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IIpeancaoBue

Jannoe yuebHOe 110COOHE MOJATOTOBJICHO C TeJIbI0 IOMOYb CTY/IEH-
TaM TJIyOXKe 1 TI0JIHee YCBOUTD MOHATHIRHYIO CUCTEMY M CJIOYKHBIN all-
napar, KOTOPbIi JIEXKUT B OCHOBE TEOPUH PAJUAIMOHHBIX ITOIMPABOK
U IepeHOPMUPOBOK B KBAHTOBOI 3JjieKTpoanHaMuke. [Ipegcrapien-
HBIil B IOCOOMH MaTepuaJl HallpaBJieH Ha MPHOOPEeTeHne CTyJIeHTaMu
YMEHUI ¥ HABBIKOB 110 BBIITOJHEHUIO CJIOXKHBIX BHIUNCJIEHNAH B T€OPUN
3JIEKTPOMATHATHBIX B3aMMOJICACTBUI.

YuebHoe 11ocodbre COCTOUT U3 BBEJICHUsI, TPEX I'JIaB U 3aKJIIOUCHUS.

Bo BBejenun gaercst obiee mpejicraBieHne 0 TeOPUN PainaiioH-
HBIX [TOIIPABOK, & TAK>Ke IIPUBOJUTCS CIIPABOYHBIN MaTepuaJl, HeOOX0-
JIUMBI# JIJIs1 TIOCTPOEHUS MaTeMaTHIEeCKOI'O allapaTa TeOPpUH paiua-
IIMOHHBIX IIOIIPABOK M IIEPEHOPMHUPOBOK. Icrosb3oBanue MareMaTu-
YeCKOTO armmapara Mopo0HO MJLIIOCTPUPYETCs Ha TITpUMepax, paso-
OpaHHBIX B 3aJIaHUsIX K JIAHHOMY Pasjiesy. Pesyibrarol, 1101y YeHHbIe
BO BBEJICHHH, MCIIOJIB3YIOTCS B IOCJIEIYIONMKX IVIaBax I0coOus.

[TepBas ryiaBa mocBsiIieHa OCHOBHBIM BOIIPOCAM TEOPHUHU IEPEHOP-
MUPOBOK. B Heil moapobHo pazbupaeTcst IepeHOPMUPOBKA MaCChI 3J1eK-
TPOHA, €ro BOJHOBOW (PYHKIIMU U BOJHOBOM (pyHKIMU (DPOTOHA, BbI-
YUCISIIOTCS SJIEKTPOHHDBINA 1 (POTOHHBIN IIPOIAraTOPhl B UMITYJILCHOM
IIpEeJICTABJICHUN, BePIIMHHAA (PYHKIHMS B OJHOIETJIEBOM HPUOJIMKE-
HIM, COOCTBEHHO-3HEpTreTHIecKast JuarpaMma (poToHa B OJHOIETIe-
BOM IPUOJIMKEHUH, TIOJIIPU3AIMOHHBII orrepaTrop (pOTOHA B JIBYXIIET-
JIEBOM TIPUOJINKEHUN,

Bo BTOpoil riaBe BblUMCISIOTCA (POPMMAKTOD JIEKTPOHA B 0JI-
HOIIETJIEBOM TPUOINKEHUU, aHOMAJIbHBI MAarHUTHBIE MOMEHT 3JIeK-
TPOHAa, paJIuallMOHHbIE ITOIPAaBKU K 3akoHy KyJsona.

B Tperbeil rjaBe paccMarpuBalOTCd IIPUJIOXKEHUs] TEOPUU IIepe-
HOPMHPOBOK ¥ PaINAIlMOHHBIX MOMPABOK K MCCIEJOBAHUIO JIEKTPO-
CJ1A0BIX MIPOIECCOB: BBIYUC/ISIETCS CEUEeHNE PE3OHAHCHOTO PACCEesTHUSI,
BEPOSITHOCTD PaJINAIIMOHHOIO PacIiajia XUITCOBCKOTO 603oHa H — 2
B paMKax CTaHapTHON MOJIE/N, BEPOITHOCTD PaJUAIlMOHHOIO Pac-
najia pepMnuoHa ¢ HapymienneM apomara f; — fj 4y B MOJesn sJ1ek-
TPOCIAOOT0 B3aUMOJIEHCTBUSL CO CMEIIMBAHUEM, AHOMAJIbHBIA Mar-
HUTHBI MOMEHT 3aps2KEHHOI'O JICIITOHA, 00YCJIOBJICHHBIN TSXKeJIbIMU
BekTOpHBIMU W- 1 Z-0030HaMu ¥ T. JI.

[Tocsie BBejeHUS M KaxK 10il IJIaBbl HPUBOJIATC 3aaHUs JIJIs Ca-
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MOCTOSITEJILHON pabOThl, PelIeHrue KOTOPBIX HO3BOJMT IIOBTOPUTH U
3aKPEIUTh U3JI0XKEHHBII B OCHOBHOM TEKCTE IOCOOMST MaTepHall.

Crmcok smrepaTyphbl B KOHIE TIOCOOMST BKJIIOYAET B cebs mepe-
JeHb W3JIaHW#, UCIIOJb30BAHHBIX TPU COCTABICHUH JJAHHOIO TTOCOOMST
1 PEKOMEHJIOBAHHBIX JIJIg OoJiee rybOKO CaMOCTOSTEILHONO HU3yte-
HUsI OTJICJIbHBIX BOIIPOCOB.

Hannoe yuebHOe 110cODHE TTOCTPOEHO B COOTBETCTBUH C ITPOIPAM-
MO JIMCIUILINHDBL « Pa/ualoHHbie OIPABKA U TEOPUsl IePEHOPMU-
POBOK» ¥ OCHOBAHO Ha OIIbITE IpEeIojaBaHus JAHHONW JUCIIUAILINHEI.

ABTOpBI BEIpAXKAIOT NCKPEHHIOK MPU3HATEIHHOCTH 3aBEYIOIIEMY
kadeapoii reoperndeckoit dpuszukn A. . ITapxomenko 3a meHHbIE
3aMedaHnusd U IPeJJIOXKEeHNS.



BBenenune

Pajuamnuonmbie TOTPaBKU — 9TO BKJIAJLI B (PU3UIECKHE BEJIU-
YHUHBI, BOSHUKAOIINAE TIPU yUeTe B3aUMOJICHCTBUA peaJbHbIX YACTUIL
C BUPTYAJbHBIMU (JIEKTPOMATHUTHBIM [OJIEM U 3apsi?KeHHBIMHU (hep-
MUOHAMU B CJIy4ae KBAHTOBO 3JIEKTPOJIMHAMUKH ).

B knaccuueckoii (pusnke Ipu OMUCAHUK JBUXKEHUS TBEPJIOTO Teja
BBOJIATCA ITapaMeTPbl, XapaKTEePU3YIOIue MAKPOCKOIIUYECKUE CBO-
CTBa 3TOr0O TeJla, HaIlpUMep Macca M, JIEKTPUYECKU 3apsd)l q U
T. JI., KOTOPbIE OCTAIOTCs HEU3MEHHBIMU XapaKTEePUCTUKAMU 11PU yyue-
Te B3auMojieiicTBril. B oryiname oT HUX Teso 0bJ1aaeT TakKe JInHa-
MUYECKUMU XapPaKTEPUCTUKAMU, TAKUMU KaK UMITYJIbC UJIA SHEPTus,
U3MEHEeHUEe KOTOPbIX IMPUBOJUT K JIBUKEHUIO TeJIa.

B kBaHTOBO#l TEOpHU TOJISI CUTYaIUs CYIIEeCTBEHHO aApyras. JIio-
Oasi YaCTUIA HAXOIUTCS B HEIIPEPBIBHOM B3aUMOJICHCTBHUY C JIDYTUMHU
YaCTUIAMU, TPUYEM €CJIN YaCTHUIbl MaTePUN HEIIPEPbIBHO UCITYCKAIOT
U IIOIVIOLIAIOT BUPTYaJIbHbIC YaCTUIbl — KBAHTHI [IEPEHOCYNKOB B3au-
MOJICCTBUM, TO U TIEPEHOCYUKN MOTYT B3aUMOJECHCTBOBATH HE TOJIb-
KO C BUPTYaJIbHBIMU KBaHTAMHU MaTePUU, HO U caMy ¢ cOoDOii. Yuer
TaKOro Tuia 3PPEKTOB SABJISETCS MPOSIBJICHUEM BJIUSHUST KBAHTOBO-
110JIEBOI'O BAKKYMa, Ha (PU3MIECKUE XapAKTEPUCTUKK YACTHUIL, 8 UMEH-
HO: MaccCy YacTHIbI, ee 3apsji, MarHUTHLIA MoMmeHT. [losTtomy mpm
MMPOBEJICHUN PACYETOB C y4YaCTUEeM KBAHTOBBIX MOJICH HYXKHO IMOJIb-
30BaThCs HE (PUKCUPOBAHHBIMU 3HAUEHUSIMU MACChl 1My U 3apsijia g
(3aTpAaBOYHBIMU TApAMETPAME TEOPUH), a UX 3DMEKTUBHBIMU 3HA-
YEHUSIMA M = Mg + 0m U ¢ = (o + 0¢, YIATHIBAIOIUMHI OIPABKH
oT B3auMojeiicTuil. B jlanHoMm ciydae uMeHHO mMacca m U 3apsjl q
SIBJISITOTCS PE3YJILTUPYIOIUMU, (pUusniecKu HabJII0/[aeMbIMU MACCON 1
3apAI0M COOTBETCTBEHHO. Ecm B Teopun nMeeTcst MaJiblil mapaMeTp,
TO TIOMPABKU 0M M ¢ MOXKHO BBITUCIATH MO TEOPUU BOIMYIIEHWST
B BHUJIE Psijia 110 3TOoMy napamerpy. IIpu 1nepBbix HOIBITKAX BbIUKC-
JINTD MONPABKK K MAcCe U 3apsLy JIEKTPOHA, (PU3UKHU CTOJKHYIIHUCH C
11pobJIeMOil paCXOIMMOCTE, T. €. BLIUUCJIEHHbBIE IIOIPAaBKH OKa3aJIiCh
beckoneuHbIMU. [IprunHa pacxoguMOCT KPOeTcsi B HECKOMITEHCUPO-
BAHHOM MHTEIPUPOBAHUU 110 UMILYJIBCAM BUPTYaJbHbIX YaCTUIIL.

HeiicTBUTEILHO, B OOIEM cJiydae aMIUIATYJa KBAaHTOBOI'O IIPO-
1ecca MOXKeT OBbIThb IIPEeJICTaB/IeHa B BUJIE MHTEIPaJia, [0 UMIIYJIbCAM



BUPTYaJIbHbIX YaCTHIL:

M(piapf7p17p27"'p7L) - (0]‘)
- /dplde dpnF(pivpfaplvp27-"7pn)7

rjie p; U Py — UMIIYJICBl HAYAIbHLIX U KOHEUHBLIX wacrull, py (k =
1,2,...n) — BUpTYaJbHbIE UMIYJIbCHI, & MOJBIHTErpaJbHas (DYHK-
nust F(pi, D, D1, P2, - - -, Pn) IPEJCTaBIISIET COOOI IIPOU3BEJIEHHE [IPO-
IAraTopoOB, 10 UMITYJILCAM KOTOPBIX U MPOBOJIATCS MHTEIPUPOBAHUE,
¥ KOHCTAHT CBSI3U, COOTBETCTBYIONMX BEPUIMHHLIM (DYHKIMAM JIMa-
rpamMMbl. Hucsio unrerpupoBanuii n B Boipaykernu (0.1) paBHO qucty
neTesh B AMarpaMMe PacCMaTpUBAEMOro MPOIIECCa.

[ToBejieHne nponaraTopos BUPTYaJbHBIX YaCTH IPU OOJILIITNX 3Ha-
YEHUSX UMITYJILCOB MOXKET IPUBECTH K YIbTPapQUOIeTOBOM! pacxoim-
MOCTH MHTErPAJIOB 110 3TUM uMIlyjabcaM. JleiicTBurensno, npu p —
00 TIOBEJICHHE MPOIAraTopa B 00IIEM CJIydae MOYKHO OIMUCATH CJICIy-

dN pa . de
p @2y ) pa

OTrmeTnm, 9TO MOBIHTErPAJILHOE BhIPAYKEHUE NMEET Pa3MepHOCTh [,

onieit pyHKInue:

HA3bIBAEMYIO UHOEKCOM CXOOUMOCTIUL

dVp

D = dim -

Y

KOTOpasi OnpejiesiseT MOBeJleHue UHTerpasa Mpu OOJIBITIX UMITYJIb-
cax. nrerpaJ ipu p — oo Oyjier cxojuThest npu ycaosun D < 0, B
MPOTUBHOM CJIydae MHTErpaJl PACXOJUTCs CJIeYIONUM 00pa3oM:

e D = 0: unrerpan umeer uj [ dp/p n pacxopures sorapudpmu-
YECKH;

e D = 1: unrerpaJj umeer Bu/i f dp n pacxojuTcs JMHEHHO;

e [ = 2: unrerpaJ umeeT Bu/I f P dp n pacxojuTcst KBaJIpaTuIHO
u T. .

B ciaydae BOZHUKHOBEHHUs OJJ0OHOIO POJia MHTEI'PAJIOB MaTpHU-
HbBIl 3JIEMEHT Ipolecca, a 3HAYUT, W 3HAYEHUE COOTBETCTBYIOIIEH
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eMy HaDJII0JIaeMO BeJIMIUHBI MOI'YT OKA3AThCS PACXOJAAIIUMUCH, T. €.
HECYIIECTBYIOMIUMHE, B CHJIY HEJOCTATOYHO ObICTPOro yObIBaHUSA 1101
BIHTEIPAJILHOTO BHIPAXKEHUST TPU OOJIHINNX 3HAUEHUSIX BUPTYATHHBIX
UMITYJIbCOB, WJIU, JIDYTUMU CJIOBaMU, OECKOHEUHO OOJILIIOrO BKJIaJia
MaJIbIX PACCTOSHUN. YJIbTPa(UOIETOBbIE PACXOIUMOCTU SIBJISIIOTCS
TUIIMYHBIMA JIJId MaTPUYHBIX 3JIEMEHTOB KBAHTOBOW TEOPHH IIOJIs,
BBIUNC/ISIEMBIX B BBICITUX MTOPSIJIKAX TEOPUW BO3MYIIEHMIA.

OJIHAKO BEPOSITHOCTU M CEYEHUST PeaJIbHBIX IPOIECCOB B (DU3M-
Ke YaCTHIl, KOTOPbIE U3MEPSIOTCs B 9KCIEPUMEHTE, UMEIOT KOHEUHbIE
3HAYEHUSI, 9TO YKA3BIBAET Ha TO, UTO TOCIE BLITUCICHUST U3Mepsie-
MO XapaKTEePUCTUKHU MPOIECca OECKOHETHOCTH B HEil ObITH HE JI0JIK-
Ho. 11 yeTpaHeHusT pacXoInMOCTeH UCIOIL3YI0OT BCIIOMOTATEILHY O
HPOIIEAYPY PEryasapU3aIii PACXO/IAIUXCS HHTEI'PAJIOB, KOTOpast Jie-
JIAET TPOMEXKYTOUHBIE BHITUCICHUST KOHETHBIMU. DU3UKAMU WCIIOTh-
3yeTcsi HECKOJILKO BIJIOB PeryJisipu3aliui. B jjaHHOM 110coOuun Jijisi Bbi-
YUCJIeHUs TPOOJEMHBIX HHTErPAJIOB OYJIET MCIIOJb30BaH METOJ pas-
MEPHO#l pery/sipu3aiuu, KOTOPblii COCTOUT B TOM, YTO MHTErpaJ II0
YeThIPEXMEPHOMY MPOCTPAHTCTBY MMITYJIHCOB BUPTYAIbHBIX YACTHII
dopMaIbHO 3aMEHSIeTCsI KHTErpaJjoM 0 IPOCTPAHCTBY IPO3BOJILHOA
pasmepaoctu N = 4 — 2¢. Ilapamerp € cunTaerca MaJbIM U II0-
JIOKUTEJTHHO OTPEJIeJIEeHHBIM W B KOHIIE BBIUYMC/IECHUST OH MOJIAraeTCst
PaBHBIM HYJIIO, 8 BBIYHUCJSIEMOE BbIPAXKEHUE MPU ITOM CTPEMUTCS K
KOHEUHOMY 3HadeHuio. IIporeaypy ycTpaHeHHsI TaKUX PacXoIuMO-
cTeil B IPOIECCE BHIYUCJICHUS ¥ BBEJICHUSA (PU3UICCKUX KBAHTOBLIX
noJieit ¢ KOHEYHbIM HabOPOM (DUBUUYECKU HM3MEPsieMbIX XapaKTepu-
CTHK M Ha3bIBAIOT [IEPEHOPMUPOBKON KBaHTOBO# Teopun. KBaHToBast
9JIEKTPOJMHAMUKA —— [IePEHOPMUPYyeMast TEOPHsI.

Hajiee Oy1yT paccMOTPeHbI HEKOTOPhIE ODIIHe BOIPOCHI, 3HAHUE
KOTOPBIX HEOOXO/IMMO JIJIsi MATEMATUIECKOTO TOCTPOEHUST TEOPUH 116~
PEHOPMHUPOBOK ¥ BBIYUCICHUST PAJIUAIIMOHHBIX TIONPABOK.

EcTecTBeHHas cucrema eaumHUIIL

B mocobuu ucnosib3yercs ecTecTBeHHASI CUCTEMa eJIMHUTL (J1ajiee
— ECE), B koropoii Takne dyHIaMeHTaIbHble KOHCTAHTHI, KAK CKO-
pocTh cBeTa ¢ u 1ocrostHHast [Lianka f, BoIOMpatoTcst B KauecTBe Mac-
mTaba GpU3NIECKUX BEJUUNH U, CJIEJIOBATEIHHO, TTOJIATal0TCA PaBHbI-
mu epunuie, ¢ = h = 1. ECE gaBisercs yno0HOI B TeOpeTUIecKoi
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dusmke, Tak Kak 1Ipu pacdérax B 9TOi cucreme popMyJibl HE 3a1Po-
MOXKJIAI0TCs TOCTOsIHHOM [Iy1aHKa U CKOPOCTBIO CBETA, a Pa3MEepPHOCTH
OCHOBHBIX (PU3UIECKUX BEJIUINH MOT'YT ObITH CBEJIEHBI K OJHOI pas-
MEPHOCTH, HAIIPUMED K PA3MEPHOCTH MAaCCHI.

[TpoBepum 510 yTBepKjaenne. EnuauiaMu n3Mepennss OCHOBHBIX
usnieckux Besmmuud B cucreme CI'C sapisitoTest:

® CJIMHUIA U3MEPEHUsT MACChl [m]| = rpaMm
e ¢JIMHUIA U3MEPEHUsl JUIHHbI [[| = caHTUMeTp
® ¢JIMHUIA U3MEPEHUsi BpeMeHu [t]— cekyH/ia

1 Pa3MepHOCTD JII000i (PU3UIECKOH BEININHBI A MOXKET OLIThH BhIpa-
YKeHa Jepe3 3T OCHOBHbIEC BeJinunHbL. Hanpumep, Jijis pasmepHocTeit
sneprun B u cunbl F' B cucreme CI'C nosygaewm:

[E] =9pr=r-cv” ¢ ? [F] = mma =1 -cm- ¢ 2,
B obo3nadenusix OCHOBHBIX (DU3WIECKUX BEJIMIUH PA3MEPHOCTD
TPOM3BOJILHON (hU3MIECKOH Besimanibl A UMeeT BUI:

[A] = [m® 1° 1), (0.2)

rie o, § u 7y — BEIIeCTBEHHBIE THUCIIA.
HoMmHokuM ciieBa U cripaBa pasencrBo (0.2) Ha mpousBejieHue
(A% C:
a b1 a+ta +2a+b —a—b
[A A" ) = [mote 1P AR
rje B IPaBoil 4acTH PABEHCTBA, YUTEHO, YTO PA3MEPHOCTH MOCTOSIH-

Hoit ITyanka u ckopoctu csera B cucreme CI'C BbIpaxkaioTcsa depes
Pa3MEpPHOCTH OCHOBHBIX BEJIUIUH CJICIYIOITIM 0Dpa30M:

A =[m ¢, [d=[t"].

ITockonbky mpoussenenue h* ¢ 8 ECE pasuo 1, To, uTo6b! cBecTH
pazmeprocTh Benanibl A B ECE k pazmeprnocTn mMacchl, HEOOXOIH-
MO BBITIOJTHEHHE CJICAYIONMNX YCIOBUIL:

B+2a+b=0 a=—(8+"7)
’}/—a—b:O i b:6+277
OTKYZIa CJIeJyeT, UTo
(A {—(6+7) ) = meh, (0.3)
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YunrbiBas, uro B ECE nocrosinnast [lnanka u ckopocrb cBera
paBHbI efuHule h = ¢ = 1, a 3HAYUT, U

B (8+7) B2y — 4

Y

nosiygaeM, 9to pasMmeprnocth Besnanibl A B ECE, Boipaxkennast B
MaCCax, OIPEJIE/IsIeTCsT BbIPAXKEHUEeM:

[Algce = [m*"7]. (0.4)

Ucnonbsyst (0.2) u (0.4), BBIpasuM pasMepHOCTH HEKOTOPBIX (-
suueckux Bejqnund B ECE uepe3 pasmepHOCTh MacCh:

o yumna: [ = [m® ' 9 =[m™Y], (a=0, B=1, y=0)

o spemst: [f] = [m® I '] = [m™Y], (a=0, B=0, y=1)

o sneprust: [E] = [m! 272 =[m], (a=1, B=2, v=—2)
o ummyine: [p] = [m! 't =[m], (a=1, =1, y=-1)
o cusa: [Fl=[m! 1 t72]=[m?], (a=1, B=1, y=-2)

o jasyenne: [Pl = [m! 7172 = [ml], (a=1, B =—1, v =
—2) uT g

st Bozspara B cucremy CI'C HeoOX0omuMO pe3y/abTar, MoJrydeH-
ubtii 8 ECE, ymuoxkuth #a obparsbiii dakrop uz (0.3), paBHBIil
RO ¢=(B+27)  TIpu srom BbIpaskenue yist (bU3HIECKOIl BETHINHDL
A B 9T0i1 cucreme Oymer UMeTh BUI:

A= h(ﬂ+7) C_(B+27) ARCE. (0.5)

N3 (0.5) jyist 0oCHOBHBIX (DUBMYECKUX BEJIMUUH HOJYyYAEM CBSI3b
mexky cucremoit CI'C u ECE B Buje:

o mmna: |l = he ! - lgcg
e spems: t = he 2 - tpcE
o sueprus: F = c? - Epcg

® VMIIYJILC: P = C * PECE

cuna: F=h1'c® - Fyep



e jasisenue: P =h3¢ - Ppcg

PesysibraTbl BbIYUCAEHUN B KBAaHTOBOW 3JIEKTPOJIMHAMUKE Y100~
HO HOPMHUPOBATH HA MACCy 3JEKTPOHA, U B ITOM CJIy4yae JJId TIe-
peBojia, YUCJCHHBIX pe3ysbTaToB, nojydeHHbIX B ECE, K 0ObIdHbIM
Pa3MEepHOCTSIM JIOCTATOYHO BHIYUCUTH M1EPEXOJIHbIE KOIDPUITUEHTHI
JIJId KaxK/I0i BEJIMYUHbI, UCIOJb3ys 3HAYCHUA:

me~9,11-107%r, h~10"*spr-c, c¢=3-10"cm/c.

B uacrHoCTH, JiJIsI JUIMHBI U BPEMEHM OJIYyJaeM CJIeYIOINUe KO-
> huImenTo:

o jumna: [ =+ =-1 ~386-107!" cu
e spemst: [t] =L =1 ~129.107% ¢

Vcnonb3ysa BBIMEN3IOXKEHHOE, JIETKO HANTH KOI(DMUITHMEHTHI T1e-
pexoyia u3 ECE B cucremy CI'C jij1st 1100bIX (pU3MUECKUX BEJIUUNH.

4-BekTOpPHI 1 MaTpullbl JIlmpaka

Bce yeTbipexMepHble 0003HAUEHUsT UCTOJb3YIoTCsd B DeliHMaHOB-
CKOl MeTpHKe, KOIJla CKaJspHOe NMPOU3BEIeHNe 4-BeKTOPOB nMeeT
ui: A,B" = A, g, BY = AyBy — AB 4YTO COOTBETCTBYET METPHU-
JeCKOMY TEH30DY:

1 0 0 0

) 0 -1 0 0
g" = Guv = 0 0 —1 0 . (06)

0O 0 0 -1

Hanee y 4-BeKTOPOB MHJIEKCHI OYIYT BBITUCHIBATHCS Ha OJIHON BbI-
core (BHU3Y) ¥, TOJBKO KOrja OyneT HeoOXOJUMO TepeiiTu K Tpex-
MEPHbIM 00DO3HAUEHUSIM, HEMbIe WHJICKChI OyJIyT «pPa3BeJieHbl»  Ha,
pa3Hble BbICOThI.

[Ipu BbrYmcienusix HaMm norpedyioTcs Marpuipl Jupaka 7,, Ko-
TOpbIe OyJIeM KCIOJIb30BaTh B CTAHAAPTHOM ITPEJICTABICHUN:

I O - @)

o

10



rje & — marpuiipl [ayiu, O u [ — marpuibl pazmeprocru (2 X 2):

o-(30)5-(29)

[TpaBusia paboThl € TUMU MATPUILIAMU OIPEIEJAIOTCS [IEPECTaHO-
BOYHBIMHU COOTHOIICHUSIMHU:

Yo Yo + YoV = 29;“/7 (0-8)

C TIOMOIIBIO KOTOPBIX MOXKHO PEJAYIIUPOBATH YUCJIO MATPUI] B TPOU3-
BEJICHUSX:

YV = 4,
YoV Ve = —2%,
Y VYo Y = 4 Gup, (0.9)
Yu VYo Vo Vu = —2%Vp Vv

YV Vp Vo Vr Vu = 2 (7V Y Vo Vp Tt Vp Vo Vr /YV) .

Bejiém marpuity ys BUja:

: 0 -1
75:—270717273=<_I 0 ) () =1,  (0.10)
KOTOpasi aHTUKOMMYTHUDYeT ¢ Jitoboit u3 marpul, Jupaka:

{%w’)%} =YY+ 5% =0.

13 onpenenennii (0.7) u (0.10) neTpyHo 3aMeTHTD, UTO CJIE]] KaXkK-
noit u3 marpui; Jnpaka, Tak ke Kak u CJieJ| MaTPHIbI Y5, DABEH HYJTIO:

Sp(y.) =0,  Sp(ys) =0.

Ucnonb3yst nepecranoBodnbie coorrorenus (0.8), HeTPyIHO T10-
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JIYYUTh BbIPaKEeHU A, OLPEJICJAIONINE CIe/ibl OT IIPOU3BEJICHUN Y-MaTPUILL:

Sp (’Yu /YV) = 4 Guv,

Sp ('7u MW p 70) =4 (g,uz/ 9po + Guo Gvp — Gup gw)u
SP(Vu VYo Vo V5) = i€ upos (0.11)
SP(Vu 1V Vo YaV8) = Gu SP(VpVoVaV8) —

Gup SP(V Yo Va¥8) + Guo SP(VYpYaV8) —
Gua SP(V VYo ¥8) + 9us SP( Y Vo Va)s

—4 (%upa 9o — Epvpo JaB — EpvpB Yoo —

Sp(Vu 1Y Yo Va8 V5)

—Ewoa9pp T Euwop Ypa — Ewap Gpo T Eppoa Jup —
— Eppop Gra T Eppap Juo — Epoap Jup — Evpoa Yus T
+EvpoB Gua  — Evpa Guo T Evoa Gup — Epoap guV)'

Cute1 oT pom3BejieHnsT HeYeTHOTO Jucia marpul Iupaka pasen
HYJTIO.
OnepaTops! moJieii 1 TpoIIaraTopbl

Bce omeparopsbl 1moJsieii MOryT ObITH IPEJCTaBICHbI B BIJE Pa3Jio-
JKeHUs 10 TIJIOCKUM BOJIHAM:

1 : . :
U(z) = Z <dﬁ7>\ far e~iPr) 4 b;?_A =i ez(px)> . (0.12)
oV 2EV

Buech p = (E,pP) — 4-BeKTOp IHEPIUU-UMILYJIbCA, A — HOJISIPU3ALIMSL,
[ — cnupaJbHasg aMIIUTYJIa B UMILYJILCHOM IIPEJICTABJICHUN, (j )\ —
orepaTop YHUITOXKEHHUST JaCTUI[HI C UMITYJILCOM P W TOJIpU3aInei
A, l;];f \ — OIEPATOP POXKJICHUs AHTUIACTUIBI C UMILYJILCOM D U HOJIs-
puzanueit A\, V' — HOpMHUPOBOUHBIH 00bHEM.

AMnnuTynel fz Jd moJeil ¢ pa3inuHBIM 3HAYeHHeM crnuHa S
UMEIOT CJICIYIONINI BU/I;

1. CkaJisiproe u 1iceBjiockadssipioe moJisi (S = 0):

for=1 (0.13)

2. Crmnopnoe mogie (S = 1/2):

(0.14)

VE +m o
fﬁ,,\—uA(p)—< e /\>7

E—m(d-1) ¢

12



rJie 7 — €JIMHUIHbI BEKTOD B HAIIPABJICHUU JIBUKEHUST YACTHIIbL, T, =
p/lpl.

B ciayuae ecim GucnmmopHas aMmnTyaa ul(p) ABIsgercs cob-
CTBEHHOW (pyHKIMEH oreparopa MPOEKIMU CIIMHA Ha HallpaBJeHue
JTBUKEHUST

(5 ur(p) = AuMp), A==l

rjae

TO OHA MOKET OBITH NPUBEJIEHA K BUIY:
A( ) vVE+m goA
A2=U \p)= )
AME —m

3. MaccuBHBIE BEKTOPHBIE U AKCHATBHO-BEKTOPHBIE 1OTst (S = 1):

15, (0.15)

g g -
m

m(E +m)
)

IJIe M — Macca YacTUuIlbl, £ — COOCTBEHHbBIE BEKTOPHI OIEPaATOPa 1MPO-

E€KIIMK CIIMHa Ha IIPOMU3BOJILHOEC HallpaBJICHUE, 3a/laBacMO€ BEKTOPOM

—

n:

(S-7) & =a (0.17)
Boibupast oriepaTop clivHa B Bujie:
0 0 O 00 —1 0 10
S=—i 0 0 1], 00 0 |, -1 00
0 —-10 10 0 0 00

n3 ypasuenns (0.17) maxonuM coOCTBEHHBIE SHaHeHI/IH A=0,£1u
COOTBETCTBYIONNE UM COOCTREHHBIE BEKTOPHI £

1

é'ﬂ——(cosﬁ cos @ F1sin i, cosf sin p £ 7 cos , —sin@),
V2

£ = (sinf cos p, sinf sing, cosh).

[Tpy BBIUKCIEHUSIX TOTPEOYIOTCS TaKKe MPOIAraTophl MoJjeit, Ko-
TOpbIe MOYXKHO TIPEJICTABUTH B BUJIE YeThIpEXKpaTHOro nurerpaJa Oy-
phbe:

D(z) = —ie) g, (0.18)




re D(p) — Dypbe-06pas uponararopa 1oJisi, KOrTopbiii B 001eM ciy-
qae MOXKHO 3allUcaTh B cleayiomei dopme:

mmZQZ%ﬁ,. (0.19)
p* —m? 410
B1ech p(p) — MaTpHIla MIOTHOCTH YACTHIBI C OMPECTCHHBIM 3HATE-
HUEM MMITYJIbCa, IPOCY MMUPOBaHHAs 110 HoJsipu3anusam. st qacrui
C Pa3HBIM CIMHOM MATPUIA IJIOTHOCTH UMEET CJICJYIONMil BUL:
1. Ckansgproe u mceBaocKassapibie moss (S = 0):

o) =1 (0.20)
2. Crmuopnoe mogie (S = 1/2):
p(p) = ur(p) (p) =p+m, A==%l. (0.21)
A

3J1ech 1 J1ajiee 3HaK oreparopa Ha/Jl 4-BeKTOpOM 0003HaUaeT 4-1IpOn3-
BeJICHIE STOTO BEKTOPA ¢ MATPUIAMU ),

P="0u= (VD)

3. MaccuBHbIe BEKTOPHOE M aKCHaJIbHO-BEKTOpHOE noJist (S = 1):

; PP
p(p) =) ehen =-—(mw——7%;), A==£1,0 (0.22)
A

OnepaTop 3BOJIIOIN U IPABUJIA BHIYNCJJIEHNS BEPOATHOCTE
NPOIECCOB

OmnepaTop 3BOJIONUY .S, ONPEIESTIONINI TTePeX0/1 TT0JIEBOTO COCTO-
sSIHUSI B MOMEHT BPEMEHU 11pu T = —00 B COCTOsiHUE 1IpU { = 4-00:

MO>KHO 3alliCaTb B BHUJEC T—HpOI/ISBe,ZLeHI/IHI

S = Tei [ d*z Lin(x)

)

rjiae Lint(ﬂf) — JlarpaHKuaHi B3auMOJICHCTBUSA MOJIei, KOTOPBI B CIIU-
HOPHOW KBAHTOBOW 3JICKTPOIMHAMUKE UMEeT BUJL:

Loy =eU AU,
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3J1eCh € — 3JIEeMEHTAPHbIN 3apsi)i B cUCTeMe XeBHucaiijia, Korjia e? =

4, v — TOCTOAHHAA TOHKOM CTPYKTypbl, ¥ — omepaTop 3JeKTPOH-
IMO3UTPOHHOTO MOJIA, Au — omepaTop IEKTPOMATHUTHOTO T1OJIH.

Marpuunblit 3J1eMeHT 3TO# S-MaTpPUIlLl ONMpeJIeIsieT MepPexo)l n3
HEKOTOPOI'0 HAYAJIBLHOIO COCTOSHUS ¢ B KOHeUIHOe cocTosiaue f. Kcim
B3aMMO/JICCTBHS HET, TO S-MATPUTIIA SIBJISIETCS eIUHIIHON MATpUTIEH:
KaXKJ[0€ COCTOSIHUE IIEPEXOJIUT CAMO B cebsl.

uBapuanTHas aMILIATYTa nepexoja M; f CBsI3aHa C S-MaTPUIHBIM
3JIEMEHTOM 110 PaBUJIY:

i (2m)" 6" (pi — py)

HWH\/WM

< f|S|i >= Sy (0.23)

TJe p; U Py — 4-UMILYJIbChl HAYAJIBHOIO ¥ KOHEUYHOT'O COCTOSHUM COOT-
BETCTBEHHO, TTPOU3BE/IEHUs B 3HAMEHATese OepyTcs M0 BCEM YacTH-
1aM HAYaJbHOTO ¢ ¥ KOHEIHOI'O f COCTOSTHWUIA.

Hepes nHBAPUAHTHYIO aMILTUTY/Ly BhIpakalocs JuddepeHimalib-
Hasl BEPOSITHOCTH IMEPEX0jia, W3 HAJaJbHOTO COCTOSTHWST ¢ B T'PYIIILY
KOHEUYHBIX COCTOSTHUH f:

(2m)* [ My *d

dW;p = ¥ (0.24)
U CeUEHUE PACCesiHuUs:
2m)4 | M ¢|?d®
do — 2T 1My — (0.25)
V (p1p2)? — mim3
rjie dP — snemenT (azoBoro obbema:
dd = &*( (0.26)
H 25,6

31eCh N — KOJIMYECTBO YaCTHIL B KOHEUHOM COCTOSIHUM.

N3 dopmyn (0.24) u (0.25) BujHO, 9TO HOMHUMO KBaJpara aMm-
IJIATY/IbI BEJTMUNHY BEPOSITHOCTH U CEUCHUS] PACCESHUS ONPEJIesIsieT
¢da30BbI 0OBEM:

_ /54(]91, o Tl %_ (0.27)
f=1
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Cutejtyer oTMeTuTh, 9TO (Pa30Bbiii 00bEM SIBJISICTCS PEJISTUBUCT-
CKMM MHBApPUAHTOM ¥ BBIYUCJATHL €r0 MOXKHO B JTIOOO# cECTeMe OT-
cuéra. Hanmpumep, HaiijieM JByX4dacTUUHbBIH (a30BbIil 00beM, KOT/Ia,
B KOHEIHOM COCTOSIHUM JIBE YaCTHUIbI C OJIMHAKOBBIMKM MaccaMu. Ta-
KOt 00beM JIErKO BBIYUCIISETCSA B CHCTEMe, TJie 4-BEKTOP WMITYIbCa
HauaJILHBIX YacTull umeer B pi = (p?, 6) B sToMm ciyuae

5(p? — By — Fs) 6(p1 + po)

o oy dPpy = 0.28
(27'(')6 4E1 E2 pl p2 ( )

. dE; = ———

(27)¢ / 4B, YN T 4en)p

—

rje m — Macca 4acTHl| B KOHeYHOM cocrognun, a p; = (p?)% — 0% —
PEJIITUBUCTCKUI KBAJpAT CyMMAaPHOTO 4-UMITYJIbCA HAYATbHBIX Yac-
THLL

DJIEMEHT TeJIECHOTO YTJIa W TOJIHBbIN TeJIeCHBIN yToJI
B Nn-MEPHOM €BKJINJIOBOM IPOCTPAHCTBE

st TOro 4ToObI HARTH SJEMEHT TEJIeCHOTO YIJia U IOJIHBIH Tejec-
HBII yTOJI B N-MEPHOM €BKJIMJ0BOM IIPOCTPAHCTBE, CHAYAIA PACCMOT-
puM cHEPUIECKYIO CUCTEMY KOOPJAMHAT B 4-MEPHOM IIPOCTPAHCTBE, &,
3aTeM 00OOIINUM MOJYIEHHBIH pe3yabTaT Ha N-MEPHYI0 CHCTEMY KO-
Op/INHAT.

Paccmorpum Touky M B 4-MepHOM ITPOCTPAHCTBE, TOJIOXKEHUE KO-
TOPOii OIpeJIeIsIeTCsT JeKAPTOBBIMU KOOPAMHATAMU X1, Lo, L3, T4
(puc. 1). Touka M’ na puc. 1 coorBercrByer mpoekiuu Touku M Ha
TpEXMEpPHOE TPOCTPaHCTBO, R — paccrosaune ot Touku M 10 nagasia,
CHCTEMbI KOOpJIMHAT, [?| MMeeT CMBIC MOYJ/Isl PaiuyC-BEKTOPa, PO~
ek Toukn M Ha TpEXMepHOe MPOCTPAHCTBO, TO €CTh OIPeIeJIseT
paccrogaue or Touku M’ 1o Hadasa cucreMbl KOOpAUHAT.

st mocTpoenust chepruIecKoit CHCTEMbI KOOPIMHAT TPOBEJIEM I1JIOC-
KOCTh 4epes pajuyc-BeKTop ToUku M u ocb Oy, yroa MExXy OChIO
Ox4 1 painyc-BEKTOPOM 0003HAUNM KaK fo. B 9TOM city1dae nmpoeknun
pajmyc-BekTopa R Ha och Oxy 1 HA TPEXMEPHYIO CUCTEMY KOO IMHAT
OYIYT ONPEIENIATHCST BHIPAYKEHUSIMUA:

ry = R cosbs,
R, = R sinbs.
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T4 T3

M

)

Ry M

i)

(a) n (b)

Puc. 1. Touka M(xq, 2, T3, 4) B 4-MepHOM TpOCTpaHcTBe: HA puc. 1(a) m306-
pazkenbl npoekiun Toukn M na ocb Oxy u Ha 3-MepHOE HPOCTPAHCTBO (TOUKA
M), na puc.1(b) — Touka M’ B 3-MepHOil cucTeMe KOOPIHHAT

SameTnm, 9T00BI OXBATHUTH BCEe TOUKW 4-if ocu, HEOOXOAMMO, ITOOBI
0<R<o0,al0<6b<m.
KoopiuHatrs! X1, Ta, T3 OYIyT UMETH CJIETYIOIII BT

r3 = R, cosf = R sinby cosb,
r9 = R, sin# siny = R sin#s, sinf; sin @,
xr1 = R sinf; cosp = R sinf, sinfy cos p,

rjie 0 u @ — yriibl cepruaeckoit CHCTEMbI KOOPNHAT, MOCTPOEHHO
Ha 0aze JIeKapTOBON CUCTEMbI KOOPJIMHAT 3-MEPHOI'O HPOCTPAHCTBA.

s mocTpoenust cpepruyueckoit CUCTEMbI KOOPJIMHAT B M-MEPHOM
IPOCTPAHCTBE, TJEe 1 — IEJ0e MOJOKHUTETbHOEe THCJI0, HEOOXOTUMO
BBINIOJIHUTD BBIIIEONUCAHHbIE JIEHCTBU, HAUUHAs C BbIOOpa n-it ocu
1 TIOCTPOEHUS TIJIOCKOCTU Uepe3 paJuyc-BeKTop TOUKW M u JaHHyto
och 0x,,. IIpn sTom

r, = R cosl,_s,
R, = Rsinf,_s,

rie R — paccroanue or toukn M 10 Hadaja KOOPAMHAT, KOTOPOE
BhIOEPEM B KadecTBe paJuasibHON KOOPJMHATHI, O, 9 — yroa Mex-
a1y oceio 02, 1 pajuyc-BeKTOpoM, [R| — IPOEKIs pauyca-BeKTOPa,
touku M #a npocrpanctso (n — 1) usmepenus, npuaém 0 < R < oo,
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a0 < 0,_9 <. IlpojoizKast TAKOro pojia MOCTPOCHUsI, B KOHIE KOH-
IIOB, HaliJeM IPOEKIINIO TOUYKHN Ha IPOCTPAHCTBO Pa3MEPHOCTH 1 = 2,
TO €CTh Ha IJIOCKOCTh. B MTOre MoIyInM CJIeJYIONIYI0 CBsI3b JeKap-
TOBBIX ¥ C(HEPUIECKUX KOOPJUHAT:

x, = R cosb,_ o, (0.29)
Tp—1 = Rsin6,_s cosb,_s,
Tpo = R sinb,_o sinb,_3 cosb,_4,
r3 = Rsin6,_osinb,_3 ... sinfy cosby,
ro = Rsin6, 5sinf, 5 ...sinf, sinb; sin e,
r1 = Rsin6, 5sinf, 3 ...sinf, sinf; cosp,
rjie Bee yriibl 0, (e = 1,2, ... ,n—2) mensitorcst B upejenax 0 < 6, <

T, & YTOJI  BblJIeJIeH KaK MOJIApHbBII U MeHsdeTcs B ipejiesiax 0 < ¢ <
27, Beipaxenus (0.29) mpescrapisitor coboii mpaBusa mepexoa oT
chepraecknx KOOpJMHAT K JE€KAPTOBBIM.

DyeMeHT obbeMa B chepruiuecKoil cucTeMe KOOpIuHAT HAXOIUM 10
OOIIUM IIpaBUJIAM:

n—2
d"V = |J|dR | ]] dba | de, (0.30)

a=1
rne J — gKOOMaH Iepexoja OT JeKapTOBBIX KOOPJIUHAT K cdepute-
CKHUM, KOTOPBIi IIpeJicTaB/isieT OO0 OIpeIe/IuTe/ b MATPUIIbI (n>< n):

O(x1xs ... 2y)

J =
8(RQD(91 R Qn_Q)

(0.31)

OHaKO HEIOCPEICTBEHHOE BLIUUCICHUE OLIPEICIUTES B OOIIEM CJIy-
Jae XOTs U BO3MOXKHO, HO O9CHb 'POMO3/KO. Jlerue BoConn30BaThCs
OoJiee MPOCTBIM CIIOCOOOM €TI0 BBIYMCJICHHUS 1O MHAYKIuu. JleiicTBu-
TEJILHO, JIONYCTUM, MBI UMEEM BbIpaxKeHue s chepruaecKoro sJe-
MeHTa 00bEéMa B mpocrpaHcTe (n — 1) usmepenwusi. Vcnonbayst ero,
OIBITAEMCS TTIOCTPOUTE CPEPUICCKUIT 3JICMEHT B IIPOCTPAHCTBE 1 U3-
mepenuit. st sroro gonosaumM (n—1)-MepHyIo chepuvecKyo cucTe-
My KOODJIMHAT JIEKAPTOBO#i 0cbio (0¢h 0x,), MOy B TaKUM 00pa3oM
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[UJIMHIPUIECKYTO CUCTEMY KOOPJMHAT Thlia Xy, R 6, 30, 4601 . [Ipu-
uém R | mprobpeTaeT CMBICJ BEJIUINHDI IPOEKITNH TOYKU M n-MepHOro
MPOCTPaHCTBA B pocTpancTie (n — 1)-uzmepenus. Terneps nepeiiém
K M-MEPHOil cdepuieckoil cucreme:

x, = R cosb,_s, (0.32)
R, = Rsinb,_o,
cosO,_ 9 —Rsinb,_»

J:

9RO, o)

HaJjiee omrpejiesinM 3eMeHT 00béMa B chepriecKoii cucreme B CIy-
dae (n — 1) usmepenusi:

sinf,_o Rcosb,_»

A"V = R AR, A, (0.33)

rae dQ"Y — (n — 1)-MepHbIii 31eMEHT TeJECHOro YIJIa, ABHbIA BHJL
KOTOPOro 4epes yriibl u Tpebyercs naiitn. CoracHo npeobpasoBa-
uuro (0.31) Haxoum

de,d" 'V = dr,dR, R"2dQ""Y = RdR df, » R"*d"Y =
= R"MR(sin0,_5)" "2 df,_o dQ" Y = R" YR dQ™.
Orcrosia mosrydaemM peKyppeHTHYIO CBsI3b:
dQ™ = (sin6,_2)" % df,_o dQ"Y. (0.34)

s mpocTpaHcTBa TPEX M3MEPEHH I JIeMEHT TeJIECHOIO YIIa dQ®)
XOPOIIIO U3BECTEH:

dQB) = sin 0, do; de.

Vcnomsays (0.34), Mmoxkno nocaenoparenbuo nairu dQW, dQO) u
Tak 710 dQ™. B pesynbrare mOTyUnM CIe/Iyionee BHIPasKeHue:

n—2
A" = dip | [ (sin 60)* df,. (0.35)
a=1

urerpupyst 1o Bcem yryiaM, TOJIYUYUM TOJHBI TEJECHBIH yToJl
Q).
n/2

2T n—9 T
O — ing,)" =2+ |
/dgp 1_[1 /d&a (sinf,) @) (0.36)
=0

2
0
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rie I'(z) — ramma-dynkuus. Vcnosb3yst cBoiicrsa ramma-(yHKIMHI:

1
(xz+1)=al(z), '(n)=n-1!, T (§> = /T,
HAXOJIUM PAJI 3HAYECHU MOJIHOTO TEJECHOTO YIJIa JIJId CJACYIONNUX 7
2
no=2  do®=_""__of
(1)
37
= 3 d0® = =4
S re/2) - "
2 2
no= 4,  doW =T _op2
I'(2)
275/2 872
= 5 A0 = =—.
e r(5/2) 3

3a/jaHus C penieHueM

3aganue 1. Haiitu koaddunuenTt nepexojia u3 eCTeCTBEHHON! CH-
crembl ejgunnt, B CI'C juist mIOTHOCTH TOTEPh SHEPIUU B EIWHUILY
BpEMEHU €.

Pewenue

Haitsiem pazMepHOCTD TaHHO# (PU3UUIECKO BeJIMUMHBI B €CTECTBEH-
HOIl cucTreMe equHuIl, JJid Yero cHadaJjia IIpuBeaeM ee K pasMepHO-
CTSIM OCHOBHBIX (pusndeckux Bejuann cucreMmbl CI'C:

€] = = =r-cMm -C " (0.37)

e3¢ emd el

Cpasnusas pesysnbrar (0.37) ¢ (0.2), HAXO/ MM 3HAUEHUS TapaMeT-
pOB Q{, ﬁ? 7:
04:17 5:_17 7:_37

aro corsiacho (0.4) cOOTBETCTBYET PA3MEPHOCTH MACChI B ISTOM CTe-
eHN;
Epcr = [m”].
Kosdbdunuent s nepexoia U3 eCTeCTBEHHON CUCTeMbl eMHNALL
B CI'C naxonnm, ucnonbsysi coorrorienue (0.5):
e=h1c. EECE-
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B ciydae BbluMc/IeHUsI IJIOTHOCTH 1IOTEPh SHEPIUKU B TEPMUHAX
MACChI 3JIEKTPOHA, YUCJIEHHBIA KOI(DDUIUEHT [T Iepexo/ia B CHCTe-
my CI'C onpejessieTcst BHIPaXKEHUEM:

5.7 3
5 Mgc' 9pr-cM

e = h4 c

YTO MPUBOJUT K CJIEJIYIONIEMY PE3yJIbTaTy:

Spr - M

md =1,1-10%
C

3amaHne 2. 3anucaTh yCJI0BUE YHUTAPHOCTH S-OIEepaTopa uepes
MHBapUaHTHBIC aMILJIATY/IbI.

Pewenue

Yesosue ynurapuocru S-oneparopa umeer suj, STS = 1. Beeuém
omeparop nepexosya 1', Taxk 4To

S=1+4+:T, St =1—-4T".
Tornma ycioBue yHETApHOCTH B TepMHUHAX omepaTopa 1 mpuMmer B
T-T"=iT+ T, (0.38)

Bzsis Beipaxenne (0.38) B oOKaKax MeXy HaYaJIbHBIM [i > u
KOHEYHbIM < f| BEKTOpaMu COCTOSIHUI 1 UCIIOJIB3Ysl YCJIOBHUE TOJIHO-

THI HAOOpa COCTOSHMIL Y, [n >< n| = 1 u onpejesenne 3pMUTOBOTO

n
COIIPsAZKEHN I

< (I)1|A+|(I)2 > =< @2’A|@1 >*,
MOJIY Y M:

Ty —Tj=1Y TnTj (0.39)

Ompenenenne (0.23) mossossier nepenncarsh Bhipaxkenue (0.39) B
TEPMUHAX WHBAPUAHTHBIX aMIIATY/I:

My — My, = (0.40)
d*py
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B srom npejicraBjieHund yUTeHo HPAaBUJIO CYMMUPOBAHUS 110 M-
IMyJIbCAM YACTHUIL, OIPEEIAONIIX YICI0 COCTOAHUN B dyeMenTe d°p

S= [T

Ocrasmmasicsa B (0.40) cymma o n 0003HAYAECT CYMMUPOBAHEE IO
MOJIIPUAIMSIM W YUCITY YACTHI] B TPOMEXKYTOUHOM COCTOSTHWH.

3amaame 3. Haiitu cBsA3h MeXly MHUMON YaCThIO aMILIATYIbI
YVIPYTOro pacCesdaHus BIEPe] U MOJHBIM CEYCHUEM PACCEeAHUS U3 3a-
JTAHHOTO HAYAJBHOTO COCTOSHNUS (ONMTHYIECKAs TeOPeMa).

Pewenue

Yipyroe paccesHue o3HadYaeT peakiuio Tuia a + b — a + b, Ko-
rja COPT YaCTUI, B HAYAJILHOM M KOHEYHOM COCTOSTHUSIX COBIAJIACT.
Paccesinue Brepej; COOTBETCTBYET HPOIECCY, KOTAA YroJl PACCesHuUst
CTPEMUTCS K HyJI10. IIpy 3TOM 110J1€BOi BEKTOP KOHEYHOI'O COCTOSHUST
|f > cTpemuTcst K MOJIEBOMY BEKTOPY HAYAJILHOTO COCTOSIHWS |i >.
B srom ciyuae ycsosue ynurapaocru (0.40) MOXHO 1epenucarh B
BUJIC:

2 TmM;; (0) = (27" Z/|Mm\254 (P,—P,) HQEd g’;) (0.41)

Ucnosbayst olipejiesienrie ceveHust paccesiHusi 4epe3 MHBapUaHT-
ayto ammutyay (0.25), MOXKHO MOJYYUTh JIJIT MHUMON YACTH aM-
IJIATYJIbl YIIPYTOI'O paccesnus BIEpE], cyeylolee BbipazKeHue:

2ImM;;(0) = 4 \/ (p1p2)? — m3m3 otor, Oror = ¥ 0in, (0.42)
n

rie pi, P2, M1, Mo — 4-UMIYILCH 1 MACCHl HAYAJIBHBIX YACTUIL, & O
— IIOJTHOE CeYeHHe paccesHus Ipoiecca a + b — a + b, npocyMmmu-
POBaHHOE 1O BCeM KanajaM peaknmu. Creyer OTMeTUTh, U9TO Ipa-
Basl uacTh Bhipaxkenus (0.42) GeszpaszMepHa, Tak Kak [0 = cM? =
[1/m?], ciieioBaTesibHO, aMILTUTY 1A J1I060T0 YIIPYroro Mpolecca pac-
cestnnst GespasmepHa. Venmonb3ys nonsaTie KpOCCHHT-CUMMETPHHN, MOYK-
HO IIOKA3aTh, YTO HE TOJbKO AMILUIATY/Ia PACCESHUST, HO U aMILIUTY/IA,
000 peaKIny, B KOTOPOil yIACTBYIOT YeThIPe YACTUIIBI (TeThIPEX-

XBOCTKA), Ge3pasMepHa.
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3aganue 4. /lokazarb, 4TO aMILIUTY/IA IIPOIECCA PACCESHUS, KO-
TOPBI MOXKET IPOUCXOJUTD Yepe3 OJTHOTACTUIHOE COCTOSTHUE, JTOJIK-
Ha WMeTh I0JII0C, KOI'Aa KBaJpaT HAYaJbHOIO 4-MMITyJIbCca p; CTPe-
MUTCS K KBaJIPaTy MaCChl IPOMEXKYTOYHON YaCTUIIBI.

Pewenue

Bocronb3yemest yejioBreM yHUTapHOCTH S-omeparopa B (popmyiie
(0.40), rjge B npapoii 4acTH BbIIEJUM $IBHO OJHOYACTUYHOE COCTOSI-
Hue:

My — Mj; = (0.43)

d3p
. 4 * 4 n
= z(27r) E /Mmen(S (B—Pn)—QE (27r)3+”"
S, "

IJle CyMMUPOBAHUE BEJIETCS 110 CHIMHOBBIM COCTOSIHUSM, & MHOTI'OTOYKE
O3HAYaeT BKJIAJI OT MHOTOYACTUYHBIX MPOMEXKYTOYHBIX COCTOAHUIA.
Beesiém BermoMoraTesibHyo aMITUTY/LY:

M = My + My, (0.44)

NPEJICTABIAIONLYIO CODOH CyMMy aMILIMTY NMPsIMOrO U OOpaTHOro
nporeccos. Ecin k Boipaxkenuio (0.43) npubasurb Takoe e ¢ 3a-
MEHOI HAYAJIBLHOTO U KOHEYHOTO COCTOsHUiL (i <> f), TO mosydum:

d*p,,
QIm(m):27r/2g Rif 0" (P —P,) + -+, (0.45)
IJle BBEJIeHA BEIeCTBeHHAas (PYHKIMS UMITYJIbCOB:
Rip =Y (M M, + My, M;,) . (0.46)
Sn

Ucnonwbayst coorHoleHne

55 = [ a'vsw — m?)oom). (0.47)

e 0(po) — dynkumst Xesucaiija, n unrerpupys (0.45) no d'p, no-
JIyqaeM:

tm (Mij) = w8(P? = m2) Rig + -+, (0.48)

rJ1€ MHOI'OTO4H1€E COOTBETCTBYET BKJIaJy MHOI'OIaCTHUIHBIX COCTOAHMUIA.
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Bocnosib3oBaBiuch (popmyJioit

1 1
x 410 (x) imo(z),

MOKHO 3aKJIOYUTh, YTO MZ f KaK aHajuTryeckas pyHKInst p? B IIpe-

Jene p? — mfl nMeeT BUJI:

Tax xak n3 T- 1 P-uHBapHMaHTHOCTH CJEYET, UYTO C TOTHOCTHIO JI0
dbazosoro muozkuressa M;y = My p, rjie mTpuxu 0603Ha4AIOT IIPOTU-

BOIIOJIOYXKHBIE 3HAKH CIUPAJBLHOCTHA YaCTHUI], TO HE TOJIBKO MZ f, HO |
Kazkjiad u3 ammrys My u My; umeer miosioc B ipejiedie p? — m%

3amanue 5. /Jokazarh BO3MOXKHOCH TTapaMETPU3AIMN B!

1
= (0.49)
a1a2as .
1
) / x]” 2dxy a:2 SBdry .. xyodTy_odr,
= n — s
xla Loy ... 7xn71)]n
0
rie
A(%l, o, ... ,xn_l) = a41X122...Tp_1 + a2x1T9... (]. — xn_l) +

+asr1ze ... (1 —xh0) + ...+ ap_121(1 — 22) + an(1 — z1). (0.50)

Pewenue

[Ipexie Becero 3amerum, 4ro jiiisi n = 2 oipaxkenue (0.49) jerko
JIOKA3BIBACTCS MPIMBIM UHTEIPUPOBAHUEM:

1

1 / 4oy . (0.51)

1G9 la121 + as(1 — x1))?

Huddepenrupys (0.51) (k — 1) paz mo a; u (I — 1) pa3 no as,
MOJIyIUM BbhIparkeHue OoJiee 00OIIero Buja:

1
I (k:+l—1 /:c — 1)ty
afal (k=D —1)! / [a121 4 as(1 — 1) ]F

(0.52)
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Hasiee paccyxjaeMm 10 uajykiuu. Jlomycrum, 410 BbIpaXKeHUe
(0.49) cmpasemmuBo st caydas (n — 1). okaxkewm, 910 oHO OyseT
TOTIA CpaBeinBo u Jyist n. JleficrBuresbro, ncnounsyst (0.49) st
(n — 1) nmeewm:

1 / o3 dwy vy dw dz
n—2'/ 273 s Tl (0.53)
apaz Qp—10n n

0

re
Az, 3, ..o Ty 1) = A(T1, 29, .., Tp_1)|e,=1- (0.54)
Barem wucnosbzyem (0.52), momarast B Hem a; = A, as = ap, k =
n—1, 1 = 1. B rakux oboznadenusx pasenctso (0.52) mpumer BUI:
1
[A(zg, 23, ..., xy1)]" L ay,
(=1 j 2% dry
 (n—=2)1(0 [A(zg, 23, ..., Zp—1) + an(1 — x71)]”
Herpyuno samerurs B (0.50), 410

A(xo, w3, ..., Tp_1)x1 + ap(1 —x1) = A(x1, 29, ..., xp—1). (0.56)

(0.55)

Takum obpasom, mozpcrasisss (0.56) B (0.55) u 3arem (0.55)
(0.53), mosyaum Boipazkernune (0.49) aust ciayuast n = 1. Ho, ¢ apy-
roit cropoHbl, Jist n = 2 Bbipaxenue (0.49) o4eBUJIHO ClIPABEJJINBO,
SHAYWT, OHO CIPABEJJINBO IIPH BCEX 1, 9TO ¥ TPEOOBAIOCH JOKAZATD.

Bamaame 6. CocTaBUThL CBOJKY MHTErPAJIOB B UMIIYJILCHOM IIPO-
cTpaHcTBe. PaceMoTperh ciydail cXomammuxces U pacXOAdauXcs NH-
TerpaJioB.

Pewenue

Nnrerpasib 1o Oypbe-iepeMeHHbIM UMEIOT BUJ[ 4-KPATHBIX UHTE-
I'PAJIOB OT JIPOOHO-pAIMOHAJIBHBIX (DYHKIINI, BO3HUKAIOIIIX KAK IIPO-
U3BeJICHKE IIpolararopoB B juarpammax Qeitnmana. Kaxkjplit npo-
naraTop mMeeT 3HaMeHaTesnb oununedinoro suga k? — 2(kp) — [ or
Dypre-niepeMennoit k,, npejacTapisdionieii coboit 4-UMIyILC B HeT-
jie. C nomoripbio peiiHMaHOBCKO MTapaMeTpu3aliil, PpacCMOTPEHHO
B 3aJIlaHUW D, TPON3BEIEHNE 3HAMEHATEIeH TaK>Ke TPUBOJIUTCS K Ou-
Jmneiinoit gpopme 110 nepemennoit k,, BO3BEJEHHON B COOTBETCTBY-
IOIIYIO CTeleHb. TakuMm oOpa3oM, TpedyeTcs BBIYUCIUTDL HHTEIPAJIbI
CJIEJIYIOIIEro BUJIA.
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CKaJIAPHBII MHTEerpaJI:

dk/(2m)*
S = / “okp D) (0.57)

BEKTOPHBII MHTErpaJI:

ko d*k/(27)*
Wf:/kH_QM%JW, (0.58)

TEH30PHBIN MHTErpaJl:

[ hakydth2n)
Taﬁ_/(m_%p_l)a. (0.59)

uTrerpaJjibl 60j1€€ BLICOKOTO TEH30PHOI'O paHIa BCTPEUAITCH PEJIKO.

Hauném BbIUnCIeHns: ¢ IPOCTEHAIIIEro CKaasipHoro HHTErpasa, 3a-
TEM [TOKAXKEM, YTO OH SIBJISIETCsI ITPOUSBOJISIIIAM JIJIsi KHTEIPAJIOB BEK-
TOPHOTO U TE€H30pHOro TUIIOB. [Ipexk e Bcero 3aMeTuM, 4To JIJIst CJIy-
yagd a > 2 CKaJspHBI MHTerpaJl siBJIsSeTCs CXOJSIUMCS, IIOITOMY
CHaJaJia PacCMOTPUM MMEHHO 3TOT ciaydait. Jlamee, Tak Kak mpeje-
JIbl MHTEIPUPOBAHUs 110 KaKJI0i KOMIOHeHTe 4-BekTopa Kk, paBHbI
+00, TO MOXKHO cJlesiaTh 3aMeny nepemennoit k, — k, — p,. Ilocse
TaKOi 3aMeHbBI MOJbIHTErpaJbHOe BhIparKeHNe CTAHOBUTCS chepute-
CKM CHUMMETPUIHBIM M €CTeCTBEHHO MHTEIPUPOBAHKE IPOBOJUTL B
cheprueckoil cucreMe KOOpInHaT:

S:/%%%%, A=1+p (0.60)

B srom Bhipaskenun k? = k3 — k 2 109TOMY TIpe¥K/ie, YeM BBOJUTh
chepudeckre KOOpAMHATHI, KOTOPBIE MBI YMEEM OIUCHIBATH TOJHKO B
€BKJIAJIOBOM MTPOCTPAHCTBE, MMPOU3BEJIEM BUKOBCKHIT MMOBOPOT B KOM-
IJIEKCHOM TJIOCKOCTH TlepeMeHHOi kg (puc. 2).

[Tocsie moBopoTa KOHTYpa MHTEIPUPOBAHUST IEPEeMEHHast Ky CTaHO-
BUTCSI MHUMOM, TO ecTh kg = tky, T/ie ky — BellecTBeHHasl IIepeMeH-
nag. [Ipn sTom kBajpar 4-ekropa pasen k? = —k7 — k2w crano-
BUTCSI YMCTO €BKJIMJIOBBIM C TOYHOCTBIO JIO 3HAKa. TakKuM obpas3oM,
CKaJIIPHBIN WHTErpaJ MpuodpeTaeT B

()i [ dYk
=y / GENL
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Im kg 4

Y

>

Re ko

o

Puc. 2. BukoBckuii moBOpOT B KOMILJIEKCHOI MJIOCKOCTH TiepeMeHHoil ky

Tenepb MOXKHO BBeCTH C(HEPUICCKYIO CUCTEMY KOOPJMHAT U LPO-
MHTErPUPOBATD 10 TEJECHOMY YIJIY:

(=1)%0 / k3 dkg
S=-——qQW [ _E 2 0.61
arr ) B Ay 0o
Uurerpupys 1o kg, OKOHYATEJHLHO 110JIyYaeM:

(—1)%q 1 1

g —

@P @-D@-2 Frpr %
e Mbl uenosb3osasn spaderns Q4 = 272 uw A = p? + 1.

BameruM, uTo B Bhipaxkenun (0.62) qeilcTBUTESLHO HMeEeTCs pac-
XOJIMMOCTH 1IpU @ = 2 u a = 1, KOTOphIe siBJISIOTCs JiorapudmMute-
CKOM ¥ KBa/IPATUIHON PACXOJIMMOCTHIO COOTBETCTBEHHO, 110 MOJICUETY
pPasMepHOCTH MojbIHTerpagbHoro Beipaxkenus (0.60). B stom ciry-
yae HeoOXO/IMMO HalTH CII0CcO0 perysspu3alii HHTerpaJia, KOTOPbIi
HaJI0 MPEBPATUTH B CXOJIANINUICS, BBEJS MMapaMeTp Perysisipu3alinu.
XydT npepaoKuns B KauecTBe TaKOro mapaMeTpa BbIOpaTh pa3Mep-
HOCTBH N UMITYJILCHOT'O ITPOCTPAHCTBA, KOTOPYIO YCTPEMUM K YETHIPEM
TOJILKO B CAMOM KOHIIE TTPOBOJIMMbBIX BbhIUUCIeHUI. [[jist 9TOr0 B BBI-
paxkenun (0.60) Hy>KHO 3aMEHUTH

d*k d"k

) — ) riae n # 4.

[Tocne nATErpUpOBaHUs 1O TEJIECHOMY YIJIy B N-MEPHOM IPOCTpPaH-

CTBE JJId CKaJIAPHOTI'O MHTEI'PaJla NMEEM!:

(0. ¢]

o (—1)i 272 / kit dkp

@mnr (%) J (K + A

(0.63)
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IJ1€ UCIOJIBb30BAJIOCH BbIPAXKEHUE JIJIs OJHOIO TesiecHoro yriia (0.36).
Beojist nepemennyto t = k2, nosydaem:

_1)e g2 T /2 1dt
S = / (0.64)
0

() t+A)e

JI1st aJIbHeRIINX BEIYUCICHU BOCIIONL3YeMCsl BhIPAyKEeHUEeM MH-
rerpaja B (0.64) yepes ramma-dyHKIHK:

/OO ot dx [(p) T'(v) (0.65)
0

A + Bx)wtv AVBVF(M+V)’

B KOTOPOM JIJIsl HAIIIErO CJIydasi HaJlo TMOJOXKUTE: (L = n/2, v = a —
n/2, A=A, B=1.

C yuerom (0.65) nosiydaem OKOHYATEJIHHOE BbIPAXKEHHUE JIJIsT UC-
KOMOTO CKAJIIPHOTO MHTErpaJja B N-MEPHOM HUMITYJILCHOM MPOCTPAH-
CTBe:

[ dR/(2n) i(—1)* T'(a—12) 1
o= /W—%WW 4y T@) P+

(0.66)

HerpynHo yoenuThes, 9To Jjid a > 2 1 n = 4 5TO BhIPayKeHHe COB-
maaer ¢ (0.62). Pacxomumocts npu a < 2 u n — 4 J1eicTBUTEIHLHO
UMEET MECTO KaK TOJIFOC raMMa-(DyHKIMK [PU HYJEBOM U OTPHUIla-
TEJBLHOM II€JIOM 3HAUEHUSX apryMeHTa, OJIHAKO B MPOMEXKYTOUHbBIX
BBITHC/ICHUSIX HAJ0 yAEPXKUBATH MapaMeTp peryjaspusanu n # 4.
Bripaxenue (0.66) moxkeT ObITH HCIOIB30BAHO KAK MTPOU3BOIAIIAS
byHKIMs UMITYIbCa Py, JI/Isl BEKTOpHOro unTerpaJa. s Toro yro-
OBl OJTYYUTH BEKTOPHBII wHTErpas (0.58) HY’KHO B BHIDAKEHUH JIJIsI
ckasisipaoro waTerpasa (0.66) ciesnars cieyonme npeobpasoBaHus:
3aMeHuTh @ — a— 1, nojesnthb Ha 2(a— 1) u mpoauddepeHIpoBaTh

110 Dg:
10 d'k/(27)"
2(a — 1) Opa / (k2 — 2kp — 1)1 Va. (0.67)

C yuerom (0.67) u3 Boipaxkenust (0.66) HaXOIIM HCKOMBIiT BEKTOPHDIH

HHTEerpaJi:

B kod'k/(2m)"  i(—=1) I'(a—7%) Da
om | @Byt~ G T G e

(0.68)
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NurepecHo ormerutsb, 4ro Bekrophbiil unrerpad (0.68) ormuaer-
cst oT cKastsipaoro uarerpasia (0.66) TOJIbKO BEKTOPHBIM MHOXKHUTEIEM
Do BBITONHSIST BbINIE yKa3aHHbIE Tpeodpa30BaHus I WHTerpaJa
(0.68), mostyuaeM COOTHOIIEHHE:

L [ e
2(a — 1) 8pﬂ (k? _ Qkp . l)a_l — Lap,

HCIIOJIb3Ys KOTOPOE HaXOJUM JIJIgl TEH30PHOI'O MHTEIr'PaJlia CJIEAYIOIee

@m—%@;%)mm)

(0.69)

BbIpa2KeHue:

(1) T(a—3)

T, =
O (4m)n2 T(a) (p? + 1)o—/?

Dopwmyaet (0.66), (0.68) u (0.70) cocTaBISIOT HCKOMYO CBOJIKY HH-
TErpaJioB B UMILYJIbCHOM IIpOCTpaHCTBe. BbIpakenus Jijisi TEH30POB
OoJtee BBICOKOTO paHTa MOXKHO MOJTy9NTh, TPUMEHSIsT TOT Ke DeJIyK-
[UOHHBII METOJ] BHIYUCJICHUNA.

3agaHusd AJi CaAaMOCTOATEJIBHOM padoThl

1. Haittu koadppunmenT nepexojia u3 eCTeCTBEHHONW CUCTEMBbI €11~
nur, B cucremy CI'C st ciejyromux (pu3ndecKux BeJUYUH: UM-
MyJbC, CHJIa, OObeMHAs TJIOTHOCTH CHUJIBbI, JEHCTBYIONAsA B €IUHUILY
BPEMEHHU.

2. TlosiyunTh BbIpaXKeHWe B MMIIYJILCHOM ITPOCTAHCTBE JIJIsi TEH-
30pHOTO WHTErpaJia BUIA:

. / A"k ) (27)" ko kg K
T (k2= 2kp— 1)

1. TouHbIe mpolaraTopbl M BepPIIMHABIE (DYHKITN

3amaame 1.1. Hanwucars ypaBHeHue Jijist TOUHOTO JIEKTPOH-
HOI'O 1IPOIIararopa B UMIIYJIbCHOM IIPEJICTaBIECHUN.

Pewenue

[TpencraBienne o TounOM TpomaraTope BOZHUKAET TP BHITHUCTIE-
HUM TON YaCTU PaJMallMOHHBIX MOIPABOK, KOTJla BCE BUPTYyaJbHBLIC
HETJIN COCPEJIOTOYEHbI Ha BHYTPEHHEN 3J1eKTpOoHHO jiunuu. [Tpume-
POM MOXKET CJIYXKHUTh TONMPaBKa TAKOTO pojia K aMILIuTYy/ e 3¢ dekTa
KowmnTona, m306paKeHHoro Ha puc. 3.
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Puc. 3. /Inarpammvbl Qeitnmana, onucbiBatoniue Komnron-adhgex: aBoiinas Jjiu-
HUS COOTBETCTBYET TOYHOMY IIPOMATraTOPY IJEKTPOHA

I BoitHoit inuuei Ha puc. 3 0603HaUEH TOUHBIN SJIEKTPOHHBI MTPO-
1araTop, KOTOPbIN YCJIOBHO MOXKHO IPEJICTaBUTh B BUJIE HAOOPa Ji1a-
rpamm QDeitHMaHa Ha puc. 4.

=.=.:._,_.+h&q+hi§?a+
sy et e

Puc. 4. Iuarpammbl @efinMana, ompeIesonie BKJIAJA B TOYHBIH IIPOIAraTop
9JEKTPOHA,

Ha puc. 4 nepBoe ciiaraeMoe COOTBETCTBYET IIPONAraropy B JIpe-
BecHOM TipuOsimKerun S(p), a TakyKe UCUEPIBIBAOIIE TOJHO MPE/T-
CTaBJIEHDI JIMAIPAMMDI JIO YETBEPTOIO IIOPsiIKa BKJIIOYUTEIHHO. MHO-
FOTOUHE YKA3BIBAET, UTO PsiJi MPOIOJKAETCA (POPMATBLHO 10 HGECKO-
HEYIHOCTHU (IIPOIMAraToOp TOUHBIH). 3aMETUM, ITO TOCIC/HIs THarpaM-

Ma OTHOCHUTCA K KJIaCCY HEKOMITAKTHBIX JIUar'paMM 1.

Beejiem oboznadenue X jijisd Habopa KOMIIAKTHBIX JIMarpaMM, 1300~
paKeHHbIX Ha puc.4:

! MImarpaMma camTaeTCs HEKOMIAKTHOH, €CIH ee MOXKHO paccedb Ha JBe HeTPUBHATLHBIE
JuarpamMMbl (Kaxk/iast U3 KOTOPbIX COAEPXKUT XOTsi Obl OIHY BEPIIUHY ), IEPECEKast TOJIBKO OJHY
BHYTPEHHIOIO JinHuI0. B npoTruBHOM Ciydae nuarpaMma CYUTaeTCs KOMIIAKTHOM.
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B smTepaTrype Takoit Habop AuarpaMM Ha3bIBAIOT KOMIIAKTHBIMU

9JIEKTPOHHBIME COOCTBEHHO-9HepreTudecKuMu JuarpaMmvamu (DCI/L).
B repmunax 0ji0Ka X psiji Ha puc. 4 MOXKHO TeperncaTh B BUJIE:

- n 9 ( + T +)

Puc. 5. Tounsrit 31eKTPOHHBIH TPOTATaTOp B TEPMUHAX 2.

U3 puc. 5 BujHO, 9TO B CKODKax CHOBa coOMpaeTcss HabOp Jiua-
rpaMM, COOTBETCTBYIOIIUI TOTHOMY MPONATraTOPy SJEKTPOHA, U, KaK
CJIeJICTBHUE, PUC. 4 MOXKeT OBITH MPeoOPA3OBAH K BHUIY:

Puc. 6. Habop auarpamm, ompeaeadioniux TOYHbIN JIEKTPOHHBIN TTponaraTop B
TepmuHax X u S(p)

Huarpammbl Ha puc. 6 npejacrapisitor coboit rpaduiaeckyio dop-
MY 3allUCU yPaBHEHUsl JJIsd TOYHOIO 3JIEKTPOHHOIO IPOLAraTopa B
repmuHax DCI]] u npesecroro npomnaraTopa S(p). Obo3HAUUB TOU-
HBIT TpomaraTop aekTpora kak G¢(p), a DCI]] kak X(p), moayaum
13 puc. 6 aHAIMTUYECKOE YPABHEHHUE B UMITYJILCHOM [1PEJICTABICHUN:

G(p) = S(p) + G“(p) E(p) S(p)- (1.1)

Ypaguenue (1.1) — marpuanoe ypasrenue, Tak kak G¢(p), S(p) n
¥.(p) copepxkar marpurbl dupaka. Ymuoxus (1.1) cieBa va MaTpu-
Iy [Ge(p)]_l, 0bpaTHYIO TOYHOMY IPOHArATOPY, U CIIPaBa Ha MaTPH-
iy S™1(p), obpaTHyto IpeBecHOMY IIPONATaTOpPY, MOJIYIAM HCKOMOE
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ypaBHEHUE:

G =5 p) — 2(p). (12)
C yuerom sisroro suga S(p) u S~1(p):
S0) = S =i m) . (9

ypastenue (1.2) npeobpasyercst K Bu/Ly:
G(p) =i [p—mo—iS(p)] " (1.4)

CutejtlyeT OTMETUTD, UTO TOCKOJIbKY

S(mo) = S(p)],, # 0

TO IapaMeTp Mg, CTPOI'o I'OBOPs, HE €CTh MacCa JJIEKTPOHA, TaK KaK
U3 YCJIOBUS YHUTAPHOCTH MBI YK€ BBIBOJINIHN, UTO TOJIOC aMILJIATY/IbI
poliecca, KOTOPBI# WJeT depe3 IMPOMeKYyTOUHOEe OJTHOIJIEKTPOHHOE

COCTOsIHNME, JIOJIPKEH OBITh TpH p? = m?

, a toJiioc G¢(p) He HAXOUTCsT
B Touke p* = m3, eciiu X(myg) # 0. Takum 06pa3om, Mbl IPUXOJUM K
BasKHOI Ujiee IepeHOPMUPOBKI MAaCChl 9j1eKTpoHa. Pusnueckas Mac-

ca 9JICKTPOHA OLPEJICIACTCS U3 YCITOBHS:
m —mg — ix(m) = 0. (1.5)

Pasnocts macce
om =m —mgy = i3(m) (1.6)

HA3bIBACTCH JIEKTPOMAIHUTHBIM CJBUIOM MACChl 3JIEKTPOHA U OLIPE-
nensiercs 3HadenneM JCI /] HA MaccOBOi TOBEPXHOCTH.

Hagnm onpenenenne dCI, onmpasich Ha npasuiaa Deitnmana,
BBIYUC/ICHUST aMILIATY KOHKPETHbBIX (DU3UYECKUX HPOIeccoB. B jran-
HOM CJIydae pedb WJET O MPOoIecce Mepexojia € — e:

Me—>e = —1 [_(p) Z(p) u(p)] : (17)

OTMeTuM, 9TO PY BBIYUCICHUU aMILTUTYAbl M, .. HaJO YUNTHIBATH
HE TOJIHKO KOMIaKTHBIE Juarpammbl. Koaddunuent B (1.7) nogbupa-
ercs Tak, 9ToObI cjlaraeMbie Psijla, M300pPasKeHHOro Ha puc. 4, nMmesu
OJIMHAKOBbIE KOI(DMUIIMEHTHI, PABHbIE €JIMHUIIE.
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3aganue 1.2. I[IposecTy 11epeHOPMUPOBKY MAaCChl JIEKTPOHA U
€ro BOJIHOBO# (DYHKITHH.

Pewenue

B npeapiiyinem 3ajanum ObLJIO TOKA3aHO, 9TO My HE MOXKeT ObITh
pusrUeckoit Maccoil 3JIeKTpPoHa, TaK KakK 3TO HPOTUBOPEUUT YCJIO-
BUIO YHUTAPHOCTH. Vcmonb3yst (1.6), MOXKHO mepenncarh JarpaHKi-
aH 3JIEKTPOH-TIO3UTPOHHOIO II0JIsA, UCKIIOUNB HePU3UIECKYIO MaCCy
mo = m — Om:

L=UH-—m)V4eVAV=THp-—m)V+eVAV+5mT V.

[Tocnenee cinaraemoe Ha3bIBAETCS KOHTPUJIEHOM MEPEHOPMUPOBKU
MaCChl 3JIEKTPOHA U TIOPOXKJaeT HOBbIe juarpaMMbl Pelinmana Tuma
e — € mepexojia

om

[
Y
Y

Y
KOTOpbIe, B CBOIO O4Yepe/ib, JIal0T JOIOJHUTEJbHBIM BKJIaJ| B aMILIN-
TyAy-

SMU™). = 5m [u(p) u(p)] = —i [a(p) (i 6m) u(p)],

a 3HAYWT, W JIONOJHUTEhHOE caaraemoe B DCID/I:
ox™ = i dm = —%(m).

Ob6oznaunM HOBBIH HaOOp DT/, yIUTHIBAIOIIMI 9TO CJaraeMoe,
Kak 2 (p):

5(p) = (p) — S(m). (19
B pesymbrare momydumM, 9to %(m) = 0 mpu p — m. C Apyroi cro-
POHBI, U3MEHSIETCS U JIpeBecHbIil mpomaratop S(p), Tak Kak B CBO-
OonHOI YacTh Jarpanxknana mgy — m. [1o anagorum Jjst TOUHOTO
nponararopa (1.4) umeem:

Gop) =i fp—m—iSp)] (19)

Tenepsb yxe nositoc G¢(p) HAXOUUTCsT IBHO HA MACCOBO# 1HOBEPXHO-
CTH 9JIEKTPOHA p° = m? B COOTBETCTBHUHU C TPeOOBAHMEM YCJIOBHS
YHUTAPHOCTH.
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Puc. 7. Habop DC3]1 va BHeIHeH JTUHAN: JBOHHAS JHHUS COOTBETCTBYET TOUHO
BOJIHOBO# (DYHKITUHU JIEKTPOHA

A
A

st Toro 4Tobbl IPOBECTH IEPEHOPMUPOBKY BOJIHOBON (DYHKIIMK
37eKTpoHa, paccmorpuM DCI/I na BHemHel unun. CoOTBETCTBYIO-
e ararpamvbl QeitHMana UMEIOT CJIeAYIOMWI BU/I:

Crpynmupyem guarpaMMbl, IIPeACTaBACHHbIE Ha PUC. T, U KCIIOJIb-
3yeM aJITOPUTM, aHAJOTMUHBIA PACCMOTPEHHOMY paHee MPU BBIUUC-
JeHun TOUHOrO mpomararopa G¢(p). B pesymbrate momydanm ciey-
olee rpagpudeckoe ypaBHeHue:

R R I
o i}

3/1eCh BHYTPEHHsIs JIBOIHAsT JIMHUST COOTBETCTBYET TOYHOMY PO~

DM
DM
Il

I

Feei)

naraTopy 3jekTpoHa. Ilepexonst or rpaduueckoit (popMbl 3amucu K
AHAJIMTUYECKO, 3allUChIBAECM YPaBHEHUE:

Ulp) = [1+ 60 S0)| ulp) = vVZeulp).  (1.10)

B Beipaxkennu (1.10) umeeTcs HEOIPEIENIEHHOCTD, TaK KAK Ha Mac-
cOBO# TOBepxHOCTH (P — m 1 p? = m?) Tounsrii npomaratop G¢(p)
umeer nosoc, a DCIJT B(p) obpaiaercss B Hyib. Packpbirh 31y
HEOIIPEJICJIEHHOCTh MOYKHO TaK»Ke C IOMOIIbI0 YCIOBUsI YHUTAPHO-
ctu. [IpaBuabHBI OTBET JUIsA Z, IMEET BU/I:

1

Oj1HaKO KOHKPETHas BeJIMUUHA Z, HE CYNIeCTBEHHA, a BayKHO, UTO

Z, (1.11)

Z. # 1. DT0 cooTBETCTBYET HENMPABWIHLHOW HOPMUPOBKE TOTHON BOJI-
HOBOW (DYHKIMK 3JIeKTPOHA. Dosiee jiornyunbiM OyjieT cjerka nepe-
HOPMUPOBATH (¢ HOPMUPOBOUHBIM KOI(DDUITMEHTOM, HE PABHBIM €/~
HUTIE) JIDEBECHYIO MPHUOJIKEHHY0 BOJTHOBYIO (DYHKITHIO SJIEKTPOHA B
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CBODOJIHO YACTH JIArDAHKHUAHA JICKTPOH-TO3UTPOHHOI'O T10JIs:
U(x) = V1I+5bU(x).

B pesysibrare rnojyuuM cJeyniuil iepeHopMUPOBAHHBIH JIarpaHKu-
aH:

L=TH-—m)T+eVAV+mTT+6bT (h—m)P. (1.12)

[Tocnennee ciaraemoe B (1.12) HasbiBaeTCsi KOHTPUJIEHOM MEPEHOD-
MUPOBKH BOJIHOBO# (DYHKIIMHU 3JIEKTPOHA U HOPOZK JIAET JIONOJIHUTE b
HBIl 9JI6H B3aUMOJICHCTBHA, KOTOPOMY MOXKHO HMOCTABUTH B COOTBET-
CTBHE BepUIMHY:

db (p —m)
7 . (1.13)
Bruiag ot Bepimnbl (1.13) B aMiuiuTyjy € — e nepexojia uMeer BuJl;

MW, = b lu(p) (h — m) u(p)] = —i[a(p) {i 6b (p — m)} u(p)],

a 3HAIWUT, TEHEPUPYET JIOMOJHUTEbHOE cjiaraemoe B 2 (p):

ox W (p) =i db(p—m).

C yuerom 3Toro ciaraemoro obosnaunm Habop JdCI]I Kak
Yr(p) =%(p) — E(m) +idb(p—m).

Kosdpdunuenr 0b moxkHO 110106patTh Tak, 4robbl Mp(p) crpemu-
JIOCh K HYJO Kak (p — m)2 npu p — m. OUeBUIHO, ITO JJI ITOTO
HEOOXOUMO, 9TOOBI 1jieH ¢ 0b COOTBETCTBOBAJ BTOPOMY WJIEHY pas-
jaoxkenus: L(p) B psaj Teiisiopa B OKPECTHOCTH TOYKH ) = m. IDTO
3HAUUT, 4TO 0D HAIPSMYIO CBsI3aHa C HEPBOM HPOU3BOJHON X (p) 10
IepeMeHHOi P:

o =  O2) (1.14)
0 pem
C yuerom (1.14) Boipaxkenue jyist Y p(p) npeobpasyercst K BUjy:
03(p R
Sn(p) = S0) - m) - S pom). @)
p=m

Tounbrit mponrararop G¢(p) Takke H3MEHUTCS, ITO TPOCTO YIECTh,
ecsin B Boipakenuu (1.4) caenars 3amenst G¢(p) — G4(p) u X(p) —
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Y r(p). B pesyabrare neonpejenentnocts B (1.10) sierko packpbiBaet-
cs1, Tak kKak GR(p) — (p — m)fl, aXp(p) = (p— m)2 opu p — m.
Takum obpaszom, 1ocjie TaKOi TepeHOPMUPOBKU BOJIHOBOM (DyHKIINN
9JIEKTPOHA Z, = 1, KaK 9T0 U cjiejiyer u3 pusndecKux coodparkeHuii.
OTrmeTnM, 9TO IPH P — M

i(p+m)
GS ~
=(P) p? —m?2 40

[1+0(p—m). (1.16)

Baganue 1.3. Boraucaurs X (p) B OHOMETICBOM TTPUOIUKEHIH,
TO €CTh B IEPBOM MOPSIJIKE M0 TOCTOSTHHONW TOHKOI CTPYKTYPHI (1.

Pewenue

AMmnTyaa mepexoja € — € B OJHOMETIeBOM MPUOIMKEHNN O~
ChIBaeTCs onHOM nuarpaMmoit Oeifnmana:

p p—Fk p
Pwuc. 8. Imarpamma PeifHMaHa, COOTBETCTBYIONA MPOIECCY € — € B OTHOIET-
JIEBOM LIpUOJIMKEHU U

AMmnTyaa mporecca € — e, COOTBETCTBYIOIIAs JrHarpaMMme Ha,
puc. 8, JIerKo BbINKAChIBaeTcs 110 npaujiaM PeitnaMana u nmeer B
ie?

(2m)t

) /d‘% p—k+m ulp)
prM k2_)\2 (p—k)2—m2 7 pJ

M., = X (1.17)

~J|

X

rjie A — «Macca oToHay, BBeJleHHas JJIsi ycTpaHeHus: nHdpakpac-
HOI pacXoIMMOCTH, KOTOpasi KMEET MECTO Ha, HUXKHEM Ipejiesie HHTe-
rpuposanug 1o k2. B Konne $busnmdecknx BLIMHUCICHIH MOCTE yUIeTa
PeasIbHOTO U3JIyUeHUs] MITKIX (POTOHOB HEOOXOMMO YCTPEMUTD Ma-
pameTp A K mHysno, A — 0.

Cpauusas ammutyay (1.17) ¢ (1.7), nosydaem BoIpaykenue Jist

X(p):

e2 / d*k ’yﬂ[ﬁ—fc%—m]’yﬂ (1.18)

E(p) = _(277_)4 L2 _ )2 (p . k)Q — m2
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Uciionb3yst cooTHoeHne peiiHMaHOBCKOM 11apaMeTpu3aiium

1 _ / dx
(k* =A%) [(k — p)* = m?] ) [k? = 2z(kp) — 0>

rJIe BBEJICHO 0DO3HaUeCHUE:
sz(mQ—pQ) + (1 —2) N2,

Boipaxkerue (1.18) moxker OBITH TPEOOPA3OBAHO K BHUJLY:

1

p—k+m]vy,. (1.19)

%(p) = k2 — 24 k:p — ) i

0

Nnurerpasn mo 4-ummysabey B (1.19) MoxkeT OBITH BBIYHCICH C TIO-
MOITIbIO TIOJIYUCHHBIX paHee BbipaxKkeHwii jyist ckajsgproro (0.66) u
sekTopHOro (0.68) wHTerpasos. B pesynbrare nosydaem:

i (2 —n/2)
(4)"2 [z m2 + (1 — 2) A2 — z(1 — z) p2]* /%
Va(p) = xpaS(p).

st jlasibHeiinmux BbluucjieHuit yjlobHO BBECTU [HapaMeTp peryJis-

pU3aIK €, XapaKTEepUIYIOIUi OTJInYNe PA3MEPHOCTH UMITYJILCHOTO
MPOCTPAHCTBA N OT PA3MEPHOCTU HEThIPEXMEPHOT'O MPOCTPAHCTRA!

n
5:2—§—>0. (1.20)
[Tocste unTerpupoBatus mo 4-umiynscy u ¢ yaerom (1.20) Bbipa-
xkenve (1.19) npeobpasyercst K Bu/Ly:
i62 L'(e)

S(p) = — 7 G (1.21)

u (1 —2)p +m]yH de
[a:+ 1—:6 N /m? —x (1 —z)p?/m?°

Bamerum, uTo B Bbipaxkenuu (1.21) Hesib3si BOCIONIB30BATHCs COOT-
womerusivu (0.9), Tak Kak OHU OBLIM MOJYYEHbI B UETHIPEXMEPHOM
npocrpancTe. OJHAKO MX JIEFKO ODOOIUTL Ha cJydail n-MepHOro
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pocrpancTsa. st 9T0Oro BblIKIIEM aHTUKOMMYTAIMOHHbBIE COOTHO-
meHus Marpuin Jdupaka:

Y Yo + YV = 2 Gl

Yuurbisad, 4To g, g* = n, nojydaeM:

vy =nl, v =2 -n)y.

HaJiee pasiokuM HojpiHTerpajibHoe Bhipaxkenue (1.21) B psi 1o
CTELEHSIM 11aPaMeTPa €, COXPaHssl TOJbLKO JMHEHHbIA 1IeH pasjioxKe-
HUSI:

[x+(1—x)2—z—x<1—x)i—2r:

)\2 2
~ 1l—¢ln [x+(1—x)ﬁ—x(1—x)%].

Ucrionb3yst ToT dakT, 4O
eT(e) =1, ae"T'(e) =0 (k>2) npue — 0,

HOJIYUKM cJiejiytornee Bbipazkenue s dCI/1:

() —(ﬁg{@m—ﬁ)zﬂ(m?)w—zm— 122
—/d:c(4m—2:1:]5)1n [1—x+x;—22_x(1—36):l—22} },
0

rje IpON3Be/IeHa 3aMeHa IePEMEHHON HHTerpupoBanus & — 1 — x u
BBeJIeHa cuHryaapHas npu € — 0 Gyukiusa P(m?):

['e)

P(m?) = A= m="

(1.23)

[onaras B (1.22) p = m u p?> = m?, HAXOJUM BBIDAYKEHUE JIJis

DC]I Ha MaccoBOi TTOBEPXHOCTH:

1e‘m

[3P(m?) +4], (1.24)



e noJjioxkuu A = 0, rak Kak 9T0 He Bbi3blBaeT 3arpy nennii. Jasee,
nuddepentupys (1.22) o p (¢ yuerom pp = p?) u nojnaras p = m,
TOJTY YACM:

0%(m) ie? 5 A
= P 4ln — + 4] . 1.25
55 e )+ 129
[IpuBejieM Temepb OKOHUATENBHOE BbIpasKeHue it L (p):
ixe A2 )

_ jd:c (2m — zp)In ll_leZmQ] }
0

re yuTeHo, uto e’ = 4mwo. Bripaskenue (1.26) cnpaBesuBO B TMpH-
oamkennn p° —m? > A2, KoTopoe Ha IPaKTHKE BCET/a BLITOTHACTCH.

Boobiiie roBopsi, B pacderax MOXKHO OblLIO Obl U HE BBOJIUTH (DUK-
TUBHYIO «Maccy doronar A. B arom ciydae ocranercs: 3aBUCHMOCTD
OT € B OKOHYATEJIbHOM BBIDAXKEHUU JIJIs LR(p), KOTOpas HCUE3HET
TOJILKO TIOCJIE YIeTa U3JTyYeHHs PeabHbIX MIATKIX (hOTOHOB (Tak ke,
KaK 1 3aBUCUMOCTH L r(p) or napamerpa A). Boipaxenue jyist Y (m)
HEe UBMEHUTCS, TaK KaK OHO He 3aBUCHUT OT A, a JIjIsI TPOU3BOHON OT
¥.(p) OGymem umers:

0% (p) ie?

op ~ (4m) [P(m”) + 4+ 2Pr(m”)] (1.27)

[\

p=m

e Pr(m?) — 910 Ta e camas Gynkuust P(m?), onpejiesisiemast Bbi-
paxkerueM (1.23), mpu 9TOM HAJIO TOMHUTH, YTO TAPAMETD € JIOJXKEH
UMeTh OTPHUIATEIbHYIO BEIeCTBEHHYIO YacTh, TO €CTh

PIR(m2) = P(m2)

Re €<0.

C ydeTom 3Toro mosyunM jiist L r(p) claeyioniee BhIpaKeHue:

Sr(p) = %{ [Pu(m?) + 1] (5 —m) - (1.28)

_ O/ldx(Zm—xﬁ)ln ll_ffl/m? }
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Cpasrusas sbipaxkenusi (1.26) u (1.28), 3ameuaem, 4To B OLpeJIesIeH-
HoM cmbiciie Pir(m?) = In(A?/m?).
DJIEKTPOMArHUTHBII CJIBUI MACCHI 9JIEKTPOHA OlpeiessaeTcs dhop-

MYJIO#:

_ @ 2
5m—4ﬂm[3P(m ) +4].

Baganue 1.4. Boraucaurs seprmuanyio dbyaknuio A%(p, pa, q) B

OJJHOIIETJIEBOM HpI/I6JII/I}KeHI/II/I, OolpeaeIdeMyto 4epe3 aMIJIMTY/1y IIe-
pexoaa ey — € Kak:

Meye = —ie[u(pa) A (p1,p2, ) u(p1)] €alq), € >0,  (1.29)

KOryia 00a 3JIEKTPOHA BHEIITHHUE.

Pewenue

AMiunTyjia nporecca ey — e OIPEJEIeTcs B OJIHONETICBOM
IpUOIMKEHUU OJIHOH muarpaMmmoit PeiiHMana TPEThEro MOPsIIKa, 10
KOHCTaHTe e, n300parkeHHoi Ha puc. 9:

Puc. 9. /Iuarpammva @eiinmana, OMUCHIBAIONIAs MTPOIECC €Y — € B OJHOTIETICBOM
IpUOTHKeHUHT

Kak MOXHO Jierko yBujeTb u3 puc. 9, B JamHOM Iporecce 4-
UMITYJIHChI YaCTUIl CBA3aHBI YpaBHEHUEM P; + ¢ = po, MPUYEM TIO
yeiosuio 3ajaun p2 = ps = m?. Ilo npasuaam PeiinMana BbIMIIEM
MHBAPUAHTHYIO aMILJIUTY/y, COOTBETCTBYIONIYIO 3TOM JuarpamMmMe:

—ie dk
Meyse = (27r)4/k2—)\2 X
ﬁg—l;‘i‘m a ]31—11%4-771
pr— kP —m? (o =k —m?

X u(pQ)%t (

"u(pr)| €alq).
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CiaenoBaresibHO, BepLIMHHAS (DYHKINS OIPEIEISIeT s BBIPAXKEHUEM:

Aa(p17p27 q) - (130)
_ / A (B2 =k m)3° (b — i+ m) 7
Cryt ) = (e — R — ][l — B2 — ]
31ech 110 (peitHMaHOBCKO TapaMeTpu3alui 00beIUHSIIOTCS TPU MHO-
SKUATEJIS:

1
1 2z dx dy

(K = X) [(p1 = k)2 = m?] [(p — k) —m?] — O/ (k2 = 2(kp) — €%

IJIe BBEJIEHDI CJIeJIYIONe 0003HATCHMSI:

pr=xpl,  ph=ypi+(1-y)ph, (= (1—x))\

B rZl;a,JH:)HeI?'IH_H/IX BBIYUCJICHUAX BO3HUKHYT OIIPEACJIEHHDbIC KOMOW-
HallUM U3 3TUX BEJIMYMH BUJlA:

PHl=2"m’ =@yl -—y)]+Q-2)N, ¢ =({p—m)>
Ucnonb3ys heiHMaHOBCKYIO TapaMeTPU3aIIN0, HAXOINM:

A%( pl P2,4q) = (1.31)

(2 k)~ (2p8 — kAt
/Qxdx/dy/ pQu fyi Z)(szﬁg 516]3 ! )7

rje yuarenbl ypaBaenust [upaka cieBa u(ps) po = mu(p2) u crnipaBa

pru(pr) = mu(py) B UpaBoil YacTU TOrO ypaBHEHUsl, TaK KakK 110
YCJIOBHIO 33/1a9W 3JIEKTPOHBI HAXOAATCS Ha MAaCcCOBOM TTOBEPXHOCTH.

B Boipaxkenun (1.31) BeTpedaercss BeCh CIEKTD MMITYJIbCHBIX HH-
TErpaJioB: CKAJSIPHBIH S, BEKTOPHBIH V,, 1 TeH30pHBI Thop- Samernm,
4TO B CKaJSIPHOM MHTerpaJie uMeer MecTo nHdpakpacHas pacxojiu-
MOCTbh, a B TEH30PHOM — YJIbTpaduoseToBas:

g i 1
2(4m)2 22m? f(y) + (1 — x) A2’
Ve =yt + (-S| (132
a —1 2p0¢p5 a
T = 4(4;)2 {m2z[(2) +g* [-P(m?) +21nx+1nf(y)]}.
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3J1echb BBejleHa De3pasMepHasi (PYHKIMS [TEPEMEHHON 1Y, 3aBUCSIIAs
TaKxKe OT KBaJ[paTa UMIyIbca GOTOHA ¢

fo)=1-Ly(1—y). (133

B Bepmunnyio dyukimio Beipaxenus (1.32) BXOJAT B KauecTse
MOJIbIHTEIPAJIbHBIX U WHTErpupytorcs no r u y. Ilo nepemennoit x
MHTErpaJibl JIErKO BbIUUCISIOTCS:

2 [ swar = T / x?m?f(yﬁx(l—xw:
) | na g ]

12

1
! _ —1 Py
Q/V rdr = e mQ;(y)’ (1.34)

0
1 aﬁx r = —1 pgpg _ 1 af m2 —In
ZO/T d oL {me(y) 59 [P(m*)+1-1 f(y)]}.

[Tockonbky dyuxrus f(y), Beenennas B (1.33), nHBApHAHTHA OTHO-
CUTEJILHO 3aMeHbl Y — 1 — 4, To BekTopHbIit V® u Tensopubiii T
MHTErPAJIbl yIIPOIIAIOTCA. BBeieM BMECTO UMITYIbCOB P M Po CJIEILY-
[OTTIHE BEKTOPBI:

«Q « « o

(e (e (0% 1 « (07
pr=pt+py, ¢ =py—pi, D, 5[}9 + (1 —2y)q"].

Eciv npu mnTerpupoBanuu 1o y B uucauTese Berpedaercs Yy (HO
He y2), TO BO3MOMKHA 3aMeHa;

y l1l—y 1
R
Yoot T g
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Y BEKTOPHBIA U TEH30PHbINA MHTErPaJIbl IPEOOPA3YIOTC K BUJLY:

1
—1 Pa
2 [V, zdr — , 1.35
[ et = i 9
0
1
—1
2 | Thprdr = e X
0
PaPs + (1= 29)* Gags 1 2
— Zgus [P 11 .
{pets OB L gy [POn?) 41~ 0 7(0)
IloncraBus stu Boipaxkenus B (1.31), mosmyanm:
A%(p1,p2,q) = (1.36)

[Tocsie mepeHOPMHUPOBKU BOJIHOBOI (DYHKITUU SJIEKTPOHA, TOSIBJISI-
eTcs KOHTPYJIEH, y4eT KOTOPOI'O IIPHUBOJUT K TOMY, 4TO (pu3nUe-
CcKM HabJII0[aeMast YaCTh BEPIIMHHON (DYHKIMK OIIPEIe/IsieTCsi paBeH-
CTBOM:

A%(plap%Q) — Aa(p17p27 Q) o Aa(plaplv O) (137)

B namewm ciaygae st AY(py, p1,0) u3 (1.36) mosywaercs cieyromniee
ypaBHEHHE:

A
Y P(m*) 4+ 44 4In —|, (1.38)

Aa(plapbo) - (477)2 m

rjie ObLIO ydTeHo, 910 f (y)‘ = 1, ¥ OPOMHTErPUPOBAHO IO IIe-

¢°=0
pemennoii y. logcrasus (1.38) B (1.37), mosmydnM OKOHUYATEIHHOE
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BbIPpaXKEHUE JIJIsi BEPIIMHHON (DYyHKIUU:

AR(p1,p2,q) = (1.39)

1
ia o, ¢ dy A2
=50 [ e [ -] -
0
1

1
afb
—/dylnf(y)—6—4lni+2/ dy | _ " dy
0

m
0

Tpu ¢* < m? suipaskenne (1.39) cylecTBeno ynpomaercs:

1o A 3] ¢ ia aaﬁ(m
AS AU | PNEARIA [ S L (140
r(P1 P2, ) 3! [n m + 8] m2  4r m (1.40)

Dopmyrta (1.40) mokasbiBaer, 9TO MEPEHOPMUPOBAHHAS BEPITHH-
Has (PYHKIUs CBOOOHA OT YIbTPadUOJIETOBOM PACXOIMMOCTH, OJIHA~
KO COIEPKUT MH(MPAKPACHYIO PACXOJUMOCTD (3aBUCHMOCTH OT «MaC-
col horonas A). Kak u nipu Boranciaenunn dCI/] B npeputyiieii 3a-
Jlate, MOXKHO ObLIO ObI ¥ HE BBOJUTHL A, OJIHAKO IIPH TOM OCTaJIaCh
OB 3ABUCUMOCTD OT € B BHJIE TOJII0CHON dbynkmnn P (m?).

3amaame 1.5. Hanucarb ypaBHeHue Jijisi TOYHOI'O (POTOHHO-
ro mporararopa B UMITYJILCHOM TIpejcraBiennn. [leperopMuposarh
BOJIHOBYTO (pyHKIUIO (DOTOHA.

Pewenue

Tounblii nponaraTop 3aMensier IPUOIMAKEHHDIA IPY BLIYUCICHUN
PaJMaIMOHHbIX MTOIPABOK, COCPEJOTOUCHHBIX Ha BHYTPEHHE JINHUY,
K [Ipolieccy, uiyiemy depes ojHodoronnoe cocrosinue (eum. puc. (10)).

el 0 <

Pwuc. 10. /Inarpammbr Peiinmana Jij1s npoIecca, Uaynero yepe3 oaHo(poToHHOe
COCTOSIHUE: JIBOWHAS JIMHUS COOTBETCTBYET TOYHOMY (DOTOHHOMY MpOIaraTopy
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Tounbliit POTOHHDIN HPOLATATOP OLPEJIHETC BKJIAAMU JIMarpaMmm
Ha puc.ll, rjae nepBoe ciaraeMoe COOTBETCTBYET TPoaraTopy poro-
Ha B JIPEBECHOM TTPUOJIMYKEHWH.

e e G e N &)

Puc. 11. /Inarpammbr @eitnmana, onpeje/idionine BKaaJ, B TOUHBIH 1Ipoiararop
dorona

Kak n B ciydae 3JIeKTPOHHOTO Mpornararopa, cobepeM B eJHbI

OJIOK CyMMY BCEX KOMIIAKTHBIX JiarpaMM U BBejieM 0003HaueHue J1Jist
3TOTO OJ0Ka P!

Taxue JuarpaMMbl Ha3bIBalOTCA KOMIIaKTHBIMHA (i)OTOHHbIMI/I co0-

crBeHHO-9HepreTudeckuMu guarpavMvamu (PCI/I).
B repmunax @CI/L TouHyt0 (POTOHHYIO JIMHUIO MOXKHO IIPEJICTa-
BUTDH B BUJIE JAuarpaMM Ha puc. 12:

= e 4P b (-’\/W—i--'W’P-W—F... )

Puc. 12. Tounsiit doTOHHBINE IpoIAraTop B TepMUHAX P

YunuTbIBas, UTO BhIpaXkeHKe B CKOOKAX — TOUHBINA (DOTOHHBII ITPO-
1araTop, IMoJy4uM ypaBHEHUE B rpaduieckoit popme:

RARARARS = oo | o~ P R

Puc. 13. Habop amarpamm, onpegaedioniux TOUHbIH (POTOHHBIN TponaraTop
B TepMHuHaX P
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EcJin BBecT 0003HaY€HKE JIJIsi TOYHOI'O Hponararopa (poToHa Kak
G7(k), npesecuoro — D(k) u 9C/1 — P(k), To rpaduueckoe ypas-
HeHune Ha puc. 13 MOXKHO mepenucarh B CJIEAYIONEeM aHAJIATIIeCKOM
BHUJIE:

G?w(k) = D/W(k) + Gup(k) Ppa(k) Dou(k)- (1-41)
[Tapamerpusyst Bxogsiie B (1.41) TeH30pHBIE BbIPAXKEHUsI TOCPEJI-
CTBOM METPHUYECKOTO TEH30DPa g, U 4-BeKTopa k),

GZV(k) = G/y(kQ) I,Lw + GH (k2) ['/u/)
Dy(k) = D(k*) Ly + Dy(k*) Ly, (1.42)
Pu(k) = P(E*) L,

IJIe BBEJCHDI JIBE TEH30PHLIE «€IMHUIIBIY :

k,k, k. k,
Ly = G — %v Ly = %v

00J1a 1atoI1e CBOMCTBaMMU:
(ZL),, =0, (I1) = I, (LL)w = Ly,
ypastenue (1.41) moxker ObITh nepernucano B ajrebpandeckoit ¢popme

B repmunax G(k?), G| (k?), D(k*), Dy(k*) u P(k*) kak jpa Hesasu-

CUMbIX YPaBHCHUA:
G'(k*) = D(K*) + D(K*) G (K*) P(K*),  G(k*) = Dy(k?).

3ameTum, 4To Tak Kak D) (k?) — npoussonbnast dynknus k% mo mpu-
qUHEe KaJMOPOBOYHON MHBAPUAHTHOCTH KBAHTOBOH 3JIEKTPO/IMHAMM-
KU, TO U (PYHKIHA G||(k2) Ipou3BoJibHA. i momepednoil dacTH
G7(k?) momyunm crepyromee ypasHenue:

1 —1
D-Y(k?) —P(k?) k2 +iP(k?)’

rje yareno, uro D™1(k?) = i k2.
Bripaxkenue (1.43) u ecTb nCKOMOE ypaBHEHUE JIjisi TOTHOTO PO~

GV (k*) = (1.43)

mararopa ¢orona B TepmuHax KoMnakTHbix PCIJI. Cremyer orme-
TUTh, YTO yPaBHEHHE TAKOI'O BHJIA 10JIYUIAETCsI, €CJIM COOTBETCTBYIO-
muM obpasoM Bectu P, (k). Ecrecrsenno onpenennts QCI] we-
pe3 aMILIUTY/ly TIepexojia ¥y — 7, KOTOPYI MOXKHO BBIUYHUCIUTD IO
craHgapTHbIM paBuaaM Deiinvana;

Moy = =i (k) P () e, (k). (1.44)
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Cuejyer OTMETUTh, 9TO HOJIIOC TOYHOT'O Ipoararopa o0si3aH Ha-
XOJUThCA B TOuKe k2> = 0, a JJIs 9TOrO HEOOXOIUMO BBIIOJHEHHE
YCJIOBUSI:

P(k?) = P(0) = 0. (1.45)

k?2=0

Eciin 6b1 yesioue (1.45) He BBIIOJHSAIOCH, TO IPUIIIIOCH Ob IEPEHOD-
MHUPOBaTh «Maccy (POTOHA» U BBOJIUTH MAaCCOBBIH KOHTPUJIEH, aHAJIO-
IUYHBI 3JIEKTPOHHOMY, UTO TTPOTHBOPEUNT KaJINOPOBOUHOI MHBAPW-
AHTHOCTU KBAHTOBOH ajiekTpoanuamuke. CiegoBaTebHO, IPU IPO-
BEJICHUU BBITUCJICHUN HEOOXOJUMO CJIETUTh, IT00BI yeaosue (1.45)
BBITIOJTHSJIOCH aBTOMATHIECKH.

PaccMoTpuM Temnepb pajidaliioHHbIE MONPaBKKU Ha BHEIIHEH (o-
TOHHOW JIMHUM, KOTOpBIE ONPEesIIOTCI BKJIaJaMu OT JHarpaMM,
MpeJICTaBIEHHBIX Ha puc. 14:

b~ Dt~ et = P

Puc. 14. Habop amarpamm, onpeje/sioniux BKJIaj BO BHEITHIOWO (DOTOHHYIO
JINHATO

Bonnosast ¢gpyHKmus BHemHero ¢gpoToHa, n300parkKeHHasl JIBOWHOMI
JInHKeH Ha puc. 14, MoXKeT ObITh IIpeJicTaB/IeHa B BUJIE:

RARARARE = e + g P inee + e~ P g P L. =
:r\/\/\/\/—i—(r\/\;—ﬁ—r\/\J’Pr\/\;—‘,—”') P o~
nJjim

RARAAAAE = e - AP P

B anasmurraeckoii hopme MoCIeHIO0 [ENoUKY AUArDAMM MOYXKHO
BbipasuTh uepes dynxiun G (k) u P(k?):

Ealk) = ealk) [L + G7(k*) P(K*)] , (1.46)

e BBeieHo obosnauenue &, (k) st Toanoit BomHOBOI (yHKIHY HO-
TOHA B MMIIYJIbCHOM IIPOCTPAHCTBE.
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Bripazenne (1.46) copep:kut neoupeeaeHnoctnb, tak kak G7(k?)
umeer nogtioc, a P (k?) pasno mymo npu k% = 0 (manomuum, uto ¢o-
TOH HaXOJMTCsT Ha MaCCOBOH MOBEPXHOCTH). DTy HEONPEJEJEHHOCTh
MOKHO PACKPbITH ¢ OMOIILIO YCJIOBUSI YHUTAPHOCTH S-011eparopa:

1
1 +4idP(K2)/dk? .,

O,ZLHaKO HaM HE€ CyIIeCTBEHHO KOHKPETHOE€ BbIpazK€HHUE JIJId MHO-

Ek)=V21enk), 27

(1.47)

wuresst /7. BaykKHO, 4TO OH HE paBeH eJUHUIE, YTO TPOTUBOPEUUT
(buzmaecKoMy CMBICTY TOUHOI BOJIHOBO# (byHKIME. [loaTomy, Kak u
B cJIydae 3JIEKTPOHA, JJId (POTOHA TOYXKE HEOOXOUMO TTPOU3BECTH TIe-
PEHOPMUPOBKY BOJHOBOW (DYHKIINU, BBITIOJIHUB 3aMEHY:

A (z) = V14 daA,(z). (1.48)

U3 cBobosHoro Jarpankuata (60Jiee TOUHO, U3 €ro JEKTPOMAr-
HUTHOW YaCTH) BO3HUKAET COOTBETCTBYOIIUI KOHTPUJICH:

1 _ .
L(x) = —ZFM,,F“”+\I/(;5—m)\IJ+e\I/A\IJ+ (1.49)
i _ 5

+5m\11\D+5b\P(ﬁ—m)\If—ZaFWFW.

[Tocnennee ciaraemoe B (1.49) 1 ecTh KOHTPUIEH [IEPEHOPMUPOB-
K1 BOJIHOBOI byHKIUK (hoToHa. OH MOPOXKIAET JAOMOJHUTETbLHbIM
BKJIJ[ B aMILIUTYLY 7Y — 7 IepPexo/ia:

My = —dac (k) [k'E — kg e (k),

1 COOTBETCTBEHHO JIONOHATE b b BKIa] B Py, (k). C yuerom sroro
BKJIa1a obozHaunM PCI/I kax

Pr(k?) = P(k*) —idak>. (1.50)

Terreps MOXKHO BBIOpATH da TakKuM 0Opa3oM, 9Tobbl Z 7 = 1 ¢ yue-
ToM 1epeHopmuposku. V3 (1.46) BujiHO, 4T0 Jijist STOr0 HEOOXOIUMO,
urobbl Pr(k?) crpemunack k nymo kak (k?)% npu k* — 0, Torna un
IPOUBBEJICHUE

GV (k*) Pr(k?)

— 0.
k2—0

B pesynbrare Tounas BosHOBas yHKIHA GoroHa &, OymeT HOP-
MUPOBaHA Ha EJIMHUILY:

Ealk) = ca(k) [1+ GV (k) Pr(k?)|,._y] = €alk). (1.51)
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N3 dbopmyibt (1.50) Haxoum, 410 da HEOOXOJAUMO IPUCBOUTH CJIEJLY-
olee 3HaUCHHUE:

2
da = —i P(k) :
dk* {12
TOT 1A PR(RZ) OIIPeJIe/IsIeTCsT OKOHYATE/IBHO KaK Pa3HOCTD:
dP(k?)
dk?

Pr(k*) = P(k?) — k2. (1.52)

k2=0

3amgaame 1.6. DBbruuciurb coOCTBEHHO-9HEPIETUYECKYIO JIMa-
rpammy dorona P(k?) B OJHONETICBOM IPUOIUKCHNN.

Pewenue

B jimHeiiHoM 110 I0CTOAHHO# TOHKOM CTPYKTYphI o = €2 /(47) npu-
omaxennn CJT P (k?) onpenensercs oanoit auarpammoit Oeiinma-
ra (puc. 15).

Puc. 15. CobcTBenno-sHepreTudeckas JaarpaMma (poTOHA B OJHOIETIEBOM IIPH-
OJIMKEeHN U

CoorBercrByiolias WHBApUAHTHAS aMILIUTY/1a Y — 7 1epexojia
UMeeT BUJL:

ie? /d4pSp{fya(]5+m)fyg(ﬁ/%+m)}
5

My = (2m)t 7 (P2 —m2) [(p — k)2 — m?] ep(k).
ITo npaswiy (1.44) onpenenerns P,s(k) nHaxommuwm:
o, [ dip Sp{va(ﬁ+m)7ﬂ(ﬁ—/5+m)}
Pap(k) = —e / 2 ER PRy s e (1.53)

O6beHUM J1Ba MHOXKUTEJSI IO IIpaBujaaM mapaMerpusannn DeitH-
MaHa:

1
1

(p? —m?) [(p — k)* — m?] O/p—Qpp — )
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rJle BBeJeHbl 0003HAYCHUSL:
Do = Tk, (=m?— k>
BbI‘-II/ICJ]I/IB IIITyPbI ")/—ManI/IU;, HOJ]yUH/IM CJIG,ZLYIOHJ;GG BbIpaKeHue JJis
OCI:
1
Pos(k) = —4e? / dx x (1.54)
0
y / d'p Gop [m* = p* + (PK)] + 2paps — Paks — Pk
(2)* [ — 2(pp) — O |

B Boipaxkenun (1.54) BcTpedaoTcss Bce MHTErPAJbI — OT CKAJIsIp-

HOTO .S JI0 TeH30PHOTO T},3, PE3yIbTATHI BBIYUCIEHUN KOTOPBIX MOT'YT
ObITH 1IPEJICTABICHbI B BU/IE:

o i P(m?)
(4m)% fe(x)
Vo=akaS, (1.55)
2
Ta — Qkak _m f(x)gaﬁ
= |2 kakg — ———| 5,
rie € = 2 —n/2 u BBeJICHbBI JIBE BEJIUIMHBL:
K’ 2 I'(e)

[opcrasass (1.55) B (1.54), nosywaem:

4je2

Pas(k) = —

1
X / fg(g;) {gag [m2 — %k + % m? f(x) + vk*—
0

————m? f(z) + xk2] + koks (22° — x — x)} :
n

B aToM BbIpazKeHuM BLIYHUC/IAIACH CBePTKa TeH3opa 1,3 g“? ¢ yue-
TOM TOI'O, YTO Jnj ¢’ = n B paMKax MeToJa Pa3sMEpPHOIl peryJspu-
zaruu. [locsie npuBeieHust 11000HBIX YJIEHOB 1OJIyYaeM:

o 8ie? ko 1$(1—:1:)dx
Pasth) =~ oo = 57| [ S oo
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Orcroza naxogum ckajsphyto dyukiuio P(k?) cornacuo onpejee-
auio (1.42):

P(kQ)_—QZ—QP k:?/aj 1_x . (1.57)
0

13 Boipaxkenus (1.57) Bujgno, aro ycmosue (1.45) BbITOJHSIETCS.
HaJjiee BbIauC/IsieM NPOU3BOIHYIO:

1

2 2 ;
dP(F) :—BP /x (1—2)d :—EP(mz)
dk? |y 3m

0

u corsacHo (1.52) HaxojuM BbIPAXKEHUE JIjisi IEPEHOPMUPOBAHHOIO
MOJIAPUBAIMOHHOTO OTIEPATOPA:

1
21v

Pr(k*) = —=— P(m k:Q/x (1—2x)|f(z) — 1} dz.

PacknajpiBas dyskimo f~°(x) B psajl [0 CTENeHsaM &:

f(x) =1—¢lnf(z)+ O(?),

noJtyuaeM oKoHUaTe bHbIH oTBet jyis Pr(k?):

1
21 k2
Pr(k*) = "=k [ 2(1—2)In |1 — — (1 —x)|dr, (1.58)
s m
0

rie yareno, 9ro eP(m?) = 1 nmpu € — 0, a w€ieHn nopsaka €2 u
BBITIIE 3aHYJISIOTCS B 3TOM TIpE/JIeie.

B npub/nzkenun MajbiX 3HAYCHIH KBajpaTa nMIyibea [k?| < m?
uaTerpast (1.58) JIerko BEIMUCIACTCS U TTOJIY IAeTCs TPOCTOE BhIPaKe-
HUE:

i (K%)?
15w m?

B npyrom mpenenbroM ciydae |k?| > m? B obnactu orpunaTenn-

Pr(k?) ~ (1.59)

ubix k2 st Pr(k?) rakoke MOXKeT ObITH MTOJIyUeHa 1pocTast (hopMyIia;
y y

' k2|3
Pr(k?) ~ ;% 2 lmu - —] .

1.60
m? 5 ( )
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3amanue 1.7. IIpenebperasi Maccoit 9j1eKTPOHA, BbIYUCIUTD 110JIsi-

PUBAIMOHHBINA onepaTop POTOHA B JIBYXIIETJICBOM HPUOJIMKEHUN.
Pewenue

B aByxmersieBoM NpuOIMKEHNN TOJISTPU3AIMOHHBINA ontepaTop (ho-
TOHA ONpeesIsdeTcs TpeMs guarpaMMaMu, ITpeICTaBJICHHBIMA Ha,
puc. 16.

Pwuc. 16. /Inarpammver @eitHMaHa, ONpeesdionine BKIA B MOJAPU3AIUOHHBIN
oIIepaTop B JIBYXIIETJIEBOM HPUOINZKEHUN

OrcyTcrBrEe BHENTHUX 3aPS?KEHHBIX YACTHUI B PACCMATPUBAEMBIX
JiarpaMMax TMPUBOIUT K TOMY, UTO TOJSIPU3AIMOHHBIN OTepaTop
oTona sBIgEeTCA KAJUOPOBOYHO MHBAPUAHTHON BesimanHOi. [loaTOo-
My TPU TTPOBEJICHUN BHIYUCJCHUN MOYXKHO UCIOJIL30BAThH JIIOOYIO Ka-
JIMOPOBKY, 1ipuieM B Kajubposke Peitnmana pacuersl OyjiyT Hanbo-
Jiee IPOCTHIMU.

[TockosibKy BKJIa bl JIByX HEPBbIX JiMarPaMM OJIMHAKOBbBI, TO JIO-
CTATOYHO BBIUYMCJINUTH BKJAJ TOJBKO OfHON W3 HuX. Obo3Haunm 4-
UMITYJIbC BHeINIHero (oToHa Kak pM, a ojuH u3 4-UMITyJIbCOB WHTE-
rpupoBatus Kak k* (cm. puc. 17).

kE+1

k+p

Pwuc. 17. Bknaa B motapu3amoHHblil onepaTop OT MepBoOi JumarpaMMbl puc. 16

BepxHsist nierjisi npejicrasisier coboil 3JIeKTPOHHYIO COOCTBEHHO-
SHEPreTHYIecKyto auarpammy (k) B OJHOMETIEBOM TPUOINKEHHH,
BLIYUCJICHHYIO paHee B 3ajannn 1.3. B nmpeneOpekennn Maccoit 3J1eK-
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TPOHA, CJieJ TEH30pa, 10Jisipu3aliun (POTOHA, UHJLYIIUPOBAHHOIO JIaH-
HOU guarpaMMoil, MOXKHO 3aIlMcaTh B BUJE:

9w P (p) = (1.61)

dVk k+p ok k
. 2
= 7’60/(27{.)N Sp {VMWWEE(]{?)@}-

st 6e3maccoBbix 3J1eKTPoHOB DCD /] 3aBUCUT OT BbIOOPA KAJHOPOB-

KU (POTOHA U UMeeT BU/I:

e N-2T(3—-N/2)T3N/2—-1) .
(k) = 0 —k2 N/2-2 k=
(F) (47)N/2 (=) 2 (N —2) ¢
2
_ o 2\N/2—2 N —
= ————= (—k G’ k 1.62
(47T)N/2 ( ) 2 15 ( >
npuueM B (peifHMaHOBCKOM KaJimOpoBke, T.e. 1npu & = 1, Koropas

n OyJIeT MCIOJb30BaThCA B JaJsbHelmeM, DCI/] otinana OT HYyJIS.
Iloncrasus Boipaxenue (1.62) B (1.61), mosy«um:

9 P (0) = A (1.63)
_ ieg GlN_2/ dk  Sp{v, (k +p)v"k}
(

(mNE T2 ) @)Y [=(k o+ p)?] (A2
B zeé o o [ dVk 2K* + 2(kp)
T (4m)N2 (N =2) / (2m)N Dy DMt
e (k +p)?> = —Di u k?* = —Dy. B uncaurese soipaxenus (1.63)

MO2KHO NCKJIIOUYUTDH CKaJISAAPHOE ITPpOU3BEACHNE, BOCIIOJIB30BaBIINCDH CO-
OTHOIIIECHUEM :

2(pk) = Dy — Dy — p°. (1.64)

OnycruB ciaaraemble ¢ D] B ducanTese (eMy Oy/leT cOOTBETCTBO-

BATh MHTErpaJi, He COAECPXKAIMNNA TapaMeTPOB ¢ PA3MEPHOCTHIO MACCHI
1, KaK CJIe/[CTBUE, PaBHbII HyJIIO) HPpUJIEM K BbIPpa>KEHUIO:

G P (p) = (1.65)
1—2¢
e (1)
(47T)4_25

rie koaddunuentsbl G(ng,ng) OUPEJEISIIOTCs CIIEYOIIUM UHTErPa-
JIOM:

de 1 ’ 2\ V/2—n1—ny
/(27T)N D' DI~ (4m)N2 (=1°) G(ni,n2)  (1.66)

4(1-e)’ G [G(L,1+¢) - p*G(1,2)]
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Puc. 18. Bkiaa B nosigapu3ainoHHblil onepaTop 0T BTOPO# JuarpaMMmbl puc. 16

u obsasaor cpoiictBoM cummerpur G(ni,ng) = G(ng,n1) B cuiy
TPAHCIAIMOHHOI MHBAPUAHTHOCTU WHTErpaJa. Bosee Toro, B ciydae
eCJIM OJIUH U3 apryMEHTOB NPUHUMACT I1eJ10e OTPUIlATebHOEe 3HAUC-
aue, 10 G(ny,n2) = 0 MO MpUUIKMHE OTCYTCTBUS MApaMeTpa ¢ ma3Mep-
HOCTBIO MACChl. 3aMETUM, YTO HCIOJIb30BAHHDBII HAMI paHee MHOMKH-
resb G = G(1,1).

Bocrosn30BaBimcsL COOTHOIIEHUEM

G(nl,ng—i—l) o (N-in —2n2) (N—TLl—TLQ—l)

= — 1.67
G(nl, n2) U5 (N — 2712 — 2) ’ ( )
MO2KHO JIETKO IIOJIYYUTDb OKOHYATEJIbHBINA pe3yJibTaT:
4 2 1—2¢ 3
O, _ €0 (=P?) " 8(1—¢)
Juv Pl g (p) - (47_‘_)4726 5 GQ: (168)
rjge BBeZicHa KOHCTaHTa.
Gy = G1G(1,¢e) = (1.69)
1 T'(1+2e)3(1 —¢)

26 (1 —2¢) (1 —3¢) (2 — 3¢) ['(1 — 3¢)

s naxoxaenus BKJIaJia B MOJISIPU3AIMOHHBIN OTIepaTop, 3a/a-
BaEeMOTr0 BTOPOI JinarpamMmmoit Ha puc. 16, u3o0pasum 3Ty juarpaMmmy
bosiee seTaibho (cM. puc. 18).

3a/1aua BbIYUCICHNST JJAHHOTO BKJIa/1a IPEJICTaBIISIeTCs Doiee Tpy/i-
HOM, MOCKOJIbKY paccMaTpuBaeMasi JuarpaMMa COJEpP:KUT HUCTUHHO
JIBYXIIETJIEBYIO «CKEJIETHYIO» JUArPDaMMYy BHIA:
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ki+p ko +p

3anuireM BbIpaykKeHue JIJisi CBEPTKHU 3TOTO BKJIAJI&, BOCIIOJIH30BAB-
MUCH CTaHgapTHBIMU Tpapuiaamu Pelirmvana;:

/ dVk; dNky N
(27T)N (27T)N D1 D2 D3 D4 D5’

re (ki +p)? = =Dy, (ks +p)? = —Dy, k¥ = —Ds, k3 = — D,
(k1 — k2)> = —Ds u umcauTeNb HOJBIHTErPAJLHOIO BbIPAYKEHU

G P (p) = —e (1.70)

npejicrapisier coOo# CJIeJIyIONniA TIITyp OT TPOU3BEJICHUS MaTpPUIL
Hupaka:

N = Sp{v, (ky + )y (k1 4 D)V k1 v ko (1.71)

CKaﬂHprle npousBecHrs1 MO2KHO HMCKJIIOYUTbL, UCIIOJIb30BaB CO-
OTHOIIICHUA.

2(pk1) = p°+ D3— D1, 2(pks) =p° + Dy — Dy,
2(k1ks) = D5 — D3 — Dy. (1.72)
Bcee npoussesenust D;D; (i # j) B uucsmarese, 3a UCKIIOYCHTEM
DDy u Dy D3, MmoryT OBITH OTOPOIIIEHBI, TOCKOJIBKY COOTBETCTBYIO-

e UM WHTErpaJibl 00OpaIalTcs B HyJib. [locjie BEIYUCIEHUs Ty pa,
C y4€TOM ITUX YIPOIICHUHA MOJSYyUYUM CJICJYIONNI pPe3yibTar:

N:—2(N—2) [(N—4) (D1D4—|—D2D3)—|—
+mﬁ@h+Lb+D3+D@+2D§+UV—&p%%+2Qﬂﬁ,

a BTOPO# BKJIaJI B CJieJl OJISIPU3AlIMOHHOI'O OllepaTopa peodbpasyer-
¢ K BUJTY:

63 (_p2>1—2€
(47-[-)4—26
~8G(0,1,1,1,1) +2G(1,1,1,1, 1) —
—(N=8)G(1,1,1,1,0) + 2G(1,1,1,1,1)],
(1.73)

Guv ,PQ(Q)HV (p) -

2(N —2)[2(N —4)G(0,1,1,0,1)—
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rjie KoHCTauTbl G (N1, Ng, N3, Ny, T5) OLUPEJEJISIOTCS CIIEILY FOLIUM JIBY X~
ICTJIEBBIM MHTEIPAJIOM:
ANk, dVk, 1
/ (2m)N (2m)N Di* Dy* Dy* Dy* Dy?
(471)]\7 (_pQ)N/z M —na—n3—n4—ng G
B Beipaxkenun (1.73) jBe KOHCTAHTHI TPUBUAJHHBDI:

G(1,1,1,1,0) = G2, G(0,1,1,0,1) = G,

— (1.74)

ni, ng,n3, N4, 7?,5).

a TPETbsl BBIYUCISETCS JIOCTATOYHO MPOCTO:
3N —8
N -4

G(0,1,1,1,1) = G(1,1) G(1,3 — N/2) = Go,

ryie OBLIO WCIOh30BaHo cooTHoIenue (1.67).
EMHCTBEeHHbBIN AefiCTBUTEBHO JIBYXIIETIEBON HHTETIPaJI
G(1,1,1,1,1) 6611 Beruncien panee. OH ONpPeIEISETCsT BEIDAYKEHUEM:

G(1,1,1,1,1) = (1.75)
2 [(BN—8)(3N —10) )

He npejictaBisger ocoboro Tpyjia pasioKUTh 9Ty KOHCTAHTY B Pl

110 €, BOCIIOJIb30BABIINCH COOTHOIIEHUEM:
[(1+2e)T%(1 — 2¢)
I?(14e)0(1—¢)T(1 — 3¢)

rJie 3Havenus (-pynknuu Pumana Jijist 1iejiouncjieHHoro aprymesra k

=16+, (1.76)

obosnauenbl kKak (p = ((k). B urore mist MCKOMON KOHCTAHTHI B
npejiese € — 0 IpUXOAUM K CJIEIYIONEMY TPOCTOMY DE3YIIbTaTy:

G(1,1,1,1,1) =63+ - - - . (1.77)

Hakownern, ocrancs uarerpan G(1,1,1,1,—1), KOTOpBIi MOXKHO
IPEJICTABUTD B BUJIE IPOU3BEICHUS JIBYX OJHOIICT/IEBLIX HHTEIPAJIOB,
eCJIM B YUCJIATEJIe JIONOJHATEbHAs 3aBUCUMOCTL OT UMITYJILCOB MH-
TErPUPOBAHKUA OTCYTCTBYET. BbIUMC/IMM 9TOT MHTErpaJ U JOKarKeM,
4TO 3TO YTBEPXKJICHNE JICHCTBUTEIHLHO BBIIOJIHSICTCS.

1 [ dVk dks )
G<17 17 17 17 _1) - _7'('N D1 D3 D2 D4 - [_(kl - k2) ]
2 [k dVE) [ Koy dVEy

_7TN D1D3 D2D4 .
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Oba BeKTOPHBIX MHTEI'PaJia HAIPABJIEHbI BJ0JIb 4-BekTOpa p!, 10-
9TOMY IIOCJIEe UX MPOEUPOBaHusd Ha p/' NPUXOJINM K pe3yJbTaTy:

G(1,1,1,1,-1) = (1.78)
_ 2 /(klp) del / (kgp) deQ _ —lGQ
7N p? D, Ds Dy Dy 2 U

C y4eTom BBIIIEU3JI0KEHHOTO TOJIyIaeM CJIEJIYIOIIee BhIParKEHUE
JIJIsE BTOPOI'O BKJIaJla B CJIEJI OJISIPU3AIIMOHHOI0 orneparopa (poToHa:

eo(—=p*)V P 2 (N - 2)
(4m)N (N —4)?
x [(N—4)(N*=7N+16) G} —
—2(N? —6N?+ 20N — 32) Gs] .

G P (1.79)

2
PaccMoTpeHHbIe BKJIAJILI B P,S,) (p) MO OTAEIBLHOCTH COIEPIKAT TTPO-
JIOJBHYIO COCTABJIAIONLYIO, KOTOPasd COKPAINAETCA MOCIEC UX CYyMMHU-
POBaHUs, T.€. MOJAPUBAIMOHHBIIN OIepaTop B JBYXIETJICBOM IPHU-
OJIMPKEHMM, KaK U CJiejlyT U3 ob1ux coobparkeHuit, oproronaJsien 4-
uMIyascy ¢gorona p’. OKOHYATENBLHO, U3 CYMMBI JIByX BKJIAJOB B
cJieJ1 TTOJISIPU3AIIMOHHOTO ONePaToOPA:

g v v v
P(2)(p2) - _(N . 1!“) (_p2) {2731(2)” + P2(2)M i| )

MOXKHO IIOJIYIUTDb CJIEIYIOIIEE BbIpazK€HUeE:
eg (—p?) =y (1—-¢)
PO = 2 X 1.80
(") (4m)i=2 g2 (3 — 2¢) (1.80)
x [e(2—e+22)GI+4(1—2) (2-2e+&%) Gy

HamoMHIM, 4TO HOJISApH3aIMOHHBIA onepatop P(p?) B oHONeT-
JIEBOM NPUOJIMKEHUN UMeeT BU/I:

(=) 41—
(4m)>e  3—2¢

P (p?) = G (1.81)
3agaHusda AJi CaMOCTOATEJILHOM padoThl

1. BeramcanTh IOMpaBKy K Macce 3JIeKTPOHA B OJTHOIIETIEBOM IIPH-
osmmxenun B M.S - cxeme u aHOMAJIbHYIO PAa3MEPHOCTH MACCHI.

o7



2. Boraucaurs noJsipu3aimoHHbii oneparop pOToHa B OJHOIETIe-
BOM npubsuxenun B M S - cxeme.

3. HaiiTm 3aBUCHMOCTH TMOCTOSAHHONW TOHKON CTPYKTYPBI OT Mac-
1Tada SHEPTUN (1.

2. PajamanmoHHbIe ONpaBKM

Bagmanme 2.1. Jlokazars, uto X(p) u A%(p, p,0), BblanucieHHbIE
B OJIHONETJICBOM NPUOJIMAKEHUN, YIOBICTBOPSIOT TOXKJIECTBY YOop/a:

0%(p)
Ipa

= A%p, p,0). (2.1)

Pewenue

Boipaxkenue jiist ¥(p) onpegesiero dopmyiioii (1.18) B 3aanuu 1.3:

¢’ / d'k 7 (p—k+m)y"

e eI A I i py s e

(2.2)

3aMeTuM, 4TO 3aBUCUMOCTH OT UMIIYJIbCA Do MMEETCS TOJIBKO B
9J1eKTPOHHOM Hiponararope S(p—k). Haityiem npoussojuyio or S(p—
k) 110 p,. st sToro npomuddepenrnupyem soipazkenne S(p—k) S~ (p—
k) =1 1o py:

aS(p—k) ., 05~ '(p — k)
_k —k —
o> (p—k)+Sp—F) o 0
WJIM TIOCJIe yMHOXKeHUsI cripaBa Ha S(p — k):
9S(p — k) S~ (p — k)
—~=-S(p—k — k).
o S —k)—— — Sk

Basucumocts S~ (p — k) or uMmmyabca TpuBHasbHA:

S~ (p—k)
Opa

S p—k) = —illp—k)ar* —m], = —iy".

Takum 0Opa3oM, IPOU3BOJIHAS OT JIEKTPOHHOI'O IIPOlIAraTopa uMeeT
BT

oS(p— k)

o =15(p— k)" Sp—Fk). (2.3)
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[Tojcrasisist B (2.3) siBHBIH BUJI IPOLATATOPA JIEKTPOHA!

s() = )

noJiydaeM CJIEIYIOIECE BbIPpa2KCHUEC!

—m2’

& p—k+m (p—k+m)y (p—k~+m)
LI T (24)
Opa (p—k)* —m [(p— k) —m?]

Vcnonb3yst pesysnbrar (2.4), MOXKHO MOJTyYUTh BbipaXKeHUE JJist
npou3BoHON 0T DCI ]I, BLIUMCIEHHON BO BTOPOM IOPSJIKE TEOPHUH
BO3MYITCHU:

0%(p)

o = (2.5)
B e? / d*k *yu(ﬁ—/%er)’ya(ﬁ—l%er)fy“
2m)t ) k* =2 (p — k)% — m?)? '

CpaBHEBas 9TO BbIparkeHue ¢ BEPIIUHHON (DYHKIMEH B OFHOIET-
aesoM mpubsmkennn (1.30), B KOTOPO# HAJIO CETATh MOJCTAHOBKY
P1 = p2 = p, 3aMeYAEM, UTO OHM TOXKJIECTBEHHBI. ITO U €CTh Mootcde-
cmeo Yopda. C ero moMoIbo MOKHO KOHTPOJMPOBATH BbIUNC/ICHUS
X(p) u A%(p, p,0). Hammpumep, cpaBHUBasi pe3ybTaThl BbITHCICHUIT
B sajtanun 1.3 npoussonuoit 9X(p)/0p|;_,, (1.25) u B sajanun 1.4
seprnunoil byukimu A*(p, p, 0) (1.38) u yuursiBas, 410

O%(p) _ o 9%(p)
ope | O

HaxO/UM, 9TO Bbipaxkenus (1.38) u (1.25) mpomoprnuoHaJbHBI JIPYyT
JIDYTY, KaK U CJIejIyeT U3 TOXKJECTBa YOop/ia.

3amanme 2.2. Hanucarb Beipaxkenue Jijist (popMdaKkTopa, 3j1eK-
TPOHA B OJHOTETIEBOM TPUOIUIKEHUN.

Pewenue

DuiekTpoMarauTHbie (hopMbarkTOphl 00yCI0BIECHBI 3(DDEKTUBHO
HEJIOKAJIbHOCTHIO JIEKTPOHA B MIPOIECCE €0 B3AUMOJICHCTBUS C 9JIEK-
TPOMarHUTHBIM ToJieM. ['paduiueckn 370 MOXKHO M300pa3uTh HAOO-
poum jpuarpamm Qeitamana (M. puc. 19).
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Puc. 19. Jdnarpammbl PeitHMaHa, OMUCHIBAIONINE B3aUMOIEHCTBUE JTEKTPOHA
C 9JIEKTPOMATHUTHBIM T10JIEM

AMIIUTY A TAKOTO MPOIECCa MOXKET OBITH IIPeJICTABICHA B BUJIE:
M= lu(p2) Y*u(p1)] Aa — e [tu(p2) A u(pr)] Aa =
= elu(py) I'u(p1)] Aa, (2.6)

rJie BBeJieH oreparop ['Y, ob1uit Bu1 KOTOPOTO € y4eToM (pU3NIECKUX
TpeOOBAHUI CJICYIOIINIA:

o q
I = F(¢") " = 9(a") =

sy (2.7)
Cranspabie dynkmun F(¢?) n g(¢?) naswpsaores aasexmpomae-
HUMHDLMU Popmparmopamu daekTpora. B onHonersieBoMm 1npubiin-
XKEHNH OHU OINPEJIeJISIOTCs Bepimunoi Gyuxnneit A% (p1, p2, q), BbI-
qucaennoit pamee (cm. dbopmyry (1.36) B 3amanun 1.4).
13 Boipaxkenust (2.6) BUJIHO, 4TO

T =% — A%,

1 ¢ yaeToM (1.36) MOXKHO JIErKO BBITUCATD 3JIEKTPOMArHUTHBIE (hOPM-
dakTOpBI JIEKTPOHA!

F(q°) = 1+% (2%)]%[2+21n%1nf(y) -

1

—/althf(y)—4—41ni : (2.8)

m
0

d
m, (2.9)

«

9(¢*) = o

o — _
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rJie BBEJCHO 0DO3HaYeHUe:

q2

fy)=1-—=Sy(1—y). (2.10)
m
Bamernm, uro Gynkimsa f(y) — 3HaKONEpeMenHas ph ¢> > 4m?.
B srom ciyuae nago goonpenenurs dhopmbaxrops F(g?) u g(q?).

2

JIJ11 3TOTO JIOCTATOYHO CJeNaTh 3aMeny m’ — m? — 0, BCIOMHUB

ompeJie/ieHre MPOoTaraTopa JIeKTPpoHa;

S(p) = :
2 p? —m? + 0

[Ipu rakoii 3amene

f@)zl—ggyﬂ—y) —

2 2 .
q q° +10
— V1Y) = 1=y (l—y).

— 1-

Dopmdaxropsr F(¢?) n g(¢?) npnobperaiorT cMbICT aHaInTHYeC-
cKUX (PYHKIHUH B KOMIIJIEKCHOH TJIOCKOCTH q2 C pa3pe3oM BJI0JIb Be-

IIecTBeHHOI ocu 1ipn ¢> > 4m?.

A

L an

2

17

4m

[Ipu aTOM (buBHMUECKUMU SIBJIAIOTCS BEpXHUI Oeper pa3pesa U BCsi OT-
puiaTe/ibHasg 9acTh BelecTBeHHON ocu. OTpe30K Ha BellecTBEHHOI
ocu 0 < ¢ < 4m? — nedbusnyeckas obJaCTL 3HAYEHUIT HEPEMEH-
HOM q2.

Hau6osee mpocro uccnenyerca maruutueiii popmbaxtop g(g?).
B obsiacti orpunaTeibubix sHadenuii ¢ unrerpan B (2.9) 6epercst B
TEPMUHAX BEIIECTBEHHBIX 3JIEMEHTAPHBIX (PYHKIINIA:
a oz

2 D— —_— ——

9@ = 7 sh(2z) (
B Y B Y SR

z = Arsh i In [ s +4/1 4m2] )
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DTO BbIparXKEHKUE JIEIKO aHAJUTUYECKU HPOJOJKUTL B 00/1aCTh 3HAa-
gennit nepementoit 0 < ¢? < 4m?. Jlns sroro pocrarouno 5 (2.11)
BBECTH HOBYIO MEPEMEHHYIO:

T
z =10, 0<6< —
2’
II0CJIe Yero BbIparkeHue i MarHuTHoro ¢gpopmMdaxTopa mpuobpera-
eT BUJI;
2
9 oa 0 _ q
= —— 0 = arcsin\/ —. 2.12
9(a’) 7 sin(20) 4m? (2.12)

Anajiornuno anaauTHueckn npojosxkum dynxmaio g(¢?) B 06-
1acTb @2 > 4m?, nomus npu 3ToM, 4To uU3NUEcKas 00JIACTb 3HA-
YeHU I q2 — BepxHuil Oeper paspesa B KOMILIEKCHOR I1JIOCKOCTH q2.
st sroro B (2.11) 1ocTaToOvHO CIETATD 3aMEHY:

s

z2=v—1 > sh(2z) = sh(2v — i) = —sh(2v).

Taxast 3aMeHa MPUBOAT K CJICyIOIEeMy Bbipaskenuto st g(q?) npu
q> > 4m?:
av—im/2

g(q2) _; Sh<27j) )

SO .

Acumnroruuecku npu |2 > 4m? Gopmyiint (2.11) n (2.13) mMoxk-
HO OOBEJMHUTD B OJIHY U 3alUCATL B BUJE:

(2.13)

2

— T @(q2)] : (2.14)

rie O(q?) — dbynxkuus Xasucaiiga.
2
Dopmdakrop F(g°) B s1emeHTapHbiX (DYHKIUAX OJHOCTHIO Bbi-
pa3uTh He yaaercs. [IpuBeneMm 37e€Ch TOJIHKO aCUMITOTUIECKOE BbI-
pazkenme mpu |¢%| > m?:

2

q 2

q
m2

2
1
1nm—+—1 2

o)
F(@*)~1- %lln 2

] . (2.15)

BameruM, aro dhopmyia (2.15) crpaBeiiuBa B IBAXKIbI JOTApU M-
yeckoM npubmzxenuu, xorja In|q?/m?) > 1.
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3aganue 2.3. DBbluuciurb aHOMaJIbHbIE MAIHUTHbBIA MOMEHT
9JIEKTPOHA, UCIIOJIb3YsI 3JIEKTPOMarHuTHbIE (POPMQaKTOPbI, PACCMOT-
peHnble B 3aaHnn 2.2.

Pewenue

151 HaXOXK IeHNsl AaHOMAJILHOI'O MAHUTHOIO MOMEHTA, SJIEKTPOHA,
PacCMOTPHUM HOJPOOHEE aMILIUTYLYy PACCESHUS JJIEKTPOHA BO BHEIII-
HEeM IIOCTOSIHHOM MarHUTHOM moje. C yd4eToM HeJIOKaJbHOCTU B3au-
mogieiicTrst (bopMGbaKTOPOB) AMIIIUTYIA UMEET BU/IL:

= 2 2 Uaﬁqﬁ o
M= eulpz) |F(@)7a —9(¢7) = | ulp) A%(q),  (2.16)

rje Aq(q) — 4-noreHnmual BHEIHEro 3JIeKTPOMArHUTHOIO 110JIs1 B UM-
1LyJIbCHOM Lipejcrasieduu. st uncro MarauTHoro nojst A* = <O, A> :

3aMeTnM Takke, 9TO B OOKJIaJIKAX MEXKJy OMCIMHOpaMU MMeeT Me-
CTO CJIeJIYIOIee MaTPUIHOE COOTHOIIEHUE:

Po  0apq’
2m 2m

Vo = ., p=pi+p,  qg=p—p. (2.17)

C yuerom (2.17) mepenuinem aMmuTyay paccestuus (2.16) B Bue:
e _
M = 5 fulpa)u(p)] (Ap) Flg?) - 215)
e

= 5 [alp2) (Aog) u(p)] [F(¢) + 9(a)]
rie (Aoq) = A, 0% gp.
Paccvorpum amruinryy (2.18) B cucreme orcuera, rue st 4-
BEKTOPOB CHPABEJJINBO CJIE/LYIONIEE TTPEJICTABICHNE:

P =(E,—q/2), py=(E,q/2), p'=(2E0), ¢ =(0,9).
Hagee OyneM paccMaTpUBaTh HEPEJIATUBUCTCKUN IIpeJiesi, KOTa,

17| < mwu E ~m. Barom ciayuae 6ucmnopsl u(py) w u(ps) cyie-
CTBEHHO YIPOIIAIOTCS:

u(pra) = V2m ( ‘%’2 ) , (2.19)

rjie 12 — CIUHOPDBI, OIMKUCHIBAIOLINE HEPeJATUBUCTCKUAEC 3JIEKTPOHBDI.
SaMeruM TakxKe, 9TO B ITOM IIpeJieie B CIydae 9huCcTO MarHUTHOIO
moJist aMIIATy Ty (2.18) MOXKHO MpPEeICTABUTD B BHJIE:

M = —ie (w%@n) [cfx fq {F(=7*)+9(—=7")} .
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YaursiBast, 4TO BEKTOP WHJYKIIUH MArHUTHOTO 10J1s1 H (§) = i [gf X A}

n 3uadenne dopmbaxropa F(0) = 1 (310 cremyer u3 (2.8) npm
> = —@% — 0), OKOHYATEJILHO TOJlyHaeM:
M=—c(ehde) H@ [1+9(0)]. (2.20)

CpaBHUM 3Ty aMILTHTYy € aMIUTATYI0H PACCesHus B SJIEKTPO-
craTudeckoM mose. B atom coyuae u3 (2.18) coiemyer:

M =2me <g0£g01> P, (2.21)

rae y4dTeHo, 9TO 3JIEKTPOCTaTUYIECKOE II0JI€ OIIMCBLIBAECTCA YE€TbhbIpEX-

MEPHBIM 3JICKTPOMArHUTHBIM TIOTeHIagom A, = (CID, 0). Tak kak
AMIIMTYJIa PACCesiHhsi MPOTIOPIMOHAIbHA, SHEPTUN 3apsijia B 10JIe,
10, cpaBuuBas (2.20) u (2.21), 3amMedaem, 9TO JEKTPOHY B MATHUT-
HOM I10JI€ MOXKHO MPUIKACATD MOTEHIHAJBHYIO SHEPIHUIO:

Unes = = (fH) = 5 (eh 1) H L+ g(0)].

m

DTO 03HAYAET, UTO OH 00J1aaeT MAIHUTHBIM MOMEHTOM:

pte = —ps [1 + g(0)],

rie ug = e/(2m) — marneron Bopa (up = eh/(2mc) B rayccosoii
CHCTEeMe eJIUHUIL). 3JIeCh TaK¥Ke YITEHO, YTO 3apsi)| HJIEKTPOHA, PAB-
HBI —€, OTPUIATEeICH.

Bnauenue maruurnoro gopmdakropa g(g®) npu ¢* = 0 Haxojum
u3 dopmyssl (2.11) B mpegene z — 0:

9(0) = ac -

21
B uTore mosiyauMm 3Havenre MarHUTHOTO MOMEHTa JIEKTPOHA B OJI-
HOITETJIEBOM TTPUOJINIKEHUU:

(0%
= —ug (1 —). 9.92
1 MB(+27T (2.22)

N3 dopmysst (2.22) BUIHO, UTO 3a cUeT KBAHTOBBIX 3(dEKTOB
SJIEKTPOH 00JIaJAeT JIONOJHUTEILHBIM, M0 CPABHEHMIO C JIMPAKOB-

CKUM B, aHOMaAJIbHbBIM MAarHUTHbBIM MOMEHTOM:
«

Augl) = —HB e = — /B o (2.23)
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AHOMaJIbHBI MAIHUTHBIE MOMEHT @, OOYCJI0BICHHbIA 3¢ ]hexTa-
MU KBaHTOBOI 3JjieKTpoinHaMuKky, 0611 Bhiuncien FO. IIBunrepom B
1948 r. cpasy mocie sknepuMeHTaJbHOro obnapy»kenns [1. Kamem n
I'. ®onu B 1947 1. OTKJIOHEHUST MATHUTHOI'O MOMEHTa, 9JIEKTPOHA OT
VABOEHHOI'O 3HAUCHHUS MaruneToHa bopa, mpecKkas3piBaeMoro Teopueit
Hupaka. B macrodimee Bpems 3HavdeHne aHOMaJLHOIO MarHATHOTO
MOMEHTA 3JIEKTPOHA B pAMKaX KBAHTOBOM 3JICKTPOJMHAMUKN BhIUNC-
JICHO B IIITOM HOPSIJIKE T€OPUU BO3MYIIECHUN 110 IIOCTOSIHHOU TOHKON
CTPYKTYDPBI (B MPUOJMKEHUN [STH TETEJb):

a.(QED) = (2.24)
) (2)2 +a® (2)3 +a® (2)4 + (o) (%)5 |
T m m s T
@ @ © ® (0

puyeM e ', Qe ~ W Qe = BbIYUCJICHbI QHAJATUYCCKU, JIJIA Qe = W Q¢
UMeOTCs drcaeHHbie onenkn. Cieyer OTMeTUThb, 9TO 9TO BhIParke-
HUEe HEOOXOJUMO JIONOJHUTH BKJIAJaMK IETJIEBBIX JuarpaMm, o0y-
CJIOBJICHHBIX CUJIbHBIMU ¥ CJ1aOBIMU B3aUMOJAECHCTBUSAMU, OJHAKO JIJIsI
JICKTPOHA 3TU BKJIAJIbl HE CYIICCTBEHHBI U @aHOMAJIbHLIA MarHUTHbIA
MOMEHT TIPAKTUYECKU TMOJHOCTHIO ONpeeideTcs KBAHTOBOW 3JICK-
TpoanHaMuKoi. OCHOBHOI BKJaJ B aHOMAJbHBLIA MarHUTHBIA MO-
MEHT 3a cueT cJaabbiX B3aMMOJeHCTBHII Oy/eT paccMOTpeH jaJjee B
zajanun 3.3. [IpuBejieM OlEeHKY aHOMAJIbHOIO MAIHUTHOI'O MOMEHTA,
3JICKTPOHA:

a™ = (1159652 181.78 4 0.77) x 10712, (2.25)

nonydennyto rpynnoit T. Kunomursr B 2012 1., mpudem yKazannas
HEOIIPEJIEJIEHHOCTD MTPOUCXOAUT OT OITHMOKN W3MEpEeHUs MOCTOSTHHOM
TOHKOI CTPYKTYphl o+ = 137.035 999 049 £ 0.000 000 090. Cpasne-
HUE C DKCIEPUMEHTAJIbHbIM 3HaUYeHUeM yJI0OHO 1PeJICTaBUTh B BUJIE
Pa3HOCTH:

a®™ — o™ = (~1.0240.82) x 10712 (2.26)

€

4TO HAJISIJHO JIEMOHCTPUPYET XOPOIlee coriachue MpoOMO3JIKUX Teo-
PETUYECKUX PACYETOB, IPOBOJUMBIX Ha MPOTAXKEHUU HECKOJbKUX JIe-
CATUJIETUIT, C SKCIIEPUMEHTOM.
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Saganue 2.4. Paccmorperbh KBAHTOBbBIE PAJIMAIMOHHBIE TIOIIPAB-
K1, BOBHUKAIONIKE IIPA B3aUMOJIECTBUU JBYX TOUYEUHBIX KJacCHUe-
CKUX 3apsiJIOB, T. €. MONpPaBKK K 3akoHy Kysona.

Pewenue

3aKoH Ky.HOHa OIIHUCbIBa€CT BBaHMO,[LGﬁCTBHG JABYX TOY€YHbIX KJIAC-
CHYEeCKUX 3apsAJ0B, IIpUYEM IIOTECHIHAJIbHAA IHEPTUA UX BSaI/IMOﬂeﬁ—

Qq
AR’
e (Q U g — BeJUUUHBL 3apsiioB, a R — paccrosinue MexKjy HUMU.
HamomunM, 9T0 UCIOMB3YeTCs CHCTeMa X3BUCA1a, T09TOMY B (op-

CTBHUA paBHAa.

U(R) = (2.27)

myJie (2.27) u nosiBusicsa MHOKEUTEb 1/(47).

[Tokaxkem, 4To 3akoH Ky/joHa MOXKHO T0JIydUTh KakK pe3yjbrar
B3AUMOJIEACTBUS 3apsAioB () U ¢ IPYT € JPYTOM depe3 KBAaHTOBAHHOE
9JIEKTPOMATHUTHOE TOJTE.

JlarpaH>KuaH B3aUMOJIEHCTBUST KJIACCHIECKUX 3aPsIJIOB € 3JIEKTPO-
MarHUTHBIM [10JIEM UMEEeT BUJL:

Lint(x) = =9 (2) AMz) — j9D(2) A(2), (2.28)

o 7
rjie A, () — onepaTop 31€KTPOMArHuTHOI'O OIS, & j,SQ) (x)m jfﬂ) (x) —

JeThIPpeXMEePHBIE TOKWM HEMOJBUKHBIX 3apsiaoB () u q:

9 =(@a(™,0), W= (ad(F-F),0).  (229)

Havayio cucteMbl KOOpJAWHAT BBIOPAHO B TOYKE TPEXMEPHOTO IPO-
CTPAHCTBA, IJIe HAXOJUTCS 3apsajl ().

Paccmorpum  S-MaTPUUHBIH 3JIEMEHT MEXK]Iy COCTOSTHUSIMU, TJIe
OTCYTCTBYIOT KaKue-jinb0 KBaHThI 0JIEH, a eCTh TOJIbKO JiBa KJlac-
CHYecKUX 3apsia ) u ¢ (¢ TOUKY 3peHus] KBAHTOBAHHBIX MOJeli 00a,
9TU COCTOSHUS BaKyyMHbIe). TaKOMy MaTpHYHOMY SJIEMEHTY COOT-
BercTByer juarpammva Qeiinmana Ha puc. 20, U ero BeJUUYMHA, OT-
JIUYHA OT HYJISI, TOJbBKO HauWHas CO BTOPOTO MOPSIKA TEOPUU BO3-
MY TIICHUIA:

57 = [ 190 1) D@ - ) dta i,
rie D, (x — x1) — npomnaraTop 31€KTPOMAarHUTHOIO HOJIA B KOOp-
JIMHATHOM MPEJICTABICHUH. DTO BbIpaXKeHue Jiisd S-MaTPUIHOTO dJie-
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Q q

Puc. 20. Juarpamma @eiinmana, ONUCHIBAIONIAS B3aUMO/IEHCTBUE JBYX TOYEY-
HBIX 3apsi0B () u ¢

MEHTa TaK>Ke MOXKHO 3allicaTh B (popme:

S\ = —i / 0 (2) A (z) d*s = S, (2.30)
rJe BBEJIEHO 0DO3HaueHne:
A@r(g) = / JO(e) D& — w)die. (2.31)

S-marpuanblit sseMenT (2.30) MOXKHO MOHUMATH Kak 3DhEKTUBHBII
S-MaTpPUIHBIA 9JIEMEHT MEePBOro MOPsijKa ¢ 3DPEKTUBHBIM JIarpaH-
JKUAHOM B3aMMOJICHCTBUSA:

Lo (x) = =i (@) A9 (x), (2.32)

KOTOPOMY COOTBETCTBYeT raMuiibronuan (miorHocrb dyskiuu a-
MUJTBTOHA):

H(z) = —Lig(x) = ji(2) A ().

Takum obpa3oM, Ui JIBYX 3apsioB, HAXOJSIIUXCS Ha PaCCTOsI-
Huu R Jpyr oT Jipyra, SHEPTUio B3aUMOJIEHCTBHUs, BO3HUKAIONIYIO 34,
cuer 0OMEHa KBAHTOBBIM 3JIEKTPOMATIHUTHBIM IOJIEM, MOYXKHO 3allki-
caTb B BUJIE:

= /7—[(.7::) dr = —i / Brdz, j9(x) jng)(acl) D, (x — x1).

Bocmosb3oBaBIuch npejicraBieHneM mpomnaraTopa (poTona B popme
deThIpexKpaTHOro uHTerpajia Oypoe n SABHBIM BUJIOM TOKOB (2.29),
TTOJTYIMM:

U(R) = qu / d'k / & diry dty §(7) 6(F — R) x
Zkﬁgt tl ET’ 7’1) DOO(k)
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[To nepemeHHbIM 77, t1 U T MOXKHO JIEI'KO HPOUMHTEIPUPOBATL, HE 3a-
TparuBas sBHOTO Buja Dog(k):

iQq
(2m)3

U(R) = — / @k ko 8 (ko) Doo (k) ¢ F). (2.33)

[Iponararop dorona B ummysnscHoM npeacrasienuu D, (k) nve-
eT BUJI:

m
D (k) = — i’; + Ky Ky di (K2,

riie dr(k?) — npoussosbnas GyHKIMA. 3aMeTHM jajee, 9To gog = 1

u
Din(k) (ko) = (2.34)
= LgongkgdL(kg—/p) d(ko) = ;5(/4:0).
k3 — k2 k2
[Topcrasus (2.34) B (2.33) ¥ NIpOMHTErPUPOBAB 110 TIepeMeHHOH Ky,
TIOJIY IHM:
Qq / I’k im)
UR) = —— "\, 2.35
()= 2 [ 235

JanbHeiilee HHTErpupoBaHue yI00HO MIPOBOJIUTL B ChepriecKoit
cuCTeMe KOOprHaT, ecjii ocb (Jz B IPOCTPAHCTBE BEKTOPA k HaIpa-
suth 10 R. B atom ciiyuae sopakenue (2.35) He COACPKUT SBHO/
3aBUCUMOCTU OT YIJIa (0 U MHTEI'PUPOBAHUE 110 YIVIy (0 JACT MHO-
KUTEJb 27, W BbIpayKeHue Jijisg sHepruu (2.35) MOXKHO TPUBECTH K
OJITHOKPATHOMY HMHTErpaJy:

00 1 00
| d
U(R) = 4 / dk / gikiu gy = QL [
0 -1

(27)? 21’R ) =z
0
rine u = cos u z = kR. Ilogcrasus TabjnaHoe 3Ha9eHe HHTErPaJIa,
o z:
(0.9}

dz | T

— sinz = —,

z 2
0

BOCIIPOM3BEJIEM Bbipaxkenue Jiisi 3akona Kysona (2.27) B cucreme
Xspucaiisa. 3aMeTUM IIPU STOM, UTO MBI UCIIOJB30BAJIN TOJIBLKO JIpe-
BECHYIO JMAIPAMMY.

68



Pajinanuonnbie nmonpaBky CBOJATCS K 3aMEHE JIPEBECHOIO 1POLIa-
ratopa D, (x) na tounwiit G, (7). B atom ciydae smecto dbopuy-
bl (2.34) Gynem uMers:

—id(ky) i9 (ko)

Goo(k) 0(ko) = 1Pl 2 (77 (2.36)

[Topcrasus dyuknuio (2.36) B (2.33), nosyunM ciejyroiiee Bbipa-
JKeHUe JJIs1 SHePIuH:

U(R) =

B3k i(kR)
g / ‘ (2.37)

Crp ) B2 ipp—k)
B Beipaxkennwu (2.37) unrerpasint o yriam ¢ u 0 cepuieckoit cu-

CTEMbI JIEI'KO BBIYUCJISIOTCA ¥ BbIPaXKEHHUE JIJIs SHEPIUU MOXKET OBbITh
11peodbPa30BaHO K MHTEPAJLY 110 IepeMeHHoit z = kR:

Qq r dz sin z
UR) = — : 2.38
(7) 2m°R ) 2z 1 —1i(R?/2%)Pr(—22/R?) (2.38)
0
[TojicraBus B (2.38) siBHOE BbIpasKeHUE JJIst IEPEHOPMUPOBAHHOI
DCO] (1.58), Borunciaennoe panee B 3ajganun 1.6, mosyanm:

Qq [dz .
U(R) 52p | S SiE X (2.39)
0
1 1
20y 2r(l—zx

0

Takoit wHTErpaJ B 00IEM C/Iydae BHIYUCIUTH HEBO3IMOXKHO. O/1-
HAKO ero acUMIITOTHYECKOEe TOBEJCHNE B 3aBUCUMOCTH OT R MOXKHO
HCCJIE/IOBATH OTHOCUTEIBHO JIETKO. XapaKTepHbIM pa3MepoM B (2.39)
SIBJISIETCS KOMTITOHOBCKAsl JIJIMHA BOJIHBI 9JIEKTPOHA A, = 1/m =
3.66 x 101 cm.

[Tpu cpaBuenun R ¢ A\, BO3MOXHbBI J[Ba, CJIy4as.

1-1 caywat: Makpockolinieckue paccrosinus R > A\, wiun mR >
1. B stom cayuae B snamenatene (2.39) In [1 + 22z (1 — z) /(m*R?)] —
0 u BoccranaBnuBaetcs 3akon Kysona (2.27).
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2-1 cayuati: MUKPOCKOLIMUecKue pacerostaust R << A, wim mR <
1. B sToM caryuae naTerpas mo o B Boipaykenun (2.39) JErko BuITHC-
JISIeTCs:
1
2
22z (1 —x) 1 z 5
dez(l—z)ln |1+ ——=—|~=(ln——=].
/ [ m?R? ] 3 ( mR 6)
0

asee MOXKHO BOCIIOJTHL30BATHCSA TEOPEMO O CPeJTHEeM:

Qq 20 z 5\1 "

re Z — CpejiHee 3HAUEHHWe MEepeMeHHOW z B mHTerpaje tuma (2.39).
Bazkno, uro 310 HekoTopoe gpukcupopannoe dnuciao. OKoHYATEILHO
SHEPIHIO B3AMMOJICICTBUS JIBYX KJIACCUICCKUX TOUYCYHBIX 3apAioB ()
¥ ¢ MOXKHO 3allUCaTh B BUJIE:

(2.41)
rne a = Ze /0,

Takum obpasom, u3 dopmysibl (2.41) BuHO, 9TO SHEPIUsT B3au-
MOJIEHCTBHST PACTET C YMEHBIIEHUEM PACCTOSHUS MEXKJLY 3apsiaMu
obicTpee, ueM 110 3akony Kymona. [Toaydenusiit apdpexT — npossiie-
HUE TOJIIPU3AIAN JIEKTPOH-TIO3UTPOHHOTO BaKyyMa, MPUBOJIAIIEH K
9KPaHMPOBKe 3apsijia. B pesysibrare KBaIpaT 3apsijia 3aBUCHT OT Pac-
crosiiust R 110 popmyiie:

Q*(R) = Q° [1—3— In——

Crrestyer OTMETHTD, 9TO AHAJIOTHIHOE SIBJICHIE SKPAHUPOBKH MMe-
eT MeCTO W JIs 3apsijia 97aeKTpoHa. MoxHO BBecTH «Geryimity 3a-
PsiJ] DJICKTPOHA, & CJICJIOBATEIbHO, U «BeryIiyi0» OCTOSHHYTO TOHKOI
cTpyKTyphl o R):

OTKY/Ia MOXKHO HAWTH CBA3b MEXKTy a(ry) n a(rs):

alrs) = a(r) [1 _aln) ) T-i] o (2.42)

3m 5
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Eciin ydecrb, Kpome HOJISPU3ALUU JIEKTPOH-1I0O3UTPOHHOI'O Ba-
KyyMa, TOJIAPU3AIUIO BAKyyMa, 00YCJIOBJICHHYIO APYTAME 3apsaKeH-
HBIMU TOJIsIMHI, TO B (2.42) miepeji sjorapuMOM TTOSIBUTCST JIOTOJTH -
TeJIbHDI MHOXKATEIND, PABHLIH N = ) . Q?, ryie Q; — dJIeKTPUIECKue
3apsAbl YACTUIL B JIOJIAX 3JEMEHTAPHOTO ¥ CYMMUPOBAHKE BEJICTCS 110
JACTHUIAM, [T KOTOPBIX KOMITOHOBCKHE JJIMHBLI BOJH Y/IOBJICTBOPSI-
0T YCJIOBHIO \; = 1/m; > ryo.

3asaHuda AJI9 CAMOCTOATEJIbHON PadOThI
1. BeraucanTh cedenune paccesgaue (GporoHa Ha (HPOTOHE.

2. BorancanTs paJmanuoHHoe CMEIenne YpoBHeil aToMa BOJI0POJIa
(memboBCKHit ¢iBUT).

3. Bolumenurh pajmanmoHHOe cMeleHne YpOBHE Me30aToMa, CO-
CTOSIIIEro M3 MPOTOHA U MIOOHA.

3. DiaekTpociabble MPOoIecchl

3amaame 3.1. Paccmorpes anajutudeckue cpoiicrBa @CI/L u
0000IIKMB UX Ha CJaydail IPOM3BOJILHON YACTUIILI, PACCMOTPETH PE30-
HAHCHOE paccesiHue.

Pewenue

Boinumem @CI/1, Buruuciennyio B 3ajganun 1.6:

PR(H):QE/«? /133(1—:15) In [1—:5(1—.9;)’“—2] da.

T m?
U3 storo soipaskenns sujno, uto Pr(k?) — ananmnrnueckas dynk-

M1 B KOMIUICKCHON IIJIOCKOCTH TIepeMeHHOil k% ¢ pa3pe3oM BIOJb
BerecTBeHHOM ocn k2 > 4m?. BBeseM MaccoBblil oneparop:
N 2

w(k?) = —iPr(k?), (3.1)
JUIsl KOTOPOI'O MOXKHO 3allUCaTh CJEJYIOIIee BbIpaXKeHue:

1 2

2a

wk?) = —k /m(l—:c) Infl—z(1—2)—|dr—

™
0

— 0 (K —4m?) T (k¥ + 2m’)
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e O (k2 — 4m2) — dyskius X3Bucaiijia, yuuTbIBaIOINAs AHAJIMU-
THYeCKOe TPOJIoJRKeHne Jjorapudma Ha (pusmdecknit jguctT. Toduka,
k? = 4m? Beiesiena GU3MUECKN TeM, 9TO BUPTYaJIbHBI (DOTOH TTpH
k% > 4m? MoxeT pacnajaThCs Ha 3JEKTPOH-TO3UTPOHHYIO HApY.

[TokaxkeMm, 9TO MHUMAasT 9aCTh MacCOBOTO OMEPaTOpa MPOTOPIINO-
HaJIbHA [MpUHE paclajia v — e~ e’ Takoro ¢gorona, 0ba1ao1ero
addekTuBHOI Maccoit m., = V2. Ammnryna pacnaga poTona cie-
JIyTOITast:

Moy semer = e [a(p- )y u(=py) e (k)

rjie p m p} — werbipexmepHble UMITYJIbCBHI JEKTPOHA U TO3UTPO-
Ha COOTBETCTBEHHO, 58) (k) — 4-BekTOp TOJISIPU3AIIUE BUPTYATHHOIO
MacCcuBHOTO (pOTOHA, XapaKTepusyemblit uujekcom A = 0, =1, Hyme-
PYIOIIUM TPH BO3MOXKHBIE TIOJISIPUBAIINN.

KBajipaT MaTpraHOIO 3JIeMEHTa BBIUHUCISETCS C UCTTOJIb30BAHNEM
CTAHJIAPTHONW TEXHUKK, TPUIEM MATPHUIA IJIOTHOCTH (DOTOHA, YCPE/I-

HEHHas II0 TpeM IOJIApPpUu3alludM, UMEET BU:
1 1 1 k.k
_(v)k:_E: N ()M (k) = —= _ e}

C y4eToMm 3TOro moJiyduM:

% Z |M7*—>e—e+|2 - 16?7:@ (k2 + 2m2) :
A=0,+1

Daz0BbIit 00bEM JIBYX DJIEKTPOHOB MbI y¥Ke (PaKTUIECKU BhITUC-
s Bo Bresiennn (em. (0.28), rue p? = k?).

[TotHast BEpOSITHOCTH paciiajia B eJIMHUILy BPEMEHU, KOTOpas Ha-
3bIBaCTCs MIUPUHON pacrnajga, UMeeT CJIEYIONNA BUJIL:

a 4m?
N l——5 (k* +2m*) © (k* — 4m?), (3.3)

rie © (k2 — 4m2) — (byukmusa Xs9BuUcaiiga, BOSHUKINAS B PE3YIbTATE

Fv*—>e‘e+(k2) -

MHTErPUPOBAHUS 110 (PA30BOMY IPOCTPAHCTBY 3JIEKTPOH-TIO3UTPOHHOI
maphbl ¢ y9eTOM 3aKOHOB COXPAHEHWS SHEPrur ¥ uMIyanca. CpasHu-
Basi Bbipaxkenust (3.2) u (3.3), 3amevaem:

Tm (k%) = —VE2Te e (K2). (3.4)
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3/1eChb yUTeH TOJILKO BKJIAJL 3JIEKTPOHOB U HO3UTPOHOB B LOJIHYIO 1111-
puny pacnaja dborona [ (k?). dromy coorsercTByer TOT haxT, 4TO
B OCIJI yurena TOJLKO AUarpaMMa ¢ BAPTYAJILHBIMU 3JICKTPOHAMMU.
Ha camoMm sieie HaJI0 y4eCTh M 3JIEKTPUYCCKH 3aPAKEHHBIC JIPYrue
TIOJIST:

e M U d
'\J\O‘vx—k «/\O\/x—k «/\Q’vx—i— «/\O‘vx—&—
1, COOTBETCTBEHHO, B MHUMO 9aCTH MaCCOBOIO orneparopa (oTroHa
MOSIBSITCSI CJIaraeMble, OIKICHIBAIOIIKE TAKKe paciiaji Ha MIOOHHYO I1a-
* -+ 2 2 * ~
p32/ v —>2u p npu k7 > 4mg, na napy u—KBapQKOB v 2—> U 1IpH
k< > 4m;, na napy d-xsapkos ¥* — dd npn k* > 4ms u . 1. B
3TOM CJIyHae FOBOPSAT, YTO ¢ POCTOM k2 OTKPBIBAIOTCH HOBbIC KaHAJIbI
pacia/jia BupTyaabHoro (poroHa. C yueToMm 3TOT0 TOUHbINA (DOTOHHBI
mporaraTop MOXKHO 3aMucarTh B BU/IE:

—i
k2 — Re u(k2) 4+ ivVk2 Tyor (K2)

rje Ftot(k2) — IIOJIHAS IIMPHUHA pPaclajia BUPTYaJbHOTO (DOTOHA I10

GH(k?) = (3.5)

BCEM OTKPBITHIM KaHaJIaM.

SanucaHHbIil B Takoit (popMe TOUHBIN npornararop pOTOHA MOXK-
HO 00OOIUTHL Ha CJIydail IPOU3BOJILHON BUPTYAJIbHON YaCTHIIBI, 110
KpaliHeil Mepe B OKPEeCTHOCTH MaCCOBOM IOBepxHOCTH. JleficTBUTENb-
HO, TOYHBII IIpoItaraTop MOXKHO 3allicaTh B CJAEYIONEeM BU/IE:

Grlp) — —i p(p) | |
) p? —m? — Re u(p?) +iy/p? T(p?) 20

rie p(p) — marpuna mIoTHOCTH cooTBeTCTBYOMEH dacTuipl. C yue-

p2_>m2

TOM HepenopMuposky Macesl Re p(p?) — 0 upu p?> — m?, nosromy B
3HaAMeHaTesie Bhipazkenus (3.6) Jyist mporaratopa MOXKHO TpeHeOpedhb
Re p(p?) 1o cpashennio ¢ \/]?F(pQ), eCJIN JaCTHIla HA MAaCCOBOI 110-
BEPXHOCTH MOXKET PacnalaThcd 6e3 HapyIeHns 3aKOHOB COXPaHCeHUs]
sHeprun 1 uMmy/abca. C yuderoM 3THUX 3aMedaHuil MOJYyUnM CJIeIyIo-
11ee BbIpasKeHue JJIsi TOYHOrO IIPOIIaraTopa;

Gr(p) =~ —iplp) (3.7)

p?—m?+imDT(m?)
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Paccmorpum Tenepb 1poLece paccesiius, Wiylui yepes ojHoua-
CTUYIHOE COCTOSIHEE, KOTJa MPOMEXKYTOUHAs JaCTUIA — BEKTOPHDI
6O30H ¢ Maccoil m, a KBaapar ee 4-mmmyinca s = k2 = (p; + p2)?,
rJie P; — YeThIPEXMEPHbBIE UMIIYJIbChl CTAJKUBAIOIINXCSA YaCTUIL, OJI1-
30K K m?. DTOT Mporece MOKHO M300Pa3uTh CACIYIONEH AuarpaM-
Moii Peitnmana:

k= pi+ps

b1 )

KOTOPO# COOTBETCTBYET MHBAPUAHTHDLIN MATPUYHDLIN JIEMEHT:

M =i )y, (3.

-(7
rie ](()4) n Jo([f) — TOKHN HaYaJIbHBIX 1 KOHEYHbIX YaCTHUII. ﬂaﬂee, B COOT-
BETCTBUU C O6H_[I/IMI/I IIpaBUJIaMH, HAaXOAUM C€I€HUE TaKOI'O IIPOIECCA.:

(27)4 / 2
oip = M| dd,. (3.9)
I o) - e !

DTO BbIpaKeHUE COJICP:KUT MHTErpaJi 1o (pa3zoBoMy 00beMy KOHEU-

J0 =3 / JNI" ey, (3.10)
As

rjae CyMMHUPOBaHUE W MHTEI'PUPOBAHUE BEAYTCsA 110 HOJIAPU3ALMAM

HbIX YaCTHUIIL:

U UMITyJIbCAM PACCMATPUBAEMbBIX YaCTHUIl. IJTOT WHTErpPaJl 3aBUCUT
TOJILKO OT 4-UMIly/ibca k, IIPOMEXKYTOUHOI YaCTUILl 1 MOXKeT ObITh
[PEJICTABJICH B CJEYIONEM BUJIE:

J) = As(5) gas + By(s) kaks. (3.11)

Bnech Af(s) BopaxkaeTcs depe3 HIMpHUHY pactaia 'y mpoMexkyTod-
HOM JaCTHIbI B KOHeTHOE cocrosirue | f). JleficTBuTeIbHO, aMILTHTY/ Ty
TAKOT'O paciiajia MOXKHO 3allicaTh KaK

My = JP N (k) (3.12)



()

I'e €n — BEKTOD IOJIIPU3AIUU [TPOMEXKYTOUHOro 0030HA, a A —
UHJIEKC, HYMEDPYOMMA TPU HOJISIPUBAIMHI, 110 KOTOPHIM HEOOXOUMO
yCPEeIHUTL. JlJisl MIUPUHBI paciiajia HaXO UM:

Ff _ (22\7;)_ Jéﬁ); aﬁ(k):
= D 0 0) s By ] 9700 = — 2T ).

3J1eCh yUTEHO, 9TO MaTPHIA MIIOTHOCTH Py (k) opToronasibHa 4-BeKTOpy

kY 1e. k% pap(k) = 0. Takum obpasom, st nckomoii Gyukipn Ay(s)
TOJTy9aeTCs CICAYIONEe BhIPaykKeHue:

Af(S) = —(22\7{;_4 Ff. (313)

Cnaraemoe ¢ kykg B (3.11) ne paboraer, u Bf(s) nam me Tpebyer-
cst. Ilogcrasus (3.11) ¢ yuerom (3.13) B BbIpaKeHUe JJisi CedeHUst
paccestanus (3.9), moayInm:

(2m)* GG o (k) T (k) o7 ()
4/(pip2)? —m3m3 (s —m?)* + sT%(s)
IRVCRN e )

T Tia(s) (s —m2)? £ sT2(s) L. (3.14)

31ech yuTeHo, ITo Payu(k) pav(k) = —pu(k), depra o3nauaer ycpes-

O'if =

HeHpe 10 CIIHAM HavaJbHBIX YaCTHIl, ¥ BBEJeHa KHHeMaTHdecKasl
dyHKIMS:
2 2 2 2
I, (s) = [s — (mq + mo) } [s — (m1 —my) } = s f(s).
Jlajiee cBePTKY TOKOB HAYAJILHBLIX YaCTUI[ MOXKHO [IPEJICTABUTH B BU-
J1e:
1

50 poB (k) = Mi>= (315

6./5T;

(271 +1) (22 + 1) (2m)4 D,

rie I'; — mmpuHa pacmaja IpoOMEeXKYTOUHON JacTHIbI B HAYAJbHOE

cocrosirme |i), a ®; — AByXxdacTuIHbINH (Ha30BbIA 0ObEM HATATHHBIX
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JaCTHUIL;

@ (1 o 3, 13 It
CIDZ-:/(S (kK —p1—p2) Pprd’pa L1a(s) (3.16)

(2m)6 4E By  4s(27)5
[Toncrasiss (3.15), ¢ yaerom (3.16), B Bepaykenue st cedens (3.14),
TTOJTY U M:
B 3 167 T
e (251 +1) (272 + 1) If5(5) (s —m?2)® + sT2(s)

Dopmysia (3.17) serko 0bobIaeTcst Ha cirydail 1POMeXKyTOTHOI

(3.17)

YACTUIIBI IPOU3BOJIBHOIO CIIMHA!
2J +1 167 I T

Oif = ; , ,

7@ +1) (24 +1) f(s) (s — m2)* 4 sT'2(s)

JUIST 9ero J0CTaTOYHO ObLIO cuesarh 3ameny 3 — 2J + 1, rme J —

(3.18)

CIINH HpOMe}KYTO‘{HOﬁ HaCTHUIIBI.

amaame 3.2. llpumenss pe3ybrarhl MPEbIYINEro 3ajaHus,
paccMOTperb HPOILECC Pe3oHaHCcHOro paccesuus et e — Z — all.
YuecTh sIBJIGHHE «PE30HAHCHOI'O XBOCTA».

Pewenue

Hanomuum, aro Z-6030H — BekTopHasi yactuia (cua J = 1) ¢
maccoit my ~ 91.2 I'sB. [lis cedenusi paccMaTpuBaeMoro mnpoiec-
ca ete” — Z — all MOXKHO BOCIONBE30BaTHCs BhIpaykenueM (3.17)
M3 TPEJIBIIYINero 3a/laHusd. 3aMeTUM, U9TO aHHUTUAJISIUS JIEKTPOH-
MO3UTPOHHON TTAPhI B Z-PE30HAHCHON 00JIACTH — YIBTPAPETITUBUCT-
CKUIT 11pOIeCce, HOCKOJIbKY B 910l obsiacTu nepementnast Manjiesibcra-
Ma § mQZ > m?, rie m ~ 0.511 MaB — macca sektpona. B atom
npejiesie MOYKHO TIpeHeOpedh Maccoit siekTpora u dopmyra (3.17)

YIPOIIAETCS:
127'(' Fee Ftot
oif = e (3.19)
(s —mz)" +my T,

3aech I'ee — 2uleKTpoHHad mupuHa pactnaga Z — e et [y — mog-

Has MUpUHA pacnafa Z — all, a Tak»kKe ydITeHbl 3HAYEHUST CIMHOB
9JIEKTPOHA U MO3UTPOHA j1 = jo = 1/2.

fBiieHne «pE3OHAHCHOIO XBOCTa» COCTOMUT B TOM, YTO TDH U3Y-
TEeHUW CeUeHUsT AaHHUTUJISIINN 3JEKTPOHA U MO3UTPOHA B KUHEMATH-

YecKoil obsiacTH II0CJe pe30HaHCa, T.e. IPU YCJOBHAX § > mQZ u
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my it < s — mQZ < mQZ, n3JlydyeHue HavyaJibHbIMU 4aCTUIAMU OT-
HOCUTEJIbHO MSTKUX (POTOHOB CJBUTAET SHEPTHUIO BUPTYAJbHOTO /-
6030Ha B PE30HAHCHYIO 00J1aCTh. Takoii paJinalimoHHbIi cOpOC «JInII-
HEe» 9HEePrum JICKTPOH-TIO3UTPOHHON HapOil MPUBOJUT K 3aTIAKKE
MIPaBOTO CKJIOHA pe30HAHCHOTO NnKa. [Iporecc annurnianum B 1a-
HOM CJIydae ONUCHIBAETCA TOJBKO JABYMs auarpaMmamvu Qeiinmana:

ol
(&
€ 7 7
+
y
e €

CooTBeTcTBYIOIAsA AMILIATY/IA UMEeT BHU/I:

(GO (p1€) . (p2€)
M [w) <p2k>] Mo

e e — 3apsiji aekTpona, py = (Ey,py) u p_g = (Fs, Pp) — 4-UMITysIbChI

9JIKTPOHA U TO3UTpoHa, e u k* = (w, k) — 4-BeKTOpBI MOJIsApU3a-
MK ¥ UMITYJIbCa «MsTKOro» (hOTOHA, 9HEprus KoToporo w <K FEj o,
u M — aMILIUTY/1a PE3OHAHCHOIO PACCEsTHUsE 6e3 ydera TOPMO3HOIO
M3JIy9eHUsI, KBAJPAT KOTOPOH COJEPIKUT «OCTPOINUKOBLII» MHOXKI-
TeJIb:

1

2
(S T 7nQZ o \/go_)) + mZZ F‘?ot

12

(3.20)

~ LcS(s—mQZ—\/E )

mz Dot

[Tpubsmkennoe paBeHCTBO B 9TOM BBbIPaXKEHUHN UMEET MecTo OJia-
rojiapsi ycjioBuio iyt << my, KOTOPOE MOJITBEPKIAeTCs CYIIEeCTBYIO-
UMK SKCIIEPUMEHTAJIbHBIMU JIaHHbIMU Ha Maccy my =~ 91.2 T9B u
HoJTHYO0 mupuHy pacnaia [y ~ 2.5 ['9B Z-6030na. Ceuenne anHu-
TUJISTIAE BBITHUCIAETCS 110 (DOpMYJIe:

) _ (3.21)

o)) =
= ¢ / doo / {(plk)s(mk) B (zZz)2 B (pzﬁbk)2 (2;[)5 2w’
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Yuaurbisast, 4ro dog cogepkut MHOKUTEb (3.20), MOXKHO BbIYUC-
JINTH UHTErpaJl 10 UMIIYJIbCY (POTOHA:

7 - e? / 3k { S B m? B m2 y
mz it J (27)3 2w | (pik) (p2k)  (mk)?  (p2k)?
2cy Oodw
X (5(5—m2Z—\/§w) :m/jé(s—m%—\@w) X

0
1
y /d 1 2m? 1
a:' —_—
1 — vz s (1 —22x)2|’
21

rJle IIPOMHTErPUPOBAHO TOJILKO 110 chepuueckoMy yrity o, a = e/ (4m) —

IOCTOSIHHAST TOHKOU CTPYKTYPhI, v = /1 — 4m? /s — ckopocTu 3JieK-
TPOHA U HO3UTPOHA B CUCTEME MX IEHTPa MHepIuu, £ = cosf, 6 —

MOJISIPHBIIA yTOJI, KOTOPBI oTcunThiBaercs or ocu Oz, HalpaBjeH-
HOI BJIOJIb UMILYJIbCa 3J1eKTpoHa pi. CupaBa oT pe3oHaHca, T.e. Py
s > m%, 06JacTh UHTErPUPOBAHUS 10 SHEPIUU COJCPKUT TOUKY
w = (s —m%)/+/s. lIpounrerpuposas 110 HEPEMEHHBIM W U T, HOJLY-

2
o2 1 lln Tz _ 1] . (3.22)

YUM:

2
mz Lt 8 —m7

[loscraBus s1o BoIpakenue B (3.21), Haiigem:

T 2
o) = 205y L1 [ln oz 1] , (3.23)
S — mZ m

rjie o) — 3HAUCHHUE CeYCHHsT aHHUTHIIANAN O€3 yueTa TOPMO3HOIO M3~
JIy9enust B TOUKe Z-pe3onanca (s = m%):

(3.24)

(v)

Cr0xKUB BbIpAKEHNs [Isl CEUCHUA 0 s (3.23) ¢ ceuennem 6e3 ye-
ta uzsyuennst (3.19), B KOTOPOM yuTeHO, 4TO § — m% > my Lo,
OKOHYATEJILHO 110JLy YaeM:

2 F2 Fo 2
i = 00 {mz—gt? + 20 Lt [ln mz 1] } . (3.25)
(s —my) s —my m
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Ormerum, 4o Besniuta a [In(m%/m?) — 1] ~ 0.18, e ucuoiis-
30BaHO 3HAYEHUE TTOCTOSHHON TOHKON CTPYKTYPBI HA MacIITadbe Mac-
cbl Z-6030Ha v >~ 1/129, BO BTOPOM CJlaraeMOM XOTsI U HMEET YCHJTe
HUe JIorapu@dMOM, HO OCTAETCs OTHOCUTEILHO MaJjieHbKo#. Kak cJie)i-
CTBYE, PaJUAIMOHHBIN BKJIA)] B CCUCHUE CPABHUBACTCS 0 BEJTUIUHE
C OCHOBHBIM TP YCJIOBUU § — Mm% 2 3my L.

Baganue 3.3. BoruncianTb aHOMaIbHBIH MArHUTHBIH MOMEHT 3a-
PSIKEHHOI'O JICIITOHA, OOYCJIOBJIEHHbBIH TSXKEJILIMUA BeKTOPHbIMU W - 1
Z-6030HaMu, B MOJIEJIN 3JIEKTPOCIa00r0 B3auMo/ieiicTBus Baitnbepra-
Canawma-Tamoy.

Pewenue

Borancienne aHoMaabHOTO MATHUTHOTO MOMEHTA 3aPS2KEHHOTO JIeTl-
TOHA CBOJIUTCA K BHIYMCJACHNIO MarHNTHOTO popMmdbakTopa mpn q> =
(pa—p1)% = 0 (cm. zaganue 2.3). OrmernM, 4TO 1POLE/LYPa 1ePEeHOD-
MUPOBKHW He 3aTparuBaeT MArHUTHBINA YJeH B BEPITUHE, T. K. MOCTE-
HUil NponopluoHajeH 4-uMIyabcy (hOTOHA (o, a MEPEHOPMHUPOBKA
npousBojuTcst 1pu g, = 0. [Todromy 1npu BbIYMCIEHUN BEPITUHHOM
GyHKIMN OyJIeM CJIeIUTH TOJBKO 3a WJICHAMU, COJIEPKAITIMU 00‘5%.
OTO CYIECTBEHHO YIPOIAeT BLIYUCIEHUS, KOTOPbIE YI00HO MTPOBO-
JINTh B yHUTaApHOW KaJuOpoBKe. B 3TOM ciiydae BKJIa)[ B aHOMaJIb-
HbII MarHUTHBIA MOMEHT 3apPsAKEHHOI'O JICIITOHA JIAl0T TOJIHLKO JIBe
nuarpammbl QeitHMaHa:

[To npasuiy (1.29), onpejiesiennomy B 3ajatun 1.4, Haxoum Jiist
BKJIAJI0B B BEPUIMHHYIO (DYHKIIUIO CJEIYIONNE BLIPAXKEHUsI, COOTBET-
CTBYIOIIME TPUBEICHHBIM JUArPAMMAM:

A& _ Grmy [ dlp Na”
* 2v2 ) @m)t [(p+q)* —m? [P — m?] [(p — p1)? — mZ]
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A = Grm?, d'p NP |
V2 ) @l =l - b —
re k' = pt — pi m kY = p" — ph, m, mz n my — macen senTona,
Z- n W-60o30n0B coorBercTBeHHO, G — KOHCTaHTa Pepmu:

GF 62

V2 SSiHQQWm%/’

. Z
3aBuUcsAIas or yriaa Baitnbepra Oy, Yucanrenn unrerpajion /\/'OE ) u
W
./\/’o(é ) - JINPAKOBCKUE MaTPHUIbI BUJIA!

N = (3.26)

= [(v—ay) V" (h+q+m)va (p+m)y" (v+ays)] o2 (p — p1),

NW) = (3.27)

«

= [(L =) 757" (L + 7)) oV (ko) TS (kv ka) ol ().

B meiiTpaJbHOM JIENTOHHOM TOKE BEKTOpHAs U aKCHaJbHasd KOHCTAH-
ThI 3aPSPKEHHOTO JIENTOHa 0603HaueHbl Kak v = 1 —4sin 0y na = 1
coorBeTcTBeHHO. MaTpuiis! myiorHoctu Z- u W-0030HOB BhIOUpPaOTCst
B YHUTAPHOW KaJUOPOBKE:

PLIZ/’W)(]“) = —Gw + mZ

B (3.27) BBejena eprnna Banmoeiictsusi W-6030H08 ¢ hoToHOM:
L%k, ko) = (ky 4 ko), g% + (ky — 2k1)7 07 + (k1 — 2k2)” 67,

IpUYeM B JlaJibHERIIIEM HaM I10HAJI004TCs HECKOJILKO CBEPTOK BEp-
IIAHBI BUJIA:

oy Fgﬂ(lﬂa ko) = klalﬁﬂ — qaq” + (q2 - k%) 557
U701, ko) k1 = kaok§ — qaq” + (¢° — k3) 8,
koy D99 (K, ko) k1p = ¢% koo — (0k2) Ga.

3aMeTnM, U9TO B Z-BepIIMHe UIEHbI B IIporararope £-0030Ha, MpPo-
nopIruoHaibuble k,k,, He JaloT BKJIaJa B MarHUTHLINA (opMmbaKrTop
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upu ¢ — 0. Jajee, yunrbiBast, 410 m <& mzw u q> — 0, 3HaMeHa-
TeJI MPONaraTopoB PacKJIa/IbIBaeM B Psi/i:

1 1
~ X
(p+a)? =m?[(p—p1)*—mz]  [p* —m? [p* — m]
[ 2 4(pq)?
. 2(pq)2 (rq) 2+_”] y (3.28)
L pr—mT [p?—m?
2 A(p1p)?
w |14 2(]?1]9)2 (plp)2 4 :
| pPemz o [pP—my
1
~ 3.29
R (8.29)
1 2 4(pyp)?
~ 1 iy 2(;0129)2 L _Apwp) e x
[p? — miy] p—myy  [p? —my]
2 4(pop)?
< |14 2(29229)2 N (pzp)2 -
pm =My [pQ_mW]
Torna s A&Z) LOJLY 4HM:
2
A = Grmz (3.30)

« 2\/§
y / d'p (v — ay5) [=2pYaP — 2p7aq + 8mpa] (v + a7s)
(2m)" 2 = m?]" [p? — m}]

[1 20pa) . 2pip) | Alpip)?

X

+

2 2 212
p2—m2 p2_mZ [p —mz]

31ech MHOroTouneM 00O3HAUEHBI UJIeHBI, He Jalollie BKJaJ B Mar-
HUTHBIA MOMEHT.

SamMerrM, 9TO T0JI 3HAKOM MHTErpaJia B UNCIUTEIE MOYKHO MPO-
U3BECTU 3aMEHbI:

1

Pupy — ZPQ Quvs  DPubvPpPo —

1 2
21 (pQ) 9w 9po + GupGvo + GuoGup) -

a Bce HeYeTHbIe CTeleHn 4-uMITyJibca p!' MOXKHO OIyCTUTH 110 TPUIMHE
OTCYTCTBUS BbIJIEJIEHHOTO HAIIPABJIEHUS B MIPOCTPAHCTBE UMITYJIHLCOB.
[Tocse sroro maTerpuposanue B Boipaxkenuu (3.30) mo pH Tpya me
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LpEJICTaB/IsieT U JIJisi BEPIIMHHON (DYHKIMK 110J1yYaeM:

A = r (3.31)
2v/2(47)2
2 o
x =5 (0= av5)” (M1Vad — Gab1) + 4mpia (V¥ —a®)| + -

Ucnonbsys B (3.31) ypasuenus Jupaka /1711 po CJi€Ba U P CIpaBa,
NpUBEJleM WHAYIMPOBAHHYIO Z-0030HOM 4YacTh BEpIIMHHON (DyHK-
UK )K OKOHYATEJIHHOMY BHUJLY:

AD) _ —iGpm? Jaﬁqﬁ v? — ba?
“a 8\/5772 2m 3
(W)

AHajornaHO NpoBeIeM BhIYUCIEHUsT JJist Ay, ', MHIyIIMPOBAHHOA
W -6o30naMu:

(3.32)

2 d4 1 — tHaY (1

V2 (2m)* p? [kf — miy] (k3 — miy]
. { (kl + k2)a Guv =+ (k?2 - le)M Gov T (kl - 2k2)y Jop—
1

- T [kZMklz/kla + k?uklkaa - (k% - m%/v) k2ugay +
My

B (k% o m%V) klygau} + k2pga1/ + klygau} .

31ech OTOPOINEHBl H4JIeHbl, OunHeitHble o uMnyancy dgorona gh.
Qiienbl, nponopuuoHaibibie 1/mé,, Briuajga ue jaor. Pasziokus B
(3.33) smamenaresn mpomnararopoB W-60308 B psiyt (3.29), mosrydnm
CJIEIYIOIIEE BbIPAXKCHUE:

Gpm? d4p (1 —15)
A = W — (D1 + P2) (D1 + P2a) +
V2 (2m)* [p2 — m2,)?
2 2 2 a (07 g 2 (07 o g
n D [(2D10 + P2a) D1 + (2p20 + D20) P2 n (3.34)
3(p? —miy)

+ G (P1 + D2) Yo — Yo (D1 +]32)(f}-

Bcee wnrerpassr no 4-nmmynsey B (3.34) smerko Boraucssiores. We-
I10J1b30BaB ypaBHenus /Iupaka 1 KOMMyTallMOHHbIE COOTHOLLICHUA JIJIs]
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Y-MaTpPUll, HOJLYYUM:

_ 2 I6]
wy _ —iGEm” {oapq” | 5
AW) = TN [ DL (3.35)

Croxus (3.32) u (3.35), HaiieM aHOMATbHBII MATHUTHBI MOMEHT

3apsAKEHHOI'0 JIeNTOHa, obycyoBeHHblil W- u Z-6030HaMu:

W7 e Gpm? [2 | 1. 1
A,ué ) = o NGEE [— sin® Oy — = sin? Oy + —] : (3.36)

3 3 4
e yuTeHo, uyto v = 1 — 4sin* Oy u a = 1.

Saganue 3.4. BbIUucauTh aMILUIATYAY U BEPOSITHOCTH PaIHAIN-
OHHOTr'O paciajia hbepMUOHa ¢ HapylleHueM apomata f; — f;+7 B Mo-
Jiesn saekTpocsaboro B3ammojeiicteust Baiitnbepra-Casmama-Iammoy
CO CMEITIBAHUEM.

Pewenue

C Y4€TOM CMEIINBaHW A JIal'PaH2KWNAH cj1aboro BBaI/IMOrZLeI'/JICTBI/IH 3a-
PAXKEHHOTI'O TOKa MMeEeT BUJ:

Ll (z) = (3.37)

GF m2 1/2 =
= [FR ] Fr o (9 1] W) + b

V2
rie ' = I'y — il'y — kombunanus reneparopos SU(2)-rpymiisr co
CMEIINBAHUEM, KOTOPBIE MOI'YT OLITH 3aIMCAHDI B OJIOTHOM IIPEJICTAB-
JICHUU:

1/ 0 Ki 1/ 0 —iKT 1/1 0
Fl_é(K o)’ F2_§<iK 0 ) F3_§<0—1)’

3J1ech K — yHUTapHasi MaTpuIla cMemnBanns Tuina Kadbucoo-Kobastim-
Mackapa. BBejieHHbIE MaTpPHIILI YAOBJIETBOPSAIOT KOMMYTaIlOHHBIM
COOTHOIIEHUSIM:

[Faa Pb] - ZEabcrca

IJIE Egpe — HOJTHOCTHIO AHTUCUMMETPUYHbINA TeH30p JIepu-Henura.
DepMUOHBI TPEOOPABYIOTCsT KAK KOMIIOHEHTHI IPUBOJIUMOrO (hyH-
JAMEHTAJIbHOTO npejicTaBienns rpynibl SU(2), T.e. 00beuHAI0TCS

o-(51)
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IIponece pajuanmonnoro pacuana f; — f; 4+ B yHuTapHOil Ka-
JNOPOBKE ONMHUCHIBAETCs HADOPpOM 13 deThipex jguarpamm PeiinMana:

Y
w ~y w W~
" Rk AL R
7 Jj o+ 4—%— + + .
v

AMInTyaa pacmaja, yaoBJIeTBOPSIOINas YCJIOBUIO KaJnOPOBOU-
HO# MHBAPMAHTHOCTH, C YUYETOM KHPAJHHOCTH CJIADOT0 B3anMMO/IEii-
CTBUsi MOXKET ObITH IIPEJICTaB/ICHA B BUJIE:

M =N [ar(p;) (57"G — 43"p) ur(p:)] €V (q), (3.38)

rie p' = pi +pf, ¢ = pf —pf mour(pi;) = (L+s) ulpiy)/2 -
JeBblit OucuHop. TakuM 0Opa3oM, 3aj1ada CBOIUTCS K HAXOXKJICHUIO
muoxkuTens N, KoTopblii 6y1eT pa3HbIM B paciafax BEPXHUX U HUAK-
HUX KOMIOHEHT (hbepMUOHHOTO Jy0sera. OTMeTnM, 9TO JIBe TOCe]I-
HUE JiMarpaMMbl He JIAIOT KaJiMOPOBOYHO-MHBAPUAHTHOIO BKJIAJa B
aAMIIATY/Ty. Bbraucienre nHBApUAHTHBIX aMILIUTY/I, OMHACHIBAEMBIX
JIByMs NepBbIME auarpaMmaMu QeffiMana, MOJHOCTHIO aHAJOTHIHO
BBIUKCJIEHUIO aHOMAJILHOI'O MAIHUTHOI'O MOMEHTa, JICIITOHA U3 TIPE/Ibl-
JyIiero 3ajanus. Bee MHTerpajbl 1Mo YeThIpeXMEepHBIM MMITYIbCaM
JIETKO BBIYMCJIAIOTCA. [y IepBoit aMITUTY bl TIOJTY YUM:

GF (&
N pu—
YT 2V2 (4m)2md,

rje MJ% — KBaJIpaT MacCOBOI MaTPHUILI (DEPMUOHOB:
MY 0
My = ( 0 M ) (3.40)

n M* (M%) — MaccoBble MaTpPUIIBI BePXHHX (HIPKHIX) KOMIIOHEHT

(T4 M- —T_M;ry) (3.39)

ij

bepMHOHHBIX J1y0IeTOB. AHAJOTMIHO JIJIS BTOPOH JUarpaMMbl I1O-
JIyYUM:

GF €
Ny = ILQ/MT_+T_Q;M?T,)
’ \/5 (47T)2m2 ( +Qf f Qf f +)ZJ

rae ()5 — 3apsjgoBag MaTpuna (GpepMuOHOB, CBA3aHHAA C rUNep3aps-

(3.41)

JioM Y jiy0Jiera COOTHOIIEHUEM:

Y
Qf:F?)‘l‘E-
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Kommyrarop (¢ ¢ marpunamu I'y pasen:
[[s, Qf] = [Py, 3] = £T.. (3.42)

Crnoxus (3.39) u (3.41) ¢ yuerom (3.42), mosaynm:

GF e
— 4
N 2v/2 (47)2m3, . (3:43)

x [(2=Y)D QM- — (24 Y)T_QMT.]

ij
Ormerum, aro npomssegenne ' I' oriimaHO OT HYyJIsT TOJBKO JIJIst
BEPXHUX KOMIIOHEHT nyosera, a I' 'y — ama amxuanx. Takum odpa-
30M, aMIUTUTY/Ia pacnajia Bepxuux dhepMuonos fi* — fi' 4+~ npunn-
MaeT BU/I:

2_Y
w - Gre@-Y) (3.44)
22 (47,
* 2| ~A(X) 4 ~a(N) A
x Y Kpi Kj; (m§) [UL(pj) (psmq —~ qsmp) uL(pi)] -
7

Jnst Toro aTobbl mosyuuTs ammntyry MY pacmaga mokieit
KOMITOHEHTDI, JIOCTATOYHO B (3.44) cienarh 3aMeny:

Y=Y, (m)'=my)’, KoK (3.45)

ITo CTaHJaPTHBIM IIpaBHJIaM BbIYMCJ/ISIEM KBaJpaT MaTPUYHOI'O
dJIEMEHTa, IIPOCYMMUDPOBaAB IIO IIOJIAPU3allUAM KOHCYHLIX YaCTHUIl U
yYCpeaHuB 1O MOJIAPU3alnsdaAM HadaJIbHBIX:

1 L
5 > ‘/\/ﬁ )| = (3.46)
A\
G2 2|
_ Lrpa 2 | Mij 2 2 2 2\ 2
= e (2-Y) m%V (mZ +mj) (mZ — mj) ,
rje yaTeHo, uTo €2 = Awq v BBeeHO 0OO3HAUECHIE:
2 _ % d\2
ph = KKy (m§)” (3.47)

f

YUaUTBIBasI, ITO KBaJIpaT aMIIATY k! (3.46) — MOCTOsTHHAST BEJIMUNHA,
MHTErpaibHYI0 BEPOSITHOCTD PACIaa MOJYUYUM IIPOCTO YMHOXKEHUEM
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Ha JIByX4aCTUUHbIH (hazoBblit 06beM (3.16), B KOTOPOM 1HO0JIOKUM § =

2 _ o
m;, my =0 u my =m;:

m2 — m?
o= I
4m? (27)°

B urore st BEPOSITHOCTH Paciiajia, BEPXHEH KOMIOHEHTHI JIy0Jsera,
U U .
fi = [+ noaydnm caenyrouee Bbipaxenue:

W(f' = fi'+7) = (3.48)
2 |2 2 2\ 3
Gpm} 3o vl (142 (1=
3 2 2 2
1927 327 miy ms; m;

Ormerum, 910 (POPMYITHI JIJIst AMILIMTY/IBI ¥ BEPOSITHOCTH PACITaia

olpesiesieHbl B IPUOIMKeHUN 1My, mj, my << myy, TJIe my — Macca
W -6030Ha.

Saganue 3.5. BorawcanTh MArHUTHBIE MOMEHT MACCHBHOTO JIH-
PAKOBCKOTO HEHTPUHO B MOJIETH 3JIEKTPOCTAOOr0 B3aMMOJIEHCTBUS
Baitnbepra-Casama-I'isrmoy.

Pewenue

B ornmame oT 3apsyKeHHOro JIENToHa, HEUTPUHO He MMEET JIeK-
TPUYECKOr0 3apsdja W, KaK CJIeJCTBHUe, He 00JiajgaeT HOPpMAaJbHBIM
(KJ1acCHIecKMM ) MArHUTHBIM MOMEHTOM. BoJiee Toro, n aHoMaJbHbIi
MarHuTHBIH MOMEHT, 0OycyioBjieHHbII a3 dexkramu KO, Takxke or1-
cyTcTByeT y HeiirpuHo. OHAKO CBOMCTBO HEHTPUHO yYacTBOBATH B
cJabbIX B3aMMOJICHCTBUSX MPUBOJUT K BOBHUKHOBEHUIO MarHUTHOIO
MOMEHTA iy, €CJIM Macca HEHTPUHO M, OTJIMYHA OT HYJISL.

B mpeamnosoxkennn, 9T0 MaCCUBHOE HEUTPUHO SIBISETCS JTUPAKOB-
cKUM (hepMUOHOM, aHOMAJIbHBIM MArHUTHBIA MOMEHT HEHTPUHO BbI-
YUCJISIETCS B TIOJIHOM aHAJIOIMU ¢ pacdeTaMy 3JIeKTPOCIa00ro BKIIa 14,
B AHOMAJIbHBII MArHUTHBI MOMEHT 9j1eKTPOoHa (cM. 3ajanue 3.3). He
[IOBTOPAS JieTaleil pacyeToB, IPUBEJIEM OKOHYATECIbHBIA Pe3yJIbTaT:

1 = 3eGrmy
Y 872+/2

rje m, — Macca JMPaKOBCKOI'O HETPUHO, € — 3jIeMeHTapHbIIl 3apsi/|

~ 3.2 %107V ({ZB) i, (3.49)

u G — koucrauta @epmu. OTMETHM, UTO B pacCMaTPUBAEMOM TTPH-
OKeHun y 6e3MaccoBoro HeidTpuao (m, = 0) MATHUTHBIH MOMEHT
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orcyrersyer. Boipaxenue (3.49) uepsbie Obi0 1nosaydeno B. Jlu u
P. IIpokom B 1977 1. B ipejieie A = mz/m%,v — 0. ITonpaBku, 00y-
CJIOBJIEHHBIE 9TUM OTHOIIIEHWEM, TaKYKe M3BECTHBI, ¥ COOTBETCTBYIO-
1ee BbIPaXkKeHue uMeer CJIeJIyIomui Bu/L:

(0) 2—5)\+)\2 )\2111)\

S Fyra e (3.50)

Cuestyer 3aMeTHTh, 9TO TTPUBEJIEHHAsT (GOPMYJIa MOXKET OBITH 10~
JIydeHa Kak IpeJleJibHbIA ciIydail cKaJsipHoro ¢gpopMmdakTopa B Mac-
COBOM OTIepaTOpe HEHTPUHO, BBIYUCICHHOIO B TEXHUKE TOTHBIX ITPO-
11araTopoB 3JeKTpoHa 1 VW -0030Ha, IIOMEIEHHBIX BO BHEIIIHEe II0CTO-
sSIHHOE ¥ OJIHOPOJIHOE MarunuTHoe 1oJie. [TockosibKy yKaszaHHbI (op-
MaJIU3M He siBJISIETCS 1IPEJIMETOM U3YUYeHUs JIAHHOIO KypCa, TO 3TUM
3aMedaHueM MBI 3J1eCh 1 OIPaHUINMCS.

U3 skcmepuMeHTa TOJIyUeHbl TOJBKO BEPXHUE OrpaHudeHus (Ha
90 %-M ypoBHE JIOCTOBEPHOCTH) Ha BEJMUIMHY MAPHUTHOIO MOMEHTA
HEATPUHO BCEX TUIIOB:

ty, < 2.9 X 107 Mg,
fhy, < 6.8 x 107 up, (3.51)
[, < 3.9 %107 up,

IpUUIEM TH 3HAYEHNsT Ha MHOTO TOPSIIKOB IPEBOCXOISIT TEOPETHIEC-
Kue npejickazanns CraHJapTHON MOJe/ . 3aMeTUM, 9TO OrpaHude-
HUE HA, MArHUTHBIA MOMEHT 3JIEKTPOHHOTO HEATPUHO U, OBLI IOJIy-
yen KoJutabopamnueit GEMMA Ha ocHOBe n3mepeHuii, BbIIIOJIHEHHbBIX
Ha KaJanmHuHCKOM aTOMHOM 3JIEKTPOCTAHITHH.

3amaane 3.6. BoraucanTh BepOSTHOCTH PaUallIOHHOIO Pacia-
Jla, XUrrcoBckoro bozona H — 2+ B pamkax CranapTHON MO/IEIN.

Pewenue

JByxdoToHHBII paciiaji XUrrcoBCKOro 0030Ha IpeJICTaBIISIET CO-
00#1 0IMH M3 OCHOBHLIX KaHaJIOB ero HadJIoJieHnsa Ha bosbiioMm aji-
POHHOM KoJLIaiijiepe. DTOT IPOIECC MOJHOCTbIO 00YCJIOBJIEH KBaH-
TOBBIMH TIETJIEBBIMHU 3(PPEKTaMu, TPUIEeM BKJAJ B aMILIUTYILY Ja-
10T BCE DJIEKTPUUECKHU 3aPsi)KEHHbIE YACTHUILbI, & UMEHHO BEKTOPHbIE
W-6030HbI U (dyHIaMeHTAJIbHBbIE (DEPMUOHBI: KBAPKU U 3apSXKEH-
Hble JienToHbI. [I0CKOJIbKY MHTEHCHUBHOCTD B3aUMOJICHCTBUS (pepMu-
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OHA € XUITCOBCKMM OO30HOM IPOHOPIMOHAJIBHA €0 Macce, TO aM-
TJTUTY/1a paciajia, WHAYIIHPOBAHHAS 3apsKeHHBIMU (DepMUOHAMU, B
OCHOBHOM HACBHIIAETCsT BKJAJIOM t-KBapka. BeramcanM Tpedyembie
AMIINTYJIbI ¥ CPABHUM CJIEJIYIONIYIO W3 HUX BEPOSITHOCTH PaCIia/ia
C 9KCTIIEPUMEHTAJBbHO U3MEPEHHBIM Ha, BoJbioM aJipoHHOM KOJITadi-
Jiepe 3HAYCHUEM.

U3 06111x coobparkenuit 04eBuiHO, YTO KAaJUOPOBOYHO-UHBAPUAHT-
Hasl aMIIATYIa pacnaga H — 2 1o/KHA UMETh CIe YOI BUT:

e’qg F

M= (47)2 myy

[(kikz) g — Ky k] en(k)e (k2), (3.52)
rjae € — 3JeMEHTAPHBI 3apsi)i, ¢ — KOHCTaHTa HeabeaeBOi IPyIIIbl
SU(2) CrangaprHoii Mojiesin, KOTopast cBst3aHa ¢ Maccoit W-6030Ha
myy 1 KoucranToil Pepmu G'E cOOTHOLICHUEM: GF/\/§ = ¢*/(8m¥,).
Nmmyabest horonos oboznauensl Kak ki u kY, a ux Bexrops! nossipu-
saiuu — (k1) u e”(ky) COOTBETCTBEHHO, IPUYEM [IPE/IOJIATACTCH,
4TO YACTHUIIBI HAXOMASATCS Ha MACCOBON IIOBEPXHOCTH:

kK =ki=0, Keuk)=kie, (k) =0. (3.53)

Bekrop ¢# = k' + kb — yerbipexmepHblil HMITYJILC XUITCOBCKOIO 60-
1 2
30Ha ¢ MACCO My — yJIOBJIETBOPSIET YCJOBUIO:

¢ = 2(kiky) = m% (3.54)

B IIPEJIIIOJIOXKEHIH, UTO PAaCCMaTPpUBAEMbIil 0030H — peaJibHasl YaCTHU-
1a.

Bespasmepnast koucranta F B dopmyiie (3.52) COMepKUT BKIIABI
W-6030HHO# 1 (hepMUOHHOI IIeTeJIb U MOYXKET ObITH 3allMCaHa B BU/JIE
CYMMBI:

F = Fw(Bw) + ) NeQ} Fy(By). (3.55)
f

e N. — userosoit Muoxkuresb (N, = 1 jyst senronos u N, = 3
JJIsA KBapKOB), CYMMHUPOBaHUE IIPOBOJUTCA 10 BCeM (hepPMUOHHBIM
apomartam, () f — OTHOCUTEJILHBIN SJEKTPUICCKUM 3aPsI]] depmuona ¢
Maccout my,

5 4m3; 5 477’&?
W = m%{ ) f— m%{
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U My — Macca XUITCOBCKOro 6o3ona. [Be dpyHKImM, onpeeisionme
yucjeHHoe 3uadenue F B CTaHgapTHON MOJEU, UMEIOT BU/I:

Fw(B) = 2+38+38(2-8) f(B), (3.56)
Fr(B) = =28[1+(1—-5) f(B)] (3.57)
M BBIPAXKAIOTCST TOCPEICTBOM BCIIOMOTaTeILHON (DYyHKIINN:
arcsin® -, mpu 5 >1,
_ VB
f8) = —i {lni\/—@ — i7rr, npu [ < 1. (3.58)

Oyuxuun Fr(B) u Fyy () u Oy1yT BEIUACIATHCA B 9TOM 3a/[aHUM.
BkJ1a/; pepMUOHOB OIpEJIesIAeTcsa JIBYMsl TPEYTOJbHBIMY JarpaM-

MaMU, BHEIIHUMU JMHUAMU KOTOPBIX OYAyT JBa POTOHA M XUITCOB-

ckuit 6030H. Tpedbyemble arpan:Kuaubl B3aUMOJICHCTBIA UMEIOT BUJL;

Line = zf: lle (Vv ipy) Ay — % (orby) H| . (3.59)

NuBapuanrnaa ammiauryja M dbepMmuona ¢ apomaroM f paBHa CyM-
Me JIBYX BKJIQJIOB, N300Pa’KE€HHBIX CJCAYIOMUME JInarpaMMaMu:

ki1 k2

COOTBGTCTByIOLU;I/Ie OTHUM JuarpaMMaM aMIIJIMTY/bl KMCIOT BH/IL:

1o aNe
Ml _ e g Q?meZ(kl)E;(kQ)/(QW)N X (360)

2mW

< Sp ﬁ—l%2+mf o 2+mf o é—i—]%l—me
(—ky)’=m3 " C=mi ' ((4k) —mi]

ie’g . . dN/
My = s — chmfeu(kl)sy(kg)/(Qﬂ)N X (3.61)

é+/%1+mf ué—f—mjf y é—/%g—l—mf
Sp ) 2,‘)/ 62— 27 2 2 ’
(€+]<31) —my my (K—kg) — my
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[TockouibKy KaxKjiasi U3 JiuarpaMmM COAEPKUT 3aMKHYTYIO hepMu-
OHHYIO TIETJIIO, TO B HUX OBLI J0OaBJIEH JIOTMOJHUTEJbHBIH MHOYXKU-
tesib (—1). Tlocste BBIMUCTEHWS TITTYPOB Y-MATPUI] AMIIIUTY 1A TPH-
MeT BUJI;

Qymy £, (k1) £, (ko) / (swa X (3.62)

4000 — g 4 KR+ [m2 — (k)] 9
X .
[52 — mﬂ [(€ + k1)2 — mﬂ [(€ — k2)2 — m?c]

4ie*q

M =

myy

Tenepnb HaJI0 BLIYUCAUTD JBa HHTErpaja — CKAJIIPHLIA S U TEeH30D-
Hbiid TH:

dNe 1
S = )
/ oM (2 —m3] [(€+ k) = m3] [(€ = ko)* = m3]

o / iV 40 — Py
oY [ = m3] [+ k)" = m3] [(€ = ko)” = m3]

B uerbIipexmepHOM TPOCTPAHCTBE cjiejl Ter3zopa 1M obparlaercs
B HYJb, OJIHAKO B IPOU3BOJHHOM /N-MEPHOM IPOCTPAHCTBE 3TO HE
tak. O0beIMHNB TpoTTaraTopbl MeTOJOM (DEefHMAHOBCKOI TTapameT-
pusaluu, cjellaB CABUXKKY IEePEMEHHOW MHTErpUPOBAHUSA U COBEpP-
[IAB IIepexoJi B €BKJWJOBO MTPOCTPAHCTBO HOBOI NEpEMEHHOI MHTe-
I'PUPOBaHKsI, 00a HHTEIpaJia MOXKHO JIEI'KO BbIUUC/IUTD. B pesyiibrare
MOJIy4aTCA CJAEJIYIONMe JIBYKpaTHbIe UHTErPaJIbl:

i(m2) /23 N
S = () M({3——) x
2(4m)N/2 2

0
(m2)V/2-3 N
™ — (m}) P(3——>><
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e Jiisi yao00cTBa BBEJIEHA HOBas LIEpEMeHas U = :1:% [Tocae moj-
CTAHOBKHU 9TUX WHTETPAJIOB B MHBAPUAHTHYIO aMIiuTyry (3.62) cia-
raeMble B YHC/HTENIE, cOojepXKalliue KBajpar Macchl (pepMHUOHa, CO-
KPaTsATCsd U OCTAHETCsl TEH30PHasl CTPYKTYpPa, OPTOrOHAJIbHAST BEKTO-
pam kj u kY, xax Toro u tpebyer KaquOGpOBOUHAsI HHBAPUAHTHOCTD

K9/:

M = ——=Q7F X (3.63)

m2)N/2-2
><KmmmW—k%ﬂﬁ%nﬁwmid%myf(3—§)x

X1 wll—4xy (1 —x2)ul|l —4z1 (1 —21)u N/2=3.
9 Jd !du.4 (1= 1) u] [1 = 4z1 (1 = 21) u/ )

[Tosryuennoe Bbipakenue nmeer KOHeUHbIH 1pejes npu N — 4,
KOTOpPOe W MMeeT peajbHbIil (usnueckuit cmbica. B sTom mpejene
AMILTUTYIA YIPOTIAETCS:

2
gaQ

M = —— ! [(klkg)g“”—k’;kl”] et (ki) el (ks) X (3.64)

1

1
1 -4z (1 —
X /d:cl du i 1) u
1 —4xy (1 —z)u/Bs
0

0

rjie a = €2 /(47) — mocTosHHAS TOHKO# CTPYKTYDHI. JIByKpaTHbIi WH-
TerpaJl BLIUUCJASACTCA JIOCTATOYHO MPOCTO, ¥ AMILIUTY/Ia IPUHAMAET
CJICJTIYTIOIINI BUJI;
2
gal
M = L% (3.65)

2T myy

X [(kaka)g"” — kyki] e, (k) (ko) By [L+ (1= By) f(Bp)],

e uctosb3osana Gyuxnus f(5y), onpenenennas B (3.58). B mosy-
YeHHOM BBIPAXKEHUN JIETKO BhIIENUTh Gyuknmo Fr(f), npuseen-

ayto B (3.57). [losyvennpiii pesybrar B MOJHONH Mepe TPUMEHUM K
3aps>KEHHBIM JICIITOHAM, OJIHAKO JIJIsi KBAPKOB OH Tpedyer Mojudu-
KaIMi. DTO CBSA3AHO € TeM, YTO KBAPKH, B OTJINYKE OT JIEITOHOB, 00~
JIAJAI0T JIOTOJHUTETLHBIM KBAHTOBBIM UUCIOM — «IBeTOM» N, = 3,
yder KOTOPOro IPUBOJUT K yTPOEHUIO aMIuTy/ bl (3.65). Cymmupys
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110 JICIITOHAM ¥ KBapKaM, 0e3 Tpy/ia BOCHPOU3BOAUTCS (PePMUOHHAS
qacTb MHOXKEUTENst F (3.55).

[lepeitjiem K Bbruncsienuio BkJjaja W-6030HOB B aMILIUTY/ly Pac-
naJia. B yHuTapHOit KaJuOpoBKe «JIyXu» U FOJIJICTOYHOBCKUE DO30HDI
OTCYTCTBYIOT U TpeOyeMbie JiJIsi BBIYUCICHUsT aMILIUTYIbI JIArDaHK1-
aHbl B3aUMOJIEHCTBUA UMEIOT CJICAYIOIANA BU/I;

*Cint = ie (8MAV - 8VAM) W_’UW—H/ + 1€ ((%Wj - ({LWJ) AMW_V +
+ie (8, W, —9,W ) WA + (3.66)
F[(AWT) (AWT) — A (WHW )] + gmw (WHWT) H.

B sroit KanubpoBke nmeeTcs Bcero Tpu jguarpaMmmbl OeitHmana,
OTIPeJIesISIONINE BKJIA)I MACCUBHBIX 3aPs?KEHHbBIX BEKTOPHBIX DO30HOR
B aMiinTy ty. JIBe ToroJsiornueckn pasjimdHbie JirarpaMMbl u300pa-
KeHbl Ha puc. (3.67), a TpeTbsi MOJy9aeTcst U3 TPEyroJbHON Jua-
I'PaMMBbI IIepPecTaHOBKO# (DOTOHOB.

p
e k’l Y
k1 + ko M/
—
X 2 + _ —
H 14
- ];2\ Y
p— k1 — ko

Muoxkuresib «2» y 1epBOil JuarpaMMbl yKa3bIBaeT Ha TO, 4YTO
BKJIA/IbI UCXOHOM JuarpaMMbl U aHAJOIUYHOM ¢ IIepecTaHoOBKOM ¢o-
TOHOB MOJIHOCTBHIO UACHTUIHDI.

He mpejcraBasger Tpya 3ammcaTb aMILIATYTY TPOIECCa, KOTOpasd
10CJIe HECJIOXKHBIX 11peobpa30BaHmil MOXKET ObITh IIPUBEJICHA K BUJLY:

M = / (3.67)
< K1 g™ +/c2 P+ K pP Y+ Ky kbp? + Ko KB €,(k1 e (ko).

I'Jie BBEJICH CJIe/IY 0N HAOOP CKaJIsiPHBIX (DYHKIUI IPH TEH30PHbIX
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CTPYKTYypax:

_ 2ieg !
N ) o= kR o k= k-]

x {2(pki)* — 2(p/€1) (k) + 2 (p° — 3miy) (pk1) (ph2) —
=3 (p* —miy) (pk1)* + (p* — miy) (Pk2)* + 2 (1 — N) myy (pks) +
+(p* — miy)? (p/fl) (p® — miy)* (pks) +
+mjy [(N = 1)m§, + m¥y] (p° — mjy) + dmymi; |,
4ie?g mi +2 (N —1)m¥;

Ko = - mw (p? —miy) [(p— k)2 = mip] [(p — k1 — k2)? — miy]’

-2
1e°g 1
Ky =——3 2 _ 2 kD2 —m2 ke — k)2 — 2 X
my (P* — miy) [(p — k1)? — miy ] [(p — k1 — k2)? — myiy ]
x [(0%)* =3 (0 = 3miy) (k1) — (p° + Tmiyy) (phs) —
— 5p*miy + 2(pk1) (pk2) + 2(pk1)* — 4 (2N — 3) myy ],
ie’g 1 "
miy (0% —miy) [(p — k1)? = miy ] [(p — k1 — k2)? — miy]
X [(p2 — m%v) (p2 — 4m%/) — (3p2 — 17m%v) (pk1) —
— (" — miy) (Pka) + 2(pk1) (pk2) + 2(pk1)?] |
4ie’q p*+ 3mé;
mw  (p? = miy) [(p — k1)? = miy] [(p — k1 — k2)? — mi ]
Oyuxunn Ky, K3 n Ky MOXKHO niepernucarh Kak

Ky =

KCs = —

K, — — ie?g {_Q(pkl) — 2(phka) +my  2(pk1) — 2(pky) — mF —4my,
2my, p* = miy (p = k1 — ko) — miy,
B 4m?, B 4 (m3; + 2miy)) (pk2) — 4 (1 = N)my, —my
(p = k1)* = mi, (p* = miy) [(p — k1 = k2)* — miy]
B 16m3,my; }
(p* = miy) [(p — k1) = mi ] [(p — b = ko)* = miy] )
ielg { 1 1
ICs = — + +
i 2md, \p>2—miy,  (p— ki — k)2 —mi,
N 8m3, m3; + 14mi, N
(p? =miy) [(p = k1)* = miy] (0* —miy) [(p — k1 — k2)* — miy ]
N 8miy [2(1 — N)mj, — m¥]
(p* = mp) [(p = k1)* = mip ] [(p — by — k2)* = mi ] [
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K, — — ie%g {_ L m3, + 14mi, B
2miy, | p?—mi (P —mip) [(p— k1 — k)2 — miy]

1 8mi; } |

(p =k — ko) =miy (0= k1)* = miy ] [(p — k1 — ka)* — mip]

Unrerpansr or dyukmuit K; — K5 MOryT ObITb BBIPasKeHBI Ue-
pe3 uaTerpaJbl [laccapuno-Besibrmana, a 3arem cBejeHbl K HAOOPY
cKaasAapHbix unrerpaios Ay, By u Cp, KOTOpbIE OLPEIEISIOTCs Cl1e-
JIYIOIIAM 00pa30M:

i dVp 1
— An(m?) = .
(47-(-)2 O(mo) / (27T)N pg _ mga (3 68)
l dp 1
By(qi, mj, mi) = / (3.69
(4@2 O(Ch 0 1) (27T)N [pQ _ mg] [(p i ql)z — m%] ( )
1
(47’(’)2 CO(Q%? qg? (ql + q2)27 m(2), m%, m%) = (370)

_ / dVp 1
@2m)N [p? = mg] [(p + q1)? — mi] [(p + ¢ + q2)* — m3]

Tpedbyembie HaM MHTErPaJibl MOXKHO 3aIICATh B BUJIE:
de
Kig™ = 3.71
/ emy Y (3.71)
g 2 2 2 9 9 9

o [m%f + 6m%/V] Bo(m%{, m%/[/a m%/V)} ",

dVp .
/(27T)N Ko p"p” = (3.72)
_ _g {—4m2 9" + [mi g — 2k5 kY] [1 + 6m%V] X
(4m)2myy w H 27 m2

X [1 + Bo(m%[, m%,v, m%,V) + Qm%/ Co(m%[, 0,0, m%/, m%/v, m%/)] +

2

6m
2|14 S0 (250, i) — Bl iy )] KR
H
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dN
/ Do piiy = (3.73)
T

(2m)N
eqg 6m? 48m?
= — <2 16m3 |1 W\ _ 9|7 W Ag(m?,) —
(47r)24m%v{ mW[ ! mH] [* mH} olmiy)
96m
iy~ 2y — 0] By i) g
H
dVp e?q
Kykip” = ———— {16 18 Ag(m?
| @ 2y = G, U107~ ISl ¢

dN 1/ 4629 2 2

+4m3, C’O(m%{, 0,0, miy, my, miy) } kki. (3.75)

Hcnonb30BaB COOTHOIIIEHHAE

By(0, z, x) = — 1, (3.76)
X
HOJIy49YuM JIJId aMILJIMTY/Ibl PpacClia/a:
629 2 v v

M= Ty (miy 9" = 2k5KY) £u(kr)ew (k) X (3.77)

6 2 2 2
{1+ My W _ 6m |:1——7n2W] Co(m%,O,O,m%/,m%V,m%/)}.

mH mH

Ckagsipuast pynknus Cy oT 1000HOIN0 HabOpa, apryMEHTOB XOPO-
110 M3BECTHA!

2
C’o(m%[,O,O,m%V,m%V,m%V) = f(Bw), (3.78)
H

rie By = 4m%4/ /m3; 1 6blj1a UCIOIBL30BaHa BCIIOMOTaTebHast (DyHK-
s (3.58).

OkoHuaTe bHBIN pes3ysabTaT JUisd BKIaAa B amiinTyay W-6030Ha
UMeeT BUJL;

M = 2+ 38w + 38w (2 — Bw) f(Bw)] X

47T mw
X [(k1ka)g"" — kyki] eu(kr)es (k), (3.79)
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1€ ( — HOCTOSTHHASI TOHKOU CTPYKTYpbl. OyHKIMSI, 3aBUCSIIAS OT Py,
B TOUHOCTH coBasaer ¢ Fyy(fBw ), mpusenennoii B (3.56). Bosee rpo-
MO3JIKM€e PACYeThl 3TOH aMIINTY/Ibl B TIPOM3BOJILHON Re-Kaanbposke
ObL BbioJiHeHbl Mapuunano, 2Kanrou n BuiijieHOpOKOM TOJIBKO B
2012 1. m MOATBEPKAAIOT MIPUBEJIEHHDIN 3/1eCh Pe3yabTaT, KaK, BIIPO-
yeM, u pesysbrar [Hundmana, Bosomuna, Baiiamreiina u 3axaposa,
HOJIyYeHHbIN B (peitHMaHOBCKOI KaJymbposke B 1979 1.

[Tpexjie dem mepeiTu K BhIYUCJICHUIO BEPOSITHOCTU paciiaja, 00-
cynuM cBoifcTBa nostydenusix Gyukiuit Fr(5) u Fyy(5). Ilepsoe or-
JIMYIUE COCTOUT B TOM, 9TO B nipejiesie 5 — 0 9Tn pyHKIMN BeLyT ceOst
no-paznomy, a umenno Fy(0) = 0 u Fyy(0) = 2. Obpaienue B Hyin
depmuonnoit pyukiun npu 5 — 0 ecth oTpaxkenue apdekTa «Jie-
KaIlJIMHTa», T.€. 0e3MacCcOBbIil (DEPMUOH MEPECTAET B3AMMOJEHCTBO-
BaTh C XWTTCOBCKUM OO30HOM, MOCKOJIHKY IOKaBCKast KOHCTAHTA, €ro
B3aMMOJICHCTBUs TTPOIOPIIMOHAIBLHA MACCE M 3aHYJISICTCS B PACCMAT-
puBaeMoM mpejienie. OTIMIHBIN OT HYJIsS Tpejes BTOPOi (byHKIUN
moJTydusicsad u3-3a Haguaus y W-06030Ha MpOIOTBLHON KOMIOHEHTHI,
B3aMMOJIEHCTBUE KOTOPOW C XUITCOBCKUM OO30HOM HE MCUe3aeT Ipu
cTpemieHun Macchbl W-6030Ha K HYJIIO B OTJIUYHUE OT TOMEPETHBIX
KOMITOHEHT. [Iprunna B TOM, 9TO B yHUTAPHOI KaJuOpPOBKE TTPOJI0JIb-
Hast KomToHeHTa W-0030Ha MOsiBJIsIETCsT B pe3ysbTaTe CIIOHTAHHOTO
HApYIIEHWsT CUMMETPUHN, TIPHIEM STOH CTENEHbIO CBOOO/ I CTAHOBUT-
Cs1 QJIEKTPUICCKN 3apsi?KeHHas KOMIIOHEHTa JTybJsieTa CKaJIsIPHBIX 10-
neit. B ciaydae 6e3maccoBoro W-6030na 370 1osie OyeT MPOsiBIATHCS
KaK I'OJIJICTOYHOBCKUIT DO30H, B3aMMOJIEHCTBYIOIINIT KaK ¢ (POTOHOM,
TaK U ¢ XUITCOBCKUM OO30HOM, a CJIEJOBATEJILHO, JAIONUN HEeHYJe-
BOIl BKJIAJ] B TIETJIEBYIO JINATPAMMY.

B apyrom npegenbaom ciydae [ — 00 dpepMuOHHas 1 D030HHAS
bynxuun umeior npegenst: Fr(8) — —4/3 u Fy(8) — 7. Unrepec-
HO, 9TO BKJIAJIbI TSXKEJIBIX KBAPKOB W OO30HOB HE 3aBUCAT OT Mace
9TUX YaCTHII, T. €. STOT PACHaJl XUTTCOBCKOTO DO30HA SABJISETCS CBOE-
00pa3HbIM CUETIUKOM THCJIA, TSKEIbIX YACTHI], TPUIEM HACTOJHKO
TSIXKEJIBIX, YTO OHU HE MOI'YT ObITh POXKJICHBI JIaXKe Ha YCKOPHUTEISIX

OyayIero.
Bhrancsist crangapTHBIMU METOJAMHU BEPOSITHOCTD JIBYXIaCTHI-
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HOI'O pactiajia H — 27, HojiyduM CJIEJyIONIee BblparKeHue:

_ V2G Foﬂm:}[
25673

I'(H — 27) | F?. (3.80)

Bripaxkenue (3.80) mospsosisier He TOJIBKO MPOBEPUTH MPEICKA3a-
nust CrangapTHOR MOAEIM, HO M IPOTECTUPOBATL BO3MOXKHBIE (-
bexTBl «HOBO# (BUBNKK», KOTOPBIE MOI'YT NPOUCXOAUTEL OT BKJIAJIOB
JIOIOJTHATEIbHBIX TAMXKEbIX CKAJSPHBIX, CIUHOPHLIX U BEKTOPHDIX
YACTHI, B METJIEBLIC JMArPAMMBI, & 3HAYUT, MOIUMDUINPOBATH KOH-
cranty F u 3naueHue BeposgrHocru pacuaja (3.80).

[lepeiiileM K YMCJIEHHBIM OIIGHKaM BEPOATHOCTH pachaja. Macca
HEJIABHO OOHAPYKEHHOI'O XHUITCOBCKOTO 0030HA yrKe M3MepeHa Jo-
CTATOYHO TOUYHO M paBHa mpy = 125.7 £ 0.4 I'sB. B pamkax Cran-
JIapTHO# MOJIeJIn OCHOBHOM BKJaJ B KoHcTaHty J nator W -6030H
u t-kBapk ¢ maccamu mypy = 80.4 I'sB u my = 173.2 5B co-
OTBETCTBEHHO. VI3 Jpyrux 3apszKeHHbIX (DYHIaMEHTAILHBIX YACTHUI]
TOJIBKO - U D-KBapKu U T-JenToH ¢ maccamu me(m.) = 1.275 3B,
my(mp) = 4.18 T9B u m, = 1.777 T'sB jator nebosibiiue nonpasku
K OCHOBHOMY BKJIaIy. C yYETOM BKJIAJIOB BCEX STHX YACTUI] KOHCTAH-
ta F = 6.58 — 0.074, a KkBagpaT ee MOJLYJIs |,7:\2 = 43.3. [loxncrasus
korctanTy @epvn Gp = 1.1664 x 107° I'sB~2 u nocrosuAyio To-
HOKO# cTpykTypbl o(my) = 1/127 na macciirabe maccsl H-6030Ha,
HOJIYYUM CJIEJYIONIee 3HaYeHUe JJjisi BEPOSATHOCTH PACIaa;

T(H — 27) = 11.1 x3B. (3.81)

B skcnepumenTe Ha BosbiioM agpoHHOM KoJLIaiigepe KoJuiabopalus
ATLAS nosyunia, cpaBHUB IpeJCKa3bIBEMOE TEOpHeil 3HAUCHHUE C
MOJIYYEHHBIM CUTHAJIOM, CJIEJIYIONTYIO OIIEHKY JIJIsl PACCMaTPUBAEMOI0

pacmaja:

Fth(H — 2’}/)
TaK 9TO WMEEeTCS COTJIacue TeOPWHW M dKCIIepUMeNTa Ha YPOBHE, TTpe-

», = 1.20 + 0.15, (3.82)

BOCXO/ISAIIEM JIBA CTaHJIAPTHBIX OTKJIOHEHUSI.

[IpescraBiisier mHTEPEC OIEHUTH BO3MOYKHOCTH CYIIECTBOBAHUS T10-
cJie/lyIo1ero, boJiee TXKeI0ro, MoKoJeHus: (PEPMUOHOB C TAKUME 2Ke
CBOMCTBaAMM, KaK M TPHU CTaHJAAPTHBIC. Hagm4ane TaKoro mokoJeHust
O3HAYaeT, YTO JOJI2KHbI CYyIIECTBOBATDL OJINH 3aPSAKEHHbBIN TsKeJIbIi
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jaentod 7 u napa rsixkeanx ksapkos b u t'. Ilpejnonoxus, 4yro Mac-
Cbl HOBBIX YACTUIL CYIIECTBEHHO MIPEBOCXOAAT MACCy t-KBapKa, IIOJIy-
YUM BEIIECTBEHHYIO0 J0OABKY B KOHCTAHTY Pacliaja, KOTOpas CTaHeT
paHoit Fyq = 3.02 — 0.077, 1 BeposTHOCTH paciiaja yMEHbIIUTCS
IIPUMEPHO B pas:

T(H — 27) = 2.34 k9B. (3.83)

Bosiee Toro, HaIMUIME MATOTO MOCJIEIYIONIETO MOKOJIeHUs (DePMUOHOB
cliesiaeT ABYXMOTOHHBIN paciaj XUITCOBCKOTO 0030HA MPAKTHIECKH
HeHa0JII0/IaeMbIM Ha, UMeIoIeiics cTaTucTuke cobbiTuii. Xopoiiee co-
rylacue KCIEepUMeHTa ¢ Teopueil yKa3biBaeT Ha TO, 4TO boJjiee TsizKe-
JIble TIOKOJTeHNUsT (DYHIAMEHTAIBHBIX (DEPMUOHOB (KaK 4eTBEpTOe, TakK
1 TATOe) ¢ BGOJIBINOI J0JIeli BEPOSITHOCTH OTCYTCTBYIOT.

3agaHusga AJisd CaMOCTOATEJILHOM padoThl

1. BoluncanTh OfHOIETJIEBOI BKJIAJI B MOJISIPU3AIMOHHBIN Ollepa-
TOp (hOoTOHA, 0OYCIOBJICHHBII CJIA0BIM B3aMMOJICHCTBUEM.

2. BurumeauTs pajimanoHHble MONPaBKU K Macce MaCCUBHOTO Heli-
TPUHO.

3. Borumeantnh pajguainoHnble MONPaBKU K Macce XUTTCOBCKOIO
0030HA.

4. BpraucanTb BeposSTHOCTb pacnaja H — Z7y m cpaBHUTDH C Be-
POSITHOCTHIO JIBAXK/IBI PAINAIlMOHHOIO paciajia XUrrca.

98



JIureparypa

1.

10.

11.

12.

13.

Bepecrerkuii, B. B. Ksanrosas snekrpomnnamuka / B.B. Be-
pecrenkuit, E. M. Jludmmumn, JI.II. ITuraesckuii. — M.: OU3-
MATJINT, 2006.

. Axuesep, A. . Ksanrosast anekrpoaunamuka /| A. V. Axuesep,

B. b. bBepecrenkmii. — M. : Hayxka, 1981.

. Borosio6os, H. H. Ksanrossie nosist / H. H. Borosito6os, 1. B. Iup-

kKoB. — M.: OUSMATJINT, 2011.

. Boroso6os, H. H. Beenenne B Teoputo KBaHTOBAHHBIX MOJIEH /

H. H. Borositobos, /. B. IlTupkos. — M.: Hayka, 1984.

. Boepxen, JIx. . Penarusucrckast KBantoBast reopust: B 2 T. /

Jx. 1. Beepken, C. . Ipenn. — M.: Mup, 1978.

. Okyunb, JI. B. Jlenroust u kBapku / JI. B. Oxyub. — M. : JIKU,

2013.

. Ileckun, M. Beenenue B kBanToByio Teoputo nosist / M. Ileckumn,

. Hlpenep. — Mxkenck: HUIL «Peryiisipuas n xaoruueckas Jiu-
Hamukay, 2001.

. Uukcon, K. Ksaurosas reopust nosst: 8 2 1. / K. Unukcos,

2K.-B. Bwobep. — M.: Mwup, 1984.

. Boiconkmit, M. 1. JIeknuu 1mo Teopuu 3JIEKTPOCTAOBIX B3AUMO-

neitcreuii / M. . Boiconkuit. — M.: @U3MATJIUT, 2011.

Muxees, H. B. MeTosibl BbluncieH1it 371 KTPOMArHUTHBIX U CJia-
ObIX IpOLECCOB B KBaHTOBOM Teopun nosst /| H.B. Muxees. —

Apocnapan : Apl'y, 1998.

Muxees, H. B. JIaboparophbie 3ajanus 1o kypcey «Pajmrannon-
HbIE [OIPABKU U IEPEHOPMUPOBKU B KBAHTOBOM 3JIEKTPO/[MHA~

vukey / H.B. Muxees. — dpocnasin: Apl'yY, 1990.

Grozin, A. Lectures on QED and QCD: Practical Calculation
and Renormalization of One- and Multi-Loop Feynman Diagrams /
A. Grozin. — Singapore : World Scientific, 2007.

Olive, K. A. The Review of Particle Physics / K. A. Olive et al.]
// Particle Data Group. 2014. V. C38. P. 090001.

99



OryiaBjieHue

IIPEeAUCIOBHE ... . e 3
1. BBEOCHUIE .. 5
2. Tounwblie TponaraTopbl M BepIMUHABbIE PYHKIUNA  ....... 29
3. PagnanmoHHbIE MOMIPABKM ...t 58
4. DJIEKTPOCTIAOBIE TIPOMECCHI ...\ttt ieie e, 71
JIMTEPATYPA oot e 99

YuaebHoe uzjianue

Jobpuianaa Anekcanapa AlekceeBHa
Hapsoiackaga Enena Hukonaesna

PanunaiimonHbie monpaBkKu U T€OPUs II€ePEHOPMUPOBOK

YuaebHoe nocobue
PenakTop, koppekrop JI. H. Cenubanosa,

Kommnpioreprnas Bepcrka  A. A. Jobpomuna, E. H. Hapoiinckas

[Tonnucano B meyars 02.11.2015.
Dopwmat 60 x 84/16.
Yea. ned. . 5,8 Ya.-u3j. ja. 5,0
Twupazx 50 sk3. 3akas

OpurrHaj-MakeT HOJANOTOBJIEH B PEJAKIMOHHO-U3/IATEIbCKOM
otnene Apl'Y

Apocnapekuii rocynaperBennbiit yauepceuteT uM. I1. I'. lemuosa.
150000, fApocaasin, yia. Coerckasi, 14.



