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H3 UPE~HCnOBH» ABTOPA 

3a nocne,UHHe rO,Ubl HapOJlHJI3Cb nosast HayqHaSI reopHSI -

reopust Hnc}lopMaueu. Ona neMeJI.neuHo npHsneKna 6oJI&moA 
liHTepec H OblCTpO pacnpocTpaHHJiaCb. 9Ta HOBaSI reopHH BOS

HHKJia nepeonaqaJibHO e peaynbrare npaKruqecKoro u YTHRurap

noro OOCYiKJlenHSI HeKOTOpHX OCnOBnHX npooneM: KaKHM oopa-
30M B03MOiKHO onpe,neJIHTb KOJIHlleCTBO HucpopMaUHH, COJI.epiKa
u1eACSI B nepeJlaeaeMOM cooomeHHH HJIH renerpaMMe? KaK aaMe· 
pHTb KOJIHqeCTBO HncpopMaUHH, cooomaeMott npe I10MOIUH TeJie

rpacpHblX curnanoe? KaK cpaanHTb 9TH JI.Be seJIHIIHHhl 1) H oueHuTb 

9cpcJ:>eKTHBHOCTb KOJJ.HPYIOIUHX -ycrpoAcrs? Bee 9TH eonpocH H 
Mnorue Jlpyrue IlO,ll,OOHble 3300THT unn<enepa CB513H H Moryr 

renepb oocyiKJJ.3TbCS1 c KOJIUlleCTBeHuott TOI.IKB spenHH. 

Hs 9TOfO oocym,neHHSI B03HHKJia HOBaSI reopHR, HMelOIU3SI 

KaK npaKTHlleCKHA, TaK u MareMaT11qeCKHi1 xapaKTep. Teopttst 
OCHOBaua Ha sepostTHOCTHHX COOTHOmeHHSIX. Tol!HO c<t>opMyJIH
posannast, ona MOiKeT np11MenS1TbCSI BO MHOfHX ocnosnblx nay1.1-

HhIX paccyiK,nenestx. Ona nossonster pewurb npooneMy JleMoua 

MaKcsenna H no1<aaarL ueuocpe.ncrseuuy10 CBH3b MeiKAY un<t>op
Ma uttett H anrponeell. TepMO.UHHaMullecKast anrponHR ecrb Mepa 

He.nocrarKa HH<t>OpMaUHH 0 HeKoropoA c}lH3HlfeCKott CUCTeMe. 

Kor JI.a B naooparopuH npOH3BO,ll,HTCSI KaKof.f ... JIHOO 9KCnep11Menr' 
OH OnJialIHBaeTCSI yseJiullen11eM 9HTpOI1HH, H OOOOIUeHnblf:t npHn· 
uun Kapuo ycrauasneeaeT, 1.1ro uena, ynna1.1enuast s sa11e 

') To eCTb KOJJHlfeCtBo eu<t>opMauuu H o6neM curuana. (llpuM. 
nepeB.) 
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ynenuqeHMH 9HTponMM, ncer )la oOJlbllle, qeM nonyt1eHHOe KOJlHqecrno 

HHcpOpMaUHM. HucpopMaUHSI COOTBercreyer OTpHuareJibHOR 9HTp0· 

flHH, JJ.JlSI KOTOpOR anTop BBeJI TepMHH HezaHmponUJl. 0606-
weHHblit npMHuun KapHO MOJKeT raKJKe 6b1Tb Ha3nau HezaHmpo ... 

nuiiHbl.1U npuHquno.Jt llHifJopMaqllll. 3TOT npHHUHTI HaKnaJJ.hIBaeT 

HOBbie orpaHM4eHHff Ha qJH3HlleCKHe 3KCnepMMeHThl H He 33BH

CHT OT H3BeCTHOf 0 COOTHOIJJeHMff HeOnpe)leJieHHOCTH KBaHTOBO" 

MexaHMKH. 

HacTOffW3SI KHMra OCHOBaHa Ha JieKuHSIX, tfHTaHHblX HHJKeHe· 

paM <}lupMhl International Business Machine Corporation, a D03JJ.·· 

Hee e pa3JlH4HbIX yHwaepcureTax, B qacTHOCTH B KanwcpopHHR· 

CKOM yHanepcureTe e BepKnH. 

5leeapb 1956 r. JleoH 5pUAlll08H 



BBEJI.EHHE 

HosaSJ reppHropHH 6hIJ1a saaoeaaHa llJIH HayKH c rrostsne
HHeM B ne.u.asHee epeMSI reopHH HHcpOpMaUHH. 3ro OTKpYrne 
cosJJ.ano Hosy10 o6naCTh, HeMeJJ.neHHO npasneKmy10 passeJJ.1IHKOB 
H HCCJJeJJ.oBarenett 3ro HHrepeCHOe HBJJeHHe B ncropHH H8YKH, 
H raKoe BHeaanHoe pacrnHpeHHe o6nacrH Hay11Horo HccneJJ.osa
HHR aacnyiKHeaer 6onee np0cranhHOro paccMorpeHHH. KaK sro 
cnyqunoch? KaK .u.aneKo 9TO H~er? M rne OHO MoiKeT npo.u.on
maTh pacnpocrpaHHTbCR? 03Ha4aer nH 9TO BTOpJKeHHe HayKH 
Ha TeppHTOpHIO, npHHa.u.nemamy10 no Tpa,U.HUHH cPHJJOCO$HH, HJIH 
9TO eCTb OTKpbITMe HOBOA CTpaHbl, caoero po.a.a «HHqeftHOA 
3eMJIH», KOropaR ycKOJib3aJia OT npeiKHHX HCCne,u.oaaHHA? 1}. 

Mhl pa36epeM ace 9TM sonpoChI H .u.anuM Ha fiHX oreer. 
CT peiKJJ.e ecero, '-ITO TaKOe UHt/Jop.M.aqun? 3ar JJHHeM B CJIO· 

sapb BeocTepa: <<CooomeHHe, HJIH nonyqeHHe aHaHHA HnH cse
JJ.eHHA. <l>aKTY, npHrOTOBJieHHble JI.Jiff coo6meHHSI, B OT JJHl.IHe OT 
TeX, KOTOphle BOnJIOWeHY B MYCJJH HJJH 3HaHHH. llaHHYe, HO· 
BOCTH, CBeJJ.eHHSI, 3HaHHSI, nony11eHHhle nyreM H3Y11CHHSI HJIH uaoJJIO
JJ.eHHSI ••• ». Mhl MOJKeM ycrauosHTb, 11To HHcpopMaUHH ecTb cupoA 
Marepuan H cocroar H3 npocroro coopaHHSI JJ.aHHbIX, ror .a.a KaK 
3HaHHe npe.u.nonaraer HeKoTopoe pa3Mhl111neH0e H paccyiKlleH0e, 
opraHH3YIOlllee ,ll.8HHhie nyTeM HX cpaBHeHHSI H KJiaCCHctJHKaUHH. 
Cne.u.y10m11A war npHBOJJ.HT K HayqHoMy BHaHMIO H cpopMyJIH
poaKe HayqHhJX aaKOHOB. 

KaKHM oopa30M MOmHo ccpopMynHposarb Hay11HyIO reop1110 
HHcpOpMauuw? IlpeiK,u.e acero, HYiKHO Ha11aTb c ro11Horo onpe.u.e
neHHSJ. HayKa Ha'-IHHaeTcst, Kor .a.a 3Ha11eHHH cnos 11erKo pasrpa
HHQeHhl. Cnoea Moryr ohlTh suopaHY H3 cymecrsy10mero cno
sapH, JJHOO MOryr 6YTb C03JJ.8HY HOBYe CJJOB8, HO nee OHH 

1) EJJ.Ba JIH aBtop ee OTHOCHT tPHJIOCocl>HIO K OOJ18CTH Ha YKH. npocro 
OH ynoTpe6JIRet CJIOBO <HayKa> B CMblCJle, COOTBeTCTByIO~eM HaWeMy 
TepMHHY cTOt!Hble HayKH». (llpUltf. nepe8.) 
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.u.oniKHhl nonyt1HTb Hoaoe onpeJJ.eneHHe, HCKJ1101.1a10ruee HeLJ.opa
syMeHHff H JI.BYCMblCneHHOCTb B npeJI,enax Toro pa3JJ.eJia H3YKH, 
r JI,e OHH npM:MeHSIIOTCst. 

MoiKeT cny1.1urbcff, qTO OJI.HO u ro JKe cnoso HMeeT pa3;u1q

Hh1e 3H3QeHHSI B JI.BYX pa3JIHqHblX OTpaCJISlX H3YKH: CJIOBO rcopeHb 
HMeer OJI.HO SICHO onpeJI.eneHHoe 3Ha4eHue JI.Jiff Hayqaromero 
aJJre6py u JI.pyroe cronh iKe cneuHcpH4eCKOe 3Hat1eHue nnsi oora
HHKa. OJI.Ha KO onaCHOCTh CMerneHHst npH CTOJib y naneHHhlX 
o6naCTSIX HeaenHKa. Anre6pauqecKHe KOpHH He pacryT, a KopHH 
OOT3HHKa HHKOr JI.a He 6hlBaIOT MHHMblMH. 8ra eJI,HHCTBeHHOCTh 
3H3QeHHff cnoB xapaKTepHa JI.Jiff. HayqHoro MeToJJ.a. TaK KaK 

CXO.llHhle onpe.u.eneHHSI aaeJJ.eHhl yqeHhlMH acex crpaH, TO nepe
BOJJ. 06ner11aeTCff 0JI.H03Hat.IHblM COOTBeTCTBHeM Hay11Hh1X cnoaa
peil. Ecnu Ohl raKoe nonoiKeHne npeo6naJI.ano a noaceJJ.HeBHOA 
npaKTHKe, ro MeiKLJ.yHapon.Hoe asauMonoHHMaHue 6hlno Ohl MHOro 
ner1.1e ocymecreHTh ! 

PstJI.OBOA t.IeJIOBeK HCDhlThIBaer oecnoKoACTBO, KOr )la 06hlq
Hhle CJIOBa npHMeHSIIOTCff B HOBOM HayqHOM onpeJI,eJieHHH, H OH 
CKJIOHeH HaShlBaTh ary npaKTHKY HayqHhIM iKaproHOM. Ho iKap
roHbl npHMeHfflOTCff, K3K npaBHJIO, B JIIOOOA cneuHaJibHOA oona
CTH - B 6orOCJIOBHH H B qnIJIOCOcpHH TaK iKe, KaK H B TeXHHKe. 
PSTJI.OBOA 1.1urarenh He MOJKeT noHstTh SI3hIK cneuHanHCTOB, 
Tai( KaK OH He)lOCT3TOQHO 3H3KOM c o6cyiKJI.aeMhlMH BOnpocaMH. 

ToqHoe onpeJJ.eneHue cnoa a HayllHOM ff3b1Ke o6hlt.IHO ocHo
aaHo Ha JJ.Byx pasnHllHhlX Meron.ax. B MaTeMaruKe onpeJJ.eneHHe 
Ha11HHae1cff c HeKoroporo qecna rruarenhHO oro6paHHhlX u ccpop
MynHpoaaHHhlX nocrynaroa; 6onee cnoiKHhle cymHOCTH BhlBOJJ.ffTCSI 
.113 3THX nocry naTOB H BbipaiK3lOTCfl qepea HHX. HOBble onpeJI,e~ 
JJeHHfl paBHOCHJibHhl CJJOBeCHOMY nepeson.y cpopMyn, ,llaHHblX B 
CHMBOJIHQeCKO~ ~OpMe H OCHOBaHHhlX Ha nocTynarax. 9KcnepH
MeHT3JlbHhle HayKH BBeJIH JI.pyrott THil onpe)leJieHHff, qaCTO Ha· 
ablaaeMhlA onepaquoHHbt.M (operational). Cuna, Macca, CKOpOCTh 
H T. JI.. onpeJJ.eJifflOTCSl Kp3TKHM onucaHHeM 9KCnepHMeHTa, Heoo
XOJI.HMOrO JI.Jiff usMepeHHSI 3THX sen.11q.11H. OnepaUHOHHaH TOQKa 
apeHHfl B 9KCnepHMeHT3JibHhlX HayKax HaCTOAQHBO peKOMeHJI.yeTCSl 
MHOfHMH BbIJI.aIOUlHMHCSI yqeHhlMH, H HMst n. BpHJI.iKMeHa Q3CTO 
ynoMHHaercH a sron CBSl3H. KaK npasuno, ct1Hraercst uenecooo
pasHhlM BBOJJ.HTb B nayt1Hhlil ff3hlK TOnbKO re BeJIH11HHhl, KOTO
phle Moryr 6h1Tb onpeJI.eneHhl onepauuoHHO. Cnoaa, ue DOJl
JJ.a10muecst onepauHOHHOMY onpeJJ.eJieHHIO, 06hlt.IHO B KOHUe KOII
UOB npH3HaIOTCSl He 3aCJIYiKHBaIOIUHMH JI.OBepHSl H HCKJIIOqaroTCSI 
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11a HayqHoro cnoaapSI. BcnOMHHM, uanpwMep, arj.Jup, H Kai:\ 'I eo ... 

pHSI OTHOCHTeJJbHOCTH JIHWHJia 9TOT TepMHH CMhlCJia. 

Bosapaw.aSICh K Teopuu HHcpopMau11u, Mhl JlOJiiKHbl Hat.Ja'Ih 

c TOQHoro onpe.11.eJieHHfl cnoaa uHtj;op.MaquJl. Mhl paccl\laTpH

saeM san.aIJy c ueKOTOpblM t{HCJIOM B03MOiKHhlX OTBeroe, eCJIH 

!\lbl He HMeeM cneuHaJibHOft HHcpOpMaUHH 0 )lef;\CTBHTeJibHOM no

JIOiKeHHM. EcnH oKaiKercsi, QTO Mhl pacnoJ1araeM HeKoTopoil 

HHcjJOpMauueft 0 33)l3tte, TO qucno B03MOiKHblX OTBeron yMeHb .. 

rnaeTCH, a nOJJHaSI HHcpOpMaUHR MOiKeT n.a>Ke OCTaBHTb HaM 

JHHIJh e)lHHCTBeHHblft B03MOiKHhIA OTBeT. YlHcjJOpMaUHSl eCTb cpyn1< .. 

UHSI OTHOllleHHH t:fHCJia B03MOiKHbIX OTBeTOB )l0 H nocne (nony ... 

tJeHHSI HHcpOpMaUHH), H Mbl BbIOHpaeM norapnc)lMHQeCKHA 33KOH .llJlfl 

ooecneqeHHSI an.)lHTHBHOCTH HHcpOpMaUHH, CO)lepiKalll,efiCSI B Heaa. 

BHCHMhIX CHTyauusix. 3TH 3a)laQH M onpe)leJieHHH o6cy)KJJ.aEOTCS1 

B r JiaBe 1 H COCTaBJISllOT OCHOBY HOBOii ·reopHH. 

MeTOJ.J.bl 9TOf;\ TeopHH Moryr c ycnexoM npHMeHSITLCSI KO aceui 

TeXHHtteCKHM npooneMaM, KaCaEOUI.HMCSI HHcpOpMaf:I.HH, KaK-TO! K0.!1.11· 

posaHHe, en sis&, Bblt:fHCJJHTeJJbHble ycrpottcrsa H r. n.. Bo scex 

9THX npooneMaX Mbl cpaKTHQeCKH nepepa6aThIB3eM HHcpOpMaUHEO, 

HJIH nepe)laeM ee H3 o.n.Horo Mecra a n.pyroe, u )laHHaSI reop11s:1 

Ol!eHb nonesHa JJ.JISI cpopMynHpOBKH npaBMJI H ycTaHOBJieHH5f 

TOt:fHbIX npe)leJIOB TOro, t:fTO MOiKeT Obl'fb, a lITO He MO>KeT 

6b1Th c,neJiaHo. 

Ho Mbl He B COCTOSIHHH HCCJieJJ.OBa Tb npouecc l\lblWJleHHSI, 

H Mbl He MOiKeM B H3CT0Hlllee epeMfl BBeCTH B Harny Teopino 

K3KOfi-JIH6o 9JieMeHT, BKJIIOQalOmHA qenoeeqecKylO oueHKy MH

cpopM3UHH.. 3ro HcKn1oqeHHe qenoseqecKoro 9neMeHTa flBJJsteTcSI 

0 11eHb cepbe3HhlM orpaHH4eHHeM, HO 9TO eCTb Ta ueHa, KOTopylO 

Mhl ,nonJKHhl OhlJJM ynnaTHTh sa B03MOiKHOCTh nocrpoeHHSI 9TOA 

oonacTH HayqHoro aHaHHfl. Baen.eHHble orpaHHQeHHH nossonSIEOT 

HaM n.aTb KOJIHt:fecrBeHHOe onpen.eneuue HHcpOpMaUHH H rpaKTO

naTb HHcpOpMauHIO Kai< cpuaHttecKH HaMepnMyEO aeJHfllHHy. Onpe

,neJieHHe He MOiKeT ,neJI3Tb paSJIHlJHS'I MeiK.11.Y OQeHb B3JKHOfi 

liHcpOpManueft H HOBOCTblO, He HMelOmeft OOJibWOA ueHHOCTll 

JlJIH Toro, KTO ee yaHaer. 

Onpen.eJieHHe MOJKeT 110KaaaTbCs:1 ~a nepehltl ssrnsiJI HCKyc

CTBeHHhlM, HO B n.eftcTBHTeJJbHOCTH OHO npaKTHQHO H HayqHo« 

OHO OCHOBaHO Ha coopaHHH craTHCTHIJeCKHX )laHHhlX 0 K3iKJJ.Of.t 

ot5cyiK)laeMOf;\ npooneMe, H 9TH )l3HHbie, nocKOJihKY OHH )lOCryn .. 

HbJ, 0JJ.HH3K0Bhl JJ.JISI BCeX H30JIJO)l3TeJief.t .. no3TOMy Harne onpen.e~ 
JJeHHe HH<f'OpMaUHH eCTb aoCOJIIO'IHO OOlJeKTHBHOe onpeJJ.eJJeHHe, 
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He aaBMCfflll.ee OT H30JIIOA3TeJISl. c 11pyrolt cropOHbt, qeHHOCntb 

HHcp0pM8UMff HBnffeTCH, OqeBM}lHO, cyobeKTHBH~M 3neMeHrOM, 

OTHOCSIUlHMCH K Ha6n1011aren10. l1Hcp0pM8UHH, CO}lepiKaruaHCSI 

n HeKoropoM npeJJ.JIOiKeHMM, MOiKer HMeTh 011eHh oonhmoe 3Ha-

4eHHe JlJISI MeHst H OhlTh coeepweHHO HeHHTepecHoA JJ.JIH MOero 

coce.na. 3aMerKa n raaere MOiKer 6hITh npoqM1aHa c HeKorophlM 

HHTepecoM MHOfMMH qHraTeJISIMH, HO TeopeMa 9t:tHmTeAHa He 

HMeer ueHHOCTH }lJISI pst}lOBOro qenoeeKa, TOr JJ.3 KaK OHa npM

tt.tieKaer 60JJblllOe BHHM3Hffe QlM3ffKa. 

Bee 9TH 9neMeHTbI 11enoeeqecKoA oueHKM wrHOpHpyrorcsi 

li H3CTOHmeA reopMM .. 9ro He 03Haqaer, lfTO OHM JlOJliKHhl HfHO

PffPOB8TbCff scerJJ.a, HO B H3CTOHUlee epeMSI OHff erue He HCCJie

llOBaHhI H He KJl8CCHcpHUHpOB3HbI. Ilo BCeA BepOSITHOCTM 9TH 

HpOoJieMhl oyn;yT OtlepellHhlMM B nporpaMMe H3YtfHhlX MCCJieJlO .. 

HaHMA, ff MOiKHO Ha}leffTbCff, QTO OHM CMOryr o6cyiKJ.l3TbCH c 

IIpHMeHeHMeM HayllHblX MeTO}lOB. 

TenepeWHSist TeopHSI npoc1MpaeTCS1 na «HHlfettHyro aeMJJID>> 

aoCOJllOTHOlt MHcp0pM3UMM, Ha npOoneMhl, KOTOpbie ,llO CHX 110p 

He oocyiKJJ.anM HM yqeHble, HH cpMnococpbl. Kor 11a Mhl noAJleM 

110 npooneM ueHHOCTM, TO Mht naqHeM yiKe eropraTbCH Ha rep .. 

pMropM10, npMHa.n.neiKamy10 cpMnococpMH. CMOiKeM nH Mhl nepe

ceqh sry rpaHMUY H pa3}lBHHYTb npe11enbI HayKff B 9TOM HanpaB .. 

neHMM? Ey Jlymee OTBeTMT Ha 9TOT BOnpoc 1). 

OnpeJJ.eneHHe aocOJIIOTHOlt HHcp0pM3UHM HMeeT OOJlbIDOe npaK

THQeCKOe sHaqeHMe. l1cKn10qeHwe qenoeeqecKoro 9neMeHTa KaK 

paa }laer eoaMOiKHOCTh orserffTh Ha uenhlA pHJl eonpocoe. l1H)Ke

nepa, KOTOphlA KOHCTpyMpyer TenecpoHHYIO CHCTeMy, He MHTepe

cyer, oyJ.leT JIM OHa HCfl0Jlb30BaHa JJ.JISI nepe}laqM cnJieTeH, OMp

iKeBbIX ueH 11nw JlffnnoMarMqecKffX cooomeHfftt. TexHHQeCt{aH 

aa,llaqa seer }la O}lHa M ra iKe: nepe11arb HHQJOpMaUffID, KaKoBa 

Ohl oHa HH 6b1na, npaBMJihHO M TOtlHO. KoucrpyKrop BhlllMCnH .. 

renbHOA M8lllMHhl He 3HaeT, 6yJJ.eT OHa npMMeHHTbCH JI.Jiff cocrae .. 

JieHHSI acTpOHOMMlleCKHX TaOJIHU ffnH JlJISI KOMMepqecKHX pacqe

TOB. 'HCKJIIOtleHMe lleJIOBelleCKOfi oueHKM HHcpOpMaUMM - 910 KaK 

pas nyTh K ee H8YQHOMY OOCYiKD.eHMID, He flOJJ.BepiKeHHOMy BJIH

HHMIO npe11B3SIThIX MHeHMA ff 9MOHMA. 

<l>H3MKa BCTynaeT B Hrpy' Kor ,lla Mbl o6HapyiKMBaeM npHMe•t a .. 

ren&Hoe CXOJJ.CTBO MeiKJ.ly MHcpopMauMefi M 9HTponMeA. 9ro CXO}l· 
crso }lasuo yiKe ob1no orMeqeHo JI. Cff nap}lOM B ero crapott 

1
) CM .. npe.ll.bl.ll.YlllYIO ceocKy. 
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pa6ore 1929 r. ' KOTOpaH HBJJHeTCH npe.u.rnecTBeHHMUe-" .u.aHHOtt 
TeopHu. B 9ToA paoore CuJiapll stanstercst noucTMHe nuoHepoM 
Ha tteH3BeJJ.aHHOA repp0ropuu, Koropy10 Mhl ce-"ttac u3yt.1aeM 
BO acex HanpaaJieHustx. OH ucc11e.u.oean npooneMy JJ.eMoHa MaKc .. 
Ben.Ra, KOTOpast HBJifleTCH O!I.HHM 113 BaJKHhlX BOTipOCOB, OOCYJK· 
lleHHblX B 9ToA KHure. Cesish Mem.u.y uHcpopMauHeA H 9HTponueA 
OhlJl3 BHOBb OTKphlTa llieHHOHOM B JJ.pyroM KJJacce 3aJJ.aq, H 
Mbl oTBO.U.HM MHoro r nae 9TOMY cpaeHeHu10. MbI noKa3hlBaeM, 
QTO RHcpOpMaUHH .U.OJllKHa paccMarpRB3ThCSI KaK orpnuaTe.'lhHOe 
cnaraeMoe 9HTPOTIHH CRCTeMhl; KOpo1.1e rOBOpH, HHcpOpMaUHH eCTh 
Hef 9HTponHH. 

9ttrponust cpH3HtleCKOA CHCTeMbl qacro OTIHChlBaJJaCb KaK 
Mepa cnyqa-"HOCTH crpoeHHH cucTeMbr. Mbl MoiKeM reneph ccpop
MynwpoBarh 9TO nonoJKeHue HeCKOJlhKO HHaqe: BCHKast cpH3H4e
CKaH c0cTeMa He nonHOCThIO onpe.u.eJieHa. MbI aHaeM /IHlllh aHa
t1:eHHst HeKOTOpbIX MaKpoCKOOHQeCKHX nepeMeHHbIX, H Mbl He B 
COCTOSIHHH onpeJJ.enHTh B TOQHOCTH OOJJOJKeHHSI H CKOpOCTH 
ncex MoneKy n, 06paay10mHx cwcTeMy. Mbl HMeeM JIHillh cKyJJ. .. 
ByIO qaCTHllHYIO HHcpOpMaURIO 0 CHCTeMe, H OOnblllaSI qaCTh HH
cpopMaUHH o JleTaJihHOf.t cTpy1<rype orcyTcrByer. 8ttrponust ecTL 
:viepa He,U.OCTaTKa HHQJOpM3UHH; OHa BbipamaeT ooruee KOJIHqe .. 
CTBO orcyrcTBYIOlllefi HHcpOpMauuu 00 y JlhTpaMHKpOCKOUH4eCKOM 
crpyKType CHCTeMbl. 

9ra TOQKa speHHSI onpe.u.enfleTCSI KaK Her9HTpOnHAHblfi npuH
uun HHcpOpMaUHH H HenocpellCTBeHHO Be,lleT K OOOOIUeHHIO BTO· 
poro H3113JI3 repMOJJ.HHaMHKH, TaK KaK 9HTponust H HHQJOpMaUHSI 
llOJIJKHhI paccMaTpHBaTbCH COBMeCTHO H He Moryr rpaKTOBaThCH 
110p03Hb. 3TOT Her9HTpOnHAHblfi npHHTIHn HHcpOpMaUHH oy ,U.e'f 
HOJJ.TBepJKJie1:1 paanHt.JHbIMH npRMepaMH e ,u.Ranaaotte or reoperu-
1.1ecKO-" cpusuKu JJ.O noeceJJ.HeettoA JKHSHR .. Cyw.ecrseHHO noKa
aaTh, QTO JllOOOe HaOJIIOJJ.eHue HJIH 9KCnepuMeHT H3.U. cpusuqeCKOit 
CHCTeMof.t aBTOMaTHQeCKR Beller K yBeJittQeHHIO 9HTpOnHH J1a60-
paropRH. Iloc.11e 9Toro eosMO)l(HO cpaBHMTh norep10 Her9HTponuu 
(yeenuqeHHe 9HTponHR) c KOJiuqecTBOM nonyqeHHOA RHcpOpMaUHH. 

3cpcpeKTHB~ocrb 9KcnepHMettra Momer ohlTh onpellenetta KaK 
OTHOllleHH;e nonyqeHHOit RHcpOpMaUHH K CBSl3aHHOMY c Heft yae
JIHQeHHEO 9HTponHH. 3ra 9cpcpeKTHBHOCTb cor.11aCHO o6oouteHHOMy 
npHHuuny KapHo acer lla MeHhllie e,u.RHRUhI. IlpRMepbl noKasbl
earor, 11ro 9cpcpeKTHBHOCTh Mamer obITh onusKa K eJIRHuue e 
neKOTOphlX cneuwaJihHblX cnyqaHx, HO MO}KeT OblTb raK>Ke t.1pes .. 
BblqattHo Manott B .u.pyrux cnyqaHx. 
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CJTOT non.xon. Ol:feHh noneBeH npH cpaHHeHMH OCHOBHblX 9KCne

pHMeHTOB, npwMeHsteMhlX a HayKe, a qacrHocr11 a cptt3MKe. OH 
seJJ.eT K HOBOMY HccneJJ.oBaHHEO scfxPeKTHBHOCTH pasJIHlfHhIX Me

TOJI.OB H30JIEO)leHHSI, a T3KiKe HX TOlfHOCTM H Ha)leiKHOCTH. 

HuTepecHblM pe3yJ1hT3TOM 91oro paccyiKJJ.eHHSI sta;u1eTCH 

83KJIEOlf eHHe 0 TOM, lfTO H3MepeHHe l!pe3BbllfattHO M3JiblX paCCTO

HHHit cpHBHlf eCKM ueB03MO)KHO. Ma1eMaTHK onpe;:xeJISieT 6ecKo· 

HeQHO M3Jlhle, · HO cpH3HK 30COJllOTHO He B COCTOSIHHH H3MepHTb 

HX, H OHM npe,llCT3BJifflOT co6oA lfMCTYEO aocTpaKUHIO, JIMIIJeHHYEO 

cpH3MqecKoro CM1>1cna. ECJIH Mhl npuMeM onepauuonHyEO TOlfKY 

speHHSI, Mbl J.1.0JI>KHbl HCKnEOlfMTh oeCKOHeQHO M3JIYe H3 cpH3Mqe

CKHX TeOpHit, HO, K COiKaneHHEO, Mbl He HMeeM npencTaBJieHHff 

0 TOM, KaK BhlDOJIHHTh T3KJIO nporpaMMy. 

B oomeM, Mbl Ha)leeMCff, '-ITO HayqHaff TeopHH HHcpOpMaUHH 

OTMeqaeT Haqano HOBOtt Ba)KHO~ r naBbl HaJl:fHhlX HCCJieJJ.oBaHI,ft.1, 

e ocooeuuocTH s oonacTH cpH3HKH, a TaKiKe ouonorHH. 

----



rJJABA 1 

OTIPE)lEJIEHHE HH<llOPMAUHH 

1. OnpeneJieHne uuct>opMauJ1H 

Teopwsi 11HcpOpMaun11, pa3paooTaHHaSI 3a nocne11HRe ro11hl, 

Harnna rnHpOKOe npHMeHeHHe B pa3JIHQHblX o6naCTHX: B CBSl3H, 

B TeXHHKe BblQHCJieHMfi, B llRCTOi\ cpH3HKe 11 npR 06cym11eHHH 

OCHOBHOfO npouecca HayqHOrO HaOJIIO)leHl1SI. HeKOTOpaSI BeJIH-

1.IHHa MO)l{eT oblTh onpe.n.eneHa KaK Mepa KOJIHQeCTBa 11HcflopMa

UHH B )laHHOtl onepau11H, R Mbl noKa)l{eM, QTO 9Ta BeJil1QRHa 

TeCHO CBSl33Ha c cpH3HQeCKOfi 9HTpon11efi, npHMeHSieMOfi B TepMO

LI.HHaMHKe. 

Onpe)leJieHHe RHcpopMauwu BhlBOJlHTCH H3 cTaTHCTwqecK11x 

paccy)KJleHHfi. Oocy JlHM CHaqana oqeHh npocToA np11Mep. Pac ... 

CM0Tp11M CHTyau11IO, 8 KOTOpOfi MOryT np01130ATH Po pa3JIHqHbIX 

co6hITl1A, HO npw ycnoBMH, qTO 9TH P0 B03MO)l{HhIX 11cx~11oa 
CllHTaIOTCSI anpwopH paBHOBepOHTHblMl1. 3TO eCTb HCXO)lHaSI CH~ 
ryaUMSI, KOr 11a Mbl He HMeeM cneuMaJihHOfi RHcflOpMaURH 0 pac .. 

CMaTpHBaeMOtl Cl1CTeMe. ECJil1 Mbl TIOJiyqaeM 06JiblllJEO HHcp0p

M3UMIO, Mhl CMO)l{eM yTOlf HHTb, qTO TOJihKO OJlHH 113 P0 HCXO)lOB 

B )lefiCTB11TenhHOCTH pean11ayeTCH. lJeM ooJibrne Heonpe)leJieH

HOCTb 11cxO)lH01t 3aJJ.a tt11, TeM 6onbrne P0 n reM ooJibrne KOJIM

tteCTBO HHcpopMaUMH, neo6XOl1HMOe l1JIH 8bl6opa. 

VlraK, Mhl HMeeM: 

HaqanhHasi CHTyau11si: 10 = 0 npw P 0 paaHOaeposiTHblX HCXO)lax, 

KOHeqHaH CRTya[l11H: 11 * 0 np11 P1=1, T. e. npH O)lHOM 

Il30paHHOM 11CXO)le. 

C11MBon I o3Haqaer HHcpopMau11EO, H onpe)leJieHHe HHcpopMau11w 

eCTb 

( 1.1) 

r )le K - nocTOSIHHaH, a ln - 03HattaeT HarypanbHhlfi norapHcpM. 



20 onPEJIE.JIEHBB HH<t>OPMAUHH [ I'JI. 1 

IlpBMeHeHHe 11orapHcpMa B ( 1.1) onpaB.llh1Bae1CH TeM, QTO 
Mhl JKenaeM, 11TOob1 HHcpopMaUBH oonaJ.Iana cBOiicTBOM a.ll,UHTBB· 
HOC TH. 

PaccMOTPHM J.IBe HesaBHCHMhie sa,UatJH, nepeaH ws KOTOpblX 
HMeer P01 anpuopu pasHOBepOSITHhlX perneHHA, a eropaH - P 02• 

f{aIECJ.Ioe pernenHe nepsoA sa,Ua11H .MOiKer ohITb cnapeHo c HeKo
TOphIM perneHHeM BTOpoit TaKHM oopa30M, ooruee 'UIC JIO Ha-
48JJbHMX HCXO,UOB paBHO 

'ITO J.Iaer: 

( 1.2) 
r}le 

lu = K Jn P 01' 112 = K Jn P 02 • 

06ruee KOJIHQeCTBO HHq>OpMaUHH, HeOOXO.llBMOe )lJIH perneHHH 
OOeHX 3aJ.Iaq, paBHO CyMMe pa3J.IeJibHhlX HHcpOpMaUHti 111 H /Fl· 

2. CncTeMbl ennnuu 

llpeiKJ.Ie qeM HJ.ITH Jlanee, HYiKHO oocy,UBTb BOnpoc 0 eiJu-
1uiqax. B TeopHH HHcpopMaUHH npHHHTO paccMaTpHBaTb HHcpop .. 
)f3UHIO /, KaK 6espa3MepHyIO BeJIBQHHY (OTBJieQeHHOe QHCJIO), 
a cTano 6h1Tb, nocTOHHHaH K ecTh orBJieqeHHOe QHCJio. HaH6o

nee YJ.I06HaH CHCTeMa ocHOBaHa Ha J.IBOHtJHhlX eJ.IHHHuax (binary 
digits, COKparueHHO bits). DOHCHHM 9TO Ha npHMepe. 

PaccMorpHM sa.llaqy c n paaJIBQHbIMH HeaaBHCHMhlMH Bhioo .. 
paMH, Ka)l(JlblA H3 KOTOpbIX CBOJlHTCH K J.IBOH4HOfi anbrepHaTHBe: 
O BJJH 1. Ooruee q11cJio aosMO}KHOcrefi 

P=2n, 

ll H3 ( 1. J) nonyqaeM HHcpOpMauHIO 

I= K1n P= Kn Jn 2. 

Mhl iKenaeM OTOiKJJ.ecrBHTh I H n (qHCJIO J.IBOHtJHhlX e.llBHHU) 
H 6epeM: 

( 1.3a) 

TaKHM o6pasoM, HHcpOpMauHH I B llHOHQHblX e.llHHHuax paena 

I= log'l P. (l.3b) 
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B Kattecrse npuMepa paccMOTpHM KOno.u.y HS 32 paanHllH&Jx 
Ka pr, 113 KOTOpbIX JJ.OJiiKHa OhITh Bh16paua o.u.ua. Ha ocuosaHHH 
( 1.3b) Mhl CKaiKeM, ttTo I= 5 .n.souttuhlx e.u.uuuu, TaK KaK 
32 = 2is. Ho B03hMeM reneph 11ee KOJIOJlhJ, no 32 KapThI B 
KaJK110A. EcnH Mhl Bh16epeM .u.ae KapThI, no 011uoA 113 KaJKnoA 
l{OJIO.U.hl, TO iKeJiaTeJihHO, tfT06hl Mhl Mor JIH CK338Tb, •110 HHQJOP· 

MaUIHI npH 9TOM B,U.BOe 60JihIIJe. 06mee '-IHCJIO B03MOiKHOCTe~ 
paeuo 

r JJ.e 

H, CJie)lOBateJJbHO, 

P= 210. 

Yis ( L 1) uaxo,u.HM: 

I= KlnP= Kin (P1P2)= KlnP1 +K1nP2 

H, raKHM o6pa30M, I= 1 a JJ.BOH'-IHhtX e.llHHHU. 

YiTaK, norapMcpMMllecKoe onpe.u.eneuHe nucpopMaUHH npe11-
cTaensieTCS1 pasyMHhIM. 

Jlpyrast CHCTeMa e,u.HHHU MOiKeT 6h1Tb BBe,llena, eCJIH Mbl 

cpaBHHM unif:Jop.MafittlO c TepMo.u.11uaMHllecKott aHmponuea 11 6y
.u.eM l13MepSITh o6e BeJIHlll1Hhl B O.U.HHX H Tex JKe e,U.MHHU3X. 
3uTpOTIMSI (CM. rnasy 9) HMeeT pa3MepHOCTb 9ueprMH, )leJieHHOA 

Ha TeMnepa Typy. J].JISI 9HTp0nHH MMeeTCH cpopMy Jia DOJlhll,MaHa, 
oqeuh cxo.u.uasi c ( 1.1) u co.u.epiKautasi K09cpcpttuueuT 

k = 1,38. 10-16 apz/zpaiJyc. (1.4) 

3Ta KOHCT8HTa H3BeCTHa KaK DOCTOSIHHaSI BOJihUMaua (CM. 

(9.15) ). Ecnri Mhl aae.u.eM 9TY nocTosiuuy10 k BMecro K B (1.1 ), 
TO Mhl 6yJleM H3Meps:tTh HHQJOpMBUHIO 8 e,U.HHHuax 3HTponMH. 

Mhl MoiKeM c.n.enaTh em.e OJJ.HH war H Bhlopa Th eJJ.MHHUhl 

TaK, llT06hl KaK 9HTpOrIHSI, TaK H MHcpopMaUHSI 6hIJIH 6eapa3Mep· 
HhlMH BeJIMllHHaMH H npencTaBJISIJIMCh OTBJielleHHhIMH llHCJJaM11 1) • 

.IlnSI aToro nyJKuo usMeps:tTb TeMnepaTypy B e1111u11uax sueprHH. 
Oohllluas:t cTorpa11ycuaS1 wKana npHMeHHMa, ecnM k HMeeT llHC· 
neuuoe aHalleutte (1.4) H paccMaTpHaaeTCH KaK oTaneqeuuoe 

tlHCJIO. IlpH 9TOM OTHOIIJeHHe e11HHMU uaIIJHX llBYX CMCTeM T3KiKe 

1) D. E. B e I I, J. Appl. Phys. 23, 372 ( 1952). 
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ecTb oTeneqeuuoe QHcno, paouoe 

k 
K = k ln 2 ~ 10-·16• 

[ r n. 1 

(1.4a) 

3To QHCneHuoe suaraeu0e Hrpaer aa.1.Kuy10 ponh ao acex npwMe
HeHHSIX reopHH. 

3. Oooom.eene e npeMepb1 

Onpe.ueneHHe MepbI HHcpopMaUHH MOJKeT OhITh pacnpocTpa
neHo Ha cnyqatt, KOf .LJ.8 B HaqaJJbHOA CBTyauHH HMeeTCSI Po 803-
MOiKHbIX HCXO.LJ.OB, a B KOHelIHOii CHTyauHH - Pi HCXO.UOB: 

e Haqane: / 0 = 0 npH P 0 paeuosepoSJTHbIX HCXo~ax, 
e Kouue; I:/:; _O np0 P 1 paBHoeepOSITHhIX HCXO)lax. 

B 9TOM cnyqae 
P. 

/ 1 =K1n P: =K1nP0 -KlnP1• (1.5) 

9TO onpe~eJieHHe CBO~HTCSI K ( 1.1 ), KOr .LJ.a P1 = 1 B npe.LJ.
CTaBJJSJer coooti oqeBH.LJ.HOe OOOOW,eHHe ( 1.1 ). 

PaccMorpHM lIHCJJeHHblii np0Mep, a KOTOpoM MbI npe.unono
iKBM Bee UHcppbI paBHOBepOSITHbIMH. n ye Th a - KOJIHlleCTBO 
11Hcpp c ocuoeau0eM N. Booome, 

I= Kln Na= KO In N. (1.6) 

Mhl Mo>KeM Bhlpa3HTb ( 1.6) a .LJ.BOHlIHblX e~wuwuax: 

I= a log2 N, (1. 7) 
TaK KaK 

(log2 N) (In 2) =Jn N " 
1 

K= In 2 · 

TaK, eCJIH 1.V = 2, Mbl oy .LJ.eM HMeTb 20 pa3JIHlJHbIX HCXO.UOB li 

I= a ~BOHQHbIX e.LJ.BHHU HHcpOpMaUHB. ( 1.8) 

JierKO noKa3aTh, QTO Mbl nonyQHM TO >Ke KOJIHQeCTBO HH· 
cpopMaui-u1, ecJIB H3MeHHM ocuoeaHHe N H cooTBeTCTBeHHO lIHCJIO 
uwcpp. IlycTh, uanpHMep, BhIOpauo ocuoaaune N' = 8. Tor .LJ.a 
.UJJSJ aanHCH paccMa1p0eaeMoro QHCJia noTpeoyeTCSJ ecero O' = 
= 0/3 uwcpp, H 

I =0' log2 N' = ~ · 3 =0, 

qTO cornacyercH c (1.8). 

( 1.9) 
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PaccMorpHM .uecH'fHqHoe qHcno HS 0 10 uHcpp: 

N= 10 H /=010 log9 10=01o3,32 ,n:B. e.u:. (l.10) 

OJI.Ha .u:ecHTHqHaH uwcppa .uaeT 3,32 .ua. e.u. HHcpopMauHw; .u:eoHq .. 

HaH 38ITHCb llHCJia Tpe6yeT B 3,32 pasa 60JibWe UHcpp, lleM 

4. Hnct>opManHH H anct>aeHT 

DOJiblllaB qaCTb HCOOJib3YeMott HaMu HHcpOpMauwu coo6maeTCSI 

rrocpe.ucTBOM H3b1Ka. B ycTHOtt pellH 9JieMeHTapHbIMH CHMeonaMH 

HBJIHIOTCH OCHOBHhie seyKH (Ha3hlBaeMble llaCTO cpoHeMaMH), a 

B OHChMeHHOlt peqH CJIOBa COCTaBJieHbl li3 6yKB. PaCCMOTpHM 

ITHChMeHHOe npe.UJIOiKeHHe H TlO.UCllHTaeM KOJIHqeCTBO HHcpOpMa

UMH, co.u:epiKarn.ettCH B 9TOM rrpe.U:JIOiKeHMH. 8Ta CJIO>KHa51 sa

.uaqa HMeeT 6011bUIOe .npaKTHlleCKOe 3Haqeuwe; OHa OhIJia rro

.u:po6Ho oocy>KJleHa 1\. llieHHOHOM 1) H MHOrHMH .upyrHMH. KaK 

Mbl YBH.U:MM, OOJIHOe H CTporoe pemeHHe 3al(aqu JlO CHX nop 

HeHSBeCTHO M3-3a OTCYTCTBHH ITOJIHblX craTHCTHqeCKHX .u:aHHblX 

0 SlShlKe. 

MbI MO>KeM paccMaTpHBaTb t5yKBbl KaK CHMBOJibl, KOTOpble 

HeOOXO.U:HMO BblOHpaTb .U:JIH ITOCTpOeHHH npe.uJIO>KeHHSI. IlOJIHblit 

ancpaBHT co.u:epiKHT 27 CHMBOJIOB: 26 6yKB ITJllOC npoMeiKyTOK 

MeiK.uy cnoeaMH. EcnH 9TH 27 CHMBOJIOB paeHOBepoHTHbI anpMop11, 

TO Mbl MO)KeM CKa3aTh, qTO HHcpopMau11H, co.u:ep>Kaw.aHCH B npe.u

JIO>KeHHH HS Q tJyKB, COCTaBJIHeT: 

I= a logg 27 .UB. e.u:. (1.11) 

i = logg 27 == 4, 76 .U:B. e.LJ.. Ha oyKBy. 

9TO COOTBeTCTByeT rrpHMOMy npHMeHeHHIO rpopMyJihl ( 1. 7 ). 
0.u:HaKO nonyqeHHOe TaKHM o6pa301\f pemeHHe Hey .U:OBJieTBOpH

TeJibHO, TaK KaK pasJIHqHhie 6yKBbl BCTpeqa!OTCH B HSbIKe c He· 

OJlHHaKOBbIMM anpwopHbIMH BepOHTHOCT51MH ( TaO.lJHUa 1.1 ). 
IlycT& p1 - arrpwopHaH BepostTHOCTb j-tt t5yKBhI (j = 1, 2, ... 

. . . , 27), KaK yKasaHo e Taonwue 1.1. Cpe,n:HHH MHcpopMaUH51 

1
) C. E. Sh an non, \V. \Ve aver, The l\lathematicaJ Theory of 

Communication, U. of IHinois Press, Urbana, 111. , H) 19. 
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Tat5nMua 1.1 
BepoHTHOCTL noueJ1eeus p H seaqeeHR-log10 p 

JI.JIB 6yKB aer JIHACKOfO RSblKa 

CHMBOJI 
BepO.HTHOCTb 

- logto P Ii CHMBOJI 
BeposrTHOCTb 

p 
I p 

I 
l 0,029 IlpoMemyroK 0,2 0,699 I 
c 0023 E 0,105 0,979 ' 

T 0,072 1,143 FU 0,0225 
0 0,0654 1,184 M 0,021 
A 0,063 1,2 

p 0,0175 
N 0,059 1 23 YW 0,012 , a 0,011 I 0,055 1,26 
R 0,054 1,27 B 0,0105 
s 0,052 1,28 v 0,008 
H 0,047 I 33 K 0,003 

' x 0,002 D 0,035 I,46 
I JQZ 0,001 
I 

Ha O.llHY 6yKoy, cornaCHO llieHHOHy, aanHrneTCSI KaK 

1=~1 

i=-K _!.Pi lnp1. 
j=l 

Oocy .llMM npMMeHMMOCTh 9TOJ1 cpopMynbl. 

- log10 p 

1,54 
1,64 
lt65 
1,68 
1,76 
1,92 
1,96 
1,98 
2,1 
2,52 
2,7 
3,0 

( 1.12) 

5. He4JopMaU.HB, COllep)f(aU(aBCB B COBOKyDHOCTH CHMBOJIOB 

c pa3nHqHMMH anpHOpHYMR eepOHTHOCTHMH 

npe.llnOJIO)f{MM, QTO Mbl npMMeHHeM M pa3JIMqHbIX CHMBOJIOB 

1, 2, ... , j, . .. , M, KOTOpble MMeIOT anp11opHble oepoHTHOCTH 

Ph p2, ... , pj, ... , PM cooTBeTCTBeHHO. H11KaK11x .D.pyrMx ycno .. 
BH" 11n11 orpaHnqeHMlt OTHOCMTeJibHO npMMeHeHHH 9TMX CHMBOJIOB 

He HaKJia.llhlBaeTcst. Mbt )f{enaeM BbieecTn meHHOHOBO paaeHCTBO 

(1.12), COr JiaCHO KOTOpOMY DOCJie.llOBaTeJILHOCTh M3 0 CHMBOnOB 

co.uep>KMT HHcpOpMaUMIO 

i=M 

l=Oi=-GK 2:p1 lnpJ, 
i=l 

(1.13) 



Hll<l>OPMAlUHl C PA3HhlMM AilPHOPHbIMM BBPOHTHOCT~MH 

r~e i--cpe.llHHH HHcpOpMaUHff Ha CMMBOJI M 

i=M 

! Pj= 1. 
j=I 

HaqHeM c npocTott sa.n:allM, KOtopy10 sareM nerKo 0606-
IllMTh. PaccMOTpHM ancpaBHT H3 llBYX «6yKB» - roqKM H rMpe, 
KaK B TeJierpacpHM, HJIM 0 M 1. PaCCMOTPHM a IlOSHIJ,Mtt (cells -
HqeeK), H nycrh N0 noa1111.wit co.n:epiKaT 0, a N1 CO.llep>Kar 1, 
T8K qTO No+ N. =a. TaKHM o6pa30M, BCe Il03HUMM aanoJJ
HeHhl. Tor .u.a BepoHTHOCTh nosMuHM, CO.llep>Kamelt 0, 6y .n:er 

No Po=a, 
H aepOSITHOCTL roro, QTO 003MUHSI CO.llepiKMT 1, ecTL 

Ni 
Pi=a, 

npMQeM 

Po+P1=l, 

( 1.14) 

( 1.15) 

(1.16) 

T8K KaK BepOHTHOCTb Toro, lJTO B HeKOTOpoit fl03MUMM co.u.ep· 
iKHTCH JlHOO 0, JIMOO 1, paBHa e.n:MHMUe. 

Tenepb Hait.n:eM lJHCJIO cnoco60B sanOJIHeHMSI Ka:tK.n:ott M3 a 
Il09MII.Mit JIM60 0, JlHOO 1 (HO HHKOHM o6pa30M He o6oMMH CHM
BOJiaMH OllHOBpeMeHHO). 9ra san.aqa B TOQHOCTH Ta iKe, QTO 
B CTaTMCTHKe <l>epMH. YHCJIO cnoco6oB sanOJIHeHMff a Il03MU1Ifi 
paoHo qMcny cnocoooa sanonHeHHSI N0 nosMuMtt HYJIHMH, TaK 
KaK, ecnw Mbl y}f\e pacnpe.n:enHJIM N 0 Hynefi, ro ocran&Hhle Ni 
nosHuwtt .u.on>KHbl co.n:ep:tKaTL no e.n:MHMue Ka>KJJ.aH. Ho QMCJIO 
cnoco6oB sanonHeHMff N 0 noaHUMit HYJIHMM pasHo llMCJiy nepe
craHoaoK (c DOBTOpSIIOlll.HMHCSI 9JieMeHTaMH) H3 a no No: 

QI 
P= Nol Nil. (1.17) 

3TO eCTb QMCJIO C0061UeHMit H3 Q CMMBOJIOB .U.BYXOYKBeHHOrO 
ancpaswra, OII.MH M3 KorophtX BCrpeqaercH N0 paa, a .llpyrott -
Ni pas. llnH OllHOro MS raKMX coo6meHHit cor nacHo ( 1.1) HH
cpopMauMH paaHa 

I =Kln P=K(ln O! - In N 0!-1n N 1!). (L18) 
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ECJIH coo6m.eliHe .nnHHHO H a, No H Ni .nocTaTOlfHO BenHKH, 
To norapw<t>Mhl cpaKTOpHaJIOB MoryT OhITb BhlpaiKeHhl np116JIH
iKeHno Ha ocHosaHHH cpopMy nbt CTupnuHra: 

In Q! ~ Q (ln Q- 1). (1.19) 

3ra cpopMyna Jl&eT, KaK nseeCTHO, oqeHb xopowee np1101n1)Ke

HHe ,nJISl Q > 100. l1TaK, ecnH a> 1, No> 1 H Ni> 1, TO 

l ~ K [ 0 (In Q - 1) - N 0 (ln N 0 - 1) - Ni (In N1 - 1) ] , 

(1.20) 

CHOBa npHMeHSH1 paBeHCTBO a= No+ N., nepenurneM ( 1.20) 
B BHJI.e 

~--n' - n- -Jn-I va ( No I No + Ni Ni ) 
, a a a a· 

IlO.U:CT3BRS1SI ( 1.14) H ( 1.J 5) H ,nenst Ha Q, nonyqaeM; 

i = ~ ~ -K (Po 1npo+ p 1 1npi), 

(L21) 

(1.22) 

r .Lte i - HH<t>opMaUHSl Ha CHMBOn coo6rueHHSl. 3To H eCTb cpo p
My Jia llleHHOHa JI.JIH cJiy1.1aH Jl.Byx CHMBOJIOB. 3aMeTHM, qTo p0 

11 p 1 MeHhUie e.LI.HHHUhl, HX JIOr~pHcpMbI 01p11uaTeJihHhI, a noTOMY 
cpopMyna ( 1.22) .naeT rronoiKHTenhHOe sHaQeHHe .LtnH i. 

06oomeHHe Ha cJiyqafi't 6oJiee lfeM .n.eyx CHMBOJIOB noJiy .. 
4aeTCSI nerKo. 06osHaq11M qepes Ni, N9, ••• , Ni, . .. , NM llHCJia 
CHMBOROB M pa3JJHqHbIX THfIOB H Bbl6epeM QHCJIO ll03HUHJI 

(1.23) 

Onpe,ll.eJIHM eepoHTHOCTh j-ro CHMBOJia 

( 1.24) 
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j=M 

! pj= 1. (1.25) 
j=I 

Oc>mee qHcno cooc>meHult P, KOTOpbte MO'.iKHO no11yqu-rb, 

paCnpe.IJ.eJISUI CHMBOJlbl CJiyqaJIHblM 00p330M no Q n03HUHSIM 

(TaK QTOCibI Ha OJ.I.HOii n03HU.HH HHKOf .IJ.a He OK33bIBaJIOCb c>onee 

OJ.I.HOto CHMBOJia), cocTaBJISJeT: 

QI 
P= - .M }= 

( 1.26) 

II NJ' 
j=I 

cI>opMyna (1.26) stBJISieTCH npHMblM ot5o()meHHeM (1.17). Mbl no· 
ny11aeM .n:nsi 11HcpopMau11H, co.u.epiKameltcsi e OJ.l.HOM HS cooc>me

uutt: 

J=M 

l=KlnP=K[ln(O!)- ! ln(Ni!)]~ 
j - I 

j=M 

~·K(OJnO- ! NilnN1). 
. j~I 

(1.27) 

PaBeHCTBa B 9TOM BbipaiKeHHH COOTBeTCTBYIOT (1.18), ( 1.19) 
H ( 1.20), noJiaraSJ no ... npeiKHeMy, qTQ a H Ni .lJ.OCTaTO'-IHO Be# 

JIHKH, TaK qTo npnMeHHMa <PopMyna CTHPJIHHra. MeTo.tr., npu 
noMOlllH KOToporo nonyqeHhJ ( 1.21) H ( 1.22), .naer ·reneph: 

j=M J=iH 

/~-KO! 1/j In~ =-KO! pilnp1, (1.28) 
j=-l j= I 

a 9TO H ecTb <1>opMyna WeHnoua. 

B KaqeCTBe npHMepa paCCMOTpHM cooomeHne HS t 0 000 CiyKB 

27 -CiyKBeHHOfO ancpaBHTa, BhlCipaHHblX. CJiyqafiHblM o6pa30M c 
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oiu-1HaKOBhlMH anpnopHbtMR eepoSITHOCTSIMH. Tor Lta 

a= 10 000 H I= 10 000 logi 27 = 47 600 JlB. e.u. (1.29) 

H 

i = 10~0 = 4,76 .ll.B. e.a. Ha 6yKBy. (1.29a) 

EcnH, o.uHaKo, MbI cocraBHM coo6meH11e taKott me .unHHhl, 
HO BbIOepeM 6yKBbl 8 COOTBeTCTBHH c HX .n.ettcTBHTeJlbHblMH anp11-
0pHblMH eepo11tHOCTS1MH, to Hymno eocnonbaoeat&CSI ( 1.28): 

}=21 

i= ~ = 10~ ~K ! pilnp1=4,03. 
j=l 

(1.30) 

nocne.uHee sHaqeH11e nerKo no.n.cq11TaTb no LtaHHbIM TaOJIHUhI 1.1. 
Eonee no.upot.5Hhlti aHaJIH3 CTPYKTYPbI 113hlK8 oy .ueT .n.aH B 

cne.uy10m11x pa3LteJiax. Ey .ueT noKa3aHo, 1.1to Bhlwenp11ee.ueHHoe 
3Ha4eHHe npeLtCTaBJIHeT cot.5oti BepXHIOIO rpaHb R llTO .uetiCTBM
TeJibHOe KOJIHlleCTBO HHcpOpMaUHH Ha 0.UHY 6yKay MHOro MeHb· 
rue 4, BepOSITHO, Mem.n.y 1 H 2 .QB. e.u. Ha 6yKey. 

6. OtimHe saMeqauHH 

0JlHO o6mee saMeqaHue MomHo CLtenatb cpasy: n106oe orpa
HH1.1eH11e, J110t.5oe JlOOOJIHHTeJlbHOe ycJIOBHe, HaKJia.UbIBaeMoe Ha 
B03MO>KHYIO ceo6oLty BhI60pa, BeLteT K yMeH&WeHHIO HH$OpMaUHH. 

PaccMOTpHM c11cteMy, npe.n.cTaBJISJIOlll.YIO P pas11HQH&1x B03· 
MO)KHOCTeti, KOr )la BCe nepeMeHHble CBOt.50.llHhl. Kor .ua Mhl HaJia
rae:u Ha nepeMeHH&Ie orpaH11qeH1111, yMeH&ma10m0e ceooo.n.y BhI· 
OOpa, 3TH ycJJOBHH HCKJIIOqaIOT HeKOTOpbie HS paHee cymeCTBO• 
easlllHX B03MOmHocreti. Hoeoe q11c.r10 BOSMO>KHOCtett P' c orpa
n11qeHHHMH JlOJl)KHO 6h1Tb, oqeBH.UHO, MeHbWe, lleM nepBOHaqaJib
HOe P, H D09TOMY Mbl .D.0Jl)l(Hbl IlOJiyqHTb HOBOe SHaqeHHe HH

cpopMaUHH I' < /: 
6es orpaH11lleH11tt: P eosMomHocrelt, I= K Jn P; 
c orpaHHlfeHHHMH: P' B03MOlKHOCTett, npH p < p H 

• 
i'=KlnP' <'· ( 1.31) 
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flpMMep npe.UhIJJ.ymero pas.n.ena, OTHOCHIUMitCSI K npHMeHeHMIO 
t5yKB, IlOSICHSlet 9TO. Kor .na oyKBbI npHMeHSIIOTCSI CBOOO.U.HO 
( OJJ.HHaKOBhie anpMOpHBie eepOSITHOCTH), HHcpOpMaUHH cocraBJJH
et 4,76 .UB. en.~ Ha oyKBy. Kor .n.a Mbl HaKJJ8JlhlBaeM orpaHnQe
HHe B cooreerctBHH c raon0uett 1.1 11 yt.tHTblBaeM anp0opH&1e 
BepOHTHOCTH paSJIHllHblX OYKB, HHcpOpMaUMH Ha 6yKsy na.n.aeT 
11.0 4,03 ,UB. e.n.. JI.onOJIHMTeJibHbie orpaHMlfeHHH npHBeJJ.yr K 
nan&HeAmeMy yMeH&llJeHHIO 9tOlt eeJIHQMHbI. 

D.pyrott cnocoo o6hHCHeHMH aroro oow.ero nono>KeHHH co
cro0r B TOM, llTOOhl npeJJ.CTaBMTb orpaHHlfeHMe KaK HeKoropyro 
npe.n.eapMteJibHYIO HH<t>opMaUMIO I c 0 cooow.eHHH, KOtopoe HaM 
npeJJ.CTOMT BYopar&; B TaKOM cnyqae 

eCTh KOJIMlfeCTBO MHcpOpMaUMM, KOropoe ocraercH nonyQHTb, 
ecn11 le 11aeectHo. 

Tenepb Hy>KHo CKa3ar& HeCKOJI&Ko cnoe no nonoJJ.y uamero 
cnocooa paccy~.neHHH, qro6hl noKasar& npeJ].eJihl ero np11MeH0-
MOCTH. Mhl Bhlopan11 B ( 1.1) ctar11cr11qecKoe onpeaeneuue rep
MHHa uHtfJopMaqun. 3ro MateMar111.1ecKoe onpe)J.eneHMe oqeu& 
noneauo npH o(5cy>KJleHHH MHOrHX HayQHblX H teXHHQeCKHX 
npooneM. 0Ho nosnon0r HaM CJlenat& HeKorophle B&1so.n.&1, HMe10-
mne .neilCTBHTeJILHOe npaKTHQeCKOe 3HalleHMe H t50J1&11Jy10 06111.
HOCTb. Ho ato eeChMa roqHoe onpeneneHMe orpaH0q11eaer Hae. 
4TOOb( nonyQMTb 9TO onpe.neJJeHMe, Mbl .Il.OJliKHbl HCKJIIOQHTb H 
11r1-1op0ponar& MHOrHe H3 OOhllfH&tx sHalfeHHil cnosa u1ujJop
.Maqun. 

Mhl onpe.a.eJu1eM ii1ttfJop.Maqu10 KaK pesyn&tar Bbl6opa; Mhl 
He paCCMarp11saeM llHt/JOp.MaqitlO KaK OCHOB8HHe .UJISI npencKa
SaHHSI, KaK pesyJibTaT, KOTOpbiit MO>Ker OhlTb HCilOJlhSOBaH ,ll,JISI 
Toro, QTOOhI cnenar& .llpyroti B&16op. M1>1 nonHocr&ro MrHopH
pyeM qenoeeqecKyIO OUeHKY HHcpOpMaUHH. Ilocne.n.oeaTeJI&HOCTH 
H3 100 OyKB IIpHilHChIBaeTCff onpeneJJeHHOe SHalfeHHe HHcpop .. 
MaUHH, H Mbl He HCCJieJJ.yeM, HMeet JIM 9Ta nocne.n.oeateJI&HOCTL 
K8KOil·JIH60 CMbICJJ, H eCJIH .n.a, BMeer JIM 9TOT CMblCJl KaKoe·JIM .. 
60 npaKTMQecKoe SHaQeHHe. B COOTBeTCTBMH c HallJMM onpeJ].e
JJeHHeM COBOKynHOCTb 100 oyKB, Bb10p8HHblX CJJyqailHbIM o6pa-
80M ( cor JiaCHO npaBHJiaM Ta6JJHUhl 1.1 ), cJ>pa3a B 100 6yKB 
H3 ra3eTbI, n&eCbI illeKCnMpa HJIH TeopeMbI 9ttHllJtet1Ha HMelOT 
u lOlfHOCTM 0,llMH8KOBOe KOJIHlfeCTBO MHcpopMSUMM. .llpyrHMH 
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CJIOBaMH, Mb[ ·onpe.nenHeM HHcfJOpMallHIO KaK HeqTQ OTJIHqHoe 0 r 

3HaHllR, .ll.JIH KOToporo y Hae HeT KOJIHqecTBeHHOFI Mepbl. 

Mbl He .u.enaeM pasn11q11H Me*.U.Y nonesHoFI H oecnoneaHotl 

~H$OpMaUHeFI H npennoqHTaeM flOJJHOCTb~ HfHOpHpOBaTh ueH

HOCTb HHcpopMaUHH. Harrie CTaTHCTHqecKoe onpe.neJieHHe HHcpop .. 

MaUHH OCHOBaHO HCKJJIDqHTeJibHO Ha pe.u.KOCTH. ECJIH CHTyauHH 

BCTpeqaeTCSI pe,ll.KO, OHa co.u.epiKHT HHcpOpMaUHID. 5IBJJHeTCH JIH 

9Ta HHcpOpMauHH ueHHOFI HJIH HHKqeMHOFI - 9TO Hae He Kaca

eTCH. flOHHTHe ueHHOCTH OTHOCHTCH K B03M0)1(HOMY HCnOJlb30-

BaHHID >KHBLIM Hat5nID,ll.aTeneM. 9To Haxo.u.HTCH .sa npe.u.enaMH 

.ll.OCHraeMocTn HarneFt Teopuu, H Mbl He HaMepeH&I oCicy*.u.arh 

npoueccbl MhlrnneHHH H JIIDCible .u.pyrue npoCineMhI, CBSJ3aHHhie c 

HCnOJibSOBaHHeM HHcpOpMaUHH )l(HBblMH cymeCTBaMH 1). 

Harne onpe,ll.eneH11e nHcpopMauHH siensiercsi, TeM He MeHee, s 
BhICmeFI CTeneHH nonesHhIM H npaKTHqHhIM. 0Ho B ToqHoCTH 

COOTBeTCTByer sa.u.aqe HH>KeHepa CBHSH, KOTOpblFI .ll.OJliKeH nepe

.u.aTb BCID HH$OpMaUHIO, CO,ll.epiKarn.yIDCSI B no.naHHOFI TeJierpaMMe, 

BHe 33BHCHMOCTH OT ueHHOCTH 9TOFI HHcpOpMaUHH .U.JIH a.npecaTa. 

HHcpopMaUHH ecTb aCicoJIIDTHaH aeJIHqHHa, HMe~rn.aH o.u.Ho n 

TO >Ke qucneHHoe sHaqeHue .u.nH n~6oro HaCinID.u.aTenst. l.Jeno· 

eeqecKaH ueHHOCTb HHcpOpMaUHH, c .u.pyroFI CTOpOHbl, .u.on>KHa 

CibITb OTHOCHTeJibHOll BeJIHqHHOFI, HMeIOIUetl pa3JIHqHble 3HaqeHHH 

llJlH paSJJHqHblX HaOJIIO.U.3TeJJett, B COOTBeTCTBHH c HX CIIOC06· 

llOCThID nOHHTb HHcpOpM3UHID H HCnOJJbSOBaTb ee B ,ll.aJI&HeFlrneM. 

TeopeMa 9FIHm-relHa HMena Ciht, eepoHTHo, .u.nsi MaTeMaTHKa ro

paa.u.o OOJibUJYID ueHHOCTh, qeM saMeTKa a ra3eTe. C npyrott 

cTopOHhl, .ll.JIH pH.noeoro qHTaTenH raseTHaH HOBOCTb MO)KeT 

HMeTb ueHHOCTb, a MOJKeT H He HMeTb, TOf .na KaK TeopeMa 

noqTH HasepHoe He Ciy.u.eT HMeT& .lI.JISI Hero ueHHOCTH. 

BoshMeM 6onee TpHeHaJ1&Hh1FI np11Mep. MHcpopMaUHH npu BhI

oope OD.HOti H3 32 K3pT COCTaBJISleT 5 .ll.B. e,ll,. (CM. n. 2). 0Ha 

ecer na H3MepSieTCH 3THM qHCJIOM - 5 ,llB. e.u.., - XOTH KapTa 

MO)l(eT ObITh TyaoM, ceMepKoli HJIH KOponeM. UeHHOCTb 9THX 

KapT saBHCHT, OJ(HaKo, o-r npaBHJI Hrpbl. 

B COOTBeTCTBHH c HaUJHM onpe,ll.eJieHHeM HHcpOpMaUHSI H3Me~ 

psieTcH ecer.na nOJJOiKHTeJibHOFI BeJIHq11Hotl. UeHHOCT& HHcpopMa-

1) E.nsa JIH CJie.nyeT uacraus~Th Ha TepMnnax: :JJCUBOU 1ta6.1trooameA1#, 
:HCU6ble cyw,ecmsa. <l?yHKUUff ucnoAb3oBaH.ull HncpopMaunn Momer 6hITb 
sosJioiKeHa n na asToMar s o6'beMe, onpe.ne1u1eMoM ero JiorHqecKoR opra
uuaanuea (r. e. B COOTBeTCtBHH c aJiropHTMOAft onpe.neJIHIOIIUfM ]leA°CTBHe 
asrol\fata). (llpu.M. nepes.) 



OJ OBUUlR 3A:\IE11A IHUI 

IUHI MOii<eT H u H3BeCTHblX CJiyqa51x .llOJliKHa ClfHTaTbC51 orpH
uareJibHOft TipocjJeccop 110raer JI.JIHHHyio neKu1110, 3areM aue-
3anHo OOHapyn<HBaer J lJTO OH C,lleJiaJI OUJHOKY, l1 saKJIIOqaer: 
,:npocr11re, ece aro OhIJIO HeaepHo». 3ra nocne.nHHH rppa3a 
M),teer orpwuareJihHYIO ueHHOCTb H yHwqromaeT ueuHOCTh Ree~ 

npe.nruecreyioru.en wHcpopMaUHM 1
). 

flpHBe,lleHHble npMMephI S1CHO noKa3blB8IOT npe,lleJihI rrpMMe
UltlMOCTM .nannott reopww; 9TM npe.neJihl Hy>KHO HMeTb B BMllY 
npH nio6o!\1 npwMeHeHHH reopMH. 

1) 3ro seChMa cnopHhlii npHMep.. Mo>ICHO no11ararb, HanporHe, t1ro 
npe.nmecrsyIOII{ee H3JIOlKCHHe, 6y Jiyqu OCHOB8HO Ha Heo6HapylKeHHOH 
Oll1H6Ke, HMeJIO Hynesy10 H.1H seCbM8 MaJiyIO ueHHOCTb. ~a3aHHe lKe Ha 
OIIIH6Ky 003BOJIHCT BOCCTaHOBHTb HCTHHY H, CJle}loBaTCJibHO, He pa3pylllaer, 
a BOCCT8H8BJIHBaeT ueHHOCTb npe.n;wec1syIOII{eA HHcpopMauMH. YiK ecJJH 
rosopHTb ot> OTpHuareJibHOii UCHHOCTH HHcpopM8UHH, TO ee ecrecrseHHO 
6blJIO 6bl npHDHChlB8Tb JIOlKHOA HH<J>opMaUHH, Ha OCHOB8HHH KOTopoa tteJ10-
seK (HJIH 88TOM8T) MolKeT npe.nnpHHffTb JleACTBHff, Heuenecoo6pa3Hble npH 
J{aHHbIX .n;eAcTBHTeJibHhlX o6CTOHTeJibCTBax. c 3TOH roqKH apeHH.R IIOH.flTMe 
o ueHuocrH HHct>opMauHH He TaK ylKe HeoC.RJaeMo. UeHHOCTb HHcpopMaUHH 
MOlKHO onpeJI.eJIHTb qepea npupa14eHUe 8eponmHOCmU OOCmU:JJCeHUR qe
AU, .nns KoropoA co6HpaeTCR BH<J>opMauus .. TaK, .IJ;JI.fl qenoseKa, npecne
JI.yiomero npecTynHHKa H HMe1omero ue11bIO noAMaTb ero, HH<J>opMaU.HR, 
flOJIJlleHH8.fl OT npoxo>KHX, 0 HanpasJieHHH, B KOTOpOM CKpb11IC.R npecryn .. 
UHK, 6yJI.eT HMeTb IIOJIOlKHTe.'IbHYIO ueHHOCTb (KoTopyIO MOlKHO Bblpa3HTb 
'JHCJioM), ec.rzH Hanpas,'IeHHe yKa3aHo npasw~1hHo, H orp11uareJibHy10 ueH
HOCTb, ec.'IH yKa3aHo nolKuoe (1-1anpuMep, nporHsononolKHoe) uaupasneHnc. 
(llpu.M. nepee.) 



rJIABA2 

TIPHMEHEHHE OTIPE}lEJIEHHR H 06lllEE 06CY>KJlEHHE 

1. OnpeAeJieHHH 

B nepsoA r nase 6L1no noKasaHo, t1To Mepa 11HcpopMan1111 

KaK CTeneHH HeonpeJJ.eJieHHOCTH, cym.eCTBOBaBweA JJ.0 Toro, KaK 

BblOOp OblJI Cll.eJiaH, SIBJISieTCSI TOllHOtt, HO no HeOOXOll.HMOCTH 

orpaH11lleHHott. TaK, Hanp11Mep, qeHHocmb HHcpopMan1111 He Mor

na ObITb BKJIKlt:feHa n 9TY Mepy. 

DblJIO TaK>Ke TICK333HO, llTO eCJIH B03MOiKHhle BbIOOpbl HMeJIH 

uepaBHble anp11opHble nepOHTHOCTH, TO 9TH BepOSITHOCTH MoryT 

paccMaTpHBaTbCSI KaK orpaHHlleHHH Harnero BhlOOpa, llTO BeJI,eT 

B KOHeqHoM Cl.leTe K yMeHbllleHHIO KOJIHqeCTBa HHcpopMaUHH. 

TaK, ecn11 anp11opHb1e nepoHTHOCTH JI,JIH CHMBOJIOB ( 1 ), (2), ... 
.. .. . , U), • . . paenhl cooTneTCTBeHHo p., p2, ..... , p1, ..... , To 

KOJIHlleCTBO HHcpopMaUHH Ha CHMBOJI, KaK OblJIO noKasaHO panee 

( Cl\I. ( 1 .. 12)) , pa B H 0 

i=-K 2>j 1i1p1. (2 .. 1) 
i 

9To Bb1pameH11e OhlJIO nonyqeHo 113 cpopMy.11&1 JJ.JIH HHcflopMaUHH 

Ha CHMBOJI B cnyqae, Kor .ua BhIOOp He orpaHHl.JeH: 

(1.~) 

JJ.JIH m paBJIHqlfbIX paBHOBepOSITllblX CHMBOJIOli, r ll.e Q - OOIItee 

l.IHCRO HCOOJlhBOBaHH~X CHMBOJIOB {M~ saMeHHJIH A1 paaJI,ena 5 
rnaBhl 1 Ha m). l1CXOJJ.SI H3 (2.2), Mbl BhlBeJIH cpopMyny (2.1). 
0JJ.HaKO l\tHOrHe aBTOphl, B oto6eHHOCTH WeHHOH, opaJIH sa 

HCXOJJ.HOe COOTHOWeHHe (2.1 ), H3 KOTOporo (2.2) c .. ieJJ.yeT He· 

nocpeJJ.CTBeHHO. 
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llef:4CTBMTeJibHO, TIOJIQ}l{I1M, lfTO Mbl MMeeM m pa3JIHlfHhlX CHM• 

BOJIOB c OAMHaKon~MM aupuopHMMM BepoHTHOCTHMM. Tor4a 

I 
P1::..::. P2 = · · · = P1· = · · ·=Pm= - , m 

11 H3 (2.1) noJiy1.1aeM: 

i=-K ~ ...... 
I I I 
-ln - =-Kln--=Klntn m m m ' 

m q,'leBOH 

a 3TO M eCTh paBeHCTBO (2.2). 

(2.3) 

(2.4) 

PaccMOTpHM Tenepb HeKOTOpbIC CBOtiCTBa COOTHOllleHHSI (2.1 ). 

2. CeoiicTeo A 

EcJIH Bh16op pa36HT Ha 4Ba noc.11e,U,oeaTenhHhIX BhIOopa, TO 

nepBOHa4aJibHaSJ 111-HpOpMaUMH oy ,UeT BblpamaTbCH BSBemeHHOf:4 

cyMMof:4 ,U,syx 1.1acTH1.1Hh1x HHcpopMauwf:4. PaccMOTpHM np11Mep. Be

poHTHOCTh nepexo,ll,a us T04KH 0 e T04KY A paBHa 1 /2, ws 0 
B R - 1 /3 H 11s 0 B C - 1 /6, KaK noKa3aHo cxeMaTw 1iecKH na 

pwc. 2.1. PaccMoTpHM, OAHaKo, ,L1,11arpaMMY pwc. 2.2. Ha 9TOM 

P0c. 2.1. BepoHTHO· 
crn nepexoJJ.a n3 
TOQKH 0 B TOlJKM A, 

B H c. 

0 

8 

P11c. 2.2. BeposnHocrM nepe· 
XOJJ.a M3 TQljKH 0 B TQljKff A, 
B H C c npoMelKyro11ttoA TO'l
Koti M MeiKJl.Y TOllKo.H 0 If 

T04&.aMH B M c. 

pwcyHKe B&16paHa npoMemyT04Ha5l TOl.fKa M TaKHM o6pa3oM, 

1.1To BepOHTHOCTh nepexo)la ua 0 B M TaK>Ke paBHa 1 /2. 3To 

3Ha4HT, 1.1To aepoHTHOCTh nepexo4a 11s M e B 40JiiKHa OhlTb 

paBHa 2/3, TaK KaK nepBOHa1.1aJibHa5l Bepo~THOCTb nepexo)la IIS 

0 s B paBHa I /3. AHa.11or114HO, seposiTHOCTh nepexo4a H3 M 
B C paena 1 /3. 

2 J!. BPD "IJIIO';)H 
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0603Hal.IHM MHcpOpMaUHIO, COOTBeTCTBYIOIUYIO pHC. 2.1 1.1epe3 

I ( ~ , ~ , ! ) . llJJS1 pnc. 2.2 1rntfiopMaUHSI )l.JJSI nyrett OA, OM 
I 1 1 ) 

ecTh I ( 2 , 2 , a HHcpopMaUHSI JI.JJ5l nyTefi MB, MC ecTb 

I 2 I ) 1 \,:r, 3 . DoJIHafl HHcpopMaUHSI JI.JJH p11c. 2.1 H 2.2 JI.OJJ:tKHa 

6blrh O)l.u11aK011a: I (-} , ! , -Ir). 1,13 p11c. 2.1 11MeeM: 

I (J_ __!_ 
1 )- - K (-~ In J_ 

2'3'6- 2 2 

HJIH 

1u.!.!)= 
= - K [ ; In ~ + -;- · ~ In n · ~-) + ~ 31_ In u · ~ ) ] . (2, 6) 

P acKpbma5l H rpynnttpyst, nonyqaeM: 

ii (_I _!_ 1 )-
2' 3' 6 -

[( 
1 1 1 1 ) 1 ( 2 2 1 I \1 = - K -~f In -~;r + In 2- + -2 3 In 3 + 3 ln 3 ) = 

= - K (-} In ~ + ~ In -} ) + -} [- K ( ~ In ~ + } In ; ) ] = 

=I ( ~ , ~)+-}I ( ~ , -} ) . (2.7) 

IlOCJie,ll.Hee Bblpa:tKeHHe COOTBeTCTByeT pHC. 2.2, ,ll.Jlfl KOTO

poro nOJJHafl HHcpopMaUHfl JI.OJJ:tKHa paBH51ThCfl B3BerueHHOfi cyM

Me 11ucpopMau11n JI.Jlfl nyTeii OA, OM 11 MB, MC. 3To - 06· 
IUHti pesy Jlh TaT, flBJJfllOW.HfiCfl C.lleJI.CTBHeM Tor 0 cpaKTa, llTO HH

cpopMaUHfl - JJOrapHcpMHqecKafl cpyHKUHfl. 

3. CBOHCTBO B 

CeoHcTBO B Bb1pai*aeTcst HepaBeHCTBOM, KOTophlM HaM npe.n.

CTOHT nOJih30BaThCS1 B JI.aJihHettrueM. YTo6hl no.i1yqHTh 9TO He

paneHcTBo, paCCMOTpHM cpyHKUHIO 

lJf = _!p1lnq1, 
j 
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r.ue Pi - eepoffTHOCTh j-ro Bh16opa, a qi MoryT paccMaTpHeaThCH 
KaK ixpyrasi COBOKYIIHOCTh nepoSITHOCTeti, TaK QTO 

3aniinneM 

qi=Pi+u1=Pi(1 +~)· 
Tor.n.a uj yixoenernopmoT ycnoBHIO 

.!iui = 0. 
j 

(2.8) 

(2.9) 

Cpanmrnan rpa<f>HKH In (I +;) H u/p (pHC. 2.3), Mbl BH.D.HM, 

Pttc. 2.3. fpaqmKM u/p fl ln (1 + u/p) B lj>yHKU.HH OT u/p. 

lfTO 

u I u) ....- ;?: Jn ~ 1 + -
p ' P. 

(2.11) 

11es!le, r.o.e cymecTeyeT In\ 1 + ~). IlpHMenn11 (2.11) K (2.10), 

Q• 
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nonyqaeM: 

~ p·lnp·+ ~p.1n(1+1!_j)~ 
.'- J J .... J p· ~ 

. . I 
J J 

~ '1 p . In P1 -1-11 ~ p . "! i 
~ ' "-' 'P. . . I 
J J 

(2.12) 

Ilo9TOMy) HCil0Jlb3YH (2. 9), HaXO.LJ.HM: 

i Pi Inq1 ~ .!/i lnp1 . 
J j 

(2.13) 

YMHOiKaH (2. 13) ua - K, nonyttaeM uepaeeHCTBo, Bhlpa>Karomee 

CBOitCTBO B: 

-K 2>11nqi~-K !Pi lnp1. 
I I 

(2.14) 

4. CeoucTeo C 

· l1HcpopMau.11s:r I HMeeT MaKc11MyM, Kor .na ece m BepostTHO· 

CTeH paBHhl: 

1 
P -p - -1, - -p -1- 2-···- i-···- m---. m (2.15) 

Llnsi llOKaaaTeJibCTBa saMeTHM, npeiKlle ecero, llTO HHcpopMa
nns:r s:JBJIHeTCH cpyHKUHeH TOJibKO (m - 1) He3aBHCHMhlX nepe

MeHHhlX, TaK KaK 

}==m 

!Pi= 1, HJIH 

j-I 

j=m-1 

Pm= 1- ! P~ · 
j=I 

(2.16) 

BoshMeM e Kat.1ecTee (m - 1) HeaaeHCHMhlX nepeMeHHhlX p., 
p2, ••• , Pm-t· l1ucpopMan11H I (p1, p 2, ••• , Pm-t) 11MeeT MaI<-· 
c11MyM np11 ycnos11tt, t:fTO, Bo-nepBhIX, Bee nepeh1e 1.1acTHhTe npo

H3BO.LJ.Hbie I pasnh1 HY Jno. llJI51 noJJyqeH11H BToporo ycJJoB1.-u1 
cocTaBnM onpe.LJ.eJinTeJih 113 BTOpbIX 11po11seOJ.I.HhlX I llJISl T04KH, 

onpe,I.I.eJIHeMoH nepBhIM ycJios11eM: 

l 11 11'2 . . . f 1 (m-1) l 
112 122 . . . /2(m-l) I (2.17) 

I t 
l . • . . . . • • • • 

I f 1 {m-i > I 2(~·-1} .• ! : 1,"m-1> (m-1> 



41 CBO~CTBO C 37 

rne 
iJ2/ 

lij = iJpi apl = 11; e 9KCTpeMaJlhHOR ToqKe. 

BTopoe yc.11oa11e MaKCHMaJJhHOCTH I cocToHT e TOM, 1.1To / 11 u 

o~pe.zxeJIHTenu nopH.zxKa 2, 3, ... , (m - 1 ), nonyqaeMbte nyTeM 

nocne,ll,OBaTeJJbHOrO JI.OtJaBJJeHIUI CJJeJI.ylOUlHX CTpOK H CTOJI6UOB 

B (2.17), ,lI.OJiiKHbl oopa30BaTb 3HaKonepeMeHHYIO noc.1e;r.0Ba

TeJJbHOCTh. 

Vl3 BTOpott cpopMy Jlhl (2. 16) HMeeM: 

ilpm __ l 
op -.. , 

J . 

iJ
iJI_===-K(lnp1 + l -lnpm-1)=-K ln (EL). 
P1 \Pm 

ITpHMeHHSI nepBoe ycnosH~ HaXOJI.HM, ~ro JI.Jiff nony4eHHH 
MaKCHMyMa HeOOXO,llHMO: 

P.1 =Pm JI.JJH j == L 2, ... , (m -- 1), 

OTKY Aa c noMOUlhIO (2 .1'6) 

1 . 1 2 p j = 1n.· ' 1 = , ' ... ' Ill . 

Brophle npoH3BOllHhle I e 9Tot1 T01.1Ke paBHbl 

0~~ = - K (-~ -t- -1 
) = - 2Knt , 

opi Pi Pm 
il'I I 

:Cl :Cl =--K-=-=-Knt, 
Op; OPj Pm, 

11 erqpoe ycnoa11e TpeoyeT, 4To6w onpeJI.eJJHTenH nH.zxa 

.-2K1n -K1n ... ~l{m 
- Km - 2.K1n ... - Knt 
. .. . . . ., . . . . . . 
-· Krn. - Kni ... -- 2Km 

uopsiJI.Ka 1, 2, ... , (m -- 1) nonepe~eHHO HBMeHHJJH sHaK npM 
B03pacTaHHH nopH.zxKa. TaK OHO H ecTb, TaK KaK BHa4eH11e Ta

Koro onpeJI.eJJ H"feJIH nopH;r.Ka n, KaK JierKo noKaaarb~ e·cTh 

(- l("t)n (n + 1 ), 

ff· C80JtCTBO C, TaKHM 00pa30M, ,noKa3aHo. 
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CeoRCTBO C MOJKeT 6b1r1> B npocTeth11Hx c;1y1.1asix noKaaaHo 
rpacp11qeCKH. B cJiyqae .a.eyx B03MO>KHocreH, npn p 1 -f- P2 === I, 
Mbl HMeeM: 

I= - K (p1 ln P1 + P2 ln P2). (2.18) 

Ha pHC. 2.4 I nocrpoeHa KaK cpyHKitHH p1 (HJIH p2). 
I JI.OJI)l{HO paBHHThCH Hy1uo npw p 1=0 H p2 =1. B c11.11y CH:\1-

MerpHH I JI.OJIJKHa HMeTb .MaKCHMYM npH p 1 = ~ = p~. H 3TO 

MaKCHM3JibHOe 3HaqeHHe paBHO 

I!JISI rpex B03MOiKHOCTeH 

Pi -1- P2 + Pa = I , (2.19) 

H 

I=- K(p1 lnp1 + P2 ln P2 +Pa lnp3) 

HOCTpOHM JI.ByMepHyiO )I,HarpaMMY (pHC. 2.5) . .llByx U3MepeHHti 
JI.ocraro11Ho, raK KaK TOJihKO JI.Be 113 rpex eepostTHocrett p11 p2, 

I 

Kln2 

C2 • f '2 

Pi Pz 
0 

Pwc. 2.4. Vfa<PopMau1u1 KaK 
<PYHKUHfl P1 = l - p2. 

:-1.aKCHMYM ,:x:ocn1raeTCR np11 p 1 = 
= Ps = 1/j H paaeH K In 2== 1 JlB. e.l{. 

P2 

Puc. 2.5. npe,llcraaJieHHe P1,p2 
H Pi Ha nayMepaofi .UHarpaMMe. 
8to B03MOJKHO, TaK. K.aIC TO.lbKO ll,Be 
Ha 3THX Tpex eepOHTHOCTeH: He:JaBH-

CHM.bl: 

P1 + Ps + Pa == I. 

p3 HeaaeecA~ht. BoabMeM TPA Hanpae.rreHHSI no.ll. yr JIOM 2TC/3 
JJ.pyr K JJ.pyry. Or11o>KnM OTpesoK p1 no nepepMy HanpaB.JieHHIO, 
p2 .....,..__ no eropuMy H p3 ...l...,... no rperheMy u noJiy•tHM, raKHM o6pa
aoM, TOt.1Ky M. no ycJlQ:J.UUO (2.19) ro1.1Ka M J1.0JI4<Ha uaxo .. 
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ll.HThCH BHYTPH paBHOcropoHHero TpeyroJJbHHKa A., A~, A3• 

T 011Ka A1 no11yt1aeTCH, HanpHMep, Kor JJ,a p1 == 1, p2 =Pa= 0. 
JlHHIUI A 1A2 cooTBeTCTnyeT p 1 +p2 =1, p3 = 0. 9To nerKo 
noKa3aTh, npHMeHHH Ha nnoCKOCTH npsiMoyroJJhHble KOOP.llHHaThI 
H upoeKTHPYH KOHTYP Op1p:i,p3M cnepea Ha ocb x, a aaTeM na 
och y. KoopJJ,HHaThl TOllKH M TaKoeh1: 

X
- y3(-p1 + P2) 
- 2 ' 

Y - _ (p1 + P2) +P _ (3Pa - 1) 
- 2 s- 2 ~ 

(2.20) 

I 
YpaeHenHe A 1A2 ec.Th y = - 2 , llTO Ha ocHoearuu1 (2.20) 

JJ,aer p3 = 0, H cnell.OBaTeJibHO, p 1 + p2 = 1. AHa11orH11Hhle 
peaynhrarhl cnpaBell.JIJ-IBbl B cuny cnM
Merp.HH H }l,JISI OCTaJJbHhlX cropoH rpe- f( tn J 
yroJihHHKa. A, 

Mb1 MOJKeM nocnoJJb3onaThCH Tpe
yronhHHKOM A1A2Aa KaK ocHoeaHHeM. 
KaJKJJ,aH T011Ka BHYTPH TpeyronbHHKa 
COOTBeTCTnyeT COBOKynHOCTH lJHCeJI 
Ph p2 u p 3, y ll.OBJieTeopmorn,Hx ycno-
01110 (2.19). OT JIOJKHM 11H<flopMau11ro no 
nepTHKa1111 (n HanpanneHHH, nepneHll.H-

PHc. 2.6. noaepXHOCTb I 
(11mpopMaUHM), nocrpoeH .. 
HaH KaK cpyHKUHH Pi, P2, Pa 

npH Pt + P2 +Pa = l. 
KynstpHoM K TIJJOCKOCTH TpeyrOJibHHKa) MaKCHMYM I .zmcniraeTCR nprt 

P1 = P:J =Pa= 1/a H paBea 
e nonyt1uM nonepxHOCTh, noKaaaHHyro K 1n a= (tu 3)/(1n 2) AB. e.-. 

n nepcneKr11ee Ha p11c. 2.6. Bll.OJih 
K3iKJJ,OH CTOpOHhl TpeyrOJibHRKa nony11aeTCff KpeeaSl, CXO,lJ.H3Sl 
c Kp11eon p11c. 2.4. HaunhICUJaH TOttKa noaepxHOCTH (T. e. MaKc11 .. 
MYM HHcj:>opMauun) nonyqaeTCst npu p 1 =Pi= Pa= 1/3, T. e. 
HBJI. ueHrpoM TpeyroJihHHKa A 1A2A3• 

5. 3asHCHMble cooblTHH 

PaccM01pnM Teneph npooneMy saBucztMblX coobtnzua. fiyCTh 
).lat-lb! .n.ne nepeMeHHhle x u y, Morym11e npHHHMarh sHalleHest 

X= 1, 2, 3, 
y= 1, 2, 3, 

... ' i, . 

... ' 1) 

... , m, 
. .. , n' 

H nyCTb B HeKOTOphlil MOMeHT Mbl BhlOHpaeM SHa11e1-1He .ll.Jlff 
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H'.alKJlOI:\ H3 JlByx nepeMeHHblX. TaK, Mbl MO>KeM nMeTh JlJHI 

. Mo,renra f ~ x = i, y = j. Onpe,LI.eJI0M p (i, j) KaK nepoHTHOCTb 

*foro1 1.1To x = i 11 y = j e OJJ.HH H TOT iKe MoMeHT. Tor .LI.a 

~>(i, J)= 1. (2.21) 
i, j 

EcJIH Pi ecTh nepOHTHOC'fh Toro, QTO x = i (aHe 3aBHCHMOCTH 

Ol 3Ha tteIU:UJ J' ), TO 

j=n 

P; = .~> (l, ;). (2.22) 
j=l 

1\HaJIOfHqHOJ nepOHTHOCfh Toro, 4TO y =j (He paCcMaTpHBaH 

x), ec1b 
i=m 

P1= !p(i, j). (2.23) 
i=l 

MbI HMeeM CJleJI.yrou1ue cooTHoweHusi: 

m n 
~ ,, 
~P;= l, 1-Pi = l H !PiPj=l. (2.24) 
i=I j=I i, j 

ITepet:t.n.eM K Bhipa>KeHHHM JI.JIH nHcpopMau0n, cooraeTCTBYIO· 

ruetl pa3JIHqHhIM eepoHTHOCTHM. CoaMecrHaH HHcpopMau11H ecrh 

J(x, y)=-K,!p(l, j)lnp(i, j). 
i. i 

HHq>op~1aUJH1 .LI.JIH x B OT,LI.eJihHOCTH 

i=m 

(2.25) 

l(x)=-K !P;lnp1=-K !p(i, J)lnp1, (2.26) 
i=l i,j 

e JI.JHI y B OT )J.eJibIIOCTH 

n 

1 (Y)= - I< !Pi lnp1 =- K !p(i, ;) lnp1 • (2.27) 
j= 1 i, j 
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CpaaHH!\t cyMMY I (x) +I (y) c I (xJ y). J13 (2.26) H (2.27) 

l(x)+I(y)=-K_!p(i, J)Jn(PiP1 ). 

i. J 

JlerKo noKaaaTh, HCIIOJih3YH caof.lcrBo B, qro 

l(x, y)~l(x)+I(y). 

B caMoM 11.ene, saMeHHst B (2.14) q1 Ha Pl p1, nony 1iaeM: 

J (x, y)== -K ~p(i, j) lnp (i, j) ~ 
i, J 

(2.28) 

(2.29) 

:s;;- K _!p (i, j) ln (Pi p1) =I (.x) +I {y). 
i. j 

s:ICHO, tITO cymecTBOBaHHe COBMeCTHOtl sepOSITHOCTH p (i, j) 
Ha.11araeT orpaHH4eHHe, KOTOpoe, KaK yKa3blB8JIOCh B r JiaBe l, 
BhI3hlBaeT yMeHhllleHHe nHcpopMau1111. PaBeHCTBO noJiyqae1csi 

TOJihF<O, ecJIH p ;.j = P;P i' q10 03HattaeT, llTO coobITMst He3a

BHCHMbI. 

6. Ycnoeuan nn<t>opManns 

Crpe!llHICh noc1po11Tb paBeHCTBO, l.UeHHOH npwMeHHeT nOHst· 

THe ycAOBHoli llflrjJop.Maquu nyTeM BBeJI,eHHst BepoHTHOCTH Pi U) 
Toro, 4TO y = j, ecnw yJKe H3BeCTHO, 1.1ro x = i. MbI Ha3bl· 

Baell pi (j) ycAOBHOlt BeponmH.oCmblO. 5ICHO, ttTO 

(2.30) 

YcAoBHan ttHrftop.Ataqun eCTb HHcpopMaUHH, CBH3aHHaH c Pi U); 
ona oooaHat1aeTCH Ix (y) tt onpeJI.ensieTCSI KaK 

Ix ( Y) = - K}: p ( l, j) In Pi (j). 
i. I 

(2.31) 

JlerKo noKasaTb, 4TO I (x, y) =I (x) +I>-. (Y), Taic KaK, 
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pac1<pbIB8ff npaRyIO 1.JSCTb 9TOfO paBeHCTBa, Mhl MMeeM H3 (2.30): 

l(x)+f.~0')= - Kj_!p(i, j)lnp,+ _!p(i, j)Inp;(J) ]= 
i. j 

=-K_!p(i, j)ln[p1p1(j)]=l(x, y). 

'· j 

06oeJlMHH5I Tenepb (2.29) H (2.32), noJiyqaeM: 

I (x) +I (y);;;;:: I (x, y) =I (.J:) +Ix (Y), 
MJIH 

(2.32) 

(2.33) 

~1 CJIOBHaff HHcpOpMBUH SI I .x (y) ecTb HHcpopMaUHSI OTHOCHTeJibHO 

y, eCJIH x y)Ke H3BeCTHO. 3HaHHe x npe,llCTaBJJSieT co6ott 

orpaHuqeHue, yMeHbwa10u1ee 11HcpopY1au1uo npH Bhl6ope y. Pa ... 
BeHCTBO no11y4aeTCff TOJibKO Tor ,lla, Kor ,lla x M y 5IBJIHIOTC.R 

neaaBMCHMhlMM co6hITHstMM. 



f'JTABA 3 

M36bITOqHOCTb B Sl3hIKE 

J. KoppeJIHllHH H saBHCHMhle coobITHH 

n1n1 TOrO q106hI BBeCTH B paCC'-fOTpeHHe KOppeJI51UMIO, Mbl 

IlOBTOpHM 1-~eKOTOpbie onpe}le.neHIHI li COOTHOllleHM51, OTHOC51-

Ill.HeC51 K 3aBHCHMhlM co6bITHRM. 

Mh1 paccMaTpHBa1111 JI.Be nepeMeHHbie x H y, KOToph1e MoryT, 

Hanp11Mep, npHHMMaTb 3HaqeHH51 

X=l, 2, 3, ... , i, ... , m, 

y=6, 9, 8, ... , j, ... , n, 

H onpeJI.eJIHJIH p (i, j) KaK BepoHTHOCTb Toro, qTo B .llaHHhltl 

MOMeHT t x = i 11 y = j.. CooTBeTCTsy10ma51 nHcpopMaaH51 eCTb 

I (x, J'). MbI onpe,lleJIYIJIM 1 aK>Ke JipyrHe eepo51THOCTM. Be11nqnHa 

pi = ! p (l, J) paBHa B€po51THOCTlt TOro, tJTO x = l JV151 mo6'oro 

j 

J'· C 9TOti BepostTHOCThIO CBH3aHa HHcpop'.'4aUHH I (x). Be11HqnHa 

p j = ,! p (i, j) - sepo51THOCTh Toro, tJTO y = j .D:JISI mo6oro x. 
i 

Csfl3aHHast c 9Tott eepoflTHOCTbio 11Hcpop~au1151 eCTb I (y). 
B npeJlhlJlymett r 11aBe 6h1110 HafiJI.eHo, qTo 

I (x) +I (y) ~I (.x, y). 

3TO HepaseHCTBO CJie}lyeT H3 Toro cpaKTa, qTo npH HaJIO)KeHHH 

Ha cHcTeMy orpaHnqeHntt MfnpopMaun51 y6b1BaeT. 

Jl11g no.ny4eHM51 paseHCTBa Mbl B3HJIM ycAOBH.yJO BepoHm
H.ocmb P; (}), T. e. Bepo51THOCTh Toro, qTo y = j, KOrJla ns

eecTHO, qro x = i. c 9TOil eep051THOCTblO CBH3aHa yCJIOPH3Sl 

nHcpopMaUH51 I .x (y). 
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CBH3h MemJly sepoHTHOCT5IMH Bb1pa>KaeTc5I cooTHollleHHeM 

P;Pi U)=p(l, j), 

11, onpe.uen11s yc.noBHYIO 11HcpopMa1uno, KaK 

Ix (y) =-K _!ip (l, J) lnp; (J), 
i, J 

Mbl IlOJI)'llHJIH CJie.nyromee paBeHCTBO~ 

2. KoppenHUHH n H3bIKe 

}{oppeJUIUHH HMeeTC51 BO ncex 513bIKax 1), . raK KaK, ecnH I10· 
StBJI5IeTCH HeKOTOpa51 OyKBa, TO sep05ITHOC'fb I10HB.netH151 3a nett 
HeKoTopotl .upyrott 6yKBhI He pasHa ee anpHOpHotl seposrr1-1ocrH. 
TaK, B aHr JIHtlCKOM Sl3bIKe, ec..iu1 ,llatta oyKBa t, TO BepoRTHOC'fb 
TOfO, qTO Henocpe,llCTBeHHO flOCJie,llyIOU~etl oyKBOti oy )let h, 
ropa3)l0 OOJibWe sepoHTHOCTH, qro c11e.uy10ruetl oyKBOtl oy .uer n. 
AHanorwtfHO, ecnH JI,aHo cot1eraHHe tio, ro sepoHTHOCTh no
ns11eH11st n B Kaqecrse CJieJly~ett oyKBbl oqeHb BeJIHKa. Kop· 
pe11HUH5I no.uoo1-1oro po,lla onpe,llen5IeTC51 WeHHOHOM 2),3) KaK 
u36blmottH.ocmb (redundancy). 

Ilp11MeHHM -renepb COOTHOllleHHSI npe,llhlJlYlllero pa3,lleJia K 
HCCJie,llOBaHHIO 11HcpopMaUHOHHOro co.uepmaHH51 c.0061ueHH5I. 3TH 
COOTHOWeHHH MOfYT I1pHMeHHTbCSI, ecJIH KoppeJIHll,HH HMeeTCR 

1) B .nononHeHtte K npHBe.neHHblM HH>Ke nttreparypHhIM CCblJIKaM 
yKaJKeM CJiellyromHe KHHrH: F 1 et c h e r P r a t t, Secret and Urgent, 
Blue Ribbon Books, NY, 1939, 1942 (co.nep>KHT sepoHrHocrHblC .naHHble 
06 aHrnHfiCKOM H3blKe); G. Dewey, Relative Frequency of Enqlish 
Speech Sounds, Harvard U. P., Cambridge Mass., 1923; 0. R. Z i pf, 
Human Behavior and the Principle of Least Effort, Addison - Wesley, 
Cambridge, Mass., 1949 [e 9Tofi KHttre H .npyrttx ny6nttKau,HJIX Uwncp 
llaer MHOfO KpHBblX, epo.ne npe.nct asneHHOtl Ha pHC. ( 3.1 ), )lJIH pa3~'IHq
HblX Sl3bIKOB]. 

2
) C. E. Sh an non, W. We aver, The Mathematical Theory 

of Communication ( crp. 3-28) U. of Illinois Press, Urbana, 1949. 
llieHHOHOBa C9HTponHH Hm'.popMaUJflf> orom.necTBJIHeTCH c Hamett cMepoA 

HHqmpMau,HH», Ho He c <}JH3HlJeCKo.A: 9HrponHefi. KaK Mbl YBH.IlHM no3.nHee, 
MCpa HH<}JOpMaUHH CBH3aHa c «OTpMuarcnhHOfi 9HTponHefi». 

3
) C. E. S ha n n on, Prediction and Entropy of Printed English, 

BSTJ 30, 50-64 (1951). 
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TOllhKO Me)l{.rr.y COCe,lIJlHMI1 CMMBOJiaMH. n.1151 Ka)l{JJ,Oit napbl 6yKB 

Mhl CBH3bIBaeM nepeMeHHYIO x c nepsott 6yKson, a y - co BTO

polt Tor ,::i:a cpeJJ,HSl51 HHcpOpMaUIUI Ha CMMBOJI (HJIH oyKay) 6y~eT 
yCJIOBHaH HHcpopMaUHH 

Ix (y) = - K _2:p (i, }) lnpi (j) = 
i. j 

= -- K !P;P; (j) lnp; (j). {3.1) 
I. j 

Mb1 npe.uno.aaraeM, qTo ycnoe11si CTaUMOHapHhI 11 qro eepo

HTHOCTH He MeH5IIOTC5I c reqeHMeM epeMeHH. 

ECJIH Me)l{.rr.y 6yKsaMH HeT KOppellHUHH, TO, TaK KaK pi (j) = 
=Pi 11 .!,P; = l, (3.1) nepexo,n:HT n 06hl'my10 ¢opMyJiy: 

i 

I (y) == - K !Pi Inpj. 
j 

(3.2) 

PaccM0Tpe1-u1e KoppeJIHUHM MeiK.rr.y OT.llellhHbIMM 6yKeaMH 

MOJKeT 6bITb Jiert\O pacnpocTpaHeHO Ha COQeTaHM5I 6yKn, epo.rr.e 

ynoMHHyToro BhIWe coqeTaHHH tio. Mb1 o6o3HaqaeM coqeraHHe 

(N- 1) 6yKB KaK bi (N- 1 ), a sepo51THOCTh n05IBJieHH51 9TOfO 

coqeTaHM5I KaK p (b; (N - 1 )). 06cy JJ,HM Tenepb sepOSITHOCTh 

TOfO, '~TO 3a 9THM coqeTaHHeM nOClleJJ,yer HeKOTOpasi oyKBa j, 
HHaqe rOBOpH, o6pa3yeM HOBOe COlleTaHMe H3 N oyKB: 

0603HaqHM nepOHTHOCTb nOHBJieHHH 9TOro HOBOro COQeTaHHSI, 

paccMaTpHeaeMoro KaK ueJioe, qepe3 

p (bi (N- 1), j). 

YcnosHaH eepoHTHOCTh Pbi(N-t> U) ecTh neposrTHOCTh Toro, tfTO 

j nocJie.rr.yeT aa .rr.aHHhIM coqe'faHHeM b1 (N - 1 ). 3ro onpe.rr.ene

HHe CXOJJ,HO c npHMeHeHHblM B npeJJ,bIJJ,YllJ.eM pa3,Aene, M Mbl 

HMeeM attanor11quyIO CB5I3b Me)lcJJ,y eepo5ITHOCT5IMM: 

Onpe~eJIHM TenepJ;> cpeihtJOJO u1u:jJop.Maqu10 Ha cU.MBOA 
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B nocJie)l.OBareJibHOCTH, B KOTOpott YLIHTbIBaeTCSI KoppeJISUlHSl Ha 
paccToHHHH .llO N CHMeonos: 

FN= -K !P (b; (N - 1), j) lnpbt<N-1) U). (3.4) 
i. J 

8Ta cpopMy na a1-1a11orn1.1Ha (3. t ). CyMMHpoeaHue no i pacnpo· 
crpaHsteTCSI Ha ece B03MO/KHble coqeraHHSI HS (N- 1) 6yKB. 

3. HaobITOlJHOCTb e H3&IKe 

IlpHMeHsiff name onpe.u.e11e1u1e, HanpuMep, K aHrnnticKoMy 
Sl3blJ<y, Mbl XOTHM ITOJIY4HTb T04HOe 3HaqeHHe cpeJ.I.Hefi HH<}Jop
MauHH Ha 6yKBY. 810 3Hat.IeHHe BhipaJKaeTCff Ka K upeJ.I.eJI 

/=Iim FN. (3.5) 
N-+oo 

Ilpn B03pacraHHH N Y4HThIBaercsi 6onhwee KOJIHl.feCTBO orpa
HHQeHHfi, TaK llTO HHcpopMaUHSI y6blBaeT. IlocJieJ.I.OBaTeJibHOCTb 
F N JI.OJIJKHa, TaKHM o6pa3oM, MOHOTOHHO yohleaTh, w ee npe
~eJihHoe 3HaqeHHe H eCTb ,lletiCTBHTeJibHUH cpeJ.I.HHSI HHcpopMaUHH 
Ha 6yKBy. 

BepoSITHOCTH OTJ.I.eJihHhIX 6y1<e, TaK JKe KaK .llByx .. H Tpex .. 
oyKBeHHbIX coqeraHHti, JI.JISI aHr JIHfiCKOro BBhlKa ObIJIH onpeJ.I.e
JieHhl, HO JI.JISI coqeTaHHlt OOJihlliero qHCJia oyKR cyw.ecTBy1ow.11e 
~aHHbie HeJ.I.OCTaTOQHhl. l1Me10rn.necsi )l.aHHhle CBeJ.I.eHhl B Ta6JIHUe, 
e KOTopott F o3Haqa10T HHcpopMauiuo, Bb1paJKeHHY10 e JI.BOH4HhIX 
e,llHHnuax Ha 6yKey: 

1. Bee 6yKehl paeHoeepostTHhl (27 6yKe, BKJIJOttan HHtepean) 
F0 = 4,76. 

2. C yqeToM eeposiTnocTefi OT JJ.eJibHhIX 6yKe F 1 = 4,03. 
3. C yqeToM ,llaHHhlX o .llByx6yKeeHHhlX co4eTaHusix F2 = 

= 3,32. 
4. C yqeToM J.I.aHHh1x o Tpex6yKBeHHhIX co4eraHustx F3 = 

== 3,1. 
Ma6MrOqHOCTh Bb1pa:>Kae1csi qepea F CJieJ.I.yiomMM o6pa3oM: 

R= 1....;.,... Fum 
Fo . (3.6) 

0J.I.HaKo Furn HeuaaeCTHO, Ta1< Ka1< uMeercsi oqeHb Mano 
Cee.aeHKD 0 COl.feTaHHffX OOJiee qeM H3 Tpex oyKB. )lJISl oueHKH 
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3Ha1.1:eH1H1 Fnrn MhI ~oiKeM npnsneqb Jlpyroro po11.a craTHCTHKy, 
a HMeHHO, qacrory cnoe. Ta6JIHilhl qacTOThl cnon 6bl.7IH cocrae
neHhI KaK JlJI5I uenett KOJlHpOB8HH5I, TaK H JlJISI 3cpcpeKTHBHOfO 
o6yqeHH5I H3bIKY. 

4acTOTa CJIOBa xapaKTep113yeTCSI ero nopSIJlKOBblM HOMepoM 
e cnHCKe, coc-raenennoM B nopHJlKe qacroThl noHBJieHHH. Ha 

cf 
~ 
""' II 
t:J 'B O,OOf t-----+-----.....::Wr-----1------1 
~ 

' 
' ' ' ' ' qooooti--____ _.... ______________ ..,._ ____ __ 

1 fO 100 103 10• 
log Ho11epa cnooa-log n 

P11c. 3.1. rpa'1JHK ( B norapl-HpMHqeCKO'.\f Mac1ura6e no 
o6eHM OCHM) qacroT~ cnoB B 3aBHCHMOCTH or nopHn

KOBOfO HOMepa nnH nepBbIX 8727 cnoB. 

pHC. 3.1 JIOrapH¢M qaCTOTbI nocrpoeH B 3aBHCHMOCTH OT JIOra
pucpMa nopSIJlKOBOrO HOMepa, HaqHHaSI c the H KOH"l3Sl CJIOBOM 
aa M 8727 JI.Jist 1oro, 4T06hl cyMMa qacror paBHHJiaCh eJlHHHue. 
J{aK BHJlHM, rpacpHK npe.IJ,CTaBJIHeT npaKTHQeCKH npsiMyro JIHHMIO 
(s JlBOftHOM norapHQlMH4eCKOM Macurra6e) u MOJKeT 6b1Tb xoporno 
arrnpoKCHMHpoeaH cpopMynoft 

P ~ O,! (3.7) 
n n • 

IlpHMeHSISl 3TO BblpameHHe, H8XOJ1,HM) "ITO 

--K!Pnlnpn=ll,82 .LJ.B. e.LJ.. Ha cnoso, (3.8) 

" 
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llanee, eCJIH CttHT8Tb, ttTO cpen.Hee a11r1111ttcKoe CJIOBO (BKJIIO· 
qag HHTepBaJI Me>KAY CJioBaMH) COJ.LepiKHT 5,5 6yKBhl, TO nony

qaeM npeJ.I;eJibHoe 3Ha4eHHe Fword = 2, 14 J.I;B. en../6yKny. 9Ta 
eenHqHHa He ra >Ke, ttTO Fnm, TaK KaK HMeIOTCSI e1ue 11.ono.riHH· 
TeJibHhie orp aHHqeHH51, o6yCJIOBJieHHhie CB513HMH MeJK.ay nocne· 
AOBaTenbHblMH cnoeaMH. 

4. HeKorophle 9KcnepnMeHThl 

J11151 no11yqeH11SI 6onee no11.po6Hb1X J.I;aHHhIX rrpeJ.I;JIO)l{eHa Hrpa: 
()epeTC5I npeJ.I;JIO>KeHHe H yqaCTHHKy, He 3H8IOIIJ.eMy npe.anapH .. 
TeJibHO npeJ.I;JIOll<eHH5I, npeJ.I;JiaraeTCff yraJ.I;hlBaTb oyKBbl (BKJIIOttaSI 
HHTepeanhl), HattuHaSI c nepsott. Ilocne Kall<Aott nonhlTKH JI.aeTCSI 
OTBeT «J.I;a» HJIH «HeT», H Hrpa npOJ.I;0JI)l{aeTC5I. lJHCJIO nonhITOK 
].I;JISI Ka)KJ.I.Qt\ oyKBhl 3ailHChIBaeTCSI, cyMMHpyeTCSI H ,lleJIHTCH Ha 
oomee 4HCJIO 6yKB B npe.LlJIO)l{eHHM. 3TO .aaeT QHCJIO ,LlBOHlJHbIX 
eJ.I;HHHU Ha 6yKey, raK KaK K8)1{].I;Oe yra,LlhlB8HHe c OTBeTOM «.aa>> 

HJIH «Her» npeJ.I;crasJI5ter KaK pa3 OAHY ABOH4HYIO eJ.I;HHHUY 
utt<fJo pM au Hu. 

HeKOTopb1e np11Meph1 T aKoro poJI.a Oh111u orry61111KoBaHbl 
WeHHOHOM 1). B OJlHOM npeAJIOll<eHHH 113 102 6yKs o6mee 
QHCJIO nonMTOK, n0Tpe6osasrneec51 ].I;JI51 BOCCTaHOBJieHHH npe.aJIO· 
>KeHHB, cocr asuno 198. 3ro coornerc-rsyer 1,94 JJ.B. eJ.I;. Ha 

6yKey. 
B JI.pyroM npwMepe npasuna HrphI ObIJIH HHbie. Ilocne Kall<

.noro yraJI.blBaHHSI J(aBancsi oreer «JI.a», ecnn 6yKea 6h111a yra

.AaHa npaBHJihHO, B npOTHBHOM CJiy4ae COOOlll,aJiaCb J.I;etiCTBHTeJib· 
HaH oyKBa. B npe.aJio)l{eHHH H3 129 6yKB 89 ObIJIH yra.aaHhl 
npaBHJibHo, a 40 6btJIH coo6rn.eHhl. TioJih3YHCh ttH<fJopMauHett Ph 
paBHOtt 4 ,LlB. eJ.I;. Ha 6yKBY (KaK yKa3aHO paHee), MQ)l{HQ IlOJIY· 
ttHTb oomee lf HCJIO JlBQHqHblX e)lHHHU 

HJIM 1,93 .ns. eJ.I;. Ha 6yKBY. 
TpeTHtt npHMep .aaer OKOJIO 1,9 ,llB. e11.. Ha 6yKBY. 4HCJIO 

1,9 JI.QJI)KHQ paCCMaTpHBaTbCH KaK 3aBhIWeHHOe 3HaQeHHe, T3K 
KaK BO MHOfHX cnyttasix yraJ.I;bIBaeMbie oyKBhl ObIJIH otteBHJ.I;Hbl, 
H npaBHJibHoe yr aJ.I;hlBaHHe, conposo>K.a.aeMoe yrsepJI.HTeJibHhIM 

1) C. E. Sh an non, BSTJ 30, 54-58 (1951). 
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01'BeToM, eJI.Ha JIH Mor JIO C4HTaTbCSI 3a peaJibHYIO eJI.HHHuy HH• 

cpopMaUHH I). 
Ha pHc. 3.2 npeJI.CT annett Jlal-IHhltt llieHHOHOM rpacp11K, Ha 

KOTopoM qHCJIO JI.B. eJI.. 11a 6yKBy OTJIOiKeHO KaK cpyHKUH5I qHCJia 

oyKB, BITJIOTb JI.O 15 6yKB, c 3KCTparronHuHei1 JI.O 100 6yKs. 

iJIJ. efJ. 
5...-----..------------,-~-------~r------.-~---.------ I 

~ 

h 

IJ 2 6 8 f 0 12 f4 100 
lfUCJlO 6yKI} 

Pm:. 3.2. 4Hc.r10 JlBOHlfHhlX enHHHU. Ha 6yKsy, nocrpoeHHoe KaK cpJHKU.HH 
'IHC.1a 6yKB .uo 15 6yKB c 3KCTparr0.1HU.HeH .n.o 100 6yKB. 

IlpHHHMaSl 9KCTparrOJIHpOBaHHOe 3HatieHMe 1,4 JI.B. e}l. Ha 6yKBY 

H cp.aBHHBa5I ero c Fo = 4,76 JI.B. e.u. Ha oyKBy, Mbl BHJI.HM, 

qTo aHrJIH~CKMi1 H3blK HMeeT snaqHTeJihHYIO M30blTQqHQCTb. 

1) 0CHOBHafl HJleH 9KCrrepMMCHra COCIOHT B I0!\1, qro HCilbtryeMbU~ 
xyno MRM xopolllo, C03HaTe3bHO H~M HCT yqMr~naer Bee CTaTMCTHqecKHe 
B3aHMOCBfl3H H3b1Ka, ua qeM H OCHOB8H8 B03MOm:HOCTh npH6JIHm:eHMR K F Um. 

MeTOJlHKa onbrTa Mor11a 6hl 6blrh ycoseprneHCTBoBana CJie.n.ytoW.HM oSpa3oM: 
nepeJl Kam:JJ;blM oqepeJlHblM yr aJI.bIBaHHeM MCI1hITyeMblft ne.IJHT BCe B03MOLK· 
Hble 6yKBbl Ha ]lBe rpyrrITbl c npHMCPHO paBHblMH nepoHTHOCTHMM (no 
co6cTBeHHott oueHKe). npH 3roM Bb16op onttott H3 nnyx rpynrr naer 
OKOJIO O.fi.HOH e.n;HHHUhl HHcpopMauHH. EC.IJH Bhl6op 011epc.n.HoH 6yKBbl ue 
Bbl3hlBaeT COMHenufi, to KOJIH'ICCTBO HmpopMau.m-r, CB.R3aHHOe c 3THM 
Bb16opoM, C'IHTaercR paBHbtM Hymo. Pac11pene.11ettHe Ha rpynnbl JlenaeTCH 
Ka>KJlbIH paa 3aHono H aaBMCMr, pa3yMeercH, or ncero upenmecrnyto
IU.ero reKcra. TaKaH npouenypa upencras.1.Her, KaK HeTpy ntto BMnerb, 
nepeHoC B SKCrrepHMCHT MeronHKH KOJlHpoBaHHfl no llieHHOHy-<t>auo, 
(llpu.At . .. nepeB.) 
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flO-BHJ.I.HMOMy, B03M0jf(f10 COKpameHBe pasa R Tp11, KOTOpoe 
Mor 110 ObI cne11aTb R3hIK 0011ee ToqHbIM. Hyn<Ho, o.nnaKo, y411-
TblBaTh u 11.pyrue cooop ameHHH, K aK, uanpuMep, pa3t5op4HBOCTb 
H B03MQ)KHOCTb fiOHBMaHBH peqB npH HaJIBqBH IJJyMa. 

5. KoJJ:upy1_0nu-1e ycTpoiicTea 

Coo6paiKeHuR npe11.mecTBYIOillHX pa3nenon ecTecTseHHO se
ny-r K npooJieMaM. KO,nBposaH~ff B nOCTpOeHH51 KOJl.HPYIOW.11X 
ycTpottcrs. TaK, HanpBMep, Kon0py10m.ee ycTpoficTno J.I.OJDKHO 
oonanaTb naMSITbIO Jl.JHI yMeHhilleHHH H36hlTO'IHOCTH nocTyna10wux 
6yKs; BHaqe rosopR, KOJ.I.HPYIOW.ee ycrpotlCTBO ,[(OJI/KHO «BCI10· 
MHHaTh» npeJJ.hlJ.I.YlllHe 6yKBbl J.I.JISI Toro, 'IT06bl C03!1aTb KOJ.I.OBOe 
0(503Hal1eHHe CJieJlyIOutetl nocTyna1qmett oyKBbl. ECJIH Mhl 0603 ... 
HallBM: rJ.n, - COCTOSlHBe naMHTH B naHJ-lbltl MOMeHT, Xn - c11e.ny10-
waH 6yKBa, y n =I (xn, an)- KOJJ.OBOe 0003HaQeHH.e 6yKBh1 Xn, 
TO naMSITb J.I.OJDKHa npBHHTb HOBOe COCT051HBe, TaK)Ke 3aBUC5llll.ef: 

OT Xn H a11: 

tln+t = g'(xn, an)• 

PesynLTaT ttamux sepoHTHOCTH~Ix paccymnettBfi no noso11.y 
sasBCBMhIX coohITBtl KpaTKo cpopMy 110pyeTcS1 n 7 ... fi TeopeMe 
WeHHOHa: 

«Kon0py10maH CBCTeMa MO)KeT yMeHhlllBTh, a B nyqrneM 
c11y4ae coxpaHBTb BMelOlll.YIOC51 HHcpopMaUBIO». 

OopaTnMoe KOJ.I.Hpy10mee ycTpottcTeo, Morymee npBMettHThCSI 
KaK J.I.JHI KonuponaHB51, TaK B Jl.1151 .neKOJlBpoBaHHH, coxpaHHeT 
HHcpOpMaUBIO tteB3MeHHOft HHcpOpMaUHSI MOJKeT 6h1Th OTHeCeHa 
JIBOO K ueJIOMY npe11.110>1<eHMIO, JIB6o K enBHBUe npeMeHU, eCJIH 
coo6uteHBe cosnaeTC5I HenpepbIBHO H~KOTOpbIM BCT04HHKOM. 

Peay JihTaT' _ Wettttotta cxo.n:eH c nono)KettueM s TepMo.n:utta
MHKe, r ,Ae OOpaTBI\!bltl npouecc He B3MeHHeT 9HTpOnBB, Tor J.I.a 
KaK npH Heo6paTBMOM npouecce aHrponBsi ecer na B03pacTaeT. 
MeTOJ.I.bl KO.AUpOBaHHH Mhl 6y11.eM oocyiKJlaTb B cne.n:y10wett 
rnase. 
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IlPHHUHilhl KOJlHPOBAHHSI; IlPOilYCKHASI 
CilOC06HOCTb KAHARA 

1. Beeneuee 

B npeJlnIJlYillHX rnaeax MbI onpe,nenHJif.f HHcpopMaUHOHHoe 
coJJ,ep)KaHHe HeKoToporo coo6rn.eHH51 11 o6cy JlHJIM poJih H36hITOq
HOCTH, yMeHblllaIOIJlefi JI.efiCTBHTeJibHOe KOJIHqeCTBO HHcpopMaUHf.f, 
npHXO.LI.Hrn.eitcg Ha O.LI.HY 6yKsy nHCbMeHHoro coo6rn.eHH51. EcJIH l 
eCTb cpe,LI,HSlSl HHcpopMauHH na 6yKBY, H ecJIH HCTOQHHK Bbl]laer 
6yKBbI co CKOpOCTblO m 6yKB B ceKyHJly, TO nOTOK (CKOpOCTb 
C03~3HHS1) HH~OpMaUMf.f paeeu 

/, . 
=mt 11.B. e;(. u ceKyH.LI.y. (4.1) 

Mo)l(eT oKasaTbCH y ,LI,o6HhlM saMeHHTh ancpaBHT .upyrofi co

BOK YilHOCTblO CHMBOJIOB JlJISl Toro, QT06bl yMeHblllHTb M3t5hITO •I· 
HOCTb H COKpaTHTb llMCJIO CHMBOJIOB, nepe~asaeMhlX aa OJI.HY 
ceKyttn.y. 06maff npoueJlypa, KOTopyro HyJKno npHMeHHTb JI.Jiff 
BblCTOJIHeHHSl TaKofi onepauHH KOJlHPOB8HH51, onHCaHa B KOHue 
npeJlhI.LI.yrn.efi r 11aeb1. EcJIH npHMeHHeMhifi npeo6paaoeaTeJib o6pa
'fHM, TO nOTOK MHcpOpMaUHH /' coxpaH51eTC51, H npH KO,LI,HpOBaHMH 
He npo11 CXOJlHT 110TepH HHcpopMaUHH. AHaJioru 4Hhifi npeo6paao
eaTeJib (JJ.efiCTBYIOlllMD B o6paTHOM HanpaBJICHHH) MOiKeT npu
MeH51TbCSI JI.Jiff JJ,eKOJJ.HpOBaI-inSI C006UlCHf.fSI " npeepaUleHMSI ero 
cttoea s nHCbMeHHhlfi reKcT. EcnH Harn npeo6pasosaTeJib Heot5-
paTHM, OH MO)l(CT noTepHTb llaCTb HHcpOpMauun, l!TO noBeJJ,eT K 
0111H6KaM H HeJJ,opa3yMeHHHM. 11raK, nepaoe Tpe6osaHHe K ripe
o6pa3oBaTenio COCTOHT B TOM, llTO OH ,LI,OJI~eH t5h1Tb o6paTHMblM. 

KaK nocTpoMTb ttaH6onee 9cJ><t>eKTMBHbifi npeo6paaoeaTenb? 
06ruero OTBCTa Ha 3TOT eonpoc HeT; OTBeT 33BH'CHT OT Toro, 
KaKOBO npen.nonaraeMoe HCCTOJib30BaHHe KOJJ.MposaHHbIX CHrHa

JIOB. Mbl JlOJiiKHb1, npe)l(Jle ecero, o6cy JlHib ceofiCTBa Kaua.tta, 
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no KOTOpOMY CHrHaJibl JlOJUKHhl nepe)laB3TbCS1 ( ecJJH peqh H)leT 

0 npo6JieMaX CIHI3H), HJJH aanacaTbCH (eCJlM MhJ HMeeM B BH,n:y 

3anoM11Ha1ow.ee ycTpOHCTBO BbllJHCJIHTeJJbllO~ Mallll1HbI). 

HaHJJY411111M HBJJ5leTCH TOT MeTOJI. KOJI.11poBaHH5l, KOTOpblti 

9cp<fleKT11BHO corJiaCOBblllaeT noTOK 111Icp0pMaI!l111 c nponyCKHOti 

cnoco6HocThlO 1cauaJJa. CHa 1.1a;ia o6cy JlMM npoone.My KaHaJJa 11 ero 

nponycKHOti cnoco6uoc1n. 

2. Onpe11eneHHe KaHana H ero nponycKHOH 

CDOCOOHOCTH 

Ec.n11 Mhl iKenaeM nepeJlaBaTb 11Hc.flopMaLl1110 11n11 3anacarb ee 

u 3aUOMHHaIOmeM ycTponcTBe, TO Mhl, npe)({Jle BCero, BblOHpaeM 

HeKoropyto cf>HaHqecKyto cpe.n:y, Ka6eJJh, JIHHHlO paJlH0CBS13M, 

pryrHyIO 1111u1110, MarHffrHyro JieHry 11 T. n. H .n:oniKHbI 113y411rb 

cp113114ecK11e B03MO)l(HOcT11 9Toti cpeJI.hI. TaK, ecn11 MhI np11MeHS1eM 

Ka6e11& c nonoco~ nponycKaH11S1 A'J, ro KpaTlla~lllHtt c11rHan, 

KOTophI~ MOiKeT ObITh nepe.n:aH, 11MeeT ,uJJ11Te.1bHOCTb A. t, np114eM 

(CM. rJiaBy 8) 
11t 11'1=1. (4.2) 

3aTeM B03HHKaeT TeXHH4eCKast npo6JJeMa nocrpoeHl151 CHCTeMhl 

CHMBOJJOB, cornacosaHHblX c cp113114eCKO~ cpe.n:o~ 11 y JlOBJJeTBO· 

pHIOlll,MX nae c TOllKl1 3peH11Sl np11MeHeHl1H HX JlJlH CB5I311: T04K11, 

1'Hpe H nay3bI, CHrHaJibI pa3JJ11llHOi1 MHTeHCl1BHOCTl1 11Jil1 Il0JIS1P· 

HOCTH H T. Jl. ECJJH 9TOT BhI60p c.n:enan, TO Tel-1 caMhlM onpe .. 

n.eJJeH KaHaJJ. 

,ilJJSI 06cy)l(JleH11H Bonpoca co CTaT11c111 11ecKott T04K11 apeuHfl 

.n:ocraT04HO pacCMOTpeTh np11MeHS1eMyIO COBOKJllHOCTb n JlHCKpe1-

HblX Cl1MBOJIOB sh S2, ... , sj, . I ., Sn 11 ,UJIHHbl (111111 .D:JJ11TeJib· 

HOCT11) t 1, t2, ••• , t1, ... , tn ar11x Cl1MBOJIOB. B .n:aJJ&He~llleM Mhl 

MOIKeM He .n:yMaTh 0 cf>M3Hl.JeCKOl\I CTpOeHHH CHCTeMhl nepe,n:allH 

11 0 TeXHHqeCK11X HJIH npaKTHl.JeCKHX OCHOB8HHS1X )lJIS1 BhlOOpa 

pa3Jil1•!HhIX CHMBOJIOB Sj 11 11X .ll:J111TeJlhHOCTeti tj• ,ilJJfl BCeX HO· 

cneAyIOlll11X TeopeT11qeCKHX H npaKTl1qeCKl1X paccy)l(JI.eHHt:l ICa
HaA onpeneneH npocro cosoKynuocr&m CHMBOJIOB Si, 11MeIOW.HX 

,n:JJ11reJJhHOCT11 t 1. Mb1 MO)l(eM 11ruop11posarb cp113114ecKy10 npH .. 

poJly CHMBOJIOB; TOJibKO 11X JlJIH'feJJbHOCTb 11rpaeT pOJJb B 00· 

cy>KJleHHH. Mb1 He BBOJl11M u11KaK11x orpaHHlfeHHti JlJIHTenhHOCTH; 

B03MOn<HO, 4TO HeKOTOpoe KOJil14eCTBO CHMBOJIOB 11MeeT O]lHHa

KOBYIO .ll:Jl11TeJibHOCTh. f1peAilOJiaraeTCH, 4TO CHMBOJlbl Sj UOJI· 
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HOCTblO He3aBHCHMhl .npyr OT .npyra H onpe.neJieHhl TaK, 41'0 

Me)l{.ny HHMH 01cyTCTByeT KaKaH-JIH6o KOppe.'ISlll,HSI. Tipe.nnoJia

raeTCH, llTO np0113BOJihlla.H nocne.noBaTeJihHOCTb CHMBOJIOB CllO· 

C06Ha npeJ.I.CTaBJIHTh HeI<OTOpOe C006lll,eHHe. noJIHa.H Jl.JIHTellh

HOCTh cooouleHHH T ecrh nonpocry cyMMa J.I.JIHTeJihHOCTeti t1 
OTJI.ellhHhlX CHMBOJIOB, COCTaBJIHIOill.HX COOOIUeHHe. 

PaccMoTpHM see B03MO)KHhie coo6meH11S1, 11Me10m11e noJIHYIO 

AJIHTeJihHOCTb T. 3r11 coo6meHHH 6y JI.YT coorseTCTsosarh BCeM 

B03MO)KHhIM KOM611ttau11HM CHMBOJIOB Si, 11Me10ru11M 06my10 JI.JIH .. 

TeJibHOCTh T. OooattaLJHM 4epe3 N( T) 4HCJio TaKttx or JI.eJihHhIX 

coo6me1-111fi, pa3JIH4al0Ill.HXCH Me:tKJI.Y co6oti BbIOOpOM CHMBOJIOB 

H nOpS!.U.KO.M HX pa3MeIUeHHH. np11MeHeHHe pa3Jil14Hb1X CHMBOJIOB 

He CBH3aHO HHKaKHMH YCJIOBHHMH, orpaHH4eHHSIMH HJIH KOppenH-

11,Hett. Bee N cooorueHHtt JlJIHTeJibHOCTH T paccMaTpHnaIOTCH KaK 

panHosepostTHble anpHOpH. Tor .na, ecJIH Mhl Bb16epeM o.nHO ua 

3THX coo6uleHHtt, TO fiOJIY4HM HHcf>OpMaUHlO 

I =KlnN, 

B COOTBeTCTBHH c (1.1 ), r .ne BhIOOp e.uHHHU onpe.neJIHeTCSI BbIOO

poM nocTOHHHOtt K. 
CKopocth, c KOTOpott ttHcf>opMau11Hl nepe.naeTcst no Kattany, 

ecTb I /T. 3Ta CKopocrh MeHHeTCH c HsMeHeHHeM o6mett J.lJIH

TeJibHOCTH T, HO MO)KHO noKasarh, LITO Bo ncex npaKTHLieCKHx 

c11y4aS1X OHa c1peMHTCH K npe.neJiy npH HeorpaHHlleHHOM B03-

pactaHHH T. WeHHOH 1) Bh1f511paeT 3TOT npe.ne11 n KaLiec1ne onpe .. 

.ne11eHHH nponycKHoti cnoco6HocTH KaHaJia! 

(~-KHm lnN(T) 
,,,- T~co T · (4.3) 

Ecn11 Mhl npHMettHeM eJI.HHHUhI 9HTpon11H, TO K = k - no

croHHHoti BoJibU.MaHa. B 60JibWHHCTse reopeT111co .. 11Hcf>opMau110H

"wx 3a)la4 Mbl OyJ.I.eM HBMepHTb HHcf>OpMaUH~ B ABOH4HblX eJI.H· 
HHuax, K KOTOpblM nepeXOJlHM, fiOJIO)KHB 

HJIH 
K=log~e 

C= lim log2 N(T) 
T-oo T ' 

( 4.4) 

(4.5) 

1
) C. E. Shan non, W. Weaver, The Math.ematicaJ Theory of Com

munication, p. 7, U. of Illinois Press, Urbana, 111., 1949. 
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w nponycKHaH cnoco611ocT& 6y.u.eT Bhipa'iKetta a JlBOH4HhIX e.llHHH· 

Ilax e ceKyH.u.y, ecn11 T H3Mepetto B ceKyH.u.ax. 

B nocne.u.y1011~11x pa3.u.eJiax 9TO:tt r JiaBhI Mhl 6y .u.e.M o6cy)l(

.uaT& npHfOJJ.HOCTb 9TOrO onpe}leJieHH51 H ycJIOBHe cywecTBOBaHH51 

npeJleJia C. 3aTeM Mhl noKan<eM, 4TO nponycKHaSJ crroco6HOCT& 

J<aHa.11a COOTBeTCTByeT HaH60JibWeMy cpe.u.HeMy fIOTOKy 1111cpop

~1au1111 B Kanane, Kor .u.a Bee B03M0)KHhie KOM61111au1111 CHMBOJIOB 

paspemeHhI. 

H aKOHeu, Mhl HCCJieJlyeM BOIIpoc 0 TOM, KaK KOJJ.HpOBaTb 

coo6meHH51 JJ.Jl51 Toro, 4T06bI nOJIHOCTblQ HCnOJib30BaTb nponyCKHYIO 

cnoco6HOCTb KaHaJia. 8TO np11ee.u.eT K npaKTHlJeCKOH fIOCTaHOBKe 

3aJI.at.IH KOJI.HPOBaHH51: JI.aHa COBOl{ynHOCTb coo6meHHti, HafIHCBH

HhIX Ha HCKOTOpOM 513hIKe c H3BeCTHbIM ancpaBHTOM; 3a,!l.a4a 

COCTOHT B TOM, 4T06bI cornacoeaTb 513hlK c KaHaJIOM H npM6JIH-

3HTbC51, no B03MO'iKHOCTH, K CKOpOCTH nepe.u.alJH HHcpOpMaUHH' 

coorseTcrsy10mett rrponyCKHott cnoco6HOCTH C KaHana. MhI .u.o
I<a'iKeM, qTo 3Ta sa.u.aqa pa3pern11Ma, 11 o6cy JJ.HM tteKoroph1e 06rn.11e 

ycJIOBH51, KOTOphie JJ.OJI)l(UhI 6hITb BbinOJIHeHhl npH KOJlHPOBaHHH 

JJ.JIH .ll.OCTHn<eHH5I TeopeTH4eCKOfO npe.u.eJia. 

3. CHMBOJihI, cJiosa H cooomeuHH npH KOJIHposauHH 
IlOCJienoaaTeJibHOCTeH 

Tipe.u.noJIO)l(HM, qTO Mhl BhI6paJIH CHMBOJlhl H 1ITO Mbl XOTHM 

BOCnOJib30BaTbC51 KOM6HHaUH5IMH 9THX CHMBOJIOB JJ.Jl51 nocrpoeHHH 

CJIOB HJIH coo6meHH:tt. 8To npeJI.CTaBJI5IeT THfIH4HbI:tt cnyqatt KO

JJ.HPOBBHH51 nocne.u.oeaTeJibHOCTett. HarnH CHMBOJihI MoryT COOT

BeTCTBOBaTb 6yKBaM, KOTOphie, COt.IeTaHCb, 06pa3y10T CJIOBa, HJIH 

OHH MoryT npe}lCTaBJIHTb UHcppbI, noc.rie.u.oaareJibHOCTb KOTOpbIX 

JI.aeT HeKoTopoe 4MCJIO. Eonee o6rnaH aa.u.aqa BK11104aeT cny4att 

u11cpp HJIH 6yKB, np11MeH5lCMhIX JJ.Jl51 npe.u.cTaBJieHH51 ueJihIX npe.u.

JIO)l(eHH:tt. B cny4ae pe411 Ka)K.u.oe CJIOBO npe.u.crasneHo KOM611-

Hau11ett 9JieMeHTapHbIX SByKOB, HJIH cpoHeM, KOTOpble 11rpa10T pOJib 

CHMBOJIOB. 

Ka)l(JJ.hltt CHMBOJI 11MeeT onpe.u.eneHHy10 qe11,y, 11 crroco6 noJI.

cLJeTa 9THX ueH saBHCHT OT cpH3H4:eCKO:tt CHCTCMbl nepe.u.a'!H. 

B ttarn11x neps&1x sa.u.atiax Mhl 6y .u.eM nonaraTb, 4TO uena cooT

BeTcTeyer JJ.JlHTCJibHOCTH CHrHaJia, npe.u.cTaBJIHIOlllero CHMBOJI. 

8TO eCTb rJiaBHaH npo6neMa CBSl3H, r JI.e Heo6XOJI.HMaH MOlllHOCTb 

Mana . 11 . r .u.e sa.u.a4a CBOJJ.HTCH K nepe.u.aqe B03MOiKHO 6on&rnero 

KOJIH4eCTBa coo6mett11tt aa HeKoTopoe BpeMSI T. Ka)l(JJ.&I~ CHMBOJI 
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S1 HMeeT onpe.rr.e.11eHHY10 JJ".JIHTeJibHOCTb tj, YI MHorue CHMBOJibI 

MoryT H!deTb O,llHHaK0By10 JVHfTeJibllOCTb; 9TO HMeeT MeCTO, B 

ttaCTHOCTH, eCJIH npHMeHSllOTCSl .HMny JlbChl nepeMeHHOtl .HHTeHCHB· 

HOCTH ttJIH pa3JIH4H0'1 qacroThI. AnaJiorttl!HO o6CTOHT JJ.eJio 

.H c TeJierpacpHblMH CHrHaJiaMH, COCTOHIUH.MH H3 KOM6ttHaU.Htt 

noChIJIOK .H nay3, KOf JJ.a see KOM6ttHaUHH HMeIOT OJJ..HH3KOBYIO 

JJ.JIHHy. 

Mb1 He npennoJiaraeM KaKttX·Jitt6o orpaHtt4ettttti, HaJioiKeHHhlX 

Ha B03MO)l(Hbie nocJieJJ.oBareJihHOCTH CHMBOJioB. EcJI.H MhI npttMe· 

HffeM 6yKBbl, TO 9TO 3lla4HT, llTO Mhl nonycKaeM nocJieJJ.OBaTeJib

HOCT.H, Henpo.H3HOCHMble .H He HMelOIUHe C.MblCJia HH B KaKOM 

st3h1Ke. CpeJJ.tt ttam11x CttMBOJIOB MbI MoJKeM Bh16paTb onttH Ka· 

KOii-JIH60 JJ.JIH o603Ha4eIUHI npo6eJia, H.i1H l\fO)l(HO MCnOJib30BaTb 

JJ.JIH 9rott ueJitt tteK0Topy10 1coM6tt11auttio CHMBOJIOB. Paccop

THpyeM Tenepb Halll.H CHMilOJlbI no ueHe (.HJIH JJ.JlHTeJibHOC1.H). 

MbI HMeeM: 

ai C.HMBOlIOB JJ.JIHTeJibHOCTbIO ti, 
a'l » » t2, 

(4.6) 
tj, aj??:. 0, r a. )) » 

J 

am » » tm=a. ; 

ECJJ.H a osHaqaeT H8HOOJihIIIYIO B03MOiKHYIO JJ.JHITe.'1bHOCTh CHM· 

BOJia, a n eCTb noJntoe 4HCJIO C.HMBOJIOB, TO 

,!aj=fl H l~t1 <t2 < ... <tj<···<tm=a. (4.7) 
j 

BeJittLIHHbt a1 - tteorpttuareJibHh1e ueJ1&1e qttcJia, tt MbI MO)l(eM 

C4HTaTb ,llJIHTeJibHOCTH ti TaK:tKe ueJibIMH. 3ro npeJJ.nOJIO)l(eHHe 

orser.rneT JletiCTBHTeJibHOCT.H, TaK KaK ,llJlttl'eJibHOCTH seer }la on

pe.neJISllOTCSI JI.HIUh c onpe.neJieHHotl norpewHoCThlO. 

CJienyst nporpa.:v1Me, HaMeLieHHoti B n. 2, Mhl noncLittraeM 

reneph 4.HCJIO N (t) pa3JIH4HhIX coo6llleHttt1 o6ruett JJ.JIHTeJib· 

HOCT&IO t. 3To 4HCJIO N y nonneTnopHer coorHorueHttEO: 

N(t)= a1N(t-t1) + a2 N (t -t2) + ... +am N (t-tm) = 
j:::= m 

== _! a1 N (t - t1), (4.8) 
j== 1 
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KOTopoe 03Hal.faeT, l.fTO coo6meHHSI JlJlHTeJibHOCTbK> (t - ti) MO· 

ryT 6h1Tb JI.OnOJJHCHbl JII06blM U3 at CHMBOJIOB .llJlHTeJibHOCTblO t,, 
.QJIJI oopa30BaHHff COOOllleHHff oowett JI.JIHTeJibHOCTblO t, H aHaJIO· 

rHqHO )lJJSI t'l, f 3, ••• , tm• 
PaeeHCTBo ( 4.8) npe.llcTaBnHer co6ott JIHHei1Hoe ypaeHeHHe 

e KoHeqHhlX paaHOCTSlx. Ono HMeer a HeaaeHCHMhIX perueH11ti 

(CM. npHJIO>KeHue B KOHue 3TOti fJiaB~) BHJI.a 

k = 1, 2, ... , a, (4.9) 

a oomee peweHue Bblpan<aeTCff JIHHet\HOf;l KOMOHHaUHef;l 

k=a 

N(t)= ! AkX~ ( 4. l 0) 
k-l 

c nocroSJHt1h1MH K03cpcj:}HuHeHTaMH Ak. Ilo.llCTaR .. 1nn1 qacTnoe pe4 

weHHe N (t) == X' B ( 4.8), Mbl y6e)K)lBeMCff, qTQ xk HB.,1HIOTCff 

KopHHMH ypaeHeH11g 

HJIH 

j=m 

xt- ~ ..... 
j= I 

t ·- t. 
ai X 1=0, 

( 4.11) 

9ro Ha3hloaeTC5l xapaKTepHCTHtleCKHM ypaeHeHHeM ypaBHeHHSI 

( 4.8). YMHOIKa.R Ha xa, qTOOhl H30aBHTbCSI OT OTpuuaTeJibHblX 

CTeneHeti )(, nonyqaeM anreopaH4eCKOe ypaBHeHHe O·ti CTeneHH: 

1= m o-t 
~ j Xa- .'- ajX =0, a1 ~o. ( 4.12) 

J=l 

3JI.CCb HMeeTCH TOJlbKO O,llHa nepeMeHa 3HaKa H, cne.n.oeaTCJlbHO, 

no npae11ny ,lleKapTa, OJI.HH nOJIO)KHTeJJ&Hhlti KopeHb. TaK KaK 

Harua SaJI.alJa TpeoyeT no MeHhIIJeA Mepe JI.BYX CHMBOJIOB, TO MIIO

roqJieH OTpHuaTeJieH npH x = 1, TaK 4TO 

j=m 

! a1 ~2. 
i=l 
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MHoroqneH cTaHOBHTCst nOJIO)({HTeJILHblM npH ot.1eHb 6oJILillOM X. 
Do9TOMY MhI l1MeeM: 

OJlHH eemecTBeHHhI~ noJIO)l(HTeJibHbit"l KopeHb, 

6onLrnHit eJlHHHUhl: X 1 > 1, 

a - 1 0Tp11uareJibHhlX HJIH KOMnJieKCHbIX KOpHeA: 

X 2, X 3, ••• , X0 • 

4. OOcy>Knenne 

(4.13) 

TipeJlhIJlymast nocraHOBKa aaJla4H Jlatta nnepeble We11HOHOM, 

no.llpo6Hoe 06cyiK.lleH11e MO)f(HO Hat1r11 B JlHCcep1au1111 MaHJleJih· 

opoTa 1
). 

Mhl HMeeM ooruee pellleHHe ( 4.10), CO]lep)({aruee a UOCTOHH· 

HhlX KO:Hpcp11uweHTOB Ak. 9r11 K09cpcp11u11eHTb1 onpeJlenmorc51 113 

ttaqanbHhlX ycnoewit, Korophle Mhl ceAqac o6cyJlttM. PaccMorp11M 

( 4.8) npH MaJibIX 3Ha4eHl151X t. 0,D.l1H 113 '-IJieHOB COOTBeTCTByer 

fi=t HJJH t-tj=O, 

11 Mbl JlOJJn(Hht nono)f(HTb N (0) = 1, TaK K8K olleBH.llHO, llTO 

Mbl MO)f(eM npeJlCTaBl1Tb HeKoTOpble H3 cooomeHH~ o6me~ JlJIH· 

TeJibHOCThlO t = tj np11 IlOMOlllH aj CHMBOJIOB ,lJ.JIHTeJibHOCTblO tj. 
B6nhllll1e SHalleHHSI tf+tt ti+2, •• ., tm He Moryr npHMeHHTbCst. 9ro 

yrsep)l{Jlett11e cnpasenn11eo JlJIH Bcex aua4eHH~ j. 8ro ycnoa11e 

y .D.OBJieTBOpSieTCSI, eCJil1 B3SITb 

N(O)= 1, 
N(- l)=N(-2)= ... =N(-a+ 1)=0. (4.14) 

Mhl noJiyqaeM, taKHM oopa30M, a Ha4aJihHblX ycJIOBHit, onpe}le .. 

JIHIOilll1'X o npOH3BOJlhHhlX Ko9¢cp11uHeHTOB Ak. 3ttat1eH11st cpyHKUl1H 

N (t) .llJISI t = - a, - a - 1, ... HHKOf .a.a He BCrpeTSITC51 B ( 4.8) 
H He nrpaioT ponn n Halllef.t 3aJI.at.1e. 

1) B. l\1 and e J bro t, Contribution a Ja theorie mathematique des jeux 
de communication, Ph. D. thesis, Paris, Dec. 16, J 952, Pub!. de l'lnst. de 
statis1ique de 1'Univ. de Paris, vol. 2, N2 1, 2, pp. 80-102, 1953; CM. 
taKme T1ans. IRE (PGIT) 3, 124 (1954). 



58 nPHHunnhl KOAHPOBAHHS (rJI. 4 

k=a 

N (t) === AiXf + ! AkX~. ( 4.15) 
k=2 

llepBf,It\ qJien paCTeT 9KCflOHeHµ.HaJlbHO c t " ffBJHieTCH npeo6 .. 
Jia.u.aIOlll.H.M. OcraJibHbu: qJieHbl HMe101 KoneoateJJbHbifi xapa1<rep .. 
EcJIH KOpeHb xk OTpHuareJieH, OH naeT nonepeMeHHO noJIOA\H .. 
TeJihHbie H OTPMUaTeJibHbie qJieHbI x~ no Mepe roro, KaK t yee .. 

JIHttweaeTCSI KaiKAhlti pa3 Ha eJlHHHUY (t ecer .u.a ueJioe). ECJIH 
X k - KOMnJJeKCHbl.ii ICOpeHb, TO ero KOMilJJeKCHO-COilpSl)({eHHOe X~ 
TaK)J{e HBJJHeTCH KOpHeN.I, H 3Ta napa KOpHett, BMeCTe B3HThIX, npH 
eospacTaHHH t naeT KoJie6aHHe. 

Peweuwe ( 4.15) ycTofillHBO, ecnn ece aTH KOJie6aieJihH&1e 
llJieHbI HMeIOT y6b1Ba1owy10 aMITJIHTY .llY, H Heycrott 4 HBO, eCJIH 
aMnJittTyAa KoJie6aHHtt eo3pacraer. Mhl roeopHM, llTO Hawe pe .. 

weHHe 

a6conIOTHo ycTott4HBo, ecJIH I Xj I< 1, j;:::: 2, 

OTHOCHTeJibHO ycTOt\llHBO, eCJIH l xj I< X1, j ~ 2, 

HeycTottqtteo, ecJIH l X1 J ~ X 1 xors:1 6b1 AJISI 

O}lHOrO j ~ 2. 

( 4.16) 

B nepsoM cJiyllae aMnJinTyJla KoJJe6aHHtl y6bleaeT, so eTopoM 
cJiyt1ae aMnJIHTY .u.a KoJie6aHHtt eoapacTaeT Me.u.JieHHee, lleM npe· 
o6JiaAaIOUJ.Ht\ qJieH. 

Ha11aJJbHoe ycJJoeHe ( 4.14) ,ll.aeT: 

N(O)=A1 +A2+ ... + Aa = 1. ( 4.17) 

B nepehIX neyx CJ1yt1as:1x (a6coJIIOTHaH HJIH oTHOCHTeJihHaH 
ycTotlqHBOCTb) l\lbl MO>KeM BO MHOfHX aanaqax HfHOPHPOBaTb 
KOJie6aHHSl H y ,ll.ep)({HBaTb B ( 4.15) TOJlbKO npeo6JJa)lalO~Htl t.tJieH: 

( 4.18) 

r.n:e ~ = ln X 1• 

VITaK, N (t) npeJlCTaBJisteT qHcJio coo61IIeuHtt, noJJuaH .ll.JIHHa 
KOTOpbIX paeHa t. Ho Hae Mo>KeT HHTepecoear& 1-IHCJIO N1 (t) 
coo6meHHt\, ,ll.JIHHa KOTOpbIX MeH&we l1JIH panHa t. l1MeSl B Bl1.lJ.y, 
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qTo t Beer JI.a ueJ1oe, HMeeM: 

s=f s=t k=cr k=':! s=t 

Nt(t)= ! N(s)= ! l AkXk= ! Au !xi. (-1.19) 
s=I s 1 k=I k=l s=I 

Mhl He BK .. 1I04HJIH B cyMMY cnaraeMoe s == 0, TaK KaK coo6rn.e
HHe HyJJeBof.t ,lJ.JlHHbl He HMeer C~lhICJJa. l1cnoJib3YH COOTHOWeH11e 

nonyllaeM: 

( 4.21) 

rJI.e 

1-x; 

Mhl MO)l{eM nepen11caTb :rror peayJJhTar cne.lly10rn.11M o6-
pa30\'1: 

( 4~22) 

rJJ.e 
k =cr 

B -· ~ B o- / k• ..... 
k 

LJ11cJio N1 coo5w.eHnf.t, Jvup-1a KOTOph1x MeHhllie 1.J:eM t, HJIH pae: 
Ha t, co.J.ep>KHT npeo6.11ana10m11fi 4JJeH c Xf, KO.Tie6areJJhHb1e 
'-lo11eHbl (k = 2, 3, ... , a) H IlOCTOHHliyIO Bo. OropaChlBaH Kone .. 
OaTeJihHbie 1.J:JieHbl, l'fMeel\I: 

(4.28) 
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JVH1 OOJlbllJHX t. Mbl no.rryr.iaeM, TaKHM oopa30M, 

t l l N~ +Bo t + 1 1 + B = -~- n 
81 

= o -~-In (N1 0), ( 4.24) 

r.n.e 
1 

to== - -rr ln B,. 
5. fipHMepbl 

TioKameM .n.eACTBHe Meroaa Ha HeCKOJlbKHX npMMepax. 

A. B c e c H M B o JI hI H M e 10 r o .n H H a K o s y 10 a JI H H y 

B 9TOM c.rry4ae MhI 6epeM a1 = n -- o6meMy r.i11c.11y CHMBO .. 

JIOB .nJIHHhl t1 = o = 1. PaeeHCTBO ( 4.12) .naeT: 

X-n=O. (4.25) 

H:\teeTcsi OJl.HH BemecreeHHhifi 110J1om11reJ1bHhiti KopeHh X = n, 
H CJleJ{OBaTeJlbHO, 

t ,, nt -- l 
N =n uN n I == i --1 • 1-n 

9TOT KaHaJI 06J1aJl,aeT a6COJIIOTHO.i:t ycrottr.iHBOCTbIO 6ea K8KHX~ 
JIH6o KOJie6aHH.i:t. 

B. C H M B o JI bl II B y x p a 3 JI H r.i H hi x .n JI H H: l H a 

B. 1. CTeneuh xapaKTepHCTH11ecKoro ypasueHH51 paeHa o. 
B 061u,eM CJ1yr.iae 

( 4.26) 

B. 2. TipocTeAun1e cooTHollleHHH noJ1yLiaeM npH o = 2: 

)(
2 

- a1X- a2 = o. ( 4.27) 

KppnH aroro ypauueHH~ paBHhl 

( 4.28) 

T:a~K. !<aK I X 2 l < J\'"1, ro oruoc11re .. 11&Hasi ycTotir.iHBOCTh o6ecne-
4eHa. 'll;rn a6cO.lIKn llOil ycrofilfHBOCTH Heo6XOJ{HMO 

(4.29) 
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9ro ycnoBHe R&1nonn.HeTCH .U.Jlff Kattana c .u.syMfl CHMBOJJaMu: 

( 4.30) 

B. 3. PaccMOTpHM cny1.1a~, Kor JI.a .U.JJHHHble curuaJJbl e-rpoe 
Jl.JlHHHee KOpOTKHX; 

t1 = 1, t 2 = 2, f 3 = 3, a = 3, 
a 1 >0, a2 =0, a3 >0. 

XapaKTepncTnqecKoe ypaBueuue HMeeT BHJJ. 

a 2 X -a1X -a3 =0. 
EepeM 

Y=X- 1 

y:J + p y + q = 0, 

( 4.31) 

(4.32) 

r .u.e p = aif a3 H q = - I /a3• 3To - xoporno nssecruoe ypas
uett0e. TaK Kat< BeJJH4HHa 27 q2 + 4p3 noJJ011<0TeJJhI·rn, TO HMeeTCfl 
OJJ.HH IlOJIO}KHTeJlbHb!~ H JJ,Ba KOMilJICKCHblX KOpttfl: 

Y1 ==A+ B, Y2 =mA + ~B, "" Y3 = mA + roB, ( 4.33) 

- l + y3i - - 1 - V3 i ~.,2 __ m"", m= 2 , m= 2 , UI 

As=}(-q+ f q2+tr;). B3 ~ (-. q-: f q2+4t; ). 
MhI Bh160paeM JlJJH A H B nemeCTBettHhie Ky6u1.1ecKHe Kopun, 
TaK llTO Y1 seruecTseHuo, Tor na 1caK Y2 H Y3 KoMnneKCHO· 
conpH}KeHHhie. On-1ocaren&na51 y.cToii4HHOCTh 110JJy1.1aercH npn 

JlerKO no.u.CqHT3Th: 

. I Yjilt= Y2Y2== Y2Ya=A 2 +n2 -AB,. 
~ ~-- Yf==A~+B2-+2A-B.-··~. 

( 4.34) 
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lio 

H TaKHM 00p830M, ycJIOBH.e (4.34) OTHOCHTeJibHOtt ycroff4HBOCTH 

DblflOJIHeHO. llJIH a6COJIIOTHOtt yCTQtt4HBOCTH. rpe6yeTcsi: 

(4.35) 

- ycnoaHe, BhinOJJHSieMoe, Kor .lla I A I H. ! B I He CJIMlliH'.OM Manhl. 

11MeeM: 

A''+B3 =(A+B)(A~+B9 -AB)=-q= ~.· 

orKy .a.a 

I-lo Y1 MeHbllle, qeM I (X1 > 1 ), TaK tJTO ua ( 4.35) cne.llyer 

nerKo BblnOJJHH.MOe ypasHeuue: 

C. I I o o l1 H o M y c H M H o 11 y K a )K JI. o tt .l1 JI H. H bJ 

B ::iTOM c.-r1y•1ae 

a1=a2 = ... =aa= I 
npu .llJIHHax 

... , 
XapaKTepMCTHqecKoe ypaBHeHH.e (4.12) npHHHMaeT RH.ll 

xa - xa-1 ·- xa-2 - ... - x - 1 = u, 
HJIH. 

X a X0
- l 

- X'-1 =O. 

YMHO)Kast Ha (X - 1 ), noJJyqaeM: 

xa+I - 2Xcs + 1 = 0. 

(4.36) 

(4.37) 

(4.38) 

9ro ypaRHeHue MMeer nH.nJHHfil KopeHh X = 1. YpasHeHHe ( 4.37) 
HMeeT TOJJbKO OJUiH flOJlOll\l1Te.lJbHblit KOp~b a npoMe)KyTK·e 
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Me:tK.rr.y 1,6 2 ( CJiyttati a= 2, (CM. ( 4.30)) M 2 (.U.JHI a ~ co). OcHo

BblBasicb Ha ( 4.38), MhI san1uueM: 

I 
X 1=2--:)'. 

Xi 
( 4.39) 

HMeeTCsi o..n11H oTpuuaTeJibHLlit KopeHh, Kor .rr.a a qeTHO, a npu 

HeqeTHol\1 a HeT OTp11uaTeJihHbIX KOpHett 3To JierKo noKa3aTb, 

np11MeHBSI K ( 4.38) .rr.eKapTOBO npaBMJIO 3HaKoB: 

a tteTHO: - X - 2/\ 1 = 0, o.rr.Ha nepeMeHa 

f 

,a+t via+ 
X' = _ X sHaKa, 

a HerreTHO: X' + 2X' + 1 = 0, HeT nepeMeHbl I 
a+t ~ 

sHaKa. 

( 4.40) 

Bee ocTaJibHbie KOpHM KOMnJieKCHbI. Kor .rr.a :s qeTHO, OTp11uaTeJib

Hhiff KopeHb HaXOJI.HTCB Men<Jl.y X' = 0 11 X' = 1 (tfTO coor

BeTcTByeT x = - 1) H, CJie.ZI,OBaTeJibHO, He BJIMHeT Ha ycT6it

q11BOCTb pemeHMH. 

Ilp11 oOJiblllHX a I<OMnJieKCHbie KOPHH OJIM3KM K Kop1-u1M 

a-tt. CTeneHH H3 e.ZI,HHHUbl; aanHl.UeM; 

~'!!'-.! + 5 
V a /\=e , ( 4.41 ) 

r..ne n - ueJioe, a s - MaJiaH BeJIMllMHa. 3To sHarreHue X y.rr.oe

JierBopBeT ( 4.38), eCJIH € Bbipa)KeHO np116JIMJKeHHblM COOTHOille-

as I > I e ~ 2 •. , a~ . 2- e nnir:s 

3TO BbtpaiKeHMe .llaeT .lf.J151 IS MaJioe 3HaqeHMe, eCJIH a BeJIHKO. 

IlpM 9TOM KOMilJieKCHbie KOPHM no aoCOJIIOTHOtt BeJIMtfMHe oy.rr.yT 

0JIM3KM K e.ZI,HHHUe M, CJie.ZI,OBaTeJihHO, OTHOCMTeJibHafl ycToftqu ... 
BOCTb OOecneqeHa. 

& Bwqucneuue nponycKHo~ cnoco6nocTH KaHana 

Mhl MOiKeM tenepb HatlTH n ponycKnyro cnoco6nocTb KaHaJJa 

cor JI a CHO ( 4.3). PaccMOTPHM cnyqaff KO.ZI.HposaHHsi nocJie.llOBaTe~b-
11ocTett (CM. n. 3) B npe.rr.rrOJIOfKeHHH, 4TO CMCTeMa yCT0~4MBa. 
Ilpu oqeHb ooJJ&WOM T pemettue CBO,ll.HTCSI K npeo6na,ll.a10~eMy 
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l.IJieHy ( 4.18): 

(4.42) 

lnN-+ ~T +In A1, 

r Jie ~ = 1n X1• Tenepb c no~1orub10 ( 4.3) nony1.1aeM JlJIH npo· 
nyCKHOft CI10C06HOCTH l<aHaJia 

( 4.43) 

WeHHOH pacCMaTpnBaeT TaK>Ke aanaLJH c orpa11uqe1n1HMH, 
HaJIOiKeHHbIMM Ha B03MOJKHhie IIOCJienonaTeJibHOCTH CMMBOJIOB s,, 
HO Mbl Y.llOBOJibCTByeMCH npe.n.rneCTBYlOUUIM oocyJK.ZieHHCM 3a· 
.n.a 4M 6es or pa HMt.JeHMft. 

Onpe.n.enne TaKHM o6pa30M nponycKnyro cnoco6HOCTb Ka1-1ana, 
WeHHOH eno.n.nT cuoe onpe11.eJienue Mepb1 MHcpopr.,rnu1u1, Koropoe 
Mbl o6cym.llaJIM B npe.n.LIJlymux r nanax. 3areM OH JlOKaablnaeT 
OCHOBHYIO reopeMy PJist KaHaJia oe3 myMon: 

«ECJIH KaHaJI HMeeT nponyCKHYIO cnoco611ocTb c ,llB. en. B 
ceKyH.n.y H nonyqaeT cooome1u1e or Mcro•1n1-1Ka n KOJIHqecree 
l JlB. e.n.. Ha CHMBOJI, TO H3HJiyqmaH CHCTeMa KO~uponaHMH no
SBOJIHT McnoJibSOBaTb KaHaJI co cKopoCThIO R = C/i CHMBonon 
B ceKyH.lly». 

lloKasareJibCTBo arott reopeMhI nocnenyeT H3 paccyJK.ZieHMt! 
,llaJibHet!u1ux paa.n.enon. 

7. Cornacoeauue Kona c KauanoM 

Mhl HaMepenaeMcn o6cy .llHTh 6onee no.q,po6Ho cpM3Mt.JeCKMt! 
CMbICJI eaJKHOit reopeMhI WeHHOHa n yroqHMTb caottcrea cncreM 
KO.llHpOBaHHH, Il03BOJISllOlUMX BOJIHOCThlO HCilOJib30BaTb nponycK
uy10 cnocooHocrb KaHaJia. Ey .n.er noKaaaHo, t.JTO HaHnyt.JrnHM 
JIBJISl€TCSI TaKOe KO.ZIHPOBaHHe, KOropoe naer Han6onee nepOHT• 
Hoe pacnpe.n.eneHHe CHMBOJIOU 1), H OY.ZIYT ,llaHbl npaBHJia .ZIJlff 
HaXOJK,lleHHSI TaKMX 0IlTHM3JibHblX KO.ZIHPYIOW.HX CHCTeM. 

') Hymno 3aMCTHTh, qro B 9ToM pa3)lene aarop secbl'\lia HeqerKo pas
rpam11.1ttBaer Beponrnoctnb1e H crarncruqecK11e KareropHH. KpoMe roro, 
OH IIO.llbSyerca ueynoTpe61neJILHof1 TCpMHHOJIOrHefi, npHMCHSHI, HallpHMep, 
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IloaTopi:tM HeKoTopwe pesynhTaTu npeD.hilI.YlllHX rnae. Mu 

npelI.HOJiara;n1, qTo B Han1en CHC-reMe CB513H npH.\1cHf1eTCH ancpa
BHT H3 n pa3JIHllHbIX CHMBOJIOB, H Mhl nOJJ.CllHTaJHt oomce lHtCJIO 

coo6rueHMti, T. e. pa3Jil14HbIX KOMOV1Ha1u1tl 3THX CHMBOJIOB, KOr JI.a 

lJHCJia Ni, N2, ... , Nj, ... , N n pa3JIM4HbIX CHMBOJI03, T. e. 

'!HCJIO IlOBTOpeHHtt lI.aHHOfO CHMBOJia, 6bIJIH Hanept:Jl saJI,aHhI. 

DyCTh 

J=n 

Oo=N1-t-N2+ ... +Nn= !N1 
J=I 

eCTb oomee qHCJIO CHMBOnOB B coo6w.eHHH H nyCTb 

N· 
P -~ 1- Oo' 

j=n 

rn.e !Pi= 1, 
j=I 

( 4.44) 

(4.45) 

npencTaBJISieT OTHOCHTeJihHYIO qaCToTy j-ro CHMBoJJa. IlOJIHOe 

tJ11cno paanw-IHbIX coo6w.eH11ti paccMaTp11aaeMoro THna paaHo 

(CM. (1.26)) 

P Oo! 
=TIN·!. 

j J 

fa:=n 

lnP=-Oo !Pi Inpi. 
j=I 

(4.46) 

3Ta cpopMy JJa 6hlJia HCilOJibSOBaHa JI,JISI onpelI.eJieHHSI KOJIHqecTBa 

11HcpOpMauH11, nonyqaeMoro np11 Bb16ope OlI.HOro coo6meH11H 11s 

p B03MO)l(HbIX (CM. (1.28)), H JI,JIH HHcpOpMaU.HH i Ha CHMBOJI Mbl 

nonyq 11n11: 
j=n 

l= ~. =-K !Pi lnp1. 
j-1 

( 4.4 7) 

)lJIH 060 JH34CHHJI QBCTOTbl (B C'MhJC'Jie MaTeMatHlfeCKoR CTaTHCTHKH) rep
MMHhJ density H .!l3lKC proportion. no11 pacnpeJJ.eJieHMeM aBTOp DOHHMaeT 
s11ecb H .nanee pac11pe11cneuue 11acror, r. e. ro, 11ro uocHr Haasauue pac
npe11eneuu11 Bb160pKH. no11 «HaH60Jlee BCpOSITHhJM paCnpeJJ.eJieHHeM> OH 
no11paayMesaeT pacnpe11eJ1euue Bhl6opKH, couna.u.a10w.ee c pacupe;:teneuueM 
uepoHruocrea. (flpuM. nepeB.) 

a JI. BpaJl.a10va 
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A. C tt M B o JI bl o Jl tt H a K o e o tt JI. JI tt H 01 

PacCMOTpttM CHaqaJia npocTott npttMep, npeJJ.nOJIO>KHB, ttTO 

ace CH Ma OJI bl HMeIOT OJJ.HHaKoayro Jl.JIHHY f 1. nJIHHHblft HHTepBaJI T 
CO,llep)l{HT 

T 0=-t1 

n03HUH.f.t ( HJIH SI4eeK) ,llJISI pa3JIHllHblX CHMBOJIOB. llJISJ. Ka'iKJJ.Ott 

SJ.t.IettKH Mbl pacnoJiaraeM n pa3JIH4HblMH CHMaOJiaMH, TaK I.ITO 

DOJIHOe llHCJIO B03MO)l{HbJX coo6nreHHtt paaHO 

( 4.48) 

Yf3 onpeJJ.eJieHttH ( 4.3) noJiyc:iaeM JJ.Jist nponycKHott cnoco6-

HOC TH KaHaJia 

C = Kinn 
t 1 I 

(4.48a) 

npH paCCMOTpeHHH nponyCKHOft CnOC06HOCTH He Jl,eJiaeTCSJ. 

HHKaKHX npe,llnOJIO)l{eHtttt OTHOCHTeJibHO anpHOpHbIX ttaCTOT n 
pa3JIHlIHbIX CHMaOJIOB. Kor JI.a MM onpe,lleJIHJIH HHcjJOpMaUHIO, anpH

OpHbie qacTOTbl Pi, p2 , ••• , pi' ... , Pn paSJIHllHbIX CttMaOJIOa 

npeJJ.nOJiaraJIHCb ttaaeCTHblMH, H Mbl nOJIY4HJIH Jl.JISI HHcjJOpMaUHH 

Ha CHMaOJI aoipa)l{eHtte ( 4.4 7). 3ra aeJTHllHHa HMeer MaKCHMyM, 

Kor JI.a ace p 1 paBHhI: 

l 
P1=P2= ... =pj=· ··=Pn= n, 

H MaKCHMaJibHOe 3HaqeHtte pasHO 

j-n 

imax =-K'1 _!_ ln --~ = Kln n, 
'- n n 
j I 

TaK KaK cyMMa HMeeT n 0,llHHaKOBbIX t.IJieHOB. 3To eCTb HH¢op

MaUH5l Ha CHMaOJI, KOr,lla Bee CHMaOJTW paaHOBepOS!THW. KamHbltt 

CttMaOJI HMeeT JJ.JIHTeJibHOCTb th H CKOpOCTh nepeJJ.allH HHcjlop .. 

MallHH eCTh 

(4.49) 

8to Bbipa)l{eHHe coanaJJ.aeT c cpopMynott ( 4.48a) JJ.JISI nponycK· 

Hott cnoco6HOCTH. CxoJJ.CTBO ( 4.48a) H ( 4.49) o6paw.aeT Ha 

CeOH BHMMaHHe. CT pH BbIY:HCJieHHH nponyCKHOii CDOCOOHOCTM MM 
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HcnonbaoeanH ece eo3MO)KHble pacnpe.ueneH1u1 c11Meonoe. CTpH 

BblBO,ZJ,e ( 4.49) Mbl MCXO,ZJ,HJIH 113 npOU3BOJibHO~ anp:ttopHOil 

COBoKynHOCTH 4aCTOT, KOTOphle n03,ll.Hee no.no6panH (nOJIO· 

lKHB Pi= ! ) TaK, 'IT06bl MaKCHMH3npoeaTb HHcjJOpMaun10, 1:1 

DOJIY4MJIM 0.llHH8KOBWe pesyJI&TaTW. 

Ha OCHOB8HHH (4.48a) H (4.49) CKopOCTb nepe.nallH paBHa 

c 1 
R - ----. - ' t ti 

(4.50) 

H Mbl He MO)KeM, paayMeeTCS1, nepe.uaBaTb OOJihille, 4eM t /t1 CMM· 

BOJIOB (.llJHrreJihHOCThlO ti) B ceKyH.uy. 1-1·raK, B Harnett ynpo

m.eHHOfi sa.uaqe HaHJIY4llJMM SlBJISieTCSI 'f3KOe KOJJ.HpOBaHMe, np:tt 

KOTOpOM ace CMMBOJibl BCTpe4atOTCSI 0,IlHHaKOBO lfaCTO, B COOT

BeTCTBHM c TeopeMott WeHHOHa. 

0TMeTHM, l.JTO ycnOBMe MaKCHMyMa MHcpOpMauHH npHBO,llH'f K 

Ha116onee eepostTHOMy pacnpe.ueneHHIO. lleticTBHTeJibHO, N (t) 
ecTb nonHoe 4HCJIO B03MOmHhIX coo6uteH11tt, a P, eb1pamaeMoe 

paBeHCTBOM 
J==:n 

lnP=-_!p1 1np1 =-f<. 
i-1 

eCTb LIHCJIO B03M0}f{Hb1X C000111eHMt1 C pacnpe11eneHMeM CMMBO .. 

noe, onpe.nenS1eMhlX eepoHTHOCTHMH Pi· llenaSI P MaKCHMaRbHbIM 

(HJJH, qTo TO me, .nenaH M3KCHM3JibHblM i), .nenaeM MaKCMM3Jib· 

Hott HHctJopMau1110. Ho P/N (N c411TaercSI nocTOSIHHhIM) eCTh 

eepOSITHOCTh Toro, 4TO 11MeeT MecTO pacnpeJJ.eneHMe P (onpe.ne· 

JISleMoe coeoKynHOCTblO pi), a ecnH P HMeeT MaKCHMyM, To Mhl 

HMeeM HaHoonee eepoSITHOe pacnpe.ueneHHe. 

llnH paccMaTpMBaeMoro B 9TOM pas.uene ynpomeHHOro cny
qa51 (Bee CHMBOJlbl HMeJOT OllMHaKOBYlO .IlJIMHy) Mbl npMXOllMM K 

saKJII04eHHIO, qTQ MaKCMMYM HHctJOpMaUHH nonyqaeTCSl npH HaH-

6onee eepOSITHOM pacnpeneneHMH. MoiKHO TaKme 3aMeTHTh, LJTO 

9TO pacnpe,ZJ,eJieHHe SIBJI5leTCSl 8CHMilTOTHl£eCKMM; 9TO OCHOBhl• 

eaeTC5l Ha BbIBO,Ile paBeHCTBa ( 4.48), np:tt KOTOpOM Mhl He yttH· 

ThlB3JIM anp:ttopHCrO pacnpe11eneHMSI. 3TO acMMflTOTl14eCKOe pac· 

npeJieJieHHe MOiKHO ce6e npe11cTaBMTb KaK c pe.nHee pacnpe.ne

JJeH11e B TOM CMblCJie, 4TO np11 ycpe11HeHHH sa 60JibIIIOe BpeMSl 

TOJibKO aCHMnT0111qecKoe pacnpe.ueneH:tte HMeer CMblCJI. Mb1 yeu

llHM B cne.nyro111eM pa3JI.eJie, QTO 9TH saMeQaHMSl npHJIO}l{MMbl H 

• cnyqae, KOf .na CHMBOJlbl HMelOT He0.ll,HH3KOBYIO ,ll.JlHTeJlbHOCTb. 

s• 



68 nPHHUHllY KO,llHPOBAHHff f rn. 4 

8. OO'maH aaJlaqa: CHMBOJihI paaJiaqnoii JlJIHHhI 

Mhl nepexolI.HM K paccMol'peHHIO 06u1ett 3anaq" c CHMBO· 
Jl8MM pa3JIHllHOft .ll.JlH.HbI; JlOKa)KeM, LITO npe.II.llleCTBy1ounrtt pe
aynhTaT cox paHsteT CHJiy: HaH6onee aq ¢eKTHBHhlM s-JBJJSJeTCSl ra
Koe KO.ll.MPOBaHHe, KOTOpoe 11aeT pa3JIH4H~M CMMBOJiaM HaH6onee 
eeposiTHOe anpuopnoe pacupe,lleneHue LfaCTOT. Mb1 BhlBe11eM 
"raKme 9To HaH6onee BepoHrnoe pacnpe.lleneu11e H noKa>t\eM ero 
CBSl3h C {4.1 l) M (4.12). 

llnst cnyqasi CMMBOJIOB pa3HOti J(JIMHbl paccyiK,lleHHe OI<aBbI· 
eaercsi HecKOJihKO 6onee cno)f{HbIM. IlyC'fh coo6ute1-1t-1e HMeeT 
nonnyIO 11n11.Hy T H nyc1h npHMCHHeTCSl N., N2, •• ~, Ni, ... , Nn 
CH.MBOJIOB C001'BeTCTB€HHO THna I, 2, . '.,j, ... , n. nonHaSI 
.II.JIHTeJJbHOCTb coo6UieHHH ecTh 

J=n 

T= ! Nit1• 

.i-1 

( 4.51) 

Bee.lleM o6mee 1.111.cno CHMBOJIOB 0 0 u OTHOCHTeJibH1>1e qacrorbl p1: 

i=n 

0 0 = ~Ni, ..-
j=I 

OTKy.lla 

N· 
P -~ i-ao' 

IlepenH.llleM ( 4.51) B CJie.llyIOUieM BM.II.e: 

r=n 
T=00!p1 t1• 

J-I 

( 4.52) 

(4.53) 

(4.54) 

JlorapHQJM nonHoro qucna P pasnHllHhIX coo6uteHHtt, Koropb1e 
MO)KHO COCTaBMTb, 11epecraBJIHSI pa3JJH.LJH~e CH.MBUJihI, no-npe)K· 
HeMy BblpaJKaeTCH cpopMynoD ( 4.46): 

p.n 

lnP=-Oo !Pi lnp1-
1-1 

( 4.55) 
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VIHcpOpMauHsi, noJJyqeHHaH np11 Bbloope O.llHOro tts P coo6-
meHttfi, paBirn K In P, B cooTBeTCTBHH c HarnttM onpe.u.eneHtteM 

( 1.1 ). Bee 9TH coo6iueHttst HMelOT OJittHaKOBylO D.JIHTeJJhHOCTh T, 
TaK KaK OHM cocTosir tt3 O.U.HHaKOBblX 1.IttceJ1 N., N2, ••• , N 11 

p33JIHqHbfX CHMBOJIOB M :Mory-r C4HTaTbCSl anpHopH paBHOBe

pOS!THblMH. Mb1 )KeJJaeM .uatiTtt Hatt60J1ee aepostTHOe pacnpe.llene

Htte, HJIH, lJTO TO iKe, C,lI,eJlaTb MaKCHMaJlbHOit HH<f>OpMaUHIO, co

n.ep)KalliylOCSl B coo6meHJ.tH. 3To 3Haqttr, I.ITO Mbl .lleJJaeM MaK

CHMaJJbHbIM 1n P, Y4HTbIBast ycJ10Bttst ( 4.53) H ( 4.54). MaKCHMYM 

HaXO,lI,HTCSl MeTO,lI,OM MHO)KHTeJJeti J1arpaH)K8. 3anttrneM ycJJOBHe 1) 

d (1n P) - a. d (ii p1)- ~ dT = 0, (4.56) 
J=I 

r n.e .u.ea npOH3BOJlbHblX MHO)KHTeJISI a H ~ 6y .n:.yI onpeJieJJeHbl 

HH)Ke. nepeMeHHhIMH SlBJJSIIOTCH Oo, p,, P2' ... , PJ' ... , Pn· nttcp· 

cpepeHuttpysi ( 4.55), noJJyqaeM: 

j-n j=n 

d (In P) = - (dOo) !Pi lnp; -Oo !(1 + lnp1)dP1· 
j=l J=l 

f}O,lI,CTaBJIHSl 9TO Bblpa)KeHtte B ( 4.56), HaXO.llHM: 

- da0 (~Pj lnp, +~%P/i.)+ 
j=n 

+ !dp1 [- ~ - ~ Oot/ - 0 0 (1 -+ ln P;)l = 0. (4.57) 
j=l 

MhI JI,OJI.MHhI paccMarp11aaTb Tenepb d00 tt dp1 KaK npoHs .. 

BOJJbHbie HesanttcttMhle BeJJHqttHbl. ITonHwtt n.ttcpcpepeuuHan MOiKeT 

OhlTb paneH HyJ110, TOJlbKO ecn11 ace CK06KJ.t paBHbI Hynio: 

}=rt 

~ Pi(1np1 +~tj)=0, ~ 

( 4.58) 
}=I 

a 
ln p1 = - 1 - ~t1 - a-;;. (4.59) 

1) Ycnos11e (4.56) ycrattae:nrnaer, qro ln P 1tMeer 3KCrpe~tyM, Ho Me 
llOKa3bJBaer, QTO ~TOT 9KCTpeMyM eCTb MBKCHMJM .. lloKaaaTeJibCTBO roro, 
'ITO -910 11eAc1BHTeJibHO ectb MaKCHMYM, M.o~~r OblTb npoeeJ.leno Mero110M, 
npHMeHeHnblM npn llOI<asareJibCrse csoAcrBa - C (CM. pa3.ae.;r 3 rnaebl 2). 



70 IlPHHUHDY KOllHPOBAHHH [rn. 4 

flO.ll.CT8HOBK8 ( 4.59) B ( 4.58) .LI3eT: 

j=n 

! P1 (- I - ;
0 

) = 0. 
j-I 

Yq11Tweast ycnoaue ( 4.53), Mbl ,a.oJnKHbl BhtopaTb 

a 
1 + o;-=O 11JIH a= -00, ( 4.60) 

H Tenepb (4.59) CBO.LIMTC~ K 

lnpi =- ~tj HJIH Pj = e-~tl. ( 4.61) 

n POH380JlbHast nocTOSlHHaSI ~ onpe.LieJisteTCfl HS ycno .. 
BHH ( 4.53): 

J=n /= n ! Pi= .!, e- rtr:=:. I. (4.62) 
j-1 i==I 

3anwrneM 

H scnOMHH.M, qTo Mhl MO)KeM H.MeTb 6onee 4eM OllHH CH.MBOJl 

onpelleJieHHOil .llJIH.TeJJbHOCTH.. flyCTb H.MeeICSl al CH.MB0.110B .llJIH· 
tenbHOCIH. t1 .. Tor.rr.a ( 4.62) 3a11wrneTCR B BH.lle 

j=n 
~ -t· 
J aj.x '= 1, - ( 4.63) 

;-1 

a 9TO cosna.n.aeT c ( 4.11) (CM. n. 3 ). 
ECJIH. pacCMOTpeTb oeCKOHeIJHO llJIHHHble cooomeHH.51, IO 

CHoBa o6HapyJKH.TCH coana.rr.eHHe acwMnTOTHIJecKoro pacrrpe.rr.ene

HHH n. 3 H pacnpe.neneHH.51, .rr.a10mero M8KCH.MYM H.HcflOpMaUH.H. 
9to nocJie.nuee (CM. pacnpe.LieJieune n. 7) HBJISleTCR TaKme naH· 
oonee aepoHIHblM pacnpe.LieJieHHeM, pasHo KaK H cpe.Linee pac-

. npe.rr.eneHwe. PacnpeneJieHwe ( 4.61) llaeT 4HCJJO coo6meHMti ( 4.55): 

J-n j--.n 

lnP=-:--00 ! p1 hip1=00 ,! ~t1e-~'J = 
j==I j-1 

1-n 

= Oo~ ! t1p,, (4.64) 
1-1 
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HJIH 

lnP=~T, ttJIH P=e~T=Xr, 

e coOTBeTcre1.u1 c ( 4.54) tt onpe.ZI,eneHtteM X. Hatt6onee eepo51T

HOe pacnpe.lleneHHe P B cao10 OLJepe.rr.o coBna.ZI,aer c Benttlltt
Hott N ( T), coorneTcra y10IUeil B ceM B03MOJKHblM pacnpe.ZI,eneHttSIM, 

H nponyCKHaSI cnoco6uocTb, B COOTBeTCl'BttH c ( 4.43), paBHa 

( 4.65) 

JlJIR .lJ.JIHHHbfX COOOllleHHit HaH60nee BepOHTHOe pacnpe.a.ene

HHe HaCTOJibKO BepOHTHee JIIOOOro Jlpyroro, QTO Bee .llpyrue 

B03MOJKHhle pacnpe,!I.eJieRHff Moryr OblTb npoCTO oroporneHbl. 

HaunycuuHM SIBJIHercsr TaKoe KOD.HpoBaHHe, npH KOTOpOM ,llOCTH

raercH 9TO HaHOOJiee 9c}l¢eKTHBHOe pacnpe,ll,eJieHtte CHMBOJIOH, 

T. e. 

( 4.66) 

s cooraerCTBttH c ( 4.61 ). HaH60JiblllHti eemeCTBeHHbitt KopeHh 

ypaBHeHttH ( 4.62) COOTBercrayeT Hatt6onhIIJeMy SHalleHHIO x, 
nonyqaeMOMy B Ka11ecrBe pellleHtt51 ypaeHeHHH ( 4.12), tt .ZI,aer 

Ha OCHOB3HHH ( 4 .. 64) CaMoe BepOHTHOe pacnpe.aeneHHe H TeM 
caMblM HaHOOJiblllee sHaqenHe P. 

IlpHMeHSISI HaH~OJiee 9Q:>Q:>eKTHBHbll KO.Cl H pacnpe.aeneHHe 

CHMBOJIOB, COOTBeTCTBylOIUee H3HOOJiee nepOSITHOMy, Mbl nony

qaeM JlJlff HH<):>OpMaUHH Ha CHMBOJI: 

J-n f==n 

i == - K ! p1 In pj = - K~ ! t1pj = - K~t, ( 4.67) 
J-1 j=I 

-
r.lle t eCTb cpeJJ.Hffff ,llJittTeJibHOCTb CHMBOJia, KOr~a nepOHTHOCTtt 

pasJittqHbIX CHMBOJIOB Bblpa)l{eHbl COOTHOUieHHeM ( 4.61 ). Ha 
( 4.65) 11 ( 4.6 7) nonyqaeM .llJIH cKopocrtt nepe,Aa11tt 

C I R=--.:!--; t • 
( 4.68) 
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9. OpotSJ1eMa corJ1acceau11s 

y CJtOBBe ( 4.61) HJtH ( 4.66) COOTBeTCTByeT CHCTeMe KOJlHPO· 
B8HIUI, H8H6011ee 3cpcpeKTHBHO BblIIOJtHSUOlllE:tt cor nacosaHHe c 
KaHanoM. 0Ho HrpaeT e npo6neMax KOJ1Mp0Ba1uu1 TaKyIO >Ke 
ea>KHYIO pon&, KaK ycnoeHe cor nacoeanusi xapaKTepHCTHlleCKHX 
conpoTHsneHuft e npo611eMax TeopttH uenett B OJlHOtt ~neuHaJth· 
HOit 38)l8lle llieHHOH npHMeHS1eT npoueJlypy, npHBOJUIIUYIO K 
eec&Ma cxoJlHOMy npaeHny. Mb1 JlOKaaanH, 4TO peay JI&TaT 
SIBJIHeTCSI COBepweHHO o6ut,HM H npHMeHMM KO BCeM aa.nalfal\1 
K0.1.1.HpoBaHHH. CneuHaJtbHbie npHMeneHIHI vr npHMephl oy JI.YT 
06cy>K11euhl B cneJ1.y10me1t r naae. 

3aMeTHM B saKJIIOlJeHHe, lfTO coo11a.ne11He cpe.nncro H uaH6o
nee sepOHTHOro pacnpeJ1.eJ1eHHH SIBJtHeTCH xopou10 H3BeCTHhIM 
pesy JI& Ta TOM )lJIH eec&11a 6011&moro lfHCJia co6blTHh. 3To npaou .. 'lo 
HrpaeT sa>KH yIO ponh s CTaTHCTHlfecKoh TepMOJI.HHBMHKe, r )le c 
ero IIOMOLllblO OO'bHCHSleTCSI COB na)leHHe pas.JJ.HlfHbIX onpe11eJieHHfit 
3HTponHH, 11aHHblX fu66Col\f, MaKcBeJIJIOM, 50JtbUMaHOM H nJiaH
KOM. 3TOT sonpoc OQeHb S1CHO H3JIO>KeH y JlopeHua 1). 

10. Opo6J1eMw cTaTHCTHKH cnos 

Pesy JibTaTbt nn. 3, 4, 7 H 8 6hIJIH npuMeneH&I Ma1-1JJ.eJ11, .. 
6pOTOM K npOOJieMe CTaTHCTHKH CJIOB, ODCYif(JiaBruettCH B npe
.llbIJIYWeit r naoe c 3MnHpH11ecKolt TOlfKH apeHHSI. KaKosa pOJib 
cnosa B Sl3bIKe? 3Ha4eHHe CJIOBa MOIKHO HattTH B CJIOBape. OHO 
npe.n.cTas11S1eT co6on BHJI coo6meHHH.. 3To coo6rrteHHe KO.llH .. 
pyeTCst npH noMomH tSyKe npH nHC&Me. Ono KOJlHpyercH npH 
noMOut,H cpoHeM e petJH. KaKMM o6paaoM cnoso Ko.n11pyercS1 B 
HarueM Moary? 3To, KOHelfHO, OTKpbITbtlt sonpoc, HO Mbl MOIKeM 
npe11no.1o>KHTb .:eKOToporo· po.lla KOJlHposaHwe, ocHOBaHHoe Ha 
'3neMeHTapHbIX CHMBOnax HJIH CHrHaJiaX, KalKJl.blh H3 KOTOPhIX 
xapaKTepttsyeTcH onpeJieneHHOH neuolt. 3ro npe.nno11o)Ke1111e 
fl03BOJIHeT HaM eocnOJib30BaTbCst npeJiblJIYLUHM aHaJIH30M, a KO
TOpOM Hy>KHO IIpOCTO SaMeHHTb 01lltme1tbHOCmb - l{eHOfi.. CTpeJI .. 
flOJIO>KHM 11a11ee, llTO KOJl npaKTHt.teCKH cor nacosaH c qaCTOTOtt 
CJIOB, T. e. c eepOSITHOCTSIMH HX npHMeHeHHSI B H3b1Ke. 3TH 
npe11nonomenHS1 6hlJJH npHHHThl Ma1-1.n:eJib6poToM o ero HCCJie)lo· 
B3HHH .. 

1 ) H. A. Lorentz, Le~ons au College de France (Les theories 
statistiques en thermodynamique, Teubner, Leipzig, 1916). 
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n ycrh Si, S2, ... ,sj,. .. ,Sn - OCHOBHble CHMBOJibl HJIH cur· 
Hallbl KO,lla, a th t2, . .• 't;, ... , tn - HX OTHOCHTeJihHble 11eHbl. 
411cno N (t) cnoB ueno" t BhlpaiKeno Q:>opMy no" ( 4.15), 
a eCJIH KO)lHpoeaHHe ycro"llHBO, Mbl MO)l(eM 80CIIOJib30BaTbCSI 
ynpomeHHblM BbtpalKeHueM ( 4.18). 4HCJIO CJIOB 11eHOD MeH&llle t 
HJIH pasHo" t Bblpa)l(aeTcst senuq11Hott N1 (t), onpelleJIHeMott no 
Q:>opMy ne ( 4. 22), KOTopaH )lJISl YCTO"'UtBOfO KO,lla npHHHMaer 
ynpome1nthtt1 BHJJ. 

( 4.23) 

PacnonoiKHM Tenepb see cnosa cnoeapst s nopst11Ke noapac
TaHHff u.eHLI t. N; t5y ACT oaHat.1aTh rropstJJ.KOBbl" HOMep cnosa 
B 9TOM CIIHCKe. B cpellHeM COOTHOllle1111e Me)f(JlY u.eHO" t M 
noMepoM N; BMpaiKaeTCH KaK 

t = t0 + ~- In (N; + 8 0). ( 4.24) 

PaccMorp11M Terreph qacToTy (11n11 sepostTHOCTb) cnoea. 
Me)f{llY u.eHoH 11 sepoSITHOCThlO Mor no Ohl 11 He cyw.ecTeoaarb 
HHKBKO" CBH3H, 0,[(H8KO Mbl npe,llTIOJIO)l(HM, qyo nepoHTHOCl'b 
cnoaa 11 ero ueHa Ha)lJie)l(aIUHM ot5paaoM cor nacosaHhI. 9To oana .. 
4aeT, 4TO pe,llKHe CJIOBa HMeIOl' JlJIHHHoe llOporoCTOSILUee KOllO
soe ot5oaHa1-1en11e, a Ha11t5onee ynoTpet5uren&Hble cJioBa -- KopoT
Koe H 3KOHOMHOe KOllOBOe 0003HaqeHHe 

npot5neMa cor nacosan11s:i t5b1na ot5cy)l(JleHa s nrr. 8 u 9; t5b1JI0 
BblHCHeno, KaK c.11e,llyeT BblOpaTb HaHJIYt.IWHM ot5pa30M sepoHT· 
HOCTH CHMBOJIOB, HMeIOW,HX pa3JII14Hhle ueHhl tj. Peay nb Ta T Bh! .. 
pa)l{aerc\-1 cpopMy no": 

HJIH 
-- 'j t PJ = e ·1 i. { 4.61) 

flpuMeHHM -renepb CXO)lHhte paccy>KlleHHH He K C.HMBOJiaM 
M.'111 t5yKBaM, a K CJIOBa!\I. c ... 'IOBO aa HOMepoM N; HMeeT 
u.eHy t N'' rrp11qeM o6e seJIHQHHbl CBSl3aHbI COOTHOllleHHSIMH ( 4.23) 

1 

11 ( 4.24). Hawe nosoe ycnosue xopowero cor nacosaHHst co· 
CTOHT B TOM, llT06hl eepOstTHOCTb p N, CJIOBa OblJia CBH3aHa c 

1 

ero u.eHo" tN' ot5m11M ycnosnel\1 (4.61), co11epiKalllHM Hosyio 
1 

npo11asoJI&Hy10 nocTostHHy10 ~1• Conocrasnsisi aru Q:>opMyJihl, Mbl 
MO>KeM HCJ(JllOt.IMTb ueHy tx· H CDSl38Tb nopSl)J.KOBblii HOMep N; 

t 



74 TIPHlflUlllbl KOJlJ1POBAHHSI ·[rn. 4 

cnoaa HenocpeacTseHHO c ~ro eepoRTHOCTb~ PN~ 

(4.69) 

( 4. 70) 

r JI.e P = e- ~ito, 1 = ~ 1 /~. CToHHTHe o ~ Ko,.u,11posa111111 cnos a 
Mosry H 0 ueHe K040BYX o6osHaqeHH~ DOTpe6oBaJIOCb ~Jiff 

BblBO.lla COOTHOWeHHit ( 4.23) H ( 4.24), HO Mbl nocTapaJIHCb HC• 
Kn10qMTb ne113secTHh1e ueHhI, npe4noJIO)l(HB Ha4neiKamee cor Jia
coBa1111e. 

<l>opMyna ( 4.70) Bhlpa)l(aeT saKon, npeJIJIO)l(eHHhtit MaH11en&· 
6poToM. OH BKJI10t1aeT, KaK qacTHblh cnyqa~, aaKoH, BbICKa3aHHhiit 
UuncpoM: 

PN;=_~;• P".'"'·1~. B=O, j=l, (~1=~). (4.71) 

Ew.e 011no.f.t ea)KnoD senu11uno.f.t SJBJisteTCH noJIHoe lfHCJIO cJioo 
s cnosape. Ecn11 Mbt np11MeHS1eM cnosaph 11s R cnos, 10 

MaHfJeJTbdpom. p,,. = P(N, '.,. B)"'1 

log N,' 

Puc. 4.1. CpastteHHe pacnpe,lleJieHHJI 
\18CTOThI cnosa B <PYHKUHH nopHJJ.KO
BOfO HOMepa HO Matt.neJib6pory c )].3H .. 

HbIMH Uuncpa. 

1 ~N~~R, 

a cyMMa sepoSITHOCTeh ,llOJI)I( .. 

Ha paBHSIThCSI eAHHHue: 

N' = R N' =R 1 1 

! PN~ = P ! (N~ + 
N' == 1 N' ==I 

1 1 

+B)-1 =1. (4.72) 

3To paseHCTBO onpe4enS1eT P. 
ECJIH P saaano (UHncp npnnH
:MaeT P=l /10), TO OHO onpeae
JI5IeT o6rn.ee lfHCJIO np11MeHHe .. 
Mblx cnos .. HMeHno TaKHM 06· 
pa30M llieHHOH HarueJI, CJieAyH 

Uuncpy, lfHCJIO cnos s cnosape, pasHoe 8727. JlnSI OOJibWHHCTBa 
Sl3blKOB 1 ~ 1 ~ 1,2, XOTSI T MO)KeT B HCKJIIOqHTeJibHblX cny
q asix AOCTHr aTb 1,6, KaK, HanpHMep, B }leTCKOh pe1111. 
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J\1.anJI.enb6por e JI.Byx panee yKasanHhlX cTaTbffX npnsen 
MHOfO npHMepos, a TaK)l(e paCCMOTpeJI HeKOTOpb1e JlpyrHe CBOii
CTBa H3hlKOB. Ha p11c. 4.1 npeJI.CTaenenhl JI.JIR cpaeHennst saKOHhl, 

tOOOO 

1000 

10 

I 10 tOO 1000 10000 
flopROKO!JblU HOMep CJJOO!J 

Pnc. 4.2. 3KcnepuMeHraJihHble KpHswe qac1or:w cJioaa 1 
SaBHC.MMOCTH OT UOp.HJlKOISOfO HOMepa. 

Kpusble A. B, C u D - J1 .. 1s. uopBelKnrnro sraL:Ma, Kp11sa11 N - JI.JUI He· 
MenKoro H3bJKa. 

npe.llJIO>KeHHble U11ncpoM 11 ManJI.enb6poroM.. Ha pwc. 4.2 .naubl 
Her<0Toph1e 3KcnepHMeHTaJJbHh1e KpHB&1e, nocrpoeHHbte UHnq>oM .. 

11. Pemeuee npooneMbI cornacoaannst 

MbI noJI.qepK11sann s n. 9 HeooxOJI.HMOCTb r<o..u.Hpywmero 
ycTpoitcTea, cor nacy10mero Ka11aJ1 c HSblKOM, npnMeHHeMblM npH 
nepe.rxaqe. 3a.naqa COCTOHT Tenepb B BbISlCHeHHH Toro, Kar< !TOT 
pesyJibTaT MO)l(eT 6b1Tb TIO..'Iyqen npaKTHqeCKH. 

B n. 4 Mhl HallaJIH c o6cy)l(.lleHHR ceo~cre KaHana. Mb1 npe.ll .. 
nonoiKHJIH, q10 s KaHane HMeeTCfl n CHMBonos S1, ••• , S;, .... ,S,,. 
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H 11TO HX OTHOCttTeJibHble ]lJIHTeJibHOCTH paHHbl t 1, ••• ,tj, . , . , t n· 

Mbt HaWJitt, qro cpe11HHst ttHcpopMaU.Hst Ha cttMBOJI MaKCHMaJihHa 

(CM. n. 8), KOr)J.a eepOSITHOCTb Pi CHMBOJia CBH3aHa c ero JlJlttTeJib

HOCTblO ti COOTHOWeHtteM 
-- (.t 

Pi = e 
1 

i, ( 4.61) 

r 11.e ~ - noCTOSIHHast. 
PaccMoTpHM Tenepb coo()men11e, HanHca11Hoe Ha H3htKe, npu

MeHHIOUleM HeKOTopoe QHCJIO " SHaKOB 1:1..· 3T.H 3fl8KH MoryT 
6b1Th tSyKeaMH, rpynnaMH 6yKe, c;1oeaMH tt -r. Jl.. B KHTaftcKoM 

SlSbll<e, HanpHMep, K3JK,llbl:lt 3H3K COOTBeTCTByer CJIOBY. ,UnH 

ynpomeHHH 33.lJ.8QH npennoJIOJKHM, 4TO KaJKJI.bl~ 3HaJ< ~A ttMeeT 

onpeJJ.enennyro eepoHTHOCTb TC)., He saettcHmyro OT npenmecreyro-

1uttx 3H3KOB. .ll.pyrHMH CJIOBaMtt, Mbl HfHOpttpyeM KoppeJIHilMIO 
Mem11y 3HaKaMH, eo us6eA{aHtte ycno.iKneHtt51 sanaqtt. 

PaccMorpttM cnepea npocreit111ttit eosMo JKHhIJi KOJI, npMMe

Hstromtttt v CHMBOJIOB (ttJIH rpynn CHMBOJIOB, eCJIH n < v) H npw

CBaHBaIOLUHJi Kpar11attmue CHMBOJibl H3HOOJiee eepostTHblM SHa

KaM. ITptt 9TOM otSbIQHO ycnoette ( 4.61) He BhlnOJIHstercH w 
cornacoeaHtte nonyqaercH ney11..oenereopHTeJihHoe. 

Mhl nonylfHM snalfttTeJihHO nyqwee pewen11e, KoJJ.upyH 

rpynnhl 3HaKOB nocpe11..CTBOM rpynn CHMBOJIOB, 011..HBKO o6cyJKJI.e .. 

nne TaKOJi CHCTeMbl TpetSyeT npeneapuTeJibHOro HCCJiell,OBaHHst 

eepoHTnocreit rpynn 3Hai<.ou. Mhl ttMeeM: 

. '\""' \., '\""' ,, . } 'I 3H3KOB .• ...,l,. .....i91 ••• , ...,l.t ••• , ..._,v, 
eepoff THOCTtt: 'Jt1, r.i, ~ .. ' 'i:;i_, ••• ' 1t\I. 

Onpe11enttM noKasaTeJJ.H fJ.,. eepoHTHocre~ r:": 
- 0. 

'it/,.= e A 

rpyuna CHMBOJIOB 1:1~ ~Sh ••• ' Li. HMeeT sepOHTHOCTb 

,.,.,. _ ,.,.,. - - ~ _ e- (91 +· Bi + ... + fl.J - e- e 
f\f - 1\11 '"2 ' . ' fllif , .. - " - ' 

( 4. 73) 

(4.74) 

(4.75) 

Mb1 HMeeM, TaKHM oopaaoM, S8KOH 8)J.JlHTHBHOCTH noKa3aTe

Jteft aepOHTHOCTe~ a. Ha~11eM Teneph lfHCJIO 9l (0) rpynn 3Ha· 

KOB, ttMeIOLUHX onpeJJ.eJieHHYIO nepoSITHOCTb 1t = e- 9• 3a,naqa 8 

TOllHOCTH connanaeT c sa4aqeit, paCCMOTpennoit B n. 3, B KOTO· 
poit Hy>KHO TOJihKO saMeHttTh 11..nureJibHOCTH t; tt T noKasare .. 

.-1S1MH sepOSITHOCTeft fJ).. H 0. .UJHI JJ)IHHHblX rpynn 3HaKOB Mhl 



11} PBWBHHB TIPOSnBMY cornACOBAHHfl 77 

nepenuweM pesyJthTaThl, Bhtpa)l{aeMhle cpopMynaMH (4.18) H (4.23): 

91 ( (...,) = a 1e
18

, ( 4. 76) 

rlle 1)( (A) - cpe.zu,ee t111cno rpyun snai<on 

T - Ko9q1cp11uHeHT, eeeJieHH1,1tl eMecro npe;«Hero 

911 (0)=b1e
19 -h0., 

npH ~Q=0, 
~· AitaJtoruqno 

( 4. 77) 

rJie 9?1 (0) - cpe11Hee QHCno rpynn sHaKOB npn 1-:e ~ 0. 
CpaBnHM Tenepb craT11cr114ec1<11e csof.1cTBa rpynrr aHaKos H 

rpyrrn CHMBOnOR. 6y .neM KO,llHpoeaTh ~n. ( 0) rpynn 3113KOB no

cpe ,llCTBOM N 1 (t) rpynrr CMMHOJJOB, np11caa11nast, TBKHM o6paaoM, 

Kpar4af.1111He KOJIOBhJe 0003Ha4etIHSI HaH6onee ttaCTO BCTpettalO

ULHMCSi rpynnavt 3H8KOB. np11paHHS1eM ~)l 1 (0) H /\'1 (t) H BOC· 

nonbsyeMCH COOTHOrneHH5IMM ( 4. 77) H ( 4.23): 

91 (0)= h1e
18 

- h0 = B1 e~1 - B0 = N 1 (t). (4.78) 

3Ta ynpomeHHast cpopMy na npu~teHHMa K llJIHHHhtM rpynnaM 
SHaKoB H CHMBOJIOB. CTpH 9'foM 9Kcno11eHu11anbHb1e 1.1neHbl 

B ( 4. 78) 6y llYT MHOfO OOJlbllle ITOCTOSIHHblX ho H Bo, KOTOpble 

MO/KHO orryCTHTb. npaKTH4eCKOe yCJIOBHe sanHllleTCSI B BH.lle 

Tt<.> ~t b1e = B1e • 

,e = ~t +In ~1 • (4.79) 

TaK KaK 0 H t eenHKH, nocne.n.HHA qnen MO)f{HO ort5pocHTb H 

3311HC3Tb: 

(4.80) 

3ro COOTHOWeHHe Bblp3)1{3eT nponopuHOH3JlbHOCTb MemJiy noKa· 

saTeneM sepOSITHOCTH 0 H .llJIHTeJihHOCTblO t. 
npu TaKoM KOJIHpoeaHHM CHMBOJI S1 11nHTenbHOCTb10 ti t5y

JJ.eT HMeTh cpe,llHIOIO aepOSITHOCTb 

- 6 ~t I 
pi = e 1 = e- t 1, ( 4 .81) 

a 9TO M eCTb 9KCOOHeHUH8fihHhl~ 3aJ<OH ( 4.61) onTHM8 .. 1bHOrO 

Ko.n.uposa1-1ust. Ycnoe11e ( 4. 78) ocTannS1eT uaM sHa'-IHTeJihHYJO 

cso6o.lly B BhIOOpe 48CTHOrO cnocot5a KO.llWPOBaHHSI, 0,llHaKO Mbl 
CMOrJIH JIOKa33Tb B03MO)KH0CTb Bh1IIOJ1HellH~ 11a11111x ycnoBHlt 

cornacoBaHHst H3bIKa c KattanoM. Xopowee cornacoaaHHe Tpe6yeT 
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KOJittpoaarnnt JJ}IHHHhIX rpynn 31JaKOB H Ctt:MBOJIOB, a 3TO 

osHa4aeT aa.nep)KKy npouecca r<o.nviponanHSI Ha nepeJiaroruen 

CTopone H )leKOJtHpOBBHHJl Ha npvreMuott CTOpoue. 

EoJiee CJIOiKHwe sa.na'-fH, Y4MTh1B'11out11e 1<oppeJ1SIUtt10 Me)KAY 

nocnel!OBaTeJJ&HbIMH cviMaona:vn1 (H H30hlT04HOCTb ), MoryT OhlTb 

peweHbl MeTollOM, cxo,llHhIM c TeM, KOTOpbltt 6b111 npttMeHeH AJHJ 

pewennst naweM ynpomeHHofl aan.aqn. 

BepHeMCH K yc;1os11t0 ( 4. 78 ). Mh1 npe.nocTaBMJJM llJIMHHhie 

rpynnM CHMBOJIOB peAKHM rpynnaM 3HaKOB H KOpOTKHe rpynnbl 

CHMBOJIOB qaCTO BCTpe4alOUlH~tCH rpynnaM SMaKOB. nptt npttMe• 

nenuu rpynn CHMBOJJOB pa3JJttquott JIJJHHbl B03JUtKaer TPY JIHOCT&, 

COCTOffUl8Sl B TOM, qro Jl.-'ISI 0003Ha4:eHHSI MeCTa CThIKa coceJI .. 

HHX rpynn HeOOXO,llH~I OCOObitt CH.\18'.)/I. 9Toro MOil<HO H36eJKaTb, 

npttMeHSISI rpyIInh1 CHMBOJIOB onvrHaKoHoti .llJIHHhI. Ha nepRhlh 

earnSI11 3TO perneHtte Ka)KeTcH He9KOHO!\utqHhtM. Mon<1-:10, o.n.HaKo, 

noKasaT&, lfTO OHO ne xyme roro, KOTopoe o6cymAanocb Bhtwe. 

BoshMeM BMecTo ( 4. 78) 
TS ~t 9? 1 (0)=h1e -h0=A1e =N(t). (4.82) 

TaK KaK 0 u t senttKtt, MhI MO)Ke~t npeHe6pet1& nGCTOSIHnott b0: 

( 4.83) 

B S\TOM BbtpaiKeHHH MOiKHO oT5pocttTb nocne.nHtth qneH, H MhJ 

nptt,lleM CHOBa K ycJIOBHK> ( 4.80). 3TO HJIJTIOCTpHpyeT MHOroo6-

paatte cnoco6os Ko.nvrposaHHfl, JJ.at0nu-1x xopowee cornacoBaHtte. 

fipHJIOlKeHHe 

OnHopoJ1.HOe JJttHe~Hoe ypaBHeHtte B KoHeqHbJX paaHoCTSIX c 

TIOCTOSIHHbIMH K09q)(pHllHeHTaMH MO)KeT OhITb aanHCBHO B BH,lle 1
) 

P(u(x))=u(x+n)+Pn-1 11(x+n- t)+ ... 
... +Pi 11 (x + 1) + p{lu (x) = 0, (A.1 ) 

r.ne p- IlOCTOS1HHhie. 3TO ypaBHeHHe JIMHetlHO no OTHOrneHHK.> K 

HettseecTHOtt cpyHKUHH ll (x); x MSMensteTCSl, nonyqaS1 e)IHHHlf

Hble npttpameHttst. Ypam{eHHe ttMeeT n 4aCTHbIX peweHttA 

U1 (x), .. . , Un (x), 5IBJIS1.IOLUHXC5l He3aHHCHMhIMH, eCJIH Me)Klly HHMH 

1) L. M. Mi In e-T ho ms on, The Calculus of Finite Differences, 
Chapt. 12, MacMiHan, London, 1951. 
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HeT JlHHeilHblX COOTHOWeH11lt 3TH peweH11H MOil:Ho HaHTH, ITO· 

JIO)l(HB 

u(x)=px. 

no.ncTaHOBKa B (A. l) )laer: 

px/(p)=O, 

(A.2) 

/(p) = p" + Pn-1P"-1 +. · · + P1P +Po= 0, (A.3) 

11 Mhl noJiylfaeM peweune (A. I), ec.111 p ecT& perneH11e xapaK .. 

Tep11CTl1lfeCKOf0 ypas11en11H (A.3). nycTh KOPHl1 o603H8lfeHbl Ph 
p2, ••• , Pn; see KopH11 npeJino11arat0TCH pa3Jtl1lf HhIMl1. Mo>KHO 

noKaaarh, qro 9Tl1 peweH11H HesaBHCHMh1, 11 oc>mee peweHHe 

eCTb 
n 

u (x) = ! Akpz, (A.4) 
k=l 

r.lle Ak - n npoH3BOJihHhix K09cpcp11u11eHTOB. IlJIH c11y1.1aH Kpar· 

uoro KopnH p, cTerreH11 v ny>KHO saHTb o KaqecTse ue3aa11cu

Mh1X peweH11n BeJIHlf 11Hbl 

X X v'll-1 X 
Pt , xp i ' • • • ' """ Pi • 

Mo>KHO TaK>Ke paccMoTpeT& ypaBHeHHH c rrpasolt lfaCTblO .. 

3a)laqa COCT011T B HaXO>K)leHl111 KOpHelt anre6paHlfeCKOro ypasne

HHSI (A .. 3). HarrOMH11M OCHOBHhie CBOltCTBa aJ1re6pa11qeCKOfO 

ypaaueHHSI c aemeCTBeHHhlMl1 K09ctJcp11uHeHT8MH 

f (x) = a0x1' + a1xn-t + ... + a11 = 0. (A.5) 

A.. Ecnn / (a.) H f (~) HMelOT npoT11BOIIOJIO)KHble 3HaKu, r o 

HMeeTCH no MeHbllle'1 Mepe O,lll1H KOpeHb Me>K.ny IX 11 p. 411c110 

TaKHX Kopuen ueqeTHO. 

B. flpaBUAo Jie1eapma. 411c110 nono>KHTeJibHblx seUlecrseH

HhlX KOpueM ypaaHeliHSI (A.5) 111160 paBHO llHCJJY nepeMeH 

3HaKa f (x), 111160 MeHhllle 9TOfO q~fCJia Ha nOJIO>Kl1TeJtbHOe 

qeTnoe uenoe. 4HCJIO OTp11uaTeJtbHhlX semeCTBeHHblX KOpHeil 

aHaJIOfl1lfHhlM o6pa30M CB$133HO c f (- x). 
C. IlonHoe lfl1CJIO KopHe'1 paBHO n. EcnM 11MeeTCst KOM· 

nneKCHhilt KOpeHh a + ib, TO }(QMnJieKCHo-conp5DKeHHoe 411CJIO 

a - ib TaKIKe HBJIHeTC5l KOpHeM. 



rJlABA 5 

IlPOSJIEMbl KOJlHPOBi\HHSJ 

1. AJnl>aBHTHOe KOllHpouanee, llBOHlfHaff CHCTeMa 

B npe11h111yu1nx r nasax ObIJIH oocyJKlleHht ycnoBHR tta11oonee 

e<f><f>eKTHBHOfO KOllHpoeaHHR; Mbl npHUJJHf K 33KJIIOI.feHHIO, llTO 

naean&HaH npouellypa KOllHpoeaHnH B~pa)KaeTCR ycnosneM 

- log Pj =~ti' (5. I) 

rae P; - anpuopHaR sepoHTHOCTb CHMBona Si, HMe1owero a1n1-

TeJ1hHOCTb tj, ~ - noCT051HH351. 

y CJIOBHe (5.1) JterKO o6o51Clll1Tb: Ha 116onee BepoHTHble CHM· 

BOJlhl HMelOT sepORTHOCTb, 6JIH3KYIO K ellHHHue, a CJiellOH3· 

TeJibHO, (- log p 1-> 51BJIHeTCSI MaJiot1 IIOJIO)f(HTeJibHOt1 BeJtHlfl11IOA, 

H COOTBeTCTByt0m11e CHMBOJibl, cor nac1-10 (5.1 ), Hl\fetOT OTHOCH

Ten&HO Many10 4JIHTeJibHOCTb. llpyrHMH CJIOBaMH, na116onee Be

pOSITHble CHfHaJibl 40JliKHbl 6b1Tb KOpOTKHMH, Tor lla KaK Mano
eepORTHbte CHrHaJtbl MOfYT 6b1Tb 4JlHHHblMH. 3TOT pesy JlbT8T 

nOIITH OIIeBHaen, H (5.1) Bhipa)KaeT HlleaJibHOe ycnosHe, K KO

TOpOMY cneayeT no B03MOll<HOCTH CTpeMHTbCSl. 3TO ycJIOBHe 

MOiKeT 6h1Tb npHMeHeHo K ancpaBHTHhI~ KO,lla~, eCJIH HCIIOJib30-

BaTb xopowo HSBeCTHble sep051TBOCTl1 pa3JIHllHblX 6yKB B 513bIKe. 

B Ta6nnue 5.1, nosTop511omeA Ta6nnuy 1.1, ,llaHhI sepo51T· 

HOCTH Pi H HX 0TpHUaT€JibHbie JtOrap11cpMbl llJl51 oyKB aHr JIHf;iCKOrO 

a11¢aBHTa. HeeaiKHO, KaKHe norapwcpMbI MbI npn:MeHHeM; H3Me

HeHHe ocHoBaHHH norapncpMa np11BO.LIHT nHlllb K YMHo:-1<eH1110 

KOHCT3HTbl p Ha IIOCTOSIHHbli:l MHO)Kl1TeJib. PaCCMaTpHBaSI TaOJIHUY 5.1, 
MOiKHO OTMeTHTb, lJTO JiorapHcpMbl BepORTHOCre" 6yKB an<Pa

BHT<i Jie>KaT MeiK11y 0, 7 H 3. MbI MOiKeM nocTpOHTb JI.BOHttHhilt 

KOJl c TaKHM me MHTepeaJIOM 4JIHH CHrHaJIOB. 3ro OTHOCHTCH 

1< Kattany, cnocooHoMy nepeJI.aBaT& TOJibKO 04111-1 BHJ.l 11Mnynhca: 

OTCyTCTBHe HMnyn&ca OSliattaeT 0, Hanntt11e HMnyJihCa oattaqaeT 1 '! 
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T a 6 11 H n a 5.1 

BepostTH~CTh p H auaqenue - log10p 11.nst 6yKs aurnuftcKoro stShlKa 

CuMBOJJ BrposnHotT& - logtoP CHMBO.'J ] BepnUTIIOCTL - log10 p 

l 

npoMe>KyTOK 
M emny CJJO· 
B3MM 0,2 0,699 L 0,029. 1,54 

E 0,105 0,979 c 0,023 1,64 
T 0,072 1,143 f"'U 0,0225 1,65 
0 0,0654 1, 184 A1 0,021 l,68 
A 0,063 1 2 p 0,0175 1,76 , 
N 0,059 1,23 YW 0,012 1,92 
I 0,05.5 1,26 a 0,011 1,96 
R 0,054 1,27 B 0,0105 1,98 
s 0,052 1,28 v. 0,008 2,1 
H 0,047 1,33 K 0,003 2~.52 
D 0,035 1,46 x 0,002 27 

' JQZ 0,001 3,0 

TaK KaK CJIOiKHbie CHrHaJihI ttMe10T pa3JtHqHble ,nnHHhI, Mbl 

)lQJl)l{HbI rrpellyCMOTpeTb crrocoo paCIT03H8BSHHH KOHua CHrHaJia. 

!lJISi o603HaqeHHSi OKQHqaHHSI rpynnhl HMny JlbCOB, rrpe.ncraBJifl

lOlUHX t5yKny' MO>KHO BOCnOJib30BaThC51 CW\1BOJIOM 0, ITOBTOP 5Hl 

ero nsa, TPH HJIH qeTbipe pasa. 9To oaHaqaeT, qro s caMHx 

cttrnanax MOiKHO npnMeHHTb TOJihKO onHHOqHhie Hy JIH. B Tao~ 
nn11e 5.2 naH npttMep TaKoro Kalla. 

n 

T a 6 JI R n a 5.2 

Bo3MO>KHhlil J1.Bonqn&1ft KOJI. JlJH1 6yKe anrJinilcKoro H3b1Ka 

.1 ! ' 

ByKBa Ko1 I! ByKBa Ko~ :I ByKBa Ko~ 

H I !i 
~ 

I I 
' l poMe>KyTOK I 

Memny cno- r 
r 

saMH 000 H 101100 w 1101000 
E 100 D 110000 a 1101100 
T 1000 l 110100 B 1110000 
0 1100 c 111000 v 1110100 
A 10000 F 111100 K 1111000 
N 10100 u 1010000 x 1111100 
I 11000 M 1010100 J 10101000 
R 11100 i p 1011000 11 Q 10101100 

11 s 101000 I y 1011100 z 10110000 
i• ii 1; I --- ~ ""--~--·---- ·----~-._..--'. ---~--
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,UnHHa KOnOBOR KOMOHH3UHH COCTaBnHeT OT rpex no BOChMH 
CHMBOJIOB Ha 6yKBy, llTO SIBJHieTCSI, B 0611.J,eM, nonXO,ll.Sllll.HM CO• 
OTHorneHHeM. B nnMHHOM coo6meHMH cpenHsSI JJ.AHHa Ha 6yKay 
nonyqaercSI yMHOiKeHneM nn.wreJihHOCTH ti Ha ee eepostTHOCTb 
p1 H cyMMHposaHHeM: 

j_,27 

t = ! pjfj = 4,65, (5.2) 
J I 

r ne aHatteHHH p; 6epyrcs MS ra6nwuw 5.1. 3HaqeHHe 4,65 sia
JIHeTcH T3K)Ke c"peJJ.HHM q1:1CJIOM CHMBOJIOB Ha 6yKBy, H ;I.Jiff npH
MeHHeMoR HaMH nao11qnoR CHCTeMhl HMeeM: 

HHQJOpMa~MH Ha 6yKBY = (HHcfJOpMau1u1 Ha CHr.tBOA) x (CHMBO
JIOB Ha 6yKsy) = 4,65 x log2 2 = 4,65. 

CpaBHHM 9TOT peayJJbTaT c HeKoropbIMH ,n:pyrHMH KonaMH. 
Ecnu B3BTh CHMBOJihl onnHaKOBOD nnHHhl, TO norpe6yercs nsrh 
JJ.BQHqHbJX UHcpp JJ.JISI nonylfeHHSI 32 KOYIOHHaUHR, H3 KOTOpbIX 
MO>KHO B~6paT& 27 nns oooaHaqeHHSI 6yKB ancpaanra. CMMBOJJ~ 
on1:1HaKOBOR nn.HH~, paBHOR 5, HeCKOJibKO Xy}Ke, lfeM Hawa CH
CTeMa nepeMeHHhIX nnHH. OnHaKo nonyqeHHas HaMH aen0q11Ha 
Bee eme C.'IHillKOM BeJJHKa, raK KaK OHa npesocxonHT teoperH
qecKoe 3Ha4eHHe 4,03 ,ll.B. en. Ha oyKBy (CM. ( 1.30)). Kon, 
npencrasneHHhitt a Taon1:1ue 5.2, MHoro nyqIUe 06h1qHoro KOJJ.a 
Mopae, npnMeHsteMoro e renerpacpuu. 

2. A.nq,asHTHOe KOJlHposaune, TpoHlf Haa cncTeMa 

MHorue rexHHtteCKHe ycTponcraa noaaons10T nonylfaTh no
nonc01eJ1bHh1e H orpMuarenbHbie HMny JibChl. TaK 06cro11r JJ.eno 
B MarHHTHOR 3anHCH H B Tenerpact>HbIX CHCTeMax, npHMeHHlOlll.HX 
TOK H3MeHHeMoro HanpasneHHSI. .[{JIH 9THX cncreM MOJKeT pac
CMaTpHB3TbCH TpOHqHbltt Kon c 9JieMe_HTaMH - 1,0 + 1. fipHMCp 
(sepOSITHO, He HaHJIY4IllHH) raKoro Kona naH B ra6n11ue 5.3. 
Mhl MomeM ucnonhaoaarb onHH Ha c.HrHanoB (HanpMMep, - 1) 
JI,JIH 0603HatteHHSI npoMeiKYTK3 Memny OyKBaMH. 3ro Il03BOJISieT 
Konnpoearh caMwe oyKsu nsonqHhlM KonoM. 

3TOT KOJJ. naer B cpenHeM 3,3 CHMBOJia Ha 6yKBy, K3K 
nerKo nonC4J1TaTb, 6eps aepOHTHOCTH H3 TaOnHUbl 5.1. 4HCJIO 
ABOHqHUX eAHHHU Ha OyKBy paBHO 

3,3 log23 = 5,25, (5.3) 
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T a 6 JI H u a 5.3 

803MOlKHblA TpouquwA KOJl JlJHI 6yKB aer JIHftCKOro HS bl Ka 

t 

5yKea Koll I 5yKBa Ko:t SyKea Ko:l 

npoMeiKyTOK 
MCiKJly CJIO-

1, - 1 I BaMH H 011, - 1 w 0100, - 1 
E 0 -1 D 100, - 1 a 0101, - 1 
T oo:- 1 I L 101, - 1 B 0110,-1 
0 01, - 1 c 110, - l v 0111,-1 
A 10, - 1 F 111,-1 K 1000, -1 
N 11, - 1 u 0000,-1 x 1001, - I 
I 000, - l M 0001,- 1 J 1010, - I 
R 001, - I p 0010, - 1 Q 1011,- l 
s ,010,-1 y 0011,-1 z 1100, -1 

T. e. 6onhwe, qeM 11.JISI KOJlOB npe11.01Jlyntero pa311.e.11a. Tpy11.HoCTh, 

BCTpeqaIOIUaSICSI npH COCTaBJieHHH BCex KO.ll,OB c nepeMeHHOR 

.ll,JIHHOf:i, COCTOHT B TOM, qTo Mbl BhlHY)K.ll.eHhl BBO.ll,HTb cneuH~ 

aJibHble CHrHaJibI, YK33b1Ba1om11e OKOHllaHHe KO.ll,OBOti KOM6HHaUHH. 

Ko}l Ta6JIHUbI 5.3 He SIBJIReTCSI HaHJIYllWHM, 'fBK KaK CHMBOJI 

- 1 BCTpetJaeTCSI peme, qeM 0 " 1. MoJKHO ObIJIO 6b1 y ny11IllHTh 

KO.ll, B 3TOM OTHOllieHHH YI HeCKOJlbKO yMeHbWHTb qHCJIO JlBOHlJ

HhlX eJlHHHU Ha CMMBOJI. 

B KOHUe 9TOR r Jl3Bhl Mhl OOCy .ll,MM B03MOiKHOCTb KO.ll,MpOB3· 

HHSI CJIOB BMeCTO KO.ll,Hp0B3HMSI 6yKB H noKaiKeM, qro TaKaH 

cecreMa Morna Ohl o~Tb 3H34HTeJ10Ho 6onee 9KOHOMHlJHOR. 

3. AJI<t>aenT a qncna 

Eme OJlHB 33.ll,aqa COCTOHT B TOM, llTOOhl, KpoMe 6yKR ancpa .. 

BHTa, KOJlHposaTb euie " qHCJia. Pe111eHHe saBHCHT or Ha3Ha4e

HHSI KOJlHpoaaHHH. MoncHo npeJlnOJIOiKHTh, qTo npH Marn11Hon11cw 

6yKBbl BCTpeqalOTCSI qa1ne, qeM u11cppbI. ,Unsi cqeTHOti MarnHHbl 

cnpaBeJlJIHBO oopaTHOe. Bor HeKOTOphie npm\/JephI. 

A. BocnonbayeMC H KOJlO:\f I BM 1
) ( rnecTH3Ha lJHhIR 11.BOHlJ Hhlit 

KOJl), TaK llTO 6yKBbl H 11.eCHTb 11.eCR'f HtfHblX UHQJP HMel()T 

1) /BM- International Business Machine Corporation. (llpuM. 
nepeB.) 
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O.UHHaKoay10 D,1n1Hy. 0THOllleHMe aeposirHOCTeA a cpe.uHeM pasHo: 

aepOHTHOCTb 6yKBbl - ~! - 2 7 
BepoRTHOCTb JleCRTHitHOit umppbl - 10- J ) (5.4) 

'ITO HBJIHeTCSI IlOJI.XOD,SI1IU1M COOTHOrueHMeM JVISI n111Uyruet% Ma

UIHHKH •. OD,HaKO KO.LI. He9cpcp2KTHBeH, TaK KaK npH,1eH SieT TOJibKO 

37 H3 64 B03MOIKHblX KOMOHHau0fi; ocTanbHhte 27 KOMOHHau,HA 

OCTalOTCH HeHCilOJlb30BaHHblMH. 

B. Bo3&MeM ceM& D,BOMqH&Ix u11cpp, Jla1ouu1x 128 1<0~fOMHau11t%, 
M 3aKOD.MpyeM see q11cna or 0 D.O 99 n;uoc 27 6yKs. 0.uHa 

KOM6HHaUHSI ocraHeTCSI HeHCIIOJlb30B3HHOlt 8ro OlteHb 9<}l<}leK

THBHblA KOJI., D,alOlllHA B cpe.uHeM 3,5 JlB. ell,. Ha q11cno ( OilTH· 

MaJI&Hoe aHaqeHHe pasHo 3,32). M1,1 npeJlCTa0;n1eM ce6e KaiKJI.Oe 

l13 9THX 100 4 HCen B BM]le JI.BYX JI.eCHTHqHbIX (!Hepp ( 4HCJIO 7' 
uanpHMep, npe.acTaBJISieTCH B BHJI.e 07), raK 4TO B 061ueM ti 

·~MCJiax BCrpettaeTCH 200 D,eCHTH4HblX UH<}lp. 0TCIOD,a 

nepoRTHOCTb 6yKBbl - !7. - 0 135 (5 5) 
BepOHTHOCTb .IJ.eCRTHitHOfi umppbI - 200 - ' . . 

3To COOTHOllleHHe SIBJISieTCSI nOD,XOJlSllllHM JlJlSl ClfeTHOtl MarnHHbl. 

C. BoahMeM 1 O D.BOHqHbJX u11<}lp, .ua1om0x 1024 KOMOHHaUHM, 

H SaKOD,HpyeM BCe qHcna OT 0 D,O 999 IlJIIOC 24 6yKBbl. nae 

6yKBhl ocTaHyTCH HeaaKOD.HpoBaHHbtMH. MbI MOiKeM 11cnonb30 .. 

BaTb OD.HO H TO )Ke KOD,OBOe 0003Ha4eHHe JI.JIH 6yKBbl 0 H JlJlH 

Hynsi, a TaK)Ke JIJISI eD,HHHUbl H L. 3D.eCb Mht 110Jty1taeM 3,33 
D,B. e.u. Ha q11cno, T. e. npaKTHqecKM nyqrnee B03MOJKHOe 3Ha~ 

qeHHe. 11MeeTCH 1000 TpeX3HaqHbJX .LI.eCHTHlflJbIX 4HCeJI, H cne .. 
JlOBaTeJibHO, B o6w.eM 3000 D,eCRTH4HblX u11cpp, TaK IITO 

sepoHTHOCTb 6yKB~ 26 
sepoRTHOCTb JleCRT0lJHOfi UH<P~~ = 3000 = 0,00866. (5.6) 

3TOT KOD. 6bIJI Ohl noJIXOJlfllliHM D.JIH Bb1q0cn11TenhHOA Ma1uHHh1, 

r D,e 6yKBbl BCTpeIIaIOTCH JlHillb H3peJlKa. 

B KOJiax B H C D.ononHeHHst .uo 99 HJIM 999 11rpa~T poJih 

06blllHOrO JlOilOJIHeHHSl 9 l1 nerKO MOryr 6b1Tb nonyqeHbl npH· 

MeHeHHeM KO.llOB c ll3/tUUJICO.M 14 HJIH c ll3AllUJ1CO.At 12 COOT• 

seTCTBeHHO 1). Cyw.ecrBeHHO, 4TO npetKne, 4eM BbIOwpaTb KOA, 

HY)KHO 3HaTb OTHOCHTeJibHYIO BepOSITHOCTb UHcpp H oy1<1t. 

1) 3ra TepMHHOnOrIUI OTHOCJHCff K npHMem:reMbJM B Bbf'IHC.11nrenbHbJX 
M8IllHHax JlBOMttHo·KOJlHposauHblM CHC'feMaM CllHCJJCHHR. CM. no 9TOMY 
noeo.IJ.y: A. l1. I< H r o e, 3neKrpoHHhle iu•<Pposble MaIUHHhl, Coa. paJJ.Ho, 
1956, § 6. (llpuM. nepeB.) 
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4. )lBOHlfHOe KOAHpoea11ne CJIOB 

B r naBe 3 Mbl 06cync.n.an11 0ccne.n.oeaH1:1e WeHHOHa 11s6b1-

T04HOCTH aur JJMA'CKoro H3hIKa. B OJI.HOM H3 CBOHX np11MepoB 

WeHHOH paccMarpHB3JI 4acT0Ty pa3JIH4Hhlx c.100 B H3bIKe H 

yKa3aJJ 33KOH 

J 
Pm=1om' (5.7) 

ycTaHaBJIHBaIOlllM~ aepOSITHOCTb ll05lBJieHHSl CJJOBa, HMe1owero 

11opsuu<OBbIA' HOMep m B CllHCKe, COCTaBJieHHOM 8 IIOpSl.U.Ke y6bI

B310llJ.et\ qaCTOThl. 3TOT 3aKOH HeJib3H npHMeHHTb JlO 6ecKOHell

HOCTH, TaK KaK CYM.Ma oy .ll,eT paCXO.ll,HTbCH, M llieHHOU npe.ll,nO· 

nOiKHJI, qTO np11MeHsteTCSI TOnbKO 8727 CJIOB. 3TO lf HClIO Bbl

opano TaK, lff06bJ CYM~Ia BepOSITHOCTeU paBHHJiaCh e;J.HHHUe 1
): 

m=8727 

~ Pm== 1. (5.8) 
.-

m=! 

B 3THX npe.n.no;1onceHHSlX OhIJia uo.n.c4ttraua 1:1HcpopMa1u1H, OKa· 

3asrnaHCH paBHOti 

I= 11,82 .n.s. e.n.. Ha cJ10Ho, 

l = 2,14 .ll,B. e.n.. Ha 6yKBY1 
(5.9) 

TaK KaK cpe.ll,Hee CJJOBO COJI,epiKHT 5,5 oyKBld npH 3Jicpas1irre 

H3 27 6yKB (26 6yKB nnIOC npoMe)l(yTOK Me)l(.n.y cnoBaMH). 

U0cppa 2, 14 .n.s. e.n. Ha 6yKsy npe.n.cTasnSieT sHaq11TeJihHy10 

9KOHOMHIO no cpaBHeHulO c o6hll1Hh1M ancpaBHTHblM KO.ll,HpOBaHneM, 

KOTOpoe Tpe6yeT OKOJIO 5 .ll,B. e.n.. Ha oyKBy. 

TiocMoTpHM, KaK MOiKHO 11cnonb30BaTh 9TO npeHMymecrso. 

PaccMoTpHM cHaqana cwrHaJibI o.n.11HaK0BoM .n.n1:1HhI. Ilp11MeHS1}! 

.ll,BOHqHble u0cppb1 0 H l H 6epSl IlOCTOSlHHYIO .ll,JIHHy, pasHyIO 

13 u11cppaM, MO/KeM COCTaHHTb 213 = 8192 pa3JHtqHblX CHrHaJIOB, 

KOTOphIMH MO/KHO saKO.U.MPOBaTb 8192 CJJOBa, 06pa3y1omwx 

CJIOBapb, .ll,OCTaTOllHhlti .ll,JIH MHOrHX npHMeHeHHlt 3TOT oqeHb 

npoCTOil KO.ll, .n.aer 13 .ll,B. e.n.. Ha CJIOBO HJIH 2,36 .ll,H. eJJ.. Ha 

1) )lJIR noJlClleTa KOHeqHoro qffCJia C .. 'IOB llleHHOH 110.i1b30B3JICH 9KCne
pMMeHT3t1'IbHO nattneHHblMH sepORTHOCTHMH M3HOOJiee ll8CTO scrpe11a101u.HXCJI 
CJIOB H oopamaJICff K <IJopMyae (5.7) JIHillb IlpH 00.'lbWHX m (m > 100). 
Ecnu obi <IJopMyna (5.7) npHMeHR~1acb c caMoro nat1a.1a, ro Konet1noe 
t1Hcno c.1os obl .. 10 Ohl ropaa110 60.rrbIIIe 8727 H cocrasJISIJlo 6bl 0Ko~10 12 000 .. 
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oyKey, qTO y:>Ke OlleHb OnH3KO K TeopeTHtteCKOMY npe}leny 
(CM. (5.9)). 

MoiKHO noJiyq0r& nyqlliHH pe3yn&TaT, npHMeHHH MeTOJl, 
oocy}l(JleHHbIH B n. 1 9Totl r 11a0bl 11 0nn10cTpHpoBaHHh1H Ta6n11 .. 
ue:tt 5.2. YfCKJllOllHM KpaTHhle HyJIM B rJJaBHOM CHrHaJie H HC· 
nonhayeM HX TOJibKO B OKOHqaHHH. Ka>KJl.hlA CHrHan Ha4HHaeTCH 
eJlHHHueA 11 KoHqaeTCH rpynnoA 00, 000, 0000, . . . HecKon&KO 
TaK11x KOMOMHau11tt }laHo B Ta6110ue 5.4. 

I 

1.00 

)) 

10.00 
11.00 

I IJ 

100.00 
101.00 
110.00 
111.00 

IV 

1000.00 
1010.00 
1011.00 
1100.00 
1101.00 
1110.00 
1111.00 

T a 6 JI H u a 5.4 

v 

lC000.00 
10100.00 
10101.00 
10110.00 
10111.00 
11000.00 
11010.00 
11011.00 
1J100.00 
11101.00 
11110.00 
J 1111.00 

B qeTeepTOM CTon6ue KOMOHHaUHH 1001 onymeHa, TaK KaK 
OHa COJleplfCHT }lBa HynH IlOJJ.pHJl. no 9TO:t1 }l(e np0q11He ony
UleHY KOMOMI-Iau110 10001.00; 10010.00; 10011.00 H 11001.00 
B IlHTOM CTOJI6ue. 

B nocneJlylOIUeM paccymJJ.eHHM Mhl onycTRM nocne}lHHe JlBa 
HynH, IlOHBnSHOlllHeC51 B KOHUe Kall<JlOfO CHrHana. npe}lnOnO>KMM, 
llTO MbI HalllJIH see CRrHaJIY HeKOToporo CTOJIOUa (HanpHMep, 
CeMb CHrHaJIOB qeTBepToro CTOJI6ua c tteTblpbMH uwppaMH B 
r naeHoft 11acTH Ka}l(JlOro c0r1-1ana). Bee}leM cne.a.y10m0e 060-

BHaqeHHH: 

n - HOMep cTonoua, 
Nn,

1 
- q11c110 cHrHanoa, OKaHt.1HBa10IllMXCH e.LIHHHueH, 

Nn,o - q11cno CRrHaJioB, 0KaHq11ea10m11xcH O.LIHHM HyneM, 

Nn,O'J - ttRCJIO curHanoe~ 0KaHt.1HBafOUlMXCH rpynno:tt HyneH. 
HanpHMep, }lnH qeTeepToro CTOJJ6ua (He cqHTaH nocne.n.H11x Jl.BYX 
Hyneft nocne TOqKR) 

n = 4, N, o= 2, 
' 

N, oo= 2. 
t 



41 ABOl1llllOB KOJU1POBAHHB CJIOB 87 

OoitcttnTaeM Tenep& LIHCJJa Nn+t, h Nn+I, 0 11 Nn.+1, oo JlJISI CHrHa

JJOB c n + 1 u:m:ppaM H B r nasuon 48CTM. CHr H8Jlbl N n 0 H N n 1 , , 
MoryT OhJTb .ll.OnonHeHhI JIM6o HY neM, n060 enH•rnuen. CHrHaJI 

Nn, 00 Mo»<eT 6hITh .u.onOJIHeH TOJlbKO HyneM, M MbJ no.~y4aeM 
CJ1e.u.yt0m0e COOTHOWeHHSI: 

N,,+t, 1 = Nn, 1 + Nn, 0, 

Nn+I, o = Nn, h 

Nn-r-1, 00 = Nn, O + Nn, 00• 

(5.10) 

IlpHMeHSISI 9TH COOTHOWeHHSI rnar 3a waroM, nonyqaeM peay Jlb

T8Thl, cae.u.eHH01e a Taonnue 5.5. 

T a 6 .1 H u a 5.5 
Jleouquoe KO.ll.HPOBaHHe CJIOB 

HoMep CTOJ16u.a, n 

I l 213!416 \6 \ 7 l B I 9 I 10 I II l 12 I 
I 

! I 

Nn1 1 1 2 3 5 8 13 21 34 55 89 144 
Nno 0 1 1 2 3 5 8 13 21 34 55 89 
Nno'J 0 0 1 2 4 7 12 20 33 54 88 143 

, .... N 
""' 

I l 2 4 7 12 20 33 54 88 143 232 376 
06w.ee llHCJIO I KOJJ.HpoBaH-

HhIX C.'IOB 1 3 7 14 26 46 79 133 221 364 596 972 

·- -

Hol'trnp CTOJJoua 

I l I I 
I 

i 

13 I 14 l5 16 I 17 18 l 19 
I 

Nni 233 377 610 987 1597 2584 4181 
Nno 144 233 377 610 987 1597 2584 
Nnoo 232 376 609 986 1596 2583 4180 

L.iN 609 986 1596 2583 4180 6764 10 945 
06w.ee llHCJIO 

KOJJ.MpoBaH-
HhIX CJIOB 1581 2567 4163 6746 10926 17 690 28 635 

Ecn0 B3SITh or 1 .u.o 17 CTon6uon .a;n51 r JianHott t.JaCTH, tt0cno 

,ll.BOHllHblX umpp 6y .u.e-r H3MeHSITbC SI OT 3 .ll,O 19 (B1\JJf01.18SI D,Ba 
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HY Jiff, KOTOpble 11.0JlrKHbl 6bITb .rr.o6aBJieHbl B KOBue Ka)f(AOrO 

CHrHaJia), 'ITO Jl3CT CJIOllapb, co11.epll{31llHR OKOJIO 11 000 CJIOB. 

IloJI.cqer cpe11.Hero lJH(' Jia Jl.BOH4HhlX eJI.HHHU Ha CJIOBO MOiKeT 

OblTh BbinOJIHeH oea OCOOblX TPY Jl.HOCTeH, ecJIH npHlHITb pesy Jib· 

TaThl WeHHOHa JlJist sepoSITHOCTM nocneJtoBaTeJthHhIX CJIOB. TaKoR 

no11.cqe1 ,n.aeT 0Ko110 12 JJ.B. e11.. Ha cnoso, 1110 oqenb onaaKO 

K ·reope111qecK0My npe11.eny 11 ,82. TaKoro po.rr.a KOJI.Hp0Ban0e 

SIBJIHeTCSI, no-BHJl.HMOMY' Ha1160J1ee 9KOHOMH11HblM J.f3 1u1cna npaK w 

TMqeCKH BhlnOJIIIHMblX. 

,U1151 11paKTHt1ec1<oro np.11!\teHeHHH KO.lI. 11.011n<eH OhlTh JI.OnOJIHen 

oyKBeHHblM KOJJ.OM. EyKBbI BO BCSlKOM cnyqae 6y JI.YT HY'if(Hbl Jl.Jl51 

scex CJIOB, ue 80111€JI.IUHX B CJIOBaph, B oco6e1u1ocTM }J,JISI HMeH, 

reorpacp11t.1ecKHX HasaaH11tt H T. 11.. Ec1111 raKwc cnosa scTpe· 

1.1aJOTCSl peJI.KO, MO}l{HO OCTaBHTb noc11eJI.11He 27 CllMBOJIOB KO,il.a 

JlJIH a11cpae11Ta. EcJIH me cneu11aJihHble cnona scrpe11aroTcsi 011e1-1h 

ll8CTO, KOJJ.HPOBaHMe CJIOB CTaHOBHTCH HeBYrOJI.HW~. 

BocnOJib3yeMCSl COOTHOWeHH51MH (5.10) Jl.1151 BbltiHCJI~HHSI Be· 

p05ITHOCTeti Pni' Pno M Pnoo CHrHaJioB, r nasHaSI 11aCTh KOTOphlX 

MMeeT OKOH1JaHHe 1, 0 H,1JH 00. J1)1eeM: 

Nni=NnPnt; Nno==NnPno; Nnoo=NnPnoo: 
Nn = Nnl +/\!no+ .. 'A/noo· 

(5.11) 

PaeeHCTBa (5.10) H ( 5.11 ), B3SlTbie COBMeCTHO, onpc.lleJJHIOT no· 

CJieJtoBaTeJibHhle aua11eu1u1 eepoHTHOCTeH. Kor 11.a n seJIHKO (Hanp11 .. 

Mep, n > 10), 9TH BepOSITHOCTH 11.ena;-oTCSl He3aBHCHMbl~IH OT n' 
H JJerKO noJiyqHTb 

P1 C:::! Poo = ~ (3 - v' 5) = 0,382, Po= 0,236, (5.12) 

" paeeHCTBa (5.10) npMHMM8IOT BHJJ.: 

OTKyJJ.a 

Nn+l = Nn (2p1 + 2po + Puo) = 1,618/Vn, 

Nn =Do (l,618)n, 
Ni+N2+ ... +Nn=D1(1,618)n, 

( 5. 13) 

(5.14) 

rJJ.e Do= 1,163, D1 ~3. CpanHeH11e c T04HhlMM u11cppa!\IR ra6· 

JIHUhl 5.5 noKa3bIBaer, qTo 3TH COOTHOWeHHSI Jl3IOT xopowee 

npH6JIH)KeHMe npH n > l 0. TI pH nOMOIUH 9THX cpopMy JI MO)KHQ 

nposecT~ 60J1ee seTaJJhHoe uccJ1eJ10BaHue KOJta, npeaJiomeHHoro 

B .ZJ.<lHHOM paa11.ene, 
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5. AJupaBMTHoe KO.ll.MposaHHe CJIOB 

llpyron CIIOCOO KOJJ.HpOBalHJSI CJIOB OCHOBaH Ha npHMeHelIMH 

oyKB. EcJJH ~fbl KOJUipyeM CJIOBa JJ.BYMSI OJKBaMH: aa, ab, ac, ... 
. . . , zz TO scero MO)KeT OhITh 3aKo,n11posaHo (26)2 = 6 76 cJIOB, 

'ITO .n.aeT 2 . 4' 7 = 9, 4 Jl.B. e.n. Ha c JIOBO, TaK KaK ancpaBHT H3 

26 OYKB ,naeT 4, 7 Jl.B. e.n,. Ha OYKBJ. dTO COOTBeTCTByer CJIO

ttapIO Basic English 1). llnH ooJtbrue" r116Kocr11 SI3bIKa MbI MOiKe~ 
npHMeHHTb Tpex6yKBeHHhie KOJl.OBble CJIOBa, lJTO .naer (26)3 .= 

= 1 7 576 cnos, T. e. Ot:JeHh 6onh1uott cnoaapb 6e3 H30blTOlJ· 

IJOCTH, .uaJOllUifi 3 . 4, 7 = 14, 1 Jl.B. eJJ,. Ha CJIOBO. 06a npH~epa 
noKa3hIBaIOT, KaKoRa H36blTOlJHOCTh IIPH GOhitIHOM 1ia4epraimw 

CJIOB, Tpe6y10meM B rpe,nHe:\l no 5,5 6yKBbJ Ha CJIOBO BMeC'rO 

,n.nyx HJII1 Tpex GyKB, KaK B 3THX HOBbIX Ko.nax. KoHelJHO, KO

.n,11posaHHhie cnoBa o6hPIHO nesosMO)l{HO upoH3HecrH. 

MeHee 9cpcpeKrHBHblfi KOJJ., co.nepiKall!Ht:l npHMepHo 10 000 c11os, 

6hIJt cocTaBJteH J1 y1-10M (P. Luhn) H3 Kopnopau11H IBM. 3ror 

KO.ll, IIpHMeHster npOH3HOCHMhie Tpex- H lJeTbipex6y1<BeHHble CJIOBa, 

OKaHqHB3IOll!HeCSI T3KHM o6pa30Y£, 'lTO pasneJIHTeJibHOro 3HaKa 

Me)K.n,y cnoBaMH He rpeoyeTCH. CTonyqaeTC.fl npaKTH4Hbil:I Ko,n, 

J.l.3IOU1Hf\ npHMepHO 3,8 6yKBhI na CJIOBO, B!\-1eCTO 5,5, Tpe6yeMhIX 

B aHrnH"CKOM H3bIKe. 

6. KO.ll.MpoeaHMe, OCHOBaHHOe Ha rpynnax oyKB 
u Ha Koppens11un1 

B KOHUe r JtaBhl 3 ynoM11nanach o6maH npoue JJ.ypa Kon11po· 

BaHHSI, npe.nno)KeHHa H WeHHOHOM. Mero.n ocHonaH Ha npwMeHeHHH 

3afIOMHH31-0llierocSI yc1poilcTBa H Ha HCnOJib30B3HHH KOppeJIH UJJOH .. 

HhlX CBSI3eit npw KO.D,Hp0B3HHH CJJe,nyIOlll.HX JJ.pyr 33 .n,pyroM 

6yKB. 3ra npoue.nypa SIBJisiercH 11pSIMbJM npwnofKeHMeM MaTeMa .. 

'fH4eCKoro aHaJIH3a r Jl3Bhl 3, HO OH MO:..KeT IIpHMeHSI fbCSI TOJibKO 

K H3b1KY' B KOTOpOM sepoSITHOCTH .n11rpaMM H rpHrpaMM (T. e. 

rpynn H3 .n.syx, rpex w 6onee 6yKs) H3BeCTHbJ H3 npe.n,we

c1 B)'IOlliero CT3THCTH4eCKOfO HCCJte,llOBalIHH H3h1Ka. 

0JtHBep 2
) He,naBHO paCCMOTpeJt npaKTH4eCKHe MeTO,UhI 3Toro 

po.na. OH nonaran, 4TO npi-1 nepe,naqe npwMeHSIIOTCH 27 HMny.nh· 

1) Basic English (69tf3MK nHr.TJttlll) - ynpolueHHbifi aHr.111ifrKMfi H3bIK, 

o6xoJl.flU1HttC.fl «npo>KHT04HbJM MHHI1MYMOM> oCHOBHblX cnos. CymrcTsvcr 
cncutta.TJbHaR nurepaTypa ua 9TOM H3b.1Ke, s TOM t.IHC.TJe nepepa6ona1 113ne
CTHblX !IHTeparypHblX npoH3BeJIC'HHft (flpUY/,, ncpeB.) 

2
) B. M> 0 liver, Eff1c1ent coding, BSTJ 31, 724 (1952). 
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COB c HHTeHCHBHOCTSlMH 01 1, 2, ... ' 27' (if HCCJie.ll,OBa JI B03 .. 

MO)l{HOCTb caeJI.eHHH K MHHHMYMY cpe.ll.Heii MomHOCTH c11rHana. 

IlepBaSI B03MO>KHOCTb COCTOHT B pacno ... 10iKeHHH KB8HTOB8HHhlX 

HMnyJihCOB B an~aBHTHOM nopH.ll,Ke: 

CHMBon: npoMe>KyToK A B C D E . . . } 

BblCOTa HM Uy nhca: 0 1 2 3 4 5 .... 
(5.15) 

04eBH.ll,HO, qTQ 3TO - HeyJI.allHOe pellleHHe. Jlyqwee KO.ll,HpOB8HHe 

OCHOBaHO Ha aepOHTHOCTSIX T80JIHUbl 5.1: 

npoMe)l{yToK E T 0 A N } 

0 1 2 3 4 5 
·. ·.·. (5.16) 

BblCOTa HMOy JlbCa: 

CHMBOJJ: 

9TO, KOHetIHO, OOJiee 9cpcpeKTHBHbltl KOJl., T8K KaK H8HOOJiee 

BepOSITHbIM 6yKB3M COOTBeTCTBYID1' HMny JlbCbl MaJJott HHTeHCHB· 

HOC TH. 

ITpeJI.JIO)l{eHHoe On0eepoM npaKrHqecKoe ycTpottcTBO noKa3a .. 

HO Ha p11c. 5.1. H!l.tny JihCW OTKJJOHSIIOT JIYll 911eKrpoHHo-JJylfesoH 

--

v /. 

a 
TH £ R £ 

a 
I S BxoiJ 

....;-

'-----------------· 

.......... 

r-f;t 
' ' 

flaysa 

..------;.-
801xoiJ 

' . 

' ' ' ' t·1 i . _) 

Q:Jomoa11eMe11m 

PHc. 5.1. MoHOZpa.MJttep 0JIHBepa nnH KOll.HposaHHR OD.HHoqHhlX 6yKs. 

Tpy61c0; Ha aKpaHe pacnono>KeHa MacKa nepeMeHHOR npo-

3pallHOCTH (H3MeHsnomeHcsi cornacHo (5.16)), a e pesyJihTaTe Ha 

BblXO.LI.e cpOT09JieMeHra nony1.1aIOTC5I H'iny JlbCbl, coorseTCTBYIOmHe 

(5.16). C0cTeMa HaaeaHa M01tozpa.MMepoM • 
• 
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y CTpOltCTBO ouzpa.M.Mepa noKa3aHO Ha pHC. 5 .. 2. 3.lI,eCb 

U:Cl10Jlb30Bal;fbl ooe napbI OTKJIOHSllOlllHX UJl3CTHH :JJieKTpOHHO

JiyqeeoH rpyoKM. Ha OJI.HY napy nJiaCTHH aoa.lI,eticTsyeT npeJI. ... 

111ec TBYIOlll3H OJKBa, a Ha JJ.pyry IO - npHXO.lI,Hl.UaH B .lI,aHHbltt 

0 
THERE 

0 naysa 
r S BxoiJ 

""If------------------

B 

f 00 f 00 f 0 
·THERE JS 

,,__ ____ _ 
~ 

8blXOlJ 

Pttc. 5.2. )Juepa.wMep OJI11sepa JlJIH KOJUtposaHHR nap 6yKs. 

MOMeHT oyKea. Ka/K,ZI.Olt rpynne OYKB (i, j) COOTBeTCTByeT TOlfKa 

Ha 9KpaHe, H npo3palfHOCTh MaCKH, H3JIO)l(eHHOA Ha 9KpaH, COOT

eeTCTByeT sepoSITHOCTH p (i, J). TaKHM nyTeM MOiKHo no.11yqHTh 

JJ.OUOJIHHreJibHYlO 9KOHOMHIO cpe)lHetl MOlllHOCTH, TpeoyeMoH JlJISI 

nepeJJ.a4H. OocyJKJI.eHhl raKme ycTpottcTBa, ocHosaHHhie Ha TpH

rpaMMax M TeTparpaMMaX, HO OHH e]l.Ba JIM HBJISIR>TCSI npaKTH4HbIMH. 

,Upyrolt MeTOJI. KOAHPOBaHHH npeJI.JIO)l(eH PHJI.OM aaropos 1). 

Ero MO/KHO noHCHHTb npHMeHH'feJI&HO K TeJ1ecpoHHH: HYJKHO ne

peJI.aTb HenpepbIBHYIO KpMBYIO H Mbl pacnoJiaraeM C'rarMCTHqe

CKHMH JJ.3HHYMH OTHOCMTeJibHO THna npHMeHHeM~X KpHBMX. 

VlcnOJib3YH 9TH ,naHHbie H HeCKOJibKO yme uepe.lI,aHHbIX npeJJ.-

111eCTBYIOlllHX 3Ha4eHHtl, Mhl MO)KeM npeJlCKa3aTb HaHOOJiee Be

pOHTHOe cneJty10mee aHaqeHHe 11 nepeJI.arh roJihKO nonpasKy, 

T. e. yKnoHeHHe OT npeJtcKa3aHHoro 3HaqeHHH. C11na 9Toro 

1) P. EI i as, Harvard University thesis PlRE 89, 839 (1951); 
E. R. Kretz mer, BSTJ 31, 751 (1952); C. W. Harrison, ibid., 
p. 764. 
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MeTOJJ.a COCTOHT B TOM, qTo OH MOACeT t5b1Tb npMMeHeH B JI.Byx 

H3MepeHMSIX ('reJieBMJJ.eHMe) npu ycJIOBH H, llTO MMelOTCSI COOTBeT

CTBYIOIU11e c1ar11c111t1ecK11e .naHHh1e. TipuMeHMTeJihHO K TeJies11-

.neH1110 pacCMOTpHM CHCTeMy, np11~eHHIOu1y10 64 = 26 ypoBHeii 

KBaHTOBaH11H. EcJ111 ace yposH11 paBHoeepoHTHbl, HaM noTpe6yerc~ 
6 .llB. e]l.. Ha Kam:.nblii 3JieMeHT .11306pa)l{eHl1SI, 0.nHaKO pa3Jil14-

Hbie ypoBHl1 MMeIOT pa3JI114HYIO sepOHTHOCTb, 11 9TO npocroe o6CT051-

TeJibCTBO cpasy yMeHbmaeT 11Hcp0pMaU11lO .no 5 .ll.B. e.n. Ha 9JleMeHT. 

~1cnOJib3YH KoppeJISIU11lO Me)l{.ny coce.nH11M11 9JieMeHTa~M, MO)l{HO CHH-

3HTb 3TY BeJil1lll1HY iio 2,4 + 2,6 .nB. e.n. Ha 9JieMeHT. 3ro npe.n

CTaBJI51eT noTeHu11a.llbHYIO B03MOIKHOCTb COKpameHl1SI nponycKHOil 

cnoco6Hocr11 TeJieBM3MOHHoro KaHaJia s.nnoe. KaK H e JJ.pyr11x 

aHanoru11HhIX npo6JieMax, Hym:Ho, OJI.HaKo, saMeTMTh, qro nepe ... 

JI.aqa c MaJioii H36blTOqHOCTblO B 3HaQHTeJibHO 60JibIJJeit Mepe 

CTpaJJ.aer OT noMex, TaK KaK ycTpaHeH11e H36~TOllHOCTH yMeHb

maeT TaKiKe B03MOiKHOCTb npe.ncKa3aHl1S1 11 11CIIpaBJieHl151 ou111~ 

6oK npw 11p11eMe. 



I' Jl AB .A R 

KO,llbl, 06HAPYiK11BAI01Ul1E 11 11CilPABJISllOlUHE 
OWl16Kl1 

l. KOJlbl, oonapylliHBalOmHe OllIH6KH 

B npeJ1.hJ.nymMx r.r1aBax 06cyil<.na.1111cb MeTO.ll.hl ycTpaHeHHSI 

M36bJTO'-t HOC'l (1 11 flOCTpoeHMH KO.ll.OB, Tpe6yroutHX HaMMeHbIIIero 

llHCJia JlBOH4HhlX eJlHHHU Ha 6yKBy. 1~e iKe MeTO.Lthl Mory·r 

npHMeHRTLCSI He TOJJhKO K 6yKBaM, HO 11 K JII06oro po.na CHM· 

BOJJBM B 6oJJee 061u11x 3a}la4aX Tt.;OpHH Hl-HpopMBltHH. 

PaCCMOTPHM Tenepb Bonpoc 0 TOM, He HBJISleTCSI JIH M36bl· 

ToqHOCTb 6.11aronpwHTHO" B HtKOTOphIX npaKTH4eCKnx CJIY4BHX. 

f\or 11a MhJ sa11acaeM HHcpOp:vlaUHlO B ycTpOitCTBe c BbICOKHM 

ypoBHeM u1yMa, TO JIOiKHhle rnyMOBhle CHfH8Jihl MoryT Bbl3BBTb 

orn116KM, 11 ueKoropaSI H36blT04I-JOC] b 6bIJia 6bl oqeHb nt>11e311a 

J1.JIS1 o6uapy)l{eHHH 11 11aiKe .nnH 11cnpaB.neHHS1 orn1160K. l1MeHHO 

TaK o6CTOHT .neJJO, Kor }la Mbl 4HTatM KHHry c onelfaTKaMH HJIH 

KOf}la MW nony4aeM renerpaMMy, B KOTOPO" HeKOTOpble 6yKBM 

nepe.naHhl Henpau1111bHO. BMecro Toro qyo6bl 11cnOJJb30BaTb JlJHI 

0611apy)l{e1JHff orn1160K BhICOKYIO H36bIT04HOCTb H3bIKa, i\lbl MOiKeM 

nocrpoHTb cneu11aJThHh1tt npoBepo4HhJtt MexaHH3M JlJIH npHMene

HHH COBMeCTHO c KO.ll.OM MaJJOtl H36hIT04HOCTH. TaKHM o6pa30M 

Mbl II0.11Y4HM 6oJiee acpcpeKl Ht:HYIO CHCTeMy' cnoco6Hyro (B OT· 

JIH4He OT CHCTeMbl, OCllOB311HO" Ha H36blTO'-IHOC1'14 H3bfKa) o6Ha

PY'IKHBaTb orn116K11 B Ha4epraHHH HMeH, reorpacp114eCKHX H33Ba· 

HHit H T. n, 

Dp1t1 np11MeHeHHH .ll.BOH4Horo Ko.na npocTe"rnMM MeTo.noM 

npouepKM stBJtHeTCH npoBepKa Ha qerHOCTb. Dp11 nsaeCTHblX 

ycJIOBMRX. Mbl MQ)l{eM 6blTb noqTH ysepeHbJ, l.JTO B rpynne 113 

HeKOTOporo 4HCJ1B (1-1anp11Mep, n = 6) .ll.BOH4HbJX SHBKOB He 

MomeT OhITb 604b111e OJlHOtt orn116KH. D.JISI ocymecreneHHH npo

eepKH Ha qeTHOCTb MLI o6De.l114HSICM H3WH CHrHaJlbl B rpyrinw 
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no rneCTb 3HaKOB H JJ.06aBJIS1eM K Ka)l{,ll.0" rpynne ceJJ.bMOli SHaK, 

Bht6Hpasi ero TaK, 4T06bJ o6mee lfHCJIO e.nHHHU 6bIJIO qeTHbIM. 

HanpHMep: 

ci-trHan: 101 100, nposepot1Hbl" BHaK l, 

cHrHaJI: 100 010, npoeepoqffhtit SHaK 0. 

3to Il03BOJISieT He3aMeJlJIHTeJibHO o6HapyiKHTb Ha npHeMHOtl CTO

poHe OJJ.11HOlfHYIO om116Ky; OJJ.HaKo y3Hatb, a KaKoM 3HaKe npo

H30mna OWH6Ka, HeJib3SI • .UBotiHaSI OUIH6Ka He 6y .neT o6Hapy>KeHa. 

2. KOJJ.bl, ecnpaensnomee O.llHHoqeym omu6Ky 

MbI no".neM .nanee 11 11ccne.nyeM B03MO)l{HOCTh nocrpoeHHSl 

MeTO.llOB npoeepKH, no3BOJISIIOlllHX onpe.a.eJIATb TOlfHOe Mecrono

JIO:iKeHHe OrnH6KH H, cne.noeateJibHO, HCnpaBHTb ee. 

B HHTepecHoti pa6oTe X9MMl1Hra 1) 06cy>KJJ.a10Tcsi KOJJ.ht, .a.aio

w.ne B03MO)l{HOCTb onpe.neJIMTb IlOJIO)l{eHHe OUJH6KH H HCnpaBHTb 

ee. 3ro .nen aeTCSI nyTeM HeCKOJibKHX npoBepoK Ha tieTHOCTb, 

" X9MMl1Hr JJ.aeT npaKT11lfeCKHe np11Mepbl npHMeHeH1u1 caoero 

MeTo.na. 

PaccMoTpHM coeoKynHocTh n .a.ao1111uhlx u11cpp " npe.a.nono

mnM, lJ.TO cpe.nH n Il03HUH" HHKor.na He BCTpeTHTCSI 6onee lfeM 

o.nHa om116Ka. Vl3 tJ.11cn a n noa11u11" MhJ Bh1611paeM m noa11u11tt 

JJ.nff nepe.a.alfH 11HcpopMaUHH, a ocTanhHhte k nosnuHtt 11cnonbayeM 

.llJISI npoeepKH i). 3TH k .ll.BOHllHhJX u11cpp npeJJ.CTaBJlSllOT 2k pa3-

Jil14HhtX .llBOHQHhlX 4HCeJI, KOTOpble .ll.OJl:iKHht yKa3hJBaTb: 

1) JIH6o, qTo oru116KH HeT, 

2) JIH6o, eCJIH OlllH6Ka eCTb, TO B KaKotl 003HUHl1. 

1) R.. W. Ha mm in g, BST J 29, 147 (1950). (PyccKHfi nepeBoJl B 
c6opHHKe «KOJlbl c 06uapyiKeH11eM H HcnpasneHHeM OlllHOoK>, VIJI, 
Mocxsa, 1956.) 

2
) VlanaraeMa.R snecb KOHileBUHH, cornacuo Koropofi 3HaKH neJIHTCH 

Ha ampopMaUHOHHble H npoaepo4Hble, CHJibHO cyiKaer Kpyr OOHHTHfi, 
OTHOCHUJ.AXCB K OOMexoyCTOfilJl1BblM KOJ13M. Bonee IIHipOKaa TOlJKa 3peHaR 
COCTOHT B TOM, IJTO BC.R COBOK)'IlHOCTb B03MO>KHbJX JJ.JIH ,D;3HHOf0 KOlla 
KO:\JOHH3UHfi JlCJIHTCH Ha pa3pCillCHHbJe H 3anpew.eHHble. 0111t.-16Ka npespa
w.aer pa3pemeHHYIO KOM6HHaUHIO B 3a11pew.euuy10, BCJie}lCTBHe qero 
OWH6Ka o6HapylKHBaercR. Jl;rn acnpas~11eHHH OlllHOKl1 HCOOJib3JIOfC.fl pa3-
JIHl{H.R MelKJlY KOM6HH8UH>IMH: npaeHnhHOfi KOM6HH8UHC" RBJIHeTCSI ra, 
Koropaa ea11Meuee or nu11aercn OT npu:uaroa Ollltt6oqHotl.. B r~oMetpaqe
CKMX TepMHHax pa3JIH'll1e onpe}leJrnerc.R paccmORHUeM MelKJlY KOJlOBblMH 
KOM6HH3Ul1RMl1. 3ro paCCTOHHHe MOiKet H3Mep.RTbC.R KaK B eBKJIHJlOBOB 
Merpaxe, 1aK 11 s MerpHKe XsMMHHra, a Kotopofi e.a11u11tIHoe pacctOHHHe 
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Bcero no11ylfaeTcS1 n + l yKasaH1dt, OTKY .u.a cJiellyeT ycnoBue: 

2k;:::: n+ 1. (6.1) 

DpoaepKa Ha1160Jiee ecpcpeKTliBHa B c11yqae 3HaKa paseHcTaa 

B (6.1 ). 
B Tat5JIHUe 6.1 Jl,aHhl HaH60JibUJHe llHCJJa CHMBOJIOB, KOTOpbie 

Moryt t5MTb npoBepeuhl npH pa3JJHqHblX 3HalfeHHSIX k. 

T a 6 n H Jl a 6. l 

Han60JibWee lfHCJIO CHMBOJIOB, KOTOpble 
MOfYT 6bITb npoBepeHhl npHMeHeHHeM OT 

OJl.HOfO Jl.O DSITH npoeepotJHblX CFIMBOJIOB 

lf ncJto npouepoqnblX Bcero CHMBOJIOB 
CHMBOJIOB 

k 

I 
2 
3 
4 
5 

n 

l 
3 
7 

15 
31 

H n<}>op M a1.u1on
llblX en M BOJIO B 

m=k-n 

0 
1 
4 

I I 
26 

BTopott cJiyqati e Tat5Jiuue 6.1 cooTeercrnyeT npeJ1.HOJIO)l{e

Hl1IO, llTO B nocJiel{OBaTeJlbHOCTH 113 tpex JlBOHqHblX IUHpp 

HliKOr JI.a He MO)l{eT 6h1Tb t50Jibllle, 4eM OJI.Ha OlliH.6Ka. 0l{Ha H3 

9THX UHcpp CJIY:iKHT JlJISl nepeJlalfH HHcpOpMaUHH, a JI.Be J1.pyr11e -

J1.JIS1 npoeepKH, cor11acuo ta6JI11ue 6.2. 
ITpoaepo4Hbie u11cppb1 B 11 C Bh1611pa10TcS1 TaK, qro6b1 (A+ B) 

11 (A+ C) 6b1JI11 qeTHhlM11. ITpHeMHliK BblllHCJI5IeT o6e cyMMbI, 11 

eCJIH 0.U.Ha 113 HliX OKaSb1BaeTC5I neqeTHOit, npoaep04HhlH ClirHaJI 

B HeH Collep:iK11T olll116Ky. EcJI11, Hanpn:Mep, (A+ B) He4eTHa, 

Tor lla KaK (A+ C) qeTHa, To curHaJI B Heeepeu. EcJIH HMeeTC51 

om11.6Ka B cHrHa11e A, To o6e cyMMhl 6y JI.YT HelfeTHbIMFI.. Ot

croJ1.a HcHo, KaKott c11rHaJI JlOJIIKeH 6h1Tb ucnpaeJieH. 

Tper11tt cJJyqatt - KOJl «tieTbtpe 113 ceMH»: tieTb1pe .U.BOlilfHhIX 

uucpphl JlJISl liHcpOpMaUHH, Tp11 JlJISl npoeepKH. 0lIJH6KH Moryr 

COOTBCTCTBYCT pa3.'ll141110 B OJlHOM llBOWlJHOM 3HaKe, a paCCTORHlie k enw
BHU-pa3.'1HtUllO B k ns:JHllHblX JHaKax. TaK. HanpHMep. onacaHHoe B n. I 
Jlo6asneHHe OJlHoro nposepolJHoro 3HaKa (0 HRH I) ysenwmsaet ua 
eJlliHHUY paCCTOSIHHe MeiK.ltY pa3peweHHblMM KOM6HHaUHRMH (o6na,IlaIO
ll\HMH lleTHblM 'IHCno.M e.a;HHHU). (npuM. nepea.) 
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6h1Tb o6ttapyiKeHbt H JIOKaJIH30BaHbl B npe.LI.lfOJIO»CeHHH, 4TO a 
rpynne H3 ceat11 .a.eonlfHhlX u11cpp HHKor .a.a He ecrpettaeTcsi 6onee 

T a 6 n H u a 6.2 
CxeMa KoJJ.a c o.n.uoA u.11cf>poA 

AJIH uncf>opMau.uu u ABYMH 
JJ.JIH npoaepKH 

Ha¢>oparau1u1 

A 
x 
x 

OpoaepKa 

B C 
x 

x 

0 p H M e q a H H e. flposepKH 
JlOJI)KHbJ 6blTb Bhl6paHbJ raK, qro5bl 
CYMM3 Cl-IMBOJIOB «X> no K3)KJl0'1 
crpoKe nasana qerHoe qHcno. 

OJI.HOA OlllH6K11. fipoeepKa MO)l{eT ocymeCTBJIHTbCH, KaK noKa· 

SaHO B T aOJUIUe 6.3. 
T a 6 JI u u a 6.a 

.l{oJI. c qeTblpbMH .ll.BOH'IHhlMH 
UHcf>paMH AJIH HHcf>opMallHH 

H TpeMH AJIH npoeepKH 

Ma<tmpMaII.HH 

ABCD 
xxx 
xx x 
X .X. X 

OpouepKa 

EFQ 
x 

x 
x 

(To me npHMC\faHBe, QTO H 
K ra6J1. 6.2.) 

CnrHaJihf A, 8, c 11 D MOryT 6h1Tb JIH6o 0, nn6o t. npoae.;. 

po'!tthle cur.t:ta.:1bl nymtto ew6paTh T aK, llT06bt OhlJIH 4.eI.t:tbJMH cyMMbt 

A+B+c+E, \ 
A+B+D+F,} (6.2) 
A t- C + D ·+- 0. } 
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IlpHeMHHK conocTaanHeT sTH TPH cyMMW. ECJIH ace OHH lfeTHw, 

TO OI.UH6KH HeT (a CHJ[Y Ha wero npe.n.nOJIO}J(eHHH 0 TOM, 4TO B 

ceMH 3HaKax He Mon<eT 6htTb 6oJihwe o.n.Ho" ow116K11). EcJiu 

o.n.Ha H3 cyMM HeQeTrta, TO OWM6Ka HMeeTCH a npoeepOQHOM 

3HaKe sToH cyMMbt TaK, ecnw nepeaH cyMMa He4eTHa, TO c11r-

11a.1 E 11eaepeH. EcJIH .n.se cyMMhl He4eTHbI, ro OIIIH6Ka w~eeTcq 
8 TOM CHrHaJie, KOTOpbl" HBJIHeTCSI .U.JISI o6eux cyMl\I 06LUHM, HO 

He exo.n.uT e rpeTbIO. TaK, ecJIH nepahte .a.ae cyMMbl ue•1eTHhl, 

TO OIIIH6Ka .U.OJJ)l{Ha 6&tTb a B. ECJIH ace TPH cyM~bJ He4t::Tdl>J, 

TO OIIIH6Ka B A. 
IlpHMeHeHHhl" 3,U.eCb MeTo.n. HeCKOJibKO OTJIHlfaeTCSJ ()T Bhl-

6paHHOf0 X9MMHHroM, HO pe3yJibTaThI B TOlfHOCTH coena.n.amT. 

PaccMoTpHM 4eTeepT&Itt cnylfatt Ta6JIHUhl 6. l B npe.n.noJIO)l{e

HMH, 4TO He MO)l{eT 6bITb 6oJiee OJI.HO" OWH6KH a 15 ,ll,80H4HbIX 

uwcppax. 3ro 03Ha4aer, lfTO QHCJIO nHcpOpMaUHOHHhIX Il03HUHH 

m = 11, a qncno npoaepollHhtX no3nuatt k = 4. CucteMa npo

sepKlr'l noKasaHa a ra6Jiwue 6.4. 
T a t5 JI H u a 6.4 

Ko.u; c o.n;RHua.n.u.aT&IO .u;aoHlfHhtMH uu«t>paMH .O.JIH 11u«1>opMaUHH 

Do3HJ\Htt 

H 'leTblpbMH JI.JIB npoeepKH 

ABCDEFGHIJK 
xxxx xxx 
xxx xx xx 
xx xx x x x 
x xxx x xx 

flpOBCpKa 

LMNO 
x 

x 
x 

x 

(To me npHMe\laHHe, llTO H K npeJtblllJll.lHM r a6.1HUaM.) 

3To 3HalfHT, qTO npcaep04Hhle cwrHaliht HY)l{HO Bht6paTh 

raK, 4T06hl y:eTHhIMH 6&1JI 11 cyMMht 

A+ B + C + D + F +a+ H + L, 
A+s+c+E +F+I + 1+1V1, 
A+B+D+e+a+I -t-K +N, 
A+c+D+E+H+J+K+O, 

(6.3) 

HeehlnOJIHeHwe 9Toro ycJIOBHH a OJlHOH cyMMe yKa3b1BaeT, 'ITO 

npoaepoqHblti CHfH an HeBepeH. 0wH6KH B HHcpOpMau110HHhlX. 

CHrHaJiax .n.a10T HeqeTHOCTb a 2, 3 HJIH 4 KOHTpOJibHblX CJMMaX. 

4 JI. Bpuaaroau 
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O~mntt MeTo.a, np11Me11enublO e sTux npuMepax, Tenepb 
siceH. Ecnn MhI nMeeM k npoaepoqHhfX noa11uuo n ueKoTopoe 
qvrcno m vrHcpopMauvroHHbIX c11rttanoo A, B, C, D, ... , MhI BKJIIO· 
qaeM A ao ace k npoaep04HbIX cyMM. J{a)l{.llbitt 11s cne11y10m11x 
k CVffHaJIOB BCTpellaeTCSl B (k - 1) Vl3 k npoeepo•JHhIX cyMM. 
3aTeM Mbl VICTIOJib3yeM (k - 2) 113 k npooepoqHbIX cyMM llJISI 

1 
cne.n.y10m11x 2 k (k - 1) c11ruanoe H T. JJ.. Ka)K.n.asr npoeepollHaR 

cyMMa co.n.ep)K11T TOJlbKO no O.ll.HOMY npoeepO'IHOMY cvrrHany, 
n Ka)l{JlbI~ 11aHHht~ npoaepo'IHhttt cvrrHan ectpe4.aeTCSI Jil1Illb 
o.aHa)l{.llbI. Boo6me k upooepollHblX noa11u11tt Aa10r: 

-1 +k +k(k- l)+k(k- l)(k-2)+ + 
m- 2 2·3 ••• 

+ k (k;: I) =2.,-k-1 (6.4) 

B03MO)l{H0CTe~ npoeepKvt, VI 9TO HBJISleTCSl Han60JJblllHM qvrCJIOM 
MHcpopMauvroHHbIX cvrrttanoo, KOTOphle Moryr OhITb npoaepeHbl. 
0.n.HHO'IHhte Olllvt6Kn MOryT IIOSIBVITbCH B k npoeepo'IHhtX nosn· 
u11six; OTCYTCTBl1e OWMOKl1 .n.aet ew.e OJJ.Hy BOS!tlO/KHOCTb. 

T aKHM oopaaoM, 

2k = m + k + 1 = n + 1, 

B COOTBeTCTBVIH c (6.1 ), TaK lfTO MeTOll SIBJIHeTCH 06IUHM. 
Ecnvr HMeeTCSI 6 vrucpopMauvroHHhtx noanuvrtt (KaK B 

Ko.n.e IBM), To Tpe6yeTcsi, no-npe)l(HeMy, 4 nponepoCfHhte no
a11u1111 (CM. Ta6n11uy 6. I), H Mht MO)l(eM npoH380JlbHO BblOpaTb 
6 ns 11 noa11u11tt OT A 110 K ta6n11uhI 6.4. 

3. KoJI.bl, HcnpaBJJHIOUJ:He OJI,HHoqny10 omuoKy 
H 06Hapy)KHB810WHe JI,BOHHYIO 

IlpeJJ.htJJ.ymne cxeMht MoryT 6b1Tb pacnpocTpaHeHbl na cJr.y· 
11aft 06Hapy)KeH11H .aooiiHbIX ow1160K. HallHeM c Ko.aa, 11cnpaB· 
nS110ruero 011nHOlfHy10 OIIIvr6Ky. K 9TOMY KOllY Mht l\IO)KeM .n.o6a
BHTb erue o.n.tty nosvruvrro npoaepi<11 Ha qeTHOCTh. Moryr 6bITb 
cne.nyromvre cnyqan: 

A. OmvrooK HeT, see npooepK11 Ha qeTHOCTb y.n.onneToopS110TCH. 
B. O.a11nolfHaH ornu6Ka. 0.aHa na nepeouaqaJibHhlx npooepoK 

)laeT HelfeT " yKaShJBaeT MeCTOOOJIO/KeHne OWl16Kl1. TiocJJeJJ.HSIH 
npooepKa r aK)Ke Aaet He4.eT. 
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C. D.noRHaSI OlllHOK8. nocJieJI.HSISI npoaepKa .n.aer lfeT, a He• 
KoTophle H3 npe.ll.hlJI.YlllHX - He11eT, llTO yKashlsaer Ha HMe10weec~ 
r )le-To HCKa)l(eHHe. MeTo.a RBJIHeTcst 06m11M H MO)l(et OhlTb 
npHMeHeH K JllOOOMy npHMepy, OOCY)l(JI.eHHOMY B npt:.ll.MllYUlHX 
pasne.r1ax. X9MMHHr yKasaJI reoMerpHlfecKy10 HHTepnper auHto, 
npnMeHHIOIUYIO npe)lCTaBJieHHe B MHOfOMepHOM npocTpaHCTBe. 
8ro npe.n.cTaoJieHHe J1.aeT a.r1eraHTHoe .n.oKaaarenbcroo OOIUHOCTn 
onHCaHHblX MeTO.ll.08. 

Hoahle uccne)loeaHHH no TeopnH ucnpaBJIS110IUnX KO.LI.OB co
JI.ep)l(aTcH o pa6ore ,UJKn.r16epr a 1). 06IllnpHbil1 MarepHaJI no KO· 
.n.a~I, HCnpaBJISllOIUHM MHOfOKpaTHble OIIIHOKH, MO)l(HO Hattrn B 
Trans. IRE 11) 

4. 34>4>eKTHBHOCTb ucnpaBJIHIOIJlHX KOJI.OB 

HcnpaeJIS110IUHe KO.llbl, onHCSHHhle B npeJ1.hlJ1.y111ux paaAenax, 
MoryT 6hITh ncnonhsoaaHhl c.r1eny10m,nM oopasoM. BoahMeM e 
Kaqecree npHMepa KO.ll. «4 H3 7» (CM. ra6nnuy 6.3). HaqHeM c HeKOTo· 
poro COOOll.leHHSI, KO.ll.HpOB3HHOf0 .ll.BOH'IHhlMH UHQJpaMn, HanpHMep: 

0000100010100100 ( 6.5) 

u paaJ1.enuM ero Ha rpynnhl no lfethlpe UHQlphl a Ka)l(.n.oit: 

0000, 1000, 1010, 0100. (6.6) 

,UonoJIHHM renepb KaiKJI.yIO 113 9THX qeTblpexsHalfHhlX rpynn erue 
TpeMSI SHaKaMH, COOTBeTCTBylOIUHMn npoeepKaM na lfeTHOCTb, 
cor.r1acHo (6.2): 

0000000, 1000111, 1010010, 0100110. (6.7) 

8To coo6w.eHne nepeJI.aeTcH, npHeMHHK npwMeHsteT npouepKH Ha 
qerHOCTb ltJISI HCnpaoJieHHSI OlllHOOK, 3aTeM ycTpaHSleT HSJIHillHHe 
nocneJ1.nne rpu snaKa B Ka)l(.n.oit ceMH3Ha'IHOD rpynne u eoc· 
CTaHaBJIHBaeT HCXO,llHOe coooruenHe B BH.ll.e (6.6) H (6.5). 

3TOT MeTO.lJ. rOltHTCSI 8 TOM c.r1y11ae, ecJIH Ha n CHMBOJIOB 
HnKor JI.a He npuxo.n.Hrcs:i 6onhrne onHott ornHOKH (a HameM npH· 
Mepe n = 7). 3to ycJIOBHe HHKOr JI.a B TOtIHOCTH He BhinOJIHSJeTCSI .. 
06bllfHO H.'.\feercH COBOKynHOCTb CJiyqattHblX ornu6oK co cpe.ll.HeD 
uepo11rHoCTh10 p. MhI noKaJKeM, llTO HCnpaaJistlOWHtt KO.LI. MOJKeT 

1) E. N. 0 i I be rt, BSTJ 31, 504 (1952). 
1) Trans. IRE (PGIT) 1-4, CM. a oco6eHHOCTH e r. 4 crat&H 

0 o I a y, E 1 i a s, R e e d, S i I v e r m a n, Ba J s er u Jlp. CM. taK>Ke 
Conv. R.ec. IRB National Convention, 1954. 

4• 
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8Ha4HTeJihHO yMeHhWHTb lfMCJIO OIIIH6oK M .n.aTb MaJiyIO oepOSIT· 

HOCTb p HencnpaBJieHHhtX OWM60K. 

IlycTb p 03H34BeT oepOSITHOCTb OWH6KH B HeKOTOpOM onpe· 

.n.eneHHOM BHaKe. 3ro 03Hal.faer nepexoJI. 0 a 1 HJIH 1 e 0. 
B.>3bMeM KOJJ. (k, n, m), T. e. KOJJ. c k npoaepolfHblMM 3HaKaMH 

H m HHcpopM3UHOHHblMH IlOSHUHflMH, a ocero c n llBOH4.HblMH 

H03HUMflMH, cor JiaCHo ra6n11ue 6.1. B .naHnoli nocne.n.osareJib· 

HOCTM 113 n llBOMlfHhlX u11cpp HMeeM CJie.n.y10w.11e oepostTHOCTM: 

nl l (l )n-l 
1tz =ti (n - l)! P - P 

- eepOSITHOCTb otcyTCTBMSI 

own6KH; 

- aepOSITHOCTb 0.Ll.HOli 

OlllM6KH; 

- eepOSlTHOCTb JJ.BYX own~ 

6oK a JJ.Byx pa3HbtX no-

3HUHstx; 

- aepos:1THOcTb l owu601< 

B l pa3HblX n03HUHflX. 

(6.8) 

J 

PaccMorpHM CJiy11atl OllHOit orn116K11, lfT06bt noKa3BTh, Kat< 

nonyqaJOrcg aeJI11tIHHht 1tz. B 9TOM cJiy11ae 11MeeM (n - l) npa· 

BMJlbHhtX 3H3KOB c eepoSITHOCTbIO ( 1 - p)n-J H OllHH HeaepHbtR 

SHaK ( c oepoSITHOCTblO p), KOTOpbltl MO)l{eT HaXOJJ.MTbCfl B JIIO· 

6oli ns n rros11u11". 3ro JJ.aer np11se.neHHoe Bhlwe sHalfeune 1t1• 

,UaJihHetilllHe sepos:tTHOCTH BbI4HCJISllOTCfl B npennoJIOiKeHHH, 

tITO Olli M6KH ecrpeqaJOTCSI acer ll8 B pa3Hh1X Il03HUH51X. 3ro 

npe.n.noJIO)l{eHMe onpaBJJ.bIBaeTCSI TeM, IJTO JI.Be OIIIH6KM, H3JIO

lKeHHhie ,npyr Ha JJ.pyra, B3aHMHO KOMneHc11py10TCfl H He octaB· 

JISUOT CJie,L(a: ecJIM Mbl MMeeM 1, KOTopaSI B pe3yJibTare OlllH6KM 

nepewJia a 0, ro atopast ornn6Ka cHoaa naer HaM 1. TaKnM o6pa

soM, HaJio:>KeHHhle OlllH6KM yMeHhW3lOT 4MCJIO BH.Ll.HMblX OlllH60K. 

BenMtIHHht 1tz JJ.e"cronrenhHO S1BJIS110Tcsi aeposiTHOCTSIMn, TaK 

KaK nx cyMMa pasua eJJ.HH11ue: 

l=n l=:n 

~ ~ nf l ( )n-l · 
'8 1tz = i.a ti (n - l)! P 1 - P = 
1=0 l=O 

==[(1-p)+PJn=ln=l (6.9) 

(no QJOpMyJie 6MHOM8), 
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Ecn1-1 om1-160K HeT HJIH ecn11 1-1MeetcS1 onua ow1-16Ka Ha sct0 

nocJie]lOBaTeJibHOCTb, TO coo6meHHe 6y .neT npHHSITO npaBHJlhHO, 

HO eCJIH 6y.neT HMeTbCH 2, 3, ..• , [, ... omn6oK TO OKOHll3TeJib'l3H 

nocneJI,onareJibHOCTb 6y 11et Hesepua. BepoSITHOCTb HenpaBttJibHOfl 

nocnenosaTeJibHOCTH paBH3 009TOMY 

(6.10) 

CTyCTb p l\13JIO; npeHe6peiKeM ttJJeHaMH C p3
, p", • . • flpeo6na .. 

.na10m11t4 llJieH B Bhipa)KeHHH JlJISI p SaBHCHT OT 7tg: 

(6.11) 

n 9TY een11q11Hy nyiKHo cpaeHHTh c O'iKHJJ.aeMLIM quc110M OIIIH· 

6oK 6es npnMeHeHHSI npoaepoK. 3ro 03Hattano 6bl npnMeHeHne 

TOJibKO m HHcpopM3UHOHHblX OOSHU~Jtt c eepOSITHOCTblO OWH6KH 

I -(1 - p)m ==mp - ~ m (m - I) p9 
••• 1:::::. mp. 

0THollleHHe mp/ P MOJKe1· cny)KHTb Mepott Kaqectsa KOJ1.a. 
p 

MomHo TaKme aaecTH p' = - , llTO osHattaeT uoayro aepoSIT· m 
HOCTb OlllH6KH B OJI.HOM HCXO.llHOM SHaI<e nocne HcnpaeJieHHH. 

B ra6n1-1ne 6.5 naHbl 3HaqeHHH mp, P, mp/ P u p' .n.nsi HeCKOJib· 

KHX KO)lOB. 

k I 

21 
a 

4 

5 
I 
I 

T a 6 n 11 u a 6.5 
PasJ1u11nh1e ucnpaBJHllOUJ.He KOJl.W 

H HX xapaKTepHCTHKlt 

Ko.:t . 
...... ___ mp p mp1P p' 

' I 
I 

n r Ill I 
I 

3 I 
I 3p2 I ap• p -

3p 

7 4 4p 21p2 4 21 I 

lp 
--p 
4 

15 I I ltp J0.)p2 1 1 }Q5 I 

103v ---p 
' J 1 .. 

31 28 26p 465p~ 
26 ~65 p• 

465p 26 
I I 

-
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fIOJIOiKHM, HanpHMep, q10 B 06h1qHQM Ko.n:.e nonyqaeTCSI B 

cpe.a.HeM OJI.Ha OlllH6Ka Ha 100 3H3KOB, T. e. p = 10-2• KoJJ. 

«4 HS 7» .aaeT p = 21 • 10-4 = ~ 4~5, T. e. O.llHY ount6Ky Ha 

nocne.n:.oea1eJ1hHOCTh H3 4 7 5 BHaKoe ( nocJ1e HcnpanneHHSI ). Mepa 
io• 

Ka4ec1ea coc1aeJIS1er 4 2T = 19. BepOSITHOCTb p' onnt6KH B 

nepBOHaqaJihHO~ 3HaKe paeHa p = 5,25 • 1 o-t.. 

5. IlponyCKH&H COOCOOHOCTb J'-BOHllHOro KaHaJia c myMOM 

CpaBHHM nonytieHHhte pe3yn&1arbl c TeopeTHqecKott cpopMyJJott 

WeHHoHa 1). PaccMaTpHeast 06w.y10 npo6J1eMy JJ.HCKpeTHoro KaHana 

c wyMOM, OH TIOJIY4HJI .llJlff CJiy4aff ,lI,BOHlfHOfO KaHaJia 

C= 1 +p1og2p+(l -p)logi(l -p), (6.12) 

C - nponyCKHaH CUOCOOHOCTb B .llBOl14HhJX e.a.HHHUaX Ha CH!\1BOJI, 

p - eepOHTHOCTb OWHOKH B O,ll,HOM .llBOHqHOM 3HaKe. 3Ta cpop

My Jia MO)f{eT ohtrh nposepeHa 9J1eMeH1apHhlM nyreM. Mbt nepe .. 

.aaeM cooomeHHe H3 N .llBOH'lHblX 3H3KOB, H3 KOTOphlX oy.aeT 

Np sHaKoe, nepe.aaHHhtX HesepHo. IlnH ncnpaeneHHH TpeoyeTCH 

TOJihKO 3H3Th nono>Keune nesepHhlX snaKoe. EcnH neeepttbllt 3HaK 

6hu1 npHHHT KaK 1, TO ero ttymtto npoc10 aaMeHHTh Ha 0, H 

uao6opo1.. MHct>opMaUHH o noJ1omeHHH OWHOOK nepe.n:.aeTCSI ny1eM 

.aooaeJJeHHff "neu11aJibHblX CHrHaJIOB K .llBOH4HOMY KO.llY (0 .llJIH 

npaBHJlbHOfO, l .llJlff ueeepttoro) c eepoHTHOCTblO p ,ll,JIH l H 

(1 - p) .llJlff 0. llJJH 9THX .ao6aBOlfHblX CHrHaJIOB Tpe6yeTCH KaHaJJ 

c nponycKuon cnocoonoc1h10 

-plog9p-(l -p)logi(l -p) 

.lI.BOHqHblX e.llHHHU Ha CHMBOJI. 3Ta ,lI,OTIOJIHHTeJI&HaH HHcpOpMaUHR, 

oy .ayq11 nepe.aaeaeMa no TOMY JKe Kanany, yMeHbIIJaeT ero npo

nyCKHYIO CTIOCOOHOCTh. l1CXO.llHbllt KaHaJI 6e3 lllyMa HMeeT c = 1, 
a KaHaJI c wyMoM HMeeT, cne.aoea1eJibHO, nponycKtty10 cnocoo

HOCTh, sh1pa:iKaeMy10 cpopMynolt (6.12). Teope1HqecKH aoaMOiKHO 

HattTH MeTO.ll. KO.ll.HpOBaHHH, peaJJH3YIOillHll TaKyIO nponycKHYIO 

CnOCOOHOCTh. 

') C. E. S ha n non, W. \Ve av er, The Mathematical Theory of 
Communication, p. 38, U. of Illinois Press, Urbana. 1949. (PyccKnti ne
peuo.It B c6opHHKe cTeopHfl nepe.naqH 9JieKrpHtieCKHX CHfHaJIOB npH Ha
JIHIJHH noMex>., HJI, MocKaa, 1953.) 
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B naweM npe.nbl.nymeM npMMepe npn p = 1 o-'l cpopMy na (6.12) 
.naeT nponycKHYIO CilOCOOHOCTb OKOJIO 0,92, 4TO 03HattaeT, llTO 

TOJibKO OJlHH .llOIIOJIHHTeJlbHbllt .llBOHllHbllt 3HaK Ha Ka:tK.llble .neB71Tb 

ncxo.ntthlx attaKOB 6bIJI Obi .nocTaTotteH JJ.J111 ucnpasJieHMlt. Ha1u 

KO.ll «4 H3 7» He .naeT IlOJIHOfO HcnpaBJieHHfl H TpeoyeT 7 3HaKOB 

Ha 4 HCXO.llHblX 3HaKa, llTO .naeT yseJIH4eHMe Ha 3/4 BMeCTO 1 /9. 
Mbt ottettb .naneKH OT TeopeTH 4eCKoro npe.nena. LliKHJ16epT 

npHXOJlHT K TaKoMy iKe aaKJllOlleHHIO, He npeJ(JiaraR HMKaKoro 

npaKTM11ecKoro pemeHM11. Ero cTaTbfl co.nepiKHT HHTepecttoe 

oocyJK.neHMe CBOllCTB OOJib rnoro llMCJia pa3JIM llHblX KO.llOB. 

TipooJieMa MCnpaBJISllOlllMX KO.llOB HMeeT 60JibIIJOe 3Ha11eHMe 

.llJIR CB713M, M aa nocne.nttee BpeMH 9TOft 11po6JieMe IIOCBflIUeHo 

Mttoro pa6oT. MeTo.n X9!\fMHttra (CM. pa3.nen 2) coa.naH .nnsi asTo· 

M8TH11ecKoro ncnpanneHM" Heeepttoro cnMsona. 6011ee 9KOHOMH4-

Hblft MeTO.ll OblJI rrpe.nnoiKeH BarttepoM (MIT). Ero npnHunn 

COCTOMT B uaxom11eHHM CHMBOJf 8, Henepuoro c HaMOOJlblllelt Be

pOHTHOCTbIO, M B HCnpaeJieHHH 9TOrO CHMBOJla. 3TOT MeTO.ll 

06cym11ett CnnsepM9HOM " BoncepoM 1) H npeJJ.CTaBJ1ReTc11 MHoro

ooema10mMM. llJIH OOHapy1KeHH71 CHMBOJia, KOTOpbllt MMeeT HaM

OOJibWYIO eepoHTHOCTb 6hITb HesepHbIM, asTOpbl HCIIOJih3YIOT 

HeKOTOpble anpHopHhle JlaHHbie o naaH~OCBHa11x nepe.naeaeMoro 

cooomettn11. HaJIM4He B3aHMocs113ef.1 oaHattaeT M30bIT011HOCTb M 

yKa3bIBaeT, l!TO llMCJIO npMMett11eMblX .llJlfl nepe.na4H CMMBOJIOB 

cnemKoM eennKo. Bb1QMCJieHM11 11ncna Heooxo.nMMblX CMMnonon, 

BhtnonueHHhle CHneepM3HOM " BoJicepoM .n~H HX MeTo.na H Me· 

ro.na X9MMMHra, no-en.nn~oMy, He ytti-1Tb1ea10T 9Toro oocTOH

TeJibCTea. 011HaKo OCHOBHafl n.nesi npe.ncTaBJISleT OOJiblllOlt MHTepec, 

M K OiKM.llaeMoll J18Jlbttetlweft .llMCKyCCHH 0 pa3JIM11HblX MeTo.rr.ax 

HCnpaBJieHHSI cne~yeT OTHeCTHCb co BHHMaHHeM. 

1) Silverman, Balser, PIRE 42, 1428 (1954); Trans. IRE 
(POIT) 4, 50 (1954). (PyccKHit nepeaoJt a c6opHHKe <Ko;J.bl c o6Hapy
lKCHHeM H ncnpaeaeHHeM own6oK>, HJI, 1956.) 
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IlPl1JIOJKEH11SI K HEKOTOPbIM CilEUHAJlbHbIM 
IlP06JIEMAM 

J. 3aa;a11a 0 paCDOJIOlKeHHH c DpHMeHeHHeM CMemaHHOH 
HlJeJiKH 

EcnH Mbl >KenaeM KnaccHcpHUHpoeaTh JJ.aHHhie (6yKnh1, ornH6KH, 
pacTeHH~ H T. Jl. ), pacnOJIO)KHB HX B onpeJJ.eJieHHOM nopHJJ.Ke 
no Ha6opy 51qeeK, TO B03HHKaeT BOnpoc 06 OIITHMaJibHOM pasMepe 
st11ei!KH. EcnH SILieltKa MaJia no cpaetteHHlO c pa3MepaMH 3neMeHTOB, 

TO BOSHHKaeT ueonpen.eneHHOCTb; eCJIH SllleUKa ClIHWKOM BeJIHKa, 
TO pacnono>KeHHe oy n.eT ne3<PQ>eKTHBHblM. PaCCMOTpHM 9TY 3a .. 
n.a11y H HCCJien.yeM pOJib pa3JIHlf HbIX B03MO)l{HblX npaBHJI pacno
JIOiKeHHSl. Mb1 MomeM npHMeHHTb c.MemaHHy10 st11ettKy ( miscel· 
!aneozzs cell) ll.JISI 9JieMeHTOB, npHHall.Jie)KHOCTb KOTOpbIX K KaKO:tt• 
JIH6o onpen.eneHHOlt ~qettKe HeSICHa; Mbl MOJKeM TaK)Ke npHMeHHTb 
CHCTeMy nepeupecmHblX ccbl1tou (cross-references). 11HTepecuo 
cpaBHHT& e<fKl>eKTHBHOCTb ooonx MeTon.oe 1

). Hawe paccymlleHHe 
OCHOBbIBaeTCSI Ha oowett cpopMy ne ( 1.13 ): 

l=-K _!p1 lnp1, (7.1) 
J 

ablpaiKa10u1e1t HucpopMaunro ua CHl\IBOJI n.nsi cnyqa51, Korn.a Jte
naeTCSI e1>1oop HS ueKoToporo 11Hcna cooblTHlt a, b, ... ,j, ..... , 
HMerowux anpHOpHble BepoHTHOCTH Pa,pb, ••• , p1, ••• flpH npH· 
MeHeHHH ll.BOHllHOii cecTeMbl K = logg e, 

I=- !.v1 1og2p1, (7.la) 
i 

H HHcpopMaUHSI HSMepsieTCSI B ~BOHllHblX ell.HHHU3X. 

1) 3ra npo6neMa snepeble nocraeJICHa 11 o6cyiKJleHa MaK-.l(oHaJILJloM: 
D. K. C. MacDonald, J. Appl. Phys. 23, 529 (1952). 
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B KaqeCTBe ynpomeHHOH cxeMbl paccMoTpHM pac·noJioJKeH1'1e 
oTpeaKa JVIHHOH l Ha JIH1u11'l noJIHOH ll.JI1'1Hhl L; noJIOJK1'1M, tJTO 
L > /, TaK qTO KpaeshlM1'1 9cJ>cpeKTaMH MOJKHO npene6peqb. 
Jl1n-111H L paaJJ.eJieHa na N cMeJKHbtx cerMeHTOB D.JIHHOH m, 
TaK 4TO 

Nm=L. (7.2) 

llJI1'1Ha m npe.a.cTaBJIHeT paaMep srqetiKH, " Mbl HmeM OflT1'1MaJibHYIO 
D.JIHHY m, T. e. TaKoe ee 3Ha1..1ettHe, Koropoe n.aeT HaH60JihlllYIO 
HHrpop:v.1auH10. 3ra cxeMa npeJJ.cTaaJieHa Ha pwc. 7 .1. PacnonoJK1'1M 
CJiyqaBHhtM o6pa30M Ha JIHH1'1H L cerMeHT AB D.JIHHOti I. Orpe-
30K CD npen.cTasJIHeT on.uv H3 siqeeK D.JIHnott m .. Ecn" TOqKa A 

! ... m Ill ..1 .... ... 
I I I 

I a-L-' I • 
L I I 

I .. , 
I I I I I J I l c A [ lJ 

I I 
I I , .. 

m-l 
...., 

Puc. 7. L M o.!l,e JJh pa cnonomeHHH c Hqe.ltKaMH Jt.:tHHoA 
m =CD H IlJJMHotl pacno.'IaraeMbIX 9JieMeuros I= AB. 

nona11aeT Me>KJJ.Y C a E, TO cerMeHT AB noJIHOCThto ttaXO.ll1'1TCH 
snyTP" ff qei1K1'1. EcJIH A nonan.aeT Memn.y E H D, TO cerMeHT 
nepeKpbtaaeT TOllKY D - MeCTO CThtKa n.syx HqeeK. 

Mbt HMeeM: 

CD=m, ED=!, CE=m-l. (7.3) 

Ilpen.nonaraeTCH, qTo no11anan11e AB a J1106y10 aqeHKy eMeeT 
onaHaKosy10 sepoSITHOCTb. BepoSITHOCTh roro,. 4TO AB oKamerca 
noJIHOCTbto BHYTPH i-H SilfetiKH, ecTh 

m-l 
Pi= L (7.4) 

m 
(910 BhlpaJKettae CBOD.HTCSI K Pi= I JlJISI TOllellHblX 9JieMettToe). 

IloJIHa51 eeposiTHOCTh Toro, llTO AB oKa>KeTCSI nonnocTbro BHYTP" 
Ka K 0 tt ... JI" 6 0 51qei1KH, paBtta 

i=N 

P= ~ m-1 = N<m -~= 1-~ (7.5) 
~ L L m' 
i=J 
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Cnyqatt m = 0 TpHsHaJieH " He paccMaTp1-1aaeTCH, TaK QTO Ha .. 

JIHQHe rn e aHaMenaTeJie He npnee.a.eT K He~opaayMeHHHM • 

.UonoJIHHTeJihHaH eepoHTHOCTh Toro, qTo AB nepeKpoeT rpa .. 

HHUY Me)l(JI.Y HqetiKa:MH n, CJie.a.osaTeJihHO, JJ.OJI)KeH OhITh noMerueH 

B (.ll.OTIOJIHHTeJibHYIO) C.MeUlaflflYIO 51qe~Ky, paeHa, OQeBH.ll.HO 

(7.6) 

>KeJI8SI noJiyqHTb MaKCHMYM HHcpOpMaUHH, Mbl npnpaBHHBaeM 
di 

11poHSBOJ1.HY10 dm- HY JII-O: 

l d I - l (' m - l) ( l ) ( 1 ) l I l - -~ =- ln - 1 - -- + - ln -- + - = 0 K dm 1n2 L m m-l m• m m3 ' 

HJIH 

l (m-1) I I l ---ln -1+-1n-+···· =0 m l m m m ' 

4TO ~aeT MaKCHMYM I npH 

HJIH 

m = l ( 1 + ln m (~L__ I)) , (7.8) 

QqeBH.ll.HO, qTo 011THMaJihHOe 3HalleHHe m HMeeT TOT )Ke 

nopHJJ.OK BeJIHqffffbl, qTo H /, HO TOqHoe pernenHe 33BHCHT (snpo-

4.eM, HeKpHTHlleCKH, B CHJJY JJOrapu¢MHQeCKOD saBHCHMOCTH) OT 

Bbll5opa L, a TOQHee roeopH, OT OTHOWeHHH IIOJIHO~ «,llllHHbl» 

CHCTeMhl pac110JIO)KeHHS1 K 9JleMeHTY l. nycTh, Ha11pHMep, L = e51., 
T. e. L F::::$ 150/; 9To sHaqeT, qTo «THneqnaSI» OlllHoKa aaHHMaer 
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Mettee 1° / 0 ecett cncTeMbl. Tor .u.a, o6o3ttattaH x = m/ l, nMeeM: 

x=6- ln [x(x- 1)), (7.9a) 

pemenne KOToporo x ~ 3, 7; 9TO 3na(1nT, ttTO pa3Mep HtteltKH 
.D.OJDKeH 6b1Th npHMeptto BtteTsepo OOJihLIJe .llJIHHhl 3Jie'.\-1eHTa. 

Ecnn JKe L = e10
/ (T. e. L ~ 22 000!), TaK ttTo Tnnnttttast 

OWH6Ka saHHMaeT OKOnO 1/200°/o BCett CHCTeMbl, TO 

x= 11 -In [x(.x- 1)], (7.9b) 

lJTO .u.aeT x ~ 8. 

2. PacnoJiomeeue c nepeKpecTH&IMH cc&1nKaMu 

PaccMoTpnM Tenepb cxeMy c nepeKpecTHblMH CChtJIKaMH .LI.JISI 
.a.aHHbtX, 9JieMeHThl KOTOphlx He pacnonararoTCH nonnocTbto enyTpH 
OOHOU K3KOtt•JIH60 Sl4et4Kn. Ilpe>K.u.e BCero, npe.u.nOJIO)l{HM (KaK 
9TO MO)f{eT OhITb s cncTeMe, no.nsepJKeuttolt noKann3osaHHhlM 
OWUOKaM), lJTO 9JleMeHT MO/KeT nepeKpblTb TOJlbKO ,ll.Be coce.u.HHe 
SIQettKn. Haw aHaJIU3 oy.neT 33BHCeTb OT roro, KaK Mhl HaXO.ll.HM 
nepeKphlTHe u KaK MY ero nnTepnpeTnpyeM. 

Ecnn Ohl MhI 3aHnManucb, K npHMepy, CHCTeMolt pacnono)l{eHnst 
6yKe, TO nepeKpecTHaH CChlJIKa na coce.nuroro HttettKy 03Hattana (5y 

npOCTO, lJTO oyKee npnceoeHO 6onee runpOKOe MeCTO B npO· 
CTpaHCTBe pacnonoJKeunH. B TepMnnax cxeMhl pa3.llena 1 MY 
uMenH Obi .ll.JIHHY (2m - l), e K0Topy10 MO>Ker nonaCTh A. TaKHM 
oopa30M (no .. npe>KHeMy npette6peraH KpaeBblMU 9cpcj:>eKTaMn), Mbl 
nonyttnnu Ohl 

i=N 

k=-{I ! m~ 1 1n(m~/)]+~ tn(2m;1)}. (7.10) 
i=I 

3aMeTUM, QTO MHO)l{MTeJib BO BTOPOM qJieHe He U3MeHHJIC51, B npell· 
noJioJKeHHH, 'ITO anpnopnaH eepoHTHOCTb I/ m nepeKphlTUH ocra
nacb HeU3MeHHOtl, Tor .u.a KaK KOJIHlleCTBO HHcf>opMaUHH, nonyqaeMoe 

B pesyJI&TaTe rrepeKpeCTHblX CCblJIOK, In (2ml-/) rerrepb, KOHe'IHO, 

uttoe; naxo.a.R MaKcnMyM I no m, n, nonh3YHCb npe>KHUM 060-
m 

anaqeuneM 7 = x, nonyttHM ycnoene onTHMyMa; 

2x-l 2x-1 
X= ln--

2x+l x-1' (7.11) 
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qTo llaeT x ~ 1,06; HHrepeCHO 3aMeTHTb, qTo 9TO 3HalfeHHe He 

3ae11cnr OT L. 
B TOM JKe cnyLiae, KOrlla Hawa KJiaCCHcpHKaUHOHHaH CHCTeMa 

CJIY)l(HT llJIH Henocpe.rr.cTBeHHOro HaKonneHHSI CTaTHCTHlleCKOit 

HHcj:>OpMaUHH, nepeKphlTHe TI03BOJIHeT HaM JIOKaJIH30BaTh 9JieMeHT. 

8TO npHBOllHT K COOTHOllleHHIO 

I [( I) m- l l l] -=- 1-- ln +-ln-K m l m l ' 

H ycnosHe onTnMyMa 6ylleT Tenepb 

x=-ln(x-1), 

(7.12) 

(7 .13) 

OTKylla x ~ 1,28 - 3Ha4eHtte, TaKJKe He 3aancsi1uee OT L. 
CpaBHHM Tenepb KonnqecTso HHcflopMaunn Ha 9JieMeHT .rr.nH 

pa3J1HqHhlX MeTOllOB pacnOJIOJKeHHSI, BCHKH:tt pa3 npH OilTHMaJibHblX 

ycnoBHHX. B nepaoM cnyqae llBOtlHoro pacnonoJKeHHS1 npn onTH

MaJihHOM 3H34eHHH ni/l Mbl HMeeM: 

( I ) l l + l ( I ) 2m + l 
K opt= " l n m - l - 2m - l' 

(7.14) 

HJIH 

(k )opt= In ( ~) = 0,03, (7. l 4a) 

Tor4a KaK BO BTOpOM cnyqae 

(k )opt= In ~- + 0,28. (7 .15) 

CpaaneuHe 9Toro nocnellHero 3HaqeHHS1 co cnyt1aeM cMemaHHoii 
ffqe:ttKH, paCCMOTpeHHO:tt B paa.rr.ene 1, noKa3blBaeT, 4TO CHCTeMa 

4aottHoro pacnono>KeHHH oKa3hIBaeTCH nyqwei:t npn ycnosHH 

m-1 m-l 
1 

+ In / ;;:::: - 0,28, 

T. e. Kor4a 
L 

1, 11, (7.16) -l 
a npH TaKoM ManoM 3naqeHHH L 3allaqa pacnonoJKeHHH nuwaeTCSI 

CMhlCJia. 

3aMeTHM s 3aKJIIOQeHHe, QTO He npellCT asnsieT rpy .rr.a pac ... 

CMOTpeHHe cxeMhl, B KOTOpott 9Jiel\leHTbl J(aHHblX HMetOT HeKOTopoe 
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cTaTHCTHqecKoe pacnpeaenenne no BJIHHe. TaK, ecnn nnoTHOCTb 
eepoaTHOCTefi l ecTh p (l), TO, HanpHMep, an51 pacnonoJKeHHff 
co CMernaHHOR srqeRKott (CM. (7. 7)) HMeeM: 

00 k=-5 {(1-~)1n[(1-!)[J+·!ln~}p(l)dl. (7.17) 

EcnH B3RTh 

p(l)={ i DpH Q~ {~lo, 

npn t> 10, 

TO nocne HeKoTopwx npeoopaaosaHutt rronyqaeM ycnoeHe MaKCH· 
ManhHOtt HHcpopMaUHH: 

m _ 1 + 1 ( Lio ) ( m )g 1 ( m ) 
lo - n m (m - lo) - lo n 11l - lo ' 

L ri qTo .llnSI cnyqa51 ·-- = e , paccMoTpeHHoro paHee, .llSeT: 
lo 

m 
lo= 2,2. (7 .18) 

Bo ecex paccMOTpeHHblX npnMepax Mbl nMenn .lleno c 9ne
MeHTaMH, KOTOphte MoryT ObITh KnaccncpnunpoeaHbl (pacnonoJKeHbt) 
eaonh JIHHHH, B OBHOM H3Mepettnn. Cxo.nHhte coo6paJKeHH51 MoryT 
ObITh pa3BHThl anH 9JieMeHTOB, BaBHCflllJ.HX OT JlByx, Tpex n 6onee 
nepeMeHHhlx; TaKHe 9neMeHTht BOJIJKHbl ObJTh KnaccHcpnuHposaHhl 
Ha IIJIOCKOCTH, B o6oeMe HJIH B MHOfOMepHOM npocTpaHCTee. 
B 9THX ycnosHSIX cymecTBeHHO H3MeHHTCR nono>KeHHe c nepe
KpbITHeM, TaK KaK OBHH 3JieMeHT MOJKeT Tenepb nepeKpbIBaTb 
HeCKOJihKO pa3JIHQHblX RqeeK. 

3. Haee&1ron.neuwee 11ucJ10 9JieMenToe na on.uy 
sJieMenTapny10 H11eifKy 

Ha sonpoc o Hans1>1roanettweM qncne 9 .. 1eMeHTOB MO>KHO no
nyqHTh paanHQH~e OTBeTw s saBHCHMOCTH OT noaxoaa. CTaHeM 
Ha TOQKy apeHHR ¢naHKH H, paccMaTpHeaH uenu c onpeaeneH· 
HblMH IlOCTOHHHblMH BpeMeHH, 6y.neM CTpeMHTbC51 rronyqHTb 
Fianoon&IIIyto 9cpcpeKTHBHOCTh. H11mecneay1.0w_ee paccym.lleune 
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npHHa.nne>KHT P. M. Y<'Kepy (IBM Watson Laboratory). npe.llnona· 
r aeTC51, 4TO UJY~ OTCyTCTByeT. n pOOJieMbl lllyMa o6cy>KllaIOTCSI 
OT JJ.eJihHO e rrocnellytomnx r nasax. Hallin JIHHHH, uenn u lleTaJiu 
06JiaJJ.aIOT HeKOTOpott onpelleJieHHO~ IIOCTOflHHOft epeMeHH 't. npu 
B036yJKlleHMH .ll.0 9Hepruu En uerrb oy ]l.eT 3aTyXaT& IIO 9KCIIO
HeHuttaRbHOMY 33KOHY 

(7.19) 

fIOJIO>KHM, qTQ Mhl ucnoJih3yeM n paBHOOTCTOHIUHX 9HepreTH4.eCKHX 
ypOBHeft 

(7.20) 

Ecnu eo36y>K.lleH uauehlcwun ypoaeHh En u 3aTyxattue npoucxo
llHT cor nacno (7 .19), TO, oqeeun.Ho, Mhl .llOJI>KHhl JKJJ.aTh, noKa E 
ynaJJ.eT llO 3Hat1eHHfl HH)l{e £ 0/2, rrpe1Klle qeM Mbl CMO>KeM OTC4H· 
TaTh cne.ny10my10 9Heprerut1ecKy10 cTyrrettb, Koropas MOJKeT 
6h1Tb 0 unu E0• 3To eelleT K ycnoeu10 

~=(n-l)Eoe-tl•, 
t I 
~ = - ln 2 (n _ l) = In [2 (n - 1 )]. (7 .21) 

BpeMs t, onpeJJ.enseMoe paeencTBOM (7 .21 ), npeJJ.cTaBn51eT KpaT
qaRmun HHTepean Me>KJJ.Y JJ.BYMH cne.ny10muMu .llpyr 3a .npyroM 
HMny nhCaMu, ecnu Mbt XOTHM paanuqaTh HMnynbChl Tuna (7 .20). 

Ha npoTHJKettuu 6onhllloro apeMeuu T Mbl nMeeM oomee 
qnCJIO CMMBOJIOB 

Q-I_- T 
- t - 't ln [2 (n - 1 )] • (7.22) 

nonaraH, qTo nee HMnynhchl HMe10T OllHHaKOBble anpuoptthte 
BepoHTHOCTH, nonyqHM HaMOOJiblllee BOSMO>KHOe KOJiuqecTBO 
HHcpOpMaUHH (CM. (1.6)): 

KT I= KO ln n = f(n), 
't 

(7.23) 

rAe 
Inn 

f (n) = ln [2 (n _.:.. l)} ~ (7.24) 
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Mo>Kno nocTpOHTL rpacpnK f (n) KaK cpyHKUHIO uenoro 11nc.11a n, 
HaMeHHIOWerocsi OT 2 (JJ.BOH'IHblit KOJJ.) JJ.0 00 ( HenpepbIBHOe 
naMeHeHne); 9TOT rpa<jJHK JJ.aH Ha pnc. 7.2. <l>yHKUHH f (n) paeHa 
eJJ.HHHUe np11 n = 2, JJ.OCTHraeT MHHHMyMa, paBHOro 0,77, npn 

' I 

0,77 -·· -

0 ~6 
__.......___....,_....__.__,__._..__.-.a-...... __ ...___,_--'------------n· 

I 2 J * 5 6 7 8 9 IO 

Pee. 7.2. rpacpHK I (n) = (ln n) fln [2 (n - 1 )J B cpyHKUHH n. 

n = 4,6 H, B03pacTaSI, CTpeMHTCff CHOBa K eJJ.HHHUe npH 011en& 
6onhWMX 3Ha'leHH51X n. 

3THM J10K338HO, QTO KOJIH'leCTBO HHcpOpMaUHH, nepeJJ.aeaeMoe 
aa .ll8HHOe epeMff, MaKCHManbHO B cny11a5IX JJ.BOH'IHOro Tenerpacfl
HOro KOJJ.a H TeneciJOHHOD CBSI3H c HenpepNBHWM H3MeHeHHeM. 



fJIABA 8 

AHAnH3 CHfHAROB:METOn ~YPbE 
H IlPOUE,llYPhl OTCqETOB 

1. Psu1 <l>yphe 

B nocJieJiyromnx rJiasax HaM noHa.n.oosircsi HeKoropr.1e Mare

MBTHlleCKMe pe3yJibT3Thl, OTHOCHUI.MeCH K aHaJIH3y pa3JIHqHoro 

po.lla CHrHaJIOB. H acToHmaR r JiaBa nocaHIUeHa c11creMaT11qecK0My 

0030py MaTeMaTMqeCKHX MeTOJIOB H HX B33HMOOTHOllleHHft 

HallHeM c pasJio):<eHHSl <Pypbe nepHO.llHlfeCKMX cpyHKUMti 1). 

TiycTb / (t) nepHO.llHlJeCKaR cpyHKUHR c nepMO.llOM 't.. 3r a cpyHK· 

UMSl MO>KeT ObITb npe,llCTaBJieHa cyMMOti rapMOHHlfeCKHX COCTaB

JISlIOIUHX. B KoMnJieKcHof-i aKcnoHeHUHaJibHOti cpopMe 

n=+oo 
f (t) = Y. Cnein(J)ot, ... 

n=-co 

"t 

21t 
wo= , 

't 

en=+ s I (t) e-inwot dt. 
0 

nns. eemecrBeHHOti I (t) MMeeM: 

C_n=Cn*, 

(8.1) 

(8.3) 

r .lle ssea.n.oqKott o6o3HaqeHo KoMnJieKcHoe conpSI)KeHHe. llJIH 

BhJqHCJieHHSI HHTerpaJIOB (8.2) 6hJJIO npe,llJIO)KeHO MHOro npaKTH

qecKHX MeTO.ll.OB. PacCMOTpHM MeTO.ll KOHeqHbJX HHTepBaJIOB BBH ... 

1) 5l CHOe H crporoe H3JJO)l{eHne OCH OB reopHH Pff)lOB cfJypbe )laHo 
y Eopa.. (H. Bohr, Almost Periodic Functions, Chapter I, Chelsea, 
Ne\v York, 1947 .. ) 
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JJ.Y ero recHott ceH3H co MHOrHMH npo6.11eMaMR, paccMarpneaeMhlMH 
e 11aJibHettweM. Bh16epeM N p aeHootcTosunHx rot1eK Ha HHrep· 
eaJie (0, 't ], cooreercreyromeM 011H0My nep11011y 

tm = mfJ, 
't 

6 = N , rne m - ue.noe, 

J.I BblllHCJIHM BMecro HHTerpaJia (8.2) cyMMY 

N 
_ l ~ / (t ) -in'w0tm 

in' - N .'- m e • 
m==I 

N n=+CX) 

"( , _J_ v v c ei(n -n')mruoJJ 
n-N~."- n ' 

m=I n=-CX) 
Ho 

N . 2rc { N npH p = qN, ! eipmN = 
m=I 0 npH p ;t qN, 

q- uenoe, 

(8.4) 

(8.5) 

(8.6) 

(8.7) 

·raK KaK BO BTOpOM c.nyqae cyMMHpOBaHHe BeJJ.eTCSI no nocJie
Jl,OBaTeJihHOCT H yrJIOB pm 2TC/N, paBHOMepHO pacnpe11e.tteHHbIX 
Me>KJl.y 0 H 2TCp. He pae1-1b1e HyJI10 qJieHbI cyMMhl (8.6) coor· 
BeTCTBYJOT 

p=n-n'=qN, 

r 11e q- noJIO)KHTeJibHOe MJIM orpHuareJibHOe (HJIM paBHOe Hy.1110) 
11eJI oe, r aK tt ro 

in'=! en=! Cn'+qN• (8.8) 
q 

.J 

Ko9QJQJHUHeHT 1~, BhillHCJieHHbltt HS (8.5), ecTb cyMMa K09cp· 
4>HUHeHTOB c" c MHlleKCaMH n = n' + qN. KpoMe Toro, K03cp· 
cpHUHeHThI In' nepHOJl.HllHhl orHOCHreJibHO n' c nepH0110M N. 
3ru COOTHOllieHHSI npeJl.CT3BJISllOT lf3CTHblft DpHMep OOUI.efO 
pe3yJibTaTa 1). 

1) L. Br i 11 o u in, Wave Propagation in Periodic Structures, }st ed. 
McGraw-Hill, NY, 1946, 2nd ed. Dover Publications, NY, 1952. CM., 
a 11acreoCTJt. rn. I, crp. 7. 
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HHTepeceH cnyt1af.i, Kor 11.a 11.ns eemecreeHHoft cpfHKUHH MOiK· 
HO npeHe6peqb rapMOHHKaMH Bhlme HeKoToporo npeRena nM: 

Cn=O npH f nJ>n .. \f, C_11 =Cn*· (8.9) 

Tor .D.a MOiKHO noJIO:>KHTb: 

(8.10) 
OTKY.llB 

(8.11) 

nepBbie N llJieHOB Tn .llBIOT B TOtIHOCTH rrepBble K09cpcpHUH· 

eHTbl Q>ypbe en, a CJle.llyIOlUHe llJieHbl Tn npoCTO flOBTOps:tIOT 
9TH K09cpcpHUHeHThI Cn c nepHO.llOM N (pHc. 8.1) e o6JiaCTH 
6onee BblCOKHX '13CTOT. 

I I 
Cn Yn I 

I I 
I I 
I Yn t )!n 

.,,.,,,,,,._,../.._, .,,. ... -1-1-.. ..... 
~,,. I ', /""" I ,, 

I ' n 
-nM 0 n,, N-rr,., IN N+nH 2N-nH 12N 2N+n11 

I I I I 
~ ..... 

PHc. 8.1. rpacfmK, IlOKa3blBatO~Hfi' paseHCTBO K03¢l!lnfUHeHTOB <l>ypbe c,. 
ff K09cf>4JHUHCHTOB '" KOHe'IHblX cyMM npH - n M ~ n ~ n M H nepHOJlffll· 

HOCTb 1n KaK cf>YHKIU1H n )lJJfl 66JibWI1X 3HalleHHtt n. 

QqeHb Ba>KHblf.i peayJibTaT HBBeCTeH no11. H33B8HHeM paaeH.· 
CmBa llapceBa.llR, cnpaBe)lJIHBOrO npH ycJIOBHH, qTQ cpyHKUHSI 
f (t) nemecreeHHa, orpaHHqeHa ff HHTerpHpyeMa Ha HHTepeaJie 

[ 0, ~ ], COOTBeTCTBJIOllteM OllHOMy nepHO.lly: 

(8.12) 

8To paeeHcteo nerKo J1.0KaBhlBaercS1 saMenon 011,Horo HB f (t) e 

nO,llbJHTerpaJibHOM Bhlpa:>KeHHH ero pa3JIOJKeHHeM <l>ypbe (8.1 ): 

"C 'I: 

! fl1dt= ! \ J,!Cnei""'•'dt= ! CnCn*= ~ICnjl'. 
i ; n a a 



2] ABnBHHB rHBBCA H CXOAHMOCTb Pff.llOB •YPbB 115 

Bo MHOrux npnno>KeHHSIX eeJIHltHHhl, qn1ryp11pyrouu1e e (8.12), 
npel1CT3BJISIIOT 9HeprHIO, H, T3KHM 06pa30M, paBeHCTBO Ilapce

B3JHI noKa3blB3eT, t{TO 3Heprusi 3a nepHO.ll 't MOmeT 6h1Tb nO,ll

CllHTaHa KaK nyreM HHTerpHpOB8HHSI / 2
, TaK H nyTeM cyMMHpO· 

B8HHSI 9Hepridt COCT8BJISIIOl1I.HX 4>yphe. 

2. SleJieHHe ruooca H CXOllHMOCTb PHllOB <l>yp&e 

y CJIOBHff CXOJJ.HMOCTH pH,llOB 4>ypbe o6cy>K,lleHbI BO MHOfHX 

pyKOBD.llCTnax 1 ). PasJio>KeHHe 4>yphe MOmer npHMeHSIThCSI K cpyHK
UHSIM, HMeIOW,HM KOHellHOe llHCJIO pa3pb1BOB na nporsimeHHH 

nepHOAa "t. IlycTb HMeeTCSI pa3pbIB 8 TOqKe to co SHalJeHHSIMH 

cnpana H cneea f (t0 - 0) H f (t0 + 0) H c npaeon H nesoD 

npoH3BD.n.HbIMH B t0• PsiA <l>yphe npe t = t0 cxo.z:r.11rcsi K 3Halfe-
HHIO 

1 2 [/ (f 0- 0) + f (t0 + O)]. (8.13) 

l.JT06bl C,lleJiaTb Har JISl,llHhlM 3TOT HHTepeCHbltt pesy JlhTaT, pac· 

CMOTpHM cneuHaJibHbitl, HO THnHllHhltl npHMep. IlycTb A3H3 

<nHJI006pa3H3ff> cpyHKUHSI (pHC. 8.2) c nepHO,llOM 2-rt H pa3pbI
B3MH B TOllK8X t = + -rt, -f- 31t, ••• 

f(t)=t, -1t < t< t +-rt. (8.14) 

Be.rIH'IHHa cKa"IKa npe t =-rt paBHa - 21t .. CoorseTCTByromen 

PSIA <l>yphe ecTh 

(8 .. 15) 

Bo3bMeM renepb cyMMY SP nepnb1x p llJieHoB H cpaBHHM ee c 
HCXO,llHOtl cpyHKu11en. Pa3HOCTb fl panHa 

co 

A =/(t)-Sp=2 ! (-1r1 slnnnt 

n=p+I 

(8.16) 

Hae HHTepecyer noJio>KeHHe n oKpecTHOCTH pa3ph!Ba npH t = 7t. 

1) It V. Church i 11, Fourier Series and Boundary Value Prob
lems, Mc0raw-Hil1, NY, 1941: L S. Sok o J n i k off, E. S. Sok o I
n i k off, Higher Mathematics for Engineers and Physicists, p. 68, 
McGraw-Hill, NY, 1941. 
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Boa1>Mel\t 

t = 1t - 6, sin nt = (- 1)11+1 sin n6, 

TOl'.l.la 

n=+oo 

! sin na 
A. ==/-Sp=2 , . 

n 
n=p+I 

nocnenosarenbHble sHat1eHHS1 n paanHqarorcSI Ha !J.n = l, a fJ 
rrpe.u.nonaraeTCSI eecbMa M3JiblM. BseneM Hosy10 rrepeMeHH yto 

1J=n6, A.1J=6, 6<: 1. 

Mbl MOJKeM SaMeHHTb cyMMY HHTerpaJIOM H 33rIHC3Th: 

00 

~ =2 s si~ "l dTj = - 2 si (p + I) 0, 
TJ=<p+l)a 

(8.17) 

r .lle si (x) oaHaqaer HHrerpaJibHhift CH Hye s oob1qHOM onpe.llene
HHH 

1
). <1>yHKUHS1 si HMeeT 3H3lleHHe -1t/2 npH x = 0 H cosep

rnaer aaryxat0w.He KoneoaHHSI, crpeMSICb K HYJIIO npH HeorpaHH
tieHHOM yeeJIHlleHHH X. IlepBbie 9KCTpeMyMb1 cpyHKUHH Si (x): 

(p+ 1)6 _ x 
--·= 

1t 1C 

1 
2 
3 
4 

si (x) 

+ 0,281, 
-0,153, 
+ 0,104, 
- 0,079. 

(8.18) 

Xo.ll nocne,lloeareJibHhlX npHOJIHiKeHHft noKaaaH Ha pHc. 8.2. 
0TMeTHM CJie.LJ.ylOIII.ee: 

A. Bee rrapuHaJibHhle cyMMbI SP npe.lICTa~neHbI KpHBhIMH, 
npoxo.l1Hlll.HMH qepea TOllKY t = 1t, SP = 0. Cne,lloearenbHO, roq .. 
Ka nocpe,llHHe CKaq1<a ecrh TOllKa CXO,llHMOCTH, l{TO cor nacyeTCSI 
c ycJIOBHeM (8.13). 

B. napuHBJibHble cyMMbl ,llaIOT B OKpecrHdCTH pa3pb1B3 OOJib
mHe KOJieoaHHSI, He COOTBercrsyromHe ,lleftCTBHTeJibHOMy XO.lIY 
cpyHKUHH. TipH 11oc1aro11Ho OOJihWOM \fHCJie qJieHoe napunanh .. 
HOA cyMMhl 9TH KOJie6aHHSI npe.u.craBJieHhl KpHBOft A. (CM. (8.17)). 

1
) E. 51 e Ke H ~. 3M .n e, Ta6JIHU.bl «ltYBKU.Hft c cJtopMyJiaMe a KpH

BblMM, f OCTeXH3AaT• 1948, 
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KoJie6aHHR acerJI.a HMe10r OJI.HY H ry >Ke aeJIHllHHy; pacnoJIO)Ke ... 

HHe 9KCTpeMyMOB ,ll.aeTCSI (8.18). naptU-IaJibHaSI cyMM3 .aaeT Bbl· 
1C 

6poc npH 6 = - H npeBOCXOJl.HT 
p 

HCTHHHOe SHalleHHe QJJHKUHH 

Ha 0,281, llTO COOTBeTCTByeT 

OTHOCHTeJibHOD norpeIIIHOCTH 

a ~ 2 f =-;=-;0,281=18°/0• 

(8.19) 

TIO Mepe 803p3CT3HHSI qHCJI8 

qJieHOB p, yJJ.epiKHBaeMblX B 

napuMaJibHOit cyMMe, npOTR· 

iKeI-IHOCTb B03Myll.leHHOit o6Jia

CTH y6hlaaer, HO MaKCH.MYMbl 

H MHHHMyMbl cox paHHIOT He

H3MeHHYIO aMIIJIHTyJJ.y. 8To M 

ecrb RBlleH.ue Tu66ca. Iia pHc. 
8.2 BH,llHO, \ITO aenHqHHa Bbl-

6poca ace apeMst cocTaBJIHeT 

t 8 °/0 npH 4, 6 HJIH l 0 tIJie

Hax napUH3JlbHOit cyMMbl. 

PesyJihTaT, rronytieHHblit e 

9TOM crreuHaJibHOM npHMepe, 

SIBJIHeTCSI 06ll.lHM H npHJIO)KHM 

K JII06on cpyHKUHH c pa3pb1· 

eaMH. PaccMorpHM cpyHKUHIO 

F (t) c nepHOJJ.OM 2Te co cKaq

KaMH Ha D1, D2, D3, ••• , npH 

t 1, t2, t3, ••• MoiKHO nocrpo

HTb HenpepblBHyIO QJYHKUHIO 

O=F+ ~~ f(t-t, +1t)+ 
+ ~ f(t- t2+1t>+ ... 

'1 

n 

! 

I 
1 
j 
I 
! 
! 

f 

a) 

b) 

Puc. 8.2. a) rpacpHK pa3pb1BHOtl 
<l>YHKIJ.HH c uepHO)[OM 2n 

f(t)=t, -1C<t<1C. 
b) nepsbte llleCTb qneHOB P11.lI8 <l>ypbe 
JI.II.ff f (t), nocrpoeHHblX KaK cpyHKUHH 
epeMeHH. floKa3aHbl T8KlKC cyMMhl 
nepBblX qerblpex (KpMB8H /), nepshlx 
llieCTH (KpHsaa //) " nepBblX .o:ecRTH 

(KpHBaH Ill) llJieHos. 

nyreM .ao6aeneHHSI K cpyHKUHH F HeKoroporo KOJ1Ht1ecTBa cpyHK .. 

uHtt (8. 14), YMHO'iKeHHbIX Ha noJJ.XOJJ.stmHe KO=>QJQJHUHeHThl. PsiJJ. 

cJ>ypbe Jl.JISI HenpepbIBHOtt QJyHKUHH Q 6bICTpO CXOJI.HTCSI; ero 

K09QJQJHUHeHTbI y6b1ea10r, KaK 1 / n9 HJIH em.e 6bICTpee. Pa3pbIBhl 

cpyHKUHtt f JJ.aioT KoscpcpHuHeHTht, y6h1Ba10mue TOJibKO, KaK 1 / n 
(cM. (8.15)), H none.a.eHHe psi.aa tl>ypbe JJ.Jiff F e6JIH3H pasp&1eoe 
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onpe.neJISleTCSI B OCHOBHOM 9THMH Me,llJieHHO CX011Slll.UIMHCS1 qJJe

HaMH, OTpaJKaiOlllHMH BblWe 06cy>K11.eHHble oco6eHHOCTH. 
Cne.ZiyeT OTMeTHTb eme 011.Ho eamHoe 06cTOS1TeJJ1>cTeo: nap

UHBJihHasi cyMMa SP .Ziae1 1-1a11nyqwee eosMOiKHOe npH6JI11>KeHHe 

HCXOJI.HOH cpyHKUHH B CMhlCJJe cpe11.HeKea11.paTHlJHOro yKJJOHeHHSI. 

3. HnTerpaJI <l>ypbe 

PaccMorpHM HHTerpan cI>ypbe Ha npHMepe, olleHh 6JIH3KOM 
K npaKTHqecKHM sa.na4aM HMnynbcHoH TeXHHKH. Bo3bMeM nepH· 

Oll.HlleCKyIO (c nepHOll.OM 't) nocne11oeareJJbHOCib HMnyJJhCOB 

-r /2 +ti/2 

PHc. 8.3. 11MnyJJhC .IIJIHTeJJbHOCTbIO 6, nosrop11eMbdt nepHOllW·leCKH 
c HHTepBaJIOM 'C • 

t 

.LIJIHTeJihHOCTbIO 6 H pasno>KHM aTy nocJJe.ZioeareJJbHOCTb e pS111. 

.Pyphe B cooreercreHH c (8.1) H ( 8.2) (pHc. 8.3): 

n=+CXJ 
~ 2n f (t) = ;:.., Cn,einmot, ruo = 2tt'Yo= ~' 

n=-oo 
't/2 

C,.= ! s I (t) e-iM>ofdt, c_,.= c,. *, 
- i:;2 

(8.20) 

r.ae f (t)- eeruec1eeHHaff cpyHKUHH. TaK KaK HMnynhc paeeH Hyn10 
BHe KOpOTKOrO HHTepeana 6, TO npe11.eJJh1 HHTerpHpoBaHHSI MO• 

ryr 6b1Tb B3SITbl paBHblMH -1- 6/2. Tipe.ZinOJIO>KHM, l{TO paCCTOSI• 
HHe 't Mem11.y coce.aHHMH HMnyJihCB~lH nocTeneHHO yeeJIHllHBaeTCSJ 

H CTpeMHTCSI B npe.a.ene K ()ecKOHe'IHOCTH. llHCKpernafl cyMMa 
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,n;u1 f (t) MOiKeT 6b1Tb san11caHa n n11.ne 

00 co 

/ (t) = ! Cnei2r.vnt An= ! Cn'te-i2r.vt Jl'I, 'Jn= nvo, 
-oo -co 

!l.n = 1, 

Kor .na "t oqeHb neJIHKO, cyMMa nepexoJI.HT s HHTerpan 

co 

t- oo: /(i) = S C (v} ei2~• 1 dv, (8. 21) 
V=-CO 

00 

Jim (Cnt) = C (v) = 
1:-co 

S f (t) e-i2r.•1dt = C* (- v). (8.22) 
t -00 

B HHTerpaJie (8.22) MH1erp11ponaH11e e .netic1n111eJibHOCTH npo· 

MCXO,llHT Ha HHTepnaJie 6, COOTBeTCTByIOULe~ O,llHHOQHOMy HM

nynbcy, raK KaK / (t) :;i:: 0 TOJibKO np11 - 6/2 < t < 0/2. llnst 

CfvJ 

-...I~ 
0 J v • 110= I Ir 

P11c. 8.4. HenpepblBHbltl cneKrp C (~) MHTerpana <l>ypbe (Kp11aa.a 1) KaK 
or116aroma11 .IlMCKperHoro cneKrpa Cn'C (2). 

OOJibWHX 't Mbl nony1.1aeM ,llJISI en 't ,llHCKpeTHblti cneKTp, or11oa10-

mas:1 KOTOporo BbipaiKaeTCSI HenpepbIBHbIM cneKTpOM HHTerpaJia 
I . 

<Pypbe. 4eM oonbrne t, TeM Kopo1.1e HHTepnaJI !l.v = - Me>K.ny 
'C 

JIHHHSIMH JI.HCKpeTHoro cneKTpa p11c. 8.4. Pane1-1c1na (8.21) H 

(8.22) noKa3blB3lOT nOJIHYIO B3aHMHOCTb Mem.ny nepeMeHHblMH t 
H v: ec1111 HMnyJibC / (t) MMeer cneKTP C (v), ro HMnyJibC C (t) 
HMeeT cneKTP f ('J). Ecn11 HMnyJibC CHMMe1p11qeH, TO 11 cne1<1p 
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00 

f (t) = f (- t) = S C (v) cos 21r.vt dv, (8.23) 
V=-CO 

(X,) 

C(v}=C(-v)= S /(t) cos 21r.vf dt. (8.24) 
t -co 

8To - OCHOBHbie cpopMyJihI, HYiKHble JI.JUI Hawero HCCJie,ZI.OBBHHSI. 
TI pHBe.ueM HecKOJibKO npHMepoa. 

flpHMoyroJibHblii HMnynhc: CneKrp: 

l 
1 npn I t I < -2 61' 

f(t)= 
1 

C('v)=61 sin ~~61 • (8.25) 
0 npH It I> -2 61' 'lt'i 

1 

Cr Jla)l{eHHb1ii HMny JibC: 

sin 2n'J Mt 
f(t)=2vM 2 t , nv M 

TpeyroJibHblA HMny JibC: 

(8.26) 

1 (t)={ ( 1 -1.ijf) · 1t1 <6•· c (v) =61 ( s1~~~61)". cs.21> 
o It I >a1, 

f'aycCOB HMny JlbC: 

f (t) = e- n (t/Bi)2. 

raycCOB cneKTp: 

C (v) = 61e-11:(v01l9, (8.28) 

Coo1ee1crey101uHe rpacf>HKH .llBHhl Ha pHc. 8.5. TiepBhie ,ZI.Ba 
CJiyllaH SIB . .1HIIOTCSI npHMepaMH B3aHMHO-o6paTl:-lblX cpyHKUHii H 
l{eMOHCTpupy10T t, " .. CHMMeTpHIO B (8.23) H (8.24). 

IlnH HHrerpana 4>yphe cnpaae,ZI.JIHBO paaeHcreo Tiapceea;n:t, 
CXO,llHOe c paaeHCTBOM (8.1 2), OTHOCHlllHMCH K PH.ll.Y 4>ypbe • 
. l\/\bl HMeeM: 

j" If \2 dt =Sf* f dt =ff *dt SC (v) ei'211:vt dv. 

3,ZI.ecb f (t) 6b1J10 aaMeHeHo cooTeeTcTeyromnM HHTerpaJIOM <l>yphe 
Ha OCHOB3HHH (8.21 ). 11HTerpupysr no t H SaMeqas, llTO 

l f * (t) ei2.:vt dv = C* ( v ), 
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flpnuoyeoflbtfbtU 
uunylloc 

t(t} 
1 

______ _.. __ ..,_ _________ t 

_§ 0 ~ 
2 2 

Cz11a}f(eHH01u 
11uny11bC 

f(t) 

_Jt12(j 0 ~ -e, z 

-(), 

TpeyaOJlbHb!U 
11MflYl7bC 

f(t) 2 

0 
_fh_ lb_ 
i 2 

e, 

'aycfiafJ 
f t) 

UMflYl1bC 

t 

8(v) 

I 1 0 1 i 
1 - 281 28, T 1 

- e, e, 

v 

-

-VH 

_L t 
o, -2l 

1 
-20, 

1 

tlv, 

0 "l)H - 1 

1 1 
2e1 tJ1 

Puc. 8.5. OpHMepbl cf>yHKunfi H Hx cneKrpos. 

121 

3TH rpa<:lJMKH cooTBeTcTey10T <:lJopMyJJaM (8.25) - (8.28). CJie.n;yeT OTMeTHTb t, \I• 

cu M MCTpUlO lyKa3aHHY10 CTpeJJKa M ~I) JlJISl nepBblX .IlBYX CJiytrnes H JI.JIB H Mny JlbCa 
H cneKTpa B IIOCJleAHe M CJiyqae. 
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00 co 

S lf(t)l2 dt= S IC(v)l2 dv=E. (8.29) 
-co -co 

B OOJiblliOM llHCJie cp11311qecK11x aa.ll.a4 9TH HHTerpaJibI Bbipa

iKatoT nonHyIO 9Heprwto KOJieoaHHSJ f (t), 11 eeJIH4HHa F MOiKeT 

OhlTh TIOJ1.C4HTaHa KaK Henocpe,llCTBeHHO no cpyHKUHH f (t), raK 

H no ee cpyphe-cneKTpy. 

4. Ponb Kone11uon mupnubl nonocbl 11acTOT 
" 

0.11.HHM H3 BaiKHhIX CBOttCTB JIIOOOtt CHCTeMbl CB513H 51BJI51eTCH 

TO, llTO OHa ecer.11.a wcnonhayeT KOHellHYIO nonocy qacTOT. Cw

CTeMa MO)l{et OhITh 111na cpHJibtpa HH>KHHX qacTOT, ecJIH npwMe· 

HHIOTC51 ace tJaCTOThl OT HYJI51 ,llO HeKOTopott HaHBhlCUJett q3 .. 

CTOThl v Af, HJIH THna nOJIOCOBOro cpHJibTpa, eCJIH npHMeH51IOTCH 

qacTOThI e HHTepeaJie OT v1 .11.0 v2• CwcTeMa THna cpHJibTpa 

eepxHHX qacTOT HBJIHeTCff llHCTO rwnOTeTH4eCKOtt, TaK KaK He 

cymeCTByeT cpH3HlleCKOtt CHCTeMhl Oe3 BepxHerO npe,lleJia qa .. 

CTOThl. VlccJieJl.OBaHHe TIOJlOCOBOtt CHCTeMhl MO>KeT OhlTb CBe,lleHO 

K CJiyllato HHiKHHX qacTOT, MOJ1.yJI11py10m11x Hecymy10 qacTOTy. 

Mhl MO>KeM n09TOMy orpaHHllHTh ceoe paccMOTpeHHe cJiyllaeM 

HH>KHHX qacTOT. Bonpoc cTaBHTCH TaK: .11.aHa eepxHHst rpaHHll

HaH qacTOTa VAf; KaKOBhl CHrHaJihl, KOTOphie Mhl MO>KeM nepe· 

.11.aBaTh? VIJIH HHa4e: KaKOBhI ceottcTea cpyHKUHtt f (t), cneKTP 

KOTOpblX He npOCTHpaeTCff BhlUJe 'IM? 

310 ycJIOBHe 03HattaeT, llTO Mhl HCnOJih3yeM nonocy qacTOT 

(8.30) 

Ilpe>K.11.e ecero, HyiKHO OTMeTHTh, llTO CHrHaJI JlJIHTeJibHOCTH a. 
TpeoyeT ,llJISJ ero BOCnpOH3Be,lleHH51 nOJIOChl 

(8.30a) 

llpaKTHlleCKH nonoca orpaHHlleHa He peaKo • .llnst 4aCTOT BHYTPH 

nOJIOCbl c (v) BeJIHKO no cpaeHeHHIO c ero 3HatJeHHffMH BHe no

JIOChl. AHanorwllHO cpyHKUHH f (t) npeJlcTaBJIHer cwrHan OTHOCH .. 

TeJihHO oonhmoit HHTeHCHBHOCTH Ha npotH>KeHHH JlJIHTeJib .. 

HOCTH 61 H OTHOCHTeJibHO Manott HHTeHCHBHOCTH B OCT3JlhHOe 

apeM5l. TipowaBe,lleHHe av161 HMeeT HHiKHIOIO rpaHb. Ka4eCTBeHHO 
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9TO BHJJ.HO HS npnMepoe (8.25)-(8.28), B KOTOpbIX CHrH8Jlhl, 6011ee 
qeTKO onpeJJ.eneHHble eo epeMeHH, 11Me10T oonee rn11poK11e cneKTphI. 

3a.llaqa ycTaHoe11eHHS1 KOJIHr.iecTaeHHoR ceHaH Me1K11y m11p11-
uon nOJIOChI H JlJUITeJlhHOCTblO CHrHaJia npe11cTaBJUieTCH 9MilHPH· 
r.ieCKOR. HH>KeCJieJJ.y10m11R OTiblT H3 oonaCTH TeJieBHJleHHSI )l,aeT 
OCHOBauue llJISI Bbl6opa KOJIHlfeCTBeHHblX onpe.lleJieHHR. 

y CTaHOBJleHO, qyo TpeoyeTCSI IlOJIOCa lliHpHHOti OKOJIO 6 Mzq 
JJ.JIH nepe.llalJH cHrHaJioB npH 525 CTpoKax, 30 KaJJ.pax B ce
KyH.n:y H 360 HMny Jibe ax Ha CTpoKy. 9ro .naeT .ll.JISI .ll.JIHTeJlb• 
HocTH HMnynbca 

H 

a - I _ _J_. 10-s 
t11- 525·30·360 - 5 7 , 

a v191 = B • 1 o• . 
5 

\ • 10-11 = 1, 05. , 

8TOT npuMep noKa3blBaeT, QTO llIHpHHa llOJIOCbl H .ll.JIHTeJlbHOCTb 
JJ.OJl/KHbl y Jl,OBJleTBOpHTb HepaBeHCTBY 

£iv 191 ;::::: 1. (8.30a) 

PaccMOTpHM Teneph np11Mepb1 (8.25) - (8.28) npe11htJJ.ymero 
paaJJ.eJia. Mht HMeeM 3.n:ecb KopoTKHe CHMMeTpHr.iHbte HMny nhcbl 
c MaKCHMaJlhHblM 3HaqeHHeM npH t = 0 H Jl,eRCTBHTeJlhHOR cneI<T· 
pa11bHOR nnOTHOCTblO, npHHHMaIOmen HaHOOJlbllJee SHar.ieHHe npu 
v=O .. 

H11>KecJ1e.lly10m11e onpe.neneHHH Li ~1 11 61 Haxo11HTCH B cooT· 
BeTCTBHH c (8.30a) 1): 

00 

/(0) 61 =Sf (t) dt, 91 - nmrnnan&na11 .nmnen&HOCTb, (8.31) 
-oo 

00 

c (0) av.= s c (v) dv, d Vi - HOMHH3JlhHa51 IUHpHHa 
IlOJIOCht. (8.3 2) -oo 

Ho HHTerpan e (8.31) paeeH C(O) 113 (8.24). AHanor11qHo HnTe· 
rpan e (8.32) npe11cTaBJ1HeT f (0) e (8.23), TaK qTo 

c (O) I (0) 
61 =I (O) , Av1 = C (O), 01'1v1 =1. (8.33) 

1) H. A. Wheeler, PIRE 27, 359 (1939); P. Le Corbeitler, 
Electronic Circuits and Tubes, pp. 586-590, McGraw-Hilt, NY, 1947. 
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8TH onpeneneHHH nmoT panencTeo eMecTo HepaneHcTna (8.30). 
0HH MoryT 6b1Th JierKO npoeepeHbl Ha HaWHX npe,l1,hl.llYillJ1X npH
Mepax. 3TH cneu11an1>Hble npHMepbl He OTpama10T, OJIHaKo, o6rn.eit 

CHTyaUHH, H COOTHOI.lleHH51 (8.31) H (8.32) He MoryT npHMe
HHTbCSI llJISI npaKTHlleCKOrO H OOIIlerO OnpeJieJleHHSI JIJIHTeJib

HOCTH CHrHaJia H llIHPHHbl noJIOCbl. TaK, npH nOJICqeTe )J,JIH .. 
TeJTbHOCTH cwrnana 61 oTpHuaTeJlbHble aHaqeHHSI f .IlOJl'.iKHbt 

JJ.aBaTh TIOJIO'.iKHTeJibHblit BKJia]l, Tor )J.a KaK B (8.31) OHH BXO)J,SIT 

I 
I 
I 
I 

' 

!..... '12 

--tft) -·-·-·lt(t)I 

f(O) 

Puc. 8.6. Jlm·neJihHOCTh 62 HMnyJibCa noJiyt:tena nyreM np11pasHHBaH1111 
npOH3Be.neHH.R I (0) . 02 IlJIOW.a.n11 no.n KpHBOii aoCOJIIOTHblX 

3HaqenHR I I ( t) I. 

c oTpHuaTeJihHhtM aHaKOM .. Mbl MO>KeM 0cnpoooear1> cneJiytomHe 
BHJlOH3~eHeHHbie onpeJieJieHHH, OCHOBaHHble Ha aO.COJllOTHbIX 

co 00 

l/(O)IB~= s lf(t)ldt;;;a;:I s f(t)dtj=I C(O)I (8.34) 

-oo -co 

00 co 

IC(O)lav~= S ICM!dv~ S C(v)dvj=l/(O)j. (8.35) 
-co -co 

3TH onpeJieJleHHH JiaIOT: 

02 ~el, Ll'l2 ~ Av1, B2~V2 ~ 61A'Y1 = 1, (8.36) 

llTO H npeJICTaBJISeT COOOR ycJIOBHe (8.30a), KOTOpOMy Mbl CTpe .. 

MHMCSI y .U.OBlieTBOpHTb. PHC .. 8 .. 6 HJIJIIOCTpHpyer MeTOJl~ 0Tpe3~K f9 
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BblOHpaeTCH TaK, llTOObl npHMOyrOJihHHK c OCHOBaHHeM 69 H BhI· 

coToii If (0) \ HMen nJIOW.3.llh ;/ (0) I 02, panHyto nJIOlllaJJ.H aon. 
KpHeoR I/ (t) I ( «Bh1npHMJieHHOR» Kp11eou / (t)). AHanorwqno 
o6CTOHT JleJIO H c IlOJIOCOti qacTOT. llJIHTeJibHOCTb 6g MOiKeT 
OblTh yMeHhUJeHa, ecJIH e&1opaT1> Ha4aJio OTClleTa epeMeHH e 

ToqKe, e KOTopou If I MaKCHMa111>Ha. AHaJIOrHqno IIIHpHHa no
nocbI av2 MOiKeT OblTh yMeHE>meHa HaJlJieiKamwM BhloopoM Ha-

4a.1a OTcqeTa qacTOT, )J,JIH qero HyiKHO yMHO>KHTh cneKTP Ha 
e'l:ttl·d. 3Ta onepauHH ecT1> nonpocTy iJe.uoiJyAHqun CHrHaJia. Ho 

H 3TH HOBble 3HaqeHHH a; H av; ecer)la Y.llOBJieTBOpmoT o6w.eMy 

yCJIOBIUO (8.36). 

5. CooTHOIIIenHe eeonpelleneueocTH JlJIH speMene H 11acTOT&1 

Oow.ee ycJioeue (8.30a) npen.c1aeJ1HeT coooA cneuHaJibHhlA 

CJiy11aii npHHuwna HeonpeD,eneHHOCTH KBaHTOeoA MexaHHKH. Co

r JiaCHO 9TOMy npHHUHny nepeMeHHaH q H ee conpH:JICCHHblU 
ii.unyAbC p He MOryT OblTh O.llHoepeMeHHO 113MepeHbl c JIID6oA 
TOllHOCTblO, HO cyrnecTeyeT COOTHOllieHHe MeiK.lly OUJHOKOR tlq 
B onpeD,eJieHHH q H OlllHOKOti ap B Onpe,neJieHHH p. OTO COOT• 

HomeHwe TaKono: 

(8.37) 

r )le a. OepeTCH HHOr na paenOti TIOCTOHHHOii nJiaHKa h, a HHOr )la 
h 

paBHOA TIOCTOHHHOA LlHpaKa 1t = 27t • 06a 3H34eHHH Ha· 

CTOJlbKO MaJihl, llTO JllOOOe H3 HHX npHeMJieMO c T04KH apeHHH 

9KCnepHMeHT a. 
MsnecTHO, qTO e MexaHHKe 9HeprwH 

npHiKeHHblA nepeMeHHOii epe:\.feHH t, T aK 

aE at~a. 

E ecT& HMny111>c, co

llTO cornacHo (8.37) 

(8.38) 

3HeprHH KOJieoaHHA qacTOThl " eCTh hv, H, CJie.llOBaTeJibHO, 

aE=hAv, 

H ecJIH BOCilOJlbSOBaThCSI 9MIIHpHqecKHM ycJIOBHeM (8.SOa), TO 

nonyqHM: 
AEat = ha vAt ~ h. (8.39) 

noaTOMY CJle.llOBaJIO Obi IlOJIQ)Kif'fb a.= h, a He a= ft. Mhl eme 

oocy llHl\I 9101: nyHKT B KOHUe A8Hll0f0 paaAeJia, 
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npeJI.B8pRTeJibHO, OJI.HaKO, npHBeJI.eM paccym.n:eHHe, npH TIO· 
MOUI.H KOTOporo B BOJIHOBOR MexaHHKe BBOJI.HTCH npHHUHn HeOrI• 
peJI.eJleHHOCT H 1). BbttlHCJIHeTCH BOJIHOBaH cpyHKUHH f (t), HO He 
npeJI.IlOJiaraeTCH, qro OHa HMeeT KaKOR-JIHOO npHMOR cp11awqe
CKHR CMhICJI. BMecre c reM npe,nnonaraeTC51, qro KBa,llpar If l:i 
JI.aeT nJIOTHocr& uepoSITHocreR ,nnH nepeMeHnoR t. Tot1nee ro· 
BOp51, uepOSITHOCTb Toro, 'ITO 8Hal{eHHe t OKaiKeTCSI Me>KJI.Y t 
u t + dt, onpeJI.eJ1HercS1 KaK 

p (t) dt = ~ If (t) I' dt, (8.40) 

rlle E ecr& no11nast 9HeprHH eOJIHhl, onpeJI.enHeMa51 (8.29), 113 
KOToporo cJJe,llyer: 

co 

s p(t)dt=l. (8.40a) 
-co 

AHanor11qno, eepoHTHOCTb roro, qTo 4aCTOTa aaKJI10qena Mem.n:y v 
H v + dv., pauna 

(8.41) 

co 

SP(v)dv=l. (8.41 a) 
-~ 

Tenep& cpe,nHee upeMSI noguneHHSI CHrnana ecT& 

00 

t0 = S tp ( t) dt, (8.42) 
-co 

n cpe.llHHSI t1acr0Ta 

00 

v0 = S vP(v) dv. (8.43) 
-co 

1) CM., uaupuep, P. Ga b or, MIT Lectures, 1951. 
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COOTHOl.lleHHHMH 

t = f 0 + t 1, v = v0 + "1· 

CpeJIHHe KBaJI.parhI 9THx yKJIOHeHHtl paBHhl 

00 co 

t: = .\ t:p (t) dt, v! = S v:P(v)dv. (8.44) 
-co -oo 

Mb! onpeJI.e1u1eM cpeJIHHe OIUHOKH At no apeMeHH H Av no 1la· 
crore KaK 

At=Vat!, Av=-Vav! (8.45) 

H BblOHpaeM flOCTOSIHHyIO a T aK, lJTOOhl y .U.OBJieTBOpHJIOCb ycno· 
BHe (8.30a). HHaqe roaopsi, Mhl BblOHpaeM a TaK, llTOObl OhlJIO 

(8.45a) 

c DOMOlllbIO (8.40), (8.41) H (8.44) nonyqHM BMeCTO (8.45a). 

00 co 

a' S t~f* (t)f (t) dt S v;c* (v) C (v) dv ~ E9. (8.46) 
i=·-CO V=-CO 

Bea norepu o6mHocru MO}l{HO noJJO>KHTh t0 = 0 H v0 = O; ror Jia 
ti= t H '11 = V. 

IlepBblM mar B onpeJieJieHHH a COCTOHT B JIOKasareJibCTBe 
TO}l{,!leCTBa 

co u.. 

S 1 s d~ v9C* (v) C (v) dv = - 4n:2 /* (t) dtt dt, 
9=-oo t=-co 

(8.47) 

qro MO>KHO CJieJiaTb npH ycnoaHH, lJTO KaK / (t), raK H C (v) 
JI.HcpcpepeHu11pyeMhl H .llOCraToqHo ohlcrpo yohlna10T. HHrerpan 
4>yp1>e (8.21) .naeT: 

co 

J c (v) {- 4rc2v2) e'2nivt dv, d2~ - s 
dt2 -

v==-w 
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H, T3KHM o6pa30M, 
00 00 co 

S /*~{.di=- 4it2 S 'V
2C (v) dv ~· f*e2r.M dt. 

t=-oo '11=-oo t=-co 

HHTerpan no t ecTb He llTO HHOe, KaK C* (v) (cM. (8.22) ), u 
TO)KJI.eCTBO (8.4 7) 9THM JIOKa3aHO. 

IlpHMeHHH (8.47), MOiKHO nepenwcaTb (8.46) B BH]le 

(X) 00 00 

- :;. s t~* I dt s r· !i. dt ~ I s /*I dtr. (8.48) 
t=-00 t=-00 t-=-00 

llnH JI.aJihHeDruero eocnonbayeMC51 HepaeeHcTBOM lilsapua 1) 

4 s F*Fdt s O*Qdt~I s (F*O+FO*)dtj
2

• (8.49) 

rJI.e 

F=tf, 

BhtqncJIHH eTopoR MHTerpan no 1.1acTHM 11 yqHTbIBaH, qro f c1pe~ 
MHTC51 K HY JTIO Ha oecKOHe1u1ocTH, nony4aeM: 

00 00 00 00 

l G*Odt= s df* !!!_ dt-f* df J dt dt - dt S 
d 2f 

- f*-dt= dt:!. 
-oo -oo -oo 

(X) - s !*di/ dt - - dt-:4 • (8.50) 
-co 

VIHTerpwpyeM TaKJKe npaey10 qacTb HepaeeHCTea Weapua no 
llaCTHM: 

00 00 

S t(t* ':ft +Id~ )dt=(tlfl2>I 
-oo -co -co 

H HepaeeHCTBO Weapua npMHHMaeT Teneph BHJl 
(X) co 

-4 s t~'ff* dt s /* ~'{. dt~E,,., 
-co -oo 

1) ,lloKa3arenbCTBO HepaBeHCTBa illBapu.a .Z.HlHO B npttw1IO>Kem1tt l:J 
KOHU.e STOA rnaBbl. 



5] COOTHOIJ!BHHE HEOnPEJIEJIEHHOCTH 

CpaBHeHHe c (8.48) noKa3blBaer, qro Hy>KHO B3SITb 

a2 = 161tg HJIH a= 41t, 

T. e. Mbl onpeACJI5le~c 

129 

HHTepecHo cpaBHHTh 9TH onpeJie.TieHHH c TeMH, KOTOpb1e 

Bblpa)KeHbl COOTHOIJ!CHHSIMH (8.31) H (8.32). B npe.nll!eCTBYIOlllCM 

paa.u.ene JIJUI npHMepoB (8.25), (8.27) H (8.28) Mbl HMeJIH JJ,JIH~ 
TCJlhHOCTb a. H TIOJIOcy 1 /61. HOBble onpeJICJICHH5l JiaIO'f: 

(8.25): E = 61, l::.t = V; 61, l::.v = oo, l::.tl::.v = oo; 

(8.27): 

(8.28): 

B Bb1q11cneHHHX, npeJIOCTaBnHeMhlX q0TaTeJ110, BCTpe4aJOTCSI HH .. 

TerpaJibl 

00 

S ( 
sin x )2 
x . dx='TC, 

-oo -oo -oo 

Bo MHOf HX CTaThHX H pyKOBOJICTBaX no KBaHTOBOtt MexaHHKe 

npHHHMaeTCH a= 2. Tor Jia 

V 2 At Av 
8.1t= 2t, = ... r , 8.1v= -.r , 

y 21t , 21t 

EcnH TaKHe )Ke onpe.neneHHH npHHHTbl ll.JIH 8.1q 11 dJ]J, TO coor

HollieHHe HeonpeJieJleHHOCTM npHHHMaeT BMA 

~iqdJ]J;:;: It. 
5 Jl, J3pBJIJll03B 
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9r11 onp~neJietHHI npeJicTaBJI5llOTC51 HenpaKTHl.JHblMH B CBere 
npe,llLI1ecrBy10mero 06cyn<neH1-u1. OH11 ee.Llyr K roMy, 11ro HH>K
HH5l rpatth A vAt JieJIHTCH Ha 21t. LlJIH cny1..1aH reJieBHJieHHH, yno
MSIHyToro B npell,hllIYIUeM pasneJie, 9TO 03Ha4aJIO 6hl, 4TO Jl,0-
CTaTOllHa noJioca OKOJIO 1 M<q. PasyMeercH, HH>KeHephl Tene
BHJJ.eHH5l saMeHHJJH Ohl noJiocy 6 M21' rnecrhIO noJiocaMH no 
I Mzij. ecnH Ohl 9TO OhIJIO B03MO)KHO. 

6. CTeneHH CBOOOiI,bl cooom.eHHH 

PaccMorpHM reneph cne,n:y10W.Hti eonpoc: HeKoropa5l QJYHK~ 
UHH epeMeHH f (t) HMeer cneKrp, He COJiep>Kau1Hit 1..1acror Bhuue 
-v M, H cymecrayer Ha npoMe>KyrKe epeMeHH 't. CKOJihKO 11apa
Merpoe (HJIH creneHeti ceo60JJ.hl) ueo6xOJJ.HMO JIJJR onpeneneHHst 
raKoti cpyHI<UHH? Mhl JJ.OKameM, 11ro JIJI>I raKoti cpyHKUHH HMeercH 
TOJihKO 

N=2VM"t (8.51) 

(npelI.CTOJJaraH, 4TO 'J Af't > 1) He3aBHCHMhIX napaMeTpOB, H OOCy· 
JIHM pa3JIH4Hbie B03MOlKHble BhI60phI 9THX napaMerpoe, a raKJKe 
HeJ{OTOpble o6mHe CBOtiCTBa paccMaTpHeaeMblX QJYHKUHii. 

3aMeTHM npe2KJJ.e acero, llTO cpyHKUHH He onpeJieJieHa non
HOCThlO, eCJIH sa.uaHbl ee 3Ha4eHH5l TOJibKO Ha KOHellHOM HHTep
BaJJe, HanpHMep 0 < t < 't. LlJIH KOppeKTHOti nocraHOBKH sana4H 
HyJKHO sanarb 3Ha 4eHHH QJYHKUHH lI.0 0 H llOCJie 't. IlpH 9TOM 
He Jl,QJI)KHQ JI06aBJl5ITbCff llTO-JlHOO K HHcpOpMaUHH, conepma .. 
w.eticH e coo6meHHH f (t). 

MOJ:KHO npHMeHHTh .uea pasnHllHhIX onpeJJ.eJieHH51. 
A. n e pH 0 Jl. H q e c Ka 51 cp y HK u H 51 I (t), oeCKOHe4HO 

noerop5110ma5I XOJJ. / Me>KJJ.y 0 H 't: 

I (t + q't) = /(t) (8.52) 

rne q - uenoe. 
B. cp y HK u H 51 0 JI H H 0 4 H 0 r 0 c 0 0 6 Ill. e H HSI (single 

message function): 

/ (t) = 0 npH t < 0 HJIH t > 't. (8.53) 
t 

nocneJIHHti npHMep paccMorpeH WeHHOHOM. 
Ha4HeM c onpeJJ.eJieHH51 A H HccnenyeM nep110JIH11ecKy10 

cpyHKll.HIO c nepHOJIOM 't. Ilpe,ncraBHM 9ry cpyHKUHIO PHJIOM 
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nM 

f (t) = { a0 + ! (an cos ncp + bn sin ncp ), 
n=I 

1 
Yo=--. 

't 
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(8.54) 

(8.55) 

noJIO)KHM, lITO BbIClll8H 4aCTOTa V M paBHa B TOlIHOCTH ttaC'fOTe 

0,lUIOf.l HB rapMOHHK: 

n M = v M't BJIH n .tt" o = v M. (8.5.6) 

PHD. c.I>ypbe co.nep)KHT KOHettHoe ttHCJIO '-IJieHOB BnJIOTb D.O ttJieHa 

c HOMepoM n 1K" llJISI Ka)K.ll,Of.l rapMOHHKH HMeeM .ll,Be COCT3BJI5llO· 

IUHe an H bn, a BCerO 

(8.57) 

cocTaBJ15l10IUHX, BKJIIOlia51 H nOCT05IHHy10 a0• Ecne .ll.JIHTeJibHOCTb 

CHrHaJia .ll,OCTaTOlJHO BeJIHKat 1'0 (8.57) npaKTHlleCKH nepeXO.ll,HT 

B (8.51 ). Koscpcpeu11eHTbI an H bn npe.ll,CTaBJISIIOT OD.HH B03MO)K· 

Hhitt ebloop napaMerpoa. BMeCTO Bern.ecTBeHHoro pHD.a <Pypbe (8.54) 
Mbl MO>KeM BOCnOJib30BaTbC51 KOMnJieKCHOit cpopMof.l (8.1) H (8.2): 

+nM 

f(t)= I 2 2tc 
0>0 = lt'Yo = -;- , (8.58) 

't 

Cn = ~ (an - lbn) = ~ ~I (t') e-inoool' dt' = c!'.. n, 

r)l.e BBeB.ll,04Ka 03Ha4aeT KOMn.,11eI<CHO-COQp5l)KeHHyt0 BeJIH4HHy. 

BMeCTO pHD.a c.I>yphe MhI MO)KeM npHMeHHTb K HamHM nepHo· 

D.HqecKH:W cpyHKUH51M / (t) MeTO.ll. oTcqeroa (sampling method). 

Bb1oepeM N paBHOOTCT051mwx T04eK Ha npOTH)KeHHH nepHOD.a t, 

nanp11Mep: 

't 1 6 = -v= 2--+-' 
i "M Vo 

(8.59) 
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H H330BeM OTC'leTOM (sampled value) MrHOBeHnoe SHa'leHHe 

fm =f(mfJ), (8.59a) 

npnqeM e cuny ycJioa1u1 nepuo,nHtJHOCTH (8.52) 

lm+qN=fm, 

r.ue q - uenoe. Mbl MO'IKeM aoccraHosnrh ucxo.uHyro cpyHKUHIO 
f (t), ecnn H3BeCTHbl 2nM + 1 orc4eros Ha nporsDKeHHH nepuo.ua 't. 

3annweM: 
N 

/(t)= ! fmg·(t-m6), (8.60) 
m=l 

rJJ.e g·(t) 03HaqaeT HMnyJihCHYIO <jlyHKUHIO, nepHOJJ.H'leCKH noero
psieMyIO B MOMeHThl t = q't. 8rotl HMIIY nhCHOtl ¢YHKUHH Mbl npn .. 
JJ.aeM cne.uy10w.ue caottcTsa: 

g (t) = 1 npu t = 0, unn t = q'C (q - uenoe ), 

g (t) = 0 npn t = mB, m -:j:. qN. 

HMrry JihCHaSI ¢YHKUHS1 paaHa Hy JIIO so scex ocranhHhlx T04Kax 
orcqera Ha nporsiaceHHH nepuo.ua 't. TaKy10 ¢YHKUHIO Herpy.utto 
rrocrpOHTb c KOHe4HblM crreKrpOM, orpaHH4eHHblM 4aCTOTOtl "M· 
PeweHue aaJJ.aqu coJJ.ep'IKHTCH e TO>KJJ.eCTBe JlarpaH>Ka: 

nM 
1 

+ nM • sin (nM + ~ h 
~ + ! cos ncp = -2 ! e'"'P= , ' , (8.61) 

n= I n=-nM 2 sin ( i) 
1 

r .ue 6epercsi q> = w0t. 8ra ¢YHKUHH paeHa n 1u + -2- rrpn t = 0 

unn t = q't, rJJ.e aHaMenarenh paaeH HY n10. 0Ha KoJieonercSJ u 
oopaw.aetCH B HYJib B T04Kax 

(nM + {-) w0t ='It, 27t, ••• , mrr, . 
~ 21 m'C 

t = N, N , ••• , N , m =/=. qN, 

eCJIH m He SIBJISieTCSJ uenhlM.. KpaTHbl.M fJ ... :. - ·-
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MY MoJKeM BBHTh JlJTH uaweD HMny11bCHOR <PYHKUHH g"(t) 
BYpaJKeHHe 

. (N (t)ot) +nM stn 2 1 g(t)= =- '1 einwot. 

N . (w 0t ) N ."-
sin -~i 

1 
-nM 

(8.62) 

CpaBHHBaH (8.60), (8.62) " (8.58), noJiyqaeM: 

+nM N 

f (t) = ~ ! ! f me'n<»o(l-mO), 

-nM m-=I 

OTKyJla 
I N 

c - - ~ .f e-inmwofi 
n- N ~ Jm ~ (8.63) 

m=l 

- paBeHCTBO, Henocpe.ZICTBeHHO CBH3b1Ba10mee K09cpcpHuHeHTbl 
<l>ypbe en 1) c orcqeraMH f m· OopaTttoe coorHoweHHe noJiyqaercsi 
H3 (8.58): 

+nM 

fm=f(mB)= ! Cn'eln'moooB. 

n'=-nM 

(8.63a) 

B KoMnneKCHoM pSIJle <I>ypbe MY HMeeM N = 2nM + 1 KoM
nneKCHYX aMnJTHTYJl Cn, KOTOpYe HBJTSJIOTCH KOMnJteKCHo-conpH ... 
JKeHnhlMH JlllSJ ± n. 810 Jlae1 e oomeM N HeaaBHCHMYx ]leD
CTBHrenbHblX nepeMeHHblx, H HarnH N TotreK orctrera 06ecnetrn
ea10r paBHOe lfHCJIO CTenettett CBOOO]lW. JierKO Henocpe]lCTBeHHO 
npoBepHrb (8.63) 11 (8.63a): 

HO (8.63b) 
N 

I V l 9 { 1 .ZIJIH p = 0; 
N. ~ 

1 
e- pmooo = 0 JlJTH p ;t:. 0 ( uenoe) 

m== 

1) (8.63) TOlK,lleCTBeHHO (8.5) H (8.11 ), TaK KaK Mbl HMeeM 3,llCCb 

iteJ10 c .pyu~uea, --~e10~ea &oue11Hy10 mupHHy cue.u.rpa, ~aK a (8 ... 9). 
• ;t ~ '"' • • • II I\ ,. 111 x .., ~ .... -...; 
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TaK KaK 11nsi p = 0 nMeetcsi N qneHoe, paBHbIX eJIHHHue, Tor .na 
KaK nnsi p =;t:. 0 N rapMOHH4eCKBX tIJiettos H:\te10r cpaab1, paeHO· 
MepHo pacnpeneneHHble MeJKny 0 u 21t, qro JJ.aer a pe3y JibTaTe 
HY nb. B oomeM, 

Cn = ! Cn' 8 (n - n'), 

qro n Tpeoosanoc& 110KaaaTh .. 
BMeCTO OTClfHTblBaHHH B MOMeHTbl m0 MOJKHO B3SJTb MOMeHTbl 

mB + 9' C OOCTOSIHHblM CMeu1eHHeM fY < 0. 3TO .naeT .llpyry10 
cucTeMy orcqeroa 1:,,, = f (mB + B'), K0Topy10 MO>KHO npHMt:HHl h 
BMeCTO Im· PaseHCTBa (8.63) H (8.63a) 3aMeHHIOTCSI Ha 

c - _1_ ~ £' e- inro0 (mO + 9') 
n- N ~Jm ' 

m 

t:n = ! c,,,ein'roo (m& + 6\ 
n' 

MeJKJlY Im H t:n cymecTeyeT CHCTeMa N nnHeDHblX 33BHCHMO• 
CTelt. 

7. MeToll oTcqeToe Illeuuoua 

llleHHOH rrpuMeHHeT MeTOJl oTClleToB B casiau c aanallett B 
(CM .. (8.53)) o ¢yHKUHH OJlHHOlfHoro cooomenuSJ, npennonarae
MOtt pasHOtt HY n10 npu t < 0 unn t > 't. Mhl MOJKeM pewBTb 
ary aana qy cne.nyromHM o6paaoM: B03hMeM rrepMO.llH4ecKy10 ¢yH1< .. 
llHIO c lIJIHHHhlM nepBOlIOM 't 1 > 't H I10JIOiKHM, 4TO f ( 't) HMee-r 
CBOH HCXOlIHble 3Ha4eHBSI Ha BHTepsaJie OT 0 JlO 't H pasHa 
Hynio or 't 110 't1• IlpB 9TOM, KoHe4HO, rrpennoJiaraercsi rrJiaBHbIH 
nepeXOJl K uyneaott JIHHHH Ha OOOBX KOHUax, BO H30e>KaHHe 
noSJaneuusi qactoT Bhtrne npenena v 1w. HosaSJ c)lyHKUHH OTCllHThl· 
eaeTCH Ha HOBOM HHTepsane 'th a N1 pasHoorCTOSJW.HX T04Kax 
e cooraercrsHH c npouenypott, orr0ch1saeMott paseHcrsaMB (8.59) 
H (8.62). HOBblit HHTepsan OTCtfeTOB 01 aHa.11orHlfHO (8.59) paseH 

(8.64) 

Senn >t u 'tt eeJlHKH, To v0 u '11 npette6pemH~O MaJlbl no cpas-
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HeHHIO c BhlCrneft lJ3CTOTOf1 v Mt H Mhl HMeeM: 

nonttoe qucno ro4eK orcqera cocraBnHer reneph: 

(8.65) 

Vla lfHCna 9THX N 1 roqeK Mhl HMeeM N ro'leK, nonaJI.a10m11x 
B 11epeoHa'lanhHb1ti Httrepsan 0 < t < 't, H N1 -N roqeK s HH· 
Tepsane 't < t < 'tt• CTepsast CMCTeMa T04eK llaeT Hetty JieBble 
OTC4eThl 

fm=f(m61)=0, N<m<N1• 

VIMny JthcHaH cpyHKUHSJ g (t) H3 (8.62) npHHH.MaeT BB.ll 

. (N 6>1t) stn 1 2 
g(t) = ( t) . 

Ni sin U)i-

(8.66) 

(8.67) 

By lleM ycTpeMJtHTh 't 1 K ()ecKoHeqttocru, a v1 - K HY 1110. B npe
JI.ene nonyqn.M HHTepaan oTcqeroe 

H Oy.lleM HMeTb 6eCKOHelfHOe 4llCJIO OTCqeTOB f m' paBllhJX HynID. 
He paBHbl HY n10 ronhKO Te orc4eTbl, Ko-rophle OTHOCfl.TCfl. K HH· 
reps any 

0 < m Bum<,;. 

4ncno 9THX OTClf eTOB paBHO 

't 
Nnm = 6 = 2'1 M't, 

Um 
(8.68) 

qro coena.naer c (8.51), TOr.lla KaK HMnynhcttasi cpyHKUHH g (t) 
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npnsonurcH K suny 

g(t)~ (8.69) 

raK KaK 

TaKHM oopa30M, cpyHKUHH npencrasnHeTCH 
CTBOM (8.60), npHHHMaEOur.HM cpopMy: 

s rrpenene paseH-

~ sin n (2v Mt - m) 

f (t) = l.f m 7t (2vMt-m) . (8. 70) 
m 

JlerKO IIOKa3aTh, lITO pa3JIO)KeHBe (8. 70) rrpHHHMaer 3Ha4eHHH Im 
BO scex TOtIKax OTCqera. B03bMeM, HanpuMep, TOlIKY q: 

4neH m = q e cyMMe (8. 70) naer cocrasnsnom.yro f Q' a ece 
ocranhHhie qneHhl pasHbl HY n10: 

m =;t=. q: sirr Tt (q- m) = 0. 

CyMMa (8.70) He naer a TOlIHOCTH f (t) = 0 nnH t < 0 Ht> 't, 
HO rrpencraBJIHeT cpyHKUBIO, OhlCTpO yob1Ba10ur.y10 B o6e CTOpOHbl 
c HeoonhlllHMH KoneoaHH5fMH qacrorhl VAf. TaKoe rrpencraBnettHe 
npuMeHHJIOCb llleHHOHOM. 

<l>yttKUHH onwttOlIHOro cooow.eHHH f (t), onpeneneHHaH a co~ 
orsercrsuH c (8.53), uMeer TOJihKO N crerreHefi csooonh1, KaK 
rroKasblsaer Bb1rneonucaHHhit1 Meron OTCtieros. PaanoJKettue 9rott 
cpyHKUHH rro <l>yphe rrpHsonur K HHrerpany <t>ypbe BMecro pH.lla 
<l>ypbe. 4HCJIO lIJieHOB pa3JIO)KeHH» <l>ypbe OeCKOHelIHO, HO OHO 
CO.llep)KHT JIHillb N HesaBHCHMblX rrepeMeHHblX f m· Mbl MO)KeM 
rrposepurh 9TO, raK KaK Harna cpyHKUHff g (t) cosna.rr.aer co er na
JKeHHblM HMrry JthCOM (8.26) u HMeer cneKrp 

{ 

__ I rrpH I v I < VM 
B (v) = 2vM • 

0 rrpH I v I > v M, 

(8. 70a) 
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OTKYJ13 

I 
g(t)=--

2vM 
1 

cos 2rev td v = -2 vM 
ei21tv 1 dv (8. 71) 

v=-"'M <t>--"'M 

+'JM 

f (t) = ! ~: s ei2ttv (t-m6) d~, (8. 72) 

m -vM 

06n.u1e np0HuHnb1 9TOfi npooneMhl OhlJIH oTKpblTbl HeaaeHCHMO 

HeCKOJibKHMH yqeHblMH. 0epBOH3lJ3JlhHaSI HJI.eSI npHH3JlJie)KHT, DO .. 

BH.llHMOMY' y HTTeKepy ( 1915 r.) I, 
2
). llaJibHefirnHe Il0Jlp06HOCTH 

H npHJIO)KeHHSI Jl3Hbl B paa.nenax 6 H 7 r Jl3Bhl 17. 

8. Hu(f>opMaUHOHHhre gqeifKn faiioopa 

Ilsa paCCMOTpeHHhlX npeJICTaBJieHHSI SIBJISHOTCSI qaCTHblMH CJIY .. 

1.1asiMH oonee o6w.ero Mero.na, paccMorpeHHoro f9fi6opoM 3). 

l 

3/1 
V1 
!/'It 

0 t 0 
I -

I '( -
R11eltxo '1. v ·J t • 1 

a 

-- t 

Puc. 8. 7. PaaJJH'IHbltl: &bloop HlJeeK eJJ.HHH'IHOil DJIOlll8JlH ua nnocKOCTH v, t: 

Ha nnocKOCTH -v,t o6nacrh, aaHHMaeMaSI ¢yHKUHefi, eCTh npsiMoyronb

HHK 'V M't (pHC. 8. 7). 3ror npSIMOyrOJibHHK MOiKeT 6b1Tb paa]leJieH 

Ha 9JieMeHrapHhle HqefiKH e.nHHH4HOfi nnow.a.nH 

llvllt=l, (8.73) 

H B Ka)K.nOfi siqefiKe ¢yHKUHSI HMeer .nae COCT3BJISllOW,He - CHl\f-

1) E. T. W h it taker, Proc. ~oy. Soc.t Edinburgh 35, 181 (1915). 
2) B 01t1er ne:eoil H coepeMenHoil cJ>opMe pa3nolKee:e:e (8. 70) )lano 

B. A. KoreJJbHHKOBblM e 1933 r. (flpu.M. nepeB.) 
3) D .. 0 ab or, Theory of Communication, J. Inst. EL Eng. 93, Ill, 

429 (1946); 94, Ill, 369 (1947): CM. 1aKlKe Phil. Mag. (7] 41, 1161 (1950): 
La Cybernetique, p. 115, Editions Revue d'Optique, Parist 1951. 



138 AHAJUl3 CHrHAJIOB [rn .. 8 

MeTpH4HYIO H aHTRC11MMetpHlfHYIO, - .zise 9JieMeHrapHbie cpyHKUHH, 
HCnOJib3YIOlllHe m1-1pHHY nOJIOCht d'J H .zinHTeJihHOCTb at. AMnJIB~ 
Ty .llhl ooeux cpyHKUHtl .llOJl'.IKHbl Obi Tb 3aD.aHhl H nOJIHOCTblO onpe .. 

.ziensnor Harny cpyHKUHIO f (t). 411cno siqeeK paauo 

n = YM't• 

l.J'HCJIO COCT3BJISllOillHX 

N= 2n= 2vM't, (8.7 4) 

KaK a (8.51 ). <l>opMa HlfeeK He Hrpaer ponH; HMeer aHa4eHBe 

TOJihKO HX IlJIOllla.llh. P51D. <Pypbe (8.58) BCilOJih3yeT ropM30H .. 

ranhHhte RqeDKB, a MeroJt orcqeroa (8 .. 61) - aeprHKaJihHble. f9ft .. 

OOp peKOMeH.ziyer B Ka4eCrBe 9JieMeHrapHhlX - cpyHKUHB C rayC• 

coaott or116a10mett H c aanontteH11eM no CBHycy HJIH no Kocuttycy, 

P11c. 8.8. r9fioopoBbI c1111ycHaR (b) 
11 KOCBHYCHaH (a) <l>YHKU.1111 coo6-

meHl1R. 

f (t} 

l 

' 

t. 
PHC. 8.9. npe.ucraanet-rne 

cf>yHKU.BH c KOHeqHofi llIHpHHOii 
no.1ocbl. 

I - pa3phrnHaH .,PyHKUJfH, 2 - .,PyHK
um1 c pa3pbIBHOH 11p0H3BO)l.HOH. 

KaK noKaaaHo Ha puc. 8.8. 5JqettKa (8. 73) coorsercTsyer R11ett

KaM KBaHrosott MexaHHKH, r.zie 9Hepr1u1 E 11 BpeMsi t - .zise co

npH'.IKeHHh1e nepeMeHHhle, B H4et1Ka onpeD,eJIHeTCH COOTHOllleH115lMH_ 

dEdt=h, rJte E=hv H av!lit=l. (8.75) 

<l>yHKU11H c KOHe4HOtt rn11p111-1ott IlOJIOCbl npe.zicraBJISUOT cooott 
aeChMa cneu11aJibHbltt Knacc. OttB tte MoryT BMerh pa3phrnoB, 

OCTphtx yr JIOB; OHR MOryr H:MeTb TOJibKO er Jia'.IKeHHhltl, aaKpyr

JieHHbltl xapaKrep, KaK noKaaatto np11MepHO Ha puc. 8.9. 
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9. AeT0Koppe11BUHH u cneKTp; cpopMyna Beuepa - Xnuqeua 

PaccMoTpHM CHOBa aa)laqy A paa.nena 6 .llJISI sew.ecTseHHott 
nepHOJJ.HtiecKott cpyHKUHH f (t) c nepHO.llOM 't (CM. (8.52)), cneKrp 
KOTOpOA He co.nepiKHT 4aCTOT Bhlme "M· Pa3JIOiKHM f (t) B KOM .. 
nneKCHbIA PH.ll <t>ypbe (8.1) H (8.58): 

+nM 

f (t) = ! C,.ei""'•t, mo=~"= 21t'lo, 
-n.A-1 

C-n=C:, "'M 
nAf = - = 'IM't• 

Vo 
(8. 76) 

Onpe.neJIHM asToKoppensiuHOHHyro cpyHKui-no R (t0) .nnsi cpyHKUHH 
f(t): 

't 

R(to)=f(t)f(t+to)=+ ~ f(t}f(t+to)dt. (8.77) 
0 

3aMeHHH f (t + t0) ero pasnoiKeHHeM <t>ypbe (8. 76), nony11aeM 

nM 't +nM 

R (t0) = ~ ! C,.ei"°'olo .\ f (t) ei""'oldt = ! C,.C~einwoto, (8. 78) 
-nM 0 -nM 

TaK KaK HHTerpan paseH KaK pa3 c: B COOTBeTCTBHH c (8.2). 
MbI nonytiunn, raKH:W o6paaoM, pa3JIOiKeHMe <t>yphe .nnSI R (t0); 

aaMeIHM, lITO OHO co.nepiKHT TOJibKO KBa.npaThl MO.lly nett 

In= Cnc:.= I Cn 12 =Ic_n12 = l_n (8.79) 

K09cpcpuuHeHroe <t>ypbe cpyHKUHH f (t). <t>ashI BhlnaJIH B npouecce 
ycpe.nHeHHH cor nae no (8. 77) H (8. 79). Mo'IKHO nepenucaTb (8. 7 8) 
CJie.LI.yJOilJ,HM o6pa30M (HCnOJib3YSI CHMMerpHIO (8. 79)): 

nM 

R (to)= lo+ 2 ! In cos nw0f 0 = R (- f0). (8.80) 
n=l 

<l>yHKUHSI aBTOKOppenSIUHH ecrb t:reTH3SI c}.lyHKUHS1 speMeHH 
c.ns11ra to. 0Ha, KaK H HCXO.llHaSI cpyHKUHSI, nepHO.llH4Ha c reM >Ke 
nepvio.noM 't vi HMeeT ro JKe t:racroTHOe orpaHHtteHHe I v] =::;;; VM. 
PaeeHCTBO (8.80) npe.llcras;n1er cneuuanbHbltt cnyqail <flopMyJibJ 
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BnHepa_:_XuH·qnHa 1)~ cnsialtlearomea anroKoppensiuHro n cnei<Tp·. 
McxonHa>1 ¢yttKuusi f (t) HMeeT KOHeqHoe qucno N CTeneHett 
cao6o.n.hl (CM. (8.57)): 

N=2nM+1, 

cpeJIH KOTOpbIX Mbl MOiKeM pa3JIH4HTb: 
1 nocTOSIHHyro cocraenHromyro C0 =10, 

nM aMnnuTy 11 rapMOHHK 7,,,, 
nM ¢a3 rapMOHHK t.fln, 

Cn = 1neiPn, C_ n = '"(ne- irpn, 

OTKyna 
(8.81) 

I~= 1~, n = 0, 1, ... , nM. (8.82) 

Honoe pa3JIO>KeHue (8.80) COJiepiKHT ronhKO nM + 1 cTeneHeR 
ceooonb1, TaK KaK MbI n0Tep>1nu n M cpaa. Or paano>KeHHfi <Pyphe 
(8. 78) H (8.80) as TOKOppeJISIUHOHHOtt cj)yHKUVIH Mhl MOiKeM nepettTH 
K npouenype OTcqeTOB, CXOJI.HOtl c VICI10Jlb30BaHHOfi B (8.59) H 
(8.63). Bb16epeM N paattoorcroHIUHX ro4eK oTctieTa Ha nporH
JKeHHVI nonHoro nep11ona 't, rrpocTHpa10merocS1 OT - 't/2 no 
+ 't/2: 

(8.83) 

m=-nM, -nM+1, .... , -1, 0, 1~ ... , nM-1, nM, 

H pacCMOTpHM orcqeTbl 

Rm= R (11t6) = R- m• (8.84) 

y CJIOBHe CHMMeTpHH (8 .. 80) OCT3BJISleT H8M n M + 1 HeaaBHCHMl!lX 
OTC qeTO B' COOT BeTC TB yt01.UHX 

m=O, 1, ... , nM, (8.85) 

qro HaXO.llHTCSI B COOTBeTCTBHH c npe.n.hillyW.HM paccy:JK.n.eHHeM, 
cornacHo KOTOpoMy qucno creneHett cao6onbJ paeHo nM + 1 . 
.PyHKUHst R (t0) MO>Ke1 OblTb eoccTaHoeneHa no oTcqeraM, KaK 
B (8.60): 

nM 

R(t0)= ,! Rm[g(fo-m6)+g(t0 +mfl)J+R0g(t0), (8.86) 
m=l 

r Jle tj>yHKUHSI g· onpeJieJieHa paeeHCTBOM (8.62) .. 
1) N. Wiener, Acta Math. 55, 117 (1930); A. K hi n tchi ne, Math. 

Ann. 109, 604 (1934); Y. W. Lee, T. P. Che at ham, J. B. Wiesner, 
MIT Report N2 141, 1949. 
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9Ta npouell.ypa HCnOJib3YeT TOJibKO nM + 1 CTeneHeit CBO· 
00.ll.bl HCXOll.HOA QJYHKLUUI H3 o6mero lJHCJia 2nM + 1. 0Ha 
c. ycnexoM np11MeHs:1eTCH ao scex sall.a11ax, e K0Topb1x cpaahl rpn 
HeH3BeCTHhl JIHOO no npHllHHe HX CJiyqattHOCTH (npo6JieMbl rnyMa), 
JIH60 BCJieJlCTBHe roro, tfTO H3MepHTfJihHblt1 npouecc He B co
CT051HHH 06HapyJKHTb QJ330Bhle yrJIId (HanpHMep, HCCJiell.OBaHHe 
crpoeHwsi KpHCTannoa peHTreHOBhlMH nyttaMH). BMecTo KOMnneKc
Horo pHll.8 ct>yphe (8. 76) ll.JIH f (t) Mbl MOJKeM eocnoJih30eaThCH 
pHJlOM ct>yphe s aemecTBeHttott cpopMe (8.54): 

nM 

f (t) = -~ Ao+ ,! An cos (nw0t + cpn), 
n=I (8.87) 

H cor JI8CHO (8.80) 
nM 

R (t0) = ! Ai+ ~ ! A: cos (nw0t0). (8.88) 
n=J 

Benh1tt (TenJiosott) lllyM, HanpHMep, ll.aeT nocTOSIHHOe SHa11eHHe A~, 
He 38BHCHIIJ,ee OT n. 

to. JlHHeHHble npeoopaaoBaHHB H l)lHJILTphl 

MOIIJ,Hhlf-1 MeTOll. HCCJiell.OBaHHSI cpyHKilHtt OCHOBaH Ha JIHHett
HiilX npeoopaaosattHHx 1). PaccMorpuM cpyHKUHEO H ee HHTerpan 

1) H. Lab {oust e, l. Lab roust e, Comptes Rend. 184, 259 (1927); 
Ann. Inst. Phys. Globe Univ. Paris 7, 190 (1929); 9, 99 (1931); 11, 
93 (1933): Terrestrial Magnetism and Atrn. Elec. 41, 15, 105 (1936); 
H. Dev e, Tables nurneriquest Evreux, Paris, 1930; M. Levy, Comptes 
Rend. 198, 2222 (1934); 199, 1031 (1934); 200, 646 (1935); Ph. D. thesis, 
Paris, 1951. H. Labrouste 3aHHMa.1Jcs:1 cneu;HanhHO cnyt.1aeM tJHCneHHoro 
B.blt.1HcneHHH no JJ.HCKpetHblM suatJeHHHM <f>ynKUHH. OH rronh3osancH o6lJ.lHM 
npeoopasoBauneM BHJJ.a 

F (t) = ! Cfnf (t + nt), 

" 
r)le n - u;enoe. M. Levy 0606lJ.lH.rr peJynbTarbl JJ.JIR nurerpanbHoro npe-
06pa3osauH11 BHJJ.a (8.91). 
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f (t) =Sc (v) e2"ivt d" (8.89) 

B ¢yHKUHIO npeoopa30BaHHH 

~ (0) = s i ('1) e2r.M dv, (8.90) 

ll.OCTaTOttHO ObICTPO YOb1BaIOmy10. npeo6pa30BaHH8~ cpyHKUHSJ 
onpe~ensercs KaK 

F(t)= s t(t+8)~(8)d6 
u Mo:>KeT OhlTh npe.u.cTaeneHa MHTerpanOM <l>yphe 

F (t) = SC (v) e12"'1 dv, 

r~e 

(8.91) 

(8.92) 

C(v) = S Fe-12-ir.•t dt = Sf (t') e-12"'1' dt' S ~ (0) e+12r.,e dB. 

(3.nech HcnonhBOBaHO (8.91) H nonoiKeHO t' = t + B.) YIHTerpanhl 

paBHhl COOTBeTCTBeHHO C (v) H r* (v), TaK 4.TO 

C(v) = c (v) r* ('1). (8.93) 

TaKHM oopaBOM, npuMeHeHMe cpyHKUHH npeoopaBOB3HHSI r.p 
9KBHBaJJeHTHO cf>HJlbTpauuu npu flOMOIIJ.H cf>HJibTpa c nepe.u.aT04.· 

Hoit cpyHKuueii T ('v). JlaopycT u Jlesu pacCMOTpenu pSI~ cpyHK .. 
UHii npeoopaBOB3HHSI, DOBBOJl5110lll,HX Bbl.lleJIHTh CHHyCOH,ll3JlbHble 

COCTaBJl5IIOlllHe HB CJIOiKHhIX KPHBhIX, nonyqeHHhIX nyTeM 9KCne

pHMeHTa. Pa3JJH4.Hble HMnynhChI (8.25)-(8.28), HanpuMep, ~aIOT 
nepe~aT04.Hble cpyHKUHH, COOTBeTCTByIOmHe HX cneKTpaM, H 

MOryT npHMeHHThCH ,llJISI npeo6pa3osaHH5I. <l>yHKUH51 (8.91) eCTh 

npocro B3aHMHa51 KOppenHUH51 MeiK,ny cpyHKUH51MH f 11 r.p. Kor.na 

r.p COBrra~aeT c /, Mbl nonyqaeM aBTOKOppeJJ51UHIO cpyHKUHH /, 
H paBeHCTBa (8.91) H (8.93) CXO~Hhl c (8.77) H (8.79). 

Yro6hI noKasaTh CB513h MeiK.llY pe3y nhraTaMH pasnH4HhlX pa3-

.u.enos 9TOii r naehl, paCCMOTPHM npHMep. Ilpe.u.noJJO>KHM, 4.TO Mbl 

paCCM3TpHBaeM 9KCnepHMeHT3JlbHYIO KpHByIO f (t), OTHOCHTeJlbHO 

KOTOpoii HBBeCTHO, 4.TO ll3CT0Thl Ilhlllle HeKOTOPO" VM sanucaHbl 
ne OlleHh Ha,lle>KHO. y crpaHHM, npem.u.e Bcero, 9TH ll3CTOTbl, qTO 

MO>KHO c~enaTh npu noMow.u npeoopasouaHHSI (8.91} c cpyHK· 
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UHe~ npeoopaaoeaHHH (8.26); Ayncuo eblqncnnTh 

S sin (2rcv MO) 
F (t) = 2vM /(t + B) 2rcvMa dB. (8.94) 

<l>yHKUIHl r.p (6) peBKO orpaHHqeHa Ha qacTOTe VM; ee cneKtp 

f 1 npH Iv I~ "M' 
1 (v) = l 0 npu Iv i > "M· 

Ilpeo6pa30BaHHe npe.ncraBnHet H.neanhHhiti <f>Hnhtp HHJKHHx qa

CTOT 11 UOJJ,aBnHeT Bee BhlCOKHe qacTOThI. OHO er Jia)l{HBaet 

9KCnepHMeHranhHYIO KpHey10 H yctpaH5IeT OCTpbie yr nhI H pa3-

pbIBhI, Kotopb1e MoryT -6hITh coMHHtenhHhtMH. HoBasi cpyHKUHH 

F (t) 11MeeT otqeTnuey10 rpau11uy npu VM. 

EcnH Haonio.neHHe Benach aa apeMH tt, cpyHKUHH co.nepncH'f 

TOnbKO 

N= 2\IM 't 

cteneHe~ caoooJJ.1>1 (cM. (8.51 )). Mhl paccMarpusaeM ee KaK 

cpyHKUHIO OJI,HHOqHoro coo6meHHH (pa3.nen 6, B) H npHMeHHeM 

MeTOJJ. orcqetoB WeHHona (paa.nen 7) c HHtepBaJioM otctt:e·roa 

(8.68): 
l 

Bum=-2-· 
VM 

OnepauHH OTClfHT&IBaHHff 3aMeH5Iet uenpepbIBHYJO KpMBYIO no

cne.noaaTeJibHOCThIO HMny Jib COB c OTC qHTaHHbIMH aMnJIHTY JJ.aMH 

FM= F (m9um). nocJieJI,OBateJibHOCTb HMnyJihCOB Hl\leet renepb 

oeCKOHellHO npOT.sJJKeHHblti cneKTp, KaK yKa3aHO B pa3.n;eJie 1 
(CM. (8.9), (8.11) H p11c. 8.1 ). CneKTp COCT011T HB HCXOJJ,HOro 

cneKtpa (Iv I~ "M), nostopHeMoro nepHo.n;H4ecKH B)I.OJih wKaJihI 

qacTOT c nepHO.ll;OM 2YM. 
Otcllethl Moryt nepe.naeatbCH no cHcteMe CBSIBH OJI,HHM 113 

MeTOJJ.OB COBpeMeHHOti HMilYJihCHOti texHHKH. 3rH 0TC4eTw BOC

np0113BO..ll.HTCSI Ha np11eMHO~ CTaHUHH, H Ba,aaqa COCT011T B BOC

CTaHOBJieHHH HenpephIBHOti KpHsott F (t). 8to MO}f{HO c.nenath 

9JieKtpHqeCKHM nyTeM npH DOMOIUH IlOJIOCOBOro cpHnbtpa, BbI

JJ,eJI5IJOIUero OJI.HY 113 OJJ.HH3KOBhlX tiaCTOTHhIX DOJIOC p11c. 8.1. 
To )Ke caMoe MO)KHO c.nenaTh u nyreM BhI4HCJieHHSI cyMMhI (8. 70): 

F(t)- ~ F sin 'lt (2vM t-m) 8 94 -~ m rc(2v~-wt-m)' (.a) 
m 
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qTO CHOBa COOTBeTCTeyeT MaTeMaTHqecKOMY OTIHCaHHIO neUCTBH~ 
HJJ.eanbHOro cpHJibTpa HHiKHHX llaCTOT. .[lnSl BhlllHCneHHSl cpyHKUHH 
e MOMeHT t HaM ey:>KHbl e npneuHne ece OTClleThl JJ.O H nocne t. 
EcnH Mbl XOTHM BOCCTaHOBHTb F (t) c TO'IHOCTbEO .no 10-1, Mbl 
.noniKHhI pacnonaraTh no MeHhrnett Mepe 1 O' qneHaMH JJ.O H nocne 
MOMeHTa t, TaK KaK qneHbl pa3nOJKeHHH y6b1BaEOT OlleHh Me.n
neHHO, ecero nnmb KaK m-1 unu (t' - t)-1• OJJ.HaKo eb1llHcnee11e 
BblllienpHBeJJ.eHHOlt cyMMbl SIB.TIHeTCH, nO~BHJlHMOMY' HaunyqrnHM 
nyTeM K BOCcTaHOBneHHIO KpHBOit, ecnH TpeoyeTCSI BblCOKaH 
TOqHOCTh. 

1 1. AnaJIH3 <l»yphe H MeTOJJ; OTClleTOB B Tpex HSMepeHHHX 

MeTOJlhl, paccMoTpeHHhie B npe.nh1.nym11x pa3.nenax, Moryt 
ClbITb pacnpocTpaHeHbI c 011.Horo Ha 11.sa HJIH Ha TPH H3MepeHHS1. 
Hccne11.yeM KpaTKO 9TH npooneMhI u noKaiKeM CBS13b c peHTreHocTpyK .. 
TYPHhIM aHanu30M KpHCTannos HnH c II.HcppaKUHett HettrpOHOB. 

CTepHOJlHllHOCTh e npocTpaucTee npOHBJIHeTCSI e KpttcTannH
qecKoU perneTKe H MoiKeT ohITh xapaKTepH3oeaHa ·rpeMH nepe

eocaMu d., d 2, d 3• <t>yHKUHSl F(r), 
r JJ.e r- eeKTOp (x, y, z) ne

• • 
• 

• 
• 

pttoII.H4Ha c 9THMH TpeMH ne
pHOJl3MH, ecnH oHa oona.naeT 
CJieJJ.ylO~HM CBOUCTBOM: 

Zz F (r + P1d1 + P-2d2 + Pada) = • 
• • 

Pwc. 8.lO. npRMOJfOJibHaR pe
meTK at onpeJl enReM a H oproroH a JI b

HblMH BeKtopaMH di, d,, ds. 

= F (r), (8.95) 

r JJ.e p., p2, p3 - nonoiKHTenh
Hble unu 01pttuatenhHble uenble. 
OowHtt cnyqatt KocoyronhHOtt 
CHCTeMbl BeKTOpOB d1, d9., da BbI-

3bIBaeT HeKOTOpble 3aTpy JJ.HeHHH, KOT Op hie o·rna11.aEOT B cnyqae 
opmoZOflll/lbflbtX Betemopo8. Mbl orpaHHqffMCH 9THM oonee rrpo
CTblM cnyllaeM H BbIOepeM npSIMoyronbHhie KOOpII.HHa'M xh ... t'2, 
x 3 B HarrpaeneHHSIX d., d2, d3 (pttc. 8.10). CocTas;u110mHe eeK
Topos TaKOBbl: 

r: (X1 X2 X3), 
di: (d., 0 0), 

d9.: (0 d9. 0), 
(8.96) 

da: (0 0 da), 
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0 nepHO.ll.HqHOCTb (8.95) aan11rneTcSI KaK 

F (x1 + p1d., x, + P2d2, Xa + p3da) = F (x., X2, x 3). (8.96a) 

TpH BeKTopa d1' di, da onpe.II.enHIOT OCHOBHJIO R4etiKy perneTKH 
c oo'beMoM 

vd = d1d2d3• 

nepHO}lHlleCK3S1 cpyHKUHSI F MO)KeT ObITb paano)KeHa B TpoAnott 
PSIJI. <t>y pbe: 

r.lle 

F = .!i chihshs e2xi(h1b1X1 +h2b2x2+hsbsxs), 

h1h2h3 

l 1 1 
bi= di , b2 = -d

2 
, ba = -if;; h1h2h3 - ueJibie. 

(8.97) 

Tpn oopaTHbIX BeKTOpa b1,b2, b3 TaK)Ke opToroHanbHbl H onpe
JI,eJJHIOT H4eih<y oe>paTHOti pemeTKH (pHC. 8.11 ): 

l 
Vb=b1b2ba= Vd • 

OopaTHaH perneTKa MO)KeT 6bITh onpe.II.eneHa 11 JlnH Kocoyronh· 
HhlX CTPYKTyp; ee ucc;ieJI.osaH11e B 9TOM cJiyqae npaBOJI.HT K 
CXO.QHblM cpopMy naM. Ko9cfxll11u11eHTbl <l>ypbe ch1h2h3 BhlQHCJIHIOTCSI 
c IIOMOlUbIO CJieJlyIOmero HHTerpaJia: 

did2d3 

ch,hsha = ~d ~ J J F (x., X2, Xa) e-2~i(h1b1X1 +h2baxs+hab3X3) x 

X dx1dx2dx3• (8.98) 

llnH semecTBeHHoit cpyHKUHH F 

C-h1. -h2. -ha= C%i. hs. ha-

3TH cJ>opMynhl 51BJH110TC51 npSIMbIM OOo6meHHeM (8.1 ), (8.2) 
u (8.3). CooTseTCTB11e oe5oaHa4eHHi1 TaKoso: 

nepnoJI. 't: d1, d2, d3, 

OCHOBl-la5I 4aCTOTa Vo: b1, b-}.1 b3, 
HOMep rapMOHHKH n: h1' hi, ha. 
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B TpexMepHoM cneKTpe Moryr ecrperuthCH pasnaqHoro po4a 
orpaHHqeHHH. 

A. Tpu omoeJtbHblX npeoe1ta 8 mpex Hanpa8JteHllJlX 

I h1b1 I ~Pt, I h.,,b.,, I ~ P2' I haba I ~ p3, 

OTKy na (CM. PHC. 8.11) 

{8.99) 

l h1 I~~;= P1d1, I h9. ! ~ P2d2, I ha J ~ pada. 

Be.rr11QHHb1 p1 p.,, p3 npe.n:craBJIHIOT HaHBhICll.IHe qacTO'fbI B nanpaB· 
neHHSIX 1, 2, 3. 3a.llaqa npe.n.CTaBJISieT COOOii nonpocTy HaJIO>Ke· 
nHe rpex oT,n:enbH~x o.n:HoMepHMx aa,n:aq THna A (CM. paa.n:en 6 

PHc. 8.11. 06parHafI pernenca onpe· 
]leJlfleTCJI BeKTOpaMH bi, bi, b,,. 

To'IKH pemeTKH JJe>KaT BHyTpH noKa3aHHoro 
Ha pucynKe nap&JJJJeJJemmcJl.a, ecJm p 1. p2, 
p3 - HaHBbICLUHe qaCTOTbl B Tpex M3Mepe-

HlH1X. 

!/J 

Y2 

PHc. 8.12. 06patHaH perneTKa 
onpeJle.TJeua BeKTopaMH bi, b:z, bi. 
Hu160.11&ll1aH qacToTa p He aaBHCHT oT 
HanpaBJJCHHSI, I{ TO'llKH petuCTKH BHC 

c<J>epb? pa.1rnyca p HCKJHOlfCHbl. 

9TOA r.rraew). B sroM rrpHMepe HMeeM TaKoe cootaeTCTBHe ooo
aHa qeHuii: 

HaHBbICIIIas. qacroTa 'i M • • • P1P2Pa· 

B. PaccMorpHM eiJUH.blU npeiJeA ttacmombl p npH yc.rrOBHH 

(8.100) 

(pHC. 8.12). 9TO ycnOBHe COOTBercreyer KpaTttaitrneii .ll.JIHHe 
BOJIHbI 1 / p. Oocy ,n:HM no,npo6Hee ero cp11aHqecKwtt CMhICJI. Kan~ .. 
n.aH cocrae.rrsuomaH h1 h.,, h3 e paano:>KeHHH (8.97) Bb1paiKaeT 
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cuHycoK.ll.8JibHOe pacnpe.lleneHue e npocTpaHcTse. Bee T04KK, 
Jie)Kamne B IlJIOCKOCTH 

h1b1X1 + h2b2X2 + hab3X3 = 0, 

HMelOT TY )Ke cpasy, ttTO H B Ha4aJie. Llpyrne napaJIJieJ1bHh1e 

rIJIOCKOCTH c OAMH3KOBOii cpasoii HaXO.llSITCSI l:f 3 COOTHOWeHKSI 

h1b1x 1 + h9.b9.x'J + h3b3x 3 = m, 

r.rr.e ni - uenoe. llJinHa BOJIHbI A ecrh paccroHHHe Mem.ny JJ.BYMH 

coce.rr.HHMH flJIOCKOCTSl~1H dm = -+- 1, H JiefKO HatiTH: 

(8. IOOa) 

r JI.e p onpeJI.eJieHo (8.100). DOJlhlllMe SHal:JeHHSI h COOTBeTCTByIOT 

KOpOTKHM BOJIHaM. BeKTOp (h1b1, h'1.b2, h3b8) opToroHaJieH nno
CKOCT5IM BOJIH, H ero JI.JIMHa eCTb 1 /A. 

<PyHKUHH c orpaHttlleHHhIM cneKrpoM (ycJioaue A n1n1 B) 06-

Jia.rr.a10T TOJlhKO KOHe4HblM 4HCJIOM CTeneHeti CB060JJ.bl. YCJIOBHe 

A SIBJISleTCSI oonee npOCTblM, TaK KaK OHO Henocpe.llCTBeHHO 

o6o6m,aer npooneMy A paa.llena 6. AHa.norKSI c (8. 5 7) TaKoaa: 

N1 = 2p 1d1 + 1 cTeneHeti cBOOO.ll.bl BJJ.OJib x., 
N'J=2p2d~+t cTeneHeti cao6o.llhl BJJ.OJih x 2, (8.101) 
Na= 2p3d3 + 1 CTeneHeft CB060.llbl B)J.OJih X3, 

OTKY .ll8 oomee llKCJIO CTeneHeii CBOOO.llbl 

(8.102) 

nocne.rr.Hee npn6ntt)KeHHe cnpaBe.rr.JIHBO, ecnu p1p2pa MHoro OOJibIIIe, 

qeM b1b'Jb3: 

~:=p1d1>l, p'Jd'J>t, Pada>l. 

Il poueJI.ypa OTC4HThlB8HlUI, OTIHCaHHaSI B pa3JJ.eJie 6 (CM. 

(8.59)-(8.64)) 1-1enocpe.llCTBeHHO npnMeHKMa npH np5IMOyroJihHOfl 

perneTKe c N T04KaMH OTc4eta BHYTPK SJ4etiKH d1d2d3: 

Xis= m1e., 
(8 .. 103) 
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3.nec& UMeeTCSI COOTBeTCTBHe: 

HHTepeaJI OTC'IeTOB 6, •.• , e., ;2, ;3• 

l1cXO,llH8SI cpyHKUHSI nerKO BOCCTaHaBJIHBaeTC51 no OTCqeraM 

npH IlOMOIUH TpOi1HOit cyMMbI 

F = ! Fm 1m2m3 gt (Xi - m1e1) g'I. (x2 - m2E2) X 

rJJ.e 
Fm1m2m3 = F (m1~1t m2e2, msea). 

<l>yHKUHSI g Oh1na onpe11.e.11eHa paBeHcTBOM (8.62): 

( ) 
sin (N;1tb;xi) 

g; X; = N· sin (1tb·X·)' 
' ' ' 

i= 1, 2, 3, 

(8.104) 

(8.105) 

ecnH npHHHTh BO BHHMaHHe COOTBeTCTBHe OOOBHaqeHHtt. 3aAaqa, 

TaKHM o6pa30M, UOJIHOCTblO peweHa, H MeTOJJ. OTC'IeTOB npH .. 

MeHSieTCSI OeB BCSIKHX BaTpy.nHeHHit. 

BTopaH saAaqa, B, c eAHHCTBeHHbIM npe.nenoM p (CM. ( 8.100)) 
51BJISieTCSI oonee CJIOJKHOit. Mbl nerKO Hai1.neM KOHelIHOe qHCJIO 

creneHeit CBOOOAbI, HO MeTO,U OTC'IeTOB MOJKeT 6hITb JIHWb Ha· 

MeqeH H OCTaeTC.51 npe.nMeTOM o6cy)KJJ.eHHSI. 

CocTaBJIH1011u1e <Pypbe h1 h2 ha e paenoJKeH1111 (8.97) Moryr 

6h1Tb npeJJ,CTasJieHhl Har JIHAHO, KaK T04KH Ha npHMOyrOJibHOtt 

pewerKe: 

(8.106) 

r 11.e h11 h2, ha - noJioJK11TeJihH&1e 11.1111 orpuuaTeJibHb1e ueJihre. 

8Ta perneTKa H3BeCTHa K3K OOpamHaR pememtca (reciprocal 

lattice). J{a)f(JlaSI TOttKa (h 11 h2• h3) 9TOtt o6parHoit perneTKH 

COOTBeTCTeyer 011.HOtt COCTaBJISIIOLUeit <l>ypbe. OcHOBHa.51 gqeitKa 

aToit perneTKH 11Meer o6neM 

Vb= b1b2h3, 

OTKY .na nonyqaeM: 

1 
vb- =Vd (8.107) 

TolfeK o6paTHott perneTKH Ha e.nuHuuy oo'beMa. Ilpe.u.en (8.100) 
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COOTB€TCreyeT ccpepuqeCKOii OOJiaCTH -B otSpa'THOfi peweTKe. 0Ha 

HMeeT o6i.eM (-!) 1tp3 H co.nepJrrnT 

N~ V -~ 1tp3 
d 3 (8.108) 

l'OtJeK B COOTB€TCTBHH c (8.107). 3TO BblpaJKeHHe ,llaeT qucno 
COCTaBJISUOUJJ1X cf>yphe, a cnenoBaTeJibHO, H 4HCJIO H€3aBHCHMblX 
CTeneHett cso60.uh1 JlJIH narneit cpyHKu1111. Cxo.ucTso MeiKJly 
(8.102) 11 (8.108) OQ€BH.llHO. CTepsoe paBeHCTBO COOTBeTCTByeT 
npRMoyronLHoii otSnacTH a otSpaTHoii pewerKe, BTopoe - ccf>e
p114ecKoii. 

Mb1 Mor JIH 5b1 nocrpoHTh npoue.uypy OTCI.JHTb1san11S1 c 11c
noJ1b30BaH11eM IV T04eK OTC4eTa s aneMeHTapnott H4ettKe d1d2d8 
npHMOii peUieTKH, HO 9Ta npotSneMa He tJhlJ13 noKa ,llOJliKHblM 
otSpaaoM otScyJK.uena. CTpSIMoyroJibHaH (11n11 Ky611qecKaH) perneTKa 
T04eK OTC4era He IlO,llXO.llHT, TaK KaK He o6na.uaeT Tpe6yeMoii 
ccpepHI.JeCKOii CHMMerpueU, H COOTBeTCTeyeT .upyro~ 33,llaI.Je (CM. 
(8.99)). Momno npe.n:craenTh cetSe cucteMy TOQ€K pernerKu, 
pa3MemeHHhlX B ueH-rpax OJI OTHO y JIOJKeHHhlX ccpep. 3TO npu
BO.llHT K rpaneueHTp11posaHHO~ Ky6114eCKOii perneTKe 1), TaK KaK 
.npyr11e reKcarona.HhHble cTpyKTYPhl o6na.n:aroT MeHbrneit CHM· 
Metpueit 2). 

PaCCMOTpHM CRCTeMy TOQeK OTcqera, pacnOJIO)l{eHHbIX B rpa
neueHTpHpoeaHHOii Kyt5111.JeCKOii perneTKe c pe6pOM a. Ky6 83 

co.uepiKHT qeTb1pe TOllKH OTC4eTa, 11, c11e.nosaTeJ1hHO, o6oeM u 
Ha T04KY OTCQeTa paaeH 

(8.109) 

B eneMeHrapHoii SI4eUKe V d KpHcTann114ecKOii pernerKu nMeeM: 

N'- Vd _ 4Vd 
--u--~ (8.110) 

1) CM., HanpHMep, JI. <I>. Tor, Pacno:to}KeHHH ua nnocKoCTH, Ha 
c<t>epe H B npocTpaucrse, <f>HaMarrHa, M., 1958 ( CTp. 266). (llpuM. 
nepeB.) 

2 ) L. B r i 11 o u i n, Wave Propagation in Periodic Structures, 1-st 
ed. l\1cGraw-Hi11, NY, 1946, 2-nd ed., Dover Publications NY, 1952, 
CM .. , eanpHMep, rJiasy 1, crp. 7. 
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TOQeK OTCQeTa. 9TO QHCJIO TOQeK OTC4.eTa 11.0JDKHO paBHSITbCSI 

qHcny N C're11eHefi ceooOJJ.bl (CM. (8.108)), oTKy .na HaXOII.HM: 

N' = N, -1- 7tp3 = r;~·, p8 = ( ! )"". (8.111) 

PacCTOHHHe MeiKJI.y 11JIOCKocrs:1~H TotteK orcqeTa, 11apaJineJih· 

HbIMH OCH~I X1, X2, X3, paBHO 81 == 8/2; paCCTOSIHHe MeJKJJ.Y 

DJIOCKOCTSIMH, nepneHJlHKYJHipHblMH K r JiaBHblM 11.HaroHaJIHM, paBHO 

o2 = 3/ y' 3. CpaBHeHHe 9THx paccTOHBHfi c KpaTlJatirnett JI.JIHHott 

BOJIHhl A= p-1 JI.aeT: 

( 
3 )1/3 2p31 = -; ~ 0,986, (3) 1

/a 2 2p811= ~ vaR:::l,14 (8.112) 

BMecTO ycJIOBHSI 

2pE=l 

o TpexMepnott 3a,naqe (cM. (8.103)). 
LlJIH 11ocne.noBareJ1bHOrO JI.OBe)J.eHHH .no KOHua MeTO)J.a OTClle

TOB HY)l{HO paCCMOTpetb HMl1Y JlbCHYIO cpyHKUHIO g (r), COOTBeT

CTBy10my10 II.aHHOti 3a)J.a4.e. l1M11y JlbCHaH ¢YHKUH51 JI.0Jl)l{Ha COJI.ep

iK3Tb TOJihKO BOJIHhl II.JIHHHee 1 /8. OcTaeTCSI BbIHCHHTh, cosMe

CTHMO JIH B Tpex (HJIH JJ.BYX) H3MepeHH51X 9TO ycJIOBHe c JI.pyrHM 

npeJJ.110JIO)l{eHHeM OTHOCHTeJibHO (8.60), a HMeHHO, qTo HMDY JlbC· 

HaSI cpyHKUHSI g (r) paBHa e.nHHHUe 11PH r = 0 H Hy JllO BO acex 

ocTaJihHbIX TOQKax orcqera. EcnH 9TO BTopoe ycnoaHe ue MOJKeT 

OblTb BbinonHeHo, TO 11p11MeHeHHe MeToJI.a oTc4.eTOB cyr.uecraeHHO 

ycno)l{HHTCSI. EJJ.HHCTBenuoe 11paKTH4.ecKoe perneuue cocTOHJIO Ohl 

B 11pHMeHeHHH 11poueJJ.yp&1, CXO)J.HOU c ODHCaHHOU B KOHUe paa

II.eJia 10, a HMeHHO, a 11po11asoJ1bHOM BBeJI.eHHH rpaHHUbI THna A 
(CM. (8.99)) 11yTeM TpOAHOfO HHTerpHpoBaHHH BpOJI.e (8.94) c 110-

cneII.ytoIUHM HCl10Jlb30B3HHeM npsiMoyrOJlbHOU perneTKH T04.eK 

oTcqeTa (8.103) u (8.104). 9To JJ.acT 110 KpattueU Mepe nocne

.noaaTeJihHblit H 11paKTH4.Hblti MeTO.ll.. 

12. Hccnenooauae KpHcTannoo penTreuooblMH nyqaMu 

Bo11pocbl, oocyJKJI.aBrnHeCSI B 11peJI.hl,U,YllJ.HX pa3JI.enax, TeCHO 

CBH3aHbI c aHaJIH30M KpHCTaJIJIOB npH IlOMOIUH peHTreHOBblX nyqeU. 

KpHcTaJIJI 11peJI.cTasnsieT co6oti TpexMepHyto 11epHO.ll.H4.ecKy10 

CTpyKTYPY c OCHOBHOU gqeilKOlt db d2, da, " nepHO.ll.H4.ec1<aSI 
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cpyHKUIHl B 9T0'1 perneTKe BhlpatKaeT rIJIOTHOCTb 9JieKTpOHOB. 
HHreHcHBHOCTh peHrreHOBhlX nyqeH, orpameHHhlX e pasnnttHhlX 

HanpaBJieHIHlX, onpe.uenHeTCH KBa.uparaM11 MO.UY nett I ch1hsh3 [
9 

K03cpcp11u11eHTOB <Pypbe B TpOitHOM pa3JIOiKeHl111 (8.97), HO COOT• 
eeTCTey10mHe cpa3bl He MoryT OhlTh HaiiJI.eHhl no 9KcnepuMeH
ranbHbIM JI.aHHhlM 1). 6onee Toro, cymecrsyer orpaH114eH11e 4HCJia 
K03cpcjJ11u11eHTOB, KOTOpble Moryr ObITh nonyqeHbI 113 9KCnepH· 
MeHroe c peHrreHOBhIMH ny1..rnMu .u.aHHOi1 JJ.JIHHbI BOJIHhl A.. CHHy

co11.uanbHOe pacnpe.uene1-111e 9JieKTPOHHbJX rIJIOTHOCTett c JJ.JIHHOii 
eoJIHbl A oTpaJKaeT peHrreHOBhl ny411, na.ua10mue no.u yr noM 9, 
ecn.11 BhlrIOJIH~Ho ycnoBue Ep9rra 2): 

A.= 2A cos 9. (8.113) 

Ecnu noBopallHBaTh KpHcraJIJI B nylIKe peHtreHOBbIX nyqeii, 

ro MOiKHO ooHapytKHTh Bee aHa4eH11S1 ""\, YJI.OBneraopH10m11e 

YCJIOBl1JO 

(8. I 14) 

B MeTo.ne lletJaH-Wepepa nonyqa101cH cxoJI.Hh1e orpaH11lleHasc 
MbI npHXOJJ.HM K sa.uatte B pasJI.ena I I. <l>yHKUHH F npH 9THX 
ycnoB11Hx 11Meer He 6onee qeM N creneHeii CBOOOJI.bI (CM. (8.108)), 
H MhI nonyqaeM TOMKO N /2 .uaHHhIX 11s onhITOB c JJ.HcppaKu11e'1 
peHTfeHOBhlX ny4eii. CTaTTepCOH 3) npeJJ.JIOLKHJI paCCM8TpHB8Tb 

cpJHKU11IO 

d 1 ds d3 

P (u1, u2, 113) = ~~d S S S F (x1 + ll1t x 11 + u2, x 3 + u3) X 
0 0 0 

(8.115) 

9TO ~ nonpocTy 3BTOKOppeJI51UHOHH3H cpyHKUHSI (8. 77) B rpex 

1) CM. npeJlbl.llyrn.yro ccbl.TJKY, r.11as 6 H 7; R. W. J a m e s, The Optical 
Principles of the Diffraction of x ... }(ays, rJI. 7, G. Bell, London, 
1950. 

2) Ha3bIBaeMoe raK}Ke ycn.osneM 6p9rra-Bynb<pa, raK KaK ouo ObIJio 
He3aBHCHMO HatineHo IO. B. By.11bcpOM. (llpu~t. nepe8.) 

a) A. L. Patterson, Phys. Rev. 46, 372 (1934); Z. Krist. 90, 
517 (1935); D. Harker, J. Chem. Phys. 4, 381 (1936); R. W. James, 
The Optical Principles of the Diffraction of X-Rays, G. Bell, London, 
1950. 
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H3MepeHHHX. 3aMeHHH F (x1 +uh ... ) B (8.115) ee paanome· 

HHeM <Pyphe (8.97), nonyqaeM: 

(8.116) 

8Ta cpopMy na HBJIHeTCH npHMhIM ooooweHHeM (8. 78) 11 co.u:ep

>KHT TOJlhKO HHTeHCHBHOCTH CC*' HO He cpa3bl. MeTO.lL naTTep

COHa, npe.QJIO>KeHHhlti He3aBHCHMO, npeJI.CT3BJIHeT COOOti Heno .. 

cpe.u:cTaeHHoe pa3BHTHe aaTOKoppenHuHoHHoti cpyHKUHH BHHepa. 

CoOTHOilleHHSI CHMMeTpHH, oocy)K.QeHHble B pa3JI.eJie 9, npHMeHHMbl 

11 a.u:ech, 11 cpyHKUHH IlaTTepcoHa co.u:ep>KHT TOJihKO ~ N He3a

BHCHMbIX napaMeTpOB. J{JJ51 npe.u:cTaBJJeHHH 9TOti cpyHKUHH npH 

nOMOWH OTC4eTOB HeOOXO,lLHMO HMeTh B CHJIY CHMMeTpHH TOJlhKO 
I 

2 N oTctJeToB Ha npoTH>KeHHH nonoBHHhI 9JieMeHTapHoti KpHCTan-

JIHtJecKoti HtJetiKH. 

Jlpyroti MOWHhlti MeTO.Q HCCJJe.QOB3HH51 npe.QJJO>KeH nenHHCKHM 1) 

flO.lL H33BaHHeM KOHBO.ll10f;'1llU. npaKTH4eCKH OH COOTBeTCTByeT 

npeoopa30B3HHHM, OOCyJKJLeHHhlM B pa3.QeJie 10, OOOOWeHHhIM 

.QJISI Tpex H3MepeHHti. 8TOT MeTOJI. OK333JIC51 HCKJII04HTeJihHO 

none3HhIM npu 11ccne.u:oaaHHH cnoJKHhIX CTPYKTyp. MhI peKOMeH

.u:osan11 B KOHUe pa3.u:ena 10 npHMeHeHHe HMTIYJihCOB (8.25)
(8.28) B Ka4eCTBe H.U:ep JIHHetiHhIX npeoopa30B3HHti. nenHHCKHti 

H33hIBaeT cpyHKURIO (8.26) aapo.M Jl,tipllX.lle H 00p3THYIO cpyHK· 

UHIO (8.27) - aapo.M </Jeuepa C npHHHTHeM C (t) .lLJIH cpyHKUHH 

H f ('J) .QJJSI cneKTpa (/ H c 3aMeHSIIOT .u:pyr .u:pyra). nenHHCKHM 

npeJI.JJO>KeHbl H JI.pyrue 51.Qpa H OOCY>K.QeHbl MHOrHe B3>KHble np-H

.. 110JKeHHSI. 

MraK, 11ccne.u:oaaH11e KpucTannos peHTreHOBhIMH ny4aMH npe.u:

cTaBn»ercH B BH.Qe TpexMepHOti 3a.u:a 4H, CXO.QHOti c aHaJIH30M 

CHrHaJia B O.QHOM H3MepeHHH. 

1) R. Pepin sky, Report to the Office of Naval Research, Feb. I, 
1952. 
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JlJISI JlOKasareJJbCTBa HepaBeHCTBa (8.49) paCCMOTpHM HHTe· 
rpan 

I= SI F +ca \9 dt = S (F* + cO*)(F + cO) dt > o, (8A.1) 

r ,ZJ.e c - BeIUecreeHHaSI nocrOHHHaSI. PacKpb1oaS1 CKOOKH, nony ... 
t.JaeM: 

l=c' s O*Odt+c s (F*O+FO*)dt+ s F*Fdt. 

3To ecTb COOTHOWeHHe OTHOCHTeJJbHO c: 

Ac2+Bc+c> o. 
BemecroeHHoro KopHH He JlOJIJKHO 6bITb; no9TOMY 

B2 -4AC~O, 

HJIH 

a 9ro u ecrb Hepaoeucroo Woapua. 

(8A.2) 

(8A.3) 



fJlABA 9 

OCHOBbl TEPMO~HHAMHKH 

t. BseJleHHe 

B npeJlhIJI.Yll~MX r naBax o6cym.u.ancff Bonpoc o TOM, KaK 
MaTeMaTH4eCKM onpe)leJIHTb MH¢opMaUHIO " K3K H3,\1epHTb ee 
KOJIHlleCTBeHHO. OrpaHnlleHHOCTh TaKoro onpeJI,eneHMSI 6hlna noJl· 
qepKHyTa B nepBo" r naBe; nocne.u.yrowne r naBhI 6hlJIH nocBHWeHbl 
paaBHTHIO " np11MeHeHHHM o6wnx onpeJleJieHM". 

oblna o6napymena TecHaSI CBSI3h Me>KJlY TeopHe" HHcpopMaunn 
H TepM0JlHH3MMKOtt; HHcpOpM3UMH npeJI,CT3BJI51eTCff CBSI3aHHO" 
c 9HTponnett. 06cymJleHne 9Toro HOBoro acneKTa Teopn.w MhI 
HatIHeM c KpaTKOfO o6sopa OCHOB TepMO.llHHal\tHKH. 

2. ~Ba eaqaJia TepMOJlHHaMHKH; 9HTpODHSI H eer9HTponHJI 

A. CoxpaHeHne 9Heprnn. 
B. CTpMHUHil Kapuo. no KeJibBHHY 9TOT npHHuMn 03Ha4aer 

iJe2paiJaqrt10 81tep2Ull. 
3HeprHff BhICOKoro KalleCTBa (high grade)- 9TO MeXaHHIJe"' 

CKaH H 9JieKTpMqecKaSI 9HeprHff. 
8HeprHH cpeJlHero KaqecTBa - 9TO XMl\IHlJ:ecKaSI 9HeprHSI. 
3HeprMH HM3Koro KaqecTBa - 9To Tenno .. 
06IIlee KOJIHqecTBO 9HeprHH OCTaeTCSI HeM3MeHHh1M B 33MKHY· 

Tott H30JIHpOB3HHO" CHCTeMe.. CTpeo6pa30B3HMH HJIH XHl\fMlJ:eCKMe 
peaKUMM eHyTpM cncTeMhl He HSMeHffIOT KalleCTBa aHeprun npu 
o6paTMMhlX npeoopa3oBannsix. Heo6paTMMhle npeo6paaoBaH11H noHM· 
iKaIOT KaqecTBO. 

KaqecTBO 9HeprHH 1\tomeT 6hITb Toqno onpe.lleneuo qepea 
ompuqamellbHYIO BHmponu10 (- S). CornacHo eTopoMy Ha4any 
9HTponHst Beer .lla B03pacTaeT, MJIH no KpattHe" Mepe ocraercsi 
HensMennott, TaK llIO orp11uaTeJibHaSI aHTponHff ocer Aa y6h1Bae-r. 
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OnpeneneHne 9HTponnH 

Ecnn CHCTeMa nony1:1aer KOJIH4eCTBO Tenna ll.q, TO 3TO COOT• 
seTCTByeT ysenH4eHHIO 3HTpOnllH CllCTeM~ Ha 

:lq 
AS= T' l1q= TAS, (9.1) 

T - aocOJIIOTHaH . TeMnepaTypa (no KeJJbBHHy). B rpanycax 
UenhCHSI 

T°K=t 0 c+213,15. 

HecKOJJbKO THilHl[HblX cny1:1aee nocnyiKaT npnMepaMH. Pac
CMOTpHM nse conpwKacaIOru.Hecst CHCTeMhI A H B, Morymne ooMe· 
HHBaThCH paooToti " TennoM. By neM C4HTaTb, l[TO cncTeMa AB 
naonHposaHa OT csoero oKpyiKeHnH. HeKotopoe npeoopasoeatt11e 
npHBOJI.HT K cneJI.ylOW.llM ycJJOBHHM: 

A 

B 

CosepwaeMaSI 
pa6oTa 

(work output) 

IloJiy"laeMoe 
TenJio 

(heat input) 

TipHpaw;emi:e 
9HTponHH 

(entropy input) 

nonHaH 9HeprHH CH CTeMhl AB OCTaeTC5l Hell3MeHHOA. 

IlpuMep~ ueoopaTHM~X npeoopa30B3HHA 

llomoK menJta OT ropgqero Tena K xononHoMy: 
Paoora .He coneprnaeTcH: WA= O; W 8 = 0 .. 
Ilepe.u.a.HHoe Tenno: qA=-qB, qB>o 

AsA+ASB=qB( iB - iJ>o. 
06111aB 3HTp0llHB B03pOCJia. 

(9.3) 
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Tpe1tue, Bfl31'oe iJe.MnifJupooa1tue: TA= T n = T- o.n.Hopon· 
Hasi TeMnepaTypa. PaooTa cosepwaercsi TenoM A, Teano BMJI.e
nsieTcH e B: 

wA>o, qA=o, WB=O, qB>o, 
WA-qB=O, 

qB WA 
ASA+ ASB= T = T > o. (9.4) 

0 omaH 9HTpon1u1 sospocna. 
noJIHaR 9Hepriu1, co11epJKamaS1cS1 e cncreMe, Momer o&ITb 

onpe11eneHa, ecn11 MM sHaeM noc1poen11e c11creMM na ee cocTaB· 
HbIX qacyelt (9HeprHSI KOTOpMX npeADOJiaraeTCSI H3BeCTHOt;l) H ecnu 
Mbl ytITeM coaepwenny10 npn nocTpoeHHH pa6oTy n BMJI.ennB· 
weecS1 Tenno. IlonHaSI 9Heprnsi U ecrh cpynKunH scex qn1a11tJe· 
CKHX H XHMHlleCKHX napaMeTpOB, onpe.n.enSIIOIIlHX CHCTeMy. 

Ecnn c11creMa MOJKeT 6hITb nocTpoeHa nyTeM nocJieJI.OBa
TenhHhIX otJpamuMbl.X npeo6pasooa1tuu, TO no1t1taR aHmponuR 
s CHCTeMY onpeAenHeTCSI KaK 

(9.5) 

T. e. KaK cyMMa 9HTpOOHfl, CBSl3aHHblX C K81K.ll.hlM oopaTHMMN 
waroM npeoopaaosaHnsi. 

HezaHmponllR 1) (N = - S) npeJI.cTasnHeT 1'attecmoo anep
rHH, u .ll.OJI>KHa seer .n.a yoMBaTb. B 3TOM COCTOHT CMblcn Kenb
BHHOBa npHHUHila OezpaOall;UU 81tep2Ull, H Hey .ll.lfBHTeJibHO, lJTO 
eaJKHOCTb Her9H'rpon11H oMna npnanaHa onH3KHM JI.pyroM Kenh
BHHa, KOTOpMt;l nucan 2): 

«Bec&Ma JKenaTenbHO HMeTb cnoso, Bb1pa)Ka10wee cnocoo· 
1tocmb Tenna, aanacenHoro e HeKoTopoM CKJia.n.e, nponasecTn 
paooTy; repMHH .n.nH B03MOJKHOCTH, yTepsi KOTOpolt H83MBaeTCH 
pacceJ11tlleM. K co)KaneHnlO, npesocxo.n.Hoe cnoeo aHmpon1in,, 
KOTopoe KnayaHyc aaen s CBSl3H c 9THM, OhIJIO HM npHMeneHo 
B 0 T p H u a T e JI b H 0 M CMhICJie no OTHOWeHHIO K IlOHBTHIO, KOTO• 
poe uaM ecTecTeenuo xoqercsi BMpasntb. Ho MM JIHWh cMy .. 
THJIH OM y11awerocS1, ecnH 0&1 nonhlrannch BhIJI.yMaTh nosbltt TepMHH 
AJISI 9Tott uenn. BMecTe c TeM HaJI.OOHOCTh B TaKoro poAa Tep· 

1) CoKpameuHe JIJU:I negative entropy- orpnuare.11huott serponHH. 
(npu.u. nepeB.) -

s) P. G. Ta i t, Sketch of Thermodynamics. p. 100. Edmonston 
Douglas, Edinburgh, 1868. 
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MHHe 6y D.eT OlleBHll.H8 M3 npeKpaCHhIX npHMepoB, cne.nyromHx 
HMiKe». 

MaonMponaHHaSI cMcTeMa oona.naeT HezaHmponueu, ecnH oHa 
oouapymMsaeT noaMOiKHOCTh coneprneHMSI MexaHttY:ecKott MJJH 
3JJeKTpMY:eCKOtt pa60TbJ: eCJJM CMCTeMa He MMeeT OJI.HOPOJI.HOtt 
TeMneparyp&I, a COCTOHT H3 pa3JJH4:HbIX llacrett c pa3JJMllHblMM 
TeMneparypaMM, OHa co.nepiKHT HeKOTOpoe KOJJHqecTBO HerSHTpO· 
"""· HerauTponMst MoiKeT O&ITh Hcnonh3oeaua lf.JISI nonyt1eHMH 
HeKoTopo" MexaHHY:eCKOtt paOOTbl, conepwaeMOtt CMCTeMott, MJJM 
oHa MOiKeT OhITh npocro pacceSIHa M norepstHa ncne.ncrnHe renno ... 
npOBO.llHOCTM. 

Pa3HOCTh JI.anneHM" n pa3JJHY:H&IX qacrsix cHcreMbI HBJJsiercst 
.npyrMM cnyt1aeM HerauTponMH. Pa3HOCTb sneKTpHt1ecKHX noTeH
uHanon npe.ncTannsieT eme Oll.HH npHMep. Cocy .n co ciKaThIM 
B03JI.yXOM B KOMHaTe npM aTMOCcpepHOM JI.aBJJeHHH, OTK3ll8HHblA 
cocy JI. n TaKott iKe KOMHaTe, sapstiKeHHast 6aTapest, nioooe ycTpott
CTBo, KOTopoe MOiKeT rtpOH3BOJI.MTb 9HeprMIO BhICOKOro KalleCTBa 
(MexaHHY:ecKyro paoory) MJJM JI.erpa.nMponaTh B pe3ynhTaTe KaKoro
nttoo HeoopaTMMOfO npouecca(rennonpOBO.llHOCTb,9JleKTpM4:eCKOe 
conpOTRBJleHMe, Tpeuue, BSISKOCTL ), ecTb HCTOllHMK HersHTponHH. 

BaiKHOCTh paccMorpeHHSI OTpHuaTeJJhHott surponnH OhIJJa 
nO.llllepKHyTa Wpe.nttHrepoM e ero HHTepecHettmett KHMre <'4To 
raKoe iKM3Hh» 1

). EcnM iKHBott opraHtt3M Hyjf(.naercst n nMme, 
TO JIHWb H3·3a Her3HTp0IlMM, KOTopyIO OH MOiKeT nonyllHTb M3 
IlMillH " KOTOpast HeOOXO.llMMa JI.JIS1 BOCilOJJHeHMSI norepb Ha conep
weHHYIO MexauHt1ecKy10 paooTy HJJM ocneJI.CTBHe npoueccos 
)lerpaJI.aUMH B iKHBOM opr 3HH3Me. 3HeprHSI, co.nepiK3IJl8SICSI 
n nMme, He MMeeT cywecrneHHoro aHaY:eHttst, raK KaK oHa coxpa
HSiercSI M HHKOr .na He TepsteTcst; BaiKHYIO pOJJb MrpaeT HMeHIIO 
Her3HTponHSI. 

3. HesosMo>KuocTh uequoro JlBH>KeHHB; Tennosble MamHHLI 

.l\i\aWMHa, npttMeHSllOlll3SI TOJJhKO oallH pe3epnyap npH .lt3HHOA 
TeMnepaType T, He MOiKeT npenpaTHTh renno n paoory, raK 
KaK 9TO OhIJIO 6&1 B npotHnopeqHH c paneHCTBOM (9.4) uamero 
npttMepa H oaHaY:ano Ohl yMeHhllleHMe SHTponMM. MarnMua MoiKeT 

1) E. Sch r 6 ding er, What is life?, Cambridge U. P., NY, 
1945. f3. w pell H Hr e p, ttro TaKoe l«M3Hh c fOlJKH apeHHB 4>H3HKH, 
\till, l 946J ' ' 
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npon3BO.llMTh paooTy npn Han11qnH 11Byx peaepsyapoB A H B 
np11 11eyx pa3JIMqHwx TeMnepaTypax 

TA> TB. 

LlettcTBHe MalllMHbl COCTOHT M3 nocJJeJJ.OBaTeJJbHhIX UHKJJOB, BKJl.t0-
qa10w.11x B ceost: 

A. TiepeJJ.aqy Kon11qecTea Tenna qA OT pe3epeyapa Tenna A 
MalllHHe (nonyqaeMoe Tenno ). 

B. npon3BOJJ.creo MalllHHOtt paooThI W. 
C. Tiepe11aqy pe3epsyapy B KOnHqecTBa -renna qn (npw 

HH3KOtt TeMnepaType). TaK KaK Mbl cqHTaeM noAyttae.Moe menAo 
IlOJIO)KMTeJJbHbIM, TO 3JJ.eCb MbI HMeeM orpHuaTeJJhHOe nonyqaeMOe 
Tenno, T. e. q 8 < 0. no 3asepllleHnn nonHoro UHKna JJ.ettcrs1-u1 
M31llHHa B03BpawaeTCSI B HCXOJJ.HOe COCTOSIHHe. 8ro 3HaquT, qTO 
ee IlOJJHaSI 3HeprH51 HMeeT CHOBa HCXO.llHOe 3HaqeHHe: 

W-qA-qn=O. (9.6) 

ECJJM 11ettCTBMe oopaTMMO, TO " TIOJIH3SI 9HTpOTIHf.I MalllMHhI He 
11.0JliKHa H3MeHHTbCSI: 

OTKy.lla 

HJJM 

Tn 
qn=- TA qA, 

q B orpnuaTeJJhHO, K3K nOHCHeHO Bhlllle. 

llpyrHMH CJIOB3MH, HeKOTOpoe KOJJnqecTBO 9HTpOnHM 

!lS = + !lSA = - !lSn 

(9.7) 

(9.8) 

(9.9) 

cna11aer OT BhICOr<ott reMneparyphI TA .llO HH3Kott TeMnepaTyphI TB• 
Ko.,TJHqecTea TenJia, nonyqaeMhie np11 9THX 11eyx TeMnepaTypax,, 
paBHW COOTBeTCTBeHHO: 

qA=+TA!lS, qn=-Tn!lS. (9.10) 

06wee KonnqecTeo TenJia qA + q B =(TA - T n) !lS > 0 nono
>K.HTenhHO. MalllHHa noJiyquna 60Jlbllle renJJa OT 11.c1oqH11.Ka BW .. 
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COKO&:i TeMneparyphl, ne>KeJJu B03BpaTHJia npH HH3KOD TeMnepa
Type. EanaHc 9Hepran ypaeHHBaeTcSI coeepwennot:t MalllHHO&:i 
paoo-roA (CM. (9.6)). Ten1to80U tcoatfJtfJttqlleHm no1te3H020 oeu
cmBUR onpeJI.eJIHeTCSI KaK OTHOllleHHe COBepweHHOfi pa60Tbl 
K nonyqeHHOMY Tenny: 

W TA-TB 
-= T <I. (9.11) 
qA A 

ilpHMephI 

Tennoean Mawana: Tenno TelleT OT BhlCOKoA reMnepaTyphl 
K HH3KOfi, coeepwaeTCff paooTa. XoJIO,llHJlhHHK eCTh oopameHHaH 
Mawutta: 3JI.eCh noAyttaeMaR paooma JI.aer noTOK Tenna OT 
HH3KOfi TeMnepaTyphl K BhlCOKOfi. 

Pa3JIH4Hhie ·KaqecTea 9HeprHn B 9THX npnMepax nerKo pac .. 
nosHaTh. PaooTa ecer .u.a MO>KeT OhITh nonHOCThIO npeBpameHa 
B Tenno (cM. (9.4)). Tenno MoiKeT OhITh cHoea npeepameHo 
B pa6oTy JJHWh '-laCTHqHO (CM. 9.11 )). 

EcnH H3MepSITh KOJIHqecTBO renna B e.llnHnuax eneprHH, To 
q ·.naHo B sprax (cncreMa CGS), a He a I<a.rropHSIX. Bh1paiKaS1 
reMnepaTypy B rpaJI.ycax Hen&BHHa, nonyqnM 9HTponnID S B 9prax 
Ha rpa.u,yc. 8HTpOnHIO S MOiKHO CJI.eJiaTh Oe3pa3MepHOfi BeJIHt.fH
HOfi, ecn11 cqnTaTh, llTO TeMneparypa T nMeer pa3MepHOCTh 
sneprnn (CM. r naey 1, pas.lleJJ 1 ). B 9TOM cnyqae K09cpcpHunenT 
npeoopasoeaunn ecTb 

k= 1,38. 10-16• 

Benttt.fnHa kT HMeeT pa3MepHOCTh sneprna, H k MO>KeT pac
CMaTpneaThCH KaK OTBJieqeHHOe qncno. 

ECJIH paccMaTpHB3IOTCH TOJlbKO oopaTHMhle npeoopa30BaHH51, 
TO B03MOJKHO onpe.n.eJIHTh IlOJIHYIO 9HeprHIO u HeKOTOpoti cpH3H
qecKofi cncTeMhl H ee nonHy10 9HTponn10 S. Ooe 9TH BennqnHhI 
51BJlfllOTCS1 cpyHKUHHMH cpH3HqecKHX nepeMeHHhlX, onpe.u.enSIIOUlHX 
COCTOHHHe CHCTeMhI. 

B Ka4ecTee npaMepa npnMenennH TepMO.llnnaMnqecKnx MeTo
.n.oe paCCMOTpHM cnyqat:t ,llH9JJeKTPHKa c .llH9JieKTPHlleCKOfi npo
HHU.aeMOCTh£0 ~ (T), saencHmeA or TeMnepaTyphl. HanpaMep, 

D=eE, e(T)=eo+t:o• (9.12) 
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r JJ.e D - 9neKTpnt1ecKoe cMemeuue, E - nanp5tiKeHHOCTh 9neKTpH· 

qecKoro non51, C - nocTOBHHa51 K10pn, 6 - TeMnepa1ypa K10pn. 

TeopeTnlfeCKOe nccne.rr.osaHHe oonapyncnBaeT 33BHCllMOCTb 

Ten11oeMKoc111 oT noJn1p11aauH11, a cneJI.oHaTenhHO, oT cMeweHiu1 D. 
IloJI.pOOHblit aHaJIM3 JI.aeT COOTHOIJleHne Mei:K.rr.y 9THMll pa3JIH4· 

HYMH CBOitCTBaMn: UOJIIIaH 9HeprHSI u H 9HTpOilll51 s BeweCTBB 

BYpai:KaIOTCSI cpopMy naMn: 

lY.13) 

(9.14) 

r JI.e U0 n S0 cooTBeTcTsy101 01cyTCTBHIO nonHpnaau1111 (D = 0). 
Ilpe.ll.IlOJiaraercSl, lfTO BewecTBO TBep.rr.o H HeCi:KMMaeMO, H 

9neKTpocTpHKu11ett npeHeoperaercSl. AHa11or11lfHbie cpopMynLI npH

MeHMMhl K npooneMaM MarHeTH3Ma 1), lfTO HMeeT B3i:KHYe npHJIO· 

i:KeHM51. Ha 9THX COOTHOWeHH51X OCHOB8H H3BeCTHhlii MeTOJI. OXJI3i:K.ll.e· 

HHSI pa3MarHnlfHBaHHeM lle6ast--l{iKH6Ka (Debye-Giauque), KOTO .. 

pbiit Il03BOn5IeT .llOCTHlfb TeMnepaTyp, COCTaBJIHIOillHX JI,OnIO rpa.rr.yca 

aOCOJIIOTHOit WK8Jibl. 

4. CTaTHcrHqecKoe TonKoeaHHe 9HTponHH 

BenH11HHa, H83B8HHa51 a11.mponue'/i, cpopMaJihHO onpe.ll.enetta 

paBeHCTBOM (9.1 ), H Mbl noKasanH Ha HeCKOJibKHX npnMepax, lITO 

OHa HaXO.ll.HTC51 B OOpaTHOM COOTBeTeTBHH Kattecmay .9Hep2Ull. 
BTopoe Hallano yeraHaBnneaeT, 11To 9HTponust .ll.OJii:KHa Beer JI.a 

B03paCT3Th, TOf .rr.a KaK 9HeprnSI Beer .ll.3 TepHeT CBOe Katf eCTBO 

(JI.erpa11aunB 9HeprHH KenhBnHa). 

SlcHoe HCTOJIKOBaHne 9TllX OOIIlllX CBOf;ieTB .ll3HO fn60COM, 

MaKcBeJIJJOM, EonbuMauoM u aaBeprueno IlnaHKOM. OcHoBaHHe 

9Toro ooostcnennB HaitJJ.eHo B aTOMHoit crpyK1ype Ma1epnn 11 

KB8HTOBYX 38KOHax ycTOitlfllBOCTll 8TOMOB, MOJieKyn n KpncTaJI

JlOB. ATOMY TaK MaJJY, qTo KOJtnt1ecTeo nx e 111000M Kyco11Ke 

eemecTBa, c KOTOpYM Mbt 9KCnepHMeHTnpyeM, orneJIOMJI51IOWe 

BeJIHKO. fpaMM-aTOM semecTea COJI.epi:KMT OKOJJO 6 . 1023 8TOMOB. 

BMeCTe c TeM Mbl COBeprueHHO He B COCTOHHHll cne.rr.nTb aa 

.llBH:>KeHHeM OTJI.ellhHhlX aToMoe. EJI.HHCTBeHHble eeottcTBa, KOTO· 

1) Cttt., uanpHMep, L. B r i 11 o u i a, H. P. Is k end e r i a n, Elec. 
Commun. 25, 300 (1948). 
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pble Mbl MOiKeM npaKTHlfeCKH H30JIIO.lI,aTb, - 9TO cpe.n.HHe craTH· 

CTR4eCKHe eeJIH4HHbl. 

CTarHCTHLJecKaS1 reopHS1 TepMo.n.111HaMHKH, ocHoBaHHaSI Ha 9rnx 

OOWBX 3aMe4aHHSJX, upe.n.craBJISleT cooolt OJI.HY fl3 Han6onee 

paspaooTaHHblX r JiaB cpH3Hl{H. KaK oy .n.e'f noKa3aHO, 9HTponHSI 

CBSl3aHa c eep051THOCThlO. MOiKHO C03.lI.aTb BCKyccreeHHO sa~n<Hy
TYIO H3onnpoaaHHYIO CHcreMy c o4eHh ManoBepoHTHOfi CTpyKry

pott. Ecnu npe.n.ocTaBHTb 9Ty CHC'feMy caMOti ceoe, TO OHa oy JJ.e·r 

9BOJUOUHOHBpoeaTb B CTOpOHY 6onee eepOSITHOti CTpyKTyphl. 

BepoSITHOCTh nMeer ecrecTseHHy10 TeHJI.eHuHIO K eo3pacTaHH10, 

KaK n 9HTponnn. TotIHOe cooTHomeHHe .n,aercS1 nseecrHott cpop

My1101t 60JJbUMaHa - IlJiaHKa: 

S = k 1 n P, (9. 15) 

r JJ.e k = 1,38 • 1 o- is 9pr /rpa.nyc - IlOCTOSIHHaSI 60JJbU...\f3Ha, 

s - 9HTponHSI paCCMaTpneaeMOfi CBCTeMbI, p - craTHCTHt:f eCKHft 

eec (4BCJIO a1te.MeHmaprtUX KO.MnlteKCllU 1)). 
PaccMorpHM, npeiKJJ.e Bcero, TOlfHhifi CMblCJI 11ncna P, 4TOOhJ 

noHCHHTb ceH3h c reopHelt oepoHTHOCTefi. CornacHo KBaHToeoU 

TeOpBH aTOMbl H MOJieKy JI bl MoryT cymeCTBOBaTh JIHlllb B BH.n.e 

KOHelfHOro 4HCna pa3JIH4IIhIX crpyKTYP· Ha aTOMHOM ypoeHe 

Her HenpepbIBHOCTB, eCTb TOJibKO .lI,HCKpeTHhle CTaOBJlbHbJe (HJIH 

MeracraoHJihHWe) cTpyKrypw, n cHcTeMa aroMOB eHesanno nepe· 

CKaKBBaer OT 0.lI.HOfi CHCTeMhl K JI.pyrolt, nornowaSJ HJIH B3Jiy4aSI 

npH 9TOM 9Heprwt0. Kam.naff ns 9THX llHCKperHhlX Ko11cpnrypau0tt 

KBaHTOBaHHOlt QJH3H4eCKOlt CHCTeMbl Ha3h1Bae fC51 MHKpOCOCTOHHHeM 

(1'0.Mn1te1'CllJl IlnauKa ). 

PaccMoTpHM Tenepb cpH3H4ecKy10 CHcreMy: KycoK KpucTanna, 

HJIH ra3 B cocy .ne npH onpe.lleJJeHHbIX ycnoBH5lX B OTHOllleHBH 

oo'beMa, .u.aeneHBH, nonHoti 3HeprHH, TeMneparyphI, XHMtt4ecKoro 

crpoeuHH. MaKpocKonu'tectctte nepe.MeHrtble - sro Te eenuqHHhl, 

KOTOphle Mbl MOiKeM H3MepnTb B JI300paTOpHH. VIX He.lI,OCTa• 

TOlIHO, 4T00bl CTOJIHOCTblO onpe.n.eJIHTb COCTOSIHHe CHCTeMhl. VIMeercH 

orpoMHoe 4HCJIO .M.UtcpoctconuiteCKllX nepeMeHHblX, KOTOpble He .. 

B03MOiKHO B T04HOCTH 113.MepHTh: [1QJIOiKeHH51 " Cf<OpOCTH ecex 

OTJI.eJibHhlX aTOMOB, KBaHTOBhie COCTOHHHH 3THX aTOMOB HJIH 

1) BMCCTO rep~nu1a 1<0 ttn.ll 7 /(CU fl 8 pyCCKl)t'f JU11'eparype npe.llJIOqfl .. 
Tator repMHH MUKpocoemORHUe. 4-ro Kacaerc.n 'lMC~'la MttKpOCOCTORHHlt, 
TO JIJIR 9TOH BeJll1411Hbl HMeerCH HCCK0.1LKO Ha1n1eHOBaHHR. BO.IJbUMaH 
Ha3blBaJt ee Perrnu tabilitat; flnaHK HOJJb30BancSJ repMHHOM mep.ModuHa
JtUY.ecKaR BepoRmHOcmb. B narneR m1repa-rype npHHRT rep'.\IHH cmamu
cmuieecKtlU sec, KoropblM Mbl .l(anbUIC H 6y,ne:\t n:).1b3oBaTbCff, (TlpuM.nepes.) 

6 JI. BpuJ.UUOSll 
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MoneKynnpHhlX c1pyK1yp u T • .u. Bee 9TH HeuaaecTHhle senH4HHhl 

AaioT cucteMe B03MOIKHOCTh IlpHHHMaTh 6onhrnoe 4HCJIO pa3Ho .. 

o6pa3HhlX J<BaHTOBblX c-rpyKtyp, llJill MHKpOCOCTOHHHtt. 06mee 

4MCJIO p 9TttX l\fttKpOCOCTOHHlltl Mbl H BBeJIH B (9.15) ll CBH33Jlll 

c 9HTpo1u1eti CllCTeMhI. 3ro 4llCJIO qpe3BbI4at:lHO BeJIHKO, HO, 

KOHe4HO, tt (9.15) HMeeT onpe.neJieHHhltl CMblCJI. 

B HailleM paccync.lleHHH IlOHa.no6HTCH eme OAHO BaiKHOe COOTHO· 

meHHe - ll3BeCTHOe COO'fHOilleHue Me1K.ny 9Hepreett ll qacTOTOtt 

(9.16) 

r Ae E1 - Hat1anhnan 9HeprHH, E2 - OKOH4aTeJihHaH 9Hepren cucTe· 

Mbl, H3J1yqa1omet:l KOJie6aHHe c qacTOTOtt v, lz = 6,6 . 10-27 CGS -

rroc ronHHaH ITJiaHKa. 

Vl3Jly4eHHe ecrrycKaeTCH, KOr .ua cpH3H4eCKaH CllCTeMa tepneT 

aHeprHIO, tt rror JiomaeTcn, Kor .na cucTeMa uoJiy4aeT 9Hepr Hto. 

TaK KaK ypoBHH 9Heprutt AHCKpeTHbI, qacTOThI H3Jiy4eHHH (HJIH 

v nor JiomeHHH) o6pa3ytoT rrpephl· 
-----------....... BHCTbltl cneKTp, Tllllll4Hbltl AJIH 

A, 

E., 
q 

PHc. 9.1. ,llBa reJia Ai H A2 c 
9HeprHHMH E1 H Eli, coorBeTCTBCH
Ho conpHKaCaIOTCfl. 0HH Moryr 06-
MeHHBa ThCH tOJihKO rennoM. Ctt
cteMa A1A2 3aKn101.1etta B 1130.r111-

py10w.ttt:l KoHrefrnep V. 

paccMaTpHBaeMhlX aTOMHhlX HJitt 

MOJieKyJIHpHWX CllCTeM. 

5. IlpHMepbl CTa THCTUtteCKHX 
paccym.ll.eHHU 

HecKOJihKO rrpMMepoB noKa· 

myT' HaCKOJibKO Haillll craTHCTH .. 

qeCKMe orrpe.neJieHttH COOTBeTCT· 

BYIOT 9KcnepaMeHTaJibHblM cpaK

taM. PaccMorpttM ABa TeJia, A1 
H A 2, conpttKaCaIOmexcst TaK, 

q10 OHH Moryt o6MeHttBaThCH ·ronhKO terrJioM. CttcTeMa A1A2 

rroMerueHa B H30JI11py1ou1Ht:l KOHTet:lHep v, KaK IIOKa3aHo Ha 

pHC. 9. L CTpu 9THX ycJ10BMHX rronHaH 3HeprHH 

(9.17) 

CHCTeMbl B ueJIO:\I oc1aeTCH IlOCTOSHIHOtt, HO Mhl JJ,OJl/KHhl pac

CMOrpeTh B03MOIKHOCTh nepeJJ.aLt11 q KaJ1opI-1t:l oT A1 K A2: 

llE1=-q, LiE2 =+q. (9.18) 

Hatt.neM Ha116onee Bepos:tTHOe pacnpe.neJie1u1e aHepreH Me)l{.ny 

A
1 

H Ai. ,Llnst A1 craruCTH4eCKutt uec P1 ecTh cpyuKUHH E1, 
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.nnst A2 cTaTHCTHlleCKHD Bee P'I. ecTh cpyHKUHSI E'I.· CTaTHCTH
qecKHD uec CJJOiKllOi:t CHCTeMhJ paBeH 

(9.19) 

TaK KaK KaiK.noe MHKpococTOflHHe A 1 ;,1omeT coqeTaThCH c n106hIM 
M3 P2 (E2) MHKpococTOHHHi:t A2• Hau6onee sepoHTHO TaKoe pac
npe.u.eneHue 9HeprHfl, npH KOTopoM P MaKCHMaJJbHO. Ecnu P 
HMeeT MaKCHMyM, TO OH He 6y.u.eT MeHHTbCH npH rrepe.u.aqe He-
60JiblliOro Ko;n1qec·rBa Terrna OT A1 K A2 (CM. (9.18)). CToJIO)l{HM, 
ttro P1 H P9 MoryT pacc:\1arpwBaThCH KaK HenpepbrnHwe cpyHK· 
UHH £ 1 u E2 cooTBeTCTBeHHO H YTO 9TH cpyHKUHH JJ.HcpcpepeH
uupyeMbI. Tor .a.a 

3.lleCb npHHSITbl BO BHHMaHHe 3H8KH B (9.18). 
n pe.u.hl.nyw.ee YCJIOB He .u.aer: 

HJIH 

I dPi I dP2 
-F\ dE; - P2 dE2 ' 

d In P1 d In P2 
dE1 :-- - dE2 • 

(9.20) 

(9.21) 

(9.22) 

IlpHMeHHM Tenepb cpopMyny BonhuMaHa-nnaHKa (9.15) .nnst onpe
.neneHHSI 9HTponuD S1 H s'I. Ten A1 H Ag H I!O.i1Y4HM: 

l dS1 I dSs 
kdE~-k dEs· (9.23) 

B HameM npHMepe e.u.nHCTBeHHhiti Bn.U. 9HeprHH, KOTOphIM 06Me
HHBa10rcsi A1 H A?., - 9TO renno; rro9To::v.cy e COOTBeTCTBHH c (9.1) 

dS1 dS 1 l 
dE1 = dQ-;=-t--;· (9.24) 

flepBbii:t 11JieH (9.23) Bbipa)l{aeT BeJIHQHHy, o6paTHyIO a6conIOTHOi:t 
TeMneparype Tena A1. BTopoi:t qneH s TOM iKe paneHCTBe coor ... 
BeTCTnyeT 1/T"J, TaK qTo OKOHqaTenbHO Mbl nonyqaeM: 

HJIH (9,25) 
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Haut'.Sonee nepoHTnoe pacnpe11eneHne 9Heprun Mem11y A1 u A~ 
nonyqaeTCSl npu paee11crBe Te~n1eparyp. CT0;1y4eHHaH cncTeMa 
<f>opMy JI cor nacyercsi c 061neH3BeCTHhlMM 9Kcnepi·n-teHraJihH~MH 

peaynbTataMH. 
Perna10mnM nyHKTOM a uarneM paccy)l{ne1n1H HBnsteTCSI npen

nono)l{eHHe o TOM, tITO P1 (E1) u P2 (£2) - HenpepbIBHble 
cpyHKUHH c pery JIHpHhlMH npOH3BOJlHbIMW. 8To npennoJIO)l{eHHe 
cnpaee11nuBo TOJJbKO .u.nsi OOJihWWX Ma1epwaJJhHhlX cucteM, co.nep
iKamux orpOMHoe qwcno aroMOB, Kor Jla 911epruH £ 1 u £ 2 04eHh 
BeJJWKH no cpaDHeHHIO c KBaHTOBhIMH CK34K8MW 9Hepruw. 

6. <l>J1yKTY8llHH 9Hepruu; cJ>opMy JI& fHOOC8 

PaccMoTpnM TaKoe oqenb 6onb1uoe Teno, npe11noJIOiKHB, na .. 
npnMep, qto A1 - 6onh1uof1 cocyn, HanonHeHHhltt Bon.on u Twa
reJibHO H3011HpOB3HHblll B TeIJJIOBOM OTHOineHHH OT csoero OKpy ... 
JKeHHSI. 3to COOTBeTCTByeT QJI13MlfeCKOMY ycrpottC'rBy' H3BeCTHOMY 
non HaaBaHHeM mep.;.tocmam, T. e. annapar, coxpaHst101uwtt npaK· 
r11qecKn noctoH1-1Hy10 TeMneparypy. TeMnepatypa T1 cucteMbI 
.u.ettCTBHTeJlhHO IIOCTOSIHHa, ecJJW 06MeHWBaeMhie KOJIW4eCTBa 
Tenna q OCTaIOTCSI OQeHb MaJibIMW no cpaeHeHHIO c nOJIHOtt 
9Heprwett E1 tepMoctara A1• 

JlJJSI TaKoro TepMOCTaTa 113 (9.15) H (9.24) HMeeM: 

d 1n Pi 1 
dE1 - - kT 1 ' ( 9•26) 

HJIH nyTeM npstMoro HHrerpnpoBaHHSl 

In P1 = !!J.
1 
+ C1i 

r 11e C1 - nocTostHHaH HHterpuposaHwSI, OTKyna 

Et 

P -P eicfi 1- 0 , 

(9.27) 

(9.28) 

r ne P0=eC1. Ta Koe coo1ttou1eHVIe Me>K.ny craTHCTHQecKuM se
COM P1 u 9HeprHett E 1 t11n11 1u10 .U.JISI repMoctata. 

Bee.neM renepb e repMOCTaT A 1 ueoonhrnoe TeJJo A2 H 
B~HCHHM COCTOHHHe 9TOro Te.11a, n011Jlep)l{WHae1t1oro TepMOCT3TOM 
npu TIOCTOHHHOtt TeMneparype T1. Hau6onee aepOSITHBS\ 3Heprusi-E1 
JJ.3H3 COOTHOWeHHSlMH ( 9.21 ), ( 9.24) H ( 9.25), HO MoryT BCTpe
THTbCH H JJ.pyrwe SHaqeHHH 9Hepruu, XOTH OHH MeHee eepOHTH~. 
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Teno Ag He oy .u.eT coxparuITh ece npeMSI Hawoonee nepostrHyio 
9Hepr1uo; oy .nyT Ha6JIIO.ll.aTbCSI </JAyKmyal{Ull aHepZllll. 

Yl3 (9.1 7) noJJyqaeM: 

(9.29) 

CTo.ll.CTaBJJstst e (9.28), 3anHweM: 

E2 

P -B e-liti 
1- I ' 

(9.30) 

CTaTHCTHt.tecKw.ti eec P cHcTeMhl e uenoM no-npe)l{HeMy BblpameH 
(9.19), TaK qTQ 

E2 ---
p = P2(Eg)B 1e kT1• 

(9.31) 

8to 3naq11r, tITO e TepMocrare c 1ne.Mnepamypoti T1 Kam.nae 
113 Pg MHKpococTOSIHHfi A2, cooTeeTcTey10mwx HeKoropofi 9Hep .. 
r1111 £ 2, H!'deeT K09cpcpwuueHT oepoFtmHoc mu 

E2 - ~--

p(T)= B1e kT1. (9.32) 

nocJJeJJ.HSISI cpOpMy JI a TWIIH4Ha ,lJ.nSI Onpe,l1.eneHH SI, nepBOHaqaJJhHO 
Bee.u.eHHOrO f'w66COM. JlefiCTBHTeJJhHO, BMeCTO TOrO qT06hl Ha
qaTb,. KaK 9TO C.ll.enan BoJJhuMaH, c cpopMynhl (9.15), ,nJJH onpe
n.eneHHff COCTOSIHHSl TeJJa A2, flO.ll.JJ.epA<HBaeMOrO npH TeMneparype T1, 
rw66c BOCIIOJJh30BaJJCSl cpopMynofi BHD.a (9.32). MO)l{HQ flOKa3aTh, 
r110 o6a no.u.xo.u.a 9KBHBaJJeHTHhI. Mb1 eme nocnoJJb3yeMcst cpop
MY nofi ru66ca (9.32) npu o6cy)l{JJ.eHHH MHorux npo6JJeM, n Ko
TOPhIX eaiKHYIO poJJh Hrpa10r ¢JJyKTyau11w. 

3To paccy)l{JJ.eHue noKa3hieaer npuMeHeH11e CTaTHcruqecKoro 
no.nxo.na K o6'hSICHeHHIO TepMO.ll.HHaMHKH. TeJJo npu TeMnepaType T 
Haxo.nwTCff B COCTOffHHH IIOCTOSIHHOro D.BH)l{eHWH. B CJJyqae raga 
MoneKynhI JJ.BH)l{YTCff BHYTPH cocy.u.a 6ecnopH.u.oqHo u oqeHb qacro 
coyn.apSIIOTCSI. Cpe.u.HHSI KHHeTH4ecKaSI 9HepruSI M0JJeKyn Ha CTe~ 
neHb ceo60.u.h1 paeHa 

- I 
Ekin = 9 kT, 

.... 
(9.33) 

H 9TO men.lloooe iJ011J1Ceuue npen.cTaBnSieT 9Heprrno, CO.l1.epiKa
u1y10cSI e ra3e npu TeMneparype T. 

B KpHcTanne ar0Mb1 3aHwMaIOT cpHKcuponaHHble nonoiKeHHR 
B· npocTpaHCTBe " o6pa3yIOT npaBHJJbHYfO pewerKy, KOTopan H 
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cocraenHer KpecranJI. Terr.noeoe JJ.BHJKeHHe npoHBJIS1eTCS1 n Kone6a

Hnsix aTOMOH OKOJJO HX OOJIOn<eHHtl paBHOBeCiHI. ,[o rex nop 

IIOKa qacroTa 9THX KOJie6aHHtl MaJia, KHHeTHI.IecKaSl aHeprHH KO

ne6aHHH Bhtpa1KaercS1 paBeHCTBOM (9.33), 11 cpeJJ.HIOIO nOJIHYIO 

9Hepri,uo Ka)K)J,Oro OCUl1JIJIS1TOpa JierKO Haf.tTH, K8K cyMMy KHHe

TH4eCKOfi 11 noreHUH3JihHOf.t 9Heprwtt: 

Etotal =Ekin+ Epot, Epot =Ekin= ~ kT, 
-
EtotaI = kT 

.U.JISI H113K04aCTOTHOrO OCUHJIJISITOpa. 

7. KeanToeanHhli ocuunnHTop 

(9.34) 

(9.35) 

3TH npoCTbie cpopMyJibl y)Ke He npHMeHHMbl K OCUHJIJJSITOPY 

BbJCOKOf.t I.IaCTOTbI, Kor .n.a KB3HT h'J yme He HBJIHeTCS1 MBJIOf.t 

eeJIH4HHOf.t no cpa BHeHttro c k T. B 3TOM cnyqae Mhl J1.0JI)KHhl 

~rqJ1ThIBaTb TO OOCTOSl'feJJbCTHO, qro B KBaHTOBaHHOM OCUHJlJISl

TOpe 9HeprHH MOiKeT npHHHM3Tb TOJibKO JJ.HCKpetHble 3HaqeHHs:t: 

E = 0, h'J, 2hv, 3h'J, ... , nh'J, ••• (9.36) 

B TepMocraTe T 9TH yposHH 9Hepr11e 11Me10r sepoHTHOCTM, onpe

.rr.eJisieMhle (9.32): 

hv 2hv nhv 

p0 =B, p1 =Be-kr, Pi=Be-kr, ... ,pn=Be-kT .. (9.37) 

KoacpcpuuweHT B oupeJJ.e.nHeTcH 03 yc.noeuH, qTo cyMMa ncex 

9THX eepoHTHOCTetl .U.OJiiKHa paBHS1TbCH e.rr.HHHue: 

00 

1 = ~Pt =B(l + e--~+ e-2x + ... + e-nx + ... )= .... 
i=O 

r.n.e 

0TCIOJJ.a 

hv 
X=kT. 

(9.38) 

(9.39) 

(9.40) 



7] KBAHTOBAHHMfi ocuunnHTOP 167 

qTo ll.aeT: 

Po= 1 - e-x, Pi= e-x - e-2x, •.• , Pn = e-nx - e-<n+1lx. (9.41) 

113 (9.41) nerKo rro;1yllMTh OlleHb rrpocroe Bb1paJKeH11e .rvrsi 
cyMMhl BepOSITIIOCTeft 9HeprM.ti Bblllle onpe.n.eneHHOro ypoBHSI: 

E~mhv, n~m, 

a I1MeHHO: 
co 

!i Pn =Pm+ Pm+1 +Pm+~ + · · · = e-mx. (9.42) 
n==m 

HaflllH aepoHTHOCTH Pn llHCKpeTHhIX ypoBHe.ti aHepruu, MhI 
MOJKeM saTeM nOllC4HTaTb cpell.Htoto aHepru10 E KBaHroaaHHoro 
pesoHaropa 

E = nhv, 

r .u.e n - cpell.Hee qucno KBaHTOB - panHo 

co 

n = ~ npn = B (0 + e-x + 2e-2x + ... + ne-nx -r- ... ) = .... 
n-=0 

(9.43) 

CyMMY MOiKHO Bb1qucnHTh, ec .. 'IH aaMeTHTh, GTO ona npellCTaBJJHeT 
co6oit npOI13BO.LI.HYIO 110 x OT 

co 

- ~ e-n:<=- I 
- 1-e-X • 

n=O 

Ilo.n.cras.1Hs 3Hallen11e B M3 (9.40), Haxo.n.uM: 

rll.e 

TaK qro 

I 
n == ex-1 ' 

h'J 
E=----. hv 

ekT _l 

(9.44) 

(9.45) 
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9To - u3eecTHaH cpopMyna CTnaHKa, S1BJIS11ow.aS"Icn ocHoeoit TeopPJH 
HsnyqeHHSI itepJiozo me.Ila. B 33.llaqe o KBaHToeaHHOM peaottaTope 
(CM.. (9.38) - (9.44 )) Mhl MOll<el\I OTMeTUTb paanuque Me}l(Jly 
Han6011ee sepoSITHblM COCTOSIHHeM, COOTBeTCTBYIOllU1M Han60Jib• 

rneMy aHaqeHn10 p = p0 = B, n = 0, 11 cpell.HMM quc110M KBaH· 
TOB n (CM.' (9.44)). 

Llnst oqeHb MaJiblX SHalleHHft x, 

1 1 
---~-eX -1 X' 

E = _h"' = kT. 
x 

(9.46) 

310 eCTb cnyqati IU13KUX 4aCTOT, H peayJthTBT cornacyeTCff 
c pattee nonylleHHhlM (CM. (9.35)) .. 

8. <I> JIYKTyau,HH 

IlonyqeHHble cflopMyJihl IlOHa,ll06SITCSI H3M npu 06Cy}l(JleHHU 
BOnpoca 0 TOqHOCTM qm3eqecKux 113MepeHHit.. flpH JII06ott ,llaHHOR 
-reMnepaType T pesy JibTaroM Teunoeoro .llBniKeHnSI SIBJISleTCSI 6ec· 
nopH.llOQHOe .llBn11<eHue Bcex qacTeit np116opa, qro ll.enaeT Heeos
MOJKHhIM HSMepeHHe K8KOfi .. JJn6o BeJJU411Hhl c 6ecnpe.u.eJJbHOit TOQ• 

HOCTblO. 
Te1111oeoe .rr.enn<:eHne ecTh npu4nHa 6poyHoaa .u.an)KeHuH, rnyMa 

8 9.rteKrpuqeCKUX uenSIX, myMOBOfO cpoHa B aKyCTUKe H T. ,ll. 
Bee 9Tn S1BJieH11.S1 6yJlyT paccMarp11.earhCSI B CBH3H c np11MeHeHneM 
-reopeH HHcpopMaueH K upo6neMaM cpnaHKn. M1>1 OT.MeTHM oqeHb 
HHTepecHyro CBS13b MelKllY HHcflOpMaunett H 3Hrponneit H npH.lleM 
K cncTeMaTeqecKOMY o6cy)K.u.eHUIO Q:>yH.u.aMeHT8JlhHhIX orpaHntte
HUH, BCTpeqaeMblX B cpuanqecKHX 9KcnepHMeHTax. 

Tennosast attepreSI He BJIHHJia Ohl ua ToqHoCTb i1sMepennit, 
ecnH tlhl otta ocTaeanac& nocTOSIHHOH. HsMepeHHst 33TPY.llHSIIOTCst 
seer ,lla cymecTBYIOUlUM11 ¢nyKryaunSlMI1, npOSlBJJ SUOU1HMl1CH B TOM, 
ttTO UCTHHHaH 9HepruSI CUCTeMbl B .u.aHHblti MOMeH]' He MOJKeT 6bl'f.b 
upe.llCKa3aHa H MOiKeT CMJibHO OT JJU4aThC51 OT cpe.u.Hero 3Ha qeHUSI. 

B npeJlhl.llyllleM pa3Jlene Mhl orMeqaJJH pa3nnq11e MeJK.lly ttaeee· 
pOHTHeitrnnM u cpeJlHUM 3Ha4eHnstMH 9Heprnu. YiccnenyeM ¢nyKrya
ui:tu B KB3HTOBaHHOM OCUUJIJJSlTOpe. B HeKO'fOpblti MOMeHT speMenu 

CHCTeMa HMeeT 

n=n-t-m (9.47) 
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-
KB3HTOB c cjJJiyKTyauHeR m OTHOCHTeJJbHO cpeJu-tero anaqeHHSI n. 
Do,ll.C4WTaeM cpe.u.Hee 3Ha4eHne n2

: 

n' = (n + m)t = (n)' + 2nm + m". (9.48) 

npH ycpen.HeHHH YLITeM, QTO m = 0, TaK KaK n - cpe.rr.Hee 3Ha .. 
1~euue n, TaK ttTO 

n2=(fi)9.+11z9.. (9.49) 

EcnH n2 H3BeCTHO, To cpe.nHH" Kna.u.paT cpnyKTyauttn m" nerKo 
naRTn ua (9.49).. Ta K KaK nepoHTHOCTH ecex KBaHroBaHHhIX 

COCTOHHHit H3BeCTHbJ (CM. (9.3 7)), TO HeTpyn.Ho ll0,ll.CQHT3Tb n". 
HcnoJJb3Y51 (9.43), 3anwrneM: 

...:0 00 00 

-ii-i = "\1 n2p =B ~ n2e·-n.r =- B ~ ~ 
~ n ~ h ~ 
n~o n=O n=O 

--B-d [ e-x ] 
- dx (l -e-x)s • (9.50) 

BhlnOJIHSIH .u.11cpcpepeHuwpoBaHHe 11 no.rr.cTannsu1 aHatteHHe B ua 
(9.40), nonyt1aeM: 

(9.51) 

CpanHeHtte (9.49) c (9.51) c HCITOJJh30BaHHeM (9.44) .llaer: 

-'J. -2 c-·)2 ex+1-1 (-)2+-m = n - n = (ex_ l)2 = n n. (9.52) 

8TOT 3HaMeHHT~it pe3yJJbT8T, llOJiyLieHHMR Bnepe~e IlnaHKOM 
H 3itHWTettHOM, CBSI3bIBaeT <PJJYKTyauHu co cpe.u.HHMH 3HaqeHHHMU. 

JI.An Hll3tco'l_acmomH020 ocu,11Mnmopa (hv < kT) cpe.llnee 
qucno KBaHTOB n oqeHb BeJJHKO, H Mbl HMeeM npOCTO 

(9.53): 

8To JKe COOTHOJlleHHe MO)KeT ObITb B~paJKeHO qepes $nyKTyaUHI0-
9HeprnH e: 

E = E + e, a2 = m2 (hiv)2 = (£)2, (9.54). 

r .rr.e E = n,h'V - cpe,ll.Hflff 9Heprws. OCUHJIJlflTOpa._ . 
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llp1z Hll31CllX ttacmomax 

hv<kT, (c. 9
')

112=E=kT, (9.55) 

KopeHb KBaJJ.paTH~ti na cpe.u;Hero KBa.u;paTa cpJJy1<ryaunn paseH 

cpe.llHeti 9HeprHH, HJJH, rpy6o roaopH, cjJJJyKTyaunn HMeIOT ror '/Ke 

nopSl.llOK BeJJ H4HHbI, qro 11. cpe.u;H SI Sl 9Hepr 11.Sl. 

J{AR Bbtcouux tfacmonz (h" > kT) cpe~Hee 3Hat1eH11.e ii MaJJo, 

(n)2 euie MC:Hbrne, rat< lJTO 

(9.56) 
HJIH 

c. 2 ~ n (hv)2 = Ehv. (9.57) 

flpH BhlCOKHX qacTOTax cpnyKTyau1-u1 9Hepr11H B cpe.rr.HeM 

MHOro 6oJihl.lle, TaK Ka K E MeHhllle, tieM h", a n09TOMy 

Ehv E2• (9.58) 

<t>JiyKryaun11 OTHOCHTeJibHO 60JJhllle npH BbICOKHX ttacrorax 

(CM. (9.57)), qeM npn HH3KHX ( C:\I. 9.54)). 9TOT peay JlbTaT TMnH .. 
11eH .llJISl KBBHTOBhIX SlBJieHnti. 

PaccMoTpnM Tenepb CHCTeMy H3 N rapMOHHqecKnx HH.3Ko---
'1ac10THhIX ocuHJJJJSITopoB. CToJJHaSl cpeJJ.HSlH 9Hepr11.si Etotal paBHa 

Etota1 =NE= NkT. (9.59) 

Etotat = Etotal +€total , (9.60) 

KOTOphie He3aBHCHMbl B Ka'/KJJ;OM H3 N OCUHJIJUITOpoa; n09TOMY 

!f0 tat = Ns 2 = N (kT)2 

B COOTBeTCTIH1H C (9.54) 11. (9.55). 

(9.61) 
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TEilJIOBOE JlBH>KEHHE 11 6POYHOBO JlBH>KEHHE 

1. Tennosoe neu>KeHue 

HanOMHHM O.ll,HO ea Ba)KHhIX aaKJHOlleHHtt npe.ll.hl.llymeti r naBbl, 
- 1 

a HMeHHO, 11ro Ekin= 
2 

k T JlJHI KaiK,llOtl creneHH ceo60.llbl 

npH HH3KOtl Q3CTOTe, H npO,llOJJ)KHM QOCYiK.ll.eHHe HeKOTOpbIX 

npaKTHlleCKHX npHJIOiKeHHtl .. 

Bpoyttoeo llBHiKeHHe 

Ha6JJ10Aa~ MeJIKHe llaCTHUbI, norpy»<eHHble B )KH.ll,KOCTh, H 

paccMaTpHB3S1 HX no.n MHKpOCKOilOM, MbI BW.ll,HM, 4TO OHH Henpe

phlBHO D.BMiKyTCSI CJJyqaftHblM 06pa30M. llepBble HCCJie,ll.OBare .. 'IH 

nonaraJJH CHa4a.na, QTO 91'11 Q3CTHUbl Ha.ll,eJJeHhl il<H3HbIO; O.ll,HaKO 

BCKope ObIJIO ycTaHOBJieHo, QTO HX .ll.BH)KeHHe noJIHOCThIO 06y

c;1osneHo CJJyttatlHOtl 6oM6ap.ll,HpOBKOti co Bcex CTopoH MOJieKy

Jl8MH iKH.llKOCTH. 3ro ObJJIO enepeble o6oHCHeHo 3ttHrnTetlHoM 

(B 1905 r.) w npoeepeHo aKcnep11MeHTaJJbHO TieppeHoM. 6onee 

roro, onblThl TieppeHa nossoJIHJIH eMy onpe.ll,eJJHTb paaMepbl 

aroMOB, nocKoJrbKY OH Mor Hatlrw Henocpe.ll.CTBeHHo llHCJIO Aeo

ra,ll.po - LIHCJIO aTOMOB HJIH MOJieKyJI B O,llHOM MOJie Bew,eCTBa. 

CTpe.ll.eJibHasi T04HOCTb H3MepeHHtl 

PaccMoTpHM npo6JieMy H3Mepettusi ToKa npu noMomu aMnep

MeTpa. CrpenKa npH6opa upau1aeTCSl na OCH 0 HMeer, cne.noea .. 

TeJJbHO, 0.llHY CTeneHb CB060,llhl, KaK noKa3aHO Ha p11c. 10.1. 
TaKHM oopa30M, KHHeTHlleCKaSl 9HeprHSI CJiyqatlHbIX KOJie6aHHfl 

crpeJIKH paBHa Ekin= k 7/2, H eeJIHQHHa 9THX Kone6attHtl cpasy 
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MOiKeT 6hITb Bhl4.Hc.1etta. Mb1 MoiKeM yMeHbWHTh pa3Max Kone~ 

6aHHU, OXJiaiKJJ.aH np116op; 9TO OKa)l{eT JlHlllb lfaCTH4HOe .lleU

CTBHe, TaK KaK .llJIJI noJiy4.eHHH ycTOtl4HBOrO COCTOHHHH CJia6oro 

Tennoaoro .llBHiKeHHH HY)l{HO oxJiaiK.llaTb TaK)l{e ac10 cxeMy. 

IIpo6neMa wyMa (Hanp11Mep, B conpoTHBJieHHHX) yc11JieHHO 

H3y4aJiach; HaUKBHCT 6LIJI 0.11.HHM H3 nepBbtX HCCJie.llOBaTeJieU B 

aToU o6nacTH. PaccMaTpHBaH nocJie.lloBaTeJibHbitl LRC-KottTyp 

Puc. 10.1. CTpenKa 
aMIIepMerpa spa

w.aercn Ha ocH H 
HMeer 009TOMY onHy 

creneHh cao6onbl. 

J ... 

-1----· ---c 
Pm.:. 10.2. floc~1e)losare;ibHblfi KOHryp, co)lepma .... 
W.Hfi MCTOIJHHK 3.Jl.C., aMnepMerp, MHAYKTHBHOCTb L, 
couponrn.1eHHe R H eMKOCTb C. WyM reHepH· 

pycrcH s conporwsnenHH. 

(pHC. 10.2), ace 9JieMeHTbl KOToporo HMelOT OJJ.HH8KOBY10 ·reM

nepaTypy T, 11 3aMe4a11, 4TO KOHTYP HMeeT O.llHY cTeneHh cao-
60.llbl (ToK I B tlern1), uoJiyqaeM: 

( 10.1) 

CJie.lloBaTeJihHo, cyw.ecTay10T 6ecnops:i.llo4ttb1e TOKH, aeJIH4HHa 

K0Toph1x onpe.lleJIHeTc11 Bbtrnenp11Be.lleHHhIM paaettcTBoM. E.llHH

CTBeHua11 B03MO)l{HOC1'b yMeHbIIIeHHH 9THX TOKOB COCTOHT B 

OXJia)l(JleHHH acero KOHTypa. Pacnpe,ZleJieHHe 9THX TOKOB no 

4aCTOTe 6y .lleT HCCJie.llOBaHO HH)l{e. 

2. CJiyttaituoe 6J1Y>Kllauue 

Ha4HeM co cTaTHCTH4ecKotl aaJ.taLIH, HMe10meu 6oJibIIIoe 3Ha ... 

qeHHe .llnH acex npHMepoB 6ecnopH.ll04HOfO .llBH)l{eHHH. 4aCTHUa 

MO>KeT nepeMemaTbCH B.llOJih nps:iMott, coaepIIIa51 qepes paBHhte 

npoMe>KyTKU apeMeHH paBHbte IIIafH JIH60 BnpaBO, JIH60 BJieBO. 

0003Ha 4HM e.llHHHUY CMemeHHH (Illar) qepe3 /, a MOMeHTbl, B 

KOTOpble npoHCXOJ.(HT nepeMeW,eHHH, qepea l, 2, 3 H T. Jl. 
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Pttc. 10.3 JiaeT oomy10 cxeMy. .UttarpaMMa socnpoH3BOJIHT H3· 

eeCTHblM TpeyroJlbHHK TiacKanH; '-!HCJIO B03~0A<Hbl.X nyTeii, npa-
80.llSIUJ.HX K .aaHHOit TO'-!Ke llOCJie n rnarou, eCTb 

n! 
q!(n-q)!' 

eCJIH paccTOHHHe ToqKH OT Haqana paBHO 

1n=-n+2q, 
n+m n-m 1) 

q= 2 ' n-q== 2 · ( 10.2) 

BepoHTHOCTb 'ttn, m JJ.OCTvDI<eHHH TOlf 101 flt 13bip3)I<aeTC51 OTHOllle-

EiJIJHIJIJO OJJUHhl:::: l 
-s -If -3 -2 -1 a 1 2 3 " 

t/UC/10 
lJJ cO!J 
I 

2 

J 

5 
1 

'· 

5 10 10 5 

P0c. 10.3. CnyitafiHoe 6.11y}l(UaHHe c maraMH OAHHaKosoM JlJJHHbl 
socnpoH3BOJlHT rpeyro~'lhHHK nacKa.!I>l 11~1n 6HHOMHH8JJhHblX 
Ko3<fl<flHnHeuros. Um:}Jpb1 03Ha'laror 11Hc110 nyrett, seny~ux 

K nauHoti roqKe. 06~ee q11c.110 cny1rnea paauo 2n. 

HHeftf qHCJl3 nyTeM, BeJlyIUHX K TOllKe, K OOW.eMy qHcny 803~ 
MO>KHl>IX nyTeM, paBHOlfY' oqeBH.llHO, 2n' TaK KaK KamJihlfi nyrh 

BeTBHTCH Ha JIBa ( + l) Ha Ka)KJIOM mare: 

(10.3) 

1) CMbICJI 9THX COOTHOUICHHti CTaHe'f HCeH, eCJIH 3aMCTHTh, '"ITO q 
o3Ha11aer LJHCJIO maroa snpaav, a (n - q) - 1.10c~10 rnaroa a~1ea0. (llpu.M. 
nepea.) 
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Tol.fKM m, KOTophle MoryT 6hITb nOCTHrHyThl nocne n maros, 

MMeIOT H CHJIY ( 10.2) TY iKe tteTHOCTb, qro H n. Cpe.nttee cMe-

meHHe Rn rrocne n rnaros pastto, OIIeau.ntto, Hyn10, TaK KaK 
.llBHIKeHHH snpaeo H a11eso pasttosepoHTHhl. Cpe.ntt11ti KBa.npar 

cMemeHHH R~ so3pacraer c qucnoM waros. CxeMa puc. 10.3 
naeT: 

n 

Rk=m2l2=12 ! 2 m 1t'n, m' (10.4) 
m=--n 

Rg=O, 

Ri = {-(!" +12)=!2. l 
R~ = -~- [(2/)2 + 2 · o + (2!)2

] = 21~, 
(10.5) 

R; = ! [(3!)2 + 3l2 + 312 + (3!)2
] = ~: l 2 = 312

• J 

3TM pesynbTaTbl IlO.!l.CK33bIBaIOT SaKoH: 

R~= nl2
, ( 10.6) 

KOTOphtti MOiKHO .llOK33<1Tb MeTO.LlOM MH.llyKUHH; HMeHHO, HYiKHO 

noKaSaTb, llTO eCJIM 

m=n 

'> ! m;,,= 
' 

( 10.7) 
m=-n 

TO 

(10.7a) 

llJIH 9TOfO 3a:vreTHM CHallaJia, lJTO eCJIH IlOJIOiKeHHe 1n < n + 1 
nocTHraercH 3a n + 1 waros, To nonoiKeHue nocne n waros 
~OJiiKHO 6bIJIO 6bITb JIH60 m + 1, JIH60 /1Z - 1, rrpuqeM ooe 9TM 

B03MOiKHOCTH paBHOBepoHTHbI. Ilo9TOMY 

H 
1t'n;-J, m = ~ ( 1t'n, m+• -1- 1t'n, m--1), m < n + 1, 

l 
1tn+t, n+l = 1t'n+I, -n-1 = 2n+1- • 

( 10.8) 

(10.Sa) 
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HanOMHHM, qTO ooa HH.lleKca B 1tn. m HMeIOT OJI.HHaKoayro lleT

HOCTb, TaK qTQ npH cyMMHpOB3HHH no KaKOMY-JIHOO HHlleKcy 

He paatthle HYJIIO CJiaraeMh1e n.a10T TOJihKO 3HaYeHHH uu.ueKca 

iiepea OJl.HH. YYHThlBaH 9TO o6CTOHTeJibCTBO, H HCITOJib3)'H ( 10.8) 

H ( 10.8a), rroJiyqaeM JlJIH cyMMbt ( 10. 7 a): 
m=n-J 

2 - ( n + I )1 1 '1 
mn+1=2 2n+1 -t-2 £.; (1tn.m+1+1tn,m-1)m

2= 
m=-n+J 
m=n-1 m=n-1 

(n +I )2 1 ~ 2 1 '1 = 2n +-~f l.J T:n, m l m +2- ~ r.n. m- 11n
2

• 

m==-n+I m=-n+I 

IloJIO}KHM s nepaott cyMMe k = m + 1, a ao aTopotl l = m -- l. 
Tor.n.a 

1-.-n 
ki::::sn 

+i ! 'l':n,k(k-1)2
--; 'ltn, -n(-n-1)~+ 

k=-n 
l=n 

+ -~ ! Ttn, l (l + 1)2
- -~ 'ttn, n (n + 1)2

• 

l=-n 

3aMeTHM renepb, qro 
1 

1tn, n = 'ttn, -n = 2n, 
TaK 'ITO OCTaIOTCH TOJlbKO JI.Be cyMMhl, KOTOpbte MOryT 6h1Tb 

ooneJlHHeHht: 
k=n 

m!+1=-; ! '1tn,k[(k-1)2 +Ck+ 1)2J= 
k=-n 

k==n 

=; ! 1tn, k(2k2 + 2)= 
k=-n 

k==n k=n 

! 'ltn, k k 9 + ! 1tn, k = n + 1, 
k==- n. k-=- n 

(10.9) 
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ua OCHOB3HHH ( 10. 7) H llCJieJICTBHe Toro, l!TO Be.'JHllHHbl 1tn k , 
SlBJISUOTCSI BepoflTHOCTHMH, cyM:\Ia KOTOphlX no k paBHa eJIH-
HHUe. MTaK, paBeHCTBO ( 10. 7 a) JIOKa3aHo, qTo 11 rp.:!6oBanoch. 

Pacnpenenett11e ro4eK pacmHpHeTCH co B p~MetteM, H Mbl no
nyqaeM JlJIH cpenHeKBaJtpaTH4HOro CM€ll.leHH5l (npH OllHHaKOBhlX 
war ax .llJIHHOit l) 

( 10.10) 

MoiKHO .noKa3a Th (CM. IlpMJIOiK€HHe ), ttro npH yeenu•tenHu t.rHcna 
rnaroa pacnpeJteneHHe ( 10. 3) cxOJIHTCH K rayccoBy pacnpeJte
neH11ro. 

Mhl yBMJlHM no3auee, t<aK ::>Tor pesy.i1bTaT np11naraercsi K 
6poyHoay JIBHiKett1110. Mbt MomeM Ta1<iKe rrp11MeHHTb ero JIJIH 
OKpyrneHHSI OUJH60K B JlJIMHHOM Bhl4HCJieHHH. IlpH 9TOM Mbl MO

JKeM B3SITb 9KCTpeMaJibIIhit1 cny11att I l j = 1/2, IJPH KOTOPOM 
cpenHeKBaJtpaTH4HaH orn1161<a 

_;===- I _;
JI R"fi ~ 2- J1 n. 

HHatte rosopSI, MM noJiaraeMt lfTO nocneJtHMR" 3HaK ne)KMT B HH
repaane -t- 1/ 2• C JI.pyroti CTopotthr, ttau6onbrnasi ornH6Ka npo .. 
nopUHOHaJlhHa 1 /2n, lJTO COOTBeTCTByeT BeCb!\ta l\laJioBepoHTHOMy 

,., 
CJiyqaJO CJIOiKeHHSI Bcex OlUHOOK. 

Hamn paccy)l{Jiett11H MOJKHO pacnpocrpaHHTh Ha CJty1.1att rna
roa pasHotl JlJIHHht. IlpH 3ToM Mhl H:\teeM cnyttattHoe pacrrpeJte
neHHe OKOJIO cpeJIH€f O: 

R2 , .• 
n= lz, HRH (10.11) 

IlocneJ{HSISI cpopMy Jia 60JlbUfe flOJIXOJIHT JIJISI OKpyr JieHIHI OlllHOOK. 

3. Jlpo6oeoA acf>cf>eKT 

· MI>t MOiKeM npHMeHHTh cpopMyny cny1.rntlttoro ony/ICJiaHHSI K 
HCCJieJIOBaHHIO u1yMa Jia\1II (npo6oBot1 9cpcpeKT) I1 paJIHOaKTHB
HbfX npeaparuenHM. IlpH paJIHOaKTMBHOM rrpeapau1.eHHH eemeCTBO 
9MMTHpyer (HcrrycICaeT) YaCTHUht co cpenaen cKopocrb10 N 
43CTHU B ceKyHJiy. 3ro eCTb 9MHCCHSI JlHCKpeTHblX 'laCTHU 
6es KoppenHUHH Me)f\JIY cneJty1ow.11MH npyr 3a apyroM 1ta
crwuaM11. 

JleitCTBHTeJlbHaSI 3MHCCHSI MOiKeT 61>1Tb aarrucaHa B BHJle 

(10.12) 
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r.lle ~ eCTh nonpaeKa K cpenHell 9MH-CCHH, COOTBeTCTBYIOUl3SI 
WYMY. 810 onHcaHne 6JIH3Ko cooTBeTCTByer 9JleKrpoHHOll 9MHC· 
cun ropssttero KaToJl,a, H no9TOMY TaKoro iKe THna rnyM Mbl 
UMeeM 8 9JieKTPOHHOll naMne. 8MHCCHH KaK cpyHKUHR epeMeHH 
no1<a3aHa na pHc. 10.4. 

Ilpe>K.lle scero, Hy>KHO noKasaTb, KaK ceecrH aro K aanat.Je 
0 CJiyqafiHOM 6Jiy>KJJ.8HHH. 3To MO/KHO C)leJiaTb pa3JIH4Hh1MH 
cnoco6aMH B aae0c0Mocr0 or JJ.ellCTBHrenhH~x ycJioBHll 9MHCCHH. 

p 

t 

PHc. 10.4. 3MHCCHH KaK <fly HK UH» Bpe
MeHH CCTh CTyneH48TaH 4>YHKUMR. 
Cpe.nHRR 3MHCCMH npe)lcTaB.rrnercsi 
npHMOll.cCryncHbKH»COOTBeTCTBYIDT 

'IJieHy "J B ( J 0.12). 

p 

l (JI a I f 
I 117 I 

P11c. 10 . .5. C1yneHt1araR 
4>YHKUHH pHC. 10.4 c HHrep
B3JIOM 6, Bbl6p3HHhlM T3K, 
qro Ha npornmenHH 6 
uepORTHOCTb HCOyCK8HHR 

'18C'THllbl paBHa 1/2. 

HatiHeM c O'leHb npocrott saJJ.attn, cooTeerC'rey1omett cnenym· 
W.HM npe11nonoiKeHHS1M: cymeCTByeT BpeMeHHOtl HHTepBaJI 0 Ha· 
CTOJlbKO MaJihlfi, 4TO Ha rrpoTHiKeHHH 9Toro HHTepBaJia B03MO>KHbJ 
.nea paeHoeeposiTHblX co6b1THH - n060 qacrwua 0cnycKae1 csi, 
JIH6o Her (p11c. I 0.5). TaKHM o6pa3oM, Ha nporH>KeHHH sroro 
HHT€pBana H3MeHeHHe 9MHCCHH eCTb 

( 1 

A.t = 6, {
o 1--

AP= 1==++1+ }· (10.13) 

orKy na cne.llyer, 'ITO 

!--~ A.v= 1 • 
l ·2 



178 T.BllJIOBOH JlBH'iKBHHB H BPOYHOBO ABH>KBHMH [rn. 10 

1 
TaK, ecnH BSHTh I l I= -2 , TO Mht CBOJUIM 3ana'ly K nocTOSIH-

HOMY HapacTaHHto Nt, Ha Koropoe HanoJKeHo CJJyqattHoe 6ny
>KJiaHHe. CpeJIHHtt KBa11par cpJiyKryauHtt no-npemHeMy Bbtpa· 
maercsi KaK 

·-·- 1 
V2 -n/2- n n- -4- , {10.14) 

rne n BhlpamaeT noJIHoe BpeMSI t = nO. Ha nporsiJKeHHH eroro 
npoMe)KYTKa BpeMeHH t cpeJIHSISI 9MHCCHS1 paBHa 

- l l 
P = Nt = n6 26 = 2 n, 

o ri<y na 

(10.15) 

CpeJIHHti KsanpaT cf:>JiyKryauHH e paccMa-rpHeaeMoM cny11ae paseH 
nOJIOBHHe cpenttero 4HCJia 9.MHTHponaHHblX 4aCTHl1. 

BoJiee ea>KttaH 11 6oJiee 6JIH3KaH K neflCTBHTeJibHOCTH cpH3H· 
11ecKaS1 sa.na11a nonyqaeTCH npw HHblx npennonoJKeHHSIX, cooTBeT
CTsyiomwx no;uioc mb10 cAy'launoa a.Muccu11. MbI BbI6upaeM 
ottettb MaJihltt epeMeHHOtt wurepeaJI 6 H npennoJiaraeM, ttTo ua 
npoTSiiKeHHH 9TOf O HHTepeaJia npHpameHHe 9MHCCHH ll.P ecrb 

{ 
0 c sepoS1THOCTb10 1 - NB, 

ll.P= 
1 c sepostTHOCThIO NfJ < 1. 

HHTepBaJI a H3CTOJibKO Mall, ltTO 9MHCCHH JlByx, Tpex H 6onee 
ttaCTHU cqu raeTCSI HeBo3MOiKHOtt. CpenHHSI CKopocTb 9MMCCHH 
eCTb N. Y cnoBHe MoJKeT 6bITh aanttcaHo a c11e11yIOmeM BHJie: 

n + { -N6, seposiTHOCTb (1 - NfJ), 
ll.P=Nv 

1 - NO, sepoSITHOCTb NfJ. 
(10.16) 

Mbt pa3neJIHJIH s11ecb cpenHee uapacTaHHe NfJ H cpnyKryauMu, 
npHBOJlHlll.He K 38.[laqe 0 CJiy4attuo~ 6Jiym.naHHH 

{ 
- NB, nepoHTHOCTh ( 1 - NfJ), 

Av= 
1 -- NO, BeposirttoCTb NB. 

(10.16a) 

9ro ecTh cnyqati uepaBHhIX rnaros, u MbI npttMeHSieM coorser
CTny10w.y10 <j>opMy11y (10.11). Cpe11H11tt KBanpar AJIHHbl wara 
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paseH 

12 = 6.v2 = (N0)2 (1 - NB)+ (1 -NO)'l.NfJ =NB (1 - NO), 

l 2 =NB. 

Ha 9TOro COOTHOllleHIUl H ( 10.11) nonyqaeM cpe.nHHtt KB8.ll • 

par ¢nyKryauHH ua aceM npoMe*yrKe ~ Ha nporHmeHHH Koro
poro cpe.a.HHH 9MHCCHH ecrh Nt: 

t = nB (n - BeJIHKO ), 

P==Nt=nNO, 

v2 = nl2 == nNB = P. 

Cpe.nHHn KBa.llpar ¢RyKryauHH a CRyqae nORHOCTblO CRyqanHott 
9MHCCMlf B TOl.IHOCTH paBeH cpe.nHeMy qucny 9MHTHpOB3HHb1X 
qacTHU. 

4. Bpoynouo XBHlKenue 

BepueMc5l K o6cyll<,ueHHIO 6poyHoBa .nBH)KeHns:t; 6y .lleM CRe

JlOB3Tb TpaKTOBKe JlopeHua 1). HanOMHHM 
HeKOTOpMe qHCJieHHWe 3HaqeHHH: 

k = 1,38 · 10-16 9pr /MoReKyna ° K, 
kT= 4,14 .. 10-16· 9pr/Mo.neKyRa ~ 1/40 ev, 

npH T= 300° K~ 27°C. 

PaccMOTPHM qacTHuy, norpymeHHYIO B 
cpe.lly c KOOP.llHttaraMH, noKa3aHHht'.\1H Ha 
pHc. 10.6. MbI orpaHH4HMCH paccMorpe
HHeM 4muKeH1u1 TOJihKO BJJ.OJib OCH x. TaK 
KaK JIBH)KeHHe c .. 'lyqanHo, TO .llBHmeHHe B 

J----/ 

z 
Puc. I 0.6. KoopJlHHa
Thl X,y HZ t:faCTHllhl, 
rrorpymeHuoti B saJ-

KYIO lKHJlKOCTh. 

HanpaBReHHH OCH x He 38BHCHMO OT .llBH)KeHHn B HanpaBRe

HHHX y H Z. 

1
) H. A. Lorentz, Les theories statistiques enthermodynamique, 

p. 49, Teubner, Leipzig, 1916; 0. L. de Haas-Lorentz, Die 
Brownsche Bewegung, Vieweg, Brauoschweig, 1913. 
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Beo.zu1 Ko34Jct>nuueHT BR3Koro TpeuHH w, aanuweis ypaaue
une .llBHiKeHHH qactHllhl c Maccott m: 

dv+ Fx=mdt w·v, (10.17) 

r JJ.e F x osHa4aer cnyqallHy10 ci.u1y, JJ.ettcray10UJ.y10 Ha qacrwuy. 
C"1Jia F x JJ.OJI)KHa 6htrb cJiyqatlnon, TaK KaK Ha npoTsnKeHHH 
Jito6oro npoMeiKyTKa npeMeHH (pa3yMHO Bb16paHHOll MaJIOCTH) 
6y JleT npoHCXOJlHTb 04eHb 60JiblllOe 4HCJIO cnyqaffHhlX CTOJIKHO· 
BeHHll 43CTHUbl c MOJieKy JiaJ1H iKHJlKOCTH. 

PaccMoTpHM Tenepb apeMeHHoii HHTepaan 't, uacTOJibKO Ma
Jlhlfi, q1061>1 H3MeHeI-IHe CKOpOCTH ~'V ll3CTHUbl ua npOTHiKeHHH 
3Toro HHTepaaJia 6hIJIO Ma.no. Torna nonHhlf:t HMTIYJihC CHJibl, 
JiellCTBYIOIUei1 113 11acri-111y 3a epeM51 't, paBeH 

"t 

X = s Fx dt. (10.18) 
0 

CKopoCTb qacTHUbl panna v0 npM t = 0 M v 1 npH t = 't; HHTe
rpwpoeattHe (10.17) no HHTepBaJiy t JJ.aer: 

m (v1 - v0) + WV 0't = X. (10.19) 

fleperpynnHpOabmasi 4J1eH1>1, uMeeM: 

mv1 = v0 (m -W't) + X. (10.20) 

TaK KaK F x nonHOCTbIO cnyqattHa, MO/KHO CllHTaTh: 

x = 0, (10.21) 

HO Ha)lO ytteCTb, 4TO 
KnanpaT: 

X'A He paaHo HY nro. BoaaeAeM ( 10.20) B 

2 _ s ( l 2Wt + W 2
't

2
) L X

2 + 2X Vo ( l Wt) 
Vi-'Vo -m m2 -r- m2 m - m ' (10.22) 

Ycpenusist sareM (10.22) n YllHTbIBasi, qTo Mhl nono>KHJIH X 
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paBHbJM Hy JUO, H8'1)leM cpe)lHee SH a qet-1He v:: 

(10.23) 

Hawa cncTeMa (4acrnua + iKHJJ.KOCTh) HMeeT TeMnepa-rypy 

T, H K Heii npHMeHHMhl COOTHOllieHHSI KHHel'H4.eCKOfi reopHH:, 

FIMeHHo: 

l - I -2 m·v2 = 2 kT. 

noaTo~y 

(10.24) 

no.nC'f8BJISISI (10.24) B (10.23) H paspewaH OTHOCH'feJlbHO X~, 
nony11aeM n.-151 a-roti Be.1JHqHHhl 

X2 == 2wtk T. (10.25) 

YITaK, cpen.HH'1 KBan.paT HMny .. 1hca CHJihI He patteH ttyJiro. 

D.anee, nepenHChlBaSI (10.23) a BHJJ.e 

l --; l -- ( 2W't ) X~ 
2 mvi = -:r mv~ 1 ---;n + 2m ' 

l --
Mbl saMetJaeM, lfTO 2 mv~ (2wt/tn) npe.ncTannHeT norep10 KH .. 

HeTHqecKoti 3HeprHH qaCTHUbl npH ee JJ.BHiKeHHH B B513KOti cpeJI.e, 

TOf JJ.3 K31{ X2/2m npe.llCTaBJISiel' KOMileUCHpyIDJ..UyIO aueprHIO, 

JlOCTaBJISieMylO qacTH:lle CJiyltatiHblMH CTOJIKHOBeHHSIMH c Mone ... 

KrJlaMH. 
J.1TaK, Mbl Ha6J110)laeM nepeJiaqy aHeprHH B JJ.Byx HanpaB· 

JteHHSIX: 

KHHernqecKasi atteprHSI qacTHLlhI -+ JJ.BHiKenne ~oJteKy JI. 
llBHiKeHHe MOJieKyJI-+ KHHeTHqecKaH 3HeprHSI qaCTHUbl. 

llanee, Mbl BH.ll.HM, qTO eCJIH BSl3KOe TpenHe eeJIHKO, TO H KOMneH

cnpy10mnn nepeHOC 3HeprHH B€JIHK. 60JibUIOe BH3Koe TpeHHe 03H3-

qae'f CHJlbHYIO CBH3b Memn.y qaCTHuen H: OKpyiKaIOllJ,efi ee BH3 .. 

KOH iKH.llKOCTblO, a CJieJlOBaTeJibHO, H MOlll.Hble CTOJIKHOBeHHH, 

COOTBeTCTBYIOIUHe 60JibWHM cnyqatiHbIM H:~ny JJbCaM )(. p aoora 

CJtyqat1HhlX CHJI npoH380JJ.HTC51 sa cqeT 3HeprHif T€IlJIOBOro JJ.BH· 

'IKeHHSI (T. e. TellJIOThl) H CHOBa npeepa11~aeTCH 8 TellJIOTY qepes 

nocpeJI.C'fBO BS13KOrO TpeHHH. 
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IlJI)I HaXO)l{,lleHIHI cpe,llHeKBa,llpaTHllHOfO CMemeHHSI llaCTMilbI 

Mhl HeCKO.TihKO yrrpoCTHM paccyiK.lleHHe, npeJJ.£10.TIO)l{HB, l!TO rrpH 

f = 0 V 0 = 0, a npH f = 't V = V1. npeJJ.II0.TIO:il01.\f TaKiKe, llTO 

I10CJie MOMeHTa 't: CH.TI bl, ,lletiC'fBYIOUlHe Ha qac-n1uy' OTCYTCTBy10T; 

MHalle fOBOpH, MbI BhIJJ.eJIHeM OJI.HO H3 CTO.TIKHOBeHH.ti 11 paccMaT

p11BaeM ero, a TaKiKe K8iKJJ.Oe H3 JJ.pyr11x CTOJIKHOBeHHtl KaK 

MHJJ.HBHJJ.yaJihHOe co6h!THe. Tor JI.a nocne 't: JJ.BH1KeH11e aaTyxae-r, 

M Mbl MO)l{eM sanHcaTb: 
wt 
m. ( 10.26) 

Pa3pelllaH OTHOCHTeJihHO x, HaXOJJ.HM~ 

Ho TaK KaK 't: Mano, MhI MOIKeM B3HTh rrpeJJ.e.11h1 JJ.JIH :>KcnoHe1-1-

u11aJihHOtl cpyHKUHl1 0 M oo; £109TOMY 113 ( 10.20) rrp11 Vo= 0 
nonyqaeM: 

_tnVr_X 
X----. w w (10.27) 

BeJIH411Ha x npeJJ.craanSieT CMeaI,eHYie qacTHUhI BCJieJJ.CTBHe HM

nyJihca X, nonylleHHoro a M0~1eHT 't. 3To ecTh BHJJ. cny11atlHoro 

0.TIY)KJJ.aHHH, TaK KaK x == 0 I10TOMy, l!TO x == 0. Ho X 2 =F O; 
B03BOJJ.SI B KBa4paT H ycpe4HHSI ( 10.27), nonyqaeM: 

- x2 
X 2_ 
-2. w 

DO,llCTaHOBKa (10.25) B (10.28) JJ.aeT: 

x 2 = 2kT tt. 
w 

(10.28) 

(10.29) 

IlnSI oonhrnero rrpoMe)l{yTKa BpeMeHH t, coJJ.ep)l{amero MHoro 

MaJihlX HHTepB8JIOB 't:, KBaJJ.paThI CMeUieH11ti cyMM11py10TCSI KaK 

He3aBHCHMhJe BeJIHttHHbI, M Mbl HMee.M: 

-- 2kTt 
x2=== • 

w 
(10.30) 

9TOT peaynhTaT OhIJI npoBepeH :>Kcnep11MeHTaJibHO rryTeM Ha6JI10-

JI.eHMSI saBHCHMOCTl1 OT BpeMeHM IlOJIO)l{eHH.t;t KOJIJI011,l.l,aJibllbIX 

qacrwu B cycneH311H. 
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5. Tennoeoe nsuH<enue s aneKTpHqecKon uenu 

OopaTHMCSI renepb K npooneMe, oqeHb CXOJPlOtt c 6poy1IO· 
BblM JI.B.vDKeHHeM: K cny1.1atiHOMY TelJeHHIO sapstJl.')B B 3llfKTpr.1· 
qeCKoft uenu. PaccMoTpHM uen& pttc. 10.7. 0Ha cocTr'HT H3 
HH.ll.yKTHBHOCTH) conpo'f HBJieHHSI H 8MI1ep:v1eTpa JI.JISI H3.\JepeHHSI 

l R 

Puc. I 0. 7. Uenb, 11crr'.'.>.1b30BaHHaH .n..1a paccym.n.e~nrn o my Me, 06yc:10B
neHHO.M re1u10BhIM .llBHiKeHHeM. VIH.LI.YKTHBHocrb, corrpo1vie.1em-:1e 11 aM
nepMerp BKJII04eHhl rrocne.n.oaarenbHO, M BCH cxeMa rro.ll.n.epiKHBaercH npH 

TeMneparype T. 

TOKa; ecsi c11creMa HaXOJI.HTCSI npH HeKoropoit re~neparype T. 
CHC'feMa nMeer OJI.HY c'feneHb cao60JI.bI 11, CJieJI.oeaTeJibHO, 

-- 1 l -;-
Ekin= 2k T = 2 Lt2 

.. (10.31) 

-
ToK cpnyKTyHpyeT cny1.1atiHh1M oopasoM, i = 0. Ecnu 3anHcaTb 
ypaBHeHHe HanpHmeHHti 

(10.32) 

r JI.e F 03Ha1.1aer cJ1y4atiHy10 9 • .n.c., JI.eticTey10my10 e uenu, To, 
KaK BHJI.BM, 9TO ypaeHeHHe coenaJI.aeT c ypaeHeHHeM JI.BBmeuusi 
qacTHUhI, coeeprna1omett 6poyttoeo .newmeHue (CM. (10.17)). 
BoJiee Toro, MexaHH3M o6MeHa 9Heprtteti cxo.neH a oooHx cny1.1asix. 

8JieKTpOH OT JI,aeT CBOIO KHHeTH4eC1{YfO 9HeprHIO MOJieKy JIBM 
conpoTHBJieHHSI, a CTO.i1KHOBeHH51 MOJieKyJI JI.8IOT KHH€'fHqecKyfO 
9Hepruf0 9JieKTpoHy. K0Mne1-1cauusi BhlpaiKaeTcsi renepb qepes 
cpe.n1-111tt KBanpaT HMilY JibC8 CJiy1.1atiHoti 9.,ll.C ., " MbI I10Jiy1.1aeM 
COOTHOllleHHe, CXOJI.Hoe c ( 10.25): 

X 2= 2R-r.kT. (10.33) 

3apHJI. q 33HHMaeT Mecro CMe1ueHHSI x; aHaJIOfH'qHO (10.30) 

-- 2kT 
q2=Rt. (10.34) 
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MTaK, HMeeTCH .uea MCTOlJHHKa 111yMa B aneKTPMlleCKOM uen11: 
TenJIOBOti 111yM, OOYCJIOBJieHHbiti TenJIOBbIM B030y»CJJ.eHHeM H cpJiyK· 
TyaUHSIMH sapHJI.a B T aKMX aneMeHTax uenM, KaK conpOTHBJieHHst, 
H .upoooBoti acpcpeKT e JI a~nax. B .uaJibHettweM MhI paccMoTpHM 
Bonpoc 0 cneKTpaJibHOM COCTaBe TenJIOBOfO u1yMa. 

Mo»eHo nocTpOHTh HeCKOJibKO 6oJiee no.upo6Hy10 Mo.ueJih, 
l.ITOOhl y1.1ecTb eo3pacTaHue co epeMeHeM cpenueKeaJI.paTnqHoro 
3H3lJeHHH HMnyJibCB CHJibl B CJiyi~ae opoyHoea ABM/KeHMH (HJIH 

9.JJ,.C. B CJiy 1~ae 9JieKTpH4eCKOH 11en11). 

Fr ~ 
F2 

F4 
0 

(i t 

Fa 
Fi 

PMc. 10.8. Cny11aAHaa c11na ecrb cryneH11a1aR 
4»-'HKUHR, H!\teIO[l\as:t noCTORHHOe 3HatieHMe Ha npo
TRiKeHHH KalKJlOro HHrepsana or (n - 1) 6 no n6. 

Dpe.nnoJioiKMM, lJTO CHJia H3MeHHeTCH ao epeMeHH cJiyqattHo, 
KaK noKa3aHo Ha pHC. 10.8, HO q·ro OHa OCTaeTCH nocTOHHHOD 
Ha npoTHmeHHM Ka1K.uoro MHTepeaJia 0 (0 - oqeHb M aJio, 't = 
= n8). CnJia cnyqaUHa, KoppenstUHSI OTcyTCTeyer u noaTO}ly 

Haxo.nHM: 

H 

FiFk = 0, i #- k, 

Fl= F2 ::j:. 0. 

t=-:=-n'1 

} 
X= s Fdt=0(F1+F2+ ... +F,,) 

t=O 

( 10.35) 

X 2 = 6' (F! + F! + ... + F~ + 2F1F2 + 2F1F3 + ... ). (10.36) 

~, cpe.unstH, nonyqaeM: 

X2 = 62 (F! + F! + ... ). 
Ho H3 ( 10.35), yq11Tb1sas., qro cpeJJ.HMe sHal!eHHSI B3aHMHbtX 
l.IJJeHOB paBHbJ Hy JIIO, HMeeM; 

( l 0.37} 
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noJI.CTSBJISISI 1: = nfJ, IlOJJyqaeM: 

X 2 = -t (F26), (I 0.38) 

H Mbl noKasaJI11, 4TO cpeJI.H11t:t KBaJJ.p ar 11MI1Y JibCa CHJibl ( HJIH 
a • .n..c.) eospacraer nponopuHoHaJihHO epe;\teHH, 4TO corJia .. 
cyeTCSI c ( 10.25) H ( 10.33) 11 IlOSICHSieT MexaHHSM 3TOf0 803· 
pacTaHHH. 

IlpHJIOM<eHHe 

B pas.n.ene 2 o6cymJJ.anac& 3aJJ.a4a o cnyqat:tHOM oJiy>K.n:aHHH 
11 ObIJIO nonyqeHo BhipaiKeHHe .llJISI BepOSITHOCTH r.n,m llOCT111Ke .. 
HHSI roqKH m nocJie n waroe (CM. ( 10.3)): 

tl! 
Ten m.= + • ~-, n m n- m 

2n ' 1 2 l 2 . 

VlccJieJJ.yeM Tenepb coorHorneHHSI, Kor JI.a 4HCJIO rnaroe n 
CTSHOBHTCSI otteHb OOJlbWl1M, TOf .n:a KaK m OCTaeTCSI KOHeqffblM. 

fip11MeHS1S1 cpopMyny CTHpJI11Hra 

n!-+(!!)'nV21tll, n>t, 
' e 

nocne neKoTop~x npeoopasoeaHHt:t nony1.111M: 

n" V~n 
'ttn.,m ~ n + m n - m -v + --? n m 

(n + m) 2 (n - m) 2 :...1t 2 
n-m 

2 

2y11 I 
n+ m n-m 

( l + ~) 2 (t - ~)-"2 l fl fl 

llneHbl 3HaMeHaTeJISI HMeIDT BHJJ, (1 + e)l/s 11 CTpeMHTCH K e 
np11 yMeH&WeHHH e, Ho HaM HY>KHO JIJ4Iuee npHOJIH>KeHHe. Boc
nonhsyeMCSI paano>KeHHeM 

I l ( e! ) J:I Jn(l+ a)l/s--Jn(l~La)=··- a----t -1-::_ + 
"" - i I"" i \""' 2 ••• - 2 •••t 

OTKyJJ.a 
! 

I - --
(l + e)l/s ~ e 2' 
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qro ,llaeT npu e = m/n: 

( l --=) 
H, HaKOHeu, 

'1Cnm~ , 

n-m 
2 

m m2 
---L-~ 

2 I 4n 
, 

[rJI. 10 

- rayccoao pacnpeJ.I.eJieHHe eepo>ITHOCTeft Hy>KHO noMHHTb, qro 
m MMeer seer ]la ry JKe lleTHOCTb, 4TO H n. ll1H1 J.I.aHHoro n 
paccrom1He Meil(llY f10CJieJl,OBaTeJI&Hbl!\IH T04KaMH eCTb ~m = 2 
(CM. pHc. l 0.3). PaccMoTpHM, K npHMepy, CJiyqati, Kor Jla n u 
m tterHhl: 

n=2h, m=2y, ~y=l, h>y. 

1 
rch,y = V;tii e 

_y2 
h 

• 

CpaBHHM 9TOT pe3yJibTaT co craH.u.aprHott cpopMyJiotl HOpYaJI& .. 

Horo pacnpe.u.e;1eH1u1: 

-~ . l 2<J2 -2 
P - e y _,..,2 -v--· , -"", 2-ito 

r Jle a - cTaHJlBPTHoe OTKJIOHeHHe. B Harnett cpopMyne ll.JIH '1Ch,,y 

a2=!!:__ m2 =4u2 =2h=n, 2 ' 'J 

l.J'f 0 COOTB€TCTBye·r OOllleMy COOTHOllieHHIO ( 10. 7). 



fJlABA 11 

TEilJIOBOH IllYM B 3JIEKTPl1IIECKOH UEIIH; 
~OPMYnA HAHKBHCTA 

l. MoneJib co c11y11aHHbIMH HMnyJibCaMH 

npHMeHMM HeKOTOpbie pesyJibT8Tbl npeJibIJlylll.eti fJI8BbI K 

oocymJieHHIO cpopMyJihJ HatiKBHCTa, onpeJieJIHIOlll,eti 4aCTOTHOe pac
npeJieJieHHe lliyMa, o6ycJIOBJieHHOro CJiyqatiHblMH renJIOBblMH 
3.JI.c. 1). HanoMHH~I, 4TO corJiacHo (10.33) H (10.38) cpe.llHHti 
KBaJipaT HMny JI&ca 9.JI .. c. F 3a Bpe~1H -: paaeH 

't 

X = ~ Fdt, x~ = 2RkT't, 
0 

(11.1) 

( 11.2) 

CooTHOllleHMe (11.2) noJiy4eHo nyTeM paccMorpeHHH MOJieJIM 
co cnyqattHoti 3.JI.C., np114eM KamJI.aH 3.JI..c. F nocTOSIHHa Ha 
npOTfl)KeHHH MaJIOrO BpeMeHHOrO HHTepBaJia 0 H 

't = nB. 

06'beJIHHeHMe (11.1) H (11 .. 2) Jiaer: 

p9.0 = 2RkT. ( 1 I .3) 

XOTSI B Hallleti MOJieJIH Mbl HMeeM c.ny4atiHy10 IIOCJieJIOBaTeJib ... 
HOCTb 11pS1MoyrOJibHbIX HMIIYJibCOB, cneKTP MOHlHOCTH 3TOti 

nocJieJIOBaTeJibHOCTH COBIIaJiaeT co cneKrpoM OJIHH04HOrO np51 .. 
MoyroJJ&Horo HMnyJI&ca, TaK KaK npw CJiy4atiHOM cJieJIOBaHHH 

1) J. L. La w so n, G. E. U h 1 en beck, Threshold Signals, 
Radiation Laboratory Series 24, Mc Graw·Hil1 1 NY, 1950~ (PYCCKrdt ne
peeo.IJ.: <DoporOBble CHrHaJibl>, Cos. paJ.HO, r952.) 
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nMnynbcoe (oes KoppenHUHH) pesy.nbTar nonyqaercH nyreM 
cyMMHpoeaHHH KBaJl.paTOB aMilJIHTYJl. lfaCTOTHbJX COCTaBJIHfOW.HX. 

ll1H1 OJlHHoqHoro HMny JlhCa a.JI.c. Bh1corott F w JIJJHTeJib .. 
HOCTbfO 6 cornaCHO (8.23) H (8.25) HMeeM: 

+~ 00 

f (t) = S C (v) cos 27tvtdv = S 2C (v) cos 2Ttvtdv, (11.4) 
'V":.=?- 00 "1=0 

rJie cneKrpan&Ha~ nnoTHOCTb 

c ('J) =pa sin ~';0. 
1t'I 

( 11.5) 

IlnwreJibHOCTb HMDJJlbCa eCTb 6 11 HO.MUH.Q./lbH.an lllHpHHa no·noct.a 
1/6 (rnaea 8, pas.Qen 4): 

l I 
A'i=2''M= 0 , -'iM~,;~+vM, "M= 20 . (11.6) 

B rpyooM npwon11iKeHw11 MO>KHO npe.ncTaBl1Tb, qro cneKTp npSI· 
MoyronhHoro HMny Jibca Bh1C0Tof1 F H JtJIHTeJJbHOCTbIO 6 npo
CTHpaerc~ npHOJIH3HTeJlbHO OT_ -VM .no + VM c DOCTOHHHOD 
cne1<rpalibHOH nJIOTHOCTbIO 

C(\I) = FB. ( 11. 7) 

Ecn11 Mhl He iKenaeM naoJlHTb 0Tp11uaTeJibHble 11acTOThI, ro 
MO>KHO BSHTb 

(1 LS) 

H yJJ.BOHTb cneKrpaJibHYfO nJIOTHOCTb (KaK B (11.4)): 

C' (v) = 2C (v) = 2F0. ( 11.9) 

PaccMOTpHM renepb nocne.QOBaTenbHOCTb HMny.nbcoo AJJHTenb· 

HOCTbIO 6 u co cpeJl.HHM Fi. CpeJl.HHl-1 KBaJl.paT a.n..c. cor .nac110 
(11.3) paaeH 

E2 =F2 =2RkTi- (11.10) 

n saHHMaer npn6nusHrenbHO nonocy 'iaCTOT 0 ~ 'i ~ v M· Do· 
9TOMy 

e = 4RkT'l.M- (ll.1'1) 
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pacnpeJI.eJieHa noqTH paBHOMepHO B I10JIOCe ttaCTOT OT 0 JI.0 v M· 

Mo)f(HO cJI.enarb nponopuwoHaJibHhIM nepexoJl K Me1-1hrneMy HH· 

Tepeany qacTOT Av, T. e. K ffHTepeany Me:a<Jly v H v + A·;, 

(ii= 4RkTA'i. (11.12) 

9To ff eCTh cpopMyna HaMKBHCTa 1). 

2. MeToJX HaitKsucTa 

PaccMOTpHM Tenepb BhlBOJl 9rof4 cpopMy.rrht caMHM l-Iaf4 .. 
J<BHCTOM. flpe)K,lle ecero, Mhl JIOJI)KHbI noc-rpoHTh 11enb, cnoco6-

nyto nepeJ1.aeaT& HenpephleH&Itt .nwana30H qacTOT, HanpffMep JI.nHH
Hyro JIHHHIO (pwc, 11.1 ). DycTh ;111HHH HMee-r .zv1wHy I H 

l 

Rn 

Puc. 11.1. JlJJHHH3fl JIHHHH .llnHHhI I, HarpymeHHaR Ha Kottuax conpo-
rMBneHHflMH R 1 H R 11, c KJJIOttaMH Jl.JIH 3aM&1KaHHH conpor11sneH.Ht4 

H3KOp01KO. 

BOJIHOBOe conpoTHBJieHHe z. 3aMKHeM JIHHIHO Ha KOHUax ·~a co .. 

npoTffBJJeHHH R1 11 Rn 11 nycrb R1 =Rn= z. BcH cxeMa naxo
JIHTCH npw HeK01opof4 reMnepaType T. Ka)KJIOe conpOTHBJieHHe 
HBJJHeTCH ffCTOlJHHKOM renJIOBOt4 9.,ll.C., TaK •rro CHrHaJibI no

CblJI3EOTCH ff3 Rr ff nor now.aioTCH e Ru, H o6paTHO. 8rff cnrHaJihJ 
noKpb1BaEOT rn11poKyEO nonocy qacror. KorJia JIOCTHrHyTo paBHO· 

sec~~'' Mbl 3a MblKaeM HaKOPOTKO o6a KO Hila JIHHHH, H TaK KaK 
JlOJI>KHO noJ1.J1.ep)f(ff BaT&CS1 Tennoeoe paanoaecHe, TO MMe10ruwecst 
n JJffHffM cffrHaJibI y)f(e 6onee He nornomaIOTCH (11 He noCbIJIBEOTCH),
a JIHllib OTpa)KalOTCH OT OOOHX KOHUOB JIHHHH. y CJIOBHe paBHO
eeCffH JI.Jiff saMH:HyTof4 HaKopOTKO JIHHHff COCTOHT B TOM, qro 

1) Bor HeKoropble octtoBHbte ncrotJHMKH: P. W. B r i d gm an, Note 
on the Principle of Detailed Balancing, Phys. Rev. 31, 101 (1928); 
J. B. Jo h.n son, ibid. 29, 367 (1927); 32, 97 (1928); H. Ny q u is t, 
ibid. 32, 110 (l 928); J. Ber n a m on t, Fluctuations de potentiel aux_ 
bornes d'un conducteur metallique, Ann. Phys. f I I I, 7 ( 1937); M. C 6 u r
t i n es, Les fluctuations dans les appareils de mesures, Congr. intern. 
d'eleetricite, vol. 2, Paris (1932). - · 
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HMeIOmHeCH CHf HanbI OOpaaytoT CTQHqHe BOnHbl C ysJTaMH Ha 

OOOHX KOpOTK03aMKHYTbIX KOHUax (puc. 11.2). 9To - cofJ
cmBeHHble tfaCTOTbl nHHHM, onpe]le.nHeMbte C001'HOIIJeHMeM 

n/.. 
2=l, (11.13) 

r.ne KB)f{JlOe 3HatieHMe n 03Ha4aeT OllHY COOC'fBeHHYfO lJBCTOTy 

11, CJie]lOBaTenhHO, OllHY cTeneHb CB060Jlhl nHHHH. 

TaK KaK JTHHHfO MO)f{HO npeJlCTaBHTb ce6e s BHJie rapMOHH

qecKoro OCUHnJlHTOpa JlJUI Ka)f{]lOt.l co6CTBeHHO~ qacTOTbl, TO 

cpe,u.H5UI 9HeprHH JinH K8)1(JIO~ co6CTBeHHOit qaCTOTbI (Ha K3iKJlYfO 

Pnc. 11.2. CroRlJHe eonHhl Ha JIHHHH 
IIPM 3aMKHyrwx HaKoporKo conpo

rHeneHHst x. 

creneHb csooo,llhl) JJ.OJIJKHa paeHHThCH cyMMe noTeHuHa.Tib

HOll H KHHernqecKolt 9HeprHH, K3lK.ll3!1 H3 KOTOphlX paBHa -~ kT. 

TaKHM o6pasoM, cpenHHH aHepr HSI Ha creneHb ceo6oJlbl pas

na kT. 
lJTOOhl nonyqHTb 9HeprHIO B JIHHMH, npHXOJlHlllYIOCH Ha qa

CTOTHbl~ HHTepsan /lv, Mhl .llOJl>KHhl DO)lCqHTaTb COOTBeTCTByIO

mee q11cno cTeneHett ceooo.n.hl lln. Ha ( 11. 13 ): 

n= 2! =2l::_ 
/\. c ' 

TaK K3K A= c /v, r .Ile c - CKOpOCTb BOJIHbl. nosroMy 

An=21 
Av c 

(11.14) 

(11.15) 

eCTb 4Hcno cTeneHett ceo60Jlhl e 4BCT OTHOM HHTepBane Av. TionHaH 

cpeJJ.HHH aHepruH KopoTKOSaMKHYTOit JIHHHH, npHXOJIHlllSHCH ua 

HHTepean Av, pasHa 

-- 2/ 
Etota1 =fl nkT = - llvkT. (11.16) c 
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oTa 9HepruSI obu1a nepooHaqaJJbHO ll.OCTaBJJeua JIHHHH JlBYMH pao

HhlMH conpoTHBJJeHHSIMH R 1 n Rn. IlonHaSI 9Hepr11si, ll.OCTanJJeH
/ 

Hast Ka)l(]lhIM conpOTHBJJeHHeM, pam-1a - kT llv 8 qaCTOTHOM HH· c 
TepBaJie ll v. 

4T00hl HatlTH 9.,ll.C., pa3BHBaeMyfO B Ka)l(JIOM conpoTHBJleHI1H, 

IlOJIC'-IHTaeM cpe11Hf0f0 MOIUHOCTh P, T. e. 911epr1110 B eJIHHHUY 

BpeMeHH: 
I 
--kTA" ... c 

P=----
1 
c 

' TaK KaK - ecrb opeMSI npooera cHrHana 
c 

OT R1 K R11 • CpeJI.HSISI MOlllHOCTb, BhIJle

nHeMasi B Kam,lloM conpoTHnneHHH u nocw

naeMasi B JIHHHfO, paBHa, TaKHM o6pa30M, 

P=kTAv. ( 11.17) 

Ho Ka)l(JIOe conpoTHBJieHwe, KaK HCTO'-IHHK 

PHc. I 1.3. ConpotHB
neHHe Rn BMecre c 
nHHHett 33MeHCHO 
eonHOB~M conoOTHB-

.1: 

neHHeM Z = R1. 

TeIIJIOBOtl 9.,ll.C., paooTaeT Ha Harpy3KY 2R (pHC. 11.3), TaK 

KaK HarpysKa cocroHT H3 conpoTHBJieHHH R nnioc BOJIHOBoe co

npoT11a11en11e JJHHHH Z = R. 
TaKHM oopa30M, 

" MOlll,HOCTb, BblJJ.eJJReMaH B z, paoHa 

'l - - e; 
P= Ri;_= 4R , ( 11.18) 

OTKyna COfJiaCHO (11.17) 

( 11.19) 

HJIH 

(I 1.20) 
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3. Ot5cy>KJJ;eHHe H npHJIO>KeHHH 

.lIJtSI npoeepKH Harnero BhlBO)la npHMfHHM ero K DOCJ1fJl0-

BaTenbHOMY LRC-KOHTYPY H noJlcq0TaeM cpenHHft KeanpaT cny .. 
4atiHOfO TOKa, OOyCJIOBJieHHOfO TenJJOBblMH 3.Jl.C. f{OHTyp noKa· 

L R 
aaH Ha p0c. 11.4. TennoeaH 9.Jl.C. Bhtpa

maercsi cpopMy Jioft ( 11.20) unu ( 11.12), 
H Mbl HMffM! 

c 
Puc. 11.4. Conpo10sJJeH1-1c 
R' HH.llYKTHBHOCTb l H CM
KOCTb C B nocne.aosarenb
HOM BKnlO~CHHH o6pa 3)'IOT 
rapMOHHqecKHH OCUHJJJJR
Top. lliyM reuepupye1cs e 

conpoTHBJICHHH. 

-~- .....-

- e2 e2 
•Q ~ v 

l; = ! z 2= ( 1 ) ' 
R" + Lw - -ooc 

OJ= 21tY. 

Ecnu no11o>K0Tb 

" BOCnOJJb30BaThCH ( 11.20), TO ( 11.21) npHHHMaer BHJl 

(11.21) 

(11.22) 

·.~ 4RkTll"' 
t; = ( ~ )' . ( l 1. 2 3) RI+ L2 w _ CJ>o 

fJ) 

Bsensi 11oopo1'HOCTb KoHrypa 

Q 
ro0 L o=R, (11.24) 

(11.25) 

ff HHeTH4fCKaSI 9Hepr0H B KOHType npH HeKoropoft qaCTOTe v 
paatta 

(11.26) 

fI011HaR KHHeTH11ecKaR 9nepr0H MoJKer OblTh nony4eHa nyTeM 

cyMMHpoeaHHR no eceM 4acroraM or v = 0 .n.o "= oo; cyMMa 

33MfHHfTCSl HHTerpaJtOM 
o::> ·-- !- ~ 1 72" kT Q0 ~ dw 

Ekin= En,._= l.cyl1._=--- Q:.i( 2 ) 1 • (11.27) 
... .... TC Wo l + _o UJ _ CJ>o 

wt <» 
4> I 



41 193 

3toT BHTerpan Herpy JI.HO BhllU1CnHTb, H MOiKHO noKa3aTb 1
), lJTO 

( 11.28) 

H nOJIH3ff (cpe.ll.Hff~) KHHeTHlJeCKaff 3HeprHff paeHa 

-· ~ 1 
Ekin== 2 kT. (11.29) 

I 
HMeeTCH paeHoe Kon11qecrao -'.X k T cpe.zureti noTeHn11anhHOti 3Hep-

rHu, 33BHCSillJ,eit OT sapsi.na KOH.ll.eHcaropa, TaK 4TO OKOH4aTenbHO 

nonHasi cpe)lHff ff 9Heprusi paeHa 

(11.30) 

ttTO JI ffBJiffeTCSI OOW.eH3BeCTHblM pe3y JibT3TO)f .llJISI HH3K0 1IaCTOT .. 

Horo rap~101n111ecKoro ocUHJIJI5ITOpa. 

4. OoooUleHuH <t>opMy J1&1 HaliKeHcTa 

Mhl 06ocH0Ban11 cpopMyny HatiKBHCTa .nnH cnyqaff 9neKTpH

qecKoro KOHtypa c conpoTHBJieHHeM R. lllyM reHep11pyeTCH 

TOJibKO B conpoTHBneHHH, r .ll.e HMeeTCff CBff3b Me>K.ll.y 9neKTp11~ 

lleCKHM TOKOM H renJIOBbll\t .llBH>KeHHeM B eew.ecree npOBO,llHHKa. 

B HHJl.YKTHBHOCTSIX H eMKOCTSIX TaKoit CBSl3U HeT, H OHH He .ll.alOT 

Ao6aeo4Horo u1yMa. B nonHoM conporueneHuH 

(11.31) 

TOJI&Ko cocTaeJHIIOHI,aH R .naet rnyM. 

J) OoJiara.R (l) = Wo s I1 pa36HBaR HHTerpa:J Ha ,.'lBa - OT 0 )10 l JI OT 
1 JlO CO, - HMCeM: 

1 00 r ds s ds 
Ou .l { ·1\i + Oo ( I \~ = 

0 1 + Ot s - -·· .. \ I 1 + Q2 
! s - -. 1

\ s/ 0
\ s) 

U,) ...0 

-Q ~ ds/s2 +ds -Q r dx '%: 

- 0 ( l )2 - 0 ' 1 + Q2 2 = 2 ' 
I +Q: s- s o oX 

1 
r.ne x = s - - ( c npe.neJ1aMi.1 0 (J\..'Ul s = 1} H oo (Jl.TJR s = oo)). 

s 

7 JI. BpeJlJIIO&B 
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BMecTo 3,..1eK'rp114ecKoti c0creMbI MhI Mor n11 6b1 paccMOTpeTb 
MexaH11YecKy10 c0creMy c BH3KHM TpeH11eM. Mhl yJKe nonb30Ba
n0cb attanor11ett MeXaH04eCKHX II 3JieKTpw1eCKHX KOJieOattHti B 
pa3nene 5 r naBhI 10. 3ra attanorHH TaKJKe np11Mett0Ma 0 K cpop
MY ne HatiKBHCTa. 06ben111un1 pe3y JihTBThI r naBbI I 0 (CM. ( 10.18), 
(10.25), (10.30), (10.33) H (10.34)) H HaCTOHIUett rJiaBhl, Mbl 

MO:n<eM ycTaHOBHTb 6onee 06m0e COOTHOUieHHSI JJ.JISI JH060tt Cl1-
CTe~t1'1 c 3aTyxa1-10eM, BhtpaiKaeM 1.1M tte:mtIHHOit R: 

r ne X - 11M11y .r1bc CHJJhl sa epeMsi t; 

2_2kTt X-R, 

( 1 i.:~2) 

(I 1.33) 

r ]le x -~ CMe1ne1rne 11p11 CB060JJ.HOM 6poyHOBO~J JlBHJKel-111111 3a 
BpeMSI f; 

- 1 ., 
Ekin= 2 k1 ( l 1.34) 

ecTh cpen11sn1 1nu1eTn4ech:asi 9Heprnsi 1-1a crenc11h csooO)lbI 11 

( 1 t.a5) 

ecrh cpenn11tt KBaJipaT c0n c t1aCTOTaM11 Memny " 11 "-1- t,. v. 
Bee 3TH pesy JibTaThl HMe10T secbMa u111p0Koe np0MetteuHe 

np0 H03KHX 4aCTOT8X. Jle-Xaac-J1opeHU pacCMOTpena 60JiblllOe 
KOJI04ecrso np11Mepos 0 np11noJKett0ti cpopMy n (I 1.32), ( l l.33) 
11(11.34) 1

). Bonpoc o np0Mettett11H (11.35) K pHJJ.Y He3neKTp0-
4ecK0x 3a]la4 TIUaTeJihHO 0ccnenosa.ri f\anneH 2

), n0Kasaern0ti 
flOJIHYIO 06IUHOCTh 9TOti cpopMy Jlbl 0 paCCMOTpeern0f:I cnyttati 
3ana4 c pa3JIH4Horo pona orpaH11lleH0SIMH. 3T0 pesy JibTaThI no
Kasbrna10T Ba>KHbie npHMeHeHHH TepMOJll1HBMHKH K HeoopaT111\lblM 
npoueccaM 3

). 

1) H. A. Lorentz, Les theories statistiques en thermodynamique, 
Teubner, Leipzig, 1916; G. L. de Haas-Lorentz, Die Brownsche 
Bewegung, Vieweg, Bra unschweig, l 931. 

:!) H. B. Ca 11 en, Ph. D. thesis MIT, 1948; R. F. G re en e, 
Ii. B. Callen, Phys. Rev. 83, 1231 (1951); H.B. Callen, 
T. A. Welton, ibid. 83, 34 (1951); H.B. Callen, R. F. Greene, 
ibid. 86, 702 (1952). 

8) L. 0 n sager, Phys. Rev. 37, 405 (1931); 38, 2265 (1931); 
H. B. G. Casimir, Rev. Mod. Phys. 17, 343 (1945); C. P . .Lte r poor, 
TepMO.llHHaMHKa Heo6parHMb1.X. npoueccoB, nepeBO.ll c aHrJIHHCKoro, 
rocrex11a.aa r, 1956. 
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Ilpu olleHh BhlCOKHX qacroTax c1,rryau11S1 cymecreeuuo Me .. 

HJleTCSL flpe>KJle ecero, uyncuo yqeCTb, 4TO MHOrHe HOBhie CTe

neHH caooo,ll,hl Moryr ttallaTb 11rparb aaMeTHYIO po11b. Tai<, B 

9JleKTp11qeCKOM KOHType IlOffBSITCfl H oy JlYT B030yLKJiaTbCSI Tell

nOBblM JlBHrK€HHeM BblClllHe cpopMbl Koneoauutt, o6ycJIOBneHHhle 

pacnpeJleneuuhlMH eMKOCTHMH 11 HHJlYKTHBHOCTHMH. B MeXaHH4e

cKoj;j CHCTeMe oy ,ll,yT B030YJl<Jl3TbC.s.I pa3JJH4tlble BHJlbl IlOHepe•f

HblX KOJJe6ain1tt J{ TOMy LKe, cymeCTBYIOT KBaHTOBbie orpaHHlJetIHH. 

flpeD.hl,ll,yW.afl TeOpHSI MO>Ke1' npHMeHHTbCH TOJlbKO nptt HH3KHX 

qaCTOTaX, )lJIH KOTOpblx 

( 1 1.3ti) 

r JJ.e Ii - IIOCIOSIHHaH fl-1aHI\a. llJIH BhlCOI<HX 'laCTOT cpopMy Jla 

( 11.34), KaK H3BeCTHO, y>Ke ue np11MeH11Ma. 

CpeJlHHH 9HeprHH ocu11nJJHTopa pasua yJt<e Me k T, a 

hv 
E(v)= -h'i--

ek-T- I 

(11.37) 

AHanorullHhle nonpaBKH .n.on>KHhl OblTb auece11b1 11 e JJ.pyr11e cpop

My n~1. 

<Ptta11lleCKa.s.1 KapruHa sicna: Bfl3Koe conpo-rueneHHe yKa3bleae-r 

Ha CBS13b JlaHHOfO BHJl3 JlBH>KeHHH c TenJIOBbJM JIBHLKeHHeM. 3Ta 
cesiah Bbl3hieaeT aaryxautte ,ll,BnLKeHHfl u npeeparn.aer ero 3Hep

r1110 BhlCOKoro KaqecTea e Tenno (9tteprHIO HH3Koro Kaqecraa ). 

Ho ato npeoopa3osau11e auepruu He MOLKeT see speMSI npoJJ,oJJ

iKaThCH, TaK KaK OHO npHBeJIO Obi CHCTeMy B COCTOHHHe IJOJI

Horo nOKOfl, a Mbl 3HaeM, 4TO B CHCTeMe npu TeMnepatype T 
.U,OJDKHa cyW,eCTBOBaTb Ta HJIU HH3fl cpopMa OpOyHOHa Jl8H}l{eHHS1. 

Ilo9TOMy Ta CaMaff CBH3b, KOTopaH OOYCJIOBJIHBaeT 3aTyXaHHe, JlOJIJK

Ha raK:>Ke nopoLK.ZI.8Th cny4afiHbJe c11n&t, .ZI.ef:tcrey10w.11e Ha CHcTeMy 

H IlOJlJlepJKHBaIOW,He ee B COCTOHHHH ·rennosoro JlBH}l{eHHSl 1). 

8TO H SIBnSieTCSI UCXOD.HbIM IlOJIO:>KeHtteM npH B blBOJle cpOpMy JI 

(11.32) HJIH (11.35). OObHCHeHHe B cnyqae opoyuoBa ,ll,BH}l{eHHH 

qacTHUbl B BOJJ,e oqeHb npocto: CJieJJ,CTBUeM CTOnKHOBeuuD qac

THUhl c MOneKy JJaMH BO,ll,hl sinnHeTcH BH3KOe rpeu11e. CnyqattHhle 

1
) CMbICJI 9TOI 0 He oqe11b ffCHOI'O paccym,n:eHHJI COCTOHT B 1IpOTHBO

nocr asJieHHH MaKpo.neumeHHJI BpoyHoeoff qacr11ubl MHKpo,n:eumeHHIO MO
JieKyJI. nocneJlHee u ectb 9HeprHJI s reunosoil <}>opMe, ror,n:a K3K nep ... 
soe rpaKryerc;i, KaK MexaHHIJeCKaH SHeprH.R (cM, paJ;:ten 4 rnasw 10). 
(llpu.1tt. nepeB.) 

1· 
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CTOJJKHOBelil15t MOJieKy JI BOJihl c qacTHuett C03JiaIOT CJiy4atiHble 

CHJihI, uo.n.u.epLK11Ba10ru11e TenJJoeoe JJ.BH)f(ett11e 11acr111uJ1. CTono)f(e· 

HHe auaJJOfH4HO BO BCex np11Mepax, KOTOpbie MOiKHO ce6e npeJI

craBHTb. 

5. Tennoeoe 11e11meuue e Bb1npS1M1tTene 1) 

IIycTh n1>1npHMHTeJib BKJII04eH nocneJiosareJihHO c couporHB

.11eHHeM R 11 peaKTHBHOCThIO X, KaK noKa3aHo Ha pwc. 1 1.5. 
AKr0e11b1e conpoT11eneH11H B uen0 ( conpo-r0eneH11e R, a -ra10Ke 

PHc. 11..'i AKtMBHoe conporus:1eHHe R, pcaKTHBHOCTb )( 
11 BblnpHMHteJib AB B nocJie.lloBa reJibHoM coe)lHHeHHH. 
l.UyM renepHpyercH B conpotHBJICHHH. l1McetCH BbHipHMJICH-

HaH 9.JJ..C., HO Het BbIOpHMJieHHOfO TOK3. 

aKTHBHOe conpOTHBJieHHe BhlnpHMHTeJIH) 6y.u.yT C03JiaBaTb CJJY· 

qaf:iHhle 3.JI.C., 06ycnOBJieHH&Ie TennoehlM JIBH)KeH0eM. Bhl11pHM11-

TeJJh He MO)f(eT BblnpHMHTb cnyqaf:iHble TOKH, Bbl3BaHHbie 9THMl1 

II 

l 

:J • .u..c., Tai( KaK BhlllpHMJieHHblti TOK 

Mor 6h1 npoHsBeCTH pa6oTy eonpeKH 

BTOpOMY Hall.any TepMOJJ.HHaMHKH. 

XapaKTep0ct0Ka BhlnpHMHreJIH 

noKasatta Ha p0c. 11.6; TaK KaK 

OHa 0.u.eT Kpyqe B npaBOti 4acTH, 

TO MO)f(HO 3aKJIIOll.Hlh, ll.TO cf>nyI<

ryauHH eneeo JJ.OJI)f(Hbl OhITb 6oJJhrne, 

qeM Bnpaso. B npOTHBHOM cny4ae 

cpe.u.1-1ee 3Ha4eHHe TOKa He paBHSIJIOCb 
PHc. 11.6. Bonb r-aMnepnan xa- 6hl HY JIIO, a HMeJICSI 6&I BhlflPHMJieH-
paKrepHCTHKa BblOp.RMHTCJI.R. Hhltt TOK. 0.u.HaKO MO)f(eT 6bl'fb 

BhIOpHMJieHHOe HanpH)f(eHHe, 3Ha4eHHf KOTOporo Mbl Il0JJ.C4HTaeM. 

llJIH 9Toro 3an11IIIeM Bhlpa)f(eH0e cnyqaf:iHott 9 • .u..c. (rettepH

pyeMott s R H conpoTHBJieHHH BbinpffMHTfJIH r) e JiaHHbitt MOMeHT: 

(ll.38) 

1) L. Br i 11 o u in, Phys. Rev. 78, 627 (1950). 
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r lle cp., - KOMnneKCHble qneHbI paano>KeHBSJ <l>ypbe JJ.JIR 3.JJ..c. TaK 

KaK Cf>v - KOMnneKCHble 9KCflOHeHUH3nbHhle cpyHKUH11, TO B cpeJl

neM 
-
cp..,=0 (11.39) 

1v1 si ecex v 11 

,n-~ 

'f - Tll• ( 11.40) 

Ec.r1H Ohl n cxeMe He Ohtno ebrllpHMMTenH, ro Mhl MMen11 

6hI cp 0 = 0. Mbl HMeeM B BH.llY Bbl4HCnHTb MMeHHO cp0 - 110-

CTOHHHOe cpe.nttee aHal.feH0e, o6ycnosneHHoe Han040eM Bh1npH

MHTenH. 

TenJIOBble 9.,ll..C. C03Jl.3IOT cnyqatiHhle TOKB, KOTOpbie T3K'iKe 

MO}KHO npeJJ.CTaewrh pstJJ.OM <l>yphe: 

{11.41) 

B 9TOM paano*eHuu qneu i 0 OTCYTCTeyeT, raK KaK eh1npHMneu

Horo TOKa He MOiKeT OblTb. KaK u paHee, iv npeJJ.crannSJJOTCSJ 

KOMnJieKCHblMH 9KCl10HeHuttanbHhlMH cpyHKUHSIMH H paBHbJ B cpeJJ.

HeM Hyn10, TaK qTo JJ.JJSI ecex " 

iv= 0 H, cneJJ.osarenbHO, i = 0. (11.42) 

IlaJJ.eH0e HanpH'iKeHBSI Ha BblnpHMMTene paBHO 

(l l.43) 

T3K K3K cnyl.failHble l'OKH oqeHb Manbl, cnellOB3TenbHO, BblllpSl

MHTeJJb pa6oTaeT Ha yqacrKe xapaKrep0cr11K11, 6n0sKoM K Ha-

4a;1y KOOp,ll.HHaT, H 9TOT yqacTOK Mo mer OhITb annpoKCBMnpoeatt 

napa6onoti. 

Ycpe.ll.HffH, nonyqaeM: 

I . b ~ . •$ = 7. t.,l., • ..-
v 

(11.44) 
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4neHhI c nepeKpecTHblMB npoHaee.u.ettnHMU ,ll,alOT e cpe.u.He.M uyn&, 

TaK KaK " OHU BblpaiKalOTCH KOMUJieKCHblMU 9KCnoHeHUH3JihHbl.MH 

cpyHKUHSIMu c noKaaaTeneM, He paeHhIM "Y JJJO. 

llanee, Mhl cocTaensieM oOhl'-IHoe ypaetteHHe tta11pH1KeH11fi: 

cp = 'Po+! <?v = R ! iv+ j}: X)Y + /, (11.45) 

r ,ll,e j = y- 1 , H, ycpeJIHHH, nonyqaeM: 

'P = cpo=/-_ b !t,i:. ( l l.46) 
y 

.ilJISI H3XO>KD.eHUSI 'Po BOCIIOJih3YeMCSI CHOBa ( 11.45) H npHpae

HSleM no.u.ooHMe qneHhl: 

cp,, = ( R + r + j X.J i". (11.47) 

4neH riy 33BHCHT OT f (CM. (11.43)). 4neHaMU c nepeKpecTHblMU 

npOH3BeJI.eHHHMU (raK>Ke 3aBHCSl1UHMH OT /) i.)~ (p. =j::. v) npeHeO· 

pe>KeM 110 cpaetteHHIO c 4JieHaMH iv, TaK KaK nepehie KBaJI.pa

TH\IHbI OTHOCHTeJibHO M3JlhlX TOKOB. yt3 ( 11.4 7) UMeeM: 

• ·-F Cf \I Cf': 
l.,lv = _(_R_+_r_)!_+_x_;_. (11.48) 

Mbl MoiKeM Tenepb eocnonhaoeathCH ( 11.20) D.JIH HaxoJK.u.euusi 

cp..,cp:' TaK KaK TOJlhKO aKTHBHhle conpoTH BJieHHR 8 uenH .ll.3IOT 

cnyqatttthie 3.,ll,.c.: 

C?v'P~ = 4 (R + r) kT av, ( 11.49) 

TaK llTO ,ll,JJH BhinpHMJieHHOtt 3.}l.C., .ll.BBaeMott BbillpHMHTeJieM, 

noJiyqaeM OKOHllaTeJibHO: 

rp0 =4kT(R+r) ! <R+:;+x;. (11.50) 
\I 

ECJIH aaMeHHTb cyMMY ~HTerpanoM u npauSITh, qyo peaKTneuocTP. 



rEnJIOBOE .UBH/KIHU1H R BhlflPHMHTRJIE 

HMeer HHJIYKTHBHbltl xapaKTep, T. e. x = 2r: l 'V, TO 

bkT 
\f>o = L . 

199 

(11.51) 

B sa1<n1011eHHe eme pas no.ll riepKHeM, qTO Bbn1psiMne11nb1ti TOK 

OTCYTCTByeT H 4TO HhlnpHMJieHHOe HanpHJKeHHe paBHO naaeHH~ 

Hanp5nKeHHH Ha BhinpHMHTeJie, raK 4TO B llenH He MOA<eT 6hlTb 

coseprnena pa6oTa. I IpHMeHeH11e cpopMy Jihl K cneu.11aJJbHhlM npH· 

MepaM Beer .llB 06HapyiKHBaeT TaKoro poaa nOJIHYIO KOMneHCBUHIO 

nocTOHHHOro cpe.nttero HanpsimeHHH. Hawe paccMOTpeHHe HB .. 

JJSieTCH np11MepOM o6mero MeTO.ll,a .lleTaJibHOfO paBHOBeCHH 1
). 

1) P. W. Bridgman, Phys. Rev. 31, 101 (1928). 



rJJABA 12 

HEr3HTPOill1AHbIA IlP11HUHil 11Htl>OPMAUH11 

l. Cnsab Me)l(Jly ancl>opMau.neA H 9HTponHeii 

Ko11uqecreettuoe onpe,ll.eneuue uHcpopMauuu, ocuoeaHHoe Ha 
crarucruqecKux npe,ll.crae11eHHHX, ObIJIO JJ.aHo a r naee 1. 

Mb1 paccMarp0eaeM c0ryau0ro, e Koropott uMeercff P0 pa3-
JU14Hb1X eoaMO>KHblX cnyqaee HJIH coObITHti c OJlHHaKOBhlMH a11-
p0opHbIMH aepoHTHOCTHMH. .UJIH yMeHbIIIeHH51 QHCJia B03MOJKHblX 
c11y4aee JlO P1 rpeoyercst HHcjlopMau0si /h H norap0¢M OTHo
rneHHH Po/ P1 eCTb Mepa / 1 (CM. ( 1. 6) ): 

rJie 

HallaJibHoe 11011o>KeH0e /0 = 0 

KoHeqHoe no110>1<eH0e /1 > 0 

P0 B03MO>KHocrett, } 

P 1 eoaMOiKHocrett, 

/ 1 =Kln :: . 

( 12. 1) 

B TepMOJJ.HHal\fuqecKux e,ll.uuuuax K = k = nocrostHHott oOJibll
Maua. 

Mb1 eee.ll.eM renepb pasn040e MeiK.ll.Y Jl.BYMH BH.ll.aMH 0n¢op
Mauu0: 

1. Cao6o.ll.Haff HHcjlopMaUHSI (free information) 11, B03HHKa10-
ruasi, KOr Jla B03MO>KHble CJIY43H paCCMaTpHBaIOTCH KaK 30CTp3KT
Hble H ue HMe10m0e onpeJteneHHoro cp0a114ecKoro BHalfeHHH. 

2. Ce513aHHaff HHcjlopMaUHH (bound information) I b> B03HH
KaromaH, Kor ,ll.a B03MOLKHhie cnyllaH Moryr OhlTb npeJICTaeneHhl 
KaK MHKpOCOCTOSIHHH ¢H3H4eCKOti CHCTeMbl. TaKH:\-1 00pa30M, 
CBSISaHHaH HHcpopM8UHH ecTb cneuHaJibl-lbltt cnyqatt CBOOO,ll.HOtt. 

OcuoaaHue Jl.JISI BBe.lleHHH 9Toro pa3JIH4Hff COCTOHT B TOM, 
CITO Mbl HaMepeaaeMCH OOCJLK,ll.3Tb CBH3b MeLKJl.y HHcpOpMauuett 
u SHTponueR (u ee orp0uaHHeM - Her9urpo110ett) u npeJtnoq0 .. 
TaeM npHMeHSITb TepMHH 8HmponllR TOJibKO B OQblqHOM repMo-
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JJ,MH3MH:QeCKO.M CMblCJie. TaKUM oopa30M, TOJibKO UHQJOpM3llHSI, 

B03HUK310lU3fl B onpe,lleJieHHblX cpu3uqecKHX 33,ll3Q3X, T. e. CBSl-

33HHaSI MHcpOpMaUHSI, oy J{eT npeJI.CT3BJIHThCSI CBfl33HHOti C 9HTp0· 

nHeti. 
D.JIH ycTaHOBJieHMR COOTHOUieHMH Me:tKJJ.Y CBflSaHHOf:t MHcpOpMa

HHeti H 3H'fpOnHef:t oyJJ.eM paCCM3TpMB3Th paBHOBepOSITHble CJIYll3M 

Km< MHKpococTOflHMH. Tor JJ.a HMeeM cJieny10my10 Kapr0Hy: 

CBSl38Hli8H 
HH4>0PM amH1 

Haqa:JhHOe no~1o)KeHHe 
lbu=O .......• 

KoHettHoe no.i1o)KCHHe 
th, :fO ....... . 

CT 8THCTH11C
CKHH eec 

Po So= k In Po 

SJ= k In P, 
(12.2) 

04eBMJJ.HO, 11TO B 3TOti cxeMe CHCTeMa He M30J1Mpona1-1a: 3HTp0· 

HHH yo&1saeT c nonylfeHMeM »HcpopMau011, yMeHb1ua1omef:i LJMCJIO 

MI1KpOCOCTOHI·n1t1:, M 9Ta HHcpOpMaUMH JJ.0JDKH3 JJ.OC1'3BJIHTbCSI 

BHernHMM areuroM, 9HTpOnMH KOToporo 6y JJ.eT noapacraT&. Cesi3b 

MeJKJJ.Y yMeHbUJeHMeM 3HTp01IHH CMCTeMbl M Tpe6yeMoti HHcpop .. 

MaitHeti OlfeBMJJ.Ha, Tai< KaK cor J13CHO (12.1) 

I bi= k (ln P0 - In P1) = S0 -Sb (12.3) 
MJIH 

( 12.3a) 

CnflaaHHasi ttHcpopMaUMfl nosinnsiercsi n Kaqecrne oTpBuaren& .. 

llOfO cnaraeMoro fiOJIHOf:t 9HTponMM cpuaHqeCKOf:t CMCTeMbl, " H3 

9T0f0 Mhl 33KJII043eM, llTO 

CBH33HH35l HHcpOpMaUMSI = y6bIB3HHIO 9HTpOilUM S = 
= yneJIH4eHHIO Her9HTponMM N, (12.4) 

r JJ.e ner3HTponMH onpeJJ.eJieHa KaK OTp11uaTeJibHasi 311rpon11H. 3ro 

110JioJKeH11e cocTaBJIHeT 11,e2a11,mponuiiHbtii npunqun u11,rjjop.Ma
t~llll. M&1 o6cy JI.MM 9TO cooTH01neH11e Ha pHJJ.e np0Mepoe n no· 

KaJKeM, KaK MHQJOpMau0si MOJKeT OhlT& npeepameHa B uer9Hrpo

n1110, M o6paTHO. 

B cJiyqae cno6oJJ.HOf:t 0ucpopMau00 npeJJ.llOlfTHTen&HO ue 

ronopHTh 0 CBH3U Me>KJJ.Y HHcpOpMauueil " 9HTponur.A, T3K KaK 

cooTHOllleH0e MemJJ.y 9HTponuef:t u qucnoM c11yqaee onpe,lleneuo 

TOJihKO, ecnu paCCMarpunaeMble cnyqau SIBJIHIOTCSI MHKpocoCTOSI· 

HUHMU <fluauqeCKOA cucTeMbl. 
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2. HeranTpon1:1iinb1ii np1:1nu1:1n 1:1n<t>opMau1:11:1; 0606men1:1e 
np1:1nu1:1na Kapno 

B curyaueu, onMcaHHOH ( 12.2), Mbl yMeHblliHJIH 9Htponu10 
cncTeMbI npe nocpe.ncrne HeKoroporo nHernnero areHra. EcJIM 
MbI M30JinpyeM c~cTeMy, ro cor JiacHo npHHUHny KapHo npu 
JllOOOH ecrecrneHHOH .ll3JlbHeHweH 3BOJllOUHH cu:creMbl 

0. ( 12.5) 

Bo3pacTaHne 9nrponue MO)KeT npou3oHrn aa cqer Jin6o cJia
raeMoro S0, MJIH - I bi' HJJH Toro H .npyroro. Kor .na cucreMa 
H30JIHponaHa H npe.nocranneHa caMofi ce6e, ro 01-rn, ecrecrsenno, 
crpeMHTCSI K HaH60Jiee sepoSITHOH cpe.nHeH crpyKrype, COOT
nercrsy10mefi ¢u3u:qecKHM ycJioeuSIM, onpe.nenHeMbIM cjJnKcnpo
naHHWMH 3HaqeHHSIMH HeKoropwx MaKpOCKOTIHQeCKHX napaMerpoB 
( 06beM, 9HeprHSI, XH.MHqeCKOe crpoeHHe H T. .n.). c HCTeMa MO .. 
iKer 6hITb nepeonpe.neJiena .na)Ke s csoex HattaJlokbtX ycJioensix, 
cooTseTcrsy10mex neKoropoH 9HtponnH S0• llonoJIHn:TeJibHasi 
HHcjJOpMaUHSI /bp Tpe6yeMaSI cpopMyJiaMH (12.2) H (12.3), COOT
B~TCTByer 60JibrneMy nepeonpe.neJieHHIO. MbI MO'JKeM yroqHHTb 
MHOfO MHKpOCKOnHqeCKHX napaMerpoe, H3MeHeHMe KOTOphlx He 
M01KeT 6bITb n no.npo6Hocrsix npocJie)Keno. HanpHMep, Mbt Mo
:.KeM nocrpOHTb CHCTeMy H3 HeKOTOpbIX H3BeCTHbIX KOJJHqeCTB 
XHMHqecKMX nemeC'fB, HO 3aTeM 9TH XHMHKaJIHH BcrynaIOT B 
peaKUHIO, H XHMHqeCKHft cocran CHCTeMbl MO:.Ker c reqenHeM 
epeMeHH MeHSITbCSI, npn:qe:M Mbl He B COCTOSIHHH Ha6JIIO,llaTb .ne
TaJJH XHMMqecKoro crpoenHH. Ilo.no6Horo po.na nepeonpe.neJieHHe 
crpyKryphI MO)Ket co.nep)l(aThCH KaI< n cJiaraeMOM S0, raK M B 
- /b1' H o6mee B03paC'raHMe 3HTpOIIHM HHOr .na Sarpy ,llHHTeJibHO 
pas.neJIHTb Me)K.ny o60HMH CJiaraeMblMH. 

HHTepeceH cJJyqaH, Kor .na S0 coorseTCTnyeT o6wefi crpyK
Type' noJiyqaeMOH B pe3y Jib rare CB06o.nnoH 9BOJJIOUHH H30JlH
ponaHHOfi CMCTeMbI, raK qro S0 ne nepeonpe.neJJeHa. B 3roft 
aa.naqe S0 oc-raercsi nocrosiHHOfi u ( 12.5) cno.nnTcst K 

0 
n 

( 12.5a) 

( 12.6) 

HJJH fl. I bt ~ 0, ecJJM Ha4aJ1hnoe .cocroSIHHe He nepeonpe.neJJeHo. 
noJib3YSICb Hef9HTpOnHeH KaK MepoH KaqeCTBa 3Hepr HH (r JJaBa 9, 
paa.neJJ 2), nonytiae:vt npnHUHn KeJihBHHa .nerpa.nauue 3HeprHH, 
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nwpamenHhllt CR~1eo.rntqeCKH paeeHCTBOM ( 12 .. 6). Paee11creo no
nyqaercsi )1}1S1 OOpaTHMhlX npeoopa30B8HHft, TOf .ll,8 K8K Heoopa
TH~Ihle npeo6pasoea111u1 na10r HepaseHcrea. 

Tor cpaKT, qro /l I bi~ 0 (CM. ( 12.5a)), HaxonRrcsi a cor na ... 
CHH c noJiytteHHhIM paHee pesy JlbTaTOM, t:>THOCSlfllHMCH I{ CB0-
60.nuotl HHcpOpMallHH, a HMeHHO: 

( 12.7) 

3TO COOTHOIJJeHHe nonytteHo npH .noKasareJibCTBe Toro, 4TO 

HHcpOpMaUHH ( CBOOOll,HaH, TaK KaK CHMBO.Tlbl npennonar aJIHCb 
a6cTpaKTHYMH " He paccMarpHeanHCh KaK MHKPOCOCTOSIHHSI cpH-
3uqecKoft CHCTeMhl) HMeeT M8KCHMYM npu paenoeepOHTHhlX cny
qaHx. 

Pas.n.en 3 9TOtl r nashl oy .n.eT nOCBHIUeH oocym.n.eHHIO paa
nnqHblX npHMepOB, IlOKa3hlBatOlllHX, qTQ 008 BHll.B HHQJOpM8UHH 
MoryT OhITb npeepameHhf e Her9HrponHto w qro ttHcpopMaunH, 
KaK CB513aHHaSI, TaK H CB060.nHa51, MOJKeT 6h1Tb noJJylleHa TOJlbKO 
3a cqeT J-Ier9HrponHH HeKoropott cpH3Ht.IecKotl cHcre.MhI. Mh1 MOJKeM 
nepenncarh (12.4) B cpopMe o6parnMotl peaKilHH: 

lzN. ( 12 .8) 

3ro yTeepiKD.eHHe npHeo.nHr K 0606meHH10 npHHitnna Kap Ho 1
), 

ecnH Mhl BKJHOllHM ooa BH.na HHcpOpMaUHH. EC.TIM 

llf 1 ~ 0, llN1 ~ 0, 
TO 

4N1 +ilf1~0, 

ll (Si -11) = ll (So -!bi - 11) == ll (So - /) ~ 0 (12.9) 

.lJ,JIH CJiyllaH, r ne B paccMorpeHHe BXOJJ,HT KaK CBH3aHlia5l, TaK H 
CB060ll.Ha51 HHcpopMBUH51. TipHHUHn .nerpa.na11HH BhlpaiKaeTC5l crepe3 
Her9HTponHIO HepaeeHCTBOM 

fl (No+/)~ 0. ( 12. l 0) 

BeJIPPIHHa N 0 ecrb Her9HrponH51 HeKoropotl cpnsuqecKotl cHcTeMhI. 
HHcpopMaunoHHoe cnaraeMoe BKJ110qaer KaK CBH9aHHyto HHcpop
Mauuro, MOrymyro yeenuqHTb No ( B npuMepe, K KOTOpOMY OTllO
CHTCH (12.2), 1,,1 yeenHqneaeT N0 no Ni), 1'aK H ceooon
nyro qHcpopMaunro. CyMMa Her9HTponnu u HHcpopMau0u MO>KeT 

1) L. Brillo u in, J. Appl. Phys. 24, 1152 (1953). 
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OCT8B3TbCSI HeH3MeHHOtl npH OOpaTHMOM npeoopa30B81H:UI, B npOTHB .. 
HOM CJ1yt1ae OHa oy.neT YObIB8Tb. 3TH uepaBCHCTBa OTHOCSITCSI 
rOJihKO K cpe.LLHHM 3HalleHHSIM. Bo ecex npttnoJKeH11stx npHHUHna 
KapHo He HCKJIIOt.IeHa B03MO)l(HOCTb B03HHKHOBCHHH cJiyt.Iaf111b1x 

cpJiyKryautttt. 
PaccMOTpHM npttMep c yt.IacrtteM KaK CBSI3aHHOfl, TaK H 

CB060.LI.HOH HHcpopMaUHH. IlycTb HH.LI.HBH.LI.yyM pacno.11araeT HH
cpopMau11ett, Koropast cBo6o.nHa, noKa ocraercH n ero yMe, 
H He CBSI3aHa noaTOMY nenocpe.ncrBeHHO c KaKoti-JJH60 cpH3H
t.IeCKOtl CHCTeMott. Ilpocne.nHM norepH HHcpOpMaUHH npH nepe

Aat.Ie ee .upyroMy HH.llHBH.LI.yyMy H Ha K8iK.ll.OM Illar y 6y .neM 
ycTaHaBJIHBaTb, TepS1ercsi JIH CBooo.nHast HJIH cBsisaHHast HH .. 

cpopMaUHSI. 
A. HH.LI.HBH.ll.YY:\1 pacnonar aeT HHQJOpMauttetl, KOTopasi sisJisieTcst 

CBOOO.ll.HOt:i. 
B. OH rosopHT 06 9TOM co6ece.uH11Ky, H HHcpopMaUHSI renepb 

CBSI3aHa: ona npeoopasoBaHa B 3ByKOBhie BOJ!Hbl, HJIH 3JieK1'PH-
1~eCKHe HMilYJlbCbl, HJJH .upyrtte cpH3Ht.IeCKHe B03Mynr,eHHSI, KOTOphie 
MOryT npHMCHSITbCSI .ll.JlSI CBS13H. Ilptt KO.llHPOBaHHH .ll.JlSI nepe.uallH 
B03MO)l(Hh1 OlllHOKH. 3To 6y .ueT norepett ceo6o.LLHOfl 11ucpopMautt11, 
TaK KaK OlllHOKH npoHCXO.llSIT .no npeo6pa30B8HHSI n cpI13HlJeCKOe 

B03My1neHHe. 
C. BcJie.ncTBHe 11cKa)l(e1111tt 11 rennoeoro rnyMa e CHCTeMe 

CBSI3H HeKoropaSI Jl.OJISI ttucpopMaUHH MoJKeT OhITb yTpatJeua. 3ro 
eCTb norepH CB"3aHHOA HHcpOpMaUHH. 

D. Cooece.llHHK Tyroyx H He BocnpHHHMaer qacTh CJIOB. 
IlpH 9TOM TepsteTCSl CBSI33HHaH HHQJOpMaUHSI~ HO HllcpOpMaUHSI, 
noJiyqeHH3SI COOeCC.LIHHKOM, Tenepb CB060.LI.Ha, TaK K3K OHa H8· 

XO.llHTCSI B ero yMe. 
E. Cnycrst HeKoropoe speMst co6ece.nHHK sa6htBaer t.Iacr& 

HHcpOpMaUHH, H 9Ta notepst eCTb noTepsi CB060.ll.HOtt HHcpopMaUHH 1
). 

l-Ia Ka)l(JJ.OM arane HMeercst norepst HHcpopMau1111; e 11a1160Jiee 
6JiaronpHstTHOM cnyqae norepvr orcyrcrBoBaJIH Ohl. C11ryauvrst 

1) 3ror np11Mep to.rthKO noKa3wnaer rnaTKOCTb onpe.lle:1eH11:H ceo6od
Hoii H C8fl3aHHOU HH<f>opMaUH11. no.1yt.IaeTCfl, l.ITO M03f t.Ie.10BeKa HeMa
TepHaJieH (T. e. ue JJB.U:JeTCJI if>H3HlleCKOH CHCTeMoR). BCJJ if>H3HlleCK3JI 
KOHuenuHff astopa CH.ilbHO crpaJJ.aer npH 3TOM. Memn:y TeM Jl.OBOJibHO 
JICHO, uanpnMep, 11ro npouecc aanoMHH3HHJI ecrh npouecc ueKoroporo 
ynopH.ll.OllHB3HHJJ B if>H3HlleCKOR CHCTeMe, K3KOBOtt JIB.1JJeTCJI Mo3r' a npo
u.ecc 336blB3HHJI eCTb peayn1>Tar DOCTO.RHHO JJ.CliCTBylOUl.HX (u raK>Ke if>H-
3HtJeCKHX) JJ.esopraHH3YlOUl.HX t}>aKTOpoB. (llptlM. nepeB.) 
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CXO.ll.Ha c TOli, l(OTopasi MO>KeT nonyqnTbCSI, KOr .LI.a MaKnep ne .. 
pe.LI.aeT no TenecpoHy 11ucpopMauu10 o 611p»eee1>1x Kypcax. 

Hy»eHO OTMeTHTh, t.tTO norepH Ha 9Tanax B, D H E npe.n
CTaBJIHIOT co6ott norpaHHllHWe cnyqaH. HHOr.LI.a aarpy.nHHTeJI&HO 
pa3JIHllWTb CB060.LI.HYIO H CB513aHHYIO HHcpOpMalUIH, B qacTHOCTH, 
B cnyqa51x, e KOTOpbIX yqacrByer LieJioeeK·Ha6nro.naTeJih. Mn1 
.non»eHbI, KOHequo, 11rHop11poeaT& see 11enoeeqecK11e oueHKH. TaK, 
HanpHMep, Mbt HCKJIIOllaeM cnyqaf1, Kor .na yt.teHhllt co6ttpaer 
.naHHhie, a 3aTeM Ha OCHOBe HX H3y4eHH51 OTKphlBaeT nay11Hhlt1 
3ar<oH. Haw11 onpe.LI.eJieHHH 3.necb ue npHMeHHMl>I. Mb1 cMor JIH 
nocTpOHTb y ,lI.OBJieTBOpHTeJibHYIO TeOpHIO HHcpopMaUHH TOJlbKO 
nyTeM ucKJifOlleHnst npouecca Ml>IlllJieHH5l. Mo>KHO, f(OHellHO, 
Ha.nestThCSI, lll'O B ll.aJibHettlllel\.I OKa)f{eTCSI B03MOiKHl>IM paClllH· 
pHTh TeOpHIO H BKJIIOqHTb B Hee HCCJieJ{OBaHHe TaKoro poll.a 
npo6neM. 

Bo3epawaHcb K cpopMy naM ( 12.6) 11 ( 12.10), Mbl MO»eeM pe-
3IOMHpoeaTb B3aHMOCBSI3b Me»e.ny TepMO.UHHaMHKOtt H TeopHet1 
lHtcpopMaUHH cneAyIOIUHM o6pa3oM: 

11er9HTpon11si N coorsercrsyeT HttcpopMaUHH /, 1 
-reMnepaTypa T oaHa'laeT rennoBoll wyM, 11apy- I 

111a1ow11tt nepe.natty HHcpopMaUHH, I 
9Hepr11H coxpa1u:1e1 ceoe 06&14noe 3Ha4eHHe, ~ 
A Q T AS ( 1 2. 11 ) .u = .u ecrb Tenno, yt1acrHy10nree B HeKoTo-

poM npouecce, I 
aw= T dN = T di COOTBeTCTByeT MexaH11'1eCKoA I 

paooTe, Koropast ~o>Ker 61>1Tb npoHsee.neHa. 1 

npn BhICOKOt1 TeMneparype T lllYM CHJibltee H paoora, 11eo6xo
.n11Ma5I .LI.JIH nepe.n.allH onpe.neneHHOtt HHcpopMaUHH, ooJI&rne, TaK 
I<aK He06XO,ll.llMO nepeKpblTh llOMeXH. 

PaccMoTpHM HeCKOJihKO KJiaccHqecK11x 3aAall cp11a11KH, ttTOOhI 
no1<a3aTh, KaK B03HHKaeT CBSI3anH aH HHcpopMaUHSI H KaKyIO pOJib 
OHa urpaeT. 3To 6y ll.eT IlOJlXO.lJ.SIIUHM cnyqaeM ll.JISI paCCMOTpeHHSI 
HeKOTOpl>IX crapbtX cnopOB 0 3HalleHHH 9HTpODHH H ,ll.JISI paao
SICHeHHSI neKoropwx rpylJ.HMX eonpocoe. 

BoabMeM cnyqaft nJtean&Horo Oll.HOaTOMHoro raaa, aaKn101JeH-
11oro e -rennouso;1upooaHH1>1t1 cocy .a. o6neMa V. 
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f\or .ua .llOCTHrnyTo paBlfOBeCHOe COCTOSIHHe, 9HTponRSI paBHa 1
) 

{ 
5 [ V (4tcmE\ 3

!2 I} s =kn 2 +Jn g n~ \ 3h 2n) ' (12.12) 

r .ue n - t.IHCJIO aTOMOB rasa, . m - Mac ca aroMa, k H h - no

CTOHHHb1e BonbuMaHa H IlJiaHKa cooroeTcTBeHHO, E - noJI11aH 

3Hepr11H H g - t.IHCJIO Hepa3JIHllHMhlX COCTOHHHtt Ha OCHOBH0!\1 

ypOBHe aTOMa. 

EcJIH OCllOBHOe COCTOHHHe He BbtpO)K.lJ.eHo, TO g = 1. 3TO 

ecTb cnyqatt aToMa 6e3 MOMeHTa KOJIHt.IeCTBa .ll.BH'.iKeHHSl B OCHOB

HOM COCTOSllHUI (j = 0). Ecnu HMeeTCH MOMeHT KOJIHlfeCTBa 

.ll.BHiKeHHH j (CilHH IlJllOC opORTBJlbHblit MOMeHT), TO HMeeTCSl 

gi == 2j + 1 COCTOHHHft, npe.u.nonaraeMhlX paBllOBepOSITHbIMH .. 

OCHOBHOe COCTOSIHHe npe.LI.nOJJaraeTCSI .ll.OCT3TOlfHO HH3KHM, a 

TeMneparypa He CJIHillKOM BhlCOKOtt, TaK lfTO B030Y)l{.UeHHe Ha 

BhlCIIIHe 9HepreTHlleCKHe ypoBHH He MO)l{eT HMeTb Mecra. 

TeopeTHt.IecKaSI cpopMy Jia xopolllo cor nacyercSI c 9Kcnep11-

MeHTaJihHhIMH .LI.aHHbIMH, HO MHOrHe TeopeTHlleCKHe qJieHhl, coeep-

111eHHO HeOOXO.LI.HMhle ,llJIH JI0f H4eCKOtt IlOJIHOThI, B .LI.ettCTBHTeJibM 

HOCTH CJIHillKOM M3Jlhl, tiTOOhl HX MO)l{HO OblJIO HaOJIIO]f.3Th 

B 6oJiblllHHCTBe repMo.nHHaMHlleCKHX 9KcnepHMeHTOB 2). 

Ilepen11llleM ( 12.12) cne.uy10mH:w o6paaoM: 

l 
j = {- , S2 =Si + kn ln 2, ~ ( 12.13) 

,ll.JISI g = 1: HeT BbipO)K.lJ.eHHH, j = 0, 

,ll.JIH g = 2: 

.LI.JIH g = 3: j = I, Sa = S1 + kn In 3. I 
J 

CJiyt1att g = 2 coorBercr0yer a·roMaM co cn11110M 1 /2 H c .ueyMH 

I 1 ) opHeHTaUHHMH 1\±2 . Ilp11 g=3 Mhl nMeeM j= 1 H rpH 

op11eurau11H (- 1, 0, + l ). Bee op11eHTa1111H paBHOBepoHTHhI, 

ec.11H enernHee none orcyrc'reyer; He60JihIIIoe BHellIHee none 

pacmenJIHeT 9HepreTHlfeCKHe ypOBHH H ycTpBHSieT BblpO)l{,lleHHe. 

1) CM., Hanp11Mep, J. E. Mayer, M. 0. Mayer, Statistical me
chanics, cTp. 115, fj>opMyJia (5.19), a TaKme crp. 132-140. 

9) 0. Stern, Rev. Mod .. Phys. 21, 534 (1949); E. Sch roding er, 
Proc. Roy. Irish Acad. 53A, 189 (1950); K. Darrow, BSTJ 21, 51 
( 1942); 22, l 08 ( 1943). 
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Pa3HOCTH MeiK.llY s1' S2 H Sa oqeHh MaJihl 11 He MoryT He

nocpe.ncTBeHllO Ha6JlfO.lla'fhCSI, raK t<aK Mhl He 8 COCTOSIHHH H3Me .. 

llHTh 3Ha4eHHe j JJ.JISI .naHHOrO aTOMa. 0.nHaKO npH pa.nnoaKTHBHhlX 

npeupauleHHSIX Mhl MO)l{eM Ha6;uo.naTh npeeparueHHe aToMa c 

Maccot:t m 11 cnHHOM j B .npyrott atoM c Maccott m' 11 cn11HOM )', 

H B 3TOM CJiy4ae 9TH BeJIHllHHhl HMeJIH 6hl cpH3HtteCKHfl CMblCJI. 

3ro paccyiK.neHHe noKa3hlBaeT, llTO MO)KHO fOBOpHTh 0 pa3-

JIH4HH B 9HTp011HH llS TOJlbKO tor .na, Kor .na npeo6pa30BaHHe 

cpH3HlleCKH ocymecTBHMO. B npotHBHOM cnyqae 9TO He HMeer 

npaK'fHlleCKOro CMhlCJia. Ilpe.nnoJIOiKHM, llTO Mhl HMeeM JlOllOJIHH-

·TeJihHYIO HHCpOpMaUHIO 0 COCTOSIHHH raaa; HanpHMep, HaM y .naJIOCh 

yaHaTh, llTO ll HeKOTOpbltl npe.nwecteytoWHfl MOMeHT ra3 3aHHMaJI 

MeHhlllHfl o6ueM V'. TaK o6cTOSIJIO 6hl .neno, ecn11 6h1 raa co

.nepiKaJIC5! B cocy .ne V', KOTOpniil MhI HHe3an110 coe.UHHHJIH Oht 

c .npyr11M 061)eMOM V'': 

V == V' -+- \!", \/' < \/. 
Ha4aJibHaSI 3irrponHSI S' MeHhwe ::1HTponnn S noc;ie pacun1pe11:11S1 

Ha eeJIHllHHY, onpe.neJISieMyto ( 12.12): 

S - S' =kn (In \/ - ln l/') == l, ( 1 2.14) 

r .ne I ecTh HHlfJopMau11si. Kor .na MbI unycKaeM raa B o6beM V", 
Me)KJJ.Y o60HMH cocy .naMH B03HHKatoT KOJie6aHH5! IJJIOTHOCTH, H 

nocteneHHO yc-raHaBJIHBaeTCSI paBHOBeCHOe COCTOSIHHe c TIJIOT

HOCTbto, o.uHopo.nHott uo eceM o6oeMe V. Bo3pacra11ne 9Htponn11 

H notepSI HHcpOpMau1111 npOHCXOJJ.SIT COBMeCTHO. Mhl MOiKeM CKa-

3aTh, llTO ra3 nocTeneHHO «3a6hrnaeT>> HHcpOpMaUHIO 1). 

B Kallecree .npyroro npHMepa paccMoTpHM .nncpcpyan10 raaa. 

4To6bl ynpocTHTh aa.natiy, coxpaHHB ee cy1necreeHHh1e qepTw, 

npe.nnoJIOiKHM, flTO HMeIOTCSI JJ.Ba raaa c aTOMaMH 0.llHHaKOBOti 

l1aCChl m npH g = 1; n1 aTOMOB nepeoro raga aa1-111Ma1ot nepBo

nattaJihHO 061)eM V1, 11 2 aTOMOB nroporo raaa - o6·beM V2: 

n1 - 1 n>J. == n, V1 -~ \/2 == V, 

1) ,ll.m. cjJoH HefiMaH T aK>Ke paccttta rp11saer Hao.r.110,llaT enH, 3a6brna10-
1nero wmpopMan1110, H ycraHasn11saer, l.fTO 3TOT npouecc raKme 03Hairner 
B03pacraHH.e 3HTpODHH. 3.lleCh Mbl CHOBa BH,llHM, llTO HeB03MO>KHO BO scex 
cnyqasx nposeCTH HCHOe pa3~'IHllHe Me>KllY C~060.llHOH H CBH33HHOH HHcjJop
M3UHeit 3THM no.nqepKHBaeTCH Heo6xO,llHMOCTb o6o6m:eHHfl npHHUHIIa 
Kapuo (cM. pa3,lleJI 2). ,lJ.a.11hHei1rnee o6cym.lleHHe 9roro sorrpoca CM. y 
Hei1Maua: J. v o n N e u m a n n, Mathematische Grundlagen der 
Quanten-1\1echanik, Springer, Berlin, 1932; CM. raKme P. Jo r d a n, 
Philosophy of Sci. 16, 269 ( 1949). 
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n1 == p1n, n2 = p 9/t, Vi= p1 V, V2 = p2 V, p 1 -t- p2 = 1. (12. L3) 
3TH COOTHOUJeHHH rpe6yIOT, lfT06hl HalfaJihHble KOHUeirrpauHH 
COCTaBJISIIOIUHX 11 KOHelfHaSI KOHUetrrpaUHSI 6blJIH paBHhI: 

V1 V2 V 
n 

Kpo:\ie roro, MM 11pe.rr.noJ1araeM paenopacnpe.rr.eneHHe 9Hepr11fi: 

(12.16) 

H Bee 3'J H ycJIOBHSI, BMecte B3SIThte, Tpe6yror, 4T06hl B ualfaJihHOM 
COCTOSIHHH .rr.aBJieHHSI H TeMneparyphl o6onx ra30B He pa3JIHllaJIHCb. 

Bee.rr.eM .rr.nSI cKo6oK e (12.12) o6oaHalfenue 

41tmE\ a12 
Q = \ 3h'> l . , ' ~n I 

B CH11y Harnttx npe.rr.nonoJKeHHfi Q HMeer o.a,HHaKoooe 3Ha4eHue 
.ll.ilSI o60HX ra30B H coxpa1n1er 9TO 3HatieHHe ua npOTSDI<eHHH 
Bcero npouecca cMernneaH11s-1 ra3oe. 0Tcro.rr.a HMeeM: 

.ll.0 CMellI H BaHHSI 

(12.17) 

IIOCJie CMellHBaHHSl 

,_ v ' ;- v \ 
Si2 == kn1 , --2'?_ + ln - + ln Q ~ + kn2 I ~ + ln - + ln Q 

1

1 == 
.. n 1 · \ ,_ ntt 1 

===Su -t- kn 1 (ln It - ln n1) + kn2 (ln n - Jn flit), ( 12.18) 

s;:a = S12 - kn (p1 ln Pi+ P2 ln P2). 

Heo6paT11Moe 003pacraH11e 3HTpon11tt paouo 

~S' = Si2 - S12 = - kn (p1 ln Pt+ p2 ln p2) > 0. ( 12.19) 

3Ta eeJJHlfHHa nono)KwteJihHa, TaK KaK JI.JISI p1 < l 11 P.:i. < l 
norapHcpM otpuuarenen. Mhf HMeJIH B HCXOJI.HOM cocTOSIHHH He· 
KOTopyro HHcpopMaUHIO I ( CBSI3aHHyIO HHcpOpMaUHIO) 0 Cl1CTeMe: 

I= - kn (p1 ln p1 + p2 ln p2), (12.20) 

H 9Ta 11ncpopMaUHSI 6h1.11a norepSina B npouecce JI.Hcpcpyauu raaa. 
Mo)KHO cpaBHHTh ( 12.20) c cpopMy nott WennoHa (2.1) .rr.JISI uncpop
Mauuu. fa3 B OKOHlfaTeJibHO CMellJaHHOM COCTOSIHHH COOTBeTCTByeT 
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cnryau1111 c .llBYMH CHMBOJiaMtt c a11p11opHhlMtt BepoSITHOCTSIMtt p1 

11 p2• Po .. 1h cttMBOJia 3.rr,ecb 11rpaeT o.rr,ttH 113 BM.llOB aroMoB. Bn16op 

HeKoropoii qacrnott KOMOHHaUHH. CHMBOJIOB JJ,aeT HHcpopMaUHIO 

- k (p 1 1n p1 + p2 ln P'2) Ha CHMBOJI (llieHHOH). HaqaJibHOe co

CTOSIHHe r a3a COOTBeTCTeyer 016opy aTOMOB l H noMeIUelfttIO 

11x e V., Tor .lla KaK aTOMhI 2 noMeIUatoTCSI B V2• llJJsi 3Toro 

TpeoyeTCH HHcpOpMaUHSl, BbtpaJKaeMa51 ( 12. 20). 
PaccMorpttM Teneph HeCKORhKO BH.llOH3MeHeHHYIO 3a.lla4y, 

11pe.llnOJIOJKMB, tjTO aTOMhl HMeIOT CfHiH l /2, HpHqeM aTO!\tbl BH.lla 1 
I l 

HMe101 op11enrau11to + -2 , a BM.lla 2: - '.T. CTOJIKHoeeHHSI Bbl-

3oeyT nepexO.llhl MeiK.llY .llBYMSl BHJJ,aMM aTOMOB, H B OKOH4a

Te.ilbHOM COCTOSIHHH oy JJ,eM HMeTh: 

(12.21) 

c 3H'rpo1n1eft 

( 12.22) 

Mh1 cuoBa TepHeM Hn!popMaUHIO H yeenn11neacM 3HTponHIO 

AS"= s;2 - Si 2 =kn (ln 2 +Pi ln 1'1 + P2 ln P2) > 0. ( 12.23) 

0KOH4aTeJihHaSI 3H'rpon11S1 S~2 pa BB a 3HTponH H S2 (CM. ( 12.13)) 
JJ,JISI ra3a co CTIHHOM 1/2 c .llBYMSI paBHOeepoSITHblMH opHeHTa

UHSIMH.. Harne paccyJKneHHe SI CHO noKa3b1eae1 HeooxO.llHMOCTb 

llJieHa, 3aeHCSill.J.ero 01 g, B ¢op My Jie .llJISI 3HTporrHH 11 oooHCHSieT 

ero cpH3H4eCKOe 3H8ljeHHe. 

BoapacTaHtte 3HtponHH coorse1c1eyeT noTepe 11HcpopMau1111, 

KaK H e npe.llhlJlYIUHX np11Mepax. CpaeHHM Harny cpopMyJiy c pe

aynhTaTaMtt rJJaBhl 2. Mhl Hau1nH (cM. (2.18)}, q10 eh16op o.rr,Hott 

B03MOJKHOCTH H3 .llByx c anpnopnbtMH eepoSlTHOCTSIMH p 1 H p2 

.llaeT MHcpOpMaUHIO 

( 12.24) 

Ha CHMBOJI. c}ra BeRH4MH8 .llOCTHr aeT MaKCHMyMa 11p11 

I 
Pi= P2 == :r, lmax = k In 2. ( 12.25) 
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Ecnn: Mhl nepexo.n.nM OT cnyqaS1 p1, Pi K cnyt1a10 1 /2, 1 /2., TO 

HH~OpMaUHSI H3MeHSleTCSI Ha 

Iii= lmax - IP= k (In 2 + p1 In p1 --i- Pi Jn p~) (I ~.26) 

Ha CMMB0.11. 9TO B TO'IHOCTH COB11a.uaer c ( 12.23). 

4. HecKon&KO oom:n:x aaMettanul% 

l13 paccMOTpeHHSI BhlmenpHBe.ueHHblX 3a,lla4 MO)KHO cpa3y 

BhIBeC'rH HeCKOJlbKO HHTepeCHblX 3aKJIIOtjeHHtl. 

IlonyqeHHe HH~OpM3UHH 0 cpn3n:qeCKOA CHCTeMe COOTBeT

CTByeT ooHH>KeHHIO 9HTpoonn: 9TOH cn:creMhI. Hn:sKaSI 9HTpoonH 

03HaqaeT HeyCTOit4HBOe COCTOSIHHe, KOTOpoe pauo MJJH 003,llHO 

nyTeM ecTecrsenuott 3so..rnoun:n: nepen.ueT o ycTott1111soe cocToH

HHe c BhICOKott 9nrpo1u1ett. Bropoe uaqa .. 10 HHt1ero ne roBopHT 

HaM 0 tpe6yeMOM JlJlSI 9TOro speMeHH, H n09TOMY Mbl He 3HaeM, 

KaK .uoJJro cn:cTeMa 6y.ueT noMHHTh 11HcpopMau1r110. Ho ecJJ11 

KJJaCCH4eCKaSI repMO.llHHaMHKa He B COCTOSIHHH .ll3Tb OTBeT Ha 

9TOT oqeHb BaiKHblit BOnpoc, TO Mbl MOJKeM nony1111Tb OTBeT 113 

paccMOTpeHHSI MOJieKyJJHPHOii HJIH aTOMHOti MO)l.eJJH c nOMOUJ,bIO 

KHHern:qecKoit reopn::n:: CKOpOCTb 3aTyxaHH.H BCSIKOro pona BOJIH, 

CKOpOCTb J1.Hcpcpy3HH, CKOpOCTb nporeKaHHSI XHMHtjeCKHX peaKUHti 

11 T. .u. MoryT OblTh Bhl4HC JieHhI JlJJSI no.uxo.uHmn:x Mo.ueneii1 11 

BpeMSI ycTaHOBJieHHSI MO)KeT MeHSITbCSI OT M3JlblX )1.0Jief.l ceKyHJ1.bl 

)1.0 rO.lJ.OB HJIH CTOneTntt. 

TaKoro po.ua aa.llepJKKn 11cnonbsyroTCH so Bcex npaKTf111e

CKnx opHJIOiKeHnHx: He TaK MHOro BpeMeHH TpeoyeTCSI, lj'f00bl 

cepHSI HMny JlbCOB ( npeJ1.CT3BJlSllOllll1X, Hanpn:Mep, TOtjKJ1 H T 11pe ), 

nepe.uaaaeMaSJ no 3JieKrpn:4eCKOMy Ka6eJJ10, 3aTyxna 11 6b1Jia 

aa6b1ra; o.unaKO 9TOT KOpOTKHit npoMe:>KyroK BpeMeHH JlOCTa· 

TQtjHQ BeJIHK ,.QJISI nepe.ua411 .uaJKe Ha 60JibWHe paCCTOSIHHH, IITO 

H .ueJiaeT B03MOiKHOit naJibHIOJO CBSl3b. 

CncTeMa, cnocoottaH y .uep1K11BaTb 11HcpopMaUHlO Ha ueKoro

poe speMH, MOiKeT OhITb n:cnOJib30BaHa B KaqecTBe 3anOMHHaro

mero ycrpOtiCTBa BbllfHCJIHTeJlhHOii MamHHbl. 0 pHMepbI, o6cyJK

lleHHble B npell.hlllYllleM pa3nene, HHTepeCHbl He TOJlbKO B TeO

peTnqecKOM OTHOllleHHH, OHH yKa3blB3IOT TaK>Ke 00.llXO.ll K opaK

TnqecKHM sa.n.a4aM. PaccMoTpnM, HaopnMep, sanat1H o n11cpcpysnn 

If pacope.ue.,r1eHHH COHHOB ( Cl\1. ( 12.15) - ( 12.26)). 0HH TeCHO 

CBHBaHhl c MarHHTHblMH sanOMHHaIOII{HMH ycTpOACTBaMR, TaK KaK 
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cnHH ecer .na accoUHHpyeTCSI c MaruHTHhUI MOMeHIOll. Cne.noea ... 

TeJJbHO, CMTyallHSI epo.ne onHCbIBaeMotl paeeHCTBOM (12.15) 03Ha .. 
11aeT, 4TO o6'beM V' uaMarH1-JI1e11 .no 11achnlf.et111S1 B onpe.neneHHOM 

HanpaeneHHM, Tor .na KaK 06-heM V" naMarHM'IeH e npOTHBono

JJOlKHOM HanpaeneHMM. HHcpopMaUHSI, 3anaceHHaS1 B 9TOtl c11cTeMe, 

cooTBeTcreyeT yMeHbrneHHIO 9Hrpon11n. Hawe paccylK.neHMe no

I<a3hlBaeT, KaK 91'0 COCTOSIHHe nocTeneHHO paspyrnaeTC5I .ll.Hc}lcpy-

3Hetl M CTOJJKHOBeHMSIMH, yeeJIH'lfMBaIOlUl1Ml1 9HTponMIO l1 er11pa10-

IHWMH HHcpOpMaUHIO. 

3HTponH51 OOblt.IHO onHChmaeTC51 KaK Mepa 6ecnopsi.not1HocT11 

B cpH3Mt.IeCKotl CMC'feMe. Bo.nee TOt.IHO yrBep>K.neHHe, lJTO anmpo
ntia ecmb .Mepa HeiJocmam1ea llHt/Jop.Maquu o JJ.eftCTBMTeJibHOil 

CTpyKType CMCTeMbl. 3TOT HeJJ.OCT3TOK HHcpopM8UHH npHBOJJ.HT 

K roMy, QTO B03MO>KHO 60J1b111oe paanoo6pa3He pasJJHQHhtx MHK

pocTpyKTyp, KOTOpbie Mhl npaKTMQeCKH He B COCT051HMM OT JIM

llHTh .npyr OT .npyra. Tai< Kat( KaJK.na51 113 9THx pa3JJH4HblX 

MHKpOCTpyKryp .neACTBHTeJihHO MOJKeT 6h1Th peaJIH30BaHa B He

l(OTOpbltl .naHHbltl MOMeHT, He.nocraTOK HHcp0pM3UHH COOTBeT

CTeyeT .neI1CTBHTeJihHOMy 6ecnopH.ll.KY B CKpbl'fbIX creneHS1X 

cno6o.nhl. 

3ra KaprH11a xopowo paanHC1-rneTcs:1 Ha np11Mepe 11.neaJILHoro 

ra3a. Kor .na Mbl sa.naeM o6mee IIHCJIO aTOMoe n, 11x Macey m, 
KpaTHOCTh Bh1poJK.neHHS1 g H nonHy10 9HeprHIO E (CM. ( 12.12)), 
Mb( He ycTaHaBJIHBaeM nOJJO/KeHHil H CKOpOCTetl KBlK.ll.Oro HH.ll.11-

BHJJ.yaJibHOro aroMa. 3TO ecTb He.nocTaTOK HHcpOpMaUHH, npn-

80.ll.SIIUHft K 9HTponttH, BhlpamaeMoft paeeHCTBOM (12.12). TaK 

KaK Mbl He aa.naeM nOJIO>KeHuft H CKOpOcTetl arOMOB, TO Mbl He 

B COCTOSIHHH pa3JIHQHTh .n.ee npOObl raaa, eCJIH pa3JJHqHe COCTOHT 

TOJJhKO B pa3JJHllHH noJJOlKeHHtl H CKOpOCTeI1 aTOMOB. fl09TOMy 

Mbl MOJKeM OfIMChlB8Tb CHTyaUHIO J<aK 6ecnopS1.ll.OqHoe .ll.BHlKeHHe 

aTOMOB. 

11cTOllHHl{ coepeMellHbIX npe.ncraBJJeHHti 06 9HTponHM H Mil· 

cpopMaUHH co.nepiKMTCH B crapotl cTaThe CHJiap.na 1), ocHoeono

JJara10ma51 paoo1·a KOToporo e CBoe epeM51 He OhlJia xopo1no 

no115ITa. Ces:J.ab Me>K.ny 9nrpouHetl H HHcpopMauHetl 6h1na BHOBh 

OTKpb1Ta LUeHHOHOM ~), HO OH onpe.neJJSIJI 9HTponHIO co 3Ha-

, KOM, o6paTHhIM o6hlt.IH0!\1Y Tep.MO.ll.HHaMMt.IecKoMy onpe.neneHHIO. 

1) L. S z i la rd, Z. Physik 53, 840 (1929). 
2

) C. E. S ha n n on, W. \V ea v e r, The Mathen1atical Theory of 
Communication, U. of Illinois Press, Urbana Ill., 1949. 
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Tio9TOMy TO, llTO WeHHOH nashleaeT 9HTponuefi HHcpopMan1111, e 

.neDCTBHTeJJbHOCTH OSHallaeT Her9HTp0IlHIO. 9TO 51CllO BH)J.HO Ha 

JJ.BYX npHMepax ( CTp. 27 11 61 KHYffl1 llieHHOHa ), r )J.e llieHHOH 

,lJ.OKa3hIBaeT, tfTO npH HeKOTOphIX HeoopaTHMblX npoueccax (He

oopaTHMblfi npeOOp330BaTeJih HlU1 cp11JihTp) ero 9HTpOrIHH HHcpOp

MaUHH y6hIBaeT. 4T00bl npHBeCTH 9TO 8 COOTBeTCTBHe c HalliHMH 

onpeJJ.eJieHHHMH, HY>KHO 11aMeHHTh a11aK 11 1.111raTb HezaHmponuR 1
) .. 

CeHa& MeiKllY 9HTpon11ett 11 11HcpopMau11ef1 He HO 118JIO)l{eHa B 

He.u.aeHHX cTaTbHX PorlllTettHa 2) e nonnoM cor nacH11 c TOlfKott 

apeHHS1, npeJJ.CTBBJJeHHOtl B HaCTOHmeti r Jiane. 

1
) 4ro-uu6yJJ.b H3 JJ.Byx! (flpu./tt.. nepeB.) 

2) J. Rothstein, Science 114, 171(1951); Phys. Rev. 85, 133 
(1952). 
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nEMOH MAKCBEnnA H HEf3HTPOnHRHWR nPHHUHn 
HHfl>OPMAUHH 

l. JleMOH MaKCBeJI.na; HCTOpHtteCKHH ooaop 

n pooJieMa ,ll,eMOHa MaKCBeJIJia npe,ltCTaBJIHeT npeKpaCHhltt 

CJiy4at1 ,ll,JIH npwMeHeHHH TeOpHH HHcpOpMaUHH H HCHO nOK33hl

BaeT CBHBb Me)l(JI.Y HHcpopMauweft H 9HTponweft. 

Copr11py10m11ft JI.eMOH pOJI.HJICH e 1871 r. ll enepehle no· 

HBHJICH B MaKCBeJIJIOBCKOO «TeopHH TenJIOTbl» (cTp. 328) B 

Kallecree «Cylll.eCTBa, CTIOCOOHOtTH KOTOpOrO H3CTO.'JbKO H30Hl

peHhl, qro OHO MO)l('.eT CJie,ll,H Tb 33 K3iKJl.Off MO.lleKy JIOO Ha ee 

nyTH, ll B COCTOHHHH ,ll,eJiaTb TO, LITO B HBCTOHmee epeMH Jl.JIH 

H3C HeBOBMOiKHO. . .. n pe,ll,nOJIO)l('.HM, qTO HMeeTCH cocy ,ll,, p33,ll,e

JieHHblt1 Ha JI.Be LiaCTH A 11 B neperopOJI.KOff c HeOOJiblllllM OT

eepcTweM, H LITO cymecTBO, KOTopoe Mo31Cem BzziJemb omiJeAb
Hble .A(,OMJCYAbt, OTKpbIBaer H aaKpbIBaeT 3TO OTBepcrwe TaK, 

1.1roobl aaTh B03MOii<HOCTb TOJibKO ooJiee OhlCTpbIM MOJieKy naM 

nepeftTH 113 A e B 11 T01HhKO 6oJiee MeJI.JieHHhIM nepeff TH H3 

B B A. 3To cymecTBO, T3KHM oopa30M, Oe3 33Tp3Tbl pa60Tbl 

noBhICHT reMnepaTypy e B 11 noHH3HT e A, eonpeKH eropoMy 

HaLiaJiy repMOJI.HH3MHKH» 1
). 

3ror napa,ll,OKC pacc~aTpneano ueCKOJihKO noKoneHwO cp11311-

KOB. CMonyxoecKwft 2) nepeh1t1 OTMeTHJI B03MOJKHoe BJIHHHwe 

6poyHOBa .ll.}JH)l('.el-IHH na ,ll,Bepuy, KOTOpoe npHBeJIO 6hI K ee 

CJiyLiaitHOMY OTKpbIBaHHIO H 3aKpbIB31IHIO H cepbe3HhIM o6pa30~1 

HapyrnllJIO 6h1 JI.effcTewe sceft cHcTeMhI. .3To HMeJio obi oco-

6oe 3HatteHHe BO BCSlKOM 3BTOM3TH4eCKOM ycTpoftcree, BpOJI.e 

1) Beeb 3ror ol'phleoK npnee)leH y l(>KHHca (J. H.. J ea n s, Dyna .. 
mica} Theory of Gases, 3d ed., p. 183, Cambridge U. P., NY, 1921. 

2) .\1. v on Sm o 1 u chows k i, Zs. Physik 13, 1069 (1912). 
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npynn1HHoro t\.:ranaHa, H noJIHOCTbIO HCKJIIOlfHJTO Obi B03MOn<HOCTb 

rrpoJJ.OJDKHTe:rhuoro JleficTBHH llOJJ.OOHoro ycrpottc-rea. CMoJiy

xoecKHfi 33KJIIOlIHJI, qyo opoyHOBO JlBHiKeHHe HBJISieTCSI TOJibKO 

l{a)KyUlHMCSI HapyweHHeM BTOporo HaLiaJia UCJieJJ.CTBHe CJiyLiafi

HOCTH H HerrpeJJ.CKaayeMOCTH, a T3K)Ke KpaTKOBpeMeHHOCTH JJ.BH

)KeHHH. CTOCTOSIHHOe JJ.efiCTBHe JIIOOOfi CHCTeMhl 1
) UeB03M0}KH0, 

H HeB03M0)KH0CTh Be4HOro JJ.BHraTeJISI BTOporo pOJJ.a ocraeTCSI 

HeCOMHeHHOfi; CHCTeMa MO)KeT JJ.BHr 3TbC51, HO JIHU1h oecnOpHJJ.04 • 

Hhf M 00pa30M. 

Borrpoc o JJ.eficTBHH rrpyl:KHHHoro KJia11a1-1a rrpeJJ.cTaBJisteT 

HHTepec: eCJIH Ohl He ero COOCTBeHHOe opoyHOBO JJ.BH)KeHHe, 

npyiKHHHhlfi KJianaH Mor Ohl cosJJ.aTb paaHOCTb JJ.aBJieHHfi Me)KJJ.Y 

JJ.BYMH cooomafOmHMHCH cocy JJ.aMH. 3ror cJiyLiatt cxoJJ.eH c 33 .. 

)J.aqefi 0 BbtllpSIMHTeJie, OOCy)KJJ.eHHOfi B KOHUe r JI3Bbl 11. l1JJ.e-

3JlbHhlfi Bbl11p51MHTeJJb, B03JJ.efiCTBy1om11tt Ha OT JJ.eJihHble 9JieKT

p0Hbl, Bh111pstMHJI Ohl rerrJioeoe JJ.BH)KeHHe 9JieKTpOHOB, eorrpeKH 

eropoMy 11at1aJiy. Ho HJJ.eaJihHOro BhlnpHMHTeJisi He cyru.ecreyeT, 

H e,lJ.HHCTBeHHblfi B03M0)KHblfi peay Jib T3T COCT011T B Hapyu1eHHH 

CHMMeTpHH TellJIOBoro JJ.BH)KeHHSI, KaK 1105ICHeHo B r JiaBe 11. 
B ceoett 11p11Met1aTeJibHOfi paoore C11JiapJJ. 2) enepeh1e rroKa

aaJI, LITO neMOH 803,lJ.eficTByeT Ha HHcpOpMaUHIO 0 ,lJ.eT8JI51X JlBH

)KeHHH r aaa H cpaKTHLieCKH npeepamaeT HHcpOpMaUHfO B Her9H

Tp011HIO. 

Mhl oocy JI.HM 1103,ll,Hee HeKOTOphle HHTepeCHhle B011p0Chl, 

nocTaeJieHHh1e C11JiapJJ.OM. 

JlhfOHC 3) paccMaTpHBaJI rrpo6JieMy, oqeHb CXOJJ.HYfO c HCCJie· 

JJ.OBaHHOfi B rrpeJJ.htJJ.ymett rJiaee: paaJJ.eJieH11e raaoe H JJ.Hcpcpya11H. 

01-1 paccMarp11eaJI 9HTp011HIO, aaBHCHlllYfO OT CMellIHBaHHSI HJIH 

paaneJieHHH r a30B, H rrpHrneJI K 33KJII04eHHSIM, CXOJJ.HblM c Ha

U1HMH. 

CJI9fiTep ') rrocTaBHJI eorrpoc o TOM, B KaKofi Mepe B 11po-

0;1eMe MOn<eT 11rparb pOJib rrpHHUHll HeorrpeJJ.eJieHHOCTH. 

MaKcBeJIJIOB JJ.eMon JJ.OJI)KeH H3MepstTb OJJ.HOBpeMeHHO 110JI0-

)Ke11He H CKOpOCTb JJ.8HHOrO aTOMa. 06e BeJIHl(HHbl He MOryT 

OhlTh H3MepeHhl OJJ.HOBpeMeHHO c oecrrpeJJ.eJihHOfi TOLIHOCTblO 

1) 0CHOB8HHOti Ha HCilOJib30B8HHH 6poyHoBa .ll.BlnKeHH.R. (flpu.Al. 
nepeB.) 

i) L. S c i 1 a r d, Zs. Physik 53, 840 ( 1929). 
3) G. N. Le w i s, Zs. Physik 71, 569 (1930). 
4} J. C. S 1 a t e r, Introduction to Chemical Physics, 1'Vlc Graw

Hill, NY, 1939. 
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BCJieJJ,CIBMe H3BeCTHOfO orpaHHtleHHSI 

r JJ,e p = mv. .3Ta HeonpeJJ,eJieHHOCTb MOiKeT HrpaTh pOJih JI,JIH 

nerKHX aTOMOB (MaJiaH Macca m) H np11 00Jlhll111X JJ,3BJien11HX, 

Kor na nonoJKeHHst aTOMOB JJ,OJIJKHhl onpeneJ1S1ThCH c 60J1brnott 

ToqHocrbto. Ho orpaHnqeHttS1, uaKnaJJ,hlBaeMhle HeonpeJJ.eJJeHHOCTbto, 

He HMeto'f 3HatleHHS1 .Ll.JIS1 TSl'lKeJiblX aTOMOB npH llH3K0:\1 .[(3BJie

HHl1, KaK nOK333HO JlHMepcoM 1). 

no cymecrsy, Mhl HMeeM JJ,eJIO C ropa3JJ,0 OOJiee cpyHJI.aMeH

T3JlhHbIM eonpocoM, nocrasneHHhIM snepeble Jl11MepcoM 1) H Bp1111 -

Jlf09HOM 2): 

Mo:JJCem All oe.,,UoH oeucmBlllll.eAbHO 8llOenzb OllldeA.bHble 
amo.Mbt? 

MbI npeJJ,nonaraeM, 'ITO BCH c11cTeMa 11ao1111poeaHa 11 1-1axo~ 
Jl.HTCH BHa4ane 11p11 .[(aHHOti reMnepaType T. IleMOH HaXOJJ.11TCH 

B aaMKHyTOM OOoeMe B COCTOHHHl1 paBHOBeCHH npH CTOCTOHHHO" 

TeMnepa'rype, r JJ,e 11anyt1eH11e JJ,OJI:>KHO ObITh 11a11yqeH11eM qepHoro 

Tena, u yenJJ,eTb 11To-nn60 BHYTPH •1epuoro Tena ueeoaMO:>KHO. 

noehlWeHHe TeMnepaTypbI oecnoJie3HO. npH KpaCHOil TeMnepa

rype uanylfeHHe HMeer MaKc11MyM a Kpacuott 0611acT11 H HMeeT 

B T04HOCTH 0,ll.HH3KOBYIO HHTeHCHBHOCTb BHe 33BHCHMOCTl1 OT 

Toro, ttMeIOTCH 1111 a oo"beMe MHJIJIHOHbl MoneKyn HJIH 11x TaM 

HeT BOBCe. He TOJihKO HHTeHCl1BHOCTb, HO H <t>nyKryaUHH 

OCT3IOTCH Hel13MeHllhlMH. JleMOH oy ,ll.eT BOCUpHHHM3Tb TeCTJIOHOe 

11anyt1eHHe H ero cpnyKryallHH, 110 OH HHKOr na He ys11JJ,HT Mo

neKyn. 
Hey JJ.l1B11renhHO, 4TO MaKcsenn He noJJ.yMan o BKJII04eH1111 

113JIY4eHHS1 B Cl1CTeMy, HaXOJJ,HlllYlOCH B paBHOBeCHH npH 'feMne~ 

parype T. HanyqeHtte t1epuoro rena OblJIO spHJl. 1111 113eecTHO 

n 18 71 r .; 3TO Oh1110 3a rpH,ll.UaT& ne-r Jl.O -roro, KaK TepMo)J.11-

naM11Ka uanyt1eHHH Ohlna xoporno noHHTa H noHeHnac& -reopHst 

IlnaHKa. 

lleMOH ue MO:>KeT B11.[(eTh MOJieKyn&I, a crano OhlTh, OH He 

MO:>KeT ynpaBJISITh JJ,Bepuett 11 He B COCTOHHHl1 HapyWHTb BTO

poe Hat1a110. JleMOH He B COCTOHHHH BHJJ,eTh MOJieKy Jlbl, HO 

OH Mor Obi nonh1TaT&CH oouapy:>KHTh nx KaK11:\1-111160 .u.pyrJtiM 

1) P. Demers, Can. J. Research 22, 27(1944); 23, 47(1945). 
:!) L. B r i I Io u i n, Am. Scientist 37, 554, CM. ctp. 575 (1949); 

38, 594(1950); CM. raK>Ke J. Appl. Phys. 22, 334(1951). 
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MeTOJIOl\I: OH MoiKeT 113MepstTb cttJihl BaH-JI.ep-BaaJibca, 11JI11 nOJIH, 

OOYCJIOBJieHHhle 3JleKTp1111eCKl1Ml1 .lUU10JIHM11 11Jll1 ~3f H11THhlMl1 

MOMeHTaMH. 3.n.ech HMelOTCSI npyr11e coo6pa:r1<eH11H: see 9TH rTOJIH 

C03JlalOT KOpOTKO.ll,etiCTBy10m11e CHJlhJ, y6hlB310I.U11e 110 MeHhrneit 

~1epe KaK r z, r Jle r - paccTOH1111e. fio:rro)1y .neMOH Mor 6b1 

o6Hapy>KvtTb MOJieKyJibl TOJlhKO H 11enocpeJ1,CTBe1111ott 6JIH30CTl!'.I 

OT cTeHK11 11Jll1 JI.Uepuhl. 3TO CJllUllKOM Il03JIHO JI.Jiff Toro, 'IT061>1 

MOiKHO ObIJIO np11uecTH e JI.ettcreue 11eepuy, He coeepmaH 1111-

KaKott pa60Thl. Te CaMhle C11ilbl, Ha KOTOpblX OCHOBhIBaeTC5l .r.r.e· 

MOH Jl,JISI 06HapyiKeH11SI MOJJeKyJI, oy JlYT T3K>Ke 11ettCTBOB3Th Ha 

Ha Jl,Bepuy HJIH ua KJianaH. I103TOMY JlJISI nepeJ1,B11JKeH11SI .n.aepubI 

rTOTpe6yeTCSI paOOTa, 11 33Jl34a CHJlbHO yCJIO'iKHHTCH. nJISI npeJI. .. 

no1101KeH11fi MaKcee.nJia cymecTsenHO, •1To MOJieKy.na MOiKeT 

OblTb ooHapy>KeHa 3a.nonro .no Toro, KaK OHa JI.OCTttraeT cTeHKM 

Ha TaKOM paCCTOSIHl111, llTO BCeMH KOpOTKO]lei\CTBy1om11~11 Cl1Jl3MJI 

MO>KHO c yBepeHHOC1'blO npeHe6peq&. 

3To MOJKHO CJI.eJJ3Tb TOJihKO npn rTOMOUlH KaKoro-JT1160 H3· 

JiylleH11SI, H CBeTOBOe H3~1yqe1-111e HBJISieTCH npoC'rettlllHM JlJISI 00· 

cy>K.neH11H. 

2. Hsruanne neMona 

PaccMorp11)J B03MO>KHOCTH .neMoHa. Mhf MOiKeM CHao.n.11Tb 

ero 9JieKTp114ecK11M cpoHapeM, TaK llTO OH cMoJKe·r ys11J1,eTb MO .. 

JieKyJihl. <PoHapb eCTb 11CTOLll-l11K 113JIYLie1111SI, He HaXOJl5UIU1tiCH H 

paBHOBeCHOM COCTOSIHHH. OH BBOJ1.11T H CHCTeMy 11er9HTpon1110. 

J13 9IOit Her3HTponH11 J1,eM01-1 nonyqaeT 11HcpopMau1110. HcnOJib· 

3YH 3TY MHcpOpMailHIO, OH .n.eticreyer Jl,Bepuett H BOCCTaHaBJIH

BaeT Hef9HTpOrTl1IO, 3aBeprnaSI, T3K11M 00pa30M, UHKJI: 

ner311Tpon11S1 _ __,. HHcpopM3llHSI -r Hef3HTpon11SI. ( 1 ~t2) 

ll11Mepc 1) paccMaTp11ean npoueJJ.ypy B uenoM, He oc·raHaB1111- . 

BaHCb Ha npoMe>KyTO'IHOM 3Tane, Ha KOTOpOM }leMOH llOJiyqae1· 

11Hcp0pM3U11IO, 11CrTOJih3yeMyro B HOCJieJl,Hett onepaun11. 

,ll11Mepc noKa3aJI Ha pJ3J111LIHb1x np11Mepax, 'ITO norep11 Her-

9HTpon1111 cponapH oonhrne, LieM OKOHLiaTeJibHhitt eblnrph1rn. llpy· 

rHMH CJIOBaMH, HaqaJibHOe yaeJIH'1eH11e 3HTpOnHH 60JibLUe, qeM 

KOHeqHoe yMeHhllleHHe, 11 061UHti oa.TJaHC y Jl,OBJieTBOpHeT np11H

IlHilY KapHo. 

l) P. Demer s, Can. J . .Research 22, 27 (1944); 23, 47 (HJ45). 
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CuJiap.n O'fMeTHJI npoMe'iKy rotIHhltt 3Tan c HHc)lopMauueft. 
Ero paccyJK.aeHwe o npeo6paaoeaHww 11HcpopMau1111 e 1-1er3HTpo
n1110 OhI/10 OlleHb TlllaTeJibHO, HO OH OCHOBblBaJI HCCJieJJ.OBaHHe 
nepaoro 3Tana na paccMoTpeHHH aec&Ma wcKyccraeHHOtt MO
.neJIH. 

HallHeM c rpyooro paccyn<.neHHH 1
), 

HaHOOJiee cyruectBeHHbie 4epThl HBJieHHf:i. 
HCCJieJJ,OBaHwe, HCilOJih3Y tomee neKOTOpb1e 
KOOCOHa ta), oy .aer npwaeJJ,eHO HH)Ke. 

KOTOpoe nOHCHHT 
6oJiee TmareJI&Hoe 

peay JJbTaThl n)Keti-

UJIH o6cy>K.aeHHH 6aJiaHca 91rrpou1111 MbJ JJ,OJI)f(Hhl onpeJJ.e
JIHTb H30JIHpOB3HHYIO CHCTeMy, K KOTOpon B'ropoe HallaJIO c 
yeepeHHOCTbto npwMeHHMO. Hawa cwcTeMa cocraeJieHa wa cJie
.llYIOIIJ.HX qac-reft: 

1) aapHiKeHHaH 6aTapeH H 3JieKTpltttecKaSI Jl3M1104Ka; 
2) raa npw nocTOSJHHo« -reMneparype T0, aaKJIIOt1eH1thlf:i a 

MaKCBeJIJIOBOM 33MKHyTOM oo·beMe, C neperopOJJ,KOtt, pa3.lleJISUO
lllef;i cocy)], Ha JJ,Be llaCTH, CHaO)KeHHOtt OTBepC'rweM; 

3) JJ,eMOH, onepwpyIOmw« .naepuett B OTaepcrww. BcH CHcTeMa 
H30JIHpOBaHa H 3aMKHyTa 3

). 

oaTapeH HarpeeaeT HHTh JiaMnbl 

Ti> To. 

JJ.0 BblCOKOf;i reMnepaTyphl 

(13.3) 

3ro yCJIOBHe HeOOXOJJ,HMO )1,JIH noJiy4eHHSI BHJJ.HMOfO caera: 

hv1 > kT0, (13.4) 

KOTOphlf:i MO>Ker OhITb pacnoaHaH Ha cpoHe H3JJy4eHwst qepHoro 
TeJia e aaMKHyTo~t ooaeMe npu TeMneparype 1·0 '). Ha npo-rst ... 
meHHH onhlTa 6atapesi JJ,aeT noJIHYIO 3Hepr1110 E, HO He 3HTpo
nwK>. HHTb 11any1.1aeT 9HeprwK> E w repHeT 911rpon11IO. HaMeHe .. 
HHe 3HTponHH HHTH paBHO 

E 
S1 =-Ti (13.5) 

1) L. B r i I J o u i n, Am. Scientist 37, 554, CM. C'rp. 565 ( 1949); 
38, 594 (1950); CM. T3K)l{e J. Appl. Phys. 22, 334 (1951). 

2) H. Jacobson, Trans. NY Acad. Sci. 14, 6 (1951). 
3 ) Mhl Mo)l{eM aaMeHHTb }leMoHa aeroMar111.1ecKHM ycrpowcreoM c 

c.MaruqecKHM fJJ330M>, orKpb18aIOJ.U.HM .neepuy 8 HyiKHble MOMeHThl. 3ro 
nwmb eonpoc KoucrpywpoeauHn KaKoro-nH6o xwtpoyMnoro npHcnoco6ne
HHH, He sarparuaa10iu.na o6m.Hx ycnoeHfi saJla'lH. 

4) CM. (9.45). YcnoBHe (13.4) Heo6xoJtH~o JlHH 1oro, qto6bl CJtenaTh 

cpeJlHIOIO ~Hepruto E KBaHtoeauaoro peaoaatopa v1 cyiqecrseauo MeHbme, 
qeM kT0• 
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11 paeHo Her3HTpo111111, eee.aeHHO.H e ra3. Eea eMelllaTeJibCTBa 
.u.eMoHa 9Hepr1-n:1 E nor 11omaeTcH B rase upH TeMneparype T0, 

11 Mhl Ha6ino.aaeM o6mee eoapacTaHne 3HTpon11n 

( 13.6) 

TenepL paccM0Tp11M paoory JJ.eMoHa. OH MOiKer o6uapyiKHTh 
MOJieKy 11y' eCJIH no MeHbWef;\ Mepe OAHH KBan-r 3HeprHH hv1 
pacceH1-1 MoneKy11ott H nor11omeH r11asoM JleMOHa (HJIH cporo
s11eMeHTOM, ecJIH OH llOJI&3ye'fCH OOJl,OOHbIM ycrpotiCTBOM). 9TO 
031f343eT B KOHellHOM CtleTe yeennt1eHHe 3HTpOnHH: 

Sd=~~ =kb, (13.7) 

rJ1,e 
h"ii 
kfo =h> 1, 

n cooTueTCTBHH c yc;1on11eM ( 13.4 ). 
Pa3 HHcpopMaruu1 no11y•teua, OHa MO>KeT OhITb 11cnOJib30BaHa 

JJ, .. 1SI yMeUhllleHHH 31lTpOnHH CHCTeMhl. 911Tpon11H CHCTeMbl co
r nacuo cpopMy.1re 6011&uMaHa pasHa 

S0 = k In P0, ( 13.8) 

r ]le P0 03HaqaeT cTaT11CT11t1eCKHit sec cncTeM1>1. Ilocne nonyt1e
HHSI 11HcpopMau11H c11creMa onpeJ1.eJieHa 0011ee 0011110. P0 yMeHh .. 
waeTCSI Ha Be.r1 H'HIHY p, H 

P1=Po-P1 

AS1 = S - S0 = kA (In P) = - k (t.) . (13.9) 

OtteBHJl.HO, llTO p < P6 eo ecex npaKTH'IeCKHX cnyt1astx. 
Oow.nn 6a11a11c s11Tponnn ehlpaJKaercsi coorHorneHHeM 

AS,,+ AS,= k [ b - (~JI> o, (13.10) 

TaK KaK b > 1 H £~ < ] . B KOHequoM CtteTe 9HTpOOHSI HBOJIH

pOB3HHOti CHCTeMhl B03paCTaeT' KaK 9TOrO H rpeoyeT eropoe 
Hat1ano. Bee, t1TO .aeMOH MOJKeT c.n:enaTb, 3TO eoccTaHOBHTb 
He60JiblllYIO LiaCTb Her3HTpOCTHH H HCCTOJJb3083Tb HHcpOpMaUHlO 
AJIH yMeH&WeHHH Aerpuaunn 9Hepr11H. 
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Ha nepsoM 3Tane npouecca (CM. { 13. 7)) MhI 11MeeM yeen11-
lleH11e 3H'rpOHHH t:a.Sd H, CJie,ll,OBaT€JlbHO, H3MeHeHue ner:nrrpOIIH H 
fl.Nd: 

!J.N d = - kb < 0, (13.7a) 

T. e. yMeHbmeHue. H3 9·roR noTepsrHHOH ueraHTponuu HeKOTo
poe KOJIMlleCTBO npeeparuaeTCff B HHcpOpMaLUUO, H Ha nocJieJJ.HeM 
aTarre npou.ecca 3Ta HHcpopMauuH CHOBa rrpeapaw.ae1'Cff a Her3H
rporrHIO, nonyqawmyw M3MeHeHue 

(13.9a) 

r. e. yeenH1.1enue. 3ro no.n.TeepiKJUter 06ruy10 cxeMy ( 13.2). 

3. Oocy)KJJ.enne 

PaccMo-rpuM rroJI.po6Hee 11cxo.n.Hy10 3a.n.aqy MaKcBeJIJia. M1>1 
MOiKeM npeJlOOJIO>KHTb, llTO no npoweCTBHH neKOToporo epe
MeHH J(eMoH cyMen no11y4HTb paaHOCTh -reMnepaTyp 1l. T: 

(13.11) 

llanee, .u.eMoH Bhl6HpaeT 6hlcTpyw MoneKyny a A c KttHeTwtte

cKoit aHepruett -~ k T ( 1 + e:1) 11 HarrpasnHe1· ee a B. 3a1·eM OH 

e1>1611pae1· Me.n.JieHHYIO MoneKyJiy a B c KMHeTH4ecKott 3Hepr1:1ett 
3 
? kT (1 - a2) 11 .nae'f ett 11poH11KHYTb B 8. UJisi -roro 4T06b1 

.... 
npoHaOJIIOll3Tb 3TH JlBe MOJieKy Jlbl, .u.eMony 1'peoyeICff Jl.Ba CBe
TOBblX KBaHTa, u, cne.u.oea'feJibHO, HMeeTCff yeeJIHlleHHe 3HTpO
ITHH ( 3H3Jl0fH4HO Bhlpa>KeHHOMy paBeHCTBOM ( 13. 7)): 

(13.12) 

r11e b = hv1/kT > 1. OoMeH MOJieKyJiaMu rrp11eo.n.11T I< rrepeHocy 
ea A B B suepree 

AQ - 3kT (e 1 + si) 
- 2 ' (13.13) 
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4TO, Ha OCHOBaHHH ( 13.11 ), COOTBeTCTByeT yMeHhllleHHIO llOJIHO'tt 
9H'fp011HH: 

( 
) 1 ' :lf 

fl.Si== ll.Q -;rB· - r A ) =-AQ r= = 
= - ~ k (e 1 + c:i) ¥-. (13.14) 

BeJ111q11nh1 s1 11 a2 o6hillHO 6y 11yT MaJihI, no Moryl' nape.LJ.Ka 
JlOCr11rarh s11a11eH11ii B HeCKOJI&Ko e.n.HHHU. ~ T MHoro MeHhn1e 

T, H H03TOMY 

3 
AS;= - 2 kT,, 1j < 1, 

t 

asd + ~si = k (2b (13.15) 

\ITO y .LJ.OBJieTeopsier np11Hu11ny KapHo. 
lI.HMepc 1) paCCMOTpeJI llpyroit npHMep, npeJ1,CTOJIQ)KH8, 4TO 

Jl,eMOH H8XO,llHTCH B BaMKHYTOM 06beMe np11 6onee HH3KO'tt 

TeMneparype T 2 < To. M0)KH0 npeJ1,CTaBHTb ceoe OOCT3HOBKY 
onblra, B KOTOpOit 11eMOH MOiKeT paBJIH\laTb KBaHTbl hv, HcnycKa

eMble MOJieKy.naMH np11 reMnepaType T0• Tor .na eMecro ( 13.4) 
HMeeM ycJTOBHe 

(13.16) 

11 paccy)K.n.eHHe npo.LJ.OJIJKaercSI aHanor1111HhIM o6pa30M. 
ITpHMeHHeTCH JIH 6onee BhICOKaH reMneparypa T 1 (CM. ( 13.3)), 

11J111 6oJiee HHSKaH reMneparypa T~ (cM. (13.16)), acerJ1,a Heoo
XO,ll11Ma HeKOTOpast pa3HOCTb reMnepaTyp; B npOTHBHOi\f cnyqae 
.LJ.eMOH He CMO)KeT J1,eitcreoe aTh. A np11 HaJ1Ht.11111 pa3HOCTH reM

ueparyp MhI He HY)K.LJ.aeMcR e 110Mom11 .LJ.eMoHa. Jlto6aSI renno
eafl Maw11Ha 6y JI.er paooraT&. Hanp11Mep, ecnH MhI xoTHM cos
llaTb pa3HOCTb TeMneparyp H np,!1MeHSieM JiaMnO\IKY npH TeMne .. 
paType T 11 TO caMblit npoc1oit nyTb K ueJIH COCTOHT B TOM, 
llTOOhl HarpeBBTh H3Jiy\leHHeM []OJIOBHHY rasa, B TO epeMSI KaK 

eropaH nonoe11Ha ocraercfl npH reMneparype T0• 9ra npoue.LJ.ypa 
oblna 6hl sHa\lnrenbHO 9cpcpeKTHBHee, 'leM .LJ.eSITeJibHOCTb J1.€MOHa! 

Hawe nepeoHaqaJibHOe paccy>K,lleH11e 6h1no rpy6hIM, TBK KaK 
OCHOBbIBaJIOCb Ha npe,llOOJIO)KeHHSIX, COOTBeTCTBYIOlllHX OObll!HhlM 

1/ P. Demers, Can. J. !{~search 22, 27 (1944); 23, 47 (1945). 
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ycJIOBHSIM, a HMeHHO: p<P0 B (13.9) HJIH A.T< T B (13.11). 
Mb1 HCCJie,ZJ.yeM npo6neMy 6onee ·nuaTenbHO e c.,.r1eJI.y101ueM 

pa3,ZJ.eJie H noKan<eM, llTO npHHUHn KapHo ecer Aa y JIOBJieTso

psieTCH, ,ll,3iKe B caMhlX HCKJII04HTeJihHhIX ycJIOBHSIX. 

TeM He MeHee MhI o6HapymHJrH B (13.10) otJeH& eamHh1tt 

cpH3H4eCKHfi 3aKOH: BCSIKOe tjJH3H4eCKOe H3MepeHHe rpe6yer 

COOTBeTCTBeHHOrO yeeJIHlleHHSI 3HTp00HH, H HMeeTCSI HHiKHHit 

upe,ll,eJI, lf Hj:l\'.e KOTOporo HSMepeHHe craHOBHTCSI HeB03MOJKHbIM. 

3TOT upeJI.e.11 COOTBeTCTByeT M3MeHeHHfO 9HTpOnHH nopSIJI.Ka k -
nocTOSIHHOlt EoJihUMana. 6onee TIUaTeJibHOe HCCJieJ(OBaHHe noI<a

JKeT, 4TO T04HOe 3Ha1!eHHe npe,ZJ.eJia ecTb k ln 2 HJIH npH6JIH3H .. 

TeJihHO 0, 7 k Ha OJI.HY ,ll,BOHlJHYIO e,ll,HHHUY noJiylleHHOit HHcpOp· 

MallHH. KaK rooopuT f31t6op 1): «Mh1 HHqero He MOiKeM nonyt1HT& 

napOM, naJKe Ha6JIIOJ(eHHSI». 9TOT eeCbMa oan<Hhllt 3aKOH SIBJISleTCSI 

npSIMblM CJJe,ll,CTBHeM Haruero 06IUero Her3HTpOnHtiHOfO npHHUHna 

HH<j:>Opl\laUHH H 6y ,ZJ.eT o6cym,ZJ.eH B naJibHeftu1eM. y ,ll,HBHTeJihHO, 

lJTO CTOJib o6mHft pe3yJI&TaT ,ZJ.O He,ZJ.aettero BpeMeHH yCKOJih3aJI 

OT BHHM3HHSI. 

06ureit oco6e1n-1ocTb10 Bcero 3Toro paccy:iK,ZJ.eHH51 SIBJISieTcSI 

TO, ttTo XOTSI KBaHTOeble ycJIOBHSI 6bIJIH yt1TeHhl, nocrOSIHHasi 

IlnaHKa h OTCyTCTByeT 8 OKOHttaTeJihHOM peayJthTaTe, 3aBHCSl

meM TOJibKO OT nocTOstHHOft oOJihUMaHa k. 9ro noKaableaeT, 

'ITO peayJI&TaT He 3aBHCHT OT npHHUHna ueonpe,ll,eJieHHOCTH H 

paccyiKJI.eHHe MOn<eT 6b1Tb npoaeJI.eHo e paMKax KJ1accHqecKoit 

TeOpHH 6ea BBe,ZJ.eHHSI KBaHTOBbIX ycJIOBHit. 

4. .neAcTene neMoaa KaK npeoopaaoeanee aaf)>opManae 
B ner9HTPODHIO 

3Hat1eHue o6ureti npo6JieMhI raKono, llTO OHa Tpe6yer 60J1ee 

npHcTaJI&Horo H no,ll,po6Horo H3y1-1eHHSI. B 3TOM paaJI.ene !\1hl 

JJ.OnOJIHHM paccyiKneHHe, HaMe4.eHHOe JlJKeltKo6coHOM. Bb16epeM 

npHMep 6onee npocToit, t1eM npHJI.yMaHHhllt MaKceennoM. BMeCTO 

«TeMnepaTypHoro JI.eMOHa» 6yJI.eM paccMaTpHBaT& «neMOHa JI.aB· 

neHHSI». IleftCTByst ,ZJ.Bepuen, OH nponycKaeT aTOMhI Ha B e C 
H He noaeonHeT aToMaM ycKOJih3HYTb H3 C o6paTHO e B. l..J.e

pea HeKoropoe epeMsr OH noJiylJHT e C 6onhwee AasneHHe, a 

e B - MeHbmee. 9Ty onepauHfO Jiert1e o6cymnaTb1 H ~.J.leMOH 

----~-----

1) D, O a b or, MlT Lectures, 1951. 
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J.Ian;1eHHS1» He uyA<J.Iaercsi o T04HOM U3MepeHuH cKopocru, -raK 
ttTo Mbl MOi'Ke!'d ue YllMThlBaTh coor11011Jeu11e HeonpeneneHHOCTM. 

Llnsi ycrpaneuHH BTOpOCTeneHHhIX napaMeTpOB Mhl npMMeM 
ycJ10BMS1 onh1Ta, noKasaHHoro Ha p11c. 13. I. Cocy Jlhl B M C 
coeJluHeHhl Tpy6Kot:i c nnomanbto celleH11si A, paaHoti nJioruan11 
OTBepCTU51 M nsepUhI. Jly4 CBeTa OT BHelllHero UC'fO'!HMKa npo
XOJlUT qepe3 C'feKJ15111Hbie OKOIJIKH, pacceSIHHhltt aTOMaMU CBeT 
Hcno.r1h3ye'fcSI itJlsi ux 0611apy11H::'llMSI. 00Hapynce1111e .noniKHO 

2 

"~~ I a 
t----------- ( 

8 

c 
x Pc 

4 

Puc. 13.L Cocy.'.lhl B H C co.nep>Kat 11acruubl IIO!l Jl3BJieHua~u PH 
H Pc coot3ercteeuuo. 4actHUhl MoryT nepexo.nHrb 113 B B C B.llOJlb 

1py6hl c nnomaJlblO nonepequoro ceqeuHB A . 
.nna npamaiomJlXCSI SBTBOpa (1) c OTBepCTHHMH nJiomaJt:H A ycTSHOBJlCHbl TaK, 1.fTO 
qacTHita, npoxo.11.snnas qepe3 JleBbIH 3aTnop, npoti.11;eT TaK:m:e H qepe3 npaBbIH saTeop 
B TOM C.'Iyt:iae, ecJIH OHB UMCeT npH6JIH3HTenhHO onpe.l{eJieHHYIO, Hancpe.l{ 3a.l{8HHYIO 
CKOpOCTL. Jlyq CBeTa (2) npOXO.l{HT qepes CTE:KJJHIIHble OKOlllKH (4) u Tpyoc .l{JIH o6Hapy
lKCHHB 11acTHitblw CneT, pacceDHHLIH 11aCTHU.eA, nor.11omaeTc11 ¢0Toa.11eMeHTO~ D. KOTOphlB 

npH 9TOM OTKpwuaeT .11:.nepny (3), TBK 'ITO l(ac:THitB MO>KCT npoiiTu B c. 

11pOMCXOJlHTb Ha HeKOTOPOM paCCTOflHUM x JlO· JlBepUhI, H Cl\0· 
poCTM aTOMOB JlOJliKHbl 6bITh M3BeCTHbl XOTS1 6bl 1IpH6JJM311TeJlhHO 
JlJISI roro, 4T06hl onpeJleJJUTh MOMeHT, Kor JI.a HY)l<HO OTKphlTb 
n.eepuy. MoJ1<Ho, HanpuMep, np11MeHMTh c11cTeMy eparumoruuxcS1 
381'BOpOB, nponycKaIOlllHX aTOMbI, eCJIU OHH MMelOT CKOpOCTb, 
r.1pu6nuJKa10my10cS1 K cpeJlHeit, H 3aJlepiKuea10m11x arOMbI c or .. 
JIHlJHhlMH cKopocTstMu .. B raKoro po.a.a ycrponcree nJ1omallb A onpe
.a.ensteTcst T04HO, a CKOpOCTh aTOMOB - npH6JJU3HTeJlbHO. 

HatineM KoJ1u4ecrao MHcpopMauuu, KOTopoe HY)l<HO neMoHy 
.a.nst ycnelllHoro Jleti:CTBMS1. PaccMoTpMM JI.JJHHHbiit npoMeJl\yroK 
apeMeHH t, no.a.pasl(eneHHhiti Ha Manwe HHrepBBJlbI -t:. lleMoH 
.a.OJJiKeH SHaTb, OTKphlTb JIM eMy .a.eepuy Ha npOTSliKeHHH UHTepaaJla 't 
HJiu .a.epiKaTb ee 3aKp1>1Toit.. Ha 1<aiKJlOM HHTepeane 't: TpeoyeMast 
HHcpopMaU.HSI TaKoaa: MMeeTCH JIH 48CTHUa (HJIH 1!3CT11UhI), KOl'Q-
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pa SI JI.OJDK11a nonaCTh B 11.sepuy nJioma11.11 A cJieBa? 3To -- TH

ntt4Hhtti Bonpoc c OTBeTOM «JI.a» HJIH «HeT». l1MeeTCH a11p11op

Ha H nepoSITHOCTh Pi JI.JIH «11.a » H p2 .U.JISI «HeT». Ha upOTSI)l{e
HHH JI.JIHHHOfO npoMeiKyTKa t 4HCJIO MaJiblX HHTepsaJIOB, B TelJe

Htte KOTOphIX JI.Bepua 6y ..neT OTKph1Ta HJIH saKpblTa, nponopntt

OH3JlhHO B cpe..nHeM COOTBeTCTBYIOlllHM BepOSITHOCTHM: 

t = 0-c, N 1 == Op1, N 2 =Op"}., p1 + p2 == l. ( 13.17) 

I laun1 onpe..ne11eHHSI 1111cpop~1attHH (r JiaBa 1) nenocpe..ncTse11110 

npHMeHHMbl I{ TaKoro po..na sa..na 4e H ..naJOT HHcpOpMa UHIO Ha HIJ

TepBaJI -::: 

I-== - k (Pi lnp1 + p2 lnp2) ( 1 3.18) 

( B TepMOJI.HHaMHlJ eCKHX e11.HHHu.ax ). 

PaccMoTpttM Teneph uarny sa11.aqy c nos11u11ti KHHeTH4ecKoti 

Teop1111. Cpe..nuee lJHCJIO MOJie1<y JI, nona..na101nHx B JI.Bepuy nJio-

1ua..n11 A 3a BpeMSI t (nptt TeMnepaType T0) nponopu110HaJibHO 

llJIOTHOCTH ra3a. Mh1 ttMeeM B cpe..nHeM: 

u = bA t MOJieKy.r1, y ..napSIIOHlHX c.rrena, 

v == ru == rA't MOJieKyJI, y..napHIOUlHX cnpaBa, 

c Pc 
r===-b ===-· - ' Pn 

} {13.19) 

(13.20) 

r ..ne Pn H Pc - ..naBJieHHSI B B H C cooTBeTCTBeHHO. IleticTntte 

3aTBOpa, OT6Hpa10mero .llBH)l{Ylll.HeCSI CJieBa MOJieKyJibl co cpen

Heti CKOpOCThlO, OTCeeT qaCTb MOJieKy JI, JlBH)KYillHXCSI B 9TOM 

HanpaBJieHHH (BCJie..ncTBHe orpa)KeHHSI OT B"roporo 3aTBOpa), H 

fl09TOMY B ( 13. 20) nyJKHO BHeCTH nonpaBKy: 

Pc 
r P~ = rP" 

CooT11ou1eH11e Me)KJlY Pt " 11 TaKoBo: 

Pt== 1 - e···u, - II 
P-i=e ' 

(13.21) 

( 13.22) 

B ecJIH u 1, TO p1 ~ u H p2 ~ 1 - 11. BhIBOJl 9Toro COOTHO-

wenHH ..naH B npuJio)KeHHH l B Kouue r JiaBhl. 

113 ( 13.22) noJiy4aeM .llJISI HHcpopMaUHH Ha HHTepeaJI -r: 

(13.23) 
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KOTOpoe npu MaJiblX u CBOJUfTCSI K 

I-= ~ k ( - 11 1 n u + u) == k u ( l -- In u ), u << I , ( 13. 2 4) 

eCJIH npeHe6pe4b BblCWMMH CTeneHHMH ll. 

Tenepb Mbl MO)l{eM nOJlC4MTaTb y6hJJib aHTpon1111 (aS < 0) 
B pe3yJibTare 11.ettCTBHSJ JJ,Bepuhl. 4HCJIO 11aCTHll B cocy ne c 
BOSpacTaeT 3a BpeMSI "t Ha BeJIM4MHY ll (T. e. Ha 1.JMCJTO 48CTHll, 

IlOCTynaIOlUMX CJieBa Hanpaso) 3a Bbl'-leTOM 'l'P1 (ttMCJIO qaCTMll, 

yXOJI.SllllHX cnpaBa H8JleBO ), TaK KaK .llBepua OTKpblTa JIHWb 

nonro p1 scero BpeMeHH: 

an-:.= tt -·· ntp1 ~ u ( 1 - ru), 11 <{ I, (13.25) 

" W3MeHeHue 9HTpon11u paBHO 

aso = - kin(~~·) an~= - ku ( 1 - ru) Jn rp. (13.26) 

3To cooT1101neHue nony4aercH cneny101UHM oopa3oM: nepenH111eM 

BblpaJKeH11e (12.12) JlJISI 3HTp011HH 11neaJibHoro OJlHOaTOMHOfO 

ra3a B BHD.e 

r ,LI.e (},, 38BHCHT OT MaCChl MOJieKyJI H OT HX cpenueU 3HeprMH. 

B Hamett aanalfe Macca nJIH 00011x cocy JI.OB B H C OJlMHaKoBa, 

u ecnu cpe11.HHS1 aHepruH BHallane OJJ.HHaKoaa, ro oHa " ocra

HercH OJlMHaKOBOit Ha npOTSiiKeHHM BCero OilbITa B CMJIY cno

cooa, KOTOpblM JI.eMOH nepeBO,llHT MOJieKyJibl H3 8 8 C 1). 3HTpO

IlHSI CHCTeMbl paBHa 

.., [ VB • Ve ] S = S 11 + Sc = k fJ. (n n + nc ) + 11 n ln -- · -+- n c In - · . . n B . nc . 

ff pu nepeBOJ1e MO.'leKyJ1 11s B B (,"' o6·beMhI ocrarorcH tte113MeH

HblMH H 

anc= an-:= - ~nn, 

1 J Pe1n.J n.acI o TOM, qro «JleMoH .naoneHHR> coprwpyer MoneKy .'lbI 
TOJibKO rro HanpaBJieHMIO HX JlBH>KeHMJl, a He no CKOpOCTM. noato.My XOTJl 
qffCJIO MOJJeKyJJ B c B03pacraer, HO cpCJ1HRJ1 9HeprH.R MOJieKyJihl He MeHacr
C.R. (11 puM. nepeB.) 
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Ho H3 H3BeCTHOfO COOTHOUieHHSI KttHeTH4eCKOti TeopHH 

-
ncvtm 

Pc= 3Vc ' 

e c yqeroM Ha1nero npe.nnoJioiKeHHH o paBeHCTBe cpe.llHHX 

9HeprHH ( 13.26) llOJiyqaeTCSI HenocpenCTBeHHO. 

<PopMyna (13.26) noKa3hIBaeT, 4TO yMeHbrnentte 9H'rponHH 

MO>KeT 6h1Th nony4eHO TOJlhKO, eCJIH rzz < 1, .H 4TO HaHOOJiee 

OJiaronpHSITHb1e ycJIOBHH cocToSIT B TOM, 4To 

ru < 1, OTKy.na H 'P ~r. (13.27) 

3To 03HalfaeT, qTo qHCJIO MOJieKyJ1, ycKOJlh33l0ll{.HX o6pa:rHO .. 

ocraeTC51 MaJibIM. 

Mht B coCT051H.H.H Tenepb no.ncru1TaTb 3qxpeKT.HBHOC 1rh ,neti· 

CTBHst JJ.eMoHa Ha BTOpOM 3Tane npeo6pa30BaHWSl ( 13.2): 

HHcpopMaUH51 ~ ner9HTpOn.HH. 

Mh1 onpe,nen51eM 9cpcpeKTHBHOCTh oTHornett.HeM 

_ .lS't _ In r 
en-- / -(I-ru) 1 1 (13.28) 

, - nu 

B COOTBeTCTBHW c (13.24), (13.26) H (13.27). B03bMe~1 

raK qTo 

8 Jl. .6p11.llJllO&B 

r ti = e-~ < 1, ~ > 1 t ( 13. 2 9) 

e-~ 
ll = r , In u = - ~ - ln r, 

(1 - e-~) ln r 
su= 1 +~+In r· · (13.30) 
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9cpcpeKTHBHOCTh Beer .n.a MeHbUie eJU1HHUhl H MOiKeT npttOJIH
>K3TbCH K e}l.HHHUe, Kor .n.a ~ BeJJHKO, a r 04eHb BeJIHKO; B 9TOM 
CJiy1rne u HaBepHsiKa 04eHh MaJIO, 4TO nOJI.TBep)KJI.aeT HalliH 
npelI.noJioiKeHHSI (13.24) H (13.27). TaKuM o6pasoM, BhlCoKaSI 
3cpcpeKTHBHOCTb Ha BTOpOM 9Tane npeo6pa30BaHHSI noJiy4aeTCSl 
npH 6oJihrnott pasHocr11 lJ.3BJieu11tt Me)l(Jl.Y C 11 B. 

5. HeranTponnH, Tpe6yeMaH npu ua6J110JJ;eHH1t 

HaM npe.n.cro11r paccMoTpeTh nepBhlii 9Tan 11 no.n.ClfHTaTi. 
KOJIH'lecTBO Her9uTponuu, Tpe6yeMoe D.JJH noJiy11eHHS1 uucpop
MaUHH. 

JlJISI Toro 11TOCibl 3H3Tb, nona.n.eT JIH MOJieKyJJa B lI.Bepuy 
Ha npOTH/KeHHH HeKoToporo HHTepeaJia BpeMeHH 't, Mbl lI.OJliKHhl 
HCnOJih30BBTb nocJielI.OBaTeJibHOCTh HMllYJihCOB H3JiyqeHHH, lI.JlH· 
TeJibHOCThKJ "C. EcJiu MOJieKyJia oTcyTCTByeT, uaJiyqeHHe npo
XOAHT qepes np116op (CM. pHC. 13.1) 6e3 nor JIOIUeHHSI H 

•• n I I 
?' 't" _..,.. .._,,... 

tu 

Pttc. 13.2. npHMO_\TOJ'IbHhie HMny Jib Chi .IJ.JUITeJJh• 
HOCTblO 't, HOBTOpHeMble qepe3 HHrepBaJlbl tu. 

9HrponHH ue eoapacraeT. EcnH 11MeeTCS1 MoneKyna (oJJ;ua 0n11 
6oJiee)7 11sJiyqeH11e pacce11BaeTCSI H nor JiowaeTCSI QJOT09JieMett~ 

TOM. IlpH 9TOM 9HTponuSI BospacTaeT Ha E/T0, ecnH T
0 

-

reMnepaTypa CHCTeMbl, a E - nor JIOIUeHHasi 9Hepr11S1. 
Mhl np111-1HJIH (cM. (13.19)), qro cpe.n.nee 1111cJio MOJTeKyJI, 

nona.n.aIOIUHX B JI.Bepuy sa BpeMH 't, paBHO ll, H H3lllJIH BepoSIT
HOCTh p 1 (o.nHoro HJIH 6oJiee) nona.naHttsi aa 9TO BpeMSI (cM. 
( 13.22)). 3To osuaqaeT, 11ro cymecTeyeT cpelI.HHit HHrepeaJJ 
tll MeiKlI.Y MOJieKyJiaMH (HJIH rpynnaMH MOJieKyJI) 

't 
tu=~. 

Pi 
(13.31) 

8To eCTb cpe.nuHii HHTepBaJI MeiKlI.Y noc11elI,0BaTeJ1hHblMH 
MOMeHT8MH OTKpb1B3HHSI .n.eepUhl. ct>oT09JieMeHTOM 6y .neT aape .. 
rwcrpupOB3Ha nocJie.noHaTCJihHOCTb HMrIYJihCOB 4JIHTeJihHOCTb~ 't 

co- cpeAHHM HHTepeaJIOM tu, KaK uoKaaaHo ua pHc. 13.2. CKOJih~ 
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Ko KBaHTOB uaM TpeoyeTCS:I, H KaKoBa .lJ.OJDKHa ObITb HX BeJiuw 
q11ua .ll.JIS:I roqHo~ perHCTpauttu? 

0JlHH01.1Hhllt HMnynbC npe.ll.CTaBnSieTCSI HHTerpaJIOl\1 <Pypbe 
{CM. (8.25)--(8.28)) c uenpepbtBHbIM cneKTpOM, aaHHMalOW,HM 
s¢¢eKTHBHYIO noJTocy .ll.0 llaCTOThl 

1 
Vmax = 2"C • ( 13.32) 

TaKHM o6pa30M, HMilYJJhC HMeer oeCKOHequoe QHCJIO COCTaBJIS:IIO· 
W.HX H, CJie.ll.OBaTeJlbHO, OeCKOHe4HYIO 9HeprHIO I). 

Vluoe nonomeuue uMeeM .u,;1si nocJie.ll.oeaTeJibHOCTH HMnyJib· 
COB, noBTOpSieMhlX (e cpe.lJ.HeM) 4epe3 HHTepeaJI tu. PaccMOTpuM 

D 
a} 

Puc. 13.3. a) Henpep&rnublit cneKTP OJJ.HHOt1Horo HMIJyJJ&ca; 
b) JlHCKpeTHhJH cneKTp nepHOJlHqecKOM noc.1e)loBareJ1bHOCTH 
HMny.1bcoe. Or116a10maH coenaJtaer c KpHeofi HenpepblBHoro 

cneKrpa. 

sanaqy e TOM ynpoma10IUeM npennoJio>KeHHH, ttTO HHTepea;1 
DOBTOpeHHSI eCTh B roqHQCTH t U' 4TO neJiaeT npouecc nepHO.lJ.H· 
1.1ec1<HM c nepMO.ll.OM tu 2). TaKafl nocnenoearenhHOCTb HMnynhcoe 
Moi«eT OhlTb pasnomeua e pH.ll. <Pypbe c JlWCKpeTHblM cneKTPOM, 
conep>KamuM TOJihKO onpe.ll.eneuub1e 1.1aCTOThl, KaK noKa3atto ua 

puc. 13. 3. 8TH 4aCTOTbl pa BHhI 0, v "' 2vu, 8va, BilJJOTb .ll.O nvu, r .ll.e 

vu= -
1 = l!! (13.33) tu i: .. 

1) 3ro coeepmeHHO uenouHruoe yreepiKJteuHe. Koue11uh1fi HMDYJJbC 
HMeer KoHe•myro 9Hepr1110. 4 ro iKe KacaercH cneKrpa.1&HblX cocras.uno· 
lllHX~ TO XOTH B CilJJOUIHOM cneKrpe HX H 6ecKOHeqHoe KOJJHqecreo, HO 
OHH 6ecKoue11uo M3.1hl ( aMll.?IHTY JJ.3 paaua cneK rpaJibHOit llJIOTHOCTH, YMHO
meuuoit ua dv. (llpuM. nepeB.) 

2 ) Eonee o6mee paccyiKJteHtte .nauo e npuJJoiKeHMH II B KoHue rna-. 
Bbl. 3aMena OJlHHOllHoro HMnynhca (HHrerpaJI <Pypbe) nocne)loeareJib· 
HOCTblO HMilYJJbCOB (PRJl <t>ypbe) RBmICTCH o6pau;eHHeM paccymJleHHR 
rnaBhl. 8, paaAe.aa 3, rAe eeo.n11rc.R HHrerpan _'l>ypbe (puc .. 8.3 H 8.4). 

8• 
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Hau6onhmasi qacToTa 11.on>Kua O&ITb .llOCTaroquo B&ICOKa, qT06hl 

MO>KHO 6hlJIO nocrpoHTb KopoTKHe HMny JihChl JVIHTeJihHOCThlO 't. 

J.13 9TOfO ycJIOBH51 Bbl'feKaeT orpaHH4eHHe, CXOll,HOe c ( 13.32), 
HJIH npH6JIHSHTenbHO 

\13.34) 

311.ecb uy)l{HO saMeruTb, 4TO Harna ynpollleHHafl nep110Jt114e
CKast MOJleJib npHMeHHMa JIHlllb JJ.0 Tex nop, llOKa t,, 60Jibllie 
2't, TaK 4TO naysa (t11 - 't) He Kopo11e HMnyJibCa 't. B o6rueti 
CJIO>KHOCTH Mhl noJ1y4aeM n + 1 coc·raBJI5IlOWWX (BKJII04BSI uyJ1e

BYIO qacToTy) 

I I 
n~ 2 =2---='Ymaxiu. 

'tVu Pi 
( l 3.34a) 

PaccMoTpHM np11Mep, noJ101K11B aMnJIHTYJJ.Y JlJI51 uyneeoit 
qaCTOThl paeuott A/2 H panuott A JI.Jiff ncex ocTaJihHhlX ttacroT. 

CToJIO>KHM, 11.aJiee~ lITO KaJK.n.aH rapMOHMKa HMeeT TOJibKO KOCH· 
Hycuy10 cocraensit0my10. IlonyttuM curuan BHJla 

I 1 
_f (t) =A ( 2-+ cos <I>+ cos 2<1> + ... +cos n<I>) = 

=A 
sin ( 11 + -~ ) <P 

2 sin _I~ <P 
2 

( 13.35) 

B COOTBeTC'f RMH c TO>KJI.eCTBOM Jlarpauma, KOTOphlM Mbl yil\e 

IlOJib30BBJIHCb (CM. (8.61 )), r .n.e 
if\> t 2;ct 
':It = 21tV ll = t- • 

u 

M1>1 nonyttHJIH, TaKHM o6paaoM, nocne11oearenhHOCTb crna

>KeHHbIX (y>Ke ue npHMoyrOJJbHbIX) HMny JlbCOB, JIOKa38HHbIX Ha 
puc. 13 .. 4. Hx cpopMa e1>1pa)KaeTCS1 paneHCTBOM (13.35) c MaKcn-

1 
MaJibHhlM 3Ha4eHHeM (n + 2) A npH t = 0 H c HY JISIMH no ooe 

CTopoHhl npH 

+(n +{)<D1=7t, 
flonHbltt npoMemyroK epeMeuH Me)l(JI.Y JI.BYM51 nepB&IMH HYJISIMH 
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eCTb 2t ,, HO aqxpeKTHBHaSI HJIH H0.1KllHaAbH.aR. .llJIHTeJihHOCTb 
(CM .. rJiaBy 8, pa3D.eJlbl 4 M 5) MMIIYJibCa COOTBeTCTByeT npHOJIH3H· 
TeJibHO nonoBwHe 9Toro HHTepsana. HTaK, Mhl np11HRMaeM onpe· 
.lleneuue 

't=f1 =(2n~ I), 111111 n+; =;~ (13.36) 

- COOTHorneH11e, 3aMeHHIOlllee Haine npMOJlH>KeHHOe ycnoBMe 
( 13.34 a). Ilepuo.a. OOBTOpeHHSI HMllYJibCOB eCTb tu. 

~ 
A I I 

t I 

·I~ 
___ ........ ...__ __ v 

'Umaz 

P11c. 13.4. nocne.noeareJibHOCTb crJiameHHbfX HMilYJJbCOB 3cpcpeKTHBHOtt 
.llJIHTeJibHOCTH t, noeropneMblX c HHrepea.rtaMH tu (CM. ( 13.35) ), 

H COOTBCTCTBYlOillHtt CHCKTp. 

fio.nc•u1TaeM cpe.II.HIOIO 3Hepr MIO Jf.JISI noCJie.II.OBaTeJibHOCTH 
HMnynhcoe c noMOllihlO paeettcrea IlapceBaJIH {CM. (8.12)): 

tu n 

f2=f ~f2 dt= ! A2 + ! ~ A
2 = ~A9 (n+ ;-). 

u 0 l 

CocTaBnmomasi HyneBott 11acrorb1 B (13.35) .naeT c.11araeMoe, 
nponopu11ottanhHOe ee Kea.rI.paTy, Tor .a.a KaK ttneubl A 2 cos 2 m<l> 

I 
.a.a10T 2 A 2 KaiKJ1.b1ti. Cpe.II.HHH MOlUHOCTb ( 3Hepr11si B ceKy11.ny) 

nocne.[l.oeaTen1>HOCTH HMnynbcoe Bh1pa>KaeTcH KaK b/2
, r .ne atta· 

qeHue ttHCJieuuoro MHOl:KHTenst b aaBMCMT OT BbJOOpa CHCTeMhl 
eJlHHMU: 

(13.37) 

CTottTM BCH sueprHH cocpe.noT04eua B KopoTKMX HMnynhcax 4t. 

810 nerKO npoeep111b: Ha116011brnee sHa<teu11e ( n +;)A np~ 
t = 0 COOTBeTcreyeT cornacuo ( 13.37) nHKOBOtt MOIIlHOCTM 

( 
1 )2 2 ( l ) ·-PM= b n+ 2- A =2 n+ 2 P .. 
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0 HS (13.36) HaXOJlMM: 
-

PM 't =Pt"" (13.37a) 

tJTO .U.0K83blB8eT, llTO 9HeprHSI B HMnyJibCe paeHa nOJIHOtt 9Hep 4 

r HM aa epeMH tu· 
Tenepb Mbl JI.OJI>KHht uccJieJloBarh TenJIOBOe Bos6y>KneH11e 

e paanHlfHhlX cTeneHHX ceo6oJlhl, H Mhl npe.zr.noJio>KuM cnepea, 
lfTO ece ll8CT0Tbl cpaBHHTeJibHO HHSKH, T. e. 

hv<kT, 

r.zr.e T-TeMnepaTypa cncTeMhl. M1>1 HMeeM (cM. (13.34)) n + 1 
c1eneHeit ceo6oJf.hI Ha HHTepBaJI t 11 , llTO cor JiacyeTCSl c pacey· 
iK.ll.eHueM r Jiaew 8 (CM. (8.5 7)). CocTaBJISIJOUlaH HY JieBott qacTOThl 

l 
HMeeT cpe.zr.HIOIO 9Heprul0 -2 k T, a n Kone6aTeJJbHblX qJJeHoB 

ffMeIOT cpeJ(HJOIO 9Heprul0 k T Ka>K.nhltt. B oomel\f, cpeJlHHH Te· 
anooaH 9HeprMSI sa HHTepBaJI tu paaHa 

(13.38) 

B COOTBeTCTBHH c ( 13.36). 3Ta &>HepruSI paBHOMepHO pacnpe.ne
JieHa no npoMe)KyTKY t11 • 

BepoHTHOCl'b norJIOilleHHH CBeTa q>oT09JieMeHT3MH nponopuuo
HaJJbHa 9Hepruu, MMe10u1eitcH Ha npOTstiKeHHM K3iKJlOro HHTep
sana: Ha npoTH)KeHMH HMnyJibca 't ee BeJIH4HHa corJiacHo (13.37a) 
H (13.38) COCT3BJISieT! 

Ha npOTSI)KeHMM naysbl (tu - 't) Mbl uMeeM: 

E _· E-· (tu-"C) _ l kT(ta t) 
1- T --- --ta 2 "C <I' 

9ro cJrnr aeMoe E9. ·.aaeT no>KHoe nor JI011ieHMe,. npHBO.llS1mee K 
He>KeJiaTeJibHOMY Hepery JISlpHOMy OTKphIB8HHIO .nsepuw. llJISI 

Yl\teHblll_eHHSl taKoro po.zr.a OillHOOK B paooTe CHCTe.Mhl DOJIOiKHM: 

Ei = a.E'l, CL> 1, ( 13.39) 
OTr}' .na 
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TaK KaK CJ. eeJIHKO, a 't/tu Mano, 3TO ycnOBHe CBO!I.HTCH K 

- akT 
p~~, ( 13.40) 

M Ptu BblpamaeT 9Hepr1-110 H3J1yqeHHS1, nornomeHHYIO ¢0T0.9J1e .. 
MeHTOM aa epeMH ta. Cpe.a.H51H ·aHepruH, nornow.eHHaH sa epeMB 

't, ecTb PT, H cooTBeTCTByiomee cpe.Jl.Hee yeeJ1HlleHHe 9HTponHH 
Ha HHTepean 't cocraBnHeT: 

P"' I 
~S-r: = T = 2 a..k. (13.41) 

Bee c.neJ1aHH~e npH6J1u~eHHH ocHoBaHM Ha npe.nnonoJ.KeHHH 

tu)> 't, ll < 1. 

M1>1 MoJ.KeM renepb o6cy .nHTb acpcpeKTHBHOCTb Ha nepeoM aTane 
.neticTBHSI .neMoHa, Kor .a.a Her3HTpODHH npeBpanlaeTCSI B HHcpop
MBUHIO. flOJib3YSICb (13.18) H (13.24) .lf.JISI HHcpopMBUHH Ha HH• 
TepBan 't, IIOJJy4aeM acpcpeKTHBHOCTb 

1-r: ___ 2(-p1lnp1-P1lnp,.) 2u(l-1nu) 
s1= ,\s = ~ . 

""' 't' a a 
(13.42) 

3ro BblpameHue cnpaee.Jl.JIHBO TOJJbKO Jl.JJH oqeHb MaJJbtX aHaqe

HHtt u. Cnyqati, Kor JI.a u 6nusKo K e)lHHuue, TPY .a.eH .nJ1st HC· 
c;1e.noeaHusi. BosMOJ.KHO, qTo e aTott o6JJaCTH aHa4eHHf:t acpcjJeK-
1·HeHOCTb BblUJe. ,llJJH MeHbWHX sHaqeHHlt ll acp<fleKTHBHOCTb 
yMeHbillaeTCSI. 

IlO.lI.hlTOi.KHBBSI peay nbTaTbI, Mhl BH.Jl.Hl\I, qro 

e.1 - acp¢eKTHBHOCTb Ha nepBOM 9Tane - nonyqaeTCSI Han6onb .. . 
illett npH u ~ I, 

su - ecp<f>eKTHBHOCTb Ha BTOpOM arane - noJJy4aeTCH H3H60JJb

illeti npu oqeHb Ma· 
nbIX U. 

flO.lI.CtJHTaeM 06W.yl0 9rJ>¢eKTHBHOCTb; C nOMOUlbIO (13.28) H 
(13.42) HMeeM: 

2n (1 - ru) ln r 
so= s1. sn = 

Kai< H a ( 13.29), 6epeM 

ru == e · ? = 1' < 1 

(13.43) 
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Ii H3XO)lMM: 

e = 2"fl (I - "fl) In r ~ In r 
0 a r -.::::: 2ra ' 

(13.44) 

TaI< KaK onTHMaJihHoe 3HatteH11e ~ ecTh l /2. ITocJie.ruiee Bhipa· 

)l{eH11e HMeeT npH r === e M8KCHMyM, paBHhIH ll = ~/r = e/2; 
9TO - He60Jiblll8H BeJIH4HHa, )lJIH KOTOpott see HaWH np116JHJ .. 

)l{eHHH )letlCTBHTeJibH bl: 

1 1 
Eo max= (2ea) ~ (5,44a)' r:J. > l. 

Ooma51 3cpcpeKTHBHOCTb na.naer .llO tty JIH nptt r = 1 (paBHMe 

)laBJ1eH11s:i n B tt C), a TaKiKe nptt 04eHb 6oJiblllOM r (n1>1c0Koe 

.ll8BJ1eH11e B C). fv\1)1 noKa3aJI11, TaKttM o6pa3oM, l.fTO oomaH 3cp

cpeKTHBHOCTh acer .na MeHbllle e)lHHHUbl M llTO KaK ei, raK H en 
T8K)l{e MeHbllle e.nHHHUbl, .naJKe np11 BeCbM3 HCKyCCTBeHHblX ycno
BHHX, KOf )la O'fHOWeHHe )l3BJleHHft r BeJIHKO. 

6. 3aJ1.a11a C11J1ap~a: noJinocTblO unct>opM11posanuaH 
TenJioaaH Marnuna 

C11nap.ll ony6nttKOBa.r1 a 1929 r. 1) Ol.feHh np11Mel.faTeJ1hHYIO 

pa6oTy, nocss:imeuHy10 11po6J1eMe )leMoHa MaKcaenna, 11 snepBhie 

o6Hapy)KHJI CBH3b Me)l{)ly HHcpOpMau11ett H 3HTpOnttett MbI HC"' 

cJie.llyeM HeKOTOpbie 111-rrepeCHhie aonpochI, nocTaBJieHHhie C11nap· 

)lOM, H o6cy ltHM He)l8BHIOIO pa6oTy f9tt6opa 2
), IlOCBHmeHHyIO 

9TOtl iKe npo6neMe. 

Cttnap.ll paccMaTp11saeT cne.llyIOmtttt cnyl.fatt: aaMKHYTbitl UH

JIHH.llP o6oeMa v MO)l{eT 6bJTb pa3)leJieH Ha )lBe l.faCTH v 1 H v 2 

nyTeM BltBHr aHHSI onpe)leJI ellHhlM o6pa30M pacnOJIO)KeHHOft 38-

CJIOHKH. U11JIHH.llP CO.llep)JUIT TOJihKO O.llHY MOJieKy ny. B ro1 

MOMeHT, Kor .na Ha6JIIO)laTeJib B)lBHraeT 38CJIOHKy, OH MO)l{eT 

TaK HJitt MHal.fe 3HaTb, ttaXO.llHTCH Mone Ky na B V1 ttJIH a V 2• 

IT0;10)l{HM, llTO MOJieKyna HaXO.llHTCH B V1• Tor.Ila aacJIOHKa 

nepe.ns11raeTCH, KaK noprueHh, B.llOJib UHJIHH)lpa tt o6oeM V1 
Me)lJieHHO pacmttp5IeTCH .llO HCXO.llHOft seJittl.fHHhI V, npuLJei\'.t 

BCS1 CHCTeMa IlO)l)lep)l{HBaercH TepMOCTaTOM nptt nOCTOSlHHOtl 

1eMnepaType T. MoneKyJ1a MO)l{eT y.llapttTbCSI o nopweHh MHoro 

pa3 ~a npOTH)l{eHHM 9TOtl Me)lJieHHOtl onepauttH, H pe3y Jib'! aTOM 

1) L. Sci I a rd, Zs. Physik 53, 840 (1929). 
1) D. G ab or, MIT Lecturest 1951. 
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3THX coy JJ.apeHHA SlBJISieTCSI cpe,nHee JJ.aBJieHHe, CXOJJ.HOe c .ll.8· 
BJieHHeM HJJ,eaJJbHOfO ra3a. CT pH 3TOT COBepIIJaeTCSl HeKOTOpa ff 
pa6ora. 3aTeM 3aCJIOHKa y Jl.8JISieTCSI BOOK, B03Bpau~aeTCSl B HC· 
XOJtHOe nonoiKeHHe, H onepauusi MO)KeT 6h1Tb nosropeHa. 9ra 
CJ.iCTeMa JtaeT MexaHH4eCKylO paOOTy. OH a J.iCilOJib3yeT TOJibKO 
TeMneparypy, HO rpe6yer HHcpop:v1a1uu1 o nonoiKeHHH Mo.,1eKy JI bl, 
H Mbl JJ.0 .. 1iKHhl OhISICHl1Tb, KaK CBH3aHa 3Ta HH£popMaUHSI c J.13· 

:\teneHHSIMl1 3HTpOnHH. Harne roqHoe onpeJle.neHHe HHcjJop~auH 11 

H pe3ynbT8ThI, no;iytteHHhie e npeJthIJ.YIUHX npH:\Iepax, noaeo
JISlIOT HaM ynpOCTJ.iTb J.i yTOl{HHTb pacCy)KJJ.elIHH. 

B cxeMe CHnapJJ,a 3ranbl cneJty1or s raKOM nopsiJtl{e: 

A. 3acJIOHKa BJtBHraeTCSI e HeKorop'JM nonoiKeHHH. 

B. BhlstCHstercsi, r JJ.e HaxoJJ.11Tcst MOJieKy Jia - o V1 HJIH e V9• 

C. B cooTaercreH11 c 3T11M noprneHb (3acnonKa) .ll.Bl1iKercH 
BBepx HJIJ.i BHJ.13. 

nepBbitl 3Tan A He TpeoyeT o6CyiKJteHHSI. lfro KacaeTCSI B, 

'fO Mbl JtOJiiKHbl npHJtyMaTh 9KCnepHMeHT8JlbHOe ycTpOi1:CTBO Jl.JISI 
onpeJteneHHSl MeCTOHaXOiKJteHHSI MoneKynh1. MbI MOiKeM HCnOJih· 
30BaTb ;1yq ceera 8 1, npoxoJJ.sim11fi qepe3 Vi, H llpyrott nyq 8 9, 

npOXOJlSIUll1fi qepe3 V2. nsa cpoT03Jie~eHTa c, 11 Cg MOryr BOC .. 
npHHHMaTh pacceHHHhifi cBeT 113 V1 11 V2 coorseTcrsenHo. BKJIIO· 

LJHM cnepsa nytt 8 1• EcnH C1 nonyttaeT pacceHHHbitl cser, 3TO 03Ha· 
qaeT, ttTO MbneKyna HaXOJtHTCSI a V,. EcnH Ci He o6HapyiKH· 
aaeT CBeTa, TO erue HHtiero He H3BeCTHO, TaK KaK MOJieKy..r1a 
MOiKeT He HaXOllHThCSl B V1, MoneKy.na MOiKeT He pacceHTb 

CBeT, paccestHHbIH. CBeTOBOH. KB3HT MOiKeT He nonaCTb B c •. 
3areM Mbl IlOBTOpHM OnblT pacceS1Hl1SI co DTOpblM JIYllOM 82 B 
V2• B K'OHue KOHUOB KBaHT hv pacce11saeTcsi JIH6o or V1, n1160 
OT V 21 H Mbl OnpeJteJISleM MeCTOilOJIO)l{eHHe MOJieKy JlhI. Ilor JIO .. 

U{eHHe KBaHTa hv B OJtHOM 113 cpOT03JleYleHTOB COOTBeTCTByeT 
yaeJIH4eHMID 9HTpOilHJ.i Ha 

(13.45) 

0 COOTBeTCTBJ.111 c npeJJ,blJJ.YlUMM paccy)KJJ.eHHeM (CM. ( 13. 7)). 
Eonee noJtpooHoe HCCneJtoBaHHe (CM. ( 14.17)) HeCKOJihKO noHM· 
iKaer npeJten 11 .uaer: 

AS~ k Jn 2 = 0,7k. (l 3.45a) 

no.uctIHTaeM Tenepb nonyqeHHYIO l1H<.flOpMau1110. BepOSITHOCTb 
p 1 3aCTaTb ~onet{y.JJy B Vt pasHa, 0 1teBH.UHO, V1/ V, a sepoSIT ... 
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HOCTh· Toro, lJTO MOJ1e1<y JI a HaXO.UHTCH o V 1J1 paoHa V 2/ V: 

PaccMorpH~ 9TH llBa cJiyttasi nop03Hb. C noMOlUbIO cpopMy JI 

( l.5) H ( 1.6) MOn<HO nOJJ.C4HTaTb: 

MOJieKyJia B v.: 
1rncjJopMauw11 i1 = k In ( ~ ) = - k ln p1 , 

(13.46) 
MOJieKyJia a V2: 

1mcj>of>Mau011 i2 = k ln (:. ) = - k In p2 , 

H cpe4HSISI HHcpOpM8UHSI Ha OJl.HY onepaUHIO paBHa 

T = P1i1 + P2f2 = - k (p11n PI+ P2 ln P2) > ot (l 3.46a) 

qTo COOTBeTCTByeT cflopMy Jie illeHHOHa (CM. (2.1) ). KaiKJJ,aSI OT .ueJib ... 

HaSI onepauuH MOiKeT ll8Tb uHcflopMaUHIO OOJinrne HJIH MeHbrne 
yBeJiut:feHHSI 3HTpon1111 AS, noTpeooBaBrnerocH JJ.JIH noJiyt:feH11S1 

9TOft HHcflOpMaUHH, HO cpeOHRH llfltjJoplJaquH ( 13. 46a) MeHbUJe, 

t:feM cpeiJHee yBelllltteHUe aHmponuu Ha O.llHY onepau0ro: 

AS~/. (13.47) 

3HaK paBeHCTBa noJiyliaeTCSl npli paBeHCTBe OOoeMOB v. H v~: 

1 I 
Vi= Vi=:r v, P1=P2=-2, /=kln2, 

qTO cooToeTcrByeT HauoOJihrnett cpe.uHet:t 11HcflOpMau1111. Mhl MO· 

iK.eM 11.MeTb cpJiyKryalLHH HHQJOpMaUHH, IlOJiy4eHHOtt npH OT .ueJib· 
HbIX onepaUHHX. 0.uHaKo B Jl.JU1HHOft cepHH HCilbITaHHtl cpeJJ:HSlSI 
HHcflOpMaUHSI MeHbUJe, t:feM ynJiaqeHHaSJ 33 Hee ueHa, Obipa;.KeH
HaH qepe3 Her3Hrpon1110 AN. OooomeHHhI~ np11Hu11n KapHo 
(rJiaBa 13) y ,llOBJieTBOpHeTCSI B cpe,nHeM c nOJIO)KHTeJihHbIMH H 

OTpHUaTeJihHWMH cflJIYKTyaUHSIMH 

AN=-AS, A(N+I)~O. (13.47a) 

PaccM01p11M renepb 11s~eHeHHe 3HTpon110 ra3a H nocJie.UHHft 
3Tan c 11.eiiCTBHSI MalliHHbl, 3HTpOnHfl u.ueaJibHOfO raaa paoHa 
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(CM. (12.12)): 

Kor Jla sacnoHKa B.llBHraeTCst, MbI nonyqaeM neKotopoe yMeHb .. 
weHHe 3HTpOnHH: 

nu6o ~a1 = k In(~:)= k Jn p1 <0, 

ec1n1 MOJJeKy.rra naxo.ll.HTCSJ B V11 

HJIH Aa2 = k 1 n Pt < 0, 
eCJIH MOJieKy JI a HSX0Jl.HTC51 B v 2· 

I 
(13.48) 

Bepos:1THOCTH, cooToeTCTBymm11e 9THM JlBYM oo3MOJKHOCTHMt 
paBHbI p1 11 p2• 3aMeTHM, lfTO yMeHbllleH11e 9HTpon1111 (- Ao1 

HJIH - Ao2) seer }la B TOllHOCTH paoHo nonyttaeMott: o JlaHHOM 
cny11ae HHcflOpMaUHH (i. HJIM i2), T8K I<aK ( 13.46) M ( 13.48) co
ena}l3IOT, sa HCKn1oqeH11eM SHaKa. CpeJJ.HSISI 3HiponuH rasa yohl· 
eae-r sa OJI.Hy onepauum Ha 

(13.49) 

Kor JI.a MhI JJ.B11raeM noprneHb H yBeJIHlfHBaeM oooeM JJ.O ero 
nepBOHattaJibHOit BeJIHlfHHbl v, Mbl BOCCTaHaOJIHBaeM HCXOJJ.HOe 
sHat:feH11e 9HTpon1111. CosepmeHHaSI pa6oTa W pasHa Ten.rry Q, 
nonyqenHoMy us pesepoyapa TenJia ( e npeJJ.noJIO)KeHHH Me.a.JieH· 
Horo 06paT11Moro npouecca); np11MeHSIS1 saKOH Bof:tns:1 K OJlHon 
MOJieKyJie, JIJISI c11y11as:1 1 (MoJieKyJia HaXOJlHTCst o V1) uMeeM: 

v v 

W=Q= s pdV=kT s i=kTln(~), pV=kT, 
Vi Vi 

YoeJinlfeHHe 9Hrponnu Ha npoTsnKeHMH npouecca pacw~penesi 
COCT 3BJISl'eT: 

~ =k In ( ~.)=- ~a1 >0; 
aHanor11t1Ho oocTOMT JJ.eJio, Kor JJ.a MoneKy JI a HaXOJJ.HTCH o V 9• 

nocne}lHHH onepau11H nOJlTBep)KJlae1 cnpaBeJlJIHBOCTb pa· 
sencTe ( 13.48) 11 noKaShlBaeT, KaKHM oopasoM noJiyqaeTcSJ nepBo· 
HallaJlbHOe yMeHbWeHHe 9HTpOnHH. B oow.eM, sa nOJIHhlit UHKJl 
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.a.ettcTB1u1 nonyqaeTCSl (cM. ( 13.4 7)) B03pacTaHne 9HTpon1n1 ua 
AS-/. 

TaKHM oopa30M, Mbl noKa3aJIH Ha 9TOM npHMepe, t:fTO HH
cf:>OpM_8UHH COOTBeTCTByeT Hef3HTpOnHH (CM. ( 13.4 7) H ( 13.49)), 
Jfo Mhl .noJiiKHhl OhtJIH yqHThlBaTh cj:>JJyKTyauuu, TaK KaK npeJJ.· 
noJJaraJIOCh, qTo aaCJJOHKa BHaqa.1e B.llBMraercst 6es npeJJ.Bapw· 
teJJhHOfO 3H3HHH MeCTOHaXO)KJJ.eHHff MOJJeKyJihl. 

7. Paccy>KJI.euue f9ftoopa 

r9flOOp 1) HCCJJel{OB3JI CXO.llHYIO 33JJ.34y, HO C OTJIHt:fHhlM 
cnocoooM ,netlCTBHH M3lliHHhl. HsMeHSISI nopH,llOK nepBbIX .nayx 
onepauutt A H B, OH npe,nJJa.r aeT .nef:tcrBooaTh CJ1e,nyro11u1M oo
paaoM: 

· A. Y6e,nHThcH, t:fTO MOJJeKyJJa Haxo,nwTCH B V1 (no CwJiap.ny -
eran B). 

B. B.nBHHJTh aacJJOHKy (no CttJJapJJ.y - 9Tan A). 
· C. LisuraTb nopmeHh. 

r9H6op npe,nnOJJaraeT, qro ,llJI~ TIOJJy4eHHSI HH~OpM8UHM 
npuMeHHeTCff nyq cseTa, ocuema1omutt oooeM V1• 9CKH3 ecero 
ycTpottcTaa MarnHHhI ,naH Ha pwc. 13.5. E,nwHCTBeHHaH MOJieKyJJa 
JJ.BH)J(eicH o UHJIHHJJ.pe V, no.ll.nep)KHBaeMOM npu TeMnepaType T. 
HwmHHH qacTh UHJIHH,npa (06-heM Vi) w:vieeT npospa4Hhle creHKH 
H OCBemaeTCff Jiy·~OM OT narpeTott HHTH, H3JIYll3IOll.J,ett onpe.n.e
JieHBJIO qacToTy v. CttcTeMa sepKaJJ w JJHH3 no.n.nepiKHBaeT 
UHPKYJISIUHIO CBeTa oe3 norJJOll.leHHSI JJ.0 Tex nop, noKa HeKOTO· 
poe KOJIHt:feCTBO CBeTa He oy ,lleT paCCe5IHO MOJJeKyJIOft H IlOr JIO· 
meHo ¢>oro9JJeMeHTOM. Kor JJ.a 9TO CJIY4HTCH, MexaHH3M npnso
.UHTCH B .neftCTBHe nocpe,nCTBOM peJJe: noprneHb, JI HllieHHblft 
TpeHHSI, BBO,llHTCSI B UHJIHH.np; ,llB8 sepKaJia, CKOJJb3SI BHH3, nepe
KpblB3IOT ceeTosott JJy4. MoJJeKy JJa nocTeneHHO no.nttHMaeT nop
rneHh w coeeprnaeT MeXaHwqecKy10 paoory. 

-HaMeHeHue 9HTponHH npu BBe)leHHH nopmHff. ecTb yohtBaHue: 

dS1 = k In ( ~) = k In p1 < 0, ( 13.50) 

a npH pacwHpeHHH npOHCXO,llHT yBeJJHt:feHHe 9HTpOnHH, BOCCT8-
H3BJIHB3IOll.J,ee ee nepBOHa 43JJbHYIO aeJIHlfHHY. Kor .na pacrn HpettHe 
33KOH4eHO, nopmeHb BhlJJ.BHraeTCff H B03BpamaeTCSI B HCXOJJ.HOe 

1) CM. npeJl.hJJlYW.YlO CCbIJJK)'. 
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DOJIO>KeHHe (3T8 qaCTb MexaHH3Ma Ha pHC. 13.5 He noKa3aHa). 
YMetth1ne1n~e 3HTponHH (13.50) MOJKeT OhITb c..u.eJiaHo CKOJlb 
yro~tto 6oJibWHM nyreM yBenHqeHHH ooneMa V. Tpy AHOCTb 

UununiJp 

v 
T 

i 
1119' ................ _________ _ 

v, 

t -

flof16u)/(H<Je 
aepKa110 

flOpfJJetflJ 

: ::::: I 

cocroHr a ~oKasarenbCTBe Toro, qro Kon11qecrao caeTa, 1pe6ye
Moe ~JUI 11aoJ11o~eunst, TaKme oospacraeT c y seJIH4eHueM V Ta· 
KHM 00p330M, qTO nepBOHa4aJibHOe yaeJIH4eHtte 9HTpOnHH Beer ,a.a 
6onbwe1 4eM I ~S1 I· 
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P3CCMOTpHM nepeb1tt 9T3n JJ.ettcTs1u1, Kor JJ.3 Mbt OiKHJJ.3eM, 

11ro MOJieKyJI3 oc·1ynHT B o6ueM V1 u p3cceeT coeT. CpeJJ.Hee 

BpeMSI OJKHJ13HHSI tu nponopuuOH3JlhHO v, 3 BCnblllJK3 paccestH ... 

Horo CBera HMeeT JJ.JIIrreJihHOcrb 't, nponopUHOH3JibHy10 V1. 

B 061ueM, Harne H30JIIOJJ.eHHe JJ.OJJJKHO JJ.aTh JJ.BOsiKoro poJJ.a HH .. 

cfJop~aUHIO: 

A. MoJieKyJia Haxo1u1TCSI B V1 BMecro V. 
B. 3ro npoucxOllHT Ha nporsiiKeHHH HHTepsaJI3 -:: BCero 

BpeMel-IH tll.• 
CHTY3UHSI OTJIH4aercSI or rotl, Koropyro Mbl uMeJiu B onh1re 

pHc. 13.1, r JJ.e nOJIO)KeHHe onpeJJ.eJIHJIOCb reoMeTpttett npu6op3, 

" eJJ.HHCTBeHHoe TpeoyeMoe H30JllOJJ.eHue OTHOCHJIOCb KO spe

MeHH. Mbt MOiKeM nOJJ.CllHT3Tb oomee KOJiuqeCTBO HHcpOpM3UIUi 

C nOMOIIJ.blO ( 12.1 ): 

I= k In ( ~; ). 

r JI,e P 0 - tJHCJIO paBHoeepoHTHhIX B03MO)KHOCTeti o 061neM C~7JY .. 
qae, P1 - 4HCJIO p3BHonepOHTHhIX B03MOiKHOcTett, Kor JJ.a JJ.aHa 

HHcpOpMallHH /. 3JJ.eCb Mbl HMeel\I, OlfeBH,llHO, 

(13.51) 

CJieJJ.oBareJibHO, KOJIHlfecrso HHcfJOpM3UHH B T3Koro pOJJ.3 onhITe 

p3BHO 

1 = k In ( ~J = 2k In ( ~J=-2k1n p1• (13.52) 

YIHcfJopMaUHst I BJl.BOe 60JJbllle nepBOHall3JihHOro yBeJIHlfeHHH 

9HTpOTIHH ~St (CM. (13.50)), onpe,lleJIHIOIUero Hef3HTpOnHIO, 

noJiylf 3eMy10 c nOMOIUblO HHcpopMaunH I. 9¢cfJeKTHBHOCTh npe

o6pa3oBaHHSl HHcfJOpMaUHH B Hef3HTpOnHIO p3BHa 1/2. 
00JJ.C4HT3eM Tenepb H848JibHOe yoeJIHlfeHHe 9HTpOTIHH, Tpe· 

oyeMoe Jl.-7IH noJiylleHHSl 3TOti HHcpOpMaUHH. Bo eceM o6oeMe 

nOJIHOtl JJ.JIHHbI L (nponopuHOHaJihHOtl V) MhI Jl.OJiiKHhl o6pa3o

BaTh JIY4 cBer3, noKpbIB3IOIIJ.Htl TOJibKO JJ.JIHHY L1 (nponopuwo

HaJihHyro V1). 9To MOiKHO CJJ.eJiaTb H3JJ.JieiK3ll.lHM HaJIOiKeHweM 

HeKoToporo qucJI3 coocrseHHWX KOJie63HHtl JJ.JIHHW L. 3TH co6-

CTBeHHwe l<OJieOaHHSI HMelOT ,llJIHHbl BOJIH 

2L, L, • • • t 

2L 
M' 
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A KpaTllatlmaR .4JIHHa BOJIHbl llOJDKHa 6bITb nopst,llKa 2L1 JJ,JlSl 

roro, tITOObI .llJIHHa L1 orqer1u1Bo onpe.nenY1nach. 0TCIO.lla HMeeM 

~JIH qwcna coocteeHHblX KoneoaHYltt B o6beMe 

M_l_V 
- L-;- v-;· ( 13.53) 

.IlJISl K3>K,llOro H3 9THX KOJieOaHHti Mbl HMeeM BCI1blUJKH 't c IIO· 

OTOpeHHeM qepea MHTepBaJI t 11• CYITY3UY151 aHanorHtIHa oocymJl.eH .. 

HOfi B pa3)lene 5 (CM. ( 13.39) YI ( 13.42)) H TpeoyeT yBeJIHl.le· 

HHSI 9HTpOI1YIH 

Ha Ka>KJJ.bltt OHJJ. KOJieoaHHSI. B oomeM, )lJISI DOJIHOO 9HTpOnH~· 
HOit CTOYIMOCTYI H30JIIO)leHH51 nonyqaeM: 

!l.S = Ma.ktu - a.k (' ~ )2 ( 13.54) 
2't - 2 V1 . 

CpaBHMM 9TOT pe3y JibTaT c cpopMynoit (13.52) ,ZJ.JISI HHcpopMau1111: 

( 13.55) 

rae 

9-ro Bbipa)KeHtte Beer )la nono>KHTenhHO. Kor )la p 1 HeorpaHYIQeHHO 

yoh1aaer, F CTpeMYITCH K 6ecK0He11Hocr11, a CJ1e.nouaTeJibHO, YI 

cKo6Ka B ( 13.55). B 9TOM saK1110L1aeTCH OO'bS1CHeHY1e aa.na4tt 

CYIJiap.na. IlaJihHeWillY1e no.npo61-1ocrn .naHhl B r J1aae 15. 

IlpHJIOHCeHne I 

L{Jifl )lOKa3aTeJihCTBa COOTHOllleHYIS1 ( 13.22) BOCn0.1Ib3YeMCff 

paccym.neHYleM D.mettKoocoHa. BoahM e~ OlJ.eHh KoporKYlti npeMeH
HOtt YIHTepBaJI 9, HaCTOJibKO M3Jiblfi, '-ITO Ha ero npOTS1IKeHYIH He 

Cionee qeM O.llHa MOneKyJ1a MOiKeT nonaCTb o nnoma.llh A: 

oepos:trnocTh O.llHOro nona)laHttff: a.6 ~ 1, 
BeposiTHOCTb orcyTCTOHSJ 11ona.naHY1SI: 1 - a.O. 
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PaCCMOTpHM teneph HHTepoan 't = mO; oy )leM HMeTb 

'ito = ( 1 - a.a)m - eepos:irnocrh roro, 4TO Ha npo· 
TH)f(eHHH 't He oy )leT Il0Il3JJ,3HHSI, 

7C1 = mrJ.0 ( l - et.B)m-i - BepOHTHOCTh 0)1.HOro nona)laHHH 
Ha npOTSDKeHHH KaKOfO-JIVIOO 
H3 m 11ffrepeanoe fJ, 

'1t2 = m <m
2
- 1) (!X6)2 (l - a.ar-2 - eepoHrHocrh n.eyx nonaJI.a1u1t1 

aa epeMH 't, 

'It n = n! ( :~ n )I (a.Br (l - a.6r-n - Be po HTHOCTb n no II 3,11,3 mtll 3a 

BpeMH 't. 

QqeBH)lHO, 

Korn.a tJ craHonwrcs:1 Ol:feHh Ma>'IMM, a m - olfeHb 60J1hmMM, 

'1t'o = (1 - a.fJ)m = ( 1 - rJ.6) a.·i ~ e- a.-r. 

Ho 1t0 coBnaII.aer c H3UIHM npeiKHHM p2 (CM. ( 13.22)), 11 ~'t == 11. 

qTo w nO.llTBep)KJJ.aeT cpopMy .. 'Iy ( 13.22). Kpo~1e roro. 

Pt= 1t1 + 1t2 + • · . + 'itm == 1 - e- a.-r = 1 - e-u 

ecrh eepostTHOCTb O.llHoro HJIH oonee nonaII.aHwtt. 

IlpunoilieHue II 

Mb1 MoiKeM ooooutHTh paccyiKII.eHwe, ceHsaHHoe c (13.33). 
B~1ecro npe.llnOJIOiKeHHS1 o pasHoorcroHutHX HMnynhcax, nono
)f(HM, •1ro m HMIIYJihCOB pacnonoiKeHhI cny4af:tHo Ha npoTH)f(eHHH 
oqeHh oonhrnoro BpeMeHw t: 

t _m't 
- ' Pi 

r ll.e m > 1, p1 - oepoRTHOCTb noHBJieHHH aKTHBHoro HHTep
ea,ria 't. 00JIO}KHM TaI<)Ke, lfTO 3Ta TIOCJieJI.OBaTeJihHOCTh HMTIYJih
COB IlOBTOpsteTCSI D CJie)ly1om11e npoMe)KyTKH BpeMeHH, JJ,JlHTeJib
HOCThIO t, qro )laer nepHOJlH4HOCTh c 6onhUJH'.\f nepwOII.OM t .. 
:-1ro nepHO.llwqecKoe pacnonoiKeHwe HMeer cneK'rp c 'faCTOTa'.\fH 
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0, v0, 2v0, ••• , nv0 ( C~'.1. (I 3. 34)-(13. 36)), r D.e 

v - __ I - !!I__ n'I - v - i o - t - tn't , o - max.-.:::; 2't-. 

Ha1160Jib11Jee sHalleHHe n paBHO 

1 m n- -
- 2't·10 - 2p1 • 

Paccym.uen11e, npe,n:cTaBJteHHoe paneHCTeaMM (13.37)-(13.41 ), 
Henocpe4CTBeHHO npHMeHHMO B .uaHHOM cnyqae H .uaet cpe.uHee 
yaenHqeHHe 9HTpOnHH Ha HHTepBan ~: 

ak 
flS =·-i: 2 , 

l<ah. li ( l 3.41 ). 

--- "··---
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HEraHTPOilHRHblH IlPHHUHil HH<l>OPMAUHH 
B OiimER cl>H3HKE 

t. IlpooJJeMa H3MepeuHa s fl>naHKe 

llo CHX nop Mbl CMOr JIM CJI.eJiaTb HeCKOJibKO onpeJI.eJJeHHblX 
3aKJIE04eHHtt, KOTOpb1e MO)KHO nO,llblTO)l(HTb CJieJI.yIOlllHM o6pa30M: 

A. HHcpopMaUHSI MoJKeT 6hITb npeepatueHa e Her:niTpOnHIO, 
H o6paTHo. EcnH npeo6pa3oBaHHe o6paTHMO, TO noTepb Her. 
HO Heo6patHMoe npeo6paaoeaH11e ecer JI.a conpOBO)l(JI.aercsi noTe· 
pelt 

B. J1ro6ott onh1T, !larom11tt HHcpopMaUHfO o cp113111.1ecKoR CH· 
cteMe, npHBOJI.HT B cpenHeM K yeeJIH4eHHIO 3HTponHH CHCTeMbl 
HJIH ee oKpy)l(eHHH. 3To cpeJI.Hee yeen11i1eH11 e ecer na 60.JJhUJe 
nony4aeMoro KOJIH4eCTBa HH¢opMaUHH (HJIH paBHO eMy). JlpyrHMB 
CJIOBaMH, HHcpOpMaUHH Beer na ,llOJI)l(Ha OnJia4HBaTbCH Her3HTPO· 
nueo, npH4eM onnaTa ecer JI.a 6on&me, 11eM nony11aeMoe Konu11e
creo HHcpopMauHH ( HJIH paeHa el\1y). BcsiKoe Ha6nro11eHHe ecer JI.a 
conpOBO)l(JJ,aeTCH yeeJIHlfeHHeM 9HTpOnHH H CBH3aHO, TaKHM o6pa .. 
BOM, c Heo6paTHMblM npouecCOM. 

C. Ha11MeH&wee B03MO)l(Hoe KOJIHlfeCTBO Her3HrponHH, Tpe-
6yeMoe np11 HaonEOneHHH, HMeer 11opHnoK k. Bonee nonpo6Hoe 
HCCJJeJI.OBaHue ,llaeT BHalleHHe: 

MHHBMYM Hef3HTponHH = k In 2 = 0, 7 k ~ 10-16 CGS °K (14.1) 

.nnsi T04HOro npeJI.ena, llTO cor nacyeTCH c JI.aHHblMH C11nap.u:a. 
8TOT MHHHMYM COOTBeTCTByer KaK pa3 OJI.Hott ,llBOH4HOit eJI.H
HHUe .. 

D. 3TH 3aMe1.1aHHH npHBOJI.HT K pa3nHCHeHHIO npo6neMb1 JI.eMoHa 
MaKceenna, KOTOpblO nonpocTy npen.craensieT coooo ycrpoilCTBO, 
npeepau1at0mee Her3HTponu10 e HfHpOpMaUHfO, a saTeM cHoea 
B Her9HTponHfO. 
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Hcci1eJJ.yeM ooJiee TIUaTeJibHO saKn1oqeHHH B H C. 3To npw
eeJieT K oocyJKJleHHl-0 npooJieMbl Ha,lleJKHOCTH H roqHOCTH QlH3H· 
qecKoro sKcnepttMeHTa. 4ttTaTeJih Mor saMeTHTb, qTO B pacey .. 
JK]leHHHX r JiaBbl 13 Mbl BBeJIH npOH3BOJibHblf:i MHOJKHTeJib a. (CM. 
(13.39) H ( 13.54)), KOTOpblf:i Mbl nonaraJJH ,llOCTaTOLJHO OOJibll.IHM, 
4T06hl yMeHhll.IHTb OlllH6KH Ha6.t11-0,lleHH5I H HeHa,llJieJKamee nef:i
CTBHe CHCTeMbl. 3TOT MHOJKHTeJih a. o6ecneqHBaer HaOe;JICHOCmb 

sKcnepHMeHTaJibHoro ycTpoiiCTBa. Mb1 HCCJieJiyeM TaH:JKe eonpoc 

0 HaHMeHblllef:i Hef3HTpOlII1H, Tpe6yeMof:i JlJIH Ha6JIJ-OJJ.eHH5I, H 

nO,llTBepnHM npaBHJIO ( 14.1 ). 
06m11e pe3yJ1hTaTh1 B H C 6hlJIH HaMH enepeh1e o6HapyJKeHbI 

nptt o6cyJKneHHH npo6JieMb1 JJ.eMoHa MaKCBeJIJia. Ha6JIJ-OJlaTeJih, 

6y Jlh ro QlH3HK HJIH JieMOH, HYlKJJ.aeTCH B HCTOLJHHKe HersHTpon1111, 
TaK KaK BCSIKOe HaOJIJ-OJJ.eHHe Beer JI.a npOH3BOJJ.HTCH sa CQeT 

HersHTpon1111 OKpyJKeHHSI. TaK, OH HyJKJJ.aeTCH B oaTapeHx, HCTOQ

HHKax nHTaHHH, CJKaTblX ra3aX H T. n. - BCe 9TO npeJJ.CTaBJISier 
co6oii HCTOlfHHKH HersHrponHH. EMy HyJKeH TaKJKe CBeT B ero 

JiaoopaTOpHH, QTOO~ lfHTaTb noKa3aHHH aMnepMeTpOB H JJ.pyrHX 
H3MepHTeJibH~X np116opOB. 

KaKoBO HaHMeHhwee eosMoJKHoe KOJIHQeCTBO HersHTpon1111, 
rpe6yeMoe JlJIH Ha6JIIOJJ.eHHH? IloJIO)KHM, lfTO Mbl XOTHM npo

·~eCTh noKa3aH11e aMnepMeTpa, nOJJ.JJ.epJKHBaeMoro npH TeMnepa
rype T. CTpeJIKa c ee npyJKHHof:i 06pa3yeT KOJieOaTeJihHYIO 
CHCTeMy c oqeub HHSKof:i coocTBeHHof:i LJacToTof:i. CTpeJIKa coeep .. 

waeT KOJ1eOareJibHOe opoyHOBO .JlBHlKeHHe co cpeJJ.Hef:i KHHeTH· 

4eCKoU 9Hepr11ef:i kT/2 H co cpenttef:i noJIHof:i 3Hepr11ef:i 

Etota1 = kT. ( 14.2) 

Aii3HHr 1) noJiaraeT, LJTO JJ.JIH noJiylfeHHH npaBHJibHoro OT· 
CQeTa HeOOXOJJ.HMa 3HeprHH 

E1 ~ 4Etotat = 4kT. (14.3) 

flocJie Toro KaK OTClfeT cneJJaH, sTa sueprttSI 6y neT pacceHHa 
BCJieJJ.CTBHe TpeHH51, ,lllKOY JieBa 3cpcpeKTa, BH3Koro saTyXaHHSI npH
oopa H T. Jl. 3ro 03Ha4aer yeeJIHlfeHHe 9HTpOnHH JlJIH BCef:i 

1) G. Is i n g, Phil. Mag. [6] 51, 827 ( 1926); M. Co u rt i n es, 
Les fluctuations dans les appareils de mesures, Congr. intern. d'electri .. 
cite, vol. 2, Paris (1932). 
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£ucreMbl Ha 

(14.4) 

TaKHM o6pa30M, no Atta11ttry .LJ.JIH Hane>KHoro HaDJIIO.LJ.eHHH rpe· 

6yeTCH Her91-1rpon11n, pasHaH 4 k. Mbl noKa>KeM, llTO k In 2 = 0, 7 k 
ecrh npenen, np11 KoropoM MhI HMeeM KaK pa3 50° / 0 rnaHcos, 

qTQ Ha6J1JO}leH11e npaBHJlbHO, H 50°/o - llTO H80JIIOJJ.aeMoe OTKJIO

H€HH€ 06yCJ10BJ1e1-10 11pocro T€IlJIOBhlM JJ.BHIKeHHeM. 

2. Hat5J11011.eunu ua11. ocnHJJJJHTOpoM 

PaccMorpHM rapMOHM4€CKMA ocuHnnnTop qacTOTbl v c KBaH

TOBaHHLIMH ypoenHMH 9HeprMM En= nh'I. Bb1rnenp11se)J,eHHaH 

aa.u,aqa oo aMnepMe1pe cooTeercrsyer npe.zr.en&HOMY cnyqa10 

oqeHh HH3KOA 11acTOrb1. Mhl noJJyllHJJH Rhtpa>KeHHhle cpopMyJJaMH 

(9.31 )-(9.44) HeKOTOpble o6uuie pesy JlbT8Tbl, OTHOCHIUHeCH 

K CTaTHCTH4€CKHM CBOttCTBa:\f TaKoro OCUHJIJISITOpa, nO,llJJ.ep>KH

BaeMoro np11 TeMnepaType T. 3HepreT11qeCKHA yposeHb nhv 
HMeeT Bepoff THOCTb 

r.u.e 

Pn = Be-nx = e-nx _ e-<n+Ox, 

co 00 

h'V 
X= kT' 

~Pn= ~ Be-nx=l, B=t-e-x. - .-n = 0 n=O 

(14.5) 

()rc10na D,JISI sepOffTHOCTeM COCTOHHHfi Bblllie (q- 1) H HH>Ke q 
IIOJiyttaeM COOTBeTCTBeHHO: 

Pn>-q=Pq+Pq+1+ ... =e-qx, } ... 
_ t< (14.oa) 

Po<.n<.q=Po+ P1 + ·. · + Pq-1=1-e q. 

Mb1 MO>KeM onpe.u,eJJHTh MeJJ.Hatty KBaHroeoro llHCJJa m ycJ10-

a11eM 

Pn<.m=Pn;;::m, 
Koropoe .zr.aeT: 

-mx l e = 2 , one mx=ln2~0,7, 



TaK llTO 

Em= mhv=kT1n 2. 

9ry M€4HaHy MOmHO cpaBHHTh co cpeJJ.HHM 3HaqeHMeM 

JlnH HH3KMX t.taCTOT 

n=oo 

n = ! npn = e" ~ 1 , 
n=O 

TaK llTO ( 14. 7) 4aer~ 
--

nx = 1 n;n1 E = iih'J = kT, 

(14.6) 

( 14. 7) 

(14.8) 

It Mbl OTMet.taeM, 4TO MeJJ.MaHa M€Hbll1€ Cp€JJ.H€f0. n11si BblCOKHX 

t.taC'fOT aOJiylfaIOTCH HHbI€ COOTHOWeHHSI, KOTOpble oy JJ.yT o6cyiK
,lJ,€Hbl B CJI€JJ.YIOIU€M pa3JJ.eJie. 

JlaJiee Mbl Il04ClJHTa€M cpeJJ.Hee KB3HTOBOe 3HalfeHne AJHl 

COCTOHHMtl n ~ q: 

Be-qx 

00 

~. (q + r) e-rx 
Im 

r :::: 0 

• 

n C nOMOllJ,blO ( 14.5) H ( 14. 7) llOJIY':IHM: 

.,.. -
raK KaK r=n. ( 14. 9) 

CpeJJ.Hee KBaHTOBoe 3HaqeHHe n~ JJ.JIH rpynnhl cocrosiHHH 

n < q noJiy4aeTCH HenocpeJJ.CTB€HHO H3 COOTH0lli€HHH 

Pn <:,qlz~ + Pn ~ q lli/ =ii, 

Koropoe 4aeT: 

_, - q < nq = n - e+qx _ 1 , npH n q. 

npwMeHMM 3TH p€3JJlbT3Tbl K M€4H3He: 

q=m: nm=m+ n, 
_, 
nm=n-m, 

n?m; } 
n<m; 

(14.10) 

(14.11) 
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AJIH HH3KHX qaCTOT 

nm=n(I+Jn2)~1,7 n;} 
n:n = n ( 1 - ln 2) F:::::: 0,3 n. 

(14.12) 

Mh1 MOIKeM renepb pacCMOTpeTb eonpoc o TOM, KaK npo11s

BOJIHTCSI HaOJIIQJl€HHe 11 KaK OUeHHBa€TCH erO Ha)l€!KHOCTb. no• 

JIO)l{HM, llTO Mbl Ha6n1011aeM B HeKOTOpblf.i MOM€HT epeMeHH t 9Hep· 

fHJO, COOTBeTCTBJIOUJ.YIO n ~ q KB3HT3M. BepOHTHOCTb Toro, 4TO 

9TO BblCOKOe KBaHTOBOe QHCJIO MO)l{eT o6ycJIOBJIHBaTbCH TenllO· 

BhIMH QJJIYKTyauHHMH, ooosHa4MM Pn::::: q• BepoSITHOCTb Toro, 4To 

peaoHarop noJ1yquJ1 HopMaJibHbl)f o6paaoM n < q, a aareM nor JIO· 

THJI HeKOTopoe KOJIH4eCTBO JlOOaBOQHblX KBaHTOB (OT BHeillHero 

UCTOQHHKa) JlllSI Jl0CTH/KelIH51 ypoBHH Bblille q, 0603HaLJeHa Yepes 

Pn"' q· Ee.nu CllUTaTh o6a CJiyqasi paeHoeeposiTHhlMU, TO Mbl 

llOJIJKHbI BSHTb q paBHblM M€JlHaHe 

In 2 
q=m=-. x 

EcJiu, c 11pyrott cropoHbI, MhI B03hMeM sHaqeue:e AfisMHra JlJISl 

«Ha}leJKHOro» HaOJIJOJl.€HHH (CM. ( 14.3)), TO 

q1=4-~ 
" 

(14.13) 

q10 11aeT JlJIH OlllH6KH BCJI€JlCTBHe TenJIOBOrO Jl.BH)l{eHMSl sepOSIT· 

HOCTb OI{OJIO 2°/o· 
B MOMeHT t Mbl HaOJIIO,UBeM 60Jibllle lleM q KB3HTOB B peBO· 

HaTope. EcJIH 9To o6ycnoeJieHo TenJIOBhIMH cpnyKTyauHHMH, TO 

cpeJlHSlH H36hlTOllHaH 9HeprH51 noJiyqeHa OT OKpy)f{aKlIUero Tep

MOCT3Ta T, H corJiaCHO ( 14.5) cpe.UHSISI 9HepruS1 B 9TOM c.nyqae 

OyJleT paBHa 

(14.14) 

EcnH q KBaHTOB OT nocTopOHHero MCTOQHHKa 11ettCTBHTeJ1hHO 

nor JIOlllaI-OTCH, TO H36blTOQHa51 9HeprHst qhv TIOJiyqaeTCH OT 910ro 

MCTOllHMKa H Jl008BJISI€TCSI K HOpMaJibHOMy cpeJlHeMy 3Ha4eHHIO fihv, 
'ITO cuosa JJ.aeT ( 14.14). B JJ.aJtbHeFillleM H30hlTOllHaa 9Heprwsi 
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c TOR HJUI HHOD CKOpOCTblO pacce11eaeTCSI BCJie)lCTBHt; rpeHl1SI, 

BH3KOCTH HJIH OMHqeCKHX noTepb H nor.TJOIUaerCH OKpyn<aIOlll.HM 

TepMOCTaroM npH TeMnepaType T. 
EcnH (14.14) ecTb pe3yJibTaT cpJiyKryau11fl, TO 3To npocro 

03H8l.JaeT, lfTO repMOCTaT nonyqaeT o6paTHO l.faCTb 3HeprHl1, 

KOTOpylO OH nepBOHal.JaJihHO OT JlaJ1. EcJIH ( 14.14) eCTb pe3y Jib Ta T 

,ZJ,etiCTBHTeJibHOro nor JIOllleHHSI 3HeprHH OT HHeruHero HCT04HHKa, 

TO B KOHeqHOM cqe-re q KBaHTOB nor JIOrua10TCH Tep)10CTa TOM H 

nonyqaeTCH yeeJIHl.feHHe 3Hrpon1111 

qh'i { k ln 2, ecJIH q = ni. 
aS=--==qk.x= 

T 4k no Att3HHry. 
( 14.15) 

3To yeen11qen11e 9HTpon1111 0Kpyi1<a1ow.ero TepMOCTara eCTb uena, 

y11Jiaq11eaeMa5l aa HaOJIEOJleHHe. Ha11MeHbrnee BHaqeHHe 3TOro 

yBen11tteH11H k ln 2 ~ 0,7 k noJiyqaercH, KOrJla MbI JlOnycKaeM 

eepOHTHOCTb 0IIJH6KH, paeHy10 50()/o· 
0 11eHb uHrepecHo, qro, ec.1111 Bb16parb npeJle.,1 m < n (CM. 

( 14.6) 11 ( 14.8)), TO norpe6yercH, reM He Menee, nor JIOIUeHHe 

HeKOToporo KOJIHtteCTBa 3HeprHH JlJIH TOro, 4T06bl aepHyTb peao

Harop B HOpMaJibHOe COCTOHHHe. 3ro 06'bHt:HHeTC H TeM, qro 

npe!le..11 m MO)l(eT OblTb Hl1>Ke cpe,ZI,Hero fl, HO cpeJlHee nm JlJISI 

KB3HTOB Bhlllle m OOJibllle, l.feM n (CM. ( l 4.12)). 
CTonyqeHHhlti peay JihTaT HBJIHercH 06m11M H np11MeHHM KaK 

K HH3KH.M, raK H K BblCOKHM 43CTOTa)J, XOT51 q11c.11eHHbtti npHMep 

9TOrO pa3Jle.Tia OTHOCHJICH K HH3KHM qacroTaM. 

3. BwcoKottacTOTHbIH peaouaTop a ueHa ua6JJtolleHHH 

PaccMOTpHM B~COKottacrorHMti pe3oHarop, JlJIH KoToporo hv 
:vJO)l(eT 6hITh nopH!lKa k T HJil1 ooJihrne k T. BeJ111tt11Ha x y>Ke 

He Mana, H ycJIOBHe ( 14.6) JJ.JIH Me!l11aHhl o6hlqHo He JlaeT uenoro 

q11cna. Mbt JlOJIJKHht n03TOMy B3HTb onwiKattwee OOJibWee uenoe: 

q ~m. (14. 16) 

Ha!le>KHOCTb Ha6JIIOJleHHH npH 3TO!VJ Bbtrne 50°/0 11 AS 6oJih~e, 
qeM kln2 (CM. (14 .. 15)), eCJIH Beeb H36b1TOK 3HeprHH pacceH

BaeTCH YI nepe!laercH TepMOCTaTy npH Te~1nepa1ype T. 
Bo3bMeM Tenepb Jlpyroti CJiyqati, KOTOpbitt COOTBeTCTByeT 

npooJieMe JleMoHa MaKcueJIJia. MoJieKyJih1 H8XOJl51TC51 B aaMKHy· 

TOM oooeMe npu TeMneparype T, H .llJIH roro. l.fT06b1 yBHJJ.eTb 
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MOJieKy JI bl, Mbl npH:'.\1eHHeM JlOOOJIHHTeJihHblH HCT04HHK CBeta, 11cny

Cf~310lUHfi KBaHTbt hv. MoneKy.rra MO)KeT ObITb Ha6ino,lJ,aeMa, ecn11 

OHa pacce11BaeT no MeHbllleti Mepe 0,lJ,HH KB3HT hv, KOTOpblU 3aTeM 

nor Jiomaercs:i cporo3ne:weHTOM HJIH r naaoM Ha6JI10JlaTe.rrst. 3ror 

KB3HT hv JlOJJjf{eH 6h1Tb Bblille ypoBHSI H3Jiy4eHHSl qepHoro Te.11a 

.llJISI Toro, 4T06bl MOACHO 6blJIO pa3JIH4HTb ero Ha 06u1e:\'I <j>oHe. 

PaHee npennonar a.11oco (CM. ( 13.4) 11 ( 13.38)), qTo 9TH Tpe-

60ean1u1 npHBOJlSIT K ycJIOBHIO 

hv ?::::: k T. 

no1<:aMeM renepb, qTQ Mbl MOlKeM CHH3HTb npeJJ.eJI JJ.0 

hv ?-kT In 2. (14.17) 

ilnH 3 roro 3a;v1e rHM npeiKJle ncero, qro Ha11:weHblllee KOJIHqecTBO 

9Hepr1111, KOTOpoe Mo)KeT OhITh nornomeHo, - 9TO OJJ.HH KBaHT • 

.r1a.1ee, eCJIH )fbl XOTHM, lfTOObl HaJI.e)l{HOCTb H30JIIOJJ.eHHS1 

OJJ.Horo (HJJH 6.Jnee) KBa·1ra Oh1.1a ne HH)l{e 50°/0, Mbt JJ.OJI)l{Hbl 

B3HTb m == l. Coe~teCTHO c ( 14.6) " ( 14. 7) 9ro npHBO,lJ,HT 

K COOTHOrneHHSlM 

m==ii=l 
h'I 

11 x = kl' = ln 2. (14.18) 

CpeJlHee H Me,lJ,HaHa coena)'laroT 11 cooraeTCTey1or nor nomeH1110 

pOBHO OJJ.HOfO KBaHTa. 

0CHOBHOe COCTOSIHHe (6e3 KB3HTOB) HMeeT eepOHTHOCTb 1/2, 
pantty10 o6uLeti eepos:irHoc r11 ncex cocros:iHHlf c 1, 2, 3 HJIH 

(}oJiee KB3HTOB. Ec.1111 MhI tta6JI10JI.ae:w OJJ.Hff (HJIH 6onee) Knattr 

8 peBOHaTope, TO eepOHTHOCTb Toro, 4TO OH MO)l{eT OblTb ooy

CJIOBJieH JJ.elfCTBHTeJibHbl~ norJIOUleHHeM, COCT3BJI51eT 50°/o, H 

uepoHTHOCTb Toro, 4TO 011 o6ycJIOBJieH cpJiyKTyauHHMM, T3K/Ke 

paeHa 50°/0• Kor JJ.a :noT KBaHT pacce11eaercS1 11 CHoea nor JIO· 

u1aeTCH 0Kpy)l{a1omen cpe,ll,oU npH Te~neparype T, Mbl nonyqaeM 

yeen11qeH11e 3HTpon1111 cpeJJ.Id Ha 

AS= k In 2. ( 14.19) 

TaKHM o6pa3oM, npeJJ.eJJ k, KOTopbIM MhI noJih3osaJIHCb B paa

.n:ene 3 rnaehI 13, JJ.OJI)l{eH ObJTh aa:weHeH Ha k ln 2, t.JTO He· 

CKOJlbKO IlOBhlWaer 3cpcpeKTHBHOCTb n.eACTBHSI JleMOHa. 

EcJIM n aaMKHyToM o6oeMe np11 Tel\111epaType T MhI pac· 

cMaTp11oaeM peaouarop c 60.!lee ewcoKoti ttacToToti 

,, .. , > kT In 2~ HJIH x >In 2, 
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TO IlOJiyllael\f m < 1, H Mhl JlOJDI<Hbl cor .. 1acHO (I 4.16) B3Sl'l'b 

q = 1. 9TO ,lJ,aeT Ha]leJi<HOCTb BhlU1e 50°/0 H dS 60JJbUJe, QeM 

k In 2. Bo ecex 9THX npn~epax Ha6JJJO,lletnte JJ,aeT Ha}I B T04-

HOCTH OJlHY JJ.BOH{{HYIO eJJ,HHHUY HHc}lopMaUHH, OTBeT <<118» HJlH 
«HeT» Ha onpeJleneHHbifi eonpoc: 

Shina Jiit 9Hepr11s nor J101ne11a JJ.aHHhIM pe3oHaTopoM? 

H.MeeTCSl JIH MOJieKyJJa raga B ]laHHOM MeCTe? 

0.JJ.Ha JJ.BOHllHaSI eJJ.HHHua HHQJOpMaUHH COOTBt'TCTByer k In :l 
u JJ.OJJiKHa 6hITh onnaqeHa tteraHTpon11et1 60J1h1ueit, 1ieM k In 2. 

HyiKHO orMeTHTb, 4TO 11HqlOpMan11si Jletic1 BHTeJibHa JIHIIlb Ha 

KOPOTKoe opeMsi: saTyxaHHe pe3onaropa ecKope pacceneaeT 1t3· 

ObIT04HYIO 9Hepr 1110 ttntt MOJJeKy na CMemaeTCH 113 Ha6n10JJ.aeMoro 

nonoiKeHHH. 9ToT saKOH y6hIBaHHH cooTeeTcreyeT o6meMy CMhlCJIY 

eroporo Haqana. 

ITpeJJ,wecTBYIOIIJ.ee paccyiK.lleH11e sicHo n0Kash1aaer, lfTO BTO· 

poe HaqaJTo cnpaee,lJ,JIHBO J11t11Ib B cpe,lI,HeM (CM. n. B paa,lJ,e.ria 1 ). 
Bropoe ttalfaJio ecer JJ.a orpaH11LJeHo B03MOiKHOCTb10 ttenpeJJ,cKa .. 

ayeMhIX QJJ1YKTyau11tt. MolKeT CJIY4HThC5I, lfTO OTJleJibHOe Ha6nro· 

JJ.eHHe CMOiKeT 6b1Tb C,lJ,eJiaHO aa ltCKJIJOl[HTeJibHO MaJ1y10 ueHy, 

HO Mbl He B COCTOSIHHH npeJJ,BH,lleTb, Kor JJ,a H K<lK 9TO MOiKeT 

CJIYllHTbCH. TOJibKO cpeJlHHe sHaqeHHSI Mory1 yeepeHHO npe.a~ 
CKa3blB8TbCH. 

KoJIHlfecreo 11Hc}lopMau11H, coorBercruy1omee aHalfHTeJibHOMY 

qncJiy .llBOHllHblX eJJ,HHltll, D.aer qpe3BblQafiHO MaJIOe l:f3MeHeHHe 

9HTpOnHH CHCTeMbl 6JJafOJJ.ap5I MHO}KH'feJJIO l o-rn B ( 14.1 ). 
Oocy»eJJ.aeMhle HaMtt eonpocb1 He wMelOT 60JibUJOro aHaQeHust 

.llJISl repMOJJ,HH8MHKH, HO CBSI3b MeiKJlY 9HTpon11ett H HHc}lOpMa· 

u11ett HMeer c}lyHJlaMeHraJ1bHoe 3Ha4eHHe JJ.JJSI nocneJJ.oBarenhHoro 

nocrpoeHnsi reopnH n1-1<jlopMau11u. KpoMe roro, Mbl paccMOTPHM 

cneuHaJibHhie ycnoe11si, Kor JJ,a 9rrrpon11t:IHas ueHa HaOJJIOlleH1-u1 

MO)KeT OKasaTbC.51 MHOrO Bblllle npeJJ.eJia ( 14.1 ). 

4. 3KcnepHMeHTbl, Tpet5ymwee MHOrHX OllHOBpeMeHHLIX 
HaontoJleHHH npe HH3KHX qaCTOTax 

B paa,lleJiax 2 n 3 MbI 06cyiK.11aJ111 OlleHb npocrott npnMep, 

B KOTOpOM 9KCnepHMeHT 6blJI OCHOBaH Ha H86J110JJ,e111111 OJJ.HOrO .. 

eJIHHCTBeHHOro OCUMJIJISITOpa, H Mhl H3llJJUI npeJJ.eJI !J.S = k ln 2 
ynennqeHHSI e;HTp011HH, KOr lHl BepowrHOCTh npaBMJlhHOfO Ha6.mo .. 

Ae.tt1u1 ClfttiaeTcsi paeHott l /2. ::1ro-r npeJJ,eJI Obin noJiylleH ivu1 
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HM3KMX qacToT. Ec .. 1111 BKJIIOlfHTb H cnyqat! BbICOKOii ttacTOThI 

(pa3,ne.ri 3), TO pesy JibTaThI MoryT 6blTb upeIIC'faBJJeHhI cne.n.y10-

lll.HM o6pa30M: yeeJIHl.feHHe 3HTpOnHn np11 OT)leJibHOM HaOJIIO)le· 

HHH paBHO 

ln 2 - Hl13KHe qacTOTbl hv ~ kT, 
"S A k A (14.20) 
""' ~ t , r ne t = hv 

kT- BblCOKne qacTOTbl hv > kT. 

I-Ia npaKTHKe B H3JiylfeHHl1 qepHoro Tena BblCOKHe qacTOTbl 

He eoa6y'lKJJ.aIOTC5l H OJlHOro KBaHTa hv JlOCTaTOlfHO Jl.i15l Ha)leLK

HOrO H36JIIOJleHH5l. 

Hy'lKHO orMeTHTb, lfTO e paccymJleHHRX npeJlhIIIym11x paa

)1.enoe npe,nnonaraJIOCb, qTO HaOJIIOJleHHe COCTOHT B OTCt.teTe 

aHalfeHHH 3uepr11n B peaoHaTope Bhlllle E1• C4nTaeTcH, lfTO or

p11u.aTeJihHhii1 OTClfeT, T. e. HaOJifOJleHHe HH3KOfi 9HeprHH peso

HaTopa, He IIaeT KaKOii-JIH6o HHcpOpMaUHH B CHJIY coo6pa'lKeHHtl, 

npHBeJleHHhTX B pa3IIeJie 6 r naBbl 13 B CBH3H c 06cy11<JleHHeM 

rennoeott MamHHhl C11napIIa. OcnoeHoe coo6pameH11e, Ha ocHo~ 
BaHHH KOTOporo Mbl orpaHHlfl1BaeMCSI TOJibKO l1HcpOpMau11ett, no

nyqe1u10H H3 nOJIO'lKHTeJibHhIX peayJibTaTOB (T. e. Ha6JIIOJleHHfi 

BblCOKOfl 9HeprHH B 06Hapy)f(HBa10meM np116ope), COCTOH'f B TOM, 

QTO HeHCHO, K8K onpe,lleJIHTb H3Jle'lKHOC'fb OTpHuaTeJibHOrO OT .. 

ct:1era. 

PaccMOTpHM Tenepb 6onee CJIOJKHYIO aa)la4y, e KOTopoit 

9KcnepHMeHT Tpe6yer 1-1a611K>JI.eHHfi Ha.ll n ocu11JIJI5lTOpaMH. B He

KOTOpb1x cnylfaHX H30JIIO)l€HHH c nOMOIUbiO n npHeMHHKOB )le

JiafOTCSI OJJ.HOBpeMeHHO, HO npn HHblX o6CTOHTeJJbCTBax Mbl MOJKeM 

..a.eJiaTb Ha6JIIO)leHnSI IlOCJie)lOBaTeJibHO. llJISJ Ha6JIIOJJ.eHH5l MO/Ket 

Tpe6oeaTbCH, lfTOObl TOJihKO O)lHH pe30HaTop o6na)laJI B Jl3HHblit 

MOMeHT 9Hepr11eD Bbtllle onpeIIeneHHoro npeJlena E1, OJlMaKo 

B 11Hb1X 9KcnepHMeHTaJlbHhlX ycTpOf.1CTB3X Ha6J110JleH11e MOJKeT 

OhlTb oCHOBaHo Ha BhlCOKHX 3Haqeu11six 9Hepr11H e ueKoTopoM 

q11cne m peaoHaTopoe: 

l ~m~n. 

npe,nnonaraeTCH, lfTO BCe pe30HaTOpbl nOIIJlep1KHB3IOTCSI B Tep

MOCTaTe np11 uocToSIHHOtl TeMnepaType T; MbI paccMoTpH~ CHa· 

qana CJiyqatt HH3KHX ll8CTOT (hv << k T). 3a)l.alfa COCTOHT B onpe

n.e.JieHnn npe.a.ena E,. KOTOphltt AaeT oOw.yro eepoaTuocTb 
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npaBHJlbHOro Ha6JUO.lleHIHl~ paauyro 1 /2, H aepOHTHOCTb, paB ... 

HYfO 1 /2, ,lJ,llSI JIO/KHOrO Ha6JIIO]leHHff, ooyCJIOBJieHHOrO cf.lnyKTY .. 

auHH:v.lH. 

B03bMeM npOH3BOllbHblf.l npeJlell e, " paCCMOTpHM cnyqaf.l 

OJlHOro HS n OCUHJIJISITOpOB. Hs ( l 4.5a) MMeeM CJie,lJ,yIOIUMe Be· 

POSITHOCTM: 

(14.2la) 

- BepOSITHOCTb Toro, llTO renJIOBbie cpnyKTyauHH ,lJ,ai:OT ,lJ,aHHOMy 

peaoHaTopy sHeprHIO 6on&me E 1, Tor ,lJ,a KaK 

P2 = I - e- E11k1 (14.2lb) 

eCTb aepOSITHOCTb Toro, qTO TenJJOBble cf.lnyKTyauMH n.aroT peso .. 

HaTopy 9HeprHIO HH/Ke £ 1• JlJIH CJiylJaSI, KOf JJ,a HaOJ1fOJJ,eHHe Be~ 
,lJ,eTCH H3.Ll n pe30HaropaMH, Herpy ,lJ,HO Bb14HCllHTb ~Jie,lJ,yIOlllYIO 

TaOJIHUY BepOHTHOCTeA, SaBHCHlll.HX OT renJIOBblX cpnyKryauHfi. 

p - n (n - 1) pn-2ps 
n, n-2- 2 1 2 

n' p := · pn-mpm 
n, n-m ml (n-m)I 1 2 

Ta611nua 14.L 

sepoRTHOCTb roro, qro see n 
pc3oHa ropos 11Me101· sttep· 
l'HIO ~Et. 

sepoRTHOCTb roro, l!TO K8KOtf• 
111160 pe30Harop MMeer :..uep
nno < E1, roraa KaK ocTa111>
Hble (n - 1) pe3oua ropos HMe101 
9HeprHro? El. 

sepoHTHOCTb roro, qro KBKHe·Jm6o 
asa pe3oHaropa MMeior 9Hep
rHIO < E1t roraa KaK ocraJib
Hble (n -2) pe3ouaropa HMe101 
sttepr1110 ~ E1• 

aepORTHOCTb roro, qro K3Klie·JIH• 
60 m pe30Ha TOpOB HMelOT 9Hep .. 
r1-110 < E1, ror .ua KaK ocra.11bHhle 
(n - m) pe3oHaropos HMelOr 
9HeprHIO ~E,. 

eepoRTHOCTb roro, qro ece n pe· 
3oHaropos HMeJOr suepnuo <E1• 
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CyMMa oepo51THOCTetl JI.Jiff a1ux pasnnqHhIX c11yqaee .a.on>KHa, oqe
B0.llHO, paBHSiTbCH eJJ.HH0Ue: 

n. 
~ n' ~ p -pn.+ + · pn-mpm+ +pn-.;;_ n., n. - m - i • • • m! (n - m)! i :z • • • 2 -

m=O 

=(P1+P2)n= ln= 1. 

Y1oqH11:\1 renep& 9Kcnep11MeHTaJibHb1e ycnoBHSJ Ha6nmJJ.eHHSl. 
noJIO>KHM npe>KJJ.e BCero> lfTO H80JIJO.lf.eH0e .ll.SeT TIOJIO>K0TeJibHbltl 
pe3y JihTar, I<or .lla KaKoi1-JIH6o 03 n ocu11JIJIHTopoo oona)laer 
3Hepr0etl 6011bmetl, qeM Ez. BepoSlTHOCTb Toro, q10 9TO apo· 
HCXO.lf.HT He onarO.lf.8PSl ¢nyKTyaUHSlM, paBHa P:, a oepoHTHOCTb 
TOro, llTO 0.ll.HH OCU0JIJISITOp (01111 OOJiee) TIO.lf.HSlT Ha ypooeHb 
Bhtme Ei 1ennoo1>1MH q>nyK1yau0stM0, coc1ao11He1 l - P~. TaK0M 
o6pasoM, oepo5-ITHoCTb npas0JihHOro Ha6JI10.lf.eHHH ecrb P~, raK 

"' 
KaK Hao1110.ll.aeMa$1 9Hepr0H Bhlme Ei .lf.OJI>KHa o 9TOM cny11ae 
OhJTh pesynbTaToM 11ornomeH11Sl 9Hepr00 ottemHero 0cToqH0Ka. 
BepoHTHOCTb JIO)l{HOro HSOJIIO.lleH0Sl, HBJI$110lllerocS1 pesy11bTaToM 
cpnyKTyau0tl, ecTb 1 - P:. TpeoyH, 1.1Too1>1 oepoHTHOCTb apa
RHJibHOro HaOJilO.lleHH51 pa ous1:1acb l /2, nonyllaeM ycnoo ue 

P~ = ( 1 - e- An. )n = { , r .ll.e El = Ank T, ( 14. 22) 

HJIH 

( 
1 )t/n e-- An. = l - -2 . (14.22a) 

rlp0 n= l Mbl UOJty1.1aeM Halll npe>KHHA pesyJlbTaT (14.15): 

En= kT !n 2, A1 =In 2. 

npH yoen11 11eHHH 1l El .llOJliKHO B03pac1aTb, raK KaK c yBeJIJ.1· 
qeH11eM n npasaSl qacrb ( l 4.22a) yobloaer. Cne.u.ooaTeJihHO, 11 
e-An. yohloaeT. Jlorapmf>M0pySl (14.22), noJiyq0M 8CHMIITOT0qe
CKoe Bbipa)l{eH11e .llJiff An= 

nln(l-e-An)~-ne-An.~-ln2, 

AJIH 
An~ Inn - Jn (Jn 2) ~Inn+ 0,3667. 

:iHaqeHHH K09cp¢>1111HeHra An. JiaHht o c11e.u.y10metl 

n = 1 l ! 2 l 4 ! I 00 110 000 
An~ 0,69 I 1,2~1 ! 1,81 1 4195 i 9,58 

(14.23) 

(14.24) 
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B HarueM 9KcnepuMeHTe so3oy>KJI.eHHh1tt pe3oHaTop noJiy4MJI 

CBOIO H30blT04HYIO 9HeprHIO OT BHeruHero HCTOQllHKa, ecJIH Ha .. 

6JifOJI.eHHe npaBHJibHO, HJIH, eCJIH H30JIIO)leHHe JIO>KHO, pe30Harop 

110Jiy1.111JI 9TY 3Hepr010 OT TepMOCTara. B JI1060M cJiyttae 9Ta 

H30hlT04HaSJ 3HepritH 6yJI.eT snocJieJI.CTBHH nor JIOIUeHa 1 epMOCTa· 

fOM, llTO npHBeJI.eT 8 c11yttae npaBHJibHOro HaOJIIOlleHHR K yHe· 

JiuqeHMlO 9H1pOnHM Ha 

b.S=~ =Ank. 

3To paccy11<JI.eHHe B T04HOCTH COBna,lJ,aeT c npeJI.hlllYillHM (CM. 

{ 14. 14) H ( 14 .15) ). 
HymHo noJI.ttepKHYTh, 1.110 a 3rott HOBOtt aaJI.aqe eh11.10cJieH

Hoe 3HalleHMe b. s npeJI.C'faBJISJeT JIMlllb HH)l(HHtt npeJI.eJI. LlettcTBH• 

TeJibHOe yseJI01.1eHue MoiKeT 6b1Tb 60JibWe, 1.1eM kAn. Mb1 Ha61110 .. 

,lJ,aeM norJIOineHHe 3HeprHH OT BHernHero HCTOllHHKa TOJibKO TOfJI.a, 

Kor JI.a OHO JI.OCTaTollHO JI.JISJ npeshtllleHHH peaot-Ia ropoM yposHA E1• 

Ho MHOrue JI.pyrne pe30Haropbl MoryT nor JIOTHTb HeKOTopy10 

9HeprHIO OT BHewHero HCTOlfHHKa B MeHbtllHX KOJIHqecTBax, KO· 

rophle He noJI.HMMYT 9Hepr1110 pe3oHa ropos Bhlrne E1 n ycKOJib3· 

HyT, T3KHM oopa30M, OT Harnero BHMMaHHSJ. 3ra nor JIOlll.eHHaSI 

9HeprHA T3K>Ke nepett,lJ,eT B TepMOCTaT H Jl.3CT llODOJIHHTeJibHOe 

HeM3BeCTHoe yee .. 'JHlleHne 9HTponMH. 1-traK, Ol{OHllaTeJibHO Mhl npn

XOJI.HM ]( YCJIOB MIO 

(14.25) 

TaK KaK An ecrb so3pacra10maH <f:>YHKUHSI n, TO HM)KHHii 

npeJJ.eJI yseJIHlleHHH 9HTpOllHH B03pacraeT c l{HCJIOM HeOOXO.ltH .. 

MhJX JI.JIH 9KcnepnMeHTa pesoHaropos. 

Bhlpa>KeHHH (14.22), (14.22a), (14.23) H (14.24) JI.JIH An OhlJIH 

nonyqeHbl B npeJI.nOJIOiKeHHH, lfTO TOJibKO OJI.HH 113 pe30HaTOpOB 

)laeT nOJIO>KHTeJibHblR OTClfeT. 3TH Bhlpa>KeHHSI, OJI.HaKo, JI.eM

CTBHTeJJbHbl s cJiy4ae, Kor .na Mbl noJiy4aeM m ( 1 ~ m ~ n) no· 

JfO)KHTeJibHbIX orcqeTOB, eCJIH Mhl noTpeoyeM, lfTOObl oepOAT· 

HOCTb Toro, llTO see OHH HCTHHHbl, paaHHJl3Cb l /2. 3To, KaK H 

paHee, 03HaqaeT, llTO, nOCKOJibKY Mbl orpaHHlfHBaeMCH cpnyKrya· 

llHHMH, Mbl JI.OJI>KHbl np11paBHHTb l /2 sepoHTHOCTb Toro, l{TO 

ace n pe30Haropos Hl\letoT 9HeprHto HH>Ke e,. TaKHM o6pa30M, 

ace npe.nhtJI.ymue Bblpa)f(eHHSJ JI.JIH An coxpaHSJtoT CMJIY.. Hy>KHO, 
O,llHaKo, BMJI.OM3~IeHHTb Bhlpa)KeHMe ( 14 .25) JI.JJS1 y BeJIH'leHHH 9HTPO· 

nt1u, TaK KaK Tenep& lep.a.1oc1a roM JJ.OJI>KHa 6b1Tb nor Jiomena 
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3HeprnH mE1• HTaK, 

HJJH, ecnn yqecTh Heonpe.a.eJieHHOCTh orpHuareJibHhlx oTcqeroB. 

( 14.26) 

B 9TOM paccy>KJI.eHHH HcnOJih30BaHa 1u1mh ne60,,1hrnasi 1.1acrh 

raoJIHUhl 14.1. B .n:.pyrwx sa,rr,aqax, HanpwMep, Kor ,rr,a JIHWh He

Koropast JI.OJISl TlOJIO}f{HTeJibHblX O'fCl.feTOB CllHTaeTCSI HCTHHHott 

noHaJI.OOsttCH .a.pyrwe H3 npHBeJI.eHHblX eepOSITHOCrett. 

l1Hhle COOTHOWeHHSI noJiyllaJOTCSI B cJiy1.1ae BhlCOKHX ll3CT01' 

0JI.HOro .. eJI.HHCTBeHHOro KB8HT3 hv Ha Ka>KJI.blH pe3ottarop JI.0-

CT8TOllHO JI.JISI HaJI.e>KHOro HaOJIIOD.eHHSl, 4TO H npeJI.CTaBJISle'I, 

ot1eBHJI.HO, HeooxoJUJMhIU MHHHMYM 9HeprnH. 9TH t1aCTOThI npaK

THt1eCKH He ecrpet13IOTCH 8 H3JiyqeHHH qepuoro reJia. Il09TOMY 

Mbl oepeM 

E1 = ltv = AkT, 

CyMMHpyst pe3yJihT8Thl, Mbl BHJI.MM, 41'0 9KcnepnMettr, Tpe .. 

oytoll.lHR n OJlHOBpeMeHHhlX H86JitoJJ,eHHtt HaJI. n pe30HaTOpaMH. 

H8XOJI.SllllffMHCSI B repMOCTare, COOTBeTCTByeT yeeJIHlleHHIO 9HTpo

DHH Ha 

t:. S=Ak ( 14.27) 

JI.JISl K3>KJI.oro pe3ottaTopa, 3HeprnH Koroporo npesocxo,rr,HT Et, 
11pH4eM 

{

An corJiactto (14.23) H (14.24) D.Jlst HH3KHX 48CTOT, 

A = h'Y _ ( 14. 2 8) 
kT D.JlSl BblCOKHX ll3CTOT h'-1 > k T. 

CTpoMe>Kyrot1Hhttt cnyt1aU hv ~ kT ,rr,on>KeH nccJieJI.oearhCSI or

·n;eJihHO ,ll.JISI K3>KJI.0H qaCTHOH SaJI.3llH. 

5. Dpo6neMbI, Tpe6y10mue BblCOKoA naJie}l(HOCTH 

Hawn npe.a.h1JI.ymHe paccy>KJI.eHHst ocHOBhlBaJIHCh Ha JI.ony

meHHH, llTO MbI MO>KeM y.a.osnersopHTbCSl 8 H3lllffX 9KCnepHMeH

T3X eepOSITHOCTblO OIUHOOK, COCT8BJISllOIUetl 50°/o· 3TOT OlleHb 

J-JH3KHtt npe.u.en ohlJI ehlopaH .u_.1u1 Toro, 4I00bl nonyttHTb Hau· 
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MeHblllee 3Haqettne yse1n1tteHHSl 3HTponuu, CBSl33HHOro co BCHKHM 
nsMepeHHeM. IlpeJI.cTaB11S1eT HHTepec pacnpocTpaHHTh ucc11e.u.o
BaHne Ha npo611eMh1, Tpeoy10m11e 0011hwett HaJJ.e)J(HOCTH, n BhI
RCHHTh, KBK B03pacraeT 3HTponwthiaH ueHa I13MepeHHH. 

I10JI.1.1ep1<HeM 3JJ.eCb pas1111lf11e Me)J(.ll.Y 11,aiJe:HCHocmb10 11 mott
HocmbJO. TolfHOCTb ( OTHOCHlllHeCH K Hett sonpocbl fl0)lp06Ho 
OOCy>KJI.alOTCSl B r Jlase 15) MO}l{eT 6h1Tb OI1pe.a.e11eHa CJieJI.ylOIUHM 
Oopa30M: Mbl H3MepsteM eeJIHttHHY X B JI,H3fl330He l C B03M0}1{

HC>H norpeWHOCTbJO ~x; Mbl no11araeM, LITO BeJJH4HHa 

(14.29a) 

onpe.ae .. 11HeT TOqHOCTb ns~epettHSI. Ec11nt HanpnMep, Mbl noJih3yeMcst 
MeTpOM, 00JI.p33JleJieHHblM Ha MHJIJIHMeTpbl, TO 27'! = l 000. llnSI 
MepKH JI.JIHHott s OJI.RH sip.ll 1) c JI,eJ1eH11stM0 qepes 1 /, JI.IOHMa 
:?/! == 144. 

1-la,ll,e/f\HOCTb COOTBeTCTsyeT JI.pyrott sa.ziaqe: eCJIH JI,8Ha 3KCne
pnMeHT8JlbHaH MeTO,lJ.HKa c onpe,ll.eJJeHHblMH Tpe6oBaHHSIMH B OT· 
HOrneHHH TOlfHOCTH, TO seer )la cymecTeyeT B03MO)J(H0CTb, lfTO 
rennooble cpnyKTyaunn n.aJI.yT J10}l{Hh1e OTc·~eThl H Henpae011hHble 
DOK838HHSI. 3To oyJI.eT npOHCXOJI,MTb c onpeJI,eJieHHOH eepOS11'
HOCTblO. 

PaccMOTpHM Tenepb saJI,aqw, B KOTOpblx oepoHTHOCTb ornnoKH 
BCJJeJI,CTBHe TeOJJOBOrO JI,BH)J(eHHH oy )J.eT yMeHbJJJeHa C llpHHHTOrO 
1-IaMH paHee 3HaqeHHSI I /2 .llO 

I 
P=-y, r>2. (14.29b) 

Yc1100He Att3HHra (cM. (14.3), (14.4), (14.13) u (14.15)) cooroeT· 
CTByeT 3HalfeHHlO r = 54. 

HatttteM c 9KcnepnMeHTa c HH3KOlfaCTOTHhlM ocunnnHTopoM, 
B KOTOpoM JI.enaeTcH OJlHH-eJI.HHCTBeHHbltt orclfeT. Paccyn<JI.eHwe 
pasJI,en a 2 s.a.ecb uenocpeJI.CTBeHHO npnMeHHMO. Mbt .a.on>KHbl 
Bblopatb ape.a.en q, n.aroruun 

1 
p n :::.:=: q = e- qx = r 

cor nacHo (14.5a), u Mbl nonyqaeM: 

qh., 
Jnr=qX= kT. 

1) Hp.a.= 3 cpyraM = 36 .n.10ihtaM. 

(14.30) 
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DpeJJ.€JI 9HeprHH pe3oHaTopa eCTb qhv. nocJie Toro Kai< Ha6JilO
!leHHe CJJ.eJiano, 9Ta JJ.OllOJIHH reJihHasi 9Heprwsi pacce11saeTcst s 3a
TyxanH11 pe30HaTopa (CM. (14.14)), B pe3yJib1a1e qero 9HTpon11H 
tepMocTara B03pacTaer (cM. (14.15)) Ha 

S qh"l 
A = T = k In r. ( 14.31) 

3Hrpon11ttnast ueHa HSM:epen11si so3pacraeT c yse.,,111qeH11eM Ha
JJ.eJKHOCTH r 110 JIOrapI1Ql:'d:HqecKO.My 3aKoHy. 

PaccMo-rpH:tr Tenepb 31<cnep11Menr, B KoropoM .u.eJiaeTCH MHoro 
Ha6J110.U.eH11ti. 9ro pacun1p11T pe3yJibT8TbJ pa3JJ.eJia 4. Hawe npe· 
.llhlJJ.)'lllee pasettcrso ( 14.22) 3a:\feHHeTCH Teuepb tta 

) 
P=(l-e-An)n=l---, Ei=AnkT, (14.32) r 

• 
r JJ.e p - sepOHTHOCTb Toro, qTo see no.tIO)l(HTeJibHble OTC4eTbl, 
saHThJe no tJl 113 n peaoHaTopos, HBJIHIOTCH HCTHHHhIMi-1, 11 Ei -
npe,lleJihHOe sHaqeHHe sHeprHH KaA<JJ.oro H3 n pe3oHaropos. Ilpe
JJ.bI.U.ym11tt pe3y JlbTaT ( 14.31) COOTBeTCTByeT n = 1, H 

A1 =Jnr. (14.33) 

ilJJH ()oJibWHX 3HaqeHHtl r H n MO):f<HO noJiyq11Tb aCHMI1TOTHlle
CKoe shlpatKeHne. Jlorap11cpM11pyH ( 14.32), 1:1MeeM: 

OTKy.lla 

HJIH 

Jn/ 1 - ~--! J ) I 
\ r r ' 

1 ne-An ~ -
r ' 

An~ ln (rn), rn > 1. (14.84) 

K09QJQJHUHeHT An JJ.JIH HH3KHX qacTor MO):f<eT H3MeHHTbCH 
npaKTHqecKH OT 0, 7 JJ.0 HeCKOJibK~·iX COTeH. 3Ta ¢>opMyJ1a MO)l{eT 
lJ.aBaTh xopowee np116J111'.>KeH11e .u.a)f\e npw MaJihlX n, nocKOJihKY 
otta JJ.aeT ro1..1ttoe 3Ha1..1ett11e npH n = 1. 91-1epr11si, pacce1i1saeMaH 
8 KOHellHOM ctteTe B m pe3oHaTopax, paBHa mAnkT, a IIOJIHaH 
attTponnnHaH uetta cocTaBJIHer: 

as~ kmA,,, =km 111 (r11). (14.35) 
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B cny11.ae oh1coKHX qacToT JJ.eJio o6CTOHT HHalJe. llJIH Ha-

6J110JJ.eHHSI JJ.OCTaT04HO OJJ.HOfO KBaIITa, TaK KaK BblCOKHe qa

CTOTbl npaKTHlleCKH OTCyTCTBYIOT B H311yt1eHHH ttepHoro Tena: 

A
_j -, 

h'I 
E1 = h .. 1 = AkT, A= kT' hv ?> kT, 

llS?mkA. 

An corJiacHo (14.34) JJ.JIH HH3KHX ttaCTOT hv < kT, 

h~ -
k7. n:rn BhlCOKHX 4ac10T hv > k T. 

( 14.36) 

(14.37) 

riepexo;i OT HH3KUX qacTOT I{ BbICOKH~f 6011~e TPY JJ.eH 11 3aBH• 

CHT OT 4aCTHMX ocooettttocTen paccMaTpusaeMon aa~a4H. 
Bo scex npHMepax, oocy}l{lJ.eHHhrx JJ.O CHX nop s 3ToH 

r naoe, MbI npeJJ.nonaranH, qro HaOJIIOJJ.eHHe npoH3BOJJ.HTCS1 HaJI. 

HeKOTOpbIM 4HCJIOM n OCUHJIJISJTOpOB, 00JJ.JJ.ep'11HIBaeMhlX nptt 

Te~u1epaType T o TepMOCTaTe. B HeKOTOpblH MoMeHT Mbl Haonto .. 

naeM 9HeprHH 9THX OCUHJIJIS1TOpoe, a 3aTeM paBHOoecHe reMne

paTyp Me}l{JJ.Y OCUHJIJIS1TOpaMH H -repMOCTaTOM nocreneHHO BOC· 

CTaHaBJIHBaeTCS1. HeKoTopoe KOJitt4eCTBO 3HeprHH nepepacnpeAe

nsie1cS1, H 9HTpOHHSJ TepMocra1a sospac1aeT. TaKHe yc110BHSI 

ffBJISJIOTCH npocTethIJHMH lJ..'IH o6cy}l{JleHHSJ, O~HaKO c11yqan BblCO· 

KHX qacroT rpe6yer oonee JJ.eTanhHoro uccneJI.oBaHHH. 

6. 6onee noJXpo6aoe o6cy>KJXeHHe aKcnepHMeHTOB 
c BMCOKHMH qacTOTaMH 

y CJIOBHS!, npHHS1Tbie B npeJJ.blJJ.YlllHX pa3JJ.eJiaX, JJ.8JIH y .uo .. 

Ba!'IeTBOpHTeJibHYIO TeopHIO JJ.Jl51 cnyqaSJ HH3KHX '-IaCTOT, HO HeKO· 

TOpble 9KCIIepHMeHTbl -rpe6y10T B JJ.eHCT BHTeJibHOCTH npHMeHeHHst 

BbICOKHX qacTOT, H B03HHKaeT oonpoc, JJ.eitCTBHTeJibllO JIH BCS1 

Tpe6yeMaS1 JJ.JIS1 3KCnepHMe1-1Ta 3HeprHH JJ.OJI}l{fla Beer JJ.a B KOJUie 

KOHUOB pacceHTbC51. PaoeHCTBO (14.36), KOHe4HO, onpe.aeJIHeT 

DOJIHOe KOJIHqecTBO 9HeprHH, neo6XOJJ.WMOe ll.1151 tta6:llOJleHH51, HO 

BM€CTO npHMeHeHHH B Ka4eCTBe nptteMHHKa OCUHJIJIHTOpa, 00.ll· 

llep'/KHoaeMoro npH TeMneparype T, Mbl Mo'/KeM npell.CTaBHTb 

Ceoe JJ.pyroe yCTpOfiCTBO, HanpHMep, QJOT03JieMeHT npH TeMne

pa1ype T. Hcnonb3yeMoe B .9Kcnep11MCHTe wsJiyti.eHHe MoJKeT 

9 Jl. B p.u.JUllQaB 
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nonaJI.aTb Ha KYCOK MeTaJIJia H BbJOHBaTb H3 Hero 3JieKrpoH c 

KHHeTH4eCKOtt 3Hepr11ett 

(14.38) 

r .ne W0 03Ma1Iae1 pa601y BhJJieTa 9neK1poHa H3 KaroJia. 3Jiel<· 

Tpon MO')KeT 6bITb 3aTeM 3aMe.nneH 9.TJeKTpH4eCKHM noneM, H 

MO>KeT OT JI.aTb B peayJibTaTe 9Toro 3HeprHIO W1, COOTBeTCTBYIO· 

Htyio pa601e 9JieKTp114ecKoro nonH. HaKoHeu, 9ne1<1pott nona-

11ae1 Ha ¢nyopecuHpy1-0m.Htt 3KpaH npu TeMnepaType T H no

r nomaeTcH. B MoMeHT, Kor JI.a npo11cxo.n11r nor JiomeHHe, 9JieK

TPOH H~1ee1 HH3Kyio 1<11HeTHllecKy10 3Hepr1110 

(14.39) 

1<oropaH, npeapamaHCb B renJio, JI.aeT yoe.ll11tteHHe 3ffrpo11HH 

3KpaHa Ha 

AS== (h"I - Wo - W1) 
u T • (14.40) 

Ec .. TJH 3aMe.u,JIH10mee noJie cna6o, ll.S JIHIIlb HeMHoro MeHhrne, 

qeM hv/ T. EcJIH iKe none CJIHlllKOM CHJibHO, To 9JieKrpoH He Mo

)KeT JI.OCTHlfb 3KpaHa H Ha6JIIOJI.eHHe CTaHOBHTCSl HeB03MO)KHbIM. 

3KcnepHMCHT MO)KeT naTb IlOJIO>KHTCJibHhltt peayJibTaT TOJlbKO 

npH yCJIOBHH, 4TO 9JieKTpOH, .!J,OCTHr8lOII.U.Ytt 9Kp8Ha, HMCCT 9Hep .. 

r1110 oonbrny10, lfeM 1ennoswe ¢nyK1yau11w s 9Kpatte; 9To 003-

spamaeT Hae K 3aJI.aqe npeJI.bJJI.ymero paaJI.ena. 

HeooxoJI.HMO nOJI.llepKHYTh paanHq11e Me*.nY c-1eJI.y10111.HMH 

JI.BY)Hl BeJIH4HH8MH: 

AE=nhv (14.41) 

-· HaHMCHblllett flOJIHOtt 9Hepruett, rpe6yeMOtt JI.llff 9KCnepH· 

'.\ICHT a c n npHeMHblMH 51qef.tKa~UI1 " 

AS=knAn (14.42) 

- HaHMCHbIIlHM yseJIHlfCHHeM 9HTponHH npu HaO.tIJOJI.CHHH c Ha· 

JI.emHoCTblO r Hall, n npHeMHHKaMH. 3JI.eCb An - K09cpQ>HuHeHT, 

paHee onpe.neJieHHbitt paaeHcreaMH (14.23), (14.24) H (14.34). 
!lJIH BbJCOKHX ttaCTOT HMeeM: 

( 14.43) 

Jlnrnh llaCTb nonHott 9HeprHH !l.E npespainaeTCSI B renno AQ; 
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pa3HOCTb MO>KeT OhlTb BOCCTaHOBJieHa B <f>opMe 9Jl€KTPHlf€CKOA 

HJIH MeXaHHlJeCKOti pa60Tbl d W~ 

b.W=AE-AQ. (14.44) 

B ooJihlllH.Hcree 9KCnepH.MeHTaJibHblX yc1ponc1e Mhl He 3a .. 

OOTHMCfl 0 TOM, .ueHcTBHTeJibHO JIH 9HeprHSI !:iE npeBpaUlaercSI 

B Tenno HJIH BOCCT8H8BJIHBaeTcH; 0.ll,H8KO npe.U.bl.ll.Ylllee paccy>KJI.e .. 

HHe Ba)KHO B reopeTHqeCKOM OTHOllleHHH. 

HraK, npHMeHeHHe BMCOKHX qacroT JI.JIH nony4eHHH JI.8HHoro 

KOJIH4eCTB8 HH¢0pM8UHH OK83blBaeTCSI Oonee .ll,OpOrHM (C T04KH 

3peHHSI 3aTpaTbl Her9HTponHH), qeM npHMeHeHHe HH3KHX lfaCTOT, 

xoTH Obi qaCTh 9Hepr'1H, CBH3aHHol.t c BblCOKHMH qacToTaMH, u 

6bJJia BOCCTaHOBJieHa B ¢opMe pa60Tbl c noMOWblO KaKorO-JIHOO 

cne1111aJ1bHOro yc1potlcTea. 0JI.HaKo acer JI.a neooxoJI.HMO ynep .. 

>KaTb .ll,OCTaT04HO 9HeprHH .ll,JISI 803.ll,eHCTBHfl Ha HH3KoqaCTOTHblH 

00Hapy>Kaea10w.wt1 npwoop, TaK lfTO npeJI.hJJI.Yll.lHe pe3yJibTaThl, 

OTHOCHUlHeCH K HH3K04aCTOTHOMy peaoHaTopy, ycTaHaBJIHB8lOT 

HaHMeHhrnyto ueHy HaontoJI.eHHSJ. BseJI.eHae cneuwaJihHoro yc1poH

CTBa .UJISI yMeHbrneHHSI no1ep11 9HeprHH B cnyqae BhlCOKHX 

43CTOT MO>KHO npe~cTaBHTb npOCTO KaK npeoopa30BaHHe CHTyaw 

JUIH, B KOTOpotl TpeoyroTCSI BblCOKHe 48CTOTbl, K TaKoH CHTya

UHH, r .ll,e MO)l{HO OOOBTHCb HH3KH.MH qaCTOTaMH. 

3JI.eCb HHTepecHO TaK>Ke ynoMSIHYTb 0 cpoTorpactJHttecKoM 

MeToJJ.e. Kor .ua KBaHT hv nona~aeT e cpo1orpa¢H.qecKy10 nnac

THHKy, npoHCXO,UHT HOHH33UHH aToMa H HCnycKaeTCH 9JieKTpOH 

c KHHer11qecKoi1 9Heprne.B Ek
0

, BblpamaeMoH paeeHCTBOM (14.38)> 
r .ll.e W0 Tenepb oaHaqaeT nopor HOHH3au11n. 8neK1poH. npoH.usi 

HeKOTOpbIB nyrb, OCTaHaBJIHBaeTCfl B 9MYJibCHH H TepHeT CBOIO 

9Heprwto Ek
0

, KOTopaH tJacTHlfHO 3a1pattHeae1cn Ha coeepweHHe 

pa6oT~, a qac1114Ho npeepawaercs:1 e Tenno s pe3ynhrare MHO· 

rHx C'fOJIKHOBeHHti. 3JI.eCb W0 MHOro oonbllle, lfeM k T ( T8K KaK 

HOHH33UIH1 npOH3BO.ll,HTCH He TenJIOBbIM:H cpnyKTyauHHMH), H 

1enJ10, Bhl.ll,eneHHOe B 9MYJibCHH, oy JJ.eT OOJlbllle kT (a npOTUB· 

HOM cJiyqae aneKTpOH He CMor ow npoHrH JI.OCTaT04HO JJ.aJieKo 

H OblJI Ohl OToporneH TennooLJM JJ.BH>KeHneM). 3TH ycnoeun cy

wec1eeHHO He OTJIHlfalOTCH OT TOJibKO lfTO paCCMOTpeHHWX 11 

npHBO.ll,HT K CXOJJ.HbIM 38KJitoqeHH.HM. Ilpouecc npo~eneHHSl 
nnaCTHHKH He 1peoyeT oocymneHHSI. OH npe.ll,CTaBJI51eT cooott 

npoCTO ycHJieHwe (H c T04KH 3peHHSI 9HTpOIIHH 04eHb .ll,Oporoe). 

npeoopa30BblB8IOlllee MHKpoCKOflHlfeCKHH acpcpeKT B MaKpOCKOffM· 

'leCKH"tt, MOryruHH H80JilOJI,3TbCH Henocpe}lCTBeHHO. 

Q• 
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7.. UpnMep, n0Kas&1eatom.Hii naHMeH&myio neranTponH10, 
He06XOJXHMYIO 1lJISI Ha6 JIIOJXeHHSI 

Uocy JlHM ynporuettHhlfl npnMep, Ha KOTOpO.M JieflCfBH'feJibHO 

B03MOiKHO IJOKa3aTb cymeCTBOBSHHe HSHMeHbrneti Her3HTponHH, 

,, peoyeMon JIJISI 11aon10.nett11H. PaccMorpHM cHosa saJJ.a1.1y pas

:.i.ena 4 rJiaBbl 13 00 onpe.ueJieHHH MeCTOflOJIO>KeHHfl 48CTHUbJ 

npH IIOMOlUH Jiyqa coeTa. Bo3bMeM nocnenooaTeJibHOCTb cseTo· 

BblX HMny.'lbCOB JIJIHTe.TlbHOCTblO 't1 c HHTepoaJIOM 't;a Me>KJIY 

1 

-f l- I fl __ 
!i t t 

I ·c t I 2 2 
I· 1

• l - tz -t 
f 

" -
Puc. 14. l. CBerOBbte HMJI\'.ribCbl n:.r1Hre.11bHOCTbJO 
't 1, noBropH eMwe c HH rep"sanoM 't. Cser BhIKJIIO· 

tleH Ha llpOTRiKCHHH HHTepsana 'ts= 't - 't1. 

HMny JtbCaMM (pHc. 14.1 ). IlonHbltt · nepnoD. ecTb ': == "t: 1 -f- 't2, w 
cpyttKUHSI, npe.ncT8BJIHIOW8fl llOCJifJJ.OBaTeJibHOCTb HMllYJibCOB, 

3alIHWeTCSl B BH,lle 

( 14.45) 

Ta1<as:1 nocne.nosareJibHOCTb HMnynbCOB Tpe6yeT noJiocbI t1acToT, 

oapeneJIHeMOR 8 OCHOBHOM JJ.JIMTeJibHOCTblO KOpOTKOro MMUYJlbCa. 

Ecnu ir 1 < 't2t To HMeeM cor narHo ( 13.32) 

1 
0 < V < V.f\f, VM ~ 2-c

1
• (14.46) 

BMecTo HMny Jibcoo f (t) paccMorpnM oopameHuyro nocne.u.osa· 
·renbHOCTb f~ (t) c TeM >Ke nepMO,llOM 't: 

f 0 ltl<i, 
F (t) == ~ 

I 1 ;'-- < I t I < -f' 
F(t)= 1.-/(t) 

(14.47) 

(14.48) 
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(pHc. 14.2). 06e cpyHKUHH f H F HMelOT, ot.JeBHJlHO, o.rr.HHaKo

Bb1U cner<rp, XOTSI 0,lI.Ha H3 HHX 11pe.rr.craBJH1er KopOTKHe RM

nyJJbChI c JlJlHHHbl~H HHTepsa.l13MH, a BTopaH - ,lI.JJHHHhie HM

HYJibChl c Koporr<HMH HHTepsaJJaMH. HaHBh1cwaH qacrora "M a 060 .. 

HX CJJyqaHX 3aBHCHT OT 6onee KOpOTKOro HHTepsaJia 't1 HJIH 't2. 

F, I 
I 

' I I 

.I t I 
I 

l I I I 

! .. i-,.: . 7:z I I 

• 1 

P11c. ! 4.2. Caer0Bb1e HMny JJhCbI n.r1Hre,11bHOCTb10 i:s, 
OOBTOpHeMhle c HHrepBa.!JOM 't 1· 

chOT rpaqmK JIH.'HieTCH 06paw,em1eM pHC, 14.1. 

31 a HaHsh1crnaH qac.rora HMeer MHHHMyM, Kor .rr.a f H F coB

na.rr.a10r, T. e. npH 

't 
't1 = 't2 = 2 (14.49) 

3TOT cnyqaU COOTBeTCTByer, oqeBH,lI.HO, HaMMeH&llleMy KOJIH4e

CTBY 9Heprww, Tpe6yeMoMy .U.JJs:I Ha6n10.rr.eHHH, H, cJJe.rr.oBareJibHO, 

HaHMeHbrneMy yseJIH4eHH~ 9HtponHH. PaccMorpHM curyauHID 

oonee BHHMaTeJihHO. 

CHa4aJia Mbl . Mo'JKeM )lerl{o BhilJHCJIHTb HH{popM'au1110. Mb1 

npHMeHHeM noc11e.rr.onareJihHOCTb HMnyJJhCOB f (t) (pHc. I 4.1) R 

HaOJilOJlaeM pacceSIHHblU MOJJeKynon CBeT. 3ro 3Ha4HT, qyo MO

JJer<yna OKa3bIBaeTC5I B nyqe CBera Ha npOTH'JKeHHH 0,lI.HOro H3 

RMnyJJbCOB 't1• Tio.riHoe anpHopHoe qwcJJo P0 B03MO'JKHoc1en npo· 

nopuRoHaJJbHO 't, a nocne noJJy·qeHHs:I RHcpopMaUHH qHcno aoa

MO>KHocren P 1 nponopuHoHaJihHO -c1 < i:. TioJJb3YHCb cpopMy

noti ( 1.~),. HaXO,lI.HM RHcpopMallHlO 

1 = k In (~~) = k In ( '=~ ) • (14.50) 

4eM MeHbllle ,lI.JIHTeJibHOCTb HMny JlbCa 't 1t TeM BbJllle TOqHOCTb 

H reM 60.ilbllle HHQJOpMaUHH. 

1lns:1· Toro QT06hJ rIO;lJ.CllHTaTb HCfiOJib3JeMyl-O npH Ha6JilO-

.rr.eHHH 9HTp0rIHlO, Mbl HCCJJeJiyeM CHalla/la cneKrp Hawe~ 
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cf>ynKUHH ( 14.45) 

f (f) = t~ + _! an cos n'f, 

n=I 

9 n 2 n-a =.':sin 1t 'tt = - (- l)n+l sin 1t 1.s. (14.51) 
n 1tll 't 1tll 't 

CHMMeTpHst OTHOCHTeJibHO 'Ct H 't2 OlfeBH,llH3 H COOTBercrsyeT 

(14.48). A~nJIHTY ,llhl an H~eIOT HaHOOJiblllee 3Ha4eHHe ,lJ.JIH ~a· 
nhIX n H y6blBaIOT flOCTerreHHO .llO oqeHb MaJihIX 3HalfeHHti. 

IlonoiKHM, lfTO 't1 <'ti, Tor JJ,a nepBaH paBHaSl HY JIIO aMrrJIHTY JJ,a 

nonyttaeTCSI np11 

't 

no== -- ' 
't1 

Tenepb ~bl no:nKnhI scrroMHHTb o cymecrsosaHHH my.Ma. 
04eHb Man hie aMrrn 11ry .lJ.bI B cneKrpe (14.51) oy .llYT coaep1ueHHO 

CTepTbI BCJieJI,CTBHe HCKaiKeHHSl CHrHaJia lllYMOM. Ilpe.n.noJIOiKHM, 

ttTO Mhl MOiKeM ycTpaHHTb 9TH BblCOKHe lfaCTOThl H coxpaHHTb 
1 

T0.1bKO KOHelfHhllt cneKTp, npOCTHpa1otUHltCSI .n.o lf aCTOThl 2 Vo 

(nOJIOBMHa lfaCTOTW, rrpH KOTOpolt aMnJIHTyaa nepawlt pa3 06pa-

111aeTCS1 B HY Jib). l1TaK, np11~eM: 

1 t A: ("t1 < -r..,,), J Vmax = 2't1 ' nm&::. =2, 
't 1 } l i:" 

(14.52) 
B: v - nmax=2, ('t~ <"ti). I max- --2't2, 't9 J 

Cnyqai:t t 1=12 TpeoyeT ocoooro 

JJ,BeT ,lJ.JISl 9Toro CJIYlfBSI nmax = l, 
.MeHSleM rrpHOJIH»CeHHe 

. l + 2 2Ttt 
/ =- --cos-

2 7t 'C ' 

BHHMBHHH. YCJIOBHe (14.52) 
11TO 03Halfaer, lfTO Mbl npH-

1 
't'1=1'9=2t 

c O,llHHM qJieHOM BMeCTO npSIMoyroJibHOlt JIOMBHOM (pHC. 14.3). 
llnsi Toro lfTOObl npeoJJ,OJieTb renJIOBOM rnyM, K8iK,ll3S1 H3 

coxpaHHeMhIX cocraBnsuom11x J.lOJDKHa H~eTb 3HeprHIO nopH.n.Ka k T. 

1) Ec:m ue ua1aia.nwsarh yc110BHJJ 'tt <t2, ro e c6rn;eM BHJJ.e MOiKHo 
~ 

aanHcarb: n0 = :- m, r .11.e m - naHMenbmee ue.1oe, 11aiontee uenoe 3ffa-
... I 

11e11He n0• (npu.tt. nepeB.) 
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B 061UeM, nonHaff 9HeprMff KoHeqHoro cneKrpa pasHa 

kT 
E = nmax a.kT + ~ 2, (14.53) 

r .rr.e qMcneHHbie MHOJKMrenM a, ~ 
cneJI,HM~ 4JieH BblpaLKaer 9Hep
rtt10, Koropy10 .rr.on>KHa HMeTb no
CTOHHHaSl cocraanmom.as:i, q106hI 

I 
npeaaottrM :r k T. 3Ta 9HeprMs:i 

"" \/ 
I 
I 

l\ 
!/ 
I 

} 
\l 

I 

~ 
'-...... 

Pac. 14.3. npu6JIHlKeHHe .D.JUI CH
't 

creMbl HMny.rrbCOB npH t1 = 't2 =2 
.D.BJMSI nepBblMH q.1euaMH pH.Ila 

<l>ypbe: 

l 2 2nt f = - 4- --- cos --·- • 2 I n 't 

HMelOT nopHJI,OK eJI,HHMUbl. flo-

K(a+j3/2} 

Kln2 

PHC. 14.4. l1mpopMaUHH H CBH33HHOe 
c Hett ysem1t1eHMe 9HrponMM B <PYHK· 

UHM 'ti = 't - 't 2 np M 0 < 't 1 < -;: 
_ .• - • - 1rn$opM8U.JHI, - 9HTp0IlHH, 
----- HeHcno.1&Joea11HaH .a..o.rn 

k (anmax + ~/2). 

pacce11saeTCH u nor JiomaeTcs:i (Ha11p11Mep, B ¢oro3.rieMeHTe) sa 
spe~u1 ua6n10JI.eHMst, qTo .rr.aer yue .. 1HqeHMe :tHTponMM 

/J.S = k ( flnmu + ~- ~) , ( 14.54) 

naMeHHJOtlleecst s coorsercreMH c ( 14.52). KpHeast M!\teer MHHH-
1 

MYM npM 't 1 = 't2 = 2 't, M o6m.Mtt ee BMll. noKa3aH Ha pMc. 14.4, 

l'JI.e HaHeCeHa raK>Ke KpHBaSl l (CM. ( 14.50)). 
3TOT npHMep CHOBa .ll0KB3b1Baer, 4TO yBe~11qeHMC 3HTpOnHH 

scerJI,a OOJibWe noJiylleHHott HHcpopMaUMM 11 4TO Ko..r1114ecrao 
3HrponMM, rpeoyeMo~ ,llJISI HaOJIIO,lleHHSI, He MO>Ker OblTb HH'.>l\e 

onpeAeJJeHHoro npeAeJJa, paeHoro e Hame\1 npHMepe k (ix+~~), 
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HA6JJIOJlEHl1E 11 11H<l>OPMAUHSI 

I. 3KcnepnMeHTanbHLJe omnoKH H uu<f>opMaunst 

Mhl y>Ke nOJlllepK11HanH Tor cflaKr, t.ITO 1<on11qecTuo 11ucpop· 
M3UHH, nonyqaeMoe 113 3KCnepHMeHra, TeCHO CB.R3aHO c TQq. 

HOCTblO 9KcnepHMeHTaJibH00 ycTaHOBKH. Mh1 Halla.1111 (r naea 12) 
c onpe~eneHfJH 11HQJOpMaUHH 

11 = k ln ( ~: ) , (15.1) 

r Jle P8 - qHcno paeHoBepoHTHbIX B03MOJKHOCTeti .lI.O ua6n10,LI.e

HHS1, P 1 - 411c110 paBHOBepoHTHblX B03MOJKHOCTeti nocne HBOJIIO

J.I.eHttSI, /1 - l1HQJOpMau11>1~ nony4aeMaH B pesy JlbTaTe HaOJII-O.lI,eHl1SI. 
Mbl nOJ1b30Ban11cb 9Tl1M onpe,LI.eneH11eM B rnaeax 13 11 14 

npH caMhIX pasn11qHhIX yc.110B11Hx sKcnep11MeHTa. Tenepb Mhl 

o6cy .lI.11M 06my10 npooneMy T04HOCTl1, 9KCnepHMeHTBJibHblX OlllH

OOK H 11HcfJOpMau11H. Ha4HeM c npocToro 11 oupe.lI.eneHHoro npu
Mepa. Mhl Ha6nIO.lI,aeM nonoJKeH11e TOqK11 x Ha oTpe3Ke .ll.JIH • 

HOO L c norpell1HocTbIO Ax, KaK noKasaHo Ha p11c. 15.1. BBe

JJ.eM onpeD.eneH11S1: 

aOCOJil-OTHaSI norpelllHOCTb 

OTHOCI1TeJibHaSI norpelllHOCTb 

cpaBHHTeJibHaH (HJIH 11ponopu110-

HaJibHaSI) norpernHOCTb 

s0 =AX, 
i.\x 

sr= --- ' x 

J 

(15.2) 

T04HOCTh d 31<cnep11MeHTa 6hlna onpeJJ.eJ1e1-1a paBeHCTBOM (14.29) 
Kai< BeJll14.11Ha, OOpaTHa>i cc: 

1 l d-- - -- (15.2a) 
- e.c. - 8x • 

8To onpeAeneH11e YAOHneTBOpHCT TOMY ycnoeHio, qTO 6onhwa» 
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TOllHOCTL COOTBeTCTByeT MeHbWetl cpaBHHTeJibHOD norpeWHOCTH .. 

AocontoTHaH u OTHoc11TeJibHasi norpernHoCTM xoporno 3Ha. 

KOMbl cpH3MKy. 4TO KacaeTCSI cpaBHMTeJibHOD OlliHt5KH ac, TO 0 

Hett, no-BM.LI.HMoMy, ynoMMHaeTCH peJI.KO. TeM He Menee MMeHHO 

9Ta eennquHa MMeeT 3HaqeHHe B CBH3H c TeopneD HHcpOpMBUMH. 

KoJ1114eCTBO uHcpopMaunn, noJiyqaeMoe npn Ha6JIJOJI.eH11M, 
cornaCHo (15.1) paano 

Al=kln (4: )=-kin cc=klng;(. (15.3) 

OHO 38BHCMT OT OTHOllleHMSl Heonpe)l.eJieHHOCTM ax (KOTOpaH 

OCTaeTcg H IIOCJie Toro, KaK HBOJIK>J{eHue C)l.eJiaHO) K MCXOJI.HOD 

°l.. 
Ll.x 

.. I I 

I 
I L ~ 

' "" ..... 
Puc. 15.l. Mecrono.rmmeHHe qacruubl onpe· 
.neneuo c norpelllHOCTbIO .6x B rottKex B npeJlenax 

B03MOlKHoro HHrepeana no.11o>KeHHli L. 

Heonpe.neneHHOCTH L, cooTeeTcTey10men eceMy .llHana3oHy tta-

6JIIOJI.eHMH. B cJiy4ae onTHllecKoro np116opa MbI 11MeJ111 obi JI.eno 
c oTHorneHHei1 pa3perna10meD cnoco6HocTH K nonHoti auepType. 

B r Jiaee 14 (pasJI.eJI 7) yiKe np11MeHsiJ111Cb cxo.rr.Hhte onpe

,!leneHMSI e CBSl3H c eonpocoM 06 113MepeHMH epeMeHu. PaccMa

TpMeasi cnyttatt KOpOTKoro MMilYJibCa ,lI,JIMTeJibHOCTbK> t, IlOBTO

pHeMoro c HHTepBaJiaMH t, Mhl HBWJIH, 4TO onpeJI.eJIHJOUtetl 

eeJIMqMHOA HB.THieTCSl OTHOWeHHe -r/t, TBK KaK OHa ¢11rypHpyeT 

KaK B BbtpaJKeHHM )l.JIH MH<f>OpMaUMM, TaK M B ¢opMyne L(JIH 

9HtponHDHott ueHhI. Oocy Jl.HM Tenepb cxo.nHh1e 33JI.aqH e npo

CTpaHCTBe M BO apeMeHl1 H aygcHHM, KaK M3MepMTb IlOJIOJKeHMe 

(KOOp,ll,HHBTbl) x, y, z qacTMUbJ B MOMeHT t c norpemHOCTHMH 

6-x, fly, Az M At. OnpeJI.eJieH11e TpeoyeT BBeJI.eHHH BeJIMllMH a, 
b., c ff 6, noKphlBalOIUHX )l.H811830H B03MOiKHhlX 3HaqeHHtt x, y, 
z H t. EcJIM JI.HanasoH HaOJIJOJI.eH11SJ He yc-raHOBJieH, TO MH<f>op

MannK>, nonyqaeMyIO npn M3MepeHHM, HeJib3st onpe.nennTh, a 9H

TponMDHaH ueHa CTaHOBHTCH oecKOHeqHo OOJibWOtt. 

HanoMHMM pa3nnqne MeJKJI.y mottHocmb10 M HaiJe:J1CHoc1nb10. 
B r JtaBe 14 Mhl 011peJI.eJIMJ111 HaJI.eJKHOCTb nyTeM paccMoTpe

HHst B03MO>KHOCTH HenpaBHJibHbJX OTClleTOB, OOYCJIOBJieHHblX 
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TellnOBbl!.\fH cpJiyKTyaUHSIMH B H3MepHTeJibHOM ycTpOitCTBe. IlpOCTOit 

p0cyHOK not<aiKeT pa3JIMlfHe Me>KJI.Y 9TMMM Jl.BYMSI TepMMHBMH. 

~Ia p11c. l 5.2 :'rihI nonar aeM, qJo np11MeHH10TCH pacnpoC'rpaHSIIO· 

mnecs:i BJI.OJJb n11HMM 11Mnynhcw M qTo 9Tl1 MMnynhChI Ha6nro

JI.BIOTCSI B IlOJl.XOJI.~lIUett np11eMHOH CMCTeMe. Ilonnas:i JI.JIMTeJJb· 

HOCTb noc .. 1eJI.OBaTenbHOCTH HMny nhCOR o6oaHaqeHa qepes 6, II 

KpaT4BAlllMtt 11MIIY JlbC, KOTOpbitt npMeMHa>I CMCTeMa crrocoona 

uaMepMTh, cooTneTcTeyeT t::.t. ToqHoCTb ecTb 0/ flt. 

~ ---A----------~ ~~--
' TennoDb1e tpJJYlfmyoqvtJ 

~_,-

tit () 

dt 

P11c. 15.2. CTpMuepbl MMnynbcoe c ren.110Bb1M myMoM, JlaIOm;11x qe1h1pe 
KOM6MH3UMH B~COKOtt H HM3KO" roquocTM c BblCOKOtt M HH3KOtt 

Ha)l.e>I<HOCTbfO: 

I - Bb1COK3)J TOllROCTb. 8blCOKaH Ha;lleiKHOCTI>: 2 - Bb1COK851 TO'lHOCTb, HH3K8st 
Ha,!.leiKHOCTb; 3 - HH3K8H TOqHQCTb, BhICOKaH 1-1a}le>KHOCTbj 4 - HH3K3H TOqHOCTb, 

HHSKaH H3le:IKHOCTI>. 

CTpM nocTpoeHMM npMeMHH.Ka MbI Bh16panM HeKOTOph1tt npe

JI.eJI £ 1 MHTeHC11BHOCT11, KOTopy10 npHeMHH.K aan.wchlBaeT. HM

nynhChl c 11HTeHCHBHOCTb10 MeHbllle Ez He 3anMch1ea10TCH, Tor 11,a 

KaK MMnynhChl c MHTeHCH.BHOCThlO Bhtrne E1 aarrMChIBalOTCSI. Ecn11 E1 
MHoro eh1me, 11eM cpeJI.HHe Tennoe1>1e <f>nyKTyauMH, To Hane'iK~ 
HOCTb BeJJH.Ka, TaK KaK MaJJOBepoHTHO, 4T06hl cpnyKryauM11 JI.0-

CTMr n11 rrpenena. l-IM3Kl A rrpeJI.eJI E1, cninnKoM 6n11sK11A K MH

TeHCMBHOCTH TeIIJJOBblX cpnyKTyau0A, JI.aeT Manyro naJI,e»CHOCTb. 

06mee nOJJO>KeHMe noSICHHeTCH pMC. 15.2. 

Ha•1HeM c 01JeH1> npoCTOA aaJI.aYM: M3MepeHMe JI.nMHbl npM 

noMOUlM MeTpoBott MepKM. MepKa noJI.paaJI.eneHa Ha MenK11e 

llaCTM ax ( 1 .M ... Jt, HanpHMep), 11 Mhl npMKnanbIBaeM MepKy K H3• 

Meps:ieMoMy o6·heKTY TaK, 4TOObl H.X Haqana COBnaJI.aJJH. llnH 

TOro ljTQObl BHJI.eTb MepKy 11 06-beKT, HeOOXOJI.MM CBeT, 1-1 ;'\fbl 
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llOJliKHbl CMOTpeTb Ha Kail\lJ.Oe fi0.llpB3.lleJieHHe MepKH, noKa He 

Hail.n.eM TO .n.eneHHe, KOTopoe CO.llepil<HT KOHeu OObeKTa. llnSI 
TOlJHOrO OOCyn<,neHHSl Mbl aoc-rpar11pyeM npoue.n.ypy CJieJJ.yIOUU1~ 
o6pa30M. MW paccMaTp11BaeM 4aCTMUy, HaXOllSlW.YIOCSl r .n.e-ro 

BHYTPH MHTepeana 01 0 .n.o L Ha oc11 x, M xoTMM onpe.n.eJIMTh 

ee rroJioiKeHMe c T04HOCThlO Ax. IlJis:i 31oro Mbl no.n.paa.n.eJis:ieM 

cerMeHr L Ha n HHTep saJIOB JJ.JIHHOil 6.x KaJK.n. hlil: 

l 1 n= - = -==d, (15.4) 
llx ec 

Tenepb 3a.LLa4a COCTOHT B TOM, lJTOObl Ha ti TH HHTep BBJl, B 

KoropoM HaXOllHTCSI IJac111ua. MbI nepeMemaeM nyq cBe1a (Ha· 

npHMep, CHCTeMoil 3epKan) qepe3 KB:iKlJ.blil M3 n HHTepBaJIOB. 

nB:iK.llhlil HHTepBBJ! CHa6il<eH pe30HBTOpOM, KOTOpblil 6y ,l1.eT BOC· 

npHHMMaTb CBeT, pacceHHHhlil lJBCTHUeil, ecJIH OHa HaXOD:HTC51 B 

.n.aHHOM MH1epeane. J<an<JJ.hlt:i M3 pe3oHaropos no.n..n.epif{MBaercs:i 

npM TeMnepa1ype T, M MhI noKa rrpe.nnonar aeM, 4TO np11MeHs:ie1c>1 

CBeT HM3Koil 4ac101h1 (hv k T). HaMepeHwe Mo>Ker npo113eo

AHTbCH 0,UHMM M3 .n.uyx cnocoooB. 

C JI y 4 a ii I. M1>1 tta6Jiro,naeM nepBbitt pe3oHaTop, a 3aTeM 

see noc • .r1e.n.y1:0ru11e no oYepe.n.11, noKa He orMeTMM, cKaJKeM a 

i-~ MHTepHane (l ~ n), IlOJIOJKHTeJihHOe OTKJIOHeHMe, Koropoe 

l\IOJKeT 6blTb MCTMHHblM MJIM nOJKHhlM. 

C n y IJ a tt II. MbI HaoJiro,naeM see n pe3oHaropos 11 orMe

IJaeM, CKaJKeM, j nonoil<MTeJibHblX OTKJIOHeHMil ( 1 ~j n), H3 

KOTOphlX OJJ.HO COOTBeTCTByer HBJIHlJHl:O 4aCTMUbl, a OCTaJibHble 

SIBJISllOTCSl noil<H blMH. 

flO.llClJHTaeM no,1y4aeMy10 Hl-UpopMaUMIO H CBSlSBHHOe c Heil 

yBeJIM4eHHe 9HTponHM, 4T00bl noKa3aTh, 410 B o60HX CJiyt.tas:ix 

il (S-1)~ o . 
.Ll.JHI 9Toro BOCnOJib3yeMCS1 peayJihTaTa~M r JI aBbl 14, OTHOCS1IUM

M11CS1 K Ha6JIIOlleHMSlM, TpeoyromHM rrpMMeHeHMSl MHOrMX pe3oHa

TOpOH. KaK H B r nase 14, Mbl He oy ,neM np11.n.aBBTb 3Ha4eHl1SI 

0TpMua1eJ1bHbIM orct.te1aM. C4wraercs:i, IJTO TOJihKO noJiomurenb .. 

Hhie OTCIJeTbl (r. e. HBOJIIO,UeHMe HbICOKOtl 9HeprMM B pe30Ha

rope) .LI.al:OT HHcpOpMaUMl:O. H TaK il\e, KaK H B rnaBe 14, Bbl· 

4HCJieHHOe yBeJIH4eHHe 9HTp011MM Oy .LI.el npellCTBBJISlTb Co6oil 

IIHil\Hl:Ol:O rpaHb. 

C JI y q a ii l. B sToM cJiyIJae qacrHua HaOJil:O.llaercsi a HHTep ... 

sane l, nput.teM i ~ n. TaKMM o6pa30M, qacrHua noKanHaoaaHa 
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' HeKOTOpOM IlOJJOiKeHIUf lf3 'IHCJia . anpHopM 803MO)f{HblX ~i no· 

JJOiKeHHU, H, CJieJI.OBaTt::~JlbHO, noJiylleHHaH HHcpOp)laUHH eCTh 

al= k In i. ( 15.5) 

·EhIJIO CJI.eJiaHO Ha6JIEO}leH11e HBJI. i pe30HaropaMM, 113 llMCJia KO· 

TOPhIX OJI.MH pe3oHaTop IIOl'JIOTHJI 3Hepr1110, pacce11uaeMyEO saTeM 

8 TepMOCTaTe, TaK llTO CBSI3aHHoe c 3TMM yseJIH4eHMe 3H'rpOrtHH 

paBHO cor JlBCHO ( 14.26) 

(15.5a) 

ECJIM i BeJIMKO, TO, . MCnOJih3YH BblpaiKeHHSI ( 15.5), ( 15 .. 5a) H 

( 14 .. 23) JJ}Hl Ai• HMe"'M: 

L\ (S- /) ~ k [ln l - In (ln 2)] - k In i = 
= - k In (In 2) > 0. (15.6) 

KoHelfHO, l MO>KeT OhITh HeBen11Ko: MhI MoiKeM o6Hapy)lntrh 

qacT11uy s nepeoM 11n11 BTopoM HHTepBane. B aroM cny4ae Mbl 

He MO)l{eM IlOJib30BaTbCSI aCMMCTTOTH4eCICHM Bhlpa)l{eHMeM ( 14.23) 
.U.JISI Ab xorst HepaseHCTBO (15.6) coxpaHs:teT c11Jiy. 

B Ta6J111ue 15.1 np11BeJI.eHhI JJ.aHHhte J.I.Jrn HeCKOJibKMX MaJihlX 

3Half eHMU i. 
T a 6 n H u a 15. l 

i 
-·-

I 
I 

I 2 3 I 4 

, 

Ai 0,69 1,23 1,58 1,84 
Al 

0,00 069 l, 10 l,39 -k J 

4 (S-/) 
0,69 0,54 0,48 0,45 

k 
-

C n y q au II. B 9TOM cnyttae Mht 11MeeM j noJIO)l{MTeJJhHhIX 

OTClfeTOB, TBK qTO 4HCJIO B03MO>KHblX IlOJIO)l{eHMU llaCTMUbl co

KpaTHJlOCb OT HCXO,lJ.HOfO n ll.0 j.. IloJiy4eHHast HHcpopM8llHSI 

pas Ha 

L\I = k ln ( 7). (15.7) 



U8MHPl:HUHt ,llJH1Hbl C liblCOKOi1 ·1 U4HO(; f blO 

B 9TOM cnyqae j pe3onaropos nor .'lOTHnH 9Hepr1110, KoropaH 
aareM .llOJDKHa 6h1Tb paccesu-1a. 3ro JI.Ber ysen11YeH11e 3HrporrHH 
Ha 

(15.7a) 

TBK Kai\'. Ha6nlOJl,BJ111Cb see n pe3oHaropoe. Mhl CHOBa BOCnOJJh-
30SBJIHCb paseHCTSOM ( 14.26). floJiarast, lJTO n .llOCTaTOlJHO Be* 
nHKO ll.JHI Toro, 4T06bl ~IOJKHO 6blJJO BOCflOJlb30B3ThCSl aCH".\lflTO
TH4eCKHM BhtpaJKeHMeM ( 14.23) JI.JJH An, Mht nonyqae\1 c no~ 

'.\10Illhl0 (15.7) H (15.7a): 

~cs - I);:::. k {n111 n - In (In 2)] - In(-}-)}= 
=k[lnj+U- I)lnn-jln(ln 2)J>O. (15.8) 

3To paBtHCTBO cosna.u.aeT c ( 15.6) np11 j = L, r. e. ecnu TOJihKO 
O.U.HH pe3oHaTop naeT no.r10JK11TeJthHbtU oTC4eT. ITp11 j > 1 cny-
4atl II .u.aeT MeHbWYIO 11HtjlopMau1110 11 60J1brnee yseJ1HLie1utc 
9Hrpon1111. 

B nocne,aytontHX pa3.u.enax Mhl socnonhsyeMCH peaynhTaraMH, 
nonytteHHhlMH .u.nst cnyqasi JI npH j = 1. B 9TOM cny'rne nony-
4aeTCR HaHMeHblliaSl pa3HOCTh (113 'HICJJa paCCMOTpeHHhlX np11Me
pos) MeiK.u.y yse..7111qeH11eM anrpon1111 11 11H¢opMau11ett; s TO iKe 

speMR s 3TOM cnyqae Mhl MOJKeM C4HTaTh, 4TO n seJJHKO ll 

ac11MnTor114ecKoe BhtpaiKeHHe .u.nsi An np11MeHHMO. 
HyiKHO orMeTHTb, ttro JI.pyr11e eo3MOJKHhle ycrponcrsa JI.aIOT 

seer JI.a 6on1>mee yseJIHtteHHe 9Hrpon1111 JI.JISI pasHoro KOJJHlJe
crsa 11HcpopMau11H. TaK, Harrp11Mep, MOiKHO ycTpOHTb pe30Haroph1 
TaK, lJT06bl OHM nonyqaJJH CBeT HenocpeJI.CTBeHHo; np11 9TOM 
nono>K11TeJJhHb1U OTClJeT yKashlsaer Ha orcyrcTBHe qaCTHUhl. B 
9TOM cny4ae 11meTCR OTpHUaTeJJbHblU OTC4eT, yKa3hlBalOU\Ht1, 
4TO ttacr11ua nperpaJK.u.aer rrpoxoJK.U.eH11e cseTa 1.1epe3 .u.aHHhlB 
11HrepsaJ1. JlerKo y6e.n.11rbCH, qro TaKoD 9Kcnep11MeHr JI.aeT 
MHoro 6onhwee yHen11t1eHHe 9HTponHH, rat{ KaK OOJJbIIJaH qacrh 
peaoHaTopoH nor nomaer cser. 

3. MsMepeHHH ~AHHhl c SWCOKO~ TOqHQCThW 

B npeJI.hl.nymeM paccyiKJI.eHHH npe.u.rronar anacb HM3KaSI roq
HOCTb, Kor JI.a norpewHOCTb Ax M3MepeHMR JI.nHHhl He OlJeHb Mana, 
TBK 4TO MOJKeT np11MeHS1ThCSl CSeT Hl+3KOU lJ3CTOTht nJIR noJiy
lleHHSI OlleHb MaJioU norpernHOCTH ~x He06XO.U.HMO np11MeHHTh 
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c0er BhICoKolt t.1aCTOThI c Ma.non .lI.JJMHon soJIHhI A c TeM, t1roohl 

nyt.1 oc0eu1aJI OJI.HOBpeMeHHO TOJibKO OJlMH HHTepsaJI. CocpeJlo

TOlJeHne CBeTa Ha OJlHOM-eJJ.HHCTBeHHOM HHTepsa.ne dx npaKTM

lfeCKM 803MQ)J{H0 TOJlhl(O npM ycJIOB MM, lJTO Jl.JJMHa BO."IHbl ). 

M€Hbllle 2Ax: 

A~ 2dx. (15.9) 

Ha pMc. 15.3 noKa3aHbI cxeMaTM1JeCKH 'Ipn pa3 .. 'IMlfHbIX ocserM

TeJihllhIX ycTponcr0a. B nepBOM M3 HMX (A) MCrIOJih3YeTcs:i BOJI· 

HOBOJl, TOJllll,HHa KOTOporo d paBHa dX. 3TOT BOJIHOBO,U MMeeT 

d 8 

A 

PHc. 15.3. Tpu ycrpotkrea JlJut cocpe.norot1eHMff ceera ua 
HHTepsane L\x: 

A. BoirnoBOA TO.'Ill.l.Ml.fhI d =ax; B. Jhrnsa c anepTypoii B; C. 8Kpatt 
c anepTypo:H wv.p1rnbt ax. 

HM)J{HJOIO rpa11n1JHYIO (KpHTM4ecKylO) 4acrory' COOT BeTCTBy10my10 

'A/2 == d, n MoiKeT nepeJI,aBaTb qaCTOThI TOJibtCO s1>1we r paHMlJ· 

11on. 3ro H eCTb 8 TOlfHOCTM ycJIOBMe (15.9). Ilo BhlXO]le H3 

BOJIHOBOJJ.a CBeT pacxOJlHTCH IlOJI. yrJIOM f{I, TeM MeHblllHM, lfeM 

Bhtllle lfaCTOTa. Oceew.eHMe MomeT ObITh pe3KO orpaHM4eHo Ha 

HHTepBaJie Ax. B cxeMe B npMMeHeHa JIHH3a c aneprypott e. 
lliMpnHa QJOKaJihHoro nsrHa cor JiaCHo H3seCTHOlt cpopMy Jie JJ.JISI 

paaperuaioruen cnoco6HocrM paBHa 

Ax=->~-,, si-- fJ • - .u 

8To cHosa npHBOJJ.MT K yc.noBHIO ( 15.9). B cxeMe C JJ.eJiaercSI 

nonhnKa npMMeneHMst OOJlhlliOit JlJIMHbl 00.i1HbI J.. M nJIOCKoro 

SKpaHa c OTBepCTHeM pa3Mepa dx, HO BCJleJlCTBMe JJ.McppaKIUiH 
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no .n.pyry10 cTopoHy 9KpaHa ceeT pacce110aeTCS1 Ha coce.n.H11e 

MHTepBBJibI, M cocpeJI.OTOlfeHHe CBeTa Ha O.U.HOM-e,lI.MHCTBeHHO~ 

MHTepaane Ax 9THM MeTo.n.oM He.n.ocTM)l{MMO. 

TaKMM oopa30M, ,lI.JISl pe3KOro cocpeJlOTOlleHHSl Hy)l{HO npH

MeHSITb ,lI.JISl Ha6JIIO,lleHHff 43CTOTy, y .lI.OBJieTBOpSIIOUl,YIO ycJIOBMIO: 

c e 
v=T? 2~x • (15.10) 

Orrpe.n.eJIMM Teneph xapaKrepMCTM4ecKylO JI.JIHHy, OTHocsi

my10csi K TeMnepaType T, np11 KOTopot! noJI..n.ep)l{HBaIOTCsi pe30-

Ha·ropb1, npMMeHeHHble JlJISl HaOJIIO,lI.eHMSI, 

hv he /J.xr 
k(- 2kT/J.x - 2.lx' (15.11) 

r .ne 

he 1,44 
Axr= kT ~ T ' ( 15.12) 

3.n.ecb B3SlTO HBMMeHblllee 3HatteHHe v, y .U.OBJieTBOpHtoUlee ycno
BMIO (15.10). 

HanoMHM~, ttTO ycJIOBMst pa3JI,ena 2 Tpe6y10T HM3Kot! t.ta· 

C10Tbl, TaK ttTO 

hv w<I, 

( 15.13) 

8To 03Hatf aeT' 4TO TOlfHOCTb MO)l{eT ObITb HM3KOlt, IlOCKOJlb· 

Ky )lJIHHa 11HTepBaJia flx orpaHH4eHa co CTOpOHbl M3.1IblX 3Ha· 

tteHHt!. 

c JI.pyrolt CTOpOH~, ,lI.JISl nony4eHMSl BblCOKon TOlfHOCTM Tpe-

6yeTCSI 

,II.Jiff ttero Hy>KHO (CM. ( 15.1 1) ), ttT06bt OblJIO 

hv " l 
kT / ' 

(15.13a) 

(15.14) 
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nnst oocymD.eHMSI Cnyqast BblCOKMX qaCTOT HaM fiOTpeoyeTCSI, 
OJlHaKo, oonee T04Hoe yTeepmJleHMe no noeon.y eenMqMHhl hv. 
Ha OCHOBallHM npeJthIJlYIUero Mbl MOiKeM npHHHTb, 4TO npH Bbl~ 
COKMX qacrorax 

(15.14a) 

rJLe Ei - npe.neJJhHHH :>HeprHSI ocuMnnsiropoe R HM3K04acrorno~1 
cJiyttae. Ecnu CLIMTaTh n OOJihIUMM ('r. e. npwMeHSITb MHoro pe-
30Haropoe ), TO 9TO ycJIOBMe npHHMMaeT BH.ll 

h'I > kT [ln n - ln (ln 2) ]. (15.14b) 

B :>TOM BblCOKoqacTOTHOM cnyqae Mhl MOLKeM noJtCllMTaTh 
a (S- /) .QJISI ycJJOBMtl, OUMCaHHhIX B KOHUe pa3Jle»a 2 (HaO»ID
.l3IDTCSI n pe30HaTopon, TOJibKO OJlMH OTCtJeT fiOJIOiKMTe»eH). 
TaK KaK nornomenwe OJJ.Horo-eJtMHCTBeHHoro KBaHTa 11ocTaTot11-10 
,l.i1fl O.LIJ-IOrO 110JIOiKHTeJiblIOrO OTClleTa, TO MMeeM: 

AS= hf > k [In n - ln (ln 2) ], 

~l=k Inn, 

A (S-J)> k In (ln 2) > 0, 

(15.15) 

KaK 11 H HM3K04aCTOTHOM cnyttae. B .nettcTBMTenhHOCTM e pac
cMaTpneaeMoM cny1iae yeenMqenwe :>HTponHH MoiKeT OblTh MHoro 
oonhrne, TaK KaK v MOiKeT OhITh ot1e1-1b eeJJMKO. He cnen.yeT, 
OJJ.HaKo, 3a6h1BaTh paccy:iKJteH1u1 pa3D.ena 6 r.'laBbl 14 no noeon.y 
B03MO:iKllOCTH yMeHbrneHMH JlO»H paccestHHoU :>HeprHM hv. Mhl 
He MO'/KeM fiOJI)'llHTb pe3yJihT3Tbl nyqrnwe, tJeM B HM3KOqacTOT· 
HOM cnyqae, TaK K8K paHo· M . .1IH TI03JJ,HO H30JIRJ.QeHMe .lIOJiiKHO 
oLITb c.ne;1aHo npM noMOlllM HM3K04acrorHoro ycTpof:icrea, ecnu 
He BbICOKOllaCTOTHOro. OooomenHhlf:i npnHu.Mn I<apHo, TaKMM oopa-
30M, y JJ,OBJieTBOpsteTC51, M Mbl oocy JlMM TI03JlHee pO»b, KOTOpy~ i 
Hrpaer Heooxo.nHMaH JJ,JISI sKcnepHMenra oonhrnast :>HeprHH. 
CxoJJ,Hoe nono:iKeHwe HMeercsi M B .npyrMx npMMepax. 

OcraromMttCH cnyYaf:i h'I ~ k T TpeoyeT cneuMaJibHoro oo
cyn<.rI.eHHSI B Ka'il<.nof:i OT JJ,eJihHOf:i 3aJtal.fe. EcnM, Hanp11Mep An 
HaCTOJlhKO Ma.,'IO, LITO paeeHCTBO (15.14a) npwMeHMMO, a (15 .. 14)
ne npMMeHMMO, To Mhl MMeeM CMTyauMro, Tpeoyromyro non.poo
noro MCCJie,lloBaHHSI, OCHOB3HHOro Ha TOqHhlX Bbipa:iKeHMSIX pa3-
»Ml1Hh1X cpen.1-ntx BeJIMqMH, HeOOXO.l(MMblX J{ .. 1H nonyqeHMSI 3Haqe

HH51 An. 
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4. 3<1J<IJeKTHBHOCTh uaOJllOJleHHH 

3cpcpeKTMBHOCTb ~ 3KCnepHMeHTanbHOfO MeTOJla Hat5nIOJJ;eHHSI 

.\IOJKeT t5b1Tb 011pe,11,eneHa KaK OTHOilJeHHe nonyqeHHOii HHcpOpMa~ 
1u1H ~/ K Her9HrponMiinoii ueHe I b..N !, pasttoii yeeJJ H4eHHfO 

3HTpOnHH :lS, conpOBOiKJl310llleMy Ha6JJIOJleHHe: 

:p .ii J.l 
(? = j .lN! - ~s' AN=-aS. ( 15.16) 

DpH HM3Koii T01tHOCT11 MhI noJiyqaeM ycnoBHSI pa3JteJJa 2, a 

B cnyqae II ( c OJlHHM TOJlbKO TIOJJO>f<HTeJJbHhlM OTC4eTOM) MMeeM 

JlJISI 60JJbllIJ1X n H rrpH Hane>f<HOCTM, paBHOii 2, 

:p = .l/ = In n ~ 1 + 1 n (In 2) 
0 lS An · --

1 
_ ln (In 2) ~ 1 Jn n • ( 15· 17) 

1n n 

4eM Bblllie T04HOCTb ( e7'! =n BeJIHKO ), reM Bblllie 9cpcpeKTJ1BHOCTb ~ 
Ha6nroneHMH; 9cpcpeKTMBHOCTb crpeMMTCSI K enMHHUe c ysenHqe .. 

HMeM n. 
<f>opMy na ( 15.17) npMMeHMMa B cJiyqae HM3KOft HaJle/KHOCTM, 

Kor na eeposiTHOCTh Toro, qro HaonronaeM&1ii OTC4eT ot5ycJJosneH 

TennoBbtMH cpnyKTyau11siMH, paetta I /2. !lnsi 3aJla4, TpeoyromMx 

BbJCOKOii HaJI,eJKHOCTH, Mbl MOIKeM BOCIIOJib30B3TbC51 cpopMy naMH 

pa3JI,ena 5 r nasw 14. 
Mhl Hau1nn (CM. ( 14.34) ), qro ecnu KaK r, 1·aK M n ee

.. 1MKM, TO 

An=ln(rn), r71, n>l, 

~S = k In (rn), (15.18) 

J1 3cpcpeKTMBHOCl'h 

~ = j./ ~ ln n 
' 48 ln (rn) 

1 =----
1 + In r · 

Inn 

(15.19) 

3cpcpeKTHBHOCTb t5y neT 3aBMCeTh OT COOTHOUieHHSI n M r. 
Mb1 OTMe11anM, qro BblCOKaSI Toqttocrb rpeoyer rrpMMeHeHMSI 

BbICOKott qaCTOTbl. ECJJM, 0JlH3KO, npMMeH51fOTCSI COOTBeTCTBYfO"' 

UtHe ycTpOtlCTBa ll.7HI yMeHbllieHMSI pacceHHHfl 3HeprMM, TO 
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BhlllleripMBeJJ,eHHble COOTHOllleHHH, OTHOCSIWMeCst K HH3KOttaCTOTHOMY 

CJJy'!aJO, coxpaHSHOT CHJIY M nnsi BhlCOK043CTOTHOro cnyLiaSl. 

Bea TaKMX ycTpo~cTB paeeHcTeo (15.19) BMllOHBMeHsteTcst,H MY 

~ !:,./ Inn 
'°r= AS~ hv ' ( 15.19a) 

r.n.e h-Y > Ez ~In (rn), TaK LITO 3cpcpeKTHBHOCTh nonyttaercH 

MeHbrne, 

6. H3Mepeaue paCCTOHHHH c DOMOUJ.LIO HHTepfiJepoMeTpa 

MeT011 M3MepeHMSI llJJHHhI MJJM nono>KeHMH, paccM01peHHb1n 

e npenYaymMX pa3)1enax, )laeT cpaBHMTeJJLHO Manoe yeeJJMQe

HMe 3HTponwtt; MHbIMM CJJOBaMM, 9cpcpeKTHBHOCTb M3MepeHMSI (no 

KpatiHeti Mepe npM HM3KOtt HaJ(eiKHOCTM) 6JJM3Ka K enHHHUe, 

M 9cpcpeKTMBllOCTb BOBpacraeT c UOBblllleHMeM T04HOCTM. 

3ToT MeToa BhICOK09Q)(peKTHeeH TaK)l{e M nptt oonb111ett Ha

JJ,eLKHOCTtt, npHtteM TOlJHOe 3Hal.JeHHe ~eKTMBHOCTM 33BMCMT 

Fla!Jatawuu 
nyL/fJlf 
coemu I .... l . .,.I 

cor naCHO ( 15.19) KaK OT HaaeLKHOCTM, 

T8K M OT T04HOCTM. 

MHTepcpepoMeTpwqecKMe MBMepeHMSI 

OK33blB3IDTCSl OlfeHh JJ,OporocTOSII.UMMM 

(c TOlJKM apeHHSI yeeJJMlJeHMSI 3HTpODMM). 

M HX 9Q>cpeKTMBHOCTb - MaJIOti na1Ke 

nptt HMBKoti Hane'/J\:HOCTM. KaK Mhl 

YBMllMM, OCHOBHOft npMqMHOti TaKoro 

HOJIOLKeHMH SlBJHieTCSI HeOOXOJl,MMOCTb 

3aUHCM MHOf MX flOJIOiKHTeJJbHYX or~ 

ClleTOB, 

PHC. 15.4. HntepcpepeHUH
oHHoe OKaHMJieHHe, npOH3-
80lllll\fOe pacce11HMeM csera 
JlBYMH t.Iacr11uaMM A H B, 
OTCTO.HII(MMM llpyr or llpy-

ra Ha l. 
0 peaCT3BHM ceoe, llTO )J.JJH HBMepe· 

llMSI paCCTOstHMst L MeLKny TOttKaMM A H 

B MhI no~euraeM e A M B MaTepwanhHbie 

lfa(THUY, oceemaeM MX M Ha6JJIOJ(aeM MHTepcpepeHUMOllHYIO KapTMHy. 

B03HHKaromyro BCJieaCTBMe pacceSIHMSl CBeTa 43CTMUaMH. LJMCJJO n 
lIHTepcpepeHuwoHHbIX nonoc Me)l{ny A M B .naeT qHCJIO nonyBonn 

Ha paccTostHMM L MeLKny HMltM (pMc. 15.4): 
n'A 
-y=L. (15.20) 

nnst Onpe.n.eneHHOCTH paCCMOTpMM )lenC'fBMTeJJbHblti MHTep• 

fl>epoMeTp, uanpMMep, npuoop <I>a6pn - Tiepo, npnMeHSieMblft niiS1 
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H3MepeH11SI DJI11HhI :>TaJIOHHOro Merpa. Ceonsi MeTo.LL K ero cy

mecreeHHhIM t1epTaM, Mhl Mo:tKeM npeJlCTaB11Tb ceoe .llBe napan-

11eJih11b1e orpa11<a10wMe nJiaCTHHhl A M B M CMCTeMy cTosiqMX 

BOJIH Me:tK.llY Hl1Ml1, Kai< noKa3aHO Ha p11c. 15.5. LlJIS1 HaXO:tKJle

HHSI paccTostHMSI MeA<:Jly A tt B HyJKHO cocq11TaTb qHCJio nJio· 

cKocTefi !\1aKc11MaJ1bHOfi MHTeHc11eHocT11 MeiKny A 11 B. 3to 

MO:IKHO c.neJiaTb npH TIOMOUI.11 cf>OT03JieMeH-

Ta P, nepeJlBHraeMoro oT A K B. CooT- 1 
HOllieHHe (15.20) JI,aeT 43CT0TY CBeTa A , 

nc 
v = '2L • (15.21) 

ECJIH JlJISI HaJlJieJKamero Ha6JIIOJleHH}l 

IIOJIO:tKeHHSI n.10CKOCTH Hal100Jiblllt:fi MH

TeHCl1BHOCTH TpeoyeTCSI q KB8HTOB hv, 
'I 0 n0Tpe6ye1·csi oomee KOJIJ1qeCTBO JIY .. 

lJ ncrof.t :>Heprn:n 

n":tqhc 
aE = nqlzv == 2L (15.22) 

IlpH HM3KMX qacTOTax q11cJ10 q 6y neT 

BeJil1KO, HO np11 BblCOKHX ll3CTOTaX MOJK~ 

HO o6ofiTl1Cb OJlHHM KBaHTOM Ha OOJIOCY 

p 

Y31101 

l MOKCl.JMYMbl 
tJHmfJHcutJHocrno 

Puc. I 5.5. CTon1111e BOJI· 

Hbl Mem11y llBYMR napaJJ· 
.11enbHhlMH orpama10u..u1-
MM nnacr11Ha~M A M B, 
ore fOHI.UHMH llPYr OT 

npyra Ha l. 

(q = 1 ). MccJieJlyeM :>TOT nyHKT 6oJiee ~9°~~!11~:;~~J(~H~f9H~~~~=~: 
TUlaTeJibHO. cTeli Han60JJbwefi HHTeHcHB· 

ECJIM BCSI 3HeprHSI aE nor nomaeTCSI 

" npeepaiuaeTCH B TellJIO B TepMOCTaTe, 

llOCTH. 

TO COOTBerc rey10iuee yeeJIM4eH11e 3HTponMH 3a epeMSI HaOJIIO

JJ,eHHSI paBHO 

( 15.23) 

3.necb Mbl CHOBa BBOllMM xapaKTepMCTMqecKoe pacCTOSIHMe flxr 
llJISI TeMnepaTypbI T, onpeJleJieHnoe paeeHC'rBOM ( 15.12). Ilo;10-

JKHM, qro Mbl 11CTIOJih3yeM Ha11MeHbUiee q11cJIO q KBaHTOB, JlO· 

nycTMMoe e JiaHHbtX :>KcnepHMeHTaJibHhlX ycJIOBHSIX (K 3TOMY 

sonpocy Mh1 eiue eepHeMcsi). Mbt 11aMepsieM, TaKHM o6pa3oM, 

D.JIHHY L c norpeWHOCThIO, ne npeeocxo!lsnuef.t /.../2: 

'A L 
AL~2=11· ( 15.24) 



11AhJllOJllilH1B 11 11H<P0f'MAUH)l 

CneJlonareJibHO, ecnu yc11oe11S1 ( 15.23) eblnonHeHbl, TO 

knq.lxr 
AS= 2J.L • ( 15.25) 

06cy;1JtM rerreph norrpoc o qHcne q KBaHTOB. rpe6ye:\lo~: 
Jl . .1111 HaOJIIO,ll.eHMfl nOJIOJKeHMSI llOJIOCbl. 

A. B o JI h rn o e p a c c r o 51 H H e, H H a K a 51 r o 4 Ho c 1 1:.. 

3TH yCJIOBIUI COOTBeTCTBYIOT M3JlhlM KBanraM H HH3KMM 
qacroraM, HaoJIJOJI.aeMblM Ha pesoHaropax e repMoc-rare rrpn 
TeMrreparype T: 

h-1 < kT, 
It" nhc J.x r .., .... 

1 kT - 2LkT = 'l..ll <~~ • 
( l .5.26) 

Mhl paooraeM npu ycnOBMHX~ ycraHonnett1-11..1x u pa3.aene -l 
r JI3Bhl 14, r JJ.e B o6meM BHJJ.e o6cy:tK.ll8JIOCh 3KCrrepH:vteHT3JihHOe 
ycrpotiCTBO c npuMeneHueM 60Jib111oro 4Hcna n OJIHOBpeMeHHbtX 
Ha6nroJJ.eHH:it Lln51 cny4afl Ha.ae)KHQCTH, paBHOil 2 (aep05ITHOCTh 
OlliHOKM BCJie.llCTBl1e cpnyKryauHil paBHa l /2). Mhl rIOJIY4H.1IH CJie
IlYIOUJ.HU pe3yJihT3T: 

E1 =qhv=AnkTt 

r )le An > 0, 7. 3To JiaeT: 

_ AnkT _ 2An~L > l 
q- hv - ~XT ~ • 

Ko3cpcpwuHeHT An n.ocr11raeT HecKOJihKHX eJI.MHHU. fionhuueuHe 
Ha.ae:tKHOCTH Be.aeT K ynenHqeHHID K09QJQJMUHeHT3 An. npu no~ 
MOlllH ( 15.25) Mbl MO/Ke~ nOJJ.C4HT3Tb ynenM4eHMe 3HTpOrrMH 
B cny4ae A, raK KaK B 9TOM cnyqae BCH 3Heprufl dE, HeCoM
HeHHO, pacceueaeTCR npu Haonron.eHuu: 

( 15.27) 

M1>1 MO)f(eM nonararL, lfTO 3TO Ha6nJOJieHMe, cKa)f(eM, M3MepSieT 
nonoJKeHue B no OTHOrneHMro K A, raK qro, KaK H B npeJI.hIJlY'" 
meM, llOJ1y 1!eHHaH HHcpopMaUHfl paBHa 

L 
b.l = k ln ~L = k lrr n, (15.28) 
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a 9Cf><PeKTHBHOCTb Ha6JJroJleHnst ivrst oon1>wnx n 

~=~=Inn~ lnn -~ 
t,,s-· nAn n [ln n - In (ln 2) J 

~ l_ 1· 1 + ln (In 2) ] & 1. 
n ln ti ~ 

(15.29) 

3Ta Be.lIH4l1Ha 8HaqHTeJibHO MeHbllie, qeM B npe,ll,hlJlYIIU1X CJiy· 

r.:ras:tx, r .!le rpe6oeancst TOJibKO 0.!lHH IlOJIOJKHTeJibllblti OTCr.:reT. 

EcJIH TpeoyeTCH 5oJiee Bb1c0Kasi HaJJ,eACHOC'rb, T. e. MeHhu1asi 

BepOSITHOCTb JIOiKHbIX Ha6JlfO.!leHHl1, OoyCJIOBJieHHblX TellJIOBblMH 

QJJIYKTyaunsiM11, ro 1-1y)l(HO eocnOJib30BaThCSI .!lJISI An cpopMyJiaMH 

pa3JieJJa 5 fJl3Bbl 14. YeeJIMlleHHe 3HTpODMM "1 s oyJleT B n pa3 

OOJlbllle, qeM. B COOTBeTCTByrow.eM cny11ae pa3,lleJia 3) M BO CTOJJb

KO )Ke paa yMeHbWHTCst 9Cf><PeKTMBHOCTb. 

KaKoea Obi HM 6b1J1a Ha,ZI.eJKHOCTh, An ecer .Ila 60J11>11Ie, qeM 

ln n, M Her:>HTponnttHblti npHHUHil HHcpopMaUHM npHBOJlHT K Ha

weMy oooomeHHOMY npHHUHny KapHo 

A (S- /) = k (nAn - Inn}~ 0. (15.30) 

B. M a JI hie p a c c T o si H H si, 11 JI n e bl c o K a st T o 4 H o c T b 

H HH3KaSI TeMnepaTypa 

B 9r11x ycJIOBHstx HYJKHhl ewcoKHe qacTor~ 

hv !x T 

kT = 2!l > L (15.3 l) 

Tenep& Mhl pa6orae:\1 .llaJieKo 3a npe,lleJJa!tnt cneK-rpa M3JiylleHns:t 

11epttoro Tena npH TeMnepaType T. M1>1 MOJKeM np11MeHHTh Ma

nyro HHTeHCMBHOCTb B OJlHH KBaHT Ha Ka>K.!lYIO nonocy, H, TaKHM 

o6pa30M, 061uee KOJIHlleCTBO 3HeprHH, HeOOXO,llHMoe JlJISI H3Me· 

peHHSI, COCT38JIHeT: 

q= 1, 
nhc 

"1E = nhv = '2til , 
l 

AL=-n . (15.32) 

MLI npHrnJJn K CHTyauHH, on11cauttott e pa3,lleJie 6 r JiaBhI 1 4, 
n Mhl JlOJJ>KHbl JleJJaTh paa1111qne MeJKJJ.y TpeoyeMott nonH ott 

9Heprneu H Toil ee JlOJJeU, KOTopaH JlOJJJKHa 8 KOHue KOHUOB 

pacceHThCH e tpopMe TenJia ll.Q. KaK 6hlJIO noHcHeHo, Mhl MOJKeM 

80CUOJib3083TbCSI cpoT09JieMeHTOM c 33.MeJIJifllOlllHM no11eM, no 

Kpa""e" Mepe TeopeTnqecK11 (npaKTn11eCKH a10 OblJIO 6hl 011eHb 
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He3qxpeKTMBHblM ycTpottcTBOM !). 9To no3nonwno Obt HaM yMeHb· 
lllHTb pacce11naeMyto 3Hepr1110 JlO Tott JKe CaMOti BeJIH'-IMHbl, '-ITO 
H B cnyqae H113KHX 4aC'rOT, TaK '-ITO cpopMyJihl ( 15.27)- ( 15.30) 
Mor n11 Ohl no-npeiKHeMy np11MeHRTbCH. 

Ocraercsi, OJlHaKo, e CHJie TOT cpaKT, '-ITO nns 3KCnep11MeHTa 
Tpeoyercs:i oonblllaH 311eprwH fl.£, KaK noKa3h1eae1 paneHcrno 
( 15.32), Koropoe Mbl MOJKeM nepenwcarb u cneJJ.y10meM BHJle: 

nhc L 
b.E!l.L = ~, n = ~L = :d, (15.33) 

r Jle gT( - TO'-IHOCTh. Mbr o6cy .llHM n03JlHee cp11311qecK11tt CMhlCJI 
9TOro COOTHOllleHHH, DOKa3hlBaIOw.ero, '-ITO rpeoyeMas:J 3HepruH 
ll.E MOJKeT oecnpe.n.e~'lbHO BOSpaCTa'fb C yMeHbWeHueM ll.L. 

6. JlpyraH cxeMa nnH HSMepeHHH paccTOff HHH 

npeJlWeCTBYIOW.ee paccy)KJleHHe BhHIBJlSieT OOJlblllHe TPY .l.1.
HOCTH, B03HHK3fOlllHe np11 113MepeHUH 11HTepcpepoMeTpH4eCKHM 
MeTOJJ.OM BeCbMa MaJiblX paCCTOHHMtl, M DOKa3blBaer, qyo ueHa 

TaKHX 9KcnepwMeHron 0 11eH1> BblCOKa. BBMJJ.Y naJKHOCTM 9Toro 
pe3y JJhTaTa noJie3Ho noKa3aTh, qTo .npyr11e MeTO.llhl ooxo.nHTCSl 
no MeHhIUett Mepe raK )Ke noporo. Mo)l{HO, HanpuMep, npeJlnO· 
JIO:iKHTb, qro Tpy JlHOCTH, BCTpe'-IeHHhle B npe,llhJJlymeM pa3J(eJie, 
OblJlM ooycJIOBJieHbl TeM, '-ITO MbJ npMMeHHJIH .llJIMHbl BOJJH 3Ha .. 
qwTeJlbHO MeHblllMe, qeM M3MepSieMble paCCTOSIHUH. 910 npHBeJIO 
K qpe3BbJqaf1HO KOpOTKMM BOJIH3)1 8 33JJ.aqe H3MepeHHH oqeHb 
Manb1X pacc10S1HMtl. MoJKHO nb16parh Jlpyryro MeroJJ.11Ky, ocHo
eaHHyro Ha npMMeHeHMH BOJJH 3HaqJ1'feJihHO 6onee Jl.JIHHHbIX, '-leM 
H3MepSieMoe paccrostt11e L. l1TaK, paccMorpttM cne)ly10m11e ye .. 
JlOBHff: 

( 15.34) 

e coornercTBMM c (15.24) u onpeJleJieHHeM ll.x1 (15.12). MM 
MMeeM TaK)l{e: 

A>L. (15.35) 

3ra CHTyauHH npeACTaeneHa cxeMaTH4eCKM Ha puc. 15.6. 
Mbl oy JJ.eM B 9TOM cnyqae HBOJIIOJJ.aTb MHTeHCHBHOCTb CBeTa, 

pacceHHHoro qacruuaMM A H B KaK unepeJl, 1 aK M Ha3aJl. 
BoJI11h1, pacceHHHbie qac111uaM11 A 11 B nnepeJl, coenaJlaIOT no 

rpaae. IlyC'fb Cl. eCTb aMnJIUTY JJ.8 BOJIHbl, paccesHHOft K3iKJlOi1 
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na LiaCTHU. CToJ1HaR HHTeHcnnuocTb BOJIH, paccestHHhlX enepeJl, 

eCTb 

11 = 4oc~, ( 15.36) 

Tor ,n;a KaK BOJIHhI, paccestHHbre Hasa,n;, c.nn111-1yTh1 no cpase Ha 

yroJI q:> H ,ll3IOT pe3yJ1hTHpyt0myt0 HHTeHCHBHOCTb 

r.ne 

lb= 4a.2 cos' ( l) "'=" 412 
( 1 - ~·), (15.37) 

4nl 
t:p = /., ( 15.38) 

-- MaJJaR neJIHLIHHa Ha OCHOBaHHH ( 15.35), TaK LITO pa3JIOJKe1111e 

cos2 0) e ( 15.37) rrpuMeHHMO. PasHOCTb i Me>K.ay 11 H lb .n.ae-r 

Mepy L: 

( 15.39) 

llJISI H3MepeHMR 1, H lb HyiKHO nor JIOTHTb paccestHHblt1 CBeT 

B KaKOM-JJKOO cpoT03JleMeHTe HJIM B HaCTpoeHHhlX npneMHHKax. 

f!ailato1.1..1tJtJ 
clJem A 

BeKmopHllll 
iJ11a2paHNa iJJ111 

paccel/HtJn HUJao 

8 

CIJem, 
paccenHHb11l 

IJ <JJaJe 

Puc. 15.6. CneT HM3Koft 'lacrorhl, pacceffHHhlfi nnepeJl 1J.acr11 ... 
uaMH A n B, coxpaHner cpaJy. Cser, pacceHHHbIM HaJaJI, 
OTJIH1J.aeTCff no lt>a3e Ha ~ = 4nl/A. 0oKa3aHa taKiKe BeKtop
HaH JlHarpaMMa JIJIH pacceHBaHHH Ha3a.n. AMnJIHTylla paena a. 

TaKMM o6pa3oM, pacce11eaercH 3Hepr11H 11 + lb, 11 9ra cyMMa 

pas Ha np116J111a11renhHO 211. CooTBeTCTny10mee ynen11L1ett11e 3HTpo

n1n1 corJ1ac1-10 ( 15.39) paeHo 

( 15.40) 
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Terrnoeoe 11e11iKeH11e e rrp11eMHHKax MMeeT nopH,noK k T ( cor nacHo 
( 15.34) ), H IT03TOMY KaK If, TaK M lb H3MepS110TCH c norpew
HOCTbro kT, TaK QTO 

lli= 2kT (15.41) 

eCTb rrorpernnocrh M3MepeHHSI pa3HOCTM i. Mhl .llOJJiKHbl rrpMMe
IHITh 60JiblllHe HHTeHCMBHOCTH .llJISI nonytJeHMSI y ,QOBJJeTBOpM
TeJJbHOti TOLIHOCTM. ECJIH ITOJIO:>KHTb 

11 =/kT. 

TO MS (15.39) M (15.41a) rrony1.1aeM: 

, l \2 

l= ~kT=/kT41t2 l T) , 

OTKy JJ.a c ITOMOIUhro ( 15.38) 

~ 2(L'·2,,9 7= 4TC I) < 1, 

Tenep& us ( 15.4 t) M ( 15.4 ta) naxo,n11M: 

6.i ') ... 
-y=~--

ror JI.a KaK HS (15.39) MMeeM: 

!li = lll141t9 
( f r + 1,41t2 (f.) 2 Ill. 

HJIM M3 ( 15.42) 

ai _ al, + 2 J.L r 1 ' 2 al 2 -r, l =\1)+ L ===f· 
CoeMeCTHO c ycnoeMeM f;? ~ 3TO JJ.aer: 

:lL I 
T~lf. 

(15.4la) 

\ 15.42) 

(15.42a) 

Ko9cpcpHUMeHT ~ nonyqaeT CMblCJI TOQHOCTM ~ npH H3MepeHHH L, 
TaK QTO Bblpa1KeH11e ( 15 .. 40) .llJISI yeeJIHlJCHMSI 9HTpOnMM 6.S I 



t; 1 JlPYf As-t CXE!\tA ,llJISI H3MRPKHlHI P,\t:CTOs:IHH)t :!8 l 

c HCnOJib30B8HHeM (15.4la) npHHMMaeT BMJl 

(15.43) 

JlJHI JlJIMHHblX BOJIH A> L. Mb1 JlOJIJKHbl cpaBHHTb 9TOT pe3y nbTaT 

c ¢op My JtaMM, nonyLieHHblMH B pa3.uene 5. Mhl paccM01p11M CHoaa 

11na CJiyqasi: A H B. 

A. Ko p o T K H e e o JI H bl, 6 O-JI b rn M e p a c c To ff H HSI 

(CM. (15.26) H (15.27)) 

( 15.44) 

3H1'pOnM'1HaH UeHa JlJISI KOpOTKMX BOJIH npn Ha]leJKHOCTM 9KCne

pHMeHTa r 6blJI8 

b.Ss, A = knAn, (15.45) 

r 11e n = e:Tf u An~ ln (rn). B KOHue KoHnon KOpOTKOBOJIHOBblii 

MeTO.ll .uaeT: 

b.S s, A = k 27'& l n (r e:T!), (15.46) 

T .. e. k~., yMHO>KeHnoe Ha llHCJieHHblti K09cpcpMUMeHT, 3Ha'4eHMe 

KOToporo cocTaBnSieT HeCKOnbKO eJlHHHU, HJIH, caMoe OOJihWee, 

HeCKOJibKO }leCHTKOB. 

npttMeHSISI ,llJIMHHhle BOJIHbl, Mbl MMeeM f:..Sl, BblpaJKeHHOe 

cpopMynott ( 15.43). 4To6hr y JlOBnersopHTh ycJIOBHIO ( 15.35), 

6epeM 

.D.ocTaT0'4HO 3HatteHHe 1 nopSI,llKa HeCKOJibKHX .neCSITKOB, H 

ycnoeMe ( 15.34) aeTOMaTHqecKH BblflOJIHffeTCH c yqeTOl\1 ( 15.44). 

0KOH4aTenhHO 

(15.47) 

r)le qHCJieHHhIR MHO)KHTeJib ,~/2TC2 HMeeT eenHqMHY B HecKOJlbKO 

JleCSITKOB. HTaK, e nepeoM cny'4ae (A) o6a MeT011a npnBOJlSIT 

K BeJIHllHHaM OJlHOro nopSIJJ.Ka AJISI Hef9HrponHtiHOii ueHbl M3Me

peHHH. 
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B. }{ 0 p 0 T I< ff e B 0 JI H bl, M a JI bl e pa cc T 0 SI H .M SI (CM. ( 15.31 ), 
(15.32) H (15.34)) 

flOJIOiKHM, l!TO 

(15.48) 

IlpH KOpOTKHX BOJIH3X Heo6XOJJ.HM3S1 9Hepr .M5J cor naCHO ( 15.32) 
Ohllra 

!htlllb HeKOTOpast JlOJISl 9TOf:i 3HeprHH 11.0JlfKHa pacceSIThC.st. 

EcJIH, 01111aKo, B3.stTb Hatt6onee HeoJiaronp.MstTHhlf:i cnyqaf:i 

(BCH 9HeprHSI pacceHaaeTCSI), TO yeeJiuqeH.Me 9HTpOIIffH COCTaa.rrsteT: 

kn2ilxr kr.v("ilx1 
ASs. n ~ 2L '2L • ( 15.49) 

floJib3YSICb ¢op My JIOf:i ( 15. 43) llJISI CJiyqa51 JlJiff HHhlX BOJIH, Mhl 

CHO Ba B03BpamaeMCSI K ycJIOBHSIM ( 15.34) H ( l 5.35). Tenepb 

ooJiee cTecH.MTeJihHbIM ycJioe.MeM SIBJISieTCH ( 15.34 ), M Mhl no

JiaraeM: 

"(hv = kT, r .n.e 1' > 1, 

'fro naer: 

311eCb K09cpcpHUffeHT l' eeJiffllffHOf:i B HeCKOJibKO e11HHHU llOCTa· 

ToqHo eenMK, tIT06hl c11ena1h Tennoeyro 9Hepr1110 npaKTuqecKH 

pa a Hott k T, KaK 9TO Tpe6yeTCSI cooTHowetttteM ( 15.4 l ). TaKHM 

oopa30M, 

( 15.50) 

MHOiK.MTeJib (1' f'rc)2 .MMeeT nopHD.OK HeCKOJibKHX e11.MH.Mll. nnst 

MaJiblX paccTOSIHHil L 9HTpon.MtiHaH ueHa eospacTaer e cJiy11ae 

JIJIHHHblX BOJJH KaK L-2 (CM. ( 15.50)), TOr na KaK B c.riyqae KO· 

pOTKHX BOJIH - JI.Mlllb KaK L-J {CM. (15.49)). 
TaI<ffM oopa30M, JlllH llOCT3TOqHQ M3JiblX paCCTOHHfftt MeTOll 

c npHMeHeHHeM KOpOTKHX BOJIH n.aeT MeHbIIIYIO 9HTponHDHyIO 

ueny, He:>KeJia Mero.a. c npHMeHeH.MeM llJl.MHHblX BOJJH; .n.ef:iCTBH· 
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TeJibHO, Jl.JISI 11pe3BblllatiHO MaJiblX pacCTOSlHHtl Jl.JIMHHhle BOJIHbI 

OOXOJI.SITCSI 04eHb JJ.OpOrO. npoueJJ.ypa pa3JJ.eJia 5 oo.11ee BbI
fOJI.Ha, 11eM paccMaTpneaeMhlit 3JI.ech MeToJJ.. 

Paccym.lI.eHHe eure He coaceM aaKOHlleHo. YseJ11111ett11e 3HTponnH 

33BHCMT OT TOIIHOCTH <2.7'!: OHO pacTeT KaK @f2 npH KOpOTKHX 
BOJIHax M KaK :p/l' - npH JI.JU:IHHhlX. 

CJiyqatt yMepeHHO MaJiblX paccTostHHit norpe6oaaJI 6w 6onee 
npHCT3JlbHOro H3ytteHMSl, HO paccMorpeHHe 3TOro CJ1y11aH e.n.aa JIM 

.n.aJio Ohl ttro-.11H60 npaKTn11ecK11 aa»<Hoe. 

7. H3MepeuHe npoMemyTKOB epeMeHH 

06cy JI.MB c HeKorophIMH no.n.po6HOCTHMM M3MepeHHe ,llJIHHbl, 

o6paTMMCH K JJ.pyrott OCHOBHOtl npo6.rreMe: K H3MepeHHIO apeMeHH. 

B 6oJJblUHHCTBe ttacoe MexaHM3M nepe.n.enraeT cTpenKH no un

~ep6nary. 3To nonpocTy CBOJJ.HT nsMepenHe npo~e*YTKa spe

MeHH K H3MepeHHIO yr JI a HJIH JI.JIHHhl. B 3TOM cJiyqae Ha6JIIOJJ.eHwe 

BbinOJIHSleTCH, KaK onncaHO B npeJJ.blJJ.YlllHX paaJJ.eJiaX. 

t .... 
CUZHOPbHb/e 

UMnynbCbl 

o~----------------...__--~ __ _... ________ _....,. 
0 I 2 3 4 t 
MM[\ f\

n 
_ __ _ HMfljllbCbl 

----------------------------------------- C/fJCOD .............. 
e o 

Puc. 15.7. ,llsa cMrHa.!J:a .n.nrreJJbHOCTbIO 6 nocbwa10rcH co c.nntt
roM Ha t B npe.ueJiax B03MOiKHOro HHTepea.1a i:. :3.1eKrpoHHb1e 
1.J3Cbl .na10r KOpOTKHe HMfiJJJbCbI c MHTepsa .. 'JOM 6, npHBO.llJUJ.J.He B 
!leitcrsue npHeMHHKM CHrHaiJOB, II0 .. 10lKeHHe KOTOphlX BO spe:Mc-

HH Mhl >«e.1aeM onpe.neJIHTh. 

3Ta npoueJJ.ypa, OJJ.HaKO, He OtteHb T04Ha, M Mhl paCCMOTpHM 

JI.pyryIO MeTOJI.HKY' coenaJJ.alOlllYIO no cymecTBY c Tott, KOTOpaSI 
npuMeHsieTCH B 9JieKTpOHHblX xpoHHPYIOlllHX ycTpOtiCTBax, noaeo

JIHIOW.HX )loc-rwrHyTh 011eHb shicoKoit T04HOCTH. BpeMeHHhiti 

MHTepsaJI t onpeJJ.eJIHeTCSl KaK pacCTOSIHMe BO epeMeHM Me»<JJ.y 

.n.ayMst HMnyJihCaMH, HanpHMep 9JieKrp1111ecKHMH HMny JibCaMH, no

ChIJiaeMbIMH no JIHHHH B npHeMHHK. MeroJI H3MepeHHst noHCHHeTcst 

CXeMaTMqecKH pHC. 15. 7. nepobiit HMny JlbC COBna.n.aeT C HMny JlbCOM, 
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npHXOJISHlIJIM OT 9JleKTpOHHoro XpOHHpytomero ycTpOftCTBa. 

9TO ycTpOHCTBO (9neKrpOHHble 4BCbl) ]laeT KopOTKHe HMnyJihC~ 
c HHTepBaJiaMH 6; JJ,JIHTeJibHOCTb HMilYJibCOB TaK)l{e paBHa 0. 
KaiKAblft 11MnyJ1hC, nocTyna10m11t1 OT 1.1acon, BKJIIOIIaeT HeKOTOpb1tl 

np11eMHHK. Il pHeMHHKH 3a HOMepaMH 0, l, 2, 3, . , . , n nOJlKJIIO .. 

4alOTC51 no oqepeiu1 K JII1HHH, no KOTopof::i JlOJiiKHhl nocrynHTb 

c11rHaJihHble 11M11y JihChl. Ecn11 33 epeMst BKJI10lleH11st np11eMH11Ka 

cnrHana HeT, TO HHl.Jero He npo11cxoJJ,11T. Ecn11 cHrHaJI ecTh. 

np11eMHHK npwxo.J.HT e .JleHcTsHe. Mbt 3aMeL1aeM, Hanp11Mep, 4TO 

npHlliJIH B Jlef::icT BHe npHeMHHKH 33 llOMepoM 0 H 3a HOMepoM n, 
H Mbl aaKJIIDllaeM, 4TO JlJIHHa npeMeHHOfO HHrepBaJia ecTb 

t = n6. (15.51) 

IlepeKJII0113IOW.Hf::i MeXaHH3M B npHHUHne He TpeoyeT KaKOJi .. 

JIH6o 9Hepr1111. Ero Aef::icTBHe MoJKeT OhlTh ocHoBaHo Ha H3Me· 

HeHHH HanpstiKeHHSI Ha KpHCTaJIJIH4eCKOM JJ,HOJJ,e, 1.1epes KOTOpbltl 

TOK He IIpOXOJlHT, nOKa He nOSIBJISleTCH CHrHaJlbHblf::i HMnyJibC. 

MoiKHO raKJKe nocnoJihsoaarbcsi 11sMeHeH11eM HanpH)f{eH11st Ha ceTKe 

9JieKrpoHHOf::i JiaMnbl. Korna npHXOJlHT c11rHaJ1bHhlH HMnyJibC, OH 

JJ,OJI)l{eH OhlTb 3an11caH, a 9TO 03Hat.IaeT paccestH11e 9Hepr1111. 

MO)f{HO npe,ll.CTaBHTb ceoe npHMeHeHHe HacTpoeHHOro np11eM

HHKa, HO oobl4HO rpe6yeTcH yc11J1HTeJ1h. OH HBJIHeTcst 0cnoMo

ra-re;1bHblM ycTpoiiCTBOM JI.THl yseJIH4eHHSI MOW.HOC'fH, H Mbl He 

oy JJ,eM BB0Jl(11'b B paCCMOTpe1111e 9HeprHID, norpeOJISleMylO CaMOii 

yc11JI11TeJibHOf::i CHCTeMoU. 

B taKoro pona ~aAa~_e AJist o_r~peJJ,eJieHHst KOJIHl.JeCTBa 11Hcpop

Mau1111 H 9HTpOIIHAHof::i ueHhl MbJ Jl0Jl)f{Hbl ycTaHOBHTb nOJIHYIO 

JJ,.t111TeJ1hHOCTb 9Kcnep11MeHTa t. Bocnonh3yeMcst 011peAeJ1eHHstMH, 

cxoJJ,HhtMH c nseJJ,eHHblMH e pa3AeJie l. PaccMoTpHM cpanHMTeJib· 

HYIO norperuHOCTb sc H T04HOCTb G.Tt: 

( 15.52) 

B o6meM, c11ryau1151 B T0:4HOCTH cosnaJJ,aeT c Tott, KoTopyto Mh1 

o6cyJK~anH paHee B CBS13H c H3MepeHHSIMH Jl,JIHHbJ. 

IloJiy4eHHBSI HHcpOpMBUHSI cor JIBCHO ( 15.3) pas Ha 

A/= k In~, (15.53) 

Tor ,n;a Kai< 9HTpOIIHiiHast ueHa COCTBBJISleT: 

AS~ 2kAn+h . (15.54) 
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raK ·KaK Mbl npoHsBeJIH HaoJiroiteHne Ha.n. (n + I) pe3oHaTopaMu 
c no.'IO)IH1TeJihHblMH oTcqeTaMn no JlBYM ns Hnx. Mht MomeM 

eocnoJib30BaTbcst 3Ha4eHneM An+t no cfJopMyne ( 14.23) e cJiyqae 
Ha,lleiKHOCTH, paenoi:t 2 ( sep051THOCTh OUJHOKH 1 /2), HJIH a3SITh 

An,t ==In [r (n + 1 )], 

~CJIH TpeoyeTCSI BblCOKafl Ha)I.eiKHOCTh (r JiaBa 14, pa3]leJI 5 ). 
Ooo61uenHhlti upHnunn KapHo cooJIFOLI.aeTcst: 

d ( S - I) ?': 0. ( 15.55) 

B npo6JieMe H3MepeHHH speMenu a cuny coornomenu.s1 ne
onpeJlenennocTn acer .n.a coxpaHsttoTCst ycJIOBHff, cooTeeTCTayromne 
cJiy11ato A pa3.n.ena 5. HMny JibChl .n.nnTeJI&HOCTH 0 rpeoy10r 
llOJIOCbl 111HpHHOt1 

I 
~·; == 2VM = 6"• 

noKa>KeM, 4:TO 9TO yCJIOBHe npHBO,llHT K HH3KHM 43CTOTaM: 

(15.56) 

11.,'IH 

..lxT l 44 · 10-10 

0 > 2c = ' 6T ceKyH.n., (15 .. 57) 

r .n.e T- aoCOJllOTHaSl TeMnepaTypa, ll..xr- xapaKTepHCTHlleCKBff 
.n.nnHa .n.nSI TeMnepaTyphl T, onpeJlensieMaSI paBeHCTBOM ( 15.12). 
Y CJioene ( 15.56) Ha npaKTHKe acer .n.a ahUIOJIHsteTcst. 3To ycnoane 
MOA-.:HO paCCMOTpeTb c T04KH 3peHHSl COOTHOllleHHSl neonpe.n.e~ 

JiennocTu. Yf 3aeCTHO, 4TO speMst t u 9HeprHst E npeJlcTaBJisttoT 
COOOi:t napy COilpSliKeHHblX nepeMeHHhIX. no9TOMy, eCJIH Mbl H3-
MepsteM t c TQqHQCTblO dt, Mhl 06.s13aTeJibHO BBOJlHM neusseCTHOe 
B03Myw.enue ll.E B 3Hepruto E: 

dEdt ~ h. (15.58) 

3Ty neonpe.neJieHHOCTb dE nymno cpaBHHTb c HOpMaJibHhIMH 
<jJJiyKTyBllHSIMH e, OOYCJIOaJJeHHhlMH TenJIOahlM ,ll.BHiKeHHeM npA 
TeMnepaType T: 

(15.59) 
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r .ne n npe.ncTaBJtsteT lJHCJIO aum11B1tbtX cTeneHeH cno6oJI.hl CH .. 

CTeMhl, a HM€HHO, q11.CJIO KOJleoaHHtt HH3KOtt qacTOTbl (hv ~ kT). 
8blCOK0"4aCTOTHhle KOJ1e6aHHSI npaKTHqeCKH He B030y)l{,naIOTCSI M 

OKa3hIBaIOT MaJioe BJIH51HHe Ha QJJIYKTyaU.HH 9HeprttH. 11TaK, HYJKHO 

cpaBHHTh ~E H '11E. 

( 15.60) 

3To ecTh cJiyqaH, paccMaTptteaeMhIH e .naHHOM pa3JJ.eJie. BosMy

ureH11.eM1 OOyCJIOBJieHHblM H3MepeHH€~ epeMeHM, MO)l{HO npe

neopetib. Y CJIOBHSI ( 15 .5 7) H ( 15.60) pa3JJHttaKJTCSI TOJihKO MHO-

A<:HTeJieM V n. 

(15.61) 

3TH ycJIOBHSI npttBO,llSIT K 3HaqttTe.IJbHOMY B03Myw.eHHIO CH

CTeMhl. CJittlllKOM OOJihlllaSI ToqHOCTh B onpeJJ.eJieHHH speMeH11 

Mor JI a Ohl Jia)l{e paspylllttTh HaOJIIDJJ.aeMy10 CHCTeMy, TaK KaK no .. 

rpeooeaJIHCh Ohl BbICOKtte qacTOThl, JJ.a1omtte oo.rtbUJHe KBaHThl hv. 
nopstJJ.Ka A1£ HJIM 6oJibrne. 

8. HaoJIIOJJ;eHHH IlOll MHKPOCKODOM 

OocyJK,neHHhie e npeJJ.hIJiyw.wx paaJJ.eJiax npooJteMhI ttsMepettttti 

paCCTOSIHHSI H epeMeHH B CBOHX npHMeHeHHSIX noKphlBaIOT no4TH 

ace ooJiacTH c}JttswqecKoro 9Kcnep11.Me11Ta. TaK,.Hanp11.Mep, ttsMe

peHHe 9~eKTpwqecKoro TOKa npOH3BO.ll,HTCSI no noKasaHHK1 BOJihT· 

MeTpa, llTO CBOJJ.HTCSI K onpe,lleJieHHIO flOJJO)KeHHSI CTpeJIKH Ha 

UJKaJie, T. e. K H3MepeHHIO ,llJIHHbl. YlaMepeHHe JJ.JIHHbl, H3MepeHHe 

HH.TepeaJIOB epeMeHH H ClleT - BOT OCHOBHble MeTO,llhI 3KcnepH .. 

,MeHTa, H HaIJIH paccy)l{JieHH51 noKa3bIBaIOT npttMeHeHtte tter9HTPO· 

nHtiHoro npttHlUiila HHQJOpMaU.HH K 9TH~f npooJieMaM. 

Bonpoc 11.MeeT, O.llHaKo, HacTOJibKO oonhwoe sHatieH11.e, 1.110 

Mbl 11ccJie.llyeM eme HecKOJlbKO .ll.Ono.rtHHTeJJhHhtX np11.Mepoe. Pac· 
c MOTpHM npeiKt1e acero aonpoc o roM, KaKHM .o6paaoM onpe .. 
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lleJISlercsr nonoiKeH11e lJ3CT11Uhl np11 DOMOU111 M11KpocKona, KOH1teH
Tp11py10111ero cser a ¢oKyce F, KaK noKaaatto Ha pwc. 15.3. 
nJISI TOfO lJT06hl HOJIYlJHTh qer
Koe onpeJI.ene1u1e ¢oKyca, 1pe .. 
6yeTC51 onpeJI.eneutta51 nonoca 
qaCTOT H OlJeHh 60.'lhlllOe qwcno 
cjJOTOHOB, naD.atom11x Ha J111H3y. 
3aJtatia cTattoeuTCSI onpeD.eJieH
HOti TOJthKO ror ,na, Kor JI.a Mbl 
orpatt11tuiaaeM none Hao;noJI.e
HHSl, KaK UOKa3aHO Ha p11c. 15.8. 
Cser npoxonwr qepes aonttono.n, 
KOl'OPhlli MO)l\eT 11MeTb, Hanp11-
Mep, npsiMoyroJthHoe cetieH11e co 
cTopottaM11 a 11 b BJJ.OJJb ocen x 
H y cooTeeTCTBeHHO. BoJIHo-
eon onpeJI.eJIHer ll.HCKpeTHYIO 
coeoKynttocrb coocraetttt~x 
BOJIH 1 

), Ha.11o>KeHHe KOTOphlx 00-
paayer cj:>oKyC B cpOK3JibHOti 
n11ocKoc111, KoopD.11Hara Koro
pott z=O. 

BhI6epeM eonHhI H (nonepe'I
Ho-sneKTpHqecKHe) c aepTHKanhHO 

./IUHJI] 

-- z·O 

8011Ho!Jo!J 

O

Y I nonepe'IHoe 
o~-~------...-.- CC'lelfUe 

'4M~:Uo 
a 

Puc. 15.8. Bo.1HOBO.Il orpaHHllHBaer 
npe,lleJlllll ua6JIIOJlCHHii JJHU30H MH
KpOCKona c aneprypoti H. <l>oKyc 
F nHH3bl Haxo.zu1rc.R Ha ypoBHe 
z = 0 npflMO)TO.i'lbHOfO BOJJHOBO.IJ.a. 

HanpaeneHHbIM MafHHTH~M no~eM, H0pM3JthH351 npOH3BOJI.H351 KO
toporo Ha rpaH11Ue JlOn>KHa ooparrtaThCSl B Hy Jib: 

'"' 1tf X 1':.my ( Z \ Hz=.-'- Aim cos a cos T cos w t - v,m), ( l 5.fl2) 
l. m 

f .ne l 11 m - lf HCJia Y3JIOB B HanpaBJieHH51X x H y, v,m ---- q J ... 

aoeast cKopoc1·b D.aHHOti eoJJHhl a Hanpaenett1111 z. Ue.'Ihle q11cna 
l 11 m npooerator ece aua11eH11st or 0 ll.O co, Ho KOM6Hnau11si 0, 0 
11cKJttotteHa. BoJIHOaoe ypaattenue 

( l 5.t)3) 

1 ) CM., Hanp11:Mep, C. 0. ~1 on t go mer y, R. H. f) irk e, 
E. M. Purce I I, Principles of Micro\vave Circuits, :\11T Radiation 
Lab. series, vol. 8, pp. 34, 37, 55, :\1cGraw-Hil1, NY, 19-18. 



( 15.64) 

cf>a30BaSI CKOpOCTb Vlm 60JJblIJe, qeM C, TOf ,lla KaK rpyunoeaH 

CKopocrh Uzm MeHhllle, 1.1eM c. 06e cKopocrw crpeMsircH B npe .. 

11e.11e K c c IIOBhlllleHHeM IIaCTOThl. <l>a3oBaSI CKOpOCTb v bm CTaw 

HOBHTCH oecKOHeqHO OOJJhlllOM (a Uzm npHOJJH»eaercs:i K HY JifO) 

npn HH>KHeA rpaHM4HOM 1.1aCTOTe 

1 2 _ (ttl )2 + (1tm)~ OJfm- -- -c1 a b ' 
(15.65) 

H TBK Kak 

10 COOTBeTCTBYfOW.3SI ll.JIMH3 BOJIHbl Bbipa>KaeTCSI COOTHOWeHMeM 

--: = (!_)2 + (m)2. 
llm a b 

JlaHHasi l, 1n-BOJIHa MomeT OhITh C03.IIBHa nJtocKoM BOJIHOM, ec1·y~ 
.aaIOmeA B BOJIHOBOll HaKJJOHHO K OCH H OTpa>KafOUleMCfl nonepe..

MeHHO OT OOKOBhIX creHOK 
1
). 0003H3llHM 4epe3 r.p.X' r.py H a yrJJhl, 

oopa30B3HHble naJl3fOW.MM JIYllOM C OCSIMM X, y 11 Z COOTBeT

·CTBeHHO. Mbl HMeeM: 

HJJM 

-+IA 
cos Cf x - - 2a ' 

ml.. 
cos <.f y = + 2b ' 

., c > 
~lm=== n C, cos u 

~ . 2 0 _ (1!!..)2+ (1t'n)2 s Sin - b , c a 

4 . 2 _ ( 1 )2 ( m )'.! 
).. 2 Sin 6 - a· + b . 

} (15.66) 

J 

1) 3ra KOHuenu11R npe1u1o>KeHa asTopoM B 1936 r. Ona ocHOBaHa Ha 
pa3no2KeHHH IIOJUI B BOnHOBOJJ.e Ha Il.!JOCKHe BOJIHbI. DocJieJJ.yEOUJ.ee paCCMO• 
TpeHHe OT,lleJlbHOA DJIOCKOti COCT3BJHltoUJ.ett HeCKOJJbKO .popMaJJbHO B cnyqae 

. paJJ.HOBOJlHOBOJJ.a, HO MO>Ker HMeTb Up HM Oil fj)H3HIIeCKHtt CMbICJI B onrH• 
'!CCKul\1 CJiyLJae. (llpuM. nepe6.) 
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fpaHH'IHble ycnoBtiSI co0Taercrey10r B == 7t/2. B c11y4ae puc. 15.9, 
04eBHJI.HO, BhlClIIHe l, m-COCTaBJISIIOlll,He B030YiK.U.aIOTCH uocpe.nR 
CTBOM HaKJIOHHhIX JtyLJ:eti B CXOJISimeMC51 rry4Ke. IlO)lXO.QSillI,tiM 
HaJio)KeHtteM 1v1eHoB ( 15.62) MOiKIIO o6paaoearh ¢oKyc P. Ecn11 
qacTora ceeTa w 3a,nana, To ( 15.65) orpaHH'ltiBaer 3HaqeHti5l 
tiH,neKcoe l, m, TaK KaK acer )la JI.OJDl<Ho 6bITh wtm < w. EcJIH 
saJI,aH aneprypHhiti yron 60, TO ( 15.66) JI.aer 6oJiee TecHoe orpa
HtilleHHe 3HalleHtitl /, m. 8bICOKa51 TOqHOCTh B onpe.neneHl111 
¢oKyca norpeoyer HaJiti4ti51 a cyMMe 4JieHOB c oonhllltiMti sHa
lleHH5lMti /, m, a 3TO B CBOIO oqepeJib norpe6yer BbICOKOti qaR 
Cl'OTbl (J) ti 60JiblllOti auepTyphl 60. 

Mhl 11MeeM, O.U.HaKo, .neno c tiHOtl 3a,lla4etl. Mhl oy.neM YJI.O
BJieraopeHhJ orpaHHlleHHOtl TO'IHOCTbIO B onpe,lleJieHtiti QJOKyca ti 
XOTtiM CBff3aTb 3TY TO'IHOCTb c tiHQJOpMautietl, nonyqaeMotl npti 
Ha6JIIOJieHtiti. BoshMeM e cyMMe ( 15.62) K0He11Hoe 4tiCJio qneHoB 

( 15.67) 

ti BhIOepeM qacrory Bblllie npeJI.eJIOB, ycraHOBJieHHblX paBeHCTBOM 
(15.66). YcnoBti5l (15.67) JI.aIOT cfJoKaJihHoe nHTHo KoHetJHhIX 
pasMepoe 

a 
l ) 
M 

~y ( 15.68) 

MbI He MO>KeM pas.nentiTh nepeMeHHhie z ti t, raK KaK BOJIHhI 
cao6oJI.HO pacnpocrpaHSIIOTCH B HanpaBJieHtiti z ti npeJinonaraeTcff, 
'ITO BOJIHOBOJI. JltiOO t5ecKoHe4eH, Jiti60 Harpy>KeH Ha KOHUe TaK, 
lfTOOhl Hsoe>KaTh 01pa>KeHtiit Mo>KHO Jitilllh nptiMeHtiTh KoporKHe 
HMny JlbCbl .ll.JIHTeJibHOCTti t' KaK Mbl JI.eJiaJiti B r JiaBe 13, ti Jl.JISI 
Toro, qro6bl nony4tiTh KOHeqHoe lftiCJIO creneHeti caooo.nw, HY)KHO 
nepHOJl,ti4eCKl1 nOBTOPSITb HMnyJibCbl Ha npoMeiKyTKe t. 8ro )laeT 
JIJISI Ka)K.nOt-1 BOJillbl lJtiCJIO creneHeH CB060JI.bl ( c~. (13.36)): 

t 
n~?.~· (15.69) 

B oomeM, nyt..10K tiMeer l Mm Mn creneHeti cao6onhl qacroThl w. 

IloJJO)KtiM, 'ITO npti reMneparype T t.Jac10Ta HH3I<a: hv < k T. 
KaiKJI,asi creneHb caooo.nhl HMeer 9HeprHIO k T, H, c.1eJL0BaTeJ1hHo, 
nonHaH rennoeasi 9HeprHSI t5yJI.er paaHa 

( 15. 70) 
10 JI. BpHJIJuoau 
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ECJIH Mbl XOTHM HaOJIIO.D.BTb cpoKyc, pa3JIHtJHMblii Ha TenJJOBOM 
cpoHe, Mbl JI.OJiiKHhl npHMeHHTb 9Hepr11IO E, no Menhu1ei:i Mepe 
paBHYIO AE n r JI.e A - Ko9cpcp11u11eHT, onpeJI.eJieHHhifi e pas.D.e
nax 4 H 5 r Jiaeht 14. 

Hor JI.a HaOJIIOJI.eH11e CJI.eJiaHo, JIY411CTaSI 9Hepr11si pacce11naercst 
paCCMaTp11eaeMoii 1.1aCTBUeii 11 nornomaeTCSI 1{3K11~11-Jil160 ¢010-
9JleMeHT3MH. 9ro Jiaer yae..'nt qe1111e 9Hrponnu 

(15.71) 

HJI11, C IlOMOlUbIO (15.68) 11 (15.69), 

AkF a b t 
~S ;;;:: 2 , r.ne A> 1 " F =ax ~Y 't • (15.72) 

noJiyqeHHaSI 11HcpOpM8ll11H COf Jl3CHO ( 15.1) H ( 15.3) paeHa 

Al=k In F (15.73) 

- ee11111.111He, acer JI.a MeHhmeM, tJeM AS. HeraHrponnDHbID npnHunn 
HHcpOpMau1111 y ,llOBJieTeOpSieTCSI, TaK KaK 

(15.74) 

- HepaeeHCTBO, 01.1eHb CXO.D.HOe c noJiylleHHbIM f9i:iOOpOM 
npn oocy)KJleHHH 3aJI.aqH Cnnap.D.a (CM. ( 13.55)). Bbipa)Keuwe 
(15.74) scer,Zla noJI0)1{11TeJJbHO. 0Ho 11Meer np11 F=2/A MM· 

H11MyM, paeHbll1 k [ 1 - In(~ ) J > 0, TaK KaK A 60Jihll1e eJJ.11· 

H11Ubl. 
Hor JI.a none ttaOJIIOJI.eH11SI ot1eHh eeJ111Ko 11 roqHOCTh BhlCOKa, 

eenntJwHa F craHOBHTCSI otJeHb oonhrnoi:i, " 9HrponHiiHast ueHa 
naonIOJI.eHnH /J.S MHoro OOJihrne nony1.1eHHoA HHcjJopMaunH IJ./. 
3TO 3aMe4aH11e MOmer HMeTb Ba)l{HOe 3Ha4eHne B HeKOTOphIX 
cp11311qeCKl1X 3a,Zla11ax. Ha6JIIO,lleHwe cpoKyca oea orpaH11qeH11S1 npe
MeHl1 H flOJISI c.uenaJIO Obi 9HTpOnl1iiHYIO ueHy oecKOHe4HO OOJlb
rnofi, tJTO, 0.D.HBKO, He COOTBeTcTeyeT H11KaKOii cp11311qeCKOii 
npooneMe 1). 

1) 31or sonpoc 11ccJJenosaH O. Tor a 1 d o d i F r a n c i a, J. Opt. 
Soc. Amer. 45, 497-50 I ( 1955). 
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9. Paccy}l(JieH ue o lj>oKyce e BOJJHOBOJJ.e 

BepHeMC5I CHOBa K ycJJOBHHM (15.67) H HCCJJe~yeM 6onee 

TIHaTeJibHO ycnosHH BOJJH3H ¢oKyca B BOJJHOBOJie. MbI ~OJJ:MHbI 
noMHHTb, '!TO CTeHKH tpy6bl JI,eilcTBYIOT KaK coneprneHHble 3ep~ 
Kana, OecnpeaeJJhHO 0Tpa>K3f0ll{He CelleHne rpy6hl BBepx H BHH3, 

u1tpaeo " eneno, KaK noKasaHo Ha pnc. 15.9. <l>oKyc F0 0 BHYTPH 
' Tpyohl nMeer ceon nsoopa)KeHH5I s F _1 0, F0 _., F_1 _1, R 

' , ' 
coceJI,HHX np5IMoyrOJJbHHKax, H TaK oes KOHUa. KaK MO:MHO 

® ® ® ® 
F-21 ,, F..u , Fat , Fu 

1 

b -· ·-
F-20 

' 
F-10 , F10 

' ® ® ® 

®a a x 
® ® ® 
F_2 _, , F_t,-1 Fo,-t Ft-I 

' 

PHc. 15.9. flonepetIHOe ceqeHMe so:1HOB0.aa noKa3aHo 3a
mrp11xosaHHOH nnoma.nKofr; cpoKyc JIHH3hl Haxo.nHrCH B F 00• 

TaK KaK creHKM BOJIHoso.aa HBJIHIOTC.R CoBepmeHHbIMH orpa
iKare,,1 RMH, TO IIOJIYll3IOTC.JI H306palKeHHR cpoKyca, KaK noKa .. 

3aHo Ha pncynKe. 

upeJI.CTaBHTb TaKyEO CHTY3UHIO npH nOMOIUH CHCTeMbl BOJJH THna 

( 15.62)? 3aM€THM npe)KJI,€ ncero, lffO cpoKaJJbHaH rIJIOCKOCTh 

z = 0 xapaKTepH3yeTCSI T€M, 4TO see COCTaBJHIIOlll,He pa3JIOA<e

HH51 ( 15.62) COBnaaaIOT no cfJa3e. nnSI JI.pyroro 3Ha lleHH5I Z 

9TH il\e COCT3BJISIIOI1l.He HMeIOT y)Ke pa3Hble cpasbl BCJJeJI.CTBHe 

Toro, qro HX CKOpOCTH v lm pa3JIHqHhl, H ny1.10K paCXOJJ.HTC5I. 

rlle 

PaccMaTpHBaH TOJJhKO cpoKaJihHy10 nnocKocrh z = 0, HMeeM: 

Hz-0 = ! Alm cos lr.p cos nz~ cos wt, 
l, m 

(15. 75) 
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Mhl MO/KeM pa36HTh DBOi1Hott psin <l>yphe Ha nBa oTnenhHhIX 
psina, onHH no x, npyrott no y 1 11 nony4nM: 

Hz-o = X (x) Y (Y) cos wt, 

X(x) = ! X1 cos l<p, 1 ~ l ~ lM, 
l 

Y(y) = ! Y m cos Ill~, 1 ~ m ~ lnAf, 

m 

I 
I 

(15.76) 

Mhl HCKJirotJaeM l = 0 H 1n = 0, 11To61>1 ·n36aBHThCH or 3a11pe
rueHHoro qneHa 0, 0. 

3anaqa CHMMeTpH4Ha OTHOCMTeJibHO x H y. PaCCMOTpHM 
TOJihKo KoopneHary x. Mhl )f(enaeM nonyqnrh cpoKyc F0, 0 n Bee 
ero H306pa)f(eHH5l. 3To 03Ha4aer' qro Mhl DOJI»CHbl HMeTb OCTpbie 
MaKCHMYMhl cpyHKUHH x (x) B T04K8X 

x===x0 +2pa n x=-x0 +2pa, (15.77) 

r ne p - uenoe, nonO)f(HTenbHOe nnn orpeuarenhHoe. 
Mh1 nocTponM pHn c KOHetfHhIM lfHCJIOM qneHoB, npencra

nJIHIOlllHi1 raKoro pona ceryaunro, HO npenBaperenhHo HaM no
rpeoyrorcH HeKoropb1e MaTeMaTMtfecKne coorHoweHnsi. HaqHeM 
c ro)f(necTBa JlarpaHJKa, sanncaB ero B cpopMe, HeCKOJihKO or
nHlfHOi1 OT ( 13.35): 

l A-f 

COS y +COS 2y + ••• +COS lM y = ! COS lq> == 
I 

. !M tM+I 
stn 2 cp cos 

2 
cp sin( l M ~) <p 

------1 
. 1 

stn 2 cp . 
• Cf sin --

2 

. (15.78) 

8TOT pe3yJihT8T nonyqaeTCH nyTeM npoCTbIX rpHrOHOMeTpH4e
CKMX npeo6pa30BaHntt, OCHOBaHHhIX Ha COOTHOWeHHflX 

( I) f..u lM +I 
[M -t- -~r y == -2 y + 2 q>, 

l lM !M + l 
2 y === - 2 y + 1>· 
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BoshMeM Tenepb 

1 ~ l ~ lM, Xi= cos l<!(o, 

lM lM 

'JtXo 
<!(o= ~' a 

X(x) =.!,cos lcp cos lcp0 = {-! [cos l (cp - cp0) + 
0 1 

293 

(15.79) 

+ cos l ( <!( + l'o)], 
ffnH c npHMeHeHHeM (15.78) 

IM JM+ 1 
sin 2 (cp - Cf>o) cos 2 (cp - ro) 

X(x)= + 
2 sin Cf - Po 

2 

IM l.M+ 1 
sin 2 (cp +po) cos 2 (cp + tfo) + ------------- . 

2 sin cp + Cf>o 
2 

IlepBbitt qneH paeT OCTpwe MaKCffMYMbl npH 

if= I.Po+ 2p1', 

(15.80) 

Kor pa 3HaMeHaTenb o6pamaeTCH B HY nh. BTopott qneH Aaer 
MaKCffMYMbl npff 

if= - I.Po+ 2p1', 

H 9TO AaeT nonHy10 cncTeMy ct>oKyca u ero H3o6pa>KeHffii, onpe
AensreMbIX paBeHCTBOM ( 15. 77). CffcTeMa BblpOiKLtaeTcsr npff <!(o = 0, 
T. e. Kor ;:r.a cpoKyc HaXOJJ.HTCH 8 OPHOM HS yrnoB cetteHHH BOn .. 

HOBOLta. 
Ilocne;:r.oeaTenbHOCTb K09<lJ$lU{HeHTOB ( 15. 79) ;:r.aeT 8 TOQ~ 

HOCTH Tpe6yeMble ycnoe11sr. PaccMoTpHM nepsoHaqanhHblti ct>oKyc 
ff ero OKpeCTHOCTh 

x=x0 +ox, if= <!(o + ocp, (15.81) 

BTopblM qneHOM ( 15.80) MO>KHO npeHe6peqh. IlepeDiit qneH HMee-r 
e <f>oKyce (~~ = 0) MaKCHMyM, paeublH l M/2, ff nepebre uyna 
npn 
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KOr .rr.a KOCHHYCHhltl qneH 3HaMeHaTeJUI nepeoro tfJieHa oopamaeTCH 

e HY Jih. W11.p11Ha MaKCHMyMa MO)KeT OhITh npaKTHtfeCKH onpe.rr.e

neua nonoBMHOD paccrosrHMsr Me)KJ.T.Y nepewMH HynHMH cnpaua H 

cneaa: 

(15.82) 

f{or .rr.a l M eenHKO, 9TO YCJIOBHe CBO,ll,H fCH K npeiKHeMy COOTHO

weHHIO ( 15.67). 
AHanorMtfHble cooopaiKeHHSI npHMeHHMbl K KOOpJlHHaTe y. 

JlerKO y6e)l.HThCH, qTQ 9TH ycnOBHH B TQqHQCTH COOTBeTCTBYIOT 

ot.5hltfHOMY onpe.rr.eneHHIO pa3pewaromett cnocoonocTH. PaccMoTpHM 

KBaJJ.pBTHYIO anepTypy H 809hMeM 0)1.HHSKOBhle npeJJ.eJibl 8..QOJib 

X Hy: 

a=b=r, ~x=Ay, lM=mM==M. 

PaJ.T.MYC Q:>oKanhHoro nsrTHa paaeH 

fir= V (!i.x)2 + (!ly)2=r-. / ,! +ml' =JI~ r. 
JI M M 

IlpeJJ.enhHbif:t yron 60 nonyqaeTCSI ua ( 15.66): 

4v2 . 2 / I M)2 (m .M)2 (M)2 
c2 sin Bo= \ a + b = 2 -r , (15.83) 

( 15.84) 

qro H npe.rr.cTaBJISieT co6oti 06bilfHy10 cpopMyJiy .rr.nsr paapemaro

men cnoco6HoCTH, KaK Q:>yHKUHH J.T.JIHHhl eonHbt .A u anepTypHoro 

yrna 60• 

10. flpHMep&I H OOCy)l(,lleHJte 

llHTaTeJih MO)KeT nOUHTepeCOB3TbCH, nolleMy COOTHOrneHHH 

( 15.67) H ( 15.69) conna.rr.a10T, aa HCKJiroqeHHeM MHOiKHTeJIH l /2 
8 ( 15.69). f1 pHlf HHa COCTOHT 8 TOM, qTQ HBM HYiKHa CHCTeMa 

c10S1qux BOJUI B)l.Onh x H y. CToHqHe BOJIHhl ot.5paa110TCR u~ 
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,a:syx O,lJJJHaKOBhIX 6erymttx BOJIH, pacnpOCTpaHHIOIUHXCfl B npo

'lHBOITOJIOit<HbIX nanpasneHHHX. 8T11 .n,Be BCTpel[Hhte BOJil-lbI 803-

JIHKaIOT scne.n,cTBHe o-rpaiKeHHH OT cTeHoK eonHOBOJJ.a. B Hanpa

sneH 1111 z Mbl HMeeM TOJlbKO 0.D,HY 6eryw,y10 BOJIHy, orpaiKeHHOft 

BOJIHbI HeT. 3THM H 06'bHCHHeTCH MHO)f(HTeJJb 1 /2 B Bblpal:KeHHH 

( 15.69) .n,JIH 4HCJia n CTeneHett cso60.n,b1. B Haqane pa3.n,eJia 9 
yiKe 6hlJIO llOHCHeHO, lfTO BCe COCTaBJISUOll.lHe BOJIHhl B T04HOCTM 

cosna.n,a1ot no cpa3e B cpoKaJibliOtt IIJIOCKOCTH z = 0 H 6hICTpO 

paCXOJJ.HTCH no cpa3e .ll,JIH .llpyr11x 3HaqeHHtl z H3-3a pa3HbIX CKO

pocretl pacnpocTpaHeHHH vtm· M@ Mor JIH 6hl c paBHblM ycnexoM 

paCCMaTpMBaTb o6pa30BaHHe Q:>o-

Kyca CXO.ll,Hlll,HMCH ny4KOM c MaK-

CHMaJibHbIM yr JIOM 60, orrpe.n,enHe

MbIM paBeHCTBOM ( 15.83). Tiy40K 

pacXOJJ.HTCH no JJ.pyryJO CTOpOHY 

Q:>oKyca, npn4eM 60 ecTb yron pac

XOiK.n,eHttH. 

BMeCTO OCTporo cpoKyca HaM 

MO/KeT ITOHa.n,o6HThCH ,QJIHHHhltt Hr

JI006paaHhltt nyqoK. Ero MO)KHO no

ny4ttTh, npnMeHHH BbICOKYIO qacTOTy 

I1 MaJihltl yrOJI 6. <f>OpMy Jlbl ( 15.66) 
HJIH ( 15.83) noKa3bIBalOT B03MO/K

HOCTb no,a:o6paTb s111 napaMeTphl 

TaK, 4T06bl ueJihle HH,QeKChl l l1 m 
OCTaBaJIHCb 60JiblllHMH H lfT06bI ny
l[OK 11Men Manoe norrepe4HOe celfeHne. 

BoaMo>KHO r aK)Ke nonyqnTb 

c I13BeCTHblM np116JIH)KeHHeM nno

BoPHotJoO 

v 

P11c. 15. l 0. Cna6o pacxo;1.s:1 .. 
Ill.HfiCR nyq, noJiy4eHHbJH IIpH 
noMOI.I.l.JI UHJIHH.llPH'·lCCKO tt JIJIH-

3bl JI rrpuro.ztHblfi JlJI.R npHMe-
HeHHH a MalllJIHe CHnapJla. 

CKHtt nylfOK aa.n,aHHOtt TOJIIUHHbl. 3ro MO)f(HO c.n,enaTh c no

MOlll,hlO UMJIMHJJ.pHlfeCKOtl JIHH3bl npH MaJiblX yr JiaX 0 H .ll,JIHHHblX 

iuene.tt, orpaH1111uea10mnx nyqoK B HanpaeneHHH x (Ho He y), 
KaK noKaaaHo Ha pnc. 15.10.. Paanoil<eune eo .. TJHbI (15. 76) ,a:aet 

,QJJH cpoKaJibHOtt ITJIOCKOCTH 

Hz-o=X(x) cos wt 

Biie saBMCHMOCTM OT y. flonyqaeMbltt nyqoK Bbipa)KaeTCH KaK 

lM 

H = 1~1 X 1 cos lr.p cos w [t - (~;)] ( 15.85) 
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npu m = 0. BbICoKaH qacrora ro MHoro BhlWe rpaHHlfHOD qa

CTOTbl 

( 15.86) 

.uacT nyqoK c oqeHb MaJiblM pacxOJK.UeIHieM. 3TM yCJIOBHH COOT

BeTCTBYIOT sa,ll.a4e o MalllHHe C11nap.uat o6cy)K.ll.eHnott B pas.ueJJe 6 
r JiaBbl 13. PHc. 15.10, nosepHyTbitt Ha 90°, cooTeeTcrsyeT c11-
1·yau11tt pHc. 13.5. B 9TOM cnyqae Mbl HMeeM fly= b, H Bhipa

)KeH11e ( 15. 72) ,ll.JISI F CBOJI,HTCH K 

( 15.87) 

3ro eCTb B roqHQCTH SHaqeHHe F HS (13.55)t H COBMemeHHe 

(15.74) c (15.87) HJI,eHTM4HO pesynhTary rnaebl 13, nonyqeH

HOMY JJ.pyrHM MeTO.ll.OM. 
PaseHcrea ( 15. 72) H ( 15. 7 4) co.uep)KaT q11cneHHbltt MHO)KH

renh A, sHaqeHHH KOToporo 6bIJIM 06cy)K,L1.eHbl e pasD:ene 5 
r JiaBhl 14. IlpH HHSKMX qacTOTax 9TOT MHO)KH~eJib HMeeT SHaqe

HHe An, Morymee JJ.OCTHraTh HeCKOJihKHX e,ll.HHHU, HO e HeKoro

phIX 9KCnepHMeHT8JibHhIX ycJIOBHHX MoryT noTpe6oeaThCH BhICOKMe 

qacTOTbl, npH Korophlx A sHatJ11TeJihHO oonbIUe: 

{

A,, 
A= hv 

kT 

npH 

npH 
(15.88) 

IlepBhID cny11an OTHOCM1'CH K KJI8CCHqecKHM Ha6JIIO.UeHHHM. 

BTopott cny1.1an COOTBeTCTByeT Ha6JIIOJJ.eHHIO, BOSMym.a10rn.eMy 

11a6JI10.UaeMy10 CHCTeMy M Tpe6y10rn.eMy y11era KB8HTOBhIX 

YCJIOBHtt. 

11. 3aKJnotieHne 

Bo ecex npHMepax, oocy)KJJ.eHHblX e aron u npe.ll.hl.ll.YIUHX 

rnaeax, Mbl HaWJIH, qTo HHlflopMaUHH, nonyqeHHasr HS 9KCnepu

MeHTa1 CBSl38Ha c TOllHOCTblO norapHcpMHqecKofl 38BHCHMOCTblO 

ft.I= k In <27'! (15.89) 
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11 qTo conyTCTeyromee yeeJI11qeHue 9HTponuu y JlOBJiereopHeT 

HepaeeHCTBY 

AS~A/. ( 15.90) 

3Ttt npHMephl nocJiy)KHJIH, TaKHM o6pa30M, fiO,UTBep)f(,UeHHeM 

o6o6meHHoro np11HUHna Kapno, KOTopbd~ Mhl naaeaJIH HeraHTpo

n11UHhlM npHHUHflOM HHcpopM3UHH: 

A (S-/)~ 0. (15.91) 

Mb1 11ccJie,noBaJIH acpcpeKTttBHOCTb Ha6nro,neHttH, KOTopaH 

B c11J1y HeranTponHttnoro npHHunna yJlOBJieTeopHeT ycJIOBluo 

-<P Al l 
c'/ =AS~ • ( 15.92) 

B cJiyqae npHMoro HSMepeHttH .UJIHHbl (CM. pa3,neJibI 2 u 3 9Tott 

r JiaBhl) 9cpcpeKTHBHOCTb oqeHh 6JIH3K3 K e,nHHHUe " Hef9HTp0-

nuttnaH ueHa Ha6111o)leHHH MaJia. Bo ocex JJ.pyrHx paccMoTpenHhlX 

CJiyqaHX, OJlHaKO, 9QxpeKTHBHOCTb MHOro MeHhille e)lHHHUhl, H yee

JIHqeHHe 9HTpOnHH 803pacTaeT c nOBbIIUeHtteM TOllHOCTH no 

MeHhrnen Mepe JIHHettno: 

AS=av'f +b. ( 15.93) 

l1oCTOHHHaH b o6hl4HO MaJia. Koacpcpuu11enT a e HeKoTophlx 

cJiyqaHx eCTh noCTODHHaH, a e .a.pyrux HBJIHeTCH JiorapucpM11qe

cKott cpyHKu11ett rd/!. KaK ttHTepcpepoMeTpuqecKHft Mero.a. 11sMe

peHttH pacCTOHHHft, ·raK 11 H3MepeHue nOJIO)f(eHHH npu IlOMOllJ.H 

MttKpOCKOila npHBO.ll,HT K yBeJIHlJeHHIO 9HTpOnttH, BhlpaiKaeMOMY 

paBeHCTBOM ( 15.93). QqeBUJ].HO, B 9THX CJiytJaHx 9¢cpeKT11BHOC'fh 

6hlcTpO y6hlBaeT c nOBbiilleHHeM TOqHOCTH. 

MbI BHJleJI11, qTo actxt>eKTHBHOCTh, soo6me roeopH, eblme npH 

HH3KHX qacTOTaX. VICKJII04eHHe COCTaBJIHIOT CJiytJaH, Kor ,!I.a 113-3a 

OtJeHb BbICOKHX Tpe6oBaHHft K TOqHOCTH, OKaShIBaIOT BJIHHHHe 

KBaHTOBhie ycJIOBHH. IlpH TaKHX o6cTOHTeJihCTBax npe.nnoqTH

TeJibHO npHMeHeHHe BbICOKHX tJaCTOT' .a.a)f(e eCJIH acpcpeKTHBHOCTh 

OCTaeTCH oqeHb HH3KOft. 0,nHaKO B 9TOM CJiyLiae Mbl MO)KeM 

noBhlCHTb actxt>eKTHBHOCTb npH noMOIUH no)lXOJI.HlUHX ycTpoltCTB, 

yMeHbillalOW,11X paCCeHHHe 9HeprHl1. Ilo cyIUeCTBY, TaKaSI npo

UeJlypa CBOJlHl BhlCOKOllaCTOTHYIO sa.a.a4y K HHSKoqaCTOTHOfi, 11 
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C001'BeTCTBYIOIUHe pe3y JlbTaTbf ~JIH HH3KHX llaCTOT MoryT, TaKHM 

o6pa30M, npHMeHHTbCH BO BCeX cny4aHx. 

CJie~yer, 6hITb Mon<er, 3aMeTHTb, lfTO npHMOfi Mero.n. H3~1e
peHHH paCCTOHHHH, .na10mtttt OlfeHb 60JiblllYIO acpcpeKTHBHOCTb, He

nerKO npHMeHHTb B Jia6opaTOpHH ~JIH H3MepeHHH MaJJblX pac

CTOHHHti H3-3a TPY ~HOCTefi B nocTpoeHHH coOTBeTCTByIOru.etl 

annapaTypbl. QqeHb MaJihfe paCCTOHHHH Beer ~a H3MepHIOTCH HH

TepcpepoMeTpHqecKHM MeTOJI.OM, H, TaKHM o6pa30M, npaKTHqeCKH 

Mbl HMeeM .neJIO c MaJiblMH acpcpeKTHBHOCTHMH, noJJy4eHHblMH 

B 60JiblllHHCTBe pa~CMOTpeHHbIX npHMepoB. 
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TEOPHSI HH<l>OPMAUHH, IlPHHUHil HEOilPEJlEJIEHHOCTH 
H <l>H3HqECKHE IlPEJlEJlhl HAliJllO,llAEMOCTH 

MbI o6cy .llHJIH uenb1ft pH.ll 9KcnepHMeHTOB H nonyttHJIH o6ru.Htt 

pesy JlhTaT: Her9HTponHtiHblft npHHl{Hn HHcpopMaUHH, car JI a CHO KOTO ... 

poMy 11HcpOpMall,HSI, nonylfeHHaSI H3 cpH3H4eCKOf0 Ha6JJIO,lleIIHH, .llOJl

iKHa OblTh onnalJeHa yBeJJHlfeHHeM 9HTponHH B Jia6opaTopHH. B cpe.u

HeM 9TO yBeJIHtteHHe 9HTpOnHH 60Jibllle, qeM nonytteHHaSI HHcpop

MaUH5l, eCJIH o6e BeJIHlfHHbl Bhtpa11<:a10TCSI B 0,llHHX H TeX me 

e,llHHHuax. 3Tl1 ycJIOBli5l npe.UCTaBJI5IIOT co6oti HOBOe orpaHHtteHHe 

B03MO>KHOCTeft Ha6.nIO,Ilel-IH5l, 11 Mbl cpaBHHM HX Tenepb c H3Be

CTHbIM COOTHOWeHHeM HeonpeJJ:eJieHHOCTH. 

Ha npoTH>KeHHH nocne.nHHX nHTH.UeCHTH 11eT Benach o6IIIHpHa5l 

.llHCKYCCHH no IIOBO.llY B3aHMOOTHOllleHH5l KJiaCCHtteCKOft cpH3HKH 

11 KBaHTOBoti cpH3HKH. TottKa 3peHH5l H. Eopa, Bb1pameHHaH B ero 

npHHUHne iJono.llHUme.llbHOCmll, H ero TOJIKOBaHHe COOTHOWeHH5l 

neonpe.ueneHHOCTH OCTaIOTC5l, nO-BH.llHMOMy, s.upaBbIM M JIOrH4HhIM 

no.uxo.uoM K npo611eMe. HeJJ:aBHHH .u11cKycc11H 1
) HCHO n0Kaaa11a 

Ba >KHOCTh 9THX BonpocoB. 

<l>H3HKa HattHHaeTCH HCTOpHtteCKH H cpaKTHqeCKH Ha KJiaCCH

l.feCKOM ypOBHe c OnbITOB lfeJIOBettecKoro MaCWTa6a H OCHOBHblX 

onpeJJ:eJieHHft (.UJIHHa, BpeM5l, Macca, o6ru.He 3aKOHbI), OCHOBaHHblX 

Ha 9THX onh1Tax. OT 9Toft npoqHoft ocHOBbI cpH3HK nepexo.n11T K 

HCCJie.llOBaHHIO npo611eM aTOMa H OTKpbIBaeT KBaHTOBble ycJIOBH SI 

1 ) W. Elsasser, Phys. Rev. 52, 987 (1937); Phil. Sci. 18, 300 
( 1951 ); B KHHre «Louis de Broglie Physicien et Penseur», p. 87, Albin 
Michel, Paris, 1953; N. Bohr, L. Rosen f e 1 d, Phys, Rev. 78, 794 
(1950); L. Rosen f e 1 d B KHHre «Louis de Broglie Physicien et Pen
seur», p. 43, Albin Michel, Paris, 1953; D. Bo ti m, Quantum Theory, 
Prentice-Hall, NY, 1951. 
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co BCeMH orpaHff4eHJUIMH, BbITeKatorn.HMl1 H3 np11HuHna Heonpe

JJ.eJieHHOCTH, H KBaHTOBYIO MexaHHKY. llnst COBMeCTHMOCTff He· 

o6XOll.11MO, QT06bI 9TH HOBble SaKOHbl CBOJI.ffJIHCb B npeJI.eJie 

np11 60JiblllHX KeaHTOBhIX q11cnax K KnaccHlfeCKHM saKoHaM. H. 5op 

HeOJJ.HOKpaTHO IlO,ll4epK11BaJI TOT Q.laKT, lfTO 113Mep11TeJihHblti npH· 

6op ecer lla onHCbIBaeTCH B TepMffHaX KJiaCCffQeCKOil Q.'>ff3HKff, HO 

oH ssen TaK)f(e npuHqun coomoemcmoun, cor nacHo KOTOpoMy 

KBBHTOBble 3aKOHbl Jl.QJI)KHbl B npeJI.eJie nepeXOJll1lh B KJiaCCHlfe· 

CKHe 33KOHbl, Kor JJ.a noCTOHHHaH IlJiaHKa h MO>KeT ClfffTaThCst 

npeHe6pemffMO Manatt. 

Bop rosopffT, qro «KBaHTOBaH Teop11fl npe.llnonaraeT KJiac

CHqeCKHe KOHUenUHH npH OilHCaHffH 9TOro ypoBlUI». 

KaK MO)f(HO 6hlno 6hl onpeJJ:eJIHTh KJiacc0LiecKy10 cpH3HKY? 

8Jih8accep xapaKTep11syeT 9TOT 9Tan B03M0)f(H0CTblO HeB03MY· 

maromHx 9KcnepffMeHTOB, B KOTOpblX Me>KJJ:Y HaOJIIOJJ.aTeJieM 11 

Ha6JIIO)J:aeMott CHcTeMott MO)f(eT 6hITh CJI.eJiaHO HCHOe pa3Jil1411e. 

Tffn11qHblM npHMepoM HBJIHeTcH onTH4ecKoe Ha6n10.lleH0e MexaHH· 

qeCKOlt Cff CTeMhl, HanpffMep, naJJ.3IOIUero Tena. 8KcnepffMeHT He 

BOSMyUlaeT CHCTeMy 3aMeTHblM o6pa30M ff MO)f(eT 6b1Tb nOBTOpe11 

MHOro pas c coenaJta10mHMH pesy JihTaTaMH. OH o6nallaeT cpyH

JJ:aMeHTaJibHhlM ceottcTBOM eocnpoH3BO.lll1MOCTH. HenerKo ycTaHo

BffTh TOQHhie ycnoBHH raKHX ueeosMyma10rn.Hx Ha6nroJJ:eHHil. He· 

CKOJibKO nOJIO)f(eHfftt MO)KHO, O,llHaKo, nOl{4epKHYTb: Ha6JIIOJI.aeMaH 

CffCTeMa Jl0Jl)f(Ha CO,llep>KaTh MHOfO 4aCT11U 11 60JibllIOe 4HCJIO 

Keauroe. ToquoCTh aKcnepuMeHTa JJ.OJI>KHa 6h1Tb He CJIHllIKOM 

BblCOKa. 011eBHJJ:HO ycnostte, qTo onhIT JJ:OJI)f(eH npo113BO.llHThCH 

BJJ.aJI11 OT rpaH11Ubl COOTHOrneHHH HeonpeJJ:eJieHHOCTl1: 

Ap · t:,.q ~ h ff ( 16.1) 

IlorpelllHOCTff ~p, ~q, AE 11 D,.t JJ:OJI)l{HhI OhlTh He CJIHIIIKO'.'\t 

MaJibl JJ.JIH o6ecneqeHH.H BOSMO>KHOCTH 0.llHOBpeMeHHOro onpeJJ:e· 

neHff fl p, q, E ff t. 
Mhf MO)f(eM TaK)f(e eeecTH .llpyroe ycnos11e, BbITeKaromee HS 

npuBeJJ.eHHblX B HaCTOSUIJ,eil KHffre paccy>KJJ:eHffti. 9HTPOIIHilHaH 

ueHa D,.S Ha6JIIO)J:eHl1H JI.OJIJKHa 6hITb npeHe6peiKl1MO Manott no 

cpaBHeHHIO c noJIHott 9HTpon0en S0 Ha6JIIOJJ.aeMott c0cTeMh1: 

u, cne.nooarenhHO, . 
(16.2) 



2l HABJIIO.ll,EHHE BCTb HEOBP ATHMblti TIPOl{ECC 301 

TaK 1caK nony11aeMaH HHcpopMaUlUI fl./ ecerpa Me11bme a11Tpo1111Jt

Hott ueHbl !J,.S. 8TH ycnOBHSI Heco~n1e11110 ueo6xopHMbl, HO MOryT 

6hITb He.D.OCTaTOliHblMH. 06masi cxeMa TaKOBa: CHaqana CHCTeMa 

H H3MepnTeJibHOe ycTpottCTBO He CBStsaHhl Me)f(py co6ott. Ha 

BpeMSI Ha6nropeHHSI ycr anaBJIHBaeTCSI CBSl3b c HeKOTOpott CTe

neHbIO BSBMMO.ll,eftcTBHSI. Ilocne na6n10,a,eHMSI CMCTeMa H H3MepH

TeJibHOe ycTpotlcTeo He CBH3aHbl. Bo epeMst ua6n10,a,eHHS1 3Ha

qeHHH p, q, E n S cncreMbl npeTepnesaroT H3MeHeHHH, H 9TH 

nei-maeCTHbie M3MeHeHHH COBepma10TCH Ha npOT5DKeHMM npoMe

IKYTKa apeMeHH ilt, na KOTopoM PJIHTCH aKc11ep11MeHT. Ha6n10-

.n.e1111e MO)f(eT C4HTaTbCH He8o3.MYt4a1014ll.M, ecnH 9TH HeH3BeCT

Hble HSMeHeHHSI qpe3Bb1qaOHO MaJibl no cpaBHeHHIO c T04HOCTbIO 

9KCnepnMeHTa. y CJIOBHSI ( 16.1) H ( 16.2), TaKHM o6pasoM, Heo6-

XO.D.HMbl. PaccMoTpHM, HanpnMep, cJiyqaO ( 16.2). B pe3ynhTaTe 

9KcnepnMeHTa IlOJIHaH 9HTp0IlHSI Ha6JIIO,llaeMOti CHCTeMbl H H3-

MepMTeJibHOfO ycTpOftCTBa yaeJIH4HBaeTCSI Ha !J,.S. ECJIM CHCTeMbl 

nocne 9KCnepHMeHTa He CBH3aHbl, ro lWCTb aToro npupaute ... 

HHSI il.S 6y peT OTHOCHTbCSI K Ha6n10.uaeMOti CHCTeMe, a OCTaJlb· 

Hoe - K HSMepHTeJibHblM npn6opaM, HO OTlfeTJIMBO pa3JIHQHTb 9TH 

JIBe COCTaBJIHIOlllHe, eoo6we roeopH, ueB03MO>KHO.. IloaToMy Mbl 

POJI>KHhf noTpeooBaTb, QT06bl IlOJIHOe yeeJIH'{eHHe ll.S 6bIJIO Beer pa 
oqeHb Mano no cpaaHeH1110 c 9HTponHeii S0 Ha6nropaeMott c11cTeM1>1. 

3nbsaccep paccMarpwaaer B KaqeCTBe npHMepa sapaqy o 

MOneKynax rasa. B np11HuHne B03MO)f(HO H3MepHTh Olfellb T04HO 

IlOJIO)f(eHMSI ecex MOJieKyn, HO .ll,lHI TaKoro Ha6nropeHHSI Il0Tpe-

6oeancH 6bl Jiyq caera o4eHh BhlCOKott lfaCTOTbl. BsawMo,a,etl

cTBHe 9TOro CBeTa c MOJieKyJiaMH coo6WHJIO 6bl HM OQeHh 

60JlbllIHe HMilYJibCbl H cymecTBeHHO 113MeHHJIO 6bI BCIO CHCTeMy .. 

3To, oqeBHPHO, He 5IBJIHeTCSI HeB03MymaromMM Ha6n10,a,eHMeM H 

npOTMBOpelfHT ycnOBHSIM ( 16.1) H ( 16.2). c ppyroD CTOpOHbl, 

Y13MepeHHH 06'beMa, .uaeJieHHSI H IlJIOTHOCTH MoryT BhlflOJIIHITbCH 

c co6JI1011.enHeM ycnOBHii ( 16.1) H ( 16.2), ecnH TOJibKO TOlf

HOCTb He CJIHIIIKOM BbICoKa. 

2.. HaoJIIO,IleHHe eCTb ueoopa THMhIH npouecc 

Bo ws6e)f(aH11e Hepopa3yMeHHtt H ,a,nH pa3nHCHeHMH nono)f(e~ 
HH51 HY)KHO yTOQHMTb, lfTO yaennlfenae 9HTponnH tl.S, Heo6xo

JlHMoe JI.Jiff ua6JIIO.D,eHHSI, ue HMeeT HHKaKoro OTHOilleHHH K H3-

MeHeHHSIM 9HTponHH, npoHCXOD.HIUHM B caMOtl CHCTeMe, noKa IIH• 

KaKoe HSMepeHMe He npoH380.ll,HTCH. 
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PaccMoTpHM, JrnnpHMep, CHCTeMy, B I<oTopott 11po11cx0Ju1T 

a1111a6aTH4ecKoe npeoopa3oBaHne 1). 311TponHS1 nnyTpH c11cteMhl 

ocraeTCH HeH3MeHHOR, HO a.nwaoa1wqecKoe npeo6pa30BaHHe npo

XOAHT He3aMet.IeHHhlM " PeHaOJIIO,naeMhIM, eCJIH CHCTeMa He CBfl· 

3aHa c ycrpottCTBOM, D03BOJISH0lll,HM ocymecTBHTh HaOJIIO)J.eHtte. 

Mb1 npe.nnoJiaraeM, qto 9TO a11.waoaTHlfecKoe npeoopasoBaH11e 

BllOCHT H3MeHeHHH B cpn3uqecKHe nepeMeHHbie (p, 'V, T H T. ,n.); 

IIOKa Mbl 9TH nepeMeHHbie He H3MepHeM, y Hae HeT B03MO:i:KHOCTH 

ys11aTh, 4TO npo11cxo11.11r • .UJnt Toro lfT06bl naOJIIO)latb p, v, T 
H T. 11.., Mbl JlOJDKHbl coe,nHHHTb CHCTeMy c KaKHMH-Jitt6o ¢tt3H· 

tteCKHMH npnoopaMH, a 3THM Mbl BHOCHM HeKotopoe B03MymeHHe. 

HaOJIIO)J.eHue caMO no ceoe 51BJifleTCH HeoopaTHMbIM npoueccoM, 

yneJitt4HBa10m11M 9HTpon1110 ;rn6opaTop1111. HaM acer,na np11xo)lttTCH 

OTC4HTblB3Tb nOJIO)l{eHHe CTpeJIKH Ha lllKaJie (tt3MepeHHe paCCTO· 

HHH~) " OTMelfaTb npoMemyTKH apeMeHH. 9TH OCHOBHhle HaOJIIO~ 

1) Antta6ar11qecKoe npeo6pa3osaHHe onttchIBaercH KaK nocnenosare.1b· 
HOCTb paBHOBeCHhIX COCTO.flHH:A. ECJIH CHCTeMa HaXOJlHTC.H BHYTPH UH
.1HHn:pa nnttno:A: L c JlBHiKYl.l..\HMCH nopmue.M, ro nepeMell{eHHe nopnnrn 
.n.o.11JKHO 6bltb oqenh Mano ua nporHJKeuuu speMeHH ot, .n.ocraroqHo 6oah· 
1uoro, QT06bl B03Myll.l,eHHC MOrJIO pacnpocrpaHHTbCH MHOrO pa3 ry.n.a H 

~x 
o6parHo ua paccronHHH L. 3ro rpe6yer Bb1nonHeHHH ycnoBHH t;t = v c, 
r,ae c - CKOpOCTh B03)1yll(eHHH. ,U.11.fl H3JiylJeHHH c - 9TO CKOpOCTb CBera; 
.IJ.JUI ra3a c - TeilJIOBa.fl CKOpOCTb MOJJeKyn; .IJ.JJfl TBep.n.oro HJIH lKR.IJ.KOfO 
tena c eCTb CKOpOCTb 3ByKa. 

An11a6arwqecKtte npeo6pa3oBaHHH KBanroBaHHblX cttcreM paccMarpH· 
sa.11HCb MHOrHMH aaropaMtt. EoM (D. Bohm, Quantum Theory, n1. 20, 
Prentice Hall, NY, 1951) ycrauas.1ttsaer yc.11os11e 

h oE .. , I 
( !1E)2 at ~: ' 

r.n.e E- 9Heprttn, !1E - pa3HOCTh Sttcprtttt no cne,ayroll.\ero KBaurosoro 
cocrOHHHH. PaccMorpHM croHqHe B0.1Hbl Ha JlJIHHe L c N y3.1aM11, raK 

NA. Ne hcnN 
q-ro L = -2 = (2v) u, c.11e.n.0Bare11hHo, E = nh~ = (2L) H ~E == hv = 
== hcN,(2L), ecJIH B Han1e:A: cron~1et\ sonne HMeercH',n KBaHTOB hv. Tor,!.l.a 

iJE hcnNv iJL 
iJt = - 2L2 ' rne v = dt ' 

u yc11oa11e EoMa .n.11.H a.n.Ha6arHtJecKoro 11peo6pa3oaa1nu1 HMeer BHJl 

2nv < 1 
Ne 

- COOTHOIIIeHHe, cxo.n.Hoe c H3WHl\l upeJlbllJ.)'W.HM HepaseHCTBOM 1J ~ c. 
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JI.elf HR oocy)l(JI.aJIHCb B r Jiane 15, H BCSIKOe QJMSMt.JeCKoe Ha6JI10-

JI.eHtte MO)l{eT OhlTb K HnM cneJI.eHo. 

B 9TOM npttMepe Mbl SICHO BMJI.HM pa3JIHt.JMe Me)l(JI.Y M3MeHe

HHHMH 9HTponHH, npOHCXOJI.SIIUHMH B H30JittpoeaHHOtt (H, CJieJI.O

BaTeJibHO, HeHaOJIIOJI.aeMott) CHCTeMe, H yee.rIHlleHHeM 9HTpOnHH flS, 
Tpe6yeMblM JJ,JISI HaOJIIOJJ,eHHSI H o6yCJIOBJieHHblM CBSl3bl0 MeiKJI.Y 

Ha6JIIOJJ,aeMott CHCTeMott H H3MepwTeJibHblMM npuoopaMH. 

Ha6JIIOJleHHe eCTb, no cyw.ecrey, ueoopaTHMblii npouecc. 

VfcXO)lH H3 4HCTO TepMOJI.HHaMHlleCKOii TOllKH apeHHH, Mbl noKa~ 
3aJIH, l(TO HHKaKoe HaOJIIOJI.eHHe He MO)KeT OblTb c.u.enaHO oe3 

COOTBeTCTBeHHOfO yeeJIH4eHHfl 9HTponHH, JIHOO CaMOtt QJH3H4e

CKOii CHCTeMbl, JIHOO ooopyJI.OBaHHH, npHMeHHeMOfO B 9KCneptt

MeHTe H CBH33HHOro c CMCTeMott Ha npOTHiKeHHM HaOJIIOJJ.eHHH: 

(16.3) 

ECJIH Mbl npMMeM OOJiee oow.yio T04KY apeHHH, onHCaHHJIO 

B 11peJI.b1JI.YlllHX r nae ax, TO Mbl BKJIIOllHM MHQJOpMaUHlO I B 9H ... 

rpon1110 11 nonyllttM ycnOBHe 

fl(S-/);?:0, } 

flS~ t:J.I> 0. 
( 16.4) 

B o6owx cnyqaflx yeen11tteH11e 9HTponttH Hett30eiKHO, ecnw 

TO .. 'lbKO npott3BOJI.MTCSI HaOJIIOJI.eHtte, a TaK Kai\ yeeJIHlleHHe 9H

TponHM 03Haqaet HeoopatHMOCTb, TO HeoopaTHMOCTb OKa3blBaeTCSl 

CBOiiCTBO!\I naOJIIOJI.eHHSI. 

CxoJI.Hhle saMeqaHHSI OhlJIH paHee CJI.eJiaHhl MHOrMMH aBTO

paMM, B ocooeHHOCTH QJOH HeiiMaHOM, npM oocyiK.lleHHH HeKo

TOphIX napa,U.OKCaJibHblX npOOJieM KBaHTOBOii MexaHHKH. 

Henb3H roeoptttb o TOM, llTO c11cTeMa Haxo.u.MTCH B HeKOTO

poM COCTOSIHHH, He H3MepHH KaKOii-JIH60 xapaKteptt3y10w.ett co

CTOHHHe BeJIHllHHbJ. npouecc H3MepeHHH HeOOpatMM H OnpeJle

JIHeT, XOTH Obi oTqaCTH, oy JI.yw.ee nOBeJI.eHHe CHCTeMbf. 

3. 06uu-1e orpaHHlleHHH T011HOCTH ¢tH3H1leCKHX H3MepeHHH 

M1>1 ectpeTMJIHCb c tpy JI.llOCTHMH o H3MepeHMM paccTo HHttii 

C oqeHb BblCOKOft TOqHOCTblO, B OCOOeHHOCTH, eCJIM pellb HJI.e1' 

oo oqeHb MaJihlX paccTOSIHHHX. XapaKTepttcTHllecKaH JI.JIHHa O.xr, 
coo-rneTcTey10ruaH .llaHHoii TeMnepaType T u onpeJI.eJieHHaH 
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paaeHCTBOM (15.12) KaK 

( 16.5) 

r .ne T H3MepeHo B r pa.nycax KeJibB1u1a, HBJJHeTCSI, no cymec1ey, 

rpaH11uett Me)f(.ny 60JihlI1HM11 11 _ MaJ1h1M11 paccTOHHHS1M11. Bo3pa

cra10ruaH TPYJJ.HOCTh H3MepeHHSI ece MeHbIIJMX H MeHhlllHX pac

CTOS1H11it yKa3hlBaeT Ha TO, 410 OCHOBHble .nonymeHHSI eBKJI11JI,OBa· 

11pocTpaHcrtta (tt npe~entt) JI.OJJJKHbl paccMatpHeaTbCSI JJHUib KaK 

I1JI,eaJI113aU11$1, KOTOpaSI He MOiKeT H He Jl0JI)f(Ha CllHTaTbCSI )lett

CTBHTeJJbHOit B npe.nene npll qpe38b(lfaHHO MaJiblX paCCIOSIHHSIX. 

MaTeMaTtt11ecKoe onpe.neneHHe 6ec1C0Hetu10 .Ma.llbtX paccTOSIHHH 

cooTeetcTByeT HeB03MO)f(Hhl~ cptt3nqecKHM ycJIOBHSIM. MbI eep .. 

HeMCH K 9TOMY eonpocy e pa3.neJie 4. 
CeSI3h Me)f(.ny Knanronoit MexaHHKOit H TeopHeit nHcpopMaU.HH 

JiefKO ycMOTpeTb H3 pa3JIH4HblX paccMOTpeHHblX H3MH 3a)la4. 

KnaHTOBhie orpaHH4eHHSI HeOOXOJI,HMhl B oocy)f(JI.eHHH, TaK KaK 

Mbl }l{HBeM B KBaHTOBOM MHpe. ECJJH me, OJJ.HaKO, 9KCnepHMeH·r 

npOH3BOJI,11TCH Ha KJiaCCHlleCKOM ypOBHe, TO Mhl 3aMellaeM, 4TO 

noctOSIHHaSI IlJJaHKa h He llOSIBJJSleTCSI B OKOHqareJJhHblX pesyJJb· 

TaTaX, KOTOphie COJI,ep)f(aT TOJJhKO noCTOHHHYIO 50JJhUMaHa k. 
MbI BMJJ.HM, taKHM oopa30M, qtO Her9HTpOnHiiHhiii npHHUlffl HH

cpopMaUHM SIBJIHeTCSl JI,ettCTB11TelihHO HOBhlM npHHUHilOM H He 

MO)f(eT ObJTh CBeJJ.eH K KBaHTOBhlM COOTHOIUeHHSIM H COOTHOIUe

H11HM HeOnpe.neJieHHOCTH. IlOCTOSIHHaSI nJiaHKa h He MO}l{eT 

OhITh ycTpaHeHa H3 oKoHqareJihHhIX pe3yJibTaroe, ecJJH BbI

IIOJJHHeMhlii 9KCnepHMeHT JJ.OCTHraeT KBaHTOBOrO ypoeHSI, H OOe 

TeopH11 CMblKBIOTCSI Ha 9TOM yponHe OOJiee CJIOiKHhlM oopa30M. 

9To MO}l{eT OblTh HJJJJIOcrpttponaHo 3aJJ.a4aMH, paccMorpeH

HhIMH e pasJI.eJiax 3 H 5 r JI8BhI 15. BoJih11111e paccro.aHHH 

(cnyqait A) cooreeTcrey10r KJJaccttqecKoD 3a.naqe. VlsMepeHtte 

OlleHh MaJihlX paCCTOSIHHtt JlOCTnraeT KBBHTOBOfO ypOBHSI. flp11 

H3MepeHHH qpe3BblqaitHO MaJJhlX paCCTOSIHHit npH oqeHb HH3J{HX 

reMneparypax 11fpaIOT pOJih orpaHHqeHHSI KaK co CTOpOHhl KBaH

TOBbIX ycJJOBHH, Tai{ 11 co cropOHhl reopHH HHcpop~taUMH. 

Bo eceM HarneM 061ueM paccym.neHHH MhI crpeMHJJHCb noKa 

CBeCTH npooJJeMbl K HX OCHOBHhlM 9JieMeHTaM, H Mhl CHCteMaTH-

4eCK11 HfHOpttpoBaJIH .nerpa.naUHIO 9Heprutt npH BCHKOrO po.na 

yc1-1JieHHH. y CHJIHTeJIH Beer na HeOOXO)lHMhl B 9KCnepttMeHTBJJb

HblX ycTpOiiCTBaX. 0HH BhlllOJlllSllOT B OCHOBHOM CJJeJI.y10mee Ha-

3Ha4eHtte: npeo6pa3oeaTh KBaHTOBhlii 9cpcpeKr nyreM yneJitttie-
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HHH ero aMIIJUITY JI.bl B raKoft scpcpeKT' KOTOpblB ~on<eT 

OhITb saper HCTp11poaaH npuoopoM, .u.ettcreytoIUHM Ha KJ1acc114e

CKOM yposHe. PoJib ycHJIHTeJIH 6blJia OlleHb steno onpe.n.eJieHa 

8Jib3accepoM. HecKOJibKO npHMepoB fiOSICHSUOT ooruee noJion<eH11e: 

cpororpacp11t1ecKaH nJiaCTHHKa MOiKeT pear11ponaTb Ha OJlHH-eJI.HH· 

cTBeHHbift KBaHr, a npouecc npostene1-111H ecr& yc11JieH11e, .a.a10 .. 

1uee BHJJ.HMyto qepHy10 T041{Y (KnaCCHlleCKHii scpcpeKT). <POTO .. 

3,,1eMeHT MO)l{eT saperHCTpHpOBaTb OJJ.HHOQHbltt KBaHT, 6y .a.yqH 

COe}lHHeH c 9JieKTpOHHblM ycHJIHTeneM. ClleTllHK rettrepa MO)l{eT 

o6Hapy)l{HTb OJJ.HHOllHYIO sapH)l{eHHYIO qaCTMUy, a ycHJieHHe 

npo11cxo.u.11r a.u.ech ecJie.u.cre11e HOHHOro aapH.u.a. KaMepa BHJib· 

COHa naeT aH3JIOfH4HMtt npHMep. 

llo TeX nop IlOKa yCHJIHTeJih He COJI.ep>KHT ueIJH OOpaTHOft 

CBH3H, OH He HSMeHsteT HaOJIIOJJ.eHHe, H ero MO)l{HO HrHopupo

eaTb, XOTSI, KOHeQHO, OH naer Jl06aoKy K yseJIHlleHMIO 9HTpO· 

IlHH, CBH3aHHOMY C Ha6JIIDJJ.eHHeM. Y CHJIHTeJIH C OOpaTHOft 

CB513bl0 COCTaBJIHIOT OlleHb Ba)l{HYIO npooneMy, H RX POJib 6blJia 

no.u.t.IepKHyra BHHepoM s ero TeopHH KH6epHeTHKH. 

KaK OTMeqaJIOCh BhlUJe1 Mhl nMeeM KJiacc11qecKHe ycJIOBHst 

npH HSMepeHHH e cJiyqae A (CM. pa3)leJihI 3 H 5 r naBbI 15), 
Kor .u.a Ill 6onb111e, qeM llxr. HcKnl04HrenbHhJe oocTostren&crea 

B03HHKJIH s cnyqae B npH 

ll L < l:J.xr, ( 16.6) 

l(TO COOTBeTC'rByeT BblCOKOft TOllHOCTH, 04eHh HH3KO:t% reMnepa

rype H qpe3Bhl4aiiHO MaJihlM paCCTOHHHHM. IlpH T3KHX yCJIOBHSIX 

Mhl JlOJI)l{Hbl .u.eJiaTh pasJIHttHe Me)l{.u.y 911epr11ett /:J.E, rpe6yeMoU 

JJ.JlSI Ha6JIIOJI.eHHSI, H TOi1 ee JlOJlteii, KOTOpaSI JJ.0JI}KHa nepeiiTH B 

renno H BbISearh yseJiu4eHHe aHrpo11uH. Bo MHOrwx npaKTHqe

CKHX cnyqaHX BCH 9HeprHSI /:J.E pacceueaeTC51 H nepeXO}lHT B 

Tenno, HO Mhl noKasanu B r JI an ax 14 H 15, llTO 6onb111ett qacTH 

3TOro paccestHHH MOiKHO H30e)l{aTh H l(TO yeeJIHlleHue 9HTpo

fiHH /:J.S MO)l{eT ObITh (no Kpai1Hei1 Mepe reoper11qecK11) cee.u.eHo 

K 3IlalleHH10, nonyqaeMOMy npH Knacc11qeCKHX HaOJIIOJJ.eHHHX H 

JIHlllh HeMHOrO npeBbllllatomeMy KOJHJlleCTBO IlOJiytteHHOii HHcpop

M3UHH fl./. 
B rnaoe 15 Mhl HCCJieJlOBaJIH npooneMy H3MepeHHH JI.JIHHhl H Ha .. 

JllJIH, 4TO HaH6onee 3KOHOMHl(HblM SIBJISleTCSI MeTOJJ., o6cyiKJleHHbli% 

B pas.u.e.11ax 2 M 3. 3cpcpeKTHenocr& Ohlna .naHa cpopMyJiott ( 15.17): 

@u = .1/ = l + ln (ln 2) (l 6.7) 
is ln n 
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fl pH TOl!HOCTH, paBHOtt, CKa}f{eM, 100: 

L 
tlL =e?!=n= 100 ( 16.8) 

(I 6. 7) naeT: 

0-' == 1 -L- ln (In 2) == 1 - 0,3667 ~ 1 - 0 08 - 0 92 ( 16 9) 
/ 1 In I OU In I OU ~ , - ' • • 

Yf I-ITepcpepOMeTp114eCKHe H3MepeHHst, OOCY}f{)leHHbte B pa3-

)leJiaX 5 H 6, H MHKpOCKOnHlleCKHe HaOJIIO)leHHst, o6cyn<.neHHble 

B pa3)leJie 8, )laIOT 3HallHTeJibHO MeHh111y10 9cpcpeKTHBHOCTh. 

KJiaccwqecKHe ycJIOBHSI (cJiyqatt A) cooTBeTCTBYIOT cJiyCiaIO, 

Kor .na 9HepnHI, Tpe6yeMaH )lJISI HaOJIIO)leHHH, nOJIHOCTblO npenpa

maeTCH B TenJIO, H HeOOXOJ(HMafl 3HeprHst, TaKMM o6pa30M, He

nocpe.ncrBeHHO Bbipa)l(aeTCH COOTHOllieHHeM 

aE=TaS. (16.10) 

3TO eCTh IlOJIO)l(eHtte, Kor )la norpernHOCTb Ill B H3MepeHHH 

)lJIHHhl He CJIHlllKOM Mana H OCTaeTCSl OOJihllie axr. 
B cJiyqae B, o.nHaKo, Mht )l(eJiaeM yMeHhlllHTh norpernHOCTh 

al 11 )lOCTMllb yCJIOBHfl ( 16.6), M CHTyaUHH COBepllleHHO H3Me

HHeTCfl. Mo)l(HO nOJl.llep)l(aTb HH3Koe sHaCieHHe TeopeTHCiecKoro 

MHHHMyMa yneJIHlleHHH 9HTpOnHH aS, HO TpeoyeMast )lJISI 3KCne

pttMeHTa 9HeprHH a£ CTaHOBHTCH BCe OOJibllle: 

aE> T h.S. ( 16.11) 

3TOT nyHKT Tpeoyer 6oJiee noJJ:p06Horo paccMOTpeHHH, K Ko

ropoMy MY H nepeXO)lHM. 

4. Ilpe.neJihl eBKJIH.II.OBOH reoMeTpHH 

PaccMOTpHM cpyHJlaMeHTaJihHhie TPY JLHOCTH, cus:13a1-111b1e c 

H3MepeHHeM qpe3BhI4attHo MaJihIX paccTOHHHtt, H 061utte orpaHH-

4eHH51, KOTOpb1e 9TH TPY JlHOCTH HaKJia)lhIBalOT Ha cpH3HCieCKHe 

onpe)leJieHHH. llJIH M3MepeHHSI )lJIHHbl l c norpernHOCThlO al 
He06XOJ(HMO npHMeHHTb H3Jiy4eHHe c )lJIMHO~ BOJIHM 

(16.12) 

Mbl TlllaTeJihHO o6cyJIJIJIH 9·ro ycJI0011e B r JiaBe 15 11 cpaB

HttJIH paaJIIttlHhie MeTOJJ:hI H3MepeHtts:1; OhIJIO Hatt)leHo, llTO B OT-
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n.enbHbJX cny•ta51X Moryr npHMeHHTbCSI ,nnHlllfhle BO.'IHbI, 110 4TO HX 

3HepreTH4eCl\aS1 HnH Her:>HTpOIIHA'Hafl uena MHOro Bblllle, qeM 

JJ.n5I J{OpOTKYIX aonH. ManaH JJ.nnua oonHbI A (CM. ( 16.12)) co

OTBeTcTnyeT OOnblllOMY HMny nhcy 

h h 
p= T ~ 2~L, (16.13) 

H 3TO H3nyqeHHe Oy,neT B3aHMO.lletlC'l'BOBaTb C HaOnIO.llaeMOfi 

CHCTeMOtl H coo6nLaTb en H3MeHeHHe HMnynbca dP, KOTOpoe 

MO»eeT neiKaTb a npe,llenax OT - p JJ.O + p, 11, cne,lloeaTenhHO, 

h 
flP = 2 p "?:. ill, ( 16 .14) 

llTO npe,ncTaBnsteT cooon OObllJHOe COOTHOrneHHe Heonpe,neneH

llOCTH. 

HoBoe o6cT05IrenhCTBO, Koropoe cneJJ.yeT no,ntJepKHYTb, 

COCTOHT B TOM, 4TO OOnhlUOti HMnynbC p Beer .na CB5I3aH c 

OOnbillOn 3Hepr11en, H B COOTBeTCTBHH C 3THM H3MepeHHe .llnHHbl 

c otieHh Manatt norpewnocThIO al TpeoyeT ncer,na OOJihllloro 

pacxo.na 3HeprttH. 

n pe,llnOnO)f{HM CHaqana, lJTO Mhl ripHMeHHeM 3neKTpOMarHHT

HOe 11snyt1eHne. CnytJan H3MepeHHti JJ.pyroro pona paccMaTpH

aaercH e cneJJ.y10meM paa.nene. EcnH MhI npttMeH5leM cseT, TO 

.llnHHa BOJIHhl A cooTeeTCTByer KBaHTY hv: 

he he 
hv = 1- "?:. 'lll L • ( 16. 15) 

l-IaHMeHhlllee J{OnHlleCTBO 3HeprHH dE, c nOMOULblO KOTOporo 

l\Ihl MOiKeM BhlnOnHHTb 9KCnepHMeHT, paBHO hv, H, cne,noBaTenbHO, 

flE = hv, (16.16) 

He cymeCTByeT TOttHoA rpaHHUhl JJ.nH Manh1x paccT05IHHA 

HnH .llnHH, KOTOpbie MOryT 6bITh H3MepeHbl, HO KOJIHqeCTBO 

3Heprtttt, TpeoyeMon JJ.nfl 9Kcnep11MeHTa, pacreT KaK (flL )-1 11 

OhIC'rpo cTaHOBHTC51 orpOMHbIM npeIIHTCTBHeM .llnH H3MepeH11A. 

3KcnepHMeHThl, ehlnOJIHHeMhie e ycnoeuSix cnyqaSI B, pasy

MeeTCH, CHnbHO B03Myllf.alOT HaOJIIO.a;aeMyIO CUCTeMy. .UoJI)l{Hbl 

npttMeHHTbCH OtfeHh BhlCOKHe qaCTOThl) a 3TO Bbl3bIBaer 60JihlllHe 

H~nynbCbl OTJJ.alJH, OOpa30BaHHe nap U 1'. Jl.. 
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3TH aaMeQaHHSI HCHO llOKa3blBaJOT, CJTO .u.ePiCTBHTeJibHaH 

CTOHMOCTb ooopy11oeaHHSI H annapaTyphI 51.U:epHblX HCCJie.noeaHHtt 

HaXOJlHTCSI B COOTBeTCTBHH c BblCOKOtt 9HepreTttqecKott ueHO". 

HaKOHeu, CTOHMOCTh 9KcnnyaTaUHH ooJihlllOro uHKJIOTpoHa HJIH 

CHHxpou.HKJIOTpoHa nponopuwoHaJihHa ooJiblllOii 9HeprttH, Tpeoye

MOU JlJISI KaiK.noro Ha61110.neHHSI H paccetteaeMoii B MHUJeHH 1
). 

MaTeMaTHKH MOryT onpe.neJIHTb oeCKOHellHO M8Jlhle paCCTOH"' 

HUH, HO 9TO eCTb aOCTpaKUHH, COOTBeTCTBy10maH HeB03MOJKHhJM 

<IJHauqecKHM ycnoettHM. PacCMOTpttM, HanpttMep, HeK0Topy10 Jia

oopaTopttIO C Onpe.neJieHHhlM OrpaH11QeHHhlM 3aflaCOM 9HeprHH. 

EcJIH nest 9Ta 9HeprwH Heooxo.nttMa .llJist ttaMepeHHH HeKoToporo 

pacCTOSIHHSJ, 10 9TO paccTOSJHHe eCTb HaHMeHbWee paccTOSIHHe, 

KOTopoe MOJKeT ohlTh H3Mepeno B .llaHHOii JiaoopaTopwH. 

4acTo BhlCKa3blBaJiocb MHeHtte, CJTO MOJKHO ObIJIO Obi H36e· 

iKaTh MHorux TPY JlHOCTeii KBaHTOBOii Teoptttt nyTeM nee11eHHS1 

ceoero po11a HaHMeHh111eii .nnttHhl. <l>wKcwpoB an Haff HauMeHhlllaH 

.nnHHa e.nea JIM Mor JI a Ohl OhITh ooocHOBaHa B cBeTe npe.nh1.nymwx 

aaMettaHttii. M1>1 He pelllUJIHCb pacnpocTpaHMTh npuMep naoopa .. 

topttu c orpauuqeHHblM aanacoM 9Heprtttt Ha ec10 BceneHHy10, 

TaK KaK JlaTb TOqHble orrpe.neJieHHSI ee npOTHJKeHHOCTH (.{ BMe ... 

CTHMOCTH HeJib3H. TeM He MeHee l\fbl MOJKeM CKa3aTb, qyo H3-

MepeHHSI Bee 6onee KOpOTKHX paCCTOSIHHtt npe.ncTaBJISllOT HeH3-

MeHHO eoapacTaIOI.llHe TPY JJ:HOCTH, H B03pacTaIOutaH ueHa Hao;no ... 

.neHHSI TaKHX pacCTOHHHtt MOJKeT SIBJIHTbCH HOBblM cpaKTOpOM, 

KOTOpbltt HY)l:{HO eeecTu e Teopu10. 

PaBeHCTBO ( 16.16) otteHh noxo)Ke Ha ( 15.33): 

nhc 
A.EA.L~·-2 , (16.17) 

H BeChMa CXO.llHO c COOTHOllleHHeM Heonpe.neJieHHOCTH (16.14). 
011uaKo ycJIOBHSI ( 16.16) HMeIOT 3HaqeHHe, coeepweHHO OT JIHll

HOe OT COOTH0111eHH5J Heorrpe.neJieHHOCTH. B COOTHOllleHHH He ... 

onpe.neneHHOCTn A.E oaHaqaeT norpe111HOCTh n onpe.neneHHH E. 
B (16.16), c .npyroii CTOpOHbl, A.E eCTb KOJIJ.1qecTBO 9Heprttu, 

ueooxo.uttMOe JJ:JISI 3KCnepHMeHTa H 11pee pamaeMoe, XOTSI Obi 

qacTHqHo, e Tenno Ha npoTHJKeHHH npouecca HaMepeHHst L c 

npHOJIHiKeHtteM Ill. Ooa COOTHOllleHHSI HMelOT, TaKMM oopa30M, 

TOllbKO <IJopMallbHOe CXOJJ:CTBO; HX cptt3HqecKHii CMhICJI conep

weHHO pa3JIHlleH. 

1) L. Br i 11 o u in, J. Appl. Phys. 24, 1152 (1953); 25, 887 (1954). 



5] B03M0)1(H0CTh MCnOJlh30BAHHS1 TSl>KBJiblX q,:\CTHll 309 

5. BoaMO>KHOCTh ucnon&aonaHHH TH»<enblx qacTHU. 

BMeCTO $oTOHOB 

MhI o6cy .U.HJIH pa3JIHIIHhle 9KcnepwMeHTaJI&Hhie ycTpot:tctsa 

B npeJJ.flOJIOiKeHUU, qTQ JI.JIH oceemeHHH npH:\feHHeTCH Jiytt CBeTa. 

Hy)l(HO paccMoTpetb B03MO)l(HOCTh npnMeHeHHH JJ.pyrwx BOJIH, 

T3KHX, KaK BOJIHhl, CBH3aHHhle c MaTep11aJibHblMH qaCTHUaMH 

MaCCbl m, BMeCTO cpOTOHOB, HMeIOlllHX HyJieBy10 Macey. 

Ha11tteM OIIHTb c paeeHCTB (16.12) 11 (16.13), npHJIO)l(HMhlX 

K JII060MY BHJJ.Y H3JiyqeHH5I, H paccMOTpHM npHMeHeHHe 48CTHU 

c Maccoii noKosi m0• Mhl JJ.OJI)l(HhI noJJ.CttHTaTh KH11er11ttecKy10 

sHeprHIO taKot:t LiaCTHUhl. YacrHua HMeer HMnyJihC p H KHHeTH· 

qecKyro sHeprHIO Ekin> paBHhie 

h mov 
P = T == y1 _ ~2' r.ue 

v 
~=-, c 

(16.18) 

fain= moc2 (Vt ~ ~· - l) = c V m~c2 + p~ - m0c2
• ( 16.19) 

B npeJJ.eJihHhlX cJiyqaHx MO)l(HO eocnOJih30B3ThCH npu6JIH)l(e· 

HHeM: JI.Jiff cpOTOHOB HJIH ttaCTMU c MaJiott Maccott noKOSJ HMeeM 

h 
m0c<p=T, } 

Ekin~ pc - m0c2
, 

TOrJJ.a KaK JI.Jiff THiKeJiblX qaCTHU 

h 
moc >P=-y: '} 

p2 
Ekin~ - • 2mo 

(16.20) 

(16.21) 

npn 38.IJ.aUHOM p H nepeMeHHOii MaCCe IIOKOSI mo KpHBaH 3aBH· 

CHMOCTU Ekin OT m0 HMeeT BHJJ., noKa3aHHblii Ha pHc. 16.1. 
Ha riepBbtt:l e3r JIH.ll npHMeHeHwe Tsi)l(eJihlX qacruu_ npeJJ.craB* 

JIHeT HHrepec, raK KaK yMeH&lllaeT Konu11ecreo 9Hepruu Ekin' 

TpeoyeMOe ,UJIH 9KCIIepHMeHTa. 3TO, O)lHaKO, HeB03M0)1(H0, eCJIH 

H3MepSIIOTCH OtteHb MaJihle paCCTOHHHH d. noJIOiKHM, HanpHMep, 

cornaCHO (16.14), 

Mhl JJ.OJI)l(Hhl cpaBHHTb p c m0c JJ.JIH roro, qT06h1 onpe,n.eJIUT&, 
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I< a Koe H3 npH0.1JU)f(eHHblX COOTHOllleHHH ( 16. 2 0) HJIH ( 16. 21) 
llpHMeHHMO: 

sneKTpott: m0 ~ 10-27, m0c ~ 3 · 10-11, cnyqaft ( 16.20), 
npO'fOH: m0 ~ 2 · 1 o-2i, m0c ~ 6 • 1 Q-U., npOMe)f(yT04Hblti CJiyqaft, 

5 
T51)f(eJioe ffJJ.po: m0 ~ -3 · 10-22, m

0
c ~ 5 · 1 o-H, cnyttaH ( 16.21 ). 

n pHMeHeHHe 04eHb 'f5JiKeJJblX ffJJ.ep MQ)f(eT yMeHbillHTh Tpeoye .. 

MYIO sneprHIO, HO 9TH siJJ,pa HMefOT OOJibllltte nonepe411h1e cetJeHHH 

II 1-1enpHrOJI.Hhl JI.Jiff H3Mepe1HIH JJ.JIHH, MeHhlliHX HX JJJtaMerpos. 

E1r1n 

pc·lc 

mo 
Pttc. 16.l. KHHen1qecKast snepr11n KaK ¢YHKUIHI m 0 npH JlaHHOM 

H lPHKCHpOBaHHOM HMnynbCe p. 
Kpusa11 npu6in1lKaeTc11 K p2/2m0 acu11omroTuqecKu npn m0c > p. 

B oow.eM cpOTOHbl, Me30Hhl, 9JieKTpOHhl " HyKJIOHbl SIBJISllOTCSI 

eJU1BCTBeHHbfMH ttaCTHU3MH, KOTOpble npaKTHlJeCKH Mory'f npH .. 

t.teHffTbCff B oceeni.a10meM nytte, " OHH llaIOT CXO,ll.Hble pe3y Jlb

'f3Thl, Kor JI.a paccT05111He d qpe3Bbl4aiiHO Mano. Tpy JJ.HOCTH, 

OOCyiKJJ.eHHble B pa3JJ.eJiaX 3 H 4, ffBJiffIO'ICff JJ.eiiCTBH'feJlbHO 

cpyHJJ.aMeHTaJibHblMH " He MOry1' 0 hlTb ycTpaHeHhl. 

6. CooTHomeHHH HeonpeAeneHHOCTM e aKcnepnMeHTax 
C MHKpoCKOilOM 

MeTOJJ.hl reopHtt uHcpopMaUHH OhIJIH npHMeHeHhI e pa3JJ.enax 8 
H 9 rJiaBbl 15 npH oocy)KJI.eHHH HaOJIIOJJ.eHHii noJI. MHKpOCKOilOM. 

8TO THilHl.fHa51 3aJJ.aqa, qacro npHBOJJ.HMaSI B CBSl3H c COOTllOille

HHeM Heonpe11e11eHHOCTH. B paccyiKJJ.eHHH o6hll.IHO npe.llnona

raeTcsi, llTO JI.Jiff nonyqeHHff HHcpOpMaUHH 0 IlOJIO)f(eHHH qaCTHUbl 

HCilOJih3yeTCSl 0,LJ.HH cPOTOH. 3TO, oqeBHllHO, CJIHillKOM ynpo-
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IlleHHOe npeJinono)f{eHHe. EJJ.HHCTBeHHbttt cporon, Ha6n10JI,aeMb1tt 

e T011Ke I pwc. 16.2, MO)f{eT npHttTH OTKyJJ.a yroJJ.HO H He ooH-

3aTenhHO yKa3brnaeT HaJJH11He pacceHBa10me~ qacTHUbt B M. 
PaccyiKJJ.eHHe rnaBbl 15 sicuo noKa3bIBaer, 4'fO JJ.JJH 4eTKoro 

onpeJJ.eneHHH cpoKaJibHOfO H300pa)l:{eHHH B I HY)l:{HO oonblllOe 

q11cno cpOTOHOB. TipH O)lHOM-eJJ.MHCTBeHHOM cpOTOHe nonyqaeT

Cst COOTHOllleHHe HeonpeJJ.eJJeHHOCTH 

( 16.22) 

ror JI.a KaK npH HCilOJJb30BaHM11 

MHOrHX cpOTOHOB HeonpeJJ.eneHHOCTb 

CTaHOBHTCH MHOro oonbllle: 

/),.x. b.px ~Ah, (16.23) 

r JJ.e qHCJJeHHbltt MHOiKHTeJJh A 
MOiKeT OblTh oqeflh oonhlllMM. 9To 

THilHllHO JI.Jiff 91{CnepHMeHTanbHOro 

ycTpOttCTBa, B KOTOpOM nOJJOiKeHMe 

x H3MepsteTCst npH nOMOIUH HeKO

TOpon OilTMlleCKOtt CHCTeMbl oe3 

npHMeHeHMH MaTepHaJJbHblX 9Kpa

HOB, JJ.HacpparM HJJH saTeopoa. Pac

CMOTPHM 9TOT nonpoc noJJ.p06Hee. 

y cnOBHH HaOJJIO]leHHH noKa3aHbl 

cxeMaTwtteCKH Ha p11c. 16.2. Mhl xo

THM H3MepHTb x Ha HHTepaane a c 
norpemuocTbto Ax, uo Mhl He HHTe

pecyeMCH 3Ha•{eHHstMH y HJJH b, HJJH 

f),.y. B BbipaiKeHHH ( 15.62) JJ.JJst coo-

CTBeHllblX eonu Mhl orpaHHqHB aeMCH 

' J13oopOJf<CHUC M 

8DJJH060iJ 

' t 
Yf nonepe1.1Hoe 

bl 
cel.feHue 

j tloJ7HOboila 

a ---x a 

P11c. 16.2. Y CJJOBHH ea6mo.nc
HHH, Kor.na BO~'IHOBOJl c nHH30ii 
IlpHMeHHeTCH JlJIH o6Hapymc .. 

HHH qacr11uh1 B <J>oKyce M. 

MHOiKH'feJJeM cos ('rtlx/a) M 3Ha4eHMHMM l M HrHop11pyeM MHO~ 
iKHTeJJb cos (TCmy/b) H 31-1ac1eHHe m BC51KHtt pa3, Kor.aa 9TO 

B03MOiKHO. Mhl MO)l:{eM, HanpHMep, BblOpaTb b >a, oepH OCHOB

HYIO BOJJHY l = 0 H m = 1, -raK KaK 9TH 3HatteHHSl JiaIOT 11113~ 
llIYIO rpaHHlfHYIO qacTory (CM. ( 15.65)). 3Ta BOJIHa 6y JJ.eT npeJJ.

CTaBJJ51Tb nyq, npOXOAHII.J.Htt CKB03h uonHOBOA H na11,a10lll,Htt Ha 

qaCTHUY M: 

nana10mHti JI yq l = 0, m == 1. ( 16.24) 

8TOT naJJ.aIOlll,HH nytt npeACTaBJIHeTCH HanoJKeHHeM )J.Byx IIJIOCKHX 
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BOJJH, ,lJ.Jlff KOlOpblX cor JlaCHO ( 15.66) 

A 
cos 'Py = -1- 2b • 

Mb1 MO)l{eM T aK)l{e C4HTaTh, llTO m npHHHMaeT KaK noJIO)l(H· 

Tt!JlhHhle, TaK M orp11uareJ1hHhte 3Hal!eHMH, TaK l!TO m =-+ 1. 
YrJibl 'f' x M 'f'y 6hlJIM onpe.IJ.eJieHbl B pa3,lJ.eJie 8 r JiaBbl r 5, H Mhl 

HMeeM, eoo6me, 

/), 
cos 1'.x = 2a' 

m/.. 
cos 'Py= 2b 

M 6y neM paccMaTpMBaTh l H m KaK IlOJIOA\WfeJlhHhle MJIM OTpH .. 

uaTeJihHble ueJihie llHcna. 

CBeT, paccesu-rHhltt Yacrwuett ... M, MOA<er conep)l(aTh co6cr .. 

BeHHhie BOJIHhI co eceMH B03MOJKHhIMH 3HatieHH51MH l H m. Mbt 

MO)l(eM ycrpaHHTb 60llbllIYIO llaCTb COCTaBJlfflOlll.HX, np11MeH5l5l 

UMJIMHJlpMqecKyro JIMHSY JlJIHHOtt b s L. YcrpottcTBO MCKJIIDtiaeT 

Bee qJieHbl, KpOMe m = 0. TaKHM oopa3ol\f; MO)l(HO onHCaTh 

npouecc pacceHHM5l KaK nepexo.IJ. 

,lJ.Jl5l /: OT 0 JlO /, } 

,lJ.JIH m: OT 1 JlO 0. 
( 16.25) 

0.IJ.HaKO JlJl51 Toro llT06bl y4eCTb IlOJIO)l(HTeJibHbie M OTpMuaTeJib .. 

Hbie 3HaKH cos cp x H cos 'f'y, Mbl JlOJl)l(Hbl paccMaTpHBa'fb ne

peXOJlbl 

JJ.Jt 51 /: OT 0 ,lJ.O -+- [, } 

,lJ.Jl H m: OT -1- 1 J(O 0. 
(16.25a) 

l13MeHeHMe o/ 3a epeM5l paccestHH5l cpOTOHa ,lJ.aeT qacr11ue M 
MMny JlbC op x: 

h ht 
'apx= -r a (cos <fx) = 2a· ( 16.26) 

3HaK + COJJ.ep)KH'fC5l Tenepb B l, M 3Ha4eHHe l MO)l(eT npo-

6eraTb HHTepBall OT - lM JlO - 1 HJIH OT + l 11.0 + lM. 3Ha .. 

lleHHe l = 0 HCKJIIOqeHo, TaK KaK l H m He MoryT o6a paB .. 

HSITbCff Hy JllO. y CJIOBHe ( 15.69) TpeoyeT HCilOJih30BaHH5l n llJleHOB 

e KaA\nott BOJIHe JlJI51 Toro, YT06h1 t 6htJIO onpe.IJ.eneHo c no .. 

rpernHoCTblO 't ==flt. TaK KaK HMny JibChl 'apx MoryT 6bITb KaK 
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rIOJ10)1{HTeJlhHblMH, TaK H OTpHuareJihHhJMH, Mhf COCTaBJI51eM cyM~y 

KBanpaTOB, 0603HalIHB ee (ap x)2
: 

(apx)2 = ! ! (~Px)2 = 
n l 

( h )2 l = n ,2.a 4 (1 + 4 + 9 + ... + lM), (lfl.27) 

HJlH 

(16.28) 

8To ecTh yTOtIHeHHOe cooTHOllleHHe HeonpeneneHHocr11, YtIHTht

sa10mee onpeJI.eneH11e speMeHH 11 npeJI.eJJhI H3MeHeHHH nepeMeHHOtt x 
B 9KCnepHMeHTe c MHKpOCKOnOM. 

3HalleHHe 't MO)l{eT H3MeHSITbC5I B JlHana30He OT 2at JlO 6ec

KOHetIHOCTH. 3HatieHHe 't =at He Jl0Jl)l{H0 npHMeHHThCSl, TaK 

KaK OHO He JI.aeT HHcpOpMaUHH. OapaMeTp a MO)l{eT H3MeH51ThC5I 

OT ax JlO 6ecKOHelIHOCTH. Ta6n11ua 16.1 naeT pe3y JlbTaThI 

BMllHCJleHH5I JI.Jiff HeCKOJlbKHX npOCTWX CJiyqaeB. 

T a 6 .11 H u a 16.1 

2 1 1 

2 2 1 1r--2 r 5 = 1,12 

2 3 ~ vr4 = 1,25 

3 1 ;-
~ 1,5 = 1,22 

a , 2 
1 -2 y7,5 = 1,37 

6onhll1He 3Ha~eHMR _____________ , ___________ _ 
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Ecnw TOQHOCTh oqeHh HH3Ka 11 ecnw onpe.ueneHHe npowcxo.uHT B 
OCHOBllOM aa cqer 9Kp3HOH 11 npen51TCTBl1t1 (a= ~x), TO HMeeT 
Mecro o6hillHaH Heonpe.u.eneHHOCTb. Hae Moryr, o.uHaKo, uure ... 
pecosarh cny4a11, Kor .ua onpe.ueneH11e speMeHH H H3MepeHHe 
pacCTOSIHH51 BblTIOnHmOTCSI nepBOHaqaJihHO npH DOMOllI.H ODTH .. 
1:1ecKott c11c.TeMbl, 4TO ee.ueT K ropa3.uo 60JibU1ett Heonpe.ueneu
JJOCTH .. Bo3b!\feM, K npHMepy, 

't 

~,= 6000, 
a 
A=lOOO: 
.uX 

(l6.29) 

M1>1 npwxonHM, TaK11~1 o()paaoM, K 3aKnro4eHHIO, '-ITO Heonpene
neHHOCTb MO)KeT craTL otteHb oonblllOtt npH HaMepeHHH nono· 
}l{eHHSl C80000HOlt 4aCTHUhl,- T. e. ll3CT11Ubl, MOrymett CB060.u110 
nepeMellJ,aTbCSI Ha 60JibillOe paCCTOSIHl1e Ha npOT51}1{eHHH ,lI.OJifOfO 
epeMeHH 6ea B03MY11I.eHHlt co CTOpOHbl MaTepwanbHblX 9KpaHOB, 
sareopoe HJIH .u.pyrnx MexaHHlleCKHX ycrpoltcTB. TaKwe MexaHH
lfeCKHe ycrpottcrsa, 04ee11.u110, y}l{e He Moryr rrp~MeHHTbCH, 

t<Or .ua pe4h 11.uer o Manh1x paccTOHHHs:i:x, MeHhIIIe 1 A, n Ha111e 
paccyiKJI.eHwe HMeer 6onblllOe 3Ha4eHHe .II.JISI aroro .u.wanaaoHa. 

7. HaMepenne HMny Jib Ca 

B 3KCnepnMeHre c MHKpocKonoM Mhl npe.u.noJiaraJin, q10 HaM 
H3BeCTHa HallaJibHaH CKOpOCTb 4aCTHUbl, " Mbl IlblTaJIHCb H3Me
pH1'b ee noJIO}l{eH11e. PeaynhrarhI ObIJJH He 04eHh 6naronpHHTHhJ. 
Hcnpo6yeM ooparHy10 npoue.uypy. Ha4HeM c H3MepeHHSI nono
}l{eHH51 X B MOMeHT t C OOnblllOi:t 1'04HOCThlO. 3TO .uaeT 43CT11Ue 
oonblllOii Hen3seCTHblii nMrrynbC ( cM. (16.28)), ao 9TO ne HrpaeT 
ponw, noroMy 4TO MhI He aHaeM Ha4aJihHOtt cKopocrH. 3a· 
TeM Mhl MOiKeM 113MepHTh CKOpOCTb v X' a cne.uoBaTeJibHO, H 
P.-c npH DOMOllI.H acpcpeKTa nonrr.,1epa 1 

). 06bI4HOe paccy)K.ueHHe, 
.u.aioutee 

~x~p~h, ( 16.30) 

OCHOR3HO Ha npe.unono>KeHH11, '-ITO 0,UHOro cpOTOHa h'J' .u.ocra
T04HO .ll.JISI xopowero H3MepeHHSI qaCTOTbl "' B aqxpeKTe llon
nJiepa npH ycnOBHH, 4TO MOiKeT np11MeHHTbCSI .u.nHHHbitt BOJIHO-

1) CM., Hanp0Mep, D. B ohm, Quantum Theory, crp. 105, Prentice
Hall, NY, 1951. 
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BOfi naKeT o6mett ,llJIHTenhHOCTblO fJ: 

(16.31) 

11ccJienye)1 Teneph nonpoc 6oJiee Tw.areJihHO, c 11c110Jib30· 
BaH11eM 3aMe4aHHfi, ocHoBaHHhtx Ha TeopHH HHcpopMau1u1. Mbt 
11a!\-1epeHbl noKa3aTb, 4TO onHoro cpoTOHa He,UOCTaTO'UIO, a TaI<:n<e 
o6cy nHM CBS13h q11cJia cpoTOBOB, Heo6xon11Moro nJISl 9KCnepH· 
Meirra, c ToqHhIMH cneuwcpHI<aUHHMH 9KCnep11Me1rraJihHOfi npo
nenyphl. 3TO npHBeneT Hae K BHnOH3MeHeHHOMy COOTHOilieIHHO 
HeonpeneJ1e11HocT11 

~x apx~ nh, n ~ 1, {16.32) 

r ne n 3aBHCHT OT ycnoBHft Ha6JilOJ1,eH11H. 3ror npaKTHlleCKHtl 
npenen MO)KeT 6hITh CHH}l{eH no npe)l{Hero 3HaqeHHS1 ( 16.30), 
ecnH ycnoBHSl Bht6paHhI TaK, 4T06ht n np116JIH11<anoch 1< enH
HHUe. 

06cyil<neHHe HHcpop:v.iauHH noKa3aJio, 4TO HYil<HO Beer ,rra 
onpenenSITh n11anasoH H3MeHeHHS1 H norpew1-1ocTh H3Mep5teMhIX 
eenwqHH. B naHHOfi sanaqe MhI 6epeM: 

BpeMH Ha6JI10neHHS1 t: norpernHOCTb at= B, n11a11a30II 't, (l 6. 33) 
CKOpOCTh qaCTHUhl v x: norpernHOCTh avvt"' nwana30H ll. 

B npe)KHHX npwMepax MhI onpenenSinH nwanaso11 i: eo epeMeHH, 
npennonaraSI, qTO BCilhilllI<H nnwTenhHOCTblO 9 nOBTOpSllOTCSl C 
HHTepBanoM 't. TaKwe cBeTOBhie CHrHaJihI Moryr 6hITh noJiyqe11h1 
nyreM uano)KeHHSl pa3n11qHhIX qacTor: 

't T 

n= 21t=20 · {16.34) 

3rw qacTOThI 3aH11Ma10T nonocy 8v = 1 /9. Mb1 onpeneJIHe:\t 
TaK)Ke B ( 16.33) nHana30H CKOpOCTeft, c KOTOpblMH XOTHM pa-
6oTaTb. Ey JI.eM I<OHCTpywpoBaTh cHcTeMy, cnoco6Hy10 H3MepHTh 
CKOpOCTH OT V0 no v 0 + U C norpeIIIHOCTblO av. 3ro 3HaqHT, 
qTO Heo6xonHMO npHMeHHTh m pesoHaTopos, HaCTpOeHHbIX Ha 
m pa3JIHqHb1X nonnJ1epOBhIX qaCTOT v', npH4eM Ka)Knhtft pe30Ha
TOp cnoco6eH np11H11MaTb nonocy 'Iacror al, coorBercTsy10 .. 
my10 av; 

lt 

Jn= '1\v ' 
, .dv av =V - , c (16.35) 
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r Jle v - cpeJlHsu1 .ucxOJlHasi qac10Ta. H3MepeHtte B03MO)l(HO npw 

ycJIOBHH, q"fO HCXO.nHaR nOJlOCa 8'1 B ( 16.34) MeHhllle, qeM /J,:v', 
ese}leHHaH paeeHCTBOM ( 16.35). Bonpoc. 06 aKcnepHMeHTe, Tpe

oy10meM m OJI.HOBpeMeHHhlX Ha6JIIOJleHHU, 06Cy)l(ll.aJICSI B r JiaBe 

14, H 6bIJIO noKa3aHo, llTO HY}l{HO Bhl6paTh JlJISI KaJK}loro peao· 

HaTopa 9HepreTHqecKttt1 npeJlen E1, paeHbdi 

(16.36) 

Ecntt e pe30HaTope Ha6JitoJlaeTCH 9HeprHR E < E1, TO peso .. 

HaTop C4HTaeTCSI HeBoa6yJK.neHHblM, Tor .na KaK E > E1 osHallaer, 

llTO pesoHaTop eo36yJK.neH. B cnyqae, Kor .na .U.JIH 9KcnepHMeHTa 

npttHRTa BblCOKaSI Ha.ne}l{HOCTb r, HMeeM (CM. r naey 14 ): 

Am~ln(rm) npH r>l H m>t. (16.37} 

8THM ycJJOBHHM MOiKHO y .U.OBJleTBOpHTh, HCil0Jlh3Y51 TOJlhKO 0.U.HH 

KBaHT h'Y', ecJIH 

8HeprHsi E1 6y .neT cooTBeTCTBOBaTb OJJ.HOMy KsanTy Ha KaiK.nott 

43CTOTe v', ecJIH B3SI Tb 

(16.38) 

H MbI HMeeM n pa3JIHlJHhIX qaCTOT 'I', IlOKpbIBalOillHX IlOJIOCY 8v 
(CM. ( 16.34) ), JlJISI Toro, qT06hl onpe11.eJIHTb MOMeHT H3MepeHHSI 

BpeMeHH. PacceHHHasi aHeprHsz paeHa nhl, a yseJJHlfeHHe 9HTpontttt 

nh'I' 
llS = T ~ n Amk ==kn ln (rm). ( 16.39) 

(16.40) 

H o6o6meHHOe BTOpoe Hal.faJIO y .U.OBJleTBOpSieTCH: 

~ (S-/} = k [(n - 1) ln m -+- n In r - In (ln 2)] > 0. (16.41) 

4ttCJieHHblt.1 MHO)l(HTeJlb n MO}l{eT 6h1Tb M3JI, HO seer Jl3 60Jibllle, 

lfeM 2. MhI npeJlnonoJKHJIH Bb1c0Ky10 Ha.ne}l{HOCTh H BhlCOKYIO 

TOlfHOCTh (r > 1, m > l ), H Il09TO:'wlY ~s MHoro OOJibllle, 

qeM fl./. 
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TaK KaK Mhl np11MeH5leM n KBaHTOB, TO noJiyqaeM orJlaqy B 

n paa 60Jibille, l!eM B o6bI4HOM CJiyqae, H COOTHOllleHne He

oupe11eJieHHOCTH Bbipa)KaeTCSI cpOpMyJiott (16.32). 
BoabMeM, K npwMepy, 

r=e10
, m=e10

, Am=20, 

rJle sualleH11e Am Bh1q11cJ1sieTCSI no cflopMyJie (16.37). Ha ocHo

sau1111 ( 16. 38) 9TH aHa4eHHH 11a10T: 

hv' ~ 20kT. 

Ecn11 9KCnep11MeHT npo11ason11Tcsi np11 KOMHan1ott TeMnepa

Type, TO 9TO ycJ1os11e 11aeT qaCTOTbI BOJIHSH BHJI.HMoro 1111ana

a0Ha. Teop11si HHcpopMau1111 11 KBaHTOBbie ycJIOBHH 1-1e BCTyna10T 

B npOTHBOpeqwe; HarrpOTHB, OHH JI.OTIOJIHHIOT npyr npyra. 

B npHJIO>KeHHHX K reop1111 noJisi Mbl 6y JleM nonb30BaTbCSI 

paBeHCTBOM ( 16.30), npeJlCTaBJISIIOlllHM HH)KHHtt npe,lleJI (16.32). 

8. HeonpeneneunocTb s H3Mepeauu nonH 

CoorHoweHwe ueonpeJleJieHHOCTH B reop1111 nOJIH 06cy:>K11a

JIOCh EopoM H PoaeHcpeJibJI.OM 1) np11MeH11TeJibHO K 9JieKTpoMar

H~THblM nOJISI:M. IlpHMeHSieTCH 30Hll, HMelOIUHtt 06'beM v H aapBJL a, 
B TetieHHe BpeMeHH -c. 11Mny JlhC p x H3MepsieTCH B MOMeHT t 
H np11u11Maer 11pyroe sHaqeuee p~ B MOMeHT t + i:. Cpe.llHee no 

V noJie Ex sa speMH i: paBHO 

' E _P.~-Px 
X - E't • 

(16.42) 

TioJ1o>KeH11e x 30H.lla 11aMepHeTCH c norpemHOCTblO &x, llTO 

naer norpewHoCTb llp x B onpeJJ.eJieHHH p~ 11 p x· Mh1 yTsep

>K11aeM, l.ITO B 9TOM CJiyqae MO>KHO ITOJib30BaTbCSI COOTHOWeHHeM 

( 16.30). Mbl H3MepsieM CHal!aJia x, 3aTeM p x B MOMeHT t (CM. 

pa3)leJI 6). 3aTeM Mhl H3MepHeM p' x B MOMeHT t +'I: H, HaKoHeu, 

.x'. TIOCJleJJ,Hee H3MepeHHe C006maeT 'laCTHUe 60JibWOi:t HeH3-

BeCTHhIU HMny JihC, HO 9TO y)Ke He HMeeT aHatieHH51. 

1) N. Bohr, L. Rosen f e Id, Kg1. Danske Videnskal. Srlskab . 
.lV\edd. 12, paper 8 (1953): B. ran r JI c p, KBaHTOBaR TeopHa H3Jiytte
fJ Hn, r JI. 2, HJJ, 1956, 
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norpernHOCTh B onpe.lleneHHH p x .llaeT norpernHOCTh B 113 .. 
Mepe111111 nonH: 

h h 

eir.ZdX' 
(16.43) 

r Jle e =le, e - 3apsi11 9neKTpoHa. I-Iaon10JleHHR no.ll MHKpo· 
CKonoM n03BOJlRIOT HaM H3MepHTb none no ero .lletiCTBHIO Ha 
CB060JI.ny10 qaCTHUY npH OTCYTCTBHH cpH3H1leCI<IiX 11peI15ITCTBHtl, 

B03MyIUaJOmwx none. B 9TOti qJOPMY ne Mhl MOiKeM B3»Tb sa dX 
.lJ.HaMerp qacTHUhI, a Zd.,,'-C eCTh xapaKTepucrwKa 4ac111u1>1, 11c ... 
Il0Jlh3yeMOit B Kaf.leCTBe 30H.lJ.a. 0Ha MOiKeT H3MeHHTbCH OT 1 o--l~J 
.ll.Jl 51 9JJeKTpOHa, .uo 10-10 JlJIH T51meJioro 51.upa ( Z = 96, L\x ~ 
~ 10-12). LlJIH Toro lfT06hI onpe.lleJlHTb npoMemyTOK BpeMeHH "C. 

HaM Hy)f(eH nyq CBeTa c qaCTOTaMH, npOCTHpa10mHMHC5I OT 0 
.ll.0 'i M: 

1 
VAt = 2't > (16.44) 

(16.45) 

31y cpopMyny nerKO HCTOJIKOBaTb, TaK Kai( eExd..x eCTh 
-

pa6ora, cosepmeHHaR noneM Ex Ha paCCTOHHHH dX. 3Ta pa6oTa 
He MomeT OnITh H3MepeHa c ooJihllIOti TOllHOCTblO, TaK KaK 
HMeeTCSI H3JIY4eHHe H nor nomeHHe KBaHTOB hv M CBeTOBOro nyqa, 

npHMeHHeMoro ,UJIH onpeJI.eneH115I npoMe>KyrKa BpeMeHH 't. 

B OOW.eM Harne paccyiKJleHHe He H3MeHHeT OCHOBHOii cpOp• 
MY JJhI ( 16.43) Eopa 11 Po3encpenh.ua, uo no.lJ.qepK11BaeT ueKoTo

phle TPY JJ.HOCTR, CBH3aHHhie c cooTHorneHweM Heonpe.ueneHHOCTH. 
00hlllHOe COOTHOWeH11e HeOnpe.lleJleHHOCTH COOTBeTCTByeT aOCO· 

JllOTHOMY TeopeTH4eCKOMY npe.ueny' HO 9TO'f npe.uen He MomeT 
o~Th JlOCTHrHyT eo MHor11x 9KcnepHMeHTanbHMX ycTpottcTBax, o 

KOTOphlx, eooome roBopsi, nonyqaercH sHatIHTeJJbHO 6onh111aH 
Heonpe11eneHHOCTh. 3To cnpaee.unwso, B oco6eHHOCTH, Kor JI.a 
HBMepsieTCH nonoiKeHHe no4TH ceoooJlHOit qacrHr{hI. 



f.TJABA 17 

HEraHTPOilHAHWA IlPHHUHil HH$0PMAUHH 
B IlPHMEHEHHH K CBSl3H 

1. AHaJIHa CHrHaJioB c KoHelfHOH 111i.tpuaofl nOJIOCbl 

B r naee 8 Mhl oocy>KJlaJIH oomylO npooneMy aHanHaa CHr

HaJIOB, H Mhl CMOf J111 flOKa3aTb (CM. pa3,ne11 6), l!TO CHCTeMa 

CHrHaJIOB, npe,ncTaBJIHIOlllHX coo6meHHe o6nlelt )lJlHTeJihHOC'fH 't 

H C KOHellHOil WHpHHOit IlOJIOCbl 

(17.1) 
. 

RMeeT JIHWb KOHe'IHOe 411CJIO creneHetl CBOOOJlbl 

(17.2) 

EcnH nonHast JJ.JIHTeJihHOCTb 1: een11Ka, TO MO>KHO aaMeHH'rh ( 17.2) 
npHOnn>KeHHWM B~pameHHeM 

N ~ 2VM't· (17.3) 

9TOT OlleHh eamHhiti pe3y JlbTaT 6bIJ1 nonyqeH .llBYMSI MeTOJI.aMH: 

npu IlOMOlllH pa3JIO>KeHHSI <l>ypbe nepHOJlHl!eCKH IlOBTOpsieMoro 

coo6meHH51 (CM. pa3,nen 6 r JiaBbl 8) 11 MeTOJlOM OTC4eTOB JlJl51 

o.n11HOttHoro coo6meH11H (CM.. pa3.nen 7). B MeToJle cf>yphe cTe· 

neHH ceo60llbl cooTseTCTBYIOT aMn111irry JlaM nepehlx N rapMOHHK 

pstJla <l>ypbe. B MeTOJle OTct.IeTOB cpyHKUHSI f (t), npeJJ.cTaBJIHIO

maH coo6meHHe, H3Mepsiercst e N paBHOOTCTOH1u11x MOMeHTax c 

noCT051HHbl1\1 HHTepsanoM MemJly HHMH: 

(17.4) 

H ob1no noKaaaH0 1 KaK uoccTaHOBHTb HCXOAHYJO cpyHKIJJUo 
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no 9THM OTClJeTaM (c~. (8.70)): 

f m== f (mO), 

f t = ~ Ji sin n (2v Mt - m) • 
( ) ~ m n (2-v Mt - m) (17.5) 

m 

Mb1 06cy)j{.naJI11 TaKJKe ( cM. pas,ll,en 8) Jlpyroe npe.ncTas . .11e

nue, OCHOB3HHOe Ha llHtjJOp.MaquoHHblX RtteiiTCaX f3U6opa: 

ilv flt= 1, ( 1 7 .6) 

Kam11.as:1 H3 KOTOpblX CO,llep)f{111' Jl,Be COCTallJISIEOlll,He - CH:\IMeT

pttllHYIO u aHrttCHMMeTp11ttHy10. Bcero HMeeTC}t 

n=VM't ( 17. 7) 

pa3JIHllHbIX .cocTaBJISIIOIJlHX, KOTOphie HY>KHO sa.naTb, 4T06hl 

onpe11en11rb coo61ueHHe. 

2. CuruaJibl H TenJiosou myM: npe.n;cTaBJienue 
B MHOfOMepHOM npocTpaucTse 

AHanus rnaBhl 8 npttJIO}KHM K JitoOblM cooomenHSIM H c11rna

naM. KaKHM oopa30M npHMeHHTb ero K TeITJIOBOMY IUYMY c KO· 

neqHOtt WttpHHOtt IlOJIOChl 'iM, Ha6JIIOJl,aeMOMY Ha rrpOTSI>KeHHH 

speMeHH re? B Ka>K11ott SI4ettKe Mbl MO>KeM onpe11enHTh cpe.nHIOIO 

HHTeHCHBHOCTb, HO cpasa cnyqattHa. 

TaKHM OOpa30M, Mbl HMeeM n COCT3BJISllOIUHX, K3)f{JlaH H3 

KOTOpbIX npe11.c·raBJ1S1eT co6ott r apMOHHlleCKHtt OCUHJIJISITOp co 

cpe.nHett 9Heprwett k T. Mb1 npe.nno;rnr aeM HH3Ktte 4aCTOTbI 11 

ttrHop11pyeM KBaHTOBhle ycnoBtts:i. Mb1 npHJieM K TaKoMy me sa

KJlto4eHHIO, eCJIM pacCMOTpHM pa3JIO>KeHMe ct>ypbe JlJlSI scett CH .. 

cTeMbI c ero N cocTaBJISIIOIUHMH, u 6y JleM C4HTaTb cpeJJ.HIOIO 

KHHer114ecKyt0 9Heprttl0 pasHott k T/2 JlJISI Ka)f{.noro c11HycHoro 

qJieHa H ,llJlfl Kan<11.oro KOCHHyCHOro llJiena. MOLKHO TaK>Ke Ha

qaTh c weHHOHOBhlX N orc4eTOB u npHCBOHTh KaJKJl.OMY H3 HHX 

cpeJlHIOIO KHHeTH4eCKYJO 9Hepriuo k T /2. B o6rn.eM, 9HeprttSI 

myMa B cpeJl.HeM paBHa 

-- NkT 
En= 2 = 'IM~kT, (17.8) 
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a MOWHOCTb myMa 

(17.8a) 

8To COOTBeTCTByeT CRrHallaM; pacnpOCT'pcKUUOlll.HMCH· BJtOJib JIHHHM 
B OJI.HOM HanpasneHHH: HanpHMep, CHrHaJI reHep11pyeTCSI Ha 
oxo.Ite cnesa 11 pacnpoctpaHHeTCSI Hanpaao.. PesynLTaT cosna· 
llaeT c paseHCTBOM ( 11. 7), nony11eHHblM npM oocy)l(JleHMH TOil 

me caMoft aa.Ita'IH no HaAKBHCTy. 
Tennosott myM onpe11.enseTCS1 CBOHMH cpe..a.Hett Mo1uuocTbJO 

11 tjlnyKtyauttSIMM (cM. rnaBbI 9, 10 11 11). Ecn0 Ohl MOIUHOCTb 
rnyMa OhlJia B TOqHOCTM noCTOSIHHa, OH a nerKo Morna Obi OhlTb 

ycTpaHeHa H CKOMneHCHpOBaHa, HO BOSMylUeHHSI B03HHK8IOT B 
llellcTBHTeJibHOCTH H3-88 HenpellCKasyeMblX <tJnyKTyauun, KOTO
pble Beer l18 HMelOT TOT )Ke nopSlllOK BeJIHlfHHbl, 'ITO H cpellHSUI 

MOIUHOCTb. 
PacCMOTpHM CHrHaJI (HJIH cooomeHMe), 3allaHHbift B BHJJ.e 

HeKoTopoA npOH3BOJibHOll cpyHKUHH c M8KCHMaJlbHOtt '18CTOTOit 

VM u lI.JIHTeJibHOCTblO -t. <l>yHKUHH HMeet N cTeneHett csooo11.hl 

X 1, X,, •. ., Xm, ••. , XN, KaK onpe11.eneHo B npe.IthlllYIUeM pas .. 
llene. Oua MO)KeT OhlTb npellcTaBJieHa TO'IKoft c KOOpllMHaTaMH 

X,, X1, ••• , Xm, ... , XN o N-MepuoM npocTpaHCTee SN 1
). 

KaiKJI.aH COBOKynHOCTb SllleeK OylleT COOTBeTCTBOBaTb HeKOTO• 

pon KOOP.ll.MH8TH01t CHCTeMe B s N' H HSMeHeHHe l{OOPJlHHaT B 
MHOrOMepHOM npocTpaHCTBe 03H842eT MSMeHeHHe CHCTeMhl SllleeK. 

JlnSI npe.llCT8BJieHHSI 11.aHHOit cpyHKUHH Mbl Il0Jlb3yeMCSI opToro
H3nbHblMM <IJyHKUHSIMH, H OOJIH8SI 3HepfHSI OylleT nponOpUHO· 
uaJibua cyMMe KBallpaTos KOOpllHHaT. Ilpe HalI.Jie)KaIUeM ohloope 
eJ].HHHU MO)KeM aan H ca Tb: 

m=N 
E= ! x:i=R~ (17.9) 

m=I 

()ea OTlleJlbHoro 11ucneuHoro MHO)KHTenst. Ecnu :>Heprust aa.llaHa. 

ToqKa llOJI>KHa ne>KaTb Ha runepccpepe pa.lluyca RN· Oo'heM Ta· 
Kott ccpephl, KaK 11ssecTHO~ np11 oonLrnHx N paseH 

N 

V N=CNRZ, r.11e CN~ (21;;)2. (17.10) 

1) 3tor Mero11 no11po6ao o6cyEJteH WeuaoHoM, CM. PIRE ~. 10 
(1949). 

'I, 11 JI, .6 PBJI.lllO&B 
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nocTOSIHHaSI c N 83BHCHT OT Qff CJia H3MepeHRtt N. HuTepeCHblM 
ceottcTBOM npocTpaucTea SN c OOJibUIRM q0cnoM 0sMepen0tt 
N siensieTCSI TO, llTO ooneM V N a ocHOBHOM cocpe.D.OTOllen 
BClJIM3M noeepXHOCTH. 9TO MO>KHO .D.OKa3aTh, noKasae, lfTO M3JIOe 
np0parn.eHMe pa.D.0yca fl.RN .n:aeT oqeHh OOJibUIOe npwpa1neHae 
ooneMa: 

AVN ARN 
V =N R · N N 

(17. lOa) 

Kor.D.a N npeeocXO.D.MT RN/(fl.RN), 9ro Bhtpa)l(eHRe MO)l(eT cTarb 
elOJihUie e.n;MHMUbl ! HraK, Mhl Cly.D.eM MMeTh e 00.n;y, qro npaK .. 
TRlleCKM BeCb OCloeM f Rnepccpepbl cocpe.n;oroqeH B TOHKOM CJIOe 
OKOJIO noeepXHOCT~ 

3. IlponycKHaH CDOCOOHOCTb Kanana c myMOM 

llaHHbltl HeB03MyW.eHHbltt CRrHaJI npeJJ.CTaBJIHeTCH HeKOTOpOA 
TOllKOtt M e MuoroMepHoM npocTpaHCTBe SN. DpM HaJIMlfRH 
WyAta TOlfK3 oy .D.eT CMelll.eHa Ha HeKOTOpOe paCCTOSIHHe B npe.D.e· 

-112 
nax c<t>ephl c ueuTpOM e M. Pa.rtayc 9rott ccpephl paeeu E,, , 
r .D.e E~ - cpe.D.HHSI 9HeprMH UiyMa. Bcne.D.CTBRe HeonpeJJ.eJieH· 
HOCTM rnyMa Mbl He 3HaeM, r .D.e OKameTCSI HOBaH TOl.fKa M. 
no9TOMY Mhl He JJ;OJI)l(Hbl npMMeHSITb JJ.pyrott CRrHaJI, npeJJ.CTaB• 
JIHeMhitt TOllKOtt, pacnoJio)f(eHHOti CJIMillKOM 6n11sKo K TOlfKe M. 
3a.n;aqa COCTORT B TOM, llTOClbl flOJJ.CllMTaTb TOlfHO, CKOJlbKO TO· 
qeK MO>KeT ClbITb Ha.D.e>KHO OT JIHlfeHO .rtpyr OT .rtpyra, RJIR, .D.PY· 
raMR cnoeaMH, cKoJibKO pasnaqu&1x cooc>w.eu0tt MO)l(eT OblT& 
pacn03HaHO npH HaJIMlfMM UiyMa. 

HallHeM c npocToro paccy>K.D.eHMH, KOTopoe n03.D.Hee Mbl 
paCCMOTpMM f5onee Tlll.aTeJihHO. IlOJIHaH 9HeprRSI eCTb CYMM3 

9HeprwM E CMrHana M cpeJJ.Hett 9HeprMM E,, wyMa. Cor nacHo 
(17.9) 9Ta cyMMa onpe.rtensieT ranepccpepy pa.D.0yca 

l 
- 2 

l?=(E+En) (17.11) 

.D.Jiff cMrHana eMeCTe c rnyMoM. C0rHan HBJ1He1cs uenTpoM Manatt 

ccpephl pa.rtMyca 

(17.12) 
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M Mbl .llOn)KHhl npMHHTb, GTO wyM, .llOOaBneHHblft K JlaHHOMY 
CRrHany, 38TeMHSieT ccpepy paJluyca r eoKpyr TOlfKR M, H300-
pa)Ka10u1en cooCTBeHHO cRrHan. CTaBHTCH aonpoc: CKOJihKO ra
KRX M8nhlx ccpep pa11nyca r MO>KeT CO.llep>KaTbCH B OOnhUJO" 
ccpepe paJlMyca R'? PaayMeeTCSI, sepXHMM npe.llenoM snoro 4MCna 
nenHeTCH OTHOilleu11e oo"heMOB 

O=~:=(EtEnf =(1+~f, (17.13) 

f .lle p R p n - Cpe]lHMe MOlll.HOCTM CRrHaJI8 M IllyMa COOTBeT
CTBeHHO 1). 

Mhl onpe11enneM e ( 4.3) nponycKHyio cnocooHoCrh KaK 
npe.llen 

C-K 1. lnG(ic) - tm , 
't-.00 't 

(17.14) 

r.ne Q (t} eCTb nOnHOe GMCnO pasnRlfRMhlX COOCSW.eHuft llJUITenb• 
HOCTblO 't, KOTOpbie MO}l{HO nepe]l3Tb no KaHany. 

CpaeHMBaSI ( 1 7.13) R ( 1 7 .4 ), nony11aeM: 

C = K !~1! ~ · In ( 1 + ~) . 
Ho N llaHo paseHCTBOM ( 17.3), orKy .ll3 

C=KvM1n(1+~). (17.15) 

1) Ha He,nocrarotIHOCTh 9roro paccym.neHHR, ueJIHKOM 3att:i.tcreosaH· 
Horo y illeHHOHa, yme yKa3blBanocb u naweft nureparype. PaccylKJle
HMe co.nepJKMT Jl83 .necpeKra. Bo-ncpBblX, oepsi OTHOWeHMe OO'beMoB, Mbl 
npHHMMaeM K09cpcpHuMeHT 33ll0JIHCHM.R apocrpaHCTBa c<t>epaMH paBHblM 
eJlMHMUe. Mem.ny reM H3Becruo, 'ITO npu HaunJiorHeftweR yKJJaJlKe ctj>ep 
K09<l>cpMUMeHr 3aaOJIHeHMH HMM npocrpaHCTB8 yoblBaer c yBeJIMlJeHMeM 
110cna H3MepeHMA H crpeMHTC» K nynro npn N - oo. Bo-sropblx, .n.ru1 
B03MOJKHOCTM Ha)lelKHOfO pa3JIMtieHH.R CHrHaJIOB BOBCe He rpeoyerC.R, 'ITOObl 
ccpepbl Ma11oro pa.n0yca r He nepeceKan:Mch; Haaporttu, MOlKHo noKaaarb, 
GTO B npe.nene npM N - 00 B03MOJKHOCTb nonytieHHff CKOJib yro.n;Ho Manatt 
uepORTHOCTM OWHOKM coxpaHHeTCR BOJIOTb Jl.O llOJIHOro noKpblTHR npo
crpaHCTBa ctj>epaMH ( r. e. Kor )la KaJK.I(a.R ccpepa BCeMH CBOHMM 'laCTHltH 
JJelKHT BHytpM JlpyrMX MJIM, MHbIMH CJIOBaMH, KOOi.a apocrpaHCTBO saaOJI• 
HeHo ctj>epaMH 6es nycTbIX npoMemyrKoB ). Ooa 3TM coo6pameHMsi, KO• 
He'IHO., cyw.ecTBeHHO MeHJUOT reoMerpuqeCKJIO <1>opMy11MpOBKY sa)l3l(H. 
0JlH3KO CBR3aHHble c HHMH aonpaBKM .lleAcruyror B apoTMBOnOJIOJKHble 
cropOHbl M B3aMMHO KOMneHCMp)'IOTCSI. PewHB KOppeKTHO aocraBJJeHHyIO 
reoMerpu'leCKJIO 3a)latty, Mbl npHJleM K tj>opMy .. 'le llieHHOHa, npaBHJJbHOCTb 
KOTOpoR COMHeHMIO He IlO)lBepraeTCR. (llpuM. nepe8.) 

1/111• 
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r JJ.e K - nocroHHHaH, saeRCHUiaH OT ebI6opa en.RHRU, -v M - eepx .. 
HHSJ rpaHRqHaSJ qacroTa noJJOCbI, p - cpeJJ.HSISI MOUJ.HOCTb CHf• 
Hana, Pn - cpeJJ.HHH MOlllHOCTb lllYMa. PaeeHCTBO (17.15) as
eeC'rHo KaK 41opMyna XapTnR -Tannepa - llieHHOHa 1). 

4. Oocyw.1eune t'llopMJJlhl TaJ1J1epa - Weuuoua 

CTOJib sHat11-1renbHbIR peaynhraT Tpet5yeT t5onee non.pot5Horo 
ot5cy)l(JJ.eHRSI .ll.JISJ roro. QTOt5hl ot5oCHOBaTb CJJ.eJJaHHbie npRt5JJR ... 
>KeHHSI H .ll.OK838Ib, qTO npen.en ( 1 7 .13) n.eRCTBHTeJlbHO MO>KeT 
t5bITh JJ.OCTHrHyT. Ilpe>K,lle acero MbI .ll.OJiiKHbI t5bITb yeepeHhl B 
TOM, CITO yqn11 BJIRSJHMe cpnyKryauRR H HenpeJJ.CKasyeMbIX H3Me· 

HeHRD wyMa. Bee 9TO con.ep>KRTCB e oow.ea CTaTHCTH'lecKoit 
cpopMy ne (9.32): 

1 
p (E, T) = Be-~1!, ~ ==Kt , (17.16) 

r JJ.e p ( T, E) - eepoHTHOCTb MuKpococTOBHHH ( «KOMnneKCHH> RJJH 
KBaHToeoro cocTOHHHB) c 9HeprReft B npe TeMnepaType T, a 
B - K03cpcpRuHeHr, onpeJJ.eJJHeMbIR reM ycnoeReM, qTo cyMMa 
eepOSITHOCTeft JJ.OJI>KHa paBHSJTbCSI eJJ.RHRue. 9ro COOTHOUieHMe 
MO>KeT HenocpeJJ.CTBeHHO npRMeHHTbCSI K rnyMy. IlyCTh Xb 

x,, ... , Xm, ... , Xn - nepeMeHHbie, npeJJ.CT8BJISllOW.He TOJibKO 
UiyM. Tor .lla (17 .9) JJ.aer n.nH nonHoR 9Hepr1-111 wyMa 

E,,= ,!x~=r'. 
m 

(17.17) 

c 11pyroft CTOpOHbl, Me>KJJ.Y r R r + dr COJJ.ep>KHTCB OO'beM dV 
(CM. ( 17 .10)), I1 QRCJIO KB8HTOB8HHbIX MRKpOCOCTOSIHRR nponop

UROHaJJhHO 9TOMY oooeMy. TaKRM ot5paaoM, eepOHTHOCT& roro, 

qyo TOqKa ne>KHT MeiKJly r e r + dr, paeHa 

p (r, T) dr = B' e-~r2 rN-1 dr, (17 .18) 

TaK KaK 

B' - HOBaSI HOpM11py10maH noCTOHHHaH. HosaH eepostTHOCT& 

p (r, T) HMeeT OQeHb OCTpblO M8KCHMYM DpH HeKOTOpOM sna· 

1) npeBOCXOJlHOe I13JIOlKeHRe BOD_poca Jl&HO B CT&Tbe M. Leifer, 
W. F. Schreiber, Advances in Electronics 3, 306 (1951) • 

• 



OSCY>KJlBHRB cJ>OPMY Jib! TAJIJIBPA-UIBHHOHA 825 

LleH1111 r, Kor .na 

Ir (rN-i e-;·r':!.) == (N- 1 - 2~r'2) r·\-- 2e-;·r:! = 0, l 
2 _N-l_(N-l)kT J} 

Tmp- 2p - 2 • J 
( 1 7. l 9) 

J1erKo noKa38Th, llTO c ysen114eH11eM N a101 MaKCHMYM 

craHOBHTCSI nee 6onee ocTphI:M. PaseHCTBO ( 17 .19) 4aet Ha1160-

nee eepogTHoe sHalJeHMe r2, H, cne.noBa1eJJ&Ho, HaHoonee Bepo· 

SITHOe 3Ha•ieHHe 9HeprMH myMa paBHO 

3TO - TRrlHllHbf~ npuMep cosna!J,eHMH HaMBepOSITHeRmero 3HaqeHllJSI 

Emo M cpeJJ.Hero sHat1eHH5:I En, Kor JJ.a qwcno nepeMeHHhIX N 
cra.HOBHTCSI qpe3ehlqatlHo OOJihlllMM. Mhl Y*e MMeJIR npHMep 

3TOro SIBJieHHSI B r naee 4 (CM. pa34eJ1bl 7 M 8). 
B Haweti saJJ.aLJe cooomeHMe npeJJ.crasJ1eHo TOttKoR c Koop· 

JJ.HHaTaMH X m B npoCTpaHCTBe N M3MepeHMti, a CMrHaJI c my· 

MOM 4aer TOCJKY c KOOpllMll8TaMH 

r JJ.e Xm - cnyqaf!HO. npeJJ.hJJJ.Ylll.ee pacCy)KJI,eHMe noKa3hIBaeT, 
4TO 9T3 HOBaSJ TOl.fKa C KOOp.llMH3TaMM x;,, npaKTHtteCKM JJ.OJJlKHa 

neJKaTh Ha noeepxHOCTH c<Pephl paJJ.uyca r mo c uewrpoM e 11c
XOJJ.HOR roqKe M. 8To e TOqHOCTM Te ycno811si, KOTOpb1e OhIJIM 

npMH51Tbl npH Bbleo.ne cpopMy Jihl TanJJepa - WeHHOHa (CM. ( 17 .12) 
H ( 17 .13)). 

3rM JCJIOBHSI npaMeHRMhl TOJlhKO npH HH3KMX qaCTOTax, 

Kor JJ.a hv MHoro MeHhWe k T M KBaHTOBhle COCTOHHMH Mor yr 

CllMTaTbCH OeCKOHel.fHO OJIM3Kl"1MM. np11 3TMX OOCTOHTeJihCTBaX 

rnyM Mo>Ker 6bITh onpeJ.teneH KaK rayccoe UiyM. PacnpeJJ.eJieHue 

no KaKoR-JIHOO nepeMeHHOI:! Xm He 3aBHCHT OT JJ.pyrHx nepe· 

MeHHhlX R CJieJJ.yeT 3aKOHY e- ~x;,, cor JiaCHO ( 1 7 .16) M ( 1 7 .1 7). 
rayccoa UIYM HenpRMeHMM 8 KBaHTOBaHHOR CHCTeMe, eCJIR TOllbKO 
KoaHThI h·J He MoryT Cl.fMTaThCR oecKoHeqHo MaJih1M11. Puc. I 7 .1 
JJ.aeT reoMerp114ecKoe npencranneHHe CHTyauHH c yqeToM coor· 

HOllleHMSI ( 17.10), cor nae no KOlOpOMY TOLJKR ccpepbI llOJl>KHW 

11 JI. 6pann10aa 
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npaKTH'1eCKH JieiKaTh Ha ee noeepxHOCTH. To11Ka M, npe11cTae
JIH101uaH 11cxoJJ,11oe coo6111.eHMe c 3Hepruett E, Haxo.n:MTCSJ Ha 
ctpepe paiu1yca E 11 2. Coo6m.eH11e nn10c wyM npeJJ,crasneHo ro11-

Koi1 M' Ha ccpepe panuyca (E + 
+ E,i) 112; paccroHHHe MM' paeHo 

r=En' 12 (CM. (17.12)11(17.19)). 
M 1 npe.rr.cTaBJISJeT B03MO)l<Hoe no
JioiKeHwe ro11KH Jlpyroro cooo
nteHMH, KoropaH Mor Jia Ohl OhIT& 

cnyraHa c M, nOCKOJihKY 3Ta 
T011Ka H3XOJJ,HTCSI Ha TaKOM JKe 
paCCTOHHMR r or M'. TaKMM 
oopasoM, MM. eCTb HaHMeHhmee 
B03MO>KHOe paCCTOSJHMe Me:iK.D:Y 
pa3JIM'IMMh1MR T04KaMH coo6tue-

o HHti. Puc. 17.1 JI.aer nJIOCKoe 

FHc. 17.1. CeqcHMe N-McpHoA rn .. 
ncpccpcpb1 nnocKOCTbIO, noKa3bI
BaIOUJ,ee .llBC «OJIHiKafiwMe> roqKH 

coo6uteHMH M BJIMSIHMe wyMa. 

ce'leHMe MHoroMepHoro npocrpaH· 
CTBa, onpeJJ,eJIHeMoe TpeMH TOll
KaMH M, M' M M 1• PacCTOHHHe 
MM1 = 2H npMHRMaeT npe-
.n.eJihHOe 3Ha11eHMe, Kor JJ,a MM' 

nepneH.n.MKYJIHpHO K OM, a M' M 1 - nepneHJlMKYJIHpHO K OM1• 

9To aHaquT, 11ro nnom.a.llh A rpeyroJihHMKa OMM' paeHa 

A _ H(OAfi} _(MM')(OM) 
OMM'- 2 - 2 , (17.21) 

OTKy.n:a 

HR,= Rr u H= JI EEn_ < v-=-u r= En, 
, E+En 

(17.22) 

PacCTOHHMe 2H Me>K.n:y T011KaMM M M M1 .n.ettcreurenhHO MeHhWe, 
tteM paccroHHMe 2r, r JJ,e r - pa.lluyc rnyMoeott ccpephl, oKpy~ 
JKa10m.eA M. 

Mb! JlOJIJKH&I reneph BhIHCHMTh, KaK pacnonoiKMTh TOllKR 
cooomeHutt M e ccpepe R o6'heMa 

N 

V=CNRN =CNE2 , (17.23) 

C TeM, 11TOt5bl OOeCnelJMTb nepe.n:aqy CO CKOJib yrollHO AtaJioA 



4) OiiCY/K,llHHHB 4>0PMYJibl TAJTJIBPA-WBHHOHA 

aepOSITHOCTblO OllHi6KH. TiyCTb 

1l=e-ri. < 1 
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(17.24) 

eCTh JJ.onyCTMMaH seposirHOCTh ow116K11. Pacnpe11enHM roqK11 
coo6meHMR no 06beMy v c UOCTOSIHHOR cpeJJ.Hett IlJIOTHOCTblO. 
0.n.HH B03MO>KHbltt cnoco6 nonylfeHMSI IlOCTOSIHHOR nJIOTHOCTH 
COCTOMT B c .. 11yqaR:HOM pacnpeneneHMH no 06'beMy, KaK npeJJ.JIO

>KeHO llieHHOHOM. IlyCTb 01 eCTb nOJIHOe lfHCJIO TOlfeK cootS
lll,eHMil. Ka)KJJ.aSI TOlfKa coo6meHHH, nona.!laIOmaSI BHYTPh cQ:>ephI 
paJJ.Hyca H, oKpy)KaJOuleR TOlf KY M, MO)l{eT 6h1Tb cnyTaHa c M, 
lf TO M JJ.aeT OWM6Ky. 06'beM 91'0it ccpepbl paaeH 

(17 .25) 

Toq1<11 coo6meHRR, no11a.n.a10rn.ue a ocTaIDmRttcSI oobeM V - u, 
He MoryT JJ.aTh ornu6Ku. BepOSITHOCTh ow116Ku, OlfeBHJJ.HO, nponop

u110HaJihHa 01 H u/V, M Mbl Tpe6yeM: 

(17.26) 

910 03Haqaer, lfTO Mbl MO)KeM 83HTb lfHCJIO TOlfeI\ 

( 17.27) 

cor nac1-10 ( 1 7 .12), ( 1 7 .13) u ( 1 7 .15). CooTnoweHue ( 1 7 .27) 
MO>KHO nepen..icarh a a11ne 

01 ~ 'fla, (17 .28) 

r 11e 0 - seJIMqMHa, onpeJJ.eJieHHaSI paneHCTBOM ( 1 7 .13). HaH60Jib

rnee qHCJIO 01 COOTBeTCrByer 3HaKy paseHC rBa B ( 1 7 .28) J1 

JJ.aeT nponycKHYIO cnoco6HoCrh KaHana: 

C Kl. In 01 Kt• (ln a L In '»l) 
1 = 1m = 1m - -l - , 

"C-00 't "C-+CO 't 't 

MJIM cornacHo (17.24) 

C1=C-lim ~. 
1;_,..;.o 't 

(17.29) 
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flporryCKHaH cnocooHOCTh KaHana MO)f(eT OhITb CKOJlb yrOD,HO 
np116JIM>KeHa K Teope111qecK0My npeneny C, orrpeJJ.eneHHOMY 

paHee (CM. ( l 7 .15 )). Jlnst 3Toro HY*HO TOJihKO pacnpeJJ.eJIHTh 
1oqKM cooom.eHMD no c¢epe paD.11yca R c nocroHHHOU cpeD.HeH 
nJIOTHOCThlO. 

5. UpaKTHttecKali npaMep 

Ilpe.ll,hl.ll,Ylllee paccym.U.eHMe OCHOBhlBaJIOCh Ha paCCMOTpeHHH 
ueJiblX .llJIMHHbIX cootSmeHHH otSmen JJ.JIRTeJibHOCThlO 't. iloCMOT .. 

p11.M renepb, KaK TaKoe cooomeHMe Momer OhITb nocTpoeHo M3 
HeKOTOphlx c1aHJJ,apTHhlX ci-1rHanoe. HaqHeM c CHCTeMhI R4eeK 

pa3D.ena 1. f OD.MTCSI JllOOaH CRCTeMa SllleeK, HanpMMep Ta, KOTO .. 

paH COOTBeTCTByeT PHJJ.Y cl>ypbe, HJIM Ta, KOTOpaR COOTBeTClByeT 
MeToD.y OTcqeroe WeHHOHa. Mhl uMeeM (CM. ( 17. 7) M ( 17 .8)): 

n = 'iM't (17.30) 

Sl"leeK, Ka)f(Jl8SI M3 KOTOpblX COJJ.ep)f(HT 3Hepru10 rnyMa 

en=kT. 

nonHafl 3HeprMH myMa paBHa B CpeD.HeM 

En=nen=nkT. 

(17.31) 

BhroepeM ypoeeHh 3Hepru11 E .nns JJ.aHHoro cRrHana e HeKoTo
poH SJqeRKe. Ha cMrHan HaKnaJJ,blBaeTCH wyM, qro JJ.OoaenRer K 

3HeprMH CMrHana E cpeD.HlOlO 3HeprMIO en c cpnyK'ryauMRMR Toro 
>Ke nopRJJ.Ka BeJIMqHHhl, TaK llTO npaKTM4eCKM noKpbIBaeTCH MH· 

repean 3Hepr11R 2en. B coo-reeTCTBHH c 3THM JJ.OBOJihHO rpy
OhIM paccymJJ.eHMeM Mbl JJ.OJI>KHhI nonpotSoearh BhlopaTh a Ka:tK

D.OU siqeHKe CHCTeMy 9HepreTHlleCKMX ypoBHeti, OTCTOSIUlMX .n.pyr 

OT JJ.pyra Ha 2e n' M MCITOJlb30BaTh 3TM ypoBHH B KalleCree 
3JieMeHTapHb1X CMrHanoe. CaMH curHaJihl o~naJJ.alOT 3.Y:eprRstMH 
BnJIOTb JJ.0 HeKOTOporo HaMOOJlhlllero 3HaqeHMR 

- -
es=O, 2en, 4en, .•. , 2(m- l)en, (17.32) 

a OOJIHhJe 3HeprMM CHTHana BMecre c IllYMOM COCT3BJISl10T1 

- - - ~ 

e1 = e3 +en= en, 3en, 5en, ... ,, (2m - l) en,• 
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Mb! BMeeM, TaKRM oopa30M, m pa3JJRqRMh1X CRrHaJIOB Ha KaJK· 
nyro SiqeftKy. Uenoe cootSmeuue llJIRTeJihHOCThlO -c noJiyqaeTCSI 
nyTeM sa.rr:aHMH 9HeprMH CMrHaJJa B n HlfeHKax. 

fIOJIHaSI 9HeprMH COOOlll.eHMSI 8 Cpe.a.neM paeHa 

E8 -_nes-_ n(m-_l)en,} 

Es+ En= nmen. 
(17.33) 

9Tu onpelleJJeHRSI cor nacy10TCS1 c npellhlJIYlilHMR. EcnR llJJHTeJih· 
HOCTh cooorn.eHMSI sen11Ka, TO Es Mano OT JJMlfaeTCH or ceoero 
cpe.rr:Hero 3Ha4eHMH M see cootSUieHMH tSy.u.yT MMeTh npaKTMqeCKR 
9HeprMIO, Bhlpa}l{eHHYIO COOTHOWeHMeM (17.33). 9TO CHOBa cny
qatt coenaJI.eHMSI HaweepoHTHettwero 11 cpe.a.Hero 3Hal.feH11tt. 

llMCJIO nonyqaeMblX T3KMM nyreM pa3JIM4HMhlX cootSrueHRH 
paBHO 

O'=mn, 

R nponycKHaSI cnoco6HOCTh KaHana 

In G' 
C' = K Jim = K"'IM In m. 

'l:-.l-00 't 

Ho cor 11acuo ( 1 7 .33) 

(17.34) 

e E P m=l+ s=l+~=t+-~, (17.35) 
en En Pn 

PM 
rJI.e Ps = 2 , PM - ua11oonhwasi MOW.HOCTh c11rHana. 

HraK, nponycKHaH cnocooHoCTh C' paeHa npe.u.enhHOH npo
nycKHOH cnocooHoCT11, eblpa}l{aeMott q>opMynott TaJIJiepa - llleu
HOHa ( 17 .15). 9ra MOJI.eJih OJ JI.eT MCTIOJJh30BaHa JJ.JISI CpaBHeHRSI 
e nocneJI.yEOuleM paccy)l(JI.eHMM. 

9To paccyJKlleHRe onpaeJI.hleaeT eblt5op RHTepeaJia 2e n, eee
lleHHoro 8 (17.32), nOCKOJihKY OH npMBO,ll.MT K cpopMyJJe llleHHOHa. 
Bonee TeCHoe pacnoJIO)l(eH11e· llano obi, Ol.feBMllHO, nepeI<phITHe 
9HepreTHl.JeCKHX RHTepeanoe, COOTBeTCTBYIOUIMX llBYM COCellHRM 
ypoBHSIM c11rnana. Eonee npocropnoe pacnono>KeH11e MOrno t5b1 
JI.aTb 06nhmy10 HaJI.elKHOCTb nepe.rr:alf 11, HO He JI.aJio Ohl nonHoro 
RCnOJlh30BaHMSI nponyCKHOH cnocot5HOCTH KaHaJJa. 

He.CKOJJhKO JI.OnOJJH11re.11hHbJX saMe4aHRH nonesHbJ .zvu1 Toro, 
llTOOhI no1\a3arh CBH3b c aHan11soM npe,nhIJI.yw.ero paslleJJa. Ilo
KaJKeM CHa 11ana, l.JTO paBHOOTCTOHlltMe ypOBHH 9HeprMM (CM. ( 17 .32)) 
COOTBeTCTBYIOI paBHOMepuo" OJIOTHOCTH TOqeK CRrHaJJOU 8 npo· 
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cTpaHCTBe N = 2n M3MepeHMft PaccMorpttM HeKoTopyro, CKa>KeM 
i-IO, HLieAKy, MMeromy10 JJ.Be creneHM CB060JJ.bl, T. e. OJI.HY CM
HyCHYIO COCTaBJis:llOIUYIO (if OJI.Hy KOCHHycnyro, KOTOpbie Mbl o6o-
3Ha4HM xi (if Yi. 3TM 2n KOOPJJ.MHaT xi, Y; 06pa3y10r N-MepHOe 
npocTpaHCTBO. ITpeJI.nOJIOJtCH~l, LITO T04KH CHrHanoe MMe10r e 
nJIOCKOCTH xi, Yi paBHOMepHyIO nJIOTHOCTb p (Xi, Yi)· B cpeJJ.HeM 
e Manon 06nacr11 dX; d Yi ttMCJIO TOlfeK 6y JI.eT: 

dO = p (Xi, Yi) dXi d Yi. 

BoshMeM renepb KOJihuesy10 o6nacrh Memny r; M ri + dri, on
peJJ.enMe ~ ycnoetteM 

~ x2 + v2 E r; = i Ii= i' (17.36) 

r JJ.e E; - coorsercray10mas:1 9HeprMH. CpeJI.Hee LIMCJIO roLieK c11r
Hanoe e 9T0'1 o6nacrM paaHo 

dO = p (Xi, Y;) 2 1t r; dr; = 1tp (Xi, Yi) dEi, 

R Mbl noJiyqaeM no IIJKa.r1e 9HeprM'1 paBHOMepHyIO nJIOTHOCTb 
JI,JIH i-ii ff4e'1KH 

(1 7.37) 

3TO COOTBeTCTByer rrpeJI.nOJIOJKeHHIO (17.32). 
B (17 .32) MhI npM:\IeHHJIM pasHOOTCTOHIII.He M pasHoeepoHTHhie 

aHepreTMLieCKHe ypoeHM anJIOTh JI.O HeKoroporo HaH60Jihwero. 
Mb! MO>KeM aaecr11 MHOe JJ.OrrymeHMe M paccl\1arpMsaTh 3Hepre
TM4eCKMe ypoBHH c anpMopHott: eepOHTHOCTblO 

(17.38) 

JlJiff 9HeprttM Ei a i-it SlLiett:Ke. 9ro JJ.aer eepoHTHOCTh 

(17.39) 

a N-MepHOM npocrpaHcree. 3a}latra oqeHh CXOJJ.Ha c paHee pac~ 
CMOTpeHH0'1 (CM. ( 1 7 .16) (if ( 17 .20)). HoeaH nOCTOSIHHaH 1 npocro 
saMeHs:teT npe>KHIOIO ~' (if Mbl paCCMaTpMeaeM 9HeprMIO CMf HaJia 
eMecro 3HeprttM IIJyMa. Bee T04KM CMrHanoe npaKTMLiecKH ne
>KRT Ha ccpepe 

-

2 N-1 -
R = 21 =E, 

11 E _eCTh cpeJI,HHff 9H.eprMH cMrHaJioe. 

( 17.40) 
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B npenhlny1u11x rnaeax MhI IlOJJ.4epKueanw TOT npHHllHll, 4TO 
nony4eHue 11ro60A HHcpOpMaUMH 0 <j>M3M'leCKOfi CMCTeMe OnJialJ(if

BaeTCSl COOTBeTCTBYIOllUIM KOJIM4eCTBOM OTpHUaTeJibHOfi 9HTpo

OMH, OTOHpaeMOfi y CMCTeMbl, 11 o6paTHO, 4TO BCHK3SI MHcpopMa

llHH, sanaceHHaH HJIH rrepeJJ.aHHaSI QJH3HlleCKOtl CMCTeMOfi, COOT

BeTCTByer yseJIM4eHl1EO Her9HTpOnHl1 CHCTeMhl. 

IlpMHUMn 1\fO:iKeT OblTb npoeepeH Ha oocy)l(JJ.aeMblX npnMepax. 

Mhl o6cy JJ.MM noceHmeHHYEO 9TOMy eonpocy paoory P9ttMOHJI.a 1
) 

0 noKa)KeM, KaK oua JJ.OJI>KHa OhlTh 0cnpasneHa e OTHOWeHMM 

OlllHOOQHOro 110cneHHoro MHO)f{MTenH 1/4. 
Kaoenh, no KotopoMy MbI nepe11aeM cooomeH11e, WMeer rrep

aonaqaJibHO TeMneparypy T. Ilp11 HOpMaJihHhlx ycnoe11stx OH 0Mee1 

9Hrporrw10 S0 0 ypoaeHh IllyMa, cooreeTCTeyrou1wfi cpeJI.Hefi MOUl

HOCTH p n B nOJIOCe lllHpMHOfi "M l1 JJ.JISl orrpe.rteJieHHOro HanpaB· 
neHMH pacnpocrpaHeHMH (cM. (11.17) 0 (17.Sa)): 

(17.41) 

3JleCh P9iiMOHJJ. BBOJJ.MT HenpaBHJihHhifi MHO>KMTeJTb 4 e ceoe pa

eeHcrao ( 4 ), 11TO npMBOJJ.MT K MHO)l(HTeJJEO l / 4 B ero paBeH

CTBe (5). 
npR nepeJJ.alfe COo6m.eHRSI Mbl HCilOJib3yeM Ha npOTSl'>KeHRH 

HeKOToporo epeMeHM 't cpe.U.HEOIO MOUJ.HOCTb P, HO He Tenno. 
3HTPOilHSl KaOeJISl BHa4aJie He MeHHeTCH, HO ecnM MbJ He npMHSlJIM 

COOOlll,EHMH H OCT8BHJJH ero B Ka6ene, TO OHO 6y JI.eT pacnpO· 

CTp3H51TbCH TY JI.a 0 ooparno " nocTeneHno aaryxaTh acneJI.CTBRe 
9cpcpeKTa LbKoynH e conpOTReneHMSix, noKa ecs 9HepruSI P 't He 

npeepaTMTCSI B Tenno. 3ro KOJ1eq1-1oe COCTOSIHRe COOTBeTCTByeT 

9HTponttH S 6onhwefi, 4eM HCXOJI.HaH 3HTponwH S0• Her9HTponuH 
AN, BBeJJ.eHHaH e11aqane e Kaoenb e npouecce nepeJJ.aqw c11r

Hana1 npe .U,CT38JISieTCSI pa3HOCTblO 

AN=S-S0• (17.42) 

3ry BeJIW4PJHy Mhl (if JJ.OJI>KHhl Bbl4MCJIHTb. 

1) R. C. Raymond, Am. Scientist 38, 275 (1950): CM. raKme 
C. A. Deso er, Mass. Inst. Technol. Research Lab. Electronics, Quart. 
Progr. Rept. 46 (1951); J. H. Felker, PIRE 40, 728 (1952); 
D. A. B el l, An1. Scientist 40, 682 (1952); L. B r i 11 o u i n, J. Appl. 
Phys. 25, 595 (1954). 
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Tipe.nnoJIOIKMM CHa4aJia 04fHb CHJlbHYIO CJ3Sl3b MeJK.ny c11rHa· 
JtaMH H <flH3n4eCKOll CHCTeMOll (KatleJieM). 9TO eCTb npe.nnOJIO• 
>KeHHe PetiMOH.na, «llTO TennoeMKOCTb aaMKHyroti CHCTeMhl Ha
CTOJibKO BeJinKa, qio 83MeHeHHeM TeMneparypbI np11 .netiCTBHH 
ycTpOltCTBa CBSl38 l\IO>KHO npeue6pe4b». 9TO Be.neT K OKOH4a· 
TeJibHOlt 3HTpon1111 

p 't 

S=So+y, 

OTKY .na c noMOW.blO ( 1 7 .41) 

(17.43) 

p't k""M Pt 
b. N = -T-- = Pn • (17.44) 

Her9Hrpon11H ~N npe.ncTaBJIHeT MHcpopMau11ro, TeKymy10 co CKO· 
pocThlO !:,. N/'t B ceKyH.ny, H, cne.noeaTenbHO, nponycKnasi cno· 
co6HOCTb (B ceKyH.ny) paBHa 

(17.45) 

Cpaauneasi aTOT peaynbTar c cpopMynon llieHHOHa (17.15): 

Csh=kvM In ( 1 + :J, (17.46) 

Mbl Blf.llHM, qTO o6e cpopMyJibl COrJiacyro1c.si TOJlbKO npn 04eHb 
MaJihIX OTHOllieHnsix P/ P n, Kor .na l\IO>KHO orpaHn4HTbCSI nepBbIM 
llJieHOM B pa3JIOJKeHHH JiorapHcpMa. 

<PopMyna WeHHOHa 6b1Jia nony4eHa B cneuMaJibHhix npe.nno· 
JIO>KeHMffX, He COOTBeTCTBYIOlllHX TOJibKO QTO paCCMOTpeHHOH 
MOJJ.eJin, WeHHOH nMeJI B BHJJ.Y Ka6eJtb 6e3 norepb, 6e3 OMM· 
qecKoro conpoTMBJieHnH. 3To oaHa4aer 0Tcyrcrs11e CBst3n MeJK.ny 
9JieKTpnqeCKHMM TOKaMn, TeKyW.HMH no Ka6eJIIO, H caMnM QJH· 
a111.1ecKnM Ka6eneM. IlpeJJ.noJiaraercsi, QTO 11cro1.1HHK lliyMa Haxo· 
.nnrcsi sue Ka6enst 11 JJ.ellcrnyer uesas11cnMo. 3.necb neT npstMoro 
MfX3HH3Ma, npneo.nsiw.ero B KOHU.e KOHU.OB K yeennqeHHIO 9H· 
TponnH, KOTopoe MbI 06HapyJK11Jin e HallieM npeJJ.hlJJ.ymeM np11Mepe. 
E cnn MbI np11MeM npe.ncranJieHne 06 0Tcyrcrsn11 CB513n MeJKJJ.Y 
CHfHaJiaMn " Ka6eJieM, TO Mbl .llOJIJKHbI npe.nnonOJKHTb KaKOll· 
111160 nHoti MexaHM3M paccesiuHsi. YaeJJnqeu11e 9HTpOnMn MO)KfT 
npoHCXO.llHTb BCJleJJ.CTBMe MCKaiKeHHSl cnrHaJia HJIH H3-3a Hepery
JI51pHoro nsMeHeHnSI HHTepna11oa MeJKJJ.Y MMnynbCaMH TOKa M 
MHTeHCHBHOCTH HMny JJbCOB. 
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HaqaJibHOe COCTOSIHne eCTb opraHn30BaHHaSI CHCTeMa nMnynh· 
COB, Hecymnx JKenaeMyro HHcpOpMaUnIO, a KOHeqHoe COCTOSIHHe 
eCTh JI.esopraHnsoaaHHaSI 6ecnopHJJ.Olfttasi nocne.llOBareJihHOCTh 
nMny nhCOB, pacnono)KeHHhIX cny1.1atttto n He Hecym.nx pas6op
qwBott ntt¢opMaunn. CncreMa nMeeT n Kone6arenbtthlx crenettett 
cBo6oJJ.hI (S11.1ettKa pasJJ.ena 1 ), n cnyqafittoe pacnpeJI.enettne anep
rHH Er cooreercTeyeT reMneparype T (cM. (17.8)) 

Er=nkT. (17.4 7) 

Ecnn renepb npeJI.nono)KMTh, 1.1ro 9HeprHSI E, nocreneHHO Ha
pac1aeT cTyneHSIMH dE,, TO yeenn1.1eHHe 9HTponnu ecTh 

E2 E2 

S S S dE, kl dEr kl Et - o= T-=n Er=n "E,· 
Et t 

(17.48) 

Ha1.1anhHOe COCTOHHHe E1 COOTBeTCTByeT TOJlbKO MOllJ,HOCTH p n 

rnyMa JJ.JrnrenbHOCTbIO 't. KoHeqHbitl ypoBeHb 9Heprnw E2 nony-
1.1aercsi nocne roro, KaK ecst JJ.06aso1.1ttasi 9Heprnsi P 't pacnpe .. 
JI.eJieHa cny1.1attHblM o6pa3oM Me)KJJ.Y n ocunnnHTOpaMH n JJ.06ae
nena K atteprnn rnyMa 

E1=Pn't, E2=(Pn+P)'t. 

0TCIO,lla HMeeM ,llnSI Her9HTponnH 

p +P dN=S-S0 =nkln n • 
Pn 

(17.49) 

3To naeT nponycKHYIO cnoco6HocTb KaHana (Ha ennHnuy epe
Mettw) 

C2 = /J.tN =k ~ In (I+ ;J =kvMln ( 1 + ;J, {17.50) 

qro coBnaJI.aeT c ¢opMynott llieHHOHa ( 17.46). Paann1.1we Me)KJJ.Y 
HalllHM npe.llhlllYlUHM pesyJihTaTOM (17.45) " HOBblM (17.50) 
o6ycnoenetto TeM, lfTO nepsoHa1.1anbHasi Mo.llenb nO.llJJ.ep>Kweanacb 
npH nOCTOSIHHOD reMneparype T, Tor )1.a KaK B HOBOfi MO)J.enn 
Ha6n10JI.ae-rcsi noehlrnenHe reMnepaTypb1, nponopuHoHanhHOe yee
JIHqeHHro cnyllatlHOD 9Heprnn Er, npnqeM paeeHCTBO ( 17 .4 7) ece 
epeMsi co6nIO.llaercsi. 9To noBhIIIJenne TeMnepaTyphl yMeHhIIJaeT 
pa3HOCTb 9HTpOnMtt ( 1 7 .48) H npnBOJlHT K MeHhWeD nponycKHOR 
cnoco6HocTn KaHa~a. 
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JlorapncpM DOSIBJHieTCff 3D.eCb TaKHM JKe o6pa30M, KaK M3BeCT· 
Hhlil 1.1JieH In V B 9HTponnn nn.eaJibHoro ra3a (CM. ( 12.12)). CH
Tyaunst a 9TOl:t aan.atte ot1eHb cxon.Ha c rott, KOTopy10 MhI paHee 
OOHapyJKnJIH B pasn.ene 7 r JI a Bbl 13 (CM. ( 13.55)), Korn.a HallIJIH, l.ITO 
HHcpopMaUnSI I pacTeT KaK norapMcpM HeKOTopoD aenn1.1nHbl F, 
ror n.a KaK nsMeHeHMe 9HTponr111 Dt. S ecrb JIHHetiHaSI cpyHKUHSI F. 
B npooneMe CBst3n Mhl nMeeM cxOD.Hh1e cpopMyJihl: MHcpOpMauMsi I 
(HJIH. nponycKHaH cnocooHOCTb KaHaJia C, cpopMynh1 (17.46) 11 
(17.50)) eCTb JIOrapHcpM BeJIHl.IHHhl. 

ror n.a KaK M3M€HeHHe 9HTponnH (CM. ( l 7. 44 )) nponOpUMOHaJibHO 

F - 1 a Mo.uenM P3fiMOH.Ua, npe.ucraBJIHIOlll.eD peanhuyio cpH3H-
1.1ecKy10 CMCTeMy c pacCeSIHHeM. 

B 3aKJIIOtteHMe HYJKHO no.uttepKHYTb cpMsnttecKoe aHatte1-u1e 
9TOro paccy>KD.eHHSI: cpopMyJia llieHHOHa .uetiCTBHTeJibHO n.aer 
npen.eJI, cooTaerc1'BY101UHit onTnMaJihHhIM ycnoBHHM c HaHOOJih

llleti acpcpeKTHBHOCTblO npeo6pa3oBaHHSI Her9HTponnn B nHcpOpMa
UHIO. 3To cnen.yeT M3 TOfO cpaKTa, llTO BhlllMCJieHHSI, OCHOBaHHble 

Ha nHcpOpMaUHH (pa3D.eJI 3) H Ha Her9HTpOUHff (CM. ( 17 .50)), 
l(aIOT coanan.arontMe pe3y.11bTaTbI np11 ycnoann, ttTO ace eennttnHht 
H3MepstIOTCSI B 0,llHOtl CHCTeMe e.uHHHU. 

Ecnn nHcpOpMa11nS1 nsMepHeTcn a l(BOn11Hhlx eJI.HHnnax, a aH
TponHst - B repMO,llHHaMHlleCKHX e,llHHHuax, TO Ka>K.uasi D.BOHttHaSI 
eD.HHHUa COOTBeTCTByeT k ln 2 ~ 1 o-rn TepMOD.MHaMiitteCKMX eD.M

HHU. 3To CHOBa .UOKa3wBaer (CM. rJiaay 14), ttTO OD.Ha D.BOI14HaSI 
e.u11Hnua MHcpOpMaUnH HHKOr n.a He MOJKeT OhlTb noJiylleHa 3a 

HeraHrponHfiHYIO ueHy MeHhlllYIO, tteM k ln 2. 

7. Bu,IlOH3MeHeHHaB 4>opMyJia rautlopa H pOJib tlnenne 

f9tt6op 1
) nocne oocyJKJleHnH cncreMhI S11.1eeK, on11caHHOt1 B 

r JiaBe 8, OOCTOSITeJihHO MCCJieD.OBaJI sonpoc 0 TOM, KaKHe ypoBHH 
9Heprun MOryT OhlTb ncnOJih30BaHhl a KaJK.uoD H1.1etiKe D.JIH npe.u
cr aaneHHH pasJIHllHMhIX c11rHanos. Paccy>K.ueHne f9tioopa oCHo
aaHo Ha KBaHTOBOtl Teopnn, HO BO acex npaKTMtteCKMX npnno
>KeHMSIX KBaHTbl h v HaCTOJlhKO MaJibI, l.ITO MO>KeT npHMeHSITbCff 
Knaccn11ecKaS1 Teop11H. Cn.enaa 9TO, MOJKHO yoen.nTbCSI, 111'0 HOBble 

1) D. Gabor, Phil, Mag. l7l 41, l l61 (1950) .. 
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4JieHbl B cpopMy Jie r3H6opa COOTBeTCTBYIOT 6ffeHIHIM Me>K.llY 

CHrHaJIOM H lllYMOM. 9TH 6HeHHSI yseJiff 4HBaJOT cpnyKTY aUHH 9Hep· 

ruff. Ecnw HaJIO>KffTb Ha CffrHaJI c aMnJiffTY .llOH A1 wy.M c aMnJIH

ry .llOtl A2 11 nepeMeHHoti cpasott 4, TO nOJIY4HM: 

I= A1 cos wt+ A2 cos(w t+ 'f), (17.51) 

/
2 ==At cos2 mt+ A~ cos9 (mt+'})+ 2A1A2 cos OJt cos (oot + 'f }. 

llonaraH, 4TO A2 ff 4 MeH5llOTCSI Me,llJieHHo, ycpe,llHMM 9To cooT· 

HorneHHe no HeCKOJlbKff M nepHO,llaM: 

(17.52) 

3a TaKOti cpaBHHTeJibHO MaJibllt npoMe>KyToK epeMeHH MOill.HOCTb 

paeHa 
I 

- -~ ---
p =P1 + P2 + 2 (P1P2) 

2 cosy. ( 17.53) 

Cpe.llHee no 6oJiblllOMY npoMe>KyTKY epeMeHff 6y.lleT CO,llep>KaTb 

TOJibKO nepeb1e .u.ea qJieHa, TaK KaK cos'} e cpe.llHeM paeeH Hynro: 

(17.54) 

nocne,llHHti qJieH B ( 1 7 .53) npe,llCTaBJJSleT f5HeHH51 Me>K.llY CHrHa .. 

JIOM H rnyMOM. 0HH OKa3bIBaIOT cymeCTBeHHOe BJIHSIHHe Ha cpnyK

TY aUHH MOIUHOCTM a p: 

P=P+ap, (17.55) 

~p2 =P~+ 4 P1P2 COS2 'f =(P2)2+ 2 P1 P2, 

TaK KaK ,llJISI TenJIOBOrO lllYMa 

(i>~)2 = P~ " Cos2 
<ji = ~ . 

113 (17 .55) Bff,llHO, lJTO QJJIYKTyau1111 B03pacraror c yseJIH4eHffeM 

MOill.HOCTH CffrHaJia P 1• 

9TM peayJihTaTbl MO>KHO HCnOJib30BaTb ,llJIH Bbl4ffCJieHMSI 4HCJia 

pa3JIHlJHMbIX ypoeHeH 9HeprHH. JlJIH cor JiacoeaHHSI c cpopMy JIOD 
I 

llieHHOHa (CM. (17.32)) BbI6epeM cryneHH 2(~p2fff. 9TO BJlBOe 

60J1bwe c-rynetteH, nepeoHaqaJibHO npe.n;10JKeHHblX f9it6op0At. 
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DyCTb p M eCTb H3H00llbll13SI MOlll.HOCTb, npnMeHSI€MaSI npn nepe• 
Jla qe cnrHanoe. lJncno cTyneHeH (eKn104asi P = 0) eCTb 

PM P 

ma = 1 + = 1 + - ---::-==d=P======-J dP 1 5m 
2 V ~ P11 2 

0 JI P~ + 2P P2 

Jlnsi MaJJhlX OTHorneHnil PM / P2 ttHcno ma CBO.llnTCSI K ( 1 + 
l PM) + 2 P2 ' qTO coena,llaeT c ( 1 7.35). llnsi 60llbll1VIX OTHOllleHnH 

cnrHan/myM 3Ha4eHvie ma pacreT c yBenvitteHneM PM Me.llneHHee, 
1.1eM B (17.35), l.ITO COOTBeTCTeyeT cpopMyne illeHHOHa. 

B cooTeeTcTenH c 9KcnepHMeHTaJJbHhlMn ycnoenSJMn Ha6n10· 
.lleHnSI HY>KHO BbUICHHTb, 11Me10T nn 3Ha4eHne JJ.ononHviTenhHI>Ie 
cpnyKryauun, o6ycnosneHHble 6neHVIHMVI. 3To o6cym.lleHne noKa
>KeT, nonbsoeaThC5I nvi cpopMy noH illeHHOHa vinn· cpopMy nofi f9H-
6opa. <l>OpMy na f9Doopa ( 1 7 .56) npnBO.llHT K CJle.llyIOIUeMy Bbl· 
pa>KeHHIO .llJlSI nponyCKHOH cnoco6HOCTH KaHana: 

1 +-. f '2PM 
V l+ F 

Ca=KvM1nma=KvMln 2 s , (17.57) 

r ,lle p M - Han60llblllaSI MOUJ,HOCTb CVIrHaJJOB. 9ro COOTHOllleHne 
nony1.1eHo 113 (17.34) c r9fi6opoehIM 3HalleHneM ma .. Ecnn epe-

MSI 't eenHKO, TO cpe.llHee cos .p o6paw.aeTcsi e HY Jlb vi 6vieHn51.'.\fH 
MOJKHO npeHe6pe4h, 1.1ro n onpaB.llbIBaer npnMeHeHne cpopMy llht 
llieHHOHa B KalleCTBe npeJI.ellbHOH. 
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IJMCbMO, IlEllATb M qTEHHE 1) 

1. Ilepe,llaqa nn«t>opMaUHH; )KHBaH HHc)>OpMaU"HSI 

B npe.llbI.llym.ett rnaee Mhl oe>cyJK.llBJJH npo6neMy CBSI3H, npn .. 
Me1u1si o6hI4Hbitl nO.llXO.ll, pa3pa6ora11Hhltl llieHHOHoM, BHHepoM 
H rpynnott H3 naoopaTOpHtl KOMDBHHH Benn. IlpooJie:vta CBe.lleHa 
K npocTeilrneMy CJIYllBIO CBSl3H Me)f(JlY nnnaMH nocpe,llCTBOM 
Tenerpacpa HnH Toro HnH HHoro renecpoHHOro ycTpotiCTBa. 3ro 
BllOJtHe onpe,lleJJeHHBSI H 04eHb BBIKHBSI 3a,lla4a, perneHHe KOTO
pott MO)f(eT owr& pacnpocrpaueHo Ha oonbwoe 4Hcno cxoAHMX 
CHTY auHtt, HanpHMep, Kor AB O.llHO nHuo Henocpe.llCTBeHHo roso
pHT C .llPYfHM. 

Teop11si, OAHaKo, MoJKeT He orpaH~llHBBTbC5I 9THM cneuHaJI&HhlM 
cny4aeM M MOJKeT OblTb pacnpocTpaHeHa Ha 3HBllHTeJlbHO oonee 
o6mHe npooneMhl npH ycnoBHH, 1.1ro cneuwaJihHoe BHHMaHHe 06-
pameHo Ha ycnoeH5I .llettcrsHSI. Mb1 HaMepeHhI B ABHHOfi r nase 
oe>cy .llHTb 9TH o6mHe npooneMhl " noKaaarb, 4TO Her9HTponHDHhlfi 
npHHUHn HHcpopMaUHH Il03BOnReT HBM HCCneAOBaTb BCe B03MOJK
Hhle OOCTO.siTen&CTBa CBSI3H 11 CAenaTb HeKOTOpbre BBiKHble 33-
KJIIOlf eHHSI 06 OCHOBHbIX 3BKOHBX. 

CTepBaH HHTepecHa5I npooneMa - 9TO Beill.BHHe.. 3,lleCb Mhl 
HMeeM O,llHO JIHUO, coo6ma10meecS1 co MHOfHMH .. 

A. .llHKTop roaopHT nepe.ll MHKpocpoHOM, coe.llHHeHHbIM N 
Ka6enSIMH c IV pa3nMllHhlMH npHeMH11KaMH. 

B.. 0AHa TenerpaMMa noc&1naeTCS1 N pa3nHlfHbIM CTaHUHstM .. 
C. OpaTop B&IcTynaeT nepeA cnyrnaTenRMH B ay JlHTOPHH. 
D. BemaTenbHaSI nporpaMMa nepe.llaeTCSI no pa11Ho. 

1) 3rH npooJieMbl oocymJJ:aJIMCb aBtopoM Ha CeMHHape B XapBap.ne 
(oKTR6pb 1951), e JieKnmt e yHHBepcHrere EpayHa (tl>eepaJih 1952) " a 
.noKJiaJJ.e AMepHKaHCKoMy <PH3J1qeCKOMY 0611.\eCTBY (Mail 1952) .. CM. raKme 
L. B t i 11 o u in, J. Appl. Phys. 25, 595 ( 1954). 
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B cJiy4aSix A 11 B MhI, 01.1eBHJI.HO, MMeeM np11Meph1 npe>KHefl CBH3H 
Me)l{.llY .llBYMSI JinuaMM npM N napaJineJihHO pa60Ta10mnx Kana
Jiax. I lepeJiaT1.111K .llOJiiKeH pass11BaTh MOlllHOCTh, Heo6xO.llHMYID 
JI.Jist ecex Kauanos. EcJin ece KaHaJibl OJI.nHaKOBbI, TO MhI JlOJDKHbl 
npocro 06ecnet.1HTh MOlltHOCTb B N pas 6oJihWyro, lleM .llJIH 
OJI.llOro KaHaJ1a. CJiyqan C 11 D Menee 6JiaronpnSITHhI ns-sa Toro, 
4TO 60Jibllla51 ,llOJISI MOIUHOCTH He HCfi0Jlb3YeTCSI: 3BJKOBhle BOJIHhl 
nor JlOlll,alOTCSI B CTeHax, Me6eJIM 11 .llP yrnx 3BYKOIJor JlOlll,aIOmHX 
MaTepuaJiax B cJiy1.1ae C; paJI.HOBOJIUhl paccensaro1cS1 " TepS1ro1cR 
B npocrpaHcTae e cJiyqae D. 3a HCKJIIOqeHHeM 9THX oqeHh 6oJib
lllliX ,llOnOJIHMTeJibHhlX IIOTepb ,llBa IIOCJie,ZI.HHX cnylla.sr anaJIOfH4Hhl 
cJiyllaSIM A " B. B otlmeM Mbl MO>KeM csecr11 Bee aro K OJI.M
HOllHhlM KaHaJiaM, pa6oTaromnM napanJieJihHO. 

3TH 11po6JieMw nMeIOr CJieJI.yiomMe 06m11e 4epThl: 
1. Mom.uocTb " Her9HTponnSI pacnpocTpaHSIIOTCSI eMecTe c 

11HcpopMauuett 
2. CTpneMHHK nor nom.aer 9Hepr1110 " Her9Hrpon11ro TeM >Ke 

,lleficrs11eM, KorophlM ocyw.ecreJIHeTcSI nptteM HHcpopMaunH. Mhl 
xapa1('repnsyeM ary c11ryau1110 Bblpa>KeHHeM :»CUBaR uH<f;opMaquR. 
HHcpopMaUHSI nepe,llaercH c 9Heprneit, ueo6xo.D.HMOii ,n:nSI ee 06-
Hapy>Ken11H. 

3. B npouecce nepe.llaqM ueKoTopaSI 9HeprHH .n:erpa.llnpyer, 
HeKoTopaH Her9HrponHff repHeTCSI, H HHcp0pM3UHH TepffeTCSI no .. 
cpe.llCTBOM Toro >Ke MexanM3Ma. 

4. Bo scex npnMepax npHJIO>KHM 06061ueHHblfi npnHUHn ff apHO, 
ycraHaBJIHBaromnfi, qTo nucpopMaunH JI.OJI>KHa 6bITb onJiaqeHa KO ... 
JIHqeCTBOM Her9HTpOnHM, 60JiblllliM liJili paBHhlM no11yqeHHOfi nHcpop .. 
Ma1111n. 

2. Ilpo6JieMa llTeHHH H DHCbMa 

MM acrpeqaeMCff c coeepllleHHo nHofi c11Tyaunetl, Kor .lla 06-
paw.aeMcR K .npyroMy BH.llY nepe,llallH liHQJOpMaUHH: K IlliCbMY 
" 4TeHHIO. 01.1eBHJI.HO, 4TO npouecc nHCbMa conpOBOJK,llBeTCff 
HeKOTOpott aaTparoft 9HeprnH, HO Mhl He HaXO,llliM HnKaKHX cne.noe 
erofi 9HeprHn Ho HCfiMCaHHOfi crpaHHUe. 3JI.eCb He OCTaJIOCb TaK>Ke 
en,llnMoD ueraHrponnn; Teneph nHcpopMaunst coeeprneHHO paso6-
meua c 9THMM JI.pyrnMH 9JieMeHTaMn. 9ro He or JI.eJihHhlfi npnMep, 
TaK KaK CXO,llHOe IlOJIO>KeHne Mbl HMeeM BO ecex CJiyqaSix sanncM 
HHcpOpMaUHH: ne•!aTHhle Ma·repHaJihl, rpaMMOcpOHHble OJ13CTliHKH, 
MarH111uaH ne1rra, nepcpoJ1eu1a H 11epcpo1<apTbl, 1.1epTeiKH a T. ,n:. 
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Bo ecex 9Twx npwMepax Mhl 11.MeeM aanaceHHyro HHcpopMaUHIO, 
He CBSl3aHHYIO HH c 3HeprHef:l, HH c Hef3HTponHett. EoJiee Toro, 
Mbl MO>KeM H3BJieKaTb HHcp0p.M3UMIO, He paapyrnaH ee. IlpeJJ.CTaB
JI5leTCSI B03MO/KHblM HeorpaHHl.leHHOe pa3MHOiKeHHe HHcpopMau1111. 

B Ka4ecTee np11Mepa npe11.noJIO}l{HM, 1.1To aeTop n11111eT KH11ry, 
11 KHHra nytln11KyeTcH. Mhl He paccMarp11BaeM npouecca MhirnJie
HHH H paooTy aBTOpa. 3To eCTb 1.1eJIOBe4eCKMfi 9JieMeHT' KOTOphlfi 
Mhl Tlll,aTeJibHO H36eraJIH BKJIIOllaTh B HaIIIH paccy>K)leHH5l (CM. 
r JiaBhl 1 H 20). lie cocraBJIHeT pa3HHilbI, 6y .lleM JIH Mhl paCCMaT
p11BaTb KHHry, Han11caHHYIO aBTOpo~, HJIH npocTO co6paH11e 
4HCJIOBhlX ,llaHHbIX npo11.e 6Hp>KeBhlX ueH, Mereoponor111.1eCKHX 
Ha6n10.neHwH H T. n. Ecnu pyKon11ch HMeeT N 6yKo, TO ona 
co,llepm11T HeKOTopoe Konw11ecreo HHcpopMauuw. Harne onpe.lle
neHHe ue H.lleT .llanee. flpe.llnOJIO>KHM renepb, 4TO Hane11aTaHo 
1000 9K3eMnJIHpOB KHHrH H IJTO Ka>K,llbIH 9K3eMnJistp npo11MTaJIH 
100 4eJIOBeK. 061uee KOJIH4eCTBO HHcpopMaUHM 803pOCJIO B 105 

pa3, Tor .na K8K COOTBeTCTBy1omee yaen11qeHHe 9HTpOI1HH npe.n
CTaBJIHeTCSI HecpaBHHMhIM. KoHe4HO, yeenwqeH11e 11HcpopMaui-n1 
CHHJKaeTCSI TaKHMH np11q11HaMH, KaK one1.1arKH, OlllH6KH nepe)la4H, 
He.nocTaTOK noH11MaH11S1 11 r . .n. 0JlHaKo K03cpcpHuweHT JMHo>KeHHSI 
ece >Ke MO>KeT 6b1Tb npaKTHlleCKH 01.1eHb BeJIHK. JlJISI Toro l.IT06bl 
noKa3aTb, IJTO H B 9THX CJiyqaJix npHJIOiKHM Her9HTpon11fiHblfi 
npHHUHil, HeOtJXO,llHMO H3YllHTb sonpoc 6onee BHHMaTeJibHO. 

3. MepTeaH uuct»opMa11,u11 u KaK ee omnBHTb 

Mhl xapaKTepM3yeM 11pHee,lleH1:1y10 eh1rne c11ry au1110 KaK sana .. 
ceHHYIO .MepmBylO 11ntfiopMaqu10, He CBSl3aHHYIO c 9HeprweH HJIH 
Her3HTponHefi. JlJIH roro 4T00hl npot.ieCTb HHcpOpMaIUHO, l\thl 
JlOJI>KHbl CHOBa CHa6)lHTb ee 9Hepr11efi. JlonoJIHHTeJlbHhlfl HCToq
HHK 9HeprHH coaeprneHHO Heo6XO)lHM JlJljJ 1.1reHHH, H 9TOT HCTQq ... 
HHK .nocraeJJster Hera1-rrpon1110, KoropaH npeepautaeTCH s Hosy IO 
HHcpopMaI~HIO. 

Jl.1151 roro 4TOtlbI 4HTaTb KHHry' HaM Hy~eH HCroqHHK CBera. 
fpaMMocpoH He pa6oraeT 6es Moropa, npama10mero nnaCTHHKY. 
Cnenott, 411Ta101u11ti KH11ry, HaneqaTaHHYIO penbecpHbIM mp11cproM, 
JlOJI>KeH ,llBHraTb ceofl naJiell IIO 6yMare H pa3BHBaTb JI.OCTa f04-
HOe .llaB11eHHe, 4T06bl OTJIHqHTb neqaTb OT .llpyrHx Hepoanocreit 
crpaHHUht; 9TO .llBH>KeHHe H .llBBJieHHe rpe6y10T pa6oThl. Hall HY
iKeH ceeT H cporoaneMeHT, t1TOOhl npoqeCTb nepcpoJieHTY, nu6o 
MLI npHMeHsteM 6aTapeIO H meTKH, nponycKa10w.ue TOK qepes 
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OTeepcT1u1 rrepcpoKapTbI. Momno noKa3aTb, QTO eo ecex 9TBX rrpu
Mepax KOJHitteCTBO ner3HTpon1111, B3SJTOtt OT BHeIUHcro l1CTQqH11Ka, 
6oJibme, tteM nonyqenttaSJ 11HcjJopMau11SJ. CJ1y4aft llTeHHSI nepcpo
nettThI SIBJISJeTCSJ THI111llHhlM np11MepoM, )lJISI Koroporo Mbl MOiKeM 

HIHlJOfl_MOl( IJfl 

fJ f}fJ. eiJ. 0 1 O O 1 0 O 0 

PYIC. 18.1. Jl,HarpaMMa, noKaJhIBalOU{aR neHry c orsepcr11HMH, npo6Hrb1M11 
Ha Mecre Hy.JJeti B coo6ll..{eHHl1, 3aKO.U.11pOB3HHOM no D.BOl14H oii CHCTeMe. 

fiOJlCqffTaTb KaK 9HTponnIO, TaK H HHcf>opMaUBIO H npoeepnTb 
COOTHOllleH11e Me>KJJ.Y H11MH. 

CT0J1om11M, qro nHcpopMaUHH aanncaHa na Merann11qecKoti nep· 
cponenre B BH)le )lB011llHblX u11cpp. ffaK noKa3aHO Ha pHC. 18. l, 
Hyn11 npeJJ.crasneHhI 0Taepcnu1M11, a eJJ.11H11uhl - Henepcpop11po

eaHHhIMH 0Tpe3Ka~H JieHrbl.ffa:>K· 
,ll.blil 0Tpe30K JieHTbl co.n:ep>KHT 

P, OJI.HY )lBOBttHYIO e.rt11Hnuy nncpop
Mau1111, 11Jll1 

6.1=kln2 (18.1) 

Ha 0Tpe30K B repMOJ111HaMH4e· 
cKnx e.n:nnnuax, r .rte k - nocrosiH
ttaSJ SonhuMaHa. 4nTa10mee yet· 
pOtiCTBO noKa3aHO Ha p11c. 18.2. 

Pnc. 18.2. 4Hra10w;ee ycrpoficrso Jlyq csera OT 11cTOttH11Ka nona-
.u:rn JieHrbl pHc. 18. l. .rtaeT Ha JJeHry. Ecn11 H'1eeTCSi 

¢>OTO!MeMeHT cnpasa P1 noJyqaeT cueT 
qepes npo6HTble OTeepcnui. TOr.:ta KaK 
4>oT09JJeM eHT c.rreaa P2 no.'JyqaeT cseT, 
OTpameHHLIH OT uenpOOHTblX 1103111\HH. 

oreepcr11e, nyq naJJ.aer Ha cporo· 
9neMeHT P 1. EcnH 0Teepcr11si HeT, 
nyq OTpa:n.<aeTCSI B cpOT09JieMeHT 
P2• Mb1 Mor JIH 6hI ycrpaHHTb 

sropoil cporoaneMeHT P2 11 Cll11TaTh, qro MhI nMeeM e)l11H11uy 
BCSIKl1fl pa3, Kor .rta P1 6es)leticTeyer. Hy>IcHo, O.rtHaKo, nanoM· 
HBTb, 'ITO Mbl seer .rta Tpe60BaJI11, q'fOObl OTp11uareJibHOMY OTOieTy 
He npnJJ.aBanoch 3HatieH11SI. VI raK, KaiKJJ.hlfl oTpesoK JieHThI noTpe· 
6yeT IIO MeHbmeil Mepe O)lHOrO KBaHTa h 'V, " 9Ta 3Heprng 6y .rteT 
nor nomena nn6o e P1, nn6o B P~. linH Toro l.IT06h1 6LITh pas
nHttHMbIM Ha cjJoHe Tennoaoro 113nylleH11S1, KBaHT h" .rtOJI)f(eH DhlTb 
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(18.2) 

KaK OhIJJO noKasatto B paa.uene 3 rnaehl 14 (cM. (14.17)). Ilpu 
nor JIOmeHIUf KBaHra npoMCXOJI.HT IlOTepH Her9HTpon1111 (yeeJIH4e
HMe ~ s 9HTpOnHH) 

hv 
~S=y ~kln 2, ( 18.3) 

H Mhl MMeeM COOTHOllleHHe 

ii (S-/)~ 0, (18.4) 

noKa3h1Ba10mee, llTO o6o6meHHhlfi np11Hu11n KapHo (r nasa 12) 
yJI.OBJieTBOpstercsi. B 3TOM npoCTOM cnyqae MhI n0Kasan11, llTO 
MHcpOpMaUHSI noJiyqaeTCSI 33 01eT ner9HTpOnMH CBeTOBoro Jiyqa' 
M Mhl MO>KeM reoper11qeCKH JI.OCTHllb npe,a.ena, COOTBeTCTBYIOiltero 
scpcpeKTHBHocr11, paBnott eD.11H11ue. Bonpoc ycKo.,1baan or BH11Matt11st 
BCJie.llCTBHe OlleHb Manon BfJIHllHH~ rpe6yeMOti ueraHTpOnHH 

k In 2 ~ 1 o-16 COS. ( 18.5) 

BhlmeonMcaHHhlU cnocoo npo6HBKM He OlleHb Ha.lle>KeH, TaK KaK 
e.llHHMUM ~aKTM4eCKH He aanMcbleaIDrcst. fnanK11A KycoK neHThl 
oea OTBepCTHfi 6y.lleT np04HTaH KaK nocneJI.OBaTeJlbHOCTb eJI.HHHU, 

HHtpOpMOUUR 0, 0 0' 1 1 0' 0 0' 

JleHmo 

PHc. 18.3. Eo.,11ee cosepIIIeHHhift Mero)l npo611aKH JieHTbl c npHMeHeHMeM 
oreepcrufi Ha JlByx ypoBHHX, 0)ll1H H3 KOTOph!X npeD.H33HaqeH llJiff 

Hy.riefi, a D.pyrofi - JI.Jiff eD.MHHU.. 

qro He eepHo. BoJJee Ha.lle>KeH · Mero.u, np11MeH5l10illHfl JI.Ba pasHhlX 
ypOBHSI .llJISI OTBepCTHf:t, KaK noKa3aHO Ha pMC. 18.3, H JI.Ba 
cpOT03JieMeHTa, npHHHMaIOIUHX cser, KOTOphltl MO)l(eT npoDTM 1.:1epes 
ro 11JI11 JI.pyroe OTBepcr11e. TaKoe ycrpoficTBO no-npe>KHeMy rpe
oyeT nor JIOlllCHHSI OJlHOro KBaHTa Ha JJ.BOH4HYIO f.llHHHllY, TaK llTO 
COOTHOilleHMSI ( 18.1) - ( 18.4) coxpaHSllOT CMJiy. 

BMecro cBeTa MbI Mor JIM Ohl BocnoJih30Ba TbC5I CMCTeMOfi m.eToK 
M oarapeefi JlJISI nponycKaHH5I TOKa qepes 01eepcTMSI. ToK 
OTCllMTblBaeTCSI npH fiOMOIIJ.H aMnepMeTpa MJIH perncrp11pyeTCSl 
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nocpe.llCTBOM peJie. Cor nacHo paccy}f{JleHHJO pas,ZJ.ena 2 r JiaBhI 14 
npe.lleJl COCTaBJI51eT M B 9TOM cnyqae k In 2 Ha 0,ZJ.HH OTC4eT. 
B MexaHHlfecKOM ycTpo.ttcree 11111a rpaMMoct>oHHO.tl nnacTHHKH He .. 
60JiblllHe CTOJIOJKHTeJihHhie HJil1 OTPHUaTeJihHbte MMilYJibCbl MOryT 
6b1Th o6Hapy}f{eHbI JIHlllb npw ycnoe11H, lfTO MexaHHt.IecKaH cHcreMa 
.llaeT 9Hepr1110 6oJibllle, lfeM k T ln 2 Ha HMny JibC, 4TO cooreeT
creyeT ynen11qeHHJO 3HTponH11 Ha k In 2. AHanorH4Hhie coo6pa
}f{eHH51 OTHOC51TC51 K HMny JlbCaM, 3aI1HCaHHblM Ha MafHMTHO.tl JieHTe. 
Bo BCHKOM cnyqae Her9HTponHH, norepHHHaSI e npouecce lfTeH11SI, 
OOJihllle, HJIH B KpattHeM cJiyqae paeHa nonyqaeMo.tt HHct>opMau11H, 
H o6o6meHHbttt npHHUHn KapHo (CM. ( 18.4)) acer JI.a co6n10,U,aeTCSI. 

Cxo.llHhie coo6paJKeHHSI OTHOCHTCH K eonpocy 06 HHct>opMaUHH, 
sanHcaHHO.tl e qepreJKax. KaJI<.llhitt pa3, KOr JI.a HaM HYJKHa Htt¢op
MaUH51, Mbt .llOJI)l{HhI lfHTaTb qepTeJK. ITpouecc lfTeHHH nor11omae1 
H€f9HTponHJO OT HCTOlfHHKa cneTa, H 4aCTh 3TOtt Her9HTpOn11H 
npeo6pa3yeTCSI e rpe6yeMy10 HHcpopMau1110, CKa)l{eM, .llJISI nocrpoe
HHH H3,ll,eJ111H no qepTe)l{y. Mbt eme eepHeMcH K 9THM eonpocaM. 

4. IlHCLMO H ne11aTL 

PaccMoTpHM reneph .llpyrott sonpoc: CKOJihKO Her9HTponHH 
saTpa4HBaeTC51 B npouecce IlMCbMa? 3Ta Her3HTpOCTM51 TepHeTC51, 
HO MbI noJiyqaeM Hoey10 KOilHJO HHcpopMau1111, TaK qro neqaTa1oruH.tt 
MexaHH3M .llaeT eme O,ZJ.11H npHMep npeo6pa30BaHHSI Her9UTpOnHH 
B HHtjJOpMaUHIO. 

<t>oTorpacpnqecKaSI neqarh eCTh npocTettrn11n .llJIH o6cy'i:K,U,eHHSI 
npHMep: MbI KJian,eM nep¢0;1ettry Ha ¢oro6yMary H oceemaeM 
Ka'i:K.llOe oTeepcTHe. KaJI<,U,btti pa3 JlJISI 01neqaTaHHSI noJIO)l{eHHH 
OTBepCTH51 Hy)l{eH no MeHblllett Mepe 0.llMH CBeTOBOtt KBaHT lzv. 
C11TyauHSI cxo,U,Ha c 01111caHHOtt B pa3.nene 3 11 Be.lleT K atta.ao
r114Hhnt 3aKJIJ04eHHSIM: 01ne4aran11e HOBOtt KOCTHH CTOHT pOBHO 
crOJihKO, CKOJihKO npo4reH11e. HonaH KOilHSI 11HcpopMau1111 on~~ 
4HBaeTC51 H€f9HTpon11ett. 

Bo ecex 9THX paccyJK.lleH11Hx Mbt 11rHopHpoea.n11 111n114Hb1e 
Heo6paTHMbie npouecchl: npoSieJieH11e ¢0106yMar11, yc11Jiett11e 
9JieKTp11qecK11x HMilYJihCOB 11 T. n. Bee 9TH 1exHH4ecK11e ycosep
llleHc1sonatt11H CT051T HaM 60Jiblll0fO KOJIH4eCTBa Hef9HTPOilHH, 
11 o6masi uena npouecca 4TeHHSI HJIH neqaTH MHOro Bbtllle BhI· 
4HCJieHHOrO H3Ml1 npe.lleJia. 

CymecrseHHO, 4TO BCH 11HcpopMau11SI onna4HnaeTcH Her9HTpo
nHett. Ko;111qec1Bo 1pe6yeMott Her9HTponHH KoHelfHO, HO Ha-
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CTOJlhKO Mano ( 10-16 Ha ,ll.B. e.n..), l:ITO .n.o CH:X nop TIOJIHOCTblO 
H:rHopMpoeanoch. CBst3h Memiiy 9HTpOIIMetl M H:Hcf>opMaUHetl norw-
1:1ecKH Heo6xo.nMMa. Mb1 6b1JIM 6h1 He e cocroSJHMM o6cym.n.arb 
npooneMhl 9TOf;1 r naBhI 6ea yqeTa 9TOF1 CBS13H. QqeHh Manoe 
SHaqeHH:e ( 10-16) Her9HTp011HH:, TpeoyeMOtl JlJISl nonyqeHHSI OJJ,HOFl 
,llHOMlIHOtl e.nMHMllbl H:Hcf>OpMaUMM, H:rpaeT O,llHaKO OlleHb Ba>KHYIO 
pOJib B COBpeMeHHOtl >KM3HH H .nenaeT B03MO>KllbIM coo6maTh 
MHcpOpMaUMIO 3a npeHeope>KMMO M any10 ueHy. 

0TMeTH:M Tenepb 38KOH pacna.na: JII06ast CHCTeMa, B KOTOpOtl 
33IlMCaHa H:H<j.>OpMaUMH, oy ,lle'f C Te4eHHeM BpeMeHH BblpO>K,llaTbCSI. 
KpoMe roro, H CaMa HHcpopMaUM5J MOA<eT IlOCTeneHHO TepSITb CBOIO 
UeHHOCTh. no o6eMM npH'4MH3M sanMCaHH8Sl MHcpOpMaUMSI cne.n.yeT 
o6meMy saKoHy pacna.n.a, cornacyiomeMycsi c o6oomeHHbIM npHH· 
UHOOM KapHo. 3TOT pacna.n., OJJ,HaKO, COBepruaeTCSI ropas.n.o Me.ll
neHHee JlJISl MepTBOFl (sanHCaHHOtl) HHcf>OpMaUHH, He>KeJIH: JJ.JlSI 
iKHBOtl HHcf>OpMaUMH. 

5. Oocymneuee cneu11aJI&noro npHMepa 

IlMChMO H 4TeHMe HaCTOJlbKO lllMpOKO npH:MeH5IIOTCSI B noace· 
,llHeBHOtl >KM3HM, 4TO Mbl He 3aMe4aeM, KaK qaCTO Mbl K HHM npM· 
oeraeM. PaccMOTpMM, Hanp11Mep, npoue.n.ypy noch1JIKM TenerpaMMhI. 
IlpOH:3BO,ll5ITCH cne.a.yioiuue .n.ef;tCTBHH: 

A. OrnpaBMTenb nMweT TenerpaMMY B OT.n.eneHH:H: CBSl3H:. 
B. TenerpacpHcT llMTaeT renerpaMMY H: nepeBO.llHT ee B MM· 

ny JibChI roKa B nepe,U,aT4H:Ke. 
C. HMnynhCbl TOKa npMHHM8IOTCSJ npMeMHMKOM, 11 annapar 

net1aTaeT COOOIUeHH:e. 
D. Tenerpacp0cT q11raer a.n.pec 0 nocblnaer Kon010 TenerpaMMhl 

no 9TOMY a.n.pecy. 
E. A.npecaT 4MTaeT TenerpaMMy. 
Mhl onycTMJIH: eme JlBa .n.e~CTBHH, noToMy qTo B HHX y1:1a· 

CTByer MblCJib, a Ha.ma reopHSI He CilOCOOHa TpaKTOB3Tb TaKH:E' 
npoueccb1: 

A0• OrnpaBMTeJib cocraenHeT CBOIO TenerpaMMY raK, 4T06hI 
C006IUH:Tb HeKOTopy10 MHcf>OpMaUH:IO a.npecaTy. 

F. A.n.pecaT noHH:MaeT 3Haqen11e TenerpaMMhl. 
OrpaHMqHBasi npoue.n.ypy 9TanaMM A, B, C, D u E, Mhl 

saMe4aeM, qTo e 9TMX 9Tanax yqacrBy10T cneAy1om0e npoueccbl: 
A. IlMChMO. 
B. 4Teuue, KOJJ.BpooaHH:e, nepeAa qa. 
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C. neKOJI.HpOB3HHe, neqaT3HHe. 

D. E. Lf TeH11e. 

l{a)l{,ll,aff onepaUHSI nHChMa, qTeHHSJ HJIH neqaTH HMeeT CBOIO 

Hef9HTpOnHttHyIO ueHy B COOTBeTCTBHH c paccy)l{JI.eHHHMH pa3JI.e

JlOB 3 H 4. OnepauHH KOJI.HpoaaHHSI 11 neKOJI.HposaHHH OOhI4HO 

rpe6y10T npHMeHeHHSI 38110.MHHalOUlHX ycTpORCTB, H3 KOTOpblX 

H3BJieKaIOTCSI K0,11,0Bbie 4HCJia. 3TOT npouecc TaK)l{e HMeeT HeKO .. 

Topy10 Her9Hrpon11i1Hy10 ueHy. Onepau11H nepeJI.a411 H 11p11eMa, 

oocy)l{JI.eHHaH llieHHOHOM, OhIJia 11ccneJI.0BaHa e rnase 17. Kon1111 

TenerpaMMhI nonaJI.yT a PYKH pa3JIH4HhIX 3a11HrepecosaHHhIX n10neti, 

H 9TH KOOHH COOTBeTCTBYIOT MepTBOFl uncpopMaUHH, KOTOpaH MO)l{eT 

OhlTh CHOBa 11 CHOBa npoqHraHa np11 ycnoBHH BJIO)l{eHHH cooTBeT

crB yiomett 9Hepr11H. 

YnoMHHYTble Bblme aanOMHHaiomue ycTpotlcrsa oyn.yT pac

CMOTpeHhI OOJIHee B rnase 19, nocssuueHHOR BblllHCJIHTeJibHbIM 

MamHnaM, s KOTOpb1x onepau1111 qTeHHH H nHCbMa MexaHH3HposaHbl 

H BCHKHtt pas HCnOJib3YIOT HeKoTopoe KOJIHqecTBO Her9HTpOnHH. 

6. HosaH eecfJopMauuH H H30htT011nocTb 

Mhl noKa3ann s pa3JI.ene 3, qro npouecc 11reHHSI Tpe6yeT 

yeen11qeHHH 9HTpon1111 AS, KOTopoe OOJihllle HJIH no KpattHeit 

Mepe paBHO Kon11qecTBY 11HcpopMau1111 A/, nonyqaeMOMY llHTaIO· 

IUHM. IlOCT38H"M Tenepb cneJI.ylOIUHFl BOnpoc: JI.0JI)l{H3 JIH 9T3 

HHcflOpMaUHH paCCMarpHB8ThCH KaK HOBaH HHcpOpMaUHH HJIH OHa 

SJBJIHeTCSJ JIHllib H30bITOlJHOCTbIO, He Hecymetl HOBOFl HHcflOpMBUHH, 

nocKOJibKY OHa acero JIHlllb OOBTOpHeT HH¢0pM3UHIO, con.ep)l{a· 

lllYIOCH B H8I1HC8HHOM JI.OKyMeHTe? 3TOT BOnpoc CTOHT Ha rpaHH 

¢Hnoco¢HH, HO Mhl IlOOblTaeMCH JJ.3Tb H3 nero npaKTH4eCKHFl OTBeT .. 

Kor na neKTO llHTaer KH11ry snepBh1e, OH, KOHetJHO, nonyqaeT 

encpopMaUHIO, H 9TO MOiKeT CllHT3TbCSI HOBOFl HHcpopMau11ett JI.JI)! 

q11TaTenH. ECJIH OH CHOBa q11TaeT KHHry BTOpoR H TpeTHtl pas, 

TO nonyqaeT TOJihKO H30bITOllHOCTh, a He Hosy10 11HcpopMau1110 1). 

1) C 9THM rpy.IJ.Bo cornacttThCff. EcnH Obi 9TO ObJJIO TaK, To Mbl He 
nepetIHTbIB3JIH Ohl KHlffH no HeCKOJibKY pa3, a MClKJlY TCM Mbl IlOCTORHHO 
9TO .IJ.eJiaeM. JJ.eJJO B TOM, llTO, BO-DepBhlX, Dp11 nepBOM tITeHHH, KaK npa
BMJIO, 113BJieKaeTCH He BC.ff co.neplKm:,uaHCH B KHHre HH<f>opMaUHR. Bo .. BTOpblX, 
c reqeHHeM BpeMeHM npoHCXO)lHT pacna)l 3anaceHHOti B M03ry HH<f>opMaUHH 
( oua, nonpocry rosopH, 3a6hlBaeTcH), 11 sra y1eqKa rpeoyeT nononHeHHH. 
taxHM o6pa30M, H3obJTOl1HOA ecrecTsenuo ObJJIO 6hl ct:1111aTb raKyto HH
<f>opMaU.MIO, KOTopaH fiOBTOpReT HmpopMa[J.MIO, y>Ke HMe10my10cH B 3ana
CeBHOFl <f>opMe B HaWeM M03ry B A a H H bl t! M 0 M e H T. (/1pu.M. nepes.) 
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c a6COJIIOTHOtt TOI.IKB 3peHMSI Mbl MOJKeM 11peJJ.CT8BHTb ce6e 

H.lleaJibHoro y11eHoro, sHa10u1ero Bee, qyo 113secTHO qenose4eCTBy. 

nJIR 9TOfO MJI.eaJibHOrO cJ>MJIOCOcj)a K8)K.ll8R HOB8H KHMra COJI.ep)KMT 

HHcf.>OpMaUMIO. 0JJ.H8KO JI.pyrHe 4HTaTeJIM IlOJIY48IOT TOJihKO M36hl

TOllHJIO HHrj>OpM3UMIO, TaK KaK O'Ha y)Ke H3BeCTHa MJI.eaJibHOMY 

yqeHOMy. 3TO BeChMa HepeaJIMCTMlleCKaH TOllKa apeHMH. 

llnst Toro 11T06bI CJI.eJiaTh pa3JIM4Me Me)K.n:y B03MOiKHhIMH 

T04K3MM speHMH Ha HHcpOpMaUHIO H M36hIT011HOCTb, CBR38HHble 

c llTeHHeM H neqaraHMeM KOnMft, Mbl BBe,lleM CJle.llylOIUHe onpe

,lleJieHHSI 1
): 

A6co1t10mHaJl urufiop.Mau,uR~ JII06asi MHcpop.MaUHH, JI.OCTYIIHaff 

KaKOMY-JIHOO qenoeeKy Ha 3eMne, npe11eM 9Ta HHcpopMaUHH cqe

TaeTCSI TOJlhKO OJI.HH paa, K3KOBO 6hl HM 6bIJIO 4HCJIO JIIOJI.ett, 

8Ha10m11x ee. TaK, CBepxceKpeTHbitt JI.OKyMeHT eMeeT CTOJibKO )Ke 

MHcf>OpMaUHM, CKOJlbKO HOMep raseThl, co.n:epmamet:l TO me KOJIH· 

qecTBO 6yKB. 

PacnpeiJeAeHHaR llHl;/Jop.MaquR: npoe3BeJI.eHHe Kon11qecT ea 

a6conIOTHOt:l HHcf>OpMauen Ha qecJio n10JI.et:l, pacnoJiar aromex aTot:l 

HHcf.>opMauee~. BTopoe onpeJI.eJieH11e npencraBJisteTCff ooJiee pea

JIHCTM4HblM, 4eM, CKOpee QlMJIOCocpcKaH, a6co1t10mHaJl llHtjiop.MaU,llJl, 
H 9Ta TQqKa apeHHH npMHHTa B ,llaHHOft rnase. 

11MeIOTCSI, OJI.HaKO, npooJieMbl, B KOTOphlx MO)KHO npeJI.nO

qeCTh onpeJI.eJieHHe a6COJIIOTHOtl HHcpOpMaUHM, 11 pa3JIH4He Me)K,l.(y 

00011M11 senaMe 11ucpopMauee CJieJI.yeT eMeTh B B11ny. 

1) L. Br i 11 o u i n, Am. Scientist 38, 594 ( 1950). 
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fiPOJiJIEMA BbiqHCJIEHH~ 

MbI paccMorp11M renepb BblllBCJIBTenhHhle MarnBHhI 11 BX JI.eti· 

CTBHe Ha HHcfJOpMaUBIO. l.f acro fOBOpHT, qro Bbl4BCJIHTeJihHaSI 

MarnBHa npoBaBOJJ.BT HOBYIO BHQJOpMau1110. 3ro B JI.ef.\cTBBTeJibHOCTH 

He raK. MarnnHhI Moryr 06pa6arb10arh 11HcpopMau1110: OHM 6epyT 

CbipOD MarepBaJI B Bbl,ll.3IOT saKOHqeHHblti npOJI.YKT, HO OOlllee 

KOJIHlleCrBo BHQJOpMau1111 He sospacraer, ITp11 HD.eaJihHhIX ot5cTOSI· 

T€JibCTBaX BHcfJOpMaUHH Momer OCTaBaTbCH IlOCTOSIHHOtl Ha npo· 

TstiKeHBB BbJqBCJieHttH, HO B 00hl4HbIX ycJIOBMHX BMef?TCSI HeKo

TOphie norepB, B KOHellHast HHcf>OpMauBfl M€Hbllie HallaJihHOtl. 

PaccMorp11M BOnpoc 6onee BHBMareJihHO. ITpouecc pacrraJI.aercsi 

Ha .n.se CTa,D.BH: nporpaMMHpOBHHBe H COOCTBeHHO BblllBCJieHHe. 

TiporpaMMHposaHBe BhIIIOJIHHeTCSl yqeHbIMH, KOTOpbie HaMepeHbl 

ttCnOJib30 B3Tb M3IIJBHY. 0HB o6cyiKJI.aIOT 33JI,aqy, BblOBpaIOT Mare· 

MaTwlleCKBe aaKOHbl, Koroph1e ,n.OJIJKHbI OhITh npBMeHeHbI, npH

ror a BJIBBaIDr nporpaMMY ap11cpMer11qecK11x onepauBtt, Korophie 

JJ.OJI>KHbI ObITb BblnOJIHeHbl B onpeJI.eJieHHott nocJie)loeareJibHOCTB. 

Bee 9TH onepauBB aan11cb1ea10rcsi a raKOM BB!le, tITOOhI MalliHIIa 

Morna BX npoqBr aT&: 1-1a nepcponeHre, Ha MarHwruott neHre B r. n. 

3ra qaCTb pa6orhl rpeoyer OT yqeHblX MbllliJieHBH B BHaHHSI. 

8ro Momer 6b1Th HasaaHo BHQJOpMauBett B o6meM CMbICJie, HO 

9TO S1 BJisteTCSI TBIIHQHbIM cnyqaeM, Kor .n.a HaWB onpeJI.eJieHMSI HH• 

cpopMaUHB HenpHJIOiKHMhl. Mb1 HeOJI.HOKpaTHO nOD.4epK11saJI11, qTo 

uarne CT arBCTBlleCKOe onpeJI.eJieHBe BHcfJOpMaUBB He BKJIJOqaeT 

KaKorO-JIHOO qeJIOBetieCKOro paccymJI.eHHSI B llTO Mbl He MOJKeM, 

no KpatiHeti Mepe B Hacrosimee apeMHt o6cymJI.aTh npo6JieMy 
M bIIIIJI eHBSI. 

Kor D.a rrporpaMMa paoorh1 np11roroBJieHa B BHJI.e nepcpoJieHThI, 

MLI MOiKeM COCLUiT8Tb 4.BCJIO JlBOB4.HblX eABHlill Ha Het:i Ii Haiil'li 
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KOJllllleCTBO HHcpOpMaUHM B 9TOH OKOHll3TeJibHOlt nporpaMMe. 

EJJ:Ha JIM 9TO 11MeJio 6bl OOJihrnoe sHalleHMe. 

CJieJJ.yrom11H mar cocro11T B paccMorpeHMM MaIUHHhl c ee cne

u11anbHott nporpaMMOtt H B M3y4eHMM Toro, KaK OHa B JJ.efiCTBM

re.llbHOCTH pa6oraer. Mhl aHOJJ.MM onpe.ueJieHHhle u11cf>pOBh1e .uaH

Hble H3 BXOJJ... MalllMH3 oopaoaTbl naeT 9TM JJ.aHHhle, CJieJJ.ysr 

aa.uaHHOtt nporpaMMe, Bb14HCJHieT OKOH4aTeJihHble n.aHHhie M Bbl

JJ.aeT MX Ha BhlXOJJ.. ECJIH MaUIMHa He JJ.eJiaeT OWH60K B BhlqMCJte

HHHX, TO OH3 n.ettCT eyer B TOqHOCTM KaK KOJJ.MPYIOlll.3H M3IIIMHa. 

0Ha HCnOJib3yeT HHcpOpMaUMJO, COJJ.ep>KaruyrocSI BO BXOJJ.HhlX JJ.aH

HblX, M nepeBOAMT ee B BblXO.llHhle JJ.aHHhle, KOTOpble B JiyqrneM 

CJiyqae Moryr COJJ.ep>KaTb BCIO BXOJJ.HYIO MHcf:>OpMaUMIO, HO He 6oJiee. 

Maw11Hy MO>KHO cpanHMTh c KaHaJIOM nepeJJ.a4M, BKJiroqan 

KOJJ.HpoBaHMe 11 JJ.eKoJJ.11poBaH11e. Ilp11 MJJ.eaJihHbIX ycJIOBMHX cooo

meHMe nepe.uaeTCSI npa BHJibHO, H HHcpopMaUMOHHOe COJJ.ep)KaHHe 

ocraercsi nocrostHHhIM. Orn116Ku 11 np116JIH>KeHMH npH BhIQMCJteHMM 

eepyr K norepe 111-upopMau1111. P a6ory MaUIMHbl nyqwe Bcero 

cpaBHHTh c paooroH nepeBOJJ.qMKa: nepeBOII.4MKY JJ.al-Ihl CJIOBapb 

M npanuJia rpaMMaTHKM, llTO fi03BOJIHeT eMy nepeBeCTH Ha aHf JIMtt

CKHH Sl3bIK CT8Tbl0, nep BOH3f.j8JibHO ttanMC3HHYIO nO-HilOHCKM. 

CJionapb 11 rpaMMar11Ka coornercrayror nporpaMMe pa6orhl. 

5InoHCKa51 CT3TbH - 3TO BXOAHhie n.aHHble, a aHr JIMfiCKMfi nepe

BOJI. - BhlXO,l{Hble JJ.aHHbie. 06ma5J HHQJOpMaUHSI, MMeBrnaSICH Ha 

exoJJ.e, MO>KeT OhITh ( B JiyqrneM cJiyqae) ooHapy>KeHa Ha BhI:XOJJ:e. 

CxoJJ.HhIM oopaao.M Maw11He, eblq11cJIH10llleH, Hanp11Mep, Tao .. 

JIMUbI crpeJib6ht, JJ:aHa nporpaMMa, yq11TbIBat011.1.aS1 aaKOHhI JJ:BMn<e

HMH cHapsi4a 11 arMoccpepHble ycJIOBMSI. BxoJJ.Hble JJ.aHHhle npeII.

craeJieHhI HallaJihHhIMH noJIO>KeHneM M cKopocThlO. BhlXOJJ.Hhie 

.uaHHh1e - T04Ka nonaJJ.aHMH 11 KoHe4HaSI cKopoCTb. BxoJJ:Hhie 

Jl3HHhle JIOf MlleCKM COJJ.ep)KaT perneHMe, HO Mbl He B COCTOHHMH 

HenocpeJJ:CTBCHHO npoqeCTb ero. 8To eCTh KOII.HpOBaHHOe coo6-

me1-111e, rpe6y10mee JJ.eKo.u11poBaHM5J, 11 aro, B cymHOCTM, 03HatJaer 

TO >Ke, qro 11 nepeBoiJ. ECJIM JJ.eflcra11e MarnMHbl coeeprneHHO, 

TO OHa JJ.On>KHa 6hITh o6paTHMa: eCJIH JJ.aHO nonaJJ.aHHe, TO OH3 

MO>KeT BbltjMCJISiTb B OOpaTHOM nOpHJJ.Ke 11 HattTM HaqaJibHbie 

ycJIOBMSI. AHanorM4HO nepenOJJ.4MK MO>KeT CJJ.eJiaTh nepeBOJJ. 

o6paTHO Ha SIIlOHCKHit Sl3hlK H nOJIY4HTh OpHrHHalI, HJIH ero 

9KBHBaJieHT. YIJJ.eaJihHhle YCJIOBHH pa60Thl COOTBeTCTBYIOT oopa

THMOCTM, a c.neJJ.OBaTeJibHO, coxpaHeHHIO HHcf:>OpMaUMH. 

06paTMMocrh B uenoM MO>KeT OhITh noJiyqeHa nyreM nocJie .. 

n.oaaieJibHbIX waroa, KOIOpble MOf YI BKJllOlj3Tb H HeoopaTHMble 
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onepauun, KaK .. TO~ sanHCb .naHHhIX B 3aaOMHH810illeM ycTpOFlCTBe 

c nocJie.ny IOillHM npoqTeHHeM ux. KaiK.naH 113 9THX onepauufil HMeeT 

onpe.neneHHYIO Her9HTpOI1HitHyIO ueHy (CM. pa3}leJibl 3 H 4 r JiaBhl 18). 
Pa6oTa MarnHHbI no onpeJJ.eJieHHOii nporpaMMe .nettcTBHTeJihHO 

OOOfi,lJ,eTCH B HeKOTOpoe KOJIH4eCTBO Her9HTpOI1HH (9HeprHH .ne

rpa.nHpyer). 3TO HMeeT 3Ha4eHHe c reXHHl!eCKOti T04KH 3peHHH, 

HO He H3MeHffeT HaWHX 3aKJIJ04eHHit, H MO)KHO Ceoe npe,l1,CTaBHTh 1 

4TO 9Ta UeHa paOOThl oy .neT CHHJKeHa B oy .JJ.YlUHX JIYlllllHX 

Marn11Hax. 

npOUHTHpyeM 8,lJ,eCh OlleHh HHTepeCHOe paCCYiKJleHHe, HaTIH· 

CaHHOe OOJiee CT a neT Ha3a.JJ. 3.nr apOM no. 3TOT aaTOp paCCMa

TpHBaeT pa3JiffqHhie 8BTOM3Tbl, H, B qaCTHOCTH, Bhl4HCJIHTeJibHYIO 

Marn11Hy E966e.niKa. H1n1<ecJie.ny10maS1 u11TaTa 04eHb T04HO Bblpa

iKaeT Harny renepernHIOIO T04KY speHHH: 

«Ho ecnw aTH MalllHHbl ocTpoyMHbl, TO qTo iKe MhI .noniKHhl 

.nyMaTb 0 BbillHCJlHTeJibHOfi MaWHHe b900e.JJ.)K8? 4To Mhl ,lJ,OJI)KHbl 

.nyMaTb 0 MalllHHe 113 .nepesa H MeTanna, KOTOpaH MO)KeT He 

TOJibKO Bhl4HCJIHT~ acTpOHOMH4eCKHe H Hae11rau110HHhle ra6n11uw 

JIJOOOfi sa.naHHOFl npOTH)KeHHOCTH, HO H c.nenaTb T04HOCTb CBOHX 

.nettcra11tt MareMaTuqecKH .nocToaepHott 6Jiaro}lapH caoett crrocoo

HOCTH HCnpaBJIHTb CBOH B03MO)KHbie OWHOKH? 4TO Mbl .UOJl)KHbJ 

.nyMaTb 0 MaWHHe, KOTOpaH MO)KeT He TOJihKO BhlOOJIHHTb ace 

91'0, HO H neqaTaTb CBOH CJIO)KHhie pe3YJibTaTbl, KOr}la OHM nony

qeHhl, 6e3 MaJieFlwero BMernaTeJibCT oa HHTeJIJieKTa qeJio oeKa? 

By .neT, B03MO)KHO, cKa3aHo B OTBeT, 4TO Mau10Ha, KaKyro MhJ 

onucaJIH, Bceueno BbIIIIe, B cpaBHeHHH c urpOKOM B Ill8XM8Thl 

MeJibuenH. HHKOHM o6pa30M - oHa sceueJio HH)Ke ero, eCJIH Mhl 

.nonyCTHM {qero HHKOr .na He CJie.nyeT .nonycKaTb), 4TO HrpoK 

B waxMaTbl ecTb t/,llCman. .MGWllH,Q H BblflOJIHSieT CBOH .nettCTBHH 

6e3 aCHKoro nenocpe.ncraeHHoro ao3.nettcra11H qeJioaeKa. Ap11~
MeTHllecK11e H anreopaHlleCKHe BblllHCJieHHH IIO CBOefi np11po.ne 

~HKCHpoaaHhl H onpe.neneHw. Ecnu HMeIOTCH onpe.neJieHawe 

iJaHHbte, ro onpe.neneHHbie pe3yJibTaTbI nocJie.flyIOT Heo6xo.n11Mo 

H HeH30e)KHO. 3TH pe3yJibTaTbl HH4e.M He onpe.neJIHJOTCSI H HHYeM 

He 06ycJIOBJIHBa10TCS1, KpOMe KaK 11cxo.nHbIMH .naHHhlMH. VI no.n

J1e)Kam11tt peruen1110 sonpoc npo.no11raercsi K csoeMy OKOHllarenb

HOMY onpeJlenennro nocJie.nosaTeJihHhIMH HenorpernHMhlMH war aMH, 

He no.nsepiKeHHbIMH HHKaKH.M H3MeHeHHHM. EcJIH TaK, Mhl MO>KeM 

oe3 TPY .na npe.ncTaBHTb ceoe 803.MO:JICHOCmb nocTpoeHHH TaKoro 

MeXaHH3Ma, KOTOpbifi OOCJie sanycKa ero B COOTBeTCTBHH 

c iJaNNbl.Mll 110.nneiKaw.ero perneHHIO eonpoca npo.nOJI)KaeT CBOH 
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JJ.BIUKeHIHI perynstpHO, nocneJI.OBaTeJibHO " HeyKJIOHHO 8 Hanpa

BJieHMM Tpe6yeMoro peUieHH51, TaK KaK 9TH JlBHiKeHMH, XOT51 6hl 

M CJIO)l{Hhle, HHKOf .ua HeJib351 npe.uCT8BMTb ce6e MHalle, KaK 

KOHeqHblMM M onpe.ueJieHHbIMM» 1), 2
). 

2. 8blqHcJIHTeJibHaH MamHHa KaK MaTeMaTaqecKHi 

aneMeHT 

VIHTepecHo Mccnen.oaaTb ponh Bbl'~MCJIMTeJibHOtt MarnMHb1, 

l\Of .ua OHa paooraer c BXOJlHbIMM JI.aHHhI;>.1Ht nonyqeHHbl:\:111 M3 

9KCIIepMMel-ITa. 9TH Jl8HHbl~ 51 BJISHO fCH pe3yJibTaTOM HaOJIIO,ll,eHMti 

Ha,ll, HeKOTOpott 4>M3M4eCKOi-t CHCTeMoi-t, H cepHH HaOJitOJI.eHHU 

.n.aeT oobJqHo HenpepblBHYIO cl>YHKUHIO f (t).. TaK KaK BCHKast 

4>M3MlfeCKaSI CMCTeMa MMeeT KOHeqHyIO WHpMHY IlOJIOCbl, TO 9TO 

OTHOCHTCSI TaIOKe M I< f (t). 

1) E d g a r A. P o e, Maelzel's Chess Player, 1836. 
1) 06m1:1e no:iom:emu1 sroro pa3ne.11a Haao1v1r Ha c.11eJJ.y10w.1:1e pa3· 

MbifilJJCMl:ISI. i1TaK, M3filHHa He C03)laer HH<)>opMauuH; HHaqe fOBOpR, HMKa
KaH nocJie,UOB3TC3bHOCTb MaTeMaruqccKHX 1:1 JlOrMqecKHX .D.ellcrBMll He 
npl:IBO)lHT K fiOHBJieHMIO HOBOH HmpopMaUMH (Mbl ocraa.ruieM B CTOpoHe 
MHrepecHeth1111i1 Bonpoc o TOM, KaKoBa m:e .neficrsureJibHaH npupo.na 
KaKoro-.11:160 ucmott1tu1Ca MH<j>opMau11:11). CJienoaareJibHo, pemeHue nocma .. 
B.1teuuoii saiJattu ue iJaem na.M fl080U uutjJop.Maquu. Hosag MHcpopMauuR 
He co.neplKMTCH T3KlKe HM B T30JIHU3X, HM B cnpaBOllHMK3X M T. n. 3ro 
ym:e Mom:er noKa3aTbCH crpaHHblM, XOTSI HeCOMHeHHblM o6pa3oM BbITeKaet 
113 npMHHrblx onpe.ne.11eH11A. Ho B TaKoM c11yqae Oll\Ymaerc11 HacroRTCJibRaR 
Heo6xo.nMMOCTb BBe,UeHMSI elll.e KaKofi-TO HOBOA KareropHH, - Mo>Ker 6b1Tb, 
He HmpopMaUHH, - KoropaSI Bb1paiKaJia 6bl scp<)>eKr, T. e. noJte3Hblti pe
ayJJb rar paoorb1 Bb1quc.1MTeJibHOH MaIIIHHbt. Eo.1bIIIaS1 Bb1q11c.11MTeJ1bHaH 
M3IIIHHa CTOl:IT noporo M 3arpatmBaer 3H3qHTCJibHYIO MOlllHOCTb, npespa
Ul3SI ee B renJio. (113BeCTHO, qro TOJibKO npo6JIC?\ta OXJI3lK)leHMH M3IIIl1Hbl 
npencraBJJHCr HeMaJible rexHuqecKHe rpy JlHOCTH.) 4 ro me Mb1 no.11yqaeM 
or ~a111uHb1? Mbl noJiyqaeM or Hee pe3y.11brar nepepa6om1Cu MH<J>OpMauun 
no 3a.D.aHHoA nporpaMMe. 3ror pe.3yJihTaT HMeer onpe.ue11enHy10 uenHoCTh, 
H Mbl Mor.'ll:I 6bl BBeCTH KO.'JHqecrBeHH}'IO Mepy eme He Ha3B3HHOA BeJIH
'IHHbl, xapaKrepH3YIOllleA 110.1e3HblH act>cpeKr MalllHHbl. 3ra KOJIH'leCrBeHHafl 
Mepa, oqeBM)lHO, CBSl38Ha co CJIOlKHOCTbIO o6paoOTKH " MOfJia 6bl 6b1Tb 
Henocpe.ncTBeHHO BblpalKeHa qlJc.rIOM 9JieMeHTapHbIX apHct>Mer11qecKHX nett .. 
CTBHH B JJ.BOIPIHOH CHCTeMe cqHC.i'IeHHSI. (3aMeTHM, qro npaKmutteCICOU 
xapaKrepl:ICTHKOH M8IIIHHbl SIBJIHeTCH H~feHHO qMcJio 3JieMeHrapHbIX onepa
UHH B ceKJHJlY· Mb1 o6cym:naeM, onHaKo, npHHUHIIHaJibHYIO cropoHy 
.n.c:rn.) 

Jlo BBe,lleHHH onpe.neneHHoA se .. 'lH'IHHhl, xapaKTep1:13y1011leA no.1e3HLIA 
pe3yJibT8T pa6oTbl BblqlJCJIHTeJibHOH M3IIIHHbl, HeB03MOiKHa HHKaKa$1 pa3-
YMH8R oueHKa s<P~cKTMBH:Jcr1:1 Mam11Hbl. (IlpuM. nepea.) 
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Umpponasi BhI11Hcn11TeJibHast Mam11Ha paooTacT c JI.HCKpeTHhIMH 

c11rHaJiaMi1. Onepaui-u1 OTC4nT&IBaHHst s T04HOCTH cooTBeTcTuyeT 

33Jl34e, oocy>KJI.eHHOfl B pa3JI.eJiaX 6 ff 7 r JiaBhl 8. ECJiff Mbl 

XOTHM HCil0Jlb30HaTb BCJO HHcpOpMauHJO, co.uep>KaIUYIOCSl B He

rrpepbIBHOtl cf>YHKUffff, TO Mbl Jl,OJI>KHbl 83SITh OTC4eTbl c HHTep

B8JIOM 

1 
0= 2 , fm=f(mO). 

"At 
( 19.1) 

HcxoJI.HaH cpyHKUHH f rrpaKTH4eCKH orrpe,LI,eJieHa TOJihKO Ha KOHell

HOM npoMeiKyTKe BpeMeHH 't, HO JlJISl flOJiyqeHHSI T04HOit MaTeMa

THlfeCKOtl aa.ua4H Mbl JlOJI>KHbl ycTaHOBHTb flOBe,ll.eHHe cf>YHKUHH 

OT - oo .n.o + oo, KaK Mbl CJleJiaJIM B paaJI.eJie 6 r JiaBhl 8. 
IlpeJI.rIOJIO>KHM CHOBa, 4TO MhI HMeeM nepHO.UH4eCKYJO cf>YHKUHIO 

c. nepMO.UOM 't' y Jl,OBJieTBOpSIIOWYIO ycJIOBHJO ( 8.52). Ha BXOJI. 

M3lllffHbl nocTy11a10T N OTC4eTOB f m' " eCJIH 't aeJIHKO, TO Mhl 

ffMeeM: 

N=2VM't (19.2) 

(CM. (8.51 )). no 9THM OTC'~eTaM Mbl MO>KeM H3t1TH K09QJQlffUHeHTbl 

<l>ypbe, ff Haooopot (cM. 8.63) ff (8.63a)): 

N 
A __ l ~ °' e-inmw09 
n- N j,., Jm ' 

m=l 

+nM 

J m = I Aneinmwo6. 

n -nM 

(19.3) 

{19.4) 

MallIHHa oopaoaTbfBaeT OTC4eTbl f m ff JI.aeT BblXO,ll,Hble 3Ha4eHffSI 

~P. = Fµ {/1 • • .f m ••.JN). {19.5) 

Boo6me rosopH, cf>yHKUffff F µ' 11peJI.CTaBJist10mue nporpaMMY 

BhI4HCJieH11S1, MoryT 6bIT& oqeHh CJIO>KHhIMH. EcJIH, OJI.HaKo, MhI 

orpaHff4ffM csoe paccyiKJI.eHffe AUHeuuou .Mame.MamuttecKou 
aaoatteu, ro onepau11S1 6y,LI,eT npeJI.cTasJieHa MaTpttuett {Mµm) 

Iv 

4P. = I Mp.mf m• ( 19.6) 
m-1 
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M 9Ta MatpMua Bbipa'IKaer nporpaMMY ehlqMcneunH. MbI uMeeM 

N pa3JIMqHhIX 3HalleHMt:t m Ha exoJI.e, HO MhI MO)KeM HMeTb 

HHoe q11cno N 1 3HalleHMt:1 p, Ha BhIXOJI.e. Bo3MO)KHO TaK)Ke, qTo 

HMeeTCSI HeKOTOpaH H30bITOllHOCTb KaK BO BXOJI.HblX, TaK H B 

BblXOJI.HblX Jl.3HHblX. ECJIH Mbl He XOTMM H3MeHHTb IIIHpMHY DOJIO· 

chl CMCTeMhl e ueJioM, TO Ha1110 N 1 shIX.o.nuhlx JI.aHHbtX noTpe

oyroT HHOt:l D.JlHTeJibHOCTH 't1 D.JISI HenpepbIBHOf:t Q>yHKUMH Ha 

BblXOJI.e 

Ni 

qr (t) = ! ~pfi' (t - p.6), t 1 = N,9, (19. 7) 
11 ==I 

KOTOpaH BOCCTaHaBJIHBaeTCff no npaeHJI8M rnaBbl 8 (CM. (8.60)) 
H MO'IKet OblTh cuoBa paaJio>KeHa B psiJl <l>yp&e (KaK a (8.58)) 

+~M 

qr (t) = ~ 11.ilelioo 1t, 

~=--~M 

l 
Vi=--, 

't1 

21t 
0>1 = - . (19.8) 

't1 

CooTHorneuue Me'IKJI.y K09QJQJHUHeHTaMH <l>yp&e a.~ u oTclfeTaMu 

BblXOD.HOt:l cl>YHKUHH ~u. B TOqHOC'fH TaKoe '/Ke, KaK B (19.3) 

Ni 

11.~ = k ! <}p.e-lilp.m19, 

p.= I 

(19.9) 

Via (19.4)-(19.9) Mbl MoiKeM Henocpe.ncrseHHO nonylfHTb cooT

HorneHHe Me*.nY sxo.nHhlM cneKTpoM An H BbIXO.D.HbtM cneKT

poM tl~, npeiu1onaraH JIMHettHoe sblq11cneH11e, npeJI.cTaBnsieMoe 

MaTpMuet:t Mµ.m: 

M A el(nmwo- ~µ.w1)8 
11m n • (19.10) 

EcnM Mht nonoiI<MM, qTo lfHCno N 1 sbIXOJI.Hhix JI.3HHhIX paeHo 

4Hcny /\l sxOJI.HhIX .uaHHblx, TO cpopMyna ynpomaeTcH. MatpMua 

M ecTb KBaJI.parHaSI MaTp11ua M 

Ni= N, 't1 = 't, 0>1 = wo, nJw = ~M,. 
N N ni\t 

,, _ 1 ~ ~ ~ M A ei\tim-t11Jwo& 
""~ - N l,., 1.- 1.- 11m n • (19.11) 

µ.==I m-l n;;;;;;;c-JJM 
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r.ne - nM ~ ~ ~ nM. Ben11q11Ha (nm - ~p.) eCTh nonOiKHTeJJhHOe 

HnH OTPHUaTeJJhHOe uenoe 4HCnO, a K09cpcpuu11eHThl a.~ BbIXOJI.HO· 

ro cneKTpa SIBJISIIOTCSI pauuouaJibHbIMH cpyHKUHHMH apryMeHTa 

---
Z = e-iwo~= e "t"M • (19.12) 

9Tn cf>opMyJihl UOJIHOCTbIO no.nKpenJISIIOT T04KY speHHSI, pa3· 

BHTYEO B npeJJ.hIJJ.YllI.eM pa3)1.eJJe: MalliHHa oopa6aThIBaeT HH¢op

MaUHEO, Ho He npoH3BOJJ.HT HHKaKott: Hoaott: HH¢opMaUHH. One· 

paUHSI M0)1{€T BWilOJJHSITbCSI B OOpaTHOM nOpHJJ.Ke, eCnH MaTpHUa 

H€CHHryns:1pna " MOiKeT OblTb oopameHa. 3TO 3Ha4HT, qTO 00· 

paTHaH Matpuua J MOiKeT OWTh HattJJ.eHa 

(M) (J) = (J) (M) = 1. (19.13) 

06osHa'IHM qepes lm'p.' 9JI€M€HTbl 9TOlt o6paTHOlt MaTpHUhl, 

npellCTaBJISllOlll€1t nporpaMMy oopaTHOrO ,nettCTBHSI MalllHHbl. 

y CJJOBMSI ( 19.13) 03Ha4aEOT: 

tJ. = p.', 

N 

! lm•v-Mv-m = amm' , 
p.-=I 

l 
I 

(19.14) 

H OOpaTHOe ,nettCTBH€ MaWHHhl 11peJJ.CTaBJJSI€TCS1 C00THOilleHH€M, 

CXO)J.HhlM C (19.11 ): 
N N n1H 

A 1 ~ V '\1 lm'µ' a..s' ei(~'p.'-n'm')woa. 
n' = N ..1'.i i,,,; ~ . (19.15) 

m' = l µ.1 == I W=-nM 

lloKa3aTeJibCTBO H€TPY.ll.HO H ucnOJih3yet ( 19.14) COB.M€CTHO c 

(8.63b ): 
N 

J_ ~ eipmwo0 - !' NL -opo 
m=l 

IlOJJ.CTaB.'ISISI ( 19.11) B (19.15), 

{ 

1, p=O, 

0, p =;t:: 0, uenoe. 

nonyqaeM (npH ~· = ~): 

(19.16) 

4 I - _l '1 I . 'M A et i..nm -n'm 1J Wo~ .oi~ 1 \p.' - p.Jwo~ ( 19.17) 
' n - NS .l,. · m p. 11m n "" • 

m'p.'p 'p.mn 
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CyMMHpoaan11e no W a nocne11HeM 3KCnoHeHuHaJibHOM MHO)l(M· 
rene H 11crronhaosaHHe (19.16) .uaer aµ.' -p.. o. orKy aa p.' =fl· 
3aTeM Mhl BhlQMCJISieM CyMMY 

!lm•p.Mp.m 
fJ. 

M nonyqaeM m' = m B COOTBeTCTBMH c (19.14). Ilocne,UHMft 
mar COCTOMT B cyMMHpOBaHMM ei (n - n') mwoO rro m, QTO .uaer 
n = n' cor nactto ( 19.16), raK qro OKOHqarenhHO Mhl nony1.1aeM: 

An=An, 

qro 11 rpeoosanoch aoKa3ath. 
Mb1 rronyqttJIM rronuoe npeacraaneHue MarnMHhl, paooraromen 

no JIHHefiHOtt OopaTHMOtt nporpaMMe, npH4eM HHcpOpMaUHSl He 
repHercsi, HO 11 He Co3.uaercSI aaHoso. Heoonhrnasi norepH MH· 
cpOpMaUMH oy 11er ooyCnOBJieHa OKpyr JieHHeM OI.IJMOOK BblqHCJie
HMSI. BhlQMCJieH:ne no JIMHefittoO nporpaMMe, npe.ucrasnHeMOO 
npSIMOyrOJibHOfi Marpnuefi M, oy aer TepSITb HHQ>opMaUHIO, eCJIH 
N1 < N, nao.uMTb M30hlTOQHOCTb, ecn11 N1 > N. Hen11ttefitthle 
nporpaMMhI (CM. ( 19.5)) uccneaoearh rpy ,llHee. 

Mh1 oocy .UMM s cne.uy10meM pa3.uene HeCKOJibKO HHy10 aa.ua
'ty, co0Tsercrsy10my10 B03MO)l(HOMY HCilOJib30BaHHIO BblQHCJIH• 
reJihHOfi MalllMHhl. 

8. Bbl11HCJIHTeJibHaH Mameua KaK e.11eMeHT cxeMb1; 

OTC11HTblBaHHe H BOCCTaROBJleRHe 

Bb1q11cn11reJihHaSI MarnMHa Mamer ohlTb sseaeHa a cocraa 
CMCTeMbl ynpaBJieHMSI, lJTO npHBO,UMT K MHOf MM Ba)l(HhIM: rrpH
MeHeHMHM.. 3ra npooJieMa noapooHO HCCJie,lloBaHa JlMHBMJIJIOM l) 
11 3a.rihuepoM 2). 3.uecb n.aHHbie 11onyqa10rcsi 113 HaOJIID.lleHMft 
Ha.U HeKOTOphIM MeXaHH3MOM, a pe3y JlbTaThI BhIQMCJieHMit MCnOJib-
3yIOTCS1 11nSI ynpasneHMH paoorott 3Toro MexaHH3Ma. Bhl4HCnH· 
reJihHaH MalllMHa SIBJISieTCH lJaCTbIO CHCTeMhJ ynpasJieHMH H ,llQJI)l(
Ha paccMarp11saTbCSI KaK 3JieMeHT cxeMbl. CHcreMa ynpaanenHH 
B ueJIOM pa6oraer c HenpephIBHhlMM CMrHaJiaMM c KOHeQHOO 

1) W. K. Lin vi l l, nncceprauHH MIT, 1950; PIRE 40, 230 (1952). 
2 ) J~ 1'1.. Salzer, llHCceprauirn MIT, 1951; PIRE 40, 231 (1952); 

41, 901 (1953); 42, 457 (1954); noK.1an e rp}'mle 3JieKrpoHHKH l~E, Ma.A 
1952; CM. raKiKe Hughes Aircraft Co. Memo N2 338, 1954. 



354 TIPOBJIEMA BhIQHCnEHHH [rn. 19 

mupnHoA TIOJIOCbl, a Bbl'lHCnHTeJibH351 M3lllHHa rrpHMeHSieT .l{H

CKpeTHble aHaqeHHH. OT n11q11e oT npooneMw, oocy)K.rteHHott B 

npe.rtDJ.nymeM paa.rtene, cocToHT B TOM, llTO Mhl nonaranu panee, 

4TO pacnonaraeM 1l.JIH BW4HCJieHH51 nOJIHOH COBOKyTIHOCTbID .rtaH

HhIX, COOTBeTCTBYIOIUHX 3aKOHl1eHHOMy 3KCnepHMeHTY 1l.JIHTelJb· 

HOCTblO 't, H llTO Mbl OOCYiKD.3eM peayJihT3Thl H3 D.OCyre, nOCJle 

Toro KaK 9KCnepnMeHT aaeepllleH. 

B cucTeMe ynpaBJieHHSI Mhl JlOJI)l{Hbl npouaBOJlMTb ablqucne

HHSI HeMe.rtJieHHO, HCHOJih3Y51 ace .l{3HHhie, nonyqennble BTIJIOTb 

.l{O TeKymero MOMeHTa t, JJ_.1151 Toro, QTOObl ObITb B COCTOSIHHH 

ynpaBJISITb paooTott MexaHH3Ma KaK MOiKHO cKopee. B TaKott 

aa1l.a4e nonHaH .rtJIHTeJihHOCTb 3Kcnep11MeHTa 3apaHee ne onpe

JleJieHa. MeToJJ. npe.a.hi.rtymero paanena nontKeH OhITb aaMeueH 

meHHOHOBbIM MeT01l.OM OTCQeTOB (CM. pa3.rteJI 7 rJiaBhl 8). 
,UJISI Toro QTOObl HCflOJib30BaTb BCID HHc}>OpM3UHID, Co.rtep)Ka

my1ocSI a npoxo.rts:tmen nonoce, oe3 ese.rteHHH HeHyiKHOi1 uaobl

TOQHOCTH, Mbl onSITb 6epeM OTCQeThI C HHTepB3JIOiM 0 (CM. ( 19. l )). 
HcxoJlH351 cpyHKUHSI MO)Ke·r OhlTh aoccTaHosneHa cor nacHo (8.69) 
c noMOlllblO MMny JlbCHbIX cpyHKUHfi: 

sin 21tv Mt 
gs (f) = 2 

1t'IM t 

f (t) = 'Y.J mgs (t- mB) = .
m 

(19.18) 

VM 

S A (v) el2~•t dv. (19. l 9) 
v=-~M 

YIMnynhCHhre cpyHKUHH Cs npoCT11paIOTCSI Ha HeKoTopoe paccTost~ 
HHe KaK enepe.rt, TaK u Has a.rt. 9To 3Haqnr, qTo cpyHKUHSI f (t) 
B MoMeHT t He MO)KeT ObITb Hafi.rteHa, ecn11 MbI pacnonaraeM 

TOJibKO npolllJibIMM 3HaQeHHflMH (m < 0). 
JlHHBHJIJI npHMeHSieT 1l.pyryID HMflYJibCHyID cpyHKUHID gl (t), 

npeJI.CTaBJISJIDIUYID OQeHb OCTphifi HMny JlbC, noKa3aHHbifi Ha 

puc. 19.1. Mw MO)KeM onpe.neJIHTb T3K00 OCTphli1 HMny JlbC <f>op

MY JIOH, CXO.l{HOfi c ( 19.18): 

( 19.20) 
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f ,a;e Vt> VM • nonyqeHHaH TaK11M 

tteHa /(t): 
o6pa30M <PYHKUHSI 0003Ha-

"1 

j(t)= ~fmgL(t-mO)= s A ('1') et2r."t dl. (19.21) 
m 

113 (19.18) H ( 19.19) HaXOJJ.HM: 

A ('1) = 2v~ !J me- i2"•mB, - 'IM~ 'I~ 'IM ' (19.22) 
m 

Tor 11a KaK ( 19.20) u ( 19.21) 11a101: 

A- ('l) = _l ~ F e-i2TCv'm8 --- , --
F 2v1 "-'.' m , - Vi = v = 'Yt• (19.23) 

m 

-CpanH11nasi (19.22) 11 (19.23), MhI 3aMeqaeM, qTo cneKTp A (v') 
coenaJJ.ae1 c A (v) e ooJiaCTH H113K11x 4aCTOT 11 socnpo11saoJJ.11T 

--------- t (t} 

I . 
I . 

1/ 
:1 ./t 

8 (J s 
P11c. I 9.1. V1MnynhCHble <PYHKUHH llleHHOHa (1) u Jh1H .. 

BHJIJia (2) llJIR BOCCTaHOBJieHHH <l>YHKUHH f (t). 

9TOT cneK1p nepMO,llHqecK11 s ooJiac111 ooJiee BhlCOKux qac101: 

- vM 
A (v') = -- A (v), 

\11 
(19.24) 

M ecnH Mbl B03bMeM, H.anpHMep, VM ~ v E:;;; 3vM " DOJIO)l\HM 

v' = v + 2v "tt , TO 

A (11') = i,1 ~/me i2,.•mb-i21'm = ~~ A ('1), (19.25) 
m 
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T aK KaK 2" A1 6 = 1. Booome, ecnu 

(2k- 1) VM ~ 'J~ (2k+ 1) VM, 

TO Mhl oepeM 

- VM 
A ('I')= -- A (v). 

V1 
(19.26) 

IlOJJ.bITO)i{HB3SI 9TH pe3yJihT3TM, Mhl HMeeM: 

(19.27) 

MeroJl. orc4eroa JlHHBHJIJia JJ.aer cpyHKUHJO ](t), KoTopasi ner .. 
KO MO)J:(eT OhITh BhlQHCJieHa no npornJihlM 3HaqeHH5JM, TaK KaK 

ee HMny JlbChl qerKO JIOKaJIH30BaHbl. 0Ha OTJIHqaercsi OT HCXOJI.

HOM cpyHKUHH .llOOaBOQHblMH cneKrpaMH BblCIIIero nop51,n;Ka. Ilpo

uecc BOCCTaHOBJJeHHH CBO,llMTCff K npoCTOtt cf>MJJbTpauuu, coxpa

H5JIOlUeti roJibKO nonocy I '> I ~ v M • 3ra onepaUHS1 JJ.aet cHoea 

ucxo11Hy10 cpyHKUHJO f (t) c TOQHOCThlO 110 nocrOHHHoro MHO)J:(M· 

ren.a v M / v1• 

4. B&11utcJ1enee no 0Tc11eTaM e MOMeHT t 

BhIQHCJieHue se,n;ercH no ,n;aHHhIM, HsaecrHMM s MOMeHT t. 
BxoJJ.HhIMH Jl.aHHblMM SI BJI S110rcst: 

(19.28) 

BMXO.ll.Hble ll3HHhie, KOropwe MOiKHO nonyqHTb 8 9TOT MOMeHT) 

(19.29) 

EcnH BblQHCJieHue npoH3BOJJ.HTCSi no AllHeUHOU npo2pa;u;ue, TO 

Mbl MO)J:(eM sanucaTb COOTHOIIIeHue (3aJibUep): 

k1 h1 

i'm
1

-+ ,! b,, (mt) ~m, -k = ! a,. (mt) frn
1 

_,., ( 19.30) 

·-· h-0 
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r ,ae HCnOJibSYIOTCR k1 paHee BhltfMCneHHblX auaqeHHtt H hi + 1 
nocJie4uux sxo..a;HblX ..a;&HHhlX. Kosc1>c1>11uueuTY bk, ah MoryT sa· 
enceTb or epeMeuu (t1epea m,). Ba)KtthlM cnyqaeM J1BJ1J1eTCJ1 
AUHeil.HaR, He 3Q8UCR'14QR om 8 pe.MeHU nporpaMM8 BYqHCJieHHH 
c nOCTOSIHHhlMH K09qxpHuHeuraMH bk H a,,,. 3aMeHSISI BYXO,ll.Hhle 
SHatfeHHSI ~mt-• HX JIMHeftHbIMM BYpa)KeHMJIMH qepea BXOllHYe 
anaqeHHSI. MOlKHO aanHCSTb: 

"• 
'lim1= ! chf m1-h' 

h-0 

(19.31) 

t.tncJio qJieHOB cyMMN h9 eeJIHKO H MO>KeT Jl&>Ke CTaTb 6ecKo
ue11HhlM, ot5paayH t5ecK0Het1Hhlfi pHJl. 3ra q>opMyJia noaso11S1eT 
cAe11arb cpasneuue c peayJibTaTaMH paa4eJia 2. 

803bMeM 

m1=p., m,-h=m, h=p.-m, 
p.-h51 

414 = ! C14-mf m• 
m=p. 

Cpasuusag c ( 19.6), nonyt1aeM M&Tpuuy npeot5pasoeanna 

0, m> fl, 
1.L - h9 :e:;;; m :e:;;; p., 
m<1.1.-h9. 

3ra Marpuua npe4cTasneua Tat5Jiuuen 4J1H h2 = 3: 

lo 1 2 3 4 5 6 1--p. __ ........._ ________________ _ 
0 I C0 Ci C2 Cs 0 0 0 0 

t lo ~ ~ ~ ~ o o o 
2 I 0 0 C0 Ci C9 Cs 0 0 

3 I 0 0 0 c0 c, C2 c3 0 

4 lo o o 0 

l ,,, 

(19.32) 

(19.33) 

(19.34) 

(19.35) 



358 ( f JI. 1 9 

3neMeuTbl Marpnuw uu)Ke n.uarouann pasubl uyn10. Bee crpo
KH HM€IOT 0l(HH3K0Bble nOCTOSIHHLle K09Qxl>HUH€HTbl, npocro CMe
meuuble ua p. noauuun snpaBo. 3Ta cneunanbHaH MaTpnua 
Jlaer 6oJiee npocr&1e pe3y JI&Tathl, lleM (5onee o(5w.aH MaTp11ua 
p33Jl€.113 2. 

5. Kos4>4>HUHeHT nepeJJ;attH BblttHCJJHTeJibHoA Mamnnw 

HccJieJlyeM COOTROW€HHe M€iKJlY BXOJlHblM H BhlXOJlHhlM 
cneKTpaMH. npeD.CTaBHM <l>YHKUHH I H 'I> HHTerpaJiaMM <l>ypbe, 
K3K B ( 19.12), H IlOJIYllHM: 

"M 

Im= S A (v) el2'i•t dv, t = mfJ, 
_.,M 

'M 

'l>m = s a. ( v) ei2x•t dv, 
-vM 

(19.36) 

(19.37) 

floJlCTaBHM 3TH BblpaiKeHHH B (19.30) H nonyttHM HHTerpallhl c 
e2rcivt dv B 06e11x ll8CTSIX. JlesaSI Q3CTb HMeer MHOiKHTeJib 

k1 

a (v) + 2: bka. (v) e-i2"•k9, 

k==I 

ror lla KaK B npa eott qacTu nMeeM: 

hi 2: a hA ( v) e-12"•ho. 
h=O 

(19.38) 

(19.38a) 

TaK K3K o(5e <l>YHKUHH B ( 19.30) paBHblt TO pasuhl H HX npe· 
00p330BaHHSI <l>ypbe! 

Gt (v) + 1>k« (v) e-i2ulr8:::: !·a,.A (v) e-1211•llO, (19.39) 

" h 
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Ha 9TOro COOTHOllleHHH HaXOJJJIM K09cpqnu~Htnr nept:AdllH 

h1 

_! ah e- i2it-v h.9 

cl ('1) h==O 
W('J)= A('i)=--k-,---

1 + ! bke-i2ttvk6 

k=I 

= 0 0 + 01Z + 02Z
2 + ... + ah1 zhi 

1 + btZ + bsz2 + ... + bk
1 

zk1 ' 

(19.40) 

Jl310lllHR OTHOweuue BbIXOJJ.HOro cneKTpa K BXO)'.lHOMy lf.JIH pac

CMaTpHnaeMolt BbIQHCJIHTeJihHott MamHHhI. Ko9cpcpuuueHT nepe,llal!H 

BMpa:>KaeTCH pauHOH3JihHO" <PYHKUHe" apryMeHTa 

z = e- i2tt'rl9 , (19.41). 

t')'.le a - HHTepaaJI OTClleTOB. BeCbM3 npHMellaTeJibHO, qTo T31{0· 

ro pO,lla Bhl4HCJieHHe, KaK npe.IlCT3BJieHHOe BbipalKeHHeM ( 19.30), MO· 

iKeT oblTL uccneJI.oBaHo 9THM MeTOJI.OM u )'.laeT Ha K31KJI.o" qacTo

te BhlXOJI.HOil cneKTp (1 (v), 38BHCHW.Ht:t TOJlbKO OT BXOJJ.Horo 

cneKTpa A (v) Ha Tot:t :>Ke qacToTe. Ko9cpcp11u11eHT nepe.u:aqH 

(19.40) own noJiyqeH 3aJihUepoM H noasoJIHJI eMy paccMoTpeth 

uenbltt pH.Lt aaitaq, e KoTopwx BhillHCJIHTeJ1hHh1e M3llIHHhl u oohl4-

uhle cxeMhl <5hlJIH o<5·heJI.HHeHhl B CJIOiKHYIO CHCTeMy ynpasneHHff. 

Mw Mor JIH Ohl c paBHhlM ycnexoM HaqaTh c ( 19.31 ), r .Ile 

npe,llnoJiaranoch, QTO pemeHHe npe.lI.hl.Ilymet:t CHCTeMhI noJiylleHo 

l(nH Toro, llTOObl HCKJII04HTb ~m-k• 3TO COOTHOllleHHe )'.laeT, KaK 

H npe>Klle, 

hs 

W (v) = ~~~) = _! c,.e-;2 .. vhO (19.42) 
h=O 

- MHOroqneu unn <5ecKouet1Hhlt:t. pH.Il no z. 
Bee ~To paccyiK.lleHHe nonHoCThIO cor nacyeTCH c: TOQKOlt 

apeHHH Ha poJib BblQHCJIHTeJihHOlt M3llIHHhl, pas BHTOtt B npe.nhI

llYlllHX p83,lleJiaX: Bhl4HCJIHTeJihH8ff M3WHH8 npeJI.CT3BJISieT COOOlt 

aBTOM8THt1eCKOe YCTpOltCTBO l(Jli oopa(50TKH HHct>OpM8UHH, Toquo 

TaK me KaK cTaHoK 0<5paoaTh1aaeT KYCKH MeTanna. HosaH HHcpop· 

M3UHH He C03,U.aeTCSl, H Ha BhlXO)'.le BhllJHCJIHTeJihHOlt M3llIHHbl 

nonyttaeTca B TOllHOCTH TO iKe KOJIHlleCTBO HHcpopM3UHH, KaKoe 
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HMeJIOCb Ha BXOJ(e (B u4eaJ1bNOM cnyqae (Sea noTepo), TOJibKO 
.n;pyrnM o(SpaaoM KOJJ.Hposattnoe. 

Mhl ocHosblea.110 Hawe paccymJJ.eHue Ha Mero,a;e <l>ypbe, ror

• s•2i!J 

•S+lQ 

0 
•s-t!J 

Puc. 19.2. ropH30HT8JlbHble no
JIOCKH Ha KOMOJleKCHOR nnOCKOCTH ... 
s, a Kotop1>1x 3Haqeuu.a A (s) no-

etopHIOTC.R. 

"" 

na KaK JlHHBHJIJI H 3aJibUep npu
MeHSIJIH npeo(SpaaosaHHe Jla
n.11aca. Ooa MeTo,a;a sKsHea.11eHrHhl, 
u c}>opMyJibI 3a.11buepa Moryr 
(SbJTb nonytteHLI npocTott aaMe-
1:1ott iw Ha s: 

S=iw,. w=-is, } (l 9.43) 
z = e-.1w9 = e-s9 • 

llJIH o(SlllHOCTH peKoMeHityeT
Cff paCCMatpuearb s KaK KOM· 
nneKcHy10 senuquHy, HO 6 (nHrep· 
sa.11 orc11eToB)- seer JJ.a semecr
seHHasi se.11uquna. Mhl Haw.110, qto 

.... 
.u.ncKpeTHhle itaHHhle f (t) HMelOr 

nepHOJJ.nqecK,ntt cneKTP A (v) (cM. paaJJ.eJI 3): 

A(w+n&?)=A(w) (n-uenoe) }t 

21t 
&? = 41t'VM = 0 - eeruecrseHHO. J 

H (19.44) 

3ro CBOhCTSO nerKO nepeseCTH Ha nepeMeHHYIO s, qro 03Ha4aer: 

,.., .... ( 21tin) ,., A (s - in Q) = A s - T = A (s). (19.45) 

-B nnocKocru KoMnneKcnot1 nepeMeHHOh s c}>yHKUHH A npH-
HnMaer onnHaKOBhle sHaqeHHSI s cne,a;y10w.ux ,a;pyr aa ,a;pyroM 
nonocax, KaK noKaaaHo Ha puc:. 19.2.. Ecnu cpyHKUHH uaseCTHa 
B npe.z:r:enax o,nHof1 us 9THX nonoc (HanpuMep, s samrpuxosaH
Hoh DOJIOCe ), TO OHa usseCrHa Ha seen DJIOCKOCTH, TaK K8K 
oepHOJlHqecKH nosropsteTCSI Ha .llPYfHX nonocax. 

6. CxeMhl, co11ep•aDlHe Bhl'IHCJJHTeJJbHy10 Mameny; 
npooneMa ycToftqasocTH 

npe,a;hl,LJ;ylllee HCCJie.z:r;oBaf-lHe DOKa38JIO, llTO SblllHCJIHTeJibHaH 
MamnHa, paooraioruag no aaJJ.aHnott nporpaMMe, Momer paccMa~ 
Tpuea1bCSI KaK SJieMeHr cxeMhl c onpeJJ.eJieHHblM Koscpc}>uuueHTOM 
nepeitat~H W (v), aasucsiw.nM or 11ac1'orbl "· Kor ,a;a BbllfHCJiure.11b· 



\.X IDlhl, co.am >ii\ AIUIIE Bf ,f 'l 11 CJJ HTE!IbH y IO MAllJHf f y 

uaH Malll1111a BKJI10qe1:-1a nocJie.rr.oBaTeJJhHO c oohJIJHOfi cxeMott, TO 

OCTai1lbHa5l lJaCTh cxe:vthl xapaKrepwsyeTC51 JlpyrHM K09cpcpHUH€HTOM 

nepe.rr.a11H W1 ( "), H CHCTeMa a ueno:\'I H:\ieeT K09cp<f>uuueHT nepenaqu 

Wtotal ('1) = U? (·~) \\71 ('t). (19.46) 

9To 3aMeqaHHe no3BOJIHeT o6cym.rr.arb 3a.rr.aqy o cxeMe c aw 4 

llHCJurreJJbHOfi MalIJHHOH, c.11enyst xopolllO H3BeCTHblM l\t€TO)laM 

TeopHH uerrefi. Xapa1<Tepno, qTo K03cpcpuuueHT nepe.a:allu W (v) 
BblljHCJIHTeJibHOfi MaUH1Hhl eCTb pauwonaJibliaSI cpyHKUHSI nepeMeH .. 

notl z ( c:v1. 19.41 )), ror.u.a KaK OObI4HaH cxeMa HMeer 1'03cpcp11-

u11eHT nepeJI,a4H, pa1u1oua.'lbHblH OTHOCHTe.ilbHO w. 
OJI,HHM H3 ea>KnhIX nonpocoa nccne.a.osaHHH HBJisie1cS1 npoo-

11eMa ycnzouttll80CmU. 8hIQHCJIHTeJJbHa51 MallJMHa MOil<eT yMHO/KHTb 

·(llyHKUJiIO f (t) Ha MHO>KHTeJih C, · · 
.U.efiCTByH, TaKH:'vl Oopa30M, KaK !(t) f;(t) 
)'CHJIHTeJlb. nporpa:MMa OOUlefO 

BH.U.a, paCCMOTpeHHa51 3an&uepoM 

(pas.u.en 4, paaencrao ( 19.30)), 
. 

HCnOJJh3yeT HeKOTOpoe 'IHCJJO PHC. 19.3. y CHJUJTeJJh a: c o6par-
rrpeil(HHX BblXO)lHblX 311aqeHHfi HOti CB.ff3bl0 ~. 

)J.JISI BbJljlfCJJ€HHH BhlXO.ll!-IOfO 3lia-

4eHH51 B MOMeHT t. 3To 3Ha4HT, lJTO nporpaMMa Tpe6yeT CHCTeMbI 

OOpaTHO.ii CBHBH. ECJHf ~alllIIHa paooTaeT B Ka4eCTBe YCll/llUne/lf/ 

C oopamHOU C8f/3bl0, TO Mhl )lOJJ>KHhl, pasyMe€ICSl, OOCyJJ.HTb 

npoOJJeMy ycTofiqHBOCTH, T 8K KSK yCHJJHTeJ1h C OopaTHOfi CBSl3bl0 

Mo:n<eT no.u..u.epJKI'iaaTh nesaryxa1omwe Koneoa1-111H, ecJJR oopaTHaSJ 

CBSJBb .U.OCTaT04HO CHJJbHa. 

IlocKq.nhKY 3TOT Bonpoc HMeeT cpyH.a:aMeHTaJJbHOe SHaqeHHe, 

aaitMeMcsi Hlt nonpoouo u paccMoTpHM oohtlfHhllt ycuJIHTenh ci 

c oopaTHOfi CBS13bl0 ~' KSK noKa3aHO Ha pHC. 19.3. Hanpst>KeHHe E1 
!-18 BXO.U.e .U.8€T OTKJIHK Q (t) Ha BbIXO)J.e: 

( 19.47) 

r .a:e a. - KOMilJleKCHaSI BeJJHlf HHa. ,lloJISI ~ 3Toro OTKJIHKa no.rr.aeTCSl 

oopaTHO H .llOOaBJJHeTCSI K nepBoHaqaJJbHOMY BXO.U.HOMy 803.U.efi

CTBHIO I (t), raK qTo 

OTKY ,na 

E2 = pO = l.~ E1, ~ KOMnneKcHaH, } 

E1 =I+ E2 =I ~~ E1, 

r.~ I 
Lt= 1 , ' -aj 

' 

I a a==--l ' . -- :,rj • 
f 2 Jl. Bpu .. 1.110:J11 

(19.48) 

( 19.49) 
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3TO .u.aeT K09cpcpHUHeHT nepe.u.aqu ycHJIHTeJISI c o6paTHOlt CBH3hl0 

a a 
Wa=-1 =I a. (19.50) - Clp 

3To BbipaJKeHHe OtteHb CXOJI.HO c K09cJlcf>HUHeHTOM nepeJJ.alJH (19.40), 
nony11eHHblM JI.Jiff BblllHCJIHTeJibHOtt MaIHHHhl, eCJIH fiOJIOIKHTb: 

et (v) = .}J ahzh, z = e-21tiv6, - et~= .}J bkzk. (19.51) 

<l>yHKUHH BHJJ.a ( 1 9.50) HMeer HeKOTopoe llHCJIO flOJIIQCOB npH 

c.t~ = 1 ( 19.52) 

- ycJIOBHe, KOTopoe Momer BblfiOJIH51ThCH npH orrpe.u.eneHHhlX 

ll3CTOT3X. IlpH 9THX ll3CTOT3X Mbl MomeM nonyttHTb KOHeQHbllt 

OTKJIHK Q npH HyneBOM BOSlleACTBHH /, TaK K3K W 6eCKOHettHO: 

CHCTeMa C3MOBOS6yiKJJ.3eTCH. IlOJIO>KeHHe fiOJllOCOB Ha KOMnJieKC

HOR nnocKocrn s =a+ iro HMeeT nepeocreneHHoe SHatteHHe u 

6y .u.eT OOCYJKJJ.eHO B CJieJI.ylOllleM p83JI.eJie. 

B HTOre Mhl MOiKeM CKa3aTb 0 CHTyauHH cne.u.y10mee: 

A. Bh111HcnurenbHaH MallIHHa aHanorHllHa aKntllBHou qenu. 
B. Y croRttHBOCTb nporpaMMbI aht11HcneHHH MoiKeT 6htTb HCcne

JI.OBaHa TeMu iKe MeTOJI.aMH, llTO H ycTOttllHBOCTb a1<THBHblX uenett. 

C. Mo11<Ho uccneJI.oaaTb aMnJIHTY JI.Hhte n cpasoehle xapaKrepH .. 

CTHKH JI.3HHOlt nporpaMMhl, a T3K)Ke rpaeKTOPHH, HMfiYJibCHYIO 

peaKUHIO, JI.HarpaMMy HattKBHCTa H r. n. 

D. lliHpHHa nonochl BhlttHCJIHTeJihHOtt MaWHHhl Henocpe.u.cT .. 

eeHHO onpe.u.enHeTCH HHTepeaJIOM OTCtteTOB 6 (CM. ( 19.1 )): 

H3HBb1Clll3H qaCTOTa: V .. ff = ~· (19.53) 

3anhuep noKa3aJI Ha MHOrOllHCJieHHbIX npHMepax 9cpcf>eKTHBHOCTb 

9roro Mero.u.a paccy11<JJ.eHHH. Ou nosiCHHJI raKJKe, KaK cor J1aco

eaTb cxeMy c BbittHCJIHTeJI&Hott MallJHHOR, HJIH Hao6opor. Bcrpe-

11aeMh1e a.u.ecb npo6neMhI cor nacoaaHHH CXOJJ.Hbl c raKHMH 11<e 

npo6neMaMH TeopHH uenett. 

7. O<ScymD:eHHe ycToftttHBOCTH nporpaMMht 

BhlttHCJIHTeJibHaH MallIHHa, pa6ora10mast no sa.u.aHHOR npo· 

rpaMMe, xapaKTepusyeTcH Ko9$1JuuneHTOM nepe.u.attu W ( s), u 

OTKJIHK a (s) nponopuuoHaneH eos.u.eRcTeHIO A (s), yMHOiKeHHOMY 

Ha W (CM. 19.40)): 
a.(..,.)= A (s) w· (s). (19.54) 
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IloKa I WI ocTaeTcff KouequhlM, OTKneK Koueqeu H I WI Bhlpa
:>KaeT nonyqaeMoe ycHneuue. EcnH I w I CT3HOBHTCSI oeCKOHequo 
OOJibllJHM, Mbl MOiKeM nony1HfTb OTKJIHK OeS BCSIKOro B03J1ett. .. 
CTBHSI. 3To COOTBeTCTByeT nOJIIOCaM cpyHKUHH w (s). TiyCTb 

s =a+ lm (19.55) 

oy JleT nOJIIOCOM. Ha BblXO.Ile HMeeM: 
CJ. (s) est=,., (s) eat+imt (19.56) 

Ecntt a nono>KHtenbHO HJIH HYJib, KoneoaHHR co epeMeHeM Hapa
craror HJIH coxpausuor uett3MeHHyro aMnnwry .lly. Kor .Ila a oTpH
nateJihHO, K011e6aHHff saryxaIOT. Oun MoryT eos6y JJ:HThCH B nepe .. 
XO.llHOM peiKHMe, HO B KOHue KOHUOB HcqesuyT. 

"' 
Pa• xp 

~r· ><p, 
fJ a 

• xp/ ~ I 

• ; '«P," 
S=d+l<iJ 

PHc. 19.4. Ha KOMnneKcHoit nJio
cKocre s non10c P1 cnpaua or MHB
MOA oce o3Haqaer Heycroitqe
eocrb, ror.na KaK nonioc P,, cne
Ba He .naer HeyctoitqHBOCTfl. Ilo
Ka33HO noeropeHtte B nocne~oea
reJihHhlX nonocax; ycro:fiqHBhle 
OOJIIOCbl o503HatJeHbl TQqKaMH, He-

ycrotittHBble - KpeCTHKaMH. 

!I 

•Pa 
w=Ln 2 

(J)-=0, n x 

PHc. 19.5. Kompo~MHOe npeo5pa~ 
30B3HHe z = e-s& KOMDJleKCHOf:l 
Il~OCKOCTH s Ha KOMOJleKCHJIO 

IlJlOCKOCTb Z. 

MunMaB oc• 0> n.nocKocTn s npeo6paao
nana B eJtHBHllHYJO OKpy>KBOCTIJ DJJOC• 
KOCTH z. ilOJUOCbI, COOTBeTCTBy10mae P1 
(BeycToiiqaebie} p0c. 19.4, nonaJta10r 
eayTp& Kpyra; no.1110cbI, cooTBeTcTey10-

m0e P2 (yCTOJltrnewe), - uoeue. 

TaKHM o6paso~, Heycrott.qwaocTb cooraercteyer nonrocaM 
K09qxpHuHeura nepeJlaqtt c nono>KttteJibHOf:l eemecreeuuott. qacTbIO. 
3TH nonIOCbl HaXOJlSITCSI cnpaea OT MHHMOti OCH nepeMeHHOtt. s. 
Bcne.llcteee nepHOJ1HqHocrw .llaHHblA nonioc P1 ecrpeqaercst 
B Ka>K.lloti nonoce eblcorott. Q. nonioc P2 cneea OT MHHMOtt. ocu 
ue 11aeT ueycTotiqueoctH. Puc. 19.4 HnnrocrpttpyeT oomee nono
:>Keuee: nonochl c orpeuaTenbHhlM a (ycroAqueble) OTMeqeuhl Toq .. 
KaMH, TOrJla KaK nonIOChl c ueoTpeuaTeJJhHbIM a (ueycro:ttqeehle) 
OTMeqeuhl KpecTHKaMu. PeKyppeHTHOCTb nonIOca P1 B nocne110 ... 
aaTeJibHblX nonocax BhI~orott. g noKasaHa, KaK P~, P~, ... 
12• 
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BMecro nJIOCKOCTH s MOi:KeM paccMaTpHBaTh KOMIT.'1€I<cHy10 

llJIOCKOCTh z, fl0K333HHYIO Ha pwc. 19.5. ct>op'.'.IYJia 

( 19.5 7) 

npe.IJ.CTaBJISleT KOHQJOpMHOe npeoopa30BaH11t! llJIOCKOCTH s Ha n.10-

CKOCTb z: HaqaJIO 0 B nJIOCKOCTH z 03J.laqaeT z = 0 ff COOTBel

CtByeT s = + 00. 01cpyiKHOCTb pa.IJ.Hyca 1 B ll/JOCKOC.111 z COOT. 

BeTCTnyeT ~HHMOti OCH nnOCKOCTH s 

S =: lW, 

a euyTpeHHOCTb e.IJ.HIIH4HOro Kpyra z npe.n.craBJis:teT npaeyro no11y

nJIOCKOCTb s. Ilon1oc P1 {tt ero H3o6pa)l{eHHSI P;., P;, ... ) B npa

eott noJiynJIOCKOCTH s cooraeTcTnyeT noJnocy p 1 BHYTPH e1u1-

HffqHoro Kpyra Ha nJioCI<OCTH z. I10J11oc P9 n nenott no.nyn;10-

CKOCTH s npe.n.cTaBJISieTCSi TOqKott P2' JI€>Kamett BHe e.IJ.MHH•IHOro 

Kpyra Ha flJIOCKOCTH z. 
3a.IJ.aqa onpe.lI,eJieHHSI M€CTOHaXO)l{.lI,€HHSI IIOJIIOCOB K03¢qn·l

UHeHra nepeJJ.aqH MOJKeT Tenepb OhITh nocTaane1-1a ooJiee T04HO. 

Ko::tqxpHuHenr nepeJJ.a1n1 W Ha (19.40) MoiKet 6&tTh aanHCaH cJie
.llyIOlllHM OOpa30M: 

noc11e TOrO K3K 001Ul1€ KOpHH p H Q HCKJIIOqeHbI1 flOJIIOCbI 

coot"serctnyIOT OCT3I01UHMC51 KOpHSIM Q: 

Q = l + ~ bkz1
l == 0. (19.59) 

Mb1 MOiKeM Tenep& paccM01peTL JJ.pyroe KOHcpOpMHoe npe

oopa30BaHHe, nepeit.lI,H OT KOMITJieI<CHOti IIJIOCKO{'.TH Z I{ KOMnneKC

HOtt I!JIOCKOCTH Q, KaK IlOKa3aHO Ha pwc. 19.6. I-la4aJIO 0 flJIO

CKOCTH Q COOTB€TCTnyer BC€M KOpHHM cf>YHKUHH Q (CM. ( 19.59)); ... 
CJ1€.ll.OB3T€JlbHO, 01-10 npe.lI.CTaB . .'15I€T BCe flOJllOCbl K09cpcpHUH€HTa 

uepe.uaqH o/. To4Ka Q = 1 na n.r1ocKoCTH Q oro6paiKaeT T04KY 

z = 0 - Haqa;10 rrJIOCKocrn z. E.rr.HHH4Has:i oKpyi:KBOCTh rwo

CI<OCTH z npeoopasyercsi n 1<pHsy10 (TpaeKTop~no) L Ha nJio· 

CKOCTH Q, H nHyTpeHHOCTb e.DJtHH4Horo Kpyra npeoopasyeTcR 

no BHyTpeHHOCTb TpaeKTOpHH L. EcJIH noJ110c P1 pacnono>KeH 

BHYTPH e.IJ.HHH4Horo Kpyra nnocKocru z, 10 HaqaJio nJIOCKocrH Q 
ne>KHT B o6JiaCTH, orpa1-1HqeHHOtt rpaeKTOpHett L, KaK 110Ka3aHo 

11a p11c, 1 ~.61 b, .TaJ<oe .IIPJIOJKeWie. _nhlpa>Kae-r ueyc.Ioii1nrnocr1>, 
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Ha pHc. 19.6, a noKaaaHo Hattano, ne>Karuee eue tpaeKtopHH L, 
qyo COOTBeTcTeyer ycTOHQHBOCTH. 

3an&uep paccM0TpeJ1 pa3JJHttHbie npHMephl H noKaaan ooJI&llIYIO 

11pai<T011ecKyro ueHHOCTh MeTo.u.a. OtteH& 11acTo rpyoh1tt HaopocoK 

rpaeI<TOpHH L .u.ocTaro4eH, 4To6w onpe.u.enHrh ycTott11neocTb. 

CTo TOMy, H3CICOJibKO TpaeKTOpHH OOXOJJ.HT HallaJIO, MO)KHO cy JJ.HTb 

a) b) 

Pttc. 19.6. KoMn.'leKCHa11 Q-nnocKoCrh ecrh KompopMHoe 
npeo6pa3oBaHHe 

Q = ; + iYJ = 1 + ! bkzk. 

k 

a) IIpHMep, B KOTOpOM Ba'llaJJo KOOp,llmtaT DJIOCKOCTH Q .'leHCHT BBe TpaeKTOpHR L. 
8To - ycIOHT.IJfBbJH CJJyqafi; b) npaMep, B KOTOpOM Hatta.'10 Koop1nrnar DJIOCKOCTH Q 

JJelKHT JJHyTpH rpaeKrOpH0 L. aro - Beycroitt0BbJi CJJy11aA. 

ot5 OTHOCHTeJibHOH yctoiittUBOCTH. l.Jactota HaH60JibWero nput5Jiu .. 

aceHHSI K Hattany otteHb ttaCTO SIBJIHeTCSI pesouaHCHOD ttaCTOTOD 

nporpaMMhl BblllHCJieHHH. 

J{o3cpcp11u0eHT nepe.u.a4H nporpaMMhl Bht4HCJieHHH acer .u.a Bbtpa .. 

)KaeTCH cpyHKUHett Tttna ( 19.40) HJIH ( 19.58). Kor .u.a K03cpcpH

u0eHT nepeJJ.attH JI.JISI onepaUHH H3BeCTeH, BhlflOJIHHMOCTh onepa

UHH Bb14HCJIHTeJibH00 M3llIHHOti JJ.OI<a3aHa, ecJJH K03cpcpHUHenT 

nepeJJ.a4H MoLKeT OhITb aaIIHCaH B B 11.u.e .u.pooH ( 19.40) HJJH ( 19.58). 
::1TO SIBJIHeTCSI r • .'l3BHhlM H, pasyMeeTCR, otteHb Ba>KHbIM peayJih .. 

TaTOM paccy>KJJ.eHHtt 3anhuepa. 

8. HecKOJihKO npnMepoB 

IlpueeJJ.eM HeCKOJlhKO npHMepoe K03cpcpHUHeHTOB nepeJI.3'-IH, 

COOTBeTCTBYlOlllHX neKOTOpbIM THllH 11HhlM BblttHCJIHTeJibHhIM sa

J].allaM. 
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A. B bl q H c 11 ff r e n h u a SI M a w H H a K a 1< H u T e r p a T o p 

B s10M cnyqae orKJIHK ~ n.oniKeu npeJJ.craenHrb onpen.eneH· 
Hbltt HHrerpan OT BXOJJ.Horo eos.a.ettcTBHH f (t), raK qTo MoiKeM 
aanHcarh: 

m~ m~ 

cJ>m = ~m-1 + S f (t) dt = ~m-n + S J (t) dt = 
(m-1)6 {m-n)8 

m9 

= s f(t) dt. (19.60) 
0 

TiocneJIHHe s:&1pa>1<eHHH nonyqa10rcH Hrepauffett paeeucrea 
Me)Kn.y nepebIMff n.eyMSI. Koscf>cpHuHeHT nepen.a11ff ehlpa>KaercH 
cpOpMy JIOti ( 19.40) HJJH ( 19.58) 

Ea zn 
W= 1 +Ebnz"' (19.61) 

ff aa}laqa COCTOffT B HaXO>KJJ.eHHff an ff bn.. llnH 9Toro BOCfiOJJh· 
ayeMCH npHOJIH>KeHHblM MeTO.llOM eblqHcJieHHH ffHTerpana B ( 19.60) 
COBMeCTHO C (19.30): 

(19.62) 

rn.e fk = f (k6). MbI JJ.aJJ.MM pesynhrarhl eblqffcneHffff HHTerpana 
npH noMoruH cryneHqarott cf>YHKUVIH, no npaeffJIY rpaneuHtt H no 
npaBttllJ 1/3 H npasu11,y 6/ 8 CHMncoHa. 

CmyneHttaman tjJyHKqun. MY uaxon.HM npffOJJff>Keuuoe sua
tteuee HHTerpana e ( 19.60), saMeHHH f (l) cryneullaTofl tPYHK· 
uueA H BblqHCJJSUt 11110111a.a.u nonyqaeMblX npHMoyrOJJhHffKOB wupu
HOtt 6 ff C BblCOTa~\fl'I ftt /9, .•. , / m: 

m9 

cJ>m-~m-1= S f(t)dt=fmB, 
(m -1)9 

CpaeHeHHe c (19.62) 11aer: 

b1=-1, a0 =6, b1=ak=0 npH j>t, k>O, 



Rf HHCKORhKO nPH~EPOR 

w, cne.noeateJihHO, Ha OCHOBaHHH ( 19.61) K09cpcpHIUfeHT nepe· 
.u.a'-lu paeeH 

fl 
Wo= -1 • -z 

(19.63) 

flpaBU./l,O mpanequtl. IlpH:vieneHHe 9toro npanHna npH n = 1 
4aer: 

m9 

'~m-Ym-1= s f(t)dt=-~ <fm+f"' .. 1)1 
jm- I) 6 

orKy .u.a c noMOlllhIO ( 19.62) 

bi=ak=O npH j> 1, k> 1. 

TaKHM oopaaoM, K09QJcpHUHeHT nepeJJ.a'-IH ecth 

6 I +z 
Wi=21-z· (19.64) 

flpaBU./l,O 1/8 CuMnco1ta. MbI JJ.OJI>KHhI BSSITh n = 2 e ( 19.60): 

mO 

. ~m - ~m-~= S f (t) dt =-!-<f m-11+4/ m-1 + f m), 
(m-2) 8 

OTKyJJ.a 

b2=- t, 

bi=ak=O 

6 40 
a0 = a9 = 3 , a1 = 3, 

npH j -:j.:. 2, k > 2, 

H K09cpcpHuHeHT nepe.na'-IH paneH 

W _ 6 I +4z+z:l 
9 -3 l-z9 • 

(19.65) 

flpaeu1to :; Is CuMnco1ta. AHaJIOfH4HO, oepff n = 3, llOJIY 
qaeM: 

\\7 _ 3H l + 3z + 3z 2 + z8 

a-8 l-z3 • 
(19.66) 
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B. B hi lf u c JI H T e JI b u a SI M a w H Ha 

K3K .LJ.H~¢epeHUHatop 

r r.it. 1 9 

Tenepb orKJIHK 4 .LJ.OJDKeH npencranJiflTh nponseoJJ.HYIO Bxo.u.

Horo eo3.u.eticTBHH /. TaK KaK .u.nqJCpepeHunpoBanne ecrh onepa

UHH, OOpaTH3SI HHTerpHpOBaHHIO, K09cpcf.UiUHeHT nepeJJ.34H H.LJ.€3Jib• 

Horo .lUi~cpepeuuHaropa JJ.OJIJKeH OhITh o6paTHhlM no otHoweHHIO 

z-n.nOCKOCmtJ 

z- nnOCKOCma 

-
,. .. ... I 
1p01JHOlJ llOAIOC ,.. 

't;*fz)=I +3z +3z2 + z3 

PHc. 19. 7. KpHBble, noKa3wBaJOm.ne Heycrotitt11socrb nporpaMMhJ 
JlH<l><I>epeHUHposaHHJI, coorsercrsyJOw,eit W; 1 H W i' KaK 

B llJIOCKOCTU Q*, raK " B nnoCKOCTH z. 
Q* OBHa1:1aeT SH8MeHaTC'nb c\lYHKIUIH nepe.n.a1:1H (1l.HC.11HTC.1b COOTBCTCTBylOm,ero W). 

OT11eTH•. 11To o6e TpaeKTOpHH oxeaTLJBalOT na11aJ10 KOOpAHHaT nnocKocTn Q* .. 

K Koa~~uuueury nepe.u.alfH HJJ,eaJihHoro HHrerparopa. 8ro 3H3lfHT, 

lfTO W; 1, W;- 1, w;- [ H W;- I MOryr fOJJ,HTbCSI B Ka4ecree npo

rpaMM JJ.H~~epeHuHpoBaHHSl. 0Ka3b1Baercst, OJJ.HaKo, lfTO TOJlbKO 

W;- 1 H W;_- 1 ycrottlfHBbI, ror .u.a KaK W;- 1 H W9 1 HeycrotttJHBbI. 

flono>KeHHe noKaaaHo Ha pwc. 19. 7, B351TOM Ha paoothl 3aJI&uepa. 

H3oopameHhl noJ11ocbl Ha nJIOCKOCTH z H cpopMa rpaeKTOpHH Ha 

nJIOCKOCTH Q*. 

C. B o c c T a " o e n e H w e ( d e s a m p l i n g) 

Ilpouecc BOCCTaHOBJleHHSI MO>KeT OblTb BblIIOJIHeH nyreM 33-

MeHhl HMfiYJlbCOB JlHHBUJIJia CHOBa HMfiYJlbCaMH llieHHOHa HJIH 

Olfeflb TntaTeJlbHOf:t OT<fJHJibTpOBKOf.1 ecex lfaCTOT v > v M· IlepBblA 

CfiOCOO He BhIShIBaeT HM cpaBOBhIX C.ll.BHfOB1 HH H3MeHeHH'1 HHTeH-
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CMBHOCTH npH V < 'V M H, TaKHM 00p330M, JI.aeT K03cJ><t>nuueHT 

nepen:aqtt, paBHhtt\ 1. BTopott cnoco6 TpeoyeT HyneBott MHTeu

CHBHOCTM np11 "> vAu H, cneJI.oBaTeJJbHO, JJ.aeT W = 0 JI.JISl 9roro 
JI.Hana3oHa qacTor. 3To eJJ.Ba JJM ocymecTBHMO. 

EoJiblllHHCTBO cp11.r1bTpoB ooecneq11BaeT o nonoce npo3paqHOCTM 

xoporny10 nepeJI.aqy no HHTeHCHBHOCTH, HO .naer cpa30Bhltl CJJ,Blif. 

dro He HMeeT aHaqeHHSl JJ,JJH rene~OHHott nepe.naqH, TaK KaK yxo 

MaJioqyecTBBTeJibHO K cpa3e. 0JJ,H3KO npH BOCCT3HOBJieHMH cpyHK

UHH cpasa cymecreeHHa, 11 no3TOMY nocTpoeHHe cpHJibTpOB, npeJI.

HaaHa4eHHhIX llJIH BOCCTaHOBJJeHHH, OTJIH4aeTCSI OT nocTpoeHMH 

o6wqH~X cpHJibTpO& 

D. B p e Me H H bl e 3 a JI. e p iK Ku 

EcnH M&I npHMeHsteM HMnynbChl BHJI.a (sin x)/x e npellnono

iKeHMM, qTo cpyHKUHff nOCT05IHHa npH 60JiblIJHX x, Mhl ,llOJiiKHbl 

Bhl4HCJIMTb! 

'1 ..... 
no 00.llbIIIH M 
3HatleHHHM x 

sin x 
--~ 

x 

co 

s 
OOJibwoe x 

sin x d cos x 
X'~--x x . 

3To BhipaJKeHwe cxo,:r.11 reg oqeHh MeJJ,JieHHO. EcnH MhI >KenaeM 

HMeTb Oll1H6Ky, He npeBOCXO.lJ,HlllYIO 1 o-n B OKOH qaTeJibHOM pe-

3J JlbTaTe, TO H3M noTpeoyeTCff X' > 1 on= N '-IJieHO B. 3TO 60Jib

woe '-IHCJIO qJieHO B Bbl3blBaeT aa.nepiKKY' TaK KaK <l>YHKUHSI 

B MOMeHT t oy.ner c TpeoyeMOR TO'-IHOCTblO H8R€CTHa JIBWb Ha N 
qneuoe II03JJ.Hee, 4TO 03HafJaeT 3aJJ.epmKy Ha NO. 
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HH<l>OPMAUHSI, 0Pf AHH3AUHSI H JlPYfHE IlPOliJIEMbl 

1. Hucf>opManHH H opraHHsauHH 

Mbl CMOr JIH HCCJie,llOBaTb HHcpOpMaUHOHHOe CO.JJ.epJKaHHe 3anH
C8HHOfO npe.JJ.JIOJKeHHSI, COBOKJnHOCTH llHCeJI H MHOrHX .JJ.pyrHX 
cny11aee, K KOTOphlM Harne CT3THCTM11eCKOe onpe,lleJieHHe HHcpop
MaUHH MOJKet HenocpellCTBeHHO npHMeHstrbCH. M&1 MOJKeM CXOll· 
HbtM oopa30M nOJI.CllHTaTb HHcp0pM3UHIO, CO.JJ.ep>KallJ.ylOCSI B 11epteJKe, 
npH ycnoBHH, 11ro qepre>K MoJKet ObtTb npe.JJ.craeJieH KOHe4HbIM 
11ucnoM CrIMBOJIOB. PaccMoTpMM, uanpHMep, cxeMy HeKoToporo 
9JieKtpH11ecKoro ycrpottcrBa. Mbt MOJKeM aaHyMepoeaT& Bee 
HMe10mHeCH Ha cxeMe 3aJK11Mbl or 0 JI.O N H onHcarb cxeMy, 
yKaaaB HOMepa coellHHfHH&tx Me>KJI.Y cot>ott 3amHMoB: CKOOKa 
( l 023-0216) oy .JJ.eT 03Ha11aTb, qro Mbl JlOJl:>KHhl coe,llMHHTb 
sa /KHM 1023 c aa>KHMOM 0216. llnH KOHellHOfO 'IHCJia 33/KHMOB 
'IHCJIO p B03MO/KHblX coeJI.HHeHHtl KOHe4HO; .JJ.aHHa51 cxeMa BblOH· 
paer H3 9toro 11ucna OJI.HY 11actHy10 cHcteMy. CxeMa co.JJ.epmHT, 
CJieJlOBaTfJibHO, MHcpOpM8UHIO 

l=KlnP (20.1) 

e cooTBetcTBHH c onpeJI.eneHHHMH r JiaB&I 1. Eme pas no.JJ.11epKHeM 
'f011Hbltt CMLICJI TaKoro onpeJteneHHH: OHO He J(enaer pa3JIM11HH 
Mem.JJ.y cxeMoA JteAcTeyt0mero ycrpoActea u llpyroit cxeMoA, 
KOtopast .JJ.aJia Obi HHKllfMHYIO crpyKtypy c KOpOTKHMH 3aMbl· 
KaHHstMH u .JJ.pyrHMH HeJI.ocrarKaMH. HHcpopMaUHR, Kotopyio Mhl 
nOJI.CllHTblBaeM, 9TO K8K pa3 ta HHcp0pM3UHSI, KOTOpast JlaerCff 
qenoBeKy, BblnonHHIOmeMy MOHtam cxeMbl, u OHa HH'lero ue 
fOBOpHT 0 TOM, 11TO ycrpoticreo ,llOJIJKHO J(eJIBTb. 

Bonpochl o TOM, noqeMy BblopaHa .JJ.aHHaH cxeMa u KaK oHa 
paooraer, He paccMatpHea10tcH. 8ro cocraensino 3a.JJ.a11y y11eHoro 

.HJIM HH:>KeHepa, KOtopbltt ~poeKTH,POBa.11 .YCipoACIBO. 8TO noT.pe· 
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6oeano MhlWJieHHSI H Hay11Horo 06cy>KJ.J.eH1u1 n, Mo>KeT 6httb, 

JJ.pyrHx qenoee1.1ecKHX npoueccoe, KOTOpbte ece HaXOJJ.SITCSI BHe 

paMOK HaWHX renepemHHX MeTO.ll.OB HCCJieJJ.OBaHHSI. 

PaccMotpHM npHMep: 9JieKTpHlleCKoe ycTpottcT no coJ.J.ep>KHT n 
SJieMeHTOB, K3iKJ.J.bltt H3 KOTOpblX HMeeT m aa>KHMOB, H q 38/KH

MOB JlJifl BHewHHX coeJJ.HHeHHti. Bcero ·HMeeTcH 

N=nm+q (20.2) 

aa>KHMOB, KaiK.llbltt H3 KOTOpbIX MO>KeT OblTb coe}lHHeH c JIIOOhIM 

JJ.pyrHM, llto .naer: 

pa3JIHlfHblX BOSMO>KHOCTeR. l1H<IJOpM8UHSl, COJJ.ep>KaIUaSICfl B O.U.HOI! 

cxeMe, paeHa 

l=KlnP=KNlnN. (20.3) 

BepH K = log9 e ~ 1,4, nony4HM HHcpopMauHIO a .U.BOHl!HhIX 

eJJ.HHHuax 

I =N1og2 N. 

BoabMeM paayMHhle no nopflJJ.KY eeJIHllHHbI 

n=999, m=lO, q=lO, 

N = 10 000 ~ 213•3; I= 133 000 J.J.B. en,. 

3TO - 60JibWaSI UHcf>pa B JJ.BOH4HhIX eJJ.HHHuax, HO ecJIH nepe

neCTH e eJJ.HHHUhI 9HTponHH, to Mbt .nonJKHbt YMHOJKHTh ee 

Ha 1 o-lG (9TOT MHO>KHTeJib npeJJ.CTaBJiffeT npHOJIH>KeHHO OTHOWe

HHe eJJ.HHHU) H nonylf HM Her9HTpOI1HIO 

-S= t,33 · 10-11, 

T. e. npeHeope>KHMO MaJiylO BeJIHlf HHY. 

MawHHa, nocTpoeHHaSI no HaWHM cneuHcf>HKaUHHM, COJ.J.ep>KHT 

TaKyt0 crpyKTYPHYIO Her9HtponHIO, Kotopasi npeJ.J.cTannHeT HHcf>op
Maunio HJIH opraHHaauHJO MalllHHhl. Otp1n1ateJibHhlM qJieHoM 

MO>KHO, OJ.J.HaKO, IlOJIHOCTblO npeHeopellb B cpaBHeHHH c OOJIHOA· 

9Htponneti MaWHHbl. 8TOT npHMep BblflBJISieT HeKOTOphle xapaK· 

TepHhle oco6eHuoctH ecetl reopHH. 
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Her9HTponuttHhlR npHHUHil HHcpOpMauuu Tpe6yeT, qTo6M BCH· 

Kaff HHcpOpMaUHH 6MJI3 CBfl33H3 c COOTBeTCTBYIOWHM 0TpHU3TeJIL• 

HblM qJieHOM B Bblp3)KeHHH L{JISl cpH3HqecKOM 9HTpODHH cucreMbl. 

3ra CB513b cymecrBeHHa .ll.Jlfl JI Or H4eC Kott nOJIHOTbl, 4TO 6hIJIO 

noKaaaHo paccyn<.lI.eHH51MH r nan 8 - 18. 
Ha npaKrnKe 9THMH orpuuarenhHhIMH q;ie1-1aMu MO)KHO B OOJih· 

WHHCT8e cnyqaeB npeHe6peqb BCJie.llCTBHe M3JIOCTH MHOil<HTeJifl 

} o-16, 880.llHMOfO IlpH nepexo.ae OT .llBOHqHblX e.llHHHU K TepMO· 

,U.HH3MHI.JecKHM e.auHHuaM 1). YacrHbie opraHuaauHH Moryr conep· 

iK8Th oqeuh 6oJiblliOe KOJIHqecrBo HHcpopMauuu s .llBOH4HhIX e,lI,H· 

Huuax. PaccMorpHMt HanpHMep, renecpoHHyio cerh Macrnra6a, 

cpaBHuMoro c aMepnKaHcKott CHCTeMoA. YucJio a6oHeHTOB nMeer 

lIOpSl.llOK .aec51TKOB MHJJJIHOHOB, HO 6y ,lI,eM me.aphl H nOJIO)l{HM, 

qTQ qucno a6oHeHTOB COCT3BJISleT CTO MHJIJIHOHOB: 

N= 108
• 

IlpSIMOe npnMeHeI·IHe COOTHOilleHHH T11na (20.3) noKa3bIBaeT, 4TO 

B HeKOTOpbitt .aaHHhlfi MOMeHT KOJIH1-teCTBO HHcpOpMauuu, conep·

)l{3UJ.eeC51 BO Bcett CHCTeMe, no nop~JI.Ky BeJiuqJ1Hbl paBHO 

I= N log2 N ~ 40 · 108 == 4 · 109 .llB. e.a., 

qTO OCT aeTCSl BCe )Ke 04eHb MaJIOfi BeJIH4HHOfi ( 4 • 10-7), 6y LtyttH 

BMpa~eHO B e.anHHuax 9HTponuH. 

Tpy~HO npe.lI.CTaBHTh ce6e KaKoe-JIHOO rexHuqecKoe ycrpoM· 

CT80, CO,lI,epmamee MHOro OOJlhUJee KOJIHI.JeCTBO HHcpOpMauuu, 

qeM B npe.llhl.llyUI.eM npHMepe~ HO, o6pamaHCb K iKHBMM opra· 

HH3MaM, MM BCTpeqaeMCSl c 8enuqHH3MH coseprueHHO .apyroro 

nopHLtKa. Yue no KJieroK MO)l{eT OhITh nop51LtKa 1012
, u TPY LtHO 

oueHHTb 4HCJIO B3aHMOCB513aHHhIX XHMHI.JeCKHX MOJieKyJI B :iKH· 

BOM opraHH3Me. 11Hcp0pM3UHfl, CO!I,ep)KamaHCH B )KHBOM opra .. 

HH3Me, MO*er .llocruraTb aHaqureJihHhIX BenuquH no ruKane 

SHrponutt.. Ho 9TO - noKa Heuccne.ao8aHHaSI o6naCTh .. 

1
) 3ra apryMeHrarurn, HeO,UHOKp8THO IlOBTOp.ReMaR B KHHre, npe.rr

CT88JI.RetcR MeTo,n:uqecKH Hey,n:at.JHott. Ta HJIH HHaR eeJIHlJHHa ,n:oJILKHa Ct:llI· 
T8TbCH 6oJiblllOil° HJIH M3JIOfi B 38BHCHMOCTH He or Toro, B K3KHX e,n:H .. 
HHU8X OH8 H3Mep.ReTC.R, a or Toro, c qeM OHa cpaBHHBaercR. (VIHatte ro· 
BOp.R, IlOH.RrHR (QOJlblllOfi» H «MaJibiil°» 06blttHO npHMeH.RIOTCH B lPH3HKe 
K Oe3pa3MepHblM OTHOJUCHURM.) n(\ CyIUeCTBY, pet.Jb H}leT BCe BpeMff 0 
TOM, q10 0 T H 0 c H T e JI h H 0 e H 3 M e H e H H e cpH3Ht.JeCKO:ft 9HTpOilHH 
( CB.R33HHOe c HHcpopM3UHeft) Ot.J('ffh MaJIO. 3ro uonolKeHHe ocraeTCH B CHJie 
BHe 3aBHCHMOCTH OT Bbl6opa C,UHHHU. (llpu.M. nepea.) 
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Mhl 11cnh1Tan11 Ha MHOrttx rrp11Mepax none3HOCTb Halllero cTa .. 

r11cT11tiecKoro orrpeJJ.eJieHHSl KOAltitecmaa uH.rjJop;uaquu. Te11eph 

Mhl rronhITaeMC5I pacnpocTpaH11Th 9TO orrpe.neneH11e Ha 6oJiee 

o6mtte rrpoone:Vlhl H rrpe.II,JIO}l{HTh HeKOTOpble B03MO>KHbie HOBhIC 

06JiaCT11 np11MeneHH5I. 

B r nan ax 14 - 16 MhI HCCJieJJ.oaantt tti-HpopMaUttIO, rroJiyqaeMy10 

npH qH13HlleCKOM 9I<cnep11MeHTe, H HalllJIH, llTO KOJIHqeCTBO HH

cpopMaUHH ne Mo>KeT ObITh orrpeJJ.eJieno, rroKa noJIHOCThIO He 

ycTanonJieHbI npeJI,eJihI ua6JIIOJJ.eHHH (field of observation) H 

TOqHocTh 9KcrrepttMeHTa. Mhl acTper11MC5I co cxo.llHhIM nonoiKe

HHeM 8 BOrrpoce 06 11Hcp0pMaUHH, co.nepiKau1eiiCSl B cp113HlleCKOM sa

KOlle. llnH TOro qTOOhl JI,aTh TOllHhlii OTBeT Ha T3KOA Bonpoc, 

HJn<Ho npeiK.u.e Bcero roqHo nocraa11rh eonpoc H yKa3aTb 

fCJIOBHSl, B KOTOphlX aaKOH 6hIJI nonyqeH, H KaK OH 6y JJ,eT np11-

MeHHThCSl. 

PaccMorp11M, nanp1n1ep, ypanneunc MAeanhHoro ra~rn 

f(p, ·v, T)==Pf-=R=const. (20.4) 

MbI JJ.OJIIKHhI ycTaHOBHTb o6JiaCTh rrptt.MeHeHHH, yKa3aTh, K Ka

KOMY raay ypaBHeHtte rrp11MeH5leTCH, KaKOB JI,ttarraaoH H3MeHeHHH 

rrepe!\leHHbIX p, v 11 T H KaKyIO TOllHOCTh l\lhI O>KHJJ.aeM rro

nyt111Th. 

cI>11attqecK11t\ saKOII ecTh Bcero n11rnh HTor 9KcnepHMeHTaJib· 

HbJX pesy JlbT3TOB, 11 crrpaBeJJ.JIHBOCTh 3aKOHa He MO>KeT o6cy>K

.naThCSl, ecnH He yKaaanhl yc.110B11H 9Kcrrep11MeHTa. HMeH B 011.ny 

BblUierrp11BeJI,eHHbIFi I1pHMep, Mhl MO/KeM OOCy JI,HTb npOOJieMy 

B OOW.eM BHJJ,e. IlOJIO}l{HM, llTO Mhl HaOJIIOJJ,aJIH HeKOTOpyro cp113H'lle

Cl(YIO CHCTeMy H H3MepHJIH HeKOTOpbie rrepeMeHHhle X1, X2, ... ' Xn. 

Ll:n1 KaiKJJ.Oii rrepeMeHHOfi xi MhI yKa3hIBaeM .n11arraaoH H3MeHeHHH 

Xi H HaVJMeHbWHFi HHTepBaJI HaOJIIO.D,eHHSl !l;! 

nepeMeHHaH X;, JJ,Halla30H .1Yi, norpelllHOCTb H30JIIO.lleHl15I 

oxi = "i' 

rroJIHoe qHcno 9Kcrrep11MeHTaJibHhlX ToqeK Ha X, paaHo Xi/a1• 

Tiocne 06cy>KJI.eH11H pesynhTaTOB Mhl saKnroqaeM, llTO . HeKoTopoe 

e blpa>KeHue 

(20.6) 
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npaaHJI&Ho oto6pa)l(aet 9KcnepHMeHT3JibHble <J>aKrbl, c norpem

HOCTbIO 3/, HHKOf ll,a He npeBOCXO,llSIIUett HeKOTOporo 'IHCJia f· 
Ho 9TO eme He nonHasi nocTaHOBKa 3alI,attH. Mbt ll.OJI)l(Hbl 

.u.ooaaHTb eme OJJ.HY seJ1111uu1y, a HMeHHO, no11Hhlfi JJ.HanasoH F 
H3MeHeHHH ~YHKUHH t 3TOT UOJIHblfi anp11opHhlM .nuana30H HS

MeHeHHfJ 33BHCHT OT npe.LJ.bIJJ.ymux 3HaHHlt, KOTOpble Mbl HMeJIH 

.no Hattana Haw0x SKcnepuMeHroa. Ecnu Mhl HMllero He 3HaeM o 

CHCTeMe, TO F onpelI,enHercsi t1epea npeJJ.eJibl Hawux HSMepn· 

TeJJbHhlX ycrpottcrB. TaKHM o6pa30M, ~YHKUHSI f OKOHttarenbHO 

onpe.nenHeTCSI Ha nonHOM HHrepBane F co cryneHSIMH cp 11, cne .. 
.llOBarenbHO, c '4HCJIOM B03MOiKHblX 3HatteHutt F/r.p, Koropble ace 

paBHOBepOSITHbl ll,O Toro, KaK Mbl H3'13JIH H3WH H80JIIO,lleHHSJ.. 

11TaK, Mbl HMee.M: 

N=X1Xz ... Xn 
a1a2 ••• a.n 

(20.7) 

paaJJHl!HbIX TOtieK Ha6JIIO,l1.eHHH B MHOfOMepHOM npOCTp3HCTBe 

Xi, • •• 'Xm H JJ.JISI Ka)l(JJ.Olt TOttKH Mhl MO)l{eM OiKH,lI.aTb O.llHOfO HS 

F/cp 3HatteHHM /. 4HCJIO B03MOiKHOCTefi, TaKHM oopaaoM, COCTaB· 

JJHer: 

Po --(f)N T .no 9KcnepHMeHTa, 
(20.8) 

P1 = 1 N = 1 nocne 9KcnepuMeHra, 

H HHcpOpMaUHSl onpe,lleJISieTCSl no cpopMyJiaM (1.5) H (1.6) 

I= Kin Ppo = KN1n F =KN (In F- ln cp). (20.9) 
1 ~ 

06JJaCTb HSMeHeHHH nepeMeHHblX, KaK npelI,no11araeTCSI B 

(20.5), npeJJ.craaJJsier co6oft napa1111e11enunell,. 8ro orpaHHlleHue 

He SIBJIHeTCH HeOOXOlI,HMbIM. Mbl MO)l{eM HMeTb B MHOf OMepHOM 

npocrpaHCTBe x 1, ••• , Xn oo'heM U 11106oft cpopMbI, u Mbl ooo3Ha

llHM 11epe3 a. MaJibtlt oo'heM, cooraercrBy10ru11ft norpewHOCTH o.n· 

Horo H30JIIO.lleHHSI. 8ro .naeT BMeCTO (20. 7) 

u 
N= ' a 

(20.10) 

H HH<JlopMaU.HSI, CO,llep)l{8lUaSICSI B cpnSHlleCKOM 38KOHe, paBHa 

KU I= (In F - ln cp ). a 
(20.11) 
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8ra cpopMyna y.noenereopHeT cneJlyIOIUHM 06u1HM rpe6oeaHHSIM! 
qeM roqHee .l13HHhle (T. e. qeM MeHhWe a H cp) unu qeM mHpe 
JlMana30H Ha6JJIO.Z1.eH11tt U, TeM 6onhme uHc)lopMaUHH. 

Ilp11MeHeHHe norapHQ>Ma, KaK yKaaaHO e r nase 1, Heo6xo· 
JlHMO }lJISI oe>ecnet.IeHHSI 3.ll.)1.HTHBHOCTH He33BHCUMblX H30JIIQ .. 
,ll.eHHit 

Mb1 MO>KeM Teneph o6cy JlHTh aHa1.1eHue senuquHbl F, cpas
HHBaH uHcpopMaUHIO, nony1.1aeMyIO nocneD.oeatenbHhIMH waraMH 
c B03pacraromett TOllHOCTblO. IlpeJJ.nono>KuM, qTo nepsasi cepHH 
Ha6nlO)l.eHH" }laeT cpyHKUHIO /1 c norpelliHOCTbIO Cf>h ror )l.3 KaK 
BTOpaH OOnee TQqHaR CepHSI 9KCnepHMeHTOB Jl3eT Q>yHKUHIO /2 
c MeHbwett norpewHOCTblO cpi. TaKono, HanpuMep, nonoiKeHHe, 
KOr}la 3aKoH BottnR (20.4) 3aMeHHeTCH <j>opMynott BaH-.nep-Ba
anhca. PaeeHcTno (20.11) JlaeT coOTBeTcrnyromee yseneqeHHe 

HHcf>OpMauuH: 

(20.12) 

3ra cpopMy na coena.u.aer c (20.11 ), 3a HCKnro1.1entteM roro, ttro 
F 11 cp aaMeHeHbl Ha g>1 H g>~. BeJIH4HHa F ucKnfOqeHa. 0Ha 
QJ3KTH4eCKH urpaer ponh a)l.)l.HTHBHO" nocTOSIHHO", CXOJlHO" 
c HeH3BeCTHOtt 8JlJl11THBHO" nocTOSIHHOit BO MHOf HX cpopMy nax 
}lnSI 9HTpOnM0. 

8TOT np0Mep noKa3bIBaeT, llTO Hawe CT3THCT0lleCKoe onpe
}leJleHHe HHQ>opMaUHH MQiKeT npHMeHSITbCSI B eeCbMa pa3H006-
pa3HbIX npHMepax M npHBO.lJ.HT K HHTepeCHblM pe3y JlbTaTaM. 

MaK·K9t;t 1) o6cyiKJlan npooneMbl HayqHott HHcpopMaUHH B JlBYX 
He}laBHHX pa60T3X, 8 KOTOpblX OH nbITancSI .ll.OK333Tb, qTO pa3-
JI11l1Hhle onpe.lI,eneHuSl npHJIO>KHMhI B paan111.1Hb1X o6nacrsix. OH 
H33hlBaeT CeAeumu8HOU llHrjJop.Maqueu BeJIHllHHy, KOTopy10 Mhl 
onpe}leJIHJIH KaK lZHrjJop.Maqu10, H BBOJJ.HT TepMHHbl cmpyumyp
HaR uHifJop.Maqzzn 0 .Mempu'tecuan llHcjJop.MaqllR. 3rH nocne}l
HHe repMHHbl npHMeHSIIOTCSI B CBSI3H c npo6neMaMM TOllHOCTH 
sKcnepHMeHranbHhlX ycTpO"CTB. HaUIH 11ccne.u.oeaHHSI u paccy>K
JleHHSI CTpeMs:tTCR IlOKa33Th, 4TO see 9TH npo6neMbl MOryT H 
}lQn>KHbl o6cyiKJl8TbCSl npH flOMOIUH OJlHHX H rex >Ke onpe}leJie
HHH u ¢opMyn. Ecnu Ohl 9TO OhIJIO He raK, Mhl, 6e3 coMHeHHH, 
HaTOJIKHJJIHCb f)y Ha HecornacoBaHHOCTb, TaK KaK o6naCTH 

1) D. M. Mac Kay, Phil. Mag. [7] 41, 289 (1950): ~ymposium on 
Information Theory, London, Trans. IRE (PGIT), p. 60 (19tl3}. 
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npHMeHeu1.u1 pasJJH1IHbIX rpopMyn nepeKphIBaIOTCH, u MhI H!\ieJJH Ohl 
TpH pa3JIH4Hbie H ue CBSl3aHHbie MeiKJlY cooofi reopHH HJH,Pop
MailHH BMecro 01lHOft Mhl onpeJI,e:1enno 01uyruaeM, lfTO 11eo6xo
JJ.H~a TOJihKO O,ll.Ha reopHH H GTO OHa ;\fO~KeT noKpbITb aJl,eKBaTHblM 
oopa30M: see none 11ccne.n.0Ba 1111tt. 

3. Hnfl>opMaUHR, co11.epmamaHcB s qucnoeoi:i ra6nune 

Mbt ectpeqaeMCSI c HHTepecHhIM npuMepoM B Bonpoce oo 
HHcpOpMallHH, co.nep)J(aIUeitcH B 4HCJIOBOtt TaOJIHUe. 8TOT BOnpoc 
lf3CTO CT3BHJICSI, 11. npellnaraJIOCh cpaBH€HHe MeiKlly: 

A. Taon11uefi cnyqafiHhIX q11cen. 
BL Taon11uett, npeJJ.cTasnsi10mefi ll8HHJIO ¢YHKUH.IO. 
Oom11it orBeT npocr: Ha1ua Ta6nwua co.nepiKHT N no311u11tt, 

cooTBercrBy10u111x N 3Hat1eHHH~I nepeMeHHOfi x. llnH KaiK.noro 
3Ha'leHHR x TaOJIHua .naer anatieHHe .npyrott nepeMeHHOfi y (x), 
npellCTaBJieH11oe 4HCJIOM H3 n JI,eCHTHllHbIX u11¢p HlJH b llBOH.4~ 
HhIX uncjlp. 411cna n H b C8513allbI B cpe.n.HeM COOTHOU1€HHeM 

b ~ 3,3n. 

B oou~eM T aOJIHUfl COJI.epiKHT 

l=Nb 

(20.13) 

(20.14) 

llB0H1jHMX ennHHU HHrpOpMau1111, KaKOB ow HH 6MJI aaKOH, CBH-
3bIB310UI.Htt y H x. B c.Tiyqae A, JJ.JIH ra6JIHUbI cny1:.1atiHbIX 1.111-
cen, coBoKynuocTh q:Hcen y llOJIJKHa YllOBnerBOPHTb HeKoTOphnt 
cpe,ll.HHM cooTnorneHHHM, He ,lI.o.rnKHa 001-1apyiKHBaTb B cpe.n1-1eM 
KOppenHUHH, 11 T. .n.., HO KaK TOJihKO T30JIHU3 JI,aHa, B nefi HeT 
yiKe HHlfero cny1:.1afiHOrO. Oua npe,lI.CTaBJIHeT cooofi TaKyIO m:e 
'f aOJIHUY' KaK H BCHKafl ,lI.pyraH, H MOJKHO CKa33Th, 1.ITO ona 
npellCTaBnHeT onpelleJieHHYIO ¢YHKUHIO y (x), KOTOpaH, BOOOw.e 
f OBOpH, He HenpepbIBHa H 11e HMeeT npOH3BOllHOfi~ HO TeM He 
".\1€Hee S1BJISleTCSI cpyHKitHett .lUfCKpeTHOtt nepeMeHHOfi x. 

EcnH ra6nnua npe.ncranns:rer onpe.ne.1eHuy10 ¢yHKu1110 J' (x), 
Mbl MO}f(eM pa3nnqaTh cne.n.yroIUHe cnyqa11: 

B1• EcnH npHHHTb, qro MbI HHttero He 3HaeM o cpyHKUHH 
11anepe.a, TO lfHCJIOBaSI T30JIHUa no-npem:HeMy COJlepm:HT HHrpOp .. 
MauHIO Nb, KaK B (20.14). 

8 2. Mhl MO>KeM HMeTb HeKoroph1e npeJlBapHTenhHhie CBene
llHH o cpynKUHH. MbI MoiKeM, nanpHMep, pacnonararb ;i:oKa3aTeJib~ 
Cl R3MH. 'IOrO, 1ITO ¢YHKUHSI HMeeT nepByJo, BTopy10, •.• n~10 npo-
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11380,llHbie, 3a 11Cl(JII04eHMeM HeKOTOphIX TOlJeI< na MHTepBaJie 

(neKOTOphIX 3Ha'le1nlit x). 3Ta npe.nsapHTeJibHa51 HHcpOpMaUMff /0 
.llOJDKHa OhITb BhitJTena 113 1111cpopMaun11, .naBaeMott cpopMy nofl 

(20.14), M HHcpop:vrnu1u1, co.n:ep)KamaHCH e TaOJIHue, pasHa 

I=== Nb - /0• (20.15) 

IlycTb, HanpHMep, Ax 03ttariaer pa3HOCTb Me:>K.ny .n:syMH coceJJ. .. 

H11Ml1 3Ha'1eHHHMl1 x B ra6.r1wue, H npe,llilOJIO)l(HM, lJTO HaM 113 .. 

Beer Ho, ttTO npHpanI.eHMe I A.y I, coor sercTsyromee npHpameHMl-0 

Ax, He MO)l(eT npeaocxo.n.Mtb b' ( B .UBOML1Hh1x e.uMHMuax ). Tor .n:a 

(20.16) 

,[[JIH nepBoro SHa•JeHMSI ¢yHKUHFI npH x = 0 MMeeM 2b B03MOJK .. 

HbIX analleHMtt y. llnR cne.uy1omero a11aLieHMH .u11ana30H coKpa-

1uaercS1 .uo 
2 . 20' = 2b'+1. 

061nee til1CJIO B03MOiKHOCTefl eCTb 

P = 2b (2b'+1r·w·-1, 

H HHcpOpMaUMff R JlBOMlJHhIX e;UiHMUaX pas11a 

I== log:.? P = b ·+ (N - 1 )(b' -7- l) (20.1 7) 

- seJIMLIMHa Me11bu1aH, lleM Nb, TaK KaK b' -1- I MeHhllle b. 
8 3• MbI MO)KeM, HaKoHeu, npe.n:nonoiJ<MTb, qTo HaM B TOLi· 

HOCTM 113BeCTHO Hanepe.ll, lJTO npe.llCT3BJIHeT COOOFl Taoy JI11p0· 

B8HHaH cpyHKUMH; B 3TOM CJiyr.Jae Ta6JIMU3 BOBce ue .uaeT HaM 

HOBOfl HI1cp0pMaIJ.H11. 

Oob1'1HO Mhl H:\tee~t cnyqati Bi?, Kor ,Ila Mbl pacnonaraeM JIMllib 

qacTM4HhlM 3H3HHeM Ta6ynHpOB3HHOti cpyHKUMM M uy)K.uaeMCff B 

Ta6n11ue .llJIH oonee IlO.llPOOHOFl UHcp0pM3UHH. HaUIH onpe.n:eneHMS1 

noKa3bIBaIOT, QTO H3M60JiblllYIO BHcpOpM3UM10 JJ.aeT ra6JIMUa CJIY

qatiHhlX lfMCeJI, a KO'fOpbIX nanepe.u HMttero He I13BeCTHO. 

TeopHst HHcpOp}faUHM B03HMKJia M3 npo6JieM cBH3tt, M ooJib· 

mas:t: llaCTh ee cospeMeHHhlX npHJIO)KeHMti OTHOCMTCSI K 3TOF1 

0011acTM. Mhl CTapanttch noKa3aTh, 4TO reopHH MOlKeT 6bITb 

1'3K)Ke oqeHb IlOJie3Ha B qMCTOti HayKe, M B oco6eHHOCTM B cpH-

3M.Ke. AuanorMH ~e1K.ay 11ucpopMau11ett B 9HTponHefl OhIJia OTMelleHa 
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WeHHOHOM u BOCXOJJ.HT cpaKTHt1ecK11 K cTapofi pa6ore CnnapJla, 
BhlflOJIHeHHOft B TO BpeMH,KOfJla npaKTH4eCKaH ueHHOCTb Teopuu 
eme ne 6blJ1a ocoaHaHa. 

HncpopMaunst u ¢1-1suqecKast 9HTponnst HMelOT OJlBHaKoey10 
npupo.lI,y. 9HTponBH eCTb Mepa HeJJ.OCTaTKa }leTanbHOtt HHcjJOp· 
MaUHH o cpn31-1qecKott cncTeMe. 4eM oonhme HHcpopMau11st, TeM 
MeHhme enrponnst. HncpopMaUHH npeJlcraBJ1HeT co6ofi oTpHua .. 
TeRbHOe cnaraeMoe B 9HTpOnHB CHCTeMbl, H Mbl ycTaHOBHJIH He· 
f9HTpOnHttHLdt npnnuun H11cpopMaUHH. 

BcHKHf.1 pa3, KorJJ.a MbI }lenaeM naOJIIOJleHHe Ha.LI. cpnanqecKof.1 
CBCTeMott, Mhl }l0n)l(Hbl HMe'fb pa3HOrO pOJla HCTOllHBKB ner9HT• 
ponuu. MbI ucnonhayeM 9TY ner9HTponulO H yaenuquaaeM 9HT· 
pon1110 na6opaTop1-1n, coJJ.ep)l{am.ett Ha6n10JJ.aeMy10 c1-1creMy 1-1 
1-1sMep11TenhHhle npH60phl. B pesy nhTare MhI nonyt1aeM HeKoTopoe 
Konu1.1eCTBO nncpopMau011 o cncTeMe. Yeenu4eH11e 9HTponnu, 

O)l.H3KO, acer .lI,a 60Jlhllie noJ1yt1eHHOFi BHcpopMaUHH. 
8ToT peaynhTaT npe.lI,crasnsteT co6of.1 0606111.enHe rrpBHuHna 

KapHo, H Ml>I npoBepunn ero cnpaseJJ.JIBBOCTb na MHOrollncneH
HhlX np11Mepax. MhI noKa3a.i1H, raKHM o6pa30M, llTO reopHSI HH· 
cpopMaUUB He M0)1(€T 6bITh nocrpoeHa KaK CaMOCTOfiTeJibHaSI 
cym.nocT&. CBH3b c repMOJlHHaMHKott nacTOJibKO Teena, llTO JlJISI 
ooecnelleHHSI IlOCne)lOBaTenhHOCTH B nonHOTbl neOOXO)l.HMa cf>H· 
31-1qecKast reop11si 11Hcf>opMauHH. lloKa3aTenbCTBO 9Toro nono)l{eHHH 
H SIBJISleTCst ueJiblO 9TOf.1 KHHfH. 

IlpaKTHlleCKH TeOpHSI )l.3CT }lJISl 60JibllIUHCTBa sa.naq qpe3Bl>I· 
t1afiHo Manb1e HSMeHeHHH 9HTpon111-1 ¢us11qecKott CHCTeMhI. YIH· 
cpopMaUHSI H3MepsteTCSI 06hl4HO B JlBOHQHbIX e}lHHBuax, a 9HTpo· 
JlHSI - B TepMOJJ.BHaMHqecKHX e.ll.HHHUax.. 0THOllleHHe 9THX eJlH· 
HBU paBHO npB6nB3HTeJihHO 10-16, a 9TO 3Ha4HT, llTO 04eHb 
6onbllIOe q11cno .lI,BOH4HblX e.n.HHHU ( cKameM, 106) COOTBeTCTByeT 
npene6pe)l(HMO ManoMy (10-10) HSMeHeHHIO 9HTponHH. 0}lHaKO 
yqeT CBSISB Mem.ny OOeHMB BeJIH4BHaMH He06XOJJ.HM ,ZJ.JISI JIOrH· 
1.1ecKof.1 nonHOTbI. MHorue us sa.lla11, o6cy}l(JleHHhlX e rnaBax 
16 H 1 7' 6blJIH KaMHSIMH npeTKHOBeHHSI. 0HH He MOf JIH 6bl 6b1Tb 
perneHbI 6e3 noMOlllH Harnett <jJzl3zt'iec~ou meopuri, 1-1 JJ.nH ux 
TOJIKOBaHHSI He06XO.lI,BMa 9Ta HOB3H cpOpMa reopB~. 

01.1en& Manoe snaqenue Her9HTpon11u, COOTBeTCTey10111.ee 01.1en& 
6onbUJBM KOJIHqeCTBaM HHcjJOpMauBH, SIBJISleTCSI OCHOBHOtt npH· 
llHHOFi Toro, llTO nepeJlaqa HHQJOpMaUBH 06billHO 06XOJlRTCH ne
.lI,oporo. IlHCbMO, ne1.1aTb H 9neKTp1-1qecKast CBSl3b CTOSIT 04eHb He· 

MHoro e eJlHHnuax 9HTponun. CoorseTCTBeHHO nnaKa u ux .lI.e· 
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He>KHasi CTORMOCTh. CoepeMeHHasi >KM3Hh ocHoaaHa Ha STMX cpaK· 
tax, M OH.a 6blJia Obi COBeprneHHO HHOi:t B MHpe, B KOTOpOM 
Her9HTponHSI HHcpOpMaUHH HMeJla 6bl 60JibUIJIO eeJIUQHHY. 

To oocTosirenbCTBo, t1ro a HaUiwx paccym.lleHHSix Mhl HMeJIH 
iteno c TaKHMM HMllTOiKHhIMM KOJIHqecTBaMH, He JlOJJ)KHO Hae 
ooecKypa)l(HBaTh. BHaqane Ka3aJIOCh, 4TO reopusi OTHOCHTeJib· 
HOCTH JJ.aer JIHWb oqeHb MaJible nonpaBKH K KJlaCCHlleCKott Me· 
xaHnKe. Hoab1e np11J1o>Ke11usi K S111epHolt cpu3nKe noKaablBaIOT 
tenepb <l>YH.llaMeHT3JibHOe 3Ha4eHRe COOTHOllleHM5l .Me>KJJ.y Maccott 
H 9Hepruett. MO>KHO Ha11eHThCSI, qro H CBH3b Me>KllY SHTponuef.t 
H HHcjlopMauuett BblCtynHT paHO UJIH n031lHO Ha nepeblf:l nnaH H 
Mbl OTKpoeM, rJJ.e 9Ta CBSl3b nonyqaeT ceoe UOJIHOe FICUOJ1b30· 
BaHHe. CTpo6neMa H3MepeHHSI qpe3Bhlll3i:tHO MaJiblX paCCTOSIHHtt, 
paccMorpeHnasi B r Jiaae 16, .llaer HaM nepeblf:l npuMep; .npyrue 
Moryr ecKope nocneJJ.OBaT&. 

5. DpuMep&1 npooJieM, e&1xo;ru1mux sa paMKH ~aueoft teopuu 

CymecTeyIOmasi reopusi nonHOCTbIO urHopwpyer ueHHOCTb 
nepeJJ.8B8eMOit H oopaoaTblBaeMOlt HH<j>OpMaUHH. 8to 06CTOH• 
TeJJbCTBO HaCTOltllHBO nO.llllepKHBaJIOCb Ha npOTSI>KeHHH ecel 
KHuru. MHorue ,npyrne aaropbl ue11ooueHueanH, no-BH.lJ.HMOMy, 
Ba)l(HOCTb sroro orpaHutieHHSI, llTO JIOBe.110 KO MHOrRM He11opa
ayMeHHSIM no noao11y B03MO)l(Hocref:l cywecrByIOwett reopuu. 
ToJibKO urHopupyH qeJ10BetieCKy10 ueHHOCTb HH<j>opMauuu Mhl 
CMOr JIH nocrpOMTh HayqHYIO Teopuro HHQJOpMauuu, OCHOB3HHYlO 
Ha craTHCTHKe, u ObIJia noKa3aHa none3HOCTb 9TOi:t reopuu. Cy
w.ecrByer, O.llHaKo, MHoro npooneM, Korophle HeJih3SI pa3peUIHT& 
Mero11aMH 9Tott Teopun. UeJib 9Toro pas11ena coc1ou1 e TOM, 
llTOObI BKparue nocTaBHTb HeKOTOpble H3 9TflX BOrrpoCOB H no
KasaTh, llTO BCe OHH CBOJlHTCSI K OllHOit H TOi:t >Ke Oomelt 
npooneMe: KaK BBeCTH B reopMIO SJieMeHT ueHHOCTH flHcjJOpMaUHH. 

Ha.no6HOCTb B 9TOM HOBOM SJleMeHTe B03HHKaeT BCSIKHtt pa3, 
Kor11a HHcpopMaUHff paCCMatpHBaeTCSI KaK OCHOBaHHe JlJISI npe11-
cKa3aHHSI u 11nsi npaKTM4ecKoro npwMeHeHHSI. CnepBa no11hITO· 
>KHM KpaTKO cymecTeyIOwee nonomeHwe: nonO)l(HM, uanp11Mep, 
tfTO UOCblnaeMaSI TeJierpaMMa aaKOllHPOBaHa llBOHllHblM KOJlOM 
(0 HnH 1) u co.nep>KHT n JJ.BOHllHbIX uucpp. Ecnu KO.llnpoBauue 
He HMeer fl30blTOqHOCTH, TO TeJierpaMMa co11ep)l(UT Bcero n 
JlBORQHblX eJJ.HHHU HHcpopMau11u. Bonpoc o TOM, 11Meer reJierpaMMa 
suaqeHue JlJJH nonyt1aTensi unu uer, He paccMarpnBaercst. 
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Ha Hay4HOfi KOHcpepeHUHH B lV\.11JiaHe B a11peJie 1954 r. Jl-p 

Kycp11HhSIJlb criapinK) nOCTaBHJI CJieJI.y10IJtttti BOripoc: IIOCJie Toro 

KaK TeJierpaMMa TIOCJiaHa, aBTOp .11.00aB.'JHeT OJI.HY .1I.BOH4HYIO 

Uttcppy co CJleJI.yIOlUI1~ 3HaqeHHeM: 

0: ace neaepno; He o6pautai1re Ha TeJierpa:vrMy BHHMan11s:1, 

1: TeJierpaMMa npaBM~1hHaH; MOIKeTe ero BOCTIOJih30BaTbCft. 

c TOllKH 3peHHSI HHcpOpMau11H 9TO 03HallaeT JI.06aBJieHHe OJI.HOM 

llBOH4HOM eJJ,HHI1Ubl, TaK 4TO BCero TIOJiy11aerc11 (n + l) eJJ,HHHUa 

BMeCTO n. IlpaKTfllieCKH )l{e TIOJIOm:eHHe HHOe: 

0 ( «HeT») - pa3pyrnaer aero aeHHOCTh coJI.ep*amettcsi 

B TeJierpaMMe HHcpopMaUHH, 

1 («JI.a») - nonpocTy J.L06aBJIHeT H36blToq1-:1ocTh. 

Mhl MO)l{eM, CJieJI.oBaTeJihHO, cKa3a rh, qTO «Her>> (0) Hecer orp11-

uareJihHYIO MHcpOpMaUHIO, paBHYIO no a6COJIIOTHOfi BeJIHqHHe 

TIOJIHOM HHcpOpMau1111 B TeJierpaMMe. c T04KH speHHSI cymeCTBYIO .. 

mefi TeOpHH HHcpOpMaunH ncer JI.a TIOJIO)l{HTeJihHa " HHKOr .n.a He 

flBJISieTCSl orpttuareJibH011'. 3J.LeCh SICHO 06Hapy)l{ttBaeTCH pa3JIH-

4He Me)l{JI.Y CTaTHCTH4eCKOM Mepofi HHcpOpMauHH " npaKTM4eCKOfi 

ueHHOCThlO 9TOM HHcpOpMauHH JlJISl TIOJIY4BTeJIH 1). 

1) 3rtt paccymneHHH Bbl3blearor pHJl 3aMe11am1it Bo-nepBblX, otpHua· 
TeJJhHaH HHcpopMaUHH Mamer nOHBHTbCH H B paMK3X cyw.ecrsyrow.eli 
TeOpHH. 00HCHHM 3T0 npttMepOM. nycTb noJiyqeHa TCJierpaMMa: «P33bI
utHTe KBHTaHumo; OHa 33JJOiKeHa B OJI.HY H3 KHHr, H3XOJJ.HutHXCH B cro
.'IOBOli», a ecnen 3a reM npyraa renerpaMMa: «A Momet OblTh, 11 B Ka611 .. 
Here». BropaH TeJierpaMMa yBem1qnBaer qttcJio anpnopn B03MOiKHhlX ncxo ... 
)lOB, r. e. yBeJJnqnBaer HeonpeneJieHHOCTb HCXOJl.HOH cttryauHH. B CHJJY 
ocHOBHoro onpeneneHHH (CM. ( 1.5)) 3TO 03Ha1.1aer, llTO BropaH renerpaMMa 
Hccer orpuuareJihHJIO HHcpopMau1110. Bo-srophlx, cnenyer, 6wrb Momer, 
noHCHHTb, qro o r pH u a H n e co o 6 me H n H naer, eoo6me roeopH, 
HHcpopMaUHID, He paeHyro Hynro, TaK KaK sro orp11uaHne yMeH1>maer qnc.110 
B03MOiKHbIX HCXOJ(OB. KycpHHhHJib HMeer B BMJ(y, KOHeqHo, npyroe; OH 
roBopnt He 06 orpHUaHHH coo6meHHH, a 06 orpnuaHHH roro, qro coo6mc .. 
HHe conepmano KaKy10-ntt60 nHcpopMaunro. TaKHM o6pa3oM, coo6w.enne 
BMCCte c JJ.OflOJIHHTeJibHblM OTpHuaHHeM B CMblCJie K ycpHHbH"'lH neliCTBH
teJJbHO naer HHcpopMauHIO, paBHJIO HY mo, TaK KaK HCXOJJ.H3H Heonpene
JJeHHOCTb CHtyaUHH IlOJIHOCTbIO BOCCTaHaBJIHBaeTCH. Mbl MOiKeM c IlOJIHblM 
OCHOBaHHeM fOBOpHTh, lJTO npOHCXOJJ.HT aHHHfHJIHUHH HHcpopMaUHH B CMbIC.11e 
B3aHMHOli KOMneHcauHH noJJOiKHTeJibHOli H orpnuareJihHOli HHcpOpMaum-r. 
Ho cnpamtteaerc», KaKoli HHcpopMaUHH cnenyer npnnHcarh orpHuarenhHhlH 
3HaK? HaM npencraBJJHetcH ecrecrBeHHbJM CllHTath orpm1arenbHOfi nepBo
Haqanhnyro JI 0 iK H y IO HHcpOpMaUHIO H IlOJJOiKHTeJJbHOH ry HHcpopMaUHIO, 
KOtopaH conepiKHTCH B IlOCJJeJJ.y10meM OTpttuaHHH, aHHyJinpymw.eM nOiRH)'IO 
HHcpOpMauHIO H BOCCTaHaBJIHBa10meM HCXOJJ.HOe flO.'IOlliCHHe. 

HaKoHeu, MOiKHO owno 6b1 yKa3aTb Ha B03MO}KHOCTh HeKotoporo 
o6o6u~eHHH, KOTopoe Il03BOJIHer, B H3BeCTHOH CTClICHH, BBCCTH paccMaTpH~ 
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KoJlhl c caMonpoaepKoi'i H caM0HcnpaB11eu11eM, paccMotpeu

Hhle B r Jl3Be 6, COOrBeTCTBJIOT npaKTHlleCKHM 3a)latiaM, Ot.IeHb 

cxOll.HuIM c paccMOTpeHHOi'i Bbirue. K renerpaMMe, COll.ep>K'.amei'i n 
ll.BOHqHbIX 3HaKoB, MbI .n.o6aBJI51eM 0 HJIH 1 TaK, GT06hl 4.HCJIO 

eJlHHHU OhlJIO ecer ll.a 4eTHO. flpHeMHHK nponepHeT o6mee qHcno 

eJlHHHU. EcnH OHO HeqeTHO, TO MO}l{er OhITh 1 , 3, 5, . . . OlllH

ooK. EcnH OHO qeTHO, TO 111160 OlllHOOK Her, JII100 HMeeTCSI 

2, 4, 6, . . . OlllHOOK. flepBbli'i cnyqafi, oqeBHJlHO, COOrBerCTByet 

CHrttany «HeT» B 3all.a4e KycpHHb51Jl51. 

LlonoJIHHTeJlbHble CHrHaJibl ll.J151 rrpoeepKH H.nH HCnpaBJieHIHl 

He ll.003BJISIJOT HHKaKOi'i HHcpOpMBUI1H. flo CJ meCTBJIOlllei'i TeOpHH 

9TH CHrHaJihl npOCTO ll.OOaBJISllOT I130blTOllHOCTb. 3ll.eCh pellh Hll.eT' 

OJJ.HBKO, 0 npaKr11qecKoR u e H H 0 c TH HHcp0pM3UHH. 

BMeCTO toro llTOObI paaJleJISITb yreepiKJleHHSI Ha HCTHHHhle H 

nO>KHhle ( «Jla>> HJIH «ner», cM. Bb1u1e ), MhI MOJKeM ycnOBHThC st 
yKa3hIBarb nep051THOCTh p Toro, 4TO cooomeHHe SlBJI51eTCSI 

nCTHHHhlM. Bh16epe:\1 UJKany c 8 (= 2a) 3Ha4eHHHMH, H rryCTb 

llHCJIO m (0 m 8) COOTBeTc-rnyer p = 1n/8, GTO 03HattaeT, 

1JTO yrBepA<ll.eII11e B cpell.He!\I HCTHHHO B Ill cnyt1aSIX H3 8 I1 

JIOiKHO B (8 - m) cnyqaSIX H3 8. c HHcp0pM3UHOHHOR rOllKH 

3peHHSI 3TO osuaqaet Jlo6aBneHHe K renerpaMMe Tpex JlBOHqHhlX 

ell.HHHU HHcpopMaUHH, GTO .u.aeT B o6meM (n + 3) Jl.B. ell.. BMeCTO ll. 

fIOCKOJihKY paccMaTpHeaeTCSI ueHHOCTh HHcpOpMau1111 .U.Jl51 rrony

qarenH, paayMHO C4HTaTb, l!TO ueHHOCTh Bhlpa}l{aercSI npOH3Be

ll.eIIHeM pn. Bo MHOrHx cnyqasix, OJJ.HaKO, HHcpOpMaUHSl BOBCe 

He npeJlcraB11S1er HttTepeca JlJISI nonyqarenH, ecn11 BepOSITHOCTb 

OWHOKH npeBOCXOJlHT HeKOTOphli'i ycTaHOBJieHHbli'i MHHHMyM, 

HarrpHMep 50°/o; 8 9TOM c11yt1ae rrpaKTHqecKaH ueHHOCTb 6y ll.er 

paBH3 HJJIIO ll.JISl eepOHTHOCTeM 0, 1 /8, 2/8, 3/8 H npHHHMaTh 

HeKOTOpbie ao3pacra1omHe 3IIa4.eHH51, Kor Jla eep051THOCrH cocra

BJI51IOT 4/8, 5/8, 6/8, 7 /8, l. 

naeMy10 c11ryau1no s paMKH cyll{ectey10meii rropHu. Peqb 11ner, n cyll{
uocrn, 0 TOM, •ITO ornpasHre~'lb l\101Ker OlllHOa ThCfl H Il0Cb1Jl3Tb KaK Bep
H ble, raK 11 HeBepHb1e cooomeHHH. Ho ec.rnt raK, ro MOlKHo 81<.1110ttumb 
omnpaBume .1u1 B cue me.My CBfl3U 11 paccMarpHBarh ero KaK seeHo 3roti 
CHCTeMbI, B :KOTOpOM C onpe,lleJieHHOti BepOHTHOCTblO npaBHJibHble COOOllJ.e
HHfl Moryt 3aMeHHTbCH HenpaBHJJbHblMH. POJib HenorpeIIIHMOfO ornpaBM
re.TJ.fl ocraercn np11 3TOM 3a rotl oo'beKTHBHoti .ueficrsH.renbHOCrh10, Haon10-
.naH Koropy10 .nettcrsyer Q;>aKr11.qecKB cocraewre.r1b coo6ll{eHHH, oyJJ.b to 
qeJioeeK HJIH MamHna. IlpH ra:Kott nocraHOBKe sonpoca Bee onpe;it~~1euHH 
H llOHffTHfl cym.ecrBy10m.etl TeopHH npHMCHHMbl H coxpaR»lOT ceoti nep
BOHallaJlbHbltt CMhICJI. (flpUAt. nepe8.) 
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Bonpoc o ua.zr.eiKHOCTH qntaHllecKoro ua6Jno.zr.euHsr o6cy>K.zr.ancsr 
s r nane 14. BcstKoe <l>HaHqecKoe HaMepeHHe co.zr.epiKHT B03MOiK· 
HOCTb orn1160K. Ha.lle)l(HOCTb r 9KcnepHMeHT3JibHOro Meto.zr.a 
tlblna onpe.lleJieHa qepes eepoHTHOCTb 1 /r ornH6KH, 06ycJioe11eH· 

Hott TenlIOBblMB lfmyKryaUB!lMB, B eepO!lTHOCTb ( 1- ; ) npa

BHllbHOro ua61110.zr.euHst.. 3ra sa.zr.aqa, OlleHb cxo.zr.HaH c npe.zr.bl· 
.zr.ymeft, tlblna .zr.ononHeua npe.zr.nonomeuHeM, llTO HaHMeu&wee 
paccMaTpHBaeMoe 3H3QeHHe eCTb r = 2, QTO .zr.aeT eepoHTHOCTb 
npaBHJlbHOfO Ha6JIIO.lleHHSI, paBHYIO 0,5. 

Bbl4HCJIHTeJihHble MalllHHhl paccMaTpHsa1111cb B r Jiaee 19, H 
6bIJIO noKa3aHO, QTO Bbl4HCJieHHe OlJeHb CXO,llHO c nepeBO.llOM, 
Ko.zr.HpoeauHeM H .zr.eKo.zr.HpoeauHeM. B nyqrneM cnyqae BbltJHcne
uue coxpausteT BCIO HH<l>OpM3UHIO, COJJ.ep>K3lllYIOCSI BO BXO,llHhtX 
(HCXO,llHblX) JlaHHbIX, HO Otlhl4HO HeKOTopoe KOJIHQeCTBO HHcpop· 
MaUHH TepHeTCSI aa CQeT np116JIH)l(eHHii, BBO.llHMbIX BbIQHCJIH• 

TeJibHOit npoue.zr.ypoii. c HHcpOpMaUHOHHOii TOllKH apeHHSI BbJqHCJie
HHe He .ll06ae11HeT HHKaKoii HOBOit HHcpopMaUHH, a llHillb nOBTO· 
psteT y)l(e HMeIOlllYIOCSI HHcpopMaUHIO Ha JlpyroM Sl3b1Ke H, 
eoaMomuo, c HeKoTopbIMH noTepstMH. Ho BhIIJncneuHe, KaK H 
.zr.eKO,llHpOBaHHe, H nepeeo.zr., KOHetJHO, yeeJIHQHB3IOT npaKTHQe• 
CKYIO ueHHOCTb HHcpopMau1111 H ee aHatieHHe JIJIH nonyqarensr. 
Bonpoc 06 HHcpopMaUHH, coJiep>KameficSI e nporpaMMe Bb14HCne
HHSI, SIBJIHeTCSI .llpyrHM acneKTOM npo6JJeMhl, .zr.o CHX nop He 
HCCJieJlOBaHHblM, XOTSI OH H tlbIJI noCT3BJieH Ha MHJiaHCKOfi KOH· 
cpepeHUHH. 

Bec&Ma BaiKHbtM .zr.nst npaKTH'leCKoro npHMeHeHHH stBJIHeTCR 
eonpoc o u11pKy 11stu1111 HHcpopMaUHH B KaHanax c o6paTHOft 
CBSl3bl0, HJIH 6ea Hee. IlOJIO)l(HTeJibHaSI o6paTH3R CBR3b o6Jta.llaeT 
CBOiiCTBaMH, cymeCTBeHHO OTJIHQHhIMH OT OTpHU3TeJibHOlt Ilo 
HaweMy onpe.neneHHIO HHcpOpMaUHSI eCTb nOJIOiKHTeJibHaH BeJIH• 
QHHa, Koropast H11Kor.zr.a He MO>KeT CTaTb OTpHuaTellbHOii. Cne· 
,llOBaTeJILHO, B KaHanax c o6paTHOii CBSl3bl0 Mbl CHOBa HMeeM 

.zr.eno He c caMoit HHcpopMa"1Heit, a c ee ueHHOCTbto. Bonpoc 
o TOM, KaK onpe.ne1111Tb ueHHOCTb e TaKoro po.na aa.llallax, 
OCTaeTCSI OTKpbITbIM. Il0-811.llHMOMY' e.nHHCTBeHHOe 3aKJJIOIJeHHe, 
KOTopoe Mbl noKa QTO MO)l(eM C.lleJJaTb ( H KOTOpoe He HMeeT 
tlOJiblllOro npaKTHQeCKOfO 3HaQeHHH), COCTOHT B CJie.ny10meM: 
paCCMOTpHM pHC. 20.1, Ha KOTOpOM BXO,llHOft KaHaJI c. .zr.aeT 
B cpe.zr.HeM C1 .zr.e. e.zr.. B ceKyu.zr.y (nponycKHaB cnoco6uocTb C1). 

3ta HHcpopMauHst npoxo.zr.HT no C1h H ueKoTopaH .zr.onH a (0 <a< 1) 
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eoaepall.laeTcst o6patHO no uenu o6paTHOR cestaM. KaHan C2 
.lI.OJllKeH 6Ntb B COCTOHHHH nepenaTb 

C1 (1 +ex+ cx11 + ... ) = 1 ~
1" ns. e.n. s ceK., 

taK QTO ero nponycKttaH cnoco6Hoc1h ecT& 

C C1 
i = I ' __...a 

H BNXO.ll.HO~ Kattan HMeer nponyCKHYIO cnoco6HOCTb 

C3=C2 -a.C9 =C1• 

3To, 0,llHaKo, He aaTparHBaeT xopOUJO H3BeCTHNX npo6neM 
ueneA c o6paTuoA CBH3hl0. K aa,llaqe TaKoro po.n.a Mornu 6hl 
ONT& npnMeHeHbl MeTO.lI.hl JIHH-
BHJIJia H 3anhuepa, paCCMOTpeH· 
Hbie e r nase 19. 

BoJihwoe qucno sa.ll.a 4 no
KasMsaeT B3iKHOCTb OOCYiK.lI.eHHSI 
npaKTH4eCKOit UeHHOCTH HHcpop-
MaUHH .ll.JJH nonyqaTeJIH. B TO 
epeMH KaK Mepa HHcpOpMaUHH, 
KaK oua onpeneneua e ttaCTOHIUee 
BpeMH, SIBJIHeTCH aOCOlllOmH..OU, 
ueHHOCTb HHcpOpMaUHH, KOHeqHo, 

.. 

PMc. 20.1. CxeMatH11ecKoe npe.n
crasJiea11e nponycKHbIX cnoco6Ho
creit s nen11 c o6parHoit CBH3hIO. 

omH..ocumellbH..a .llJIH neKOToporo no11yqaTenH. Ilpe.llnonaraeTcH, 
qTo 9TH sonpochl MOiKHO o6cy>K.ll3Tb c 9MnHpHQeCKOA TOqKn 
apeHHH, nNtaHC& e KaiK.llOM cnyqae HaATM paayMuoe onpe.llene· 
HHe ueHHOCTH, a aaTeM cpaBHHBaH pa3/IH4HNe aanaq11, c ueJibIO 
OOHapyiKHTb 061u11e CBOitCTBa pa3JIH4HhIX onpeneneHH~ H BNSICHHTb, 
MOiKeT JIM 6NTh pa3BHTa TeOpHH, npHMeHHMaH K pa3JIH4HbIM 
qacTHbIM CJJyqaHM. TaKoe oocyiK.ll.eHHe, eepOHTHo, C.ll.ellaJio 6h1 
TeopH10 HHcpopMauHn stta4nTeJJ&HO 6oJiee ueHHOit .llllH npaKrnqe
CKHX npnMeHeHBit " MOr JJO Obi OTKpblTh HOBNe Ba>KHble Hanpa
BJJeHHSI nccnenosattnR. 

Bo BCSIKOM c11yqae, 0.ll.HO ttenocpenCTBeHHO OQeBB.lI.HO: JII06oR 
KpBTepMA qeH..H..Ocmu BeII.eT K oueuKe no11yqaeMOR HHcpopMaUBM. 
3TO paBHOCBJibHO OT6opy HH$OpMaUHH, HMe1011J,eR onpe,lleneHHYIO 
Mepy KaqecTea. HeKoTopast qacT& BH$opMauuu Mo>KeT 6NT& 

npHanaua ea>KnoR H coxpaneHa co seen ee ueHHOCT&IO, Tor ,lla 
.KaK .llpyraH lJaCTb MO>Ke:r cquraThC8 ue .HMelOIUet:t ueHHOCTM H 
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6hITh 01opou1e11a. ~Ta sa11aqa olfeHh cxo11Ha c npoueccoM 

cpl1Jib TpaunH. c.J>nnb TP sinnHeTCS1 xopou10 H3BeCTHblM s oome" 

TeopHH 9Jiel\lt:IIT0!\1 n OOJJa.LI.aeT JlBYMH Ba}KllhIMH CBOtlCTBal\Ut: 

OH Heo6paTH),1 H OH yMellbillae'f oomee KOJJW-IeCTBO IHicpOpMauHH. 

MbI MOiKeM ycTaHOBHTb cne11y101.Uee noJJO)KeHHe: OTHOCHTeJJbH3S1 

UeHHOCTb HHcpopMaUHH JlJHI HeKoroporo .naHHOfO noJiy4aTeJIH 

MeHbme HllH paBHa a6COJIIOTHOJ;i HHcpopMaUHH. 310 yiKe SIBJISleTCH 

ornpaoHoJ;i ToqKoM, neJ;iCTBHTeJihHO" e o6UleM c11y4ae, n aanaqa 

COCTOHT B YCTaHOBJJeHHH oomero Oilpe.LI.eJteHHSl pa3JJH4HblX MeTO~ 
.ll.OB cpHJJb rpaUHH, npHMeHHeMbIX JlJISI 0 ueHKH . OTHOCHTeJJbHOJ;i 

ueHHOCTH HHcflOpMaUHH. 

Pa3BHT8H B 3TOfi KHHre TeOpHSl OCHOBaHa HCKJJI04HTeJJbHO 

Ha CTaTHCTHI.JeCKHX 11aHHhtx. Cor .. 11acHo HalllHM onpeneJJeHHSIM, npeD.· 

no>KeHnH, uc1pe11a10U1.HeCSl oYeHb pe11Ko, HecyT OOJJhllloe KOJIH· 

qec1so nHcpopMau1111. Ilpo6neMa ueHHOCTH, KpaTKO oocyiKJleHHaH 

e npe.ll.hlllYUleM paaneJie, He paccMaTp11eaeTCH e name" TeopHH. 

Mbt noJIHOCThID urHopHposaJJH TaKiKe H 11pyry10 npooJieMy: npo6-

neMy CMbIC.fJa. Bonpoc 0 TO~I, H~teeT JIH cooomeHne CMhICJI JlJIH 

OTnpaHHTeJIH 11.rJH nonyYaTeJISI, Mbl CIIHTaJJH COBeprneHHO He OTHO· 

CHI1lH.\:tCH K 11eny. HeKo roph1e 11ccJie.LI.o 13an11R ceMaHTHI.JeCKHX 

npo6.r1e:vr BhlilOJIHHJJH He.LI.aBHO B111111b 1
) so c.J>paHu1111 11 KapHan 

H Bap-Xnn11eJih 2) e CWA. 
PaooTa KapHana n Bap-XHJJJJeJJH oCHOBaHa Ha MeTonax u 

CHMBOJJHKe CHMBOJJH4eCKOJ;i JIOfHKH. Mhl .ll.3.ll.HM anecb Kp3TKHM 

oqepK HX HCCJie.ll.OBaHHH, KOTOpoe orpaHHlfeHO ( OTQaCTH pa.ll.H 

npOCTOTW, a OTlfaCTH BCJiell.CTBHe orpaHH4eHHOCTH MeTO.llOB 

HHllYKTHBHOJ;i JJOrHKH, Ha KOTOpoti OCHOBhIBaeTCH OOJJblllaSl 4aCTb 

paccy}KJleHnti) npe.ll.JJO}KeHHHMH na seChMa npOCTOM 5I3hIKe. 0HH 

HayqaIOT neCKOJJbKO B03MO>KHhlX onpeneJiennJ;i Mepbl HHcpopMaUMH, 

co.zr.ep>KaUleJ;iCH B naHHO~f npe.ll.JIO>KeHHH, H aHa .. 'IH3HPYIDT npe· 

HMymecrsa H HeJlOCTaTKH Ka1K11oro H3 HHX. Vix aHaJIH3 HCl{JIIO~ 
qaeT 113 pacc~orpeHHSI sorrpoChI oueHKH H HHTepnpeTaUHH: OHH 

1) J. Vi 11 e, 18-th Intern. Congr. of Philosophy of Sci., Paris 
(1949); ony6JI. s Actualites Sci. et lnd. 1145, l 01-114, Hermann, Paris 
(1951). 

2) R. Carn a p, Y. Bar .. H i 11e1, An Outline of a Theory of 
Semantic Information, J\i\IT Research Lab. Electronics, Tech. Rept. 
N2 247 (1952); Brit. J. Phil Sci. 4, 147-157 (1953). 
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HfHOpnpylOT, oy D.eT JUI COOOIUeHHe HCTOJJKOBaHO TIOJiyllaTelleM 

B COOTBeTCTBHM c HaMepeHHHMH OTnpaBHTeJJH. 

Ilo BCeM np11BeJJ.eHHhIM 011pe..ue11eHHH'.\if TaKOe npeJJ.JJO)l(eHHe, 

KaK 1 7 X 19 = 323, He 11MeeT 11HcpopMau1111. OcHoBaHHe JI.JI H 

9TOfO COCTOHT B npe..unOJIO}KeHHH, 4TO nonyqareJib coo5m.eHH5l 

pacnonaraeT BeCbMa B03MO)l(HblMH JJOrHLJeCKHMH BblBO.llaMH H3 

CTpyKryphl n.aHHOti H3bIKoBoti cttcTeMhI, TaK ttTO TaKoro poJJ.a 

npeJJ.JIO)l(eH11e RBJJRercR H36btTO'lHhIM. CLJHTaeTCR, t1To HHcpopMa

ItHJO COJJ.ep)l(a'f TOJibKO TaKHe npe..uJJO}KeHHR, XOTSI Ohl ttaCTh 

KOTOpbIX He onpeJJ.eJJsieTC5l CTPYKTypoti 513bIKa. 

Kapnan H 6ap-X11n11enb 6epyr 3a ocHoey eeCb'.\la npoCTO~ 
Sl3bIK, COCTOHlUHtl HS KOHe(fHOfO 1-IHCJia n cyw.eCTBHTeJJbHbIX H 

T: npnnaraTeJibHblX ( Ha3blBae.MblX B HX paOOTe COOTBeTCTBeHHO 

u1tiJusuiJyaAa.Atll 11 npeauuama.Mu) u onHoro-en.11HCTBenuoro 

r narona u.Meem HJIH ecmb. TaK, ec1111 a eCTb cyw.ecTBHTeJibHoe, 

a P- np11;1araTeJ1bHOe, TO Pa tIHTaeTCH KaK «a HMeeT ceol1-

crso P» 111111, npow.e, «a eCTb P». 
B 513hIKe HMeKnCH c11eJJ.yJOru11e cssia11, KOTopble MoryT ObITb 

HCnOJJb30BaHbl ,llJISI IIOCTpOeHH51 OOJiee )l}IHHHblX npeJJ.JIO)KeHHti: 

~ ue: orp11uaH11e; (,......_,Pa) 03HaLJaer: «a He eCTb P»; 
'.I HJJH: D.H3'bJOHKUHSI; (Pa'-) Qb) 03Ha4aeT «a eCTb p HJIH b 

eCTb Q»; 
• H: KOH'bJOHKUHR; (Pa. Qb) 03Ha 1IaeT: «a eCTb p H b 

eCTb Q»; 
=> eCJJH ••• ro: UMnJJHKaUHH; 

= eCJJH " TOJibKO ecJJR: paBH03Ha QHOCTb 1 ). 

Bb16op 1t npHnaraTeJJbHhlX B H3b1Ke HeCKOJibKO orpaHH4eH. 

IlpunaraTellbHble HHKaK He D.OJJ)l(Hbl nepeKpbIBaTbCH no CMhlClly; 

KpoMe roro, O,llHO np1111araTeJ1bHOe He .ll0Jl)l(HO HH B K3KOfi Mepe 
""' ooycJJoBJIHBaTh np11MeHeH11e 111111 Henp11MeHe1-111e n.pyroro np11na-

raTeJibHOro. CJJoeapb R3btKa JJ.OnOJIHHeTCR eeen.eHHeM JJ.JISI Ka)Knoro 

H3 1t npHJJaraTeJJbHblX p npOTHBOnOJIO)KHOro eMy' HJJH ero 

orp11ua1-111si, KOTopoe MO}Ker OhITb oooaHaLJeHo f"'J P, 111111 HOBhIM 

CHMBOJIOM, HJIH sattaCTYJO H TeM H JJ.pyrHM. 

IlpeJJ.JlO)l(eHHSI B 9TOM H3hIKe pa3JJ.eJJRJO'fCR Ha JlOfHtteCKH 

JIO}l{Hbie (npoT11eopeq11eb1et KaK, Ha11p11Mep, Pa · 1'J Pa), cpaK

Tya11bHb1e (11or11qecKH HeonpeJJ.eneHHbie, KaK, Hanp11Mep, Pa) H 

11ornqecKu RCTHHHh1e(Taero11ornqecKue, KaK, Hanp11Mep, Pa '-1~ Pa). 

1) B uan1efi n11rcparype scrpeqa101Cff H .npyrHe o6oaHalleHHR, KaK-TO: 
ue: .. ; u: I'.; unu: '.f; ecnu u ro.'lhKo ec,1u: """· (npuM. nepes~) 
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0JI.HH OlfeBHJI.Hbltt MeTOJI. onpe}.leJleHUR HHcpOpMaUnOHHOrO 

co.nep)l(aHMSl npeJI.JIO>KeHMH B 9TOM Sl3bIKe COCTOMT B CJJeJI.y10w.eM: 

UMeeTCff KOHelfHOe qucno npeJI.J10>KeH0fl, KOTOphle MO>KHO 

nocTp00Tb, M Me)l(JI.Y 9THMH npeJI.JIO)l(eHHHMM cyw.ecreyIOT onpe· 

JI.eJieHHble JJOrH4eCKHe COOTHOWeHMH. YiHcpOpMaUMH HeKOTOporo 

qac1uoro npeJI.JIO>KeHust i Mo>KeT OblTh onpe.lleneHa KaK noJI.XO.lJ.SIW.HM 

Ot5pa30M Bb10p3HHaH cpyHKUMH q11CJia npeD.JJO)l(eHMf:i, OOYCJIOBJJeH· 

HbIX i. Cyw.ecrey10r no MeHhmett Mepe ,ll,Ba nyT0 K nocTpoeHHIO 

9T0f0 onpeJI.eneHHH; Mbl OTCblJiaeM llHTaTeJISI aa noJI.pot5HOCTHMH 

K KHwre KapHana 1), TaK KaK 9TH onpeJI,eJJeHMH HaXOJlHTCR 

c uawefl roqKofl apeHHSI B BeChMa OT,ll8JleHHOR CBSl3H. 

Pat5oTa MIT 2) coJI.ep>KHT onpelleJieHMH, 6onee TeCHO ceHaaH· 

Hble c TeMM, KOTOpblMH Mbl nOJlh30B3JIMCb. 3TM onpe.neneHMH 

OCHOB3HDI Ha OCOOOM ew.ne cpaI<TyanhHOfO npeJI.JIO)l(eHMSI, a 

uMeHHO, Ha onucaHuu cocmonHUJl, oooaHa4aeMoM qepea Z. Onw

caHue COCTORH0SI eCTb npeJI.nO>KeHue, COCTORw.ee 03 KOH'LIOHK

UHM fen npoCThix (amo.MHbt.x) npeJI.nomeHHtt 11 coJI.ep)l(amee 

K3)1{JI.Oe M3 n cy1uec1BMTellbHblX B coeJI.MHeHMM c Ka)l(JJ,bIM 03 

npHnararenhHbIX unH c ero OTpuuaH0eM (Ho He c TeM H .llpyrHM 

OJI.HOepeMeHHo). HMeeTcsi fen eoaMO)l(HhIX coeJI.MHeHHfl cym.ecTBH

renhHLIX c np0naraTeJ1LHblMH, u TaK KaK Ka>K,ll,Oe coe,lluHeHne 

MO)l(eT ocyw.ecTBJIHTbCSI JI,BOSIKMM oopaaoM (T. e. JIH6o c np1111a· 

raTeJJbHblM, JIHOO c ero OTpHU3HHeM), TO ecero MMeeTCSI 2:11 803-

MO>KHblX Oil0C3HHfl COCTOHHHSI. OnHCaHHe COCTOHHHH IlOJIHOCTblO 

onpeJI.eJIHeT B03MO)l(HOe COCTOHHHe paCCMaTpHeaeMo" CMCTeMhl, H 

B onpeJI.eJleHHH 0HcpopMaUHH .llOJl>KHbl BORTH anpuopuble eepostT

HOCTH onHcaHHtt coCTOSIHMSI. B CTpyK1ype H3bJKa He coJI.ep>KMTCR 

anpwopH HMK8Koro OCHOB3HMSI Jl.llH npHCBoeHHH onpeJI.elleHHblX 

eepOHTHOCTefl onucaHHSIM COCTOSIHHH, XOTSI HeKOTOpble CBOiiCTBa 

npHeMJieMof:i COBOKynHOCTH eepoHTHOCTett JI.0 ueKOTOpott CTeneHH 

orpaHMllHBalOT BhlOop. B aaJI.atiax~ oocy>KD.aewuxcsi e aToR KHHre, 

CBOHCTBa cpHa0qecKofl CHCTeMhl, KOTopy10 Mbl >KenaeM OilHCaTb, 

yKaah1ea10T eL16op eepoHTHOCTett. TaK, HanpHMep, npH ot5cy)l(.ne· 

HHH TeMnepaTyp Mbl MO>KeM 0003H3QHTb re, KOTOpble Bhlwe 40° F, 
KaK «BbICOKHe», a Te, Korophle HM)l(e 40° F, - KaK «HHSKHe». 

1) Carn a pf Logical Foundations of Probability, U. of. Chicago 
Press, Chicago, IL, 1950. 

1 ) R. Carnap, Y. Bar-Hillel, An Outline of a Theory of 
Semantic Information, MIT Research Lab. Electronics, Tech. Rept. 
Ni 247 (1952); Brit. J. Phil. Sci. 4, 147-157 (1953). 
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QqeBHJlHO, 'ITO sepORTHOCTM «BbICOKMX» M «HM3KMX» TeMnepaTyp 
Ha CeeepHOM no1110ce H Ha 9KBaTope 6y 11YT paallMlfHbJ. 

D.11R npe.zi11o>Keu1u1 i (KOTopoe, eoot5me, He RBJIReTcst on11ca
H11eM cocToRHHH) o6JiaCTh (range) i, ooosua1.1aeMaR R (t), ecr& 
COBOKYilHOCTb onHC3HHFi COCTOSIHMSI, B KOTOpbIX i coxpaHsteT 
c11J1y. Ha 9TOM 9rane MoryT OblTb eee11eHbJ onpe11e11eH11st 11Hcpop .. 
MaUHM, ocuoeauuble Ha reop1111 coeoKynHOCTH To11eK. Hae, 011HaKo, 
0011&rne 11Htepecy10r KOJJHt1ecreeHHhie onpe.zie11eHHS1, T. e. onpe· 
neJieHHSI, .zia10w.ue 'IHCllOBYIO Mepy HHcpopMaUHH. c 9TOtt ueJJblO 
Mbl BB011HM cpyHKUHIO Mepbl, ot5J1a11a10my10 CJieJtyIOIUMMH CBOii· 
CTB3MM: 

A. l111st Ka>K.zioro onucaHHSJ cocroRHMR Z cymecrsyer 
Mepa m(Z) TaKaR, 'ITO 

O~m(Z)~l. 

3Ta BeJIHllHHa MO>KeT TOllKOBaTbCSI KaK anpHOpHaSI eepOSITHOCTb 
on11CaHHSI COCTOSIHHSI z. 

B. CyMMa m (Z), easirast no eceM Z, paeHa e.zinuHue. 
c. IlJIR BCSIKOro llOiKHOfO npe11Jio>KeHHSI /, m (f) = 0. 

\ D. Il11n BCRKOrO HeJIO>KHOro npeJtJIO>KeHHR i Mbl onpe11e
JJS1eM m (i) KaK cyMMY m (Z) no BCeM z, co.ziepiKaW.MMCSI B OOJia• 

~TH R (i). 
E. Bee cyuLeCTBHre11bHble rpaKry10TCR uapaeHe, T. e. m (i) 

MHB3pMaHTHO npH nepeCTaHOBKe cymecrBMTellbHbIX, BCTpet.talO
UUIXCH B npe.zi11o>KeHMM i. 

F. Bee npunarare11&Hble rpaKTy10rcsi HapaBHe. T. e. m (i) 
uuaapnaHTHO npu nepecTaHOBKe npu11arareJibHbIX, ecrpe1.1a10-

W.HXCH B l. 
G. n106oe npHJiaraTeJibHOe MOiKeT 6b1Tb SaMeHeHO ero OTpH-

uaHHeM oea M3MeHeHHSI 3HatteHHSI m (i). ' 
H. EcJIH .n.ea npeJIJ10>KeH11S1 i H j He HMe101 ot5m11x npHJia

r arellbHblX, TO OHM ClfMTalOTCSI MH11YKTMBHO·HeaaeHCHMblMH H 

m (i • j) = m (i) X m (j). 

I. llHCJIO cymecTBHTellbHblX, He BXO.llHIUHX B npe1111oiKeHHe i. 
He 110Jl>KHO BJIHSITb ua 3Hat.teHMe m (i). 

TaKaH cpyHKUMst Mepbl aaableaeTCff cotJcmsenHoil m-tjJynK-
1,Jueu, H Kapuan nonaraer, lfTO ee MO>KHO paccMarpueaTh KaK 
oepoHTHOCTh, K0Topy10 OH Haableaer: aoco/lIOmnaR AozuttecKan. 
sepon.mnocmb. Y CJIOBMH E, F e G BBOJIHT cest3H Me>KJlY oepOHT

HOCTRMH pa3JIMllHhIX onHC8HHB COCTOSlHMR, HO He onpe.n;.enSIIO'I HX 
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e.llHHCTBeHHbIM oopa30M. Ceoficraa m (l) MOryr ObITb HCllOJJb30 .. 

B3Hbl JI.JJSI BhIBOJI.a MHOrHX reopeM H COOTHOilleHHtt, HeOOXO.ll.HMblX 

.lllIA .n.eTaJihHOlil pa3paooTKH reop1111. Vf 3 q11c11a 9THX coorHome .. 

HHtt Mbl BOCilOJJb3JeMCH cne.nyIOll.lHl\C 

1n (i) + m (I'..) i) = 1. 

TaK KaK R (i) 11 R (f'..I i) He coJI.ep}f{aT 06w.11x on11can11ii cocrosi· 

HHSI ( 01111canHe COCTOSIHHA He MOiKeT Ohl Th CBA3aHo KaK c i, Tai.:: 

H c ero OTp11ua1111eM) H Ka}KJI.Oe OilHCaHHe COCTOflHHA HaXOJI.HTCSI 

.. 11100 B R (i), JIHOO B R ( "-' i) (Kam.nae 01111caHBe cocTOAH1n1 

CBSl33HO .'IH60 c i, JJHOO c ero O'fpHU3HHeM), TO 

11i ( i) + 1n ( f'..I i) = ! m ( Z) = 1. 
no aceM Z 

Ilpocret-iwee onpeJI.eneHBe 11HQ:>OpMau011 qepea cpyHKUHIO Mephl 

Ha3BaHo KapHanoM B 6ap-X11JJJie11eM .Mepou coiJepJJCalillll (cont) 

B BhlpaJKaeTCSI KaK 

cont (i} = tn ( r'-1 l) = 1 - m (i). 

l\\epa co.n.ep}f{aHHA . OOJJ aJI.aer MHOf H~IH HllTepeCHblMH CB Ott· 

CTB3MH B HaXO.ll.HTCSI B KaqecreeHHOM cor J13CHH c onpeJI.eJleHHH~fH, 

RCnOJib30BaHHbIMU B 9TOtt KHHre, B CJie.ny10n~eM CMblCJJe. 

Ec1111 m ( i) Mano, ro cont ( i) 01Hoc11re11hHO ee1111Ko. Ho Manoe m ( l) 
03HalJaer, qro rtpHHHM3IOTCSI cpaBHHTeJlbHO Ma .. 1oeepOSITHhle on11ca

HBH COCTo'SIHHA, ·raK llTO cont ( i) eCTb Mepa peJI.KOCTH. Ilpyroe 

orrpene11ett11e, .uepa uH.tjJop.Maauu, on11me K Haw11:vi onpeJI.eJieHHHM. 

0Ha BbipamaeTCSI ICaK 

inf (i) =-log~ m (i) = log2 ( 1 _ c~nt (if). 

TaK )Ke KaK H JI.JIH cont (i), u:v1eeTCH KattecreeHHoe cor11ac1r1e 

9TOf0 onpe.n.eJJeHHSI c H31liHMR. llaJiee, MO'IKHO noKa3aTb, qro 

yCJJOBHe I-I, KOTOpoMy y JI.OBJieTBOpHe r cpyHKUHfl 111, (i), npHBOJI.HT 

K 3JI.JI.MTHBHOCTH Mephl HHcpopMaUHH JI.JISI KOHbEOHKU.HH RH.U.Yl<lHBHO

HeaaBHCHMhIX npeJI..i10}f{eHHlil. PaccMorpen11e H11n<ec11eJI.y10mero 

cneuHaJJbHOfO CJIYllafl CJI.eJiaer 6oJiee flCHOii reCHYlO CBH3b Me)l{.ny 

oooHMB oupe.zr.eneHHH.MH. Bb1oepeM cpyHKUHIO Mephl BH.lla 

m_(l)=:== ~ 
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JI..'Hl Bcex Z, r JI.e N - oomee qwcno onwcaHwH coc-roHHwH. Mbt 

npeil.nOJJar aeM, TaKHM o6pa30M, lJTO Bee onucaHHH COCTOflHHfl 

pae11osepostTHbI. 3To npennoJioJKeHHe cos:v1ecTnMo c ycJIOBHHMH, 

ua.rioA<eHHblMH Ha cpyHKUHIO Mepw. EcJui o6o3HattaTh qepea N, 
4HCJJO on11caH11tt cocTOHHHH a ooJiaCTH R (i), TO n3 onpeJI.eJieHHH 

11~1ee~1: 

inf (i) = - log2 ~ = log2 ~. 

::>To paBeHCTBO cosnaJI.aeT c Te:\l, KOTOp02 1IpH!\teHHJJOCb Ha 

11poTHiKeHHH KHHrH, ecnw Mbl OTOiK)leCTBHM onwcaHBSI COCTOSIHHH 

l: paBHOBepoHTHblMH HCXOJI.aMH B HeKOTOpOM .naHHOtt CHTyauww. 

BHa4a:1e wMeIOTCSI N B03MOiKHbIX wcxoJI.oB (N onwcaHwtt cocToH

HHH ). 3HaHHe npeJI.JIO)KeHHSI i yMeHhwaeT B03MOiKHOe lJHCJIO 

JlO Nr, TaK lJTO nHcpopMauwst, naeaeMast npennomeHHeM i, cor nacHo 

11a11111~1 npeiKHHM onpeJI.eJieHHHM, paeua 

N 
I= log~ N, .ns. eJl. 

llnSl onwcaHHff coCTOHHHH Z R (Z) CoJI.epiKHT TOJibKO Z, u 

I= 1 og.2 N JI.B. eJI.. 

KapHan w Eap-XwnJie..r1b .na10r na.rlhHettwy10 neTaJJhHJIO pa3-

pa6oTKY 9THX Ce!\taHTH4eCKHX onpeJI.eJJeHHf:t H OOCYiKJlalOT npw

noJKeHHSI K pa3JIH4HblM eonpocaM 3aKJH04eHHfl H )leJI.yKUHH. 

B 3TOM KparKOM oqep1<e MhI CTapaJIHCb JIHWb noKa3aTb CBH3b 

Me)KJI.Y 9THMH npo6JieMa!\1H H TeMH, KOTOpbIM IlOCBSimeHa 9Ta 

1<H11ra .. 

----
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