy npHro.ntta AJIH onHcaHHH BceJieHHOH KaK ueJIOCTHOH 

CHCTeMbl. 

CpaBHHM 6oJiee .neTaJihHO ypaBHeHHH rnroTeHHH HhIOTOHa H 3iittll1Tei1Ha. 

Hb!OTOHOBCKHH noTeHQHaJI DOJIH THrOTeHHH <p ODHCbIBaeTCH c DOMOll.l.bIO ypaBHe

HHH Dyaccotta: 

!:::..r.p = 47rGp, (20.3) 

d2 d2 d2 
r.ne !:::.. = - + - + - oneparnp JlanJiaca, p = p(r) - pacnpe.neJieHHe 

dx2 dy2 dz2 
DJIOTHOCTH BemecTBa B npocTpaHCTBe. 

CTpyKTYPhI ypaBHeHHH (20.1) H (20.3) cpopMaJibHO cxo.ntthI Me*AY co6oi1. 

,lleiicTBHTeJibHO, HX JieBhJe LJaCTH co.nep)KaT BeJIHLJHHbl, ODHCbIBaIOmHe rpaBHTa

UHOHHOe noJie, a npaBbie - LJJieHbl, xapaKTepH3yIOmHe MaTepHIO, KOTOpaH co3.naeT 

3TO noJie. 0.nttaKo Me1K.ny HHMH HMeeTCH H Kopettttoe pa3JIHLJHe. YpaBHeHHe (20.3) 
JIHHeiitto, H noToMy AJIH Hero cnpaBe.nJrnB rrpHHI..J.HII cyrreprro3HUHH. C ero rro

MOll.l.hIO MO)KHO BblLJHCJIHTb 3HaLJeHHe noTeHUHaJia <p npH JII060M pacnpe.neJieHHH 

npoH3BOJihHO .11.BH)KymerocH Bemecrna. Ho OHO He 3aBHCHT OT .11.BH)KeHHH Mace 

(nocJie.nttee onpe.neJIHeTCH c noMOll.l.hIO Brnporo ypaBHeHHH MexaHHKH HhIOTOHa). 

YpaBHeHHH 3iim1neiitta (20.1) HeJIHHeHHhI rroToMy He y.noBJiernopHIOT npHHUH

ny cynepno3HUHH. B ypaBHeHHHX (20.1) tteB03MO)KHO npoH3BOJihHO 3a.naTb rrpaBhie 

LJaCTH, co.nep)KamHe TeH30p ~b 3aBHCHll.l.HH OT .11.BH)KeHHH MaTepHH, H paccLJHTaTb 

3aTeM rpaBHTaI..J.HOHHOe noJie, T. e. TeH3op gik· Oco6ettttocTb TeopHH 3i1Hll1Tei1Ha, 

OCHOBaHHOH Ha ypaBHeHHHX THna (20.1 ), COCTOHT B TOM, LJTO OHH Il03BOJIHIOT COB

MeCTHO OIIHCaTb KaK .11.BH1KeHHe MaTepHH, C03.ll.aIOmei1 noJie, TaK H caMO 3TO DOJie. 

<PH3HLJecKoe HCTOJIKOBaHHe TaKOH oco6eHHOCTH pellleHHH OTO cocTOHT B TOM, 

LJTO no.n B03.nei1CTBHeM MaTepHH B03HHKaeT HCKpHBJieHHOe npocTpaHCTBO-BpeMH, 

BJIHHIOll.l.ee Ha .11.BH)KeHHe MaTepHH, B03.ll.eHCTBHe KOTOpOH H C03.naeT HCKpHBJieHHe. 

BeptteMCH Terrepb K yrroMHHaBlllettcH M0.11.HcpHKaUHH ypaBHeHHH rpaBHTaUHH 

3i1Hll1Tei1Ha. Otta cBeJiach K BBe.neHHIO B HHx o.nttoro LJJietta, tta3BaHHoro 1wcMo
JL02uiiecKou nocmoRHHou A: 

A = 8nG ( 2) 
4 pc ' 

c 
(20.4) 
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r.n.e pc2 - nJIOTHOCTh 3Hepnm, BKJIIO'cla!OIUei1 Macey noKoH LiaCTHU. B MOJl.HcpHUH

poBaHHOM BH)l.e ypaBHeHHH 3i1HIIITei1Ha npHo6peTa!OT BH.ll. 

1 87rG 
Rik - 2 gikR = 7 ~k - Agik· (20.5) 

EcJIH C4HTaTb, 4TO )l.JIH ypaBHeHHH COCTOHHHH Bb!IlOJIHHeTCH ycJIOBHe pc2 = -p = 
= const, TO TeH30p Tik 3anHchrnaeTCH B cpopMe Tik = pc2gik· BCJie.ll.CTBHe Liero 

npaBaH LiaCTh ypasHeHHH (20.5) o6paIUaeTCH B HYJih. B TaKOM sapHaHTe OHO 

onHchrnaeT cTaTHLIHYIO BceJieHHyIO, Haxo.n.HIUYIOCH B noKoe H 6e3 pa3BHTHH. 

l1Hoi1 pe3yJihTaT 6b1JI noJiyLieH B 1922-1924 rr. A. A. <l>pH.n.MaHoM, pernHBWHM 

ypaBHeHHe OTO, onHcbrna10IUee HecrnuHoHapHyIO BceJieHHyIO. B 3TOH TeopHH 

.n.aeTcH noJIHoe MaTeMaTHLiecKoe onHcaHHe BceJieHHoi1; corJiacHo MO.ll.eJIH <l>pH.n.

MaHa BceJieHHaH pacrnHpHeTcH (o LieM yMe ynoMHHaJIOCb). B .n.aJihHei1rneM MhI 

6y.n.eM HeO)l.HOKpaTHO B03BpaIUaThCH K TeOpHH <l>pH.n.MaHa, JieMaIUeH B OCHOBe 

COBpeMeHHOH KOCMOJIOfHH. 

AJJeKcaHAP AJJeKcaHAPOBYl4 <DpYIAMaH npoYICXOiJ.YIT Yl3 MY3bJKaJJbHOH ceMbYI. Ero oTeII 
6hJJJ aprncTOM MapYIYIHCKOro 6aJJeTa YI coLIYIHHJJ MY3bIKY )J,JJH 6aJJeTa. CaM A. A. <l>pYliJ.MaH 

6hIJJ TOMe 3HaTOKOM MY3bIKYI. K CO)KaJJeHmo, OH npoMYIJJ KopOTKYIO ( «nywKYIHCKYIO» no 
iJ,JJYITeJJhHocrn) MYl3Hb (1888-1925 rr.). IlocJJe ero cMeprn YIMH A. A. <DpYIAMaHa noqrn 

He ynoMY1HaJJOCb B COBeTCKOH HayLIHOH neqaTYI, a ero TeOpYIH C4YITaJJaCb «Yl)J,eOJJOrYILieCKYI 

speiJ,HOH». 5oJJee Toro, MHoro JJeT cnycrn nocJJe ero cMeprn (s npeCJJosyToM 1937 r.) 
B HKBJJ. Ha Hero 6b1JJ0 3aBe)J,eHo )J,eJJo, cornacHo KOTopoMy OH o6bHBJJHJJCH «rnasapeM 
aHTYICOBeTCKOH 6aH)J,bl yqeHblX-ca60Ta)KHYIKOB», a )],Ba ero yqeHYIKa 6bIJJYI pacCTpeJJHHbl. 

oOJJbWYIO poJJb B pea6Y1JJY1TaIIYIY1 A. A. <DpYIAMaHa YI nponaraH)J,e ero ttayLIHoro HaCJJe
iJ.YIH B 60-70-x ro)J,ax npowJJoro BeKa CbirpaJJ aKa)J,eMYIK 5I. 5. 3eJJbiJ.OBYl4. 

B 1988 r. B JleHYlttrpaAe 6hIJJo TOp)KecTBeHHO OTMeLieHo cToJJerne co iJ.HH poM)J,eHYIH 

A. A. <DpYliJ.MaHa. IlpY1cyTCTBYIOIIIY1H Ha MeMiJ,yHapoAHOH 106Y1JJei1Hoi1 KOHcpepeHIIYIYI aKa

)J,eM11K A. JJ.. Caxapos (TOJJbKO LITO ocso6o)K)J,eHHbIH 113 CCbIJJK11) CKa3aJJ: «Mb1 see eme 

HaXO)J,11MCH B COCTOHHYll1 noTpHCeHl1H OT Toro, 4TO C)J,eJJaHO 3Tl1M qeJJOBeKOM» 

§ 20.4. 3aKOH Xa66Jia 

CornacHo TeopHH <l>pH.n.MaHa KOCMOJiorwiecKoe pacrnHpeHHe npoHcxo.n.HT no 

JIHHeHHOMY 3aKoHy, T. e. CKOpOCTb y.n.aJieHHH OT T04KH Ha6JIIO)l.eHHH (OT 3eMJIH) v 
npHMO nponopUHOHaJibHa B Ka)K)l.b!H MOMeHT BpeMeHH paCCTOHHHIO MeM.n.y T04KOH 

Ha6JIIO)l.eHHH H y.n.aJIHIOIUeMCH 06beKTOM: 

v=HR, (20.6) 

r.n.e H - K03cpcpHUHeHT (noCTOHHHaH Xa66Jia), He 3aBHCHIUHH HH OT paccTOH

HHH R, HH OT HanpaBJieHHH Ha o6beKT Ha He6ecHOH ctj:>epe. JlHHeHHOe KOCMO

JIOrH4eCKOe pacrnHpeHHe 6b1JI0 OTKpbITO Xa66JioM B pe3yJihTaTe ero Ha6JI10.L1.eHHH 

B 1927-29 rr. YpaBHeHHe (20.6) noJiyLIHJIO Ha3BaHHe 3aKorta Xa66Aa. JlHHei1Hoe 

pacwHpeHHe so BceJieHHOH HBJIHeTcH cJie.n.crnHeM H30TponHH H o.n.Hopo.n.HoCTH 

npoCTpaHCTBa. Ho OHO npoHBJIHeTCH JIHillh B KpynHhIX Macwrn6ax npoCTpaHCTBa 

nopH.n.Ka, HanpHMep, paccToHHHH B cm MHJIJIHOHOB JieT. Ha cpaBHHTeJihHO MaJihIX 

paCCTOHHHHX KOCMOJIOrH4eCKOe pacwHpeHHe MO:lli.eT H He npoHBJIHTbCH. 
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3aKOH Xa66Jia OCHOBaH Ha H3Mepemn1 KpacHoro CMelll,eHHH, KOTopoe 6b!JIO 

BbIHBJieHo B npouecce Ha6JIIO)],eHHH, H ero cymecTBOBaHHe CBH3aHO c 3cflcfleKTOM 

Jlorn1epa, cornacHO KOTOpoMy )J,JIHHa BOJ!Hbl H3JJy'-leHHH, pernCTpHpyeMoro npHeM

HHKOM, 3aBHCHT OT OTHOCHTeJibHOro ,ll,BH)KeHHH 06beKTa Ha6JIJO)],eHHH H npHeMHH

Ka (cM. HH)Ke TeKCT neTHTOM). Tiptt B03pacTaHHH paCCTOHHHH Me)K,ll,y HHMH )J,JIHHa 

BOJ!Hbl CMelll,aeTCH B KpacHyJO CTOpOHY cneKTpa. 

B KOCMOJIOrHH nocTOHHHYJO Xa66Jia npHHHTO H3MepHTb B KM/ c Ha MeranapceK 

(MnK). TiapceK paBeH paccTOHHHJO, c KOTOporo .JJ,HaMeTp op6HTbl 3eMJJH npo

CMaTpHBaeTCH no.JJ, yrnoM, paBHbIM O,ll,HOH ceKyH,ll,e. 4ttcJieHHO I MeranapceK paBeH 

3, I . 1019 KM. 

Jlo HacToHmero BpeMeHH nocTOHHHaH Xa66Jia H3MepeHa c HeBhICOKOH TO'-IHO

CTbJO. CornacHo coBpeMeHHbIM H3MepeHHHM 

H = 73 ±IO KM· c- 1 · MeranapceK- 1. 

Ha pHC. 20.2 ITOKa3aHO HarrpaBJieHHe .ll_BH:tKeHHH 06beKTa ( H HarrpaBJiem1e z, B KOTO

poM rrepeMer11,aeTCH H3JiyLJeHHe v0 , HcrrycKaeMoe o6beKTOM H pernCTpHpyeMoe rrpH6opoM. 

,Ll,orrJiepOBCKOe H3MeHeHHe LJaCTOTbl paBHO 

V e Vo v - vo = - cos = vo - , 
c c 

(20.7) 

r,ne V COS 8 = Vz - rrpOeKI.1,HH CKOpOCTH )l,BHMyII.1,eroCH 06beKra Ha HarrpaBJieHHe Z. 

z 

hv 

(} 
v 

Puc. 20.2. CxeMa, noHCH5!IO!ll,a51 B03HttKHoBeHtte 3q><peKTa ,Uorn1epa 

OTKpbITHe Xa66JJoM 3cflcfleKTa pa36eraHHH raJJaKTHK 6b1JI0 BocnpHHHTO 3tiH

wTeHHOM KaK yKa3aHHe Ha OWH60'-IHOCTb pa3BHTOro HM npe.JJ,CTaBJieHHH 0 CTaTH'-1-
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HOH BceJieHHOH. C pa30'-iapoBam1eM OHO 6hIJIO HM npH3HaHo HecocTOHTeJibHhIM. 

3HHlllTeHH Ha3blBaJI BBeP,eHHe B ypaBHemrn rpaBHTaum1 KOCMOJiornqecKOH OOCT0-

5IHHOH A caMhIM CBOHM 6oJiblllHM npoMaxoM B HayKe. Ho 3TO 6bIJIO «BpeMeHHhIM» 

3a6Jiy)Kp,eHHeM 3HHlllTei1Ha. KaK Mb! y6ep,HMC5l HH)Ke, BBeP,eHHe 3TOH nocrnf!HHOH 

CJiep,yeT paccMaTpHBaTb KaK ero BeJIHqaiilllee P,OCTH)KeHHe, TaK KaK qJieH (20.4) 
OOHCbJBaeT TeMHYIO 3HeprnIO, co3p,a10my10 aHTHrpaBHTaUHIO. 

BepHeMCf! K TeopHH <PpHP,MaHa. CornacHo ero ny6JIHKaUHH 1922 r., B paMKax 

pa3BHThIX HM npep,cTaBJieHHH BceJieHHaf! nepBoHaqaJihHO, p,o HaqaJia KOCMOJIOrH

qecKoro paClllHpeHHf!, f!BJlf!JiaCb «TOqKOH» c HeorpaHHqeHHO 6oJiblllOH OJIOTHOCTblO 

Bemecrna B HaqaJibHb!H MOMeHT BpeMeHH. TaKoe COCTOf!HHe MHpa 6b!JIO Ha3BaHO 

KOCMOJlOcUt/,eCKOU CUl-lcYllfiP l-l0Cmb10. 

Oco6eHHOCTh!O nocTOf!HHOH Xa66Jia f!BJIHeTcf!, KaK yKa3brnaJIOCh, He3aBHCH

MOCTh OT HanpaBJieHHH H paccTOf!HHH B npoCTpaHcrne. CornacHo TeopHH <PpHA

MaHa 3Ta B€JIHqHHa JIHlllb ycJIOBHO MO)KeT cqHTaTbCf! OOCT05IHHOH, TaK KaK B npo

uecce KOCMOJiornqecKoro paclllHpeHHf! OHa H3MeHf!eTCf!. 0pH6JIH)KeHHO ee MO)KHO 

cqHTaTb BeJIHqHHOH, o6paTHOH BpeMeHH: 

H = 1/t. (20.8) 

CoornollleHHe (20.8) cnpaBeP,JIHBO, ecJIH BhIOOJIHf!eTCf! coornollleHHe (20.4). Ha-

3ap, BO BpeMeHH COrJiaCHo (20.8) 3HaqeHHe H yBeJIHqHBaeTCf!, a B MOMeHT KOCMO

JIOrHqecKOH CHHryJIHpHOCTH nocTOf!HHaH Xa66Jia o6pamaeTcf! B 6ecKOHeqHocTb. 

KaK BHP.HO, B HaqaJibHOM cocTOHHHH BceJieHHOH HMeJIH MeCTo p,Be 6ecKoHeqHoCTH: 

6ecKoHeqHo 6oJihlllaf! nJIOTHOCTh H 6ecKOHeqHo 6oJiblllaf! nocTOHHHaH Xa66Jia. 

BpeMH, npollleP,lllee oT MoMeHTa, Korp,a BceJieHHaf! npep,cTaBJif!Jia co6oi1 ToqKy, 

H AO HhIHe Ha6JIIOP,aeMoro COCT05IHHf!, COrJiaCHO BblqHCJieHHf!M cPpHP,MaHa, paBHO 

no IlOPflAKY BeJIHqHHbl p,eC5ITH MHJIJIHapp,aM JieT. <PpHp,MaH BbJqHCJIHJI 3TO qHCJIO 

CJiep,y!Olll,HM o6pa30M. 

,llJI5I paClllHPfl!Olll,erOC5l MHpa cnpaBeP,JIHBO CJiep,y10mee npH6JIH)KeHHOe co

OTHOllleHHe Me)Kp,y ero IlJIOTHOCTblO p H BpeMeHeM t, npornep,WHM OT HaqaJia 

KOCMoJiornqecKoro paclllHpeHHH: 

Gpt2 ~ 1, (20.9) 

rp,e G - HhlOTOHOBCKaH nocTOHHHaH THroTeHHH. 

yfa coo6pa)KeHHH pa3MepHOCTH BbITeKaeT, qTO TOJlbKO npHBeP,eHHaH KOM6HHa

UHH 3THX BeJIHqHH 6e3pa3MepHa H, CJieP,OBaTeJibHO, OP,HHaKOBa B CJiyqae JII06oro 

Bb!6opa ep,HHHU H3MepeHH5l. 0JIOTHOCTb p <PpHP,MaH OOJIO)KHJI paBHOH OJIOTHOCTH 

3Be3p,Horo semecrna HallleH: faJiaKTHKH, cocTaBJif!!Olll,eH 10-24 r/cM3. B TaKoM 

CJiyqae H3 COOTHOil1€HHfl (20.9) OOJiyqaeTCH BeJIHqHHa t rv 3 · 1015 C, T. e. rv 108 

JieT; <PpHP,MaH npep,OOJIO)KHJI, qTQ OJIOTHOCTb Bemecrna B MHpe B 104 pa3 MeHb

rne; npH 3TOM ycJioBHH H3 (20.9) noJiyqaeTcH seJIHqHHa B p,ecHTh MHJIJIHapp,oB 

JieT. CornacHo coBpeMeHHhIM KOCMoJiornqecKHM p,aHHhIM B03paCT MHpa paseH 

yBc = 13,7 ± 0,2 · 109 JieT. 
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§ 20.5. PeJIHKTosoe H3JiyqeHHe 

BepHeMcH K cocTOHHHIO BemecTBa Ha paHHeM 9Tane pa3BHTHH BceJieHHOH. 

0,IJ,HHM 113 «npo,IJ,yKTOB» paHHeH: BceJieHHOH HBJIHeTcH ra3 cporoHOB. Cpe,IJ,HHH 9Hep

rnH cPOTOHOB np11 TeMneparype B MHJIJIHOH rpa,ll,yCOB B COOTBeTCTBHH c 33KOHaMH 

TepMO,ll,l1H3MHKl1 HBJIHeTCH 6JIH3KOH K cpe,IJ,HeH 9HeprnH TenJIOBOfO ,ll,BH)Kemrn 

,ll,pyrnx qacTHI..J,, BXO,IJ,Hlll,HX B COCTaB ropHlieH KOCMHlieCKOH nJia3Mbl. 0,IJ,HaKO lIHCJIO 

cpoTOHOB corJiaCHO TepMO,ll,l1HaMl14eCKOMy paclieTy ,ll,OJI)KHO npHMepHO B ,IJ,eCHTb 

MHJIJI11ap,IJ,0B pa3 npeBhrrnaTb lIHCJio npoToHoB. CJie,IJ,oBaTeJihHO, noJIHaH (cyMMap

HaH) 9Hepnrn cpoTOHOB HaCTOJibKO )Ke npeBhIWaeT nOJIHYIO TenJIOBYIO 9HeprHIO 

npoTOHOB. 

B xo,IJ,e KOCMOJior11qecKoro pacw11peHHH tj:>oTOHhr oxJia)K,IJ,aJI11Cb. <PornHhr, cy

mecTBOBaBwHe Ha paHHeH cTa,IJ,1111 9BOJIIOU.Hl1 BceJieHHoH:, coxpaH11JIHCb H ,IJ,O 

HaCT05l.Ill,ero BpeMeHl'.I. f aMOB cyMeJI ou:eHHTb TeMnepaTypy, KOTopoH: ,LLOJI)KHbl 

B Haurn ,LLHH o6Jia,IJ,aTb 9TH cpoTOHbl. no pacqeTy faMoBa H ero yqeHl1KOB AJibcpepa 

11 XepMaHa (KaK H faMoB OHl1 npo11cxo,IJ,HJIH H3 pocc11i1cK11x ceMeH:) reMnepaTypa 

«nepBHlIHbIX» cpoTOHOB B HacTOHill,yIO 9noxy ,LLOJI)KHa 33KJII043TbCH B npe,IJ,eJiaX 

1-10 rpa.uycoB KeJibBHHa. 3TH qacTl1ll.hI, noJiylIHBWHe Ha3BaH11e peJIHKTOBhIX, 

,IJ,OJI)KHhr paBHOMepHo 3anoJIHHTh BCIO BceJieHHyIO, co3,IJ,aBaH cpoH KOCMHIIecKoro 

cpoTOHHOro H3JiyqeHHH. 

KaK ynoMHHaJioch, peJil1KTOBhie cpoTOHhI 6hrJIH o6Hapy)KeHhr acTpoHoMaMH 

nett3H3COM H BHJICOHOM B 1965 r. <PopMa cneKTpa peJIHKTOBOfO H3JiyqeHHH 

11.ueHTHlIHa cpopMe cneKTpa a6coJIIOTHO qepHoro TeJia c TeMnepaTypoH: 2, 7 K, 

a MaKCHMYM ,IJ,JIHHhI BOJIHhI np11xo,LLHTCH Ha ~ 0, 1 CM. TeM caMhIM Teop11H ropHqeif 

HaqaJihHOH BceJieHHOH noJiylIHJia 9KcnepHMeHTaJihHoe no,IJ,TBep)K,IJ,eHHe. 

c IlOMOill,bIO COOTHOWeHHH (20.9) MO)KHO T3K)Ke onpe,IJ,eJIHTb 33BHCHMOCTb 

paccTOHHHH B KOCMOCe OT B03pacra BceJieHHOH. npe,ll,CT3BHM, lITO nocJie,LLHHH 

HMeeT tj:>opMy wapa pa.u11ycoM R H o6oeMOM V. ClIHTaH, lITO Macca lvl wapa He 

MeHHeTCH co BpeMeHeM, 11 YlIHTbIBaH cpopMyJihI 

V=i7rR3 p-M 3 ' -v-, 
noJiyqaeTrn, lITO p ~ 1/ R3. CTpHBJieKaH coornorneH11e (20.9), noJiyqaeM, lITO 

R"' t 213. (20.10) 

CTOJIQ)KHM, lITO pa3JieT Belll,eCTBa npOHCXO,ll,HT HHepU.HaJihHO (T. e. rpaBHTaU.HH 

oTcyTcTByeT); B TaKoM cJiyYae R"' t. EcJI11 )Ke rnroTeHHe cymecTByeT, TO pacwH

pemi.e ,[l,OJDKHO npom:XO)::l.HTb Me)::l.JieHHee, qeM npH pa3JieTe no HHepu.1111, a HMeHHO 

no napa60JI11YecK0My 3aKoHy (20.10). 3aKOH napa60JI11lieCKoro pacrnttpeHHH, KaK 

oKa3aJiocb, HMeJI MecTo B nepBbie 6-8 JieT cymecTB0Batt11H BceJieHHOH. B .naJih

tteH:weM ,IJ,HHaMHKa pacw11peHHH, KaK Mhl YBH,IJ,HM .naJiee, 6y,IJ,eT Y*e orrpe,IJ,eJIHThCH 

He Belll,eCTBOM, a TeMHOH 9HeprneH:. 

HapH.ny c no,IJ,TBep)K,ll,eH11eM 11,IJ,eH ropHliero HaGaJia B HcTop1111 BceJieHHOH 

OTKpblTHe peJIHKTOBOfO H3JiyYeHHH IlO,IJ,TBep,ll,HJIO l1 06my10 KapTl1HY pa3BHTHH 

BceJieHHoH:, Bh1TeKa10my10 113 Teop1111 <Pptt.UMaHa. Ba)KHeifrnHM CBOHCTBOM pe-
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JlHKTOBOro H3JJyqeHHH HBJlHeTCH TO, qTo OHO O,ll.HOpOJJ,HO H npaKTHqecKH H30-

TponHO 1). CTo3TOMy OHO MOLKeT paccMaTpHBaTbCH B Kaqecrne «HOBoro» MHpoBoro 

3qmpa. OHO HBHJlOCb oqeHb y.rr.o6Hb!M HHCTpyMeHTOM HCCJle,ll.OBaHHH MHpa, TaK 

KaK cpoH peJJHKTOBOfO H3JlyqeHHH npe,ll,CTaBJJHeT co6oH: CHCTeMy OTcqeTa, n03-

BOJlHIOill,yJO H3MepHTb ,ll,BHLKeHHe pa3JJHqHbIX KOCMHqecKHX o6oeKTOB. TaK, 6h1Jia 

BbJqHCJieHa cKopoCTb .ll.BHLKeHHH 3eMJIH OTHOCHTeJibHO peJIHKTOBoro cpoHa. MeTo

,ll,HKa TaKHX pacqerns TaKLKe ocHoBaHa Ha 3cpcpeKTe Jl.onJiepa. CTpe.rr.CTaBHM ce6e, 

qTo pa,ll,HOaHTeHHa (Ha3b!BaeMaH B aCTpOHOMHH 06b1qHo pa,ll,HOMeTpoM) ,ll,BHLKeTCH 

OTHOCHTeJibHO 3Toro cpoHa. B TaKOM cJiyqae BCTpeqHbie cpoTOHbI 6y.rr.yT 06Jia,L1,aTb 

HeCKOJlbKO MeHbllleti ,ll.JIHHOH BOJ!Hbl no cpaBHeHHIO c cpoTOHaMH, perHCTpHpyeMbI

MH pa.rr.HoMeTpOM, HenO,ll,BHLKHbIM OTHOCHTeJibHO peJIHKTOBoro cpoHa. AHaJiornq

HbIM o6pa30M cpOTOHbl, «,ll,OfOHHIOill,He» pa.rr.HoMeTp, 6y.rr.yT o6Jia,ll.aTb HeCKOJibKO 

60Jibllleti ,ll,JIHHOH BOJ!Hbl. I13MepeHHe 3THX C,ll,BHfOB (HJIH ,ll,aLKe O,ll.HOro H3 Hl'IX) 

.rr.aeT B03MOLKHOCTb onpe.rr.eJieHHH CKOpOCTH OTHOCHTeJibHO cpoHa peJIHKTOBb!X cpo

TOHOB. 

l13 CKa3aHHOro BbITeKaeT, qTQ ,ll,JIH ,ll,BHLKyill,eroCH Ha6JIIO,ll,aTeJIH peJIHKTOBOe 

H3JJyqeHHe yLKe He HBJIHeTCH CTporo H30TpODHb!M. I13MepeHHH noKa3aJIH, qTo 

B HanpaBJieHHH Ha C03Be3,ll.He JlbBa ,ll,JIHHa BOJ!Hbl C,ll,BHraeTCH B CTOpOHY yMeHbWe

HHH, a B o6paTHOM HanpaBJieHHH - B cTopoHy yBeJIHqemrn. Pa3HHUa paBHHJiaCb 

npHMepHO ,ll,ByM ,ll,eCHTblM npoueHTa. I1cnOJlb3YH cpopMyJiy JI.onJiepa, npHBe,ll,eHHYIO 

Bb!ll!e, 6b1Jia BbJqHcJieHa CKOpOCTb 3eMJIH OTHOCHTeJibHO cpOHa peJIHKTOBbIX cporo

HOB. 0Ka3aJIOCb, qTQ 3Ta CKOpOCTb paBHa npHMepHO 300 KM/c. Jl.pyrHMH CJIOBaMH, 

3eMJIH ,ll.BHLKeTCH B HanpaBJieHHH Ha C03Be3,ll,He JlbBa c yKa3aHHOH CKOpOCTblO. 

I1MeHHO c TaKOH CKOpOCTblO 3eMJIH ,ll,BHLKeTCH B «MHpOBOM 3cpHpe». 

TaKHM o6pa30M, B cpH3HKY BepHyJiocb noHHTHe 3cpHpa, «H3rHaHHOe» OKOJIO 

CTa JieT TOMY Ha3a,ll,, HO B COBeprneHHO HOBOM cpH3HqecKOM Kaqecrne. 0THO

CHTeJibHO peJJHKTOBOro cpoHa CKOpOCTb ,ll.BHLKeHHH 3eMJIH B 10 pa3 npeBbill!aeT 

CKopocTb o6paI1.I,eHHH 3eMJIH soKpyr CoJIHUa (30 KM/c). CTpHMeHHH H3JIOLKeHHYIO 

MeTO,ll,HKy, 6b!Jla onpe.rr.eJieHa CKOpOCTb ueHTpa Hall!eti f aJiaKTHKH OTHOCHTeJibHO 

peJIHKTOBOfO cpOHa; OHa COCTaBJIHeT ,.._, 500 KM/C. 5bIJIO TaKLKe onpe.rr.eJieHO, qTQ 

6oJiblllaH «rp03.ll.b» raJiaKTHK o6oeMOM B 50-100 MeranapceK ,ll,BHLKeTCH KaK ueJioe 

OTHOCHTeJibHO peJIHKTOBOfO cpoHa co CKOpOCTblO 500-600 KM/C. 3TOT pe3yJibTaT 

HBHJICH coBeprneHHO HeoLKH,ll,aHHbIM ,ll.JIH acTpocpH3HKOB. CornacHo nepBoHaqaJib

HbIM npe.rr.CTaBJieHHHM ueHTP 3TOH COBOKYOHOCTH raJiaKTHK noqTH HeOO,ll,BHLKeH 

OTHOCHTeJibHO cpoHa. 

§ 20.6. 0 reoMeTpHH BceJieHHoii 

B CBOHX pa60Tax <Pptt.rr.MaH y.rr.eJIHeT 60Jibwoe BHHMaHHe sonpocy o reoMeTpHH 

BceJJeHHoti. CymecrsyeT TPH TeopeTHqecKH B03MOLKHbIX THna H30TponHoro npo

CTpaHCTsa: OJIOCKOe npoCTpaHCTBO, npocrpaHCTBO rnnepccpepbl H npocrpaHCTBO 

Jio6aqeBCKOfO. I1Hrepec K reoMeTpHH MHpa 06'bHCHHeTCH reM, qTQ OHa TeCHO 

1) Ami3aTpomrn peJJHKTosoro H3JJYLJeHHH no )laHHbIM )])K. CMyTa cocTaBJJHeT rrpHMepHo 10-5. 
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CBH3aHa c ero JurnaMHKOH. cl>pH,II,MaH c•-nnaeT, tno cJie,II.yeT pa3JIW·1aTb ,ll,Ba TH

na Bce.neHHOtt. K nepBoMy OTHOCHTCfl CTaU.HOHapHaH Bce.neHHaH, 06.naLJ,aIOmaH 

DOCT05IHHOH BO BpeMem:1 KpHBH3HOH, a KO BTOpoMy - BceJieHHaH, KpHBH3Ha 

npocTpaHCTBa KOTopott MeHHeTCH co BpeMeHeM. 

Mo,ll,eJib Bce.neHHOtt nepBoro THna npe,D,CTaB.neHa wapoM nocTOHHHoro pa,D,11y

ca, ero noBepXHOCTb HBJIHeTCH ,ll,ByMepHOH c IlOCTOHHHOH KpHBH3HOi1: k = Const . 

BTopott MO,D,eJihlO Bce.neHHOH MO)KeT c.ny)KHTb rnnepccpepa B BH,ll,e wapa c MeHHIO

llI.HMCH pa,D,11ycoM: map cnoco6eH TO pa3JI,YB3TbCH, TO C)KHMaTbCR. B cooTBeTCTBHH 

c 3Tott BTopott MO,D,eJibIO B03MO)KHO nepHo,D,w1ecKoe H3MeHeHHe pa3MepoB Bce.neH

Hott, KOr,D,a OHa TO BbipacTaeT, TO C)KHMaeTCH ,ll,O HW'JTO)KHO MaJib!X pa3MepoB, 

a 3aTeM OilHTb yBe.nwrnBaeTCH H T. ,II,. f Hnepccpepe npHDHCbJBaeTCH DOJIO)KHTeJibHaH 

KpHBH3Ha: k = + 1. 
B TpeTheM sapHaHTe MO,ll,e.n11 BceJieHHOH, ocHoBaHHOH Ha reoMeTpHH J1o6a-

4eBcKoro, KpHBH3Ha OTpHU,aTeJlbHa: k = -1. )lByMepHbIH aHa.nor npocTpaHcTBa 

J1o6aqeBcKoro npe,D,cTaB.neH rnnep60.no11,D,0M. 

Tlo3,D,Hee 3i1HrnTei'm H ,D,e CoTTep BBe.nH eme TpeTHH BapHaHT Bce.neHHOH B BH

,D,e IlJIOCKOro 3BKJIH,ll,OBOro npocTpaHCTBa. TlpHBe,D,eHHbIMH nocTpoeHHHMH HC4ep

Ilb!B3!0TCH Bee B03M0)KHbie BapHaHTbl npocTpaHCTBeHHOH reoMeTpHH O,ll,HOpO,ll,HOH 

Bce.neHHOH. 

HaKon.neHHbre 3a LJ,eCHTHJieTHH noc.ne pa6oT 3i1ttrnTettHa H cl>pH,II.MaHa tta6mo

,D,aTeJibHb1e ,D,aHHh!e il03BOJIH!OT cy,D,HTb, l'JTO HH O,ll,HH H3 3THX reoMeTpH4eCKHX 

BapHaHTOB He no,D,XO,ll,HT, TaK 4TO ,ll,JIH pea.nbHOH pacwttpHIOllI.ettcH Bce.neHHOH 

sonpoc o ee reoMeTpHH ,D,o c11x nop OKOHl'!aTeJihHO He peweH. 

Ha6op 3KcnepHMettra.nbHhIX ,D,aHHhIX no3BOJIHeT JIHWh npe,D,no.no)KHTh, l'ITO oHa 

o6Jia,ll,aeT Jm6o IlJIOCKHM CTpoeHHeM, JIH60 «IlOl.JTH» IlJIOCKHM. JI..nH O,ll,H03H34HOrO 

BhJ6opa O,ll,Horo H3 3THX BapHaHTOB He06XOLl,l:IMO ocymecTBHTb c ,ll,OCTaTOl.JHO Bb!CO

KOH TOl'JHOCTblO npHMhie reOMerptt4eCKHe H3MepeHH5l B KOCMHl.JeCKHX Macuna6ax, 

l.JTO ,ll,O Cl:IX nop npe,D,CTaBJIHeTCH HeocymeCTBHMb!M. 

TloKa l.JTO ,ll,JIH Toro, 4T06hI npH6JIH3HThCH K peweHHIO 3TOH npo6.neMhl, HC

XO,ll,5IT H3 reopHH cl>pH,D,MaHa, COrJI3CHO KOTOpoif rpaBHTaU,HOHHaH noTeHU,J.:13JlbH3H 

3HeprHH H KHHeTHl.JeCKa5l 3HeprH5l KOCMOJIOfHl.JeCKoro pacwHpeHHH O,ll,H03Hal'JHO 

CBH3aHbl Me)K,ll.y co6oH, a H3MepHTb HX c nptteMJieMOH TOl.JHOCTbIO BTIOJIHe peaJibHO. 

CornacHo ero pacqeraM npH yc.noBHH, 4TO noTeHQtta.nhHaH 3HeprnH U no Mo,D,ymo 

pasHa KHHernqeCKoH Ek, npocTpaHcTBO HBJIHeTCH n.nocKHM; ec.ntt )Ke (U( < Ek, 
ro LJ,JIH npoCTpaHcrna cnpaBe,D,JittBa MO,D,e.nh rnnepc¢eph1. 

KpttBH3Ha npocTpaHcrna B reop1111 3HHWTei1Ha onpe,D,e.nHeTCH cpe,D,HeH n.nor

HOCThIO Bemecrna B KOCMH'-IeCKOM npocTpaHcTBe. Tlp11 3a,D,aHHOM 3Hal.JeHHH no

CTOHHHOH Xa66.na H KpHBH3Ha TpexMepHoro npoCTpaHcrna paBHHeTCH crporo 

Hymo JIHWh B cJiy'-!ae onpeLJ,e.neHHoro 3Hal.JeHHR rr.norttocrH MaccbI BceJieHHOH, 

Ha3wsaeMoii KPHTH'-IeCKOH: 

= 3H2 = 10-29 _r_ 
Pk 8 G 3 · 

7l' CM 
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BBe)l.eM OTttowem1e peaJibHOH TIJIOTHOCTH p K KpHTH1..J.ecKoi1 

0 = !!__ 
Pk 

(20.11) 

,ll,JIH npoCTpattcTBa Jlo6al..J.eBcKoro (k = -1) BbITIOJIHHIOTCH ttepaBettcrna p <Pk. 
0 < 1, attaJIOrHl..J.HhIM o6pa30M Jl.JIH rnnepccpepbI (k = + 1) p > Pk. 0 > 1, Jl.JIH 

nJiocKoro npoCTpattcrna (k = 0) p =Pk· 0 = 1. 
CTpHBe)l,eM 3Hal..J.ettHe 0, noJiyl..J.ettttoe cpaBHHTeJihHO tte)l,aBHO (B 2004 r.) Ha 

OCHOBaHHH COBpeMeHHblX Ha6JIIO)l,aTeJibHbIX )l,aHHbIX: 

0 = 1,02 ± 0,02. 

CoBoKyrrHOCTh 3THX pe3yJibTaTOB rr03BOJIHeT yrnepMJl.aTh, 1..J.TO npocTpaHcrno Bce

JieHHOH JIH60 «CTporo TIJIOCKOe», JIH60 «ITOl..J.TH TIJIOCKOe» (He60JiblllOe OTKJIOHe

HHe 0 OT e)l,HHHI..l,bl ( eCJIH OHO peaJibHO) ITOKa3bIBaeT JIHlllb «Mepy HeeBKJIH)l,OBO

CTH» rrpocTpaHCTBa. 

TeopmI ¢pHJ1.MaHa n03BOJIHeT Bhil..J.HCJIHTb 3aBHCHMOCTh O(t). Cornaetto pac-

1..J.eTy, B npowJioM, «cetiqac» 11 B «o6o3pHMOM 6yJ1.ymeM» cpyHKUHH O(t) ecJI11 

H OTJIHl..J.aeTCH OT e)l,HHHI..l,bl, TO He3Hal..J.HTeJlbHO. 

CJie,D.yeT no,D.'-IepKHYTb O,D.HaKo, 1..J.TO Y4HThIBaH rpaH)l,H03Hbie pa3Mepb1 o6beK

Ta - Hawero MHpa, JII06bie HaH6oJiee TOl..J.Hbie H3MepeHHH 0 He MoryT HCKJIIOl..J.HTb 

B03MOMHOCTH roro, 1..J.TO TpexMepHoe npocrpaHCTBO BceJieHHOH OKaMeTCH B )l.eH

CTBHTeJibHOCTH H HeeBKJIH)l,OBbIM H HCKpHBJieHHblM. 

Mo,D.eJib ¢pHJl.MaHa Ha3bIBaIOT OTKpbITOH, ecJIH TpexMepHoe npocTpaHCTBo HB

JIHeTCH npoCTpaHCTBOM Jlo6al..J.eBCKoro, H 3aKpbITOH, eCJIH OHO npe)l.CTaBJIHeT co6oi'! 

rnnepccpepy. nepBaH MO)l,eJib COOTBeTcTByeT 6ecKOHel..J.HOH BceJieHHOH, a BTOpaH -

KOHel..J.HOH. 

,ll,JIH YT01..J.HeH11H Borrpoca o BpeMeHHOM noBe)l,eHHH BceJieHHOH Heo6xOJl.HMhI 

)l,OTIOJIHHTeJibHbie )l,aHHbJe 0 np11po)l,e TeMHOH 3Heprn11 H TeMHOrO Bemecrna. 

B § 20.9 MbI BepHeMCH K aonpocy o TOM, 4TO HaM H3BecTHO 06 3TYIX cy6cTaHI..l,HHX. 

Ho npeJ1.Bap11TeJibHO Heo6xo)l,HMO 03HaKOMHTbCH c noHHTHeM cynepc11MMeTp1111 

H yrny6HTb Hal.llH 3HaHH5l 0 Teop1-rn cynepCTpyH. 

§ 20. 7. CyrrepcHMMeTpHSI 

l13BeCTHO, 1..J.TO B KJiaCCHl..J.eCKOH cpH3HKe c BpamaTeJibHblM )l,BHMeHHeM (HanpH

Mep, BOJll..J.Ka) CBH3aHa H30TpOTIHa51 CHMMeTpHH npoCTpaHCTBa. CTo aHaJiormr MOM

HO )l,OnycTHTb, 1..J.TO B npHpo)l,e cymecTByeT eme OJI.Ha CHMMeTpHH, CB5133HHa51 co 

CDHHOBblM MOMeHTOM 43CTHI..l,bl, rpaKryeMbIM KaK KBaHTOMexaHHl..J.eCKOe DOHHTHe. 

Ha ocHoBaHHH 3TOH attaJiornH 6b1Jia BBe)l.eHa TaK Ha3bIBaeMaH cynepcHMMeTpHH, 

npe,D.CTaBJIH!Olll,aH co6oi'! CHMMeTpHIO MeR<,D.y 4aCTHIJ,aMH c noJJyIJ,eJihIMH CTIHHa

MH - cpepMHOHaMH H ueJihIMH cnHHaMH - 6o3oHaMH. CynepcHMMeTpHH coorneT

CTByeT HHBapHaHTHOCTb K npeo6pa3oBaHHIO, npHBO)l,Hlll,eMy K H3MeHeHHIO CITHHa 

1..J.3CTHIJ,. 

C'rnTaeTCH, 1..J.TO KaR<,D.OMY cpepMHOHY coorneTcrnyeT naprnep - 6o3oH; naprne

pbI pa3JIH1..J.aIOTCH MeR<Jl.Y co6oi'! rro crrHHY Ha 1/2. HanpHMep, naprnep 3JieKTpoHa 
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)l,OJDKeH o6Jia.IJ,aTb cmrnoM 0, ero Ha3b!Ba!OT cyIIepcHMMeTpH'IHblM 3JieKTpOHOM HJIH 

COKpameHHO C-3JieKTpOHOM, IIapTHepaMH KBapKa H JieIITOHa HBJIHIOTCH COOTBeT

CTBeHHO C-KBapK H C-JieIITOH c HyJieBblMH CilHHaMH, napTHep cpoTOHa IIpe.ll,CTaBJleH 

tJaCTHIJ,eH, Ha3bIBaeMOH cpOTHHO CO CIIHHOM 1/2 H T. )],. Oaprnepbl 'IaCTHU TaKOfO 

po.IJ,a Ha3bIBaIOTCH SUSY-IIapTHepaMH. 

Oco6o ocTaHOBHMCH Ha qacTHUe - xu22ce, cymecTsosaHHe KOTopoH: 6b1JI0 

IIpe.IJ,IIOJIO)KeHo XHrrcoM B 1964 r. H IIOJIY'IHJIO Ha3BaHHe B ero qecTb. Xttrrc -

rttIIOTeTH'IeCKHH Heti:TpaJibHb!H 6e3CIIHHOBblH 6030H; 6Jiaro.IJ,apH eMy, KaK ClJHTa

eTCH, IIpottcxo.IJ,HT HapyweHHe CHMMeTpHH. SUSY-IIapTHep x0rrca - xHrrcHHO 

.IJ,OJI)KeH o6Jia.IJ,aTb CIIHHOM 1/2. CTpe.IJ,IIOJIO)KHTeJibHO Macca x0rrca HMeeT IIOpH.ll,OK 

100 f 3B. 06Hapy)Kem1.e x11rrca - O)l,Ha 113 Ba)KHeHllIHX 3a.IJ,a'I cpH311KH Bb!COKl1X 

3HeprnH:. 

)lo Cl1X IIOp Hl1 0)1,HOH cyIIepC11MMeTpH'IHOH qaCTl111,bl He HaH.IJ,eHO, HX II011CKOM 

HbIHe 3aHHMaeTCH ueJiblH pH.ll, cp113HKOB-3KCIIep11MeHTaTopoB. 

0TMeTHM, 'ITO SUSY-IIapTHepbI Heti:TpHHO, Z-6o3oHa 11 Xttrrca Ha3b!BaIOTCH 

COBMeCTHO HeHTpaJIHHO. fl1IIOTe3y 0 cymecTBOBaHl1H 3THX 11 HCKOTOpbIX .ll,pyrnx 

SUSY-IIaprnepos IIpe.IJ,IIOJiaraeTCH IIposepttTb Ha fioJibllIOM a.IJ,poHHOM yCKop11TeJie 

B UEPHe B 6JimKati:wtte ro.IJ,bI IIOCJie ero OKOH'IaTeJibHoro ocsoeHHH. Bo3MO)KHO, 

'ITO y.IJ,aCTCH o6Hapy)KHTb Heti:TpaJIHHO OIIOCpe.IJ,OBaHHO IIO IIOTOKY ~-H3JiyqeHHH, 

B03Hl1KaIOmeMy IIPH aHHHrttJIHUHOHHbIX IIpoueccax. 

CymecrnyIOmaH B HacToHmee speMH cttTyauttH B OTHOilleHHH paccMaTpHBa

eMbIX 'IaCTHU HaIIOMHHaeT Ty, KOTopaH CJIO)KHJiaCb B IIep110.IJ, B03HHKHOBeHHH 

IIpe.IJ,noJio)KeHHH o cymecTsosaHHH KBapKos, W- 11 Z-6o30HOB. 

CTpe.IJ,cTaBJICHHe o cynepcHMMeTpHH B03HHKJio npH nonbITKax C03.IJ,aHHH cpyH.IJ,a

MeHTaJibHoro B3aHMO.IJ,eHCTBHH, BKJI!OlJaIOmero B ce6H see 113BeCTHbie cpyH.IJ,aMeH

TaJibHb!e B3aHMO.IJ,eti:cTBHH. TaKoe o6be.IJ,HHeHHe corJiacHo TeopeTH'IeCKHM npe.IJ,no

JIO)KeH11HM MO)KeT B03Hl1KHYTb np11 3Hepr11Hx, npeBbIIllaIOmttx 3Hepr1110 BeJIHKoro 

o6be.IJ,HHCHHH Ha 3-4 IIOpH.ll,Ka, 'ITO COOTBeTCTByeT TaK Ha3bIBaeMOH nllaHIWBCKOU 

::mepcuu 

{;Ii;, 19 
Ep1 = v G ~ 1,2. 10 f3B, (20.12) 

noJiy'IaIOmeti:CH H3 KOM6HHaIJ,HH Tpex cpyH.IJ,aMeHTaJibHb!X KOHCTaHT: rpaBHTall,110H

HOH nocTOHHHOH G, IIOCTOHHHOH CTJiaHKa h H cKopocTH csern c. 

E.IJ,HHOMY B3aHMo.IJ,eti:crnmo cooTBeTCTsyeT HaHBbICillaH CHMMeTpHH (T. e. cy

nepcHMMeTpttH). Optt CHH)KeHHH 3Heprntt B CHCTeMe qaCTHU CHMMeTpHH yMeHbllla

eTCH 6Jiaro.IJ,apH ee IIOCJie.IJ,OBaTeJibHOMY CIIOHTaHHOMy HapyweHHIO. 3To HaXO)l,HT 

CBOe Bbipa)KeHHe B IIOCJie.IJ,OBaTeJibHOM pacna.IJ,e e.IJ,HHOfO «cynepcTpyHHOfO» B3aH

MO.IJ,eHCTBHH Ha pH.ll, H3BeCTHbIX HaM B3aHMO.IJ,eHCTBHH: rpaBHTaIJ,HOHHOfO, CHJ!bHO

ro, cJia6oro H 3JieKTpoMarHHTHoro. Tptt IIOCJie.IJ,HHX B3aHMO.IJ,eti:cTBHH B03HHKaIOT 

B pe3yJibTaTe CIIOHTaHHOfO HapyweHHH CHMMeTpHH «npoMe)KyTO'IHOfO» BeJIHKOro 

o6be.IJ,HHeHHH; ero pacIIa.IJ, npHBO)l,HT K o6pa30BaHHIO CHJ!bHOfO H 3JieKTpocJia6oro 

B3aHMO.IJ,eHCTBHH. Optt CIIOHTaHHOM HapyllleHHH CHMMCTpHH IIOCJie.IJ,Hero B03HH

KaeT cJia6oe H 3JieKTpOMarHHTHoe B3aHMo.IJ,eti:cTBHH (pttc. 20.3). CTpe.IJ,noJiaraeTCH, 

'ITO BceJieHHaH B npouecce OXJia)K)l,CHHH IIpH CBOeM KOCMOJIOrH'IeCKOM pacwttpe-
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PHc. 20.3. CxeMa 3Tarros crrottrnttttoro pacrra)l.a B3aHMO)l.ei1crnHii pa3JIH4HOH rrpHpOIJ.bl 

HHH npoXO,llHT Bee 3TaTibI B3aHMO,lleHCTBHH, yKa3aHHhIX Ha cxeMe 3TOfO pHCYHKa. 

0o,llp06Hee 3TOT BOnpoc paCCM3TpHBaeTC51 B CJie)J.yIOW.eH rJiaBe. 

§ 20.8. TeopHB cTpyH 

0)1.HHM !13 Ba)J<HeHWHX )J.OCTHLKeHHH COBpeMeHHOH TeopeTHqecKOH MhICJIH 

HBHJIOCb 6br C03J].3HHe ynoMHH3BWeHC51 e)J.HHOH TeOpHH Bcex B3aHMO)J.eHCTBHH. 

DOJlbWHe Ha)l.eLK)J.hl B 3TOM OTHOWeHHH B03JiaraIOTC51 Ha TeopH!O CTpyH, KpaTKO 

paccMoTpeHHYIO B n. 2.6.4. DoJJ.XOJJ. K peweHHIO 3TOH CJIOLKHOH npo6JieMbI CBH3aH 

c C03)l.3HHeM nocJie)l.OBaTeJibHOH Teopm1 rpaBHT3I.J,HH, B KOTOpoii 6b!JIH 6b! HCTIOJib-

30B3Hhl npHHIJ.HTihI cynepcttMMeTpHH H KBaHTOBOH TeopttH noJIH. Bo3MOLKHO, qTo 

3TY npo6JieMy yJJ.aCTCH pernHTb c noMOW.bIO Teop1111 CTPYH - rnnoTeT11qecK11x 

OJJ.HOMepHhIX «cynepqacTHI.J,». Dp11 nJiaHKOBCKOH JJ.JIHHe 

(Gn -33 
Lpl = v 2 = 1,6. 10 CM (20.13) 

(11rpa10w.etf B Teop1111 CTPYH HCKJI10q11TeJihHO BaLKHYIO pOJih 1)), 11 3HeprnH, npe

BOCXOJJ.HW.eti nJiaHKOBCKYIO 3Heprn10 (20.13), qaCTHIJ.bI npoHBJIHIOT CBOIO CTPYHHYIO 

npHpOJJ.y. 

Cornactto pacqeTaM cyw.eCTByeT JJ.eCHTb H3MepeHHH, H3 HHX JJ.eBHTh npocTpaH

crneHHbIX 11 OJJ.HO BpeMeHHOe 2). OepBoHaqaJihHO Bee H3MepeHHH 6bIJIH B cBepHy

TOM BH)l.e H 3aHHM3JIH MHHH3T!OpHble npe)l.eJihl [8]. 
B xoJJ.e KOCMOJiornqecKoro pacwHpeHHH TPH npocTpaHCTBeHHhIX H3MepeHHH 

H O)l.HO BpeMeHHOe pa3BepHyJIHCb JJ.O cyw.ecTBY!Olll.efO Hh!He COCTOHHHH. OCTaB

wHeCH wecTh npocTpaHCTBeHHbIX H3MepeHHH ocTaJIHCh cBepHyTbIMH. Hx npHHHTO 

1
) L - e,QHHCTBeHHaH KOM61rnau,1151 113 Tpex cjlyHAaMeHTaJibHbIX BeJIH4HH G, h, c, o6Jia,QaJOmaH 

pa3MepHOCTbJO ,QJIHHbl. 
2
) flo Apyroii sepc1111 TeopHH 11x 4HcJio ,QOJI)KHO paBHHTbCH O,QHHHa,Qu,aTH. B )l.aJihHeiiweM Mb! 

6y,QeM rrp111J.ep)K11BaTbCH rrepsoii o6merrpHHHTOH sepcHH. 
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Ha3b!BaTb ,n:onoJIHHTeJibHb!MH npocTpaHCTBeHHb!MH H3MepeHHHMH (no'-leMy 6bIJIH 

pa3BepHyTbI HMeHHO '-leTbipe H3MepeHH5I, noKa OCTaeTCH HeHCHblM). 

CTpH nepeMemeHHH KoJie6JIIomHxcH cTpyH B npe,n:eJiax CBOHX MaJibIX npo

CTpaHCTB reoMeTpH'-leCKaH cpopMa ,n:onoJIHHTeJibHblX H3MepeHHH OKa3bIBaeT perna

IOmee BJIHHHHe Ha qacTOTbl HX pe30HaHCHbIX KOJie6aHl1H, KOTOpb!e npoHBJIH!OTCH 

Ha cy6H,n:epHOM ypoBHe KaK Macchi 11 3apH,n:b1 3JieMeHTapHblX '-laCTHU. CTo3TOMy 

MO)KHO C'-ll1TaTb, '-ITO cpyH,n:aMeHTaJibHb!e CBOHCTBa M11po3,n:aHH5I B CHJihHeHineH 

cTeneH11 3as11cHT OT pa3Mepos H cpopMbI ,n:onoJIHl1TeJibHbIX H3MepeHHH. B 3TOM 

COCTOHT o,n:Ho 113 Ba)KHeHWHX noJIO)KeHHH TeopH11 CTpyH. 

CornacHo HeKOTOpbIM ypasHeHHHM 3TOH Teop1111, ,n:onoJIHHTeJibHbie npocTpaH

crneHHbie H3Mepemrn HeJib35I CBepHyTb npOH3BOJibHb!M o6pa30M, B03M0)KHbl JIHWb 

HeKOTOpb1e wecnIMepHbie reoMeTpH'-leCKHe nocTpoeHHH, Ha3BaHHbie npocTpaH

CTBOM KaJia6H-5Iy 1). 

Ha pHc. 20.4 noKa3aH npHMep npocrpaHCTBa KaJia611-.Hy. CTpH paccMorpeHHH 

p11cyHKa CJie,n:yeT HMeTb B BH,n:y, '-ITO c noMOUJ,b!O npHBO,ll,HMOro ,ll,ByMepHoro H306-

P11c. 20.4. Dp11Mep npocrpaHcrna KaJia611-5Iy 

pa:lli.eHHH HeB03MO)KH0 B OOJIHOH Mepe npe,n:cTaBHTb weCTHMepHoe H306pa)KeHHe, 

o,n:HaKO ero OCHOBHbJe qepTbl B TaKOM BH,n:e BCe Me OTo6pa)KeHbl npaBHJibHO. 

P11cyHoK HBJIHeTCH HJIJIIOCTpauHeii JIH!llh o,n:Horo H3 ,n:ernTKOB TbICH'-l B03MO)K

HbIX BH,n:OB npocTpattcrna KaJia611-5Iy, y,n:osJieTBOpHIOmHx Tpe6osaHHHM Teop1rn 

CTpyH. 

TaKHM o6pa3oM, cornactto TeopHH CTPYH B Ka)K,n:oA TO'-!Ke o6bI'-!Horo Tpex

Mepttoro npocrpattcrBa pacnoJIOMeHhI rectto csepttyTbie, He npoHBJIHJOmHe ce6H 

,n:OITOJIHHTeJibHble l13MepeHHH (p11c. 20.5). 9rn MHKpOCKODH'-leCKHe o6beKTbl Be3,n:e

cym11 l1 HBJIHIOTCH HeOTbeMJieMOH '-laCTbIO JIJ060H «06bI'-lHOH» npocrpaHCTBeHHOH 

crpyKTYPhI. EcJIH, Hanp11Mep, '-lHraTeJib, Haxo,n:HCb B Heno,n:BH:lli.HOCTH, BhITHHeT 

pyKy, a 3aTeM nepeMeCTHT ee B HCXO,n:HOe ilOJlO)KeH11e, TO pyKa, nepeMemaHCb 

1) Ha3BaHHbIX B qecrb MaTeMaTl1KOB 3. KaJiafo1 11 Ill. Hy. 
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PHc. 20.5. ,llonoJIHHTeJibHbie H3MepeHHH, csepHyThie s npeJI,eJiax BceJieHHoil s npocTpaHcTso Ka
Jia6H-5Iy 

B npocTpaHCTBe, nepeceqeT 6eCl!HCJieHHOe MHO:>KeCTBO CBepHyTb!X H3MepeHHH. 

By,n,yq11 no MacuJTa6y HeH3MepHMO MeHbWe l!eJioBel!eCKOH pyK11, OHH KaK 6b1 

«pa3Ma3bIBaIOTCH» np11 ee ,!l,BH:>KeHl111 H ycTaHOBl1Tb HX cymecTBOBaHHe B 06b1qHbIX 

«6bITOBbIX» ycJIOBHHX HeB03MO:>KHO. 

§ 20.9. qTO Mbl 3HaeM 0 TeMHOH MaTepmt H TeMHOH 3Hepnrn? 

20.9.1. TeMHaR MaTepHR. TeMHaH MaTepHH (dark matter) HJIH raJio, 06-

pa3y10maH cTpyKTypHbIH 3JieMeHT faJiaKTHKH, 6brJia o6Hapy:>KeHa cJ1e,n,y10m11M 

o6pa3oM. Cornactto acTpottoMw-recKHM tta6mo.n.ettHHM CKopocTH ,ll,BmKeHHH raJiaK

THK paBHbl Tb!CHl!aM KHJIOMeTpOB B ceKytt.n.y, H y,n,ep:>KaHHe HX B Ha6JIIO,!l,aeMbIX 

raJiaKTHl!eCKHX CKOnJieHHHX B03MO)KH0, eCJIH nOJIHaH Macca Bell.l,eCTBa B 3THX 

CKOnJieHHHX npH6JIH3HTeJibHO Ha nopH,!l,OK npeBbIWaeT HX BH,ll,HMYIO Macey. 3To 

KpynHoe 11 HeO:>KH,ll,aHHoe OTKpbITHe 6bIJIO c,n,eJiaHo B 40-x ro,n,ax rrpowJioro BeKa. 

faJIO JI1160 OKpy:>KaIOT raJiaKTHKH H HX CKOnJieHHH, JIH60 pacnoJiaraIOTCH 

B Me:>KraJiaKTHl!eCKOM npocTpaHCTBe. Hanp11Mep, BOKpyr .n.11cKa MJieqHoro ny

TH pacnoJio:>KeHo 06w11pHoe raJio. Cpe,n,HHH nJIOTHOCTb TeMHOH MaTep1111 6JIH3Ka 

K 3Hal!eHHIO Pk. cocTaBJIHH ~ 10-29 r / cM3, B ,n,eCHTKH pa3 npeBbIWaH rrJIOTHOCTb 

BH,!l,HMOfO Bell.l,eCTBa. 

OcTaHOBHMCH Ha Bonpoce o cBoH:crnax qacTHU raJio, 11Htj:>opMaU11H o KOTO

pbIX, KaK ynoMHHaJIOCb, noKa HeMHoroq11cJieHHa. }faBeCTHO, qTO 3TH qacTHUbI 

HepeJIHTHBHCTCKHe, He 6apHOHbl H CJia6o B3aHMO,ll,eHCTBYIOT c H3BeCTHb!MH HaM 

BH,!l,aMH MaTepHH. Hx Macchi Ha MHoro nopH,n,KOB (Ha 103 11 6oJiee) rrpeBocxo,n,HT 

Macey npoToHa. KaH,n,M,n,aTaMH Ha poJib HOCHTeJieH TeMHOH MaTep1111 HBJIHIOTCH 

rHnOTeT11qecKHe MaCCHBHb!e TeJia, H3BeCTHb!e B aHrJIOH3bll!HOH JIHTepaType no,n, 

TepMHHOM WIMP 1). Dpe,n,noJiaraeTcH, l!TO B 11x cocTaB B qacTHOCTH BXO,!l,HT 

cynepc11MMeTpH'rnb1e l!aCTHUbl ~ tj:>oTHHo, HeHTpaJI11Ho 11 ,n,p. WIMP'b1 He yqacT

BYIOT B CHJibHbIX 11 3JieKTpocJia6bIX B3a11Mo,n,eHCTBHHX, Cl!HTaIOTCH CTa611JibHbIMH 

11 coxpaHHIOI.ll,HMHCH B xo,n,e KOCMOJior11Y.ecKoro pacwHpeHHH. Do-BH,n,11M0My, BO 

BceJieHHOH np11cyTcTByIOT B paBHOM 4HcJie WIMP'bI H ttx aHTHl!aCTHUbI. B3a11M

HaH aHHHfHJIHUHH Tex H ,n,pyr11x npaKTHl!eCKH HeB03MOJK.Ha, TaK KaK npocTpaH-

1) A66pesHaTypa OT Weakly Interacting Massive Particles (aHrn.) - «CJia6o B3aHMOJI,eilcrny10-
l.I.(He MaCCHBHbJe 'laCTHl\bl». 
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CTBeHHaH OJIOTHOCTb 3THX TeJI cpaBHHTeJibHO HeBeJIHKa H OTHOCHTeJibHO MaJibl 

ce'-!eHHH cJia6b1x npoueccoB. 

20.9.2. TeMHaSI atteprHSI. B § 20.2 ynoMHHaJiocb 06 OTKpbITHH ABYMH 

rpynnaMH acTpOHOMOB 3ara.n,O'-IHOH cy6cTpaHUHH, OOJIY'-IHBWeH Ha3BaHHe TeMHOH 

3HeprnH (dark energy). I1HTepecHO OTMeTHTb MHOfO'-IHCJieHHOCTb JIHU, HMeIOW,HX 

OTHOWeHHe K 3TOMY OTKpblTHIO; B COCTaB ABYX rpynn BX0.11,HJIO OKOJIO CTa '-!e

JIOBeK 1). Pa6oTbI, CBH3aHHbie c npHpo.n,oH: 3TOH cy6cTaHUHH, co BCe 6oJibWHM 

pa3MaXOM npo.n,omKaIOTCH H B HaCTOHW,ee BpeMH, H K HHM npHBJieKaIOTCH He 

TOJibKO HOBbie 3KCnepHMeHTaTOpbl, HO H TeopeTHKH. 

3TH HCCJie.n,oBaHHH CTHMYJIHpoBaJIH H HHTepec K rnnoTe3e 3H:HrnTeHHa 0 CTa

TH'-IHOCTH BceJieHHOH. EcJIH B ero nepBoHa'-!aJibHOH rHnoTe3e BBe.n,eHHe nocTo

HHHOH A BbirJIH.U,eJio KaK BbIHY)KAeHHOe (cM. § 20.3), TO HOBaH HHTepnpeTaUHH 

rnnoTe3bl 3HHWTeHHa npHBeJia K BBe.n,eHHIO npe.n,CTaBJieHHH 0 BCeMHpHOM aHTH

rnroTeHHH, CBH3aHHbIM c cyw,ecTBoBaHHeM TeMHOH 3HeprnH BO BceJieHHOH. ,LleH:

CTBHTeJibHO, noJiy'-leHHbie HOBbie Ha6JIIO.U,aTeJibHbie .n,aHHbie .11,0Ka3bIBaIOT «3aKOH

HOCTb» cpopMbl 3anHCH ypaBHeHHH rnroTeHHH 3HHWTeHHa B MO.n,epHH3HpoBaHHOM 

BH.n,e (20.5), BKJIIO'-laIOw,eM KOCMOJIOrn'-!ecKyIO nocTOHHHYIO A, MaTeMarn'-!eCKH 

OOHCbIBaIOw,yIO TeMHYIO 3Heprn!O. 

OcraHOBHMCH Ha Bonpoce, no'-leMy TeMHaH 3HeprHH co3.n,aeT HMeHHO aHTH

rnroTeHHe, a He rnroTeHHe? YpaBHeHHe cpe.n,hI, co3.n,aBaeMoH: TeMHOH 3HeprneH:, 

onpe.n,eJIHeTCH ypaBHeHHeM COCTOHHHH (20.2): pc2 = -pv, B COOTBeTCTBHH c KO

TOphlM npH noJIO)KHTeJibHOH nJIOTHOCTH 3HeprHH p nJIOTHOCTb ero .n,aBJieHHH Pv 
oTpHUaTeJibHa. TaKoro po.n,a o6cTOHTeJibCTBO HeJib3H C'-IHTaTb '-!eM-TO oco6o HC

KJIIO'-IHTeJibHbIM. Pa3yMeeTcH, B ycJIOBHHX, o6bI'-IHO Ha3brnaeMbIX «HopMaJibHbIMH» 

B TBep.n,oM TeJie, )KH.11,KOCTH HJIH ra3e, .n,aBJieHHe noJIO)KHTeJibHO. Ho oTpHUaTeJib

Hoe .n,aBJieHHe 3al.laCTYIO TaK)Ke B03HHKaeT, HanpHMep, B na.n,aIOW,eM OOTOKe B0.11,bl. 

113 ypaBHeHHH (20.2) H CJie.n,yeT, '-ITO TeMHaH 3HeprnH o6Jia.n,aeT aHTHTHrOTeHH

eM (22]. 
BepHeMCH K OObITaM, npHBe.11,WHM K ee OTKpblTHIO. 0HH OCHOBaHbl Ha Ha-

6JIIO.U,eHHH BCObIWeK .n,aJieKHX CBepxHOBbIX 3Be3.U, (no.n,po6Hee 06 HX CBOHCTBaX 

CM. B n. 22.5). BcnbIWKH cBepxHOBbIX no3BOJIHIOT onpe.n,eJIHTb HaH60JibWHe KOc

MOJiorHCieCKHe paccTOHHHH. Ha6JIIO.n,eHHH CBepxHOBbIX CBOAHTCH K onpe.n,eJieHHIO 

6JieCKa 3Be3.U,bl - 3HeprnH, .11,0CTHraIOw,eH: 3eMJIH B e.n,HHHUY BpeMeHH Ha e.n,HHHUY 

nJiow,a.n,H, H KpacHoMy cMew,eHHIO. BeJIHCIHHa 

( = A - Ao (20.14) 
Ao 

CJIY)KHT MepoH: cMew,eHHH (>. H >.0 - .n,JIHHbI BOJIH perncTpHpyeMoro H Hcnyc

KaeMoro CBeTa COOTBeTCTBeHHO). BeJIH'-IHHY ( '-!aCTO Ha3b!BaIOT, KaK H caMO 

HBJieHHe, KpacHbIM cMew,eHHeM. Onpe.n,eJIHB 6JiecK H KpacHoe cMew,eHHe, Ha 

rpacpHKe 3aBHCHMOCTH 3THX BeJIH'-IHH CTaBHTCH TO'-!Ka (cM. pHC. 20.6). ,LlBe JIHHHH, 

noKa3aHHbie Ha rpacpHKe, noJiyCieHbI Teopenf'-!eCKH; npH cpaBHHTeJibHO MaJibIX 

3Ha'-!eHHHX KpacHoro CMeW,eHHH OHH CJIHBaIOTCH; BepxHHH JIHHHH noJiy'-leHa npH 

1) Oil.HY H3 HHX B03rJiaBJJHJJ B. CMHT H A. Paflec, a Jl.pyryIO C. CTepJJaMyrrep. 
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P11c. 20.6. 3aBHCHMOCTb 6JieCKa OT KpaCHOfO CMeIIJ:eHHH J]:JIH CBepXHOBbIX 3Be3J]:. CTo OpAHHaTe 

OTJIO)KeH (B JIOrapmpMI11JeCKOM MaCIIJTa6e) 6JieCK, yBeJI11'-!11BaIOm11i1cH CBepxy BHH3 

npe.n.noJimKeHIUI 0 TOM, qTQ KOCMOJIOrnqecKoe pacumpem1e npOHCXOJl.HT c ycKO

peHHeM, a HmKHHH - c 3aMe.n.JieHHeM. BoJiblllHHCTBO Ha6mo.n.aTeJibHbIX ToqeK 

pacnoJIO)KeHo Ha BepxHeH: KpHBoH:, H, cJie.n.oBaTeJibHO pacumpeHHe BceJieHHOH 

npOHCXOJl.HT c ycKopeHHeM. TipHqHHOH ycKopeHHH HBJIHeTCH, KaK ycTaHOBJieHO 

Bblllle, aHTHrpaBHTaUHH, C03Jl.aBaeMaH TeMHOH 3Heprnet\:. Tio.n. .n.eHCTBHeM aHTHrpa

BHTaUHH TeJia y.n.aJIHIOTCH .n.pyr OT .n.pyra, TeM caMb!M ycKopHH pa3JieT raJiaKTHK 

H .n.pyrnx He6eCHblX TeJI. 

TeMHaH 3HeprHH pacno3HaHa HMeHHO no ycKopeHHIO KOCMOJIOrHqecKoro pac

lllHpeHHH. TioJiyqeHHb!e Ha6JIIOJl.aTeJibHbie .n.aHHble II03BOJIHJIH onpe.n.eJIHTb IIJIOT

HOCTb TeMHOH 3HeprnH, Bb!pa)KeHHYIO B e.n.HHHuax IIJIOTHOCTH MaCCbl, OHa paBHa 

~ 7 · 10-30 r/cM3. B Tex )Ke e.n.HHHuax cpe.n.HHH IIJIOTHOCTb cBeTHl.l.LerocH BemecTBa 

H TeMHOH MaTepHH paBHa 2 . 10-31 r/cM3 H 2 . 10-30 r/cM3 COOTBeTcTBeHHO. 

TaKHM o6pa30M, .ll.OJIH TeMHOH 3HeprnH B 3Hepnrn BceJieHHOH cocTaBJIHeT 67 %, 
a Jl.OJIH TeMHoro Bemecrna H 6apHOHOB ( «06b1qHoro» Bemecrna) paBHbI npHMepHo 

30 % H 3 %. JloJIH )Ke H3JiyqeHHH, COCTOHl.l.Lero B OCHOBHOM H3 pem!KTOBbIX 

tjlOTOHOB, BCero IIOpH.n.Ka 10-2 %! ( eme MeHbllle BKJia.n. 6e3MaCCOBbIX, JIH60 noqTH 

6e3MaccoBbIX HeH:TpHHo). KaK BH.ll.HO, TeMHaH 3HeprnH HBJIHeTCH caMoH: IIJIOTHOH 

B MHpe cpe.n.oH:; ee IIJIOTHOCTb npeBbIWaeT H cyMMY IIJIOTHOCTeH OCTaJibHbIX 

cocTaBJIHIOl.l.LHX semeCTsa BceJieHHOH. 

3aMeqaTeJibHOH oco6eHHOCTb!O TeMHOH 3HeprHH HBJIHeTCH TO, qTo ee IIJIOT

HOCTb H.n.eaJibHO O.ll.HHaKOBa BO BceH: BceJieHHoH:. ToT tjlaKT, qTo IIJIOTHOCTb TeMHOH 

3HeprnH 60Jibllle CYMMapHOH IIJIOTHOCTH Bcex OCTaJibHbIX KOCMHqecKHX COCTaBJIH

!01.l.LHX, 03HaqaeT, qTo BO BCeJieHHOH aHTHTHfOTeHHe npeBbilllaeT rnroTeHHe. 

KpacHoe CMel.l.LeHHe HBJIHeTCH IIOMHMO Mepbl paCCTOHHHH TaK)Ke H MepoH: 

BpeMeHH: pacCTOHHHe TeM 60Jibllle, qeM 60Jibllle 3HaqeHHe ( B (20.14) H, CJie.n.osa

TeJibHO, TeM 60Jiblllee BpeMH He06XOJl.HMO .ll.JlH Jl.OCTH)KeHHH CBeTOM Ha6JIIO.ll.aTeJIH 

Ha 3eMJie. BH.ll.HMoe Ha6JIIOJl.aTeJieM H3o6pa)KeHHe 3Be3Jl.bI 6b1JI0 TaKHM B MOMeHT 

ee CBeqeHHH B .n.aJieKoM npolllJIOM. B qacTHOCTH, rrpH ( = 0, 7 Ha6JIIO.ll.aTeJIIO rrpe.n.

cTaBJIHeTCH KapTHHa BceJieHHOH, cymeCTBOBaBlllaH 6-8 MJIP.ll. JieT TOMY Ha3a.n.. 
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B TeopHH <t>pHJJ,MaHa npttBeJJ,eHa saBHCHMOCTh paccTOHHHH R oT BpeMeHH t 
B ycJIOBHHX noJJ,aBJI5I!Olll.ero npeo6JiaJJ,aHHH TeMHOH 3HeprHH 

R(t) rv ectfA, (20.15) 

rJJ,e A - KOCMOJIOrHqecKaH KOHCTaHTa, ee pasMepHOCTh - JJ,JIHHa, saBHCHmaH OT 

nJIOTHOCTb TeMHOH 3HeprHH: 

A= (kpv)-1/2 ~ 1023 CM. 

3KcnoHeHUHaJibHaH saBHCHMOCTh R(t) cooTBeTcTByeT npeJJ,eJibHOMY cJiyqa10, Ko

rJJ,a B KOCMHqecKOH cpeJJ,e rocnOJJ,CTByeT JIHillb TeMHaH 3HeprHH, TOrJJ,a KaK B03-

JJ,eHCTBHe OCTaJihHb!X COCTaBJIH!Olll.HX 3TOH cpeJJ,bl CXOJJ,HT «Ha HeT». 

KocMoJiornqeCKOH COCTaBJIH!Olll.eH A COOTBeTCTByeT BpeMH A/ c rv 10 MJIPA JieT, 

no nopHAKY BeJIHqHHhI 6JIH3KOe K coBpeMeHHOMy BospacTy BceJieHHOH. EcJIH 

o6paTHTbCH HasaJJ, no BpeMeHH, TO nJIOTHOCTb TeMHOH 3HeprnH B npOillJIOM OT

HIOJJ,b He JJ,OMHHHpoBaJia. Ee nJIOTHOCTh He saBHCHT OT BpeMeHH; JJ,JIH nJIOTHOCTH 

BemecTBa cnpaBeJJ,JIHB 3aKOH p rv C 2 (CM. COOTHOilleHHe (20.9), T. e. 3HaqeHHe p 
MeHHeTCH o6paTHO nponoputtoHaJibHO KBaApaTy sospacTa BceJieHHOH. 

BhmoJIHeHHhre cpaBmneJihHO HeJJ,aBHO Ha6JIIOJJ,eHHH cBeTa cynepyJJ,aJieHHhIX 

CBepXHOBb!X 3Be3JJ, IIOJJ,TBepJJ,HJIH, qTo B JJ,OCTaToqHO OTJJ,aJieHHOM npornJIOM, B TaK 

Ha3hIBaeMyJO 3IIOXY Bemecrna, ee OTJIHqHTeJihHOH oco6eHHOCTb!O HBJIHJIOCb JJ,OMH

HHpOBaHHe HHb!X COCTaBJIH!Olll.HX. CTpouecc pacrnHpeHHH B 3TY 3IIOXY IIpOHCXOJJ,HJI 

c 3aMeJJ,JieHHeM no 3aKOHY R rv t213, paccMOTpeHHOMY Bb!We (cM. 20.10). 
B BospaCTe BceJieHHOH 6-8 MJIPA JieT IIJIOTHOCTh TeMHoro Bemecrna OKa3aJiacb 

nptt6JIH3HTeJibHO paBHOH IIJIOTHOCTH TeMHOH 3HeprnH (cM. pHc. 20.7) 1). 

---------- -----------,--
' I I I 
I I 
I I 
I I 
I 

a b a b 

Pttc. 20. 7. BpeMeHHoe noBe,ll,eHtte nJJOTHOCTH Bew,ecrna (rpa¢ttK cJJeBa) H reMHOH 3Heprntt (rpa¢ttK 
cnpaBa); TOLJKa a COOTBeTcTByeT B03pacry Mttpa t = 6-8 MJJPR JJeT, T04Ka b - COBpeMeHHOMY 

Bo3pacry BceJJeHHoii; 3a e,ll,HHH!J,Y npttHHTa nJJoTHOCTb TeMHoii 3Heprntt 

npouecc pacrnHpeHHH BceJieHHOH IIOCJie paHHero nepHOJJ,a ee pa3BHTHH (pac

CMaTpHBaeMoro IIOAp06HO B CJieJJ,y10w,eif rJiaBe) npeACTaBJieH B rpaqmqecKOM BHJJ,e 

Ha pHC. 20.8. CTepHOA JJ,OMHHHpOBaHHH H3JiyqeHHH, B TeqeHHe KOToporo pa3Mepbl 

1) Ha pttc. 20. 7, a ycJJOBHaH BpeMeHHaH rpaHttll,a Me)KRY HHMH coornercrnyer TOLJKe a; TOLJKa b 
OTBeLJaeT HaLJaJJy COBpeMeHHOH 3TIOXH. 
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P11c. 20.8. fpaqmqecKaH cxeMa, CT051CH51JOW:a51 npouecc pacw11peHH5! BceJJeHHOH. nepHO)l.bl )l.OMl1-

Hl1pOBaH115!: 1 - 113JiyqeHl151 (40 Tb!C. JieT}; 2 - sew:ecrna (1-8 MJIPJJ. JieT}, TOqKa a COOTBeT

cTByeT t rv 8 MJipJJ.. JieT; 3 - TeMHOH 3HeprnH (KOCMHqecKOfO BaKyyMa), TOqKa b COOTBeTCTByeT 

t rv 9 MJip)l.. JieT. MacwTa6 paccMaTpHBaeMblX BeJI11q11H np0113BOJieH. 

MHpa yBeJIHt-IHBaJOTCH nponopu,HOHaJibHO t 112, CMemreTCH 3IIOXOH ,ll,OMHHHpoBaHH5l 

BeLIJ,ecTBa; BpeMeHHoe yBeJIHqeHHe pasMepa BceJieHHOH B 3TY 3r10xy onHcbrnaeTrn 

napa6oJIHqecKHM 3aKOHOM R rv t 213 (cpopMyJia (20.10). B HaCTOHLIJ,yJO 3IIOXY 

npeo6Jia,LJ,aHH5l TeMHOH 3HeprnH pacurnpeHHe BceJieHHOH sanHcbrnaeTCH 3KCIIOHeH

u,HaJibHbIM 3aKOHOM (20.15). 
00CKOJibKY IIJIOTHOCTb H ,LJ,aBJieHHe TeMHOH 3HeprHH HeH3MeHHbl, Ha Hee HHqTo 

H HHKOr,LJ,a IIOBJIH5lTb He MOLKeT. ,lleHCTBY5l Ha BeLIJ,eCTBO aHTHT5lfOTeHHeM, TeMHa5l 

3Heprn5I TeM CaMb!M B03,LJ,eHCTByeT Ha CBOHCTBa npocTpaHCTBa-BpeMeHH (HJIH 

,LJ,aLKe IIOJIHOCTbJO HX onpe,LJ,eJIHeT). Ho o6paTHoro BJIHHHHH Ha ce6H HH BemecTBa, 

HH reoMeTpHH MHpa TeMHa5l 3Heprtt5l He HCIIbITbIBaeT. 0Ka3b!Ba5l ,LJ,eHCTBHe OHa 

He HCIIbITbrnaeT npoTHBO,LJ,eH:cTBHH. Mb1 cTaJIK1rnaeMrn c e,LJ,HHCTBeHHhIM B cpH3HKe 

npeue,LJ,eHTOM, KOf,ll,a ,LJ,eHCTBHe He paBHO npoTHBO,LJ,eHCTBHIO - He Bb!IIOJIH5leTC5l 

TpeTHH saKoH HhJOToHa. 

OcHOBHbie BbIBO,LJ,bI H3 yKasaHHbIX OTKpbITHH cocToHT B cJie,LJ,yJOLIJ,eM. B Ha6JIJO

,LJ,aeMoi1 BceJieHHOH npeo6Jia,LJ,aeT TeMHaH 3Heprtt5l, KOTopaH onttchrnaeTCH B TeopttH 

3i1HrnTei1Ha KOCMOJiornqecKOH nocTOHHHOH A. 0JIOTHOCTh TeMHOH 3HeprnH npe

BOCXO,LJ,HT IIJIOTHOCTb 3HeprnH Bcex OCTaJibHb!X BH,ll,OB BeLIJ,eCTBa B KOCMOCe, BMeCTe 

B35lThix. TeMHaH 3Hepnrn nopoLK,LJ,aeT aHTHrpaBHTau,HJO - T. e. KOCMHqecKoe aH

THTHroTeHHe, ynpaBJI5llOLIJ,ee B HaCT05lLIJ,ee BpeM5l ,ll,HHaMHKOH KOCMOJiornqecKoro 

pacwttpeHH5l. 

§ 20.10. 0 CBH3H )l.OilOJIHHTeJihHbIX H3MepeHHH c TeMHOH 3HeprHeii 

HecMOTpH Ha 6oJihrnoe qHcJio HCCJie,LJ,oBaHHH TeMHOH 3HeprnH, BbIIIOJIHeHHbIX 

K HaCTOHLIJ,eMy BpeMeHH, ee tjlHsHqecKaH cymHoCTh ,LJ,aJieKa OT IIOHHMaHHH. Cpe,LJ,H 

aBTOpOB, HsyqaJOLIJ,HX 3TOT tjleHOMeH np11pO,L1,bl, HeT e,LJ,HHCTBa ,LJ,aLKe B OTHOWe

HHH Toro, KaKHM 6oJiee onpe,LJ,eJieHHb!M TepMHHOM CJie,LJ,OBaJIO 6bI ee o6osHaqaTb. 

HanpHMep, pH,ll, yqeHhIX cqHTaJOT, qrn TeMHaH 3HeprnH HBJIHeTrn oco6oi1 cpop

MOH BaKyyMa, Ha3h!BaJOT nocJie,LJ,HJOJO «KOCMHqecKHM BaKyyMOM» (A. ,ll. 4epHHH, 

A. M. 4epenamyK). [22] ,Upyrne (B. H. JlyKaw, B. A. Py6aKOB) [13] nomraJOT, 



404 I'll. 20. Koc.MO!lOi!Ufl - y'leHue o Bce!leHHOii 

'ITO TeMHaSI 3Hepnrn SIBJrneTCSI 3Heprnei% HeKoero elll.e He OTKpbnoro cJia6oro 

OOJIH. 

XoTH 3TY BTopyIO Bepc11IO 11 HeJib3H HCKJI!OY:HTb KaK HeB03MmtrnyIO, OJJ.HaKo 

OOKa OHa He npe)J.CTaBJI51eTC51 BOOJIHe 060CHOBaHHOH. CTepBaH )Ke BepCHH, npeJJ.

OOJiaraIOill.aH, 'ITO TeMHaH 3Hepnrn HBJIHeTCSI OAHOH 113 MOJJ.HqnmauHH BaKyyMa, 

HBJISieTCSI cpH3H'leCKH 6oJiee apryMeHTHpOBaHHOH. ,UeHCTBHTeJibHO, B ee OCHOBe 

Jie)KHT 3KcnepHMeHTaJlbHO JJ.OKa3aHHb!H ¢aKT 0 TOM, Y:TO TeMHaH 3HeprH51 51BJI51eT

C51 cpeJJ.OH, paBHOMepHo 3anoJIHHIOill.ei1 BceJieHHYIO BnJIOTb AO MaJibIX Macuna6os. 

EcJIH npeJJ.CTaBHTb, L!TO TeJio MaKpocKonHY:ecKHX Macuna6os norpy)KeHo B TaKYIO 

cpeJJ.y, TO 3aOOJIHHIOill.a51 ee cy6cTaHUHH He 6y)J.eT BbITeCHeHa H3 ero npe)J.eJIOB -

oHa OJJ.1rnaKosa BHe H BHYTPH reJia. 

Ho ecJIH CY:HTaTb TeMHYIO 3HeprnIO «cpH3HL!eCKHM saKyyMoM», TO BCTaeT 

BOnpoc: TO)K)J.eCTBeHeH JIH nocJie)J.HHH H3BeCTHOMY B cpH3HKe BaKyyMy KBaHTOBb!X 

noJieH:, npe)J.CTaBJieHHOMY 3Heprnei% «HyJieBb!X KBaHTOBb!X KOJie6aHHH», COOTBeT

CTBY!Olll.HX AJIHHe BOJIHbl nop51JJ.Ka 1 MM (CM. HH)Ke TeKCT neTHTOM). 

KaK H3BeCTHO, B KBaHTOBOH MexaHHKe KOJie6aHHH KBaHTOBOH IJaCTHUbl c IJaCTOTOH w 
yrrop.,o6JIHIOT KOJie6aHHHM JIHHeHHOro rapMOHHIJeCKOrO OC11,HJIJIHTOpa. 

3HeprnH 3THX KOJie6aHHH OilHCbJBaeTCH cpopMyJIOH 

En= ( n + ~) nw, n = 0, 1, 2, 3, ... , (20.16) 

cornacHO KOTOpOH HaHHH3lllaH 3HeprnH (rrpH n = 0) paBHa 

T. e. OHa OTJIHLIHa OT HYJIH. Cornactto KBattrosoi1 reopHH rrpep.,CTasJieHHe o HyJieBbIX KOJie-

6aHHHx 3HeprnH crrpase,ll,JIHBO ,ll,JIH JII06b!X KBaHTOBbIX IlOJiei1. 11, CJie,llOBaTeJibHO, BaKyyM 

scer.na o6Jia.naeT HeHyJiesoi1 3Heprneii. Ho orrpe.neJIHTb ee KOJIHIJecTBeHHO HeB03MO:>KHO. 

21.e.JIO B TOM, 4TO LiaCTOTbl HyJieBbIX KOJie6aHHH rrpOCTHpaIOTCH rrpaKTHIJeCKH OT HYJIH 

.no 6ecKOHe4HOCTH, Il03TOMY cyMMHpOBaHHe IJaCTOT rrpHBO,llHT K 6eCKOHe4HOH 3HeprHH, 

KOTOpOH COOTBeTcTByeT 6ecKOHe4HaH IlJIOTHOCTb 3HeprnH BaKyyMa. 

,ll.JIH H36e:>KaHHH 3TOrO HepeaJibHOrO pe3yJibTaTa cyMMHpOBaHHe csepxy rrpeKpamaeTCH 

npH HeKOTOpOH npe.neJibHOH «3cpcpeKTHBHOH» IJaCTOTe. Ee TIOJiaraIOT paBHOH Wo rv 10- 13 
c 

(B lllKaJie ,ll,JIHH BOJIH eH OTBeIJaeT AO rv 1 MM). flpHBe,lleHHOe 3Ha4eHHe 3cpcpeKTHBHOH 

IJaCTOTbI coorseTcTByer .neiicTBHTeJibHOH rr.JIOTHOCTH BaKyyMa. TaKHM o6pa3oM, CLIHTaeT

CH, 4TO Ha npaKTHKe o6pe3aHHe HyJieBblX KOJie6aHHH ocymecTBJIHeTCH npH ,llJIHHe BOJ!Hbl 

rropHP,Ka 1 MM. 

YToL!HHM cylll.eCTBYIOill.ee B ¢1131-me noHHTHe BaKyyMa. Kor)l.a roBOpHT «O cKo

pocnr CBeTa B BaKyyMe», TO IlOJJ.pa3yMeBa!OT, 'ITO BaKyyM - 3TO npOCTO nyCTo

Ta - oTCYTCTBHe KaKHX-JIH6o Y:acTHU HJIH soo6Ill.e HeKoif «cpeJJ.bI». B npoCTpaH

crne, npH OTCYTCTBHH B HeM 'laCTHU H noJieH, pacnpoCTpaHeHHe CBeTa npOHCXO)l.HT 

c nocTOHHHOH cKopocTb!O c = 3 · 1010 cM/c. BcnoMHHM, O)l.HaKo, o B03MO)KHO

crn CilOHTaHHbIX (¢JIYKTyaUHOHHblX) npoueccOB pO)K)l.eHHH BHpTyaJibHbIX nap 

H3 Y:acrnu H aHTHY:acrnu (§ 2.5). TaKHe npoueccb1 HenpepbIBHO HAYT B cpH3H

Y:eCKOM BaKyyMe, npHY:eM napbl BHpTyaJibHbIX Y:aCTHU npaKTHY:eCKH MrHOBeHHO 
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aHHHrHJrnpyIOT, TaK lJTO B ueJIOM 3JieKTpHl!eCKHH 3ap5IJJ. cpeJJ.bl OCTaeTC5I paBHbIM 

HYJIIO. Ha ocHoBaHHH cKa3aHHoro, HeCKOJibKO yrrpow.aH c11Tyau1110, BaKyyM MO:lKHO 

ClJHTaTb «KaK 6bi rrycTbIM». 

Ho HHTepecyIOw.aH Hae cy6CTaHUH5I BOBCe He rrycTOTa, OHa o6Jia)l.aeT 60Jib

lllHMH 3Hepmei-i 11 JJ.aBJieHHeM. Mo:lKeT 6bITb TeMHaH 3HeprnH CBH3aHa c JJ.OITOJI

HHTeJibHbIMH H3MepeHH5IMH rrpoCTpaHCTBa, 0 KOTOpblX Mb! paccKa3bIBaJIH Bblllle? 

06cyJJ.HM 3TY BepCHIO. 

CTpe:lKJJ.e Bcero ecTb CMbICJI o6paTHTb BHHMaH11e Ha TO, '-ITO JJ.OITOJIHHTeJibHble 

H3MepeHH5I rrpoCTpaHCTBa CBH3aHbl HCKJIIOl.JHTeJibHO c rpamnau11ei-i. ,llpyme BHJJ.bl 

B3aHMO)l.eHCTBHH, HarrpHMep, 3JieKTpoMarHHTHbie, He corrpOBO:lK)l.aIOTC5I B03HHKHO

BeHHeM JJ.OITOJIHHTeJibHbIX H3MepeHHH. TaK, JJ.OITOJIHHTeJibHbie H3MepeHHH oTcyT

CTBYIOT rrpH B3aHMOJJ.eiicrn1111 JJ.Byx 3apHJJ.OB, orrHCbrnaeMbIM 3aKOHOM KyJioHa, yCTa

HOBJieHHbIM )l.JI5I TpexMepHoro rrpoCTpaHCTBa H 5IBJI5IIOJJJ.HMC5I 3aKOHOM o6paTHbIX 

KBa)l.paTOB. 

Ho B l.JeTbipexMepttoM rrpoCTpaHCTBe ( ecJIH 6b1 Ta Ko Boe cyw.ecrnoBaJio) BbmoJI

HHJICH 6bi He 3aKOH o6paTHbIX KBa)l.paTOB, a 3aKOH o6paTHbIX Ky6oB, B o6w.eM )Ke 

cJiyqae N-MepHoro rrpoCTpaHcrna rpaB11Tau110HHb1e CHJibI y6brnaJIH 6b1 o6paTHO 

rrporropUHOHaJibHO pacCT05IHHIO B (N - 1)-i-i CTerreHH). 

CTp11 11ccJieJJ.0BaHHH JJ.OITOJIHHTeJibHbIX H3MepeHHH 11crroJib3YIOTCH, KaK MbI 3Ha

eM, rrpeJJ.CTaBJieHH5I reopHH CTpyH. 0JJ.HOH 113 OCHOBOITOJiaraIOW.HX BeJIHl.JHH B Ta

KHX 11ccJieJJ.0BaHHHX HBJIHeTCH rrJiaHKOBCKaH JJ.JIHHa Lp1 = 1,6 • 10-33 CM (CM. cpop

MYJIY (20.13). CTporn:lKeHHOCTb CTPYH HMeeT rropHJJ.OK paBHbIH HMeHHO 10-33 CM. 

0JJ.HaKo H3MepHTb rrporn:lKeHHOCTb rropHJJ.Ka LP1 c rroMOJJJ.bIO cyw.ecrny10w.11x 3KC

rrep11MeHTaJibHb!X cpeJJ.CTB HeB03MO)KH0. 

06paTHMCH Terrepb K rnrrOTe3e H. ApKaH11-XaMeJJ.a 11 ero cOTpyJJ.HHKOB 

(ClllA), cornaCHO KOTOpOH ITOMHMO H3BeCTHblX HaM llleCTH JJ.OITOJIHHTeJibHbIX 

rrpoCTpaHCTBeHHbIX H3MepeHHH cyw.eCTByeT ew.e )].Ba Jl.OITOJIHHTeJibHbIX rrpoCTpaH

CTBeHHblX H3MepeHHH, rrporn:lKeHHOCTb KOTOpbIX Ld paBHa JJ.OJIHM MHJIJIHMeTpa, 

lJTO Ha HeCKOJibKO JJ.eCHTKOB rropHJJ.KOB rrpeBbilllaeT rrJiaHKOBcKyIO JJ.JIHHY Lp1. 
B oTJIH'-IHe OT rrocJieJJ.Heii cy6MHJIJIHMeTpoBaH JJ.JIHHa Ld coH3MepHMa c paccrn

HHHHMH, MaCll1Ta6bI KOTOpb!X npHBbllJHbl )l.Jl5I 3eMHb!X ycJIOBHH. 01.JeBHJJ.HO, '-ITO 

Ha pacCTOHHHHX, 3Ha'-IHTeJibHO 6oJiblllHX Ld, JJ.Ba JJ.OITOJIHHTeJibHbIX H3MepeHHH He 

JJ.OJI)KHbl o6Hapy:lKHBaTbC5I, a npoCTpaHCTBO 6yJJ.eT BOcnpHHHMaTbC5I KaK TpexMep

HOe. Ho ecJIH o6paTHTbC5I K paccTOHHHIO ropa3JJ.O MeHbllleMy Ld, TO npoCTpaHCTBO 

6yJJ.eT o6Hapy:lKHBaTbC5I KaK I15ITHMepHoe. 

,llJIH Toro, l.JT06bl y6e)l.HTbC5I, cyw.ecrnyIOT JIH )].Ba cy6MHJIJIHMeTp0BblX npo

CTpaHCTBeHHblX H3MepeHH5I, Heo6XOJJ.HMO ocyw.ecTBHTb OilblT c rnroTeHHeM Ha 

paccTOHHHHx, 3Ha'-IHTeJibHO MeHblllHX Ld. EcJIH oKa:lKeTcH, '-ITO CHJia rnroTeHHH 

Me:lKJJ.Y Jl.BYMH MaccaMH yMeHblllaeTC5I o6paTHO nponopu110HaJibHO qernepTOH CTe

neHH pacCT05IHH5I, TO 3TO 6yJJ.eT CJIY:lKHTb JJ.OKa3aTeJibCTBOM cyw.ecTBOBaHH5I JJ.BYX 

Jl.OITOJIHHTeJibHblX rrpoCTpaHCTBeHHb!X H3MepeHHH. 

XorH 3Kcrrep11MeHTb1 c THroTeHHeM Ha paccTOHHHHX, 6JIH3KHX K rrpoTH:lKeH

HOCTH JJ.BYX Jl.OITOJIHHTeJibHb!X H3MepeHHH, conpH:lKeHbl c p5IJJ.OM TeXHHlJeCKHX 

TPYJJ.HOCTeii, HO OHH Cl.JHTaIOTCH BITOJIHe npeOJJ.OJIHMbIMH. 
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BBeAeM ew.e OAHY cpyHAaMeHTaJihHYIO BeJIWIHHY - nJiaHKOBCKYIO Macey 

Mp1 = /!#- = 2,18 · 10-5 r. (20.17) 

Bam:HOCTh BeJIWIHH Lpz H Mp! CBH3aHa c TeM, qro OHH onpeAeJIHIOT o6JiacTh 

O)J,HOBpeMeHHoro npmrnJieHH51 KBaHTOBhIX 51BJieHHH 11 51BJleHHH, CB513aHHhIX c o6-

w.ei1 TeopHei1 OTHOCHTeJlbHOCTH, KOpOTKO ee MO.lli:HO Ha3BaTh o6JiaCThlO KBaHTOBO

rpaBHTaUHOHHh!X 3cpcpeKTOB. Ho AO cHx nop He yJJ,aJIOCh noJiyIJHTh AOCTaTOIJHO 

noJittoro npeJJ,CTaBJieHHR 06 HX cpH3HIJeCKOH cyrn.HocTH. 

DoKa m:e JIHlllh npeADOJiaraIOT, IJTO Ha yqacTKax npocTpaHcTBa, COH3MepHMhIX 

c nJiaHKOBCKOH )J,JIHHOH, OHO SlBJI5IeTCSI ym:e He Henpepb!BHhIM, a )JJiCKpeTHhIM, 

KBaHTOBaHHhIM. AHaJiorHIJHhIM o6pa3oM CIJHTaeTcsi: KBaHTOBaHHhIM H nJiaHKOBCKoe 

BpeMH, Bhipam:eHtte AJIH KOToporo noJiyIJaeTCH AeJieHHeM nJiaHKOBCKoi1 AJIHHhI Lp1 

Ha CKOpOCTh CBeTa c: 

T. 
_ Lp1 

pl--· 
c 

3HaIJeHHe Tp1 - YJibTpaMaJioe, paBHOe 10-44 
CeKYHAhl. DpeADOJiaraeTCH, l!TO 

BHYTPH 3THX «KBaHTOB BpeMeHH» npeJJ,cTaBJieHHR «paHhll!e» H «n03.IB:e» ym:e He 

HMeIOT CMhICJia. B cyw.ecrnyIOrn.Hx ycJIOBHSIX C03AaTh nocJieAOBaTeJihHYIO TeopHIO 

0 KBaHTOBO-rpaBHTaUHOHHh!X SIBJleHH51X HHKaK He y,D,aeTCSI. 

3KcnepHMeHTaJlhHbie Ha6JIIOAeHHSl KBaHTO-rpamnauHOHHh!X 3cpcpeKTOB B03-

MO.lli:Hhl JlHlllh npH ycKopeHHH 3JleMeHTapHb!X qacTHU Ha ycKOpHTeJlHX, AO 3Heprni1 

nopsi:JJ,Ka Mp1c
2. Ho noJiyIJHTh CTOJlh rnraHTCKHe 3Heprntt a6coJIIOTHO HeB03MO.IB:Ho 

(H He npeABHAHTC51 HX )J,OCTH.IB:eHHe B 6yAyW.eM). 

CttTyauHH c B03MO.IB:HhIMH 3KcnepttMeHTaMH no Bhl51BJieHHIO rpaHHUhI o6Jia

CTH, B KOTOpoH. npHMeHHMhl cyw.ecrnyIOW,He npeACTaBJleHHSl 0 Henpeph!BHOCTH 

npocTpaHCTBa H BpeMeHH, H3MeHHJlaCh nocJie BBe,D,eHH51 B o6HXOA TeopeTHKOB 

HOBOH cpyHAaMeHTaJihHOH Macchi Md, 3HaIJeHHH KOTopoi1 3aKJIIOIJeHhI B npeJJ,eJiax 

(103-104) mp, rJJ,e mp - Macca CTOKOSI npoTOHa. 3TH 3HaIJeHHSI Mace COH3Me

pHMhI c MaccaMH, BXOJI.Silll,HMH B COCTaB TeMHOro Belll,ecrna (CM. npeJJ,hIJJ,Ylll,HH 

naparpacp). Bo3MO.IB:Ho, IJTO HMeeTcsi: rny6oKaH CBH3h Me.IB:AY TeMHOH 3Heprnei1 

H TeMHhIM selll,eCTBOM, B03HHKll!aH elll,e B nepttoJJ, paHHei1 BceJieHHOH. 

B coorneTCTBHH c rnnoTe3oi1 ABYX AOnoJIHHTeJlhHhIX H3MepeHHH npocTpaH

crna npoHBJleHHe KBaHTOBo-rpaBHTaUHOHHblX 3cpcpeKTOB B03MO.lli:HO npH 3HeprttSIX 

Mdc2 , B 1015-1016 pa3 MeHhll!HX no cpaBHeHHIO c 3Heprnei1 Mp1c2. 

DoJiyIJHTh qacTHUhI c 3HeprnHMH nopHAKa Mdc2 Ha yCKopHTeJIHX 6yAyrn.ero 

nOKOJieHH51 ym:e BDOJIHe peaJibHO. B HaCTOSIW,ee BpeMSI HAeT DOAfOTOBKa 3KCne

pHMeHTOB, CBH3aHHhIX c nposepKoi1 rnnoTe3hr ABYX JI.ODOJIHHTeJihHhIX H3MepeHHH 

npocTpaHCTBa, KaK B Jia6opaTOpHb!X ycJIOBH51X B rpaBHTaUHOHHhlX ODbITax Ha 

CBepxMaJlb!X pacCTOSIHH51X, TaK H B 3KCnepHMeHTaX Ha ycKopHTeJlSIX. 

BocnOJlh3yeMCSI TaK Ha3hIBaeMOH cneuHaJlhHOH CHCTeMOH eAHHHU, DOJlO.lli:HB 

n = c = 1. B 3TOH CHCTeMe eAHHHU CTJlaHKOBCKa51 Macca H Hh!OTOHOBCKa51 no

CT051HHaSI T51rOTeHIISI CB513aHbl c KOHCTaHTaMH, BBeJJ,eHHhIMH B paMKaX rHDOTe3bl 
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j],OITOJIHl1TeJibHblX 113MepeHl1H, CJie,AyIOW,11M o6pa30M: 

Mp1 = M'jL, G = Mi4L-2
. 

Ha octtoBaH1111 3Tl1X cpopMyJI MO:>KHO ttHTepnpeT11poBaTb nJiaHKOBCKYIO Macey 

11 HbIOTOHOBCKYIO ITOCTOHHHYIO rnroTeHHH B KalJeCTBe HeKl1X TpexMepHb!X «OTpa

:>KeHHH» «11CTHHHO cpyH.AaMeHTaJibHbIX cp113114ecK11x KOHCTaHT Md 11 Ld'» BBe,AeH

HbIX Ha OCHOBe rrpe,ACTaBJieHl1H 0 cyw,eCTBOBaHl111 Il5ITl1MepHoro npocTpaHCTBa. 

TIJIOTHOCTb TeMHOH 3Heprntt B cneu11aJibHOH c11cTeMe e,AHHHU onpe,AeJIHeTcH cpop-

L -4 
Px~ d , 

rrpw1eM Macca 3TOH cy6cTaHu,1111 B o6beMe rrpocTpaHcrna pa3MepoM Ld paBHa 

1 I Ld. TioJiaraH Ld ~ 10-2 CM, rroJiylJaeM, lJTO Px = 3 . 10-30 r I CM
3

. 3TOT pe3yJib

TaT 6Jitt30K K Ha6JIIO,AaeMOMY 3HaLJeHHIO Px B KOCMOCe. 

0TMeT11M, lJTO nporn:>KeHHOCTb .AOITOJIHHTeJibHbIX tt3MepeHHH Ld co113Mep11Ma 

co 3Ha4eH11eM .AJIHHbI BOJIHbI >.0 , coorneTcrny10w,eii: 3cpcpeKT11BHoi1 lJaCTOTe o6pe-

3aH11H HyJieBbIX KOJie6aH11i1 KBaHTOBbIX noJieH (cM. Bbillle TeKCT rreT11ToM). Mo:>KHO 

JIH Ha OCHOBaHHH 3TOfO COBITa,AeHl15I CLJl1TaTb, LJTO .AOITOJIHl1TeJibHbie l13MepeH!15I 

CBH3aHbl KaKHM-TO o6pa30M c 3cpcpeKT11BHbIM 06pe3aH11eM lJaCTOT 11 3Heprni1 

ttyJieBblX KOJie6att11ii:? 

Tip11 ITOJIO:>KHTeJibHOM OTBeTe CJie,AyeT 3aKJIIOLJl1Tb, lJTO rrp11po,Aa TeMHOH 3Hep

fl111 11 KBaHTOBb!X ITOJieH 0,A11HaKOBa. Tip11 OTp11u,aTeJibHOM OTBeTe Heo6XO,Al1MO 

rrp113HaTb, lJTO rrp11po,Aa TeMHOH 3Heprn11 HHaH, ee rrpo11CXO:>K,AeH11e CBH3aHO c ,AO

ITOJIHl1TeJibHb!Ml1 l13MepeHl15IMl1 (HO OTHIO,Ab He 3aBHCHT OT KBaHTOBb!X ITOJiei1). 

ApryMeHTOM B rrOJib3Y BToporo rrpennoJio:>Kett11H HBJIHeTCH «Bcenpott11Ka10w,aH 

crroco6HOCTb» TeMHOH 3Hepr1111; OHa MO:>KeT B COOTBeTCTBflfl c npoBe,AeHHb!M 

aHaJil130M CLJflTaTbCH KaK 6bI «OTpa:>KeH11eM» B rpexMepHOM npocTpaHCTBe «ITHTfl

MepHoro BaKyyMa», KOTOpb!H fl ,AOJI:>KeH ClJl1TaTbC5I «!1CTl1HHO cpyH,AaMeHTaJibHb!M 

KOCMl1lJeCKflM BaKyyMOM». 

B 3aKJIIOlJeH11e cJienyeT rro;:I.LJepKHYTb, lJTO cp113114ecKaH np11pona TeMHOH 3Hep

rnfl OTHOCflTCH K TPYAHei1llll1M HayLJHbIM 3ara;:I.KaM He TOJibKO KOCMOJiorflfl, Ho 

fl, no:>KaJiyi1, cp113f1Kfl B u,eJIOM. yfaJio:>KeHHbie Bb!llle HOBb!e fl;:I.el1 11 OCHOBaHHb!e 

Ha H11X TeopeTHLJeCKl1e 11CCJie,AOBaHl15I cJie,AyeT CLJl1TaTb Jll1lllb rnrroTeT11LJeCKl1Mfl 

ITOCTpoeHl15IMl1, B03MO:>KHO, B lJeM-TO Ollll1604Hb!Ml1. Ho 11X ueHHOCTb B TOM, LJTO 

OHl1 Il03BOJI5IIOT HaMeTl1Tb nyT11 )l.aJibHeHlllflX HCCJie;:I.0BaH11i1, B rrepByIO 04epe,Ab 

3KCrrep11MeHTaJibHblX, c ITOMOW,bIO KOTOpb!X MO:>KeT 6bITb ynaCTCH rrpoHCHHTb cp11-

311LJeCKYIO cyw,HOCTb 3T0f0 cpeHOMeHa. 



fJiasa 21 

BOJibIIIOH B3PbIB H 3BOJIIOUHR 
PAHHEH (fOPSJ:qEff)BCEJIEHHOH 

§ 21.1. ffaqaJibHbIH nepnoA asoJI1o:u;uu BceJieHHou 

0 TOM, 1.JTO B .ll,aJieKOM rrpollIJIOM rrpOH30llIJIO rpaH.ll,H03HOe KOCMH'IecKoe HB

JieHHe, Ha3Battttoe BoJtbtuU.M aspbtBO.M 1), CBH.ll,eTeJibCTBYIOT Y*e o6cy*.n.eHHbie 

HaMH OTKpb!THH: 

- pa36eraHHe raJiaKTHK; 

- cymecTBOBaHHe MHKpOBOJIHOBOro cpOHOBoro H3JiyIIeHHH. 

KaK MbI y6e.n.HMCH .n.aJiee, o TOM )Ke CBH.ll,eTeJibCTByeT BbICOKaH pacnpocTpa

HeHHOCTb reJIHH. 

Pa3BHTHe rrpoueccos, rrpoHcxo.n.HBllIHX rrocJie BoJibllloro B3pbrna, rrpHHHTO 

pa36HBaTb Ha .ll,Ba OIJeHb HepOBHbIX rrpoMe)KyTKa speMeHH: rrepBblH rrpo.ll,OJI)KaJICH 

Mettee .ll,eCHTKa MHHyT, a BTOpOH - MHOrHe MHJIJIHap.ll,bl JieT. CTepBblH 3TaIT COCTOHT 

H3 OIIeHb KOpOTKHX rrepHO.ll,OB, Ha3bIBaeMbIX «3ITOX3MH» [ 15]. 
0.n.tta H3 caMbIX TPY.ll.HbIX rrpo6JieM - 3TO rrpo6JieMa tta11aJibHOH KOCMHIIe

cKoi1 CHHryJrnpHOCTH, KOr.11,a, no CJIOBaM <PpH.11,MaHa «rrpoCTpaHCTBO 6b!JIO TO'IKOH, 

a ITJIOTHOCTb MHpa - 6ecKotte11ttoii». B6JIH3H tta11aJibHOH KOCMOJiorn11ecKoii CHH

ryJIHpHOCTH B ycJIOBHHX 3KCTpeMaJibHO Bb!COKOH ITJIOTHOCTH ITOMHMO rrpe.11,CTaB

JieHHH o6meH: TeopHH OTHOCHTeJibHOCTH tteo6xo.11,HMO y11HTbIBaTb OTCYTCTBYIOlll.He 

B 3TOH TeopHH KBaHTOBbie 3cpcpeKTbI. B 11acTHOCTH, cooTHOllleHHeM tteorrpe.11,eJieH

HOCTH HCKJIIOIJaeTCH «TOIIKa HyJieBoro pa3Mepa». 0Ha .11,0JI)KHa 6b!Tb 3aMeHeHa 

pa3Mb!Tb!M o6beKTOM KOHeIJHbIX pa3MepoB, KOTOpbie o6bi'IHO ITOJiaraIOTCH paBHblMH 

ITJiaHKOBCKOH .11,JIHHe rv 10-33 CM (CM. cpopMyJiy 20.13), COOTBeTCTBYIOlll.eH ITJiaH

KOBCKOH ITJIOTHOCTH ~ 1094 r/cM3. CTpH TaKHX ycJIOBHHX rpaBHTau,HH MO)KeT CIIH

TaTbCH KBaHTOBbIM HBJieHHeM, a B KaIJeCTBe rpaBHTaIJ,HOHHoro «KBaHTa» BBO.ll,HTCH 

yrroMHHyTaH Bbillle HeOTKpbnaH eme 3JieMeHTapHaH 11acTHUbI - cpaaumoft. 
PaccMoTpeHHbie B rrpeAbIAYmeH: rnase .n.ocTI-J)KeHHH tta6JII0.11,aTeJibHOH Koc

MOJIOrHH IT03BOJIHJIH C03.ll,aTb CTaH.11,aprnyIO KOCMOJIOrHIIeCKyIO MO.ll,eJib (CKM), 

rro3BOJIHI01UYIO orrHcaTb KaK 3BOJIIOUHIO BceJieHttoH: B u,eJioM, TaK H cpopMHpoBaHHe 

ee cTpyKTYPbI. B HacToHmeH: rnaBe Mb! paccMoTpHM, orrHpaHCb Ha Ba)KtteHllIHe 

rroJio)KeHHH 3TOH MO.ll,eJIH, 3BOJIIOUHIO .ll,03Be3AHOH ropH11eH: BceJieHttoH:. 

Ha11aJio 3BOJIIOUHH BceJieHHOH, OTCIIHTbIBaeMoe Herrocpe.11,CTBeHHO rrocJie BoJib

llIOro B3pbIBa, rrpHXO.ll,HTCH Ha ITJiaHKOBCKOe BpeMH, Ha3bIBaeMoe TaK)Ke ITJiaHKOB-

1) 3ToT TepMttH npe1v1m1rn.n <D. Xoti.n. 
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CKHM MOMeHTOM: 

{Cfh -44 
tpl = v --z;- = 5,4 . 10 c. 

HaqaJibHbIH nepHO,ll. pa3BHTH5I BceJieHHOH IIpo.n.omKHTeJibHOCTb!O 10-43 c H MaC

llITa6 BpeMeHH t = 10-43 c Ha3b!Ba!OTC5I nJlaHKOBCKUMU. 3a IIJiaHKOBCKOe BpeMH 

cBeT MmKeT npoiiTH paccTOHHHe nopH.n.Ka 10-33 CM. B IIJiaHKOBCKHH nepHo.n. TeM

nepaTypa BceJieHHOH paBHHJiacb KpHTHqecKoii - 1032 K, npH KOTopoii cyw.ecrny

eT e,ll.HHCTBeHHaH cynepCHJia, npe.n.CTaBJIH!Oill,aH co6oii o6be,ll.HHeHHbie B e,ll.HHOe 

ueJioe qeTbipe H3BeCTHbIX cpyH.n.aMeHTaJibHbIX CHJibl. B TaKHX ycJIOBHHX IIp05IBJI5I

IOTC5I CTPYHHbie cBoiicTBa MaTepHH, II03TOMy paccMaTpHBaeMbIH nepHo.n. HHor.n.a 

Ha3bIBaIOT cynepCTpyHHbIM. B KOHUe 3Toro nepHo.n.a cynepcHJia pacmeIIJIHeTCH Ha 

rpaBHTaUHOHHYIO CHJIY H CHJIY BeJIHKoro o6be.D.HHeHHH (cM. § 20.7 H pHc. 20.3). 
3aBepllleHHe cynepCTpyHHoro nepHo.n.a CB5I3aHo c na.n.eHHeM TeMnepaTypb1, qTo 

COIIpOBO)l(,ll.aeTCH C)l(aTHeM CTpyH, IIpH TeMnepaTypax HH)l(e 1032 K HX MO)l(HO 

TpaKTOBaTb B KaqeCTBe 3JieMeHTapHbIX qacTHU. TaK KaK o6beM npoCTpaHcTBa 

OCTaeTCH qpe3BbJqafiHO MaJibIM, TO qacTHI.1,bl Henpepb!BHO CTaJIKHBa!OTCH Me)l(.n.y 

co6oii, 06pa3y51 rop51qy10 IIJIOTHYIO CMeCb. 

HanoMHHM, qTo cJie.n.yeT pa3JIHqaTb 3HeprHIO, CB5I3aHHYIO c Maccoii IIOK05I 

qacTHI.1,bl, H KHHeTHqecKyIO 3Heprn!O, onpe.n.eJIHeMyIO CKOpOCTblO ee ,ll.BH)l(eHH5I. 

B ycJIOBH5IX oqeHb BbICOKHX TeMnepaTyp KHHeTHqecKaH 3HeprnH npeo6Jia.n.aeT 

Ha,ll. 3Heprneii, CB5I3aHHOH c Maccoii IIOKOH qacTHI.1,bl (3Heprneii IIOK05I), KOTOpaH 

OCTaeTC5I HeH3MeHHOH. 

BeJIHKOe 06be,ll.HHeHHe, npocyw.ecTBOBaBlllee OT 10-43 c ,ll.O 1 o-36 C, 6bIJIO 

npe.n.cTaBJieHo KpOMe nepeHocqHKOB CHJibI 3Toro nepHo.n.a - X- H Y-6o3oHaMH 

TaK)l(e BCeMH H3BeCTHb!MH 3JieMeHTapHbIMH qacTHU,aMH H HX cynepnapTHepaMH 

(noKa HeOTKpbITbIMH). Bee qacTHUbI B ycJIOBHHX rnraHTCKH BbICOKHX TeMnepaTyp 

IIO yKa3aHHOH Bblllle IIpHqHHe 6bIJIH npaKTHqecKH 6e3MaCCOBbIMH, T. e. BeJIH ce65I 

IIO,ll.06Ho cpoTOHaM. 

§ 21.2. Hu<t>Jrnl.(Houuasr cTa,ll.HSI cocTOSIHHSI BceJieuuou 

HH)l(e HaM IIOHa.n.o6HTC5I HHcpOpMaU,H5I 0 TaK Ha3bIBaeMbIX HHcpJI5IUHOHHbIX 

MO,ll.eJI5IX. I1.n.eH, Ha KOTOpOH OHH 6a3HPYIOTC5I, 6bIJia ccpopMyJIHpOBaHa 3. B. fJIH

HepoM B 1965 r. (CCCP). Cor.naCHo era rnnOTe3e BO BceJieHHOH s ee ttaqaJihHOM 

COCT05IHHH npHCYTCTBOBaJI nepBHqHbIH BaKyyM, OTJIHqHTeJibHb!MH oco6eHHOCT5IMH 

KOToporo 6bIJIH orpoMHa5I nJioTHOCTb H oTpHuaTeJibHOe .n.asJieHHe. Oo3TOMY OH 

,ll.0.fl)l(eH 6bIJI C03,ll.aBaTb aHTHTHroTeHHe, npOHBJIHIOill,eern BO B3aHMHOM OTTaJIKH

BaHHH qacTHU Bew.ecrna. B nocJie.n.yiow.He rO,ll.bI ccpopMyJIHpoBaHHoe Ha ocHose 

rnnoTe3bI fJIHHepa HanpaBJieHHe TeopeTHqecKHX HCCJie.n.oBaHHH noJiyqHJio Ha3Ba

HHe UHc/JARl{UU (pa3,ll.yBaHHH) l). 00,ll. HHcpJIHU,HeH CTaJIH IIOHHMaTb IIpOU,eCC, KO

TOpb!H no.n. .n.eiicTBHeM aHTHrpaBHTaU,HOHHOro BaKyyMa Bbl3bJBaeT nepBOHaqaJibHOe 

yCKopeHHoe pacllIHpeHHe BceJieHHOH. 

1) I1mpJillUIUI (Inflatio, JiaT.) - B3!l:YTHe. 
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DOJibUJOH BKJia,ll. B pa3B11T11e 3TOro HanpaBJieH11e BHecJI11 5I. 5. 3eJibJJ.OBl1lJ, 

A. A. CTapo611HcK11H (CCCP), A. fyT, IT. CTeHHxapJJ. (CWA) 11 JJ.p. K HacrnmrJ,eMy 

BpeMeH11 lJl1CJIO TeopeTl1KOB, 3aHl1Ma!Ol.Il,11XC51 npo6JieMOH 11HcpJI5Ill,11l1, 11ClJl1CJIHeTC51 

COTH5IMl1. Db!JIO pa3pa6oTaHO MHOro 11HcpJI5Ill,110HHbIX MO)J,eJieH, B 60JibilleH 11Jil1 

MeHbilleH CTeneHl1 pa3Jil1lJa!Ol.Il,11XC51 Me)i{JJ.Y co6oi'!. 3Tl1 MO)J,eJil1 n03BOJI5I!OT o6b-

5ICHl1Tb pHJJ. HBJieHHH, KOTOpb1e KaK 6b1 «BhIXOJJ.HT 3a paMK11» CKM. 

Hanp11Mep, cornacHo CTaHJJ.apTHOH KOCMOJiornqecKoH MOJJ.eJI11 orpoMHaH nJIOT

HOCTb nepB11lJHOrO Bel.Il,eCTBa B nJiaHKOBCK11H nep110)], )J,OJI)i{Ha 6bIJia 6bI o6ecnelJl1Tb 

nJIOTHOCTb BemecTBa BceJieHHOH B coBpeMeHHYIO 3noxy Ha MHoro nopH,ll.KOB BbIUJe 

HbIHe Ha6JI10,1I.aeMoH. C TOlJKl1 3peHl1H CKM HenoHHTHO, nolJeMy peJI11KTOBoe 

113Jiyl!eH11e OJJ.HopoJJ.HO 11 npaKTl1l!eCKl1 113oTponHo BO Bcex TOlJKax BceJieHHOH, 

)J,OCTynHbIX Ha6JIIO)J.eHl1!0. 11 nolJeMy TeMnepaTypa )J,a)i{e B Kpai'!He OT)J,aJieHHbIX 

Apyr OT JJ.pyra TOlJKax KOCMH'-IeCKOrO npoCTpaHCTBa O)J,11HaKOBa? )J,eHCTBl1TeJibHO, 

3a ClJeT TenJIOBOro o6MeHa TaKoe Bb1paBHl1BaH11e TeMnepaTyp Me)i{JJ.Y yJJ.aJieHHbIMl1 

06JiacrnM11 He MOrJio npo113oi'!T11, yq11TbIBaH rpoMaJJ.HOCTb pa3JJ.eJIH!Ol.Il,HX 11x pac

CTOHHl1H. CTaHJJ.apTHaH KOCMoJiornqecKaH MOJJ.eJih He o6bHCHHeT TaK)t{e, nolJeMy 

BceJieHHaH HBJIHeTCH nJioCKOH, on11cbrnaeMOH eBKJil1JJ.OBOH reoMeTp11ei'r. ITepeq11c

JieHHb1e Bonpoch1 11 pHJJ. JJ.pyrnx, KOT0pb1e 3JJ.eCh He 3aTparnBa!OTCH, yJJ.aJIOCb 

«CHHTb» np11 noMOl.Il,11 11HQJJI5Ill,110HHOH Teop1111. 

H11)i{e npHBO)J,HTCH KpaTKl1H Cll,eHap11H 11HcpJI5Ill,1111, OCHOBaHHbIH Ha MO)J,eJibHbIX 

npeJJ.cTaBJieH11Hx, pa3Bl1TbIX A. fyToM, B. Jl11HJJ.e, A. AJib6pexrnM 11 IT. CTeH

HXaPJJ.OM (1981-1992 rr.). Cl!11TaeTcH, lJTO 3a Kpai'!He MaJihIH oTpe30K BpeMeH11 

OT 10-35 JJ.O 10-34 c nocJie noJibUJOro B3pbrna npo1130UJJIO KOJioccaJihHoe (M11-

HHMYM B 30 pa3) pacUJ11peH11e BceJieHHOH. B xo)J,e MOJIH11eHornoro pacUJ11peH11H 

11 nocJie)J,oBaBUJero 3a Hl1M 3aMeJJ.JieHHoro 11Hepu110HHoro poem BceJieHHOH, npeJJ.

CKa3aHHoro CKM, o6JiacTb npoCTpaHcTBa, coJJ.ep)t{al.Il,aH MaTep1110, pa30UJJiaCb Ha 

rpoMaJJ.Hbie paccToHHHH. 

C lJeM )t{e CBH3aHo 3TO MrHoBeHHOe pacUJ11peH11e? BcnoMHl1M, lJTO nepBoHa

lJaJihHO BO BceJieHHOH 11MeJio MeCTo e)J,11Hoe B3aHMOJJ.eHcTBHe, KoTopoMy CBOH

cTBeHHa Ha11BbICUJaH c11MMeTp11H. B 3TY nepBHl!HY!O 3noxy B 3apmK)J,a10meMcH M11-

pe cymecTBOBaJIO 0)1.HOpOJJ.HOe Me)J,JieHHO MeHH!Ol.Il,eeCH CKaJIHpHoe noJie, KBaHTaM11 

KOTOporo no npeJJ.nOJIO)t{eHl1!0 5IBJI5I!OTC51 ynoM11HaBUJl1eCH 6030Hbl Tl1na lJaCTl11.l, 

X11rrca. B 3TOM noJie ccpopM11poBaJICH nepB11l!HbIH BaKyyM orpoMHOH (6JIH3KOH 

K nJiaHKOBCKOH) nJIOTHOCTl1. 

YpaBHeH11e COCT05IHl151 nepB11lJHoro BaKyyMa on11cb1BaeTCH QJOPMYJIOH (20.2), 
CB513bIBa!Ol.Il,eH ero nJIOTHOCTb p 11 )J,aBJieH11e p: p = - pc2• 0Tp111.l,aTeJibHOe )J,aBJie

H11e 11 oTBeTcTBeHHO 3a pacUJ11peH11e BceJieHHOH B3pbIBHoro xapaKTepa, 3aB11cHme

ro OT BpeMeHH no 3KCOOHeHu11aJibHOMY 3aKOHY (20.15). B ycJioB11Hx nocJieJJ.yIOme

ro cpa30BOrO nepexo)J,a, CBH3aHHOfO co cnoHTaHHblM pacna,ll.OM cynepc11MMeTp11q

HOfO COCT05IHI151, HalJl1HaeTC51 nepeCTpOHKa BaKyyMa. ITocJie)J.H5151 conpoBO)t{)J,aeTCH 

noH11)t{eH11eM 3Heprn11 BaKyyMa 11 oxJia)i{JJ.eH11eM npocTpaHcTBa. ITpouecc 3aBepUJa

eTCH KOJie6aHl15IMl1 CKaJIHpHoro noJIH OTHOCl1TeJibHO cpe)J,Hero 3HalJeHl151 3Hepr1111 

nepeCTpa11BaeMoro BaKyyMa, l!TO conpoBO)t{)l,aeTCH ocB06o)t{)l,eH11eM rnraHTCKoro 

3anaca 3Heprn11, coJJ.ep)i{amerocH B BaKyyMe. 0cBo6o)i{JJ.aIOl.Il,aHcH 3HeprnH 3a

Tpal!11BaeTCH Ha pa3orpeBaH11e oxJia)t{)J,eHHOH BceJieHHOH JJ.O TeMnepaTypbI, CBOH-
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cTBeHHOH BeJIHKOMY o6beJJ.HHeHHIO H o6pa3oBaHHIO ropH'-IHX '-laCTHU, aHTH'-!aCTHU 

H H3Jiy'-!eHHH. ITocJie pacna.D.a nepBH'-IHOro BaKyyMa aHTHrpaBHTaUHH CMeHHeTcH 

rpaBHTaUHeH. 

YseJIH'-leHHe pa3Mepos BceJieHHOH B HHcpJIHUHOHHbIH nepHOJJ. HMeeT CBOHM 

CJieJJ.CTBHeM paBHOMepHOe npocTpaHCTBeHHOe pacnpe.D.eJieHHe peJIHKTOB~X cpoTO

HOB B ee rrpe.D.eJiax, coxpaHHIOll.J,eern so scex nocJie.D.y10mHx 3noxax, H BbipasHH

saHHe TeMnepaTypbl no BCeMy MHp03.D.aHHIO. 

)lJIH noHCHeHHH npH'-IHHbl nJIOCKOCTHOCTH BceJieHHOH BOCnOJib3yeMCH CJie.D.y

!Oll.J,eH aHaJiorneii. )lonycTHM, '-!TO HMeeTCH pa3JJ.ysaeMbIH map. Ero nosepxHOCTb 

see speMH (no Mepe pa3.D.yBaHHH) 6y.D.eT ocTaBaTbCH HeeBKJIHJJ.OBOH. BbIJJ.eJIHM 

MbICJieHHO Ha rrosepxHOCTH wapa Jl.OCTaTO'-!HO He60JibWOH y'-laCTOK nosepxHOCTH. 

ITo Mepe pa3JJ.yBaHHH wapa BbIJJ.eJieHHaH nosepxHOCTb 6yJJ.eT see 6oJiee npH6JIH

)KaTbCH K nJIOCKOCTHOH cpopMe. Kor.D.a pa.D.HYC wapa cTaHeT 3Ha'-IHTeJibHO 6oJibWe 

npOTH)KeHHOCTH paccMaTpHBaeMoro y'-laCTKa, nOCJieJJ.HHH c JJ.OCTaTO'-IHO MaJIOH 

norpewHOCTblO MO)KeT C'-IHT3TbCH llJIOCKHM. 

AHaJiorn'-!HbIM o6pa3oM HbIHe cymecTByIOmHii MHp pa3MepoM s 1028 cM HH

'-ITO)KHO MaJI no cpasHeHHIO c npocTpaHCTBOM, KOTOpb!H 3aHHMaJia pa3JJ.YBaBwaHCH 

BceJieHHaH K KOHUY HHcpJIHUHOHHoro npouecca, TaK '-ITO npoCTpaHCTBO Hawero 

MHpa HBJIHeTCH HJIH CTporo llJIOCKHM, HJIH 6JIH3KHM K llJIOCKOCTHOCTH, H JJ.JIH Hero 

cnpase.D.JIHBa eBKJIHJJ.osa reoMeTpHH. 

B nocJieHHcpJIHUHOHHOM MHpe y)Ke He ocrneTCH «CTapb1x JJ.OHHcpJIHUHOHHbIX» 

'-laCTHU. YcTaHaBJIHsaeTrn TepMOJJ.HHaMH'-!eCKoe pasHosecHe, H B .D.aJibHeiiweM 

3BOJIIOUHH npoTeKaeT cornacHo CKM, rrpoxO.D.H qepe3 cTa.D.HH nocJieJJ.oBaTeJibHoro 

HapyweHHH CHMMeTpHH, KaK 3TO yKa3aHo BbIWe s § 20. 7. Xorn npoxO)KJJ.eHHe Bce

JieHHOM '-1epe3 HHcpJIHUHOHHYIO CTaJJ.HIO B npouecce ee 3BOJIIOUHH Ka)KeTCH c cpH3H

'-!eCKOH TO'-IKH 3peHHH o6ocHOBaHHbIM, OJJ.HaKO npH BCeH ero y6eJJ.HTeJibHOCTH see 

)Ke He XBaTaeT OllblTHOrO llO.D.TBep)KJJ.eHHH Toro, '-ITO onHCaHHblH HHcpJIHUHOHHblH 

npouecc .D.eHCTBHTeJibHO npoH3orneJI «Ha 3ape» 3BOJIIOUHH BceJieHHOH. 

§ 21.3. EbeKTpocJia6aR, a;:i:pottttaR H JienTOHHaR apbI. 

,11;o3Be3,ll.HbIH ttyKJieOCHHTe3 

B so3paCTe BceJieHHOH t ~ 10-36 c H TeMnepaType T "' 1028 K npeKpamaeTrn 

B03.D.eHCTBHe BeJIHKoro o6beJJ.HHeHHH, CHJia KOTOporo paC'-IJieHHeTCH Ha CHJibHbie 

H 3JieKTpocJia6b1e cHJibI, '-ITO 03Ha'-!aeT Ha'-laJio 3JieKTpocJia6oii 3pb!. B KOHUe 

BeJIHKoro o6beJJ.HHeHHH y X- H Y-6o30HOB nOHBJIHeTrn Macca. 3TH '-laCTHUbI 

H HX aHTH'-!aCTHUbl HC'-!e3a!OT 6JiarOJJ.apH pacrra.D.y H aHHHrHJIHUHH npH B03pacTe 

BceJieHHOH t > 1 o-36 ceKyHJJ.b!. 

Ha Ha'-!aJibHOH cTaJJ.HH 3JieKTpocJia6oii 3pbI TeMrrepaTypa eme HaCTOJibKO se

JIHKa, '-ITO CBH3bIBaHHe KBapKoB noJieM rJIIOOHOB HeB03MO)KHO. B npOJJ.OJI)KeHHe 

BCeH 3JieKTpOCJia6ofi 3pbl KBapKH npOHBJIHIOT ce6H KaK CB060JJ.Hb!e '-!aCTHUbl. w± 
H Z-6o30HbI o6Jia.D.aIOT KHHeTH'-!eCKOH 3Heprneii, eme 3Ha'-!HTeJibHO npeBb1wa10meii 

HX 3Heprn!O nOKOH, ll03TOMY OHH cpaKTH'-leCKH eme HeOT.D.eJIHMbl OT cpoTOHOB. 

0.D.HaKO llpH JJ.aJibHetf rneM naJJ.eHHH TeMnepaTypbl KHHeTH'-leCKaH 3H€prHH w±-
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H Z-qaCTHU: yMeHhWaeTCH HaCTOJibKO, "ITO HX 3HeprmI nOK05l Ha"!HHaeT HrpaTb 

cyru:ecTBeHHYIO pOJib. 

3JieKTpocJia6aH 3pa CMeH5leTCH KBapKOBOH (pHC. 21.1)' xapaKTepH3YIOI.UeHCH 

B3aHMO)l,eHCTBHeM KBapKOB Me;>KAY co6oi1 qepe3 CHJIY CHJibHOrO B3aHMO)l,eHCTBH5l. 

oOJJbwoii 11mjlJJHIJ.IUI. 
B3pbIB BeJJHKOe 

KsapKoBaH 
ll a.QpOHHa51 

Pa.u.11au.110HHaH 

3pbl 
HyKJJeocHHTe3 

06be.Q11HeH11e 

I0-36 
10-43 I0-30 I0-24 I0-18 I0-12 4 

I0-610- l c IO 

3pa 
06pa30BaH11e 

raJJaKTllK 
I04 IOIO 

IO c .QHeii JJeT JJeT 
r--~~~~~~~~~~~~~~~~~~~~~~~---.- BpeMH 

JierrTOHHaH 3pa 

1032 1028 I025 1022 1019 I0'6 I0'3 IO'o 107 I04 10 

ITJJaHKoBcKoe 
BpeMH 

Ko Heu. 
3JJeKTpocJJa6oro 
06be.Q11Hemrn, 

10-IO 

06pa30BaH11e 06pa30BaH11e 
aTOMOB CoJJHeqHoii 

C!lCTeMbl 

P11c. 21.1. ,U11arpaMMa, 11JJmoCTp11py10ma51 xo.u. 3BOJJJOU.llll BceJJeHHOH 

B ycJIOBHHX eru:e AOCTaTO"IHO BhICOKOH TeMnepaTypb1, cyru:ecrny10ru:ei1 B Ha"laJie 

3TOfO nepHOJJ.a, KBapKH BeJJ.yT ce65l KaK CB060JJ.Hhle 48CTHU:hI, KOf)l.a npH t = 10-6 c 

TeMnepaTypa na)l.aeT JJ.O 1013 K, C03JJ.aIOTCH ycJIOBHH AJIH TaK Ha3hrnaeMoro KBapK

a)l.pottttoro cpa30BOro nepexo)l,a, npH KOTOpOM KBapKH CKJieHBaIOTC5l rJIIOOHaMH 

B a)l.pOHbl H aHTHa)l.pOHbl, BCTynaioru:He nocJie CBOero o6pa30BaHH5l B aKTHBHbie 

B3aHMO)l,eHCTBH5l Me;>KAY co6oi1. 

PaccMaTpHsaeMoe HBJieHHe B onpeJJ.eJieHHOH Mepe aHaJiorH"IHO cpa3os0My ne

pexoJJ.y MOJieKyJI BO)l,bl H20 H3 COCT05!HH5l ra3a (napa) B COCT05lHHe )KH)l,KOCTH. 

HmKe I 00 rpaJJ.ycoB UeJihCH5l MOJieKyJihI BOJJ.hI y;>Ke He o6JiaJJ.aIOT KHHeTH"!eCKoH 

3Heprnei1, JJ.OCTaTO"IHOH )1,JI5l conpOTHBJieHH5l CHJiaM Me)KMOJieKyJIHpttoro npHT51)Ke

HH5l, H nap npesparu:aeTcH B BOAY· 

floA06HbIM ;>Ke o6pa30M KBapKH npH TeMnepaType 1013 K OAHOBpeMeHHO o6pa-

3YIOT CB5!3aHHhie rpynnhI, COCTOHIUHe 113 JJ.BYX HJIH Tpex KBapKOB. flpH CKJieHBaHHH 

MefKJJ.Y co6oii JJ.BYX U-KBapKOB H 0)1.HOfO d-KBapKa B03HHKaeT npOTOH, a H3 JJ.Byx 

d-KBapKoB H O)l.Horo u-KBapKa cpopM11pyeTCH HeHTpoH. B OTJIH"!He OT TpHnJieTOs, 

COCTaBJieHHbIX H3 u H d-KBapKOB, Me30Hbl, COCTOHIUHe H3 ,LJ.BYX KBapKOB, Mettee 

ycTOH"IHBbl. 

B ycJIOBHHX pacwttpHIOI.Ueiirn H oxJiafK,n.aioru:eiicH BceJieHHOH TeMnepaTypa 

cpoTOHHOro rasa yMeHhrnaeTrn 6Jiaro,n.apH 3cpcpeKTY )lonJiepa, B03HHKaioru:eMy 

B pesyJihTaTe oTpa;>KeHHH cpoTOHOB OT y,n.aJIHIOIUHXCH qacTHU:. Bo.Jiee no,n.po6Ho 

3TOT npou:ecc MOfKHO onHcaTb cJie,n.yIOIUHM o6pa3oM. PocT paccT0.5lHH.5l Me*AY 

y,n.aJIHIOIUHMHC5l qacTHU:aMH conpOBOfK,LJ.aeTC.5! 3a C"!eT 3cpcpeKTa )lon.Jiepa yBeJIH"le

HHeM ,LJ.JIHHhI BOJIHhI ,\ cpoTOHOB. TaK KaK 3Ha4eHHe ,\ o6paTHO nponopu:HoHaJibHO 

3HeprnH cpoTOHa, TO nocJie,LJ.H.5!.5! yMeHbrnaeTcH no Mepe poCTa ,\. flocKOJihKY 
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cpoTOH o6Jia,ZJ,aeT HyJieBoH MaccoH noKoH, TO c pocTOM A 3HaGeHtte ero 3Heprtttt 

CTpeMHTCH K Hymo. c ApyroH CTOpOHbl, nOJIHaH 3HeprttH qacTHIJ, BeUJ,ecTBa HMeeT 

orpaH11GeHHH CHH3y, Tai< KaK OHH o6Jia,ZJ,aIOT HeHyJieBOH MaCCOH nOKOH. 

CTptt6JIH3HTeJibHO 40000 JieT cnycTH nocJie HaGaJia KOCMoJiorttGecKoro pac

ruttpeHHH, BceJieHHaH oxJia:>K,ZJ,aeTCH HaCTOJibKO, 1-ITO noJIHaH 3HeprttH seUJ,eCTBa 

oKa3bIBaeTCH 6oJibrue cyMMapHoH 3Heprntt H3Jiyqemrn. Bo BceJieHHOH Ha cMeHy 

pa,ZJ,HaUHOHHOH 3pe npHX0,11,HT ynoMHHaBrnaHCH BbIWe 3pa BeUJ,ecrna. 

TaKHM o6pa3oM, KBapKtt npeKpaUJ,aIOT csoe cyUJ,ecrnosaHtte B Ka'-lecrne cso-

60,ZJ,HbIX qacTHU. Ha 3TOM 3asepwaeTCH 3pa KBapKoB. 

Ha sceM nporn:>KeHttH paHHeH ropH'-leH BceJieHHOH HAYT TaK:>Ke npoueccb1 

aHHHfHJIHUHH nap qacnIU-aHTH'-laCTHU c o6pa30Bam1eM cpOTOHOB H o6paTHbie 

npoueccbI pacna,ZJ,a cpotoHOB Ha ttcxo,ZJ,Hb1e napbl qacTHU-aHTH'-lacTHU. B ycJIOBHHX 

TepM0,11,HHaMH'-lecKoro paBHOBeCHH BepOHTHOCTb TaKoro po,ZJ,a npHMb!X H o6paTHbIX 

npoueccos o,ZJ,HHaKosa. BceJieHHaH 6b1Jia HacbIUJ,eHa KaK napaMtt qacTHU-aHTH'-la

CTHU, TaK H cpOTOHaMH. 

B a,ZJ,pOHHYIO 3py (10- 10-10-4) c HAYT npouecCb! po:>K,ZJ,emrn H aHHHfHJIH

UHH a,ZJ,poHoB H JienTOHOB. B KoHue 3TOH 3pbI, T. e. npttMepHo qepe3 10-4 c 

nocJie ooJibruoro B3pbrna, B ycJIOBHRX 6b1crpo pacwttpRIOUJ,eHcH H oxJia:>K,ZJ,aIOUJ,eH

CH BceJieHHOH B pe3yJibTaTe ee BpeMeHHOro Bb!XO,ZJ,a H3 COCTOHHHH TepM0,11,HHa

MH'-leCKOfO paBHOBeCHR HapywaeTCR paBeHCTBO BepORTHOCTeH o6pa30B3HHH nap 

6apttoHOB-aHTH6apttoHoB H Hx aHHHrttJIHUHH. B n. 12.10.3 MbI OTMeqaJIH, qro 

cornaCHo rnnore3e A. LI,. Caxaposa Ha6JIIO,ZJ,aeMaH aCHMMeTpHH Me:>KAY 6apttoHaMH 

H aHTtt6apttoHaMH B03HHKJia B yKa3aHHhlx ycJioBHHX 6Jiaro,ZJ,apH HecoxpatteHHIO 

6apttoHHoro 3apH,ZJ,a H HapyrneHHH CP-HHBapttaHTHOCTH. ,.UJIH o6pa3oBaBruerocH 

He60JiblI10fO H36bITKa 6apHOHOB He HaWJIOCb napTHepoB, H B03HHKJIO nO'-lTH TIOJI

HOe npeo6Jia,ZJ,aHtte 6apttoHoB Ha,ZJ, aHTtt6apttoHaMH (B qacTHOCTH, HYKJIOHOB Ha,ZJ, 

aHTHHYKJioHaMH). TaK, HanpttMep, B KOCMH'-leCKHX Jiy'-lax JIHWb B pe,11,KHX cJiyqaHx 

y,ZJ,aeTCH 3aperncTpttpOBaTb eJJ,HHH'-lHbie aHTHHYKJIOHbl. 

AJJ,pOHHaH 3pa CMeHHeTCH JienTOHHOH (1o-4 -10 c)' B Te'-leHHe KOTopoH: HJJ,eT 

po:>KJJ,eHtte H aHHHrHJIHUHH JienTOHOB. B KOHUe 3TOH 3pbI B cocTaB BceJieHHOH 

BXOJJ,HT cpoTOHbl, JieTITOHbl (aHTHJienTOHbl), npeJJ,CTaBJieHHble rnaBHb!M o6pa30M 

3JieKpOHaMH H Il03HTpOHaMH, HeHTpHHO (aHTHHeHTpHHO) H OTHOCHTeJibHO MaJib!M 

'-lHCJIOM HeHTpOHOB H npOTOHOB, coxpaHHBWHXCH nocJie 3pbl aJJ,pOHOB. 

CTptt TeMneparype rv 2. 101° K (t = 0, 1-1 c) npOHCXOJJ,HT CJieJJ,yIOUJ,ee Ba:>KHOe 

HBJieHHe: BceJieHHaH craHOBHTCH npo3pa'-lHOH JJ,JIH HeHTpHHO, Kotopb1e Ha'-lttHaIOT 

pacnpocrpaHHTbCH He3aBHCHMO OT BeUJ,ecrna; JJ,JIH HeHTpHHO TeMTibl H3MeHeHHH 

TeMneparypbl H JJ,aBJieHHH OKa3bIBaIOTCH HHb!MH, qeM ,11,JIR ocTaJibHblX qaCTHU. 

OxJia:>KJJ,eHtte HeHTpHHHoro ra3a B JJ,aJibHeH:weM (nptt t > 0, 1 c) npottcxoJJ,HT ttc

KJIIO'-lHTeJibHO 6JiaroJJ,apR pacrnttpeHHIO. 

JlenTOHHaR 3pa nepeXOJJ,HT B JJ,JIHTeJibHYIO paJJ,HaUHOHHYIO 3py ( t = 
= 10 c-40 000 JieT). 4HCJIO JienTOHOB B ee Ha'-laJie OCTaBaJIOCb eUJ,e O'-leHb 

3Ha'-lttTeJibHbIM. Ho 6JiaroJJ,apH aHHHrHJIRUHH HaqaJIOCb HX 6b1cTpoe HC'-le3HoBeHtte 

H o6pa3oBaHtte cpoTOHOB. EcJIH B JienTOHHYIO 3py nJIOTHOCTb cpoTOHOB 6brJia cott3-

MepttMa c nJIOTHOCTb!O qacTHU c HeHyJieBOH MaccoH: TIOKOR, TO B pa.n.ttaUHOHHYIO 
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3py IlJIOTHOCTb nocJieAHHX OKa3aJiaCb Ha MHoro nopHAKOB MeHbrne IlJIOTHOCTH 

cpOTOHOB. 

DpHMepHo yepe3 cTo ceKyHA nocJie BoJibWoro B3pbrna, KOrAa TeMnepaTypa 

AOCTHrna 109 K npH nJIOTHOCTH seruecrna OKOJIO 50 r/cM3, cTaJI B03MO)KeH H.y1uie
ocuH.me3 1), a HMeHHO, B03HHKJIH ycJIOBHH, npH KOTOpb!X npOTOH H Hei.'npoH B pe-

3YJibTaTe CTOJIKHOBeHHH cMorJIH o6pa3oBaTb AeHTpoH yH. B opouecce AaJibHeH

wero CHHTe3a o6pa30BaJIHCb HApa ~He, a TaK)Ke B HHYTO)KHO MaJIOM KOJIHY.eCTBe 

HApa ~He, ~Li H ~Be. CHHTe3 6oJiee TH)KeJibIX HAep oKa3aJicH HeB03MO)KHbIM H3-3a 

HeAOCTaTKa 3HeprHH. DepHOA HyKJieOCHHTe3a 3aBepWHJICH B TeY.eHHe IlOpHAKa 10 
MHHyT. 

KoJIHY.ecrno npornHOB nocJie 3aBepweHHH HyKJieocHHTe3a (11acTo Ha3hrnaeMoro 

A03Be3AHhIM) npeBhIWaJio KOJIHY.eCTBO HeHTpOHOB, IlOCKOJ!bKY YHCJIO HeHTpOHOB, 

BOWeAWHX nocJie peaKUHH B COCTaB HAep, 60JibWe Y.HCJia CHHTe3HpOBaHHb!X 

npoTOHOB. TaKHM o6pa3oM, pe3yJihTaToM A03Be3AHoro HYKJieOCHHTe3a HBHJIOCb 

npeo6JiaAaHHe B npHpOtI,e ABYX Belll,eCTB: BOAOPOAa (;=:::: 70 %) H reJIHH (;:::::: 30 %), H3 

KOTOpb!X B AaJibHeHWeM cpopMHpoBaJIHCb 3Be3)1,bl. 

§ 21.4. 06pa3osam1e aToMOB. Pa3)1.eJieHHe se~ecTsa 11 H3JiyqeHHH 

nocJie 3aBeprneHHH HYKJieOCHHTe3a BceJieHHaH npOAOJI)KaJia pacwHpHTbCH, H B 

TeY.eHHH MHOrHX nocJieAY!OlUHX TbICHY.eJieTHH HHKaKHX cyrueCTBeHHbIX H3MeHeHHH 

He npoHCXOAHJIO. 

DpH6JIH3HTeJibHO IlOCJie 300-350 Tb!C. JieT TeMnepaTypa ynaJia AO rv 3 Tb!C. 

rpatI,ycoB KeJibBHHa, tI,ocraTOY.HOH AJIH o6pa3oBaHHH aTOMOB. HaY.HHaJiacb 3pa 

o6pa3osaHHH aToMapHoro BeruecTBa. Xorn 3JieKTpOHbI H npHcyTcTBoBaJIH B npeA

wecrnyIOruee speMH, HO oco6oH poJIH He HrpaJIH H3-3a cpaBHHTeJibHO MaJIOH 

MaCCbl. 

Bo3HHKHOBeHHe aTOMOB HBHJIOCh oY.eHh Ba)KHbIM 3TanoM HCTOpHH BceJieHHOH. 

EcJIH AO HaY.aJia HX cpopMHpoBaHHH 3JieKTpoMarHHTHoe H3JiyY.eHHe B3aHMOAei1-

crnosaJio c 3JieKTpHY.eCKH 3apH)KeHHblMH Y.aCTHUaMH, TO IlOHBJieHHe 3JieKTpHY.e

CKH HeHTpaJibHbIX Y.aCTHU - aTOMOB npHBeJIO K IlOY.TH IlOJIHOMY HCY.e3HOBeHHIO 

CB060AHh!X 3JieKTpHY.eCKHX 3apHtI,OB, H xapaKTep B3aHMOAeHCTBHH 3JieKTpoMar

HHTHOro H3JiyY.eHHH c BeruecTBOM npHHHJI coseprneHHO ApyroH xapaKTep. CTaJIH 

B03MO)KHbl 3JieKTpOMarHHTHbJe HBJieHHH npH nepeXOAe aToMapHbIX 3JieKTpOHOB 

c OAHOro 3JieKTpOHHOfO ypoBHH Ha Apyroli. ct>aKTH'--JeCKH npoH30WJIO OT)l,eJiemi:e 

BeW,eCTBa OT H3JiyY.eHHH. 3TOT npouecc, ecTeCTBeHHO, He 6b!JI MfHOBeHHbIM, HO 

AeTaJIH ero cpopMHpoBaHHH AJIH Hae 3)1,ecb oco6oro HHTepeca He npeACTaBJIHIOT. 

13JiarotI,apH TaKoMy pa3tI,eJieHHIO Beruecrna H H3JiyY.eHHH nocJietI,Hee ocrnsaJIOCb 

npaKTHY.eCKH HeH3MeHHhIM npH AaJibHeHrneM pacrnHpeHHH BceJieHHOH. 

Bo3HHKHOBeHHe aTOMOB MO)KeT B onpeAeJieHHOH Mepe CY.HTaTbCH 3aBepweHHeM 

BoJihWoro B3pbrna. 

1) TepMHH B03HHK B pe3yJibTaTe coqeTaHHH ,ll,syx CJios: «nucleus» (JiaT.) - H,ll,po 11 «synthesis» 
(rpe'-1.) - coe,[l,11HeH11e. 
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§ 21.5. 0 po.>K,ll.emrn M11poe 

HecKOJlbKO .LI,eCHnrneTHH TOMY Ha3a)J. n.11. <PoMHH (CCCP) Bbl)J.BHHYJI npe.n

I10JIO)KeHHe, LJTO BceJieHHaH Morna po.LI,HTbCH «H3 HHLJero». ,lleikTBHTeJibHO, napbI 

BHpTyaJibHbIX LJaCTHIJ,, po)K.LI,aIOill.HXC5I npH cpJiyKTyaIJ,H5IX B nepBHLJHOM BaKyyMe 

6Jiaro.LI,ap5I CBOHCTBeHHOH eMy aHTHrpaBHTaIJ,HH, ,ll,OJl)KHbI HCI1bITbIBaTb B3aHMHOe 

OTTaJIKHBaHHe H, npespamaHCb B peaJibHbie LJaCTHil,bl, y.naJI5ITbC5I Apyr OT .LI,pyra. 

3Ta H.LI,e5I B HHcpJIHIJ,HOHHhrx MO.LI,eJIHX noJiyLJHJia «BTopoe .LI,b1xaHHe». 5b1JI0 

Bbl,ll,BHHYTO npe.LI,I10JIO)KeHHe, LJTO B03MO)KH0 pO)K.LI,eHHe He O)J.HOH, a MHO)KeCTBa 

sceJieHHbIX. TaK, .LI,onycKaeTCH, LJTO HHcpm1IJ,HOHHoe noJie ( co.LI,ep)Kamee nepBHLJ

HbIH BaKyyM) o6Jia.LI,aJio cJiyLJaHHbIM xaoTHLJeCKHM pacnpe.LI,eJieHHeM I1JIOTHOCTH 

BemecTBa B pa3JIHLJHbIX o6Jiacrnx npocTpaHcTBa. B MecTax, r.ne ero I1JIOTHOCTb 

OKa3bIBaJiaCb cpaBHHTeJibHO 6oJibll10H, HaLJHHaJIOCb «pa3.LI,yBaHHe MaTepHH», LJTO 

npHBO)J.HJIO K o6pa30BaHHIO HOBb!X BCeJieHHblX - KOCMH'-IeCKHX OCTpOBOB. 

CTpH TaKOM CIJ,eHapHH BoJihIUoii. B3pbIB H B03HHKHOBeHHe Hailleii. BceJieHHOH 

BOBCe He YHHKaJibHOe C06bITHe, a JIHillb O,ll,HO H3 np05IBJieHHH cnoco6HOCTH npH

pO.LI,bl <<nopO)K.LI,aTh» cMe)KHO cymecrny10mHe MHpbr. 

Ho He BbIXOAHT JIH rHnoTe3a o B03MO)KHOCTH B03HHKHOBeHH5I H cymecTBOBa

HHH MHpOB 3a npe.LI,eJibl cpH3HLJeCKOH KoppeKTHOCTH? 

KpHTepHH rpaHHIJ,bI cpH3HKH oLJeBH.LI,eH: ecJIH KaKHe-JIH6o TeopeTHLJecKHe no

CTpoeHHH HJIH yrnep)K.LI,eHH5I MO)KHO nposepHTb c I10MOI11.bl0 Ha6JIIO.LI,eHH5I HJIH 

COOTBeTCTBYIOmero 3KCI1epHMeHTa, TO OHH He Bb!XO,ll,51T 3a paMKH cpH3HKH. Mo.LI,eJib 

MHO)KecrneHHOCTH MHpos HBHO He yKJia.LI,bIBaeTcH B paMKH cpH3HKH, nocKOJibKY 

OHa B npHHil,Hne He MO.m:eT 6bITb nposepeHa. J1Hll1b BceJieHHa51, B KOTopoii. Mb!, 

no Bb1pa)KeHHIO <PpH.LI,MaHa «o6peLJeHbI )Kl1Tb» .nocTyntta tta6JI10.nettHIO. A sonpo

caMH MHO)KeCTBeHHOCTH MHpOB MO)KeT 3aHHMaTbC5I cpHJIOCOcpH5I, BKJIIOLJa51 MeTa

cpH3HKY 1). 

3a ropH30HTOM MHpa LJeJioBeK HHKor.LI,a HHLJero He cMO)KeT yBH.LI,eTh. CTo3TOMY 

Mb! B .LI,aJibHeHIUeM orpaHH'-IHMC51 pacCMOTpeHHeM 5IBJieHHH, npoHCXO,ll,51Ill.HX B «Ha

weM» MHpe. 

1) TiocJieJJ,HHH TepMHH CBH3aH c OJJ,HHM 113 npoH3BeJJ,eHHH Ap11cT0TeJIH, B KornpoM 3a pa3JJ,eJioM 

«<l>H3HKa» HJJ,eT pa3JJ,eJI «MeTacpH3HKa» (no-rpe4eCKH «meta ta physika» - «nocJie cp11311KH»). 

MeTacpH3HKa TpaKTyeT CTOHHTHH H npej],CTaBJieHHH, Hejl,OCTYCTHbie OCTbITy. 



f JI a Ba 22 

3BE3,L(HhIH IlEPHO,L( 3BOJllOUHH BCEJIEHHOH. 

HYKJIEOCHHTE3 B 3BE3,L(AX 

§ 22.1. IlpoToaaea;:i;bI 

HoBaH 3noxa B pa3BHTHH BceJieHHOH ttalJaJiacb npH6JIH3HTeJibHO qepe3 OAHH 

MHJIJIHapA JieT nocJie HalJaJia oOJibllloro B3pbrna c ¢opMHpoBaHHH raJiaKTHK; qepeA 

o6pa3oBaHH5! 3Be3A HalJ1rnaeTC5! npHMepHO eIIJ,e qepe3 OAHH MHJIJIHapA JieT. 

C 1rnTaeTC5!, lJTO nepBoHalJaJibHO OAHOpOAHOe BeIIJ,ecrno, 3anoJIH5!10IIJ,ee npo

cTpaHCTBO, B CHJIY rpaBHTaUHOHHOH HeycTOHlJHBOCTH crymaeTC5! B rHraHTCKHe 

o6JiaKa, 5!BJI5l!OIIJ,Hec5! «TIOCTaBIIJ,HKaMH» MaCCbl ¢opMHPYIOIIJ,HXC5! raJiaKTHK. 06-

JiaKa COCT05!T B OCHOBHOM H3 TiblJIH H MOJieKyJI BOAOPOAa c He60JiblllOH npHMeCb!O 

reJIHH H AeHTepHH, B03HHKlllHX B 3py HYKJieocHHTe3a. nJiaroAapH rpaBHTaUHOH

HbIM q)JlyKTyal.l,H5!M B npeAeJiaX o6JiaKOB o6pa3y!OTC5! cpaBHHTeJibHO He60JiblllHe 

ueHTpbI noBbillleHHOH TIJIOTHOCTH. IloA AeHCTBHeM rpaBHTaUHOHHoro npHrnMe

HHH npOHCXOAHT naAeHHe (aKKpeUH5!) lJaCTHU BeIIJ,ecrna Ha 3TH ueHTpbr, lJTO 

conpOBOMAaeTC5! HX pa3orpeBaHHeM H yBeJIHlJeHHeM MaCCbl. 3HalJHTeJibHa5! lJaCTb 

ynaBlllHX MOJieKyJI pacnaAaeTcH Ha HOHbI aTOMOB H 3JJeKTpOHbI. OnHcaHHbie crycT

KH Bemecrna Ha3hIBa!OTC5! npomo3Be38aMu. BpeMH Hx o6pa3oBaHH5! cocTaBJJHeT 

105-106 JJeT. 

IlpOT03Be3Aa CMHMaeTC5! ( KOJJJJanCHpyeT) 1) 6JJaroAap5! co6cTBeHHOH rpaBHTa-

1.l,HH. 3a ClJeT C)KaTH5! npOT03Be3Aa pa3orpeBaeTC5! AO TeMnepaTypbl, npH KOTOpOH 

B03HHKaeT ee CBelJeHHe. 

B npouecce npOAOJIMaIOIIJ,eHCH aKKpel.l,HH Macca npoT03Be3AbI MOMeT BbipacTH 

AO 10 % OT Maccbr CoJJHUa, a TeMnepaTypa B ee ueHTpe AOCTHl.Jb 106 K. IlpH TaKHX 

napaMeTpax B npOT03Be3Ae B03MOMeH TepMOHAepHblH CHHTe3, OTJJHlJa!OIIJ,HHC5!, 

OAHaKo, OT peaKUHH CHHTe3a B CTaUHOHapHOH 3Be3Ae THna CoJIHUa. B § 22.4 Mbr 

paccMoTpHM 3TOT npouecc B HeApax CoJIHua, noKa Me yKa)KeM, lJTO OH ocymecTB

JJHeTcH npH 3HalJHTeJJbHO 6oJJbllleH TeMnepaType. B npoT03Be3Ae peaKUHH CHHTe3a 

B03MO)KHa JJHlllb B pe3yJJbTaTe d-d-B3aHMoAeHCTBH5!: 

d + d --+ 
3
He + n + 3,27 M3B. (22.1) 

3aMeTHM, lJTO COAepMaHHe AeHTep.115! B npOT03Be3Ae Ha lJeTb!pe-TI5!Tb nopHAKOB 

MeHbllle COAep)KaHH5! npOTOHOB, KOTOpbre 5!BJI5l!OTC5! «OCHOBHb!MH yqaCTHHKaMH» 

peaKUHH CHHTe3a Ha CoJJHUe. TeM He Mettee, AaMe H npH CTOJib He3HalJHTeJibHOH 

l) KoJJJJanc (JJaT. - collapses) - ynaaurnfi. 

---------------··-----·--------------------------
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KOHU.eHTpau.1111 )l.eihep115I B u.eHTpe npoT03Be3)l.bl sa C'leT peaKU.11H (22. l) Bbl)l.eJIH

eTCH cpaBHHTeJibHO 60JiblliaH 3HeprnH. 

Op11 AaJibHet!rneM pocTe Macchi npoT03Be3,ll,bI H ee KOJIJiancy, npo,ll,OJI)KaIO

meMycH no yKa3aHHOH Bblllie npH'IHHe, TeMnepaTypa B ee u.eHTpe )l.OCTHraeT 
~ 107 -108 K. Ta Ko My He6eCHOMY TeJiy y)Ke MO)KHO npHCBOHTb CTaTyc «3Be3,ll,bl». 

§ 22.2. ,L{HarpaMMa fepu;wnpyHra-PecceJUI 

Ope)K,ll,e 'leM nepexo,ll,HTb K o6cy)K,ll,eHHIO Harneti ocHOBHOH TeMbI - HyK

JieocHHTesy B npou.ecce 3BOJIIOU.HH 3Be3,ll,, u.eJiecoo6pa3HO 03HaKOMHTbCH c TaK 

Ha3bIBaeMOH 8ua2paMMOU I'ept.{Ulnpyrt2a-PecceJlR, KOTopyIO Mb! HCOOJlb3YeM npH 
nocJie,ll,yIOmeM H3JIO)KeHHH. 

foJIJiaH,ll,CKHH acTpoHoM 3. fepu,rnnpyHr 11 aMep11KaHCKHH acTpOHOM r. Pec
ceJib, o6o6mHB )l.aHHbie 0 CBH3H CBeTHMOCTH 3Be3,ll, c TeMnepaTypoti Ha 11X nosepx

HOCTl1, noCTpo11JIH )l.HarpaMMy, HasBaHHYIO no 11x 11MeH11 (1913 r.). Ha p11c. 22.1 

10000 

100 

0,Ql 

0,0001 
lJ,BeT 

fHraHTbl 

----~ 
3 r KaneJJJJa 

/', I 

4q~ : 
;yq-9 ! 

CoJJHL(e 
i 

I 

EeJihie KapJIHKH ! 

I 
I 

--------+-l 
foJJy6oii oeJJbIH )KeJJTbIH KpacHbIH 

0 0 0 0 0 0 
0 0 0 0 0 0 
0 LI:) 0 0 0 0 
0 t- '° -.::!' M C"-l -

TeMnepaTypa 

PHc. 22.1. YnpomeHHblH BapHaHT JI,HarpaMMbl repl(wnpyttra-PecceJJa 

np11Be,ll,eH ynpomeHHbIH Bap11aHT ,ll,HarpaMMbl fepu,rnnpyHra-PecceJIH. Oo OCl1 op

,ll,11HaT OTJIO)KeHa BeJI!1'l!1Ha, nponopu,110HaJibHaH JIOrapmpMy KOJIH'leCTBa 3Heprn11, 

HcnycKaeMOH 3Be3,ll,OH sa e,II,!1HHU.Y BpeMeH!1 - CBeTHMOCTb; e,II,HHl1Il,eH nocJie,II,HeH 

14 0. A. 5apcyKoB 
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o6bJlrnO rrpHHHMaeTCH CBeTHMOCTb CoJIHI.l,a. no OCH a6CI.l,HCC OTJIO)KeHbl 3Halle

HHH TeMrrepaTypbI nosepxHOCTH 3Be3,ll,bI, y6brnaIOW.He cJiesa-Harrpaso. OxsaqeHa 

COBOKYITHOCTb TeMnepaTyp OT 2000 )l,O 30000 K (,ll,Hana30H I.l,BeTa OT Kparnoro )l,0 

roJiy6oro). Kpy)KKaMH o6o3HalleHbI 3Be3,ll,bl. Kpy)KKH, npe,ll,cTaBJIHIOUJ.He noJIO)Ke

m1e 3Be3)l,, pacnoJiaraIOTCH Ha HeCKOJibKHX JIHHHHX, COOTBeTCTBYIOW.HX 3Be3)l,aM 

pa3JIH'IHOf0 THrra. 

CosoKyrrHoCTb 3Be3,ll,, pacrroJio)KeHHhIX no )l,HaroHaJIH ,ll,HarpaMMhI, Ha3hrnaeTCH 

cJtaBrtou nocAe8oeameJlbrtocmb10. Ha Hei1, B qacTHOCTH, pacnoJio)KeHo CoJIHI.l,e -

3Be3)l,a cpaBHHTeJibHO He60Jibll10H BeJIH'IHHbl, rrosepxHOCTb KOTopoi1, KaK BH)l,HO, 

HMeeT TeMrrepaTypy 6000 K, 'ITO cooTBeTcTByeT )KeJITOMY I.l,BeTy. ,Use JIHHHH, 

pacrroJIO)KeHHbie Bbillle rJiaBHOH ITOCJie)l,OBaTeJibHOCTH, OTHOCHTCH K 3Be3)l,aM -

rHraHTaM H CBepxrHraHTaM; rrepBaH 113 HHX nO'ITH rrapaJIJieJibHa OCH a6CI.l,HCC, 

BTopaH 6oJiee H30rHyTa. CosoKynHOCTb 3Be3,ll, 3Toro THrra cpaBHHTeJihHO cJia6o 

3aBHCHT OT I.l,BeTa HX rrosepxHOCTH H ee TeMnepaTypbI. B Jiesoi1 HH)KHei1 qacTH 

AHarpaMMbI pacrroJio:>KeHbI 6eJibie Kapm1K11. 

no)l,aBJIHIOW.ee 6oJibll1HHCTBO Ha6JIIO)l,aeMbIX 3Be3)l, (95 % ) «3aITOJIHHIOT» rJiaB

HYIO nocJie,ll,OBaTeJibHOCTb. 4HcJio 6eJibIX KapJIHKOB cocTaBJIHeT 3 % OT o6w.ero 

llHCJia Ha6JIIO,ll,aeMhIX 3Be3,ll,. UHcppb1 BHYTPH KPY)KKOB yKa3hIBaIOT Macey 3Be3,ll,bI, 

HOpMHposaHHYIO Ha Macey CoJIHI.l,a, KOTopaH npHHHTa 3a e,ll,HHHI.l,y. CornacHo 

acTpOHOMHlleCKHM )l,aHHblM )l,Hana30H 3HalleHHH Mace 3Be3)l, npoCTHpaeTCH B npH

HHTbIX e)l,HHHI.l,aX OT 0,1 (6eJibie KapJIHKH) )l,0 50 (csepxrnraHTbl). 0)],HaKO ITJIOT

HOCTb semecTBa MaKCHMaJibHa y 6eJibIX KapJIHKOB H MHHHMaJibHa y rHraHTOB 

H CBepxrnraHTOB. 

§ 22.3. 0Tp1Ul,aTeJibHa.H TenJIOeMKOCTb 3Be3)J. 

OCTaHOBHMCH Ha ycJIOBHHX, o6ecrrellHBaIOW.HX ycrni1llHBOe TepMOH,ll,epttoe ro

peHHe B He,ll,pax 3Be3)l,. 

no)], )l,eHCTBHeM rpaBHTal.l,HOHHblX CHJI 3Be3)l,a C)KHMaeTCH, 3THM CHJiaM npOTH

BOCTOHT CHJ!bl )l,aBJieHHH rop51qero ra3a H H3JIYlleHHH, 'ITO o6ecnelJHBaeT fH,ll,po

CTaTHlleCKOe paBHOBeCHe 3Be3)l,bl. 

B 3Be3,ll,e M02KeT TaK2Ke cymecTBOBaTb TenJioBoe paBHOBec11e, npH KOTopoM 

3HeprnH, BbI)l,eJIHeMaH B pe3yJibTaTe peaKI.l,HH CHHTe3a, TO'IHO paBHa 3HeprnH, 

11crrycKaeMoi1 nosepxHOCTbIO 3Be3,ll,hl. TenJiosoe pasttosec11e HapylllaeTcH B pe3yJih

TaTe C)KaTHH H pacll111peHHH 3Be3,ll,bl. CTal.l,HOHapttoe paBHOBecHe Me)K,ll,y 3anacaMH 

noTeHI.l,HaJihHOH 3HeprnH U H TenJiosoi1 3tteprnei1 ,ll,BH)KeHHH qacTHI.l, ra3a ET 
onpe,ll,eJIHeTCH TaK Ha3bIBaeMbIM BHpHaJibHbIM COOTHOllleHHeM 

2ET = -U, 

T. e. B CTal.l,HOHapHOH 3Be3)l,e paBHOBecHe yCTaHaBJIHBaeTCH, ecJIH no a6coJIIOTHOMY 

3HalleHHIO noTeHI.l,HaJibHaH 3HeprnH (T. e. 3HeprnH noTeHI.l,HaJihHOrO C)KaTHH) B )],Ba 

pa3a npeBhilllaeT ee Tern10syIO 3HeprHIO. 

TaKaH 3Be3Aa o6Jia)l,aeT )l,OBOJibHO napa,ll,oKcaJihHbIM cBoi1cTBOM, a ttMeHHO 

oTpttl.l,aTeJihHOH TenJioeMKOCThIO. HanoMHHM, 'ITO ,ll,JIH TeJI, KOTOpbie o6hI'IHO pac

CMaTpHBaIOTCH B cpH3HKe, TenJIOeMKOCTb ITOJIO)KJ1TeJibHa; 3TO Bbipa)KaeTCH, Hanptt-
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Mep, B TOM, '-ITO TeMnepaTypa MeTaJIJIH'-!ecKoro 06pa3ua yMeHblllaeTCH npH noTepe 

HM 3HeprnH, T. e. npH OCTbIBaHHH. ,llmI 3Be3,LJ,bl :tKe npoHCXO,ll,HT He'-!TO npoTHBO

DOJIO:tKHOe: '-leM BbJllle noTepH H3Jiy'-laeMOH 3HeprnH, TeM 60Jibllle TeMnepaTypa 

ee ueHTpaJibHOH o6JiaCTH. 06bHCHHeTCH 3Ta oco6eHHOCTb CTaUHOHapHOH 3Be3,ll,bl 

secbMa npocTo: 6Jiaro,LJ,apH noTepe 3Be3,LJ,OH 3HeprHH Ha H3Jiy'-leHHe OHa nocTe

neHHO C:tKHMaeTCH. Ho c:tKaTHe conpoBO:tK,LJ,aeTcH npespameHHeM nOTeHUHaJihHOH 

3HeprnH B KHHeTH'-leCKYIO 3a C'-!eT na,LJ,eHHH nepmpepHHHb!X CJIOeB B HanpasJieHHH 

ee u,eHTpa. 3To npHBO,LJ,HT K pa3orpeBaHHIO He,LJ,p 3Be3Ahl. ITocKOJibKY a6coJIIOTHOe 

3Ha'-!eHHe noTeHUHaJibHOH 3HeprnH B,ll,BOe npeBbilllaeT TenJIOByIO, npHo6peTaeMyIO 

3Be3)],0H B npou.ecce C:tKaTHH, TenJIOBaH 3HeprnH npeBb!lllaeT 3HeprnIO, TepHeMyIO 

npH H3Jiy'-leHHH. B pe3yJihTaTe TeMnepaTypa s He,LJ,pax 3Be3,LJ,hI oKa3b!BaeTrn TeM 

6oJibllle, '-leM 3Ha'-IHTeJibHee noTepH Ha H3JIY'-leHHe. 

I1MeHHO 6Jiaro,LJ,apH OTpHu,aTeJibHOH TenJIOeMKOCTH B Hei],pax 3Be3,LJ,bl npoHCXO

,ll,HT HenpepbIBHbJe TepMOH,ll,epHbie peaKUHH, npHBO,ll,HIUHe K CHHTe3y XHMH'-!eCKHX 

3JieMeHTOB, TaK KaK TeMnepaTypa B ueHTpe 3Be3)],bl nocTeneHHO H HeyKJIOHHO 

yseJIH'-IHBaeTCH. 

§ 22.4. CoJIHI.I,e 

PaccMoTpeHHe TepMOH,LJ,epHoro CHHTe3a B 3Be3)],ax MbI Ha'-!HeM c CoJIHu,a -

HaH6oJiee 6JIH3Koro K 3eMJie cseTHJia H HaH6oJiee H3y'-leHHoro, o6ecne'-IHBaIO

IUero csoeii 3Heprneii :tKH3Hb Ha HallleH nJiaHeTe. ITpeAsapHTeJihHO npHBe,LJ,eM 

HmpopMaU.HIO o Tpex ero sa:tKHeHlllHX cpH3H'-!eCKHX napaMeTpax: Macce, pa,LJ,Hy

ce H H3Jiy'-laeMOH 3HeprnH (cseTHMOCTH). Hx npHHHTO o6o3Ha'-laTh CHMBOJiaMH: 

Me, Re, Le coorneTcTBeHHo. 0HH paBHbI Me = 2 · 1033 
r, Re = 7 · 1010 

cM, 

Le = 4 · 1033 3pr/c. CoJIHUe OTHOCHTCH, KaK OTMe'-laJIOCb, K 3Be3,LJ,aM cpe,LJ,HeH 

BeJIH'-IHHbl. 

Bnepsb1e npe,LJ,noJio:tKeHHe, '-!TO cse'-!eHHe CoJIHUa o6ycJIOBJieHo CJIHHHHeM Jier

KHx H,ll,ep npH Bb!COKHX TeMnepaTypax, 6bJJIO BbICKa3aHO B 1929 r. ATKHHCOHOM 

H XoyTepMaHcoM (oHH 6hIJIH Tor,LJ,a CTy,LJ,eHTaMH-CTapllleKypcHHKaMH feTTHHreH

cKoro YHHBepcHTeTa). Ho s TO BpeMH 3Ta H,LJ,eH HOCHJia cyry6o yMo3pHTeJibHbIH 

xapaKTep. I1 JIHlllb s 1938-1939 ro)J,ax f. BeTe, ll. Kpm'-IcpHJIA H K. Bailu3eKKep 

ee pa3BHJIH H npoBeJIH He06XO)J,HMbie KOJIH'-leCTBeHHbie oueHKH (B DOCJie,LJ,yIOIUHe 

rO,LJ,bI s 3TOH pa60Te npHHHMaJIH TaK:tKe y'-laCTHe Y. <PayJiep, C. llaH,LJ,paceKap). 

KaK MbI 3HaeM, semecrno npH TeMnepaTypax nopHAKOB 106-108 K Haxo,LJ,HT

CH B COCTOHHHH DJia3Mbl (§ 18.1). B '-laCTHOCTH, OJia3Ma B ueHTpaJibHOH '-laCTH 

CoJIHUa cocTOHT H3 H,LJ,ep BO,LJ,opo,LJ,a, reJIHH H 3JieKTpOHOB. IToA AeiicrnHeM rpasH

TaU.HOHHbIX CHJI nJia3Ma C:tKaTa ,ll,O DJIOTHOCTH, paBHOH npH6JIH3HTeJibHO 100 r/cM3. 

ITpH TaKoH nJIOTHOCTH paccTOHHHH Me:tK,LJ,Y H,LJ,paMH s nJia3Me npeshilllaIOT HX 

pa3Mepbi. ITo3TOMY ,ll,JIH HHX cnpase,LJ,JIHBbl OCHOBHbie DOJIO)KeHHH KHHeTH'-leCKOH 

TeOpHH ra30B H MO:tKHO C'-IHTaTb, '-!TO 3HepreTH'-!eCKOe pacnpe,ll,eJieHHe H,ll,ep OTIH

CbIBaeTCH 3aKOHOM MaKcBeJIJia. ITpH THTIH'-IHOH AJIH He,LJ,p CoJIHUa TeMnepaType 

(15-20) · 106 K 1) cpeAHHH TenJioBaH 3HeprnH H,LJ,ep nJia3MbI pasHa 1,5-2 K3B. 

1) B 11,eHTpaJibHOH 4acrn CoJIHQa TeMnepaTypa MO:lKeT )l,ocrnraTb 109 K. 

14* 
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0)1,HaKO npOTOHbl c 3THMl1 3HeprmIMl1 np11 (p-p)-B3aHMO)l,eHCTBHHX He B COCTOH

HHl1 npeo)l,oJieTb pa3)l.eJIHIOI.U11H 11x KYJIOHOBCK11H 6apbep. TeM He MeHee, peaKu1111 

c11HTe3a MoryT 3cpcpeKTHBHO ocyr.uecTBJIHTbCH 11 B TaK11x ycJIOBHHX. 3To o6y

CJIOBJieHo cJie)l.y!OI.UHMH Jl.BYMH 06cTOHTeJihCTBaM11. Bo-nepBbIX, Bcer)l.a 11MeeTCH 

HeKOTOpoe lJl1CJIO H)l.ep, o6Jia)l,a!OI.Ul1X 3HeprnHMl1 BblllJe cpe)l,HeH, a BO-BTOpb!X, 

cyr.uecTByeT BepOHTHOCTb npocalJHBaHl15l lJaCTl1U CKB03b noTeHu11aJibHbIH 6apbep, 

B03pacTa10r.uaH c pocToM 11x 3Heprn11. Me)KJl.Y ueHTpaJihHOH o6JiacTh!O CoJIHua 

11 ero noBepxHOCTb!O pacnOJIO)KeH npOTH)KeHHb!H CJIOH BeI.UeCTBa c 11CKJI!OlJHTeJibHO 

Hl13KOH TenJionpOBOJl.HOCTb!O. YJl.ep)KaH11e BbICOKOTeMnepaTypHoH nJia3MbI B rny-

611HHOH qacT11 CoJIHua 06ecneLJ11BaeTcH orpoMHbIM rpaB11Tau110HHbJM )l,aBJieHHeM 

3T0f0 CJIOH. 

06paTHMCH Tenepb K pe3yJihTaTaM HCCJie)l,OBaHHH ynoMHHYTbIX Bb!We yLJeHbIX. 

DbIJIO noKa3aHo, LJTO npoueccb1 Cl1HTe3a B He)l.pax CoJIHua 11 Jl.pyrnx 3Be3Jl. MoryT 

npOTeKaTb no Jl.BYM Ul1KJiaM, Ha3BaHHbIX B08opo8rtbl.M (11JIH npOTOH-npOTOHHbIM) 

11 y<:Aepo8Hbl.M (11.n11 yrnepO)l.HO-a30THblM) 1). 

Bo)l.opoJl.HbIH u11K.n cocTOHT 113 nHrn peaKLJ,HH, a yr.nepOJl.HbIH - 113 wecrn. 

B Ta6.n. 22.1 np11Be)l.eHb1 cBe)l.eH11H 06 3.neMeHTapHbIX npeBpar.ueH11Hx B 3THx 

l..l}l.KJlaX. 

OcTaHoB11McH BHaLJa.ne Ha BOJl.OPOJl.HOM UHKJie. <l>yHJl.aMeHTa.nbHbIM npouec

COM, npo11cxo)l.HI.UHM B orpaH11LJeHHOM o6beMe B ueHTpe Co.nHua, HB.nHeTcH B3a-

11Mo)l.eiicrn11e Jl.BYX npOTOHOB, o6be)l,HHHIOI.UHXCH B )l,eHTpOH (peaKLJ,1111 1 11 2 
B Ta6.n. 22.1). 3a ClJeT 3Heprn11, BbI)l,eJIHIOI.UeHCH np11 KafK)l.OM 113 3T11X B3al1MO)l,eH

CTBHH (Q = 0,42 M3B), B03Hl1KaeT Ten.noBoe )l,aBJieH11e, npenHTCTBYIOI.Uee rpaB11-

Tau110HH0My C)KaTHIO CoJIHua, pa3Mep 11 cBeTHMOCTb KoToporo cTa611JI11311py10TCH. 

PeaKUH5l. 

p + p---+ d + e+ + v (22.2) 

11)1,eT no)], )l,eHCTBHeM cJia6b1x c11.n. Ee 3cpcpeKTl1BHoe ceLJeH11e oLJeHb MaJio 2). 

c 3THM CBH3aHa peKOp)l,HaH )l,JIHTeJibHOCTb yKa3aHHOH peaKLJ,1111 (B 3Be3)l,HOH 

3BOJIIOLl,HH)' npo)l,OJI)Ka!OI.UaHCH Ml1JI.ITHap)l,bl .neT (CM. Ta6JI. 22.1) )l,0 TeX nop, no Ka 

He 3aKOHlJl1TCH BbffOpaH11e BOJl.Opo)l,a. 0TMeTl1M, lJTO 3K30Tl1lJeCKOe no CBOeH cyT11 

B3al1MO)l,eHCTBl1e (22.1) Hl1KOr)l,a He Ha6JIIO)l,aJIOCb B 3eMHbIX ycJIOBl15IX. 

CKopocTb HJl.epHbIX npeBpar.ueH11H, c.ne)l.y10r.u11x 3a o6pa30BaH11eM )l.ei1TpoHa, 

pe3KO yBeJil1lJl1BaeTCH (CM. peaKLJ,1111 3 11 5 B Ta6.n. 22 .1). 
CTepeH)l,eM K yrnepOJl.HOMy u11K.ny. BpeMH ero npoTeKaH11H cyr.uecTBeHHO MeHb

we no cpaBHeH1110 c BOJl.OPOJl.HbIM. AHaJI113 peaKu11i1 yrnepo)l.Horo u11KJia 6 11 11 
noKa3bIBaeT, lJTO KpOMe noBTOpHoro B03Hl1KHOBeHl15I H)l,pa 1 ~C, 113 LJeTb!pex HCXO)l,

Hb!X npoTOHOB o6pa3y!OTCH a-LJacT11ua, )],Ba no311Tp0Ha 11 )],Ba HeHTp11Ho. TaK11M 

o6pa3oM, HJl.pa 1 ~C 11rpa10T Jil1Wb poJih «KaTaJI113arnpa» peaKu1111. 

06r.u11H BbIBOA COCTOHT B TOM, lJTO onttcaHHbie uenolJKH peaKUHH 1-11 He 

Moryr np11BeCTH K C03)l,aHl1!0 H)l.ep 6oJiee Tfl)KeJibIX, lJeM a-lJaCTl1Ubl, np11LJeM 

1
) Bo;:i:opOJJ:Hb!H U!lKJI KaK !lCTO'lH!lK 3Hepr!l!l 3Be3JJ: OTKpb!Jl!l r. oeTe 11 4. KpHT'll1JI, a yrnepo;:i:

Hb!H - r. BeTe 11 K. <!JOH BaPiu3eKKep. 
2) Hanp11Mep, JJ:JIH CTaJIK11Ba10ll.\!lXC5! npoTOHOB c 3Heprnell B l M3B ce'leHHe peaKuH!l (22.2) 

paBHO scero 10-24 6apH. 
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Ta6J111ua 22.1 
PeaKu1111 BOAOPOAHOro 11 yrJJepoAHoro U11KJJOB 11 11x xapaKTep11cT11K11 

.N'2 peaKu1111 PeaKUl1H Q, M3B T 

BOAOPOAHbIH U11KJI 

1 p + p -+ d + e+ + v 0,42 1,4 . 1010 JleT 

2 p + p-+ d + e+ + v 0,42 1,4 · 1010 JJeT 

3 p + d _,.~He+ 1 5,49 5,7 c 

4 p + d _,. ~He + 1 5,49 5,7 c 

5 ~He +~He -+ ~He + 2p 12,86 106 JJeT 

J1TOro 4p-+ ~He+ 2e+ + 21 + 2v 24,68 1,4 · 1010 JJeT 

YrnepoAHbIH U11KJJ 

6 p+ l~C-+ l~N +1 1,94 1,3 · 107 JJeT 

7 ~N _,. 1 ~C + e+ + v 1,20 7 Ml1H 

8 P + l~C _,. ljN + 1 7,55 2, 7 · 106 JJeT 

9 p + 1jN -+ 1 ~0 + 1 7,30 3,2 . 108 JleT 

10 1 ~0 _,. 1 ~U + e+ + v 1,73 82 c 

11 p + 1 ~N _,. 1 ~C +~He 4,97 1, 1 · 105 JJeT 

11Toro 4p-+ ~He+ 2e+ + 31 + 2v 24,69 3,2 · 108 JJeT 

CT p 11 Me lJ a H 11 e: Q - 3HeprnH, Bb!AeJIHIOIUaHCH B AaHHOH peaKU1111, T - cpeAHee BpeMH peaKU1111. 

B pe3yJihTaTe 3asepwemrn Toro H .n.pyroro U.HKJia Y.eTbipe rrpoTotta rrpespamaIOTCH 
B H,ll.po reJIHH-4: 4p ----7 a, H B Ka)l()l.OM U.HKJie BbI)l.eJIHeTCH rrpH6JIH3HTeJihHO 
o.n.HttaKoBaH 3tteprnH ~ 24 · 7 M3B 1). 

oOJihWaH Y.aCTh 3tteprnH CHHTe3a BhI.ll.eJIHeTcH B cpopMe KHHeTHY.ecKoii 3tteprntt 
rrpoTOHOB H ')'-H3JiyY.eHHH. He11Tptttto yttocHT scero JIHWh ~ 0,6 M3B. 

PaccMOTpHM rroKa3aHHhie Ha pHc. 22.2 3aBHCHMOCTH cKopocTH BhI.ll.eJieHHH 

3tteprnH E (3pr/r · c) OT TeMrrepaTyphI B tte.n.pax CoJIHUa )l.JIH so.n.opo.n.ttoro 
H yrnepo.n.ttoro UHKJIOB. KaK BH.ll.HO, cKopocTH BhI.ll.eJieHHH 3tteprntt .ll.JIH o6ottx 
UHKJIOB cpaBHHBaIOTCH rrpH TeMrrepaType 13 · 106 K; rrpH 6oJibWHX 3Ha4eHHHX 

TeMrrepaTypbl 3Ha4eHHH E )l.JIH yrnepo.n.ttoro UHKJia 3HaY.HTeJihHO 60Jihll1e, Y.eM )l.JIH 

BO.ll.OPO.ll.HOro. 

1. flpe.n.CTaBJieHHhIH B Ta6JI. 22.1 so.n.opo.n.HhIH UHKJI .11.oM11H11pyeT rrp11 cpastt11TeJihHO 
MaJIOH TeMrrepaType. C ee pocToM (~ 15 · 106 K) secbMa sepmITHbI peaKUHH c yqacrneM 
SJ..D.ep 3He: 

~He+ ~He -+ ~He+ p + p; ~He +~He ---t ~Be + 1; (22.3) 

1
) DpaBAa, ecJ111 yqecTb npouecc aHH11rnJJHU1111 AByx noa11TpottoB c ABYMH 3JJeKTpottaMl1 B TOM 

11 ApyroM U11KJJe (peaKU1111 1, 2, 7, 11), TO 3HeprnH Ka)KAOro 113 Hl1X AOJl)KHa 6bITb yseJ111lJeHa 
np11Meptto Ha 2 M3B. 
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P11c. 22.2. CKopocTb BbI,n:eJieHHH 3Heprn11 c: (apr/r. c.) B 3aBHCHMocrn OT TeMnepaTypbI B tte,n:pax 
CoJIHUa. Kp11sa51 1 - B so,n:opo,n:HOM UHKJie, Kp11sa11 2 - B yrnepo,n:HoM UHKJie 

ecml H,n:po 3He, y<JaCTBYH B rrepBOH 113 3THX peaKU:HH, cropaeT, TO u:erro'-!Ka H,n:epHbIX 
rrpespaI..IJ,eH11i1 Ha 3TOM rrpeKpaI..IJ,aeTCH. Ho ecJIH 3He yqacrnyeT so BTopoM s3a11Mo,n:ei1-
CTBHH (22.3), TO u:erro'-!Ka rrpespaI..IJ,em1i1 MO)KeT rrpo,n:OJI)KaTbC51 ,ll,B051KO: 

HJIH 

(22.4) 

I1crrycKaeMoe s u:errH rrpespaI..IJ,em1i1 (22.4) «6opHoe» Hei1Tp11Ho, o6Jia,n:aioI..IJ,ee ,n:osoJibHO 
BbICOKOH 3Heprnei1 B 7 M3B, HBJIHeTCH y,n:o6HbIM «HH,n:11KaTopoM» ,n:JIH g3yqemrn rrpou:eccos 
TepMOH,n:epHoro ropeHHH B He,n:pax CoJIHU:a. 

2. 0TMeT11M Heo6hI'-laHHO MaJioe 3Heprosh1,n:eJieH11e TepMOH,n:epHbIX peaKu:11i1 CoJIHU:a. 

CorJTaCHo pacqeTy Ha 1 r BeI..IJ,ecrna Bb1xo,n: 3Heprn11 paseH 2 3pr/(c · r), '-ITO Ha rrHTb 
rrop51,n:KoB MeHbille 3Heprosh1,n:eJieH11H B opraHH3Me '-leJioseKa. Ho 6Jiaro,n:ap51 KOJioccaJibHOH 

(rro 3eMHbIM Mac1Ilrn6aM) Macce CoJIHU:a rroJIHaH MOI..IJ,HOCTb ero H3JIY'-leH11H orpoMHa, co

CTaBJIHH 4 · 1026 BT. EJiaro,n:apH ero 113JIY'-!eH1110 Ka*,ll,YIO ceKyH,n:y ero Macca yMeHhillaeTCH 
Ha 4,3 MJIH T. 

B «cospeMeHHOM» CoJ1HU:e peaKUHH CHHTe3a reJIHH H3 so,n:opo,n:a rrpottcxo,n:HT 
nptt TeMnepaType ~ 15 · 106 K. Cnycrn qeTb1pe MJIPJJ. JleT Beeb so,n:opo,n: B ueHTpe 
CoJ1HUa rrpespaTHTCH B reJIHH. ,UaJ1bHei1wtti1 CHHTe3 5!,n:ep reJ1HH B H,n:pa yrnepo,n:a 
B03MO)KeH npH pe3KOM ysemiqeHHH TeMnepaTypbI (JJ.o 108 K), TaK KaK TOJlbKO 
nptt 3TOM ycJ10BHH JJ,JIH HJJ,ep reJIHH, 06J1aJJ,aIOII.l,HX BJJ,Boe 60J1hWHMH 3apH,n:aMH 
no cpaBHeHHIO c npOTOH3MH, OKa)KeTCH B03MO)KHb!M c6JIH)KeHHe Me)K,n:y co6oi1 
Ha paccTOHHHe, nptt KOTopoM npeo,n:oJ1eBaeTCH pa3,n:eJ1HIOW.Hi1 HX KYJIOHOBCKHH 
6apbep. YKa3aHHbIH poCT TeMnepaTypbI Ha ,n:sa rropH,n:Ka H o6ecne•-rnsaeTCH 3a cqeT 
oTpHUaTeJlbHOH TenJ1oeMKOCTH CoJ1Hua. 
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§ 22.5. BeJibie KapJIHKH, HeiiTpoHHbie 3Be3)J.bI, qepHbie JI.bipbI 

XapaKTep CHHTe3a B 3Be3)],e 3aBHCHT OT ee MaCCbl, KOTOpa51 onpej],eJrneT 

3HalJeHH51 rpaBHTaU.HOHHb!X CHJI (LJeM 6oJibille Macca 3Be3)],bl, TeM Bblille CTeneHb 

C)KaTH51 BeILI.eCTBa B Hett H 3HalJeHtte MaKCHMaJibHOtt TeMnepaTypbl B u.eHTpaJibHOM 

cJioe) [19]. 
CornacHo TeopeTttLJecKttM ou.eHKaM B 3Be3)],e c Maccott MeHhrne 0,08Me 

npoTeKaHHe TepM051j],epHb!X peaKU.Htt HeB03MO)KH0 (BKJI!OlJa51 peaKU.H!O ropeHH51 

BOJ],Opo)],a). c pOCTOM MaCCbl 3Be3)],bl )],0 0,31\!fe B03MO)KH0 ropeHHe BOj],OpO)],a, 

Ha1rnHa5I c 0,7 Me - BO)],opo)],a tt reJIH51, c 5Me - BOJ],opo)],a, remrn tt yrnepo)],a 

tt T. )],. (no)],po6Hee 3TOT Bonpoc paccMaTpttBaeTrn Htt)Ke). Ka)K)],Oe oLJepe)],HOe rpa

BHTaU.HOHHoe C)KaTtte 3Be3)],bl, npttB0)],5111.I.ee K pe3KOMY IlOBbiilleHH!O TeMnepaTypbl, 

MO)KeT COilpOB0)K)],aTbC51 Bb!6pOCOM BeILI.eCTBa BO BHeWHee npoCTpaHCTBO. OocJie 

OKOHLJaHH51 Bcex U.HKJIOB TepM051)],epHblX npou.eccoB OCTaeTC51 J!Hillb u.eHTpaJibHa51 

lJaCTb 3Be3)],bl, OT ee MaCCbl 3aBHCHT )],aJibHettrnHtt XO)], 3BOJI!OU.HH 3TOro He6eCHO

ro TeJia. 

EcJitt nepBOHaLJaJibHa51 Macca 3Be3)],bI 6hrJia MeHbrne 8Me, TO nocJie 3aBep

rneHtt51 Bcex B03MO)KHb!X npou.ecCOB CHHTe3a Macca OCTaTOlJHOro 51)],pa MO)KeT 

oKa3aTbCH paBHOtt HJIH MeHbrnett lMe. Opou.ecc )],aJibHettrnero rpaBttTau.ttoHHoro 

C)KaTtt51 3TOtt 3Be3)],bI 3aBeprnaeTrn ee npeBpameHtteM B CTa6ttJibHOe He6ecHoe 

TeJio - 6eJLblU KapAuK. Op1rne)],eM ero cptt3HLJ.ecKtte xapaKTepttcTttKtt: TeMnepaTypa 

IlOBepXHOCTH paBHa 104 K, pa)],ttyc rv 104 KM (COH3MepttM C pa)],HYCOM 3eMJIH), 

nJIOTHOCTb nop51)],Ka 106 r / cM3. 

Ha6JIIO)],eHtt51 noKa3aJitt, LJTO 6eJibre KapJittKH BeChMa pacnpocTpaHeHbI BO Bce

JieHHOtt. B Harnett raJiaKTHKe HX HaCLJHTb!BaeTC51 OKOJIO 1010 H Ha HHX npttXO)],HTCH 

npttMepHO 10 % OT BCett raJiaKTHlJeCKOtt MaCCbl. 

OcTaHOBHMCH Ha npttl!ttHe ycrnttlJHBOCTH 6eJioro KapJittKa yKa3aHHOtt Macchi 

(~ lMe). Ero BemecTBO npe)],cTaBJieHo noJIHOCTh!O ttOHH3ttpoBaHHbIMH aToMaMtt; 

COCTaBJI51!0ILI.He ero «rOJibie» aTOMHb!e 51)],pa OKpy)KeHbl «06JiaKOM» BblpO)K)],eHHOro 

3JieKTpOHHOro ra3a. 

BbrpO)K)],eHHhitt ra3 OTJittLJaeTc51 OT KJiaccttLJecKoro tt)],eaJihHoro ra3a TeM, LJTO 

)],JI51 lJaCTHU. nepBoro cnpaBe)],JIHB KBaHTOBOMexaHHlJeCKHH npttHU.Hn Hepa3JIHlJHMO

CTH O)],HHaKOBb!X LJaCTHU.. lfa 3TOro npttHU.Hna )],Jl51 3JieKTpOHOB, KaK H )],JI51 j],pyrnx 

LJaCTHU. c noJiyU.eJib!M CilHHOM - cpepMHOHOB (HanpttMep, HettTpOHOB) BbITeKaeT 

npttHU.Hil OayJitt, COrJiaCHO KOTOpOMY B )],aHHOM 3HepreTttlJeCKOM COCT051HHH MO)KeT 

Haxo)],ttThC51 JIHWb O)],HH cpepMttOH. OpttMeHHTeJibHO K 3JieKrpoHy B cttJiy npttHU.ttna 

OayJIH )],JI51 Ka)K)],OfO 3JieKTpOHa cymecrnyeT MHHHMaJibHbltt 06beM npOCTpaHCTBa 

/:),.v, KOTOpbltt OH MO)KeT 3aHHMaTb (/:),.v = 10-30-10-32 cM3, nptt 3TOM paCCTOflHHe 

Me)K)],y 3JieKTpoHaMH paBHO nptt6JIH3HTeJibHO 10- 1° CM) 1). 

YMeHhrneHtte o6beMa /:),.v no)], )],ettcrntteM rpaBHTaU.HOHHoro )],aBJieHttfl HeB03-

MO)KHO. Ka)K)],bltt 3JieKTpoH B 6eJIOM KapJittKe c)KaT Jl,O npeJ],eJibHoro o6beMa /:),.v, 

H IlOTOMY BHyTpeHHee )],aBJieHtte 3JieKTpOHHOro ra3a ypaBHOBeillttBaeT rpaBHTaU.H

OHHOe )],aBJieHtte. OrMeTttM, LJTO )],aBJieHtte BbrpO)K)],eHHoro 3JieKTpoHHoro ra3a He 

1) DOJiee TIO.ll,p06HO CBOHCTBa BblpOJK)l,eHHOro 3JieKTpOHHOro ra3a omicaHbl B KHHre [3], § 25.5. 
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3aBHCHT OT TeMnepaTypbl, a 3aBHCHT TOJlbKO OT IlJIOTHOCTH. 3To CBH3aHo c TeM, 

qrn 3Hepnrn KBaHTOBaHHbIX tl,BH)KeHY!H 3JieKTpOHOB 3Haq11TeJibHO npeBOCXOtl,HT 

3Heprmo HX TenJIOBblX tl,BH)KeHHH. 

bJiaro.n.apH He3aBHCHMOCTH IlJIOTHOCTH OT TeMnepaTypbl, IlOTepH 3Be3,ll.OH 3Hep

rHH Ha H3JiyqeHtte He conposo)K.n.aeTCH C)KaTtteM ee rny6ttHHOH o6JiacTH. Oo3TOMY 

rpaBHTaU.HOHHOe C)KaTHe OTCyTcrnyeT H BbI,ll.eJieHHH .n.o6aBoqHoro TenJia, KOTOpoe 

6h1JI0 6h1 c HHM CBH3aHo, He npottcxo.n.ttT. CJie.n.osaTeJibHO, TeMnepaTypa B u.eHTpe 

3Be3,ll.bl He yBeJI11q11saeTCH H .n.aJibHeHillHH TepMOH,ll.epHblH npou.ecc CTaHOBHTC51 

HeB03MO)KHbIM. 

BBe.n.eM KpttTttqecKoe 3HaqeHtte MaCCbI 3Be3t1,bI MKP• Ha3BaHHoe ttaHapace
KapoecKU.M npeaeJLo.M; nptt Jvf > MKp rpaBHTau.110HHoe C)KaTtte cpe.n.b1 y)Ke He 

MO)KeT 6h!Tb npttocTaHOBJieHO CHJIOH .n.aBJieHHH BblpO)K,ll.eHHOrO 3JieKTpOHHOro ra3a. 

Cornarno pacqeTy 

r.n.e x - q11cJio HYKJIOHOB, np11xo.n.Hm11xcH Ha OJJ.HH 3JieKTpoH. )lJIH cpaBHHTeJibHO 

JierKHX H,ll.ep (N ~ 2) x = 2 H 

(22.5) 

PaccMOTpttM cJiyqatf, Kor.n.a BbipO)KJJ.eHHOe HJJ.po 3Be3JJ.bI nocJie npe.n.Illecrny10meti 

3BOJIIOU.HH o6Jia.n.aeT MaccoH: M ~ MKp· Optt 3TOM ycJIOBHH 3JieKTpOHHoe BbipO)K

.n.eHtte npeo6pa3yeTCH B TaK Ha3hIBaeMoe peJIHTHBHCTCKOe BblpO)K,ll.eHtte, CBH3aHHOe 

co 3Haq11TeJibHbIM yBeJI11qeHHeM CKOpOCTH 3JieKTpOHOB. lfaBeCTHO, qTO 3JieKTpOHbl, 

6Jiaro.n.apH cBoetf MaJioH: Macce, cnoco6HhI cpaBHHTeJihHO 6b1CTpo ycKopHThCH, 

H y)Ke nptt 3HeprnHX B HeCKOJibKO K3B MoryT cqHTaTbCH peJIHTHBHCTCKHMH 

qacrnu.aMtt (§ 3.2, 5.3). B H.n.pax c MaccoH: 6oJibllle 1,44Me KBaHTOBOe JJ.BH)KeHHe 

BblpO)K,ll.eHHb!X 3JieKTpOHOB npOHCXO,ll.HT y)Ke np11 CKOpOCTHX, 6JIH3KHX K CKOpOCTH 

cBeTa, qTo orpaH11qttBaeT ttx .n.aJibHeH:Illee ycKopem1e. B 3Be3.n.e c yKa3aHHOH 

cpaBHYITeJibHO 60JibllIOH MaCCOH ynpyrocTb ra3a OKa3bIBaeTCH He.n.ocTaToqHoH tl,JI51 

npOTHBOCTOHHHH B03pOCillHM rpaBHTaU.HOHHblM CHJiaM, qrn npHBOtJ,HT K rpaBH

TaU.HOHHOMy KOJIJiancy 3Be3JJ.bI. B npou.ecce KOJIJianca 11.n.eT 3axBaT 3JieKTpOHOB 

npoToHaMH H Bemecrno HaCbllll.aeTCH HeHTpOHaMH, qTo 3aBepII1aeTCH o6pa30BaHH

eM 3Be3,ll.bl, Ha3bIBaeMOH HeumpOHHOU. 
0.n.HaKO B BblpO)K,ll.eHHOM 6eJIOM KapmIKe B03M0)KH0 HeycTOHYHBOe TepMo

H,ll.epHoe ropeH11e, np11so.n.Hmee K H.n.epHoMy B3phrny, ecJIH ero Macca 6JIH3Ka 

K qaH.n.paceKapOBCKOMY npe.n.eJiy. 

06bHCHHM np11q11Hy B3pbIBa TaKOH 3Be3tl,bl. Jl.onycTHM, qTO B KaKOH-JIH6o Toq

Ke BblpO)K,ll.eHHOro Bemecrna, 113 KOTOporo COCTOHT 3Be3,ll.a, no TOH HJIH HHOH CJiy

qaHHOH np11q11He HeCKOJlbKO BblpOCJia TeMnepaTypa. )laBJieHHe Bemecrna np11 3TOM 

He B03pacTeT, TaK KaK OHO BbipO)KJJ.eHo. Ho 6Jiaro.n.apH yseJI11qeH1110 TeMnepaTypbI 

B03pacTeT BbI,ll.eJieHHe TepMOH,ll.epHOH 3HeprHH, qTo np11Be,ll.eT K ,ll.OilOJIHHTeJibHOMY 

poCTy TeMnepaTypbI. Ho TaK KaK .n.aBJieHHe np11 3TOM He yseJI11q11BaeTCH, TO 

ra3 He paCUIHpHeTCH H He COBepUiaeT pa60Tbl npOTHB rpaBHTaUHOHHbIX CHJI. 

B ycJIOBHHx HeorpaH11qeHHoro pocTa TeMnepaTypbI B KOHU.e KOHLI.OB npo11cxo.n.11T 

H,ll.epHbIH B3pbIB. 
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EcJIH :>Ke 3Be3,LI.a COCTOHT H3 HeBblpO:>K,LI.eHHOfO semecTBa, TO HarpesaHHe ra3a 

3a cqeT ycHJieHHH TepMOH,LI.epHbIX peaKUHH npHBe,LI.eT K ero pacnrnpeHHIO. f a3 

6y,LI.eT coseprnaTb pa6oTy npoTHB CHJI rpamnauHH H OXJia:>K,LI.aTbCH, BCJie,LI.CTBHe 

qero 3Be3,LI.a 6yJJ.eT no-npe:>KHeMy CTa611JibHO cymecrnosaTb. 

B 6eJiblX KapJIHKax, Maccb1 KOTOpbIX 3aKJIJOqeHbI B npe,LI.eJiax OT 0,5Me JJ.O 

1,4Me H,LI.pa COCTOHT H3 yrnepo,LI.a H KHCJIOpo,LI.a. A npH Macce M < 0,5Me -
113 reJIHH. CseTHMOCTb 6eJibIX KapJIHKOB Ha ,LI.Ba-qeTb1pe nopH,LI.Ka MeHbrne, qeM 

y CoJIHUa. CseqeH11e 6eJibIX KapJIHKOB 06ecneq11saeTCH TOJibKO 3a cqeT 3anaca 

TeilJIOBOH 3HeprnH. 

B pe3yJihTaTe B3pbIBOB 6eJihIX KapJIHKOB, Macchi KOTOpbIX 6JIH3KH K qaH,LI.

paceKaposcKoMy npe,LI.eJiy (22.5), o6ycJIOBJieHHb!X TepMOH,LI.epHb!MH peaKUHHMH, 

B03HHKaIOT TaK Ha3bIBaeMbie BCilb!IlIKH csepxHOBbIX 3Be3,LI. 1-ro THna 1); OHH OT

JmqaJOTCH HH3KHM CO,LI.ep:>KaHHeM BO,LI.opo,LI.a H Il0,LI.pa3,LI.eJIHIOTCH Ha ,LI.Ba IlO,ll.THna: 

Ia H lb. B cneKTpax nornomeHHH nepsb1x tta6JI10,LI.a10TCH T.IeTKHe JIHHHH KpeMHHH, 

a B cneKTpax BTOpb!X - JIHHHH reJIHH. 

EcJIH H,LI.po o6Jia,LI.aeT Maccoif 6oJibWe llatt,LI.paceKaposcKoro npeJJ.eJia 1,4Me, 
HO MeHbrne 3Me (tta3hrnaeMoro npe,LI.eJIOM OnnettreifMepa-BoJIKOBa) 11 s ero 

COCTaB BXO,LI.HT rJiaBHbIM o6pa30M 3JieMeHTbl rpynnbI :>KeJie3a, TO 3BOJllOUHH 3Be3,LI.bl 

3asepwaeTcH; ttacTynaeT rpaBHTaUHOHHbIH KOJIJianc ee H,LI.pa, conposo:>K,LI.aeMbIH 

c6pacbIBaH11eM stterntteif 3Be3,LI.HOH BOJJ.OPOJJ.HOH 060JIOllKH. On11caHHoe HBJieH11e 

socnpHHHMaeTCH Ha6JIIOJJ.aTeJieM KaK scnhIWKa csepxttosoif 3Be3JJ.bI II-ro THna, 

conposo:>K,LI.aeMaH HcnycKaHHeM HHTeHCHBHoti JIHHHH so,LI.opo,LI.a. KaK npas11JI0, 

csepxHOBbie 3Be3,LI.bI II-ro T11na Mettee HpK11e no cpasHeHHIO co 3Be3,LI.aMH 1-ro 

T11na. BcnbIWKH csepxHOBbIX II THna 11Me10T MeCTO 11 np11 paccMaTpHsaeMOM HH:>Ke 

rpas11rauHOHHOM KOJIJiance cepJJ.ueBHHbl MaCCHBHblX H,LI.ep . 

.UJIH KOCMOJIOrHlleCKHX Ha6JIIO,LI.eHHH HCOOJlb3yeTCH H3JiyqeHHe csepxHOBb!X 

THna Ia. 0,LI.Ha H3 OCHOBHblX npHqHH TaKoro npe,LI.noqTeHHH CBH3aHa c TeM, qTo 

csepxHOBbie 3TOro THOa HBJIHIOTCH oco6eHHO HpKHMH (K sonpocy 0 CBeTHMOCTH 

CBepxHOBbIX MbI sepHeMCH B § 22.6). K ToMy :>Ke csepxHOBbie T11na Ia xopowo 

113yqeHbl TeopeT11qeCKH. 

B npouecce KOJIJianca :>KeJie3Horo HJJ.pa cpopM11pyeTCH HeifTpOHHaH 3Be3-

,LI.a, B KOTopoti npoTHBOCTOHT JJ.pyr JJ.pyry CHJlbl rpaBHTaUHOHHOro np11rn:>KeHHH 

H orpOMHbie CHJlbl ,LI.aBJieHHH BblpO:>K,LI.eHHOro HefhpoHHOro semecrna. 06pa30Ba

HHe nocJie,LI.Hero CBH3aHO c TeM, qTo HeHTpOHbl OO,LI.06Ho 3JieKTpoHaM HBJIHIOTCH 

cpepMHOHaMH, no,LI.qHHHHCb np11ttu11ny CTayJ111, B coorseTCTBHH c KOTOpbIM JIHillb 

0,LI.HH HetirpoH MO:>KeT HaXO,ll.HTbCH B ,LI.aHHOM 3HepreTHlleCKOM COCTOHHHH. 

C:>KaT11e Macc11sttoti cepJJ.ueBHHbI 3Be3JJ.bI, HaXOJJ.Hmetirn Ha 3asepwa10meti cTa

Jl.HH 3BOJIIOUHH, np11BO,LI.HT K rnraHTCKOMY B03pacraHHIO TeMnepaTypbl (JJ.O MHJIJIH

ap,LI.OB rpa,LI.ycos KeJihBHHa), np11 KOTopoif Haq11HaeTCH pa3BaJI aTOMHbIX HJJ.ep Ha 

tteifrpoHbI 11 npoTOHbI. CTporoHbI, nornomaH 3JieKTpOHbI, npespama10TCH s ttetirpo

Hbl. EJiaro,LI.apH CHJibHOMY c:m:aTHIO Me:m:JJ,y H€HTpoHaMH B COOTB€TCTBHH c npHH

UHOOM CTayJIH B03HHKa!OT MOmHbie CHJibl OTTaJIKHBaHHH, KOTOpb!e yJJ.ep:>KHBa!OT 

1) lfacTO ynoTpe6Jl5!eTC51 ynpomeHHblH TepMMH «BCilbllllKa csepxHOBOH». 
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rpamnaU,HOHHbie Cl1Jlbl, qTo rrp11BO,lJ:l1T K o6pa30BaHl1IO yCToflq11BOH HettTpOHHOH 

3Be3,lJ:bl. 

CTptt KOJIJiarrce 3Be3;i:ttoro H;i:pa B HettTpoHHYIO 3Bes;i:y ee pa3Mep yMettbruaeTcH 

OT 105-106 KM AO ~ 10 KM, a cpeAHHH IIJIOTHOCTb pe3KO B03paCTaeT (cM. Hl11Ke 

TeKCT rreT11ToM). TeMrrepaTypa ttei-iTpOHHOH 3Be3AbI nocTerreHHO yMetthruaeTCH OT 

HaqaJibHOH nopH;i:Ka 1011 AO 106 K 3a BpeMH OKOJIO Ml1JIJil10Ha JieT. 

BJiaro;i:apH MaJibIM pa3MepaM 11 tte6oJiblllOH cBeTHMOCT11 06ttapy.IB:ett11e tteif

TpOHHOH 3Be3Ji:bI orrT11qecK11M11 MeT0AaM11 3aTpy;i:tt11TeJibHO. O;i:ttaKo ee MO.IB:HO 

o6ttapy.IB:l1Tb no HcrrycKaeMOMY eIO pa;i:110113JiyqeHl1IO. )leJIO B TOM, qyo, KaK 

npaBHJIO, HeHTpOHHaH 3Be3Aa 6b!CTpo BpamaeTCH, qyo CBH3aHO co CJieAyIOmeif 

rrpHqHHOH. l1cxOAHaH 3Be3Aa AO c6poca cBoeif BOAOPOAHOH 060JioqK11 o6brqtto 06-

Jia;i:aeT OTHoc11TeJibHO 6oJibllll1M yr JIOBbIM MOMeHTOM I w, rAe I - MOMeHT 11Hepu,1111 

3Be3AbI, w - ee yrnoBaH cKopocTb Bpamett11H. CTpH pe3KOM yMettbruett1111 pasMepa 

3Be3;i:br yMettbruaeTcH 11 sttaqett11e I. MoMeHT HMrryJibca Mo.IB:eT 6bITb coxpaHeH 

Jll1lllb np11 ;i:oCTaTOqHo 6b!CTpOM B03pacTaHl1H CKOpOCTl1 OCeBoro BpameHl1H. 

3tteprnH BpameHH.H 3Be3;i:br npeo6pasyeTCH B HarrpaBJieHHoe pa;i:110113JiyqeHHe. 

TaKyIO 3Be3AY qacTO Ha3bIBaIOT paA11orryJibcapoM. 

nepBaH HeHTpOHHaH 3Be3Aa 6bIJia OTKpb!Ta B 1967 r. B KeM6pHA1KCKOH o6cep

BaTOp11H. 3To OTKpbIT11e rro3BOJIHJIO ycTaHOBl1Tb cymeCTBOBaH11e BO BceJieHHOH 

o6beKTOB c oqeHb BbICOK11MH rrJIOTHOCTHMl1. K HaCTOHlll,eMy BpeMeH11 OTKpbITO 

np116Jil1311TeJibHO 1200 HeHTpOHHb!X 3Be3;i:, 60Jibllll1HCTBO 113 HHX - B npeAeJiax 

Haweif raJiaKTl1Kl1. 

Ha pttc. 22.3 rroKa3aHo paJJ.ttaJihHOe pacrrpeJJ.eJieHtte IIJIOTHOCTH Bemecrna B HeihpoH

HOH 3Be3.ne pam-1ycoM R = 15 KM. B rny6ttHHOM cJioe 3Be31l.hI, o603HalJeHHOM LIJHppoJ:i 1, 

R,KM 11 14 15 

I 1 I 2 I 3 I 4 I p, r/cM
3 

1015 4, 7 .1014 2-10
14 4,3· 1011 

105 

P11c. 22.3. )];11arpaMMa pacnpe):(eJieHHH ITJIOTHOCTH sew,ecrna p B He!hpoHHofi sse3):(e pall.HYCOM 
R = 15 KM 

ITJIOTHOCTb p .uocniraeT rpoMa.nHoro 3HalJeHHH nopH.UKa 1015 r/cM3. Tipe.nnoJiaraIOT, lJTO 

B COCTaB cep.uueBHHbl 3Be3)J.bl TIOMHMO HeHTpOHOB BXO.lJ.HT ITHOHbl I1 nmepoHhl, B03MOJKHO 

06pa3osam1e TIHOHHOro KOH.lJ.eHCaTa (cM. B [3] § 7.6), a TaKJKe B03HI1KHOBeHJm rnnepOHHOH 

11 KBapK-r.ITIOOHHOH nJia3MbI) 1). B cpe.uHHHOH qacrn 3Be3.UbI ( cJioi1 2) n.noTHOCTb no 

Mepe poem R TIOCTeneHHO yMeHblllaeTCH )J.0 3HalJeHHH 2 . 1014 r/cM3, 3TOT CJIOH COCTOHT 

B OCHOBHOM I13 Bblp01Kll.eHHblX Hei1Tp0HOB B lKHll.KOH cpa3e. B npe.ueJiax C.ITOH 3 TI.ITOT

HOCTb c pocToM R npo.uoJIJKaeT yMeHblllaTbCH .uocrnraH 3HalJeHHH 4,3 · 1011 r/cM3 np11 

R = 14 KM. C.noi1 3 cocTOHT H3 H.nep B rnepJJ.oi1 cpa3e c noBbillleHHOH KOHUeHTpau11ei1 Hei1-

TPOHOB. 06.nacTh 4 o6Jia.uaeT KpHCTa.ITJIHlJeCKOH CTpyKTypoi1, ccpopMttpoBaHHOH H.npaMH 

H BblpOJK.ll,eHHbIMH 3JieKTpoHaMH. fpaHHlJHblH OTHOCHTe.ITbHO TOHKHH CJIOH (R ~ 15 KM) 

1) Cyw,ecrnyeT npe):(noJioJKeHHe, '!TO s nepBbie MrHOBeHHH (ll.o 10-5 c) nocJie 5oJihUJoro B3pbrna 
so BceJieHHofi TaKJKe 6bIJIO B03M01KHO o6pa3osaHHe KBapK-rJIIOOHHOH rrJia3Mbl. 
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11pe,11,cTaBJieH 11JIOTHO y11aK0BaHHbIMYI aToMaMYI. Ha 11epmpepYIYI 3Be3,ll,bI p = 105 r/cM3,, LJTO 

Ha ,ll,eCHTb 110pH,ll,KOB MeHbWe 11JIOTHOCTY! B ee rny6YIHHOH LJaCTYI. 

CornacHo rrpe,11,cKa3aHHHM OTO, sses,IJ,bI, 06Jia,IJ,aI01J..1,He )KeJie3HbIMH 51,11,paMH 

c Bb!COKOH KOHI..I,eHTpauHeH HeHTpOHOB, Macca KOTOpb!X B KOHI..I,e 3BOJIIOI.l,HH rrpeBbl

waeT 3Me, B pesyJibTaTe peJIHTHBHCTCKoro KOJIJiarrca o6pasyIOT TaK Ha3brnaeMbie 

ilepHbte abtpbt. )leJIO B TOM, lJTO ,IJ,aBJieHHe 3THX lJaCTHI.l, HeCITOC06HO CKOMITeHCH

poBaTb rpaBHTal.l,HOHHOe ,IJ,aBJieHHe, lJTO H rrpHBO,ll,HT K pe3KOMY C)i<aTHIO 3Be3,IJ,bl. 

06pasyIOmeecH He6eCHoe TeJio 6bIJIO HassaHo LJepHoi1 ,IJ,b1poi1 
1
) rro TOH rrpHLJHHe, 

lJTO OHO crroco6HO J!Hllib IlOfJIOIJ.l,aTb rra,IJ,aIOIJ.l,ee Ha Hero H3JiylJeHHe, TOr,IJ,a KaK 

o6paTHb!H rrpou,ecc HcrrycKaHHH Jll06hIX CHrHaJIOB CTaHOBHTCH HeB03MO)KHbIM. 

CornacHo Teopm-1, LJepHaH ,IJ,b1pa rrpo,11,oJI)KaeT C)KHMaTbCH ,IJ,o Tex rrop, rroKa He 

rrpeBpaTHTC5l B TOlJKY c 6eCKOHelJHOH IlJIOTHOCTb!O ( Ha3bIBaeMOH CHHryJIHpHOCTblO). 

B HeKOTOpOM OTHOWeHHH CHHryJIHpHOCTb LJepHOH ,ll,blpb! aHaJIOfHlJHa CHHryJIHpHO

CTH BoJihrnoro B3pbrna. 

CymecrnyeT rrpe,IJ,eJibHoe pacCToHHHe OT LJepHoi1 ,ll,bipbI, ,IJ,OCTHrHYB KoToporo 

cpoTOH OKa3hIBaeTC51 «CXBalJeHHbIM». 3To paccTOHHHe Ha3bIBaeTCH ropH30HTOM 

co6bITHH HJIH ccpepoi1 lllsapurnHJib,IJ,a. EcJIH cpoToH Haxo,IJ,HTCH Ha paccTOHHHH, 

60JibllIHM ropH30HTa C06bITH51, TO ,ll,JI5l Hero B rrpHHI..1,HITe cymecTByeT B03MO)KHOCTb 

yxo,IJ,a YI3 oKpecTHOCTH sses,11,b1. EcJIH )Ke cpoTOH Haxo,IJ,HTCH Ha ropH30HTe co6bITHH, 

TO OH y)Ke He B COCTOHHHH ero IlOKHHYTb, OH rrorra,11,aeT B rrpe,IJ,eJibl LJepHoro TeJia 

H HCLJesaeT ,ll,JIH BHewHero MHpa. 

OcHOBHhie xapaKTepHCTHKH paccMoTpeHHbIX He6ecHbIX TeJI Tpex THITOB rrpH

se,11,eHbI B Ta6JI. 22.2. 

Ta6Jrnu,a 22.2 
XapaKTep11cT11K11 3Be3,ll, pa3JJWJHOH MaCCbI 

Macca 3Be3,ll,bI M < 1,4Me M :s;; 3Me M>3Me 

Tm1 3Be3,ll,bI 13eJJb!H KapJJHK HefiTpottHaH 3Be3,ll,a Y:epttaH ,ll,brpa 

Pa3Mep 3Be3,ll,hI R, KM 104 10 30 

f1JJOTHOCTb B u,eHTpe 

3Be3,ll,bl p, T/cM
3 I 109 109 

4HCJIO peJIHTHBHCTCKHX o6beKTOB c Ha,IJ,e)KHO orrpe,IJ,eJieHHb!MH MaccaMH K Ha

CTOHlll,eMy BpeMeHH COCTaBJIHeT HeCKOJ!bKO ,11,eCHTKOB (B TOM lJHCJie Bbl51.BJieHbl 

MaCCbl 18 LJepHb!X ,ll,b!p). 

1. 06Hapy:xrnTh LJepHyJO ,11,b1py MOJKHO JIY!Wb 011ocpe,11,osaHHO - 110 B03,11,ei-icrnmo ee 

MOW.HOfO rpaBY!TaUYIOHHOfO 110JIH Ha ,ll,BY!JKeHY!e OKpyJKaJOW.Y!X TeJI YI 110 pac11poCTpaHeHY!JO 

YI3JiyLJeHYIH. ITpYI ycJioBYIYI, LJTO BYI,ll,YIMaH 3Be3,11,a o6pa3yeT c LJepHoi-i ,11,b1poi1 rncTeMy ,11,syx 

He6ecHbIX TeJI B03MOJKeH 3cpcpeKTY!BHbIH MeTO,ll, o6HapyJKeHY!H 110CJie,ll,Hei1. 

ITpYise,11,eM 11p1-1Mep. KocMYILJeCKYii-i o6beKT J1e6e,11,b XI cocTOYIT YI3 ,11,syx TeJI c 11epYIO,ll,OM 

spameHYIH 5,6 cyToK. 0,11,Ho YI3 HYIX 11pe,11,cTaBJIHeT co6oi1 roJiy6oi1 rnraHT c Maccoi-i 22Me, 
a BTOpoe - HeBY!,ll,Y!MbIH 06beKT c Maccoi-i 8Me. ITpe,11,110JiaraeTCH, lJTO OH HBJIHeTCH 
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qepHOH Jl.blpOH, TaK KaK rrpH CTOJib 60JiblIIOH Macce 3TO He6ecHoe TeJIO HeJib3SI C'IHTaTb 

HeihpoHHOH 3Be3Jl.OH. lfa BHJl.HMOro o6beKTa B HeBHJl.HMbIH rrpoHCXOJl.HT «rrepeTeKaHHe» 

ra3a, 'ITO corrpoaoM)J.aeTcsi: ero HarpesaHHeM. flpH rrorra)J.aHHH B HeBHJl.HMOe He6ecHoe TeJio 

ra3 HcrrycKaeT rryJibCHpy10w,ee peHTreHOBCKoe H3Jiy'leHHe. 0Ho MOMeT 6bITb 3aperncTpH

posaHo Ha6JIJO)J.aTeJieM B OKOJI03eMHOM KOCMH'leCKOM rrpocTpaHCTBe (HO He B aTMoc<t>epe 

3eMJIH, B KOTOpofl peHTreHOBCKHe JIY'IH ITOJIHOCTblO rrornow,aJOTCSI). 

2. Ew,e OJl.HH CBOeo6pa3HblH H 3ara)J.O'IHblH KOCMH'IeCKHH o6beKT, Ha3BaHHbIH KBa

sapoM, 6bIJI oTKpbIT B 1963 r. Ksa3ap - BHeraJiaKTH'IeCKoe o6pa3oBaHHe, HcrrycKaJOw,ee 

H3Jiy'IeHHe orpOMHOH MOW,HOCTH B OITTH'leCKOH pa)J.HO H peHTreHOBCKOH o6Jiacrnx crreKTpa. 

CseTHMOCTb KBa3apa 1045 -1048 3pr / c. 

§ 22.6. MaccHBHbie 3Be3JJ;bI 

Oepefr}l,eM K 06Cy)K}l,eHJ.HO TepMOH}l,epHhIX peaKIJ.HH B MaCCHBHhlX 3Be3Jl,aX 

(M > lOMe). BJiaro}l,apH OTPHUaTeJihHOH TerrJioeMKocrn saTpaThI 3HeprnH Ha 

H3JiyqeHHe conpOBO)K}l,a!OTCH pOCTOM TeMrrepaTyphl B 3Be3Jl,HOM H}l,pe, 'ITO C03)],aeT 

ycJIOBHH Jl.JIH npoTeKaHHH HerrpephIBHhIX nocJieJl,oBaTeJihHhIX npoueccoB TepMo

HJl.epHoro CHHTesa. TaK, BOJl.OPOJl.HOe ropeHHe, paccMOTpeHHOe B § 22.4, cMeHHeTCH 

ropeHHeM HJl.ep reJIHH. 11x CJIHHHHe rrpHBOJl.HT K o6pa3oBaHHIO HJl.ep 6epHJIJIHH-8: 

4
He + 

4
He --+ 8Be + 'Y - 0,09 M3B. 

5!)],po 8Be HeycTOH'IHBoe, ero BpeMH )KH3HH HMeeT nopHJl.OK 10- 16 c. Ho 6JiaroJl.apH 

Bh!COKOH CTJIOTHOCTH H)],ep reJIHH Jl.O pacna)],a H)],pa 8Be Ha )],Ba HJJ.pa remrn OHO c 

60JihllIOH BepoHTHOCTb!O MO)KeT BCTyrrnTh BO B3aHMO)],eHCTBHe c 0: qaCTHUeH 8Be + 

+ 4He --+ 12C + 'Y + 7,37 M3B, B pe3yJihTaTe KOToporo 06pa3yeTCH CTa6HJihHOe 

HJl.PO yrnepo}l,a-12. 

fopeHHe reJIHH, CBH3aHHOe c IlOBhillleHHeM TeMrrepaTyphl, rrpHBOJl.HT K pacllIH

peHHIO 30HhI TepMOHJl.epHhix peaKUHH. PoCT TeMna H3Jiy'leHHH conpoBO)!(Jl.aeTCH 

yBeJIH'leHHeM BHellIHero nepmpepHHHOfO CJIOH 3Be3}l,bl Ha HeCKOJihKO nopHJl.KOB, 

B pe3yJihTaTe qero TeMnepaTypa B 3TOM cJioe rroHH)KaeTCH. CrreKTpaJihHhIH cocTaB 

3Be3)],hl H3MeHHeTCH, B HeM pe3KO ycHJIHBaeTCH KpacHaH COCTaBJIHIOill,aH, 'ITO 

03HaqaeT «rrepeMelll,eHHe» 3Be3)],hl c rJiaBHOH IlOCJie}l,OBaTeJihHOCTH Ha Jl,HarpaMMe 

fepulllrrpyHra-PecceJIH B o6JiacTb KpacHhIX rnraHTOB HJIH cBepxrnraHTOB. B 'laCT

HOCTH, npeBpameHHe CoJIHUa B KpacHhIH rnraHT Jl.OJI)KHO npoH30HTH, cornacHo 

pacqeTy, qepe3 5 MJIPJl. JieT. 

fopeH11e reJIHH H o6pa30BaH11e B ueHTpe 3Be3Jl.hI yrnepoJl.a conpoBO*Jl.aeTcH 

Jl.OCTaTO'IHO KpaTKOBpeMeHHOH OCTaHOBKOH peaKUHH CHHTe3a. BHOBh ycHJIHBllleecH 

rpaBHTaUHOHHOe C)KaTHe rrpHBOJl.HT K poCTy TeMrrepaTyphl H, CJie}l,OBaTeJihHO, K 

yBeJIH'leHHIO KHHeTH'leCKOH 3HeprnH H}l,ep reJIHH. CTpH Jl.OCTaTO'IHO Bh!COKOM ee 

3HalJeHHH HJJ.pa reJIHH CMoryT, npeO)],OJieBaH 3JieKTpOCTaTH'leCKOe OTTaJIKHBaHHe 

HJl.ep yrnepo}l,a-12, BhI3BaTh peaKu.1110 

4
He + 

12c ___, 160+'Y+7,16 M3B, 

rrpHBO}l,Hlll,YIO K o6pa30BaHmO CTa6HJihHOf0 HJ],pa KHCJiopoJ],a-16. 
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CTa,ll.HH 3BOJHOIJ.HH, no,L1.06Hb1e onHcaHHhIM, npo,ll.OJDKaIOTCH H ,ll.aJiee no TaKOMY 

)Ke cueHapHIO. 

Xo,ll. 3BOJIIOIJ.HH 3.JieMeHTOB B MaCCHBHOH 3Be3,ll.e oTpa)KeH ,ll.aHHhIMH, npHBe,ll.eH

HhIMH B Ta6JI. 22.3. 

Ta 6 JI Hu a 22.3 
XapaKTepHCTHKH CTai:J:HH 3BOJIJOUHH nnKeJIOH 3Be3ti:bI (M > lOMe) 

CTJIOTHOCTb s ueHTpe 
3JieMeHT 

TeMnepaTypa 0pO):l0Jl)Kl1TeJibHOCTb 

3Be3JJ.bl, r/cM
2 

s uettTpe 3Be3JJ.bI, K ropeHHH 

1-102 
BOJJ.OpOJJ. (4-8). 107 7 MJIH JieT 

103-104 feJIHH (2-3). 108 500 Tb!C. JieT 

105 YrnepoJJ. 109 600 JieT 

106 K11cJiopoJJ. 5. 109 6 MeCHUeB 

106-107 KpeMHHH (3-5) . 109 1 CYTKH 

l.J:eM 60.Jibille nopH,ll.KOBb!H HOMep 3.JieMeHTa, yqacrnyiomero B COOTBeTCTBy

lOI.IJ.eH TepMOH,ll.epHOH peaKIJ.HH, TeM BbIWe TeMnepaTypa H ,ll.aBJieHHe B ueHTpe 

MaCCHBHOH 3Be3,ll.bl. 

Opott,ll.H see CTa,ll.HH TepMos:r,L1.epHoro CHHTesa, 3BOJIIOUHH MaccHBHOH sse3,ll.hI 

3aBepwaeTCH B3pb!BOM csepXHOBOH. 

BpeMs:r TepMOH,ll.epHbIX npoueccoB B He,ll.pax 3Be3,ll.hI ,ll.O cTa,ll.HH ropeHHH KpeM

mrn c nocJie,ll.yIOI.IJ.HM o6pasosattHeM aTOMHbIX H,ll.ep rpynnbI )KeJiesa 3aHHMaeT, 

cornaCHO ,ll.aHHb!M Ta6JI. 22.3, MHJIJIHOHbl JieT. ,UaJibHeHrnHe npoueCCbl H,ll.YT CTpe

MHTeJibHO. Opo,ll.OJI)KHTeJihHOCTb ropeHHH KpeMHHH cocTaBJIHeT Bcero cyTKH, npH 

3TOM B ueHTpaJibHOH qacTH 3Be3,ll.bl o6pasyeTCH CJIOH )KeJie3a, OKpy)KeHHblH KpeM

HHeBOH 060.JIOqKOH, sa npe,ll.eJiaMH KOTopoi1 Ha nepHcpepHH 3Be3,ll.bl npO,ll.0.JI)KaeTCH 

CHHTe3 6oJiee JierKHX 3JieMeHTOB. 

B uettTpaJibHOH «)KeJie3HOH» qacTH 3Be3,ll.bI TepMOH,ll.epHbIH CHHTe3 npeKpama

eTcs:r no OTMeqeHHOH Bb!We npHqHHe (nOCKOJibKY H,ll.pa rpynnbl )KeJie3a o6Jia,ll.aIOT 

MaKCHMaJibHOH y,ll.eJibHOH 3Heprnei1 CBH3H). 0,ll.HaKO )KeJie3HaH cep,ll.UeBHHa npo

,ll.OJI)KaeT HarpeBaTbCH H3-3a rpaBHTaUHOHHOro C)KaTHH 3a cqeT BbI,ll.eJIHIOI.IJ.eHCH 

npH 3TOM rpaBHTauHOHHOH 3HeprnH. B )KeJie3Hoi1 cep,ll.UeBHHe 3Be3,ll.hI npH TeM

nepaType 5 · 109 K B03HHKaIOT peaKUHH pacmenJieHHH aTOMHbIX H,ll.ep )KeJiesa, 

npHBO,ll.HI.IJ.He K MHO)KeCTBeHHOMY o6pa30BaHHIO HeHTpOHOB, npOTOHOB, H,ll.ep reJIHH, 

H H,ll.YT IlO,ll. ,ll.eHCTBHeM CJia6hIX CHJI peaKUHH c HcnycKaHHeM Hei1TpHHO THna 

(A,Z)+e---+ (A,Z- l)+ve. 

3TH peaKUHH 3H,ll.OTepMHqecKHe, npHBO,ll.HI.IJ.He K HeKOTOpoMy OXJia)K,ll.eHHIO cep,ll.

ueBHHbl 3Be3,ll.bl. ).laBJieHHe B Hett, oTqaCTH 3a cqeT ,n:aBJieHHH BblpO)K,UeHHOro 

3JieKTpOHHOro rasa, CTaHOBHTCH He,UOCTaTOqHb!M ,ll.JIH npOTHBOCTOHHHH rpaBHTa

UHOHHb!M CHJiaM. HaqHHaeTCH BO BCe y6b!CTpHIOI.IJ.eMCH TeMne na,n:eHHe BHeWHHX 

CJIOeB Ha ueHTpaJibHYIO qacTb 3Be3,ll.bl - npOHCXO,ll.HT KOJIJianc. 

TeMnepaTypa B HaqaJie KOJIJianca B cep,L1.ueBHHe 3Be3,ll.bI paBHa 109-101° K 
npH nJIOTHOCTH 108-10 11 r/cM~ BJiaro,n:apH yseJIHqeHHIO KHHeTHqecKoi1 3HeprHH 
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irncnn.1. sew,ecrna, na.n.aiow,ero Ha ueHTpaJibHYIO qacTh asea.n.hl, np01-1cxo.n.HT pocT 

cKopocTH ropeHHH ee nepmpepHHHhIX o6JiacTett. Co.n.ep)KaW,HHCH s tteH: KHCJiopo.n. 

npH TeMnepaType 109-101° K BbiropaeT B TeqeHHe HeCKOJihKHx MHHyT. 

3aKJIIOYHTeJibHaH CTaAHH KOJIJianca npoHCXOJJ.HT B oco6eHHO Bb!COKOM TeMne. 

B TeYeHHe HeCKOJihKHX ceKyHA TeMrrepaTypa s cepJJ.UeBHHe aseaJJ.hI .n.ocTHraeT 

1011 -10 12 K rrpH rrJIOTHOCTH sew,ecrna 1014-10 15 r/cM3. 

CoaJJ.aIOTCH ycJIOBHH AJIH HHTeHCHBHO rrpoTeKaIOw,ero rrpouecca rrpespaw,eHHH 

rrpOTOHOB B HettTpOHbl 

(22.6) 

CTpottAH see cTaAHH TepMOHJJ.epHoro CHHTeaa, 3BOJIIOUHH MaCCHBHOH asea)l.hI aasep

waeTCH BCilbllliKOH CBepXHOBOH; npH B3pb!Be OCB060)K)l.aeTC51 rHraHTCKaH 3HeprHH, 

pasHaH 1051 -1054 3pr, 6oJibWaH ee qacTb yHOCHTCH HeHTpHHO. B uettTpe ase3AhI 

o6paayeTCH HettTpOHHaH cepJJ.uesHHa, C)KaTaH AO HJJ.epHOH IIJIOTHOCTH. 

EcJIH .n.o B3pb!Ba CBeTHMOCTb 3Be3Jl,bl 6bIJia KpaHHe HH3Ka H ee He BCerJ].a 

y)l.aBaJIOCb aaperHCTpHpOBaTb, TO IIOCJie BCilb!lllKH CBeTHMOCTb 3TOfO tte6ecttoro 

TeJia pe3KO yseJIHqHBaeTCH. l1aJiyYeHHe csepXHOBOH B MaKCHMyMe CBeTHMOCTH B 

e)l.HHHUY speMem-1 COH3MepHMO co CBeTHMOCTbIO HeKOTOpb!X raJiaKTHK, COCTOHW,HX 

113 orpoMHOfO qHcJia «06biqHbIX» 3Be3.n.. 

BapbIB rropO)KJJ.aeT s «HarpeTOM» rrepmpepHttHOM cJioe ase3AhI HYKJieocHHTea 

(ttaahrnaeMbIH 6oJiee noJIHO B3pbIBHbIM HYKJieocHHTe3oM), B rrpouecce KOToporo 

o6pa3yIOTC51 MOW,Hbie IIOTOKH HettTpOHOB, HHTeHCHBHO rrornow,aeMh!e HJJ.paMH. 

B peayJibTaTe 3THX rrpoueccos B03HHKaIOT 6b1CTpo TeKyrn,He HJJ.eptthie peaKUHH, 

rrpHBOJ].HW,He K o6pa3oBaHHIO 3JieMeHTOB c MaCCOBbIMH YHCJiaMH 6oJiee 60, B YHCJIO 

KOTOpb!X BXOAHT H TpattcypaHbl ( 6oJiee DOJIHO 3TOT rrpouecc paccMaTpHsaeTCH 

B § 22.7). 

06brqtto cseTHMOCTh csepxttosot'I cpaBHHTeJihHO 6hICTpo y6h1saeT. Ha pHc. 22.4 

csepxy np11:se.n.ettb1 .n.se cpornrpaqrnH cseqeHHH (a, 6), OTMeYeHHbie cTpeJIKaMH. 

BTopaH cpoTorpacpHH noJiyqetta qepea JJ.eBHTh Mecm.1.es nocJie nepsot'I. 3a 3TO speMH 

6JiecK 3Be3)l.bI peaKo yMeHblllHJICH. BttH3Y npHse.n.ett rpacpHK na.n.eHHH cseTHMOCTH. 

KaK BH.lJ.HO, cseTHMOCTb yMeHblllaeTCH rro 3KcrrottettuHaJibHOMY 3aKotty c yMeHb

wettHeM B Jl,Ba paaa 3a 55 )l.HeH. Do xapaKTepy CITaJ].a CBeTHMOCTH MO)KHO rrpe)l.

IIOJIO)KHTb, YTO Otta cpopMHpyeTCH H3JiyYeHHeM pa)l.HOHYKJIHJ].OB c pa3JIHqHblMH 

speMeHaMH )KH3HH, o6paayIOrn,HMHCH B npouecce sapbrna csepxttosot'I. B .n.aHHOM 

CJiyqae orrpeJJ.eJIHIOW,yIO pOJib CbirpaJI, no-BHAHMOMy, TpattcypaHOBb!H 3JieMeHT 

KaJIHcpopHHtt-254, rrepHOA noJiypacrraJJ.a KOToporo KaK paa paseH 55 .ll.HHM. 

B3pbIBbI csepxHOBbIX OTHOCHTCH K pe.n.KHM co6bITHHM. TaK, B ttarneH raJiaK

THKe 3a cm JieT rrpoHCXO.lJ.HT s cpeJJ.HeM 3-4 scrrhIWKH csepxHOBhIX. CyMMapttoe 

qHCJIO Ha6JIIO)l.eHHH TaKHX co6bITHH He .ll.OCTHraeT COTHH, npHqeM OHH OTHOCHTCH 

npeHMyrn,eCTBeHHO K Jl,aJieKHM raJiaKTHKaM. 

B peayJihTaTe rroTepH aHaqHTeJihHOH qacTH sew,ecTsa csepxttoBoH «OCTaToq

Hoe» tte6ecttoe TeJio rrpeJJ.cTaBJIHeT co6ot'I JIH6o HeHTpOHHYIO asea.n.y, ecJIH Macca 

HCXOJJ.HOH 3Be3Jl,hl rrpHXOJ].HTCH Ha HHTepsaJI 10Me-40Me, JIH6o qepttyIO JJ.bipy, 

ecJIH M > 40Me. 
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Pttc. 22.4. Csepxy ,ZJ,Be cpororpacp1111 csernMocrtt csepxHosoi1 (orMeqeHhI crpeJJKaMH), sropaH 
c,ZJ,eJJaHa qepe3 9 Mecm.1,es rrocJJe rrepsoi1. BHH3Y rrpHBe,ZJ,eH rpacpHK na,ZJ,emrn cserttMocrtt 

¥fa pacce51HHhIX B npocTpaHCTBe cpparMeHTOB B30pBaBineroc51 tte6ecttoro TeJia 

IlOCTeneHHO IlO,LI, ,Ll,eHCTBHeM Cl1Jl T51fOTeHI151 cpopM11py10TC5! 3Be3,Ll,bl BTOporo IlOKO

JieHH51, B COCTaB KOTOpb!X y)Ke BXO,Ll,l1T 11,eJiblH p51,L1, 3JieMeHTOB, OTCYTCTBOBaBWHX 

nepsotta'-!aJibHO B HCXO,Ll,HOH 3Be3,Ll,e. Harne CoJIHUe 51BmieTCH HMeHHO 3Be3,Ll,OH 

BTOporo IlOKOJieHH51. 

§ 22. 7. PacnpocTpaHeHHOCTh x11M111JeCKHX 3JieMeHTOB B np11po,n:e. 
Hx npo11cxo:>K,n:em1e 

Bb1rne MhI y6eJI.HJIHcb, '-!TO Ha1160Jiee pacnpoCTpatteHHhIMH x11Mtt'-!eCKHMH 3Jie

MeHTaMH B rrp11poae 51BJIHIOTC51 BO,L1,opo,L1, 11 reJIHH. EcJIH KpttTep11eM pacnpocTpa

HeHHOCTH C'-!HTaTb rrpoueHTHOe COJI,ep)KaHHe '-!!1CJia 51,Ll,ep, TO Ha ,Ll,OJIIO BO,ll,Opo

JI,a H reJIH51 rrpHXO,Ll,I1TC51 91 % H 8,2 % 51,Ll,ep COOTBeTCTBeHHO, TOr,Ll,a KaK ,Ll,OJI51 

ocTaJihHbIX 51,L!,ep cocTaBJI51eT Bcero 0,8 %. DocKOJibKY rrpouecc HyKJieocHHTe3a 
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BO BceJieHHOH conpoBmK,LI.aeTcH HenpepbIBHhIM yMeHbWeHHeM BO,LI.opo,LI.a H reJIHH, 

TO npHBe,LI.eHHble umppbl pacnpoCTpaHeHHOCTH 3JieMeHTOB CBH,LI.eTeJibCTByIOT, qTO 

coBpeMeHHaH BceJieHHaH ,LI.OJIMHa cqHTaThCH «BeCbMa MOJIO,LI.OH» (B KOCMHqecKHX 

MacwTa6ax BpeMeHH). 

0,LI.HaKO poJib Bcex 3JieMeHTOB, BKJIIoqa51 «petI,KHe», B pa3BHTHH MHpa oqeHb 

BeJIHKa, H no3TOMY ,LI.aHHOH npo6JieMe y,LI.eJIHeTcH 6oJihrnoe BHHMaHHe. Bonpoc o 

pacnpocTpaHeHHOCTH XHMHqecKHX 3JieMeHTOB H HX H30TOnHqeCKOM COCTaBe HaMH 

yMe qacrnqHo paccMaTpHBaJICH (cM. § 7.5 H Ta6JI. 7,1). 3,LI.eCb Mb! o6o6W,HM H 

HeCKOJibKO pacwHpHM npHBe,LI.eHHYIO BbUIIe HH¢opMaUHIO. 

Ha pHc.22.5 noKa3aHa t1,HarpaMMa pacnpocTpaHeHHOCTH HYKJIH,LI.OB BO Bce

JieHHOH B 3aBHCHMOCTH OT MaccoBoro qHcJia A, noCTpoeHHaH 3IOccoM H IOpH. 
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Maccosoe 'rncJio 

P11c. 22.5. PacnpoCTpaHeHHOCTh 3JieMeHros so BceJieHHoil no ,naHHbJM 310cca 11 .EOp11 

flo OCH op,LI.HHaT OTJIOMeHbl 3HaLJeHHH JIOrapHCj.>Ma pacnpOCTpaHeHHOCTH, np11.qeM 

pacnpoCTpaHeHHOCTb KpeMHHH TIOJIOMeHa paBHOH 106. )lHarpaMMa noCTpoeHa Ha 

OCHOBaHHH HHcpopMaum1 0 COCTaBe 3eMHOH aTMoccpepbl, JIHToccpepbl, MeTeopHTOB, 

JlyHhI, aTMoctj:>ep 3Be3,LI. (BKJIJ0qa51 CoJIHue) H np. 

CornacHo ,LI.aHHhIM ,LI.HarpaMMhI BCJie,LI. 3a BbICOKOH pacnpocTpaHeHHOCThIO H 

11 He cJie,LI.yeT pe3KHH cna,LI., MHHHMYM KOToporo 3aHHMaIOT JierKHe H,II,pa Li, 
Be, B. PacnpoCTpaHeHHOCTh cJie,LI.yIOrn,Hx HYKJIH,LI.OB Ha MHoro nopH,LI.KOB Bb1we, 

O,LI.HaKO c pocTOM MaccoBoro qHcJia Ha6JIIO,LI.aeTCH TIOHHMeHHe pacnpoCTpaHeHHOCTH 
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(rpynnhI 0: H s)' KOTOpbie CMeH5llOTC51 MaKCHMYMOM, Ha3bIBaeMblM :IB:eJie3HbIM ( ero 

o6pa3yIOT Fe, Co, Ni, cocTaBJJHIOIUHe rpynny e). ,.UaJiee c pocTOM Maccosoro 

4HCJia Ha6mo.n.aeTC51 noHH:IB:eHHe KpHBOH, npHXO.ll.51IUeec51 Ha cpe.n.mie HyKJIH)l,hI 

(A - 65-100). Dpasee 3Toro HHTepsaJia pacnoJio:IB:eH pH.II. rn:IB:eJihIX HYKJIH.ll.OB 

(A > 100) xapaKTeptt3yeMhIX pacnpocTpatteHHOCTbJO o.n.ttoro nop51.ll,Ka. B 30He 

A > 70 BhI)l,eJIHJOTCH TPH napHbIX MaKCHMyMa, HX npaBhie nHKH coorneTCTBYJOT 

51.ll.paM c Marwi:ecKHMH 4HCJiaMH HeHTpOHOB 50, 82 H 126. 0.n.HaKO BblCOTa 3THX 

MaKCHMYMOB MeHbllle BblCOTbl :IB:eJie3HOfO MaKCHMyMa. 

H11:IB:e octtoBHOH RpHBOH pacnoJio:IB:eHa BhI)l,eJieHHa51 nyHKTttpoM 3oHa p, cooT

BeTcrny10ruaH HYKJIHJJ,aM, pacnpocTpatteHHOCTb KOTOpbIX erue Ha .n.Ba-TpH nop51.n.Ka 

MeHbllle. 3TH HYKJIHJJ.bI Ha3bIBaJOTC51 «o6oi1.n.eHHhIMH». 

0TMeTHM TaK:IB:e, 4TO pacnpocTpaHeHHOCTb I.J:eTHO-I.J:eTHbIX HyKJIH)l,OB 60Jibllle 

no cpaBtteHHJO c coce.n.HHMH HYKJIH)l,aMH, 06Jia.11.a10mttMH HeI.J:eTHbIM 4HCJIOM HyK

JIOHOB. 

Depe4HCJieHHbie oco6eHHOCTH pacnpocTpatteHHOCTH 3JieMeHTOB 11 HX npottc

xo:IB:.11.em1e MoryT 6b!Tb o6b51CHeHbl c IlOMOW:bIO COBpeMeHHbIX npe.n:.CTaBJieHHH 

51.l1.epttoi1 cpH3HKH [ 18]. TaK, OTMeY:eHHaH oco6eHHOCTh pacnoJio:IB:eHHH coce.n:.m1x 

HYKJIH.ll.OB, HOCHW:aH «IlHJI006pa3HbIH» BH.ll., HaMH cpaKTH4eCKH o6b51CHeHa Bb!llle 

(CM. nn. 7.5.2 H 8.1.1); OHa CB513aHa c 3cpcpeKTOM HX cnap11BaHH5l. (CM. TaK:IB:e 

pttc. 7.8 11 8.1). DpHHHTO BhI.ll.eJIHTb cJie,n:y10m11e npoueccbI HYKJJeOCHHTe3a B 3Be3-

.n.ax, H.ll.YW:He c yqacrtteM JiefKHX H cpe.n.HHX 51.II.ep. 

1. Y:IB:e 3HaKOMbie HaM y21tepo8Hbte H eoaopo8Hbte l{UKJlbl, 5IBJIHIOW:HeC51. oc

HOBHbIMH HCT04HHKaMH 3HeprHH 3B€3J1.. 

2. o:-npouecc, npe.n.CTaBJIHIOW:HH co6oi1 TepMoH.11.epHoe B3aHMo.n.ei1crntte JIH6o 

Me:IB:.n.y 0:-4aCTHI.I,aMH (51.11.paMH reJIH51.), JIH6o M€:IB:.ll.Y Y:aCTHI.I,aMH, COCTOHW:HMH 

(B MOJ1.€JlbHOM npe,n:CTaBJieHHH) H3 O:-Y:aCTHI.I,. nonyCTHM, 4TO 0:-4aCTHI.I,a npH

o6peJia KHHeTH4ecKy10 3Heprn10, .11.ocTaTOY:Hy10 JI:JIH npeo.n,oJieHHH KYJIOHOBCKoro 

6apbepa yrnepo.n:.a-12. B TaKOM cJiyY:ae B03MO:IB:eH a-npouecc: 

4
He + 

12
C-+ 

16
0+1+7,16 M3B, 

npHBO,ll,HW:HH K o6pa3oBaHHIO CTa6HJibHOf0 H.n,pa KHCJIOpo.n.a-16. 

B H.n.pax c A> 12 B03MO:IB:eH nocJie.n.oBaTeJihHhIH 3axBar a-qacTHI.I,: 

12c ~ 160 -+ 20Ne -+ 24 Mg -+ 28Si, 

a TaK:IB:e TepMoH.n,epttbie peaKI.I,HH 

12c + 12c H 160 + 160 _ 

3. e-npouecc, COCT051.W:HH HX nocJie,ll,OBaTeJibHbIX aKTOB CHHTe3a 51,ll,ep :IB:eJie-

3a, Ko6aJibTa H .n:.p., o6pa3yIOW:HX «:IB:eJie3HblH IlHK», B03HHKaIOW:HH B ycJIOBHHX 

TepMO,IJ,HHaMn4eCKoro paBHOBeCHH (T rv 3 · 109-101° K). TepMoH.n:.epHbIH CHHTe3 

3aBeplllaeTcH, KaK MbI 3HaeM, Ha H.11.pe :IB:eJie3a. lfaMeHeHHe xapaKTepa pacnpoCTpa

HeHHOCTH XHMHY:eCKHX 3JI€MeHTOB B HHTepBaJie npaBee :IB:eJie3HOfO MaKCHMyMa 

CBH,ll,eTeJibCTByeT 06 HHOM MexaHH3Me o6pa30BaHH51 T51:IB:eJibIX HYKJIH,ll,OB no cpaB

HeHmo c MexaHH3MOM o6pa3oBaHHH JierKHX H cpe.II.HHX HYKJIH.ll.OB. 



434 I'Jt. 22. 3BesaHbtii nepuoa EJBOJ110u,uu BceJteHHoii. HyKJteocuHmes B sBesaax 

3JieMeHThI c MaccoBbIMH LJHCJiaMH, npeshilliaIOlll.HMH 3HaLJeHHe A ,LJ,JIH )KeJie3-

Horo M3KCHMyMa, o6pa3y!OTCH, B OCHOBHOM, IIO)l. ,LJ,eHCTBHeM HeHTpOHOB. 3TO o6b-

5ICHHeTC5! TeM, LJTO .3Hepren1LJeCKHH KyJioHOBCKHH 6apbep, KOTOpbIH npHXO,LJ,HTCH 

rrpeo,LJ,oJieBaTb B npouecce TepMOH,LJ,epHoro CHHTe3a 3apH)KeHHhIM LJacTHUaM, )1.JIH 

HetiTpOHOB He HMeeT 3HaLJeHH5!. HetiTpOHbl B CBOIO OLJepe,ll,b HBJIHIOTCH npo,LJ,yKT3MH 

,ll,pyrnx 5!,ll,epHblX peaKIJ,HH, B KOTOpb!X yLJaCTBYIOT H 3apH)KeHHbJe LJ3CTHIJ,bl. ,ll,JIH 

IIOJIHOTbl KapTHHbl 33MeTHM, LJTO 60JibllJ35! LJ3CTb TH)KeJihIX 5!,ll,ep HCIIb!TbIBaeT 

,8-pacna,LJ,, LJTO T3K)Ke CK33bJBaeTC5! Ha pacnpocTpaHeHHOCTH XHMHLJeCKHX .3Jie

MeHTOB. 

<PopMHpoBaHHe TH)KeJibIX .3JieMeHTOB ocymecTBJIHeTCH rJiaBHbJM o6pa30M 

B (n, 1) peaKIJ,HHX: 

(A, Z) + n---+ (A+ 1) + /, (22. 7) 

o6ecneLJHB3!0lll.HX IIOCJie,LJ,OBaTeJihHbIH 33XB3T CB060,LJ,Hb!X HeHTpOHOB. l1cxo,LJ,Hb!Ml1 

5!)1.paMH 5!BJIHIOTCH, IIO-BH)l.HMOMy, 5!)1.pa rpynrrbI )KeJie3a, IIOCKOJ!bKY IIOCJie,LJ,OBa

TeJibHOe npoTeKaHHe peaKIJ,HH THIIa (22. 7) c 6oJiee pacnpocTpaHeHHblMH B npH

po,LJ,e 5!.JJ.paMH - 12C, 160 H .JJ.p. M3JIOBepoHTeH 113-33 HX LJpe3BbJLJaHHO M3Jlb!X 

ceLJeHHH pa,LJ,HaIJ,HOHHOfO 33XBaTa HeihpoHOB. 

Pa3JIHLJaIOT )1.Ba npouecca, H,ll,Ylll.HX IIO.JJ. ,LJ,eticTBHeM cso6o.JJ.HbIX HeHTpottoB. 

1. s-npo11ecc 33KJIIOLJaeTC5! B Me,LJ,JieHHOM 3aXBaTe HeHTpOHOB 5!,ll,paMH 1). 3TOT 

npouecc MO)KeT conposo)K,LJ,3ThCH ,e- -pacna,LJ,oM, HO a-pacna,LJ, npaKTHLJeCKH tteso3-

MO)KeH, TaK KaK y paccMaTpirnaeMblX H,ll,ep OTHOCHTeJibHO BeJIHKH KYJIOHOBCKHe 

6apbepb!. 

YcJIOBHH, tteo6xo,LJ,HMbie ,LJ,JIH HHTeHCHBHoro npoTeKaHH5! s-npouecca, cocTOHT 

B CJie)],yIOlll.eM: H.JJ.epHbie peaKIJ,HH c o6pa30B3HHeM HeihpOHOB B03M0)KHbl B Be

mecTBe npH TeMnepaType 6oJiee 108 K; nJIOTHOCTh ttetiTpOHOB B cpe,LJ,e ,LJ,OJI)KHa 

COCTaBJI5ITb 108-10 10 CM-3; .3TH ,LJ,Ba ycJIOBHH )],OJl)KHbl Bb!IlOJIHHTbCH B 3Be3)],e B Te

LJeHHe OTHOCHTeJihHO ,ll,JIHTeJibHOfO npoMe)KyTKa BpeMeHH (He Mettee HeCKOJ!bKHX 

JieT), TaK KaK TOJ!bKO B TaKOM cJiyLJae B pe3yJibT3Te IIOCJie)],OBaTeJibHOfO 3aXBaTa 

HetiTpoHoB MoryT B03HHKHYTh TH)KeJibie H,LJ,pa. HaKoHeU, B03HHKaIOlll.He npH s-npo

uecce H,LJ,pa ,LJ,OJI)KHhI noKH,LJ,aTb 3Be3,LJ,Y H yxo.JJ.HTb B Me)K3Be3,LJ,ttoe npoCTpaHCTBO, 

He yLJaCTBYH B HOBb!X H,ll,epHbIX peaKIJ,HHX. 

CTepeLJHCJieHHhie ycJioBHH cymeCTBYIOT B KpacHhIX rHraHTax. 

B KaLJecrne no.JJ.XO,ll,Hlll.HX HCTOLJHHKOB ttetiTpOHOB c Heo6xo,LJ,HMOH TeMnepa

Typoti > 108 K, yLJacrnyIOlll.HX B s-npoueccax, npHrO)l.HhI pa3J1HLJHbie 5!,L1,epttb1e 

peaKIJ,HH, HanpHMep 

!3C +a ---+ 160 + n; 13C + r ---+ 12C + n. 

,II,onycrnM, LJTO H,LJ,po (A+ 1), B03HHKlliee B peaKUHH (22.7), ttecrn6HJihHO. EcJIH 

3HaLJeHHH IIJIOTHOCTH HetiTpOHOB YKJ1a,LJ,b1Ba10Tc5! B yKa3aHHhIX Bbillie npe,LJ,eJiax, 

TO )],JIH TaKoro 5!,ll,pa Bepo5!THOCTb ,e--pacna,LJ,a 6y,LJ,eT npeBaJJHpOB3Tb Ha,LJ, BepOHT

HOCTblO 33XBaTa HeHTpoHa. 0603H3LJHM cpe,LJ,Hee BpeMH )Klf3HH 5!,ll,pa ,ll,O 3aXBaTa 

1
) s - OT CJIOBa slow (aHrn.) - Me,ll,JJeHHblH. 
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HM HeihpoHa Tn1 , a OTHOCHTeJibHO 13- -pacna.rr.a Tf3· B s-npouecce BbIIIOJim1eTC5I 

«CHJibHOe» HepaBeHCTBO 

(22.8) 

3.rr.ecb Y'lTeHo, 'ITO Bepo51THOCTh L1,aHHoro npouecca B e.D..HHHUY BpeMeHH o6paTHo 

nponopu110HaJibHa COOTBeTCTBYIOlll,eMy cpe,D..HeMy BpeMeHH )f(!13HH. 

3a Ll,OCTaTO'lHO npOLl,OJI)f(HTeJibHOe BpeM51 s -npou.ecc MO)f(eT o6ecne'lHTb o6-

pa3oBaHHe mo6bIX TH)f(eJihIX 51.D..ep BIIJIOTb .D..O BHCMyra-83. B 51.D..pax c nop51.D..KOBbIMH 

HOMepaMH OT 84 .D..O 89 CTa6HJihHhie H30TOIIhI OTCYTCTBYIOT. CTo3ToMy cymecrnoBa

HHe B np11poL1,e 51.D..ep TOpH51 (Z = 90) H ypaHa (Z = 92) MO)f(HO o6b51CHHTb, eCJIH 

TOJibKO npeLl,IIOJIO)f(HTb, 'ITO OHH o6pa3yIOTCH B pe3yJibTaTe Ll,OCTaTO'lHO 6h!CTporo 

3axBaTa CB060J],Hb!X Hei:hpOHOB yKa3aHHblMH npoMe)f(yTO'lHb!MH HeCTa6HJibHblMH 

HLl,paMH (CM. HH)f(e). 

06pa3yIOlll,HMCH B s-npouecce HLl,paM Ha Ll,HarpaMMe 51.D..epHOH CTa6HJibHOCTH 

(pHC. 10.3) COOTBeTCTBYIOT «Y3KaH Ll,OpO)f(Ka» (s-TpeK) 6JIH3 JIHHHH /3-cra6HJibHO

CTH. 3TH H.D..pa HBJIHIOTC51 JI1160 L1,0JirO)f(HBym11M11, JI1160 cTa6HJihHhIMH. CTp11Mep 

o6pa30BaHH51 TaKHX H,D..ep IIOKa3aH Ha p11c. 22.6. 

~iGa ~ ~?Ga~~lGa ~nGa 

,13- ~~-
64 n 65 n 66 n 67 n 68 n 69 n 70 n 71 
30Zn ---30Zn--- 30Zn ---30Zn --- 30Zn ---30Zn--- 30Zn--- 30Zn 
CTa6. crn6. cTa6. CTa6. 

P11c. 22.6. CxeMa 06pa3osaHHH 113ornnos 3JieMeHTOB c Z = 30-31 s npouecce s-pacnaJJ,a: 
3axsaT HeiiTpoHos; I - 13- -pacnaJJ,. Crn611J1bHb1e H30TOnbI OTMetJeHbI HHJJ,eKCOM «CTa6» 

2. r-npo4ecc npe.D..cTaBJIHeT co6oti 6bICTpbIH 3axBaT HetiTpottoB 1). oJiaroL1,ap51 

np11coeL1,HHeHHIO HeCKOJibKHX HeihpOHOB HLl,po CTaHOBHTCH HeycTOHlfHBbIM H pac

naL1,aeTCH. B r-npou.ecce .D..JIH cpe,D..HHX BpeMeH )KH3HH Tn1 11 Tf3 BhIIIOJIH51eTcH 

HepaBeHCTBO, o6parnoe ttepaBettcrny (22.8): 

Tn'Y « Tf3, 

T.e. Bepo51THOCTb 3aXBaTa HeHTpoHa 3Ha'lHTeJibHO npeBwwaeT BepOHTHOCTb ero 

13- -pacna.D..a. 

r-npouecc 3cpcpeKTHBHO npoTeKaeT npH ITJIOTHOCTHX ITOTOKa HeHTpOHOB nopHLl,

Ka (1024 -1030) 'laCTHIJ./(cM2 . c), B03HHKaIOlll,HX, rJiaBHbIM o6pa30M, Ha Ha'laJibHOM 

3Tane BCIIblWKH CBepxHOBOH 3Be3)1,bl. 

PaccMOTpeHHbIH BKpaTue B § 22.6 B3pb!BHOH HYKJieornHTe3 KaK pa3 HLl,eT 

no cxeMe r-rrpou.ecca. 0CTaHOBHMC51 Ha HmpopMaUHH 06 HCTOlfHHKax HeHTpo

HOB, 06ecne'lHBa10m11x B03MO)f(HOCTb 3TOro npouecca. B pe3yJihTaTe «6bICTporo» 

(3a Ll,€C51Tble )1,0JIH ceKyHLl,bl) B03)1,€HCTBH51 pacxO,U51lll,eHC51 yJJ,apHOH BOJ!Hbl Ha 

o6oJIO'lKY ropeHHH reJIH51 C03)1,aIOTC51 ycJIOBH51 )1,JI51 npoTeKaHHH peaKU,HH 

22Ne + 4He --+ 25 Mg+ n. 

1) 'r - OT CJIOBa rapid (aHrn.) - 6b!CTpblH. 
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Bo3HHKaIOmHe HeHTpoHbI H y1.rncrny10T BO B3pbIBHOM HYKJieOcHHTe3e. B He.ll,pax 

csepxHOBbIX, HachrmeHHbIX HeHTpoHaMH, TaKJKe B03MOJKeH r-npou,ecc. Dpe.!I,noJia

raIOT, qTo o6pa3oBaHHbie B rny6HHHblX CJIOHX 3JleMeHTbl Bb!HOCHTCH Ha rrepmpepHIO 

3Be3.ll,bI qepe3 ee yqacTKH, pa3orpeTb1e Heti:TpHHO. 

Ccpopm1poBaHHhie rrepBoHaqaJibHO B r-npouecce H.!I,pa CHJibHO rreperpyJKeHbI 

Hef.hpoHaMH. HarrpHMep, B HCXO.ll,HOM H.ll,pe 232Pb CO.!I,epMHTCH Ha 24 HeHTpoHa 

6oJihWe no cpaBHeHHIO c ycToHqHBbIM H.!I,pOM 208 Pb. HcnbIThIBaH nocJ1e.ll,0BaTeJih

Hbie 13- -pacna.ll,bl rrpH HeH3MeHHOM MaCCOBOM q11cJ1e, TaKHe HeHTpOHOH36bJTOqHb!e 

H)l,pa rrpesparuaIOTCH B KOHI.J,e KOHLI.OB B CTa6HJibHb!e JIH6o .ll,OJirOJKHByIUHe B OTHO

weHHH 13- -pacna;:i:a H.lI,pa, o6pa3yH Ha ;:i:11arpaMMe HJJ:epHOH CTa6HJlbHOCTH «TOHKYIO 

;:i:opoJKKY» (r-TpeK). DocJie.ll,HHH pacnoJioJKeH HHJKe s-TpeKa. 

B r-npouecce npeo;:i:oJieBaeTCH ynoMHHYTbIH BbIIlle pa3pbIB cTa6HJihHbIX H30-

TorroB B HHTepBaJie nopH.lI,KOBblX q11cJ1e 84-89. TaK, HJJ:pO TOpHH-232 (Z = 90) 

B03HHKaeT BCJie.lI,CTBHe cepHH ITOCJie.ll,OBaTeJlbHblX 13- -pacna;:i:oB HJJ:pa CBHHI.J,a-232 

(Z = 82). DoMHMO TOpHH 6Jiaro.!I,ap5! r-npou.eccy o6pa3yIOTCH H)l,pa c Z > 90 -

npOTaKTHHHH, ypaH H TpaHcypaHbl. 

3. CTpe.!1,crnsm1eT HHTepec o6cyJK.ll,eHHe poJIH s- 11 r-npou.eccos B cpopMHposa

HHH ynoMHHYThlX Bblille Tpex C.lI,BOeHHbIX MaKCHMYMOB Ha KpHBOH pacrrpoCTpaHeH

HOCTH 3JleMeHTOB, pacnoJIOJKeHHb!X npasee JKeJie3HOro MaKCHMyMa (CM. pHc. 22.5). 

Oco6eHHOCTh npaBhIX nttKOB B KaJK;:i:oM H3 c;:i:BoeHHhIX MaKCHMYMOB cocTOHT 

B TOM, qTo 5IJJ:pa, OTBeTCTBeHHbJe 38 HX B03HHKHOBeHHe, co;:i:ep)f(8T MarHqeCKHe 

qYJCJia HeHTpOHOB, paBHbie COOTBeTCTBeHHO 50, 82 H 126. 9rn CTa6HJibHb!e BbICO

KOYCTOHqHBbJe RJJ:pa 06pa3y10TCH B s-rrpouecce. 

PaccMoTpHM 3TOT Borrpoc no;:i:po6Hee. YpaaHeHHe, orrHCh1Ba10mee H3MeHeHHe 

qHcJia H.ll,ep N(A) c MaccOBhIM qHcJIOM A B s-rrpouecce, B03HHKaIOIUHX B e;:i:HHHI.J.Y 

BpeMeHH, HMeeT BH.lI, 

dN(A) dt = N(A- 1). v. O"n,,(A- 1) - N(A). v. O"n,,(A). (22.9) 

3)1,ecb N(A - 1) - q11cJ1a H;:i:ep c MaccoBhIM qYJcJioM A - 1, v - rroToK Hei1TpoHoB, 

O"n1 (A) H O"n1 (A - I) - ce<IeHHH 3axaarn HeHTpoHOB H;:i:paMH c MaccOBbIMH 

lfHCJiaMH A H A - 1 coorneTCTBeHHO. CTepBbIH qJieH B (22.9) crrpasa onpe)l,eJIHeT 

lfHCJIO H;:i:ep c MaccoBhIM lfHCJIOM A, B03HHKaIOmHx B e;:i:HHHUY speMeHH, BTopoii -

Hcqe3HOBeHHe 3THX H.lI,ep. 

ITp11 6oJiee rroJIHOM orr11caH1111 s-npou.ecca B rrpaayIO YaCTb ypaBHeH11H (22.9) cJieJJ.yeT 

BBecrn co 3HaKoM M11Hyc eme Tpernil: YJieH: >.,sN(A), YYl1TbIBa10m11il: 11cYe3HOBeH11e 

B eJJ,11H11u.y speMeH11 HJJ.ep A B pe3yJibTaTe ,a- -pacrraJJ.a; COMHO)Kl1TeJib >.,s = l /T,s -
aepoHTHOCTb ( n, ,B)-peaKu.1111. B HaCTOHllJ,eM cJiyYae Hae 11HTepecy10T crn611JibHb1e HJJ.pa, 

Jl.JIH KOTOpbIX T,6 = 0, IT03TOMY '!JieH >.,sN(A) TaK)Ke CJieJJ,yeT ITOJl0)Kl1Tb paBHblM HYJIIO. 

dNA 
CTpH cTaUHOHapHOM npou,ecce dt = 0, H cornacHo ypaBHeHHIO (22.9) 

NA OA-1 

NA-\ O"A 
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T.e. B paccMaTpHsaeMOM cJiyqae qHcJia H.n.ep !VA H !VA-I o6paTHO nponopuHo

ttaJibHbI cooTBeTCTByiorn.HM ceqeHHHM 3axsara. TaK KaK ceGeHHH pa.n.HaUHOHttoro 

3axsarn HettTpOHOB MarHGeCKHMH H,ll.paMH cyrn.eCTBeHHO MeHbille, qeM ,ll.JIH coceJJ,

HHX H.D,ep, TO pacnpocTpatteHHOCTb nepBblX JJ,OJI)KHa 6b!Tb 3HaqHTeJibHO 6oJihille 

BTOpbIX. 

CTHKH, cMern.eHHbie BJieso OT paccMoTpeHHbIX «ManrGeCKHX» nHKOB, o6H3aHbI 

CBOHM npoHCX01KJJ,eHHeM r-npoueccy. Yqacrnyiorn.He B tteM n.n.pa no Mepe 3axsaTa 

ttettTpottoB npH6JIH1KaIOTC51 no csoeMy cocTasy K MarnqeCKHM 51JJ,paM. PocT qHc

Jia HettTpOHOB B 51,ll.pax B COCTaBe JieBWX IIHKOB conpoBO)KJJ,aeTC51 yseJIHqeHHeM 

sepo51THOCTH HX (3- -pacrraJJ,a H, CJie.n.osaTeJihHO, na.n.eHHeM aHaqeHHH Tf3. B onpe

.n.eJieHHblH MOMeHT B03HHKaer qepe.n.osattHe n,syx aKTOB: nocJie aaxsara tteH:TpoHa 

51,ll.po HCOb!TbIBaeT (3- -pacnaJJ,, 3aTeM 51.D,po c B03p0Cll1HM Ha e,ll.HHHUY nop51.D.KOBblM 

HOMepoM 3aXBaThIBaeT HettTpoH, HCnbITb!Ba51 .n.am~e (3- -pacna.n. H .n.aJiee B TOH )Ke 

nocJie,ll.OBaTeJibHOCTH. 3n1 npeo6pa3oBaHH51 npHBO,ll.51T K cMern.emuo MeCTOnOJI01Ke

mrn 51,ll.ep Ha ,ll.HarpaMMe 51,ll.epHOH CTa6HJibHOCTH «BBepx», T. e. B CTOpOHY JIHHHH 

CTa6HJibHOCTH. 

0.n.HaKo npH6JIH1KeHHe K HeH HMeeT CBOHM CJie,ll.CTBHeM npeBbiilleHHe B e.n.H

HHUY speMeHH GHCJia 3axsara ttefnpoHoB Ha.n. qHcJIOM HX (3- -pacna.n.a. CKopocTb 

r-npouecca yseJIHqHsaeTCH, H 3a cGeT nornorn.eHH51 see HOBbIX HettTpoHoB o6pa-

3YIOTC51 51,ll.pa c OTHOCHTeJibHO 60Jibll1HM11 MaCCOBblMH Gl1CJiaMH. DpHGeM Gl1CJIO 

npOTOHOB B TaKl1X 51,ll.pax OKa3bIBaeTC5I HeCKOJibKO MeHbillHM, qeM y 51,ll.ep, OTHO

C51lll,11MC51 K coce.n.tt11M npaBhIM n11KaM. PaccM0Tp11M, Hanp11Mep, caMyio npasyio 

napy IIHKOB, COOTBeTCTBYIOllJ.11X CB11HUY (Z = 82, JV = 126) 11 OJiaTHHe (Z = 78, 
JV = 117). l.J11cJIO npOTOHOB B COCTaBe 51,ll.pa nJiaTl1Hbl «nona.n.aeT» Ha OKOJIOMa

rw1ecKyIO o6JiaCTh, 6y.n.yq11 O,ll.HaKO Ha GeTb!pe eJJ,11H11Ubl MeHbllJe, GeM y 51,ll.pa 

CBHHUa (CM. TaK1Ke [11],[23]). 

TaKHM o6pa30M, JieBbie nHKH B Ka1K.ll.OM H3 c.n.soeHHhIX MaKc11MyMoB, o6pa-

30BaHHbie 6Jiaro.n.apH r-npou.eccy, cMern.eHhI Ha JJ,11arpaMMe pacnpocrpaHeHHOCT11 

3JieMeHTOB B cropoHy MeHhlllHX 3HaqeH11tt Maccosoro trncJia no cpasHeH11IO c npa

BhIMH nHKaMH, CB5l3aHHb!MH c s-npoueccoM. 

4. p-CTpoueccbr csoiicTBeHHhI o6oH:.n.eHHbIM 51.n.paM: 14Se, 78Kr, 92 Mo, 96Ru 
11 .n.p., KOTOpbre no MaccaM MO)KHO OTHecnt K KaTerop115IM cpeJJ,HHX 11 TH1KeJib!X. 

06pa3osaH11e 3Tl1X 51.D.ep aa cqer 3axsara HettrpoHOB soo6rn.e Heso3MO)KHO. B Ka

qecrse np11Mepa paccMorpHM sap11aHTb1 o6pa30BaH115I 3Toro 51,ll.pa B 1- 11 s-npouec

cax. B nepBOM cJiyqae ero B03HHKHOBeH11e HeB03M01KHO 113-3a Toro, '-!TO uenot!Ka 

(3-pacna.n.os 3aKaHG11saeTc5I Ha cra611JibHOM 51,ll.pe u11pKoH11H-92: 

92y 13- 92z !3- 92Nb !3- 92M 
39 ---+ 40 r .:...;;...+ 41 ~ 42 o. 

06pa30BaHHe 51,ll.pa ~~Mo B s-npouecce TaK1Ke HeB03M0)KH0, nocKOJibKY CTa611Jib

HOe 51,ll.po UHpKOHH51-9 l, 3axsaTHB HettTpOH, TaK1Ke npesparn.aeTCH B cra611JibHOe 

5IJJ.p0 UHpKOHHH-92: 
91z 92z 40 r+n--+40 n+1-

CT0-s11JJ,11M0My, o6oii.n.ettttbie 51,ll.pa B03HHKJIH HJil1 B pesyJihTaTe peaKU11H (p, 1), HJI11 

B peaKUH51X c HettTp11HO, HcnycKaeMbIX npH B3pb!Be CBepXHOBb!X 3Be3,ll.. 
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Oco6o ocTaHOBHMCH Ha npoIJ,eccax 06pa3osaHHH rpynnbI JierK11x HAep ~Li, 
4Be, 

10 • 1 ~B. B ,n:o3Be3,ll,HbIH nep110,ll, HJIH B 3Be3,ll,ax 3TH HApa 06pa3osaTbCH He 

MOrJIH. CKopee scero OHH ccpopM11posaJIHCb B HAepHbIX peaKIJ,HHX cpparMeHTaIJ,HH 

B COCTaBe KOCMWieCKHX Jiy'-leit ::ho npe)l.nOJIO)KeHHe OCHOBaHO KaK Ha COOTBeT

CTBYIOll.LHX pac'-lernx, TaK 11 Ha A3HHbIX Ha6JIIOAeHHH. Mb1 sepHeMCH K 3TOMY 

sonpocy s § 23.1. 
CymecrnyeT npe,ll,nOJIO)KeHHe, '-ITO Jiern11e H,ll,pa MoryT B03HHKaTb TaK)Ke 3a 

ClJeT HettTpHHHOro HYKJieOCHHTe3a, KOr)l.a 3Be3)l.bl HCOb!TbIBaIOT rpaBHTaIJ,HOHHb!H 

KOJIJianc 11 B HX OKpeCTHOCTHX B03HHKaIOT HeHTpHHHbie OOTOKH 60JibillOH Mom

HOCTH. 

§ 22.8. Bo3MOJKHa.R KouequaH CYAh6a BceJieuuou 

KaK MbI ycTaHOBHJIH B § 20.6, BceJieHHaH HBJIHeTCH oTKpbITOH-nJioCKOH, JI1160 

)Ke B HeH cymeCTBYIOT O'-!eHb MaJibie OTKJIOHeHHH OT eBKJIH)l.OBOH reoMeTpHH. 

EcJIH, Hanp11Mep, nJIOTHOCTb BceJieHHOH pasHa 2pk, TO L ~ 3 · 109 nc ~ 1023 KM. 

YcTaHOBHTb CTOJib MaJiyIO HCKpHBJieHHOCTb npaKTH'-!eCKH HeB03MO)KHO. 0,ll,HaKo 

6JIH3 '-!epHOH )l.blpbl BnOJIHe MO)KeT 6b!Tb 3Ha'-!HTeJibHaH HCKpHBJieHHOCTb rrpoCTpaH

CTBa 1). 

KaKosa cyAb6a oTKpbITOH (T. e. nJIOCKoH) BceJieHHofi? flpocJie)l.HM ee Bo3-

MO)KHOe pa3BHTHe. 3TOT sapHaHT rrpe)l.CTaBJIHeT, O'-!eBH)l.HO, HaH60JibWHH HHTepec. 

Kor,ll,a 3anacb1 H,ll,epHoH MaTep1111 6y,ll,yT HC'-IepnaHbI, OKOH'-IHTCH 3Be3,ll,HbIH nep110,ll, 

3BOJIIOIJ,H11 BceJieHHOH, OH 3aseprnHTCH, cornacHo oIJ,eHKaM crrycrn 1014 JieT. 

flepBbIMH rroracHyT MaCCHBHbie 3Be3)l.bl, HX O)KH)l.aeT npespameHHe B HeHTpOHHbie 

3Be3AbI 11 qepHbie Abipb!. 

3se3,ll,bI c Maccofi COH3MepHMOH c Maccofi CoJIHIJ,a, rrpo)KHBYT AOJibWe, Hanp11-

Mep, «BpeMH )KH3HH» CoJIHIJ,a, KaK yKa3bIBaJIOCb, cocTaBHT OKOJIO 5 MJIPA JieT, 

rrocJie '-lero OHO npespaTHTCH s 6eJibIH KapJI11K. ooJiee AJIHTeJibHOe cymecrnosaHHe 

O)KH)l.aeT 3Be3,ll,bl c MaCCOH cymecTBeHHO MeHbWeH COJIHelJHOH. 

faJiaKTHKH npeKparnT csoe cymecrnosaHHe cnycrn 1018-10 19 JieT. ooJibIIIaH 

'-!aCTb MaTepHH OKa)KeTCH pacceHHHOH B Me)KraJiaKTH'-!eCKOM npoCTpaHCTBe, a npH-

6JIH3HTeJibHO ,ll,eCHTaH '-!aCTb norra)l.eT B qepHbie )l.blpbl, KOTOpbie, B CBOIO Ol!epe)l.b, 

HalJHYT coe)l.HHHTbCH Me)K)l.y co6oH, TaK '-ITO B rrpe)l.eJiax Ka)K)l.Oro 113 rrpocTpaHCTB, 

3aHHMaeMblX paHbIIIe raJiaKTHKaMH, B03HHKHYT rnraHTCKHe '-lepHbie )l.b!pbi. 

HyKJIOHbI, coCTaBJIHIOll.LHe HAepHyIO MaTepHIO, no,ll, ,ll,eHCTBHeM X- 11 Y-6o-
30HOB - rrepeHoc'-IHKOB CHJI BeJIHKoro o6beAHHeHHH, pacrraAyTCH Ha cpoTOHbI, 

HeHTpHHO, 3JieKTpOHbl 11 IT03HTpOHbl, rrpH'-IeM aHHHrHJIHil,HH ITOCJie)l.HHX OKa)KeTCH 

HeB03MO)KHOH H3-3a HHlJTO)KHOrO CO)l.ep)KaHHH B rrpoCTpaHCTBe OCTaTKOB MaTepHH. 

Macc11BHbre '-!epHbie Abipbr Ha'-!HYT o6beAHHHTbCH B csepxMaccHBHbre raJiaK

THlJeCKHe qepHbJe ,ll,blpbl, KOTOpbie «Me,n:JieHHO» Ha'-!HYT HcrrapHTbCR; OITHCaHHbIH 

1
) EcJIH 6bI BceJieHHaH 06Jiat1aJia noJIO)!UlTeJibHOH 11cKpHBJieHHOCTbJO, TO 6bIJia 6b1 3aKpbIToti, 11 

B TaKOM cJiyqae ee pacurnpeHtte AOJI)KHO npeKpaTHTbCH, cMeHttB!llHCb C)KaTtteM B TO'!Ky. Bo3MO)KHO, 

'!TO 3a 3THM flOCJiet(OBaJI 6bl HOBbIH 5oJibll!OH B3pb!B. l-fraK, 3aKpbITa51 BceJieHHa51 AOJI)KHa 6bITb 

nyJibc11py10w,eti. 
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npou.ecc 3aKOH'UITCH qepe3 100100 JieT. Ha KoHeqHoM 3Tane 3BOJIIOU.HH BceJieH

HaH 6y.11,eT npe.11,cTaBJIHTb co6oH nycTbIHIO, 3anOJIHeHHYIO KpaHHe pa3pmKeHHblM 

<PoTOHHO-JienTOHHb!M ra30M. 

YTerneHHeM ,UJJH qeJJOBeqecrna Ha <PoHe 3Toi1 MpaqHoi1 nepcneKTHBbI HBJJHeTCH 

TOT cpaKT, qTo HhIHe BceJieHHaH Haxo.11,HTCH, KaK OTMeqaJiocb Bb1rne, B «IOHOM» 

(HJIH, B03MQ)KHO, B «3peJIOM») B03pacTe, OHa «HanoJIHeHa» CBeTHW.11Ml1C5l 3Be3,Ua

Ml1, BeCbMa BepOHTHO, qTo 6y.11,yT o6pa30BbIBaTbC5l HOBble 3Be3,Ubl, B03MO)KH0, qyo 

cymecTByer )KH3Hb B pa3JIHqHbIX He6eCHblX 3aKOYJIKaX», H B HHbIX, qeM Ha 3eMJie, 

cpopMax. 

B 3aKJ1Ioqemie oTMeTHM, qTo HaM He .11,aHo 3HaTh 3aMbICJibI TBopu.a 3Toro M11pa. 

MmKeT 6hITb, .11,aJibHei1rn11e nepcrreKTHBbI pa3BHT11H BceJieHHOH 6y.11,yT BbirJIH,UeTb 

COBCeM 11Haqe, qeM Mb! HbIHe MO)KeM npe,nnoJiaraTb. 



f JI a Ba 23 

«l>H3HqECKHE CBOHCTBA KOCMHqECKHX JIYqEH: 

H IlPOII.ECCbl HX TPAHC«l>OPMAII.HH B ATMOC«l>EPE 

§ 23.1. BaJKHeU:ume CBOHCTBa nepBH1IHoro KOCMH11ecKoro 

ranaKTH1IeCKOrO H3ny11eHHB 

l.JeCTb OTKpbITHH KOCMH'-IeCKOrO H3Jiyl.JeHHH npHHa}l,Jie)i<HT B. ¢. feccy. 

B 1912 r. re cc' TIOJl.HHMaH HOHH3aU.HOHHYIO KaMepy Ha.LI. 3eMHOH TI08epXHOCTblO Ha 

6opTy 803.ll.YUIHOro wapa, o6Hapy:>KHJI, l.JTO no Mepe y8eJIHl.JeHHH 8b!C0Tbl CKOpOCTb 

Cl.JeTa npH6opa 803paCTaeT . .IlaJibHeH11rne HCCJie}l,08aHHH TI0380JIHJIH ycTaH08HTb, 

l.JTO 3TO H3Jiyl.JeHHe He3eMHOro npoHCXO:>K}l,eHHH H o6Jia,n;aeT 8bICOKOH 3HeprneH:. 

0TKpbITOe f eccoM H3Jiyl.JeHHe H TIOJ!Yl.JHJIO Ha38aHHe KOCMHl.JeCKoro (HJIH, 6oJiee 

TIOJIHO, raJiaKTHl.JeCKHX KOCMHl.JeCKHX Jiyl.JeH, fKJI). 0,n;HaKO TIOJIHOMaCll1Ta6Hoe 

H3yl.JeHHe HX C80HCT8 .n;o cepe,n;HHbl npOlllJIOro 8eKa 8CJie,n;CTBHe orpaHHl.JeHHOCTH 

803MO:>KHOCTeH TIO,ll;beMHbIX cpe.n;cTB 6b!JIO cocpe.LI.OTOl.JeHo 8 OCH08HOM 8 Y3KOM 

HHTep8aJie OT ypo8H5l MOpH .LI.O 8bICOTbl rop (3-5 KM); 3aTeM, TIOCJie ocsoemrn 

8 50-60-x ro.LI.ax 20-ro CTOJieTHH 803,n;yxonJia8aTeJIHMH cTparnccpepHbIX 

8bICOT, - Jl.0 8epxHeH rpaHHU.bl CTparnccpepbl H, HaKOHeu., 8 npou.ecce OC80eHHH 

KOCMHl.JeCKOro npoCTpaHCTBa 8 nocJie,ll,y!OLLI.He ,ll,eCHTHJieTHH, - 3a npe.LI.eJiaMH 

aTMoccpepbI. 

HaqaJibHbie C8e.LI.eHHH o KOCMHl.JecKHX Jiyqax MbI npH8eJIH 8 rn. 4. HH:>Ke 

CO.LI.ep:>KHTCH 6oJiee TIOJI.p06HaH HHcpopMaU.HH 06 HX C80HCT8aX. 

nornK nep8Hl.JHbIX KOCMHl.JeCKHX raJiaKTHl.JecKHX JiyqeH: npaKTHl.JeCKH H30Tpo

neH H .n;o 8Xo.n;a B 3eMHYIO aTMOCcpepy pa8eH 1 l.JaCTHIJ,e/(cM2 . c). flJIOTHOCTb 

3HeprnH fKJI COCTa8JIHeT OKOJIO 1 3B/cM3, l.JTO npH6JIH3HTeJibHO C08Tia,ll,aeT C cyM

MapHOH 3HeprneH 3JieKTpoMafHHTHOro H3JIYl.JeHHH 38e3}l,, TeTIJI080f0 J1.8H:>KeHHH 

ra3a 8 Me)K3Be3,ll,HOM npocTpaHCT8e H MafHHTHOro TIOJIH Harnett faJiaKTHKH. 3Hep

rHH fKJI OX8aTbIBaeT ,ll,Hana30H 8 15 nopHJ1.K08 OT 106 3B .n;o 1021 3B. l.JacTHU.bl 

fKJI c KHHeTHl.JeCKOH 3HeprneH 6oJiee 1010 3B o6Jia,ll,a!OT 6bICTpo y6bIBa!OLLI.HM 

cneKTpOM (pHC. 23.1)' OTIHCbIBaeMbIM cpopMyJIOH 

N = NoE-'Y, 

r.n;e N0 - KOHcTaHTa, 'Y ~ 2,7 npH E < 1015 3B H ~ 3 npH E > 1015 3B. 

I1HTeHCH8HOCTh noTOKa fKJI oco6o BbICOKHX 3Heprttti: oLieHb He8eJIHKa. Ha

npHMep, TIJIOLLI.a,ll,KH 8 10 KM2 8 Tel.JeHHe ro}l,a }l,OCTHraeT OKOJIO O,ll,HOH l.JaCTHU.bl 

c E?: 1020 3B. 

CllHTaeTCH, l.JTO nepBHl.JHb!e KOCMHl.JeCKHe JIYl.JH HMeIOT XHMHl.JeCKHH COCTaB, 

COBTia,ll,a!OLLI.HH c XHMHl.JeCKHM COCTa80M 3Be3,ll,Horo ser.u.eCT8a. flpH nepeMer.u.emrn 
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I13JIOM 

10-30 

1010 1012 1014 1016 10 1s 1020 E, 3B 

P11C. 23.1 . .II.mj:>cpepeHuHaJJhHhIH 3HeprernqecKHH crreKTp HJJ:epHoli KOMTIOHeHThI TiepsHqHhIX raJJaK

THqecKHX KOCMHqeCKHX JJyqeli 

B Me:/1<3Be3)l.HOM npocTpaHCTBe COCTaB KOCMWieCKHX Jiyqefi: !13MeHHeTC5l. 3Ha4!1-

TeJibHYIO poJib B 3TOM 11rpaeT cpparMeHTall,HH (CM. § 14.7). TaK, KOCMHl.J:eCKHe 

qacTHll,bl, CTaJIKHBaHCb c H)l.paMH BOAOpO)l.a, pacrn.enJIHIOTCH Ha cpparMeHTbl - H)l.pa 

Li, Be, B, Sc, V 11 AP· 

B COCTaB nepBH4Horo KOCMH4eCKOro H3Jiy4eHHH BXO)l.HT npoTOHbl, H)l.pa 

c z ? 2, 3JieKTpOHbl, ')'-KBaHTbl, pa3JIH4HOro THIIa HeHTPHHO, II03HTp0Hbl, aHTH

npoTOHbl. CTo 4HCJiy qacTHU. npOTOHbl COCTaBJIHIOT OKOJIO 94 %, H)l.pa reJIHH OKOJIO 

4 %, TmKeJibie H)l.pa 1 %, 3JieKTpOHbl, ')'-KBaHTbl - MeHbWe O)l.HOrO npou.eHTa, 

aHTHIIpOTOHbl MeHhWe 0,01 npou.eHTa. 

CTpHHHTO IIO)l.pa3,ZJ.eJIHTb H,ll.epHyIO KOMIIOHeHTY f KJI Ha CJie,ZJ.y10rn.11e 3apH,ll.OBbie 

rpynnbI: p (npOTOHbl, )l.eihpOHb!, TPHTOHbl, z = 1), a-H)l.pa 4He, 3He, (Z = 2); 
HApa L-rpynnb1 (3::::;; Z, Z?;: 5); HApa M rpynnbr (6::::;; Z, Z?;: 9); H,ll,pa H-rpynnhI 

(10::::;; Z, Z? 26); H,ll.pa VH-rpynnbI (Z > 26). 
fKJI HBJIHIOTCH 06beKTaM11 HeTenJiosoro npo11cxom.)l.eHHH. B caMoM )l.eJie, 

3Hepnrn TenJIOBoro )l.BH*.eHHH qacni:u. paBHa np116JIH3HTeJibHO 105 3B, 4TO 3Ha-

4HTeJibHO MeHbWe npttBe)l.eHHOH BbIWe 3HeprnH 4aCTHU. fKJI B OKOJI03eMHOM 

KOCMH4eCKOM npocTpaHCTBe. 

Ha p11c. 23.2 cpaBHHBaeTCH XHMH4eCKHH COCTaB KOCMH4eCKHX Jiyqefi: B OKOJI0-

3eMHOM npocTpaHCTBe (BHe arMoccpepbl 3eMJIH) c XHMWieCKHM COCTaBOM faJiaK

THKH (onpe,ZJ.eJieHHbIM rnaBHbIM o6pa3oM no co,ZJ.ep)f<aHHIO 3JieMeHTOB B CoJitte4HOH 

CHCTeMe H MeTeOpHTaX). )lJIH HOpMHpOBKH rpacpHKOB CO)l.epm.aHHe BOAOPOAa Ha 

CoJIHU.e 11 B KOCMH4eCKHX Jiyqax np11pastteHbI Mem.Ay co6oiL B 06rn.11x qeprnx 

rpaqmKH IIO,ZJ.06Hbl, pa3JIH4aHCb, O,ZJ.HaKO, TeM, 4TO B KOCMH4eCKHX Jiyqax Ha6JIIO,LJ,a

eTCH IIOBbIWeHHOe CO)l.epm.am1e rnm.eJib!X H)l.ep H aHOMaJibHO Bb!COKOe CO)l.epm.aHHe 

H)l.ep L-rpynnhI. TaK, Ha OJl.HO HAPO L-rpynnh1 B KOCMH4eCKHX Jiyqax npttXOAHTCH 

650 5!,ZJ.ep BO,ZJ.opo,ZJ.a, a B faJiaKrnKe - 3 · 108! CToTOK H,ll,ep c Z ? 2, TaK m.e KaK 

H npOTOHOB, 3JleKTpOHOB H Il03HTpOHOB, H3MeH5leTCH c XO)l.OM COJ1He4HOH aKTHB-
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P11c. 23.2. XHMHqecKHH COCTaB Tieps11qttoro KOCMHqecKoro H3JiyqeHHll TIPH 3HeprnH 

E rv 4 f3B/ttyKJIOH. )1,Jill cpaBHeHHll TIPHBetJ,eHbl aHaJiornqHbie CBetJ,emrn TIO faJiaKTHKe: I H 2 -
tJ,aHHbie raJiaKT11qecK11e H KOCM11qecK11e COOTBeTCTBeHHO. HopMHpOBKa - TIO cot1,ep)!<aHHIO BOt1,0pot1,a 

HOCTYI; 3TO 113MeHem1e MO:>KeT JJ.OCTl1raTb, B 3aBl1Cl1MOCTl1 OT 3Heprni1, HeCKOJibKl1X 

COTeH npoueHTOB. 

Totrnoi1 sepc1111 06 11CT04Hl1Kax fKJI He 11MeeTCH. C411TaetcH secbMa sepoHT

HbIM, l.JTO fKJI reHep11pyeTC5I np11 BCTibIUJKax CBepxHOBblX 3Be3JJ,. JJ.pyrnMH Bepo

HTHblM11 HX 11CTOlIHHKaMl1 HBJIHIOTCH paJJ.HOfaJiaKTHKH 11 KBa3apb!. PactieT TIOKa3bI

BaeT, 'ITO JJ.JIH TIOJJ,,ll,ep:>KaHl15I Ha6JIIOJJ,aeMOH TIJIOTHOCTH 3HeprnH fKJI (HaTIOMHl1M, 

'ITO OHa paBHa 1 3B/cM3) JJ.OCTaT04HO nepeJJ,atIH HM JIHUJb HeCKOJibKHX npoueH

TOB OT B3pbIBa CBepXHOBOH 3Be3JJ,bl. 3apH:>KeHHbie 4aCTl1QbI-npoTOHbl, a-tiaCT11Qbl 

11 6oJiee rn:>KeJihie HJJ.pa, a taK:>Ke 3JieKTpOHbI 11 nos11TpOHbI, Bb16pachrnaeMh1e npH 

TaKOM B3pbrne, JJ,aJiee ycKopHIOTCH B Me:>K3Be3JJ,Hb!X MarHl1THb!X H 3JieKTp11tieCKl1X 

TIOJIHX JJ.O Ha6JIIOJJ,aeMb!X 3Heprni1 (cM. HH:>Ke). 

C411TaeTC5I, 'ITO B coctase fKJI oTcyTCTBYIOT 4aCTl1QbI, nonaBUJHe B npeJJ.eJihI 

Harnei1 f aJiaKTl1K11 113BHe. Bee 11x csoi1cTBa MO:>KHO o6bHCHl1Tb, noJiaraH, 'ITO OHH 

B03Hl1KaIOT J111illb B npeJJ,eJiax flOCJieJJ,HeH 11 JJ.Jil1TeJibHOe BpeMH yJJ.ep:>K11BaIOTCH 

B HeH. 2ho CBH3aHO c TeM, 'ITO CHJIOBb!e J111Hl111 Me:>K3Be3JJ,Hb!X MarHl1THbIX flOJieH 

o6JiaJJ,aIOT BeCbMa 3anyTaHHbIMl1 KOHqmrypaQHHMH; nonaJJ,aH B TaKHe flOJIH, sap51-

:>KeHHbJe qacT111l,bl fKJI nepeMew,aIOTCH no CJIO:>KHblM TpaeKTOpHHM, HanOMl1HaIO

Ill,HM TpaeKTOp11YI JJ.H<P<fJYHJJ.Hpyiow,Hx MOJieKyJI B03JJ.yxa. DJiaroJJ,apH 3TOMY BpeMR 

npe6hIBaHHH qacTl1Q f KJI B npeJJ,eJiax raJiaKTl1Kl1 COCTaBJIHeT JJ.JIH 60Jibll111HCTBa 

113 HHX, B cornac1111 c np11BOJJ.11MOH B KOHQe 3Toro naparpacpa, OQeHKOH JJ,eCRTKl1 

MHJIJIHOHOB JieT. 

4acT11Qbl CBepXBbICOK11X 3Heprni1 CJia6o OTKJIOHHIOTCH raJiaKTH4eCKl1Ml1 Mar

Hl1THblM11 11 3JieKTpH4eCKHM11 TIOJIRMH 11 OTHOCl1TeJibHO 6bICTpo BbJTeKaIOT B Me:>K

raJiaKTH4eCKOe npoCTpaHCTBO. BnoJIHe sepoHTHO, 'ITO 3Tl1M o6bHCHHeTrn H3JIOM 

B cneKTpe HJJ,epHOH KOMITOHeHTbl fKJI rrpH E = 3 . 1015 3B (CM. p11c. 23.1). 
OctaHOBl1MCH KOpOTKo Ha MexaHH3Max ycKopemrn KOCMH4ecKHX t.IacTHQ. Oc

HOBHOH MexaHH3M 11X ycKopeHHH, ITO-BHJJ.11MOMy, CBH3aH c nepeJJ,atieH HM 3HeprnH 

yJJ.apHbJX BOJIH, B03HHKaIOW,HX npH pacUJ11peHHl1 o6oJIOtieK CBepXHOBbJX 3Be3JJ,. 

CTpoueccbI nocJieJJ.yIOw,ero yCKopeHHH 4aCTHQ MHoroo6pa3HbI 11 3<fJ<fJeKTHBHO HJJ.YT 

He TOJibKO B Me:>K3Be3JJ,Hb!X flOJIHX, HO H B MarHHToc<fJepax 3Be3JJ, (BKJII04afl 



§ 2 3.1. BaJJCHeiiutue cBoiicmBa nepBU'lHoco KOCMU'lec1wzo za;iaKmU'lecKozo U3Ay'leHu5l 443 

CoJmue) H nJiaHeT. HanpHMep, BpeMeHHOH pocT HanpmKeHHOCTH MarttHTHoro noJIH 

B KOCMHYeCKOH cpeJJ,e npHBO)J,HT K B03HHKHOBeHHIO HHAYKUHOHHOro BHXpeBoro 

3JieKTpHYeCKoro TIOJI5l (6eTaTpOHHOro 3cpcpeKTa, CM. n. 5.3.7), yCKopmomero KOC

MHYeCKHe YaCTHUbl. 

BoJiee no.n,po6Ho MexaHH3MbI Hx ycKopeHHH paccMaTpHBa!OTCH B cneuHa

JIHSHpoBaHHbIX KHHrax, IlOCBHW.eHHb!X cpH3HKe KOCMHYeCKHX JiyYeH, HanpttMep, 

B [5,14). 
06cy.n,HM Bonpoc 0 npOJJ,OJI)KHTeJibHOCTH cymecTBOBaHH5l HJJ,ep fKJI. .[LJIH 

noJiyYeHH5l BepxHeH oueHKH HX BpeMeHY! )KH3HH HCXO.ll,5IT H3 npeJJ,ITOJIO)KeHHH, 

YTO B TeYeHHe CBOero cymecTBOBaHH5l KOCMHYeCKHe qaCTHUbl )J,BH)KYTC5l B cpeJJ,e 

c paBHOMepHOH IlJIOTHOCTb!O p, npoXO)J,5l npH 3TOM nyTb l, paBHbIH, COrJiaCHO pacqe

Ty, ,...., 5 r / cM2. 3HaYeHHe p JJ,JIH cpeJJ,Hei1 nJIOTHOCTH raJiaKTHYecKoro Me)KSBesJJ,Horo 

rasa paBHO npH6JIH3HTeJibHO 1,5 ·· 10-26 r I cM2. B TaKOM cJiyqae BepxHHH oueHKa 

BpeMeHH )KH3HH qacTHU fKJI COCTaBJI5leT 

l 5 16 8 
TrKJI = - = 26 10 ~ 10 c ,...., 3 · 10 JieT. 

pc 1,5·10- ·3·10 

3.n,ecb npe.n,noJiaraeTC5l, YTO CKOpOCTb )J,BH)KeHH5l YaCTHU v 6JIH3Ka K CKOpOCTH 

CBeTa B BaKyyMe c. 

DoJiyYeHHoe sHaYeHHe TrKJI CYHTaeTCH Mepoi1 speMeHH, B TeYeHtte KOToporo 

KOCMHYeCKHe qacTHUbl cymecTBy!OT B f aJiaKTHKe. 

CoCTaB nepBHYHoro noToKa coJIHeYHbIX KOCMHYeCKHX JiyqeJ1 (CKJI) sHaYH

TeJibHO OTJIHYaeTCH OT cocTaBa nepBHYHoro noToKa fKJI. TaK, B noToKe CKJI 

coJJ,ep1KaHHe npoTOHOB cocTaBJIHeT 98-99 %, reJIH5I - OKOJIO 1,5 %. Eme sttaqH

TeJibHO MeHbrue BKJiaA 6oJiee rn1KeJibIX HJJ,ep. KaK ynoMHHaJIOCb B rn. 4, cocTaB 

CK.IT cooTBeTcrnyeT rrpH6JIH1KeHHO cocTaBy coJIHeYHOH aTMoc¢epb1. DpHMep cneK

TpaJibHoro 3HeprernYeCKoro pacnpeJJ,eJieHHH qacrnu c Z ? 2 B CKJI noKasaH 

Ha pHc. 23.3. KaK BHAHO, B cocTaB CKJI BXOJJ,HT HJJ,pa 4He, 160, 56 Fe, npHYeM 

IlJIOTHOCTb IlOTOKa HJJ,ep y6brnaeT c pocTOM HX MaCCOBOrO qHcJia. 

Ha6JI!OJJ,aeMbie BpeMH OT BpeMeHH B KOCMHYecKoM npocTpaHcTBe BbICOK03Hep

reTHYeCKHe KOMTIOHeHTbl COJIHeYHOro KopnycKyJIHpHoro H3JiyqeHH5l, KaK npaBHJIO, 

CB5I3aHbI c xpoMoccpepHbIMH BCTibIWKaMH Ha CoJIHUe (§ 4.4). B KaYecrne npHMepa 

Ha pHc. 23.4 rrpeJJ,cTaBJieHbI AH¢cpepeHUHaJibHbie 3HeprernqecKHe cneKTpbI npOTo

HOB H 3JieKTpoHOB CKJI, sapernCTpHpoBaHHbie sa npeJJ,eJiaMH seMHOH aTMoc¢epb1. 

f1p11Be.n,eHHb1e 3KcnepttMeHTaJibHbie JJ,aHHbie B o6Jiacrtt 3HeprnH 6oJibrue 1 M3B 

Moryr 6bITb c )J,OCTaTOYHO Bb!COKOH TOYHOCTb!O annpoKCHpOBaHbl CTeneHHOH ¢YHK

uttel1 E-'Y c noKasaTeJieM cneKTpa / OT 2 AO 2,6; B o6JiacTH 3Heprntt 1 M3B 

HaKJIOH cneKTpa npoTOHOB pe3KO MeHHeTC5l. 

CpasHeHtte cneKTpOB Ha pttc. 23.1 H 23.4 CBHJJ,eTeJibcTByeT, YTO cpeAHHe 3Hep

rn11 qacn1u fKJI 3HaYttTeJibHO 6oJibrue, YeM qacTHU CKJl. 3tteprnH nocJie.n,HHX 

H3MeH5l!OTC5l B npeJJ,eJiax OT 105 )J,O 1011 3B. 
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Pttc. 23.3. ,nmp<jlepemi.ttaJibHbie 3HepreTw-JeCKtte crreKTpbI H,nep 4He, 160, 56 Fe coJIHe'!Horo rrpottc
XO)K,neHHH BHe aTMOC<jlepbl 3eMJIH 

§ 23.2. MarmtTHoe noJie 3eMJIH H reoMarHHTHbie SIBJieHHSI 

MarnHTHoe rroJie 3eMJIH MO)KHO yrro.n,0611Tb rromo Heu,eHTpaJibHOro .n,11rroJIH. 

Cyrn.ecTBOBaH11e 3T0f0 IIOJIH 06bHCHHeTCH HaJiwmeM TOKOB, u11pKyJI11py10w.11x 

B )Kl-f.ll,KOM MeTaJIJIHLiecKOM H.n,pe 3eMJIH. C11JIOBb1e JIHHHH reoMarHHTHoro rroJIH 

CXO.ll,HTCH Ha reoMarHHTHblX IIOJIIOCax, cesepHOM 11 IO)KHOM, IIO'-ITH cosrra.n,a10w.11x 

c reorpaqni.'-leCKI1MI1 noJI10caM11. 

,Ll,HIIOJibHb!H xapaKTep MarHHTHOfO IIOJIH 3eMJII1 coxpaHHeTCH .ll,O Bb!COT, paB

HbIX rrp11MepHo 3R3, (R3 - cpe.n,H11i1 pa.n,11yc 3eMJII1, paBHbIH 6380 KM). Ha 60Jib

lllHX paCCTOHHHHX reoMarHHTHOe IIOJie CHJibHO HCKa)KaeTCH IIOTOKOM 3apH)KeHHb!X 

qacTHU, 11cxo.n,Hrn.11x OT CoJIHu,a 11 06pa3y10w.11x TaK Ha3bIBaeMbIH COJIHe'-IHbIH 

BeTep. Cpe.n,HHH ero cKopocTb s6JIH3H op611TbI 3eMJIH - 400 KM/c, a rrJioT

HOCTb - 10 '-laCTHU/cM3. lfacTb 3THX qacTHU 3aXBaTbIBaeTCH MarHHTHbIM IIOJieM, 

H o6JiaCTb, 3aHHTaH MarHHTHbIM ITOJieM, Ha3bIBaeTCH MacHUmoc<jJepou 3eMJlU. 

MarnHToccpepa HeccpepH'-IHa, oHa CHJibHO BbITHHyTa B cTOpoHy, npornsorroJIO)KHYIO 

HarrpasJieHHIO Ha CoJIHIJ,e. c .ll,HeBHOH CTOpOHbl IIOTOK '-laCTHIJ, COJIHe'-IHOro BeTpa 

C)KHMaeT reoMarHHTHoe rroJie, 11cKa)Ka.5J ero )J,HIIOJibHbIH xapaKTep. Ha HO'-IHOH 

CTOpOHe CHJIOBbie JIHHHH MarHHTHOro IIOJIH BbITHfHBaIOTCH B rrpOTH)KeHHblH Mar

HHTHb!H xsocT. Mo)KHO OTMeTHTb B MarHHTOccpepe TPH pa.n,11au,110HHbIX rroHca 

(p11c. 23.5, a). 3TH IIO.HCa o6pa3yIOTC.5I nyTeM 3aXBaTa 9JieMeHTapHblX 3ap.5I)KeHHbIX 

'-laCTHU 113 COJIHe'-IHOfO BeTpa MarHHTHb!MH CHJIOBblMH JIHHHHMH, o6pa3yIOllJ.HMH 

csoeo6pa3Hble MarHHTHble JIOBYlllKH (p11c. 23.5, 6) B MeCTe cryrn.eHHH MarHHTHb!X 
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P11C. 23.4. ,Il,mpcpepeHu11aJibHb1e 3HeprernqecKl!e cneKTpbI npoToHOB 11 3JieKTpoHoB CKJI BHe aT-
MOCcjJepbl 3eMJII!: •, 0 - ,l:(aHHbie, noJiyqeHHbie c noMOIUb!O I1C3 «flpo3H03-6» AJIH 3JieKTpOHOB 
I! npOTOHOB COOTBeTCTBeHHO; 'YP I! 'Ye - noKa3aTeJII! CTeneHHOfO npe11,cTaBJieHl!H cneKTpa 11,JIH npo
TOHOB I! 3JieKTpOHOB; CTpeJIKOH yKa3aHa 3HepreT11qeCKaH IllKaJia 11,JIH COOTBeTCTByIOIUei\ BCnbIIIlKI! 

CHJIOBblX JIHHHH. BHyTpeHHHH CTOHC npOCTHpaeTCH OT 2400 JJ.O 5600 KM, BTOpOH 

BHeWHHH CTOHC - OT 12000 JJ.O 20 000 KM; CTOHCa COCTOHT H3 npoTOHOB H 3JieKTpo

HOB pa3JIHlJHblX 3Heprni'I. Ha Bb!COTe 50 000-60 000 KM pacnOJIO:IB:eH TpeTHH CTOHC, 

npeJJ.CTaBJIHJOlUHH KOJibUeBoi1 3JieKTpoHHbIH TOK CHJIOH JJ.O 107 A. 
OCTaHOBHMCH Tenepb Ha ycJIOBHHX AOCTH:IB:eHHH 3apH:IB:eHHbIMH t.JaCTHUaMH cy

mecrneHHO MeHbWHX ( oKOJI03eMHbIX) BbICOT. B noJIHpHbIX o6Jiacrnx 3apH:IB:eHHh1e 

t.JaCTHUbl, )J.BH:IB:YlUHeCH B HanpaBJieHHH 3eMJIH, OTKJIOHHIOTCH MHHHMaJibHO, )J.BH

raHCb CTOlJTH napaJIJieJibHO CHJIOBblM JIHHHHM MarHHTHOfO CTOJIH 3eMJIH H CTJIOTHOCTb 

HX CTOTOKa MaKCHMa.nbHa. B 06.naCTH 3KBaTopa 3apH:IB:eHHble lJaCTHUbl OTK.nOHHJOT

CH HaH6o.nee 3HalJHTeJibHO, )J.BHraHCb CTOlJTH nepneH)J.HKYJIHpHO CH.nOBbIM .nHHHHM 

reoMarHHTHOro no.nH H CTJIOTHOCTb CTOTOKa 3THX lJaCTHU MHHHMaJibHa. KaK BH)J.HO, 

Ha 3aJJ.aHHYJO rnHpoTy 6.nH3 3eM.nH c )J.aHHoro HanpaBJieHHH MoryT nona)J.aTh 

JIHillb 3apH:IB:eHHhle lJaCTHUbl c 3HeprHeH 60Jibille HeKOToporo 3HepreTHlJeCKOro 

nopora (3cpcpeKT reoMarHHTHoro o6pe3aHHH), xapaKTepH3yeMoro TaK Ha3hIBaeMoi'! 

J1CecmKocmb10 ceo.Macrtumrtoco o6pe3artufl R, Bbipa:IB:aeMoro .nH6o B rnra3JieK

TpoHBOJihTax (f3B), JIH6o B nponopUHOHa.nbHb!X 3TOH Be.nHlJHHe rnraBOJibTax 

(fB). TaKHM o6pa3oM, reoMarHHTHoe no.ne HB.nHeTrn ecTecTBeHHhIM MarHHTHh!M 
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P11c. 23.5. Marm1Toc¢epa c pan11auHoHHhIMH noHCaMH (a) H TpaeKTOpm1 3ap5DKeHHOH '-IatTHUhI 
BHYTPH pan11au110HHoro noHca (6) 
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cneKTpoMeTpoM; ero JJ,eHCTBHe TaKOBO, l.JTO B o6JiaCTb 3KBaTOpa npoX0)].51T qacTHUhl 

c 3Heprnei1 6oJihWe 15-17 f3B, TOr,ll.a KaK s paf!OHhI nomocos MoryT npoHHKaTb 

H t.JaCTHI.J.bl cpaBHHTeJihHO MaJihlX 3Heprni1. 

CymecTByJOT pa3peweHHhie H 3anpemeHHb1e HanpasJieHHH npHXOAa 3apmKeH

HhIX qacrn:u B ,ll.aHHYJO TOLJKY 3eMHOH aTMoccpepb!. 3THM HanpasJieHH51M COOT

BeTCTBYJOT o6JiaCTH, HMeJOmHe BHA COOCHblX KOHYCOB c yrnoM pacTBopa, onpe

,ll.eJI51eMblM OTHorneHHeM HMTIYJihca H 3apHAa qacTHUhI. 06JiaCTH pa3peweHHhIX 

H 3anpemeHHhIX HanpasJieHHH pa3JJ,eJieHbI TaK Ha3bIBaeMoi1 o6JiaCThJO neHyM6phI, 

COCTOHIIJ.eH H3 qepeJJ,yJOIIJ.HXC51 pa3peweHHbIX H 3anpemeHHb!X HanpasJieHHH. 

B HacToHmee speMH JJ.JI51 pact.JeTa m:ecTKOCTH reoMarHHTHoro o6pe3aHH51 HC

TIOJib3YJOT l.JHCJieHHbie MeTO,ll.bl HHTerpHposamuI ypasHemrn JJ,BmKeHH51 l.J3CTHU 

B peaJibHOM MarHHTHOM noJie. TaK KaK ABHm:eHHe qacTHU s6JIH3H TOLIKH c 3a,ll.aH

HOH m:eCTKOCTb o6pe3amrn HOCHT CJIOm:Hh!H xapaKTep H ocymecTBJI51eTC51 B npo

CTpaHCTBe, BKJIJOl.JaJOmeM o6JiaCTh neHyM6pbl, BBO)J,51T 3cpcpeKTHBHYJO m:ecTKOCTb 

reoMarHHTHOro o6pe3aHH51 

R,,, 

R=Rr- I J(R)dR, 
Rm 

rAe Rr H Rm - HaHMeHbll1351 11 HaH60Jihilla51 m:ecTKOCTH ,ll.JIH pa3pell1eHHOH H 

3anpemeHHOH op6HT COOTBeTCTBeHHO; J(R) paBHO 1 H 0 COOTBeTCTBeHHO ,ll.J151 

pa3pell1eHHblX H 3anpemeHHbIX HanpaBJieHHH B o6JiaCTH neHyM6pb!. 

c yLieTOM H3Jiom:eHHOrO 6b!JIH paCC4HT3Hbl 3Hal.JeHH51 m:ecTKOCTH reoMarHHT

HOro o6pe3aHH51, oxsaTbIBaJOmHe reoMarHHTHbie IllHpOTbI ), scero 3eMHoro wapa 

(p11c. 23.6). 
3asHCHMOCTb HHTeHCHBHOCTH KOCMHl.JeCKHX qacTHU OT reoMarHHTHOH II1Hp0Tbl 

HOCHT Ha3BaHHe mupomHOcO a¢¢eKma. c poCTOM ), B HHTepsaJie 3KBaTOp

cpeJJ,HHe II1Hp0Tbl 3Hat.JeHH51 TIJIOTHOCTH TIOTOKa qacTHU cpaBHHTeJihHO pe3KO B03-

paCTaJOT, CMeH5151Cb npH ), > 52° CJia6oi1 3aBHCHMOCThIO OT IllHpOTbI (npHMepbl 

WHpOTHOro 3cpcpeKTa CM. B § 23.5). 
3KcnepHMeHTaJibHO yCTaHOBJieHO, 4TO HHTeHCHBHOCTb KOCMH4ecKoro H3JIY

qemrn, HJJ.ymero c 3ana,ll.a, 60JihWe, 4eM c BOCTOKa. 3TOT 3cpcpeKT Ha3b!BaIOT 

asuMymaAbHou UAU Bocmo11,Ho-sana8Hou acuMMempueu. Ero OTKpbITHe paccMaT

p11saJIOCh B csoe speM51 KaK yKa3aHHe Ha TO, l.JTO 4aCTHUbl, BXOA51IIJ.He B COCTaB 

nepBH4HOrO KOCMH4eCKoro H3JIYLJeHH51, 3apHm:eHhl TIOJIOMHTeJihHO. 

KaK II1HpOTHhIH 3cpcpeKT, TaK H a3HMyTaJihHa51 CHMMeTpHH 3aBHC51T OT BbICOThI, 

yseJIH4HBa51Cb c ee poCTOM (cooTBeTCTBYIOIIJ.He npHMepbl CM. HHm:e). 3Ta TeH,ll.eH

IJ.1151 yKa3bIBaeT Ha TO, 4TO 6JIH3 nosepXHOCTH 3eMJIH KOCMHl.JeCKoe H3JIY4eHHe 

npeJJ.cTaBJieHO «TIOTOMKaMH» nepBH4Hb!X 43CTHU oco6eHHO 60JibWHX 3HeprnH, 

cpaBHHTeJihHO CJia6o OTKJIOH5IeMbIX B MarHHTHOM TIOJie [23). 
YIHTeHCHBHOCTb KOCMHLiecKHX raJiaKTHLJeCKHX Jiyqeif KoppeJIHpyeT c 11-JieTHH

MH BapHaUH51MH COJIHe4HOH aKTHBHOCTH. CTocJie)J,HIOIO npHH51TO xapaKTepH30BaTb 

K03cpcp11u11eHTOM MO.ll.YJI51UHH K, H3MeH51JOIIJ.HMC51 OT 0,3 B nepHOJJ. MHHHMyMa COJI

Hel.JHOH aKTHBHOCTH JJ.O 2,5 B nepHO.ll. ee MaKcHMyMa. CTepHOJJ.HLieCKHe H3MeHeHH51 

HHTeHCHBHOCTH cpoHOBoro KOCMH4eCKoro H3Jiy4eHH51 CB5133Hbl co CJieJJ.yIOIIJ.HMH 
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3cpcpeKTaMH. Ha MarHHTHoe noJie 3eMJIH HaKJia)l,brnaeTC51 MarHHTHoe noJie CoJIHUa, 

KOTopoe ycHJIHBaeTC51 c pOCTOM aKTHBHOCTH H OCJia6JI51eTC51 c ee yMeHhilleHHeM, 

B nepsoM cJiy'rne 3KpaHHpy10mee B03.ll,eHCTBHe MarHHTHoro noJI51 CoJIHUa Ha 

noTOK raJiaKTHlleCKHX llaCTHU B03pacTaeT, qTo conpoBmK)l,aeTC51 CHH)l(eHHeM ero 

HHTeHCHBHOCTH (51BJieHHe «BhI.ll,aBJIHBaHH51» 3THX qaCTHU). Hao6opoT, Bo BTopoM 

cJiyqae ocJia6JieHHe MarHHTHoro noJI51 CoJIH1.1,a conpoBO)l(Jl,aeTC51 yseJIHqeHHeM 

HHTeHCHBHOCTH noToKa KOCMHqeCKHX lfaCTHl.l,. 

§ 23.3. KaqecTBeHHoe npe,ll.CTaBJiem1e o npo~eccax s3au:Mo.L1.eiicTBHSI 
nepBH'IHOrO KOCMH'IeCKOro raJiaKTH'IeCKoro H3JIY1IeHHSI (fKJI) 

B aTMoc<t>epe 3eMJIH 

KaK fOBOpHJIOCb, nepsHqHbIH nOTOK KOCMHqecKHX qaCTHU COCTOHT B OCHOBHOM 

H3 npOTOHOB, KOTOpbie H 6y)l,eM cqHTaTb OTBeTCTBeHHblMH 3a o6pa30BaHH51 nocJie

AY!OIUHX noKoJieHHH qacTHU. flpouecchI B3aHMo.ll,eH:crnH51 B aTMoccpepe nepsHqHhIX 

qacTHU .ll,pyroH: npHpO.ll,bl Mb! pacCMOTpHM HH)l(e. 

CJie.ll,yeT pa3JIHqaTh nepBHqHhie npoTOHhI c oTHOCHTeJibHO He6oJibWOH 3Heprn

eH: (oT coTeH M3B) .ll,O e.ll,HHHU f3B) H BhICOK03HeprnqHbie npoTOHhI c 3Heprnei1 

nop51.ll,Ka Jl,eCHTH H 6oJiee f 3B. 

CTaJIKHBa51Ch c 51.ll,paMH aTOMOB aTMoccpepbI, nepsHqHbie npoTOHhI c OTHOCH

TeJibHO HeBbICOKOH 3HeprneH Bbl3b!Ba!OT 51.ll,epHbie pacmenJieHH51, conpoBO)l()l,a!OIUH

eCH HcnycKaHHeM BTOpHllHhIX HYKJIOHOB MeHbllleH 3HeprnH. BrnpHqHhie npoTOHhI 

MoryT Bbl3h!BaTb H08ble pacmenJieHH51, 0)1,HaKo 3HaqHTeJibHa51 qaCTb HX 3HeprnH 

pacxo)l,yeTCH Ha HOHH3aUHIO aTOM08 aTMoccpepb1. HetiTpOHhI yqacrny10T 8 ynpyrnx 

coy.ll,apeHH51X, 3aMe)l,JI51!0TC5I H 8 KOHl.l,e KOHU08 3aXBaTbIBaIOTC51 51.ll,paMH aTOMOB 

803.ll,yxa. 

flo)l, )l,eHCTBHeM 8b!COK03HeprnqHb!X npoTOHOB 8 aTMOccpepe TaK)l(e npOHCXO)l,HT 

pacmenJieHHe 51.ll,ep 803.ll,yxa, O.ll,HaKo 3HaqHTeJibHa51 qacTh HX 3HeprnH pacxo)l,yeTc51 

Ha o6pa308aHHe peJI51TH8HCTCKHX qacTHU pa3JIHqHoro copTa, Ha3hIBaeMblX JlH8He

Bb!MH; cpe.ll,H HHX npeo6Jia)l,aIOT IlHOHbI; Hap51.ll,Y c HHMH HcnycKaIOTCfl HYKJIOHbl, 

KaOHhI H Apyrne a.ll,pOHhI (51.ll,epHo-aKTH8Hhie qacTHUhI, CM. Ta6.JI. 2.1). BbICOKo-

3HeprnqHhIH npOTOH npH coy.ll,apeHHH c 51.ll,pOM 8 cpe.ll,HeM Tep51eT OKOJIO Il0Jl08HHbl 

C80eH 3HeprHH, He MeH5151 CKOJlbKO-HH6y)l,h 3HaqHTeJibHO Hanpa8JieHH51 CBoero 

nep80HaqaJibHOfO )l,8H)l(eHH51 ( ero npHH51TO Ha3bIBaTb JIH.ll,Hpy10mei1 qacTHUeH). 

,UJIHHa c806o)l,Horo npo6era 8hICOK03HeprnqHoro npoTOHa paBHa ~ 80 r / cM2 ; TaK 

KaK TOJIIUHHa aTMOccpepbl COCTa8JI51eT OKOJIO 1000 r/cM2, TO qacTHl.l,a-JIH)l,ep npH 

npOXO)l()l,eHHH qepe3 Hee MO)l(eT HCnbITaTb 60.Jiee )l,eC51TH CTOJIKH08eHHH c 51.ll,paMH, 

Ka)l()l,Oe H3 KOTOpb!X 6y)l,eT conpoBO)l()l,aTbC51 o6pa308aHHeM JlH8He8bIX lfaCTHl.l,. 

0cTaToqH.a51 3Heprn51 nep8HqHoro npoToHa 3aTpaqHBaeTC51 Ha BhI6H8aHHe HYKJIO

HOB H 8036y)l(Jl,eHHe KOHelfHOfO 51.ll,pa, pacna)l, KOToporo conp080)1()l,aeTC51 Hcnyc

KaHHeM npoTOHOB, HeH:TpOH08, a-qacTHU H T. Jl,. HanoMHHM, qTo nepeqHcJieHHbie 

npouecCbl 6hIJlH paCCMOTpeHbl 8 §§ 14.7 H 14.8. 4acTHl.l,bl, B03HHKa!OIUHe B npo

uecce reHepaUHH nep8HqHoro H3JiyqeHH51, 06pa3y10T TaK Ha3brnaeMbIH aaepHbtii 
IWCKaa (pHc. 23. 7). 

15 0. A. 5apcyKoB 
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P11c. 23.7. CxeMa B3attMo,n:eilcTBHH KOcM11qecK11x qacn1u c H,n:paMH aTOMOB aTMoccj>epbi: o - rnqK11 

B3aHMO,n:eilCTBHH JIHAHPYIOIUHX qaCTHU; ® - TQqKH, B KOTOpb!X o6pa3y!OTCH qacTHUbl cpaBHHTeJibHO 

HeBb!COKOH 3Heprn11; • - TQqKH pacna,n:a TIHOHOB, npHBOAHIUHe K o6pa30BaHHIO 3JleKTpOHHO

cj>oTOHHblX JIHBHeil. 06o3HaqeHHH: p - npOTOHbI; Jr+, Jr-, µ+, µ-, e+, e- - TIOJIO)KHTeJibHO 

H OTpHUaTeJibHO 3apH)KeHHbie !1110Hbl, MIOOHbl, 3JJeKTp0Hbl COOTBeTCTBeHHO; n -HeihpOHbI; II 

HeilTpHHO; 7ro - HeilTpaJibHb!e TIHOHbl, a - aJibcpa-qacTHUbl 

Oco6o cJie,ZI,yeT ocrnHOBHTbCH Ha rrpoueccax rettepaUHH rrHOHOB. Cy,ZI,b6a 3a

pH)KeHHoro rrHoHa 3aBHCHT OT ero 3Hepnrn. EcJIH oHa ,ll,OCTaToqHo BeJIHKa (6oJiee 

200 f3B), TO OH 6Jiaro,L1,apH peJIHTHBHCTCKOMY 3aMe,ll,JieHHIO BpeMeHH crroco6eH 

He pacna,ll,aHCb npoihH nyTh, coH3MepHMbIH c npo6eroM nepBHqHoro npoToHa 

BbICOKOH 3HeprnH (80 r/cM2) 11 yrrncrnosaTb B pa3MHO)KeHH11 H,ll,epHo-aKTHBHbIX 

qacrn:u. TIHOHbI c yKa3aHHOH 3Heprne:i1 MoryT reHepHposaTbCH Jil1Illb nepsHqHbIMl1 

npOTOHaMH 11 ,ll,pyrHMH a,ll,pOHaMH c 3Heprnei1 ~ 104-105 f 3B. 

B KOHUe KOHUOB 7r+-Me3oHbI HCIIbITbIBaIOT pacna,ll, 7r+ -t µ+ + v(v), reHep11-

PYH MIOOHHYIO KOMIIOHeHTy. 06pa3y101I1.11eCH peJIHTl1Bl1CTCKHe MIOOHbI 06Jia,L1,a10T 

Bb!COKOH npoHHKaIOmeH: cnoco6HOCTblO 1)' qTo 06bHCHHeTCH ,ll,BYMH npHq11HaMH: 

y MIOOHa, KaK y BCHKOH peJIHTHBHCTCKOH qaCTHI.1,bl, MaJibl HOHl13aU,HOHHb!e IIOTepH; 

H3-3a cpaBHHTeJibHO 60Jibll10H MaCCbl IIOK051 MIOOHa (mµ >>me) ,ll,JIH Hero HeBeJI11-

KH H pa,L1,11aU,HOHHb!e IIOTep11. 

Cy,L1,b6a HeHTpaJibHOfO IIHOHa O,ll,H03HaqHa: 6Jiaro,L1,apH HCKJIIOqHTeJibHO MaJIOMY 

BpeMeHH )Kl13Hl1 (~ 10-16 c), OH pacna,L1,aeTCH Ha ,ll,Ba peJIHTHBHCTCKHX /-KBaHTa 

1
) Hanp11Mep, tta6JJIO,n:emrn noKa3aJ111, qrn 3aMeTHaH qacTb nornKa MIOOHOB npoxo,n:11r qepe3 cJJoil 

BOAbl TOJIIUHHOH B 1 KM. 
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B Henocpe,D.CTBeHHOH 6JIH30CTH OT MeCTa cBoero o6pa3oBaHHH. TopMo)KeHtte 3THX 

cpoTOHOB npHBO,ll,HT K B03HHKHOBeHHIO 3JieKTpOHH0-003HTpOHHbIX nap, aHHHrHJIH

pyIOlll,HX, B CBOIO o4epeJJ.h, B ry-KBaHThI H T. JJ.. B pe3yJihTaTe paccMoTpeHHhIX 

npoueccos 06pa3yeTCH 3JieKTpOHHO-cpOTOHHaH KOMOOHeHTa BTOpH4HOfO H3Jiy4e

HHH - 3JieKTpOHHO-cpOTOHHhIH JIHBeHb, Ha4HHa!Olll,HH cpopMHposaThCH c caMOH 

paHHeH CTa,D.HH pa3BHTHH H,D.epHoro KaCKa,D.a. I10MHMO Hei1:TpaJibHb!X OHOHOB 3JieK

TpOHHO-cpOTOHHaH KOMflOHeHTa MO)KeT nopO)K,ll,aThCH H JieOTOHHb!MH npOJJ.YKTaMH 

pacna,D.a Me30HOB. Pa3MHO)KeHtte 3JieKTpoHHo-cpoTOHHoro JIHBHH, npoTeKaIOlll,ee 

BeChMa 6ypHo, npO.II,OJI)KaeTCH ,ll,O Tex nop, noKa 3HeprnH 3JieKTpOHOB H fl03HTpOHOB 

He yMeHhUiaeTCH }l,0 KpHTH4eCKOH (JJ.JIH B03.II,yxa OHa paBHa npH6JIH3HTeJihHO 

72 M3B). 
TaKHM o6pa3oM, o6pa3oBaHHhie no.II, ,D.eHCTBHeM nepsH4HhIX npoTOHOB nocJie

JJ.YIOlll,He IlOKOJieHHH 4aCTHU MO)KHQ no.II,pa3.II,eJIHTb Ha H.II,epHO-aKTHBHYIO (a.II,pOH

HYIO), MIOOHHYIO H 3JieKTpOHHo-cpoTOHHYIO KOMiloHeHThl. 

KacKa.II, 4aCTHU, COCTOHlll,HH H3 reHeTH4eCKH CBH3aHHb!X Me)KJJ.Y co6oi1: 3JieK

TpOHOB, HeHTpOHOB, MIOOHOB H .II,pyrnx 4aCTHU, Ha3h!BaIOT UIHpOKHM aTMoccpepHb!M 

JIHBHeM. I1onepe4Hb!H pa3Mep JIHBHH y nosepxHOCTH 3eMJIH MO)KeT ,/1,0CTHraTb 

HeCKOJihKHX KHJIOMeTpoB. Ha6JIIOJJ.eHHe JIHBHH ocylll,eCTBJIHeTcH c noMOlll,hIO cH

cTeMbI BKJII04eHHblX Ha COBna.II,eHHe C4eT4HKOB pa3H0f0 THna, pacCTaBJieHHb!X Ha 

,ll,OCTaT04HO nporn.m:eHHOH flJIOlll,a.II,H. 

I1.3y4eHHe HHTeHCHBHOCTH TIOTOKOB npoTOHOB B UIHpOTHb!X aTMOccpepHb!X JIHB

HHX H HX cneKTpOB fl03BOJII1JIO ycTaHOBHTb, 4TO B COCTaBe nepBH4HbIX KOC

MH4eCKHX Jiy4eH BCTpe4aIOTCH npoTOHbl c 3HeprHHMH JJ.O 1020-1021 3B, 0 4eM 

ynoMHHaJIOCb BbIUie (§ 23.1) 
I1HTeHCHBHOCTb raJiaKTH4eCKHX KOCMH4eCKHX Jiy4eH Ha nosepxHOCTH 3eMJIH 

npHMepHo B CTO pa3 MeHbllle, 4eM Ha rpaHHI.I,e aTMOCcpephI; B npH3eMHOM CJIOe 

OHH COCTOHT rJiaBHb!M o6pa30M H3 MIOOHOB, HeHTpOHOB H 3JieKTpOHHO-cpoTOHHOH 

KOMTIOHeHTbl. Ha ypoBHe MOpH B cpe.II,HHX UIHpOTaX flJIOTHOCTb HX flOTOKa (s 4HCJie 

4aCTHU/(cM2 . c) npH6JIH3HTeJibHO paBHa: 1,7. 10-2 }l,Jlfl MIOOHOB, 1,2. 10-2 }l,JIH 

HeHTpOHOB H 0,7. 10-2 }l,JIH 3JieKTpOHOB H ')'-KBaHTOB. 

DpouecchI reHepa11,m-I 11 rrorJiomeH11e HJJ,epHo-aKT11BHoi1 KoMrroHeHTbI corrp0Bo.1KJJ,a10TCH 

pa3JIWIHb!Ml1 HJJ,epHb!MH peaK11,1151MH, 38 Cl./eT KOTOpb!X B aTMOCtj)epe ITO)J,JJ,ep.1K11BaeTCH 

paBHOBeCHOe COJJ,ep.1KaH11e TaK Ha3bIBaeMblX KOCMoreHHbIX HYKJI11)],0B: 3H, 7Be, 14C, 22 Na 

11 AP· Ha ABYX 113 H11x - 1p11rn11 (3H) 11 paA11oyrnepoJJ,e (1 4C), mpa10m11x Ba.IKHYIO 

pOJib B np11poJJ,e, OCTaHOB11MCH noJJ,po6Hee. 9111 KOCMOreHHb!e HYKJI11)],bl B03HHKa!OT ITO)], 

JJ,ei1crn11eM HYKJIOHOB. B qacrnocrn, pam'.!OyrJiepoJJ, 06pa3ye1cH B pe3yJihTaTe HJJ,epHoi1 

peaKll,1111 Me.IKJJ,Y 3aMe)J,JI11Bllll1MC51 B aTMOccpepe Hei1Tp0HOM H 51)],pOM aTOMa a30Ta: 

YrJiepoJJ,-14 11cnbITh1BaeT ,8-pacnaJJ, 11 BHOBb rrpeBpamaeTcH B a3oT: 1ic ---+ 1jN + ,13-. 
XapaKTepHaH oco6eHHOCTb yrnepoJJ,a-14 - orpoMHbIH nep110JJ, noJiypacnaJJ,a, paBHbIH 

5730 roJJ,aM. KaK H3BeCTHO, yrnepoJJ, HBJIHeTCH cymecrneHHOH '-laCTbIO opraHH'-!ecK11x 

BemeCTB 11 yqacrnyeT B o6MeHe Me.IKJJ,Y ./Kl1BOH H He./Kl1BOH np11pO)J,OH. 0)],HHM 113 pe3yJib

TaTOB o6MeHa HBJIHeTCH rrpHCYTCTBHe 14C BO BCex ./Kl1Bb!X opraH113MaX B Ka'-!eCTBe MaJIOH 

15* 
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rrp11MeC11 K yrnepo,lly 12C. l13oTorr 3H ttecTa6HJieH 11 c rrep110,lloM rroJiypacrra)J,a 12,3 ro)J,a 

pacrra)J,aeTcH no cxeMe: 

Cpe,ll,HHH 3tteprnH /)-113JIY'-leH11H paBHa 5,69 K3B. 

Tp11rni1: xoporno pacTBop11M B BO)J,e. TioCJie o6pa30BaH11H B aTMocctJepe 6oJihrnaH 

'-laCTb Tp11Tl1H yirncrnyeT B f11,ll,pOJIOfl1'-!€CKOM Ul1KJie. 0CHOBHhlMl1 «XpaHl1Jil1IUaM11» 3Toro 

1130TOITa HBJIH!OTCH KpyrrHhle peKl1 11 MOpH. 

OcTaHOBHMCH Terrepb Ha oco6eHHOCT51X I1pOX01K)leHH51 l!epe3 aTMOCcpepy 51.ll,ep 

raJiaKTHl.JeCKOro rrpOHCXO)K)leHH51 c z ;;:: 2. 
Ha OCHOBaHHH Ha6JIIO)laTeJibHb!X )laHHblX MO)KHO C'-IHTaTb, l.JTO COOTHOilleHHe 

HHTeHCHBHOCTef:i 51.ll,ep pa3JIHl.JHb!X 3ap51)l0Bb!X rpyrrrr Ha rpaHHI..l,e arMoccpepbl co-

CTaBJI51eT: 

Np: Na: NL: NM: NH= 1300: 9: 4: 2: 7: 4, 

r)le Np, Na. NL, NM, NH - HHTeHCHBHOCTH l.Jacrnu p-, a-, L-, M-, H-rpyrrrr 

COOTBeTCTBeHHO. 

I1poXO)l51 l!epe3 aTMOCcpepy, MHOroHyKJIOHHbie H)lpa cpparMeHTHPYIOTCH Ha 60-

Jiee rrpOCTbie o6pa30BaHH51. l1x pacrrpoCTpaHeHHe MO)KHO OTIHCaTb reHeTH'-!eCKOH 

cxeMoif: 

H M L a 

1 1 1 1 
H---+ M __, L __, a 

11 1 1 1 
La a a a 

3)leCb HCTIOJ!b30BaHbl BBe)leHHb!e Bb!Ille o6o3HalfeHH51 3ap51)l0Bb!X rpyrrrr. 

CTpeJIKaMH rroKa3aHbI B03M01KHhie nepexo)lhI l.JaCTHu H3 O)lHOH rpyrrrrb1 B )lpyryro. 

I1epexO)lbI THrra i ---+ i yKa3bIBaIOT Ha TaKyIO cpparMeHTal..l,HIO 51.ll,ep, rrpH KOTopoif 

OHH OCTa!OTC51 B COCTaBe )laHHOH rpyrrrrbI. 

}!)lpa c z ;;:: 2 o6Jia)laIOT OTHOCHTeJibHO 60JiblllHM cel.JeHHeM B3aHMO)leHCTBH51, 

HX CB060)lHbie rrpo6erH 3Hal.JHTeJibHO MeHhllle, '-leM y 3JieMeHTapHb!X '-laCTHI..l,, 

BCJie)lCTBHe l.Jero TaKHe 51.ll,pa cymecTByIOT J!Hlllb B BepXHHX CJI051X aTMoccpepb!. 

I1paKTHl.JeCKH BCe TH)KeJibie 51)lpa Ha BbICOTaX 6oJiee 18-20 KM JIH60 pacmel1JI51IOT

C5l Ha OCKOJIKH (rnaBHb!M o6pa30M Ha rrpOTOHbl H O'.-l.JaCTHI..l,bl) HJIH )Ke B pe3yJihTaTe 

TIOTepb 3HeprnH Ha HOHH3al..l,HIO TIOrJIOJUaIOTC51. 

0CTaHOBHMC51 Ha oco6eHHOCT51X rrpOHHKHOBeHH51 COJIHe'-!Hb!X KOCMHl.JeCKHX Jiy

qeif (CKJI) B aTMoccpepy. KaK yKa3hIBaJIOCb, qacTHI..l,bI coJIHel.JHoro rrpoHcxo1K

)leHH51 06Jia)la!OT cpaBHHTeJibHO HH3KHMH 3Heprn51MH (rrop51)lKa )leCHTb!X )lOJieH, 

e)lHHHU H )leCHTKOB M3B). I1o3TOMy, rrpOXO)l51 l!epe3 aTMOCcpepy, OHH o6pa3y!OT 

rJiaBHb!M o6pa30M BTOpHl!Hbie HYKJIOHbl, ror)la KaK rrpouecc o6pa30BaHH51 TIHO

HOB, rropmK)la!OJUHX 3JieKTpOHHO-cpOTOHHYIO KOMilOHeHTy, HrpaeT OTHOCHTeJibHO 
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MaJiyJO poJib. 3a pe,ll.YaHlllHMH HCKJIJO'-leHHHMH CKJI He Jl.OCTHraJOT TponoccpepHbIX 

BbICOT. 0)].HaKo Ha 6oJihlllHX BhICOTax HHTeHCHBHOCTb CKJI MOMeT 3Ha'-IHTeJihHO 

(Ha HeCKOJibKO nopH,ll.KOB) npeBbilllaTb HHTeHCHBHOCTb cpoHa fKJI. 

§ 23.4. Mo)l.eJIHposaHHe npo~eccos npoxmK,ll.eHHR KOCMHqecKoro 
H3JiyqeHHR qepe3 aTMoc<t>epy 3eMJIH 

23.4.1. lifcXO)];Hbie npe;:i:nOCblJIKU pacqeTa KOMilOHeHT KOCMuqecKoro U3-

JiyqeuuH B aTMoc<l>epe. AHaJIHTH'-leCKH pelllHTb 3a)l.a'-ly o npoxmK)l.eHHH KOCMH

qecKoro H3Jiy'-leHHH qepe3 aTMOccpepy c DOMOlll,blO HHTerpO-,ll.HcpcpepeHUHaJibHOfO 

ypaBHeHHH nepeHoca '-!aCTHU B cpe)l.e npaKTH'-leCKH HeB03MO)KH0 H3-3a CJIO)KHOCTH 

H MHoroo6pa3HH npoueccoB B3aHMO)l.eHCTBHH BbiCOK03HepreTH'-1HbiX '-!aCTHU c H)].

paMH B03)l.yxa. I103TOMY o6bI'-IHO HCDOJ!b3YIOT MO)l.eJibHb!H DO)l.XO)l., '-ITO D03BOJIHeT 

3Ha4HTeJibHO ynpoCTHTh ycJIOBHH paccMaTpttsaeMoi1 3a)l.a4H. TaK, Y4HTbIBaH Ma

JIOCTb BpeMeHH )KH3HH HeihpaJibHblX DHOHOB, MO)KHO C'-IHTaTb 3TH '-!aCTHUbl J!Hlllb 

HCTO'-IHHKaMH 1-KBaHTOB. BKJia)l. 3apHMeHHb!X TIHOHOB B H)l.epHO-aKTI1BHYIO KOMDO

HeHTY HMeeT cymeCTBeHHOe 3Ha'-leHHe npH 3Hepnm DHOHOB 3Ha'-IHTeJibHO 60JiblllHX 

100 f3B. I1HOHbl c yKa3aHHb!MH 3Ha'-leHHHMH 3Heprni1 o6pa3yIOTCH npoTOHaMH 

c 3HeprnHMH nopH,ll.Ka 100 f 3B, O)l.HaKO )l.OJIH nocJie)l.HHX B DOTOKe 3THX H,ll.ep 

TaKosa, '-ITO OHH HecyT He CBhillle 0, 1 % scei1 3HeprnH npoTOHOB. TaKHM o6pa30M, 

npH MO)l.eJIHpOBaHHH MOMHO npeHe6pe4b DHOH-H,ll.epHbIMH B3aHMO)l.eHCTBHHMH. 

JI.aJiee, YYHTbIBaH cpaBHHTeJihHYIO MaJIOCTb cpoTOHJl.epHbIX peaKUHH H H,ll.epHyJO 

naCCHBHOCTb MIOOHOB, MO)KHO npeHe6pe4b BKJ!a)l.OM 3JieKTpOHHO-cpOTOHHOH H MIO

OHHOH KOMDOHeHT B o6pa3oBaHHe H,ll.epHo-aKTHBHb!X LfaCTHU. 

B CHJIY pacCMOTpeHHbIX coo6paMeHHH reHeTH'-leCKYIO CBH3b MeMJl.Y OCHOBHbI

MH KOMDOHeHTaMH KOCMH'-leCKHX Jiy'-leH B aTMoccpepe MO)KHO npe,ll.CTaBHTb B BH)l.e 

cxeMbl, noKa3aHHOH Ha pHC. 23.8, corJiaCHO KOTopoi1 npouecCbl npOXO)K)l.eHHH 

2')' ')' 

Jro ~!"+,µ~ e+,e ; 

p 7r+,7r- µ+,µ- ')' - µ+,µ-; e+, e-

p,n 

p,n p,n 

P11c. 23.8. feHeTWJecKaH CB513b Me)Kp,y KOMCTOHeHTaM11 CTOTOKa B aTMOCtjiepe 

qepe3 aTMOccpepy HYKJIOHHOH, MIOOHHOH H 3JieKTpOH-cpOTOHHOH KOMDOHeHT KOC

MHLfeCKHX JiyYei1 paccMaTp11sa10TCH pa3)l.eJihHO. B HaCTOHlll,ee speMH )l.JIH pellleHHH 

3a)l.a'-I nepeHoca LfaCTHU B semeCTBe lllHpoKo HCDOJib3yeTcH MeTOJl. MoHTe-KapJio, 

D03BOJIH!Olll,HH c DOMOlll,blO npoueJl.ypbi CT3THCTH4eCKHX HCDbITaHHH MO)].eJIHpOB3Tb 

peaJibHbIH npouecc HX pacnpocTpaHeHHH qepe3 cpe,ll.bi c 3a)l.aHHbiMH CBOHCTBaMH. 
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TeopeT11LiecK11e 11ccJie)l.osaH115I nepeHoca B aTMoccpepe nepeLI11cJieHHbIX KOMno

HeHT KOCMl1'-!eCKl1X Jiyqetf 6bIJIO npe)l.np11HRTO rpynnoti aBTOpOB, 11CI10Jlb30B8BIIII1X 

sap11aHT MeTo)l.a MoHTe-KapJio - MeTOJl. HeaHaJiorosoro MO)l.eJI11posaH115I [ 1, 5, 
25, 26]. B paMKax 3Toro np116JimKeH115I Tpe6yeTC51 cpasmneJibHO MaJioe q11c

JI0 onepau,i1H. Ha 3BM, TI03TOMY OTHOCl1TeJibHO HeBeJ111Kl1 3aTpaTbl MaWHHHOfO 

speMeHl1 11 norpell1HOCTl1 pac'-!eTa, CB513aHHb!e co c6oeM B MaWHHHOM C'-!eTe. 

BbIXOJl.Hbie )l.aHHb1e noJiyLia!OTC51 B TaKOH cpopMe, '-!To oKa3brnaeTCH B03MOMHbIM 

npoBe)l.eHHe nJiaBHbIX Kp11Bb!X BMeCTO rncTorpaM K8K B cJiy'-lae «np51MOfO» MO)l.e

JI11poBaHl151. 

B 3TOH KHHre npHBO)l.RTCR pacqeThl pacnpocTpatteHHR B aTMoccpepe noToKOB 

npoTOHOB, HeHTpoHoB 11 51)].ep c Z ): 2. MaTeMarnLiecK11H annapaT Jl.JI51 11ccJie

Jl.OBaH115I npoueccoB nepeHoca Liepe3 aTMOccpepy TIOTOKOB MIOOHOB, 3JieKTpOHOB 

11 1-KBaHTOB cTpo11Tc5I no aHaJior1111 c pacLieToM HYKJIOHOB 11 noToMy B np11H

u11n11aJibHOM OTHorneH1111 He npe)l.cTaBJI51eT oco6oro 11HTepeca. PacLieT MIOOHHOH 

11 3JieKTpOHHO-cpOTOHHOH KOMTIOHeHT CO)l.epMHTC51 B ynOM51HYTOH pa6oTe [5]. 

23.4.2. Mo,!J,eJI:upoeau:ue npm~eccoe pacnpoCTpatteu:usi uyKJIOHOB. I1c
XOJl.51 113 ypasHeH115I nepeHoca B ero o6meti cpopMe 11 yq11Tbrna51 TpexMepHOCTb 

3JieMeHTapHoro aKTa B3aHMO)l.eHCTBl151 11 110Hl13au110HHbie IlOTep11 npoTOHOB, Cl1-

CTeMy ypaBHeHHH HYKJIOHHOH KOMTIOHeHTbl 51)].epHoro KaCKa)l.a MO)KHO 38Til1C8Tb 

B CJie)l.yIOlll,eM BH)l.e: 

aNp(x, E, e) = _ Np(x, E, B) + 
ax Ap(E) cos e 

+ff [nppNp(x,E'e') + nnpNn(x,E',B')] dE'dcose' + 
Ap(E') cos(}' An(E') cosB' 

Ee 

aNn(x, E, e) _ 
ax 

+ _!!___ /3(E)Np(x, E, B). 
aE cos(} ' 

Nn(x,E,e) I I [npnNp(x,E',B') nnnNn(x,E',e')] dE'd e' 
An ( E) cos(} + Ap ( E') cos e' + An ( E') cos B' cos . 

Ee 
(23.1) 

3)1.eCb Np(x, E, e) 11 Nn(x, E, e) - COOTBeTCTBeHHO )l.11cpcpepeHUl1aJibHa51 IlJIOT

HOCTb noToKa npoTOHOB 11 HeHTpOHOB Ha rJiy611He x c 3Heprneti E, Jiernm11x no)]. 

YfJIOM e; Np(x, E', e') 11 Nn(x, E', e') - aHaJiornqHbie BeJI11q11Hbl, HO coorneT

CTBY!Olll.11e '-laCTl1UaM, KOTOpb!e Henocpe)l.CTBeHHO IlOCJie B3aHMO)l.eHCTBl151 B TOqKe 

c KOOpJl.11HaToH x' 06Jia)l.aJI11 3Heprneti E' (11 3aMe)l.JI11Jil1Cb Jl.O 3Heprn11 E Ha 

rJiy611He OCTaToqHOH aTMOCcpepbl X); e' - 3eHl1THblH yroJI '-!aCT11U )l.O B3811MO

)l.eHCTBl151 B TO'-!Ke c Koop)l.11HaToH x' 1
) (p11c. 23.9); >..(E) - npo6er Heynpyroro 

') PaccMaTp1rnaeMbie npou.ecchI pacnpoCTpaHemrn 'lacniu. CllMMeTpll4HbI OTHOCHTeJihHO a3HMy

TaJibHOro yrna <.p ll ll03TOMY BeJI!l'lllHb! Np. Nn C4!lTa!OTC51 ¢YHKU.!lei\ Jlll!llb yrna e, HO He <.p. 
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' x 

fpam1ua aTMoc¢epb1 

------.----------------------------------------
' ' ' ' ' ' ' ' ,,. ,,.,,. 

):l 

0--- i-e B3a!IMO)l,elkrn11e -----

3a)l,aHHaH 
E (paccMaTp11saeMaH) 

rny611Ha aTMoc¢epb1 

P11c. 23.9. CxeMa )l,JIH peweHllH sa)l,a'l11 o pacnpoCTpaHeH1111 s aTMoc¢epe HYKJIOHHOH KoMnoHeHThI 

B3aHMO.QeHCTBl1H 1); 

rJJ,e dO - Te.necHbIH yro.n; 
d2Nji 
dEdf! 

(23.2) 

(23.3) 

)1,BOHHOe AH<pcpepem.1,11a.nbHOe pacnpeJJ,eJieH11e BTOpH'-IHbIX qacTHU. l1HJJ,eKC j 
B (23.2) yKa3brnaeT Ha rnrr rra)l.a10mero HyK.noHa (p - rrpoTOH, n - HeiiTpott); 

HH)l.eKC i - THil HyK.nOHa, 11crrycKaeMoro B pe3y.nbTaTe B3aHMO)J,€HCTBHH; nji 

xapaKtepH3yet BepOHTHOCTb o6pa30BaHHH 1rncr11u i rrpH B3aHMO)l.eHCTBI111 qacTHU j 
c HJJ,paMH aTOMOB BemecTBa. 

B ypaBHeHHHX (23.1) nepBbie q.neHhI cnpaBa yq11tbrna10r BbI6brnatt11e cooTBeT

CTBYIOll.LHX qacTHU 113 IlOTOKa 3a cqey HX B3aHMO)l.eHCTBHH c BemecTBOM aTMOCcpe-

1) Tipo6eroM Heynpyroro B3a!IMOAeficTB!IH Ha3b!Ba!OT seJl!l'lllHY ,\ = l/O'in (cM) 11 ,\ = p/nO"in 
(r/cM2), me n - ITJIOTHOCTb 51)],ep; O'jn - 3¢cj>eKTllBHOe ce'leH!le Heynpyroro B3al1MO)l,eHCTBHH, 
JJ,JIH Cl1JlbHb!X B3al1MOJJ,eHCTBHH 3Ha'leHHH O'in 6JII13Kl1 K reoMeTpH'leCKHM pa3MepaM Hll,ep; p -
ITJIOTHOCTb semecrna, 'lepe3 KOTopoe ABH)KeTcH qacT11ua. l13MepHH 'l!ICJIO 'laCTHU N, npoweA!llHX 

CJIOH sew,ecrna x 6ea saa11MoJJ,eficTBllH 11 aHaH 'lHCJio ynasw11x 'laCTHU No (T. e. 'l!ICJIO 'laCT!ll.\ 
np11 x = 0), MO)KHO no ¢opMyJie N(x) = N0 exp(-x/.A) Hafirn 3Ha'leHHe ,\ (rosopH TO'lHee, 
B OITh!Te on11caHHOfO THna onpe)l,eJIHeTCH npo6er B3a!IMO)l,eficTBllH, COOTBeTCTBY!Olll,llH ITOJIHOMY 

3cjlcjleKTI1BHOMY ce'leHH!O O' = O'in + O"e1. rJJ,e O'e1 - celJeHHe ynpyroro saa11Mo,neficrn1rn), o,nHaKo 
B paccMaTp11saeMoM cJ1yqae O'in ;::j O'. 
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pb1, BTOpb1e )l,aIOT yBem1qem1e B noToKe qHc.Jia HYKJIOHOB .ll,aHHoro BH.ll,a: npOTOHOB 

(B nepBOM CJiyqae) H HeHTpOHOB (Bo BTOpoM), o6yc.JIOBJieHHOe B3aHMO)l,eHCTBHHMH 

c H.ll,paMH aTOMOB aTMoccpepbl npOTOHOB; TpeTbH xapaKTepH3YIOT BKJia)l, B CTOTOK 

npOTOHOB (B nepBOM CJiyqae) H HeH.rpoHOB (Bo BTOpoM), CB5I3aHHb!H c B3aH

MO)l,eHCTBHHMH MeiKAY Hei1TpOHaMH H H.ll,paMH aTOMOB aTMoccpepbI; qernepTbIH 

q.JieH B nepBOM ypaBHeHHH (23.1) OCTHChlBBeT CTOTepH 3HeprHH nporoHaMH npH 

HOHH3BIJ.HOHHb!X B38HMO)l,eHCTBHHX f3(E) = dE/dx; B HBHOM BH,IJ,e 3TB Be.JIHqHHa 

onHchrnaerrn cpopMy.JioH. Eere-5.Jioxa (3.4). 
fpaHHqHbie yc.JIOBHH 38,ll,BqH 38CTHilleM B cpopMe 

Np(x, E, B)x=O = No(E); Nn(x, E, B)x=O = 0. 

3HaqeHHH N0 (E) onpe,IJ,e.JIHIOTCH )l,JJH ra.JiaKrnqecKHX KOCMHqecKHX JJyqeH. Ha 

OCHOBe nepBW!HOfO cneKTpa: 

No(E) = 1,32. 104E-2,65 (1 - 0,6) exp (-KM) qacnn.1, ' 
E 1/ 2 (JR M2 · cp. c. L:iB 

me E - no.JIHaH 3HeprHH qacTHIJ., R H /3 - coorBercrneHHO HX iK€CTKOCTb 

H CKopocrh B e.ll,HHHIJ.ax cKopocrn cBeTa, KM - Ko3cpcpHu.HeHr MOAYJIHIJ.HH, 

onpe,IJ,eJJH€MbIH CBOHCTBBMH COJJH€4HOro Berpa, M€HHIOI.I..{HHC5I, KBK YKB3bIBBJIOCb, 

c 1..1.HKJIOM COJIHelJHOH aKTHBHOCTH B HHTepBa.Jie 0,3-2,5. 
)lJJH COJIH€4Hb!X KOCMH'-!eCKHX JiyqeH. CTJIOTHOCTb CTOTOKB qacTHIJ. onpe,Ue.JIHJIBCb 

no cpopMyJJe 

HJIH 

N(E) =No exp (- R~t))' (23.4) 

r,Ue Ro(t) - xapaKrepHCTH'-!eCKBH iKeCTKOCTb, HBJIHIOI.I..{BHCH ,UJIH ,UBHHOro C06b!THH 

cpyHKIJ.HeH. TOJJbKO speMeHH; Ro - 100-500 MB; N0 - n.JIOTHOCTh noToKa qacrnu. 

CKJI 6.JIH3 3eMJIH 6e3 yqera BJJHHHHH reoMarHHTHoro no.JIH. 3anHCh cneKrpa B 

cpopMe (23.4) YJI.OBJiernopHre.JibHO cornacyerrn c ,UBHHhIMH tta6JJIO,UeHHH, ec.JIH 

BpeMH, npowe,Uwee nocJie HB'-la.Jia BCilb!WKH, B HeCKOJibKO pa3 60.JihWe BpeMeHH 

nepexo.ll,a qacrnu. CKJI OT Co.JIHIJ.B ,UO 3eMJJH. 

BeJ1wurna (23.3), sxoJJ,muaH B ypasttemrn (23.1), HBJ!Herrn o,n:ttofl H3 sa)Ktteflurnx 

xapaKrepHCTHK B3aHMO,n:eHCTBH51 BbICOK09HeprerwieCKHX '-!aCTHI.1, c 51,n:paMH. )lJIH orrpe,n:e

JleHHH )l,BOHHbIX )l,H<PcpepeHIJ,HaJ!bHbIX pacrrpe,n:eJ!eHHH HCITOJ!b3YIOT MO)l,eJ!bHble rrpe,n:craB

JleHHH H arrrrpoKCHMaIJ,HOHHbie Bb1paMeHHH, Y'-IHThIBaIOmHe coorsercrsyIOmHe yrnoBbie 

H 9HeprerwieCKHe 3aBHCHMOCTH. 

HanOMHHM, '-ITO nepBH'-!HblH CTOTOK KOCMH'-!eCKHX JJyqeH. HBJIH€TCH npaKTH'-1€CKH 

H30TponHbIM (CM. § 23.1). 0,UHBKO CTOTOK qacrnu., ,UOCTHfBIOI.I..{HH arMoccpepbl, KaK 

Mb! 3HaeM, HCCTb!TbIBaer B03.ll,eHCTBHe MarHHToccpepbi. )lJIH yqeTa 3TOro 3cpcpeKTa 

)K€CTKOCTb reoMarHHTHOro o6pe3BHH5I BbI'-IHCJIHJIBCb no cpopMyJJe 

4.Ro R(e, <p) = . (23.5) 
1 +VI - [(Ro/14,9)3/4sint9coscp]

2 
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3)1.eCb Ro - 8epniKaJibHa5l JKeCTKOCTb reoMarHHTHOfO o6pe3aHH5l, e H 'P -
3eHHTHbIH H a3HMYTaJibHbIH yrnh1. 

<l>opMyJia (23.5) HCnOJib308aJiacb JIHlllb npH R ~ 1, nocKOJibKY 8 8bICOKHX 

lllHpoTaX JKeCTKOCTb qacTHUbl npaKTH'-!eCKH He 3a8HCHT OT yrna ee 8JieTa. 

B CJiyqae R ~ 1 npH KaJKJJ.OM 3aJJ.aHHOM 3HaGeHHH R0 8 He6eCHoH noJiyccpepe 

8bI)l.eJl5lJIOCb 100 paBHOMepHO pacnpe)l.eJieHHh!X Hanpa8JieHHH npHXO)l.a qacTHU 

(8, r.p) (i = 1 + 100), ,n.;rn KaJK)l.oro 113 KOTOphIX onpe,ll.eJIHJiacb noporosaH JKecT

KOCTb R( e' r.p) H o6JiaCTb pa3pellleHHbIX 3Heprni1 npoTOHa. 

PacLieT npo80Jl.HJICH c lllaroM 8 ,ll.eCHTbie Jl.OJIH rnra80JibT 8 ce8epHoM pernoHe 

(R = 0-2 fB) H c lllaroM 8 1 fB 8 ueHTpaJibHOM H IOJKHOM (R = 2-8 fB). 

PeaJibHaH cpe,ll.a, 8 KOTopoti npoTeKaIOT paccMaTpirnaeMbie npouecchI, np11 

pacLieTax onHChIBaJiaCb MO)l.eJibIO CTaHJJ.apTHOH aTMoccpepbl, cornaCHO KOTopoH 

8b!COTHOe pacnpe)l.eJieHHe MaCCbI 803)].yxa 3a,l.(aeTC5l 6apoMeTpHLieCKOH cpopMyJIOH 

npH CJieJJ.yIOlll.HX npe)l.TIOJIOJKeHHHX: Ha cpe)l.HeM ypo8He MOpH ,ll.a8JleHHe npH 15 °C 

paBHO 1013 ff1a, C poCTOM 8bICOTbl TeMnepaTypa Jl.O sepTHKaJIH yMeHblllaeTCH Ha 

6,5 °C Ha 1 KM 8bICOTbl )l.0 11 KM (8epxHeH rpaHHUbl Tponoccpepbl), r,ll.e OHa pa8Ha 

-56,5 °C; 3Ta BbICOTa npHHHMaeTCH 3a ycJIOBHYIO HHJKHIOIO rpaHHUY CTpaToccpe

pbI, a ee 8epxHHH noJiaraeTCH pa8Hoti 50 KM. Bb1C0Ta H 8 KM 11 JJ.a8JJeH11e h 
B r/cM2 (rny611Ha OCTaTO'-IHOH aTMoccpepbl) CB51.3aHbl MelKJJ.Y co6oti npH6JIHJKeHHOH 

6apoMeTpHLieCKOH ¢opMyJIOH 

( 
1030) H = 7,1 ln -h- KM. 

vknoJib30BaHHe lllKaJihI BhICOT 8 r/cM2, np11MeHHeMOH 8 MO)l.eJIH CTaH,ll.apTHOH 

aTMOccpepbl, TI0380J15leT HarJIH)l.HO cy)l.HTb 06 OCTaTOLIHOM )l.a8JleHHH 803)1.yxa -

eCTecTBeHHOH 3alll.HTbl OT KOCMH'-!eCKOH pa.n.11au1111, npH pa3JIHLIHOM yJJ.aJieHHH 

JieTaTeJibHbIX annapaTOB OT no8epxHOCTH 3eMJJH. Hanp11Mep, pacnpocTpaHeH

HaH KpeiicepcKaH BbICOTa noJJeTa peaKTH8HbIX naccaJKHpCKHX caMoJieTOB, pa8Ha5l 

11 KM, cooTBeTcTByeT h = 225 r/cM2, LITO 3KBHBaJieHTHO npHMepHO 25 % OT TOJI

lll.HHbl CJIOH 803JJ.yxa Ha ypo8He MOpH (h ;::::; 1000 r / cM2). Ha KpeiicepcKoii 8bICOTe 

csepx38YKOBOfO caMOJieTa (H = 16 KM) OCTaT01rnoe )l.aBJleHHe 803JJ.yxa pa8HO 

100 r / cM2; '-ITO cocTaBJJHeT TOJibKO 10 % OT 3Ha'-IeHHH h Ha ypo8He Mo pH. Yno

MHHasrnaHCH sepXHHH rpaHHUa CTparnccpepbl (50 KM) COOTBeTcTByeT h < 1 r/cM2; 

cpH3H'-!eCKHe YCJ108H5l Ha yKa3aHHOH BblCOTe 6JIH3KH K ycJIOBHHM B KOCMoce, H npH 

paCCMOTpeHHH npouecC08 pacnpoCTpaHeHHH qacn1u MOJKHO C'-IHTaTb 8blCOTY 50 KM 

OTHOCHlll.eHCH K rpaHHLIHOMY CJIOIO aTMoccpepb!. 

CoornorneHHH MeJKJJ.Y H H h )].JIH HHTep8aJJa BbICOT 10-37 KM np118e,ll.eHo 

8 npHJIOJKeHHH E. ATMoccpepa B pacGeTax npeJJ.CTaBJIHeTCH 8 8HJJ.e cJJoH c XHMH

qecKHM coCTaBoM: 0 2 - 21 %, N2 - 78 %, Ar - 1 %. 
TaKHM o6pa30M, npH MOJJ.eJJbHbIX pacGeTax B80JJ.HTCH ynpomeHHhie npeJJ.cTa8-

JieHHH KaK 0 B03MOJKHblX reHeTH'-IeCKHX CB5135IX MeJK)l.Y KOMTIOHeHTaMH KOCMHY:e

CKHX Jiy'-!eH B aTMOccpepe, TaK H 0 cpe)l.e, 8 KOTOpOH OHH pacnpOCTpaHHIOTCH. 

I1o3TOMY o cTeneHH a)l.eKBaTHOCTH pe3yJibTaTo8 MO,ll.eJIHp08aHHH peaJibHOH ¢tt3H

qecKoH KapTHHhI MOJKHO cyJJ.HTb, KaK 8cerJJ.a B cpH3HKe 8 noJJ.06HbIX cJiyGaHx, no 
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TOMy, HaCKOJibKO xopowo JJ,aHHhie pacqeTa KOppem1pyroT c ,naHHblMH COOTBeTCTBy

IOlll.HX 3KcnepHMeHTOB, a TaKJKe c pe3yJibTaTaMH pacqeTOB Jl.pyrnx aBTOpOB. 

PerneH11e ypaBHeHHH (23.1) BBH,ny ero HeKOTopoi1 rpoM03Jl.KOCTH nepeHeceHo 

B npHJIOJKeHHe f. 

§ 23.5. Mo;i:eJIHposauue npou.ecca pacnpocTpauenHSI SI;i:ep c Z ;? 2 

Dp11 MOJl.eJibHbIX pacqeTax 51JI,epHOH KOMOOHeHTbl c z ;;:: 2 HCOOJib3YeTC51 npeJI,

CTaBJieHHe o KJiacTepe (cM. B § 14.8 on11caH11e rHJl.POJl.HHaM11L!eCKoi1 MOJl.eJI11). TaK, 

npeJI,nOJiaraeTC51, L!TO B pesyJibTaTe CTOJIKHOBeHHH na.uaromero 51Jl.pa c 0.Il,HHM H3 

HYKJIOHOB 51Jl.pa-M11rneH11 B03HHKaeT crycTOK CHJihHO sos6yJKJl.eHHoro 51Jl.epHoro 

Bemecrna - KJiaCTep, 3aHHMaJOlll.11H o6JiaCTb B npeJI,eJiax nepeKpb!THfl BOJIHOBbIX 

cpyHKU:HH Jl.BYX aJLpOHOB 2,5-3 <PM. KJiacTep Bsa11MOJl.eHcrnyeT c HYKJIOHaM11 51Jl.pa 

KaK e,nHHOe u:eJioe; 3TO B33HMO,neHCTBHe cnoco6CTByeT yMeHbIIIeHHIO ero 3Hepr1111. 

BHaqaJie KJiacTep pacwHp51eTC51, npoxo.II,HT nyTh 6-8 <PM 11 saTeM (yJKe BHe 51.Upa) 

pacna,naeTC51 Ha a.II,pOHbl. lfasecTHO, L!TO np11 a;i:poH-aJJ,pOHHb!X B3aHMO}l,eikTBl151X 

o6pasyeTC51 Jll1Jl.Hpy10ma51 CHCTeMa, COCT051lll,a51 113 MaJioro L!HCJia qacTHU:. BTOpoe 

npe;i:noJIOJKemi.e COCTOHT B TOM, llTO ceqemie B3aHMO}l,eHCTBH51 JIHJl.Hpyromeil CH

CTeMbl c HYKJIOHaMH 51Jl.pa 3Ha411TeJibHO MeHhWe, qeM KJiacTepa. B TaKoM cJiyqae 

MOJKHO c Jl.OCTaTOl.JHO xopoWHM np116JI11JKeHHeM npeHe6peraTb BTOpHl.JHblMH B3aH

MOJl.eHCTBl151MH JIHJl.Hpy10w.eil c11cTeMbI c HYKJIOHaM11 51}l,pa. 

,llJI51 pacLJeTa CTJIOTHOCTH OOTOKa Bb!COK03HepreTHl.JeCKHX HJI,ep c z ;;:: 2 HCCTOJib-

3yeTC5I KHHeTH'leCKOe ypaBHeH11e 

00 

8Ni(x,E,B) = _ Ni(x,E,()) + L f B··(E' E)N··( E' ()) dE' 
~ \ (E) {) Ji ' Ji X, , () + uX Ai COS COS 

j'?i E 

8 [f3i(E) ] 
+BE cos{) Ni(x, E, ()) ' (23.6) 

rJI,e Bji(E', E) = kji(E', E)/ Aj(E') - sepo51THOCTh Toro, 4TO 51Jl.po j-rnna c 3Hep

rnei1 E' cpparMeHrnpyeTC51 Ha eJl.HHHU:e nyrn B 51;i:pa i-THna c 3HeprneH: E; 
kji(E', E) - 3HeprernLJeCKHH cneKTp 51,nep cpparMeHTOB i-rnna, o6pasosaHHhIH 

nepBHl.JHhIM 51.ll,pOM j-rnna c 3HeprneH: E'; Aj(E') - npo6er Heynpyroro ssaHMO

Jl.eifcTB115I 51Jl.ep j-rnna. 

PacLJeT 51.LJ,epHbIX cocTaBJI51IOW.HX npHBe.LJ,eH B np11JioJKeH1111 )l. 
PesyJihTaThl pacqeTOB noToKOB HYKJIOHOB H 51.ll,ep c Z ;;:: 2, BhinOJIHeHHbie 

c noMOlll.hIO H3JIOJKeHHhIX MeTO}l,HK, np1rne.LJ,eHhI B cJie.LJ,y10rn.eM naparpacpe. TaM JKe 
o6cyJKJl.aIOTC51 pesyJibTaTbl HaTypHblX HCCJieJI,OBaHHH KOCMHqecKHX Jiyqeif B aTMO

ccpepe, on11caHHbie B pa6oTaX [5, 6], BbinOJIHeHHbie c OOMOlll,bIO sanaTeHTOBaHHOH 

annapaTypb! C yqaCTHeM aBTOpOB. Dp116opbl ycTaHaBJIHBaJIHCb Ha 6opTy CBepx-

3BYKOBOro caMOJieTa-Jia6opaTopHH, Ha Bb!COTHbIX a3pOCTaTax H wapaX-30H}l,aX. 

Dp11BO}l,HTC5I 3Kcnep11MeHTaJihHa5I H TeopeT11qecKa5I HHcpopMaU:H51, noJiyqeHHa51 

H .ll,pyrnMH HCCJie}l,OBaTeJI51Ml1. 
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§ 23.6. 3ttepreT11qecKne, npocTpaucTBeHHhie 11 yrJIOBhie 
pacnpe)l.eJieHUSI HYKJIOHOB u SI,ll,ep c z ?: 2 KOCMHqecKoro 

npOHCXOlK)l,eHUSI B aTMoc<J>epe 3eMJIU 

23.6.1. IIpoTOHbI 11 HeihpottbI raJiaKTHqecKoro npo11cxoJK)l.eHHH. Ha 

p11c. 23.10, a cpaBHHBaIOTCH TeopeTH'-leCKH Bbl'-!HCJieHHbie ,lI.H(pcpepeHUHaJibHb!e 

3HepreTHLJeCKHe cneKTpbl npOTOHOB fKJI (h ~ 100 r/cM2) [5, 7] c aHaJIOfHL[HblMH 

102 103 104 

3Hepnrn, M3B 

l. 2,5 fB 

2. 5,0 fB 

102 103 104 

3Heprm1, M3B 

7,0 fB 

102 103 104 

3Hepnrn, M3B 

P11c. 23.10. ,U11cjlcjlepemi.11aJibHhie 3HepreT114eCK11e cneKTpbI npoTOHOB fKJI Ha rny611He 
h;:::; 100 r/cM2 npH K = 0,3, pa3JI114Hb!X 3eHHTHb!X yrnax e 11 )KeCTKOCTHX reoMarHl1THoro o6pe3a
Hl151 R. 3Kcnep11MeHT (6]: e - () = 0°; 0 - 8 = 47° (R npHHl1MaeT 3Ha4eHl151 OT 0,5 JJ.O 5 fB). 

3Kcnep11MeHTb! [4, 5): "" - () = 0° (R = 0,5, 2,5 fB); "' - () =??47° (R = 5 fB). Jl11Hl1H -
pacqeT [5] 11 [7] np11 3Ha4eHH5!X R, yKa3aHHbIX Ha p11cyHKe 

H3MepeHHbIMH cneKTpaMH [4-6]. KaK BH,lI.HO, Me*,lI.Y TeopeTHLJecKHMH 11 3Kc

nep11MeHTaJibHbIMH ,lI.aHHbIMH cymecrnyeT y,n.oBJiernop11TeJibHoe cornac11e. 0TMe

THM, O,lI.HaKo, LJTO pacLJeTHbie cneKTpbr o6Jia,lI.aK>T CTPYKTypoti, o6ttapy)KHTb KOTO

PYK> c noMOI.IJ,bIO cymecrny10m11x 3Kcnep11MeHTaJibHbIX cpe,lI.cTB 3aTpy,lI.HHTeJibHO. 

TaK, Ha pacLJeTHb!X cneKTpax, TIOJiyLJeHHb!X npH R = 2,5; 5 rB (p11c. 23.10, 6) 
11 R = 7 fB (pttc. 23.10, B), tta6JIIO,lI.aIOTCH MaKcHMYMbI, npuxo,lI.Hm11ern Ha 3Hep

rn10, OTBeLJa10my10 MeCTHOMy nopory o6pe3aHHH, cymeCTBOBaHHe KOTOporo 06b

HCHHeTCH npHMb!M npoHHKHOBeHHeM nepBHLJHb!X npoTOHOB Ha ,lI.aHHYIO Bb!COTY 

(eCJIH C,lI.eJiaTb 3aBe,lI.OMO HeBepHoe npe,lI.ITOJIO)KeHHe, LJTO BTOpHL!Hble LJaCTHUbl B aT

Moccpepe He o6pa3yIOTCH, TO cneKTp npoTOHOB LLOJI)KeH npOCTHpaTbCH, TIOHH)KaHCb 

OT noporOBOH 3HeprnH B CTOpoHy 6oJibllHIX 3Heprnti, a Hl13K03Hepren1LJeCKaH 

L!aCTb cneKTpa, COOTBeTCTBYIOmaH 3HeprnHM, MeHbWHM noporoBOH, ,lI.OJI)KHa OT

cyTCTBOBaTb). 

Ha p11c. 23.11, a npe,lI.cTaBJieHbI Teopen1L!ecK11 BbILJHCJieHHbie BbICOTHbJe 3aBH

CHMOCTH HHTerpaJibHOfO TIOTOKa npoTOHOB c 3Heprneti 60JibWe 100 M3B pa3JIHL[

HOH )KeCTKOCTH reoMarnHTHoro o6pe3aHHH [5], TaM )Ke np11Be,lI.eHb1 ,lI.aHHbre H3Me

peHHH BepT11KaJibHoro noToKa npoToHoB c 3Heprneti 37-334 M3B c )KeCTKOCTbIO 

o6pe3aHHH 4,5 fB [29]. B TIOJIHpHOH o6JiaCTH Bb!COTHb!e 3aBHCHMOCTH MOHOTOHHbl, 

Tor,na KaK B o6JiaCTH cpe,lI.HHX H HH3KHX WHpOT rpacpHK Bb!COTHOH 3aBHCHMOCTH 
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P11c. 23.11. TipoCTpaHCTBeHHoe pacnpe.n.eJJeHtte npoTDHOB fKJI: a - BhICOTHhie aaBMCHMOCTH npH 

pa3JIW!HOH :>KeCTKOCTH reoMarHHTHOro o6pe3aHH51; 6 - WHpOTHbie 33BHCHMOCTH Ha pa3JIHqHQH 

rny6ttHe; TOtJKH - 3KCDep11MeHT [5] 

HMeeT CJia6o Bb!pa)KeHHblH MaKCHMyM, pacnoJIO)Kem1e KOToporo 3aBHCHT OT )KeCT

KOCTH reoMarHHTHoro o6pe3aHHH, a HMeHHO qeM 6oJibWe 3HaqeHHe R, TeM Ha 

MeHbWYIO BbICOTY npHXO,II,HTCH MaKCHMyM. OrMeTHM, qTo npH R = 8 fB MaKcHMYM 

pacnoJIO)KeH Ha BbICOTe OKOJIO 22 KM ( 43 r / cM2). 

Ha pHc. 23.11, 6 npHBe,II,eHbI paccqHTaHHbie WHpOTHbie 3aBHCHMOCTH HHTe

rpaJibHoro noToKa npoTOHOB c 3Heprneii 6oJibrne 100 M3B Ha pa3JIHqHoii rJiy6HHe 

ocTaTOqHoii aTMoccpepbI. KaK BH,II,HO, B 06JiacT11 c )KeCTKOCTbIO reoMarn11rHoro 

o6pe3aHHH MeHbWe 1 fB IlJIOTHOCTb IlOTOKa Ha ,II,aHHOH BbICOTe JIH60 B006IUe He 

MeHHeTCH c WHpOTOH, JIH6o MeHHeTCH cpaBHHTeJibHO MOHOTOHHO; npH )KeCTKOCTH 

o6pe3aHHH 60JibWe } f B HHTeHCHBHOCTb H3JiyqeHHH ,ll,OBOJibHO pe3KO yMeHbWaeT

CH c pocTOM R. HanpHMep, Ha rJiy6HHe 100 r/cM2 npH H3MeHeHHH ROT 1 ,ll,O 7 fB 

IlJIOTHOCTb rIOTOKa yMeHbWaeTCH B 4,5 pa3a. l13 npHBe,ll,eHHb!X ,II,aHHblX BH,ll,HO, 

TaK)Ke, qTo c pocTOM Bb!COTbl rrmpOTHOH 3cpcpeKT npOHBJIHeTCH 6oJiee pe3KO. 

Ha p11c. 23.12 noKa3aHbI paccq1-naHHb1e ,II,JIH MHHHMyMa COJIHeqHoii aKTHB

HOCTH yrJioBbie 3aBHCHMOCTH HHTerpaJibHbIX noToKOB npoTOHOB c pa3JIHqHoii 

rpaHHqHQH 3Heprneii, npH )KeCTKOCTH reoMarHHTHOro o6pe3aHHH 0,5 H 5 rB [5], 

a TaK)Ke H3MepeHHbie B HHTepBaJie Bb!COT 16-18 KM YrJIOBb!e pacnpe,II,eJieHHH 

noToKa npoTOHOB c 3HeprneH: BbIWe 100 M3B [6]. 0TMeTHM corJiaCHe Me*AY 

TeopeTHqecKHMH H 3KCnepHMeHTaJibHblMH ,II,aHHblMH. 

Ha BCex paccMaTpHBaeMbIX rpacpHKax cna,II, HHTeHCHBHOCTH c poCTOM yrJia e 
oco6eHHO 3HaqHTeJieH npH yrJiaX, 60JibillHX 45°, H CTaHOBHTCH 6oJiee pe3KHM 

no Mepe yBeJIHqeHHH rroporosoii 3HeprHH. OoTOK H3 BepxHeH noJiyccpepbI c po

CTOM BbICOTbl nocTeneHHO CTaHOBHTCH 6oJiee H30TpOrIHbIM; B 3TOM CKa3bIBaeTCH 

BJIHHHHe nepBHqHoro H30TponHoro H3JiyqeHHH; IlOTOKH H3 HHMHeH noJiyccpepbl 

cpaBHJ.HeJibHO CJia6o 3aBHCHT OT 3eHHTHoro yrJia npH He60JibWHX noporOBb!X 

3HeprnHx. 

Ha pttc. 23.13 npHBe,ll,eHbI paccqHTaHHhie ,ll,HcpcpepeHuHaJibHbie 3HepreTHqecKHe 

cneKTpb1 HeiirpoHOB (H= 16KM; R=O,l; 2; 5; 8fB) [26]. Ha TOM )Ke pH-
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PHc. 23.12. Yrnosoe pacnpeAeJJeHHe npoToHoB fKJI Ha rny6HHax ocTaTO'lHOH aTMoc¢epb1 OT 20 
AO 150 r/cM2 c noporOBblMH ~rneprmIMH: 100 (/); 178 (2); 316 (3); 562 (4); 1000 (5); 1780 (6); 
3160 (7), M3B; a - R = 0,5 fB; 6 - R = 5 fB; TO'lKH - 3KcnepHMeHT [6] npH h = 100 r/cM, 

R = 4,5 fB 

cyHKe noKa3aH pacC4!1TaHHb!H B pa6oTe [24] cneKTp HeHTpOHOB (H = 16 KM, 

R = 4,5 fB). 0TMeTHM xopowee cornarne np11BeJJ,eHHhIX JJ,aHHhIX B oTHorneHHH 

KaK a6cOJIIOTHblX 3Ha4eHHH, TaK H cpopMbl cneKTpOB. 

Ha p11c. 23.14, a noKa3aHbI BhICOTHb1e 3as11c11MocTH HHTerpaJibHOH nJIOTHo

CTH IlOTOKa HeHTpOHOB, noJiyLJeHHbie c IlOMOW.blO np116opa c reJIHeBb!M npo

rropu110HaJibHb!M C4eT4HKOM B IlOJIH3THJieHOBOM 3aMe)J,JIHTeJie, 4YBCTBHTeJihHOro 

K HettTpoHaM c :rneprnel1 MeHhWe 10 M3B. MaKCHMYM nJIOTHOCTH noroKa so 

Bcex cJiyLJaHx npHXO)J,HTCH Ha BhICOThI 15-18 KM. Ha pHc. 23.14, 6 rrpe,11,crasJieHbI 

WHpOTHbie 3aBHCHMOCTH IlOTOKa HeHTpOHOB, noCTpoeHHbie Ha pa3JIH4HOH Bb!COTe 

c noMOW.bIO roro Me np116opa. KaK H B cJiyqae noTOKa npoTOHOB urnpoTHblH 

3cpcpeKT npoHBJIHerrn pe34e no Mepe poCTa Bh!COThl. B LJacrnocTH, Ha rny6HHe 

100 r/cM2 (H = 16 KM) npH H3MeHeHHH MeCTKOCTH o6pe3aHH5I npHMepHo OT 0, 1 
,11,0 7 fB IlJIOTHOCTb IlOTOKa HettTpOHOB yMeHbluaeTCH npH6JIH3HTeJibHO B,11,BOe. 

Ha pHc. 23.15 noKa3aHbI BhICOTHbJe 3aBHCHMOCTH nJioTHOCTH noTOKa BbICOK0-

3HepreTHLJecKHX a-LJacrnu (E ;;:: 500 M3B/HyKJIOH) npH )f(eCTKOCTH reoMarHHT

Horo o6pe3aHH5l 4,5 fB [26). TaK )Ke npHBeJJ,eHbl COOTBeTCTBYIOW.He 3KCnepHMeH

TaJibHbie )J,3HHble [28]. 
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Pttc. 23.13. flpocTpattcTBettttoe pacnpeJJ,eJieHHe ttei1TpottoB fKJI: a - BblCOTHbie saBHCHMOCTH nptt 

pa3HOH )KeCTKOCTH reoMarHHTHOfO 06pe3amrn; 6 - urnpOTHble 3aBHCHMOCTH Ha pa3HOH BblCOTe; 

Ha6JIIOJJ,eHH5l Bbll10JIHeHbl B 1976-1977 rr. [ 5 J 

10 
8 10 H= 16 KM 

6 8 
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I 4 ':' 3 
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:;;; 2 
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10 15 H, KM 0,5 2 34568R,fB 

Pttc. 23.14. flpocTpaHcTBeHHoe pacnpeJJ.eJieHHe Hel\TpOHOB fKJI: a - BblCOTHbie sas11cHMocTH npH 

pa3HOH )KeCTKOCTH reoMarHHTHOro o6pe3aHH5l; 6 - IIIHpOTHble 3aBHCHMOCTH Ha pa3HOH BblCOTe. 

Ha6JIIOJJ,eHH5l Bbll10JIHeHbI B 1976-1977 rr. [25] 

KaK BH,ZI,Ho, coBna,ZI,eHHe Ha6JIIO,ZI,aTeJibHbIX H pac'-leTHbIX ,ZI,aHHhIX ,ZI,OCTaTO'-IHO 

xopowee. CTpHBe,ZI,eHHbie pe3yJibTaTbI CBH,ZI,eTeJibCTBYIOT TaK:»<:e, '-!TO .UJIH onHcaHHH 

pacnpoCTpatteHHH H,ZI,ep Heo6xo,ZI,HMO YlIHTbIBaTh npouecchI cpparMeHTaUHH, TaK 

K3K pa3HHU3 Me:»<:,ZI,y TeopeTwrecKHMH )J,3HHblMl1 c yqeTOM (KpHBaH 2) H 6e3 

ylleTa (KpHBaH 3) 3THX npoueccos AOCTmaeT 30 % JJ,JIH a-qaCTHU. ,LlJIH L-rpyrrrrhI 
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Pttc. 23.15. BbICOTHb1e 3aB!1CHMOCTH sepT11KaJibHoro noToKa qacTHL\ c 3HeprneH 500 M3B (HyKJioH). 
KpHBhie: I - cpparMeHraUHR }"lTeHa (R = 3 fB); 2 - ¢parMeHTauirn yqTeHa (R = 4,5 fB); 3 -

cpparMeHTaum1 He yqTeHa (R = 4,5 fB); 3Kcnep1-1MeHTaJihHh1e TOqKH npH R = 4,5 fB 

no)l.o6HaH pa3mi:ua 3Ha4HTeJibHO 6oJibllle (ttanpHMep, tta rny6Htte 30 r/cM2 cooT

BeTCTByIOUI.He HHTeHCHBHOCTH OTJIHllaIOTCH B 3,2 pa3a). 

Ha pHc. 23.16 npeJJ,CTasJieHbI 3asHcHMOCTH HHTerpaJihHOH nJioTHOCTH noToKa 

H)l.ep pa3JIH4HblX 3ap5I)l.0Bb!X rpynn OT 3eHHTHOfO yrna Ha Bb!COTe 24 H 19,5 KM 
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Pttc. 23.16. Yrnosoe pacnpe,neJieHHe HAep Ha BhICoTax 24 KM (30 r/cM2
) H 19,5 KM (60 r/cM2

) npH 
pasJI!1qHhIX )KeCTKOcrnx o6pe3aHHll. Kp11sh1e: 1 - noTOKH a-Yacnn.(; 2 - cyMMapHble noTOKl1 H,Uep 
rpynn L H M; 3 - noToKH H,Uep rpynnhl H; HHcpopMauirn cooTBeTcTByeT MHHHMYMY coJIHe'lHOH 

aKTHBHOCTH 

(30 H 60 r/cM2) npH R, paBHOM 0,3 H 6 rB (5]. Yrnosoe pacrrpe,ZJ,eJieHHe HHTe

rpaJibHblX IJOTOKOB H)l.ep c z ~ 2 HanoMHHaeT yrnosoe pacnpe)l.eJieHHe npOTOHOB 

(cM. pm:. 23.12). TaK, OTMeTHM, cpasHHTeJibHO KpyTotf XO)]. KpHBbIX pHc. 15.16 
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B HHTepBaJie yrJIOB 60JibWHX 45° H TO o6CTOHTeJihCTBO, l.JTO H30TpOTIH5l TIOTOKa 

CTaHOBHTCH 6oJiee BbipaJKeHHOH c pocTOM BbICOTbl. I1pH npOLJHX paBHbIX ycJIOBHHX 

3Hat.JeHHH nJioTHOCTH noTOKa L-, M-rpyrm 3HaLJHTeJibHO MeHhrne, LJeM H)l,ep He, 

a nJIOTHOCTb noToKa H.ll,ep H-rpynnhI ew:e cyw:ecrneHHO HHJKe. 

0TMeTHM xopowee COrJiaCHe pact.JeTa c Ha6JIIO)l,aTeJibHbIMH .ll,aHHblMH [2] nep

Bble npaKTHLJeCKH COBila.ll,aIOT c 3KCnepHMeHTaJibHbIMH B HHTepBaJie yrJioB OT 0 )l,0 

60°; npH 6oJihWHx 3Hat.JeHHHx (} yrJIOBhie pacnpe)l,eJieHHH, noJiyt.JeHHhie 3KcnepH

MeHTaJibHO, OTJ!Hl.JaIOTCH 6oJJee nOJIOrHM XO)l,OM no cpaBHeHHIO c pact.JeTHbIMH. 

TaKHM o6pa30M, npHBe)l,eHHaH BhIWe HHcpopMaI..I.HH CBH)l,eTeJibCTByeT, LJTO BHe H 

B rJiy6HHe aTMOCcpepbl noTOKH H cneKTpbl fKJI cyw:ecrneHHO pa3JIHLJaIOTC5l MeJK)l,Y 

co6oH KaK no KOJIHl.JeCTBeHHbIM, TaK H no Kat.JeCTBeHHblM xapaKTepHCTHKaM. 

23.6.2. IlpoTOHbI coJiuequoro npo11cxo:>K,!1.eH11H. I1oTOKH CKJI cocTOHT, 

KaK H3BeCTHO, B ocHOBHOM H3 npoTOHOB. I1o3TOMY H3yt.JeHHe CKJI o6bILJHO cso

)l,HTCH K HCCJie)l,OBaHHIO ero OCHOBHOH - npOTOHHOH KOMnoHeHTbl. I1o.ll,LJepKHeM, 

l.JTO nOTOKH LJaCTHI..I. raJiaKTHLJeCKoro npoHCXOJK)l,eHHH 3KcnepHMeHTaJibHO H3y

LJeHbl 3Hal.JHTeJihHO nOJIHee, LJeM nOTOKH LJaCTHI..I. COJIHel.JHOro npOHCXOJK.ll,eHHH. 

3To B 3HaLJHTeJibHOH Mepe CBH3aHO c TeM, l.JTO nepBbie o6pa3yIOT nocTOHHHO 

npHCYTCTBYIOW:HH cpoH, KOTOpb!H MOJKHO HCCJie)l,OBaTb «B JII060H MOMeHT» TOr)l,a 

KaK BTOpble BTOpraIOTCH B aTMOCcpepy HeperyJIHpHO H B Tet.JeHHe cpaBHHTeJibHO 

KOpOTKOrO BpeMeHH, il03TOMY )l,aJieKO He BCer.ll,a y)l,aeTCH «YJIOBHTb» no)l,XO)l,HW:HH 

MOMeHT .ll,JIH HX H3yt.JeHHH Ha 6opTy JieTaTeJibHOro annapaTa, I1pow:e o6CTOHT 

)l,eJio c Ha6JIIO)l,eHHHMH noTOKOB CKJI c noMOW:bIO pa)l,HOMeTpHLJeCKHX pa)l,H030H

)l,OB, 3anyCKaeMbIX peryJJHpHO (Ha pH)l,e CTaHI..I.HH - eJKe)l,HeBHO) B onpe)l,eJieHHOe 

speMH cyTOK. ,LI.pyrnMH nocTaBW:HKaMH HHcpopMaI..I.HH o co6bITHHX CKJI HBJIHIOTCH 

reocpH3Hl.JeCKHe CTaHI..I.HH, OCHaw:eHHbie MOHHTOpaMH, o6bll.JHO COCTOHW:HMH H3 

KpynHora6apHTHb!X )l,eTeKTOpOB HeHTpOHOB H Me30HOB. 

Ha pHc.23.17 noKa3aHa 3aBHCHMOCTh OT swcoT HHTeHCHBHOCTH noKa3aHHH 

pa)l,HOMeTpHLJecKoro npH6opa, no)l,HHMaeMoro c noMOW:hIO wapa-3oH)l,a. Bb1CoTHhIH 

XO)],, OTMet.JeHHbIH nyHKTHpOM, COOTBeTcTByeT H3MepeHHIO cpoHa, C03)l,aBaeMOro 

rKJI. CnJIOWHaH KpHBaH, pe3KO nO)l,HHMaIOW:aHCH BBepx, xapaKTepH3yeT pap:,Ha

I..I.HOHHYIO o6cTaHoBKY npH BTOpJKeHHH B aTMoccpepy CKJI. 

Ha6JIIO.ll,eHHH noKa3aJIH, LJTO cyw:ecrnyeT onpe.ll,eJieHHaH KoppeJIHI..I.HH MeJK.ll,Y 

LJaCTOTOH noHBJieHHH CKJI H O)l,HHHa)l,I..I.aTHJieTHHM I..I.HKJIOM coJJHeLJHOH aKTHBHO

crn [20]. TaK Ha pHc. 23.18 npHBe)l,eHo speMeHHoe pacnpe.ll,eJieHHe BCOhIWeK CKJI, 

3apernCTpHpOBaHHb!X Ha3eMHb!MH CTaHI..I.HHMH B Tet.JeHHe Tpex I..I.HKJIOB COJIHel.JHOH 

aKTHBHOCTH, rrpHXO)l,HW:HXCH Ha rrepHo)l, 1942-1973 ro)l,OB. Xorn speMeHHoe pac

rrpe)l,eJJeHHe co6bITHH CKJI HBJIHeTCH CToxacTHLJecKHM, O)l,HaKo BTopJKeHHH LJacTHI..I. 

COJIHel.JHOro npOHCXOJK)l,eHHH c HaH60JibWeH BepoHTHOCTbIO ocyw:ecTBJIHIOTCH Ha 

Hat.JaJibHOH HJIH 3asepwa10w:eii CTa)l,HH COJIHel.JHOro I..I.HKJia. I1paB)l,a, B IIOCJie

)l,YIOW:HX 11-JieTHHX I..I.HKJiax 3Ta 3aKOHOMepHOCTb He Bcer)l,a nO)l,TBepJK)l,aeTCH 

Ha6JIIO)l,eHH5IMH. 

,Il.JIHTeJibHbie H3MepeHH5l KOCMHLJeCKoro H3JIYLJeHH5l Ha pa)l,H030H)l,ax c 50-x 

ro)l,OB rrpowJioro BeKa H no HaCTOHW:ee BpeMH IIOKa3aJIH, l!TO Ha rJiy6HHax 

10-20 r/cM2 (cooTBeTCTBYIOW:HX HHTepBaJiy Bb!COT OT~ 30 KM )l,O ~ 20 KM) BTOp-
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COJIHel.JHOH BCTibllllKH 01.05.1976 r. 
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P11c. 23.18. Pacnpe.!!;eJieH11e so apeMeHH acnbJWeK CKJJ, aaper11cTp11poaaHHbIX Ha3eMHhIMH CTaHLw-

51MH Ha npOT5DKeHlrn Tpex l.\HKJIOB COJIHel.JHOH aKTHBHOCTH 

:tK.emie COJIHeqHbIX KOCM11qecKI1X JJyqeii np11BO,LI,11T K yBeJI11qeHmo OJIOTHOCTI1 no

TOKa 3apmKeHHbIX qacnn..1. B JJ,eCRTKH H COTHH pa3, npHqeM IlOBbIIUeHHblH ypoBeHb 

pa,LI,11au1111 coxpamieTCH B Teqem1e BpeMeHH OT HeCKOJlbKHX qacoB ,ll,O HeCKOJlbKHX 

cyTOK. 

Oco6o MOIUHbie COJIHeqHbie BCDbIUIKH HBJJHIOTCH OJJ,HaKo ,LI,OBOJJbHO pe,LI,KHMH 

HBJJeHHHMH. HanpMMep, B TeqeH11e 17 JieT Ha6JIIO,LI,eH11i1 (c 1956 r. no 1972 r.), 
6b1JJ0 3aperncTp11poBaHo JIHUib Tp11 coJJHeqHbIX BbI6poca, np11Be,LI,UIHX K oco-
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60 Bb!COKOMY no.n.beMy 11HTeHCl1BHOCTl1 KOCMWieCKOfO 113JiylleHl1H B aTMoccpepe 

(23.02.1956 r. 12.11.1960 r., 4.08.1972 r.). 
Bo BpeMH nocJie.n.Hero 113 3Tl1X co6bn11i1 6b1JI11 npoBe.n.eHbI 113MepeHl1H na

paMeTpoB KOCMl1l!eCKl1X Jiyl!eH B KOMnJieKCHOM 3KCnep11MeHTe Ha cnyTHl1Kax, 

a3pOCTaTax 11 Ha Ha3eMHbIX HeHTpOHHbIX MOHl1TOpax. LJ.11cpcpepeHu11aJibHbIH 3Hep

reTl1l!eCKl1H cneKTP npOTOHOB, onpe.n.eJieHHblH no pe3yJibTaTaM 3Tl1X 113MepeHl1H, 

np11BeJJ,eH Ha p11c. 23.19 [27]. Ero oco6eHHOCTbIO HBJIHeTCH KPYTOH cna.n. nJIOTHO-
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Pttc. 23.19. CrreKTP rrpoTOHOB Ha rpaHttU:e aTMoccj>epb1, orrpeJ1,eJ1eHHbIH rro Ha6J110)1,aTeJ1hHhIM Jl,aHHbIM 
so speMH scrrbIWKH CKJI 08.1978 r. 

CTl1 nOTOKa npoTOHOB c pOCTOM 3Heprn11 ()KeCTKOCTl1 reoMarHl1THOfO o6pe3aH11H). 

CneKTP npocT11paeTcH .n.o )KeCTKOCT11 He3Hal!11TeJibHO npeBb1rnaIOmei1 1 f 3B. 

Ylll1TbIBaH OTMelleHHbie Bb1we TPY.ll.HOCT11 c noJiyl!eH11eM Ha6JIIOJJ,aTeJibHbIX 

JJ,aHHbIX o CKJl pacqeTbI 3HepreT11l!ecK11x cneKTpoB, npocTpaHcTBeHHbIX 11 yrno

BbIX pacnpe.n.eJieHl1H nOTOKOB qacT11U COJIHelJHOro npo11CXO)KJJ,eHl1H, B aTMoccpepe, 

np1106peTaIOT oco6o cymecrneHHoe 3Hal!eH11e. 

Ha p11c. 23.20 noKa3aHbI B Kallecrne T11n11l!HbIX np11MepoB paccq11TaHHbie 

cneKTpbI npoTOHOB CKJl Ha rny611He 40 r/cM2 np11 HyJieBoi1 3Heprn11 o6pe3aH11H. 

CneKTpb1 Bbilll1CJieHbI .II.JIH Tpex 3HalleH11i1 3eHTHbIX yrnoB: 5, 50 11 80°. Bo Bcex 

cJiyl!aHX nJIOTHOCTb nOTOKa pe3KO y6brnaeT c pocTOM 3Heprn11. np11 I= 3 cneKTpbl 

npocrnpaIOTCH .n.o 5 · 104 f 3B, np11 I = 4 - .n.o 104 f 3B, a np11 / = 6 - .ll.O 

3 · 103 f3B. B nocJie.II.HeM cJiyqae Kp11Bb1e cna.n.aIOT 3Hal!11TeJibHO Kpyqe, l!eM 

np11 I = 3 11 I = 4. CneKTP CKJl, nocTpoeHHbIH no Ha6JIIOJJ,aTeJibHbIM .n.aHHbIM 

(p11c. 23.19) 11MeeT TOT )Ke xapaKTep, l!TO 11 paclleTHblH cneKTP Ha p11c. 23.20 
np11 'Y = 6. 
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P11C. 23.20. CrreKTP rrpoTOHOB CKJI ITOJl. semnHhIM yrnoM 5° (1), 50° (2), 80° (3) Ha rny61rne 
ocTaToqHoif aTMoccpepbI 40 r/cM2, HyJJesoif 9Heprn11 06pesaH11H 11 rroKasaTeJJe crreKTpa r = 3, 4, 6 

Cyw,ecTBeHHO HHOH BHJl. HMeIOT cneKTphI CKJI, noJiyYeHHhie s cpe,II.HHX 

H HH3KHX nrnpOTax. PaccMOTpHM, HanpHMep, cneKTp npoTOHOB CKJI npH I = 3, 
R = 6,3 fB (pHc. 23.21). KpHBhie HMeIOT H3JIOM, npHxO,II.HW,HHCH Ha 3HaYeHHe 

P11c. 23.21. CrreKTP rrpoTOHOB CKJI no)]. seH11THhIM yrnoM 5° (1), 50° (2), 80 (3) Ha rny611He 
OCTaTOqHOH aTMOCcjlepbl 40 r/cM2 rrp11 JKeCTKOCTli o6pe3aHWl 6,3 fB H ITOKa3aTe.lle crreKTpa I = 3 

.3HeprnH o6pe3aHHH 6,3 f.3B. 11HTeHCHBHOCTh noTOKOB CKJI pe3KO na,D,aeT c po

CTOM R. HanpHMep, H3 cpasHeHHH pHc. 23.20 H 23.21 BHJl.HO, YTO nJioTHoCTh 
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CTOTOKa npoTOHOB B HHTepBaJie 100 M3B - 1 f3B npH R = 6,3 rB npHMepHO Ha 

'-!eTbipe nopHJJ.Ka MeHbIIIe, '-!eM npH R = 0 (B TOM H JJ.pyroM cJiy'-lae I= 3). CTpH 

/ > 3, R = 6,3 fB nJiornocTb noToKa CKJI em;e 3Ha'-!HTeJibHO MeHbIIIe, 4eM npH 

/ = 3 H TOH :>Ke :>KeCTKOCTH o6pe3aHHH. 
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PHc. 23.22. YrnoBoe pacnpeAeJJeHHe npoTOHOB CKJ1 c pa3JJWIHOH noporoBOH 3Heprnei1 npH R = 
= 0 rB, r = 3 

nocKOJ!bKY 3HepreTH4eCKHH cneKTP CKJI ropa3)l,0 60J1ee MHrKHH no cpaBHe

HHIO c 3HepreTH4eCKHM cneKTpOM fKJI, npoueCCbl MHO:>KeCTBeHHOH rettepaUHH He 

MoryT KOMileHCHpOBaTb yMeHbIIIeHHH HHTeHCHBHOCTH H3Jiy4eHHH, o6ycJIOBJ!eHHOro 
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f10fJIOII.(€HH€M. flo OTM€'-l.€HHOH IIpH'-1.HHe JJ.eHCTBHe M8fHHTHOfO IIOJIJI B OKOJI03eM

HOM npoCTpaHCTBe Ha noTOKH CKJl npoHBJIHeTcH pe3qe, YeM Ha noTOKH fKJl. 

3THM o6bHCHHeTCH TO, '-I.TO urnpoTHbIH XO.D, B aTMOCcpepe qacTHU COJIHe'-1.HOro 

npo11cxmK.D,eH11H 6oJiee KPYTOH no cpasHeHHIO c w11poTHhIM xo.D,OM qacTHU cpoHa. 
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P11c. 23.23. l13MepeHHH nJiornocrn noroKa nporoHOB c noporoBbIMH 3HeprnHMH 10, 50, 100 M3B 
BO BpeMH BTOp)f(eHHH B arMoc<jlepy CKJI, HaLiaBweroCH 26.10.2003 r. Perncrpau11H noroKa ocy

w.ecTBJIHJiaCb Ha 6opry aMep11KaHCKOro MereopOJIOrHL/eCKOfO cnyTHHKa 

Ha p11c. 23.22 rroKa3aHo yr.rrosoe pacnpeJJ.eJieHHe nJIOTHOCTH rroToKa rrpoTOHOB 

CKJl c pa3JIH'-l.HOH rroporosoH: 3Heprnei1 Ha rny611He 25-120 r / cM2 np11 R = 0 fB, 

I= 3. KaK BH.D,HO, c pocTOM 3eHHTHoro yrna IIJIOTHOCTh rroToKa y6hrnaeT, np11YeM 

'-1.eM BbIWe noporosaH 3HeprnH, TeM pe3qe npoHBJIHeTCH 3Ta 3aKOHOMepHOCTb. 

DoToKH npoTOHOB cpaBHHTeJibHO cJia6o 3as11CHT OT 3eHHTHoro yrna (} B HHTepsaJie 

yrJIOB MeHbWe 50°, np11 60JibWHX 3Ha'-l.eHHHX (} H3Jiy'-l.eHHe CTaHOBHTCH 6oJiee 

aHH30TpOnHbIM. 

B 3aKJII0'-1.eHHe 3Toro pa3.D,eJia oTMeTHM, '-I.TO Ha'-1.aJio 21-ro BeKa 03HaMetto

saJioch HeCKOJihKl1M11 oYeHb MOII.(HhIM11 BTOp;>K.ett11HMH CKJl s OKOJI03eMHoe rrpo

CTpaHcrno, BKJII0'-1.85! aTMoccpepy 3eMJil1. 0.D,HO 113 HaH6oJiee 11HTeHCl1BHblX 11 aHO

MaJibHO .D,Jil1TeJibHhIX BTOp;>K.eH11i1 CKJl Ha'-1.aJioCb 26 oKrn6pH 2003 r. 11 3aKOH'-l.11-

JIOCh 7 HOH6pH rnro ;>K.e ro.D,a. Ha p11c. 23.23 noKa3aHhI pe3yJihTaTbI 113MepeH11i1 

f1JIOTHOCTl1 ITOTOKa npOTOHOB Ha 6opTy aMepHKaHCKOro MeTepeOJIOrn'-1.eCKOro crryT

Hl1Ka so speMH 3Toro co6hITl1H. PernCTpau11H ocymecTBJIHJiach TpeMH c'-l.eT'-l.11KaM11 

c noporoBhIMl1 3HeprnHMH 10, 50 11 100 M3B. ¢oHOBhie rroKa3aHHH c'-l.eT'-1.HKa 

c E > 10 M3B 11MeIOT nopH.D,OK 10-1 qacrnu/(cM2 · c · cTep), a c E > 100 M3B -
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Ha noJmop5I.ll,Ka MeHhllle. K KOHUY 26 OKrn6p5I noKa3amrn nepBoro H3 HHx B03-

pocJIH Ha TPH c nOJIOBHHOH nop5I.11,Ka, a BToporo - Ha nop5I.ll,OK. 3aTeM nocJie 

na.n.eHHR 3HaI.IeHHH TIJIOTHOCTH TIOTOKa B TeI.IeHHe nptt6Jitt3HTeJibHO noJiyrnpa cyTOK 

noKa3amrn nepBoro cI.IeT'-!HKa BbrpocJIH 6oJiee '-!eM Ha 5 nopR.11,KOB (npeBbICHB 

npe,n:eJihHbIH yposeHb IllKaJibI perttCTpHpyIOUJ,ero ycTpoikrna), a BTOporo - Ha 4 
nopH)J.Ka. Ha'-IHHaH co BTopoi'I noJIOBHHbI 29 oKrn6pH Ha6JIIO.ll,aJiocb HecKOJibKO ne

peMe:IB.aIOUJ,HXCH 3TanoB B03pacTaHHH H na.11,eHHH TIJIOTHOCTH TIOTOKa (Ha pHCYHKe 

noKa3aHa TOJibKO nepBaH CTa.ll,HH co6hITHH). 

BbICOKHe yposHH noToKa CKJI MoryT co3.11,aBaTb pa.11,HaUHOHHo-onaettyIO 06-

CTaHOBKY .ll,JIH KOCMOHaBTOB Ha 6opTy KOCMH'-leCKHX Kopa6JieH H tJ:JIH nepcoHaJia 

H nacca:IB.HpOB caMOJieTOB npH noJieTax B aTMOCcpepe Bb!COKOillHpOTHb!X 30H. 
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q a c Tb VII 

3JIEMEHThIPA~HAUHOHHOH 
3KOJIOfHH 

PaJJ.HaUHOHHaH 3KOJIOrH5I, H3y4aIOlll.a5I B03JJ.eikTBHe HOHH3ttpyIOlll.HX H3Jiyqe

HHH Ha qeJioBeKa H OKpy:>KaIOlll.YIO cpe,ny, 5IBJI5IeTC5I O)l.HHM H3 Ba:>KHb!X npHKJia,n

Hb!X pa3,QeJIOB 5I,ll.epHOH cpH3HKH H COCTaBJI5IeT lJaCTb 06lll.eH 3KOJIOrHH. 06b!lJHO 

npeJJ.MeTOM pa,nHaUHOHHOH 3KOJIOfH!1 5IBJI5IeTC5I TaK:>Ke Kpyr BOilpOCOB, CB5I3aHHb!X 

c 803/1.eHCTBHeM Ha qeJIOBeKa H OKpy>Ka10my10 cpe,Qy HeHOHH3HpyIOlll.HX ( 3JieKTpo

MarHHTHb!X) fBJiyqeHHH. 0)1.HaKO 3TOT pa3,QeJI 3KOJIOrHH Bb!X0/1.HT 3a paMKH Ha

CT05Illl.eH KHHfH. 3)1.eCb Mb! orpaHHqHMC5I JIHlllb H3JIO:>KeHHeM HeKOTOpb!X npo6JieM, 

JJ.aIOlll.HX, Ha Halli B3rJIHA, o6lll.ee npe,ncTaBJieHHe o paccMaTpHBaeMoM npe,11,MeTe. 

BoJiee no)l.po6Ho Bonpocbr paJJ.HaUHOHHoif 3KOJIOrHH 06cy:>K,11,a10TC5I, HanpttMep, 

B pa6ornx [6, 8, 22]. 

f JI a Ba 24 

B03,IJ;EHCTBHE HOHH3HPYIOlll.EfO H3JIYqEHHH 

HA 0Pf AHH3M qEJIOBEKA 

§ 24.1. 3ct>ct>eKTbl B03)1.eHCTBIUI pa,ll.:uau,:u:u Ha qeJIOBeKa 

OpraHH3M lJeJIOBeKa no CBoeii CTPYKType MO:>KeT 6bITh pa3,11,eJieH Ha qeTbipe 

ypoBH5I: OT)l.eJibHb!e MOJieKyJibl (BKJIIOlJa5I MaKpOMOJieKyJibl), KJieTKH, TKaHH H op

raHbl. I1o.n ,neHCTBHeM HOHH3HpyIOlll.ero H3JiyqeHH5I B qeJIOBelJeCKOM TeJie B03HH

KaeT uenoqKa 06paT11MbIX 11 Heo6paTHMhIX npoueccoB. Bo36y:>KJJ.ett11e, HOHH3aUH5I 

H AHCCOUHaUH5I MOJieKyJI, BXOA5Illl.HX B COCTaB opraHH3Ma, 5IBJ15IIOTC5I nepBHlJHb!MH 

aKTaMH, nopO:>K)l.3lOlll.HMH, B CBOIO oqepeJJ.b, pa3H006pa3Hb!e BTOpH4Hble B33HMO

.neHCTBH5I. Ba.xrnaH poJih B 6HoXHMH4ecKHX npoueccax np11HaJJ.Jie:>KHT pa,11,110JI113y 

(HanoMHHM, lJTO qeJioBelJeCKoe TeJIO 6oJiee 4eM Ha 2/3 cocTOHT 113 BOAhI). ITo,n 

,11,eHCTBHeM pa,n11oaKTHBHb!X H3JiyqeHHH npOHCXO,ll,HT paClll.eCTJieHHe MOJieKyJI B0/1.bl 

11 o6pa3yIOTC5I XHMHqecKH aKTHBHhie coe)l.11HeH115I - paJJ.HKaJibr: OH, H02 , H 202 

H JJ.p. I1pOJJ.YKTbl XHMHlJeCKHX peaKUHH, HHJJ.YUHpoBaHHb!X CB060,ll.Hb!MH pa,nHKa

JiaMH, cnoco6cTByIOT BOBJielJeHH!O B npoueCCb! 6HOXHMH4eCKOf0 B3aHMO)l.eHCTBH5I 

JJ.pyr11e MHOfOlJHCJieHHb!e rpynnhI MOJieKyJI, H36e:>KaBlllHX np5IMOrO KOHTaKTa c pa

)l.Hau11eii. 

PaccMoTpHM npouecc paJJ.HaUHOHHoro Bo3.n.eiicrnmr Ha KJieTOlJHOM ypOBHe. 

EcJIH BCJie,lI.CTBHe B03)l.eHCTBH5I HOHH3HPYIOlll.ero H3JIY4eHH5I KJieTKa OKa:>KeTC5I 

IlOBpe:>K/1.eHHOH, TO B03MO:>KeH O,lI.HH H3 Tpex HCXO,lI.OB: so-nepBb!X, 6Jiaro.n.ap5I 
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BOCCTaHOBHTeJibHbIM npou,eccaM B caMOH KJieTKe nospeLK:)l.eHHe OKaLK:eTCfl yCTpa

HeHHblM H cpyHKLI,HH KJieTKH ilOJIHOCTb!O BOCCTaHOBf!TCfl; BO-BTOpbIX, npH HenOJIHOM 

BOCCTaHOBJieHHH KJieTKa MOLK:eT OKa3aTbCfl )l{!13Hecnoco6HOH, HO nospeLK:)l.eHHOH; 

B-TpeTbHX, KJieTKa MOLK:eT norn6HyTb. 

TipH noTepe )l.aLK:e cpaBHHTeJibHO 6oJibll10fO lJHCJia KJieTOK COOTBeTCTBYIOmHe 

opraHbl H TKaHH He npeTepneBaIOT CKOJibKO-HH6y)l.b cyw_ecrneHHOfO yw_ep6a. 

EcJIH, OAHaKo, lJHCJIO TaKHX KJieTOK cTaHOBHTCfl AOCTaTOlJHO 60JibWHM, To 3TO 

npHBOAHT K yTpaTe cpH3HOJiornqecKHX cpyHKLI,HH TKaHH. ITpH cpaBHHTeJibHO MaJibJX 

)l.03ax sepoHTHOCTb TaKOfO HCXO)l.a paBHa HYJIIO, HO Bblllle HeKOToporo noporosoro 

3HalJeHY!f! )l.03bl 1) c ee )l.3JlbHeHillHM pOCTOM BepOHTHOCTb HaHeceHHfl yw_ep6a pe3-

KO yseJIHlJHBaeTcfl BnJIOTh AO e)l.HHHLI,bI (100%). THLK:eCTh nopaLK:eHHfl oprattH3Ma 

Bblllle nopora CHJibHO 33BHCHT OT MOIIl,HOCTH )l.03bl H paCTeT c yseJIHlJeHHeM )l.03bl 

no HeJIHHeHHOMY 33KOHY. 

3cpcpeKTbl TaKoro po)l.a, CBfl3aHHbJe c nOTepeii cpyHKLI,HH opraHa, HOCf!T Ha-

3BaHHe coMaTHIJecK11x 2). B ny6JIHKa11,1111 MKP3 3) npeAJiaraeTCR BMecTO 3TOro 

TepMHHa BBecrn TepMHH )l.eTepMHHHpOBaHHb!e 3cpcpeKTbI (deterministic effects). 

KOMHCCHfl MOTHBHpyeT H3MeHeHHe H33B3HHfl CJie)l.yIOmHM o6pa30M: «Xorn nepBo

HalJaJibHble H3MeHeHHfl KJieTOK HOCf!T cJiylJaHHblH xapaKTep, 60JibWOe lJHCJIO KJie

TOK, yIJ:aCTBYIOIIl_HX B ilOflBJieHHH Ha6JIIO)l.aeMoro KJIHHHIJ:eCKH HeCTOXaCTHlJeCKOro 

3cpcpeKTa, )l.aeT 3cpcpeKT )l.eTepMHH11posattHoro xapaKTepa» [ 19]. 
EcJIH LK:e B pe3yJihTaTe o6JiyYeHHR KJieTKa He norn6Jia, a H3MeHHJiacb, TO nocJie 

tteKoTopott 3aAepLK:KH (JiaTeHTHOro nepHoAa) MO)l{eT o6pa3oBaTbCfl cosoKynHOCTb 

nospeLK:)l.eHHbIX KJieTOK H B03HHKaeT 3JIOKalJeCTBeHHOe HOBoo6pa30B3HHe - paK. 

3ToT npouecc, sepoHTHO, He HMeeT nopora, 11 B HHTepsaJie A03, cyw_ecrneH

HO HH:>Ke nopora )l.Jlfl )l.eTepMHHHpoBaHHb!X 3cpcpeKTOB BepoHTHOCTb B03HHKHO

BeHHfl 3JIOKaIJ:eCTBeHH~X HOB006pa3oBaHHH npH6JIH3HTeJibHO nponopu,HoHaJibHa 

A03e. On11caHHb1e 6e3noporosbre 3cpcpeKTbI Ha3bIBaIOTCfl cToxacTHIJecKHMH 4), 'ITO 

yKa3bIBaeT Ha Hx cTaTHCTHIJ:ecKHH xapaKTep. 

B cJiyqae nospeLK:)l.eHHfl KJieTKH, cpyHKU,Hfl KOTOpOH COCTOHT B nepe)l.alJe no

cJie)l.yIOmHM ilOKOJieHHf!M reHeTHlJeCKOH HHcpopMaLI,HH, pa)l.!1311,HOHHbie 3cpcpeKTbl 

paaJiwrnoii CTeneHH Tf!LK:ecTH npoHBJiflIOTCfl B noTOMcTBe o6JiyLJ.eHHhIX JIHLI,. CTo

xacT11IJecK11e 3cpcpeKTbI on11caHHoro THna Ha3bIBaIOTcfl retteTHIJecKHMH. CornacHo 

I1y6JIHKaU.HH 60 peKOMeH)l.yeTCfl Ha3bIBaTb HX HacJie)l.yeMbIMH (hereditary). feHe

THlJeCKHe 3cpcpeKTbl o6ttapy)l{HB3IOTCfl JIHillb c ilOMOIIl,b!O aHaJIH3a CTaTHCTHlJeCKHX 

1) EoJJee CTporo H33bJBaeMoro «rroporoM KJJHH1F1ecKoro ::>cpcjleKTa», 1160 JJ11IJJh rrp11 ero rrpeBhIIJJe

mrn rrocJJe.U.CTBHll pa.u.11au110HHOro rroBpe)K.u.eHHH MoryT HCCJle.U.OBaThCll KJJHHWieCKHMH cpe.U.CTB3Ml1. 
2) CoMaTw1ecKHH (rrpo113B. OT rpeq. «soma» - TeJJo) - TeJJeCHbIH - rrOHl!THe, rrpoT11BonocTaB

JJl!eMoe noHl!T11!0 «nc11x11qecKHH». 
3) 3TO a66peB113Typa Me)K.u.yHapO.ll.HOH KOMHCCHH no pa.ll.H3Ul10HHOH 33lUHTe (J:J.aJJee OHa HHOf.ll.3 

6yJ1,eT HaHMeHoBaTbCH npocTo «KOMHCCHll»). MKP3 ocHoBaHa B 1928 r. B CToKrOJJhMe. 0.ll.HOH 

113 ocHOBHhIX <jlyHKUHH MKP3 llBJJl!eTCll Bb1pa60TKa HOpMaT11BoB no 06ecneqeH11!0 pa.u.11au110HH0H 

6e3onacHOCTH qeJJOBeKa. CTy6JJ11Kau1111 MKP3 HOCllT peKOMeHJl,aTeJJbHhIH xapaKTep. 
4) CTOXaT11qecKHH (np0113B. OT rpeq. «Stochasis» - .ll.Of3Jl,Ka) - B MaTeMaTHKe - CJJyqaftHhIH 

11Jll1 BepOllTHblH. 
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H3MeHeHl1H B }l,aHHOH o6JiyY.eHHOH nonymIUH11 Ha npornm:emm )Kl13HH HeCKOJlbKHX 

(MHHl1MaJibHO J1.Byx) ITOKOJieHHH. 

§ 24.2. BeJnt:t:iHHhI, 11cnoJih3yeMbie .LI.JUI KOJIHt:iecTBeHHoro on11catt11.S1 

paµ:nau;ttOHHblX 3<P<PeKTOB 

24.2.1. Ilornom;eHHast: )J.03a. OcHoBonoJiaraIOULeH J1.0311MeTp11Y.ecKoH BeJI11-

l!l1HOH, 11CITOJ1b3yeMOH np11 KOJ111l!eCTBeHHblX oueHKaX B03}l,eHCTBmI pa}l,11auH11 Ha 

t.JeJioBeKa, HBJIHeTC5I nornomeHHaH J1.03a D, paBHaH cpeJ1.HeH 3Heprn11 dE 110H11311-

py10mero 113Jiyt.JeHl15!, nornomeHHOH B e}l,11H11ue Macchi dm BemecTBa: 

D = dE 
dm· 

B rncTeMe CH e}l,11mrn:ei1 nornomeHHOH J1.03hI HBJrneTC5I rpei:'! (fp), paBHhIH J1.)KO

yJIIO, nornomeHHoMy B Kl1JiorpaMMe BemecTBa. BHec11cTeMHOH e}l,11H11uei1 norJio

meHHOH J1.03bl 5!BJl5IeTC5I pa}], (p), paBHblH 100 3pr /r; 1 pa}], = 1 o-2 fp [ 11, 14 j. 
0THOllleH11e np11pameHH5! nornomeHHOH J1.03bl dD K 11HTepBaJiy BpeMeHl1 dt, 3a 

KOTOpb!H OHO npo1130lllJIO, Ha3hIBaeTC5! MOIJJ.HOCTb!O ITOrJIOIJJ.eHHOH J1.03bl: 

P= dD_ 
dt 

3Hal!eHl1e p npHH5!TO Bb!pam:aTb B rpeH B ceKyHJ1.y, fp/c; rpeH B qac, fp/q 11 T. Jl.. 

EcJI11 3aKoH 113MeHeHl15! MOIJJ.HOCT11 J1.03bI co BpeMeHeM P( t) H3BeCTeH, To J1.03a 

3a BpeMH t MO)KeT 6b!Tb HaH}l,eHa c TIOMOIJJ.b!O cpopMyJihl 

t 

D = J P(t)dt. 
0 

CooTHOlllem1e Me*J1.Y BepoHTHOCThIO B03Hl1KHOBeHl15! paJ1.11au110HHoro 3cpcpeKTa 

11 J1.030H np11H5!TO Ha3bIBaTb «3aBHCHMOCTblO J1.03a-3cpcpeKT». ,l.I.JI5! CTOXaCTHl.J.eCKHX 

3cpcpeKTOB 3Ta 3aBl1CHMOCTb B orpaHHl!eHHOM 11HTepBaJie }l,03 MO)KeT 6h!Tb an

npoKCHM11pOBaHa JIHHeHHOH 3aB11c11MOCThlO. B TaKoM cJ1yqae cpeJ1.HHH J1.03a Mom:eT 

CY.HTaTbC5! TIOKa3aTeJieM BepoHTHOCTH TIOCJ!e}l,y!OULHX CTOXaCTl1Y.eCKHX 3cpcpeKTOB. 

)J,JIH }l,eTepMHHHpOBaHHblX (coMaTHl!eCK11X) 3cpcpeKTOB 3aBHCHMOCTb J1.03a-3cpcpeKT 

HeJIHHeHHa. 

24.2.2. JbrneH:HaSI nepe)J.aqa 3Hepnm H OTHOCHTeJI&HaSI 6HOJIOrHlJeCKaSI 

3<P<PeKTHBHOCT&. DoMHMO nornomeHHOH ):(03hI BepoHTHOCTh croxacTHl.JeCKHX 

3cpcpeKTOB 3aBHCl1T TaKm:e OT Kal!eCTBa H3Jlyl.JeH115!, C03}l,aIOULerO .Il.03y, T. e. OT ero 

BH.Il.a H 3Hepnrn. ,l.I.JI5! Toro l.JT06bl Jl.OCTaTOl.JHO TIOJIHO oxapaKTepH30BaTb Kal!eCTBO 

113JiyY.eH115!, Heo6XOJ1.HMO BBeCTH pH.II. .I1.0TIOJIH11n~JihHhIX nOHHTHH [ 15]. 
Hat.JHeM c onpeJ1.eJieHHH JIHHeHHOH nepell.al.JH 3Heprn11 (J1D3), o6o3Hal.Jl1B ee 

Lb,_. JU13 HBJIHeTcH MepoH: nJiornocrn 110H113au1111 B):(OJih TpeKa rra.I1.a10mei1 qa

CTHll,bI, npHl.JeM l!eM 60Jibllle nap HOHOB o6pa3yeT Ha e.I1.HH11ue nyTH .Il,B11m:ymaHC5I 

l!aCTHUa, TeM CHJihHee pa.I1.11au110HHOe TIOBpe)K.I1.eH11e rrpH TOH m:e IIOrJIOULeHHOH 
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,ll,03e. 06o3Ha4HM 4epe3 dE cpe,ll,HIOIO 3HeprnIO, TepHeMyIO 3apH)KeHHOH qacrnu.eH: 

Ha MaJIOM paccToHHHH dl c nepe,ll,a4eH 3Heprn11 MeHbIIJe D.. Tor,ll,a 

LLl = ( dd~)· 
Op11 D. -+ oo ,ll,JIH JIHHeifttoH: nepe,ll,a411 3Heprn11 BBO,ll,HT o6o3Ha4eHHe L 00 , JIH6o 

npocTo L. 3Ha4eHHH L o6bI4HO H3MepHIOTCH B KHJI03JieKTpOHBOJihTaX Ha MHKpo

MeTp (K::iB/MKM). OoTepH ::1Heprn11 1-iacrnu Ha TOpM03Hoe H3Jiy4eHHe B JICT3 He 

BKJII04aeTC5I. 3Ha4eHHe JICT3 T5!)KeJihlX 3apH)KeHHbIX 4aCTHQ, xapaKTepH3YIOI11,HX

C51 BbJCOKOH nJIOTHOCTb!O HOHH3aQHH, B llIHpOKOM ,ll,Hana30He 3Heprnf.i 3Ha4HTeJibHO 

60Jibllle, LieM 9JieKTpOHOB H cpoTOHOB, xapaKTepH3YIOll\HXCH HH3KOH IlJIOTHOCTblO 

110H113au1111 (cM. §§ 3.3, 3.4). Hanp11Mep, 3Ha'-IeHHH JICT3 npoTOHOB B ,ll,Hana3otte 

3HeprnH: 10-2-10 M3B Ha 1-2 nopH,ll,Ka Bhillle, LieM 3JieKTpottoB. 

OrnocHTeJihHOH 6110JiornLieCKoH: 3cpcpeKTHBHOCThIO (053) Ha3bIBaeTcH OTHO

llleH11e nornoI.QeHHOH ,ll,03hI Do o6pa3QoBoro ( CTaH,ll,aprnoro) H3JiyLieHHH, KOTopoe 

BhI3bIBaeT onpe,ll,eJieHHhIH 6110Jiorn4ecK11H: 3cp<PeKT, K norno111,eHHOH ,ll,03e D ,ll,aH

Horo H3Jiy4eHH51, Bbl3bIBaI0111,ero TaKOH )Ke 6HOJIOrH4eCKHH 3cp<PeKT: 

053 = i· 
3a o6pa3QOBOe ( CTaH,ll,aprnoe) H3JIY4eHHe o6bi4HO npHHHMaeTCH peHTreHOBCKOe 

H3Jiy4eHHe c rpaHH4HOH 3HeprneH: 200 K3B. 3Ha4eHH51 053 3aBHC51T OT BH,ll,a 6110-

JIOrHLfeCKoro o6beKTa, KOHKpeTHhIX ycJioBHH o6JiyLieHHH 11 JICT3. Cy111,ecrneHHO, 

'-ITO ,ll,Jl51 pa3JIH'-IHblX BH,ll,OB H3JIY'-IeHHH c O)J,HHaKOBb!MH JICT3 3Ha'-IeHH51 053 npH

MepHO O,ll,HHaKoBhI. B 4acrnocrn np11H11MaeTcH, 4TO 053 = 1 np11 L = 3 K3B/MKM 

,ll,JIH BO,ll,bl. 

24.2.3. Ko3<f><l>mi.uenT KaqecTBa u eecoeou MHOJKUTeJib. Ko3cpqmu11eH

TOM Ka'-Iecrna Q HaabrnaeTcH pernaMeHTHpoBaHHoe 3Ha'-IeHHe 053 )J,JIH )J,aHHoro 

BH,ll,a H 3Hepnm H3JIY4eHH5!. 3tta4eHHe Q ycTaHaBJIHBa!OT, HCXO,ll,51 113 ,ll,aHHb!X 

053, noJiyLiaeMbIX B pa)J,1106110Jiorn'-IecK11x 11ccJie,ll,0BaHHHX. KaK 11 3Ha4eH11H 053, 

3Ha'-IeHHH Q 3aBHCHT OT JICT3. 0'-IeBH,ll,HO, BeJIH'-IHHa Q, Il0,ll,06Ho B€JIH'-IHHe 

053, 6e3pa3MepHa. MHO)KHTeJib Q 6bIJI BBe,ll,eH B paHHHX ny6JI11KaUHHX MKP3 

H xapaKTepH30BaJI Ka'-IeCTBO H3Jiy'-IeHH51 npH nornoI.QeHHOH ,ll,03e B TO'-IKe. 0,ll,HaKO 

,ll,Jl51 pa,ll,HaQHOHHOH 6e3onaCHOCTH 6oJibllIHH HHTepec npe,ll,CTaBJIHeT norno111,eHHa5! 

,ll,03a, B351Ta51 He B TO'-IKe, a ycpe,ll,HeHHaH no opraHy HJIH TKaHH. nonoMy B Pe

KOMeH,ll,aQHH 60 KoM11cc11H co'-IJia ueJiecoo6pa3HhIM BBeCTH HHOH 6e3pa3MepHbIH 

Ko::icpcpm.1.11eHT - BeCOBOH MHO)KHTeJib w R, KOTOpb!H OTHOCHTC51 K ,ll,03e, B351TOH 

no orrpe,ll,eJieHHOMY o6beMy BeI.Qecrna. Ho KaK 11 ,ll,JIH Ko3cpcp11u.11eHTa KaLiecrna, 

ero Bh1611pa10T ,ll,JIH ,ll,attttoro BH)J,a 11 3Heprn11 H3Jiy'-IeHHH, na,ll,a10111,ero Ha TeJio, 

11 3aBHCHMOCTh OT JICT3 attaJIOrH'-IHa TaKOH )Ke 3aBHCHMOCTH ,ll,JIH Q. KaK BH,ll,HO, 

K03cp<Pm.1.11eHTbl Q H w R HBJI51IOTC51 pO,ll,CTB€HHblMH nOH51TH51MH. 

3Ha4eHHe Q, OTHOCHI.Qeec51 KO BCeM H3JIY'-I€HH51M c MaJIOH JICT3 (cpoTOHbl, 

3JieKTpOHhI, MIOOHhI Bcex ::iHeprnH:), noJio.lKeHo paBHhIM e,ll,11tt11ue. AHaJiorH'-IHhIM 

o6pa30M noCTynHM H co 3HaLJeHHeM WR, OTHOCHl11,HMC5I K yKa3aHHhIM H3JiyLieHHHM 

(cM. Ta6JI. 24.1). ,ll.JIH ,ll,pyrnx BH,ll,OB H3Jiy'-IeHHH Bb16op 3Ha'-IeHHH WR 6a311pyeTcH 
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Ha Ha6mo,ZI.aeMbIX 3HaI.Jemrnx OB3, np11I.JeM B KaI.JecTBe o6pa3ll,OBoro MO)f(eT 6hITb 

!1Cil0Jlb30BaHO KaK peHTreHOBCKOe, TaK H raMMa-!13JIYI.JeHHe. 

Ta 6 JJ 11 u a 24.1 
BecoBbie MHO:>K11TeJ111 11sJiyr;eH11H 

B11.ll 11aJiy1.1eHHll 11 .ll11anasoH aHeprn11 
Becoaoil MHO:>K11TeJJb 

H3Jiyr;eHH51 WR 

<t>oTOHbI acex 3Heprnil 1 

3JieKTpOHbl 11 M!OOHbl acex 3Heprnil 1 

HeilTpOHbI c 3Heprneil: 

< 10 K3B 5 
OT 10 .11.0 100 K3B 10 
> 100 K3B .11.0 2 M3B 20 
> 2 M3B .u.o 20 M3B 10 
> 20 M3B 5 

ITpoTOHbI c 3Heprneil > 2 M3B, 5 
KpoMe npoTOHOB OT.11.a1.111 

AJJb(jla-1.1aCTHil,bI, ocKoJIKl1 .11.eJJeHHH, 
20 

TH:>KeJJbie H.11.pa 

rr p 11 M e 1.j a H 11 e. Bee 3Ha'leHl151 aecoaoro MHO)KHTeJJH OTHOCHTCH K 113Jiy1.1eHl1!0, na.11.a1mueMy Ha 

TeJJO, a B cJiy1.1ae BHyTpeHH11X HCTO'IHl1KOB - K H3JIY'ieHHIO, 11cnymeHHOMY 11CTOL/Hl1KOM. 

24.2.4. 3<t><t>eKTHBHaH H 3KBHBaJieHTHaH JJ.03&I. TKaHeB&IH eecosoU: MHo

JKHTeJI&. EcJI11 pa;:vrnQHOHHoe noJie npe,ZI.CTaBJieHo pa3JIH4HbIMH no BHAY H 3Hep

rn11 I13JiyI.JeHI15IMI1 c pa3Jll1'-!Hb!MH w R· TO ,ll.Jl5I OIJ,eHKI1 pa,ZI.11au,HOHHOH onacHOCTH 

06Jiy1.JeHH5I '-IeJIOBeKa B TaKOM IlOJie BBO,ll.HTC5I 3KBUBaAeHmHa5l 8oaa, paBHa5I cyM

Me npOH3Be,ZI.eHHH nornomeHHbIX ,ll.03 KOMilOHeHT H3Jiyt.ieHH5I Ha COOTBeTCTBYIOll.l,He 

HM BeCOBb!e MHO)f(I1TeJI11: 

Hr = L WRDr,R, 
R 

r,ZI.e Dr,R - nornomeHHaH JJ.03a, ycpe,ZI.HeHHaH no T-tt TKaHH HJIH opraHy, 06pa30-

BaHHa5I R-M H3JIY1.JeH11eM. 

E,ZI.11HHu,el1 H3MepeHH5I 3KBHBaJieHTHOH ,ZI.03bI cJiy)f(HT 3UBepm (3B), paB

HbIH A*OYJIIO Ha KHJiorpaMM. B Ka'-!ecTBe e,ZI.HHHIJ,bI 3KBI1BaJieHTHOH ,ZI.03bI ,ZI.JIH

TeJihHoe BpeM5I I1CilOJib30BaJIC5I 6110JIOrHI.JeCKI1H 3KB!1BaJieHT peHTretta ( 63p): 

1 fop = 10-2 3B. C 1-ro HHBapH 1980 r. e,ZI.HHHIJ,a fop !13bHTa 113 ynoTpe6JieHH5I. 

Onpe,ZI.eJieHHe MOI.ll,HOCTH 3KBHBaJieHTHOH ,ZI.03bI aHaJIOrH'-IHO onpeJJ.eJieHHIO MOlUHO

CTH nornomeHHOH Jl.03bl. 

CooTHOWeHHe Me*JJ.Y 3KBHBaJieHTHOH JJ.030H H BepoHTHOCTbIO cTaxocTH'-!ecKHX 

3cpcpeKTOB 3aBHCHT, KaK ycTaHOBJieHO, 11 OT oco6eHHOCTett opraHa HJIH TKaHI1, 

no,ZI.BeprnyBWHXCH B03,ZI.ettcTBHIO HOHH3HpyIOmero H3Jiy'-IeH!15I. CTo3TOMY u,eJieco

o6pasHo BBeCTH eme O,ll.HH B3Bew11BaIOlUHH K03cpcpHu,HeHT - TaK Ha3bIBaeMbIH 

mKaHeBbtu aecoaou MHOJ/CumeAb Wr; HH,ZI.eKc T OTHOCHTCH K cooTBeTcTByIOmeli 

TKaHH HJIH opraHy. MHO)f(HTeJib Wr npe,ZI.CTaBJIHeT co6ott OTHOCHTeJihHbIH BKJia,ZI. 
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)l.aHHOfO opraHa HJIH TKaHH B IIOJIHblH ymep6, Bbl3BaHHbIH CTOXaCTHqecKHMH 

3!pcpeKTaMH IIpH TOTaJlbHOM paBHOMepHOM 06J1yqeHHH Bcero TeJla. 

BBe)l.eM TeIIepb IIOH51THe 3cpcpeKTHBHOH .ll.03bI 1). Otta oIIpe)l.em1eTC5! KaK cyMMa 

B3BeweHHbIX 3KBHBaJ1eHTHbIX ,ll,03 Hr BO scex TKamix H oprattax TeJ1a: 

I1cIIOJlb30BaHHe IIOH51TH51 3cpcpeKTHBHOH ,ll,03bl II03BOJ151eT yqeCTb OTHOCHTeJlbHbIH 

pHCK 06J1yqeHH5! pa3Jl}!qHbIX opraHOB. 3cpcpeKTHBHYIO ,ll,03Y MO./K.HO IIpe,ll,cTaBHTb, 

oqeBH,ll,HO, H B BH)l.e )J,Ba./K.)l.bl B3BeWeHHblX IIOfJIOUJ,eHHbIX )J,03 BO Bcex TKaH51X 

H oprattax TeJ1a. 3ttaqem1e Wr IIpHBe)l.eHbI B Ta6J1. 24.2. 

Ta6J111ua 24.2 
TKaHeBbJe BecoBbJe MHO)!{HTeJJ11 

TKaHb HJJH opraH 
TKaHeBblH BecoBoH 

TKaHb 11.JIH opraH 
TKaHeBhlH BeCOBOH 

MHm1mreJJb Wr MHO)KHTe.Jib Wr 

ITo.JIOBbie )Ke.Jie3bI 0,20 ITe"leHb 0,05 

KpacHblH KOCTHblH 0,12 ITmll,eBOA 0,05 
M03r 

To.JICTbJH KHIUe"IHHK 0,12 
IlJ,HTOBH}l,HaH 

0,05 
)Ke.Jie3a 

JierK11e 0,12 Km1rn 0,01 

)Ke.Jiy.ll,OK 0,12 IToBepxHOCTb Kocreil 0,01 

Mo"!eBoil 11y3b1pb 0,05 OcraJJbHhle opraHhJ 0,05 

Mo.JI0"1Hb1e )Ke.Jie3bI 0,05 

IT p 11 Me q a H 11 H. 1. 3Ha"!eHHH Wr BbIBe.ll,eHbI }l,JIH yc.JIOBHoro KOHTHHrettra HaceJJeHHH c paBHbJM 

"IHCJIOM JIHU o6oero 110.Jia 11 c urnpoKHM 11HtepBa.JIOM B03pacTOB. ITp11 011pe.ll,e.JieH1111 3cpcpeKTHBHoil 

}l,03hl 3Tl1 3Ha"!eHHR rrpHMeHHMbl }l,JIR rrepcoHaJJa, }l,JIR BCero HaCeJJeHHJI l1 }l,JIJI Ka)!{}l,OfO noJJa. 

2. ITpH Bbl"IHCJieHl151X B OCTaJJbHb!e opraHbl BKJIJO"leHbl CJJe}l,ylO!l\11e }l,0110.JIHHTe.JibHbJe opraHbl 

H TKaHH: BepXHHH OT)l,e.JI TOJICTOro KHille"IHl1Ka, Bl1.JIO"IKOBa51 )l<e.Jie3a, ro.JIOBHOH M03r, MaTKa, Mbllll

Ubl, Ha}l,!104e"IHHKH, 110)1,)!{e.Jiy}l,o"IHaH )Ke.Jie3a, l10"1KH, Ce.Jie3eHKa 11 TOHK11H KHll!e4HHK. ITepe"leHb 

BKJIJO"laeT opraHbl, KOTOpble, l10-Bl1}l,HMOMy, MoryT ITO}l,BepraTbCH H36ttpateJlbHOMY 06.Jiy"leHHIO. lfa
BeCTHO, "ITO HeKoropb1e opraHbI 113 nepe"IHH "'YBCTBHTe.JihHbI K HHAyu11poBaH11JO paKa. Ec.JIH Bno

CJie}l,crn1111 OKa:iKeTC51, "ITO .ll,pyrne TKaHH H opraHhl TaK)Ke 110.ll,Bep)KeHbl 3Ha"IHTe.JibHOMy pHCKY HH

AYUHpOBaHH51 3a60JJeBamrn paKOM, TO OHH 6yAyT BKJJJO"leHhJ B ra6JJ11uy co CBOHM 3Ha"!eHtteM Wr 
HJJH B 3TOT )l,OITOJJHl1TeJJbHblH nepeqeHb, C0!1,ep:iKall\11H OCTaJ!bHhie opraHbl. 

ITo MHeHHJO KoMHCCHH «)Ke.Jiare.JihHo, qro6h1 paBHoMepHaR no BCeMy reJJy 3KB11BaJJeHTHaR .ll,o3a 

}l,aBa.Jia 3cpcpeKTHBHYJO }l,03y, "IHCJieHHO paBHYJO 3TOH paBHOMepHOH 3KBHBa.JieHTHOH }l,03e». 3ro MO

lKeT 6b!Tb )l,0CTl1rHYTO, eCJJH npoHopMHpoBaTb cyMMY TKaHeBh!X BeCOBb!X MHOlKHTeJieH Ha e}l,HHHuy. 

l1MeHHo raKaH HOpMHpOBKa o6ecne4HBaercH .ll,aHHbJMH ra6JI. 24.2, cornacHo Koropoil L Wr = 1. 

24.2.5. 3Kcno3u1.vmunaH ,n;o3a . .9Kcno3u4uoHHaH 803a xapaKTepH3yeT Me

py HOHH3aU,HOHHOfO ,ll,eHCTBH51 peHTreHOBCKOfO H raMMa-H3JlyqeHH51; OHa OIIpe

JI,eJ15!eTC5! IIO HOHH3aU,HH B03,ll,yxa IIpH 3JleKTpOHHOM paBHOBeCHH, CBO,ll,51UJ,eroc51 

1
) PaHbllle oHa Ha3bIBaJJacb H3JJl1ll!He rpoM03)1,KO 3cpcpeKTl1BHOH 3KBHBaJJeHTHOH .ll,030H. 
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K ycJIOBHIO paBeHCTBa Me)KiJ,Y 3Heprnei1 H3JIY'-!eHH51, nornomeHHOH B HeKOTOpOM 

o6neMe semecrna, H cyMMapHOH KHHeTH'-!eCKOH 3Heprnei1 BTOpH'-!Hb!X '-!aCTHU -

3JieKTpOHOB H n03HTpOHOB, o6pa3oBaHHbIX B TOM :>Ke o6neMe semecrna no.LI, 

.rr.ei1cTBHeM nepBH'-!Horo H3JIY'-!eHHH. Ll.JIH onpe.rr.eJieHHH 3Kcno311u110HHOH A03bI 

H3MepHeTC51 o6mHH 3JieKTpH'-IeCKHH 3apHA HOHOB 0)1,Horo 3HaKa, B03HHKaIOIUHX 

B Bo3.rr.yxe so speMH 06Jiy'-!eH11H. DycTb np11 H3MepeHHH B o6neMe V so3.rr.yxa 

o6pa3oBaHo N nap HOHOB (pasHoe, o'-!eBH.lI.HO, YHcJiy HOHOB OAHoro 3HaKa). Tor.rr.a 

NW 
D3KCTI = --, 

m,,, 

r.ne mv - Macca 803,nyxa o6neMOM V, w - cpe,D,H5151 3Heprn51, 3aTpa'-!HBaeMa51 Ha 

o6pa30BaHHe 0,!1,HOH napbl HOHOB B 803,nyxe, paBHaH, KaK Mb! 3HaeM, 34 3B. 

E,n11H11uei1 3KCI103HUHOHHOH ,no3bI B cHcTeMe CH HBJIHeTrn o,nHH KYJIOH Ha KH

JiorpaMM (KJI/Kr). BHeCHcteMHOH e,LI,HHHUeH 3KCI103HUHOHHOH A03bI cJiy)KHT peHT

reH (R). 1 peHTreH - 3TO TaKa51 A03a, npH KOTOpOH B 1 CM3 803,nyxa npH TeMne

paType 0 °C H ,naBJiemm 760 MM pT. CT. 06pa3yeTCH 2,08 · 10-4 KJI/Kr = 88 3pr/r, 

T. e. O)l,HH peHTreH npH6JIH3HTeJibHO paseH 0,!1,HOMY pa,ny. 2ha BHeCHCTeMHa51 

e,D,HHHUa Hee ,!1,0JIH - MHJIJIHpeHTreH (MP), paBHb!H 10-3 R, MHKpopeHTreH (MKP), 

paBHbIH 10-6 R H JI.p. urnpoKo HcnoJib3YIOTCH Ha npaKTHKe. 

24.2.6. KoJIJieKTHBHaH .ll,03a. Dp11 paccMOTpeHHH paJI.HaUHOHHbIX 3cpcpeK

TOB, CB513aHHb!X c o6JiyYeHHeM rpynn (nonyJIHUHH) JIIO,LI,eH, npHMeHHerrn npe.n

CTaBJieHHe o KOJtJleKmueNou oo3e. DpH HcnoJib30BaHHH 3Toro noHHTHH npeJI.

noJiaraerrn cnpase,nJIHBOCTb c,neJiaHHOro BbIWe )l,onymeHH51 ,!1,Jl51 CTOX3CTHYeCKHX 

3cpcpeKTOB 0 JIHHeHHOH 33BHCHMOCTH ,!1,03a-3cpcpeKT ,ll.Jl51 JII06bIX opraHOB H TKa

HeH. Dp11MeHHTeJibHO K paccMaTp11saeM0My noHHTHIO Ba)KHOCTb 3Toro .nonymeHHH 

CBH3aHa c TeM, YTO ecJIH TaKaH JIHHeHHaH 33BHCHMOCTb OTCYTCTByeT, TO cyM

MHpoBaHHe )1,03 He,ll.orrycTHMO, a CJie,UOBaTeJibHO, HeB03M0)KH0 oueHHB3Tb 06m11i1 

pHCK H paCCYHTbIBaTb KOJIJieKTHBHb!e ,!1,03bl, Bb1pa:tKa10m11e 06m11i1 ymep6 ,!1,JIH 

paccMaTp11saeMOH nonyJIHUHH, no.nseprnysweticH o6JiyYeHHIO. 

CcpopMyJI11pyeM noHHTHe KOJIJieKTHBHOH ,no3bI B HHTerpaJibHOH cpopMe. LI.ony

CTHM, YTO ,ll.OCT3TOYHO 60JibWOe YHCJIO JIIO,D,eti N(P) HaX0,!1,HTCH B I10Jie H3JIY'-!eHirn 

c MOIUHOCTbIO ,ll.03bl, npHXOAHII.LeHCH Ha MaJibIH HHTepsaJI OT p .uo p + dP. Tor.na 

KOJIJieKTHBHaH MOIUHOCTb ,!1,03bl p s Bb!pa:tKaeTcH cpopMyJIOH 

00 

Ps = J PN(P) dP, 
0 

npHYeM npe.nnoJiaraeTCH, '-!TO MOIUHOCTb ,!1,03bl 3aBHCHT OT speMeHH t. 
EcJIH 3aBHCHMOCTb MOIUHOCTH A03bl oT speMeHH B npoMe:tKyTKe or t1 JI.O t2 

H3BeCTHa, TO KOJIJieKTHBHY!O ,!1,03Y MO:tKHO HaHTH, npoHHTerpttposaB BeJIHYHHY 

Ps(t) B npe,neJiax t1 - t2: 
t2 

Ds = f P(t) dt. 
t, 
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Ha3oBeM napl{UaAbHOU KOJIJieKTHBHYIO ,II,o3y, 06ycJIOBJieHHy10 ,ZI.eH.crnHeM KOH

KpeTHOro HCT04HHKa 3a Beeb nepH0,11, ero cymecTBOBaHH5l: 

00 

DsK = J PsK(t) dt, 
0 

r,II,e PsK ( t) - napu,11aJibHa5l KOJIJieKTHBHaH MOlllHOCTb )l,03bI B MoMeHT t. 
EcJIH HMeeTcH HecKoJibKO HCT04HHKOB, TO o6maH KOJIJieKTHBHaH JI.03a paBHa 

cyMMe napu,HaJibHbIX JI.03. 

HaKonJieHHe napu,HaJibHOH JI.03bI npo11cxo,ZI.HT 3a Bee BpeMH )l,eticrnmi: HCT04-

HHKa, II03TOMY H3y4eHHe ee BpeMeHHOrO rroBe,ll.eHH5l II03BOJI5leT rrporH03HpOBaTb 

)l,aJibHei1wee pa3BHTHe pa,Ll.HaUHOHHbIX ycJIOBHH, CB5l3aHHb!X c H3Jiy4eHHeM 3Toro 

HCT04HHKa. Onpe,L1.eJI5leMaH KaK npornocTHLiecKaH ( o.IB.H,ll.aeMaH), 3Ta ,Ll.03a KoM11c

c11efl Ha3bJBaeTCH «doze commitment». 

EcJIH KOJIJieKTHBHaH JI.03a onpe,II,eJIHeTcH Ha ocHoBaHHH 11H¢opMaUHH o pac

rrpe,ll.eJieHHH o6Jiyt-IaeMb!X JIIO,ll.eH IIO HH)l,HBH,ZI.yaJibHb!M ,ll.03aM, noJiy4eHHb!X (HJIH 

KOTOpble 6y,ZI.yT OOJiy4eHbl) OT KaKOrO-JIH6o HCT04HHKa, TO MOJK.HO npe,II,cTaBHTb 

BeJIH4HHy Ds, c yqeTOM ,ZI.JIH scex N JIHU 3Ha4eHHH ,ll.03 OT 0 AO Dmax. B cpopMe 

Dmax 

Ds = f DN(D) dD. 
0 

YnpomeHHbIH BapHaHT 3TOH cpopMyJibl B ,ll.HCKpeTHOH cpopMe, WHpOKO HCOOJib3ye

Mb!H Ha npaKTHKe, HMeeT BH,ll. 

n 

Ds = L DiN(Di), 
i=l 

rJJ,e Di - cpeJJ,Hee 3Ha4eHHe HHJJ.HBH.nyaJibHOH JJ.03bl JJ.JIH i-ro ,Ll.030BOro 1rnTepBaJia; 

N(Di) - 4HCJIO JIIO)l,eH, OOJIY4HBWHX )J,03y, rrpHXO)l,HlllYJOC5l Ha i-H. HHTepBaJI; n -
OOJIHOe 4HCJIO HHTepBaJIOB, Ha KOTOpb!e npHX0)].5ITC51 Bee 3Ha'-IeHH5l HH,ll.HBH,ZI.yaJib

Hb!X )l,03. 

EcJIH B KaLJecrne HH)l,HBH)l,yaJibHOH ,n:o3bI HCIIOJib3YeTCH nornomeHHaH JJ.03a, 

TO KOJIJieKTHBHYIO )].03Y Ha3bJBa!OT KOJIJieKTHBHOH nornomeHHOH ,IJ:030H; e,n:HHHLI,eH 

H3MepeHH5l cJiy.iKHT 4eJioBeKo-rpel1. EcJIH .iKe HH,ll.HBHAyaJibHOH )l,030H 5IBJIHeTC5l 

3KBHBaJieHTHa5l HJIH 3cpcpeKTHBHa5l ,ll.03a, TO fOBOp5IT 0 KOJIJieKTHBHOH 3KBHBaJieHT

HOH HJIH KOJIJieKTHBHOH 3cpcpeKTHBHOH ,ll.03e cooTBeTCTBeHHO. B TaKHX cJiyLiaHx 

e,!l,HHHLI,eH H3MepeHHH HBJIHeTCH qeJIOBeK0-3HBepT. 

TaKHM o6pa30M, IIOHHTHe KOJIJieKTHBHOH ,IJ:03bl II03BOJI5leT ou,eHHTb 6yAYlllHH 

oJK.H,!l,aeMbIH ymep6, CBH3aHHbIH c 06JiyLiem1eM ,!l,JIH ,!l,aHHOH nonyJIHUHH. TepMHH 

«0.iKH)].aeMbIH» )l,aeT B03MO.iKHOCTb CB5l3aTb OJK.H,!l,aHHe TaKoro ymep6a c rrpaKTH

KOH, npHBO,!I.HllleH K o6Jiy4eHHJO [12]. 
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§ 24.3. IlocJie)J.CTBHH o6JiyIJeHH.H 

PaccMoTpHM 6oJJee noJJ.po6Ho B03MO)i(Hhie nocJJeJJ.CTBHH o6JJyt.IeHHH. Hat.IHeM 

c nocJJeJJ,CTBHH, CBH3aHHb!X c COMarn:qecKHMH (JJ.eTepMHHHpOBaHHblMH) 3cpcpeKTa

MH. B 3aBHCHMOCTH OT ypoBHH paJJ.HaUHH H HHJJ.HBHJJ.yaJJbHhIX oco6eHHOcTeH o6JJy

t.IeHHoro JJHUa, He6JJaronpHHTHbie paJJ,H06HOJJOrHt.IeCKHe nocJJeJJ,CTBHH B03HHKaIOT 

B nepHOJJ. OT HecKOJJhKHX MHHYT JJ.O 30-60 cyTOK nocJJe o6Jiyt.IeHHH . .Il:oCTaTOt.IHO 

TH)l(eJJbie nopa)l(eHHH B03MO)l(HbI rrpH 803/1.eHCTBHH pa/1.HaUHH B OTHOCHTeJihHO 

60JJbllIOH ,LI,03e (HarrpHMep, 6oJiee 0,5 fp) B COt.IeTaHHH co cpaBHHTeJibHO Bb!COKOH 

MOW.HOCTbIO ,ll,03bl (HanpHMep, 60Jihille HeCKOJlbKHX rpeti B qac). 

K nepBbIM npH3HaKaM H CHMnTOMaM paJJ.ttaUHOHHoro nopa*eHHH (Jiyt.Ieso11 

6oJie3HH) OTHOCHTCH yCTaJJOCTb, noTepH pa6oTocnoco6HOCTH H TaK Ha3bIBaeMbie 

npo,n,poMaJJbHble peaKUHH, Bblpa)l(aIOw.HeCH B noTepe anneTHTa, TOilIHOTe, pBOTe 

H DOHOce. 4eM BbIIlle JJ.03a o6Jiyt.IeHHH, TeM 60JibUie sepOHTHOCTb npmrnJJemrn 

nepet.IHCJJeHHblX HBJJeHHH H TeM OCTpee OHH Bbipa)i(eHbl. KJJHHHt.IeCKH CJJa6o 

Bb!pa)l(eHHbie np0/1.pOMaJibHble peaKUHH c OTHOCHTeJJbHO 6oJiblliOH sepOHTHOCTb!O 

B03HHKaIOT Y*e np11 noJJyT.IeHHH ,.no3 6oJJee 0, 1 fp. 

npH ,ll,03e 1,5-2,0 fp MO)l(eT B03HHKHYTb JJerKaH cpopMa Jiyt.IeBOH 6oJJe3HH, 

npOHBJJHIOW.aHCH B nepBbie cyTKH y 30-50 % o6Jiyt.IeHHblX npoJJ.pOMaJibHbIMH pe

aKUHHMH, BKJJIOt.IaH pBOTy, B03MO)l(H0 o6JibICeHHe H nopa)l(eHHe KOIKH. nopaJKe

HHH CHCTeMbl KpOBOTBOpeHHH npoHBJIHIOTCH B 3aBHCHMOCTH OT CTenem:1 pa,n,Ha

UHOHHOro nopa)l(eHHH (JIHMcponeHHH, TpOM6orreHHH H ,n,p.) H B03HHKaIOT qepe3 

1-10 cyTOK IlOCJie 06Jiy4eHHH. JletaJibHhie HCXO,ll,bl He Ha6JIIO,ll,aIOTCH. np11 JJ.03e 

2,5-4,0 fp pa3BHBaeTCH JJyLieBaH 6oJJe3Hb cpe,ll.HeH THIKeCTH, conpOB0)i(/1.8IOW.aHCH 

001./TH y Bcex o6JJyYeHHblX npOJJ.pOMaJibHblMH peaKUHHMH, CHJlbHblM yMeHbilleHH

eM COJJ.ep)KaHHH JieHKOUHTOB B KpOBH, nOHBJieHHeM IlO)J,KO)i(HbIX KpOBOH3JIHHHHH. 

JleTaJJbHblH HCXOJJ. t.Iepe3 HeCKOJibKO HeJJ,eJib B03MO)KeH B 20 % cJiyt.IaeB, B oc

HOBHOM 6JiaroJJ,apH pa3pyweHmo KJieTOK KOCTHoro M03ra. Dptt ,n,03ax 4,0-6,0 fp 

B03HHKaeT TH)i(eJJaH cpopMa JJy4esol1 6oJJe3HH; B 50 % cJiyqaes B TeLieHHe nepsoro 

MeCHUa HaCTynaeT CMepTb. np11 /1.03aX 6oJiee 6,0 fp pa3BHBaeTCH 04eHb TH)l(eJiaH 

cpopMa Jiy4eBOH 6oJie3HH, 3aKaH"IHBaIOW.aHCH not.ITH y Bcex 100 % o6Jiyt.IeHHblX 

JieTaJibHblM HCXO,ll,OM BCJieJJ,CTBHe KpOBOH3JHHIHHH HJJH HHcpeKUHOHHbIX 6oJie3HeH. 

nptt 06JiyYeHHH ,ll.03aMH 10-50 fp CMepTb HaCTynaeT cnycTH 1-2 He,ll.eJIH, t.Iaw.e 

scero B pe3yJihTaTe KpOBOH3JJHHHHH B *eJiyJJ.Ot.IHO-KHlllet.IHbIH TpaKT. HaKotteu, 

o6Jiyt.IeHHe Bb!COKHMH JJ.03aMH nopHJJ.Ka 100 f p npHBOJJ.HT K CTOJlb CHJibHOMY 

nopa)l(eHHIO HepBHOH CHCTeMbl, '-ITO JieTaJibHbIH HCXOJJ: HacTyrraeT qepe3 HeCKOJibKO 

48COB HJIH JJ:HeH fIOCJie o6Jiyqemrn. 

0TMeTHM, 4TO pa3pa6oTaHHbie K HaCTOHW.eMy speMeHH MeTOJJ.bl Jieqemrn JJy-

4eBOH 6oJie3HH 3aqacTy10 npHBOJJ.HT K 6oJiee cnoKOHHOti KJIHHHt.IecKoti KapTHHe 

3a6oJiesaHHH H B PHJJ.e CJiy4aeB npeJJ.OTBpaw.aIOT CMepTeJibHblH HCXOJJ,. 

npH 06Jiyt.IeHHH JJ.038MH, 3Ha4HTeJibHO MeHbllIHMH JJ,03, Bbl3b!BaIOW.HX OCTpyIO 

cpopMy Jiyt.IeBOH 6oJie3HH, B03MO)l(H0 B03HHKHOBemm CToxacTHt.IeCKHX 3cpcpeKTOB . 

.UJIH noCJieJJ,HHX xapaKTepeH cpaBHHTeJibHO 60JiblIIOH CKpb!TblH nepHOJJ. (MeCHUbl, 

rOJJ.bl), npeJJ.IIIeCTBYIOW.HH npoHBJieHHIO nocJie,n,cTBHH pa.n:ttaUHOHHOfO nopaIKeHHH. 

16 0. A. 13apcyKoB 
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CTeneHb 803,n:eHCTBHH HOHH3Hpy10mero H3Jiy'leHHH cymecrneHHO 3a8HCHT OT pH

,n:a cpaKTOp08, HanpHMep, OT MOW:HOCTH A03bl, 8peMeHHOro peli<HMa o6Jiy'leHHH, 

pacnpe,n:eJieHHH nornomeHHOH JJ:03hI no TeJiy, 8HJJ:a H3Jiy'leHHH H ,n:p. KaK yno

MHHaJIOCh, CTaXOCTH'leCKHe 3cpcpeKTbl ClJHTaIOTCH 6ecnopor08b!MH H 8epOHTHOCTb 

HX npOH8JieHHH nponopuHOHaJibHa cyMMapHOH A03e, HaKOnJieHHOH o6Jiy'leHHhlM 

JIHUOM. 

CJie,n:crnHeM o6Jiy'leHHH MoryT 6hITh JieHKeMHH H ,n:pyrne 3JIOKaqecrneHHhie H0-

8oo6pa3o8aHHH - paK JierKHX, MOJIO'IHOH J1<eJie3bI, Ko;>1rn, capKoMa H np. Bo3MO)K

HhIMH nocJieACT8HHMH o6Jiy'leHHH H8JIHIOTCH nopa)KeHHH xpycTaJIHKa, nOH8JieHHe 

KaTapaKT. 

HaKonJieHHhie Ha6JIIO,n:eHHH C8HAeTeJibCTBYIOT, 'ITO 8 cpep,e, 3arpH3HeHHOH 

o6bi'IHblMH TOKCHKaHTaMH, 8epoHTHOCTb OHKOJIOrH'leCKHX H ,n:pyrnx 3a6oJie8aHHH, 

8hI38aHHhIX o6Jiy'leHHeM, pe3Ko 803pacTaeT. B qacTHOCTH, Ha6JIIO,n:eHHH 3a Ky

pHJihW:HKaMH, KOTOpbie no,n:8epraJIHCb pa,n:HaQHOHHOMY 803AeHCT8HIO, noKa3aJIH, 

'ITO CMepTHOCTb cpe,n:H HHX cymecTBeHHO 8bIIIIe, 'leM 8 aHaJIOrH'IHblX rpynnax 

HeKypHW:HX JIIOAeH. 

BecbMa llY8CTBHTeJihHhI K o6Jiy'leHHIO ,n:eTH; ,n:ali<e noJiyqeHHe OTHOCHTeJib

HO He60JibIIIHX A03 MO)KeT 3aMeAJIHTb HJIH ,n:a)Ke npHOCTaH08HTb pocT KOCTeH; 

803,n:eHCTBHe pa,n:HaQHH Ha M03r pe6eHKa MO)KeT 8bl38aTb noTepIO naMHTH HJIH 

,n:a)Ke CJia6oyMHe. 4pe38bI'laHHO llY8CTBHTeJieH K 803,n:eHCTBHIO pa,n:Haum1 H M03f 

nJio,n:a. B oco6eHHOCTH, ecJIH o6Jiy'leHHe MaTepH HMeJio MeCTo Me)K,n:y 8-H H 15-H 

He,n:eJIHMH 6epeMeHHOCTH. 

OcTaHOBHMCH Ha 8onpoce 06 o6meM coKpameHHH npo,n:OJI)KHTeJibHOCTH )KH3HH 

3a cqeT pa,n:HaUHOHHoro 803,n:eHCT8HH. CoorneTcrny10mHe oueHKH nornomeHHOH 

A03bl CTaH,n:apTHOfO H3JIY'leHHH npOBOAHJIHCb AJIH rny6HHbl 5 CM OT Il08epxHO

CTH TeJia npH ero noJIHOM pa8HOMepHOM o6Jiy'leHHH. CorJiacHo 3THM oueHKaM 

COKpameHHe npo.n:omKHTeJibHOCTH )KH3HH 8 pacqeTe Ha 10-2 fp CTaH,n:apTHO

ro H3JIYlleHHH npH cpa8HHTeJibHO MaJIOH MOW:HOCTH A03bl (He npe8bllllaIOmeH 

10-2 fp/cyTKH) COCTaBJIHeT npHMepHo 3 cyTOK, a npH cpa8HHTeJihHO 60JibIIIOH 

MOW:Hocrn ll,03hI (He MeHbIIIeH 0,5 fp/cyTKH) - npH6JIH3HTeJibHO IO cyToK. OT

cIO,n:a, 8 qacTHOCTH, CJie,n:yeT, 'ITO npH noJiy'leHHH cyMMapHOH A03bl, pa8HOH 1 fp 

npH HH3KOH MOW:HOCTH A03bl o6mee coKpameHHe npo,n:OJI)KHTeJibHOCTH )KH3HH 

COCTaBJIHeT 3 . 102 ,n:HeH (T. e. HeMHOro MeHbIIIe OJJ:HOfO ro,n:a), a npH 8b!COKOH 

MOW:HOCTH A03bl 1000 AHeH (T. e. OKOJIO Tpex JieT). 

3aMeTHM, 'ITO c,n:eJiaHHhie oueHKH npo,n:OJI)KHTeJibHOCTH )KH3HH HBJIHIOTCH cy

ry6o opHeHTHpOBO'IHbIMH. 

CTepeH,n:eM Tenepb K reHeTH'leCKHM 3cpcpeKTaM. CTo,n: ,n:eHCTBHeM pa,n:HaQHH 

8 3apo,n:hIIIIe8bIX KJieTKax CeMeHHHKOB HJIH HH'IHl1K08 803HHKaIOT MyTaQHH-Il0-

8pe)K,n:eHHH reHeTH'lecKoro MaTepHaJia, npHlleM MY)KCKHe noJI08bie KJieTKH 6oJiee 

llYBCT8HTeJibHbl K MyTaUHHM no cpa8HeHHIO c )KeHCKHMH nOJI08b!MH KJieTKaMH. 

Pa3JIH'la!OT no8peJ1<,n:eHHH ,n:syx THnoB: Henocpep,cTBeHHO e,n:HHHU HacJie,n:

crneHHocrn - reH08 (reHHhie MyTaUHH) H xpoMoccpepHhie a6eppaUHH. 

feHHhie MyTaQHH, npoHBJIH!OW:HeCH 8 6JIH)KaHIIIeM nOTOMcTBe, Ha3b!BaIOTCH 

AOMHHaHTHbIMH; eCJIH Ji<e OHH o6Hapy)KH8aIOTCH 8 nocJie,n:yIOW:HX noKoJieHHHX, TO 

HX Ha3bIBaIOT peueccHBHbIMH. MyTaUHH TaKoro T11na B03HHKaIOT npH ycJI08HH 
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TIOJiytiemrn HHJJJIBH.ll,YYMOM O.ll,HHaKOBhIX MyTaLJ,HOHHblX reHOB OT OTLJ,a H MaTepH; 

3TOT sapHaHT HaH6oJiee sepmneH .ll,JIH po.ll,HTeJieti-po.ll,cTBeHHHKOB. B TaKOM cJiy

qae B03MO:lKHa HH B 4eM He npOHBJIHIOlll.aHCH nepe.ll,a'la peLJ,eCCHBHbIX MyTaLJ,HH OT 

TIOKOJiemrn K TIOKOJieHHIO 1); MyTaLJ,HOHHhie reHbl MoryT coxpaHHTbCH B nonyJIHLl,HH 

.ll,O Tex nop, TIOKa )],Ba HH.ll,HBH.ll,yyMa, Hecyw:He O.ll,HHaKOBbIH MyTaLJ,HOHHblH reH, 

.ll,a.ll,yT TIOTOMCTBO. 

XpoMOCOMHhie a6eppaL1,1111 no.ll,pa3.ll,eJIHIOTCH Ha KOJIH4ecrneHHhie H CTpyKTyp

Hhie. KoJIH'leCTBeHHhie a6eppall,HH B03HHKaIOT npH H3MeHeHHH no)], .ll,eHCTBHeM 

pa.ll,HaLJ,HH HopMaJibHOro 'lHCJia xpoMocoM, a cTpyKTYPHhie a6eppall,HH - KOr.ll,a 

no.ll, .ll,eHCTBHeM HOHH3Hpyrow:ero H3JiyIJeHHH H3Mem1eTcJ1 caMa CTPYKTypa xpoMo

coM. I10BbIWeHHOe lJHCJIO xpOMOCOMHbIX a6eppall,HH Ha6JIIO.ll,aeTCH B CJie.ll,yIOW:HX 

cJiyIJaHx: 

- rrpH rrpo¢eccHOHaJibHOM o6Jiy'leHHH; 

- rrpH ycJIOBHH rrpe6bIBaHH51 JIIO.ll,eH B 30Hax IlOBbIWeHHOro ecTeCTBeHHOfO 

pa.ll,HaLJ,HOHHOfO ¢otta; K 3TOH KaTeropHH OTHOCJITCJI JIIO.ll,H, :lKHBYW:He B BbJ

COKoropHblX MeCTHOCTHX, JieT4HKH, HaCeJieHHe, rrpm1rnsa10w:ee 6JIH3 ypaHOBbIX 

MecTOpO:lK.ll,eHHH H rrp.; 

- rrpH ycJIOBHH rrpo:lKHBamrn JIIO.ll,eH s MecTHocrnx c He6JiarorrpHHTHOH pa.ll,Ha

LJ,HOHHOH o6cTaHOBKOH, o6ycJIOBJieHHOH asapHHMH Ha 06beKTax aTOMHOH npOMbIW

JieHHOCTH (HanpHMep, B paH:ottax Bhllla.ll,eHHH pa.ll,HOHYKJIH.ll,OB IlOCJie KaTaCTpocpbl 

Ha 4epHo6hIJihCKOH A3C). 

I1pH HH3KOH MOW:HOCTH .ll,03bl H HH3KHX 3HalJeHHHX JII13 pHCK MyTaLJ,HOHHOro 

rrospe:iK.ll,eHHH s rrepsoM rroKoJieHHH rrocJie o6JiyIJeHHH MY:lK4HH xapaKTeptt3yeTcH 

.ll,BYMH Tb!CH'laMH CJiy'laes Ha .ll,03Y B l fp Ha l MJIH IlOTOMCTBa. 

)lo CHX rrop pe% WJia 0 BHeWHeM o6JiyIJeHHH. I1pH rrorra.ll,aHHH pa.ll,HOHyK

JIH.ll,OB BHYTPh opraHH3Ma (npH B.ll,hIXaHHH, c rrHw:eti HJIH rrpH rrpOHHKHOBeHHH 

qepe3 KOMy) B03MO)!(H0 HeMeJiaTeJihHOe 803.ll,eHCTBHe 113JiyIJeHH51 pa.ll,110HYKJil1.ll,OB 

Ha pa3JIH4Hhle opraHhl H TKaHl1. I1p11 BHyTpeHHeM o6JiyIJeHl1H Ha1160Jiee orraCHO 

B03.ll,eHcTs11e 1130Torros rroJioHHH, pa.ll,oHa, ypatta 11 TpaHcypaHOB. Pa.ll,11oaKTHBHb1e 

1130TOilhI MoryT 1136HpaTeJibHO HaKarrJI11saTbCH s onpe.ll,eJieHHhIX oprattax. TaK, 

B KOCTJIX HaKallJI11Ba!OTC51 pa.ll,HOHYKJIH)l,bl KaJibll,HH, pa.ll,HH, CTpOHLl,1151, ypaHa 

H Tpattcypattos (Harrp11Mep, 241 Am), pa.ll,HOHYKJIH.ll,hI pe.ll,K03eMeJihHhIX 3JieMeHTOB 

KOHLJ,eHTPHPYIOTCH B rre'leHH, rrpOBOLl,HpyH o6pa30BaHl151 B HeH orryXOJIH, pa.ll,HOaK

THBHh!H HO)], HaKarrJIHBaeTCH B W:11TOBl1.ll,HOH MeJie3e, 'ITO MO)!(eT rrp11secTH K ee 

rrospeM.ll,eHHIO. Pa.ll,HOHYKJIH.ll,hI LJ,e3HH H py6H.ll,11H, pasHoMepHo pacrrpe.ll,eJIHHCh 

B opraHH3Me, Bbl3bIBa!OT yrneTeH11e KposernopeHl151, aTpocp1110 ceMeHHHKOB H o6-

pa30BaHHe orryxoJieH B MHrKHX TKaHHX. 

Ha oCHosaHHH rrpttse)l,eHHhIX .ll,aHHhIX 11 rrpHBJieKaH HHcpopMaLJ,1110 pa6oT [ 15, 
17, 20, 21] .ll,a.ll,HM opHeHTHpOBO'lHYIO OLJ,eHKY OTHOCHTeJibHOH 3Ha'IHMOCTH pHCKa 

COMaTl1'leCKHX, CTOXaCTH'leCKHX H reHeTH'leCKHX 3cp¢eKTOB B pa3JIH4Hb!X HHTep

BaJiax .ll,03 .ll,JIH pa3HhIX pa.ll,HaLJ,HOHHhIX ycJios11I1: 

1
) 0)1,HOMY l10KOJiem110 COOTBeTcrnyeT 11ep11o)l, B 30 JieT. 

16* 
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l1HTepsaJibI, 
CTocJie,n:CTBHll 06Jiy<leHH5! 

fp 

CoMaTHqecKHe nospe2K,n:eHHll oTcyTcTBYIOT. 1IacToTa cToxacn1qecKHX H reHeTHqe-

0-0,005 CKHX 3cpcpeKTOB, CB5!3aHHbIX c TIOCJie,ll,CTBHllMH o6JiyqeHH5!, 3HaqHTeJibHO MeHbllle 

qacTOTbl 3THX 3cpcpeKTOB ecTecTBeHHOro npOHCX02K,ll,eHH5!. 

OTcyTcTBYJOT KJIHHHqecKH Bb1pa2KeHHb1e coMaTHqecKHe 3cpcpeKTbI. CToxacTHqecKHe 

0,005-0,05 H reHeTHqeCKHe 3cpcpeKTbl o6JiyqeHH5! npoHCXO,ll,l!T c qacTOTOH, MeHbllleH qacTOTbl 

3THX 3cpcpeKTOB eCTeCTBeHHOfO npOHCX02K,ll,eHH5!. 

Ha6JIJO,n:aJOTC5! KJIHHHqecKH CJia6o Bb1pa2KeHHb1e COMaTHqecKHe 3cpcpeKTbl. lJacTOTbl 

0,05-0,5 crnxacTHqeCKHX H reHeTHqecKHX 3cpcpeKTOB, CB5!3aHHbIX c TIOCJie,ll,CTBHl!MH o6Jiyqe-

HHll, COTIOCTaBHMbl c eCTecrneHHOH qacTOTOH 3THX 3cpcpeKTOB. 

Ha6JIIO,n:aJOTCfl coMaTHqecKHe 3cpcpeKTbI, Bb1pa2KaJOIJ..(Hecf! B HapyUieHHH pa6orncrro-

co6HOCTH, npo,n:poMaJibHbIX peaK11115!X, BeJIHKa sepOl!THOCTb Jiyqesoti 6oJie3HH. lJa-

0,5-1,5 CTOTa cpaBHHT€JlbHO MaJIOH Tfl)K€CTH CTOXaCTHqeCKHX H reHeTHqecKHX 3cpcpeKTOB -

IIOCJie,n:cTBHH o6JiyqeHH5!, 3Haq11TeJibHO 60Jibllle qacTOTbl TaKHX 3cpcpeKTOB eCTe-

CTBeHHOro rrpOI1CX02K,ll,eH!1fl. 

CoMaT11qecK11e nocJie,n:cTB115! 06JiyqeH11f! Bb1pa2KaJOTCfl B HHTeHCHBHblX rrpo,n:poMaJib-

1,5-3,0 Hb!X peaKllI15!X, IIOTepe pa60TOCIIOC06HOCTI1, Jiyqesoti 6oJie3HI1 cpe,n:HeH 11JII1 Bb!CO-

KOH Tfl2K€CTH. PHCK JieTaJibHOfO 11cxo,n:a B€JIHK B KOHL\€ HHTepsaJia. 

3,0-6,0 TH2KeJiall cpopMa Jiyqesoti 6oJie3HI1, BbICOKa5! sep05!THOCTb CMepTH (50 H 6oJiee 

rrpo11eHTOB). 

yfa np1rneJ1,eHHOfO KpaTKOfO o63opa MO.lli.HO CJ1,eJiaTb Bh!BOJJ., t:ITO J1,030BOH 

rpaHHUeH, pa3J1,eJIHIOill,eH cpaBHHTeJibHO 6e3onaCHbie B paJJ.HaUHOHHOM OTHOUleHHH 

ypOBHH 06Jiyt:IeHYIH OT paJ1,HaUHOHHO onaCHbIX HBJIHeTCH J1,03a, paBHaH 0,5 fp, t:ITO 

COOTBeTCTsyeT ,UJIH peHTreHOBCKOro H ')'-H3Jiyt:IeHHH 3cpcpeKTHBHOH ,U03e 0,5 3s, 

KOTopaH JJ.OnycKaeTCH MKP3 np11 B03HHKHOBeHHH asapHi'!HhIX (qpe3Bh!Yai'!Hh!X) 

CHTyaUHH. 3aMeTHM TaK.lli.e, t:ITO B HHTepsaJie AO 0,5 fp pa,nHaUHOHHhlH pHCK 

CBH3aH B 3Hat:IHTeJibHOH Mepe c pHCKOM 3JIOKat:IeCTBeHHhIX HOB006pa30BaHHH. 

§ 24.4. PeKOMeu)l:yeMbie npeJJ:eJihI JJ:03hI 

B Pocnrn B 1999 r. 6bIJIH BBeJJ.eHhI HopMhI paJJ.11au110HHOH 6e3onacHOCTH 

(HPB-99) H fHrHeHHt:IeCKHe HOpMaTHBhl (fH-99), OCHOBaHHbie Ha Me.lli.,UyHapOJJ.

HhIX HOpMax B ny6JIHKaUHH 60-i'! MeM,UyHapOJJ.HOH KOMHCCl1H no paJJ.HaUHOHHOH 

3aI.UHTe. H11Me H3JiaraJOTCH HeK0Topb1e noJio.lli.eHHH HPB-99. TaK, ycTaHaBJIH

saJOTCH cJie,ny10m11e KaTeropHH 06JiyqaeMh1x JIHU: nepcoHaJI - JIHUa, pa60Ta10m11e 

c TexHoreHHh!MH HCTOYHHKaMH (rpynna A) HJIH Haxo,n51m11ecH no ycJioBHHM 

pa6oThI B ccpepe 11x so3,nei'!crn1151 (rpynna B); see HaceJieHHe, BKJIJOt:IaH JIHU H3 

nepcoHaJia BHe ccpepbl H ycJIOBHH HX npOH3BO,UCTBeHHOH ,UeHTeJihHOCTH. 

B Ta6JI. 24.3 np11se,neHhl cse,neHHH 06 ocHOBHh!X ,no3ax o6Jiyt:IeHHH, ycTaHaB

JIHsaeMhlX HPB-99 [ 18]. 

HPB-99 ycTaHaBJIHBaJOT TaK.lli.e ,nonycTHMhie ypoBHH MOI.UHOCTH nornomeH

Hoi'! ,U03h! npH BHewHeM o6Jiyt:IeHHH scero TeJia OT TexHoreHHhIX HCTOt:IHHKOB 

HOHH311py10mero H3JiyYeHHH. B pa6ot:IHX noMeI.UeHHHX, npeJJ.Ha3Hat:IeHHhIX JJ.JIH 
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Ta6.n1111,a 24.3 
OcHOBHbie ,ll.030Bbie npe,11.e.nbI 06.nyqeHHH 

HopM11pyeMbie se.nl14!1HbI 
,.Uo30Bhle npe,11.e.nb1, M3B 

JlHua !13 nepcoHa.na 1 

(rpynna A) 
JIHua !13 Hace.neHHH 

20 M3B B ro,11. B cpe,11.HeM 3a JIIO- l M3B B ro,11. B cpe,11.HeM 3a JIIO-

3cjlcjleKrnBHaH ,11.03a 6b1e noc.ne,11.osaTeJibHbie 5 JieT, 6b1e noc.ne,11.0BaTeJibHb1e 5 JieT, 

HO He 60.nee 50 M3B B ro,11. HO He 6oJiee 5 M3B B ro,11. 

3KB!1BaJieHTHaH ,ll.03a 3a ro,11.: 

B xpycrn.n1me 150 15 
B KO)Ke 2 500 50 
B Kl1CTHX l1 CTonax 500 50 

CT p 11 M e q a H l1 51. l )].03bl o6.nyqeH!151, KaK l1 Bee OCTaJibHbie ,11.onyeTHMbie np0113BO,ll.Hbie ypOBHl1 

nepeoHa.na rpynnbI B, He ,11.0JI)KHbI npeBbill!aTb 1/4 3Ha4eH11il ,11..nH nepcoHa.na rpynnbI A. )].a.nee B 

TeKcTe see HopManrnHbie 3Ha4eH1111 ,11.JIH KaTerop1111 «nepcoHa.na» np11so,11.HTCH TOJibKO ,11.JIH rpynnbI A. 
2 0THOC!1TCH K epe,11.HeMy 3Ha4eH1110 B noKpOBHOM c.noe TOJIJUHHoil 5 Mr/cM

2
. Ha .na,11.oHHX TOJI

IUHHa noKpOBHOro eJIOH - 40 Mr/cM2. 

npe6bIBaHH51 nepcottaJia, AOTIYCTHMb!e ypoBHH paBHhl 10 MKfp/q, a B )IU!Jlh!X TIOMe

meHHHX H B npe)l.eJiax TeppinopHH TIOCT051HH0f0 H3XO:>K)l.eHH51 JIHIJ, H3 HaceJieHHH 

0, 1 MKfp/q. 0TMeTHM, qTo npHBe)l.eHHb!e ypOBHH MOil.l,HOCTH )l.03hl He BKJ11oqa10T 

MOil.l,HOCTh )l.03h! OT ecTeCTBeHHOfO pa)l.HaIJ,HOHHOfO cpoHa. 

CornaCHo HOpManmy HP5 76/87 (rrp11MeHHBllleMycH ,11.0 BBe,lI.eHl1H B 1996 r. caH11Tap

HhIX rrpaBHJJ HPB-96, KOTOpb1e 6b!Jrn '-IaCTwrno rrepepa6oTaHhI 11 ,ll.OITOJIHeHbI B 1999 r. 
11 octJopMJieHbI B BH,ll.e HOpMaTl1BHoro ,ll.OKyMeHTa HP5-99) 6b1Jil1 ycrnHOBJieHbI Tp11 KaTe

rop1111 o6Jiy<JaeMhIX .n1111,: KaTerop11H A - rrepcoHaJI; KaTerop11H 5 - orpaH11LieHHaH LiacTb 

HaceJieH11H, KaTerop11H B - Hace.neH11e 06JiacT11 KpaH, pecrry6.n11K11, cTpaHbI. B cocrns JI11U 

KaTerop1111 A BXO,ll.11JI11 JIJO,ll.11, rrpoctJecc110HaJihHO pa60Ta10UJ.11e c 110H11311py10UJ.11M11 H3JiyLie

HHHMl1, K JIHU,aM KaTeropmr 5 OTHOCHJIHCb JIIO,ll.11, rrpm1rnBa!Olil,He 6Jil13 rrpe,ll.rrp11HTHH, Ha 

KOTOpb!X rrp0113BO,ll.11JiaCb pa6oTa c 110Hl1311PYIOUJ.11Ml1 113JIY4eH11HM11, OCTaJibHOe HaCeJieH11e 

BXOtJ,11JIO B COCTaB rpyrrrrhI B. 
PeKoMeH,ll.OBaHHbie HP5-76/87 ocHOBHbie ,11.030Bhie rrpe,ll.eJibI rrp11 06JiyLieH1111 scero 

TeJia COCTaBJIHJ111 ,ll.J!H rrpoctJecCHoHaJioB 50 M3B B ro,lI., a tl,JIH J!Hll, KaTerop1111 5 - 5 M3B 

B roti., T. e. cornacHo HopMaM pat1,11a11,110HHOH 6e3orracHocT11 1999 r., ,ll.030Bhie rrpe,ll.eJihI 

yMeHbilleHbl tl,J!H rrpo¢ecc110HaJIOB B 2,5 pa3a, a ,D.JI51 JI11U, He BXO,ll.Hlll.11X B 3TY KaTero

pH!O - B 5 pa3. 



f JI a Ba 25 

AililAPATYPA }];JUI }];03HMETPHqECKOf0 KOHTPOJUI 

H METO}l;hl 3AIIJ.HThl OT HOHH3HPYIOIII.Ef0 
H3JIYqEHHSI 

§ 25.1. }l;o3HMeTpuqecKaB annapaTypa 

25.1.1. KJiaccmtmKaIJ,HB .lJ.03HMeTpnqecKHX npu6opoe. CTpH6opbI, HC-

noJib3yeMbie B JJ.03HMeTpHH, noJJ.pa3)1.eJI51!0TC51 Ha )].Ba THna: co6CTBeHHO Jl.03HMeT

pbl, noKa3aHH51 KOTopbIX B onpeJJ.eJieHHhIX npeJJ.eJiax nponopuHoHaJibHhI JJ.03e HJIH 

MOlll,HOCTH JJ.03bI, H pa)].HOMeTpbI, KOTOpble Ha OCHOBe HX noKa3aHHH n03BOJl51!0T 

onpeJJ.eJIHTb TIJIOTHOCTb TIOTOKa 4aCTHU onpeJJ.eJieHHOrO copTa H paJJ.HOaKTHBHOCTb 

Belll,eCTB. 

K HaH6oJiee pacnpoCTpaHeHHb!M JJ.03HMeTpaM OTHOC51TC51 HOHH3aUHOHHbie Ka

Mepbl Henpepb!BHOro J].eHCTBH51, ra3opa3p51JJ.Hhle, CUHHTHJIJI51UHOHHbie H noJiynpo

BOJJ.HHKOBbie cqeT4HKH. K urnpoKo HcnoJih3YeMbIM paJJ.HOMeTpaM npHHaJJ.Jie)l<aT 

npH60pbl, B KOTOpb!X )1.aT4HKaMH 51BJl51!0TC51 C4eT411Kl1 feifrepa-MJOJIJiepa, CUHH

Tl1JI51U110HHbie 11 noJiynpoBOJJ,Hl1KOBbie cqeTql1K11. Jl.JI51 H3MepeHH51 BhICOK03Hepre

THqecKHX 4aCTHU B nocJieJJ,Hee BpeM51 npHMeH51!0TC51 qepeHKOBCKHe JJ,eTeKTOpbl 

H JJ.eTeKTOpb1, oCHOBaHHbie Ha acpcpeKTe nepexoJJ,Horo H3Jiy4eHH51. Pa3pa6oTaHhI 

JJ,03HMeTp114eCKHe yCTpoikTBaMl1 JJ.pyrnx THTIOB (Hanp11Mep, HCTIOJib3Y!Olll,11e cpoT0-

3MYJibCH11) [1, 11, 14]. 
OcHOBHhIMH ttanpaBJieHHHMH H3MepeHHH, BbinOJIHHeMbIX c nOMOlll,hJO cooTBeT

crnyIOlll,HX JJ,03HMeTpOB 11 paJJ,HOMeTpOB, 51BJ151!0TC51: 

- H3MepeH11e JJ.03 BHeurnero o6Jiy4eHH51 - HHAHBH,nyaJibHOfO H KOJIJieK

THBHoro; 

- H3MepeHHe noTOKOB a- 11 /J-qaCTHU c 3arp513HeHHb!X nosepxHOCTeif qeJIOBe-

qeCKoro TeJia H oKpym:aJOlll,HX qeJioBeKa npeJJ.MeTos; 

- H3MepeH11e paJJ.HOaKTHBHOCTH B03,nyxa; 

- H3MepeHHe paJJ,HOaKTl1BHOCTH BOJJ.bl H lIHlll,eBb!X npOJJ.YKTOB; 

- H3MepeHHe paJJ.HOaKTl1BHOCTH il04B 11 pacTHTeJibHOCTH. 

25.1.2. IloHBTne aJieKTpOHHoro paeHoeecusi:. Boa)J.yxoaKBHBaJieHTHbie 
eew:ecTBa. PaccMoTpHM HcnoJih3yeMoe B JJ.03HMeTpHH npetI,cTaBJieHHe 06 aJieK

TpoHHOM paBHOBeCl111, BBeJ].eHHOe fpeeM npHMeHHTeJihHO K H3MepeHH!O tI,03, co-

3,!l.aBaeMbIX /-H3Jiy4eHHeM. )1,onycT11M, 4TO B TBeptI,OM TeJie cymecTByeT TIOJIOCTb, 

3anoJIHeHHa51 ra3oM, np114eM ee pa3MepbI MaJihI no cpaBHeHHJO c npo6eroM B ra3e 

BTOpH4HbIX aJieKTpoHoB, C03JJ.aBaeMbIX B TeJie 1-JiyqaMH. CTpeJJ.nOJIOMHM tI,aJiee, 

qTQ pa3Mepbl rnepJJ,oro TeJia CTOJib HeBeJIHKH, 4TO HHTeHCHBHOCTb 1-Jiyqeif B ero 

npeJJ.eJiax, BKJIJ04a51 noJIOCTb, nocTOHHHa, a TOJilll,HHa 0Kpym:a10mero noJIOCTh 
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CJJOH rnep,LJ,oro sew.ecrna pastta HJJH 6oJJbllle MaKCHMaJJbHoro npo6era B HeM 

srnpwrnhIX 3JleKTpottos. CTpH onHcaHHhIX ycJJOBHHX o6ecne'msaeTCH 3JJeKTpOHHoe 

pasttosecHe, 3aKJJI04aIOmeecH B TOM, 4TO 3HeprnH ynaslllero nepswrnoro H3JJY-

4eHHH, IlOrJJOTHBlllaHCH B o6beMe IlOJlOCTH, pasHa 3HeprHH, ytteceHHOH 113 Hee 

BTOpH4HbIMH 3JleKTpoHaMH. 

B coorneTcrny10meti nepecppa311posKe BBe,LJ,ettttoe npet1.CTaBJJeH11e 06 3JJeK

TpoHHOM paBHOBeCHH MO)l<HO pacnpoCTpaHHTb Ha BTOpH4HOe KOpnycKyJJHpHoe 

l13Jiy4eHHe, C03,l1.8BaeMOe nOTOKaMH '-IaCTHU ,Ll,pyrttx THilOB {HanpHMep, 6bICTpbIMH 

HeHTpoHaMH). 

0,LJ,HOH H3 OCHOBHbIX 3aJI,a4 ,Ll,03HMeTpHH HBJlHeTCH H3Mepemi:e 3HeprnH, no

fJlOll.l,eHHOH TKaHHMH 4eJlOBel.JeCKoro TeJia. 3cpcpeKTHBHblH aTOMHbIH HOMep TeJia 

YeJioBeKa paseH ZY.eJI. TeJio = 7,42. Ott 6JIH30K K 3cpcpeKTHBHOMY aTOMHOMY HOMe

py B03JI.yxa: Z603JJ,. = 7,64. 3To no3BOJIHeT onpeJI,eJIHTb nornometttty10 :=rneprn10 

B TKaHHX H opraHax 4eJIOBe4eCKOfO TeJia Ha OCHOBe H3MepeHHH HOHH3aUHH, 

C03JI,asaeMOH JI,aHHb!M H3JIY'-1€HHeM B B03JI,yxe. I1Hor,Ll,a M€TO,l1.H4€CKH ueJiecoo6-

pa3HO cTeHKH pernCTpHpy10mero 3JieMeHTa JI.eTeKTopa (a B pHJI.e cJiyIJaes H caM 

3TOT npH6op) H3fOTaBJIHBaTh H3 TaK Ha3bJBaeMOfO B03JI.YX03KBHBaJieHTHoro HJIH 

TKaHe3KBHBaJieHTHoro BemecTBa, T. e. 113 Bemecrna 3cpcpeKTHBHbIH aTOMHblH HOMep 

KoToporo Z3 cpcp 6JIH30K K 3cpcpeKTHBHOMY aTOMHOMY HOMepy B03JI.yxa. Bo3JI.YX03K

BHBaJieHTHbIMH semecTBaMH HBJIHIOTCH 6aKeJIHT, nJieKCHrJiac, IlOJIHCTHpO.JI. 

25.1.3. HoHH3aU.HOHHbie ra30Bbie ,n:oauMeTpbI. K HOHH3aUHOHHbIM ra-

30BbIM ,Ll,03HMeTpaM npHHaJI,Jie:lKaT )l,03HMeTpb!, HCilOJib3YIOllLHe B Ka4ecrne JI,e

TeKTOpOB HOHH3aUHOHHbie KaMepbl H ra3opa3pH,Ll,Hbie Cl.J€T4HKH. 11oHH3aIJ,HOHHaH 

KaMepa HBJIHeTCH ocHOBHhIM JJ.0311MeTp11qecK11M np116opoM. PaccMoTpHM sonpoc 

0 ee npHMeHeHHH B ,Ll,03HMeTpHH IlO,Ll,p06Hee. 0603Hal.JHM 4YBCTBHTeJihHhlH o6beM 

KaMepb1 c nJIOCKHMH napaJIJieJibHhIMH 3JieKTpoJI,aMH 4epe3 T, nycTb N - 4HCJIO 

nap HOHOB, 06pa3y10mHxcH e:lKeceKyHJLHO B eJJ,HHHu,e o6beMa ra3a, 3anoJIHmomero 

KaMepy, n - l.JHCJlO nap HOHOB Ka:lK)l.OfO 3HaKa, y)Ke cymecTBYIOW.HX B TOM )Ke 

o6beMe, e - 3apHJJ. HOHa, I - HOHH3aUHOHHhIH TOK. 

Yl3MeHeHHe l.JHCJia HOHOB OnHChIBaeTCH JI.HcpcpepeHUHaJihHbIM ypaBHeHHeM 

d 2 I 
- ne = Ne - an e - -
dt r' 

r)l.e a - K03cpcpHUHeHT peKOMOHHaUHH; .ll,JIH B03JJ,yxa a= 10-7 -10- 10 CM3 /c. 
d 

CTpH ycTaHOBHBllleMCH pe:lKHMe dt ne = 0 11 I= re(N - an2 ). 

EcJIH 3JieKTpHIJecKoe noJie oTcyTCTsyeT, TO I = 0 H N = an2. C pocTOM HanpH

:lKeHHH Ha 3JJeKTPOJI.ax peKoM6HttaUHH yMeHhlllaeTcH, a CHJJa TOKa paCTeT, I > 0, 
n03TOMY (N - an2) > 0, OTKy)l.a N > an2, T. e. KOHIJ,eHTpauHH cyw.ecrny10m11x 

HOHOB y6bIBaeT 3a Cl.JeT HX OTBO)l.a Ha 3JieKTpO,Ll,bl. 11 KOr)l,a HOHH3aUHOHHbIH TOK 

6yJI.eT paseH TOKY HaChIW.eHHH, I = In. TO peKoM6HHaUHH OKa:lKeTCH paBHOH ttyJIIO. 

TorJI,a 

I= In= TeN, (25. 1) 
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T. e. TOK HaCbII11.emrn nponopu.HOHaJieH HOHH3Hpy10meMy ,ll,eikTBHIO HCTOqHHKa, 

xapaKTepH3yeMoro BeJIHqHHOH N; ,ll,JIH nocJie,ll,HeH cnpaBe,ll,JIHBO paseHCTBO 

N=P, 
w 

(25.2) 

r,ll,e p - 3HeprnH H3JiyqeHHH, nornomeHHaH B e,ll,HHHU.Y BpeMeHH B e,ll,HHHU.e 

06beMa ra3a, a w - 3HeprnH o6pa3oBaHHH O,ll,HOH napbl HOHOB (cM. n. 3.2.2). 
CTpH COOTBeTCTBYIOill.eH HOpMHpOBKe (cM. HH)l(e) BeJIHqHHa p npe,ll,CTaBJIHeT co6oH 

MOill.HOCTb nornomeHHOH ,ll,03bl. 

TaK KaK .ll.03a o6JiyqeHHH D =Pt, TO yMHO)l(HB o6e qacTH Bbipa)l(eHHH (25.1) 
Ha t H yqHTb!BaH (25.2), noJiyqaeM 

D Q =Te-. (25.3) 
w 

TaKHM o6pa30M, TOK HacbIIll.eHHH In npHMO nponopu.HoHaJieH MOill.HOCTH .ll.03bI, 

a 3apH.ll. Q - ,ll,03e. 

PaccMoTpHM B Kaqecrne npHMepa yCTpoH:crno TaK Ha3hrnaeMoti: 1-wpMaAb-

1-toii UOHU3aUiUOHHOU KaMepbl (Ha3brnaeMOH TaK)l(e HOHH3aU.HOHHOH KaMepoH co 

«CB060,ll,Hb!M B03.ll.YXOM»)' Il03BOJIHIOI11.eH H3MepHTb ,ll,03Y B peHTreHaX, C03,ll,aBae

MYIO "(- HJIH peHTreHOBCKHM H3JiyqeHHeM (p11c. 25.1). 3rn yCTpoH:crno orn11qaeTCH 

K H3MepHTeJibHOMY 

I 
2 

/\ 
r 6 3 

rrp11 opy 

\ r. ~ 
'" 

0111 
\ [! ~ 

1102 
- --------1--------------- ---
- --------------- -------- ---

l >R{JMaKc l >R{JMaKc 

- -

P11c. 25. l. CxeMa HopMaJ!bHOH HOHH331\HOHHoti KaMephI: I - HCTO'lHHK; 2 - A11a¢parMa; 3 -
KaMepa 

.ll.BYMH oco6eHHOCTHMH. Bo-nepBbIX, 113yqaeMoe H3JiyqeHHe nponycKaeTCH qepe3 

KOJIJIHMaTop, qTO HCKJIJOqaeT nona,ll,aHHe cpoTOHOB nyqKa Ha 3JleKTp0,ll,bl, H OHH 

B3aHMO,ll,eHCTBYIOT JIHlllb c B03.ll.YXOM, KOTOpbIM 3anoJIHeHa KaMepa B npe,ll,eJiax 

H3MepHTeJibHOro 06beMa 11 cpaBHHTeJibHO TOHKHMH OKHaMH Ha BXO,LI.e 11 BbIXO,ll,e 

KaMepb1. Bo-BTOpbIX, B KaMepe ycTaHOBJieHbI TaK Ha3brnaeMbie oxpaHHbie 3JieKTpo

.ll.bI (HJil1 oxpaHHbie KOJibU.a), pacnOJIO)l(eHHbie no o6e CTOpOHbl OT u.eHTpaJibHOro 

co611pa10mero 3JieKTpo,ll,a H no,ll,,ll,ep*1rnaeMbie no,ll, noTettu.HaJIOM, 6JIH3KHM K no

TeHU.HaJiy nocJie,ll,Hero. 3JieKTp11qecKoe noJie, co3,ll,attttoe oxpaHHhIMH 3JieKTPO.ll.a

MH, Il03BOJIHeT JIOKaJIH30BaTb rpaHHU.bl qysCTBHTeJibHOrO 06beMa KaMepbl TaK, qTo 

ero «CTeHKaMH» CJIY)l(HT CJIOH B03,ll,yxa. 
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J1..1rn o6ecne'-!emrn 3JieKTpOHHOrO paBHOBecmr Heo6XO.ll,HMO, '-IT06b! .11,JIHHbl 

oxpaHHbIX 3JieKtpo.11,os l 6bIJIH 6oJibIIIe .11,JIHHbI npo6era HaH6oJiee 3Heprn'-!HbIX 

BTOpH'-IHbIX 3JieKtpoHOB R/3MaKc• T. e. '-IT06bI BbinOJIHHJIOCb ycJIOBHe l > R{JMaKc· 

B raKoM cJiy'-lae mo6oH. yxo.11, KopnyCKyJIHpHoro H3Jiy'-leHHH, BKJIIO'-laH 3JieKTpOHbI, 

o6pa30BaHHOro B '-IYBCTBHTeJibHOM 06beMe, 3a ero npe.11,eJibl, KOMneHCHpyeTCH 

npHX0.11,0M H3Jiy'-leHHH TaKOH Me HHTeHCHBHOCTH, B03HHKaIOI.ll,ero B «B03.11,YIIIHb!X 

CTeHKaX» KaMepb!. 

Cornactto H3JIOMeHHOH BbIIIIe teop1111 KaMepa .11,oJIMHa pa6otaTb B peMHMe 

Hachrlll,eHHH. Tor.11,a, socnoJib30BaBIIIHCb onpe.11,eJieHHeM petttreHa, BbrpaMeHHe .11,JIH 

3apH.11,a, pernctp11pyeMoro KaMepoH., MOMeT 6bITb 3an11catto B cpopMe 

Q (
K ) D (peHTreH) · V (cM3) · 273p (MM. pT. cT.) 

YJIOH = 3 · 109 · T (K) · 760 
(25.4) 

lfa 3TOrO COOTHOIIIeHHH Hetpy.11,HO noJiy'-IHTb Bb!paMeHHe .11,JIH onpe.11,eJieHHH TOKa 

HaCbII.ll,eHHH B KaMepe, cooTBetcTByIOmero MOI.ll,HOCTH .ll,03bI P: 

I (A ) 
p (peHTreH)/4). v (cM3). 273p (MM. pT. CT.) 

Mnep = = 
3 · 109 · 3600 · T (K) · 760 

273p -13 
= 0,926PV T (K). 760 · 10 . (25.5) 

B cpopMyJiax (25.4) 11 (25.5) D - 3Kcno3HUHOHHaH .11,03a, V - '-IYBCTBHTeJibHbIH 

o6beM, T - a6coJIIOTHaH TeMnepatypa, p - .11,aBJieH11e B KaMepe. 

TaK KaK npo6ern BTOpH'-IHbIX 3JieKtpoHOB, o6pa3oBaHHbIX 1-KBaHTaMH c 3Hep

rHHMH nopH.11,Ka Mera3JieKTpOHBOJlbT H BbIIIIe, cpaBHHTeJibHO BeJIHKH, TO B HOp

MaJibHb!X KaMepax, npe.11,Ha3Ha'-!eHHb!X .11,JIH pernctpaUHH CTOJib MeCTKOro H3Jiyqe

HHH, npHX0.11,HTCH HCnOJib30BaTb )l,OCTaT01rno BblCOKHe .11,aBJieHHH (.11,0 10-30 aTM.) 

npH .11,JIHHe KaMepbI 2-3 M H .11,HaMetpe )],O 1,5 M. CtoJib rpoM03)],KHMH H .11,oBOJibHO 

yHHKaJibHbIMH yctpoiicTBaMH o6bIY:HO ocHamaIOTCH cneu11aJIH3HposaHHhre Metpo

JIOrn'-!eCKHe yy:pe1K)],eHHH. 0HH HCnOJib3YIOTCH )],JIH rpa,ll,yHpOBKH MaJiora6apHTHb!X 

)l,03HMeTpOB, Ha3bIBaeMbIX o6pa3UOBblMH, KOTOpble H paCCbIJiaIOTCH no 3aHHTepe

COBaHHb!M opraHH3aUHHM. To'-!HOCTb H3MepeHHH HopMaJibHOH KaMepbr .11,oct11raeT 

1 %, TOr.11,a KaK o6pa3UOBbIX pasHa npH6JIH3HTeJibHO 5 %. 0.11,HaKO 3Ta TO'-IHOCTb 

)],JIH npaKTH'-leCKHX ueJieH BnOJIHe .11,0CTaTO'-!Ha, nOCKOJibKY KOJIH'-!eCTBeHHbie H3Me

peHHH B pa.11,1106HOJIOrHH npoH3BO)l,5ITCH c eme MeHbIIIeH TO'-IHOCTb!O. 

f pa.11,yHpOBKa 1-)l,03HMeTpOB MO.lli:eT TaK.lli:e BbinOJIHHTbCH C nOMOI.ll,b!O o6pa3-

UOBb!X 1-H3JiyY:aTeJieH. 0.11,HHM H3 IIIHpOKO HCnOJib3yeMblX npenapaTOB HBJIHeTCH 

H3oton 6°Co, 11cnyCKa10m11H. 1-KBaHTbr c 3HeprneH. 1, 17 11 1,33 M3B; 137 Cs 

c 3HeprneH: 662 K.3B 11 4°K c 3HeprneH. 1,46 M3B. 

HapH.11,y c KpynHora6apHTHbIMH HOHH3aUHOHHbIMH KaMepaMH B .ll,03HMetpHH 

HCnOJib3YIOTCH yctpOHCTBa, B COCTaB KOTOpb!X BX0.11,HT MHHHaTIOpHb!e HOHH3aUH

OHHbie KaMepbr. TaK, IIIHpoKoe npHMeHeHHe HaillJIH npHMonoKa3bIBaIOI.ll,He )],03H

Metpbr cep1111 KJJ. (KapMaHHbre .11,03HMetpbr). 0HH cxo.11,HbI no cpopMe 11 ra6ap11taM 

c o6bIY:HblMH aBTOPY'-!KaMH H BO BpeMH pa60Tbl KJia.11,yTCH B KapMaH. JJ.0311-

MeTp paccMaTpHBaeMoro THna npe.11,CTaBJIHeT co6oH. KOM6HHaUHIO 3JieKTpOCKona 
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c HOHH3aUJ10HHOH KaMepoH H MHHHanopHblM M11KpOCKOIIOM. KaMepa 3apmKaeTC51 

c IIOMOlll,blO cneu,11aJibHOfO 3ap51.ll.OBOro np116opa; B 3apmKeHHOH KaMepe KBapu,eBa51 

Hl1Tb OTXO.ll.11T OT .I1.ep)KaTeJI5! 11 np11H11MaeT IIOJIO)KeH11e, COOTBeTCTBYIOlll.ee HYJIIO 

wKaJibI, nporpa.I1.y11poBaHHOH B e.I1.11H11u,ax .ll.03bl. Do.II. .I1.ei1crn11eM 1-113JiyT.IeH115! 

3ap51.ll. CTeKaeT c 1130JI51TOpa, 'ITO np11BO.ll.11T K nepe.I1.Bl1)KeH1110 Hl1Tl1. )J.0311MeTp 

3TOH cepH11 JJ.K-0,2 no3BOJIHeT onpe.I1.eJIHTb .ll.03bI .ll.O 50 R B .I1.11ana3oHe 3Heprni1 

/-KBaHTOB OT 0,2 .ll.0 2 M3B. norpewHOCTb np116opa He npeBbIWaeT ±10%. 

JJ.pyrne .ll.0311MeTpbI cep1111 JJ.K nporpa.I1.y11poBaHb1 Ha l1Hb1e .ll.11ana3oHbI .ll.03. 

l10HH3aU,110HHbie KaMepbl C03.ll.aIOT Ha Bb!XO.ll.e o6bi4HO OT.IeHb CJia6b1e TOKl1 

nopH.I1.Ka 10- 13-10- 14 A. 3TO 06ycJiaBJI11BaeT cymecrneHHbie TPY.ll.HOCTH .ll.JIH 

HX pernCTpau.1111. 06bI4HO .ll.JI51 Ha.ll.e)KHOCTH 113MepeHl151 np11MeH5IIOT ycHJil1TeJIH 

IIOCT051HHOro TOKa c 60Jibilll1Ml1 K03cpcp11u,11eHTaMl1 yc11JieH115!; 0.ll.HaKO B TaKl1X CJiy

qa51x B03Hl1KaeT npo6JieMa IIO.I1.aBJieH115! wyMOB, a COOTBeTCTBYIOlll.a51 annapaTypa 

noJiyqaeTC51 .ll.OCTaTOT.IHO rpoM03.ll.KOH. 

)J.JIH npeo.I1.oJieH11H TPY.ll.HOCTeii pernCTpau.1111 qacTo BMeCTo 110H113au,110HHbIX 

KaMep B .I1.0311MeTp1111 11cnoJib3YIOT nponopu.110HaJibHbie cT.IeTT.Il1Kl1. TaK KaK K0-

3cpcpHu,11eHT ra3oBoro yc11JieH115! .ll.JIH Hl1X M = N/No = 103-107, To 3HaT.IeHl151 

TOKOBbJX c11rnaJIOB Ha Bb!XO.ll.e 113Mep11TeJibHOrO yCTpOHCTBa noJiyT.IaIOTC51 B 103-107 

60JibWe, T.IeM .ll.Jl51 110Hl13aU,110HHOH KaMepbi. 3TO Il03BOJI51eT cymeCTBeHHO ynpo

lll,aTb pa.I1.110TexH11T.IecK11e yCTpoticrna 11 o6JierT.IaTb ycJIOBHH pernCTpau.1111 .ll.03. 

KaK MbI 3HaeM, 3HaT.IeH11e 11MnyJibca TOKa, C03.ll.aBaeMoro cT.IeTT.Il1KOM fetirepa

MroJIJiepa, He 3aB11c11T OT HaT.IaJibHoro q11cJia nap 110HoB B ero 4YBCTBl1TeJibHOM 

o6beMe; II03BOJI5151 COC411TaTb 411CJIO 110Hl1311py10m11x qacTl1U,, nona.I1.aIOlll,l1X B ero 

4YBCTBl1TeJibHbIH o6beM, CT.IeT411K He .I1.aeT 11HcpOpMaU,1111 06 110Hl13au,1111, C03.ll.aBa

eMOH 3Tl1Ml1 qacT11u,aM11. f103TOMY CT.IeTT.Il1Kl1 feiirepa-MIOJIJiepa 11CIIOJib3YIOTC51 

rnaBHbIM o6pa30M .ll.Jl51 pa.I1.l10MeTp1111, B TOM 411CJie .ll.Jl51 onpe.I1.eJieHHH 3anacoB 

pa.I1.11oaKT11BHbIX HYKJil1.ll.OB. OpaB.I1.a, Bb16opoM reoMeTp1111 reiirepoBcKoro cT.IeT-

411Ka, IIO.I1.60pOM MaTep11aJia 11 TOJilll,11Hbl ero CTeHKl1-KaTO.I1.a, MO)KHO .ll.0611TbC51 

Toro, 4T06bl IIOKa3aHl151 .I1.eTeKTOpa 6b!JIH 6bi np116Jil1311TeJibHO nponopu,110HaJibHbl 

IIOrJIOlll,eHHOH .ll.03e 1-113JiyT.IeHl15! B orpaH11T.IeHHOM 11HTepBaJie 3Heprnti. 

25.1.4. Cu.HHTHJIJUIU.HOHHbie .n.o3HMeTpb1. Cu,HHTHJIJIHU.HOHHhie C'leT'rnKH 

qacTo 11cnoJib3YIOTC51 B KaT.Iecrne .ll.0311MeTp11qecK11x np116opoB. Opou.e.I1.ypa onpe

.I1.eJieH11H .ll.03bl (MOlll,HOCTl1 .ll.03bl) o6b!4HO CBO.ll.11TC51 K 113MepeHl110 cpe.I1.Hero TOKa 

cpoTOyMHO)Kl1TeJI51. 

PaccMoTp11M O.ll.11H 113 B03MO)KHbIX MeTO.ll.OB .ll.0311MeTp1111 1-113JiyT.IeH115!. Cornac

HO cpopMyJie (6.10) TOK <P3Y I nponopu,110HaJieH nepB11'lHOMy 113JiyT.IeH1110 E, 
IIOrJIOlll,eHHOMY B cpoccpope. I3y.I1.eM npe.ll.IIOJiaraTb, 'ITO CU,HHTHJIJI51TOp 113fOTOBJieH 

113 B03.ll.YX03KBl1BaJieHTHOf0 MaTep11aJia (Hanp11Mep, 113 aHTpau,eHa 11JIH CTl1Jib6eHa) 

11 'ITO Kp11cTaJIJI .ll.OCTaTOT.IHO BeJil1K, II03TOMY /-KBaHTbl OCTaBJI5110T BCIO 3Heprnro 

B ero o6beMe. 
E 

BBe.ll.51 o6o3HaT.IeHHe S = K ·<PG nepen11weM cpopMyJiy (6.10) B B11.I1.e 

I= 1,6 · 10-19 M; E. (25.6) 
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BocnoJib3yeMCH B Kat.IeCTBe e,uyrnHIJ,bI ,ll.03bI peHTreHoM 11 BCIIOMHHM, LITO 1 peHTreH 

COOTBeTcrnyeT 88 3pr IIOrJIOllJ,eHHOH 3HeprnH Ha 1 r Bew.ecrna. Bblt.IHCJIHM MOllJ,

HOCTb ,ll.03bl, COOTBeTcrny10w.y10 O,ll.HOMY peHTreHy: 

I~ = 88 = 1,53 . 107 K3B. 
q 3600· 1,6· 10-9 r·c 

3)1.ech yLITeHo, LITO 1 K3B = 1,6 · 10-9 3pr. 

0603Hat.IaH Macey CIJ,HHTHJIJIHTOpa qepe3 g' CBH3b Me:>KJl.Y IIOrJIOllJ,eHHOH B HeM 

3Heprnei1 E 11 MOW.HOCThIO Jl.03bI P MO:>KHO npe,ll.CTaBHTb B BH,ll.e 

E = 1,53. 107 Pg K'.3B. (25.7) 
c 

CTo,ll.CTaBJIHH (25.7) B (25.6), IIOJIYLIHM 

I= 2,44 · 10-12 M;g. (25.8) 

Cornarno <tJopMyJie (25.8), 3HaH Macey CIJ,HHTHJIJIHTopa, Ko3<tJ<tJ11IJ,11eHTb1 M 11 S 
H H3MepHH cpe,ll.HHH TOK <l>3Y, MO:>KHO onpe,ll.eJIHTb MOllJ,HOCTb ,ll.03bl. CTp11 HCIIOJib-

30BaHHH BOXJl.YX03KBHBaJieHTHb!X <tJoc<tJopoB Bb!pa:>KeHHe (25.8) cnpaBe,ll.JIHBO ,ll.JIH 

')'-JiyLieH JI1060H 3Heprn11. Ero MO:>KHO npHMeHHTb 11 Jl.JIH Jl.pyrnx CIJ,HHTHJIJIHTOpoB, 

eCJIH TOJibKO 3HeprnH ')'-KBaHTOB IIpHXO,ll.HTCH Ha 06JiaCTb KOMIITOHOBCKOro pacce

HHHH (1-2 M3B). 

)lpyroH MeTO,ll. HCIIOJlb30BaHHH CIJ,HHTHJIJIHIJ,HOHHOfO ,ll.eTeKTopa B KaLieCTBe 

,ll.03HMeTpa OCHOBaH Ha ero IIpe,ll.BapHTeJibHOH KaJI116poBKe c IIOMOllJ,b!O HOHH3aIJ,H

OHHOH KaMepbI c B03Jl.YX03KBHBaJieHTHbIMH cTeHKaMH. 

CIJ,HHTHJIJIHIJ,HOHHbie cLieTLIHKH urnpoKo HCIIOJib3YIOTCH 11 Jl.JIH Jl.03HMeTp1111 

HeHTpOHOB H 3apH:>KeHHb!X LiaCTHIJ,. 

Ha1160Jiee npocTo onpe,ll.eJIHeTcH Jl.03a OT TeIIJIOBbIX HeHTpOHOB. B 3TOM cJiyqae 

MoryT 6b!Tb HCIIOJib30BaHbl H,ll.epHbie peaKIJ,HH (n, a) Ha 10B HJIH 6Li (3TH peaKIJ,HH 

IIO,ll.p06Ho paCCMOTpeHbl B II. 6.7.2, CM. 3aIIHCH (6.11) H (6.13). CTp11MeHHIOTCH ,ll.HC

nepCHb!e ,ll.eTeKTOpbI 113 cMern ZnS(Ag) c Bew.ecrnoM, co,ll.ep:>Kaw.eM 6op (6opHaH 

KHCJIOTa, 6ypa) HJIH JIHTHH (LiF). l13MepeHHH Bb!CTOJIHHIOT ,ll.Ba:>K,ll.bl - c 3KpaHOM 

H3 Ka)l.MHH, IIOrJIOllJ,aIOllJ,HM TeIIJIOBbie HeHTpOHbl, H 6e3 3KpaHa; pa3HOCTb COOT

BeTcrnyeT IIOTOKY TenJIOBb!X HeHTpOHOB. l1cnOJib3YH rpa,ll.yHpOBOl.!HblH rpa<tJHK, 

onpe,ll.eJIHIOT ,ll.030Bble xapaKTepHCTHKH TeIIJIOBb!X HeHTpOHOB. 

HecKOJibKO CJIO:>KHee o6cTOHT ,ll.eJio c onpe,ll.eJieHHeM Jl.03bI OT 6hICTpb1x HeH

TpoHOB. HanoMHHM, LITO HM o6bILIHO conyTcrnyeT <tJoH ')'-H3Jiyt.IeHHH. )lJIH onpe

,ll.eJiemrn ,ll.03bl OT 6bICTpb!X HeHTpOHOB MoryT 6b!Tb HCIIOJib30BaHbl CIJ,HHTHJIJIHIJ,HH, 

C03,ll.aBaeMb!e IIpOTOHaMH OT,ll.at.IH B <tJoccflope, CO,ll.ep:>KallJ,eM BO,ll.OpO,ll.. 0,ll.HaKO op

raHHt.IeCKHe (a 3Hat.IHT BO,ll.OpO,ll.OCO,ll.ep:>KallJ,He) KpHCTaJIJibl, HaIIpHMep, aHTpaIJ,eH, 

He IIO,ll.XO,ll.HT ,ll.JIH 3TOH IJ,eJIH. )leJIO B TOM, t.ITO ,ll.JIH TaKHX KpHCTaJIJIOB KOHBepcH

OHHaH 3<tJcfleKTHBHOCTb k CHJlbHO 3aBHCHT OT HOHH3Hpy10w.eH CIIOC06HOCTH t.IaCTHIJ, 

(k o6paTHO nponopIJ,HOHaJihHO yJl.eJihHbIM HOHH3aIJ,HOHHbIM noTepHM ( dW / dx )Hott). 
B CIJ,HHTHJIJIHTope ')'-KBaHTbI 06pa3y10T, ot.IeBHJl.HO, 3JieKTpOHhI, a 6b1cTpb1e HeHTpo

HbI - npoTOHbI. 0)1.HaKo B HHTepBaJie 3HeprnH HeHTpOHOB 1-12 M3B 3Hat.IeHHH k 
,ll.JIH 3JieKTpOHOB 3Hat.IHTeJibHO 60Jibllie, qeM ,ll.JIH npoTOHOB. 3TO 03Hat.IaeT, t.ITO IIpH 
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HCIIOJib30BaHHH opraHW-IeCKoro KpHCTaJIJia HMIIYJibCbl OT 1-KBaHTOB cpoHa 6yJJ.yT 

npeBbIIllaTb HMIIYJibCbI OT npoTOHOB OTJJ,alrn. 

Mo.Hrno o6oi1TH 3TY TPYAHOCTb, HCIIOJib30BaB HeopraHHYeCKHH KpHcTaJIJI, JJ.JIH 

KOToporo k npaKTHYeCKH He 3aBHCHT OT yJJ.eJibHbIX HOHH3aU.HOHHbIX noTepb. OJJ,Ha

KO HeopraHHl-JeCKHe KpHCTaJIJibl He COJJ,ep1KaT BOJJ,opoJJ,a. I1o3TOMY HanpawHBaeTCH 

TaKoe KOM6HHHpoBaHHOe peweHHe: CJieJJ,yeT HCIIOJib30BaTb JJ,OCTaTOl-JHO TOHKHH 

HeopraHHYeCKHH Cll.HHTHJIJIHTOp, OKpy1KeHHb!H BOJJ.OPOJJ.OCOJJ,ep1KaW.HMH Bew.ecTBa

MH. I1poTOHbl OTJJ,al-JH, KaK qacTHU.bl KOpOTKOIIpo6e1KHbie, HO xapaKTepH3yeMbie 

6oJihWHM 3HaYeHHeM ( dW / dx )HoH, o6ecneYHBaIOT B HeopraHHYeCKOM KpHCTaJIJie 

OTHOCHTeJibHO CHJibHYIO HOHH3all,HIO, a HOHH3HpyIOw.ee B03JJ,eHCTBHe 1-KBaHTOB, 

KaK AJIHHHonpo6e1KHbIX YaCTHU. c MaJibIM 3HaYeHHeM ( dW / dx )HoH• oKa1KeTCH OTHO

CHTeJibHO He3Hal-JHTeJibHblM. I103TOMY CHrHaJibl, C03JJ,aBaeMbie 1-KBaHTaMH, MO)KHO 

3cpcpeKTHBHO OTCeKaTb )l,HCKpHMHHaTopoM. 

l13rOTaBJIHBaIOTCH TaKHe KOM6HHHpOBaHHbie JJ,eTeKTOpbl H3 MaJibIX KpHCTaJI

JIHKOB cepHHCTOro ll.HHKa, aKTHBHpOBaHHOro cepe6poM, HJIH CJIOH Cll.HHTHJIJIHTopa 

ZnS(Ag) HaHOCHTCH Ha nJieHKY H3 BO)l,OpOJJ,OCOJJ,ep1Kaw.ero Bew.ecTBa (HaIIpHMep, 

IIOJIH3THJieHa; COJJ,ep1KaHHe BOJJ.OpOJJ,a Bero COCTaBe paBHO 13%). 3cpcpeKTHBHOCTb 

OIIHCbIBaeMbIX JJ,eTeKTOpOB COCTaBJIHeT )l,OJIH H e)l,HHHll.bl npou.eHTa, T. e. HeBeJIHKa . 

.IlJIH JJ,03HMeTpHYeCKHX H3MepeHHH Heo6XO)l,HMO 3H3Tb 3HepreTHYeCKHH CIIeKTP 

IIaJJ,aIOW.HX HeHTpOHOB H HCIIOJib30B3Tb Jl,JIH rpaJJ,yHpOBKH JJ,eTeKTOpOB IIOTOKH 

HeHTpOHOB, 3HeprnH KOTOpb!X npHXOJJ,HTCH Ha JJ,HaIIa30H HX CIIeKTpa. 

KpHcTaJIJibI ZnS(Ag) MoryT 6hITb TaK1Ke HCIIOJib30BaHhI JJ,JIH pernCTpau.wH H 

JJ,03HMeTpHH TH)KeJibIX 3apH1KeHHbIX qaCTHU. (npoTOHOB, a-YaCTHU. H JJ.p.). 

B 3aKJIIOYeHHe 3Toro pa3JJ,eJia ocTaHOBHMCH Ha npHMeHeHHH B Jl,03HMeTpHH 

TaK H33bIBaeMbIX BCIIbIIlleYHbIX CU.HHTHJIJIHTOpOB. I1ocJieJJ,HHe HCIIOJib3YIOTCH JJ,JIH 

HHJJ,HBHJJ,yaJibHOfO KOHTPOJIH, a COOTBeTCTBYIOill.HH MeTOJJ, Ha3bIBaeTCH «HHJJ,HBHJJ,y

aJibHbIM JIIOMHHHCU.eHTHhIM KOHTpoJieM» - I1JIK. B BCIIbIWeYHOM cpoccpope 3JieK

TpOHhI IIOJJ, JJ,eHCTBHeM HOHH3HPYIOW.ero H3JiyYeHHH nepeXOJJ,HT Ha MeTaCTa6HJibHbie 

ypoBHH H IIpH coo6w.eHHH HM JJ,OIIOJIHHTeJibHOH 3HeprnH (HaIIpHMep, B pe3yJibTaTe 

o6JiyYeHHH HHcppaKpaCHblM H3JiyYeHHeM) B03Bpaw.aIOTCH Ha HOpMaJibHbIH ypoBeHb 

c BbIJJ,eJieHHeM CBeTOBbIX cpOTOHOB. I1oJJ,XO)l,HW.HM CU.HHTHJIJIHTOpOM HBJIHeTCH, Ha

IIpHMep Sr(Eu), JJ,aIOW.HH HPKYIO BCIIbIWKy, nponopu.woHaJihHYIO JJ.03e B JJ,Hana3oHe 

OT 0,05 JJ.O 1000 peHTreH. <l>occpop IIOMew.aeTCH B KacceTy H o6JiyYaeTCH B IIOJie 

1-H3Jiyqemrn. 06JiyYeHHblH KpHCTaJIJI ycTaHaBJIHBaeTCH nepeJJ. cpOT03JieKTpOHHbIM 

YMHO:tKHTeJieM H OCBew.aeTCH HmppaKpaCHblMH JiyYaMH. I1pH 3TOM 3JieKTp0Hbl 

COBepwaIOT o6paTHb!H nepeXO)l, c BbIJJ,eJieHHeM CBeTOBbIX KBaHTOB. 

25.1.5. IloJiynpoBO,!l;HHKOBbie ,!1;03HMeTpb1. I1oJiyIIpOBOJJ,HHKOBbIH JJ,eTeK-

TOp, OIIHCaHHbIH B § 6.4, IIpHrOJJ,eH H JJ,JIH JJ,03HMeTpHYeCKHX H3MepeHHH. I10CKOJib

KY OH pa6oTaeT IIOJJ,06HO HOHH3all,HOHHOH KaMepe, TO OCHOBHbie Jl,03HMeTpHYe

CKHe npeJJ.CTaBJieHHH, pa3BHTbie Bblllle IIpHMeHHTeJibHO K HOHH3all,HOHHOH KaMepe, 

cnpaBeJJ,JIHBbl H B OTHOilleHHH IIOJiyIIpOBOJJ,HHKOBOro JJ,eTeKTOpa c TOH pa3HHU.eH, 

l-JTO B )l,3HHOM CJiyqae pa6oqeJ1 cpeJJ,OH HBJIHeTCH TBepJJ,oe TeJIO, a HOCHTeJIHMH 

3apHJJ.OB - 3JieKTpOHbI H JJ.bipKH. BoJihlllHM JJ.OCTOHHCTBOM JJ.03HMeTpa HBJIHIOTCH 

ero MaJibIH Bee H MaJible pa3Mepbr. 
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25.1.6. HcnoJib30Bauue <t>oT03MYJihCHH B ,!J.03HMeTpuu. <PoT03MYJihCHH, 

HCilOJih3yeMaH ,ll.JIH HH,ll.H8H,ll.yaJihHOfO onpe.n.eJieHHH ,ll.03bl, COCTOHT H3 MeJIKHX 

3epeH 6poMHCTOf0 cepe6pa (0,05-0,4 MKM), pacnpe.n.eJieHHb!X 8 )KeJiaTHHe c IlJIOT

HOCTblO, 6oJihllleii TIJIOTHOCTH 3epeH 8 o6bI'lHhIX cpoT03MYJihCHHX. CTeneHb noqep

HeHHH cpoTOTIJieHKH, npOH8JieHHOH IlOCJie ee o6Jiyqemrn, TeM 8b!llle, 'leM 8b!llle 

noJiy'leHHaH .n.o3a. 

J.faroTa8JIH8alOT cpoT03MYJibCHH pa3JIH'-lHOH cpoTO'lY8CTBHTeJihHOCTH H pa3JIH'l

HOH TOJllll.HHbl, 'ITO Il03BOJIHeT perHCTpHp08aTh Te HJIH HHbie BH/l,bI HOHH3HpyIOlll.e

ro H3Jiyqemrn. HanpHMep, pa3pa60TaHhI cpoTonJieHKH, npHrO.D.Hhie .D.JIH H3Mepemrn 

3JieKTpoMarHHTHhIX H3Jiy'leHHH c 3Heprneii K8aHT08 OT 30 K3B /LO 5 M3B. 

§ 25.2. 3am.HTa OT HOHH3Hpyrom.ero H3JiyqeHHH 

25.2.1. PeKoMeH,!J.a:u;uu o6m.ero xapaKTepa. IlpoCTeuwue cnoco6h1 
3aW.HTbI. B cooTBeTCT8HH c peKoMeH.n.aU.HHMH 60 MKP3 rna8HOH u.eJibIO pa

.D.HaU.HOHHOH 3alll.HTbl HBJIHeTCH CHH)KeHHe 8pe,ll.Hb!X TIOCJie,ll.CT8HH COMaTH'leCKHX, 

CTOXaCTH'leCKHX H reHeTH'leCKHX 3cpcpeKT08 ,ll.O HeKOTOporo ypo8HH, KOTOpb!H 

MO)KHO C'lHTaTh npHeMJieMhIM. EMy OT8e'laIOT npe.n.eJihI .ll.03, paccMoTpeHHhie 

B § 24.4. CymecrnyeT MHOro npHeMOB, no380JIHIOlll.HX CHH3HTh spe.n. OT o6Jiy'leHHH 

.n.o .n.onycTHMOro ypo8HH. B 3TOM pa3.n.eJie MhI paccMoTpHM ocH08Hb1e npHeMhI 

H npHcnoco6JieHHH, Il0380JIHIOW.He 3aW.HTHThCH OT HOHH3Hpyiomero H3Jiy'leHHH 

[5, 10, 13, 14]. 
HaH6oJiee npocThie cnoco6h1 yMeHbllleHHH spe.n.a OT 803,ll.ettcTBHH pa.n.HaU.HH 

COCTOHT Jrn6o 8 yMeHbllleHHH speMeHH o6Jiy'lemrn, JIH60 8 yMeHbllleHHH MOW.HO

CTH HCTO'lHHKa, Jrn6o )Ke 8 y.n.aJieHHH OT Hero Ha paCCTOHHHe R, 06ecneq1rna10mee 

6e3onaCHb!H ypo8eHb o6Jiy'leHHH (.n.o npe.n.eJia HJIH HH)Ke 3cpcpeKTH8HOH ,ll.03bl). 

11HTeHCH8HOCTb H3Jiy'leHHH B 803.ll.yXe npH y.n.aJieHHH OT HCTO'lHHKa ,ll.a)Ke 6e3 

yqera nornomeHHH yMeHblllaeTcH no 3aKoHy I/ R2. B qacTHocrn, He cJie.n.yeT 

pa.n.HoaKTH8Hb!e npenapaTbl 6paTh pyKaMH, a npH MaHHTIYJIHll,HHX c HHMH HCilOJib-

30BaTh cneu.HaJihHhie npHcnoco6JieHHH, ttanpttMep, 3a)KHMbI Ha /LJIHHHOH py'-IKe. 

EcJIH )Ke nepe'IHCJieHHhie nptteMhI no KaKHM-Jrn6o nptt'IHHaM tteocymecT8HMhI 

HJIH He,ll.OCTaTO'lHhl, TO CJie.n.yeT npHMeHHTb MaTepHaJibl 3cpcpeKTH8HO OCJia6JIHIO

W.He H3Jiy'leHHe. 

Oco6oii npocTOTOH OTJIH'laeTCH 3alll,HTa OT a- H ,6-qacTHU., TaK KaK 11x npo6ern 

8 semecrne OTHOCHTeJihHO HeBeJIHKH (cM. nn. 3.2.3 H 3.3.4). TaK, noJittoe no

rnomeHHe a-qacTHU., HcnycKaeMhIX a-aKTH8HhIMH npenapaTaMH, o6ecne'lH8aeTCH 

CJIOeM 803.ll.yXa 8 8-9 CM HJIH JIHCTOM 6yMarH. CTpo6er ,6-'laCTHU. 8 803.ll.yXe 

3Ha'lHTeJihHO 6oJihllle, HanpHMep, npH 3HeprnH ,6-qacTHU. 6oJiee 3 M3B OH npe

BhilllaeT 3 M. TeM He Mettee, nperrapaThr, HcrrycKaiorn.He ,6-qacTHU.hI, /LOCTaTO'lHO 

3KpattHposaTh He CJIHllIKOM MaCCH8HOH 3alll,HTOH. HanpHMep, OT rroTOKa ,6-qacTHU. 

c 3HeprnHMH .n.o 4 M3B Ha,ll.e)KHO 3amHmaeT CJIOH rrJiaCTMacchr TOJilll,HHOH 0,25 CM. 

25.2.2. 3am.uTa OT /-H3JIY'leHHH. ,ll.JIH 1-K8aHT08 H HeHTpOH08, rrpo

HHKaJOlll,aH cnoco6HOCTb KOTOpb!X 3Ha'lHTeJibHO Bb!llle (CM. nn. 3.4.6 H 3.6.3), 
Heo6XO,ll.HMa 6oJiee MaCCHBHaH 3alll,HTa. 
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0cJia6Jiemre nyl.JKa 1-KBaHTOB, npoxo,11,H111,11x 3all.J,HTy, He pacceHBaHCh B Heii 

(TaKOH IIYl.JOK H33bIBaeTCH «Y3KHM» ), OIIHChIBaeTCH H3BeCTHbIM HaM 3KCIIOHeHUH

aJibHbIM 33KOHOM (3.22): 
(25.9) 

r.ne N0 H N - HHTeHCHBHOCTh H3Jiyl.JeHHH 6e3 33ll.J,HThI H 3a 3all.J,HTOH TOJill.J,HHOH 

d, µ - JIHHeHHbIH K03cpcpHUHeHT OCJia6JieHHH, 33BHCHll.J,HH OT 3HeprnH l.J3CTHU 

H npHMeHHeMoro .lI,JIH 33ll.J,HThI MaTepHaJia. Y.no6Ho npeJI.CTaBHTh 3TY cpopMyJiy B 

HeCKOJibKO HHOM BH,ll.e: 

(25.10) 

r,11,e >. - TOJill.J,HHa MaTepHaJia, ocJia6Jimomero nyl.JoK B e pa3; >. Ha3hIBaIOT 

,11,JIHHOH peJiaKcau1111. 3Hal.JeHHe >. ,11,JIH 1-KBaHTOB c 3Heprneif 1 M3B B pa3JIHl.JHhIX 

MaTepHaJiax np11se,11,eHbI B Ta6JI. 25.1. 

Ta6Jrnua 25.l 
nm1Hhl peJiaKcauirn >. Jl,J151 ')'-KBaHTOB c 3Heprneti l M3B B pa3JIHqHhIX MaTepHaJiaX 

MarepttaJI BoJJ,a AmoMHHHH )KeJie3o CBHHel\ 

nJIHHa peJiaKCaUHH, CM 14,2 6,06 2,14 1,30 

EcJIH nyqoK qacTHl.JHO pacceHBaeTCH B MaTepHaJie 3amHThI (Ta Ko if nyl.JoK 

H33bIBaeTCH «111HpOKHM» ), TO 33 33ll.J,HTOH pernCTpHpyeTCH KaK HepacceHHHOe, TaK 

H pacceHHHOe H3Jiyl.JeHHe. B cpopMyJiy (25.9) B TaKOM CJiyqae CJie,ll.yeT BBeCTH 

coMHo.xrnTeJib B, Ha3bIBaeMhIH cpaKropoM HaKonJieHHH. Ero MO)irno onpeJI.eJIHTb 

CJie.ll,y!Oll.J,HM o6pa30M: 

B = 3<fl<fleKT OT 113Jiyc.iemrn B umpOKOM nyc.iKe • 

3<fl<fleKT OT 113JIY'-!emrn B Y3KOM ny'-!Ke 

¢aKTOp HaKOIIJieHHH 33BHCHT OT pa3JIHl.JHb!X napaMeTpOB, B TOM l.JHCJie OT reo

MeTpI.m H pa3MepoB 33ll.J,HTbl, 3HeprnH H3Jiyl.JeHHH, IIJIOTHOCTH IIOTOKa, MOll.J,HOCTH 

3KCII03HUHOHHOH ,ll,03bI 11 ,11,p. B 3aBHCHMOCTH OT xapaKTepa onpe,11,eJIHeMoro 3cp

cpeKTa pa3JIHl.JaIOT pa3JIHl.JHbie THIIhI 3TOH BeJIHl.JHHbl. HanpHMep, .lI,030BhIH cpaKTOp 

HaKOIIJieHHH paBeH OTHOilleHHIO 3KCII03HUHOHHOH ,ll,03bl, C03,ll,3HHOH nepBHl.JHblMH 

H pacceHHHbIMH /-KB3HT3MH B TOl.JKe .ll,eTeKTHpOB3HHH, K 3KCII03HUHOHHOH .lI,03e, 

co3,11,aHHOH B TOH Me TOl.JKe JIHillh nepBHl.JHbIMH HepacceHHHhIMH f-KBaHTaMH. 

ITpe,11,noJiaraercH, l.JTO H3MeHeHHe ,11,oabI B TOM H ,11,pyroM cJiyqae ocymecTBJIHeTcH 

B so3,11,y111HOH cpe,11,e. B Ta6JI. 25.2 npHBe,11,eHbI ,11,03osb1e cpaKTOpbI HaKonJieHHH ,11,JIH 

IIJIOCKoro MOHOHanpaBJieHHOro HCTOl.JHHKa H 33ll.J,HTbl KOHel.JHOH TOJill.l,HHbl ,11,JIH 

B0,11,bl H CBHHUa. 

KaK BH,11,HO, .ll,030BhIH cpaKTOp HaKOIIJieHHH scer.ll,a 6oJib1lle eJI.HHHUbI H B03pac

Taer c pocTOM IIOKa3aTeJIH 3KCIIOHeHTbI; oco6eHHO OH BeJIHK )J,JIH BOAbl npH µd, 
paBHOM HJIH 60Jib11JeM 10. ¢aKTOpbl HaKOIIJieHHH MoryT .ll,OCTHf3Tb B pH.lI,e cJiyqaeB 

H 6oJib11JHX 3Hal.JeHHH, paBHblX HeCKOJibKHM COTHHM. 

06paTHMCH K 33BHCHMOCTH Maccosoro K03cp¢m1.11eHTa OT 3HeprnH /-KB3HTOB, 

noKa3aHHOH Ha p11c. 3. 7 .lI,JIH pa3JIH'-!Hhrx 3JieMeHTOB. HeTpy.n.Ho BH.D.eTb, l.JTO seme-
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Ta 6 JI Hu a 25.2 
,Uo30Bble cjiaKTOpbl HaKOCTJieHH51 AJIH nJIOCKOfO HCTOlJHHKa H 3aW.HTbl KOHelJHOH TOJIUJ.HHbl 

MaTepHaJI 
.3ttepnrn µd 

')'-KBaHTOB, M3B l 2 4 10 15 

Boti,a 
1,0 1,84 2,81 5,33 15,l 25,9 
4,0 1,53 2,01 2,96 5,86 8,08 

1,0 1,36 1,66 2,15 3,37 4,13 
CBHHeU 4,0 1,27 1,55 2,17 4,64 7,64 

10,0 1,10 1,24 1,54 3,52 7,68 

CTBa c 6oJibllIHM z ( CBHHeu, )KeJie30 H .np.) OCJia6J15IIOT IIOTOK TKBaHTOB 6oJiee 

HHTeHCHBHO, qeM aew.ecTBa c MaJibIMH Z. 

25.2.3. 3am:HTa OT HeHTpOHOB. <PopMyJibl (25.9) H (25.10) B COOTBeTCTBy

IOW.ett rrepecppa3HpoBKe crrpaae.nJIHBbI H JJ.JIH ttefnpottoB. B 3TOM cJiyqae B cpop

MyJie (25.10) 3aMeHHIOT ,\ Ha ,ll.JIHHY peJiaKCaUHH .\', yqHTbIBaIOW.YIO pacceHHHe 

HettTpOHOB B MaTepHaJie 3aW.HTbl. 3ttaqeHHe .\' .!I,JIH HettTpOHOB ,ll.eJieHHH c 3Heprnett 

6oJibUie 3 M3B rrpHBe,ll.eHbI B Ta6JI. 25.3. 

Ta6JIHUa 25.3 
,UJIHHa peJiaKcaum-1 HeiiTpoHOB ti,eJieHHH c 3Heprneii 6oJihllle 3 M3B B pa3JIHlJHhIX MaTepHaJiax 

TOJIUJ.HHOH 30-60 CM 

MaTepHaJI H20 c B4C TioJIH3THJ!eH EeTOH Fe Ni Pb 

TIJIOTHOCTh, r/cM
3 l 1,67 1,67 0,92 2,4 7,86 8,9 11,3 

>.',CM 9,3 13,0 10,0 8,3 11,0 6,5 6,6 9,4 

IlpouecCbl OCJia6JieHH5l IIOTOKOB HettTpOHOB ,ll.OCTaT04HO no.npo6Ho paCCMOTpe

Hbl B n. 3.6.3. HanoMHHM, 4TO JJ.JJH 3aMe.n,JieHHH H rrornorn.eHHH HettTpOHOB HC

IIOJib3YIOTCH BO,ll.OpO,ll.OCO,ll.ep)Karn.He aew.ecrna (Bo.na, rrapacpHH, rn.npHTbl MeTaJIJJOB 

H T. Jl..). 
l.JacTO BCTpe4aIOTC5l CJJy4aH CMeUiaHHOro H3JJy4eHH5l, COCTOHW.ero H3 HettTpO

HOB H ')'-KBaHTOB. B np11pone He BCTpe4aIOTC5l 3JleMeHTbl, KOTOpble ,ll.OCTaToqHO 

3cpcpeKTHBHO OCJia6JIHIOT TaKHe CMelllaHbie IIOTOKH. 3arn.HTa OT HHX COCTOHT 113 

CMeCH Bew.ecTB c MaJiblMH H 60J!bll!HMH aTOMHblMH HOMepaMH. IlpHMepoM MO)KeT 

CJIY)KHTb )KeJie30BO,ll.Ha5l 3aW.HTa HJIH «TH)KeJibIH 6eTOH» ( CMeCb 6eTOHa co CBHH

UOBOH .npo6bIO). 

25.2.4. 0nTHMH3aI.1.HSI )J.BYCJIOHHOH 3aW:HTbl OT H30TOilHbIX HCTOqHHKOB 

ueifTpouos. PaccMoTpHM aorrpoc o B03MO)KHOCTH CHH)Kemrn aeca 3aW.HTbI OT 

H30TOI1HbIX HCTOlfHHKOB 6bICTpbIX HettTpOHOB c HH3KHM BbIXO,ll.OM conyTcrny10w.ero 

TH3JiytreHH5l (Hanp11Mep, Ha OCHOBe 210Po H 239 Pu). 
3TOT BOrrpoc aKTyaJieH ,ll.JIH TpattcnopTHpOBKH H xpatteHHH B CTaUHOHapH~X 

ycJJOBHHX TaKHX BeCbMa norryJIHpHbIX HCT04HHKOB. 

B. C. Aa3HHOBbIM H np. [3] 6brJIH rrpoBe.!I,eHbI reoperHqecKHe H 3KcrrepHMeH

TaJihHbre HCCJie,ll.oBaHHH, ueJib KOTOpbIX COCTOHJia B MHHHMH3aUHH Beca H ra-

6apHTOB 3aW.HTbl OT HetttpOHOB H corryTCTBYIOlll.efO ')'-H3JJyqeHH5l, HcnycKaeMbIX 
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KancIOJrnposaHHbIM Po-Be-HCTOL!HHKOM 3a.uaHHOH MOUJ,HOCTH. 3Ta npoue.uypa 

s .uaJibHelirueM 6y.ueT Ha3bIBaTbC5I OIITHMH3aUHeH 3aUJ,HThl OT HCTOL!HHKOS 6bICTpb!X 

HeHTpOHOS. 

,llJIH 3KCIIepHMeHTOS HCIIOJih30SaJiaCb .usycJIOHHaH ycTaHOSKa ccpepHL!eCKHH 

cpopMhI; s ee ueHTpe pacnoJiaraJicH ruapoo6pa3HhIH )KeJie3HhIH cep.uel!HHK pa.utt

ycoM r, OKPY*eHHbIH cJioeM napacpttHa; nOJIHbIH pa.uttyc 3aUJ,HTbI o6o3Ha4HM R. 
B OIIhITax sapbHpOBaJIHCh pa3Mepbl ueHTpaJibHOro MeTaJIJIHL!eCKOro TeJia H OKpy

)KaJOUJ,ero ero ccpeptt4ecKoro CJIOH napacpttHa. I1cT04HHK pacnoJiaraJICH B OTBep

CTHH B ueHTpe MeTaJIJIHLfeCKOro cep.uel!HHKa. 

B n. 4.2.2 yKa3hIBaJioch, l!TO s HCTOLfHHKe paccMaTpttsaeMoro THIIa npottc

XO.UHT peaKUHH 3aXBaTa 6epHJIJIHeM-9 a-LfaCTHUhl, HcnycKaeMOH H.UPOM IIOJIO

HHH-210: 
gB 4H i2c 4 e + 2 e ___, 6 + n +I· (25.11) 

Bo36Y*.UeHHoe H.upo 
12C ttcnyCKaeT 1-H3Jiyl!eHHe c 3Heprnei-i 2,43 M3B, a H.Upo 

2IOpo - c 3Heprneli 0,804 M3B. 

Pacnpe.ueJieHHe HeliTpoHos Haxo.UHJIH H3 l!HcJieHHoro perueHHH ypaBHeHHH 

nepeHOCa H3JiyqeHH5I (ypaBHeHHH 5oJihUMaHa) B MHOrorpynnosoM .UHQJQJY3HOHHOM 

nptt6JimKeHHH. Ha pttc. 25.2 noKa3aHhI pacCL!HTaHHhie MOUJ,HOCTH .U03hI HeliTpoHos 

H /-KSaHTOS Po-Be HCTOLfHHKa, HOpMHpoBaHHhJe Ha e)l,HHHL!Hh!H TIOTOK HeHTpOHOS 
HeHTpOH 

s = 1 . KaK sH.UHO, BBe)l,eHHe CJIOH )KeJie3a B 3aUJ,HTY H3 napacpttHa npttBo-
c 

.UHT K TIOHH)KeHHIO o60HX KOMTIOHeHTOB )l,03hl npH coxpaHeHHH pa3MepoB 3aUJ,HThl. 

IlpH 3TOM npOHCXO)l,HT H3MeHeHHe OTHOCHTeJibHOro SKJia.ua H3Jiy4eHH5I HeHTpOHOS 

H /-KBaHTOB HCTOL!HHKa s MOUJ,HOCTh )l,03hl. )leHCTBHTeJibHO, B napacpHHe npH 

pa.uttycax R, 6oJihllIHX 40 CM, MOUJ,HOCTh .U03hI '}'-H3Jiyl!eHHH B036Y*.UeHHoro H.Upa 
12C CTaHOSHTCH 60Jibllie MOUJ,HOCTH )l,03hl HeHTpOHOS. IlpH HaJIHL!HH MeTaJIJIHLfe

CKOro cep.uel!HHKa )l,030Bhle KpHBhie, OTHOCHUJ,HeCH K 1-KBaHTaM, H.UYT 3Ha4HTeJib

HO HH)Ke, H TOL!Ka HHBepcHH KOMIIOHeHTOB MOUJ,HOCTH )l,03hl C.UBHraeTCH s CTopo

HY 6oJihllIHX 3Ha4eHHH R. MomHoCTh .U03hI, C03.UaBaeMaH f-H3JiyqeHHeM 210Po, 

He3Hal!HTeJihHa. 0THOCHTeJibHO MaJihIH npH paccMaTpHsaeMbIX TOJIUJ,HHaX 3aUJ,HThl 

Bh!XO.U 3aXBaTHOfO 1-H3Jiy4eHH5I BO.UOpo.ua MO)KeT 6hITh yMeHhllieH .uo6asJieHHeM 

6opoco.uep*amttx coe.uttHeHHH. OnhIT noKa3aJI, l!TO onTHMaJihHoe co.uep*aHHe 

6opHOH KHCJIOThl B napacpHHe COCTaBJIHeT 70-90 r /Kr. 

HoMorpaMMhI .UJIH sb16opa napaMeTpos MHHHMaJihHOH no secy 3aUJ,HTbI no

cTpoeHhI c yqeTOM BKJia.ua s MOUJ,HOCTh )l,03hl HeHTpOHOS H f-H3JiyqeHH5I, B03HH

KaIOUJ,HX B peaKUHH (25.11) (pttc. 25.3). IlpttBe.ueHbI ceMelicTBa KpHShIX (A H B) 
)l,JIH pa3JIH4Hb!X 3Hal!eHHH MOUJ,HOCTH )l,03bl: 

P = J(r, R)D=const, 

r.ue P - sec 3aUJ,HThI, Kr; D - cyMMapHaH MOJUHOCTb .U03hI Ha nosepxHOCTH 
u HeHTpOH 

3aUJ,HTbl npH MOUJ,HOCTH HCTOL!HHKa HeHTpOHOB s = 1 . 
c 

PaccMoTpeHHe ceMelicrna .U030SbIX KpHShix noKa3hIBaeT, l!TO .UJIH Ka*.UOH Kpa-

TKHOCTH OCJia6JieHH5I cymecrnyeT MHHHMYM Beca, COOTBeTCTBYIOUJ,HH OTITHMaJib

HOH 3aUJ,HTe. 0THorueHHe BecoB napacpttHOBOH H onTHMaJihHOH )KeJie3o-napacpHHo-
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D(R), ~-~--~--~-~-~ 
M3B/'-1 
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10-12.__~~-'--~~~..__~~-'-~~--'-~~----' 

10 20 30 40 50 R,cM 

P11c. 25.2. Mow,HoCTh ,n:03bI HeihpoHos 11 1-KBaHTOB Po-Be-11cT04HHKa, HopM11posaHHb1e Ha e,n:11-
Hl14Hhiti rroTOK HetiTpOHOB (s = 1 HetiTpoH/c). Pacl!eT: _ - rrapacp11HoBaH 3aw,11Ta; -·-·- -
JKeJJe30-rrapacp11HoBaH 3aw,11Ta (r = 7 CM); 3Kcrrep11MeHT: • - rrapacp11HosaH 3aw,11rn; x - JKeJJe30-

rrapacp11HoBaH 3aw,11rn (r = 7 CM) 

Bott 3all.IJ1ThI 6hICTpo paCTeT npH yBeJiw1emrn KpaTHOCTH ocJia6JieHHH MOW.HOCTH 

.ll.03bl. 

CTo pe3yJihTaTaM HCCJie.11,0BaHHH 6b!JI C03.11,aH KOHTettHep, OTMe4eHHbIH Harpa.11,0H 

Ha BhICTaBKe MAfAT3. 
HoMorpaMMhI Ha pHc. 25.3 MoryT 6bITh noJie3HhI JI.JIH 3KCnpecettoro onpe.11,e

JieHHH onTHMH3HpoBaHHhIX napaMeTpoB JKeJie30Bo.11,opo.11.oco.11.epJKaUJ.HX yCTpoH:crn, 

npe.11,Ha3Ha4eHHbIX .11.J!H 3aUJ.HTbl OT H3Jiy4eHHH H30TOIIHbIX HettTpOHHbIX HCT04HH

KOB pa3JIH4HOH MOUJ.HOCTH. 

25.2.5. 3aIU.HTa, OCHOBaHHaH Ha BBe,ZI.eHHH B opraHH3M rrperrapaTOB. 

CneumpH11ecKHH BH.11. 3aUJ.HThI ocHoBaH Ha BBe.11,eHHH B opraHH3M 11eJI0BeKa .11.0 

HJIH BO BpeMH 06Jiy11eHHH HeKOTOpb!X npenapaTOB, IIOBbill.la!OW.HX ero 06my10 

conpoTHBJIHeMOCTh. K HHM OTHOCHTCH JIHnonoJIHcaxapH.11.hI, co11eTaHHH aMHHOKHC

JIOT H BHTaMHHOB, pa3JIH4Hble ropMOHbl H BaKUHHbl. )J.pyraH rpynna 3all.l,HTHbIX 

Bell.l,eCTB npe.11.CTaBJieHa pa.11.HonpoTeKTopaMH. CTocJie.11,HHe cnoco6HhI npe.11.oxpaHHTh 

npH 06Jiy11eHHH OT ry6HTeJihHblX H3MeHeHHH 4YBCTBHTeJihHbie opraHhl H TKaHH. 

HaKoHeu, 3aW.HTa MO)!(eT 6bITh 06ecne11eHa .11.0 HeKoTopoH: cTeneHH npHeMoM 

aJIKOfOJIH (cnHpT, BO,D,Ka H .11,p.). )J.eJIO B TOM, 'ITO BepOHTHOCTb B3aHMO,D,eHCTBHH 

pa.11,HKaJIOB, B03HHKa!Oll.l,HX npH pa,n,HOJIH3e (cM. § 24.1), c MOJieKyJiaMH CIIHpTa 

17 0. A. 5apcyKoB 
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Pttc. 25.3. HoMorpaMMhI ,ZJ.JHI Bb16opa rrapaMeTpos OITTHMaJibHOi1 *eJie3o-rrapa¢ttHOBoi1 3aW.ttThI: 
---- - r = canst; __ - D = canst 

o6hrqHo 6oJibrne, qeM c MoJieKyJiaMH, BXO,ll,Hlll,HMH B cocTaB KJieToK. B pe3yJih

TaTe XHMHqecKOH peaKUHH Me)K,ll,y pa,ll,HKaJIOM H MOJieKyJIOH crrttpTa ITOCJie,ll,HHH 

pacrra,L1,aeTCH. CTpoueccbr TaKoro po,ll,a CHH)Ka!OT «pa,ll,HaUHOHHhIH y,L1,ap» no 6tto

JiornqecKHM TKaHHM . .6oJiee nOJIHO xHMHqecKHe MeTO,ll,hI 3alll,HThI opraHH3Ma OT 

HOHH3ttpy10lll,HX H3JiyqeHHH 06cy)K,L1,a10TCH B KHttre IO . .6. Ky,ll,pHrnoBa [15). 



f JI a Ba 26 

YPOBHH OBJIY'lJEHHSI, C03,IJ;ABAEMbIE 
HOHH3HPYIOIUHM H3JIY'lJEHHEM PA3JIH'lJHOfO 

IlPOHCXOLK,IJ;EHHSI 

§ 26.1. Hcxo)l,Hb1e 3aMeqamrn: 06 ypoBHHX pa)l,:uau:1rn 

pa3JIHIJHOro rrpOHCXOJK)l,eHHH 

4eJioBeK cyw,ecrnyeT B ycJIOBHHX B03)1,eHCTBH5l HOHH3HpyIOw,ero H3JIY'.JeHH5l 

ecTeCTBeHHOro H HCKyccrneHHoro npoHCXOfK,ll,eHHH. BafKHeiiwHe HCTOLIHHKH npo

HHKaIOw,ei1 pamrnUHH paccMaTpHBaJIHCh BhIWe (rnaBhI 4, 15, 23). B HacTOHw,ei1 

3aBepwaIOw,ei1 rnaBe Hae 6y,ll,yT HHTepecoBaTb ypoBHH )1,03, C03)1,aBaeMb!X HOHH3H

pyIOW,HM H3JIY4€HH€M pa3JIH4HOf0 npOHCXO)f()J,€HH5l. 

0TMeTHM, L/TO npHHHTO OTHOCHTb B OT)J,eJibHYIO rpynny cpoHOBOe o6Jiy4eHHe, 

CBH3aHHOe c HCTOL/HHKaMH TaK Ha3bIBaeMoro TeXHOJ!OfHL/eCKH TIOBbIWeHHOfO pa

.II,HaUHOHHOfO cpoHa. ITocJie)J,HHH B03HHKaeT B pe3yJihTaTe LieJIOBeLiecKoi1 .neHTeJib

HOCTH. HanpHMep, B 3)1,aHHHX, TIOCTpOeHHblX H3 MaTepHaJIOB c TIOBb!WeHHblM co

.nepfKaHHeM pa,ll,HOHYKJIH)J,OB, pa,ll,HaUHOHHhIH cpoH yBeJIHLIHBaeTcH. AHaJIOrH4HhIH 

3cpcpeKT HMeeT MeCTO npH HCTI0Jlb30Bamrn B 6b!T0Bb!X ueJIHX npHpO,ll,HOro ra3a, 

co,ll,epfKaw,ero pa,ll,OH. IToBhiwaeTCH pa,ll,HaUHOHHhIH cpoH B ycJIOBHHX noJieTa Ha 

caMoJieTe. IToBbIWeHHhIH pa,ll,11au110HHhIH cpoH MOfKeT B03HHKaTb 11 6JIH3 yroJibHh!X 

TeTIJI03JJeKTpOCTaHUHH, TIOCKOJJbKY npH cropaHHH yrnH B aTMoccpepy BhI6pachIBa

IOTC5l pa3JIH4Hble pa,ll,HOHYKJJH)J,bl. 

l1TaK, B 3TOH rnaBe Mb! 6y)J,eM paCCMaTpHBaTh pa,ll,HaUHOHHOe B03)1,eHCTBHe 

HOHH3Hpy!OW,HX H3JIY4eHHH, C03)1,aBaeMhIX eCTeCTBeHHblMH HCTOL/HHKaMH 3eMHOro 

H KOCMH4eCKOro npoHCXOfK.II,eHHH, TeXHOJIOrH4eCKH TIOBbIWeHHb!M pa,ll,11au110HHblM 

cpoHOM H HCKYCCTBeHHblMH HCTOL/HHKaMH. 

§ 26.2. ,11;03HOe IIOJie, C03)l,aBaeMoe Ha IIOBepXHOCTH 3eMJIH 

ecTeCTBeHHbIMH HCTOqH:uKaMH HOHH3Hpy10:w:ero H3JiyIJeHHSI 

ITp11po,ll,Hhie pa,ll,HOHYKJIH,ll,hI, co,ll,epfKaw,11eCH B 3eMHoi1 Kope H Ha3bIBaIOw,HeCH 

npuMopouaJlbHbl.MU, npe,ll,CTaBJJeHbl 40K, 87Rb H 3JieMeHTaMH pa.n11oaKTHBHbIX 

ceMeHCTB, pO,ll,OHa4aJJbHHKaMH KOTOpb!X HBJJHIOTCH 238 U H 
232 Th (CM. rJI. 4). 

Pa3JIH4aIOT BHewH11e 11 BHyTpeHHHe HCT04HHKH 3eMHOro npo11cxofK.II,eHHH. 

ITp11 npo411x paBHhIX ycJIOBHHX (B TOM LIHCJie paBHOM LIHCJJe pa,ll,110HyKJJH,ll,OB) 

BHyTpeHHee 06JiyLieH11e onacHee BHewHero B CHJIY CJie)J,yIOW,HX npH4HH: 

- OTCyTcrnyeT 3alll,HTa BHyTpeHHHX opraHOB KO)f(Hb!M IlOKpOBOM; 

- BpeMH o6Jiy4eHHH 06b!4HO 3Ha4HTeJibHO 60JJbWe; OHO COBila)J,aeT co BpeMe-

HeM HaXOfK)J,eHHH pa,ll,HOHYKJIH)J,a B opraHH3Me; 

17* 
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- pocTy A03bI cnoco6CTByeT MaJioe (B npe.II,eJihHOM cJiy'-lae 6ecKoHe'-IHOMaJioe) 

paCCTOHHHe OT HCTO'-IHHKa AO o6Jiy'-laeMOH TKaHH. 

PacnaA ecTecTBeHHhIX pa.II,HOHYKJIHAOB npHBOAHT K o6pa3oBaHmo o:-'-laCTHU, 

,6-'-laCTHU (3JieKTpOHOB) H 'Y-KBaHTOB. Tipo6er (};- H ,6-'-laCTHU HaCTOJibKO MaJI 

(CM. n. 3.2.3, 3.3. l)' '-ITO OHH npaKTH'-leCKH noJIHOCTbIO nornomaIOTCH B 6HOJIO

rn'-lecKOH TKaHH TOJIIll.HHOH B HeCKOJibKO MHJIJIHMeTpos. Tio3TOMY np11 oueHKe 

BHenrnero B03.II,eHCTBHH H3Jiy'-leH!1H pa.II,HOHYKJIH.Il,OB, CO.II,ep2Kalll.HXCH B 3eMHOH 

Kope, BO)l.e H B03.II,yxe, npHHHMaeTCH BO BHHMaHHe JIHlllb 6oJiee npoHHKaIOmee 

'Y-H3JIY'-leHHe, rnr.ua KaK AJIH BHyTpeHHero o6Jiy'-leHHH Ha1160Jiee cymecrneHHYIO 

poJib HrpaIOT o:-'-!aCTHUbl, HOHH3Hpy10maH cnoco6HOCTb KOTOpblX 3Ha'-!HTeJibHO 

6oJibllle, '-leM ,6- H 'Y-I13Jly'-leHHH. 

YposeHb o6Jiy'-leHHH '-laCTHUaMH KOCMH'-leCKHX JJyqetf Ha noBepxHOCTH 3eMJJH 

BeCbMa CTa611JieH, O.II,HaKO OH 3aBHCHT OT reoMarHHTHOH IUHpOTbl H OT BblCOTbl. 

B '-lacTHOCTH, ypoBeHb o6Jiy'-leHHH HaceJJeHHH BhICOKoropttbIX patfoHOB cymeCTBeH

HO 60JibIUe, '-leM HaceJieHHH, npQ)i<HBaromero B HH3HHHblX patfoHax. tfaBeCTHbl 

TaK2Ke MeCTHOCTH, pacnoJIOLKeHHbJe Ha cpaBHHTeJlbHO MaJIOH BbICOTe Ha)]. ypoBHeM 

MOpH, HO B KOTOpbIX BHeIUHee 06J1y'-!eH11e OT eCTeCTBeHHb!X 3eMHbIX HCTO'-IHHKOB 

3H3'-IHTeJibHO npeBhIIUaeT AHana3oH ero HopMaJibHhIX KOJie6aHHH. TaKHe patfottbI 

cymecrny10T B Bpa3HJIHH, YiHAHH, YiTaJIHH, YlpaHe 11 HeK0Topb1x .upyrnx CTp3Hax. 

B pHAe 3THX patf ottoB ro.II,oBaH A03a 06Jiy'-leH11H ttaceJieH11H Ha nopHAOK 11 6oJiee 

BbJllle A03bl, noJiyqaeMOH JIIO)l.bMH, KOTOpbie np02KHB3IOT B MeCTHOCTHX c HOpMaJib

HbJM ypoBHeM pa)l.11au110HHOfO cpoHa. 

B Ta6JI. 26. l np11Be)l.eHbI roAOBbie 3cpcpeKTHBHhre A03bI OT ecTecrneHHhIX 11c

TO'-IHHKOB H3JIY'-!eHHH Ha ypoBHe MOpH )l.JIH paHOHOB 3eMJil1 c ycpe)l.HeHHb!M 

«HOpMaJibHbIM» cpottoM [6, 12). CorJiacHo 3THM .uaHHbIM octtoBHOH BKJI3A B )l.03Y 

BHeIUHero o6Jiy'-leHHH (280 MK3B) o6ecne'-IHBaIOT qacTHUbl TaK Ha3bJBaeMoro HOHH-

3Hpy10mero KOMOOHeHTa, COCTOHUI,ero 113 MIOOHOB, o6pa3yIOill.HXCH np11 pacna)le 

3apHLKeHHbIX OHOHOB B sepxHHX CJIOHX 3TM0Ccpepbl, 11 3JieKTpOHOB, B03H11Ka10m11x 

npl1 pacna)le MIOOHOB B KaCKa)lHb!X npoueccax H B pe3yJihTaTe HOHH33UHH. Cyme

CTBeHHO MeHbll!HH BKJia.U B 3TY .uo3y 06ecneq11sa10T npHMOPJlH3JibHhie HYKJIHJlbI 

(120 MK3B HYKJIH.ll,hl KaJIHH, 90 MK3B HYKJil1)l.bl ceMeHCTB3 238U H 140 MK3B 

HYKJIH)lhI ceMeHCTBa 
232Th). BKJI3A B A03Y BHyTpeHHero o6Jiy'-leHHH 3a c'-!eT 

KOCMoreHHhIX HYKJll1)lOB HeBeJIHK ( 15 MK3B)' 3 OCHOBHOH BKJ13)l o6ecneLJHBaIOT 

K3JIHH-40 (180 MK3B) H uenO'-IKH pacna.II,OB HYKJIH)lOB YP3HOBOf0 H TOpHeBoro 

pH.UOB (950 l1 190 MK3B cooTBeTcrBeHHO). CyMMapttoe 3Ha'-leHHe A03hI BHell!Hero 

o6Jiy'-leHHH paBHO 650 MK3B, a BHyTpeHHOfO - 1341 MK3B. TioJIHaH .Il,033 paBHa 

2000 MK3B. 

0cT3HOBHMCH 6oJiee no.II,po6Ho Ha oueHK3X p3AHaUHOHHoro B03)leHCTBHH 33 

C'-leT BHyTpeHHHX HCTO'-IHHKOB 3eMHOf0 npoHCXOLK.D,eHHH. P3)l.HOHYKJIH)lbl OOCTOHH

HO non3.II,a10r BHYTPh opraHH3M3 tieJioBeK3 '-Iepe3 opr3HhI JlhIXaHHH 11 n11mesap11-

TeJihHbIH TpaKT. CllHTaeTCH, LJTO B opraHH3Me B3pocJioro qeJioBeKa KOHUeHTpaUHH 

p3.II,HOHYKJIH.ll,OB o6hILJHO OCT3eTCH npaKTH'-!eCKH OOCTOHHHOH. 2ho CBH3aHo c TeM, 

LJTO cymecTByeT .UHH3MH'-leCKOe paBHOBec11e Me2KAY npouecC3MH noCTynJieHHH 

pa.UHOHYKJIH.ll,OB B opraHH3M H npouecC3MH HX BhIBe.D,eHHH H pa.u11oaKTHBHOfO 

pacn3)l3. 
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Ta 6 JIH u a 26.1 
OuettKa fO,ll,OBhIX 3cf>cf>eKTHBHhIX ,ll,03, 06ycJJoBJJeHHh1x ecTecrneHHhIMH 11cToqH11KaMH H3JJyqeHHll, 

B pafiottax c «HOpM3JlbHhIM» cjloHOM 

I1cToqHHK 
fo,ll,OB3ll 3cf>cf>eKTHBHall ,ll,033, MK3B 

Btteurnee o6JJyqeHHe BHyTpeHHee 06JJyqeH11e I1Toro 

KocM11qecK11e JJyq11: 

HOHH3Hpy!Oll.l,HH KOMDOHeHT 280 - 280 
HeHTpOHHhIH KOMDOHeHT 20 - 20 

KocMoreHHhie HYKJJHAhl - 15 15 

ITp11Mop,ll,11aJJhHh1e HYKJJH,ll,hI: 

K3J!Htt-40 120 180 300 
py6H)l.HH-87 - 6 6 

HYKJJH,ll,hl pH,ll,a ypaHa-238 90 950 1040 

HYKJJH,ll,hI pH,ll,a TOpHH-232 140 190 330 

Bcero ( oKpyrneHO) 650 1341 2000 

B Ta6JI. 26.2 npirne.n.eHhr ro.n.oBhre 3HaLieHHSI nornorn.eHHOH ,ll,03bI BHyTpeHHero 

06Jir1eHHSI opraHOB LJ:eJioBeLJ:eCKoro TeJia. KaK BH,ll,HO, cyMMapHhIH BKJia.n, B ro.n,o

BYIO nornorn.eHHYIO .n,03y 4°K 3Ha41HeJibHO 6oJihWe LieM 14C. 

Ta 6 JI 11 u a 26.2 
fo,ll,OBhle TKaHeBble nornomeHHbie A03bI BHyTpeHHero o6JJyqemrn opraHos qeJJoseqecKoro TeJJa 

00-5 rp) 

OpraHhI HJJH TKaHH TeJJa 

PaAHOHYKJJHAhl 
J1ern11e 

3H,ll,OCTaJJbHbie KpacHhIH 
foHa,ll,bl 

KJJeTKH KOCTHblH M03r 

4oK 15 17 15 27 

l4c 0,5 0,6 2,0 2,2 

Bee pa,ll,HOHYKJJH,ll,hI 3eMHOro 11 
17 52 25 31 

KOCMoreHHOro npOHCXO)K)l,eHHll 

3Ha4eHHSI fO,ll,OBb!X IlOfJIOUJ.eHHbIX ,ll,03 ,ll,JISI roHa,ll,, JierKHX H 3H,ll,OCT3JlhHh!X 

KJieTOK ,ll,JISI 4°K npHMepHO O,ll,HHaKOBhl, HO nptt6JIH3HTeJibHO B,ll,BOe MeHbille LieM 

.n.03a .n,JISI KpacHoro KOCTHoro M03ra. CyMMapHhre 3HaLieHHSI ro.n,oBOH TKaHeBOH 

nornorn.eHHOH ,ll,03hI TaK>K.e yKa3aHhI B Ta6JI. 26.2. HaH60Jihrnasi .n,o3a npttxo.n,HTCSI 

Ha JiefKHe, OHa BTpoe 60Jibille, LieM ,ll,JISI roHa.n,, H B)l.BOe, LieM ,ll,JISI 3H,ll,OCTaJihHblX 

K.neToK. Cyrn.eCTBeHHhIH BKJia.n, B ro)l.osy10 nornorn.eHHy10 .n,03y o6ecneLIHBaJOT 

TaK>K.e pa,D,OH H ,ll,OLiepHHe npo.n,yKTbl ero pacna.n,a. 0o.n,po6Hee 3TOT BOilpOC pac

CMaTpHBaeTCSI B §§ 26.4 H 26.5. 

§ 26.3. ,ll.03Hoe noJie e Tponoc<t>epe :u HHJKHe:U CTpaToc<t>epe 

Ha BbICOTax 6oJiee HeCKO.nhKHX COT MeTpos paAHaUHOHttoe so3.n,eifcTBHe H3.ny

LJ:eHHH 3eMHoro npoHCX02K,ll,eHHSI npaKTHLJ:eCKH cxOAHT Ha tteT. Ha TponoccpepttbIX 
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H CTpaTOccpepHb!X Bb!COTaX (1-50 KM) 1) ,ll,03HOe ITOJ!e cpopMHpyeTCH B 3HaqHTeJ!b

HOH CTerreHH HYKJIOHaMH KOCMHqecKoro rrpoHCXO)K,ZJ,eHHH. B Kal!eCTBe THrrHqHoro 

rrpHMepa pacCMOTpHM pacnpe,IJ,eJ!eHHe MOlll,HOCTH 3KBHBaJ!eHTHOH ,ll,03bl, C03,IJ,aBa

eMOH raJ!aKTHqeCKHMH KOCMHqecKHMH JlylJaMH, no BH,IJ,Y qaCTHI..I, H 3HeprHH Ha 

BhICOTe 16 KM (coorneTcrnyIOlll.eH: 100 r/cM2 c:Ay6w-tbt ocmamoqHou am.Awccpepbt) 
H )KeCTKOCTH reoMarHHTHOfO o6pe3aHHH 3,5 fB (Ta6J1. 26.3). 

Ta6JJH!.\a 26.3 
PacTipeAeJJeHHe MOmHocTH 3KBHBaJJeHTHoi1 A03bI TIO BHAY lJaCTH!.\ H 3HeprnH Ha BbICOTe 16 KM 

H :>KeCTKOCTH o6pe3aHH51 3,5 fB 

E, M3B P, MK3B/4 E, M3B P, MK3B/4 

DpoTOHhI M!OOHbl 

20-50 4,9 100-700 0,3 

50-100 3,0 3JJeKTp0Hbl 

100-200 1, 1 1,0-1,5 0,16 

200-500 0,22 1,5-3,5 0,28 

500-1000 0,12 3,5-7,0 0,29 

CyMMa 9,34 7,0-14 0,36 

HeihpoHbI 14-25 0,17 

0,1-0,5 0,18 25-50 0,34 

0,5-1,0 1,59 50-100 0,22 

1,0-10 3,0 CyMMa 1,82 

10-100 2,3 f'-KBaHTbl 

100-1000 1,67 0,1-100 2,0 

CyMMa 8,74 

Op1rne,IJ,eHHhre ,IJ,aHHhre OTHOCHTCH K MHHHMYMY coJ1HeqHoH: aKTHBHOCTH H xa

paKTepH3YIOT pa,ll,HaUHOHHYIO o6CTaHOBKY B cpe,ll,HHX WHpOTax rrpH OTCYTCTBHH 

BTOp)KeHHH CKJ1 Ha BhrcoTe, xapaKTepHoH: ,IJ,JIH rroJ1eTa rnepx3BYKOBhIX caMoJ!eToB. 

KaK BH,ll,HO, BKJ!a,IJ, B ,ll,03Y Ha 3TOH Bb!COTe 06ycJ10BJ1eH B OCHOBHOM rrpOTOHaMH 

H HeHTpOHaMH, BKJ!a,IJ, 3JieKTpOHHO-cpOTOHHOH KOMI10H€HTbl 3HaqHT€JibHO M€Hhill€, 

CTpHBe,IJ,eH TaK)K€ pe3yJ!hTaT paclJeTa MOlll,HOCTH ,ll,03bl MIOOHOB; ITOCJ!e,IJ,HHH Ha 

nopH,ll,OK MeHhrne, qeM ,IJ,JIH 3JleKTpoHoB. Molll.HOCTh 3KBHBaJ1eHTHOH ,IJ,03hI 3a

PH)KeHHhIX qacTHU noqTH noJIHOCThIO co3,IJ,aIOT HH3K03Hepren-1qecK11e npoTOHhI. 

1
) ATMoc¢epy TIPHHHTO AeJJHTb Ha cJJOH TIO TeMTiepaTypHoMy TipH3HaKy. CaMyIO HH:>KHIOJO 1-iacTb, 

3aHHMaJOmYJO TIPOCTpaHCTBO OT 3eMJJH AO Bb!COTbl 12-13 KM, Ha3bIBaJOT TPOTioc¢epoi1, H TeMTiepa

Typa B ee npeAeJJax TiaAaeT c yBeJJH'leHHeM BbICOTbI. BbI!ne TpoTioc¢epb1 HaXOAHTCH CTpaTOctjlepa, 

KOTOpaH TipOCTHpaeTCH AO Bb!COT 45-50 KM. B OTJJHLJHe OT TPOTIOctjlepb! TeMTiepaTypa B CTpaTOctjlepe 

paCTeT c BbICOTOH. 8h1we CTpaToc¢epb1 HaxoAHTCH Me3oc<jlepa H TepMoc<jlepa, TipH'leM B Me3oc¢epe 

TeMTiepaTypa Tia)J,aeT .1\0 -100 °C H TIOBbI!IlaeTC51 B TepMoctjiepe BTIJIOTb AO rpaHH!.\bl c KOCMHlJeCKHM 

TipOCTpaHCTBOM. Ha BbICOTax TIOJJeTa peaKTHBHb!X caMOJJeTOB (10-20 KM) TeMTiepaTypa COCTaBJJHeT 

~ -58 °C. 
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HettTpOHbI c 3Heprnett 6oJiee 10 M3B o6ecrreqHsaroT npHMepHo noJIOBHHY BKJiaJJ,a 

s JJ,03osoe pacrrpen:eJieHHe. 

0THOCHT€JibHb!H BKJia,IJ, qacTHU pa3HOro copTa B IlOJIHYIO MOlll,HOCTb 3KBH

BaJieHTHOH )J,03bl BapbHpyeT c H3M€H€Hl1€M Bb!COTbl H LKeCTKOCTH o6pe3aHH5I 

(p11c. 26.1). KaK BHJJ:HO, 113 p11c. 26.1, a, Ha rny611HaX OCTaToqHOH aTMOccpepbl 
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P11c. 26.1. 3aBl1Cl1M0CTb MOW.HOCTI1 3KBl1BaJieHTHOH A03bJ OT rny6HHbl OCTaTO'-IHOH aTMoc¢epbi (a) 

11 iKeCTKOCTH reoMarHHTHOfO o6pe3amrn (6); I; - cyMMapHaJJ MOlllHOCTb 3KBHBaJieHTHOH A03bl 

100 r/cM2 (MeHee 16 KM Bb!COTbl) BKJiaJJ, H€HTpOHOB B MOlll,HOCTb )J,03bl CTaHOBHTCH 

npeo6JiaJJ,aIOmHM. BbICOTHbie 3aBHCHMOCTH Ha pHc. 26.1, a 11Me10T BHA KpHBbIX 

c Hepe3KO Bb!paLKeHHb!M MaKCHMYMOM, KOTOpb!H npHXO,IJ,HTCH Ha rny611Hy OCTa

TQqHQH aTMOCcpepbl OKOJIO 40 r/cM2 (22 KM Bb!COTbl) )J,JIH cyMMapHOH Kpl1BOH; 

MaKCHMYM KpHBblX )J,JI5I HeHTPOHOB, 3JI€KTPOHOB H 11-KBaHTOB - Ha 60Jibllll1€ rny-

6HHbI, MaKCHMYM KpHBOH )J,JIH rrpoTOHOB COOTBeTCTByeT rny611He OKOJIO 20 r/cM2 

(26 KM Bb!COTbl). TaKOH XO)], Bb!COTHb!X KpHBb!X CBH3aH c KOHKypeHUH€H JJ.BYX 

npoueccos: reHepau11eii srnpHqHbIX l.JacTHU fKJI 11 11x nornomeHHeM. B sepxHHX 

CJIOHX arMoccpepb! rrpeo6JiaJJ,aeT nepBblH rrpouecc, H c pOCTOM rny6HHbl aTMOCcpepbl 

MOlll,HOCTb )J,03bI yseJIHl.JHBaeTcH; Ha rny6ttHax 50-100 r/cM2 Ha'mHaeT npeo6-

Jia)J,aTb sropott npouecc H MOlll,HOCTb ,IJ,03bI yMeHblllaerrn. MomHocTb JJ.03bI )J,JIH 

HYKJIOHOB 11 cyMMapHoe 3Hal.JeHHe 3TOH seJI11qHHbI He 3aBHCHT or LKecTKOCTH o6-

pe3aHHH B Bb!COKHX lllHporax (npHMepHo )J,0 R = 1-1,2 rB (pHC. 26.1, 6), 6b1crpo 

yMeHbWaHCb c ,IJ,aJibHettWHM Bo3pacraHHeM R (lll11pornh1tt 3cpcpeKT ,IJ,JIH JJ.03osoro 

pacnpe,IJ,eJieHHH). 

CTJIOTHOCTb noTOKa HyKJIOHOB Ha MaJibIX BbICOTax (6JIH3 rroBepxHOCTH 3eMJIH) 

cpaBHHT€JibHO HeseJIHKa, a Ha ypoBHe MOp5I HX BKJia,IJ, B MOlll,HOCTb )J,03bl H )J,03Y 

paBeH scero H€CKOJibKHM npoueHTaM. 3Hal.JHT€JibHO 60JiblllHH BKJia,IJ, B )J,03Y Ha 

MaJib!X Bb!COTaX )J,aeT ynOMHHaBWHHC5I Bblllle HOHH3Hpy!Olll,HH KOMilOH€HT KOCMH

l.J€CKHX Jiyl.JeH. 
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§ 26.4. Ilpo6JieMa pa.n:.oua 

}fa ecTeCTBeHHbIX pa,I.1,HOHYKJIH)J.OB oco6o 3Ha'-IHMYIO pOJib HrpaeT He HMelOll.J.HH 
IJ.BeTa H 3anax HttepTHhIH ra3 pa,ll.OH. B cpaBHHTeJibHO He,I.J,aBHeM npolllJIOM pa
,I.J,HaIJ.HOHHo-retteTH'-IecKoe 3Ha'-IeHHe 3TOro 6JiaropO)J,HOfO ra3a He)J,OOIJ,eHHBaJIOCb. 
B ttacTOHll.J.ee BpeMH pa,ll.OH C'-IHTaeTCH O)J.HHM H3 ttaH6oJiee onacttbIX «HeBH)J.HMhlX 
Bparos» '-IeJioBeKa. CToBbIIllettttoe BHHMaHHe pa,ll.oHoBoH npo6JieMe y,I.J,eJIHlOT MKP3 
H HK}lAP OOH 1), Cl.!HTaH ee npHopHTeTHoii [12, 19]. 

CpaBHHTeJibHO BhICOKaH pa,ll.HaIJ.HOHHaH onacHOCTh pa,I.J,oHa o6bHCHHeTcH cJie
.11,yIOllI.HMH npH'-IHHaMH: IllHpoKoe pacnpocTpatteHHe, 6oJihlllaH npoHHKalOllI.aH cno
co6ttocTh H MHrpaIJ.HOHHaH Il0.11,BH)KHOCTb a-aKTHBHb!X .11,oqepHHX 3JieMeHTOB. 

Pa3JIH'-!alOT .11,Ba H3oTona pa,I.J,oHa: B ypattoBoM pH,I.J,Y - pa,I.J,ott-222 c nepHo,I.J,OM 
noJiypacna)J.a 3,8 cyToK H B TOpHesoM pH.11,y - pa)J,ott-220 (cTapoe o6o3ttal.!eHHe 
Topott-220) c nepHO)J.OM noJiypacna.11,a 55 c. B oprattH3M qeJioBeKa pa.11,oH H ero 
)J.Ol.!epHHe npo,ll.yKThI pacna.11,a norra)J,a!OT qepe3 opratthr )J.hJXaHHH, '-ITO npHBO)J.HT 
K BHyTpetttteMy o6JJy'-IeHHIO a-l.!aCTHIJ,aMH. 

Pa)J.OH 06pa3yeTCH B npou.ecce pacna.11,a ypaHa H TOpHH B ropH~X nopo)J,ax H 
,ll.pynrx BemecTBaX H 6JJarO,ll.apH OTMel.!eHHOH Bb!COKOH npOHHKa10mei1 cnoco6HOCTH 
.11,Hcf>cf>YH.llHpyeT B aTMoccpepttbIH Bo3.11,yx H Bo.11,y. CKopoCTb nocTynJiemrn pa,I.J,otta 
B OKpy)Ka!OllI.YIO cpe.11,y (cKopoCTb 3MaHHpoBaHHH) CHJ!bHO 3aBHCHT OT THna DO'-!Bbl, 
BpeMeHH cyToK, ce3oHa H MeTeopoJJornqecKHX ycJJOBHH. B rn6JJ. 26.4 npHBe)J,eHa 
HHcpopMaIJ,HH 0 CKOpOCTH 3MaHHpOBaHH5I pa,ll.OHa H3 IlO'-IB pa3JIH'-IH0f0 THna [ 16]. 

Ta 6 JI 11 u. a 26.4 
CKopocTb 3Mam1posaH1rn pat1,0Ha 

CKopocTb CKopocTb 
Pafiott Tm1 rroqshI 3MaHHpoBaHHH, 

K11/(M2 · c) 
PafioH Tim rroqshI 3MaH11poBaHHH, 

K11/(M2 · c) 

AsCTp1rn, fpau. fopHaH 0,56. 10- 12 CWA, 
lJepHo3eM l,43· 10- 12 

J1JIJIHHOHC 

Pocc1rn, 
f1otJ,30JIHCTaH 4,05. 10- 12 PoccHH, 

fopttaH 0,30. 10- 12 
BoJiort1.a KasKa3 

CWA, 0,0. 10- 12 
TypKMeHHH, 

0,13. 10- 12 
MaccaqyceTc 

f1otJ,30JIHCTaH rrecqaHaH TiycTbIHHaH 
nycTbIHH 

Cpe,ll.HHH MHpOBaH cKopocTh 3MaHHpoBaHHH pa)J,oHa-222 no nJJoll.J.aJJ,H 3eMJIH 
(3a HCKJ110qeHHeM noKpbIThrx JJh)J,OM fpeHJJaH)J,HH H AHTapKTH)J,bI) paBHa 0,43 x 
x 10-12 KH/(M2 · c). Mettee 3Ha'-IHMhIMH HCTO'-IHHKaMH nocTynJJeHHH pa,ll.oHa-222 

1) HK,Ll,AP OOH - a66pes11aTypa OT Hayqttoro KOMHTern OpraHH3au,1111 06bet1,11HeHHhIX Hau,11H 
no 113yqeHHJO t1,ei1:cTBHH aTOMHOH pat1,11au,1111. Yqpe*AeHa Ha 10-fi cecrn11 feHepaJihHOif AccaM6Jie11 
OOH B 1955 r. B BeHe. KoMHTeT o6o6maeT HHcjiopMau,11!0 06 110H11311py10meM H3JiyqeHHH B rno-
6aJihHOM M3CII1Ta6e H BhIITYCKaeT COOTBeTCTBYJOW:He tl,OKJI3tl,bl Ha HeCKOJibKHX H3blK3X (BKJIJ0qa51 
pyccKHH). 
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B aTMOCcpepHbIH B03.ll.YX 51.BJUIIOTCH TaK>Ke pacTeHHH, rpyHTOBbie BOJl.bl, C)JrnraeMb!H 
KaMeHHblH yrOJlb H Ap. [ 11]. 

B Ta6JJ. 26.5 npHBe,ll.eHbl cpeAHHe 3Ha'-!eHHH KOHUettrpaUHH paJ].OHa-222 H CBHH
ua B aTMoccpepHoM sos.n.yxe pHJJ.a cTpatt. 

Ta6JJHUa 26.5 
Kottue1npaum1 222Rn 11 212Pb (cpeAHHe 3HaYeHHH) 8 aTMoc<jlepHoM 803)1.yxe, KH/M3 

· 10- 15 

feorpa<jl1111ecK11ii paiioH 222Rn 212pb feorpaqrn11ecKHH paiioH 222Rn 212pb 

<l>paH[lH51 251 - HbIO-MeKCHKO 240 -

11H)l.H51 99,9 3,0 Dy3pTO-PHKO 0,135 0,027 

BeJJHK06p11rnHHH 89,1 - AJJHCKa 5,40 0,027 

CWA: Catt-<l>paHUHCKo 16,2 5,40 Ce8epHaH ATJJaHTHKa 5,40 -

U11HUHHHaTH 259 -

KaK BHJl.HO, cpeAHHH KOHUettrpaUHH paJJ.otta-222 B pasJJH'-IHbIX reorpacpH'-lecKHX 
pai.fottax pa3JJH4aeTCH no Kpai1ttei1: Mepe Ha LieTbipe nopH,n:Ka, a CBHHUa-212 - Ha 
JJ.Ba nop5!.n.Ka. 

KottuettTpauttH pa,!1.otta c pocToM BhICOTbI 6b1crpo y6hrnaeT, LITO HJJJJIOCTpHpyIOT 
Aattttbie Ta6JJ. 26.6. 

Ta 6 JI Hu a 26.6 
l13MeHeHHe KOHUeHTpaUHH pa)l.OHa-222 H pa)l.OHa-220 8 aTMoc<jlepHOM 803)1.yxe c y8eJJWleHHeM 8bI

COTbl (no OTHOilleHHIO K KOHUeHTpaUHH Ha ypo8He 3eMJJH), % 

Pa)l.OH-222 PaAOH-220 

Bb1c0Ta, M 
KottueH-

Bb!coTa, M 
KottueH-

Bb1c0Ta, M 
KottueH-

Bb1c0Ta, M 
KottueH-

Tpaumi TpauHH TpaUH51 Tpau:irn 

O,Ql 100 100 69 0 100 25 20 

1 95 1000 38 5 70 50 5 

10 87 7000 7 IO 50 100 0,5 

LI.oJJroe speMH pa,nottosoii npo6JJeMe B Pocrntt tte yJJ.eJIHJIOCb CKOJibKO-tttt6yAh 
cymecrsettttoro BHHMaHHH. CToJio)KettHe craJio MeHHThCH JIHllib B tte,nastteM npo
WJJOM. Cornactto ttaKonHsweticH K HacTOHJUeMy speMeHH HttcpopMaUttH, B npeJJ.e
JJax HallieH CTpattbl pa,!1.0H C0,!1.ep.lKHTCH B npH3eMHOM CJIOe B03LJ,yxa, IlOLJ,n04BeHHOM 
B03LJ,yxe H B no.n.seMHbIX so.n.ax, B TOM 4HCJie B HCT04HHKaX IlHTbeBoro BOLl,OCHa6-
)KeHHH. 

no npe.n.sapHTeJibHblM .n.aHHb!M B PoCCHH cymecTBYIOT o6wttpHbie «pa.ll.OHOBble 
nHTHa», npHXOJl.HIUHecH tta Otte)KcKoe H JlaJJ.O)KCKoe osepa, ¢HHCKHH saJIHB, 
sotty, npocTHpaIOIUYIOCH B sana.n.ttoM ttanpasJieHHH oT CpeJJ.ttero YpaJia, CToJrnpHbIH 
YpaJI, 3anati:ttoe CTptt6ai1:KaJibe, AMypcKyIO o6Jiacrb H pR.ll. .n.pyrnx reppttroptttt. 

PaAOHoBaH npo6JieMa HMeer oco6o Ba.lKttoe sttaLieHHe .ll.JIH KpynttbIX ropo.n.os, 
BKJIIO'-laH MocKBY H CattKr-CTerep6ypr, B npeJJ.eJiax KOTOpbIX B reoJiorH4eCKyIO 
cpe.n.y H no.n.seMHb!e BO,ll.bl H3 He.n.p no rny6HHHb!M pa3JIOMaM MHrpHpyer pall.OH. 
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B Ta6JI. 26. 7 np1rneJJ,eHbI 3HaLJemrn roJJ,OBbIX 3tj>tj>eKTl1BHbIX JJ,03 Ha JJ,ywy Ha

ceJieHHH KOMIIOHeHT ypaHOBOro H TOpHeBoro pHJJ,OB B perHOHax c HOpMaJibHblM 

paJJ,HaIJ,HOHHbIM tj>oHoM. 3TH JJ,aHHbie yToLJHHIOT aHaJIOrHLJHYIO HHtj>opMaIJ,HIO, co

JJ,ep:1Ka11LyIOcH B Ta6JI. 26.1. 

Ta 6 JJ 11 u: a 26. 7 
PacqeTHbie fO)l,OBbie 3¢¢eKTl1BHbie )l,03bl Ha .[(ywy ttaceJJeHl1H KOMDOHeHT ypaHOBoro 11 TOp11eBoro 

pH)l,OB B pernoHax c HOpMaJJbHblM pa)l,113U:110HHbIM ¢oHOM 

I1crnqH11K H3JJyqemrn 
fo.[(OBaH 3¢¢eKTHBH3H )l,033, MK3B 

Bttewttee 06J1yqett11e BHYTpettttee 06J1yqett1111 Bcero 

PH.[( ypatta-238: 
23su-+ 234u 7 
230Th 226Ra 

90 7 1044 
222Rn __. 214p0 800 
214Pb __. 21op0 130 

PH.[( rnpirn-232: 
232Th 3 
22sRa _, 224Ra 140 13 326 

220Rn __. 2osTl 170 

Bcero 230 1140 1370 

OpttBeJJ,eHHbie B 3THX Ta6JIHIJ,ax JJ,aHHbie CBHJJ,eTeJibCTBYIOT, LJTO npesaJittpy

IOilLHH BKJia)l, B )l,03Y BHyTpeHHero o6JiyLJeHHH OT ecTeCTBeHHblX HCTOLJHHKOB, 

BKJIIOLJaH o6JiyLJeHHH 3a CLJeT TeXHOJIOrHLJeCKH H3MeHeHHOro paJJ,HaIJ,HOHHOro tj>oHa, 

CBH3aH c npoJJ,yKTaMH pacnaJJ,a 6JiaropoJJ,Horo rasa paJJ,oHa. TaK, H30TOII 222 Rn 
o6ecneLJHBaeT JJ,03y, paBHYIO 800 MK3B, o6pa3YIOilLHHCH rrpH ero pacnaJJ,e 

210Pb -
130 MK3B, a H30TOII 220Rn - 170 MK3B; B cyMMe BKJiaJJ, rrepeLJHCJieHHbIX HYKJIHJJ,OB 

pases 1100 MK3B, LJTO COCTaBJIHeT 82 npoll,eHTa OT 110JIHOH )l,03bl BHyTpeHHero 

o6JiyLJeHHH, paBHOH 1341 MK3B (CM. Ta6JI. 26.1 ), o6ecneLJHBaeMOH KOCMOreHHb!MH 

H npHMOpJJ,HaJibHbIMH HYKJIHJJ,aMH. 

§ 26.5. TexHOJ1or11qecKH noshIWeHHhIH ecTeCTBeHHhIH 

pa,II;HaU.HOHHblH <t>oH 

OpHLJHHbI, 11pHBOJJ,H11LHe K yseJIHLJeHHIO eCTecrnessoro cpoHa HOHH3HpyI011Lero 

H3JIYLJ€HHH, CBH3aHHbie c LJ€JIOBeLJeCKOH )l,€HT€JibHOCTb!O, B€CbMa pa3HOIIJiaHOBbl 

H MHoroo6pa3HbJ. HH:JKe paccMaTpHBaIOTCH HeKOTOpbre H3 HHX. 

26.5.1. YroJihHb1e TenJI03JieKTpocTauu.uu. OpoH3BOJJ,CTBO 3JieKTpo3aeprnH 

Ha yroJibHOH TeIIJI03JieKTpocTaHIJ,HH conpH:JKeHO c C:JKHraHHeM cpaBHHTeJibHO 6oJib

llIHX Mace yrnH (B pacLJeTe sa noJiyLJeHHe 1 fBT 3JieKTpo3HeprnH Heo6xoJJ,HMO 

c:JKeLJb 3 · 109 Kr yrJrn). OpH ero cropaHHH B aTMoctj>epy nonaJJ,aeT orpoMsoe LJHCJIO 

a3p030JlbHb!X LJaCTHIJ,, COJJ,ep:1Ka11LHX npHpOJJ,Hbie paJJ,HOHYKJIH)l,bl. 

JloIIOJIHHTeJibHOe o6JiyLJeHHe HaceJieHHH, rrpo:JKHBaIOmero 6JIH3 TaKHX 3JieK

TpOCTaHIJ,HH, CBH3aHo B ocsossoM c nocTynJieHHeM paJJ,HOHYKJIH)l,OB BHYTPb op-
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f3Hl13Ma C B03)],yXOM 11 III1I.JJ,ei:f. 0oCJie crop3Hl15I yrJ15I OCT3eTC51 WJiaK 11 JieTy'-laH 

30Jia, raK.iKe co)],ep.iK3I.JJ,11e paAl10HYKJil1)],hI. Cneu11aJihHbie 11ccJie)],OB3Hl151 noKa33Jil1, 

'-ITO B 3aBl1C11MOCTl1 OT 0'-111CTK11 B 3TMOCcpepy Bb!6pacbIBaeTCSI 11 pa3HOCl1TC51 BeT

poM OT l AO 20 npoueHTOB 30JihI. Corn3cHo op11eHT11poBO'-IHhIM oueHKaM KOJIJieK

Tl1BHoi1 )],03bl, BHyTpeHHee 06Jiy'-leH11e, CB5133HHOe c B)],b!XaHHeM p3)],110HYKJil1)],0B, 

co)],ep.iKaI.JJ,11xrn B 33p030JIHX 11 3oJie, He npeBbIW3eT 0,03 · 10-2 qeJI · fp Ha l MBr 

np0113B0)],11MOH 3JieKTp03Heprn11 B fO)],. 

26.5.2. IlpoMbIIDJieHHOe HCI10Jlb30BaHHe npo.n.yKTOB nepepa6oTKH <t>oc

<t>opHTOB. <Poccpop11THbie nopO,ll.bI co.n.ep.iKaT B cpaBHHTeJihHO 60JibillOH KOHQeH

TP3U1111 np11MeCH ypaHa-238, rop11H-232, npo.n.yKTOB 11x pacna)],3 11 KaJI11H-40. <Poc
cpop11rHaH PYA3 11CilOJ1b3YeTC51 KaK )],J151 nepepa60TKl1 H y)],o6peHl151, TaK 11 )],J151 npo-

113BO)],CTB3 HeKOTOpb!X Cb!pbeBb!X MaTep11aJIOB, Hanp11Mep, cpoccpopHOH Kl1CJ10Tbl. 

<Poccpop11rb1 BXO)],HT raK.iKe B cocraB cTpo11reJJbHoro MarepttaJia - ¢oc¢orttrrca -

x11M11'-lecKoro rnnc3. <PoccpaTHbie yAo6peHHH H pa3JIH'-IHbie M3TepttaJihI, co)],ep

.iKaI.JJ,11e cpoccpop11T, npe)],CTaBJI5IIOT co6oi1 ITOTeHUl1aJibHb!e HCTO'-IHHK11 o6Jiy'-leHl151 

JIIO.n.ei1. TaK, HCTO'-IHttKaMH BHewHero o6Jiy'-leHHH Moryr 6bITb noJIH, co.n.ep.iKaI.JJ,11e 

cpoccp3THb!e y)],o6peHH51, CKJ13)],bl rrpOAYKU11H, co.n.ep.iKaI.JJ,eH cpoccpopHTbI, 3aBO,ll.bI, 

npott3BO.lJ.5II.JJ,11e cpoccpaTHbie y,no6peH11H 11 np. 

,l.J,JIH cpoccp3THb!X y.n.o6peHHH O.iKH,ll.aeMaH KOJIJieKTHBHaH ,ll,033 COCTaBJJHeT 3 x 

x 10-5 qeJI · fp Ha OAHY TOHHY roTOBOH npoAyKu1111. 

l1cnOJib30B3Hl1e cpoccpor11nca BMeCTO np11pO)],HOfO r11nca B Ka'-leCTBe crpo11-

TeJibHOro Marep11aJia Bbl3hIBaeT )],OITOJIHl1TeJibHOe 06Jiy'-leH11e, T3K K3K KOHUeHTpa

U1151 226R3 11 npo.n.yKTOB ero pacna)],3 (BKJIIO'-la51 222 Rn) B HeM cyI.JJ,eCTBeHHO 60Jib

we, '-leM B rnnce. B 3TOM cJiyqae B03Hl1Kaer K3K BHeWHee 06Jiy'-leH11e (B OCHOBHOM 

33 c'-leT 1-113Jiy'-leHHH pa.n.11H), TaK 11 BHyTpeHHee (3a cqer B)],h1xaH115I p3AOHa). Op11 

ycJioB1111, '-ITO Beeb cpoccpornnc, rroJiyqaeMhIH 113 roBapHoi1 cpoccpopHoi1 PYAhI, np11-

MeHHerrn B crpo11TeJibCTBe, O.iKl1)],aeMa51 KOJIJieKTl1BH351 )],03a MO.iKeT ,ll,OCTl1fHYTh 

2 · 10-2 
qeJI · fp Ha OAHY TOHHY PYAhI. 

26.5.3. CTpOHTeJihHhie MaTep11aJibI. CTepe'-leHb Marep11aJioB, 11cnoJih3yeMhIX 

B crpo11TeJibCTBe O'-leHh BeJIHK. A KOHUeHrpau11H pa)],110HyKJIH)],OB B H11x 113MeHH

ercH B w11poK11x npeJJ.eJiax. K TOMY .iKe reoMeTp11qecK11e ycJIOBl151 06Jiy'-leH11H B no

MeI.JJ,eHl15IX orJI11qa10rcH 6oJibWHM pa3Hoo6pa311eM. YKa3aHHbie np11'-1HHhI BeCbMa 

3aTpyAH5IIOT oueHKH ypoBHei1 o6Jiy'-leHH51 JIIO)],eH OT CO)],ep.iKaI.JJ,HXC51 B crpoHTeJih

HblX MaTep113Jiax npHpOAHhIX paAHOHYKJIH)],OB. B ra6JI. 26.8 npHBe)],eHbI opHeHrn

poBo'-IHhie M3KCHMaJibHb!e 3Ha'-leHH51 MOI.JJ,HOCTH DOfJIOI.JJ,eHHOH )],03bl /-H3JIY'-leHH51 

B B03Ayxe BHYTPH noMeI.JJ,eHHH OT npttpOAHbIX pa,ll,HOHYKJIH,ll.OB, co.nep.iK3I.JJ,HXCH 

B HaH60Jiee pacnpocTpaHeHHb!X CTpOHTeJihHbIX M3TepH3J1aX. 

K3K BH.lJ.HO, cTpo11TeJJbHb1e MarepH3JibI c TO'-IKH 3pemrn 11x pa,ll,Hau110HHoro 

B03,ll,ei1cTBH51 MO.iKHO pa3,ll,eJIHTh Ha rpH rpynnhI. B nepByIO BXO.JJ,HT rpaHHT, BYJIK3-

HH'-leCKHH Ty¢, KHpDH'-1 H 6eTOH (3H3'-leHH51 p npHXOj]JITC51 Ha ,ll,Hana30H (15-45) x 

X l o-B fp/'-1, np11'-1eM rpaHHT o6Jia,ll,3eT OC06eHHO Bb!COKl1M ypoBHeM MOI.JJ,HOCTH 

)],03bl), BO BTopyIO - H3BeCTH5IK 11 nmc 1) (3Ha'-leHHe p Ha nopH,ll,OK MeHbWe), 

a .D,epeso cocraBJIHeT TpeTbIO rpynny (AJIH Hero 3Ha'-leHHe P eI.JJ,e Ha nopH,ll,OK 
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Ta6Jrnua 26.8 
MomHoCTb nornomeHHOH JJ,03bI ')'-113Jiyqemrn P B B03JJ,yxe B noMemeH11llx, o6ycJIOBJieHHall np11Me

HeH11eM pa3J111qHbIX crpo11reJ1bHbIX Marep11aJIOB 

Crpo11reJ1bHbIH Marep11aJ1 P, 10-3 fp/q Crpo11reJ1bHbIH Marep11aJ1 P, 10-B fp/q 

fpaHHT 28-45 lfaseCTHl!K 5 

8yJ1KaH11qecKHH rycp 24 rime 4 

K11pm1q 16-33 
.Uepeso MeHbllle 0,4 

EeroH 15-21 

MeHbIIIe). c TeHKH ,ll,epeBHHHbIX 3,LJ,aHHH 06billHOH TOJllll,HHbl ,ll,OCTaTOIJHO 3cpcpeK

THBHO ITOrJIOlll,aIOT H BHeIIIHee H3Jiy11ettHe OT ITOIJBbl H B03,LJ,yxa. 

Cornactto ouettKaM OTHOIIIettHe MOlll,HOCTH nornomettttoii ,LJ,03bI B B03,LJ,yxe 

BHYTPH H Btte noMelll,eHHH ,ll,JIH KaMeHHbIX 3,LJ,aHHH paBHO npH6JIH3HTeJibHO 1,3, 
a ,ll,JIH ,LJ,epeBHHHb!X 3,LJ,aHHH - npHMepHO 0, 7. 113 CKa3aHHOro Bb!TeKaeT, IJTO 

c TOIJKH 3peHHH pa,LJ,HaUHOHHOH 3KOJIOrHH npo.nmBaHHe H npe6b!BaHHe JIIO,ll,eH 

B ,ll,epeBHHHb!X 3,LJ,aHHHX HBJIHeTCH npe,ll,ITOIJTHTeJibHb!M. 0,LJ,HaKO B HaCTOHlll,ee 

BpeMH B PoccHH ,LJ,OJIH ,LJ,epeBHHHbIX 3,LJ,aHHH (cJiy)Ke6Hb1e noMelll,eHHH, 3aBO,ll,CKHe 

ITOCTpOHKH, )KHJ!b!e ,ll,OMa) COCTaBJIHeT BCero JIHillb 1/5 qacTb OT o6mero lJHCJia 

3,LJ,aHHH. 

26.5.4. IlpeJI.MeTbI urn:poKoro noTpe6Jiettiu1. Cpe.IJ.H npe,ll.MeTOB III.11.poKoro 

ITOTpe6JieHHH BCTpe11aIOTCH TOBapbl, HBJIHIOlll,HeCH cpaBHHTeJibHO HHTeHCHBHblMH 

HCTOlJHHKaMH HOHH3HpyIOlll,erO H3JiyqeHHH; B 6oJibIIIOM lJHCJie H3,LJ,eJIHH TaKOro 

po,LJ,a CO,ll,ep)KaTCH pa,ll,HOHYKJIH,ll,bl npHpO,ll,HOro npOHCXO)K,LJ,eHHH, np1111eM HHOr,LJ,a HX 

BBO,ll,HT HaMepeHHO. Depe11!1CJIHM HeKOTOpble 113 TaKHX TOBapOB. K HHM OTHOCHTCH 

11acb1 co cBeTOcoCTaBaMH Ha octtoBe pa,LJ,HH-226 HJIH co,LJ,ep)Kalll,He TPHTHB; KepaMH

Ka, cpapcpopoBhie, CTeKJIHHHbie H3,LJ,eJIHH. CnJiaBbI, co,LJ,ep)Kalll,He ypaH HJIH TOpHii; 

aHTHCTaTHIJeCKHe cpe,ll,CTBa, CO,ll,ep)Kalll,He ITOJIOHHH (2 10Po), ,LJ,eTeKTOpbl ,ll,bIMa, 

CO,ll,ep)Kalll,He pa,ll,HH HJIH aMepHUHH; OTMeTHM TaK)Ke KpyrrnyIO rpynny H3,LJ,eJIHH, 

npe,ll,CTaBJieHHYIO 3JieKTpOHHbIMH H 3JieKTp1111eCKHMH npH6opaMH, CO,ll,ep)Kalll,HMH 

pa,LJ,110aKTHBHb!e Belll,eCTBa HJIH HCnycKaIOlll,HMH pa,LJ,HaUHOHHOe H3Jiy11eHHe, KOTO

poe B03HHKaeT npH TOpMO)KeHHH 3JieKTpOHOB. 

113 3TOro nepellHH OCTaHOBHMCH BKpaTue Ha 3JieKTp1111eCKOM HJIH 3JieKTpOHHOM 

o6opy,LJ,oBaHHH - HCTOIJHHKe HOHI13Hpy10mero H3Jiy11eHHH. Cymecrny10T ycTpofi

crna, B KOTOpb!X ,ll,JIH npHBe,LJ,eHHH HX B pa6011ee COCTOHHHe He06XO,ll,HMa npe,LJ,Bap11-

TeJibHaH HOHH3aUHH ra3oBoro npoMe)KyTKa. DpHMepoM MO)KeT cJiy)KHTb cpJiyopec

uettTHaH JiaMna, ,ll,JIH BOCITJiaMeHeHHH KOTOpoH: npHMeHHeTCH nycKaTeJib, CO,ll,ep)Ka

lll,HH KaKoe-JIH6o pa,LJ,HoaKTHBHoe Belll,ecTBO. AttaJiorHIJHbIH npHeM HCITOJib3YeTCH 

B TpHrrepttoii Tpy6Ke, ,LJ,eTeKTOpe ,ll,bIMa H ,ll,p. TopM03Hoe H3Jiy11eHHe B03HHKaeT 

B 3JieKTpOHHbIX Tpy6Kax B pe3yJibTaTe ycKopeHHH 3JieKTpottos. C11HTaeTcH, IJTo 

npH HOpMaJibHOH 3KCITJiyaTaUHH nepe11HCJieHHblX yCTpOHCTB ITOrJIOlll,eHHaH ,ll,03a 

1) 0AHaKo BHyrp11 AOMOB, nocrpoeHHbIX c np11MeHeH11eM He np11pO!l,HOro rnnca, a ¢occpor11nca, 
MOW:HOCTb )l,03bl OT ')'-113JiyqeH!1ll 6yJJ,eT 3Haq11reJ1bHO Bblllle cpeJJ,HeH «HOpMaJibHOH» MOW:HOCTtt )l,03bl, 
C03)l,asaeMOH 3eMHOH paJJ,11au11eH:; 6yJJ,eT cymecrneHHO BbI!lle 11 KOHUeHTpaUHll paJJ,OHa B B03JJ,yxe. 
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npeHe6pe:lKHMO MaJia. OnacHOCTh noJiyGemrn .ll,OCTaTOGHO 6oJibllIOH JI.03hI B03MO:lK

Ha JIHillh B cJiyqae aBapHH HCTOGHHKa 11J111 np11 ero y.n:.aJieHl111 c OTXO.ll,aMl1 TOBapa. 

26.5.5. Pa,11;ou B ..11;0Max. CornacHo ny6JIHKau1111 60 MKP3 (CTp. 82) 
«pa.II.OH B .ll,OMax Tpe6yeT oco6oro BHl1MaH115l, nOCKOJihKY 11 11HJI.11Bl1.ll,YaJibHbie 

11 KOJIJieKTHBHbie JI.03bl OT pa.ll,OHa 60Jihllle JI.03, noJiyGaeMblX nOGTl1 OT BCex 

.ll,pyrnx 11CTOGHl1KOB». }lettCTBl1TeJihHO, coma CHO Ha6JIIO)I,eHl15lM, B 10 % JI.OMOB 

CWA KOHUeHTpau11H pa.n:.oHa BhI!lie npe.ll,eJihHO .ll,onycrnMott. B n11TbeBott BO.ll,e, 

noCTynaIOill.eH no BO.ll,OnpoBO)I,HOH ceTl1 B pH.ll,e IlITaTOB 3TOH CTpaHbI, o6Hapy:lKeH 

pa.ll,OH B KOHUeHTpau1111, npeBhIIllaIOill.ett .n:.onycT11My10. AHaJiorHGHOe noJio:lKeH11e 

cJIO:lKl1JIOCh BO MHornx 3ana.ll,HO-eBpone1kK11x cTpaHax. B Pocc1111 KOHUeHTpaumr 

pa.ll,oHa 11 npo.ll,yKTOB ero pacna.n:.a B B03.ll,yxe :lKl1JihIX noMelll.eH11tt B pH.ll,e cJiyqaeB 

npeBbIIllaeT COOTBeTCTBYIOill.11e HOpMbl (npe.ll,eJibHh!H ypoBeHb y.ll,eJihHOH aKTHBHO

CTH pa.ll,OHa )I,J15l 8HOBh IIOCTpOeHHblX 3.ll,aHl1H npHHHMaeTCH paBHbIM 100 5K/M3, 

a .ll,JIH o6:lKHThIX - 200 EK/M3). 

Ba:lKHett!lil1M HCTOGHHKOM nocTynJieH11H pa.ll,oHa B 803.ll,YX BHyTp11 noMelll.eH11tt 

H8JIHeTCH np11poJI.HhIH ra3. HaKanJI11BaHch B ra30BhIX KOJIJieKTopax ropHhIX nopo,IJ., 

pa.ll,OH 8 COCTa8e np11pOJI.HOfO ra3a npOXO.ll,11T 3aTeM qepe3 6ypoBb!e CK8a)K11Hhl 

11 CHCTeMy ra3onpoBO.ll,OB, nona,IJ.aH B KOHUe KOHU08 B )Kl1Jlb!e 11J111 npo113BO.ll,CTBeH

Hble noMelll.eHHH, f.ll,e 11CnOJib3YeTC5l )I,JIH OTODJieHl15l 11J111 np11roTOBJieH115l Dl1Ill.11. 

KoHueHTpau11H pa.ll,oHa B np11po.ll,HOM ra3e, .ll,06brnaeMOM B pa3HhIX Mecrnpo:lK)I,eH11-

HX, BeCbMa HeOJI.11HaKOBa. B CBOIO oqepe.ll,b, Ha nyT11 K DOTpe611TeJI10 KOHUeHTpa

U115I pa.n:.oHa MO:lKeT elll.e cylll.eCTBeHHO 113MeH5ITbC5l, GTO onpe.ll,eJIHeTCH MHOfl1M11 

cpaKTOpaMl1, B TOM Gl1CJie ycJIOBl15IMl1 nepepa60TK11 ra3a, ero TpattcnopTHpOBK11 

11 xpaHeHl15l. 

)lJIH 11cnpaBJieH11H CHTyau1111 KoM11cc11H peKoMeH.ll,yeT ocylll.eCTBJIHTh .ll,ettcTBl1H 

(BMelllaTeJibCTBO), HanpaBJieHHble Ha yMeHbllleHHe o6JiyGeHl15l HaceJieHl15l pa,IJ.OHOM 

B .ll,OMax. CornacHo ynoMHHYThIM peK0MeH.ll,aU11HM «Bh16op ypoBHH BMelllaTeJibCTBa 

CJIO:lKeH 11 3aBl1Cl1T He TOJibKO OT ypoBHH o6JiyGeHl1H, HO 11 OT BepoHTHOfO MaC!lITa-

6a BMe!liaTeJibCTBa». 0.n:.Ha H3 Tpy.ll,HOCTeH COCTOHT B TOM, 'fTO «KOHUeHTpaumo 

pa.ll,OHa HeJib35l HaJI.e:lKHO ycTaHOBl1Th, IIOKa .ll,OM He IIOCTpoeH H He 3aCeJieH». 

06JiyGeHHe B paccMaTpHBaeMhIX cJiyGaHX )I,OJI)KHO npOrH03HpoBaTbC5l Ha CTa.ll,HH 

npoeKTHpOBaHl1H 113 TaKoro paC'feTa, GT06b! OHO c 60JibllIOH sepOHTHOCTblO 6bIJIO 

MeHbllle KOHTpOJihHoro ypoBHH. B cylll.eCTBYIOill.11X .ll,OMax c He.n:.onycTHMO BhICOKHM 

ypOBHeM KOHUeHTpau11H pa,Il.OHa B 803,IJ.yxe BMe!liaTeJihCT80 MOMeT CBOJI.11ThC5l 

K MO.ll,11cp11KaUHH 3)1,aHl1H, BKJIIOGaH npose.n:.eH11e Meponpmn11i1 no YJIYGilleHl110 BeH

Tl1JIHU1111 (aBTOMaT11GeCKOe npoBeTp11BaH11e, yCTaHOBJieH11e Cl1CTeM BbITH:lKeK 11 np.) 

11 COOTBeTCTBYIOill.eMy 11HCTpyKTa:lKy )Kl1J1bUOB c ueJibIO 113MeHeH11H 11X IIOBe)I,eHl15l. 

CJie,IJ.yeT yq11ThIBaTh, GTO po,IJ.OH cylll.ecTBeHHO TH:lKeJiee 803.ll,yxa (np11MepHo B 8 
pa3) 11 II OTO MY HMeeT CKJIOHHOCTb CKanJI11BaTbC5l B no,IJ.BaJiax 3.ll,aHl1H 11 Ha nepBblX 

3Ta:lKax. 

26.5.6. ,lJ;030Bhie Harpy3KH, noJiyqaeMbie qeJIOBeKOM npH auuau;HOHHhIX 

nepeB03Kax. 0,IJ.HO 113 Ba:lKHhlX HapO.ll,HO-X03HHCTBeHHhlX 3HaGeH11H aTMOccpepbl 

CBH3aHO c aB11au110HHblMl1 nepeB03KaMl1, np1106peT!lil1Ml1 B HaCTOHill.ee BpeMH 

MaccoBbIH xapaKTep (Hanp11Mep, B CWA TOJibKO no 8HyTpeHHl1M aB11aMapwpyTaM 
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nepeB03HTC5I 3a rOA 6oJiee 280 MJIH LJeJIOBeK; BeChMa Macuna6Hbl H aBHaUHOHHbie 

nepeB03KH BO BCeM MHpe); TaKHM o6pa30M HH:>KHHe CJIOH aTMOCcpepbl (B npeAeJiax 

AO 12-18 KM) npeBparnJIHCb B CBOeo6pa3HYIO 30HY npe6bJBaHH5I 60JibUIHX Mace 

JIIOAeii. 

CT03TOMY Mb! AOCTaTOl.JHO noAp06HO o6cyAHM BOnpoc 0 AOnOJIHHTeJibHOH A030-

BOH Harpy3Ke, noJiyqaeMoii JieTHbIM nepcoHaJIOM H nacca:>K11paM11 npH noJieTax Ha 

caMoJieTax pa3JIHLJHoro THna. 

KaK yKa3bIBaJIOCh B § 26.3, cyMMapHaH MOlll,HOCTb A03hI fKJI paCTeT AO 

Bb!COTbl HeCKOJ!bKO rrpeBbIUiaIOlll,eH 20 KM, T. e. B 30HaX rroJieTa caMOJieTOB pa3-

J!Hl.JHOrO THITa. l13MeHeHHe MOlll,HOCTH A03bl fKJI B 3aBHCHMOCTH OT BbICOTbl )J,Jl5I 

yKa3aHHbIX 30H rrpeACTaBJieHO B Ta6JI. 26.9. 3Hal.JeHH5I MOlll,HOCTH rrornoUJ,eHHOH 

11 3KBHBaJieHTHOH A03 B Ta6JI11ue ycpeAHeHhI no ABYM reoMarnHTHbIM UIHpoTaM 

( 43° H 55°) H no rrepHOAaM MaKCHMaJibHOH H MHHHMaJibHOH COJIHel.JHOH aKTHBHO

CTH (12]. 

Ta6JI11IJ,a 26.9 
lfaMeHeHHe MOW.HOCTH ,0:03bl fKJI B 33BHCHMOCTH OT BbICOTbl 

Bb1c0Ta 
Mow.HoCTb Mow.HoCTb 

Bbl CO Ta 
MOUJ.HOCTb MOW.HOCTb 

(KM) 
llOrJIOW.eHHOH 3KBHBaJieHTHOH 

(KM) 
nor JIOW:eHHOH 3KBHBaJieHTHOH 

,LJ:03bl (MKfp/y) ,LJ:03bl (MK3B/4) ,LJ:03bl (MKfp/4) ,0:03bl (MK3B/4 

4 0,14 0,20 14 4,62 7,56 

6 0,33 0,51 16 5,92 9,70 

8 0,84 1,35 18 7,09 11,64 

10 1,75 2,88 20 7,72 12,75 

12 3,01 4,93 

CornacHo rrpHBe)J,eHHbIM ,ll,aHHhIM, rrp11 H3MeHeHHH BbICOThI 3HaLJeHH5I MOUJ,

HOCTH A03hI H3MeHHIOTCH BeCbMa pe3KO. HarrpHMep, rrpH H3MeHeHHH MapUipyra 

ITOJieTa OT 4 ll.0 12 KM MOUJ,HOCTb rrornoUJ,eHHOH )J,03b! B03pacraeT rrpHMepHo B 22 
pa3a, a MOlll,HOCTb 3KBHBaJieHTHOH ll.03bi - B 25 pa3. 0THOUieHHe MOUJ,HOCTH 

ITOrJIOUJ,eHHOH )J,03bl Ha 12 KM (3,01 MKfp/q) H Ha ITOBepXHOCTH (0,032 MKfp/G), 

paBHO 100. TaKHM o6pa3oM, rrp11 aB11au110HHhIX rrepeB03Kax JIIO)J,H rro)J,BepraIOTCH 

<PoHOBOMY o6Jiyl.JeHHJO cyUJ,eCTBeHHO 6oJiee Bb!COKOMY no cpaBHeHHJO c ypoBHeM 

o6JiyLJeHH5I Ha noBepxHOCTH 3eMJIH H ycJIOBH5IX «HOpMaJibHOrO» cpoHa. 

DoJie H3JiyLJeHH5I B caJioHe caMoJieTa OTJIHLJaercH or noJIH B cB060,ll,Hoi1 ar

Moccpepe cpaBHHTeJibHO MaJIO, HarrpHMep, rro ITJIOTHOCTH nOTOKa Hei1Tp0HOB He 

6oJiee LJeM Ha 10-12 %. CJieAoBaTeJihHO, rrptt pacqere A03 B caJioHe caMoJieTa 

( orrpeAeJI5IeMbIX 06bil.JHO c TOl.JHOCTb!O AO 30 % ) MO:>KHO HCI10Jlb30BaTb AaHHbie 

0 A03Hb!X xapaKTepHCTHKax, onpe,ll.eJieHHbie )J,Jl5I CB060JJ.HOH aTMoccpepbi. c yqeTOM 

CKa3aHHOro Bb!TIOJIHeHbl pacLJeTbl )J,03, ITOJiyLJaeMbIX Jl!O)J,bMH Ha 6opry caMOJieTa, 

no AaHHbIM 06 ypoBH5IX o6JiyLJemrn Ha COOTBeTCTBYIOUJ,HX BbICOTaX aTMOCcpepbl [5]. 
B Ta6JI. 26.10 rrpttBe)J,eHhI 3HaLJeHHH 3KBHBaJieHTHOH )J,03hI )J,JIH HeCKOJibKHx 

Tpacc; pacLJeT npoBe)J,eH )J,JIH MHHHMyMa coJIHe4HOH aKTHBHOCTH. nhIJIH Bh16paHbI 

rpaCCbl c JlaJibHOCTb!O ITOJieTa MeHee Tpex Tb!C5Il.J KHJIOMeTpOB (LJeTbipe nepBbie 
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TpacChl B Ta6JI. 26.10) 11 6oJiee Tpex Tb!CHLI Kl1JIOMeTpOB (ocTaJibHb!e TpacCh!). flo

CKOJihKY CBepX3BYKOBaH aB11au11H npe.uHa3HaY.eHa ,UJIH 11cnOJib30BaHl151 Ha Ha1160Jiee 

nporn1KeHHh!X Tpaccax, ,U03bl Ha 6opTy CBepX3BYKOBOfO caMOJieTa paccY.11TaHhl 

TOJibKO ,UJIH Tpacc BToporo Tl1na. 

Ta 6 JJ 11 u. a 26.10 
.[lo3bl np11 CTOJleTax no np11seJ1,eHHbIM MapwpyTaM B nep110J1, MllHHMyMa COJJHelJHOH aKTllBHOCT!l 

.[lJ111TeJlbHOCTb noJJeTa 3KB!lBaJJeHTHaH Jl,03a 
Kpei1cepCKaH caMoJJeTa, 'laChI 3a noJJeT, MK3s 

BblCOTa MapwpyT 
.[l03BYKO- Csepx3sy- .[l03BYKO- Csepx3sy-

noJJeTa, KM BOH KOBOH BOH KOBOH 

MocKsa-ColJH 2,25 - 16,2 -
MocKsa-Ycjla 2,00 - 16,9 -

MocKsa-MypMaHCK 2,25 - 24,2 -
10,6 

EpesaH-C. ITeTep6ypr 3,20 - 25,8 -

MocKsa-AJIMa-ATa 4,25 2,0 42,0 32,0 
MocKsa-KpacHoHpcK 4,40 2, I 60,8 42,8 

12,1 MocKsa-.HKyTcK 6,30 3,10 112 82,5 

MocKsa-Xa6aposcK 8,00 3,40 96,0 62,7 

17,0 MoCKBa-AHaJI.bipb 8,15 4,00 140 100 
MocKsa-ITeTponasJJoBcK- 8,45 4,20 110 78,0 

KaMlJaTcK11i1 

IT p 11 M e lJ a H 11 e. Bb1C0Ta 12, l KM coorneTcTByeT TpaccaM JI.03BYKOBbIX, a 17,0 KM - csepx3syKo
BbIX CaMoJJeTOB. 

Ba1KHOtt oco6eHHOCTbIO np11Be,neHHbIX .uaHHbIX HBJIHeTCR To, Y.TO _uo3a 3a noJieT 

Ha CBepX3BYKOBOM CaMOJieTe COCTaBJIHeT 66-78 % OT .U03, noJiyY.aeMh!X np11 noJieTe 

Ha ,U03BYKOBOM CaMoJieTe. 3To 06bHCH51eTCH 6oJiee KOpOTKl1M BpeMeHeM noJieTa 

CBepX3BYKOBoro CaMoJieTa no cpaBHeHl110 c ,U03BYKOBb!M. 0.uHaKO MOlll.HOCTb ,U03bl 

B nepBOM CJiyY.ae 3HaY.11TeJibHO 6oJibll1e, Y.eM BO BTOpOM. 

flocKOJibKY Ha BbICoTax noJieTa ypoBHl1 06JiyY.eH115! cymecrneHHo BbIIlle, Y.eM 

Ha noBepxHocT11 3eMJI11, TO 3a,UaY.a 06ecneY.eH11H pa.u11au110HHOH 6e3onacHOCTl1 

3K11na1KeH 11 nacca1K11poB HBJIHeTcH .uocTaTOY.Ho aKTyaJibHOH. OCTaHOBHMCH Ha 

3aTpoHyTOM Bonpoce no.upo6Hee. 

CornacHo aB11au110HHbIM HOpMaT11BaM [9], np11 BbinOJIHeH1111 noJieTOB cJie.uyeT 

pyKoBo.ucrnoBaTbC5! .UBYM5! cJie.UyIOm11M11 KOHTpoJibHbIM11 ypoBHHMH: 

100 MK3B/Y. - pa60Y.HH KOHTpOJibHbIH ypoBeHb; np11 ero ,UOCTl11KeHl111 npOBO

,Ul1TCH no.uroTOBKa K B03MO)KHOMY CHl1IB.eHl110 Bb!COTbl noJieTa; 

500 MK3B/Y. - ypoBeHb ,UJIH np11HHT115! Mep; np11 ero ,UOCTl11KeHl111 np11H11Ma

IOTCH Mepb1 no 06ecneY.eH11IO pa.u11au110HHOH 6e3onacHocT11, BKJIIOY.aH nepexo.u Ha 

6oJiee H113KYIO Bb!COTY noJieTa. 

0606m11M HeKOTOpb!e ,UaHHbie 0 KOCMl1Y.eCKOH pa.u11au11H Ha Tpaccax noJieTa 

caMOJieTOB. Ha p11c. 26.2 noKa3aHa BhrcoTHa5! 3aB11C11MoCTb MOlll.HOCTl1 3KBl1Ba

JieHTHOH ,U03bl fKJI ,UJIH nOJI5!pHoro patio Ha (Kp11BaH 1), paHOHOB cpe,UH11X I1111pOT 

(Kp11BaH 2) 11 npe.U3KBaTop11aJibHoro patioHa (KpHBa5! 3). KaK B11.UHO, KpeHcepcK11e 
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5 

Ty-154 
11JJ-62M 

Bmrnr-707 
Bmrnr-747 

10 

' 
C-21, C-51 
! Ty-144 ! 
:KottKOPA: 
' ' 

15 20 25 
Bb!corn noJJern, KM 

' : CaepX3BYKOBhie 
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30 35 40 

PHc. 26.2. BhlCOTHhIH xo,u, MOll\HOCTH 3KBHBaJieHTHOH A03hI npH cpottoBoM o6JiytJeHHH: 1 - a noJIHp
HhIX paliottax; 2 - B cpeAHHX umpornx; 3 - B rrp1BKBarnpHaJJhHhIX paliottax. BhIAeJieHhI HHTepsaJihI 

Bh!COT llOJleTOB caMOJieTOB, yKa3aHHhlX Ha pHcyHKe THllOB 

BbICOTbI noJieTOB BbICOTHbIX CBepx3BYKOBbIX caMoJieTOB TY-144, KoHKOpJJ.a, C-21, 

C-51 (15-19 KM) npHXO)l.HTCH KaK pa3 Ha MaKCHMYM ypoBHeH KOCMHL!eCKOH pa)l.H

auHH B aTMOCcpepe B cpOHOBblX ycJIOBHHX, T. e. JIIO)l.H Ha 6opTy caMOJieTOB TaKoro 

KJiacca BO BpeMH noJieTOB HaXO)l.HTCH B HaHMeHee 6JiaronpHHTHb!X c TOLIKH 3peHHH 

paJJ.HaUHOHHOro B03JJ.eHCTHH ycJIOBHHX. BoJiee Toro, cpoHOBb1e ypoBHH o6JiyLieHHH 

,l(a)Ke BO BpeMH noJieTOB Ha npoeKTHpyeMb!X B HaCTOHlll,ee BpeMH rnnep3BYKO

Bb!X caMoJieTax (BbICOTbI 30 KM H 6oJiee) 6yJJ.yT HRMe. B 6oJiee 6JiaronpHHTHOM 

nOJIOMeHHH B OTHOllleHHH pa)l.HaUHOHHoro B03)l.eHCTBHH KOCMHLieCKOro H3Jiyqe

HHH npH noJieTax B cpOHOBb!X ycJIOBHHX HaXO)l.HTC5l JIIO)l.H Ha 6opTy caMoJieTOB 

TY-154, l1JI-62M, Bmrnr-707 ,-7 4 7 H JJ.pyrnx JieTaTeJibHbIX annapaToB CXOJJ.HbIX 

THnoB. Bo-nepBbIX, ypoBHH KOCMHLieCKOH paJJ.HaUHH B aTMoccpepe Ha BbICOTax 

noJieTOB 3THX caMOJieTOB (8-12 KM) Ha 30-50 %, HHMe LieM Ha Bb!COTax noJieTa 

CBepX3BYKOBbIX caMOJieToB; a BO-BTOpb!X, Ha 3THX BbICOTax npoueccbI nornorueHHH 

qacTHU KOCMHLieCKoro H3JiyqeHHH npeo6Jia,l(aIOT Ha,[( npoueccaMH pa3MHO)KeHHH, 

T. e. B Kopnyce H KOHCTPYKUHOHHbIX MaTepHaJiax JieTaTeJibHOro annapaTa 6yJJ.eT 

,l(OMHHHpOBaTb nOrJIOlll,eHHe qacTHU, LITO Be)l,eT K )l.OilOJIHHTeJibHOMY CHH)KeHHIO 

ypoBHeH o6JiyLieHHH JIIO)l.eH Ha 6opTy caMoJieTOB. 

3KcnpeCCHb!H KOHTpOJib ypoBHeH KOCMHLieCKOH pa)l.HaUHH ocyruecTBJIHeTCH 

c noMOlll,b!O ynoMHHaBWeHCH B fJI. 23 wap-30H)l.OBOH pa)l.HOMeTpHLieCKOH annapa

TYPbl. HaLIHHaH co BTopoi1 noJIOBHHbI 1950-x ro)l.OB, <PYHKUHOHHpyeT ceTb CTaHUHH 

peryJIHpHoro CTpaTOccflepHoro 30HJJ.HpoBaHHH, pacnoJIO)KeHHbIX B pai1ottax Myp

MaHcKa, MocKBbI, AJIMa-ATbI H B AHTapKTHJJ.e. 

YLIHTbIBaH reHeTHLiecKyIO CBH3b ypoBHeH o6JiyLieHmI fKJI B rno6aJibHOM Mac

wra6e, no !13MepeHHHM Ha HeCKOJibKHX CTaHUHHX CTpaToccpepHOfO 30H,ll,HpoBaHHH 

B ycJIOBHHX cnoKOHHOH reocflH3HLieCKOH o6cTaHOBKH MO)KHO oueHHTb pa)l.HaUH

OHHbie ycJIOBHH noJieTa no JII06oi1 caMoJieTHOH Tpacce. OnpeJJ.eJIHH no )l.aHHbIM 

aTMoccpepHoro 30HJJ.HpoBaHHH MOIUHOCTb 3KHBBaJieHrnoi1 JJ.03bI P(h, cp) KOCMHLie-
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CKoro H3JIY4€HHH Ha BbICOTe h H urnpOTe <.p, Mo:arno HaihH cyMMapHyIO JJ.03Y D, 
KOTopyIO noJiyqaT JIIOAH Ha 6opTy caMoJieTa sa BpeMH noJieTa T: 

D = f P [h(t) · <.p(t)] · dt, (26.1) 

T 

rJJ,e h(t) H <.p(t) - Bb!COTHblH H WHpOTHb!H npocpHJIH TpaCCbl noJieTa caMOJieTa. 

3Ta M€TOJJ,HKa Il03BOJJHeT BbJnOJIHHTb )1,0JirocpoL!Hb!H npornos paJJ,HaUHOHHOH 06-

CTaHOBKH Ha Tpaccax noJieTa caMOJieTOB B cpoHOBb!X ycJIOBHHX, oueHHBaTb ypoBHH 

paJJ,HaUHOHHOro B03)1,€HCTBH5l KOCMH'leCKOro H3JIY'l€HH5l Ha 3KHila)!(H H ITacca)!(H

poB caMOJieTOB. 

CTpeJJ,eJihHO BbICoKoe cpoHoBoe 06Jiy'lett11e noJiy'laeTCH ITPH ITOJieTax qepes patt

OH CeBepHoro ITOJIIOca. PaccMOTpHM, ttanpHMep, paJJ,HaUHOHHy10 o6CTaHOBKY ITPH 

IToJieTe B 0TcyTcrn1111 co6bITHH CKJI ITO M€*J1.YHapoJJ,HOMy MapwpyTy MoCKBa

CeBepHbIH ITOJ110c-AHKOPHJJ.*-Catt-<PpaHUHCKo Ha BbICOTe ITOpHJJ,Ka 10 KM [ 4]. 
Ha p11c. 26.3, a ITOKasatto pacnpeJJ,eJieHHe stta'leHHH MOW.HOCTH 3KBHBaJieHTHoi1 

J1.03bl (M3,1],) KOCMH'l€CKOro H3JIY4€HH5l B cpoHOBb!X ycJIOBHHX no Tpacce noJieTa 

\MK3B 
6 

MK3B/ 
a I I 8 22.10 

I 225 I 
I I 9000 I 12, l 12.8 I I 
I ~o} I 
I I 

29.09 I I 
I 135 I I 6000 I 

10 I I 
I I 
I I 
I I 3000 I 
I I 
I 45 I 
I I 
I I 

3 5 7 9 800 1000 )lara 

PaccroHHHe, ThIC. KM CKopocTb rroJieta, KM/'! 

Pttc. 26.3. Pacnpe)J,eJiem1e MOIUHOCTH 3KBHBaJieHTHOH )J,03hI (MK3s/q), Ha tpacce MocKBa-CaH
ct>pam..1,1-1cKo (a); saBHCHMOCTb cyMMapHOH )J,03bi sa TIOJieT (MK3B) OT cpe)J,Hefi CKOPOCTH caMOJiera 
Ha BblCOTaX 10,6 11 12, l KM (6); MOlll,HOCTb .3KBHBaJieHTHOH )103bl (MK3s/q) Ha BbICOTe 12, 1 KM 
B pafioHe CesepHoro nomoca so speMH co6hITHH CKJI B asrycte-HoH6pe 1989 r. (a): 1 - yposeHb 

5000 MK3s/q (TIJl,U )J,JIH nacca)!(Hpos); 2 - ypoBeHh npHHHTHH Mep 500 MK3s/q 

s saBHCHMOCTH OT paccTOHHHH oT MocKBbI. MaKCHMaJihHhie stta'leHHH M3,ll 

JJ.OCTHraIOTCH B ITOJJHpHb!X paHOHax: 15 MK3B/ll Ha Bb!COTe 10,6 KM H 22 MK3B/'l 

Ha Bbl CO Te 12, 1 KM. Pa6ot:JHH KOHTpOJibHbIH ypoBeHb M3.U KOCMHt:JecKoro HsJiyqe

HHH - 100 MK3B/q HHr)J,e Ha Tpacce ITOJieTa He ITpeBbJWaeTCH, T. e. B paccMaTpH

BaeMOH CHTyaUHH ycJIOBHH paJJ,HaUHOHHOH 6esonaCHOCTH co6JIIO)J,aIOTC5l. 

Ha p11c. 26.3, 6 rroKa3atta saBHCHMOCTb cyMMapHoH: 3KBHBaJJeHTHOH JJ,03bI 06-

Jiyt:JeHHH JJ€THOro COCTaBa H ITacca)!(HpOB sa 0)1,HH ITOJieT OT cpeJJ,HeH CKOpOCTYI ITO 

Tpacce. 3Hat:JeHH5l cyMMapHOH )1,03bl H3M€H5l!OTC5l OT 220 MK3B (Bb!COTa 12, 1 KM, 
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CKOpOCTb 800 KM/ll) .ll,O 120 MK3B (Bb!COTa 10,6 KM, CKOpOCTb 1000 KM/ll). Co

OTB€TCTB€HHO, BpeM5l Ha6opa fO.ll,OBOfO npe.ll,eJia ,Il.03bl .ll,JI5l HaceJieHH5l, KOTOpoe 

OTHOCHTC5l K naccaMHpaM, COCTaBHT npH6JIH3HT€JlbHO 50-100 JI€THb!X lJaCOB, lJTO 

COOTB€TCTByeT H€CKOJibKHM (He 6oJiee TI5ITH TIOJieTaM) Ty.ll,a H o6paTHO B T€lJ€HHe 

ro.ll,a. 

0CTaHOBHMC51 Ha Bonpoce 0 ,Il.OTIOJIHHTeJibHOH ,Il.030BOH HarpyaKe, o6ycJIOBJI€H

HOH BTOpMeHH5IMH B aTMOCcpepy TIOTOKOB lJaCTHU COJIH€lJHOf0 npOHCXO)K,Il.€HH5l, 

o6cy.ll,HB B KalJeCTBe THTIHlJHOfO npHMepa pa.ll,HaUHOHHYIO CHTyauHIO Ha yMe pac

CMOTpeHHOH BbJille Tpacce MocKBa-CaH-<PpaHUHCKO BO Bp€M51 COJIH€lJHOH BCTibllll

KH 29 ceHrn6p51 1989 r. 
Ha pttc. 26.3, B noKaaaHbI MaKCHMaJibHbie ypoBHH M3)l B aTMoccpepe BO Bpe

M51 H€CKOJibKHX BCTibllll€K OC€Hbl0 1989 r. 0pO.ll,OJI)KHT€JlbHOCTb npOHHKHOB€HH5l 

noTOKOB CKJI B aTMoccpepy 12-15 aBryCTa 6bIJia 2, 7 cyToK, 29-30 ceHrn6pH -

1,6 cyToK, 22-25 OKT516p5I - 3 cyTOK. MaKCHMaJibHbie 3HaLJeHH5l MOill,HOCTH 

.ll,03bl npHXO,Il.HTCH Ha ,n11ana30H 6000-9500 MK3B/lJ. Ha pHC. 26.4 TIOKa3aHO pac-

6000 

5000 

z 4000 

"" ~ 3000 
::;: 

0...- 2000 

MocKBa 2 3 4 5 6 7 8 9 10 
PacCTOHHHe OT MocKBhI, TbIC. KM. 

P11c. 26.4. PacrrpeJI.eJ1em1e MOil\HOCTH 9KBHBaJJettrnoi\ JI.03hI (MK3B/'l) Ha BhICoTe 12, I KM Ha Tpacce 

MoCKBa-Catt-<t>paHU.HCKo so BpeMH coJIHe'lHOi\ BCIThIWKH 29.09.1989 r.: a - CKJI; 6 - ¢oHOBhii\ 

yposetth 

npe.ll,eJieHHe M3)l Ha paccMoTpeHHOH BbIIlle Tpacce MocKBa-CaH-<Ppam..i:11cKo Bo 

BpeM5l nepBOH 113 ynoM5IHYTbIX BCTibIIlleK. KaK BH,nHo, Ha 6oJihlllei1 qacTH Tpaccb1 

ttapyweHbI ycJIOBH5l pa.ll,HaUHOHHOH 6eaonacttocT11: MHoroKpaTHO npeBbIIlleHbI o6a 

yKa3aHHblX Bbllli€ KOHTpOJibHbIX ypOBHH - 100 H 500 MK3B/lJ. 0pH TIOJieTe CO 

CKOpOCTblO 1000 KM/lJ naccaMHpbl noJiylJaT .ll,03Y OKOJIO 5000 MK3B, COOTB€TCTBy

!Olll,YIO TI5ITHKpaTHOMy npeBbllll€HHIO fO,Il.OBOfO npe.ll,eJia ,Il.03 .ll,Jl5l HaceJieHHH. 

C11Tyaum1 noBTop11Jiach B MaKc11MyMe cJie.ll,yIOmero UHKJia coJittelJHOH aKTHB

HOCTH B 2000 r.; BO BpeMH ueJioro p51.ll,a BTOpMeHHH TIOTOKOB COJIH€lJHbIX npoTOHOB 

(oco6eHHO MOill,HbIX B HOH6pe H .ll,€Ka6pe) OTMelJaJIOCb pe3KOe TIOBbllll€HHe ypoBH€H 

o6JiyLieHH5l B aTMOCcpepe BbJCOKHX IllHpOT, conpOBOM.ll,aBUJeec.51 CHJibHbIM B03My

Ill,€HH€M MafHHTOccpepw. 

)lJI5l o6ecneLieHH51 pa,nHaUHOHHOH 6eaonacHOCTH TIOJl€TOB caMOJI€TOB B pernoHe 

CeBepHoro Jle.ll,OBHToro oKeaHa Heo6xo.ll,HM: 
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- perym:ipHb!H KOHTpOJlb pa,D,HaUHOHHOH o6cTaHOBKH no ceBepHb!M TpaccaM; 

- nporno3 pa,D,HaUHOHHOH o6cTaHOBKH B aTMOCcpepe Bb!COKHX umpoT. 

CTepBoe H3 3THX Tpe6oBaHHH o6ecnetmsaeTCH c noMOIUbIO ynoM11HaBWHXCH 

Bb!We perymi:pHb!X H3MepeHl1H Ha pa,D,11030H,D,ax ypoBHeH KOCMH4"€CKHX H3JIY4"€HHH. 

BTOpoe OCHOBaHO Ha HHcpopMaUI'rn 0 COJlH€lJHbIX BCilbIWKaX, 3KcnpeCCHO BbI,ll,a

BaeMOH ceTbIO cTaHUHtt nocTOHHHoro Ha6JIIO,D,eH11H 3a CoJIHUeM, B colJeTaH11H co 

cnyTHHKOBbIMl1 pa,D,110MeTp11qecK11M11 ,D,aHHbIM11. Pa3pa6oTaHbI ,D,OCTaTolJHO T04"Hb1e 

11 KOppeKTHbie M€TO)J,11Kl1 nporno3a pa,D,Hau110HHOH o6CTaHOBK11 B aTMoccpepe no 

pe3yJibTaTaM 3Tl1X Ha6JIIO,IJ,eHHtt, npe,D,ycMaTpHBaIOIUHe nepeclJeT no cneu11aJibHb1M 

nporpaMMaM ,D,aHHb!X 06 ypoBHHX pa,IJ,11au1111 B 6JimKH€M KOCMOCe Ha aBHaU110HHb!e 

TpaCCbl [7, 12], 
c U€Jlb!O 6oJiee 3KCnpeCCHOfO noJiylJeHl15l COOTB€TCTBYIOIU€H npaKTl14"€CKOH 

11HcpOpMaU1111 6b!Jl C03,IJ,aH 11 ony6JIHKOBaH aTJiaC KapT pacnpe,D,eJieH11H noTOKOB 11 

,ll,03 fKJI H CKJI B 30Hax noJieTa asHaUHH KaK B BbICOKHX, TaK H cpe,D,HHX wHpotax 

[2]. MeTO,ll,HKa nporno3a H KOHtpom1 pa,D,Hau110HHOH o6cTaHOBKH B aTMoccpepe 

3eMJlH, OCHOBaHHaH Ha onHcaHHbIX HCCJieJJ,oBaHHHX, HCnOJib3Y€TC5! B npaKTHKe 

aBHaUHOHHb!X noJieTOB. 

KoMMepqecK11e noJieTbI caepx3BYKOBbIX caMoJieTOB - TY -144 11 KoHKOp,D,a 

B HaCTOHIUee BpeMH npeKparueHbl (npaB,D,a, HeKOTOpbie 113 HHX HCnOJib3YIOTCH B Ka

lJeCTBe caMoJieTOB-Jia6opaTop11tt). B HOBOM 21 aeKe Be,D,yru11e aB11acTpo11TeJibHbie 

cpHpMbl M11pa pa60Ta!OT Ha,ll, C03,IJ,aHH€M nacca.arnpCKHX CBepx3BYKOBblX aBHaJiatt

HepOB HOBOfO nOKOJl€Hl15l - nmep3BYKOBb!X caMoJieTOB, npe,D,Ha3Ha4"eHHbIX .!I,JIH 

nepeJieTOB Ha 60JlbWHe pacCTOHHHH. 3Tl1 as11aJiattHepb1 6y.1I,yT nO.!I,H11MaTbCH Ha 

Bb!COTbl, Bb!XO.ll,HIUHe 3a npeJJ,eJibl CTpaToccpepb!. 

§ 26.6. HcKycCTBeHHhie HCToqHHKH HOHH3Hpy10w;ero H3Jiyqemrn 

26.6.1. 06w.He npe.n.CTaBJieHHSI 06 HCKYCCTBeHHblX HCTOqHHKax HOHH3H

pyiow.ero H3JiyqeHHSI. B rJI. 4 MbI B KOHcneKTHBHOtt cpopMe paccMotpeJIH oco-

6eHHocn1 HeKOTOpb!X HCKYCCTBeHHb!X HCTOlJHHKOB HOHH3Hpy10ruero H3JIY4"eHHH. 

Bee HX MHoroo6pa3He MO)KHO noJJ,pa3,D,eJIHTb Ha cJie,D,y10ru11e KaTerop11H: 

1) HCKyccTBeHHb!e HCT04"Hl1KH 113JIY4"€Hl15I B cpe,D,e 0611TaH115!; 

2) pa,ll,HOaKT11BHbie 3arp5!3H€HH5! cpeJJ,bl aTOMHb!MH npe,D,npHHTl15!M11 11 aTOMHbI

MH 3JI€KTpocTaHU115IMl1 (A3C); 

3) rno6aJlbHble Bbma,D,eHHH pa,I1.HOaKTl1BHbIX BeruecTB OT H,ll,epHb!X B3pb!BOB. 

B cooTaeTCTBH11 c KOHUemyaJibHbIMH npe,D,cTaBJieHH5IMH MKP3 (cM. § 24.4), 
npH pacCMOTpeHH11 pa,D,11au110HHOro B03JJ,€HCTBl15l HOHH3Hpy10ruero H3JIY4"€HHH 11C

KYCCTBeHHOf0 npoHCXO)K.ll,€Hl1H cJie.n.yeT pa3JI11lJaTb npocpeccttoHaJibHOe o6Jiy4"eHHe 

H o6JiylJeHHe HaCeJleHH5l. lfa Bcero pa3H006pa3HH B03.!I,€HCTBHH TaKoro poJJ,a Mb! 

orpaHHlJHMCH 3,ll,€Cb paCCMOTpeHHeM npocpeccHOHaJibHOro o6JiylJeHH5! Ha pa3JIH4"

Hb!X CTa.ll,11HX H.ll,epHoro TOnJIHBHoro UHKJia, pa,ll,HOaKTHBHOfO 3arpH3H€Hl15! BHew

Hett cpe.ll,bl np11 npOH3BO.!I,CTBe 5!.ll,epHOH 3Heprn11, o6Jiy4"eHl15! HaCeJieHHH B M€.ll,11-

U11HCKHX IJ,€Jl5IX H pa,ll,HOaKTl1BHOro 3arpH3H€HH5! OKpy)KaIOIUeH cpe,D,bl B pesyJibTa

Te 5!,D,epHblX B3pb1BOB. 
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26.6.2. Ilpo4>eccuoHaJibHOe o6Jiyqeuue Ha pa3JIHqHhIX CTa,11,usx s,11,epuo
ro TOOJIHBHoro u;uKJia. CTpocpecn10HaJihHOe 06Jiyqem1e npH npoH3Bo.ncrne 51..D,ep

HOH 3HeprnH xapaKTepH3yeTc51. AOJieA KOJIJieKTHBHOH A03hr, Ha ABa nopHAKa 6oJiee 

Bh!COKOH, qeM npH npoH3BO,ll,CTBe 3JieKTp03HeprHH Ha yroJibHh!X .3JieKTpocTaHUH51.X. 

CTo3TOMY ueJiecoo6pa3HO paccMoTpeTh ypoBHH npocpecrnoHaJibHoro o6JiyqeHH51. Ha 

pa3JIHqHhlX CTa,ll,H51.X 51..D,epHoro UHKJia. ,llJI51. cpaBHeHH51. ypOBHeH o6JiyqeHHH Ha 

pa3Hh!X CTa,ll,H51.X paccMaTpHBaeMoro npOH3BO,ll,CTBa npHHHTO HOpMHpOBaTh KOJIJieK

THBHYIO .no3y K e.D,HHHUe 3JieKTp03HeprnH, Bhrpa6aThrnaeMol1 c noMOIUhIO HAepHoro 

rop10qero - o6orarueHHoro ypaHa. HopMHposKa npoH3BOAHTCH Ha O,IJ,HH MeraBaTT 

3JieKTpHqeCKOH 3HeprnH, Bb!pa6aTbIBaeMOH 3a ro.n (MBT(3JI) . ro.n). 

Ha nepBOHaqaJihHhIX cTa,IJ,HHX paccMaTpHBaeMoro UHKJia - .no6h1qH ypaHoBoA 

PYAhI, ee nepepa6oTKe, H3roTOBJieHH51. H.D,epHoro TonJIHBa H ero TpaHcnopTHpOBKH 

KOJIJieKTHBHaH ,ll,03a cpaBHHTeJihHO HeBeJIHKa (CM. Ta6JI. 26.11 ). 

0.nHaKo B waxTax H Kapbepax, B KOTOphIX .no6brnaeTc51. ypaHoBaH py.na, H Ha 

npe.nnpH51.TH51.X, CBH3aHHh!X c ee o6orarueHHeM H H3fOTOBJieHHeM 51..D,epHoro TOn

JIHBa, 6e3 Ha.D,Jie)KalUHX Mep npe.D,OCTOpO)KHOCTH 3.D,OpOBb!O qeJIOBeKa MO)KeT 6b!Th 

HaHeCeH cyruecTBeHHhIH yruep6. 0CTaHOBHMC51. Ha 3aTpOHYTOM BOnpoce HeCKOJihKO 

no.npo6Hee. 

BtternHee o6JiyqeHHe nOTOKOM a-qacTHU, HcnycKaeMhIX 51.ApaMH ypaHa, KaK H3-

secTHo, B pa,D,HaUHOHHOM OTHOilleHHH 6e3onaCHO. lfro KacaeTC51. nona.naHHH ypaHa 

H ero coe.nHHeHHH BHYTPh opraHH3Ma, TO OHO onacHo He TOJihKO B pa.nHaUHOHHOM, 

HO H B XHMHqecKOM OTHOWemrn:. ,lleJIO B TOM, qTO ypaH cnoco6eH o6pa30BhIBaTh 

ycToJ1qHBb!e xopowo paCTBOpHMbie B so.ne coe.D,HHeHH51., HeKOTOpbre H3 KOTO

pb!X TOKcHqHhI. K TaKOBhIM npHHa,IJ,Jie)KHT XHMHqecKH aKTHBHoe coe,IJ,HHeHHe -

reKcacpTOpHA ypaHa. Ha so3.nyxe s npHcyTcTBHH napos BOAhI 3TO coe.nHHeHHe 

6bICTpo rn.npoJIH3yeTC51., 06pa3y51. BhlCOKOTOKCHqHble MeJIKO,ll,HCnepcHbie a3p030JIH 

ypaHHJicpTopH.na. A3po30JIH, a TaK)Ke ypaHoBaH nhIJih, npH nona.naHHH B opraHH3M 

OTKJia.D,bIBaIOTCH B JierKHX, noqKax, neqeHH H KOCTHX. CTocJie.D,cTBHMH BHyTpeHHero 

nona.naHHH ypaHa H ero coe,IJ,HHeHHH B opraHH3M MoryT 6bITh OHKOJiornqecKHe 

ocJIO)KHeHHH pa3JIHqHoro po.na 1). CKa3aHHoe B onpe.neJieHHOH Mepe OTHOCHTCH 

H K HeKOTOpb!M TpaHcypaHaM, HanpHMep, K aMepml,HI0-241. 

OcHOBHOH BKJia.n B KOJIJieKTHBHYIO .no3y o6ecnelfHsaeTc51. Ha CTaAHHX .3KC

nJiyaTaUHH 3HepreTHqeCKHX 51..D,epHbIX peaKTOpOB H nepepa60TKH 51..D,epHoro TOn

JIHBa (2,2 . 10-2 qeJI . fp/MBT(3JI) . ro.n). B Kaqecrne O,ll,HOH H3 COCTaBJ151.IOIUHX 

51.D,epHoro TOnJIHBHOrO UHKJia npHH51.TO cqHTaTh COOTBeTCTBYIOIUHe HayqHbie HC

CJie.D,OBaHH51. H pa3pa60TKH, nOCKOJihKY OHH opraHHqecKH CB51.3aHhl c pa3BHTHeM 

H.nepHoA 3HepreTHKH. CpaBHHTeJihHO BhICOKHe ypoBHH o6JiylfaeMoCTH nepcoHaJia, 

yqacrny10ruero B HayqHhIX H KOHCTPYKTopcKHX HccJie.nosaHHHx (1,4 · 10-2 qeJI x 

x fp/MBT(3JI). ro.n) CB51.3aH B H3BeCTHOH Mepe c TeM, qTO o6ecneqeHHe pa.D,H-

1) BoeHHOe rrp11MeHem1e cHapHJJ:OB, co,a:ep*am11x o6e,a:HeHHbIH ypaH, o '-!eM cTaJio 113secTHO 113 

cpe,a:CTB MaCCOBOH 11mpopMau1111, ITO-Bl1Jl:l1MOMY, MO)KeT rrp11BOJJ:l1Tb K aHaJIOrH'-IHblM ITOCJie,a:cTBHllM 

JJ:JIH 3,0:opoBbll mo,a:eti rrp11 11x rrpe6bIBaH1111 Ha y'-!aCTKax, rro,a:seprnyTb1X 60M6apm1posKaM TaKHMH 

CHapH,a:aMH. 
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aUHOHHOH 6e3onaCHOCTH B npouecce HayYHb!X HCCJie,ll,OBaHHH 6oJiee CJIO)KHO no 

cpasHeHHIO c ycJIOBHHMH HaJia1KeHHoro npomso,n:cTBa. 

Ta6Jn1ua 26.11 
YpoBHH npocjlecc110HaJibHOro o6JiycreHHH Ha pa3JIHqHb!X CTail,HHX HJJ,epHoro TOTIJIHBHOfO UHKJia 

KoJIJieKTHBHaH ao3a Ha ea11HHUY 

CTaJJ,HH HaepHoro TOTIJIHBHOro UHKJia Bb1pa6aTbIBaeMoil 3Hepnrn 

(qeJI · fp/MBT(3JI) · roa) 

,Uo6bI4a ypaHOBOfO TOTIJIHBa 0,0005 

ITepepa6oTKa PYAbl 11 H3rOTOBJ1eH11e HAepHoro TOTIJIHsa 0,0015 

TpaHcnopTHpOBKa Heo6J1yt.1eHHoro HAepHoro TOTIJIHBa 3. 10-5 

.3KCTIJJyaraum1 3HepreTH4eCKHX HAepHblX peaKTOpoB 1,0. 10-2 

ITepepa6oTKa HJJ,epHoro TOTIJIHBa 1,2. 10-2 

TpaHcnopTHposKa 06J1yt.1eHHOro HAepHoro TOTIJIHBa 2,0 · 10-5 

TpaHcnopTHposKa rnepJJ,bIX OTXOAOB 10-s 

Hayt.1Hb1e 11ccJ1eJJ,0BaHHH 11 pa3pa6oTKH 1,4. 10-2 

51AepHb!H TOTIJIHBHb!H UHKJI B ueJIOM 3,8. 10-2 

26.6.3. Pa.n.uoaKTHBHOe 3arpH3HeHue sueurneH: cpe,ll.bI npu npou3so.n.cTBe 
H,ll.epuoH: auepruu. Bb1we yKa3bIBaJIOCb, YTO H.11.epHaH 3HepreTHKa s cpaBHHTeJib

HO Bb!COKOM TeMne pa3BHBaeTCH BO MHOfHX CTpaHaX MHpa. TaK, npOH3BO.D:CTBO 

3JieKTp03Hepnm Ha A3C B 1979 r. coCTaBHJIO 120 fBT, a cornaCHo nporno3y, 

B nepBbie .11.eCHTHJieTHH 21-ro BeKa ,ll,OJI)KHO yseJIHYHTbCH no KpaH:HeH Mepe .n:o 

2000 fBT. 

06o6meHHe .n:aHHbIX 0 JJ,OnOJIHHTeJibHOM o6JiyYeHHH HaceJieHHH, CBH3aHHOfO 

c npoH3BO,ll,CTBOM HJJ,epHOH 3HeprnH, npttse.11.eHo s Ta6JI. 26.12. CornaCHo 3THM .11.aH

HbIM, CBbIWe 50 % KOJIJieKTHBHOH JJ.03bl, noJiyqaeMOH 3a CYeT paccMaTpl18aeMoro 

cpaKTOpa o6JiyYeHHH, CBH3aHo c pacceHHHeM B rno6aJibHOM MacwTa6e pa,ll,HOHYK

JIH,ll,OB c 60JibWHMH neptto,ll,aMH noJiypacna.11.a: 14C, 85Kr, 3H, KOTOpbie o6pa3yIOTCH 

B npouecce npoH3BOJJ,CTBa H,ll,epHOH 3HeprnH, pa60Tbl 3HepreTHYeCKHX HJJ,epHblX 

peaKTopos, nepepa6oTKH HAepHoro ropIOYero H AP· f Jio6aJibHaH KOJIJieKTHBHaH 

JJ.03a o6Jiyc!eHHH pa3JIHYHblX opraHOB qeJioseqecKoro TeJia, HOpMHpOBaHHaH Ha 

npott3so.11.crno 3JieKTpo3HeprnH s 1 Mfs(3JI) · ro.11., H3MeHHeTcH B npeJJ,eJiax OT 

5 · 10-2 ,ll,O 3 '-!eJI · fp. 

26.6.4. 06Jiyqeuue uaceJieHuH B Me.n.uu:uucKHX u;eJIHX. Oco6ettHOCTbIO 

o6JiyYeHHH B Me,ll,HUHHCKHX ueJIHX HBJIHeTCH npHMeHeHHe HOHH3HPYIOIUHX H3Jiy

qeHHH, C03,ll,aIOllI,HX OTHOCHTeJibHO BblCOKHe ,ll,03bl H MOllI,HOCTH ,ll,03bl. TaK, npH 

peHTreHOBCKOti ,ll,HarHOCTHKe OT,ll,eJibHblX opraHOB TeJia nauHeHTa 3Hal.J:eHHe norno

meHHOH JJ.03bl JJ,OCTttraeT JJ,OJieH: rpeH. B pa.11.ttoTepaneBTHqecKOH npaKTHKe ttcnoJib-

3YIOTCH eme 6oJibWHe ,ll,03bI, npas.11.a, YHCJIO nauHeHTOB, KOTOpbie no.11.sepraIOTCH 

CTOJib BbJCOKHM o6JiyqeHHHM, cpaBHHTeJibHO HeBeJIHKO. Pa3BHTHe peHTreHOBCKOH 
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Ta6JJHUa 26.12 
fJJo6aJJbHbie Jl.03bI o6JJy'leH!lH HaceJJeH!lH s pesyJJbTaTe nepepa60TK!l HJl.epHoro TOTIJJ!lBa ll 3KCTIJJya

Tal\llll HJl.epHbix peaKTopos (10-2 lJeJJ · fp)/(MBT(3JJ) · roJl.) 

I1cTOlJH!lK 
1UHTOB!l)l.Ha51 3H)l.OCTaJJbHb!e 

pa,1l.!lal(ll0HHOH foHa)l.bI JiernHe KoCTHbltt Mosr 
LKeJJesa KJJeTKll 

onacHOCTll 

3H 1·10- 1 1·10- 1 1·10-1 I· 10- 1 1 · 10- 1 

ssKr 9. 10-2 2,5. 10- 1 9. 10-2 1,5. 10- 1 1,5. 10- 1 

14c 9. 10- 1 9. 10- 1 9. 10- 1 3,0 3,0 

129 J - - 5. 10-2 - -

l1TOro 1,09 1,25 1, 14 3,25 3,25 

TeXHHKH, rrpeJJ,Ha3Ha4eHHOH JJ,nH JJ,HarHOCTHKH, HJJ,eT B HarrpaBneHHH CHH)KeHHH 

ypoBHH JJ,03, rronyqaeMbIX rrauHeHTaMH. 

lfacno moJJ,eH, rrpoxOJJ,Hill.HX peHTreHOJJ,HarHOCTH4eCKHe ttccneJJ,OBaHHH, COCTaB

nHeT 6onbll1HHCTBO OT o6mero 4Hcna nauHeHTOB, IIOJJ,BepraIOill.HXCH o6ny4eHHIO 

B MeJJ,HUHHCKHX uenHx. B rrpoMbIIllneHHO pa3BHTbIX CTpaHax roJJ,OBbie JJ,03bI peHT

reHOBCKoro H3nyqeHHH Ha AYillY HaceneHHH JJ,ocrnraIOT (5 · 10-1-10-3) fp, 4TO 

coorneTcrnyeT roJJ,OBOH KOnneKTHBHOH JJ,03e OT M€,ll,HUHHCKOro o6nyqeHHH Hacene

HHH, COCTaBnHIOill.eH (5. 102-103) qen. fp Ha 1 MnH qenoBeK. 

no cpaBHeHHIO c npHBeJJ,eHHOH oueHKOH o6ny4eHHH nauHeHTOB, o6nyqeHHe 

MeJJ,ttUHHCKoro rrepcoHana, paBHoe cornacHo pacqeTy 1 qen · fp Ha 1 MnH qenoBeK 

B rOJJ,, HBnHeTCH Manoil )],Oneil o6nyqeHHH HaceneHHH B Me,ll,HUHHCKHX uenHX. 

CornacHo oueHKaM HK,llAP KonneKTHBHaH rno6anbHaH JJ,03a OT MeJJ,HUHHCKHX 

npoueAyp paBHa 5 · 105 qen · fp B roJJ,. 

26.6.5. Pa.zvmaKTHBHoe 3arpS13HeHHe oKpyLKaiow.eu cpe,n:bI s pe3yJihTaTe 
B,n:epHbIX B3pbIBOB B aTMoccpepe. .5JJJ,epHb!e B3pb!Bbl ornH4aIOTCH pa3H006-

pa3HeM ycnoBHH HX npoBeJJ,eHHH H pa3nH4HHMH B noBeJJ,eHHH pa,ll,HOHyKnHJJ,OB 

B OKpy)KaIOI11.eH cpeJJ,e, 4TO CBH3aHo c MeTepeonorH4eCKHMH ycnOBHHMH, Bb!COTOH 

noJJ,beMa paJJ,HOaKTHBHoro o6naKa H np. CTepe4HcneHHbie o6cT05ITenbcTBa Kpai1He 

3aTpy,ll,HHIOT oueHKY cyMMapHOH JJ,03bl o6ny4eHHH KaK B OTJJ,enbHbIX pernoHax 

3eMHoro Illapa, TaK u B rno6anhHOM MaCI11Ta6e. Bo3MO)KHbI nHillb BeChMa opHeH

THpoB04Hbie oueHKH ero paJJ,HaU,HOHHOrO B03JJ,eHCTBHH. 

l1cnbITaHHH HJJ,epHoro opy)KHH B aTMOccpepe rrpOH3BO,ll,HTCH c 1945 r. 
B rn6n. 26.13 rrpHBeJJ,eHbI pacqeTHbie JJ,aHHbie o MOill.HOCTH HJJ,epHbIX B3pbIBOB. 

KaK BHJJ,HO, HaH6onbll1ee 4Hcno ttcnbITaHHH ocymecrnneHo CWA ( 193 B3pbrna) 

H CCCP (142 B3pbrna). CyMMapHa5I MOill.HOCTb B3pbIBOB orpoMHa - 6onee 540 MT. 

Ha KapTe rrpHno)KeHHH 6 yKa3aHbI MeCTa HCIIbITaHHH HJJ,epHoro opy)KHH 

B CCCP [ 4]. B ocHOBHOM HJJ,epHbie B3pbIBbI B BoeHHbIX uenHx rrpOBoJJ,ttnHCb rroJJ, 

CeMHrranarnHCKOM H Ha HoBoil 3eMne (T04KH 6 Ha KapTe). Bo3JJ,eilcrnHe rropa

)KaIOill.HX cpaKTOpOB H,ll,epHoro B3pbrna Ha CTOHKOCTb nH4HOro COCTaBa BOHHCKHX 

qaCTei1 tt BOeHHOH TeXHHKH H3y4anocb B TouKoM pailoHe OpeH6yprcKoil o6nacTtt 

(T04Ka 7 Ha KapTe). 
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Ta6J111ua 26.13 
PacLteTHbre tJ,aHHbre o MO!llHOCTH HtI,epHb1x B3pbIBOB B aTMOctjJepe 

Pac'leTHbie 11.aHHbre 

CTpaHa, nep11otJ, 11cnb1TaHHH lJ:HCJIO HCTiblTaHHH 
0 MOlll,HOCTH B3pbrna (MT) 

3a ClJeT tJ,eJJeHHH Bcero 

CWA (1945-1962 rr.) 193 72,l 138,6 

CCCP (1949-1962 rr.) 142 110,9 357,5 

BeJ111Ko6p11TaHHH ( 1952-1953 rr.) 21 10,6 16,7 

ct>paHuHH (1960-1974 rr.) 45 10,9 11,9 

KHTaii (1964-1980 rr.) 22 12,7 20,7 

Bcero: 423 217,2 545,4 

B 1963 r. l1CIIbITamrn 51)1.epttoro opyMH51 B aTMoccpepe 6b!Jrn 3anpew,ettbI co

orneTcTBYIOW,!1M MeM)l.yttapO)l.Hb!M cornaweHHeM MeM)l.Y Be)l.ylll,HMH HH)l.ycrp11aJib

HblMH )l.epMaBaMH, B cirny KOToporo npaKTHKa TaKHX HCIIbITaHHH CIIIA, CCCP, 
BeJIHK06pHTaH11eif 11 <Ppam.1,11eH: 6b1Jia npeKpaw,etta. KHTaH: npo)l.OJIMaJI HCIIbITaHH51 

B aTMoccpepe )l.O ttar.raJia 80-x ro)l.OB, I1H)l.H51 H DaKHCTaH ocyw,ecTBHJIH pa30Bhie 

HCIIb!TaHH51 B KOHI.I,e 90-x fO)l.OB. 

B Ta6JI. 26.14 np11Be)l.eHb1 )l.aHHbie 06 OMH)l.aeMbIX 3cpcpeKTHBHbIX )l.03ax 

H 0 BKJia)l.e OT)l.eJibHbIX nyTeH 06Jir1eHH5I B ll03Y 3a nep110Jl c HalfaJia 51/lepHbIX 

HCIIhITaHHH no 1981 r. BKJI!OlfHTeJibHO [ 1 OJ. 
Ta6J111ua 26.14 

CBO)l.HbJe )l,aHHb!e 06 O)KH)l,aeMblX 3cpcpeKTHBHblX )l,03aX H BKJJa)l,e OT)l,eJlbHbJX nyTeti o6JJylJemrn nptt 

51.ll,epHblX HCTibITaHHHX B aTMOCcjJepe, npoBO)l,HBUJHXCH B nepHOJJ, )l,0 1981 r. BKJl!OL{HTeJJbHO 

3oHa BbITiaJJ,eHHH 
O)KttJJ,aeMaH BKJJaA OTJJ,eJJbHbIX nyTeH (%) 

pa.ll,HOHYKJJH)l,OB 
3cptjJeKTHBHaH nepopaJJbHOe BHeurnee 

)l,03a (M3B) noCTynJ1eH11e 06J1yt1eH11e 
BJl,bJXaHHe 

YMepeHHbIH noHc 4,5 71 24 5 
CesepHoro noJ1ylllap11H 

YMepeHHbJH noHc 3,1 90 8 2 
IO)KHOro noJJywapHH 

Beeb 3eMHoti Illap 3,8 79 18 3 

KaK BH)l.HO, tta1160Jiee cyw,ecTBeHHOe 3HalfeHHe HMeeT nocTynJieHHe pa)l.HO

HYKJIH)l.OB c mrw,eii ( nepopaJibHOe noCTynJieH11e). 3ttar.r11TeJibHO MeHbWHH BKJia)l. 

B 06w,y10 )l.03Y BHOCHT BHeWHee 06JiylfeH11e. Ha TpeTbeM MeCTe - BHyTpeHHee 

o6JiylfeHI1e, CB513aHHoe c IIOIIa)l.aHHeM B opraHH3M pa)l.HOHYKJIH)l.OB npH )l.b!X3HHH. 

Llo3bI o6JiylfeHHH )l.JI51 CeBepttoro noJiywap1151 Bb1rue, r.reM )l.JI51 lOMttoro; 3TO CB51-

3aHo c TeM, lfTO 6oJiblllHHCTBO 11cnbnatt11H: npOBO)l.HJIHCb B CeBepttoM noJiyruap1111. 

f Jio6aJibH351 0)KH)l.3eMa51 KOJIJieKTHBH351 3cpcpeKTHBH351 Jl03a, o6ycJIOBJieHH351 

BCeMH 51)1.epttbIMH 11cnbITaHH5IMH )l.O KOHUa 1981 r., paBH51eTC5! 3 · 107 lfeJI. 3B. Otta 

IIpH6JIH3HTeJibHO 3KBHBaJieHTHa lfeTb1peM fO)l.aM o6JiylfeHH51 HaCeJieHHH 3eMJIH 

OT HCTOlfHHKOB eCTecrnettttoro npo11cxoM)l.eH115! (np11 3TOH 01.1,eHKe ylfHTbIBaJicH 
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npornos pocTa HaceJiemu:i scero MHpa). OcHOBHOH BKJiaJJ, B KOJIJieKTHBHYIO 3cpcpeK

THBHYIO JJ,osy HaceJieHH51 JJ,aJIH yrnepoJJ.-14, ues1111-137 11 cTpOHU.Hii-90. BKJiaJJ,bI 

ue3H51-l 37 H CTpOHU.1151-90 B rno6aJihHYIO O:>KHJJ,aeMyIO Jl,03Y 3a CI.JeT ecTeCTBeHHOfO 

pacnaJJ,a K HaI.JaJiy 21-ro BeKa pe3KO yMeHblllHJIHCb. JlHlllb yrnepoJJ,-14 H HeKOTO

pbie TpaHcypaHbl - IIJIYTOHHH-239, IIJIYTOHHH-240, aMepHUHH-241, HMe10m11e ne

pHOJl,bl IIOJiypacIIaJJ,a 2 . 104, 6600, 460 JieT COOTBeTCTBeHHO, 6yJJ.yT o6ecneI.JHBaTb 

BKJiaJJ, B paccMaTp11saeMy10 JJ,osy eme JJ,JIHTeJibHoe speM51 11 nocJie 2000 roJJ,a. K Ha

CT051lll.eMy speMeHH 6oJiee 10 % O:>KHJJ,aeMOH KOJIJieKTHBHOH Jl,03bl yMe IIOJiyI.JeHO 

HaceJieHHeM; OCTaJibHa51 I.JaCTb Jl,03bl 6yJJ,eT peaJIH30BaHa B TeI.JeHHe IIOCJieJJ,y10m11x 

JJ,eC51TH Tb!C51l.J JieT. 

Bonpoc o KOHTpoJie sa nepeMemeHH51MH o6JiaKoB paJJ,11oaKTHBHbIX a3posoJieii, 

06pasy10m11xc51 np11 51JJ.epHbIX B3phrnax, paccMaTp11saeTc5I B § 26.8. 

§ 26. 7. C80JJ.Hhie ,ll.aHHhie o MaCIIITa6ax pa,ll.:uoaKTH8HhIX 

803,ll.eHCT8HH Ha qeno8eKa 

OpeJl,cTaBJieHHa51 B HaCT051meii rJiase HHcpopMaUH51 noKasbrnaeT, I.JTO B cospe

MeHHhIX ycJIOBH51X I.JeJIOBeK IIOJJ,BepraeTC51 o6JiyI.JeHHIO OT BeChMa MHOroo6pa3HbIX 

HCTOqHHKOB HOHH3Hpy10mero H3JiyqeHH51, MHOrHe H3 KOTOpb!X npe,ll_CTaBJI51!0T pe

aJibHYIO pa,ll_HaUHOHHYIO onaCHOCTb . 

.llaJibHeHlllee pa3BHTHe HallleH TeXHOJIOrnqecKOH UHBHJIH3aUHH COIIp51:>KeHO c 

IIpO,ll_OJI:>KaIOmHMC51 ycJIOMHeHHeM pa,ll_HaUHOHHbIX ycJIOBHH npo:>KHBaHH51 qeJIOBeKa, 

CB513aHHbIM c C03JJ,aHHeM HOBbIX HJIH MOJJ,epHH3au.11eii cymecTBY!Olll.HX HCTOqHHKOB 

HOHH3Hpy10mero H3JiyqeHH51. 

c ueJib!O cpaBHHTeJibHOH oueHKH MaClllTa6os o6JiyqeHH51 qeJIOBeKa 

B Ta6JI. 26.15 npHBeJJ,eHbl B OTHOCHTeJibHblX eJl,HHHU.aX o6o6meHHbie opHeHTHpO

BOqHbie JJ,aHHbie 06 O:>KHJJ,aeMblX rno6aJibHbIX Jl,03aX OT pa3JIHqHb!X HCTOqHHKOB 

HOHH3Hpy10mero H3JiyqeHH51. 

CornaCHo JJ,aHHbIM Ta6JI. 26.15 Ha1160JihlllYIO JJ.OJIIO B rno6aJibHYIO Jl,osy BHOCHT 

ecTeCTBeHHbie HCTOqHHKH HOHH3Hpy10mero H3JiyqeHH51. 06JiyqeHHe, CB513aHHOe c 

TeXHOJIOrnqecKH IIOBbillleHHbIM eCTeCTBeHHbIM pa,ll_HaUHOHHblM cpoHOM, npHBOJJ,HT 

K 3Haq11TeJibHO MeHblllHM rno6aJibHb!M Jl,03aM. 

113 HCKYCCTBeHHbIX HCTOqHHKOB OCHOBHOH BKJiaJJ, B rno6aJibHYIO Jl,03Y 06ec

neq11sa10T HCTOqHHKH o6JiyqeHH51, IIpHMeH51eMbie B MeJl,HUHHe, rJiaBHbIM o6pa30M 

HCTOqHHKH peHTreHOBCKOfO H3JiyqeHH51, HCIIOJib3yeMbie Jl,JI51 JJ,HafHOCTHKH. 003TO

MY BeCbMa aKTyaJibHa 3aJJ,aqa C03Jl,aHH51 HOBOfO IIOKOJieHH51 peHTreHOBCKOH Jl,Ha

rHOCTHqeCKOH annapaTypb1, 06ecneq11sa10meii 6oJiee HH3KHH yposeHh o6JiyqeHH51 

nau.HeHTOB. 

§ 26.8. Pa,ll.:ua:u.:uoHHhIH KOHTponh 803.ll.YIIIHoro npocTpaHCT8a, 

C8.H3aHHblH c HCilbITaHH.HMH .H,ll.epHoro opy1KH.H 8 aTMOC<l>epe 

KaK HeOJJ,HoKpaTHO paHee OTMeqaJIOCh, B HacTo51mee speM51 HCIIbITaHH51 51JJ.ep

Horo opyMH51 B aTMOccpepe He npOH3BOJJ,HTC51. 0Jl,HaKO B03MO:>KHOCTb HX ocymecTB

JieHH51 p51JJ.OM cTpaH, K coMaJieHHIO, cymecrnyeT. Oo3TOMY cpeJJ.cTBa Ha6JIIOJJ,eHH51 
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Ta6J111u:a 26.15 
0JKH}l,aeMa51 rno6aJibH351 KOJIJieKTHBH351 }l,033 OT pa3JIHqHblX HCTOqHHKOB paJJ.H3U:HH 

I1cToqHJ1K paJJ.H3U:HOHHoro B03}l,eHCTBH51 
O)KHJJ.aeMaH rno6aJibHa51 

Jl,033, OTH. e}l,. 

06JiyqeHHe OT eCTeCTBeHHb!X HCToqHHKOB HOHH3Hpy!Orn,HX H3JIY- 1,00 
qeHHH B TeqeHHe OJJ.Horo roJJ.a 

Bo3JJ.YWHbre nyTewecTBHH B TeqeHHe OJJ.Horo ro}l,a 10-3 

I1cnoJib30BaHHe cpoccpaTHbIX yJJ.o6peHHH, npoH3BOJJ.HMbIX B TeqeHHe 10-4 
O}l,HOro ro)l.a, npH COBpeMeHHOH HHTeHCHBHOCTH npOH3BO}l,CTBa 

fJio6aJibHOe npOH3B0Jl,CTBO 3JieKTp03Heprn11 B TeqeHHe O}l,HOro ro}l,a 

Ha yrOJibHb!X 3JieKTpOCTaHU:H51X npH cospeMeHHOH ycrnHOBJieHHOH 

3JieKTp11qecKoii MOmHocTH 106 
MBT 

5. 10-5 

06JiyqeHHe B TeqeHHe O}l,HOro ro}l,a TIOTpe611TeJibCKHMH TOBapaMH, 10-2 
11cnycKa!OIIl,HMH paJJ.Hal(HIO 

ITpoH3BOJJ.CTBO HJJ.epHoii 3Hepr1111 B TeqeH11e OJJ.Horo ro}l,a np11 co-

speMeHHOH ycrnHOBJieHHOH 3JieKTp11qecKoii MOW,HOCTH 8 · 10 MBT 
2. 10-3 

I1cnoJib30B3HHe pa)l.11311,HH B Me)l.HU:HHCKOH Jl,H3rHOCTHKe B TeqeHHe 
0,2 

OJJ.Horo ro}l,a 

11 KOHTpOJI51 3a TaKl1Ml1 11CnhITaH1151Ml1 MOfYT 6hITh BOCTpe6oBaHhl B 6yJJ.ymeM, 

a HaKonJieHHhlH OnbIT no MOHl1TOp11Hry 113JiylJeHl1H 11CKyccrneHHOfO np011CXO)K)J,e

Hl151 He Tep51eT CBOero 3HalJeHl151. 

H11)Ke np11BOA51TC51 HeKOTOpb1e pe3yJihTaThI 113yqeH115I paJJ.11au110HHOH o6cTaHOB

Kl1, CB513aHHOH c nepeMemeHHeM o6JiaKOB paJJ.HOaKTHBHh!X a3p030JieH, o6pa3yIO

W.11XC51 np11 51JJ.epHhIX B3phrnax B K11Tae. KaK 113BeCTHo, B 3TOH CTpaHe 11cnbITaH115I 

51AepHoro opy)Kl151 B aTMoccpepe npOBOJJ.11Jil1Ch eme JJ.OJiro nocJie BBeJJ.eHl151 Ha Hl1X 

Moparnp1151 B 1963 r. Ha6JIIOAeHl151 ocymecTBJI51Jil1Ch c noMOIUhIO paJJ.l10MeTp11qe

cK11x 30HAOB [6, 7]. 
Bo3HHKaIOm11e np11 51JJ.epHhIX B3phrnax paJJ.110aKTl1BHh1e npOAYKThI AeJieH115I 

noJJ.pa3JJ.eJI51IOT Ha ABe KaTerop1111: nepBhie - JIOKaJihHhie BhmaJJ.eH115I Ha noBepx

HOCTh BO)J.hl H 3eMJil1 BCKope nocJie B3pbrna; BTOphie - TponoccpepHbie 11 CTpaTO

ccpepHbie Bhina)J,eHl151. JloKaJihHhie Bhma)J,eHl151 COCT051T 113 OTHOCl1TeJibHO KpynHhlX 

a3p030JlhHhIX lJaCTHU, OHl1 COJJ.ep)KaT AO 50 % BCex paJJ.110aKTl1BHhIX BemecTB, 

B03Hl1KaIOW.11X np11 51)1.epHOM B3phIBe, 11 Bhma)J,aIOT B paifoHe paJJ.11YCOM np11MepHO 

100 Kl1JIOMeTpOB OT TOlJKH B3pbIBa. JloKaJihHb!e Bbina)J.eHHH B )J.aJibHeifrneM Hae 

11HTepecoBaTh He 6yJJ.yT. 

TponoccpepHhie 11 CTparnccpepHhie BhmaJJ.eH115I cocT051T 113 a3po3oJieif, cyme

CTBeHHO MeHhillHX no pa3Mepy no cpaBHeHl1IO c a3p030JIHMH JIOKaJihHhIX Bhma

)J.eHl1H. CpeJJ.Hee speM51 npe6hrnaHl151 a3p030Jieif B CTpaTOccpepe noJI51pHhIX w11poT 

COCTaBJI51eT 7 MeC51UeB, a B paHOHe 3KBaTOpa - 16 MernueB. 3a BpeM51 cyme

CTBOBaHl151 paJJ.110aKT11BHhIX np11Meceif a3p030JIH pacce11saIOTC5!, rrepeMew11saIOTCH 

B umpoTHOH 30He 11X o6pa30BaHl151 11 nepeMemaIOTC51 no HanpaBJieHl1IO BeTpa. 

3a c<JeT cTpaToccpepHhIX BhinaJJ.eH11H. 06ecne<J11BaeTc5I pacnpeJJ.eJieH11e paJJ.11oaK

Tl1BHh1x Bhma)J,eHl1H B rno6aJibHOM MacwTa6e, B lJaCTHOCTl1, OHl1 o6ycJiaBJil1BaIOT 
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rJio6aJibHOe 3arpH3Hem1e JI.OJiroM.1-rnymHMH rrpoJI.yKTaMH )l.eJieHHH. CTpaTOccpepHbie 

Bb!Ila)l.emrn Ha6JIIO)l.a!OTC5l B OCHOBHOM B TOM M.e noJiyrnapHH, B KOTOpOM OHH 

o6pa3oBaJIHCb npH H)l.epHOM B3pbrne. 

YcTaHoBJieHo, 4TO MaKCHMYM pacnpeJI.eJieHHH rrpOJI.YKTOB )l.eJieHHH B aTMO

ccpepe npHXO)l.HTCH o6hi4HO Ha HHM.H!O!O CTpaTOccpepy cpe)l.HHX WHpOT, T. e. Ha 

30HY HaH6oJiee HHTeHCHBHhIX noJieToB BhICOTHhIX caMoJieToB (10-20 KM). MeTe

peoJiortt4eCKHe tta6JIIO,ZJ,eHHH noKa3aJIH, 4TO B HHM.Heii CTpaToccpepe ocymecrn

JIHIOTCH rJI06aJibHbie «ropH30HTaJihHbie», B OCHOBHOM urnpoTHbie, nepeMelll,eHHH 

B03JI.YWHbIX Mace, COJI.epM.alll,HX paJI.HOaKTHBHble a3p030JIH. 3TOT BH)l. rrepeMeme

HHH H npe)l.CTaBJIHeT OCHOBHOH HHTepec, IlOCKOJlhKY HMeHHO )l.BHM.eHHe o6JiaKOB 

pa)l.HOaKTHBHbIX a3p030JieH B npe)l.eJiaX Tporroccpepbl H HHM.HeH CTpaTOccpepbl 

Heo6xoJI.HMO Y4HThlBaTb JI.JIH o6ecne4eHHH pa)l.ttauwoHHOH 6e3onacHocTH noJieToB 

aBHaUHH Ha)l. TeppHTOpHeH MHOfHX CTpaH. 

llpH npoXOM.)l.eHHH pa,ll,H030H)l.a qepe3 o6JiaCTb nOBblllleHHOH paJI.HaUHH Ha 

Bb!COTHOH KpHBOH noHBJIHeTCH cneuHcpH4eCKHH nHK, no BblCOTe KOTOporo MOM.HO 

cy)l.HTb 0 BepTHKaJibHOM pa3Mepe o6JiaKa pa)l.HOaKTHBHbIX a3p030JieH; eCJIH M.e 

npoBO)l.HTb IlOBTOpHbie )l.OCTaTOL!HO qacTbie 3anycKH pa,ZJ,H030H)l.OB, TO no )l.JIHTeJib

HOCTH co6bITH5l MOM.HO onpe)l.eJIHTb ropH30HTaJibHY!O npoTHM.eHHOCTb o6JiaKa. 

Ha pHc. 26.5 noKa3aH BhICOTHbIH XOJI. HHTeHCHBHOCTH H3Jiy'leHHH, 3aperncTpH

poBaHHoro JI.eTeKTopoM wapa-30HJI.a B AJIMa-ATe 02.12.76 r. llttK HHTeHCHBHOCTH 

(KpHBaH 2), 3aperncTpHpOBaHHbIH B 12 qacOB, rrpHMepHo Ha nopHJI.OK npeBhIWaJI 

ypoBeHb cpOH)l.a (KpHBaH 1), B nocJie)l.y!Olll,He 4aCbl ypoBeHb H36bITOL!HOfO H3Jiy4e

HH5l noHHM.aJicH (KpHBbie 3-6). 5lBJieHHe o6ycJIOBJieHo npoxoM.JI.eHHeM HaJI. AJIMa

ATOH o6JiaKa paJI.HoaKTHBHbIX a3p03oJieH, o6pa30BaHHoro B pe3yJihTaTe HCnhITa

HHH H)l.epHoro opyM.HH Ha noJIHfOHe 6JIH3 03epa Jlo6HOp (KHTaH). 

DbIJIH TaKM.e HCCJieJI.OBaHbI cJiy4aH rrepeMemeHHH o6JiaKOB paJI.HOaKTHBHhIX 

a3p03oJiei%, o6pa3oBaHHhIX nptt HcnbITaHHHX HJI.epttoro opyM.HH B KHP 6JIH3 03epa 

Jlo6ttop 29 ceHrn6pH 1969 r., 14 OKrn6pH 1970 r., 27 H!OHH 1973 r., 17 HOH6p5I 

1976 r., 16 oKrn6pH 1980 r. (Bcero 3a yKa3aHHhIH nepHOJI. BpeMeHH B KHP 6hIJIO 

ocymecrnJieHo 10 HJI.epttbIX B3pbIBOB). OnpeJI.eJIHJIHCh BepTHKaJibHhIH H ropH30H

TaJihHhIH pa3Mepbl o6JiaKOB, TpaeKTOpHH H CKOpOCTb HX rrepeMelll,eHHH, aKTHBHOCTb 

H MOlll,HOCTb )l.03bl. 

llptt HJI.epHOM B3phrne MOlll,HOCThIO 1 MT no )l.eJieHHIO 06pa3y10TcH paJI.HOHyK

JIHJI.hI, KOJIHL!eCTBO KOTOpb!X Q, BblpaM.eHHOe B 6eKKepeJIHX, paBHO 

Q = 1,45 · 1026ry>., 

r)l.e rJ - BhIXOJI. HYKJIHJI.a npH )l.eJieHHH, %; ).. - 0,693/T1; 2 , T1; 2 - nepHOJI. 

noJiypacnaaa, BbipaM.eHHhIH B ceKyHJI.ax. 

llo MHeHHJO 3KcnepTOB KH)lAP cpopMHpoBaHHe o6mei1 aKTHBHOCTH paJI.H

OHYKJIHJI.OB, o6pa3yJOlll,HXCH rrpH HCnhITaHHHX H,ZJ,epHoro opyM.HH, orrpeJI.eJIHeTCH 

Bb!XO)l.OM npH )l.eJieHHH 11 CJie,ZJ,yJOlll,HX pa)l.HOHYKJIH)l.OB: 89Sr, 90sr, 95 Zr, l03Ru, 
106Ru, 131 I, 136

Cs, 
137 

Cs, 
140

ca, 
141

Ce, 
144

Ce. I1cnoJih3YH HHcpopMaUHJO o BhIXOJI.e 

3THX pa,ZJ,HOHYKJIH)l.OB H COOTBeTCTBYJOlll,He MeTeopoJIOfH4eCKHe H pa)l.HOMeTpHL!e

CKHe )l.aHHbie 0 nepeMelll,eHHH o6JiaKOB pa,ll,HOaKTHBHbIX a3p030JieH, onpe)l.eJIH-
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PHc. 26.5. 3aBHCHMOCTb CKOpOCTH C'-!eTa pa21,11030Ht(a OT rny6HHbl OCTaTO'-IHOH aTMOccpepbl (BblCOTbl 
Hat( yposHeM Mopll) 11p11 11poxm1<t(eH1111 pa,ll,ttoaKTHBHOro o6mKa Ha)], AJIMa-AroI1 

JIOCb BpeMeHHOe H3MeHem1e aKTHBHOCTH o6JiaKOB paJJ.HOHYKJIHJJ.OB B CTpaTOccpepe . 

.Ilo CBOero TIOJIHoro pacceHHHH o6JiaKO paJJ.HOaKTHBHb!X a3p030Jiei1 HeCKOJ!bKO pa3 

orn6aeT 3eMHOH map. 

Ha p11c. 26.6 B KaY.ecrne np11Mepa noKa3aHa cxeMa nepeMern.eHHH o6JiaKa 

paJJ.HOaKTHBHbIX a3p030Jiei1, B03HHKWero npH HJJ.epHOM B3pbrne 6JIH3 03epa Jlo6Hop 

16 OKrn6pH 1980 r. 3TOT CJiyY.aH HHTepeceH TeM' Y.TO B npou.ecce npoxmK)l.eHHH 

o6JiaKa BblTIOJIHHJIHCb KaK a3pOJIOfHY.eCKHe Ha6JIIOJJ.eHH5l, TaK H H3MepHJiaCb aK

THBHOCTb Bblila)l.aeMb!X paJJ.HOHYKJIHJJ.OB. 

Ha BhICOTe 16 KM (100 r / cM
2

) o6JiaKo npourno 17 OKrn6pH HaJJ. IOrOM DpHMO

pbH H JO)KHb!M CaxaJIHHOM. no JJ,aHHblM 30HaJibHOH a3pOJiorw-reCKOH o6cepBaTOpHH 

B r . .llaJibHepeY.eHCKe, pacTIOJIO)KeHHOM B 3TOM pernoHe, Ha BblCOTe 16 KM B BeT

poBOH cpoK 0 Y.aCOB 17 OKT516pH HanpaBJieHHe BeTpa COCTaBJIHJIO 255°, T. e. 6b!JIO 

6JIH3KO K BOCTOY.HOMY (c OTKJIOHeHHeM OT Hero Ha 15° K ceBepy), a cpeJJ.HHH 

CKOpOCTb paBHHJiaCb 150 KM/Y.; B IlOCJieJJ.yIOlll,eM napaMeTpbl BeTpa OCTaBaJIHCb 

cpaBHHTeJibHO CTa6HJibHblMH. CTepeMelll,aIOlll,eeCH C TaKOH CKOpOCTb!O pa)l.HOaKTHB-
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140° 100° 60° 0° 

TpaeKrop1rn Ha rnyforne arMoc<jlepbI 100 r / CM2 

TpaeKrop1rn Ha rny6HHe arMoc<jlepbI 200 r I cM2 

PHc. 26.6. nepeMew,eHHe pa,[(HOaKTHBHoro o6JiaKa, o6pa30BaHHOro B pe3yJibTare H,[(epHoro B3pbIBa 
a arMoc<jlepe 16.l 0.1980 r. UH<jlpb1 yKa3hIBaior Ha ,[(ary a oKrn6pe ,[(ocrmKeHlrn o6JiaKOM ,[(aHHoro 
nyHKra; _ - rpaeKropm1 Ha rny6HHe arMoc<jlephI 100 r/cM2; ---- - rpaeKropHH Ha rny6HHe 

arMoc<jlepbI 200 r/cM2 

Hoe o6JiaKO ,UOJIR<HO rrpoHTH 3a cyTKH OT rro6epeR<h51 0pHMOpb51 B HarrpaBJieHHH 

TeppHTOpHH ClllA paccTOHHHe, paBHOe rrpHMepHo 3600 KM. lfaMepeHHe aKTHBHO

crn, BbIITOJIHeHHOe 18 OKT516p51 B rryHKTe c ,UOJifOTOH 178° (cM. KapTy pttc. 26.6), 
cornacyeTCH c 3THM 3aKmoqeHHeM. 

0TMeTHM, qrn Ha BhICOTe 11,8 KM (200 r I cM2) o6JiaKo rrepeMew,aJIOCh 3aMeTHO 

6hICTpee, qTQ COOTBeTCTByeT BeTpOBh!M ,naHHh!M a3pOJIOrHqeCKOH o6cepBaTOpHH 

B ,Ll.aJibHepeqeHCKe, cornaCHO KOTOpb!M Ha yKa3aHHOH BblCOTe CKOpOCTb BeTpa 

17 OKT516pH paBHHJiaCb ~ 175 KM/q. 

I1cnoJib3YH ,naHHb!e H3MepeHHH CKOpOCTH BeTpa B ,Ll.aJibHepeqeHCKe 17 OKT516-

p51, npe.urroJIO)KHM, qTQ B nyHKTax Ha6mo,neHH51 pa,UHOaKTHBHOro o6JiaKa 17 OK-

T a 6 JJH U a 26.16 
Cpe,[(HHH aKTHBHOCTh o6JiaKa pa,[(11oaKTHBHhIX a3p030Jietl npH 11poxmK,[(eHHH Ha,[( reppHropHetl Co

sercKoro Co103a 

BpeMH o6pa3osaHHH pa,[(HOaKTHBHoro o6JiaKa (,[(ara 
H,[(epHoro B3pbrna) To H speMH ero npoxmK,[(eHHH AKTHBHOCTb, EK 

Ha,[( reppHropHetl CCCP f:i.T 

To 29.09.69 r. 123. 1017 

t:i.T 20-27.10.69 203. 1015 

f:i.T 17-24.11.69 0,6. 1015 

To 27.06.73 r. 222. 1017 

t:i.T 15-18.07.73 533. 1015 

t:i.T 12-15.08. 73 2,9. 1015 

To 17.11.76 r. 206. 1017 

f:i.T 2-4.12.76 726. 1015 

f:i.T 17-18.12.76 17,6. 1015 
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rn6pH cpeJJ.HHH cKopocTh nepeMememrn seTpa Ha rny61rnax 100 r/cM2 11 200 r/cM2 

COCTaBJIHJia 150 KM/LI 11 175 KM/LI COOTBeTCTBeHHO. Tor)l.a B CJie)l.yIOill.HX nyHK

TaX Ha6JIIO)l.eHH51 (18 OKrn6p51) 06JiaKO )l.OJI)KHO Ha6JIIO)l.aThC51 Liepe3 31 LiaC 

(h = 100 r/cM2) 11 32 Liaca (h = 200 r/cM2). ,l.lB11raHCh c TaKOH CKOpOCTh!O, 

o6JiaKO )l.OcrnraeT CJieJJ.yIOill.HX nyHKTOB Ha6JIIO)l.eHH51 (19 OKrn6p51) Liepe3 28 
Liacos (h = 100 r/cM2) H 29 LiacoB (h = 200 r/cM2). BHJJ.HO, LITO JJ.aHHhie pacLieTa 

np116JIH)KeHHO COOTBeTCTBYIOT Ha6JIIO)l.aeMOH )l.HHaMHKe nepeMemeHHH o6JiaKa pa

)l.HOaKTHBHbIX a3p030JieH. 

B Ta6JI. 26.16 np11BeJJ.eHhI cse)l.eHHH 06 aKTHBHocrn pammaKTHBHhIX o6JiaKOB 

np11 Tpex Ha1160Jiee MOill.HhlX (113 ORTH HCCJie)l.OBaHHbIX) RJJ.epHbIX B3pb!BOB. 

CornacHo npHBeJJ.eHHhIM JJ.aHHhIM 3arpH3HeHHOCTh B03JJ.yxa paJJ.HOaKTHBHbIMH 

semeCTBaMH Ha Tpaccax noJieTa caMoJieTOB, C03JJ.aBaeMaH npoJJ.yKTaM11 HJJ.epHhIX 

B3pbIBOB npH nepBOM npoXO)K)l.eHHH paJJ.HOaKTHBHhlX o6JiaKoB Ha)]. TeppHTOpHeH 

CCCP, scero Ha noJITopa-JJ.Ba nopHAKa MeHhIIIe ypoBHH 3arpH3HeHHH B HaLiaJihHhIH 

nepHO)l. BpeMeHH co6bITH51 11 cymeCTBeHHO MeHbIIIe npH nocJieJJ.yIOill.eM npOXQ)K

)l.eHHH. TaKHM o6pa30M, KpHTHLieCKoe speMH, B TeLieH11e KoToporo Heo6xoJJ.HM 

KOHTpOJih 3a nepeMemeHHeM o6JiaKa paJJ.HOHYKJIH)l.OB, paBeH no KpaI1HeH Mepe 

Mernuy nocJie B3pbrna. 
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IlpttJIO)Ketttte A 

KPATKHH OB30P PABOT no C03,1J.AHHIO ATOMHOfO 

H TEPMO.H,11.EPHOfO OPYJKH.H B HEKOTOPhlX 

TEXHOJIOfffqECKH PA3BHTbIX CTPAHAX 

I. ATOMHoe opy11rne 

Coe.11.uneHHbie illTaTbI AMepuKu. MHorne aMepHKaHCKHe H 3anat1.Hoesponel1-

cKHe yqeHbie, 3aHHMaBUil1eCH Htl,epHbIMH HCCJietl,OBamrnMH H HacTpoeHHbie aHTHHaU,HCT

CKH, y)Ke oceHb!O 1939 r., T. e. BCKope nocJie OTKpbITHH tl,eJieHHH Htl,pa ypaHa, BbICKa3bI

BaJIH onaceHHe, qTQ B repMaHHH B Hetl,aJieKOM 6yt1.y111.eM 6yt1.eT C03tl,aHO Htl,epHoe opy)KHe. 

Tio HaCTOHHHIO pHt1.a yqeHhIX 11 HOH6pH 1939 r. npe3HtI.eHTY ClllA <t>. Jl. Py3BeJibTY 6hIJIO 

spyqeHo nHCbMO, cocrnsJieHHOe aMepHKaHCKHM cjlH3HKOM JI. Cu,HJIJiapt1.oM H no,ll,nHcaHHoe 

A. 911m1nel1HoM, B KOTopoM Bb1pa:1t<aJIOCb onaceHHe, qTo rHTJieposcKaH fepMaHHH Mom:eT 

noJiyqHTb B CBOe pacnopH)KeHHe HOBOe y)KaCHoe opy:>KHe - aTOMHYIO 6oM6y. Py3BeJibT 

He 6e3 KOJie6aHHH corJiaCHJICH CTO,ll,,!1,ep)KaTb nporpaMMY no C03,ll,aHHIO Htl,epHoro opy

:>KHH, KOTopoe paccMaTpHBaJIOCb B TO BpeMH KaK cpetl,CTBO o6opOHbl npOTHB repMaHCKOH 

aTOMHOH 60M6b1. Ot1.HaKo H3-3a pa3HbIX 610poKpaTHqecKHX nposoJioqeK HaqaJio pa6oT 

Hatl, ypaHOBbIM npoeKTOM e111.e tl,JIHTeJibHOe speMH 3at1,ep)KHBaJIOCb. l1 J!Hlllb 8 t1.eKa6pH 

1941 r., 3a t1.eHb tJ.O Hanat1.eHHH HnOHu,es Ha TIHpJI Xap6op H BCTynJieHHH ClllA B sol1Hy, 

COCTOHJIOCb OKOHqaTeJibHOe pellleHHe aMepHKaHCKOfO npaBHTeJibCTBa 0 Bbitl,eJieHHH Kpyn

Hb!X cjlHHaHCOBblX cpetl,CTB H TeXHHqeCKHX pecypcoB Ha pa3pa6oTKy Htl,epHoro opy)KHH. 

B HaqaJie 1942 r. Py3seJihT cosMeCTHO c lJ:epqHJIJieM npHllIJIH K cornallleHHIO o cocpe

tI.OToqeHHH pa6oT aMepHKaHCKHX H aHrJIHHCKHX yqeHbIX, 3aHHTblX ypaHOBOH npo6JieMOH, 

B ClllA H KaHat1.e. 13 asrycrn 1942 r. 3THM pa6ornM 6hIJIO npHcsoeHo ycJIOBHOe Ha3BaHHe 

«MaHX3TTeH npoeKT». At1.MHHHCTpaTHBHbIM pyKoBOtl.HTeJieM npoeKTa 17 ceHrn6pH 1942 r. 
6bIJI Ha3HaqeH reHepaJI JI. P. fposc. 

HanoMHHM, qrn noJiyqeHHe pac111.enJIH1011I.HXCH MaTepHaJioB B03MOm:Ho JIH6o nyTeM 

Bbitl,eJieHHH ypaHa-235 Otl,HHM H3 MeTOtl,OB pa3tl,eJieHHH H30TOCTOB, JIH6o o6pa30BbIBaTb 

nJiyTOHHH-239 c nOM0111.b!O peaKTOpOB c paC1IIHpeHHblM socnpoH3BOtl,CTBOM, H3BJieKaH ero 

3aTeM patl,HOXHMH'IeCKHMH MeTOtl,aMH H3 o6JiyqeHHblX ypaHOBbIX 6JIOKOB. )lJIH C03tl,aHHH 

aTOMHbIX 6oM6 HCCTOJib30BaJIHCb o6a BapHaHTa. 

JlJIH noJiyqeHHH ypaHa-235 nepBOHaqaJibHO npHMeHHJICH 3JieKTpOMarHHTHbIH MeTOtl,. 

Ot1.HaKo OH oKa3aJICH MaJio npoH3BOAHTeJihHbIM: Ha noJiyqeHHe OtI.HOro MHJIJIHrpaMMa ypa

Ha-235 yxotl,HJIO HeCKOJibKO MeCHU,eB. )lJIH yseJIHqeHHH npOH3BOtl,HTeJibHOCTH noCTpOHJIH 

KpynHOMaC1IITa6HbJe Macc-cneKTpoMeTpH'IecKHe yCTaHOBKH c M0111.Hb!MH 3JieKTpoMarHHTa

MH BeCOM OKOJIO 5000 T c tl,HaMeTpOM CTOJl!OCOB 460 CM. c U,eJib!O o6ecneqeHHH HH3KOro 

OMHqecKoro conpOTHBJieHHH o6MOTOK OHH H3fOTOBJIHJIHCb H3 cepe6pa, H3bIMaeMoro H3 

xpaHHJm111.a ,!1,parou,eHHbIX MeTaJIJIOB B cjlopTe HoKc. Ho tJ.a)Ke c noM0111.b!O 3THX rpo

MatI.HbIX ycTaHOBOK He y,ll,aJIOCb HaKOCTHTb tl,OCTaTOqHo 60JibllIOH 3anac ypaHa-235 3a 

npHeMJieMO KOpOTKOe BpeMH. TioJIO)KeHHe pe3KO H3MeHHJIOCb noCJie noCTpOHKH B 0KpHt1,:>Ke 

rnraHTCKOfO 3aBotl,a, Ha KOTOpOM npHMeHHJICH ra30,!J,Hcjlcjly3HOHHbIH MeTOtl. pa3tl,eJieHHH 

H30Tonos ypaHa (cM. § 16.2). Ha 3TOM 3asot1.e K KOHUY BTopol1 MHposol1 BOHHbI 6bIJI 

HaKOnJieH 3anac ypaHa-235, ,ll,OCTaTOqHbIH tl,JIH H3fOTOBJieHHH Otl,HOH ypaHOBOH 6oM6bI. 
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,ll.JIH noJiyLiemrn nJiyTOHHH-239 B npoMbIWJieHHbIX Macwrn6ax B XempopAe (Ha 3anaAe 
ClllA) 6hIJIH noCTpoeHbI cneu.11aJI11311posaHHb1e peaKTOpbI 6oJihwoi1 MOlll.HOCTH, c noMo
lll.blO KOTOpbIX H3BJieKaJIH 3a cyTKH HeCKOJlbKO MHJIJI11rpaMM 3Toro TpaHcypaHa. K KOHuy 
BOHHbl 6bIJI HaKonJieH 3anac TIJIYTOH11H, KOTOporo XBaTl1JIO AJIH 113roTOBJieHl1H ABYX nJiy
TOHl1eBbIX 6oM6. 

B 1110Jie 1943 r. HayLIHbIM pyKOBOA11TeJieM MaHX3TTeHcKoro npoeKTa 6hIJI Ha3HaLieH 
aMep11KaHCK11i1 <fl11311K P. Onnettrei1Mep - TaJiaHTJIHBhri1 yLieHbIH, o6JiaJJ,aBurni1 K TOMY m:e 
BbIAaiom11M11CH opraH113arnpc1rnM11 crroco6HocrnM11. DpeJKAe scero OnneHrei1Mep A0611JICH 
peweHl1H 06 06be,ll,11HeHl1l1 pa6oT, CBH3aHHblX c C03,ll,aHl1eM H,!1,epHoro opy:iK11H B 0,ll,HOM 
MeCTe. 5b!JIO peweHO noCTp011Tb ceKpeTHbIH «aTOMHbIH o6beKT» B Jioc-AJiaMoce -
MeCTeLIKe, pacnoJIOJKeHHOM B yeA11HeHHOi1 rop11cToi1 MeCTHOCTl1 B WTaTe Hbio-MeKc11-
KO. B Jioc-AJiaMoc 6h1JI11 np11rnaweHbI MHorne aMep11KaHcK11e cneu11aJI11CTbI pa3Jil1L!HbIX 
npotjl11Jiei1 11 11x KOJIJiern, 3M11rp11posasw11e 113 EsponhI. Bcero c yqernM TexH11LiecKoro 
nepcoHaJia 11 pa60LI11x B MaHX3TTeHCKOM npoeKTe 6hIJIO 3aHHTO 150 TbIC. qeJioBeK. 

K JieTy 1945 r. B Jioc-AJiaMoce 6hIJIO 113roTOBJieHo Tp11 aTOMHbie 60M6b1: OAHa ypaHo
BaH 11 ABe nJiyToH11esb1x. OJJ,Ha 113 nJiyToH11eBbIX 6oM6 6hIJia B30pBaHa B 11cnb1TaTeJibHbIX 
u.eJIHX 16 11IOJIH 1945 r. B nycTbrne Hesa,ll,a. BrnpaH - ypaHoBaH, 6oM6a 6bIJia c6poweHa 
c caMOJieTa 11 B30pBaJiaCb HaJJ, HnOHCKHM ropOJJ,OM X11poc11Ma 6 asrycrn TOro JKe roJJ,a, 
a cnycTH napy AHei1 - 9 asrycrn - TpeTbH - nJiyToH11esaH 6oM6a 6b1Jia B3opsaHa 
HaA APYrHM HnoHCKl1M rop0,!1,0M - HaracaK11. 9T11 ropo,!1,a 6b1JI11 noLITl1 noJIHOCTblO 
pa3pyweHbl, a cyMMapHOe L!l1CJIO JKepTB COCTaBl1JIO COTHl1 TbICHL! LieJIOBeK. KaJK,!1,aH 113 3Tl1X 
6oM6 o6ecneLil1Jia B3pb1B Cl1JIOi1 20-22 Tb!C. TOHH Tp11H11TpOTOJIYOJia (THT) - o6bIL!HOro 
B3pbIBLiaToro semecTBa. 

CoeeTCKHH CoI03. B CoseTCKOM Coio3e sonpoc o Heo6xo,ll,11Mocrn pa3Bl1Tl1H 
pa6oT no noJiyLieH1110 BHYTPl1H,!1,epHoi1 3Heprn11, nOAH11MaJicH pHAOM yLieHbIX CTpaHbl eme 
B 1939-1940 rr. TaK, B 1110He 1940 r. aKa,!1,eM11K11 B. 11. BepHaACK11i1 11 B. r. XJion11H 
Hanpas11JI11 B AH CCCP 3an11cKy, B KOTopoi1, B LiaCTHOCTH yKa3hIBaJIOCb, LITO «yJKe cei1Liac 
B CCCP AOJI:iKHbI 6bITb np11HHTbI Mepb1 K <flopM11posaH1110 pa6oT no pa3BeAKe 11 A06hIL!e 
ypaHOBbIX PYA 11 noJiyLieH1110 113 Hl1X ypaHa ... JJ,JIH Toro, LIT06br K MOMeHTy, KOrJJ,a sonpoc 
o TexHw1ecKOM 11crroJib30BaH1111 BHYTP11H,lI,epHoi1 3Heprn11 6y,lI,eT peweH, MbI pacnoJiaraJI11 
Heo6XO,ll,11MblMl1 3anacaM11 3TOro ,!1,parou.eHHOrO 11CTOL!Hl1Ka 3HeprHl1». 17-ro 11IOHH Toro 
JKe ro,ll,a B. 11. BepHaACK11i1 C,ll,eJiaJI Ha ilpe311A11yMe AH CCCP AOKJiaA o nepcneKT11sax 
pa3Bl1Tl1H lJ,!1,epHOH 3HepreTl1K11, OTMeL!aH, B qacTHOCTl1, L!TO «orpOMHOe 6oJibWl1HCTBO 
He noH11MaeT l1CTOp11qecKoro 3HaL!eHl1H MOMeHTa». 30-ro 11IOHH 1940 r. Ha 3aCe,ll,aHl111 
Dpe311A11yMa AH CCCP 6bIJia C03AaHa «KoM11cc11H no npo6JieMe ypaHa», cocToHmaH 113 14 
L!JieHOB, B TOM L!l1CJie B. I1. BepHa,!1,CKOro, B. r. XJion11Ha, A. ct>. l1o<fl<fle, C. 11. BaBl1JIOBa, 
n. A. Kanl11I,bl 11 JJ,pyrnx Bl1JJ,HbIX yLieHbIX. 

06bIL!HO npHHHTO CL!l1T8Tb, L!TO BalKHYIO ( eCJil1 He pewalOIIlYIO) pOJib B opraHl13all,1111 
pa60T no aTOMHOMY npoeKTY CbirpaJIO nl1CbMO 113BeCTHOro tjll1311Ka r. H. <t>Jieposa, np11-
3BaHHOro B pH,lI,bI JJ,ei1crny10mei1 apM1111, nocJiaHHoe B HaLiaJie 1942 r. Ha HMH J1. B. Crn
JI11Ha, B KOTOpOM coo6maJIOCb, L!TO Ha 3ana,ll,e HaLiaTbl pa60Tbl no C03JJ,aHl1!0 ypaHOBOH 
60M6h1. BnoJIHe sepoHTHO, LITo 06pameH11e <t>Jieposa CbirpaJio onpe,!1,eJieHRy10 poJib B u.en11 
paccMaTp11saeMblX co6bITHH, 0,ll,HaKO CJie,ll,yeT 11MeTb B BHJJ,y, L!TO K MOMeHTY Han11caHHH 
TIHCbMa <l>Jieposa B CoseTCKOM npas11TeJihCTBe yJKe HaKon11JICH 6oJihwoi1 MaTepHaJI no 
aTOMHOMY opy:iKH!O (s BHAe AOKyMeHTOB 113 AKa,ll,eM1111 HayK, n11ceM KpyrrHbIX yLieHbJX 
H ,ll,aHHblX pa3Be,ll,KH). 

B apx11sax nO,ll,J111RHl1Ka nl1CbMa r. H. <t>JiepoBa He o6Hapy:iKeHO. l13BeCTHO, 0,ll,HaKO, 
L!TO no 3aTpoHyToMy sonpocy r. H. <t>JiepoB TIOCbIJiaJI TIHCbMa 11. B. KypLiaTOBY H rnase 
KoMHTeTa no ,ll,eJiaM BbICWei1 WKOJibl c. B. KatjJTaHOBy. no npe,!1,CTaBJieHH!O Kypqarnsa 
r. H. <t>Jiepos 6hIJI OT03BaH 113 apMHH 11 np11cTyn11JI K pa6oTe no aTOMHOMY npoeKTy. 

18 0. A. 5apcyKoB 
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ITpasineJibCTBeHHoe pernemi:e, KOTopoe MO)KHO CY.HTaTb ttaY.aJIOM aTOMttoro ITpoeKTa 

CCCP, cocTOHJIOcb B cettrn6pe 1942 r. Otto 6bIJIO ocpopMJieHo B BHAe PacrropH)KeHHH focy

t1,apcrnettttoro KOMHTeTa o6opottbI (fKO) «06 opraHH3aIJ.HH pa6oT ITO ypatty NQ 2352 cc». 

Ha oCHoBaHHH ew.e ot1,ttoro pacITopH)KeHHH fKO, ITOAITHcaHHoro 11. B. CTaJIHHbIM TaK)Ke 

B cpespaJie 1942 r., ttayY.ttoe pyKoBOACTBO pa6TaMH ITO ypatty B03JiaraJIOCb Ha ITpocpeccopa 

11. B. KypY.aTOBa. 

10 MapTa 1943 r. ITPH AH CCCP 6bIJI co3t1,aH ttayY.HbIH u.eHTp, B03rnaBJIHIOW.HH 

pa60Tbl ITO HCI10Jlb30BaHHIO HtI,epHOH 3HeprnH, ITOJIYY.HBlllHH KOHCI1HpaTHBHOe Ha3BaHHe 

«Jla6opaTOpHH H3MepHTeJibHbIX ITpH6opoB NQ 2 AH CCCP» (coKpaw.etttto Jil1ITAH). 

PyKOBOAHJI u.ettTpoM 11. B. KypY.aToB. Hbrne 3TO H3Becrnoe so sceM Mll:pe yY.pe)Kt1,eHHe 

tta3bIBaeTCH PoccHHCKHH ttayY.ttbIH u.ettTp «KypY.aTOBCKHH HHCTHTYT». 

B TH)KeJibIX ycJIOBHHX BOHHbI, Kort1,a 3HaY.HTeJibHaH Y.aCTb JIIOACKHX H MaTepHaJibHbIX 

pecypcoB CTpaHbl lllJia Ha BOeHHble HY)KtI,bl, orpoMHYIO poJib B CTaHOBJieHHH COBeTCKOfO 

aTOMHOfO ITpoeKTa CbirpaJIH areHTYPHble CBetI,eHHH 0 pa3BHTHH pa60T ITO C03tI,aHHIO 

aTOMttoro opy)KHH 3a py6e)KOM. B CCCP 6b1Jia co3t1,atta 3cf>cf>eKTHBHO pa60Ta10W.aH arett

TypttaH ceTb, CHCTeMaTHY.eCKH ITepeITpaBJIHBlllaH COBeTCKOH CTOpOHe Hayt-IHO-TeXHHY.eCKHe 

MaTepHaJibI, CBH:3aHHbie c pa3pa60TKOH aTOMHhlX 6oM6. TaK, c 1942 r. coBeTcKott pa3Bet1,Ke 

ITepet1,aBaJiaCb BeCbMa o6CTOHTeJibHaH HHcpOpMaIJ.HH, KacaIOw.aH:CH ypaHOBOH ITp06JieMbl, 

OT cf>H3HKa K. <PyKca, ceKpeTapH Ot1,Horo H3 attrnHHCKHX MHHHCTpos LI.)!(. K3pHKpocca 

(H3 AttrJIHH) HOT cpH3HKa B. IToHTeKopso (H3 CWA). Bee Tpoe HMeJIH KOMMYHHCTHY.eCKHe 

y6e)KtI,eHHH, H ITepetI,aY.a CBetI,eHHH 0 pa3BHTHH pa6oT ITO ITpoeKTHpOBaHHIO H C03tI,aHHIO 

aToMHOH 60M6b1 ITpOBOAHJiacb HMH t1,06poBOJibHO. HeKoTopb!e cITeIJ.HaJIHCTbl, pa6oTaBWHe 

B ClliA, AHrnHH H KaHat1,e, TaK)Ke ITepet1,aBaJIH pa3BetI,bIBaTeJibHYIO «H:t1,epHy10» Httcf>opMa

IJ.HIO rpoMatI,HOH u.ettHocrn ITO KaHaJiaM HKBLI. HJIH f PY. 

B MapTe 1943 r. K 03HaKOMJieHHIO c ttaKOITJieHHOH B pa3set1,bIBaTeJibHOM yITpaBJieHHH 

HKBLI. HayY.HOH areHTypttoi1 HHcf>opMaIJ.Hei1 6bIJI t1,oITyw.ett JIHlllb KypY.aToB, HO ee o6beM 

6b!JI CTOJib BeJIHK (Tb!CHY.H CTpaHHU HayY.HOro TeKcTa Ha aHfJIHHCKOM H3b!Ke, MHOfO

Y.HCJieHHbie pacY.eTbl, cxeMbl H ITp.), Y.TO tI,OCTaTOY.HO rny6oKO 03HaKOMHTbCH c 3THMH 

MaTepHaJiaMH OAHOMy, t1,a)Ke oY.eHb TaJiaHTJIHBOMY H Tpyt1,0JI106HBOMY Y.eJioBeKy, 6b1JI0 

He ITOA rnJiy. ITo3TOMY KypY.aToB ttacTOHJI (ITpeot1,oJieB B03pa)KeHHH BepHH) o AOITycKe 

K HHM ( c aITpeJIH 1943 r.) HeCKOJibKHX pyKOBOAHTeJiei1 ITpoeKTa (JI. A. ApUHMOBHY.a, 

A.11. AJIHXattosa, 11. K. KHKOHHa H t1,p.). Ot1,ttaKo tI,OITyW.eHHhie JIHIJ.a ITO ttacTOHHHIO 

BepHH He HMemi: ITpasa pacKpbIBaTb HCTOY.HHKH CBOeH OCBetI,OMJieHHOCTH (H3 OITaceHHH, 

Y.TO 3TO ITPHBetI,eT K ITpoBaJiy areHTypHOH cern). 

IToJiyY.aeMbie tI,aHHbie 3aTeM tI,OBOtI,HJIHCb AO CBetI,eHHH Tex HJIH HHbIX COTpyt1,HHKOB, 

a KypY.aTOBY H ero KOJIJieraM He OCTaBaJIOCb t1,pyroro BbI6opa, KpoMe KaK BbltI,aBaTb HX 

3a ITJ!Otl,bl co6cTBeHHbIX pa3MbllllJieHHH H tI,OfatI,OK, 4TO 3aqacTy10 C03tI,aBaJIO HM opeoJI 

«CBepxotI,apeHHOCTH». Bo BCHKOM CJiyY.ae, ITOCTyITa!OW.aH 3apy6e)l(HaH HHcf>opMau.m1 HBH

JlaCb «ITyTeBOtI,HOH HHTblO», IT03BOJIHBlllei1 KOMaHtI,e KypY.aToBa HaHTH ITYTH K C03tI,aHHIO 

aTOMHOfO opy)KHH H H36e)KaTb MHOfHX OlllH60K B ITpouecce CBOeH tI,aJibHettrneH tI,eHTeJib

HOCTH. 

CoBeTCKaH pa3set1,Ka H Ha 3aseprna10w.etf CTatI,HH MHposotf BOHHhI ITPOAOJIJKaJia ITOJiy

Y.aTb CBetI,eHHH 60JiblllOH HHcf>opMaIJ.HOHHOH 3HaY.HMOCTH, CBHtI,eTeJibCTBYIOW.He 0 ITpH6JIH

X<eHHH aMepHKaHues K 3aBeprneHHIO pa6oT ITO co3tI,aHHIO aTOMHOH 60M6b1. TaK, B 1945 r. 
<PyKc H IToHTeKopso tte3aBHCHMO t1,pyr OT t1,pyra ITepet1,aJIH ITOt1,po6ttb1e tI,aHHbie (BKJII04aH 

Y.epTe)KH) 0 ITJIYTOHHeBOH 6oM6e. 

Ot1,ttaKo B CoseTcKOM CoI03e ITporpecc B 3TOM HaITpaBJieHHH 6bIJI He3ttaY.HTeJibHhIM 

ITO npHY.HHe OTCYTCTBHH Heo6xot1,HMbIX KOJIHY.eCTB ypatta. Ha TeppHTOpHH CoseTCKoro 

C0103a pa3set1,aHHhIX MecTOpOX<AeHHH ypaHOBOH PY.I\bI B nepBbie rO.I\bI BOHHbI He 6b1JI0, 

H nepBOHaY.aJibHO flOCJietI,HHH tI,OCTaBJIHJiaCb B cpasmneJibHO He60JiblllHX KOJIHY.eCTBax H3 
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6mrnrnero 3apy6e)Kb51. B CoseTCKOM Cm03e reoJiorn K 1944 r. oTKpbIJIH MecTOpmKJJ,eHHH 

ypaHa B Y36eKcKoii CCP H Kttprn3cKoii CCP. 0TMeTHM, 0)1.HaKo, HH3Koe coJJ,ep2t<aHHe 

ypaHa B py)1.aX OTKpb!TbIX MeCTOpmK)J,eHHH, KOH11,eHTpa11,H51 KOTOporo COCTaBJIHJia scero 

0,08-0,2 % 1). Ll.JIH )1.06bilJH H nepepa6oTKH ypaHOBbIX py)1. B npeJJ,eJiax CpeJJ,Heii A3HH 

B 1945 r. 6bIJI C03)1.aH TaK Ha3bIBaeMbIH KOM6HHaT Ng 6, B COCTaB KOToporo BXO,ll,HJIH 

ypaHOBbie py)1.HHKH H o6oraTHTeJibHbie cpa6pHKH. 

Oepe.JIOM B ,ll,06b1lJe ypaHa npott30llle.JI B KOHue 1945 r., KOr,ll,a Ha KOM6HHaT N2 6 6bIJIO 

nepe,ll,aHO CeMb TOHH ypaHOBOfO KOHIJ,eHTpaTa, TIOJiylJeHHoro B pe3y.JibTaTe nepepa6oTKH 

)1.eCHTH TbICHlJ TOHH ypaHOBOH py)1.bl. B nocJie)1.yIOW.He ro)1.bI )1.06b1lJa H nepepa6oTKa 

ypaHosoii py)1.bI 6b1CTpo HapaCTaJIH. TaK, y:lKe K KOHuy 194 7 r. 6bIJIO rrepepa6oTaHO 

176 TbIC. TOHH py)1.bI H noJiytJeHo 66 TOHH ypaHosoro KOHUeHTpaTa, lJTO )1.aJio B03MO:lKHOCTb 

no.JiylJHTb 25 TOHH MeTaJIJIHtJecKoro ypaHa. B 1951-1953 rr. B npeJJ,e.Jiax CCCP 6bIJIH 

OTKpb!Tbl HOBbie MeCTOp0)1()1.eHH51 ypaHa pa3JIHlJHOH KOHIJ,eHTpauHH (B KpHBOpO:lKCKOH 

06.JiaCTH, 6.JIH3 051THropcKa, B llHTHHCKOH 06.JiaCTH H )1.pyrnx pernoHax). l1 XOTH TIOCTaBKH 

ypaHa, )1.06bmaeMoro B CTpaHe, np0)1.0JI)f(8JIH HapacTaTb, OHl1 He MOr.Jil1 y)1.0BJieTBOp11Tb 

crrpoca Ha 3TOT rrpoJJ,yKT. Ll.a:lKe B 1948 r. no)1.aBJIHIOW.aH tJaCTb ypaHa, 3arpy2KaeMoro 

B rrepBbIH BOeHHblH peaKTOp (Mb! ero OTil1llleM HH2Ke), COCTOHJia 113 TpocpeiiHoro ypaHa 11 113 

ypaHa, )1.06b1Toro B soccTaHOBJieHHbIX ypaHOBbIX py)1.Hl1Kax llexocJiosaKHH 11 BocTOlJHOH 

fepMaHHH. 3HalJeHl1e 11MTIOpTHOro ypaHa 6bIJIO CHl12KeHO TOJlbKO K 1950 r., H8lJl1Ha51 

c KOTOporo B CoseTCKOM CoI03e HatJaJIH e2Kero)1.Ho nepepa6aTbmaTb 60.Jiee 600 TbIC. TOHH 

ypaHosoii py)1.bl. 0)1.HaKo )1.0 1953 r. np116J1113HTeJibHO rro.JI0B11Ha ypaHa, Tpe6yeMoro )1.JIH 

HOBOro ITOKOJieHl151 peaKTOpOB, noJiylJaJiaCb 113 ypaHOBoro KOHIJ,eHTpaTa, noCTynaIOw.ero H3 

5lx11MOBCKHX ypaHOBbIX py)1.HHKOB 4exoc.JIOB8Kl111 11 H3 py)1.HHKOB npe)1.npH51TH51 «BHCMYT» 

B BocTOlJHOH fepMaHHl1. 

BcKope nocJie Kan11Ty.JI5IIJ,HH 5IrroHHl1 (14 asryCTa 1945 r.) 6b1Jia ccpopM11poBaHa HO

Ba51 cTpyKTypa ynpasJieH115I coseTCKl1M aToMHbIM npoeKTOM. Dbl.JI C03)1.aH Cneu11aJibHbIH 

KOMHTeT c )1.HpeKTHBHblM11 ITOJIHOMOlJHHMH ,ll,Jl51 o6w.ero pyKOBO,ll,CTBa BCeMH pa60TaMH no 

HCITOJib30BaHl1!0 51)1.epHOH 3Heprn11. Ope)1.Ce)1.aTeJieM KOMl1TeTa 6bIJI Ha3HalJeH JI. n. 5ep1151, 

a ero lJJieHaM11 cTa.Jil1 11. B. KyptJaToB H p51)1. BH)1.HbIX napTHHHbIX pyKOB0)1.HTe.Jieii -

5. JI. BaHH11KoB, A. TI. 3aseH51rnH H )1.p. HcnoJIH11TeJibHbIM opraHOM nptt CneuKOMHTeTe 

HBJIHJIOCb Tiepsoe fJiaBHoe yrrpasJieH11e np11 CHK CCCP (OfY), HalJa.JibHHKOM KOTO

poro 6bIJI Ha3HalJeH BaHHHKOB. JIHTIAH COBMeCTHO c MHOfOlJHCJieHHblMH HaylJHblMH, 

KOHCTPYKTopcKHMH, CTpottTeJibHbJMH H npOMblllIJieHHbIMH rrpeJJ,rrpH51TH51MH nepeJJ,asaJIHCb 

B nrY. Db!JIO OTKpb!TO HeorpaHHlJeHHOe cpHHaHCHpOBaHHe JII06bIX 3aKa30B nrY. 3TOH 

opraHH3auJ.rn H3 HKBLI. 6bIJIO TaK2Ke nepe)1.aHo MH02Kecrno .Jiarepeii, B KOTOpb1x coJJ,ep:lKa

JIOCb OKOJIO )1.BYXCOT Tb!C51lJ 3aKJIIOlJeHHb!X. Do cyw.ecrny nrY CTaJIO npe)1.CTaBJI51Tb co6oii 

orpOMHblH ceKpeTHb!H cyrrepHapKOMaT. 

HcnoJib3YH ero cp11HaHCOBb1e H MaTep11a.JibHbie pecypcbI, c 1946 r. B CCCP npttCTy

nH.JIH K llIHpOKOMaCllJTa6HOMY CTpOHTeJibCTBY CHCTeMbl ceKpeTHbIX aTOMHblX ueHTpOB

«aTOMorpa)1.0B» pa3JIHlJHOfO Ha3HalJeHH51. Oepel!HCJIHM TpH H3 HHX, CbirpaBllIHX Ba:lKHYIO 

po.Jib B c03)1.aHHH 51)1.epHoro opy2Ktt51. B 4e.JI516HHCKOH 06.JiacTH 6.JIH3 r. KbillITbIM 6bIJI no

CTpoeH KOMITJieKC rrpe)1.rrpH51THH, IT03)1.Hee ITOJIYlJHBllIHH K0)1.0BOe Ha3BaHHe 4e.JI516HHCK-40 

(cospeMeHHOe Ha3BaHHe-KOM6HHaT «Ma51K», HHOr)J,a ero OTHOC51T JIHlllb K 0)1.HOMY 113 

npe)1.npH51THH KOMIT.JieKca, CBH3aHHoro c pa)1.HOXHMHeii, CM. HH2Ke). B Csep)1.JIOBCKOH 

06Jiacn1 B Bepx-HosttHCKe 6bIJIO pa3sepHyTo CTpoHTe.JibCTBO npeJJ,nptt51THH rroJJ, K0)1.0BbIM 

1
) B 3aBHCHMOCTH OT KOHUeHTpauHH ypaHa ypaHOBble PYAbl TIOApa3AeJHIJOTCll Ha CJJeAyJOIUHe 

rpynnb1: CBbHIJe I % - OlJeHb 6oraTb1e; OT 0,5 AO I % - 6oraTb1e; OT 0,5 AO 0,25 % - cpeAHHe; 

OT 0,25 AO 0, I % - pllJJ.OBb1e; HIDKe 0, I % - 6eAHble. Ha nosepxttocTH IlOlJB cornaCHo )1.aHHblM 

a3poraMM3CbeMKH KOHUeHTpaUHH ypaHa eme MeHbWe. 

18* 
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Ha3BaHHeM CsepJJ.JIOBCK-44. B fopbKOBcKoti o6Jiacrn 6hIJI C03JJ.aH ueHTp rroJJ, KOJJ.OBhIM 

Ha3BaHHeM Ap3aMac-16. 

TipeJJ,rrpH51TH51 lJeJI516HHCKa-40 rrpeJJ,Ha3Hal.JaJll1Cb )J,Jl51 rroJiyT..JeHl151 ITJIYTOH1151-239, 

CsepJJ.JIOBCKa-44 - JJ,JI51 pa3JJ,eJieHl151 113oTorros ypaHa ra30JJ,11cjJcjJy3110HHhIM MeTOJJ.OM, 

a Ap3aMac-16 6bIJI C03JJ,aH JJ,JI51 H3roTOBJiemrn 51JJ.epHoro opyM115!. Hhrne ero Ha3Ba

HHe - BcepocrnticK11ti ttayT..JHo-11ccJieJJ,osaTeJibCKHti HHCTHTYT 3KCrrep11MeHTaJibHoti cjJ11311-

K11 (BHI1l13<t>). 

Ha rrepsoti CTaJJ,1111 pa3s11T115I rrpoeKTa no C03JJ,aHHIO aTOMHoro opyiKH51 6h1JI0 OTJJ,aHo 

rrpeJJ,ITOl.JTeHHe He ypaHOBOH, a ITJIYTOHl1eBOH 6oM6e, l.JTO B ycJIOBH51X cymecTBoBaBwero B 

TO speM51 JJ,ecjJHUHTa ypaHa Ka3aJIOCb orrpaBJJ,aHHblM, H J!Hillb ITOCJie ycrrerrrnoro HCITbITaHH51 

B 1949 r. rrepsoti COBeTCKOH ITJIYTOHHeBoti 6oM6bI Hal.JaJIOCb aKTl1BHOe pa3BHTl1e aTOMHOfO 

ueHTpa B CsepJJ.JIOBCKe-44. 

B rrpOMbIIIIJieHHoti 30He lJeJI516HHCKa-40 6hIJIH rroCTpOeHhI: B orpOMHOM rroJJ,3eMHOM 

6yHKepe ypaH-rpacjJHTOBbIH «BOeHHbIH» peaKTOP c pacT..JeTHoti MOlll,HOCTblO 100 TblC. Kl1JIO

BaTT, rrpeJJ,Ha3Ha4eHHbIH )J,JI51 rrp0113BO)J,CTBa ITJiyTOHl1H, 60JibillOH paJJ,HOXHMHl.JeCKHH 3aBO)J, 

no BbI)J,eJieHl1lO ITJIYTOHl1H 11 perettepau1111 ypaHa, 3aBO)J, no rroJiyT..JeHl1!0 MeTaJIJll1l.JeCKO

ro ITJIYTOHl1H, xpaHHJIHIUa paJJ,110aKTl1BHblX OTXO)J,OB 11 MHOro JJ.pyr11x BCITOMOraTeJibHb!X 

o6beKTOB. 0TMeTHM, l.JTO B MBL{ peaKTOp 11 paJJ,11ox11MHT..JecK11ti 3aBOJJ. cosMecrno o6o3Ha

T..JaJI11Ch KaK 3aBOJJ. (11JIH KoM611HaT) .N2 817. Ero ttayT..JHbIM pyKoBOJJ.11TeJieM 6hIJI Ha3HaT..JeH 

I1. B. KypT..JaTOB. 

TiepBbIH rrpOMblIIIJieHHbIH peaKTOp B lJeJI51611HCKe-40 rrpeJJ,cTaBJI51Jl co6oti CHCTeMy 113 

rpacjJl1TOBOH KJia)J,Kl1, rrpOHl13aHHOH l.l,11Jll1H)J,p11T..JeCK11Ml1 OTBepCT1151Ml1, B KOTOpbie BCTaBJI51-

Jil1Cb aJIIOMl1H11eBbie Tpy6b1-KaHaJibl c BHyTpeHHHM )J,11aMeTpOM OKOJIO 40 MM 11 Bb!COTOH 

rrp11MepHo lOM. lJ11cJio Tpy6 paBH51JIOCb 1124. YrrpaBJI51eMa51 uerrHa51 peaKI.J,1151 Hal.J11Ha

JiaCb rrp11 3aKJiaJJ,Ke B peaKTOP 150 TOHH rrpHpOJJ.HOro ypatta. TiocJie)J,H11H yrraKOBbIBaJIC51 

B He60JibIIIHe UHJIHHJJ,pHT..JeCKHe 6JIOKH )J,11aMeTpOM 37 MM H BblCOTOH 102,5 MM. 3T11 6JIOKH 

3arpyMaJIHCb B Tpy6hI-KaHaJihI. B Tpy6ax HerrpepbIBHO u11pKyJI11posaJia BOJJ,a. Heo6xo

JJ.11Moe l.JHCJIO ypaHOBbIX 6JIOKOB )J,JI51 ocymeCTBJieHH51 uerrHOH peaKI.J,HH )J,OCTl1raJia IT0l.JTl1 

40 Tb!C. 

HetiTpOHbI, B03HHKa10m11e B rrpouecce JJ,eJieHl151 51JJ.ep ypatta-235 (orr11caHHOro Bbrrne) 

3aMe)J,JI51Jll1Cb rpacjJHTOM H reHep11pOB8JIH 51)],pa ITJIYTOHH51-239 B pe3yJihT8Te B3aHMOJJ,eti

CTBl151 c 51)],paMH ypaHa-238 (CM. § 17.1 H peaKI.J,HIO (17.2). 

B KOHCTpyKTl1BHOM OTHOIIIeHHl1 BOeHHbie peaKTOpbl, rrpeJJ,Ha3Hal.JeHHbie )J,JI51 Hapa60TKH 

ITJIYTOHl151, cymecTBeHHO rrpome no cpaBHeHHIO c orr11caHHblMH B fJI. 17 peaKTOpaM11 

BTOporo ITOKOJieHl1H, rrpeJJ,Ha3Hal.JeHHblM11 )J,JIH Bblpa6oTKl1 3JieKTp03Heprn11. TaK, B ITOCJieJJ,

HHX ocymecTBJl51eTC51 reHepal.l,H51 rrapa ITO)], BbICOKHM JJ,aBJleHHeM, TOr)J,a KaK B BOeHHbIX 

peaKTOpax BOJJ,a Heo6XO)J,HMa TOJ!bKO )J,Jl51 OXJJa)!{JJ,eHl151 ypaHOBblX 6JIOKOB 11 yJJ,aJleHH51 113 

HHX o6pa3y!OIU11XC51 paJJ,110HYKJIH)J,OB. 

Tipouecc HaKOITJieHl151 ITJIYTOHH51 COCTaBJI51Jl MHOfO MeCHI.J,eB, pa3rpy3Ka peaKTOpa 

cornacHO TeXHOJIOrHl.JeCKOMY rrpoeKTY )J,OJDKHa ocymecTBJI51TbC51 rryTeM BbIIIaJJ,eHl151 ypa

HOBbIX 6JIOKOB H3 tpy6-KaHaJIOB no TeXHOJIOrHl.JeCKOMY TpaKTY B BO)J,OeM, pacrrOJIOJKeHHbIH 

rro,11, peaKTOpoM. B so,11,e 6JIOKH BhI,11,epMHBaJIHCb Tp11 MeCH11,a, B TeT..JeHHe KOTOpbIX pac

rra,11,aJOTC5! KOpOTKOiKl1BYIUHe 1130TOITbl. 3aTeM 6JIOKH rrepeB03HJIHCb Ha pa,11,HOXl1MHl.JeCKl1H 

3aBO,ll,. 

Ha rrpoeKTHYJO MOIUHOCTb B 100 ThIC. KBT peaKtop 6hIJI BbIBeJJ,eH 22 HJOH51 1948 r. 
HaT..JasrnaHC51 KpyrnocytoT..JHa51 pa6orn peaKTOpa B TeT..Jett11e rrocJieJJ,yJOmHx MeCHIJ,eB tteoJJ,

HOKpatHO rrpepbrnaJ1aCb H3-3a asap11ti, CBH3aHHbIX c pa3HbIMl1 rrpHT..JHHaMH. Ha 0,11,Hoti H3 

HHX, IJO)!{aJJyti caMOH cepbe3HOH, Mb! OCTaHOBHMC51 Hl1iKe (cM. TeKCT rreTl1TOM). B Mae 

1949 r. Ha paJJ,110Xl1Ml1l.JeCKOM 3aBoJJ,e «Ma51K» Hal.JaJIOCb BbI)J,eJieH11e rrJiyTOHl1H 113 ero 

ypaHOBbIX 6JIOKOB. 3aBO)J, B TO speMH IT03BOJIHJI ITOJIYT..JaTb He Mettee 70 r ITJIYTOHHH 
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B cyTK11. B nocJieJJ,y10m11e roJJ,bI B lleJ151611HcKe-40 6b1JI0 noCTpoeHo eme HeCKOJibKo 

«nJiyTOHl1eBblX» peaKTOpOB, 3HatrnTeJibHO ycoBepweHCTBOBaHHb!X 11 60JibWeH MOW.HOCTl1. 

Bb1eMKa ypaHOBbJX 6JIOKOB, rrpoBeJJ,eHHa51 B 1949 r., CBH3aHa c Tparw1ecK11M co6b1T11eM, 

B03Hl1KW11M B HHBape Toro )Ke roJJ,a no cJieJJ,y10meH: npwrnHe. B npouecce 3KCITJiyan

u1111 peaKTopa Bb!HCHl1J10Cb, '-!TO ITO)], JJ,eHCTBl1eM OXJia)K)J,aJOmeH: ero BO)J,bl aJIJOMl1HHeBb!e 

o60JIO'-IKl1 ypaHOBb!X 6JIOKOB Cl1JlbHO Koppo311pyIOT 11 MHorne 113 Hl1X no 3TOH rrp11'-111He 

nOBpem:JJ,aIOTCH. Tipouecc ycyry6JIHeTCH HaM0KaH11eM rpacpHTa. B pe3yJibTaTe peaKTop 

OKa3aJICH B aBap11HHOM COCT051Hl111. 

TiocJie IT51T11MeC51'-IHOH 3KCrrJiyaTaU1111 peaKTop 6bIJI OCTaHOBJieH. )laJiee B03Hl1KJia 

TmKeJia51 )J,11JIJieMa: Jil160 c6pOCl1Tb ypaHOBbie 6JIOKl1 no TeXHOJIOrH'-!eCKOMY TpaKTy, '-ITO 

Bbl30BeT He1136e)KHYIO ITOTepIO HeonpeJJ,eJieHHO 60JibWOf0 KOJ111'-!eCTBa Hapa60TaHHOro nJiy

TOHl151, Jil160 ITO)J,H51Tb ypaHOBb!e 6JIOKl1 B sepXHl1H orrepau110HHblH 3aJI peaKTOpa 11 Bpy'-1-

HY!O pa3JJ,eJIHTb nospe)KJJ,eHHbie 6JI0K11 OT HerroBpe)KJJ,eHHbIX. B 3TOM cJiy'-lae yAaCTCH 

crracTl1 ypaHOBYIO 3arpy3KY 11 COKpaTl1Tb rr0Tep11 B Hapa60TaHHOM nJiyTOHHl1. 

PaJJ,HOaKTHBHOCTb ypaHOBbIX 6JIOKOB K MOMeHTY ocTaHOBKH peaKTopa 6b1Jia rpoMaJJ,Ha, 

COCTaBJI5151 MHJIJIHOHbl K!OpH. C6poc 6JIOKOB «BHH3» HHKaK He )J,OJI)KeH 6b!Jl CKa3aTbC51 Ha 

3JJ,Op0Bbe rrepcoHaJia, TOrJJ,a KaK rrp11 11X ITO)J,beMe «BBepx» nepeo6Jiy'-!eH11e y'-!aCTHHKOB 

onepau,1111 6y.n.eT HeH36em:HblM. 0.n.HaKO spe.n.Hoe 803,ll.eHCTBHe HOHH3HpyIOmero 113Jiy'-leHWI 

B TO BpeMH Cl1JlbHO HeJJ,OOIJ,eHl1BaJIOCb, B '-!aCTHOCTH ITO'-ITl1 Hl1'-lero He 6bIJIO 113BeCTHO 0 ero 

KaHueporeHHOM 11 reHeTl1'-!eCKOM B03JJ,eHCTBl111: ,!LOJirocpo'-!Hble ITOCJie,LLCTBl151 paJJ,11au110H

HOro o6Jiy'-!eHl151 BOo6me He 6bIJll1 113y'-leHbl (3Tl1 BonpoCbl paccMaTp11saIOTC5! B § 24.3). 

B ycJIOBl151X CTOJlb Hl13KOH OCBe)J,OMJieHHOCTH 0 CTeneHH speJJ,a, HaHOCl1MOrO paJJ,11au11eH: 

3,!LOpOBblO rrepcoHaJia, l1. B. Kyp'-IaTOB, B. r. BaHH11KOB 11 A.H. 3aBeHHfl1H, OTBeTCTBeHHbie 

3a npoBeJJ,eH11e pa6oT Ha peaKTope, Bb16paJI11 BTopoe perneH11e (oJJ,o6peHHoe JI. TI. l3ep11eti). 

Kyp'-IaTOB ITOHl1MaJI, '-ITO TOJlbKO OH 3HaeT, no KaKl1M rrpH3HaKaM MO)KHO npOBO)J,11Tb 

OT6paKOBKY 6JIOKoB; 3TO npeJJ,orrpeJJ,eJI11Jio ero peweH11e rrp11HHTb y'-lacT11e B orrepau1111. 

5yJJ,ym11H: rnaBa 3HaMeH11Toro M11H11cTepcTBa cpeJJ,Hero Marn11HoCTpoeH11H 1) 

E. n. CJiaBCKHH B CBDJlX BDCDDMMHamrnx rr11rueT: «PernaJiaCb 3aJJ,a'-la crraceHH51 ypaHOBOH 

3arpy3KH (11 Hapa6oTKl1 TIJIYTOH1151) caMOH JJ,Oporoti ueHOH - nyTeM He1136e)!<HOro 

rrepeo6Jiy'-!eH11H rrepcoHaJia. C 3Toro '-!aca Bech MY)KCKOH rrepcoHaJI o6beKTa, BKJIJO'-laH 

TblC51'-IH 3aKJIIO'-!eHHbIX, y'-laCTByeT B orrepau,1111 BbieMKl1 Tpy6, a 113 Hl1X - '-13CTl1'-IHO 

rrospeMJJ,eHHblX 6JIOKOB; B o6meti CJIOMHOCTl1 6b1JIO 113BJie'-!eHo H spy'-IHY!O rrepepa6oTaHO 

39 Tb!C. 6JIOKOB ... » H1maK11e CJIOBa He MOrJIM B TOT MOMeHT 3aMeHHTb Cl1JIY Jll1'-IHOrO 

rrp11Mepa. l1 Kyp'-IaToB rrepBbIM warnyJI B HJJ,epHoe neKJio, B rroJIHOCTbJO 3ara3oBaHHbIH 

paJJ,110HyKJI11JJ,aM11 ueHTpaJibHhIH 3aJI aBap11H:Horo peaKTopa. Bo3rnas11JI onepau1110 

pa3rpy3Kl1 ITOBpe)KJJ,eHHbIX KaHaJIOB 11 JJ,ecpeKTaIJ,11!0 Bbirpy)KaeMblX ypaHOBb!X 6JIOKOB 

rryTeM Jll1'-IHOro ITOWTY'-IHOrO 11X OCMOTpa. 06 orracHOCTl1 TOr,ll,a Hl1KTO He JJ,yMaJI: Mb! 

rrpocTO HH'-!ero He 3HaJI11, a l1ropb BacHJibeB11'-! 3HaJI, HO He 0TcTyn11JI rrepeJJ, rpo3HOH 

Cl1JIOH aToMa . . . Jl11KBl1JJ,au1rn aBap1111 )J,J151 Hero OKa3aJiaCb pOKOBOH, CTaJia MeCTOKOH 

rr.!laTOH 3a Hally aTOMHYIO 6oM6y ... » Tiepeo6Jiy'-!eH11e HeCOMHeHHO COKpaT11Jio )!(113Hb 

Kyp'-IaToBa. OH yMep B 1960 r. B Bo3paCTe 57 JieT. 

KaK OTMe'-laJIOCb BbIWe, B 1949 r. aKT11Bl1311poBaJI11cb pa6oTbI B aTOMHOM 11,eHTpe 

CsepJJ,JIOBCK-44 (rrpeJJ,rrp11Hrne B 3TOM ueHTpe KOJJ,11poBaJiocb B MB)]. KaK «3asoJJ, .N'2 813»). 

Ero Hay'-!HhIM pyK0BoJJ,11TeJieM HBJIHJICH rrpocpeccop l1. K. K11Ko11H. Ha3Ha'-!eH11e 3aBoJJ,a -

ra30JJ,11cpcpy3110HHOe pa3JJ,eJieH11e 1130TOTIOB ypaHa-235 11 ypaHa-238 TIO MeTOJJ,y, paccMOT

peHHOMY HaMl1 BbIWe (§ 16.2). Tipouecc 11X pa3JJ,eJiemrn ocymecTBJl51JlC51 c IIOMOW.b!O 

1
) To ecTh, He rosopH 33onosbIM 513bIKOM, MirnHcTepcrna aToMHOH npoMbililJJeHHOCTH ... 
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50 He3aBHCYIMO pa60Ta!Olll,HX KaCKa.ll,OB; Ka)K.ll,b!H KaCKa.ll, COCTOHJI H3 130 .ll,tt<P<PY3HOHHb!X 

wieeK. 

CTo'!TH O.ll,HOBpeMeHHO c 3aBO.ll,OM Ng 813 Ha'laJI pa6oTaTb 3aBO.ll, Ng 817 TIOJJ. Hay'IHhIM 

pyKoBO.ll,CTBOM rrpocpeccopa JI. A. ApuHMOBH'la. Ha 3aBo.ll,e HCTIOJih30BaJICH 3JieKTpoMar

HHTHhIH crroco6 pa3.ll,eJieHHH H30TorroB ypaHa. B .I1,aJihHeiiweM B CoBeTCKOM CoJ03e .ll,JIH 

HX pa3.ll,eJieHHH 6hIJI OCBOeH H MeTO.ll, ra30BOro ueHTpttcpyrnpoBaHHH (CM. § 16.2), pa3pa-

6oTaHHb!H c yqacTHeM HeMeI.(KHX crreuttaJIHCTOB. 

3aBO.ll, Ng 813 pa6oTaJI B KoorrepauttH c 3aBO.ll,OM Ng 817. L{eJio B TOM, 'ITO rro OKOH

'laHHH rrpouecca reHepauttH rrJiyTOHHH Ha 3aBo.ll,e N2 817 co.I1,ep)KaHtte ypaHa-235 yMeHb

waeTCH O'leHb He3Ha'lttTeJibHO - Bcero c 0, 71 % .ll,O 0,69 %. TaKoH pereHepttpoBaHHbIH 

ypaH eme BTIOJIHe MO)KHO HCTIOJlb30BaTb .ll,JIH C03.ll,aHWI opy)KeHHOfO ypaHa. 3Ta H.ll,eH 

H 6b1Jia ocymecrnJieHa Ha 3aBo.ll,e B CBep.ll,JIOBCKe-44, r.ll,e .ll,JIH Hapa6oTKH opy)KeHHoro 

ypaHa HapH.ll,y c rrpttpO.ll,HhIM ypattoM HCTIOJib30BaJICH H pereHepttpoBaHHhIH. Cepbe3HbIH 

He.ll,OCTaTOK pereHepttpoBaHHOfO ypaHa CBH3aH c TeM, 'ITO OH CO.ll,ep)KHT .ll,OBOJibHO MHOro 

pa.ll,HOaKTHBHbIX rrpttMeceii. 

TexHOJIOrHH rrpott3BO.ll,CTBa .ll,aeT B03MO)KHOCTh rroJiy'laTb JIH6o 'IHCThIH ypaH-235, 

JIH60 CMeCb H30TOTIOB ypaHa-235 H ypaHa-238 B JII060M COOTHOWeHHH HX KOHUeHTpauHH. 
1focTbIH H30TOTI ypaHa-235 npe.ll,Ha3Ha'!eH, OlJeBH.ll,HO, .ll,JIH H.ll,epHoro opy)KHH, a CMecb 

nepe'IHCJieHHbIX H30TOTIOB - .ll,JIH TIOBb!WeHHH npOH3BO.ll,HTeJibHOCTH ypaHOBblX peaKTO

poB. B 'laCTHOCTH, npH .I1,ocTaTO'IHO CHJihHOM o6orameHHH ypaHOM-235 TaKHe peaKTOpb1 

3HepreTH'leCKOro THna cpaBHHTeJibHO He60JibWHX pa3MepoB B npttHUHTie npttrO.ll,Hbl .ll,JIH 

H3fOTOBJieHHH .ll,BHfaTeJieH TIO.ll,BO.ll,Hb!X JIO.ll,OK. 

Hapa6oTaHHOe Ha 3aBo.ll,e N2 817 KOJIH'lecTBO nJiyTOHHH, .ll,OCTaTO'IHOe .ll,JIH H3roTOB

JieHHH 60M6b1, 6b1JI0 nepe.I1,aHo B aTOMHhIH ueHTp Ap3aMac-16. Hay'IHbIM pyKoBO.ll,HTeJieM 

3Toro uettTpa HBJIHJICH B TO BpeMH IO. 5. XapHTOH, CTaBWHH BnocJie.ll,CTBHH coaBTopoM 

MHOrHX BH.ll,OB H.ll,epHoro BOopy)KeHHH. 

3aBO.ll,bl N2 817 H 813 CTaJIH OCHOBHbIM TIOCTaBlll,HKaMH pacmenJIHIOlll,HXCH MaTepttaJIOB 

.ll,JIH H3fOTOBJieHHH nepBbIX COBeTCKHX aTOMHbIX 6oM6. 

HecKOJibKO no3.ll,Hee nocJie ocBoeHHH onHcaHHhIX yCTpoiicTB .ll,JIH tt3roTOBJieHHH pac

me11JIH10lll,HXCH MaTepHaJIOB 6hIJI pa3pa6oTaH MeTO.ll, 110JIY'-leHHH 11JIYTOHHH c 110MOlll,blO 

TH)KeJI0Bo.I1,opo.I1,Horo peaKTopa (110.I1, ttay'IHhIM pyKOBO.ll,CTBOM 11pocpeccopa A. I1. AJittxaHo

Ba), 0.ll,HaKO, Y'IHThIBaH Bb!COKYIO CTOHMOCTb TH)KeJIOH BO.ll,bl H cpaBHHTeJibHO 60JibWHe 

cpoKH ee H3fOTOBJieHHH, 3Ha'IHTeJibHOro pa3BHTHH 3TO Ha11paBJieHHe He 110JIY'-IHJIO. 

I1Cl1bITaHHH 11epBOH COBeTCKOH aTOMHOH (11JiyTOHHeBoH) 6oM6hI 6hIJIO yc11ewHO 11po

Be.I1,eHO 29 aBrycTa 1949 r. DOJihrnaH rpyrma yqacTHHKOB C03.ll,aHHH coBeTCKOH aTOMHOH 

6oM6bI 6hIJia y.ll,OCTOeHa pa3JIH'-1Hb!X 11paBHTeJibCTBeHHb!X Harpa.ll,, B TOM lJHCJie BblCWeH 

Harpa.ll,OH - 3BaHHeM fepoH CouttaJIHCTH'lecKoro Tpy.ll,a H Me.I1,aJib10 «30JIOTaH 3Be3.ll,a» 

6bIJIH Harpa)K.ll,eHhI Kyp'-IaTOB, XapttTOH, KHKOHH, <PJiepoB H .ll,pyrne yqacTHHKH aTOMHOro 

11poeKTa. 

TaKHM o6pa3oM, Tptt rnaBHhIX Ha11paBJieHHH 110Jiy'leHHH H.ll,epHOH B3pbIBlJaTKH 6hIJIH 

pa3pa6oTaHbI 110.ll, Hay'!HhIM pyKOBO.ll,CTBOM I1. B. KypLJaToBa, I1. K. KttKOHHa H JI. A. Ap

UHMOBH'-!a. 

B TOM )Ke 1949 r. I1. B. CTaJIHHhIM 6hIJio 11pttHHTO peweHHe o cTpOHTeJihCTBe BTopoii 

O'Iepe.ll,H aTOMHb!X 3aBO.ll,OB, JIY'!We 3alll,Hlll,eHHb!X OT 11pe.I1,l10JiaraeMb!X aTOMHbIX 6oM6eMeK 

110 cpaBHeHHIO c y)Ke pa60Ta10lll,HMH npe.I1,11pHHTHHMH H.ll,epHoH HH.ll,ycTpHH. B 11ocJie.I1,y10-

mtte fO.ll,bl TaKHe 3aBO.ll,bl 6bIJIH C03.ll,aHbl B OCHOBHOM B Ctt6ttpH (KpaCHOHpCK-45, ToMCK-7 

H .ll,p.). 

l13yqa51 pa.ll,HOaKTHBHhie npo.ll,yKTbl B3pbrna, rrepeMelll,a!Olll,HeCH Ha CTpaToccpepHb!X 

Bb1c0Tax, cneuttaJIHCTbI H3 CWA 11pttrnJIH B cepe.ll,HHe ceHrn6pH 1949 r. K BhIBO.ll,y, '-ITO 

B CCCP 6bIJia B30pBaHa 6oM6a, HBJIHJOlll,aHCH K011tteii aMepttKaHcKoH 11JiyTOHHeBoH 60M6b1, 
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c6poweHHOH Ha HaracaKH 9 asrycn 1945 r. Ha 3TOM ocHosaHHH 6bIJIO 3aKJIIOIJeHo, 'ITO 
sa)!rneiiwaH HHcpopMaUHH 06 yCTpoiicrne rIJiyTOHHesoii 60M6b1 6bIJia rroJiyIJeHa Coset

CKHM CoI030M HeJieraJihHO. I1oHCKH KaHaJIOB yTeIJKH rrpHseJIH K BbIHBJieHHIO pHAa JIHU, 

yIJacrnosaswHx B ee rrepe)l.aIJe. B 1950 r. 6bIJI apeCTosaH K. <DyKc. Bo3MOMeH 6hIJI 
H apecT 13. I10HTeKOpso, KOHTaKTbl KOTOporo c <PyKCOM 6b!JIH ycTaHOBJieHbl 3arra)l.Hb1MH 
crreucJiyM6aMH. BMeCTe c ceMheii I1oHteKopso yJJ.aJIOCb rrepeexaTh B CCCP. B CoseTCKOM 

COI03e OH rroJiyIJHJI 3BaHHe aKa,!l.eMHKa H 6oJiee rrpo6JieMaMH, CBH3aHHbIMH c aTOMHbIM 
opyMHeM, He 3aHHMaJICH. 

B OTJIHIJHe OT coseTCKOH ITJIYTOHHeBOH 6oM6bi C03,!l.aHHe COBeTCKOH ypaHOBOH 6oM-

6bI ocymecTBJIHJIOCb ueJIHKOM B paMKax opHrnHaJibHOro HaUHOHaJibHOro rrpoeKTa H no 
cpaBHeHHIO c nepsoii aMepHKaHCKOH ypaHOBOH 6oM6oii OHa OKa3aJiaCb 6oJiee KOMnaKTHOH 

H cosepweHHOH. l1cnbITaHHH COBeTCKOH ypaHOBOH 60M6b1 6bIJIO BrrepBbie ocymecTBJieHo 
B 1951 r. 

B ueJioM o co3JJ.aHHH atoMHOH l1HJJ.YCTp1111 s CCCP MOMHO cKa3aTb, 'ITO TaK11x TeMrros 
11 MacwTa6HOCTH CTPOHTeJibCTBa npHHUHIIHaJibHO HOBoro npoH3BO,!l.CTBa B HCTOpHH HayKH 
H rrpOMbIWJieHHOCTH eme He BCTpeIJaJIOCb. 

OCTaHOBHMCH Ha sonpoce 06 yIJaCTHH B coseTCKOM aTOMHOM rrpoeKTe HeMeUKHX crre

UHaJIHCTOB. B csoe speMH cymecTBoBaJio MHeHHe, IJTO s co3,!l.aHHH cosetcKoro aTOMHoro 
opyM11H OHH Cb1rpaJI11 KJIIOIJesyIO poJib. B ,!l.eiicTBHTeJihHOCTH 3TO CHJibHOe npeyseJIHIJeH11e, 

HO HX BKJiaJJ. B pa3BHTHe H,!l.epHoii 3HepreTHKH B CCCP cJieJJ.yet rrp113HaTb 3HaIJ11TeJihHbIM. 
EcJIH 6bI 3TO 6bIJIO He TaK, TO He MOrJIO 6b! COCTOHTbCH CJieJJ.yIOmee 3HaMeHaTeJibHOe 

C06bITHe. TiocJie HCnbITaHHH nepsoii COBeTCKOH aTOMHOH 6oM6bI HapHJJ.Y c COBeTCKHMl1 
crreu11aJIHCTaMH, roCyJJ.apcTBeHHblMH rrpeMHHMH 11 op,!l.eHaMH 6bIJia HarpaM,!l.eHa 60JibWaH 

rpyrrrra HeMeUKHX crreu11aJIHCTOB: M. cpoH ApJJ.eHHe, r. fepu (JiaypeaT Ho6eJieBCKOH 

npeMHH), P. I1o3e, H. PHJib, M. <DoJibMep, B. W10tue 11 MHorne JJ.pyrne. 13oJiee Toro, 
rrpocpeccopy PHJIIO - crreu11aJIHCTY no rrpoH3BOil.CTBY MeTaJIJIHIJecKoro ypaHa, 6hIJIO rrp11-
cy.lKJJ.eHo 3BaH11e fepoH Cou11aJI11ct11IJecKoro TpyJJ.a 11 no pacnopmKeH11IO 11. B. CTaJIHHa 
eMy 6bIJIH ITO,!l.apeHbl ,!l.aIJa B )KyKOBKe H aBTOM06HJib «I1o6e,!l.a». 

KpoMe Toro, cneu11aJibHblM ITOCTaHOBJieHHeM MHOfHe HeMeUKHe cneu11aJIHCTbl ITOJIYIJH

JIH KpyrrHbie )l.eHeMHbie npeMHH (s IJacTHocrn, rrpeMHH PHJIH cocTaBHJia 350 Thie. py6Jieii). 
Bee Ha'IaJIOCb c TOro, 'ITO BCKOpe ITOCJie KanHTYJIHUHH fepMaHHH B 1945 r. 6bIJia 

ccpopMHposaHa «ypaHoBaH KOMaH.11.a», COCTOHIUaH 113 crreu11aJil1CTOB, CB.113aHHb!X c HeMeu

KHM ypaHOBblM npoeKTOM, COrJiaCHBWl1XC5! JJ.06poBOJ!bHO Ha ,!l.OfOBOpHbIX HaIJaJiaX pa6o
TaTb B CosetcKoM Co103e. OH11 np116bIJIH B CCCP BMeCTe co CBOHMH ceMhHMH. 411cJio 
crreu11aJil1CTOB, npHrJiaWeHHblX 113 fepMaHHl1, COCTaBJl.llJIO 122; KpOMe Hl1X 113 Jiarepeii 
.U.Jrn BOeHHOTIJieHHbIX 6b!JIO OT06paHo 135 IJeJIOBeK, paHee pa60TaBWl1X B fepMaHl111, 

cneu11aJil1CTOB no .11,!l.epHOH cp11311Ke 11Jil1 pa.U.110Xl1Ml111. 

I1p11Be,!l.eM KpaTKYIO 11HcpopMaU11IO 0 pa3MemeHl111 HeMeUK11X cneu11aJil1CTOB no pa3-
Jll1lJHblM ceKpeTHbIM npeJJ.np11.11T11.11M 11 npoBOil.11MbIX 11M11 11ccJie,!l.0BaH11Hx. B CyxyM11 

B l1HcTHTyTe «A» (JJ.11peKTop - rrpoct>eccop ct>oH ApJJ.eHHe), pa60TaJI11 Hail. npo6JieMoii 
3JieKTpoMartt11THoro pa3,!l.eJieH11H 1130Tonos ypaHa. I1oJJ. pyKOBOil.CTBOM JJ.OKTopa CteiiH6eKa 

3JJ.ecb 6hIJil1 C03JJ.aHhI nepBbie ueHtp11cpyrn. B CyxyM11 s l1HcT11TyTe «f» (JJ.11peKTop - npo
cpeccop fepu), 3aHl1MaJil1Cb npo6JieMOH pa3,!l.eJieHl1.ll H30TOnOB ypaHa ra30,!l.11cpcpy3110HHbIM 

Meto,!l.OM. CoTpyJJ.Hl1K11 3Toro 11HCT11TyTa paccIJ11TaJI11 pa6oTy JJ.11cpcpy3110HHbIX KaCKaAOB, 
a 3aTeM C03,!l.aJI11 11x 3Kcrrep11MeHTaJibHb1e o6pa3Ubl. Pe3yJibTaTbI 3TOH pa6oTbl 6b1JI11 Hc

ITOJib30BaHbI rrp11 C03,!l.att1111 3aBo,!l.a N2 813 Ha YpaJie. B Jia6opaTOp1111 «B», pacrroJioMeHHoii 
B 105 KM OT MocKBbI (HayIJHbIH pyKoBOJJ.l1TeJib - rrpocpeccop I1o3e), pa3pa6aTh1BaJI11 

peaKTOp c o6orameHHbIM ypaHoM 11 C03JJ.aBaJI11 TeopHIO HJJ.epHbIX peaKu11ii. B ,!l.aJibHeiiweM 
Jia6opaTOp115! «B» 6brJia rrpeo6pa30BaHa B cDl1311K0-3HepreTl1lJeCKHH HHCTl1TYT (<D3l1); 

HayIJHbIM pyKOBOJJ.11TeJieM l1HCTl1TYTa HBJIHJICH aKa,!l.eM11K A. 11. JleiinyHcK11ii (CM. § 17.1). 
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CJiasy 3TOMY HHCT1.nyTy rrpHHec rrycK rrepsoi1 B MHpe aTOMHOH 3JieKTpOCTaHU.HH B 1954 r. 
Hbrne BOKpyr 3TOro Hay<rnoro u.eHTpa Bbipoc r. 06HHHCK, rrpHo6pernrnH CBOHMH pa6oTaMH 

BCeMHpHyIO H3BeCTHOCTb. 

BepoHTHO, JJ,JIH coBeTcKoro aTOMHoro rrpoeKTa Ha1160Jiee BecOMbIMH oKa3aJI!-ICb pa6o

ThI, rrposoJJ,HMbie )J,OKTopoM P11JieM c rpyrrrroi1 ero COTPYAHHKOB. 3Ta rpynrra 3am-IMaJiacb 

ypaHOBOH rrpo6JieMOH eme B rnrnepOBCKOH repMaHHH. l1MeHHO pa3pa6oTaHHYIO TOr)J,a 
TexHoJiorHIO rroJiy'IeHHH 4HCToro MeTaJIJIHqecKoro ypaHa H BHeJJ,pHJI Ha 3aBoJJ,e B HorHHCKe 

)J,OKTop PHJib. OH 6Jiecrnme crrpaBHJICH TaKllie c pHAOM JJ,pyrnx 3aJJ,a4, rrp11opHTeTHbIX JJ,JIH 

aTOMHOH HHJJ,YCTPHH. 
B 1945 r. 6b!JI C03)J,aH Hay4HO HCCJie)J,OBaTeJibCKHH HHCTHTyT, B KOTOpOM pa3pa6a

TWBaJiaCb TeXHOJIOfl151 ITOJiyqeHH51 ypaHa H ITJIYT0HH51 (KO)J,OBOe Ha3BaHHe rrpeJJ,rrpH51TH51 

Hl1l1-9; cpeJJ,H cpH3HKOB-HJJ,epmHKOB ero o6hI4HO Ha3hIBaIOT «IlJiyTOHHeBbIM HHCTHTy

TOM»). B co eras Hl1l1-9 BXO)J,HJia Jia6opaTOpHH, B03rnaBJIHBWaHc51 rrpocpeccopoM ct>oJih

MepoM. Ha OCHOBaHHH rrpoBe)J,eHHb!X B 3TOH Jia6opaTopm1 HCCJie)J,OBaHHH 6bIJI C03)J,aH 

rrpoeKT 3aBoJJ,a no rrpoH3BOJJ,CTBY THllieJioii BO)J,bI. B Hl1l1-9 pa6oTaJI TaKllie co CBOHMH 

coTpyAHHKaMH rrpocpeccop )J,orrrreJib, l13BecTHbIH TeM, 4TO B fepMaH1111 OH rrpHHHMaJI 

yqacTHe rroJJ, pyKoBO)J,CTBOM B. fei13eH6epra B C03JJ,aHHH THllieJIOBOJJ,opoJJ,Horo peaKTopa. 

Bo BCex 11HCTHTyTax 11 Jia6opaTOpH51X COBMeCTHO c repMaHCKl1MH crreu.HaJIHCTaMH 

pa6oTaJIH H COBeTCKHe crreu.11aJIHCTbl, KOTOpble rrepeH11MaJIH OITblT CBOl1X HeMeU.KHX KOJI

Jier 1). CpoK rrpe6bIBaH115! HeMe11.K11x crreu.11aJIHCTOB B CoseTCKOM Coro3e 3asepnrnJIC5! 

B 1955 fO)J,y. 
Ilepe)J, 0Tbe3)J,OM o6paTHO B fepMaH!1!0 HeMeU.K11e crreu.11aJIHCTbl ITO)J,ITHCbIBaJIH co

OTBeTCTBYIOlll.ee o6H3aTeJibCTBO o Hepa3rnaweH1111 o csoei1 pa6oTe B CCCP H JJ,aBaJI11 
«4eCTHOe CJIOBO», l.[TO B Te'leHHe 25 JieT OHl1 He 6yJJ,yT coo6maTb 06 yqaCTHH B COBeTCKOM 

aTOMHOM rrpoeKTe. 
B qacTHOCTH H. P11Jib Jil1Wb B 1988 r. orry6JIHKOBaJI B fepMaHHH KH11ry rroA Ha3saH11-

eM «JJ.ecHTb JieT B 30JIOTOH KJieTKe», rrocsHmeHHYJO pa6oTe HeMeU.KHX yqeHbIX B CCCP. 
B ClllA KH11ra P11JIH c KOMMeHTap1151MH H AOITOJIHeHHHMH 6b1Jia H3JJ,aHa Ha aHfJIHHCKOM 

513bIKe B 1996 r. 

fepMaHHSI. HaqaJio repMaHCKOMY ypaHOBOMY rrpoeKTy, rroJiy4HBWeMy o¢HU.HaJib

HOe Ha3BaHHe «IlpoeKT U», 6hIJIO rroJiollieHo 26 ceHrn6pH 1939 r., KOr)J,a 6hIJIO C03tJ,aHo 

«YpaHOBOe o6meCTBO». B ero COCTaB BOWJil1 B. BoTe, K. Bai1u.3eKKep, r. fei1rep, B. fei1-

3eH6epr, l1. MaTTayx H pHA Apyrnx H3BeCTHbIX HeMeU.KHX yqeHhIX. MHorne ¢H3HKH, 

rrpH3BaHHble )J,0 Toro B apMHIO, 6bIJIH OT03BaHbl AJI51 yqacTH51 B ypaHOBOM rrpoeKTe. 

Hay4HbIM u.eHTpoM YpaHoBoro o6mecrna 6hIJI 1136paH ct>H3H4eCKHH HHCTHTYT Kai13epa 
Bl1JibfeJibMa, a ero rnaBOH Ha3Ha4eH fei13eH6epr; 3TOT ITOCT OH 3aHHMaJI BITJIOTb AO KOHU.a 

soHHbI c fepMaHHeH B 1945 r. KoHTpOJib HaA ypaHOBbIMH 11ccJietJ,0BaH11HMH ocymecrnJIHJI 

)J,errapTaMeHT soopyllieH11H. 

17 HJOHH 1940 r. Bai1u.3eKKep rrpeJJ,cTaBHJI AJIH y3KOro Kpyra JIHU. rreqarnyJO pa6oTy 

ITOA Ha3BaH11eM «Bo3MOlliHbIH MeTOA rroJiyqemrn 3HeprnH !13 ypaHa-238». CornacHo HAeH, 
pa3Bl1TOH B 3TOH pa6oTe, Ha rrepBOM 3Tarre Heo6XO,[(HMO C03,ll,aTb ycTpOHCTBO, COCT051lll.ee 

113 ypaHa-238 H 3aMeAJIHTeJI51, KOTOpoe l103BOJIHT Bb1pa60TaTb HOBOe semecrno, COCT051lll.ee 

H3 3JieMeHTa c z = 93, a B03MO)KH0, H 113 3JieMeHTa c z = 94. 3TO semecrno Ha BTOpOM 

3Tarre Heo6XOAHMO H3BJie4b; OHO-TO 11 6ytJ,eT rrpetl,CTaBJif!Tb B3pbIB4aTKY rnraHTCKOH MOlll.

HOCTH. 
Ilp11 Bhr6ope semecrna, rroAXOAHmero B Kaqecrne 3aMeAJIHTeJIH, BoTe Ha ocHOBaHHH 

CBOHX pac'leTOB Bbi6paJI THllieJiyJO BO)J,y D20, 11CKJIJOl.[HB, B qacTHOCTH, B03MO)KHOCTb 

1
) B qacTHOCTH, CTaHOBJ!eHHe asropa KaK cflH3HKa-Hti;epill,HKa OTHOCHTCH K 1948 r.' KOrti;a OH 6bIJl 

HanpaBJ!eH tl;J!H cra:arnpOBKH B ynoMHHaBIIlYJOCH BbIIIle ceKpeTHYJO J!a6oparopH!O «B» 
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HCIT0Jlb30Bamrn rpaqnna (,11.aJibHei1ruee pa3Bl1THe H,11.epHOH 3HepreTHKl1 ITOKa3aJIO, '-ITO 

3TO HBHJIOCb cepbe3HbIM rrpoc'-leTOM HeMeUK11X <P113HKOB). TmKeJiaH so,11.a ,11.eiicrn11TeJibHO 

HBJIHeTCH Ha11JIY'-llllHM 3aMe,ll.Jil1TeJieM (cM. IT. 3.6.3 11 ,11.aHHbie Ta6JI. 3.2). 0,11.HaKO 113BJie

'-!eH11e H3 B0,11.bl ee MaJIOH COCTaBJIHJOIIl,eH - ,11.eiiTep11H rrpe,11.CTaBJIHeT co6oii CJIO)KHb!H 

,ll.Jll1TeJibHb!H TeXHOJl0rH'-!eCKl1H ITpouecc. JJ,pyrne 3aMe,ll.Jil1TeJil1 11, B '-!aCTHOCTl1, rpa<P11T, 

06Jia,11.aH xy,ll.Ill11Ml1 3aMe.ll,JIHIOIIl,11M11 CBOHCTBaMl1, 3aTO o6IIl,e,ll.OCTYITHbl. 

Ha OCHOBaH1111 3aKJIJO'-leH11H I3oTe 6h1JI0 pe!lleHo co3.n,asaTb peaKTOp Ha TH)KeJioii 

BO.ll,e. 3aMeTl1M, 0.ll,HaKo, '-ITO Ba)KHblM rrpe11Mylll.eCTBOM TaKOro peaKTOpa no cpaBHeH1110 

c rrepsb1M11 peaKTopaM11 B ClllA 11 CCCP (s KOTOpbIX B Ka'-!ecrne 3aMe.ll,JIHTeJIH 11c

ITOJib30BaJICH, KaK 113BeCTHO, rpa<P11T) 3aKJIIO'-laJIOCb B 3Ha'-!11TeJibHO MeHbllll1M KOJil1'-!eCTse 

ypaHa, Heo6xo.n,11MOM .ll,JIH ocylll.eCTBJieHl1H uerrHOH peaKI.Ll111 ,11.eJieHl1H, '-ITO ,11.JIH fepMaHl111 

B ycJIOBl1HX .n,eip11u,11Ta ypaHa 11MeJIO HeMaJIOBa)KHOe 3Ha'-!eHl1e. 

Pa6oTbI B paMKax npoeKTa U, Ha'-!aTb1e eIIl,e B 1939 r., B rroCJie.n,yIOill.He ro.n,bI ITpo,11.oJI

)KaJI11Ch B He CJil1IllKOM Bb!COKOM TeMITe, '-!eM pa311TeJibHO OTJil1'-!aJil1Cb OT aHaJIOfl1'-1Hb!X 

pa3pa6oTOK B ClllA 11 CCCP, Ha'-laTbIX no3,11.Hee repMaHCKl1X, HO xapaKTepttoii oco6etttto

CTbJO KOTOpb!X HBJIHJI11Cb HecpaBHeHHO 60JiblllaH MaC!llTa6HOCTb 11 6bICTp0Ta npo,11.Bl1)KeH11H 

K KOHe'-IHOH ueJil1. CpaBHl1TeJibHO Me,11.JieHHOe pa3B11Tl1e HeMeU,Kl1X H.n,epHbIX 11CCJie.ll,OB3Hl1H 

o6bHCHHeTCH pH.ll,OM ITp11'-111H. 

Tiepsoii ITp11'-111HOH HBJIHJIOCb ttenott11Matt11e TOr.n,a!llHl1Ml1 pyKoso.n,11TeJIHM11 fepMatt1111 

11CKJII0'-111TeJibHOH B3)KHOCTl1 pa6oT YpaHosoro 06IIl,ecrna 11 OTCI0,11.3 He.ll,OCTaTO'-IHOe 11X 

<P11ttattc11posatt11e. BTopaH ITp11'-!11Ha CBH3atta c OTCYTCTB11eM B fepMatt1111 tteo6xo,11.HMOH 

3KOHOM11'-IeCKOH 6a3bJ: KpoMe OTMe'-!eHHOro Bblllle .n,ecp11U11Ta ypaHa He cyIIl,eCTBOBaJIO 

pa3Bl1TOH rrpOMbllllJieHHOCTl1 ITO .n,o6b!'-le 11 ITepepa60TKH ypaHOBOro CblpbH, CITeu11aJil1311-

posaHHbIX KB 11 T . .n,. Tperheti ITp11'-!11Hoti HBJIHJI11Cb 3aTpy.n,tteH11H B rrpose,11.ett1111 3T11x 

pa60T, Bbl3BaHHbie 6oM6e)KKaMl1 11 ,11.11Bepc11HMl1, KOTOpb!M ITO.ll,BepraJil1Cb CTpaTerH'-leCKl1 

Ba)KHbie repMaHCKl1e o6beKTbl (CM. H11)Ke). l1, H3KOHeu, HeMaJIOBa)KHaH ITp11'-111Ha CBH3aHa 

c 0Tp11uaTeJibHbIM OTHO!llett11eM K 11.n,eoJiorn11 ttau110HaJI-cou11aJI113Ma Baiiu,3eKKepa, fatta, 

feii3ett6epra 11 MHOfHX .n,pyrnx BH.ll,Hb!X HeMeI.LK11X cp11311KOB 11 Xl1Ml1KOB, OITacaBilll1XCH, 

'-ITO B cJiy'-lae ycITexa B C03.ll,aHHH aTOMHOH 6oM6bI f11rnep He ITpeM11HeT HCITOJib30BaTb ee 

B caMOM 6ec'-leJIOBe'-IHOM sap11aHTe (IT03.ll,Hee OHl1 6b!Jll1 rny6oKO ITOTpHCeHbl H B03MYill.eHbl 

aTOMHOH 60M6ap.n,11poBKOH aMep11KattuaMH ,11.syx MHpHblX HITOHCKHX ropo.n,os). Y'-leHbie, 

pyKOBO.ll,HMbie fett3eH6eproM, BOBJie'-!eHHbie B C03.ll,3Hl1e aTOMHOH 6oM6bI, CTpeMHJil1Cb, ITO 

B03M0)KHOCTl1, He .ll,0BO.ll,11Tb HCCJie,11.0BaHHH .ll,0 3aBep!llaJOIIl,eH CTa,11.1111. 

Bo.n,a c OTHOCHTeJibHO Bb!COKOH KOHU,eHTpau11eii ,11.eiiTep115l 6b!JI3 B CBOe BpeMH Hati.n,eHa 

B Hopsern11. Ha ee Teppmop1111 B PbJOKaHe 6b1JI ITOCTpoeH 3aso,11. no ITpo113so,11.cTBY 

T.R)KeJioii BO.ll,bl. Bo speMJJ BOHHbI HeMUbI BbIB03HJIH npo.n,yKU.11!0 3aso.n,a ,11.JIH tty)K.n, ypa

ttosoro ITpoeKTa. O.n,ttaKo B KOHi.Le 1943 r. Pb10KaHcK11H 3aso.n, 6hIJI yttH'-ITO)KeH aHrno

aMep11KaHcKoii as11au11eH: 11 coJ03HbIMl1 0TpR,11.aM11 «KOMMatt.n,oc». B cJie,11.yIOill.eM ro.n,y 

KOpa6Jib, ITepeB03HBill11H 10 TOHH TH)KeJIOH BO.ll,bl, 6b!Jl 3aTOITJieH aHrJil1HCKOH IT0,11.BO.ll,HOH 

JIO.n,Koti. B pe3yJibTaTe 3Tl1X soeHHbIX aKu11ii pa6oTbI B paMKax YpaHosoro rrpoeKTa 6b1JI11 

KpaiiHe 3aTpy,11.HeHbl. 

TeM He Mettee 311MOH 1943-1944 rr. fett3eH6epr H ero COTpy.n,HHKH CMOrJil1 C03.ll,aTb 

cpaBHl1TeJibHO He60JiblllOH peaKTOp, B COCTaB KOToporo BXO.ll,HJIO ITOJITOpbl TOHHbl ypatta 

11 TaKOe )Ke KOJIH'-!ecrno (ITo secy) TH)KeJioH BO.ll,bl. PeaKTop ITepsoHa'-laJJbHO pa3MeCTl1JIH 

B IT0,11.BaJie 0.ll,HOro 113 HHCTHTYTOB B )J,aJieMe. 0.n,HaKO 113-3a '-!aCTb!X B03,11.YlllHblX HaJieTOB 

rrpose.n,eH11e HOpMaJibHOH YITOp5l.ll,0'-IHOH pa60Tbl Ha peaKTOpe OKa3aJIOCb HeB03M0)KHbIM. 

I1o3TOMY caM peaKTOp H COTpy.n,HHKl1, y'-!aCTBYIOill.He B 3TOH pa60Te, 6bIJil1 ITepe,11.11c

JIOUl1POBaHbl B tte6oJiblllOH ropo.n, 3x11ttreH, paCITOJJO)KeHHbIH B03Jie ll1sa6cK11x AJibIT, 

BHe 30Hbl Cl1CTeMaTH'-!eCKHX aBHaUHOHHb!X HaJieTOB. JJ,pyroH: peaKTOP ropa3,ll.0 60JiblllHX 
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ra6apHTOB, C03)1,aBaeMbIH ITO.U PYKOBO,[l,CTBOM B. repJiaxa, CTpOHJICH Ha !Ore repMaHHH 6JIH 

r. TJ06Httretta B MecTe•rne XaJ'.frepJiaxe. 

06a peaKTopa B 1945 r. 6bIJIH 3axBa'leHbI aMepHKaHCKHMH BoiicKaMH. obIJIH TaK)H 

«B3HTbI B ITJieH» COTPY.UHHKH HHCTHTYTa Kai13epa BHJibreJibMa, B LfHCJIO KOTOpbIX BXO.UHJI 

0. faH, M. Jlay3, K. Bal11.1,3eKKep. B. rel13eH6epra pa3Be.ll,Ke 3aITa,[l,HblX CTpaH aHTHrHTJI( 

poBcKOH KaoJIHUHH y,[l,aJioCb «OTbICKaTb» IT03,[l,Hee. HeMe1.1,KHe cpH3HKH 6bIJIH HHTepttr1poB< 

HbI B AttrnHJO. 0HH c 6oJibWHM YAHBJieHHeM Y3Ham-1 06 ycITexax aMept1KaH1.1,eB B co3.naHH 

aTOMHOH 6oM6bJ. 

TaKHM o6pa3oM, cymecTBoBaBwee B Attrn11r1 H CWA ITpe.nCTaBJieHHe o TOM, 'ITO ttetv 

11,bl B o6JiaCTH 5!,[i,epHblX HCCJie,[l,OBaHHH H,[l,YT BITepe,[1,H yqeHblX Apyrnx CTpaH, OKa3aJIOC 

JIO)KHbIM. B ,[l,eHCTBHTeJibHOCTH B o6JiaCTH 5!.!I,epHbIX pa3pa60TOK repMaHHH ITO MeHbWe 

Mepe Ha ,[l,Ba ro,[l,a OTCTaBaJia OT CWA. HeM1.1,b1 He ITOCTpoHJIH 3aBO.UOB ,[l,JIH ITPOH3BO,[l,CTB 

ypaHa-235 HJIH ITJIYTOHHH. 51.nepHbIX peaKTOpOB, cpaBHHMbIX ITO CBOHM B03MO)KHOCT5! 

c aMepHKaHcKHMH, HeMll,bI TaK)Ke He co3.naJ111. TeM He Mettee, cornacHo apxHBHbIM ,[l,at 

HbIM, B fepMaHHH B KOHUe BOHHbl Bee )Ke 6bIJI ocymecTBJieH 3KCITep11MeHTaJibHbIH B3pbl 

HAepHoro yCTpoJ'.fcTBa MaJioJ'.f MOIUHOCTH. 

)l,JIH ITOJIHOTbl KapTHHbl CJie.nyeT .no6aBHTb, 'ITO B paMKax Bb!IIOJIHeHHH «ITpoeKTa u 
HeMeUKHe yqeHbie H HH)KettepbI BHeCJIH HeMaJioBa)KHbIH BKJia,[I, B pa3pewett11e pH.II 

HAepHo-cpH3H'leCKHX ITpo6JieM 11 B TexHOJIOrnJO H.nepHbIX yCTpoJ'.fcrn. HeKOTOpbie H3 3TH 

.nocTH)KeHHH 6hIJIH HCITOJib30BaHbI B ITOCJieBoeHHbitt ITepHOA He TOJibKO B CCCP, KaK o 

3TOM roBopHJIOCb Bb1we, Ho H B CWA. 

II. TepMoSI.n:epttoe opy11rn:e 

)l.ByMH Be.UYIUHMH CTpaHaMH, pa3pa60TaBWHMH BO,[i,Opo.nHy!O 6oM6y, 5!BJl5!JlHCb, Ka 

yKa3bIBaJIOCb BbIWe, CWA H CCCP, ITPH'leM pa6oTbI ITO ee co3.naHHIO BeJIHCb ITOJIHOCTbl 

He3aBHCHMO .npyr OT Apyra. Bs11.ny Toro, 'ITO oITpe,[1,eJieHHbIH HHTepec ITpe.nCTaBJIHE 

cpaBHeHHe MeTO.UOB peweHHH 3TOH CJIO)KHOH ITp06JieMbl aMepHKaHCKHMH H COBeTCKHM 

y'leHbIMH, MbI 6yAeM OITHCbIBaTb BITepeMe)KKY cooTBeTcrny10m11e 11ccJie,[l,0BaHHH B Coe,[l,I

HeHHbIX Wwwx H CoBeTCKOM CoI03e. 

l1tt11u11aTOpoM C03,[l,aHHH BOAOPO.UHOH 60M6b1 B CWA CTaJI cpH3HK BettrepCKoro ITp< 

HCXO)K,[l,eHHH 9. TeJIJiep, ITepeexaBwHJ'.f B 1935 r. B AMepHKY 11 ITpHHHTbIH B Jia6opaTOpH 

P. 0ITITeHrel1Mepa B KaJIH<PopHHHCKOM YHHBeprnTeTe. HaITOMHHM, 'ITO ITpHCTyITaH K pa: 

pa6oTKe Bo.nopoAHOH 60M6b1, TeJIJiep ITOJiaraJI, '-ITO ,[l,JIH B03HHKHOBeHHH caMOIT0,[1,,[1,ep)KI

Baromeiirn TepMOH,[1,epHOH peaKUHH ,[l,OCTaTO'lHa HMIIJI03H5! 06bI'lHb!X 5!,[i,epHb!X 6oM6. 

CITeur1cp11qecKaH CJIO)KHOCTb pa3pa6oTKH ITpoeKTa C03.UaHHH B0,[1,opo,[1,HOH 60M6b1 06) 

CJIOBJieHa Heo6XO,[l,HMOCTb!O npoBe,[l,eHHH orpOMHb!X ITO Macwrn6y pac'leTOB (BBHAY ITpm 

11,HIIHaJibHOH HeB03MO)KHOCTH ITpOBe.neHHH COOTBeTCTBYIOIUHX 3KCITepHMeHTOB ITPH CBepJ 

BblCOKHX 3Heprn5!X). Ilo3TOMY B OTJIWIHe OT pa3pa60TKH aTOMHOH 6oM6bI, KOr,[l,a O'leH 

60JibWOe 3Ha'leHHe y.neJIHJIOCb 3KCIIepHMeHTaM, ITPH C03.ll,aHHH BO,[i,OpO,[i,HOH 6oM6bI H 

ITepBblH ITJiaH BblXO.!I,HT HCCJie,[l,OBaHHH 4>H3HKOB-TeopeTHKOB. 

0,[l,HaKO OTCYTCTBHe B TO BpeMH 6bICTpO,[i,€HCTBY!OIUHX 3JieKTpOHHbIX Bbl'lHCJIHTeJibHbl 

MaWHH (9BM) CHJibHO TOpM03HJI0 ITpouecc Bb!IIOJIH€HHH TaKHX pacqeTOB. Jla6opaTOp!ie 

B .noc-AJiaMoce 6b!JIH 3aKa3aHhl HOBble 6b!CTpO,[i,eHCTBYJOIUHe 9BM c ITporpaMMaMl 

06ecITe'l11BaJOmHMH pac'!eThI, Heo6xo,[l,HMbie TeJIJiepy. IlocJie noJiy'leHHH 9BM B cepe,[1,m 

1949 r. TeopeTH'leCKHe 11ccJie.noBaHHH, BbIIIOJIHHeMbie rpyITITOH TeJIJiepa, 6bIJIH pe3KO ycK< 

peHbl, 0,[l,HaKO HTOrH 3TOH pa60Tbl CBH.ll,eTeJibCTBOBaJIH, l.JTO pa3BliTHe CaMOITpOH3BO.JlbHO 

peaKUHH B ,[l,eHTepH!i B03MO)KH0 ITPH ,[l,aBJieHHH He ITOpH,[1,Ka COTeH TblCH'l aTMOCcpep, Ka 
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C)Kanrn 6bIJIO HeB03MO;>KHO. flo.3TOMY nepBoHaL/aJibHaH H.D.eH TeJIJiepa o rryTH c03.n.amrn 

BO.ll.OPOAHOH 6oM6bI, K ero BeJH-IL/aHilleMy oropqemno, OKa3a.naCb Ollll160L/HOH. 

B CoBeTCKOM Co103e o6maH Koopti,11HaQ115! 11cc.neti,0BaH11i1 no C03ti,aH1110 TepMoHti,epHoro 

opy;>KHH 6b1Jia B03JIO.JKeHa Ha Kyp'-laTOBa. flposeti,em1e nepBOHaL/aJibHbIX pacLJeTHbIX pa6oT 

OH rropy'-IHJI 3aBeti,y10meMy TeopeTl1l.JeCKl1M OTti,e.noM l1HCTl1TYTa XHMl1l.JeCKOH cp11311KH 

51. 5. 3e.nbti,OBHLJY, nepeseti,eHHOMY B 194 7 r. B Ap3aMac-16. 3eJibti,OBl1l.J TaK.JKe CTOJIKHYJIC51 

c Heo6xoti,11MOCTbIO nposeti,eHl151 pacl.JeTOB orpOMHoro o6beMa. B TO speMH B CCCP 

He HMeJIOCb notJ,XOtl,51lll.11X AOCTaTOl.JHO 6bICTpoti,ei1crny10m11x 3BM. 3Ta TPYAHOCTb 6bIJia 

npeoti,OJleHa «l.Jl1CTO nO-COBeTCK11»: tl,Jl51 BbIITOJIHeH115! pa60Tbi 6bIJIO npHBJiel.JeHO 60JiblllOe 

LJl1CJIO MaTeMaTHKos; pacLJeTbI pa36HBaJIHCb Ha ti,ocTaTOLJHO MeJIK11e 3Tanb1. Ka)Kti,bIH 113 

MaTeMaTl1KOB, npoBOtl,51 nopyLJeHHYIO eMy pacl.JeTHyIO pa6oTy, He HMeJI HHKaKOro npeti,

CTaBJieHH51 06 o6mei1 11.eJI11 TeopeT11LJecKoro HCCJieti,oBaHH51. Oti,HaKo 11 3Ta pa6oTa npHBeJia, 

KaK 11 pa6orn rpynnb1 TeJI.nepa, K TaKOMY .!Ke TynHKOBOMY pe3yJibTaTy. 

flpasti,a, paCL/eTbl TOH H ti,pyrofi rpyrrnbl nOKa3aJIH, L/TO ti,aBJJeHHe MO)KHO CHH3HTb, 

ecJIH HcnoJib30BaTb cMeCb ti,ei1TepH51 c 60.nblllHM KOJIHLJecrnoM TPHTH51. Oti,HaKo TaKa51 

6oM6a c TPHTHeM OKa3bIBaJiacb LJpe3MepHo ti,oporoi1 (no.nyLJ11Tb ti,OCTaTOl.JHO 60.nblllYIO 

Macey TpHTH51 B cneu.HaJibHOM peaKTope - rrpou.ecc He TOJlbKO ti,oporoi1, HO H BeCbMa 

Meti,.neHHblH). 

Heo6xoti,HMO 6b1.no HcKaTb HOBbie noti,XOti,bI H HOBbie Hti,eH. B C03ti,aBillHXC51 yc.noBH51X 

ti,JI51 BbIHCHeHH51 B03MO)KHOCTH co3ti,aHH51 TepM051ti,epHoro opy.JKH51 11. B. KypLJaToB pelll11JI 

noti,KJIIOl.JHTb rpynny HaH6o.nee BHti,HbIX cpH3HKOB-TeopeTHKOB Toro speMeHH: pyKoso

AHTe.nH TeopeTHLJecKoro OTti,e.na <PH3HLJecKoro 11HCTHTYTa AKati,eMHH HayK (<Pl1AHA) 

11. E. TaMMa, coTpyti,HHKOB OTti,e.na A. ,U. Caxaposa, B. JI. fHH36ypra 11 ti,p. Bnoc.neti,CTBHH, 

npaBti,a, fl1H36ypr 6b!JI HCKJIIOl.JeH H3 yL/aCTHl1KOB npoeKTa no nOJIHTWieCKHM coo6pa

.1KeH115!M. 

CaxapoB 11 fHH36ypr y.JKe B 1946 r. npeti,.nO.JKHJIH H,11,e!O np11H11.11n11aJ1bHO HOBOH Moti,eJIH 

BOti,OpOJJ,HOH 6oM6bI. KaK y.lKe 113BeCTHO L/11TaTeJIIO 113 OCHOBHOfO TeKCTa, B 3TOH M0,11,e.n11 

60M6b1 ti,JI51 pelllemrn npo6JieMbI ti,as.neHl151 ti,ei1Tep11i1 pacrro.nmKeH noc.noi1Ho Henocpeti,

CTBeHHO B n.nyToH11esoM 3ap51ti,e, no3TOMY oHa no.nyLJHJia Ha3BaH11e «CJIOHKl1». Bo3H11K

HOBeH11e TepMOH,11,epHOH peaKU.1111 o6ecneL/HBaeTC51 TeMnepaTypoi1 11 JJ,aBJieHHeM aTOMHOfO 

B3pbrna. BMecTo Tp11T115! 11cn0Jlb3yeTCH 1130Ton JIHTHii-6. 

flp11 aTOMHOM B3pb1Be 51ti,p0 Jll1Tl151-6, 3aXBaTb!Ba51 O,ll,11H HeHTpOH, pacrrati,aeTCH Ha 51,11,pa 

TPl1Tl151 H reJil151 (CM. peaKQHIO (19.1). 5IJJ,po TPl1Tl151 pearnpyeT B CBOIO Ol.Jepeti,b c 51JJ,pOM 

.n.ei1TepH51. 3rn MOJJ,eJib 6b1Jia cpa3y .lKe np113HaHa ocymecTBHMOH. 

B ClllA BbIXOA 113 «Tyn11Ka» B pa3pa6oTKe Boti,opoti,HOH 60M6b1 6b!J1 TaK.lKe Hai1,neH, 

HO COBepllleHHO HHbIM cnoco6oM. ,U.n51 C03,ll,aHH51 CBepXBb!COKOfO ti,aB.neHl151 B MHJIJIHO

Hbl aTMoccpep 6bJJia 11cnOJ1b30BaHa csoeo6pa3Ha51 HMnJI03H51 OTpam:eHHOfO H3Jiyl.JeHHH, 

B03HHKa10mero np11 aTOMHOM B3pbrne. CorJiacHo pacLJeTaM TaKa51 M0,11,eJib Mom:eT cTaTb 

«pa6oTocnoco6Hoi1» npH 3Hal.JHTeJibHOM yBeJIHL/eH1111 MaCCbI TPHTH51. ,UJI51 ero npoH3-

BO,ll,CTBa 6bIJIH C03,ll,aHbl cneu.HaJibHbie peaKTOpb!. floJiyl.JHJIOCb rpoM03,ll,KOe ycTpOHCTBO, 

ra6apHTbl 11 Macca KOTOporo n03BOJl51JIH paccMaTpHBaTb ero J!Hlllb B Kal.JeCTBe Ha3eMHOfO 

BapHaHTa Bo,11,opo,11,Hoii 60M6b1. 0Ho BecH.no HeCKOJibKO ti,eCHTKOB TOHH, H ero pa3MepbI 

6bIJIH COH3MepHMbI c BbICOTOH ABYX3Tam:Horo AOMa. YcTpoiicrno, Ha3BaHHOe «Mai1KOM», 

6b1JI0 ycTaHOBJieHo Ha aTOJIJie 3JiyreJia6 - o,nHOM H3 He6oJiblllHX ocTpOBOB MaplllaJibCKoro 

apxHneJiara. B3pbrn «Mai1Ka», ocymecrnJieHHbIH B HOl.Jb c 31 OKTH6p51 Ha 1 H0516p51 

1952 r., npHBeJI K B03HHKHOBeHHIO Ha MOpCKOM ,ll,He KpaTepa Ill11pHHOH OKOJIO 2 KM 

H rJiy6HHOH 60.nee 50 M, a OCTpOB 3JiyreJia6 Hcl.Je3. 3To 6bIJI nepBb!H TepM051,ll,epHbIH 

B3pbrn B 11cTopHH LJeJioBeLJecrna. MomHOCTb B3pbrna paBH51Jiacb 10,4 MT B TPOTHJIOBOM 

3KBHBaJieHTe. OLJeBH,ll,HO, l.JTO TaKoe ycTpoiicTBO 6b1JI0 HeB03MOm:Ho Hcno.nb30BaTb B BOeH

HbIX QeJI51X. 
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CTepBbrH 3Kcrrep11MeHta.JibHbIH B3pbIB OTe'-!ecTBeHHOH BOAOPOAHOH 6oM6br, Ha3BaHHor1 
PJlC-6, 6hIJI rrpoBeAeH 12 asrycra 1953 r. B ornwme OT aMep11KaHcKoro «Mai1Ka», 
coseTcKaH 6oM6a PJlC-6 11Me.Jia 3Ha<mTe.JibHO MeHhw11e ra6apl1TbI 11 sec 11 6hr.Jia rrp11rOAHa 
JJ,Jrn soeHHoro rrp11MeHeH11H. Coo6rn.eH11e 06 3TOM B3phrne rrp11se.JI0 K CHJihHOMY so36y)K
JJ,eHH!O B rrpaBHTeJJhcTBeHHhIX Kpyrax ClIIA. MoHoITOJIHH aMepHKaHues B 06naAaH11H 
TepMOH,D,epHb!M opyJKHeM 6h!Jla yrepHHa. 

Crrycrn HeKoropoe speMH rrocne HaL/aJJa pa6orhr HaA rrpo6neMoi1 BOAopo,D,HOH 60M6h1 
rpyrrrry TaMMa 11 Caxaposa rrepese.JI11 s ApsaMac-16. JlanbHei1wee ycoseprneHCTBOBaHHe 
TepMOH.ll_epHoro opy)KHH B 3HaL/l1TeJJbHOH Mepe CBH3aHO c pa6otaMH Caxaposa, KOTOporo 
era.JIM HMeHoBaTh «OTUOM BOAOPOAHOH 60M6h1» (TaKoH JKe HeocpHUHaJibHhIH «THTYJI» rro
JJY'-!HJI 11 TeJIJiep, HO B ornorneH1111 aMepKHaHcKoii TepMOHAepHo!'i 60M6b1). 

YcosepweHCTBOBaHHaH BO,D,opoAHaH 6oM6a MOW.HOCTb!O 1, 7 MT THT 6hIJia B30pBaHa 
Ha ceMttrraJiaTHHCKOM rroJIHroHe 22 HOH6pH 1955 r. CaMaH MOW.HaH TepMOHAepHaH 6oM6a 
B Mttpe 6bIJia HCIThJTaHa B CCCP 30 oKrn6pH 1961 r.; MOW.HOCTh B3pbrna coctaBHJia 
50 MJIH TOHH THT (3TO B cyrn.HoCTH rreqaJihHOe no CBOHM 3KOJiornqeCKHM rrocJie,D,cTBHHM 
«,ll,OCT!1)KeH11e» B ,D,aJJbHet"rweM He 6bIJIO HHKeM rrpeB30H,D,eHO). CT OM HMO rrepe'-!HCJJeHHbIX 
Bb!We y'-leHb!X B pa3pa60TKe H C03,1{_3HHH OTeL/eCTBeHHOro TepMOHJJ,epHoro opyNrnH 60Jib
lllYIO pOJib CbirpaJIH l1 MHorne ,D,pyrne BbI,D,alOill,HeCH ,ll_eHTeJrn HayKH. 

B CoeJJ,11HeHHbIX lliraTax HCIThrtaHHe rrepso!'i «HacTm1rn.eii» TepMOHJJ,epHOH 6oM6hr, 
B KOTopoii TPHTHH 3aMeHHJIH JJHTHeM, Ha3BaHHOH «Coc3,D,JK» (cocHcKa), 6hIJIO ycrrewHo 
nposeJJ,eHo 20 MaH 1956 r. 



Tip11JI0MeH11e 5 

COOTHOIDEHHE MELK,!l;Y BblCOTOH H H f JIYBHHOH 

OCTATOqHOH ATMOC<l'EPbl h 

H, KM h, r/cM
2 H, KM h, r/cM

2 H, KM h, r/cM
2 H, KM h, r/cM

2 

10 264 14,26 135 17,29 83,19 20,39 50,76 

10,2 256 14,35 133 17,39 81,87 20,49 49,96 

10,4 248 14,43 131 17,49 80,57 20,59 49,17 

10,6 241 14,51 129 17,59 79,3 20,69 48,39 

10,8 232 14,59 127 17,69 78,05 20,79 47,63 

11 226 14,77 125 17,79 76,81 20,89 46,88 

11,2 219 14,90 123 17,89 75,6 21 46,14 

11,4 212 14,98 121 17,99 74,41 21,09 45,41 

11,6 206 15 120 18,09 73,23 21,19 44,69 

11,8 200 15, 1 118, I 18, 19 72,07 21,29 43,98 

12 193 15,2 116,23 18,29 70,93 21,39 43,29 

12,2 187 15,3 114,4 18,39 69,81 21,49 42,60 

12,4 180 15,4 112,59 18,49 68,71 21,59 41,93 

12,6 176 15,5 110,81 18,59 67,62 21,69 41,27 

12,66 174 15,6 109,06 18,69 66,55 21,79 40,61 

12,75 171 15,7 107,33 18,79 65,50 21,89 39,97 

12,90 170 15,79 105,64 18,89 64,47 21,99 39,34 

13,00 165 15,89 103,97 18,99 63,45 22,09 38,72 

13,09 163 15,99 102,32 19,09 62,44 22,19 38, 11 

13,20 160 16,09 100,71 19,19 61,46 22,29 37,50 

13,31 157 16,19 99,12 19,29 60,49 22,39 36,91 

13,41 155 16,29 97,55 19,39 59,53 22,49 36,33 

13,48 153 16,39 96,01 19,49 58,59 22,59 35,75 

13,56 151 16,49 94,49 19,59 57,66 22,69 35,19 

13,63 149 16,59 93.00 19,69 56,75 22,79 34,63 

13,70 147 16,69 91,53 19,79 55,86 22,89 34,09 

13,80 145 16,79 90,08 19,89 54,97 22,99 33,55 

13,90 143 16,89 88,66 19,99 54,10 23,09 33,02 

13,98 141 16,99 87,25 20,09 53,25 23,19 32,49 

14,06 139 17,09 85,88 20,19 52,41 23,29 31,98 

14,16 137 17,19 84,52 20,29 51,58 23,39 31,48 
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H, KM h, r/cM
2 H, KM h, r/CM

2 H, KM h, r/CM
2 H, KM h, r/CM

2 

23,49 30,98 27,04 17,60 30,54 10, 11 34,04 5,91 

23,59 30,49 27,14 17,32 30,64 9,95 34,14 5,82 

23,69 30,01 27,24 17,04 30,74 9,80 34,24 5,74 

23,79 29,53 27,34 16,70 30,84 9,65 34,34 5,65 

23,89 29,07 27,44 16,51 30,94 9,51 34,44 5,56 

23,99 28,61 27,54 16,25 31,04 9,36 34,54 5,48 

24,09 28,15 27,64 15,99 31,14 9,21 34,64 5,40 

24,19 27,71 27,74 15,74 31,24 9,08 34,75 5,31 

24,29 27,27 27,84 15,49 31,34 8,94 34,85 5,23 

24,39 26,84 27,94 15,24 31.44 8,81 34,95 5,15 

24,49 26,42 28,04 15,00 31,54 8,67 35,05 5,07 

24,59 26,00 28,14 14,77 31,64 8,54 35,15 5,00 

24,69 25,59 28,24 14,53 31,74 8,41 35,25 4,92 

24,79 25,18 28,34 14,30 31,84 8,28 35,35 4,85 

24,89 24,78 28,44 14,08 31,94 8,16 35,45 4,77 

24,99 24,39 28,54 13,85 32,04 8,03 35,55 4,70 

25,09 24,01 28,59 13,74 32,14 7,91 35,65 4,63 

25,19 23,63 28,74 13,42 32,24 7,79 35,75 4,56 

25,29 23,25 28,84 13,21 32,34 7,67 35,85 4,49 

25,39 22,89 28,94 13,00 32,44 7,56 35,95 4,42 

25,49 22,52 29,04 12,79 32,54 7,54 36,00 4,39 

25,59 22,17 29,14 12,59 32,64 7,35 36,10 4,32 

25,69 21,82 29,24 12,39 32,74 7,22 36,20 4,26 

25,79 21,77 29,34 12,20 32,84 7,11 36,30 4,19 

25,89 21,13 29,44 12,00 32,94 7,00 36,40 4,14 

25,99 20,80 29,54 11,81 33,04 6,89 36,50 4,06 

26,09 20,47 29,64 11,63 33,14 6,79 36,60 4,00 

26,19 20,15 29,74 11,44 33,24 6,69 36,70 3,94 

26,29 19,83 29,84 11,26 33,34 6,58 36,80 3,88 

26,39 19,52 29,94 11,08 33,44 6,48 36,90 3,82 

26,49 19,21 30,04 10,91 33,54 6,39 37 3,76 

26,59 18,90 30,14 10,75 33,64 6,29 

26,69 18,60 30,24 10,58 33,74 6,19 

26,79 18,31 30,34 10,42 33,84 6,10 

26,89 18 30,44 10,26 33,94 6,01 



8-<l>YHKIJ.HSI ,LJ;HPAKA 

IlpH peweHHH paCCMOTpeHHblX B § 23.4 ypaBHeHHH rrepeHoca lrnCTH!.1, 6blJJa HCI10Jib-

30BaHa 8-cpyHKUHH JJ:HpaKa. PaccMoTpHM ee CBOHCTBa H HeK0Topb1e MaTeMaTw1ecK11e 

rrp11eMhl, rrpHMeHHBW!1eCH .ll.JIH peweHHH yKa3aHHblX ypaBHeHHH. 5oJiee I10.ll.p06Ho c 3a

TPOHYThlMH BorrpocaM11 LIHTaTeJih MOJKeT 03HaKOM!1ThcH B [ 4]. 

JJ:onycTHM, '-ITO 3HaLieHHH x,' X2, ... cJiyLiaHHOH BeJI!1'-ll1Hbl ~ pacnpe.ll.eJieHhl B l1HTep

BaJie (a, b) cpyttKl.l,Hl1 p( x). IloCJie.ll.HHH .ll.OJIJKHhI Y.ll.OBJiernop5!Th ycJIOBHHM 

b 

p(x) > 0, J p(x) dx = 1. 
a 

3ttaLieH!1H ~ MOryT 6bITb noJiyLieHhl !13 ypaBHeHH5! 

~ 

J p(x) dx = 71, (Il.1) 
a 

f.ll.e 7] - cJiyLiaHHOe '-IHCJIO, paBHOMepHO pacnpe.ll.eJieHHOe B l1HTepBaJie ( 0, 1). 
Bh1we He5!BHO npe.ll.noJiaraJiocb, LITO x MOJKeT rrpHHHMaTh tterrpepbIBHhie 3HaLieHH5! 

B 3a.ll.aHHOH o6JiacTH. BCTpeLialOTC5!, O.ll.HaKo, cJiyLia11, KOr.ll.a BeJI11LI11tta x np11HHMaeT 

l1 .!1.HCKpeTHhie 3HaLieHHH. Ilo3TOMY OKa3aJIOCb Heo6xO.ll.l1MbIM pa3pa6oTaTh TaKOH MaTe

MaT!1'-leCKl1H annapaT, KOTOpb!H I103BOJIHeT paccMaTp11BaTb Te l1 .ll.pyrne cJiy'-laH. 3TOT 

annapaT, Ha3BaHHbIH o6o6meHHblMH cpyHKl.l,H5!Ml1, OCHOBaH Ha HCI10Jlb30BaHHH 8-cpyHKl.l,HH 

JJ:HpaKa. 

Onpe.ll.eJieHHe (a TaKJKe BaJKHeifwee CBOHCTBO) 8-cpyHKUHH 

b 

I f(x)8(x) dx = {f(a), ecJIH 
0, ecJI11 

a 

0 E (a, b), 
0 tf_ (a,b). 

(Il.2) 

CorJiarno (Il.2) 8(x) 5!BJIHeTcH cpyttKl.l,!1eH, paBHOH HYJIIO noBCIO.ll.Y, KpoMe TOLIKH x = 
= 0, B KOTopoif OHa o6pamaeTCH B +oo, 0.ll.HaKo npH 3TOM BbinOJIHHeTCH COOTHOWeHHe 

CX) E 

f 8(x)dx= f 8(x)dx= 1, 
-= 

f.ll.e E CKOJ!b yrO.ll.HO MaJio. 

TaKHM o6pa30M, 8 ( x) MOJKeT paccMaTp11BaTbCH B KaLiecrne «HenpephIBHOH» nJIOTHOCTH 

BepOHTHOCTH BeJIH'-IHHbl X, KOTOpaH B .ll.eHCTBHTeJihHOCTl1 .!1.HCKpeTHa H c BepoHTHOCTblO 1 
np11H11MaeT 3HaLieH11e x = 0. 
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<PyHKJ..(HlO pacnpeJJ,eJieHHH J(x) ~ 0, orrpeJJ,eJieHHY!O B HHTepBaJie (a, b), MO)!(HO 3aITH

CaTb B cpopMe 

f(x) = AS(x - x'), 

rJJ,e 
b 

A= J f(x)dx, 
a 

a 3HalJeHHH rrepeMeHHOH x' HaXOJJ,HT B COOTBeTCTBHH c cpopMyJIOH (TI.I): 

x' b 

J f(x) dx = r] J f(x) dx, 
a a 

rJJ,e 
b 

J f(x)dx = 1. (TI.3) 
a 

0-npeJJ,CTaBJieHHe Jl,JIH tjJyHKJ..(HH JJ.BYX H 6oJiee rrepeMeHHblX 3aITHCbIBaeTCH aHaJIOrHlJHO 

0-rrpeJJ,CTaBJieHH!O Jl,JIH cpyHKJ..(HH OJJ,HOH rrepeMeHHOH, a HMeHHO: 

f(x, y) = Aoo(x - x')o(y - y'), 

rJJ,e 
b d 

Ao= J J f(x,y)dxdy. 
a c 

)J,JIH orrpeJJ,eJieHHH x' H y' HCI10Jlb3YlOT ypaBHeHHH 

x' d y' d 

J dx J f(x, y) dy = 77A0 ; J f(x', y) dy = 77 J f(x', y) dy. 
a c c c 

0-rrpeJJ,CTaBJieHYie CYMMbl JJ.BYX cpyHKJ..(HH j(x) = g(x) + <p(x) paBHHeTCH CYMMe HX 

O-npeJJ,CTaBJiem1!1: 

f(x) = Ago(x - x~) + Apo(x - x~). 

TipHMeHeHHe H3JIO)KeHHOro MaTeMaTHlJeCKOro armapaTa I103BOJIHeT BeCbMa rrpocTO 

H 6b1CTpo rroJiytJaTb peweHHH HHTerpaJioB, «oT611paH» rryTeM BBeJJ,eHHH S-rrpeJJ,cTaBJieHHH 

paccMaTpHBaeMblX <PYHKQHH JIHWb Te H3 HX 3HalJeHHH, KOTOpb!e COOTBeTCTBY!OT o6JiaCTH 

HHTerpHpOBaHHH, BHe 3aBHCHMOCTH OT Toro, rrpo6eraeT JIH rrepeMeHHaH, OT KOTopoH: 

3aBHCHT 3TH cpyHKQHH, HerrpepbIBHbIH HJIH AHCKpeTHbIH pHA 3HaYeHH.H. 



ITpHJIOMeHHe r 
PACqET HYKJIOHHOH KOMTIOHEHTbl 

,llJrn YJJ.06cTBa ITOCJieJJ,ylOWJIX BblKJia)J,OK 3arrmileM eme pa3 CYICTeMy HHTerpO-JJ,Hcjlcjle

peH!.1,HaJibHblX ypaBHeHHH )J,JIH HYKJIOHHblX KOMITOHeHT: 

dNvC>..,E,B) = _ Np(x,E,B) +I I [nppNp~x,E',~') + nnpNn~x,E',~')] dE' dcosB' + 
dx >..v ( E) cos B >..v ( E ) cos B >..n ( E ) cos B 

Ee 

+ _:!:____. (J(E)Nv(x, E, B) (D.4) 
dE cosB ' 

dNn(X, E, B) = - Nn(X, E, (}) +I I [npnNp\X, E'' ~') + nnnNn\X, E', ~')] dE' d cos e'. 
dx An(E)cosB >..v(E)cosB >..n(E)cosB 

E(} 

11HTerpHpyH 3Tl1 ypaBHeHHH, ITOJIY'-IHM 

oo oo +I 
= J J J {(J(E') [nvvNv(~',E",~') + nnpNn(;,',E",B')] '1i[(x',x)>.v(E)cosBJ} x 

(J(E) >..v(E )cosB An(E )cos(} 
0 E -1 

x dx' dE" d cos e' + No(Eb) ~~~} '1i(O, X, Ap(E) cos B); (D.5) 

00 00 l 

N ( Ee)= I J J { [npnNp(x',E",e') + nnnNn(x',E",e')] '1i[x' x A (E)cose]} x 
n x, ' >..v(E") cos B' >..n(E") cos B' ' ' n 

0 E -! 

x dx' dE" dcosB', 

r,11.e E" - 3HeprnH rra,II,alO!lleH '-lacTHl.I,bI AO CTOJIKHOBeHHH B TO'-!Ke c KOOp,II,HHaTOH x'; B" -
yroJI MelKAY HarrpaBJieHHHMH )J,BHJKeHHH rrepBW.JHOH H BTOpH'-IHOH '-!aCTHl.I, (CM. pHc. 23.9); 
Eb - rrepBOHa'-laJihHaH 3HeprnH '.JaCTHl.I,hI, 06JiaJJ,a10mei1 B TO'-!Ke x 3Heprnei1 E; cpyHKl.I,HH 

{ 

I I x-x x-x 
exp - -- , ecJIH -- ? 0, 

'1i ( x', x, >. cos e = ( >.. cos e ) >.. cos ~ 
x-x 

0, eCJIH ~(} < 0, 
ACOS 

(n.6) 

rrpeJJ,CTaBJIHeT co6oi1 Bep051THOCTb )J,JIH '-laCTHl.I,bl rrpoHTH 6e3 B3aHMOJJ,eHCTBHH CJIOH Be!l1e

CTBa OT x' )],O x; nji = nji(E", E, e' --'> B). 
DpHBe)J,eHHOe B (CT.5) rrpOH3Be)J,eHHe (3amuneM ero B HeCKOJ!bKO MO,ll,epHH3HpOBaHHOH 

cjlopMe): 
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- CJIO:»<HaH sepoHTHOCTb, xapaKTepH3YI01UaH TPH ITpouecca: y6hrnaHHe 3HeprnH BTopw1-

Hh1x lJaCTHU 3a ClJeT HOHH3aJJ,HOHHbIX B3aHMO,ll.eHCTBHH Ha ITYTH MeMAY TOlJKaMH x' H X, 

o6pa30BaHHe ITO)]. ,ll.eHCTBHeM lJaCTHU j-THITa lJaCTHU i-THITa H yxo,ll. H3 ITOTOKa lJaCTHU 

j-rnITa. 

,llJIH peweHHH HHTerpaJibHbIX ypaBHeHHH (TI.5) HCITOJib3yeM MeTO,ll. ITOCJie,ll.OBaTeJibHbIX 

ITOKOJieHHH, COrJiaCHO KOTOpoMy ITJIOTHOCTb ITOTOKa HYKJIOHOB )l.aHHOro BH,ll.a Ha rny6HHe 

OCTaTOlJHOH aTMOccpepbI x paBHHeTCH cyMMe lJJieHOB -ITOKOJieHHH 3THX lJaCTHJJ,: 

00 

- " (i) N(x,E,B)- ~N (x,E,B), 
i=O 

ITPH'leM ,ll.aHHoe ITOKOJieHHe 06pa3yeTcH JIHWb 3a ClJeT ITpe,ll.wecrnyIOmero. B HyJiesoM 

ITpH6JIHMeHHH (T. e. ,ll.JIH ITepBHlJHbIX 'lacrnu) 

N2(x,E,B) = No(Eb)~~~} '11[0,x,>.p(E)cosBJ, 

NA0l(x, E, B) = 0, 

r,ll.e CITpaBa - CB060,ll.Hble lJJieHbl CHCTeMbl ypaBHeHHH (TI.5). 
,llJIH (i + 1)-ro ITOKOJieHHH Ha OCHOBaHHH (TI.6) HMeeM 

NJi+ll(x, E, B) = 

= OOJ OOJ Jl f3(E') [nppN~i)(x',E",B') + nnpN~i)(x',E",B')] w[ I A (E) BJ 
f3(E) >..p(E11 )cosB' >..n(E11)cosB' x ,x, P cos X 

0 E -1 

x dx' dE" d cos ()'; (TI. 7) 

N(i+Il(x E B) = 
n ' ' 

OO OO +J [ (i) I II I (i) I II I ] 

= J J J npnNp (x 'E , e ) + nnnNn (x 'E 'e ) w[ I A (E) ()] 
Ap(E11 )cosB' >..n(E")cosB' X ,X, n cos X 

0 E -I 

x dx' dE" d cos ()'. 

,llJIH HHTerpHpOBaHHH (TI.7) BOCITOJib3yeMCH aITITapaTOM o6o6meHHblX cpyHKJJ,HH. 

TiycTb lJaCTHJJ,a j-ro coprn i-ro ITOKOJieHHH B HalJaJibHOH TOlJKe x}i)' ,ll.BH:»<ymaHCH ITO)]. 

3eHHTHbIM yrnoM e]i)' o6Jia,ll.aJia B 3TOH TOlJKe 3Heprneti E?). Tipe,ll.CTaBHM ITJIOTHOCTb ITO

TOKa i-ro ITOKOJieHHH B cpopMe 6-cpyHKUHH ITO KOOp,ll.HHaTe, 3HeprnH H KOCHHycy 3eHHTHoro 

yrna: 

NJil (x, E, ()) = Q~i) >.p(E~i)) cos ()~ilJ(x - x~il)J(E - E~il)J( cos() - cos ()~il), 

NAil(x, E, B) = Q~>-n(E~i)) cosB~ilJ(x - x~l)J(E - E~i))J(cosB - cosB~il), 
(TI.8) 

r,ll.e Q~i)' Q~i) - CTaTHCTHlJeCKHH Bee (MHO:»<ecTBeHHOCTb) JI,JIH ITpOTOHa H HeHTpoHa i-ro 

ITOKOJieHHH COOTBeTCTBeHHO. 3HalJeHHH ITJIOTHOCTH ITOTOKOB i-ro ITOKOJieHHH H BeJIHlJHH 

Q(i) x(i) E(i) ()(i) ClJHTaIOTCH H3BeCTHbIMH 
J ' J ' J ' J . 
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flO)l,CTaBJHUI (IT.8) B (IT. 7) 11 BhllJ11CJIHH 11HTerpaJihl, ITOJiy'faeM 

N(i+ll(x E 0) = Q(i) f3(E') n (E(i) E' e<il ---+ O)w [x<il x .A (E) cos OJ + 
P ' ' P f3(E) PP P ' ' P P ' ' P 

+ Q(i) f3(E') n (E(i) E' e(il ---+ O)w [x(i) x .A (E) cos OJ· (Il.9) 
n /3( E) np n ' ' n n ' ' p ' 

N(i+l) (x E e) = Q(i)n (E(i) E' e<i) ---+ e)w [x(i) x .A (E) cos e] + 
n '' ppnp' 'P P''n 

+ Q(i)n (E(i) E' e(i) ---+ O)w [x<il x .A (E) cos e] 
n nn n ' ' n n ' ' n · 

CocTaBHM TeITeph ypaBHeHHH )l,JIH OThICKaH11H MeTO)l,OM cTaT11cT11lJecK11x l1CIThITaH11i1 

3HalJeH!1H E'( i+ l l, E( i+ I l, cos e< i+ I l, x< i+ l l. c 3TOH ueJib!O HaH)l,eM 0-ITpe)l,CTaBJieH!151 

Bbipa:lKeH!1H (TI.9). 
HalJHeM c ITpo113Be)l,eH11H [,B(E')/,B(E)] n, BXO)l,Hw,ero s ITepsoe ypasHeH11e (TI.9). 

ClJ11TaH, lJTO o6JiaCTh 3HalJeH11i1 3Heprni1 ITpocT11paeTCH OT 0 )l,O Em, IToJiylJaeM 

0 -I 

/3( E') n(E( i) E' e(il ---+ 0) dE d cos e 
/3(E) ' ' . 

B lJaCTHOCT11, BepxH11i1 ITpe)l,eJI HHTerpaJia ITO 3Heprn11 Mo:lKeT 6hITh ITOJIO:lKeH paBHhIM 

3HalJeH1110 E(i+ll, ITp11xo)l,HW,eMyCH Ha HHTepBaJI (0, Em)· Tor)l,a 

E(i+I) I 

J J 
0 -I 

/3( E') n(E< i) E' e(il ---+ e) dE d cos e = '11Ao 
f3(E) ' ' ., . (TI.10) 

3TO ypaBHeH11e 6y)l,eM pewaTh, ITepeii)l,H OT ITepeMeHHhIX 11HTerp11poBaH11H ITO E K ITepe

MeHHhIM ITO E'. YlJHThrnaH, lJTO dE' / ,B(E') = dE J ,B(E), BMecTO (Il.10) IToJiylJaeM 

E'(i+I) I 

J J n(E(i), E', e(il ---+ e) dE' d cos e = TJAo, (Il.11) 

0 -1 

E'(i+I) 

Ao = J J 11n(E<il, E', e<il ---+ e) dE' d cos e. 

0 

YpaBHeH11e (TI.11) MO:lKeT 6bITb ITepeIT11caHo B 6oJiee KOMITaKTHoii cpopMe, ecJI11 yqecTb, 

lJTO 11HTerpaJI 

I 

J n(E(il,E',e(il---+ O)dcose = W(E(il,E1
) 

-I 
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rrpe.n,crnBJIHeT co6oii 3Hepren1qecKHH crreKTP BTOpH'-IHbJX qacTHU, T. e. crreKTP HYKJIOHOB 

c 3Heprneii E, co3.n,aHHbIX HYKJIOHaMH c 3HeprneH. E(il. I1TaK, rroJiyqaeTCH ypaBHeHHe 

E'(Hl) E(i) 

I W(E(i)' E') dE' = T/ I 
0 0 

W(E(il, E') dE', 

IT03BOJIH!Olll.ee orrpe.n,eJIHTb E' ( i+ 1 l. 
CocTaBHM Terrepb ypaBHem1e ,ll,JIH HaxoM.n,eHHH cos()( i+ 1 l: 

cos &(Hi) 

f n(E(il,E'(i+IJ,g(i)-+ B)dcosB = ryW(E(il,E'(i+Il). 

-I 

8-rrpe.n,CTaBJieHHe ITO x MOMHO HaHTH Ha OCHOBe COOTHOWeHHH 

-- exp --- = 8(x-x ). 1 ( x-x(i)) (i+l) 

>.cosB >.cosB 

3HaH E
1

(i+ 1) H HCIT0Jlb3YH rrpHMOe H o6paTHOe COOTHOWeHirn, CB513b!B3!0lll.He rrpo6er 

paccMaTpHBaeMh!X lfaCTHU c 11x 3Heprneii, MOMHo HaiiT11 3Ha4eHHe E(i+ll. 

HaKOHeu, peKyppeHTHbie COOTHOI11€HHH MeM.n,y CTaTHCTH'leCKHMH BeCaMH ITOCJie.n,oBa

T€JibHblX ITOKOJI€HHH MoryT 6h!Tb 33ITHC3Hb! B BH.D,e 

E(i) 

Q (i+!) = Q(i) I W(E(i) E') dE' n p p ' n n, 

0 

E(il 
i-e ITOKOJieHHe, rrpoTOHbl; 

Q (i+l) = Q(i) I W(E(i) E') dE' 
p p p ' p p 

0 

E(i) 

Q (i+l) = Q(i) I W(E(i) E') dE' 
n n n ' n n' 

0 
i-e ITOKOJieH11e, HeHTpOHbl. 

ECil 

Q (i+l) = Q(i) J W(E(i) E') dE' 
p n n•p p 

0 

CocraBJIHH rro aHaJiorn11 c (TI.9) ypaBHeHHH .D,JIH ITJIOTHOCTH HYKJIOHOB (i + 2)-ro rroKoJie

HHH, Haii.n,eM c 11x rroMOlll.h!O 3HalfeHHH NJi+
2
l, N~i+2 l 11 T . .n,. TaKHM o6pa3oM, rrp11MeHHH 

H3JIOMeHHY!O MeTO,ll,HKY paclfeTa, MOMHO orrpe.n,eJIHTb 3HalfeHH51 Bcex HHTepecyIOIUHX Hae 

BeJIH'-IHH. 



PACqET .sI,11.EPHOH KOMilOHEHTbl 

3amulleM AJIH yn,o6crna ITOCJJen,yIOmero H3JIO)KeHHH HCXOAHOe KHHeTW-leCKoe ypaBHe
HHe AJJH Hn,ep c z ~ 2: 

00 

8Ni(x,E,8) = _Ni(x,E,8) + ~ J B i(E',E)N i(x,E',B) dE' + 
Bx Aj(E)cosO 6_ 1 1 cos(} 

J?f-1 E 

CneKTP cj:lparMeHTOB MO)KHO rrpen,cTaBHTb B BHAe 

kji(E', E) = o(E' - E)Pjk· 

rn.e Pjk - K03cj:lcj:lm1J1eHT cj:lparMeHTaU,HH, paBHbIH 1rncJ1y Hn,ep i-rnrra, o6pa3yIOlll,HXCH rrpH 
B3aHMOAeHCTBHH Hn,pa j-rnrra; cj:lyHKU,11H o(E' - E) yKa3b!BaeT Ha coxpaHeH11e 3HeprnH 
B pac'leTe Ha HYKJJOH B npou,ecce cj:lparMeHTau,1111. 

Bsen,H non. 3HaK 11HTerpaJJa B (CT.12) 3TY cj:lyHKU,11!0, rroJJy'lHM 

00 

I kji(E', E) N (x E' B)o(E - E') dE = Pj;(E)N1(x, E, (}) 
Aj(E') 1 ' ' cos(} >-1(E) cos(} · 

E 

ilo,n,CTaBJIHH ITOJ1y'lem1oe Bbipa)KeH11e B (CT.12) 11 l1HTerp11pyH ero, MO)KHO rrpen,CTaBl1Tb 
ITJIOTHOCTb ITOTOKa 'lepe3 11HTerpaJJbl ITO rny611He . .llm1 paccMaTp11BaeMb!X cj:lparMeHTOB 
COOTBeTcTByIOm11e ypaBHeHHH 11Me!OT B11n,: 

N ( ) _ /3H(E') o ( ') ( x ) . H x,E,() - /3H(E) NH E exp - LHcos(} , 

x 

N ( E ()) _I PHM N ( 1 E' ()') /3M(E') ( x - x' ) d 1 

M x, ' - AH cos(} H x' ' /3M(E) exp - LMcosO x + 
0 

/3M(E') No ( ') ( x ) . + /3M(E) M E exp - LH cos(} ' (CT.13) 

x 

NL(x, E, e) =exp (-LL :os(}) {I [>..:::se NH(x', E', B) + >..:~~(} NM(x', E', e)] x 
0 

/3L(E') ( x' ) '} f3L(E') o( ') ( x )· 
x /3 L( E) exp L M cos(} dx + /3 L( E) NL E exp - LL cos(} ' 
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x 

Na(x, E, e) =exp (- L x e) {I[>.. PH a gNH(x', E', e) +>..PM a e NM(x', E', e) + 
a COS H COS M COS 

0 

PLa N ( , E' e)] f3a(E') ( x' d ')} f3a(E') No(E) ( x ) + >..LcosO L x' ' f3a(E) exp LacosO x + f3a(E) °' exp - Lacose ' 

rAe Li - rrpo6er rrornomett1rn i-KoMrrotteHThI; Ni - rrJJOTHOCTb rroToKa i-11 KOMITOHeHTbI 
Ha BepxHei'i rpaHHIJ.e aTMOccpepbi. flepBW!HbIH crreKTP HAep c z ~ 2 3a)J,aBaJJH B cpopMe, 
ITOA06HOH rrepswrnoMy crreKTpy rrpOTOHOB fK.n. 

flepsoe H3 ypastteHHi'i (fl.13) orrpeAeJJHeT HHTeHCHBHOCTb H-HAep c 3tteprnei'! E Ha 
rny611tte ocTaTO'-IHOH aTMoccpepbI x. Bo srnpoM ypasHeHHH rrepBbIH '-!JJeH crrpasa xapaKTe
p113yeT ITJJOTHOCTb rroTOKa M-HAep Ha rny611tte x, o6pa30BaHHhIX 3a c'-!eT cpparMeHTaIJ.HH 
H-HAep, a BTopoi'! '-IJJeH AaeT '-laCTb ITJJOTHOCTH rroTOKa M -HAep, pasttoi'! Ha rpaH11ue 
NfJw(E) H AOCTHra10mei'! rny6HHbl x. 

AttaJJOrI1'-!HbIM o6pa30M HHTeprrpenipy10TcH ypasttemrn H AJJH oCTaJJbHbIX HAepttbIX 
KOMITOHeHT. Pac'-leTbl npoBOAHJJHCb Ha KOMITbJOTepe '-IHCJleHHblMH MeTO)J.aMH. 



TipHJIO)i(eHHe E 

TIPHMEPHbIE 3HAqEHHSI HEKOTOPbIX 

<l>H3HqECKHX KOHCTAHT H E.L(HHHII. 

Ha1-1MettoBaHHe 06oattaqettHe 3HaqeHHe 

CKopocTh cseTa B BaKyyMe c 3,00 · 1010 CM· C-l 

flocTOHHHaH AsaraApo NA 6,02 · 1023 MOJ!b -l 

flocTOHHHaH oOJJhU,MaHa k 
1,38 · 10- 16 3pr · K- 1 = 

= 8,62 · 10- 11 M3B. K- 1 

fpaBHT3U,HOHH351 TIOCTOHHHaH G 6,67 · 10-8 cM3 
• r- 1 

• c-2 

1,05 · 10-27 3pr. c = 
flocTOHttttaH CTJJattKa n=h/(27r) = 0,658. 10-15 38 . c = 

= 6,58 · 10-22 M3B · c 

flocTOHHHaH TOHKOH CTpyKTYPbI a= e2 /(nc) 1/137 

flocTOHHHaH Xa66JJa H 73 ± 10 KM· c- 1 
• MeranapceK- 1 

KoMTITOHOBcKaH AJJHHa BOJJHhI Xe= n/(mec) 3,86 · 10-ll CM 
3JJeKTpotta 

KoMnTottoBcKaH )l,JJHHa BOJJHbI Xp = n/(mpc) 2,10 · 10- 14 CM 
npOTOHa 

3JJeMeHTapHbJM aapH.ll e 4,80 · 10-1° CfC3 = 1,60 · 10- 19 KJJ 

MarneToH Bopa 
0,92. 10-20 3pr. rc- 1 = 

µ5 = 0,58 · 10-8 3B · rc- 1 

HAepHbIH MartteToH 
5,05. 10-24 3pr. rc- 1 = 

µ,A = 3,15 · 10- 18 M3B · rc- 1 

MarHHTHhIH MOMeHT npoToHa µp 2,79µ,A 

MarnHTHhIH MOMeHT Hei\TpoHa µn -1,91µ,A 

fIJJaHKOBCKOe BpeMH (nJJaHKOBCKHH 
tp1 = JGn/c5 5.4. 10-44 c 

MOMeHT HJIH KB8HT BpeMeHH) 

CTJJaHKOBCKaH .llJJHHa 
Lp1 = JGn/c3 1,6 · 10-33 CM 

(KB3HT paccTOHHHH) 

CTJJaHKOBcKaH Macca Mp1 = y1nC{G 2,18 · 10-5 r 

fIJJaHKOBCKaH 3HeprnH Ep1 = Jc3n/G 1,2 . 1019 f38 

TeMnepaTypa peJJHKTosoro 
Tpu 2,7 K 

( cjioHOBoro) H3JJyqeHHH 

BoapacT BceJJeHttoil TBC 13,7 ± 0,2 · 109 JJeT 



TipHJIO:>KeHHe )K 

KAPTA PACIIOJIO:iKEHIHI 30H IIPOBE,LlEHH.SI 

.Sl,LlEPHbIX B3PbIBOB 

KapTa pacIToJioMemrn 30H ITpoBe)J.emrn 51)].epHbIX B3pbIBOB pa3Jiwrnoro Ha3Hat.iemrn, 

MeCT TexHoreHHb!X aBapYIH Ha 06beKTaX aTOMHOH ITPOMbllllJieHHOCTYI YI HaY160Jiee KPYITHb!X 

3arp513HeHHbIX paAY10HYKJIY1AaMY1 paiioHOB B ITpeAeJiax PoccY1Y1 YI coITpe)J.eJibHbIX CTpaH, 

BXOiJ.YIBlllYIX B cocTaB CoBeTcKoro CoI03a (AaHHhie OTHOC51TC51 K ro)J.aM AO pacITa)l,a CCCP; 

CM. 11,BeTHYIO BKJieHKY B KOHU,e KHYlrn). 

1. 30-KYIJIOMeTpoBa51 caHY1TapHa51 30Ha YI paHOHbl, 3arp513HeHHbie pa)J.YIOHYKJIYl)l,aMYI 

B pe3yJibTaTe KaTaCTpoq)bJ 26.04.86 r. Ha lJ:epHo6bIJibCKoM: A3C. 

2. BocTot.iHo-YpaJihCKYIH paAYIOaKrnBHbIH cJieA, o6pa3oBaBlllYIHC51 B pe3YJibTaTe B3pb1-

Ba 29.09.57 r. eMKOCTYI c BbICOKOaKTYIBHbIMYI OTXOAaMYI Ha TIO «Ma51K». 

3. PaAYIOaKrnBHoe 3arp513HeHYle 6accei1Ha peK Tet.ia-l1ceTb-To6oJI-l1pTbilll-06b B 

pe3yJihTaTe MHoroJieTHero c6poca OTXOAOB paAYIOXYIMYlt.ieCKoro ITPOYl3BOiJ.CTBa Ha TIO 

«Ma51K» YI pa3Hoca pa)J.YIOYl30TOITOB Yl3 OTKpbITblX HaKOITYITeJieM: pa)J.YIOaKTYIBHb!X OTXO)J.OB 

BCJie)l,CTBYle BeTpOBOH 3p03YIYI. 

4. Pa)J.YIOaKTYIBHOe 3arp513HeHY1e peKYI EHY1ceM: YI OTAeJihHbIX yt.iacTKOB ITOHMbI B pe-

3YJibTaTe ITPOMbilllJieHHOH 3KCITJiyaTaU,YIYI AByx peaKTopoB ropHOXYIMYlt.iecKoro KOM6YIHaTa 

YI cpyHKU,YIOHY1poBaHY15I xpaHYIJIYllll,a paAYIOaKTYIBHbIX OTXOAOB B Kparno51pcKe-26. 

5. PaAY10aKTY1BHoe 3arp513HeHY1e TeppY1TOpY1Y1 B caHY1TapHo-3alll,YITHOH 30He CY16Y1pcKo

ro XYIMKOM6Y1HaTa (ToMCK-7) YI 3a ee ITpe)l,eJiaMYI. 

6. OcpY111,Y1aJibHO ITPYl3HaHHbJe caHYITapHbJe 30Hbl B MeCTaX ITpoBe)l,eHYl51 ITepBbIX 51)].ep

HblX B3pb!BOB Ha 3eMJie, ITO)]. BO)l,OH YI B aTMOccpepe Ha ITOJIYlfOHax )l,Jl51 YICITbITaHYl51 51)].epHoro 

opyMYl51 ITOA CeMYIITaJiarnHCKOM (Ka3axcTaH) YI Ha HoBoii 3eMJie (Pocrn51). 

7. Tou,KYIH paM:oH OpeH6yprcKoii o6Jiacrn (Pocrn51). MeCTo ITpoBe)J.eHYl51 BOHCKOBbIX 

yt.ieHYIH Ha CTOHKOCTb JIYl'-IHOro COCTaBa YI BOeHHOH TeXHYIKYI K ITOpaMa!Olll,YIM cpaKTOpaM 

51AepHoro B3pbrna 14.09.54 r. B aTMoccpepe. 

8. PaAY10aKTY1BHbIH Bb16poc B pe3yJibTaTe HecaHKU,YIOHYlpoBaHHoro ITycKa peaKTopa, 

coITpoBOM)J.aBllleroc51 ITOMapoM, Ha cyAopeMOHTHOM 3aBOAe «3Be3AO'-!Ka» B CeBepo)J.BYIHCKe 

(ApxaHreJihCKOH o6Jiacrn) 12.02.65 r. 
9. PaAYIOaKTYIBHbIH Bb16poc B pe3yJihTaTe HecaHKU,YIOHYlpoBaHHOro ITYCKa peaKTO

pa, coITpoBOMAaBlllerorn ITOMapoM Ha cyAopeMOHTHOM 3aBOAe TIO «KpacHoe CopMOBO» 

B HYIMHeM HoBropoAe B 1970 r. 
10. JloKaJibHOe pa)J.YIOaKTYIBHOe 3arp513HeHYle aKBaTOPYIYI YI ITPYIJieraIOlll,eH MeCTHOCTYI 

B pe3yJibTaTe HeCaHKU,YIOHYlpOBaHHOro ITYCKa YI TeITJIOBOro B3pb!Ba peaKTOpa ITPYI ero 

ITeperpy3Ke Ha cyAopeMOHTHOM 3aBo)l,e BM<t> B illKoToBo-22 (6yxrn lJ:aMMa) B 1985 roAy. 

11. 3arp513HeHYle ITpY16peMHbIX BOA apxY1ITeJiara HoBa51 3eMJI51 YI OTKpbITbIX paM:oHoB 

KapcKoro YI 13apeHu,eBa MopeM: BCJieACTBYle CJIYIBa MYliJ.KYIX YI 3aTOITJieHYl51 rnepAbIX pa)J.YIO

aKTYIBHbIX OTXOAOB cyAaMYI BM<t> YI «AToMcpJioTa». 

12-21. MeCTa ITpoBe)l,eHYl51 ITO)J.3eMHbIX 51AepHbIX B3pbIBOB «B YIHTepecax HapoAHOro 

X0351HCTBa», r)l,e OTMet.ieH Bb!XO)J. ITPOAYKTOB )l,eJieHYl51 Ha )J.HeBHYIO ITOBepxHOCTb YIJIYI 

B03MOMHa ITO)l,3eMHa51 MY1rpaU,Yl51 pa)J.YIOHYKJIYl)J.OB. 
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3AKJnoqEHHE 

5I)J,epHa51 ¢H3HKa - «MaJia)J,a51» HayKa, Ba3HHKWa51 B rrepHa)J, pa)J,HKaJibHara rrepecMaT
pa p51)J,a ¢YHAaMeHTaJibHbIX HayLJHbIX rraJiaMeHHH ¢H3HKH. Ba)i<HYIO paJib B ee 3BaJIIOUHH 
cb1rpaJIH aTKpbITH51 B. PeHTreHaM H3JiyLJeHH51, Ha3BaHHara era HMeHeM (1895 r.), A. 5eK
KepeJieM - pa)J,HaaKTHBHacrn (1896 r.), Ll,M. Ll,M. TaMcaHaM - 3JieKTpaHa (1897 r.), 
BbI)J,BHMeHHe M. ITJiaHKaM rrpe)J,cTaBJieHH51 a KBaHTax H3JiyLJeHH51 (1900 r.), ca3)J,aHHe 
A. 3iiHWTeHHaM crreuHaJibHaH TeapHH aTHaCHTeJibHaCTH ( 1905 r.) H MHarne Apyrne 
6JIHCTaTeJibHbie HCCJie)J,aBaHH51, BbICTaJIHeHHbie Ha py6e)KaX 19-ra H 20-ra CTaJieTHH. 

HecKaJibKa ycJiaBHa JieTaHCLJHCJieHHe 51)],epHaH ¢H3HKH MaMHa HaLJaTb c 1911 ro)J,a, 
Kar)J,a 3. Pe3ep¢apA rrpe)J,JiaMHJI 51)],epHyIO Ma)J,eJib aTaMa. K rrpeACTaBJieHHIO a6 3Taii 
Ma)J,eJIH Pe3ep¢ap)J, rrpHrneJI Ha acHaBaHHH aHaJIH3a aITbITaB r. feiirepa H 3. Mapc)J,eHa, 
HCCJie)J,aBaBWHX B 1909 r. pacce51HHe o:-LJaCTHll, Ha TaHKHX ¢aJibrax. 5brJia yCTaHaBJieHa, 
LJTa MaJia51 LJaCTb 3THX LJaCTHU pacceHBaeTC51 «Ha3a)J,» Ha yrnbI, 6JIH3KHe K 180°. MHara 
rra3)J,Hee, B 1936 r. Pe3ep¢ap)J,, BCITaMHHa51 pe3yJibTaTbl yrraMHHaBWHXC51 aITbITaB, ITHCaJI: 
«3TO 6bIJia caMblM HeBepa51THb!M ca6b!THeM, KaTapae MHe rrpHWJiaCb rrepe)KHTb. 3TO 6bIJia 
rraLJTH CTaJib Me HeBepa51THa, KaK eCJIH 6bi Bbl BblCTpeJIHJIH 15-)J,IOHMaBblM CHap51)J,aM 
B JIHCTaK rrarrHpaCHOH 6yMarn, a 3TOT CHap51)J, BepHyJICH 6bI Ha3a)J, H yra,II.HJI B Bae ... 
HeH36eMeH BbIBOA, LJTO B aTaMe cacpeAaToLJeHo HHTeHCHBHoe 3JieKTPHLJecKae rroJie, TaK 
KaK B rrpOTHBHaM CJiyLJae HeBa3Ma)KHa 6bIJia 6bI H3MeHeHHe HarrpaBJieHH51 )J,BHMeHH51 
LJaCTHll,bl rrpH rrpaxaM)J,eHHH CTaJib MaJiaro paccTa51HH51, KaK )J,HaMeTp MaJieKyJibl». 

B 1912 r. Pe3ep¢apA BBeJI TepMHH «51)],pa» BMecTa rrepBaHaLJaJibHO yrrOTpe6JI51eMara 
HM rpoMa3,II.Kara TepMHHa «11,eHTpaJibHae 3ap51MeHHae TeJia B aTaMe». 

B TeLJeHHe HecKaJibKHX rracJie)J,yIOlll,HX )J,eCHTHJieTHH rnJio yrny6JieHHae H3yLJeHHe 
CBaHCTB aTaMHOro 51)],pa, B KOTOpOM yLJaCTBOBaJIH pa3JIHLJHbie yLJeHbie-TeopenfKH H 3KCITe
pHMeHTaTOpbl, rrpHLJeM rracTerreHHa Hx Kpyr Bee 6aJiee pacwHp51JIC51. Cpe)J,H HHX BbI)J,aIO
myIOCH poJib cblrpaJIH H. 5ap, A. 3oMMep¢eJih)J,, <t>. Ca)J,)J,H, <t>. AcTOH, 11. H <t>. )KaJitta
KIOpH, Ll,M. 43)],BHK, B. ITayJIH, 3. <PepMH, r. faMaB, B. A. <l>oK, LI,. LI.. 11BaHeHKa, 
11. IT. CeJIHHaB, 11. E. TaMM, 11. B. KypLiaTaB, A. LI,. CaxapaB, B. JI. fHH36ypr, JI. B. Mbr
caBCKHH, JI.11. PycHHaB, A.11. JieiirrHHCKHH H Apyrne yLJeHbie pa3JIHLJHbIX CTpaH, MHarne 
H3 KaTapbIX yrraMHHa!OTC51 B 3TaH KHHre. 

3KcrrepHMeHTbl Toro BpeMeHH OTJIHLJaJIHCb HCITaJib30BaHHeM )J,OCTaTOLJHO rrpacTOH 
H He CJIHWKaM )J,aparoii arrrrapaTypbr. ITa)KaJiyii, KYJibMHHa11,11eii 3Taro, TaK cKa3aTb, 
aKa)J,eMHLJeCKara rrepHO)J,a pa3BHTH51 51)],epHaH ¢H3HKH 51BHJiaCb aTKpbITHe 0. faHHOM 
H <t>. illTpacMaHOM 3¢¢eKTa )J,eJieHH51 51)],ep ypaHa (1938-1939 rr.). 

Brnpafl rreptta)J, pa3BHTH51 51)],epHaii ¢H3HKH, Ha3aBeM era ycJiaBHa «HayLJHa-TexHaJiarn
LJeCKHM», CB513aH c 6ypHbIM pa3BHTHeM 51)],epHaH 3HepreTHKH, BKJIIOLJa51 ca3)J,aHHe 51)],epHblX 
peaKTapaB, aTOMHblX 3JieKTpaCTaHll,HH H 51)],epHara apyMH51. 0)],HaBpeMeHHa pa3BHBaJIHCb 
H ¢YH)J,aMeHTaJ!bHbie HCCJie)J,oBamrn, CB513aHHb!e c yrny6JieHHeM 3Hamri1 0 BHyTpeHHeii 

CTPYKType 51)],ep, 51)],epHbIX rrpeBpalll,eHH51X, rrp11po)J,e MHKpaLJacrnu H rrp. 5b!Jia pa3pa6a
Tatta KBaHTOBa51 xpoMO)J,HHaMHKa. ITpaH30WJia )J,aBaJibHa LJeTKae pa3)J,eJiem1e cy6aTOMHafl 
¢H3HKH Ha ¢113HKY aTOMHOro 51)],pa H ¢H3HKY 3JieMeHTapHbIX LJaCTHll,. 

3TOT rrepHa)J, xapaKTep113yeTCH w11paKHM rrpHMeHeHHeM CJIO)KHOH H )J,aporocTa51lll,eH 
arrrrapaTypbI: ycKopHTeJieH, 51,II.epHblX crreKTpOCKOITHLJeCKHX yCTaHOBOK, rry3bipbKOBblX H HC
KpOBbIX KaMep H T. )],. MO)KHa CLJHTaTb, LJTO TaKa51 HarrpaBJieHHOCTb HCCJie)J,OBaHHH co
xpaH51eTC51 H ITOHbIHe, B MHpe B03HHKJia MHOfO HayLJHbIX 11,eHTpaB c MHOrOLJHCJieHHblM 
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Hay<JHblM 11 TeXHll<JeCKllM rrepcoHaJIOM, B KOTOpb!X rrpoBO,ll,HTCH H,ll,epHOcpll3ll<JeCK11e l!CCJie

,ll,OBaHllH. 

Eme Bo BpeMeHa C03,1I,aH11H H,ll,epHoro opyIB:irn B03HllKJill CJI0Boco<1eTaH11H «,ll,OaTOMHaH 

3pa» 11 «aTOMHaH 3pa». ITepBoe rro,ll,pa3yMeBaeT rrep110,1I, 11cTop1111, KOf,ll,a ,1I,OCT11)KeH11H 

H,ll,epHOH cp11311Kll He HaXO,ll,l!Jlll CKOJibKO-Hll6y,ll,h 3Ha<Jl!TeJibHOro rrpaKTW!eCKoro 11CITOJib30-

BaHl!H. BTopoe, eCTecTBeHHO, OTHOCllTCH K rrocJie,1I,y10meMy BpeMeH11. B ,ll,OaTOMHYIO 3py 

rrpaKTll<JeCKH€ ,ll,OCTll)K€Hllf! JII06oi1 HayKll He ITOBJ!llf!Jlll CTOJ!b pa,1I,11KaJibHO Ha ycJIOBllH 

cymecTBOBaHllH <1eJI0Be<1ecTBa (,ll,a 11 Bcero )Kl!Boro Ha 3eMJie), KaK BHe,1I,peH11e ,ll,OCTl!)Ke

HllH H,ll,epHOH cp113l!Kll B aTOMHYIO 3py. 

Cei1<1ac HeB03MO)KHO rrpe,ll,CTaBl!Th ce6e TexHOJIOrn<1ecK11 pa3Bl!Tb1e CTpaHhI 6e3 aToM

HhIX 3JieKTpOCTaHUllH, llCITOJib30BaH115l 1130TOITOB B HayKe, M€,ll,HUHHe 11 T€XH11K€. c ,ll,pyrol':! 

CTOpOHbl, B aTOMHYIO 3py rrp01130WJIO 3arp5!3HeH11e pa,ll,l!OHYKJill,ll,aMl! 611occpepbl 11 B03-

HllKJia yrpo3a rrp11M€H€Hl15l H,ll,epHoro opy)Kl!H c ITOCJie,1I,y10mei1 Mpa<!HOH rrepcrreKTHBOH 

HaCTyrrJieH11H «H,1I,epHoi1 311MhI». Bo3MO)KHO, O,ll,HaKo, <ITO rrpe,1I,Bll,1I,eH11e ycTpawa10m11x 

ITOCJie,ll,CTBl!H rrp11MeHeHll5l H,ll,epHoro opy)Kl!H crracaeT qeJIOBe<JeCTBO OT y)KaCOB HOBOH 

MHpOBOH BOHHhI; BCITOMHllM, <ITO peaJibHaH yrp03a BOHHbl MllpOBOfO MaCWTa6a y)Ke B03Hll

KaJia BO BpeMH Kap116CKoro Kp113l!Ca 1962 r., 11 He ITOCJie,ll,HIOIO pOJib Bee rrpe,ll,OTBpameHllll 

CbirpaJIO orraceHlle 3JIOBemero l!CXO,ll,a TaKOro KOHcpJillKTa. 

Sl,ll,epHaH cp11311Ka HawJia rrp11MeHeH11e He TOJJhKO K M11KpoM11pe, HO 11 Bo BceJieHHOH, 

T. e. B rnraHTCKOM MaKpOMHpe. TaK, B 1938-1939 ro,ll,ax r. oeTe H pH,ll, ,ll,pyrnx cpH3HKOB 

pa3pa60TaJI11 Teop1110 TepMOH,ll,epHbIX rrpoueccoB B He,ll,pax 3Be3JI. 11, B 'IaCTHOCTll, CoJIHUa. 

IToHBJieH11e H,ll,eH 06 3BOJIIOUHH BceJieHHOH, OTKpb1T11e TeMHOH MaTep1111 11 TeMHOH 3Heprn11 

H pH,ll, ,ll,pyrnx OTKpb!TllH ITOBJieKJJH 3a co6oi1 rrpHBJJe<JeH11e MHOrHX rrpe,ll,CTaBJieHHH H,ll,ep

HOH cpH3HKH B KOCMOJIOrHIO (TO )Ke crrpaBe,ll,JJHBO H B OTHOWeHllH cp113HK11 3JieMeHTapHblX 

<1acT11u). Om1paHcb Ha pa3BHThie paHee ,ll,OCTH)KeHllH HJI.epHOH cpH311KH, 6hIJJH peweHhI 

rrpo6JieMbI HYKJieoc11HTe3a 11 3BOJJIOUHH x11M1111ecK11x 3JieMeHTOB BO BceJieHHOH. 

BeJI11<1ai1wei1 rrpo6JieMoi1 Hawero BpeMeHH HBJIHeTCH rrp11po,1I,a TeMHoro BemecTBa 11 

TeMHOH 3Heprn11. KaKOBhI waHCbI Ha ee pa3peweH11e? ,Uo c11x rrop yJI.aBaJIOCb pa3ra,ll.aTh 

MHOrne 3ara,ll.KH BceJieHHOH, XOTH 3a'!aCTYIO He 6e3 ,ll.paMaTH<JeCKHX KOJIJIH3HH (BCITOMHllM, 

HarrpHMep, TepHllCTblH rryTh KOCMOJIOrH'!eCKllX llCCJ1€,ll,OBaHHH 3HHWTei1Ha). Ho TOT )Ke 

.3i1HWT€HH OITTl!Ml!CTl!4eCKll CKa3aJI: «Ha1160Jiee He06bf!CHllMOe BO BceJJeHHOH - 3TO TO, 

'ITO OHa 06bHCHHMa». 

Bo3MO)KHO, 'ITO peweH11e yKa3aHHOH rrpo6JJeMhI rrp11BeJI.eT K rrepecMoTpy MHornx 

ycTOHBWl!XCH rrpe,ll.CTaBJieHllH eCTeCTB03HaHHH, BKJIIO'laH H HeKOTOpbie cpyH,ll,aMeHTaJJbHbie 

OCHOBhl H,ll,epHOH cp11311Kll. 
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