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1. BBEAEHUE

C wmowmenta mnosiBienus OOImeil Teopun OTHOCH-
renpHocTH  (OTO) HaYanUCh MONBITKH OCTPOCHUS
MOJIeJIell  9JIEMEHTAPHBIX YACTUI[ B HCKPHUBJICHHOM
npocrpancTBe-speMenu. Cpesi aBTOPOB TaKUX MOJIe-
geii moxkuo nassarb k. B. [xxkeddpu (G.B. Jeffery)
(1921), IT. A. M. Tupaka (P. A. M. Dirac) (1962), B. 13-
pasast (W.Israel) (1970), K. A.Jloneca (C.A.Lépez)
(1984), O.T'pora (O.Gron) (1984), A.Bypuuckoro
(1974-2023) u ap. K coxasienuio, Bce npejiozKeHHbIe
MOJIEJIM He HAIIA CBOET0 WCIOJIH30BAHWUS B IIPAKTHU-
YeCKHUX pacdeTax KJIACCHIeCKON W KBAHTOBON TEOPHUH
TTOJIS.

Bropoit mpobsiemoii, Has pemreHHEM KOTOPOit
paborajy MHOTHE yUYeHble W O KOTOPOIl MBI Oy/em
TOBOPUTH B Haleil padbore, sgBjsieTcs mpobsemMa 6ecKo-
HEIHOW COOCTBEHHON SHEPIUN 3apsizKeHHON TaCTUITHI
B KJIACCUYECKOW U KBAHTOBOW 9JIEKTPOJIMHAMUKE.
JluneitHyto pacxoiauMoCcTh COOCTBEHHOW SHEPIUHA B
KJIACCUIECKON 9JIEKTPOJIMHAMUKE TTHITAJIICH YCTPAHUTD
A.Ilyankape, M.Bopn, JI.Uudenbn, II.A.M. du-
pak, JIx.Yumuep, P.®eitavan (H. Poincaré, M. Born,
L.Infeld, P.A.M.Dirac, J. Wheeler, R.Feynman) u
ap. s ycerpamenus jorapudMUYECKOR pPacXoInMO-
CcTH COOCTBEHHOH SHEPruu B KBAHTOBOW TEOPUU IIOJIs
ObLTa pa3paboTaHa MPOIELypa MEPEHOPMUPOBKU MACC
bHepMHIOHOB.

Ilot06HBIE PABOTHI IPOIOJIZKAIOTCS U B HAIE Bpe-
mst. Hanpumep, B [1,2] B KBAHTOBOI 3JIEKTPOIMHAMU-

* . .o .
E-mail: vpneznamov@vniief.ru, vpneznamov@mail.ru
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Ke COOCTBEHHAs] SHEPIUsl TOYEHTHOTO 3apsijia CXOIUTCS
[Ipy ydere HeJUHEHHOCTH TeOPUU B JIEOOOM KOHEYHOM
[OPsIJIKE PA3JIOXKEHUsI JlIarpaHKuaHa Jitiepa — [eiizen-
Gepra 10 CTENEHSM JIEKTPUIECKOTO TOJIS.

B mameit pabore Ha mpuMepe 3JIEKTPOHA MBI IIPEJI-
JlaraeM JiBe KBaHTOBBIE MOJEJIM 3apsi?KEeHHBIX 3JIEMEH-
TApHBIX YACTHI[ C HYJEBBIMU COOCTBEHHBIME SHEPIHU-
gmvu. [Ipu 5TOM, HCHOIB3Ysl KBAHTOBYIO T'€OMETPHIO
Paitccuepa— Hopjictpema u niperedbperast Ype3BblaaiiHo
MaJIbIMU TPaBUTAIMOHHBIME KO MDUIUEHTAMEI, MOXKHO
BCe IIpaKTUIecKue pacdeTbl 3PEeKTOB KJIACCUIECKON 1
KBAHTOBOM 3JIEKTPOJIMHAMUKY IIPOBOJIUTH B I1apaIurMe
3JIEMEHTAPHBIX YACTHI C TOYEUHBIMU MaCCaMU U JJIEK-
TPUYECKUMU 3aPSIAMHI.

3a ocHOBY HaMU OBLIO B34TO (DEHOMEHOJIOTTIECKOEe
OIMCAHNE KBAHTOBBIX YEPHBIX JbIP JJIsi MOIU(PDHUIIPO-
Banabix reomerpuii [sapmmmibaa (Sq) u Paiiccre-
pa—Hopacrpema (RNq) [3,4]. B aTom noaxoze yepubie
JIBIPBI COJIEPKAT KBAHTOBBIE s1Jipa, OIMChIBAEMbIE KOT'e-
PEHTHBIME COCTOSIHUsIMU I'PaBUTOHOB. CpejHue 1o Ko-
PEPEHTHBIM COCTOSTHUSIM PEIeHusT 6E3MacCOBOIO ypaB-
menusi Kuretina —[opona i mpoOmOIBHBIX TPaBUTO-
HOB IIPUPABHUBAIOTCSI C OILIPEJIeJIeHHBIME KO3 UIIeH-
TaMU KJIACCHIECKUM MMOTEHIHAIAM. YCTPaHEeHIe KOPOT-
KUX JIJIMH BOJIH IIpoBouTcs obpesanuem (cut-off) suep-
I'UU IPABUTOHOB. B Teopuu 1osiBjisieTcst MaKCuMa/ibHast
SHEPI'Usl IPABUTOHOB

he

kuy = —.
uv Rs

(1)
3aech gt yaobersa, Kak B [3, 4], Mbl BBoauM mnapa-
MeTp Rg. IlepBUdHBIM B TEOPUU SABJIAETCS MAKCUMAJIb-
Has 3HEprusi TpaBUTOHOB k. Hamuume KBaHTOBOrO
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siJIpa JIaeT POCT KBAHTOBBIM BoJiocaM. KBaHTOBBIE dep-
HBIE JBIPHI UMEIOT KBAHTOBBIE BOJIOCHL.

B 6yay1meit KBaHTOBOI TeOpUy IpaBUTAIINN 00PE3a-
HUeE T10 SHEPTUU IPABUTOHOB ki OyJIeT 3aMEHEHO CTPO-
UM HUHTEIPDHPOBAHUEM, & OTCYTCTBHE KOPOTKUX JJIHH
BOJIH B KOTE€DEHTHBIX COCTOSHUAX TI'DABUTOHOB OyIeT
€CTEeCTBEHHBIM Pe3yJIbTaTOM IIpUMeHeHus OoJjiee coBep-
IIIEHHOW KBAHTOBOI TEOPHUHU.

B wmameii pabore [5| Mbl paciupocTpaHUIn IO
xo71, [3, 4] ma momudunuposanusie reomerpun Keppa
(Kq) n Keppa—Hrpromena (KNq), onucsisaromue pe-
TyJIsiDHBIE HE3aPsi?KEHHbIE U 3aPAKEHHbIE KBAHTOBBIE
BpAaIAIOIINecss KoJulalcapbl. 3J1eCh, KaK U B CJIydae
reomerpun RNq, 370 Ha3BaHME BKJIIOYAET B ceOs OO
9epHBIE JBIPHI C KBAHTOBBIMU si[PAMHU U C TOPU30HTA-
MU COOBITHI, TMOO BpAIIAIONIIeCs: KBAHTOBbIE si/ipa, 6e3
TOPU30HTOB COOBITHUIA.

B pabore [5] ajist 3apsizKeHHBIX BPAIIAIONIUXCS KOJI-
Jraricapos ¢ maccoit M, 3apsimom () 1 yIryIOBBIM MOMEH-
TOM J IIpU 3HAYEHUU ITapaMeTpa

@ :
“sue ®
HOJIYYHIM TIOJHYIO PEryIspU3alui0 KBAHTOBBIX
meTpuk KN ¢ KOHEYHBLIMU 3HAYEHUSIMH TAKHUX BEJIU-
qun OTO, kak MaccoBast QYHKIUS M Ny (), TEH30D
Puauan R, (7, 9)q, cxangp Kperavana K (r,6) u 7.4

Ilpu Rg RS monnas sHeprust KBaHTOBO-
ro 3apsi’KeHHOr0 Bpallalollerocst KoJjuialcapa paBHa

Rs = Ry?

MbI

E = Mc? Tt.e. cobcTBeHHas SHEPrHsS KOJLIAIICADA
paBHa Hysmo. V3-3a Haquunsa KBAHTOBOTO sIpa JIEK-
TPOMAarHUTHBIE CHUJIbI, OTBETCTBEHHbIE 38 COOCTBEHHYIO
SHEPIUIO KOJIIAIICAPA, KOMIIEHCUPYIOTCS TPABUTAIINOH-
HBIMU CUJIAMU.

AmnajiornvHple  pe3ysbTaThl  MOJIYYAIOTCSA W JJIs
kBaHTOBOH MeTpruku RNq [4].

B pa3zz. 2 na ocroBe kBanTOBBIX reomerpuit RNq u
KNq mbI npejjiaraeM JiBe KBAHTOBBIE MOJIEJIH 3JIEKTPO-
Ha C HYJIEBBIME COOCTBEHHBIMH HeprusiMu. B pasi. 3
CPaBHUBAIOTCS MOJIEJN 3JEKTPOHOB JIPYT C JAPYTOM U
OTJAETCsI HEKOTOPOE IMPEITOYTEHNE MOJIEN C KBAHTO-
Boii reomerpueit RNq. B Bakitouenuu cpopmysmpoBan
OCHOBHOII Pe3yJIbTaT CTAThU.

B Ilpunoxkenun mpuBeneHa OpoIEeaypa pacdeTa
SHEPI'UU 3aPs?KEHHOI BPAIAIOIIENCsT YePHOM JIBIPBI C
KBAHTOBBIM siipoM (M. [5]).

2. KBAHTOBBIE MOJEJIN 9JIEKTPOHA

Ha ocnoBe peryasapHbIX KBAHTOBBIX MOJeJeil 3a-
PS2KEHHBIX BPAIAIONIMXC U HEBPAIIAIONIUXCS  4dep-
HBIX JBID [4,5] MBI IIpejyiaraeM K pacCMOTDPEHHIO JBe
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KBAHTOBbIE MOJIE/I IJIEKTPOHA C MOIUMDUIINPOBAHHBI-
vu merpukamMu KNq n RNq.

2.1. MoauduiimpoBaHHasi reOMeTpusi
Keppa— Hbromena

JInsg MOTeNH 3JeKTPOHA MBI OyIeM HCIIOIb30BATH
merpuky Ciirses — Ciirsey [6]Y):
2rm§, r
ey = (1= 000 gy

daer men, (1) sin? 0
2

dtdep—

Y sin? 6 9

2
P
— =dr® - p de?,

2d92 o
A p

e My, (1) — Maccosas dbynKmms,

2

0 =12 +a?cos?0,

A=r?— 2rmigng (1) + a?,
L= (r’+ a§)2 —a?Asin?0,

GO

e .
2me

Me
B Boipazkennu (7) me — Macca 3JIEKTPOHa, |J| = h/2 —
CIIUH 3JIEKTPOHA.

B obmiem ciryuae jijist uepHoii AbIphl ¢ Maccoit M, 3a-
psaoMm () U yIJIOBBIM MOMEHTOM J MaccoBble (DyHKITHI
m (r) /Ui KIIaCCHYeCKUX U KBAHTOBBIX MeTpuk Kep-
pa (K) u Keppa—Hetomena (KN) He 3aBucsiT oT napa-
Merpa Bpamienud ¢ = J/M u cOOTBETCTBEHHO PaBHbBI
MaCCOBBIM (DYHKITUSM JIJTsT KJIACCUIECKUX U KBAHTOBBIX
merpuk [IIBapiimnuisaa u Paiiccaepa — Hopacrpema.

st 37eKTpoHA KBaHTOBas MaccoBas (QyHKIUS
paBHa

m?(Nq (T) = m%Nq (7’) -

2 e 2 e
= Gme—Si (kUVr) - G_e [1 — cos (kjlj—vr)} =
7r he r he
2 Ge?
:Gme—Si( L ) i [1—005( ! )} (8)
s R 2r G
T o3 /
Bnecs Si(z) = [ smlx dx’ — unrerpanbubii cunyc. Co-
0 .r
riacHo (2),
Ry =T 1411070 9)
ST e - cM.

D) Hwuke mbr 6y;1eM HCIIOJIB30BaTh €IMHUIBI CO CKOPOCTBHIO CBE-

Ta ¢ = 1. [lpu BBIYUCIEHNN YHUCIEHHBIX 3HAYEHUN TapaMeTpoB
Teopun Gyner ncrnosb3oBaThest 3Hadenue ¢ = 3 - 1010 cm/c.
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KBaHTOBbIE

MOJEIN 3/IEKTPOHA C HYJEeBOI cobCTBEHHO sHeprueli

Cornacuo (1), makcumaspnaas (cut-off) sueprus rpasu-
TOHOB paBHA

h
& = R—C — 178 MsB.

€

S
AcuMOToTHKE KBAHTOBOI MaccoBoit byHKImu (8) mme-
10T BH

m%Nq‘T_wo = Gme, (10)

1 Gme (7 s
e =— — . 11
mKNq|,H0 8 = <R§) =0 (11)

Cormnacuo (10), kBanrosas merpuka KN mpu r — oo
CTAHOBUTCS ACUMIITOTUIECKH IIJIOCKOIA.
Mg xknaccuaeckoit merpukn KN maccoBas dpyHK-

cl 0 pu re = €2/2me, T.€. IpU T = T, KJIac-

s MGy =
cHUvecKast MeTPHKa sBJisieTcs II0cKoit [7]. s kBanTO-
Bbix MeTpuk Kq u KNq B naTepnase r € (0, 00) Beromy
IPUCYTCTBYET UCKPUBJIEHHOE IIPOCTPAHCTBO-BpeMs [5].

2.2. MoaudunupoBaHHasi TeOMETPUsT
Paiiccuepa — Hopactpema

Ksanrosyio merpuky RNq [4] moxkuO 10s1ydnTh 13
BbIpazkeHust (3), nosarast a, = 0:

2mSy, (1)
dshyg = (1 - —20 =) ar—
SR[\/Vq ( r
1
e () dr? —r? (d6? + sin® 0dy?) , (12)
o wNg
r

e My, (1) npuseseno B (8).

KsantoBas merpuka RNq mpu r — oo saBisger-
cst acumnrornaeckn wiockoit (em. (10)). Kommonenra
goo = —1/g11 upu r — 0 paBua

(7)

2
=1-215-107% <RL) . (13)
S

1 Gme
9T RS

goo =

T e. mpu r = 0 Merpuka (12) cTaHOBUTCS IIIOCKOIA.

2.3. XapakTepuCTUKHN MO/IeJjIeil 3JIEKTPOHa

HpI/IBe,HeM IIPUMEHUTEJIbHO K 9JIEKTPOHY HEKOTOPbIE
XapaKTepHbIe YHuCa:
me=29.1-10021, 2=231-10"" spr-cm,

hi
o 5 = 0.5 - 1.054 - 10727 spr - c,
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3

G=667-1008 2 c—3.1010 &
I - C

c?’
2Gm. 5
e — 6_72” =1.35-10"% cu,
G 2
T = (1381073 o,
C
h 2
a? = (2 ) = (1.93:1071)" e,
MeC
Ge? 4
B8y = _j_Q = 4.2.10"2,
< (Rg)
4a?
By = (Ree)2 =82-10%, re. B+ 2> 1,
H
e? ~13
0= ——s =2.82-107"% cn,
MeC
Re =T e _ 1.11-1073 cu
5= 3 mec2 = 1. )
he
ke = —— = 178 M B7
Uuv Rg &

RG  1.11-10713

R$,  1.35-10%

Mpbr BwguM, 49To st 3jiekTpoHa (1 + P2 > 1,
$/R% > 1. D10 03HAYAET, YTO B MOJEJIAX SJIEKTPO-

=0.82-10*2.

na ¢ kBauToBbiMu MeTpukamu RNq u KNq orcyrersy-
10T ropu3oHTHl cobbrtnii [8]. Ilpemmaraembie Mojesn
9JIEKTPOHA TPEJCTABIISAIOT cOOOM JInbO BpAIAOIIHECsT
(KNq), sm6o nespamaomuecs (RNq) kosuiamncapst 6e3
TOPU30HTOB COOBITHIT U ¢ KBAHTOBBIMU SITPAMU, OIIPe-
JIeJIIeMBIMU KOTE€PEHTHBIMU COCTOSTHUSAMU TPABUTOHOB
¢ MaKCHMaJIbHOM aneprueit ki, = 178 MaB.

2.4. SﬂeKTpOMaI‘HI/ITHbIe IIOoTeHII1aJIbI

st kitaccnaeckux metpuk Paiiccaepa — Hopacrpe-
ma n Keppa— Hbiomena ¢ maccoit M u 3apsimom () mac-
coBast (PYHKIUsI COCTOUT U3 JBYX CJIAraeMbIX:

GQ?
2r

me (r) = (md (r))M—i—(md (r))Q =GM- . (14)

«3apsiHasgy 9aCTh MACCOBON (DyHKITHI

(m* (r))Q =-GQ?*/2r

o0ecrienBaeT PABEHCTBO <«3aPSIHBIX» YaCTel KOMIIO-
HEHT TeH30pa JDUHIITeliHa, pa3meseHHbIX HAa 8TG, C
COOTBETCTBYIONUMHI KOMIIOHEHTAMHU TE€H30Pa SHEPrUu-
UMITYJIBCA SJIEKTPOMATHUTHOIO TOJIsI, OIIPE/ICIEHHBIMI
n3 ypasHeHuii Makcsesa,

(Gu¥)q

stG (T

)
w Jem
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IIpu »sToM s Kjaccudeckoit reomerpun KN

QJIEKTPOMAaruuTHBIC ITOTEHITUAJIBI A# BI)I6I/IpaIOTCH B

dopwme [9]
Qr

"= 2
p

A (1,0,0,—a sin*6) . (15)
DJIEKTPOMATHUTHBIE TOJISI TIPU 7' — 0O IPOSBIIAIOT Ce-
Os1 B BUJE CYNEPIO3UINNA KYJIOHOBCKOTO TOJS U TIOJIS
MarHUTHOTO Jumoid p = QQa. ['mpomarauTHoe oTHOIIE-
uue p/|J| = Q/m, 9ro coBHasaeT ¢ rUPOMATHUTHBIM
OTHOIIIEHUEM JIJIsi JTUPAKOBCKOTO 3jieKTpona. CrroxKuast
BHYTPEHHSIS 9JIEKTPOMATHUTHAS CTPYKTYPa HCTOTHUKA
kJtaccudeckoit Mmerpuku KN 1mipejicrapiiena, HapuMmep,
B pabore [10].

st wiraccudaeckoit merpuku  Paiiccaepa — Hopar-
crpema (RN) (e =0) B (15) ocraercst TOJBKO CKaJIsIp-
HBII KYJOHOBCKUI moreHnmaa Ag = Q / r.

Jlis peryasipHbIX KBAHTOBBIX METPUK 3JIEKTPOHA
(c yuerom cBasu m. u e? B (9)) «3apsHyio» HacTh
MacCOBOI (DYHKITMH MOYXKHO OCTaBUTH TAKOI Ke, 4TO U
ans knaccuaecknx Metpuk RN n KN. Torma maccoBast

dbyukuua (8) Gyuer paBua

m%Nq (T) = m?(Nq (7’) =
r 4cos(r/Rg)| G_€2
RS, r/R% 2r

2
= _— 1 1
Gme . Si (16)

™

B srom ciyuae ssiekTpoMarauTHBIE CBOICTBA IIpeIIa-
raeMbIX MOJesIeil 9JIeKTPOHA COBIIAIAIOT C JIEKTPOMAr-
HUTHBIMU CBOMCTBAME UCTOYHUKOB KJIACCHICCKUX MET-
puk Paiiccuepa— Hoppacrpema u Keppa — Heromena.

2.5. CobGcTBEeHHAsI SHEPTUsS JIEKTPOHA

B pa6ore [5] Mbl ycranoBuiu, 4ro mupu
Rs = Ry = nQ?/8M

9HEPrusd Bpalllalolleiicd 3apaKEeHHOU KBAHTOBOU 4ep-
HO#t npipel pasHa E = M (cm. Takxke Ilpunoxenue).
AHaJjiornyHOEe PaBEHCTBO CIIPABEJINBO JjIsi KBAHTOBOIA
verpuku RNq mpu grobom 3uavennn Rg. s momeneit
9JIEKTPOHA B €CTECTBEHHBIX €JIUHUIIAX

RS = me? /8mec® = 1.11- 10" Pewm.

PaBenctso £ = m,. o3Hadaer, 9TO0 COOCTBEHHA
SHEPrust 3JIeKTpoHa E.,, paBHa HYyJIO.

3. OBCY2XXJEHUE

I/IT&K, MBI pacCMOTpeJIn JiB€ KBaHTOBbIE MOJEJIN
JIEKTPOHa Ha OCHOBe h/lO,HH@I/IL[I/IpOBaHHLIX METPpUK
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Tabnuua. CpaBHeHne xapaKTEPUCTUK MOAENel 3nek-
TpoHa B KBaHTOBbIx reomeTpusx PaiiccHepa—Hopg-
ctpema (RNq) n Keppa—Hbtomena (KNq)

XapakTepuctuka Mmogeseit snekTpona | RNq| KNq
1 E. = Me, Eemn =0 + +
2 | Cnaboe sHEpPreTUIecKoe yCJIOBUE + —
3 |J| = h/2, nupakoBCKOe TMPOMArHUT-
noe ornomenue p/ |J| = e/me B +
4 | OrcyTcTBHE TOPUBOHTOB COOLITHI + +
Koneunocrs Beqmunn OTO, Takux
5 | xKak maccoBas YHKIHs, TEH30D + +
Puayn, ckanap Kperamana u T. 1.
COBMECTUMOCTD € YPABHEHHUSIME
6 + +
Maxkcsesta
7 CranuonapHble CBSI3aHHbIE COCTOSHUST
B IIOJISIX PEryJIsiPHBIX YEPHBIX JABIP + B

Paiiccrepa— Hopacrpema n Keppa — Heromena. Moxkio
JIX HA JIAHHOM dTale OTJIATD IPEIIOYTeHNe KAKOW-/In00
ojHOI Mogesu? Jjist oTBeTa Ha 3TOT BOIIPOC IIPOBEIEM
CpaBHEHUE HEKOTOPBIX XaPaKTEePUCTUK PACCMOTPEHHBIX
mogeneit. CpaBHeHME TIPOBEIEM IIPU

2

B Tabmune 3nakaMu «+», «—» 0003HATEHO MTPUCYT-
CTBUE WA OTCYTCTBUE KJIFOUEBBIX XaPAKTEPUCTUK Pac-
CMOTPEHHBIX MOJIeJIeN.

Kparko obcymum myHKTBI 1-7 Tab/IAIbL.

IIynxr 1. g obenx momesteit

Ee. =me?, Eepm = 0.

Mbl 0OHAPY?KHJIN BaKHBII aclleKT: TpaBUTALIUS B
3apsKeHHBIX KBAaHTOBBIX MeTpukax Keppa—Hbiomena
(¢ Bpamenuem) u Paiiccuepa—Hopucrpema (6e3 Bpa-
menus) npu Rg = RY KOMIEHCHPYeT 3JIeKTPOMATHIT-
HYIO COCTABJISIIONLYIO B BLIPAKEHUAX JIJIsT ITOJIHOM SHEP-
' KBAHTOBOII Y€PHOM JIBIPHI.

B kjaccuueckoil 31eKTpOJUHAMUKE COOCTBEHHAS
9Heprusi 3apsizKeHHOI wactuupl ES = €2 /2r jmueii-

HO pacxomurcs upu r — 0. B xBanToBOIT Teopuu mosis
coOCTBEHHAsI SHEPIUsI 3aPSIXKEHHOI YACTHUIBI OTIPe IeIsi-
ercsi 6ECKOHEUHBIM PsIJIOM TEOPUU BO3MYIIEHUIA CO Cia-
raeMbBIMU € JIOTAPUPMHIIECKONH PACXOIUMOCTHIO.
IIyakr 2. g ksBantoBoit reomerpun RNq mmor-
HOCTB SHEPIun pe (1), pajuaabHoe JaBjieHue py (1), Ha-
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KBaHTOBbIE MOZAENU 2N1EKTPOHA C HYNEBOV COBCTBEHHOIA aHepruei

upstzkeHust po (1) = ps (r) umeror Bux [4]

pe(r) = —p1(r) =

)) sz ()
)| a9

Ipu r — 0 umeem p. (1) = K/24, p; (r) = —K /24, tne
i=1,23u K =m./n* (Rg)?’. Orcofa caemyer, 9ro
s kBauToBOi reomerpun RNq B okpecrHocTH 17 = 0
BBINIOJTHSIETCsT CJIab0e SHEPTeTUIECKoe yejosue pe > 0,
pe+pi >0,i=1,2,3.

Koukperno dopmysnt (17), (18) mokassiBaior, 410
upur =0 p. = K/24, p. +p; =0,i=1,2,3.

Mg xkBanToBoit reomerpun RNq mupwm r

m(l — cos <Rg

. r
———sin
4(r/Rg)’ <RZ~

0
BBITIOJIHAETCS TAKXKE YCJIOBHE SHEPTOIOMUHAHTHOCTU
pe > |pil, i = 1,2,3. B namewm caygae p. = |p;| .

Hng  xBanToBoit reomerpun Keppa—Hbromena

ACUMITOTUKU ILUIOTHOCTH dHeprun pg (r, 1) upu r — 0
nosydatorcs u3 dopmyast (7) B [5] (3mech n Hmxe

= cosb):
Ku2—1(r\"
Pe (7’,#)*57 <a—e> , p#0, (19)
pe (r,p) = 84K, p=0.

IIpu g # 0, £1 WIOTHOCTH HEPIrUU B OKPECTHOCTHU
r = 0 orpunarenbHa. B 3TOM cilyuae He yIOBJIETBO-
psSeTCs HU OJTHO SHEPreTHIEeCKOe YCIOBHE.

IIyakr 3. B xBamToBoit mozenun KNq moxkuO BBe-
¢t MOAysb ciuHA |J| = h/2, Ipu 9TOM BBINOJIHSIETCSI
JINPAKOBCKOE THPOMArHUTHOE oTHOIIeHue. O THAKO BBe-
JIeHIe KBaHTOBOrO oneparopa cimaa S = (h/2) o 3a-
TPYJHUTEILHO TIPU KJIACCUIECCKOM OTPEJIEIEHUN YTJIO-
BOro MomeHTa B reomerpun Keppa—Hpbromena. Boirmre
0; — AByMepHbIe MaTpuribl [laysm.

B kBanToBoit reomerpun RNq yrmosoit moment J
paBeH HyJI0. B KBaHTOBOIl MOe/M JIEKTPOHA C Teo-
merpueit RNq mpemnostaraercs, aro oneparop crmaa S
U TUPOMATHUTHOE OTHOIIEHHE €/M, SIBJISITCS TUCTO
KBAHTOBBIME CBONCTBaMU, 38/ [aHHBIMU U3BHE.
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IIyakr 4. B 06enx Mojie/issX OTCYTCTBYIOT TOPU30H-
TBI COOBITHIA.

IIyakr 5. B obeunx mopensx peqmuuabl OTO, Ta-
Kre KakK MaccoBas (DYHKIWS, T€H30p Puddm, ckajsip
Kperumana u 1.71., ABISIOTCH KOHEIHBIMU.

[Iyuxr 6. KBanTossie reomerpun RNq u KNq cos-
MeCTHMBbI ¢ ypaBHeHusiMu Makcsesta (cM. pasp. 2.4
nauuoii paborer). OuHako, 6e3yc/IOBHO, JIEKTPOMAr-
HuTHast CTpyKTypa Momean RNq 3HaunTesbHO mpO-
e, JYeM 3JIEKTPOMarHuTHas cTpyKTypa Momenn KNq.
VcTo9HrKOM 3JIEKTPOMArHUTHOTO I10JIsi B KBAHTOBOIA
vomemn RNq sABjsteTcs TOYEdHBIN SJIEKTPUIECKUN 3a-
psizi e, paciosioXKeHHsblii B 1ienTpe cucremsl (r = 0). Ha
OOJIBIIINX PACCTOSIHUSIX JIEKTPOMArHUTHOE I10JIe CTpe-
MUTCH K KYJIOHOBCKOMY ITOJIIO.

VcToYHUKOM 3JIEKTPOMATrHUTHOTO I10JIsi B KBAHTO-
Boit mojiesn KNq siBJisiercsi cucreMa TOKOB M ITOBEPX-
HOCTHBIX JIEKTPUIECKUX 3aPAI0B, PACIPEIECICHHBIX 110
JUICKY pajnyca a. = |Je|/mec ¢ nearpom B r = 0 [10].

[Tpu r — 00 3/IeKTPOMArHUTHOE TI0JIE SIBJISIETCSI CY-
[IEPIIO3UTHENl KYJIOHOBCKOIO IOJIS M TOJIsI MATHUTHOTO
JUTIONS (i = €d.

IIyakr 7. B xBanToBoit reomerpun RNq merpn-
ka (12) craHOBHUTCS ACHMITOTUYECKH ILJIOCKOH IIpH
T — 00, W BayKHO, uTO pn Rg = R¢ mwr — 0 meT-
puka (12) rakxe sipasiercs minockoii (eum. (13)). B aTom
cllydae 3aJ1ady OmpeJiesieHnusi COOCTBEHHBIX (DYHKIINN U
COOCTBEHHBIX 3HAYEeHWI ypaBHeHus Jlupaka Ijis 1BU-
xxenusg ¢epmnoHoB B mose RNq moxkHO pemars, nc-
[10JIb3Ysl OJHO3HAYHBIE TPAHUYHBIE YCJIOBUSI U3 AHAJIO-
TUYHOM 33/1a491 JJI JBUKEHUS (PEPMUOHOB B KYJIOHOB-
CKOM TIOJI€ DJIEKTPOHA B IIJIOCKOM mpocTpancTBe MuH-
KOBCKOI'O.

B caygae kBanTosoit reomerpun Keppa—Hpbiomena
MBI CTAJKUBaeMcsd ¢ Japyroit curyanumeit. [Ipu r — 0 u
Rs = R¢ merpuxka (3) ocraercs HEIUIOCKON U MMeeT
CJICAYIOIIUHI BUJI:

dsﬁ(Nq = dt? — cos® fdr® — a? cos® Hd6? —

—a?sin® fdp?.  (20)
B [11, 12] nokasaHo, 4TO B 3TOM CJIydae ypaBHEHHE
Jlupaka mmeer aBa KBAJIPATUIHO MHTEIPUPYEMBIX De-
HIEHMsI, YTO JeaeT HEBO3MOXKHON MOCTAHOBKY 331491
0 COGCTBEHHBIX 3HAYCHUAX U COOCTBEHHBIX (DYHKIUAX
it (bEPMHUOHOB, JBUKYIIAXCA B KJIACCHIECKOM WJIHA
KBAHTOBOM IpocTpancTBe-Bpemenn KN.

Jljist OUpee/IeHHOCTH KBAHTOBOMEXAHUYCCKON 3a-
Jlaan HeOOXOIMMO TPOBOJUTH CAMOCONPSZKEHHOE PAc-
MUPEHNE TaMUJIBTOHUAHA, UTO, KAK IPABUJIO, PHUBO-
JIUT K YCTAHOBJICHUIO HOBOI'O T'DAHHYHOTO YCJIOBHUS B
okpectHoctu 7 = 0 (cM., Hanpumep, [13,14]).
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B pesynbrare anannza TabIUIBI MBI IPUATILIA K BbI-
BOJly, 9TO B HACTOdAIee BpeMs IIPEAIOYTUTE/IbHEe UC-
IMOJIb30BATH KBAHTOBYIO MOJIE/Ib JIEKTPOHA C MOIUDU-
nupoBaHHoit reomerpueit Paiiccuepa —Hopcrpema.

4. SAKJIFOYEHUE

MBI 11peIyToKIIIn J1B€ KBAHTOBBIE MOJIEIN JIEKTPO-
Ha C HYJIEBBIMH COOCTBEHHbIMU SHeprusimu. Mojean
[IpeJIJIOZKEHBI Ha OCHOBE KBAHTOBBIX reomerpuii Paiic-
cuepa—Hopacerpema [4] u Keppa—Hbromena [5]. Bax-
HBIM JIJTsI peryspusanuu KiaodeBbix Beanana OTO as-
nsercs Bbibop RE = me? /8mec? ~ 1.11 - 10~ Bem. Ipu
sroM ki, = he/Rg ~ 178 M»sB. Ilpemmokeninie Mo-
JIJIN TTO3BOJIAIOT PEIIUTh JTABHIOI0 IPODJIEMY JTHHEITHON
PacxXoUMOCTU COOCTBEHHOI SHEPrun 3apsi?KeHHOH Jac-
THUIBI B KJIACCUIECKON 3j1eKTpojuHaMuke. B paccMor-
DPEHHBIX MOJE/IAX TPABUTAINST KOMIECHCUPYET JIEKTPO-
MarHUTHY COCTABJISIIOILYI0 B BBIPDAXKEHUSIX JJIsl 110JI-
HOIl HEPI'UU JIEKTPOHA.

MOo2KHO MPE/IITOJIOXKUTh, 9TO IIPU IOsIBJIeHnN DoJiee
COBEPIIIEHHBIX KBAHTOBBIX TEOPUIl IpaBUTAIUN AHAJIO-
ruaHBIM 00pasoMm Oyer perneHa mpodsemMa OecKOHed-
HOIT CODCTBEHHOM dHEPTUHN 3aPAKEHHBIX (PEPMUOHOB B
KBAHTOBOW TEOPUU TIOJIsI.

[IpumedaresbHO, YTO NPU HCHOJIB30BAHUU MOJIE-
JIX 3JIEKTPOHA C KBaHTOBOW Teomerpueit PaiiccHepa —
Hopacrpema MoxkHO KpoMe HYJ1€BOiT COOCTBEHHOI SHED-
ruu Bce ocraabHbe 3(PMEKTh KIACCHIECKON U KBAHTO-
BOI 9JIEKTPOJIMHAMUKYI BBIYUCJISTH B CTAHIAPTHON I1a-
pajurye 3JieMeHTapHO YaCTUIbI C TOYeYHBIMU MaCCOM
Me U JIeKTpudeckuM 3apsiaoMm e < (. DTo cBA3aHO
C YPE3BBIYAiHO MAJIBIMU 3HAYEHUAME KOI(DMDUIUEHTOB

1

E:/TOO\/—_ng—4G

Gme/c® ~0.7-107% emu Ge? /et ~1.9-107% cm? B
dbopwmyse (16) mrsa maccosoit bynkmm méyy, (r). Yaer
CTOJIb MAJIBIX KO3 (DUIMEHTOB B YUCIEHHBLIX pacye-
TaxX ¥ CPaBHEHUE C SKCIIEPUMEHTAMU YPE3BBIYAHO BbI-
COKOIf TOYHOCTU — JI€JIO0 OTJaJeHHOro Oymymero. Mc-
KJIIOYEHUEM SIBJISIETCsI BBITUCICHNE TIOJTHON HepTun 3a-
PSI?KEHHOI 3JIeMEeHTapHOIl 4acTUIlbl U ee COOCTBEHHOM
SHEPruu.

[Ipene6perkenne kosbdunmentamu  Gme/c?
Ge?/c* npeppamaer KBaHTOBYIO Treomerpuio Paiic-
cuepa— Hopjicrpema B ILIOCKOE IIPOCTPAHCTBO-BPEMsi

n

Munkosckoro. B sroMm ciaydae ™Mbl BO3Bpamaemcs
B 00/1aCTh NPUMEHMMOCTH KJIACCHYECKOW U KBaH-
TOBOW  3JIEKTPOJUHAMUKY  3apsi?’KEHHBIX  JIEITOHOB
CrangapTHON MOJETH.

®dunancupoBanue. lcciesoBaHue BBINOJIHEHO B

paMKax Hay‘IHOfI IIporpaMmMbI HaLH/IOHaJH)HOI‘O IEeHTpPa

Gu3nkn W MaTeMaTuku, MpoekT «Pu3mKa YacTUIl u
KOCMOJIOTHST».

Baarogaproctu. Asropsr 6utarogapasr C. FO. Ce-
JIOBY 38 MHOTOYHCJIEHHBIE OOCY K I€HUS HEKOTOPBIX Pa3-
JeqoB Hameil crarbu, a Ttakxke A.JI. HoBocemosoii 3a
CyIIECTBEHHYIO0 TEXHUYECKYI0 IIOMOIIb B IIOJIOTOBKE
CTATHU.

I[IPUJIOXKEHUE.
DHEPIUSA 3APSI2>KEHHOI
BPAIIIAIOIIIENICSI YEPHOW JABIPHI
C KBAHTOBBIM SIIPOM |[5]

Hnsg xBantoBoit Merpuku KN mosmass smeprus,
omnpesiesiieMas HHTEIPAJIOM [0 00bEeMYy OT IIOTHOCTU
sueprun T,° = p. (r,0) pasna

fe%e] 1
/dr/du 2+ a*p?) Gy (r,p) =
—1

0
o0 1 2
1 + (02 —12)" +a? (22 — p?) ra? (1 — p2)
= E /dr/du 2 p4 m'KNq — Tmlll(Nq =
0o -1
17 r a 2sin(r/Rs) CQ? r cQ? r
S 4l aretg?| oM 2 1—cos(—) ) -
4G/dr 8 aarctgr ¢ s r + 2r2 COS(RS) 2rRgs Sm(Rg) +
0
r? a a 2 cos (r/Rg) 1 2sin(r/Rs) 1 CQ? r
2 — 2 arctg — 2 U am22NS) 2 23RS S 1— cos( —
+ | 2r a arcth aarctgr G < r/Rs R% - (T/Rs)2 R% 3 ( COS(RS)) +
2 r cQ? r 11J| 7TQ2|J| 1|J] T Q?|J| k}
in( ) - - M WSy 2 gy, - DR VY
2Ry Sm(RS) 2RZ COS(RS> T3Rs 16 M RZ TSRV T8 R
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KBaHTOBbIE MOZAENU 2N1EKTPOHA C HYNEBOV COBCTBEHHOIA aHepruei

st metpuk K, KN

V=g = p*sin; p?=1r?+a’u?, p=-cosb;

, _dmgng  ,  _ d®mrng
MENg = dr = ENeT g2
2 r GQ? r
—GoMIsi( ) - 1—cos(—)).
mrng =G 71_S1<RS) 2r< COS(Rs))
IIpnu
2
o regiﬁQ
Rs = Rs™ = § e

OJTHAS SHEPTUSA KBAHTOBOI'O 3aPAZKEHHOTO BPAIIAIOIIE-
rocsa Kommarmcapa pasga E = Mc?. Bemmaumnnr OTO,
rTakue Kak MaccoBagd (ynkuus m (r), verzop Pudun
R, (r,0), ckanap Kperumana K (r,0) u 1. 1. cramo-
BATCS PETYJISIPHBIMHE.
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