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IIpeancaoBue

OOBIYHO OBIBAET HEJIEI'KO OIPEJICJUTh OCHOBHBIE JAThl CO3JIaHIs HOBOI Hay-
KU — JIaTy POKJICHUSsI, KOT/1a ObLiia chopMyIUPOBaHa IepBasi OTUCTINBas s, U
[IePUOJI HACTYILIEHUSI 3PEJIOCTH, KOI'/la HayKa IposBuia cebsi, KaK OTe/IbHasl CO-
CTOsIBIIASICS JucHUILInHa. JJis1 acTpopu3ukm sjieMeHTapHbIX YaCTHI[, HAYKH, KO-
TOpasi OUeHb NHTEHCUBHO PAa3BUBACTCA B T€UEHHE MOCJACIHUX ABYX ACCATUIICTHI,
JlaTy POXKJIeHns cKopee Bcero cjejyeT oTHecTu K Hadaay 1930-x rojos. Mmenno
TOrJa, 1ocjae OTKpbITus HeliTpona Jxk. Haasukom B 1932 1., KoHmenmus Heii-
TPOHHOIT 3Be3/1bl ObLIa chopmyauposana JI. . Jlanmay n HesaBucumo Y. Baaje
n @. [Ieuku. Havasio nepuoja HacTyILIEHUS 3PEJIOCTU STOI HAyKN MOYKHO DoJiee
1M MeHee yBepeHHO oTHecTH K 1987 1., Korja BlepBble ObLIN 3aperucTpPUpOBa-
HbI BHeraJlakTu4deckue HefiTpuHo or B3pbiBa cBepxHOBOit SN1987A B Bosibiom
Maremranoom Obsiake, ramaktuke-ciiytauke Mieunoro Ilytu. B xkadecrse ma-
ThI 3aBepIleHns 1epuojia BO3MYyzKaHus MOXKHO TipeajioxkuTb 2001 roj1, Korja B
YHUKaJLHOM SKCIIEpIMEHTE Ha TIXKEJ0BOIHOM JleTekTope Heltrpuanoit obcepna-
topun B Cajnbepu (Kanaja) Oblia pasperieHa 3arajika COJTHEUHBIX HEHTPUHO.

CyIecTBYIOT KHUTH, 1O KOTOPBIM MOYKHO W3YUHUTH OCHOBBI JIAaHHOW Hay-
ki, pexkje Bcero sro: I Paddenbr, “3Bé3/b1, Kak sraboparopun st GyH-
namenTasibHoil dpusukn’, Ynkaro, 1996 (wa anria. sseike), n [LB. Knammop-
Knaitarporxaye, K. Iliobep, “Actpodusuka sinementapubix dactuiy’, M., 2000
(pyc. mepeBo). OHako HOBbIe (aKThl U WJEH TOSIBISAIOTCS TakK OBICTPO, 9TO
CHEIUATICTaM HeOOXOIMMO CJIEIUTh He TOJIBKO 3a YKYPHAJbHBIMU CTAThsAME, HO
1 3 9JIEKTPOHHBIMU PENPUHTAMU, ITOOLI OBITH B Kypce MOCIETHUX JTOCTHKE-
HUIL.

Crpanuiia 9Toit HOBOIl HayKH, KOTOpasi, C OJHOI CTOPOHBI, JOBOJILHO TPY/IHA,
a ¢ JIpyrofl — HeJOCTATOYHO OTpaykKeHa B KHUTaX MJIM 0030pax, UMEET JIeJIO CO
B3ANMO/ICHCTBUSAME 3JIEMEHTaAPHBIX YAaCTUIL B 9KCTPEMAJIbHBIX YCJIOBUSIX BHYT-
PU3BE3IHOTO BEIECTBA — B Topddeil MIOTHON Ijla3Me W CUJILHBIX JIEKTPOMAr-
HUTHBIX T0JIAX. OCHOBBI 3TOH JUCIUILINHBI, KOTOPYIO MOXKHO Ha3BaTh KBaHTO-
Basi TeOpHsI MOJIsT BO BHEIIIHEH aKTUBHOI cpeje, ObLn 3aj02KeHbl B 1970-x 1., 1
ceifqac pa3BUTHE MTPOJIOTZKAECTCH.



8 IIpegucioBne

Omnpejie/IEHHOI BEXOiT 9TOr0 Pa3BUTHsI MbI cunTaeM Hally MoHorpadumio: A.V.
Kuznetsov, N.V. Mikheev, “Electroweak processes in external electromagnetic
fields”, Springer-Verlag, New York, 2003, rie ObLI0 IIpeJiCTaB/IEHO CHCTEMATHIe-
CKOe U3JIOZKEHNe METOJI0B PACUYETOB KBAHTOBLIX IPOIECCOB, KAK JIPEBECHDLIX, TaK
U TIeTJIEBBIX, BO BHEIIHUX 3JIEKTPOMAIHUTHDBIX ITOJISIX.

[enbio manmoit MoHOrpadun ABJIETCA JlaIbHelllee pa3BUTHE METOJIOB pac-
YETOB JIEKTPOCIA0BIX IIPOIECCOB BO BHeIIHEl akTuBHOI cpejie. Cro/ia BKIIOUEHbI
HOBBIE PE3YIbTATHI MCCIEIOBAHNN KBAHTOBBIX MTPOIECCOB B CBEPXCUIBLHOM JJICK-
TPOMArHUTHOM I10JIe, 6€3 yuéTa BIMAHNA IJ1a3Mbl. JacTh Pe3y/IbTaTOB OTHOCUTCST
K YCJIOBUSIM ropsiveil TJI0THOM 1a3Mbl, 6e3 yuéra BinusHus 1noJisd. [lo-Bugumomy;,
HanOoJ/1ee NHTEPECHBIMU SABIAIOTCA PE3YILTATHI, TTOJTyYeHHbIe C YI6TOM COBMECT-
HOI'O BJIUSTHUST KAK CUJIbHOI'O MarHUTHOTO T10JIsl, TAK U ropsideil IJIOTHOI T1a3Mbl.

Momnorpadust MozKeT OBITEH MOJIE3HA CTYACHTAM U ACIUpPAHTAaM, CIEIUATIT3N-
PYIOIIMMCsI 110 TEOPETUIeCKOi (PU3NKe U 3HAKOMBIM C OCHOBAMU KBAHTOBOI T€O-
pUHM TIOJIA U CTAHJIAPTHON MOJIE/IN 3JEKTPOCIa0bIX B3aumoeiicteuii. MoHnorpa-
dusg MoxKeT TakxKe OBITH I0JIE3HA CIIeMaINCTaM B 00JIACTH KBAHTOBOI Teopun
10JIs1 ¥ (PUBUKHU 3JIEMEHTAPHBIX YaCTUIl, HHTEPECYIONUMCS TTpodIeMaMy (pU3NKn
KBAHTOBBIX ABJICHUIT BO BHEIIIHE aKTUBHOI cpejie.

[Ipu mojroroBke Monorpadum aBTopaMu OOpaIajoch BHUMaHUE Ha, Kade-
CTBO TEXHUYECKOIl TMOJATOTOBKU TEKCTA, W OCOOEHHO MaTeMaTHIecKuX (popMy.I,
9TO 00ECIeYeHO UCIOIb30BAHNEM U3/IaTe/IbeKON crucTeMbl IATEX.

Mpr oty gun 60JBINYI0 YaCTh PE3YIbTATOB, IIPEJCTABICHHBIX B JAHHON MO-
Horpadun, B COABTOPCTBE ¢ HAIIMMU KOJIJIEraMi, aCIIIPaHTAMKI U CTYICHTAMHI Ha,
Kadeipe TeopeTnyueckoit pusnkn fpoc/iaBcKoro rocyapcTBEHHOIO YHUBEPCUTE-
ta nMm. LI Jemumoa. Mer Oaromapum JI.A. Bacunesckyto, A.A. ['Bosnesa,
E.H. Hapwiackyio, 1.C. Ornesa, A.A. Okpyruna, JI.A. Pymsnnesa u M.B. Hu-
CTSKOBA 38 COTPYIHIIECTBO U TOJIE3HBIE 00CYKAeHNA. Mbl Mpu3HaTeIbHbI 38 CO-
tpyauudectso I Pabdensry (Uucturyr dusnku Makca [lnanka, Mionxen),
B COABTOPCTBE C KOTOPBHIM OBLIH MOJYYeHbl BayKHbIE PE3yJbTaThl, Kacaloluecs
COOCTBEHHO-9HEPI'eTUIECKOTO OllepaTopa HEHTPUHO B MArHUTHOM 110J1e. MbI OJ1a-
rogapabsl M.U. Beicorikomy, JI.B. Oxynio, B.A. Pybakosy n B.B. Cemukosy 3a
ILJIOJIOTBOPHBIE 00Cy K IeHus. MBI ¢ 0,1aro1apHOCThIO BCIIOMUHAEM MHOTOYHC/IEH-
Hble >KuBble 00cyx)jeHusi ¢ Kapenom AperoBuuem Tep-MaprupocsiHom, sHep-
rUIHas MojiepkKka KOoToporo B 90-e rosbl okazaJach perraionieil s Harieit
HAYIHON TI'PYIIIIbI.

Apocaasib, okTsioOps 2010 A.B. Kysneuos, H.B. Muxees



BBenenne

B nocsieinne pecsTuiieTust 0HOM 13 HanboJsiee OYPHO pa3BUBaIOMNXCA (DU3HU-
YECKUX HayK sIBJISIETCSI KOCMOMHUKPOMU3NKa, M acTpodu3nKa 3/1eMeHTapHbBIX
YaCTUII, JiexKalllasli Ha CThIKe (DUBUKU 3JIeMEHTAPHBIX YaCTHUIl, acTPOPU3NKH U
kocmostorn |1-3]. BakuefinmiM cTumysioM ee pasBUTHs CTATO MOHUMAHIE BazK-
HOII pOJIM KBAHTOBBLIX IIPOLECCOB B JIUHAMUKE acTPOMPU3NIECKNX OOBEKTOB, a
Takyke B panHeil Beenennoit. C apyroit cTOpoHBI, SKCTpeMaJjibHble (DU3MYECKUe
YCJIOBHSI, CYIIECTBYIOIINE BHYTPH TaKuUX OOBLEKTOB, a MMEHHO, HAJUUINEe IOPSs-
Yyeil IJI0THOI IJIa3Mbl U CUJIbHBIX 3JIEKTPOMAIHUTHBIX IOJIEM, JOJKHbBI OKa3bl-
BaTh CYIIECTBEHHOE BJIMSIHUE Ha MIPOTEKAHNEe KBAHTOBBLIX IIPOIECCOB, OTKPbLIBASI
I/ 3HAUNTEIbHO YCUINBas PeaKIN, KHHeMATHIeCKN 3allPelIéHHbIe NN CIHIbHO
1I0/IaBJICHHBIE B BaKyyMme. B ¢BsI3u ¢ 3TuM HaOJ/IIOIaeTcs yCTONINBRI HHTEpeC K
HCCJIeJIOBAHNAM B3aUMOJCHCTBUN 3JIeMEHTAPHBIX YaCTUIL BO BHEIIHEil aKTUBHOIA
cpejie.

DT0 HallpaBJ/IeHIe ICC/Ie0BaHIl IMeeT IIPsIMOe OTHOIIIeHIe, 110 MeHbIIell Me-
pe, K Tpem Tpobemam cpean nepednciaentbix B. JI. T'mazbyprom B 1999 1. [4]
0COOEHHO BayKHBIX M MHTEPECHBIX IPOOJIeM (PU3NKU U acTPOPU3UKI. DTO MPO-
OJ1eMBL:

e [loBejieHme BerecTBa B CBEPXCUJIBHBIX MArHUTHBIX TTOJISIX.
e Heiirponubie 3Be3/1bl 1 Iysibcapbl. CBEpXHOBBIE 3BE3/IbI.

e Heiitpunnas dusuka n acrponomusi. HefiTpuHHbBIE OCIMIIIAIIIN.

Kak m3BecTHO, B €CTECTBEHHOM BHJe MaTepusl Ha 3eMje PeJIKO HaXOIUTCSI
B IJIA3MEHHOM COCTOSHUH, JIMOO HAXOIUTCs B HEM BecbMa, HEIIPOJIOJIXKUTEIbHOEe
BpeMsi. OIHaKO, B IPOTUBOIIO/I0ZKHOCTD 9TOMY, ITOABJIAIONIAS YacTh OAPUOHHOIO
BerecTBa BeeslenHoit B eJioM IpeJicTaB/isgeT u3 cedbsd MMEHHO T1/1a3My B TOM WJIN
nnoM Buje. [loaTomy TeopeTmieckoe n IKCIEPUMEHTATBHOE CCIETOBAHNE STOTO
COCTOSIHUS MaTepUu UMeeT JIOCTATOYHO JIOJIYI0 UCTOPUIO U JI0 CUX IIOP OCTa-
€Tcd aKTyaJbHBIM. B HacTosIee BpeMs OJIHIM N3 MPUOPUTETHLIX HallpaBJIeHU

9
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TaKUX MCCJIeIOBAHUI SIBJISIETCs N3YUYeHUe IIa3Mbl, HAXOIAIIENHCs B 9KCTPeMaJIb-
HBIX COCTOAHUAX. TaKue COCTOTHIS, KaK IIPABIIO, BO3HUKAIOT JINOO IIPU BHICOKOIT
TeMmilepaType Wil IJIOTHOCTH, JTUOO B CBEPXCUJIBHBIX BHEMIHUX I0J1s1X. [l1asma,
HAXO/ISIIIASICS B TAKNX YCJOBUSIX, 3a9aCTyI0 00JIaaeT COBEPIIEHHO HOBBIMHU I
HEOOBIYHBIMI CBOHCTBAMU, U3y4YeHHE KOTOPLIX HEOOXOIMMO JIJIsl OIMCAHUsT KaK
IIOBEJIEHUsI CAMOIi IJIa3Mbl, TaK U 00bEKTOB, B KOTOPHIX OHA IpucyTcTByer. CooT-
BETCTBYIOIIIIE YCJIOBHSI JIJIsi BOSHUKHOBEHUsT TAKOI I1JIa3Mbl MOIVIN BO3HUKATHL Ha,
IIEPBBIX ATallax dBOJONNKN BeeserHoli, Korja oHa Oblia OUeHb ropsiueil, a TakzKe
MOTYT Pean30BaTbCs B MOIITHBIX 3BE3/HBIX KATAKIN3MAaX I BHYTPU KOMIIAKTHBIX
acTpou3nIECKUX 00bEKTOB, 00JIaJaI0IINX OUYeHb BBICOKON ILJIOTHOCTBHIO. DKC-
TpeMaJjibHble (BU3MIECKNe YCJIOBUA, BO3HHUKAIOIINE B TAKHX aCTPOMU3MIECKUX
KATaK/IM3MaX, KaK B3PbIB CBEPXHOBOIi [5, 6] MO3BOJISIIOT XapaKTepu30BaTh 3TU
00bEKTHI, KaK YHUKAJIbHBIE eCTeCTBEHHbIE JTA00PATOPUN I N3y deHus: (hu3mde-
CKUX CBOICTB ILJIa3MbI IIPU 3HAYEHUSIX TeMIIePATY PbI, IJIOTHOCTU, HHTEHCUBHOCTU
MAarHUTHOI'O I0JIsI, & TaKKe IIPU KOMIIOHEHTHOM COCTaBe, KOTOpPble B HACTOsAIIee
BpEMsI He MOT'YT OBITh PeATn30BaHbl B HA3EMHBIX SKCIepuMenTax |7-9).

Tecnas B3anMOCBSI3b 3aKOHOMEPHOCTE i MUKPOMUPA 1 MAKPOMUPA, BO3HUKA-
[0IAast IIPU KOJLIAIICE sA[pa CBEPXHOBOM, IJIe OJHOBPEMEHHO Peasn3yIoTCs 3aKO-
HBI 00IIeli TeOpun OTHOCUTENLHOCTH, (DU3UKU aTOMHOIO S/Ipa 1 3JIeMEHTaPHBIX
JaCTHUIL, IO3BOJIIET He TOJILKO aHAJIM3UPOBATL (DU3NUYECKHIE CBOICTBA ILIA3MbI B
STUX YHUKAJLHBIX YCIOBUSX, HO U UCCICIOBATD BIMAHNIE FOpsAYeil I0THOM 111a3-
MBI Ha KBAHTOBLIE [IPOIECCHI, OLPEIeATh (PyHIaMEeHTAIbHbIE XapaKTePUCTHKN
YaCTHI[ Ha OCHOBE acTPOMU3NIECKUX JAHHBIX, 1, HAKOHEII, aHATIM3UPOBATL BJIN-
siHne (bU3NKU MUKPOMUPa Ha acTpojuHaMuky [1,2].

Pazjmmualor jBa OCHOBHBIX THUIIA CBEPXHOBBIX, I'Jle rOpsidyas ILJIOTHAsI ILjIa3Ma,
sIBJISIETCSI OCHOBHOI KOMIIOHEHTOIl BerecTBa. O CBepXHOBBIX Tuiia I roBOpsIT B
TOM CJIydae, eCJIi B CIeKTPaxX OTCYTCTBYIOT JIMTHUK BOIOPOja. CBEepPXHOBBIE TH-
na Il — 3Be31bl, Yy KOTOPBIX JIMHUK BOJOPOAa HaO/oma0Ted. Kaxkapiii u3 Tunos
nenuTest Ha moaTuibl (a,b,c. .. ). CBepxHoBble THIA la nMeroT Hanbo/ee yHUBED-
caJIbHBIE XapaKTePUCTUKH, U CXOJCTBO B MX IOBEJICHUM HABOIUT Ha, MbICJ/Ib, UTO
B X OCHOBE JIE?KUT OJINH U TOT »Ke MeXaHu3M. B HacTosdinee BpeMsi CIUTaeTCsl,
YTO BCE OHU OOYCJIOBJIEHBI TEPMOSIJIEPHBIM B3PBLIBOM O€JIbIX KAapPJIMKOB B PaMKax
ounapubix cucre [10,11]. KomnakTrast 3Be3/1a 3a CIET AaKKPEIUN BEIECTBa CBOe-
o KOMIIAHBOHA, JIEYKAIIEero Ha IVIABHOI 1T0C/1e/I0BATE/IbHOCTH, YBEJINUYNBAECT CBOIO
Maccy JI0 TeX 10D, IIOKa IIOC/Ie/IHssl He IIPEeBbICUT KpuTuieckoe 3HadeHne. CraH-
JlapTHOCTH cBolicTB SNIa 1103BoJIIeT UCITOIb30BaTh UX HAOJIOJIECHUE JIJI OIIpeie-
JIGHHSI pACCTOSHUI 10 MATEPUHCKUX rajakTUK. [Ipu aToM ucmoab3yercs TepMuH
“cTaHapTHAsT KOCMOJIOIIYecKasi cBeva’ .
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Nzydenne mira3mMbl TpPU KCTPEMAIbHBIX 3HAUECHUSX (DU3MIECKUX IMapaMeT-
POB, KOTOpbIE peaJiIn3yI0Tcs IPU B3PbIBE CBEPXHOBOI, sIBJISETCS OJIHUM U3 SIPKUX
PUMEPOB B3ANMOJICHCTBUA, KAa3aJ/I0Ch Obl, JIAJIeKIX JIPYT OT JIpyTra pa3Jie/ioB (-
3U4eCcKOil Hayku. /[esio B ToM, 9T0 Ha KOPOTKOE BpeMs TaKasl T1a3Ma MOXKeT ObITh
[OJIy4eHa B CTOJIKHOBEHUAX JIEMEHTAPHBIX YaCTUIl U sJiep Ha YCKOPUTEJIAX.

B TekymeM jecaTuiieTnn Hanbojiee CyNIECTBEHHBIN Mporpecc ObLT JOCTHT-
HYT UMEHHO B SKCIIEPUMEHTAJIbHOM M3YYEeHWH IIa3Mbl. B 1mepBylo ouepejib 9TO
cBsi3ano ¢ orkpbiTeM B IIEPHe nHoBOro cocrosinust BerecTBa, KOTOpPOe OBLIO
MOJIy9€HO TIPU CTOJKHOBEHUE TSXKEBIX sifiep [12]. D10 HOBOE cocTosiHue ObLITO
Ha3BaHO KBapK-IVIIOOHHON IL1a3Moii. B HacrosIee BpeMs OHO IIPOJOJIZKAET aK-
THBHO HCCJIEI0BATHCA Ha yekopuTese Tszkénpix nonos RHIC [13], a rakke rura-
HUPYETCsl ero u3ydeHre Ha y»Ke BBeJEGHHOM B jeiicrue kosutaiinepe LHC [14].
3BecTHO, 9TO KBAPKH, B CUJTY OCOOEHHOCTU CHJILHOTO B3AUMOJICHCTBIUS, CBI3aHbI
B OecliBeTHbIE OOBEKTHI — aJPOHBI, U HE MOT'YT HAOJII0JIaThCsd B CBOOOHOM COCTO-
SHUU. DTO siBJIEHUE TIOJIyINJI0 Ha3BaHne KoH@aiHMeHTa KBApKOB U JIOCTATOTHO
XopoItro nsydeno. OiHaKo Mpu OOJIBIINX SHEPTUAX CTOJKHOBEHHUSI MOXKET 00pa-
30BBIBATHLCA TLJIa3Ma, B KOTOPOI KBapKN U TIJIIOOHBI SABJIAIOTCH HECBABAHHBIMU,
TO €CTh IPOUCXOJINT WX JeKoHpaitnMenT. HecMoTpss Ha TO, 9TO JIJINTETHLHOCTH
KBapK-IVIIOOHHON CTa U COCTABJISIET JIUIIH MaJIyIO JIOJII0 OT BCEr0 BPEMEHU 3BO-
JIIOINN CUCTEMbBI CTAJIKUBAIOIINXCS YACTHI], €€ BJIMAHIE OKA3bIBACTCS BEChbMa CY-
IIIECTBEHHBIM 1 MOXKET Ha0JII0/IaThCs 110 TOBBIIIIEHHOMY BBIXO/ly CTPAHHBIX ME30-
HOB, YMEHbBIIEHUIO BBIXOJIA TSAKENbIX J/1)-Me30HOB, YBEJMUEHUIO BbIXOa (DOTO-
HOB 1 JICNITOH-aHTUJIENTOHHBIX Tap Oosibioii suepruu [15]. Crepyer orMeTuTs,
YTO, HECMOTPS Ha TO, YTO CBOMCTBA KBapK-TJIIOOHHON ILJIA3MbI CYIIECTBEHHO OT-
JIMYAIOTCA OT BCEX M3BECTHBIX paHee COCTOSHUIT BEIeCTBa, OHa OKA3bIBACTCA BO
MHOIOM TI0XO2Ka, Ha OOBIUHYIO 3JIEKTPOMArHUTHYTO T1a3My [16].

Uccnemys cBoiicTBa KBapK-TJIIOOHHOM IJIa3Mbl, BayKHO MMOHUMATh YCJIOBUS,
B KOTOPBIX 9TO COCTOSHUE MOXKET peajm3oBaThbcs. [Ipemmonaraercs, 4To ¢ yBe-
JINYEeHNeM TIJIOTHOCTU SHEPTUN SepPHOe BeIecTBO JOJKHO MpeTepreTh Ba da-
30BBIX Iepexo/ia — JeKOH@aHMEHT 1IBeTa W BOCCTAHOBJIEHIE KUPAJILHON CHUM-
Merpun. [Iprmaém 3Tn jiBa mepexoja MOTYT IPOUCXOJUTHL HeojHoBpeMmenHo. Ha
TeMIIepaTypHOil TKaJIe JeKOHMAHMEHT MBeTa JOJKEH MPOUCKXOJAUTDH TPH TEM-
nepaTypax Bblllle KPUTHIECKOI 1 MPe/IIecTBOBATH BOCCTAHOBIECHUIO KUPAJILHOI
cummverpun [15]. TTo coBpeMeHHBIM pacdéram, 3HaAUEHIE KPUTUIECKO TeMIiepar-
TYpbI IIpU HYJIEBO# OaproHHOI 1ioTHOCTH cocTtaBister 1, ~ 170 M»sB. Oxna-
KO 3Ta TeMIlepaTypa He OCTaéTCs MOCTOSHHON, & MOHOTOHHO YOBIBAET C POCTOM
IJIOTHOCTH OApPUOHHOTO BerecTBa. 1110THOCTE, coOoTBETCTBYIOMAS OAPUOHHOMY
XuMHIIecKoMy norerruasty (b ~ 600 MsB, orseuaet nysneBoit KpuTuieckoit Temiie-
parype [17]. Takum obpasom, mepexo/] K KBapK-TJIFOOHHOI MIa3Me BO3MOXKEH He
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TOJILKO TPH OOJIBITIX TeMIIEPATypax, HO 1 OOJIBITIX IIOTHOCTAX. OTMETHM, UTO
BTOPOIl ciIydail dB/sieTcss HanboJiee BaXKHBIM JIII aCTPOPU3NIECKIX TTPUJIOKE-
HUIi, TaK Kak, 10 Bceil BujguMocTn, Temmepatrypa 1" ~ 200 MsB ne peammsyercs
B U3BECTHLIX acTPOMU3NIECKIX 00beKTaxX, I MOTJIa CyIIeCcTBOBATL BO Bceen-
Hoit b B nepseie 107° ¢ mocse Bosbioro B3peiBa. TeMm ne MeHee Jazke CTONb
HETPOJIOJKATETbHAA (pa3a MOIJIa OKA3aTh CYIIeCTBEHHOE BINSHUE Ha, TOCIeTyI0-
IIYI0 9BOJIIOIIIO BeesienHoii 1 nmetsb HabJroiare bhble nposisienue [18|. Ipyroii
BO3MOXKHOCTBIO CYIIIECTBOBAHUS KBAPK-TJIIOOHHON TIa3Mbl SBJISETCSA XOJIOIHOE,
HO OYEHb IIJIOTHOE BEIEeCTBO KOMIIAKTHBIX aCTPOMU3NIECKUX O00BHEKTOB, TaKUX
KaK HeHTpoHHBIE 3Be3/bl. OTMETHUM, UTO, HECMOTPS Ha TO, YTO CTPOEHUE Heli-
TPOHHBIX 3BE3]] CUMTAETCs JIOCTATOYHO XOPOIIO M3YUYeHHBIM, TOUHOE ypPaBHEHUE
COCTOSHUS BEIIECTBa B UX BHYTPEHHEM SJIpe JIO CUX MTOP OCTAETCA HEM3BECTHBIM.
[Ipu GoJibImOll Macce HEHTPOHHOI 3BE3JIbI BEIIECTBO ITOH 00JIACTU CYINECTBEH-
HO OTJINYAaeTCs OT UJIeaJIbHOI0 rasa HYKJIOHOB. B dacTHOCTH, Tpejioaraercs
CYTIEeCTBOBAHNE TaM TaKMX IK30TUUECKUX COCTOSHNI, KaK HeHTpOHHAs W ITPO-
TOHHAsT CBEPXTEKYUIECTh M KOHJICHCAT PA3JIMIHBIX JIeMEHTapHBbIX dacTuil [19)].
B nacrosiiee BpeMs JIMCKYTUPYETCSA BOIPOC O BO3MOYKHOCTU CYIIECTBOBAHUS BO
BHYTPEHHEM $IJIpe MaCCUBHBIX HEMTPOHHBIX 3BE3/1 BEIIECTBA B COCTOSTHUN KBapK-
DJTFOOHHOM T171a3Mbl U TPUCYTCTBUsI TaM I[BeTOBOI cBepxipoBogumoctu [20]. Or-
METHUM, YTO HaJMINe TaKMX dK30TUIECKNX COCTOSHUII BEIIECTBA MOXKET CYIIle-
CTBEHHO TOBJMATH Ha HabJII0/IaTe/IbHbIe XapaKTEPUCTHKU U CKOPOCTb OCThIBa-
HUS Ha PAHHUX CTAIUAX BOJIONNN 3TUX 3BE371. BO3MOXKHO, 9TO HAJIMINE KBAPK-
IJTIOOHHOT'O KOHJIEHCAaTa BO BHYTPEHHEM SIIPE IMO3BOJIUT 00bICHUTH aHOMAJIbHbIE
CBOMCTBA OTJIEJILHBIX KJIACCOB HEUTPOHHBIX 3BE3J, MOJYIUBIINX Ha3BAHUS MAT-
KX peHTreHoBcKkux nopropureseii (SGR — soft gamma repeaters) u anomaibHBIX
perTrenoBeknx mysnbcapos (AXP — anomalous X-ray pulsars).

OtnenbHOI cTpanutieil B pus3nKe ropsiueil mI0THON TIa3Mbl IBJISIETCS UCCITe-
JIOBaHUE €€ BJINSHUS Ha IPOTEKAHEe KBAHTOBBIX IIPOIECCOB, KOTOPHIE B YCIOBUAX
HEKOTOPBIX acTPOPU3NIECKIX 00BHEKTOB — CBEPXHOBDBIX, MOJIOIBIX HEHTPOHHBIX
3BE3/] — OKa3bIBAIOT pellaloliee BO3/IeficTBIe Ha NX MAKPOCKOIINYECKNEe XapaKTe-
puctuku. Bimsgaue rmia3Mbl Ha KBAHTOBBIE ITPOIECCH MMEET JIBOSKUI XapaKTep.
C omHOll CTOPOHBI, TOM, €€ BO3/IEHCTBHEM MOTYT MOIU(PUIIIPOBATHLCST MaTpPUU-
HbIe JIEMEHTBI, 9TO O3HA4YaeT M3MEeHeHue JuHamMuku mporeccoB. C apyroit cTo-
POHBI, IIJ1a3Ma U3MEHseT JUCIIePCUOHHbIC CBOMICTBA YaCTUIL, TO €CTh KHHEMATUKY
mporeccoB. B pe3yibrare MOIYT OTKPBIBATHCS WU 3HAYUTETHHO YCUJINBATHCH
peaKInu, KNHEMATUYCCKN 3allpelleHHble U CUJBLHO I0JaBJCHHbIC B BaKyyMe.
Cpean mHanboJiee N3BECTHBIX IPOIECCOB 3JI16Ch MOYXKHO yKa3aThb paciaj (hoToHa
Ha Hapy HeHTPUHO—-AaHTHHEHTPUHO, ¥ — V. DTOT HPOIECC, 3aIPeIEHHbIl B Ba-
KyyMe, CTAHOBUTCY BO3MOXKHBIM BCJIECTBIE TOI'O, YTO JAUCIIEPCUOHHbBIC CBOVICTBA
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doroHa MOIMMUIMPYIOTCS I1J1a3MOit, 1 OH HprodbpeTaeT 3pdeKkTuBHYy0 Maccy. B
pesysbTaTe pacia/l Y — VI CTAHOBUTCS KTHEMATHIECKN PAa3PEIIEHHBIM U MOYKET
IIPOMCXOJINTD B 3BE3/1aX [21,22]. DakTHaecKn 5TOT Tak HA3BIBACMBI [JIA3MEHHDIH
IIPOIIECC SIBJISIETCSI OCHOBHBIM MEXaHU3MOM U3JIyYeHUs HeTPUHO 3BE3/1aMU B IIH-
POKOM JIalla30He TeMIIepaTyp U IJIOTHOCTElH, BKJIOUasd, HalpuMep, pu3ndecKne
YCJIOBUSI BHYTPU O€JIbIX KAaPJIUMKOB U KPACHBIX I'MIAQHTOB.

Hapsy ¢ ropsgueit mioTHON m1a3Moit 3Ha9nMoe B/IUSAHIE Ha KBAHTOBLIE ITPO-
IIECChI MOYKET OKa3bIBATh JIPyrasd KOMIIOHEHTa aKTHBHOI acTpodu3niecKoil cpe-
JIbl — cuJIbHOE MaruuTHoe moJie. OJIHaKO yKa3aHHOe BJIMSHEE T10JIs SBJISICTCS CY-
IIIECTBEHHBIM TOJIBKO B CJIydae ero JJoCTaTouHo 00bioit nnreHcusHocTr. Cyiie-
CTBYET €CTECTBEHHBIN MaCITad BEJIUIUHBI MArHUTHOT'O II0JIsI, TaK HA3bIBAEMOE
KpuTHyeckoe sHadenne B, = m?/e ~ 4.41 - 10" Tc. NmeroTca apryMeHThl B
10JIb3Y TOT'O, YUTO IOJISI YKA3aHHOTO U jarke OOJIbIIEro Maciirada MOrYT Cyliie-
CTBOBaTb B acTpodusnmiecknx odbekTax. Hanbosbimit mHTepec MpecTaBIsdioT
JIBa KJ1acCca, 3BE3]1, KOTOPHIE, II0-BUIMMOMY, sIBJISIIOTCsS] OCTaTKaMU B3PBbIBOB CBEPX-
HOBBIX. DTO YK€ YIIOMSIHYTbIE [TOBTOPHbIE UCTOTHUKI MATKHUX IaMMa-BCILJIECKOB
(SGR) [23,24] u anomasbHbIe penTrenoBckue mynbcapbl (AXP) [25,26], koropsie
MHTEPIPETUPYIOTCS, KaK MarHuTapbl |27 — HeliTpOHHBIE 3BE3JbI ¢ MAIHUTHBIMU
nostsiMu Besmanuoit ~ 104 — 10" Te. O6cyK naoTes Moaen acTpodpu3nIecKux
IIPOIECCOB I OOBEKTOB ¢ MArHUTHBIMHE TI0JIaAMH, jocturatomumu 1010 — 1018 I'e,
KaK TOPOHJIAIbHOTO [28-32|, Tak u mosongaibHoro tuma 27,33, 34].

IHTepecHo HpOC/IeUTh SBOJIIOINIO B3IJIsSI/IOB Ha IOHATHE ‘CUJILHOE MarHUT-
Hoe 11oie” B acTpodusnke, cMm puc. 1. Eciin 0koJs10 copoka JieT Ha3a/l MarHUTHbIE
nostal ¢ Hanpsekénnoctsio 109 — 10M T'e pacemaTpuBasich Kak “odeHb CHIbHBIC
|35], To ceituac npunsTO cunTaTh, 9ro MO/t ~ 102 — 10 T, nabmonaemble Ha
OBEPXHOCTH IYJIbCAPOB, €CTh TaK Ha3bIBaeMbIe ‘cTapble’ MarHUTHBIE 11015 [36],
TaK 4TO B MOMEHT KaTaKJIn3Ma, B KOTOPOM POJIUIACh HEHTPOHHAs 3BE3/1a, TOJIst
MOTJIN OBITH CYIIECTBEHHO OOJIBITIE.

B ycnoBugx panmneit Beenennoit B nnrepsaJje Mex/ 1y TarmaMu (pasoBoro Ie-
pexona KXJI (~ 107° ¢) u mykiaeocunresa (~ 1072 — 10% ¢), B npumnmue, Morm
Obl BOBHUKATHL CUJIbHBIC, TaK Ha3bIBa€MbIe ‘TIePBUYHbIE” MarHUTHbLIE IIOJIA C Ha-
npsizKéHHocTbio nopstaka 102 Te [37] u naxe Gosee (~ 1033 T'c [38]), spomonus
KOTOPBIX B X0Jie paciiupenns Beesiennoit Morjia ObI 00YCJIOBUTH CyIIECTBOBAHNE
Ha COBPEMEHHOIT CTa/Inil KOTePEHTHBIX KpyIHOMACIITaOHBIX (~ 100 Kuonapcex)
MarHUTHBIX TI0JIeii ¢ HampszkénHocTbio ~ 10721 T, KoTopele, B cBOIO ouepep,
MOTJI OBI OBITH YCUJIEHBI 3& CUET FaJJAKTHIECKOTO JIMTHAMO-MeXaHu3Ma, 10 Ha0JTI0-
JaeMBIX 3HAUCHUH raJakKTHIeCKNX MarHNTHBIX moseil ~ 1079 T'c. Bosmoxkuble
HPUINHBI BOSHUKHOBEHUS CUJIbHBIX IEPBUYHBIX MAIHUTHBIX TOJIEH U JIMHAMIKA,
1X 9BOJIIOINN B paciiupsitomieiicss BeeleHHOI siBJIOTCS IIpeMeTOM HHTEeHCUBHO-
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Bocquet et al. (1995), Cardall et al. (2001)
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Puc. 1. DBosronust npejcTaB/ieHnii 0 BeJIMYNHE CUJILHOIO MarHUTHOT'O II0JI B

acTpou3nKe.

0 MCCJIeIOBAHUST B HACTOSIIEE BPEMs, CM. HAIpuUMep, 0030p [39] u nutupoBaHHbie
TaM pabOThI.

OrMmernM, 4TO, B OTJINYKE OT MarHUTHOIO, JJIsl JIEKTPUUIECKOI'O I0JIsI CO-
OTBETCTBYIOIee KPUTHUECKOE 3HAUeHHe M2 /e dBJgeTcs NMpe/ie/ibHbIM, Tak Kak
reHepalys B MaKpPOCKOIINYECKON 00JIaCTH IPOCTPAHCTBA, SJIEKTPUUECKOT'O I10JIsI
MOPsAJIKa KPUTUIECKOTO TIPUBEIET K MHTEHCUBHOMY POXKJICHUIO 9JIEKTPOH - TO3HU-
TPOHHBIX IIap U3 BaKyyMa, 9TO SKBUBAJEHTHO KOPOTKOMY 3aMbIKAHUIO ‘MAallll-
HbI', reHepupylomleil asieKTpudeckoe 1ojie. C JIpyroit cTOpoHbl, MArHUTHOE I10JI€E,
B CIJIY YCTOMYMBOCTH BaKyyMa, MOYKET IIPEBBLIIATH KPUTHIECKoe 3HaueHne B,.
BoJiee Toro, MarauTHOE 110J1€ UI'PAeT CTAOUIN3UPYIOILYIO POJib, €CJIU OHO HallpaB-
JIEHO IIEePIIEHIUKY/ISIPHO 3JIeKTpudeckoMy. B Takoil KoHpuUrypaium saeKTpude-
ckoe 1oJjie € MOKeT IIPEeBbIIIaTh KpuTudeckoe 3Hadenne B.. B uHBapuaHTHOI
dopme yciioBre cTabMIBHOCTH BaKyyMa MOYKHO 3aIlicaTh B BHUJIC:

FME, =2(B*=¢&%) > 0.

/1o HEKOTOpPOro BpeMeHH B acTPOPU3NUIECKUX pacdérax IIPOIECCOB THIIA
B3DPBIBOB CBEPXHOBBIX pEIIAJIICh B CYIIHOCTH OJHOMEpHbIE 3aJa4i, a B aHaJIl-
3¢ BJIMSHIS aKTUBHOI CpeJibl Ha KBAHTOBBIE IIPOIECCHI MPUCYTCTBOBAJ TOJIHKO
BKJIaJI 11a3Mbl. OIHAKO MMEIOTCs Cepbe3Hble apryMeHTbI B II0JIb3y TOIO, UTO
JusnKa CBepXHOBBIX 3HAUNTEILHO CJI0KHee. B qacTHOCTH, HEOOXO UM yIET Bpa-
IIeHNsT 000JIOUKU 8 TaKKe BO3MOYKHOI'O HAJIMYUS CHJIBHOI'O MarHUTHOIO IIOJISI,
HpuYIeM 3TH JiBa, (DeHOMEHa OKa3bIBAIOTCS CBsZAHBI MeXK 1y coOoii. leficTBuTe b
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HO, €CJIN BeJIMYNHa MarHUTHOT'O 110J1sI, PA3BUBAEMOr0 1IPU KOJLIallce siipa CBepX-
HOBO{1, MOYKET JIOCTHIaTh KPUTHUECKOro 3Hadenns ~ 10 T'c, To mammdne Bpa-
HIEHNUsT MOXKET IIPUBOJIUTH K BO3HUKHOBEHUIO TOPOUJAJIBLHOI'O MArHUTHOI'O I10-
J1g, ¢ yBeJIMUeHHeM HHTEHCUBHOCTH ITI0JIs Ha JIOHOJHUTeNbHBIT dakTop 103 —
10* [28,29].

[Tpu Takux acTpodU3MIECKUX sABJICHUSX, KaK 3BE3/IHBII KOJLJIAIC, OTCYTCTBHUE
CUJIBHBIX MArHUTHBIX 110JIell TIPeJICTaB/IseTCsl CKOpee SK30TUYeCKUM, YeM TUIINY-
HBIM ciiydaeM. [leiicTBUTe/IbHO, YMECTHO OOCYIUTD CJASIYIONMNI PsIJl BOIIPOCOB.

1) Yro MoxkKeT cantaThbesi Oosiee 9K30THIECKIM 00bEKTOM: 3Be3j1a, 00/1a/1a50-
1asl MarHUTHBIM 110JIeM WK 3Be3j1a 0e3 Hero! Hacko/ibKo Mbl 3HAEM acTpO-
JIMHAMUKY, 3Be3j1a 6€3 MarHuTHOI'O IOJIsI JI0JIZKHA CKOPee CIUTATbCs K30~
TUIECKUM, 9eM THIHIHBIM 00beKTOM. TOUHO Tak »Ke /I IPeICBEPXHOBOII
MOXKET CUUTAThCsl €CTECTBEHHBIM HAJIMYNEe [IEePBUTIHOIO MArHUTHOI'O I10JI.
Kak m3BectHO, nepBuuHOoe MaruuTHoe 1oJje Ha yposHe 100 I'c B mpomecce
KOJLJIAIICA IIPUBEJIET, 3a CUET COXpaHEHNsI MAIrHUTHOIO II0OTOKA, K NeHepaIlln
noJist Macitaba 102 — 1013 Te.

2) YUto MOXKeT paccMaTpUBAThCsI, KAK 0oJiee TUIMYHBIN caydail: 3Be3/a, 00-
JIaJiatolasl BpalleHneM, nin 38e3/1a 6e3 Bpaienns! [lo-Bummmomy, 3Be311a,
0e3 BpallleHus BBITJISIUT 00jIee IK30TUIECKIM O0BEKTOM.

3) Kakoii Buj Kojutaiica BBILISIANT OoJiee 9K30THUECKUM: CxKarTue 0e3 Tpa-
JINEHTa WK C TrpajueHToM yrioBoil ckopoctu? IocKo/bKy cKopocTu Ha
nepudepun CKUMaroIErocst acTpou3nIeckoro 00beKTa MOIyT JOCTUIATh
PEeJIITUBUCTCKOIO MaciTada, cxkarue ¢ JinddepeHuaj bHbIM BpallleHueM,
TO €CTb C I'PAJIMEHTOM YIJIOBOI CKOPOCTH BBIIVIAIUT 00JIee BEPOSITHBIM.

Bce nepednciennble MOMEHTBI HEOOXOUMBI JIJIST Pean3allii ClieHApHs poTa-
nuoHHOro B3phiBa cBepxHoBOil [.C. Bucnosaroro-Korana [28,29]. OcuoHoii jie-
TaJIbIO JJAHHOT'O ClIeHApUsl SIBJISIETCS TO, YTO UCXOJHO MOJIOU /A bHble MArHUTHbIE
CIUIOBBIE JIMHNW HOJIsA ¢ HanpsekénHocTsio 102 — 1013 T, 6raromaps rpaimen-
Ty YIJIOBOI CKOPOCTHU, 3aKPy4IUBAIOTCS U YILUIOTHAIOTCS, 00pa3ys MpaKTUYeCcKn
TOpPOHIAJIbHOE TI0JIe ¢ MHTEeHCHBHOCTHIO ~ 101 — 1017 Tc.

[TomaepkHeMm, 4TO Takoe 1oJjie AefiCTBUTENILHO ABIIETCS BeChbMa ILJIOTHOMN cpe-
JIOM ¢ MaCCOBOM ILJIOTHOCTBIO

B2 r B \?
— — ~ 04-10" 1
p 87 0 0 ev3 \ 1016T¢ ) 7 (1)
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YTO CTAHOBUTCS COIIOCTABUMBIM C XapaKTEPHOI MaCcCOBOIl IIOTHOCTHIO 000 I0UKI
B3pbIBalomeiica ceepxnosoii, 1010 — 1012 r/ enM”. Taxknm 00pa3oM, IMpH JIETAJTBHBIX
UCCJIJIOBAHISIX TaKUX aCTPOMU3NIECKUX IIPOIECCOB, KAK KOJLJIAIIC CBEPXHOBBIX,
YVUET BJIMSTHUST KOMILIEKCHOM aKTUBHOI CpeJibl, BKJIIOYAIOIIel KakK I1a3My, TaK 1
MarHUTHOE II0JIe, SBJIsIeTCd HACYyIIHON HeoOXOIUMOCTbIO.

OTMeTuM, 4TO IpU PeIIeHnn Psija HPUHIUINAIBHBIX 3a/a9 O B3anMO/Ieii-
CTBUM YACTHUI C DJIEKTPOMAIHUTHBIM I10JIeM OOJIbIIOE 3HAYEHUE IIPUOOPEsT Me-
TOJI, B KOTOPOM BJIMsIHIE BHEIIHETO IOJIsI YINThIBAETCA HE IMOCPEJICTBOM TEOPUN
BO3MYVIIIEHUII, a Ha OCHOBE TOYHBIX pelleHuii ypapHeHusi Iupaka BO BHeIIHEM
9JIEKTPOMATIHUTHOM II0JIe. B KBaHTOBOII PeJIATUBUCTCKON TEOPUM UUCJIO CJIyda-
eB, KoIjla ypaBHeHMe /[upaka perraercs B aHAJIUTUIECCKOM BHJIE, HEBEJIUKO: 3a-
JTada O JIBUYKEHUH 3JIEKTPOHA B KYJIOHOBCKOM T10jie (ATOM BOJIOPOJIA), B OJIHO-
POJHOM MATrHUTHOM II0JI€, B II0JI€ ILJIOCKOH JIEKTPOMAIHUTHON BOJIHBI I B HEKO-
TOPBIX CJIyYasX KOMOMHAINKM OJHOPOIHBIX SJIEKTPUYECKOIO U MAIUHUTHOIO I10-
Jjieit. Pacdér KOHKpeTHBIX (PU3UUIECKUX sIBJIEHUI IpeJIoaraeT NCIoIb30BaHmIe
nrarpaMMHuoil Texuukn @eifHMaHa CO CJIEIYIOMIUM 0000IIeHNEeM: B HaYaJIbHOM
1 KOHEYHOM COCTOSTHUSIX 3apszKeHHbI (hepMUOH HAXOUTCsI BO BHEIITHEM I10JIe 1
OITICBIBACTCS pellleHneM ypaBHeHus Jlupaka B 9TOM 110J1€, BHyTPEHHUE JITHUT 3a-
PSIZKEHHBIX (PePMUOHOB COOTBETCTBYIOT IIPOIIAraToOPaM, IIOCTPOCHHBIM Ha, OCHOBE
9TuX pemtennii. JIaHHBINA MeTO/ IOJIe3eH TeM, 9TO C ero IIOMOIILI0 MOXKHO aHa-
JIN3UPOBATH IIPOIECCHI B OJISIX OOJIBIION HAIPSIXKEHHOCTH, KOIJIa YIET BJIMSTHUSA
I0JIsI TI0O TEOPUM BO3MYIIEHUI y2Ke HeBO3MOXKeH. B ey ycToifumBOCTH BaKyyMa
B CBEPXCUJILHOM MAI'HUTHOM II0JI€ MOXKHO pPaccMaTpUBaTh IIPOIECCHI B IOJISIX C
HaIPSKEHHOCTHIO, 3HAUNTEILHO MIPEBLIIIAIONIel KpuTHieckoe 3nadeHne B,.

OnuncaHHbII BbIIIe METO/I OKa3aJics 3POEKTUBHBIM IIPHU UCCJIEIOBAHAN Psiia
IIPOIECCOB, UIYIINX B CUJILHBIX 9JIEKTPOMATHUTHBIX OJIAX 1 UMEIONINX ITPUKJIAI-
HOe 3HaYeHNe, TAaKNX, KaK (3-pacia/l B 110J1e THTEHCUBHOTI'O JIa3€PHOI0 U3JTyYeHNs,
KBAHTOBbIE 3(D@PEKThI PU HPOXOKICHUN YIBTPAPEIITUBUCTCKIX 3aPsSIyKEHHBIX
JaCTHI] 9epe3 MOHOKPHUCTAJLIBI, U JIPYTHE.

Cpean pa3/MIHBIX 3JEKTPOCIAOBIX IIPOIIECCOB 0COOBII MHTEpEC MpeICTaBIs-
10T HEHATPUHO — 3JIEKTPOHHBIC 1 HEUTPUHO — (POTOHHBIE IIPOIECCHI BO BHEIIHEH
aKTUBHOI cpejie, MOCKOJbKY (pU3MKa HEATPUHO HI'PaeT OIPEIEsISIONYI0 POJIb
B TaKUX acTPOU3NIECKUX KaTaK/JIM3MaX, KaK B3PbIBbl CBEPXHOBBIX U CJIMSIHUS
HEHTPOHHBIX 3BE3]1, a TaKxKe B paHHeil Beesennoit. C 1pyroii ¢TOPOHbI, UCCIIEI0-
BaHNe HEHTPUHHBIX IMPOIECCOB B TAKUX SKCTPEMAJBHBIX (PU3MICCKUX YCJIOBUAX
ABJIACTCA UHTEPECHBIM € KOHIEIITYaJIbHON TOYKHU 3pEHUd, IIOCKOJIbKY 3aTparnBa-
eT pyHJaMeHTaJIbHbIE ITPOOJIEeMbl KBAHTOBOI TEOPUN TI0JIA.

[Ipu anann3e KOHKPETHBIX HEHTPUHHBIX IIPOIECCOB B MAarHUTHOM II0JIE BarK-
HbI COOTHOIIEHUsT MKy TPeMsi OCHOBHBIMU (busnmdeckuMu napamerpamu. OuH
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13 HUX 9TO — BeJIMYUHA eB, XapaKTepu3yollasi THTEeHCUBHOCTD I10JIsI, APYIHM
BayKHBIM IIapaMeTPOM SIBJIsIeTCsl MaciiTad sHepruit /' HavaIbHON 9acTHUILI WJIN
yacTull. HakoHerr, TpeTbuM IapaMeTpoM sBJISIETCST MacCa 3apsizKeHHOro (hepMu-
oHa. B HEHTPUHO - SJIEKTPOHHBIX IPOIECCaxX ITO, OUEBUIHO Macca JIEKTPOHA.
Heiirpuno - ¢poToHHBIE IIPOIECCHI UAYT Yepe3 hepMUOHHYIO HeTII0, I'/le, B IPUH-
1uIe, MpPUCYTCTBYIOT Bce (pyHIaMeHTaJbHbIe 3apszKeHHble (pepMuoHbI. OJIHAKO
OCHOBHYIO POJIb 3J1€Ch TaK:Ke UI'PAeT IJEKTPOH, KaK JaCTHUIA ¢ MAKCUMAJIbHBLIM
VIIETIbHBIM 3apsiJIoM €/m,, HanboJiee TyBCTBUTE/IbHAS K BO3JEHCTBUIO BHEIITHE-
ro moJssi. B O0JIbIIMHCTBE ciiydaeB HAC OYIyT MHTEPECOBATH MArHUTHBIE IT0JISI,
IpeBblIIaloe KpuTHieckoe snadenue B, = m?2/e. C apyroii cTOpOHbI, B yIIo-
MSHYTBIX acTPOPU3MICCKUX KaTaKJIU3MaX CPEJIHUE TeMIIepaTypPhbl COCTABJISIOT
HeckoIbKO M»B, Tak 4To ompaBiaHHBIM sIBJIsgeTCs HpuOamkenune £ > m,.. B
CBSI3U CO CKA3aHHBIM BEJIUYMHA M, OyJIeT CUNTATHCS HAUMEHBIITUM (PU3MIECKIM
IAPAMETPOM.

[Ipu sTOM 1E/IEeCO0Opa3HO paccMaTpUBaTh JIBa IIPEJEIbHBIX CJIydasi, B KOTO-
PBIX PACUYEThl KBAHTOBBIX IIPOIIECCOB BO BHEIIHEM I10JI€ 3HAUUTE/ILHO YIIPOIIAIOT-
csl.

] Hpedeﬂ OMHOCUMEALHO CAGO020 NOAA

Tak Ha3bIBAIOT NpeJeJbHBII ciydail, Korja 3Heprusl JacTHUIIbl SIBJISETCS
MaKCHMAJILHBIM (bU3IIecKnM napameTpoM, B2 > eB. 910 ycioBue MoxK-
HO IIEPENNCaTh B PEJIATHBUCTCKI NHBAPUAHTHOI dpopme. OTMETHM, UTO pe-
JISTUBUCTCKasT THBAPHAHTHOCTD MOHUMAETCS 3/1eCh B Y3KOM CMBICTIE, OTHO-
CUTEJILHO JIOPEHII - TPeobpa3oBaHUil BJIOJIb TOJIsT (€CJIN MBI TOBOPUM O P~
CYTCTBUE TOJIBKO MAarHUTHOTO TOJist 6e3 ayiekTpudeckoro). Hajmdue nByx
KOBapHAHTOB — TeH3opa 1ojs F),, n 4-nmiyibca gacruipl p! = (E,p)
[IO3BOJISIET, HAPSILY C [TOJIEBLIM MHBAPUAHTOM

e’F,, "' = *(FF) = —2¢*B?, (2)
IIOCTPOUTD JIMHAMUYCCKUIT NHBAPHAHT
e’ p F" E,,p’ = *(pF Fp) = *B*E? sin” 0, (3)

rje 6 — yroj MexKJy UMITYJIbCOM YacTHIIbI P U HampaBjeHueM 1oJisi B.
NuBapuant (3) gale BCero nCmoyib3yercss B 00€3pa3MepeHHoOM BHJIE

2 eZ(pFFp)

X (4)
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Taxum obpaszom, ycaoBue “ciadocTi’” MOoJId NPUHIMAET BU/I

[e*(FF)] P« e*(pFFp). (5)

Jlerko BuJeTh, 94TO ycsoBue (5) aBTOMATHYECKH BBIMOJHSIETCS B CJIydae
CKPEIIEeHHOTO 10JIs, B KOTOPOM II0JIEBOII MHBApUAHT CTPOrO PaBeH HYJIIO,
(FF) = 0. 970 103BOJIsIeT TPOM3BOIUTD BRIUHCICHUs B mipejese (5), mc-
0JIB3Y< NPUOJINZKEHNE CKPEIIEHHOT 0 110J1si. OTMeTHM, 9TO 3TOT Ipejies1 00-
JIQJIaeT JIOCTATOUHO 00ITHOCTHIO. JleificTBUTEIbHO, eCJIN TP JIBUXKEHUN Pe-
JISTUBUCTCKON YaCTHUIHI B OTHOCUTEIHLHO CJIa0OM MaraHuTHOM 1ojie B < B,
JIMHAMUYECKI ITapaMeTp X JOCTATOYHO BEJUK, TO B CHCTEME IOKOs 9TOi
YACTHUIBI 110JIe MOXKET OKa3aThCsl 3aMEeTHO BbIllle KPUTHYECKOIO U Oyler
OdYeHb OJIN3KO K CKperleHHoMY 1010, Jlazke B CHJIBHOM MarHUTHOM I10JIE
B > B, Ho 1pu yciaoBuu, 9to X > B/B., pe3yibratr, MoJydeHHbIl B
CKPEIIEHHOM T10Jie, OyJleT IPaBUJIbHO OIUCHIBATHL JIMJIUPYIOMIMI BKJIaJl B
BEPOSITHOCTD IPOIECCa B YMCTO MArHUTHOM Tojie. Takum obpas3oM, pacdéT
B CKPEIIEHHOM I10JI€ IIPEJICTaBJISIeT CaMOCTOSTE/IbHbIN nHTepec. TexHuKa
BBIUNCJICHUIT B CKpEIIeHHOM I10J1e Oblia JieTajabHo paspaborana A.J. Hu-
kumosbiM u B.W. Purycom, em. nampmmep [40].

o [Ipeden cuavroz2o noss

B sTOM 11pejiesie MHTEHCUBHOCTD 110JIs1 B dBJIsieTcst MaKCUMaJIbHbIM (D31~
qecKNM mapaMeTpoM, e3> E?, wim B maBapuanTHoii popme

[eQ(FF)}g/2 > e*(pFFp). (6)

B sTom cirydae 9/1eKTPOHBI HAXOJISITCA TOJBKO Ha OCHOBHOM ypoBHE JlaH-
nay. TTocKoIbKY I/ TAKUX 9JIEKTPOHOB JIBUYKEHIE B TTOIEPEUHOM K ITOJTIO
HAIIPABJIEHNN CTAHOBUTCSI HEHADJIIOMAEMbBIM, 3TO TaKyKe YIIPOIIaeT BhIUNC-
JeHns. 3HAUYNTE/bHBIN BKJIaJ B Pa3BUTHE TEXHUKU BBIYUC/ICHUI B CHJIb-
Hom togie caenann B.B. Ckobenes u FO.M. JlockyToB, mocrpouBiine Tak
HA3BIBAEMYIO “JIByMEpHYIO djieKTpojnaaMuky’ [41,42|; cM. TakxKe, HAIPU-
mep, [43] u murupoBanHble TaM paboThl. B paborax yvIacTHHKOB HAIIEro
HAYIHOTO KOJIJIEKTHBA OblLiIa pa3BUTa KOBapUAHTHAS TEXHUKA, BHITIC/ICHHIT,
TO3BOJIAIONIAST €/IMNHOOOPA3HO MCCIeI0BATh KaK CIydail CUIBLHOTO TOJIsT, TaK
u 6oJtee 061uil, Korja yeosue (6) He BBIIOJIHSETCsI, cM. Hapumep [44,45].

[To-BuanMoMy, IIePBBIMI UCC/IeA0BAHIAMEI HERTPUHO - 3JIEKTPOHHBIX IIPOIIEC-
COB BO BHEIIIHEM 3JIEKTPOMAIHUTHOM I10jI€ ObLIM PabOThI, IIOCBSIIIEHHBIE CHUH-
XPOTPOHHOMY” M3JTy9€HUIO HEHTPUHHBIX T1ap € — evy [46| u HeHTpUHHOMY POXK-
JIEHUIO 9JIEKTPOH - TIO3UTPOHHBIX Map v — ve e’ [47|. Anaaus mpoBoIuics B
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CUTYaIMX OTHOCUTEJIbHO €JIaO0I0 MarHUTHOT'O I0JIsI, KOIJa dHEPIrus HadaIbHOI
YACTHUIIB! ABJIACTCA JTOMUHIPYIONIM TapaMeTpoM, 2 > e, 4To, Kak y:Ke OT-
MeYaJjIoCh, COOTBETCTBYET IPHUOJIMKEHNIO CKpeleHHoro 1oJist. [lo3nnee ykasaH-
HbIe TIPOIECCHI UCCIIEOBAIICH B TOM 2Ke mpub/mkennn B paborax [40, 48-55.
B patorax [51,52] nporecec v — ve~ e TakKe UCCHEIOBAJICS TP TPOU3BO/Ib-
HBIX 3Ha9eHNsAX MArHUTHOIO TOJS W, B YaCTHOCTHU, B Ipejiesie CUILHOTO I0JIsd
eB > E?, Korja 9/71eKTPOH U HO3UTPOH MOIYT POXKIATHCA TOJILKO B COCTOSHUSAX,
COOTBETCTBYIOIINX OCHOBHOMY ypOBHIO Jlamay.

OjiHoit W3 NPWYMH TOBBINIEHHOTO HHTEpeca K HEHTPUHHBIM IPOIeccaM B
SKCTPEMAJIbHBIX acTPOMU3MIECKUX YCIOBUAX SIBJISIETCS MX BO3MOYKHAsSI CBSI3b
¢ JaBHeil 1pobJieMoii OOJIBIINX HaOJIIOJAEMbIX COOCTBEHHBIX CKOPOCTEN IIYJIbCa-
poB [56,57]. Cpei BOSMOXKHBIX IPUYNH ACHMMETPHIHOIO B3PBIBA CBEPXHOBOI,
IIPU KOTOPOM POKJIAIONININCS yJIbcap MOT Obl IPpHoOpeTaTh HAYaIbHBIN TOJITIOK
(kick-velocity), obcyzkmaercst psiji ClieHapueB, Ijie HHTerpajbHas aCHMMETPHUS 110~
TOK& BbLICTAIONINX HEHATPUHO 00yC/IOBJIeHa NX P-HEYETHBIM B3auMOJICHICTBIEM C
BEIIECTBOM 3Be3/Ibl, NMeIoIeil cuibHoe MarauTHoe noJie [58-62|. menno takoe
B3aNMO/ICCTBUE HEHTPUHO € 3aMarHNYeHHON 1J1a3MOil IPUBOIUT K aCUMMETPUN
B JIUCIIEPCUN HEATPUHO, YTO B KOHEYHOM HTOTe OOYCJIOB/IMBAET HAaYAIbHbIN TOJI-
YOK I1yJIbCapa.

CitejlyeT OTMETHUTDL, UTO YCJOBHSI, KOIJI[A PACCMOTPEHUE HEHTPUHO - 3JICK-
TPOHHBIX IPOIECCOB B CUJIBHOM MAarHUTHOM I0ojie 0e3 y4éra IIa3Mmbl (pusnde-
CKH OIIPaBJIAHO, MOTYT PEan30BaTbCsl, HAIIPUMED, IPHU CJAUIHUN HEHTPOHHDBIX
3Be3s. OHAKO CYIIECTBYET ellle OJMH BUJ acTPOMU3NIECKUX KaTaKJIN3MOB —
B3PbIBbI CBEPXHOBBIX — IJI€ TaKKe MOTYT pa3BUBATHCsl CHJIbHBIE MArHUTHBIE I10-
JIsl, HO CYIIECTBYeT U IJIOTHAsA Iia3zMa. Hanpumep, B leHTpe KoJLIalCHPYyIOeit
3BE3/Ibl, IJIe POXKJAETCs OOJIbIIOE YUCJI0 HEHTPUHO, IJIOTHOCTH JOCTHIAeT 3Ha-
YeHUil s/IePHOM MJIOTHOCTHU, U BEIIECTBO OKa3bIBAETCsS HEIPO3PAUHBIM JIJIs Heli-
TpuHO. OCHOBHOI NPUYUHOI HEIIPO3PAYHOCTU CUUTAETCS IIPOIECC YIIPYTIoro pac-
cesHUsl HEHTPUHO Ha HYKJIOHaX. BKJiaj| HEHTPUHO - 9JIEKTPOHHOI'O pacCesiHusl,
ve~ — ve~, 3aMEeTHO MeHbIIle, 1 II09TOMY He YUYHTHIBAJICS B PAHHUX IIOIBITKAX
MOJICINPOBAHMUST 3BE3/THOTO KoJLtarca (cM. HampuMmep 63| u nutupoBaHHbIe TaM
paborbl). OgHako, Kak mokazaj anaaus |64, 65], HEATPUHO - JIEKTPOHHOE PAC-
CesTHUE MOYKET BHOCHUTB CYIIECTBEHHBIN BKJIaJ B dHEPreTUUecKuii OasiaHc sjipa
KOJLJIAIICUPYIOINIEl 3Be3/IblI.

Pazndnble KaHaIbl HEATPUHO - 3JIEKTPOHHOTO B3AWMOJEICTBUs, aHHUTU-
aamua e et — v, “CUHXpOTpOHHOE M3/aydeHne’ HEHTpPUHHO mapbl €~ —
e" v [66,67], paccesnme ve~ — wve~ (68|, Gosee MOMHBII CIICOK PabOT MOK-
HO HaiiTu B 0630pe [69], mccienoBaIich B YCJIOBUSAX KaK HEBBIPOXKJIEHHOMN, Tak
1 BBIPOYKJIEHHOM 3JIEKTPOHHOI IIJIa3MbI ¢ YUETOM BJIMSTHUSI OTHOCUTEJIBHO CJ1a00-
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I'0 MArHUTHOTO 1MoJist. HelTpuHO-371eKTPOHHBIE MPOIECChl B CUJILHOM MArHUTHOM
oJie U IIa3Me aHaJu3upOBAINCh B paborax |70-76].

Cpeji KBAHTOBBIX IIPOIECCOB, CBOWCTBA KOTOPBIX CYIIECTBEHHO, & HHOIJA
MPUHITUIIAILHO MEHSIOTCS T0JT BO3JeICTBUEM CUJIBHOIO BHENTHETO MAarHUTHO-
'O 110JIsI, OCOOBIIl MHTEpPEeC MPEJICTABISIOT MeTJIEBbIE MPOIECCH, IJIe B KOHETHOM
1 HAYAJTHLHOM COCTOSHUAX MPUCYTCTBYIOT TOJBKO 3JEKTPUYECKN HeHTpasbHbIE
JaCTUIIbI, TaKne, Kak HeHTpuHO u (poToHbl. Bo3zielicTBrue BHEIHEro 1moJisl Ha Ta-
KHE MPOTECChl 00YCJIOB/IEHO, BO-TTEPBBIX, TYBCTBUTEIHLHOCTHIO 3aPAKEHHBIX BUP-
TyaJIbHBIX (DEPMUOHOB K BJIMSIHUIO TI0JIs, TIPH 9TOM, KaK YK€ OTMedasioCh, OC-
HOBHYIO pPOJib 3JIeCh MI'PaeT JEKTPOH — YACTHUIA ¢ MAKCUMAJLHBIM YCTbHBIM
3apsiJIoM €/m,. Bo-BTOPBIX, CHTbHOE MATHUTHOE TIOJI€ CYTIECTBEHHO MEHSIET JTHC-
IIePCHOHHBIE CBOMCTBa (DOTOHOB, & 3HAYUT, U UX KUHEMATHUKY.

VccnenoBanne JABYXBEPITMHHBIX MMETJIEBBIX MPOIECCOB TAKOI'O THIA, K KOTO-
PBIM OTHOCSITCSI TTOJISIPU3AIMOHHBIN orepaTop (pOTOHA BO BHEIIHEM I10JIe, Paclia-
JIbl Y — VU, V — V7Y U T.JL., UMeeT JUINTEJIbHYI0 ucTopuio. llorsgpusainonnbrit
orrepaTop (OTOHA BO BHENTHEM MarHUTHOM TI0JIe HMCCieqoBasicd B Hadase 70-x
B paborax [41,77-79], cm. takxke [80]. DoToH-HEHTPUHHBIE TIPOIECCHl ¥ — 17,
¥ — VUV U3yYaJNCh B CJIYUadX KaK CHJIbHBIX, TAK U OTHOCUTEILHO CJIadBIX TOJIEl,
a Takzke B 00IIeM ciyudae B paborax [44,81-93].

OpnanM u3 HauboJiee MHTEHCUBHO O0OCYKJIAEMbIX TPEXBEPIINHHBIX IIPOIEC-
COB $IBJISIETCSI TIpeBpaliienre pOTOHHOI Maphl B Iapy HEWTPUHO - aHTUHEHTPUHO,
vy — vi. Uctopuga ucciieioBanuit 3Toro mporecca HaCUUThIBaeT yxKe Oostee 40
aer [94-111]. Coruacuo Teopeme lesi-Manna [94], B cirydae 6e3MaccoBbIX Heli-
TPUHO, peaJibHbIX (POTOHOB, U B JIOKAJILHOM IpeJjiesie CJaadoro B3auMoAeiicTBIs
yepe3 BEKTOPHBIE U aKCHAbHbIE 3apsKeHHble TOKN aMILIUTY/1a TTPOIecca CTPOro
paBHa Hys10. [Ipu jir060M OTKJIOHEHNN OT ycjioBuit TeopeMbl ['ei-ManHa Bo3HU-
KaeT HeHyJieBasi aMIUINTY/Ia: B CJydae MACCUBHBIX HeiTpuHo [95,96], mpu yuére
HeJIOKAIbHOCTH cy1aboro B3anmmo/ieiictsus depe3 W - 6ozon [97-99|, ecin omun
3 dhoronos [100] umm oba dhorona [101-103] HaxogsaTCst BHE MACCOBOIT MOBEPX-
HocTHu. Eme ogHo orkioHeHne ot TeopeMmbl le-ManHa, Ipu KOTOPOM IIPOIIECC
Yy — VD TaKzKe BO3MOXKEH, peain3yercs, Korjua B 3 {OEeKTUBHOM JlarpaHKUaHe
HEUTPHUHO - JIEITOHHOTO B3aUMOAECHCTBHUS HEHTPUHO MEHSIeT KUPaJbHOCTL. [Ipn
3allICH JlarpaHzKinaHa B (opMe HelTpaJbHbIX TOKOB K 3TOMY IHPUBOIUT CBSI3b
CKaJIIPHBIX W TMCEBIOCKATAPHBIX TOKOB. Hakomer, Bo3jeiicTBie BHEITHErO Mar-
HUTHOI'O T10JIsT TaKzKe MOYKeT KaTaJM3UpPOBATh JAHHBIN IIPOIECC, eC/Ii BeJImInHa,
10JIE UMEET MACIITal KPUTHUECKOro 3HadeHus B, = m?2 /e [109-111].

Kak B Bakyyme, Tak 1 B CHJIbHOM MArHUTHOM IIOJIe y IIporecca Y7y — VI
UMeEeTCsI KOHKYPUPYIONUI KaHal C JIONOJHUTEJIBHBIM (DOTOHOM, Yy — VU7,
HecMOTpsi Ha JiniHui dakrop o [43,112-121]. Jleso B TOM, 9TO B Bakyywme,
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B CJIy4ae CTAHIAPTHOIO HEHTPUHO-3JIEKTPOHHOT'O B3AMMOJIeHCTBUsST TPEX(POTOH-
HBIIl TIPOIIECC HE MMeEeT TAKOIr'o CHUJIBHOTO TOJIaBJIeHNsd, KaK JIBYX(OTOHHBINH. B
CHJIBHOM MarHUTHOM T10Jie TPEX(OTOHHBII MPOTiece UMeeT JIOMOJTHUTETHHOE YCU-
nenue. B pabore [43], B gacTHOCTH, yTBEPXKIATOCH, ITO TPOIECC (POTOPOIK ICHMUST
HEHTPUHHOI Mapbl Ha djpe ¥ + Le — Ze + v + v + U, cofepxKaliuil aMILIuTy-
Iy YYY — VU, IO/, KaTaJIU3UPYIONIUM BJIUAHUEM T10JISI MOYKET KOHKYPUPOBaTh €
URCA - nporneccamu. OjiHako, Kak MoKasaJj aHaIu3 MPoIecca ¢ yI6ToM JIICIep-
cunt (boTOHA B CHIIbHOM ToJie [121] orenka BKajia GOTOPOXKIEHNST HeHTPHHHOM
mapbl B pabore [43| okazasach 3HAYNTEILHO 3aBBIIIEHA.

Emé oaun TpéXBepIMHHBIIN METIeBOI Tpollece, B Tevenrne MHOTUX JIeT HaXo-
JISIIUICS B 110JIe BHUMaHUsI TEOPETUKOB — paciierienne (poToHa Ha JiBa (DOTOHA
B MArHUTHOM I10Jie, Y — 77y, KOTOPbIil B BaKyyMe 3allpellleH KMHEMaTUIeCKU.
DTomy mporeccy mocBsieH 0630p [122], rae MOXKHO HANTH MOAPOOHBIH CIIHCOK
paHHUX CTaTeil, Cpeji OTHOCUTE/ILHO HeJlaBHUX pabor ykaxkem [123-128]. B pa-
borax [127,128| OblLta TPOJIEMOHCTPUPOBAHA BasKHOCTH yIETa JUCIEPCHOHHBIX
cBoficTB (pOTOHA B CHJILHOM MArHUTHOM I10JI€, CYIIECTBEHHO HU3MEHSIOIINX KU-
HEMATHUKY IIPOIECCa, U, KaK CJIeJCTBUE, COOTHOIIEHNE BEPOSATHOCTEl Pa3IMIHbIX
MOJIAPU3AIMOHHBIX KaHAJIOB.

Kak y»ke oTmedasjoch, UCCAEOBAHUS HEHTPUHHBIX U 3JIEKTPOMArHUTHBIX
IIPOIECCOB B CUJILHOM MAIrHUTHOM I10JIe IIPEJICTABJISIIOT HHTEPEC He TOJIbKO B CBe-
Te BO3MOYKHBIX IIPUMEHEHUIl B acTpodusnKe U KOCMOoJIOruu panueit BeesieHHOI,
IJle BOBMOXKHbBI TaKie SKCTpeMaJibHble (hU3NIECKUe YCJIOBUSI. ITU UCCJIEI0BAHUST
SIBJIIOTCS UHTEPECHBIMU TaKzKe U ¢ KOHIENTYaJIbHOI TOUYKHU 3peHus, TOCKOJIbKY
3aTparnBaioT pyHIaMeHTaJIbHbIe TTPO0IeMbl KBAHTOBOI TeOpUn MOJIsA, B YACTHO-
CTH, C TOUYKHU 3PEeHUS BbIICHEHUs] I'PAHUI] TPUMEHUMOCTU TEOPUU BO3MYIIEHNUIA.

cenemoBanue acMMIITOTHYECKAX CBOMCTB JIarpaMM W OIepaTOPOB KBaHTO-
BOII 3JIEKTPOJIMHAMUKHN B CBEPXCUJIbHBIX MAIrHUTHBIX IOJISIX BEJYTCH Pa3HBIMU
aBTOpaMU JIOCTATOYHO JIaBHO. TakK, NCTOPUS BBIYUCIEHUT MAacCOBOIO OllepaTopa
9JIEKTPOHA B CUJIBHOM MAarHUTHOM I10JIe HACUYUThIBaeT yzke OoJiee S0 JietT, cM. Ha-
npumep [129-135], u, mo-BunMOMy, TOUKA B JAHHOM BOIIPOCE €IIle He MTOCTaBICHA.
BakHoCTb MOJTy9eHns TOUHOTO BhIPaXKeHus JIsI MacCOBOTO OllepaTopa 3JeKTPO-
Ha BO BHEIITHEM I10J1€ TPOSIBUJIACH, B YACTHOCTHU, ITPU UCCJIEIOBAHUN BO3MOXKHOCTH
JIMHAMUYECKO reHepalin Macchl 3JIeKTPOHa B paMKaxX KBAHTOBOI 3/IEKTPOINHA-
MUKHI B MArHUTHOM TI0JIe. DTO HaIpaB/IeHIe MHTCHCHBHO PA3BUBAETCS B JTUTEPA-
Type, cM., Harpumep |136-146|. Ilpeamnonaraercs, 910 crieHapuil THHAMIYIECKOIT
reHepari Macchbl (GEPMUOHOB MOT' IMETh MECTO Ha CTa NN 3JIEKTPOCIab0oro da-
30BOI0 Ilepexoja B paHHeil Beenennoii.

[IpungaTo cunraTh, 9TO B aCTPpOPU3NIECKIX MPOIEccax, MMEIONNX XapaKTep
KATaKJIM3Ma, (B3PbIB CBEPXHOBOIA, CJINSHIE HETPOHHBIX 3BE311), OMPEJIeJISTIONTY 0
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poJib UrparoT HefiTpuHHbIe mpoiecchl. Creayer 3aMeTHTb, YTO CyIIeCTBEHHOEe
3HAUYEHHUE [P OIMUCAHUN TAKNX KATaK/JIM3MOB MOIYT TaKyKe UMETh HCCJIeI0Ba-
HUsI [IPOIECCOB € yYaCTHEeM He TOJIbKO HeTPUHO, HO U JPYTUX CJ1a00 B3AMMO/Ieli-
CTBYIOIINX YacTuil. B KadecTBe TaKMX YaCTHUI[ MOIJIK Obl BBICTYIATDH JIETKHE 1
JlazKe CTPOro 0e3MacCoBbIe MOJIACTOYHOBCKIE U IICEBIOI0/IACTOYHOBCKIE OO30HBI,
BO3HUKAIOIIIE IIPH HAPYIIEHNN II00aJbHON CUMMETPUN Ha HEKOTOPOM SHepre-
TUYECKOM MaclITaoe.

Hacrosmas monorpadus mocBsinena nccjie[0BaHnIo 3JIeKTPOC/I1abbIX ITPOIec-
COB BO BHEIITHEN aKTUBHOI cpe/ie — ropdaveil IJIOTHON IJIa3Me U CUJIBHOM BHEITHEM
MATrHUTHOM II0JI€.

B riaBe 1 npuBemeHbl TOUHBIE pENIeHUs BOJHOBBIX YpaBHEHNIT BO BHEITHEM
9JIEKTPOMarHUTHOM T10J1e, HeOOXO MBI JIIsT JajIbHeliero anaan3a. [raBa 2 co-
JIEPKUT CBOJAKY (DOPMYJI JIjIsI TOUHBIX IIPOIAraTOPOB 3apsi?KEHHBIX YaCTHUI[ BO
BHeIITHEell aKTUBHOI cpejie, a TaKyKe NX HPUOIMKEHHBIN BUJI B Pa3/JIMIHBIX IIpe-
JICJIbHBIX CJIyYadX.

B riraBe 3 mccienyercs MoauduKalns BHEITHEN aKTUBHOI cpeJoil Juciepcn-
OHHBIX CBONCTB YACTUIl, YYACTBYIONINX B 3JIEKTPOCIaOBIX Mporeccax — pOTOHOB
(pazmesbt 3.2 — 3.4), ssektponos (pasgen 3.5) u wefitpuno (paszgesst 3.6, 3.7).
Pazen 3.9 nmocesiién aHam3y 9K30THIECKOTo 3ddexkTa MoAnUKAIIT JUCIIep-
CHOHHBIX CBO¥ICTB 3JICKTpOHA B aKCUOHHOII cpeJie.

['naBa 4 mocpgiena nccae 0BaHnIoO 3JIEKTPOMarHuTHLIX TTPOIECCOB BO BHEIII-
Hell aKTUBHOI cpejie. B MeTonmdyecKnx mesisix NpuBeICH JeTaJbHbIi aHaInus3 IPo-
1ecca paciiajia GoToHa Ha 3JIEKTPOH-TIO3UTPOHHYIO I1apy B CUJIBHOM MArHUTHOM
noJie (pasjient 4.1) u B npub/iuzkeHun ckperieHHoro noJist (pasjen 4.2). B pasje-
Jie 4.3 uccrieJoBaHO 3aTyXaHue 3JeKTPOMArHUTHOI BOJIHBI B IPUCYTCTBUU CUJIb-
HOI'O MAIHUTHOI'O I10JIs1 B KHHEMATUYIECKOil 00J1acTi OJIN3KOI K IIOPOry POXKIeHUs
9JIEKTPOH-TIO3UTPOHHOI Hapbl. ITokazano, 9To B gaHHOI 00/IacT HEIKCIIOHEHIIH-
aJIbHBIN XapakTep 3aTyXaHus JIeKTPOMArHUTHOrO 1oJsi ycuien. O0HapyKeHo,
410 3 deKTuBHAdA MUpuHa pacnaia poToHa, ¥ — € e, CyIIeCTBeHHO MEHbIIe
110 CPaBHEHUIO C M3BECTHLIME B JIUTEpaType pe3yiabTaraMu. Vceaemosan mporece
paciieriernst (hOToHa 7y — 7y B CHJIBHOM MaruHuTHOM moJjie (pasjes 4.4), Kak
HUZKe, TaK U BBIIIE OPOTa POXKJIEHU 3JEKTPOH - MO3UTPOHHOI ITaphbl, ¢ YYETOM
HEKOJJIMHEAPHOCTH KUHEMATUKK, 00yCJIOBJIEHHOI BO3JEfiCTBUEM CHJILHOTO Mar-
HUTHOI'O II0JIg Ha juciepcruio ¢poroHoB. IlokazaHo, UTO CyIecTBEHHBIH BKJIa/I
B BEPOSITHOCTDH PACHIEIJIEHNUsT PeaibHOro pOTOHA JlaeT KOHUTYypalus MoJIsipu-
3annit poToHa, 3arperniénnas B KoJUIMHeapHoM mpejese. Pasgen 4.5 nmocBamén
UCCJIEJOBAHUIO JICKTPOMAIrHUTHOIO B3aMMOJCHCTBUA TUPAKOBCKOIO HEHTPUHO,
o0JraJIalonero MarHiTHBIM MOMEHTOM, C BHEIIHEl aKTHUBHOI Cpeloii, a TaKxKe
aHaJIN3y BO3MOXKHBIX acTPOMU3NIECKUX CJIEJCTBUI TaKoro B3auMoeiicteusi. Ha
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OCHOBE JIaHHBIX 110 PaJiiabHBIM pacipejeeHusM 1 BpeMeHHOI sBoionnu (-
3UYECKUX apaMeTPOB U3 HECKOJILKUX PeaJUCTUUHBIX Moje el spa CBepXHOBO
[I0JIYYEeHO OrpaHuYeHre CBepXy Ha MArHUTHBII MOMEHT JUPAKOBCKOI'O HETPUHO.

B miaBe 5 mccseoBaHo HEHTPUHHOE POKJIEHNE SJIEKTPOH — MO3UTPOHHBIX
[ap BO BHEIIHEM 3JICKTPOMArHUTHOM IIOJIe JIJId CJIy4YaeB KaK CHUJILHBIX, TakK U
OTHOCHUTEILHO CJAa0bIX ToJieit. [losydensr onenkn i IO SHEPrUU, Tepsie-
MOIl HEHTPUHO Ha pOXKJeHne Iap M JJid aCUMMETPUU BbLIeTa HEUTPUHO 110
OTHOIIIEHNIO K MarHUTHOMY TIOJIIO 3Be3/Ibl, 0OYCJIOBIEHHOI HecoxpaHeHuem P-
YETHOCTH B HEHTPUHO-3JIEKTPOHHOM B3amMmojeiicTsun. [lokazano, 4Tto mgannas
aCUMMETpUA MOTJIa Obl ObITH MCTOYHUKOM BO3HUKHOBEHUs OOJIBINUX MPOCTpaH-
CTBEHHBIX CKOpOCTeil myibcapoB. VcemenoBan moHbIiT HAOOp HEMTPUHO — JI€K-
TPOHHBIX IIPOIECCOB B CUJILHO 3aMarHUYCHHON IJ1a3Me, BKJ/IIOYas 9K30TUYECKUe
[IPOIECChl HEUTPUHHOTO U3JIYUYCeHUs U IIOIJIOIIEHN A 3JICKTPOH - [IO3UTPOHHOII I1a-
pbl U <> ve~ e’ Belumcaensl moTepn SHEePrud U UMITY/IhCa HeHTPUHO IIPU Pac-
IIPOCTPAHEHUN CKBO3b 3aMarHUYEeHHYIO IJIa3My B pa3HOOOPa3HbIX (DU3NYECKUX
CUTYaINAX, IIPU PA3JINIHBIX COOTHOIICHUAX MEZK/Ly dHeprueil HeiTpuHo, Hallpsd-
JKEHHOCTBIO 110J14, IJIOTHOCTBIO U TeMIIEPaTypoii TJIa3Mbl, KOTOPbIE BayKHbI IIPU
JIETAJILHOM OITMCAHUU SBOJIIONNN aCTPOPU3NIECKIX 00HEKTOB.

B riaBe 6 msydaercs MMPOKNl HAOOP HEHTPUHO-(DOTOHHBIX ITPOIECCOB BO
BHeIIHell akTuBHOI cpejie. Pasgen 6.1 mocssmén uccienoBannio 3MdeKTuBHON
BEPIUHBI VV7Y-B3aUMOJIENCTBUAS B PA3JIMIHBIX acleKTaX: MOCTPOeH d(POeKTHB-
HBIII JIaI'PpaHzKUaH V7Y — B3aUMOJCHCTBUMA, NCCJAECJOBAHbI IIPOIECCHI M3JIyICHUd
dorona 6e3mMaccoBbIM HERTPUHO V¥ — 17y U paciajia GoToHa Ha HEHTPUHHYIO T1a-
Py B 9UCTOM MarHATHOM II0JI€ U B 3aMarHn4YeHHOl Iy1a3Me, HailJeHbl OICHKN J1JI¢
BKJIaJIa IIOCJICJIHETO IIPOoIecca B HEHTPUHHYIO CBETUMOCTH IJIA3MbI B YCJIOBUAX
B3pbIBa CBepxHOBON. B pasjese 6.2 ncceoBan O JHONETIEBON KOMIITOHOITOT00-
HBIIl HEHTpUHO — (POTOHHBIN Mporecc vy — v y. llpuBejien pe3yabTaT BbIUNC-
Jenns Haubosiee oOIIeil aMILIUTY bl TPOIecca B CTAHIAPTHON MOJIE/N 3JIEKTPO-
c1ab0ro B3aNMOJIEHCTBHUS, OXBATLIBAIONIUI CIydan BUPTYAJbHBIX U PeabHbIX
dOTOHOB, MACCUBHBIX U 0€3MACCOBLIX HEWTPUHO, & TaKyKe C yIETOM BO3MOK-
HOT'O CMEINBAHNS B JIEMTOHHOM CeKTope. B paMKax JIeBo-1IpaBO-CUMMETPUIHOTO
pacHIupenns CTaHIaPTHON MOJIe/IN JIEKTPOC/1abbIX B3aMMO/IeHCTBII NCC/Ie/I0BaH
boTOH-HERTPUHHBII TPOTIECC Yy — VIV B CUJIBHOM MarHUTHOM I10J1e. AHAJIN3UPY-
I0TCsl €r0 BO3MOKHbBIE acTpodu3mdecKue mposipjicHus. B paziesne 6.3 nmoiaydena
KOHKYPUPYIOIad ¢ TPEXBEPIIMHHON YeThIPEXBEPIINHHAA aMILIATY/Ia IIPOIecca
B3aUMO/IeliCcTBHSI TPEX (POTOHOB U HEHTPUHHOI ITapbl B CUJILHOM MarHUTHOM II0-
JIe yyy — VU, UccJieloBal mporiece (pOTOPOXKIEHNS HEHTPUHHOI Mmapbl Ha dJipe
v+ Ze — Ze+ v+ v+ v B cuIbHOM MaraHuTHOM TtoJie. [Tokazano, 9To ¢ yuérom
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jguciiepcunt (pOTOHA B CUJIBHOM I10JI€ KaTaJIU3UpYIOlee BNsIHAE IIOCIEIHEr0 Ha
JIAHHDII IpollecC 3HAYUTEILHO YMEHbIITACTCA.

B riaBe 7 aHaIM3UPYIOTCS POILECCHI C yIacTHeM CJ1a00 B3aUMOIEHCTBYIOINX
[ICEB/IOCKAJIAPHDBIX YaCTUI[ BO BHEITHE aKTUBHOI cpejie.

O0o3HauYeHusd

Ucnonpsyercst 4-MeTpuka ¢ CUTHATYDOIl (+ — — —), a TaKyKe eCTeCTBeHHAsT
cucrema equnun h = 1,c=1,kg = 1.

DyiemenTapublii 3aps: e = |e|. Saps depmuona: ey.
[e% a
u® — 4-BeKTOP CKOPOCTH CPeJIbl, B cucTemMe mokos cpebl u® = (1, 0).

Faﬂ — TEH30pP BHEIIHEI'o IIOCTOAHHOI'O OJHOPOJHOIO IJIEKTPOMAIrHUTHOI'O I1O-

nst, Fog = 3 capu F" — ayansasiii Tersop (%1% = —gg03 = +1).

©ap = Fop/B — obe3pasMepeHHBI TEH30D BHEIIHEr0 MATHHTHOIO IOJIs,
Daf = %&}Yﬁuy " — nyanbHBIT 06e3pa3MepeHHblil TeH30D:

00 0 O 000 —1

v oo =10 s - o000

Y = Pag = 01 0 0 ) Y = —Pasg = 000 O <7>
00 0 O 1 00 O

Y 4-BeKTOPOB U TEH30POB, CTOSIINX BHYTPU KPYTJIBIX CKOOOK, TEH30pHbLIE
WHICKCBI II0JIaraloTCd CBEPHYTBLIMHU IIOCJIEA0OBaATE/IbHO, HAIIPUMED:

(pFFp) = p°FasF P ps;

(FFp)a = FapFps;

(FF) = FogF%

~

Obeszpaszmepentibie TeH30PbI Ang = (09)as, Nap = (PP)as CBI3AHBI COOTHO-
menueM Aog — Aog = gap-

B cucreme orcuéra, rie mpECyTCTBYET TOJILKO BHEIIHEE MAUHUTHOE ToJie B,
MBI HAIIPaBJISEM IIPOCTPAHCTBEHHYIO 3-10 OCh BJIOJIb BeKTOpa B. 4-BeKTOpHI €
migexcamu L u || mpumagiexar eskannosy {1, 2}-mogmpocrpancrey n {0, 3}-
o pocTpanctBy MuHKOBCKOro, coorsercTeenno. Hampuwmep, p; = (0, py, p2, 0)

np|= (p07 07 0,]73)-
[Ipu sTom

~

Anp = diag(0,1,1,0), Ayp = diag(1,0,0,—1). (8)
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JL1st Ipon3BOJIbHBIX 4-BeKTOpOoB P 1 () MbI UCIOJIB3yeM 0003HAUEHU s

(PQ) = (PopQ) = RyQo— P3Qs3,
(PQ)L = (PppQ) = PiQ1+ Qs
(PQ) = (PQ)—(PQ).L. (9)

cnonb3yercst craniapTHoe IpeicTapienne MaTpull Jlupaka, npu 9ToM 3HaK
MaTPHUIIBI Y5 TOT, YTO UCIOJb3YETCs B OTE€YECTBEHHOIT JIUTEpaType:

1 = =iy,

e ))

TO eCTb ‘“JIeBbIil” BEKTOPHBII cy1abbiit Tok comepkut marpury (1 + ).
OcrasibHble 0003HAUEHNS Te JKe, UYTO MPUHATHI B KHure [147].



I'maBa 1.

Tounbie permennsg BOJTHOBBIX
ypaBHEHU BO BHEIIIHEM II0JIE

1.1. Pemenune ypaBHenusi /lupaka BO BHeEIIHEM
MAarHUTHOM I10JIe IPON3BOJILHOI MHTEHCUBHO-
CTH

st Borauciennst S-MATPUYHBIX 3JIEMEHTOB, ONUCHIBAIOIINX KBAHTOBBIE IIPO-
[IeCChl BO BHEIIHUX I0JISIX, IPUMEHsIeTCs CTaHjapTHasl IPOLEypa, OCHOBAHHAS
Ha JuarpaMMHoil Texnuke PeifHMaHa ¢ UCHOIL30BAHIEM I0JIEBBIX OLEPATOPOB
3apsAyKeHHBIX (DEPMUOHOB Ha OCHOBE PA3JIOKeHUs 110 pelleHuaM ypasHenus Jlu-
paKa BO BHEIIHEM MArHUTHOM II0JIE.

Ypasuenue [Iupaka [j1s1 97I€KTPOHA C MAccoil me U 3apsgaoMm (—e) B Mar-
autHOM Tosie B ¢ 4-norentmanom A*(X), rme X obosnadaer 4-sektop, XH =
(t,z,y, z), UMeeT B

(i(@v)%—e(A*y)—m) U(X)=0, (1.1)

e (07v) = 0", (Av) = A,~". ns ciaydast HOCTOSIHHOIO OJHODPOJIHO-
0 MArHUTHOTO TOJIsI, HAITPABJIEHHOTO BJOJL OCH 2, TIPHU BbIOOpe 4-ToTeHInaia
A* = (0,0, B,0) MOXKHO 3alUcaTh TAK HA3bIBAEMbIE PEIIEHUS C MOJIOKUTE b
HOIl 1 oTpunaTeabHoit sueprueil. [Tponenypy nomydenns pemennit MOXKHO HaWTH,
Harpumep, B [148].

Pemmenne ¢ mosoknurebHolt sHEpTHeit:

e_ i (En t_py Y—Dz Z)

US o, s (€7), (1.2)

() X) =
myepes(X) V2E,(E,+m)L,L, """

26
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rje 4ucjo n Hymepyer yposuu Jlangay: n = 0,1,2,...; py, p, — “KOMIOHEHTbI
HMITYJIbCa” JIEKTPOHA BJIOJIb oceil y u z (M. Huxke); Ly, L, — HOpMUPOBOYHbBIE
pasMepnl BJOJIL ocelt y n z; 9uciao § = 4 1 ompejesnsgeTr 3HAK MPEKINHN CINHA
9JIEKTPOHA Ha OCb z; F, — SHeprus 3JIeKTPOHa, HaXOJSIIErocd Ha N—M YpPOBHE
Jlanmay:

E,=+/m2+p2+208n, b=eB. (1.3)

Bucrrop U™ mveer pasiananbrii B ajist ciydaes s = — 1 u s = + 1
( ! )

o (En+m) Va(€™)
U, (W) = : (1.4)

N, Py, Pz, 5=—1

—i20nV,_1(£5)
\ —p V) )
((Eqm) Vi (€))

0

A (5(+)) —

Ny Py, Pz s=+1

: (1.5)
Dz Vn—1(§(+))

\ ivZFav,(E®)

IIpU 3TOM JIJIT OCHOBHOTO ypoBHMA Jlanmay, n = 0, pemnienne cymecTByeT TOJHKO

npu s = —1. [lepemennas & (+) cpssana ¢ KOOP/IMHATON & COOTHOIICHUEM
¢4 = /B (x i %) , (1.6)

Vo (€) ectb HOpMupOBaHHbIe (DYHKIIMHA TAPMOHUYECKOTO OCIILIATOPA, KOTOPbIe
BBIPAZKAIOTCs depe3 mosmHoMbl debbimésa-Dpmura H, (§):

B 61/4 ey B e dr e
Vi(§) = We > H,(€), H,(§) = (=1)"e d_gne :
+00
[ Wierras=1, 17)

NpUYéM JIJisl OTPUIATEIBHBIX 3HaUeHnii unjekca n Gyukius V,(§) noaaraercs
paBHOIl HYJIFO. 3aMETHUM, UYTO B IIPUBEJIEHHBIX BbIIIE BbIPAXKEHUSIX P, ABJISIETCS
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COXPAHSIOMIEiiCs KOMIIOHEHTOH UMITYJIbCa 3JIEKTPOHA BJOJIb OCH Z, T.e. BIIOJIb 110~
Jisl, TOrJia KaK p, — ODOOIMIEHHDII UMITYJIbC, OIIpeJIesIAIoNHil T10JI02KeHne IeHTpa
rayccoBa ITaKeTa BJI0JIb OCH X COOTHOIIeHneM oy = —p, /5, cm. (1.6).

Permenne W) ¢ orpuiarennbuoit sueprucii MozKeT GbITh HOJIYUCHO U3 BBIPA-
xkennit (1.2), (1.4)-(1.6) cmenoit 3naxa y Bennaun E,, py, p..

OKOHUYATEJILHO OIIEPATOP FJEKTPOH-TIO3UTPOHHOTO T0JIsT, TOCTPOCHHBIT Ha OC-
HOBe peleHnii ypasuenust upaxka B MArHUTHOM I0JI€, MOYKET OBITh MIPEJICTaBICH
B BUJIE:

UX) = D (Gnpps O, () 461, W0 L (X)) (18)

nvpyapz>3

31ech a — oneparop VHUYTOXKCHUS 3JICKTPOHA, i — orepaTop poxKJIeHUA IO-
surpona, W) u W=) — mopmuposannbie pemenus ypasuenns dupaka (1.1)
B MArdiuTHOM IOJIE C ITOJIOZKUTEJIbHON 1 OTPUIIATE/IbHOI 9HEeprueil COOTBeTCTBeH-
HO.

1.2. Pemenue i1 ocHOBHOro ypoBHd Jlanagay

B cuibHOM MArHMUTHOM I0JIe, KOTJla MHIYKIMA 10Jid B omnpejesnser MaKCu-
MaJIbHBIH 3HepreTuueckuii MaciTab 3a1aum, a uMenno eB > E? m?, sjiexTponb
MOI'YT HaXOJIUThCsl TOJIBKO B COCTOSIHUSIX, COOTBETCTBYIOIINX OCHOBHOMY YPOBHIO
Jamnay (n = 0). B omimaume ot ocranbubix yposreit Jlangay ¢ n > 1, kotopbie
JIBYKDPATHO BBIPOKJIEHBI 0 cuHy ($ = £1), OCHOBHOI ypOBEHb He BBIDOXK/IEH,
TO €CTh CIIUH pepMHuoHa pUKCUpoBaH, § = —1.

Pemenne ypapuennsa /upaxa gy depMuoHa ¢ sHeprueil £, KHHETHIECKUM
UMITYJILCOM Py, 1 OOOOIIEHHBIM UMILYJILCOM Py B 9TOM CJIydae MOKHO IIPEJICTaBUTD
B cieytonieit popme:

2

o) (eB)'*

o i(Bt=pyy—p.2) o—€F)
p (V7 2E (E +me) L,L.)'/?

Paulpy),  (1.9)

IJIe P|| — BEKTOP SHEPTUU-UMITYJIbCA 3JIEKTPOHA B ILI0CKOCTH MUHKOBCKOrO {0,3}.

Baech E = /m2 4 p.2, ) oupenensiercs dopmyioii (1.6).

Bucrnopnas ammmtyga u(p)) nMeeT Buj

u(p)) = ( <E_+pZZW ) , Y= ( (i) ) : (1.10)

NurepecHo ormMeTuTh, uTo OucnuHopHas amiintya (1.10) coBnajaer ¢ perieHn-
eM cBoOoHoro ypasuenus Jlupaka mis ¢pepMroHa ¢ IMITYILCOM, TTapaJsLe bHbIM
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ocu z. Takoe Bbljie/leHIe OUCIIMHOPHOM aMILINTY/IbI, He 3aBUCSIIEl OT IPOCTPaH-
CTBEHHOI KOOPJIMHATHI X, XapaKTEePHO TOJIBKO JIJII OCHOBHOI'O ypoBHs JlaH1ay.

1.3. CkpelenHoe mnoJie

CKpeleHHbIM Ha3bIBAETCsl MTOCTOSTHHOE OJIHOPOJIHOE 3JIEKTPOMATrHUTHOE I10-
JIe, Y KOTOPOI'0 BEKTOPbI HAIPSIKEHHOCTH JIEKTPUIECKOro MoJyid € U UHJIYK-
1uyu MarsuTHoro nojisi B B B3auMHO IeprieHJIMKYJIsIpHbI U PaBHBI 110 BeJIU-
quHe (B €CTeCTBEHHOIl cucTeMe enHuIl). Y I00HO OIUChIBATE TAKOe T0JIe, BBOIS
BCIIOMOT'aTe/IbHbIE TIOCTOSIHHBIE 4-BeKTOphl al u k¥, objajaioinine cBOHCTBAMMU:
(kk) = 0, (ak) = 0. 4-noTeHnuas mosst onpeeasercs Buipaxkennem AF = atp,
rie ¢ = (kx). Ilpu srom renszop mosst pasen: FH = kfa” — kVat. Tlpu BbI-
YUCJIEHUSIX YaCTO BOBHUKAET CBEPTKA JIBYX TEH30POB I0JISI 10 OJIHOMY HHJIEKCY,
kotopast nmeet But: (FEF)" = —kFEY (aa).

Pemenne ypasuenns upaka mist snektpona ¢ 4-ummyiascom p = (K, p) B
CKPEIIECHHOM I10J1e UMeeT BUJI:

B B eka u(p)
\pr(l‘) = |1 Q(k;p) 14 2BV -
(1.11)
' e(ap) , €*(aa)
X exp [—@ <(px) T2k Wﬁﬂ 7

re u(p) — OGUCITMHOPHAS AMILIITY/Ia CBOOOIHOTO 9JIEKTPOHA € MMITYIHCOM .
[TosuTpony cooTBeTCTBYyeT pelleHne ¢ OTpUlaTeIbHON 3Heprueil, KoTopoe Mo-
JKeT ObITh mostydeHo n3 perennsi (1.11) cMmeHoii 3HaKa y BCeX KOMIIOHEHT 4-
uMmiyabca pt.
Bes norepu 00111HOCTH MOYKHO BbIOpATh HallPABJICHUS OCeil CUCTeMbl KOODU-
HAT CJIEAYIOIIIM 00Pa30M:

k" = (ko, ko, 0,0), a” = (0,0, —a, 0). (1.12)
[Ipu sTom
¢ = (kx) =ko(t —x), E=(0,£,0), B=(0,0,B), £ = B = kga.

[Tosiesno BBecTn Takxke Bektop b = (0,0,0, —a), Yepe3 KOTOPHIii MOKHO BbI-

. rpy 1 pvpo . uy
pasuTh JyaabHblit Tensop FH o= 5eMP7F,; cnepyiomum obpasom: FH =
kFbY — KV bH.



I'maBa 2.

IlpomnaraTopnl 3apsizKeHHbBIX
4aCTUIl B aKTUBHOI cpejie

Crenenb BIUSIHUSI MAarHUTHOI'O II0JIsSI Ha JIBUKEHHE YaCTUIIbI OIPEIesIsieTCsI
e€ yJIeJbHBIM 3apsJIOM, TO €CTh OTHOIIEHNEM 3apsijga K Macce. TakuM odpaszom,
HanboJIee IyBCTBUTEIbHBIMU K BJIMSHUIO BHEIIHEI'O I10JIsI OKA3bIBAIOTCSI JIEFKHE
3apsizKeHHbIe (PEPMUOHBI, U MIPEXKJIe BCEr0 3JIEKTPOH. PacuéT KOHKpeTHBIX (pusn-
JeCKNX sIBJICHUIT OCHOBaH Ha MCHOJIL30BAHUN AuarpaMMHOil Texnnkn Peitnmana
CO CJIeJIyIONUM 00O0OIEHNEM: B HaYaJIbHOM M KOHEYHOM COCTOSIHUSX 3JIEKTPOH
HAXOJINTCA BO BHEIHEM TI0JI€ U ONUCHIBAETCS TOUYHBIM pelenneM ypasuennd Ju-
paka B 9TOM I10Jie, BHYTPEeHHHUE JIMHAN JIEKTPOHOB B TETJIEBBIX KBAHTOBBIX ITPO-
1eccax COOTBETCTBYIOT TOUHBIM IIpoIlaraTopam, HOCTPOEHHBIM Ha OCHOBE JIAHHbBIX
perenunii.

Boipazkenune iyt TOYHOTO MPOMATATOPa JIEKTPOHA B IMOCTOTHHOM OJIHOPO/I-
HOM MarHuTHOM moJsie 6610 mosydeno k. [sunrepom [149] B dopmasmsme
cooctBennoro Bpemenu Poxka. CyrecTByeT psiji pabOT, I'/le MPUBEJIEHbI APYyTrue
mpeJicTaBienns nporaratopa. Tak, B crarbe [42] Ob11 paccMoTper cirydail cBepx-
CUJILHOT'O TIOJIST U 3allicaH BKJIaJl B IIPOIIAraTop 3JeKTPOHA OT OCHOBHOI'O YPOBHSI
Jlangay. B crarbe [150] mponararop mpeobpasosan u3 Buja [149] B hopmy, e on
3alncal Kak cymMMa o BceM yposusiM Jlammay. B pabore [107] npuseieno tak-
JKe pazJiozKeHue IpoliaraTopa 3JeKTPoHa B CTEIeHHHON psiJ 110 NUHTEHCUBHOCTU
MarHUTHOTO TOJIS.

Ha nam B3midam, 3nanne pas/jndHbIX [IPEACTABICHUI MIporaraTopa 3JIeKTPOo-
Ha BO BHEITHEM MarHUTHOM I10Jie U YCJOBUN UX MPUMEHUMOCTH SABJISIETCS BeChbMa,
BayKHbIM. IMeroTcs mpumephl, Korja HelmoHUMaHne TaKWX YCJIOBUil MPUBETO K
MOSTBJICHNUIO TIOJTHOCTBIO ONMO04uHbIX cTaTeil. Tak, B paborax [151,152] mpoBojn-
JIOCH BBIUHCJIEHNE COOCTBEHHO-9SHEPTETUIECKOTO OllepaTopa HEHTPUHO B MarHuT-
HOM II0JIe IIyTEM aHaJN3a OJHOIETICBO JuarpaMmel v — e~ W — v, npuuém

30
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aBTOPBI OIPAHNYNIICH BKJIAJ0M OCHOBHOI'O YPOBHs JlaH1ay B IporaraTop JeK-
Tpona. B pabore [153| mokazano, 4To B JAHHOI 3aja1e BKJIa/ OCHOBHOTO YPOBHSI
Jlanay He gBIgeTcd JOMUHUPYIONINM, U CJIEIYIONINEe YPOBHNU JIAI0T BKJIAIHI TOTO
JKe ropsiaka. EIé oHuM IpuMepoM IT0JI00HOTO POJIa, MO-BUJIUMOMY, SIBJISIETCS
MOTTBITKA MOBTOPHOI'O aHaIN3a BEPOATHOCTH pacliajia HEMTPUHO YIbTPABBICOKNIX
suepruii v — e~ W™ Bo BHeIIHEM MATHUTHOM II0JI€, BLIYHCIAEMOIl 4epe3 MHMU-
MYIO 9aCTh OJHOIETICBOI aMILIUTYAbI TOro ke nepexoia v — ¢~ W — v, Ilep-
BOHAYAJILHO JIAHHAST BEPOSITHOCTH ObLia BeIYUCIeHA B pabote [154], 3arem apyrue
aBTOPBI [155] mpoBesin MOBTOPHOE BBIUNC/ICHNE, HACTANBAS HA NHOM PE3yJIbTaTe.
Tperbe Bbrunc/enue, mposejéHaoe Hamu |[156], moaTBepANIO pesyabTar pabo-
toi [154|. Haubosiee BeposiTHast mpudansa ommOKu pacaéra [155] cocrout B TOM,
YTO aBTOPBI UCIOJIb30Ba/ N mpornaraTop W-6030Ha Bo BHENTHEM I10JIE B Pa3/I0ZKe-
HUU 110 TeH30py F* 1 orpaHMYIuINCh P 3TOM TOJIBKO JTUHEHHBIMI YJI€HAMU, B
TO BpeMsd KaK KBaJIpaTHIHbIE YIEHBI B JAHHOM CJIydae TaKKe CyIIeCTBEHHBI.

Cpenu  paboT, MNOCBSIIEHHBIX HCCACJOBAHUIO IIPOIAraToOpOB YaCTHIl BO
BHEITHEM TI0JIe, CJIeyeT BBLICIUTH CTaThio |157|, rme mpoBeIeHO BBIUTHCTIE-
HUEe COOCTBEHHO-SHEPreTUYEeCKOro olleparopa HeATpHMHO B MArHUTHOM II0Je B
POM3BOILHON &-KaymbpoBke. [IpojeMoHCTpUpOBaHO, YTO, XOTS COOCTBEHHO-
SHEPreTUUECKHil orepaTop 3aBUCUT OT KaJMOPOBOYHOIO ImapaMeTpa &, HabJ1101a-
eMble XapaKTePUCTUKH, TO €CTh JIUCIIEPCHOHHOE COOTHOIIIEHNE U JIOTIOTHUTEIbHAST
SHEPrusi HEHTPUHO, KAK U CJIEJIOBAJIO OXKUJIATD, SABJISIOTCH KaJMOPOBOYHO NHBA-
PUAHTHBIMHU.

B HacTosmeli riiaBe MbI IIPUBOJMM PA3JIMIHBIE ITPEJICTABICHUS ITPOIIaraTo-
POB 3apsizKeHHbIX YaCTHUIl BO BHeIIHell aKTHUBHOI cpejie, KOTOpbie OYIyT He00-
XOJIMMBI JIJIsT aHAJIM3a KBAHTOBBIX MPOIECCOB. [IpuBoIsATCSA 1MOJIE3HBIE C METO/IM-
YeCKON TOUKM 3pEeHus MPeodpasoBaHUsd OT OJHOTO MPEeJCTaBIeHNd K JIPYTrOMY.
[IpogemMoHCTpUpOBaH TaKKe MPSIMOil BBIBOJ CTaHIAPTHBIMU METOJaMKI KBaHTO-
BOIT TEOPUU TI0JIsT TOYHOTO IIPOTIaraTopa 3JIeKTPOHA BO BHENTHEM MarHUTHOM I10J1e
B BUJIe CYyMMBI 110 yPOBHsIM JIaHgay 3 TOUHBIX pelleHuil ypapHeHus /Inpaka B
noJie. Marepuasi ryiaBbl 9acTUYHO OCHOBaH Ha Hammux padborax [153,158 159).

B 570l TyiaBe Mbl UCIIOJIB3YEM CJIe/IyIolnre 0003HaYeHusl 1j1s1 4-BEKTOPOB KO-
OP/JIMHATHOTO TPOCTPAHCTBA U X KoMioHeHT: X* = (¢, x,y, z). lludpossie nH-
JIEKCHI UCTIOJIL3YIOTCS JIJI HyMepalud pas3IndHbIX 4-BEKTOPOB.
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2.1. llpomnararopbl 3aps>K€HHbIX YacTHUI[ B Mar-
HUTHOM II0JI€

2.1.1. IIponararopsl B popmMaim3Me COOCTBEHHOT'O BpeMeH!’
doka

[IponaraTop s/1€eKTpPOHAa B IOCTOSTHHOM OJHOPOJHOM MArHUTHOM I10J1e B pOp-
MaJjinsMe cobcTBeHHOTo BpeMenn Moka MoxKeT ObITh HpecTaB/iIeH B (popMme

S(X1, Xo) = 2L X)) g x, — xy). (2.1)

3ech S(X) — TpaHCSIUOHHO U KATMOPOBOYHO MHBAPUAHTHAST YaCTh TpOlara-
Topa:

SC0 = g0 7 {5 costo e +isingss) s | -
g

(Xig) + m, [2cos(8s) — sin(3s) (7)) } Y
XgpX) B
4s Atg(Bs)

sin(fs)

X exp {—i [mzs + (

(xpe)| | 22)

rjie 3 = eB, e — ssieMeHTapHBIIT 3aps], M, — Macca 31ekTpona, X, = (X1 —X3),.

Nurerpuposanue 110 nepeMeHHoil § ((POKOBCKOMY COOCTBEHHOMY BPEMEHMU) B
dopmysie (2.2) Tpebyer m00MpeIeIeHNsT, MOCKOIbKY MOIBIHTErPAJIbHOE BBIPAZKe-
HUE UMeeT 1oJitoca B Toukax s = wk/3, e k = 0,1,2. ... [Ipeamnonaraercs, 4ro
NHTEIPUPOBAHIE BBIIOJJIHSIETCS B KOMILJIEKCHOI IIJIOCKOCTH § 110 KOHTYPY, HaUl-
HaromemMycs B Touke s = ( u JiexKamieMy HUKe BeleCTBEHHOH ocnu BOJIM3U HeEE.
KonTyp MoxKeT Tak:ke ObITb pa3BEPHYT Ha OTPHUIATEIbHYIO MHUMYIO II0JIyOCh,
CM. HUKeE.

Daza P( X7, Xy) TpaHC/ASINOHHO U KAJTUOPOBOYHO HEUHBAPUAHTHA U MOKET
OBITH OlIpejiesieHa Yepe3 KPUBOJIMHENHBI HHTerpaJl

B(X1, Xp) — —e/dXMK”(X), (2.3)

KM(X) = AM(X)+ %FW(X ~ X, (2.4)
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Anasornano Beipazkennio (2.1) MOyKHO onpe/iesnTh ponararop W-6o3oma n
3apSAYKEHHOTO CKAJISIPHOTO P-6030Ha B MATHUTHOM IOJI€ (MBI CIUTAEM JaCTHIIAMI
OTPHUIATEJILHO 3apszkertbie W™ 1 @ -0030HbI):

GIN(X), Xy) = 2L X) @ (x, — xy), (2.5)
DX, Xy) = X1 X2) prx, — x,) (2.6)

rie dasza (X7, Xo) onpenensercs Temn ke dopmynamu (2.3), (2.4).
HacTo ObIBaeT yJI00HO MCIIOJIb30BaTh (Pypbe-00pa3bl TPAHCISIIMOHHO MHBA-
PHAHTHBIX YaCTell IIpoIaraTopos:

S(X) = / (;54 S(g) e X | (2.7)
Gr(X) = [ ke Cunla)e™™, 23)
d4q

D(X) = / (27T>4D(q)e_iqx. (2.9)

N3 (2.2) u (2.7) nonaygaem dpypbe-00pa3 3J1€KTPOHHOTO TPOIIATATOPa B BUJIE

S(q) = /‘” COS(SBS) exp [—is (m2 —qf + tgé—is)ﬁﬂ X
i

X {[(qv)n +m,) [cos(ﬁs) - (%207) sm(ﬁs)] . %} (2.10)

Dypbe-06pas nponararopa W-6030na (2.5), (2.8) B deiinmanoBcKoil KaginbpoBKe
nmeet Bu/I [160:

[ d
Gol(q) = — / COS(;S) exp {—is (m%/ — qﬁ + tgé—is) qi)] X
0

<[00 — (oo con(28) = g sin(zas)|. (211)

Haxower, dbypbe-06pas3 mpornaratopa 3apsiZKeHHOTo cKajisipHoro P-6030Ha (2.6),
(2.9) B deiinmanoBcKoil KATMOPOBKE HMEET BT

D(q) = 70005(553) exp [—is <m§v — g+ tgé—is) qi)] L (212)
0
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2.1.2. 3amedyanue o HeMHBapUaHTHOI pa3e

Ha mepBbiit B3rUIsiy1, 3anmcannoe B KoBapuanTHoii dopme (2.3), (2.4) Bbipa-
JKeHNe /Tl TPAHC/IAIMOHHO U KaJmbpoBOYHO HemHBapraHTHOH (baszsl $ (X7, Xo)
BBIIVIAIAT JOCTATOYHO TPOMO3JIKUM. HEKOTOpBIE aBTOPLI HPEIIOYUTAIOT, (DHUK-
cupysi KasmbpoBky Beibopom 4-norennuaria A*(X) = (0,0, z B,0), 3amucsiBaTh
dazy B Oojiee KOMIIAKTHOM BH/IE

@(X,X’)z—%(x—kx’)(y—y’). (2.13)
OsHako uMeHHO KoBapuauTHyI0 dopmy dasbl (2.3), (2.4) mesmecoodbpasHo wc-
[0JIb30BaTh [IPHU aHAJN3€e 3aMKHYTBIX [eTeJb, COIeP KaIX HECKOIBKO Mpolara-
TOPOB. 3aMeTuM, 4To, G/arojapst ceoiicTsy 4-sexkropa (2.4) 0,K, — 0, K, = 0,
myTh WHTerpupoBanus or X1 10 Xo B (2.3) nmpoussosien. B ciryuae 1ByXBepIITH-
HOI MeT/I B aMILTATY/y BOHJIET cyMMma (a3, KoTopasi paBHa HYJIIO

CI)(Xl,XQ) + @(XQ,Xl) = 0. (214)

[Ipu HammYuu B 1eryie TPEX WM OoJiee BEPIINH BOSHUKAET HEeHyJIeBas CyM-
MapHast hasa OT BCeX MPOIAraropoB, KOTOPasi, OJHAKO, SIBJISETCS TPAHCJIAIIN-
OHHO U KaJIMOPOBOYHO MHBAPUAHTHOI. DTO HECJIOKHO II0KA3aTh, IIPEICTAB/IsISI
4-rioTeHIas IIOCTOSTHHOIO OJIHOPOJIHOIO BHEIIHEro I10JIsi B IIPOU3BOJILHON Ka-
JIMOPOBKE B ciieaytomieii popme:

1
AM(X) = 5X,,F”“+8“x(X), (2.15)
rie x(X) — npoussosbaast Gynknusg. N3 (2.15) aBToMaTuvIecKn CJIeayeT, 9To
OHAY—0" A = F* Uurerpupyst (2.3) ¢ yaérom coorHotenus (2.15), mosydaem:

D(X1, Xa) = —5 (X1FXs) — e[x(X2) — x(X1)]. (2.16)

e

2
13 dbopmyiist (2.16) BigHO, 9TO IPH CyMMUPOBaHIN (ha3 B 3aMKHYTOI MeTJIe e~
HBI, cojiepxKaliiue (PYHKIMIO X, IOJIHOCTbIO cokpaTsTcs. [lockosibKy pesysbrar
BBIPasKaeTcsl TOJIbKO 4Yepe3 TeH30p nojist FHY, KaanOpoBoUYHasi NHBAPUAHTHOCTD
obecriedena. HerpymHo mpoBepuTh, 9To cymMMa Bbipakeruii (2.16) B 3aMKHYTOl
netrsie Oy/leT Tak:kKe U TPaHCJIAIMOHHO MHBapuaHTHOI. Hamnpumep, mas Tpéx u
YeTBIPEX IIPOIAraTOPOB B IIeT/ie cyMMa (a3 UMeeT CJIeIYIONNl BII;

e

(X1, Xo) + B(Xo, X3) + B(X5, X1) = —5 (X1 = Xo), (X — X3),,(2.17)
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(X1, X)) + B(Xy, X3) + B(X3, Xy) 4+ B(Xy, X)) =

€
= —§(X1 — X3), F"(Xo — X4)o. (2.18)

B obiiem ciydae cymma n a3 MoxKeT ObITh IIpejicTaBjieHa B BHJIE:

;_n

-1
(ZuF 7)), (2.19)

1

n—

(& n e
Dy = —5 Z(XiFXiJrl) 3
Xnp1=X, l

1=1

I
N\
o

I

rie
Zi = X; — Xiq1.

2.1.3. IIponaraTopbl B pa3jioKeHU MO cJaaboMy I10JIIO

Brraucsenns ¢ ucnosib3o0BanneM TOUHBIX Bbipazkenuit (2.10) u (2.11) sBisior-
sl JJOCTATOYHO TPOMO3JIKUME. B TO 2Ke BpeMsl MarHUTHBIC 110JIs1, KOTOPLIE MOI'YT
CYIIECTBOBATL B HPUPOJIE, BCEIIA ABJISIIOTCA CAAOLIMU 110 CPABHEHUIO ¢ KPUTHU-
veckuM Tojiem i1 W-6o3ona, By = mi, /e ~ 10** Tc. Crenosatebho, 1mpo-
naraTopbl W-0030Ha 1 3apsizKEHHOTO CKaJisipHOro P-0030Ha B (peitHMAaHOBCKOIT
KaJnOpPOBKe MOTYT OLITh PA3JIOXKEeHLI B Psijl 110 CTEHEeHsIM (3 KaK MaJoro Iapa-
MeTpa. YaepzKupas 4eHbl JI0 BTOPOro HOpsjKa, Jyis mporararopa W-6o3ona
HAXOMM:

. Gpo 2 ¥po
Goolq) = —i—J00 g% | 2.20
P() q2_m12/{/ (612—771%[/)2 ( )
1

. 1 2
+152 {gpg ((q2 — >3 T qi I ) —|—4(9090)pam

mi)3  (¢* —miy )

] L o).

CpasumuBas (2.11) u (2.12), jerko BujieTh, uro mnponararop P-603oua D(q)
OT/INYAETCS TOJIBKO 3HAKOM 0T K03 dULIenTa upu ¢pr = (PP) 0 — (99) po B paz-
snozxkennn nponaraTopa Gy, (g) 10 TPEM HE3aBUCUMBIM TE€H30PHBIM CTPYKTYDaM,
OTKY/IA:

D(q)—;—lﬁ?<(2 12 + QQiZ 4)+0(53). (2.21)

q* — mW ¢ —my)?  (¢* —miy)

AHaJIOrIIHO MOYKHO PacCMOTPETh ACHMITOTUIECKOE BbIpasKeHne JJIsI IIPoIia-
raTopa 3J1eKTpoHa S(q) B ciiydae, ec/ii HHTeHCUBHOCTD OJIsl SIBJISIETCS HAMMEHb-
IIIM pa3MepHBIM lapaMeTpoM 3a1aul, 3 < m2 < m%[, B rakom “nipubsmzkeHun
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€J1200T0 110J1sT” Pas3JIoXKeHue JJjisl IPOIaraTopa 3JIeKTPOHa MOKeT ObITh 3aIluCaHO
B Buye [107]

e + Me
_ @) +me o (1))

S(q) @ —m? 2(q2 — m2)? (vey) +
, 21 [(9ﬁ =mg) (qv)L — ¢ ((47)) + me) 3
L8 e +O(5%).  (2.22)

MOXKHO BUJIETH, YTO B TAKOM Pa3JIOXKEHUH BKJIAJ 00JIACTH MAaJIbIX BUPTYAJILHBIX
HMITYJTLCOB ¢2 ~ m2 < M3y, B KasKJIOM IOCJIeyIoeM ene ycuinsaercs. [Ipn
9TOM B cilydae “ymepennoro noist” m? < 3 < mé, paznoxkenne (2.22) nernpume-

HUMO, U HeOOXO/ MO HUCIIOJIB30BaTh TOUHOE Bbipazkerue (2.10) mjs mpormaratopa.

2.1.4. Ilponararopbl B pa3JjiokeHNN 110 ypoBHAM Jlangay

B ciydae, ecii MarHUTHOE TI0Jie JIOCTATOMHO Besko, B 2> B, = m?/e,
OKa3bIBAETCS yJI0OHBIM MCII0JIB30BATh BhIpayKeHUe JIjIs IpoliaraTopa 3J1eKTpoHa B
BIIJIe pasJioxKeHus 110 yposHsiMm Jlangay. [IpuBeném 3ech mpolerypy oIy deHnst
Takoro Beipazkenusi [150], em. takxke [107].

[Teperuriem dypbe-o6pas (2.10) TpaHCIAMOHHO U KaJnOPOBOYHO MHBAPH-
AHTHOII YacTU 3JIEKTPOHHOT'O IIPoIlaraTopa, BBOJIsl HOBYIO IIePEeMEHHYI0 MHTEIPHU-
poBanusi v = [3s, B BUJIe

D=

7 dv exp(—ipv) { [(q7)) +me] fi(v) -

— Ty +m] 22 o) - <qv>Lf3<v>}, (2.23)

rJIe BBeJIEHbI 0003HAYEHS

fi(v) = exp(—iatgy),

fa(v) = tgv exp(—iatgy),
1

fs(v) = - exp(—iatgy), (2.24)

a Takxke p = (m? — qﬁ)/ﬁ, a = ¢ /8. Hockosbky dbyukuun f;(v) (5 = 1,2, 3)
sBJIstioTC nepugudeckumu, f(v) = f;(v+nm), pasbusas 006/1acTb HHTErPUPOBa-
mns (0, 00) na orpeskn (0,7), (7m,27), ... (nm, (n+1)7),. .. u gerast Ha KaxoM
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OTpe3Ke 3aMeHy IepeMeHHoOl v — v + N, MOKeM 3allncaTb

/dv exp(—ipv) f;(v) = Zexp(—ipmr) /dv exp(—ipv) fij(v) =
0 n=0 0
1
= T o (—ipr) A;, (2.25)
e
A= /dv exp(—ipv) f;(v). (2.26)

0

HocTaToHO BHIYUC/INTE HHTErpasl Aq, MOCKOJIbKY JBa APYIUX HHTErPaja MOTYT
3aTeM ObITH HailJICHBI 10 POPMYIaM:

0
Ay = i—A
1 s p
Ay = — (1—e ") —=A;. 2.27
v = (e =L, (227

B criipaBei/inBocTy IOC/I€IHETO COOTHOIIEHST JIETKO YO IUThCS, TIPeICTaBIsIs MH-
rerpai Az B Buje
s
i . d .
Ay = — /dv exp(—ipwv) —(exp(—10¢tgv)>, (2.28)
o dv
0

1 [IPOU3BO/S MHTEIPUPOBAHUE 110 JaCTAM.
st Berancienust Ay neperuiiem fi(v) B Buje

) —e v 11
fi(v) = exp(—iatgy) =exp | a 1) (2.29)
—e 1w __

[IpaByio 9acTh 9TOro paBeHCTBA MOXKHO IPeoOpa30BaTh, BHIPA3UB depe3 IMOJIU-

HoMmbl YebObimépa-Jlareppa:
1 d”
L,(z)=—¢" e ). 2.30
(z) n!  dz" ( ) ( )

[IpousBongiast dpyukuusa st mogumHoMoB UebbiméBa-Jlareppa onpejesieTcst

BBIPAKEHHIEM:
1 xt = n
T P (—1 — t) = ngo Ly(x)t (2.31)




38 ImaBa 2. IIpomaraTophbl 3apsi>KeHHBIX 9acTHI] B aKTHBHOI cpeJie

st |t] < 1, oTKy/1a MOXKHO TIOJIYIHUTh

xt = n
ow (1) = > ) = Loa (0] (2.3
¢ noomnpegenernem L_q(z) = 0. Obo3nauas B mpasoit dactu dopmyisl (2.29)
—e 2 = ¢ 2a = x, M UCIOJIB3YS TOKIECTBO

rt+1 rt T
exp (5 m) = exp (—1 — t) exp (—5) : (2.33)

peobpaszyeM BblpaykeHnune it Ay K BULY

A = [ dve ST La(20) — Loa(20)] (~1)" expl(~2ine) exp(—ipy) =

= ¢ Y (=1)"[Lp(20) — L1 (20)] / dv exp[—i(p + 2n)v] =

n

— et (1) Y [Efgn L0(20) — Ly 1(20)] . (2.34)

n=0
Ucnonpayst coornommenns (2.23), (2.24), (2.26), (2.27) n (2.34), okoHvIaTEIBHO 3a-
nucbiBaeM Qpypbhe-00pas3 TPaHC/IAIMOHHO W KaJUOPOBOYHO MHBAPUAHTHON YacTh
9JIEKTPOHHOI'O TIPOIIAraTopa B BUJIE

00 . .
1 1

S(g) = nz:; P 2nﬁ{[(qv)n +me] [dn(a) -5 (N di ()| =

— (qv)L2n d”(io‘) } (2.35)

riie o = ¢2 /3, u BBesenbl GyHKIHUY:
dy(@) = (—1)"e (L, (20) — Ln_1(20)]. (2.36)

AHaJIOrmTIHO 3JIEKTPOHHOMY IporaraTopy, nponararopbl W n $-6030H0B Tak-
JKe MOTYT OBITBH TIpeJICTaB/IeHbl B BUJE pas3/oxKeHusd 1o ypoHaM Jlammay. Kak
y7Ke oTMeva 0ch Bo BBejiennu, B yCJIOBUSAX panneii Beemennoit Moy cyiecTBo-
BaTh MarHUTHBIE TOJIA MACIITaba KPUTUIECKOro 3HadeHns o i W-6o30mHa,



2.1. Ilporraratopbl B MArHUTHOM IIOJIE 39

By = m%v /e ~ 10%* Tc. B aToM cityuae pu HCCIeloBaHnI IPOIECCOB B PaHHeit
BcesienHoit 3HaHne mporaraTropa BEKTOPHOTO 0030HA, MPEJICTaBJIEHHOIO B BHJIE
pas/IozKeHus 1Mo ypoBHAM JIaHay, MOXKeT ObITh TOJIE3HBIM.

Dypbe-00pa3 TPaHC/IAIMOHHO NHBAPUAHTHON dyacTu nponararopa W-603oHa
(2.8) B deitnmanoBcKoil KaunbpoBKe npejcrasied B ¢popmydie (2.11). Anasormd-
HO Mpeobpa3oBaHmsIM JEKTPOHHOIO TMporararopa, mepermiieM (2.11) B Gosee
yJI0OHOM J1JIs1 BBIUNCJICHUI BUJIE:

Go(

QIH

/dv exp(—ipv) X
0
X [(@@)pa J1(v) = () po f5(v) = @po fo(v) | - (2.37)

r7e BBeJIEHBI 0003HAYEHIS

fi(v) = colsv exp(—iatgy),
fr(v) = % exp(—iatgy),
fe(v) = Si?(g:) exp(—iatgy), (2.38)

a s p = (mly — g)/B. o = g2 /5.
[IpoBoist Takyto 2Ke Ipore/ypy, Kak i B caydac GepMHOHHOTO [POIAraTopa,
n yunteiBas, 4to fj(v+mn) = (—1)" f;(v) (j = 4,5, 6), moxkem 3anucarn

/dv exp(—ipv) fij(v) = T exg(—ipw) A, (2.39)
0

re, aHaJIornaHo (2.26), BBeJIeHbI MHTErPAJIbI

A= /dv exp(—ipv) f;(v) (j =4,5,6). (2.40)
0
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[estecoobpa3HO BBECTH BCIIOMOTaTeIbHbIE NHTEI'PAJIbL:

™

Cla) = /dv exp(—ipv) exp(—iatgv) coswv, (2.41)
0

S(a) = [ dv exp(—ipwv) exp(—iatgv) sinv, (2.42)
[
E®(a) = C(a)£i8() =
= /dv exp[—i(p F 1) v] exp(—iatgv). (2.43)
0

Wnrerpas Ay MOYXKHO HIPEJICTABUTH B BHJIE

™

Ay = é /dv exp(—ipwv) cosv %(exp(—iatgv)), (2.44)

U JlaJiee, pou3Bo/is MHOTerMpOBaHMe 110 YaCTSIM, 3IUCATD:
Ay = é [—1 — exp(—ipm) +ipCla) + S(oz)} : (2.45)

Nurerpanbr A; n Ag Beipaxkatorcs depes Ay, Ca) u S(«):
A5 =2C(a) — Ay, (2.46)
Ag = 25(a). (2.47)

Hitst Toro uro6er naiitu unrerpasst C(a) u S(a), sorancanm EF) (o) n npumennm
COOTHOIICHN:

Cla) = % B0 (0) + B ()] (2.48)
S(a) :% (549 (0) ~ B ()] . (2.49)

Wnurerpas E(i)(a) BBLIUNC/ISIETCS aHAJIOTMIHO nHTerpaxy A; mis ¢dpepMuIoHHOTO
poraraTopa 1 paBeH
[ee]

dn(O‘)

E® (a) = —i[1 4 exp(—ipn)] Z —
ot 2nF1

(2.50)
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31ech, Kak u npexje, yHkinnn d,(v) omnpeenstorcst BoipaxkenneM (2.36). Vn-
terpasbl C(a) n S(a) mosydaeM B BuJe:

a) + dp-1(a)

C():—§[1+exp m]% p+2n_1 : (2.51)
S(a )=—%[1+exp W]Z p+;g“_11(0‘). (2.52)

n=0

st mostyueHnsi OKOHYATEIbHBIX BblpaskeHuit st Ay, As, Ag HEOOXOZIMO
HCIIOJIb30BATh CBOIICTBO
o0
E :dn(a) =
=0

U B pe3yJibTaT€ NHTET'PaJIbl 3allUCBIBalOTCA B CJIEAYIOIIEM BUIE:

i , —nd,(a)+ (n—1)d, 1(a)
Ay = —— — .
¢ g lre(m) M EETR, o5
A; = —é [1 4 exp(—ipm)] X
— (@ —n)d,(a) + (@ —n+1)d,_1(a)
X n§:0j p T , (2.54)
— du(@) — dui (@)
Ag = 1 : :
6 — [1 + exp(—ipm) ngo S n 1 (2.55)

[Togcrasisst snadenust narerpasos (2.53) — (2.55) B BbIpazKeHne /sl Ipora-
raropa (2.37), naxonum G,5(q):

GpU(Q) = Z 2 9 —iﬁ (2n _ 1) [(@ @)pa (g dn(&) + n; ! dn—l(a)>

+ i (dn(a) dnl(a))]. (2.56)
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Ciaenyer orMeTUTb OCOOEHHOCTD, KOTOPYIO COJEPYKUT BKJIaJ OCHOBHOI'O YPOB-
g n = 0 B nponaratop W-06030Ha, B OTJIM4YnEe OT BKJIa/la OCHOBHOT'O yPOBHSI
Jlangay B iporaratop ssekrpona (2.35). st W-6030Ha 9TOT BRI HMEET BUJT:

—1

Gia) = e [ (9 0)p + 1) (2.57)
P qﬁ —m¥ + 0 ’ g
TO €CTb COJEP:KHUT IIOJIIOC IIPH qﬁ = m%v — (. Takum obpaszoMm, ecum Mmar-

HITHOE 110JIe IPUOJINKAETC K KPUTHIECKOMY 3HadYeHuto mojs st W-6030Ha,
By = m¥; /e ~ 10** Tc, Bo3HuKaer Tax HaszblBaeMasl HEYCTOMUHBOCTbH TEOPUH
BosMmyteruit W-6030HHOTO Bakyyma, cM. Hampumep [161].

[Iponararop @-6030Ha D(q), Kak u B ciydae cjaboro moJist, BOCCTAaHABINBA-
ercst 13 (2.56) B BHIE:

0=

(L@ @) 2y

q|—mW 5( n—1

2.1.5. IIponaraTop 3/JeKTpoHa B CUJILHOM IOJIe

Tpanc/agaIumoHHo NHBAPHAHTHAS YaCTh IIponararopa saekrpora S(X) mveer
1 Jpyrue npejcrasieHns. Hampumep, i1 aHa ms3a MpoIeccoB B CUIBHOM Mar-
HITHOM II0JI€ I€JIECO00PA3HO UCIOJIB30BATh ACHMIITOTHIECKOE BhIparKeHne JIs
nporiararopa. s mepexosia K HeMy MpOM3BEIEM TIOBOPOT KOHTYDPa WHTErPUPO-
BaHNS B KOMILIEKCHOfT TJIOCKOCTH MEPEeMEHHOil § B uHTerpase (2.2) Ha OTpHUIia-
TEJBHYI0 MHUMYIO TOJIyOCh, § = —iT, U BBIIOJHIM YaCTHIHOE DA3JIOKEHNe B
unterpai Oypbe 1o koopautartam t = X% u z = X? (MarnuTHOE 10JI€ HAIPAB-
JIEHO BJIOJIb 3-eit ocn):

S(X) = 47T/th7 / dq{ qy ||+me]H_(1+thT)+
+[memHhﬂﬂw)(XwLQﬁTﬂﬂfﬂ}x
X exp (fﬁ;_ T(meﬁ_ qH) — 1(qX)> , (2.59)
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3J1ech 7y, — MaTpuilpl Jlupaka B cTaHIapTHOM TIPEJICTABICHUN.
AcumMmirorndeckoe BbIpaykKeHne IporaraTopa B CIJILHOM MAarHUTHOM I10JI€ MO-

KeT ObITh 1oJ1ydeHo u3 (2.59) myTém npub/ImKEHHON OIeHKN WHTerpasa 1o 7 B

npenene 3/|m? — qﬁ\ > 1. B a10M ci1yuae 0CHOBHOI BKJIa ], B MHTEIPAJ 110 T JaéT

obacth T ~ [3/|m? — qﬁ|, 1 TPAHCJIAIMOHHO NHBAPUAHTHAS YaCTh IIPOIAraTopa
IPUHAMAET IIPOCTOI BUI:

ig BX? / Cgp @) +me i),
S(X) = o exXp ( 4 ) (27T)2 qﬁ _ mg IT_e ) <260>

KOTODBIiT BriepBble ObLI ToJIyueH B paborax [41,42]. Jlerko BujieTh, 9ro BbIpazke-
aue (2.60) coBmajaer co BKJIAJIOM OCHOBHOTO ypoBHs Jlanmay. /leiicTBuresbHo,
nojictaBsisist wied ¢ n = 0 u3 (2.35) B (2.7) u BBIIOJIHSAST WHTEIPUPOBAHUE 110
d%q, = dq1dge, Boctponssoanm bopmyay (2.60).

2.2. IIponmaraTopbl 3apgKeHHbIX YacTHUI] B CKpe-
IIIEHHOM II0JIe

B caydyae CKpemeHHOTo IOJs HpolaraTop 3JeKTpoHa B dopMajusMe cod-
CTBEHHOIO BPEMEHH HMeeT TOT ke Buj (2.1), rie TpaHC/ASIIMOHHO U KaJanbpo-
BOYHO HHBapuaHTHas 4acTh S(X) MoxkeT ObiTh mnojydeHa u3 (2.2) npejebHbIM
I€PEXO/IOM, IIPU KOTOPOM HMHBAapUAHT (3 CTPEMUTCA K HYJIO, a KOBapHaHT (3¢q3
ocTaeTcsd KoHeUHbIM. [Ipu sTom moJrydaem

e.¢]

i ds| 1 e,  ~ e’s
X) = — SN xX) + LX)y — E2(XFF -
S0 = ~15m3 [ 5[50+ 5 (XF s - SXFF) 4
0
. X2 2
- en; S(fnyy)] exp{—i [mzs+4—+%(XFFX)]}, (2.61)
s

rae I, n I3 w — TEH30D 1 IyaIbHO-CONPAXKEHHBII TEH30D BHELIHEro 9J1eKTpoMar-
HUTHOT'O TI0JIs.

Dypbe-00pas3bl TPAHCIANMOHHO-UHBAPUAHTHBIX YACTell IPOIaraTropoB NMEIOT
BU/L

S(q) =

dse [(qv) +ise(qFy)ys — s’ (gF Fry) +

1
+ ome =5 smee(’yF’y)} : (2.62)
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G(W)(Q) - _/dS e 0w {gpa + 25262(FF)/)0 —2seF ;| (2.63)
0

o0

DD (q) = /dse_iQW, (2.64)
0

rje a1 W o @-6030H0B ncnob3oBana (peliiManoBCKas KaJnOpOBKa, U BBEJIEHO
obosnauenne (j = e, W)

3
s
Q;=s(m; —¢")+ 3 e*(qFFq). (2.65)

2.3. BpiBoj mpomnararopa 3JieKTpoHa B MAarHUTHOM
1moJjie n3 pelieHnii ypasnenuda Jlupaka

B janHoM pasjiesie Mbl HCCIIELYEM METOI0JIOIMYECKH BazKHbIH BOIIPOC O TIpsi-
MOM BBIBOJIE CTaHJIAPTHBIMU METOJIaMK KBAHTOBOII TEOPUH TI0JIst TOYHOIO IPOTIa-
raTopa JeKTPOHA BO BHEIIHEM MAaIHUTHOM I0JI€ B BUJIE CYMMbI 110 YPOBHAM JIam-
Jlay U3 TOUHBIX pentennii ypasuenusi Jupaka B noJe. IIponararop Boramcisiercs
Kak pasnoctb T— u N— npousseiennii OJEBBIX OIIEPATOPOB U 3aIICHIBACTCS
B T-TIPEJICTABJIEHNN B BHJE CyMMbI 10 ypoBHsiM Jlammay. [Ipomemoncrpuposa-
Ha TOKJIECTBEHHOCTD II0JIyYEHHOIO BbIPAayKeHUs JJIst [MPOIAraTopa U3BECTHOMY
pesynbrary [150].

[t BbIYMC/IeHs TpolaraTopa 3JeKTPOHa PUMEHSIeTCsT CTaHAapPTHBIA Me-
TOJI, B KOTOPOM HCIOJIb3YIOTCA IOJIEBbIE OIEPATOPhI, BKJIOUYAIOIINE DPEINeHMUsT
ypasuenust /lupaka B maraurHom nose (1.8).

[Iponararop omnpejessiercss Kak pa3HoCTh YHOPAJOYEHHONO [0 BPEMEHH 1
HOPMAJILHO YTIOPSIJIOUeHHOTO TPOM3BE/IeHIH M0JIeBbIX orepaTopos (1.8):

SX, X)) =T (V(X)P(X") =N (¥(X)T(X). (2.66)

[IprMeHsIss aHTHKOMMYTAIIMOHHBIE COOTHOIIEHUS JIJIS OIIEPATOPOB POXKICHUS W
VHUYTOXKEHHUsI, TI0JIydaeM, 9To ponararop upu t > ¢t/ uupu t < t’ Bolpaxkaercs
gepe3 peIieHnst COOTBETCTBEHHO € MOJIOYKUTETBHON sHeprueil (1.2) u ¢ orpuria-
TeJIbHOI SHeprueii:

S(X, X"

_ + 7 (£
tz=t’ =+ Z Wévp)yapzvs(X) ![/T(L,p)y,pz,s(X/) : (267)

N, Py, Pz S
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Taxum obpazoMm, rporaraTop pa3douBaeTcs Ha CyMMY BKJIaJ0B ypoBHeil JlaHay:

S(X, X') = i Su(X, XY (2.68)

n=0

Jasiee Oyjiem nckarb BKJiaj n—ro yposHs Jlaujgay B nponararop (2.67). Or cym-
MUPOBaHHA 110 UMILYJIbCAM Py U P, yJo0Hee IepeiiTi K NHTeIrPUPOBAHUIO I10CPe/I-

CTBOM 3aMEHbI | do. d
Py AP~

) 2.69

Ly L. pzp: _>/ (277)2 ( )

s BKIaga n-To YPOBHA HaXOIUM

Sn(X, X7

B 1 dp, dp.
0 2(£Ey) (£E, + my) / 2m2
x exp{i[FE.(t—t")xp,(y —y') £ p.(2 —2")]} x

x Yy Ul (TR (€. (2.70)
s==+1

[Tocsie HECJIOXKHBIX, HO JOBOJLHO TPOMO3JAKUX HPeoOpa3soBaHmUil MATPHIILI, I10-
crpoernbie u3 6ucrnaopos (1.4), (1.5) u cooTBeTCTBYOMNX OUCIUHOPOB peliie-
HUsI ¢ OTPUNIATE/IbHOI sHeprueil, xojgiine B (2.70), MOYKHO NPUBECTH K BUJLY

— g2 e [ = 2] { (B epa 4 m)

X [n_ H(€E) H, (B + 1T, 2n H, 1 (£P)) Hn_l(éi)’)} + (2.71)

+i2n /B4 [ﬂ_ Hy (€9 H, (6@ — 11, H,(e®) Hn—l(g(i)/)} }

race BBEACHDBI IIPOEKIIMOHHBIE OIIEPATOPDLI H:ti

1
Hi:§(1i17172), Holly =11y, I.II;=0. (2.72)

[TpousBosst B Bhipazkenun (2.70) npu ¢ < ¢’ cMeHy 3HAKOB IepEMEHHbIX HHTE-
rpUpOBaHUS P, — —Py U P, — —p,, BIJUM, YTO JIBY3HAYHOCTH Lpu t > t' u
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t < t' coxpanstercsa TosibKo nepe E,. LlenecoobpasHo MCHOIB30BATH CJIELYTO-
11ee COOTHOIIEHE ¢ TTPON3BOJIbHOI (yHKImedt f(F), e yaTeHo BbIpazkKeHue JijIst
sueprun (1.3):

+00 . ,
i dpo f(po) e o=t

f&EE) sipe-)  _ 1
izt 2T pﬁ—mg—2ﬁn—|—is’

2b,

(2.73)

re pﬁ = p3 — p?. Hamomuum, 4to ungexcsl «||» u «L» Hcnosib3ytoTes s 060-
3HAYEHUS] KOMIIOHEHT 4-BEKTOPOB, HMPUHAJIEIKAIINX IICEBIOEBKIINI0BY MOIIPO-
crpanctsy {0, 2} I eBKIMIOBY HOANPOCTPAHCTBY {x, y}: (a b)) = agby — a. b.,
(ab). = a, b, +ayby,, (ab) = (ab)) — (ab)..

C nomorpto coorrorenns (2.73) B Boipazkerun (2.70) jpobasjsiercss MHTe-
IPUPOBAHIE 110 HYJIEBOH KOMIIOHEHTE MMIIYJIbLCA, B PE3Y/ILTATEe Yero IIPOHaraTop

sanmchiBaeTcs pn t > ¢/ wnpn t < t' eumoobpasmo. Ilepeobosmavas £F) = ¢
) = ¢’ npusomum (2.70) ¢ yuérom (2.71) u (2.73) K Buy

; 2 12
+ dpo dp, dp.
x) = o [ e (g [ A
(X, X) ol Vo P & 2 (2m)3 8

Xp{—%—py[x+x’—i(y—y’)]} X

CF—mz—2Bntie
X{ [(pr)H + me] [H— Hn(f) Hn(gl) =+ H+ 2n Hn—l(ﬁ) Hn—1(§/>] +

#1209 T Hya (O (€ - I H(O Bl | 27

3aMeTnM, UTO JaHHOE BhIparKeHue JIJIs BKJIaJia n-Io YpoBHs JlaHay B mpora-
raTop 3JeKTPOHA MPEJICTABIAET CAMOCTOATETbHYIO IEHHOCTD, TaK KaK SBJISIeTCS
B OIIPEJICIEHHBIX ciydasx OoJiee yJI0OHBIM, YeM JIPYTHE MPEeJICTaBICHUS.

st cpaBHeHNsI ¢ U3BECTHLIM BbIPAsKEHUEM, BBLIIOJIHUM HHTEIPUPOBAHUIE
1o p, B nponararope (2.74), BBOjst HOBYIO II€DEMEHHYIO

:&+@[ +z' —i(y —y")],

V3 2
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11 MCTIOJIb3YS M3BECTHBIe nHTerpasnl (cum. [162]):

/ e H,(u+a)H,(u+b)du=2"n! /7 L,(—2ab),
/ e " Hy(u+a) Hy(u+b)du =
1
=2""1pl \/_5 [L,(—=2ab) — L, 1(—2ab)], (2.75)

rie Ly, (z) — nomunomsr Hebpiména-Jlareppa

1, a
L,(z)= me g

(z"e™ ) (2.76)

¢ noompegenennem L_q(z) = 0. B pesynbrare Briag n—ro yposaa Jlangay B
IPOIIAraTop 3JEKTPOHA B MArHUTHOM I10JI€ MOYKHO IIPEJICTABUTL B BUJIC

Sp(X, X)) =X S (X — X, (2.77)

rie @(X, X') — TpaHCISIUOHHO U KAJIMOPOBOYHO HEMHBApHAHTHAs (hasa, OJin-
HAKOBasl JIJIsI BCEX YPOBHEI:

B(X.X) = 5 (et a)y— )

A

(mosipobHee o coiicTBax dasbl cM. pasi. 2.1.2). S, (Z) — kammbpoBOTHO U TPAHC-
JIAIMOHHO MHBAPUAHTHAs JacTh nporaratopa (Z = X — X'), npejcraBientast
B BHJIC JIBYKPATHOI'O HHTEIPaJIa, 110 P|:

~ 16 6 9 d2pH e_i(pZ)H
(7)) = L2 2y
u(2) 27reXp( 4 L)_/(27T)2pﬁ—mg—Qﬁn—HeX

X {[(ZW)H +me} [17— Ly <§ Zﬁ) + 11 Ly (g Zi)] +

+ 2in (ZZ?L {Ln (g Zi) Ly <§ Zi)} } . (2.78)

CpaBHIM TOJIyYeHHOe BbipazkeHue (2.78) ¢ UMEIOIUMCsT Pa3/IozKeHUeM po-
maraTopa 1o yposasim Jlanay, npuseaénabiv B pabore [150]. B manmnoit pabore
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IPOIAraTop MMeeT BUJ, aHAJOIUIHBIN (2.77), HO ero KaaubpoOBOYHO U TPAHCJIsI-
IMOHHO WHBApUAHTHAas YacTh IPeJicTaBIeHa B BUjie MHTerpaJia 1Mo 4-uMITyJibCy:

$(7) = / (;1;];4 S(p) e~ i) (2.79)
re
S(p) = 2571(10),
Sn(p) = 7o _iMan{ [(m) +me] [dn(v) —%(ww) d(v)| —
— 2n d”fjv) (m)L} , v= %. (2.80)

HanomumMm, uTo dyHKIMN dn(v), BBEJICHHbIE paHee, UMEIOT BUJT
dp(v) = (=1)"e " [Lp(2v) — L1 (20)], (2.81)

snech Lp(x) — mosmuomer Yebbrmiésa-Jlareppa (2.76). Cséprka (ypy) =
Yo ™ 5 comepuT 0bespasMepeHHblil TEH30p BHENIHEro MATHUTHOTO [0St
0™ = F* /B, B cucreme, rje moJie HaIpaBIeHo BJOJIL OCH 2z, uMeeM (7 py) =
—2i~t A2,

Yrobbl yOenThest, 9TO JiBa BbIpazKeHUsl Jyist nporaratopa (2.78) u (2.79)-
(2.80) B3aMMHO COIVIACYIOTCs, JOCTATOYHO BBIOJHUTD B (2.79) mHTErprpoBaHme
110 HOIEPEYHbIM K II0JII0 KOMIOHEHTaM UMILY/IbCA Dy, Py. 1IPH 9TOM BKJIa] n-TO
ypoBHs JlaHnay B mporaratop BbIDaXKaeTcs depe3 TPH Pa3UIHbIX HHTerpaJa
L1 9,3(Z ) B eBKIIMIOBOIL ILIIOCKOCTH (Py, Dy):

. d? e i(r2)
Sn(Z>:/ p| ie N
(27r)2pﬁ—mg—2[3n—|—18

<A +m] |1z - oo nz)] -2en@n . es)

uTerpupoBanue 1o moJispHOMY YTJIy TPUBOJUT K MHTErpasy becces:

2

/ei<g cose=19) dp = 21" J,, (€), (2.83)
0
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rie J, (&) — dyukius Beccesst nesovucennoro mopsigika n. B pesysibrare wH-
Terpasbl 11 9 3(Z, ) npunumaor Buj

L(Z) = /éTp)édn(v)ei(pz)ng/vao(\/BZl\/E)dn(v),

o0

L7 = [ G = 2 [an/Ez v )

13(Z,) = / gf;d”T“’)ewn (07), =

R, [ d, (v)
= IZ ZL /dUJl fZJ_\/E) \/5 )

rie Z, = /2% = \/(x —2')? + (y — y’)?. Boruncias unrerpaist (cM. [162]):

L(Z.) = gexp< )[ ( )+Ln_1 (§Zi>],
w1 < o4 6)-1- )

= G (3) -1 (3]

1 TIOJICTaBJIsIS X B (2.82), mostyuaeM B UTOTe BhIpayKeHHe, conaaoriee ¢ (2.78).




I'1aBa 3.

Jlpcnepeust 9acTull BO
BHEIIIHEN aKTUBHOW Cpelle

3.1. /lucnepcus B cpejae: OCHOBHEBIE OIIpe/Ie/IeHNs

Jucniepcuonnbie 3 MEKTHI B BEIECTBE CYIIECTBEHHO BJIMAIOT HA PACIPOCTPa-
HeHUe JacThIl ¢ HeOosbImMu Maccami (OTOHBI, HEITPHUHO), B TO BpeMsl, KaK
JIpyTHe 9aCTHUIbI OCTAIOTCS MPAKTHICCKN HETYBCTBUTE/ILHBIMI K BJIMSHIIO CPEJIbI
(mampumep, akcroHbl u apyrue HamOy-TosicroyHoBeKIe 6030HbI). AHATU3UDYST
CYIIECTBYIONILYIO CBSI3b MEXK/Iy paccesiiueM BIIEPE 1 KOI(DDUITMEHTOM MTPEIOMTe-
HUsI, MOYKHO MOJIYYUTH U UCCJIET0BATH 3aKOHBI JUCTIEPCUN (DOTOHOB U HEMTPUHO.

B coorBercTBUM € OOIIMMU IOHSITHSIMU KBAHTOBOI TEOPUU II0JIsT JaCTHILbI
€CTb KBaHTOBaHHbBIE BO30YXKJCHUSI COOTBETCTBYIOMINX IOJIEil: (DOTOHBI — 3JIEK-
TPOMAarHUTHOIO I10JIS, JEKTPOHBI — 9JIEKTPOH-IIO3UTPOHHOIO I0JIsI, U TaK JiaJjiee.
OOBIYHO yJI00HO OINKMCHIBATH TH II0JIsI C IOMOIIBIO IJIOCKUX BOJIH, XapaKTepu-
3YIOIIUXCS YaCTOTOH w 1 BOJTHOBBIM BeKTOpoM K. Torma Bo30Oy»K1eHns JaHHBIX
MOJ1 00J18/1af0T BPEMEHHBIM U IIPOCTPAHCTBEHHBIM IIOBEJIEHNEM, KOTOPOE OINCHI-
BaeTcst pakTopom exp [—i(wt — kx)]. Hacrora mpn 3aJlaHHOM BOJIHOBOM BEK-
TOpE OIPEJIEISAeTCs IUCIePCUOHHBIM cooTHOIeHneM. [lockosbky (w, k) — 910 4-
BEKTOD, MCXOJIs U3 JIOPEHII-UHBAPUAHTHOCTH I10JIyIaeM, 9YTO B BaKyyMe BeJININHA
w? — k? = m? ojuHakoBa JUIs1 BCeX 4AaCTOT, U M eCTb Macca yacTuipl. OHIM
13 CJIEJACTBUIl 9TOr0 KOBAPUAHTHOI'O JINCIIEPCUOHHOTO COOTHOIIEHUS SIBJISIETCS TO,
91O pacrajpl Bujga 1 — 2 + 3 BO3MOXKHBI TOJIBKO IIPU YCJIOBHHU My > Mo + M3,
YTOOBI B CHUCTEME IIOKOsI YaCTHUIbl 1 OBbLIO JOCTATOYHO SHEPIUU JJIsi POXKICHUSI
KOHEYHDLIX COCTOAHUIA.

B cpejse cooTHoIeHNsT JUCHEPCUN, KaK IIPABIIO, HIPeodpa3yIoTCs 3a CUET
KOIepPEeHTHBIX B3auMojeiicTuil ¢ “bornom”. B npocreiiieM ciaydae 9acTUIa Mpu-
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obperaeT 3(PEKTUBHYIO MACCy, BbI3BAHHYIO IPUCYTCTBHEM cpejbl. Harpumep,
y (OTOHOB B HEPEJIATUBUCTCKOI ILIa3Me COOTHOIIEHUE JTUCIIEPCUN OYJIeT NMeTh
B w2 = w5 + k%, rJ1e wp ecTh Taxk HazbIBaeMas IIa3MeHHas YaCTOTa, OlPejle-

JisieMasl BhIpakKeHneM
4T an,
wp = ——, (3.1)
Me
3/1eCh N — KOHIEHTpaIlNs 3JEKTPOHOB. [l J1s1 mporieccoB B cpejie, MHIAYIIPYIOeit
3 deKTUBHbIE MACChl YaCTUIl, KHUHEMATUIECKOE YCJIO0BUE peaim3alliil paclaja
1 — 2+ 3 BMecTO yHPOIIEHHOIO BaKyyMHOI'O COOTHOIIEHUS 1M1 > Mo + M3

YMECTHO 3allicaTh B U3HAYAJIBHOM BUJE HYepe3 KBaJpaThl MacC
4 2 2 2 2 2\ 2
ml — 2m1 (m2 + m3) + (m2 — m3) > 0 . (32)

B Takom Buje KHHEMaTHYECKOE YCJIOBHE BO3MOXKHOCTU IIPOILECCa IPUMEHIMO I
JUIsl CTydasl OTPUIATE/IbHBIX KBaApaToB 3hdeKTuBHbIX Macc. lognienne y ¢o-
Tona B cpejie 3(hMEKTUBHON MaCChl BEJET K TOMY, YTO IPU yCJIOBUH W > 4m?
CTAHOBUTCS KHHEMATHIECKH BO3MOYKHBIM paclal Y — VI, KOTOPBIl MOXKET IIPo-
HCXO/INTDH B 3BE311aX. PAKTUUIECKN 9TOT TaK HA3bIBAEMBbIN ILIA3MEHHBIN IIPOIECC
SIBJISIETCSI OCHOBHBIM MEXaHM3MOM H3/IyUeHUsl HEHTPUHO B IIUPOKOM JIHAIIA30HE
TeMIiepaTyp U IJIOTHOCTEl, BKJIIOYasl, HAIIPUMED, (pU3nIecKne yCaoBUsI BHYTPU
OeJIbIX KapJIMKOB U KPACHBIX I'MI'QHTOB.

Hefitpuro mMoryT y4acTBOBaTh B HECTAHJAAPTHBIX SJEKTPOMAIHUTHBIX IPO-
1eccax, HalrpuMep, 3a CIET cOOCTBEHHBIX MAIHUTHBIX MOMEHTOB, 9YTO MOYKET IIPU-
BOJINTH K ILJIA3MEHHBIM IIPOIECCAM POKJICHUS CTEPUIbLHBIX HEHTPUHO, 1, TAKIM
00pa3oM, K oCTbIBaHUIO 3BE3/1. OrpaHnyeHust Ha, aHOMAJILHYIO0 CKOPOCThH OCThIBA-
HIUSI, TTOJIyYeHHbBIE 13 HAOJIOAEHNIT 3a Oe/IbIMI KapIuKaMI 1 3BE3IaMU 13 IIapo-
BBIX 3BE3HBIX CKOILIEHUI [TO3BOJININ YCTAHOBUTEL Hanbo/1ee XKECTKIE OrPaHUIIe-
HUSI Ha, 3JIEKTPOMATrHUTHBIE B3anMOJIEiCTBISI HEHTPIHO.

B pamkax crapjgapTHOil Moue/n Bce (DEPMUOHBI IIEPBOHAYAIBHO SIBJISIOTCSI
6e3maccobiMu. OHu npuobperaroT 3p@MEKTUBHYI0 Maccy 3a CUYET B3aMMO/Ieli-
CTBUSI CO CKAJISIPHBIM I10JIeM XUITCa, BaKyyMHOe oxKujgaHne ®y KoToporo u sis-
JISIETCST OCHOBHBIM (DAKTOPOM, OIIPENE/ISIIONINM BeJIMINHBl Macc. 1losromy mazke
BaKyyMHBIE MacChl MOT'YT ObITh HHTEPIIPETUPOBAHbI, KaK siBJIeHUS ‘pedppakinm’.
[TockobKy ckassip P siBjIsleTcst JIOpEHII-UHBAPUAHTOM, COOTHOIIEHUE JUCIIEp-
CHM, TaKIM 00pa30M, BBIBOIHUTCS U3 CTaHAapTHON dopmynel B2 — p? = m?.
AxrTuBHas cpena, BOOOIIE rOBOPsi, H3MEHsIET 9TO COOTHOIIeHne, u F(p) saiser-
cs1 00BITHO GoJtee c10xKHOM (yHuKuueii, yem (m? + p?)/2.

3aMeTM, YTO COOTHOIIIEHIE JIUCIIEPCUN MOXKET ObITh U TAKUM, 9TO 4-IMIIYJIbC
PF = (E, p) okazKeTcs NPOCTPaHCTBeHHO-110100HbIM, P? = E% —p? < 0, uTo 110
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BeJIMYMHE €CTh “OTpHIATEIbHbI KBajpaT Macchl P? = mgﬁ < 0. Hukaxmx

pusmgecknx MpodsieM ¢ TaKUMU ‘TaXHOHAMH HE BO3HHUKAET, MOCKOJbKY CKO-
pPOCTh pACIPOCTPAHEHUs] CUTHAJA OIPEJIe/IsieTCs I'PYIIOBOil CKOPOCTHIO, KOTO-
pas Bcerjia ocTaéTcs MeHbIe cKopocTu ceta. COOTHOIIEHNE JUCIEPCUN B O]I-
HOPOJIHOM Ccpejie 4acTo 3alUChIBAIOT depe3 KoM UIMEHT IPEJIOMICHUST N B BU-
ne k = |k| = nw. IlpocrpancTBeHHO-TI0100HBIE BO30YKICHNST COOTBETCTBYIOT
ycJIoBHIO N > 1; npuMepoM siBjisieTcst (pOTOH B BOJe WM BO3jyxe. B sTom ciry-
yae XOPOIIIO M3BECTHLIHN IHpolece ‘paciajia’ e — ey siBIseTcss KMHEeMaTUIeCKn
pas3peIéHHbIM JIJIsT JIOCTATOYHO OBICTPO JBIZKYIIUXCS JEKTPOHOB (M3JIydeHne
Yepenkona).

JlucriepcoHHOE COOTHOIIICHIE MOYKET TaK2Ke 3aBUCETH OT MOJISIPUBAITIT U3JTY-
yenus. B “onTtmdyeckn akTUBHOI cpejie JIEBO- U MPABOIOJIAPU30BaHHbIE (DOTOHBI
UMEIOT pa3/ImdHble KOdMMUIMEHTHI IIpeIoMIeH s, B 9ToM cMbIciie BCst cpejia, siB-
JISIETCST ONTUYECKN aKTUBHOM JIJIsT HEHTPIHO, ITOCKOJIBKY TOJIBKO JIeBbIe HEHTPIHO
Y4IaCTBYIOT BO B3aUMOJIEHCTBUSIX, a IIPaBble ABJISIIOTC “‘CTePUJILHBIMU .

Bzanmogeiicrsue MIOOHHOI'O U Tay-HEHTPUHO, V, U V-, ¢ “00BIYHOI’ acTpo-
dusnyeckoit cpejioii, TO ecTh NMPAKTUUECKU HE COJIeprKallieil TepMaJIbHbIX MIOO-
HOB U Tay-JIEIITOHOB, OTJINYAETCs OT B3AMMOIeHCTBUS 9JIEKTPOHHOI'O HEHTPUHO
BCJIEJICTBUE BKJIAJIa 3apszKEHHOIO TOKa (Ve€™) B aMILTUTY/1y paccesitus. [109To-
My TakKasl cpeja sIBJIsieTCsl ‘JIBOSIKOIIPEJIOMJIAIONIEHl” 110 OTHOIIEHUIO K apoMaTy
HEAATPUHO B TOM CMBIC/IE, UTO Cpejia UHYIUPYET pa3IudHble JIUCIIEPCHOHHBIE
COOTHOIIEHUSI JIJIs HEHTPUHO pas3HbIX cOPTOB. BazkHOCTH 9TOr0 3chdexra jijist oc-
MUIANE HeHTPUHO, KOTOpbIe (PaKTUIECKU OIPEICISIOTCS COOTHOIICHNEM (a3
[pU PaCHpPOCTPAHEHUN HEHTPUHO PA3HbIX COPTOB, YPE3BbIUAilHO BBHICOKA.

OOBIYHO BCe YaCTUIBI B Cpeje MMEIT HeTPUBUAJbHBIN 3aKOH JIUCIIEPCHH,
HECMOTPsI Ha TO, 9YTO OT KOHKPETHBIX OOCTOATEIHLCTB 3aBUCUT, SIBJISIETCSI JI CY-
mecTBeHHbIM 3 dekT pedpakiuu, nin HeT. Hanpumep, B jauTeparype BeTpeda-
JICBH YTBEPZKJIEHUs, YTO B JOCTATOYHO IUIOTHOM IIa3Me, rjie wy > 2m,, GOTOHbI
pacnajaiorcsa ¢ poxkaenueM nap, ¥ — ete”. OQHaKo 3TO HEBepHO, HOCKOJIbKY
3apsizKEHHBIE JICIITOHBI TaKKe MPUOOPETAI0T MHIYITMPOBAHHYIO IJIa3Moil 3¢ dek-
TUBHYIO MAcCy, HACTOJIbKO OOJIBIIYIO, UTO TaKie paciajbl He mpoucxoaar [163].

[Tomumo mMouduKannl JUCIEPCUOHHBIX COOTHOIIEHU YacTHIl HAJIUIne cpe-
JIbI MOYKET IIPUBOJIUTH K TOSIBJIEHUIO COBEPIIIEHHO HOBBIX BO30YKIeHIIT. XOPOIIIO
U3BECTHBIM IIPUMEPOM sIBJISIETCSI IIPOJIOJIBLHO IIOJIIPI30BAHHOE COCTOsIHIE 3JIeK-
TPOMArHUTHOIO TI0JIsl, KOTOPOE CYIIEeCTBYET B IIa3Me BI00ABOK K OOBIYHOMY CO-
CTOSTHUIO C TIONepedHoil mosspuszanueil. Takme oObeKThbI, 0OBIYHO Ha3bIBacMbIC
IIPOJIOJILHBIMU I1IJIA3MOHAMU, BIIEPBbIe 00CYKIa/HCh emé B 1926 r. JIsHrMmiopom.
Bo muoOrux ciyvasx takue (KBAaHTOBaHHbBIE) KOJIJIEKTUBHBIE BO30OYK/IEHIs UT'Da-
I0T Ty K€ POJib, 9TO M OOBbIYHBIE YacTuIlbl. Hampumep, n oObIUHbIE COCTOSIHUS C
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TOTIePEUHOI TI0JIApU3aIUeil, Ha3bIBaeMble JIMOO TONEPEeUHBIME IIa3MOHAMH, JIH6O0
IpocTO (POTOHAMHU, U MPOJIOJIbHBIE IJIA3MOHBI MOI'YT PACHaIaThcsd Ha HEeHTpIH-
HBIE [IAPBI, |, CJIEJ0BATE/ILHO, JABATH BKJIAJ| B IIJIA3MEHHBIE [IPOIECCH 3Ty IeHHs
HEUTPUHO.

B TO BpEMA KaK AHUCIIEPCHOHHBIE COOTHOIICHUA U BS&I/IMOAGI‘/JICTBI/IH HJaCTHUI]L
B 1asMe popMasibHO HAMTYUIIIM 0OPA30M OIUCHIBAIOTCS C OMOIIBIO TEOPUH
10JIS TIPU KOHEUHBIX TEMIIEPATyPax U IJIOTHOCTAX, GOJBIIMHCTBO BazKHBIX DPe-
3YJITATOB Il (PUBUKM 3JIEMEHTAPHBIX YACTHIL B 3B83/1aX ObLIH TOJIyUeHbI elIE
J10 PasBUTHs 3TOr0 (POPMAIU3Ma, € OMOIILIO 60J1ee TPOCTBIX NHCTPYMEHTOB Kii-
HeTuueckoil Teopuu. JeficTBUTEILHO, JIjIs MHOTUX 33J1a4 OIUCAHUS JIUCIIePCHOH-
HBIX CBOHCTB YaCTHIL WM KOJLIEKTUBHBIX 3 (DEKTOB KMHETHIECKHiT MOJIX0/] 9acTO
KarKeTcst (pu3nmdeckn 06osiee Mpo3padHbIM, IPUBO/IST K NICHTUIHBIM Pe3yJIbTaATaM.
JasbHeiimee 06Cy7KICHIE MOJHOCTBIO GasupyeTcst Ha KMHETHICCKOH Teopuu.

[Tpy MOJIyYeHUN JUCIIEPCHOHHOTO COOTHOINIEHUS B ILIa3Me JUId JTaHHoil ua-
CTUIIBI C U3BECTHBLIMU CBOMCTBAMHI OOBITHO ObIBACT JIOCTATOUHO BOCIIOIB30BATHCS
NPOCTEHIIIM TIPUO/IMZKEHNEM, BBIYUC/IAA aMILUIUTY/y DACCEesHUs BIEPE Ha CO-
OTBETCTBYIOIIINX BO36y)Kﬂ‘eHI/IHX HOHeﬁ, BXOJAIIINX B COCTaB KOMIIOHEHT IIJIa3MBbI.

Hapstty ¢ ropstueii II0THOM MJ1a3MOit 3HAUMMOE BJIMSIHIE Ha JIUCIIEPCHOHHbBIE
CBOICTBA YACTUIL MOYKET OKA3BIBATH JPyTast KOMIOHEHTa aKTUBHOMN acTpousu-
YeCKoit cpeabl — CUJIbHOE MaIlrHHUTHOE IIOJIE. OILH&KO YKa3aHHOE€ BJIMAHMNE II0JIA
SABJISIETCA CYIIECTBEHHBIM TOJLKO B CJIyUae ero J0CTaATOMHO GOJIBIION HHTEHCHB-
noctu. CylIecTBYeT eCTeCTBEeHHbIH MACIITA0 BEJMINHBI MATHUTHOTO OIS, TAaK
Ha3BIBAEMOE KpUTHUecKoe 3navenne B, = m?/e ~ 4.41 - 10 Tc.

3.2. llonsgpu3anmmoHHbIili omepaTop @OTOHA BO
BHEIIIHEM MArHUTHOM II0JIEe

Jucnepcuonnnle cBoiicTBa GOTOHA B MATHUTHOM I10JI€ OIIPEC/ISIOTCS €0 I10-
JISIPUBAIMOHHBIM OIIEPATOPOM, KOTOPBIl MOXKET OLITH HOJYyYeH U3 aMILIUTY/IbI
M., _., nepexozna dboToH-HOTOH:

Mooy = —€4 Iageg, (3.3)

ornchiBaeMoro juarpaMmoit @eitamana, n3006parkEHHOI Ha puc. 3.1. 31ech JIBOIi-
Had JINHUA B METJIe COOTBETCTBYET TOTHOMY IPOTAraTOpy 3apsayKeHHOTO (hepMu-
OHa B MArHUTHOM ToJie. [Ipu 3TOM JTOMUHUPYIONIYIO POJIb UTPAET IJEKTPOH, KaK
JACTHUIA ¢ MAKCUMAJIbHBIM YJIeJIbHBIM 3apsIOM € /M, Hanbojiee TyBCTBUTE/IbHAS
K BJIUSHUIO BHENTHero 1mojs. [lonsgpusannonnbril oneparop poTona BO BHEINTHEM
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v(q) v(q)

Puc. 3.1. [Tongpusanuonnblii orepaTop poTOHA B CUJILHOM MArHUTHOM TIOJIE.

0JIe MCCJIEIOBAJICS B TEJIOM psifie pabot, cM., Hampumep, [41, 77-80]. YiobHo
IPEJICTABUTD HOJISIPU3AIMOHHEIN oniepaTop B popMe

3 W b(ﬁA)
= ° (\)
Hap Z ()2 I (q), (3.4)
A=1
e II®) — coberBennble 3HAYCHUS HOJSPU3AIMOHHOTO OEPATOPA, bg) — €00-
CTBEHHBIE BEKTOPBLI OPTOrOHAJIBLHOIO Oasrnca:
b = (@0)as Y = (4P
b = ¢ (49P)a — da (appa), B = qa. (3.5)

OyHKINN H(A)(q), noJiydeHnbie B padbote [80|, MOKHO 3amucaTh B Buje

1 00
dt| pt : 1—u?
H()\) = _g/d /_ A i 2+ % iy H(vac) 2
@) ) )t |smpt? © T ° * (@),
0 0
(3.6)
2 .
oM = q cos Btu — wsin ftu B icos 6t.u2— COS ﬁt’
2 tg Ot sin” 3t
1 —u? q; wsin SBtu
2 _ 2 i B
0 = gj—g —cos bt 5 (cos Btu Bl ) :
2 :
3 _ T by — wsin Stu
0 5 <cos Otu —tgﬁt 7

rue

2 (sin §t 2

1 —u?
Qo = t(m?qQ 1 )

a — QO_I_ﬁ(cosﬂtucosﬁt_ 1U2t),
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B Boiparkerusix (3.6) MpoM3Be/IeHO BBITUTAHNIE BAKYYMHOTO HOJISIPU3AIIIOHHOTO
orlepaTopa, B pe3y/IbTaTe Yero NHTerpaJ Mo t CTasl CXOAIIIMCH, & 3aTeM ObLT J10-
OaBJieH MePEHOPMUPOBAHHBII BaKYYMHBIN MOJIIPU3alnOHHbBI onepaTop. DyHK-
s H(Vac)(QQ) ONHUCHIBAET TMOJIAPU3AINIO BaKyyMa B OTCYTCTBHUE TOJS W MMeeT
Bl (cM., Hanpumep [147], pasm. 103, 113).

m09 () = =’ u(q), (3.7)

2T

1

v(g?) = /du (1—12?) In (1 _ T (1— u2)> : (3.8)

2
4Am

Kak mokasbiBaeT aHaJIM3 ypaBHEHUII JUCIIEPCUN peajbHOro (pOTOHA B Mar-
HUTHOM I10J1€

-1V =0 (A=1,2,3), (3.9)

TOJIBKO JIBE IOTIePeYHbIE TToJIApr3alun, A = 1, 2, aABJA0Tcsd PU3MICCKIUMU, TOT/A
KaK (bOTOH € TpeTheil moasgpusanueii, A = 3, pusndeckum He spisercd. JleficrBu-
TesBHO, HojcTaBAs oipazkenue 11s 1183)(q) B ypasrenne (3.9), Buum, 4T0 0HO
uMeeT equHceTBenHoe peitenue g2 = 0. IIpu atom u3 (3.5) cieiyer, 4To GasucHbIil
BEKTOP bg’) IIPOIOPITHOHAJIEH 4-IMITYJIbCY (POTOHA ¢y, TO €CTh COOTBETCTBYIOIINI
OIepaTop JIEKTPOMATHUTHOIO TIOJIsi MPOIOPIUOHAJIEH TOJHON JUBEPreHIun 1
MOXKET OBITH YCTPaHEH KaJINMOPOBOYHBIM ITPEOOPA30BAHUEM.

Bekropsl nosstpusaiiun (hOTOHOB € ONPEIEIEHHBIM 3aKOHOM JIUCIIEPCHE TTPO-

1,2
HOPIMOHAIBHBI COOCTBEHHBIM BEKTOPAM b(a )

8&1) A (W)oz) 8((12) —\/Z, (W)oz. (3.10)

2
q| qﬁ

Muozkurenn v/ Z) y4uTbIBalOT IIEPEHOPMUPOBKY BOJHOBBIX (PYHKIHI (DOTOHOB

OTIWM
Zl=1- : (3.11)
A aqﬁ

Sl IIEpeHOPMHUPOBKHA 0CODEHHO CyIlIeCTBEHHbI B OKPECTHOCTHU HUKJIOTPOHHBIX
pPE30HaHCOB

2
qﬁ = (\/mg + 2neB + \/m2 + 2n’eB> : (3.12)
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rjie pyHKINn H()‘)(q) UMEIOT KOPHEBbIE CUHTYJIAPHOCTH.

CiiejtyeT 3aMeTUTh, YTO B HA3BAHUAX JBYX MOJIAPU3AIMOHHBIX COCTOSTHUIT (Do-
ToHa B MarauTHOM 1oJ1e (3.10) cymectByer 6osibinast pazHorosocuia. [lo Tepmu-
HOJIOTUH KJIaCCHIeCKoil paboTht Ajiepa [164] 9o Tak HasbiBaeMble “TIpoI0bHAs”
|| m “monepeunasi” L (oToHHBIE MOJIBI, 5&1) = 8(all) n 8((12) = 88_). DTu 0003HaAYCHU
ObL/IN OCHOBAHBI HA PACIIOJIOKEHUN BEKTOPA HAIPSKEHHOCTH MA2HUMHO20 TOAA
9JEKTPOMArHUTHON BOJIHBI (POTOHA MO OTHOIIEHUIO K TIJIOCKOCTH, 00pa30BAHHO
BEKTOPOM BHEIIHEr0 MaruuTHoro noJist B u ummysibcom porona q. Iloznnee neko-
TOpPBIE aBTOPDI, MO-BUITMOMY, PACCY/IIIN, 9YTO O0JIee eCTECTBEHHO OCHOBLIBATLCS
Ha PACIIOJIOZKEHUN BEKTOPa HAIIPSAKEHHOCTH 9AEKMPULECK020 NOAA SJIEKTPOMAT-
HUTHOIT BOJTHBI (DOTOHA IO OTHOIIEHUIO K YKAa3aHHOM MIJIOCKOCTH, M CTAJIN HCIIOThb-
30BaTh MPOTUBOIOJIOKHDBIE 0O03HadeHus, cM. Harpumep |89, 165]. B pesynbrare
B HEKOTOPBIX paborax, cM. Hanpumep [124], 0603HaUeHNsT OKA3AIUCH TTePeITy TaH-
HBIMI, U, CChLTasiCh Ha paboty [164], aBTOpBI B JeHCTBUTETHHOCTH HCIIOIb30BATH
obosHauenns padborsl [165|. VHorma mpejnpuHuMauch Tak:Ke MOMBITKA BBECTH
Jpyrue obo3HavueHust st JAByX boToHHBbIX nosgpusanuii, B u C, I u II, cwm.
warpumep [166], wiun o u 7w - nossipusaIu (¢ TOYHOCTHIO JI0 KATUOPOBOUTHO-

1,2
ro npeobpaszoBausi), cM. Harnpumep [167]. Mbl ucnosbzyem obo3HATEHIS 8(04 ),

on. (3.10).

B npejiesie cusibHOTO T0J151, B KHHEMAaTUIECKOH 001aCTH qﬁ < eB Bolpaxkenus

JUTst PYHKITHI 1) (¢) cyIecTBeHHO yIPOIIAIOTCA U MOTYT ObITH 3AITICAHBI B BU/IC

(1) s R o
1'% (q) 5 0L + ™ <ln B, C -+ 5 v(q ))
1
O — 3.13
2
20 q o B 3

112 = —— eB H i — P ln=—-C-— Zv(d?

(9) T ¢ 4m? + 37 4 1de ¢t 2v(q )

+ 0 (eiB) , (3.14)

o2 = X p2 (m B - Vg + §v(cf)) +0 ((}B) , (3.15)
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rje yg = 0.577 ... — nocrosinnas Ditnepa, C' ~ 1.2147 ecThb 4ncjieHHOe 3HAUEHNE
HHTErpaJia
1 [dz (1432 3 3
=— | — — : 3.16
2/z (1—|—z zthz th2z> (3.16)
0

Oynknus H(z), BBeiénnas B Boipakennn (3.14), umeer Buj

du
Z):/1—z(1—u2)—io_1’ (3:17)

0

1 B Pa3JIMIHBbIX 00JIacTIX 3HAYCHUI apryMeHTa paBHA:

1 YLz +V—2

H(z) = -1, 2<0,

(=) 2\/—2:(1—2: \/ —z ==z

H(z) = a0 ————— arctg Lz—l, 0<z<l1, (3.18)
] :

H(z) = — pYEEVESL g iy

2¢/z(z —1) \/E—\/Z— 2¢/z2(z — 1)

(DyHKHI/IH nMeeT aCuMIITOTNKI

2 8 16

H(z) ~ §z+ﬁz +£z3 2| < 1, (3.19)
1

H(z)~—-1- §1n4|z\ , gl > 1. (3.20)

Cile/lyeT 3aMETHTh, U9TO B peasbHbIX BBIYNCACHNSAX WIEHBI ¢ ¢2, cojeprKa-
necs B Beipazkernsax (3.13) u (3.14), HecyImecTBeHHDI, TaK KaK OMPEJIEJISIOT, B
COOTBETCTBUI C JINCIIEPCHOHHBIM ypaBHeHreM (3.9), MompaBKu MopsiKa «.

Pemenne gucniepcuonsuoro ypasuenust (3.9) jist boToHa BTOPOIt MOJIBI, OIIPE-
nessiemoe yukimeii (3.14), nzobpazkeno wa puc. 3.2, [lyHKTHpHAS JIHHUS COOT-
BETCTBYeT BaKyyMHOIl mucriepenn ¢° = 0. B o6acTn BBIIe 3TOil JTHHIN KBa[PaT
“yacenr porona” Re I1?) umeer mosmoyKuTenbHblil 3HAK, HUZKe JIHHIN — OTPHIA-
TeJbHbIN. PaccTosiHue 10 BepTHKaAJJIM OT JAHHON TOYKH JMCIIEPCHOHHON KPHBOi
no minnn g2 = 0 pasno |¢?|. Jlunus ¢® = 0 u ropusoHTaNbHAA JUHIA 4m2 1esisT
IJIOCKOCTH Ha 00JTACTH, COOTBETCTBYIONINE PA3JIMIHBIM HEHTPUHHBIM ITPOTIECCAM.
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2
q]

4dm
mode 2

2

q1
Puc. 3.2. 3akoH jgucriepcun B CHJIBHOM MArHUTHOM I10JIe JIJIsT (POTOHOB MOJIbI
1 m mojwr 2. Jducnepcnonnast Kpubasi (pOTOHA MOJIBI 2 BBIIIIE JTTHIH qﬁ = 4m?

npejicrapiser coboit peasbnyio dacth dynkmun 112 em. (3.14). [lynkrupuas
JIMHAS COOTBETCTBYET BaKyyMHoil jucnepenn ¢ = 0.

Pemenne ypasuenust (3.9) st hoToHa TEPBOil MOJIBI, KaK BUJHO W3 BbI-
paxkenus jjist dyukimn (3.13), B paccMaTpuBaeMoil KWHEMATHIECKONH 00J1acTH
peJICTaB/IsgeT cOOOM MPAMYIO, HE3HAUNTE/HLHO OTKJIOHSIONIYIOCS OT BaKyyMHOI
npsmoit g2 = 0 B 06J1aCTh OTPUIATEILHBIX ¢
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3.3. O6obOmienHasg AByXTOoUeUYHAasd IeTJieBas aM-
mintyaa j — ff — j' Bo BHelIHeM 3JIeKTPO-
MAarHUTHOM IOJIe

Pesyabrar, mojydeHHblii i HOJISPU3AIMOHHOro oneparopa (hoToHa BO
BHEIITHEM MAarHUTHOM I10JIe HETPYJIHO OOOOHIUTL, IIPOBEJIsl BBIYUCJICHUE OJHO-
IIeTUIeBOIl JBYXTOUEUHON aMIUINTYIB! 1epexoia j — ff — j' B HOCTOSIHHOM
OJIHOPOJHOM MAIHUTHOM II0JI€, JIUIS PA3JIMIHBIX KOMOMHAIMIT CKAJISIPHOIO, MICEB-
JIOCKAJIAPHOIO, BEKTOPHOI'O U IICEBJIOBEKTOPHOIO B3aUMO/JICHCTBUA TOKOB § U j'
¢ dhepmuonamvu [168]. Tlog Tokamu j, j' mornmaroTest 0600IIEHHBIE JIOKATBHbBIC
KBAHTOBOIIOJICBLIE 00BEKTHI, KOTOPBIE MOI'YT OBLIThH JIefICTBUTEJLHO TOKAMU WJIN
BOJIHOBBIMU (DYHKIMAMU COOTBETCTBYIOIINX YACTHUII,

Jlannas aMIUINTY 18 MOKET ObITh IT0JIe3HA, JIJIsl AHAJIN3a KAK JPEBECHDBIX, TaK 1
eTJIEBLIX KBAHTOBDIX IIPOIECCOB BO BHEIITHEM 3JIEKTPOMAIHITHOM I10J1€, U UI'PATh
POJIb CBOCOOPAZHOrO CIIPABOYHUKA, IIPU UCCJICJIOBAHUAX PA3HOOOPA3HLIX MEPEXO-
JI0B TAKHX, KaK pacuaipl v — vy, V — ve et a — v, a — e~ e, ocunmuisun
AKCHOH < (DOTOH, a TaAKzKe MACCOBBLIC OIIEPATOPDLI CKAJIAPHBIX U IICEBIOCKAJISD-
HBIX YACTHUIL.

3.3.1. MarauTHoe 1moJie

[Ipu ananmse 0600MIEHHOI aMILINTY LI Iepexoaa j — ff — §' ucnonabsyerca
3P DEKTUBHBI JIarpaHKIAH B3aMMOJIEHCTBIS TOKa, j ¢ (DepMHOHAMU CJIELIyIOIIIe-

ro BUjIA:
L(z) = ) julx) ($s(@)Tatis(2)), (3.21)
rie uageke n = S, P, V, A HymepyeT MaTpHUIlbI

Ln = 1,7, Ya, Va5, (3.22)

a Jn(x) - 0OOOIEHHBII TOK, BKJIFOUAIONIIH KOHCTAHTY CBSI3M.
OjHomneTsieBast aMILTATYIa Tepexona j — j' onuchbiBaercss (peiiHMaHOBCKOIL
JarpaMmoit, n3006park€HHO Ha puc. 3.3, U UMeeT CJIeIYIONINi BU/I:

My = —1ijin 35 / d*Z Tr [S(—2)T,,S(Z)T ] e 14, (3.23)
3nech S(Z) — TpaHCAAIMOHHO MHBAPUAHTHAS IacTh Iporararopa hepMuoHa B

MarHuTHOM T10Jie, CM. (2.2). ju, Jn — Dypbe-00pasbl TOKOB, ¢ - TepeIaHHbIi M-
mysibe. VI3 BIpazkeHust j1jist mporaraTopa BUHO, ITO aMILTuTyaa (3.23), Boobie
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Jn k / In?

Puc. 3.3. Jduarpamma @eiinmana st nepexona j — j'. JdBoiinbie JMHUN 03HAa-
YJaIOT, YTO B IMPONAraTopax BUPTYaJIbHLIX (DEPMUOHOB BJIMAHNE BHEITHETO 3JIEK-
TPOMarHUTHOIO IOJId YITEHO TOYHO.

IOBOpsI, COJIEPYKUT PACXOJUMOCTD Ha HUXKHEM IIpejie/ie HHTerpaJia 1o coOCTBEH-
HOMY BpeMmeHH. /laHHasi PacxoInMOCTb, KOTOpasl 110 CYTHU SIBJIIETCs yabTpadu-
OJIETOBOIl, CBsI3aHA C JIOKATBHOCTHIO JarpaHKuaHa B3ammojeiicteus (3.21). B
JIajibHelieM Hac OylieT MHTePecoBaTh TOJILKO MHIYIIMPOBaHHAs IIOJIEM YacCTb
AMILIUTY/IbI

AMyy = Mo — M| . (3.24)

B=0

Kak 1mokasbiBaeT COOTBETCTBYIONINI aHAJN3, PA3HOCTH (3.24) cBOOOIHA OT Yilb-
TpadnOoJIeTOBBIX PACXOIUMOCTEI.

C yuérom OMIMHENHHON 3aBUCUMOCTH (pa3bl TPAHC/ISIMOHHO MHBAPUAHTHOI
qacTu mnporararopa S(Z) or mepeMeHHoii Z WHTerpupoBaHue M0 Z B BbIpayke-
HUAW JIJIst aMIUTATY/I6! (3.23) CBOAUTCS K BBIYUCICHUIO OOOOIMIEHHBIX TayCCOBBIX
HHTErPAJIOB CKAJISIPHOTO, BEKTOPHOI'O M TEeH30pHOro TumoB. CKaJspHbBIN HHTE-
rpaJl IMeeT BU/T

P = / d*Z exp | —i (Zp)+i(ZGZ) : (3.25)
rue
Z/_U—_|—S~LV_ Siﬂ(ﬁ(?}-l—S)) v
¢ = Vs A sin(fBv) sin(fs) "

31ech 3 = eB. llepemennble v U S UMEIOT CMBICJT COOCTBEHHOTO BpeMenn Poka B
nponararopax depmuonos. Hamomunm, uro marpunst A, n A, onpegenaorcsa
qepes OespasMepHble TEH30PbI (0, U (0, HOCTOSHHOIO OJIHOPOJIHOIO MAarHUTHOI'O
OIS

AW = (@@)uua A/w = (8595)/11/



3.3.  O6obménnas ammmryia j — ff — 7' 61

BeKTopHBIIT 1 TEH30pPHbINT WHTErPAJIBI ONpeeNdoTcd 13 P cooTBETCTBYIONINM
T depeHnTpoBaHueM 110 UMITYJILCY P:

P, = / d'Z Z, exp [—i ((Zp) +%(ZGZ)>} = 13—2, (3.26)
®, = / Ad'Z 7,7, exp [—i ((Zp) + i(ZGZ))] =— ajjg)py' (3.27)

nterpupoBanue 1Mo mpocTpaHCTBEHHO-BPEMEHHON MTepeMenHoi Z JaéT

b — —(4r)*(det G) V2 (PG P).
b, = —2pG )0, (329
®,, =2 [2(0G)u(pG ), — 1G] @,

rie obparnas Marpura G nmeer Bun

vs & sin(fv) sin(5s)
v+s " Bsin(Bv+s)) M

-1
G

JlerepMuHaHT MaTpuilbl (G paBeH

(3.29)

oG _{<v+s>ﬁsm<ﬁ<v+s>>}?

s sin(fv) sin(gs)

[Tocsie BeIOTHEHNST MTHTEIPUPOBAHUS 110 Z 000OIIEHHAS aMILIATY /18 MOYKET ObITh
BbIpayKeHa B BHUJIE JIBYKPATHOI'O MHTErpaJia.

[Ipusejiem BoipazkeHust jijist aMiinTy AM,,,,» B MArHITHOM I10JI€ C BEPIIH-
HAMU, COOTBETCTBYIOIINMU BEKTOPHON U ICEBJIOBEKTOPHOM cBsizu (n,n' =V, A),
KOTOpPBIE MOTPeOYIOTCSI B HaIlleM JaJibHefieM aHajnse. AHAJIOITIHbIE PE3YIIb-
TaThbl, COJIepzKalle TaKKe BEPIINHbBI CO CKAJIAPHOI U TICEBIOCKAJISPHON CBA3bIO,
MOIyT ObITH Haifyiensl B crarhe [168], cm. Takxke [148]. B srom u cieyrormem
noJipazjiesiax m obo3HavaeT Maccy pepMUOHA.

Eciu Tok siBisieTcst BEKTOPHBIM (J, = Jva, L'n = Vo), DACIET MOKA3BIBAET,
9TO TOT TOK BXOJUT B aMILIUTYJIy TOJIBKO B KOMOMHAINN fa3 = ¢ujvi — 437V a-
IIpu sTOM, ecim TOK jy npejicrasiigeT coboit BEKTOp nosgpusanuu Gorona, fu3
IpHOOPEeTaeT CMBIC/ TEH30Pa JeKTPOMATHUTHOIO I10JIsI POTOHA B MMILYJIbCHOM
IIPOCTPAHCTBE, YTO COOTBETCTBYET KAJMOPOBOUHON MHBAPUAHTHOCTU aMILIHTY bl

nporecca. Takum 06pa3oM, B BEKTOP-BEKTOPHYIO amiLutyday (n = n' = V)
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BXOJIAT TeH30pbl fap 1 f1,5

1L 1 (fe)(f7e) )19,
A = v
My A2 [ 4qi VV R S— 4q” VV +
(geefa)(apef™a) s
i LS Y, (3.30)
q quL
1 2
(i) _ () —io_ 21 =W _io
Yyy = /du/ [smﬁt‘yvve 5 0],
0
(1) QE 5t u sin Stu 5 cos Btu — cos 5t
= —|cosftu — —— | —
Yvv 2 tg Ot 4 sin? Bt ’
2 2 :
2) I—u q usin Stu
Yy = qﬁ 5 cos 5t — EL (Cosﬁtu — W) :
2 .
3 g u sin Stu
Wy = 5 (cos Ptu — th) :
Jag = QaJvs — Q8Ivas f(/xﬁ = Qaj{/ﬁ - %j{/a,
rie
1 —u?
Qy = t<m2q2 1 >,
O — Q0+qL cos ftu — cos Bt 1—u2t |
2 (sin Bt 2
a1 = (appq) = 4" 0upd’,
g = (ppe), d—d=¢"
Akcnas-akcuanphast ammnryaa (n = n' = A) umeer Buj
1 (jAsOQ)(JAsOQ) W, Uaea)U4eq) @)
AMya = 12 [ P Yya+ 72 Yya+
L 9
q2 % (3)
+ (JASOSOQ)(JA Peq) Yy — (3.31)

(JAsosoq)(jii"Q) + (jQTWQ)(JAQ)Y< ) (qu)(jff(J)Y(s)
qﬁ AA qﬁ AA |
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1 00
(4) dt| Bt o) o o ol—u’\ g
0 0
= 1,2,3,4,
1 )
5) _ dt| Bt ) -0 o, 21w\ g
Yax = /du/7Lin6tyAA —\Fm ) e
0 0
2 :
(1) q] wsin Btu 5 cos tu — cos 3t 5
_— —_— t - — . 2 t :
Yaa 5 (Cosﬁ u tait ) q Sin? Gt m” cos Btu
1 — u? 2 0 Gt
yff)l = qﬁ 2u cos [t — % <COS Btu — %) — 2m? cos ft,
2 : 2
3 q w sin Stu 2m
91(431 =3 (cos Btu — W) ? (qi cos [t — qﬁ COS ﬁtu) :
2 N
yfﬂ = 1 (COS Btu — %) — 2m? cos G,

5
2 .
t
y,(fi - % (cos Bty — sin u) + 2m? cos 3t.

B ciayuae BekropHoit n akcnaibHo-sekToproit Beprmns ('), = 7,, Iy = 7575)
JIISl MHJIYIIMPOBAHHOM MOJIEM YaCTH aMILIUTY/IbI TTOJIy4aeM CJIEJIYIOIIee BblpazKe-

HHEC:

AMyy =

2 2 VA
47 2q||

(f2)(749) 1 (3)

+ 2qﬁ YVA

Y

(Ja2a)(afpeq) e

L g [(f@)(jf;wq)y(l) n

_|_
VA
qiqt

(3.32)
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I i 1 — u? qi
Y‘Elﬁ = 1/du/dt — ”m2—q2—|2|— ﬂQ——Q,
/ / qi g, 4 qi
1 00 ) 5 q2
2 _ . 2 2L T U —i0 |
YVA—l/du/dt M= el—?,
0 0
1 00 5
1 —
Yéii = i/du/dt m2+q2—4u e i
0 0

[Ipu ncronbpb30BaHNN TOJTYIEHHBIX PE3YJILTATOB /I BBIYUC/ICHUS aMILIATYL
IIPOTIECCOB C yYaCTUEM IICEBIIOCKAJISIPHBIX U aKCHAJbHBIX TOKOB HEOOXOJINMO CO-
OJTI0/IATH OCTOPOXKHOCTH. DTO CBA3AHO € TEM, UTO B TAKNX Juarpammax (puc. 3.3)
JIMHENHBIN 110 IIOJII0 YJIeH MOZKeT 0Ka3aThCd HEBEPHBIM 3-3a TPEYyTroJIbHOI aHoMa-
qun Ajiepa. IToaTomy, cTporo roBopsi, HEOOXOAUMO YKa3aTh JONOJIHUTEILHYIO
[IPOLEAYPY BbIYUTAHUA JIUHEAHOIO 110 MOJIIO YJeHa C IOCJCIYIOIINM €ro BOC-
cranoBjenueM. Takum oOpa3oM, KOPPEKTHOE BbIpayKeHue I WHTYIIMPOBAHHOI
[10JIEM YaCTU aMILIUTY/bI JIOJIZKHO UMETh BUJT

AM=(M-M| - B%—/\g + MW, (3.33)
B=0 B=0

rJle BbIpaxKeHne B CKoOKax cBOOOJHO oT aHomamu Ajiepa. Cxema BOCCTaAHOB-
JIeHHsT [PABIJIBHOTO JinHelHoro no noso wiena M) ompenensercs koHKperT-
HBIM THIIOM IIPOIECCa, B 3aBUCHUMOCTU OT IIPOUCXOXKIEHUSI TPEYTroJIbHON aHo-
Masun. IIpuMep BoccTaHOBJIEHNST JIMHEHHOIO WIeHa JIJIT BEKTOP—aKCHAJILHOI
qaCTH aMILTUTY/IBI IPOIECCa TOPMO3HOTO (YE€PEHKOBCKOTO) W3JIydeHHsT (HOTO-
Ha IIPU PACIpOCTPAHEHNN HEHTPUHO B CHJILHOM BHEITHEM MATHUTHOM IIOJIE,
v — v+ [89,90|, npusejien jasee B pasi. 6.1. B jaHHoM citydae MponcxozxK ieHue
TPEYroJIbHOI aHOMAJINK CBSA3AHO C IIEPEXOJ0M K JIOKAJILHOMY IIpejiesty Ca1aboro
B3alMOJICIICTBUSI.

3.3.2. CkpelrneHHoe mnoJie

Ammuryny nepexona j — j' ISl cliydasl CKPELIEeHHOIO I0JIsi MOXKHO II0-
JIYUUTD, BBIIOJIHAA IIPUBEJIEHHBIE B IIPEJbLIYIIEM I0APa3/ese BblUYUCJIeHUs, HO
C HUCIOJIb30BaHWEM IIporiaratopa (pepMHOHa B CKPENIEHHOM II0Jie, CM. (DOpMY-

ay (2.61).
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Nuaynuposantbie mosieM aMiymTyiabl AM,,, (n,n’ = V, A) moxHO mpej-

CTaBUTH B cJejytonieii popme.
BekTop-BeKTOpHAsT aMILIATY/IA:

(fE)(f"F) (fF)(f*F)
A(qF Fq) Y+ A(qF Fq) W

(qFF fq)(qFF f™q)

AMyy = 472 [

Yol .34
¢*(qF Fq)? VV] 334
(1) / 1 4 1/3 df(z) 1 —u? 1

Y = — — 2 2/3 2 o 2
ey /du_6mx T (34 u?) . ¢ fl(zc)_,
0
o [ $NP L Afe) gl T
v L9 93 2
vv /d“_:smx ) BT T fl(‘r)_’
1
Vi = %/ (1= u) fi(x),
0
rJie MCIOJIb30BaHbl 0003HaYCHI
2 _ e*(qFFq)
X = TR
A 2/3 q2
- (= 1 - 12
= () (o).
f(x) — dynkunsa Xapan — Crokca,
f(z) = 1/dte o+ (3.35)

0
fl(x) — /% —i( tcc—!— e—itx) —
0

T

2 17

= )dz + 1 —13 —
/f z+na:+3n +37E+3

0
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ILJIH OCTaJIbHBIX aMIIJINTYI II0JIydYaeM

AMyy =

1,2
i

3
Y

1
)
2
¥,

3
Y

1
o/
m2X2/3
0

T VA

1 [(GaFQ)(G5F) ) (GaFq)(G5Fq) 2
AA Yya+
4 (¢F'Fq) (¢FFq)
2(jAFijf) (3)
_ 3.36
(¢FFq) 4 (3.36)
JaF'Fq)(5%5a) + GXFFQ)(GAD) (4) | 1. vy s (5)
Yaia+ Ga0)(Ga)Y a4l
1
= ¥ -2 [ duno)
0
1
m? 4 1/3 df(x)
— [ aula™ 222
/u[ q2mx 1 —wu? dz T
0
1_ 2
+ <2m2—q2 2u )fl(x)}
1 1 9
— —/du (277712—q2 —2u )fl(x),
0
! 2
1—u
0
e (fE)(3FFq) ) (jZFQ)(QfFFQ)Y(2)+
An? | 2(qFFq) VA PqFFq) V4
(FE)(559) 3
TQAYV(X , (3.37)

2

1 2/3 S

U1,
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Ormernm, aro B amiaTyae AMy 4, BOOOIIE TOBOPsI, COAEPIKUTCS HEOIPE-
JIeJIEHHOCTD, CBsA3aHHas ¢ aHomaJsmeil Ajyiepa. Ilponenypa yerpanenust 3roii
HEOIPEJIeJIEHHOCTH olicana Bbime B (3.33).

[losrygyennble BbIpayKeHHsT [JIsl aMIUIATYJ B CKPEHIEHHOM I0JIeé MOTYT TaK-
K€ HCII0JIL30BATLC JIJIsl IPOBEPKU [PABUILHOCTU DOJIee TPOMO3IKOI0 PacuéTa, B
MArHUTHOM 110J1e. Ken B aMILIUTy1ax, BOIYUCIEHHBIX B IIPEIbLAYIIEM HOApa3ie-
JIe, CJIeJIaTh PEEJIbHBIN IIepexol, yeTpeMIdsd nHBapuanT [ K HyJII0 U COXPaHsis
KoHeuHOIT Besuuny 3¢,3 = €Fj,3, U3 HUX MOMKHO HOJIyYUTb COOTBETCTBYIOIINE
AMIIJINTYObI B CKPEIICHHOM IIOJIE.

[ToCKOIbKY UCIOIB30BAINCH TOUHBIE PelleHnst ypapuenust Jupaka, BIusHIe
BHEIITHEr0 3JeKTPOMATHUTHOIO IOJIsT YITEHO TOYHO, YTO IPUIAET IOJIyIeHHO-
My B JIAHHOI paboTe BBIPAXKEHUIO JJId AMIUIUTYALL JOCTATOYHYIO OOIIHOCTL U
[IO3BOJISAET IMINPOKO IMPUMEHATH [TOJIYUEeHHbIE PE3Y/IbTATEI IIPU aHAIIN3e Pa3HO00-
PasHBLIX (PU3NYECKUX BEJIMYNH U [IPOLECCOB B MAIHUTHOM U CKPEIIECHHOM 110J1e. B
YACTHOCTH, JUATOHAJILHDBIE 10 000OMIEHHEIM TOKaM aMILIATY AL AMyy, AM gy,
C TOYHOCTLIO 0 MHO}KI/ITGHGVI7 COBIIaJal0T C MHAYIMPOBaAHHbBIMMW BHEIIHUM IIO-
JIeM BKJIaJaMU B MACCOBBIE OIIEPATOPLI COOTBETCTBYIOUINX IOJIEH. AMILINTYILI
AMyy n AMy 4, nociie yxke YIOMSIHYTOTO aKKypaTHOTO OOpallleHusi ¢ Tpe-
YIOJILHO# aHOMaJIeil, ONUCHIBAIOT aMILIATYLY [POLEcca IV — 7.

3.4. llonspu3anmoHHBIT onepaTop (pOTOHA B ILJIA3-
Me

[Ipu onmcanmy 3/1eKTPOMArHUTHBIX IIPOIECCOB B ILIa3Me ¢ YIaCTHEM BUPTY-
aJibHOrO hoToHA HEOOXOMMO nciosb3oBanne dhoronnoro npomnararopa Gos(Q)
C YIETOM TOJIAPU3AINOHHBIX 3(PPeKToB Mm1a3Mbl. Mbl TpuMenseMm 371ech, Kak
Hanbosiee PU3MIECKU TTPO3PATHBI, PAMOI cr1ocod ydéra 3TuX 3¢Pp(OEKTOoB IIy-
TéM cymMmmupoBaHus juarpamm DeitaMana Jist paccesinusi (poToHA (ILIa3MOHA)
BIIEpPE]] HA JACTUIIAX IJIa3Mbl. DTO CYMMHUPOBaHNe BeIET K ypaBHennio Jlaiicona,
1 B pe3yJibTare B TOit 06J/1acTu, T/1e HOJIsIpU3allOHHbBI oiepaTop (DOTOHA sIBJISETCST
BEIIeCTBEHHBIM, JIjist Iiporiaratopa umveeM [169]

i Do i pes (¢
GM@:éfg+éﬁ$, (3.38)

rae @ = (qo, q) — uepemasaeMplit 4-umiyisc, [, — cobeTBenmble 3HAMEHNS 110-

Jigpusaliontoro oneparopa gorona Il,g a1 nonepedHoro u HpooJILHOIO I11a3-
MOHOB,

g = =1L pag(t) — ILe pap(l) (3.39)
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pap(t,{) — COOTBETCTBYIOIINE MATPHILBI [JIOTHOCTH:

o L.L
pozﬁ(t) = - (gaﬁ - QQ?ﬁ - L25) ) (3.40)
L.L
pas(l) = 55", (3.41)
Lo = Qu(u@Q) —uaQ*, (3.42)

Uq — 4-BEKTOP CKOPOCTHU ILIa3Mbl. MaTpHIlb! INIOTHOCTH pag(A) ¢ A = ¢, ¢ obiia-
JIAIOT CBOHCTBAMU MPOEKIIMOHHBIX OIIEPATOPOB:

Pau(N) Pi5(A") = =dxv pas(N) - (3.43)

B obusactu, rje cobersennble 3nadenus I, , Tensopa nosspusanun GoToHOB
1puodpeTaT MHUMbBIE YaCcTHU, OyjIeM 3alluChbiBaTh UX B BU/IE

IIy=Ry+il,, (344)

raie Ry m [y, — JjelicTBUTe/NIbHas 1 MHUMas JacTH, COACPrKaIlie BKJIAIbI BCEX
KOMIIOHEHT aKTUBHOI cpeabl. Jlyia u3Bjeyenna MHUMBIX dacreil [; o Oyzner gocra-
TOYHO IIPOBECTH aHAJUTUYECKOE ITPOJIOJIZKEHNE ¢y — (o + 1€, COOTBETCTBYIOIIEE
3al1a3/IbIBAIONIEMY II0JISIPU3AIIMOHHOMY olleparopy. BKiiajbl OT/IeIbHBIX KOMIIO-
HEHT TIA3MbI (3JIEKTPOHOB, IPOTOHOB U T. JI.) CYMMUPYIOTCSI:

Rie=R)+R"+..., Ly=I19+I"+.... (3.45)

PaccmarpuBast B KauecTBe aKTUBHO CpeJibl s1/IpO CBEPXHOBOI, 3aMeTUM, 4TO
OCHOBHOIT BKJIaJI B 3JIEKTPOCIa0bIe IIPOIECCHI 3/1eCh AT paccessHue Ha 3JIeKTPO-
HaX U IIPOTOHaX I1a3Mbl. [lenecoobpasno paccMoTpeTh BHada e OOIMnii ciydai
BKJIa/1a B IOJISIPU3AIIMOHHBIN orepaTrop (poTOHA OT KOMIIOHEHTHI ILJIa3Mbl, COCTO-
SIeil U3 3apsizKeHHbIX (PePMUOHOB, a 3aTeM IIOJYyUUTh U3 OOMINX BhIPayKeHMi
YaCTHBIE CJIydal BKJIAJIOB IIPOTOHOB U 9JIEKTPOHOB.

Oobi1iee BbIparkeHUe I BKJIaJIa 3apsizKEHHOI'0 (DEPMIOHA, B MOJISTPU3AIIOH-
HbIii oneparop GoToHa uMeer BuJ, cM. Harnpumep [170]:

(@) = 167 [ 2o [£r(P) + fr(P)] »

(PQ)*gap + Q*PaPs — (PQ)(PaQp + QuFp)
(PQ)* —(Q%)?%/4 ’

X

(3.46)
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e P* = (E,P), &€ = /P?+m%, mp — sdbdextunnas macca Gepmnona

B ILJIa3Me,

1 1
Ie(P) = w1 770 = o

(3.47)

ecTb (pYHKIINU pacrpe/iesieHns (hepMUOHOB U aHTH(MEPMUOHOB, N — XUMHIIe-
CKUil moTeHIuma I (PepMUOHOB, OTHECEHHBIN K TeMIlepaType.

[Ipu aHajm3e HPOTOHHOIO BKJaJa B IHOJSIPU3AIMOHHBIN orepaTrop (hoToHa
CJeyeT y4IecTh, YTO B MHTEPECYIONINX HAC acTPOPU3MICCKUX YCJIOBHUIX BKJIA/I
AHTUIIPOTOHOB MTPeHeOpe:kuMo MaJj. B pe3yibrare i JIefCTBUTETBHBIX U MHU-
MBIX YacTeil IMPOTOHHOIO BKJIaJa B COOCTBEHHBIE 3HAUEHUS IOJISPU3AIIOHHOTO
oreparopa (GoToHa, Mepexojisd B cucreMy MoKos miasmbl 4 = (1,0) u yaursi-
Basgl, 4TO B MHTEPeCYIONNX HAC yCaoBuax |Q? < mg, MOXKHO II0JIY YU Th:

= 2
(») 4oy dp P2 9 :U(l—:z:)l T+ v
- 3.48
Ry T Eup/T_|_1) v 2v nx—v | )
0
» _ 2 dpPP o my|z|
LV = —2ax(1—2%) / T Pmm_—m, (3.49)
Pmin

1 — g2 T r+v
14— ——1 3.50
8 ( TR E nx—v)’ (3:50)
-1
(r) _ () 2 m Hp
Igp — —2[tp +2ampx[exp <CZ_1\/1—p_7$2 T>+1] ) (351)

rIe [t — XUMHYECKHil HOTeHIuaT TpoToHos, v = P/E, & = | /P* +m2, m;, —

s dexTuBHAs Macca, IIPOTOHA B ILIA3Me, 3aBUCAIIAS OT KOHIICHTPALN IPOTOHOB
N, (cm., nanpumep, [1], c¢. 152). 3ech Mbl BB 6e3pa3sMepHbIil HapaMeTp T =
Jo/q, KOTODbIil B KaHaJIe paccesiHrsi OrpaHndeH ycjopueMm: |z| < 1.

XUMIYECKHil OTEHINAN IPOTOHOB [i, MOYKET ObITh OLPEJIEIEH N3 YCJIOBHS
9JIEKTPOHEHTPAILHOCTH IIA3MbI, KOTOPOE MOXKHO, penebperast BKIaJ0M HOHOB
(cM. HUZKe), 3alUCaTh B BUJIE:

W1 [ dpp?
2 e(g_ﬂp)/T +1 '

(3.52)
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Yucsrennnlit ananns ypasHenus (3.52) IIOKa3bIBAET, 9TO PA3HOCTD i, — My, (TaK
HA3bIBAEMBIN HEPEJSITUBUCTCKUH XUMUYECKHUi MOTEHIA MTPOTOHOB) MOJJIOXKHI-
TeabHa 1pu Temmeparypax 1 ~ 30-60 MsB, npumuém Toro ke nopsijika BeJin-
YUHBI, YTO W TeMIlepaTypa. Takmm oOpa3oM, B YCIOBUAX sJIpa CBEPXHOBOI Kak
npubJIMZKEeHNEe BhIPOXKJICHHOIO (hepMu-ra3a, TakK U HpUOJIMZKEeHNne KJIacCHIecKo-
ro OOJILIIMAHOBCKOI'O Traza, BOOOIE IOBOps, MaJjo MPUMEHUMBI JJIs TTPOTOHOB.
O/ 1HaKO MBI IIPOBEPUJIN TIPSIMBIM BBIUNCICHUEM, UTO HaOJII0IaeMble BEJIUINHBI,
TaKne, KaK CBETUMOCTDL, OKA3bIBAIOTCS MaJI0UyBCTBUTE/IHLHBIME 110 OTHOIIEHUIO K
BBIOODPY NPUOJINKEHUS /IS PACIpe/ieJIeHns TPOTOHOB.

B ycoBusix sijipa ¢CBEpXHOBOI MOXKHO € XOPOIIeil TOYHOCTBIO paccMaTpUBATh
9JEKTPOHHYIO (PPAKITIIO KAK IIJIOTHYIO PEIITUBUCTCKYIO BBIPOXKJICHHYIO TLIa3MYy
(e > T > m,). JleiicTBUTEIBHO, 110 COBPEMEHHBIM IPEJICTABICHUSIM, B siJi-
pe CBEPXHOBOU XMUMHUYECKUIl TTOTEHINAJ 3JEKTPOHOB JlocTuraeT 3nadenunit 200
250 MsB, B To Bpemsa kak Temnepatypa ~ 20-25 M»sB. IIpu stux yciaoBusx Be-
IeCTBeHHAas 1 MHUMAs JacT (3.45) 97IeKTPOHHBIX BKJIAI0B B (DYHKIIUH OJISIPU-
3aruu (pOTOHA MOTYT OBITH TIOJTy9€HbI U3 BhIpakeHust (3.46) 3amenoit ng — pe /T
1 IpeJie/IbHBIM IlepexojioM mpg = m, — 0, 7" — 0, B Buje:

x(l—x2) 1+

R = m?|a?+ s | — || (3.53)
¢ T

119 = —gmia(1-a?). (3.54)
() 9 T 14+

R = 2m}(1—2?) 1—§ln1_x : (3.55)

Iée) = Wmix (1-27), (3.56)

rjie m. — TaK HasblBaeMas TepMaJibHasd Macca (poToHa

2
m2 ~ 22 [’ . (3.57)

-
Ha puc. 3.4, 3.5, 3.6 m 3.7 nipecTaBIenbl /i WIIIOCTPAINHI JIEKTPOHHBII
1 IIPOTOHHBI BKJIaJIbl B coOcTBennble 3Hadenus Iy Ji1g npoJosbHbIX U Hole-
PEUHBIX TJIa3MOHOB IpHU TeMmileparype 1" = 25 MsB n xumndeckoM moreHnnale
9J1EKTPOHOB 1, = 250 M»sB. BaxknocTb y4éra nmpoToHHOIO BKJIa/la OUEBHUTHA.
Bwmecre ¢ seKTpoHaMHl 1 IPOTOHAMM B ILIa3Me TaK:Ke MOXKeT ITPHUCYTCTBO-
BaTh B 00IIEM CJIydae W HEKOTOPasi J0Jisl CBOOOIHBIX MOHOB Y;. ITa, JI0JIsI MOYXKET
¢ XOpoIeil TOYHOCTBIO CUNTATbCs KJIACCUUECKHM raszoM bosbimana. leficrBu-

TEJIbHad 1 MHHUMasd 9aCTU COOTBETCTBYIOIIUX ITOJIAPU3allMOHHDBIX Cl)YHKU;I/IfI JLJIA
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[ T /’I\\' T
L / \\
/
1000} LN :
I / \
L | S
< 500} fI :
= - /
~— L ! \
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% [ , \
N~— .
X0 O '-‘.*.»—;’\ \ P
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Puc. 3.4. Bkyas 91eKTpOHOB (IMyHKTHPHAST JIMHISI) 1 BKJIAJI IPOTOHOB (IIITPIXO-
Bast JII/IHI/IH) JIs1 refictBuTesibHOI dacTu 1.

1000 f = ]
o500 :
<P [ /- P ERRRREEIN
g [ //-" \
= OETT R
=~ L e .- /

—500 ]

\\ /l
—1000F N ]
—1 ~0.5 0 05 1

Puc. 3.5. Bkita i 971eKTpoHOB (IIyHKTHPHAST JIMHUS) U BKJIaJl IPOTOHOB (IITPIXO-
Bast JinHUs) Jij1st MHIMOi qactu [,

IIPOAOJILHOI'O IIJIa3MOHa MMEIOT BU/I:

1 ZZQTLZ T
! = ame oo ()]

(3.59)
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300 ™ e
250 F | A
<200 f " P

| R .

) ~0.5 0 < 05 1

Puc. 3.6. Bkiag snekrponon (HyHKTI/IpHaH JII/IHI/ISI> 1 BKJIQJ[ IIPOTOHOB (LHTpI/IXO-
Bas JII/IHI/IH) T JeiicrBuTesnbHoil yactu I1;.

250F | A
< 200 | 2 . :
= R ; z
=150 8 | ; :
z N : 5
CE 100 ZoT ‘.“\ /’/.—'\ ~ '
50 NN /,’f,, 2 ]

[ BN /.
O T L L JO P SR |

a

Puc. 3.7. Bxia 91eKTpoHOB (IMyHKTHDHAS JIMHIS) ¥ BKJIAJL IPOTOHOB (IIITPIXO-
Bag JIMHU) 1 MEIMOfi gactn [1;.

i

Kaxk Buino ns3 ypasuennsa (3.58 ukimdg (@) MOZKEeT 3aMETHO OTJINYAThLCH
) ‘

OT HYJIA TOJILKO B Y3KOM HMHTEpBaJie 3HaYeHUIi IIepeMeHHOl & = ¢ / ¢, & IMEHHO,

r Sz~ A/T/m; < 1.
; i i
C npyroit cTopoHbl, PyHKIINN Rt( )i ]t( ) JIJIsT TIONIEPEYHOrO T1JIa3MOHa UMEIOT
HOPSAJIOK BeJIMYUHbL v Z2 M; /My, TaK 4TO OHU HOJIaBJeHbl 60JIBIION Maccoil HoHa

B 3HaMeHarese. [Io9ToMy CyIecTBeHHBIM MOYKET ObITh TOJIBKO BKJIAJ PACCESHUST
HEITPUHO HA CBOOOJHBIX MOHAX UepPe3 MPOJIOJIbHBII mIa3MoH (A = /).

Bkuiaj1 moroB (3.58) Gy/eT BXOUTH B JIOOBIE HADJIIOIaeMbIE XapaKTEePUCTUKI
co MHOKUTeNIeM Z2 Y;, 1 OH NpeHeGpe:KIMO MaJl B YCJIOBUSIX sjIpa CBEPXHOBOII,
B cuty Majioctu Y;. OJHaAKO OH MOXKeT OBIThb CYIIECTBEHHBIM B 00OJIOUKE sijipa
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CBEPXHOBOII, KOTOpasi, KaK IPEeJIIoIaraeTcs, MOKeT ObITh HACHIIIEHA MeTaJ lJIaMu
IPYIIIBI 2KeJie3a.

3.5. MaccosBblii oriepaTop 3JeKTpOoHa B CHUJIbBHOM
MATrHUTHOM IIOJIe

UccnenoBanme acHMITOTHIECKIX CBONCTB AuarpaMM U OIEpaTOPOB KBAHTO-
BOIl 9JIEKTPOJIMHAMUKK B CBEPXCUJILHBIX MarHUTHBIX 101X, B > B,, upejcras-
JIseT IPUHINITHAJIBHBIN HHTEPeC KaK ¢ TOUKH 3PEHNUA BbIsICHCHUS IPaHUIL ITPHMe-
HUMOCTH T€OPUN BO3MYIIEHUIl, TaK U B CBETE BO3MOYKHBIX ITPUMEHEHNIT B aCTPO-
dusuke n Kocmosiorun panHeit Beenennoit. MceiaenoBanust Takoro pojia BeLyTcs
pPas3sHbIMI aBTOPaMU JOCTATOYHO JABHO, TaK, NCTOPHUS BBIYNCJIEHUS MacCOBOTO
orepaTopa JEKTPOHA B CHJILHOM MAIUHHUTHOM I10JI€ HACUUTBIBAET yxKe Oojee H0
qet, cM. Hampumep [129-134|. BaxknocTh mostydeHusi TOYHOTO BBIPAZKEHUsT JIJIsT
MaCCOBOT'O OIIePaTOPa JIEKTPOHA BO BHEIIHEM II0JI€ IIPOsiIBIUJIACH, B YaCTHOCTH,
IIpU HMCCIETOBAHNN BO3MOYKHOCTH JIUHAMIYECKON IeHepaliil MacChl 3JEKTPOHA
B paMKax KBaHTOBOIl 3/IeKTPOJAMHAMUKN B MAIHUTHOM II0JIe, HA3bIBAEMOIl JTIHA~
MUYECKIM HapylleHneM KHUPaJbHOI CUMMETPHUH. DTO HallpaBJ/ieHle UHTEeHCUBHO
pasBUBAETCS B JINTEPATYPE B MOCIeIHEee BpeMst, cM., Hampumep [136-143]. TIpe-
[I0JIAraeTCsl, YTO CIEeHapUil JUHAMIYECKOIO HapyIIeHUd KUpaJbHOI CUMMETPUN
MOI' UMETh MECTO Ha CTaJUu 3JIEKTpocadoro ¢gpa3oBoro nepexojia B panHeii Bee-
JICHHOII.

3.5.1. /IBaxkapl jJorapudmMudeckas aCUMITOTUKA

OjiHotIeT/IeBOM BKJI [ B MACCOBBIIl ollepaTop 3JeKTPOHa B CHJILHOM MarHUT-
HOM 110J1e 61T Tostyder B pabore [130] B mpubimzKeHnn rJIaBHBIX JIOTapuGMOB B
BIjIE

B
MY =my (1+ 2w

3.60
4m mg (3.60)

rJe Mg — Macca 3JEeKTPOHA B OTCYTCTBUE IOJIS.

[TponrocTpupyeM TPOUCKOXKJICHNE JIBAXKJIBl JIOrapu@MITIECKOro IMoBejIe-
Hus. B KBAHTOBOI 9/7IEKTPOJIMHAMUKE B BAaKyyMe MaCCOBBIIl o1lepaTop 3JIeKTPOHA
AM (p) onpenensiercst u3 ypasHenusi JlaiicoHa B UMITYJTbCHOM TIPEJICTAB/IEHIN:

S(p) = S(p) —1S(p) AM(p) S(p), (3.61)
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Puc. 3.8. Inarpamma @eftnmana J11s1 orrpeieieHus OHOIIeTIEBOr0 BKIa a B Mac-
COBBIIT OIIEPATOP JIEKTPOHA B JIBAXKIbI JOrapudMUIecKoil acuMIToTnKe. JBoii-
Hble JIMHUU COOTBETCTBYIOT IIpoIararopaM 3JEeKTPOHa BO BHEITHEM MarHUTHOM
1oJIe.

riae S(p) — “roserit” mpomaraTop 3seKTpoHa (6e3 yuéra pajMaliOHHBIX TTOMPa-
BOK) B HMITYJIbCHOM MpejicTaBiennn, S(p) — “ofersiit”’ mpomaratop (co Bcemu
paJironpaBKamin ). B MArHUTHOM 110J1e, B CUJTY TPAHCISAIMOHHO HeMHBAPHAHTHO-
cru nporararopa S(x,y), dopmyna (2.1), mepexoj; B UMILYJIbCHOE TIPOCTPAHCTBO
TpedyeT akKypaTHOCTH. “TOJbIil” mporaraTop 9/eKTpPoHa, HO Y»Ke B MArHUTHOM
1oJie, OTPEJIETISAeTCs B MPUOIMKEHIN CIIILHOTO 1101st hopmystamu (2.1), (2.60).
“OpeTslil” mpomaraTop B MArHITHOM 1oJie, ST, B KOOpIMHATHOM Ipe/ICTaBJICHHAN

OIIpeneJIAeTCA, KaK 1 B BaKyyMe, BbIpazK€CHNEM

(0 (T (2)¥(y)S) |0)
(0510) ’

SF(z,y) = (3.62)

pUYeM Kak 371eCh, Tak 1 B S - MaTpHIle:
S =Texp (ie/(\flfl\lf)d‘lx) (3.63)

U(z) ecTh TOUHOE perenne ypaBaenus Jlupaka B MArHUTHOM TIOJI€.
B ognoneriesom npubmzkennu nporaratop (3.62) nzobpazkaercs uarpam-
Mamu Deifinmana Ha puc. 3.8 U IMeeT BU/I

SFW(z,y) = SF(z,y)+ (ie)? / 2y dizy
x  SE(z, 207" ST (21, 22)7" S (22, ) Dy (21 — 22),  (3.64)

rae D, (21 — z2) — nponararop ¢dboToHa.
CyMMa TpaHCISIMOHHO ¥ KaJUOPOBOYHO HEMHBAPUAHTHBLIX (a3 IporaraTo-
pos ST mon unterpasnom B (3.64) MozkeT OBLITH IpejcTaBIeHa B hopMe:

D(z, 21) + (21, 22) + B(22,9) = Qo + (w0, y), (3.65)
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rine g — TPaAHCSIMOHHO M KaJnOpPOBOYHO MHBApHMAHTHAS YaCTh CyMMAaPHOI
daszmr:

O = D(z, 21) + P(21, 22) + P(22,9) + P(y, ). (3.66)

DTO 1O03BOJIsIET IPEJCTABUTH “0JIeThII MpoIaraTop B BUJE, aHAJOITIHOM (Op-
mysie (2.1) mst “rosioro” mporaraTopa:

SFW(z,y) = (T Y) §F W (5 _ ). (3.67)

Ucnonbsyst dopmyay (2.18), mosrydaem:

e
v

(I)D = —§<£IJ — Zg)uFu (Zl — y),,. (368)

Boimosiasist B (3.64) TexHUUECKN HEC/IOXKHBIE, HO TPOMO3/IKIE HHTEIPUPOBa-

HUS 110 TPOCTPAHCTBEHHO-BPEMEHHBIM IIEPEMEHHBIM 21, 22, MOXKHO YBUJIEThH, YTO

yI00HO BBECTHU “TIPOJOJIbHBIC YacTu (Qypbe-00pa3oB Jjisd “ToJI0ro” mporaraTopa

B cusbioM nosie ST(X) B Bujie

~ eB eBX? d?p i
56 = 57 o (<5) [ gapston o0 6o
. (py)) + mo
SP(py) =i A0 (3.70)
| &Il pﬁ — m%
1, 110 AHAJIOTHH ¢ HIM, J11s1 “ozieroro” mponararopa ST (z — 1),
~ eB eBX? d’p ra i
ST =5, e (_ 4 L) / 2m? Dipyp e 3.7

F(1
[Ipu sTom g omeparopa SH ( )(p”) MOKHO 3allicaTh BbIpayKeHue, aHaJormy-

HOoe ypaBHeHnio (3.61), ¢ y96TOM OJTHONET/IEBOTO MPHUOJNKEHNUSI, 9TO MO3BOJIHAT
OIIPE/IEINTh MACCOBBIIM OIlepaToOp JIEKTPOHA B CUJILHOM MArHUTHOM IIOJIE:

F (1 = LA =
S, Dipy) = 8 (py) =157 (o) AMD () S (). (3.72)
B pGSyﬂbTaTe OﬂHOHeTHeBOﬁ BKJIa/ B Maccy QJIEKTPOHA HOﬂquM B BUJIEC:
ite} k2 /2¢
AMY = — 5 T / A%k e FL/2¢B

X / ) (3.73)
[(k — p)f — mi](kf — k)

2.2
D =mg




76 I'maBa 3. /lucriepcust qacTui] BO BHeIIHeH aKTUBHOI cpeJie

Puc. 3.9. duarpamma Tuna “pajyra’.

Cogeprriast B uaTerpaje (3.73) B miockoctn kg BUKOBCKHIT TTOBOpOT ko = ik, mpn
9TOM

2 72 2 _ 72

ki =—ky — ks =—k

K

U y49UTbIBad, 9TO OCHOBHOIA BKJIaJ B UHTErpaJl IIPOUCXOAUT OT obsiacTu

k1> ki > mg,

HOJTy 4aeM
. 2o
dk? dki
AM(l):gmo/—Le_kL/%B /~—| (3.74)
2T : k3 : kﬁ
mg mg

BujiHo, 4TO pe3y/ibTaT COJMEPXKUT KBaJpaT Jiorapudma 1 COBIAIAET CO BTOPHIM
ciaraeMbiM bopmyiibt (3.60).

B paborax Jlockyroa u Ckobesesa [131,132] ObLta mpe/ipuHsiTa MOMBIT-
Ka BBIUHUCJIUTH JIBYXIIETJIEBOI BKJIQJ, & 3aTeM U IIPOCYMMHUPOBATH BCE MHOIO-
MeTIeBble BKJIABI B TOM K€ JIBaXKJIbI JorapudgMuIecKoM mpubikennn. boiia
HCIO/Ib30BaHa pa3padboTaHHas aBTOpaMm BecbMa 3PdeKTUBHAS TEXHUKA “JIBY-
MEPHOIT 3JTEKTPOJIMHAMIKI B CUJILHOM MArHUTHOM TIOJIE U TTOKA3aHO0, UTO JIN/IN-
pyIOIuii BKJ1a/[ B MacCOBBII olepaTop MPOUCXOUT OT JIMarpaMM THUIIa “‘pajyra’
cM. puc. 3.9.

Pesyiibrar cymMMupoBaHusI 110 BCEM IOPSIIKAM TEOPUH BO3MYIIEHUI ObLI 110-
Jyden B pabore [132] B Bujie 9KCIOHEHTHI:

2

B
Mys = mg exp <% In? %) . (3.75)
0

Onnako B pabore ['yewinuna u Cyuru [134] cymMmMupoBaHie o BceM MOPsIIKaM
TEOPUH BO3MYIIEHNIT OBLJIO MPOJIeIaHO 3aHOBO, C JIPYTUM PE3YILTATOM:

a eB
Moo = — In— . 3.76
as mo/cos (”277 nm%> ( )
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OueBUJIHO, YTO 3/I€Ch TaKKe COOPAHbI JIBAXK /bl JJOrapuMIUecKine BKIaJIbl, M0-
CKOJIbKY [apaMeTpoM pas/iozkeHus cos T apjgercd 22, [Ipu aToM nepsble ujeHbl
pasJiozkenust obenx dbopmyit, (3.75) u (3.76), B psiji 110 (v BOCIIPOUZBOJISIT OJIHOIIET-
neBoit pesysbrar (3.60) padorsr [130]. Pasimane mpostBiisiercst Ha JIBYXIIETIICBOM
VPOBHE, IJle COOTBETCTBYIOIINE BTl 13 dhopmyst (3.75) u (3.76) umeror Bu

2
(2) o ]_ (8] 4 €B
AMLS = My 3—2 p ln W’ (377)
2
2 5 « s eB
AMGS = my % p In H(Q) (378)

C TOYKHM 3peHust MaTeMATUKH, B paMKaX HCIIOJIb30BAHHOINO TEMU U JIDYTUME aB-
TOpaMU TIPUOJITMYKEH T, Mbl TTOITBEP K 1aeM pe3yibrar (3.78).

3.5.2. OguosiorapudmMmieckass acCHUMIITOTUKA MaCCOBOIO
oriepaTropa

Ormernm, 910 hopmyiibl (3.60) u (3.78) umeroT orpaHudeHHy0 001aCTh TPU-
MEHUMOCTH, TTOCKOJIbKY OHU IOJIyYeHbl 6e3 yuéra BJIUSHUS CUJILHOIO IOJIsT Ha,
HOJIPU3ALMOHHBIN OllepaTop BUPTYaabHOro poToHa. Kak ObLIO, TO-BHIIMOMY,
BIIEPBbIE T0Ka3aHO B pabore [133], ¢ yuéroM moJsipu3aIiOHHbIX CBOHCTB (HOTO-
Ha B CHJIBHOM II0JI€ JIBaXKJbI JIorapudMuieckas acUMIITOTUKA ITPUMEHIMAa IIPU
B < B./a. Ilpu 66/bInx 3HaYeHUSAX BeJIMIUHBL 10151 (OTOH Tpnobperaet -

2 _
dbexrusnyio maccy, m; = (2a/7)eB. Bosspamasch k dopmyiie (3.73), MbI 107K~
HbI 3aMEHHUTD BbIpakenue k2 = k:ﬁ — ki B 3HaMeHaTeJse, IMPONCXOo/isinee OT IIPo-

naraTopa 6e3maccoBoro hoToHa, Ha BhlpaykeHne k? — m?y, YTO NPUHITUITUAIHHO

MeHsieT OTBET, & UMEHHO, B OJHOM U3 JBYX JIorapudMOB Macca 3JIEKTPOHA 3aMe-
HsieTcsd Ha “‘Maccy (poToHa’, IPU 3TOM

ln(eB/m%) ~In(1/a).

Taxknum 0OpazoM, pocT € TOJIEM OJTHOTO U3 JJOTapuMOB OCTAHABINBAETCS, TAK UTO
3aBUCUMOCTH MaCCOBOT'O OTePATOPa JEKTPOHA OT TOJIsI CTAHOBUTCS HE JIBAYK/IbI,
a OJIHOJIOraPUPMITIECKOI:

B
AMY = m, @ (ln T 7E> In <2 (3.79)
o m

27
2 G

rjie v = 0.577... — nocrosinHast Jiiyiepa.
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3.5.3. BkJaaa Bbicuiux ypoBHeli JlaHay

Biiusinue MarHuTHOIO 1OJIsI Ha, HOJISIPU3AIMOHHBIC CBOCTBA (DOTOHA CJIeyeT
yaecTb bosee Jeranbho. Kak nokazan A.E. [Mabas, cm., wanpumep, [80] u mu-
TUPOBAHHLIE TaM OoJiee paHHue paboThl, B MAIHUTHOM I10J1¢ IponaraTop poToHa
MOZKET OBLITH JIMArOHAJIN30BAH B IIOAXOJIAIIEM Oasuce U IPEJICTABICH B BUJE

3 ] pMp(
Dy(k) =—1) EI (T (3.80)
A=1
re b,(j\) — cOOCTBEHHBIC BEKTOPHI MOJIAPU3AIlMOHHOrO onepaTopa ¢dorona II,,
b = (k) b = (K@), O = K2 (k) — ku (kpik),  (3.81)

a IIW — ero cobersennble 3madennsi. Kak M3BECTHO, B CIUIBHOM IOJIE, KOTLIA
9JICKTPOHBI, KaK peaJibHble, TaK U BUPTYaJbHbIC, 3aHUMAIOT OCHOBHOI ypPOBEHB
Jlamay, Bo BcexX mporieccax 3JIeKTPOoH - (POTOHHBIX B3AMMOJICHCTBII yIaCTBYIOT
TOJIbKO (POTOHBI ¢ ToJisipu3anueii A = 2 (B obosnavenusix Ajyiepa [164] — mo-
MePevHOIt). YUIuThiBasi TOT (DAKT, UTO Macca JEKTPOHA SABJSETCS (PU3NIECKOM
BEJINUNHOI 1, CJIEJIOBATEILHO, HE 3aBUCUT OT KAJINOPOBKM, YI0OHO BBIUUCISITH €€
B TaKoii KaJIMOPOBKe, IJle ponaratop (hoToHa 3TOH MOJIbI probpeTaeT Bu [133]

1

R

J1jist BBIYHC/ICHIST MACcCOBOIO OIEPATOPA JIEKTPOHA B TJIABHOM JIOTapHQMUTIe-
CKOM MTPUOJIMKEHIN JOCTATOYHO 3HATH MOJISIPU3AINOHHbIT orlepaTop (poToHA MO-
7Bl 2 B oHOIeTIeBoM mpnbsmkennn [80]:

DY)(k) = =i D(k1, k) N, D(KT k) = (3.82)

3%

2ay k2 ki Q eB
22 k2= -2 ¢B M Ve ) s 2 e mE (383
(KL, H) x 0 P\ T 2eB 4m? T3 nm% (3.83)

3/1ech mepBoe cjaraeMoe 00YCIOBJICHO BKJIAJ0M BUPTYAJIbLHBIX 3JIEKTPOHOB HA
OCHOBHOM ypoBHe Jlanjay, BTopoe cjaaraeMoe IPOUCXOJUT OT BBICIINX yPOBHEIl
Jlangay. @yuxiust H(z) onpenenena B (4.44). B unrepecytoreii Hac obiactu
3HAYCHNI ITapaMeTpoB \kﬁ\ > 4m3 nmeem H(z) ~ —1, m03TOMYy llepBoe cJiarae-

Moe B (3.83) mpuobperaer cMbICT KBaJIpaTa Macchl (DOTOHA m% = (2a/m)eB, un-
JYIUPOBAHHO MarHUTHBIM ojieM. C yaérom sToro, nojcrasisst (3.83) B (3.82),
st dynknun D(k?) nonydaem, [oMHOKast Ha o

«

k? — k2 (o/3m) In(eB/mg) —m2(a)

(3.84)

aD(k?) =
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oo oo

Puc. 3.10. /Inarpamma Tura “pajgyra’ ¢ yIETOM MOJIAPU3AINT BaKyyMa.

I3 Boipazkenust (3.84) BujHO, 9TO BKJIAJ] BBICIINX ypoBHEil Jlaumay mpuBoguT K
IIepEeHOPMHUPOBKE 3apsijia 3JIEKTPOHA B CHJILHOM MarHUTHOM I10JI€

Q
= . 3.85
=T (a/37) In(eB/m3) (3.85)
B pesysbrare Bbipazkenue (3.84) MoxkeT ObITH MPEJICTABIEHO B BHJIE
aD(k?) = & (3.86)

k? —mZ(ag)

Taxum 06pa3oM, B CHJIBHOM MarHUTHOM I10Jie¢ (DOTOH MOJIbI 2 IPOSIBJISIET Ce-
Os1, KAaK MaCCHBHBIII BEKTODPHBII O030H, B3aMMOJICHCTBYIONINN C 3JEKTPOHOM C
IIEPEHOPMUPOBAHHOI KOHCTAHTOM CBA3M (/R.

3.5.4. MHoromnetJieBoii BKJIa/l B MaCCOBBIII ollepaTop 3JeK-
TPOHAa

JIJist m-1IeT/IeBOTO BKJIaJIa B MacCCOBBIN OlEPATOp 3JIEKTPOHA B NPUOIHMKEHUN
IJIABHBIX JIOTapu@MOB, KOTOPOE OIIPeessieTcst JruarpaMMaMi THIIa “pajiyra’, HO
¢ YUETOM MOJISIpU3AINU BaKyyMa, ¢M. puc. 3.10, MbI Oy 911N

B n
AM™ = my [% (m T VE) In 6—2] . (3.87)
2m QR mg

OkoHuaTeIbHO, CYMMUPYsI BKJIAJIbI BCEX TOPSIIKOB, MOJIyYaeM MaCCOBbIil O11e-
paTop 9JEKTPOHA B CHJILHOM MArHUTHOM T10Jie B ciejytomieM Buje [135]

myg

M=1= (ag/27) In(m/ar) — ve] In(eB/m2)’

(3.88)
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OrmernM, 9TO Hallle Beipazkenue (3.88) ji/ist MaccoBOIO OllepaTopa 3JIeKTPOHA
B OJHOJI0rapudMUIECKO I10JIeBOI aCUMIITOTHKE OTJIMYAECTCS OT aHAJOTHIHOIO
pesyJibrara, MoJiydeHHoro B pabore [133|, KoTopbiii umeeT Buj

M = my exp o In—In—; ). (3.89)

C TOYHOCTBIO JIO TIEpBOro mHopsijKa 1o Hapamerpy «ln(eB/m3) pesyibra-
o1 (3.88) u (3.89) mourn cosnagaror! u cBosgATCa K Hameii dbopmyse (3.79).
Oj1HaKo yzKe Bo BTOpOM Hopsijike 110 a In(eB/m3) pesyabTaThl cyllecTBeHHO pas-
JIMYAIOTCH O JByM npudnHaMm. Bo-niepsbix, B pabote [133], mo-Buanmomy, morry-
meHa apudmMerndeckas OmmnOKa IIPU BbIYUCJIEHIN N-TIETIeBO JuarpaMMbl THIIA
“pajiyra’, 4TO MPUBEJIO K HEIPABUJILHOMY CYMMHUPOBAHUIO Psjia. Bo-BTOPBIX, aB-
Topbl |133] He ywin B BeICIUX ypoBHeit JlaHiay, KOTOPBI OKa3bIBACTCS CY-
IIECTBEHHBIM B JiorapudMuiecKoil acuMnroruke. [IpuHIunnajibHoe OTInIne Ha-
mmero pesysbrata (3.88) or pesyibrara (3.89) COCTOUT B TOM, UTO Macca 3JI€KTPO-
Ha, Kak GyHKIwsa nojsi, M(B), aBasgeTcs CUHTYIAPHOlN, TaK KAk 3HAMEHATEDb
BhIpazkeHus (3.88) MoxKeT 06pATUTHCSA B HOJIb. 3aMETUM, OJHAKO, ITO CHHTYJISP-
npiit xapaktep M (B) nposisisercs TOILKO B CBePXCUJILHOM moje B ~ 107
Ic.

HecmoTpst Ha TO, 4TO I0OJIe, B KOTOPOM Macca 3JIEKTPOHa obpaliajiach Obl
B OECKOHEYHOCTD, IO-BHJINMOMY, HE BCTpPEYAETCsl B IPHUPOJIE, aHAIN3 BOIPOCA
BayKeH C MPUHITUITHAJBHON TOYKHM 3PEHUs], TaK KaK SBJSIETCS CUTHAJIOM HOBOI
dusuku. Ho nccienoBanue sroro peHomena TpedyeT BbIXOJa 3a PaAMKH TEOPUN
Bo3MyIIeHnii 1o napamerpy (a/27) In(eB/m3).

3.6. CobcTBeHHO-IHEpPreTuYecKuii oneparop Heii-
TPUHO B ILJIa3Me

Bazkneimumm coObITHEM TTOCTETHUX JTCCATUICTHI B HEHTPUHHON (PUBNKe STB-
JISIeTCsT, HECOMHEHHO, pa3pelieHne 3arajKiu COJTHEUHBIX HEHTPUHO B YHUKAJIHHOM
9KCIIEPUMEHTE Ha TexKesoBogHOM JieTekTope Heftrpurnoit Obcepsaropun B Cajl-
6epu, Kanana [171-173|. [oxreepus kiodeByto mieo b. TTonrekopso o Heii-
TPUHHBIX OCImuIsusAX [174,175], 10T 9KCIepuMeHT, a TakKe SKCIEPUMEHTBI C
atMocdepubiMu [176-178| u peakropubiMu [179] HEATPUHO JTOKA3BIBAIOT TEM Ca-
MBIM HaJIM4YKMe MACChI ITOKOsI Y HEHTPUHO M CMEIIMBaHUS B JIEIITOHHOM CEKTOPE.
C Apyroit CTOPOHBI, IIPOIIECC PellleHnsT IPOOIeMbI COJIHEUHBIX HEATPUHO 3aMETHO

B pabote [133] morepsama mocrosnnas Dittepa Yg.
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crumysinpoBals mporpecc dbusuku CoJHIIA B pa3JIndHbX eé acrekrax, M. [180],
a TaK:Ke psjia HayK, N3ydalolimX CBOMCTBa MaTepuu Ha YPOBHE MUKPOMUPa: (-
BUKU SJIEPHBIX PEaKInil, paJuoXuMun n Jap.

Jpyrum HalpaBjieHHEM HEATPUHHONW acTpOMUBNKM, IJIe TaKyKe B3anuMOjIeii-
CTBYIOT Cpa3y HECKOJbKO oTpac/eil (hu3mdeckoil HayKH, SBJIAE€TCHA PErncrpa-
s HEHTPUHO OT B3pbIBa cBepxHOBOIl. Ha maHHBII MOMEHT mMeeTcsl eJIMH-
CTBEHHBI 3aPEruCTPUPOBAHHBIN HEHTPUHHBIN CUI'HAJ OT cBepxHOBOIt SN1987A B
Boabmom Mareianosom Obstake, Korjia 4 MOA3eMHBIX HEHTPUHHBIX JIETEKTOPA.:
Kammokane-2, IMB, JIC/I n Bakcanckuit ClluHTUI/LISAIIMOHHBIH TEJIECKOII BIIep-
BbIe 3a(DUKCHPOBAJIN 3JCKTPOHHLIC AaHTUHEHTPUHO B Peakuuu v, +p — n +e™.

B3pbIBbI CBEPXHOBBIX MOYKHO Ha3BaTh YHUKAJbHBIMU €CTECTBEHHBIMU J1a0O0-
paTopusiMu IJjisi U3y4deHus PyHJIAMEHTAJIbHBIX CBOMCTB MaTepUu IIPU SKCTpE-
MaJIbHBIX (busndecknx ycaoBusix. IIpn aTom ogHUM U3 BarkKHEHINX (DaKTOPOB,
IPaKTUIECKH [IOJIHOCTHIO OIPEAEISIONNX SHEPIeTUKY IIPOIECca, SIBISITCs IPH-
CYTCTBUE THUTAHTCKUX MOTOKOB HEHTPUHO. DTO O3HAYAET, YTO HAJIUINE MHIKPO-
CKOIIMYECKUX XapaKTEePUCTUK HEUTPUHO, OIpEeJe/sieMbIX €ro JHUCIepcueil B aK-
THBHOII cpejie, MOTJIO ObI OKa3bIBATH pelIafollee BJIMSTHIE Ha MAaKpPOCKOIINIECKIe
CBOIICTBa yKa3aHHBIX aCTPOMPU3NICCKIX COOBITHIA.

B kadecTBe emié ojHOil ecTecTBEHHOM JadopaTopun s (pyHIaMeHTaIbHOI
pUBMKI MOXKHO paccMaTpuBaTh paHHIOW BeeieHHyto, e posib HERTPUHO TaKzKe
BBICOKA. B ¢BA3M ¢ BBIIEN3/I02KEHHBIM HAOJII0IAeTCsl YCTONYMBLII POCT MHTEPeca,
K (busnKe HEATPUHO B YCJIOBUSX BHEIIHEH aKTUBHOI CpeJibl.

3.6.1. Ompenesienne oreparopa X(p) B 3aMarHUYeHHOU
ILia3mMe

Hcenenosanne BAMAHUST AKTUBHON CpeJibl Ha JIUCIIEPCUIO HEATPUHO OCHOBA-
HO Ha aHaJin3e cOOCTBEHHO-9HEPTETHIECKOTO oneparopa Hefitpuro (p). 3Hanme
oriepaTopa 3 (p) MO3BOJISET PEIUTh 10 MEHbINeil Mepe TpU BarKHBIX 3a/1axH.

1) U3 cobeTBEeHHO-9HEPTETHYECKOTO ONepaTopa HEHTPUHO JIETKO OTpeIeIsieT-
¢l IOMOJIHUTEIbHAS SHEpPrusi, nprobperaemMasi HERTPUHO B cpepe. AcTpo-
dusndecKas cpejla HECUMMETPUYIHA 110 apoMaTaM: B Heil IPUCYTCTBYIOT
9JIEKTPOHBI U IIO3UTPOHBI, HO OTCYTCTBYIOT MIOOHBI U Tay-JeITOHBbI. 3a
CYET HTOr0 HEHTPUHO PA3HBIX apOMAaTOB IPHOOpPETAIOT Pa3INIHYIO JIOII0JI-
HUTEJILHYIO SHEPTHIO, UTO U ABJIACTCS OIPEICIIONIIM (DAKTOPOM BJIUSIHIS
Cpe/ibl Ha OCHUJLIAINN apoMaTa HEHTPUHO.
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2) lleHHOCTH BBIUHC/IEHHST COOCTBEHHO-9HEPIETHIECKOTO OTEPATOPA COCTOUT
eIl€ B TOM, YTO U3 HEro MOKHO U3BJICYb TaKKe aHOMAJIbHBIIT MAarHUTHBIN
MOMEHT HEeHTPUHO.

3) Muumas gactb cCOOCTBEHHOIT SHEPIUN HETPUHO B CPEJIe OIPeJIessieT BEpO-
ATHOCTDL pacnaja HeiiTpuno na W 6030H 1 3apsizKeHHBIH JICITOH, Ly —
W,

B maspneiinieM Mbl paccCMOTPHUM KaxKIyIo U3 yKa3aHHbIX 3a/ad.

B peanbHbIX acTpou3NUeCcKUX YCJIOBHUAX BHEIIHAd aKTUBHAA Cpejla, Kak
IIpaBUJIO, IpejcTaBeHa JBYMs KOMIIOHEHTAMU: CUJIbHBIM MarHUTHBIM I10JIEM U
IJIOTHOI ropsdeil mra3moii. [losTomy HamboIbIINIT HHTEPEC MpeJICTaBIIAeT UCCIIe-
JloBaHue JIUCIIePCUOHHBIX CBOICTB HEHTPUHO B Cpelie, cojiepzKallleil OJJTHOBpEeMeH-
HO 1 11a3My, u rojie. OHaKo, B CBSA3U CO 3HAYUTE/ILHOM BHIYNCIUTEILHOM CI0K-
HOCTBIO TAKOI'O MCCJIEJIOBAHUS MMepBOHAYAILHO ObLIN BLITOJHEHBI pabOThHI, Tjie
Iperosarajoch JOMIHIPOBAHUE OJHON U3 JIBYX YKa3aHHBIX KOMIIOHEHT BHEIII-
Hell aKTUBHOI cpejibl, TMOO CUJIBHOTO MArHUTHOTO 110JIs, JTUOO IJIOTHON Topsveit
ILJIa3MBI.

Boeraucienune cobCTBEHHO-9HEPIETUIECKOIO OllepaTopa HEHTPUHO B ropsdeit
IJIOTHOI T1a3Me, 6e3 yuéra MarHUTHOI'O 0JIst, IPOBOAMIOCH B paborax [181-183|
C apyroit cTOpOHBI, BKJaJ| BHEIIHEI'O MarHUTHOIO I10JisI, 0e3 ydéTa ILIa3Mbl,
B COOCTBEHHO-IHEPTETUUYECKUI ONepaTop HEHTPWHO OBbLIT MCCIeI0BaH B Pado-
tax [151, 153,158,160, 184, 185|. Cepus crareit [152, 186-188| ObL1a mocssieHa
aHam3y orneparopa Y(p) ¢ yI6ToM 00ermX KOMIIOHEHT CPeJIbl, KaK MOJIsl, TaK 1
IJIa3MBbI, 1IPU JIOMUHUPOBAHUN BJNAHUSA IOCIE/IHEl, TO eCTh BKJaJ IMOJId YIu-
TBIBAJICSI B BUJIe MaJjibiX monpaBok. Hakowner, B paborax [189,190| Bbrancienne
oreparopa X(p) B 3aMarHUYEHHOI I1a3Me MPOBOIIIOCH B IINPOKOM JUAA30He
3HaYeHUII MHTEHCUBHOCTU MAIrHUTHOI'O T1OJIS.

CobeTBEHHO-9HEPTETHYECK T OIIEPATOD HEHTPUHO X (p) MOXKET OBITH OIpe/Ie-
JIEH Yepe3 NHBApUAHTHYIO aMILIUTY/Ly Iepexoja ¥ — ¥ COOTHOIIEeHNeM

M(v —v) = —[p(p) X(p) v(p)] = —Tr [X(p) p(p)], (3.90)

rie p* = (F, p) — 4-ummyibe weiirpuno, p(p) = v(p)v(p) — Marpuna mioTHOCTH
Heiirpuno. lonosanTenbras sueprusg AFE, npuodbperaemast HEHTPUHO BO BHEIII-
Heil aKTUBHOI cpejie, OIPeIe/ISeTCst Yepe3 NHBAPHAHTHYI0 aMILIuTyy (3.90) cire-
JIVIOIITM 00pa30M:

AE = - My =), (3.91)
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JeranbHoe onucanne TEXHUKU BBLIYUCICHUS COOCTBEHHO-9HEPIeTHYeCKOro
oreparopa HeiTpuHo Y (p) BO BHEIIHEM 3JIEKTPOMAIHUTHOM IOJI€ M B 3aMar-
HUYEHHON I1a3Me MOKeT ObITh HaiijieHo, HarmpuMmep, B paborax [148, 153, 156,
158,160, 191]. ¥Y106HO 1pecTaBuTh orepaTop > (p) B 3aMArHUYCHHON IL1a3Me B
CJICJLYIOIIEeM OOIIeM BHJIE PA3JIOXKEHUS 110 JIMHEHO He3aBUCHMbBIM KOBAPUAHTHBLIM
crpykrypam [191]:

(p) = | A (p) +Br(wy) +Coe(pFy)] 7o+

+ AR () + Br (uy) + Cre (pF)] 1 +
+ my, [Ki+1Kye (vF)] - (3.92)

3neck v, = (1 4+75)/2 u yp = (1 — 75)/2 — cOOTBETCTBEHHO JIEBBIiT N MpaBbIii
KHpaJIbHbIE IPOEKIIMOHHBIE OllepaTophl, u® — 4-BeKTop ckopocTu cpebl. Ciemyer
UMETH B BUJLY, YTO TIOJ] TEPMUHOM ‘‘3aMarHnveHHast 1a3Ma’ Mbl [TOHUMAEM CH-
TYaINo, KOrjla B CHCTeMe TOoKos TiasMbl, u® = (1,0), 3/IeKTpOMArHUTHOE TI0JIe
CBOJIUTCsI K IHCTO MarHuTHOMY. 11071 KOBApMAHTHOCTBIO oreparopa X(p) B 9T0M
caydae cjelyeT MOHIMATh TOT (DAKT, UTO CYIIEeCTBYeT MHOYKECTBO CHCTEM OTCUE-
Ta, JBUXKYIIUXCS TapaJIeIbHO MArHUTHOMY IOJII0, B KOTOPBIX orepatop (3.92)
COXPaHZAET CBOIO POPMY, U JIEKTPOMAIHUTHOE I10JI€ OCTAETCsl UNCTO MarHUTHBIM.
Taxum obpazom, B 00IIIEM CJTydae TPOCTPAHCTBEHHAs YacTh 4-BEKTOPa CKOPOCTU
CpeJibl OTJIMYHA OT HYJIs U MapaJijie/ibHa MAarHUTHOMY TTOJIIO.

Bamernm, aro koabdurmentol Ap, Ag u K1 B bopmyite (3.92), comepxarine
YJIBTPadUOIETOBYIO PACXOUMOCTh, HE UMEIOT CAMOCTOSITE/ILHOIO 3HAYCHUS, T10-
CKOJIbKY He JIal0T BKJIaJa B SHEPIUIO PeaJbHOI0 HEHTPUHO BO BHEIIHE cpee Ha
OJIHOTIETJIEBOM YPOBHE, C yIETOM BaKyyMHON IIEPEHOPMUPOBKU BOJIHOBOI (hyHK-
U1 1 MaCChl HEHTPUHO.

3.6.2. /lomosHuTejbHasg >SHEPrus HEUTPUHO B TopsdYeit
IIJIOTHOM ILJIa3Me

Kak Brepsbie nokaszan JI. Bosdencreitn [192], npu pacnpocrpanennn Heii-
TPUHO B cpeje HeoOXOIMMO YUINTHIBATH 3(P(MEKT KOrepeHTHOIO PacCesiHis BIIe-
pén. B acrpodusnyuecknx yc/ioBusixX BJIMSHNIE CPEJIbl HA CBOICTBA HEATPUHO 00Y-
CJIOBJICHO B IIEPBYIO OUY€pe/Ib JOMOJTHUTEILHON SHeprueil, KoTopylo mprodperaet
TOJILKO JIEBOE HEHTPUHO (CO CIIMHOM, OPUEHTUPOBAHHBIM IIPOTHUB HAIPABJICHMUSI
aBuzKennus ). JlJist wnrocTpanny puBeieM 371eCh OIPOOHOE BBIUUC/IEHIE BKIAIA
B JIOIIOJIHUTEJIbHYIO SHEPIUI0 HEHTPUHO OT IJIEKTPOH-TIO3UTPOHHON KOMIIOHEHTHI
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Puc. 3.11. JInarpammbr @eitamana, NLIIOCTPUPYIONINE Mepexo] K 3peKTUBHO-
My V — e-B3anMOJIefICTBHUIO B JIOKAJTBHOM IIpEJIeIe.

miasMbl, B coorserctsun ¢ popmyaamu (3.90), (3.91). Ormernm, ato B pubIm-
JKEeHUN OE3MACCOBOTO JIEBOTO HEITPUHO B oriepaTope X(p) 0CTAIOTCsST TPH JIMHEHHO
HE3aBUCHUMbIE KOBAPHAHTHBIE CTPYKTYPbI, IPUCYTCTBYIOIIIE B BbIpaxkenuu (3.92)
¢ koaddpunmenramu Ar, By, u Cr.

PaccMoTpuM  1IpoIecc KOrepeHTHOr0 HeATPUHHOIO pPaccesiHusl BIEPE] Ha
9JEKTPOHAX 1 MMO3UTPOHAX I1a3Mbl. OrpaHNINMCcsT BHaYaJ e JOKAJIbHBIM IIpejie-
JIOM ¢J1aD0I0 B3auMOJIeICTBUS JIEBOIO HEHTPUHO C 3JIEKTPOHAMHE, KOTJIa IIporiara-
TOPBI TPOMEXKYTOUHBIX W 1 Z-0030HOB “CTATHBAIOTCS B TOYKY, KaK 9TO ITOKa-
3aH0 Ha puc. 3.11. CoorBercTBytomuit 3hPEeKTUBHBII JTOKAJIBHBIH JIarpaHKIaH
FIMeeT BUZ:

L= —% 872 (Cy + Cans)e] (77 (1 +5)v] (3.93)

rjie koHcTaHThl Cy, Cy pas/jindHbl B ABYX CJIydasx:

e HeiiTpuno B Jarpankuate (3.93) — 3JI6KTPOHHOTO THIIA (V = V), TIPH 9TOM
BKJIaJI B IIPOIecC JaéT oOMeH Kak Z, Tak u W-0o30oHaMu:

1 1
CV = +§ + 2Sil’12 QW , CA = +§ s (394)

® JIsl MIOOHHOI'O U Tay HeHTPUHO (V = 1, V;), KOIjla BKJIaJ JaéT TOJIBKO
obMeH Z-0030HOM:
1

1
Cv=—5+ 2sin’ Oy, Oy = -5 (3.95)

23aMeTHM, UTO 3eCh SBISCTCH CYIIeCTBEHHBIM 3HAK 3(P(PEKTUBHOIO JArPAHKUIAHA, TOCKOIBKY OO/ IHI-
TeJbHAS SHEPTUs HEUTpUHO — JauHeitHbll 10 Gy 3ddekt. Ilpn BeranuceHnn BEpOSTHOCTEN U cevueHuil crabbIx
TIPOTIECCOB, KOTOPBIE TPOTIOPIHOHATLHBI G, 3HAK 3(D(DEKTHBHOTO JIarpaHKuaHa He TPOSTBIIACTCS.
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Kak MbI yBUJINM B JlajibHelieM, nMeeTcs: (pu3nydeckasl CUTyallls, KOrjaa cTa-
HOBUTCS CYINECTBEHHBIM M BKJIaJI B SHEPIUI0 HEHTPUHO, 0OYCJOBJICHHBIN HEJIO-
KaJIbHOCTBIO CJIADOI0 B3aMMOICHCTBIA.

Hauném ¢ paccesinns Ha 91eKTpOHAX. SaIUIIEM S-MaTPUIHBINA 3JIEMEHT IIPO-
recca B CTaHJIapTHOM BHJIE

glem) _ i(2m)'Wp + K —p—k)

V2EV 2:V 2E'V 281V M{v(p)+e (k) — v(p')+e (K)}. (3.96)

3aeck p* = (K, p), k* = (g,k) — cooTBeTCTBEHHO 4-UMITY/THCHI HAYAJIBHBIX Hefi-
TPUHO ¥ 3JEKTPOHA, aHajorudno p' u k' — 4-MMIy/IbChl KOHEYHBIX HEATPUHO 1
971eKTpoHa, M — HHBapHaHTHAsT aMILIATY/IA:

M{v(p) +e (k) — v(p)+e (K)} = —%[é(k')%(cv +Cays)e(k)] x

x [PV (1 +5)v(p)] - (3.97)

YuréMm Tenepb, UTO pedb UJET O PACCETHUM BIEPEN, TO €CTh B S-MaTPUIHOM
ssemente (3.96) HykHO ToI0KUTH p' = p u k' = k. Ilpu sTom

(2m)*6™(0) = / Atz =V T, (3.98)

rie V' — moJsiHbIin 00bEM obs1acTi B3auMojeiicTBust, 7 — IOJIHOe BpeMsl B3amMO-
,)iLeI?)ICTBI/IH. S—ManI/I‘{Hblﬁ QJIEMECHT paCCesTHIA BHepéﬂ; Ha 9JIEKTpOHaX ITPpUHUMAECT
BHJI: v T
— 1
St = g9y MW+ e (k) = vp) +e (k). (399)
[TockobKy pedb nJIET 0 KOrepeHTHOM IIpoIecce, MoJHasd aMIINTY/1a PaccesHus
[IoJiydaercd CYMMUPOBaAHUEM aMIIMTYA pacCedHNsd Ha BCEX IJICKTPOHaX Cpeldbl:

3
(e—) Z (=) &’k V (e-)
k.s

rae KO3QUIUEHT 2 YIUTHIBAET JiBa 9JIEKTPOHHBIX CIIMHOBBIX COCTOSHUA S, feo(k)
— (PYHKIWA pacipe/iesieHus 3JIEKTPOHOB Cpe/ibl. ByjieM mojaraTh 3TO pacipe/ie-
JIeHe PABHOBECHBIM, I PACCMOTPHUM CUCTEMY OTCUETA, IJIe CpeJla JIBUKETCs, KaK
1esoe, ¢ 4-BekKTopoM ckopocTu u. IIpu sTom dynkimsa pacnpeaeaeans Oepmu—
Jupaka 3ammcbiBaeTcsa B BUJIE:

fe(k) = (expw + 1>_ , (3.101)
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LIE fle — XUMUUYECKUIl TTOTEHIA 3JIEKTPOH-TIO3UTPOHHOM 111a3Mbl, 1" — TeMIe-
paTypa IIa3Mbl.

Tenepnb Mbl MOXKEM OIIPEJEJNThL BKJIAJ B MHBAPUAHTHYIO AMILIUTYILY IIepe-
xosa M) (v — 1) 3a cubT KOrepeHTHOro paccesHus BIEPS Ha 3J1CKTPOHHOI
dpakiyy 11a3Mbl, 13 BbIPAKeHHA:

i\vVT
2BV

Sl = 5y =) = My — ). (3.102)

3 (3.97)-(3.102) mostyaaem:

3
d°k k.,
fe(k) —
(2m)?
BOBHI/IKH_[I/H‘/)I HHTeraﬂ ABJIAETCHA peﬂHTI/IBI/ICTCKI/IM KOBapHaHTOM 1 JIET'KO BBIYUC-
JIAETCHA:

My = v) = —V/2Gr Cy [D(p)ya’yLu(p)]Q/ (3.103)

Fk ke
2/er(k) = N (3.104)

riae N, — KOHIIEHTpAIs 3JICKTPOHOB.

CoBepIleHHO aHAJOTNYHO BLIYUC/IAETCS BKJaJ OT KOIEPEHTHOIO PACCEsHUSI
BIIEPE]l HA TO3UTPOHHOI dpakiun miasmbl. B pesyiabrare, ¢ yaérom (3.90),
OKOHYATEILHO [OJIy4aeM COOCTBEHHO-9HEPIeTUYECKUI ollepaTop HeHATpUHO B
3JIEKTPOH-TIO3UTPOHHON IIJIa3Me B BH/IE:

S(p) = V2Gr Cy (uy)yr (Ne — Ne) (3.105)

rie N., N, — KOHIEHTpAIUH 3J1eKTPOHOB H No3uTpoHOB. CpaBHUBAs (3.105)
¢ (3.92) BujuM, 9TO B JAHHOM CjIydae B oneparope Y(p) MPUCYTCTBYET TOJIb-
KO OJIHa CTPYKTYDa, ¢ Koaddurumentom By = v/2 Gy Cy (Ne — Ne).

B coorBercrBum ¢ (3.91), i JOMOJHUTETHHONW SHEPIUM HEATPUHO B
9JIEKTPOH-TIO3UTPOHHON ILJIa3Me MOJIyYaeM:

AE = V2Gy Cy % (N. — N.) . (3.106)
[Ipn nepexose u3 NMpOU3BOJBHON CHCTEMbI OTCUETA B CHUCTEMY IOKOS IJIA3MbI
cJIeyeT mostoKuTh (pu) = F.

[Ipu anaJyimze JUCIEPCUOHHBIX CBONCTB HEHTPUHO B aKTUBHOI acTpodusnte-
CKOIl cpejie Hapsy ¢ 9JeKTPOH-TIO3UTPOHHOMN I/1a3M0Oi HeOOX0ANMO, BOODIIE TO-
BOPSI, YYUTHIBATH TPUCYTCTBUE U JPYTUX KOMIIOHEHT. BK/1a/] TPOTOHOB 11 HERTPO-
HOB MOKeT ObITH HafiJleH aHaJJOTTIHO TPEILIIYIIEMY aHaIu3y, Tpu 3TOM dpdeK-
TUBHBII JIarpaHzKuaH 00yCJI0OBJIEH TOJBKO 0OMeHOM Z-06030HOM, cM. puc. 3.11. B
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IJIOTHOM T1J1a3Me siJipa CBePXHOBOI CYIIIECTBEHHBIM MOYKET ObITh TaKKe U BKJIA/I
HEHTPUHHOTO T'a3a, KOTOPBII MOXKHO MPHUOJINZKEHHO CUNTATH PaBHOBECHBIM. O0-
1ee BbIpayKeHue Jjisl JIONOJIHUTEIHLHON SHEPIUH 3JIEKTPOHHOI'O, MIOOHHOI'O U Tay-
HEUTPUHO, © = €, [, T, UMeeT BUJ]

AE; = vV2Gr [(5 — % + 2 sin® 9W> (Ne — N.) +

1
+ (5 — 2 sin® 9W> (N, — N,) — (3.107)

(Nn_Nn)+ Z (1+5z£) (Nug_]\_]w) )

EZG,M,T

1
2

rae Ne, Ny, Ny, N, ecTb KOHIEHTpallux 3JIeKTPOHOB, NPOTOHOB, HEATPOHOB U
nefirpuno, N, N,, N, N,, — KOHIEHTDAIUH COOTBETCTBYIONNX AHTUYACTHUIL.
Y10o0bI HAITH JIOIOJTHUTE/ILHY IO SHEPIHIO, KOTOPYIO IPUOOPETA0T aHTUHEHTPUHO
B ILTa3Me, CJIeJlyeT U3MEHUTDH OOInil 3HaK B IpaBoil yacTu Beipazkerus (3.107).

Dopmyrta (3.107), mosydenHas B JIOKAJBHOM TIpejiesie cJaboro B3amMojieli-
CTBU, SABJISIETCSA HEJIOCTATOYHON I ciiydas, KOrja ILIa3Ma IMOYTH 3apsioBO
CUMMeTpHUUHa, HaIlpUMeD, B yCJIoBUsIX panHeil Beesennoit. B srom ciydae Besu-
ania AF; B Beipazkennn (3.107) cTpeMuTest K HYJTIO 1 CTAHOBUTCS CYTIECTBEHHBIM
BKJIJ| B 9HEPTUIO HEHTPUHO, 00YCIOBICHHBII HEJIOKAJIHLHOCTBIO ¢J1ab0Tr0 B3aruMO-
neficTBusA. DTa IONOMHUTEIbHAS SHEPrHst OblIa MccaeoBana B pabore [181], cm.
takxke [187].

B obmiem citydae BKJIaJ OT HEJOKAJIBHOCTH CJIa0OT0 B3aUMOJICHCTBUS B JI0-
HOJIHUTE/ILHYIO 9HEPIUIO B IJIa3Me, OJIMHAKOBBII JIJIs1 HETPUHO 1 aHTUHEHTPIHO,
MOXKeT OBITH IIPeJIcTaBIeH B hopme

16Gp E [< E, E, _
16GrE [< 1>( +5ie< >(N6+Ne)],

4+ N, -
3v2 | my ) miy
(3.108)

rjie I/ ecTb sHeprug HefiTpuHO, ABUZKYIIEIOCd CKBO3b I1asMy, < B, >u < B, >
eCThb CPeJHNE SHEPIUM IIa3MEHHBIX HEATPUHO 1 9JIEKTPOHOB COOTBETCTBEHHO. B
JaCTHOM CJIydae 3apsijioBO CUMMETPUIHON ropstueil miasmbl Bbipazkerue (3.108)
BOCIIPOU3BOUT pesy/ibrar pabor [181,187]:

A(nloc) E; =

T2 Ge T 1 20,0
Ao, — TV2T Gr _ 2 g (3.109)
45 my, My,
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Besmuanma A9 E; | sapucsimas smmeiino or sueprun HeHTpuHo F, MOXKET OKa-
3aThCsd OCOOEHHO CYIIECTBEHHOI B C/Iydae yIbTPaBbICOKUX SHEpPruil. XapaKTepHO,
YTO 9Ta BEJIMINHA ABJIACTCS OTPULIATEIBHO OIPEJIE/IEHHOIM.
st TunmaHoit acTpodu3nUecKoil 11a3Mbl, 3a HCK/I0YeHneM paHHell Bcee-
JeHHoit u daxpa csepxuosoii, umeeM N, ~ N, ~ N, ~ N, ~ N, ~ 0, u
N, ~ N, =Y. Np, N, ~ (1 = Y.) N, tie Np ectb miorHoctb 6apuonon. s
JIOIIOJIHUTE/ILHOI SHEPruyl HEUTPUHO Pa3/IMnIHbIX apOMAaTOB IIOJIYYaeM
Gr Np
AE, = ———(3Y.—1), (3.110)
V2

Gy Np
AE,, = e

[TockombKy Y, < 1, monosHNTEIbHASA SHEPTUA JIEBBIX MIOOHHBIX U Tay-HEHTPUHO
Bcerjla oTpuiiaTebHa. B To »Ke BpeMs JOMOJHUTEIbHAs SHEPTUs SJIEKTPOHHBIX
JIEBBIX HEHTPUHO CTAHOBUTCSI MOJIOKUTEIbHOI 11pu Y, > 1/3. 1 obpaTHo, 1010.1-
HUTEIbHAST SHEPIHUs 9JIEKTPOHHBIX AHTHHEATPUHO TOJIOKUTEIbHA TIpH Y, < 1/3,
TOTJIa KaK OHa BCErJia TOJIOXKUTEIbHA JIJId MIOOHHBIX U Tay-aHTHHeHTpuHO. C
JIPYTOif CTOPOHBI, MPpaBO€ HEHTPUHO, CIIMH KOTOPOIO OPUEHTUPOBAH 110 HAIIPaB-
JIEHUTO JIBUYKEHUS, I €70 aHTUYIACTUIIA, JIEBOE€ aHTUHENTPUHO, Oy Il CTEPUIHHBI-
MU OTHOCHUTEIBHO CJ1aDOr0 B3anUMOJIeCTBIS, He IPHoOpeTaroT JOMOJTHUTEIbHOIT
SHEPIUM.

(1-Y,). (3.111)

3.6.3. O “pagmanmoHHOM paciiajge’ HEeMTPUHO B ILJIa3Me

Ciaenyer 3aMeTUTh, UTO UCTOPUS MCCJIEOBaHNUI MOJANMUKAIINE 3aKOHA JIHC-
nepcun HeTPUHO T1a3MOoi He 0601LIach 0e3 Kypbe3oB. Peub njiér 06 “orkpbiTun’
OJIHOIO (PUBMYECKH HEBO3MOXKHOIO 3 deKkTa. DTOT HpUMeEp UJLIIOCTPUPYET BJIN-
siHU€ TIJIa3Mbl Ha CBOMCTBa YaCTHUIL B TOM aCIEKTe, UTO IlJIa3Ma MOYKET, C OJTHOI
CTOPOHBI, OTKPBIBATH HOBBIE BO3MOYKHOCTHU JIJIS PeaTU3alliil IPOIECCOB, 3allpe-
MEHHBIX B BaKyyMe 3aKOHAMU COXPaHeHUs, HO, C JPYTOil CTOPOHBI, PU 3TOM
HEOOXO/IMMO YUHUTHIBATEL BJIUSHUE ILIAa3Mbl Ha BCE KOMIIOHEHTBI ITPOIECCa, UTO
MOZKET CYIIECTBEHHO YCIOXKHUTDL KMHEMATHKY.

Jonoyrurenbhas sueprust AE, onpejessieMast Bbipazkernem (3.110), o0y-
CJIOB/IMBACT BO3HUKHOBEHUe KBajipaTa 3(hHeKTUBHONH MacChl M2 y JIeBbIX Heji-
TPUHO:

mj = P* = (E+ AE)* — p*, (3.112)

riae P ecTb 4-mMIyJibC HEMTPUHO B IJIa3Me B CHCTEMeE €€ IOKOs, TOTja Kak 4-
BekTop (E, p) mpemcras/isi Ob1 co00 4-UMITyJIbC HEHTPUHO B Bakyyme, [ =
VP?+m2.
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[Ipu HaM4IMKM B3auMOECTBISI MAIHUTHOTO MOMEHTa HEHTPUHO ¢ POTOHOM,
KOTOPOE IPUBOJIUT K 11€PEBOPOTY CIUPAJIbHOCTU HEUTPUHO, MOSIBJIEHUE JIONOJIHU-
TeJIbHOI SHEPrUu JIEBBIX HETPUHO B ILJ1a3Me OTKPbIBaeT HOBble KUHEMATUYECKIE
BO3MOKHOCTH JIJIsI HEUTPUHHOIO PaJIMAIIIOHHOIO MIEPEX0JIa:

v— v+, (3.113)

B T0 ke BpeMsi J0JIZKHO ObITh OYEBHUIHBIM, 9TO HEOOXOJIMMO yUYECThb TaKrKe
BJIMSIHUE TLJIa3Mbl 1 Ha jucriepcrto dporona, w = |k|/n, tie n # 1 ectb nokasa-
TeJIb IPEJIOMJICHUSI.

[Tpexk e Bcero, cyriecTByeT BO3MOYKHOCTh, UTO BJIUSIHEIE ILIa3Mbl 00€CIIetN-
BaeT BBINOJHEHNe yejoBusg 1 > 1 (mpu 9moMm 3(EeKTUBHBIN KBAJPAT MACChI
doToHa oTpuIaTE/IEH, m?y = ¢* = w? — k% < 0), 94TO COOTBETCTBYET XOPOIIO
U3BECTHOMY 3D PeKTy “HeUTPUHHOTO YePEHKOBCKOro n3jydenus . B gaHHoil cu-
TyaIuyu M3MEHEeHNEeM JUCIIEPCUOHHBIX CBOMCTB HEATPUHO 10/ BJIUAHUEM ILIa3Mbl
eCTECTBEHHO IpeHeOpeUb, MOCKOJIbKY JIUCIEPCHs HEHTPUHO OINpeJIessieTcs Cria-
ObIM B3auMOJIeiicTBIEM, TOIJIa KaK Juciepcust poToHa 00yc/IoBIeHa ropas3io 00-
Jlee UHTEHCUBHBIM 3JIEKTPOMATrHUTHBIM B3aUMOIECTBIEM C ILJIa3MOI.

Hucro TeopeTndyecKy MOYKHO PACCMOTPETh eIE OHY CUTYalIlUuo: eC/in Obl JI1C-
nepcns GOTOHA B IIa3Me Oblia, TAKoil ¥Ke, KaK B BaKyyMeS, MOT OBl BOBHHUKATH
IPOIIECC HEHTPUHHOTO PaUMAIlMOHHOIO Iepexoja ¥ — 7y, 00yCJIOBIEHHBIH TOJIb-
KO Jiicriepcueii HeiTpuHo. [TocKoIbKY BUsHUE I1J1a3Mbl U3MEHSIET JIMCIIEPCHOH-
HbIe CBOMCTBa TOJIBKO JIEBOT'O HEHATPUHO, OBbLIM ObI BOBMOXKHBI IE€PEXOJIbl BUJIA
vy — VR7Y 3a CYET B3aMMOJIEHCTBUS C M3MEHEHHEM CIMPaJIbHOCTH HEHTPUHO,
HAIIpUMep, Yepe3 B3anuMOo/IeficTBIe ¢ HeHTPUHHBIM MArHUTHBIM MOMEHTOM.

menno Takoit BooOparkaeMblii 3(pdeKT, Ha3BaHHBI ‘HEATPUHHBIM CIIMHO-
BbIM cBeTOM’ (SLv), ObLI TIPEJIOYKEH ¥ JIETAJIbHO NCCIE0BAJICS B OONIMPHON
cepun crareit (cum. [193] u nurupoBantbie Tam paborei). OJHAKO B aHAJIN3E JIAH-
HOro 3¢ peKkTa aBTOPHI HE yUJIN TAKOe BayKHOE siBJICHHUE, KAK BJIMSTHUE ILJ1a3Mbl
Ha juctiepcuto dorona. Kak 6bu1o mokazano B paborax [194,195], yuér sroro
sIBJICHHSI JIeJIaeT HeBO3BMOXKHBIM 3P DeKT “HeHTPUMHHOrO CIIMHOBOIO cBeTa’ IIpakK-
TUYECKN B JIIOOBIX PeasibHbIX acTPOMU3UIECKUX YCIOBUSIX.

B crarbsix [194,195] 6611 poaHaM3upOBaH MPOIECC Vf, — VR7Y C yIETOM JINC-
IIEPCUOHHBIX CBOMCTB KaK HEHTPUHO, TaK 1 (POTOHA B aCTPOMPU3NIECKOI I1/1a3Me.

st anasm3a KMHEMaTHKU MPOIecca HeoOXOIMMO OIEHUTH MACIITA0bl BEJIU-
YUH JIONOJIHUTEIbHON sHeprun Heifirpuao AFE un sdpdexTuBHoit Maccsl HoToHA
(masMona) m..

3Crporo ropops, TaKyio YACTHILY, B3aHMOAEHCTBYIONIYIO C MATHUTHLIM MOMEHTOM HEHTPHHO M B TO K
BpeMsI CTEPUJIbHYIO OTHOCHUTEJHHO B3AUMOICHCTBUN C SJEKTPUIECKHU 3aPsKCHHBIMU JACTUIAME ILJIA3MbBI, HE
CJIeI0BAJIO OBl HA3BIBATHL (DOTOHOM.
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3 Boipakennst (3.110) /151 97I€KTPOHHBIX AHTHHEHTPUHO MOJTY TaeM

Np

(1-3Y,), (3.114)

IJIe B3ST MacIiTad IJI0THOCTU OapUOHOB, TUITMYHBIN, HAIIPUMED, JIJIsT BHYTPEHHEIT
00J1acTH HEHTPOHHOI 3BE3IbI.

C apyroii croponsl, 1J1a3MOH IIpuodperaeT B cpejie 9hMEKTUBHYIO MACCY 1,
KOTOPAag IPH BBICOKUX SHEPIUAX SIBISIETCS MPUOJIM3UTEIHLHO IOCTOAHHOMN. s
[IOIEePEYHOro IJIa3MOHa BeJININHA m% BCera MOoJIOKNUTEIbHA U OIIPEe/IeIAeTCA TaK
Ha3bIBAEMOI IIJIA3MEHHOI JacTOTOl wp. /s HEpeasaTUBUCTCKON KIaCCHIecKO

miasMbl (Hampumep, BayTpu COJIHIIA) TTOJTyIaeM

B ira N, , N, \Y?
mfy =wp = Te ~ 4 x 10 3B m . (3115)
st yIbTpape/IATUBUCTCKON TIJIOTHOM MJIa3Mbl TMEEM
2 2
miz7 u§+§T2 : (3.116)

rjie [le €CTh XUMUYECKUil IOTeHIual 3JIeKTPOHOB IIa3Mbl. B ciydae XosoaHoil
BBIPOZKICHHOI T1a3Mbl 13 (3.116) mostydaem:

3 20\ /2 N, 1/3
My = 4] = wp = e (372N6)1/3:1079B .

2 7T 1037 cm—3 (3:117)

B ciygae ropsueit mia3mbl, KOrja ee TeMIepaTypa ABJseTcs HAmOOIbINM (hu-
3UUYECKUM I1apaMeTpoM, Macca IJIa3MOHa PaBHA

2 T
my =/ T~ 1.2 x 10758

—_— 11
3 100 M»B (3.118)

Cpasuenue mMacttaboB m., (3.115)-(3.118) ¢ macirabom AE (3.114) jomx-
HO YKa3bIBATh Ha TO, YTO MpeHeOpeyKeHrne Maccoii Ta3MoHa, ¢/IeJJAHHOe B pado-
Tax yKasaHnHoii cepuu [193|, sijsiercst 6e3ycsioBHoit omubkoii. B o ke Bpemst emé
OJTHUM (PUBUICCKIM MApaMeTPOM, KOTOPOMY VJESI0CH HeoIpaBIaHHO O0IbIIoe
BHIMaHIe B paborax [193|, sBisercss BakyymHasi Macca HefTpuHo m,,. OnHa-
KO, TIOCKOJIbKY MacIITad HeHTPUHHON BaKyyMHOI MacChl HE MOXKET CyIIeCTBEHHO
[IPEBBINIATH HECKOJIbKUX 3JIEKTPOH-BOJIBT, YTO MHOI'O MeHbllle TUIINYHOI IIKa-
JIBl MAcC IJIa3MOHOB B peasibHbIX acTpodusndeckux yeaosusax (3.115)-(3.118),
YMECTHO TpeHebpevb BeJIMIUHOM m,, B HAIEM aHaJN3e.
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Takum o6pasom, B coorsercTBui ¢ (3.112) Bo3HUKaeT MpoCTOe YCJI0BHE TOTO,
YTO MPOIECC vV, — VRY KUHEMATUIECKN OTKPBIT:

mj ~2EAE >m?. (3.119)
DTO 03HAYAET, UYTO MPOIECC CTAHOBUTCS KUHEMATUYCCKH Pa3pernéHHbIM, KO-
ra dHePrusg HeUTPUHO HMPEBBIIacT ITOPOroBoe 3HaYCHNIE:
2

m
E>Ey = —2 12
~ T 9AE (3.120)

[TosiBsieHne OPOroBoil SHEPTUH HEUTPUHO MOXKHO HAIJISTHO MPOJEMOHCTPHU-
poBaTh, paccMaTpuBas 00/1aCTb NHTETPUPOBAHNSA 110 SHEPIUAM U UMITYJIbcaM (Do-
ToHa (ILJTA3MOHA) B TPOIEcce Vg, — Vg7, ¢ YIETOM JINCIEPCHOHHBIX CBOMICTB Kak
HeiiTpuHo, Tak u oroHa B acrpodusndeckoii mirazme. Ha puc. 3.12 jaucnepcu-
onnasg JuHus oToHa B BaKyyMme, qy = Kk, JIEXKUT BHYTPU Pa3pPENIEHHON KIHe-
MaTu4IecKoil obsiactu (JieBblit rpaduk), TOrIa KaK JUCIEPCUOHHAsT JIUHEsT (DOTO-
Ha, MOAUMUIINPOBAHHAS TIJIA3MON, MOXKET OKa3aThCs BHE 00JIACTH, €CJIM SHEPTUsT
HEUTPUHO HEJIOCTATOYHO BEJINKA (HpaBbIﬁ Fpa(i)MK). DTO 03HAYAET, UTO (Pa30BbIil
00beM, a CJIe0BaTe/IbHO 1 BEPOATHOCTD ITPOIECca paBHBI HYJIIO.

AN
AN k \\ k
AN i N\
\ G=". N
N AN 7 N N
N\ \ e N\ N
N\ N,/ N\ N
\ \ 7’ \ \
AN \ (
N\, Er7 ‘
AN \\ //
/ 4
AN /, \ ,//
N 7 N ol
S/
/ X/
0w 9, 0 w

Puc. 3.12. O6nacts marerpuposanns i BEIMUCICHAS BEPOATHOCTH IPOIECCa Uy, — VRY
pu (PUKCUPOBAHHOI SHeprun £ HAYAIHLHOTO HERTPUHO JIEZKUT BHYTPHU HAKJIOHHOTO IIPSIMO-
YIOJIbHUKA, N300PazKEHHOTO MITPUXOBLIMU JimHuAME. Jluctiepcuonnas jguaus (hOTOHA B BaKy-
yMe (ec/in BJIMgIHUE ILJIA3Mbl UTHOPUPYETCs) MMOKA3aHa YKUPHOI JinHUell Ha JieBoM rpaduke.
Jlucniepcuonnas Jinaug (POTOHA B ILJIa3Me TOKa3aHa *KUPHOM JIMHUEH Ha 1paBoM Trpaduke.

[Ipu pukcupoBaHHBIX MapaMeTpax IasMbl BendnHbl AE n wp ocrarorcs
IIOCTOAHHBIME, €CJIM He YYUTBIBATbH BKJIAJ] B SHEPIUIO HEHTPUHO OT HEJIOKAJIbLHO-
cru caboro Bianmoseiicteus (3.109). CremoBaTebHO, JJTsT TOTO, YTOOBI TMOJTY-
YUTH HEHyJIeBble 3HAUeHUs (DA30BOro 00beMa 1 BEPOATHOCTH IIPOIIecca, & 3HAUNT,
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YTOOBI YacTh JUCIEPCHOHHON KPUBOIl I1a3MoHa 0Ka3a/lach BHYTPHU 00JIaCTH WH-
TerpupoBatns, HeOOXOMMO YBETMINBATH SHEPTUIO HEHTPUHO £, TO eCTh Mupuny
HAKJIOHHOTO MPAMOYTO/IbHIKA. OUeBUJIHO, YTO CYIIECTBYeT MUHUMAJIbHAS SHEP-
rusi By, HaunHasi ¢ KOTOPOii 06J1acTh NHTEIPUPOBAHMS OyJIeT CyIecTBOBaTh. JTO
1 ecTh moporoBas sueprus (3.120).

OrnennM 9TH MOPOrOBbIE SHEPTUU JI PA3IUIHBIX acCTPOMDUINIECKIX CUTYa-
M1,

B npubsmxennn HepeIsATHBHCTCKON K/IACCHYECKON Itasmbl u3 (3.114)
u (3.115) mosygaeM, 9T0 MOPOroBas SHEPrusi HEHTPUHO HE 3aBUCUT OT KOHIICH-
Tpallli U Olpe/iesdeTcsd TOJbKO XUMUYECKUM COCTABOM:

2

Yo fgin2y TV (3.121)

Eqo~ ——°
R VA ™

Baytpu Cosana umeem Y, ~ 0.6, u nmoporosasi Heprust paBHa

FEy ~ 101" M5B, (3.122)

YTO CJIe/lyeT CpaBHUTH ¢ BepxHeilt rpanuneir ~ 20 MaB a4 smepruii coHevunbIx
HEUTPUHO.

s BHYTpeHHIX 00J1acTeil HeHTPOHHOI 3Be3/Ibl, Tjie Y, < 1, JTOTOoTHUTE/ b
Hasi sHeprusi Heiirpuno (3.110), (3.111) orpuriaresbHa u mporece vy — Vg7
3akpbIT. C JIpyroii CTOPOHBI, 3/1€Ch MOABJSETCA BO3MOXKHOCTD JIJIsi KMHEMaTU-
JEeCKOr0 OTKPBITHSI paclaja aHTuHedTpuHO. IIpunnmmas mra onenkn Y, ~ 0.1,
m3 (3.114) u (3.116), mosrydaem MOPOroBYIO SHEPIHIO

Ey ~ 10" MsB, (3.123)

KOTOPYIO CJIEJIyeT CPaBHUTH ¢ TUNNYHOI sHeprueit ~ 1-0,1 M»sB nefirpuno, nc-
IyCKaeMbIX B X0Jie TpsAMbIX win Mogudunuposanibix URCA-mporeccos [196].

st yenmoBuil sijipa CBEPXHOBOI JIONOJIHUTE/IbHAS SHEPTHUS JIEBBIX HEUTPUHO
MoOzKeT ObITh Tostydena u3 (3.107) B Buje

_ GpNg
V2

rjie Y, OIMCHIBAET JI0JII0 3aXBaUeHHBIX 3/IeKTPOHHBIX HETPUHO B s11pe CBEPXHO-
Boit, IV,, =Y, Np. lcnonb3ya Tunmdnble napamerpsbl sjpa CBEPXHOBOIL, 110Ty-
JaeM

AE, (3Y,+4Y,, —1), (3.124)

Ey ~ 107 MsB, (3.125)

9TO CJEYEeT CPABHUTDL CO CpeJiHeil SHeprueit ~ 10 M>sB 3axBadeHHBIX HEUTPUHO.
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B ycnoBusix panseit BceesieHHOI, Korja Iniasma siBjsjach IIOUTH 3apsiIOBO
cummerpraHoii, dopmysa (3.107), marormasi HYJI€BOH pe3yJIbTaT, JIOJKHA OBbIThH
JIOTIOJTHEHA HEJIOKAJIBHBIM BKJIaJI0M (3.109), KOTODBIH OUHAKOB JIJisi HEHTPUHO 1
aHTHHEITpHHO. 3HAK MUHYC B BhipazkeHun (3.109) HeIBYCMBICICHHO TTOKA3bIBA-
eT, 9TO, B OTJINYKME OT YCJOBUI BHYTPU HEHTPOHHOI 3BE3/IbI, MPOIECC PacIajia
3alpelién B yeJIOBUAX panneil Beejennoit kak Juid HEHTPUHO, TaK U JII aHTH-
HEHTPUHO, HE3ABUCUMO OT UX SHEPIHUH.

AHasin3 cyMMBbI JIOKAJILHOTO U HEJIOKaJIbHOro BKIaA0B (3.107) u (3.109) mo-
Ka3bIBAET, YTO J00aBJIEHNE IIOC/IEIHEI0 IPUBOIUT B OOIIEM CIydae K yYMeHbIIIe-
HUIO JOIIOJTHUTEIbHON 3Heprun Heiitpuao AFE, To ecTh K yBEJIMUEHNIO TOPOrOBOit
sueprun (3.120). Ctporo roBopst, TpebyeTcsi MPOM3BECTH AHAIN3 KUHEMATHIe-
ckoro HepapeHCTBa (3.119), uTo BEIET K pEIIEHNI0 KBaJIPATHOIO ypaBHeHUs . B
pe3yJibTaTe BO3HUKAET “OKHO SHEpPruii HeTPUHO, NMPH KOTOPBIX MPOIECC KHUHe-
MaTrdecku paspemén, By < E < Enay, tiae By n E.x €CTh HUXKHSIST 1 BepXHsis
I'DAHUIILI, CBSI3aHHBIE C KOPHAMHU YIIOMSIHYTOI'O KBaJIpPaTHOI'O yPaBHEHUsI, €CJIN
onn cyiectBytor. Hampumep, Bo BuyTpennux obsactsx CoJiHiia BoobIe He Cy-
IecTByeT “OKHa' I IIPOILECCa C 3JIEKTPOHHBIMU HEATPUHO, TO €CTh IePexo/l
Vel, — Ver + 7Y KHHEMATHYCCKU 3allpPEIEH.

Taxum obpazoM, MPOBEAEHHBIN aHaJIM3 IOKa3biBaeT, YTO dPPEKT ¢ Kpacu-
BBIM Ha3BaHUEM ‘HEHMTPUHHBIN CIIMHOBBIN CBET’, K COXKAJIEHUIO, IIPAKTHIECKN He
MOZKET UMEThb MeCTa B peajbHBIX aCTPOMUINIECKUX YCJIOBUAX IIPU IPABUILHOM
yuéTre IUCIEePCUOHHBIX CBOiicTB HeliTpuHo u dorona. Hamumune b dexTupHoi
Macchl Yy GoroHa (IazmMona) 00yCIOBIMBAET MOPOTOBBIN XapakTep IIPOIecca,
YTO MOYTU HE OCTABJIAET JIJIsi HEro (PpU3MIECKO 00IaCTH.

EmHCTBEHHAasT BOBMOXKHOCTB, KOTJIa O0CYXKJIaeMblil IIPoIece vy, — Vg7 TEO-
pPeTUYECKU MOT ObI OBITH peaJIn30BaH — CIydail, KOrja HEHTPUHO YJIHLTPABLICOKOIT
SHEPIUN ITPOHM3BIBACT HEHTPOHHYIO 3Be3iy. OdUeBuIHO, 4TO 3Ta 3ajad9a MOYKET
MMETh TOJIbKO YHCTO MeTojuuecKuil cmbicy. B paborax [194,195] 6bu10 mpose-
JIEHO KOPPEKTHOe BbIUMC/IeHe cpejiHeil JIuHbl L ¢cBOOOIHOTO pobera HeHTPIHO
YJIBTPaBBICOKOI 9HEPruu 10 OTHOIIEHUIO K PACCMaTPUBACMOMY IPOIECCY PaJii-
AllIOHHOT'O paciiajia B CUTYyallll, KOI'Jla HeHTPUHO, IPUJIeTeBIiee M3BHE, IPOHNU-
3bIBACT HEMTPOHHYIO 3BE3/1Y.

Mcxos n3 THINYHBIX U1 HeHTPOHHBIX 3B6371 mapamerpos N ~ 103 cm—3,
Y, >~ 0.05, 661710 TOTy9eHo

10—12 2
L>10%emx [ — B (3.126)
iy
rje [, — MarHUTHBIH MOMEHT HeATpHHO, g — MarHeToH Bopa. DTy cpeaHion

JUIMHY CBOOOJIHOI'O I1pobera cJiejlyeT CpaBHUTH C PaJIMyCcOM HEHTPOHHOII 3Be3/Ibl
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~ 10% cM, 9TO HANIAIHO WLTIOCTPUPYET YPE3BLIYAIHO MATYIO BEPOATHOCTD Pac-
CMATPUBAEMOT0O MPOTIECCA.

JITOOOTILITHO OTMETUTH, YTO CUTyalllusd C ‘HEHTPUHHBIM CIUHOBLIM CBETOM’
Obl/1a He TIEPBBIM CJIyYaeM, KOrJa BJIAUSHNE TIa3Mbl YUUTBIBAJIOCH JIJI OJIHOM 13
YaCTHII, YIacCTBYIONIEH B (PU3NIECKOM IPOIecce, 1 UTHOPUPOBAJIOCH JIJIST JIPYTOil
yacTuiel. VlcTopusi TOBTOPUIACE.

Kak mmcas 9. Bpaaren |163]:

“B crarbe [197] yTBepK/IA7I0CH, ITO BBITUCIEHNST CBETHMOCTH 38 CUET paciaia
boToHOB (IJIA3MOHOB) CTAHOBSITCSI HECIIPABEJIUBBIMU [TPU JOCTATOTHO OOJIBIINX
TeMIlepaTypax, IPU KOTOPLIX My > 2M,, HOCKOJIbKY TOIJIa CTAHOBUTCA KUHE-
MATUYECKH Pa3pelICHHBIM paclal y — € e~ . DT0 yTBep:KIeHne, KOTOpoe ObLIO
MIOBTOPEHO B MOCJIEIYIONNX cTaThsax [98,198-200], ectsb mompocty Hempasa. Dd-
(beKThI 1J1a3Mbl, KOTOPbIe I'eHepUPYIOT Maccy (POTOHA M., TaKzKe FeHepUPYIoT 1
IOIIPABKKM K Macce 3JIEKTPOHA, TAK YTO PACIa Y — €' e  SBJIAeTCd KMHEMAaTH-
YecKH 3alpenéHHbIM Beeria’ .

Takum o6pazom, aBTopbl [193] fgenator Ty ke camyto OImubKy, paccMaTpUBast
UHTYTTAPOBAHHYIO TIa3MOI JIOMOJTHUTEILHYIO SHEPTUIO HEHTPUHO W 3JEKTPOHA
1 urnopupys 3dekTuBHy10 Maccy (OTOHa M., KOTOpas Hen30e:KHO JIO0JIZKHA
BO3HHUKATDL 3a CUET BJIUSAHUS TO Ke IJIa3Mbl.

3.6.4. O caaboM BKJIaJie B AUCHEPCUIO JIEKTPOHA B ILJIa3Me

Kak 1 HeliTprHO, 9JIEKTPOH BO BHEIIHEH cpejie TpuodpeTaeT, 3a CIET He coXpar-
HSTIOIIEr0 YETHOCTD CJIab0T0 B3auMOJIEHCTBUST, JOMOTHUTE/ILHYIO S9HEPIUIO, 3aBHU-
CAIIYIO OT CIUPAJbHOCTH 3JIeKTPOoHa. Beste 3a “HEHTPUHHBIM CIIMHOBBIM CBETOM
aBTopbl [201] mONbBITA/INCE HA OCHOBE aHAJIM3a 9TOI JIONOJHUTETHLHON SHEPrun
000CHOBATH BO3MOXKHOCTD CYIIECTBOBAHUS “9JIEKTPOHHOTO CHUHOBOIO cBeTa’ . B
pabote [195| mbI mokaszau, 1To aBTopbl [201] MOBTOPMIIN 3/€Ch TY Ke OIMHOKY,
UTHOPUPYS BJIMSHEE CPeJIbl HA JUCIEPCHOHHBIC CBOiiCTBa (pOTOHA.

st BeIAMC/IeHNsT JOMOJTHUTETLHON SHeprun 3JeKTPOHa BO BHEIIHEN cpeje
CJIeJIyeT PacCMOTPETh ero coOCTBEHHO-9HEPTreTuYecKnii orneparop. st peajbHO-
I'0 3JIEKTPOHA, C YIETOM TEPEHOPMUPOBKI KUPAJIbHOI MacChl U BOJTHOBOI (byHK-
IIIU 3TOT COOCTBEHHO-9HEPTETHIECKUIT OIIePaTOP MOYKET OBITh IIPEJICTABICH B BU-

Jie:

5= % () (V + As) | (3.127)

riae u® — 4-BeKTOP CKOPOCTHU ILJIa3Mbl, KOTOPBIIT B ccTeMe IOKOs paBeH u® =
(1, 0). Besmanna V' o6pasoBata B OCHOBHOM 3a CUET 3JIEKTPOMATHUTHOTO B3ali-
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MO,ZLGI(/’ICTBI/IH QJIEKTPOHOB:

«
VeV = — (24 7°T7). 3.128
— (e +7T") (3.128)
Ucnonb3yst Beipazkerne (3.116) mis tepmanbhoii Macesl (oToHa (I1a3MOHa),
MOXKHO TIPEJICTaBUTH BeTmvauny V' B BUJE:

3 T 1

VNCm—?V - —<(J<§ (3.129)
- B 232+ w272 2 T T2 '
3/1ech HUKHSISI 1 BEPXHsISI TPAHUIILI nHTepBaJia st C' COOTBETCTBYIOT CJIyUasiM

XOJIOJHOI U ropsgdeil 1a1a3Mbl.

MbI He IpUBOIUM 3/IeCh BKJIa/l B BeJIMIUHY V', 00yCJIOBJIEHHBII ciabbiM B3a-
UMOJIEICTBUEM, TTOCKOJBKY B PEaJIbHBIX acTPOMPU3NIECCKUX YCJIOBUAX JIEKTPO-
MarHUTHBIN BKJag V™ Bcerjga JOMUHHDPYET, 38 UCK/IIOUYeHHeM HepU3nIecKoro
cJiydast IUCTO HEATPOHHOI cpejibl, pacemorpernoro B [201]. Creyer 3aMeTuTh,
YTO JlayKe B YCJOBUAX XOJIO/IHON HENTPOHHO 3Be3/1bl KOHIIEHTPAIIUS 3JIEKTPOHOB
1 TIPOTOHOB HE MOXKeT ObITh paBHa Hyio, Y, = 0.01, cm. mampumep [202]. U 1a-
JKe TIpU TaKoil MUHUMAJIBLHON Betmdnne Y, 3JIeKTPOMarunuTHbLIN BKIad B V' Oyjer
JIOMIHUPOBATD.

C apyroit croponbl, BejqndnHa A 00yc/I0BIeHa TOJBKO CIa0bIM B3anMOJIeli-

CTBHUEM, 1 UMEECT BU/I:

A= % [2 (1= 4 sin20w) (N, — V) — (1 — 4 sin2 ) (N, — N,) +
+(Na=No) +2 ) (266 —1) (N, = N,,) | — (3.130)
{=e,u,T
8Gp E |<E,.> _ , <E, > _
_ 3\;5 [ m22 (Ne + Ne) (1 — 4 sin? GW) + 4m—%v (Nye + N,,e)

3/1ech BKJIIOUEHBI KaK JIOKAJILHDIN, TaK 1 HEJIOKAJILHBIN BKIAILI. [ ecTh SHeprust
9JIEKTPOHA, paclipocTpaHsiolierocsd B 1iasme, < E, > n < E, > — cpejHue
SHEPI'UH ILJIA3MEHHBIX 3JIEKTPOHOB M HEHTPUHO COOTBETCTBEHHO. [ljIs1 THMIINYHOM
acTpodusnIecKoil cpejbl nMeeM: N, ~ Np ~ N, ~ N, ~ 0, N, ¥ N, =
Y. Np, N, >~ Y, Np, u Boipazkerue (3.130) misg A MOKHO yIPOCTHUTB:
A= %y, [1 Casin? Oy Yo+ 2Y, - o P B Ty (0 sin? ) —
V2 T3 g
32 E<EkE, >
pEchizy]
3 miy

(3.131)
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CobcrBenno-sHeprerudeckuii oneparop (3.127) ompejesser IOMOJHATE b
HYIO SHEPIHUIO 3JEKTPOHA, KOTOPas B CUCTEME ITOKOs ILJIa3Mbl MOYKET ObITh 3a-
ncana B BUJIE:

AE:%(V—AAU), (3.132)

rjie B CJydae JIeBOW CIUPAJIbHOCTH JIEKTPOHA CJIEIYeT IMOJIOKUTh A = —1, B
caydae IpaBoil CIUPaJBLHOCTH A = 41, ¥ eCTb CKOPOCTh 3JIEKTpoHa. Taxkum 00-
pPa30oM, 3JIEKTPOHBI C JIEBOIl M MpaBOil CIUPaIbHOCTHIO IPUOOPETAIOT BO BHEIII-
Hell cpejie pa3/JIndHYIO JONOJIHITEILHYIO SHepruio. [1o aHaiorum ¢ npeaby M
AHAJIM30M /I HEHTPUHO, HETPYAHO I0TaaThCs, UITO MPOIECC ey, — €R + Y BO3-
MO2KEH TOJIBKO IJIf YIbTPapPC/IATUBUCTCKUX 3JIEKTPOHOB, B CUJIY OTHOCUTEJILHOM
MAJIOCTHU 3aBUCAIIETO OT CIUPAJILHOCTH SHEpreTndeckoro capura A. Dueprust Ky
VJIBTPAPEIITUBUCTCKOTO 9JIEKTPOHA TPUHIMAET BU/I:

m2 A
Eq ~ — 4 — 3.133
F1 p + 2]? 9 ) ( )

r7ie BBeleHa 3pPeKTuBHAT MAcca JEKTPOHA B IIJIa3Me 1M, OlpeiessgeMasi COOT-
HOIIIEHUEM
m; =m; +Cm?. (3.134)
C yuérom Beipazkenust (3.133) 3aKOH COXpaHEHUsI SHEPTUH U UMITYIbCA JJIsT
poriecca ey, — €R + Y MOYKeT ObITh 3allicaH B BUJIE:

me A(p) / e A(p/) m;
e 2\ e _ k4 —L 3.135
Pt o, Ty Phoy =9 Tt (3.135)
p = p +k. (3.136)

ITonpobyem BHauase IpeHeOpedb HEJIOKAJIbHBIM BKJIaJOM B A B BbIpake-
mnn (3.131). Takoe npubsmKene MOKeT OBITH OIMPABIAHO, €C/IH SHEPIUN HJICK-
TPOHOB HE CJIMIIKOM BBICOKH. B 9TOM cjlydae JIerko IOJIy4dUTh KHHeMaTHIecKoe
YCJIOBHE TOr'O, YTO IIpoliece Oy/1eT OTKPBIT:

mi—FQmem7
2A

E> Ey= (3.137)

[To anajioruu ¢ paccMOTpeHrneM HeTPIHHOTO IIPOIiecca, YHCAeHHbII aHaIn3 JaéT
JIJIsT TIOPOTOBOI SHEPIUH CJIEIYIOIIIe 3HATCHNST:
a) Jyist BHyTpeHHux obsracreii Costaia:

FEy ~ 101 M5B;; (3.138)
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0) Jyist BHYTpEeHHUX 00J1acTeil HeITPOHHBIX 3BE3I:

Ey~ 10" MsB . (3.139)

Takum 0O6pa30M, OYEBUJIHO, UTO BK/IIOUCHEE HEJIOKAJLHOIO BKJIAJIa SIBJISACT-
csi HeoOxomMbIM. Kak mokasbiBaeT aHajus, npu 31oM BuyTpu CoJtHila mporecce
€1, — €R 7y OKa3bIBaETCs CTPOrO 3alPEIICH, KaK U MPOIECC Vef, — Ver + 7. UTO
KacaeTcd BHYTPEHHUX o0JjacTeil HeMTPOHHBIX 3BE3J, 3J1eCh CYIIECTBYET “OKHO’
SHEpPIuil 3JIEKTPOHA, IPH KOTOPLIX IIPOIECC KMHeMaTHdeckn pasperén: ot 107

M5B 10 101 M»B.

Takum obpaszoMm, IIpoIece e, — e + 7y MOXKeT Peasin30BaThCsl TOJIbKO B TOM
JKe 9K30THUIECKOM CJIydae, KaK 1 “HeHTPUHHBIN CIUHOBLIN CBET’: eC/Ii 3JIEKTPOH
YJILTPABBICOKOI SHEPIUN MMPOHN3BIBAET HEHTPOHHYIO 3Be3/1y. B MeToImIecKnx 1e-
JISIX TTPOAHATIM3UPYEM STOT ITPOIECC C YIETOM BJIMSHUS CPEJIbI Ha, JTUCIIEPCHOHHbBIE
cBoiicTBa (POTOHA.

AMInTy 18 mporecca CTPOUTCST Ha OCHOBE 3JIEKTPOMATHUTHOIO B3aMMO/IEii-
CTBUSI 3JIEKTPOHA ¢ (DOTOHOM U MMeeT BU/I:

MO = ¢ <é}3 20 eL> . (3.140)

[Toce cranmapTHBIX, HO JOCTATOYHO I'POMO3IKUX BBIYUCJICHHUI /I KBaJpaTa
AMILIUTY/IbI, IPOCYMMUPOBAHHOI'O 10 IIOINEPEYHBIM IOJISIPUBAIUSM ILJIa3MOHa, &
OJTy YaeM:

E E
~dram? | =4+ = -2, (3.141)

2
’ E F

MP =3 | MmO
3

rie F u E' — sneprunm Ha4abHOIO M KOHEYHOI'O 3JICKTPOHOB. 3J1eCh 1M, €CTh
KupaJbHas Macca 9JeKTPOHa, KOTOPas OTIMYaeTcst 0T ero 3pMeKTUBHOI MacChl
Me, M. (3.134).

3aMeTnM, 9TO KBaJIpaT aMILINTY/IbI IPOIecca €5, — er + Y ¢ MePeBOPOTOM
CIIMHA JIOJIZKEH OBbITh paBeH HYJIIO, €CJIU KupaJjbHasi Macca 3JIeKTPOHA M. paBHA
HYJII0, B CUJIy COXPaHEHUsI KUPAJbHOCTU B 3JIEKTPOMAIHUTHBIX B3aUMOJEiCTBU-
SX.
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BeposiTHOCTD IIpoliecca BbITUC/ISIETCSI CTaHIAPTHBIM CIIOCOOOM:

FZEEE23<%}H§—Q>, (3.142)
I~ ZZ?Pn%?—E%;%<2—§%%E>], (3.143)

+ |E-R) (E + E %) | (3.144)
Ey = 2;2'(2\/27‘* 1) . (3.145)

Kax Bujno u3 Beipazkenuit (3.142) - (3.145), Fy sABIseTcs moporoBoil sHeprueii.
Bemmunna C' onpenesiena B8 popmyite (3.129).

B npenesie E > Ey ~ 107 MsB BbIpakeHne JijIsi BEPOSTHOCTH IPOIECCa
CYIIECTBEHHO YIIPOIIAETCS:

oam? 2FA 3
'~ c 11 - — 3.146
2F (nfﬁ 2)’ (3.146)

riae me — 3bdeKTuBHasg Macca JeKTpoHa, onpejeséHtast B dopmyse (3.134).
HamoMunM, 9T0 BEpOATHOCTH OTJIMYHA OT HYJSI TOJHKO B MHTEPBAJE SHEPIHil
snekTpora By < E < Epa. @opmysst (3.142) - (3.145) Obun mostydeHsl B
npubskenn F << Eya ~ 1010 M3B.

B mpoTHBONOJIOKHOCTD PAJINAIIMOHHOMY MEPEX0y HEHTPUHO ¢ IEPEBOPOTOM
CIIWHA, TJIe CpeJiHssl JIIMHa CBOOOIHOrO Mpodera oKazajgach T'MTaHTCKOMN, BbIpa-
xkenue (3.146) maér macimrab jAyinHbI Ipobera st 9JIEKTPOHA Ha, YPOBHE JIECST-
KOB CAaHTUMETPOB. OUeBUIHO, OJIHAKO, YTO PACCMATPUBAEMBbII MTPOTIECC HE MOYKET
KOHKYPHPOBATH CO CTAHIAPTHBIMI 3JIEKTPOMATHUTHBIMU IIPOIIECCAMI PACCEsTHUST
9JIEKTPOHOB Ha KOMIIOHEHTAX ILJIOTHON ILJ1a3MBbl.
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3.7. CobcTBEeHHO-IHEPreTUYecKnii omepaTop Heli-
TPUHO BO BHEITHEM MArHUTHOM IIOJIE

3.7.1. Omnpesesienne oreparopa Y(p) B MArHUTHOM TI0JIe

Kak oTmedasioch BbIIe, 3HAUNTENLHBIN HHTEpEC MPeJICTaBIdeT aHaJINn3 BJIU-
sIHUs Ha CBOWCTBa HEHTPUHO, B YaCTHOCTU, Ha MEXaHU3M HEHTPUHHBLIX OCIIHJI-
JISILINI, emIé OJIHOII KOMIIOHEHThI BHeIIHell aKTHUBHOI acTpodu3nIecKoil cpejibl —
CHJIBHOTO MArHuTHOrO 1oJis1. OJIHAKO yKa3aHHOE BJIUSHIE IOJIS SIBJISIETCSI CyIIe-
CTBEHHBIM TOJIBKO CJIydae ero J0CTATOYHO OOJIBINION MHTeHCHBHOCTH. Kak yxke
OTMEYaJIOCh, CYIIECTBYET €CTeCTBEHHBIN MacIITad BeJIMIMHBI MATHUTHOI'O I10JIs,
Ha3bIBAGMBI{l KpUTHICCKUM 3HauenneM, B, = m?2/e ~ 4.41 - 10'3 Tc. Nwmerorcs
apryMeHThI B II0JIb3y TOI'O, UTO IIOJIsI TAKOI'O M OOJIbIIEro MacIiTada MOTYT Ie-
HEPUPOBATLCA B aCTPOMUBNYIECKNX ITPOTeccax, TaKNX, KaK B3PbIBbI CBEPXHOBBIX
1 CJUSTHNS HEHTPOHHBIX 3BE3J, JJId KOTOPBHIX XapaKTepPHbI TaKyKe TUraHTCKUe
IIOTOKN HEHTPUHO.

CitejlyeT OTMETHUTDL, YTO HCCJIEJOBAaHUE COOCTBEHHO-9HEPIeTHIECKOTO OIle-
paTopa HEHTPUHO B MArHUTHOM II0jle uMeeT yxKe 1odTu 30-J€THIOI0 UCTO-
puio [160,184,185].

OO011yI0 JIOPEHIIEBCKYIO CTPYKTYPY COOCTBEHHO-HEPT'ETUUECKOr0 OIepaTopa
HeHTpUHO Y(p) B MATHUTHOM TI0JI€ MOYKHO IPEJICTABUTD, AHAJIOTHIHO BBIPAYKE-
Huio (3.92), B TepMUHAX JIMHEHO HE3aBUCHMBIX KOBAPUAHTHBIX (DOPM, OOJIbIIAs
YaCTh U3 KOTOPBIX COXPaHSAET TOT YK€ BUJI;:

Y(p) = [AL (py) + Bré (pﬁﬁ 7) +Cre (pF 7)} YL+
+ [AR (py) + Br €’ (pFI:W) +Cre (pﬁv)} YR+
+ my, K1 +iKye (vF7)], (3.147)

CpasuuBast 910 Bbipazkenue ¢ dopmysoit (3.92) mis X(p) B 3aMarHndenHoi
IJ1a3Me, MOYKHO BHJIETD, ITO IIPOM3OIILIA 3aMEHa CTPYKTYPBI (4Y) Ha CTPYKTYDY

(pF F fy). Takyto 3ameny Bcerjia MOXKHO CJIeJ1aTh, UMes B BUJLY COOTHOIIEHNE

(pFFp) (uy) = (pu) (pF F 7) - (pF U> (pF v) :

Kak yzke 0TMe4asI0Ch, ecjim OrpaHnunuThCA MPHOINZKEHIEeM 6e3MacCOBOrO JIe-
BOIO HEHTPHHO, B oliepaTope Y(p) OCTAIOTCS TOJBKO TPU CTPYKTYPBI ¢ Ko3hdhu-
mmentamu Ay, Br, u Cy,.
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AHan3 1MoKa3bIBALT, ITO PE3Y/IbTAThl PACUETOB MHBAPUAHTHBIX KO3MDUIm-
entos Br, u C;, B Bolpazkenun (3.147), mosrydennble pasHLIMI aBTOPAMHU, He CO-
ryracyroresa Mexkjy coboit. B Tabsmie 3.1 Mbl NpUBOUM 3HAYEHUs] ITUX KOIP-
dunmenToB, moIyUeHHBIE B MIPEIBLIYIINX paboTax, a TakzKe Pe3yIbTAThl HAIIETO
BBIUNCJICHUST, JIETAJILHO ONMCAHHOIO B HacTosIeM pasjese. [lose B HazbiBaeTCst
“crnabpiM’ pu e B K m% 1 “‘yMepeHHBIM IpU m? L eB K m%[,

[Tozanee B paszjgene 3.8.5 OyJeT JAeTaJbHO MPOJEMOHCTPUPOBAHO, UYTO IIPH
HAJIMUUNH Macchl y Heifrpuno Kosdgdunument Cy ompejedeT ero aHoMaJjbHbIIl
MarHUTHBI MOMeHT. [IpoBepKoil IpaBuILHOCTH BhIuncaeHns Koddbdurmenta Cr,
JIOJIZKHO OBITH COTJIACHE C U3BECTHBIM PE3YJIbTATOM JIJId aHOMAJIbHOI'O MarHUTHO-
ro MoMeHTa Heiitpuno [205,206]:

B em, Cr _ 3eGrmy,

CpaBHeHne HOoKasbIBaeT, 4To B pabote [184] xoaddurment Cr 3apbiien B 4 pasa,
a B paborax [151] u [152] mmeer summmmit akrop (-2/3) u (-1/3) coorsercTBerHo.
Kpowme Toro, B pabore [184| nosydeno uewnysieBoe 3uadenue Jijisi Koypduimenra
IIpU CTPYKTYPeE BUJIA (pF fy), OITPEJICJIATONICH JICKTPUICCKUIT TUITOJIBHBI MOMEHT
Heifrpuno. OiHaKO Takoi BKJIaJ B COOCTBEHHO-9HEPreTHIECKUl olepaTop Heli-
TPUHO MOYKET OBITH OTJIMYEH OT HYJIS TOJILKO B IIPUCYTCTBUN 9JICKTPOMATHUTHOI'O
nosist ¢ nenysesbiv C'P-redernpiM mosessiM nnapapuantoM (FE) = 4 (EH). Ho
JlazKe B 9TOM CJIydae OH CHJIBHO nojasieH, cM. [185]. Ilpuxoaurces cienars BbIBOJ,
YTO PE3YJIbTAT JIJIsi 9JEKTPUIECKOIO JUIOJBHOTO MOMEHTa HEHTPUHO, MOJIyYeH-
Hblii B pabore [184], rie paccMarpuBajsoch YHCTO MATHUTHOE IOJI€, SIBJISETCS
OINOOTHBIM.

Ojinako HanboJIee 3HAYNTEIHLHBIM PA3HOUTEHUEM SIBJISIIOTCS PE3YJIbTAThI J1JIsT
koadburuenta Br. B pabore [184] on He BbIMUCISAICSH, KaK TPEHEOPEKIMO Ma-
Jblit, a B pabore [160] kosddurment By, nonyuen macmraba Gg/mi,. [lo cpas-
HEHUIO C 9TOH BeJIMYMHOI pe3yibTar s B, HalljleHHbIH B paboTax [151, 152],
MMeeT rurantTckoe yemiaenue dgpaxropom mi,/eB. B ciaydae ero npasuibnocTn
9TOT PE3yJIbTAT JIOJ2KEeH ObL/I Obl IPUBECTU K BarKHEHUINNM CJICJCTBUAM JIJist -
3UKU HEHTPUHO B cpejie, cM. [207], HOCKOJIBKY MOJIeBOIT BKJIA B JIOMOTHUTETHHY O
SHEPIUI0 HEHTPUHO IIPEBBICIIT ObI IIJIA3MEHHbBIN BKJIAJI,

Panee Bbruncienust BKIaJia Ma3Mbl B omeparop X (p), kak 06e3 yuéra, Tak
1 ¢ yI6TOM MArHUTHOIO II0JIsI ITPOBOIMINCEH B IIEJIOM psijie cTaTeil, M. Hallpu-
mep [182, 186, 187].

B pab6ore [187| mucrnepcnontbie cBOHCTBA HEHTPHHO MCCJIEIOBAJICH B MPH-
ompkenun m, < T < my, B < T?, ¢ 1eiblo OpUMeHeHHs pesyibTaTob
K yKa3aHHOIl BbIlle cTajun pamnneit Bceemennoit. B wacTtrocTu, s 3apsgoBo

(3.148)
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Tabsuma 3.1. Kosddurmentsr B hopmyiie (3.147) mjist cobcTBeHHO-IHEPTETHIEC-
KOT'O orlepaTopa HeiTpruHO Y(p) Bo BHeIIHEM MarHuTHOM moJie. B pabore Elizalde
e a. (2004) ykaszaHo, 9TO pe3yJIbTaT CIPABE/JIUB B O0JIACTH UMITYJIbCOB HEITPIHO
0 < p? < eB. Ham pesyanrar crpasems B obtactu 0 < p? < m%v

V272 V2

ABTOpBI [Touse B, % an Cr X e
McKeon (1981) — 0 +3
1 2. 3
Erdas e a. (1990)  Ymepen. ——— <ln m—‘gf + —) 0
Imiy, m; 4
Elizalde ¢ a. (2002) V L1 1
izalde e a. MepeH.  +o— :
Elizalde e a. (2004) Vwmepen. +L o PL/(2¢B) 1 e~ P1/(2eB)
4eB 4
1 m? 3 3
H -1 (2006 Ci1ab — In—% 4+ = —
ar pes-T ( ) J1aboe 3 <n 2 + 4) +4
1 m? 3
H -7 (2006) VY L= In —% 1 2.542 =
arr pes-1 (2006) MepeH Ey < nopt ) +7
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CUMMETPUIHON IJIa3Mbl U3 DPe3y/abTaToB paboThl [187] MOkKHO u3B/IEYL pas-

HOCTb COOCTBEHHBIX SHEPIUil, OJUHAKOBYIO JJIsI HEWTPUHO U aHTUHEHTPUHO 4,

AE=E, —E, (i=pu,7), B BUIC

G T Gr T?
AETP) ~ —6.0—5—|p|+047——¢(Bp), (3.149)
myy myy

rjie p — UMIYJIbC HEHTPUHO (AHTHHEHTPUHO). 3JIeCh EePBOe CJIAraeMoe IIpel-
CTaBJIsIeT cOOOM JJOMUHUPYIONIUI YNCTO TJIa3MEHHBII BKJIa/l, BTOPOE CJaracMoe
00yCJIOBJIEHO COBMECTHBIM BO3JIEMCTBUEM ILIA3Mbl I MATHUTHOI'O TOJIS.

Yucro mosieBoit BKJIAJ B COOCTBEHHYIO SHEPIHI0 HEHTpuHO aBropamu |187]
HE pacCMaTpPUBAJICsI, KaK HecyllecTBeHHbIi. B 1o e Bpems B paborax [151,152]
YTBEPKIAeTCA, YTO NUMEHHO MOJIEBOI BKJAJ sABJSIE€TCA JOMUHUPYIOMNUM. Pe3yiib-
TaT paboThl [152] [1st 9uCTO MOIEBOrO BKJIA/IA B PA3BHOCTH COOCTBEHHBIX SHEPTHIL,
OJINHAKOBOI'O 1151 HEHTPUHO U aHTUHENTPUHO, MOXKHO HPEJICTABUTH B BUJIE:

GF eB
4\/_7r2

riae ¢ — yroa Mmexkjay Bekropamu B u p. Kak mnokasbiBaer cpaBHeHue ¢op-
Myt (3.149) u (3.150), nosyuennsiit apropamu 151, 152] uncro mosesoii BKaq
MOKET 3HATHTEJILHO MPEBBIMNATE MIa3MeHHblii BKIa (3.149), meficTBurebHo

AED) ~ Ip| sin? (3.150)

AE®) 3 eB myy

riie B Bestmanie AEB) nposeseno yepennernue 1o yriy ¢, a B sesmianne AETB)
yliepKaH TOJIbKO Juaupytoriuit dieH. [TockoabKy TemmepaTypa Ha paccMaTpH-
BaeMoOM oTpe3ke 3BoJitonun Beestennoit T' < myy, 3a cuér O6oJibIoro dakropa
(myw /T)? orHomienne R MOKeT 0Ka3aThCsl 3HAUUTEILHO GOJIbIIE €JMHUIIbI,

Takum 06pa3oM, MOCKOJIBKY BOIPOC O TOM, sIBJISETCd JIN BKJaJ[ BHEITHETO
MArHUTHOIO I0JI B SHEPIUIO HEHTPUHO HPEeHEeOPEXKNMO MaJIbIM I JOMIHIPY-
IOITUM, TTPUHITUITNAJILHO BayKeH, HEOOXOAUMOCTE €r0 HE3aBUCHUMOTO BBIUHMC/ICHUS
ObL1a oueBHiHA. Takoe BbIUHC/IEHNE OBLIO MPEIPUHATO HaMu B pabote [153].
3J1eCb MbI IIPOBOJIUM PACUYET COOCTBEHHOIHEPreTHIECKOr0 OllepaTopa HEHTPUHO
B IIOCTOSTHHOM OJIHOPOJIHOM MArHUTHOM I10/1€, CJIaDOM 0 CPABHEHUIO C KPUTHIe-
ckuM 1osiem i W-6o3ona, eB < m;.

13nak + mepes suHeiHBIM 10 TOJTIO WieHoM B dopmyste (13) cratbu [187] HPOUCXOMUT OT HEYNAMHO BbI-
OpaHHBIX 0OO3HAYMEHUI: UMITYJIbC HEATPUHO MOJIATAETCS B 3TOW CTATHE PABHBIM K, MMIyJIbC aHTHHEHATPUHO —
pasubiM (—k) [208].
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S-MaTpUUHBIA 9JIEMEHT Iepexojla ¥ — V cooTBeTcTByeT juarpamme Deiin-
MaHa, n300parkéunoit Ha puc. 3.13. Onucanme TEXHUKN BBIYUCICHII aMILIATY/]
KBaHTOBBIX IPOIECCOB BO BHEIIHUX 3JIEKTPOMATHUTHBIX ITOJIAX MOXKHO HaliTH,
Harpumep, B [148].

w P
,2° 5
n I
>- “ . — >
Ve / Ve Ve / Vi

Puc. 3.13. /Inarpammbr @efinmana, n300pazkKaroniyue NHIYITHPOBAHHBI MarHUT-
HBIM II0JIEM BKJIaJI B COOCTBEHHO-IHEPIreTUUIECKUil olepaTop HEHTPUHO B (beliH-
MaHOBCKOIT KaJnOopoBke. /IBOITHBIE IMHIE COOTBETCTBYIOT TOYHBIM ITPOITaraTopam
3apsi?KeHHOro Jientona, W-6030Ha 1 HE(PU3UIECKOTO CKAJISIPHOTO 3apsKEHHOT'O
d-Obo30Ha BO BHEITHEM MArHUTHOM TIOJIE.

CobCTBEHHO-9HEPIeTHYUECKUIT OllepaTop HEHTPUHO MOXKET OBITH IpEJICTaB/ICH
B BHJIE

s 2
19 o
X(p) =~~~ [7 o5 ()% v + (3.152)
1 _ (@) _
+—5 (mevr — mur) I (p) (mevr — muyr) |

myy

rjie g — 3JeKTpocsadas KOHCTaHTa CTaHIapTHO Mojiesin. VIHTerpasibl, BBeIEHHbIE
B (3.152), nmeror Bu/

Jys (p) = /(;17454 S(@) G4 (q—p). (3.153)
J(p) = / (224 S(q) D' (q—p), (3.154)

rie S(q), Gggj)(q — p) u D®(q — p) — Dypbe-06passbl TPAHCIAIUOHHO-
MHBAPUAHTHLIX YacTell MpoIararopos Jjis 3jeKTpoHa, W™ -6030Ha U 3apsizKeH-
HOro cKasisiproro $-6030ma, coorsercTBenHo, cm. (2.10), (2.11) u (2.12). Ilog-
qepKHEM, 9T0 M, B (3.152) B 00I1eM cIydae ecTh HeJUArOHATbHAsT IUPAKOBCKAs
MAaccoBasl MaTpHIa HEHTPUHO ¢ YUETOM CMENIMBAHKS B JIEMITOHHOM CEKTOPE.
Bamern™, uro ko3 durnnentst Ag, Br, Cr, K12 B dopmyse (3.147) npownc-
XOJAT OT (PeHHMAHOBCKON JIarpaMMbl CO CKaJIsspHbIM P—O030HOM 1 TI0/IABJIECHbBI
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KBa/I[paTOM OTHOIIIEHIS JIEITOHHON Macchl K Macce W-0030Ha, Torjaa Kak Kodd-
unmenter Ar, By, Cr cogep:KaT BKJIAJbI 00ENX JUATDAMM.

Hasnee B pa3m. 3.7.2 BeIYUCIEH BKJI1a/] B COOCTBEHHOIHEPTreTHIECKUIT O1TepaTop
HeHTpUHO N-T0 ypoBHA JlaHay B mponaraTope 3apszKeHHOTO JIEITOHA, B KOM-
ounanuu ¢ tounbiM W-npomnararopom. Ilokazano, 1To BKJIa/T OCHOBHOTO YpPOB-
ng Jlangay ne gaBisieTcd JOMUHUPYIONIUM, U CJEAYIONINE YPOBHU JTAIOT BKJIAJIBI
TOTO YK€ TOPsIIKa, B MPOTUBOPEUNH C TPEJITOJOKEHNEM, UCIOTH30BABITUMCS B
paborax [151,152]. B paszm. 3.7.3 Mbl mpuBoAnM MOAPOOHBIN PACIET COOCTBEHHO-
SHEPreTUIECKOTO OllepaTopa HEWTPUHO B MATHUTHOM I10JI€ B JIBYX ITPEIETbHBIX
CJlydasix: OTHOCUTENBHO ¢1aboro nosis eB < m? 1 yMepeHHO CUJIBHOIO TOJIs
m? < eB < m},. Boluuciiena jonouTenbuag sHeprus, npuobpetaeMas Heii-
TPUHO BO BHENTHEM MATHUTHOM TI0JIE, U TTPOAHATM3UPOBAHBI BOZMOXKHBIE KOCMO-
JIOTUYeCKne 1 acTpopU3NIeCcKne CJIe/ICTBUS.

3.7.2. Bkuiag umusmniux yposueii Jlangay B omepartop X(p)

Kak y»ke oTmMedaJioch, MOJIydeHHbIE HAMU PE3YJIbTaThl JIJId KO3(PDUINEHTOB
COOCTBEHHOIHEPTETUIECKOTO oriepaTopa Heifirpuro (3.147) HAXOASITCS B TOJTHOM
npoTuBopednu ¢ pesysabratamu pabor [151,152|. B s1ux craThsax BbrAnc/ieHne
COOCTBEHHOIHEPTEeTHIECKOT'O OllepaTopa HEHTPUHO B CHJILHOM MATrHUTHOM II0JI€
IPOBEJICHO MeToJIoM cobcTBeHHbIX yHKuit Puryca [209], koTopbiii 6611 0606~
IeH aBTOpaMM Ha ciydail gactull ciuHa 1. Ha manr B3r/is), ocHOBHag MpUYnHa
PACXOXKJIEHUsI COCTOUT B TOM, UTO IIPU pacdére cOOCTBEHHOIHEPIeTHIeCKOr0 Olle-
paTopa HeidTpuHO aBTophl |151, 152] orpaHnYImM/INCh BKIAIOM TOJIBKO OCHOBHOTO
ypoBHsi Jlangay B mpomnaraTop 3apsizkeHHOro Jierrona. OJIHAKO, KaK [I0Ka3bIBaeT
aHaJ I3, TAKOM MOJIX0/T sIBJISICTCsI, BOOOIIE TOBOPST, OIMMNOOYHBIM, TIOCKOJIBKY BKJIa-
JIbI CJIEJTYIONUX YpoBHei JIangay oKasbIBAIOTCS TOTO Ke MOPSIKa, YTO U BKJIA/T
OCHOBHOTO ypOBHS. /[el0 B TOM, 4TO MPU UHTEIPUPOBAHIH 110 4-UMIIYJILCY BUP-
TyaJIbHOTO JIEITOHA B TETJie Ha puc. 3.13 cylecTBeHHON OKa3blBaeTcs 00/1acTh
¢> ~ m?, > eB, nosromy npesnosarasiieecs B [151,152| moMunnpoBanue oc-
HOBHOTO YpOBHS JIaHgay 3/1eChb HE UMeeT MecTa.

[TposieMoHCTpUpPYEM 3TO MPSMBIM BBIUHUCJIEHIEM BKJIaJa B COOCTBEHHOIHEP-
reTUYecKnii orepaTop HEMTPUHO OT N-T'0 YPOBH: JlaHiay B JISIITOHHOM IIpoliara-
TOpe, B coueTannu ¢ ToUHbIM W -niponaraTopom. [lojie Oymem cunrarh ymMepeHHO
CHIIBHBIM, 3 < M3, & emé OJiiy BeJTMIUIy — TOMepPEUHbIil UMITYJIbC HEHTPUHO P |
— TPaKTUYEeCKN CBOOOJHBIM ITapaMeTpOM, MEHAIOMNMCA B ITPOKOM WHTEpPBAJIE
0 < pt < my,/B.
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[Toxcrasisst B narerpas (3.153) Tounsiit W-nponararop (2.11) n BKa n-ro
yposust Jlaugay B JenToHHbIil mponaraTop (2.35), HaxoauM

J(p) = —/ (;1:;4 7 _m% e {(qv) {dn(v) —%(%07) dn’(v)] _

— (g7)12n dnz()v)} X

X Cosds  oxXp | —is miy — (¢ — p)f + tg(is) (a—p)1 )| x
/ cos(f3s) g
o)

() po co8(285) — ppo sin(%s)], (3.155)

IJle OIYIIEeHbl YJIeHbl ¢ YETHBIM HUCJIOM 7y-MaTPUIL, KOTOPble YCTPAHATCS BCJIE]I-
CTBUE KUPAJbHOI CTPYKTYphl omepatopa (3.152). IIpoussojsi moBopoT B KOM-

IJIEKCHOI IJIOCKOCTH S, § = —iT, 1 HCHOJIL3Ys TOZKIECTBO
0
2/
= — [ d7’ exp {—7” (m% +2nf — qz)} , (3.156)
qi —mj — 2n3 / |

neperuiieM uaTerpas (3.155) B dhopme

T (p) = / (;1:;4 {(qv) [dn(v) - % () dn ’(v)] —(g7)L2n n U)} X

r dr dr’
(@8)po — () po ch(287) + 1y sh(207) (3.157)
Xo/ch(ﬁT)[%p 2 +1p ]x
xexp[ <m?+2nﬁ—€1ﬁ> —T<m%4/—(q—p)2|> —%(q—p)ﬂ
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[Ipn MHTErpUpOBAHIH 110 4-MEPHOMY TIPOCTPAHCTBY UMITyibcoB dig = d2q|| d?q,
HHTErpaJibl 110 d2q|| IMEIOT IayccoBY (OPMY U JIETKO BBIYHUCJISAIOTCs, UTO AT

' r dx dy xy
J(S”)p — ! / exp[—aj+§ —y(2n +/\]><
) (P) 1673m3; / (x 4+ y) ch(nz) Tty (2nm + )

<[ B9 = (00w ch(200) + 1y shi20)|
< [ e |- g g [ o (o) - § e o)
~(qr). 20 ) } (3.158)

(%

I'’1€e BBEICHDI 6e3pa3MeprIe [HepeMeHHbIC &' = m%/VT ny = m%ﬂ", a TaKz>Ke IIa-

pamerpel 1 = 3/mi,, & = pﬁ/m%v ~ p* /m3, u X = m?/m¥,. U3 Boipaxe-
aust (3.158) coepyer, dro, Garogapsi SKCIOHEHINATLHOMY (haKkTopy e %, cyIie-
CTBeHHas 00J1acTh W3MEHEHNUsI epeMeHHoil x onpejensiercst yeaosuem x < 1. C
YUIETOM OrpaHnydeHnd 1) << 1 apryMeHT runepbomiecknx pyHKIUH OKa3bIBACTCA
MaJIbIM N < 1, 9TO BEJIET K OUeBHIHBIM yipoiieHusaM. CieyeT TakzKe yuecThb
yenosue ¢3S 3, KoTopoe obecrieunBaeTcs SKCIOHEHToll e~V cojepzKaleiics B
dbyuknngax d,(v), em. (2.36). st BecbMa MMpPOKOro WHTEpBaJa 3HaYCHUIl n,
OrPAHUIEHHOTO TOJIBKO yesoBueM n & 1/n = m%, /3, 9KCIIOHeHTa, BXOJSIIAsT B
uHTerpat 1o dq, , yuporaercs:

T

th(nz) 2} ( il )
exp | — (g —p) ~ exp|—x-— | X
s . miy
2 9
X exp (—x 7. z(qph) (3.159)
myy

[lepBast U3 SKCIIOHEHT B HAIINX 0OO3HAUCHUSX PaBHA € &%, HamoMHUM, YTO Ml
paccMaTpruBaeM OYeHb ITUPOKUIT MHTEepPBaJ JIOMYCTUMBIX 3HAYEHUN JIJIsT BEJTIIN-
e p2 , a umenno: 0 < p? < myy, /3. C apyroii cTOpoHbI, BeJIMINHa ¢ BO BTODOi
13 9KCIOHEHT sIBJISIETCS TIePEMEHHON NHTEeIrPUPOBaHUs, U ee 001aCTh CYIIeCTBEeH-
HBIX 3HAYEHUII OIpeesieTcss YKa3aHHbIM Bbille yeaosueM ¢¢ < 3 < mi,. C
YUETOM 3TOTO BTOPYIO U3 9KCIIOHEHT BbIpazkeHust (3.159) MOKHO ¢ Xoporieii To4-
HOCTBIO 110JIATaTh PABHOI eMHHUTIE.
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IIpu sTOM HHTerpaJibl 1o obsactu d?q| Jerko BBIYHCIISIOTC:

/ d?q, d,(v) = 7B (2 = 0p0) / d*q d,'(v) = =7 B0,

/ q. (). 2 g, (3.160)

()

Beprewmest emné pas K Boipazkenuto (3.159) u cjieaeM JOMOJTHUTETBHBIE TTOSIC-
HEHUs, YTOObI IIPEJIOTBPATUTL BO3MOXKHOE Hejopasymenne. Ha mepBbril B3rJsiI
MOTJIO MTOKA3aThCS, ITO 3aMEHA BEJIMINHBI (P — q)i Ha pi, KoTopast paKTUIeCKN
npousornia B Beipaykernn (3.159), o3Hadaet, 910 ObLIO MPUHSATO JOMOJTHUTE b
HOEe yCJIOBHUE pi > qi ~ eB, KoTopoe 3HAYNTE/ILHO CyzKaeT 00/1acTh pacCMaTpu-
BaeMbIX 3Hadennit p, . [TokaxkeM MpsAMBIM BbIYNCIEHUEM, YTO 3TO HE TaK, U UTO
IIOJIyUeHHbI pe3y/ibTaT clipaBe/l/InB BO BceM mHTepBaJje 0 < pi < m%v /3.

CoxpaHuM BTOPYIO U3 9KCIOHEHT B BbhipakeHun (3.159) u mojcraBuM ee B
nepselit w3 unrerpasos (3.160), obozuadas ero ;™

2 2
j(n):/dqudn LU oxp [z X 22(qp)L . (3.161)
B myy

Pacemorpum Baavasie ciaydait n = 0, upu stom dy(v) = exp(—wv). Cosepiras B
IJIOCKOCTH (| TIePexXoJl K MOJISIPHBIM KoopauHatam {q,, ¢}, npu stom (gp), =
¢1p.L COS ¢, U UCIIOJIBL3Ys U3BECTHDI HHTErpaJI

2w

/dq§ e?<s? — 2 Iy (b)), (3.162)
0

rie Io(b) — mogudunuposatuas Gynkinns Beccesst HysieBoro mopsijika, morydaenm

1 X 2x q.p
1.7 q q p q * °
/ 5] m2W 0 m2W ( )

[TomgepkueM, UTO HUKAKWX MPUOIMZKEHNN MMOKa He Jejaoch. Vcmonb3ysa ermré
OJINH W3BECTHBIN MHTETPaJI

/ dye ¥ Io(22,/y) = ¢ | (3.164)
0
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OKOHYaTeJIbHO II0JIy9acM

;0 B

B 2 pi 0
T 1t apmg P (m%v(l + &3/%)) | (3169

Benomunag, uro z < 1, 8 < m¥, u p? < miyy /3, B TOYHOCTH BOCHPOUZBOUM
m3 (3.165) mepserit 13 nnterpasos (3.160) mpu n = 0:

jO ~ 3. (3.166)

Anasnoruano st n = 1, upu 9rom di(v) = 2v exp(—v), TPUXOIUM K JPYTOMY
M3BECTHOMY HMHTErPaJIy

2

/ ydye ™ Ip(227) = (1+ 22) e (3.167)
0

YTO B IPUHATBHIX HPUOINIKEHUSIX TA6T:
i ~or3, (3.168)

u Tak jgajee. Takum obpa3oM, npub/ImzKenue, Cnoab30BAHHOE IIPU BLIYUCICHUH
unTerpasios (3.160), siBjsiercst olpaBIaHHbIM.
C yuérom coornomtennit (3.160) narerpas (3.158) npuninmaer Bu/

J(p) = ﬁ (PV)) 9po {2 — [1 — % (Ww)] 5no} X
[ zdzd 2
/H exp {—x — {xiy —y (2nn + )\)] . (3.169)

YUauThIBas MaJIOCTh TapaMeTPoOB 1) U A\, OKOHYATETbHO HAXOJMM BKJIaJl B MHTE-
rpaJl or n-ro ypoBus Jlanmay jjs jiodoro n << m%v /3

T3 (p) B (1 + f;—%) (PY))) Gpo {2 - [1 ~ % (’WW)} 6no} - (3.170)

1672 pi o

[Toxcrassss (3.170) B (3.152), /u1st BKIa1a B COOCTBEHHOIHEPTeTHICCKHUIT OT1e-
paTop HefTPUHO OT N-T0 ypoBHs JlaHIay B JEITOHHOM IPOIATATOPE TIOJIYIaeM

GpeB m? P’ -
»W(p) = — W <1+—i 2— 0, . .
(p) NP - [(2 = 6u0) (P7) = o (PPY)] 2
(3.171)
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Kak Buno n3 Beipazkenns (3.171), Bkiag ocnosroro yposus Jlammay (n = 0) me
SIBJISIETCS JIOMUHUDYIOIINM, B IIPOTHBOIIOJIOKHOCTE YTBEP K IeHusIM crareii [151,
152].

st emé Gosiee BbICOKUX yposreit Jlammay, n 2> m%,v /3, BBIYHCJIEHUS CTa~
HOBSTCS 3HAYUTEHLHO OoJiee TPOMO3JIKNME. MOXKHO cjiesiaTh yBepeHHbII BBHIBOJI,
YTO KUCIOJIb30BaHUE B JIAHHOI 3ajlade JIENTOHHOI'O IIpollaraTopa, Pa3JiozKeHHOI'O
1o yposHsaM JIangay, ¢ MocjaeyIonuM CyMMUPOBAHUEM BKJIAJI0B, SABJISETCS CO-
BEPIIIEHHO HeIeIeCO00Pa3HbIM. 3HAYUTE/ILHO 0oJiee IPOCThIM 1 3D QMEKTUBHBIM
SIBJISIETCS CIIOCOD BBIUUC/ICHUIT ¢ TOYHBIM JIEHNTOHHBIM TIporararopoM (2.10).

3.7.3. Beruucsienue omneparopa Y(p) B “caabom” moJe

B cBsi3u ¢ pacxoxeHIeM HAINX Pe3yJbTaToB ¢ pesyiabratamu pabot [151,
152| MbI IPUBOJIMM HAIU PACIETHI oliepaTopa X (p) JoctaTodHo mojgapobro. Hau-
HEM BBIUHCJIEHUE ¢ DoJiee TTPOCTOro Caydasi OTHOCUTEHHO CJIaDO0r0 IMOJIst, KOTJia,
HAIPAYKEHHOCTD TIOJIS SIBJISIeTCS HAUMEHBIITNM Pa3sMePHbIM ITapaMeTpoM 3aJ1adu,
eB < m? < m¥;. llpu stom s dbypbe-06pasos nponaratopos kak W-6ozoma,
TaK ¥ JIENITOHA MOXKHO HCIOJIb30BATH IMOJIEeBbIe pasiokenus (2.20) u (2.22), u
BBIYUCISITH nHTerpast (3.153) B Bujie psijia 110 crenensim napamerpa 3/ m%v:

Jop(p) = / d'q {5<0)(Q)+5(1)(q)+5(2)(®+---}><

(21
< |GONa—p) +GLla—p) +Cola—p) +...| =
= DoJas(p) + ArJas(p) + Dadas(p) + ... (3.172)

Hecsioxno nokazarn, 1ro Gecrtiosiesoit wien AgJag(p), cogepxKanuii yasrpadu-
OJIETOBYIO PACXOIMOCTB, UMEET CTPYKTYPY (op (DY) U J8€T BKJIAJ TOJLKO B
koabdunuent Ay, oneparopa X(p), em. (3.147), KOTOPBIii, KaK y7Ke OTMEIaI0Ch,
YXOJHUT B IIEPEHOPMUPOBKY BOJIHOBOIT (QyHKIINN HEATPUHO.

iieH 1mepBOro mopsijika CKJaJblBaeTCsd U3 JIBYX dacTeil:

Ardas(p) = I8 () + 15" (p) =

Curaraemoe, cojepzkaliiee HyJIeBOI 4JIeH JIEITOHHOIO IIporaraTopa 1 MepBblii YJIeH
W-niponnararopa, nMeeT BUJL

‘]o(igwn(p) = 21590&5 / (

diq (qv) +my 1
2m)t > —m? [(¢—p)? —m}?

(3.174)
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YiepKuBasi, B CHIIy KHPAJIBHON CTPYKTYpHhI orteparopa (3.152), ToJIbKO 4/IeHbI ¢
HEYETHBIM YHUCJIOM 7y-MaTPUIL U UCIOJIL3YS pa3/IoKeHne

1 | 2
~ . 2nlap) (3.175)

O T T TR T TR

2

v

rJe Mbl IIpeHeOperin Maccoil HefiTpuHO p2 = m;,, II0JIy4aeM IIpu ml% < m%,V

1 p
T (p) ~ —5= Pap (D7) - (3.176)
b 1672 m3,

AHAIOTNYIHO BBIYHC/ISICTCs CJIaraeMoe, CojleprKaliiee MepBblil YjIeH JIeTOHHO-
ro mporaraTopa u HyJeBoil wien W-nponaratopa:

' d'q (g7)) + mu 1
T 0) = == Bgas (v / -
i 0 = g 0 ) [ Gt (e = -
i g
~ —— Gas (PP : 3.177
I'’ZIe UCITOJIb30BaHO TOXKJIECTBO
(p7)) (o) = —2i(pey) 75 - (3.178)

Bxutaj; BTOporo nopsijika B uHTErpast Jug(p) COAEPKUT TPH CIaraeMbIX:

Nodap(p) = JS" (p) + T (p) + T (p) =

(0% (0%

_ / % SO(q) G2 (g —p) + / (;124 SW(q) G)(q—p) +

d4 9 0
+/ (2754 S (q) G(q—p). (3.179)

Cuaraemoe, cojiepzkaliiee HyJIeBOI WIeH JIEMTOHHOTO IpoIaraTopa u BTOPOi 4jIeH
W -niponiaratopa, ucno/ib3yst pasjaoxkenne (3.175), B IPUHATHIX TPUOJTIZKEHUSIX,
a TakzKe 1pu p2 ~ pﬁ < mi;, noydaeM B Bujie

o), g [ dq (gy) +me 1
10 =< [ o (s

2(q—p)? 1 N
- - mw]> AR - m%V]S} 8
~ 16172 (%) [1—18 9o (DY) — (©P)ap (m)] , (3.180)
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IJie OIIYIIEHO CJIAraeMoe BHIA o3 (PY), Jaloliee BKIaJ] TOJBKO B mapameTp Af.
Cuaraemoe, cojepzkaliiee IepBbIil 1IeH JIETOHHOI'O IIPOoIaraTopa 1 IepBbIil
wien W-nponararopa, HaXOIUM B BHU/IE

(L) o2 d*q (qv)) +mu 1 N
1 2
= 1672 (m%V) Pap (PPY) Vs - (3.181)

Hakonerr, komOuHaIsI BTOPOro 4jeHa JIIITOHHOI'O IIpollaraTopa u HyJIeBOTO 1JIe-
na W-nponararopa

(Wo), diq (qf —m}) (q7)L —a} (7)) +m]
150 = 2P [ G @ — ) :
1
S o g (3.182)

KaK y»Ke OTMevaJjioCh, COIEP:KUT YCUJIeHUe BKJIaJa 00JIaCTH OTHOCUTEIbHO Ma-
JIBIX BHPTYAJIBHBIX UMITYIBCOB §° ~ m% < m%, CoBepiitasi BUKOBCKHUIT TOBOPOT
B KOMILJICKCHOII IJIOCKOCTH (g, (o = 1G4, qﬁ = ¢ — ¢ = — (@3 + ¢}), nocue
CTAHIAPTHBIX MpeobpaszoBanuii nepenniiem waTerpas (3.182) B Buje

. 3 2
af 82 m%/
31ech BBEJEHbI, C HCIOJb30BAHHEM O0O3HAYeHUl &+ = —qﬁ/ m%v, Yy =

¢ /m¥,, A =m?/m¥, < 1, crenyionye nHTerpabl

I— ]O xdx ydy
0

(z+y+ N (z+y+1)2

(0.¢]

dx ydy
: 3.184
/‘w+y+A(x+y+U2 ( )

I, =

>

0

KOTOpbIe, Oyrarojiaps MaJIoCTH HapaMeTpa A, JIE'KO BbIYUC/ISTIOTCS

1
I ~ —— ln)\ / I ~

! (3.185)
6 36’ 6 '
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Oxonvaresnbho it BKIaga (3.182) mosyqaem

. 2 9
LWy 1 ﬁ m 7
Jo(éﬂ )(p) = 2472 (m_%v) Jas (V) (111# - §> : (3.186)

Cobupasi BbIUUC/IEHHBIE BKJIaJIbI B Bhipazkenue (3.172), HaxXoquM /It HHTe-
rpaia Ju3(p) cieyioniee pasiozKeHue 110 CTEeHsIM OIS

Jap(p) = 161772 {;—?V B ap (PPY)V5 + Pag (m)] + (3.187)
+i (;—ZY [gaﬁ (p)) (; 1n%v - g) —1@ap (PPY)75 — (PP)as (m)] } :

371eCh OIYIIEHBI CIaraeMble, IMEIOIINe CTPYKTYPY Jag (DY), KOTOPBIE TTOTHOCTHIO
MOIVIOTATCST IEPEHOPMIPOBKOfT BOJTHOBOI (DyHKIINH HEHTPUHO, a TAKIKE UJICHDI C
YETHBIM IHCJIOM Y-MATPUIl, KOTOPBIEC YCTPAHITCH 3a CIET KUPATBLHON CTPYKTYPBI
omeparopa (3.152).

[Togcrasiss (3.187) B (3.152), /1t cOOCTBEHHOIHEPIETHIECKOTO OIIEPATODA,
HEHTPUHO B IIpejieie OTHOCHTEIBHO CJIa00T0 O/ OKOHYATEBHO TTOJIYdaeM:

GreB . eB (4 m?
X(p) = \/gw [3(19907) ~ (gln#g - 1) (p’y)”] L - (3.188)

Kosddument Cr, KOTOPBI MOXKHO OTCIOa M3BJedb, cpaBHubas (3.188)
¢ (3.147), HaxonUTCsT B TIOJIHOM COLJIACUE C DE3YJIBTATOM JIJIs AHOMAJIBHOTO Mar-
HUTHOTO MOMeHTa Hefirpuro [205,206], a Takxke pesyabraTom padbor (210,211,
IJie HCCJIe/[OBAINCH HeJANArOHAJIBHBIE IIePEXOibl V; <> Vj (i 7 j) BO BHeIIHeM
JIEKTPOMArHUTHOM TIOJIE.

Kosddurment B, B cBoio ouepeib, COBIaIaeT ¢ PesyIbTaToM paboTs [160).
Ciiejryer 3aMeTuTh, 4To pesysbrar paborsl [160| B jeiicTBUTEIBHOCTH ClIDABE/I-
JIUB HE JUIs CJIydasg yMEPEeHHO CHJILHOTO MoJist e B < mi,, Kak yTBepKIaeTcs B
CTaThe, a TOJHKO B PACCMOTPEHHOM TIpejiesie OTHOCUTEILHO ¢1aboro moJIs.

Eme ogauM KpurepueM paBUIbHOCTH BbIYUCICHUS KOIMDPUIMEHTa, B CJIy-
JKUT TO, YTO Ha OCHOBE COOTBETCTBYIOIIErO CJIAraeMOro aMIinTy bl (3.90) Mox-
HO, 3aMeHsisl BHEIIHee TI0JIe MOJIEBLIMU OllepaTopaMu (DOTOHOB, TTOCTPOUTDH -
dekTUBHBI JIarpaHKUaH VV7yy-B3aUMOJENCTBUS, B TOJTHOM COTJIACUH C PE3YJ/Ib-
TaToM paboTsl [212].
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3.7.4. Cay4ait yMepeHHO CUJILHOTO I10Jid

B ciydae ymMepeHHO CUILHOTO TOJIs, mg L eB K m%v, KaK y2Ke OTMeYaJIoCh,
pas/IozKeHne MporaraTopa JenToHa 1Mo crerneHsM moJist (2.22) venpumennmo. Mc-
0JIb3ysi TOuHOe Bhipazkenue (2.10) u pasmoxkenne (2.20) mjist mponararopa W-
0o3zoHa, npejacTasuM unTerpas Jo5(p) B Buje

o) = [ st 68—+ 6a - +eSia-n+.. ] -

= J @)+ I )+ I )+ (3.189)

«

[Togcrasiss (2.10) u (2.20), maa nepBoro n3 uarerpasos (3.189) mosygaem

2 Wo - dig [ ds . tg(3s)
15700 = i [ e [ ey ew [ (mi -+ )
0

(g7)1 } y

< {1+ [eos() — § () sns)] -

cos(3s)
1
R (3.190)
q—pP myy
[TpousBojist OBOPOT B KOMILJIEKCHOH ILJIOCKOCTH §, § = —iT, UCIOJIb3YS PA3JIO-

kerne W-niporaratopa (3.175), u omyckas 4IeHbI ¢ 9€THBIM YUCIOM Y-MaTPUIIL,
OJTY I1M

o dq [
JC(fﬁW)(p) = —QQaﬁ/ﬁo/dT exp [— (m _qH) _E th(B7)

2m
x {(qv)n [1 - % (v¢7) th(ﬁT)] - CEI%Z[);)} ((Z ) '__WE%JS); S (3.191)

CoBepinasi BUKOBCKUI OBOPOT B KOMILIEKCHOI ILIOCKOCTH (o, (o = 1(4, WHTE-

IpUpYst MO yIJIaM B eBKJINJOBBIX IIOCKOCTAX {q1, ¢2} u {q3, q4}, mepexojs K
22 _ 2 2

Oe3pa3MepHBIM [EPEMEHHBIM U = —q”/mw, v = q{/B, * = mj,T 1 BBOIA
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6espasmepiblii napamerp i = (3/mj;, nepenumiem unrerpai (3.191) B Buge

Je) )~ 190 / dz / du / a0
of 1672 (14 u+nv)?
0 0 0

X {(m)nu [1 + % (v7) th(nfc)] — (P)1

nv
2(n2) } (3.192)

uTerpast 1o nepeMenHoi x TpedyeT akKypaTHOTO oOpallleHns] KaK Ha HUZKHEM,
TaK 1 Ha BepxHeM Ipejese. Vcmomp3yst MajgocTh mapaMeTpa 1), eaecoodpasHo
BBIOpATH IIPOMEXKYTOUHBII MacinTab A Ha ocu x, Takoii, uro A > 1, Ho nA < 1,
1 pas3ObuTh 00JIaCTh MHTErpupoBaHus Ha JBe dacth, 0 < x < Anm A < x < oo:

(0% (0%

J(%EWO)(p) _ J(OﬁA) (p) + J(iéoo)(p). (3.193)

B obnactu 0 < x < A aprymenT rurepoOosmydeckux GyHKIui mai, nr << 1,
1 1epBbiil 13 uHTerpasion (3.193) 3HAUUTEIBHO YIIPOIAETCs, ¢ YIETOM 3aMEHb
IIEpEMEHHON v = w:

(e.¢]

A
du dw 1
J(OA) — lgaﬁ /d / —z(utw) 14+ = 2.3 >
of 1672 v 1+ u+w)? 2 © +377xw
0

0

X {(m)uu [1 + % (v¢7) nx] —(py) 1w (1 —772:132)} . (3.194)

[Tepexojist oT nepemMeHHbIX {u, w} K HOBbIM TepeMeHHbIM {2, & }:

1 1—¢
U=z +£, w=z 25, /dud

00 1

/zdz/dg, (3.195)

MHTErpupyst 110 & U OIyCKas, KaK U PaHee, ClaraeMble BIJIA §og (DY), Hepenuiem
nnrerpas (3.194) ¢ yuérom (3.178) B Buje

[\3|H

1

A 19a ~
Jéoﬂ )(p) = 327‘_@ |:(p907> vsn I3 + (pfy)” 172 (]4 — § [5)] , (3196)
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rjae BBeJeHbl NHTEIr'paJibl

A 00 A 00
22dz 22dz
[a = d T ez I, = 24 —rz
’ /x x/(1+z)2e o /x ‘”/(Hz)?e |
0 0 0 0
A 00 3d
z°dz
I; = 3d T evE 3.197
L ‘”/(Hz)?e 10
0 0

YuaureiBas, 910 A — 60JIBIION apaMeTp, ¢ TOYHOCTHIO 10 1ieHoB O(1/A) mosy-
qaeM

=1, I,=2IMA—5+2vs, I;=6InA—17+6vs. (3.198)

riae vg = 0.577 ... — nocrosinnag Ditiepa. B pesynbrare pist unrerpana, J O(é%A) (p)
MMeeM

04 g . 4 7

TV ) = 222 1 (pp7) v+ = (077 (mA -~ +yp )| . (3.199)
321 3 3

It Broporo u3 uaTerpasios (3.193) takzxke nmeercst yiporienue. Kak BuIHO

3 (3.192), sxcrnonenTa B uncinTesae obecrednBaer npn A < r < 00 MaJoCTh

YJICHOB ¥ W MU B 3HaMeHaTese Mo cpaBHeHmio ¢ eaunureii. [lerecoodbpasno me-
peiiTi K HOBBIM MIEPEMEHHBIM 2 = 1T, i = u/1:

(Aco) _ igaﬂ 2 —yz —vthz
Jog (p) = Tk /dz/dy/dve Y% e X
nA 0 0
1 v
X {(m)y [1+—(ww) ch] — (V)L = }x
2 ch” z
1
x (3.200)

(1+ny +nv)?’

BaMeHsIs TTOCJIeIHIOI pobb Ha 1, BIJUM, 9TO HHTEIPAJIBI 110 Y U U JIETKO BbI-
ancigiores. [Ipenebperast ciaaraembim O(1/A), nomyaaem

IS (p) = 90 2 J (), / L), / = U 500

1672 22 th z 2 sh? 2
nA nA
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3J1ech IepBbIil 13 HHTErpaJjoB MOYKHO IIpeodpa3oBaTh KO BTOPOMY MHTErPUPOBa-
HUEM 110 HaCTdM:
rod rod
z z 1 1
= - + + =40 ((nA?). 3.202
/zQ th z /zsh2z (nA)? 3 ((A4)°) ( )
nA nA

Yuantoiasg, uto NA < 1, ocraBmmuniics WHTErpaJs 1eJ1eco00pasHo Ieperncarb B
BUJIE

r dz T dz [ 22 3 7 dz
- 3 - 3| ———==. 3.203
/z sh? 2 / 23 (Sth 3+z2) - / 23(3 4 22) ( )
nA nA nA

311echb J00aBIeHHbIN U BRITUTAEMbIil 4jIeH BHIOPAH TakK, YTOObI, C OJHOI CTOPOHHI,
00eCIIeYnTh CXOJIMMOCTD IIE€PBOI0 U3 MHTEI'PAJIOB U Ha HUYKHEM, U Ha BEepXHEM
npejesie, a ¢ APyroil CTOpoOHbI, YTOOBI caM OH JIETKO BhIYUC/Isicsd. VTak, nepBblii
u3 naTerpasion (3.203) sBjsieTcss KOHETHDBIM, €CJIN YCTPEMUTh HIKHUN Ipejies K
nyJifo. Ero unciennoe snadenue

r dz [ 22 3

C = — — ~ —0.055. 3.204
/ 23 <sh2z 3+z2> ( )
0

B pesyusbrare st narerpasa (3.203) mosyuaem

Tod 1 1 1 1
/ S + — 1nA+§ 1nn—61n3+0, (3.205)

zsh’z  2(nA)2 3
nA

C TOYHOCTBIO JI0 WIEHOB 00Jiee BBICOKOTO MOpPsijikKa MajtocTr. CyMMUpPYsl BbIUIC-
JIEHHbIe BKJIA/BI 1 OIIYCKasl, KaK W pamee, CIaraeMble BUJIA (g (P7y), Ui HHTe-
rpaJia B obactu A < x < 00 nmeem

N i g, 1 1 1
I )(p)=24:2 () (‘1nA+1n5+§+§ln3_3C>' (3.200)

OxoHuaTeIbHOE BhIpazkeHue st narerpasia (3.193), kak u cjaeg0Bago 0xKiu-
JIaTh, HE COIEPKUT MPOMEZKYTOUHOTO MacinTaba A:

J(ZEWO) _ igaﬁ ~

os (D) 9.7 (pPY) 51 +
4

3

1 11 1
+ ()7 <ln5 — —+-In3+vg — 30)} . (3.207)

6 2
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[Tpucyrersue 3aeck wiena n*Inn (n = 3/m?,) ele pas MOKa3bIBaeT, YTO Pa3JIO-
YKeHIe JIETOHHOIO IporraraTopa 1o [, Kak MajJoMy IIapamMeTpy, B JaHHOM CJIydae
HEBO3MOKHO.

AnajlormaHbIil aHAI3 BTOPOTO U TPETHEro 4IeHOB pas/iozxkenus (3.189) moka-
3bIBAET, UTO “ONACHBII BKJaJ ¢ JorapudmMoM (3 BOSHHKAET 3/1€Ch B CJIEIYIONINX
MOPsJIKaX 10 IMapaMeTpy 1), TOITOMY MOYKHO UCIOTB30BATH TTOJIEBOE Pa3JI0ZKEHNEe
JIEIITOHHOT'O IIpollaraTropa, 3allicbiBas UHTErpaJibl B BU/IE:

T ) = T+ 5w,

(0% «

J(%sz)(p) _ J(%Wz)(p). (3.208)

(0% &

Takum obpazom, cymmupyst (3.207), (3.176), (3.180) u (3.181), naxommm:

Jas(p) ! {i F 9o (PPY)V5 + Pap (m)n] +

~ 1672 myy |2
eB\’ 2. my 7 1 2
i(— ) |ga Sl L4 I3+ —20 ) -
+1(m%V> {gﬁ(pw” <3neB 63 0Tk )
—1@ag (pPY)75 — (PP)as (m)] } : (3.209)

st coOCTBEHHOIHEPTETUYIECKOTO OTlepaTopa HEUTPUHO B CJIydae yYMePEeHHO
CHJILHOI'O T10JId, m? LeB K m%/v, OKOHYATEJIbHO ITOJIy1IaeM:

. GF eB
V2 47?

Ha nepBpiit B3rs11, BropbiM caaraemMbiM B (3.188) u (3.210), KoTopoe cozep-
JKUT JIOMOJTHUTE/IbHBIN MaJiblit pakTop eB/ m%,v, MOXKHO OBILJIO ObI TIpeHEOpEeYb.
OjHaKo, KaK MbI MOKaykKeM HEZKe, MMEHHO OHO JaéT JOMUHUDYIONIUN BKJIA B
SHEPruio HENTPUHO.

B pabGore [151] aBropbl HONbITAJNCHE B KaYeCTBE MPOBEPKH PABUILHOCTH
CBOMX aHAJMTUYECKIX BBIYMCAEHUI TPOM3BECTH YHCACHHBIH pacyér Kod(puim-
entos By, u Cr, onepatopa X(p), 3alMCAHHBIX B BHJIE JBOMHBIX HHTETPAJIOB, CM.
dopmyitst (89) u (90) paborer [151]. Kax MbI moKazkeM HIKe, JTAHHBIH THCICHHDIH
pacuér Takxke HepepeH. OCHOBHasl MPUYNHA OMIMOKH COCTOHT, MO-BHINMOMY, B
TOM, ITO aBTOPBI IBITAIUCH PACCIUTATE YNCTEHHO HHTErPaJI OT PA3HOCTH JIBYX, B
CYIIHOCTH, GECKOHEUHBIX BEJININH. AHAJII3 TI0KA3aJ/1, 4TO STOT HHTErpaJl KOHeUeH
1 umeer opstaoK Besmuunbl €B/m¥, < 1070 g coorsercTByomux snavenuii
T0JIsT, HO HE TIOPSIJIKA eJMHNIBI, KaK yTBEP:KIaoT aBTophl [151].

X(p)

. eB (4 m?
{3(1090”/) T (§ In e_g + 3.389) (pv)] VI - (3.210)
W



118 I'maBa 3. /lucriepcust qacTui] BO BHeIIHeH aKTUBHOI cpeJie

Anasornano pabore [151] nmpejcraBimM BbpazkeHust j1Jist KO3hQUINEHTOB ole-
patopa Y(p) B Buje ABOIHBIX nHTErpasion. [logcraBum B unrerpas (3.153) Tod-
Hble BbIpaykeHust jijist nporaratopos (2.10) u (2.11), B KOTOPbIX yJ00HO cpa3y
IIPOM3BECTH MTOBOPOT B KOMILJIEKCHOI IJI0OCKOCTHU S, § = —iT. IIpu aTom nuTerpa-
bl 110 4-ummyabey diq = d2qH d?q, cpaBHUTEIBHO JIErKO BhIUHCaAIOTCA. 11o-
craB/dst 3aTeM pe3yJbrar B (3.152) u cpaBHUBas ¢ olpejieieHIeM COOCTBEHHO-
sHepreTuyeckoro omneparopa (3.147), MoxkHO mpejcTaBuTh Ko duimentsr Ay,
B, u C;, B cIeLyioneM BUe

[ dz dy sh(nx)
A = / —d(z, y, M, . (3211
L 16772 | v R exp[—®(z, y, A, p, mw)] (3.211)
B, — g*n / dz dy sh(nz) chin(2z +y)]
167% /' (z +y) shin(@ +y)} Lsh{n(z +y)] Tty
X exp[—q)(x,y, /\7p7 mW)] ) (3212)
5 F; rdxdy shin(2z + y)]
= - A 21
Cr 167T2/ Tt 9) shin(@ + 1) exp[—®(z,y, A, p,mw)],  (3.213)
0
e

(I)(xaya)‘7p7 mW) =T+ )‘y -

_xy PP _( vy  sh(pz) Sh(ny)) ul

v+ymd \xz+y nshinlz+y)]) md’

(3.214)

a TakzKe BBeJICHBI obosHadenus n = (3/mi,, A = m2/m3,

HerpynaHo yBujers, 9To mHTErpaJi, BhlpasKkatoniuii koaddurment Ay, sBIs-
eTcs pacxosiiumesd. Kak yke HEOJHOKPATHO OTMEYaJsoCh, 3TOT KOI(DPUITHEHT
YXOJINUT B IIEPEHOPMUPOBKY BOJHOBOMN (DYHKIUN HEHTPHHO.

3aMeTHM, YTO HOJIyUeHHble BhIpaskeHus Jyisi kodddumuentos By u Cr Ha-
xopsitest B coryiacun ¢ opmynamu (89) u (90) paborsr [151], ¢ TouHOCTBIO 110
oueBHIHOf ommbKky B 3HaKe B hopmysie (90). Onuako u3 (3.212) BujHO, 9TO KO-
schbpurment By, ecth yeTHas DYHKIMS TapaMeTpa 1), CJIe0BATEILHO, JIHHEHAS
3aBHCHMOCTE B, OT 1), IeKJapupyeMas B paboTe [151], stByisteTcst stBHOI OIMIUOKOIA.

J1st IpoBepKN MPaBMJIBHOCTH HAIINX aHAJUTHICCKIX PACIETOB PACCMOTPUM
IIpeJIeJILHBIN CcayYail, Korjga m? < m%,v u pﬁ ~ pi < m%,V [Tepexojist K HOBOIA
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nepeMeHHol z = x + y, ynpocrum uaTerpasbt (3.212) u (3.213):

z

o [sh(nz) @ chin(z + o)
. sh /dxe [sh(m) . ,(3.215)

167T

0

z

/:J:dx e * shin(z + x)]. (3.216)

L

167T2 22

0\8

Pesyabrarsl uncaennoro pacuéra semmunn By u Cr no dbopmynam (3.215)
u (3.216), kak dyHKIUit mapamerpa 1), IeMOHCTPUPYIOT XOPOIIee COrJIache C 3a-
BUCHMOCTSIMU 9TUX KOI(MDMUIINEHTOB OT 1), KOTOPbIE BHIPAXKAIOTCS MOy I€HHBIMI
panee IpUOIMKEHHBIMU POPMYJIAMEI, OCOOCHHO TIPU MAJIBIX 3HAYCHUSX ITapaMeT-

pa 1.

3.7.5. Omneparop HeATPUHO X.(p) B CKPEIEHHOM T10JIe

Kpowme pacemorpernnbix B pabore [194] mpesebHbIX cIydaeB caboro moJist
eB < m? u yMepeHHo CujIbHOrO 1osisg mi < eB < mj; cylecTByer emg ojna
00J1aCcTh 3HAUYEHUI PU3MIECKIX ITapaMeTPOB, TPeOYIOIIasi OTJACIbHOIO aHAJII3A.
meercst B BUJy cUTyallysi, KOrJa IIOIEPEYHbIN 110 OTHOIICHUIO K MarHUTHOMY
II0JTF0 UMITYJIbC HEHTPUHO P | SIBJISETCA JOCTATOYHO OOJIBINON BEJIMUMHOMN, HAIIPHU-
Mep P Z My WA P > Mmy. dTa 00/IacTh 3HAYEHUIl IapaMeTPOB siBJISIeTCSI
aKTyaJIbHOI B CBsI3U ¢ IpodJeMaMi (PU3HKH KOCMUYECKUX JIyUell YIbTPaBbICO-
Kux sHepruil. B wacTtHoCTH, MMPOKO 00CYXKIAI0TCA BO3MOYKHOCTH PErMCTPAITIN
KOCMIUCCKHIX HEHTPHHO YIbTPAaBLICOKHX sHepruii, £, ~ 107717 3B, cm. na-
npumvep [213] u nuTupoBanubie Tam paboTel. [lo-BummMomy, omicanue mporecca
pacrpocTpanenns HEHTPUHO TaKWX SHEPruil Oy1eT HelmoHbIM 0e3 yUéTa nX B3a-
UMOJIEICTBHSI ¢ MATHUTHBIMU TIOJISIME acTPOPU3NIECKOI ITPUPOIHI.

YKazannasg 00JacTb 3HAYEHUil MapaMeTpoB COOTBETCTBYET TPUOIMKEHUIO
CKPEITeHHOTO 110J1s1. Dypbe-00pasbl TPaHC/IAINOHHO-UHBAPUAHTHBIX YacTeil 1po-

araTopoB, BXOJSIIMX B Bhipaxkenus (3.153), (3.154), npejcrasienbl B Ghopmy-
nax (2.62), (2.63), (2.64).

Ob61mast JTOpeHIeBcKas CTPYKTypa ornepatopa > (p) B HPUCYTCTBUN MArHUT-
HOTO TIOJIS TIPEJICTaB/IeHa B Buipaxkennu (3.147).
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B npubsmkeHnn CKpeIeHHOTo I10Jisi MHTePecyolne Hac KO3 DUINEHTHI
B (3.147) BRIpazkatorcst gepes uHTerpasbl ot dhyukinnn Xapm—CTokca:

Br

Gr /1dvv[2(1+v)(2+v)+)\(1—v)(2—v)]

12V2 72 mi, [+ A(1— ) 8

u %(uu) ) (3.217)
4\/G§F7r2 /0 S [2511: szl_—Av()l “ fw), (3.218)
1 \%Fﬂg :ng 01 vdiv;(ll__vg) u f(u), (3.220)
8\G/%jr2 /01 vc—tjil(;—v)v) uflu), (3.221)

riae A = mZ/m¥;, f(u) — dynxmus Xapgu—Crokea:

Flu) =i /0 "t exp {—i (tu + g)] | (3.222)

Apryment dyuxrmun f(u) B Boipaxenusx (3.217)—(3.221) umeer Bu

v+ A (1 —v)
Deo(l—u)23

(3.223)

u =

rae x — AMHAMUYeCKUil IT0JIeBOI ITapaMerp, X2 = ¢? (pF F p)/ m%,.

Cy1mecTBytoT Tpu 00JIACTH 3HAUEHU{T JUMHAMUYIECKOTO TapaMeTpa Y, B KOTO-
PbIX MOYKHO HANTH MPOCThbIe NPUOJNKEHHBIE AHAJIUTHIECKNE BbIDAXKEHUs! JIJIs
naTerpasion (3.217)—(3.221).
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1) O6sacTh, Tje X sIBJISIeTCs CAMbIM MaJIbIM [apaMeTpOM 3a/1adH, Y2 < A\,
wm eBp, < my m%,v B nanHoit 06/1acTi MBI TOJTY YUJIN:

12

_ Gp 1 3 V3 V3
B ——— |In +
3v2 w2 m? )\

12

ool»lk
<

[\
/'__\\
=
>| =
I

(o8}
~__

, 3 2 1
1—A(ln=-=
= g5 (i)

X
Bp ~ —6\/§i§m%VZ§V <lni\ —%), (3.226)
Cr ~ 85’;2 ng , (3.227)
Ky ~ 8\/G§F7T2 [)\ (ml - 1) + ;Xﬂ . (3.228)

2) O61acTb MPOMEXKYTOUHBIX 3HAYCHUIT JIMHAMUYIECKOTO Mapamerpa A <
2 < 1. Io-BuanMOMy, HMEHHO 3Ta 00JIaCTh 3HAUCHUH IIPe/ICTaBIIsgeT HANb0IIb-
. 0 2/002 ~11
it narepec. Hamomumm, aro A = mZ/ms, ~ 4x 107", IIpeacrasisas mapamerp

X B dopme
B\?2 E 2
2 -3 &
X ~3x10 <§e) (1020 9B> : (3.229)

BIJIMM, YTO B OYEHb IIUPOKUX MHTepBaJaxX 3HAYCHUIl MArHuTHOIO MOJId U JHEep-
ruil HefiTpUHO HapaMeTp X IPUHAJIJIEXKUT STOH IIPOMEXKYTOUHO 00JIacTH.

3/1eChb MBI TIOJIY YUJIN:

l

_ Gy 1 5 . )
By, ~ —— (2In— — -+ 1In3+4+ 2y +ir |, 3.230
L 3\/§7r2m%4, ( Y 4 TE ( )

l

C; ~ 1+ - 2lIn— — — +In3+ 2 , (3.231
I 4\/572{ +3X ( nX 3+n + 'YE+17T>] ( )
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Br ~ — “ 1 2lIn— — — 4+ 1In3+ 2y +ir |, (3.232
f 6vV2 12 m?, ma, x 4 7B ( )

= GF mQ

Cr ~ 4 3.233
B oA md, (3.233)

GF m2 ( 1 .

ICo o~ —L (2lIn——1+In3+2 +m), 3.234

T ogv2nrmy, X b (3234
rie g = 0.577... — nocrosinHas Ditiepa.

3) ObsiacTb GOJIBIIMX 3HAUEHUIT JIMHAMIYECKOrO HapaMerpa y > 1. Hamn
PE3YABTATHI B 9TOI 00JIACTH CJIe/IyIONTHE:

_ _ Gr (1+iv/3
BL ~ —i \/g C;F ) CLQ . F( 1\/_) ) (3235)
2V2 1 miy X 5v/23Y/6T4(2/3) /3

_ 37/614(2/3) Gy (1 —iV3) m?2

Bp ~ (2/3) F( 1\/_) m4u’ (3.236)
32\/§7T3X4/3 My

_ Gr (1 +iv3 2

Cr o~ — v (1+1V3) sy (3.237)

90+/2 31/6T4(2/3) x2/3 myy

Gr (1413 2

Ky ~ TOr(LEIVE) (3.238)

364/231/6T4(2/3) x2/3 m3,

rae ['(z) — rammva-dynkims, 1'(2/3) = 1.354...

3.7.6. MaruuTHbIii MOMEHT HeliTpUHO

B mpenenbHOM citydae X2 LK\ = mz / m%/v JIJIT MArHuTHOI'O MOMEHTa Heil-
Tpuno (3.280) nosydaem:

1 4 1 1 3e Ggm
SO () e T (T - S (0) _ 22 TFT g 9aq
,LLVg /J/z/e [ 2 + 3 X ( n >\ + 3 9 IU/l/g 87‘(‘2\/§ ( )
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(0)

rJie fLy, €CTh MarHUTHBII MOMeHT HeiiTpuro B Bakyyme [205,206]. Jlugupyorrumii
ujleH 1oJiesoit nonpasku ~ Y2 B (3.239) ¢ GosbIuM J1orapudMOM COBIAJAET C
pe3y/IbTaToM paboThl [185], riie He yUUTBIBAIICEH TOCTIOTapU(DMUIECKIE LICHBI.
[Tocseauit wien B 1osieBoii mompaske Bbipazkenus (3.239) 00yc/I0BIeH BKIAI0M
®-0030na. Kak BuIHO, OH OTHOCUTEILHO MaJj, HO He UMeeT HapaMeTPUIecKoro
110/TaBJIEHUS.

3.8. CobcTBeHHO-9HEPreTuYeCcKnii onepaTop Heii-
TPUHO B 3aMarHMYeHHON IJIa3Me

UccneoBanue coOCTBEHHO-9HEPIETHIECKOTO Olleparopa HefiTpuHo » (p), u3
KOTOPOT'O, B YaCTHOCTU, MOYKHO U3BJI€Yb U 3aKOH JUCIEPCUN HEHTPUHO, B MLJIOT-
HOIT TIJ1a3Me B IPUCYTCTBUH BHEITHETO 3JIEKTPOMArHUTHOTO T0JIsi ITPOBOJINIOCH B
nesioM psifie pabor, cm. Hampumep [152, 153,181,187, 188].

B gacTtHOCTH, /71 TONOJTHUTEIHHOM SHEPTUN JIEKTPOHHOTO HEHTPUHO B 3a-
PSII0BO CUMMETPUYHON ¢j1a00 3aMarHUYeHHON T1a3Me B (DUBNYECKUX YCJIOBUAX

miy > T? > eB > m? (3.240)

OBLIO II0JIY49€HO BbIpazKCHHE:!

AFE V2Gy 2T (1 2
AE __TV2Gem <2+ 2)+ (3.241)
p| 45 m;  miy
2GrT?eB 2Gr (eB)? T
V2 F2 ‘ cosgb+\/_ 5(62 ) In (—2> sin? ¢.
Imiy 6 = my, me

3itech E' u p — sHeprus m MMIYJIbC HEHTPUHO, Mg, Mz, My — MacChl JICK-
TpoHa, /£-0030Ha u W-0030Ha COOTBETCTBEHHO, 1 — TeMmIileparypa ILIa3Mbl, ¢
— YroJI MEXKJIy HallpaBJeHHeM MAarHUTHOrO 10Jisi B 1M BeKTOpoM uMIlysibca P.
[TepBoe ciiaraemoe B Bbipazkerun (3.241) omucsiBaeT JOMOTHATETHHYIO SHEPIHIO
HeifiTpuHO B IiazMme 6e3 marautHoro nosist [181], a Bropoe [187] u Tperbe [18§]
caaraeMble 0OYCJIOBJICHBI OJTHOBPEMEHHBIM MTPUCYTCTBUEM ILJIA3MbBI I MAIHUTHOTO
nosist. Kax Bujao u3 (3.241), ciaraemoe, poroOpInoHAIbHOE KBaJIpaTy HAIPSI-
YKEHHOCTU MarHUTHOTO TT0JIsI, COJICPYKUT YCHJICHUE JIOTapudMUIecKuM PakTOPOM
In(7?/m?), uro B dusuyeckux ycaosusax (3.240) Booble roBops BBI3HIBACT CO-
muenus. [leiicrBuresibHo, B yeaoBusx (3.240) BKJIaj B 9HEPTUIO HEHTPUHO OIpe-
TeNeTcsd TIa3MEeHHBIMI 9JIEKTPOHAMU U TIO3UTPOHAMHU, 3aCE/ISAIONIUMI BBICIIINE
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yposHHE Jlan1ay. DHeprus TaKux 3JIEKTPOHOB U TTO3UTPOHOB Ha, N-OM ypoBHe JIaH-
Jlay BbIparkaeTcss popMyJIoit

Wy = \/mg + k% + 2eBn, n>> 1. (3.242)

[TockobKyY B IpeiioyiaraeMbiX YCJIOBUAX Macca JIEKTPOHA SIBJIAETCI CaMbIM
MaJIbIM TIapaMeTPOM 3aJIavur, €l0 MOYKHO IpeHeOpedb B BLIPAXKeHWUW I SHep-
run (3.242), MO3TOMY MaJIOBEPOSITHO, YTOOBI Macca 3JIEKTPOHA TTPUCYTCTBOBAJIA
B OKOHYATEJHLHOM OTBETE B JIMAUPYIONEM Tpudmkennu. Takum odbpaszom, dpop-
mysa (3.241) TpeboBasia yTOUHEHHsI, TO €CTb ObLIO HEOOXOJUMO HE3aBUCHMOE
BBIYHC/ICHIE JIUCIIEPCUU HEHTPUHO B 3aMarHMYEHHOI I1a3Me. Takoe BbIUMCIIE-
Hie OBLIO TTPoBe/IeHO B pabore [203], T/e ObLIO NCCIeIOBAHO BIUAHNAE 3aPsiIOBO
CUMMETPHUYHON 3aMarHUYeHHOI IIJIa3Mbl Ha JUCIepCcuio HeliTpuHo. Brrancieno
obIiiee BbIpazKeHue J1jisi COOCTBEHHO-9HEPIreTUIeCKOro orepaTopa Heiirpuao 3(p).
BenomorareibibiM, HO BayKHBIM PE3YJILTATOM SBJIFZETCS BLIUUCICHIE MATPHUITHI
IJIOTHOCTHU TIJIA3MEHHOTO 3JjIeKTpoHa. [loapobHOo mpoanan3npoBaHa JUCIEPCUsT
HEHTPUHO B (PUBUIECKIX YCJIOBHUAX CJ1a0O0 3aMarHIIEHHOI TIJIa3Mbl, OTHOCHTE -
HO €J1a00 3aMarHUYeHHO M1a3Mbl U CUJIbHO 3aMarHUYeHHOMN T1J1a3Mbl.

3.8.1. Paccesgnue HeiiTprmHO Ha 3aMarHUYeHHOI IIJIa3Me

st Toro, 4TOOBI MOJIYYUTH BbIpaXKeHHUE JJIsi COOCTBEHHO-SHEPreTHIECKOTO
oreparopa HeHTpuHO X(p), HEOOXOJAUMO PACCMOTPETH MPOIECC PACCEsTHUS Heli-
TPUHO BIEPE, aMIUINTYIa KOTOPOTO CBsi3aHA € OMEPATOPOM () CJICIYIONIIM
COOTHOIIIEHUEM:

M,y ==U(p) E(p) U(p). (3.243)

zmenenne sneprun HeHTPUHO, 00YCJIOBJIEHHOE €TI0 PaccessHueM BIIEPET B Cpe-
Jle, MOXKeT OBbITh BBIPAXKEHO depe3 aMILIUTY/Ly 3TOT'O IIPOIECca,

1

AB = = My = v) = =T {((pm) +m,) (L+ () 3) S0} (3244)

rne B = +/ p§ + mg — 9Heprus HEHTPUHO B BaKyyMe, m, — Macca HelTpuHo, s/
— 4-BeKTOp TOJIIpU3aIlu HEUTPUHO.

O61uit Buyt oriepaTopa Y(p) B IPUCYTCTBUY IJIA3MbI U OJJHOPOJIHOIO MAarHKUT-
HOTO T0JIsT TIPEJICTaB/IeH B Bbipazkenun (3.92).



3.8.  HeftTpuHO B 3aMarHudeHHOH I1J1a3Me 125

Ucnonbays (3.92) u (3.244), gonosmurenbiyio suepruio mefitpuno AE B 3a-
MarHHYeHHOM IJ1a3Me MOYKHO 3allicaTh B BUJIE:

AFE =
em,
2
2

+% (AL + Ap +2K1) | (3.245)

% B, [1 — (sv)] + % Bp[l + (sv)] —

(Cr —Cpr + 4Ks) {(SBt) + % (ng)} 4+

rpe v = p/ E — BekTOp CKOpOCTH HEHTPUHO, S — YJIBOEHHBIN BEKTOD CpeJHEro
crnuna HefiTpuno, By — nonepednas u npojiosibHasd COCTaBJIAIONE MarHUTHOIO
nosisg B 1o orromenunio Kk nMiyibcy meiirpuno, B = B 4+ By.

Kax yzke ormeuasnocs, koabdunuenter Ag, Br, Cr, K 2 HogaBIeHbI KBaIpa-
TOM OTHOIIIEHUSI JIEIITOHHON Macchl K Macce W-0030Ha, 1 MbI OyJjileM UMU ITpeHe-
operarhb. Torma Jyist yJIbTPapegTUBICTCKOTO HEHTPUHO U3 BbIipaykeHust (3.245)
Oy YaeM

AB~ g, 1208 o emy
2 2

rJle N — eJIMHUYHBIN BEKTOP B HAIPABJICHUU UMITY/Ibca HEHTpUHO. B BbhIparkeHun
(3.246) ormyrenbl ciaraeMble, IPOIOPIHOHATBHbBIE KBAPATY MACChl HEHTPUHO.

Takum obpazoM, 3ajada HaXOXKJIEHUs JTOMOJTHUTETLHON SHEpPruu, mpuobpe-
TaeMOil HEITPUHO B IIpollecce paccesiHus BIIEPE] B 3aMarHUYE€HHOI 11J1a3Me, CBO-
JINTCsI K BhIUKc/IeHnio napamerpos By, u Cr.

(B[ n x [s x n]]), (3.246)

Caraemoe B (3.246), mpomopIoHAIbHOE MACCe HEHTPIHO B TIEPBOii CTEIeHN,
COOTBETCTBYET BKJIAJLy B JOMOJHUTEILHYIO SHEPTUIO HEHTPUHO, OOYCIOBIEHHOMY
MarHUTHBIM MOMEHTOM, U OyJieT 110JIpoOHO IIPOoaHAJIM3UPOBAHO JaJee. B ciydae
JIeBOro 6€3MaccoBOr0 HEHTPWHO €ro JIONOJIHUTE/IbHAs SHEPTUd B Cpejie Olpe/ie-
JIsIeTCsl TOJIKO IapameTrpoMm By

AFE = By.

[TockobKy JtonoTHUTE/IbHAA SHEPTUS HEHTPUHO, Oy/Iyun (pusndeckoil Beu-
YUHOM, SBJIeTCA KAJTMOPOBOYHO MHBAPUAHTHOI, BBIYUC/IEHNUs OyIeM MPOBOINTH
B YHUTApPHON KaJUOPOBKE, YJA00CTBO KOTOPOII COCTOUT B TOM, UTO B HEll OTCYyT-
CTBYET BKJIaJl CKaJsAPHLIX 0030HOB. B 3Toit KaaumbpoBKe aMILIUTY/Ia ITPOIecca,
paccesiiisl ¥ — U B 3aMarHUYEHHOI IJ1a3Me MOYKET ObITh IpeJiCTaBjIeHa B BUJIE
CYMMBI JIBYX CJIalra€MbIX:

M,y = M}, )+ M? (3.247)

(v—v (v—v)s
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e (£k) e (£k) v(tk) v(k)

v(p) v(p) v(p) v(p)

Puc. 3.14. Inarpammvel @eitHMaHa, OMICHIBAIOIINE IIPOIIECC PACCETHIA HEHTPIHO
BIIEPE]T B 3aMarHUUCHHON I11a3Me.

e IepBoe cjaaraeMoe COOTBETCTBYET aMILIUTY/Ie PaccedHns HeRTPUHo BIIEPET Ha
IJIA3MEHHBIX 3JIEKTPOHAX U MO3UTPOHAX cpeabl depe3 W-0030H, BTOpoe ciarae-
MoOe 00yCJIOBJIEHO IIPOIIECCOM TIepexojia IV — ¥ depes Z-0030H, cM. puc. 3.14. IIpo-
IIeCC paccesiHns HeWTPUHO BIIEPE]T Ha IJIa3MEHHbBIX HEHTPUHO, M300pazKeHublii Ha
BTOpOIi guarpamme puc. 3.14, He YyBCTBUTEJIEH K IPUCYTCTBUIO BHEITHETO Mar-
HUTHOTO T10JIsI, €70 BKJIaJ| B JIONOJTHUTEIBHYIO SHEPTUIO0 HEHTPUHO UCCTIEI0BAJICS
paree 1 MOYKeT ObITh M3BjiedeH n3 pabors! [181]:

AEZ  1V2GpmT!
p| 45m?%

(3.248)

Ormernm, 910 Ha puc. 3.14 He NPUBEIEHbI JUAIPAMMBI, B KOTOPBIX 4-IMITYJIbC
IIPOMEYKYTOUHOI'O Z-0030Ha PaBeH HYJII0. JTO CBA3aHO C TeM, UTO TaKue Ja-
IrpaMMBbI JAIOT TOJIBKO JIOKAJILHDBIN BKJIa I, KOTOPbLIN paBeH HYJIIO B 3apsI0BO CUM-
MeTpUIHOI 1m1a3Me. TakuMm obpa3oM 3a1a4a CBOAUTCS K BRIYUCICHIIO BKJIAIa 3a-
MarHIYeHHOI IJIa3Mbl B JIONOJHUTE/IBHYIO SHEPIU0 HEHTPUHO, 00yCJI0OBJIECHHOTO
oomenom W-6030H0M.

[Iporiecc paccesiHust, COOTBETCTBYIOIINIT ITepBOIL Juarpamme Ha puc. 3.14, o0y-
CJIOBJIEH JIarPAHXKHIAHOM

L= (e, (1+35)ve) Wat L= (Beya (14 75) ) W (3.249)

2v/2 2v/2

S-MATPUYHBII 9JIEMEHT TPOTIEcca Paccesiins HefTPIHO BIIEPE] Ha, MIa3MeH-
HBIX 9JIKTPOHAX CJIe/lyeT u3 jarpamknana (3.249):

2 4 4,0
W g d*z d*x g
S ——ve- T 5 / el(pCL‘ pm) X 3250
. 8 Zn V2EVV2E'V (3.250)

x U(p)Ou R (, a:’)OgU(p)Gg;(x’, T),

rie V' = LyLsL3 — vHopMupoBoUHbIil 0bbeM, pt = (E,p) u p* = (E',p') — 4-
MMITYJIbCBI HAYAJIbHOTO I KOHETHOTO HefTpuHo, U(p) — GUCIIMHOPHAST aMILIUTY I
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weiirpuno, On = Yo(l + 75), G?(;(a:’ ,x) — nporararop W-6030Ha B MarHUTHOM
nosie, R, (x,x’) — MaTpuiia mIOTHOCTH JIa3MEHHOTO 3JIEKTPOHA ¢ (PUKCHPOBAH-
HBIM HOMEPOM ypoBHst Jlanuay n:

R, (z,x') = Z/%LQ L3 f(wp) Ye() Ye(2). (3.251)

3nech ¢, (x) — pentenus ypapHeHust Jlupaka Bo BHEIIHEM MarHUTHOM I1oJie’,

W, = \/ k3 + 2eBn + m2 — sueprug s/7ekTpoHa Ha n-oM yposne Jlamgay, k3 —
KUHETHYECKUI UMITYJIbC BJIOJIb TPEThell 0cH, ko — 0000IEHHBII NMITYJILC, OIIpe/Ie-
JIAIOHI oJ10zkeHne 1eHTpa [ayccoBa makera, g, Ha mepBoii ocu, xg = —ky/eB,
f(wp) — dyHKIWS pacipe e eHnst 9JIeKTPOHOB, YIUTHIBAIONIAS HAJNINE [IJTaA3MBI.
B cucreme mokos 1m1a3sMbl OHA UMeeT BU/T

flw) = [er T 1],

rame pu un T — xuMmnyeckuii IHOTEHIINaJI 1 TeEMIIEpaTypPa IIlJIa3Mbl COOTBETCTBCHHO.

3.8.2. Marpuna MNJOTHOCTHA TIIJIA3MEHHOTO 3JEKTPOHA C
dbuKcupoBaHHBIM HOMepoM ypoBHs Jlanmay

[Ipn mccrenoBannn KBaHTOBBLIX ITPOIECCOB B 3aMarHUYEHHON IIa3Me MHO-
IJ1a BOBHUKAET HEOOXOMMOCTD B BHIYUCJIEHIH MATPUIILI IJIOTHOCTHU I1J1A3MEHHOTO
371eKTpoHa (3.251), mpocyMMUPOBAHHOI TI0 BCEM KBAHTOBBIM COCTOSTHUSIM KPOME
HoMepa yposHd Jlanmay.

[Toncrassis B Beipazkenue (3.251) HopMupoBaHHbIe perenns ypaBaenns Jlu-
paka BO BHEIITHEM MATHUTHOM 110J1e Y, (), npuBeaéHubie B hopmysax (1.2)—(1.8)
IJIaBBI 1, MOYKHO MIPUBECTH MATPUILY IJIOTHOCTU K BU/LY:

Ry(x,2') = e N " R (Z)) Ras(Z0), (3.252)

/

us & TAKZKe crejiytomue QyHKinm:

rJie BBejleHa 4-KoopJuHara Z, = T, — T

B
o, z) = %(azﬁxg)(@—x;), (3.253)

bl IIPOBOJIUM BBIUHCJICHUS B KAJTHOPOBK = x MAarHUTHOE TI0JIe HAIIPABJICHO BIOJIb TPEThEi
M 0BO, cite aymbpoBKe AH 0,0, Bx,0), ma o€ TI0JIe HAIIPABJIEHO BJIO. €The

ocu B = (0,0, B).



128 I'maBa 3. /lucriepcust qacTui] BO BHeIIHeH aKTUBHOI cpeJie

“+00

dks »
Ry (Z)) = /wn(wn+me) flwn)e (k2)y
veB B
Roi(Z1) = 4 / dé u, (& — VeBZ,) e VeBWeBL2:/2-L2)

Oyuknuio R, (7)) Kak DYHKIMIO JIBYX [MEPEMEHHBIX Z1, Zo MOXKHO Pa3Jio-
JKUTH B unrerpaj @ypbe

A2k,
Ry (Z1) = / (27; et DL R (KL), (3.254)

R (kL) = / A%z, e LR (Z)).

Beinosinsist unrerpuposatue dbyuxiun R, (k) no xoopaunaram Zi, Zs u
OJICTABJIsAST Pe3y/bTar B (3.252), mosrydaeM:

—i®(2',x) 3 . _
Rn(ﬂj’, I'/) _ € / d’k f(wn) e—l(k:Z) teklk‘g/eB (3255)
vV 63(271')3 wn(wn + me)
+00
< [ dge T S ) a(¢)

—0oQ

e £ = 2k2/\/e_B—

[Tocsie HECJIOXKHBIX, XOTA U HECKOJLKO I'DOMO3JIKMX BBIYHC/ICHUIl, ¢ y4eTOM
CYMMUPOBaHHs 110 CIIMHOBBIM COCTOSTHUAM HA4aJIbHOIO M KOHEYHOI'O 3JIEKTPO-
HOB, 3aHUMAIOIINX OJUH U TOT 7Ke YPOBeHb Jlanjay ¢ HOMEpOM 71, IIPOU3Be ICHIe
OUCIIMHOPHBIX aMILINTYJ] MOYKET OBITH HPHUBEJICHO K BUJLY

Z us(€) us(§) = (wn +me) X (3.2506)

[k +me) (TL Vi 1 () V1 (€) + TV, (E)Vi(€)) —
— V2eDBn (HJr’YQanl(f)Vn(f/) + Hf’}/?vn(g)vn—l(‘fl))]'

3ech ]%II = (kp@y) = wpyo — k33, e = (1 £ i9179)/2 — UpoeKIroHHbIe
OLIEPATOPDI.
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Nurerpas mo nepemertoit £ B Bbipazkenun (3.255) MOKeT ObITh BBIUHCIIEH C
MIOMOIIBIO (DOPMYJIBI

oiab/2 e
T dée ™SV, () V(b= &) =
, A § (Vb =€)
= (=) e e B, (2), (3.257)
rie
; _a . a’ + b?
ggp — ba - 2 )
n/! / /
Fn’,n(w) — — p(n=1)/2 =2 Lzl—n (I‘),
n!

et a7l dF
Li(z) = e C 2y (3.258)
C YCJIOBUEM HOPMUPOBKU:
r ).
/e_“ ub LY (u) LF (v)du = w Onm -
n.
0

OkoHYaTeIbHO MATPHUIA IIOTHOCTH 3JIEKTPOHA B IOCTOSIHHOM OJHOPOHOM
MarHUTHOM II0JIe MOYKeT OBITh IIpHUBejieHa K (opMe TPEeXKpPaTHOIO HHTerpaJia,
yI00HO# 1151 JaIbHEHIIIero nco/ib30BaHusl:

- A3k X o
Ry(z,z) = e @) (—1)m / e f E:” )e_“e_lk(x_x> X (3.259)

X [(ky +me) (Ln(2u)T- — Ly 1 (2u)TL}) + 2k LE_; (2u)],

rie u = k% /eB. Boipaxenue (3.259) MoxKeT ObITh HCIOJIB30BAHO TIPH UCCIIEI0-
BAHUN KBAHTOBBIX [TPOIECCCOB B IJIa3Me B MPUCYTCTBUU MAIHUTHOIO MOJIS TTPO-
M3BOJILHON HATIPSI?KEHHOCT.
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3.8.3. /lomosHuTe/IbHAA dHEPIrusd HEUTPUHO B 3aMarHUYeH-
HOW ILJIa3Me

[Tponararop W-6030na, Gg/a(a:’ , ) B ODITEM CJIydae MOXKeT ObITh [IPeICTaB/ICH

B BUJIC \
i®(x' d 4 _igla'—z
Gl (2, z) = ™ ’)/We ww=nGh (q), (3.260)

rjie G?fa(q) — @ypbe-00pa3 TPAHCIAINOHHO NHBAPUAHTHONW YacTH Mpoararopa
W-6030na. fABHBII Buj (bassl onpejiesseTcs BHIOOPOM TTOTEHIAIa U B BbIOPaH-
woit kasmbposke A* = (0,0, Bx,0) oHa ormucbiBaeTcs BoipazkerueM (3.253).
[Tocie nmoscranosku dbyukinnu R, (x,x’) B dopme (3.259), npomararopa W-
oozona (3.260) B Beipazkenue (3.250) u wHTErpHpOBaHUs 110 4-KoopuHaTAM, S-
MATPUIHBII 3JIEMEHT IpoTiecca Ve~ — Ve MOYKeT OBITh MPUBEIEH K BUTY:

1174 o 92(27T)454(p—p’) _1\n d*k f(wn)
R N 75 oo ;( ! / (2m)3 wy
x U(p) O [k (Ln(2u)T1- — Ly, (2u)I1, ) +

+ 2k, L (2u)] O3 U (p). (3.261)

e_“G?/a(k —p) X

B S-maTpudHoM 3JjieMeHTe Bblje/Iach deTbipexMepHast 0-DyHKIISI, COOT-
BETCTBYIONIAs 3aKOHY COXPaHEHHUs dHEPruyd 1M |UMITyJabca. [1oaToMy MOXKHO BOC-
10JIb30BaThCsT CTAHIAPTHON CBSI3bIO S-MaTPUYHOTO 3JIEMEHTa U MHBAPUAHTHOMN
AMILIUTY/IbI epexojia;

i(2m)4%6W(g — ¢)
2wV

1 BBLACJINTH NHBAPUAaHTHYIO aMILJINTY/1Y IIPOIECCa PpaCCEAHNA HeﬁTpI/IHO Ha IIJIa3-
MEHHDLIX 3JIEKTPOHAX B BH/E

Sif =

M; (3.262)

MVVZ——We— - _189 zn: (_]‘)n/ (;17:;3 fE:iLn) eiu Gg(/)z(k - p) X
X U(p) O [k (Ly(2u)TI- — L,y (2u)IL) +
+2k LE (2u)] 05 U(p). (3.263)

%% "

Beraucnenue ammmryaer M7, ., COOTBETCTBYIOIIEH POLECCY PACCESTHUST

HEHTPUHO Ha MO3UTPOHAX ILJIA3MBI, IIOJTHOCTHIO aHAJOIMYHBLI BBIYUCICHISIM aM-
W .

wmtyabl M), . Kak OKaSaJIO(%L;, B 3aps/I0BO CUMMETPUYHON TIJIa3Me Pe3yJIhb-

TaT JJls aMILIUTYB! nepexofa M) . . oTimgaercs oT (3.263) ob1muM 3HAKOM

¥ 3aMeHoil B aprymente nponararopa W-obosona k, — —k,.



3.8.  HeftTpuHO B 3aMarHudeHHOH I1J1a3Me 131

C y4ueTroM KOrepeHTHOT'O PacCestHus Ha BCeX IJIa3MEeHHBIX 3JIEKTPOHAX U 103U~
TPOHAX JIJI aMILJIUTY/IbI IIPOIlecca paccesdins Ve — Ve B 3aMarindeHHoil mia3mMe
OJTy YaeM:

My = M)y

rve—vre ve  —re— +

W o 192 n
M = —= ) (=1)"x (3.264)

vet —vet 8
n

Pk flw,)
< (%)Ji ) e (Gl — ) = G~ = ) %
% U(p) O [y (Ln(20) T — Loy (2u)T1,) +
+2ky Ly, 4(2u)] O5 U (p).

Ucronb3yst BeIpazkeHue Jiist aMInTyabl (3.243), HaXOMUM BKJIAJ] TIA3MEH-
HBIX 9JIEKTPOHOB U IIO3UTPOHOB B COOCTBEHHO-9HEPreTUIECKIIT ollepaTop HeNTpu-
HO

o) = LY 0" [ P e G- ) - G-k ) x

(27)3  wy
X Oulky (Ln(2u)T_ — Ly 1 (2u)T1y) + 2k, LE_, (2u)]O03. (3.265)

Dypbe-00pasz mnporararopa W-6030Ha B YHUTAPHOI KaJMOPOBKE UMEET JI0-
CTATOYHO I'PpOMO3JIKHUil Bul. B paccmarpuBaeMblX (pU3NIECKUX YCIOBUAX, KOTIa,
Mmacca W-6o30Ha gBjgeTcs caMbIM OOJIBIIMM (PU3NYECKUM ITapaMeTpoM 3aJiadH,
dypbe 0Opa3 mporararopa MOKeT OBbITh IIPejcTaBieH B hopMe Pas3JIozKeHUs 110
oOpaTHBIM cTelneHsM Macchbl W-0o30Ha:

I (0% 3 FO( I « i g (0% 1
O e L +O(—). (3.266)

4 6
miy 2mW My My my

3/1eChb IIepBoe U BTOPOE cJlaraeMble, He 3aBUCSIINE OT UMITYJIbCA, 00YCIOBIIMBAIOT
BKJIaJI B JIOKAJILHOM IIpejieie, KOTOPbIH B 3apsi/l0BO CUMMETPHUHOI T1/1a3Me OKa-
3bIBaETCs PaBHBIM HyTo [181], a0 dBHO Buno n3 Bhipakenus (3.264). Tperne
1 YeTBEPTOe CjiaraeMble YUUTBIBAIOT HEJOKAJLHOCTH B3aumoelicTtsus. Kak 1mo-
Kas3blBaeT aHaJN3, TpeThe ciaraemoe B (3.266) naéT BKJIaJl TOJBKO B apaMerp
A 1, ciesioBarebHO, He BJIUSAET Ha JOIMOJHUTEIBHYIO SHEPIUIO HEHTPUHO.

[Togcrassist B (3.265) npomnaratop W-603ona B dopme (3.266) u omyckast
B HEM cjiaraeMble, He Jaloline BKJaJa B JIOMOJHUTEJbHYIO SHEPIU0 HEATPUHO,
VIMEEM:

() = S5 [ SR T gy o

2miy (2m)3  wy

X Ok (Ln(2u)T- — Ly_1 (2u)TLy) + 2k, L1 (2u)]O.
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T )
[lepexoyist B 9TOM BbIpazKeHNH K HHTEIPHPOBAHHUIO 110 [IepeMeHHoit u = k7 /eB

—+00 —+00 “+00

/ A3k = weB / dks / du,

—00 —00 0

U BBINOJIHAYA MWHTETPUPOBAHNUE IO IIePEeMEeHHOI 1 C UCII0Jb30BaHUEeM COOTHO-
IMeHun

/oodue“Ln(Qu) — (—1)",

2u L) 1 (2u) = n(L,_1(2u) — L,(2u)),

OKOHYaTEJIbHO IIOJIy9acM:

W) = LB Z / dhs [ n) (3.267)

272 mW —
— 00

(kop)
wp

>< {<m>eBn—<pm>( <k§—eBn>—5nowi) -

— () (B eBa+ B0 - eBu) 6. (8 +2) ) b

31ech 00 - cuMmBoJI KpoHeKkepa, OTJIMYHBIN OT HYJI TOJIBKO [IJIsi OCHOBHOI'O
yposHst Jlangay, cymma 1o ypoBHsM JlaHnaay omnpejiesiena caeayonmM 00pasoM:

o

ZF :% F(n=0)+Y»_ F(n).

n=1

Oxonyare/IbHO HAXOINUM BKJIQJI B JIOTIOJIHUTEJIbHY IO SHEePI U0 HEHTPUHO, o6y—
CJIOBJIEHHBIIT €ro paccesHueM BIEpPE/ Ha JIEKTPOHAX U ITO3UTPOHAX 3aMarHUYEeH-
HOW IJI&3MBI

BV = (3.268)

2 1y 2
™ My,

/ +00
2V2GreBE Z /dkzgf(wn) y
Wn

X (w?+eBn+cos® ¢ (k3 — eBn) — d, cos ¢ (k3 + w?)),



3.8.  HeftTpuHO B 3aMarHudeHHOH I1J1a3Me 133

rjie ¢ — yroJ MeyKJy HallpaBJIeHneM MarHUTHOTO IO0JIsT U BEKTOPOM WMITY/IbCA
HEUTPUHO.

PaccMoTpum HeKoTOpPBIE TTpejie/bHbIE CIydan, KOTOPbIe MOT'YT MPEICTABIATD
MHTEPEC ¢ TOYKHW 3PEHUs BO3MOXKHBIX aCTPOMPUINIECKITX MTPUIOZKEHHII.

3.8.4. JlonoJHuUTe/IbHAA dHEePTUs HENTPUHO B IIPeJie/IbHBIX
cry4dasdax

Ob111ee BeIpakeHue JJisd JIOTOJTHATETIHLHON SHEPTUN HEHTPUHO B 3apPsiI0BO
CUMMETPUIHON 3aMarHnIeHHOM TJ1a3Me TI0J1y 9aeTCst CyMMUPOBAHIEM BKJIA/I0B OT
IIPOIIECCOB, O0YCIOBICHHBIX 0OMEHOM Z-0030HOM U W-6030HOM U MOXKET OBITH
IIPEJICTABJICHO B BUJIE OJJHOKPATHOTO MHTErPA/Ia

AE V2GR T ZfGFeBZ/dk:gfwn (3.269)

Ip| 45m?%
x (w2 +eBn+ cos’¢ (ki — eBn) — (5n0 cos ¢ (k3 + wy)) .

Ciresyer oTMeTHTDb, 9TO BbhipazkeHue (3.269) onuchiBaeT BKJIaJl 3aMarHIICH-
HOI1 1171a3Mbl B JIOIOJIHUTE/ILHYIO SHEPIruio HeiTpuHO. st Toro, 4Todbl 01y YuTh
II0JTHOE BBhIPayKeHue Jjisl SHEPrund HeHTPUHO B 3aMarHUYEHHOM ILa3Me, HeoOXo-
MO K pesynbrary (3.269) mpubaBuTh YMCTO MOJIEBON BKJAJ, KOTODPbIH OBLT
BbIUKCIIeH B pabore [153].

Nurerpan B Beipazkernn (3.269) MokeT ObITh BBIYUCIEH B HEKOTOPBIX IMPe-
JIETBHBIX CIyvdasiX, paCCMOTPEHHBIX HUKE.

e [Ipejes ciiaboro MarHUTHOIO 110JIsI, KOI'JIa HAIIPSKEHHOCTh MArHUTHOI'O 110~
JIsl SIBJISIETCSI CAMBIM MAaJIbIM (PU3UUECKIM IIapaMeTpPoOM 3a/iadn

T? > m? > eB. (3.270)

HomoHnTebHast SHEPTUsT HEUTPUHO B TAKOll ¢/1ab0 3aMarHnvIeHHoN 111a3-
Me MOYKeT OBITh IpUBeJieHa K BUJLY

AE 2G 72T 2
= \/_QF 7 2+m— +T?eB cos ¢ +
p| 3my, 15 m?%

1 (eB)* [sin2¢ (mTj;—Z +0.635> _ 1] } (3.271)

2
2m :
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Bripazkenue (3.271) comepkut siorapudmMudeckuii (hakTop ¢ Maccoil 31ek-
TPOHA 1M, OJJHAKO B PACCMATPUBAEMBIX (QU3NIecKNX yeaoBusx (3.270) mac-
ca 3JIeKTPOHA He SIBJISETCS CaMbIM MaJibIM IIapaMeTPOM, CJIeJI0BATEIbHO
HEJTh3sI MCCJIEI0BATH JIONOJTHUTEIbHY0 SHepruto HeiTpuHo (3.271) B mpe-
nejie me — 0.

[Ipenesr oTHOCUTEIBLHO CJIA00N0 MATHUTHOI'O I10JIsl, KOTJIa HAIIPSAKEHHOCTD
10JIsI sIBJIsIeTCs MaJioil Ha MaciiTade (bU3MYecKux rapaMeTpoB CPeJibl, HO
B TOXKE BpPEMsI CYIIECTBEHHO IIPEBbBINIAET KPUTUUECKOE 3HAUYEeHUE T10JIS JIJIsT

9JIEKTPOHA:
T? > eB > m?. (3.272)

Takast pusmyeckas cuTyalns, MOrJia ObI pean30BaThbCs, HAIIPUMED, B 1
pe CBEPXHOBOII TOC/Ie KOJLIalca, Tje TeMiepaTrypa maa3mMbl 1 ~ 70 m.
[Tojcrasisist 910 3HAUeHUe B yejioBus (3.272), nojydaem

2

B
—~5 10% > 5 > 1 (3.273)

€

OTKy/1a BUJIHO, 9TO JlarKe MarHUTHBIE MMOJIA C HAIPSKEHHOCTBIO 10 B ~
10 — 10% Tc ynosnersopsior yenosuio (3.272) u, cieioBaTebHO, MOTYT
paccMaTpuBaTbCS KaK “OTHOCUTE/ILHO cjiadble’.

B dusnueckux yciaosusix (3.272) Bo30OyKqaercst 60JIbIIOe YUCIO YPOBHEH
Jlangay. B saToM npejene st JOHOJHUTEILHOM SHEPrun HERTPUHO HAXO-
JIAM

AFE 2G 72T 2
= V2Gr T 2+m—?/ +T?eB cos ¢+

p|l  3m? 15 m
P W Z
B)? T?
(; 2 sin? (In— +2.93) —1] ¢. (3.274)
s (&

Kax Bujtr0 13 Bbipazkenus (3.274), B busudecknx ycaoBusx (3.272) mormoi-
HUTE/IbHAsS SHEPIUs HETPUHO He COEePKUT NHMDPAKPACHOT PACXOJIUMOCTH
B mpejiesie m, — 0, B ommdue ot pe3ysabrata paborst [188].

[Ipeiest cnJIbHOrO MArHUTHOTO T10J15, COOTBETCTBYIONINI (PU3MIECKOI CUTY-
aIny, KOrjia n3 BeeX (DU3NUIecKnX mapaMeTpPOB, XapaKTepU3YIONNX 3aMar-
HIYEHHYIO TIJIa3My, CAMBIM OOJIBIINM TTapaMeTpPOM SBJISIETCS HAIPIKEH-
HOCTb MArHUTHOT'O MOJIS:

eB > T* m?. (3.275)
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B yenoBusix (3.275) miasMeHHbIe 9JIEKTPOHBI U TIO3UTPOHBI 3aCEJISTIOT MPe-
UMYIIECTBEHHO OCHOBHOIT ypoBeHb JIaH1ay.

B npejene cuibHO 3aMarHMYeHHON TIJIa3Mbl /I JIOTIOJIHUTE/TLHON SHEPT I
HEHTPUHO UMeeM

AE V2Gy [Tn2Tim%, T?eB 5
m = - Sm%/ 15m2Z + 5 (1 —cos¢)*+ (3.276)
o\ 3/2 s 2\ /4
+3(eB)? (= (3 — cos? @) e VBT

T 2eB

311ech BTOpoe cjaraemoe o0yCJIOBJIEHO BKJIAJIOM OCHOBHOI'O ypoBHs .Jlam-
Jlay, TpeThe cjlaraeMoe, cojieprkalliee SKCIIOHEHIIMaJIbHOe II0JlaBJIeHne —
BKJIJIOM II€PBOr0 YpoBHs JlaHay.

3.8.5. MarauTHbelii MOMEHT HEUTPHMHO B 3aMarHMYeHHOII
IJ1a3Me

Kaxk y»ke ormedasioch, IeHHOCTb BBIUUC/ICHHUS COOCTBEHHO-IHEPIETUIECKOIO
orepaTopa COCTOUT €Ille B TOM, YTO U3 HEro MOXKHO U3BJI€Yb aHOMAaJbHbBIN Mar-
HUTHBIT MOMEHT HefiTpuno. [lonbiTKa BbIYUCIEHNsT MArHUTHOTO MOMEHTa Heli-
TPUHO B 3aMarHUYeHHON 11a3Me Oblia IpeanpunsTa B pabore [204], ogtako mo-
JIy9eHHbIe aBTOPpAMU pPe3y/JIbTaThbl BBI3BIBAIOT COMHEHNE, MMOCKOJIBKY B HUX Mar-
HUTHBI MOMEHT HEHTPHHO JTMOO MMEeT TUTAHTCKOe ycuieHne Gpaktopom 1/my,,
760 COBCEM He 3aBHCHUT OT Macchl HeiTpuHO. Kak 661710 oTMedeHo B pabore [187],
pe3ysIbTaThl PaboThl [204] cKOpee 3aIyThIBAIOT CUTYAIINIO ¢ MATHUTHBIM MOMEH-
TOM HEHTPHUHO, 4eM HpOoscHAI0T e€. Takum obpa3oM, ObLIO HEOOXOIMMO He3aBU-
CHMO€ BBIYHUC/IeHIIe MArHUTHOIO MOMEHTa HEHTPUHO B 3aMarHUYEHHON ITa3Me.
Takoe Bbrumcsienne 66110 poBesieHo B pabore [191]. 3ech Mbl BOCIIPOU3BOIIM
OOTILYIO CXEMY BBIUHCJICHNUS.

Haiiiém n3menenne sHeprun HEHTPUHO 3a CIET HAJIMYUNS Y HET'O MArHUTHOI'O
MOMeHTa [i,,. [lompaBka K sHeprum gpepmmona, o0Ja aI0MEro MariuTHBIM MO-
MEHTOM U HAXOJAIIErocss BO BHENIHEM MArHUTHOM I10Jie, MOXKeT ObIThH HaiijgeHa
u3 JlarpaHzKuaHa,

int

AL = —1”7” (o, ) FH, (3.277)

re U — noste pepmuona, oy, = (VY — Yo Yu)/2-
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HO,ZLCT&BHHH 9TOT Jlar'paHzK1aH B OIIpeJleJICHNE ﬂOHOﬂHHTeﬂbHOﬁ SHepIrum

int

AEW = — / vV < ALY > (3.278)

[OJIy 4aeM

AEW = —1i[(sBy) + % (s By)]. (3.279)

rjie S — yJIBOGHHBIN BEKTOp cpejHero ciumHa ¢epmMnona, Bi, — nonepeunas u
IIPOJIOJIbHAST COCTABJISIIONINE MArHUTHOIO 110Ji1 B 110 OTHOIIEHNIO K MMIIYJIbCY
depmuona, B = B; + By.

Cpasuusast (3.279) ¢ (3.245) BuauM, 9TO aHOMAJILHBIA MATHUTHBIH MOMEHT
HEHTPUHO BhIParKaeTcs depe3 KoM MUINEHTH COOCTBEHHO-3HEPreTHIECKOr0O OIIe-
paropa (3.92) cieyromum ob6pasom

em,
ILLVK = 2

HekoppekTHOCTH ompejie/ieHnsi MarHUTHOTO MOMEHTa HEHTpWHO B pado-
Te [204], mo HaIleMy MHEHHIO, COCTOSIA B IIPEJIIOJIOXKEHIN aBTOPOB, UTO BCs
JIOTIOJIHUTE/IbHAS SHEPTUS HERTPUHO B 3aMarHUYEHHOI I1J1a3Me, CBsI3aHHas C 3a-
BUCUMOCTBIO OT CIIMHA U MATHUTHOI'O 110JI¢1, OIIPe/leJisseT MarHuTHbIT MOMEHT Heli-
TpuHO. OJIHAKO PeasibHO, KaK Mbl BHJINM, TOJIbKO OJ[HA CTPYKTYPa B JOIOJIHU-
TeJIbHON SHEPIUU HEHTPUHO COOTBETCTBYET MArHUTHOMY MOMEHTY.

Taxum obpazomM, JiJisl OlIpejie/IeHds MArHUTHOI'O MOMEHTa HeATPUHO B 3aMar-
HUYEHHON I1a3Me JoctaTtodno Haiitu koddduiuento Cr,Cr u Ky, Hdaee Mbl
BBIUHC/IIEM NHTEPECYIOIIe HAC caraeMble COOCTBEHHO-9HEPIeTHIeCKOro olepa-
TOpa HEUTPUHO E(p), KOTOpbIE JTaf0T BKJIAJ B MArHUTHBLII MOMEHT HeiiTpuHo. B
3aMarHUYeHHON I1J1a3Me MarHUTHbI MOMEHT HEeHTPUHO COJIEPXKUT JIBa BKJIAJIA:
YUCTO T0JIEBOI BKJIA/ U BKJIa/l ILJ1a3MBbl.

[ToneBoit BKJ1a)1 B MArHUTHBIIT MOMEHT HEHTPUHO BBLIYNC/IAIC paHee BO MHO-
rux paborax, cm.Hampumep [158,185,190]. BoipazkeHue /st MArHUTHOIO MOMEHTA
HEUTPUHO B IINPOKOM JIalla30He SHEePruil HeNTPUHO U HAIIPAXKEHHOCTH MarHUT-
Horo nosist, m;/mi, <K (eB)?pt/mY, < 1, moxer ObITh u3BIEUEHO U3 PAbO-
ThI [158]

(CL —Cgr + 4IC2) . (3.280)

42/ 1 17
o, ~ 1l HTX =~ I3+ 295 +ir ) ¢ (3.281)
X

31ech ,ugl MarHUTHBIH MOMEHT HefTpuHo B Bakyyme [205,206]

— 3.282
ILLI/l 8 \/§7T2 ( )
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e (k) e (£k)

e(+k) e(+k)
w d
“+ ====
v(p) v(p) v(p) v(p)
v(p) e(+k)
Z
v(p) e(tk)

Puc. 3.15. /Inarpammbr @efinmana, oO0yCJIOBJIMBAIONIE BKJIaJl 3aMarHUIEHHO
IJIa3Mbl B aMILTUTY/Ty TIPOIECca paccesHns HeWTpuHO Biiepes. JIBolinbie mmHUN
COOTBETCTBYIOT 3aPAKEHHBIM JaCTHUIIAM.

m,, — Macca He[TpUHO, p| — HONEPEeYHblil 10 OTHOIICHUIO K MarHUTHOMY IIOJIIO
umMiysbe neiirpuno, x* = (eB)*p? /mb,, A = m?/m¥,, yg = 0,577... — no-
crogunas Ditnepa. MunMmasg dacTb MaranTHOro Momenta (3.281) coorsercTByeT
HeCTaOMJIBHOCTU HEHTPHUHO BO BHEIIIHEM 3JICKTPOMArHUTHOM I10JI€ 110 OTHOIIICHUIO

K pacuajuy v — (W,

Jl1s1 BBIYHCIEHIST COOCTBEHHO-IHEPIETHIECKOTO olepaTropa Y(p) J10CTaToq-
HO HAWTU aMIUIATY/Y IIPOIecca paccedHnd HedTpUHO BIepe/l B 3aMarHUYeHHOI
miasme (3.243). B peasibHbIX acTpopU3NIECKNX YCJIOBUSIX OCHOBHOM BKJIaJl B TY
JaCTh aMILIUTY/IbI, KOTOpas 00yC/JIOBIMBAET MarHUTHBII MOMEHT HEUTPUHO, Ja-
éT paccestHIe HEATPUHO Ha IIJIA3MEHHBIN 9/IEKTPOHAX U MO3UTPOHAX. AMILIUTY 1A
Iporiecca paccessHnus ¥V — UV B 3aMarHUYeHHOI T1a3Me, a 3HAUYUT U COOCTBEHHO-
SHEPreTUIecKuii orepaTop HEHTPUHO, MOXKET OBITh IIPEeJICTaB/IeHa B BUJIE CYMMBbI
TPEX cJlaraeMbIX, COOTBETCTBYIOIIUX TPEM JuarpaMMaM Ha puc. 3.15:

S(p) =2 (p) +2%(p) + 27(p). (3.283)
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Omyckast jieTaji HeCJIOKHBIX, XOTs U HECKOJIBKO IPOMO3JIKIX BbIYUC/IEHMUI,
JUTsT BKJIaja B X (p), 00yC/IOBJICHHOTO TIpolieccoM obMena W-6030HOM oty daem

) = LS o (3.28)

(2m)3 wy,

X (f(wn) Gllalp = K) = F(wn) Glla(p + K)) X
X Yo [ky(Ln(22) I — L,—1(22) TLy) + 2k1 L) _1(22) | 751,

rjie g — KOHCTaHTa 3JIeKTPOCIabOro B3anMoJeHCTBUsA B CTaHIAPTHON MOJe/u,
2=k /B3, B =eB, k= (kg@y) = wayo — k3ys, ki = (ko) = ki + ko,
Vap = Fuop/B 1 $ap = €appoPpo/2 — 00€3pasMepeHHbIe TEH30D U JlyasIbHblil
TEH30p BHEIIHEr0 MarHUTHOT'O II0JIsI COOTBETCTBEHHO, 111 = %(1 + i7y17,) — 1po-
eKIINOHHBIE OIIePATOPHI, Ggla(q) — @ypbe-00pa3 TPaHCISIIMOHHO WHBaAPUAHTHOIT

gactu nponaratopa W-6o3ona, f(w,) u f(w,) — GyHKINN pactupe/ie/eHus 3/1eK-
TPOHOB U IO3UTPOHOB. B cucreme MoKos IIa3Mbl OHE IMEIOT BHJL

flwn) = [T 4171 flwn) = [T 1),

rae pu T — XuMudecKnii oTeHIuAaI 1 TeMIIePATypa, IIa3Mbl COOTBETCTBEHHO,
Wy, — DHEPIUst HJIEKTPOHA ([TO3UTPOHA) HA N-OM ypoBHe JlaHmay.

Anasorndno s BKJIaa, 00YCJIOBJICHHOIO IPOIECCOM PACCesHUsT HeHTPUHO
¢ 0OMEHOM 3apAKEHHBIM CKAJIAPHBLIM P-6030HOM HAXOIUM:

ia? 0 3L %
so(p) = 9 (_1)n/(;17:§3 — x (3.285)

— [ (Ln(22) T — L4 (22) T4) +

9 2
~ m m
1 e v
+ 2k, L, {(22)] <—2 VL — —5- ’yR> } .
myy myy
OTmMmeTuM, 9TO BBIIHCAHHBIE BKJIAIBI COOTBETCTBYIOT TOJIBKO SJIEKTPOHHOMY

TUILy He[TPUHO, JJIsA JAPYTHX TUIOB HEHTPUHO 1, V; BKJIAJ C OOMEHAMIU 3apsi-
JKeHHBIME GozoHamu pasen nymo LV (p) = L®(p) = 0.
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anee 6yjieM paccMaTpuBaTh THTUIHYIO aCTPOMDUITIECKYIO CUTYAIUIO, KOT/Ia
macca W-6030Ha siBJisieTcst caMbIM OOJIBIITIM ITapaMETPOM 3a/1a9i. JTO O3HAUAET,
YTO IMapaMeTpbl, XapaKTepusyolne 3aMarHmIeHHyIo I1a3My, YI0BIETBOPAIOT
YCJIOBUIO:

m?, 12, T? eB < miy. (3.286)

Ecin rrazma 3apsijloBo HeCHMMeTpUYIHast, TO B rporararopax W u ®-6o03oHa

JOCTaTOYHO YIEPzKaTb .HI/I,HI/IPYIOH_[I/Iﬁ BKJIa I B Pa3/IOZKEHUHN 110 O6paTHbIM CTelle-

2 .
HAM Ty .

1 1
Gg; ~ gga, G~ — ——.
myy myy

[Tocsie HECTI0XKHBIX BBIYUC/ICHHI /1710 BKJIAJI0B B COOCTBEHHO-9HEPreTHIECK I
OTIEPATOP HAXOJIIM:

>W(p) ~ V2Gr ( o= M (pﬁy)) YL (3.287)

2 14
4 miy

IJIe MHOTOTOYHE COOTBETCTBYET CJIAIaeMbIM, HE JAIONIUM BKJA/a B MATHUTHDI
MOMEHT HETPUHO, wy — SHEePrus 3JeKTpoHa ([mo3uTpoHa) Ha ocHOBHOM (n=0)
yposne Jlangay, n, 7 — MJI0THOCTH 3J1€KTPOHOB U HO3UTPOHOB COOTBETCTBEHHO
Ha OCHOBHOM ypoBHe JlaHjay, IPUUEM UX PA3HOCTD OMPEJIEJIAETCs CIIeLYIOIIIM

NHTErpaJioM

=it = 2 [ k() - Flan) (3.280)
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CpasunuBas pesy/brarsl (3.287) u (3.288) ¢ mapamerpusarueii (6.42), mosry-
qaeM nckoMble Koo dunnentsl Cr, Cr 1 Ko

+00
W GGF ~
oy - - / Ak (f(w0) = fe), (3.290)
cy = KY =0, (3.291)
me ms,

+00
o eGp m? dk x
Ky = T e, w—o(f(wo)—f(wo))- (3.293)
0

Kak y2Kke orMevasIoch BhIIIe, BKJIaJIbl, 00yCJIOBJIEHHBIE 0OMEHOM 3aPAKEHHBIM
CKAJISIPOM, TIOJIABJIEHBI MasibiMu bakTopaMu m?2/mé, u m2/mé;.

nrepecyiomas HAC 9acTh Y7, 00yCIOBICHHASA BKJIAJOM OT PACCEAHI Hefi-
TPUHO Ha 3apsizKEHHbIX (DepMHUOHAX ILJIa3Mbl ¢ OOMEHOM Z-O030HOM, JIEI'KO BbI-
YUCIISIETCS:

T

»% = V2Gp "~ BE

(n —2%) (pFv) | L. (3.294)

3/1ech n?c,ﬁs)c — ILJIOTHOCTB 3aps?KEeHHBIX (PEPMUOHOB M aHTU(MEPMIOHOB Ha,

ocHoBHOM ypoBHe Jlanmay coorBercTBenno, 7. ?f — TPeTbsd KOMIIOHEHTA N30CINHA,
3apsi2KeHHOro pepmuona. MHOroTo4une cOOTBETCTBYET CjaraeMbIM, HE JIAOIIIM
BKJIaJIa B MArHUTHBI MOMEHT HEHTPUHO. Y UUTBIBAA, UTO HANOOJIbINAS KOHIIEH-
Tpalyst Ha, OCHOBHOM ypoBHe JIaH ay cOOTBETCTBYET 9JIeKTPOHAM U TO3UTPOHAM,
u3 Bbipakenus (3.294) naxoum nckombie koadduimentsl Cr, Cp u Ko

+00

Z ——6 GF w — F w
Cf 0/ ak (F(wo) — Flen), (3.295)
Ci=K7=o. (3.296)

Taxum 0Opa3oM, MArHUTHBI MOMEHT HEHTPUHO, UHIYIIUPOBAHHBIN 3aPsI0BO
HECUMMETPUUHOM IIa3MOil, onpeie/siercss B ocHoBHOM Koadduiuentamu C7 u
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CWV| K KOTOpbIM cJlejlyeT JI06aBUuTh YncTo Hojesoit Brias (3.281). OkonuaTesbHo
st Cp, moJtydae:

3€GF
4/2 72

Bepxnmuii 31aKk B 9TOM BBIPaXKEHUN COOTBETCTBYET 3JIEKTPOHHOMY HEHTPUHO
Ve, HIZKHUN 3HAK - MIOOHHOMY W Tay HEHUTPUHO, V, V. 31ecb MBI OTOPOCHIN
BKJIaJIbl, IIponiopimonasbibie 1/miy, 1/m$, u m..

Nurerpan B Bbipaxkenun (3.297) JIerKo BBIUUCISIETCS B YJIBTPAPEIATHBHCT-
ckoit 1azme. B aToM ciiydae Jijist MAaroiuTHOTO MOMEHTA TOJTyIaeM ITPOCTOE Bbi-
pazKeHue:

oo
Cr~C) +C7 ~ iE / (wo) — f(wo)) | . (3.297)

Crm, N 3eGgm, ] 2

2 o 8\/§ T2 T g E

3/1eCh (1 — XUMUYECKUil TIOTEHIINA 3JIEKTPOHOB YIbTPAPEIATHBUCTCKOMN I171a3-
Mbl. Cire/lyeT OTMETHUTD, UTO B ¢J1ab0 3aMarHUYEHHOI IIJ1a3Me OH UMEET BT

= (37T2 ( ne))l/?)’

1y = (3.298)

B TO BpeMd KakK B CUJIBHO 3aMarHn4YeHHoil 11a3Me, Korjaa u3 JIBYX KOMIIOHEHT aK-
TUBHOI Cpe/bl JOMUHUPYIOIMNM ABJIACTCA MAarHUTHOE II0JIe, U 3JIEKTPOHDI I1J1a3-
MBI 3aCeJII0T MPENMYIIECTBEHHO OCHOBHOW ypoBeHb Jlanjay, XUMUYECKHil 110~
TeHIaJ paBeH
(e — 7e)

eB
IJIe N U Tl — MOJIHAS KOHIIEHTPAIUs 3JEKTPOHOB U IO3UTPOHOB COOTBETCTBEHHO.

Eme ogna cuTyarus, Korja MOYKHO ITPOBECTH AHAJIUTUYECKNE BBHIYMC/IEHUS
MArHUTHOIO MOMEHTa HEHTPUHO JIO KOHIA — 9TO (pU3NIeCKNe YCJIOBUA 3aPIT0BO
CUMMETPUYHON 3JIEKTPOH-TIO3UTPOHHOI TJIa3Mbl. B 9TOM ciiyvyae BKJIaJ OT JIHa-
rpaMM ¢ 0OMEHOM Z-D030HOM HCYE3aeT, CJIe/I0BATe/IbHO HEefiTPUHO TUIIOB V, U Uy
HE UMEIOT JOHOJIHUTE/IbHOI'O MarHUTHOIO MOMEHTa, NHYIIUPOBAHHOIO 3aMalHu-
YEHHOI ILJIa3MOIi.

J11sT 9JIEKTPOHHOIO HEWTPUHO B 3apsIJIOBO CUMMETPUTHON €~ e
HUTHBIII MOMEHT OIIpeJe/IdeTCsd BhIparKeHUeM:

3e Gpmy,, Am? T?
/“‘Ll/e - 2 1 + 2
8\/§ s 9 mW
KaK MO2KHO BHJIETH, B peaJIbHbIX a,CTpOCbI/ISI/ILIeCKI/IX YCJI0BUAX, KOI'La T <K

myw, [1JIa3MEHHbIA BKJIa/Jd B MAIHUTHBIA MOMEHT HeﬁTpHHO OKa3bIBaCTCA I10JaB-
JICHHDBIM.

@~ 27

T [tasMe Mar-

(3.299)
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Taxum 00pas3oM, MbI IOKa3aJi, YTO NPUCYTCTBHUE ILJIa3Mbl HE HPUBOJIUT K
YCUJIEHUIO MArHUTHOT'O MOMEHTA, B ITPOTUBOMOJIOKHOCTD YTBEPXAKIEHUIO, CAeIaH-
oMy panee [204]. Bosiee Toro, miasMeHHbIi BKJIAJ| B MATHUTHBIH MOMEHT OKA3bl-
BaeTCy MMOJIABJIEHHBIM MACCO HEUTPUHO T, & B 3aPA0BO CUMMETPUIHON I1J1a3Me
— ellle U JIONOJHATEIbHBIM hakTopoM T2/ m%v < 1.

3.9. /lucnepcuoHHBIE CBOICTBA 3JIEKTPOHA B aKCHU-
OHHOI1 cpene

O tHuM 13 aKTyaJ bHBIX HAIIPaBJICHI COBPEMEHHON (DUBUKU sABIATOTCA UCCTe-
JIOBaHUs (PU3NKN YACTHIL 38 IIpeJieJlaMi CTaHIapTHOH Mojtesn. Ocoboe BHIMAHNE
yJIeJIsieTCst JIETKUM | JIazKe CTPOro 6€3MacCOBBIM T'OJIJICTOYHOBCKIM U TICEBJIOT0JI-
JICTOYHOBCKUM 0O30HAM, BOSHUKAIONIUM IPU CIOHTAHHOM HApPYIICHUH CHUMMET-
PUM Ha SHEPIEeTUIECKOM MacliTade, MHOTO O0JIbIIeM 3j1eKTpociadoro. ITockoibky
TaKne JacTUIIbl OYeHb €J1ab0 B3aMMOJEHCTBYIOT C BEHIECTBOM, U3yUeHue (pusn-
YeCKUX CJICJICTBUI CYIIECTBOBAHUA STUX YACTHUIL IIPEJICTAB/ISIET UHTEPEC ¢ TOU-
KU 3peHnsl BO3MOYKHBIX acTpodu3mdecKux mpuaoxkennit. Hanpumep, oanoit ns
3araJloK COBPEMEHHOI KOCMOJIOTUN ABJAETCA TEMHAas XOJOIHAsA MaTepusd, IMpU-
pojia, KOTOPOIi JI0 CUX IIOP OCTaeTcd JI0 KOHIla HesCHO. B KauecTBe OJHOIO U3
HanboJIee BEPOSTHBIX KaH/IMIaTOB Ha, POJIb XOJIOJHONH TEMHOI MaTepuu IHPOKO
00CYXKJIaeTCsd aKCUOH — TICEBJIOTOJIJICTOYHOBCKII O030H, UbE MOsABJIEHNE CBI3AHO
¢ mapymeanem cumMmerprn [leauen—Kyun [214-217]. Cymecryiomue actpodu-
3UYeCKIe OrpaHMIeHNs OIPEJIe/IsIIOT HHTePBaJ MAaCChl aKCHOHA..

107%5B < m, < 107%3B,

a ero BpeMs KU3HU B BaKyyMe OTHOCHUTEJHLHO OCHOBHOIO KaHaJia pacilaja Ha
napy goronos [218],

F 0 w
g~ 107 “ ( )
Ta—2y “\100m58/) \1MsB

3HAUUTEJILHO IIPEBBINIAcT Bo3pacT Beesennoit 7, ~ 10'% c¢. 3nech w — sueprus
akcuona u F;, — macmrab Hapymennsa cuMmMmerpun [lequen—Kyun.

CoryracHO MOJIEJIsIM, B KOTOPBIX aKCHOHBI SIBJISIIOTCSI OCHOBHON YacCThIO XO-
JIOJTHON TEMHON MAaTepnuu, B KOCMIYECKOM ITPOCTPAHCTBE MOTYT (DOPMUPOBATH-
cst 06JIACTH € JIOCTATOYHO BBICOKOM IJIOTHOCTBIO AKCHOHOB (AKCHOHHBIE 3BE3-
abl) 219, 220]. Tlpu npoxoxkjieHun CKBO3b TAKYHO AKCHOHHYIO CPEIly KOCMUYe-
CKUX JIY4Yell BLICOKUX HEPIUil 4aCTUIbl B3aNMOIEIICTBYIOT ¢ aKCUOHHOI CpeIoil
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1, B IPUHIINAIIE, MOTYT U3MEHAThL CBOM JUCIIEPCHOHHbBIE cBoiicTBa. B wacTtHOCTH,
n3MeHeHne 3aKoHa Jiucriepcurt (PepMUOHOB B XOJIOHON aKCHOHHOI cpejie nccie-
noBasioch B pabore [221]. Onnako, Kak OyjeT MOKA3aHO HUZKe, B CUJIYy TOTO, 9TO
aBTOp [221] HEKOPPEKTHO NCIOJIB30BAJ IOKABCKII JIarPAHKIAH B3aNMO/eiiCTBIS
aKCHUOHa ¢ (pbepMUOHAMMI, TTOJTYIEeHHbBIN UM PE3YIbTaT OKa3aJICd CUJIHLHO 3aBLIIIEH-
HbIM. B pabote [222| 6b110 IEpeCMOTPEHO BIIHSTHIE XOJIOHON AKCHOHHOf CpeJTbl
Ha Jucnepcuio pepMrona, oOyC/JIOBJIEHHYIO paccedHreM (pepMUoOHa BIIEpPEl Ha
aKCHOHAX CPEJIbl.

B cymecTByronux akKCHOHHBIX MOJIE/ISIX B3auMOJeiicTBIE aKCcnoHa ¢ hepMu-
OHOM f OIICBIBACTCS JTarpaKuanom Bua [1]:

Ca —
Log = = (9" 5%) Opa, (3.300)

rie ¢, — 0e3pa3MepHbIil HapamMerp HoPsIKa eJIMHIIIbI, 3aBUCIINI OT KOHKPETHOM
MOJEJIN; 1) U @ — KBAHTOBaHHbIE (PePMHUOHHOE U aKCHOHHOE II0JIsI.

Cuenyer MOJIEPKHYTh, UTO, IOCKOJIbKY JUarpaMMbl paCCMaTPUBAEMOIO ITPO-
1[ecca PacCesHusl co/lepzKaT JABe aKCUOHHbIE JIMHUM, IIPU BBIUKUC/ICHUSIX HEOOX0 11~
MO HCIIOJIb30BaTh NMEHHO JIarpaHzKuaH ¢ npousBoaHoii (3.300), a He jarpamKuan
C TICEBJIOCKAJISIPHON I0OKABCKOI CBS3bIO

Lo = 2™ (59 a, (3.301)
a
BIIEPBBIE 9TO OBLIO OTMedeHO B paboTre [223)].
st Toro 9TobbI MCCaeA0BaThH BJIUSIHIE aKCHOHHON Cpelbl Ha JIUCIIEPCHIO
dpepMUIOHOB, HECOOXOAMMO PACCMOTPETD IIPOIECC paccessHus: (hepMHUOHA BIEPEL Ha,
AKCHOHAX CPEJIbl, aMILTUTY/a KOTOPOIO CBsi3aHa ¢ MAaCCOBBIM OmepaTopoM X (p)
U3BECTHBIM COOTHOIIEHUEM:

M = — a(p) 2 (p)u(p). (3.302)

Ucnonbsys narpamxuan (3.300), /i aMILTATY/IBI TPOIECCA, COOTBETCTBYO-
meit JieBoit jinarpamme Ha puc. 3.16, mojrydaem ciiejiyroiiee BblpazKeHue:

22 d3
MO = S / 1 7 S . (3.303
22 | Grrw f(w) (alp) [(g7)S(p+ @) (qy)rs] ulp)).  (3.303)
3nech ¢" = (w,q) u p* = (E,p) — 4-BeKTOpPbI UMITYJILCOB AKCHOHA U (hepMHUOHA
COOTBETCTBEHHO, f(w) — DYHKINS pacipeiesieHnst [jisi AaKCHOHOB C dHeprueii w,
f(w) = (/T —=1)71, u(p) — Guctmropras ammmurysa hepmuona, S(p) — dbypbe-
oOpa3 11ponararopa bepMuona ¢ Maccoit m:
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f(p) f(p)
o)) | a@ bl
) [ -7l H N
f(p) f(p)

Puc. 3.16. Inarpammbl @eiinmana, m300pazkKalolye IPoIece PaccedHust BIEPET
depMroHa Ha aKCHOHAX CPEJIbI.

S(p) =i (pz) .
pr = my
AmmuTyzia nporecca paccesiiis, COOTBETCTBYIOIIAs IPaBOil juarpamme Ha
puc. 3.16, moayuaercs u3 (3.303) samenoit ¢ — —gq. [locse mpeobpasoBanmii
aMILIuTy 1 rnporecca f+a — f 4 a ¢ y9éToM KOrepeHTHOIO paccesiiisi Ha BCexX
AKCHOHAX CPEJIbl IPUBOIUTCSA K BUJLY:

M = 23;3 / (;T)Zw Flw) x (3.304)
= =mP)(qy) = ((py) + my)g®
x a(p) ( o e + (¢ — —q)> u(p).

Ucnonb3ya cBsA3b aMILIUTY/Ibl pacCesHs BIIEPE], ¢ MACCOBBLIM OIIEPATOPOM
(3.302), u3 Boipakenus (3.304) BbIJe/sIEM MACCOBBIN OIIEPATOP B BUJIE:

(p) —03/( d’q fw) (-(p —my)ay) = () +my)a” . q)_

= o2 3 2 _ 2
2L 273w (p+q)* —m;

(3.305)

Cor1acHO COBpEMEHHBIM aCTPOMU3NIECKUM MOJIEJISAM 3BE3/IHBI aKCHOHHBIIA
ra3 IpeJicTaB/IgeT coOON XOJIOMHYIO HEPETSITHBUCTCKYIO CPEJy, UTO MO3BOJISET
HCII0JIb30BaTh Hpubsmkenne ¢ ~ (mgy,q), | q |< m,. [pn rakux ycioBumsx
BbIpazKeHue J[jisi MaccoBoro omeparopa (3.305) npunumMaer 6ojiee TPOCTOH BUJT:

2
—Conyg,

2, 2P (uy)dm3 = ((py) + my)(6mF +m2)},  (3.306)

X(p) =
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rjie n, — KOHIEHTPAaIus aKCHOHHOro rasa, u’ — 4-BeKTOp CpeJbl, KOTOPBLI B
cucreMe MoKosi miasMbl umeer iy vt = (1,0,0,0), (5m?c — OTKJIOHEHUE 3aKOHA
nucrepcnu ¢hbepMuoHa f 0T BaKYYMHOTO, p° — mfc = 5mfc.

Takum 06pa3oM, MacCOBBIIT OIIEPATOP MOXKET ObIThH IPEJICTAB/IEH B BUJIE

X(p) = Amy + B(py) — Clwy), (3.307)
A B nq(dmi 4+ mj) _ n.0m;
AF?2E?m, 2F2FEm,

3aKoH JAUCHHEPCUHN CJIECAYET N3 paBCHCTBa HYJIIO OIIPEAC/INTEIIA

det ((py) —my —X(p)) = 0.

Perrast 570 ypaBHeHne, HAX0 UM IIOITPABKY K 9HEPIUU (DePMUOHA B AKCUOHHOIT
cpene:

2(A+ B
AE, = AT (3.308)

ff
\/p2 -|-m?f

Ypasuerne (3.308) 1mo3BoJisieT HATH OTK/IOHEHIE 3aKOHA JIUCTIEPCHN (DepMu-
OHa& OT BaKyyMHOI'O:

2 m? mgmi Ng

YuuTbiBast, 4TO IIPU TUIMYHLIX 3HAYCHUSX KOHICHTPAIMU AKCUOHHOIO Ia-
3a |221]| napamerp ¢ 9KCTpeMabHO MaJI:

¢~ 107 101T5B 2( Na ) 10-%B
F, 1013¢m—3 my ’

JJIs1 5m% [oJIy4aeM CJIe/IYIOIIee BblparKeHne:

mszc namamic

2 a
5mf_c E2 2R

DT0 BBIpasKeHNE CJIEJIyeT CPABHUTH C PE3YJILTATOM, TOJYICHHBIM B paboTe
Caxy [221]

(3.310)

2
ngm
(5m§)8ahu ~ f

2m F?

(3.311)
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Cpasuenne (3.310) ¢ (3.311)

om? 2m?2
f a
R = = 1
(5m§)sah“ E2 <

MOKA3bIBAET, YTO Pe3YJIbTAT, IPEeJICTABIeH b B paboTe [221|, cuibHO 3aBbIIIIEH.
Kak y:ke ynmoMmHaJjoCh paHee, TakKoe 3aBbIIIEHNE Pe3y/bTaTa €CThb CJICJCTBUE
UCIIOJIb30BAHUS JIJIsT OIUCAHUsT aKCHOH-(DEPMUOHHOIO B3AaUMOJIEHCTBUS JIarpaH-
JKaHa C IOKaBCKOM CB#A3bI0. JIaHHBIN JlarpaH:KuaH MOXKeT ObITh HCIIOJIB30BaH
TOJIBKO IIPU UCCJIJIOBAHUN [TPOIECCOB ¢ y9aCcTHeM OJHOrO akcuoHa [223], B To
BpeMsI KaK M3MeHeHHe 3aKOoHa Juciepcun (pepMuoHa pakKTHIecKu 00yCJIOBIEHO
IIPOIIECCOM paccesdHns (bepMUOHa BIIEpEl Ha aKCHOHAX CPEJIbl, TO €CTh IPOIec-
COM C ydYacTHeM JIBYX aKCHOHOB. Halm pacuérsl mokasaJsu, 4TO HCIOJIb30BAHNE
IOKABCKOI'O JlarpaHyKuaHa ITPUBOIUT K CYIIECTBEHHOMY 3aBBIIICHUIO pPe3yJIbTa-
TOB. B pealibHbIX acTpoU3MIECKUX YCJIOBUAX BJIMsIHUE AKCHOHHON Cpejbl Ha
Jnucepcnio (bepMIOHOB OKA3bIBAETCsI IPEHEOPEKIMO MaJIO.



I'1aBa 4.

DJIEKTPOMATrHUTHBIE
B3alIMO/ICICTBUSI BO BHEIIIHEN
AKTHUBHOM cpele

4.1. Pacnajg dporona nHa e e”

HNTHOM IIOJI€E

IHapy B CuJIbHOM Mar-

4.1.1. IlIpamoii pacdéT Ha OCHOBe perleHuii ypaBsaenus Jlu-
pakKa

Pacnay dorona Ha sekTpos-niosuTponnyio napy v(q) — e (p') + et (p) B
MarHUTHOM I10JI€ OIIUCBIBACTCS JarpaHzKHaHoOM 3JIeKTPOMATrHUTHOIO B3alMO/IeH-
CTBUSA

Low = e (T(x)fx(x)xp(x)) (4.1)

1 m300pazkaeTcs JuarpamMMoil, mpejactaBiaeHHoil Ha puc. 4.1.
B nepBoM mpubJiizkeHnn Teoprn BO3MYIIEHHI 110 B3anmoeicrsuio (4.1) mo-
JydaeM JijIs MaTPUYHOIO 3JIeMeHTa S;f cllejlylollee BblpaKeHue

Sif:ie(f\N/(ﬁfl\If)d‘lxM), (4.2)
rjie A, - oneparop 3JeKTPOMArHUTHOTO MOJIs

1 . .
A, = Z <c,\58)e_qu + cjs&”*e‘qﬂ :
a\

V2wV

147
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Puc. 4.1. Juarpamma, OImUCLIBAIONIAS IPOIECC ¥ — € €7 B MAHUTHOM IIOJIE.

JIBoitHas JTMHUSI TOKA3bIBAELT, YTO B BOJTHOBBIX (DYHKIIUSIX 3JIEKTPOHA U IIO3UTPO-
Ha BHEIIIHee 110Jie YYTeHO TOYHO.

U - oniepaTop 3JIEKTPOH-TTO3UTPOHHOTO T0JIs

U = Z (ap75¢(+) 4+ b;sgp(—)) :

p787n

¥ u ¢(-) - mopmuposanuble pemenust ypastennst [Inpaka B MAHITHOM IIO-
JIe ¢ TOJIOXKUTEJIbHOI U OTPUIATEIbHON dHeprueii coorBeTcTBeHHo, cM. (1.2). B
CUJIBHOM MArHUTHOM I10JI€ 9JIEKTPOH U HMO3UTPOH MOI'YT POXKIATHCA TOJBKO B CO-
CTOSTHUSIX, COOTBETCTBYIOIINUX OCHOBHOMY ypoBHIO Jlanmay (1.9) u omuceiBaeMbIx
BOJIHOBBIMU (DYHKITHSIMI:

v (eB/m)!/*
\/ oL, L.E'VE +m,
- (eB/m)"/*
V2L, L EVE =,

_er2 Y YW /
Uy €6 2B iy +p22) (4.3)

p=)

rie
E=+\/p2+m? , E' =/p2+m2,

/
sz@B(ﬁ—&> ,§/=\/GB<$+py>,

eB eB
0 0
E' +m, E—m,
Uy = 0 ) U—p = 0 <45)

_p/z —Dz
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[Toscrasisist BosnoBbie (hyHKINEI KoHeTHOTOo cocrostnus (4.3), (4.4) B BeIpakenne
(4.2) u unrerpupyst no dtdydz, moaydaem

: 2 3(53 /I . 2 2
By F

S;
T L,L.V2wVEE

3 / _ / / !
rie 6°(p+p' —q) = 0(py+p, —q,)0(p- + . — q.)6(E + E' —w). Unrerpupopanue
110 & yJI0OHO IIPOBOJIUTH B CHCTEME KOOPJMHAT, IJIe BEKTOP UMITYJIbCa HATAILHOTO
— _ / _ ¢!
dborona umeer sui q = (¢, 0,q.) u, ciepoparenso, p, = —p,, & = £'. Tak kak
u(p’) m u(—p) or x He 3aBUCAT, UHTErPAJ TAYCCOBA THUIIA [0 T JIETKO BBIUIC/IsI-
42
eTcst. YUMTBIBAd HPeJe/ CHIBHOTO 10Jis, Mbl Oyjem nojmarath e %/2¢B ~ 1. B
pesyJibrare KBajpar S-MaTPHIHOIO 9JIEMEHTa MOYKET ObITh 3aIlCaH B BUJIE

e2(2m)3T
8L,L,VwEE'

‘S ‘ ‘up’é()\)ufp‘%g(p +p - q), (4.7)

rie 8 (p+p' —q) = d(p, +py,)0(p> + ., — ¢.)0(E + E' —w), T - monmoe spems

BS&I/IMO,ZLGI/ICTBI/IH Boraucienne esmunn ’U,plg (A _p’2 CBOJUTCA K BbLIYMCJICHUIO

CJIeJIOB ¢ MaTPUIAMU TIJIOTHOCTH MOJIIPU30BAHHBIX 3JIEKTPOHOB W TO3UTPOHOB
— 2(A) 5(—p)eW)
[y ey |* = Te [p(p )™ p(=p)e™],

rae MaTpHulia IIJIOTHOCTHU ITOJIAPHU30BaHHDLIX 9JIEKTPOHOB!:

p(r') = (p) + me)Il-, (4.8)
ManI/IHa ITJIOTHOCTU HOﬂHpI/ISOBaHHbIX HOSI/ITpOHOBI
p(—=p) = (B — me)IL. (4.9)

II_ ecTh MPOEKITMOHHBIN OIEPATOP, COOTBETCTBYIONINN COCTOSTHHUIO 3JEKTPOHA CO
CIIMHOM IIPOTHUB TI0JIsI U UMEIOITU CJIe IO BUI;

1 .
=5 (1—in)
2
Bﬂer 1101 p” IIOHMMaIOTCs TOJIBKO IIPOJOJIbHBIE COCTABJIAIOIINE 4—BGKTOpOB, T. €.

p = (E',0,0,p)), p| = (F,0,0,p.).

s naapHeilero yupomeHns BIIUCIeHNIT epeiijieM B CUCTeMy OTCUETa, B
KOTOPOii ¢, = 0. 9T0 MOKHO cjiejiaTh 1IpeobpaszoBanueM JIoperiia BIoOJIb OIS,
TaK Kak ¢ - BPEMEHUIIOO0HBII BEKTOD,

qﬁ =@ =(E+E)?—(p.+p.)?*>0.
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B s1oii cucreme p, = —p., E = E’. IlpoejieM Bbauc/ieHusi OTJAEIBHO JIJIs Pas-
JIMUHBIX HOJIApU3aIuii poToHA, MCIOJb3Ys SIBHBII B BEKTOPOB IOJISIPU3AIINN
e®) (A =1,2). D1u BeKTOPBI MOI'YT OBITH BHIOPAHBI B BI/IE

1 (g¢) 2 (qp)
V= D= (4.10)

q1 9
i€ Qap — 00e3pasMepeHHBI TeH30p BHEIIHErO HOJst, Yos = Fug/B, Pap =
%%gmgpp" — JlyanbHbI Tensop, ¢¢ = (qpeq), a qﬁ, BBEJCHHOE BBIIIE, MOYKET

ObITH TAKKe OIIPEJEJIEHO Yepe3 TeH30D &, qﬁ = (qpPq).
[Toxcrap/sia BeKTOp mossipu3aluy (pOTOHA IEPBO MOJILI, HAXOAUM

Tr [p(p")eW p(—p)e™] = 0.

TakuMm o6paszoM, POTOH HepBOil MOJIbI He MOKET paclaaThcsd Ha 3JIeKTPOH-II0-
BI/ITpOHHYIO Hapy B Mal'HUTHOM IIOJIE B Cﬂyqae, KOF,H& u S.HGKTPOH7 u HOBI/ITpOH
HaXO,ZLHTCﬂ Ha OCHOBHOM ypOBHe ﬂaHﬂay. HpOBO,ZLH aHaJIOTMYHBbIE BBIYUCJIEHUA
JU1st (POTOHA, BTOPOIT MOJIBI, ITOJIYYaeM
N\ ~(2 ~(2)1 2
Tr [p(p))éP p(—p)e®)] = 4m?.
B pesyibrare KBajgpaT S-MaTpUYHOIO 3JIeMEHTa, OIUCHLIBAIONIEr0 paciial GoToHA,
BTOPOI MOJIbI, IIpUOOpEeTaeT BUJ
e2(2m)3m?2T

2 3 /
i = ) +p —q), 4.11

e 6°(p+p' —q) = 6Q2E — w)d(py, + pj, — q,)0(p- +1L).
Y100bI HANTH BEPOSITHOCTH Paciiajia, HaJlo IPOUHTErPUPOBATH 110 (ha30BOMY
MIPOCTPAHCTBY KOHEUHBIX 3JIEKTPOHOB U MTO3UTPOHOB:

Siel?
aw — | Tf‘ dny, (4.12)
rie
dp,dp.dp,dp’, .,
dns = L L2L2. (4.13)

Dueprerudeckasi 0-QyHKIUs MOXKET ObITH IIpeodpa3oBaHa K BUJLY:

02F —w) 1
w 4|p*|

6(p: = p*) + 0(p: + p*)] O(w* — 4m?2),
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rae p* = £5(y/w? — 4m2).

uTerpupoBanue 1o dp’ydp’zdpz ycrpansier d-gpyHKIun. JIerko BuaeTb, 4TO
HOJIbIHTErPaJIbHOE BbIpasKeHue He 3aBUCHT OT Py, CJIeJ0BaTeIbHO, MHTEIPUPOBa-
HUe 110 Py, B CYIHOCTHU, OIpeJe/IdeT KPATHOCTb BBIPOXKJICHUA COCTOSAHUS 3JICK-

TpoHa C JaHHOW dHeprueit,

L./2
L eBL eBL.,L
N d 4 dog = ——= 4.14
E= 2w / Py = 2w / 0 or ( )
~L,/2
rje To = Py / eB ompejenger MoJioyKeHne IEeHTpa TayccoBa TakKeTa Ha OCH T,

M. (4.5). B pesysbrare mosydaem Jijisi BEPOSTHOCTH paciaja (OTOHA BTOPOi
MOJIbI

daeBm?
w® = — 0‘62 m4 _0(w? — 4m?). (4.15)
w —4m;

Cosepinasi obpaTHoe mpeodbpazoBanue JIopeHia ¢ y4éToM TOro, 9To Ipou3Be/ie-
Hue wWW ecTb HHBAPHMAHT, 3aMUIeM BeposaTHOCTD (4.15) B Mpou3BosIbHOIT cucTeme

4aeBm

WwW ) =
\/ aj(aj — 4m?)

Q(Qﬁ — 4m?), (4.16)

e qﬁ = w? — ¢§ ~ w?sin?0.

[Toyuennasi popmysia MOKa3bIBaeT, UTO IpoIecc paciajia GpoToHa B Mar-
HUTHOM T10JI€ HOCUT PE30HAHCHBIN XapaKTep U CyIIECTBEHHO YCUJINBAETCH, KOTIa
dboTon JleTuT 1o yriioM, 6insKUM K 0. = 4m? / w?. Ha Taxyio KopHeByIo CHH-
IYJISIPHOCTH B BEPOSITHOCTH pactiajia Biiepsbie ykazaa H.IT. Kienukos [224]

4.1.2. Pac4dér Ha ocHOBe MHINMOI1 9acTu MeTJIeBOiil Auarpam-
MBI

Cy1ecTByeT JIpyroii criocod BBIYUC/IEHHS BEPOSITHOCTH paciiaja (hoToHA B
MarHATHOM I10JIe, OCHOBAHHBII Ha MPUMEHEHUN COOTHOIIEHUs yHUTapHOoCTH. [Ipn
9TOM BEPOATHOCTL BbIpazKacTCA 4Y€pPe3 MHUMYIO Y9aCTbhb aMIIJIMTYIbI II€pEeXo/la
“doron—dorTon”, riue B KauecTBe IPOMEXKYTOUHOI'O COCTOSIHUSI CJIEIYyeT pacCMaT-
pUBaTH 3JEKTPOH-TIO3UTPOHHYIO TTapy:

Wy —eeh)= é Im M(y — 7), (4.17)



152 I'naBa 4.  OJeKTpoMarHuTHbIE B3AHMOJICHCTBU

rje w — sHeprust GpOoToHA. AMILUIATYIA IepPexoa /\/l(’ym — ’y(A)) = MW p
MarHUTHOM I10JIe OTIpejieisieTcst BhipaxkenusiMu (3.3)—(3.6), rue cieyer mojcra-
BUTb BEKTOPBI MOJISPU3AINN €, = 59) orona nepBoii win Bropoit Mo (4.10).
IIpu 5TOM MO’KHO OTGPOCHTB UJleHbI C 2, cojlepsKalluecs: B BblpaskeHusix (3.6),
TaK KaK OHU OIPEJEJISIIOT, B COOTBETCTBHUU C JUCIEPCUOHHBIM ypaBHeHueM (3.9),
nonpasku nopsyxa o. Ilepexonsa B bynkrusax 1102 (q) k npegeny cuibaoro mo-
s (3.13), (3.14), BuuM, 9TO0 MHIMYIO 9aCTh HMEET TOJHKO aMILIUTY/Ia [epexojia

doroma 2-it moxer M2, B kunemaTuueckoil 06aCTH qﬁ > 4m?

daeB
ImM® aelm, 0(q — 4m?). (4.18)

Vhl% 4me)

[loncrasiss (4.18) B (4.17), mosydaem BbIpayKeHUE JJTsT BEPOATHOCTH, COBIIA/IA-
forriee ¢ (4.16).

Ammnryga MU He mveer MEIMOl wacTn B obnacTn qﬁ < eB. Anams

[IOKA3LIBAET, UTO MHUMAs YACTh M) BosnuKaeT TONbLKO 1pu
2 2 2
q > Ej = (me + /m?2 + 263)

DTO COOTBETCTBYET POKJICHUIO OJHON 13 YACTHUIL, JIEKTPOHA WU MO3UTPOHA, Ha
nepsBoM yposHe Jlangay, a Apyroit 4acTUIlbl — Ha HYJIEBOM.

+

4.2. llpouecc v — e e” B CKpPeLIeHHOM II0JIe

4.2.1. IIpsamoii pacd€T Ha OCHOBe pellleHuil ypaBHeHnus Jlu-
paka

[Togcrapisss B S-mMarpudnblii 37eMeHT (4.2) pelieHnst B CKPEIIEHHOM I10-
e (1.11) jst 97IeKTPOHA U TIO3UTPOHA, TT0JIYIaeM

B le 4 L 3, 1
%if = quszszwfjlixmm{ («l@ roe e’ +3¢))]

_ eak \ . eka ,
X [u(p) (1 = 20) g0> £ (1 + 20kp) gO) u(—p )] : (4.19)
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rje BBejleHbl obosnadenus: () = q¢ —p — p/,

o x \? ., aa)  elgFp)
r = = — 3 Yo = — )
2X1X2 m?2 misey
1/2
_ (SaFFQ\? (gk)
A Y T om2

" (e%pjﬁFp))“_ (k)

(4.20)

o - (My%@@

m6

Beibupasi cucremy orcuéra (1.12) u yunreiBasi, aro ¢ = (k) = ko(t — ),
MOZKEM 3allicaTh

(Qx) = (Qo— Qu)t —Quy — Q.2+ sp, s= %

Uurerpas 1o y u z jaer AByMepHYIO 0-DyHKITIIO

/dy dz el(QuytQ:2) _ (27T)25(2)(Q¢)-

[lepexojig oT nepeMeHHBIX ¢, T K ITEpEMEHHBIM t,

1
/dtdﬂvz— dt dy
ko

1 UHTEerpupy4 110 t:

/ dt e Q=) — 27 5(Qp — Q) = 2mkod(kQ) = 27rk0—%2 5(X — X1 — X2),
m
npeobpaszyem S-marpudnbiii 3ement (4.19) kK Buty

ie(2m)36%(QL) 0(kQ)
V2wV2EV2E'V

Sif = 7 de [ﬂ(p)wL“V%U(—p’)} X

—0Q

1
X exp [—i (890 — 1 (g0’ + 5 903)” : (4.21)
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e
~ e?s?
L' = ¢" 4+ Kk F™p+ik s "o — ———(FF)"p?  (4.22)
2m*x1x2
ex (1 1
= —|—x— . 4.23
" 2m? <X1 X2) (4:23)

CoepiiuM B MHTErpaJie CJABUT 110 HEPEMEHHON ¢, ¢ — @ — g, IPH ITOM
MOYKHO M30aBUTHCS OT YJIEHOB B IMOKa3aTeJse SKCIIOHEHTHI, TTPOMOPINOHAILHBIX
©?. Tlomyuaem:

1 1
sp =13 (pop” + 29%) = sp — 21t + A,

rje

S =58+ 7’3%3g03,

a BeJMunHa A, He 3aBUCHINAsl OT (o, NMPUBEJAET K IOSIBJICHUIO B S-MaTPUIHOM
9JEMEHTE TIOCTOTHHOTO (pa30BOI0 MHOXKHUTES, KOTOPBI HecytiecTBeH. C yuéTom
CUMMETPUYHOCTHU IIPEJIeJI0OB UHTErPUPOBAHUS JlaHHAs IIpolleypa CJABUrA 110
MO3BOJISIET BBIPA3UTH PE3YIbTATHI UYepe3 PYHKINIO Dipu:

_ 1 7 23
Ai(y) =— [ dz cos | yz + — (4.24)
T 3
KOTOPAast yJOBJIETBOPSCT YPABHEHHIO
Ai"(y) — yAi(y) = 0. (4.25)

HpI/I 9TOM MMCHOIIMUECA MHTErpaJibl 110 ¢ 3allMIIyTCA B CJICAYIOINICM BUIE!

—+00

o 1 2m
/ dy exp (—1(3@ — §r3%3<p3)) = Ai(y), (4.26)
400
(s L3 3 3 2mi
dpyp exp [ —i(5p — o1r7sey”) | = ——5— Al(y), (4.27)
400
2 _-—_1333 ——27TA'”
dpp™ exp | —i(sp — or'or'y”) | = — 55 Al'(y), (4.28)

—0oQ
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rie

S
y=—— (4.29)
T
JlanbHeiime BeIYuceHns 1eaecoodbpa3to MpoBOJUTD JIid (POTOHA KOHKPET-
HOI TToJIsIpr3anuu. B ckpereHHoM 1moJjie BeKTopbl moJisipusanu (4.10) mpejcras-
JISTIOTCS B BUJIE

~(1) (£9)a (2) _ ﬂ (4.30)

© T V@FF) " JaFF)

IIpH 5TOM IIOJIydaeM

L
Lg<1>> - Fq), + 5 (FFq),(p — }
(), = g |F O+ - (P = 0
1 [~ .
(22, =~ [P imrs(FFO 0 = )| (431)
" (¢FFq) L
BepositHocTb paciiajia (poTOHA OLpeIesisieTcsl BhIpaXKeHneM
1 dBpV 'V
W = — [ |Si]? . 4.32
[Ipu nojcTaHOBKE MATPUUHOIO SJIEMEHTa, CJIeAyeT, KaK OObITHO, YUeCTh, 4TO
L,L T
QL =0)=-"=, 0(kQ=0)=

riae Ly, Ly, L, - xapakrepuble jiuHeiinble pasMepbl BJosb oceit OX,0Y n OZ, a
T - oytHOE BpeMs B3alMOJIeCTBUSI.
nrerpuposanne ¢ §-pyHKIMAMEI 110 UMIIYILCAM [TO3UTPOHA JTaeT

~

m2X2

{p —=q—p—sk; xa— x—xa}-

d’p’ 2 _
| Qs .} -

J1J1s1 MHTErpupoOBaHUs 110 UMITYJILCAM 3JIEKTPOHA YI0OHO BBECTU IIePeMEHHbIe
TUU

I3
;= e(q4 Pl =1 90X (4.33)
mty X
TaK 4YTO
1—wu 14+ u
X1 = Xs X2 = X (4.34)

2 2
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IIpU 3TOM

d3p1 Qm%
d d
L 2 e or i

HO, KaK IOKa3bIBaeT PACUET, IOJbIHTErPAJIbHOE BhIpayKeHIE HE COJCPKUT 3aBU-
CUMOCTH OT (pg. BeroMunasi cBsI3b MEXKy (0 W X, 3aKJII09aeM, 9TO WHTErPaJl
110 Yy OTparkaeT IMPOU3BOJI BRIOOPA TOUKM Hada/la OTCYETa KOOpAUHATHI x. [Ipn
pelieHnn 3a/ladi B KoHeuHoM oobeme Kpanrosanus V = L, L, L, objacTb unre-
I'PUPOBAHUS TI0 (0 KOHeYHa U paBHa kgL, T. e.

/dgpo = ko/d$0 = koLx

Apryment dyukimn Ditpu (4.29) B obosnauennsx (4.33) umeer Bu/

y=r*(r*+1), r= (ﬁ) 1/3. (4.35)

Pesynbrar BbIYnC/IeHNT BeposiTHOCTEH paciiajia (pOTOHOB 00enX MOJIsTpu3a-
it (4.30) MOXKHO TIPeJICTABUTH B BUJIE

1 00
2,,2+,1/3 d 14+u?2 1 —q?
12 _ &€MX u U U y 9
v 27 / Gowpn | T\ T2 T )Ml
0 —00

) per (o)

DTOT pe3yJIbTAT COBIAJIALT, C TOYHOCTHIO J0 0bo3HadeHuil, ¢ hopmyoit (56),
c. 82 m3 o630opa [40], rue mosspusaun || 1 L cOOTBETCTBYIOT HAIINM MOJISIPU3a-
migaM 1 n 2.

J11s1 BoIMHC/IeH TSI BXOJAINX B Bhipazkerue (4.36) HHTerpaJsos 1o mepeMeHHoi

I - / dr (A2, T = / drr (M), T / dr A (y) (4.37)
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BOCITIOJTb3YEMCsl M3BECTHBIMU COOTHOIIeHUsiME Jijist byHKImn Diipu, cm. [40],

c. 80,83 dopmysnr (46), (48), (58):

: : 1d .
y[AiQy)]* + (AT (y)]” = gd—yQ[Al(y)]27 (4.38)
o9} 1 ¢ .
/ [Ai(t 4+ a)]” = 5 / dyAi(y), (4.39)
0 22/3¢
o
i = dt 7~ [Ai(¢ .
/dtt il +0) = 5 (da2 4a>/ i(t+a)?, o0
0 0
(4.40)
Nurerpassr (4.37) paBHbI
21/3 .
L = ZBI( z), I,= 53 [—Ai'(2) — 2Bi(2)],
21/3
I3 = ry [—3Ai'(2) — 2Bi(z)], (4.41)
r

rje 0003HaYEHO

Bi(z) = ]Ody Ai(y), =232 = (%)2/3. (4.42)

x(1 — u?
z

[oncrapisaa unrerpas (4.41) u nepexoss K HoBoit nepemennoit v = 1/(1 —u?),
3aIuieM BeposaTHOCTH (4.36) B Buje

wia = S —— {Bi(z)—fAi’(z)}, (4.43)

rae z = (4v/x)*/3. Boipaxennue (4.43) MOXKHO JaJIbIIE YIIPOCTUTD, BOCIIO/IL30-
BABIIICH ypaBHeHueM (4.25) jyist GyHKIWN DApPH, B PE3y/IbTATE HOJIYIaeM

o0

am?y dz 8v+1F 3 (), 232
v = .

16w \/Ev\/vv—l

(4/x)%/3

W(1ﬂ2) —

(4.44)
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B nipeietbHbIX CIydasdx MaJjIbIX 1 OOIbINNX 3HAYEHNN JTUHAMITIECKOTO TapaMeTpa
X POpMYyJIBI JIJIsT BEPOSATHOCTENH 3HAUUTEILHO YITPOIIAIOTCS:

3(BFam®> _
W2 (y < 1) = vg&——ﬂif——xegﬂw% (4.45)
3(5F 1)am? 2
W2 s 1) = 3 287r2)w r (3> (3x)*°. (4.46)

[IpuBeaéHHBIC BBIPAXKEHHA JIJISI BEPOATHOCTEl COBIIAIAIOT, ¢ TOUHOCTBLIO 10 000-
3HAUEHU{T, ¢ COOTBETCTBYIONMMEI (hopMmysiamu Ha c. 83 u3 [40].

4.2.2. Pacyér Ha ocHOBe MHIMOI1 4YacT! HeTJIeBOoii AuarpaM-
MBI

Amnanornano paszaeny 4.1.2 MOXKHO BBIYHCIUTL BEPOSITHOCTL paclaja B
CKPEIIEHHOM 110JI€ 4epe3 COOTHOIICHUE YHUTAPHOCTU. [JIsi 3TOro B COOTHOIIE-
aue (4.17) B xauectBe amrnTyael M(y — ) cieyeT MoJCTaBUTH BbIpazKe-
aue (3.34), 3aMeHsist BEKTOPHbIE TOKH Ha BEKTOPbI oJistpusarn (orona (4.30),

(1,2)

Jva — €, n nonarag ¢> = 0. Iloxyaaem

o
M(’y(l) — 7<1)):;Y‘§9:
am2y2/? 1/3 5 df(2)
T 6r /du<1—u2) (B+u) =g dz '
0
e}
M(H® — 7(2))=;Yv(2v)=
1
am?2y?/3 1\ o df(2)
_ _T/du<1_u2> B-w) 2w
0

rae z = (4/[x(1 - u2)])2/3. YauTbiBas, 9T0 MHUMast 9acTh (DYHKIUH Xap/Im —
Crokca Beipaxkaercs depes3 dyukiwo ditpu, Imf(z) = 7 Ai(z), u nepexojs B
nHTerpaJe OT nepeMeHHoOn u K 2

0/ _

v = x2%/% /4, cpazy nosyuaem dopmyiy (4.44).

(4/x)?/3

=l
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4.3. 3aryxanue poToHaA B pe3yJjbTaTe POXKJICHUS
e~ e’ mapbl B CUJIBHOM MArHUTHOM IIOJIE

B namHoM paszjiesie mcciieoBaHo 3aTyxXaHnue 3JI1eKTPOMarHuTHON BOJIHDBI B IIPU-
CYTCTBUN CHJILHOI'O MAIHIUTHOTO TI0JISI B KHHEMATHIECKOI 0bracTn O6JIM3KOi K 110-
POy POKJIEHHS 3JIEKTPOH-ITO3UTPOHHOIT Tapbl. [lokasano, 9To B JaHHOIl 001aCTH
HEIKCIIOHEHIINAIBHBIN XapaKTep 3aTyXaHus JIEKTPOMATHUTHOIO IIOJISI YCUJIEH.
O6napyzkeno, uro addexrupnas mmpuna pacnajga GoTona, v — ete”, cye-
CTBEHHO MeHbIIIe 110 CPaBHEHMIO C M3BECTHBIMU B JInTepaType pesyabrartamu. Ma-
TepuaJl pasjiesia OCHOBaH Ha pabore [225].

3ajiaua 0 paclpocTpaHeHUH JEKTPOMAIHUTHBIX I10J1eil B aKTUBHON cpejie
BO3HUKAET MPHU PACCMOTPEHNN CaMbIX Pa3/JIMIHBIX (puU3MIecKnx sgBjenunit. Han-
6oJiee MacIITabHBIMU ¥ MHTEPECHBIMI U3 HUX SBJIAIOTCS POXKJIEHUE W SBOJIIOIUS
CBEPXHOBBLIX W HEHTPOHHBIX 3B€3/], BHYyTPH KOTOPHIX MJIOTHOCTH BEIIECTBA MOYKET
JIOCTHTATh BEJMYUH Hopsiika sijepHbiX (p ~ 101 — 10 r/em?), a remneparypa
HeCKOJILKUX fecaTKoB MaB. Hapsamy ¢ mmoTHoit n ropsiveit MmaTepueil BO3MOXKHA
TaKyKe TeHepallisd CUJIbHOI0 MArHUTHOT'O I10JIsi, KOTOPOE B OIUCHIBAEMBIX BBIIIIE
00BbEKTaX MOYKET MPEBOCXOIUTH HA HECKOJIHLKO MOPAIKOB KPUTUIECKOe 3HAYEHNE,
B, = m?2/e ~4.41-10" I'c. B upucyTcTBUN MHTEHCUBHOIO MAarHUTHOTO 101
BO3MOXKHBI HOBbIE SIBJIEHUs, KOTOPbIE MOT'YT CYIIECTBEHHO BJUATH HA JUHAMUKY
pPasBUTHs IOJIOOHBIX acTpodu3ndeckux o0bekToB. K oJHOMY M3 TaKuxX siBJie-
HUNl OTHOCUTCS 3aTyXaHue 3JIEKTPOMArHUTHOTO IOJISI B Pe3yJIbTaTe pOXKJICHUs
9JIEKTPOH-TIO3UTPOHHOI Tapbl BO BHEIIHEM MArHUTHOM Tojie. Hamomumm, 4uTo
B BaKyyMe IIPOIECC ¥ — e e KUHeMaTHdecKu 3alperieH. [Ipucyrcrsue Mar-
HUTHOTO TOJIsI TIPUBOIUT K M3MEHEHUIO KHHEMATHKI 3apsKeHHbIX TaCTHIL (9/IeK-
TPOHOB U TIO3UTPOHOB), UTO JIEJIAET MPOIECC POXKICHHST 3JIEKTPOH-TIO3UTPOHHOI
napbl BOBMOXKHBIM B KHMHEMATHUUIECKON 00J1acTh qﬁ =@ —q = 4m?, e q -
SHeprus (POToHA, & (3-KOMIIOHEHTa UMITYJIbCa BJIOJb MAarHUTHOTO ITOJIs.

Briepsble mporiecc porKieHns 9J1eKTPOH-TIO3UTPOHHOI Mapbl (POTOHOM B Mar-
HUTHOM T10J1e ObL1 pacemorper Kitennkoseim B 1954 1. [224]. Beuta nostyuena am-
IJINTY/Ia U IMUPUHA Paciata v — ete” B KBa3uKJIaCcCUIecKoM npejeste. [lozamnee
3TOT TPOIEcC paceMarpuBalicst B psje pabor [80,226-230] B ¢Bsi3u ¢ BO3MOK-
HBIM HPUJIOYKEHNEeM ero B actpodusuke. B paborax [229,230] ormeuasniocs, aTo
FCIIOJTb30BAHIE BbIPAXKEHUs JIJIsT MUPUHBI, Oy IeHHOrO B [224|, mpuBouT K Cy-
IIECTBEHHOMY 3aBbIIIIEHUIO pe3yJibTaTa B IIpejlejie CUJILHOI'O MArHUTHOIO I0JI.
B sTom ciydae HYKHO HCIIOJIB30BATH TOYHOE BBIPAyKEHUE JIIs MIUPUHBI OTHO-
doToHHOTO POXKIEHNs TTAphl, KOIJa JEKTPOHLI 1 MO3UTPOHBI 3aHUMAIOT TOJIHKO
OCHOBHOIT ypoBeHb Jlangay. Briio 3amedeno, ojlHaKo, YTO BhIpayKeHUe I TI1-
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PUHBI paciiajia B Ipejiejie CUJIbHOIO MArHUTHOI'O IOJISI COAEPXKUT OCOOEHHOCTH
KOPHEBOT'O TUITA B TOUKE qﬁ = 4m?. Kak nojuepkusajocs B [80], gannoe o6crost-
TEJIbCTBO CBUJICTEIHCTBYET O HEBO3MOYKHOCTH WHTEPIPETAIMH JIAHHON MUPUHDBI
paciiajia BBIYUCJCHHO 110 TeOPUK BO3MYIICHUIT BOJIU3U ITOPOTa POXKICHUS ITapbl
KakK KoaduienTa 3aTyxanust. B 9ToM ciydae mepBUIHBIM JIJIs] HAXOXKJICHUST KO-
s dunnenTa 3aTyxaHus sIBJIIeTCsl BDEMEHHAsT 3aBICHMOCTb BOJIHOBOI (DYHKIUN
¢oToHa B IpUCyTCTBUN MArHUTHOIO 110J1s1. JIJ1sT o1Ipe iesiennst TaKoi 3aBUCUMOCTH
B pabore [80] B KauecTBe MeTO/Ia TpE/IArajoCh PeliaTh ypaBHeHNe UCIePCHN
C YyUETOM MOJIAPU3AIIE BaKyyMa B MArHUTHOM I10Ji€ ¢ KOMILJIEKCHBIMEU 3Have-
HUSAMU SHepruu oroHa. J[aHHBIN METOJI, OJIHAKO, UMEET Ha Halll B3IJIAJL Psi]
HEJIOCTATKOB. BO-TIEPBBIX, XOPOIIO W3BECTHO (XOTS U PEJKO YIOMUHAETCsI), 4TO
pelreHnii ypaBHeHUs JIUCIEPCHE ¢ KOMILJIEKCHBIMEI SHEPIUsMU Ha (PU3HIECCKOM
JIUCTE He CyllecTBYeT. PeleHnsi HaxousATcsd Ha He(DU3NIECKUX PUMAHOBBIX JIV-
crax (00J1aCTh AHAJTUTUIHOCTH TIOJISIPU3AIIMOHHOTO OIIEPATOPA), TUCIO KOTOPBIX,
BOOOIIE IOBOPsI, OECKOHETHO. DTO B CBOIO OU€pE/ib BEJAET K OECKOHEUHOMY UUCJIY
perreHnii ypaBHeHHs JIUCIIEPCUN KaK C MTOJIOKUTE/IbHBIMEI, TaK U ¢ OTPUIIATE b
HBIMI 3HAYEHUSIMU MHUMOI dacTu sHeprun. Pusndeckuii craryc 3TUX perieHuni
TpedyeT OT/IeJIbHOTO MCCJIeI0BAHNUS.

B pabore [80] ucnosbzoBaiachk acuMiroTrdeckast (hopMma oI pU3auoHHO-
ro orepaTopa BOJIM3U 1IOPOra POXKJIEHUs Maphbl, KOTOpPasl OIMIMOO0YHO IIoJarajach
JIBYJINCTHON KOMILJIEKCHO (pyHKIMeil. /JanHoe 06CTOSITEeILCTBO IPUBEJIO K CYIIIe-
CTBOBAHUIO JIBYX KOMILJIEKCHO COIPSZKEHHBIX DEIIeHNil, OJIHO U3 KOTOPBIX (C M0~
JIOZKUTE/IbHOIT MHUMOM 9aCcThi0) HE MOXKET UMETh (DU3MIECKOTO CMBIC/IA, TAK KAK
HMPUBOJIAT K 9KCIIOHEHITMATBHOMY POCTY aMILIUTY bl 9JIEKTPOMArHUTHOM BOJIHBI.
Taxum obpa3oM, I 1oJIydeHns: (PU3NIECKN OCMBICJICHHOIO Pe3yJibraTa Tpedy-
eTcd “pykamMu’ OTOPACLIBATE JIUITHUE PEITeHUS .

Bo-BTOpBIX, B TAKOM I0OAX0Je HE YIAeTCd KOPPEKTHO OINCATh XapaKTep 3a-
TyXaHHUsI B OKOJIOIIOPOIOBOI 00JIaCTH B CUJIBHOM I10J1€, KOTOPBIl B 9TOM C/ydae
CYIIIECTBEHHO OTJINYAETCsl OT SKCIOHEHINAIBHOIO.

Tem camMbIM, c1TOCOO OMUCAHMS 3aTYXAIOIIIX JCKTPOMATHUTHBIX BOJH B Mar-
HUTHOM TI0JI€ TIyTEM peIleHUs] YpaBHEHUs JUCIIEPCUN HE SABJISIETCS CaMOJOCTa-
TOYHBIM.

Paccmorpum 1ospobHo 3aryxanue (poToHa B pe3yJibTaTe POXKICHUsT JIEK-
TPOH-TIO3UTPOHHOI Tapbl B CHJIBLHOM MarHuTHOM mojie [225]. Ocoboe BHEMA-
HIE yJICJIIM UCCIeIOBAHNIO 3aTyXannd hpOTOHA BOJU3U 1IOPOra, POKJICHHs €' e -
napbl. Mbl HCIOJIB3yeM METOJI, TPUMEHSIEMbII B TEOPUU TI0JII NPU KOHETHBIX
TeMiepaTypax u B Qusnke miasmel, cM. Harnpumep [231]. On cocrout B Hax0XK-
JIEHUU 3al1a3/IbIBAIOIIEro pPelieHns YypaBHEHUsT 3JIEKTPOMArHITHOTO TTOJIsT B IIPH-
CYTCTBUU BHEIIHEIO0 MCTOYHUKA C YIETOM IOJSIPU3AINE BaKyyMa B MAarHUTHOM
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nojie. Bpemennoe 3aTyxaHue 3JIEKTPOMArHUTHOM BOJIHBI MCCJIEIYeTCs BO BHEIII-
HEM OJIHOPOJIHOM MATrHUTHOM II0JI€, KOTJIa €r0 BeJIMINHA SIBJISETCA HauOOJIbIIIM
napamerpom, B, > ¢*, m?.

JL1s1 OTIICaHIS 3BOJIIOIIN 3IEKTPOMATHITHOH BOIHBI A, (2) Bo Bpemenn' pac-
CMOTPUM JIMHEHHbIT OTKINK cucTeMbl (A, (2) U mospu3oBaHHbIil B MAPHUTHOM
T0JIe BaKyyM) Ha BHEITHWUI UCTOYHUK, KOTOPBIH ajinabaTuiecKn BKIOTAeTCsT MPH
t = —oo u B MoMeHT BpeMmenn t = () BoikJtodaeTcd. [Ipu ¢ > 0 sjmekTpoMarunT-
Hasl BOJIHA OyJIeT 9BOTIOIMUOHNPOBATH CAMOCTOATETbHO. TakuMm 0Opa3oM UCTOY-
HUK HEOOXOJINM JIJI CO3JIaHNs HAUYaJIbHOI'O COCTOSHUA. J[JIst TpOCTOTHI paccMOT-
PUM SBOJIIOIIIO MOHOXPOMATHIECKONH BOJHBI. JIJI1sT 9TOro pyHKIMIO UCTOTHUKA,
cJIeyeT BbIOpaTh B BHUJIE:

To() = jo e (—t), e — 0T, (4.48)
Basucumoctsb A, () 0T BpeMeHu onpeiessieTcs ypaBHeHeM
(gaﬁ 8/3 - 6ozaﬁ) 'Aﬁ(x) +
—|—/d4:L" Pos(z — ') A% (2') = To(2), (4.49)
ryie Pog(x — 2') - nonspusaionblii oneparop dborona B MaranTHoM 1oste. Or-
METHUM, 9TO JIJI TOrO, 4T0ObI UCTOYHUK B IIpaBoil dactu ypashenust (4.49) sib-
JISLTICST coXpaHsroteiicst Besimuntoit, 0,7 % = 0, HeoOX0MMO BBIOpaTh TOK j, B

sugie: j¢ = (0,j), j-k = 0. BanazgpiBaioriiee perenne, OMIChIBAIOIIEE IBOJIOIITIO
A, (x), mmeer BuI:

Al(z) = /d4a:' Ggﬂ(:c — 1) Jﬁ(x'), (4.50)

rie Ggﬁ(ac — ') - sanaznpiBatommast Gyukiug ['puna. OHa onpejesaercs depes

KOMMYTATOP TeiizeH0eproBCKUX OMEPATOPOB 3JIEKTPOMATHUTHOTO 10Jist A, () co-
IJ1aCHO:

Gz — ') = —i{0][Aa(x), As(2)]]0) 6(t — 1), (4.51)

cMm. Harpumep [232]. Tlosie3Ho BbIpasuThb 9Ty (byHKIUIO Yepe3 IPUINHHYIO hyHK-
nuto ['puna

GSs(x — ') = —1(0|TAu(z) As(2)|0), (4.52)

Lek = (t,%)
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FICTIOJIB3YST CIEJIYTOIIEee COOTHOIICHITEM:
Gaﬁ(aj—az) = ZRGGaﬂ(x—a:)H(t—t'). (4.53)
D1y GOPMYITY JIETKO MOy UUTh, €CJIH 3aMETHTD, UTO
Gyt —t',x —x) 0(t — t') = —i(0[ A (t, x) Ag(t', x)|0) Ot — ¢).  (4.54)
[Ipubapiisist K moc/aeHEMY YPABHEHUIO KOMILICKCHO-COTIPSZKEHHOE U CPABHUBAS
noJtyderHoe Bbipazkenue ¢ (4.51), nosydaem coornomierue (4.53).

B marauTHOM 110716 YI00HO pa3iokuTh dhyHKimo ['puna (4.52) o cobcTBeH-

(1,2,3) ,
HBIM BEKTOPaM MOJIAPU3AINOHHOTO orepaTopa by, ") em. (3.5):

GSy(x) = / (gﬁ) GS5(q) e (4.55)
3 b((y)\)b()\> 1
Ggﬁ(q) - Z (b(A)§2 ¢2 — TN ()’ (4.56)

A=1

rie IIW(q) - coberBennble 3HAMCHNS TOIAPU3AIMOIHOrO oneparopa. [logcraiss
Beipazkenus (4.48), (4.53) B ypasuenne (4.50), u ucrnosb3ys pasiaozxenus (4.55),
(4.56), mocJie HecI0AKHOr0 HHTerpupoBanns noaydaem aia Alf(x) ciemyrommuit
pesyabTaT 1pu t > 0:

3
Af(z) =) VI (x) = 2™ x

A=1
qu a /\)j)/(b()\))2 e—iqot
R E 4.57
e 2mi (qo — ie) (g5 — k> — IV (q))’ 457

rie ¢¢ = (qo, k). Creyer orMeTuTh, 9TO MHTErpaJl B 1ocae el popmye Tpe-
OyeT JOOIIpeiesIeHns, TaK KaK MOABIHTErPAJIbLHOE BBIPAZKEHNE MOMKET COIEPKATD
0COGEHHOCTH, KOTOPbLIE C OJ[HOII CTOPOHBI CBS3aHBLI C HYJIAMHU 3HAMEHATEIA B
(4.57), a ¢ apyroit cTOPOHBI ¢ 0BJIACTBIO OIPeJIeJIeHNs TObIHTErPATbHON (DyHK-
nnn. s mcenegoBanus 3TUX 0COOGEHHOCTell HeOOXOMUMMO 3HATH ABHDIL B 1
aHaIMTHICCKHe cBoficTBa cobersennbix 3uadennii, 11V (q), nonspusanuonnoro
oneparopa. B mpenese ciIbHOTO OISt OHU MOTYT ObITH HPEJACTABICHDL B CJIEIY-
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formeM Buje, cM. (3.13)-(3.15):
«
nW(g) ~ —3- 4L~ AB.D), (4.58)
M9(q) ~ —q*A(B, ), (4.59)
2aeB z
n® ~ — t —-1] -
() - ( NEE R T )
- ¢ A(B,¢%), (4.60)

rie o
A(B,¢*) = o [1.792 — In(B/B.)],
m

2=q/Aml, ¢ =g + 6.

OTMeTuM, 9TO BKJIQJI IIOJIIOCA qﬁ = (0, IpOUCXOJSAIIEr0 13 HOPMUPOBKH Oa3mc-
2 3
CIRAC)

HBIX BEKTOPOB by, o, saBjasgercs HepuzndeckuM. C yIETOM sIBHOTO BuUj1a COO-
CTBEHHBIX 3HAYEHUIT OJISIPU3AIIMOHHOTO orepaTropa (4.58)-(4.60) on MoxkeT ObITH
yCcTpaHeH KaJauOPOBOUYHBIM IIPE0OPa30BaHUEM I10CJe CYMMUPOBAHUS 110 TIOJIsIPU-
zanusM. Takum 00pa3soM BKJIa/l B PellieHne MOI'yT JaTh TOJbKO I0JII0Ca COOTBET-
CTBYIOIINE YPABHEHUSIM JIUCIIEPCUL:

¢ — W (g) = 0. (4.61)

Kak y»ke oTMedasioch, Jiisi peajJbHbIX (POTOHOB B MArHUTHOM I10Jie (bu3mie-
CKHUII CMBICJT UMEIOT TOJIBKO JIB€ MOABI A = 1,2, ¢ BEeKTOpaMU IOJIsIPU3aIIIN:

y_ ba (@9 o) _ 6(2) _ (99)a

© o2 /E “a V(b \/7

B npejiesie cuiibHOro MarHuTHOTO HOJIA TOJBKO MOJA ¢ BEKTOPOM IIOJIsIPU3a-

2
1197001 5&) MOZKET PaCHaJIaThCsl Ha SJIEKTPOH-TIO3UTPOHHYIO TTAPY, TOCKOIbKY TOJb-
KO COOCTBEHHOE SHaHeHI/Ie nosspusanuonnoro omeparopa 11%)(q) (4.60) nmeer

MHUMYIO 9aCThb IIPH qH > 4m?. Takum 06pasom Jyisl aHa/ln3a BPeMEeHHOro 3aTy-

(4.62)

XaHUs 9JIEKTPOMArHITHOTO MOJIsA JIOCTATOYHO B BhipaykeHun (4.57) paccMoTpers

TOJIBKO CJlaraeMoe ¢ V0§2)(x).

Jtst yiporrenns gajJbHEHNX BbIYUCJICHNN YI00HO MepedTH B CHCTEMY OT-
cuéra, tiae k = (ki, ko, 0), 9TO Beerjia MOXKHO CJeJaTh He HapyIias XapakTepa
BHEIITHET0 MarHUTHOTO 1oJisd. [1pn aTom qﬁ = @3, M BEKTOD NOJIAPUBAIIME MOJ[bI 2
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npumnmaet s €2 = (0,0,0, —1). B urore as VOSQ)(x) OJIyHaeM CJieJIyonee
BbIpasKeHNe:

V@ (z) = V0, %) ;{e%(((’;)), (4.63)

rie

B dqo e 14t
e c/ i (a0 i2) (¢ 1~ T0(g))’ (469

a Va(Z)(O, X) = 26 jj el ReF(0).

Koutyp unrerpuposatus C B (4.64) omnpejessieTcss aHAJTUTHICCKIMI CBOTi-
creamu 11?)(¢) u uzobpazken na puc. 4.2. Oyukuus 1% (q) asnsercsa anammuTi-
JeCKOIl Ha KOMILJIEKCHOI IIJIOCKOCTH ¢ C pa3pe3aMi BI0JIb BeIlecTBeHHOI ocu. B
KuHeMaTiueckoii obuactu |qo| < 2m, cobersennoe snauenue 11%)(¢) semecrsen-
HO, U B 9TOM cjydae ypaBHenue (4.61) mmeer BelecTBeHHbIE KOPHU, KOTOPBIE
OLPEIEIISIOT Juciepcuio GoToHa B JIaHHON 00J1acTu.

A L

> 2m,

Puc. 4.2. Konrtyp uarerpuposanus C' B KOMIIJIEKCHOM TLJIOCKOCTH qy. KpecTukamu
0003HAYEHBI TIOJTIOCA, COOTBETCTBYIOININE BEIECTBEHHBIM PENIeHUIM YpaBHEHUs
muctepenu (4.61). IITpuxoBkoit yka3aHbl pa3pes3bl BJIOJIb BEIIECTBEHHO OCH,

st jaabHeiiero anaansa, KOHTYp HHTEIPUPOBaHKs YI0OHO IIpeodpa3oBaTh
B KOHTYD, n300paxkénubiii Ha puc. 4.3. Torma uarerpar (4.64) moxker 6bITh pe/I-
cTaBjIieH B pOpMe JABYX CJlaraeMbIX

F(t) = Foe(t) + Fuu(t), (4.65)
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epBOE U3 KOTOPBIX OIPEJEIFETCs BEIYETOM B TOUYKE Gy = w, SIBJISIONIECs pe-
menueM ypasienust guctepenn (4.61). OHO cOOTBETCTBYET HE3ATYXAIOMIEMY Pe-
meHnto B obsract w < 2m, [80].

\ L

Puc. 4.3. Kouryp nnrerpupoanust C' 1ocjie 1npeodpa30oBaHms, TO3BOJISIOIIErO
BBIICJIUTD OTJIEJIBHO BKJIAJ T10JT10CA, Floe(t), 1 paspesa, Fi.(t).

Bropoe ciaraemoe ornpeaenseT 3aBUCUMOCTL JIEKTPOMArHUTHOTO IOJS OT
BpeMeH B 00JIACTH BBIIIE [IOPOra POXKIACHUsT 3JEKTPOH-IIO3UTPOHHON Haphbl U
uMeer BUJ (pypbe-uHTErpaJia;

oo

d S
Fcut(t) = /T?Fcut(QO)e QOt7 (466>

260(qo — 2me) [

Frlth) = G~ RE+ 1) o

L VEtve-1
Vz(z—1) \/_—\/z—

B Q@
I = —ImTI%(qy +ic) = _aeZ . =0 4.69

R = ReH<2>(q0)——eB < 2), (4.68)

Beipazxenust (4.66)-(4.69) ¢ yuérom (4.63) permaioT 3ajady O HAXOXKCHUN Bpe-
MEHHOGH 3aBUCHMOCTU BOJIHOBOI (byHKIUHI (DOTOHA BBIIIE OPOTa POYKJICHUS TIAPbI
B [PUCYTCTBUY CUJIBHOIO MATHUTHOTO TIOJIS.
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CTporo roBopsi, BCJIEJICTBUE TOPOrOBOTO TmoBejieHnst dbypbe-obpasa Fi:(qo)
XapakTep BPEMEHHOTO 3aTyXaHust (DYHKIUN Fr(t), & 3HATUT 1 BOJHOBOI (DyHK-
nnu A, (t), oTimmdaercst or sKcHoHeHmaibHoro. OHAKO, Ha HPOTSZKEHUI HEKO-
TOPOr0 XapaKTEPHOTIO OTPE3Ka BPEMEHN> 3aBUCHMOCTD BOJIHOBOI (DYHKIINH MOZK-
HO HPUOJIMKEHHO OIHMCATH KaK AKCIIOHEHINAIbBHO 3aTyXalollie IrapMOHUYIECKUe
KOJIeOaHMs

A, (8) ~ exD( =gt £/2) cos(wegtt + ). (4.70
31ECh Weff U Voff - 9D deKTUBHAST YacTOTa U MUPHUHA paciaga (POoTOHA COOTBET-
CTBEHHO, KOTOPBIE JIOJIZKHBI OBITH HalleHbl ¢ ncno/ib3oBanueM (4.66)-(4.69) ms

KayKJIOro 3HaveHnst umiyJsbca K, aro onpejensier 3hpdeKTUBHDBIN 3aKOH JTUCIIep-
curt pOTOHA BBIIIE MOPOTA POXKICHUS 3JIEKTPOH-TIOBUTPOHHO MAPHI.

0.6 1 * ]

Puc. 4.4. 3aBucuMoCTh HINPUHBI Pacaa OT 9aCTOThI B OKOJIOIIOPOrOBOil 00J1a-
cTH Jiid 3Hadennit MaruutHoro nojud B = 200B8,. Jlunug 1 - mmpuna pacnajia
v — eTe”, BLIUUC/ICHHAA B JIPEBECHOM IPUOINKEHUN U COJCPrKAIAsS KOPHEBYIO
CUHTYJISPHOCTD; JIMHUS 2 - MUpUHA paclajia HoJydeHHas U3 KOMILIEKCHOI'O pe-
IMIeHNsT JUCTIEPCHOHHOTO YPABHEHUST Ha BTOPOM puMaHOoBOM Jjiucte |80]; muHus 3
COOTBETCTBYET IIUPUHE PACIA/Id Yoff BHIUMCIEHHONI Ha OCHOBE allllPOKCUMAaIUN

(4.70).

Bayknyto poJsib B acTpopu3nyeckKnx HPUIOKEHUAX WUIPAET BEJIUINHA Yoff
olpeIesdonasd MHTEHCUBHOCTD IIOIVIONICHAA Y-KBAaHTOB B MAarHUTHOM IIOJIE 34

2ECTeCTBEHHO B Ka4eCTBE TAKOI'O XapaKTEPHOI'O BPEMEHH BBIOPATH 06paTHYIO 3 MEKTUBHYIO IMTHPHHY Pac-
maga y — ete”.
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Puc. 4.5. 3aBucuMocTh MUPUHBI paciiajia OT BeJMIUHbI MAIHUTHOI'O IIOJIST JIJIsI
3HaYeHNs JacTOThl w = 2.5m,. HyMepanus sunnit Takas »kKe, 9To 1 Ha puc.4.4.

cuéT poxKjenus e e -nmapbl. OOBIYHO B acTpoU3KNKe UCIOIL3YIOT BLIPAYKEHNE

JUIst Ko DUImeHTa MoryIoeHns MoJIyYeHHOe Ha OCHOBE BEPOSATHOCTU pacaja
v — eTe” cojepKallly 0 KOPHEBYIO CUHTYJISIPHOCTD, M. Harnpumep [233]. Kak or-
Medasioch B pabore [80], 970 IPUBOAUT K 3aBBINIEHIIO HHTEHCUBHOCTH POZKJICHIUS
ete -nap. Ham amaims nmokaspisaer, 9To BeIYUCIeHIE KO3(DQMUIMEHTa TOIJIOIE-
Hust (IMUPUHBL paciaja) ¢ UCHOJIb30BAHUEM KOMILIEKCHOTO PEIIeHUsT Ha BTOPOM
pumanoBoM Jincre [80] Takke MPUBOAUT K CYMIECTBEHHO 3aBbINTICHHOMY DE3YJIb-
TaTy B OKOJIOIIOPOTOBOI 00JIACTH, KaK 3TO BUJIHO Ha puc.4.4 u puc.4.5.

HeskcrioneHIMaIbHBIN XapaKTep 3aTyXaHus B OKOJIOIOPOrOBON 00JIACTH W3-
BECTEH JIJIsI [IPOIIECCOB B BakyyMme U BemiecTse [234, 235|, ojHAKO BO BHEIIHEM
1oJie, KaK HaM M3BECTHO, MpeXKe He paccMaTpuBasicd. B MaruuTHoM 10J1e, B OT-
JII4ane OT cJaydasl BaKyyMa W CPeJIbl, OKOJIOMOPOToBbIil 3(hdeKT OKa3bIBAeTCs
KHHeMaTHIeCKH yCuaeH 6,1aroiaps CUHTYIIPHOMY MTOBEJIEHIIO IO/ pU3aIlnOHHO-
ro orneparopa B 3Toil obactu. [losromy n3ydenune JTaHHOro SABICHUS aKTyaJIbHO
HE TOJBKO C TOYKU 3PEHUs] BO3ZMOXKHBIX aCTPOMU3NIECKUX MPUJIOKEHUIT, HO U
peJICTaB/IseT KOHIENTYaJIbHbIN HHTEpeC.
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4.4. Ilponecc pacuienyieHus ¢OToHa ¥ — 7Y B
CUJIBHOM MArHHUTHOM IIOJIe

4.4.1. Hcropuyeckuii 3KCKypcC

[Iporecc paciierienust (poToHa Ha JABa (POTOHA ABJISIETCS €Ille OJHUM SIPKUIM
IIPUMEPOM IIPOIEcca, KHHEMATHIECKN 3aIIPENEHHOr0 B BaKyyMe, HO OTKPbITOI'O
BO BHEIIIHEM 3JIEKTPOMArHUTHOM I10Jie, U3MEHSIIOIIEM JIUCIIePCHOHHBIE CBOICTBA
doToHOB.

Teoperuueckoe nccieoBanue JAHHOTO TPOIECCa UMEET JOBOJILHO JITHHHYTO
HCTOPHUIO, CM. HarmpuMmep 0630p [122]. Briepsbie mpaBusbabie hopMyIIbl Jjist pac-
merieHns: (pOTOHA BO BHEITHEM IIOCTOSTHHOM U OJHOPOJIHOM MAarHUTHOM I10JI€
ObLTH TIOJIYyUeHbl B Hadase 70-x rogoB B paborax [236,237|. B Hux mporecc pac-
METICHUST AaHAJIM3NPOBAJICS DU MaJIbIX SHEPrusax (POTOHOB (w < m,) B c1aboM
marauTHOM mojie (B < B.), ¢ ucnosb3oBanneM 3G QeKTUBHOIO JIarpaHKua-
Ha [eiizenbepra - Ditepa. [Ipu 5ToM oTMedaI0Ch, YTO HU3IINN HEHCUE3AIONN
BKJIaJ| B aMILIUTYJLy paciaj@a JlaeT OJ[HOIeT/IeBas MIeCTUYrobHas JimarpaMma
C TpeMsl JIMHUSIMHI BHEITHEro I10Jisl, YTO IPUBOIUT K XapaKTePHOI KyOm4ecKoil
3aBUCUMOCTH OT HAIPSIZKEHHOCTH MArHUTHOIO 10Jid. BoJjiee jeTajibHOE MCC/Ie/10-
BaHue mporecca 66110 poBesiero Aiepom B padbote [164]. C yaérom mpasmt ot-
6opa 110 MoJITpU3alUsiM OblIa BIYHC/ICHA €JIMHCTBEHHAsT pa3peIéHHasi B KOJLJIN-
HeapHOM IIpejesie aMILIUTYIa HIPOIEecca P SHEPIUH paclaaolierocs (hoToHa
MEHbIIIE TTOPOra POKJICHUsI 3JIEeKTPOH-TIO3UTPOHHON Tapbl (w < 2m,.). Bemman-
Ha I0JIs CYNTAJIAch POU3BOJIbHOI. Vcoib30Baiach cranapTHas JuarpaMMHast
TexHnka PeifHMaHa, rje MporaraTopbl BUPTYAJIbHBIX 9JIEKTPOHOB B MArHUTHOM
110JI€ 3alUChIBAJINCH B IIpejicTapiennn coocrsennoro spemenn @oka—IlIBunrepa.
AHaJIOrmYHbIe BBIYICIEHNAsST B IIpPEJEIe CKPEIEHHOrO MMOJs OBLIN IIPOBEIEHBI B
paborax [238,239]. [Tos:xke mporecc ¥y — 7y paccMaTpPUBAJICS Tak:Ke B pabo-
Tax |165,166].

HenaBuue jocTuzkeHnsi B acTpodu3nKe BHOBb IPUBJICKIN BHUMAaHNUE K HH-
JIyIIIPOBAHHOMY MarHUTHBIM II0JIeM paciieriennio gorona. Ilpesnosaraercs,
YTO JIAHHBII TPOIECC MOT Obl 00bSICHUTE CIIENN(UKY CIEKTPOB HAOJIIOIaeMbIX Y-
Berbiiiek [240], mpupojia KoTopsix 10 cux nop wesicia [241]. CyiecrByer psiji Mo-
Jiesieit, rje NCTOUYHUKAMMI 7Y-BCIIBIIIEK SABIAIOTCA aCTPOMU3NIeCKNe KaTaK/IN3Mbl
TUIIA B3PHIBOB CBEPXHOBBIX WM CAUSIHUN HEATPOHHBIX 3BE3J], B KOTOPHIX MOI'YT
pa3BUBATBLCS CUJIbHBIE MAIHUTHBIE 11011, 3HAUNTE/ILHO IIPEBBIIIAIONNE KPUTHIe-
CKOe 3HadeHue U JocTHTaromme seanann nopanka 1019 — 101 Te 27,28, 33, 34).

B paborax [123-126| 6b110 TPOIOIZKEHO U3YyUeHUE MPOIECCa PACIEIIeHUsT
¢doTOHA B CHJIBHOM MATrHUTHOM II0JI€ B CBSI3U C €0 BO3MOXKHBIMU acTPOMU3N-
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TeCKUMHI PUIOKeHusiMi. 1Ipr 9ToM nerosib3oBadicst KoJMHeapHblil mpejes, B
KOTOPOM BO3MOYKHA JIMIIb OJfHA KOHMUTYpAIUsT HAYATbHBIX U KOHEUHbBIX TOJIsI-
pusanuii poronos, 1 — 22 (v — y17yL B oboznauenusax Axepa [164]).

B nannOoM pasmerne uccseyercs paciierienne GoToHa Y — Yy € YIETOM
TOTO, YTO B CHJIbHOM MarunTaoM nose (B > B,) ancnepcnst doroma [80] npuso-
ST K 3HAYNTEIBHBIM OTKJIOHEHUAM OT KOJIIHHEAPHOCTH KHHEMATHKH JIAHHOTO
poriecca. B 9acTHOM cirydae KOJUTMHEAPHOH KUHEMATHKU, KOTIa BCe MMITY/TbCh

(bOTOHOB MPOMOPIMOHAJIBHBL JIPYT JIPYTY, HAIl PE3YJIbTAT COBIAJAET C M3BECT-
HbiM 124, 125].

4.4.2. KunemaTtuka paciienjeHusa poTtoHa vy — ¥y

lucnepcroHHble CBOMCTBa (POTOHOB IIEPBOil U BTOPOil MOJ, B CHJIbHOM Mar-
HUTHOM I0JIe onuckiBaiorcs ypasuenueM (3.9), rae dynxmun 1142 jomkubr
ObITh TOJcTaBIeHbl B Buje (3.13) u (3.14). 3akon mucnepcnu jyist GoTOHA BTO-
poil MoJbI M300pazkeH Takxke Ha puc. 3.2. “Ksagpar macco” dorona ¢ =
qﬁ — ¢ Ha 3TOM pHCYHKe eCTb PacCTOHHE [0 BEPTUKAIM OT JMCIEPCHOHHOL
KPUBOIl 10 TPAMOil q2 = 0. JIna doroHa mepBoii MOJbBI, MOJACTaBJIsAS (DYHK-
muio (3.13) B ypaBaenue (3.9), mosryduM, 9to Takoil (hOTOH MMeeT Be3Je OTPHU-
naTeabHOe U OTHOCHTEILHO Majoe 3Hauenue ¢>. B JeficTBUTEILHOCTH 3TO MMe-
eT MeCTO, IIOK& qﬁ HUYKE CJICJIYIOIIEro MUKJIOTPOHHOTO pe3oHanca (3.12), mpu

qﬁ < (me++/m2 + 2eB)?, Tak Kak TOJILKO B 3TOit 06J1aCTH CIIPaBeLIMBO IPUG.IH-

xkenne (3.13) s GyHkumn M. ®oron Mombl 2 IPAKTHUECKH BE3IE B 00JIACTIH
4m? < qﬁ < (me + /M2 + 2eB)? umMeer Tak:Ke OTHOCHTEILHO MaJoe, HO TI0-

JIOYKUTENIbHOE 3HaYeHne ¢2. DTo o3HavaeT, UTO B CJydae, KOra Bee TpH (hOTOHA
mporiecca y — 7Yy HaXOJATCA B JAHHONH KMHEMATUYECKO 00JIaCTH, MTPAKTUIECKN
peanusyercss TOJBKO KoJiinHeapHas KuHemarwka. C Jpyroil cTOPOHDBI, N3BECT-
HO, YTO B KOJIJIMHEAPHOM IIpejiesie OTJIMYHA OT HYJIs aMILIUTY/la TOJILKO OJHOT'O
KaHaja — 1 — 22, KOTOPHIil, 0JHAKO, 3aKPBIT B 9TOH 00J1aCTH KUHEMATUIECKN
(kBajpar “Macchl’ HaYATbHON YACTHUIILI MEHBIE CyMMbI KBaJPATOB ‘Macc” KO-
HEYHBIX JACTHIL).

Unas cutyarnus nMeeT MeCTO, KOIjia KOHEUHbIN (hOTOH MOJBI 2 TONaj aeT B
KNHEMaTIIeCKYI0 00J1aCTh qﬁ < 4m? (nuxKHssl BeTBb Ha JUCIEPCHOHHON KPUBOii

puc. 3.2), rjie OH MOYKET UMETb OOJIBIIOE MO MOJIY/II0 OTPUIATEILHOE 3HAUCHUE
q°. B aTOM Ci1yuae peaiusyercs cyliecTBeHHas HeKOJLIMHeapHOCTh KUHeMAaTUKI,
YTO OTKPBIBAET HOBbIE KAHAJIbI, 3allPENIEHHbIE B KOJJIMHEAPHOM Iipejiese. Kpome
TOrO, aMILIUTY/Ia Pa3peleHHoro kanasa 1 — 22, nojgydeHHas B KOJJIUHEAPHOM
1pejiesie, HeJOCTATOYHA JIJIsl BbIUMCJIEHNST BEPOSITHOCTU IIpoliecca.



170 I'naBa 4.  OJeKTpoMarHuTHbIE B3AHMOJICHCTBU

Takum 00pa30oM, BayKHYIO POJIb B KHHEMATHKE PACCMATPUBAEMOIO IIPOIECea,
UrpaeT OKpeCTHOCTL TOYKU qﬁ = 4m?, rae ¢* ek 1o mojtyimo. Kak yzke oTme-
4aJI0Ch, 3T0 00YCJIOBJICHO sABJICHIEM IUKJIOTPOHHOI'O PE30HAHCA B HOJIAPU3AIAN
BaKyyMa B IPUCYTCTBUY MATHUTHOTO I10JIsA, KOIJa MOJIAPU3AlMOHHLII oepaTop
nuMeeT 0COOEHHOCTU KOPHEBOIO THIIA B TOYKAX, IJI€ BUPTYAJIbLHLIE 3JIEKTPOH I
HO3UTPOH B Iere, puc. 3.1, cTaHOBATCS peajbHBIMU Ha ypoBHAX Jlamgay, cum.
dopmyay (3.12). B npejesie cuibHOro 1oJis, Korja qa <K eB, cymliecTBeHHoi
OCTAETCs TOJBLKO OKPECTHOCTL HU3IIEro pesonanca, n = n' = 0, qﬁ = 4m?. Cre-
JIyeT OTMETUTH, YTO KOPHEBasl 0COOEHHOCTH HOJISPU3AIMOHHOIO OIlepaTopa, IpH
qﬁ = 4m? He ABJIAETCSA XapaKTEPHOI TOJILKO JIJIsl OJHOICTICBOI0 IIPUOJIHKEHHS,
a 00yc/1oByIeHa (PUHUTHOCTBIO JIBUZKEHU 3JIEKTPOHA U IIO3UTPOHA B ILJIOCKOCTH,
HEepPHeHIUKY/ISIPHON MArHUTHOMY IIOJIIO.

Tor daxT, 94TO NONAPU3AIMOHHDIA OLEPATOp BEIUK B CHJILHOM IIOJIE 1 OCO-
OeHHO BOJIM3U ITUKJIOTPOHHOIO PE30HAHCA, YKa3bIBAET Ha, HEOOXOJIMMOCTDH YUETa
OOJILIINX PAJAUAIOHHBIX [TOIPABOK, KOTOPLIE CBOAATCS K IEPEHOPMUPOBKE BOJI-
HOBBIX (pyHKINiT (oTonoB, cm. (3.10), (3.11). B nmeficrBurenbHOCTH B IIpe/ieie
CHIJIBHOTO TI0JIs CYIIECTBEHHOI SBJISIETCS [IEPEHOPMUPOBKA TOJILKO st (POTOHA
MOJIBI 2.

[IpuBenéHHbI aHaJIN3 OCHOBAH Ha HCIIOJbL30BAHUN II0JIPU3AIIOHHOTO OIle-
paTopa (poToHa B oJiHOIET/IeBOM Hpud/nzkeHun. OnpaBiaHHOCTb TAKOI'O 110IX0/1a
00yCJIOBJIEHA TEeM, YTO paJUalldOHHbIE IIOIPABKY K IOJISIPU3AIUOHHOMY Ollepa-
TOPY B CHJILHOM MAIHUTHOM II0JI€ MMEIOT, KAK MAaKCUMYM, JBaXKJbI JIorapud-
MITYECKYIO 3aBHCHMOCTD OT HAIpszKénnoctn nons, ~ (o/7)In?*(B/B.), npouc-
XOJISAIILYIO OT MacCOBOIO ollepaTopa 3jeKkTpona [242] a B npenene B/B, > o™
XapakTep 3aBUCUMOCTH CTAHOBUTCS OJIHOJIOTaPU(DMUIECKIM,

~ (a/m)In(r/a)In(B/B.) [133].

4.4.3. AMmnauTtyaa mporecca vy — Y B CUJIbHOM MarHuTHOM
1oJIe

[Iporiecc pacierienust poToHa B MArHUTHOM I10JI€ OIIUCHIBAETCSI InarpaMMoii
QDeitnmaHa, n300parkEHHoi Ha puc. 4.6.

uBapuanTHas aMIINTY/Ia JIJI IPOIECca 7y — Y7y UMeeT BU/L

M = ¢ / Ad*X Ay Te{&(k)ST (V)e(k")ST (=X — Y)E(K) ST (X))} x

> e—ie (XFY)/2 ei(k’/X—kHY) + (5(]{:/)7 ]{;/ s g(l{j”)’ k‘”)) (471)
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Puc. 4.6. Inarpamma Deitamana JJisd Ipoliecca paciieliennsi (poToHa B MArHUT-
HOM II0JI€.

e X = z—x,Y = x—y. lcnonb3ysa acuMITOTHYECKOE BhIpayKeHue JJisl IpoTia-
raTopa 3JIeKTPOHA B CHJIBHOM MarHUTHOM ToJie (2.60) u BBIOJHSIST HECTIOKHbBIE
MHTEIPUPOBaHNs, [10JIydaeM Pe3yJbTaT B BHUJE

[\ 3/2 2 N (p27)\| +Me ., , (p7)|| + me
M ~ —i (;) €B/d pTI' €(k) (pz)ﬁ — mg 5(]{? )W X
N (p 7) + Me N m o
2k )WH’ F (), K o e(K"), K", (4.72)
| e

po= p+k, p=p-—£k"

Kaxk mokasbIBaeT anajn3, XOTs KaxKJ0e cjaraeMoe B aMILIUTY/ e JIMHEHHO pacTeT
C 110JIEM, OJIHAKO CyMMa, TaKOI'o POCTa He cojlepKuT. [leficTBUTE/IbHO, €C/ii BO BTO-
poM ciaraeMoM B (4.72) mocJie BBIYUCIEHUs CJiejia CIeJIaTh 3aMeHy TepeMEeHHbBIX
P — —p, TO OHO B TOYHOCTHU COKpaIaeT mepBoe. Taknum oOpa3oM, NCIOTE30BAHIE
ACHMITTOTHYECKOTO 1pejicTayierust (2.60) [jist mpornararopa mo3BoJisieT JJ0Ka3aTh
cOKpalleHne JUHEIHOro Mo MoJTio BKJIaa B AMILTUTY/ LY, HO He J]aeT BO3MOXKHOCTHU
BBIJICJINTH CJICJIYIONIUI YJIeH Pa3/IozKEeHUs 110 IMOJIIO.

AHaJm3 1oKa3bIBaET, UYTO BhIJIEJIEHNE CJIEIYIONIEr0 1jIeHa PAa3JI0XKEeHNsT MOYKHO
IPOBECTH, TIOJICTaBJIsis B aMILTUTy 1y (4.71) nBa mpomnararopa B aCHMITOTHIECKOM
dopwme (2.60) u omun — B Buje (2.59), co Bcemu nepecranoBkamu. JlasbHeiimme
BBIYHUCJIEHUST YII00HO TPOM3BOJIUTE, MEpexojis oT obiero Bbipazkenust (4.71)
napruuagbHbIM AMILTATYIaM, CBA3aHHBIM ¢ (DOTOHAMU, MMEIOTIIMEI OIpeIeICH-
abie nojsgpusaiui (3.10), KOToOpble U SIBIAIOTCS CTAIOHAPHBIME COCTOSHISIMIT
B MArHUTHOM IIOJI€:

M)\)\’)\” - M(E(A)(k)a S(X)(k/)a S(A/,)(k”))? )‘7 )\/7 )‘” - 17 2. (473>

Taxum obpa3om, MMeeTcsl YeThIpe He3aBUCUMBbIC aMILIATYAbI. B cuiy Kaamdpo-
BOYHOIT MHBAPUAHTHOCTU aMILIUTY/a pacCMaTpPUBAEMOr0 IIpolecca Ncye3aeT Mpu
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CTpEMJIEHNN K HYJTIO 4-UMITY/Ibca, JTI0O0TO 13 (POTOHOB. DTO TO3BOJISET YIIPOCTUTH
BBIUHC/ICHHUSI, PACCMATPUBAA “PETYIIPU30BAHHYIO AMILIATYLY

Ma(K K" = MK K") — MK, 0) — M0, k") + M(0,0),  (4.74)

rjie J700aBOYHBIE ClaraeMble B JIefCTBUTENHLHOCTH PABHBI HYJIIO, HO aMILIATYIa
B Bujie (4.74) 3aBesoMo cBOGOHA OT YIBTPAMDHUOJETOBBIX PACXOUMOCTell. AJTb-
TePHATUBHBIN MTYyTh, NPUBOISAIINIL, KaK Mbl yOeIUINCH, K TEM K€ Pe3yabTaTaM,
COCTOUT B HUCIIOJIb30BAHUU pa3MepHOIl peryJisapu3aliuu [pu UHTEIPUPOBAHUUN B
UMITYJTbCHOM TTPOCTPAHCTBE.

MpurI nosryunin ciaeyroniue BhIpaykKeHus Jjis HapiuajbHbIX aMIINTY/T C TOY-
HocThio 710 wienoB O(1/B)

Min =0,

3/2 1AL (15 10 k"
Mass — i (K'ok") (K oK) H(( ))7

N GHEEEE e
)

32 (KAK") o F]
Grrma Gy W(mz) .

+(k:Ak:’)H< f;i) } (4.75)

riae dyuknnsg H(z) onpeernena B (3.18).
Ammturya Mage UnMeeT TpoMosjkuil Buji. Mbl mpuBesieM 3/ech TOJBKO ee
ACHMITOTHYIECKOE BBIPAZKEHNE B TIpeiesie OOJBIIX SHepriit hoToOHOB

1

3/2 (k’gpk” k:’gok” dazdy ” 5
M222 ~ —1167 (W) [k2 k/ k” /a( 2{ k )”(1—$) T
0
+ 2kf (K )fey(1 - }+ — k"), (4.76)

rie

a(z,y) = kjzy(1 —y) + (K)jy(1 —2) + (K")j1 —2)(1 —y). (477

OTMeTuM, 4TO IIPU BBLIYUCICHUN 3TUX HAPIUAILHLIX aMILIUTY He MCIO0JIb30Ba-
JIICH KaKue-1100 KuHeMaTudecKue orpanndenust Ha 4-uMinyianesr k, k' k",
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Kaxk BujiHo u3 Beipaxkenuii (4.75), (4.76), B xosumaeapHom mpenene k, ~
k!, ~ kI nmapnmasbubie aMimaTyabl Mg, Moy 0OpaImaioTcest B HOJIb, a aMm-
mwnTyjaa Migg OTJIMUHA OT HYJIE U B 9TOM IIpejieie COBIAJIaeT ¢ Pe3y/IbTaToM
paboTel [124]. OTMeTrM OJIHAKO, YTO KOJUIMHEAPHBII MpeJie/l B CHJIBHOM I0JIe
He ncueprnbiBaeT (a3oBbiii 06bem nporecca 1 — 22 mosromy pesyibrar [124]
HeJIOCTATOYEH JIJIA BBIUNCIEHUST BEPOITHOCTH PACIIEIICHI.

4.4.4. BeposiTHOCTb pacHieryieHus (poTroHa

PaccmaTpuBaeMblil Ipoliece SIBISIETCS TPEXIaCTUIHBIM, OJHAKO €ro aMILIN-
TyJla HE €CTh KOHCTaHTa, B OTJIMYME OT CUTyallud B BaKyyMe, IIOCKOJIbKY CTPO-
UTCA U3 WHBAPUAHTOB, COJEPKAIUX HE TOJBKO 4-BEKTOPHI UMITYJIbCOB YaCTHUII,
HO U TeH30p BHeINTHero 11oJjid. [losromy BhIUnc/Ienne BEpOATHOCTH HE CBOJUTCS K
YMHOKEHWIO KBaJpaTa aMILTUTYIbI Ha (Pa30BbIil 00beM:

g
W/\)\//\//(’y — 7’7”) = %/‘MAX}\”FZ)\ZXZ)\” X
A3k
w)\/(_,()A//7

X 5((4})\(]{) — w)\/(k/) — QJ)\//(]{Z — k/)) (478)
rjle MHOXKUTENb ¢ = 1 — %6 V7 BBEJIEH JIJIsI YU€Ta, BO3MOYKHOM TOYKJIeCTBEHHO-
¢t (POTOHOB B KOHEUYHOM COCTOSTHUU, MHOXKUTEIN ) YUUTBHIBAIOT BO3MOXKHbBIE
OoJIbINE paJinallioOHHbIE “TIONPaBKU B OKPECTHOCTH PE30HAHCA, CBOJAININECS K
MeEPEHOPMUPOBKE BOJTHOBON (DYHKITUN PeaibHOTO (DOTOHA ¢ KOHKPETHBIM 3aKO-
HOM Jtucriepentt w = wy (k)

C yuérom cBoitcts amiury (4.75), (4.76) 1 KuHEMATHKY IPOIECCa Y — Y7,
ONMMCaHHOI B Tojipasjesne 6.2, pa3penéHHbIMI KaHAJaMI PACIIEIJIEHNs SBJIs-
forest 1 — 22,1 — 12,2 — 12, 2 — 22. Ormerum, 910 (POTOH MO-
JIbl 2 MOXKET pacrajarhbcd Ha JgBa POTOHA TOJHKO B KMHEMaTHUeCKOH obyiacTn
kﬁ = w? — k;% > 4mg. OjHako B 9TOit obsiacTit JjIsI HEro MMeeTcsl “JpeBeCHbI”

KaHas 7 — e’ e~ [224], ¢ cymecTBeHHO 6OJIbIIEH BEPOSTHOCTHIO pacajia

) 1 [eB\’
Wiy —ete) |1 (B 5y, (4.79)

Wy —7y)  a?\o?

C npyroit cTopoHbl, pacmaji GpOTOHa MOJbI 1 Ha 3JIEKTPOH-TIO3UTPOHHYIO ITapy
3aKpBIT TIpH W < M, + /m2 + 2eB, u Ttakoii (HGOTOH B HU3IIEM HEHCIE3a0-
IeM IIPUOJIMKEHIH MOYKET paciagaThcst TOJIBKO Ha JBa (boToHa. CiegoBaTesbHO,
pusndecKkuit ”HTEPEC ¢ TOYKN 3PEHUS BOBMOXKHBIX aCTPOMPU3NIECKIX TTPUIOZKE-
Huit [233,240| mpencTaBiser BeIUUCIEHNE BEPOSITHOCTEN pacIierieHnst (hoToHa
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o KaHajgaMm 1 — 22 (paspeniéHublii B KosuinaeapHom mpejene) n 1 — 12 (3a-
IPENEHHBIN B KOJJIMHEAPHOM IIPeJieie).

Kak Bujro n3 (4.78), BbIUHC/IEHIE BEPOSTHOCTH SIBJISIETCS CJIOZKHON MaTeMa-
TUYIeCKOoll 3a1a4eii. Mbl mpoBe/In YncIeHHbIN pacdeT BEPOSITHOCTHU paCIIeILICHMs],
pe3yILTATLI KOTOPOTO CIIpaBeIuBL IpH w? sin? § < eB (6 — yroa Mex1y Bex-
TOpaMu UMIIYJIbCa paciajiatonierocs (boToHa k n HaAIPs2KEHHOCTHIO MArHUTHOI'O
nosist B) u npusesienst na puc. 4.7 - 4.10.

BuHo, 9TO Ipu BBICOKMX SHEPrusix poToHa oba KaHaJja JAioT CYIIeCTBEH-
HBIIl BKJIa)I B BEPOSITHOCTH pacliajia, NpudeM ‘3anpeniéHubiil’ kanaa 1 — 12
JIOMUHUPYET.

B acumnToTrmueckoM mpejesie mg < Wwrsin?0 < eB st kamasa 1 — 12
MOJTY9eHO aHaJIUTHIECKOe BbIparKeHue JIJIsd MOJTHOM BEPOATHOCTH paclajia;

o?m? 1 —x

W~ o 22 1 —2422° +2(1 —2)(1 +2)*In(1 +2) +
2 — x? 2m
v o222 |, a= e, (4.80)
1—x wsin ¢

Ha puc. 4.9 sToT pe3yibrar n3obparkeH MyHKTUPHOI uHueit 4. B cucreme orcué-
Ta, TJIe UMITYJIbC paciajaronierocs (poToHa MepreHInKyIsapeH HallPIKECHHOCTH
MarHUTHOIO 110J11 B, B 9TOM »Ke 1peJiesie ToJIyUYeHO BbIparkKeHue I CIEeKTPa:

aw o’ V(w—w)? —4m2

&' "2 ot \f(w - ) — dmE
2m?

(4.81)

<uw <w-—2m,,
w

rje w,w’ - 3Hepruy HaYaJILHOIO ¥ KOHEYHOro (DOTOHOB MOJBI 1.
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0.2
W
Wy sin 6

0.15

0.1

0.05

0

0.6 0.7 0.8 0.9 1 1.1 1.2
wsinf
2me

Puc. 4.7. 3aBucuMocTb BEpOSITHOCTH pacIierieHus (poToHa ¥ — 77y OT ero dHep-
TN HIKe W BOJIM3H TTopora pozKieHust napbl (wsinf < 2m,):

la, 1b — nig “3anpeménnoro’ KanaJa 1 — 12 npu HanpsaKEHHOCTH MArHUTHOTO
noist B = 102 B, u 10? B, cOOTBETCTBEHHO;

2a, 2b — nyig “paspeménnoro”’ Kanasga 1 — 22 mpu HAIPSAKEHHOCTH MarHUTHOTO
nosist B = 10? B, n 10° B, COOTBETCTBEHHO;

3 — nnd “paspeméHHoro’ KaHaJia 1 — 22 B KOJUIMHEAPHOM ITPUOJIMZKEHNH, 0e3

yuéra OOJIBIINX PAUAIOHHBIX MMOIMPABOK.
Bnecy Wy = (a/7)> me.
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T
N
Wy sin @
20 -
1la
15 F 1b .
10 - -
2b
5 -
2a
0 | | | | |
0 1 2 3 4 ) 6 7
wsin f
2me

Puc. 4.8. BaBucuMocTb BEPOSITHOCTH paciielieHnst (poToHa ¥ — 77y OT ero dHep-
' BBIIIE IIOPOI'a, POYKIEHUs AP

la, 1b — nuig “3anpemniénnoro’ KanaJa 1 — 12 npu HanpsKEHHOCTU MArHUTHOTO
nosist B = 102 B, u 10° B, COOTBETCTBEHHO;

2a, 2b — s “paspenéHHoOro” KaHasa 1 — 22 1pu HaIPSKEHHOCTH MarHUTHOI'O
nosist B = 10? B, u 10° B, COOTBETCTBEHHO.
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Wosin§
10° ¢

1072 F
107 F

107 EF

107®

wsin §

2m.

Puc. 4.9. 3aBucuMocTh BEpOATHOCTU PaclIellieHnss GpOTOHA 110 “BalperiéHHoOMY
KaHaJty 1 — 12 oT ero sHeprum npu pasjuydHbIX 3HAUEHUSAX HAIPIKEHHOCTU
marnutHoro nojist: B = 100 B, (nmunust 1); 103 B, (qunns 2); 101 B, (nnnus
3). Jlunus 4 m300pazkaeT BepOSITHOCTb, PACCIUTAHHYIO M0 ACHMIITOTHIECKOIT

dbopmyiie (4.80).
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Wy sin 6 -

10°

1072 ¢

10_4:

10_6:

10—8 | | |
0 6

wsin
2me

Puc. 4.10. 3aBucumMocTb BEpOSITHOCTH paciiellieHnst (pOTOHa 110 “paspeniéHHoMy”
KaHaty 1 — 22 OT ero 9Hepruu Mpu pPa3nIHBbIX 3HAYEHUSIX HAIPSZKEHHOCTH
MaruuTHoro nojist: B = 100 B, (qmunus 1); 10° B, (muus 2); 10* B, (munus 3).
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4.5. DJIEeKTpOMarHuTHOEe B3auMojieiicTBue gupa-
KOBCKOI'0 HeHTpPUHO, 00JIaJaloniero MarHuT-
HbIM MOMEHTOM

4.5.1. MarauTtHblii MOMEHT AUPAKOBCKOT'O HEUTPUHO —
acTpodusnmieckne MposiBJICHMIS

HenysteBoit 1o Be/indmHe MarHuTHBINT MOMEHT HEHTPUHO OTKPHIBAET BO3MOK-
HOCTHU JIJIs1 TPOTEKAHUS Pa3JIMYHbIX IPOIECCOB C IIEPEBOPOTOM CIIMPAJbHOCTH, B
KOTOPBIX JIEBOCIIMPAJIbHbIE HEATPUHO, POZXKJICHHBIC BHYTPU 3BE3/bl, CTAHOBATCH
IPABOCTTUPAJILHBIMI, TO €CTh CTEPUIBLHBIMEI IO OTHOIIEHUIO K CJIa00MY B3AMMO-
JIECTBUIO, M 9TO MOYKET ObITh BayKHbIM, HAIIPUMED, IIPU yUETe OTePh SHEPrun
3BE3/1aMU. B MUHUMaJILHO pacHIupeHHoil cTanj apTHOW MOJEIN ¢ MACCUBHBIMU

HEfiITPUHO BeJIMYMHA MAHHTHOIO MOMEHTA HeHTpHHO OblLia ToJytdeHa B pabo-
tax [205,206] B BuIC

3eGrm m
(SM) _ 2CTEMY 500 o 10719 (—”) 4.82
ILLU 8ﬂ'2\/§ * 19B /’LBD < * )
rje m, — Macca Heiirpuno, ug = e/2m, — Marneron Bopal. C yuérom us-

BECTHBIX TIPEJIEJIOB Ha MacChl HefiTpuHo Besimunta (4.82) npeHedpeskuMo Malia.
C apyroit cTOpoHbI, HETPUBHAJIbHBIE PACIIUPEHUST CTaHIAPTHON MoJe/n (TaKkue,
KaK JIEBO-IIpaBas CUMMETPHsi) MOTYT IIPUBECTH K 00Jiee 3HAYUTEIbHBIM BeJINYN-
HAM MarHUTHOI'O MOMEHTa HefiTpHHO.

MexaHnsM IepeBopoTa CIUPaILHOCTH HeHTPUHO vy, — Vg ObLI IIPUMEHEH
BIEPBLIC B IOIBLITKE PEIIUTL MPOOJIEMY COJHEYHBIX HEATPHHO, U ObLIN IIpOaHa-
JIM3UPOBAHBl JIBA PA3JUYHBIX clieHapus. LlepBblil, OCHOBAHHLI Ha BpalleHUN
MATHATHOI'O MOMEHTA HEHTPUHO B MAHHTHOM IOJI€ 3Be3JbI, ObLI PACCMOTPEH
B pabortax [243-245|. Bo BTOpOM CclleHApUM HEHTPUHO MEHSIIOT CIHPAJIHLHOCTD
34, CUET DIEKTPOMATHUTHOIO B3aUMOJIEIICTBIA UX MACHUTHOIO MOMEHTA, C I1J1a3-
Moit [246,247|. Bosiee mosiHbIi cricok paboT MOXKHO HaiiTu, HapuMep, B [248].
B oboux moxonax 6bu10 1mokaszano, 9to npi i, < 107 up sdbdext cammkom
MaJI, 9TOOBI CyIIECTBEHHO IIOBINATEH Ha PeIlleHne IpodJeMbl COMTHEUHBIX HEATPH-
HO.

Emgé 6osiee cuibable Orpanndenns Ha BEJIUIUHY (i, IIPOUCXOAAT U3 (PUSHKU
Npyrux 3637, Hanmpumep, HectangapTHbIE HEATPUHHBIC TOTEpH MOIIN ObI HoJ1ee
CYIIECTBEHHO NPOSBJISATLCA, IIPUBOJI K 3aJePKKe BO3MOPAHUsI I'eJilsl, B sApax

3MBI HCIIOJIB3yeM eCTeCTBEHHYIO CHCTeMy eauHuI ¢ = h = kg = 1. € > 0 — 3JIeMeHTapHBIil 3apsI.
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KPACHBIX I'MTAHTOB MaJIOl MAcChl, IJle TJ1a3Ma IIPIMePHO Ha 4 Mopsi/IKa IIJI0THee,
gem B rieaTpe Coutana. CooTBeTcTBEeHHO, ObLI MOy UYeH mpeesn [249,250]:

ty < 0.3x 107" pg . (4.83)

Heszapucumoe orpanndenue Ha MAUHUTHBI MOMEHT HEHTPUHO OLLIO TaKzKe
MOJIYUeHO U3 aHA/IN3a Bosonun panneil Beenennoit [251,252]:

ty < 6.2 x 107" ug | (4.84)

rjie HefiTPHHHBIE CTOJKHOBEHUS C TI€PEBOPOTAME CIUPATHLHOCTH MOTJIH OBl 3a-
METHO YBEJIMYUThH YUCJI0 CTEPUILHBIX JUPAKOBCKUX KOMIIOHEHT B 3IOXY Iepe|
OTIIEIIEHIeM HeHTPUHO. DTO, B CBOIO O4Yepellb, CTATI0 Obl IPUYMHON YIBOCHUS
3G PEKTUBHOIO YKC/Ia TepMaJbHO BO30YKJIEHHBIX CTeleHeil cBOOO bl HEITPUHO 1
YBeJINYeHHs CKOPOCTHU pacIipentsi BeesieHHOi, 910 mpuBesio Obl K epen3tbITKy
eIt

HTepec K BO3MOYKHBIM aCTPOMU3UIECKIM 1 KOCMOJIOTUIECKUM TTPOsIBJICH-
SIM MArHUTHOIO MOMEHTa HETPUHO CTUMY/THMPOBAJI KCIEPUMEHTBI 110 €r0 M3Me-
PEHUIO B JTaO0PATOPHBIX YCI0BHsiX. Hanmydiee orpatHiienue moJyaeHo B HelaB-
Hem skcrepumente GEMMA 110 u3ydeHnto paccesiiusi aHTHHEHTPUHO Ha 3JIeK-
TpoHax, nocrasjeHHoM Ha Kanununckoit aroMHoit ctannuu Kosutabopanmeit NT-
DD (Mocksa) u OUAN ([Iybna). BepxHsisa rpaHuiia Ha MArHUTHBI MOMEHT Hefi-
TPUHO cocTaBmia [253):

ty < 3.2x 107" pg . (4.85)

DTOT pe3ysIbTaT boJiee YeM BIIBOE YJIYUIIIII IPeIblIylee JabopaTopHOe OrPaHNU-
qenne [254].

3aMeTHBIM TOJTIKOM JIJIsT POCTA HHTEPeca K MarHUTHOMY MOMEHTY HEHTPIHO
SIBIJIOCH 3HaMeHaTebHOe cOObITHE B3pbiBa cBepxHOBOIT SN1987A. Kak ussect-
HO, ITPY B3PbIBE CBEPXHOBOIN IMIAaHTCKIE IIOTOKN HEHTPIHO 110 CYTHU OIIPEJIEISIOT
SHEPTeTHKY IMPOIEcca, a 9TO O3HAYAET, UTO TaKasg MUKPOCKOINYECKas XapakTe-
pUCTHKA HENTPUHO, KAK MArHUTHBI MOMEHT, MOXKET UMETDH PeITaioliee BINsAHNe
Ha MAKPOCKOIMYECKHE CBOMCTBA 3TUX acTpodusmdeckux cobbituit. Helirpuro
JIEBOHI CIUPAJILHOCTH, 3amlepThle BHYTPU dAJipa CBEPXHOBOI BO BpeMs KoJLIAlCa,
MOT'YT TepeiiTu B IpaBOCIHUpPa/IbHbIE. DTOT HPOIECC BOBMOXKEH OJarojapsi B3a-
UMOJIEICTBUIO MarHUTHOTO MOMEHTa JIMPAKOBCKOTO HEHTPUHO C BUPTYAJILHBIM
IIJIA3MOHOM, KOTOPBII MOYKET KaK POXK/IaThCsl, TaK U IOIJIOMIAThHC:

vp = vp+7, v+ —g. (4.86)
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DT cTepUIbHbIE HEATPUHO, TOKUIAs SJIPO, MOTIN ObI HE OCTABUTL JIOCTATOUHO
SHEPI'UH, HEOOXOMMMOIT 1111 00bsiCHeHHsI HaOJ/I101aeMOil HEITPUHHOI CBETHUMOCTH
cBepxHoBoil. OTcrona MozKeT OBITH YCTAHOBJIEHA BEPXHsA TPAHNIIA Ha MATHUTHDII
MOMEHT HEHUTPUHO.

JlaHHBIN BOIIPOC B pa3/IMUHBIX aCIIeKTax PaccMaTpUBAJICs MHOIMMHI aBTOPa-
v [255-259]. Tak, B pabore [257] pacemarpuBasicst MepeBOPOT CIHPATbHOCTH
HEeTPIHO 3a CUET IIPOIECCOB PACCESTHIIST BHYTPH AJIpa CBEPXHOBOM, Vre~ — VRe~
U VLp — VRP, HEIOCPEJICTBEHHO Ioc/e Kojulalca. IlpuHnmast Bepxuuii mpejen
HAa CBETMMOCTDH TIPaBbIX HefiTpuno B Buje L,, ~ 10°% ope/cex, asropn [257]
HOJIY YA OPPAHUYEHIE CBEPXY Ha MAUHUTHLII MOMEHT HEHTPUHO:

ty < (0.2 —0.8) x 107" g (4.87)

Onuako B pabore [257| He ObLIM yUTEHBI CYIIECTBEHHBIE B JAHHOM CJIydae
noJIgpu3alnoHHble 3P EKTh M1a3Mbl B (DOTOHHOM Iporararope. BmecTo 3T0-
ro jucrepcus poToHA YUUThIBAIACh (DEHOMEHOJIOINIECKH, MyTEM BKJIIOUEHUST
crenuasibHbIM 00pa30M I10400paHHOIl TepMaJibHOIl Macchl (poToHa. JlerasbHoe
HCCJIe/IOBAHIE 9TOrO BOIPOca OBbLIO MpoBejeHO B paborax [260, 261, rue 6oLt
IPUMEHEH (popMasiu3M TepMaJIbHOI TeOPHUH IOJIs JIJId YIETa BIAUSHUA Topsideil
IJIOTHON acTpodu3nyeckoil mira3mbl Ha (GOTOHHBII 1ponaraTop. BepxHsis rpa-
HUIA Ha MATHUTHBI MOMEHT HefiTpuno ObLta yiydrnena B [260,261] Ha dakrtop
2 110 CPABHEHUIO ¢ pe3yJbTaToM [257:

ty < (0.1 —0.4) x 107" g (4.88)

PaccmarpuBast 1POME:KYyTOUYHBIE DPe3yJIbTaThl AHAJUTUIECCKUX BbIYUCICHMUIT,
npejcTaBieHubie B paborax (260,261, MOKHO BUETB, 9TO aBTOpaMl ObLIT yITEH
TOJIKO BKJIAJI 9JIEKTPOHOB IIJIa3Mbl, TOT/Ia KaK BKJIAJIOM ITPOTOHHON COCTaBJISAIO-
meit oun npenebpersin. CrieyeT OTMETUTD, 9TO B padbore [257] 9/1eKTpOHHBII 1
IIPOTOHHBIN BKJIAJIbI B IPOIECC IIEPEBOPOTA CIIMPAIbHOCTH HEATPUHO paccMar-
pPUBAJIUCh, KaK BKJAJIbl OJIHOTO TOpsjiKa. HeobxoauMo TakKe 3aMeTHTb, UTO
yiydrierne orpanndenns (4.88) mo orHormennto K orpaxudenuio (4.87) ObLIO
OCHOBAHO OTYACTHU Ha 3aBbllIeHNN Ha (PaxkTop 2 00bEMA sijipa CBEPXHOBOI B pa-
borax [260,261] mo cpasnenuio ¢ [257], B TO BpeMsi Kak IJIOTHOCTD ObLIA B3sTa
TOI1 Ke BesmumHbI, P, ~ 8 X 10 2 em™3. Dro 3maumT, UTO Macca Aapa B pa-
borax [260,261] okazanacek mopsigka 3 My, 9TO HPUMEPHO B JiBa pas3a OOJIbIIe
MacCChbl OCTaTKa CBEPXHOBOI, CYUTAIONICIICA TUIINIHOI.

Jeranpubiit ananns mporieccos (4.86) ¢ KoHBepcueli ClupaJIbHOCTH HEHTPH-
HO, OOYCJIOBJIEHHBIX B3aUMOJIEHCTBUEM KaK C JIEKTPOHAMHE, TaK 1 C IPOTOHAMI
IJIa3Mbl Yepe3 BUPTYaJIbHbBIN IJIA3MOH, U ¢ YIETOM MOJIAPU3AIMOHHBIX D deK-
TOB TIA3MBbI Ha (DOTOHHBI ITponaraTop, ObLT ocyIiecTBIéH B [262]. B wacTHOCTH,
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BKJI&/T IPOTOHHON KOMIIOHEHTHI ILJIa3Mbl OKA3aJICAd HE TOJbKO CYIIECTBEHHBIM, HO
JlazKe JTOMUHUPYIOIIAM.

OJiHAKO BCe MpeJIblIyIIye fccieoBanns [255-262| Ol OCHOBAHBI Ha OY€HD
VIIPOIIEHHBIX MOJIEISX dpa CBEPXHOBOI KaK OJHOPOIHOIO IIapa ¢ HEKOTOPBIMUI
YCPEeIHEHHBIMI BeJIMIMHAMU (PUBNYECKUX IapaMeTpoB. BoJjiee TOro, BeMYNHbI
IapaMeTPOB BBITVIAIST, 110 COBPEMEHHBIM IIpeACTaBIECHISIM, CKOPee 3aBbIIIeHHbI-
MHI, 9YeM TUIUIHLIMHA.

B mocaeayommux paszienax Mbl IPOU3BOINM OIEHKY MAIHUTHOTO MOMEHTa,
JIMPAKOBCKOI'O HEITPUHO HA OCHOBE OrPAaHMYEHUs Ha BKJAJ U3JIYYEeHUS VR B CBe-
THMOCTD sIJIpa CBEPXHOBOII OoJiee HAJIEXKHBIM, YeM B IPEJbLIYIINX padoTax, 00-
pPa3oM, UCIOJIb3Ys pajuaJjibHble PACcIpe/ie/IeHs U BPEMEHHYIO 9BOJIIOIII0 (DU3H-
YeCcKUX IapaMeTpPoB U3 HECKOJIbKHUX 0ojiee PeaJucTHIHbIX MOJIE/Iei siIpa CBepX-
HOBOI.

Mpbl paccmaTpuBaeM TOJIBKO JIMPAKOBCKUE HEHTPUHO, IIOCKOJBKY B 9TOM
cJlydae B3aMMOJICHCTBIE MarHUTHOIO MOMEHTa HEATPHUHO (M JHATOHAJIBHBIX, W
HETMArOHAJIBHBIX COCTABJIAIONINX) ¢ (DOTOHAMMU IEPEBOIUT AKTUBHBIE JICBbIE HEli-
TPUHO B IIPaBble, KOTOPbIE CTEPUJIBHBI 110 OTHOIIEHUIO K CJIa00MY B3aMMO/Ieli-
cruio. Ciiyuail MailopaHOBCKUX HEHTPUHO B JAHHOM aclleKTe He IIPeICTaBJ/IseT
MHTEpeca, MOCKOJbKY POZKJIAIOIINecs IpaBble aHTUHENTPUHHbBIE COCTOSTHUS TTPU
9TOM He CTEPUJIbHDI.

B pasnene 4.5.2 npoBeeHO BbIUUCIEHNE aMILIATY/IbI IIPOIecca 1epeBopoTa
CHUPAJBLHOCTH 3& CUET paccesHus Ha KOMIIOHeHTaX Ia3Mbl. [losydeno obiee
BbIpazKeHnune Jijisd BEPOSITHOCTU POXKJCHUS MPABLIX HEHTPUHO ¢ (DUKCUPOBAHHO
sHeprueii. B pazjene 4.5.5 olleHUBaETCS CBETUMOCTD SJIpa 110 OTHOMIEHUIO K W3-
JIYYEHUIO VR U MTOJIYYEHO OT'PaHNYeHne CBePXY Ha MAIHUTHBII MOMEHT HETPUHO,
¢ YIETOM paJInabHBIX PACIpe/ie/IeHnil 1 BpeMeHHO 9BOTIONNNT (PU3NIECKIX T1a-
paMeTpoB.

4.5.2. BzaumoneiicTBue HEMTPUHO ¢ acTpoPU3NIEeCcKoii cpe-
J0o1

[IepeBopoT cnmpa/ibHOCTH HEHTPUHO IIPOUCXOJUT IIPU €0 pPaCCeTHUU Ye-
pe3 IPOMEKYyTOUHBIN (poTOH (HﬂaBMOH) Ha 9JEKTPOMATrHUTHOM TOKE KOMIIOHEHT
IIa3MBl — JIEKTPOHOB, Vfe — VRE€ , IPOTOHOB, Vrp — Vrp U T. 1. [loaHbrii
JlarpamKuan IMpolecca COCTOUT U3 ABYX dacteil. [lepBas mpencraBisger coOoii
B3aMMO/IeIiCTBIE HEHTPUHO, UMEOIIEro MAarHUTHBIN MOMEHT, ¢ (POTOHAMIU, & BTO-
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pasd 9acCThb OIINCBhIBaeT BS&HMOﬂeﬁCTBHG IIJIa3MBbBI C CbOTOHaMI/IZ

1 1] (= Q «
L=—3 Z 1 (Djoaprs) FP — e J, A”, (4.89)
Z?]

rie 0a5 = (1/2) (Yavs — V87a), F*® — mensop snexrpomarauTHoro moss doro-
Ha, Jo, = — (7€) + (DVap) + ... — 2JIEKTPOMArHUTHBII TOK B 00IIEM CJrydae,
00pa30BaHHBIN PA3JIMIHBIMI KOMIIOHEHTAME CPEJIbI, T. €. CBOOOIHBIMHU 3JIEKTPO-
HAMK U ITO3UTPOHAMU, IIPOTOHAMM, CBOOOJHBIMU MOHAME U T. JI. MarouTHbIi
MOMEHT HEHTPHHO B OOIIEM CJIydae IPEJICTABIACT OO0l MaTpUILy fiy,, = uiyj,
COJIEPKAIIYIO KaK JIMaroHajbHble, TaK 1 11€PEX0/IHbIe MArHUTHbBIE MOMEHTBI, T/1e
Vi, Vj — COCTOSIHM# HefiTpuHO ¢ onpejenaenHoil Maccoit. HeliTpunnblie cocTosHns
Vg C OLPEJICIEHHBIMEI apoMaTaMu £, POXKIAIONINEcT B CJIa0bIX HPOIECCax, siBJIs-
I0TCSI CYHEPIO3UIUSIMU COCTOSHUI ;i

ve=Y Ujvi, (4.90)

rine Uy — yHuTapHas MaTpUIla JIEITOHHOro cMmerubanust [lonTekopBo—Makn—
Haxkarapei—Caxarbl. [lajiee Mbl OyieM paccMaTpUBATD [J1JIsl IPOCTOTHI JUATOHAIb-
HBIIl MarHUTHBIIT MOMEHT HEHTPUHO (i, Pacimimpenne Ha oONuil ciaydail MaTpu-
Il MArHUTHLIX MOMEHTOB ,uiyj HE TIPEeJICTaBJIgeT CJOKHOCTU U COCTOUT B TOM,
4TO BeJINYNHA MAarHUTHOTO MOMEHTa BO BCEX IMOCAEAYIONNX BhIPAKCHUAX TOJIK-
Ha paccMaTpuBaThes, Kak dpdekTuBHoe 3Hadenue. Hanpumep, jisg nporeccon
C HaYaJIbHBIMU 9JICKTPOHHBIMU HEHTPUHO IO/ [, CJAeAyeT IOHUMAThH BEJININHY

o\ 1/2
Hy — fy, = Z ZM?U@ ; (4.91)
il

1 TIOJIOOHBIM »Ke 00pa3oM /I HadabHBIX MIOOHHOTO W Tay-HEHTPUHO.

[Tporecc mepeBopoTa CIMpPaibHOCTH HEHTPUHO NMPU pPACCETHUH Ha KOMIIO-
HEHTaX IIJIa3Mbl OINICHIBaeTCs (heffHMaHOBCKON JImarpaMMoil, n300pakKEHHO Ha
puc. 4.11.

Texnnka BbIUUCIEHNS BEPOSITHOCTH I1€PEBOPOTA CIUPAJBHOCTH HEHTPUHO
BIIOJIHE CTaHJapTHa. VHBapnanTHas aMILINTY/a JJIs [IPOIecca pPaccesHus Heli-
TPUHO Ha k-TOI KOMIIOHEHTE ILIa3Mbl MOXKET OBITH 3allcana B hopMme

MW = —iep, ji) Gas(Q) T, (4.92)

e j(ol‘/) — (dypbe-00pa3 TOKa MArHUTHOTO MOMEHTa HEHTPUHO,

Ity = [r(0) 0" vi(p)] Qu,
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vp VR

J

Puc. 4.11. Jdunarpamma @eitaMana i IEePeBOPOTa CIUPAJHLHOCTH HEHTPHUHO
IIPU PACCESTHUN Yepe3 MPOMEXKYTOTHBIH IJ1a3MOH Y Ha 9JIeKTPOMArHUTHOM TOKE
I1a3Mbl J.

B N
J(k) — dypbe-06pas3 k-Toil KOMIIOHEHTBI 3JIEKTPOMAIHUTHOI'O TOKa ILJIAa3MBbI,

Q = (qo0,d) — nepegaBaeMblil 4-umiy/ibc. EuHCTBeHHAS TPUHIUIHATBHAST OCO-
OEHHOCTD — HCHOJIb30BaHNIe PoTOHHOrO HponaraTopa Gag(Q)) ¢ yaéroM 1nossapu-
3aIMOHHBIX 3(P@PEKTOB IJ1a3MBI.

4.5.3. BeposiTHOCTb POXK/IeHUs IMPaBbIX HEMTPUHO

Dusndeckuit HHTEPEC MPeICTABISAET BeTMINHA, ONPEIeIsIIOIIas BEPOSITHOCTE
pozK ierust npasoro wefirpuno I, (E’) ¢ dbukcuposatnoit sneprueit £’ mpocym-
MIPOBAHHAsI 10 BCEM COCTOSIHUSIM HAYAJbHBIX JIEBBIX HEATPHHO. DTa (PYyHKIH
MOZKET OBITH OJTydeHa HHTErPUPOBAHIEM KBaIpaTa aMInTy/bl (4.92) mo cocto-
STHISIM HAYa/IbHBIX JIEBBIX HEHTPUHO 1 110 COCTOSTHUSIM HAYaIbHBIX ¥ KOHEYHDBIX
JACTUI TLJIA3MbBI, 0OPA3yONIX JIEKTPOMATHUTHBINA TOK J(ﬂk):

Lu(B') = Y TH(E", (4.93)
g
, 1
rYN(E") = W/Z MBS + P! —p—P)

3 3P/ 3
< e o i e SR ). (1.94)

Bnech p¢ = (E,p) u p'® = (E',p’) — 4-uMIyibchl HAYAIBLHONO U KOHEYHOTO
weiirpuno, P* = (E,P) u P'* = (£',P’) — 4-ummysibCcbl HAYATBHON W KOHEU-
HOII YaCTHI[ IJTA3MBI; » |, O3HAYAET CYMMHPOBAHUE IO CIHHAM STHX YaCTHIL,
WHICKC k = €, D, 4, ... COOTBETCTBYCT THITY JACTHIL IIA3MBI (3JICKTPOHBI, IIPOTO-
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HbI, CBOOO/THBIE MOHBI 1 T. J1.) ¢ (byHKIMel pactpeenenns fi(€), Koropast MoxKeT
ObITH Kak bepmuonHoil (Bepxumit 3HaKk B [1 F fr(E')]), Tax n 6o30HHON (HIK-
Huit 3uaK); f,(F) = (eE/ T=m 4 1)_1 dbyuxnust pacupenesennst Pepyu—/lupaxa
JJIs1 HAYaJIbHBIX JIEBBIX HEHTPUHO B CHCTEME IOKOsI ILIA3MbI, 1), — XUMUYECKU
HOTEHIA HeHTPUHO, OTHECEHHDII K TeMIeparype.

B ypasuennn (4.94) ynobHO mepeifiTi OT MHTErpUPOBAHUS O HATATBLHOMY
VIMITYJILCY HEATPUHO P K MHTEIPUPOBAHUIO 110 UMILYJILCY BUPTYAJILHOTO ILJIA3MOHA
p—7p =Q = (q,9q), |d| = ¢. Takoit nepexos onpee/IseTCsT COOTHOIEHTEM

d3P 2m 2 / /
ffl/(E) E,qdqd%e( Q7)OR2E" +qo—q) f,(E'+q) .

[Toncrasssis kBajgpar ammntyasl (4.92) B ypaBuenne (4.94), nosydaem:

2E +qo
I,.(E") = 87T2E,2 / dqgo / qdq f,(E"+ q) j )362'3"
—E 0]
/
- Pas(N) parg(X) g (4.95)

2 (@ ~T0) (@~ Iy

IJle BBEJIEH CJIe/IYIONINIT TeH30PHbBIIT MHTErpaul:

2
aff € o 70*
T = 2520 j/ I d @, (4.96)
k  s,8

3 3p/
e = ST P L F (PSP P - Q).

Boruncienne tenzopa T yi1o6HO POU3BECTH, HCIONIB3YS €r0 KOBAPHAHT-
HbIe CBOMCTBA, JIJIsT 9€ro HeoOXOAUMO 3armcaTh GyHKINo pacipeaenetns fi(P)
B IIPOU3BOJILHOI CHCTEMe OTCUETA:

fu(P) = [exp (@ - 77) + 1] R , (4.97)

rje U, — 4-BEeKTOP CKOPOCTH ILIa3Mbl. DTOT BEKTOp, a TakxKe 4-BeKTop (),
SIBJISIIOTCST “CTPONTEbHBIM MaTepuasoMm” st opMmuposanus tenzopa 1.
[ToCKOIbKY 3JIEKTPOMAIrHUTHBII TOK J&) SIBJISIETCSI  BEIIeCTBEHHBIM, TEH30]

TP cummerpuien. Kpome Toro, on oproromaien 4-sektopy (Q, B CIUIY COXPa-
HEeHUA JIEKTPOMArHUTHOIO TOKa. JIerko BUJETH, UTO CYMIECTBYIOT TOJIHKO JBE
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HE3aBUCHMbBIX CTPYKTYPDI, 0OJIAIAIONINX TAKIMU CBOHCTBAME — 9TO MATPHIIBI
mornoctu (3.40) u (3.41). Takum 06pa3zoM, MOYKHO 3aIHCAT:

T = A (1) + A pos(0) (4.98)

B cuty oproronasbHOCTH T€H30POB pag(t) U pas(l), cm. (3.43), mostydaem:

o 2pa5 ZZ/ I d®, (4.99)

s,s’

AY = T ps(0) = e Qpaﬁ ZZ/ gy d®. (4.100)

A(t) - 2Taﬁpaﬂ()

Moxkno mokazarh, 4To nMenHo unaterpajbl (4.99) u (4.100) onpesensior Be-
posgtHoCTH Torsomerns (pu qo > 0) u poxgenns (mpu gy < 0) masmona
TaCTUIAMH TIa3MbI. J{eficTBUTE/IbHO, PACCMOTPHM JIJIsT OTIPEJICIEHHOCTH BEPOSIT-
HOCTD TIOTJIONIEHHUS TTONEPETHOrO ILIA3MOHA, YACTHIAMH ILJIA3MbBI, 00Pa3yOMNMI
9JIEKTPOMAIHUTHDIIT TOK J(i). AMIumTy/ia mporecca nuMeeT BU/T

MWB(t) = —eea(t) I, - (4.101)

re £4(t) — epuumanbiil 4-BeKkTop nossipu3anun. [[ponsBost cTaHIapTHBIC BbI-
YUCJICHUA, JIJIS BEPOATHOCTHU IIOIJIONIEHNA 1JIa3MOHA BCEMU KOMIIOHEHTAMHU ILJ1a3-
Mbl HaXO/I1M:

g = 5o qO—Z Z Z / MBI dd, (4.102)

rjie CyMMUPOBAHUE TIPOU3BOJUTCSI 110 BCeM k TUIIAM YaCTHUIL TLJIA3MbI U 10 [0JIsI-
pu3anusaM BCeX YacTHUIl, YUaCTBYIOMUX B Mpolecce, HHIEKC T = 1,2 HyMmepyer
OJIIPU3AIMN TIJIA3MOHA, UHJIEKCHI S, s’ BBEJIEHBI JIJIsl CIIMHOBBIX COCTOSIHUN Ja-
CTUIL, TJIA3MBL.

[Toycrasiisiss aMILIATY Ly (4.101) B (4.102),

abs 5*
Ly = 647T ZZ/ gy d®, (4.103)

rie pag(t) = D €4,(t) €5(t), n cpasuupas ed ¢ (4.99), MOXKHO HalTH BeJUIUHY
1

AW = gy Tl (4.104)
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[Ipnmenss nzsectroe cooTHOMeHNe [263] MeK 1y BEPOATHOCTHIO OTJIOMCHHST
IIOIIEPEYHOT0 IIJIA3MOHA U MHUMOI 9acTbio [; cobcTBenHoro 3nadenusd 1I; Tensopa
nosigpusanuu gorona Il,s,

Ii(q0) = — 4o (1 - e—qo/T) robe, (4.105)

Boipasnm Besmaniy A® wepes I

I
Al = —l_e—t_qo/T =L [1+ f7<QO)] ) (4.106)

rie fy(qo) = (er/ r_ 1)_1 — dyuKIus pacipejeienns boze-diHiTeina st
boToHOB. DTO cooTHOLICHNE, IIOJIYYCHHOE B ciydae ¢y > 0, TaK:Ke BepHO JJIs CJIy-
gast gy < 0, KOTOPBIl COOTBETCTBYET POXKJICHHUIO IOIEPEYHOro ILJIa3MOHA ¢ SHEP-
rueit w = —qp > 0. 31ech HEOOXOAUMO IPUMEHNTD CBA3b MEKY MHIMOI 4aCThIO
I; 1 BEpOATHOCTBIO POXKJICHUA IIOIIEPEIHOrO IIa3MOHA!

L(w) = —w <ew/T - 1) T (4.107)
Tak>ke BaykHa HEYETHOCTb PYHKIUN [y

Ii(—q0) = —1i(q0) , (4.108)

11 9Ta 0COOEHHOCTD MTPOUCKOJUT OT CBOFICTB 3aI1a3/BIBAIOIIECTO MOJISIPI3AINOHHOTO
orepaTopa.

Jlerko nposeputh, uro coorrorierne (4.106) cripaBeyinBO TakKe Jijis MPO-
n0/bHOrO 11asMona. Heobxoanmo nmoMuuTh, 410 pas(l) = —eq(€) e5(0), n

Li(q0) = qo0 (1 - er/T) e (4.109)
OkoH4YaTeIBHO HoTy4YaeM Terzop 1% B Buje

T = [~ 1, p™(t) — L *2(0)] [1 + f(q0)]. (4.110)

[oacrasiss (4.110) B (4.95), ncnob3ys OPTOrOHATBLHOCTD TeH30pOB p™ (t) n
p®P(¢) (3.43) u yunTLIBas BRIPAsKEHHs /I CBEPTOK HEfiTPHHHOTO TOKA ¢ STHMH
TeH30paMu
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JJIgd BEPOATHOCTHU POXKICHUA IIPpaBbIX HeﬁTpI/IHO B UTOI€ 110JIydaeM:

5 00 2 +qq
r, (B =—"" [ 4 3dq f,(E' + q0) E" + q0)°
VR - 1677'2E/2 qo q q 174 qo QO
—E |90l

< —Z—é)Z[wa(qO)] (1-gptn) emal.

BILGC]:) BB€EHbI CIICKTPaJIbHbIC IIJIOTHOCTHU IIJIa3MOHA
—21)
o\ = 2
(Q*> — R)\)?*+ I

KOTOPBIE OIPEJIE/ISIOTCsT COOCTBEHHBIMI 3HaYeHUsIME (3.44) TeH30pa MoJsipu3a-
mmu doronos (3.39).

Dopmyina (4.111) mpejcTaBisieT HAIl OCHOBHOM pe3y/IbTaT. 3aMETHM, ITO OHA
HAXOJIUTCS B COTJIACUU, C TOYHOCTBIO JIO 0DO3HAUYEHUIl, ¢ BEPOSITHOCTDHIO, MOJIY-
JeHHOI B paboTe [252| m3 aHam3a 3ama3/bIBAIONICIO COOCTBEHHOIHEPreTHIe-
CKOI'0 ollepaTopa HeHTpUHO IpaBoii crnupajgbHocTu. OJiHAKO, U3BJIEKas U3 Ha-
ero oOIEro BhIpaXKeHnsT TOJIBKO BKJIAJ] JIEKTPOHOB, MBI TTOJTyYaeM pPE3YJIbTAT,
KOTOpBIT OOJIbITIE B 2 pas3a, 9eM COOTBETCTBYIOIIEE BbIpaykeHue, MOJIyYeHHOe B
crarbsix [260, 261]. MoxHO BHJETH, 9TO B 9THX paboTax OMmOKa COIEPKUTCS
HEIIOCPEJICTBEHHO B I1epBOil hopMmyJie, OIpeessionieil BEpOATHOCTb POXKJICHUS
[IPaBbIX HEUTPUHO.

Hama cdhopmyrna (4.111), momydennas jjist mporecca B3anMoJeicTBust Heli-
TPUHO C BUPTYaJbHLIMU (pOTOHAMU, (PaKTHIECKN UMeeT OoJiee OOl CMBICTI, 1
MOKET OBbITh UCIIOJIb30BaHa, 1jIs1 HeTPUHO-(DOTOHHBIX IIPOIECCOB B JIHOOOI OITH-
YecKn aKTHUBHOI cpejie. HeoOxommmo TobKO onpeie/inTh (DYHKINNA CIIEKTPaJIb-
HOIT TIoTHOCTH (hOoTOHOB o). Hanmpumep, B cpejne, rj1e Iy — 0 B mpocTpaHCTBEHHO-
no106H0it obmactn Q% < 0, 4TO COOTBETCTBYET BeIMUMHAM Ko3(DUIIEHTa TIpe-
JoMteHust n > 1, GYHKIUST CIeKTPaIbHON IJIOTHOCTH TEPEXOJNT B d-(DYHKIINIO,
1 MBI MOZKEM BOCIIPOU3BECTH Pe3y/IbTaT paboThl [264], mocesaménnoit nccieaoBa-
HUIO TaK HA3bIBAEMOT'O HEHTPUHHOTO YePEHKOBCKOTO M3/ IYYeHHsT, KOT /1a HEHTPUHO
B Cpejie U3IyJaeT Monepevdnblii (hoTom.

(4.112)

4.5.4. Bkiaajabl KOMIOHEHT ILJIa3Mbl B MIPOIlECChl pacCcessHUs
HEUTPUHO

Kak 0bL10 0TMeEYeHO BLIIE, aHAJIM3 ITPOIECCOB IEPEBOPOTa CIUPATLHOCTH
HEATPUHO IMTPOBOJIUTCS C YUYETOM pacCesTHUs HENTPUHO Ha Pa3JIUIHbIX KOMIIOHEH-
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Tax IJIa3Mbl: 9JIeKTPOHAX, TPOTOHAX, CBOOOIHBIX MOHAX U T. JI. [TocKo/IbKY 3Tn
IIPOIIECCHI HEKOI'ePEHTHBI, I BEPOSITHOCTU PA3JINIHBIX KAHAJIOB CKJIAJIbIBAIOTCS,
UMEET CMBICJT PAaCCMOTPEHNE OT/AEe/ILHOIO BKJIa I paccessHusl HEHTPUHO Ha JIeK-
TPOHAX B BEPOSATHOCTH POXKICHUA MPABBIX HEMTPUHO. DTO O3HATAET, IYTO HYKHO
y4eCcTb TOJILKO SJIEKTPOHHBIH BKJIaJ B PyHKINIO [y, HAXOJSAILYIOCS B IHCJIATE-
ne ypasuenust (4.112). Heobxomumo ormeruts, ojHako, 9to dbyHKImn Ry u Iy
B 3HaMeHaTe e ypasuenus (4.112) npu 9Tom Oy/IyT cojiepzKaTh BKIABI BCEX KOM-
MOHEHT TIIa3Mbl. 3J1eCh Halll Pe3yJIbTAT JIJId paccesiinst HEHTPUHO Ha JIEKTPOHAX
OTJINYaeTCs OT pesyibraTta padboT |260,261|, rae He TOIBKO B ducaUTENe, HO 1
B 3HAMEHATeJe CIEKTPaJbHBIX IIJIOTHOCTEH IJIa3MOHA ObLI YUTEH JIMIIb 3JICK-
TPOHHBIH BKJIa/I, YTO HEKOPPEKTHO.

Kax BujHO U3 aHan3a, MPOBEJACHHOIO B pas3/l. 3.4, 9JIEKTPOHHBIH 1 IPOTOH-
HBIT BKJIAIBI B MEUMBIE 9acTh [y coOCTBeHHBIX 3Havdenuit 1) Tenzopa mossipnsa-
1 (POTOHOB UMEIOT OJIMHAKOBBIN HOPSIJIOK BEJIMUUHBI U OJHOIO 3HAKA KaK IPU
A =1t taKk u npu A = £, cM. puc. 3.5 u 3.7. 910 006CTOATEJIHLCTBO caMo 110 cede
JIOJIZKHO BECTH K YMEHBIIEHNIO BKJIa/1a 371eKTpoHoB B dyukimio ', (E'). C npy-
roit CTOpOHbI, U3 puc. 3.4 BUJHO, YTO JIEKTPOHHbII U IIPOTOHHBIN BKJIA/Ibl B Jieii-
CTBUTEIBHYIO YacTh [y cobcTBennoro 3navdenud 1l omgHoro mopsjika BeJNINHDI,
HO MMEIOT ITPOTUBOIIOJIOXKHBIE 3HAKU B 00JIACTH, TJIe MHUMAs YaCTh 3JIEKTPOHHO-
ro BKJIaJIa B ducanTese ypasuenns (4.112) orHocurenbho Besnka. B pesynbrare
BKJIaJ[ PACCesSTHUSI HETPUHO Ha JIEKTPOHAX B BEPOATHOCTH POKJIEHUsT HEHTPITHO
PaBoil CIUPaIbLHOCTH, MOJTYUYEHHDBII HAMU, OKa3bIBAETC OJTM3KIM K Pe3y/IbTaTy
pabor [260,261], 3a uck/r0oUeHHEM YIIOMAHYTOrO Bbille (akTopa 2.

[To100HbBIM 2Ke 00pa30M MOXKHO HCCJIC0BATH BKJIAJT B BEPOSITHOCTD POXKIEHUST
IIPaBBIX HEHTPUHO OT paccesHus HEHTPUHO Ha MPOTOHAX. B aToM cirydae criemy-
er OpaTh TOJBKO MPOTOHHBIH BRI B dyukiun I, (3.49), (3.51) B uuciurese
ypaBHenus (4.112).

PesysibTarsl HAIEro YHUC/JIEHHOTNO aHaJIn3a OTJEJbHBIX BKJIAJI0B pacCesiHus
HEHTPUHO Ha JIEKTPOHAX W MPOTOHAX, & TaKyKe MOJTHON BEPOSTHOCTH POKIEHUST
VR TIPU XapaKTEePHBIX YCJIOBUSIX siJ[pa CBEPXHOBOII MpejicTaBieHbl Ha puc. 4.12.

[IpuBenénnast Ha rpaduke obespasmepennasi mpuaa R(E') omnpemnensercs
BbIpazKeHneM

Dou(B') = 2 TS R(E'). (4.113)

st cpaBHenusi pesyibrar paborsl [261| Takyke mzobpaxkén wa puc. 4.12, wmwi-
JIFOCTPUPYIONIEM CHJIBHOE 3aHUKEHNEe BEPOSITHOCTH T€PEBOPOTa CIUPAIbHOCTI
HEHTPUHO, JOIYIIEHHOE STUMU aBTOPAMIL.

MBI TakKe paccMOTDENH BKJIaJ PAcCesHusl HEHTPUHO Ha CBOOOIHBIX MOHAX
B BEPOSITHOCTH POKJEHNsI Vg. HeoOXOMMMO OTMETHTD, 9TO B 9TOM CJIydae OCHOB-
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R(E’) x 107
(N) W M~ Ot

—

Puc. 4.12. Bkajabl 0T 971€KTPOHOB (IITPUXOBasl JINHUSI) U IIPOTOHOB (IITPIX-
IyHKTUPHAs JINHUS) B obe3pasmepennyto mmpuny R(E') poxjenus vy, u 10J1-
Hasi MUPHUHA (CILIONIHAS JIMHUS) /I TeMiepaTypsl masmbl 1 = 25 MsB u orHo-
CUTEJIbHBIX XUMUYECKUX OTEHIINAJIOB 3JIeKTPOHOB U HeilTpuno 1, = 10 un,, =4
coorBercTBeHHO. [IyHKTUPHOI JTHEEH 1300pazkéH pe3yabTar paborst [261].

HOIl BKJIJT B BEPOSATHOCTH POXKJIEHUS VR JTAlOT MPOJOJIbHbIE BUPTYyaIbHbIE TIIa3-
monbl. Kak BujiHo n3 ypasuenuii (3.58), dyukius [ éz) OTJINYHA OT HYJS TOJIBKO
B y3Koit objactu Az mepeMeHHoit ¥ = ¢g/q, a umenno, Ax ~ /T /m; < 1,
rJie M; — Macca UoHa. IDTO JAET BOZMOYKHOCTD ITPOU3BECTH BBIYUCICHIE HOHHOI'O
BKJIa/1a B BEPOSATHOCTDb POXKJIEHWUS VR aHAJUTUYECKN U TOJIYUYUTh COOTHOIIEHNE

- AE"* 4+ m7 AE"?
(RN = 1200 Z2 1. / D _
ATY(E") = p,aZ;n; f,(E') (In =3 Tl ) (4.114)
rjle @ — TMOCTOdAHHAs TOHKON CTPYKTYpbLI, € Z; U n; — 3apsj U ILJIOTHOCTH

HOHOB, Mp HUMeeT CMbICJ 0OpaTHOrO pajuyca SKpaHupobaHus [lebas, m2 =

Yok Rék) (go = 0), rye cymMMupOBaHUe TTPOM3BOIUTCS IO BCEM KOMITOHEHTAM T11a3-
Mbl. IHTEpecHO 3aMeTuTh, 9To ypasHenue (4.114), mosyueHHoe B TpUO/IZKEHIN
TSZKEJILIX MOHOB, JOCTATOUHO YIOBJIETBOPUTEILHO OINUCHLIBACT BKJIAJ] IPOTOHOB.

[Ipu momonu mostywennoii dynkmmm 'y, (E') MOXKHO BBIYHCIUTD TTOJHOE THC-
JIO IPaBBIX HEATPUHO, M3JIy4YEHHBIX B pacuére Ha 1 MsB mikaunl snepruii, 3a
CIMHNIY BPEMEHN U3 €AMHUYHOIO OOBLEMA, TO €CTh CIEKTD SHEPruil mpapocin-
PaJIbHBIX HEUTPUHO:

dn,, E'?

= ST (B, (4.115)




4.5,  MaruuTapiit MOMEHT JUPAKOBCKOTO HEHTPHHO 191

Crektp sHepruit mpaBbix HefTpuao (4.115) MOKeT OBITH HUCIOB30BAH ISt
MCCJIEJIOBAHIS BO3MOYKHBIX MEXaHU3MOB IIepeHOCa SHEPIMH ITUMU HEHTPUHO BO
BHEIITHIE CJION 000JI0YKN cBepxHOBOI. Hampumep, Bo3MoxKeH mporiecc oOpaTHOi
KOHBEPCUU YaCTH IIPABbIX HEIITPUHO B JIeBble ¢ UX HOC/ICYIONUM HOIVIOHICHUEM.
Nmenno st nporecchr 6Lt mpejiozkensl A, Jlapom [265] u 3arem ucciieo-
BaHbl B paboTax [266-269] B KauecTBe OHOIO N3 MPENOIAraeMbIX MEXAHI3MOB
CTUMYJIMPOBaHUS 3aTyXalolleil yiapHOil BOJHBI DU B3PbIBE CBEPXHOBOII.

4.5.5. OrpanmvyeHns Ha MarHUTHBIA MOMEHT HENTPUHO

[Tosryuennsie Bbiire (OPMYJIbI MOI'YT ObITh UCIIOJIb30BAHbI JJIsI YCTAHOB/ICHMSI
OrpaHMYCHUs CBEPXYy Ha MArHUTHBIE MOMEHT HEHTPHUHO IyTEM CpaBHEHUS CBe-
TUMOCTH fpa CBEPXHOBOI, BLIYUCICHHON U3 CIICKTPa SHEPTUU IIPaBbIX HEUTPU-
HO (4.115), co cBeTMMOCTBIO JIeBbIX HefiTpuno L, ~ 10°2 —10° spe/cex [1,270].

ajiee Mbl IpoBOJUM OoJlee HAJEXKHYIO OIEHKY MarHUTHOI'O MOMEHTa Heli-
TPUHO, YeM ITO JIeJIAJIOCh PaHee, ¢ YIETOM paJuajbHbIX pacipele/IeHuil 1 9BO-
JIoIun (pU3MIECKNX IIapaMeTPOB BO BPEMEHHU M3 PeajIuCTUYUHBIX MOJesell sapa
CBEpPXHOBOI. BepxHue orpaHuyeHus OJIydeHbl Ha KOMOMHAINIO 3P (OEKTHBHBIX
MAarHUTHBIX MOMEHTOB 3JIEKTPOHHOI'O, MIOOHHOTO 1 Tay-HeidTpuHo. OCHOBOM 1151
JIAHHBIX OFPAHNYCHUI SIBJISETCS YCIOBHE JIOCTATOYHO MAJIOr0O BINSAHUS HCITYCKa-
HI¢ TTPaBLIX HEUTPUHO B TeueHune 1-2 ceKyH 1 mocje KoJaamca Ha MoCIe Ty IoNTyIo
CTaJIMIO B3PbIBA CBEPXHOBOI, TaK Ha3bIBaeMylo cTainio Keabsuaa—I eibMrosbiia.
Mojiesn paccMaTpuBaloTcss B 00paTHOM XPOHOJIOTMYECKOM TIOPSIJIKE.

B nacrosiiee BpeMsi CylIeCTBYeT HECKOJIBKO I'PYII acTPOPU3NKOB, 3aHNMa-
IOIINXCs MOJIEJIMPOBaHIEM B3phIBa, ¢cBepxHOBoIi. [lo Hamemy 3ampocy HaMm ObLIN
mobesno npegocrasienbl X.-T. Aukoit (Fapxunr, Tepmanust) emé He ory0.m-
KOBaHHBIE Pe3yJIbTaThl [271| HegaBHErO MOJEIMPOBAHIS KOJLIANCA KHCIOPOIHO-
HEOHOBO-MarumeBoro sjapa cepxuoBoil. [lannasg mogenns X.-T. Aunkum ¢ coas-
TOpaMU SIBJISETCS IPOJOJIZKEHIEM MOJIe/IbHBIX PaCcY€ToOB, OINMCAHHBIX B Pado-
Tax [272,273|. Pesynbrar ycrnensHoro B3pbiBa Jijist JaHHOI MOJIe/I1 ObLT HeJaBHO
HE3aBUCUMO IOJITBEP:KJIEH T'PYIIION MOJIe/IMPOBaHUsI CBEPXHOBBIX, padoTatolieit
B yuuBepcuterax Apusons! u [Ipuncrona (CIIA) (274,275, npurieieii K aHa-
JIOTUYHBIM BBIBOJIAM.

Cireyer mou9epKHyTh, 9TO JdaHHas Mojenb Kotanca O-Ne-Mg-siapa (s
HaYaTbHON Macchl 3Be3/1bl 8.8 M) HenpuMennMa Hanpsimyto Kk SN1987A, mac-
ca KOTOPOIl mepe/i KOJIJIaIcoM OlleHuBaeTcd Ha ypoHe 15 — 20 M, u, corjacHo
001IIIell TeopnUN SBOJIIOIIH 3BE3/1, npeacBepxHoBas SN1987A nmena Kostancupy-
[oliee siJpo, COCTOsINee M3 9JEMEHTOB BILIOTH 10 Keje3a. OJiHako, Kak Oy/er
BUJIHO U3 JTaJbHERIIero, mojaydentoe B JaHHONl MO/IeJ I OTpanmdenne Ha MarauT-
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HBIIl MOMEHT HEHTPHUHO OKa3bIBAaeTCsl OJIM3KUM K OIPDAHUYEHUSIM, I1OJIyIaeMbIM
13 aHaJan3a JApYyrux MoJesieil ¢ KOJIJIAICOM YKeJIe3HOr o djipa.

Jlns mammx 1eseit caeyeT 3almcaThb ypaBHeHne I CIIeKTPaJIbHOM IJIOTHO-
CTH CBETUMOCTHU sIJIpa CBEPXHOBOIl 3a CUET IpaBbIX HEHTPUHO, T'Je HEOOXOIUMO
IIPOMHTErPUPOBATH 110 00bEMY 00JIACTH, MCIIYCKaloIeil HeATPUHO, NI I0JIye-
HUs CIIEKTPAJILHON IIJIOTHOCTU CBETUMOCTHU sApa CBEPXHOBOI Yepes3 npaBble Hell-
TPUHO:

dL,, E"
= — T, (E). 4.11
= [ av o) (4,110

s nimocrparun na puc. 4.13 npuBejien yKa3aHHBIN CIIEKTP CBETUMOCTH JIJTs
3HAYEHNs XUMIIECKOTO ITOTEeHIAa/Ia 3JIeKTPOHOB 7). 1" = 250 M»aB u 17151 Heckob-
KUX 3HAYEHUI TeMIepaTyphl IL1a3MBbl.

50__- T T T T T T T T T T T T T T T T T T T

4.0 F

3.0

2.0F

dL,, /dE [erg/(s - MeV)]x 10748

E’ [MeV]

Puc. 4.13. DHeprerudecKue pacrpejie/ieHust CBeTUMOCTU MPABbIX HEHTPUHO JIJIst
3HaveHuit TeMieparypbl mwiasmbl T = 35 MsB (crurormaast uaust), T = 25 MaB
(mrpuxoBast yinnust), T = 15M»sB (mrpux-nyaxkruphas junust), T = 5M»sB
(IyHKTHpHAS JINHUS), 1 MATHATHOTO MOMEHTa HEHTPUHO 1, = 3 X 10713 up.

Vcnosb3yst 371€Ch BeIMUUHBL, onpeiesénubie B ypasaennax (4.111) u (4.112)
I B COOTBETCTBYIOINX (GOpMysax u3 pasjesa 3.4 JaHHONH CTATHU, MbI YINTHI-
BaeM X 3aBHCHMOCTB OT pajnyca R u Bpemenn t. [losmblit nabop pactpesese-
HIf mapaMeTpos [271], NCIONBL30BANHDBIX B HAIINX ONEHKAX, BKJIIOUAECT TPOMDUIN
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IJIOTHOCTH p, TeMmueparypbl 1, 101 9JeKTPOHOB Y., J0Jiell 9JIEKTPOHHBIX Heli-
TPUHO Y}, , 3JICKTPOHHBIX aHTUHEATpUHO Yy u JoJjieil Y, 1J1d oCTaJIbHBIX TUIIOB
HEHTPHHO U AHTHHEATPUHO (V; = V), 7, Uy r), KOTOPbIE CUUTAIOTCS HJEHTHYHbI-
M. BpeMeHHAsT 9BOJTIOIsT pacipe iesieHnii mapaMeTpoB Oblia paccantana [271]
B UHTEpBAJIe JI0 ~ 2 cex Tocje Kojtanca. s mimocTpanun Mbl IIpejcTaB-
JisieM Ha puc. 4.14-4.16 pajiuajibHble paciipejiesieHns] BHYTPHU sJIpa CBEPXHOBOIT
ot 0 1o 20 xm B MoMeHT BpeMenn t = 1.0 cex 1ocse KoJutalica Jjisi TeMiepary-
pbI [271], /11 XUMUIECKUX TTIOTEHITHAJIOB 3JIEKTPOHOB 1), 1 9JIEKTPOHHBIX HEHTPU-
HO 1), (BBIYUCJICHHBIX HA OCHOBE JIAHHBIX [271]) 1 /1 XUMIYECKOrO TIOTEHITHAIA
HEPEJIATUBUCTCKUX [POTOHOB (b, = [t — M\, OUPEJIEJISIONIEro BhIPOKIEHHOCT
IPOTOHOB (BBIYUC/ICHNE OCHOBAHO Ha JaHHBIX [271], ¢ ncnonbzoBarumem s¢dek-
TUBHO{I HYKJIOHHON Macchl my B miasme, cM. [1], c. 152).

40

30

T [MeV]

10

)
ot

10 15 20
R [km]

Puc. 4.14. PajnanbHoe pacripejieieHne TeMIepaTypbl B Spe CBEPXHOBOI B MO-
menT Bpement t = 1.0 cex mocsie Kosutarnca [271].

s anannsa BKJIa/1a N3JIyIeHus [TPaBbIX HEUTPUHO B MOJHYIO TIOTEPIO SHEp-
' CBEPXHOBOM MBI TaK:Ke HCIIOJIb3YeM BPEMEHHYIO 9BOJIIOIMIO IMOJIHOU CBETH-
MOCTH BCEX THIIOB JIeBbIX HeliTpuuo [271], npeacrasiennyio Ha puc. 4.17.

Nurerpupyst Boipazkerue (4.116) 1o sueprun HeHTPUHO, Oy YaM BDEMEHHY O
9BOJIIOIUIO CBETUMOCTHU ITPABbIX HEHTPUHO:

1 (0. 9]
L,(t) == dv /<uTzW3FW(E®. (4.117)
0

T o2
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o

Puc. 4.15. Pajguasibuble pacupeieseHns XUMIIECKUX IIOTEHIMAIOB 3JICKTPOHOB
(cruomTHAST JINHUS) U 9JIEKTPOHHBIX HEHTPUHO (MITPUXOBast JIMHUS) BHYTPHU $1pa
CBEpXHOBOIT B MOMeHT Bpemenu t = 1.0 cex 1ocJse KoJuialca.

IIpaBble HEMTPUHO — 9TO HOBBIN OXJIAXKIAIOMINIT areHT, KOTOPBI JOIYKEH KOH-
KYPUPOBaTh C HOTEPAMU IHEPIUU Yepe3 aKTUBHBbIC TUIILl HEATPUHO, JJId TOrO
YTOOLI 3HAYUTE/HLHO MOBIUATL HA TEMIT OXJIaXKJICHUS 3BE3HOTO sijpa. Takumm
obpa3oM, HabJIIOIaBIIAsICA JTUTE/IHbHOCTh HEHTPUHHOIO CUTHAJIA OT CBEPXHOBOIT
SN1987A ykaspIBaer, 9TO JOMOJHUTEIbHBIE TOTEPU SHEPIUH Yepe3 IpaBblie Heli-
TPUHO JOJIZKHBI OBITH OTpaHUYIEHBI CBEPXY, TI0 MEHbIIell Mepe, 3HaUeHueM MOTEPh
Jepes JIeBble HeHTPUHO:

Ly, <L (4.118)

VR vy -

Mu1 Oyjem 1osiaraTh, 9To K paccMaTpuBaemoii mojen KoJjiarca O-Ne-Mg-snpa
9Ta OLEHKA TaKzKe NPUMEHUMa. Bo BpeMeHHOM HHTEpBaJIe JI0 2 cek 1OC/Ie KOJI-
Jarica mostydaeM n3 Beipazkennii (4.117), (4.118) saBucsiuii oT BpeMeHn BepXHuii
upejesl Ha KoMOuHanmio 3pQPeKTUBHLIX MAIHUTHLIX MOMEHTOB 3JIEKTPOHHOIO,
MIOOHHOI'O 1 Tay-HefTpuHo. Ecau IpeaiosoKuTh i IPOCTOThI, U4TO 3TH -
beKTUBHBbIC MAIHUTHBIC MOMEHTDI PABHbI, IIOJIYYUM 3BOJIIOINIIO BO BDEMEHU OI'Pa-
HIUEHUsI CBEPXY Ha HEKOTOPLIH yCpeIHEHHbI 110 apoMaTaM MAIHUTHBIA MOMEHT
HElITPUHO [i,,. DTa 3aBUCHMOCTD Tl0Ka3aHa Ha puc. 4.18, rie fiys = fi, /(10712 ug).
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100- ’ ’ ' T T T T T T T T T T T T T T T T |-

pp — my [MeV]

0
R [km]

Puc. 4.16. Pajguanbaoe pacipeieieHne XUMIIeCKOro IOTeHIIa 18, HePeIsiTUBUCT-
CKIX IIPOTOHOB ,u;’; = [lp — MN BHYTPU £JIpa CBEPXHOBOII B MOMEHT BpeMeHH
t = 1.0 cex 110C]Ie KOJLIAIICA.

Kak Bujano u3 puc. 4.18, ycpeiHEHHAST BEPXHsIsl I'PAHUIIA, CTPEMUTCs K OIIpe-
JICJIEHHOI BeJIMYNHE, JAIONIel mpejet

i, < 2.4 x 1072 g . (4.119)

B obmem ciydae KOMOMHUPOBAHHBIN Ipejes Ha 3(P@deKTUBHbIE MarHUTHBIE MO-
MEHTBI 3JIEKTPOHHOI'O, MIOOHHOI'O U Tay-HEeATPUHO paBeH

1/2
[u?,e +0.71 (,ﬁ - ;ﬂﬂ < 3.7 x 10 g, (4.120)

rae 3p@eKTUBHbIE MAHUTHLIE MOMEHTBI OIPEIESIOTCS COIVIACHO BhIpayke-
auio (4.91). Dror mpeses MeHee cTporuii, dem orpanudenue [262|, mosyuenHoe
B paMKaxX MOJIE/IM OJHOPOJHOTO Iapa JIJIst sipa CBEPXHOBOM, HO OHO, pa3yMeer-
csl, ABJisieTcst boJiee JI0CTOBEPHBIM. Kpome Toro, oHo yeTaHaB/IMBaeT OrpaHideHue
cBepxy Ha 3PPEKTUBHbIE MAIHUTHBLIE MOMEHTBLI MIOOHHOI'O U Tay-HEATPUHO.
[TogobHast mponeypa OLeHKH ObLIa OCYIIeCTBICHa HAME C HCIOJIL30BAHIEM
JAHHBIX MOJiesin [276| it JIBYMEPHOIO I'MJIPOJIMHAMIYECKOIO MOJIEIUPOBAHNUS
KOJLJIAIICA s1Ipa, CBEPXHOBOI 1pu Macce 38e31bl 15M . Pajguaibnbie pacipeelie-
H1g napamMeTpoB B MOMeHTHI BpeMenn ¢t = 0.2, 0.4, 0.6, 0.8 cex mocJie Kojaanca
B Mozt s15Gio_ 32.a Obumn B3siThl U3 puc. 40 paborsr [276]. Kpome Toro, mo-
JIs1 9JIEKTPOHHBIX HEHTPUHO onenuBasgach Kak Y, =~ (1/5)Y,. Ilpu Boranciennu



196 I'naBa 4.  OJeKTpoMarHuTHbIE B3AHMOJICHCTBU

~ :
O I . . . . 1 . . . . 1 . . . . 1 . . . . 1 ]
0.0 0.5 1.0 1.5 2.0

t [sec|

Puc. 4.17. Bpemennas 3BOJIIONNS TOJHON CBETUMOCTH HEHTPUHO BCEX aKTUBHBIX
Tunos [271].

CBETUMOCTU IIPaBbIX HEUTPUHO ¢ TAKUMU llapaMeTpaMi U UCIOJIb30BAaHUU OI'Da-
anvenns (4.118), rje mosHast CBETUMOCTD 38 CUET aKTUBHBIX TUIIOB HeHTpUHO L,
B JIAHHOW MOJIEJIN MOYKeT ObITh B3siTa u3 puc. 42 paborer [276], moaydaem, 9To
BEPXHUIT TIpeJiesl Ha YCPEIHEHHBIN 110 apoMaTaM MarHUTHBIE MOMEHT HEATPUHO
fl, TAKXKe MEeHSeTCd CO BpeMeHeM, KaK U B MPEeJbIIYIIEM caydae. YCpeIHEHHas
110 BpeMEHU BepxHssd I'paHulla Ha (i, COOTBeTCcTBYIONasA nnreppaay 0.4-0.8 cex,
paBHa

I, < 2.7 x 107 pp (4.121)

n Osimska K npegesy (4.119).

B pabote [277| ObLta nccieoBana TepMasbHas W XUMIYECKas 9BOJIONUS Ha
npoTszkeHnn crajun Kenbuna—IlenbMrosbiia poxKaenns HEMTPOHHON 3Be3/IbI.
Ucnonbays ganubie u3 puc. 9 u 14 pabotsl [277], MBI TOJYIIIN YCPETHEHHYIO 110
BpEMEHNU BEPXHIOIO IPAHUILY Ha [, Jjid nHTepBasa BpeMenn 1-10 cex sBosionun
1ocJie KoJuialica B (popme

iy <12 x107 2 g (4.122)

MpbI TakzKe HCHOIB30BAN PE3YJIbTAThI PAOOTHI [278], B KOTOPOIT TIpeicTaB)ie-
Hbl YHCJICHHBIE MOJIC/IbHBIC PACUYETHI HEHTPUHHOIO OXJIaXKJICHUA HEeJaBHO Ccop-
MHIPOBAHHOI, 000TaIEHHOII JIeIITOHAMI HeHTPOHHOII 3Be3/1bl. Ha ocHOBe JTaHHBIX,
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= :
0 I . . . . 1 . . . . 1 . . . . 1 . . . . 1 ]
0.0 0.5 1.0 1.5 2.0

t [sec]

Puc. 4.18. BpeMennas 3BoJIONIA BEPXHETO MTpejiesia Ha MAarHuTHBI MOMEHT Heli-
TPUHO B MHTEpPBaJie BpeMeHU JI0 2 CeK T0cje KoJiiallca ¢ UCIOJIL30BAaHUEM JTaH-
HbIX Mogiesin [271] (B mpeamnosioxkenn, 9To 3hheKTUBHbIE MATHUTHBIE MOMEHTBI
9JIEKTPOHHOTO, MIOOHHOTO U Tay-HEHTPUHO DABHBI).

peJicTaBIeHHbIX Ha puc. 3-9 mojesin SBH (ropstueii 3Be3/1bI ¢ OTHOCUTEIHHO Ma-
JI01t GAPHOHHOM Maccoit) [278|, Mbl OleHNIN YCPeJIHEHHOE TI0 BPEMEHU OrPaHUTe-
HIUe CBepXY Ha (i, JJisd nuHTtepBaJsia 0.5-5 cex 1ocje KoJialca B BU/jie

fy < 1.1 x 1072 pg . (4.123)

Cymmupyst Bce mostydenubie namu onenkn (4.119), (4.121), (4.122), (4.123),
BH/IUM, UTO BEPXHssI IPAHNIA HA YCPEJAHCHHBII [0 apoMaTaM 1 110 BpEeMEHH Mar-
HUTHBI MOMEHT HefiTprHO Ha craun Kenbpuna-I'ebMrosibiia B3pbiBa CBEPXHO-
BOII MOKeT OBITH IIpeJicTaB/IeHa B popme

iy, < (1.1 —2.7) x 107" ug, (4.124)

B 3aBUCHUMOCTH OT MOJECJIM B3PhbIBa.



I'1aBa 5.

HeliTpmHO—3J1eKTpOHHBIE
B3alIMO/ICICTBUSI BO BHEIITHEN
AKTHUBHOI cpejie

5.1. Ilpouecc v, — e W™ B cuIbHOM MArHUTHOM
moJie

Kak yzKe ormeuyasioch, MHTEHCHBHOE 3JIEKTPOMAIHUTHOE II0JIe JIeJIaeT BO3-
MOZKHBIMU IIPOIIECCHI, KHHEMATHUECKN 3alPelEHHbIC B BAKYYMe, TAKIe, KaK Pac-
a1, HefiTpUHO Ha 3J1eKTPOH 1 W-6030H 1 HEATPUHHOE POKICHHE JICHITOHHBIX AP
v—ouvl T (l=e,u,T).

BepositHocTs pacnajsia HeiiTpuHo v, — €~ W™ Bo BHelIHeM 3J1eKTPOMarHNT-
HOM II0JIe — 9TO OJMH U3 HamboJiee MHTEPECHBLIX PE3YJILTATOB, KOTOPBIE MOLYT
OBITH M3BJIEUEHbI 13 COOCTBEHHO-9HEPIeTUYECKOT0 OllepaTopa HEHTPUHO. DTa Be-
POSITHOCTH MOYKET ObITh BbIpazkeHa 4epe3 MHUMYH0 dacTb aMmimTyibl (3.90) ¢
COOCTBEHHO-IHEPIeTHIECKIM OIIepaTOpoM HeHTpuHO (3.147).

JJ1s1 IpOCTOTHI 36Ch U Jlaee MBI IpeHedperaeM Maccoil HeHTPUHO My, BbI-
Ompast MATPHILY [JIOTHOCTHU JIEBBIX HefiTpuHO B Bue: p(p) = (py) vr. [oayaaem:

w(v, — e W) = %Im./\/l(ve — V) =

(5.1)
62B2pi

=—%ﬂmTHZ@HVﬂwJ=—2

Awnanns pacuaza neiitpuno v, — e~ W™ Bo BHeIIHEM 110J1€ HHTEPECEH TOJILKO
[IpU YJIBTPABbICOKUX HEPIUAX HEHTPUHO.

198
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Bo Bcex npeiblaymx paboTax BeEpOsiTHOCTb Paciiajia HeHTPUHO BO BHEIITHEM
9JIEKTPOMArHUTHOM I10JIe ObLIa BBIUKCJICHA B IMTPUOJIMKEHUH CKPEIEHHOTO T10/I,
B 9TOM CJly4dae BepOATHOCTHb BbIparkaeTcd 4epe3 JMHAMUYEeCKUil 1MoJieBoii napa-
MEeTP X U IapaMeTp MaCChl JICITOHA A:

e(pF Fp)'/? m?
y=2@EED Ty me 52
myy My,

B cucreme orcuéra, re moje IUCTO MarHUTHOE, JIMHAMUYIECKHI ITOJIeBOIl ma-
paMeTp NPUHUMAET BUJI;

eBp,

_ , 5.3
X =y (5.3)

Ob111ee BbIpazKeHme JjIsi BEPOSITHOCTU Paciiaja MOYKET ObITh 3aITCAHO B 9TOM
ciaydae B Bujie [158]

_\/§GF mév X2/3
127 E

w(v, — e Wh) =
1

« / [0(1(1—02)]4/3 d‘zii“) 201402+ v) L A(L—0)(2—v)], (54)

rie Ai(u) ecrb dyukuus Diipu (4.24) aprymenra:

"y v+ A (1 —v)
(=)

[TpowsBojinast GpyHKIUN DIPH BbIparKaeTcs depe3 MOAUMUINPOBAHHYIO (PYHK-

mio bBeccenst K, ()
dAi(u) u 2
= ——— Ky [ =% . 5.6
du 31 2/3 <3U ) (5.6)

(5.5)

[Tepexonst B (5.4) x mpejeny x, A < 1, moaydum pesyJsbTar, KOTOPBI MOXKeT
OBITH BbIParKEH TOJIBKO Uepe3 MOAUMUIIMPOBAHHDIN JIMHAMUYECKHI 110J1eBOIl 11a-
paMeTp BHUIA

X eB p,

=== (5.7)

SaMeTI/IM, 9TO nHTEpPBaJI 3HaAYCHU IHapaMeTpa g OKa3bIBa€TCs BECbMa MINPOKHUM,

0 < &< 1/VA, upu stom 1/v/A > 1.
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BepogTHocTh paciiajia TpUHIMAET BU/T

V2Gy (eB py)?

w(v — e Wh) =
3m  mi E

rie

F(€) ! ]de ! Z ~ Kos (2 M) . (5.9)

0

Hamomumm, 910 9T GOPMYJIBI CIPABEINBLL B NpHOIMKeHNN & << myy /M.
nrepsas snauenuii £ gBdeTcs 09eHb IMMPOKUM I 3JIeKTpoHa, & < 1.6 x 10°,
HO OH He TaK INMUPOK JIJIsi T-JenToHa, & K 45.

Nurerpuposanue B (5.9) MozKeT ObITH BBITOJHEHO TOYHO, YTO JA€T

F(§) = (1 + g) exp (?) : (5.10)

Dopmyitsr (5.8) - (5.10) caemayer cpaBauTh ¢ pesyibratamu pabot [154, 155,
185|. BameTuM, 4TO BEPOSITHOCTD PACIIa/Ia w, Olpe/ie/iéHHas B paborax [158,185],
COBIIQJIAET, B €CTECTBEHHOI cucreMe ejunul], ¢ Ko3pUINEHTOM OIIOMICHUS
a [154] n kosbdunmentom zaryxanus weiirpuro 7y [155]. MoxHO BugeTh, 9TO
K03 OUIUEHT TOMJIOMEHNs (v, TIPUCYTCTBYIONHI B hopmyste (25) paborst [154]
BBITJISIAT OYeHDb MOXOKUM Ha Harme Bbipazkerue (5.8) u (5.10). Ognako yriuosas
3aBUCUMOCTH B Hamux (opMysiax pasianinast: BMecto daxropa p’ /E = E sin’ 0,
crostitiero B HatieM Bbipazkern (5.8), B hopmysie (25) padorst [154]| npucyrersy-
eT haxkTop p; = Esiné.

C zpyroit CTOPOHBI, MOYKHO BUJETh, 4TO HaIll pesysbrar (5.8) - (5.10) ompe-
JeéHHo poTuBopednT dopmysie (58) paborsl |155], rae OblIa MIpousBeIeHa M0~
IBITKA elIE Pa3 UCCIeI0BATh Hpouece v, — ¢~ W B Ipub/mzKennn CKpemenHoro
noJjist. Pasimmane nanbosiee CyneCTBEHHO IPU MaJIbIX 3HAYCHUSIX &, IJIe Pe3y/IbTar
paboThl [155] siBjisteTcst CUTBHO 3aHUYKEHHBIM.

B 6Gosiee panmneii crarbe [185] BopncoBbiv  Jp. OBLIN BBIIOJIHEHO BBIUUC/IE-
HIE BEPOSITHOCTHU Ipolecca v — e~ W™ B JABYX HpelesIbHbIX CJIydasdx MaJioro
n OOJIBIIIOrO 3HAYEeHMiT napamerpa Y. B mpejese X2 < A uX pe3yJbTaT MOXKeT
OLITH HIPEJICTABICH B BUJIC

V2 Gg ( mem? )
w = m,. eBsinf ex —V3 W 5.11
V3T P eBp, (5.11)
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DTOT pe3ysbTaT MOKeT ObITh BOCIIpon3BeIéH 3 06X dhopmyi (5.8) - (5.10).

C apyroii croponsr, B mpegene x > 1 (€ > 1/4/\) pesyibrar crarsu [185]
MOZKET OBITH 3allCaH B BUJIE

V3 Gr
V2T

1 TaKyKe MOXKeT ObITh OJIyueH u3 Haireil 6ojiee obiieit popmyibt (5.4).

Anamus pacraga v, — ¢~ W' Moxker umerb GuU3NIECKH CMBIC TOJLKO B
MOJIAX MacIiTaba MArHUTHBIX TOJIeH IMyJILCApPOB, TJle HAIPSXKEHHOCTH I10JIs T10-
psiiKa KpuTHueckoro sHadenus ~ 101 Ic. Bammcanmble Boime hopMyIbl s
BEPOSITHOCTH, KpoMe BbIpazkeHusi (5.12), mpUMEHUMbI TOJTBKO JIJIs1 OTHOCUTEIHHO
crabbix nogsteit, B < 10' T'c. mea B Buy busmuecKne yClIoBHs MarHATAPOB,
HEHTPOHHBIX 3Be371 ¢ oM ~ 104 — 10" T'c, nrTepecHo BBIMHUCIUTDL BEPOST-
HOCTDL IIpolecca v, — €~ W™ B Takux moJisix, Korjaa npub/izKenne CKpemenHoro
MOJI HETIPUMEHNMO.

Taxum obpazom, Mbl OyJIeM HCIIOJIB30BATL CJICAYIONLYI0 Hepapxuio pui3nde-
CKUX IIapaMeTpOB: pi > m%[, > eB > mg Obi1iee BbIparkeHue Jjisi BEPOsIT-
HOCTH Tporiecca v, — e~ W™ Moxker 6bITh mostydeHo mojcranoBkoii (3.152) B
Beipazkenne (5.1) ¢ yaérom (2.10) - (2.12). Ilocse HeCT0KHBIX, HO TPOMO3IKIX
BBLIUNCICHUIT BEPOSATHOCTH TTPOIECCa MOYKET OBITH Ipe/ICTABICHA B BU/JIE

w = mw eBsinf (5.12)

Gy (eB)S/2 DL
/27 F

riae ®(n) — dyHKIWs, 3aBUCSIIAS TOJBKO OT apaMeTpa 7):

w(y —e W) = d(n), (5.13)

4 eBp*

_ 5.14
7 o (5.14)

1
_ . (5.15
n) y? (y—thy)¥? (shy)? y—thyJ (5-15)

/‘d (shy)? —y thy (thy)"/? [ y thy
exp | ————
n(

0

Dopmyist (5.13), (5.15) mpecTaBisiioT riaBHble pe3y/ibTaThl paboTel [156] B
mpoKoii obsacTu 3Hadennii mapamerpa 7, 0 < n < m¥,/(eB). ®yukuusa ()
CYIIECTBEHHO YIPOIIAETCs P OOJIBIINX U MAJIbIX 3HAYEHUSAX APIyMEHTa.

B npenene > 1 noxydanm:

d(np>> 1)~ =+/7(n—0.3), (5.16)

W —
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npu 9ToM ormmbka cocrapiser meree 1 % s n > 10.

Dopmystst (5.13), (5.16) BocponssojaT BepogTHocTh (5.8), (5.10), e cie-
JyeT UCojb30BaTh npeaea &3> 1, u F(€ > 1) ~ 1.

B jpyrom mpejiesibioM ciydae ) << 1 mosrydaem:

d(n < 1) ~exp <—1> (1 — 177 + 5 2) : (5.17)
n 2 4
¢ ommbkoit meree 1 % must n < 0.5.

[Tostyuennbie popMyJIbl MO3BOJISIIOT YCTAHOBUTH BEPXHUIT IIPejiesl Ha, CIeKTP
SHEPTUil HEHTPUHO, PACIPOCTPAHSAIONINXCSI B CUJILHOM MarHUTHOM roJje. Pac-
CMOTPUM TUIUYHBIH pasmep [ 006/1acTi ¢ CHIBHBIM MATHUTHBIM TIOJIEM MACIITa-
6a R ~ 10 km. Econ cpenusis mmmna ¢BobojiHOrO 11pobera Hefitpuno A = 1/w
MHOT'O MeHBITIe, YeM pa3Mep 00JIacTH, Tjie MPUCYTCTBYeT moJje, A K R, Bce Heli-
TPUHO PacCIaIaloTcss BHYTpU Takoro mojs. dius A = 1 kv < R, HAX0UM dHEp-
ruto obpesanus F, s crieKTpa HEHTPUHO, B 3aBUCUMOCTH OT HAIIPSIKEHHOCTH
MArHUTHOIO TI0JIsl, B CJIEJIYIONIEM BHU/IE:

a) Ui OTHOCHTEJbHO caaboro noid, B ~ 0.1B, ~ 4 x 10'* Tc, cpeanas
JUInHA cBOOOJIHOTO pobera HeNTPUHO MOKeT ObITh mosrydena u3 (5.11):

4.9Mm 219
Ay — 5.18
B()'l sin 0 =xP (BO.l E15 sin 9) ’ ( )

rie By = B/(0.1B,), E15 = E/(10%sB), a sneprust obpesanusi, COOTBETCTBY-
formast A = 1 km, ipu By =1, § = 7/2 ectb

E,~0.4x10'sB; (5.19)

6) U1 OTHOCHTEILHO cubHOro noas, B ~ 10B, ~ 4 x 101 Tc, cpennsia
JUTIHA CBOOOHOTO TIpobera HeHTpHHO MOKeT ObITh mosydena u3 (5.13), (5.17):

3.2¢cMm

4.0
A ———— exp < , ) : (5.20)
B%Q sin 6 B Ef; sin* 6

rie Byy = B/(10B,), a sneprusi obpe3anusi, cOOTBeTCTByOMast A = 1 KM, 1npu
Byy=1,0=m/2ectb

E,~ 0.6 x 1038 (5.21)

[Tonmyuennbie pe3yabTaThl JEMOHCTPUPYIOT CYIIECTBEHHOE BJIMSHNE CHUILHOTO
MarHUTHOTO I10JIs Ha BEpOSITHOCTL Iponecca v, — e~ W', HecmoTps na skcio-
HEHIIHAJIbHBII XapaKTep MOJaBJIeHNsT BEPOSITHOCTH B CHJILHOM 110J1e, cM. (5.16),
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TaK ke, Kak u B caabom mosie, cM. (5.11), BeposiTHOCTH paciaja st OJHOM 1
TOII K€ SHEPIUuu HeATPUHO B CUJILHOM I10JI€ Ha, IIOPSIJIKK BeJIMUMHBI OOJIbIIe, YeM
B ¢J1a00M TIOJIE.

5.2. Ilpouecc v — ve e

110JI€E

B CNJIbHOM MaraomrTHoM

5.2.1. Jlarpan>kmuaH B3anmMOdeiiCTBUSA

XOoTs BEpPOSITHOCTD IIPOIECCa HEMTPUHHOIO POKJIEHUs JIEITOHHBIX Hap U —
vl 0" (0 = e, u, T) uMmeer ciiejyomuii HOPsJIOK 10 KOHCTAHTE CJ1ab0ro B3anMo-
neiicreust Gy 10 OTHOMIEHUIO K 00CYZKJIABIIEMYCs BBIIIE pacrnaiy v, — e W,
MMEHHO IIPOIIECC POXKJIEHUs T1ap HEOoOXO/IMMO PacCMaTpPUBaTh, KaK BO3MOXKHBIIT
MeXaHU3M HEATPUHHBIX [IOT€Phb SHEPIuu IIPU SHEPrUusix HEATPUHO HUZKEe HOPO-
ra poxjeHusi W-0030Ha. 3aMeTuUM, YTO B CHJIy CIenuduIecKoil KMHeMaTHKN
3apsAZKEHHON YACTHUIILI B 3JIEKTPOMArHUTHOM mojie £ T — mapa MOXKeT HMeTb
JIOCTATOYHO OOJIBIION 110 abCOIIOTHON BeJIMYNHE IIPOCTPAHCTBEHHO — I10I00HbII
CYMMApPHBIN UMITYJIbC, TAK 9TO KHHEMATHKa PAacCMaTPIBAEMOI0O IIPOIECCa HeUyB-
CTBUTEJIbHA K Macce HefITPUHO, U, CJIeJIOBATE/IbHO, K CMEIINBAHUIO B JIEIITOHHOM
CEKTOpPE. DTO, B CBOIO OUEpE/ib, IPUBOJIUT K 3(DPEKTUBHON JInaroHaIn3aIiu Ipo-
recca 110 apoMaTry HEeUTpHUHO.

[Ipomecc HEHTPUHHOIO POXKJIEHUST JIEKTPOH - TO3UTPOHHON Haphl

v(P) — v(P') +e (p) +e"(p)

B CIydae OTHOCHTEILHO MaJbIX Iepejad NMIy/bea, |¢?| < m%/, OIUChIBAETCs
3P HEKTUBHBIM JIOKAJIBHBIM JIarpaHKUaHOM B3aUMOJICHCTBIA HEHTPUHO C SJIEK-
TpoHamu, cM. puc. 3.11.

AHaJin3 1okas3bIBaeT, YTO MPU U3YUEHUHU IPOIECCOB B MArHUTHOM I10JI€ J1JIs
JIOKaJIM3aluu JlarpaHKuaHa cjieiyeT J100aBUTh YCIOBUS

m3 1016 T
E< Y ~1005B (| ———
<K B o) B )

e /' — sneprug nadajbHOrO HEHTPUHO, U
2

B <« ULN 10% I,
e

KOTOpbI€, OYEBUJIHO, HE CUJIbHO OI'PAHUYMBAIOT OOIHOCTb PE3yJIbTaTOB.
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HanomuumMm, 1to 3¢peKTUBHbIN JTOKAIbHBIN JIarpaHKUAH UMeeT BU/I:

L = _Gr €70 (Cv + Carys)e] [y (1 + s)v], (5.22)

V2

ryie KoHctanThbl Cy, C'4 pa3indHbl B ABYX CJIydasix:

e HelTpUHO B Tarpamxkuane (5.22) — 9JIeKTPOHHOTO THTIA (V = V), IPU 9TOM
BKJIaJI B IIpoIlecc JlaeT oOMeH Kak Z, Tak u W-6030Hamu:

Cy = +1/2+2sin’ Oy,  Cqp=+1/2; (5.23)

® JIsl MIOOHHOI'O U Tay HeHTPUHO (V = 1, V;), KOIJla BKJI&J JIaeT TOJIBKO
obMeH Z-0030HOM:

Cy = —1/2+2sin* 0y,  Cy=—1/2. (5.24)

5.2.2. Pacuér nuddepeHnnajibHOII BEpOITHOCTH HA OCHOBE
penieHnnii ypaBuenuns Jlupaka

Obmast aMILInTyAa JJIsi HeTPUHO-3JIEKTPOHHBIX MTPOIECCOB HEIIOCPEICTBEH-
HO TOJIy4aercs u3 jarpamkuana (5.22), rje Jist 9J€KTPOHA U MO3UTPOHA HY K-
HO HCIIOJIb30BaTh M3BECTHBIE pelleHns ypaBHeHus Jlupaka B MarHuTHOM IIOJI€E.
B cumabHOM MArsmTHOM I10JI€, KOrJa MHIAYKIUS [ ompejesnser MaKCHMaJbHBIT
SHEpreTHUecKnii MaciTab 3ajaun, a uMenHo eB > E? m? sjexTpon u 1nozu-
TPOH MOTYT POXKIATHCA TOJBKO B COCTOSHUSX, COOTBETCTBYIONINX OCHOBHOMY
ypostio Jlammay, cm. dopmysst (1.9) ,(1.10).

Ucnonb3ys sarpanzkuan (5.22) 1 BOJHOBbIE (DYHKIMUA Ha OCHOBHOM yPOBHE
Jlangay, 3anmnieM S-MaTPUYHBIN 3JIEMEHT IpOIecca ¥V — ve e’ B CleylomeM

BUJIE
o _ _ Gr @mo(et e’ —q) 3py +7, —a) 6 + 1 — 2)
V2 V2EV 2E'V 2¢L,L.2¢'L,, L.
X e‘Qi/4€B—iQx(py_p;;)/2eB[,a(p”),YQ(CV + CA"YE)) u(_pﬂ)] ja; (525)

rae ¢ = P — P’ — usmenenue 4-BeKTopa UMIIYJIbCA HEATpUHO, €, — sHepruu
3JIEKTPOHA ¥ TIO3UTPOHA, P, P, — KOMIOHEHTbI UX UMILYJILCOB (MATHUTHOE T10-
Jie HAIPAB/IEHO BJIOJb OCH 2), Py, Py, — 0000MEHHBIE NMITYIHCHI, OMPE/IeIAIOIHe
HOJIOZKEHHUE [IEHTPAa TayCCcoBa aKeTa Ha OCU I, ¢ | — IPOEKIHA BEKTOPa ¢ Ha, ILJI0C-
KOCTb, TIePIeHINKYJIpHyIo BekTopy B, ¢% = ¢2 + qi , Jo = UV(P)ya (1 4+ 795)v(P)
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— (bypbe-0bpa3 Toka JieBbIX HeiiTpuno. [Ipsmoe Bbluncienne ¢ y4éToM 3aKOHOB
coxpanenns B (5.25) maer

@) J(Cv + Cans) u(—p))] = 2= L (Cy(jdq) + Calidda)].  (5.26)

2 |q
s

JasibHeiime BbIUMC/IeHUA OyJyT IPOBOJUTBHCS JUJIsl CJIydas, KOIja Macca
9JIEKTPOHA SIBJISETCS HaUMEHBIINM IIapaMeTpPoOM 3aJladl, TO eCTh B CJIydae clie-
nytomeit nepapxuu: eB > E? > m?. Ilpu srom soipaxkenue (5.26), a sHaunr,
1 obrmast aMiuTya (5.25) cofepKar mojiaBeHue, CBI3aHH0e ¢ OTHOCUTETLHOT
MaJIOCTBIO MaCChl 9JIEKTPOHA. JTO IOJAB/IEHIE He SIBJISeTCS CJIydaiiHbIM, a OT-
parkaeT 3aKOH cOXpaHeHns YIJIOBOIO MOMeHTa. Hampumep, B Kpoccuur-poriecce
v — e~ e, onmchIBaeMOM TOil zKe aMILINTY/I0i1 (5.25), [MOJTHBINA CIIMH HEeHTPUHO-
AHTUHEHTPUHHON Iaphbl B CUCTEMe IeHTpa MHEPIIUT paBeH 1, Torga KaK MOJIHBII
CIIMH 3JIEKTPOH-TIO3UTPOHHOI I1apbl Ha ocHOBHOM yposHe Jlangay papen 0. Ta-
KUM 00pa3oM, aMILIUTYy/a IIpoliecca Oblia Obl paBHa HYJ/IIO JJIsi 0€3MAaCCOBBIX
9JIEKTPOHOB, 1, CJIEIOBATEIHLHO, COAECPXKUT IOJaBJICHIE B paccMaTPpUBaEMOM pe-
JIITUBUCTCKOM Iipejiesie. OJIHAKO, KaK II0Ka3blBaeT aHAJIN3, IPU HHTEIPUPOBAHNN

110 (ha30BOMY 00BEMY CYIIECTBYIOT KHHEMATHIECKUE 00JIaCTH, I/ qﬁ ~ Mg, N
yKa3aHHOE II0/IaBJIEHIEe MOXKET ObITh CKOMIIEHCUPOBAHO.

st mudpdepeHnnaabHOi 110 UMITYJIBCY BTOPUYHOIO HEHTPUHO BEPOATHOCTHU
[poliecca B €JIMHUILY BPEMEHU [OJIyYaeM

1 B3PV
aw = — — S|2drl,- dT'.+ 5.27
oo | 1sPar ar.- (5.27)
ryie 1" — noJinoe BpeMsi B3aMMO/ICHCTBIA, U BBEJIEHBI 3JIeMEHThI (pa30BOT0 00beMa,
9JIEKTPOHA U MMO3UTPOHA, HAXOIAMNXCA Ha OCHOBHOM ypoBHe Jlammay:

B d?p L,L,
- (@em)2
Toncrapisst (5.25) B (5.27) n unrerpupys ¢ -bynxuusivu o d?p’, npu sTom, Kak

obbruno, 6%(0) = TL,L,/(27)>, noayunm jyist HOJTHON BEPOATHOCTH B €UHHUILY
BPEMEHN

d%*p' L, L,

dr,-
(2m)?

AL+ = (5.28)

wo— G2 1 3P o /2B dp,dp.
2020E L, | E £

X d(e -+ ao) alpy) J(Cv + Cos) w1 (529)
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Puc. 5.1. Inarpamma @eitamana s mpolecca vy — v,

rie HyxKHo nojcrasuth & = \/m?2+ (¢ — p-)?, p. = q. — p.. Houpirrerpain-
Hoe BbIpazkenue B (5.29) He 3aBHCHUT OT p,, CJIEI0BATEIbLHO, HHTEIPHPOBAHIE 110
Py, KaK yKe oTMedasock, cM. (4.14), ompejessier KpaTHOCTh BBIPOXK/ICHUST CO-

CTOSIHUS 3JIEKTPOHA C JIaHHOW sHeprueil. Bommosusisa B (5.29) uHTerpupoBanne
_|_

[10 UMITYJIbCY 3JIEKTPOHA, MOJIYyYaeM BEpPOATHOCTH IIpolecca ¥V — ve €' B BUJIC
CJIE/IYIOIEro nHTerpaJa 1o UMILYJIbCY KOHEYHOrO HEATPUHO
GZeBm? [d’P _ .
W = =X - e /2B gy — /2 + 4m2) X
322rE | B (@0 = Vg +dm)
1 .~ NG

X @G — md) e Cv(i¢a) + Caljpea)l”. (5.30)

5.2.3. BpruuciieHme BeposgTHOCTU pachnaja v — ve e’ Ha oc-

HOBE MHUMOW Y9aCTH IE€TJIE€BON AnuarpaMMbl

CymectByeT BTOpOil crocod BbluncieHUs M depeHInaj bHOil BeposiTHO-
cru (5.30) pacnajsa v — ve~ e’ OCHOBAHHBII HA UCIOJIL30BAHUU COOTHOIIECHUS
yHHTapHOCTH. KpPOCCHHT-TIPONEccoM HEHTPUHHOTO POXKJICHUS Naphl v — ve e’
SIBJISIETCSI PeaKIins [IPEeBpallleHs HeiTPUHO-aHTHHEHTPUHHO Iapbl B 3JIEKTPOH—
HO3UTPOHHYIO Tapy v — e~ et. Kak n3BecTHo, cedenne TaKkoil peaKInn CBA3aHO
C MHUMOIl 49aCThI0 aMIIUTY/IBI IIEpEX0o/ia VYV — VUV Yepe3 JIEKTPOHHYIO IIETJIIO,
puc. 5.1, COOTHOIIIEHNEM YHUTAPHOCTU

o(vv — e et) = % Im M(vv — vp), (5.31)
q
e g% - 4-uMIyJibc HeRTPUHO-aHTUHEHTPUHHON napbl. Jlerko BmjieThb, 9TO CO-
orrorienne (5.31) 103BoJIsSIET HAWTH BEPOSITHOCTH TIPOLECca ¥V — Ve eT, eciu
IIPOU3BECTH B HEM JIOTIOJIHUTEIHLHOE NHTETPUPOBAHEE 110 (pa30BOMY 00bEMY KO-
HEYHOI'0 HEHTPUHO

( B = /dgpll M — i) (5.32)
vV — UV = m vy — VY .
v ©c 1673 | E )
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naromunM, 1ro P* = (E,P), P* = (E',P’) - 4-nMmmysibcbl HAYAILHOTO 1
KOHEYHOro Heifirpuno, a ¢ = P — P,

HynupoBasHas BHEITHUM T10JIeM 9acTh aMIUINTY/IbI ipotiecca puc. 5.1 Mo-
JKeT OBITh JIETKO TTOCTPOeHA 13 0600IMEHHOM aMInTy bl (3.23).

B ciaydae MArHUTHOrO MOJIsI MCMOJIb3YEM aMIUIUTYbl THIA BEKTOD - BEK-
top (3.30), akcuan - akcuan (3.31) u BekTOp - akcuana (3.32), ¢ COOTBETCTBY-
IOIIMHI [IOJICTAHOBKAMU OOOOIIEHHBIX TOKOB

. G _ . G ,
Jva — 7gcvya, Jaa — 72@1]@, (5.33)

rjie jo — HelirpunHbIii ToK. Criejtyer Takke yuecthb, uto 3 = —eB u (jq) = 0 (B
npeHeOpesKeHnN HeHTPUHHBIMU MaccaMi). B pesy/brare Jjisi MArHUTHOTO 1015
OJIy 4aeM

G2 N lawsl?
laBj)? q Iqsowl2
+ <CV vv T CAYAA> pr <CV vv T CAYAA> —5 5 — T
9 qu”
2 Rel(aBi -
L 90yCyeB (yvqg + 4 YV@) I } (534)
1 i

Tenepp B dyuknusax Y mnepeiijieM K mpejiesy CHIBLHOTO 1ojsd. s aToit nemn
yI00HO COBEPIINTH B KOMILIEKCHOIT IIJIOCKOCTH ¢ BUKOBCKIIT IOBOPOT KOHTYPA MH-
TErPUPOBAHMSA, IIEPeMelasi ero Ha OTPUIATEIbHYI0 MHUMYIO HOJYyOCh, t = —iT,
rjie T — BelmlecTBeHHast nepemennas. [Ipu srom sin ¢t = —i sh 87, cos ft = ch G7.
[Ipejsies1 cHJIBHOTO MOJIsI O3HAYAET, YTO MOJIeBoil napamerp |3| = eB sBisercs
MaKCHMAaJIbHBIM Da3MEpPHBIM MapaMeTpoM 3ajadi, || > qﬁ, ¢, m?2. Hanpuwmep,

2 .
JIJISI UHTErpaJia Yév). (3.30), yuuTbIBast, 9TO0 OCHOBHOI BKJIaJI JIa€T 00J1aCTh 3HA-
wennit T ~ 1/m?, l/qﬁ > 1/|5|, rie MoxKHO MOMArATH

g
chfBr ~ — ShﬁTN — WT,
18]
TOJIy daeM:

2
) q
YY) ~2eBe /% g (4—m2> . (5.35)
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Oyuxrms H(z) (3.18) nmeer MEHUMYIO 9acTh TpH z > 1. AHaJN3 TOKA3BIBAET,
aro 13 Beex GyHKIwmit Y, Bxogsnwx B (5.34), MHUMBIE 9acTH, YCHJIEHHBIE MOJIEM,
UMEIOT TOJILKO CJIeJyIotne PyHKINN

2 2
Y = L my® = eBm (Y‘;}g q_y;?g) _

2
QJ_ 1

(g} — 4m?). (5.36)

[Togcrasmss (5.34) B (5.32) ¢ yuérom (5.36), cpasy mosydaem Boipazkerue (5.30)
1ist b epeHIaibHON BEPOSTHOCTH MIPOLECca V — Ve~ €' B CUJIbHOM MarHuT-
HOM TI0JI€.

5.2.4. llosiHast BEpOATHOCTH MPOIecca

Hasbueiiiee MHTErpUpoOBaHUe 110 UMILYJILCY KOHEYHOIO HEHTPUHO YI00HO,
6e3 1moTepu OOIIHOCTH, IPOBOIUTL HE B IPOU3BOJILHOI CHCTEME OTCUETa, JaJiee
obosHadaeMoil K, a B Bblje/JIeHHOI cucTeMe K|y, Ijie UMIIYJIbC HAYaJIbHOI'O Heli-
TPUHO IIE€PIEeHINKYIAperH MaruuTHoMy oo, P, = 0. MoxKHO 3aTeM BepHYTbCS
3 cucreMbl Ky B K, coBepinast JIOPEHI-IIpeodpa3oBaHne BIoJIb MOJsi (HAIOM-
HUM, 9TO TOJIe SIBJISIeTCST MHBAPHAHTOM OTHOCHUTEIHLHO TAKOTO MPeobpa3OBaHNS ).
HefcTBUTENIHLHO, MOXKHO BUJIETDH, UTO [IPU 3TOM Hpousseaenune £ W, onpenessie-
Moe n3 Beipazkerust (5.30), cOMepKUT TOJIBKO HHBAPUAHTHI (B TOM JHC/Ie U 3HAK
aprymenta f-gyHnkimn).

B dopmyiie (5.30) yiaobHO mepeiitn K 6e3pasMepHbIM [UIHHIPTYECKUM KO-
OpJAMHATAM B IPOCTPAHCTBE BEKTOPA UMIIYJIbCa KOHedHoro Heiirpuno P

p=+/P2+P2/E, tg¢ =P /P, (=PJE,. (5.37)

3nech E| ecTb sHeprusi HaUaIbHOIO HEHTPUHO B cucTeMe K, KOTOpasl CBsI3aHa
¢ ero sHeprueii F B npousBosibHOI cucreme K coorHomennem E| = Esinf,
rie 0 — yroa MexKJy BeKTOpaMH HUMIIY/IbCa HaYaJbHOIO HEHTPUHO U MHIYKIUN
MarHUTHOIO 110JisI B cucreMe K.



+

5.2.  Ilpormecc v — ve~ €" B CHJIBHOM MarHUTHOM IIOJIE 209

[Tocsie 3amensl iepementbix (5.37) unrerpad (5.30) npuHEMaeT BUjL

27
EW — GmeBEQ/ /dppe e(1-2p cos p+0%)/2
Cm
x/ d
J srrea—amrat
<t +en]ariVEra - - (539
— (CF — C))p(1 —24/p% + 2+ p*) cos ¢ — 20y Ca(1 — p )C}

rJIe BBeJIEHbI 0003HAYCHIS

2m,

1 2
A= =g\ (192 = X = 42,

22
= /1— : (5.39)

L —2v/p?+(?+ p?
OrmeTnM, 94TO0 MOJIbIHTErpaibHOe Bhipazkernue B (5.38) umeer ycujieHue, KOTOPOe

MOJTHOCTHIO KOMITEHCUPYET MOJaBJIeHe MaJIOCTbIO Macchl 3JieKTpoHa. [1pu saTom
OCHOBHOI BKJIaJI JIaeT 00J1acTh BOJIN3U BEPXHETO IpeJiesia MHTEIPUPOBAHUS 110 P,

COOTBETCTBYIOIIasd SHAYCHUAM Qﬁ ~ Me.

[Tocenee ciaraemoe B (5.38), oOyciioBaeHHOE HHTEPhEPEHIINE aKCHATHHO-
I'o 1 BEKTOPHOT'O 9JIEKTPOHHBIX TOKOB, OlIpeiesisieT aCuMMETPHUIO BblIeTa HeTpu-
HO 110 OTHOIIEHNIO K MAarHUTHOMY IIOJIIO U, OYEBHU/IHO, He JTaCT BKJIa/ia B BEPOSAT-
HOCTh. OJITHAKO OHO OKA3bIBAETCs CYIECTBEHHBIM IIPU BBIYUCIEHUN aCUMMETPUH
cpejiHeil MOTepU UMITYJIbCa HENTPUHO.

115t yIIOMSIHYTBIX BBIIIE acTPOPU3NIECKIX ITPOIECCOB XapaKTePHbI SHEPIUN
ueiirpuno F > m,. Ormernm, uro seipaxkenust (5.30), (5.38), mo/rydeHuble jijist
OCHOBHOI'O ypoBHs Jlaujay, uMeroT (BuU3nIecKuii CMbIC IIOJHON BEPOATHOCTU
1porecca ToJabKO npu eB > E?/2) Korya 3aKpbT BKJIaJ| OCTAJILHLIX ypOBHeil
Jlanmay. Tem He MeHee, 711 TOJTHOTHI MBI IIPUBEIEM 3/1€Ch ACUMIITOTHIECKIE BhI-
paskeHns Kak Jylsl CUJIbHBIX HoJelt, eB >> m?2, TaK u il OTHOCHTE/ILHO CJ1abbIX
noJseit, eB K EQ, YTOOBI B JAaJbHEHIIEM OIEHUTH OTHOCUTEIbHBIN BKJIaI OCHOB-
HOTO ypoBH4A JIangay B BeposITHOCTD ITporiecca. [Ipu 3ToM rpoMo3akoe BhIpazke-
aue (5.38) MOYKHO 3aMEHHUTD IIPOCTHIMU YACTUIHO MEPEKPBIBAIOIIUMECH (HOPMY-
JIaMH.



210 I'maBa 5. HettTpuHo—3/1eKTPOHHBIE B3aUMOJIEHCTBUS

1) B ciyuae cuibHbIX T0JI€H, €B 3> m?, numeem

GH(CF 4+ C3)
1673

W —vee)= eBE?sin* 0 fi(e), (5.40)

rie

1
fi(e) = 46_me/ﬂdpﬁ41'—lﬁ)e_fﬁ/Qﬂﬂﬁp):=
0

s L SR RG] e

Bnec € = E? /eB, Iy(x) — momudunuposannas dbyukius Beccens mysnesoro
nopsiyika. Ocoberno mpoctoit Bujt hopmyita (5.40) mpuobperaer B ciydae eB >
E? | 1pn 9TOM Pe3yJIbTAT ONPEJIE/ISeT NMEHHO MOJHYI0 BEPOSITHOCTD MPOIECCa

_ GR(C} +C3)
1673

BuiHo, 9To BEpOATHOCTL OBICTPO PacTeT ¢ sueprueil neiirpuno, W ~ E3. ofna-
KO, KaK OyJIeT BIIHO HUZKE, TPU OOJIBINTNX SHEPTUAX HEHTPUHO, ¢ YIETOM BKJIa/a
BBICIIINX YpOBHeil JlaHay XapakTep pocTa 3aMEHHUTCS Ha JIMHEHHBIN, KOTOPHIi
OyJIeT COXpaHsATbCd BILJIOTH JIO SHEPTHil, COOTBETCTBYIONINX YCIOBUIO MPUMEHU-
MoCTH 9(hHEKTUBHOTO JIOKAJIBHOTO Jlarpatkuana (5.22).

B apyrom npejesie oTHOCHTEBHO c1abbix noseit, m? < eB < E* | u3 dop-
myJiel (5.40) mosygaeM JiIs BKJIala OCHOBHOTO ypoBHs JlaHay

_ GR(Cy +Ch)
o 23/27/2

W eBEPsin* 6. (5.42)

W (eB)"/?, (5.43)

2) B cayuae orHocuTenbHo c1abbix moseit, eB < E2, u3 obmero Bbipazke-
nus (5.38) nMeem

21/2G2 2 B3/2 v ) vVuz —1
W= BN e v o) / duue /bE<—“ ) =
77/2 u
1

oodu 2 u2 —1
. 2 = —2u /bK v - 44
ct [ ( . ﬂ, (5.44)

1

rie b = eB/m? = B/B., K(k) n E(k) — nomble sjmnruueckne nurerpajbl 1
1 2 poja [279]. Ormernm, uro obsmactn npumenumvoctn gopmya (5.40) u (5.44)
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nepeKphIBaloTCa B ciaydae m2 <K eB < Ei JleficTBUTEIHLHO, €CJIN TTOJIOYKUTH
B (5.44) b > 1, To, KaK U CJIIOBAJIO OYKHJIATH, BOCIIPOU3BOANTCsT (hopmya (5.43).
B ciabom nosie, e B < m?2, pesysibTaT, UMeeT, KaK 0ObIYHO, SKCHOHEHINAILHOR
110/1aBJICHIE

G¥Ci

(2ﬂ)5/2(ezafv2e—2mfﬂ63>. (5.45)

W:

+

5.3. Ilponecc v — ve e€" B CKpPeNIeHHOM II0JI€e

5.3.1. NcTropudeckuii 3KCKypcC

UccienoBanue mnporecca HEHTPUHHOTO POXKACHUS 3JIEKTPOH - MO3UTPOHHBIX
map B Ipejiesie CKPEIeHHOro MOJist IMeeT JO0BOJIBHO JIMHHYI0 ucropuio [47-55].
Y:Ke B 11€pBOil U3 yKaszaHHbIX paboT [47| Oblia Haii/leHa IpaBuIbHAs 3aBUCUMOCTD
JIMAUPYIONIETO BKJIaIa B BEPOATHOCTH OT AUHAMUYECKOIO IapaMeTpa X,

, X(PFFP)

X 6
me

Y

B TJIABHOM JIOrapnMIUecKOM MPHOIIKEHIH, BIIa ~ X2 In y, OIHAKO YHCI0BOi
ko3 dunmenT 611 ommbOIHBIM. B mocsieayommux padborax MTpPOBOIMIOCH YTOU-
HeHUe 3TOro Kod(MAUIMeHTa U BbIYNCIEHIE TOCT-JIOrapudMUIeCKIX IOIPABOK,
KOTOPbIE MOT'YT OKa3aThCsl BeCbMa, CYIIEeCTBEHHBIMU IIPU HE OYeHb OOJIBIIIOM 3Ha-
JeHuu In .

CiieiyeT OTMETHUTDH, UTO II0 CaMOil IOCTAHOBKE 3aJadll Pedb MOYKET WJITH
TOJILKO 00 YJIbTPape/IATUBUCTCKOM HEHATPUHO, KOTOpoe, Ojarojaps KupaJbHo-
My XapaKTepy ero B3anMoJIefiCTBHUSI B paMKaxX CTaHIAPTHON MOJIEH, CYIIeCTBYeT
PAKTUIECKH TOJILKO JIEBOIIOJISIPI30BAHHBIM, JayKe B TOM CJIydae, KOrJa ero Mac-
ca OTJIMYHA OT HyJIsl. DTO YTBEP:KJIEHIE OCTAeTCsl B CHUJIE, JayKe eCJIM JIOIYyCTUTh
CYIIECTBOBaHUE Y HEHTPUHO 9K30TUUECKUX CBOWCTB, KOTOPbIE MOIJIM ObI IIPUBO-
JIATH B OIPEJIEIEHHBIX (DUBNUECKUX YCJIOBUAX K JEIOJIAPU3alnOHHbIM Y deKTam
(mo cux mop He HabmomaBIMes ). HemoHuManme Toro, 9To B MPUPOJie HE Obl-
BaeT HENOJSIPU30BAHHBIX YIbTPAPEIITUBUCTCKIX HEHTPUHHBIX ITOTOKOB, YaCTO
IPUBOJIO K TIOSIBJIEHIIO OMmmboIHOr0 hakTopa 1/2 B hopMyax st BEpOsiT-
HOCTEll MPOIECCOB ¢ HEHTPUHO B HAYAJIBLHOM COCTOSIHUM M3-3a HEMUBUIECKOIO
VCPEJIHEHHsI [0 ero MOJIsIpU3anusaM, M. Hanpumep |53, 86.

B pesynbrarax st BEpOATHOCTH IIPOIECCa V — ve € B CKPENIeHHOM II0-
Jie, TIOJIYUYEHHBbIX B YKa3aHHBIX paboTax, MMEIOTCs CYIIECTBEHHbIC Pa3/INdus.
B pabore [53], mocBsIméHHON N3yUeHNIo paciajia MacCUBHOTO HEHTPHUHO V; —

+
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vie et (m; > m; + 2m,) BO BHEIIHEM I0JIe, TAKyKe MPOBOJMIOCH CDABHEHNE
pasImdHBIX (POPMYJT JJisi BEPOSITHOCTH TIpoliecca , ojHako B [53| roBoputcst o
B3AUMHOM COLVIACHU PE3Y/ILTATOB, KOTOPOE, 110 HAIIEMY MHEHHIO, OTCYyTCTBYET.

HeficTBUTEILHO, BEPOSITHOCTDL IIpollecca B Iipejaese Y > 1 MOXKHO IIpejcTa-
BUTb B CJICYIOIICM BHJIE

1
W —veet) = KWy (lnX ~3 In3 —vp+ A) : (5.46)
rje
G2 (C%Z + C?%)mS
Wy = 21—V A 5.47
0 973 ) ( )
vg = 0.577... — nocrosinnas itjepa, F — sHeprusi HagaJIbHOIO HEHTPHHO.

Koncranter K u A, Bxomgiiue B Bbipazkerue (5.46), ObLIN MOJIYUeHbl PA3HbI-
MU aBTOpaMU B cJiejyroreM Bujie, cM. tabsuiy 1. [Ipu arom B paborax [47,53|
BBIYHC/IEHTE TTPOBOMIOCH C YIETOM 3JIEKTPOH - HEHTPUHHOTO B3aUMOJIENHCTBUS
ToJbKO 1epe3 W - 6ozon. lyist cpashennst dpopmysibl (5.46) ¢ pesyibratamiu
9TuX paboT HyKHO TOJIOXKUTHL B Heil coorBerctBenno Cy = Cy = 1 [47]| u
Cy = Cy = |U,;Uegs| [53]. llorepst dbakropa m./E B dopmyrax st BepOsSTHO-
cru crarbu 49| siBjsiercst He YNCI0BOIL, a (PU3MUECKOI OMUOKOI, TaK KaK BeJET
K yTpaTe PeasaTUBUCTCKON MHBAPUAHTHOCTH BeJnIuHbl KV .

Kak yxke ormeuasocs, dopmyiia (5.46) jijis BEPOSITHOCTH OMUCHIBAET JIOCTa-
TOYHO YacTHBIN ciaydail Iny > 1. B To ke Bpems B psjie pU3MICCKUX 3321
peajm3yeTcs CUTyallds, Korja JUHaMUYeCKUil rmapaMeTp MPUHIMAeT YMePEeHHO
OoJIbIIIE 3HAUYEeHUsI, TaK 9To X > 1, onHako Iny ~ 1. ITpu srom npubimzkenue
CKPEIIEHHOr0 TOJI IIPUMEHHMO, HO YIOMAHYToe ycjoBue Iny > 1 He BbIIOJ-
HsieTcs1, Tak 910 B hopmyse (5.46) HEOOXOMUM yUET CJIEIYIONUX WIEHOB Pa3-
JIOZKEHUSI 110 0OpaTHBIM cTeleHsaM OoJbioro mapamerpa . CojepxKamunecs B
[IEPEUNC/IEHHBIX CTAThAX (POPMYJIbI JIjIsI IIPOU3BOJILHBIX 3HAYEHUI Y UMEIOT BHU/I
BeCbMa I'POMO3JIKIUX MHOIOKPATHBIX MHTErPAJIOB 1 HEYI00HBI JIJId aHaJ3a.

5.3.2. Pacuér nudpdepeHnnaabHO BEpOATHOCTA Ha OCHOBE
penieHuii ypasHeHnus /lupaka

B ¢Bs31 ¢ UMEIONMUCS PA3HOTJIACUSIMU B PE3YJIbTaTaX BbIYUCIEHUST BEPOST-
HOCTH TIpoIiecca ¥ — ve e’ B CKPEIeHHOM T10J1e, CM. Tab/uIty 1, 1esiecoobpasto
IPUBECTH MOAPOOHBIH pacdér. OTMETHM, 9TO MOJIYIEHHBIE DEe3YJIbTATHl TPHBU-
aJIbHO ODODINAIOTCA U Ha JPyrue HefTPUHO-JIENTOHHbIE POIECChI, HAIPUMED,
BEPOSITHOCTD TIpoTiecca Ve, — Vee et ¢ koucrantamu (5.23) narpamkuana (5.22)
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Tabuna 5.1. Koncranter K u A u3 Boipaxkenus (5.46), mojydeHHble B Pa3HBIX
paborax

[Ty6mkanms K A

Yoban, sanos 1969 [47] | 2

02 _02
Bopucos n jip. 1983 [48] | 1 | —2In2— 5§ + p e

Kumxknukos u g1p. 1984 [49] LB

16 m,
Bopucos u ap. 1993 [50] % +§1
Kysnernos, Muxees 1997 [51] | 1 —%
Bopucos, 3amopun 1999 [53] | 3 -

-+
IpU 3aMeHe M, — M, JaeT BepOsTHOCTL Ipolecca v, — Vyu~ ", n T.4. Jan-
HBIIT pacdeéT BO MHOTOM aHaJIOTHUe€H BBIYUCJIEHUIM, IPOBEAEHHBIM B pasm. 4.2.1
1t pacnaga HoToHa 7y — €~ e’ B CKpeleHHoM I0J1e, IOTOMY BCe 0003HATCHMUSI
3/1eCh, KpoOMe 0COD0 OTOBOPEHHBIX, COBIAIAIOT ¢ 0O0o3HaUYeHusIMI pasl. 4.2.1.

Ucnonb3yst tarpaiKnas HEHTPUHO-3JIEKTPOHHOTO B3anMojeficTust (5.22) u
perernst (1.11) jyist 91eKTpoHA U O3UTPOHA B CKPEIIEHHOM T10JIe, TT0JIydaeM S-

MaTpuuHblii ssement mporecca v(P) — v(P') + e~ (p) + et (p') B cremyomem
BI/IE

S = iGF ! X
1T VR VREV2EV2:V 25V
1

X / d*z exp [—i ((Qaz) — 13383 (op® + —@3)>] X (5.48)

3

B cak N eka ,
X [u(p) (1 — 20kp) g0> J(Cv + Cays) <1 + 2(kp) 80> u(—p )] ;
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rle jo — HeATPUHHBIA TOK, U BBeleHbI obos3Havenust: Q = P — P —p —p =
/
q—p—D,

1/3 2
X e“(aa e(qFp
Mg 20X

Xqg =

v = (62(pFFp))1/2 »(pk)

RN S om
2(PFFP\Y?  5(Pk
X = (—( _ )> — (2 ), (5.49)
m€ me

Bribepem cucremy orcaéra (1.12), npu 91oM hpasa @ 1 HAIPSAKEHHOCTH 3J1eK-
TPUYECKOro U MarHuTHoro nojeit € u B npunumaior suj

o = (kx) =ko(t —x), € =1(0,€,0), B=1(0,0,B), £ = B = kqa,

MO2KEM 3alliCaTb

Q) = (Qo— Q) — Quy — Qo + 59, 5 = %,

U UHTErPUPOBAHUE 0 KOOPJMHATE T YI0OHO 3aMEHUTH Ha WHTEIPUPOBAHUE TI0
IIepEMEHHONI Y.
Caumast uHTErpasbl 1o t, y, z, npeodpasyeM S-mMarpudnblii sement (5.48) K

BHJLY

iGF(Zw)?’éQ(QL)(S((kQ))]O [ | :
Sif = do|u LM 5,(Cy + Cays)u(— X
1= Avagvanvavaey ) ¢ (D)L 4o (Cv 4 Carys)u(—p')
1

X exp I—i<8¢-—73}9(¢o¢2+-§¢9))], (5.50)

rie
~ 62%2
" = g" 4k F"o+irgys P e — ———(FF)™¢®,  (5.51)
2meX1X2

e = 2 <]‘j:3;). (5.52)

2m2 ; X2
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Cogepinasi B uHTerpaJe CJIBUr 1o nepeMeHton ¢, © — p — ¢y, MOXKHO 130a-
BHTBCS OT UJICHOB B IOKa3aTese SKCIIOHEHTHI, IPOIIOPIIOHAIBHBIX (2

1 1
s — 1338 (po? +3g0)—>§go—§r3%3g03 + A,

rie

§=s+ 7‘3%3@(2),

a BeJqnuIuHa A, He 3aBUCHIIAs OT (, MPUBEJIET K IMOSBICHUIO B S-MATPUIHOM
9JIEMEHTE IOCTOSTHHOr0 (ha3zoBOro MHOXKHUTE/Is, KOTOphIil HecyiecTBeH. C ydé-
TOM CUMMETPUYHOCTU IIPE/ICJIOB NHTETPUPOBAHNU JIaHHAA MIPOIE/ypa CABUTra 110
¢ TIO3BOJISIET BBIPA3UThH UMEIOIIHECsT HHTerpaibl depe3 dyHknuo Ditpu (4.24),
cM. (4.26)-(4.28).

BeposTHOCTH mporiecca onpeiesieTcs BhIpaykKeHneM

W — vee" (5.53)

/\S 2 BP'V BpV 'V
T 02m)3 (2m)3 (2m)3

[Ipu nojcTaHOBKE MATPUUHOIO SJIEMEHTa, CJIeAyeT, KaK OObITHO, YUeCTh, 4TO

LL T

nrerpuposanue ¢ 0-pYHKIMAME 110 UMITYJIbCAM [TO3UTPOHA JIaeT

—sk; X2 — Xq¢— X1}-

[ o @k} =

ﬂﬂﬂ HHTErpupoOBaHuA 110 UMITYJIbCaM 9JIEKTPOHa yﬂ;O6HO BBECTHU II€EPpEMECHHDBIC
TNnu

F
T = —e(q4 p)’ u=1-— 2£ (5.54)
mqu Xq
TaK 4TO
1—u 1+u
X1 = TXq: X2 Tti (5-55)
IIPU 3TOM

d3p 2m?2 s
/f— /1—u2/‘”/d¢°’
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HO, KaK IOKa3bIBaeT PACcYET, MOJAbIHTerpaibHOE BbIParkKeHne He COMEPyKUT 3aBU-
CUMOCTH OT (py. BcromMuHas cBa3b MEXKJy ¢ U T, 3aKJ0YaeM, 9TO HUHTErpaJl
110 (P OTparkaeT MPON3BOJI BRIOOPA TOUKN Hada/la OTCYETa KOOpAUHATHI x. [Ipn
pelieHnn 3a/lad1 B KoHeuHoM obbeme Kpanrosanus V = L, L, L, objacTb nuHTe-
I'PUPOBAHUS TI0 (o) KOHeYHa 1 paBHa koL, T. e.

/dgpo = k’o/d$0 = koLx

Apryment dyukimn Diipu (4.29) B obosnauennsx (5.54) umveer Bu

22 xed (2 " 5.56)
y=r-|71 — Xg ) r= i =) . (5.

ﬂﬂﬂ BEPOATHOCTH IIpOLECCa IIoJydaeM CJIEAYIoIce BbIpazKeHue

1 00
G(C2 + C2ym? [ d3P'
W = Sy / For /rdu/de
0 —00

" { o <2f +ui [Ai(y)) + rxgu® [Ai’(y)]Q) _

- 2151—22{ (# +1-— M) ;-Z[Ai(y)]z + —u? [Ai’(y)]2] +

e 4me Xq
v 2X—q A + -0 (AT + (5.57)
202

{z’o [Ai(y)) + 2iy <7'2 1o %) " Ay +

Xq
2 80{/0,4 . 2(1 - uQ) ./
} T CZ+C2 2 (203 <1 oz Xqu( y)Ai'(y) ¢,

rae BBE€AEHbI NHBaPpHUaHTbhI, IOCTPOCHHBIEC 13 HeﬁTpHHHOFO TOKa N TeH30pa I10JIfA

CZ +C%

+ zX— [A'(y)]

. . EUFF) EqF))(gF

o = (477, 212%7 2= ( ﬂzé )
3 ~ . -

iy — CRellaFy)(gFFy)] (5.58)

8
Me

Y
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J11s1 BBIMHUCIEHTST BXOJSIINX B BhIpazkeHue (5.57) HHTerpaJios 1o mepeMeHHoi

dr[Aiy)), L= [ drr?[Ai(y)],

= [ dr[A'(v)]?, L= [ drAi(y)Ai(y) (5.59)

/
/

I
¢ —g g~

—00

BOCIIOJIB3YEMCsT M3BECTHBIMU COOTHOTIeHUAME Jyist (pyHKInu Ditpn (4.38)-(4.40).
Nnrerpasst (5.59) paBHbI

I 1B U I, = 2 Ai'(U) — UBi(U
L= gBIW), b= oy [-AVD) - UBID)],
21/3 22/3
Iy = = [-3AV(U) ~UBI()],  Li=——-Ai(),  (560)

rje 0003HaYEHO

Bi(U) = U]odyAi(y), U = <ﬁ>m <1 - %) . (5.61)

B pesysibTare BEpOSITHOCTD MTPOTIECCa TPUHUMAET BHJT CJIEYIONIEro NHTerpaJia
10 UMILYJIbCY KOHEYHOT'O HENTPUHO

G2(C2 + C2) B3P 1+ 3u? 2/3
= i / /du{zol 73 (4) AT(U) -

2" E 1 —u?)
2 2 2 9 4/3
¢ (1+u”)\ . . q 1+ 3u 4 .
_ (1+~—7§%§——>£ha71 +Zln@[ﬁ6(l—zﬂ)U3 XZ A'(U) —
1 (1 —3u?)\ . 1 9\9 AN
~ (=Y )| i1 — )P () A
2 ( 2 i(U) 128( u”) " i'(U) +

-GG (Y o) o
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CymecTByeT Tak:ke BTOPOIi criocod Bbrunc/eHus auddepeHimaibHoil Bepo-
araoctu (5.62) pacnajia v — ve~ et B npejiesie CKPEeIeHHoro moJist, OCHOBaHHbIIT
Ha UCIIOJIL30BAHUK COOTHOIIEHNs YHUTAPHOCTH. [ToBTOPsist Te Ke olepaluu, 9To
B pasi. 5.2.3, HO ¢ cooTBeTcTBYyIOMIME amiintygamu (3.34), (3.36), (3.37), mo-
JIY9UM BbIDazkKeHune, HeCKOJIbKO ormrdarorieecs or (5.62), KoTopoe, 0JHAKO, CBO-
JIUTCA K IOCJICHEMY C IOMOIIBLIO HHTEIPAJILHOIO COOTHOINEHM i (DYHKIK

Diipu

jdu[ (1 - w> Bi(U) + 3(? - 23)1/3 (%)2/3 Al’(U)] — 0. (5.63)
0

JlaHHOE COOTHOIIIEHNE JIETKO JIOKA3bIBAETCs JBYKPATHBIM WHTEIPUPOBAHUEM TI0
qacTsAM, ¢ YI6TOM ypaBHeHust Jyist pyHKIwn Diipu (4.25).

5.3.3. IlostHas BepossITHOCTH ITpoIliecca

Jlist uaTerpupoBanust B BbipazkeHun (5.62) 1m0 UMITYJIbCY KOHETHOTO HefTpu-
HO BB€JIEM HOBble MHBapUaHTHBIC IIEPEMEHHBIC K, £ U ¢

B ¢ | (¢FFq)
[4e2(PFFP)]\/3’ B

_(PEP)
(PFEPy O pEpy

=N
|
o

Yrosa ¢ B cucremMe oTcuéTa, rje UMIIYJIbC HadajgbHOro Heiirpuno P L B, umeer
CMBICJT a3UMYTaJIbHOIO YTJIa B IJIOCKOCTH, TIEPIEHINKYIIPHOI BeKTOopy P, MexK-
Iy npoekiueit Bekropa P’ Ha 9Ty IJI0CKOCTD 1 HAIIPABJICHUEM MATHUTHOIO HOJISI.
B »Tnx nmepeMeHHBIX

2

[ =i ()" fac fos [ o
0 0 0

Kaxk yzxe ormedaioch, nHTepdepeHnnonnblii 1ieH B hopmyiie (5.62), mporopin-
onasbHbiil Cy (4, He JaeT BKJIalla B BEPOATHOCTb, HO MOYKET OBITH CYIIEeCTBEH-
HBIM IIPU BBIYUCJIEHNN aCUMMETPUN CpeHell ToTepu UMITYJIbca HEUNTPUHO.

3
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[Tocsie wHTErpUpOBaHs 110 ¢ Bhipaykenue (5.62) IpuHIMAET BIJI

1 1 00
2 2
wo— GEC+ Cmix /du/dﬁ/dm{ —2k2(1 — u®)Bi(U) —
0 0

16mE

2-26+& 9-— .
- e o ug)l/gAl (U) - (5.65)

202 (AN 1—¢ 1 ,
() [ o]

BoimtosiHsss mHTerpupoBaHue 1o ePEMEHHOIT K, BEPOATHOCTD ITPOTIECCa MOYKHO
IIPUBECTU K CJICIYIONEMY BUJLY:

1 1
2 (12 2
W = G (CV2—7'—§Z; me X /du/xdszi(z)x
m
0 0

x {(1i;;gx)+g(13x) ZCQCACQ (5+x)}, (5.66)

rie

Z:<xu—u%u—xﬁwé

Hakonerr, BbIIOJIHSISL €111e OJIHO UHTEIPUPOBAHKIE, BEPOSITHOCTb MOXKHO 3alld-
caTh B BUJE OJHOKPATHOIO MHTErpaJia, CojeprKallero pyHKINn Jitpu:

1

ey 2
W = GF(CV+CA m X /quutAl

27Tm3E /
. { e IO T
b (ra-@zw) (- Ta-w) + (560
+ 1%0305031 [48L(u) +2 = (1+ (1 = w*)L(w) (28 = 3(1 — u*))] }
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31ech

4\ 1 14u
t = —— L = —1 i .
(X(l—u2)> L) 2u 1 —u (5.68)

B ciaygae x < 1 u3 Boipaxkenus (5.67) Heme jIeHHO ToJIydaeM (hOPMYJTy 17t
BEPOSITHOCTHU, COJEPZKAIILYIO XOPOIIO M3BECTHOE SKCIIOHEHITNAIbHOE 110/IaBJIeHNE!

3\/6G%m2

W) = =15y

8
(3C% +13C%) x* exp (—3—> , (5.69)
X
KOTOpasi CONJIACYeTCsT ¢ COOTBETCTBYIOMIEH hopmyJioii paborst [50].
B ciaygae x > 1 (a tounee, Iny > 1) u3 Boipaxkenus (5.67) HeTPYyIHO
nostyanth Gopmyny (5.46), tne K = 1, A = —29/24 B coracuu ¢ pe3yibTa-
ToMm [51,52]:

Gy (CF + C3) md X
2Tm3E

29

1
<lnx—§ln3—73——> : (5.70)

%% 1) ~
(x>1) o1

[TockoJIbKY JIMHAMUYECKHUH [apaMerp X [PONOPIUOHAJIEH SHEPIUN HeHTPUHO,
BIJIHO, 94TO BeposiTHOCTE (5.70) pacrer ¢ sneprueit, kak FIn E, B oriuune or
pocta W ~ E3 B pesknme cuibhoro nosst, cM. (5.42). Cpasuubas Takzxke (5.70)
¢ (5.43), BUjuM, 9TO OTHOCUTE/ILHBIN BKJIA/] B BEDOSTHOCTH OT OCHOBHOI'O YPOBHS
Jaunay B upegene E2 > eB man (~ VeB/E < 1).

3 dopmysibr (5.67) HETPYIHO TaKzKe HAWTH CJIEYIONINI YWIeH Pa3/I0yKeHUsT
10 OOPATHBIM CTEIeHsIM [apaMeTpa X, 94TO JIAerT:

G3 (C +CR)mE Y
273 E

1 9 3372 19C% — 63031}

X356 [0 ()] Ch+Ch S

29

| 113
nx 211 VE 24

Wx>1) =~

(5.71)

rie ['(z) — ramma-dyuxrms, 1'(2/3) = 1.354... .

N3 dopmyibr (5.71) BEIHO, 9TO TOMPABOYHBIH UIeH ~ )(2/ 3 yiKe He mMeer
YHUBEPCAJILHOr0 Xapakrepa. OH OTHOCUTETHLHO MaJjl U OTPUIATEEH JJid CJIy-
Jag, KOorja apomaTr HEHTPUHO COBIIQJIACT C apoOMaTOM 3apszKCHHOI'O JICIITOHA
(Ve — vee~e™, Vy — VM,LL_/L+). Korya apomaTsl HERTPUHO W 3aPszKEHHOTO JIeTl-
TOHA Pa3JINYHbI (Vu — Vu€_€+, Ve — Vpft” j17), 9TOT WIeH MOJIOKUTETEH U OT-
HOCUTEJIbHO BeJIUK.

Ha rpacduxe puc. 5.2 uzobpazkena BeposTHOCTL npouecca v — vl {1 B 3a-
BUCHMOCTHU OT JUHAMUYECKOTO MapaMerpa B 00JIACTH YMEPEHHHO OOJILINX 3Ha-
yenuit x. I3 pucynka BugHO, 9TO B 3TOi 00/1aCTH MONMPABOYHBIN UIeH ~ X_2/ 3
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Puc. 5.2. 3aBUCUMOCTDL BEpOATHOCTH IIponecca v — v{~ T oT TuHaMIYIecKOoro na-
pamMeTpa B 00J1aCTH yMEPEHHHO OOJIBINNX 3HAUEHNH Y JJIs1 CJIydast, KOrja apoMar
HEITPUHO COBIIAJIAET ¢ apOMATOM 3apszKeHHOro JienToHa (v, — vee e’ ...),
paccuuTaHuoi: @) mo tounoii dopmyse (5.67); b) o npubamkérHON dhopmy-

ne (5.70); ¢) o dopmyie (5.71) ¢ “nompaskoii” ~ /3.
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CKOpee yXyJIIaeT OIICAHNe OBEJICHIA BEPOATHOCTH. DTO, II0-BUJINMOMY, MOXKHO
OOBACHUTD TEM, 9TO CJICLYIONINI 4ICH PA3/I0KEHUsI 110 IAPAMETPY X MOXKET OLITh
JOCTATOYHO BEJIHK, OJHAKO BLIJIEIUTH €0 HPEICTABIACTC 3aTPYAHUTEIHLHBIM.

13 pucyHka BUIHO Tak:Ke, YTO BEJIMUUHA BEPOSTHOCTH, PACCUUTAHHAS 110
ToaHOi (popmyite (5.67), pu JF0ObIX Y OoJIbIIe TpHOMKEHHOTO 3HadeHus (5.70),
Hanpumep npu Y = 20 — B 1.6 paza i1 coBIIa IaloNnX apoMaToB HEHTPUHO U
nenrona. [Ipu x < 10 npubmmxkénnas dopmyia (5.70) Tepser cMbICIT.

Takum 06pa30M, IPH JIETATLHOM aHAJIN3E BEPOATHOCTH IIPOIECCa HEHTPUHHO-
IO POZKJICHUS JIGHTOHHOMN MAapbl BO BHELIHEM 3JIKTPOMAIHIUTHOM II0JIe B 00JIaCTH
YMEpPEeHHHO OOJIbIINX 3HAYeHUil HapaMeTpa Y CIeLYeT OJIb30BAThHCS O/IY YeHHOM
HaMi TOIHOIN (opmyrtoii (5.67).

5.4. Bo3moxknble acTpodu3mveckie HNpPOosiBJICHUS
porecca ¥ — ve e’ BO BHEIIHEM MAarHUTHOM
I10J1€e

5.4.1. CpenHsis 11oTeps SHEPTUM U MMILYJIbCA HENTPUHO

Cienyer 3aMeTUTb, UTO HPAKTUUECKUI MHTEPEC I acTPOMUBUKUI HMeeT
CKOpee He BEPOSITHOCTD IPOIecca, a CPEeJIHss TOTePs SHEPTUN U UMILYIbca Hell-
TPUHO B CHUJILHOM MArHUTHOM I10JIe, KOTOPYIO MOYKHO OIIPEJIeIUTH 4-BEKTOPOM

Q" — B / A" = (T, F)E. (5.72)

Ero myneBas KoMIOHeHTa CBA3aHa CO CpejiHell sHeprueit, TepsgeMoil HeUTPUHO
3a epunuiy Bpemenn, Z = —dFE/dt. IIpocTpancTBeHHBIE KOMIIOHEHTHI BEKTO-
pa (5.72) cBsi3aHBl aHAJOIUYHBIM OOPA30M C MOTEpell UMITYJIbca HEHTPUHO 3a
equnnity Bpemenn, F = —dp/dt. Msl npusesem 31ech BeKTOp Q% B Tex xe
JIBYX TPEJIeJIbHBIX CJIydasX, 9YTO pacCMaTpPUBaJINCh paHee.

1) Ilpu eB > E?sin® ) nveem

GyeB(PopP)*(Cy + CF)
4873

Q" = [P fa(e) = 2(peP)" f3(e)

20y 0y

m(@)“ f2(e)], (5.73)
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1
fe) = 6 [ dpplL— e s py(ep) =
0

5 21 7
= 1 - = e g
85—1—805 808+ ,

fse) = 3 / dpp(L — p?) e =2 (1 + p*)Iy(ep) — 2pIi(ep)] =

15 21 7
P e L N
65T 0% "3 "

B upenenbiom caydae eB > E?sin? @ jijist HeHTPUHHBIX OT€Pb SHEPIUI U HM-
IyJbca I1oJIydaem

1 20y Cy

T = EW (14 525 cosf 5.74
i ( + C"Q/ T Ci COS ) , ( )
1 20Cy )

R G (wn0e EG) BBV 6T

rJe OCh 2z HallpaBJeHa BJOJb IMOJIA, BeKTOp JF |, TMONEPEeUHbIil K OO0, JIEXKHAT
B ILJIOCKOCTU BeKTOpoB B u p, B KadectBe W Hy:KHO 110/ICTaBUTH BEPOSITHOCTH
poriecca (5.42).

2) Ilpu eB < E? sin? @ st nporecca v — ve” el nMeeM
TGR(CY + CHmex? U
¢ = = [ P*(Iny — 1.888) — v3 — pP)“
CyC
— 7465 VA 5Py, (5.76)

CZL + C% x2/3

Hanomuum, uro n = eB/m?.
B npesenbHOM citydae 09eHb GOMBIINX 3HAYCHHIT AMHAMUYIECKOTO TapaMeTpa,
In x > 1, BeIpazkenue Jjist 4-BeKTOPa MOTEPh 3HAUNTETHHO YITPOIIAETCS:

7
Q" ~ —EW P°, (5.77)
16
rie BepositHocTh W criefyer B3sTh 13 dopmyiist (5.70).
st acrpodusndeckKux MpuaozkeHuii Baykuo, 910 dopmyssl (5.42), (5.70),
(5.73), (5.77) cupaBejIuBbI U JIJIs TIPOIECCa ¢ yIacTHeM aHTHHEHTPUHO U —

ve~ et omarogaps C' P-uHBapuaHTHOCTH CJ1aOOT0 B3aUMO/ICHCTBUSI.
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5.4.2. YcJjioBue IIPUMEHUMOCTHU Pe3yJibTaTa, I0Jy4YeHHOI'o B
1oJie, B IPUCYTCTBUU I1J1a3Mbl

OrmeTuM, 9TO MOJIydeHHbIe HaMI (DOPMYJIbI CIIPABEJINBBI TaKyKe B IIPUCYT-
CTBHUH IIJIOTHOIT TIJIA3MBI ¢ KOHIIEHTpaIneil 3JeKTpoHoB nopaka 103 ca3. Dro
CBA3AaHO C OCOOEHHOCTSIMU CTATHCTUKU YJIbTPApPE/ATUBUCTCKOIO 3JIEKTPOHHOTO
raza B MarHuTHOM mojie [285]. C y4éToM BBIPOKJIEHUS O TOMEPEIHOMY M-
ysbey (4.14), ¢BA3b KOHIEHTPAIIMH YIBTPAPEIITUBUCTCKOTO 3JIEKTPOH — O3~
TPOHHOI'O T'a3a ¢ XUMUYECKUM IOTEHITUAJIOM fi U TeMiepaTypoit 1" onuchiBaeTcs
caeytorieit cymmoit mo yposasaM Jlangay

B [ p—p B
N = Ne- — Ne+ = 5.2 dp{ (exp (T) +1> +
0

-1

- 2 4 2keB —
+ 2 fexp [ YETTETE) 1 —(Mﬁ_u)}. (5.78)
k=1

T

B cunbHOM 10J1€, IPU YCJIOBUM \/e_B — 1 > T Korja 3aceieH TpaKTUIeCKN
JINTITHL OCHOBHOI ypoBenb Jlammay, 3aBUCHMOCTL OT TeMIIepaTypbl B COOTHOIIIE-
aun (5.78) mcuesaer, 1 XUMUIECKUIT TTOTEHIUAT CTAHOBUTCST (DYHKIIHEH TOJBKO
KOHIICHTPpAINU I1JIa3Mbl I UTHTEHCUBHOCTHU I10JIsI

212 1016 T
= ”B” ~ 2.6 MeB( n ) ( C) . (5.79)

e 1033 cm—3 B

Taxum oOpa3oM, XUMUYECKHUI IOTEHINAT MOXKET ObITh 3HAUUTEIbHO MeHbIIIE,
4yeM B OTCYTCTBUE IOJH, [ ~~ (37r2n)1/ 3 1Ipm Tex ke 3HAYCHMAX KOHI[CHTPAILIN.
OnHaKO BUJIHO, YTO XUMUYECKUI IOTEHIUAJ PacTeT ¢ KOHIEHTpalueil 3Ha4uu-
TeJILHO OBbICTpee, YeM B OTCYTCTBHUE 1oJid. [Ipu 3HaueHnn

3/2
n>3.5x10% cu? i /
1016 Tc

Ha4dMHaIOT 3acCe/IATbhbCA CJICAYIOI e YPOBHU ﬂaH;Lay, 11 B3alIMOCBA3b XUMHNYIECKOI'O
IIOTEHIINaJ/Ia 1 KOHOECHTPpallu OIIpEAe/IAeTCd BblIpazK€HNeM

k=1

rje [x] — mesast 9acTh . 3aBUCHMOCTH XUMUIECKOTO MOTEHIUATA OT KOHIIEHTPA~
IIUN PEJISITUBUCTCKOIO 9JIEKTPOHHOIO rasa nm3odparkeHa Ha puc. 5.3. Bujgno, 1ro
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100 .
d
/S
r;/
4
e
/ /
10 -1/
71 7
F 7
/ !
S ] /
p1(MsB) _{r“/ / /
= / /
R
1 7 7 7
Il Il Il
7 7 7
/ / /
/ / /
// // //
/ / /
VAR
0.1 i 7 7
Il Il Il
7 7 7
/ / /
I/ I/ I/
0.01
1031 1032 1033 1034 1035 1036

n(cv?)

1037

Puc. 5.3. BaBucuMocTh XUMUYECKOTO IIOTEHI[NAIA OT KOHIEHTPAINHI PEJIATUBICT-
CKOT'O 3JIEKTPOHHOI'O ra3a: I — B OTCYTCTBUE 110Jid, 2,3,4 — B CUJIbHOM MarHUTHOM
noste, opmyia (5.80), ara snadenuit nnaykmun nosa 10°,10'0, 101 I'e coor-
BETCTBEHHO. I3/10MbI KPUBBIX COOTBETCTBYIOT MOCEI0BATEIHHOMY OTKPBIBAHUIO

ypoBHeii Jlanaay.



226 I'maBa 5. HettTpuHo—3/1eKTPOHHBIE B3aUMOJIEHCTBUS

1pu BO30YKJIEHNN HECKOJIbKIX HU3IINX ypoBHeil JIaHgay XuMUIecKuii oTeHI1-
aJl yKe IOUYTU He OTJIMYaeTcd OT OecIojieBoro 3HadeHus. Taxum oOpas3om, mpu
TUINYHBIX SHEPTHUSX POKIAIONINXCS 3JIEKTPOHOB 1 TO3UTPOHOB OPSIIKa SHEPI Uil
netitpuno ~ 20 M»3B, n npu mapamMeTrpax Mmia3Mbl, COOTBETCTBYIONINX YCJIOBUIM
060JI0YKH cBepXHOBOIL, n ~ 1033 cm™3, T ~ 1 M»sB, nogasisionue craTucTude-
ckue (pakToOpbl HECYIIECTBEHHBI.

B apyrom mpeeibHOM Ciydae odeHb BBICOKOIT Temmeparypel T >> veB, 14
YVUET BJIMAHUS CPEJIbl IPUBOIUT K IOABJICHUIO ITIOCTOSHHBIX CTATUCTUIECKIX (DaK-
TOPOB, PaBHBIX 1/2 Kak Jijist 9JIEKTPOHA, TAK U /I TIO3UTPOHA, UTO YMEHbIIAeT
BEPOSITHOCTD IIporiecca B 4 pasa.

5.4.3. Bo3MmoxkHbIe acTpodu3nvdeckKune cJjeICTBUM

Jist minnocTpanun IpUMEHIM [10J1y YeHHbIE BBILIE PE3YJILTATH K KOHKPETHBLIM
busHIecKM yCI0BUSIM 000JIOUKN sIPE B3phIBa CBEPXHOBOM, B pe3y/IbTaTe KOTO-
POro poKIaeTcsl 3aMarHUYeHHasl HeifiTpoHHast 3Be3/la — IyJbcap. [Ipegcrasum,
9TO B IPOIECCE TOr0 KaTaKJIM3Ma B OKPECTHOCTH HeiTpuHOChEpbl BO3HUKAET
110 KaKOi-1160 MpIUIHE OueHb CHIBHOE MarHITHOE 1oje ropsaka 1010 — 1018 T'c
[27-29, 33, 34]. TLnoTHOCTH 3JIEKTPOHOB B 9TOMH 00JIACTH, yZKe TPO3PAYHOil JJIst
HEITPUHO, He CJIMIIKOM BbICOKa, CM. (5.79), TaK 4TO MOJABJISIONINX CTATUCTHIE-
ckux hakTopoB He BosHuKaeT. 3 dopmyi (5.73) u (5.77) MOXKHO HAUTH JI0JTIO
SHEPTUH, TePSieMyI0 HEHTPUHO MPH MPOXOXKIEHNN MarHUTHOrO 1oJist. B mpeese
cuibHOro ToJist eB > E? noydaem u3 (5.73)

= 3
28 0.6 x 102 D v At

Erot 1017 T'c 10 M»sB 10 km )’ (5:81)
riie & — 1I0JIHASL SHEPIHUsl, YHOCUMasl HEfITPUHO 11PN B3DBIBE CBEPXHOBOIL, F —
SHEePIUsl HEHTPUHO, yCpeIHeHHasI 10 CIIeKTPY, Al ecTh XapaKTepHBIil pasMep 00-
JIACTH, TJIe TI0JIe MEeHSIeTCsI HeCYIIeCTBEHHO. 3J1eCh Mbl B3s1JI MacIITabbl SHEPIHUI,
KOTOPBIE CUUTAIOTCS THITMYHBIMU JIJIsT B3PbIBa CBEPXHOBOI [5, 6.

Taxum, oOpa3om, IPU HAJIUIUUN JOCTATOYHO CHUJILHOI'O MAIHUTHOI'O II0JIsI, 38,
CYET 1poliecca HEHTPUHHOTO POXKIEHUS JIEKTPOH-IIO3UTPOHHBIX I1ap MOIJIa Obl
ObITh pernena u3pectHast npobema FOE (ten to the Fifty One Ergs), cocrostiast
B TOM, 9TO JJIsI COIJIACOBAHHOT'O OIMCAHMS JMHAMUKH B3PbIBa CBEPXHOBOI HEOD-
XOJIMMO, UTOOBI BBIXOJSIINN HERTPUHHBIN IIOTOK 3a CYET KAKOI'O-TO MEXaHI3Ma
ocTaBiIsl B 000J10uKe ~ 10°! spr, To ecTb okos10 1% mosHOIl BBLIeAIOIIeiica IpH
B3pbIBe 3Heprun ~ 10°3 5pr.
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Jpyroit naTEpEeCcHOIl XapaKTEePUCTUKON ABJIAeTCAd acCUMMETPHsS BblIeTa Heli-

TPUHO
A = M (5.82)
>_i pil
B sToM ke mpe/iesie CuIbHOTO T10J1sT OJIonIaIbHoro Tutia, [27, 33, 34| u3 dhopmy-
abl (5.81) mostyaaem

B E \°/ Al

A~2x1073
XA 0o ) \ToveB ) \ 10 e

(5.83)

Kak Bugao u3 dopmyr (5.81) u (5.83), paccmarpuBaemblii 9¢dbdexT MoKkeT
IPOSIBIIAATHCA HA MPOIEHTHOM yPOBHE W, B IIPUHIIUIE, MOXKET OBITH CYIIECTBEH-
HBIM TIPU JICTATBHOM TEOPETHICCKOM OMMCAHUN TUHAMUKN OCTBIBAHUS CBEPXHO-
BOI1.

B apyrom npejenbioM ciayuae eB < E? uz (5.77) naxoaum

Ae (B ? E Al
Erot 105 Tc) \20 MsB/ \ 10 km
B E
X 4.7+ In : (5.84)

1015 T'c 20 M»B

9TO 3HAYUTETbHO MeHbine, deM (5.81). AcuMmmerpusi B 9TOM cirydae MMeeT J0-
MOJTHUTEIBHOE TIOJIABJICHIE U, MO-BUIIMOMY, HE TIPEJCTABISET MPAKTHICCKOTO
MHTEpeca.

3aMeTuM, 4TO B OCHOBE aCUMMETPUU IIOTE€PU HUMIIYJIbCa HEHTPUHO B Mar-
HUTHOM T10J1e (5.83) JIeXKUT HapylleHne MpoCTPAHCTBEHHON YeTHOCTH B CJIAOOM
B3aUMOJIEIICTBIN, TaK KaK BeJndnHa A olpeessseTcs 1JIeHOM, IPOIOPIIOHA -
HbIM TTpon3Beennto KouctanT Cy C'y B Boipazkenn (5.73). Kak yzxe ormedasiocs,
BKJIQJIbl B ACIMMETPHUIO OT BBLIETAIONNX HEHTPUHO W AHTUHEHTPUHO CYyMMUDY-
torcsi, B cuity C' P—uHBapUaHTHOCTH CJ1a0Oro B3aumojeiicTBust. VIMinyJibe, Tepsi-
eMblil HEeTPUHO, NPUBOJIUT K BOSHHUKHOBEHHIO ‘TOJIIKOBOI CKOPOCTU OCTATKA
Karak/an3Ma. Ecin 1o kakum-jimbo npudnHaM (pusndecKue mapaMerpbl MMesIn
OBl BeJIMYMHBI TOPsijiKa MaciTaboB (hopmyibl (5.83), TO TOJBKO 3a CYET Heii-
TPUHHOTO POXKJIEHUs 3JIEKTPOH-IIO3UTPOHHBIX IIap B CHJIBHOM MAIHUTHOM IIOJIE
3BE3/Ibl ATO IIPUBEJIO OBI JJIsI OCTaTKa ¢ Maccoii 0koyio Macchl CoOJIHIIA K CKOPO-

crsim opsiyika 150 KM /c.
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5.5. B3aummogeiictBue HEeATPHMHO C CUJIBHO 3aMar-
HUYEHHOI 3JIEKTPOH - IMO3UTPOHHON I1LJIa3MOM

[Iponecc HERTPUHHOIO POXKIACHUS JIEKTPOH-TIO3UTPOHHLIX Tap B CHJILHOM
MArHUTHOM I10JI€, €CJIU IPUHATH BO BHUMAaHUE JIPYTYI0 KOMIIOHEHTY BHEITHEH aK-
TUBHOII CpeJibl — IJIOTHYIO ILJIa3My — OyJIeT HOMaBIAThCS 38 CUET BOSHUKHOBEHUSI
cratTuctndeckux paxkropos @epmu - upaka. B pasnese 5.4.2 onpejiesieHbl yco-
B, IPU KOTOPBIX TaKOE IMOJIaBJICHUE €Ille HECYIECTBEHHO. DTU YCIOBUS MOTYT
peaim30BaThCs, HAIIPUMED, TIPU CJUSTHUT HEHTPOHHBIX 3Be3/1. [Ipn 061X 3HAa-
YeHUAX KOHIIEHTPAIUY I1JIa3Mbl, YTO COOTBETCTBYET, HAIIPUMED, YCJIOBUIM B3Pbl-
Ba, CBEPXHOBOIi, BJIUSHUE IIJIA3Mbl HEOOXOJMMO YUYUTBIBATh. [Ipu 3TOM, HapsiLy
C HOJABJICHUEM IIPOIECCa POXKICHUS € € -11ap, BOBHUKAIOT HOBLIC KAHAJIbI Hefi-
TPUHO - JIEKTPOHHBIX B3aNMOIEICTBUIL.

B nmaHHOiT riiaBe uccjeayercs MoJIHbII HaOOp HEHTPUHO - 3JIEKTPOHHBIX IIPO-
[IeCCOB B 3aMarHUYeHHOll 11a3Me, BKJIIOYAIONINi, KpoMe KAaHOHUYEeCKNX PeaKInii
pacceanus vet — veT W aHHUIWIAIMN VU — e~ e’ NIymyuxX U B OTCYyTCTBHE
0JISA, TaK»Ke MPOIECChl ‘CHMHXPOTPOHHOIO” M3JIyYeHUsI U MOIJIONIEHNs] HeHTPUH-
HOIl 1apbl € <= evy 1 HENTPUHHOIO U3JIyUYeHUs JIEKTPOH - MO3UTPOHHOI 1apbl
v — ve e’ BO3MOXKHBIE TOJILKO B MATHUTHOM II0JIe, ¥, KPOME TOro, “3K30TH9e-
ckuit” mporecc, Korja HeHTPUHO 3aXBaThIBAET U3 TLJIa3Mbl 3JIEKTPOH - TO3UTPOH-
HYIO Hapy: ve e’ — v. DTOT Ipouece paspenieH TOJLKO MPH OJHOBPEMEHHOM
HAJIMIUN U MarHUTHOTO T0JIA, W Topsyeil miasmbl. Martepuas pasjiesia ocHOBaH

ra paborax |70-73].

5.5.1. YTo MBI IOHIMAaeM IO/ CUJIbLHO 3aMarHM4eHHol ¢ e

IIJIA3MOI

Pedb nnér o Taknx ycJIOBHAX, KOTJA CPEIN BCeX (PU3NUIECKUX MapaMeTpOB,
XapaKTEPUIYIOMIUX JIEKTPOH - MO3UTPOHHYIO ILIa3MY, 110JIEBOI mapaMeTp sBJIs-
eTcd JOMUHUPYIONNM. YTIPOIIEHHO MOXKHO OXapaKTepU30BaTh JaHHbIE YCIOBUS
CJIEIYIONTM cooTHOIIeHueM: e3> p?, T2, rie j - XUMIIecKnil TOTeHIINAI JIeK-
TpoHoB, T' - TeMIiepaTypa I1a3Mbl. [ HaxoxieHus: 60ee 000CHOBAHHOIO CO-
OTHOIIEHNS CPABHUM ILJIOTHOCTU SHEPIUM MarHUTHOro noia B2/8m u anexrpon
- TIO3BUTPOHHON TIJIA3MBI.

Kak m3BecTHO, MArHUTHOE TI0JIe U3MEeHseT CTATUCTUYEeCKUe CBOHCTBA 3JIEeK-
TPOH - MO3UTPOHHOTO Taza [285]. C yuéToM BBIDOXKIEHHUS 10 HONEPETHOMY M-
yJILCY 3aBUCUMOCTH KOHIIEHTPAITUHU U TIJIOTHOCTU SHEPTUU SJIEKTPOH - TO3UTPOH-
HOTO ra3a OT XUMHUYECKOTO MOTEHINAaIa W TeMIepPATyPhl OMUCHIBAETCS CJIETyIO-
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meit cymmoit o yposuam Jlangay
el
no= Ne —Ner = 5 dp [®(p, p, T) — ®(p, —11, T)], (5.85)
0
eB F;
E = E-+E+ = 92 /pdp [D(p, p, T) + ®(p, —p, 7)), (5.86)
0

o = (o) )

-1
> 2 4+ 9keB —
12 (exp< p+T6 “>+1> . (5.87)
k=1

3/1eCb MbI UCIIOJIL30BAIM HPUOJINZKEHNE YIBTPAPEe/IsiTUBUCTCKOIO 3JIEKTPOH - 110~
3UTPOHHOIO T'a3a, IMOCKOJIBKY I acCTPOMU3NIECKIX IPOIECCOB XapaKTEePHBI J10-
CTATOYHO BBICOKHE YHEPIUU HEHTPUHO U JIEKTPOHOB IJIa3Mbl, F > m,. Takum
obpas3oM, MbI OyJieM ITpeHebperaThb Maccoil 3JIeKTPOHa Be3jie, TJie 9TO He BhI30OBET
HeJI0pa3yMeHUi.

B cHILHOM IOJIe, a MMEHHO — [PH BBIIOAHEHHH yeioBust vVeB — u > T,
3aCEJIEHHBIM OKa3bIBACTCs MPAKTUUIECKH JIUIIL OCHOBHOW ypoBeHb Jlamgay. [Ipn
srom u3 (5.85), (5.86) mosryaaem

eBu

eBu? eBT?
£ = 5ty (5.89)

Taxkum o6pa30M, 0oJ1e€ TOUHOE yCJIoBU€E TOr'O, 9TO IJIEKTPOH - ITIOBUTPOHHAA I1JIa3-
Ma fABJIgdeTCd CHUJILHO SaMaFHI/I‘{eHHOﬁ, MOZKHO 3alliCaTb B BHIE

B2 m2n?  eBT?
— . 5.90
7 > eB + 12 ( )

Bribupast B kadecrBe maciitaboB B coorrorennu (5.90) 3uadenust busnaeckmx
TapaMeTpPOB, THITHIHbIE [[JIsT 0OOJIOUKN CBEPXHOBOM, MEPENNIIEM ero B BUJIE

2 Y2
0.8 x 10282 > 1.7 x 10% % +1.1 % 10%7 By T? (Spr) . (5.91)

3 cm?
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riae 0003HaYeHo

__b =__F Yog = o5 1= L
_103367 012—1012F/CM3; 0.1—0.1, 5_5M9B’

By (5.92)

371eCh p — TOJIHAA IJIOTHOCTE TIa3Mbl B 000J104UKe, Y, — OTHOIIEHNE YUCTa JICK-
TPOHOB K YHC/Iy OapuoHOB. BuIHO, 9TO yC/j0BHE 3aMAarHMYeHHOCTH ILJIA3MbI 3a-
BEJIOMO BBIIIOJIHACTCH.

5.5.2. HeitTpuHo-3/1eKTPOHHbIE IIpoIecchl B CUJILHO 3aMar-
HU4YeHHOIl 11a3Me. KuHemaTuvyeckuit aHau3

Brerauciienns B HACTOsAIIEH IVlaBe aHAJOTMYHBI IMPOBEJIEHHBIM B pasi. b.2.
[Ipn u3yvennm mporeccoB B 3aMarHUYeHHON I/1a3Me K YCJIOBUAM IPUMEHUMO-
et 3(hHEKTUBHOIO JIOKAJBHOTO JIarpam:kuata (5.22) ciemyer 100aBUTh YCIOBUS
eBT,eBu < mjy.

Bce mnefiTpuHO - 3JEKTPOHHBLIE IIPOIECCHI, ONIpeJe/sdeMble JlarpaHzKia-
HOM (5.22), MOXKHO pas3JeJIuTh Ha JIBE IPYIIIIbI:

1) Ilporecchbl, B KOTOPbIX HEHTPUHO MPUCYTCTBYET KaK B HAYAJIBHOM, TaK U B
KOHEYHOM cocroanuu: vet — vet v — ve e’ ve et — v, u anasornu-
HbI€ TIPOIECChl C AaHTUHENTPUHO.

2) [Iporecchl ¢ pokjieHreM WJIN TMOIJIONEHNEM HEHTPUHO - aHTUHEHTPUHHOIT
napol € et — v, v — e et e — evi, evi — e.

Kak BujHo n3 Bbipakenusi (5.26), KBaJpaT aMILIUTY/IbI KaxKJOro u3 Heli-
TPHMHO - 3JIEKTPOHHBIX IPOLECCOB COAEPKUT hakTop m?/ qﬁ. O iHako BeIMYINHA
qﬁ = @3 — g2 Jy1a poNEeCCOoB 1-r0 M 2-r0 TUNOB NPUHIUINAILHO PA3JINIAETCS.
J1j1s1 IpotieccoB ¢ HEHTPHUHO - aHTHHEHTPUHHOI tapoit umeem ¢ = P+ P’ (P u
P’ — 4-ummyibChl HEHTPUHO U AHTHHEHTPUHO COOTBETCTBEHHO), CJIEJI0BATEIHHO
q> > 0. ITockosbKy qﬁ = ¢+ qi, rje 00a caraeMbIX HOJIOYKUTEIbHbI, BeJIMINHa,
qﬁ MOYKET ObITh MaJIOH TOJBKO IPH OJHOBPEMEHHOI MaJOCTH KaK ¢, TaK u qi,
YTO BO3MOXKHO TOJIBKO B MaJioil obsractu ¢a30BOro MPOCTPAHCTBA. DTO O3HAUA-

eT, 9YTO MPAKTUYeCKN Be3/le B (pa30BOM IIPOCTPAHCTBE /qﬁ ~E~T>m,aro
IIPUBOJUT K TIOJIAB/ICHUIO BeposTHOCTH MHOozxKuTerem m?2/T? < 1.

C Jpyroit CTOpOHBI, JIJId MPOIECCOB ¢ HEHTPUHO B HAYAJLHOM W KOHEYHOM
cocrosunsax ¢ = P — P', caegosarenbro ¢2 < 0, 1 BesmInHA qﬁ MOXKET OBITH
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MaJIoif B JIOCTATOYHO IMUPOKOI obJiacTu (a30BOro npocTpaHcTBa. Pacdér mo/-
TBEPXKJIACT, UTO JJIsd STUX IPOIECCOB peanu3yeTcss KNHEeMaTHIecKoe YCUJIeHNE,
NIPUBOJIsIIIee K UCUCZHOBEHMIO MHOXKHTe st m?/T? B BepOATHOCTSIX.

Taxum obpaszoM, B3auMOIeiiCTBIE HEATPUHO ¢ CUJILHO 3aMarHMYeHHOM 3J1eK-
TPOH - MO3UTPOHHOI ILJIA3MOI OIpee/IseTcs npoueccaMu ve  — ve , ve'
vet, v —ve e, ve et — v. Ha puc. 5.4 n300pazkennl KnuneMaTndeckue oo/ia-
CTH B IIPOCTPAHCTBE UMITYJILCOB KOHEYHOI'O HEUTPUHO JIJIA IIePEUNC/IEHHBIX IIPO-
IIECCOB B YJ00HOI1 cucTeMe OTCUETa, IJIe UMIIYJIbC HauaJIbHOI'O HEMTPUHO IIepIIeH-
JUKYJISIPEH MarHuTHOMY 110J110. OCHOBHOM BKJIa/I B BEPOSITHOCTU IIPOUCXOIUT OT
obJtacTeil BO/IM3M 11apadoI qﬁ = 0, rue peaausyercs yKa3zaHHOE KMHEMaTHIECKOE
yCHUJICHHE.,

IHTepecHo NpoaHaJn3npoBaTh KHHEMATHKY IIPOLeccoB v — ve et

ve~— et — v B miockoctu Munkosckoro {0, 3}. DHepruu 3/1eKTpoHa I IO3UTPOHA,
/

cM. dopmyry (1.3), Ha ocHoBHOM ypoBHe Jlammay paBubl € = \/p? +m2, ¢’ =
VP2 +m2, nnpu e ~ " ~ T > m, 97€KTPOH U MO3UTPOH BEIyT cebs Mpak-
TUYECKN KaK 0e3MaccoBble YacTHUILI. B ¢BOI0 ouepejib, B 3HEPIrusaX HAYaJILHOIO
1 KoHeaHoro Hefirpuno E = /P2 + P?| E' = \/P? + P> nonepeunble KoMIo-
HEHTBI UMITYJIbCOB MOryT urparh B miockoctu {0, 3} posib apdekTuBHBIX Mace,
P? = (m,,)éﬁg) P2 = (m] )éﬁg. TakumM 06paszoM, mporece v — ve et OTKPLIT Ipu

—

v
(M) et > (M),)off 1 BBILIAINT B 1L10cKOCTH {0, 3}, Kak pacnaj 6oiee “Tszkenoro”
HefiTpuHO Ha OoJiee “Jierkoe” IIHOC “Oe3mMaccoBble” JIEKTPOH U 1MO3UTPOH. CooT-
- 4+ /
BETCTBEHHO, IIPOIeCC 3aXBaTa Napbl Ve~ e’ — U OTKPBIT IPH (M) o < (M),)off-

5.5.3. BepositTHOCTBL nporiecca v — ve et

S—MaTpUYIHBII 3JIEMEHT IIPOIecca
v(P) = v(P')+e (p)+e (p)

mmveer Bl (5.25), aMIIUTY/ (b APYTUX HEATPUHO - 9JIEKTPOHHBIX TPOIECCOB MO
JIy9aIOTCs OTCIO/Ia KPOCCUHT - ITPe0OPa30BAHUSIMU.

BeposaTHOCTL HEATPUHHOIO pOKJeHHda € et — mapbl B €JIMHHUILy BpeMeHu
IIPEJICTABUM B CJIEJIYIONIEM BUJIE

W(v — veet) = %/|5|2 0, (1— £ ) dTus (1= £,) T (1= £, (5.93)

rie 1" — moyiHOE BpeMsi B3anMmoeiicTBusi, dI' — smeMenT (ha30BoOro odbema JacTu-

b1,

d*p' L, L,
(2m)?

43P’
Car =Y

dl' o+ = )
' YT (2r)3
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P/E /

AN B
-0.5 —/

I1

\

Puc. 5.4. Kunemarnueckne 06/1acTH B TPOCTPAHCTBE UMITY/THCOB KOHEYHOT'O Heli-
Tpuno: I — a1 nponecca poxKaenus napel v — ve e’ ; I — a1 kanaios pacce-
anna ve. — ve , vet — ve™: 11l — nua npornecca 3axpara nmapbl ve et — v,
JIMHUIT COOTBETCTBYIOT 3HAUEHUTO qﬁ =0.
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QOyHKIIN pacupejie/IeHIs 3JeKTPOHOB 1 MO3UTPOHOB

1 1
fe* =

T e T g

YYUTBIBAIOT HAJIMYNE TLIA3MbI, 3/1€Ch [i, 1 — XUMUYECKUIT TIOTEHITAJ 1 TeMITepa-
Typa JIEKTPOH - TO3UTPOHHOTO rasza. JIsg obImHocTn Mbl Y9I TaKzKe BO3MOZK-
HOE HaJIMYhe KBa3UPaBHOBECHOIO HEHTPUHHOIO Ta3a, OIMCHIBAEMOTO (yHKIIMEi
pactpesenenns f,,. Boobie roBopsi, BOIIPOC 0 MPABOMEPHOCTH OIMICAHUST COCTO-
SIHUST HEHTPUHHOIO ra3a B YCJIOBUSIX 3BE3/IHOTO KOJLIAICA WU JPYroro acTpo-
dgusnyueckoro mporecca ¢ MOMOIIBIO PABHOBECHON (DYHKIUU pacIpeJie/IeHIs, a
TakyKe oIlpejeseHne 3Toil (PyHKINN TPeJICTaB/IsgeT co00i HEIPOCTYIO acTpodu-
3U9ecKyto pobsiemy, cM., Hampumep, [280]. Tlo-Bugumomy, npubinKeHne paBHO-
BECHOT'O HEHTPUHHOTO (bepMu-raza ¢ pyHKIUEH pacipe e/ eHus

f(eq) _ 1
v e(E*NV)/TV + ]_7

(5.95)

(5.96)

rje [y, 1, — XUMIU4IecKuit moTeHnnasa u TeMiiepaTypa HEHTPUHHOTO Ta3a, JOJKHO
YJIOBJIETBOPUTEILHO paboTaTh BHYTpH HelTpuHochephl. 3a mpejeaiaMu HeiiTpu-
Hocephl, rae GOPMUPYETCsl BHIXOASIIII HERTPUHHBIIN ITOTOK U, CJeJ0BaTeIbHO,
BO3ZHUKACT aCUMMETPUdA UMIIYJILCOB HEUTPUHO, IIPUHATO UCIOJIB30BATH IIPEIIIO-
JIOzKeHne o paKTOpU3alun JOKaJIbHONI (PYHKIIUN PacIpe/ie/IeHIs

___9W,R)
o e(E_/'I‘V)/TV _|_ 1’

fv (5.97)

rje SHepreTUdecKoe pacliipejiesieHue IPUOIMAKEHHO CUYUTACTCS PABHOBECHBIM.
Oynknusa P9, R) onpejessier yrioBoe pacupejeierne Heiitpuao, ¥ = cos «,
Q- YTOJI MEZKJLy MMITYJIbCOM HEHTPUHO ¥ PaJuabHLIM HAIIPpABJICHUEM B 3BE3/IC,
R - paccrostaue 110 meHTpa 3Be3jbl. [lpn 9T0M, Kak nmokasbiBaer anaans [280], B
okpecrHocTH Hefirpunocdepsbl dyuknus O (1, R) He3HAUUTETHHO OTINIACTCS OT
eauHunbl. [1pn Bolunc/ieHny BeposSTHOCTU MbI OYeM UCIO/IL30BATL HeHTPUHHYIO
dbyuknuio pacnpejenenns B Buje (5.96), npenebperasi acuvmerpueii. [lo3ree
B pasi. 6, Ipy aHa3e BO3MOXKHDBIX acTpOMU3NICCKUX HPOSIBICHUI 00CyK 1ae-
MBIX HEHTPUHO - 3JIEKTPOHHBIX IIPOIIECCOB, aCUMMeTpust B (DYHKIIUI Pacipee/ie-
aust (5.97) Oyzer yuTeHa Kak JiJIsl HAYAJbHBIX, TAK U JJIs KOHETHBIX HEHTPUHO.

[Togcrapsss S -marpuanstii siement (1.4) B (5.93) u uarerpupys ¢ § — QyHK-
nusaME 110 d2p, mosrydnm

G2 1 d3 P’ .. dp,dp
- — F = - (1= yrz r_
W= 5eniE L / g L) =2 e+ —w) X

X (1= fer) (1= fer) |alpy) 5(Cv + Carys) u(—p) P, (5.98)
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rje HysKHo nojcrasuth € = \/m?+ (¢. — p.)?, p. = q. — p.

Bemosasiss B (5.98) wmHTerpmpoBaHne MO UMITYJIBCY 3JEKTPOHA € yUé-
ToM (4.14), nojiyuaeM BepoOsSITHOCTH MPOLECCa ¥V — Ve €' B BUJe CJIeJYIONIEero
HHTerpaJia Mo UMILYJIbCY KOHEUYHOIO HEHTPUHO

G%2eBm? [ d3P 1
w = —E 0(qn — 2 1 4m2
64wt E E (q0 — V@ + 4m?) (Qﬁ)?’/Q(qﬁ — 4m?2)1/2 X

(5.99)
X |CV(]§5Q) + CA(]@SEq)‘Q (1 _ fzﬁ) [(1 _ fe*)(l _ fe*) + (QZ - _QZ)]'

B 9TOM BbIpasKeHuu SHeprun 3JeKTPoHa U IIO3UTPOHA, € U &', BXoJAMe B (PyHK-
[N pacIpeiesieHust for, ONPeIeIsioTcs 3aKOHOM coxpatenust € +& — qp = 0 u
paBHbI

(5.100)

Beipazenue (5.99) sipisiercst obobrmernem dhopmyiibl (5.30), e mporece v —
ve~ el uceaenoBacs B UNCTO MArHUTHOM II0JI€ OOJIBIION MHTeHCUBHOCTH, HA, CJIy-
Yaii IPUCYTCTBUS 3JICKTPOH - HO3UTPOHHOIO U HEHTPUHHOI'O ra3a.

Janbueiinee nHTErpUPOBAHKE 110 UMIIYJILCY KOHEYHOTO HEHTPUHO yI0OHO
IPOBOJUTD, KAK 1 B Pa3jl. 5.2, B CUCTEMe OTCUETA, [JIe UMILY/ILC HAYAJILHOIO Heii-
TPUHO IIEePIEeHINKY/IApeH MaruuTaoMmy oo, P, = 0. B ciydae uncro maramr-
HOT'O ITOJIsT B 3TY CUCTEMY MOYKHO OBLIO TIepeiiT Oe3 moTepu 0OIHOCTH, COBEPITast
JIOpEHII-IIPeobpas3oBanue BAOJbL HOJIsI, IIOCKOILKY Besnunna LW, oupesesiemast
u3 Boipazkenust (5.99); comepKuT, Kpome craTucTrdeckux (axropo Pepmu -
upaka, TOJILKO MHBAPUAHTLI OTHOCUTEJILHO Takoro npeobpasopanusd. OmgHako
TeIephb y HAC €CTh BbLIEACHHAS CHCTEMa OTCYETa — CHCTEMA [OKOS ILIA3MBIL, B
KOTOPO#t 1 3amucanbl (GyHKnn pacrupeaesenus (5.95), (5.96). lnsa nepexona B
cucremy, rae P, = 0, npejcraBuM 3T PyHKINN B PEJIATHBUCTCKY MHBAPHAHT-
HOM BHJIE:

B 1 B 1 . 1
Joe =owmr s T o T qro i 11

(5.101)

31ech BBeJIEH 4-BEKTOP CKOPOCTH ILIasMbl, v, v? = 1, KOTODHIH B ee cucre-

Me mokost paser: v® = (1,0), npu stom dyuKiuu pactpejgeserns (5.101) B

Tounoctn copnagaior ¢ gyukimsamu (5.95), (5.96). B cucreme P, = 0 mmeem:

v = (v9,0,0,v,), vg = 1/sinf, v, = —cosf/sin b, rae O — yroa Mexky BEKTO-

paMy UMITYJIbCa HAYAILHOTO HEATPUHO U MHYKIE MAIHIUTHOTO MOJISI B CUCTEME

[IOKO$ ILJIA3MBI.
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[Tepeitnem B dopmyiie (5.99) K 6e3pasMepHbIM IJIHHIPUIECKIM KOODIMHA-
TaM B IIPOCTPAHCTBE BEKTOPa UMIIY/ILCA KOHEYHOro Hefirpuno P

p=+/P2+P2/E,, tg¢=P/P., (=Pl/E..

3nech F| ecThb aHEprust HadaJbHOrO HefiTpuHo B cucreme P, = (0, KoTopast CBs-
3aHa ¢ ero sHeprueil F B cucTeMe IOKOs ILIa3Mbl cooTHoIeHneM | = E'sinf.
B nepemennbix p, ¢ Boipazkenue (5.99) meperuiiercs: B Bijie

1_)\ Cm
Gim*eBE? d¢

EW = d
4m /pp/5\/p2+c2(1—2\/p2+<2+p2)2

X {(O% +C3) [(1 + PP+ - 2p2] — 20y Ca(1 — p2><} X

X

+
o=+1

1 1 1
x 1 4+ e—(P'v)/To—ny (1 + e=@v)/T+n 1 4 e=(P'v)/T—n

toIT e—<1pv>/T+n TPy g 0_1>’ (5.102)
e
) = 5o (1= VFTE) (14 0B eost) — Cleost +08)].
) = 5o [(1 = VP ) (1 - o eost) — ((eost — o)
(P) = 5 (ViF T3t Ceost).

KpoMe TOro, BBejieHbl obo3Havuerust 1 = pu/T, 0, = u,/T,,

5= |1 4m? | A2
qi 1—2/p2 + 2+ p?

2m 1 )
)\:_7 :_\/1+ 2 - \2)7 — 4p2.
[Tepexoist B Boipazkerun (5.102) K HOBBIM MepeMeHHBIM HHTErPUPOBaHst § U & =
E, (1 — p?)/AT sin 0 un soigensst uaupyiommit sraag ~ E2 /m?, npeo6pasyem
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BEPOATHOCTDL K BHUIY

1
EW — GZeBE?T? sin’ Q/xdx/d { (Cv + Cy)?
0

273 11 oct2e(iruw)/rin,

X f(ﬁauan) f(_ﬁau7 —77) + f(ﬁﬂ“"; —77) f(_ﬁaunn)] +

Cy — Cy)?
* 1+ (e_zr%(l—iz/fﬁn [ f(ﬂ’ —u, 77) f(—ﬁ, —u, _77) +

rie obosnadeno € = F /(T,sinf), u=cos@, 7 =1T,/T,

1
1 4+ e—x(1+8)(1+u)+n”

f(8,u,m) =

Nurerpupys (5.103) 1o mepemenHoit (3, ¢ UCHOIB30BAHIEM COOTHOIICHUST

1

/ a3 (5, u, 1) £(— B, u, —n) =
0
1 14 e 20tn 1 4 gotn
= In
a(l —e29) 1+er 14eatn

(5.104)

rie a = x(1+u), u nepexo/isi B CHCTEMY TTOKOsI TLJIA3MbI, OKOHIATEIbHO HAXO/IIM

GieBT*E

W —vee)= 3
7r

{(CV + CA)2(1 — u)2 X

i
/ d¢ 1 Ch§+ch77+
n
(1 —e &) (14 ect/mtm) 1 +chn
0

+(Cy — —Cy; u— —u) }, (5.105)

rie € = F/T,. 3asucumoctsb BeposgtHOCTH (5.105) OT KOHIIEHTPAIMN JIEKTPOH -
HO3UTPOHHOIO I'a3a N = Ne- — Ne+ OIPEICIICTCs Yepe3 ero XUMUIeCKUii oTeH-
mma, M. (5.88). Ormernm, uro dhopmyna s BepositHocTn (5.105) crnipaseBa
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ISt cTydaeB Kak ropstaeit (g < 1), tak u xosoauoit (p > T') mrasmbl. B crydae
paspe;KeHHOr0 9JIEKTPOH - MO3UTpoHHOro 1 Hefirpurnoro rasa (1, u, T, p, — 0)
dbopmyna (5.105) BocponsBoauT pesyabrar (5.42) [jisi BEpOATHOCTH POIECCa
v — ve~ el B Ipejese CHILHOrO MArHNTHOTO 11015t B > E2sin® 0 6e3 mia3MbL.

B orcyrersue meiirpunanoro rasa (7, i, — 0), 115t ropsideii 91eKTPOH - 031~
TponHoil wiasmel (T — 00) BepoaTHOCTH (5.105) CTAHOBUTCS PABHOM T OT YHCTO
110J1eBOM BeposiTHOCTH (5.42), KaK YKa3bIBaJIOCh B pa3jl. 5.4.2, MOCKOJBKY CTATH-
cruueckue (paxToOpbl I 3JEKTPOHA U HO3UTPOHA B 3TOM IIPEJIE/Ie CTAHOBITCS

paBHbIME 1/2.

5.5.4. llosiHasg BepPOSATHOCTH B3aMMOAENCTBUsS HENTPUHO C
3aMarHN4Y€eHHON 3JIEKTPOH - IMO3UTPOHHON I1LJIa3MOii

151 KOppeKTHOTO aHaJm3a MpoIecca paclpocTpaHeHus HEHTPUHO B TOPs-
Jeil TJI0THO T11a3Me B IPUCYTCTBUU CHJIBHOTO MATrHUTHOI'O IOJISI HEOOXOJIMMO
PacCMOTPETDH IMOJIHBI HAOOp HEHTPUHO — JIEKTPOHHBIX IPOIECCOB. A MMEHHO,
KpOMe peakIiil paccessHus ve'w — ve’, WAyIuX U B OTCyTCTBUE IOJIA, W IIPO-
1ecca poKJIeHNs map Vv — ve~ e’ BO3MOKHOIO TOJLKO B MAHUTHOM IIOJIe, CJIe-
JIyeT y4ecThb ‘9K30TUUeCKUi” MPOIEeCce, KOrjaa HeHTPUHO 3aXBaThIBACT U3 ILIa3Mbl
9JIEKTPOH - IIO3UTPOHHYIO LApy: ve e’ — v. DTOT IPOLECC paspenieH TOJbLKO
PN OJTHOBPEMEHHOM HAJUYNN U MArHUTHOTO TOJIA, U TaasMbl. [Ipn sTom ¢du-
3UYECKUIl CMBIC/T UMEET TOJIbKO BEPOSITHOCTH IPOIECcca, IPOCYMMUPOBAHHAS 110
BCEM HAYAJBHBIM COCTOSHUSAM 3JIEKTPOHOB U ITO3UTPOHOB ILIa3Mbl. AHAJIOTHY-
HO OIIPeJIesISIeTCsl BePOSITHOCTh KAHAJIOB pPacCestHust vet — veT, Kak CyMMa 10
HAYAJIbLHBIM COCTOSIHUSIM € 1 e . [To/inast BeposiTHOCTD B3auMOJeicTBUS Hefi-
TPUHO C JIEKTPOH - O3UTPOHHOI 11J1a3MOII B MArHUTHOM T10JI€ CKJIa/IbIBAETC U3
BEPOSATHOCTEI IepeYnCJEHHBIX IIPOIECCOB.

Takum 00pa3oM, BEPOATHOCTHU IPOIECCOB PACCEsIHUSA CJIEJIYET OIPEIesATh B
BUJIE

1
W(veT — vet) = T / |S|? dTes for dT (1 — f12) dD, (1 —f1).  (5.106)
AHa.HOFI/ILIHO HJId IIPOIECCa 3axXBaTa ITaphbl
1
Wve e —v)= 7 / ST, fo dlu fordl, (1= f).  (5.107)

Kaxk B AHO U3 PHC. 54, nponeccaM paccCedHnd 1 3axXBaTa ITapbl COOTBETCTBYIOT
HeoOI'paHNY€HHbIE KHHEMaTHUYeCKNE O6JI&CTI/I7 IIOCKOJIbKY Ha4aJIbHbIC 3JIEKTPOHDI
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¥ TTO3UTPOHBI (DOPMAJILHO MOTYT HMETh JIIo0y10 sHepruio. CXoanMocTh HHTerpa-
JI0B obectiednBaeTcst QYHKIUSIMI PACTIPEICTICHNUS.

Nnrerpuposanne Boipazkennii (5.106), (5.107) BbImosHsIeTCsT O TOIT 2Ke cxXe-
Me, 9TO M3JI0ZKEeHa BBIIIE JIUIs [IPOIecca POXK/ICHNS naphbl v — ve e’ . BaKHbiM
MOMEHTOM IIPU WHTErPUPOBAHUE OyJIeT TO, UTO BEJMINHA SHEPIHN, [epeaBac-
MOIl OT HEHTPMHO aKTHUBHOI cpene, ¢ = F — E’', He aBasgercs MOJIOKNTEILHO
onpeeaéunoit. st BeposgTHOCTH (B €IUHUIYY BPEMEHH) paccesiHust HefiTPIHO Ha
9JIEKTPOHAX 3aMAarHIICHHON TIA3MBI Oy IaeM

G2eBT*E
W(]/e_ — VB_) = FZT X
GTH_?UI
d¢ 1+ e
2 . 2
) {(CV O~ / (1 —e€)(1+ e ct/mm) " 1+ e !

1—u
€T ——

dé 14 e
+(Cv — Ca)™(1 + u) / (1— e &)(1+ e te/mim) In 1+ =&t +
0

+[(CV + CA)Q(I — U)Q + (CV — CA)2(1 + U)Q] X

dg 1+ e
- / (€8 — 1)(1 4 e—=&/m+m) In 1+ e$tn } (5.108)
0

C yuérom dyukimit pacipeseserust (5.101) BeposTHOCTD paccesiHus Ha MO3W-
TpoHax mosydaerca u3z (5.108) zamenoit n — —n. Jlng kanama saxBara maphbl
nMeeM

GieBT’E

W(e et —v)= 64—3 [(CV +Ca)* (1 —u)® +

s

(5.109)
r ch& +chn
Cy — Cy)*(1 1 :

(v ) (1+u) / e —1) 1—|—e e=§/74m) " 1+chn

0

Kak y»ke ormedayioch, (pU3MYECKUIl CMBICJ UMEET TOJbKO ITIOJIHAsl BEPOSIT-
HOCTb B3aMMO/IefiCTBUs HERTPUHO € 3JIEKTPOH - IMO3UTPOHHOI I1J1a3MOIi:

Wy —v) = Wv—-vee)+We e —v)+
+ W(ve —ve )+ W(ve" — veh). (5.110)

Kak okazaJjioch, 9Ta BeJIMUYMHA UMeeT CYIIeCTBEHHO 00Jiee IIPOCTON BUJI;



5.5.  HeliTpnHo B CHJIBHO 3aMarHmdeHnon e~ e’ miaszme 239
GieBT’E 5 5
Wiy —v)=———5—1(Cv+Ca) (1 —u) x
(5.111)

. [F1 (@) _ Fl(—oo)] +(Ca— —Ca u— —u) }

riae F1(z) ectb ofna u3 cemeiicTBa GyHKIHI BUa

/ ehdg

Filz) = / (1—e ) (L+ectmter)

(5.112)

Y10 nmpumMedarebHO, B CYMMapPHOI BEPOSITHOCTH COKPATHIACH 3aBUCUMOCTD
OT XUMUYECKOT'O MMOTEHITNAJIA JIEKTPOH - ITO3UTPOHHOI'O T'a3a, 4, KOTopas IIPUCyT-
CTBOBaJIa B BEPOSITHOCTSIX OTIEIbHBIX IIporeccoB. Ha mepBwIil B3I, 9TOT pe-
3YJIBTAT BBITJISAIUT HEOOBITHBIM. JleficTBUTE/IbHO, XUMIIECKIl TOTEHITAJ CHIb-
HO 3aMarHMYeHHON I1a3Mbl, coryiacHo (5.88), MPOMOPIMOHAIEH ee KOHI[EHTPA~
[N, OT KOTOPOil BEPOATHOCTL B3aUMO/ICICTBUA HEHTPUHO C IJIa3MOIl OKa3bIBa-
eTcsd He 3aBucsieil. Bosppalasich K OTJIe/JIbHBIM KaHaJ aM, BUJIUM, 9TO s IPO-
1ecca pozKJIeHUs Mapbl V — Ve~ e’ pOCT KOHIEHTPAINN ILJIa3Mbl JOJKCH IIPUBO-
JINTh K YMEHBIIECHUIO BEPOSITHOCTH, ITOCKOJIBKY YMEHBIIIACTCsS YUCI0 CBOOOJIHBIX
SHEPreTUYeCKNX yPOBHEN I 9/IeKTPOHOB U MO3UTPOHOB. B mporecce 3axBaTa
napbl ve~ e’ — 1 BepoSaTHOCTD, COOTBETCTBEHHO, PACTET ¢ KOHIleHTpanueil. s
KaHAJI0B pacCesHmnsl BaKHbI 00a 3T MexaHm3Mma. OJHAKO OOHAPY KEHHBIN Ha-
M 3(DPEKT TOTHONH KOMIIEHCAIIMN ITUX MEXaHU3MOB B CYMMaPHON BEPOsITHOCTH,
I0-BUIUMOMY, HeJIb3s ObLIIO ITPeJIcKa3aTh 3apaHee, 0e3 POBeeHNST KOHKPETHOTO
BBIUNCIEHNS.

B cirygae pejikoro HeiiTpuHHOTO Tasa BeposiTHOCTD (5.111) BbIpaskaercs depes
muorapudm Lis(z):

GZeBT?E E?sin* 0
Wi —v) = ELEE e Tt

+ (Cy + C4)* (1 — cos0)? Liy (1 — eE(HCOSG)/QT) +

+ (Cy — Cy)* (1 + cosh)? Liy (1 - eE(lcosa)/QT) +
2
[(Cy + C) (1 + cos” ) — 4 CyCycosb] }, (5.113)
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rie Li,(x) — mommmorapudm mopsijika n

8

(5.114)

Lin(2) =)

k

T

ok
=1
OrHocuTebHBIE BKJIAJBI TJIA3Mbl 1 MArHUTHOTO TIOJIsI B IPOTECC B3aMMOJIEl-
CTBUS HEMTPUHO ¢ aKTUBHOIT cpeJioii TPpOUJIIIOCTPUPOBAHbI Ha PUC. 9.9, TJle PeJI-
CTaBJICHO OTHOIIICHNE BEPOATHOCTEN B3aNMOICHCTBUS HEHTPUHO C 3aMarHn4eH-
HOIT TIJIA3MOM U ¢ IMCTBIM MATHUTHBIM HoJieM, Ry, = Wy, /Wp, upn snadennn
yriia 6 = 7/2 B 3aBUCUMOCTH OT OTHOIIEHHsI SHEPIUU HEHTPUHO K TeMIIepaType
11a3Mbl. BUJIHO, YTO TIPU TOBBIIIEHUN TEMIIEPATYPhl BEPOSITHOCTH B3AMMO/IETi-
CTBUS YBEJIUYNBACTCS.

Bepositnocts (5.111) onpenensier napiuajbHbIil BKJIaJ pACCMATPUBAEMBIX
[IPOIECCOB B HEIIPO3PAYHOCTH 110 OTHOIICHUIO K PACIPOCTPAHCHUIO HEHTPUHO B

cpejse. OneHka JJIMHBI CBOOOIHOTO IIpodera, CBI3aHHON ¢ HEATPUHO - 9JIeKTPOH-
HBIMU IIPOIECCAMI, JAeT

1 103B 5 MsB\?
A= — ~1 ¢ . 11
W 70 KM 5 T (5.115)

DTO cJiejlyeT CpaBHUBATD C JIJIMHON CBODOIHOIO 1pobera HEHTPUHO 3a CUET B3au-
MOJIfICTBHS ¢ HyKJIOHAMH, KOTOpas IpH IoTHocTH p ~ 102 1/ cM” OKasbIBaeTCs
nopsijika 1 kM. Ha repBbIil B3IVIsI, BiAUsHIE HEHTPUHO - SJIEGKTPOHHBIX peaKITUil
Ha TPOIECC PacHpoCTpaHeHus HEHTPUHO TpeHeOpekuMo MaJjo. OjHako JimHa
npobera He ncUYeplibiBaeT HeHTPUHHOIN huszukn B cpeje. CylecTBEHHBIMU B acT-
poU3MIECKUX TTPUJIOKEHIAX BEJINUNHAMU SBJISIOTCS TaKKe IMOTePU SHEPIruu 1
uMITyJibca HedTpuHO. OCOoOEHHO BayKHBIM sIBJISETCS BO3HUKHOBEHUE ACUMMETPUN
OTEPH UMITYJIbCA HEHTPUHO, 0OYCJOBJICHHON BJIMSIHIEM BHENIHEIO MarHUTHOI'O
110J1s1. [TOoTBITKN BHIYUCICHIST TAKIX ACUMMETPUI 38 CIET HEHTPUHO - HYKJTOHHBIX
IIPOIIECCOB, CBA3aHHBIE C MTPOOJIEMOIT OOIBINX COOCTBEHHBIX CKOPOCTE ITyJIbca-
POB, IPEJMPUHUMAJINCH HEOJHOKPATHO (cM. [281] u nuTHpoBaHHbIe TAM PAOOTHI).
Kax MBI moKaxkeM HIKe, HECMOTPS Ha OTHOCUTEILHYIO MAaJIOCTh BEPOSATHOCTE
HEHTPUHO - 3JIEKTPOHHBIX IIPOIECCOB UX BKJIAJ B aCUMMETPUIO MOYKET OKa3aThCsi
CPABHUMBIM C BKJIAJAMI HEHTPUHO - HYKJIOHHBIX MPOIIECCOB.

5.5.5. CpemHue 1morepm 3HEPrum U MMILYJIbCA HENTPUHO

[Ipu mccaemoBannn yKa3aHHBIX HEHTPUHO - 9JICKTPOHHBIX B3aMMOICHCTBHIT
B MArHuTHOM TIoJie 1/min 1iasme [47-50, 68| anasms OOBITHO OrpAHITIHBAIICA
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E/T

Puc. 5.5. OTHomieHne BeposiTHOCTEN B3auMOI€fiCTBISI HEHTPUHO ¢ 3aMarHuYeH-
HOII TI7TA3MOIT U ¢ YHCTBIM MArHUTHBIM 110s1eM, Ry, = Wy /Wp, upn 6 = /2 B
3aBUCUMOCTHU OT OTHOIIEHUSI SHePIuy HEHTPUHO K TeMIlepaType ILJIa3Mbl.
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BBIYUCIEHIEM BEPOATHOCTEH 1 cedeHuil mporeccoB. Kak yxke oTMedaaoch, Mpak-
THYECKUIT MHTEePeC JJIsi acTPOMU3NKI UMEIOT He TOJIbKO BEPOATHOCTH IIPOIECCOB,
HO 11 CpeJIHSIA MOTeps SHEPIUH U UMIY/IbCa HEHTPUHO B cpejie |, KoTopas oIlpe-
JessieTcs 4-BeKTOPOM

dE dP

rie [/ u P - sHeprusg n uMmiy/ibc HavaJbHOTO HEUTPUHO, ¢ - PA3HOCTH UMITYJIb-
COB HAYAJLHOIO U KOHEYHOro Heirpuno, ¢ = P — P, dW - nomnas mudde-
peHInaIbHAs BEPOSITHOCTh BCEX MPOIECCoB, nepedncienubix B (5.110). Hymnesas
KOMIIOHEHTA QO CBg3aHa CO CpeJHell 3Heprueil, TepsdaeMoil OJHUM HEHTPUHO 3a
CJIMHUILY BPEMEHH, ITPOCTPAHCTBEHHbIE KOMIIOHEHTHI (Q — ¢ morepeil nMITyJibca
HEITPUHO 3a €JINHUILY BPEMEHU.

it caydast 9uCTO MArHUTHONO 110JIs 4-BEeKTOp 1oTeph ()¢ BBIUUC/ICH B pa3-
nene 3.1 rnaBel 1, rae morepu ObLIN 00YC/IOBJIEHBI €IMHCTBEHHO BO3MOXKHBIM B
OTCYTCTBHUE ILJIA3MbI IIPOIECCOM — POZKJICHUEM Iapbl IIPU JIBUKEHUN HEATPUHO B
CIJILHOM MATHUTHOM IIOJIe, V¥ — ve e'. B npegesne cuabHOro MarHUTHOTO OIS
JIUIST HYJIEBO U 2 - KOMIIOHEHT BeKTopa ()¢ OBbLIO 10JTydeHO

GieBE’sint)
4873
x {C} +C% +20yCycosd, (C + CF)cos +20yCa} .

Q) (5.117)

3 Boipaxkenuns (5.117), B 9aCTHOCTH, BUHO, UTO JlAZKe IPU H30TPOITHOM DPAC-
HpeJIe/IeH UMITYJIbCOB HEATPUHO CPEJIHsS OTepsi UMIIYJIbca OyjlerT OTIMdHA
ot Hyssi (nponoprnonanbia CyCy), 9T0 00YCIOBIEHO HECOXPAHEHHEM YeTHO-
cTH B cjaboMm B3ammojlelicTBun. Kak mokaszano B pasjiesie 3.3 IjiaBbl 1, B TOJIAX
~ 10° B, Besqmumnna HHTErPaIbHOI aCHMMETPHHI BBIJIETa HEITPHHO, 00YCIOBIICH-
Hasl KOMIIOHEHTOH (), u omnpejensemas Boipaxkennem A = | > P|/ > |P|, morra
ObI TOJILKO 3a CYET IIporecca V¥ — ve e’ gocrurarh Macmraba ~ 1%, KoTopwli,
KaK U3BECTHO, TpedyeTcs Jiisi 00bsiCHeHUsT HAOJII0/IaeMbIX COOCTBEHHBIX CKOPO-
creii mysbcapos |56, 57].

!Boobmie roBops, HEHITPHHO MOMKET KaK TepAThb, TaK W IIOAXBATEIBATH SHEPTHIO W HMITYJILC, IOSTOMY B
JaJbHEHTIIeM MBI OyIeM MOHUMATh “TIOTePI0” IHEPTUM U UMILY/IbCA B aJIreOpamIeckoM CMBICIIE.
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B npucyTcrBrm 3aMarHudeHHON MJIa3Mbl HAIIA BBIYUCIECHUA JaI0T CJIETYIO-
Uit pesyabTaT JIJId TeX Ke KOMIIOHEHT 4-BeKTopa MoTeph

Qo. = % {(C’V + C2)*(1 —u)* x
(5.118)
[ () - o] (04 o w0

rie dyukiust Fy(z) onpesenena B Boipaxkennu (5.112), snaku “muoc” win “mMu-
HyC” COOTBETCTBYIOT HYJIEBOil 1 2 - KoMmIloHeHTaM. Harlir pesysbraT Jijist 4-BeKTopa
MOTEPh, MOy IeHHbII JIJIsT CIydast 9ucTO MarHuTHOro o (5.117), Bocrpons3Bo-
murest w3 dopmyiiel (5.118) B mpejiesie pasperKeHHoOil TIa3Mbl
(T, T,, p, — 0).

st minocTpaml COOTHOIIEHNsT BKJIAJAO0B IJIa3Mbl I MAIHUTHOI'O II0JIsI B
4-BEeKTOP CpEJIHNX IOTEPb SHEPIUM W HUMIIYJIbCa HEHTPUHO B aKTHBHOI cpejie
paccMoTpuM HoJiee MPOCTYIO CUTYAIUIO PEJIKOr0 HEHTPUHHOTO Ta3a, 1 IeperuIiem
Beipazkerue (5.118) npu 3uadennn yria 6 = 7/2 B ciaemyionieM Buje

G%eBE?

Qo0 =m/2) = =455

(CY + C3,2CyCa) F (%) : (5.119)
e
6 LN 24N 48
Flr)=1+ " In (1 —e /2> — — Lip (e /2> — ?ngg (e /2) . (5.120)

3 cpasuenus (5.119) ¢ dopmyiioii (5.117) npu 0 = 7/2 Bujno, 9r0 QyHKIINA
F(E/T) upencrasisier coboil OTHOIIEHIE KOMIIOHEHT BEKTOPA MOTEPb B 3aMar-
HIYEHOH Ila3Me W B 4KuCcTO MaruuTHoM moje. Ha puc. 5.6 npusenen rpadpux
dbyuxin F(FE/T). Bugno, aro npu E = Ey ~ 3.4 T cyiectByeT cBoeobpasHOe
“OKHO MPO3pavHOCTH, KOTJla HEHTPUHO HE OOMEHUBAETCS SHEPIUEl U UMITYJILCOM
¢ 3aMaramdennoii mrasmoit. Orpunaresnpubie 3uadenus by F(E/T) npn
MEHDIINX SHEPIUAX 03HAYAIOT, UYTO HEHTPUHO 3aXBATLIBAIOT SHEPIUIO U3 I1J1a3-
MBI U IOJIYyYaioT OT Hee UMIIYJIbC MPOTUB HAIIPABJIEHUsST MarHUTHOrO mmoJjist. [lpu
SHepruax, 66abmux Fy, HeATPUHO epeaeT Iia3Me SHEPruio, a TAKKe UMIIYJIIbC
B HaIIPABJIEHUU I10Jisl. TO MOYKET MMeTh BeChbMa MHTEPECHbIE acTPOPU3NIECKIe
CJICJICTBUSL.
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F(E/T)

E/T

Puc. 5.6. ®ynkius F(E/T), onpe/iesdionias 3aBUCIMOCTb KOMITIOHEHT 4-BeKTOpa
M0TEPH SHEPTUU U UMITYJIbCA HEMTPUHO B 3aMarHUIE€HHOI T1a3Me OT OTHOIIIEHUST
SHEPruu HETPUHO K TeMIleparype Iia3Mbl, BBeéHHast B (5.119).
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5.5.6. VHTerpaJibHOE JielicTBUEe HEeTPMHO Ha 3aMarHUYeH-
HYIO IIJIA3MY

B kadecTBe MJLIIOCTPAIU IPUMEHEHUsI IOJYYEHHBIX HAMU PE3YJIbTATOB K
acTPOPU3NIECCKUM YCJIOBUSIM OIEHNM 00bEMHYIO TIJIOTHOCTb SHEPIUHU, TepsieMOit
HETPUHO 3a eJUHUIly BpeMenu, £, u KoMmioHeHTy F, (B0Jib 10Jist) 00beMHOM
IIJIOTHOCTU CUJIBI, JIEMCTBYIOIIEl Ha IJIa3My CO CTOPOHBI HEHTPUHO

(87]’:2) - /dnué QO,Z7 (5121)

rjie dn, - IJIOTHOCTb HAaYaJbHBIX HEHTPUHO.

#P B9, R)
(271')3 e(BE—mw)/T, 4 1°

dn, = (5.122)

3aeck B dyukimn (1, R) yareHo yrjioBoe pacipe/ie/ieHne HadabHbIX HefATpu-
HO, ¥} = COS (¢, (' - YTOJT MEXKJIy UMITYJIbCOM HEHTPUHO U pajiuaJibHbIM HaIIpaBJIie-
HUEM B 3Be3jle, R - paccrosgnme 10 1eHTpa 38e3/6l. OIHOBpeMEeHHO aHAJOTTIHAS
dbyuxiust (¢, R) moskaa O6biTh BBejieHa B crarucrudeckom dakrope (1 — f))
IPU UHTErPUPOBAHUE 10 UMITYJIbcaM KOHEUYHOTO HeiiTpuHo. B 0bosiouke cBepx-
HOBO# YIJIOBOE paclipe/ie/ieHre HeiiTpiuHo 6JIM3KO0 K u30TporiHoMy [280], mosromy
B pazjoxkeHnn pyHKIm P 1mo Bendnne ¥ J0CTATOYHO OTPAHUINTHLCA MJIAJIIIN-
v nojimHoMamu Jlexkanpa Py(1), n oHa MOKeT ObITh OJHO3HAYHO BbIPAKEHA
depes cpejiHue 3HadeHns <> n <12 > (Koropble 3aBucaT oT R) ciieayonum
obpazom

O, R) ~14+3 <P (¥)> P(¥) +5 <Py(0)> Py(0). (5.123)

HeiiTpuno, Bblieras U3 IeHTpaIbHOil 00J1aCTH 3Be3/bl C BLICOKOI TeMiepaTy-
poii, nonajaioT B nepudepuiitnyo 00JaCThb, TJe FeHePUPYeTCs CUILHOE MAIHNUT-
HOE 110JIe, U TJie TeMIlepaTypa 3JIeKTPOH - O3UTPOHHOIO Ia3a 6oJiee HU3Kast. [1pu
9TOM CIIEKTPAJIbHBIC TeMIICPATYPhI JJIsl PA3HBIX THIIOB HEHTPUHO PA3JINYHBI, CM.
wanpumep [5,280],

T, ~4MsB, T, ~5MsB, T, ~T, ~8M»sB. (5.124)

JeficTBre HENTPUHO HA IJIA3MY BEJIET K YCTAHOBJIEHHIO TEIJIOBOI'O PAaBHOBECH,
Stot = 0. IIpm anam3e 9TOro paBHOBECHS CJIE/IyeT YINTHIBATH BKJIAJIbl B BEJINYIN-
Hy &y BCEX MPOIECCOB B3aMMOIECTBIS HEATPpIHO co cpenoil. Kak y»ke ormeda-
JIOCh, BEPOSITHOCTD (3 — IIPOIIECCOB Ve + N = €~ + P CYIIEeCTBEHHO BbIIe, YeM JIJIs
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HEeHTPUHO - 3JIEKTPOHHLIX IIPOIECCOB, IOITOMY OHHU JIOMUHUPYIOT B SHEPreTHye-
cKOM OaJjiance. DHeprus, mepejaBaeMas 3a €IUHUIY BPEMEHH eJIUHUIe 00beMa
IJIa3Mbl 338 CYET STUX IPOIECCOB, B KOTOPBIX YYACTBYIOT TOJBKO 9JIEKTPOHHBIE
HEHTpPHHO, MOeT ObITh mpejacTasiena B suje: £(F) ~ B(T,, — T)/T. Orcio-
Jla CJIEJYET, 9TO 33 CUYET HEHTPUHHOIO IIPOrpeBa TeMIIepaTypa ILIa3sMbl JI0JK-
HA yCTAHAB/IMBATLCS OYeHDb OJIM3KO K CIEKTPaIbHOI TeMIepaType 3J1eKTPOHHBIX
neiirpuro (T ~ T,,). Omnako BKIag B £ OCTATBHBIX THIOB HEiTPHHO, CIICK-
TpaJIbHbIE TEMIIEPATYPbI KOTOPBIX MPEBBIMAIT T, , MTPUBOJUT K TOMY, 4TO TEM-
nepaTypa IJIa3Mbl OKa3bIBACTCs HECKOJIbKO Bbimie (17 2 T, ). B cBazu ¢ sTum
MIMEET CMBICJ OTJEIBbHO OINEHNTH BK/IAAbI B Besmdnubl (£, F,) oT HelTpHHO -
9JIEKTPOHHBIX IIPOIECCOB € yY9aCTHEM U, U CO BCEMH OCTAJILHBLIMU HEATPUHO 1
aHTUHEHTPUHO.

[TomuepkHeM, 9TO BO3HUKHOBEHHE IJIOTHOCTH CUJIbI J, B BhIpaykenuu (5.121)
o0ycJ10BJIeHO nHTepdepeHIeil BEKTOPHOI 1 aKCHUaJIbHO-BEKTOPHOI CBsI3eil B 3-
dbekTuBHOM Jarparkuane (1.1) u gBageTCs MaKPOCKOMHYECKIM TPOSIBIIEHIEM
HECOXPaHeHUsI YeTHOCTH B CJIa0bIX B3auMoeiicreuax. Ha mepBblii B3ruisi1, OCHOB-
HOIl BKJIaJ1 B Bemunny J, JIOJKHBIL JaBATh 3JIeKTPOHHDLIC HEHTPUHO, TOCKOILKY
Cv(ve) > Cy(v,,r). Onnako, Kax Oy/ieT HOKa3aHO HIZKE, OCHOBHbIE BKJIA/IbI IIPO-
HCXOJAT UMEHHO OT MIOOHHBIX U TayOHHBIX HEHTPUHO M AHTUHEHTPUHO (B CHLIY
coxpanennst C'P - 4eTHOCTH HeHTPUHO U AHTUHEHATPUHO TOJIKAIOT IJIaA3MY B OJHY
U Ty K€ CTOPOHY). DTO 0OYCJIOBJIEHO TE€M, UTO B OKPECTHOCTH Ve - HEHTPUHO-
cepbl CleKTpaIbHbIE TeMIIEPATYPbl OCTAILHBIX TUIIOB HEHTPUHO CYIIECTBEHHO
OTKJIOHAIOTCS OT TeMIepaTypbl maas3mbl 1 o~ T,

a) Ilpoyeccor ¢ yuacmuem 2AEKMPOHHULT HETMPUHO

1st 06'beMHOM IJIOTHOCTU HEHTPUHHBIX II0TEPh SHEPIUU U ILJIOTHOCTH CH-
bt (5.121) MBI TIOJTy9HIIH CJICIYIONIEE BhIPAKCHIIE

BT
€ F), Ge— (C2 + €2, 20, C)
T3 3
" / xdx / Yy dy N
et — 1 1+ e 27yt )(1 + ev=)
0
27 i 3dx I 3y — x)dy
— (<¥?>—< . 12
+8 D /eﬁ” 1/ 2(1 4 ev="w) (5.125)
0 0

rie 7. = T, /T. D1a opmyiia BbIHCAHA B TPE/IIOIOKEHII MAJIOTO OTKJIOHEHUS
OT TEILJIOBOI'O PABHOBECUS MEYK/1y HEHTPUHHBIM I'a30M U 9JIEKTPOH - IIO3UTPOHHOIT
mwiasmoit, (7, — 1) < 1, u, cjieoBaTesibHO, CPABHUTEIBHO HEOOJIBINON acuMMeT-
pun HefiTpuHHOrO pacupeeenus, (<92 >—1/3) < 1.
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YucsienHast oreHKa JlaeT

7
. 3pr JH B T
& F ~ (20x10% 0.57 x 10% 25)
( 7‘F ) e >< CM3 . C’ X CM3 1016FC 4 MSB X

x e [(re —1)+0.53 («9%—%” : (5.126)

b) Ipouecco, ¢ yuacmuem Ue, V7, Uy r

B srom ciyuae semmanny (1, /T — 1) yzKe HeJb3s CIUTATD MAJIBIM TTApAMET-
POM, B TO K€ BpeMsl OTHOCUTEJILHBII BKJIaJ aCHMMETPUN HEHTPUHHOIO paciIpe-
nenennst Heesnk [280], u uM MOXKHO TpeHeOpeUb.

J171s1 aucieHHOl OIeHKU YJIOOHO IPEICTaBUTh BEJINUMHbI Eu F. (5.121) B

caejytornieit hopme

(&, F)y, = A (C} + C3,2Cv Ca) (i) ¥(7), (5.127)
rae
1.6 x 1030 2PL
12G2e BT" B T\’ T are
A== () s ) o (5.128)
0.55 x 102 2
4 2,.2 4 4
n); Ton; s _ o T
i) = o= L+ —— + Liy(—e ™), 0) = — ~ 0.947, 5.129
7_27 [ y*dy im
Y(1) = a /eny — [ (ri—1)y 1} , Ww(m) T 1. (5.130)
0

Dopmyitbl (5.125) - (5.130) 1eMOHCTPUPYIOT, B 9ACTHOCTH, 4TO BO3IEHCTBIE KAK-
JIOil OTJIeJIbHOM HEMTPUHHON (ppaKIny Ha 3JEKTPOH - MMO3UTPOHHYIO ILJ1a3My 00-
palmaeTcd B HOJb B CJAydae TEPMOJMHAMIYIECKOTO PaBHOBECUS MEXKITY JaHHOI
dbpakuueit u mwiasmoit, 7; = 1, <9>=0, <9?>=1/3.

[Tokazkem, 9TO TJIaBHBIN BKJIAJ B BO3JeficTBUE HEWTPUHO Ha ILIa3My O0y-
CJIOBJIEH, KaK YK€ OTMEeYaJIOCh, MIOOHHBIMHU 1 TAYOHHBIMI HEMTPUHO 1 aHTUHEN-
tpuno. JeitcrBuresnbro, dyuknus ¥(7;) (5.130) ObicTpo pacTer ¢ yBeJndIeHIEM
OTKJIOHEHUS CIEKTPAJILHOI TeMIepaTypbl HEMTPUHO OT TeMIePaTypPhl ILJIa3Mbl.
Hanpumep, npu temmeparypax (5.124) umeeM /it 9JIEKTPOHHBIX aHTHHEATPU-
1o 1(1.25) ~ 0.824, i MIOOHHBIX U TAYOHHBIX HEHTPHHO U aHTHHEHTPHHO
Y (2) ~ 38.47. VImMeHHO 9TO 0OCTOATEILCTBO MIPUBOJAUT K KOMIICHCAIIMH MAJIOCTH
KoHCTAHTbI Cy (V) - ) U JleJ1aeT BKIAJ V), r, V), » HE TOJIBKO CPABHUMBIM C BKJIJJOM
9JIEKTPOHHBIX HEHTPUHO N aHTUHENTPUHO, HO JayKe JOMUHUPYIOIINM.
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Kak oTmedaJioch Bbllle, BKJIaJ HEHTPUHO - 9JIEKTPOHHBIX ITPOIIECCOB B SHEP-
reTudeckKoe BO3JeiicTBre HeHTPUHO Ha IJIa3My MaJl 10 CPaBHEHUIO CO BKJIAI0OM
(3 - TIPOIECCOB M TPUBOJIUT K HEOOBINOMY OTKJIOHEHHIO OT PABHOBECUS MEXKLy
9JICKTPOHHBIMU HEHTPUHO U IJIA3MOI, TaK YTO CyMMapHbIil BKJaJl (3 - IpOIECCOB
U BCEX Ve - MPOIECCOB B BeJNINHY £ OKA3bIBACTCS PABHBIM HYJIIO.

Yro KacaeTcsd CHJIOBOTO BO3JIEHCTBUSA HEHTPUHO Ha IJIA3MY BJOJbL MarHHUT-
HOTO TOJIsI, ONUChbIBaeMoro Bejqnanuoit F, B dopmytax (5.125) - (5.130), mis
CYMMAapHOI'0 BKJIaJla BCEX COPTOB HEHTPUHO HAXOJIUM

7
F. ~3.6x10% A B I

5.131
cm? \ 10%6T¢ 4 M»>B ( )

3/1eChb MbI JIJIs1 OIIEHKH TOJIOZKILIN XUMIIECKIe IIOTEHIINAIbI HeITPUHO PaBHBIMU
mysto [5]. Hamomunm, aro Besmmaunna (5.131) okasajiach He 3aBUCSIIEH OT XUMU-
YeCcKOro IMOTEHIINA/Ia JIEKTPOH - TIO3UTPOHHON I1J1a3MBbI.

[Lnornocts cubt (5.131) crieryer cpaBHUTH ¢ HEJABHUM DE3YJIBTATOM JIJIsT
AHAJIOTUIHON CHITBI, 00yCI0BIeHHOf 3 - miporieccamu [282]. [pu Tex xe dusmde-
CKHUX YCJIOBUSAX IOJIyIEHHAs] HAMHU BEJIMINHA CUJIbI 38 CIET HEHTPUHO - JIEKTPOH-
HBIX IIPOIIECCOB OKA3bIBALTCSI TOI'O YK€ MOPsJIKa, U, ITO OCOOEHHO BayKHO, TOI'O 7Ke
3HaKa, 9TO 1 pe3ysbrar |282|. Takum o6pazom, posib HEHTPUHO - JTEKTPOHHBIX
IIPOIECCOB B MHTEHCUBHOM MArHUTHOM II0JIE MOXKET OKa3aThCsl CYIECTBEHHOII,
HapsIJIy CO BKJIAJIOM (3 - IIPOIIECCOB.

Ormernm, 9T0 I0THOCTE cuiibl (5.131) Ha 5 MOPSIJIKOB MEHbIIE MJIOTHOCTH
I'PABUTAIMOHHON CUJIbI U IIO9TOMY IPAKTUYECKH HE BJIHMSIET Ha PaIUuaIbHYIO JIU-
HAMUKY 000JI0YKHN cBepxHOBOit. OHAKO B Clydae, Korja B 000JI0YKe FeHepupy-
eTcst TOpOHIAIbHOe MarauTHoe ToJe [28,29], cuna (5.131), Hampas/aeHHass BIOIb
110JT81, CIIOCOOHA JIOCTATOUHO OBICTPO, 38 BPEMeHa TIOPSIKa CeKYH/IbI 2, IPHBECTH
K CYIIECTBEHHOMY Iepepacipe/ie/IeHII0 KacaTeIbHbIX CKOpocTeil 1mia3Mbl. [1pn
9TOM B JIByX TOPOHJAX, B KOTOPHIX MarHUTHOE I10JI€é MMEET ITPOTUBOIOJIOYKHbIE
HallpaBJIeHUsI, KacaTe/IbHOe HEHTPUHHOE YCKOpPEHUE ILJIa3Mbl OyjIleT UMeTh pas-
HBIil 3HAK 110 OTHOIIIEHHUIO K BpalllaTeJbHOMY JIBUYKEHUIO ILIa3Mbl. DTOT 3 dEKT,
B CBOIO OY€PE/ib, MOXKET NPUBECTH K CYIIECTBEHHOMY Ie€pepacipejieieHI0 CU-
JIOBBIX JIMHUIT MArHUTHOTO I10JIs, KOHIEHTPUPYS UX HPEUMYIIEeCTBEHHO B OJHOM
13 TOPOUJIOB. DTO NPUBOIUT K 3HAYUTEIbHON aCUMMETPUN SHEPIUU MarHUTHOTO
1OJIsT B JIBYX TOJIYIIAPUAX U MOYKET OBITH HMPUYINHON ACUMMETPUIHOTO B3PbIBA
cBepXHOBOIT [283,284], wro MO0 OBI CITYKUTEH 00bsicHeHNEM (heHOMEeHA OOJTBITIX
cOOCTBEHHBIX CKOpOCTeil 1y ibcapos [56,57|. Tlo Hamemy MHeHUIO, pecTaBIisi-
eT MHTEePeC MOJIe/INPOBaHNe MeXaHU3Ma IeHePaIli TOPOUIaJIbHOI0 MArHUTHOT'O

2U3BecTHO, ITO CTAOHs OCTHIBAHIA ODOJIOUKH CBEPXHOBOH, TaK HasLiBaeMas cTaaug Kempsuma - [embM-
roJibiia, ajaurcs okojo 10 c.
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[0JIA ¢ YYETOM CUJIOBOTO HEATPUHHOTO BO3JIEIICTBUA Ha IJIa3My KaK depe3 Heii-
TPUHO - HYKJIOHHBIC, TaK U HEHTPUHO - 3JICKTPOHHbLIE ITPOIECCHI.

Kak naMm u3BecTHO, B CyHIECTBYIONINX CUCTEMAX YUCJIEHHOTO MOJIETNPOBAHMS
acTpOPU3NIECKIX KATaKJIN3MOB, TaKNX, KaK B3PbIBbI CBEPXHOBBIX U CJIUSTHUS
HEITPOHHBIX 3Be3J, I'/le, B IPUHIINIIC, MOI'YT PEaIn30BaTbhCd paccMaTpuBacMble
dusndeckme ycaoBus, uccieryemMble HaMu 3PHEKTH HERTPUHO - IJIEKTPOHHBIX
B3aMMO/IEICTBUII He YINTHIBAINCH. BMecTe ¢ TeM, TP JIeTaJIbHOM aHAJ3e yKa-
3aHHBIX aCTPOMPUBNIECKUX TTPOTECCOB YUET BJIUAHUS TaKO AaKTUBHOI CPeJIbl, KaK
3aMarHmueHHasg e~ e’ - [a3Ma, Ha KBaHTOBBIE IPOLECCHl ¢ y9acTHeM HeATpHHO
MOZKET OKa3aTbCs CYIEeCTBECHHDLIM.

5.5.7. HeitTpuHo-3/1eKTPOHHbIE IIPOIECChl C YIHETOM BKJIa/1a
BO30Yy2K/IEHHBIX ypoBHeil Jlangay

Hastnane mI0THO M1a3Mbl BO BHEITHEM MATHUTHOM TIoJie, Korja p? > 2eB,
IIPpUBOJIUT K TaKoil CUTyaluun, KOra 3JICKTPOHDI IIJTa3Mbl HAYNHAIOT 3aCCJIATH BO3-
Oyzxkuéunble yposuu Jlangay. B paborax [74,76] anagnsupoBasics MOJTHBIH HAOOD
HEHTPNHO-3JIEKTPOHHBIX IIPOIECCOB B (PUBMUECKUX YCIOBUSX IJIOTHOM 3aMariu-
deHHoit 11a3mbl. PacemarpuBaicst ciydaii 6osiee ciaboro, dem B anasuze |70-73],
MarHuTHOTO T10JIs1, KOTJIa JJOMIHUPYIOMNM (DU3NIECKIM ITapaMeTPOM 3a/1a49N1 SIB-
JISTIETCST XUMUYECKUI MOTEHIA 3JIEKTPOHOB [i:

p? > 2eB > T? w? > m?, (5.132)

rac W — TUIIMYHaA SHEPI'UA HeﬁTpHHO. OILH&KO 1PN 9TOM TaKzKe IIPpeAIIoJIaraJioChb,
qTOo H&HpH}KéHHOCTb MaTl'HUTHOI'O IIOJIA JOCTAaTOYHO BEJINKa:

eB > uw. (5.133)

CortacHO  COBPEMEHHBIM — aCTPOQU3MICCKUM  [TPEICTABICHUSIM,  YCJIOBHS
(5.132) u (5.133) Morvtn ObI Peasn30BaTHCST BO BHEIIHIX CJIOSIX 0D0JIOTKN CBEPX-
HOBOIf, IPH 9TOM MArHUTHOE I10JI€, SBJSSCH CJa0bIM Ha MaciiTabe XUMITIECKOTO
MOTEHIIATA TIA3MBI, MOYKET OBITE JOCTATOTHO OOJTBIIINM 110 CPABHEHHIO € KPUTH-
decKuM 3HadYeHneM B.. [leficTBUTEIbHO, THIIHYHBIE YCJIOBHST B 000JI0UKE CBEPX-
HOBOI TAKOBBI, UTO XUMIUECKHil moTeHnua — p ~ 30 me, TeMiepaTypa 1Ia3Mbl,
a, CJIeJIOBATENLHO, W cpejiidd sueprusd neidrpuno — 1T ~ w ~ 6m,. [logcras-
JIsist 9TH 3HadeHns B yeaosus (5.132) n (5.133) MOXKHO OIEHUTDH HANIPSIKEHHOCTD
MAarHITHOTO TI0JIS

B
900 > 2 — > 36 > 1. (5.134)

e
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B
— > 18. 5.135
B > ( )

e

Cootrrormennst (5.134), (5.135) mokas3pIBaiOT, 9TO MAPHUTHBIE TIOJIST C HAIDSI-
sKégHOCTAME B ~ 10 — 10'° I'c ynoBieTBopsioT paccMaTpHBACMBIM YCIOBHSAM
1 MOTYT PacCMaTpPUBATHCS KaK OTHOCUTEIBLHO ~'cyradbie’.

CorvtacHO IpejicTaB/ACHHOMY B paboTax KUHEMAaTHYECKOMY aHAJIM3y, B pac-
cMaTpuBaeMbIxX ycsioBusx (5.133) ocHoBHAST 9aCcTh HEHTPHHO-3JICKTPOHHBIX PO~
IeCCOB OKa3blBaeTcd IojaBjleHa. B 4acTHOCTH, B CUIBHO BBIPOXKICHHOIL ILIa3Me
CTATUCTUYECKUM (DAKTOPOM IOAABJICHBI IIPOIECCHI € 3JIEKTPOH-TIO3UTPOHHOI T1a-
poif B HAYAIbHOM /I KOHEYHOM COCTOSIHUSIX, Ve €' <« 1, VD <> e~ e, a TakKe
POTIECCHI € TIO3UTPOHOM B HAYATBHOM M KOHETHOM COCTOSIHUSX, €'V <« etu,
e"vr « et. Kunemarnueckuil aHa/u3 MO3BOJISET CIEJATH BBIBOJI O TOM, YTO
B YCJIOBHUAX IIOTHON 3aMarHM9eHHOll IIJIa3Mbl BO3MOZKHBI TOJIBKO IIPOIIECCHI, B
KOTODBIX U Ha4aJ/IbHbI{l, 1 KOHEYHbIil 3JICKTPOHBI 3aHUMAIOT OJUH U TOT K€ yPO-
senb Jlannay. Ilpu sTom nporeccbl CHHXPOTPOHHOIO IOIVIOMICHUA U U3JIyYeHUs
HEfiITPUHHOI TTapbl, BO3MOXKHbIE TOJBKO IPU 1 7# M| 3alPEIeHbl, TaK UTO eIIMH-
CTBEHHO BO3MOYKHBIM IPOIeccoM B yestoBusx (5.132), (5.133) asisterca mporiece
paccedHns HEfITPUHO Ha IJIa3MEHHBIX 3JICKTPOHAX € COXPaHeHUeM HOMepa yPOB-
ns Jlangay.

BeposTHOCTL HEHTPUHO-3JIEKTPOHHOI'O pacCesdHHsd € COXpPaHEHHeM HoMepa
yposusa Jlannay, mpocyMMupoBaHHasd [0 COCTOAHUSM HadabHOIO 3JIEKTPOHA,
uMeeT BUJL:

b/

G%(C? + C%)eBw / qo duw’ y
4’]‘(‘3Z2 (enu_wl/Tu + 1)(1 — e—QO/T)

W(Ve——we—) =

a/

(L= /)

w

+ (v — —u), (5.136)

X (14 u?)(1 + 2%) — duz + qo(1 — 22

riae 2 = /1 —2eBn/u2, a’ =w(l —uz)/(1+2),V =w(l —uz)/(1 - 2), 5, =
/Ty, u = cosf, § — yros Mexkjry BEKTOPOM HMITYJIbCA HAYATBHOIO HeTprHO K
U HallpaBJeHIEM MarHUTHOTO ITOJIsI.

[TostHAST BEpOATHOCTH HEHTPUHO-3JIEKTPOHHBIX IIPOIECCOB B 3aMarHUIEHHOI
IJ1a3Me MOKET ObITH IpeJICTaB/IeHa B BUJIE CYMMBI 110 ypoBHsIM JlaHtay:

Wtot — Wn:O + Wn}l-
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31ech W, —p — BEpOATHOCTD TTOJTHOTO HaOOpa HEHTPUHO-3JIEKTPOHHBIX IIPOTIECCOB
B CHJILHO 3aMarHUYEHHOI IIJIa3Me B cJIydae, KOrjia 3JeKTPOHBI 3aHIMAIOT TOJIHKO
ocHoBHO# yposenb Jlanmay [70-73], W,,>1 — BkyiaJ1 or Bbiciinx yposHeit Jlamnay
PN YCJIOBHH, KOTVIa JIOMUHHUPYIOIIIM SIBJISIETCS TIPOIECC PACCestHNsT HEITPUHO Ha
9JIEKTPOHAX C COXPaHEHNeM HoMepa ypoBHd Jlanjay:

nmaw

Wizt =Y Wi, (5.137)

J1e Ninae = |12/2eB] > 1, a [z] — nenag yacTb yncia .

B nipejiesie mIoTHON T1a3MbI, KOT/1a OCHOBHOI BKJIa/l B TIOJIHYIO BEPOSTHOCTD
nator yposun Jlaumay ¢ n > 1, Boiparkenne st BepositHoct (5.137) mpuobpe-
TaeT BUJI;

1
 GRCE+C) P T w [ dz
Wiz1 = : 473 /?
0
b
X {((1+z2)(1+u — 4uz) /CD )d€ + (5.138)
+ %(22—1)(2—%6)/5@(6)615 bt ),

riea=r7z(14+u)/(1+2z)ub=rrz(l—u)/(1 —2),r=w/T,, 7=T,/T.
B npesiesie paspexxennoro mefirpumnoro raza (w > 1)) no/nas BeposATHOCTD
HEfITPIHO-9JIEKTPOHHBIX TTPOIIECCOB NMEET OCOOEHHO TTPOCTOf BIT;

G2 (C + )
1573
Heobxogumo 3amernth, aT0 Bbhipazkenue (5.139) i MOJHON BEpOSTHOCTH
MOJIy9€HO B MPUOJIIZKEHIN JTOCTATOIHO Gosibiioro mosist (eB > uT'). Heemorpst
Ha TO, YTO OHO HE 3aBUCUT sIBHO OT BEJIMUNHBI MAIHUTHOI'O 110JIs1, OHO He SIBJIAeTCs
U30TPOIHBIM 1 HE COBIAJIACT C Pe3yJIbTaTOM

Wiot = (0.82u* — 1.71u* + 1.11). (5.139)

Giu?(Cy + OF)w?
1573 ’

Wopae = (5.140)

IIOJIYYE€HHBIM B OTCYTCTBHMU IIOJI<.
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-1 -0.5 0 0.5 1
cos

Puc. 5.7. OTHOCHTEIbHAST BEPOSITHOCTH HEHTPUHO-3/IEKTPOHHOIO PACCEsIHUST B 3a-
MarHU9eHHO# I1aszMe KakK (PYHKINA yIyia MeXKYy BEKTOPOM HMITYJIbCa Hadajlb-
HOI'O HEAITPUHO U HallpaBJEHUEM MarHUTHOIO IOJIS.

Ornorenne Bepositaocteit (5.139) u (5.140) mpejcrasieno rpadudeckn Ha
puc. 5.7. Kak MoxKHO yBUAETh 13 rpaduka, BEpOSTHOCTL PACCEAHIA HEHTPUHO
HA [JIA3MEHHBIX 3JICKTPOHAX B IPUCYTCTBUM BHEINHEr0 MAIHUTHOIO 1I0JIs He3HAa-
YUTEJILHO IPEBLIIIAeT BEPOSITHOCTL B ILIa3Me 6e3 II0JId TOJLKO B OKPECTHOCTH
Toukn @ = /2, TO ecTb KOrja HAYAILHOE HEHTPUHO PACIIPOCTPAHSIETCS B ILJI0C
KOCTH, IepPIeHJINKY/ISPHON HAIPABACHUIO BHEIIHEI0 MAHUTHOI'O IOJISI.

B kauecTBe BOZMOXKHBLIX aCTPOPU3MUECKUX [PUIOZKEHUIT BLIUUCICHBI CPei-
HIE IIOTePH SHEPIUU U UMILY/ILCA HEATPUHO IPU PACHPOCTPAHEHUU CKBO3bL 3a-
MarHUYEHHYIO I1a3My. B 1mpejesie odeHb ILUIOTHOM ILIa3Mbl, KOrja BO30YKia-
eTcst OOJIBIIOE YMCJIO ypoBHel Jlamjgay, morepu sHepruy HefTpUHO B IPOIECce
ve — ve HMeT OTHOCUTEJILHO IIPOCTON BUI:

GA(C% + C?)
— ¥ ‘;3 AL 12Ty, Jp(1), (5.141)
1 o0
T4 dz 5
Jp(t) = 5 | = dyy? [y(1 —22) + 42 (1 +2%)] x
0 0
1 — ey(1-7)
) — O w2z (5.142)

1 —e ¥y
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JB(T), JB:(](T)

6 L

r=1T,/T

Puc. 5.8. ®yuxrun Jg(7) (crutomuas jmuns) u Jp_o(7) (MyHKTHpHAS JUHNS) B
3aBHUCHMOCTH OT OTHOCUTEJILHON CHEeKTPaJIbHON TeMIepaTypbl HEHTPUHO.

rJ1e N, KOHIEHTPallld HAYaJIbHBIX HEHTPUHO, a TapaMeTp 7 UMeET CMBICT OTHO-
CHTEJILHOM CIIeKTpaJIbHOI TeMiepaTypsl Heiirpuno, 7 = T, /T. NnrepecHo cpas-
HUTDH pe3ysabrar (5.141) ¢ moTepsiMur SHEPruE HEHTPUHO B MIPOIECCe PACCESTHIS Ha
MJIa3MEHHBIX 9JIEKTPOHAX B OTCYTCTBHE TOJIsI, KOTOPbIE MOTYT OBITH IIPEICTaBIe-
HBI B popMme

2 (2 2
Gr(Cy +C3) 12T n, Jp—o(T), (5.143)

€B=0 = 3
(o]

Jp—o(T) = 477 / d¢ €

0

9 66(7—_1) — 1

R — 5.144

Oyuxrmn Jp(7) n Jp—o(T) OnpeaessiorT 3aBUCHMOCTD [OTEPh SHEPTUH Hefi-
TPUHO OT €r0 OTHOCUTEIBLHOM CHEKTPAJIBHOI TEeMIIEpATyPhI T, & TaKKe 3HAK 9THX
norepb. B mpenese 6obiux 7 3> 1, (T, > T'), stu GyHKINN CBOIATCI K CTe-
IEHHBIM U MMEIOT TTPOCTOM BH/T

Jp(1) ~4.35 7%, Jp_o(1) =8 1.

I'paduk byuxmuit Jp(7) u Jp_o(T) npencrasien Ha Ha puc. 5.8. I3 rpadu-
Ka, B YACTHOCTH, BHUJIHO, YTO CJIydae KOIJa TeMIepaTypa HeATPUHO HUZKE, YeM
temieparypa mwiasmel, T, < T, (7 < 1), morepu sHeprun OTPUNATEBHBL. JTO
O3HAYAET, YTO HEHTPUHO MOIXBATHLIBAET SHEPIUIO U3 ILJIA3Mbl, YTO IIPUBOIUT K
OXJIAZKJICHIIO TIa3Mbl. [losokuTenbubie 3uauenust Gyuximit Jp(7) 1 Jp—o(7)
nmpu T, < T, (T < 1), COOTBETCTBYIOT TOMY, 9TO HEHTPHHO, PACIPOCTPAHSSIChH
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CKBO3b TIJIa3MYy, OT/IAET SHEPIHIO, TeM CAMBIM HarpeBasd ria3my. TakuM oOpasom,
JleficTBre HEHTPUHO Ha ILJIa3My BEJAET K YCTAHOBJIEHUIO TEILJIOBOI'O PABHOBECHS.
B caydae, Korjia crieKTpajibHas TeMIepaTrypa HeiTpUHO OJIM3Ka K TeMIiepaType
mwia3mbl, (7 — 1), HETPUHO He M3MEHSIeT SHEPIuh IJIa3Mbl, TaK KaK ITOTEpH
sHeprun Heiirpuno (5.141) cTpeMsaTest K HYJIIO.

Bosee Toro, pesyjibraTbl UNCICHHBIX pPacdEéToOB, IIPeJICTaB/JIeHHbIE HAa PUC.
5.8, HOKa3bIBaIOT, YTO IOTEPH SHEPrUUd HEHTPUHO B 3aMarHUYCHHON ILIa3Me
MeHbIIe, YeM B I1asMe 6e3 1mojisd. TakuM obpas3oMm, 3aMardHndeHHas 3J1eKTPOH-
MO3UTPOHHAA TIJIa3Ma dABJisieTcsd OoJjiee MPO3padHoil cpeioil juid HEHTpUHO, YeM
HE 3aMarHUYeHHAs.

Yro KacaeTcs CHUIOBOTO BO3AEHCTBUS HEHTPUHO HA ILJIA3MY, TO, KaK BIJIHO
u3 Bbipazkerust (5.138), BepOsITHOCTH Tpoliecca ve  — Ve  — CUMMeTpHYHAs
YHKIIST OTHOCUTEIbHO 3aMeHbl 6 — m — 6. CjegoBaTesbHO, MPOIECC paccesi-
HUsI HEHTPUHO Ha BO3OYKJIEHHBIX 3JIEKTPOHAX ILJIa3Mbl C COXpaHEHHEM HOMEpa
yposus Jlanmay He gaeT BKJIaja B cuty F3. Takum odpasom, B caydae OTHOCH-
TeJIHO C1a00 3aMarHNIeHHOl 1a3Mbl B yeaousix (5.132), (5.133), cuna, ¢ Ko-
TOPOI HEHTPUHO JIEHCTBYET Ha I1J1a3My, 00yCJI0BICHa HEHTPUHO-3JIEKTPOHHBIMI
IIPOIeCCaMy, B KOTOPBLIX yYaCTBYIOT 3JEKTPOHBI, 3aHUMAIOIIIE TOJHKO OCHOB-
noit yposenb Jlammgay. Kak yxke ynmomMumHa och, 3TOT cjydail MojapoOHO mccie-
noBajicst B paborax [70-73|. B wactHOCTH, OBLIO OOHAPYZKEHO, UTO CyMMAapHbIiT
BKJIJ[ HEHTPUHO-3JIEKTPOHHBIX IIPOIECCOB HE 3aBUCUT OT XUMHUYECKOI'O IIOTEH-
IuaJia JeKTPOH-TO3UTPOHHON My1a3Mbl. OTMETHM, YTO BOZHUKHOBEHHE CHJIBbI B
npejiesie CUJILHOIO MAarHUTHOTO TIOJIsd, KOTJIa SJIEKTPOHBI 3aCesdAl0T TOJBKO OC-
HOBHOI ypoBeHb Jlamjaay, ObLIO 00YyCJI0BJICHO HMHTEepdEpeHIyeil BeKTOPHON u
AKCHAJIbHO-BEKTOPHON KOHCTAHT CBA3M B 3(PMEKTUBHOM JarpaHzKIaHe B3amMO-
neficTBus HefiTpuHO ¢ 1eKkTponami (5.22). Kak okazasioch, /71 9JIEKTPOHOB Ha
BO3OYKJIEHHBIX YpoBHsX JlaHmay (n # 0) Takas wHTepGhEPEHINs He NMEeT Me-
cTa 1 HEHTPUHO-3JICKTPOHHBIE IIPOIECCHl ¢ YUACTHEM 3JICKTPOHOB Ha BBICIINX
ypoBHAX Jlamgay JaroT BKJaJ TOJLKO B moTepu sHepruu. CreoBaTe/bHO, pe-
3yJIbTAT, MOJIyueHHbIl B paborax [70-73|, umeer Gojiee MMPOKOE NPUMEHEHNEe
1 MOXKeT OBITh WCIOJIb30BaH JaxkKe B Cydae, KOrja KBaJpaT XUMUIECKOro I0-
TeHInaIa JEKTPOHOB 3HAUYNTEIHLHO 0OJIbINE HAIPSIKEHHOCTH MArHUTHOTO TIOJIsT
(1 > eB).



I'maBa 6.

HeiiTpnno—doroHHnle
B3alMO/IeICTBUSI BO BHEIITHEN
AKTUBHOI cpejie

6.1. B3aumoieiictBue vvy BO BHelllHeli aKTUBHOII
cpene

Kak y»ke ormMevasoch, CHJIbHOE MArHUTHOE T10JIe OKA3bIBAET aKTUBHOE BJIMSI-
HUE Ha CBOICTBa 4acTull. Bo-IepBbIX, OHO CIIOCOOHO MHIYIMPOBATHL HOBBIE B3a-
UMOJIECTBISA YaCTHIl: HAIIPUMED, BOZHUKAIOIIEe Ha OJHOIETIEBOM YPOBHE B3aH-
MOJIeiicTBIE He3apsizKeHHBIX 0€3MacCOBBIX HERTPUHO U poToHa. Bo-BTOpHIX, 110J1€
CYIIECTBEHHO MEHsAEeT KHUHEMATUKY YacTHIl, OTKPhIBas HOBbIE KAHAJIBI, 3aIIPEICH-
Hble B BaKyyMe 3akoHamu coxpaHeHusi. Cpejin TaKuUX IPOIECCOB HEHTPUHHBII
pacraji poToHa Y — VU U HeWTpUHHOe m3jydenue poroHa v — V7, Ha3biBa-
eMoe TaKyKe YePEHKOBCKMM HEHTPUHHBIM IIPOIIECCOM, BBI3BIBAIOT HAMOOJIBIINI
UHTEPEeC y2Ke B TeUeHHe JJIUTEIbHOIO BPEMEHH.

6.1.1. DddekTuBHBII JarpaHkuaH /Yy — B3aUMOEiCTBIS

B HacTosiieM pasjesie NpUBOJUTCA pacdeT aMILIUTY bl HeHTPUHO-(POTOHHOIO
IIPOIIECca 3a CUYeT VIY—B3auMOJIeHCTBIS, NH/IYIIUPOBAHHOIO MArHUTHBIM ITOJIEM,
JUUIsl CIydasi, KOrJa JYacTUIIbI, BOOOIE TOBOPsI, HAXO/SITCSI BHE MaCCOBOI IIOBEPX-
HocTH. B cymHuocTu 910 03Ha4aeT, 4To OyaeT noaydeH 3(pdeKTUBHBIN JarpaH:Kiu-
aH B UMITYJIbCHOM IIPOCTPAHCTBE JJIsI VV7y—B3auMojielicTBus. Pacder BbIOJIHEH
B paMKaX CTaHJIapTHOI MOJIEN C BO3MOYKHBIM CMEIINBAHUEM B JIEIITOHHOM CEK-

255
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Puc. 6.1. Inarpamma, onucbiBaroliasi BepPIIMHY V7Y B JIOKAJbHOM IIpejese CJia-
O0ro B3anMOJEHCTBHI.

Tope. Pesynbrar cripaBe yinB JJid MArHUTHOTO IOJIsSI JIFOOOH MHTEHCUBHOCTU B
paMKax MpUMEHNMOCTH 3DPEKTHBHOTO JIOKAJILHOTO VVee — B3anMOIefiCTBHA.

Db deKTUBHBIN JIOKAIBHBIIN JIarPaHKNaH B3aNMOJICHCTBIS HEHTPUHO C JJIeK-
TPOHAMU, TIPU yUeTe BO3MOYKHOTO CMENNBAHUS B JIENITOHHOM CEKTOpPE, TTpeodpa-
3yeTcs K BULY

_Gr
NG

31ech Oy, Cy — BEKTOpHAsI U aKCHAIbLHASI 3JIEKTPOC/Ia0ble KOHCTAHTHI

L, = [é’)/a(CV + CA’)/5)€} [Dj’ya(l + ’}/5)%'} , (61)

1
OV = UieU‘;-ke — 5 523(1 — 4sin2 ew),
1

rJie MHJEKCHI 7, § HYMepPYIOT COCTOSIHHUS HEHTPUHO C OINpEIe/IEHHBIMU MaccaMu,
U,c ecTb 3JIeMEHTBI MaTPUIIBI CMEIUBAHUs B JIEITOHHOM ceKTope. [marpamma
QeiinMaHa, OMUCHIBAIONIAA BEPIINHY V7Y, n3o0parkeHa Ha puc. 6.1.

Cnenyer oTMETHTB, 4YTO BbIUHcJeHne 3PEHEKTUBHOTO JarpaHKuaHa vyy-—
B3aMMO/IEHICTBISA, MHIYIIUPOBAHHOI'O BHEIITHIM TI0JIeM, TPeOyeT JOMOTHUTE/THLHOM
IPOIIE/ Iy Phl BEIYUTaHUsA. J[e/10 B TOM, 9TO IIepexo/1 K JIOKAJIbHOMY MPeJIeTy C1a0o0-
0 B3aMMO/IEHICTBISA BeJIeT K MOsIBJICHIIO JIBYX MTPOOJIEM: aMILIUTY/1a IprobpeTaeT
YJIBTPadUOJIETOBYIO PACXOIUMOCTD, 8 TaKyKe TPEYTOJILHYIO aKCUATIbHYIO aHOMa~
JINIO. DTO MOYKHO JIETKO YBUJIETH, IPOM3BO/I PA3JIOXKeHNe aMILIUTY b ITPOIlecca
vV — V7 B PsiJi 110 BHEIIHEMY MAarHUTHOMY IIOJII0, KaK 3TO IOKa3aHo Ha puc. 6.2.

HyJsieBoit wjieH B 9TOM pa3IoyKeHUN

COJIEPYKUT YJIBTPAMDUOTIETOBYIO PACXOIUMOCTDb, TOI/Ia KakK JIMHEHHBIH 110 IOJII0
qJIeH

r — B ac
dB|p_
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ext exl ext
gl gl >§A gl >§A gl %A

\ \ /

— J‘» J‘» J’»...

Puc. 6.2. Paznoxkenne aMImmTyapl polecca ¥ — U7y B Pl 110 BHEITHEMY Mar-
HUTHOMY T10J110. JIBOliHas JIMHUSA COOTBETCTBYET TOYHOMY IIPOTIAraTopy 3JIEKTPO-
Ha B MAarHUTHOM I10JIe, TITPUXOBbIE JIMHUN — BHEITHEMY IIOJIIO.

COJEPZKUT U3BECTHYIO aHOMAJINIO AJiiepa n3-3a IPUCYTCTBUS aKCUAIbHOTO B3al-
MOJIeCTBUA B 9(pPeKTUBHOM cj1aboM Jarpamkunane. [Tockonbky oba aTu 4ena,
BOODIIIE TOBOPSI, HE MOT'YT OBITH IIPABIJIBHO BBIYHCJIEHBI B JIOKAJBHOM IIPEJIee,
KOPPEKTHOE BbIparKeHue JIjIsi MHIYIIHPOBAHHOIO BHEITHIM 110J1eM 3(hHEKTUBHOTO
narpanknafa AL, MOXKeT ObITb OIPEIETICHO CAELYIONIM 00Pa30M:

ALy, = (L O £<1>) 4 L0, (6.2)

rJIe TIPABIIBHBII JTHHEHHBI 110 10110 wien £ j10/7ken GbITh BLIYHCIEH B 9JIEK-
Tpocaboil Teopun 63 mepexo/ia K JOKAJILHOMY TIPEJIENTy, ¢ YIeTOM BKJIaJa BCex
BHPTYAJIbHBIX 3aPSKEeHHBIX hepMinonoB. Berpaskerne st L) moxker bt 110-
JIy9eHo, HaIpuMep, 13 3MPEKTUBHOrO JarpaH:KiuaHa KOMIITOHOIIOJ0OHOTO TTPO-
necca v(p1) + v (q1) — v(p2) + 7" (q2), tae doroust v*(q1) u v*(g2) HaxomsiTCsa
B 00IIEM CJIyvae BHE MACCOBOMH MOBEPXHOCTH. TAKNM JTarpanzKUaHOM B HMILYJIbC-
HOM TIPOCTPAHCTBE SIBJISETCsS aMIUIATY/Ia 1polecca v + v* — v+ v*, B KoTopoii
CJIeJlyeT 3aMEHUTD TEH30D IO/ OJJHOTO U3 (POTOHOB HA TEH30P MOCTOSTHHOTO OJ1-
HOPOJJHOTO MATHUTHOTO TOJIst, 110 [PABUILY:

o — 0, fap — 1Fus.

TTocsie npeoGpasoBanuii Boipazkenue £ MoxKeT GBITD IPUBEICHO K BILY:

Fy _ ¢Gr ., eB [(f@)(qswj) _ (apefa)(ap])
V2 2q; qiq? "

(fo) ) 4 T4, »
2qﬁ e :|I(q ),

_|_
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rae j¢ = ;v (1 + 75)v; — HEATPUHHBILI TOK,

1 o0
2 o1 — 2
2 _ qZ/du 1—u /dtexp[—lt (m — ¢ 4u —10>]. (6.4)
0

DddexTuBHbI JarpaHkuaH L, COOTBETCTBYIOIINIT InarpamMme, 1300parkKeH-
HOI1 Ha puc. 6.1, BLIUNCIAETCs 10 CTaHIapTHLIM IpaBiiaM PeiffHMaHa ¢ UCIOJIb-

30BaHIeM IIPOIAraTopa 3JeKTPOHa BO BHEIIHEM IIOCTOSHHOM MArHUTHOM IIOJIE,
dopmysnr (2.1), (2.2). Umeem:

€GF.8
\/ijaﬂ

TaknuMm 00pa3oM, MHyIUPOBAHHAS MOJIeM YaCTh JAHHOIO JIAIPAHZKHAHA MOKET
ObITH II0CTpOEHa KaK CyMMa BEKTOD-BEKTOPHON U BEKTOp-aKCHAJbHOI aMILIH-
Ty (3.23), AMyy u AMy 4, ¢ 3aMeHaMi TOKOB

L=— 5(q )/d4ZTI‘ [S"(=2) 7" S"(Z) ¥ (Cy +Carys)] e 7. (6.5)

. . . Gy ., . . Gy ., .
Jvp — egﬁ(q)a ]{/a - EOV]OM ]jéla - ECA]a

¥ C TOC/IE/IYIONIUM BBIYUTAHIEM U BOCCTAHOBJIEHHEM JIMHEHOTO TI0 MO0 UJIeHa,
KaK OICAaHO BbIe, cM. (6.2).

OkoHuaTe/IbHOE BbIpazKeHue JIJIs WHYIIMPOBAHHOIO MArHUTHBIM T10JIeM 3¢-
(beKTHBHOIO JlarpaHKuaHa VYy—B3anMOJIefiCTBIS UMeeT BHUJL

_ eGr () api) ) (J9) (af))
ALy, s { Cv[ Y +

@i 9
(gpefq) ((qswj) B (JCI)> (3)]
e qi i 2 )t
N CAeB[(f@ (gwj) (Yv(2—1>+
?”.
(qwgéﬁ(qw) (Yv( ) +QL> N

n (f@q)Zl(jQ) (ng 14 QI(q2)> ] }’ (6.6)

+ 2

rie dyakunn Yyy, Yy onpenernenst B (3.30), (3.32).
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2
9|

v — vy

V| — VY

g1

Puc. 6.3. Kunemaruueckne o0/1acT pa3/IMIHbIX HEHTPUHHBIX IIPOIECCOB, OIIpe-
JleJigeMble TUCIIEPCUOHHBIME CBOMCTBaAME (POTOHA MOJIBI 2 B CUJIBHOM MarHUTHOM
noste. IlyHKTHpHAS JIMHIS COOTBETCTBYET BaKyyMHOIT nucnepenn ¢ = 0.

[Tostyuennoe Bbipakenue jijist 3hdekTuBHOTO ynarpamknana (6.6) sBHO Ka-
JIMOPOBOYHO MHBapUAHTHO, CIIPaBE/INBO BHE MACCOBOI IIOBEPXHOCTH (POTOHA U
HEHTPUHO, U, CJIEI0BATEIbHO, MOYKET OBITH HCIIOJb30BAHO KaK MHJIYIIPOBAH-
Has BHEITHUM I10JIEM BepIINHA VV7Y—B3aUMOJAEHCTBUAS TIPU aHAJIN3€ HEHTPUHHBIX
9JIEKTPOCIA0BIX TTPOIECCOB B MATHUTHOM IIOJIE.

O HaKo KMHEMaTHKa MPOIECCOB ¢ ydacTrueM (DOTOHA B CHJILHOM MarHUTHOM
110JIe CYIIECTBEHHO 3aBUCHUT OT JIMCIIEPCUOHHBIX CBOMCTB (POTOHA, aHAIU3UPOBAB-
muxcs B pasj. 3.2. Ha puc. 6.3 n306parkéH 3aK0oH juciepcrn poToHA MOJIBI 2 Ha
nyiockoeru (g7, qﬁ) U ollpejieisieMble UM KHHEeMaTHYecKue 00JIACTH Pas3InIHbIX
HEATPUHHBIX [IPOIECCOB.
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. 2 2
ObutacTb, n300pazkénnas 1PAMOYTOJLHUKOM IIPU MaJIbIX ¢ U qjj, rhe Juc-
nepcusi (pOTOHA HE3HAUUTEJIHLHO OTJIMYAEeTCs OT BaKyyMHOI, COOTBETCTBYET pa-
JINAIIIOHHOMY PaCIajly MacCHBHOIO HEHTPHUHO.

6.1.2. N3aydenne porona 6e3mMaccoBbIM HEMUTPUHO UV — V7Y

[Iporecc ¥ — vy B MAarHnTHOM TIOJI€ UCCTIETOBAJICI B CIYyIasdX OTHOCUTETHHO
caaboro nosig [81], cusbnoro mostst (82, m IS 1OJTST TPOM3BOJILHON MHTEHCHB-
woctu [89]. B s1ux paborax paccMaTpuBaiach TOJBKO CUTYAIUs ¢ OTHOCUTE b
HO MaJIbIMU SHeprusiMu Heiitpuno, F < 2m.. B ciaydae OoJiee 3HAINTETHHBIX
SHEpruil HefiTpunHo, K 2= 2m,, KOTOPbIii HHTEpeceH B CBETE BO3ZMOYKHBIX acTpPO-
pusnUecKnxX TPUIOKEHNI, CTAHOBATCA CYIIECTBEHHBIMU OOJIbIINE PaJiallioH-
HbIEe TTOMPABKU, ITPUBOJIAIINE K TIePEHOPMUPOBKE BOJHOBBLIX (DYHKINIT (DOTOHOB,

M. (3.10). Emié ogauM cyriecTBeHHBIM (DaKTOPOM SIBJISIETCS 3HAUUTEIbHOE OT-
KJIOHEHHNE 3aKOHa Jucrepcun (poToHa 2-if MOJBI OT BaKyyMHOI'O, CM. puc. 3.2.
Oba s1u pakropa ObLIN BliepBble KOPPEKTHO yuTeHbl B padore [90).

Oobitiee BoipazkeHue st 9OMEKTUBHON VV/Y-BEPIINHDBI IIPEJICTAB/ISIETCS B BU-

e (6.6). OrmeTnM, 9TO BEPIIMHA UMEET 3HATUTEIHLHOE YCUJIEHNE B OKPECTHOCTH
MUKJIOTPOHHBIX Pe30HAHCOB (3.12), Kak U MOJISPU3AIMOHHBIN orepaTop (hbOTOHA
B mojie. Ammnrya epexoja v(p) — V' (p') + v(q) cymecrBerno yporaercs B
cJIydae BBICOKMX 9HEPTUil HeHTpuHoO, £ > M., U B IIpejieJie CUILHOTO MOJIs, KOTIa
HAIPAZKEeHHOCTD ABJISeTCH MAKCHMAJILHEIM (DU3MIecKIM HapaMerpom, eB > F2.
nynupoBatnble MOJIeM aMILIATY/IbI TPOIECCOB VI7Y-B3auMOJIeficTBUI ¢ yuacTu-
eM peaJibHBbIX (POTOHOB, BEKTOPBI MOJISIPU3AINI KOTOPBIX olpe/iesieHbl B (3.10),
UMEIOT BU/T

G
M 1y — cuy Y<1)
() = — 5 7 \/— v (apj)
(6.7)
e
M@y = £ [Cv(qw) Y2 + Cq eB(qppj) (YV(Q — 1)} ,

4%2\/_ \/7

rJle MHOZKUTEN /21 9 YUUTBIBAIOT 1IPEHOPMUPOBKY BOJIHOBBLIX PyHKIMIT (poTo-
10B (3.11), jo — HefirpuHHbI TOK. AMIITHTY/IBI (6.7) ONNCHLIBAIOT KaK N3/TyIeHUE
dborona B HeiiTpuHHOM mpoIecce ¥ — Uy (9T0 MOXKeT ObITh pPaIHAIMOHHbII
pacmaj MacCUBHOTO HEHTPUHO MM paJdalllOHHBIN ITepexo 6e3MaccoOBOro Heli-
TPUHO), Tak U pactaj GOoTOHA Ha HEHTPUHHYIO Tapy v — VI.

Kax ormeuaJioch BhIlle, Juciepcus (hoToHa IePBOi MOJIbI B CJIyYae CUJIbHOIO
M0JIsT HE3HAUNTEHHO OTJINYAETCS OT BaKyyMHOI'O 3aKOHA. DTO O3HAYAET, ITO B
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Hpouecce vV — V"}/(l) peaﬂI/ISyeTCH KOJUH/IHeapHaH KNHEMaTUKa
. /
Jo ™ Qo ™ Do ™~ Dl (6.8)

caegosarensuo, ammnryia M (vvy(D) umeer nononnnrensuoe mojaBienue, mo-
ckoJbKY (qpj) =~ (qpq) = 0. B cBoto ovepeib, B epexo/ie, Tje yaacTByeT (hOTOH
BTOPOI MOJIbI, KHHEMATHKA JTajeKa 0T KOJIJIMHEAPHOCTH, OCODEHHO B OKPECTHOCTH
IIKJIOTPOHHOTO PE30HAHCA, KOIJIa qﬁ CTpeMuTCs cHu3y K 4m?.

Ormernm, 4TO 6€3 yuera IepeHOPMUPOBKU BOJIHOBOI (pyHKIMH (DOTOHA aM-
mwiryaa M (vvy®) B sroit obacTu mMesa GbI KOPHEBYIO CHHIY/ISPHOCTE B TOUKE
qﬁ = 4m?. C yderom nepenopMuposki (paktop \/Z) aMILIITYIa CTAHOBHTCA
KOHEYHOI U paBHa

eGgp eB
4 qi

M (vvy?) o~ [Cv(qp7) + Calgpps)] - (6.9)

Breraucienne BepoOSTHOCTH TPOTECCa TPOBOAUTCS CTAHAAPTHBIM LIS JIBYXJa-
CTUYHOTO paciaja myreMm. [Ipu maTerpupoBanun 1o ¢gpa3oBoMy 00beMy KOHETHO-
ro (bOTOHA CJIeJyeT YUUTBIBATH, UTO 3aKOH €ro UCIePCHN UMeeT BUJL w ~ |qs).

Bripazkerne 1j1st BepositHocTn mporecca v — vy B caydae eB > E?sin’ 6
nMeeT IIPOCTOI B/

W(V_>V(2)N04_G%2 2\ 222 77 o2
YY) o2 (Cy, + C4)eB*Esin” 0, (6.10)
rjie E - sHeprusi HaYaJbHOrO HEATPUHO, # — yroy MexKJy BeKTOpaMU UMIIYJ/IbCa,
HAYAJILHOTO HEUTPUHO U UHIYKIIUNA MArHUTHOTO ITOJI.

BepositrocTs mporecca v — vy®) ommdma or Hysis Takske B 06JIACTH Ha
puc. 3.2 BBINIE IOpPOra POXKJCHUs € e’ maphl, qﬁ > 4mg7 OJstarojiapsl HAJIUINIO
MHUMOI JacTu y TOJIPU3AIMOHHOIO ollepaTopa U, CJIeJ0BaTe/IbHO, Heollpeie-
JIEHHOCTU B 3aKOHe juciepcu (poToHa B MArHUTHOM I10JI€ B JaHHON KUHEMaTHU-
yeckoit obsactu. OJHAKO B 9TOH 00JIACTU JIOMUHHUPYIONIUM SIBJISIETCS PACCMOT-
PEHHBIl paHee JpeBecHbll KaHal vV — ve e’ .

st 4-BekTopa Q (5.72) moTepb SHEPTUH 1 UMITYJIHCA HEITPIHO 3 CIET MTPO-
necca v — vy¥) B paccmarpuBaeMom mpesesie cmibHoro o, eB > E?sin? 6,
1OJIyJaeM:

1 20y 0y
7 = -F 14+ ——— A1
1 W< +C‘2/+C§10088>, (6.11)
20y Cy 1 .
fz = —-FEW <COS€ + m) s fL = éEW Sin 6, (612)
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e BepogtHocTh W cotenyer B3aTh 13 (6.10).
Acummerpus (5.83), obyciosiennas nponeccom v — vy?) | ommmuaercs or

coorBercTBytolell Beumaunbl (5.128) 3a cuér nporecca v — ve~ et Ha dakTop
~ a(eB/E?), a umenno:
B
A ~ QWaeE—QA(ee), (6.13)

riie Al ectn Besmmunma, onpeenénas B hopmyIie (5.128). MokHO BUJETD, ITO
BKJIQJIbI IPOIIECCOB UV — VY UV — Ve e’ B aCHMMETPUIO MOI'YT ObITh CPABHIMBI
B CJydae CHJIbHOI'O MarHUTHOIO TOJIA, HECMOTPsl Ha HAJMIHE I10/IaBJISIONIETO

daxrTopa a B (6.13).

6.1.3. Heifirpunnsbiii pacnana ¢dporona v — v

[Iponecc v — v CTaHOBUTCA KMHEMaTHYecKu paspeménubim (q2 > 0) Gia-
rojiaps creruduke gucrnepcun (poToHa B MArHUTHOM 1oJie. st (poToHa BTOPOIt

MOJIBI C TIOJIsipU3aliuei 5&2) 9TO yCJIOBHE PeaJin3yeTcst B 00J1aCTH qﬁ > 4m?2, a s
2
1epBOit MOJIbI C ToJITpu3aliei 58) — B o0J1acTH qﬁ > (me +/m?2 + 2eB> :
uaynupoBanHasi MarHUTHBIM 110J1eM “‘Macca’ pOTOHa B paccMaTpPUBAECMOIl
obacti (g2 > 0) JocTaTouHO MaJla 110 CpaBHEHHMIO ¢ 3Heprueil dhoToHa w, ¢* <K
w?, eciu 110Jie He CJIMMIKOM Beanko, eB < w?/a. Ilociennee B cBOIO 0uepe/n
O3HAUaeT, YTO B mpolecce pactajia dorona y(q) — v(p) + v(p') peanusyercs
KOJUIMHeapHast KHHEMATHKA

Ja ™~ Qo ™~ Do ~ p;- (614)
[Ipu 9TOM HEHTPUHHBIII TOK MOYKHO TIPEJICTABUTH B BUJIE
Jo =4/ x(1 — ) qa, (6.15)

rie v = F/w, 1 —x = E'/w — oTrHOCHTE/IbHBIE SHEPTUN AHTHHEHATPUHO U Heli-
TPUHO COOTBETCTBEHHO.

NnynupoBaniibie 1MOJ€M  aMIUINTYIBI [IPOIECCOB VY7Y-B3aUMOJIEHCTBUS €
yIaCTHEM DPeasbHbIX (DOTOHOB, BEKTODBI MOJSAPUZAIMN KOTOPBIX ONPEETCHDI
B (3.10), mmeror BuJ

eGr VZi

M, = — Cv (g0f) Y,
1 47T2\/§\/E v (qv7) 174%

eGrp VZ . )
My = d = [Cv(qw)Yv@v) + Ca eB(qpe)) <YX§2 — 1)} :

_47T2\/§ /qﬁ

(6.16)
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rie My u My coorBercrBytor pactnay || n L dhoToHHBIX MO

Kak Bummo u3 Beipazkenuii (6.16), B kosumnneapaoM mpejiente, ¢ yaerom (6.15),
aMILTUTYy1a pactaja (poToHa MOJbI 1 obpalliaeTcs B HOJIb, a BbIpaKeHHe JIJIs
AMILIATY/IBI MOJIBI 2 CYIIECTBEHHO YIIPOLIAETCSI:

2
My~0, My~ 2GR C BGF G ST =2) [PaFFQI2 I, (617)

3J1eCh MBI Y9JIM, UTO B 9TOI 00JIACTU TePEHOPMUPOBOUHBINT MHOKUTETb Z9 MaJIO
OTIMYAETCA OT eJMHUIBI. be3pa3mepnblii “mosieBoit hopmdakTop”’ J (qﬁ) uMeeT
BT

1
Jat) = 5 (1-v) =

1 00 5
1—
~ 1—im? /du/dt exp{—i[t(m?-ﬁ%)%—
0 0

N ¢ cos But — cos ﬁt] }

23 sin Bt (6.18)

PaccmaTrpuBaeMblil poriece ABJISIETCs TPEXIACTUIHBIM, OJIHAKO €ro aMILIN-
Ty/la HE €CTh KOHCTaHTa, B OTJIMIHE OT CUTYAIIMH B BaKyyMe, IIOCKOJIbKY 3aBUCHT
HEe TOJIbKO OT 4-BEeKTOPOB MMIIYJIbCOB YACTHUIl, HO U OT TEH30pa BHEIIHEro I10-
Jsi. [ToaToMy BbIUMC/IEHNE BEPOSITHOCTH HE CBOJUTCS K YMHOXKEHUIO KBaJlpaTa
AMILIUTYIbI Ha (Pa30BbIil 00beM:

T2

1
W(ys — v51) — / dz | M2 (6.19)

167w
T

3/1ech TpeJiesibl THTETPUPOBAHUS X1 U To OMPEACTAIOTCA depe3 OTHOIIEHUST MacC
Hefitpuno K “macce” dorona i = m?/q¢?, i = 1,2:

1

Ti2 = 5(5ip)7 521"‘/%2—#?7

p = /I (it )20 = (s — )]

Bemmaunel € u p umeioT GU3NIECKUN CMBIC SHEPIUNA U UMIIY/IbCA i-I'0 aHTUHEl-
TPUHO B JI0JIX 1/ ¢? /2 B cucreme “nokost” pacraatorierocst porona. [logcrasiss
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BBIpazkenne Jitst aMianTyasl My (6.17) B (6.19), mosytmm:

B o G2 C?
Wiy, —vp) = 127r4wA (qFFq) |14 p? + ,u;‘? —2(p? — /L?)Q X
X \/[1 — (i + )21 = (s — )] 1T (q) . (6.20)

Apryment dbyakimn J (qﬁ) nMeeT MPOCTOil (pU3MIEeCKUil CMBICII:

qf ~ ¢} ~ W’ sin®0, (6.21)
rjie 6 ecTh yros MexKJly BeKTOpaMU HMMIIYJIbca pacrajaloiierocs (orona q u
HAIIPSAKEHHOCTHIO MarHUTHOIO 110151 B.

[Tosiyuennoe Bbipaxkenue Jijist BeposiTHOCTH (6.20) OIUCHIBAET OJMH KaHAJI
pacrajia GOToOHA B j-€ HEUTPUHO U 1-€ aHTHUHEHTpuHO. Pu3nuecKuii ke CMbIC
nMeeT TI0JIHasi BEPOSITHOCTH paciiajia poToHa Ha Bce “JIErkne HeHTPUHO, I/ KO-
TOPBIX OTKPBIT KaHas pactajia (u; + p; < 1). Ecin meitrpuno obmnagaior nepap-
XUYECKUM CIEKTPOM Macec, TakKuM, 9to jaid ¢ < Ny u; < 1, a g ¢ > Ny,
p; > 1 (Np umeer cMmbics qucsia “mérkux” HEHTPUHO), TO TOJJHAsT BEPOSTHOCTh
pacrajia (boTOHA UMEEeT CJIeIYIONINii IPOCTOi BU/I:

B a G2 CA 2(aFF
W = jzlw L_>V]VZ>_ 1274w (q Q) ‘J(QH)‘ (622)
Ny, 1
o 2 _ 2N, U1 - U2
Ch = ) Ci= N -U(1-1U7),

ij=1
Ng

U = ) U <1
1=1

Eciu Bee Tpu tuna nefirpuno “nérkne’, m? < ¢* (N, = 3,U% = 1), 10 C% = 3/4,
1 BEPOATHOCTL Paclaja 7| — VI He 3aBUCUT OT [1apaMEeTPOB CMEIIMBAHUA B
JICIITOHHOM CEKTOPe.

Oyuxiua J (qﬁ) VIIPOLIAETCA B JIBYX HPEJICILHBIX Cydasax:

1) Eciun mMarauTHOE 10JI€ SBJISIETCST CAMbIM OOJIBIIIM TIAPAMETPOM 3aJ1adu,
eB > qﬁ, IOJTY TaeM: J(qﬁ) (q”/4m ), tie dyuknusa H(z) ompese-
nera B (3.18).

2) B asbrepHatuBHOM ciydae, Korjia eB < qﬁ, nmeeMm: J (qﬁ) ~ 1.
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OrmMeTnM, 9TO B CJIydae CUIBHOTO MOJIst BEPOSTHOCTD pactajia (6.22), ¢ yue-
TOM CHHTYJIIPHOTO ToBeiennst Gpyukiun H(z) npu z — 1, copepKut, Ha TepBbIil
B3IVISLJI, CUHTYJIAPHOCTD IOJIIOCHOT'O THUIIA TIPH qﬁ — 4m?. OnHako aKKypaTHoe

peliienne ypasHenust jucrepcun ¢horoHa B 91oM mpejiesie [80] mokasbiBaer, 4To
T —dm?| i =w D 6.23
‘QH - me’mm =Wy e—et. ( . )

[TonobHast KaxKymasicad CHUHIYJIAPHOCTb, HO KOPHEBOIO THIA, KAK H3BECTHO,
MMeeT MeCTO B mporecce paciiaia (OTOHa B MACHUTHOM IOJIE€ Ha 3JICKTPOH—
no3uTpoHHyto napy v — ete” [224]. Kak ormeuasocs B pabore [80], npu yuere
mucrepen (bOTOHA B IpoLecce ¥ — e e ImmupuHa pacuaja BCIoLy KOHEYHa U
JOCTUTAeT MAaKCUMAJILHOIO 3HAYCHUST IIPU qﬁ ~ 4m?

3 /20eB\*? m2
(), = Y3 (20eBYT me (6.24)
max 2 m?2 W

C yuaerom (6.23), (6.24) BeposiTHOCTH paciaja vy — VU TaKxKe sBJISeTCs
KOHETHOI, TOCTUTast MaKCHMAJbHOTO 3HAUCHHUS:

1 2aeB\ 3 — eB
(WJ_)maa: = 3\/§7r2 mg (GF mg)2 31 :

BepositrocTs (6.22) ¢ noacraHoBKoit J (qﬁ) B IIPEJIEJILHBIX Cllydasx eB < qﬁ

(6.25)

w

ueB > qﬁ coBlajlaeT ¢ pedysabratamu pabor [81] u [82| coorercrBenHo, ¢

TouHOCTBIO 110 akropa C%. Orindne obycioBieHo Tem, 4To B paborax [81,82]
He yUINTHIBAJIOCH BO3MOXKHOE CMEIIMBAHIE JIEIITOHOB U BKJaJ Z-0030Ha. B pa-
6ore [83| HeifTpunHbI paciiaj (POTOHA B MAMHUTHOM I0JI€ U3YYaJICs B CIydae
HU3KIX SHEPIUil, w < M, IPHU IPOU3BOILHON BeJIMIIHE IO/ U C YIeTOM BKJIa-
0B Kak W, tax u Z-6ozona. B npejiese cuibnoro noJist, eB 3> m?, pesyibrar
paborsl [83] B 3 pasa menbine Hamieil dhopmysbl (6.22), MOCKOIbKY aBTOpbI [83]
VYN TOJIBKO OJIMH KaHaJI paciaja, v — V.U.. IIpomecc pacnaga dpoTona B mpe-
JieJie CHJIBHOTO MATHUTHOTO MOJIsT H3YUaJicsi TakKe B pabore [286] B pamkax cTaH-
JAPTHOI MOJIEIN CO CMemuBaHueM JenToHoB. OgHaKo B 3TOi paboTe He yITEH
BKJIa/1, 00YCJIOB/IEHHbIHI 06MEeHOM Z-0030HOM, TI09TOMY T10/1ydeHHasi B [286] Bepo-
STHOCTb paclajia y — V;J; He uMeeT (PU3NIECKOTO CMBICTIA MOTHON BEPOATHOCTH
pacmajia (poToHa, TaK KaK HE YIUTHIBACT KAHAJBI Y — V;1;.

Pasymeercst, BeposiTHOCT (6.25) 9716KTpociaboro mporecca y — v MojiaBie-
na aktopom (Gr m?)? ~ 10723 1o cpasnenuio ¢ BeposiTHOCThIO (6.24) 11porecca
v — eTe”. Omuako mepsblil MPOIece MOKET UIPaTh POJib B aCTPOPUHKE KaK
JIOTIOJTHUTE/ILHBI NCTOYHIK HEHTPUHHOIO OXJIAXKICHNUS.
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OneHnM 2HEPrur0, YHOCUMYIO HEHTPUHO U3 eMHUIIbI 00bEMa (POTOHHOI'O ras3a
3a eJIMHUIYY BpeMeHH (HeHTPUHHYIO CBETUMOCTh), KOTOPasi ONPEIe/IsieTCs BbIpa-
JKEeHUEeM:

d3k 1
Q= /dN wW = / 3 o Y w. (6.26)

3/1eChb yuTeHO, YTO BKJIAJ B CBETHMOCTD JAIOT TOJBKO (DOTOHBI BTODPOIT MO-
7l (3.10). st orenkm Oy/ieM mosiarath, 9TO Bee HEHTPUHO JIETKHE,
2 2 2 _
m; < q°, Cq =3/4.
[Toncrasisist BepositocTs (6.22) B (6.26), BhIpazkeHne Jjist CBETUMOCTH MOZK-
HO IIPUBECTH K BIUJLY

o (GreB)* s opr (B 2
= — F(T) ~0.96 - 10 — T 6.27
Q= EeBE g F ) 2 (5) o 6
rie dyukuus F(T') onpesessiercss HHTErPAIOM
1 00 4 d
0 Zo

3neck T = T/2m,, u BBeJeHBI NIepeMeHHbIe HHTErpupoBaHus u = cosf, x =
w/2me, ipu 3TOM apryMenT dbyHKIWN J paBeH qﬁ = 4m? 2*(1 — u?), xg onpe/ie-
asierest u3 coorHorenus (6.23).

Kak nokaseiBaer anayms, ¢yuknus F(7T) caabo 3aBUCHT OT MOJA U IMPH-
HUMaeT CJIeYIONUI BUJI B JOCTATOYHO HIMPOKOM MHTEpBaJe TeMIepaTyp, Ipu
eJIMHCTBEHHOM OorpaHndeHun T 2 me:

F(T) ~ uit) <£> 5 , (6.29)

2 Me

rae ((5) ~ 1.037 ((~bynknusa Puvana).

B ciayuae nuskux remneparyp T < 2m, dyuknus F(T') 9KCHOHEHINATHHO
masa, F(T') ~ exp(—2m,./T).

OneHuM BKJIaJ[ IIpolrecca paciajia (poToHa 7 — VU B HEHTPUHHYIO CBETHU-
MOCTL B YCJIOBUSX B3PBIBa CBEPXHOBOIL. Dyaem mpeanosaraTh CyIiecTBOBaHNE
CHUJIBHOTO MArHUTHOTO IOJIsT TOPOUJAJIBHOTO THIIa |28, 29| B menTpasbHoil 0bJ1a-
CTHU B3pbIBa C Pa3MepPOM IOPsJIKa COTHU KuyoMeTpoB. OleHka JaéT

d_E 10% opr B 2 T ’ R 3 (6 30)
dt c \10¥T¢c 2 MsB 100kM ) '
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7 (k) V()
+ (71 ¢ 72)

(k) v(pa)

Puc. 6.4. Inarpamma @eitamana s mporecca yy — V.

B ycioBusiX ¢BepXHOBOI 9TOT BKJI&J OKA3bIBAETCI MAJIBIM 110 CPABHEHUIO C I10JI-
HOIl cBeTHMOCTBIO 10°2 spr/c. CriejtyeT OTMETUTD, YTO BKJIaJl IIPOIecca y — VU
OJINHAKOB JIJIsi BCEX apOMAaTOB HEHTPUHO U MOYKET ObITH CYIECTBEHHBIM B HU3KO-
SHEPTeTHIeCKOll YacTu HEUTPUHHOIO CIIEKTpA.

6.2. KoMmnronomnogodbHnoe B3aumMogeiicTBue Heli-
TPUHO C (poTOHAMMU

6.2.1. AMnumTtya nporiecca vy — Vi B BAKyyMe

(@) Cmandapmmnoe caaboe 63aumodeticmsue

[To-BujiIMOMY, MCTOPHUIO MCCJCIOBAHUI HPOIECCOB POKIEHUST HEHTPUHHBIX
map HY»KHO OTCUuThIBaTHL OT crarbu B. IlonTekopso [287], ykaszasmiero na nx
BO3MOXKHYIO poJib B acTtpodusuke. IIporecc npesparienust (hpoTOHHON napbl B
1apy HEUTPUHO - aHTHHEATPUHO OIUChIBaeTCst AByMs auarpamvamu DeitHmana
C BUPTYaJbHBIM (DEPMUOHOM B TIETJIE U C NIEPECTAHOBKON (pOoTOHOB, puc. 6.4.

311echb OOJIBIION KPY2KOK m300pazkaeT 3ddeKTuBHOe cjiaboe B3auMoaeiicTBuie
depmuona ¢ HeliTpuHO, cM. puc. 3.11.

C y4éroM TpaJIteHTHOI MHBAPUAHTHOCTHU 3JIEKTPOMAIHUTHOT'O B3aMMO,Ieli-
CTBUS aMILIUTY/Ly MPOIecca MOXKHO 3alicaTh B CJAEJIYIOINIEM CaMOM ODIeM BH/Ie

M= gG_\/E #1(p1) Ty i(—p2)] S 13", (6.31)

rie nHjeKc | onpejessier apomar Heiirpuno, | = e, u, 7 b, fOF = k%’ — kfe® -
TEH30D JIEKTPOMATHUTHOTO 1101 (POTOHA B MMITYJILCHOM IIPOCTPAHCTBE. TeH30p
T8y, KOTODBIil ABJIACTCA TUPAKOBCKOI MaTpulleil, JOJIzKeH ObITb II0CTPOEH U3
NMEIOIINXCS KOBAPUAHTOB 1 NMEEeT PAa3sMEePHOCTH 0OPATHON MacChl.

!Broipazkenne (6.31) sierko 06061aercst Ha cJIydail JEITOHHOIO CMEIUBAHUSL.
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Buaumo, camoe 1epBoe IlpaBUIbHOE 3aK/Ii04ueHne 00 3Toil aMImTyie ObLIO
caesiato B pabote |94], 910 Teopema 'esii-Manna: B cirydae 6€3MaccoBbIX HEATPH-
HO, peasibHbIX (DOTOHOB, U B JIOKAJBHOM IIpeJie/ie CTaHIapPTHOIO CJIa0Or0 B3au-
MOJIEfICTBIS aMILTUTY/a CTPOTO paBHa HyJI0. KadecTBeHHO 9TO MOXKHO yBUJIETH
U3 CJIEJIYIONEro paccyzKJieHus: B CUCTeMe IeHTpa MHEPIUU JieBoe HEWTPUHO U
[paBoe aHTHHEHTPUHO YHOCST IIOJIHBINH YIJIOBOI MOMEHT, paBHblii enunuie. O]-
HaKO, Kak BlepBble ObLI0 MoKasaHo Jlamgay [288|, cucrema u3 jByx (hOTOHOB
HE MOYKET HAXOJUTHCSI B COCTOSHUN C TAKUM YIJIOBBIM MOMEHTOM (Tak HA3bIBa-
emasi TeopeMa fura [289]). Ha si3bike TeH30pHOrO aHa/IM3a 9TO 0O3HAYAET, UTO C
yIEeTOM KUPAJIbHOCTH 0€3MacCOBBIX HEUTPUHO U 003e-CUMMETpPUN B 3ajlade HeT
KOBAPUAHTOB /I IIOCTPOCHUA TeH30Da 1o g, -

[Ipu m060M oTKIOHEHUN OT yesioBuit Teopembl [eii-Manna BosHUKaeT HeHy-
neBast ammuntyaa (6.31). B ciyuae MAcCHBHBIX HEHTPHUHO MPOIECC CTAHOBUT-
cst pasperénubiM (95, 96] Giiarogapsi H3MEHeHNI0 KUPAJILHOCTH HEHATPUHO, 1pU
9TOM aMILIATY/Ia [IPOIOPIMOHAIbHA Macce HeHTpUHO. UTOOBI IPOMLIIOCTPIPO-
BaTh JIOPEHIEBCKYIO CTPYKTYPY, IIPUBEJEM 3J/1eCh BhIpazKeHue J1d TeH30pa 1yg,,
B CIydae HU3KUX 3Hepruii GoroHoB (w < M), KOIjla MaKCUMAJbHBIN BKJIa B
AMILIATYTY JTa€T 3JIEKTPOHHAs TeTJId:

1 1\ m,

—E 010 — 5 le V5 EaBuv- (632)

Topuw =

[Ipu yaére nemoKabHOCTH ¢J1ab0T0 B3anMojeiicTBus depe3 W - 6030H UMITYTbCHI
HEHTPUHO M aHTUHEHTPUHO MOTYT BXOJAUTH B aMILIMTYJLY 10 OTJACJIbHOCTH, a He
TOJIBKO B BUJIE CYMMBbI, [IPU 9TOM BO3HHKAET CJIejyrolias cTpyKTypa [97-99|

81 m2 3 1
T = — In—% 4+~ ) = x
: 3 m?  4) m3,
X [% gﬂu(pl - p2)u + Y gya(p1 - p2)ﬁ] (1 + 75)- (6-33)

BugHo, uTo B 060uX ciydasxX aMILIUTYIa UMeeT CUJIbHOEe IIOJIaB/IeHNe, 338 CUET
JInOO MaJIoil Macchl HEATPUHO B umcauTese, audo 6osbiioi Maccol W - 6030Ha B
3HaMeHaTese.

(b) Modeav ¢ napyuennoti A€60-npasoti cummempued

Emé oano oTkyonenune ot ycaoBuit TeopeMsl ['ei-Manna, mpu KOTOPOM IIPo-
IeCC Yy — VU TaKyKe BO3MOXKEH, peasin3yeTcst, Korjaa B 3pOEKTUBHOM JiarpaH-
JKMaHe HeTPUHO - JISNTOHHOI'O B3aNMOJICHCTBIS HEHTPUHO MeHsIeT KUPAJIbHOCTD.
[Ipu 3ammcu JjarpaH:kuaHa B ¢gopMe HefTpajbHbIX TOKOB K 3TOMY IHPUBOJIUT
CBA3DL CKAJIAPHBIX U ICEBJOCKAJIIPHBIX TOKOB. Takoil ciydaii, paccMaTpUBaB-
muiicst B pabore [104], mMeeT MecTo B MOJIE/IH ¢ HAPYIIEHHO JIEBO-IIPABOI CHIM-
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metpueii [290-296] u co cmenmBaHIeM BEeKTOPHBIX GO30HOB, B3aMMOECTBYIO-
IIIX C JIEBBIMU U [TPABBIMI 3apsiyKeHHbIMI c1abbiMu Tokamu [297|. B sroit mosesu
narpatzkuan velW - BzamMmoneiicTBus MOXKeT ObITh IIPEJICTAB/IeH B BHJIE

£ = S0l 1 ] OV cosg W sng) +
+ 670 (1 —5) ve] (=W{'sin + W5' cos () + h.c. ¢, (6.34)

rae Wio — 3apskennble BeKTOpHbIC W-0030HBI ¢ onpeseéHHoit maccoit, ¢ —
yroJi cmeruBanusi. CyinecTByomine orpaHnueHns Ha IapaMeTphl JaHHOI Mojie i
[OJIyIeHbI B HU3KOIHEPreTUIEeCKNX SKCIIEPUMEHTAX Ha YCKOPUTENSIX U MMEIOT
BT [298]

My, > 715 TsB, ¢ < 0.013. (6.35)

Birarogapst MaJiocTn yrjia CMeInBaHusi cocTossHue Wy MpakTUieckKu COBIIAIACT
¢ npaBbiM 6030HOM Wih.

Cy1ecTByeT TakzKe DoJiee KECTKOE OrpaHrdeHre Ha, apaMeTpbl MOJICIH, 10~
JIydeHHOe 13 acTpOohU3MIeCKnX JTaHHBIX, & UMEHHO, U3 aHa/Jn3a HeHTPUHHBIX
coobiTuit 0T cBepxuoBoit SN1987A. B komOMHAIINN ¢ yCKOPUTEIbHBIMU JIAHHBIMI
nostyero [299]

My, >23TsB, (<107 (6.36)

st peasmzanym mporiecca yy — VUV BayKHa Ta 9acTb 3P(HEKTUBHOTO JIarpaHzKI-
aHa vree — B3auMOJIefiCTBIUs, 3a CUET KOTOPOl pozKIatonieecss HeEUTPUHO U aH-
THHEATPUHO OYJIeT NMEeTh “HecTaHIapTHYI0 KHPaJbHOCTb. 9TO BO3MOYKHO NMEH-
HO OJ1arojiapsi CMeIuBaHUIO ODO30HOB, KOryia B 3(PpMEKTUBHOM JlIarpaHKUaHe I1e-
PEMHOKAIOTCS JIeBbIH 1 mpaBbiil Tokn 13 (6.34). C y9éToM MaJocTu yria cue-
muBaHus 1 otHotrenns Mace My, /Myy,, MOXKIHO 3alicaTh JarpanKnan vvee —
B3aMO/ICICTBUA B BUJIEC

Gr
V2

[Ipu 3TOM CyIIEeCTBYIOT JIBa HOBBIX 110 CPABHEHUIO CO CTAHAPTHON MOJIEIBIO Ka-
HaJ1a IpeBpalieHnsd GOTOHHOMN Mapbl B Mapy HEHTPUHO - aHTUHEHTPIHO, a MMEHHO

Lepr = —4 ¢ —=[(ee) (Veve) — (evse) (Deysve)] - (6.37)

vy — (We)r(Pe)r, vy — (Ve)r(e)R- (6.38)
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3nech (Ve)gp n (V) — COCTOSIHIS, ‘CTEPUIIbHBIE” OTHOCHTEJIHLHO CTAHIAPTHOTO
cnaboro BiammogeiicTsus. [losubiit ciina HefiTpunubX Map B (6.38) B cucreme
IEHTPa MHEPIUN PaBeH HYJIIO, YTO OTKPLIBAET IIPOIECC Yy — V.

[Ipescrapiss aMiuTy Ly mporecca ¢ 3(bMEeKTHBHBIM JarpaHKuadom (6.37)
B bopme (6.31), Mbl mosrydmn Jyist TeH30pa 1, CIeiyloliee BbpazKeHe

ACm, 1 i
Taﬁ,ul/ - m { [1 + 5 (1 - 47—)1(7)] Jav9pu — Z I<T) 75 5aﬂ/w} ) (639)
rjae
5 1 11—z
m
= —-— I(t)= [ d d A
! 2(k1ks)’ (7) 0/ ’ 0/ Y ey =10 xy —i0 (6.40)

Ormernm, aro Har pesysbrar (6.39), coBrajasi o CTPYKTYpe ¢ TEH30pPOM,
KOTODBIIl MOXKHO U3BJI€Yb 13 paboThl [104], orymmaaercst oT HEro YHCIOBBIME KO-
s durmenrami.

AMIuTyia mporecca vy — VU B paccMaTpPUBAEeMON MO/ TaKyKe HMeeT
MOJIABJICHIE 3a CUET MAJIOCTU YTIJIa CMEITUBAHUA (.

(¢) Caywati supmyasvrvr Gomornos

Ere oinn ciryvail nmosiBjieHnsi HEHYJIeBOI aMILIATY/IbI PEATI3YEeTCs, €CJI OJTNH
u3 ¢oronos [100] win oba dorona [101] HaxXOAATCSH BHE MACCOBOH MOBEPXHOCTH.
IIpu srom K, f* # 0, 1 uMIIyIbCEl (DOTOHOB MOTYT yYaCTBOBAThH B IOCTPOCHUN
Ten30pa 1o g -

BoerancmM o0IIy1o aMILITYLy rmpolecca vy* — vy* B cTanIapTHONW MoJIe/n
9JEKTPOC/IA00TO B3ANMMOEHCTBUS, OXBATHIBAIONLYIO CIyUall BUPTYAJILHBIX 1 pe-
aJIbHBIX (POTOHOB, HAJIMYMSA MACChl Y HEHTPUHO, a TaK:Ke ¢ YIETOM BO3MOYKHOTO
CMEINBAHUsA B JIENTOHHOM cekTope [102,103].

Kaxk mokazasr anajims, B Takoii aMiinTyjie baxkropusyercs nefirpuanbiii (V —
A)-TOK, 1 €€ MOYKHO MPEJICTABUTH B CJIEIYIOIIEM OOIIEeM BUIe

g 61046;5 LaﬂpUﬁa k2) ) (641>

rie j;()y) = U;(p2)7, (1 + 7v5)vi(p1), unjexcol ¢ u j (Booblie rosopst, ¢ # j) Hy-

MEPYIOT COCTOAHUS HEHTPUHO € ONPEIC/IEHHBIMU MACCaMU; €1 9 — 4-BEKTOPDI 110~
Jggpuzanuu u kq o — 4-umiysbesl poToHoB. Kak cielyeT us BbllllecKa3zaHHOI'O, B
TeH30p Lag, MOTyT BXOJUTHL TOJILKO JiBa HE3aBUCUMBIX MMITYJIbca ki u K.
Paccmorpum Oosiee 110JIpoOHO BKJIaJ, B aMILIUTYAY OT OOMeHa /-0030HOM.
J171s1 ero nosryueHmnst HEOOXOAMMO IIPOU3BECTU CyMMUPOBAaHLE 110 BCeM (DyHIaMeH-
TaJbHBIM 3apsizKeHHbIM epMuoHaM f B IeTJie, Kak JIEIITOHAM, TaK U KBapKaM,
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IIpn 3TOM MOZKHO 3alliCaTb

rjae (s ecTb sjleKTpudecKuil 3apsajl pepMuoHa B eJIMHUIAX IeMEHTapHOIO 3a-
psaja e, Q¢ = ey/e, Tyf — TPeTbsl KOMIIOHEHTa c1aboro usocnuta. s Bkiaja
OTJIEJILHOTO (pepMHOHA TOJIyUaeM CJIe/yIolee BhIparKeHne

ar

1 1—x
dy
L((fﬂ)p = 15/\uﬁp/d$/ {gmlﬁu [k22(1 —22) + k2 y(1 —2y) —
0

— A(kika) 2y] + 2 Ira ko kT o+ (6.43)

+ 4k kzu l’[k’my - /<51a(1 - JJ)]} + (/ﬁ — —ky, a0 5) )

riae 0003Ha4YeHO
ay = m? 4+ 2(kykg)ay — ki a(l —2) — k3 y(1 —y) . (6.44)

B dopmyite (6.43) orbporiensl ciaaraeMble, He 3aBUCSIIIE OT MACChl (hepMHUOHA,
TaK Kak, 6Jarojaps u3BeCTHOMY COOTHOIICHUIO » F¥EY; Q% = 0 (1 KaxK10r0
IOKOJICHIs1) OHU He JIAIOT BKJIaJa B aMILIUTYy. Beipaxkenue (6.43) MOXKHO mpe-
obpa3oBaTh K BHUJY, KOI'Jla KaJuOPOBOUYHAsI MHBAPUAHTHOCTH aMILIUTY/IbI Oy1eT
odeBujiHa. 151 5TOTO BBEAEM TEH30D

fuu = k,uey - kyeu ) (645)

IIPOIOPIMOHAJIBHBIN (Dypbe-00pa3y TeH30pa 3JEKTPOMarHUTHOIO 110Jis1 (POTOHA,
a TakK»Ke JIyaJIbHbIIl TeH30D

o
f;w = §5uyaﬂfaﬁ . (646)

BBosg obosnadenne

RY) = erqens L) (6.47)
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HARJIEM JIJIT BEKTOPA Rf)f )¢ yaérom (6.45), (6.46) BeIpazkeHue, MpeCTaBIIsIIoIIee

AMILJINTY/JY B dBHOM KaJII/I6pOBOLIHO NHBapuaHTHOM BHJE

1—x

1
e dy
R(pf) = 41{f2PM fl'uy/ . ]{311,(1—:13) kgyy] +
0 0 f
1—x d
+ Fioufou / do | 2 ke — ka(1— )] } . (6.48)
0

0

[Ipu nepexoze or (6.43) x (6.48) uCmoaB30BAIOCH CJEYIONIEE TOXKIECTBO

1
/dx
0

Pacdér nmokaswiBaeT, 4TO BKJIaJ B aMILJIUTY/Ly OT AUAIPAMMBbl C BUPTYaJIbHBIM
W-6030HOM Tak:Ke BbIpazkaeTcs depes BeKTop (6.48), rie B KauecTBe BUPTYaJib-
HOro (bepMuoHa pUrypupyer 3apszKeHHblii jgenton. [lojHas aMInTyna mporec-
ca vyy* — vjy* MOXKeT ObITh IIPeJICTaB/IeHa B BUJE

[t

@ (1 —2z) — ksy(1—2y)] =0. (6.49)

f

S —

a Gy .,
M= W\/Ejp ZUzl Rl+6UZT3fo , (6.50)

riae U ecTh MaTpuIla CMENINBAHUS B JICIITOHHOM CEKTOPE, aHAJIOTMYHAsT MATPH-
e Kabu66o — Kobasimu — Mackasa [300,301|, [ = e, p, 7. AMmmryjia 10/2KHA
VJIOBJIETBOPSITH TPeGOBAHUSIM YIIOMsIHYTOM TeopeMbl [eju-Manua [94], ograko B
Boipazkern (6.48) 910 emmg He 04eBuIHO. BOCIOIB30BABIINCH CJIELYIONIM COOT-
HOITIEHNEM Jiyist TeH30poB (6.45), (6.46)

- ~ 1 ~
flp,u f2/w + f2PM fl,ua = 5 fl,uu f2uu 9pos (651)

(f)

3allumeM BEKTOD Rp B OKOHYaTEJIbHOM BUJIE

RY = i %(flﬁ)(/@—kl)p Almy, ki, kp) — (6.52)

(f2flk1)p B(mf7 ki, k2) + (f1f2k2)p B(mfa ko, kl) )
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riae 0003Ha4YeHo

1
ydy
A(my, by k) = [ ad
(my, ki, ko) /35 x/ m? + 2(kyks)ry — kia(1 — x) — k3y(1 —y)’
0 0

(6.53)

xT

]__
1—z—y)d
xdx/ (1 -2 —y)dy
0

B(my, ky, ko) = '
(my, k1, ka) m% + 2(k1ke)zy — K2z (1 — x) — k3y(1 — y)

o —

Taxum obpaszom, s ammnTyabl B Buje (6.50), (6.52) reopema len-Mamna
VJIOBJIETBOPSIETCS OUEBUIHBIM 00PA3O0M.

[Tosyuyennast aMIUINTY/1a B 9ACTHBIX CAYYasX COBIAIACT C U3BECTHBIMU Pe-
syabraramu [95,96,100,101]. Tak, nepsoe ciaraemoe B (6.52) gaer npu mojcra-
HOBKe B (6.50) IMBEpreHIo HEHTPUHHOTO TOKA, TO €CTh OY/IeT MPOTOPIIHOHA b
HO Macce Heiirpuno. s peaiabHbix POTOHOB, IPU HU3KUX SHEPIUIX W <K M,
korja [ = f = e, u 6e3 yuéra jenToHHoro cMemmpanud, i = j = I', Uy = O,
3 ammunTyel (6.50), (6.52), (6.53) BOCIPON3BOUTCS BhIpAXKEHUE [T TEH30-
pa (6.32). B npyrom ciyuae, korma 06a GpoToHa BUPTYaJbHBIE, k%g = 0, noJiarast
HEHTPUHO 0E3MACCOBLIME, HAILy AMILUIATYJY MOYKHO NPUBECTH K BHJLY, COBIIA-
natoriemy ¢ pesysabratom pabotel [101]. Tloguepkuem, aro asropst [101] BBeaH
MCKYCCTBEHHYIO 3aBUCUMOCTEL AMILIUTYILI OT UMIIY/ILCOB HeifiTpuno. OdeBu iHo,
OJIHAKO, YTO B PACCMATPUBAEMOM TIPUOJINZKeHIN ((DAKTUIECKH, B JIOKATBHOM ITpe-
neie caaboro B3anmMoeicTBIsI) aMILIUTYIa [porecca vy* — vy* MOXKeT sIBHO
3aBUCETH TOJLKO OT UMIIYJILCOB (POTOHOB.

B sroMm ciryuae npu HUSKIX SHEPrusx (POTOHOB, w < M, st Tensopa T g,
BBEJIEHHOTO B (bopmyite (6.31), mmveem

1

. 1
(Uiere 9 5ij> m_g Y (1 +75) (Epa/wklﬁ + 5,0Maﬁk2V) . (6.54)

i

Tapu = 13

Criestyer 3aMeTuTh, 1T0 0bMmasa ammintya (6.50), (6.52) mossoJsier, B 4act-
HOCTH, MOJIYIUTH MEePBble UJIEeHbI DA3JIOXKEHUs [0 BHEITHEMY IOJI0 aMILIHTY]L
PaIMAIMOHHOTO paciiajia HEHTPHHO V; — VY U Ge3pauallioHHOr0 Mepexojia
V; — Vj B 9JIEKTPOMAIHITHOM I0JI¢ IPOU3BOJIBHOI KoHdurypanun. s sroro
JOCTATOYHO B BhIpaxkeHnu (6.52) MpOM3BECTH 3aMEHY TEH30pa 3JIEKTPOMArHUT-
HOT'O TI0JIs OJTHOTO 1/ 000uX (DOTOHOB HA TEH30D BHEIIHErO 9JIeKTPOMATHUTHOTO
TOJTs1.

[TpumeHnM BbIpazKeHue JJist MOJIyYeHHOM aMIIUTyIbl mporecca vy* — vy
K BBIUMCJICHUIO BEPOSTHOCTH DPaJIMAIlMOHHOTO PACIaia MACCHBHOIO HEHTPUHO
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v; — Vj7y BO BHemHeM 1oste [85,87] B ciIydae OTHOCHTEIBLHO ¢J1aboro mosist. 3a-
MeHsd TeH30D I110J1d OJJHOIO U3 (DOTOHOB Ha TEH30D HMOCTOAHHOIO OJHODPOJIHOIO
MArHUTHOT'O I0JIA

G1a — 0, flaﬂ — iFaﬂa 420 — (a, f2aﬂ - faﬁa (655)

U YyUYUTBIBas, YTO OCHOBHOII BKJI&J IPOUCXOJNUT OT IJEKTPOHHON TeT/in, a TaK-
JKe — 9TO jucrepcus (poToHa B CJa0OM TOJIe MPAKTHYECKN He OTIUYAeTCA OT
BaKyyMHOI1 (q2 = (), /ISt aMIITY LI IPOIECCa V; — ;7Y TI0JIydaeM

GGFCA B ~

M = 18v3x B. (of*) ("), (6.56)

_ * 1 o
rie Cy = UpU}, — 50;;. Boipaxenne (6.56) coBmajaer ¢ JUHEHHBIM 110 MOJIIO
4JIEHOM aMILIATY/IbI, TPpUBEIEHHON B hopmysie (4) crarbu [85].
[Tosarast st IPOCTOTHI KOHEUHOE HEHTPUHO 6e3MAaCCOBLIM, HAXOIUM JIJIs Be-
POSATHOCTH PACIaJIa V; — Vj7y B CUCTEME IOKOsI HATAIBHOTO HEHTPHIHO

a GiCY . (BY’
@ TEvA s (D) 6.57
187 19273 Vi \ B] (6.57)

BepositHocTs (6.57) cornacyercst ¢ popmyiioit (5) crarbu [85], HO B 4 pa3a MeHb-
11e BepOsiTHOCTH, TToJTydaeMoit u3 dopmysibl (32) crarbu [87] B mpefese ciaboro
110J151.

6.2.2. PaccessHue HETPUHO B KYJOHOBCKOM II0JIE siJIpa

B kadecrse e ojiHOi uiutocTpanuy npuMenenus obrei gpopmyiisl (6.50)
PacCMOTPHUM TIPOIIECC paccessind HeUTPUHO BBICOKOI SHEPTUHN Ha SJIpe ¢ N3JIyde-
aueM dporona. Ormernm, aro panee (95,96, 100| usyuasuch TobKO acTpodusu-
JecKune MposBJIeHNs Tporiecca vy — vy. Mbl XoTuM uccieoBaTh BO3MOXKHOCTH
OOHAPYXKEHU ITOI peakIuu B JaDOPATOPHOM SKCIEPUMEHTE ¢ HEHTPUHO BbI-
COKMX 9HEpPruii oT yckopuresis. PeajlbHO Takoil IIPOIECC MPOSIBJISAICS ObI, Kak
TOPMO3HOE U3JIyUeHne HeHTPUHO B KYJOHOBCKOM II0JI€ s1/Ipa

Vi + 91po — v + v + A1po . (6.58)

[Ipr 3TOM 3KCHEPUMEHTALHBIM CBUJIETEIHLCTBOM PEAKITUHN JIOJIZKHO OBITH 0OHA-
pyzKeHne OJMHOYHOTO YKECTKOTO Y-KBaHTa 0e3 KaKOro-JIm00 COMPOBOKIEHUSI .
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Awmmmnryny peakim (6.58) mokno mosyants u3 (6.50) u (6.52), moraras
o/iH 13 (POTOHOB (HAIPUMED, Y2) PEAJBHBIM, IIPH 3TOM fa,,ke, = 0. Ecsin pe-
HeOpeUb Maccoii HEHTPUHO U CMEINNBAHUEM B JIEHTOHHOM CEKTOPE, TO B aMILIK-
TYJIy JIaCT BKJIQJl TOJHKO BTOpOIl djieH Beipazkerust (6.52). [Tojcraisist BMecTo
4-ekTopa nosmgpusanuu nepsoro dorona ey, semuunny (Ze/ki)J,, tne J, -
9JIEKTPOMATHUTHBIH TOK sijipa, ki — 4-UMIIYJILC BUPTYaILHOIO (POTOHA, [OJIYIHM
JJIA AMILIATYIBI CJICLYIONIee BhIPArKEHIE

Z ea G
M = - \/—Epuaﬂ ]/() v) Jﬂ koo, 635 [B(ml, k1, ]{72) —+
b Y T Q) Blng )| (6.5
f
rje m; — Macca 3apszKeHHOI'O JICHTOHA, IapTHepa HefTpPUHO, yYacTBYIOLIEro
B peakiuu. B npubiauzKennn, KOrja KOHEYHOE SIIPO HPAKTUYCCKH ITOKOUTCS,
J, = (2my,0), my — macca saupa, ki, = (0,k;), rue Beqmunna nepejaBa-

emoro mmysbca |Ki| orpanndena cepxy suauenueMm k,, mopsijika 06paTHOTO
paauyca supa: 1/r ~ ky, ~ 200 - A~'/3 MsB. Anaius nokasbiBaer, 4To HpH
BBICOKIX SHEPIHsIX HEATPUHO BKJIAJ] B aMILuTy Ly (6.59) jgaror Bee 3apszKeHHbIE
cbepMHOHbI KpoMe t-KBapKa (HAIIOMHUM, 9TO PACCMATPUBAETCS MPUOJINKEHIe
(pk1) < m?, < m?). Ec/in pu 9TOM OrpaHIINThCs IABHBIM JOrapiuMIIeCKIM
npubsnzKeHneM, To MaccaMi hbepMUOHOB B UHTerpase B(my, ki, k), onpeenén-
HOM B (6.53), MOKHO mpeHebpedb. /st criieKTpa nemycKaeMbix (hOTOHOB MOJTY Ua~
eTCs1 CJIEIYIOIee BhIparKeHne

Q G2 k2 dw w 1 /w\2 2w
do = 1< —(—) m (Z2) . (6.60
? 547r<7r) s w{ E+2E ]n<km) ( )
rie w — sHeprust ¢porona, F — sHeprus HadaJbHOro Heiirpuuo. VHTErpupys mo

OHEPI'NAM (i)OTOHOB n yAepzKrnBagd TOJIBKO CTapllylOo CTEIICHDb JIOFapI/ICbMa, HaXO-
ANUM IJIg IIOJIHOI'O C€YCeHIA

8 7% G2k?2 2F
~ (— —mpt (=) . 6.61
? (27r> 2T (k:m> (6.61)
Hanpuwmep, npu sueprun nefirpuno £ = 100 ['5B nmeem
z? 46,
T - 107 (6.62)

Majtast Besimauna cedenust (6.62) neaer HaO/OIEHNTE U3YYIAEMOTO MPOIIEC-
ca TPYJHOJOCTYIIHBIM B OJimzKaiiieM Oy/yIeM, HeCMOTPsl Ha HaJU4Ihe YeTKOTO
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CUrHAJIa — U3JIyUYeHHne OJIMHOYHOIO »KECTKOrO Y-KBaHTa 6e3 KaKoro-jnbo Compo-
BozKIeHns. OTMEeTHM, 9TO TAKOH CHI'HaJ BO3MOXKEH TaKyKe MpH KOI€PEHTHOM
M3JTy9eHnn y-KBaHTa HykjaoHamu siipa [302,303]. Ograko obcyzkpaemblii Hamu
[IPOIIECC XapaKTepusyercss 6ojiee Y3KUM YIJIOBBIM paclpejie/ieHneM y-KBaHTOB,
0 < k,,/E Bmecro 0 < \/k,,/E [302,303|. Kpome Toro, Heobxoaumo ymerb pas-
JIMYaTh B HEHTPUHHOM 3KCIIEPUMEHTE 3JIEKTPOMAIHUTHBIE JIUBHU OT (DOTOHOB 1
OT 3JIEKTPOHOB OTJAaui B CTAHIAPTHOM IIPOIECCE PacCesiHusl Ve — Ve, CeUeHne
koroporo B 10* pas Gosbie, genm ceuenne (6.61).

Moxkno HajesaTes, ogHaKko, 9TO YKa3aHHbIe SKCIEPUMEHTAILHBIE TPYIHOCTH
B OyJIyIIieM MOTYT OBITH TTPEOJIOJIEHBI, U 00CYXKIaeMblil TIporece vy* — 17y cTa-
HET JOCTYIHBIM JIjI HAOJIOAeHNsA. BaykHocTh M3ydeHnsi TaKoro mporecca, Kak
MUHUMYM — OJTHOIETJIEBOTO, OOYCJIOBJIEHA TE€M, UYTO €r0 KCIIEPUMEHTAIbHOE 00-
HapYyrKeHHUe sIBIJIOCH Obl OJHUM W3 TECTOB Ha MPUMEHUMOCTD BBICHINX TTOPSIKOB
TEOPUN BO3MYIIEHUI B CTAHIAPTHON MOJEIN 3JIEKTPOCIA00r0 B3anMOIeHCTBUS.

6.2.3. BiingHue BHeNIHEro moJisg Ha IIPOIECC Yy — VU

Kak yxKe ormeuasioch, BHEIIHEE MarHUTHOE I10JI€ MOYKET YCUJIUTH JIaHHbII
npornecc. [IockonbKy B 3aja4e BOSHUKAET TEH30D 3JIeKTPOMAarHUTHOrO 1oJs F,,,,
5TO OTKPBIBACT HOBYIO BO3MOXKHOCTD JIJIsl IIOCTPOCHUA TeH30pa 13, B aMILIUTY-
ne (6.31) B geiicTBuTesbHOCTH TOJIE BOMIET B aMIUINTYLy B Buje 06e3pasMepeH-
HOr'O TeHsopa eF),, / mz, KOTOPBIIT MOXKET JaTh JOIOJHUTEIbHOE YCUIEHNE, eCIn
BEJIMYINHA T0JII TIPEBBIIACT KPUTHUECKOe 3Hadenne B, = mz /e.

B pab6ote [105] nporecc vy — vP uccaeoBaics B pAMKax CTAHIAPTHON MO-
JIeJM B OTHOCHTEIBHO CJIa0OM MarHUTHOM 1ojie B < B,, B HHU3IIEM OPsIIKe
passoxkenns 110 B/B,, 1 Ipu MaJbIxX SHEprusx GOTOHOB w <K M, (MMEHHO B
9TOM HPUOIMKEHNN YMECTHO IpuMeHeHne 3G MeKTUBHOIO JIarpaHKuaHa, IOJIy-
qeHHOro B [114] u3 ammiuTy/is1 iporecca ¥y — yvv 1 ucnojib3osanuoro B [105]).
Kax cuemyer n3 [105], aMmmumTyna mporecca JuHeiiHo pacreT ¢ mosieM. Mbr 1o-
KaxKeM HIKe, YTO 9TOT POCT MMeeT MECTO TOJIbKO nmpu B <K B., HO B CHJILHOM
nosie, B > B,., aMIUIITyJa B CJIydae CTaHIapPTHOTO cJIaboro B3anMOIECTBUs
BBIXOJIUT Ha KOHCTAHTY.

B paborax [106,107]| mporecc vy — v 1 KPOCCHHT-TIPOTIECCHI CCIE0BAINCD
Tak:kKe B cJ1abOM MArHUTHOM II0oJie, HO 0e3 orpaHmYeHus MaJIoCTH dHepruii ¢do-
TOHOB, NpH W < Mmyy. B npefene w < m, ammuryga u3 [107] cormacyercs ¢
pesysbraToM paborsl [105]. K coxasennto, ammmryna B [107] 3ammicana B ouennb
I'POMO3JIKOM BHJE, TaK YTO HMPOCTEMINNii TecT Ha KaJnOPOBOYHYIO MHBApPHAHT-
HOCTH IIPOBECTH UPE3BBIYAITHO 3aTPYTHUTEILHO.
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N
N

/
/

Puc. 6.5. Iuarpamva ®PefinmaHna JJId TPEXBEPIINHHOTO IIETJIEBOIO IPOIECca B
CUJILHOM MarHUTHOM I10Jie. /IBOifHbIE JIUHUH COOTBETCTBYIOT JIEKTPOHHBIM IIPO-
raraTopaM, IOCTPOEHHBIM Ha OCHOBE TOYHBIX pellleHuii ypapHeHusi upaka BO
BHEIITHEM I10JI€E.

B 6o.siee panneit pabore [109] mporiecc 4y — v ObLI HCCIEI0BAH B CHIIBHOM
MarHuTHOM 1ojie B > B, npu MaJjbIX Heprusix (poToHOB, w K m,, 0e3 ydeTra
BKJI1aJla Z-0030HA.

AHaJi3 TPEXBEPIIHHHOTO METJIEBOIO TIPOIecca Yy — VU B CHJIBHOM MArHHT-
HOM I10JI€ TIPU TTPOU3BOJILHBIX KIMHEMATHICCKIX YCJIOBUAX OBLIT BIIEPBbIE MTPOBE-
nen B Harefi padore [110].

PaccMorpum ob1mimit ety dait TpEXBEPITNHHOTO TETIEBOTIO TTPOTIECCa B CUJILHOM
MarHUTHOM I10JIe, KOTOPBIIl OIuchiBaeTcs jJuarpammoir @eitHMaHa, n300parkKeH-
Holt Ha puc. 6.5.

B nporiecce npeppainenns OTOHHOI Haphl B apy HEATPUHO - aHTUHEHTPU-
HO, 7YY — VU, JIBe BEPIINHDbI ABJSIOTCA BEKTOPHbIME, Harpumep [y = I’y = V|
a TPeThbs MOYKET COJIepyKaTh, B paMKaxX CTaHIapTHON MOJeN, BEKTOPHYIO 1 aK-
cuajbHyio cBs3u, I's = V) A, a Tak:ke — 1npu BbIXOJIE 3a IIPejIeibl CTaHIapTHO
MOJIE/IN — CKAJIIPHYIO U TICEBJOCKAIIpHYIO cBst3u, ['3 = S, P.

Eie onuH TpEXBEPIINHHBIN 11€T/IEBOIl IIPOIeCcC, B TeUeHNne MHOI'UX JIeT Haxo-
JSIIUICST B 110J1€ BHUMAaHUsI TEOPETUKOB — paciierienne (poToHa Ha JBa (DOTOHA
B MarHUTHOM I10JIe, ¥ — 77y, KOTOPBI B BaKyyMe 3alpelieH KuHeMaTn4iecku. B
JIAHHOM IIPOIIECCE BCE TPH BEPIIMHBI SIBJISIOTCA BeKTOPHbIME, ['| =1y =1'3 = V.
Taxum obpazom, B JajibHeIIeM aHaIl3e JBe BepIinuHbl, Hanpumep, I'y u I'y, MbI
OyJileM CUMTAaTh BEKTOPHLIMU U CBSI3aHHBIMU ¢ (bOTOHAMU, a Bepinuny ['s ocraBuM
[IPOM3BOJILHOI 1 CBA3AHHOII C COOTBETCTYIOINIUM TOKOM.

ByneMm wucnosib3oBaTh IpomaraTop 3JEKTPOHA B MAIHUTHOM IIOJIE, CM.
pazn. 2.1. VlaBapnanTHasg aMIUTATYAa MIPOIEcca, OIMIChIBAEMOT0 IrnarpaMMoil Ha
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puc. 6.5, ¢ yaerom (2.1), (2.17) umeer Bu

M = g3 / Ad*X d*Y Tr{(jsT3) ST (V) (e27) ST (=X — Y)(e17)SF (X))} x

> e—ie(XFY)/Z ei(le—kQY) + (’Yl PN 72), (663)
e X =z—ux,Y = o —y, I's — marpuna, coorsercrytomas S, P,V nimm A
BEpIIHE, g3 — KOHCTAHTA CBA3HU, j3 — COOTBETCTBYIONINI KBAHTOBBII 00HEKT (Heﬁ—
TPUHHBINA TOK UJIM BEKTOD HOJsipusaliui (hOTOHA) B UMITYTLCHOM IIPOCTPAHCTBE,
€1, k1 1 €9, ko - BEKTOPBI MOJISIPUBAIUN U 4-UMITYJIHChl HAUAJIbHBIX (DOTOHOB.

UcnonpzoBanne npornararopa Buja (2.1), (2.2) B TpEXBepIINHHOLN T1€TIIC Be-
JIeT B 001IeM ciIydae K 0UeHb TPOMO3IKIM BhIpakeHnsAM. OTHOCUTEIHHO TTPOCThIE
pe3yJIbTaThl OBLIN TOJIYYeHbI TOJIHLKO JIJIs TIpoTiecca paciierienns (hoToHa B JIBYX
cllydasix: B mpejiesie ciaboro nosist [164] u B cubHOM T0JI€ B TIPHOJINZKEHIN KOJI-
JMHeapHoi KuHemaTnku [124,125].

st anajmsa aMInTy 6l mporecca (6.63) B CHIBHOM 10JIe 11e1eCO000pasHo
HCIOJIb30BATH ACUMIITOTHIECKOE BhIparkKeHne 9JIeKTPOHHOTO mpornaratopa (2.60).
[TojcTaBiss nponaraTop B aMILIATY/Ly, HAXOJUM, UTO JIBE €€ YaCTHU, OTJINIalo-
IIecs MepecTaHOBKOM (POTOHOB, MPOMOPINOHAIBHBI BeJINUNHE 0/ B:

M ~ lagzeB exp (_ki+ké+(l€1k2h) exp (_,(klgpkg)> y

(47)2 2eB 2eB
X /de Tr {(ngg)SH(p + ko) (e27)S)(p)(e17) Sy (p — kl)} +
+ (<) (6.64)

rie S)(p) = 211 ((py) + me)/(pﬁ — m?). Cuenyer 3aMeTuTh, 4T0 B aMILIUTY-
ne (6.64) npoexrmonnblit oneparop I1_ Beiaessier (bOTOHBI TOJBKO OJHOf T0JIs-
pusain (L) = (2) u3 aByX BO3MOXKHBIX, cM. (3.10),

~

) — _ Fasks ) Foshks (6.65)

YOVGEFR) C [hFEr)

Vcronb3yst cTaHAapTHYIO MPOLEIYPY, MOXKHO IIPeodPa3oBaTh CJIeJ BO BTOPOM
qyiere Bbipaxkenust (6.64), ¢ mepecraBieHHbIME (DOTOHAMIE, K CJIY B TIE€PBOM
YJleHe, OJTHAKO:

® 5TO MPOUCXOANT € M3MEHeHneM 3Haka jist I's = PV, A (u nosiBiernem
daxTopa sin|[(kipks)/2eB| B pe3ysabTupyomei aMIinTy/e)
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e 1 Oe3 u3Menns 3uaka Jyist ['s = S (u ¢ nosiBieHnem axropa

cos[(k1pks)/2eB] nocie cymmupoBaHust).

CitetoBaTeIbHO, KOT/Ia BEJININHA MATHUTHOTO IOJIST SIBJISIETCST MaKCHMaJIb-
HBIM (PUBHUECKUM MapameTpoM, eB > k2 kl\’ TOJIBKO aMILINTY/Ia CO CKaJIsIPHOIT
BEPIINHOI JIUHEHHO pacTeT C II0JIEM.

6.2.4. AMnuntya U cedeHme IIpolecca vy — VU B MOJeJIn
C HApPYIIIEHHOM JIEBO - IIPABON CUMMETPUEN

cnonb3yst abdeKTuBHbIA JarpamKual vvee — B3alMOIEHCTBUS CO CKa-
nspHoit caspio (6.37), mojcrapaas I's = 1, g3 = —4 ¢ Gp/vV2 u jz =
[Ve(p1)Ve(—p2)] B amiuryny (6.64) u uHTErpupysi M0 BUPTYAJIHLHOMY HMITY/Ib-
Cy B IpeJieJie CHJILHOIO I0JIst, Oy YaeM

T

1 1—

_ dy

M = ?EEE [l/e(pl) ( 51a 52ﬁ /dx/ﬁ
0 0

X { {kfux(l — 22) + kyy(1 — 2y) — (kka) (1 — 4xy)] Rob _

— (1 —=2x)(1-2y) 1||k2|| + (1 — dzy) géllklﬁll N

— 2z(1 — )k1||k1|| 2y(1 — )k2|k2|} (6.66)
a = 1— m2 Ty — (1—x—y)<22x+22y> (6.67)

riie q = k| + kg Ilpusenem ammmtyny (6.66) K sBHO KaguOPOBOYHO HHBAPH-
anTHoi opme (6.31)

(8% G _ o v
M= =25 [0p) T ve=2)] 071 (6.68)

KyJla Telepb BOMIyT T€H30pbI T0Jisi (POTOHOB TOJBLKO OJIHOM MOJIAPU3aIIN

L 1
135 = kel — ke
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Bripazkenue Jyis Tenzopa 1yg,,, IPU 9TOM IIpHoOpeTaeT BuUJl

1
4 B
Taﬁuy = EE dx
0

1 ~
+ 41—z —y)(1 — 2z — 2y) ? F1)ja Ag,, k2|y}. (6.69)
|

[t

—Z‘

{ (1 — 4zy) AavABu

o\

Ormernm, 9T0 JIjIsT Tpeobpa30BaHus AlIUTY/IbI TIporiecca K gopme (6.68) Heob-
XOJMMO UCIIOJIL30BATH CJIEAYIONINE HETPUBUAJILHBIE HHTEIPAILHBIE TOXKIECTBA

1 1-z
/dx / dny(l—Qx)A—NTy(1—2y) = 0, (6.70)
0 0
Fr Zy— 2+ sa )(1 = 22 — 2y)
y(1—2y) + S0 -z —y)(1 -2z — 2y

/dx/dy N =0, (6.71)
0 0

A=1—Zzy— (1 —x—y)(Sz+Ty), (6.72)

rie Z, S, T — nponsBojibHbIe TapaMeTpbl, N — IIPON3BOILHOE IEI0€ YUCII0, B JaH-
oM ciydae N = 2. Panee yke ucrosib3oBaioch Toxaecrso (6.70) mist ciaydas
N =1, cm. (6.49).

Beipazkenue ist aMIUINTYJIbI YIIPOIAETCSA B JBYX IPEIEJbHBIX CJIydasx
(3/16Ch y7Ke TIO/ICTABJICHBI BEKTOPBI HOJISPH3AIINT 5%), cM. (6.65)):

a) TpH HU3KNX 9HEPrusx (HOTOHOB, w S M,
M~ — —= — — [Ve(p1) ve(—p2)] 1|| 2||7 (6.73)

0) IpU BBICOKUX SHEPIUsiX (GOTOHOB, W > My, B TJIABHOM JIOTAPUPMIICCKOM

pUOJIMZKEHUN:
k2 k2
16 G . B . 1 172
~ T U, (— 1 . (6.74
M= — \/§<B o [Pe(p1) ve(=p2)] = (6.74)

12|
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Beraucsistst crangapTHBIM [IyTeM cedennst 000ux mporeccoB vy — (Ve)rn(Ve) L
1 vy — (Ve)r(Ve) R, Oy9aeM, 9T0 OHU PaBHBI, 0 = Opr = 0. B J1ByX yKa-
3aHHBIX [PEJIEIbHBIX CJIydasX BLIPAKeHUs JIJIsi CeYeHUs UMEIOT B/

202G2¢% [ B\ K k3
< ~ F 2
= CQ < )2 me 2 k%llkgll
o(w>me) =~ — <~ In : (6.76)
o \B. kyks) md

6.2.5. IlposiBjieHus 1mporecca vy — v B acTpodu3uKe

HabmoaeMoit BeInannoil B acTpou3nKe ABJISIETCA MOTePs SHEPTUN 13 €11
HUIIBI 00beMa 3Be3/Ibl B €JINHUILY BPpEMEHU, 00YCJIOBJIEHHAsT BBIXOJIOM HEHTPUHO
(HeffTpuHHAS M3TydaTeIbHAS CIOCOOHOCTD — emissivity). st mporecca vy — v
OHa 3AIUCHIBAETCA B BUJIE

Q = l/dgkl 1 /d3k2 1 y
2 ) @) en/T —1 ) (27)3 ew2/T — 1
(k1ks)

W12

X (w1 + wo) o (yy — vp), (6.77)
rie T - temmeparypa (oroHHoro rasa. B Beipaskenun (6.77) ydreHo, 910 B
pPacCMaTPUBAEMOM IIPOLECCe YYACTBYIOT (DOTOHLI TOJLKO OJIHOMN IIOJISIPU3AIIIL.
[TocKoIbKY TOJIBKO “cTepusibHOe” (aHTH )HEHTpUHO U3 napbl, cM. (6.38), cB0OOI-
HO BBLJIETAET U3 ropsiveil u IJI0THON 3BE3HON cpejibl (Jpyroe, ydacTByoliee B
CTAHJIAPTHOM B3aUMOJICHCTBUN, UMEET MAJIYIO JINHY Tpobera U MOTJIONAeTCs ),
B KauecTBe CevdeHust mojcrasisieM (opy + orgr)/2 = 0.

a) Cuay4uaii HU3KuUX Temieparyp, 7' < me.

B srom ciyuae, nofacrasiss (6.75) B (6.77), momyanm

2 2 11
B T
~92.5.108 2L < =) (=) . 6.78
@) o ¢ \0.013 B, m, (6.78)

CpaBHUM 3Ty BEJMYUHY CO BKJIQJAMU B HEHTPUHHYIO U3JIyYaTeIbHYIO CIOCO0-
HOCTb 34 CUeT JIPYTUX MEXaHU3MOB B IIpOLecce Yy — VI, 00CYKIaBIINXC B
rnage 3. Hampumep, j1s BKJIaa 3a CIeT HEHYJIEBOM MacChl HEHTPUHO B pabo-
te [96] mosryaeno

11
Q) ~ 0.4+ 107 22 (m>2<1> | (6.79)

cvd ¢ \13B Me




282 I'naBa 6. HeliTpuHO—(pOTOHHDBIE B3aUMOICHCTBUS

C 1pyroii CTOPOHBI, NOJCTABIIsS CeYeHne, Hafl/[eHHOe ¢ Y4eTOM HeJOKaJIbHOCTH
caaboro B3anmoseiictsust [99], B Beipazkenue (6.77), HaX0OIIM

T 13
i N (6.80)

e3¢ \m,

Q(nloc) ~ 10

Bujno, uro g B 2> B,, naxke B cydae o4eHb Majaoro cMemusanus ¢ ~ 1077,
MH/TyIIUPOBAHHBIN MTOJIEM MeXaHU3M peakIuu 7y — VU JIOMAUHUPYET HaJl BCEMU
JIPYTUMU MeXaHU3MaMMU.

6) Cuayuaii BIcOKUX Temieparyp, 1 > m..

B ciyuae Beicoknx Temmeparyp, nojactasiss (6.76) B (6.77), moxyanm

2 P 3
B T T

~0.4-102 220 ¢ ) (=) = 81

@y =0 0 cvd ¢ \0.013 B, Me " Me (6.:81)

JI st aucaenHoit OIeHKN paccMOTPHUM B3PbIB CBEPXHOBOIT ¢ reHepaleil o9eHb
CIJILHOrO MaruuTHoro noist B ~ 103 B, [27,28,33,34], ¢ Temueparypoit T ~
35 MsB, rummunoil st Kopbl ceepxtopoit [1], u V' ~ 10 cm?. JTnsa sruaja
paccMaTpuBacMOro MH/LYIIMPOBAHHOIO MIOJIEM IIPOIECca Yy — VU B HEHTPUHHYIO
CBETUMOCTH 3Be3/1bl (luminosity) mostydaum

5pr ¢\’

L~ 10% >
cek \0.013

(6.82)

OTa BeJIMINHA OKA3bIBACTCs MAJION 110 CpaBHEHUIO C TUITMYHON HEHTPUHHOI CBe-
TUMOCTBIO CBEPXHOBOI 10°2 spr/cex. Tem He MeHee, MPU HAIPSIZKEHHOCTH MOJISI
B Z B, 10T MeXaHH3M MOXKeT JIOMUHUPOBATH HAJI JIPYTUMU 00CY K IABITIMU-
Cd B JIATEpaType MexaHu3MaMM Ipoliecca 7y — VUV 10 BKJIAJAY B HEATPUHHYIO
UCITyCKATE/IbHYIO CIIOCOOHOCTH 3aMarHMYeHHONH 3BE3/Ibl.

Kak yrke ormedasioch Bbiiie, amiinTyja (6.64) ¢ BEKTOPHON 1 aKCHaJIbHOI
BepinHami, '3 = V, A, He comep:KuT JINHEHHO PACTYIIEro ¢ IOJIeM BKJIAIA B IIpe-
JieJ1e CHJILHOTO 1o, eB > k2| kﬁ DTO 0O3HAYAET, YTO AMILIUTY/IbI KAK JJIsI IIPO-
recca Yy — VUV €O CTaHJapTHBIM vree — B3auMoJeiicTBrueM, TaK 1 JJIg pacIierl-
JieHust GOTOHA 7y — Y7y HE 3aBHUCIT OT IMOJsI B 9TOM Ipejese. OTMeTuM TakzxKe,
4TO HEUTPUHO, POKIAIONNECd B CTAHAAPTHOM B3aUMOECTBUM, 3a CYET TaKO-
o 7K€ B3anMO/ICHCTBUS NHTEHCUBHO ITOTJIOIIAIOTCA ropdadeil U IJIOTHOW 3BE3HOI
cpeJloit, U, TaKIMM 00pa30M, He MOT'YT JiaBaTh BKJIaJla B OCThIBaAHUE IIEHTPAJIbHOM
00J1aCTU B3PbIBAIOIIENCsl CBEPXHOBOIA.
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v(k1)

v(k2)

v(ks)

Puc. 6.6. [Inarpamva @eitamana jijis mporecca vy + 7y + v — v + 1.

6.3. PoTropoxkjaeHrne HEeHTPUHO Ha siJipaX B CUJIb-
HOM MArHUTHOM IIOJIE

Kak yke oTMedaJioch, 1 B BaKyyMe U B CUJILHOM MAarHIUTHOM II0JIE Y IIPOIIEeCCca
Yy — VU UMeeTCsl KOHKYPUPYIONIUi KaHaJs ¢ JIOTOJTHUTEIHLHBIM (POTOHOM, Y7y —
vy, HECMOTPS Ha, JTUITHUI pakTop .

B pabore [43| usydasicst, B 4acTHOCTH, BKJIAJ] B OCThIBAHIE 3BE3]1 OT [IETIEBOIO
mporecca (boTOPOXKAEHNsT HENTPUHHON Iaphl Ha, sIJIpe

v+ Ze —Ze+vy+v+D (6.83)

B CUJILHOM BHEITHEM MArHUTHOM I10JI€, U CJIeJIaH BBIBO/I, UTO BKJIAJ] STOTO IPOTIEC-
ca MoKeT KOHKypuposarh co BKaagoM URCA - mponeccos. Takmm obpasom, mpo-
ecc (6.83) HeoOX0AMMO OBLIO ObI YIUTHIBATD MPHU OMUCAHUN OCTBIBAHUST CUTHHO
3aMarHMYeHHON HEHTPOHHON 3Be3/1bl, KaK €Ie OJUH KaHaJl HeUTPUHHBIX I0TePh
SHEPIUN.

OjsHako, Kak ObLIO MOKa3aHO B Hareil pabore [121], ¢ yuerom pucrepcnu
doTona B CHILHOM MArHUTHOM TIOJI€ KATaJU3UpPYIOIlee BANUSHUE MOJ Ha MPO-
mecc (6.83) 3HAUNTE/ILHO yMEHBIAeTCst. DTOT 3PdeKkT He ObLT yuTeH B pabo-
Te [43], B pe3ysibraTe 4ero BKJIA JAHHOTO MPOIECCa OKA3AJICS 3aBBIIIEH HA MHOTO
IOPSIJIKOB.

Amrumury ity peaknun GOTOPOXKICHNST HeHTPUHHOI Taphl Ha sijipe (6.83) MoxK-
HO TIOJIYUNTH W3 aMILTUTY/IbI MPOIecca B3amMOJIeHCTBIA TPEX (DOTOHOB U Heli-
TPUHHON Hapbl, HAIIpUMED:

vy+y+y— v+, (6.84)

nunarpamma PeiinMaHa, 17151 KOTOPOro n3odpazkeHa Ha puc. 6.6.

Kak usBectHo, cum., Hampumep [113], B UHTEHCHBHOM MATHUTHOM TI0JI€ TPEX-
dborontbie porecchl Buja (6.84) yCuIeHbl M0 CPaBHEHUIO ¢ COOTBETCTBYIOIINMU
TBYX(OTOHHBIMHI TIPOIECCAMHU, TIOCKOJIbKY aMILTUTY/Ia Tpoliecco Tumna (6.84) ¢
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BEKTOPHO-aKCHAJILHBIM HEHTPUHHBIM TOKOM B IIpeJiejie CUJILHOIO I0JIsl JIMHEITHO
pacTeT ¢ moJieM, TOT/Ia KakK JIJId ITPOIECCOB THIIA 7YY — VI aMILIUTY/a ¢ TaKUM
HEUTPUHHBIM TOKOM II€pEeCTaeT 3aBUCETH OT IOJIS.

Awmrturyia mporiecca (6.84) B CHJIBHOM MarHUTHOM I10JI€ MOYKET OBbITh TIPe;i-
craBJieHa B cjejyroleii kopapuanTHoii dpopme [113]:

8e*GreBm? , . -
M = — o (e1Pk1) (e20k2) (e3Pk3) x
X [Cv (j@ks) + Ca(jppks)] 1(ky, ka, k3), (6.85)

e Cy, C4 — BeKTOpHas U aKcuaJibHasi KOHCTaHTBI 3(h(OEKTUBHOIO vvee —
narparzknana (1.1), €193 1 k1 93 — 4-BeKTOPBI NOJISIPU3AIINN U 4-HMITYJIHCBI (DOTO-
HOB, jo = [U(q1)Va(14+75)v(—q2)] — dypbe-obpas HeiirpurHOro ToKa, ky = q1+¢s
— 4-uMIIYJIbC HEATPUHHOI TIaphI.

Dopmarrop I(ky, ks, k3) mveer Buj TPEXKPATHOTO WHTErpaJia 1o (hbeifaMa-
HOBCKUM IT€pEMEHHbIM:

+ {]{1 — kg} + {kQ — ]{73}} (686)

31ech 0003HAYCHO

D = ki(koks) + k5(kiks) + k3 (kiko) + 2(kiko)(kiks) +

+ 2(k1ka)(koks) + 2(kiks) (koks), (6.87)
a(ky, ko k) = k2 (1 —2)* — E3y(1l —y) + k2 2% + (6.88)
+(kike) (1 = 22)(1 —y) + (kiks) [1 — @ — 2(1 — 22)] — (kaks) y(1 — 22),
blki, ko, ks) = K2o(1 — ) + kiy(l —y) + k3 2(1 — 2) + (6.89)

B dbopmynax (6.87) - (6.89) nox crassipabIME IpousBeenusMu suja (k;k;) mo-
HuUMaIoTCst cBepTKE Tuna (k;ppk;).

B ciyuae nnskux smepruii $hoToHoB, wiog <K M, unrerpai (6.86) Jierko
BBIUNCIISETCA U PaBEH

1
[(kh k?a k3) =~

~ : 6.90
60 m?3 (6.90)
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[Ipu sTom ammnryaa (6.85) ¢ yaerom (6.90) coorsercTByeT 3 HeKTHBHOMY JIO-
KaJIbHOMY JIal'PaHXKUaHy Yy YVV — B3aUMOJEUCTBUSI:

e3 GreB 0AY _ 3

Legr = — 45 v2r2md \ 015 Pap | X
o . _ .
X 67[1/%(1 +75)V] [Cv Ppo + Ca ($P) po)- (6.91)

OTmeTnM, 9TO Yy YV — B3aUMOJIeHiCTBHE B TIpejiesie HU3KUX SHEPTHIT N3yJaa0Ch
patee B pabote [113], ojHaKO MOJIyUeHHBI TaM JIarpaHzKiaH 3aBbllllieH B 2 pasa.

Anasmsupyst ammnTyay (6.85) 110 pa3sMepHOCTH Ha MPeJMET 3aBUCHMOCTH OT
xapakTepHoit sueprun GhotoHos |ki| ~ |ka| ~ |k3| ~ w B npeaeabHbIX CIydaix
MAJIBIX U OOJIBITIX SHEPrUil, MOYKHO BUJIETH CYIIIECTBCHHOE pa3/IMdne, a UMEHHO,
P TIepexo/ie OT MAaJIbIX 3HaYeHnil w K OOJIBLIINM POCT aMILIUTY/IbI ¢ SHeprueii,
BHJA ~ w°, 3aMeHseTCd Ha IaJIeHNe 110 3aKOHY ~ W °.

[Ipu BbIUMCIEHNN AMIUIATY/IBI Tporiecca (6.83) Ha sijipe B JIOKAJIBHOM Ipe-
nesie 3pGEKTUBHOrO yyyvy — B3anmojeiicTsus (6.91) HeOOXOAUMO yUUTHIBATH
BJINSIHNE CHJTLHOTO MATHUTHOT'O TIOJIs HA JINCIIEPCUOHHBIE CBOMCTBA (DOTOHOB, KaK
peasibHbIX, TaK U BUPTYAJIHHOIO. DTO BUSIHIE, KAK MbI [TI0KaXKEeM, UMEeT pella-
forriee 3uadenne. HamoMumM, 910 B CHJIBHOM MATHUTHOM moJie B miporecce (6.83)
Y4aCTBYIOT (POTOHBI TOJIBKO ‘‘TIONEPEYHON” TOJAPU3AlNA U3 JIBYX BO3MOYKHBIX
nosigpusanuit (3.10).

[ BupTyasbHOro (poToHa BMECTO BAKYyMHOTO BbIparKeHWsl JIjIsd ITpoliara-
TOpa ~ ¢ 2 HeobXOIMO HCIIOIL30BATE MPOIATATOP ¢ YIETOM MOJISPH3AIIN Ba-
KyyMa B MArHUTHOM ITI0JIe

1
¢* — (qf)’

3/1€Ch qﬁ = qg — qg, qi = q?c + qz, ¢ = qﬁ — qi (MarHUTHOE TOJIe HAIPABJIEHO

DW (g, q7) = (6.92)

BJIOJIb OCH Z), H(qﬁ) — NOJIAPU3AIMOHHBI oreparop OTOHA B IOJIE, KOTOPBIi
B Cay4ae CHJILHOro nojs, B > B,, n B npu0OJnzKeHun |qﬁ| < m? npunnMaer
ipocToit Bu (80

a B
i (6.93)

I(g?) ~ —— —
(CI||) 31 B,
Y1o6HO0 BBeCcTH Oe3pasMepHbIil apaMeTp, KOTOPBIM OY/IET ONpeesiThC B

HUE II0JId BO BCEX ITOCJICAYIOHNINX BbIPazKEHNAX!

6 == 3—7T E. (694)
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[Ipu Besmmunnax noss 103 B, n 10* B, napamerp 3 IpHHIMAaeT 3HAUEHHsT COOTBET-
crBerno 0.77 1 7.7, T0o ecTb MaJjibIM canTaThest He MoxkeT. C yaerom (6.93), (6.94),
a TaKrKe IIPUHUMasl BO BHUMaHUe, 9TO JI/Isi BUPTYaJIbHOIO (DOTOHA, CBSI3QHHOIO C
HEIOJIBUKHBIM s7IpOM, ¢o = 0, mpornaraTtop (6.92) MOXKHO nepernucarh B BHJIE

1
DB ~ _ . 6.95
ZT 0108 (6:95)

C apyroit cropombl, peajibibie (hOTOHDI, ydacTByoime B 1porecce (6.83),
TaKzKe HAXOJATCS 110J1 BO3/IEICTBIEM CHJILHOIO MATHUTHOTO I10JIsl, IPHBOJISIIIM
K [IePEHOPMUPOBKE BOJHOBBLIX (DYHKITHIL:

Ea — VZ &g, (6.96)

rJie TIePEHOPMUPOBOYHBI MHO)KUTEb Z ¢ yaeToM (6.93) mpuHIMaeT Bu/I

B g\ 1
z_<1— dq2> =115 (6.97)

Kpome Toro cymiecTBenHo MEHAI0TCs KHHEMATHIECKIE CBOHCTBA (hOTOHOB. Y paB-
Henne juctepcunt porona k? — H(l{ﬁ) = 0 ¢ yuerom (6.93) u (6.94) mepenuceia-
ercst B Bujie w? = k(146 cos?0)/(1+/3), 1 3/1€MeHT UMITYJIbCHOTO [IPOCTPAHCTEA
MOXKHO IIPEJICTABUTEL B popMe

A’k = (1 + 3) w?dw dy de, y:cOSQ\/l—Fﬁ/\/l—FBCOSQH,

rjie 0, ¢ — NOJSIPHBI U a3UMYyTaJIbHBII YIJIbL.

Ucnob3syst acddbexTuBnblii tarpamkuan (6.91), yauTbiBasi BIUIHIE MATHAT-
HOT'O T10J1s1 Ha cBoficTBa poToHOB (6.92) - (6.97) 1 mojicTaB/IsAs BEKTOPBI MOJISAPU-
3allil peasibHbIX (POTOHOB

e =z (‘ﬁk)“, (6.98)

aMILTITy Ly 1poriecca (6.83) MOYKHO TIPEeJICTABUTH B CJIEIYIOMIEM BHJIE

2 1.2
o B2mazGe g 2Rk
5v2mi 146 ¢7 + (14 0)¢?

[Cv (jPka) + Ca(jppks)], (6.99)



6.3. @otopoxKjieHne HEHTPUHO Ha s/Ipax B CHJIBLHOM MarHUTHOM ITOJIE 287

rje my — Macca spa, ¢ — UMILYJIbC, epenannbiil sapy, ¢¢ = (0, q). Hamme BbI-
pazkeHue it aMiuTy bl (6.99) cynecTBeHHO OTIIMYAeTCs OT Pe3y/ibrara pabo-
TBI [43], T/ie He yUTeHO BIMSHUE CUIBHOIO MATHUTHOTO MOJIST HA JUCIIEPCHOHHBIE
cBoiicTBa (POTOHOB.

Nmeromas BazKHOE B acTPOPU3NUCCKUX TPUJIOZKCHUAX 3HAUCHUE BeJIUINHA —
SHEPrus, yHOCUMas HEHTPUHO U3 €JUHUIBI 00beMa 3Be3/Ibl 38 C/INHUILY BDEMEHN.
Oma omnpejiesisieTcst depe3 aMIuInTy, Iy mporecca (6.83) cuemytomum o6pasom

2 4
@y )y ;%]:N / IM? (g1 +&2) 0* (k1 — ko — @1 — g2 — q) X (6.100)
d3k, d3k, A3 a3 d3q
X (27r)32w1f(w1) (27‘(’)32&)2[1 + f(CU?)] (277')3281 (271')3282 (27T)32mN’

rje ny — KOHIEHTPalusd SJIep, €1 U €9 — dHEPIUN HEUTPUHO W aHTUHENTPUHO,
f(w) = [exp(w/T) —1]7! — bynxuus MI0THOCTH PaBHOBECHOTO (POTOHHOIO ra3a
npu Temepatype 1.

[Toxcrasisist ammntyay (6.99), 1jst 00bEMHOMN JIOTHOCTH MOTIIHOCTH H3JTy-
YeHus (), HaXOIUM CJIeJIyIoIee BbhIpasKeHue

8 (2m)?

Qv ="

T 14
Z2a? GEmSny <—) J(B). (6.101)

Me
3aBUCHUMOCTH OT I0JIEBOT0 Tapamerpa (6.94) ompesessieTcss HHTerpaaoM

1

1 1 1
J(B) = B* [ du(l—u?) [ dv(1—2?) [ dss®(1—s)® [ drr?x
ez frose fosaorf

0
1

X /dx[u —sv — (1 — s)rz]*(1 — r’2?) x (6.102)
< [Fo-mea-) [ 2

F(B) = (1+5) {1 w4 (1 —12) — 25v/1 — u2y/T — 02 cos g1+
+ [u—sv—(1=s)rz]’} —2y/1+ (1 — s)rv/1— 22 x (6.103)
X {\/1 — u? cos pa — s/ 1 — v? cos(py — gol)] + (1 = s*)r*(1 — 2%).
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J(3)
81075 - 3 e
6-107°F :
-. 1
4.107° - -
2.107% [ ! i
0 | | | |
0 T 2 4 6 IS 10
B=10°8, p B—10°B.

Puc. 6.7. BaBucumocts dbyukrun J(3) or mojesoro napamverpa 3 (juHus 1).
Jlunueit 2 nokasaHa acCUMIITOTHKA (DYHKIMHI pu 00X 3HaueHusx (3, J(G) —
8-107°. JIunng 3 n300pazKaeT 3aBUCUMOCTD ~ (32, KOTOpas nMesia Obl MecTo 6e3
ydeTa BJIMAHUST MArHUTHOIO TIOJISI HA JIUCIIEPCUIO (DOTOHOB.

Crosipe noJ 3nakom unterpasa (6.102) koncrantel C2 = 0.93 u C% = 0.75
eCTh pe3yabTaT CYMMHPOBaHUs MO BCEM KaHajaM pPOXKJIEHUT HEeHTPHUHO THUIIOB
Ve, Uy, Vr. Pesyibrar unciiennoro sbruncsienust unrerpasia (6.102) mnpejcrasiien
Ha puc. 6.7.

BuaHo, 9TO ydYeT BJIMAHMA CHJIBHOIO MArHUTHOT'O II0JIsl Ha JMCIIepCuio ho-
TOHa, NPUHININAJILHO M3MEHsIeT 3aBUCHUMOCTH MOIIHOCTH HEUTPUHHBIX ITOTEPh
SHEPTUN OT BEJIMYINHBI 1I0JIs1, 8 UMEHHO, BMECTO KBaJAPaTUIHON 3aBUCIMOCTH IIPO-
HCXOJIUT BBIXO/I HA KOHCTAHTY. C y4eToM 3TOro Ji/ist BeJIMYUHBI (), HAXO UM BepX-
HIOIO TPAHUILY B ACUMIITOTHYCCKN CHJIHLHOM I0JIe

T\" /22 p pr
L, <23.10%7 [ — i - 6.104
@ = <m> < A > (po> emdc’ ( )

rje Z, A —3apsiJIoBoe U MaccoBOE YNC/Ia sJIPE, yCPeIHEHUEe IIPOM3BOIUTC 110 BCEM
anpam, pg = 2.8 - 101 1/cm® — xapakrepnas sjepHast IJIOTHOCTD, p — CPeJIHsIs
10THOCTE 3Be3ibl. CpaBHenue pesynbrata (6.104) ¢ MOIHOCTHIO HEHTPUHHBIX
[0TEePh SHEPIUH 3a CUYeT CTAaHJapTHOro KaHaJja — mojuduiuposanHoro URCA-
nporecca [304, 305]

8 2/3
Q,(URCA) ~ 107 (l) (p ) i (6.105)

Me 00 emic’
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Ha MepPBbIN B3IJIsiI, MOJATBEPKIAET BBIBOJL pAbOTHI [43| 0 KOHKYpPEHIINI paccMmar-
pusaemoro mporecca (6.83) ¢ URCA-mporeccamu. OpHako 6osiee TIIATETHHbII
anan3 (opmysibl (6.104) mokasbIBaeT, 9TO 9TO YTBEPK/IEHHE SIBJISIETCST HEBEP-
wbiM. Jleso B Tom, aro BosHuKImit B hopmysie (6.101) u B anagorudHbix Gop-
MyJiax paboTel [43| GOJIBINOI YHCIOBOIT MHOXKUTE b TIPOUCXOIUT OT HHTErpasia
110 SHEPIUSM HAdaIbHOrO oToHa wy (= wy/T)

13 dx (2m)H
T 131 c(14) = 2~ 6.9-10° 6.106
/ew—l 31¢(14) 54 (6.106)
0

OueBniHo, onHako, 9To uHTerpas (6.106) HabupaeT cBO BeJNYUHY B 00J1aCTH
snadenuit aprymenta  ~ 10+ 20 (wy ~ (10=-20) T'). CieroBaTebHO, TOCKOJIb-
Ky amiaTy/a (6.99) mporecca mostydeHa B IpUOIIZKEHIN W S My, CJIEYIOIIee
13 Hee BbIpayKeHUe JJisi MOUIHOCTH HEHTPUHHBIX [OTEPh SHEPIUU MOYKET OBbITh
cIipaBeTMBbIM Ipu Temiieparypax ¢porornoro raza T < (1/10) m,, Ho oHO 3a-
BEJIOMO HEIIpUMEHUMO 1pu TeMieparypax 1 ~ m,. Takum o6pasoM, Ipeiioio-
JKenue, cenannoe B pabore [43], uro daxrop (T/m.)* moxkno 6parh mopsixka
eJIMHKIIBL, BJIsieTcst omnbouHbIM. C yueToM yKaszanHoil 06/1acTi IPUMEHUMOCTH
nostyuaem, uro (T'/m)t < 1071,

Takum obpaszoM, pOTOPOKIeHNEe HEHTPUHO Ha dapax HEe MOYKET KOHKYPHUPO-
Barh ¢ URCA - nporeccaMu B CKOJIb YIOIHO CUIHLHOM MAIHUTHOM IIOJIE.



I'1aBa 7.

IIponeccnl ¢ yyacTtunem cjiadbo
B3aNMOIEICTBYIOIINX
IICEBJIOCKAJIAPHbBIX YaCTHIL BO
BHEIIIHEN aKTUBHOW Cpelle

[IpunsaTo cunTarh, 4TO B aCTPOMDU3NIECKIX TPOIECcax, UMEIOIINX XapaKTep
KaTak/m3Ma (B3PbIB CBEPXHOBOI, CIHMsTHIE HEHTPOHHBIX 3BE3]1), OIPEIEIISTIOILY O
poJib UrparoT HefiTpuHHble nporecchl. CrenyerT 3aMeTUTh, YTO CYyIIECTBEHHOE
3HAYEHUE [P OMUCAHUN TAKNX KATaKJIM3MOB MOTYT TaKxKe MMETL HCCJIeI0Ba-
HUSI TIPOIIECCOB C yYacTUEM He TOJbKO HEHTPUHO, HO U JIPYTHUX CJ1a00 B3aUMOIeli-
CTBYIOIINX YacTUIl. B KadecTBe TAKMX YaCTHUI[ MOTJIA Obl BLICTYHATDH JIETKHE U
JlayKe CTPOTo 0e3MaccoBbIe NOJIJICTOYHOBCKHE U TICEBIOT0/IICTOYHOBCKIE OO30HBI,
BO3HUKAIOIIIE TTPU HAPYIIEHUN II00AJbHON CUMMETPUN Ha HEKOTOPOM dHEpTe-
THUIECKOM MacIITae.

Kax m3BecTHO, B IpOCTEHIIIEM BapUAHTE TEOPHUH JIEKTPOCIA00I0 B3aNMO Ieli-
ctBus ['amoy-Baitnbepra-Caama TpebyeTcs cyIecTBOBaHIE BCEro OTHOTO J1y0-
JIeTa XUITCOBCKUX YaCTHUIl, CIIOHTAHHO HAPYIIAIOIIIX CUMMETPHIO OT 3JIEKTPOC/1a~
ooit rpymmer SU(2) x U(1) mo snexrpomarautaoii rpyst Ue,y, (1). Tpu rosgero-
YHOBCKUX CTEIeHN CBOOOJIbI MJIYT Ha IPUOOpPETEHNEe MACC KAJTUOPOBOUHBIME OO-
3oHaMU (MexaHu3M XHUITca), TAKUM 00pa3oM, HaOJII0IaeMbIM OKA3BIBACTCS JIUIIb
OJINH HeHTpaJIbHbIIl XUITCOBCKUiT 0030H. B JieficTBUTE/IbHOCTH YK€ HeT HUKAKUX
OCHOBAHUI CUNTATH, YTO XUITCOBCKMII CEKTOP cToJIb OegeH. HaobopoT, nMmerorcs
OCHOBAHWS IPEJIIOIaraTh, 9TO eCJIN CKaJsgpHble O030HBI CYIIECTBYIOT BOOOIIE, TO
JUCJIO UX MOXKeT ObITh 3HAYUTEIbHBIM. [Ipn OoratoM cojeprKaHnun XUITCOBCKO-
I'0 CEKTOPa BO3MOKHA CHUTYAITHsI, KOT/Ia OJIHA WJIM HECKOJIHLKO TOJIICTOYHOBCKIX

290
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crerieHeil ¢cBOOOBI HE IOIVIOMIAIOTCS MeXaHU3MOM XUITCA U IIPOSIBJISIIOTCS Kak
dusnueckne 6e3MaccoBble YACTUIIBI.

CranjapTHasi MOJIeJIb B HACTOAINEE BpeMsi sIBJsieTCs HauboJjiee yaadHoit
Teopueil, omnuchiBaloleil GU3NKY JIEKTPocaadbX B3aummojeiicTBuit. OjiHaKo,
HECMOTDsI Ha YCIIEXU B OObSICHEHUH dKCIEPUMEHTAJIbHBIX JAHHBIX, OHA OCTAB/Is-
eT HepeIEHHbIMU LeJIbIi Psijl IIPOo0JIeM, TaKIX, KaK CYIIeCTBOBAHIE HECKOJIbKUX
(hEepMUOHHBIX TOKOJIEHNI, Pa3Indne Macc y YacTHIl, NPUHAIIEKAIINX Pa3HbIM
IIOKOJIeHUsIM. BO3MOXKHO, 9TH BOIPOCHI MOIVIM Obl ObITH PeIleHbl IIyTEM BBejle-
HUsI JOMOJHUTEIbHON TOPUB0HTAJIBLHON CUMMETPUU MEXKJIy ITOKOJICHHAMU (hep-
MUOHOB. IIpu clIOHTAHHOM HApPYIIEHNH TaKOil CUMMETPUHM B TEOPUM BO3HUKAET
FOJIICTOYHOBCKUIA (I/LHM CBEPXJICTKUIA, HCGB,ZLOFOJI,HCTOyHOBCKHﬁ) 0030H — damu-
JIOH, UMEIOIIN HeJraroHaj bHOe 110 apoMaTaM B3auMOJIefiCTBHE C JIEIITOHAMU U
KBapKaMHU.

B obmem ciaydae BzammojieiicTBrie paMiuioHa ¢ pepMUOHAME OIUCHIBACTCS
narpanzkuaHom Buja [306]

Cii , — o
L= Z—J(\Ifwa(quLga%)\Ifj)@ ® + h.c., (7.1)
iy ¢

rjie c¢;; — bespasmepHble (baKTOPbl HOPsJIKa e/IMHUIbI, 3aBUCSIIIE OT KOHKPETHO
MOJIeJI, Uy — MacIuTab HapylleHnd IOpU30HTaJbHON cuMmMerpun, ¢ — nose da-
MmioHa, W; — oneparop (PepMHOHHOIO I0JIs, UHJIEKCHI ¢ U j HYMEPYIOT apoMaT
dbepmuonos, g2 + g2 = 1.

CoBpeMennble IKCIePUMEHTAIBHBIE JTAHHbIE OMPEIe/IAI0T HIKHIOI TPAHUILY
Maciiraba HapyllleHusl CUMMeTpHN Ha yposHe [298]:

vy > (3.1 —9.9) x 10° T5B. (7.2)

B wactHOM ciydae ImaroHaJbHOTO TI0 apoMaTtaM B3anmojeicTsus (i = j), B
CUJTy COXPaHeHUsI BEKTOPHOIO ToKa, Jjiarpatxkuah (7.1) mpeobpasyercst K By

C;, — o
L= Z ” (Ti70750;) °P, (7.3)

rje ¢; — 0e3pa3MepHble MOJEIbHO 3aBHCHMBIE MapaMeTPbl IMOPSIIKa €IMHUIIbL.
Ciegyer OTMETUTh, YTO BHE 3aBUCUMOCTH OT KOHKPETHBIX 0CODEHHOCTel, KO3h-
PUINEHTBI ¢; YAOBIETBOPAIOT YCJIOBHIO

Z cie? = 0. (7.4)

i
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31ech e; — 3apsj (pepMrOHa, CyMMa IIPOU3BOJIUTCS 110 BceM (hepMUOHaM. YCJI0-
Bue (7.4) wimocTpupyer ToT (hakT, 9TO B3auMoielicTBie (haMiIoHa CBOOOTHO OT
aHomaJinu Ajjiepa, a 3HaIuT PaMUIOH He B3anmMOoJIeficTByeT ¢ (POTOHOM B BaKyy-
Me B JIOKAJIbHOM IIPeJie/ie, B OT/INYUNe, HAllPUMep, OT aKCHOHA, KOTOPBIN COIEPIAKIT
B3anMo/ieiicTBre ¢ pOTOHAMHU M3-3a HAJINYNS aHOMAJNK Ajijiepa B TPEXTOYCTHOI
netTsieBoit ayy ammnrye [1,307].

[Touck mporeccoB pacriaja ¢ uUcyckaHueM (hbaMuJIOHa sIBJISETCS OJHUM U3
BayKHbBIX HaIlPaBJIEHUI dKCIIEpUMEHTAJIbLHON (DU3NKKM Ha IPOTSXKEHUH HECKOJIb-
kux nocnaegnnx gecsrunerwii [308]. B gacrnoctu, B [INAD paspaborana mMeTo-
JINKa 9KCIEPUMEHTA 110 TIOUCKY OE3HEHTPUHHOIO paciiajia MIOOHA Ha TTO3UTPOH 1
damummon. MeTo ocHOBaH Ha aHAJIN3€ BICOKOIHEPIUYHOM YaCTU CIEKTPa MO3MU-
TPOHOB OT paciiajia MIOOHA, 110 OCHOBHOMY KaHAJY [ — eVV. KCIHEPUMEHT OyIeT
IIPOBOJNTHLCsT B MIOOHHOM myuke dazorpona JIAIT OUAN na ycranoske DA-
MUJIOH. Baunxkaiiimas 3aada 3Tux (GU3MIECKUX HCCIEJTOBAHUI — IOJIyUeHne
[IEPBOII IPAMOI IKCIEPUMEHTAJILHOI OIeHKN Ha YPOBHE

W(u — ed)

<107°.
Wy — evv)

R —

B nasbHeiinem pa3BUTHE SKCIIEPUMEHTa CBSI3aHO ¢ pa3paboTKOil HOBOIO 000DY-
JIOBaHUSI, 9TO, KaK IIPEJIII0JIaraeTcs, IO3BOJIMT ICC/IeI0BaTh JaHHbIN IIPOIecC Ha
yposae R < 3 x 1078,

Uzyuenne dpuzndecknx CaeJICTBUN CYNIECTBOBAHUS CJa00 B3aMMOJIEHCTBYIO-
X 9aCTHUI[ IPEJACTAB/IAET HHTEPEC He TOJIbKO B TEOPETHIECKIX aCleKTaxX (pu3n-
K, HO TaKkKe I B aCTPOPU3NIECKUX U KOCMOJIOINYIECKUX IPUIozKeHnsax. Kpome
TOI'0, UCCJEIOBAHUA II0JI0OHOI0 POJia IPEJICTABIAIOT CO00M acTpodu3nIeCKuil
METO/I, TTOJIYUeHUsT OTPAHNIEHII Ha TTapAMEeTPbI 9acTUIl (Takie Kak Macca n KOH-
cranTa cBsa3u). CyTb 9TOrO MeTOja COCTOUT B cieiytoriem. [Ipesmosaras cy-
IIIeCTBOBAaHNE KAKIUX-JIMO0 MUIIOTETHYECKIX UACTUIL, PACCMATPUBAIOT PA3IMIHBIE
IIPOIIECChI X U3JIyUeHUs, IIpoucxoasinme B 3se31ax. Ciradasi ¢BA3b I'0JIICTOYHOB-
CKHUX 9aCTHUIL C TOJISIMI MaTePUN IPUBOAUT K TOMY, UTO IIPHU XapaKTEPHBIX 3BE3/I-
HBIX IJIOTHOCTSIX ILIA3Mbl OHU HUMEIOT O4YeHb OOJIbIINEe JJIUHBI CBOOOIHOI'O IIPO-
Oera, IpeBbIIIAONINe pa3Mepbl caMux 3Be3/1. [[osToMy IpakTHiecKkn Bce Jierkue
IOJIJICTOYHOBCKIE DO30HBI, POXK/IEHHbIE BHYTPHU 3BE3/IbI, CBOOOIHO €€ IMOKMIA0T.
[Ipu 5TOM YHOCUTCSI HEKOTOPAas SHEPTHsI, UTO, BOOOIIE I'OBOPsI, BIUsIET HA BPEMSI
JKIUBHU U IIPOIECC TeIIoBOil aBositonun 38e3/1bl. C JIpyroii CTOPOHBI, TeopeTHIe-
CKI paccYuTaB BKJIJ B IOJHYIO CBETUMOCTH 3Be3JIbl 38 CUeT U3JIyUeHUs THIIO-
TeTUIECKUX “HEBUIMMBIX YaCTHUIl U, II0Jarasi 3aTeM, YTO 9TOT BKJIa/l HE BJIASIET
Ha CTaHJAPTHBIN ClIeHAPUil 9BOJIIONNN 3Be3/bI, OJIyUIal0T YIIOMSIHYThIE OIeHKH.
BriepBrie 110100HOTO poja paccyKaeHns IPUMEHsIINCh B KOHTEKCTe (DU3UKHI Heli-
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TpuHO. [IpUMeHUTEIbHO K IMIIOTETUYEeCKUM YacTUIlaM acTPOMU3NIECKNT MeTO/I
BIIEPBBIE UCIOJIB30BasICA B [309] /7151 OIEHKN KOHCTAHTBI CBSI3U JIETKUX XUTTCOB-
CKIX OO30HOB.

st pammiaona HauboJiee CUIbHBIE acTPOMU3NICCKIE OIPaHUYCHUST HA Mac-
mTad HaPYIIEHUT TOPU30HTAJIBLHON CUMMETPUN CJIEAYIOT U3 aHaJIM3a BPEeMEHU
JKU3HU 3BE3J1, HAXOIAIINXCA Ha CTa/Iun rejineBoro ropenns. [losydennas ornenka
MaciiTaba HapyIIeHus] CAMMETPUN COCTABJISIeT

vy > T X 10° I'B.

AHaIm3 cBeTHMOCTH HEHTPOHHBIX 3BE3J U OEJIbIX KApPJINKOB [1aeT OJIM3Koe
orpaHuveHne

vy > (1.1 —2.0) x 10° T5B.

BocTpeboBaHHOCTHL MCCJIeIOBAHUIT ITPOIECCOB € ydacTueM (aMuioHa B 3a-
MarHU4IeHHO!l IIa3Me 00YCJIOBJIEHa BO3MOYKHBIME IPUJIOYKEHUSIMI B COBPEMEH-
HOIT acTpodU3MKe 1 KOCMoJIornu. B dacTHOCTH, 1Tpoliecchl n3jydeHust paMmio-
Ha, Hapsy C HEHTPUHO, MOI'YT SIBJATHCI HOBBIMM KaHaJIaMU IIOTEPU SHEPruu
3BE3/IHBIMU O0ObeKTamu. Halipumep, 1pu B3pbIBE CBEPXHOBOI, BCJICJCTBUE BbI-
COKOI ILJIOTHOCTHU $Jipa, HEHTPUHO MOTYT HU3JIyHaTbhbCd TOJBKO C IOBEPXHOCTU
TaK Ha3blBaeMOil HeiTpuHOCKEpPhl, B TO BpeMsi Kak (paMUJIOH, B CUJIY CJaboro
B3aNMOJIEICTBHS C BEIIECTBOM, MOXKET YHOCUTH SHEPTHIO U3 BCETO 00beMa d/1pa
cBepxHOBOIL. TakuMm oOpa30M, HECMOTPsI Ha, CYIIECTBEHHO 0OoJjiee HU3KYIO BEPO-
STHOCTH M3JIydeHUsl (paMUJIOHA, €ro BKJIQJ B IOTEPH SHEPIUU B3PBIBAIOIIEHCs
3BE3/IbI MOXKET OBITH CPABHUM C TOTEPsIMUA HA HEHTPUHHOE U3JTydeHHeE.

Tak B paborax [310,311] paccMaTpuBa/IiCh IPOIECCH U3JIyUeHns haMILIOHA
IJIOTHON 3aMarHUIeHHoil MIa3Moil: €~ — e~ @, €~ — 4~ ¢, KOTOpbIe 3aIperienbl
B BaKyyMe 3aKOHOM COXPaHeHUs SHEPIUU-UMITYJIbLCA, HO CTAHOBATCSA BO3MOYKHBI-
MHI B 3aMarHMYeHHOI I/1a3Me BCIeACTBIE HETPUBUAIBHON KMHEMATHKI YACTHUII,

[Tpenmonaransach Takas dusnmyeckas CHUTYaIUs, KOIJa TUIUYHAS SHEPTHS
9JIEKTPOHOB ILJIA3MBI SIBJISIETCA JIOMUHUPYIONIAM ITapaMeTPOM 3 Iadu:

p?, T? > eB > m?, (7.5)

rae puou T — XuUMUYecKuil OTeHIal 1 TeMIEPaTypa, IIa3Mbl COOTBETCTBEHHO.
lMenno Takue ycaoBUsI MOLVIM Obl PEaM30BATLCSI, HAIPUMED, B SIIPE CBEPX-
HOBOIi, TJIe 110 COBPEMEHHDIM IIPECTABICHUSM XUMUUICCKUN OTEeHINA [LJIa3MbI
p ~ 500 m,, Temmeparypa mwiasmbl T ~ 70 m, [1]. B sTom ciyuae naxke oueHb
CIUIbHBIE MArHUTHBIC TOJIS ¢ HAIPSKEHHOCTBIO 10 B ~ 107 I'c yaosierBopsior
yesoBuito (7.5) W, cJie0BaTeIbHO, MOIYT PACCMATPUBATHCS KAK OTHOCHTETHHO
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Puc. 7.1. JInarpamMmbl, olUChIBaIOIUE U3aydeHne paMuaoHa 3JIeKTPOHOM B 3a-
Marun4eHHon Ijasme.

ciabeie. B yeyoBusix (7.5) 97€KTPOHBI [J1a3Mbl 3aHUMAIOT GOJIBIIOE YUCIO YPOB-
neit Jlangay.

JleiicTBUTE/ILHO, 3HAs YHEPTHIO YJILTPAPEIATUBUCTCKOTO 3JEKTPOHA B Mar-
HuTHOM 110716 Ha N-M yposHe Jlangay

E ~ \/p?+2eBN,

MO?KHO OLICHUTDH MaKCUMaJIbHBII HOMED YPOBHA ﬂaHzLay:

EQ MQ
~
Nmax ~ 92%¢B ~ 2B > 1.

B dusnueckux yenousix (7.5), Korna Bo3OyKaaeTcst 60JIbIIOe YUCI0 YPOBHE
Jlangay, mccieoBanne KBAHTOBBIX MPOIECCOB 3MQMEKTHBHO CBOIUTCA K BBIUHC-
nernsiM B octostiaoM ckperrieanom nosie (B L E; |B| = |E|), rexuuka pacaeros
B KOTOPOM XOPOIIIO U3BECTHA. DTO 00YCJIOBIEHO TeM (PaKTOM, UTO IIPOU3BOJIbHOE,
OTHOCHUTEJILHO CJ1a00€e, ME/JICHHO MEHSIIOIEeeCsT BHEIITHEee SIEKTPOMAIHUTHOE T10J1e
B CHCTEME TIOKOS YJIbTPAPEIITUBICTCKOTO 3JICKTPOHA OY/ICT BBINVISICTD OJTU3KIM
K CKPeIeHHOMY [oJTi0. [Ipr 9ToM pesysibrar B JIMANPYONEeM TPUOINKEHIN Pe-
AJIbHO 3aBUCHT TOJILKO OT OHOIO JMHAMIYecKoro mmsapuanta [e?(pF Fp)]'/2,
rjie py, — 4 - uMIysbe yacTuipl, Fj,, — T€H30p 9J€KTPOMAIHUTHOIO HOJIS.

Ocobblit HHTEpeC MPeICTaBIsIeT MPOIECC CHHXPOTPOHHOTO U3JIyUeHHsT (haMii-
JIOHA HJIEKTPOHAMH TI7IA3MBL. DTO 00YCJIOBIEHO TEM, UTO B 3aMArHIIEHHON T1/1a3-
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Me paMUIOH MOYKET B3aMMOJIefICTBOBATL C 3JIEKTPOHAME HE TOJILKO Ha JIPEeBec-
HOM YpOBHE, HO TaKzKe UMeThb U MHIYIUPOBAHHOE B3auMo/eiicTBUe depes IIpo-
MeKyTOouHbIl horoH. B pesynbrare Bo BHemHeil akTuBHON cpeje (miasma -+
0Jie) OTKPBIBACTCST KaHAJ M3/TydeHust (haMUIOHA JIEKTPOHAMHI IIIa3Mbl depes3
BUPTYAJIbHBII IJIA3MOH B Ka4eCTBE IPOMEXKYTOUHOTO COCTOSHUS, € — € Y. "
m300parkKeHHbIi uarpammoii (6) Ha puc. 7.1.

ABTOpaMu moJiydeHa BepOATHOCTH IPOIEcca pacCessHus MPsSMOro CUHXPO-
TPOHHOI'O U3JIydeHnsi paMmUIOHA JIEKTPOHAMHU I1J1a3MbI:

X
ccm? dx (x 43

Wie—e- = £ < 4 —q) X 7.6

( }) 27”’(%1700 (X_Xq)l/3 Y (7.6)

x(=A¥(2)) (1= £, ),

rie ¢¢ = (w,k) — 4-mvmynse damvmiona, p* = (pg,p) u p'* = (py,p’) — 4-
BEKTOPbLI UMIIYJIbCa, (PUKCUPYIOIINE COCTOAHIE HAYAJILHOIO U KOHEYHOI'O 3JICK-
TPOHOB B CKpeIeHHOM ToJie, Ai(z) — dyHKIims Diipu:

1 1; 3
Ai(z) = — /dx COS (zx + §> : (7.7)
T
0

f(p', u) — dbysKIMS pactpeneienns KOHETHOTO JEKTPOHA, YIUTHIBAIOIIAS Ha-
JIMYHE IUIA3MbI, KOTOpasd MOZKET OBITh 3allicana B NHBAPUAHTHOI (opme:

1
/ —
f(p ’ :u) _ e((plu)*ﬂ)/T) i 17

(7.8)

rje u® — 4-BeKTOpP CKOPOCTH CPeJbl, KOTODbIl B CHCTEMe IOKOs IIJ1a3Mbl HMeeT
B u® = (1,0).
B Boipaskenun (7.6) TakKe BBeJEHBI IHHAMIYECKHE TAPAMETDBI:

B Xq 2, &(qFFq) ,  €(pFFp)
2= —"F"—— Xg= o X = (7.9)
X (X - XQ) me me

Pesynprar (7.6) ¢ TOUHOCTBIO 710 0603HAMECHIH BOCIIPOU3BOIAT U3BECTHYIO Be-
POSITHOCTD IIPOIIECCa CHHXPOTPOHHOIO U3JIyYeHUs aKCHOHA B CJIAOOM MATHUTHOM
1oJie ¢ HAIPSKEeHHOCThI0 B < B,. Onnako pesyibrar (7.6) He cBsi3aH OrpaHu-
qerneM B < B, a cupaBejjiiB 1pu Oojiee Mrkux ycaosusx (7.5).



296 I'maBa 7. IlceBiocKaJisipHbIe YacTHIILI BO BHEIIHEH aKTHUBHOI cpee

2 _ 2
Puc. 7.2. ucniepcnonmble KpuBble IPOIOJIBLHOTO a3Mona w” = wi (k) (cromnt-
Hag JuHus) 1 damuiona w? = k? (IyHKTUPHAs JIMHUS).

Yro KacaeTcs BEpOSTHOCTU IPOIECca M3JIyUYeHHd (paMUIoHa HYepe3 MpoMe-
JKYTOUYHBIN TIJIA3MOH, TO MOKA3aHO, YTO HECMOTPS Ha 00Jiee BBICOKUIT MOPSI0K
TEOPUN BO3MYIIICHUS, aMILINTY/1a [IPOIecca U3JaydeHus (paMuioHa depe3 BUPTY-
AJILHBII TIJIA3MOH MOYKET OBITH OJTHOTO TIOPsIJIKa C JIPEBECHOil, 0cOOEHHO, B CIydae,
KOI'JIa BUPTYaJIbHBII I1JIa3MOH IIPOJIOJIBHBIN. DTO 00yCJI0BIEHO TeM (PaKTOM, UTO
JINCITEpCUOHHBIE KPUBbIE (haMIJIOHA U TTPOJIOJIBHOIO IJIa3MOHA MIEPECEKAIOTC MPU
HEKOTOPOit sHeprun (paMuiona w = wy (puc. 7.2), 9T0, B CBOIO 04Yepelib, IPUBO-
JINT K PE30HAHCHOMY XapaKTepy U3JIydeHus (haMugoHa 3JEKTPOHAMU ILIa3MBbl.
[Ipu 3TOM OKa3BIBAETCSA, UTO B CJIydae YIbTPAPEJTATUBIUCTCKON IIa3Mbl BKJIAT OT
IIOTIEPETHOr0 I1JIa3MOHA ITPEHEOPErKNMO MaJl.

B paborax [310,311] Bbruucsiena BeposgTHOCTD Hporiecca €~ — ey 4

2.2 B2 E —
QE(eBP ) (B - w)

6w 02E o L fE-wom)  (710)

Wiewmer_,) =
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rie 6 — yroJ MezKj1y BEKTOPOM HMIIY/ILCA JIEKTPOHA U HAIIPABJIEHIEM MArHUTHO-
ro toJist, f(FE —wy, p) — dysakiust pactnpenesnernst (7.8) B cucTeMe MOKOsI ILIa3MBl,
~ — be3pa3MepHbIil TapaMeTp, OIPeeIsIIOINil IUPUHY pe30HaHCa

B 200 (12

— . 711
ot 3 o (7.11)

Taxum oOpa3oM, ToJiHasg BEPOATHOCTL MPOIEcca CUXPOTPOHHOTO U3JTyIeHUsT
daMmIOHa SJIEKTPOHAMU ILJIa3Mbl Yepe3 BUPTYaJIbHbBII [1JIa3MOH XapaKTepu3yeT-
csl IByMsI ITapaMeTpaMi, 3aBUCSIIIIMI OT COCTOSIHUS ILIa3Mbl. A NMEHHO: Oe3pas-
MEPHOIT MUPUHOI Pe30HaHCa Y, U SHEPTHeil (haMIIoHa Wy, IPU KOTOPOIT TucIep-
CHOHHBIE KPUBBIE (haMUJIOHA U MTPOJIOJIBHOIO IIa3MOHA, IIEPECEKAIOTCsI. DHEPIHUsI
Wy MOXKET OBITH HafiJleHa U3 COBMECTHOI'O PEIICHUs JTUCIEPCUOHHBIX YpaBHEHUSA
daMmIoHa U TTPOJIOJILHOIO TIJIa3MOHA, U B CJIydae BBIPOXKICHHON YIbTPape/IsaTh-
BUCTCKOW IJIa3Mbl IMeeT BI/L
24

s Me

B ClIydae FOqueﬁ IIJIa3MbI W(Q) OIIpEeAeJIAETCA BblpazKEHNEM:

) (AT 1 ¢
— T |\ n—+ =+,
3 me 2 ¢(2)
rjie yp — KoHCcTaHTa ditepa, vp ~ 0.577, ('(2)/((2) ~ —0.570.

Kpome miporiecca cHEXPOTPOHHOTO N3/1yUeHns haMIIoHa 3JIEKTPOHAMHE TLIa3-
MBI BO3MOYKEH TaKyKe IMPOoIece M3IydeHus (paMuaoHa B Iepexoje e~ — [~ ¢,
00YCJIOBJIEHHBII HeIMaroHaJIbHbIM B3anuMoJieiicTBIeM (haMUIoHa ¢ (pepMUOHAMU
(puc. 7.3), KOTOPBIiT TaKzKe MOKET ObITh PACCMOTDEH B KAYEeCTBE BO3MOZKHOTO J10-
IOJTHUTEILHOTO MCTOYHMKA (PAMUIJIOHHON CBETHUMOCTHU 3aMarHMYEHHOM IILJIOTHOI
mwiasMoit. Dror mporece usydajcs patee [312,313] B ycaoBUSIX BBIPOXKIEHHOMN
JIa3Mbl B TIpejiesie CHILHOTO MArHHTHOTO IoJisd, Korma eB > p? — mi Tax,
YTO MIOOHBI POXKJIAJINCHL TOJILKO Ha OCHOBHOM ypoBHe Jlamjgay. B yacthnocTu, B
paborax [312,313] 6bL10 MOKa3aHO, 9TO GaMUIOHHAS CBETUMOCTH B pacCMaT-
pUBaeMbIX aBTOpaMU YCJIOBUAX OKAa3bIBACTCdA KOHKYPUPVYIOIIE ¢ HEUTPUHHONI
CBETHUMOCTBIO, OOYCJIOBJIEHHON MAIrHUTOTOPMO3HBIM H3JIydYeHHEM 3JIeKTPOHAMUI
HeifTrpunubix nap. Cregayer oTMeTuThb, OJHAKO, 9TO MArHUTOTOPMO3HOE H3JIy-
JeHne HEHTPWHO He ONpesessdeT PeajbHyl0 CBETUMOCTL OCTATKA CBEPXHOBOM —
HEeATPOHHOI 3Be3/bl. B /eiicTBUTeIbHOCTH peasibHasg CBETUMOCTD BbLINIEYKa3aH-
HBbIX acTpopu3NIecKnX 0OHLEKTOB o0yc/oBeHa MopuduiupoBanubiMu URCA-
nporieccamu [314].
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Puc. 7.3. Imarpamma, onuchiBaionias usjaydenne gpaMujaoHa B Iepexoje e —
(4~ ¢ BO BHEIITHEM II0JI€.

B ormaue or pabor [312,313| asropamu [310,311] pacemarpuBaercs husu-
qecKasl CUTYalnsl OTHOCUTEILHO CJIaO0r0 MAIHUTHOIO II0JIA, KOTOPas MOIJIa Obl
UMeTh MECTO, HaIIPUMeEp, B SIAPe CBEPXHOBOIL, e

> — mi > eB.

1, cirejoBaTeibHO, MIOOHBI, TaK YK€ KaK 1 3JIEKTPOHDI, 3aHIUMAIOT MHOIO YPOB-
neit Jlangay.

Boruncsienus mpoBoAMINCh, HpeHedperasds MacCcoil 3JIeKTPOHA U CTATHCTUYC-
cKUM (PaKTOPOM MIOOHOB, B IPEIIOJIOKEHUN, 9TO B sJpe CBEPXHOBON KOHIIEH-
Tpalysd TEePMAJIM30BAHHLIX MIOOHOB MAJIa.

BepositHOCTh Tpotiecca e~ — [~ ¢, BbIYUCIEHHAs B ycaoBusx (7.5), umeer
BUJI;

m’ d
Wie gy = it / dr / X (7.12)
0

87rv¢po 0= xg)

< [AP(y)r? (77 + X2/X2) + AiP(y) — 4g..90 Ai(y) Ai'(y) 7],

rjie m,, — Macca MiooHa, Gynkuus Diipu Ai(y) onpenenena B (7.7), ee aprymenr

y:r2 <72—|—1>,
Xq

a TaK>K€ BBCIICHDI 0003HAYEHUSI:

_ e(pFCZ) — ( Xq )1/3
Xgmy, 2xX(X — Xq)
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,ZLHH&MI/ITIQCKI/IG HapaMeTPbl X 1 X4 OLUPEJIC/IAI0TCA C NCIIOJ/IB30BaHNEM MaCChl MIO-

OHa. 9 9
, €(qF'Fq) 5 e (pFFp)
X =76 X T T 6
I 0

CiesyeT OTMETHTH, 9TO BbIpakenue Jjisi BepositHocTn (7.12) mosydeno B
VJIBTPAPEISITUBUCTCKOM IIpejiesie, KOrjia Maccoil 3JIeKTPOHa MOXKHO IIpeHeOpedb.

[Tocenmee ciaraemoe B KBaIpaTHBIX CKOOKax Bbipazkenus (7.12) onmcbiBaet
nHTepEPEHIINI0 BEKTOPHOI 1 aKCHAJIbHO-BEKTOPHOI KOHCTAHT B3aMMOIeiicTBI
narpanykuana (7.1), u, XoTsi He JaeT BKJaJa B MOJHYIO BEPOSTHOCTH paclaja,
HO TIPUBOJINT K aCUMMETPUN BbLIeTa (PaMUJIOHOB U3 sIpa CBEPXHOBOM B ITPOIIEC-
ce e~ — - ¢. B cBoto ouepejib, Takas acUMMETpPUsT MOIJIa Obl ObITH KPACUBBHIM
MAKPOCKOIMUIECKIM TTPOSBICHUEM HAPYIICHUA 3ePKaJbHON CUMMETPUN B MUK-
poMIpe.

[TostHast BepossTHOCTH TIpoliecca €~ — (4~ ¢ B (DUBNICCKIX YCJIOBUSIX OTHOCHU-
TeJILHO ¢J1ab0ro MAarHuTHOTO TOJIsT B CHCTEME MTOKOST I1JIa3Mbl UMeeT BT

2
Cpe My €B

e T gin g e V3/X (7.13)
2 )
36\/§7m¢

Wie-—p-¢) =

rae ,ZLI/IH&MH‘IGCKI/HZ IHapaMeTp IJICKTPOHa B CUCTEME IIOKOLA IIJIa3Mbl PaBE€H

v eBEsinf
o

DKCIOHEHTINATBHAST MAJIOCTH BePOsITHOCTH (7.13) sIBjIsieTcst XapaKTepHO Ji/st
BCEX IIPOIIECCOB, 3allpelieHHbIX B BaKyyMe U OTKPBIBAIOIIUXCA B OTHOCUTEIb-
HO cJ1aboM MarHuTHoM moJie. OHAKO, KaK 1MOKa3bIBAIOT PACUeThl, HECMOTPS Ha,
SKCIOHEHIMAIBHOE MOJABICHAE, BEPOATHOCTD pacnajia Wi.-_,-4) oKasbBaeTcst
OJIHOT'O TIOPSJIKA, C BEPOSITHOCTSAMEI 000X KaHaJIOB IIPOIecca CHHXPOTPOHHOIO 13-
JydeHns: paMIIOHa JIEKTPOHAMHU ILIa3Mbl. DTO 00YC/I0BJIEHO TeM (PaKTOM, UTO
IOCJIeIHIE TaKzKe COJIepyKaT MaJIOCTh, CBA3AHHYIO JIMOO C IIOCTOSTHHOIM TOHKOIT
CTPYKTYpOil «v (mporiecc usjryderusi (paMujoHa 9epe3 BUPTYaJbHBIN ILIa3MOH
(7.10)), 6O Maccoit JIeKTPOHA M, SIBJISIONIEICS CAMbIM MaJIBIM TTADAMETPOM
3aj1a4u (IIPOIECC W3/IYUEHUsST B MOJIE/IH C IPSIMOI CBSI3bI0 (haMUJIOHA C 9JICKTPO-
mami (7.6)).

B kadecTBe BO3MOXKHBIX ACTPOMU3MIECKIX TPUJIOYKeHNH B paboTax [310,311]
BbIUNC/IEHA O0beMHAas MJIOTHOCTH IIJIA3MEHHBIX TOTeph SHEPrUuu Ha, U3JIyUeHne
damMmiona B Gu3NUECKNX YCJIOBHUSX dpa CBEPXHOBOI. Pe3ysibTaT 4nc/ieHHBIX
OIIEHOK, IPOBOJUMBIX IIPW 3HAYEHUM MAcIITada HapyIIeHUs TOPU30HTAJIbHOI
cuMMerpun vy = 3.1 X 10° 5B, B busHUeCcKNX YCIOBUSAX, XapaKTEPHBIX IS
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1026 L
1024 L
1022 L
T, MsB

Puc. 7.4. ®amuionHasi CBETUMOCTh BBIPOXKICHHO{T mia3Mbl (p > T'), kak GyHK-
s Temreparypbl. Cruiontast JUHUS COOTBETCTBYET IIPOIECCY CUHXPOTPOHHOI'O
U3JIydeHns (baMuIoHa depe3 BUPTYaIbHbII 1a3Mon (e~ — e~ % ¢), ITyHKTUP-
Hasl — MPOIECCY MPSIMOTO CHHXPOTPOHHOTO W3JIydeHus (amuiona (e~ — e~ ¢),
MITPUX-TIYHKTHPHAS — TEPEXOy € — (1~ .

A1pa cBepxHOBOil: 1 = 250 MsB, T' = 35 MsB, B = 10'7 I'c, npeacrasien Ha
puc. 7.4.

Cpasrenne (paMUJIOHHOI CBETUMOCTH C U3BECTHON HEHTPUHHO CBETUMOCTHIO
PN TeX Ke YCJIOBUAX TTOKA3bIBAET, UTO HA HAYAJBLHON CTA/IMN OCTHIBAHUS, KOT/Ia
TeMItepaTypa 1miaa3Mbl T' ~ 35 M3B, paccMmoTrpennble mporecchl He 0OKa3bIBAIOT
CYIIECTBEHHOI'O BJIMSIHUS Ha JUHAMUKY OCTBIBaHUs 3Be3jibl. OjiHako, Ha OoJiee
MO3/IHell CTa M OCTHIBAHUS, KOTJIa TeMIepaTypa IJa3Mbl YMEHbIaeTcsa JI0 Be-
JuanH nopsika M»sB, mporiecc e — p~ ¢ HaunHAET JIOMUHUPOBATE HaJ CHHXPO-
TPOHHBIM U3Jy4YeHueM (baMujioHa e~ — e ¢,e~ — e .4 Ilpu srom morepu
SHEPIUN TJIa3MON Ha U3JIydeHne paMmuIoHa COCTABIISIOT

ey = 34X 107 ()
CM” CeK
I MOI'YT ObITH CPaBHUMBI C IOTEPAMU, 00YCJIOBJICHHBIMI HEHTPUHHBIM WU3JLye-
HEeM Ha Toil ke crajuu, &, ~ 1020 spr/em3cexk.
Nccnenopana acuMMeTpus BblieTa (aMuIoHa 110 OTHOLIEHUIO K HallpaBJle-
HUIO MarHUTHOI'O I10JId, KOTODPas OlpeJesdeT CULy, JeHCTBYIOULYI0 CO CTOPOHDI
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BbLIEeTalOMIero (paMijIoHa Ha OCTATOK CBEPXHOBOI B HallpaBJIeHUU MArHUTHOI'O
noJig. HemocpeicTBeHHBIE BBIYUCICHUS TIOKA3aJIM, YTO MEPEXoJl €~ — [~ ¢ JlaeT
BKJIQJ[ B 9Ty aCUMMETPUIO, KOTOpasd, KaK 0Ka3aJ0Ch, HE 3aBUCUT HU OT XUMUYe-
CKOI'0 IOTEHIINaJIa IIJIA3MbI, HI OT €€ TeMIIepaTyphbl U UMeeT IIPOCTON BU/I:

B
A FL (7.14)
my

CitejtyeT OTMETUTD, YTO BOBHUKHOBEHIE aCUMMETPHIH 00YCJI0BIEHO HHTEpdE-
peHIeil BEKTOPHOI, gy, U aKCUaJIbHO-BEKTOPHOI, ¢4, KOHCTAHT JlarpaHzKUaHa
daMmIoH-pepMUOHHOIO B3aMMOjIelicTBUsA. B pe3yibrare acuiMMeTPUU IOJTHBII
UMITYJIbC, YHOCUMBIH (DaMUJIOHOM, OTJINYEH OT HYyJId, 9TO, B CBOIO OYepe b, MpPU-
BOJUT K “TOJTYKOBOI~ CKOPOCTHU OCTaTKa CBepXHOBOI. OIIEHKH ITOKA3bIBAIOT, UTO
Jlazke B CUJIbHBIX MarHuTHbIX Housax (B ~ 1017 Te ) ckopocTsb octarka ¢ Maccoil,
MOpsIJIKa Macchl COJTHITA, He mpesbiaer 120 kM /cek. Takum o6pa3om, HHTEpec-
HBII caM 110 cebe 3hPeKT acuMMeTpun BhlieTa (haMUIOHa B IIPOIecce € — [~ @
HEe MOYKET, K COXKAJIEHHIIO, PEeIIUTh IIPO0JIeMy CKOPOCTeil IIyIbcapoB.



SaKJ/JII0YeHHUe

Bormpochl, 3arpoHyTble B JIaHHONI MOHOrpaduu, OTHOCATCA K aKTyaJbHOMY
HAyYHOMY HAaIIPaBJIEHUIO, JIeXKAIeMy Ha CTbIKe (PU3UKU I1JIa3Mbl, (DU3UKU CBEPX-
CUJIBHBIX MarHUTHBIX I110J1€il, KBAHTOBOI TeOpuu I0Jisi, PU3UKKI dJIEMEHTaPHbBIX
JaCTHIl U acTpopu3nKn. AHaIN3 COCTOAHUs MpobieM (BU3UKH TOpsAdeil ILIOT-
HOIl 3aMarHM4YeHHON ILJ1a3Mbl, BOZHUKAIOIINX IIPU JIETAJBHOM KOJUYECTBEHHOM
OIICAHUN KOJIJIAIICA, SIJIpa CBEPXHOBOM, OIpPEJe/IeHHO YKa3bIBaeT Ha HEeoOXO/I-
MOCTb pa3BUTHUsI HOBOI (DUBUKHU, BOBMOXKHO, CBSI3aHHOI C ypaBHEHNEM COCTOSHUST
S JIEPHOI WK CyObsIJIEPHON IJIa3Mbl U CJIA0BIMI B3aUMOJEHCTBUAMU B CyObdaaep-
HOM pEeXKIME, a TaKrKe Ha HEJIOCTATOUYHYIO UCCJIEIOBAHHOCTD (DYHIaMEHTAIbHBIX
CBOICTB HEUTPUHO U MEXaHU3MOB HENTPUHHBIX B3aUMO/JICICTBUIA B rOpdAYeil 1J10T-
HOIl CHJIbHO 3aMarHUYeHHOI I1a3Me, WM Ha HeOOXOUMOCTH BKJIIOUEHHSI B Pac-
CMOTPEHHUE JIPYIHUX, THIOTETHICCKUX CJIa00 B3aUMOJICHCTBYIONINX D/IEMEHTaPHbBIX
YACTUIIL.

DTO HaydHOe HallpaBjeHHe, NHTEHCHBHO pa3BUBAIOIIEECs B TeUeHUE OKOJIO
40 Jjiet, pazymMeeTcsl, elé JaJeKo OT 3aBepiineHns. VIMeiorcs OoJbline OxKuIaHusI
KaK B OTHOIICHUN JIaJbHEHIIero pa3sBUTUdA TEOPUN, TaK U B OTHOIICHUN HOBBIX
SKCIIEPUMEHTAJIBHBIX PE3YJIbTATOB.

Y10 KacaeTca pa3BUTHA TEOPUHN — IIPEICKA3aTh MMOIBIEHNE HOBBIX TJIOT0TBOP-
HBIX 1eil HeBo3MoKHO. OIHAKO B paMKaX yrKe PA3BUTOI0 TEOPETHIECKOIO Alllla-
paTa OyIyT IPOJOJIZKATHCA KOMILJIEKCHbIE UCCJIe0BaHIs CBOMCTB ropsadeil mioT-
HOIl IIJIa3MbI, COCTOMINECH U3 3JIEKTPOH-IIO3UTPOHHOI, IIPOTOHHON U HYKJIOHHO
KOMITOHEHT, IIPH 9KCTPEMAJILHBIX 3HAUCHUAX (PU3MICCKUX [TapaMeTPOB, Pean3y-
IONINXCA B [EHTPAJILHON YacTh MACCUBHBIX 3BE3]] U OJJHOBPEMEHHO COOTBETCTBY-
IOIINX XapPaKTEePUCTUKAM sJIEPHOIO WM CYyObAIECPHOIO BEIECTBA, HAXOIAIIEHCs
10JT BO3/IeICTBIEM CHJILHOT'O MarHUTHOI'O TOJIsT M MOIIHOTO IMOTOKa, HefiTpuHo. B
YACTHOCTH, JOJI2KHBI OBITH MCCJIEIOBAHbI CJIEIYIOIIIE BOIPOCHI:

1) Bumsiame 1masmbl 1 MArHUTHOTO TOJIsE Ha (bU3NUIECKHE XapaKTepUCTHKI
HEUTPUHO.

2) Heiirpurtoe morommenne u u3JjiydeHne aa3mMoii B MArHUTHOM TIOJIe.
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3) CoBMmecTHOE BJIMSIHUE IJIA3Mbl, MATHUTHOTO TI0JIS U HEITPUHHOTO MOTOKA
Ha 9JIEKTPOMArHUTHOE M3JIydeHne, U ero oOpaTHOe BJIMSTHUE Ha TJIa3MY.

4) MexaHU3MBI T€HEPAIINT 3JIEKTPOH-TIO3UTPOHHOI I17IA3MbI TIOTOKOM BBICOKO-
SHEPIUIHBIX (DOTOHOB M 3JIEKTPOHOB.

DKCIEePUMEHTAIbHbBIE NCCJIeI0BaHNUSI, OTHOCSIIIECS K PacCMaTpUBaeMOil 00-
JIACTH, €CTECTBEHHO Pa3/Ie/IdIOTCS Ha JIBa HAIIPpABIECHUS. JTO, C OJIHOI CTOPOHBI,
Ha3eMHbIe 9KCIIEPUMEHTHI, MTPerK/ie BCEro HeNTPUHHBIE, CPe/i KOTOPLIX IJIaBHbIE
OYKUJIAHWS CJIEJIYeT, 110-BIIUMOMY, CBSI3bIBATH C HEHTPUHHBIMEI SKCIIEPUMEHTaAMI
¢ pmHHoi 6a30it (long-baseline neutrino oscillation experiments), Hare/IeHHBIMI
Ha yTOYHEHUE [apaMeTPOB CMEIIUBAaHUs U JIPYIUX (PU3NUECKIX XapaKTePUCTUK
HEeNTPUHO.

Bropas rpyiia sKCIepuMeHTOB, KOTOPble MOXKHO YCJIOBHO Ha3BaTh KOCMU-
YECKO-3€MHBIMHU, CBsI3aHa ¢ HAOIIOMEHUSIMU aCTPOPU3NIECKIX 00HLEKTOB, TPEXK-
JIe BCEr0 OCTATKOB B3PBIBOB CBEPXHOBBIX, B HIMPOKOM JHAIIa30HE 3JIEKTPOMAr-
HUTHOTO U JIPYTUX BUAOB u3jaydeHuii. Ocodyio TPyIny COCTaBJIAIOT HEHTPUH-
HbIe TeJIECKOIIbI, PACIIOIOKEHHbBIE TT0JT 3eMJIEI, BOJION N aHTAPKTHIECKUM JIbJIOM,
1 HalleJIeHHbIE Ha OYKUJIAEMbIl B3PBIB TaJaKTHIeCcKoil cBepxHOBOi. MuTepec-
HOIl BO3MOYKHOCTBIO $IBJIAETCS TaKXKe PerucTpalius HEeHTPUHHOTO CHUTHAJIa OT
KOJLJIAICA siJpa MaCCUBHOI 3BE3JIbl, MPOUCXOJAIIEro 6e3 cpbiBa 000JI0UKU, TO
ecTb 0Oe3 obpaszoBaHusi cBepxHOBOi. Hakoner, OoJiblline HaJexKIbl CBSI3aHbBI C
I'PABUTAIIMOHHO-BOJIHOBBIMHI JIETEKTOPAMI, KOTOPBIE, 110 MHEHUIO CIIEINAJINCTOB,
BIUIOTHYIO MPHUOJU3UIUCH 110 YPOBHIO UYBCTBUTEIBLHOCTU K ONTHMUCTHYECKOI
IpaHnIle acTpPOPU3NIECKOro MPOTrHO3a [/Isi MHTEHCUBHOCTU U BEpOATHON 4dacTO-
Thl I'PABUTAIIMOHHO-BOJIHOBBIX CUTHAJIOB, OYKIJIAEMBIX OT KOJIJIAIICOB MACCHBHBIX
3BE3I.

Briepejin emnié MHOIO OTKPBITHI.
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