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Pomuncs B 1938 rony, TambGoBckas 06:1., CocHOBCKkHit p-H, ¢. KyneBaToBo.
’Kenar, umeeT 10Yb.
B 1967 rony okonunn MocCKOBCKHI roCyAapCcTBEHHbBIN yHUBEpcuTeT uM. M.B.JlomoHOCOBa.

CrnenmanbHOCTh — TeopeTndeckas ¢puzuka. B 1972 roay okoHUNI acupaHTypy Y HUBEPCUTETA APYKOBI
Hapo 0B uM.I1.JIlymym6s1 (r.MockBa) 1o crnenuaibHOCTH TeopeTHUecKas Pu3nKa.

B 1988 um 3aBepiiena HayyHas mporpamma noji Ha3BaHueM: «IIporpamma BeeoOiiieli OTHOCUTENEHOCTH U
teopus Pusmdeckoro Bakyymay. B pamkax 3Toii mporpaMMbl YCTaHOBJICH HOBBIM (PU3HUECKHMA MPUHITATT —
npuHIUI BeeoOieli 0THOCHTENILHOCTH M HaliICHBI BAKYYMHBIC YpaBHEHUS, TIPEICTABIISAIONINE COO0H
COBOKYITHOCTb:

a) reOMETPU3UPOBAHHBIX yYpaBHEHUM [ ait3enOepra

0) TeOMETPU3UPOBAHHBIX CIUHOPHBIX YPaBHEHUN DUHINTEHA

B) TEOMETPU3UPOBAHHBIX CIUHOPHBIX ypaBHEeHU SIHra-Musuica moayduBIINe MK IyHAPOIHOE IPU3HAHKE
(Skalsky V., Astrophys. and Space Sci., 1990, v 166,p.159.) u Ha3BaHHbIE UMEHEM aBTOPA.

OO6nacTh MHTEPECOB M HAMPABJICHUS PAOOTHI B HACTOSIIEE BPEMSL:

a) Teopus PU3NIECKOTO BaKyyMa;

0) oObeuHEHNE 00IIIeH TeOpUH OTHOCUTEILHOCTH ¢ KBAHTOBOW TEOpUEH TOJIS;

B) IIOJISL U CUJIBI MHEPIIUU B COBPEMEHHOU (PU3UKE;

r) pyHIaMeHTaIbHAS TEOPUS SACPHBIX CUIT U DJIEKTPOMAarHUTHBIX (OpM-(PaKTOpOB;
1) TeOMETpHU3aLus Mojei MaTepuuy;

€) TeOpHs KAJIMOPOBOYHBIX TMOJICH;

) 3aBEPIICHHOCTh KBAHTOBOW MEXaHHKH;

3) TEOpHS HIIEMEHTAPHBIX YaCTHII;

3anuMaemble JOKHOCTU. 1960—1961 — panuounkenep.

1961—1967 — crynent MI'Y.

1967—1968 — nnxxenep Kb BBICOKOMHTEHCHUBHBIX HICTOYHHKOB.

1968—1969 — accucteHT YHUBEpCUTETA IPYKOBI HAPOJIOB.

1969—1972 — acnupanT YHuBepcutera Apy>kObl HAPOIOB.

1972—1983 — Mm.H.c. Xumdbaka MI'Y.

1983—1988 — c.H.c. UHcTUTyTa HedTH U raza uM.M.M.I'yOkuHa.

1988—1991 — c.uH.c. Uncturyra npobiem nedtu u raza AH CCCP.

1991 — Benymuii Hay4YHbIN COTPYAHUK MEXOTpaciaeBOro HayYHO-TEXHUUECKOTO [IEHTPa BEHUYPHBIX
HETPAIULIUOHHBIX TEXHOJIOTHUM.



1992 — npe3nneHT HaydHO-KOMMEPYECKOW KOMITAaHUHU «BakyyMHO-MHEPIMOHHBIE TEXHOJIOTUN

1993 — 3aB. naboparopueii Teopun Quznueckoro Bakyyma B MexayHapoJHOM UHCTUTYTE TEOPETUUYECKOM U
MPUKIATHONU (PU3UKH.

1994 — HavyanbHUK OTJENa TeOpeTUUECKON PU3NKU MexOoTpacaeBOro HayYHO-TEXHUYECKOro [IEHTpa
BEHUYYPHBIX HETPAJULIUOHHBIX TEXHOJIOTHUM.

1995 — akapemuk MexayHapoaHo AkageMun buosHeproTexHoI0Trid.

1996 — akanemuk Poccuiickoit Akanemun ECTECTBEHHBIX HAYK.

1998 — akanemuk MexayHapoaHoi Akagemun Muabopmaru3anuy.

1998 — nupexrop Hayunoro LlenTpa @u3nku Bakyyma.

1998 — BrmroueH AmepukaHckuM buorpaduueckum UuctutyTom B yncio 500 Hanbosee BAUATEIBHBIX
JIupepoB nmocneAHero croneTus u npeacrasieH Kk Meaanu Yectu, kotopoit Harpaxaatorcs 2000 Haubosnee
BBITAFOIIMXCS JIFOIel 3eMiId B KOHIIE BTOPOTO ThicsueneTws, n3bpan Yenosexkom ['oga 3a 1998 rox.

1998 — unen IlpaBnenus CoBeTHUKOB AMepukanckoro buorpagpuueckoro Muctutyra.

SAsnsercs unenoM Poccuiickoii I'paBUTalinoHHON Accoluanuu co JHSA €€ OCHOBaHMUS.

B nacrosmee Bpemss — gupexrop Hayunoro Llentpa ®@usuku Bakyyma u Mucrturyra @usuku Bakyyma
Axanemuun TpuHHTapHU3Ma.
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Beeneune

Anpbepr JinmelH CaMTal, yTO DaAbHeHIlee Da3BHTHe HH3HKH HEBO3MOMHO 03 pelue-
HHS 1BYX TIPOGJIEM TCOPHH OTHOCHTE/BHOCTH!

1) reomMeTpH3aUHH ypaBHeHHH 31eKTPOMArHHTHOTO 110415 H

2) reoMeTpu3alHK TEH30PA SHEPTHH-HMIYIALLA B YPABHCHUSX ODMIEPEJATHBHCTCKON Teo-
PHH TPAaBHTALMH {TCOMETPUIALINA NONCH MATEPHU HAH KBANTOBbIX Noaci).

Briepeeie HoBas Maes reoMeTpH3ALHM YPABHEHMHI 3/JEKTPOAHHAMUKH Oblid OMy6.IMKOBA-
na B pabote asropa [1]. [ogpo6Hoe H3noXeHMe peileHds MepBoil npoGieMbs, a Takxke ce
TEOPETHUECKHE W 3KCIepUMeHTa bHbIe CACACTBHA, npeacTapiaeHsl B [2]. B 91oi paforte 6puio
[10K43aHO, 4TO ypasHenns Maxcseana-Jlopenua nonyekawt (npub/inKeHHO) PelsTHBHCTCKYIO
HHBAPHAHTHOCTh TOABKO B C1A0BIX 3NEKTPOMATHUTHEX noasix F. H < 10¥en. CI'CE # npw ne
YALTPAPEATHBHCTCKHX CKOpocTaX. B cayuae cunbHbIX nosell (SOIBIIUX YCKOPeHu# 3apsi0B)
H yNbTPAPEJATHBHCTCKHX CKOPOCTEH ypaBHexHs 3JcKTposnHaMHkH Makceesnsa-Jlopenua 3a-
MEHRI0TCH FeOMETPH3HPOBAHHLIMU YPABHEHHS Busia
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rnapame rpH4ecKoro pHMaHoBa NPOCTPaHCTBa COOBITHH
B cnabeix 3neKTpOMATHHTHLIX NOASX K 1IPH CJ1aBOPE/ISTRBHCTCKHX CKOPOCTSX 3TH ypaB-
HCHHS MEepexOAST B YPAaBHEHMA 3AeKTPOAMHEMUKH MakcBenia-Jlopedna
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OCHOBHBIM TEOPETHIRCKHM CENCTBHEM YP2BHEHHA NOJS reoMeTPH3HPOBAHHON 3MeKTpO-
AMHEMHKH OK232.1HCh DEUICHAN HX BAKYyMHBIX ypaBHednfi Ry = 0. KOTOpble NMpHBORAT K
notennHanam, obobwaiotum noteHudan Kyaona ¢ = e/r. B pesyasrate ynanocs onmcas
SLEPHOE PACCETHKC 3aPAMEHHBIX W HEHTPANBLHLIX YaCTHiL, HENOABb3YS HORBIE KODOTKOLERCTEY-
WilKe 106aBKW K roTeHimany Kvaona(3]-[6]

Ypaprenns (1) 1 (2) 10700Hb ypasHENHAM TeOpHH TpaBUTauny DhHwTeRua. Kak oTMeuan
caM A DAHWITEAH, HEGOCTATKOM YPABIICHUHK TPABMTALHOHHOTO 1013

1 Srlf

Ry - ECMH = —CT

SBAACICA HX (QRHOMEIICAOrW'eCKast NParad YaCTb, KYAa BXOAH! TEH30P SHEPrUA-HMITYabCa
matepun T, DTOT TEH3OP NHUCTCH PYKAMM M HC MMEET [eomerpHycckol mpuponst [103To-
My A DiHWTeAH yKaswBAT, uTO 1A (TPOIOCTH NPETEHIAYVIOT TONBKO BAKY}MHbIE VPARHEHHS
dithwreitna Ry = O Ou ripeanionarad, 4To NpaBas HacTh €10 YDABHCHWA AOMMKHA HMETh
[EOMETPHYECKYI0 MPUPURY, (BH3aHHYD ¢ QH3HYECKUM moaeM BoT yto mucan A DiRiTenn

10 3TOMY nosoay {7]

T {4)

‘[1pagag uacth BEAOYAET B ce0y BCE TO YTO HE MOXET ObiTh NOK2 OBBEIHIEC-
HO B e[iHHOH reopuu rosn Konewno, s HH oaHoH MHHYTH He COMHEBAJACH B
TOM, 4T0 TaK2s (HOPMYJHPOBKA €CTh TOABKO BPOMEHHbIH BLX0I H3 TOSOKCHUS,
NPERNPHHATEIN ¢ HETb0 1aTh OOLUCMY MPHHUKNY OFHOCHTEALHOUTH KAKOe-Tu
3amMKHyTOR BhipAXN€HHE J1a (OPMYJRPOBAA Obiia BeAb N0 CVIIECTBY Hie (0-
.1ee YeM TeopHeH 11011 TAI0TeH#S, HeCKOAbKO HCKYCCTBCHHG 0TOPBAHHONO OT
CAHHOro 108 NOKA elle Hen38eCTHOH HPUPOAL .

70 CYHAEHHE B NOANOH MCDE OTHOCHTCH K YPBBHEHHSAM FeOMCTDH SHPOBAHEHOR ANeKTPOIH-
HaMuky (2) YUTo wacaercs "emHHOI O 10,15 TOKA €L(e HEH3RECTHOU npupoakl”, T0 A hHiutein



IpeAnearall, UTo s10 LojJe haKHM-TO 00Pa3oM N0/KHO Gbirh CBA3AHO C KBAHTOBOI TeopuH,
TO BHRHO M3 CELYIOUETD €10 BHCKA3LIBaHny{8]

"Mowu ycritnst nofoaRUTE OOILYIO TEOPHIO OTHOCHT@JBHOCTH [YTEM 0000LIeHHS
YPIBHEHUH TPABHTaUAH Ob'IM NPEINPHHATH OTYACTH B CBA3H C PELITOJONE-
HHeM O TOM, YTO, [10-BHIHMOMY, Pa3yMHAas 0BUIePeSTHBHCTCKAS TEOPHS MOIIA
Obl 1aTh K0y K Gojee COBEPIIEHHOH KBAHTOBOI TeopHu"

B wacrosuted paGote Gyler Npeanoxkero peluenve BTOPoH npofieMbl JiiHLuTeiHa, 10Ka-
3uiBatoLlee PeHUANBHOE TIPe/IBUACHHE JHHIWTEHHA OTHOCHTENBHO CBA3KM KBAaHTOBOH TCOPHH C
TROMeTPH3allHeH NPaBOH YacTH YPaBHEHAR MeKTpoaMHaMukM (2) M ypaBHEHHH rpaBUTalMK
(4) Byner noxasaho, 4T "eAHHBIM [10JEM HEH3BECTHOH [PHPOABI'SBAACTCH NOAE HHEPUMH
CBA3LIBAOLILE BCE APYrHe (HUINIECKHE TONST U BI3aUMOASHCTBHSA

1 TIIpocrpaHcTBO COGBITHI peasbHBIX CHCTEM OTCHETA

l'lpe)}(ﬂe BCErO, onpeagsivMM OCHOBHBIC MOHATHHE TEOPHH OQTHOCHTENLHOCTH, KoTOpei€, Kak
HHY CTPaHHO, BO MHOTHX ODHUTHHaMbHBIX CTaTbiX H, JdXKe, B y‘iﬁ@HHKaX H3JOMEHDBE TTYTAaHO H
HeOAHO3HaAUHO

1.1 CucTeMbl KOOPAMHAT M CHCTEMbI OTCUETA

Las GH3HKH TOHATHE CHTTEMAB (TCHETA ABASETCH ONpefeasiomnm Psx 4BIOPOB Ha3bIBa
I0T CHCTEMY OTCUETa CHCTEMOK KOOpLHHAT [9), 4TO RHOCHT HEKOTODYIO NYTAHHILY MOCKOALKY
MOACHO BHIOHPATL TY WM HHYIO CMCTEMY KOOPAMHAT, HaXOMsICh B OfiHOM W TOH Xe cucTe-
Me OTCyeTa IT0 CTZHOBHTCH 0COGEHHO BaHBIM, KOTAA MBI COBEpLUIdEM TEpEeXOl M3 OJHON
cucTeMul otcyera B apyryio P lleapoys npennoxus Hasbisaib npeoBpasoBatus KOOPAHHAT
NACCUBHbLMU, €Card Mbl NpecdpasyeM KOOPAHHATHI, OCT3BasiCh B ONHOH W TOH Xe CHCTeMe
orcyeta [laccusupic npeoGpa3orating KOOPAHHAT HE MEHAKT CYTH (M3HUECKHX YpasHeHH,
@ MEHSIOT TO.bKO HX (HOPMAJbHYK MaTeMaTHuecKylo 3anuck Taxas 3anuch yioGHa 1as pe-
IEHHS NIPAKTHUYPCKHX 38184, B KOTODBIX YYHTHBAETCH CHMMETPHS OTMCHIBACMOrO Tpollecca
Harpumep, NpH onucanuu 3JenTPOMATHUTHLIX BOMH B NPSMOYTOJBHOM BOJHOBOJE YAOGHO
HCIIOMIL30BATL BOJHOBOE YPAaBHCHHE, 3AlTHCAHHOE HCKAPTOBLIX KOOPAHHATAZX EcaH xe Boano-
BOM MPeACTaBAser cOBOR LHAKHAD, TO BOAHOBOE YPABHEHHC 3AIHCHIBAIOT B LUMJAHHIPHYECKUX
KOOpAHHATAX

Iepexoa u3 oarolt cuctemb 0TCUETa B APYTY:0 TaK XKe CONPOBOKAAECTCS PeaBpasosariem
koopauHat, kotopsie P [lenpoys npeanoxun Hassate axmuenomu Hac 6yayT nHtepecorats
TOABKO 3KTHEHBIE TPeOGPa3oBaHUs KOOPAHHAT UTO KAacae1cs CHCTCM OTCYeTZ, TO Mbl Gyaem
Pasn¥uath peadvHsie U abcmpakmuvie cHeTembl Bee peasioHble CHCTeMB OTCYETA CBS3a-
Hbl C TEJOM OTCYETa, B KAYECTBE KOTOPOTD MOTYT BLICTYNaTs JiOOHC Peanbuble HHsHecKHe
odvexTs Hanporus, abc1paKTiibie cHCTEMb OICUETA HE CBA3AHB C TEJOM OTCYETa



L.1.1 Peaannas cucrema otTcyera

Hz onpenesenns pea/ibHO# cHCTEMBI OTCUETa creflyeT BaXKHHH BLIBOA — Hce peaAsibie
CUCTEMbL ABAROMCA YCROpeHHoimuU  JIRHCTBHTENLHD, TeNIa OTCYeT2 064202107 DUSHUECKH-
MU TIOASIMA M MOITOMY B3aHMOAEHCTBYIOT Mexay coGo#. DTo B3auMOAEiClBUe M onpesessieT
HX ycKoperne. KoHeuHO, ecan Mbl DPasHeceM Teaa OTCYUETa HA J0CTATOYHO GOJBMIOE pac-
CTOfiHME IPYr OT 4pyra, T0 HX B32HMHBIE YCKODEHHS CTAHOBATCS TMpPeHeGpeXHUMO MasbiMH
H Mbl C QOABIICH TOUHDCTBI) MOXNEM DacCMaTPHUBATh PEAbHble CHCTEMBI OTCYETA Kak (KBa-
3u JHHEPUMAT bHbBIE

M3 MeXaHUKI HaM H3BECTHO. YTO B YCKOPEHHBIX CCTEMAX OTCYeTa JEHCTBYIOT CHJIB MHCP-
QHH H NODOKIZIOUIHE HX [0S WHEPLUHH, MOITOMY 3aPaHEe MOMKHO CKa3aTb, YTO:

1) peaabHas cucrema oTcyeTa 0GH32TENBHO CBR3aHA C NPOBIEMOH NOAeH H CHA HHEPIIHK
(HAUPHMED, CHJBHBIN NPHHLMI 3KBHBAJEHTHOCTH B TEOPHH TPABH1ALMH J¥HUITeHHa);

2) B peanbHBIX CHCTEMAX OTCYETa NIOTH M CHAb BHEDIMH HMCIOT PeasbHil QH3NUecKHH
CMBICT

TTpexae vem roBopuTh 06 aKTHBHOM NpeoGpa3oBaHHH KOOPAMRAT NPH Mepexoe M3 ORHOH
PeannHOH CHCTEMB OTCHeTa B ADYTYIC, HAM HEODXOIMMO 3HATh KOAWUECTBO hOOPAMHAT. 3a-
AAIIHX [0I0KEHHE DEAALHBIX CHCTEM OTHOCHTEALHO APYT Apyrd. B 1pocTpancTBe Yerhipex
TPAHCHALMOHHbIX KOOPAKHHAT Ty. r1, 1y I3 MOJOKEHHE NPOM3BOJEHO YCKOPEHHOM DeanbHOM
CHCTEMBI OTCHETA 33A2HO NECSTHI0 KOOPAHHATAMH, H3 KOTOPBIX YeThIPE OJIOHOMHBIX KOODAH-
HaTBl Xg .Ly. T2. Iy OMHCHIBAIOT MOJIOKEeHHe e Hauana () M 1WeCTh HEeroJOHOMHbIX YINOBhIX
KOOPAMHAT 1. ). y23. 01, fa. 85 €€ RPOCTPAHCTREHHYIO OPHENTALMIO

Taxum oOpasom, non peaibHoli cHCTeMOR oTCueTa Mbt ByseM noapasymesarb 4-x MED-
HYIO ODHEHTHPYEMYIO MATEPHANBHYIO TOYKY. KOTODASI IPH IBHAKEHHH MeHSET HE TOALKO CBOE
NGAOKEeHHE, HO B IPOCTPaUCTBERHAYD OPHCHTAUHIO, MBHIAACH IpH 3TOM YCKGPCHHO.

1.2 IIpocrpaucrso cobniTuM

B TEOpUH OTHOCHTEJILHOCTH JIOf IPOCTPAHCTROM ODBIUHO JIOHHM2€TCH fOUEHHOE MHOIO-
ofipasHe, nZ KOTOPOM 3aiaHsl adCTPaKTibe CHCTembl OTCYeTa. B Wawem cayuae M Gynem
OTiepHPOBATL C NPOCTPAHCTBOM COOHITHH, ONpelenseMsiM Kak mHorooBpasue (He o06s3atesb-
HO 104EYHOE), H2 KOTOPOM 327aHH PEAZbILIC CHCTCMBl OTcueTa, M3 onpedcnesss peanbuoi
CHCTEMBI OTCHETA CIRRYET, “TO NPACTPAHCTBO COOMTHH npencrasasiel coboi 10-Tu mephoe
paccsioenHoe MHOTQODDa3He opHeTHPYEMBIX ToUeK ¢ §a30M, ofipasosakioil 4-MA TpaHCRLH-
OHHBHIMY KOODAMHATAMH Ly, Ly. T'g. 23 M CA0eM, 00Da30BAHHEIM 6-10 HETO.JOHOMHBIMY V1 A0BI-
MH KOOPRMHZ1AMH 1. 2. 25 0y, 6o, 64 [6] JneMenTapHEIM coObiTHEM B TAKOM MPOCTPZHCTBE
cOObITHA OKA3LIRAETCH JIBHKEHHE HETHIDEXMCPROH OPHEHTHDYEMON MaTepHANbLHON TOUYKH, T.e.
YCKOPEHHOH CHCTEMBI OTCYETA.

1.2.1 OpuenTHpyemas TOYKa U reomerpus A,(6)

Marematuueckyy 00pasoM YETHIDEXMCPHOH MaTepHabHOW OPHEHTHPYEMOH TOUKH SRAS-
eTCA TCTPAjA, NPENCTaRAALIAR cOGOH YeThIpe OPTOrOHAMBILIX BEKTODA -

e —=0.0.23 a=0.1.23
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€ YCROBHHAMH HOPMUPOBKH _

e, = &), e%ety = 0f. (5)
rae o7 - cumsox Kponexepa. 3liech MHEEKCH i J, k... OTHOCATCA X KOOpiyiHaTaM 0asbl, a
MHAEKCHI . b, €... HYMEDYIOT BEKTOPA TETPajhl.

Tetpana e?, 3anaHa B kax 101 TOUKe Ha3bl &', IPU 3TOM YeThIpe KOOPHHMHATH I° OMHCHIBAIOT
novioyeHHe nasana (O 4eTHPexXMEepHOR peanbHOH CHCTEMb) OTCUeTd, 3 [WeCTh HE3aBHCHMMBIX (B
CHITY YCAOBHH (D)) KOMNOHEHT TeTpabl €%, — ee NPOCTPAHCTEEHHY OPHEHTALHIO, UTpast poab
YT/IOBBIX TI€DEMEHHbIX.

Hctopuieckn cnoxunock Tak, 4To B MATEMATHKE CHaduana ObUIM HaitfleHsl YPaBHEHWSA
ABMXEHHSA TPHa/bI

e a,v. =123 AB.=123

x?

KOTOPYI MOXHO DA4CCMATPHBATL KaK TPEXMEPHYIO OPHEHTHPYeMYIO TOUKY. JTO H3BECTHbHIE
ypashenus Dpene [10]

de’, 4 g de°
dl Bt e

3anucanHple uepes kosp@uurenTs Rparuesks Pauun [H1}, coBnajawume B neKapToBbIX KO-

OPAHHAETAX Z,Y, 2 CO CBASHOCTBIO reOMETPHH a6COMOTHOTO napaitenusma A%, (6]

di* = dz* + dy? + d2°, (6)

- o 8et, o
3 — € =
3 A 33/'7 3~

OTH BEAHYKHB ONPERENsIOT GECKOHEUHO MAJEIR OBGPOT BEKTOPOB TPHEAHI

dx*y = T, d°

[P CMeLleHHH Hadana () TpHalm Ha BeJHUHHY (17,
Tlepexons x peassHOH ueThipexMepROE chcTeMe OTCYETA, MBI GyHeM paccMaTpuBaTh Aecs-
THMEPHO® MHOT00GDa3Ke OTHOCHTENbHEIX KOOPAHHAT MPOH3BOMIBHO YCKOPEHHLIX YeThipexMep-

HBIX CHCTEM OTCHETd, HAAEEHHOE CTPYKTYPOH reoMeTpHH adcaoTROro napasiennama A, (6).
O6o3na4um KPATKO OCHOBHEI® CBOMHCTBA 3TCH reoMeTphu [6).

Tetpana e onpenenser METPHYECKHH TEH30P NPOCTpalcTBa abConlOTHOTO l2paiJieat3ma
Dok = Tap€® ., ap = 0™ = diag(l -1 - 1 - 1) (7)

H PHMaHOBY METPHKY
ds? = gudrdz®, (8)

Kpame TOTO, IPOH3BOAHAS TeTPaibl MO KOOPAMHATAM I, ONPEXEASET CBAHOCTh aBCOMI0T-
HOPO napadJeHaMa

T al i I';j
® = _f;k + T_‘;k: = 'Eka(’aeg: k= é.c_k (9}

£ae
1
F;k = §glm(9jm,k T Gkmg — Grkan),
- cnumeoast Kprcrogdens u 77, - koadduunentn ppatienns Pudun, onpenessemsie uepes
KpyueHHe reoMeTpin A4(6)

“Al 2 0 ] 2 o a
A'IJH = ~Q_}k>: € ek T 56 a(E ik T € kj) (10)
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no cieavwilemy npasuay [6]

==y + ¢G0S G0+ 9y, ) = T’Jkd’::k =€, Vie", = e Vie' (1)
rie Vi - KOBAPMZHTHAS TIPGH3BONHAS OTHOCHTE/BHO CHMBOJOB KpucToddenn I
Kosdpuumenrsl spawenua Puuyr T, onpenensiolT Bpamatebryio Merpuxy reommpun
;‘14(6)
dr? = Ty T debd " = go 1 T ds™, (12)

KOTOpast ONHCHBAeT BpallaTeJbHLIe CBOKCTBA NPOH3BONBHO YCKORCHHBIX YeThipeXMepHhiX pe-
aJbHBIX CHCTEM OTCHETA. ﬂeﬁ(‘TBHTCJ]bHO, BEeCKOHEUHO Maioe U3MEHEeHUE 1UeCTH BpdLlaTenb-

HBIX KOOpﬂ,HHBT
dy, =1 det (13)

J

OTpENESSET BEKTOP 4-X MEPHOR CKOPOCTU BpALIEHMs TeTpajlbl

ERU s o U 0 _
= i = A4 Vi, =
I s J 1

- (14)

.
ds /

Hs onpenesenns (I1) caenyer
d k1 a __ n ?
T yde” =" De) = - ¢ De',

Paznenus 310 COOTHOEHYe Ha s, HAXOIHM YPABHCHUA ABHKEHHA peanbuott qeTHIPeXMEpHOH
CHCTeMBl OTCYETa y .
dc’ dr® dx
S - T — =) {15)
k h
s / d~ s

Buibupas B 3THx yPaBHEHHSX KOBEKTOD r*; KAaCaTeALHLIM K MHPOBOH AMHHE, 110 KOTOPOH
ABMXKETCS Hadalo () CHCTeMbl OTCHETA, HAXOMM YPABHEHHS ABUMEHHA Hauamda () BHIE

1

e dv? dr* d da®
e e T =
ds? Rk ds ds 1 ds ds

(16)

1.2.2 Ypasnenus noas terpan

Cooriowenre (10) MoxeT GwiTh MeperucaHo B BMAE NEPBLIX CTPYKTYPHBIX YPaBHCHMH
reomerpuH A4(6} [6]:
< 1 a __
V!’I‘:GJJ] — T[JHE = 0. (17)
Bropeie cTpykTypHbic ypasHeuns reomerpuy A,(6) coBmanaioT ¢ ompenesenHeM Teazopa

KPUBU3HBI IDOCTPaNCTBa Ay(6) S )

1

i f i
& Jkm T A;r m k! 24 EAAIJ\mi - 0 (18)
hO'i‘OpHﬁ, C y4yeTOM COOTHOLIEeHHS (9), MOXKET ObITE NPEACTABAEN B BHAE CYMMbI

S stom = B 4 29T 2T T =0 (19)

JR™ | 1

rae B, ~ rensop Pumana. Tlockompky sesnuumnt T, ONDefensioTcs Yepe3d Kpyueliue
§14 reomerpuu 43(G), To ® ypasHenusx (19) MCTOYHHKOM KpHBusHLI PHMana 0Kaskizactcs



Kpyuenue reometpun Ay(6). Ypaswenns (17) 1 (19) onucriBaloT TeTpajHsie NOJIS reoMeTPHH
A4(6), T.e. BpamiaTeiLHLIE ABHXKEHHA NPOH3BOJBHO YCKODEHHHIX PCAJBHHX CHCTEM OTCHETa.
DTH e ypaBHeHHS OMNPENeNsioT FPyNIOBY0 CTPYKTYDY NPOCTPAHCTBO COGHITHH PealbHBIX
CHCTeM oTCUeTa.

1.2.3 Cpasnenue noaxona Pumana u Kaprana k pnddepenunannaoil reomerpun

Ocnosroe pasanuue Mex 2y moaxonom Pumana u Kaprana coctout B oM, yto B.Puman
Ga3upyeT CBOIO MeOMETPHIO HA TOUEUHOM MHOro0o0pasuH, a 2. Kapran Ha Muoroobpasun opuen-
THpyeMbix Touek [12]. JleficTBHTebHO, B reomMeTpHH Prmana BCe reomeTpuueckHe 0GBEKTHI,
TAKHE KaK METPUYECKHH TEH30D g, CBASHOCT ", M TEH30D KPHBH3HB Ry, fBJSIOTCS
pyuKOUAME TPAKCASUHOHHBIX KOODAMHAT Z', @ NP ONMUCAHKH I'€OMETPHH B OPTOTOHAJLHOM
penepe OCHOBHBIE FeOMETPHYECKME OOBEKTH 3aBHCAT H OT YIJIOBHIX rnepemeHHbiX {12].

Eme 6onee 3HaynTe/bHbEIM DasIUuHeM MemAy Nonxonamu Pumana u Kapray mb BHauM
B onpejesieHHH TeoMETPHH Kak rpynrosoro mMHorootpasus. deno 5 tom, uto O Kneitn sn-
ABUHYN DpaaHrenckylo mporpammy [13], cornacHo KoTopoil "XOpowias'TeoMeTpus AOMKHA
3212B4ThCA COOTBETCTBYIOINEH IPYNNoH. DtoMy TPeGOBAHHIO He YAOBAETBODAET TPAAHIHOH-
Has reomeTpus Pumanosa. HaoGopot, rpymnosoit noaxox Kaprawa mossoaser onpenenuthb
OCHOBHBIE OCbEKTbl FEOMETPHH, B 4aCTHOCTH, reoMetpun A4(6) Jlns 3toro pocratouno aoka-
Jnn3oBaTh rpynny [lyankape, kotopas BK/OYaeT B ce0si YeTHPEXMEPHbIE TPAHCHAIHH Hadasa
O peanbHOH cucTeMb 0TCYeTa, 06pasylolKe IPYNy TPaHegukh Ty, H YeTsPeXMEPHHE Bpa-
uieHHs, 006pasyiomine rpynny spawenuit O3 1).

Beckoueuno Mansie TpaHCAAUMH dx’ W BpAuieHHs de', Mbi OMPERLAUM KaK

dt = e, (20)
de’y = A%, (21)
rie
e = elda’, (22)
A%, = e de’), = A%, dat (23)

— mH(pepennnaisibie 1-QopMul TeTpanbl €, M CBASHOCTH aBGCOMOTHOrO lapasuiennama A%, .
Huddepentmpys coornouenss (20), (21) Bueminnm 06pasoM, HMEEM COOTBETCTBEHHO

d(ds?) = (de® - ¢° A A% )e!, = — 5%, (24)

W=

d{de*,) = (dAb, — A, AA® )et, — —8° ¢, (25)

3zech uepes S® obosnasena 2-opma kpyueuns Kaprana [14]. a uepes S°. - 2-dopma
TEH30pA KPHBM3HLL. 3HAK A O3H2yaeT BHEI(Hee NPOM3IBEACHHE, HAalpHUMeEp

e A el = T — ebel, (26)

Mo ompencieHHIo NpocTpancTBO 00JIANideT reoMeTpHed abCONIOTHONO NApA/Ne/H3Ma, ec-
nn 2-gopma kpyuenus Kaprawa S* u 2-dopma kpusususl Pumana-Kpucropdens S, storo
NpeCTPaHCTBA OBpaiiaeTes 8 Hynb

5% =0, (27)

St =0. (28)

@



OHOBpEMEHHO 3TH PaBEHCTBA ABASIOTCE YCJOBHAMH MHTEI PHPYEMOCTH JubdepenLmaoB
(20), 2.
YpagrHerus
de® — et AA%, = -S" (29)

dﬂ!)a _ Aoa /\Abr o __vam (30)

cilelytommne B3 cootHowenn# (24), (25), npeacraBasior Co60H CTPYKTYPHbIe VPaBHEHHS Kap-
TaHa COOTBETCTBYIOUIEH reoMetpuu. [lns reoMerTpuu abeoaioTHoro napaiienusma A,{6) cnpa-
BeIHBLL yei0BHS (27}, (28), nostomy cTpykTypHuie ypasHenns Kapraua reomerpuu Aq(6)

HMEIOT CACAVIOUIHH RU
de® — A A, =10, (31)

dA" - AT AAY =0 (32}

npuiem ypapreHHs (31} SBAIOTCH CTPYKTYPHEIMH YpaBHeunsiMa rpymipl Tpancasimi T, a
ypasrerns (32) rpynnsl Bpawenud O3 1).
YuurpBas cootHomerte (9). npenctasum 1-dhopmy A%, B BHae cyMMbI

A% =T1%+ 19, (33)
Ioncrasass 310 cootHowenue B (31) u 3ameuan, yro
AN, = AT
A0AyuaeM fiepsoe C1PYRTYPHOE ypasHerHe Kapraka npoctpancTsa A,(6).
de® —e" AT =0, {A}

locae noactanosky pasenersa (33) B (32). nosyuaem BTOpoe CTPYKTYpHOe ypamHemKe
Kaprana upoctpancrsa 4,(6).

Ry +dT, -1 AT =0 (3)
rae R% - 2-dopMa Tedscpa Pumana
Ry =l =T AT (34)

fTo OlpeneJIieHHIO, BCeraa AMerdT MECTO COOTHOUIEHHS

dd{ds") = 0, {35)
ddide' ) — 0 (36)
B reome1pur a6COMOTHOTO N2PaAleNH3Ma HTH PABCHCTBR 3ATMIIYTCA KAK
d{de® — e  AT%) = R, e Al e =0, (37)
(R +dT%, = T, AT = dR + RO AT -~ T p R, =, (38)

3nech
[ Y i} - b
erfd = =21 afﬂ.f] - 27 lbi_f r 'cjd]

[0



Pagencrsa (37), (38) npeacrapisior cofoil COOTBETCTREHHO NICPBUE M BTOPOE TOXAECTBA

Buanku npectpanctea A4{6).
¥Ypasrenns (A) n (B) moryt Owirs nepenscaHrl B MaTPHUNOM BRjE

Vi]‘faml — €b[kr1r'(fb|m} == O, (A)

Ramm =+ Qvik‘TE}m] + QTHC{kTC[bEm} = 0. (B)

Jlerko sunets, uto ypasHenus (A) w (B), sanucannme B MHPOBHIX HHJEKCax i,7, k. .,
coBrianawTt ¢ ypasHenusmu (17) u {19).

2 TeomeTpu3auMa TeH30pa IHEPrUM-UMNYIALCA MATEPHH

Hnest nenonsaosath ypasHenust (B) reomeTpru abCoMoTHONO Napaade/inaMa IS reoMet-
PH3ZLNY TEH30DA IHEPIHH-HMIY/IbCA MATEDHH B ypaBHerHsx DHHIITeRHa OblJa BhepBbie Bbl-
ABHHYTa aBTOPOM B paGotax [15],[16]. Nasi sToro HeoO6x0uMMO paccMaTpHBATL CHCTEMY Ypas-
nehn# (A) i (B) xak ofofiuenne BakyyMuBIX ypaBseHnH DiumTeiina R, = (), cOBOAAAI0NIHX
TAKMe C BaKYYMHBIMH yPaBHEHHAMH FeOMETPH3HPOBAKHOH saekTpoauHamukH [2], [6].

CaeprriBaz ypasrenus {B), 3anncannpie B MHPOBHIX HHAEKCAX

Rika + zv[k]} al + Qﬁ[knjlm] =0 (39)

%
71

10 HHAEKCAM + M Kk, MOMYUHM

ij - uzvii itjim] -2 ;{oﬂjl'm; (40)
CepTLiBas janee ypaBHeHHs (40) ¢ METPHYECKHM TEH30pOM ¢°™, UMeeM
R = "ngm(v{?.?r],‘mj t :[z’ |;lm}J (41)
O6paays ¢ nomeusio (40} u (41) teusop Sitnmrreiina
1
G_]m = Rgm - ;59an=
[TOJYYUM YDPaBHEHHS
1
ij - Qgng = VTJms (42)

nojo6Hbie YPABHEHHAM JHHIUTEHAHA, HO ¢ FEOMETPH3UPOBAHHOH NpaBoi YacTbio, Olperedse-
MOH K2k

2
Tom = AV T+ T T ) -

1 aim’s

7%

1 .
- ﬁgjmgm(vngT;pm} + Tesr!Ts )} (43)

JTO COOTHOUICHHC NOKA3bIBART, YTO HCTOYHHKOM KDHBUSHB B JIJHOCTBIO [€OMETPHIUPOBAN-
HbIx ypaBHeHwsx Jimmreiva (42) seasercs kpyuenue Ot npoctpancta A4(6).

1



Tensop T, ,06pa3soBaHHLLil C IIOMOUIBIO KPYUCHHS ¢ cornacno cootHoweHHio (11}, 8 ma-
TEMATH1ECKOR J1MTepaType HasbiBaT TeH30POM KotTtopeun (14]. 30T TeHzop (oTHoCHTEBHO
TPaHCAALMOREDIX rpeobpazopaki Koopinnat ¢ [14]) Mbl Gynem B nanbHeiiiieM Ha3wBaTh
MOPCLOKHbIM noAex . Takum 00pa3oMm, HCTOUHHKOM KPHBH3HBl B ypaBHeHHsX moas (42) oka-
3piBaeTcs TopcHontoe noae (11), onpejedsiontee BpawaTeasHyo MeTpaky {12) upoctpancraa
A,(6), a Takxe 4-X MepHyi0 VINOBYK CKopocTb (14) Bpaluends peanbHOfl CHCTEMbI OTCUET.
OfpalueHde BpalileHns peanbHOl CHCTEMB OTCYETa B HY/bL TMPWBOAHT K OOPAlUEHHI0 B HYJb
KPHBH3HBI IPOCTPAHCTRA, MPEBPallas ero B POCTPAHCTBO MHHKOBCKOrG. ITO MDOCTPRHCTRO
cootsercTayer "AbcoaioTHol Tlyctore”[B] u B HeM HEBO3MOXHO ONPENENHTE PEANbHYI0 CH-
cremy orcuera. [losromy ypasHenus (42), tak xe, kak u ypasuenus (A) n (B), aawT Ham
aHAIMTHYeCKoe BOMOWieHKe McH JlekapTa, yTBepKnaBuwero, 4T0 8cxkoe peaiboe Ogusice-
HUE eCMb BPAIEHUE.

B otauuue or ypasuetiuit JinwTedna (4), B NOMHOCTbIO ICOMETPH3UPOBAHHBIX YPaBHE-
HEAX noag (42) TeH3op sHepraM-uMnysbea (43) M PHMaNOB2 KPUBHINA OPOCTPANCTHA Rkm
B3aMMHO 33BHCHMBI, O/IHO3HAYHO ONipeReJsist APYT APYTa B COOTBETCTBHH ¢ YPABHEHUSAMH (10,14
(B).

2,1 Cp3p TOPCHOHHOIO MO C TIOJEM MHEPUMH

C yuerom cootnowennn (14} vpasHenns Asixerus (15) navasa O peaawHol cHcTeMM

0TCHeTa 3aMMINYTCH Kak
;2 2 Lo a’ & drd
e e Y () (44)
ds? o ds ds T ds

Ymuomus ypasrenns (44) Ha Maccy m, Mb) TOAYYUN TPEHCARIUMOKHEIE YDABUCHUR ABHIKEHU
Hayana ) OPHeHTHPYEMOH MaTepuabHOM TOYKH
d*rt L dr drt dr

4
37 + mrﬂ__—_ + mi) e

0. (45)

m
ds ds 5
Jlansm (pU3UnecKyIo ARTEPIPeTALHI0 KOMITOHEHTAM MaTpulln €;,. [las 37oro mepedinem
B ypaBHEHWAX (40) K HePensiTHBHCTCKOMY NPEAeAy W B NPCUIOJOKCHHH, UTO TPABCISIHOR-
Hafl MeTPUKa COBNAAeT ¢ METPHKOH fJIOCKOTO [IPOCTPAHCTBA. HIpH 3TUX TNpeAnoaomeHdax
ypapHenus (45) npunumact sry [6)
;.0 7
du da ir

mgi— = 7})52““1{«;; — 27n52‘,,¢(g:; {46)

[TockoabKy 3TH ypaBHCHMS ONHCHIBAIOT ABHIXEHMC HAYANA BPAIAOWEHCH YeThipexMepuod
CACTEMbBl OTCYETE, TO CHJbL, CTOAIUHE B MIP2BOH 4aCTH ypaBHEHWH, JonXHB OblTE CHAZMH
HHEPUYH, NOPOKACHINE BPALIEHHEM.

M3 knaccHueckolt MexaHHKH #3BECTHO, 4TO HEPCAATHBUCTCKHE YPABHEHHS ABHKCHUS Ha-
yasa () TPeXMEPHOR YCKOPEHHOH CHCTeMbl DTCHETA 103 AeHCTBIEM OHHX TOABKO CHIl MHCPILHH
WMEIOT BUIL

d )
Eg(mv} = ni{-W+2{vif). (47

rne W — BEKTOD NUCTYHATENLHOTO YCKOPEHHMS, a & — BEKTOP TPeXMePHOH YIIOBOK cKopocTH
BpalleliHd YCKOPEeHHOH CHCTEME 0TYeTA.
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3annchiBas 3TH YDaBHEHUS B Bitle

d dr?
Ei(m?ra) = (w W + 2’.‘)(,;;*&?) . (48)
rie
W = (Wi, Wog, Wi}
0 —ws wn
Waf = ~wWga = — | w3 0 —w | (49)

\ w2 ] 0 Vi

w = (wl.wg.{d3).
M, CpaBHHBaA WX C ypasueHuamH (46), nonyuum

0 Wy W, -1l
Q _ l M/’l 0 — g Cuwla
T W, a0 —a

Wi —cwn 0

(50)

Cyas 110 3To#l MaTpuie, YTBIPEXMEPHOE BpPALgHHe TeTpalbl ¢ ,, BhI3hBAEMOC Kpyuexnem
nipocTpancTBa Ay(6), nopoxonem 8 HepeAAMUBUCMCKON MEXAHUKE NOAR UHEDYUU, CBS3EH-
HBIE € TIOCTYNATCAbHBIMH W BPAILATCAbHEIMH YCKOPEHHSAMH.

Takum 0OpazoM, HCTONB3YA RMPUHLMI COOTBETCTBHS, Mbl ONPEACNHAM TOPCHOHHOE [HOJe
’[""]-,c KaK [0J€ HHePUMH, BRI3BAHHOS BPEUICHHEM DRAJBHKWX CHCTEM OTCHOTA.

2.2 Onpepgenenne Macchl KAK MePbl N0JA HHEPLINH

W3 dopmyisi (43) supHo, uto Abas mamepus 8 ypasuenusx noss (42) nopowdena
mopcuonsbmy noasmuw 10, m.e. épawenuesm. Tlostomy, nonondas Jlekapta, Mbl MOXEM
CK&3aTh 4T0 He ToabKO /A1000e ABHMEHHE eCTb Bpalleiine, HO W Jwbas Matepus ecTh 0Codas
(hopMa BpalUaTeNBHOIC LBHUMXKEHHS.

Onpenensisi NNOTHCCTL MATEPHUH KaK

=T/, (51)

roe |
= ¢, (52)

HAXONUM H3 coorHowenuit (43), (51) n (52)
29 fre i : s .
p= "L‘,‘:_g‘(v};T |i}m) + Tzs‘_r‘-T ]Jlml) (53)
Uepes mrotHocTD (53) onpefiesieM HHEPUHOHRYI0 Maccy 00beKTa Kak

M= / ol—g)2av (54)
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e
g=detgm. AV =datdrida’.

a IMIOTHOCTD o oTipenedsercs coraacHo (53). OkoHuaTesbHOE BBIPAXKENHE IS HHCPUMOHHOM

Maccn: 06bexta B ypaBHeHuaX (42) umeer sua

M= '2“{ /(_57}[/2 {g)m (v[’r iﬂm} JﬁT!s{z ,;"gmg)} dv’ (55)

ves
IT0 COOTHOUIEHHE [OK23HBAET, HTO HHEPLHORHAR MACCA SGAACTIC MEPOU NOAA UHEPUUY,
06pa3y 0o IOTHOC T, €70 MaTepud. [loCKOAbKY nosle HHEpLHA T" ( HOpOMEHO BpatieHHeM
MATePUH, TO HHePLHOHHLIC CBOHCTES MACCH IOXOH 3aBUCAT 07 COCTOSHUM BPALLIEHHS MATEPHH,
006pa3yILdX NaHHYI0 cHetemy. Ecamnanpumep, Mbl 0CTaHCBMM BpaleHHe 3NeMeHTApHEIX
HCTHL BHYTPH HEKOTOPOTO 00bEKTA, TO 00BEKT MPOCTO HCUESHET.

2.3 TeH3op sHEPrIU-NMIIY/IBCA B YCKOPEHHOH JIOKAILHO
HHEPIHAJBHOH CHCTEeMe OTCYETA BTOPOrO Poaa

B reoMeTpusupoBaHHO# TeopHu paBHTAlIHOHHOrO Noas A.3iHurreild BBeA HOBBIH KAaCC
YCKOPEHHBIX CHCTEM OTCYETZ - 3T0 YCKOPEHHSBIE JIOKAJNhHO MHEDHMATLHLIE CUCTCMB! OTCUETA
(nepeoro pona), cas3anHble cO CBOSOAHO NajdlolUliMy nHdTaMK [lo OIPEAEIEHRIO, 3TH CHCTE-
MLl OTHOCATCH K KJ1ACCY PeasibHBIX CHCTEM OTCHETA, B KOTOPHX {J0KaAbHO) TPaBHTAIHOHHEE
CRJIBL CKOMMEHCHPOBAHL! CHAAMK KHEPLHH.

2.3.1 YckopeHHbiC JOKAALHO MHEPUHATLHbIE CHCTEMBI OTCYETA BIOPOIO POAA

B ponoanensie x cBoGoano najawuM JhTam DiuwTeitHa, B HOBOH TeopuH paccMar-
pHBaeTCd 2118 OJHH KJacce }’(‘KOPQHHHX CUCTEeM OTCUeTa, HOAYUHABINUX §ia3BAHKE YCKOPEHHbLIX
JOKATBHO KHEPUHANBHBIX CHCTeM OTCHeTa BTOPOro peda (17]. B nonobrpix cycremax AefcTBy-
0T TOJpKO CHJIB HHEPLWYH, KOTOPLIC JOKAJARHO KOMHEHCHPYEOT APYT Apyra. ECJTH B YPEBHEHHUAX
(16) AeHCTBYIOT TONRKO CHJIH HHEPLHY, TO MBI MMeeM

d’ Coda? dzt
— T —— =
ds? Tk ds ds 0

Anamatnuecky yoaosue B3aHMHOH KOMTIEHCALLHH CHI HHEPIHA 3a0dUIeTCA B 3THX YPARHEUHAX
ABUMEHHA KaK O6DEIII1€HHE B HYJIL COCTHOILIEHHS

dz) dark
T e——— =1 (56)
s ds
Hanomuum, uTo B 5TOM ypeBHemny moJe HHepiMH T',, onpenelsercs yepes Kpydexue
1" = —42,;7 npocTpancTsa aBoo/loTHOrO napailne/inima
Q B Y | r1(1 — lr'z ( ¥} L (57
‘jk_'ea’[kjj_'.)'a?ki_;""_;k) )

CACAYIONINM 00pa3omM:
T’I_ LT _ijl T gwl{qj-cﬂrl?al.l + gks-Qm; :" (58}

14



Tlonctasisis 370 cooTHOWeRKE B ypasteHus (50}, MOnydHM ypaBHERHS:

dr? di dz’ dz*
. 2.!1__“‘_ o] - SQ..S)#A___ — 0 59
ez ds ds RRARCEL R ds ds (59)
[Tockonpry cooTHOIIEHHKE
i dt
ds ds

CHMMETPHYHO 10 HHIEKCAM j M K, a Kpy4ende Ojk‘ AHTHCUMMETPHIHO 110 3THM HHJEKCAM,
TO meppoe ciaraemoe B ypaBHenHsAx (59) oGpamaercs B 1yML. B pesyantaTe W3 ypaBHeHui
(59) cuenyet

9™ @8 lai  ghslmy ) =0, (60)
WK
(QJ.stFi + gksﬂﬁ;) = U: (61)
OTKYAa
Q'mk] - "Qmjfa" (62)

Tax kax BeaduuHa ,; aHTHCHMMETpPHUHA N0 WHACKCAM i1 W K, TO U3 COOTHOIIEHWA
(62) caenyet. 9T0 B MFePLUHAIbHLIX CHCTEMAX OTCUETA KpyueHHe NPOCTPAHCTBA aBCOMOTHOO
mapajneqdsmMa aHTHCHMMETPHUHO 1O BCEM TpPeM HHAEKCAM.

loncrasnsa pagencrso (61} B coornomenne (58), noayaum

Tie = =Tyt = =Ty = - Cogie. (63)

M3 aTux paBeHCTB CJIELYeT, UTO B JOKAIbHO HHEPLMAJLHBIX CHCTEMaX OTCHETA BTOPOrO
pona noae nHepund Tij OTAHYHO OT HyAn. OHO OK43BIBAETCS AHTHCHMMETPHYHBIM [0 BCEN
TPEM HHAEKCAM M COBIMAJAET (C TOYHOCTBIO 10 3HaKa) ¢ kpyuenuewm (1, ;. OmduHbl OT HYIN U
CHJIBL HHEPIAH, JIGHCTBYIOUIME Ha UEHTP MACC Teja OTCYeTa, OAHAKO WX CyMMa paBHa HYAIO,
MO3TOMY LEHTP Macc CBOGOMHOMO 0T BHEIUHMX CHJ Teda 01CYeTa ABHXKETCS MPSMOJHHEHHO U
PABHOMEPHO, B COOTBETCTBHH € YpPaBHEHNAMY

dEIz
ds2

Ha puc. 1 npuBenensr NpuMepE! YCKOPEHHMX CHCTEM OTCYETA TAKOTG THNA. JleficTBUTENbHO,
Ha REHTP Mace CBOGOAHO BPAILAOMETOCA CHMMETPHTHOIG TPeXMEPHOTO IHPOCKona (HanpHmep,
OAHOPOHOTO AHCKA) 110 BCEM HENPaBACHUAM JEHCTBYIOr CKOMIEHCHPOBAHHBIE [IEHTPOOEKHbE
CHAIBL HHEDUUH. B 3TOM ciyuac LeHTp Mace THPOCKONA NGKOUTCHA WM JBHMETCS TPSMOJH-
HeHHO ¥ paBHOMepHO. Eciad CBA3aTh € LEHTPOM MACC HPOCKOFA CUCTEMy OTCYeTa, TO OHa
Oyner BecTH cela Kax MHEPIMAAbHAR CHCTEMa OTCYETA MeXaHWkH HbloToHa, sBAfACH Npw
2TOM yCKOpeHHOH, Beab Ha uce neHcTbylor cuanl Hiepunn! JIpyrdMy pHMepoM yekopeBHoi
NOKANBHO HHEPLHAABHOR CHCTEMbl OTCHETA BTOPOTO POAA ABASETCH LEHTD MacC cBUBOAHO-
ro 4D rupockona [17]. deficTBHTenbHO, ypaBHEHHe NBHXKEHHS LEHTPa Mace CRoGORHOrO 4D
THPOCKONA MMeeT BUJ

d (the.{t))

” ) ~ 2mrisin g — 2mra’ cos ¢ = 0. {64)

AR
(M + Qm}% ~ (M + 2m) (c



- ~ ™ ~ .
3 -2 rupocror 4 - [J ritoocion

<

L3 LienTp Macc

~— L "‘_‘ ¥4

¢ R e Y S f; £,
. '?\\O

S

m

Puc. I: Tlpumepsl n10KaabHO HHEPLHAAbHOH CUCTEMbI CTCYETA BTOPOro poia

rle nocrynartesipHasi cuna uuepuuu (A + 2mn)ed (th,.(t)) /dt ckoMneHcHpoBaHa TpPOEKIHA-
MH UEHTPOOEXHOH CHABI 2mrw? cOSG W CHJbl MHEDLMM, CBS3AHHOH C YIVIOBHIM YCKOPEHHEM
2mrwsin ¢. Ypasienue (64) nospossier Ham cBsi3ath ¢ ueHTpoMm Mace 4D rupockona cuctemy
oTCYeTa, KOTOpas BeeT cels Kak MHepUuaabHas cucTeMa MexaHnku Heiotora, 6ynyuu Ha ca-
MOM Jle/ie YCKOPEHHOH HM3-3a JIeHCTBUS Ha Hee CUJ MHepUHH. TakuMm 00pasoM, Mbl NPHXOAUM
K YAHBHTE/NbHOMY BbIBOAY:

BCE€ HCHOJb3yeMbie B (pHSHKE HHEPUHAJAbHEIC CHCTEMBI OTCYET4d, CBA3dHHBIE
C peaJibHbIM TeJOM OTCYEeTa, B JNEHCTBHTENBHOCTH SABJAAIOTCA YCKODEHHbIMH
JIOKa/ibHO HHEPIHAJAbHBIMH CHCTEMAaMH OTCHETa BTOPOro poja.

Mg, Hakonell, H36aBHAKCH OT TAKOTO HEPeaabHOro MOHHTHS, KaK HHEplaabHAsS CHCTEMA
0TCYeTa KJacCHuecko mMexaHuku HpiotoHa W eé peasituBHcTCKOro 0606LileHHsI - YeThipex-
MepPHOH cHcTeMbl oTcyeTa JiopeHua.
' B ueasx yno6cTBa, B panbHeliueM Mbi GyieM Ha3biBaTh YCKOPEHHYIO JIOKAJbHO HHEPIIH-
anbHYI0 CHCTEMY OTCYeTa BTOPOTO PO NMCeBOOUHEPYUAALHOL CUCTeMOH oTCyeTa.

2.3.2 VYnpoumeHHbie BHABI TEH30PA IHEPrUU-UMITYIbCA

Beeznem caenymoiee o603HaueHue

P_;um T (VfiT]ij:m} . Tris[th nl)-‘

|5l
TOorAa u3 pasexcTBa (43) caenyer

2 1
T_‘jm = ’—;(ij gt Egjmgpnppn)' (65)

Iockosbky TopcHoHHOe rosie T';, aHTHCHMMETPUUHO 110 WHAEGKCAM j H m, TO TeH3op Pjn, a
TaKkxe TeHaop (65) pasnaraercs Ha CHMMETPHUHYIO H aHTHCHMMETPHUHYIO 10 HHAEKCAM j W

m 4acTH, T.e.
,I}m = T(Jm) + TUm} (66)
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JleBasi 4actb ypaBHeHHil (42) Bcersa CHMMETPHYHA 110 MHACKCAM j H m, TO3TOMY HX
MOXHO 3anucaTh Kak

1
Hjm S '2'.qjm R= VT(jm)\ (67)
T = ( Vil — VA — A, Q%) =0, (68)
rie _
Ay =T, (69)

CootHoietine (68) MOXKHO MOHHMATDL KaK YPaBHEHHs, KOTOPbIM Y/10B/JETBOPSIOT MOJS KPy-
ueHust {2, 00pasyioiLMe TeH30P SHepPruu-ummyabca (65).

B ncesjouHepunasbHoil cucteme orcuera nose Ty, aHTHCHMMETPHUHO 10 BCEM TPeM HH-
fiekcam H ynoeaetBopsier pasercTBY (63). [is Takux mosei ypaeHenus (68) npuHMMaKOT
MPOCTOH BHA, 2 UMEHHO

Vi =0, (70)

Jm

MPH 3TOM TEH30p SHepruH-uMny/bca (65) cHMMETDHUYEH 110 WHIAEKCAM j,7n W OKA3biBaeTcs

paBHbIM
1

Lo (Qsmﬂﬂ igjmﬂjiﬂjg“). (71)
B camom jiene, W3 ypasHenui (67) umeem
| 1 1
Tim = —(Rim ~ 39mP). @

Hcnoab3sys pasencrsa (40), (63) u (71), Haxonum

Rjm = Qi 032, (73)
R = g™ 0 = Qe (74)

[Moncrasasis cootHowenust (73) u (74) B pasenctBo (72), nojy4um TeH30p 3IHEPrHH-

umnyasca (71).
Yepes noJie (63) MOXHO onpeae/uTh [CeBAOBEKTOP b, CEAYIONHAM 00pa3oM

9% = b Q= eggmh™, (79)

TAE Eijem — TOJNHOCTBIO aHTHCHMMeTPHYHBIH ciMBos JleBu—YnBura.
Uepe3s ncesaoBeKTop h,, Tensop (71) sanuwercs kak

Tim = -i—(hjhm - égjmh’hi). (76)
[ToncraBass coorHowenus (75) B ypaphenns (70), nosyunm
hm = hjm = 0. (77)
STH ypaBHeHHs MMEIOT Ba PelIeHHs: TPHBHaJbHOE, Korna h, =0, u
hon = U m, (78)
TAe 1) — MCeBIOCKansp.
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33HHCHB&H TCH30D 3HEPTHH-HMIY/IRCA (76} tepe3 ITOT MCEBANCKANAD, OMYUHM
1 i
jjm:;("'Jf',mr“gqjmf.‘zt‘,) (79)

B wsantosod Teopuu noas teHsop (79) npeacrapaser coboit TeH30p IHEPTHH-MMNYILEA
$eamMaccoBOT0 (CCBJOCKANADHOTO MOA. {IPH ITOM L' BHICTYNAET B POAM BOJTHOBOW DYHKLHM B
KBAHTOBL A YPABHCHHSAN ABHKEUHS.

Ecnu neeBroBekTop 1, CseTOMOA0DEH, 70 ero MOXKHO 3a0MCaATh Tak

fige = Pl 1T =0, b= Y (80)

B s10Mm cayuae Ten3op sHepruH-UMIYAbea ;pUHUMAET BUA

[
Ty = :qﬂ{\t-‘}u,,,. (81)
OTKVAE iIM10THOCTE MaTCpHH
1
I ;;:;‘T’Q&.l?). (82)

h = W = S i, (83)

rne
“mum - 1 (84)

Wl T} - cKaaapHas QYK

Mogcranopsa seipaxedus (83) 8 Ted3op (76) rpHBOLMT K TEH3ODY IHCPrUM-HMITYABCE
BHAA |

" L
— —~ o {ﬂf-"
T {ujum ‘)"jﬂn,]- \bi))

T} mo

Tenzop (81) HanoMKHHACT TCH3GP FHEP! HR-UMIVALCA H307DONHOID H3TyYedus, a ieH30p
(83) no ceoell cTpyKrype H0JCe BCETO TOXNK Hd TEH30D IHEPTHH-UMNYIBCE M/1eaNLHOR KU
i
KOCTH YUuTHIBas, 9TO ¢y’ = 1, MOXNO Nepenycars Tensop (85) Kan

. l 2 ] 'l kKA -'l

f;m = ; ooy H_—lfhrn'f’ U 55’_%} = (86)
] a 1 .l. ]- \ J 20
- ;;75 (ii' ,‘(Eqam - i{(hnu' = *717/"’: H ?ﬂ_;m»
H.H

T),,,, = J&L\I'F)g]rn- {87)

1€ :

1 - )”=.‘

Maty = Al =
( f 4!,’ + ( J {1

¥ NIOTHOCT: NOCBEETOROMA rOPCHOWHON M3aTepHy IIMEeT BHI

P o 9
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Takum 06pa3oM. B MCEBAOHHEPLHAIBHON CHCTEME OTCYETd TEH30D 3HEPTHU-UMIYILCA A0-
CBETOBOH TOpCHOHHOH MaTepuH (87) conocraBaseTcs ¢ nepeMeHHsiM \(x')— 4/eHOM B ypas-

HeHWsIX DHHWTeHHa ¢ A— 1JIeHoM

3 ¥Ypasnenne Illpenunrepa, onucoiBaomee JHHAMHKY
noJjeu UHepUHH

Ilpexne Beero moxaxem, uTo reOMETPH3HPOBAHHLIH TEH30D SHEPrHH-HMIY/TLCZ MATepHH
(43) B ypasnenusx (42) onuceiBaer "ToueyHy0 CHEPUUECKH CHMMETPHYHYIO YACTHILY ¢ KYJOH-
HbIOTOHOBCKKM NOTEHLIHAIOM B3ZHMOEACTBUS H MPHBOAKT K JYaJH3MY BOJHA-4acTHLA, T e.

COOTHOLUeHHAM THOA
p=md(r) =muv . (89)

3necs

b’(I‘, {) - L‘O(}z(Ebpr)/ﬁ (90)
- BONHa-uactHua ne bpoias (cornacwo JI. ne bpoiaio), none wmatepum (corsacko
3.Ulpenunrepy) unu BostHa BeposTHocTA (cornacko M.Bopry). B nawem cayyae dynxims ¢
HHTEPIPETHPYETCA KAK NOAe HHEPUHH, CBA3AHHOE CO BCEMH H3HUECKHMA NOAAMY H B3ANMO-
NERCTBUAMH, UTO COBNZAAET C HAeeH DMHWTEHRA 0 CYUIEC1BOBAHUHE EIHHOMO MO,

3.1 Mogear yacTHubl KaK TOYEHHOI'0 COJHTOHA

Mpi Bynem uckary pemienve ypaBHenui (42), y KOTOPbX TEH30p 3HeprHA-HMAyIAbCa (43)
umeet pua (81). Jlan 31oro HeoGXoRMMO PElHTS CTPYKTYPHbie ypaBHerus Kapraua (A} u (B)
reoMeTpun A4{6) 1pu COOTBETCTBYIOUIMX OrpaHuyeHusX. B marematuueckoil aurepatype pas-
paboransi ABa noaxona: Metoa Keppa-Ulunbaa [19], ucnons3yiomuit cTpyKTypubie ypapHenus
(31)  (32), 3anncanHbie BO BHOWHHX AH(DQEPeHUHANbHBIX DOPMAX H METO/, paspaGoTaHHbH
3 Hiomerom u P.Ilenpoysom (HII - dopmanusm) [18]. B pabore [6] Guino noxasawo, uto
OCHOBHbIC YpaBREHHSA (popmaanama Hpomena-Tlenpoysa COBNAAalOT CO CTPYKTYPHHIMH YpaB-
weuuamn Kaprana reometpuu abcomoTnoro uapaineausma 14(6), T.e. ¢ ypasnennamu (A) u
(B).

Onyckan fetasd, 3anuiieM YHCTO NoneBoe pellleHue ypasrenu# (A) u (B), onscrawomiee
C(HEPHUECKH-CHMMETPHUHOE DEIIEHHE ¢ KYAOH-HBIOTOHOBCKHM NOTEHLNAJIOM B3aUMOALHCTBHA.
Peulenne aanucano B 0603naueHHsX DPHEATHX B padoTe {18].

Pewenue ¢ REPEMERHBIM KYAOR-HOIOMOHOBCKUM NOMEeHLUAA0M

(91)

1. Kooprunate: #% = w2l = 7.0 = 0,2% = -,
2 KomnonenTnl cumoios Hotomena—Tlenpoysa:
opp = (0.1.0,0) o}, = (LU,0,0). o} = p(0.0.P..]),

I

001 0.
QpP(O 2

o® = (1.0.0.0). o' =(-[/1.0.0). " =
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Ulu)=—~172+ 9/ P=(2)7V2(1 4 CC/) =t
Ve ‘1’0(21).
3. CnuHopHBIE KOMTOHEHTbI TOPCHOHHOIO N8 (KosddHuKenT 0B Bpaienss: Pruuu):

p=—lir a==3— o~ = V072

)

=12 oWt G0 = /4
4. CnuHOpHLIe KOMIIOHEHTHI TeH30pa Punana:
- NV
) = e =), 1t By =& 00, = 3
()’U r
Tpancasunonnasn verpuka (vetpuha Pumana) pewenns (91} s ksazncdepruceknx koop-
JAKHATAX WUMeeT B

. AR DO\ E
ds* — (1— —U) Cp? — (1 BLuGA

7

)
2 (d@? s 8d gt (92)

Heroassys pewenne (91), paccunrbisaeM SBHBI BHL TEH30DA IHEPrHU-UMITYIbCA B IPABOL

yacTH ypasuenuit (B.1)
T = ol (99)

TAe p — MIOTHOCTh MaTepuH, ofipelensiemasn U3 peinenus (91) <ax

2111‘)(111 :
p=— ‘ ;/‘ \1;0(,”} < {, (94)
1%
ld™ =0 ~ ¢BeTONOZOOHLIH BEKTOP, COCTABATIOWIWN CIHHOPIILIH Ha3HC pewenns (91).
Pacemotpum teneps npeaeasubiit nepexox U0(u) — ¥ = const mioTHOCTH Matepru pe-
wenus (91). Bpenem scnoMoratesnBuiii napamerp & pasMEPHOCTH LIHHK

<= g (95)

Uepes napametp £ MoIyAb DAOTHOCTH (94) MONHO NPEACTABHTHL B BRAC

(96}

€ JHAK «IL10C» O3HAYEET, UTO NAGTHOCTL p° ONPCACASET fIPABYIO MATEPHIO C f10JOMUTEIbL-
HEIMH TAOTHOCTBIO M Maccoi. Bbituenss npejea cootHowenns (96) upn & — 0, T.e. npu
() — B¥ = const, W HCNOB3YR FIBECTHYK HOPMYAY

11 /o

i
i hn'l ) ~ - ,5'7-' __ 6{1.\
27?7"271’ r=={l \\‘Ti’ 4 ,Jj D2 ('} AL

|

rie a{r) — Tpexsepias dyHxaus Aupaxa, Haxonum
) :

8q00 1 sy
T = — - — o) —
/ ped dmy? /
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M3 3TOro coOTHOLIEHHS BMAHO, YTO TPH i1€PEXOAE BAKYYMHOrO BO30YMKIEHMA B CTALH-
OHAPHOE COCTOSIHHE pacrpeleielHas MO MPOCTPAHCTBY [LIOTHOCTb MAtepuM cosnadaem c
NAOMHOCHBIO mamepuu moveynod wacmuup: {(3-QyHKUUA JIupaka omuceiBaeT pacnpenene-
HHE TOYEUHOTO UCTOYHHKAE).

[TonyuenHmii HAMK pesyabTaT NMOATBepXKAaeT Npennodoxenne A. DftHiureiina o TOM, uTo
B YHCTO MOJIEBOH TEOPHH TOYEYHAR |YacTHUA A0/XKHA [OABIATBCR B BHAE HEKGTODOrG npe-
AeABHOrO CJIY4asi, & He BBOAHTHLCH B TEODHI0 HCKYCCTBEHHO, NOCKOALKY «KOMOHHALMS HIeH
HEeRpephIBHOIO NOJA ¢ NPEACTABACHHEM O MaTepHA/IbHBIX TOYKAX, PACHOAOKEHHBIX IHCKDET-
HO B NIPOCTPAHCTBE, OKA3bIBACTCA npoTueopeunBoil. [locaenosarensras Teopus noas tpedyer
HEOPEPLIBHOCTH BCeX JEMEHTOB He TOAbKO BO BPEMEHH, HO H B NPOCTPAHCTBE, (PHYEM BO
BCeX ero ToYkax. C/ienoBaTes1bHO, MaTepPHAAbHOI TOUKE HET MECTA B nOMeBOH Teopuu» [2].

To, wro Matepuanbhast TOuKa MOSBASETCS B YMCTO NOARBOH TEODHM B BHAC NPENedbHO-
o CTAHHOHAPHOTO C.Hyllaﬂ — OIWH M3 Haubosee BaXKHBIX PeSYNLTATOB TEOPHH (bHBH'—!ECKOFO
BaKyym2 [6].

Ecaun mbi 6ynem paccmarpBarth moTHocTs (97) B NCeBIOMHEPUHANBHON CHCTEME OTCUETE,
TO, yIHThIBaS cooTHOLeHHe (82), moxeM 3anucaTh paseticTo

1 ., 8r\ph
p=—P (") =-
()
rae & npencrasaser cobol TopcHoHHOe nofe. Ecau naorwocts (98) omwceisaeT YACTHUY C
Maccon noxos m, To meTpika (92) nomxna cosnanath ¢ Metpukoit Lpapuwmanaa, nostomy

a(r). (98)

el

70 m(s
S

C apyro#t cropousi, nepen d{r) - dyuxuueir B cootrnomwerun (98) RoJKUA CTOATL Macea m
T.e.

_ 87 Pl

m
ve?

Peruzast sTH yparHenns oTHOCHTEABHO v, HaXORAM

8r(d
v=— (99)
Teltepy naoTHocTe "ToueyHol "yactuip (98) sanumercs kax
2,
p= 8—?‘_—5@“(:5}) = md(r). (100)

B o6nacty npocTpaHcTBa-BPEMEHH, Tie TOPCHOHHBIE TIONH SBJAAIOTCH CAAGLIMM, Mbi MOMKEM
I X OFIHCAHUS MCT0b30BaTb PypLe ananu3 W npeactaguTs mAaoTHocTe (100) B Buae

p = me™t = mé(r). (101)
rie
(_"2 L/2

~ HOPMHDOBAHHOC Ha eAHHUIY



TOPCHORHOE 110Je. Termeps Mbl MOXKEM KHTCPUDPETHPORETH BETUHHY
Hofr.t) = "u = i

Kah 1AOTHOCTb BEPOSTHOCTH HAHTH "TOHEYHYIO MACTHUY B TOUKE T NPOCTPAHCTRA.

3.2 IIpoGrema nBEMKEHUA TOPCHOHHOU MATEPHM .

NlBuokeriie TODCHOHHON MaTepHH B Baxyymabix ypasHeunsx (B.1) Myl 6yueM uccrenosats
C MEMOLLBIO T0XKAECTE DHAHKH, MCHOh30B2ITHE KOTOPHIX B [CEBAOMHEPIAANBHHX CHCTCMAX
OTCYET4 MPOBOANT K CACAVIOUICMY 33KOHY COXPAHEHES TOPCHOHHON maTtepuy

1
V(B = S B) = 19T, = 0. (103)
3akoy coxpanenns {103) nas rewsopa (81) pacuucmpaetes Kax
] y 1
V, T = SV, 04U + =822V, = (), (104)
L v

B obiem caiyuae ABHKeRMe KOBEKTOpa I/ OMHCHIBACTCS VDABREHMAMM IEOICIMMECKMX LIpO-
CTPAHCTBE a0COMITHONY [apaie. Mama
Er o odedet e de™
—— Vet T 0 (103)
dN? AN dA gl D
TockoAbKY 8 NICERAOMHEPIHATBINON CHCTEME OTCIETA BLNOAHARTCH COOTHOLEHHE

dr? dr™
T ——— —
AN A 0
T0O MBbl HMeeM
4 , L
T = X N A —0 {106)

Y AN A

OTH ypaBHEHHA NPEICTARAMOT COBOH YPaBHEHHA H30TDOITHOrO H3AYIeHIS B HPUOIKEHHH
TEOMETPHHECKOKR ONTHKH, 32ITHCANHbIE OTHOCHTEIBHO NCEBACHICDIMAABHLIX CHCTENM OTCHETa.

B cuny pasencrsa (106} uz vpasuenuii (104) CACNVET YPABHENWC HEPA3PLIBHOCTH A9
LAOTHOCTE Marepun (88)

V(2 = (107)

WA (ITPH TOCTORHHOM MHOMHTEAE 1)
Vipl) = ipl, + 17 (ol ) = 0 (108}

3akon coxparennn (103) aan rensops IHEPrui-rMiyanea (85) naer
V, () R0, (A = (109)
JAY 9 )
HJTH

u"V, ( (r }’LLJJ SRCH Ray AV (110)

l r T 3
usfng(;?(_r?” .

B

CHEN A
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Mockoarky V,¢/™ =0 1 «w'V,u™ = 0, 10, yMuOXas paenctso (110) Ha —1/ve? u Hemoabsys
cooTHowexke (88), NoNy4HM YPaBHEHHA 13 BTOPOro, NEPBONO H TPETHEIO Y/IeHOB PABEHCTBA
(I11Q) cooTBeTcTBEHHO:

2 ol = 1)

my 7 +mol” e u™ = 0. (
V,{p?) = Q. (112)
Vip=0 (113)

rne ds? = gydrtdet, ' = da*/ds - exunudHLIL BeKTOp YeTHIpeXMePHOM CKOPOCTH, yAOBMe-
TBOPAIOLLAH YCAOBUIO u'w, =

Ilepeoe W3 3THx YpaBHEHHH ONMCHIBAET [IBHKEHME HAYA/A OPMEHTHPYEMOi MaTepHanbHOl
TOYKH C MaCCOH NOKOsl Mg, BTOPOE NPENCTABASET COBOH yPaBHeHHe HENPEPLIBHOCTH H TPEThbe
-~ YPaBHEHHe "CXXHMaeMOCTH TOPCHOHHOH XHAKocTH". B cayyae necxumaemol "ropcuonHoit
XKHKOCTH TpeTbe YpaBHEHHE TIPHHHUMACT BHJ

dp
‘-0 i
7 (114)

3.3 V¥pasuenwe Ilpenunrepa ans "roweunoit"yacTuusi, o6pasoBaHHON
TOPCHOHHBIM T10JIEM

PaccMOTpHM Teneps Mo/eBoR TOPCHORHBIA CIYCTOK KaK KBAHTOBHIH aHCAMG.b, A KOTOPOro
crpasefiausst popmyasl (11)~(113) u (101). dns cnabux nonef atu GopMyss! NO3BOAAKT
3anAcath HOPMHPOBAHHBIE HA @IMHHILY NOAA MHEPLHH B BUE MJIOCKHX BoJH fie Bpoitas (102)

Crporo reBops, MPHUMeHATh NOHATHE MAOCKOH BOJHB! K NOJRM B HCKPHBACHHOM IPOCTpaH-
CTBE MOXKHO TONBKO B NPUO/IMXeHHH c/1a00ro MoJs, KOTAa KPHBH3HA MPOCTPAHCTBA HE3HAYH-
TesbHa. FIMEHHO B 9TOM NpuOMMKeHHH MEl OyIeM BeCTH JajibHeHlIHe BBIKAALKH.

fockoabky B mprbanxeHHnd cnaboro mogs

Gk = Tl (115)

TO YPaBHEHHUS HEPA3PLIBHOCTH JJIA MATEPHH NPUHHUMAIOT BHJ

(o7}, =0, (116)

™ {pw’),, — %(prﬂm).j =q. (117)

B cranuoHapHOM COCTOSIHHH, KOTZA HCTEYEHHE MaCCHl HCTOYHHKA OTCYTCTBYET, ypaBHEHHe
HenpepbuiBHOCTH (117) 3amuwetcs Kak

(p?), =0 (118)

D10 ypaBHeH#He Noc/e IOACTAHOBKH B Hero cooTrottenus (102) npexgcraBaser coboft Henu-
HeUHOe YpaBHEHHe OTHOCHTEJIbHO KBAHTOBRIX MOJEH v 1",

[TockonnKy Mbl TIOAYHHIE AYaJAHCTHIECKOE OnUcaiie "TO4eYHOH " TOPCHONHONM HacTHUb!, TO
Gonee feTanbHOE ORUCAHHE ABHIKEHHA MaTepun Tpebyer MCMOJIb3UBAHME YpaBHEHHS Renpe-
puBHOcTH (118). [las sToro, sMecto maotHocTH MaTepuu {101), MB BBEeZeM MAOTHOCTL Bepo-
AITHOCTH .

W=~ p=1", (119}
mo
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KOTOPast ONPEAeSHETCS YEPE3 MI0THOCT: BEPOSTHOCTH JIMYBUAS
ety = / W (2t p')dp. (120)

321aHHYI0 B (230BOM NPOCTPAHCTBE "TOYEUHOH- YACTHLEl - MHEPUHOHA. DTO TPOCTPAHCTBO
00pasyeT KBaHTOBLIA aHCaMGAL GECKOHEYHO MAABIX 3JIEMEHTOB, H3 KOTOPbIX COCTOMT "TOueY-
nasi yactaua. Taxus o6pasom. "roueunsii”vHCPIHON NpenCTaBaAseT coBoi MPOTSIKEHHBIR 06T-
€KT, JI0THOCTL MaTepUH KOTOPOro yaosaeTsopsiet vpasienuwo {118). Takofi 06bekT obianaer
OeckoeuHbin 11200POM KOODAKNAT B HMIYALCOB, 0BPA3YIOLX KOHDHIYPALHOHHOE (a30Boe
tpocTpakcTho  Ecam Mbl Temepn XoTdu onpeieqnts (U3KUCCKUe DapaMeTphl MHEPIUHOHA —
KOOPAMHATY, HMUYAbC W T.1, XAPAKMEPUSHOUUE 820 OURAMUKY KaK e0UHOO §eA020. TO
MBI Z0TKHLI ACTIOMB30BATDL IIIOTHOCT BepoATHocTH {I19), naiowiyio nam pacnpenedends THX
napamerpos. KoOpaHHATZ WHCPLHMORE B 3TOM C.y4ae CBABIBAETCH ¢ KOODNMHATON €ro HenTpa

Mace

re = F = /]{’(,;"‘);,;',ﬂ/’ = /t“t:.!i{ﬂ’—. (121)
& UMIYJILC UHepPUHOHa — ¢ MMIOYABCOM LEHTpa MaCe

J A S /l’i’{xk'lptdl' —g/'c’*zupzdbf (122)

Hepes miorsocrs Bepostrroct# (119) ypasrenue asuwxwenus (118) upencrarasercs 8 euxe
KBaHTOBOI'C ypaBHeHHMA JIHYBHAIS

w
9—— +divj =0 (123)
ot

Hrornoers 1oka sepostiocT j = Wi B 370M ypasienvn MB ONPEAEIHM © TOMOWBI

nl v\ ]
L I
=g n(E)] 2

KOTopoe cacayeT U3 onpeaederins sonun He Dpolias (102), a taxxe renonnays sbipaxenue

PaBEHCTRA

1
"= -- "
e
Mcit0b3y8 3TH COOTHOMCKMI, JaX01AM
A .
j=— 0N oV, (125)

21

Coorgourenust {119)-(125) npuBoasT x BCPOATHOCTHON TPAKTOBKE IMHAMAKY HHEPUHOHE,
KOTOpasl BO3MOXKHA, HO He 0fs3ateabda. Kpome TOTo. mMpHposa BepUsiTHOCTHOIO ONMCAHWH
CBYI38aHa C TEM, 4YTO Mbi JIbiTAeMcs ONUCETh NDOTAMEHHBIA 00LEKT, TPeaCTaB IOl coboi
aHcaMBb TOUCYHLIX YacTRHU. ¢ MOMOLIbK) OIHOM BBIIEMEHHON ero TOYKH — 1eHTpa Mace. C
NOAOOHOH CHTYAIIHEH MBI VXKe CTAIKUBANHCL B KJIACCHYECKOH MCXaHHKe NpHd ONHCAHYH /K-
HAMHKY CTATHCTHUECKO!I 0 aHCaMOAA KaK e0UHOZ0 YeA0Z0 C IOMOUIBID YPaBHerus JIMyBUIS,
Ypastenne (123) npencrasiser cofoit dakTHueckn vpasiienne JInyBMAAR ¢ TOR JAUID pas-
HHITEH. HTO OHO ONMHCHIBACT «KBAHTOBYH)» "ACTRILY, HMEIONIYI0 H3HAUAIBHO HHCTO NOJEBYIO
npuposy. [1097ToMy B Haulen c1yuae BOHUKAET HE TONLKO KOH(DHIYPEUHOHHOC NPOCTHANCTEO
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GeckoBe HO MalbIX 31€MEHTOB TOPCHOHE, HO M THABLOEPTOBO MPOCTPAHCTEO BGECKOHEYHOrO
Habopa NVAOCKHX BOJIH, 00PA3YIOWMX BOJHOROK (AKET 11016l HHEPLMH, H3 KOTODHIX COCTORT

TOPCHOH
[Moacrasass (119) u (125) & ypasuenue (123), sanuiem ero B Buae

8( Y= dlv( v Vi),

—(v ) = ——- P

ol ©Y 7mu VR
HIH 2

'z o
»ﬁ(u' +w~“ )+ %(wvt V) = 0 (126)

Pasgeans teneps (126) Ha 1™y, HOJYYHM

fj ) S r?
7h (l& + 1o ) 4 ( Vi — —VQ”(,J*) =0,
U

vt v Jl 2my
OTKYAA
1 J¢ ho 1
ﬁ ———— — . vl = 127
(v’; dt 2my L'V (L) (127)

5 1o 1 1k
=} —
= Ot lﬁ”‘ 2my

‘i ) = @{f} = (1)

JT0 ypaBHEHHE PACiIa/iaeTCs Ha JBA JHHEHHBIX OTHOCHTCJLHO ¢ M 1° ypaBHEHHS CIeLy-
IOLIET0 BHAA.

toll h

Zh(é—t_ — %V lu) -—(b(”t. (128)
2 s, B .

zﬁ( o ~2—m0V (% ) = O(t]t (129)

C NOMOLUBI0 NOACTAHOBOK
7 f
= 9 Nat’
Ulz.t) =v(x t)e\p{h L ot }
¢
U, 1) = w{(r, texp {g[ ¢*(t’)dt’}
0

coothowens (128) u (129) cBonsaica k ypasHerusm Lpenmnrepa

oY Kt

AN
e A (130)
g™ #?

h‘—‘—' o 2 L

7 ” + ZmUV @ 0 (131)

nas csoBonrodt qacThl. {lpu 3TOM BOAHOBaA QYHKUKHA U B 3TUX ypaBHeHHSX NMPeACTaB.iseT
Co60R HOPMHPOBAHHO® HA eAMHHLY 1101 HHEPLHH.
Tawnim 06pa3oM, Mbl NIPHBOAKM K BBIBUAY:
KBAHTOBAH MeXaliMKa — 3T0 TEOPHS ABHXCHUS MaTepHH, 3aITHCAHNAST H3 A3LIKE
JIHHAMBKH COOTBETCTBYIOLIHX €4 JI0N€H HHeDIINH.
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Oaxod n3 npusun, noGyauBiled OcHoBaTeqedl KpaHTosofl MexanHkr M.[lnamka,
A.2unwreduz, JI. ne bpoiiag u 3. 1peaunirepa He CUHTATD KBAHTOBYIO TEODHIO OKOHUATESb-
HOH. ABARETCA OTCYTCTBHe B Hell 06pa3HOro mbluieHust. MHOTHE M3 BHLIAKILKXCA (H3HUKOB
(H.Bop, M.Bopu} cuntanu Takoe nojoxeHse Je HEOTHEMAGMBIM CBOHCTBOM MHKPOMHDA,
MPOTHBOPEYE, TEM CaMBIM, H3BECTHOMY (DUIOCOOCKOMY ADUHLHIY - YTO HABEPXY, TO M BHU3Y.
Otkas o1 00pa3sHOro MbILJIEHHA, TOYHee BCero oTpaXaeT cielyiollee sameqanne M. Fenn-
Manna:

"KsanToBasi Mexainka, 370 N0JIHaR 3dTaA0K H (1APEJOKCOB AMCLMIIHHA, KOTOPYIO Mbl He
NOtIMMaeM 10 KOHUE, HO VMEEM NPHUMEHATh .

Otkas oT 06pasHoro mblnienus B kpanTosol teopiu [LJlankesen Hassan "MHTC/IEKTY-
4JIbHBIM Pa3BPATOM’, MOJ&ras, HTO "HHYTO B NEPEeXHUBAEMbIX HAMM TPYAHOCTSIX He OMPaBibi-
BaeT M He TPeOyeT M3MCHEHHA HIIMX YCTaHOBOK, HTO OblA0 Obl PABHOCHABHO OTPEYEHMIO".
Kakue nocaeacTsust 0Tkasa 0T 06pasHOTO MbIIJIEHHS B KBAHTOBOH (hM3HKe Mbl BHUIHM Cero-
AHA? 3TO, TIPEKAE BCETO:

) nacax/lenHe B yMax MOJOAOCD TIOKOJEHHS HH3HKOB TOUKM 3PeHKS, HTO TOABKG KBAHTO-
Baf TeOpUA MOXeT OEITh HCXOAHBIM IYEKTOM /5l 52.IbHEHUIEr0 DA3RHTHS (H3MKM,

2) nosisaeHKMe OGWICTIPUIHAHHEIX KOHCTPYKTHBHBIX TEOPHH, TaKHX, KAK TEOPHSH CHABHOTO,
C1a00r0 B3aHMOLeHCTEHE, TEOPHH CTPYH H 7.4 , KOTODHIE, SABJSIACH TYMHKOBLIMH B CHITY CBOeH
KOHCTPYKYHBHOM NIPHPO/BL. BOSBOAATCA B PaHT GYHAAMEHTANBHHX TCOPHH;

3) ¥300HIHE HACHINIERHBIX MareMaTHKGH TEODETHYeCKHX DaboT, HaJeKHX oT pelucHHs
HaCyIlHbIX NPoB/eM COBPEMEHHOR (MUK M CO3NAIOUIMX "Geaslil wym'B MHGOPMAILKOHHOM
NOJE HAYKH,

B Taxolt cnoxuoil cutyauuy y Hac octaetcs, nomanyH. eiuHCTBEHHHIH PALMOAAbHE B
HI0AXO, KOTOPbIH MOKET NPUBECTH K YCTIEXY - 3TO [OMCK YPABHEHHH KBAHTOBOH TCOPHHM Ha
MYTH, ykasauHoM, A DUHIITeHHOM, 4To K GBILIO OKA3aHO HAMH BbILLC.

4 Epunas O(3.1) kaaubpoBouHas Teopus
TPABUTANMOHHBIX, 2MEKTPOMArHUTHBIX H AECPHBIX MOJEH

Ob beaunsns pesyaprats HacToaiel paborbl 1 padoThi 2], MoXHO VTEEPXKNAThk, 4T0 YPaB-
HeHra {A) n (B) nossosisioT 06beannnTh TPABNTANMOHNEIS, BMEKTPOMAFHUTHBE U SACPHE®
B3aumosericTens. bosee Toro, ypasuenus (A), (B) MOXHO IPeACT2BHTE B Bue pacluMpeLHOH
JIOJHOCTBIO reoMeTPH3HPOBAHHON CHCTeMbl yparHeHHR DiuiTedHa-Jura-Muiica ¢ xanub-
posouHo# rpynmoi O(3.1)

B camom sene, pasnoxum Tenaop Puviana R,y Ha HelPHBORHMbiE YacTy

1
]{ukm - Ca_,ﬂiun + g:ianz_b + f]jngmjz + §R91[mff};d- (132)

rae Gy — Tenzop Beilsis, BTopoi M TPeTUR wieHbl — Gecceaosas 4acTb TeHsopa Puyuu
Rym ¥ R ~ ero caen. Menoabsyn ypashenus (42), sarvcanisle B Buje

1
Ry = (T,m <o) (133)
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nepennieM cooTHoinexrne {132) B Bune
1
Rr!)km = zjkm nglk(zq})m] - §VT_ngmgk]j- “34)

rae T - chen Texaopa (63)
Beezem tenepn rer3opHslil TOK

‘ 1
Jt;]km = 29{k(zTij] - §Tg?.{mgk}j (135)
H npeacTasym TeHsop (134) B BHAE CyMMbI
Hz}km = Cyjkm + Vszkm “36)

[loncrapasia 570 coorHonieHve B ypasresus (39), [OJY4IHAM
C‘J"\"l + Qv[k' ¢ fim) j T;s k-nﬂm] V'-]t_rkm- (137)

Ypastienus (137} npencrasasior coboit ypasHenns Hrra—Muaaca ¢ reoMeTpusHpoBaHHbIM
HCTOUHHKOM, ONPESe/NIeMbIM COrIacHo cootHoleHmo (135). B ypaBuenunx {137) B xauecrse
noast Hura-Munnca saictynaer Tensop Beitas O p,y, @ noTeHuManaMu 9T0r0 nons ABASIOTCA

KOS(HUHEHTH Bpauienus Pruuu T,
Tloacrasum Teneps cooTrourerke (136) Bo Bropuie Toxxnectsa Buankk

V{n Rizjikm] + Rj{km'nmfn; - T;[uﬁfzs;‘km] =0. (138)
B pesyabrate umeem ypasHenus aBHKeHHS
v[nclzjikm] + Cj{kmﬂzsln] - 7;S[n(yl?s|km] = _Vijkm (139)

ans nons Hura-Muanca Cppp. [Ipr 3170M HeTOURYK Jnegkm B 3THX YPABHEHHAX ONPENEAACTCS
yepe3s 1ok (135) caenywuium obpasom;

ijg;m = V{”‘]Efii“mj +J7 Jlkm []Iiim T Rias]km] (140)

Henonbsys ypasuenus (42) u (137), moxwo npeactasuts CTPYKTYpHbIe ypaBHeHus Kap-
1aHa (A) u (B) B BHAe pacliHPeHHOH reoMeTPU3HPOBAHHOH CHCTEMbI ypaBHeHuH JHHIITeAHa-
-Hura-Munnca [6]

v[ke_;l‘, + Crﬁ;}]eat = 01 (A)
1
ij = é’gij - V’I}m, (Bl)
(;km + 2v FJJm] + QT?[ Tj_pim] = _VJEka' (B 2)

B KOTOPBIX HCTOUHHKH Tjn B Jyykm ONIPENGASIOTCS COMaACKO cOOTHOMENMsM (65) 1 (135).
Jinsi cayuas sAHLITEAHOBCKOTO BAKYYMA YPaBHEHHS {A), (B.1) u (B.2) snauureano ynpo-
MEH0TCS H APHHHMAIOT BHJ,

V[k(:;} + F;kj](’ag = U’ (1)
ij =0, ([[)
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Clopn + 2V T 4+ 2T, T = 0, (1)

Cokm Jm

Ypaeuchus asusxenns (139) noas Aura-Muaica C, g 8 370M CAyyae 3alMILYTCH Kak

v[n(jh“, k' C‘;‘[kmr‘mm’ - T;}Irp (-vlt(s km] = 0. {141)

Ypasuenus (A) u {[3) MOIYT ORiTb 3aMUCAKS B MATPHYHON BHE

Vit — ey T = 0. (.1

- 1, 1,
Im':_}:(’?m_;}ng) (B.1)
e Lo a et -4 o s
(/ Ak 7-2‘/“6[ b:ul + 1]? J-ll‘:7 ‘biﬂ‘): - "‘L1] bl - (sz

rae ToK JY,. . OrpenenseTcs COOTHOWEHHEM
a 1z 1 o3

Lo ™ 290" Loym) — ng k- (149)

nphkomo o =0.1.2.00 abe . =0 1.2.3

B nonnoctbio reometpuaposaunitix ypasHennsx fura-Muasca (B.2) matpuis Com TG 1
Sy 00 HHOEKCANM ¢, b, c... = 0.1,2,3 npeabpasyiorcs B KaaubposouHoi rpye 0(3.1}, a fo
HHAekeaM i g ke o= 0.1,2.3 5 rpynne T,

4.1 3dnekTposmepuble pemenus BaKyymubix ypasaeruii (I)-(I1I)

[pexne Beero otMetnu, Yro cuerenma ypasuendit (1)-(11§) coxepmar BaKyyMHLE ypaBHe-
BH R = U, KOTOPLIE RBARIOTCS OBINMME 1% TCOPHH [PABHTAUMM DHILTEHHA H FeoMeTpH-
3UDOBAHNON 31eKTPOAMHAMHUKH (2],

B kuure [6] nipuBenenbl HEKOTOPBIC TOUHbIE PEILEHUS CHCTEMDS ypaegennit (1)-(HT), n6o6-
W@ LHe KYIOH-HDIOTOHOBCK VIO TOTEHUHAILHYIO IHEPTHIO, 3 HMENHHO:

1) ¢ KOpPOTKOAEHCTBVIOIEN "gepHHM B3aHMOICHCTBHEM

,
. 2 Ty .
U= —me— . AT COoust: (143
e Ty
2) ¢ “saekTponnepHsiM BIAHMOZeRLTEHEM
. mclre, b2 ry = const. (144)
2 riyrd Te == CONSL:

3} ¢ KYIOHOBCKHM B32UMOTEHCTBUEM H TPEXMEPHBIM BPALICHHEM HCTOUIHES

3
. mes r.r T == COHSE,
f=- (145)

2 Zeont n = consts

4} ¢ "3aeKTPORICDHLIN"B3ANMOIEHCTBHCM ¥ TPEXMCPHLIM BPALICHHEM HCTOUHHKA
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g (o R deds ) 149
2 r? 4+ (ry ~ 1,c086)2 '

Ilns onacanus sNePHBIX B3aHMONEHACTEMH Ha OCHOBE TOWHBIX DELUCHHH CHCTEMb BaKy-
ymuuix ypasuennsi (1)-(111), A.H.Cnpopoe » E.A Tybapes |4, 5] npeanoxiunn Hennib3oBarts
CTaTHYECKOE pelileHke BAKYYMHBIX YPaBHEHHH C oTeHiKatbHol sheprued (144). 3ta sneprus
MOMET GbiTh NPeACTABAEHa B BUAC ABYX ClaraeMeiX, TAe nepseii 4ieH yOuiBaer ¢ pacCTOAHU-
eM Kak 1/r, a BTopoit KaK 1/r%. 3aMeTuM, 410 KopoTKOAeiCTBYIOIMI YAeH CyiLecTByeT [pH
ve =0, KOrAa YKCTO 5JEKTPOMATHHTHOE B3anMofedcTeHe oTcyTerayer. [To aHanordu ¢ rpasu-
TAHHOHHEIM 7y X JCKTDOMATBATHLIM 7', BeAHUHRY 7y ObIO NPEASOXKEHO HA3WBATH SAEPHBIM
PalHyCcoM.

W3 cTpyxTyphi noTenuuanvnoil sneprun (144) BHaHo, 4TO 3T2 HEPrHA OTAHUHA OT HYAS
haxie npy r, = 0. Crepopate bHn, NOTeRLKabHAs sHeprug (144) o6nanaet AByMa OCHOBHBLIMM
CBOMCTBAMY AJNEPHOH NOTEHIHATLHOW IHEPTHHM, HAGMOLAEMBIMH B OIIBTAX, — KOPOTKOEHCTRH-
€M H 3dapsii0BOH HE3aBHCHMOCTBIO.

s oXoHYaTeABHOTO peuleHMS BONPOCR O BO3MOXKHOCTH WCHONB30BaTh PEllEHHe
NOTeHUKaNbHOH 3Hepruesd Buma {144) and onucandst 3eKTPONUEPHOTO B3AMMOALHCTBHS
A.H.Crnoposum it E A I'y6apesbim Gb1/10 NPOBCACHO CPAaBHEHUE TEOPETHHECKHX DACHETOB MO
YUPYI'OMY PaCCeNHIO HeHTPOHOB K IPOTOHOB HA APAX PA3NHYHBIX 3/EMEHTOB.

W, /me?

|
04 T T T —r T T 1 r/r,
¥ T ' t0 N

Puc. 2: Ornocurenptias sneprus Wo,(r)/m¢® ram npotouos (a) u seitrponos (6)

SbOeKTHBHBIA NOTEHUAAN B3AUMOJCHCTBUS CJIE/LYRT M3 YPABHEHHH NBHKEHHS DACCEHRA-
eMOH 4aCTHIL, 3anucalHuiX & BUle ypasaennit {aMuasrona-Hkobu

w9 08 99
E;é;i —m-ct = (. “47)

Pannanvras qacTb ypasuenud (147) Npy ABUXKEHHKM KNACCHYECKOH YACTHLB B PUMAHOROH
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MeTPHKE. MPHBOAALIEA K noTeHluanbHo# sueprun (152), uMeeT creayowri Bua

U B
mie\dr Jds)? = Ve 4 %L 5 5
(r? f\‘) ¢
rae 2% = hz{h‘z — 1)m*? — KBagpaT MOMEHTZ MMNyaAbCa YacTHUM, b - NpPHUEILHOE pac-
ctosinme, o = E/me?. E - noanas sweprus. [Torennuanswan sueprua wactuuni W,(r) npu
ycaoBuu, uro £ > W, (r), onperensercs K3 cootHouenya (148)

| 2 A 2 \ ]
air) = mi? { (1 - ‘”; - ?3\ ) [1 + _{"__0\ '} ‘ (149)
. r s mace ?"+T\JI

Monaras B 57oM cooTHOWeRAH 1} = 0, NOAYYHM TOTCHIHAIBHYIO JHEPTHIO 3JEKTPORAED-
Horo B3auMoaercrans. Ha puc. 2 npeacrasack rpaduk 3asnucumoctd otHowetna 117, (r)/me®
01 r/ry NS ABYX CJAYUYaen:

a) (7 = r./ry = —2 (3JeKTPOKACPHOC BIAUMOACHCTEHE, OTHOMMERHHE 3APALM);

6) G =1 /rx == 0 (ancro spepHoe B3auMoneiicTsxE).

Kpusas a sener cebst kak kyAoH-AAcPHAR MOTEHIMANBHAS IHEDIUA, HCIOMBIYEMAS B siaep-
ROH dusike. M3 rpadmxa BUARO. UTO 33 KVJOHOBCKHM GapbepoM HauMHaeTcs 0642CTh nei-
CTBUS AAEPHBIX 1. C 1PyToH CTOPOHSL. KPHBAS § OIIMCHIBAET HHCTO AJEPHYIO IOTEHIAAIBHYIO
IHEPIHK. NOPOKAAEMYO ALePHLIM ToTeHUManom Tuna Bynca—Cakconz.

(148}

2
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Puc. 3: Knacciueckoe paccesiiiie HepessiTHBHCTCKHK HeHTDOHOB © sHeprued 3.7 Masp na
s1pax Kenesa

Mcenenosatine KaCCHYECKOTO DacCesiHng YAaCTHIL JBHXKYLUMXCA CONIACHO YpaBHelusy
(147) {4]. nano Gosee TOUHYI MHAOPMALHAI O MOTEHUHANLHON sHeprun (144),
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CpaBHHBAR TEOPETHICCKYIO KPUBYIO AM(DPEPeHIIUanbHOTO CeUCHHS PACCRHHHUS Ha mMaJple
YIUIbl. BHIMHCICHHYIO AJ9 HE3aDsKCHHLIX H2CTHLUL, C SKCFEPHMEeHTA IbHbIMK JaHRbIMA N0 pac-
CefHKIO HEHTPOHOB Ha AAPAX PA3JHUHBIX 3TEMEHTUR, MOKHO ONPENLIUTh BEJIHYUHY SACPHOTO
pagiyca v Okasaaack, yTo rn = 5.6 x 107 Pewm.

Ha puc. 3 npencrasaerst skcicepumeniabable TOUKH AHOQEPEHUMATLHOTO CEYERHS pac-
CesiHUS HEHTPOHOB C KHHETHUECKOH 3Heprded 3.7 Mse Ha sapaX elesa u TeopeTHUeckas
KpuBas ¢ 1, = 0.7y = 3,6 x 107 Yem.

OcTpuifi MK Ha KpHBOH 00LHCHICTCS CEYEHUEM DACCEAHHMS YACTHI, COBEDILHBIIMX Gojee
OHOTO 0OOPOTA BOKPYT PACCEHBAEMOI0 LelTpa.

F3 noayuenHoro 3Hau€HHs S1ePHOTO PANMYCa ry. ONPEASIHIOIIErO «FOPHOHT CODLITHIY
NpU 7, = 0, padnyC AERCTBHA HIEPHBIX CHA Tg MOXKHO OUEHHTb Kak

rg ~ (10 - 20)r5 ~ 10 Mem, (150}

YTO COOTBETCTBYET ODIIENPHHATBIM OUEHKEM.

Ha puc.3 BuaHo, HT0 TCOPETHHECKOE 3UAYCHME YNPYIOrO CEUCHUS DPACCENHHS KAaCCHYe-
CKAX Y4aCTHIL COBMNAJACT ¢ SKCTICPHMEHTANLHBIM CEYEHHEM TOMBKO HA MAJLIX YI/iaX PACCeRHHA,
A5 KOTCPBIX KIACCHHECKOE H KBAHTOBOE OIMCAHUS PACCESHUA JAI0T ONIHHAKOBbIE PE3yAbTaTH.

Jlas: onucanus paccesHis Ha G0bIoHE Yivbt GblI2 OCTPOPHE KBZHTOBAS TEODHS PACCER-
st dactun [4, 5], FlyTem pasnenerns nepeMerHsX 408 EOSNOBON (ByHKUKH

E r . -
eltor .o =exp( -+ E{)T\j{_ﬁ% imiexplim ), (151)
Ty
B ypasdenud Knelina-lopnrona
1 g - 9 ni2e? ]
[ — ———— : - =) 152
N (\/ A . J o=t (152
Ha hoHe MeTpHKH
;2 2 Vo2 dr? 2 2 19 .9 ,
do" = Bedh ey sin®(0/23d ] + T (7 b s M 4 sin® 0id 2, (153)
l’”‘wﬂ + 2?.2‘
b= —1q4 —S—=
g

rae [, -~ 23UMyTANBHOE H MATHHTHOE KBAH TOBBIE YHCAA, AOIVYCHD] YpaBHEHHS AN DAUHAL-
HOR (7] # yraoBoK [7,,(0) dyHkupit. Tlocne onpezesenys nceBrocHEPHYECKUX TAPMOHKK
P (@) ¥ TOYHOTO PASIOKEHHH TIO HUM TIIOCKOS! BOJHEL explikr cos ) BuiBegena opmyna aas
AMAJUTYIbL PaccesHus

I X {0
JO) = == Y (204 20+ 1) [ = ~1) Pyl (154}
2k \B J

rae ¢ = 2~48. & =ryme/h.

B coorxowenke (154), nomumo koagduumentos pasaomenns 0 naockol Boaus no nees-
10CHEPHYECKHM TAPMOHMKAM, BOWLAH 3HaYeHHs (a30B0N (OVHKUKH Ha GECKOHEYHOCTH B
Burueiienne By poBOIHAOCL NYTCM YKCIERHOIO pellieHHs (h230B0r0 YPaBHEHHS,
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Puc. 4: ¥Ynpyroe paccesinie npoTOHOR ¢ 3Hepruefl 17 M3B Ha rapax medu

Y3 cpaBHeHHs KB3HTOBOIO CEYEHHS PACCEHHHA HE 3ADPSKEHHHIX 4acTHll ¢ IKCIepPUMeH-
TafAbHBMH JAHHBIME ORI ONIPEfiesieHsl 3HAUEHHUS 7y LAl PA3JIHYHBIX 3jemestoB {4]. Bbilo
YCT2HOBJIRHO, UTO COB/IORALTCS IMIMPHYECKHA 338KOH A/epHON DU3KKHE

ry ~ AY3 (155)

rae A - MaccoBoe MHCJAO $pa, TIPH 9TOM HIEpPHBIH PafHYC ry He 3aBUCHT OT 3HEPTMH pacce-
MBAEMBIX JaCTHI.

QOupeneneHHoe U3 pelueHAs KBZHTOBOW 33jaul 3Hawenve 7y (yTOUHeHHOE moc/e BbIXOAa
paboThi |4]} OblIO UCIONB3OBAHO 3ATEM B 3ajtaue M0 pacueTy ceueHHs paccesHHf KBaHTOBOH
QACTHILL, B3aUMOAEHCTBYIOLIEH ¢ HCTOMHHKOM TI0NA 3/1eKTPOsAepHbM ofpasom (1. # (0, 74 7
0 ). 3Hauenus 7, ONPeJLASIHCE U3 BOPMYAH AN JMEKTPOMATHHTHOrO DAAHYCa, KOTOPas Aaf
PACCEHREEMBIX TPOTOHOB NMPHUHHMAET BHJ

Te = --QZa—hw., (156)

Mpl

/e ¢ — NapaMeTp TOHKOH CTPYKTYpL; Z — 3apaAoBoe YHCAO ALpPa.

Ha puc. 4 TeopeTHyeckas Kpupas npejactapaseT cobod nudepeHunaisHoe ceyenHe pac-
CesHus 3apKeHHON KBaHTOBOM HacTULbl C 3Hepruel nokes 938.5 Mss, knnetuueckod axep-
ruefl 17 Mas. lapamerp & = ryme/fi = 0.15, yT0 cooTBeTCTBYeT ry = 3,15 x 1071 cw,
napametp G = r./ry = —2,8, W0 COOTBETCTRYET |r.| = & 0 x 107!° cM. DxcnepumenTanbhbie
TOYKH — pu(ihepeHUMaNbHOE CeHeHde YNPYTOr0 paccesHus mpoTonoB 3Hepruy 17 Map na
SIAPaX MEAH.
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Takanm 06pasoM, HCCARNOBAHMS [OKA3EAM XGPOLIEE COOTBETCTBHE 3KCICPHMEHTAIbHbIX H
TEOPETHYCCKHX [IaHHBIX B KBAHTOBOM KapTUHE PACCEAHHH HacTHil. 06.J4J210LIKMX RACPHBIM
B3auMojicHCTBUEM. Kpome TOro, TeOpHst nossoifeT 000CHOBATL HAB/I0IZEMYI0 Ha OlbiTe 3a-
BucuMocTh (185). DTo AaeT Ham npaso yTBepmaaTh. 4T nOTeHlManpHas sueprus (144).
HMOJIYUEHHAS U3 PEWEHHS BAKYYMIbIX YpaBHeHHH DfiHiwredna-Aura-Muanca (1)-(11), onucs-
B2ET SACPHLIE H 3JEKTPOsACpPHbiE B3auMoneicTirA. [TockoasKy cucreMa ypasnenui (I)-(111)
COLEPKHKT BaKyyMHble ypaBielts /1, = () TeopHH IpasuTayny DAHIOTEHRHE, TO HE COCTARS-
eT Tpyaa sanucats pewenus (143)-(146)ua cayvail yuera rpasurtaiMoHubix BIaHMOLEHCTEHE.
Hanpumep, pewenwe (144) B 9ToM cayyae sanuinercs kax

) .
p_ et (e 4 org) 4 2r%. ry = const. (157)
_— T r 5 N . A
2 réy g Te + 1y = cONSt.

TAe ry, — TPABUTAIHOHHLIE PAAMYC spa.

5 IaeKTpoMarHHTHBIE NOJA H IKCTepUMeHTHI Tecaa

XOTSl MHOTHE BEVUIME yueHbie COBPEMEHHOCTH WAEHHO corviaaiTes ¢ A, diHmTednom,
OHH, TEM He MeHee, MPOAOMIKAIOT IPHHUMATH 33 HCXOUHYIO TOUKY PA3BUTHA (DH3UKM KBAHTO-
BY10 TEOPHIO, MOJIEDHH3HPOBAHHY0 (POPManblbIM pacuiiperuem cf mpeacTan/ennd (KBanTo-
Bas TEOPUS MOAs, CTAHAAPTHAS MOAC/b, TEOPHA CTPYH, CynepeTpyr, MemGpan. GpaH, MaTpuL,
W T. A.). DOABUIEHCTBO COBPeMENHBIX YUEHbIX TAKXKE CUHTAIOT, 4TO PA3BHTHE TEOPETHYLCKON
(U3MKH CTHMYJHPYIOT SKCIEPUMENTHE B OBJACTH 3EMEHTADHBIX UaCTHLL (MUKPOMHD) H B
acrpodusnxe (meramup). BuisbiBaer yaAuBJeHUE, YTO UIHOPHDPYIOTCR IKCTIEPUMENTH (W Aaxe
Hejible TEXHEOIOTHH), KOTOpHE ObUIM [POBEREHBl B NAGOPATOPHBIX YCJAOBHAX (WM HA NpOH3-
BOACTBE) M W3BCCTHH Chienranncram. HampuMep, u3secTHE! cienyowme re oObACHEHHbIC 10
KOHLZ 3JIEKTPOAHHAMHUCCKHE IKCHEPHMEHTHI:

L. Dxcnepuments Tecaz-AppaMenKo o GecnpoBOIHOR H OLHONPOBOLHON Tepenate /eK-
Tposneprun [20, 21].

2. IDxenepumenth Amnepa-Hukonzesa [22, 23).

3. Ikcnepumentsl Apotosa-boma-Huxonacsa [23, 24| .

4. 2neKkTpoTOpCHOHHBIE IKCTepUMeHTH AkuMoBa-Xartuncona [25, 26).

XOTA 3TH 9KCTEPUMCHTBI JOCTATOYHO XOPOUIO U3RECTHbE B HAYYHOH CPefle, HayuHsii 6o-
MOUZ [TPEAMOYHTEET 3aKPLIBATE HA HHX IVia3a MM [CAZET BHJ, YTO BCE 3TH AHOMAJLHBIE
siBJeHUA (MaKPOMKPa) XOPOIIO ONKCHIBAIGTCS CYILECTRYIOWEH 1apainIMoii.

5.1 TlepemeHnnbie 3apsifibl H CKaJspHbIE 31EKTPOMATHNTHBIE [10JIs

Yxe ua ypabrenuit (1) n (2) reomeTpusuposanHod SNEKTPOAKHAMHAKA CAAYET, YTO 3/eK-
TPOMATrHHYHbIE ABJEHHA HCKPHBJARIOT LIPOCTPAHCTBO cobbiTHil. [Ipapia B caabhx mogsx 7o
HCKPUBJICHHE HC J1A€T 3aMETHBIX OTKJAOHEHWH OT ypaBHEHUH 3JeKTPOIMHAMHKH MaKcBeada-
Jlopenna. OpHako GbiBaoT CHTYaLHM, KOFIA OTKAOHCHWC OT YPABHEHH 3.1eKTPOAMHAMUKK
Makcse:ia-Jlopenua nabaonaorest B ciaGhX 3.1eKTPOMArHHTHBIX ToAsX. K Takomy cayuao
OTHOCHTCS FKCTIEPHMEHTR. B KOTODBIX 3apsiibl MeHAIOTCH C TEYEITHEM BDEMEHH.
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Hawenenne 3apana ¢ TeveHHeM BPeMEHH IDHBOAMT K J0KAbHOMY HapYyLUEHAI0 34KOH2
COXPaHeHus 3apsad JleACTRUTENBHO, B 3MeKTPOAHHAMHKe Mawcheana-Jlopenia mioTHOCTD
TQYEYHOTO 32PAjia 3ATHCKIRALTCA KaK p. = co{T), OTKyAa

€= /ppd\’ = gomst

HYCTb TENEPDL 3apSa ¢ MeHAETCA ¢ TeueHHeM BDEeMEHH, TOrga B¥MmeeM

de . dpe
_ = == —= ' 7
= [ peat ] ( £ di (p_,_,v)) &V #0 (158)
OTKyARa
Jpe
5 T die{p.v) # 0 (159)
Hrn nepementoro 3apaaa smecto norenunana Kyjona mp umeem
e(t
At = )
r
No3TOMY
19¢
¥ g4
e # (160)
H
divA = K #0 (161)

TaknM 06pa3om, Tepemerible 3apsie NOPOXKAAWT CKATRPHEE nois S u K, KOTOpHe He
YYHTBIBAET 3JekTPOAHRAMHKE Makcsenna-Jlopenisa

A,

.,

.

_—— - -
,zF 4~k‘ .
- by 1Y
.

-
v

-~
Y
-

P
- -
-~
St
L.
-

by

Pruc 5 3apsixedHasi Metasldueckas cdepa (a), OHa Xe 3a3zeMieHa Yepes Kaiod, NOPONAAS
BOKDYT cephl ckaaspHoe none S = dQ/redt (6)

Obuapyxuth ckanspuoe nose S 1104e MOXKHO B CIELY0IIEM MPOCTOM 3KCHEpPHMCHTE {CM
puc 5 ) Tanoro pona skcnepuments nposoana Hukona Tecna, mpuuem GoabitnbcTso ero
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IKCNEPHMEHTOB HE HALIAO CBOEre GOBACHEHHA B PAMKAX TPALHUKOHHON 3.1eKTPOIHHAMHKH
Maxkcrenaa-JlopeHLa.

5.1.1 Cxansiproe 3.1eKTPOMarHMTHOE IT0Jle KaK CJEACTBHME TCH30PHOIO NOTEHUHANA B
reoMeTpPH3MPOBAHHON 3JeKTPOIUHAMMKE

Paxee mbi ncnodabsosany peinenve (91) ypapnenu#t (A) n (B) v noxasanu, uro 3to pe-
IMEHHE OIHMCBLIBAET HACTHHY ¢ TEOMETPU3HPOBAHHBIM TEH30POM sHepruM umnynsca (93) u
PHMANOBOH METPHKOH [1POCTPAHCTEA BHAA

2M(t)G 2\ - ) ”
(ﬁ2:(1~_~lﬂi)8ﬂ2-(1m “2§) dr? — r}(d0* + sin® 0d 7*) (162)

red re

J1a METPHKa ONMCHIBAET TPIBHTALIHOHHOE [0.4e, CO37aRAEMOE YHCTO MOMEBOH 11ePEMEHHOM
vaccoit V(1) Korna macca 37 nepexojHt B crainonaphoe coctosune A (i) —— M = const,
MHOXKHTEAb v B ypasHenusx noas (B 1) cravosurcs pasHeiM v - 87G/c! . Te cosnasaer ¢
MHOXHTENEM B yPABHEHHAX JHHIOTEHHA.

Merpska (162) npencrasiser coboit wacTueni cayuai merpukyu (92) B reomerpusnposa-
HO# 37eKTponuHaMuke Merprka (162) onucelaer B3aumogeicTBHE IPOGHOIO 3apRIa ¢ MaCChl
m C MepemernbiM 3apanom Ze [6]. B ka3ulekapToBEIX KOODIMHATAX COOTBETCTBYIOLIAR MET-
PUKA HMEET BHI

i 22e(8 Y . 27e{t .
de2 = 11— £ et} Aat -1+ - P(J (de? +dy* + clzz). (163)
m e i rc?

Hcnomssyn sty MeTpuky M cootHoweHHe (3), HAXOAMM OTIMUBHIE OT HY/IS KOMIOBEHTH TEH-
30PHOTD NOTEHLHAA (1, CHABHOTO 3JCKTPOMATHATHOTO N0
QZP(t) 22&‘“)
gy = —=——5=". @y = Ay = A3y T oo
e e
Paccmarpusas caabeie 31eKTpOMaTHUTHBIE TOMS H HEPEASTHBHCTCKOR NPUOMIKEHNE, T.0.
nonaras

27 ¢?
;< L gy o,
rmee
ds ~ dsy = cdl{1 — 2, R, ~ 0 (164)

1‘2/('2 & 1. ds > dsy = rdt,

[0JyYKM H3 ypaBHEHWH ABHAeHus (1) ceayiomune Tpexmeptbie YPaBHCHNR ABMKEHNS 3apAna
£ C MACCOW m B 10OJie 3apaja ¢ Maccoit A/ > m B NCeBLOHHEPLHAAIbHON CHCTEMS oTCUeTa

'z’ = L g _pa @
di? 09 ad cdi

B 3rux YPaBHEHHAX BCKTOPKHOe MoJse

a.d —1.23 (165)

m

35



2
a i aua _ __Zﬁ(“
LU T Qe = e

NPeCTaBAAeT COOOH KY/DUORCKOE NoJe nepeMeHHors 3apsna Zc(t), a no.e

b (166)

2 re ol
- CKanfipHOe SJEKTPHUYCCKOE NOJe, CO3aBAEMOe TEDEMEHHbiM BO BPEMeMM 3apaioM {MOHO-
no/bhoe u3nyuenue) Kak Buano w3 ypassenuit (165), 510 none Boi3biBaeT cuay. KOTOpast
LEACTBYeT TOAbKO HE JABMIMKYUIMECH 3aPAjLi, 4 €C HANpaBieHHe JeHCTBHMS COBIAAACT C Bek-
TOPOM CKOPOCTH da®/dl. MOHOMObHOE M2IYyueHUe CnafaeT ¢ DacCTOSHUEM MeLjeHHee, yen
KYJI0HOBCKOE TIOJIE W, BEPOATHO, 00,aaaeT BLICOKCH Npouukawwei crocobiocTsio, Beanynua
MOHOMOJIBHOTO M3y YeHus 32BUCHT 0T BEHUKHM 32DAla Z U OT CKOPOCTH H3MEHEHHs 3apRaa

Oe(t}/OF a 313K HONA 33BHCHT 01 yBEJIHHUEHKHS MW YMEHBIIeHHS 3apana

(167)

5.1.2 Cganspubie (ApogoasHbie) 3MeKTPOMArHUTHBIE HOAR B PACHIHPEHHOH CHCTEMe
ypasreunit Makcseana-Jlopenua-Tecna

MameHenne 3apaaa ¢ TeucHneM BpeMeHH BLIBOAWT HAC 32 PAMKH CYIIECTBYIOLICH JKTPO
AMHAMHKH, HO 3aTO 00bsicHfeT HabJloRaeMbie CKaafpHble (TIPOACABRLE) INEKTPOMArHHTHEE
nonst B camom pene, yeqosue (158) napymaer yeaorue xanufposku Jlopenua

1 dy

S A £ 0 (168)

YTO BEHET K 3HAYMTEeJbHOMY H3MEHEHHIO YDaBHEHHM KaK KNACCHYeCKoH, Tak ¥ KBAHTOBOH
IJEKTPOARHAMHKH. [JleAcTBHTELHO, Nipy ycao0BHK (168) ME yXxe ne umeem 1TPaBO UCMOL30-
BaTh TPAAMUMOHHYI0 kanuOpoBky Kynoua du A = 0. [lns chyuas mepemenHoro 3apsaa Mot
spelem nanubposxy Tecaa ‘
}d_,c_ + dirA =\, (169)
« Ot
- tae 'V Mbl OyAcM Ha3blBaTh CKaaspHbM 3JeKTPOMArNuTHBM nojiem Tecna Drto nose MOXKHO
OPEeACTABHTD B BHIE CYMMbl CKAJSPHOFO 3J€KTPHHECKOro noas (160) u ckaspHoio MarHuT-

Horo noas (161)

S+ K="\ (170)
Henoabsys notesusansl A u 2, uepes kotopuie rtoas B u H anpaxaiorcs kak
10A
H=rotA, E—~ ~grads- ——,
e ol
3anMieM ypasHeHWA MakcBesna
10H 1.9
dwE =4rp . 71olE = #—Q« divH=0 10H= —(——F: + dapu}
¢ Ot ¢ ot
B BMUC
14
N+ ——ditA — -1 171
Api —5du T (71}
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2 52\ ,
! (—};A- ~ qrad (d!f'A + 121) = —EJ (172)
-

(Z e e of

Yunthisas (160) n (170), samuwenm ypasHenwus (171) (172} 8 suze

AA -

18°: 190\ - 5]

o ISR 3

A7 S ol 73
1 A A

AA - = gradN = - 2 174

AA S Y ad | (174)

Dty ypasHenwus Mol Gynem HasuisaTh YpaBHeHUsMH Makcaeana-Tecna.
O6o6uwientyio cuay Jlopesina ¢ yueTom moas Tecsa Ml 3a0Mwen Kak

dx e,
Mg = ¢E & - VH] ~ evA (175)
nak, yauroisad (160), (161) u (170),
d’x . 10
?’r(;}‘t'ﬂf = ¢E ; {VH]' - FV'(' (‘9? — v A, “76)

B 9THX ypaBHCHHAX JIONOJHBTEABHBIC CHABL, NOPOXACHHBIE CKAAAPHEIMH 3/€K TPOMATHiT Hhi-
Mu foaamKA S ¥ K, Mul fygeM HasbiBaThL cHaamu Tecaa, Jlerko saMerdTb. 4To cxasl Tecaa
AOpOXKAeHsl [OTeHIIHAMaMH « u A, a He noasmu B u H. Kpome toro, otu (Kak v marnut-
Has chsa Jlopewua elvH|/c) meficteyior Ha aBMMyIMecs 3apRan, NPH 3TOM HX 1€HCTBHE
KOJIZIHHEAPHD CKOPOCTH /ABRACHNUS 3apsja.

5.2 JKCnepUMEHTANBHOE NPOABJIEHHE CKANAPHBIX FNEKTPOMATHHTHbIX
noJiex

HepRsie SKCOCPUMEHTH YKA3WBAIOWME HA CYUICCTBOBAHME CHI. TOPOMJIACMEX CKALD-
HLIMM 3ACKTPOMATHATHLIMM NOAsiMY, Obian npozenan emwé A. M. Amuepom |22], xoropers
0BHAPY KM 2HOMANbHBIC CHABI TIPH ABHXEHHK [OCTOSHNOTO 3JeKTPOMATHHTHOTO Toka B I1-
0BpasHoM nipoBo/IHKKe. Tloske ITH 3KenepruMentbl OBy noBTOpest HeaasucuMo P. Curano-
seM # ap. [27], P. IMannacom [28] w I'. H. Hukosaeserw [23]. B kmure T. 1. Huxonacra
{23} npusenenn 49 PasAHULiBIX SKCAEPAMEHTOR, B KOTOPWX TIPOABASCTCS JEHCTBHC Chaasp-
HBIX 3/EKTPOMATHHTHBIX NO/CH. ITH SKCNEPUMCHTH TIO3BOAMIOT CA€1aTh BEIBO/L. Y4T0 CKAARD-
HBIE D/IEKTPOMAlHUTHLIC Dol B GOABIIMHCTBE C/YHAEB CONPOBOKAANT BEKTOPHbIE (37€K-
TPo)MarkuthEe nods. Ho GbisaioT CHTyaudu, KOIMa B HEKOTOPOH 0BJIACTH MPOCTPAHCTBa
BEKTOPHOE MarHWTHOe note posuc dyaw (H = rotA = U}, 2 craasapuoe MaruutHoe no-
de K = divA omamuHo ot Hyas. Omnoll ¥3 MUOTHX NOZOBHRWIX CHTYALME ABaseTcs s(exT
Aponoea-Boma {24]. B skcirepumentte Apouosa-BoMa 3aeXTDOIBI IPOXORAT BAOAL OCH cone-
[10M&@ B 00JaCTH, TRe BEKTOPHOE MATHATHOE NOTE COMCHOMAZ PABHO wy/o. TeM He Menhce, B
JKCIEPAMCHTE HAOAI0RdeTCA "B3aHMOIEHCTBHE 3IEKTPOKHOB ¢ FIOJIEM BEeKTOPHOrO HOTEHIHA/A
A, oTanwieiM OT Hyds B obnacty aprExedus anexTponos. Obuino sdiexr Aporosa-Boma
PacCMaTPUBAKT KaK KBAHTOBBH M OOBACIHIOT YEPe3 MHTAPDEPRHIIMID BOJHOBBIX hYHKLK
3JeKTPOHOB

o) = wperplif,
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$asb f KOTOPBIX CABHHYTHL HA BENHYHHY

aznga

B Teopuu du3Hueckoro BaxyyMa MB He pasfensieM (H3HKy Ha KA2CCHUECKYI0 M KBaH-
TOBYI0, O3TOMY 5pdexT Aponosa-Boma mbi tpakTyem, kax waaccHueckuit sdet. Bonee
TOTO, eciid B 00J1aCTH ABHMEHHS 3NEKTPOHOB, TE NOTEHIMA/] A OTIHYEH OT HYJ/A, BOSMOKHO
CYilleCTBOBAHHE CKaJNAPHOr0 MarnuTHOTO noas K = dwA. B stom cayuae pzaumoneiictsue
3/1eKTPOHOB ¢ 1oJeM K Z0/DKHO HOCHTB "UHCTO KAaccHYeCKuH XapakTep
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Puc. 6: TTonBHAKHBIH NPOBOAHMK C TOKOM RBHMKETCS BLOJb OCH COJCHOWAA 1of ACKCTBHEM
cunnl Tecna Fyy = evdivA B ofaacti, e H = roftA = (

Ha puc. 6 npencrasnena cxema sxcriepimenta I' H. Huxonaesa [23] no nposepxe stois
rHnotesy. BmMecTo nyuxa anekTpoHOB, Kak 3710 Gmuio B Ixcrepumente ApoHosa-Boma, BIoJb
OCH COJICHOMAA MOMELICH NMOABHXHBIM NPOBORHUK, 0 KotopoMy TedeT tok J Kak mokasanu
pe3yJbTaThl SKCHEPHMENTA, HA NPOBOAHHK ¢ TOKOM AeficTByeT npofoabnas cuaa ¥y = evdin A
B 004acTH, Tie BekTopHoe tose H = rolA < 0, Ho norenuman A oTimueH oT nyaa. Apyrof
OPHTHHAJIBHBIH SKCNePHMEHTBI N0106H0ro poga 6uin nposened A Coayrunbim 1 I1. Koctuabim

{291,

6 Teomerpu3npoBaHHAdA KBaHTOBas MEKTPOIHHAMMKA

Mu yxe otmeyant, yto MeTpuxa (162) npepctasaser co6oil yacTHH cayyail pelneHus
(91), kora TeHsOp SHeprHH-UMIYJbCa B NpaBoit YACTH ypasrenud (B.1) suu

Tym = pe€®llm. (177)
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rae pe ~ MJOTHOCTE 3aPSHCHHONA MaTepuu, onpeaetseMas w3 pemennsa (91) xax

B Q\I‘G(u}

pedy 2

W) < 0. (178)

L™ =1} — ¢BeTOnofo0HHI BeKTOD, COCTABASIOILIMI CTIHHOPHRI Gasuc pewends (91).
Ousts pacemoTpum reneps npeaesbusit nepexon ¥iu) — 0 — const nogosHe TOMY, KaK
MBl 370 aesann &as pewenda Hlpapuwnabia. B peayabtate suiuHeaeHAl, HAXOAHM

8yt 1 sryt
Po = -;CMQ QT;TQ()(T) - ‘"1’“’(}—2—0(1') - /(é{r} (]79)
eCau
27, S7e
‘2\1}0 .__t_ =7 i/ = T (180)

me? ‘ et
Mbl BUAKM. YTO MEOXKHTeNb 1/ COBIAAET ¢ MEPEBIM MHOKHTEACM HX TPEX MHOKUTEJEH B
ypasretusx (2). [laotnocers (53) nus sapsoxenHoll MaTepHy 3amuinercs Kak

N?(‘ qﬂ,,

1re

v[sT‘! [sjmn] + Tr.qla,‘r\})un])- (18”

p=

Hepes naotnoets (181) onpeaensem sapsa Zc xak

Ze(t) — / pel )2V (182)
HJIH

2
e
P _ .l Jii 2
2ty = 5 /k D (VT + T T ) bV (183)
3TO COOTHOIEHWe NOKASLIRACT, 4TO 3aPSa (TEKME Kak M MACCA) REAACMCR MEPOH no.s
unepiui, 08pasyioulero miotioeTs pe. [lockoabky mojie naepiny T, HOPOKIEHO BPAILCHKENM
MaTepH, TO WHEDIHORHbE CBOHCTBA 3apAja 3a8HCHT OT TOPCHOHIHIX 1I0JeH, 06PA3VIOLKX

3apsii. Ecaw topenontoe none o6pawactcs B HYAL, TO 2apil IPOCTO HCYeIHET.

6.1 Kgpantosan mexanuka noJeil naepuuy, o6pasyoumuyx 3apsibl

Cuuraercs, 4T0 KBANTOBAS MEXAHHKA 3aPAXKEHHBIX YACTHI (KBAHTOBAS 2KTPOINHAMHKE)
OTAMYERTCH OT KJAACCHHECKOH CEIVIOMUMH CHellHGHYECKHMM CBOUCTBAMH, IOy eHIILIMH U3
IKCTICPHMEHTA!

[ Cyu(ecrsoBavue CTZUHOHAPHEIX TPACKTODHI 9ACKTPOHOB, ABMIKYWHXCS B UCKTPABHOM
nosie Aapa (IPHHUKA CTauMeHapHbix opHnT H.Bopa)

2. Kopitycky spHo-BOAHOBOH yaJK3m KBaHTOB0H 3aDAMCHIICH YacTHILL.

3. OnryKo-MexanHyieckas aHaaoris [1py OIUCAHKA ¢ ABHKEeHRn .

4. BeposTHOCTHOE ONHCAHME. WMEIONICE NPUHLMIHAILHGIEA CMbicq  (MHTEPIpeTauus
M .bopxa BoaBoBOT QYHKLKK 1),

2. Hannuue y KBalroBOH 2acThiist co6cTBemioro RpalleHHs (CTHHA) 1 CBH3AHHOTO C ITHM
BPAILCHKEM HOBOW BU3nUyeckol KoucTaute A (noctosnuoit MMaauxa).

6. Jluckperiible sHauedrs sHeprum 7~ hw n ec BpaliaTensHas npupona.
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Bce atu cBo#cTBa Mbt HabNRaeM B KBaHTOBOH TEODHH, OMHCHIBaOLEH IHHAMUKY 10JeH
HHEPUHH.

6.1.1 Crauponapmunie TpaeKTOpUH

B pabote [2] 6pr10 nokasao, uTO peluenHe BaKyyMHBIX K,y = 0, cheayiolwMx 13 ypasHe-
HWi (1) W (2), TPUBOOKT K MeTPHKe

e 2e)\ L, A ”
o ( - n*ﬁ)> = (Le S22V s a4 a2 (184)

Dta ke MeTpHKa MOXET ObiTh NOJYHeHA KaK DeUCHMEe paciMPeHHOH CHCTEMbl BAKYYMHbIX
ypaBuers# (1) — (111).

3 ypasnenuii nsrxenns (1) B 1eHTPAIbHO-CHMMETPHYKEOM 31€KTPOMATHATHOM MOAe, ONH-
chibaeMoM meTpHKOW (184), crenywoT AB4 uuTerpana 1BHKeBHs:

E=md*(1-2Ze*/rme?)—- = =———— = const, (185)

d -
L= n”zi,: = const. (186)

rae £ - nonsdas dHEPTHA NPOGHOW HACTHMLB MacCel m W 3apRiad —e, ABHXYILeHcH B
UEHTPANBbHO-CHMMETPHYHOM 1oJie 3apdfa Ze ¢ maccod M > m, a [, ~ opGUTaAeHBIF MO-
MeRT npobHolt yacTIbL
CootHowenns (185) # (186) nokaswBaloT, UTO XOTH 38DSA —e M JBHMKETCH YCKOPEHHO

COMVIaCHO YDaBHEHHAM reoRe3swyeckHX (1), ero MOMEHT U 3HePrUA COXPaHATCS, NDUYEM B
KaaoR To4ke TpaekTopud. [Ipu TakoMm NBHXKEHWH yCKODEHHAs CHCTEM3 OTCYETA, CBA3AHHAN
¢ CAMUM 32PALOM, SIBNSETCS JIOKA/JIBHO HHePLUHAALKOMA C JOKAALHBLIME YDABHEHHUIMHA 1BHKeH s
BHI2 i

dca;c‘. _

ds?
DTH ypaBHEHHS NOKa3bIBAIOT, TO 34PAJ ABHMKETCH JOKANBHO IPAMOAHHERHO H PABHOMEPHO
(MAH MOKOMTCH), W, CACAOBATENLHO, He U3AydaeT Takoe COCTOSHHE 3aDAfla MMEET MECTO
BAONL BCEH KPHUBOJHHEHHOH TPAaeKTODHH, NOITOMY Mbl BHPABE YTBEpPKAaTh, 4T 3apad He
udayuwaem oy 6cell KpUsOAuHeUHoU mpaexkmopuu. Tenepb npu ROCTPOEHHH KBAHTOBOH
MOJIE/IH ATOMA HAM HE HARO BBOZHTE noCTyaar H. bopa o0 cyuecTBOBAHKH Ge3bi3yyaTesbHbiX
TPAeKTOPHE y 2/€KTPOHA, RBHXYULETOCS B HEHTPaALHOM moje fAapa. DTOT NPHHUMI yXKe
38/I0KEH B YPABHEHHAX [eOMETPH3UPOBAHHON IMEKTDONNHAMUKH

6.1.2 Kopnyckyasapro-soiHoBO#H 1yann3m

an 3apaxennoi Marepuy ¢opmynz (98) zanuuteres Kax

e = @2’y = Zed(r). (187)

Sme
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B oBaacTi mpocTpancTBa-BpeNenH, e TOPCHOHHEE OIS SRASIOTCS CabBIMU, Mbl MOXEM
LIS KA ONUCAHHME HCI0AL30BATL QYDLE aHAAM3 W PEACTaBHTE IOTHOCTL (187) B Bue

pr = Lo = Zed(r). (188}

rie
e
o (é?e) b — et P (189)
~ HUDMHPOBAUHOE HA CAMRMILY
/(ﬁg)]’ﬂt"u dl7 =1

TOPCHOHHOE 110.€ 3/1eCh Mbl HCIL/b30RANH COOTBETCTBHE HOPMHPOBAKHOTD TOPCHOHHORG 1104151
1 BogiHe Ae Bpoiag = igetE prish

Gopmysta (L187) Hokaseibaet, 4TO YUC 10 NOIEBOE CHPUUECKI-CHMMETPHUHOE 06pasoBaHme
C fIOTHOCTRIO Matepuk p, = mel® (17} /8xe peger cefis Kak TOUEHHAR M2CTHUA B npejede,
KOLAA 1oGigBoe 00pasoBatie CTalOBHTCA CTaOHALELIM. B 3TOM u COCTONT hU3HUeCKHI CMBIC
KODIIYChVASIPHO BOJMIHOBOIO AVeAH3ME,

6.1.3 OnTuko-MexaHHYECKas aHANOTUA

H3 sakona coxpanenns (103). Haxoaum, 910 IsnskeHHe MACCURHOR 3ADSKEHHON HACTHb!
B [ICEBAOMHECPUHANBHOI CHCTEME OTCUETE ONUCLIBAETCSH VPABHCRHUAMM BHAA

NI dr
= ™ = 0T WMy, = u = (190)
ds " Jm ” s !
a PaCnpOCTPIHEHHE M) 4A CBLTA YPABHEHHAMH
. dfat o dde™ m d1
l!vji = AT 1 nun gy =0 M =0 ]’” T (191)
dA- dx dh aA

YpasHeus (190) MOryT OBITb NOJYUYEHB! B3 BAPUAUMH UNTETD2/:d HCHC IBHSI
5 — —mr / ds,

tie B ds” ~ yuded vt - napaMeTphieckan PHMaK3a METPHKA g, (PCACTABICHE COOTHOUICHH:
em (3). C ApYTos CTOPOHK, TOCKOARKY JJI5l YACTHIL Mbl HMEEM

. 22 .
Pp= et (192)
NPHYEM MMIYIBC HACTHIS! OTPEACTRCTCA Hepes ReHeTaue S Kak
as
=g

0 13 {192) ans pedictBUA 5 ML Ra¥oaum BoaHOBOE Ypastictipe [amuapTona-Ikobu

2 08 a8 30
4 a_f?&?f”z = =0, (193}

SKBUBANEHTHOE YpaBReHHIM ABHXeHHA (190).
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[ockosbky 8 ypaBuenusx (191) B0aHoBON BeKTOP [, YAOBJCTBOPAET YCAOBHIO
M, =0,

TO, OACTaBAAA COA2 I, = do/dr™, rae o ~ aHKOHAJ, [MOAY42eM BOAHOBOE YpaBHeHHEe 3UKO-
Ha/a
q"’ﬁéﬁ? =0 (194)
7 Oxt drk
3KBHBa/eHTHOe ypapHenusm (191).
B cayuae, oria nosHast SHEPrus HacTHUbLI COXPAHRETCS, PEUIEHHE HEPEARMUBLCMCKOZ0
ypasrenns JTamnibroHa-fikodm (193) naxoantes B Bune S = Ef — Sy(r), rae S - dynxuus

SleHCTBUS,

i me? Ze? pu? U t
lm e ~ cous
2 ) r

- 7 <
~ MoNHasa sHeprua, ciefyowas us (180) B nepeantUBHCTCKOM NpUOMKeHHK U Sy - "yKopo-
4eHHOE IeHCTRHe. YDAaBHEHHE JBMMKEHHA KJACCHYECKON TOYGUHOH YacTHLBl A% "yKOpOUeH-
HOTO"1efiCTBHSA 3a[HUCHIBRETCS KAK

(VS)? = 2mlF ~ U(x)], (195)
KOTOPOE BHIIAIAT aHANOTHIHO YPAaBHEHHIO iKoHana ¢
(Vo) = n(r), (196)

OFMCHIBalOLIEE ABHXKEHWE Jyya CBCTA B NPUGIHMEHMHM TEOMETDHUECKOH ONTHKK B Heo/-
noponHo# cpeae. [lpu 3tom "ykopouedHoe"AcHCTBME HIPaeT pok 3iKOHAJA, BeAUYHHA
2m[E — U(3)}*/? ananornuna noxasatesmo npeqoMaerus n; HMIIYAbCY P HaCTHIE COTOCTaB-
NAETCA BOJIHOBOH BeKTOD K, a 3Hepr#u F comocTaBasieTCys 4acTOTa .o CBETOBON BOJHbI

So~e 2mE~UD] ~n p~k E~u

Mur Brpum, uto BonxoBbie ypaswenus (193) u (194) cocraBasior ocHosy onTHKo-
MEXaBHIECKOH AHAJIOTHH B MEXAHWKE, NP 3TOM B HAleM CJyyae 3TH YDAaBHEHWS SBARIOT-
Csl CJACTBHEM 3aKOHa coxpauenus (103) reoMeTpusHPOBEHHOMO TEH30PE IHEPrUH-HMNYALCA
(43).

Tlepexon ¥ KBaHTOBbIM YDaBHEHWSM JBHXKCHHA BO3MOXKEH, €CAW B ypPaBHeHHH Hempe-
pusHocTH (112) ¢ naornocrsio marepus (I88) gefictRue S paccMaTpHBaTh Kak "ha-
3y"HODMUPOBAHHOTO HA EIHHHUY TOPCHOHNOTO MO/

S

6.1.4 BepoaTHOCTHOC Oonucanne

B xaaccudeckol MEXaHHKH C BEPOATHOCTHLIM ONMCAHHEM OGLEKTOB Mbl BCTPEUAEMCS [IPH
HCC/IE0BAHUM [IBHXEHUS TUIACTHYHBIX Te/ [epemeHHOH Qopmyl B Mexannka Jluysuans. B
370 MEXaHHKE PACCMATPHBARTCS ABHMEHHE NPOTSKEHHBIX T, NPH 3TOM TeJI1a MOIYT MEHSTh
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CBOHO (i)OpMy, OCTaBasCh CaMibM UeLiM HEHPHMBP, Kdnas pTy1d npy ABHKENHH B NOSe ¢
NOTeHUHARLIOH 3Hepruch { (1) Gyner meHsTh cBolo Gopmy | Ecav npu meRcTBuu Bhelunew
CHAIRl F' = — L7 = — gl /Ur 0HA He pa3BMBae1Cs HA OTAEALHBIC KAMJHK, [0 ee ABHKEIHE KAk
€AHHOTO UE0T0 OITHCLIBACTCS C NOMOIBIO AJACCHHECKOTO YpaRHeHHR Jlny suaas

JW polit o dll

W was Uy 1%
3aeck (¢ p.t) - coBMECTHAR TUIOTHOCTD BEPOATHOCTH (MO HMIVBCAM p H KOODAMUATEM 1),
MPEACTaBAA0IYI0 CODOR BEPUSTHOCTL HANTH HEHTP MACC KAMIM B TOYKE T ¢ KMIYABCOM LEH-
Tpa mac p B MOMeHT Bpemeru f. Muterpupys copmecthyo nsoreocts sepostocta 1 (0. p 1)
GO P, HEXOJHM BEIHUHEY

W(rt)= / Wi p )y (199)

KOTOpas NPEACTABASET COO0M MAOTHOCTL BEPOSTHOCTH HANTH NOJOMEHHE LICHTDA MACT Kz MiH
B TOUKE T B MOMEHT BpeMeHu |

Takum oGpasos, BEPOHTHOCTHOE ONHCALHE KAACCHIECKOrO DOLERTA (TOUHEE. €ro LEHTPA
wace) BOSHHKAET TOTLA, KOTNE 970T 06LEKT MMeeT NPOTSMEHIisle PAIMEDLL, NPH STOM MEHHET
CrOK) QOPMY 1 OCTEETCH CAMHBIM UEAbIM.

B Hauem cnyyae mbl uMeeM A€M € UHCTO MOACBLIM OPOTSKEUHBM 0GLCKTOM, (LIOTHOCTS
MaTepPHK KOTOpOro onucuisaercs dopmynocik (188), wotopas, ¢ ytetom (199), mMomeT Gwmte
NPeACTaBAeHa B BHAC

po=Zew v =Z A (rt) (200)
rie

Wirt ==
~ NAOTHOCTE BEPOSTHOCTH HAHTH "TOUEUHYIO HACTHIY B TOUKe T NPOCTPAHCTBA.
Taknm 06pasom, BEPOATHOCTIIO® OMUCAHKE B KBAHTOSOH TCOPHH HMECT YHCTO KJACCH:e-
CKYK) IPHPOAY, CBA3AHNYIO ¢ LPOTRIKCHHOCTHIO OITUCHIBAEMOrO 0HheK1a.

6.1.5 CoGcreenuoe BpauleHne yacYHusl (CIIMHA) M HOBAS KOHCTanTa fi

Hago otmernts, 470 806 OGILEUPHSHANHBIE KAGCCHUCCKHE 1ROPHH BASHPYIOTCE Ha Toyey-
11DM MHOPOODDA3AH, NpUUeM TOHSUHAs HaCTHIA B TAKMX TEOPHAX SBAACTCA OCHOBHBIM 00DEK-
TOM Heeaenosadkist. [lonAatHe "coBCTBEHMUE BPALLEH}E YACTHILR TOUEUHOH YaCTHIIL JHILICHO
CMbICAZ, [O3TOMY HPHUIOLH PDACCMATPHBA b COOCTBEHHOE ApalileHke 3ACKTPoHZ (Chu) Kak
ero "kBaHTOBOE C30UCTRO MUKPOMHPA. HANOMHUM, 4TO IPOSIBJEHHE CITKFE 348K [poHa Habi0-
OA.1HCh B MAKPOSKCIAPUMEHTAX,

L. B 1909 r. amepukanckym vyenbint C BapHeTToM. Korophiil 00HapYXH, 4TO MexaHye-
CKOE BpalenYe eppomMasemuka TPHBOANT K HAMAIHHIUBAHHMIO 0Bpasua.

2. B 1915 r. A.3fHmreiiEem v ae Faasom, KOTOPse SKCNIEPHMEHTAILHO [OKA3ANY, 4TO Hep-
POMATHETHK, JIOMCILEHHBIA Ha NONBCCE B NOCTOSHHOC MArHHTHOE NOJE, LCNbIMBIEACM MeXa-
ruveckee sraujenie. KoiniecTBeHHOE 00nsicHeHHe Hal1i01aeMOl 0 3Ep;¢ema RaCTCS CBSI3bIO
MEXAHHICCKATO MOMEHTA 3JCKTPOHA § € €0 MarnnTimm mMomentom M

"Mu o paHuduacR ouiun nameperuen OO00BICHAE Pacym e Ha ADOCTRAHCTBCHHLIK CVYal he jipey:
cragigeT ocoboro Tpyaa
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rae

~ COHMH 3JeKTPOHa

B Haiew cayvac TeopHs CTPGHTCH © MCMONL3OBARMEM MHOIOOOPA3HS OPHERTHPYEMbIX
TOYEK, UTO FIO3BONSAET TOAYUHTE MEXAHHYCCKOE BpalieHue KakK CACICTEHE NIPOCTPRHCTBEHHO-
BPEMEHHOR CT1PYKTYPbi NPOCTpaHCTBA coOuTaH [IpH srom konctanta R nospaseTcs B ypas-
HEHHSAX TCOMETPH3UPOBAHHOR "KBAHTOBOW 3NEXTPOAHHAMHKK B pe3y/bTaTe HCIIONb3OBAHMS
MPHHUKAA COUTBETCTBHH Halpumep, aycrb Mpl MMeeM DeUIEHWE BAKYYMHBIX pPABHEHHH
(1)~ (11]), onucwiBaroulce B3aMMONEHCTBHE ¢ NOTEHILHAILHON sHepred (145), KOTOPYIO MOX-
HO 3211HCaTh B KRHRAJCHTHOM BHAC KaK

me? (12 —1g +r2costd )

U =
2 U 4+ {r,cos)?

(201)

3uech yT0a f OnpeNiesifeT NPOCKLK BEKTOPA YIIOBOH IDEXMEPHOH CROPOCTH BPalUeHHs Mc-
TOYHHKE HA ocb . Ecan wactina, cosnziolias 37y MOTCHUKMANRHYK IHEPrHI0, HMeeT Maccy

VI, To Mbi Oyacm monarathk
h
o= (202)
Ve
T €. CYUTATE 7, KOMNTOHOBCKOH AJHHHOW ROJHBl YACTHUEB ITO MO3BOJSET HaM 32MHCATH
3JIEKTPOMArHHTHEIH PALHYC 7o B MOTeHilHanbHOH aHepriug (201) xax

Te = QZLL-E (203)
me
11 o = e*/he — nocToAtiNasg TOHKOIH CTPYKTYpEL.
Horenurasbuas srepius (201) nokaspisact, 410
1) Ha pacCTORHHAX 7, » r, CHH YaCTHUb HATHHAET HIPATh 3HEUATENBLY K0 PONb. BH3bIBAS
CHJY, CPABHUMYK) € KYJOHOBCKOM MAM AdXKe NIPEBOCXOASA ee,
2} CTiMH YacTHLBl ABJSETCHS MCTOUHHKOM OO, HA3ILIBAEMLIM MOPCUOHNOIM W HMEOILHM
3KCTIEPHMERTaNbIOe nposiBienye [25]
KauectpeHHbie rpadimky noTeHnua bHOR 38epriu (201), 1eMOHCTPUDYIOLLKE BAHARKS CNK-
Ha 12 Ry/JOHOBCKYIO TIOTEHIIHANBLHYIO SHEPTHIO DK B3aHMOACHCTRMM [1POTOHA C 27K TPOHOM
H [103UTPOHOM, NOKA3aHkl i12 pUC 7.
M3 1paguka BUAHO, 410 Ha PacCTONHWY TIOPANKA

|

ry = L;—’ - grff‘” =1,9%x 107 cm (204)
OT LEHTPA HPOTOHA CYLeCTBYET "TOPCHOHHAS AIMA", B KOTOPOH MOXKET HANOIUTLLH 3J1eKTPOH,
06pasyss ¢ HPOTOHOM "3JEMCHTAPHYI0 HacTHUY - HeHTpoH [nyfuna »Toll sMb OueHb CHIb-
HO 32BHCHT OT OPHEHTAUHW TPEXMEPHOrO CIMHa NPOTOHA {AMa HcuyesaeT npy cosfl = 0). u
NO3TOMY H3-33 BaKYYMHBIX QYKTYALUHH CBA3L SNEKTPOHA C MPOTOHOM OKASHIBACTLS HeyeTolt-
yusoit Buanmo, 3THM 0GCTORTENBCTBOM OOBACHAETCS HEYCTONYHBOCTL CBOBOIHOL O HEHTPOHA,
4 TaKXKe HeNMPEPLIBHbIH CHeKTP 3Heprii 9J1eKTPOHa Nph €10 pacnage 1o cxeme

n P - (205)
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Ufr) “ U("') v

1o
ITpomon-saexmpon | |
| {Ipomor-nosumpon
|
' |
Topcuon KyaoHOBCKAR { } Kynonoscxasn
; NOMERYUCABHAR FHEPZUA | € GMeRUUANLHAS
! feos6=1) ; 3nepeus
i = I
A
i
| iR
1 |
|
i ‘ ; \
% 0 — 1
| Topcuch KYAOHOBCKAR
Kyronoacras NOMERYUQ ToHASL FHEPIUL
—  noMeHULAAbHAR feost=1) |
! Inepeus }I |
| | |
: |
i i S
— . .

Puc. 7. KynoHoBeKas IHEPrHs TPOTOHOB C YYETOM BJIHAHMUA €50 ClMHA: @ — NOTeRIKaAhHAS
UCPrHa B3aHMOACHCTRUA NCKTPORA C IPOTOHOM TIPH || /ry = 3.0 5 6 — T0 Ke, ¢ TO3HTPOHOM

[je p — NPOTOH. @ — 3JNEKTPeH U I ~ aHTUHeHTPHHO

[Ipeanaraenas mofesb lieATpoHa paccMaTprBaeT HEHTPHIO KaK H3aYHEHHE Ge3MaccoBoro
TOPCHOHHOTO N0JR OOJbILOH 3HEPTHH, KOTOPOE BO3HHKAET TPK BHXOAe 3JeKTPOHA M3 TOPCH-
oHrOH AMBI. OcoBo BaXHO OTMETHTB, UTO TOPCHOHHAs NoTeHUmManbHas sueprus (201} obpa-
kaeTcs B Hydb, koraa r. = (. 370 03p3uaeT, 4T0 CBOGOAHOE TOPCHOHHOE M3AYYEHHE NPOXO-
AKD Uepes MaTepHaabhble cpeabl 6e3 R3zuMoaecTus. Takdm 00pasom, HEHTPHHO, BEPOSTHO,
npeacTaBareT cobol Pa3HOBUAHOCTD MATEPHANBHOIO TODCHOHHOIO NOJI%, NEPEHOCAILETD IHED-
[0, HO He B3aWMoseicTByoWero (Mik caabo B32uMOISHCTBYOIIer0) ¢ OOBIMHON MaTepHen.
BICOKY 0 IPONUKZIOLLY 10 CNOCOOHOCTE HEHTPHHO MOXHO Teneps 06HSICIIMTE P2REHCTBOM HYJTIO
OTENLMAALHOR 3HepTHu (201) 1ns TOPCHOHUOTO HITYUYEHHS.

OBbluliv BPGLUESCH ¢ YHACTHEM HERTPUHO OTpeAesfioT KaK ¢naldsic B3anmomeicTand, [lo-
3TOMY napaMeTp r, B NOTeHUMaibHOH 3epruy (201), ckopee Bcero. orTBenaer 32 caabble
B3aWMOLEHCTBHS 3NMeMeHTAPHBIX YACTHLL.

6.1.6 Inckpernple 3HaueHns aveprHn F = fi # ee Bpamatenbian npupoua

B KBaHTOBOH MexadHKe u3 paBeHcTBa £ = mc® = Fuv, HaXOAUM

hw 25w .
m == ";"2— == (32 . (206)

A2 HOpMy.a YKA3LIBAET HA 6UAIUAMEAbHYM0 TPHPOLY MACCHL 4TO BMOAHC COTAAcyeTcs ¢ 0)-
uieit popmyaoi (85). B reoMeTpusHpoBaHHOR TCOPYH MATepHH, OCHOBAHHOH HA YPaBHCHHHX
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(A) u (B), xax Maccel, TaK W 3apaast (cm. gopmyay (183) ) onpeneasiorca uepes TopCHoHHOE
noae T, . lelHcTBHTENbIO, PaHEe Mbl 0KA3a0H, UTO B NICEBAOHKEPIHANbHBIX CHCTEMAX OTCUE-
Ta. opMyasl (55} 1 {183) 3HaUKTEABLHO YNIPOIWIAIOTCS H OMPENRNIOTCH UePe3 HOPMHPOBEHHbIE
Ha exunnLy noast unepunu (102) u (189) xak

m = [pdV = m/@"wa‘v, e = /pedV = c_/y’s*de,

T.€. TOAOOHO TOMY, KaK 3TO MMECT MEeCTO B KBAHTOBOH TEOPHH. PasHMila COCTOMT B TOM, UTO
B 3THX DPaBEHCTBAX 110J€ ¥ CBA3AHO CO CTPYKTYPO# MPOCIpaHCTsa COBLITHE, 4 HMEHHO C erg
KpydeHuneM, POSBJIAIOMNM cefs Kax nose MHepuMA PasuuHoli PUpoLK.

OnycaHue KBAHTOBBIX sBJHHH epe3 IHHAMHKY fusell HHEPLUHH MO3BOMHIO OTKA3ATh-
CS OT MOHATHA KJ4CCHHeCKOH npobHo# uacTuib. Kak W3aBecTHO, Takas 4acTHUA SiBAdeTCS
TOYEUHOH ¥ He HMeeT cOOCTBEHHOTO NOJIsl, YTO ABJAETCH CYIECTBEHHOH Mieaanaaiyei, Bes-
Kaf cBoDoaHAN peanbhas “ACTHIA AAJEKO HE TOUKA, NOCKOABLKY uMeeT ColCTBEHHDe ToJe
(rpaBuTauMOHHOS, IJCKTPOMATHATHOE H T.A.) H. BOOGIIE COBOPA, HMeET GECKOHEHAIe pasme-
Pbi, MOCKOJIBKY Nojie HACTHIIE 00palyaeTes B HOAb JHINL HA OeckoHedHocTd. [pyroe aeno,
KOT@ Mbl HCIGMb3YEM 1O HHEPIHH, AMEIOWHe YHHBEPCABHYIO IPHPOAY H COCObHbIE OTH-
CHBAaTh YaCTHLB ¢ YHETOM HX co6CTBeHNOro noas. [lpu omicandn ABHXKEHHS 3ieKTpoHa B
LEHTPaNbHO-CUMMETPHEHOM NOJe $ADa HA f3blKe AWHAMMKH ero [oJd MHEPUMM, M HaKaa-
ALIBAEM HZ 1I0J1e HHEPLMH, ONACLIBAIOUIEE JIEKTPOH, TPaHHUHbIC yea0BHA. M3 KaaccHueckods
DHIMKA MH yXe 3HAeM, 4TO DPW OTPaHMYEHHH ABVMIKEHMSA TPOTSKEHHOrO HHCTO TIOAEBOTD
00DBeKTa ero OCHOBHbIC (HU3UYECKHE XapPaKTEPHCTHKH CTAHOBATCH AMCKPETHBIMH. Jias noas
HHEPUMW 3/IEKTPOHA 3TA AMCKPETHOCTb TMPOABAAETCH B AMCKPETHOCTH €r0 HEePreTHYECKHX
COCTOSHHMI, KOTAA OH HAXOAKHTCS B 8TOME B CBR3AHHOM COCTOSHMH.

7 IJKcrnepuMEHTANbHOE MPOsBIEHHE NEKTPOTOPCHOHHBIX
nmoJeu

lloiiaras 8 noreHunaasnol sueprun (201) a1eKTpOMAriHTREE PagHYC 1, PABHBIM HYAD,
NMOJYHMM TOTEHLMANBHYI0 IHEPIHI0 (7, CO31aBACMYIO TOMNBKO TOPCHOUHBIM NOJMEM, PABHYK)

HYIG
Ue=10 (207)

JT0 ¢BOHCTBO TOPCHOHHOTO HOJS OTAMYACT €r0 OT BCEX JPYIHX noseit. BosMoxHO. HMeHHo
L0 ITOH MPHKHE QHIHUCCKHE CBOHCTBA TOPCHOHNOTO HIOAA HE AOCTATOYHO XOPOLIO H3VICHM.

7.1 BosmoMHubIe THIBI TOPCHOHHBIX TOJEH

CywectsyeT Tpy THna NpocTpaHcTsa a0COMIOTHOTO napaitenisma:
I) Teomerpra A4(6) c Tensopom Pumana R';,, = 0 u xpyuenmen Qi = 0. CrpykrypHnle
ypaBuenns Kapraua Tako# reoMeTDHH MMEIOT BH[

0

0
Vil o+ T i Ty = 0. (208)
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O 0
V[kg o 9 h[k e ] = 0. (209)

B 3ToM cayyae reoMeTpust a6COM0OTHO! G NapaIeH3Ma 1IPeiCTaBseT coBok MCeRI0eBKAH-
noBy reaMeTpHic MuHKOBCKOrO (MHAEKC 0 HAJ BEJHUMHAMH, BXOAMMMH B ypasHenus (208)
1 (209), osnanaer, 4TO OHM OMHCHBAIOT MCEBJOCBKIKIOBY reOMeTPHIo). TeomeTpus ¢ ypas-
Hersnu (208) 1 (209) cooTsercTsyer “AGCOMOTHOMY BAKYYMY", MOCKOAbKY HE OfMCHIRACT
HMKAKHX MaTepHanbHbIX 00HCKTOB.

[1) Teomerpus A,(6) ¢ Tensopom Pumana Ry = 0 1 kpyuenven 0 £ 0. CTpykTypHble
ypaBHeHHs KapTaka Tako# reoMeTpHy HMenT BuA

Vit = &y T = 0, (210)

vik Tﬂ'b|m] 4 I ([L"Tr | = (2“)

OTH YPABHEHUS OIUCHIBAIOT MPOCTPAHCTBO, B KOTOPOM CYLICCTBYIOT TOJALKO nepeUYRbe
TopcHOHHBIC TIoas [6], WMeoILHe Hyaeryo 3Hepruio. JlelCTBUTEALHO, NOACTARIAR YDaBHCHHUS
(211) B onpeseenne Ten3opa sHEPrHU-UMIYALCa (43) u Toka (135), TONYHAEM TOXKAECTBEHHOE
PABCHCTBO 1y/110 HOOIX 3HEPreTHYECKUX MeTOHUKOB [IpiMepom peuterust ypasuewuit (210)
M (211) oKasbiBaeTCs PELIEHHAE C TOPCHOHBIM N12PAMETPOM 75 M PUMAHOBOM METPHKOI BAAa

16,

ibm

2412 ane?
‘ n 1O ricosc - .
ds* = 2d¥ ~ B T 2~—d7‘ —{r* + rf cos? §Ydo* -
re+r
5

—(r* + rHsin? fdi? (212)

LN

HokasateabCTBOM TOTO, 4TO pelnenue ypauernin (210) u (211) ¢ meTpuko# (212) onu-
CHIBACT «IKCTOE BPAEHHE» CAYMUT OTAMUHBIH OT HYJIH ONTUYECKHUH NAPAMeTP BPamieHus
(6}

~ = —rsinf pp, (213)

KOTOPLIH XapaKTEpU3yeT BpauleHHe TIIOCKOCTH NOASPH3ALHAN CRETA MPH MPOXOMICHHH CTO
B mpocTpaHeTbe ¢ MeTpHKoR (212). B dopmyne (213) BeamumHu p M A NpeactaBasior co-
GOH OAHY M3 KOMIJIEKCHLIX KOMUOHCHT TOPCHOHHOYS MOAR T, sanucasubix B 0603navelins
popmannsma Hoiomena-Ilenpoyaa {18].

[1I} Teomerpua A4(6) ¢ Tensopom Pumana R i # 0 1 Kpyuenuem 2§ # 0. CTpyRTypHble
ypaBHeHHs Kaprana Takol reOMETPHH HMeIOT BHA

xel ‘b o — ; 3
v!k(mf - kt blmyp T 0, {A}

Rt + 2V Ty 4 2T g = 0. (B}

B atux ypaenenuax T, -~ 1opcuokioe mone 06/aaaet CocoSHOCTLI0 d3MelATh (NuTex-
UHEALHYK) 2HEPIHIO MATEPHANBHBIX CHCTEM, KaK 3TO MMCET MCCTO, HANpUMeEp, ANA SHEPriu
(20)).

W3 npuseneHHOro anann3a Mhl BHAMM. 4TO NEPBHUHEIE TOPCHONHBE NOIA HE MePesocsT
SHEPTUHU, HO NEPEHOCAT MMIYAbC, YTO COOTBCTCTBYET TAXHOHY C GECKOHEHHOU CKOPOCMbIO
pacnpoCMpanerus.

Tensop xpyuenns Q * npocipancrsa A,(6) umeeT 24 He3aBUCHMLIE KOMNOHENTH M ]as-
NardeTcs Ha CyMMY TpeX HEIPHBOIMMEIX HdcTel CaeayiolnM oOpasom [6]:

9 1 .

:(S[ ;kQﬂ -f jf‘njksszg 1 S_ZIJ;‘ (2]4)
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rae

e = g8, (215)
a8 BCKTQp QJ, NCCRACBEKTOP Qj ¥ BeccaeioBas 4acTs KPYyHeHUs Q;k onpenensiores Kak
Q; =, (216)
- 1 ins
Qj = ‘2-:'.'3'1,139 ; (217)
QL};— =0. QUS + Q].?z + Qaz_,r' =40, (218)

FAE Ejkm — MOJNHOCTRIO ZHTHCHMMETpHUHNA cHMBoa Jlepn-Uurura.

B ncepnoHHepUHANbHBIX CHCTEMAX OTCYeTa, KOTODHIE 3aMeHsI0T B HOBOH TeopHM Hecy-
HIECTBYIOMIME HHEPUMAbHEIE CHCTEMb, BBINOIHSETCH yeaosue (63), MO3TOMY B HICEBIOHHED-
UMANBHOH CUCTEME M3 TPEeX HeNPHBONHMEIX YacTed 0CTeTCA TOAbKO TCEBROBEKTOP Qj. B
pazaene 2.3 Mbl OB03HAYMJH ITOT NCEBJAOBEKTOP KaK

A Halili BHABI TEH30PAa 3HEPTHH-uUMnybca (43), obpasyemMble 3TuM NcepacsekTopoM. Kpome
TOFO, TOPCHOMHBIR napaMeTp r, B norventuaarnol suepruu (201) ceasan ¢ onTHueckum na-
pamerpom (213}. KOTOPHIl OKa3biBaeTCs NCEBAOCKAJAPOM, ONPEAE/SIOHMM TPEXMEPHYID CKO-
POCTh BPAIICHUA HCTOUHHKA, T.8. CIIUH 5. 3aMeTHM, HITO ICEBIOBEKTOD A; B CIHHOPHOM Baance
npeBpauiaeTcs B 4-X KoMnoueHTHHH coudop Jdupaka [6]. Bee ckasannoe Bhiwe HAaBOLMT Ha
MBIC/Ib, YTO KBAHTOBAs TEOPHA aTOMA BO3HHMKAA KAK HEPLASTHBUCTCKOE ApUO/HIKEHHE Teo-
PHU, OMHMCHIBAKILEH AHHAMHKY NOJeH HHepLM#, a ee YPABHEHHs Db "NOjorHaHm"'B HavaJc
NPOILNOTO BeKa MON CYMIECTBYIONHE TOT2 3KCIIEPUMEHTAaNbHEE JaHHAe.

7.1.1 Cpa3p CKaASAPHOrO TEKTPOMArHMTHOTO MOXA € BOSHOROH QyHKuUME
reoMeTpH3HPOBAHHOH KBAHTOBOH TEOPHH

Henons3ys gopmyast (160), (178) w (180), Haxonum

me? me
t) = ———85 = —
pe(t) Amr v 47y

(N - R (219)
C apyrodt cTOpOHBI, B CTaTHyecKoM npedene ¢(l) —- ¢ = const
Pe = €4 Y.

3TH ase GOPMYABl YCTAHABAMBAKOT CBA3L MEXKAY KJAACCHIECKMMH'CKAMAPHBIME TIOJSMM
divA, N u "KBaHTOROH 'BONHOBOH thynkumes (189), uto Bnepeule GOm0 OGHApYHEHO B 3Kc-
neprMerte ApoHoBa-homa,

7.2 JneKTPOTOPCHOHHBIE reHepaTopbl AKUMOBa

Pewenue ypapnenusi (A) u (B} ¢ metprxoii {212} npenckasmsaeT cyecTEOBARHE thuzu-
4eCKOT0 00beKTa, KOTOPbIA NEPEHOCUT TOMLKO CIHH, HE HMEET SHEPIMH, HO HMEeT HMIYAbC H
BO3HHKaeT B NPOLLCCAX € YaACTHEM HeHTPuHO. Mb 3HaeM, 470 Takas 5K30THUYECKER YaCcTHIA
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KK HEHTDUHO AEPEHDCHT F04LKO LMK Kak cuntaeT GOJbLINHCTBO GH3HKOB, HelHTPUHO 06-
Nanaet SHepruil YTBEPAUTEALHO OTBETHTb HA BONPOC HECET JIM HEHTPHIIO IHEPIHIO, MOMKEHO
Oy/eT TOra, KOra Mbl CMOXKeM CO34iaTb YIIpas/seMblil reHepa™op nois Heli TpuHo, Hanolobue
req4eparopa 3aeKTPOMArHATHREX BOJIH

H3 crpyKTypnt moTenunaasioi snepruy (201) caeayer, YTo npu M1060M M3MYSeHHH 3NEK-
TPOMAl HUTHBIX BOJIH, 3JEKTPOMArHUTHYIO BOJHY 10JIKHA CONPOBOXKAATH TOPCHOHHAA BOJHI4,
HOpOMAEHHASN CIHHOM s = [1/2 Wa/jydaeMOH 4acTHUB D10 (PEATIONOMEHHE IOATREDMIAETCS
MHOFOUHC/IERHBIMH IKCTIEPHMECHTAMH H, HAHKC, HEKQTOPBIMIL 1€AHOAOFMAMH, TPGHeNeHHLIMU ¢
redepatopamy AkumoBsa [25]

O ron, uro snexTpoannamika Makeseana-Jlopeniia u ee KBaHTOBOE 0GOGIIEHHE KBANTO-
Bas MCKTPONHHAMHKA Makcpenna-Jlupaka HENONHA W CTPAnaeT PRAOM HEAOCTATKOB H 1ipo-
THBOPEUHH, HATMCAHO JdiKe B y4eOHHKAX DOMBWHHCTBO REJOCTATKOB CBS3aHO C Tew, Uro
3apRavl B TROPHH SBAFIOTCH TONEYHHIMH OOP230BAHHAMH, HE MMEIOWMMH CTPYKTYDH, AOTH
TOHATVE CIIHHA "TOMEYROH YaCTHLbI"YKe MOAPA3YMEBACT CyleCTBOBAHHE Y KBAHTOBON HACTH-
bl BAYTPEHHEH CTPYKTYPhl FCan B OCHOBY 3MEKTPOAMHAMHKY MOAOKHTL HE [I0HS THE TOUkH,
4 NOHATHE OPHEHTHPYEMOH TOUKH, TO B TAKOH EKTPOAHHAMUKE 3aPHI UMEST BHYIPEHHION
CTPYKTYDY, ONpENeNfeMyl0 CHHHOM ¥ GOPOKAROULYIO 3ACK IPOTOPCHOHHOE L3AYYEH#He TpH
VCKOPEHHOM ABHKEHHH CIUBNHDYIOLIETO 3aDAA2 AH/MTHICCKOE ONHCAHHE MEKTPOrOPCHON-
HOTO M3/YYeHHs Tpebyer OTKa3a OT KY/JOHOBCKOW H JODEHIOBOH KaauGPOBOK, 4TO IIPHBOIHT
K TTOSIBACHHIO B M3AYYEHHH JIPOAOJBLHEIX 3JEKTPOMATHUTHLIX BOJH € HEOOMUHbIMH (DH3HHE-
CKMMP CBOHCTBamy. OOsafias BbICOKOH NPOHMKAWIEH cnocoBHOCTHIO, NEKTPOTOPCHOHHOE
M3fydeHHe MPOHUKaeT IMyOOKO BHYTPb BELIECTBA M OKA3LIBAET CHJBHOE BJMAIHHE HA ero
CRHHOBYI0 CTPYKTYPY. DKCEPHMEN rbl IOKA3HIBAIC, UTO 34€K1POTOPCHOHHOE H3JYYEHHE TOpP-
CHOHHBIX T@HEPATOPOB CHOCOBHO HaMEHHTH KPUCTANIHUYECKYi0 CTPYKTYPY METANM0B H AakKe
Ceaath METANT aMODQHAIM HC HA HOBEPXIOCTH, a 1o Beed e10 Toauwe OCHOBHOR NPHUHHON
3aAMANTHBARHS IEKTPOLHHAMMYECKUX YKCIEPHMCHTOB, Hal.1I00a0MbIX MHOIMMM HCCIS10BaTe -
ASIMH, ABIACTCH WX NPOTHBOPEYHE 32KOPaM OOIENPHIHAHHON 3ACKTPOAUHAMUKY MakcBen.ia-
Jlopernna Tanas nosHiMA SBASETCs BPEMEHHOR, 10CKOALKY IpobieMb) SHEPreTHKH, CTOS1He
nepe;l 061ECTBOM, TPEOYIOT PAa3BHIHS M BHEJPEHHS HOBEIN TeXHOMOTHIH, OCHOBAKHBIX Ha HO-
BOH Hay4YHOW mapagurme

B cepenune BOChMHACCHTLIX TOROB MPOIACTO cTOAETHS B Poccuu akagemukom PAEH A
E AKuMOBHIM C COTPYAHHKAMH Sbl1 CO3AAU 37eKTPOTOPCHOHHKL TEHePATOD, OfH& W3 MO-
Anukaiuil koroporo npencrasdeda Ha puc 8. B IeHCTBUTENBHOC TH, 3TO LEABH KOMJeKe
npHOOPOB, MO3BOASIOIIMH IIPOBOAKTh PA3THIHOMO POJA IKCTIEDUMEHTBL H KAXKE HCNOMB30BATH
)0 KOMILIEKC AN paspaboixu pasiauuHoro poaa TopcHoHubx Texnosorni Ha puc 8 cnpara
CTOAT F€HEPATOPhl CTAHAAPTHHIA FCRTPOMATHRTHBIX CHIHAJOB, HCIOh3YIOLMe N4ANA30H Ua
ctot oT IMrig g0 10I'Tu SaekTpomarwHTHEI CHIHAA OT ITHX reHepaTopoB nogaercs ia BXo
reHepaTopa 3/1eKTPOTOPCHOHHBIX H3NyUeHWH, KOTOPHIH PACIOONKeH 8 cepeauie puc.8.

YAHBHTENBHBIM CBOMCTBOM 3JCKTPOTOPCHOHHORO H3AYHEMHS SBJSETCH €10 BHCOKAS NPO-
HHKIOWas CIOCOBHOCTE  IMeHHO 9TO CBOWCTBO NOIBOJIMAQC PA3BUTH TEXHOJOTHIO O YehHS
META/JIOB C H3MEHEHHOH KPHCTaAIM4eCKOH peineTkodl uiy Booduie Ges Hee (amopdibie Me-
TaNA6L)

Ha puc 9 nonasana sKCHepMMEHTANbHAR YCTAHOBKA MO M3YHEHMI0 BO3EHCTBHS M3ayue-
HHS JEKTPOTOPCHOHHOIO TEHEpaTOPa Ha PACIIABJEHHBH MeTa.). B MHAYRIHOHHOW neu,
upeacrapaslled cobon MeTasAndecknd Uranuap (toapya Metaana 10-12 cM) nomewens
KIOBETd, B KOTODYIO 3aKjiafbiBdae1cs uccnedyembd wmerana Koprye nieud gasemaen Yepes
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OCHOBIHHE KIOBETHI NMPOXOAMT IJEKTPHUECKHH Tok cunoil po 700 amnep. B peaysbrate wa-
rpesa meTans B Kiopere naasHTcs. [locle TOro, Kaxk ToK OTKMOYEH, W MeTaA] HayWHaeT
OCTBIBATE BKJIQYAETCH 3JEKTPOTOPCHOHHBIN FeHepaTop, paboTalouulii Ha HECKOALKUX 44CTo-
Tax {Oun noka HaxoasrcH MeTopom ropbopa) B Tevewan 10-15 Mun  DnekTpoTOPCHONBLIK
CHrHa/, BO3LCHCTBYS Ha OCTHIBAIOIIMH METaN 4epes 3a3eMJEHHYIO TONUlYy METANia Neud,
MEHAET ero CTPYKTYpY.

Puc. 10: Caepa — konTpoabHuil o6pasen CHIIYMHHA, capaBa — NOABEPIHYTHI 3JeKTPOTOPCH-
OHHOMY 00JYHEHHIO

B Poccun antektpoTopcnontble reHepatopt GbiM HCNOAb3ORaHL B cepeante 90X rogos
MPOTIVIOrO CTONETHS NPK pa3paboTKe CAEAYIOHUX 3JeKTPOTOPCHOHHLIX TeXHOAOTHIL:

1. MarepuajoBeseHne.

2. JMeKTPOTOPCHOHHAS CBA3H.

3. Meamunna.

4. Ceabckoe x03sHCTBO.

Peayabratnl 9THX paspaboTox MOX KO HaiTH B MHTepHeTe U kuvre artopa [6] B uactoswee
BPEMS TOPCHOHHBIE METOAE! M3MEHEHHS CTPYKTYPH METAAJI08 3aI1aTEHTORARE W HCNO/h3VIOTCS
B TIPOMBIIIJICHHLI X MACITA0aX,

7.2.1 3JaexTporopcHonnblii renepatop Kypanosa

Passusan paborst A. Axuwosa, C. Kypanos u B. Tlanon wcnosbsosaiun B [lepmu ma
OAQ "MoToBnanxuHCKHE 32B0ObI TOPCHOHHLIH reHEPaTop, YHHKATLHOCTE KOTOPOFO COCTOMT
B €ro TJyOHHHOM M O0UbEMHOM BJWSIHWM Ha DAcil/IaBbl ¥ PAacTBOPH Pas/THYHLIX BEUIECTS.
PaspaBorunk reneparopa - C. A. Kypanos (puc.il).

(OCHCBHOE TIPUMEHEDHC TEHEpaTOp HALUE: B METAYDIHYEChOl NPOMBILLIEHHOCTH. jlan-
HLIM TEHEepaTopoM o0ayuaeTcs pacmias Metasna B o6béme ot 160 kr a0 60 touH puc. 11.

C noMeUIbIo TOPCHOHBOTO [EIepaTopa YAAIOCh NOAYIHTh METaMl ¢ M3MEeNbYeHHOH CTPYK-
TYPOH W NOYTH 110/IHOE NPEKPALCHHE BbIIENEHHS KapbnoB B BHICOKOYIMEPOAHCTLIX CTaNNX.
YReJdueHne YAaPHOH BA3KOCTH NPU 9TOM COCTaBHI0 10 52%. Beuay Toro, uto TopcHoHHOe 110-
ne 0ohragact Koaoccadbioi MPOHHK20LER ciocoBHOCTHIY, 0OpaboTKa paciaaBa NPoM3BOAHTCH
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Puc 11 Caesa ~ C.Kypanos ¢ rexepatopon; ClipdBa —[LI2EKd METAMLI4 B 33B0JCKUX YCIOBUSIX

CKRO3b CTEHKY MeTaliyprudeckodi neuu. Pokyc reHepatopa yCTaHaBiHBaeTCS BHYTPb PAc-
naaea {(puc.11 cnpapa). Tedepatop Gbii HONMHOCTHIO SKPAHHPOBAH OT BBIXOZA 3a €0 MpPefebl
TPaLHUHOHHBIX JEKTPOMATHUTHAIX IoJefl. JT0T TEHEPATODP TOPOXKAAET 3EKTPOTOPCHOHHOE
nose, obiajgamniee KOI0CCAIbHOR NPOHHKAOWEH CIOCOBHOCTBIO H OKaskiBalowWwee 1yGHHHOe
1 00BbeMHOR BIHAHME Ha PACI/iaBhl ¥ PACTBOPHl PABJMYHAIX BEIeCTs.

7.2.2 3neKkTpOTOPCHOHHDBIA reHeparop XaruucoHa

B 2000 roay g Guan npurnaives B AMEPHKY Ha KOH(EPEHIMIO 110 TOPCHOHHOH (uau-
Ke, oprasusosanHoit MexnyHapoano# opranmsauMefi 1o usyuermio Koemoca (I1SSO), [das
Y44CTHAKOB KOHQepeHinn OblN 0Kas3aH QulbM, B KOTOPUM GblaY IPEACTABJAEHH YCTPORCTBA,
AEMOHCTPHPYIOUIKE aHOMasHbie 3ddeKTh. Tora s BiepBbie y3Hal O reHepaTopax "mpoios-
HBIX "2IEKTPOMATHUTHEX (CRanspHbIX) noJed KaHafckoro u3obperatensn [lkona XardyucoHa,
XHBYLILTO Hbive B Ameprke. C MOeH TOUKM 3peHus, reHepartop XaTunCoHa NPeACcTaBAseT co-
Goft pasHOBRAHOCTL 2JEKTPOTOPCHOHHOTO TeHepaTopa. [eheparop XaruucoHa AeMOHCTPHPYET
HeAbIA PAN HeOOmUHbIX #BAeHuE Hanpumep, ecsiu reseparop AKHMOBa H3MEHSET CTPYKTYpY
HarpeToOTO METAJAA, TO reHepaTop XaTyHCOHa AeNaeT ITO NPH KOMHATHOH Temnepartype (cM.
pHe.12)

Bonee toro, uanyyenne reneparopa XaTHuHCOHA MO3BONAET "BNJIABAATH KYCOK Iepesa B
MeTaan (cM puc.i2), uam "CINABAATL'METAANB € DE3HLIME TEMIEPaTYPAMH TAABJEHHSA C
coxpaHeHuem GopMbl "BIJARJIEHHOrO 'MeTa1a.

7.2.3 OnextporopcHonHbI reneparop Pycram Poiis

[Tpu HeeqenoBaHUy IKCHEPUMEHTATBHLIX NPORBJICHHH MEKTPOTOPCHOHHBX NOSEH GBI
UOHADYKEHO HapyuieHHe COWENPHHATEX 3aKCHOB cOXpaHenust Tax, HANpUMEp, C TOYKH 3pe-
HUS MEXaHHKM HbIOTOHA TOPCHOMHbIE LBHKHTE/H AEMORCTPHPYIOT YCKOPEHHOE® LEHMKeHHe
IIEHTPA MACC MEXaHHNECKOH CHCTeMbl, H30JIUPOBAHHOH OT BHEWHUX CuA. B 5ToM cayuac M
HMCEM HapYLIERHE 3aKOHA COXPAHEHUR HMIY/bca UEHTPa Mace, ChOPMYAHPOBAHHLH B MeXa-
nyike Heiotona [17]. Naxe oTKpbITHE HEHTPHHO - TOPCHOHHOrO MO APOCTEHILEro BHAA, 6bAQ
CTHMY/HPOBAHO SKCIEPHMEHTANBHLIM OOHADY KeHHEM HADYLUPHHS 31KOHA SHEPIMH-HMIIYIILCE
NpH pacnaje 4acTyl (Hanpmep, HeiATpoHa) Ilpodeccop FleHCHALBAHCKOTO TOCYAaPCTBEHHOMO
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Puc 12: Xononsas nnasxka metannon, C/cBa BBEPXY: HOAHOCTEI) PA3OPRABIIHICH allioMUEHE-
BLifi 6pycoK: caeBa BHA3Y &MOMHHHA ¢ OTHEYATKAMM MOHET ¥ OLHONH MOHETOH, BCTABACHHOMN
B 4aCTHIHO OTKPBITYK0 TPEUIMHY, CiPaBa BBEPXY # BHH3Y (PArMeHT Cpesa aNlOMUHHEBOTO
BAOK2, HA KOTOPOM BWIEH BMJaBACHHLIY B HEr0 KYCOK AepeBa

yauBepcuteta Pyctam Pofi ¢ coTpynnukamn yxxe GoJiee N0AYBEKA 3aHHMAETCS HOCACAOBAHH-
eM BO3LEHCTSHST MHKDOBOHOBOMO 31eKTPOMATHHTHOTO U3JYYEHHA H3 PA3IHUBLIE METAAh
COME MET2AN0B, KEPaMUhY M T A. B poccuickuy sKcniepiMenTax Harpes MeTas1o0B NPoHEXo-
IHT B [EUdN, TPU 3TOM 3/exTPOTOPCHORHOE BO3REHCTBHE Ha PACIIABNEHHBIH MeTaNl OO
OT BHEUTHETO [CHEPATOPA SJEXTPOTOPCHOHHONO HANYHCHHS € OTCEYEHHON 3/IEKTPOMarHHTHOMN
KOMUOHEHTO . B aMepUKaHCKMX 3KCIEPHMEHTAX TPOLECC HarpeBa MeTa/lna TIPOHCXOZH/ 33
CHET 51EKTPOMATHUTHOH KOMNOHEHTH MHKDOBOJHOBOFO H3iyueHus (Harpe Tokamu Pyxo)
ApU ORHOBPEMEHHCM BO3EHCTBUN HA HEro, CONPOBOMAAIOIIETO INEKTPOTOPCHORHOMG HaTyYe-
HHA. B hauecTre UCTOUNKKZ 3CKTPOMATHHTHOTO MOMK 1 CORPOBOMAAIOMIEIO 3/1eKTPOTOPCH-
OHHOI'O H3JIyueilMst HCIlOAB30BATHCL KAHCTPOHB ¢ dactortaMy 919 Mru, 2.45 Tru, 5.8 Tru
n 28 I'ru. Tenepupyemoe KAHCTPOHOM CMEWI@HHOE H3JYYekMe NOAZBAJOCH NO BOJNHOBORY B
IIPAMOYTO/IbHYIO KaMepy, B KOTOPYIO NOMEILANN MCIbITeIBaeMbii obpasel (cM. puc.13)

B kamepe spineanaucs 0612CTH, B KoTopeix 00a% E u H npHHAMAIH MaKCHMaabHOE sHaue-
Hie. OBpasusi yCTaHaBAMBANCA B STHX MECTAX, YTO AARAJI0 BOIMONKHOCTh H3YUHTb BJHSHHE
3IEKTPOTOPCHOHHOTO U3ayenksa B obaactax, rae E u H makcimadsisl no ampautyze.

Pycram Poli oTmeuaer, 4TO MHOrOMETHME SKCIICPHMEHTS! C Pa3iHYHbIMK MATEPHANAMH
MOKA3bIBAKOT PE3Y/IBTATH, KOTOPHIE HEBOSMOXHO MOHATh M GOBRCHUTL C NOMOIIbLK) YP2BHEHUI
yIexTpoarHaMuku Makceenaa-Jlopeniia 3To clieayiomiue HeOGHURBIE Pe3yIbTaThl:

I. AdomanbHoe nerdowente 31eKTPOMArHHTHOMA 9HepriH (1apylieHHe 3aKOHA COXPAHCHHUS
JHEPTHH).

2. YmenbuieHune BpeMeHH 1POTEKAHHS XMMH4YECKHX PKUMH B HECKOMBKO THICRY pas Mo
CPaBHEHHIO € TPAJHUHOHHBLIMU METOaMH.

3. Cospatne amopdilbix MeTan0B (TakKe Ke MCTa.Ibl 6K NONYYeHsl B PocCHM).

4. Cozpanue amopdiislx coedl MeTasIoB,

53



Puc 43 Yo auppia © Muxposoanoscmy £ H warpesy

b OTKPHITHE AHHAUTEPMAABHE I NPONECCOB KOTOPLE HHKOTRA MPEMIe HE Hala Onaiuch
6 Pasiuusios BC JEHCTBNE DABACNGHHHIX MUKPOBOAWOBMK nnew E y H uz matepuatts

{ % puc 14}

Prc 14 M kpoctpye ypa Fe £ B L w H moass

Tocae MHOPONETRHK ¥ CPeACBd Wi HABNOIACMBX ABIEHNK K WX TEDPET YeCKe 0 8 AnM3a
P am Pon npuxoiwt & BbBOLY 4TO MHEPOBOMBUBMA EHMEPATOD NEMCTBVE ud CIMHOBL C
CBOMC Ba BELIECTBA € WAINYYAET ~eK POTORCHOHHOR NOAE MotodHo edepatopam Axumona
u Kypanosa

B 3xcrepuMedTax ¢ snedTpOTOPCHE HE M FEHEDa 0paMi AKHMORd Ouln0 32UEYELD UTO
BHEPAT P COIMAET ASA THIA NOJIEH KOTOPh € ROAYUHMH hazsanus T, aiuMyraneboe 0 T
painaabhoe ECTh BCE 0eWeBanps fpe D0JATaTh TG JNEKTPOTOP WoHMoC Noae T, ¢BAIaHO
Cha HHTHo M PodeM #f 3 rmoae 7 ¢ no oM £ npuvvem Kak 3 0 TOKAZWRZGT IKCTEPHN €HTh
IMpPoHRRAKCIL 88 CHoCoOHOCTE nona f 0Pa3ad BEMIC HEM MO1R T PatoTh amepHKa CKHX
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KGNMET [0Ka3blBAIOT, UTO HAHDO/bIIHE H3MEHCHHS CTPYKTYDPH MET2//08, CONCH H KePAMHKK
HPOHCXOLAT K2K pas B 06MaCTH MakcHMabHORO MarHKTHOIO o Ha puc 14 npeacTasieHa
MHKDOCTPYKTYpPa Fe3(y (aeBbie M NpaBhle CHUMKH UMEIOT Da3HLIC yBCJAWHEHH:), NOJY4eHHaR
B Pe3yshTaTe MUKPOBOAHOBOrO BO3eHCTBHA pasneneHHnx L u Il Bpemsi Bo3gercTBHs NoJeil
E - 1,omun w I - lmmu cootsercrsenro C moEH TOUKHM 3peHusl, PAasNMuHBE H3MEHCHMS
CIPYKTYPH, BHAHbBIC U3 PUCYHKE, [POU3BEAleHbl NOJAAMH T, T, CBA3aHHbIe C NoAAMH £ Ff

Puc. 15 Meppas B mupe (nonHs) nenpepriBHas MHKPOBOIHOBAS (e4b

B mocaeanne rofbi MHKPOBOHOBLIE TEXHOAOTHH NOJAYHEHHS BHICOKOKAYECTBEHHBIX Kepa-
MHK [OJY94JIH Wpokoe npumededve B Hnonun Ha puc 15 nokaszasa snouckas norouunas
JWHHS, B KOTOPOH WCTIONb3YeTCS MHKDOBOJHOBAS TeXHOOTHS (CuMTall, 3/1eKIpOTOPCHOHHAR
TEXHOJOTHA) 1A NOMYSeHHMA BLICOKOKAUYECTBEHHOH KepaMukn [lomoOHbie TeXHOJIGTHUECKHE
JHHHK CYIECTBYIOT H B AMepuxke

Pyctam Poft otMedaer 4To HECMOTPS HA 3HAHMTCABHBIE YCTIEXH B MCCJEAOBAHHMAX 4HO
MANbHBIX MHXDOBONHOBHIX M3NYYeHHH, AMePHKAHCKOE HaydHOoe coofweciBo Ha 100% wiwo-
pHpyeT HOBbE (H3MUECKHE ABACHUA, aMEPHKAHCKAS NPOMBILLIEHHOCTh Ha 0%, 3aT0 Ma sl
OH3HEC BOCHPHHAN HOBbIe TEXHOJOTHH Ha ypa'!

Amepukanckue cpeaCTEa MacCOBOH HIDOPMALHH, CChIIASCHL Ha MHEHHE YUEHBIX, TOJAratoT,
UTO 3MO20 He MmoNcem Ouimy

JakJoueHue

Cro sieT ToMy Ha2334 B BU3MKe HAYANKCh PEBOMIOIHOHHLIC TIPe0BpasoBatis, KOTOphIE IpH-
Be/lY, B KOHEYHOM CYETe. K PasjesieHyIo (DH3HKM Ha KJ3CCHYECKYI0 H kBaHTOBYI0 ITO pasie-
JERHE TIOIOMAN0 HAUAI0 KOCBEHHOMY OTTMCAHHI Peadbloc i B ofnacT Mukpomupa. Cerous
Mbi Habawoaaem o6paTHYIO KaPTHHY - NPOHCXOANT 00belHHeHHe KBAHTOBOH W KJACCH4ECKOH
reopud Ha fase gasbpHediero pasEHTHSA NPHHIIHIE OTHOCHTENBHOCTH, IIPH TOM B KBAHTOBOH
TeOPHU Mbi BO3BPALNEEMCA K NPAMOMY (2 Ke KOCBEHHOMY, Kak Gbli0 40 CHX NOp) ONHUCAHMIO
aBaesd Beem HaM H3BECIHO K KAKMM 3HAUHTCILHBIM NOCJEACTBHEM B XKU3HH oOulecTra
MpHBe/IM De3yAbTaThi HAyuHOH peBosiousM, Hauasliedcs B 1905 r B navase 21 cioneins
Mbl HaOJIONzeM B (DHIUKC NPUO/IMKEHHE "HHTENERTYAILHOrO HYHAMM", MOCAEACT BHN KOTO-



poro K 1asi HayKH, M 448 o0luecTBa Ha MOPAAOK (2, MoxeT Obith, W Gosee) 3HauuTeNbHEee
1070. YT0 HaYa10Ch CTO JIeT Ha3al Ham npeacToHT nepeocMbICadTL KBAHTOBYIO TCOPHID 3aeK-
TPOM2IHETHBIX B3aWMOACHCTBUM, NOCKO/LKY, Kak oTMeuan [1. Jlupak, "ocHoBHLE YPABHEHHS
COBPEMEHHOH KBAHTOBOH 3/eKTpoAMHAMHKe Hepephbl” CMaAryas 3Ty XeC1Kyio (OpPMYJIHPOBKY
Jlupaka, HEOGXOMHMO OTMETHTE, 410 YPABHEHHs! KBAHTOBOH MEKTPOAMHAMUKH BEDHB, HO He
Bceraa OJTH ypaBHeHus (M HX KJaCCHYECKasi NepPBOOCHOBA) He PACTIPOCTPAHAKGTCH HA 3JIeK-
TPOMarHUTHBIE 11POUECCH B KOTOPBIX®

a) HapywaeTcs 3aKOH COXPaHCHUS 3apsija e,

G} MeHCTBYIOT CHAbHBIC 3/IEKTPOMATHUTHEE M0JR (PR GOABLIMX YCROPEHHAX 3aDANOR);

B) CKODOCTH ABHKEHHS 3apSIJIOB CTAHOBATCS YJIbTPAPEJSTHBUCTCKHMH.

Pewenre sTopoii npobaembl JiKIITeHHa NO3BOAAET 1ATH TCOPETHHECKOE ONHCAHME IN1EK-
TPOMATHHTHBIX TPOUECCOB BO BCEX ITHX CAYYauX, AaBas HHCTPYMEHT AJs HAYYHOrO TIOHHMd-
HUsl dHOMJIbHBIX IKCHAEPHMEHTOB, MOAYHAEMbIX C TIOMOLLIO Terepatopos Axumora, Xardu-
cona, Pycram Pofin v MHOrMx Apyrux HccliegoBaTenei

DHHWITEAH 0Ka3a/ICA 1PaB, KOTa PEANONAran, 4TO “COBEpUICHNAR KBaH TOBas Teopus by-
AeT NONYYEHd HA NYTH AAJBHEHIIETD Pa3BUTHS TEOPHY OTHOCHTEJBHOCTH, KOraa HPOH30HAET
TEOMETPHIANHA TeH30PA IREPTHH-UMOYNbCR 8 PABOR 4aCTH ero ypascunii Ho o ne npex
CTaBJIAlL, YTO pellelive 3TOH MPoOseMbl YKaxer OYTh K (yHIAMeHTansHOMy oGBEeAHHEHHIO
PABUTAUKOHHBIX, 3ICKTPOMATHHTHBIX, CHABRBIX M 7a0bia B3aUMOLEHCTBHI Ha Dase yHHBep-
CaJIbHOrO 10/l — NOAS KHEPLHH
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Copepxanue

Brepeune

HpocipancTBo coGbITUH peannHEIX CHCTEM OTCYETA
1] Cuctems KOOPIMHAT W CACTEMBE OTCUETA
L[l Peansuas cucrema orcyers
12 Tlpocrpanctso cobeitun
121 Opuenrupyemas 104ka u reomerpus A4(6)
122  Ypapuenus nossi TeTpan
123 Cpasnenve noaxona Pumana v Kapraed k aubdepeniinansHoil reomeTpuu

leomerpu3anma TeH30pa 3HEPrUA-MMITYIBCA MATEPHH

21 Cps3b TOPCHOHHOI O TIOAS C TIOAEM HHEPUHH

22 Onpenenende MacChl KaK Mepbi N0JS HHEPLHH

23 TeH30op HEPrHM-HMIIYALC2 B YCKOPEHHOH JOKAISHO HHEpUHATbHOH CHCTeMe
OTCYeTZ BTOPOTO DOlia
231 YckopeHHble NMOKa/IbHO HHEPUHA T6HLIE CHCTEMbl OTCHETA BTOPOIO POAa
232 YupolieHHbE BHAbI TEH30Da SHEPIHH HMIYJIbCA

Ypapuenne IHpennnrepa, onmuckiBajoulee IUHAMHKY HoJel HHEPLMHA

31 Moneab 4acTHIL KaK TOYEYHOTO COIMTOHA

32 Tpobnema NBHMEHUS TOPCHOHIION Md "epPHH

33 VYpasrenne Ulpenutirepa ass "Todeunoi uacTrsl, 06pasoBaHHOi TOPCHOHHBIM
noseM

Eaunas (3 1) xanubpoBouHas Teopusl TPaBMTRUMOHHbIX, ICKTPOMATHHTHBIX ¥
ANEPHBIX 1OJIeH
41 aektpospepubie pemenus Bakyymuaux ypasuennsi (I)-(111)

INEKTPOMArHNTHBIE [IONA H IKcnepuMenTul Tecaa
51 Ilepemennble 3apgibi H CKaASPHLIC 3JICK IPOMATHUTHHE TIOJS
511 Cxaasphoe 3/1eKTPOMATHHTHOC 110€ haK CeACTBHE TeH3OPHOTO N0 eH
LHa/a B reOMETPH3HPOBAHHOH JIEKTPOMHBaMUKe
512 Cranspubie (IPOLONGHBIE) 3 IEKTPOMATHM CHBIE TMOJR B PACHIUPEHHON
cucreMe ypasHeHult Makcpenaa-Jfloperaa Te(na
52 3JKcuepdMeHTalbHOE NPOSBAEHHE CKANAPREIX 3/EKTPOMAl HHTHBIX KOJeH

I'eomerpuanpoBaHHas KBaHTORAA JIEKTPOAWHAMHKA
61 KsauToran Mexanuka nonel niepuuu 06pasyIOIMX 3apALL
611 Crausonapusie TpaekTopuhn
612 KopnyckyaspHo BoNHOBOH ayanusm
613 OmUKO-MCXdHHUECKAA aHaiorus
614 BeposTHOCTHOE OIIHCaHME
615 Cobc1BeHHOe BpailleHue YacTUUb (CTIKH) W HOBas KOMCTaHTa T
616 Jlnchperusie 3nauenun sneprun £ = hw ¥ ee BPAILAre/bHAR PHPOAA
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7 IKcrnepHMEHTAJbHOE NPOSBAECHHE IAEKTPOTOPCHOHHBIX ToAeH

71 Bo3smoxbie THIB TOPCHOHHBIX NOsEH

711 Cssiab CKanAPHOTO JIEKTPOMAFHMTHOIO NMOJIS ¢ BONHOBOH (yHhLHEH
reoMeTpH3HPOBAHHONH KBAHTOBOH TEODHH

72 OSnenTpoTOpCHOHHbIE TedepaTopbl Aknmona
721 3nextporopcuoHHbii reneparop Kypanosa
722 OnexTPOTOPCHOHHLIA reHepatop XaT4MCoOHa
723 DnekTporTOptMOHHBIH 1eHeparop Pyctam Poita

JakaouyeHHe

CNWiCOK JAMTEpaTyphI
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