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OT PEJAKTOPA TIEPEBOJA

Jta kHUra HanmucaHa ABYMS BBIAAIOUWIMMHCS (u3uKaMH-TeoperHkamu u3 CreH-
¢dopackoro ueHrpa (H3NKH BLICOKMX 3SHEPrHH, BHeCIINX CBOMMH WCCJIE[LOB2HHIMH
CYUIECTBEHHBIH BKJAai B pa3BuTHe (HM3MKH 3jM€MeHTapHBIX uacTui, Buimesmas s
1964 roay, sTa KHHra IMHPOKO HCIOJb3YeTCS, H CCHUJIKM HA Hee HNOCTOAHHO H 4acTro
BCTPEYAIOTCS B MHPOBOH Hay4HOH JHTepaType. ¥YXe 3Tu OnNpasjbiBaeT NOSIBACHKE
KHMTH Ha PYCCKOM f3blKe, HECMOTPS HA TO, 4TO Hallla JHTepaTypa M0 KBaHTOBOW
TEOPHH 1047 AOCTATOYHO 60TaTa Kak OPHWIHHAJABHBLIMH, T2K W NEPeBOAHBIMH MOHO-
rpaguamMu.

Kuura coctont u3 ABYX uacTefl, CYUIECTBEHHO Pa3jMualOWIHXCA [0 XKapakTepy
H3JI0JKeHHST M DACCYHTAHHBLIX Ha Pas3JuYHbIl KOHTdHreHt damrarenefl. [lepsasg yactp
HocHT OOsiee 3JeMEHTApHBLIl XapakTep, ee LeJb OOBACHUTD W HAYYUTL YUTATENA
MeToJaM, KOTOPHIMH TPAaKTHYECKH NOJb3YIOTCS AAS MOJYYEHHST OPAKTHYECKHX pe-
3YJbTATOB B KBAHTOBON SJEKTPOAMHAMUKE, Teopuy cJaabblx B3aunMogeiicTsuil, a
TaK)Ke HEKOTOPHIX KaUeCTBEHHBIX Pe3Y/bTaTOB B TEOPHH CHJ/IbHBIX B3aHMOAEHCTBUIL
OCHOBOH [J1s1 9TOTO SBJSETCS MeTOA, BOCXOAAL(ME K nepBuiM paboram QeitHMa-
Ha, — MeTOA ¢GyHKUn#A pacnpocTpaHeHHs [as HarJsgHOCTM aBTOPH HCXOAAT M3
onpejeseHust GpyHKUUA PacIPOCTPaHEHHsT B TPOCTPAHCTBE U BPEMEHH H (IPHMEHSTIOT
HX X DelIeHHI0 KOHKpeTHHX 3aaad. [lopofi ato mpuBOoguT K GOsiee NJIMHHBIM Bbl-
KJajkaM, 4eM ecau Obl pa3 u HaBceraa chopMyauposarh ofilee Npasuao Hamu-
CaHusl aMIVIMTYA paccesiHud 0O AuarpaMmam Qefiumana, HO aBTOpH Mpeanoun-
TAIOT MNpParMarHYecKUM INpPaBHJIAM HeTaJbHOE [POCAEXKHBAHHE TPOCTPAHCTBEHHO-
BPeMeHHOH KapTHHEI nponecca.

Bo BTOpoii 4acTH aBTOPH MCXOAAT U3 (GOPMaNSHOTO FAMUJILTOHOBA MeTOLA
KBaHTOBanuA. Pagn ero 4eTKOCTH OHM MPEANOYHTAIOT B CJAYyYae JEKTPOAAHAMHKH
N0Jhb30BATLCS METOAOM, SBHO-HEHHBAPHAHTHBIM OTHOCHTEJLHO JIOPEHUEBBIX H KaJlH-
6poBouHbLIX npeobpaszoBanuil. luBapnanTHOCTh ONpaBALIBAETCA Ha APYTOM 3Talle.
3aTeM CTPOMTCS TEOPHsl BO3SMYLIEHHH H MOAPOGHO HCCJEAyeTCsl cXeMa MePeHOpMu-
POBOK € HCNOJB30BaHHeM Meroma Befin6epra. [Togpo6uo uccaefy:0TCsS: aHaJHTH-
yeckKue CBOICTBA aMIJHTY[H, ocobennoctu Jlangay, MeTon AMCNIEPCHOHHBIX COOTHO-
wenHi. B obweM, BTOpas 4acTh KHHMH JOCTATOYHO MOJMHO OTPA:KAET COCTOSIHHE
KBAaHTOBO} TEOPHH TOJA K MOMEHTY HAMHCAHUS KHUTH.

3a ucreKmHe ¢ MOMEHTA HAMMCAHMA KHUCH JECHTL C JIHLIHAM JeT B (H3HKe
9/eMEHTAPHBIX YACTHU M TEOPHH TNOJA TPOU3OUIeN CYIecTBeHHBIT nporpece. On
NIpakTHYECKH He 3aTPOHYJ KBAHTOBYIQ 3JIEKTDOJAMHAMHKY, MO3ITOMY B 3TOH CROel
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4acTH Kiura He ycrapena. B o6nactn ke cjabblX H CHAbHBIX B3aUMOACHCTBHI
BO3HUKJH CYIUECTBEHHO HOBHIE TeOPeTHUeCKHe HAeH W MeToAbl (B uX pa3paboTke
AKTHBHOE Yy4acTHe NPHHMMAJM H aBTOPBI 3TOM KHHTH). YdecTb «Ha XOAy» 3TH
H3MeHEHHS HEeBO3MOXKHO — OHH TpeOYIOT OTAeJIbHOH MOHorpadui. Ita Ke MOHO-
rpagus He TepAET CBOGH UEHHOCTH M, MOMHMO ee yXKe He MEHSIOUMXCs OT Bpe-
MEHH DasfelioB, OCTaHeTCs BBEACHHeM K OyAyuleH, Tak e Kak ee 'epBas 4acTb,—
Ko BTopoil. [losToMy Mbl OrpaHMYMJMCh HEGOJBIIMM KOJHYECTBOM JOTOJHEHHI,
HIefiHO HEeNOCPEACTBEeHHO NPHMBIKAIOMINX K COAEPXKAHUIO KHHTH, OTHOCAIUHXCSH K
B3aHMOLEHCTBHIO 3JEKTPOHOB ¢ aAPOHAMH M MIOOHAMHE,

B. b. bepecreyruti



NMPEANCJ/IOBHUE

Ipennoxennntii B 1949 r. P, ®eilnManoM HOAXOA K DeNATHBH-
CTCKOH KBaHTOBOH TeOpHH, OCHOBAHHBI Ha MeTode $YHKIUHM pac-
NpOoCTpaHeHHs, MO3BOJKJ COPMYJAHPOBATh KBAHTOBYIO 3JEeKTDPO/H-
HaMUKY B HMHTYHTHBHO IpPHBJEKaTeJLHOH U NPaKTHUecKH YAO0OHOH
(opme 1 B TO XKe BpeMs 0Ka3aJ/cCs BecbMa HJOAOTBOPHBLIM JJIA UIH-
pokoro kjaacca 3ajay B TEOPHHU 3JeMeHTapHbIX dacTul. [lpoueaypa
NepeHOPMHPOBOK, HA KOTOPOH OcCHOBaHa Bepa TCOPETHKOB B Hpef-
CKa3aHHUsl KBAaHTOBOH 3JIeKTDOJAHUHAMUKH, 3aBHCHT HA CaMOM [Jeje OT
aHasn3a auarpamv QPefilnmana. To ke OTHOCHTCS M K 3HAYHTEIb-
HOMY liporpeccy, AOCTHFHYTOMY B /A0Ka3aTe/JbCTBe AHAJUTHUECKHX
CBOACTB, HeOOXOAMMBIX AJS1 HANUCAHHS [AHCHEPCHOHHBLIX COOTHOILe-
HHA. MoXHO, HaKOHell, HOUTH eHle [ajplie W OPUHATb KPalHIOW
TOUKY 3peHHus, coracHo kOoTopoH nHabGop Bcex auarpamm DeftumaHa
H eCTb TEOpHsl.

B oroii knure u B cieayioouiem ToMe «PeasTHBHCTCKHE KBAHTO-
Bble HOJIA» MBl HE BbICTYNaeM B 3alIUTy 3TOH TOUKH 3PEHHS, Kak,
BIIpoyeM, BooGuie He nLITademMcs OTCTOATb KaKylo-1HOO eNMHCTBEeH-
HYIO TOUYKY 3peHHs B yuilep6 BceM ocTadblibiM. Celiuac HUKTO He
MOXKeT MU3BOJHTL cebe MOAOOHONH POCKOIUM BBHAY HEyHLOBJRTBODH-
TeJAbHOI'0 TOJOXKEHHs, CJA0KHBLIEroCcs B (PU3HKe 2JeMeHTapHBIX dac-
THI. B ocobeHHocTH HaM He x0TeJoch Obl NPHYMEHLIIHTb 3HAYeHHe
nporpecca, /[JOCTHIHYTOrO B (OPMaJbHOH TeOpHH NOJs W AUcClep-
CHOHHOY TeOpHH Me30H-HYKJOHHOrO B3aHUMO/JeHCTBHS NDH HH3KHX
sHeprusix. TeM He MeHee OCHOBHOe yjapeHHe Mbl jAejaeM Ha pas-
BUTHe npaBus PefiHMaHa, KoTopble CJAEAYIOT HENOCPEACTBEHHO H3
BOJIHOBOrO VDaBHEHHA AJA AHPAKOBCKOIO 3/eKTpola, eC/id 3TO ypaBs-
HEHHEe NPOHHTErPHPOBATb C PAHUYHLIMH YCJIOBHSIMH, BbITEKAIOMIHMH
U3 TEOPHH AHPOK.

BasTbes 3a wanucanue KHHIM (npeBpaTHBLIEHCH 3aTeM B LeJbIX
fiBe), uzjaraiomeli HMeHHO Tako#l nopxoj, Hac NOOYAWIH Tpu OC-
HOBHblE [IDHYHUHDI:

1. ®efinmaHoBCKHe AMarpaMmbl M [paBu/a BbIUHCJIEHWE Bbipa-
XKaloT pe3yabTaThi KBAHTOBOH TeopHH noJs B ¢opme, YIOOHOH AJs
aHaJ/i3a dKCIePUMEHTANbHBIX AAHHBIX. XOTH (GOPMYyJHPOBKA TEOPHU
B TepMHHAX JHarpaMM MOXKET 03HauaTth MCIOJL30BaHHe TEOPHH BO3-
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MyuleHuil, npumep 1polJeMbl MHOTHX TeJ [OKa3biBaer, 4To rpadu-
YeCKHe MeTO/bl MPUTOJHB! AJS ONUCAHHS ABJAEHHUH, He MOAJAKOULIHXCSA
aHaJH3y C NOMOUILID TeopHM BO3MYIUeHHH (Kak, HanpHMep, CBepX-
IPOBOJAHMOCTh H 003e-ra3, COCTOSHIIMNA H3 TBepabiX chep).

2. Brnosne mMoxer cayuyHTbes, uTO npaBuia PefinMaHa B HEKo#
BHOH3MEHEHHOH (opme OKaxKyTcs AOJroBeuHee, yeM CJIOXKHAsI Ma-
TeMaTHYeckas KOHCTPYKLUHS JOKaJbHOH KBAHTOBOH Teopuu noJs, oc-
HOBaHHAd HAa TAKOM HleaJU3UpPOBAHHOM MOHSITHH, KaK HoJe, 3a]aH-
HOe B (DHKCHDOBAHHBIX TOUKaX NPOCTPaHCTBA-BPpeMeHU. [1loaToMy Mbl
OyneM B HepBYyl0 oyepelb pPa3BHBaTh (peHHMAHOBCKHe MpaBHJa He-
3aBHCUMO OT (popMasinaMa Teopur noJjs. C TeueHHeM BpeMeHH MO-
XKeT BBIACHHTbCH, 4T0 (DOpPMAJIH3M 3TOT ecThb CKOpee HaACTPOHKa,
yeM ()yHAAMEHT TEOPHH.

3. Tako# nyTb nocrpoenus — 6oJjee NpsIMOiA # MeHee PopMaJib-
HBIA H, BO3MOXKHO, He CTOJIb TPYAHBIH NJs MOHHMAaHHS, KaK AeAyK-
THBHBI TeopeTHKo-moJeBofd moaxod. OH A0JKEH BOOPYKHTb MeETO-
NaMH BbIYUCJIEHHS W aHaau3a (peAHMAHOBCKHX Huarpamm Kpyr o¢u-
3HKOB, 3HauuTe/ bHO OoJiee MHPOKHHA, UeM KPYr TEOPETHKOB, BJd-
ACOIHX METOAOM BTOPDHYHOTO KBaHTOBaHus. B ocobeHHocTH MBI
HMeJd B BHIY HAllWX KoJUler SKCOepHMEHTaTOpPOoB H CTYAEHTOB, HH-
TePeCyroUlHXCsl U3HKON 3JeMeHTapHbIX 4acTHull. Mbl moJjaraeM, 4to
TakKoe M3J0XKeHHue npefiMera OKaXercs MOJe3HbIM.

[Tepponaua/sibHO Mbl HaMepeBaJHCh HANMCATL OAHY KHHCY, HO
CO BpeMeHeM OHa lpeBpaTtujach B ABa Toma. B nepBom Tome «Pe-
JATABHCTCKAN KBAHTOBAsi MeXaHUKAa» Mbl H3jnaraem MeTon (yHK-
LHHY paclpOCTPaHeHHs AJd AHPAKOBCKHX YacTHl, OTOHOB ¥ MOAUH-
usitomnxcsl ypaBHeHuio Kiuefina — [TopioHa Me30HOB, W NPOBOAKM
pAa BbIYHCJAEHHH AJA WJJIOCTPAUMH pa3HooOpasHofl nosesHoll Tex-
HHKH H NIPHEMOB, HCNO/b3YEMBIX B TEOPUH 3JEKTPOMATHHTHOrO, CJa-
06oro M cuJapHOIrO B3amMofeHcTBUH. Ciloaa OTHOCATCS OnpejeseHHe
H NpoBejaeHHe 1IPOLEeAYPH NepEeHOPMHPOBOK H BHIUHCJCHHE pajlHa-
LHOHHBIX MONPaBOK, TaKUX KakK JA9MOOBCKOe CMellleHHe B HH3LUEM
upuOAHKeHHA. [na dTeHHss 3TOH KHHIH AOCTATOYHO BJAleTb Kyp-
COM HepeJATHBHCTCKOH KBAHTOBOH MeXaHHKH, HalpuMmep, B obbeMe
kuuru JI. ludpa «KBantoBas mexanuka» (Mocksa, WUJI, 1957).

Bo Bropom ToMe «PeisiTHBHCTCKHe KBaHTOBBIE [0JS1» Mbl H3Jja-
raeM KaHOHHUECKYIO TEOPHIO N0JS H 3aTeM, [0CTPOHB ¢ MOMOLLbIO
Texuuky Jlemana — Illumanynka — Llummepmana (LSZ) 3amkny-
Thle BbipaXKeHus A (PYHKOUA paclpocTpaHeHHsl H aMIINTy;A pac-
CesiHHs, BHOBb Bo3BpauiaeMcssi K auarpammam @elinmana. [loka-
3aHO, YTO pasJioxKeHHe aMILIMTYABl paccesiHus B PsA TEOPHH BO3-
MYIleHHH, NoJYyYeHHOe B paMKaX KaHOHHUECKOH TeOpHH Mo, COBNa-
laeT ¢ pacCCMOTPEHHbLIM B NEePBOM TOME Da3J/OXKEHHEM [0 NpaBHJaM
®eiinmana. ITyrem paJbHelilero anaJu3a AdarpaMM Mbl HCCaeAyeM
aHaJHTHYEeCKHe CBOMCTBA (PeHHMAHOBCKHX aMILIMTYA B J06oM No-
PsiiKe MO KOHCTAHTE CBA3H W Pa3bsACHAEM AMCIEPCHOHHBIE METOMHI.
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B szakamoueHHe Mbl JOKa3blBaeM IE€DEHOPMHPYEMOCTb KBaHTOBOH
3JJeKTPOAHHAMHKH B JI0G0OM NOpsifiKe MO B3aHMOAEHCTBHIO.

He ocranas.suBasich Gojiee NMOAPOGHO Ha MaTepHaJe, H3JOMKEH-
HOM B Kypce, MepeyucauM OCHOBHble BOTPOCEH, KOTOpbie B HeM He
ocBenleHbl. [ToJHOCTBIO OTCYTCTBYET H3JI0KeHHe MpHHLHNA NeHCTBUS
H npeasoxeHHas llIBHHrepoM ¢opmyJHpPOBKAa KBaHTOBOH TeopHU
noJisl, OCHOBAHHAas Ha BapHAUHOHHOM noaxojpe. Mul npuGeraem K
Bapualun [AefiCTBHS TOJBKO NPH HCCJAeNOBAHHH CBOHCTB CHMMETPHH.
OnyueHo noapoGHOe o6CykACHHE ele ABYX BONPOCOB: CYHIECTBEH-
HOro mporpecca, AOCTUIHYTOrO B aKCHOMATHUECKOH KBAaHTOBOH Teo-
PHH 10J4, ¢ OQHON CTOPOHH, U HE CBA3AHHOrO ¢ TeopHel noJas S-
MaTPHYHOIO NoAxoAa — ¢ Apyrofl. 3a HCKJIOUEHHEM COAEpIKAIIerocs
B nepBOM ToMme 00cyx/JeHHusl J9MOOBCKOTO C/BHTA H CleKTpa aTtoMa
BOAOpOJa, npobseMa CBSI3aHHBIX COCTOSIHHH He paccMaTpHBaeTtcs.
HucnepcyoHHBle COOTHOLIEHMS JIHIIL B MHHHMAJbLHON CTemeHH
HCIIOJb3YIOTCA B AHHaMHUeCKHX Bompocax. He npuBoautcs ¢opmy-
JHPOBKA KBAaHTOBOH TEOPUHU NOJS AJS MACCHBHBIX BEKTOPHBIX ME30-
HOB, TaK e KaK H TeOpHH MOJs, COJep:Kallledl CBA3M C NPOU3BOA-
HeIMH. Kpome Ttoro, Mpl He noAarotoBuwin Oubanorpaduio Bcex cCy-
HleCTBEHHBIX ODHrHHAJbHHIX paboT N0 PAacCMOTPEHHbBIM B Hallem
Tpyae BompocaM. OTMeueHHble NpoGeJbl MOTYT ObiTh BOCHOJHEHbI
¢ NOMOILUbI K3JaHHBIX B IOCJAejHee BpeMs MoHorpagpuil u yues-
nukos [1 — 20].

B szakqioyeHne Mb 06a3aHbl M0GJarofapHTh MHOTHX CTYAEHTOB
H HallHX KOJJIEr, KOTOpble ObLIW YYTKHMH CJYIIATeJsIMH 4 Heole-
HUMBIMH KPHTHKAMK B TOT IEepPHOA, KOrJa HAUIM JIeKnMM DpeBpaila-
JHuCch B HaMHCAHHbIe raaBHl, npogeccopa Jleonapna llluddda, Boony-
HICBUBLUIEr0 HAC Ha HaNHCaHHe 3THX KHHUI H OKa3aBllero 3aTeM
nogaepxKky, a Takxke PosMmapu Cramndenap u Daedn Maun 3a odie-
CTAWYI0 0QOPMHTEALCKYIO PaboTy.

Howcedme . Boepren
Cudneii 1. Hpean



FrTABA 1
YPABHEHHE O UPAKA

§ 1. ®opmyanpoBKa pPeASTHBHCTCKOH KBAHTOBOH TEOPHH
Y

[TockoabKy NpHHLHOBL CHENHaJ bHOH TEOPHH OTHOCHTEMbHOCTH
SIBJAIOTCA B HacTosilllee BpeMsa OOUIENPHHATHIMH, NPaBUABHO IO-
CTpoeHHAsT KBAaHTOBAA TeOPHA J0JKHA YAOBJAETBOPSTb PeSiTHBHCT-
CKKHM TPeOOBAHHAM: 32KOHBI ABHXKEHUS, CIPaBeJHBLIE B OHOH HHED-
HHaJbHOA CcHCTeMe, AOJKHBI ObITh CHpaBeqJIHBBI BO BCeX HHEPIH-
aJbHbIX cHcTemax. Ha MaTtematuueckoM si3blke 3TO O3HauaeT, UTO
peJATHBHCTCKAS KBAHTOBAs TeOpHsl AOJKHA ObITh CHOpPMYJ/HpOBaHA
B KOBaPDHAHTHOH OTHOCHTelbHO npeobpasoBanuil Jlopeuua dopme.

[lepexoasi oT HepeAATHBUCTCKON K PeJATHBHCTCKOH KBAHTOBOMN
MeXaHHKe, Mbl NONBITAEMCS COXPAHHTb NPHHIIHOBI, JexailHe B OC-
HOBe HepeJsITHBUCTCKOH Teopud. Huxe Mbl KpaTKo HaNOMHHAeM 3TH
npuHInne '):

1. dusi 3ananHofl HU3HUECKOH CHCTEMBI CYLIeCTBYeT BEKTOp CO-
crosHns @, KOTOPbIA COAEPXKHUT BClO HH(pOpMALHIO O paccMaTpHBae-
Mo# chcreme. Masaras Ha nepBbIX NOpax OJHOYACTHUHVIO PeasiTHBH-
CTCKYIO TeODHIO, Mbl O0OblyHO OyJeM HMeThb AeJd0 ¢ KOOpAHHATHBHIM
npejcTaBJeHHeM BEKTOPA COCTOSHHS, T. €. ¢ BOJHOBOH (yHKiHel

$(g1, ..., gn; S1, ..., Su; t). BounoBass ¢yHxkuus ¢(g,s,t) sg-
JsieTcst KOMIJIEKCHOH (yHKIHeH OT BceX KJAACCHUECKHX cTemneHel
cBobOAB! Gy, ..., §n, BpeMeHH ! H [OMOJHUTEJbHLIX CTeleHel CBO-

Oonbl, TAKHX KaK CIHH S;, HMEIOLHX KBAaHTOBOMEXaHHYECKYIO [IpH-
poay. Cama Bo/iHOBast ()YyHKUHS He HMeeT NMpsiMOH (pHU3HUECKOH HH-
TepunpeTaluuu, OAHAKO KBajapar ee Mmoayas, |¢{(qi, -., qn} S1, --.
., Sn; t)|2 =0, uHTepupeTHPYETCS KaK BEPOSITHOCTL TOrO, 4TO B
MOMEHT BpeMeHH ! CHCTeMa XapakTepuayeTcs HaGOpOM nepeMeHHBIX
91, ..., Gn; 81, ..., Sn. VI3 BepOATHOCTHO! HHTepIpeTalHH OUEBHJ-
HLIM 06pa30M cJelyer, uTo AJs1 (PU3HUECKH AONYCTHMBbIX BOJHOBBIX
Gynkuuit P BesuunHa |P|? goskHa GbiTh KOHEUHOH A5 JM106LIX 3HA-
YeHu#t gy, ..., gn; S1, ..., Sp B JIOOOH MOMEHT BpeMeHH f.
2. Jliob6oii HabaonaeMoll (PHU3HUECKOH BeJHUHHE COOTBETCTBYET
JUHEHHBLIH 3pMUTOB omnepatop. B uacTHOCTH, KaHOHHYECKOH

1) TToapobuee cm. Kypen [21—24].
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NepeMeHHON HMIyJbca p; OTBeYaeT B KOOPAHHATHOM MPOCTPAHCTBE
cJellyIoUulnil oflepaTtop:

h 9
i oq,°

by —> —
3. Pu3nyeckasi cucTeMa ABASIETCS COGCTBEHHBIM COCTOSIHHEM OIle-

patopa Q, ecin
QD, = 0,D,, (L.1)

rie @, — n-e co6CTBEHHOE COCTOSIHHE, OTBEUAloLlee co6CTBEHHOMY
3HAYEHHIO @n. a9 5pPMHTOBA OllepaTopa w, — AeiCTBHTE/bHAS Be-
JHuYHHA. B koopauHaTHOM MpeacTaB/ieHnn ypaBuenue (1.1) umeer
BH]

Q(CI, S, t)'\pn (Cl’ s, t)=03n"pn (CI, s, ).

4. TloctysaT o pas/oMKeHHWH TJIacHT, YTO NPOH3BOJbHAS BOJIHO-
Bast (YHKUHSA, HIH BEKTOP COCTOSIHHS, (DH3MUECKO[ CHCTEMbl MOXKET
ObITb Pa3J0KeHa N0 NOJHOH OPTOHOPMHPOBAHHOH CHCTEMe COBCTBeH-
HbIX (DYHKUHA Pn NOJNHOTO HaGopa KOMMYTHPYIOMIHX ONepaTOpOB.
CirefoBaTte/bHO, Mbl MOXKEM 3alHCaThb

V=2 a.p,,
n
a YCJIOBHe OpTOHOpMHpOBaHHOCTH HMeeT BUO

ZS(dq[ U (- D, (g, ..., 8 ..., 1)=38,,.

S

Beanuuna |an|? ecTb BepoOsSITHOCTb TOro, 4TO CHCTEMa HAXOLUTCA
B 1-M COOCTBEHHAM COCTOSTHHH.

5. PesynbraToM HaMepenus HabJo4aemMoii GH3MUECKOH BedHYHHBDI
SIBJISIETCS OJHO M3 ee COOCTBEHHBbIX 3HaueHWH. B wacTHocth, ecam:
(pusuyecKas cHCTeMa ONHCHIBAETCH BOJHOBOH (DyHKILHef 11>=Za,11p,,,
rie  Q¢, =0,p,, H3MepeHHe HaOaonaeMOl (PH3MYECKOH BeJH-
YHHBI 0 faeT COGCTBEHHOe 3HaueHHe w, C BEPOATHOCTHIO |an|Z
Cpennee 3Hayenue HaGaofaeMoli Q 1m0 GOJILIIOMY UYHCJYy H3Mepe-
HHII, NIPOBEAEHHBX B OAMHAKOBO [PHIOTOBJEHHBIX CHCTEMAaX, AAETCS
BLIDaXKeHHeM

@y= Ja . ov@ .. s 006G, s, 0=

§
=Zlan[2m,,.
n

6. PasBHTHe (H3HUECKOH CHCTEMBl BO BPEMEHH ONHCLIBAETCS
ypaBHennem llpeaunnrepa

Lo
in St =1, (1.2)
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B KOTOpOM ramuJ/brToHuan H siBjsieTcss JHHeHHbIM 3DMHTOBLIM Ole-
patopoM. [lasi 3aMKHYTOH (HU3HIECKOH CHCTEMbl rdMHJbTOHHAH He
3aBHCHT $IBHO OT BpeMenH, T. e. OH/0t =0, u B ToM c/ayuae ero
cO6CTBeHHbIe COCTOSIHUSI ABJSIIOTCA BO3MOXKHBIMH CTAallUOHAPHBIMH
CGCTOSTHHSIMH CHCTEMBI. IIpHHUHI cyMepnos3uiuu ciaenyet us JHHeH-
HOCTH raMmuJ/JbToHHaHa [, a coxpaHeHHe BeDOSITHOCTH H3 CBOHCTBA
3pMHTOBOCTH H:

=) S g .. )vy=%) S (dgy ... ) [(HY) $—¥* (Hp)] =0. (1.3)

Mm nocTapaeMcst COXpaHHTh IlepedHCc/IeHHble HIeCTh H3BECTHBIX
NPUHUKMIOB B KauecTBe (pyHAAMEHTA pPeJISTHBHCTCKO KBaHTOBOH
TEOPHH.

§ 2. MpenBapuTeabHble 3aMeyaHus

[lpocrefinielt ¢usnueckofl cucreMol sBJAsAeTcss cBoOOAHAs H30-
JAHPOBAaHHAsl YACTHUA, HEPEJNSTHBHCTCKHH TraMHJ/IbTOHHAH KOTOPOH

uMeeT BHUA

p?
H=-2L". (1.4)
Hepexon K KBAHTOBOH MeXxaHHKe OCYILECTBJAAETCA NyTEM 3aMeHbI
.. 0 h
KOTOpasi NPHBOAUT K HepesJsTHBHCTCKOMY ypaBHeHnuio Ulpennnrepa
.. 0P (g, 1) — h*V?
ih S = = (g, ). (1.6)

VYpasuenust (1.4) u (1.6) HeKOBapHAHTHBI U NMOTOMY He MOryT ObITb
NpH3HaHbl YAOBJETBOPHTEIbHLIMH. MX JileBble W npaBble yacTy 10-
pasHomy mnpeo6pasyloTcsi NPH JopeHueBbix npeobpasoBanusax. Co-
racHO ClelnaJbHOH TEOPHH OTHOCHTEJNbHOCTH NosHas SHeprusi £
M uMnydbe (pPx, Py, Pz) Npeobpa3yroTcs Kak KOMIIOHEHTH YeThlpex-
MepHOro BekTopa')

E
= p', 1 P)= (=" Px, Py P:)

KBajpaT JJIHHbI KOTODOI'O DABEH

3
E2
ZPuP”EPuP“=7—P'PEm2c2, (1.7)

TR H]

E
1) Tlpu stom py, = (—;—, —p), xy=(ct, —x). (lIpun. ped.)
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rie /m-— Macca [OKOsS YacTHLbl, a ¢ — CKOPOCTb CBeTa B BaKyyMe.
Bosee noapobroe o6cykaeHHe HCMOJb3YEMBIX B KHHIe KOBapHaHT-
HBIX 0603HaueHHH coAep:KuTcs B npusoxenud A. OTMeTuM, uTo CO-
orBeTcTBHe (1.5) MexAy kjaaccHUeCKHMH BeJHYMHAMH H ONeparo-
paMH KOBaDHAaHTHO OTHOCHTeNbHO npeobpasoBaHuil JlopeHma, n6o
OHO YCTaH&aBJ/HBAaeT CBs3b MeXJy IABYMs KOHTpaBapHaHTHbIMH 4-
BekTOpamu ') pH— ik 0/0x,,.

Paccyxaasi nogo6ubiM 06pa3oM, eCTECTBEHHO B KadyeCTBe ra-
MHJbTOHHAHA PeJATHBHCTCKOH cBOOOJAHOH uyaCTHLLI B3fTb BblpaxKe-
HHe

H = 4/ p%c® + m2c%; (1.8)
TOrja peasaTUBHCTCKuR aHaJjior (1.6) Gyder BBHITJISAETHh TakK:
i 2V — =RV mi . (1.9)

Tyt Mbl cpady crajskuBaeMcs ¢ 1pobaeMOil HHTepHipeTallHH KBagpart-
HOro KopHsi U3 omepaTtopa B npaBoli uwactu (1.9). Ecau pasnoxuthb
KOpeHb B psi[, Mbl NOJYUHM YpaBHeHHe, COAep:Kalllee Bce CTeleHH
cnepatopa Jug¢epeHIHPOBaHHs; C/eJ0BaTe/bHO, TEOpHSl HeJO-
KajibHa. B TakuX TeOpHsIX HMeIOTCsl cepbe3Hble TPYAHOCTH W OHH
npencTaBasioT coboll BechMa HenpHBJEKATeJ bHbIl BapHaHT ypaBHe-
Hus Llpeanurepa, B KOTOpOe NPOCTPAHCTBEHHHIE KOODAHHATHI H
EpeMs BXOASIT HECHMMETPHUYHHIM 00pa3oM.

B measx MaTeMaTHUeCKOH NpOCTOTH (a BO3MOXHO, 3a HeuMe-
Huem ybGenHre/ibHON (pH3MUeCKON KapTHHBI) Mbl H30ABHMCH OT KBaj-
paTHOTO KOpHsi U3 oniepaTopa B ypaBHenun (1.9), sanucas

H?= p?¢* + m’c*. (1.10)
Jlpyro#i, 3KBHBaJeHTHHH cnocolb — ABaXK[bl MOAEHCTBOBATL Onepa-
topamu, Bxofawimu B (1.9). Torga, nmosbsysice Tem?2), 4ro npu
[A, Bl = 0 u3z Ay = By caenyer A%p = B%)p, Mbl nojyuaeMm ypas-
HeHHe ,
— 52%2_,\])= (_ h2v2;e? + m2c4) 'llJ,

B KOTOPOM HETPYAHO Y3HATh KJACCHYECKOE€ BOJIHOBOE ypaBHeHHE

[a+(59) ]v=0. (L.11)
rae 0 [5]
0= dx, O
[¢]

1) Corsacso Hamum onpenesennsm x* = (¢cf, x) 1 W= P
u

2) Mubl 6yJeM BCIOLY HCTOJL30BaTb o6o3uauvenne [A, B]= AB — BA pna xowm-
mytatopa u {A, B} = AB 4 BA — ana auTukommyTaropa.
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[Mpexpae uem DpoAOJAKHTL HcCJedoBaHuHe ypaBHeHus (1.11), sa-
METHM, UTO, BO3BOAS B KBaJApaT BhlpaKeHHe AJisl SHEPTHH, Mbl BBEJH
106aBOUHBIH KOpeHb, OTBEYaIOUIHA OTPHLLATE]bHOH SHEPrHH:

H=—/p’c + m’c*.

M1 Toro utobbl NMOJYUHTh NPOCTOE YpaBHEHHE, Mbl MOXKePTBOBAJIH
NOJIOKHTESABHO ONpene/eHHOH OSHepruell, W BO3HHKJAA TPYAHOCTD,
CBs3aHHAs C CYLIECTBOBAHHEM <«JIHHIHHX» DeIIEHHH C OTPHLATENb-
Ho# sHepruefi. TpyaHOCTb 3TA OKa3biBaeTcsl UPEOAOJNHMOH (Mbl Yy3-
HaeM 06 3TOM H3 IJI. D), M PelleHHSIM ¢ OTPHUATeJNbHOH 3HEprHel
MOJKHO - 1aTh (DH3HUECKYIO HHTEpIperauHio. DTH PelleHHs CBA3aHbl
C aHTHYaCTHLAMH, CylHlecTBOBAHHE KOTODbIX B MpHpoJe sBJAETCH
CHJIbHBIM 3KCIepHMEHTAJbHbBIM TOATBEPIKACHHEM 00CyKaaeMol cxe-
Mbl. [losroMy OymeMm noka paccMmaTpHBaTh cooTHomlenHe (1.10) u
BHITEKAlOllee U3 Hero ypaBHeHHe (1.11).

Hawa nepBasi 3afauya COCTOHT B NOCTpPOEHHU COXPaHSAIOLIErocs
MOTOKa, NOCKOJbKY ypaBHende (1.11) ecTb ypaBHeHHe BTOPOro
nopsiika u orauuaercs oT ypaBHenus Illpennurepa (1.2), xotopoe
ABJAAETCA OCHOBOMH [JIS1 BepOSITHOCTHON HHTeplnpeTalHu HepeasiTHBH-
cTcKO#t Teopuu. AHaJIOrHUHO TOMY, KaK HaXOZHTCA COXpaHsAoluics
notok AJs ypaBHenus Llpenunrepa, momuoxum (l.11) nHa ¢*, 3a-
TeM CONpSIKEHHOe ypaBHeHHe NOMHOXKHM Ha ¢ H PE3yJabTaTbl BbIY-
TeM OJHH H3 ApYyroro:

v[o+ () Te—v[o+(5)]v =0

“p Ve — PV, ) =

HJTH

ad ih . ) 0 .

2o (v 52 — 2]+ div g [¥" (V) — 9 (V)] = 0. (1.12)
Besinunne 2mcz)(1p* o 6(;';*) XoTe10Cch 6Bl OPHAATH

CMBICJ IJIOTHOCTH BepOHTHOCTI/I p. 210, OIHAKO, HEBO3MOXKHO, IIO-
CKOJIBKY OHa He $IBJISIeTCS] MOJIOXKHTe/bHO onpepenentoll. Ilostomy,
CJIeflysi UCTOPHUECKOMY MyTH pa3BHTHsA [2D], Mbl Ha BpeMs OTKa-
)KeMcsi oT ypaBHenus (l.11) B Hajmexsae Halitd ypaBHeHHe, COLED-
JKalllee MepBYIO NMPOHM3BOAHYIO 0 BPeMeHH H JoNyckalwoulee, Kak H
ypaBHenue [llpenuHrepa, HenocpeACTBEHHYIO BePOATHOCTHYIO Tpak-
TOBKY. Mul euie BepHemcst K ypaBHeHuio (1.11). XoTs B naJbHeii-
lieM HaM yjAacTcsi HAalTH ypaBHeHHe [1epBOro MNOPsiAKA, OKaxKeTcs
BCe JKe HEBO3MOXKHEIM COXPaHHTh NOJOKHTEILHO ONpeAe/IeHHYI0 Ofi-
HOYACTHUHYIO MJIOTHOCTb BEPOATHOCTH H OJHOBPEMEHHO NpUAATh
¢usuyecknii cMplca otpunatenbHoMy kopuio (1.10). TTostomy ypas-
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nenue (1.11), koTopoe yacto Ha3biBaloT ypaBuendem Kieiina — [op-
JloHa, TIPETEHAYET Ha pOJb PEJATHBHCTCKOrO KBaHTOBOro ypaBHEHHS
HUUYTbh He MEeHbllle, YeM ypaBHEHHE, K H3YUueHHio KOTOPOro Mul Cei-
yac NMPHCTyNaeM.

§ 3. ¥Ypasnenue [upaxa

Hame usJioxenne 6yaeT caenoBaTh ucTopuueckuM paboram u-
paka 1928 r. {26, 23] 1o MNOHCKY peJIITHBHCTCKH-KOBAPHAHTHOT(
ypaBHeHHst Buaa (1.2) ¢ NMOJIOXKHTEIbHO ONpeleNeHHON MJOTHOCTHIO
BeposATHOCTH. ITOCKOJIbKY TaKoe ypaBHEHHe COHAePXKHT MPOH3BOAHYIO
N0 BpPEMeHHU 11epBOro NOPAAKA, eCTECTBEHHO NONBITATbCs NOCTPOUTD
raMuJibTOHHAH, COAeprKanluil mepBble MPOH3BOAKBLIE N0 NIPOCTPAHCT-
BEHHBIM KoomeHaTaM. Hoﬂo6Hoe ypaBHeHHe MOKeT BBINJsleTh TakK:

0
ih (;f =7 ( laxl +0‘2 0x2 ‘6x3)+ﬁmc = H¢y. (1.13)

Bxoagsuine cloga KoaDGUIHEHTH o; He MOryT ObITh APOCTO YHC-
JaM#, TaKk Kak Torja ypaBHeHue He OyheT HHBADHAHTHO Jaxe OT-
HOCHTEJBbHO OOBLIUHBIX [1POCTPAHCTBEHHBIX BpauleHHH. Kpome Toro,
ecau Mbl XOTHM OCTaBaThCsl B paMKax c(opmyJuupoBaHHbx B § 1
o6uinx TpeGoBaHUi, BOJHOBafA (GYHKUUsA P He MOXKeT OblTb CKaJaf-
pom. HefictBuTenbHo, anasi Toro uTobbl B8 (DHKCHPOBAHHBIA MOMEHT
BpeMeHH [ HHTerpaJj no BceMy IOCTPAHCTBY OT INIOTHOCTH BEpOST-
HOCTH p == {*{ OblJ HHBAPDHAHTOM, BeJHUHHa p NOJNKHA ObITh Bpe-
MeHHOI KOMIIOHEHTOH coxpaHsiioulerocst 4-Bekropa.

Urodn us3baurh ypaBHeHue (1.13) or atux HeldoctaTkoB, [lu-
pak NpeiJOKHJ pacCMaTpHBaTb ero Kak MaTpHYHOe YpaBHEHHE.
[lo aHaaoruu co CIHHOBLIMKM BOJIHOBLIMYM (PYHKIHAMH B HepeJIsATUBH-
CTCKOH KBaHTOBOH MeXaHHKe BOJHOBas (yHKIHs P 3ajaeTcsd B BUIE
cronfua ¢ N KOMIOHEHTaMH

Y1
v=|: |
1¥n)

a NoCTOsiHHble KO3dHUHEeHTH «; U § — B BHAe MaTpHLU PasMepHO-
cti N X N. B wurore ypaBHenue (1.13) 3amensierca na cucreMy N
ypaBHEHHH nepBoro nopAAKa

N
i 05')[0 =7 Z (0«1 Gem T %G 6x2 + 0 ax3) ot et Z Bowrnc™p, =

=]

N
= Z H s (1.14

1=l
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Mpbl jaJjiee BCIOAy HCMOJAB3yeM MaTpHuHble 0003HAYEHHS W ONYy-
cKaeM HHJeKchl cyMmupoBanus. Torga cucreMa (1.14) BHemiHe BHI-
rasiiut Kak ypasHenne (1.13), HO Teneps (1.13) caeayer nonumaTth
KaK MaTpHYHOe ypaBHEHHE.

Ilna toro 4ToOHM MOMKHO O6HIIO cuuTaTh ypaBheHue (1.13) or-
NpaBHLIM TYHKTOM JJIs JajbHe{IIerc MOCTPOEHHS TeopHH, OHO
JOJI)KHO yIOBJIETBOPSITH TPEM YCJAOBHSIM. Bo-nepBuiX, OHO AOJIKHO
NPHBOAMTb K TNPAaBHJAbHOH CBA3H MeXAY ISHEPrHedl H HMIYJbCOM
cBOOO/JHOH 4aCTHLE!

E2=p202+m204,

BO-BTOPBIX, TONYCKATh YPABHEHHE HENPEPBHIBHOCTH H BEPOATHOCTHYIO
MHTEPNPEeTALni0 BOJIHOBOH (DYHKIHH 1 H, B-TPeTbHX, ObITb JOpeHL-
koBapuaHTHbIM. Cefluac MBI paccCMOTPHM LepBLle ABa M3 3THX Tpe-
6osanui.

[TpaBuiabHOe COOTHONICHHE MeXAy 3SHepruefl u HMIYJbCOM cJe-
ayet us ypasuenusi (1.13) B Tom ciayuae, ecau Kaxias U3 KOMIO-
HEHT 1, BOJIHOBOH (DYHKIUHH P YAOBJETBOPSET ypPaBHEHHIO BTOPOro
nopsigka Kaeiina — ['opaona

— 12080 (V2 - miet) s, (1.15)

KBaapupys ypasHenue (1.13), Haxoaum

3
_ 0% e Z a0, + a0, 6.2113 .
A 2 Axt ox!

i, [=1

L 3" (@b + B <Y e,

i=1

+

Mpr MoXeM TpHBecTH 3TO ypaBHenue k Buay (1.15), ecan MaTpuus
a; U B moauHHAIOTCS cJexyromeli asarebpe:

a0, a0 =2, aftpe,=0 a=F=I1. (1.16)

Kakumu eule cBOACTBAMH AOJXKHBI 06janaTh MaTPHUB o; H B, H
MOKeM JIM Mbl TOCTPOHTb 3TH UeThipe MaTpHIIL B ABHOM BHie? Mart-
PHIBI oy M P AOJIKHB OBbITb 2DMHTOBBIMIL, TOrAa BXOASIIHUA B ypaB-
Henve (1.14) ramuabtonnan Hg, GyaeT 3SPMHUTOBBIM ONEpaTOpPOM,
Kak toro Tpebylor copmyanpobannsie B § 1 noctynarter. [lockosbky
coriiacio (1.16) a?=@?=1, cobcTBeHHble 3HAYEHHR a; U B PaBHHI
+1. U3 cooTHOmEHH!I aHTHKOMMYyTalU#d BbITEKaeT, UTO cjef, T. €.
CyMMa JAHArOHaJbHBIX J€MEHTOB, KaXXJAOH H3 Martpum o; 4 B pa-
Ben HyJio. Hanpumep, '

a; == — Pa,f.
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ITon 3Hakom Sp MaTpHIBI MOXKHO UHKJIMYECKH [epPeCTABISTh,
Sp AB = Sp BA; orciona mnoJyuaem

Spa; =+ Sppa; = + SpPa,f= — Spa; = 0.

ITockonbKy caes ecTh cymMma COGCTBEHHBIX 3HAUeHHH, YHCJIO COG-
CTBEHHBIX 3HaueHHMH, paBHbIX -1, AOKHO COBNAATHL ¢ HHCJIOM
COGCTBEHHBIX 3HAueHHH, PaBHBIX —I, H, CJeLOBaTeqbHO, MaTpHIBI
a; U f 4erHoli pasmepHocTH. HaumeHnbluiasi yeTHas pa3MepHOCTb,
N =2, ue nomxoaut, Tak kak efl OTBeuaeT HalOp JHLIb H3 TPeX
AHTHKOMMYTHPYIOMIHX APYT ¢ ApyroM Matpuu Ilaysan o; u exunuu-
HOW Matpuubl. MuHumanbHas pasamepHoctTs N, Jomyckamomas [o-
CTpOeHHe MaTpUll a; H f§, paBHa UeTHIpeM, H HMeHHO cayuall N =4
Mbl Oyaem u3yyaTb. B 0HOM H3 KOHKDETHBIX NPEACTABJEHHH MaT-
pHUb o; U § HMEIOT BH[

ai=(?,. gi) b=, 1) (1.17)

i

rae o;— usBecTHble Mmatpuunl [laysan pasmepnoctu 23X 2, a 1 B
MaTtpHue B o3HauaeT eAHHHUHYIO MaTpuuy 2 X 2

Il nosyuenusi 3aKOHA COXPaHEHHs] TOKa B AH(depeHiunaibHOl
dbopMe MBI, BO-NEPBLIX, BBOJHM 3PMHTOBO-CONPSAKEHHYIO BOJHOBYIO

(byHKILHIO w+=(w:... 1]94) v ymuokaem (1.13) ciera na ¢7:
3

inpt 22— fe Z Vvra, 0—‘;— P + mcptpy. (1.18)

ot L

3areM nocTpouM ypaBHeHHe, dDMHTOBO-conpsikeHHoe k (1.13), u
YMHOXHM ero cipaBa Ha :

oyt h - oyt
, ¢
— A= — —
ot b i I;-l axk

apy + me2pt p; (1.19)

snech af =a,;, B+ =0. Boiuntas (1.19) us (1.18), naxoaum

3
e 0+ he 0 +
ihZptp=" 2 % y¥ep,

at\P ¥ L o Y apd

HJ/IH

3 p+divi=0. (1.20)

B stom YpaBHEeHHH Mbl OTOXAECTBW/IH C ILIOTHOCTbIO BEpOAT-
HOCTH W C TPEXMEPHbIM BE€KTOPOM ILIOTHOCTH TOQKa BEPOATHOCTH
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cjaenywlne BEJIHUYHHBL:
4
p=1v"b= 2 V¥, (1.21)

i*=cptayp. (1.22)

Wnrerpupys (1.20) mo BceMy npocTPaHCTBY W HCHOJIb3yf TEOPEMY
I'punal), mosyuaem

2 {devto=0. (1.23)

STO paBeHCTBO NOJAJAEp:KHBaeT Hally HHTYHTHBHYIO HHTEPNPETALKIO
BEJHUYHHB p = PP Kak [OJOKHUTEIbHO OlpefeNeHHOH MJOTHOCTH
EepOSITHOCTH.

O6o3Haueuuns B ypaBHenun (1.20) moguepknBaioT, YTO MJIOTHOCTD
TOKAa BEPOATHOCTH j ABJAsETCS BEKTOPOM, ecsH paBeHcTBo (1.22) uH-
BAPHAHTHO 1O OTHOLIEHHIO K NMOBOPOTAM TpPEXMEDHOH CHCTeMb! KO-
opannat. Ha camoMm jesne HaM HyXHO J0Ka3aTh CnpaBelJHBOCTb
ropasao 6osee oBUIETO YTBEPKAECHHUS.

Yro6bl obecneunTh KOBApHAHTHOCTb yYPABHEHHS HENPEepbIBHOCTH
¥ BO3MOMKHOCTb BEPOSITHOCTHOH HHTepNpeTaiHH, MJOTHOCTL BeEpo-
SITHOCTH H IJIOTHOCTH TOKA BEPOSITHOCTH B ypaBHeHun (1.20) pouxk-
Hbl 00pa30BbIBATb YETHIPEXMEpPHBIH BEKTOp MO OTHOLIEHHIO K Mpe-
o6pasoBanusaM JlopeHua. KpoMme toro, npexae uyeM npHu3HaTh ypas-
HeHue [upaka (1.13) ynoBseTBOpSAIOMIMM HamuM TpeGOBAHHSAM, MbI
JOJIKHBI IOKa3aTh €ro JIOPEHIeBY KOBAapPHUAHTHGCTD.

§ 4. Mepexoa K HEPEAATHBUCTCKOH TeopHH

[Mpexje uem yrayGuastbcsi B nNpobJaeMy JOPeHIleBOH HHBapHaHT-
HOCTH ypaBHeHHs Jlupaka, MoJe3HO yOeauThcs B TOM, UTO 3TO ypas-
HeHHe HMeeT (HPH3HUECKHH CMBIC.

MoxHO HayaTh IPOCTO € PACCMOTPEHHsI CBOOOJHOTO 3JEKTPOHA
H MOACYHTATH UHCJO PELIeHHH A/ JeKTpoHa B mnokoe. B atom cay-
yae ypaBHenue (1.13) ynpomaeTcs W NpHHMMaer BHA

.. 0P 2
ih — ;== Bmcp,
NOCKOJAbKY ae-OpoijeBckasi NJHHAa BOJHBI OECKOHEYHO BedHKa H

BOJIHOBasi (pyHKIMs NOCTOSIHHA BO BceM IPOCTPAHCTBE. B uwacTHOM
npeacrasjednn (1.17) aas mMaTpuubl f HETPYAHO BEINUCATHL YETHIPE

!) Pagencrso S divAdv= @ A dS B oTeyecTBeHHOH JMTepAType TPHHATO

14 b
HaseBath Teopemoll Octporpaackoro — [aycca. ({Ipum. nepes.)



20 YPABHEHUE THPARA ra. 1

pelIeHs 2TOr0 ypaBHeHtis:

1|>'=exp{——["gczt} , ¢2=exp{—%it} ,

(1.24)

, W4=€Xp{+i,gezj} ’

1
0
0
0
0
3 imc? 0
q;—exp{—{- 7 t} ;
0

0
|
0
0
0
0
0
!

M3 KOTOPLIX MepBble ABa OTBEYaloT MOJIOKHTEIbHON SHEDPrHH, a ABa
Npyrux — OTPHIATENbHOH.

[TocTopoHuue peureHust ¢ oTpumaTeALHOH 3Hepruedl, Kk KOTOPbIM
NPUBOAHT KBajapaTHuHasd ¢opMa H? == p2c? 4- m?c?, aBasioTCa ocC-
HOBHOH TPYAHOCTBIO, OJHAKO MpeofoseHHe 3TOI TPYAHOCTH OpHBO-
AHT K TAKOMYy BaKHOMYy TpHyMdy TeopHH, Kak AHTHYACTHLBI. ME
BepHeMcCsl K 9TOMY Bonpocy B ra. 5 [loka e orpaHHuuMcsl «Aony-
CTHMBIMU» PeWECHHAMH ¢ NOJIOKHTeabHOH 3snepritefi. B wacTHOCTH,
NOoKa)KeM, YTO AJAd HHX HMeeTCs pa3yMHblii nepexojf K ABYXKOMIIO-
HeHTHOH Teopun cnuHa [layaun. [as aTofl uesn Mbl BBeseM B3auMoO-
efCTBHE C BHEUIHHM 3JeKTPOMAlHHUTHBLIM HOJIeM, OIIHChIBAeMEBIM
4-moTeHHAJIOM,

A" (D, A).

BszaumoselicTBie mnpoule BCero BBECTH NyTeM KaJHOpPOBOUHO-WHBA-
pHAHTHOI 3aMeHBbl

pr—pt— =AY (1.25)

KOTOpaslt MPOH3BOAUTCS B KJAACCHUECKOHN DENATHBHCTCKON MexaHHKe
NpH ONHCAHHH B3aHMONENHCTBMS TOUYEUHOH uvacTuubl, 0O0ganaiouiel
3apsaA0OM ¢, ¢ BHEIIHHM MoJeM. B HameMm cayyae 3ameHa COrJiacHO
(1.5)

. J
pH— ih _5«?“— = p.u
u (1.25) npusoasit ypasuenue Hupaka (1.13) k Buay
. 0
th%:———(ca- (p—= A) + pme? + e®@) ¥. (1.26)

Ypasuenne (1.26) onucwriBaer «MHEHMaJabHOe» B3auMojefcTBue AH-
PAKOBCKOW yYacTHUB!, paccMaTpHBAeMOA Kak TOYEUHLI! 3apsiA, C
BHEWIIIHM 3JeKTPOMArHUTHbIM nojgeM. YToObl HOAYEPKHYTH aHAJIO0-
THIO € KJ4ACCHKOH, MBI 3anucaJu ramuabTonnan B (1.26) B Buae
H=H,+ H roe H = —ea-A + e®. MatpHua ca aBJseTcs olne-
pPaTOPHLIM AHAJOrOM CKOPOCTH B KJIACCHYECKOM BbipaXXeHih 0Jis
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SHEPIrHn B3aHMOAEHCTBHA TOUEYHOro 3apsija:
e
Hinaee = — —Vv-A+4ed
DTO OnepaToOpHOE COOTBETCTBHE Vopep == €@ JIETKO NPOCJEKHBAETCS

u B BbipaxeHuu (1.22) mas Toka BepositHoctd OHO caeayer Takke
H3 peJiiTHBHCTCKOro o6o0uleHnsi cooTHolueHu#i dpeHdecra [21-—23]

d—r= 7 [, rl=ca=vg,
H .
S =tlH, =<2 A,
d
—%—Q[E'l" vonep X B] (127)
rie n=p — (¢/c) A — onepatop, COOTBETCTBYWIOIHHE HMIYJAbCY, H
E=——2% _vD, B=rotA

— HAnpS»KEHHOCTH 3JEKTPHYeCKOrO0 H MAarHUTHOro noJief.

YpaBuenne (1.27) ecTh OnepaTopHOe YpaBHEHHe [Js1 ABHIKEHHs
TOueyHOro 3sapala e. Bpenenne Gosiee 06uiero B3aHMOAEHCTBHS B
ypabtenue (1.26) npuBeso Obl, MO aHAJOTHH C KJAACCHYECKOH Teo-
pHeli, K MOsIBJAEHUI) MAaTHUTHOrO AMAOJBHOrO YJjeHa M ujeHoB OoJee
BbICOKOH MYJbTHIIOABHOCTH.

[Tepexoasi B ypaBHeHun (1.26) K Hepe/ATHBHCTCKOMY Iipejedy,
yaoOHO Bocnoab3oBaThes npeictapiaeduneM (1.17) u Belpasuth BOJ-
HOBYIO (DYHKUHIO Uepe3 ABYXKOMIIOHEHTHble cToJibubl ¢ U ¥:

v=(2). (1.28)
Tor,aq ypaBHe}me (1.26) npuMer BU]
4 (D) meren() +en(§) e ()

B HepeJsaTHBHCTCKOM mpefese HauboJbluedl U3 OHTYPHPYIOLIKX
B 3anauye 3Heprufi sBJasercs aHeprus nokosi mc? [losToMy MH 3anH-

niem
($)=exp{—-i-/;—cit}(;)), (1.29)

rie GyHKUHHU @ B ) Me]JeHHO MEHsIOTCS CO BDeMeHeM W YAOBJeT-
BOPAIOT nape MaTPHUHbIX ypaBHeHHH

zh———( )—co ﬂ( )—I—etl)( )—2mc( ) (1.30)
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Ecou KuHeTHYecKas 3Heprus W 3HEPrusi B3auMOAeHCTBUA MaJjnl 110
cpaBHeHUIO ¢ mc?, Bropoe u3 ypasneuuii (1.30) npuBoaMTCS K BHAY

ALY (1.31)

2me
Ypasuenue (1.31) nosBossier rOBOPHTb O ¥ KaK O «MaJiofi» KOMIO-
HeHTe BOJMHOBOH (DYHKLUHH Y N0 CPaBHEHHUIO ¢ «60/IbLIOH» KOMIOHEH-
TOH @. B HepenaTHBHCTCKOM NpuUOJIHMKEHHH 5y HMeeT N0 OTHOLIEHHIO
K ¢ MaJsocth nopsaka v/c < 1. Tloacrasasa (1.31) B nepsoe u3s
ypaBHennit (1.30), MBI nojyyaeM JBYXKOMIOHEHTHOE CITHHOPHOE
ypaBHeHHe

X:

g-To-n

.. 0
ih S = (T + eD) g, (1.32)

ITpeobpasyem 3TO ypaBHeHHe, HCMOJB3Ys CJAeAYIOLIEE TOXKAECTBO
ISl CIIMHOBBIX MaTpuy Ilayau:
o6-ao-b=a-b4io.-aXxb,

WK, B HauleM cJyuae,
eh

o= U-ﬂ=1€2+i0-1€><1==1=2———c——0"B. (1.33)
Torma MBH noJyuaeM ypaBHeHHe
e 2
—ZA
. 6¢_[(p c ) eli ]
lFl—oT— o ~ ome U'B+€(D Q, (134)

B KOTOPOM JIerKo y3HaTh ypaBHenue [layuau [21—23].

Ypaprende (1.34) maeT HaM yBepeHHOCTb B TOM, YTO Mbl HOIIJIH
no BepHOMY TyTH, NpHHAB ypaBHenus (1.13) u (1.26) sa ormpaBuylo
TOUKY AJs HOCTPOEHHS TEOPHH pEJSTHBUCTCKOTO 3JeKTpoHa. [IBe
KOMIIOHEHTHl @ COOTBETCTBYIOT [BYM CTelleHsM CBOGOABI 3JEKTPOHA
CO CHNUHOM I10JI0BHHA; NIPaBU/JbHOE 3HAUEHHE MATHHTHOIO MOMEHTa
3JIEKTPOHA, OTBeuamolilee rHPOMArHUTHOMY OTHOIIEHHIO g = 2, 0o-
JaydaeTcs aBroMatHuecku. Uro6bl sIBHO yOeauTbCsi B 9TOM, npeofpa-
3yeMm ypaBHenue (1.34), coxpaHHB B HeM TOJIbKO YJI€HHl MEPBOTO
nopsiika Mo B3auMOAeHCTBHIO cO cJaabGblM OJHODOAHBLIM MarHHTHBIM

noieMm B=rotA, A=/,BXr:
.. 2
zh—‘p-=[—p———2—:l—5—(L+28)-B]cp. (1.35)

2m

3pech L =r X P — op6utajbHbiii yrjioBoH MOMeHT, S = 1/,h0 —
oliepaTop CNHHA 3/EKTPOHA ¢ COOCTBEHHBIMH 3HAaueHHsMu £h/2, a
MHOKHTE/Ib NPH YJeHe, ONUChIBAIOLIEM B32UMO/IEACTBUE CIIHHA C HO-
Jem B, naer npaBuabHOe 3HAueHHe MAarHHTHONO MOMEHTa 3Jl€K-
TpPOHA, OTBeualolliee 3HAUEHHIO g, PaBHOMY 2.
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BaoxHoBJieHHble YCHEILHbBIM TMePeXOAOM K HEPeJSITHBHCTCKOMY
npeaesay B ypaBHeHuu Jlupaka, Mbl ABHHeMCsl AaJjblile H yCTaHOBHM
JOpeHLeBy KoBapHaHTHOCTb Teopnn [lipaka. 3aTtem MBbl JOJXKHBI
HCCJIe0BaTh AadbHelilline (U3M4eCKHe CJAeJCTBUSI 3TOH TEOPHH; B
nepBylo ouepedb HAfO AaTb (U3HUECKYIO HHTEPNPETALHUIO PelUIeHHAM
¢ «OTPHILATENbHON IHEPTHE!>.

3A0AYH

1. 3anumnTe ypaBHenus Maxcsenna B aupakosckoil dopme (1.13), nenombsys
WeCTHKOMIIOHEHTHBE aMILIHTYABl moJs. KakKie MaTpPHILl COOTBETCTBYIOT MaTpHUaM
ou pB? (Cm. [27, 4%])

2. [posepbre, uro martpuuw (1.17) ymosneTsopstor aareGpe (1.16)

3. [Ipceepure cootHowenue (1.33).

4, TposepsTe cooTHoeHue (1.27).



FrTABA 2

JOPEHUEBA UHBAPUAHTHOCTD
YPABHEHHS NHPAKA

§ 5. YpapHenne Nupaka B kosapuautHoi opme

Ypasnenue Jlupaka u Jexamee B OCHOBe ero (GpH3H4YeCKON HH-
TeprpeTaiuy ypaBHeHHe HENPEPHIBHOCTH MOJIKHL ObiTh KOBAapUAHT-
HBIMH OTHOCHTeJbHO MpeobpazoBaHuil Jlopewna. Hanomunm cHa-
daJja, 4Té Mbl nojpasyMeBaeM 1o/ npeobpazoBanuem Jlopenua {28].

IBa nabawonareass O u O, Haxoasmuecs B PasHbIX HHEPUHAL-
HBIX CHCTEMaX OTcueTa, fIPUMHCHIBAIOT OAHOMY H TOMY Ke (u3H-
yeckoMy COOBITHIO pa3Hble IPOCTPAHCTBEHHBIC KOOP/AHHATLI H BpeMsi.
CooTBeTCcTBHE MEXKAY KOODAHHATaMH XM, KOTOPBIMH OIHCLIBAET CO-
obiTHe Habuogatens O, U KoopauHATaMu (X%)’, KOTOPBLIMH MOJb-
3yeTcs [JA ONHCAHUS TOTO e cobGuiThs nabaonatens O, 3apaercs
npeobpasoBanuem Jlopenila

3
) = Y, aye = ayxw. @.1)

u=0

DTo JuHeHHOoe ONHOPOLHOe npeobpasoBaHue H KOIPDHIHUEHTH ay
3aBHCAT TOJIBKO OT OTHOCHTEALHBIX CKOPOCTell H OpHEHTAaUHH NABYX
cucteM orcueta O u O’. OCHOBHBIM WHBAPHAHTOM NO OTHOIUEHHIO K
npeobpasosanuaM JlopeHua sBJAseTCS HHTePBaJ COOCTREHHOrO Bpe-
MeHH

ds® == g,y dx* dx¥ = dx» dx,. (2.2)

WMuBapHaHTHOCTb 3TOH BeJAHUHHBI CjaeAveT H3 (H3Hueckoro HabJIo-
NleHHsA, COCTOSILEr0 B TOM, UTO CKOPOCThH CBeTa B BaKyyMe O/HA H
Ta K€ BO BCceX JIOPeHIEeBbIX cHcTeMax orcueta. PaseHctBa (2.1) u
(2.2) npuBOAAT K cjAeAyIOUleMy COOTHOLIEHHIO M KO3 uinenTos
npeodpasoBatus:

aya’ = 8. (2.3)

Cootnowenus (2.1) u (2.3) cayxaT onpeaeseHHeM Kak cob-
CTBEHHOro, TaKk ¥ HecoOCTBeHHOTrO npeobpasoBanuii Jlopenua. B nep-
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BOM cjyuae ollpele/iuTedb, COCTABJCHHBIH H3 KO3(dHUHCHTOB (1pe-
06pa3oBaHHsl, y/IOBJETBOPAET YCJOBHIO

deta= 1.

Cob6cTBeHHOe npeo6pazoBanue Jlopenua MOxeT ObITh NPeACTaBJAEHO
KaK GecKOoHeuHast M0cJaeI0BaTebHOCTh HHPHHHTE3UMANbHBIX NPeob-
pasosanuil. CoGcTBenble npeoGpasoBanus Jlopenia BK/IOHAOT B
cefsl nepexoabl Mex/1y pPas/JuuHbIMH HHepUHAIbHLIMH CHCTEMaMi
KOOPAMHAT, ABHKYUIHMUCS B [IPOH3BOJIbHLIX HaNpaBJEHIAX, # OObIU-
Hble TpexMepHble BpalleHus. HecobGcTsennbie npeodpa3oBaHys Jlo-
peHIa — 3TO AHCKPeTHBe Npeo6pasoBanHsi NPOCTPAHCTBEHHOTO OT-
pakeHusi u obpaltenus spemend. HMx HeJab3s NPEACTaBUTL Kak
oCIeI0BATENbHOCTE HHOHAUTE3UMAAbHLIX NpeoOpasoBanuil. Mar-
pHIlbI HecOGCTBEHHBIX NPeoOpa3oBaHuil y10BJIETBOPSIOT YCJAOBHIO

deta=—1,

CIpaBe/IHBOMY KAaK /1151 IPOCTPAHCTBEHHOrO OTPaXKeHHA, TaK H NI
cOpalieHuss BPeMEHH.

Haia 3amgaua — yCTaHOBUTb COOTBETCTBHE MEXK/y 3alaHHOH ce-
pueil HaG/roaeHHii, NPOH3BEICHHBIX HAlL AMPAKOBCKOI UacTHUeH Ha-
gaogatesem O, u TeMu Ke HalJAI0JeHHIMH, OCYILECTBJIEHHBIMH Ha-
Gatogatesem O, Haxogslumcs B Apyrof cucreme orcuera. Muaue
rOBOPSA, MLl HLIEM 3aKOH Npeobpa3oBaHusl, CBA3LIBAIOIIHI BOJHOBbIC
dyukunn ¢ (x¥) 1 ¢’ (x’), oTHoCAKeCs K HaGJlonaTeNAM O u O co-
OTBETCTBEIIHO. DTOT 3aKOH NpeoGpa3oBaHHs MO3BOJsAET HalJIOAA-
teato O’ uaiitu ¢ (x') no ussectHoll dynkuuu ¢ (x). Cornacto Tpe-
GOBAHHUIO JIOPEHIIEBO KOBAPHAHTHOCTH ITOT 3aKOH Npeobpa3oBaHHA
JOJIKEH NPHBOAUTH K BOJNHOBHIM (YHKUHAM, KOTOpbIE SIBJSIOTCS pe-
weHusiMu ypasuenusi Jlupaka, HMeIOIlEro OfAHH U TOT Ke BHA BO
scex cucremax orcuera. HeusmenHas ¢opma ypasrennsa Jlupaka
€CTh BbIpaKeHHe JODEHIEBOH HHBADHAHTHOCTH JIEXKAUIero B €ro
OCHOBE COOTHOLIEHHSI MeKAY dHepruedl H HMIyJIbCOM

— 22
pup* = m<c’,
Ha KOTOpOe ONHPadHCh NpHBeleHHble B [V. 1 paccykaeHus.
Ilasi obcyxIeHHsl CBOHCTB KOBapHAHTHOCTH KeJaTebHO 3alld-
cartb ypaBHeHne [lupaka B ueTbipeXMepHbBIX ob603HaueHusx, obecne-

YMBAOINX CHMMeTpuio MexAy c¢f H xi. C 3TOH Heablo YMHOXKHM
(1.13) na B/c n BBenem 00O3HAUEHHA

,YO: » Yizﬁaiv l—'_—_l, 2, 3.

Torga nosyuaem

, g 0 0 0
ih (YO %0 + Vl x! + VZ Y% + v ax3 ) y—mep=0. (2.4)
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BuoBb BBesenHble mMaTpuubl y* M03BOJIAIOT NPHAATh H3SUIHYIO
¢$hOopMy KOMMYTAUHOHHbLIM cOOTHOWeHHAM (1.16):

VYV o+ vyt =24, (2.5)

rae 1 o3HavaeT efMHHYHYIO MATpULY pasMepHOcTH 4 X 4; B AaJb-
HefilleM MBl He OyjaeM Kax/blfi pa3 310 orosapusath. M3 ompene-
JeHHsl 3THX MaTpul fICHO, 4TO y! aHTHIPMHTOBa, npuueMm (yi)? =
= —1, a y° spmMurtoBa. B npeacrassennn (1.17) oHu umeroT Bui

i_ 0 O'i 0 — 1 0
y_‘(_o-l 0 y V’_(O __l)- (2.6)
Y nobuo BBecT 0603HAUEHUs] C KKPHIIKOH» ')
A= VuAu = guquAv = YOAO A A
H, B 9aCTHOCTH,

S 0 Y a9
V =1 . V.
¥ ox™ ¢ ot TV
Torpa ypaBHeuHe (2.4) B cOKpallleHHOM BHIe BHITJASAHT TaK:
(ihV — mc) y =0, @.7)
R
o .
UJH, BBOAA P ih Pt
(p — mc) y=0. (2.8)

BBeaeHue 3/1eKTPOMArHUTHOIO B3aHMOAEHCTBHS NyTeM <MHHHMaJlb-
uok» samennl (1.25) maer

(ﬁ——eg—mc)qJ:O.

Takasl 3aMeHa HMKAaK He BJHUSeT Ha CBOICTBA KOBApPHAHTHOCTH, NO-
CKOJIbKY p* U A¥, a cjie10BaTe/IbHO, H HX PAa3HOCTb SIBASIOTCS 4-Bek-
TOpaMH.

§ 6. JlokazaTenbCTBO KOBAapHAHTHOCTH

Haa poxasarenbcTBa KOBAapHAHTHOCTH ypaBHeHus [dupaka or-
HOCHTEbHO NpeobpasoBanuil JIopeHa Mbi AOMKHBI YCTAHOBHTD, 4TO
BBINIOJHAIOTCS CJAEAyIOLiHe ABa YycJoBHsA. Bo-nepBeX, HOJKHO cy-
I[ecTBOBATh sIBHOe IPaBUJO, N0 KOTOpoMmy Habawaarear O’ wmor

1) ABTOpHl HCNOJB3YIOT «IepedyepKHyThle» 0003HaueHUs:
—
A=y Au

ONHAKO MBI COUIH BO3MOMKHBIM 34MEHHTh HX OGO3HAYECHHSIMH, NPHHSATBHIME © OTe-
yecTBeHHON auteparype. {(lIpum. nepes.)
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6bl, 3Hasl BOJHOBYIO GYHKUHIO P (x), OTHOCAILYIOCA K HAOMIOAATEIO
O, nafiTn BOJMHOBYIO QYHKIHIO P (x”), ONUCHBAOILYIO TO XKe caMoe
COCTOsIHHe W OTHOCsAuULylocs K Habaoaatedaio O'. Bo-Brophix, B CO-
OTBETCTBHH C MPHHIHIOM OTHOCHTeJBHGCTH, P’ (x’) HOJMKHA ObITH
pellleHHeM ypaBHeHUs, KOTOpoe HMeeT BHA (2.7) B HITPHXOBAHHOH
cHCTeMe KOOPAMHAT:

(ihvu

Martpuubsl §* y/AOBJETBOPSIOT YCJIOBHAM aHTHKOMMYyTaluu (2.5),
I03TOMY H3 3PMHTOBOCTH raMHJbTOHHaHa cJaeayer, uto ()" =’ u
FHr = — . Hnunuoe aareGpauueckoe j0KasaTesabcTBO [29]
NpPUBOANT K TOMY, 4TO BCe TakHe Marpuubl y* pasmeproctn 4 X 4
5KBHBaJIEHTHbl ¢ TOYHOCTbIO 10 YHUTapHOro npeobpasosanus U:

vu___U+qu’ U+=U~—|’

nosToMy MBl He OyleM j[enaTb pasiHuns MexAy  # y* H 3a-
nUlIeM

g
m

P ——mc)‘lb (x")=0.

(p’ — me) ¥ (x') =0, (2.9)
rue

~
== [fyM —
P v axM
Mu norpebyeM, yTo6bl npeoGpasoBaHie MexAy ¢ H ¢’ Oblio
JHHEHHBIM, TaK Kak W ypasueHue [lupaka, u npeo6pasoBanue Jlo-
peHlla AJst kKoopAuHar (2.1) sBasioTca JuHeHHbMH. BBenem 370
npeofpasoBalue B c/elyioUleM Buje:

V()= (ax) =S (@) ¥ (x) = S (a) ¥ (a~¥), (2.10)

rae S(a)— martpuua pasmepHocTH 4 X 4, defcTBylouIass Ha YeThi-
PEXKOMIOHEHTHbIA BekTop Y(X). OHa 3aBHCHT OT OTHOCHTEIbLHBIX
CKOPOCTEeH M MpOCTPaHCTBeHHEIX opHeHTauui cucreM O u O’. Mar-
puua S aoJKHa HMeTb 0OpaTHYI MaTpully, Tak 4To6el HabJiona-
Teab O, 3Has ¢QyHkuuo VP’ (x7), Kotopyto Habaonaresp O UCIOJb-
3yeT AJs ONWCAHHSA 33aMaHHOTO (HU3HYIECKOTro COCTOSHHSA, MOT [10-
CTPOUTb CBOKO BOJIHOBYIO (yHKLHIO P (X):

v =S""@¥ ()=S""(a) V¥ (ax). @1y

Croap ke npaBuiabHO OyaeT, BocnoJjb3oBaBiuuch (2.10), npeacta-
BHTb 1 (x) B BUIE

Y (x) =S(a"') ¥ (ax).
OTClOILa ciaeayer pPaBeHCTBO
S(a™)=S8""(a).
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[naBnas sapaua — HaidTu S. Marpuua S n0/KHA YAOBJAETBOPATD
paBenctBam (2.10) u (2.11). Ecau Takas maTtpuma S cyluecTsyer,
vHabmionateab O’ 1o 3agaHHOMY 3HaueHHIO P(x) CMOXKeT HaliTH
VP’ (x’), BocnoJabsoBaBincy (2.10).

Pasenctso (2.11) nospoasier dabaionatenro O’ nepenucaib AJISA
dyukuun ¢’ (x’) ypaBHenue [lupaka (2.7), oTHocsinieecss K HaGulo-
nateato O. 3atem O’ MoOXeT UPOBepUThb, YAOBJAETBOPseT Jau P’ (x')
ero coberBeHHoMmy ypaBueHuio (2.9). [locne yMHOMKeHHs caeBa Ha
S(a) oun nmoayuur

[ms @ VS~ () a—iu— — mc] W (¢') =0,

Ucnoassysa (2.1), MOXKHO 3anmucaTsb
o ax™ a a

. v
PP e
X x ax

CJlellOBaTeJIbHO, YpaBHeHHE B «IITPHXOBAHHBIX®» KOOPAHHATaX UMeeT
BHA

[iﬁS (@) v"S™'(a) a —a—fv—, —_ mc] P (x) = 0.

Oto ypaBHeHHe HMeeT HHBApHAHTHYIO (OPMY, T. e. COBNajaerT
¢ {2.9), ecin MOKHO HAUTH MaTpuuy S, obaafaolyI0 CJAEAYIONIHM
CBO{ICTBOM:

S@ V'S @ ai =",
HJIH, YTO TO e CaMoe,
" =S (a) v'S (a). (2.12)

Ypasuenne (2.12) ecTb OCHOBHOe COOTHOLIGHHe, omnpejessioliee S.
Ecau mbl nokaxem, 4To ypaBHeHHe (2.12) uMeeT pellleHHe, W HaH-
JleM 3TC pellieHue, KOBapHaHTHOCTh ypaBHeHus Jdupaka Gyper no-
kaszaHa. [lo cywecTByoulefi TEPMHHONOIHM BOJHOBYIO (YHKHUIO,
npeobpasyromrytoca corgacHo (2.10) u (2.12), HasblBalOT yeThIpex-
MepHBIM JOpPeHUEBBIM cruHOpoM !). Mul nopuepkusaeM, uyto S 6y-
JleT HMeTb HOBble CBOHCTBA, He OMHCHIBAeMble OOLIYHBIM TEH30PHBIM
HCYHC/IeHHeM, NTOCKOJbKY MOKHO OXHJAATb, 4To OUAHHelHHe HOopMBI,
KOTOPBIE MOXKHO COCTaBHTb H3 VP, TaKHe, HANPUMED, KAK TOK BEPOSAT-
woctu (1.20), okaxyrcsi 4-BeKTOpaMH.

Curauyaaa vb noctpoum S aas HHQUHAHTEIHMAJILHOrO COGCTBEH-
noro npeo6pasosaning Jlopenna

gy =gy + Aoy, aM=g" 4 Aa™, (2.13a)
rjae
Ao = — AaHv, (2.136)

1) Wan Gucnunopom. ([Tpum. nepes.)
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[Tocsennee paBeHCTBO cjeAyeT H3 YCAOBHSL (2.3) Ana HuHTepBaja
ccOcTBeHHOro BpeMent. KaKquil H3 LI€CTH OTJHUYHBIX OT HyJs Hesa-
BUCHMBIX MATPHYHBIX 3JE€MEeHTOB MaTpHIlbl Aw reHepupyeT HHOUHH-
TesuMaJgbHoe npeobpasosanie JIopeHNa; HAaNpUMep, JMEMEHT

Ao® = Av/c

oTBeuaeT NepeXoAy K CHCTeMe KOOPAMHAT, ABHXKVUIeHCA CO CKO-
pocThbd Av BAOJb OCH X, a

Ao} = — Ao'? = Ag

0TBeyaeT NMOBOPOTY Ha yros A¢g BOKPYT OCH 2, H T. 1.
Paszaarass S no crenenam Aw“ W coxpauss TOJAbKO JHHEHHDbIE
N0 HHpHHUTE3HMAJbHRIM T€HepaTopaM 4JjieHbl, MojayyaeM

S=1—4o,8d" 1 S'=14+L0,00" (214

rae corJaacHo (2.136)
Oy =~ Oyy.

Kaxawifi w3 weetn k03pGHUHEHTOB o,y €CTb MATPHIA TOH Ke pas-
MepHoctd 4 X 4, ut0 u onepatop S u exunuynas Mmatpuua 1. [loa-
craBass (2.13) u (2.14) B (2.12) u yAepKuBas TOJLKO UJCHDLI
NepBoro nopsaika no Aeb¥, HaxoauM

i B
Ay = — 7 (A)™ (V0,5 — 04p V).
Orciofa, YyUMTHIBAA AHTHCHMMETPHIO TeHepaTopoB AwMY, mosayuaen
20(g3vs — 83Va) =[V", - (2.15)

Tenepp 3ajaua 06 yCTaHOBJEHUHM KOBAPHAHTHOCTH YPaBHeHHSA
Jupaka OTHOCHTeABHO COOCTBEHHBIX Npeobpasosanuil Jlopenua cae-
JleHa K HaXOK/EHHIO eCTH MaTPUIl Oqp, YAOBJETBOPSIOMHX YCJO-
eu1o (2.15). Camoe npoctoe npeAnoioXKeHHe OTHOCHTEJNLHO O,p CO-
CTOHT B TOM, 9TO OHY SIBAAIOTCA AHTHCHMMETPH30BAHHLIMH MPOH3-
BeAcHHAMH ABYX MaTpui. Mcnosabaysa (2.5), Mbl Haxodum, 4To

v =5 [V Wl (2.16)

H ecTb uckoMmas marpuna. Coraacuo (2.14) martpuua S aas uudu-
HUTE3HMAJbHOTO [peo6pa3oBaHUA HMeeT BHJ

1 i
S=1+ 3 [Vy, VW] A®Y=1— T Ouv Ao, (2.17)
3aBepwias pellleHde Halllefl 3a4aYH, NOJYYHM KOHeuHoe coO6-

CTBeHHOe  npeofpasoBande  JlopeHua  Kak  NoCJe10BaTelb-
HOCTb HHGMHHHTe3wvaJdbHhIX npeobpasoBaHul. CHauaja NOCTPOUM
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npeoGpasoBaune (2.1) u3 (2.13). 3anumenm

Aoy = A (ln):. (2.18)
3aech Aw — 6GeCKOHEYHO MaJiblfl NapameTp, HIH «yroj MnOBOPOTa»
BOKPYT OCH C HanpaBJieHHEM 1, a BeJuuHHa /, npelcTaBiser cobod
marpuny 4 X 4, AeHcTBYOU(YI0O Ha NPOCTPAHCTBEHHbIE KOOPAHHATHI
M BpeMs U OTBEualollyI0 NOBOPOTY HAa €AMHHUYKDLIl YroJa BOKPYr OCH
n. VIHReKew v H p HYMEepYIOT COOTBeTCTBEHHHO CTPOKH U CTOJAOIHI
3Toil Matpuubl. Tak, HanpuMep, A5 Nepexoja K WTPHUXOBAHHOH CH-
cTeMe KOOPAMHAT, ABHUMKYLIEHCS BAOAbL OCH X ¢ OECKOHEUHO MaJof

CKOpOCTbIO, cAw = Av, uMeeM

0 —1 00
v | -1 o000
="y o0 2.19)
0 000

Ilpu stom ‘
B=li=—1"=+4+1"=—1.

Ucnoab3ys cieaylomee aJjrebpanueckoe CBOHCTBO!

=

P=+1,

SO -0
[l R R ]
oo oo

1
0
0
0

MBl MOMKEM NpEelCTaBHTb KOHeuHoe rpeo0pas3oBaHHMe K CHCTeMe OT-
cueta, pPaBHOMEPHO ABHXKYUEHCA BROJb OCH X, B BHJe

xV==1m1(g+~%1);(g+~%1)Z...ﬁN==

N->x
= (ev/), x* = (chol 4 shwl)) x* = (1 — I’ 4 Pcho + [ sha)y

OTKyJda AJA OTAEJNbHLIX KOMIIOHEHT 1oJyHdaeM

x0 che —sho 0 0 x°
xV —shae ¢cho 0 O x!
P 0 0 10 P (2-20)
x3 0 0 01 X8

uJu
2 =(cho) (x® —thox"), x'=(che)x' —thaex),
2 =x2 =i
CBs3b yraa JOpeHieBa MOBOPOTA ® C OTHOCHTEJNbHOH CKOPOCTBIO U
AaeTcsl PaBeHCTBAMH

2.21)

tho=2, —_
® . cho T
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ITOT pe3yAbTaT MOXKHO O00OOWUThL Ha CJydail ABHIKeHHs BAOJDL
A1060r0 HanpaeJeHUs WA NPOCTPAHCTBEHHOrO BpallleHHs BOKPYyT
a060ii ocu. lllecTs matpum /), reHepUpYIOIMX IIECTb HE3aBHCH-
MBIX JIOpEHIIeBbIX MOBOPOTOB, SIBJASIOTCS YeTHpeXMepHHMH 006001ie-
HUSIMH NIOBOPOTOB TPEXMEPHOro NPOCTPAHCTBA, XOPOLIO H3BECTHLIMH
H3 HepeASTUBHCTCKOH TEOPHH.

[MepeiineM Tenepb K MOCTPOEHHIO MAaTpUIB S, onperesioimeH
KOHeuHoe npeo6pasoBanue cnuropa y(x). M3 (2.14) u (2.18) nmeewm

¥ () =S¥ () = lim I — 22 o tf) (=

= exp (—— %mcuvlﬁ”) P(x). (2.22)

Ecau BHOBL 06paTHTbe K peo6pasoBaHHio yacTHoro Buaa (2.19),
NOJYyYUM
W (&) = e WD 00 (), (2.23)

rae x' ¥ x CB3aHbl APYr ¢ APyroM paBeHcTBaMH (2.21).
AHaJIOrH4HO 111 OBOPOTa HA yroJl ¢ BOKPYL OCH 2 HMeeM

112 [ ]21 — 1
"
P (x') = elP 99" (x), (2.24)
rae B npeacraBaeHun (1.17)
12__(0s 0
or= (0 o3/’

a o3 ecTb oOniyHaA Matpuua Ilayau pasmeprocru 2X 2

O — ( 1 O)
S7\o0 —1 )¢
Mgl 3amMeyaeM CXOnCTBO npeoGpasoBanus (2.24) ¢ noBopoToM ABYX-
KOMIOHeHTHoro cnuuopa [layau ¢(x):

¢ (¢) = eliP 00 g (x). (2.25)

Bxoasmue B (2.18) xoBapHaHTHEIE <YIJIOBBIE® [epeMeHHble @MY
urpaloT B npeoGpasosanuu Jlopenna Ty e poJb, 4TO yroJ MoBo-
poTa U HampaB/jeHHEe @ B TPeXMepHOM BpalleHuu. [losBjaeHHe
B (2.24) nosoBunHOrO yria, durypupyiomero u B (2.25), ectb oTpa-
KeHHe JABY3HAYHOTO XapaKTepa 3aKoHa Npeobpas3oBaHusi CIHHOPOB
OpH BPALIEHHH; HYXKHO COBEPUIMThL NOBOPOT HA 4m, 4ToObl 3HAUEHHE
CnuHOpa BEPHYJOCH K HagadbHoMy. [loaTomy Bce HabatogaeMble
BeJIHYHHBE B Teopun [upaka AOJKHEB ObiTh JH60 GHAHHEHHBIMH MO
Y(x), 1u6o BbHIpaxKaThLCA uepe3 APYrue UYeTHble CTEHEHH P (x).

Ias npocrpancTBeHHBIX Bpamienuii Matpuia S = Sp yHuTapHa,
HOCKOJAbKY MaTPHIA O;; 5PMHTOBA H

SX — e—(i/4)0+’fm” — UM dlay  __ SE‘.
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JTto HecnpaBedaHBO AJf MaTpHUL S = S;, ocyulecTpasiiomel nepe-
X0 K ABMxKyleficd cHcreme koopaunat. Hanmpumep, ana npecbpa-
3oBaHusa (2.23)

SL — e-—(t/2) W0y — e—(m/?) o __ S—Lt- 9& Sl—n
Opnnako Sy obmagaer CAeAVIOUHM CBOHCTBOM:
y
-t __ o+
SL = VeSL Voo

KOTOpPOE MOXKHO YCTaHOBHTb, paznarass Sp B crenenHofl psaa. [lo-
CKOJILKY [yo, 0%} = 0, 3T0 CBOHCTBO M0O:KHO OGOGUIHTL HA BpalleHHs
H 3anucarthb
—1 +
ST =vS vo- (2.26)

YpaBHenue HeNnpepbIBHOCTH TaKxKe KoBapHaHTHo. Bektop nJjoT-
HOCTH Toka BeposiTHOocTH (1.21) u (1.22) B obosHauenuax (2.4) BHI-
IJASIAHT TaK:

P =cp” () vy ().
Tlon nefictsuem (2.1) OH nepexoauT B
Pr= e VYW () = ch” (1) ST voy" S (x) =
= " (1) voST VISP (x) = caWpT (1) voy b (1) = abi¥ (x).  (2.27)

QueBHaHO, YTO jH(X) ABASAETCA JOPEHUEBbiM 4-BeKTOPOM U Yypas-
HEHHE HeNpepbIBHOCTH

M (x

) g

axM

HHBapuaHTHO. Kpome Toro, maorhocts BepostHocTH [O(x)== cp(x)
npeobpa3yeTcsa Kak BpeMeHHAsl KOMIIOHEHTa coXpaHsaloulerocs 4-Bek-
Topa. MBI yxe ynomMuHaJsu o6 ToM cBoHicTBe B § 3 kKak o XKeJqae-
moM. Ono HeoOXOAMMO AJfl TOro, 4TOOBI HHTErpaJ

Vo" @0 s

npeacTaBsg cobofi peJATHBHCTCKMA WHBAPHAHT.
[Tockoabky Bxogsutas B (2.27) komGuHauus Ytye BcTpegaeTcs
OueHb 4acCTO, BBeleM [J5l Hee ClelHaJbioe 0003HaYeHHe

b (0= ¥"vo. (2.28)
@yuxnuio P (x) HasbiBaoT conpsikenuom cnuHopoM ). Tlpeo6paso-

Banue JlopeHua aas ¥ (x) 3anaeTcst paBeHCTBOM

VE)=%x)S". (2.29)

Y Wan anpakosckH-conpsxenubiM. ([Tpum. ped.)
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§ 7. IIpocTpancTBEHHOE OTpaXkeHHe

Tenepr nopa paclinpuTh Hallle U3J10KEHHe W NPHHATbH BO BHHMA-
HHe CYIIeCTBOBaHHe HecOGCTBeHHOro npeobpasoBaHua Jlopenna —
NPOCTPAHCTBEHHOIO OTPAMKEHHS:

X' =—x, =t

/s KOBapHAHTHOCTH BHOBb HEOOGXOAMMO, 4YTOOH YpaBHEHHe
(2.12) umeso pelieHue, 0FHAKO B JAAHHOM cJ/yuae €ro HeJabss I0-
CTPOUTb H3 HHOHUHHTE3UMaJbHbIX NpeobpasoBanuii. Ho okasniBaer-
¢, 4TO ypaBHeHHue (2.12) Jerko peuuTs HenocpeAcTBeHHO. MaTpuna
npeo6pa3oBaHUs HMeET BHJ

1 0 0 ¢
0 -1 0 0

a=lo 7o 1 o|=e&™ (2.30)
0 0 0 —1

Ec/in BBecTH AJA OnepaTopa HHBEPCHH KOOPAHHAT OO0O3HAayeHHe
S = P, 1o ypaBuenue (2.12) Gyaer BoIraseTb Tak'):

PP =g""y". (2.31)
Emy MOXHO YAOBJIETBOPHTb, NOJOXKHB
P =ei%y,. (2.32)

®a30BbIH MHOXKHTEJb He NpeAcTaBJjsgeT (PU3HUECKOrOo HHTEpeca, U
ero 3HaueHus cBOAATcA JauGO K -=1, an6o k ==i. K takomy BoiGOpY
Mbl PUXOAHM, NOTPeGOBAB, YTOOL! NpPH YETHIPEXKPATHOH HHBEPCHH
CIIMHOD TIEPEXOANJ caM B celf 10 aHAJOTHM C BpallleHHeM Ha yroJ
45, QueBHAHO, UTO 3ajaBaeMbli paBeHcTBoM (2.32) onepatop P

ynutapet, P! == P*, u, KpoMe TOro, OH yJAOBJETBOPSIET YpaBHEHHIO
(2.26). PaBenctBo (2.32) o3HauaeT, 4TO
V() =¥ (—x, ) =ev (x, 1). (2.33)

B HepeJsiTHBHCTCKOM Ipedede § CTPeMHUTCH K COGCTBeHHOMY CO-
crosinnio P u u3 (1.24) u (2.6) BHAHO, YTO B MOKOE COCTOSIHHSA C IO-
JOXKHUTEJNbHOH M OTPHILATE/NBHON 3Hepruell HMelOT pa3Hble COOCTBeH-
Hble 3HayeHHs1 P, WJH, Kak roBOpAT, Pa3Hble BHYTPEHHHe YETHOCTH.

PaccMoTpeHne APYruXx HecOOCTBEHHBIX NPeo6pasoBaHHMH, TaKHX
Kak obpamietine BpeMeHH, 6oJjiee CJAO0KHO; OHO NPHBOAHTCA B TJI. .

§ 8. KoBapuanthbie GuaHHeiiHble GOpMbI

CocraBJisis NpOU3BedeHHS H3 MaTPHL, y, MOXKHO NOCTPOHTD 16 Jin-
He#HO He3aBHCHMBIX MaTpHI ['gs, KOTOpHIE 4acTO BCTPEYAOTCA B

1) 3nech cyMMHpOBaHHe no v He uoxpasymesaercs. ([Ipam. ped.)
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OPHJIOKEHUAX TeopHH [upaka. DTH MaTpPHUBE HMEIOT BHI
S o — —
=1, TIV= Yo II,= Gn
PP =iyy'yW =y, =v5, Tid=yy, (2.39)

Hcnonbsys cooTHomennst antukommytanuu (2.5), HeTpyaso Ao-
Ka3aThb JIMHelHyl0 HesaBuCHMOCTb MatpHu I. Bylem paccyxpaTs
caefyIIHM 06pazom:

1. Kaxpass ns matpun I'* ynossaerBopser ycaopuio (I'n)2 =
= +1.

2. las xaxpoft u3 matpun-I'®, 3a uckiaouenueM I'S, CyIiecTByeT
Apyras Matpuma I'™ rtakas, 4yTo

"' = — ",
Orciopa caenyer, uTo caep Marpuubt '™ paBeH Hy.io:
SpI*=8pI'"(I'")P=—Sp I'"I"I"™ = — Sp I'" (") =0.

3. Ilas sapansbix matpuu I' u I'’, a 5= b, cymecTByer Matpuiua
I'® 5= I'S takag, yto
rere=r-,

ITO CBOACTBO MOMKHO YCTAHOBHTH HENOCDPEACTBEHHOH NMPOBEPKOI.
4. TlpeanonoxuM, 4TO CymecTByeT HaGop YHCea @, TaKOH, UTO

> a,I"=0.
n

YMHOXKHM 3T0 paBeHCTBO Ha I'"™ 54 I'S y BHIUHCAUM Caex; HCI0JIb3Y 5
CBOACTBO 3, MBI MOJAYYHM, UTO @ = 0. Ecau '™ =TS, 10 ag =0
H Bce KOI(GHUHMEHTBl, TaKHM 06pasoM, 06pamarTcs B Hyab. Tem
caMbIM JHHefiHasd He3aBHCHMOCTb I ycranoBaena. Orciofga cae-
Ayer, 4T0 Mo6yI0 MaTPUILY PasMepHOCTH 4 X 4 MOMXKHO NPeAcTaBHTD
B Buae KoMOuHanuu Marpuu I'”,

Tenepb MBI MOXeM 3anucaTh npeoGpasoBanue Jlopenua pis Gu-
JuHelHBIX PopM Y (x) ¢ (x), nocTpoeHnbix u3 16 mMaTpun I'». 3a-
METHM IIpexje, YyTo

Y5 + vsvh =0 (2.35)
H TO3TOMY
[VS’ Guv] = Oa
H.J1H
[S) YS] = O’ (2'36)

YTO CNpPaBeJJHBO JAJs BceX COOCTBeHHHIX npeoGpasoBamuii Jlo-
perna. HYactheiM cayuaem (2.35) sBasieTcs paBeHCTBO

Pys=—vsP. . (2.37)
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- C moMolIIbIo BHIUKCJAEHUH, CXOXKHX ¢ (2.27), HaXoguM
P () ¥ () =P (¥) ¥ (x) — ckaasp,
B () ys9' (x") =P (¥) S 'psS¥ (x) = det| a | (x) ys (x) — ncesp0-
cKaJsp,
Y (") V¥’ () = aup (x) Y (x) — BekTOD,
P (x) v¥°Y’ (x') = det| a|a¥$ (x) ysy*b (x) — nceBroBexTOp,

P (x") o*Vy (x) = atadb (x) 0%Pyp (x) — Tensop BToporo panra. (2.38)

SAODAYHU

1. Ilpoepbre paBencrso (2.26).

2. TlpoBepbTe 3aKoHH IpeobpasoBaHus (2.38).

3. 3anan cnueop u#(p) Aas csoGomHofi vactrusl, C momollb:o npeobpasoBa-
uusa Jlopenua BHIpasuTh yepes u(p) cnuHop #(p + q) B caydae, Koraa gy >0 M
pg—0

4. Tloka3zatb, 9TO CYIleCTBYIOT ueThipe Martpuisl ™ pasmepmoctu 4 X 4 Ta-
Kue, 4To

Relyp=0. (T, I} =2g,,  [iT,0/0x, —m]%(x) =0,

T. €. ypaBHeHue Jlupaka He COmepPKHT MHHMBIX KO3 HIHEHTOB.



Fr'TABA 3

PEIMEHHUSA YPABHEHHSA N HPAKA
AJId CBOBOAHOW YACTHLbI

§ 9. Maockue soOAHDI

Mb y6ejuinch B TOM, YTO AMPaKOBCKAas TeOpHsl JOPeHI-KOBa-
pHaHTHA H AJs pelleHHl C NOJIOKHTEJNbHOH 3HeprHed HMeeTcs pa-
3YMHBI{I Tlepexof K HepesJATHBUCTCKOMY Tpedesy.

Ina Gonee riyGokoro MOHHMaHUs (PH3HYECKOH NPUPOABI pellle-
nuil ypaBHenus Jlupaka Hajo paccMOTpeTb YypaBHeHHe IJs CBO-
Ooxnoil wactuupl. YeThlpe pelleHHs AJsi YacTHIH B MOKOe AAIOTCA
dopmyaamu (1.24), KOoTOpble MOXKHO TepenucaTh B CJAelYIOIEM
BUIE:

W (x) =w (0) e~ (M 1 2, 3, 4, (3.1)
rie
+1, r=1, 2,
e'={—-1, r=3, 4.

B npeacraBaenuu (1.17) pas martpuu Jdupaka Bxoasiiue CIOfa CIH-
HOPLI PaBHBI

1

w'(0) = y wP(0) == , w(0)= , w(0)= 3.2)

oo O

OO ~O
O = O O
—_0 0o

Ileppas nmapa peleHHH OnHChLIBAeT ABe CHHHOBLIE CTeNeHH CBOGOAbL
3JICKTPOHA, noguuHdAloulerocst ypasHenuto [layau. Hpyro# nape pe-
mweHni (r = 3, 4) ¢ oTpuiaTeabHOH Heprueil elle NPEACTOHT AATh
tdusndeckyw HHTepnpertaunnio. Bee uetnipe pelleHus ABAAwTCA COD-
CTBEeHHLIMH (GYHKIHAMH OllepaTtopa ¢, == O1p ¢ COOCTBEHHBLIMH 3Ha-
yenuamMu -+1 u —1, Pemwrenns ans cBo60oAHOH YaCTHLB ¢ NMPOH3-
BOJTHbHOH CKOPOCTBIO MOXKHO NOJYHHTh C MOMOILbI0 Npeobpa3oBaHHA
Jlopernuna (2.10). Tlepexoas K cHcTeMe KOOPAHHAT, ABHXKyHleHcs
CO CKOPOCTbIO —V OTHOCHTEJNIbHO CHCTEMBI, B KOTOPOH 3JEKTPOH IO-
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KOHTCS, MBl MOJYYHM BOJIHOBYIO (YHKIHIO CBOGOAHOrO 3JEKTPOHA,
JBHXKYILETroCs CO CKOPOCTbIO V.

Iast Toro yTo6bl SIBHO BbIPA3HTh 3aBHCHMOCTb OT 4-paguyc-BeK-
TOpa YacTHIB, HAAO 3anucaTb BXoAsAmylo B (3.1) 3KCNOHeHTY B
unBapuanTHol Qopme:

(O)xu

2 W
exp (—— is,—’z%c— t) == exp (—— ie, p”ﬁ ) =exp (—— ie, p”; ) . (3.3)

/ — 0) — . -
rae ' =alx’ u p'=alp"® =allmc; Mu OyZeM Be3le MOJAB3O

Batbesd o6osHauenneM pd=E/c =+ A/p?+ m2c2>0. Ilpu cob-
CTBeHHBIX Tpeo6pa3oBaHHsaAX JlopeHua M NPOCTPAHCTBEHHOM OTpa-
JKEHHH DelleHHs! ¢ NOJOKHTEeJbHOH M OTPHIATEIbHON SHePrued npe-
06pasyloTc He3aBHCHMO, He NepenyThiBasch APYr ¢ Apyrom. ITO
BHAHO M3 BoIpaxeHua (3.3), NOCKOJbKY 4-HMIUyJbCc CBOGOAHOHA ua-
CTHUB BpeMeHHnopobeH, ptp, = mc? > 0. CuaelosaTelbHO, 4-BeK-
TOD P, JEKHT BHYTPH CBETOBOr0 KOHyca B p-npocTrpaHcrtie. [1peob-
pasoBanusi JIopeHua, AOMOJHeHHble NPOCTPAHCTBEHHOH WHBEpCHeH,
He nepeBoAAT ocb p® M3 OAHOH MOJOCTH CBETOBOro KOHyca B Apy-
I'ylo, HO3TOMy COXpaHseTcs pasfefnedde pelleHHA Ha pelleHus ¢ No-
JOXHUTEJAbHOH U OTPHIATENbHOH 3Hepruei.

Coraacro (2.23) cnuHOpH NPeo6pPasyIOTCA ¢ MOMOIIBIO Onepa-
TOpa

S = g~ (i) 000 (3.4)

rae AJa NMPOCTOTH MBI BHIODaJH HampaBJeHHe CKOPOCTH BAOJb OCH
x. Bxomamuit B (3.4) JopeHlieB yroJ ® paBeH

o = arcth (— -:L) = — arcth (-:’—)

# oTaHyaeTcsa no 3naky oT (2.21), Tak Kak Mbl NPOHU3BOAMM NpPeos-
pasoBaHue K CHCTeMe KOOPAMHAT, ABHXKYyilefica BAOJbL OCH X CO
CKOPOCTbIO —V.

ITpumensas npeo6pasosanue (3.4) k cnuHopam (3.2), noayuaem

w" (p) = e~ ooy (0) = (ch F — oy sh-3 ) w’ (0) =

(0]

1 0 0 —th 5
0 1 —th2 0

® 2 r
=ch 2 ® w (0). (35)
0 —th — 1 0
2
[0}

~— th - 0 0 1

Hs ¢opmysn (3.2) aas w(0) sicHo, 4To cnHHOp @ (pP) eCTb MPOCTO
CTOIGel, ¢ HOMePOM r STOR MaTpHibl npeoGpasoBanusa. Hcmonssys
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TPHTOHOMETPpHUECKHEe (HOPMYJbl
—th® _— —thwo — v/c — P
2 1+ the 1+ T=0¥c E + me?
H
® E 4+ mc?
ch 5 = /\/W , (3.6)

MOXKHO BBIPA3UTb W’ (P) 4epe3 HEPrUI0 H HMIYJbC YACTHILH.
Moxuo 0606muth (3.5) AAs NPOU3BONBLHOrO HANpaBJeHHs CKO-
poctu v. [lnst atoro B (2.19) crenyer samennts marpuuy [ Ha

0 —cosa —cosf —cosy
| —cosc 0 0 0
Y7 —cosB 0 0 0 !
— cos Yy 0 0 0

rle cos a, cosf§ U cOSy— HANpPaBJSION{HE KOCHHYCHl CKOPOCTH V.
Torna

Ouvll’ =2 (0g; cos @ + 0oy cos P + 0g3 COS y) = — 2i T;—‘,’.
Hcnoawssys (3.6), nonyuaem orcioga
® a-v
S—exp(— TV
1 0 P2t ki
E4me2 EF me?
- 0 1 P+t e’
__/\/E-}-mc2 E+me*  E 4 me? (3.7)
- 2mc? pye p_c . ’ :
E+4 me? E 4 mc? 0
A 0 1
E4+me* E 4+ me?

3JleCb Pi == Py =+ ip,. OOWMA BUA pellleHHss AJ cBOGOAHOH 4a-

CTHIBI €CThb

Il)r (x) = o (p) e~ er (puxu/h) ’

IZe B mpeacrasiennu (1.17) nas matpuu y cnusop w”(p) ecTb CTOMI-
Oen,_c HOMepoMm r B MaTpuue (3.7).
CnHHOpBl W™ (P) YAOBJETBOPAIOT CJAEAYIOWKM MOJE3HBIM COOT-

(3.8)

HOIIIEHUAM:
(p — &me)w' (p) =0, (3.9a)
@" (p) w" (p) = &8, (3.96)
4
2 2, (p) @ (p) =0y (3.98)
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YpaBuenne (3.9a), nosyyaemoe NpuMeHeHHeM IJHPAKOBCKOTO Ome-
patopa (iV-—m) k Gyukuuam (3.8), ectp ypaBuende Hdupaka A4s
CBOGOAHON YacCTHUL B HMNYJbCHOM mnpocTpaHcTBe. Has r=1, 2
uMeeM & = +1 u (p—mec)w (p)=0. 10 ypaBHeHHe AJS ABYX
pellleHHH ¢ MOJIOXKHTEJNbHOH SHeprHeH, 3ajlaBaeMblX ABYMSA [I€PBbIMH
cronbuamu Matpuusl (3.7). B HepesiTHBUCTCKOM lIpejiese HX TPETbH
.M YeTBepThle KOMIOHEHTBl SIBJASIOTCH <«MaJdbIMH» H B OTCYTCTBHE
BHeUIHero noJsi 3Tu pelneHus nepexoast B (1.29) u (1.31). Hus
pelIeHHH ¢ OTPHIATebHOU 3HeprHell «OoJbllIHMe» W «MaJjble» KOM-
MOHEHTLI MeHSIOTCA MeCTAMH. Mbl BBeJIH TakiKe CONPSAKEHHBIH CIH-
HOp corjacHo onpepetenuto (2.28):

@ (p) =w* (P) Yo-
OH y/I0BJIETBOPAET CONMPSIKEHHOMY YPaBHEHHIO
@" (p) (p — &,me) =0, (3.10)

KOTOpOe TI0JIyYaeTcsi, ecjH B35Th IPMHTOBO-CONMpPSIXKEHHOE OT YpaB-
Henust (3.9a), yMHOXKHTb ero cnpaBa Ha y° W BOCIIOJb3OBATbCA pa-
genctBaMu (y°)2= + 1 u yoyrtyd = ym.

CoortHourenue (3.96) sABafieTcs KOBapHAHTHBIM YCJOBHEM HOp-
mMupoBkH. Kak 6bI0 Noka3aHo B npeiwlayliell riase, OU/IHAEHHAs
dopma @ (p) w (p) npeictasiser coboil JopenueB ckaasp (cm.
(2.39)), Ho>TOMY AOCTATOYHO NMPOBEPHTH BLINOAHHUMOCTL (3.96) nas
peirennii (3.2), ONMCHBAKOMKX NOKOSILYIOCcs wacTuiy. IlaoTHOCTH
BeposATHOCTH W'+ (p)w’(p) He sABJAAETCA HMHBAPHAHTOM, a 1peos-
pasyercs Kak BpeMeHHAas KoMmoHenTa 4-BektTopa (cM. (2.27)).
[Toab3ysich agst BhiyucseHHf croabuaMu marpuubl (3.7), HaxoAHM

w't (srp) wr/ (sr’p) = 70_2' 6"'. (31 1)
Otcloga BUJHO, YTO HYXKHO BBECTH B IJIOTHOCTb BEPOATHOCTH HOP-
MHpPOBOuYHBIH (akTop mc?/E pjas KoMNeHcanuu JOpDEHLEeBa CKaTHSA
sJeMeHTa oO6beMa BJOJb HalpaBJeHUs ABHKeHHd H obeclieyeHHs
MHBapHAHTHON HOPMHpPOBKH 4-BeKTOopa IJOTHOCTH Toka. O6GpaThM
BHUMAaHHe Ha To, 4TOo (3.96) ecTb COOTHOLIEeHHMe OPTOIOHAJAbHOCTH
MEeX1y CIHHOPOM M CONpPSKEHHBIM CIIHHOPOM C OJHHMH U TEMH XKe
3HAaYeHHAMH HMOYJbCA P, B TO BpeMs Kak corjacuo (3.11) crnuHop
C MOJIOKHTEJbHOH SHEpPruefl OpTOroHajeH >PMHTOBO-CONPSKEHHOMY
CIIUHOPY ¢ OTPHLATENbHO! HEpPTHeldl ¥ NPOTUBONOJOKHBIM UMY Jib-
coM. TakuMm 06pasoM, [Be IJIOCKHe BOJHBl C OJHHM H TeM Xe HM-
1yJibCOM P, HO NPOTHUBOINOJIOKHBIMH IHEPrHAMY, OPTOrOHAJbHHI, T. €.
PH(x)p (x)=0, ecau r=1, 2, a r'=3, 4, 1160 Ha06OPOT.

CooTnomenne (3.9B) ecTb yc/aoBHe MNOJHOTH AJs YeTbipex AH-
PAKOBCKHX CHHHOPOB MpH 3aAaHHOM 3HAyeHHH HMnyJbca. [das cBo-
GoxHOl nokosimieiics 4acTHUbl OHO OYeBHAHO. UTOOH AOKa3aTh ero
IV HPOH3BOJILHOIO 3HAYeHHs HMNyJbca, clejaeM lpeobpa3oBaHHe
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J]opeﬂua K CHcTeMe IOKOfA, a 3aTeM BOCIOJAb3yeMCs CIIMHOpaM#u
(3.2):

4 4

3 6,1 (0) 0 (0) = ). &Sy (— ) wh 0 @5.0) S (— £ ) =
r=1 r=1

= Savbvhsxﬂl = 8,p.

To 06CTOATEbCTBO, YTO B COOTHOLIEHHH NOJHOTH GQUrypupyeT @, a
He wt, ecTb CJAeACTBHe PaBeHCTBA

S+ —_ YOS—lVO,

KOTOpOe B CBOIO OYepedb OTpazaeT TOT (aKT, 4uTo npeo6pa3oBaHHe
Jlopenna He fIBJAETCS YHHTapHBIM.

JleiictBya na pewenus (3.2), KOTOphie ONHCHIBAIOT NOKOSHICSA
5/1eKTPOH, NOJSIPU30BAHHBIA B HANPaBJIEHHH 2, OnepaTopami MOBO-

pota
S == elil)e0s

MOXKHO MOJY4YHTb COCTOSIHHIA, NoJIsIpH30BAHHBIE B MpOH3BOJBHOM HA-
NpaBJeHHH S. Takue COCTOSIHHSI ONPEAEsIOTCs PaBeHCTBOM

0. SWw="uw,

rAe CIHMHOP W ONHMCBIBAeT 4acTHIy, NOJAPH3OBAHHYIO BAOJbL HA-
npaBJeHHs e HHHYHOrO BekTopa s. Buaaroaaps cTpyKType BXOAsIeN
B (2.24) MaTpHUbl ¢ KOHKDETHBIH BHJ CIHHOPOB 6JM30K K BHAY
JBYXKOMMOHEHTHBIX crniuropos [layuu.

Jlas RadabHeHIIero W3J0XeHHs yA0OHO BBECTH HECKOJbKO HHBIC
o6o3nauenua. OG6G03HAUMM MNOCPEACTBOM U(p,S) CIHHOP, ABJAAMO-
niics pelnenueM ypasuenus Jlunpaka c N0JOXKUTENbHOH SHepruei,
AMIyJabcoM p* W cuuHoM sH. CHHHOP u(p, s) ynoBaeTBOpsieT ypas-

HEHHIO
(p — medug ity (0, ) =0. (3.12)

UeTbipeXMepHblil BEKTOp CuHa s* onpesie/isieTcss ¢ NOMOMbIO TpeX-
MepHOro BeKTOpa [O/APH3AUHH s B CcHCTeMe NOKOf CJEAYIOLUM

obpasom:

su_—__—at\l;s(o) v
agech s@Vv=(0, s%, a a¥ — KO3(pPHIHEHTH npeo6pa3oBaHus K CH-
cTeMe TIOKOsi, T. e. ph=aip@", rae p@v=(me, 0). 3amerumM, uTO
syt =—1, p@us®u =0 u, ciemoBaTeibHo, p's,=0. B cficreme
[OKOSl CIHHOP # YAOBJETBOPSAET yPaBHEHHIO

o - sOy (p®, sO) = u (p'?, sO), 3.13)
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AHajornuHo o603HayuM NOCPEACTBOM U(p, S) pelleHHe ¢ OTPHIA-
TesJbHOH 2Hepruei

(p+me)v(p, s)=0 (3.14)

H noaspusanHell B cucteMe nokos, paBHoft —s®. B cucreme nokos
IS V0 uMeeM

6-sOy(p® sO) = — v (p, sO), (3.15)

Cnunopsl u(p, s) u v(p, s) cBA3aHel co cnuHOpamu @ (p) cJienywo-
UM obpasom:

w' () =ulp, u), @ P =0, —u)
W (P)=ulp, —u), w(P)=vp, u);
37eCb U — 4-BeKTOp, KOTOPHIH B CHCTeMe MOKOf HMeeT BHJ
ud v =(0, uP)=1(0, 0, 0, ).

Takum o6pasom, JGOH CIHHOP XapakTepH3yeTcsi HMIilyJbCOM
Py, 3HAKOM SHEPrHH H MOJsAPH3alHell B cucTeMe NOKOA S

(3.16)

§ 10. MpoekuuoHHble onepaTopbl AJsl IHEPTrHH H CNHHA

Js npakTHYeCKHX BBIUHCJAEHHA YA06HO HMETb ONeEPaTophl, KO-
TOpBie OCYILECTBJSIOT NPOEKTHPOBAHHE HA CIIHHOP C 3afaHHBLIM 3Ha-
KOM 3HEePrHy W MOoJspH3anued. DTH NPOEKUHOHHbIE ONepaTophl SB-
JSIOTCS YeThIPeXMepPHbIMH aHaJOraMH HepeJsATHBHCTCKHX JMByMep-
HbIX ONepaTopoB

Pi =%:
OPOEKTHPYIOWHUX POH3BOJABHOE COCTOIHHE HA COCTOAHHS CO CIIHHOM
BBepX M CHHHOM BHH3.

[Tycts 3agano HekoTopoe pemenne ypaBHenna [lupaka B Buue
MJI0CKO# BOJIHBI ¢ MMIYJAbCOM P. MBI HIlleM uYeThpe onepartopa, Ko-
TOpbIE BBIAESIOT K3 3TOTO PelleHHs YeThipe HE3aBHCHMBIX pelle-
HHY, OTBe4YalOWUX I[OJOXKHUTEJNbHOH H OTpPHIATeIbHOH 3HEPrHH H
ABYM 3Ha4YeHHsM NPOEKIHH CIHHA Ha 3ajaHHoe Hanpasaenue. JKe-
JaTedbHO, 4TOOBl 3TH OonepaTopbl OBIJH 3aNHCcaHbBl B KOBapHaHTHOH
dopme; TOrga Mbl cMOKeM 6e3 TPy/la NepexoduTb W3 OLHOH JOpeH-
[[eBOH CHCTEMBI B APYLYlO, UTO OUeHb BaKHO B NPAKTHYECKHX pac-
JeTax.

Yerpipe NpPOEKUHOHHBIX oOllepaTopa 0003HAUAIOTCS CHMBOJAMH
P.(p)= P(py, U;,€) U N0 onpejeseHuio 006JanalOT CJACAYIOIIHMH
CBOHCTBAMH:

P, (P) wr’ (p) = érr’wr’ (p)»
HJM, 4TO TO Ke camoe,

P, (p) P (p) =0, P, (p). (3 17)
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OnepaTtop, NPOEKTHPYIOIHH Ha COCTOAHHUS C MOJOKHTeJIbHOH H
OTpHILaTENbHON 3HEPruefl H JaHHBIM HMIYJAbCOM P, MOKHO MOJYYHUTD
cpas3y B KOBapHAaHTHOH (OpMe HENOCPEACTBEHHO H3 ypaBHeHUs
(3.9a). O6o3HauuM ero NOCPEACTBOM

A, (p) =2t me
anbo

As(p)=EEL0E, (3.18)

2mc

Hcnosb3ys pasenctso pp = p?=mc? MOXKHO yOeIUTbCS B TOM, 4TO

mc? (1 4-¢e,8,.) 4+ mep (e, + ¢, I4+ee.
Ar (P) Ar’(p)= ( : 4)m202 ( . r) =( 9 )Ar(p);

T. €.

A (p)=A+(p), As(p)A-(p)=0.
OTMeTHM TaKKe PaBEECTBO

Ar(p)+A-(p=1.

Ananoruynble CNHHOBBIE ONEPATOPH MpOIe BCero MNOJYYHTL B
CHCTeMe HOKOfl, a 3aTeM MONbITAaTbCsl NPHAATb HM KOBaPHAHTHBIM
BuJ. B KauecTBe omnepaTopa NpOeKTHPOBAHHA HAa COCTOsSIHHE CO CITH-
HOM BBepX eCTecTBeHHO B3ATb (l -+ 0,)/2. Jlaa Toro uto6bl B ABY-
MepHOM cnuHOBOM onepartope (1 + ¢,)/2 uzbaBuTbes OT sABHOH 3a-
BHCHMOCTH OT HanpaBJ/ieHHsl 2, ero NepelHChIBAIOT B BHUAe CJAEAYIO-
miero cxaJgspa:

14 G-uLO)

— -
Jas mpuaasus AHPAKOBCKOMY CIHHOBOMY NPOEKIHOHHOMY ollepa-
TOPY CKaJspHOil GopMbl HCTO/b3yeM 4-BekTop ul¥* M 3amuuem

l+o, I+ syl v _ 1+ Vsig Yo
2 - 2 _ 2 ’

JTo BHIpa)KeHHe MOKHO MNpeo6pasoBaTh K KOBAPHAHTHOMY BHAY,
HCKJIOYHB MaTpHIy yo. B cucreme rokosi AeHCTBHe MaTPHIBl yy Ha
AHPAKOBCKHH CIHHOP CBOAHMTCA K YMHOXeHHI0O Ha —=4=1. IIpunumasn
Bo BHHMaHHe (3.14) w (3.15), noayuaem cJeAywoliee BbIpaKeHHE
/ISl JHPAKOBCKOrO HHBAPHAHTHOTO CIHHOBOIO NPOEKUHOHHOrO Olle-
partopa:
1+ vt
E'(uz)_'——_2z’

HJIH, JUIS NPOU3BOJABHOrO 4-BeKTOpa CIHHA SM, YVAOBJETBOPSIOIIErO
yCaoBHIO §Hp, = (,

3 (s) = ¥ (3.19)
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B cucTeme mokos HMmeeM

A(O)
Z(u)w! (0) = —ﬂ”—— w'(0) = Hf" @ () =w'(0) (3.20)

2(—u?) w? (0) = w?(0).
AHaJOTMUHO A5 CIMHOPOB ¢ OTpHuaTeﬂbHOﬁ SHeprued

1— vsALO +Ya %o

S (—uf)w? (0) = 0¥ (0) = ©¥(0) =

=]—'g(12—w3 O =w’© (3.21)

S () @t (0) = w (0).

Has cnunropoB 1 M v, onpexeseHuelx coraacHo (3.16), stn paben-
CTBa BBILVIALAT TaK:
L(u)ulp, u)=ulp, u,),
2(u) v (p, u)=v(p, u,),
L(—u)ulp, u) =2(—u)v(p, u)=0.

BcuencTsre KOBapHAHTHOCTH NPOEKLHOHHOIO onepatopa 2 nJs JIO-
6oro BekTOpa moJasApudauu s* (skp, = 0) MOXKHO 3amucaTh

Z(syulp, s)=ulp, s),
2 (S) 4 (py S) =70 (p: S)’ (3'22)
Z(—=9ulp, y=Z(—s)v(p, s)=0.

Hwmes B cBOeM pacHOpSKeHHH YeTbipe NPOEKIHOHHBIX ONEPATOPa
As(p) 1 2(z£S), MBI MOXKeM NOJHOCTbIO XapaKTepH30BaTb JBHKeE-
Hue cBOOGOJHOH 4acTHiH ee 4-HMNYJbCOM p,, 3HAKOM 3HEPTHH & H
noaspusanuei s*, npudem stp, == 0. Iaa 3TOro ™Mbl MOCTPOUM H3
(3.18) u (3.19) ueTnlpe MPOEKUHOHHBIX ONEpaTOpa:

Pip)=A+(p)2@w),  Ps(p)=A_(p)Z(—u),
Py(p)=A, (P Z2(—u,), Pi(p)=A_(p)Z (1)
3ameTumM, 4TO /A BEKTOPOB, YIOBJAETBOPAIOUIHX YCJIOBHIO stp, =0,
[2 (S)y in (p)] = 0)

MOCKOJIbKY P aHTHKOMMYTHDyeT Kak ¢ vys, Tak uH c¢ §. Caenosa-
TeJbHO, INOCTPOEHHBIe onepatopsl Pr(p) YHAOBJETBOPAIOT onpexne-
Jdenno (3.17).

Mpl Gynem oueHp uacto 0o6pallaTbCcA K 3THM Omeparopam AJs
NoJly4eHHs NpHeMOB GHICTPOro U spdexTuBHoro cuera. OHu 103BO-
JSIOT MOJb30BATBCA CBOHCTBAMH NOJIHOTH U TeM CaMBiM H30aBJISIOT



44 PEMIEHUS YPABHEHUSI OUPAKA 1JIs CBOBOJHOM YACTHLD [TJ1. 8

HaC OT HeoOXOMMMOCTH SIBHO BHIIHCHIBATb BCE MAaTPHUbLI H KOMIIO-
HEeHTbl CIHHOPOB.

Uro6E MNOJYYHTb PEJNsTHBHCTCKH-HHBAPUAHTHYIO TeOpHuio, MH
BBeJM pelIeHHsl C OTPHIATEJIbHOH SHEprueil H MMIYJIbLCOM P, KOTO-
puie, coriacHo (3.8), ABIAOTCA COOCTBEHHbIMH (YHKUHAMH Onepa-
Topa HMIyabca P ¢ coGcTBeHHBIM 3HaueHHem —p. [loxoGHemM xe
c6pasom, coraacHo (3.19) u (3.21), pewennsa c oTpulaTebHOR
3Heprueil, ONUCHBAIOLIHE COCTOSHHS CO COHHOM BBEpPX H CHIHHOM
BHH3, ePexolaT B CHCTeMe IOKOA B cOOCTBeHHble QYHKIUHH Omnepa-
TOpa 0, ¢ COGCTBEHHBIMH 3HAYeHHAMH, DaBHBIMU —1 u -1 coorBert-
ctBenno. du3uueckas NpPHUMHA TAKOFO «COOTBETCTBHA HA0GOPOT»
LJIs pelleHHii ¢ OTPULATeNbHOM SHeprueil cTaHeT ACHOH, KOria Mbl
B IJ. 5 paccMOTPHM TEOPHIO ABIPOK.

§ 11. dusnyecknii cmMbich PELICHHH B BMAE MIOCKHX BOJIH
M BOJIHOBBIX MaKeTOB

Tenepb MBI MOXKeM MOCTPOHTb JIOK&/lH30BaHHble BOJHOBEIE Na-
KeThl MyTeM CyNepno3HUuH pelleHHil B BhJe IUIOCKHX BOJH. B cHay
NPHHLUNA CYNepHO3HIHH 3TH NaKeThl Takxke OYAyT pelleHHAMH
ypapuenns Jlupaka 1ja cBOGOXHOH 4aCTHIb, MOCKOJbKY ypaBHe-
une Jupaka JunefiHo. 3aliMemcs H3yueHHeM INaKeTOB, YTOOH IO-
cTHub GoJlee rayGOKOrO IMOHHMAaHHA (DU3MUECKOrO CMBICJIA DEeUleHHH
JJisi cBOGOXHON UaCTHIEL

HauHeM ¢ TOro, uTo MOCTPOMM OaKeT TOJABKO H3 PelleHHl ¢ 00-
JIOXKHTeJIbHOI 3Hepryeil:

W )= L2 ASTE S b0, Julp, W (3.93)
+ 8

(23.”-1)“/;
JIs HOPMHPOBKH KO3(h(UUHEHTOB pasJoxkenus b(p,s) Ha enuHHU-
HYIO BepPOATHOCTb OGPATHMCS K COOTHOLIEHHSM OpPTOrOHAaJbHOCTH
(3.11). TMoayuum!)
3t (+)
fatew ™" o, 090, 0=

(@ 3 56, b0, 1t (o, up, 9=

s &8

=Sd3pZ|b(p, SP=1. (3.24)

1y TipuseneM H3BeCTHBle CBOHCTBA §-dynkumn [upaka, ucnonn3yemble mpn
BuiBOJe (3.24),

{aretemar_smss—a) (assis—aro=iw,

—00
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Cpeﬂ.HHﬁ TOK [AJ4 Takoro BOJHOBOTIo flakeTa JhaeTcs CPEeIHHM
3HaueHHeM oneparopa CKOPOLTH

J = S 1p+’+ca\p‘+’d* X (3.25)

Boiupcaum JiH), BOCNOAL30BABIIHCL CJEAYIOUIUM BaKHBIM COOTHO-
lleHHeM MeXAy TpeMst 4-BeKTOpaMH, KOTOPBle MOXKHO HOCTPOUTH H3
petleHuit Aas cBOGONHON YaCTHLBI:
ecan P (x) u Po(x) ecth ABa MoObIX pewtenns ypasrenus Jlu-
paka
(b — me)w (x) =0,

TO
choyHpy = L [Poptb; — (Pbo) ¥ — ;—m Py (b20"y).  (3.26)

2m

Urto6bl KoKa3ath (3.26), saMeTuM, uTO AJ4 JIOOBIX ABYX 4-BEKTOPOB
a* y b¥ cnpaBen/IMBO PaBeHCTBO

v 1 !
a6 = a,by [5 (v + Vv + 5 (v — v =

=d'b, — id"bo,,.  (3.27)
Jlanee, ucxolsi U3 ypaBHenHua Jupaka, Hauuuem

< _ Z
0 =1y (— p — mc) ag; + pod (p — mc) b, =

- - > . < .<_
= 2mC\b2d\p1 + \pQ (aupu - 1aup\’0'uv - p‘uau + lpuavcuv) \pl;

P
rae Pp =p,py*. Orcona (3.26) nmnouyuaercs NpPHpPaBHHBAHHEM
KO3(D(UIUHEHTOB TNPH NPOM3BOJIBHOM BeKTOpe aM.

PasenctBo (3.26) usBecTHo Kak pasioxkenne [opnona [31]. Oxo
BLIpa’KaeT AUPAKOBCKHI TOK KaK CyMMy TOKa MepeHoca, aHaJorny-
HOro HepeJsTHBHCTCKOMY, H CIHHOBOrO TOKa.

rie METErpHPOBaHHe NPOBOJHTCS MO HHTEPBAIY, BKIIOYAIONEMY TOUKY § ==a, U
npeAnosaraeTcs, 4To B 9TOM HHTeppaie Gynkums f(s) He wmeer ocoGennocTed;

s(L)=lcis. lel=o.

[onste O-pyHKu#H sBASETCS MATEMaTHYeCKH CTDOTHM; OHO OGOCHOBHIBAETCS B
TeOpHH 0606MIeHH X GyHKUHH; cM., Hanpumep, [30].
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Hecnoabsysa (3.26) npu ¢e = 1 =1 n (3.23), nas Toka (3.25)
HaXOANM

da d3 4 2 % , , F it x
10 = (@ \LECE 2 3 b b (p, 96X
+

E N

»

X g 00, V[(P; + ) + 10} (P, = p)]up, ) =

=@ 21500, 98, 3.29)

&+ 8

HJIH, YYUTEIBAsi HOpMHPOBKY (3.24),
2
I = (ea), = (), = Vepyun)s., (3.29)

riae cuMroJa { )4 O3Hauaer cpeiHee 3HAUeHHe MO MAKETY C MOJOXKH-
TeJabHOR 3Hepruedt. Takum oBpazom, cCpelHHIl TOK AJS [POH3BOJIb-
HOro MakKeTa, MOCTPOEHHOrO TOJbKO M3 PEUIeHHH C MOJOKHUTENbHOH
sHepruedl, eCTb MPOCTO KJaccHueckas rpynmnoBas ckopocTs. [lono6-
HOe VTBePKAEHHE XOPOIIO H3BECTHO H3 HEPEJISTHBHCTCKOH UIpe-
JIHHT€POBCKOH TEOPHH.

Teneps ™Mbl NepefileM K BaXXHOMY OTJHUHIO, TPHCYLieMy pefd-
THBHCTCKOH Teopur. B mipeimHrepoBCKOH TeOpHH B BhIpaxKeHHe 1J1f
TOKa BXOAMT Oflepatop P/m, KOTOPHIE ABJAETCS KOHCTAHTOH /st
cBoGogHoro asixenusd. B Teopuu Jdupaka, oqHako, TOK He NpOmop-
LHOHAJ/JeH HMIYJAbCY M, B TO BpeMd KaK H3 COOTHOLIeHH{ IpeH-
¢ecra (1.27) caenyer, uto nAnaa cBOGoAHOro ABHKeHUS dp/di =0,
omepatop CKOPOCTH Co He fBJAeTCA KOHCTAHTOH, MNOCKOJBKY
[, H] = 0. HeiicTBuTesbHO, coOCTBeHHHE (DYHKIHH onepatopa co
AOJIKHBI CTPOUTBCS H3 PEUIeHHH KaK C IOJOXKHTEeJbHOH, Tak U ¢ OT-
pHLlaTeIbHOH 3Hepruell, Tak Kak COGCTBeHHble 3HAUEHUs Ccol PaBHbI
¢, Torga kak corjacuo (3.29) [{cai)i| <e.

BgiaroudM B Hallle PAacCMOTpeHHe peHIeHHs ¢ OTpPHUATe]bHOH
SHepruell H TOCTPOHM BOJIHOBOH MakeT M3 NOJIHOro HaGopa peule-
Hufl g ceobopnoi uyacruubl. O6obmennem (3.23) Gyner

v 0= =2 A/TE S (50, o, el 4

(2ﬂﬁ)3/2

+d*(p, s)ulp, s)er ™). (3.30)

HopMupoBKa CHOBa IPOH3BOAMTCA Ha €IMHHYHYIO BEPOSTHOCTD.
B pesysbrare HeCJOXKHBIX BHIUHCJIEHHH NOJydaeM

{arv 00 0={dp Y o0 9P +1d(, 91=1.
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TToToK AJs Takoro makera paseH ')
k2
J"=Sd3p{Z[lb(p, E+1d(p, 9P 25+
s

+i Z b*(— p, Yd"(p, s)e¥*Pihii(—p, s') 6" (p, s) —

x5, 8

—i T blep, N, e, ) oMul=p, 9] B3

+5, 58

Kpowme He3zaBucsllell OT BpeMeHH IDYNNOBOH CKOPOCTH, B 9TOM BHI-
paxKeHHH MOABHJHCH MepeKpecTHbIe Y/IeHbl MeX1y PelleHHsMH ¢ T10-
JIOXKHTENbHOH H OTPHUATEJNbHO! 3Hepruef,, KOTopnle OBICTPO OCLHJI-
JHPYIOT BO BpeMeHH C 4acTOTOH

2 2me? -
’;°C> ";: =2 10" cex™".

OTn GbicTpble OCUMJJSAUHH, WIH <«ApoxauHe» («zitter-bewegung»
[32]), nponopuHOHaJbHE AMIJIHTYXe, C KOTOPOH BXOJAHUT B NakeT pe-
[IeHHe C OTpUIATeTbHOH 3Hepruefl. [loka B HameM H3J0XKEHHH MH
elile He BBHISICHW/IH (DU3HYECKHH CMBICJ 3THX pelleHHH, ONHAKO MOXK-
HO 3aJaTbcsl BONPOCOM, KOrjxa cJeiyeT OXKHIATb NPHCYTCTBHS 9THX
pelleHHi B makere cO 3HAUHTENbHOA amnauTynod. M3 obulero BuAa
pemeHusl A cBOGOJHOH YacTHIBI BHIHO, YTO MOCKOJbBKY BeJHUHHBI
b(p,s) He 3aBUCSIT OT BPEMEHH, TO B OTCYTCTBHe BHEHIHEro Bo3aei-
CTBHSl B BOJIHOBOM I[1aKeTe, IePBOHAUAJLHO MOCTPOEHHOM TOJbKO M3
pelIeHH# ¢ NOJOXKUTEJIbHOH >Hepruedl, He MOSABATCA KOMIIOHEHTHI
¢ orpuuareabHoil sHepruefl. OAHAKO MaKeT, OMHCHIBAIOUIHH 3JeK-
TPOH, TaK HJH HHAue JIOKAJTH30BAaHHBIH B KOHEUHOH 0GJacTH B Ha-
yaJbHbI MOMEHT BpeMeHH, COAepKHT, Booblie roBops, pelleHHA
¢ 06OMMHU 3HAKAMH SHEpPTHH.
PaccmoTpuM, Hanpumep, peuieHue

b(r, 0, 5) = (d?) ™ “ ey (0), (3.32)

KOTOpOe OTBeuaeT raycCOBCKOMY PACIPefeeHHIO MJIOTHOCTH BOKPYT
HauaJ/Ja KOOPILHHAT C MOJYyWIHPHHOA ~d B MoMeHT Bpemenn f == 0.
B 060fi mocJaeIyoOUHA MOMeHT BpeMeHH f{ 3TO peHIEHHe MOXKeT
6biTh nmpefcTaBieHo B Buie nakera (3.30) ¢ xospduuuenramu b u

1) HecMOTpPs Ha HEKOTOPYIO HeNOC/eJOBaTebHOCTb, MBl Besfle OyleM IMOJb-
30BaTbesi 0603HaUYeHHEM

u(WpZFm?, —p. s)=u(—p, s)

¥ aHaJIOTHYHEIMH 0603HaueHHsAMH AJs KO3GbdHIHeHTOB pasnoxenys b, d* u T. 4.
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d*, 3anaBaeMbIMH CBOMMH HadaJbHbIMH 3HaueHuaAMu npu [ =0, T.e.

3 e i
S(Ti?f)”‘T /\/ =2 b, ulp, et 4
+d*(p, 8)v(p, 8)e P ] = (nd®)” "™’ (0).

ITpoussons npeo6paszoBanve Pypbe W HCHOIB3YS

00
—r2od? il-r/k 3, =Y, l2d? h?
Sdare r/2detl r/ =(2ndq)/-e /zld/fi,

— 00

nosyuaem
’\/,’3302 Yo, ulp, s)+d (—p, sHo(—p, =

=( d? )Tl‘e—‘/zp’d’/h’wl (O).

nh?

H3 coorHowennfi oproronaasuocta (3.11) Haxoaum
mc? d2 N ors
b(p, )= A/ ()" Pt (p, 5)w (0),

()
£ (= 9= AT () et (—p, 9 0

Takum o6Gpasom, aMmIuTyxa pelleHHs ¢ OTPHLATEJNbHON 3Heprueil
d* B makere (3.32) oTymuHa OT HyJ . [1o OTHOWIEHHMIO K aMILIHTYAE
pellleHHs: ¢ MOJOXKHTebHO! 3Heprueil b oHa moxaBseHa Kak Bepx-
HASA, MJIH «MaJjas», KOMIOHEHTa U IO OTHOIIEHUI0 K BepXHeH, HJIH
«00b1IOH», KOMIOHEHTE 4, T. €. [0 NMOPSAAKY Beauuunst B pc/(E +
+ mc?) pas. OTcrioga §CHO, YTO aAMIVIHTYAB PELIEHHH ¢ OTpHLA-
TeJbHOH 3HEpruell CyWEeCTBeHHB NPH 3HAYEHHAX HMIyJbca ~ Mc.
Opnnako u3 (3.33) BuaHo, uTO nmaker cHOPMHPOBAH B OCHOBHOM H3
cocTosIHUE ¢ uMOyJbcoMm p < h/d. ITosroMy aasi Toro, utoGnl BKJIan
COCTOSIHHH C OTpHIATeJbHOH 3Heprueil cras CYyHLeCTBeH, NakeT AOJ-
JKeH OblTh JIOKaJH30BaH B 06JacTd ¢ pasMePaMH, CPaBHHMBIMH C
KOMITOHOBCKOH [JHHONA BOJHBEI 3JeKTPOHA, T. €.') ¢ d ~ h/mec.
DTOT pe3yJbTaT MOXKHO MOJYYHTH H3 PasMepHBIX coobparkeHHi
¢ 1oMolbio cooTHOMmeHNua ApAx ~ h, He NOJbL3YSACH TrayCCOBCKOH
dopwmoir pacnpenesaenusa. Korna peub ujer o 3agauax, rie JeKTPOH
«pa3masat» no o6Jjgacty, MHOro GoJblied ero KOMITOHOBCKOH
IJIUHB BOJIHB, MOXKHO BOOGIle He NMPHHMMATh BO BHMMaHHe Cymie-
CTBOBAHHe pelleHHH C OTPHUATEJbHOH 3HEPrvell U TeM He MeHee
HajxedaTbCs NOJYYHTh obJanaroliie (GH3HUECKHM CMBICAOM H A0BOJb-
HO ToyHble pe3yJabTaTH. Takoe NpHOJHXKeHHe CTaHOBHUTCS HeEMpH-

(3.33)

) I'loHsiTHe NPOCTPAHCTBEHHOA KOOPIMHATH JHPAKOBCKOTO 3JIEKTPOHA ¢ NO-
JIOXKHTENLHON 3Hepruefl obcyxkaaercs B pabore [33].
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MEHHMBIM, €CJIH JEKTPOH JIOKaJH30BaH B 00/1aCTH ¢ pa3MepaMu Mo-
panka h/mc. Tlpy sTOM aMIVIHTYAB pelleHHd ¢ OTPHIATEIBHON
SHepruell AenaloTcsl CYIIECTBEHHBIMH, B TOKe BO3HHMKAIOT <«ApOXKa-
IHe» YJeHBl M MBI CTAJKHBaeMCSl ¢ TAKHMH NapafoKCaMn H AHJeM-
MaMH, PaspemuTh KOTOpble B paMKaX Pa3BHTOH HaMH TeOPHH OH-
PAKOBCKOTO 3JIEKTPOHA OKa3biBaeTcs HEBO3MOMKHBIM. 3HAMEHHTHIM

Vez)

-

-

7 | V4

-zl z

Puc. 3.1. Ilorenumanwunifi Gapbep, yaepxuBawiufl s7eKTpoH ¢ sueprmefi E
B obaacru I caesa.

Yz

/ 7

z

Puc. 3.2. BnekTpocrathueckuil noTeRnHal, NffeJcTaBJIEHHBA 15 11pOCTOTH CTeHKOM

C pesKHM KpaeMm, Ha KOTOpYI H3 o6sactn [ majaer ABHXyniaacs BOpaBo CBO-

Gonuas 3/7eKTpoHHAs BojHa ¢ smepruefl . Ilpu Vo > E 4 mc? orpaxenHbfl OT

IOTeHIHAJA MOTOK MPEBOCXOAUT naa}gromnﬁ; 3TO O/JMH H3 NpPHMEPOB MApapoKca
Jefina.

NpUMepOM TaKOro poja TPYAHOCTH siBasercs napanokc Kaefina [34],
KOTOPBI MOXKHO NMOSCHHTDH Ha CJeLVIOIEM IIPHMEDE.

Yr1o6ul JIOKAJAH30BATh TEKTPOHBI, MBI LOJKHBI CO31aTh CHJIbHOE
BHeHIHee NOJe, yAepKHUBalollee X B 3ajanHoit obsaacth. [IpeanoJo-
JKHM, Hanpumep, 4TO MBI XOTHM YAepxKaTb CBOGOAHHIH 3JEKTPOH
¢ sHeprueil E B oGsactu [ cjeBa OT TOUKH Hauajga KOOpAHHAT
z=0 B OZHOMEPHOM MOTeHuUase, H300paKeHHoM Ha puc. 3.l
Ecau Mbl norpebyem, uToGH 3J€KTPOH He MPOHHKaa B obaacTb [/,
Jexkaulylo npasee Toukd 2 = 0, riy6iKe, ueM Ha paccrosiide d, TO
notennuaa V moJjaKken Ha HuTepBase 2 < d OGbcTpo BospacTaTb IO
3naueHua V, > E; Torna pemenne Oymer B ob6aacty Il cnapath
c xapakTtepHoil aauHO#l < d. Bce Oyner mpouCXOAMTH Tak, Kak B
WpeIUHrepOBCKOH TeOpHH, 4O TeX Iop, NOKa HHTepBaJ, Ha KOTOPOM
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MBI XOTHM YepiKaTb 3JEeKTPOH, He COXKMeTcs 10 pasMepoB ~ hi/mec,
a pasHoctb Vo — E He NPEBBICHT BEJHUHHBI MC2,

UTo6Bl MOHATH, YTO NPOU30HAET faJjee, PacCMOTPHM MOTEHLHAJ
C pe3KHM KpaeM, H306paxKeHHEBIl Ha pHC. 3.2, H BHIYHCJINM OTPaKeH-
HBIH ¥ OpoHIefUIUH NMOTOK AJS 3JEKTPOHA (¢ BOJHOBBIM BEKTOPOM
Rk, v cnWUHOM, HanmpaBJeHHBIM MO OCH 2), HaJeTalomero cJjesa Ha
o6JacTb AeHcTBHS 3TOro NoTeHIHaJga. PemeHus ¢ MoJoXKHUTEJbHOH
9Hepruell Jsa najpamolieil 1 oTpaxeHHOH BOJH B o6Jgactu [ UMeioT

BUJ
1

0
L = aeik‘z ck\h s
Pine E + me?
0
| o (3.39)
0 1
"‘pref = pe—ikz _ ckih + b e itz 0
E 4 me? ckih
0 E 4+ mc?

Ilpowenmas BosHa NpeicTaBdseT COGOH pellleHWe YpaBHeHus JIu-
paka B MOCTOSHHOM BHellHeM noTeHnuanse e® = V,. Owno oriau-
YaeTcsa OT pelleHHsA [Js CBOGOMHOH uacTHiB! JHLIb 3aMEHOH Py =
= (1/¢) (E — Vy), nostomy B obJjactu Il nmeem

Hky? = (E— Vo) —m’c* =(E —mc® — Vo) (E 4+ mc* — V).

CirenoBaTeJbHO, NPOIIEALIVIO BOJHY C NOJOXKHTEIbHOH 3Hepruel
E > 0 MOXHO 3amHcaTrb Kak

1 0
0 1
Virans = detk= | __ chks |+ detk* 0 . (3.35)
E— Vo -+ me? ~— chky
0 E—Vy+ me?

Avnauryas d 1 d’ onpelensioTCA U3 YCJAOBUS HEeNPEPbIBHOCTY pe-
UIeHHS Ha TpaHHile NOTEeHIHaJa, KOTOpOe B CBOIO Ouepelnr CjeiyeT
U3 cOoXpaHeHHA nOTOKa. MMmeewm

at+b=d,
__ k E + mc? .
a—b—k—lmdr-fd, (336)
b’=d'=0 (uepeBopoTa CIHHA He MPOHCXOIWT).

IMpu Vo>0u |E— Vo << mc? sosHoBOH BekTOop B OGJaactu I/
YHCTO MHHUMBIH: ke = +-i|ks| u peluenue B 3To# o6sacTu npeiacras-
JdseT co6Of 3aTYXaIOINYI0 SKCMOHEHTY ¢ XapakTepHOH AJHHOH 3a-
ryxauus d > h/mc. Ecau Mbl, 01H2KO, 3aXOTHM YMEHBIIHTb IyGHHY
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NPOHHKHOBEHHS 3JEKTPOHa B 06sacTh [/ U yBeJHUMM BBICOTY MOTEH-
uxaspHoro 6apbepa, ciejaB ero Beliie, 4eM Vo = E 4 mc?, npoulex-
1Ias BOJIHA CTaHeT ocuu/upyoouell. HeTpyano BBIYMC/IHTD MpolIen-
wHi H oTpaxeHublfl ToK. [Tosyuaem

ftrans . Ar Iret . (1—r)? —_1 — Iteans (3 37)

fne U+ Tipe A+ Tine ’
Xors 110 (popMe 3TH pe3y/abTaThl HANOMHHAIOT NpEACKA3aHHdA HeEpe-
JATHBHCTCKOA TEODHH, c/elyeT 3aMeTHTb, UTO MOCKOJIbKY Vo > E +-
-+ mc?, 10, coraacuo (3.36), r << 0.

MBI NOJyuYM/IH Pe3yJabTaT, MPOTHBOpeYallHi HAUIHM OOGBIYHBIM
npeJCTaBIEHUAM: NPOUIAIIHA NOTOK OKa3aJ/Ccsi OTPHUATENbHBIM, 2
oTpaeHHbHl NOTOK GoJibplle najaminero. Yro npencrasiaser cobol
notok B oGaactu /I, KoTOpHI Ha puc. 3.2 HampaBJeH cnpaBa Ha-
JgeBo H3 obaactu I[ B obaactb I?

B Hapmexie JOKaJH30BaTh pellleHHe BHYTPH HHTepBaJja, paBHOIo
KOMIITOHOBCKOH JAJHHE BOJIHBEI 3JeKTpoHa fi/mc, MBI CAejaln NOTeH-
unaJbHb 6apbep Boille, ueM £ +- mc?, HO B HTOre NOJIYUHJIH He 3a-
TyXaolliee, a OCHH/IKpYoLlee pemenne. Kak cienyeT NOHHMATh 3TO
aBieHyue? Ero MOMKHO NMOHATH, TOJAbKO BBISICHMB (PH3HYECKHI CMBICJ
pelieHnii ¢ oTpuuaTeabHol sHeprued. M3 paccMoTpeHHs BOJIHOBBIX
IIaKeTOB SICHO, UTO pelileHHusl C OTPHLATeNbHOH SHepruell cyuecrBen-
Hbl, KOTJa 4acTHUA JOKaln3oBaHa B 00JacTH pa3Mepom h/mec.
C apyroil CTOpOHBI, H3 NPHUBEJEHHOrO NpHUMepa BHAHO, YTO HMEHHO
Ha TaKHX PacTOsiHHUAX Hama (QU3HYecKas KapTHHA nepecraer COOT-
BETCTBOBATb HNeHCTBHTE/JbHOCTH.

Mpul 3aiiMeMcsl paspellendeM 3THX BONPOCOB, HaukHasg ¢ ra. 5.
"[lpexnae o6paTuMcsi K MHUPOKOH (XOTH H orpaHHueHHO#) o6JsacTH
dbH3HUECKHX SIBJIEHHH, B KOTOPBIX MPHIOKEHHbIE 014 ABAAITCA Ca-
OBLIMH M MelJIeHHC MeHsIoTcs B MacimiTale, rae eIHHHIEH IJIMHBI
CJAYXKHT BeJIHUHHA h/mc?, a enuHMLeH SHEPrHu — BEJHYHHA me2.
Mpl mazeeMcs HalTH 3JeCh MHOXKeCTBO pa3dHOOGPa3HBIX MpuMeHe-
Hufl ypaBueHusi JlUpaKa H TEOpHH 3JIEKTPOHA C MOJIOKHTEJbHOH
sHepruef.

3A0AUN

1. Toayunts (3.11) HemocpenctsenHo W3 ypaBieHua [lupaka.

2. JlokasaTh, uTo paseHcTBO (3.9) CmpaBelsHBO HE3aBUCHMO OT KOHKPETHOTO
NpecTaBJeHHs AAA LHPAKOBCKHX CIHHOPOB.

3. [ToayunTh BHpaXeHne 1ad motoka (3.31).

4. Tlokasatb, uto (3.36) ecTb cileACTBHe COXpaHeHHs MOTOKa.

5. HaliT ypoBHH SHepTHH JUPAKOBCKOH 4YacTHUb B OJHOMEPHOH NpsiMO-
yronpHoll mOTeHUKANbHOA AMe TyGuuol Vo n winpHHO# a.

6. [IpoBepbTe caelyiollee YCIOBHe MOJHOTHI

4
E
Z o], (e'p) 0f" (¢'p) = — 8,4,

r=|



T1TABA 4
NPEOBPASOBAHHUE ®OJI1H — BAYTXANU3EHA

§ 12. BseneHue

Ecau He npuHuMate B pacuer npoGjeMy OTpHIaTe/bHBIX 3Hep-
rufl, To ypaBHeHue llupaka jJaeT BIOJHE yAOBJETBOPHTEJNbHOE OIIH-
canue asekTpoHa. OHO HMeeT Pa3yMHHIH HepeATHBHCTCKHE Ipeledt
U NPUBOJAHT K NPaBHJbHOMY 3Ha4yeHMIO MArHHUTHOrO MOMeHTa. Te-
mepb Mbl 3aliMeMCsl HCCJAeJ0BaHHEM B3aMMOJeHCTBHA IHPAaKOBCKOro
3JeKTpOHA C 33aJaHHBHIM BHEHIHHM NOTeHuHaJ/JoM. B nepBylo ouepenb
Hac OygeT HHTepeccBaTh 06J1aCTb HH3KHX 3Hepruil, csobomnas or
TPYAHOCTel, CBA3aHHBIX C PeIieHUSAMH C OTDHIATeJbHOH 3Hepruell.
[Tpu paccMOTpPeHHH BOJIHOBBIX HaKeTOB B NpelblAylueill rjaBe Mbl
IOIYEpKHBAJH, UTC DOJIb 3THX DelleHHH NPaKTHYeCKH OyYeHb MaJa
B TakKHX BONpOCax, Kak, Hampumep, 3afadya o6 aToMe BOAOPOAa,
Korja 3JeKTPOH JIOKaau30BaH Ha GOpPOBCKOH opOuTe ¢ pazuycom )
1/am > 1/m.

Mu y6eaumMcs B TOM, 4TO CTauHOHAaPHBle yPDOBHH 3SHepruy arto-
Ma BOZOpPOXA, MOJYYCHHBIE ¢ NOMOMIBbIO ypaBHeHHa [upaka, upes-
BHIUafiHO 6JH3KH K HaO.mofaemplM. OLHAKO, Npexile ueM OPHCTY-
MUTh K MOUCKY COOCTBEHHBIX 3HAUEHH B KYJOHOBCKOM MOTeHUHaJe,
6yneT BecbMa MOYYHTEJbHO C(HOPMY/IHPOBATH AUPAKOBCKYIO TEOPHIO
B Takoll (popme, KOrka B3aHMOJAeHCTBHe 3JeKTPOHA C BHEMIHMM IIO-
JeM NpeACTaB/eHO CYyMMOH u/1eHOB, KaX/blil H3 KOTOPHIX HMeeT Ha-
[JISAAHLI HEPEJASTHBHCTCKHE CMBICJL.

PaccMOTpHM NMO3TOMY MOCJAELOBATEAbHBIl METOL, NMpeAIOKeHHb i
doanu n Baytxaiizewom [35], a nMeHHO KaHOHMYecKOe Npeobpaso-
BaHHe, NDH KOTOpoM ypaBHeHne Jlupaka mnpeBpamaercs B napy
JBYXKOMIOHEHTHBIX ypaBHeHuil. OJHO 43 HHX B HEeDEJATHBACTCKOM
npesnene nepexoAuT B ypasuenue Ilaysiu, npyroe onuceiaer cocros-
HHS ¢ OTPHIIaTeJbHOMA 3Heprued.

1) Huxe mbl pesge 6ynem nonarath fi = ¢ = 1. KoMnToHOBCKas nJiMHA BO.I-
Hbl 3JeKkTpoHa pasHa 1/m = 3,86-10~ cm, a ero sHeprua mokost m == 0,511 Moas.
[MocTOAHHAS TOHKOR CTPYKTYpH o = e?/4m =2 1/137 B sTux epuunnax
1011 . 21 .
0,5” M.98=—3E cM -——mcen = M.
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§ 13. IipeoOpasoBanne aJasi cBOOOAHOH 4YacTHLbl

B kauectBe fNepBOro mnpuMmepa mnpojenaeM npeobpasoBanne
®osnn — BayTxaiisena Hai ypaBHenHeM J[lHpaka Aas CBOGOAHOR
yacTHub. JI1s 3TOR uesau yroOHee 3anucaTh ypaBHende Ilupaka B
raMHuJLTOHOBOH (opMe, HCHOAB3YS I/ MaTpPHU « OpeAcTaBJeHHE
(1.17). Mul uuiem yHutapHoe npeobpasosanue Uy, KoTopoe ocBo6o-
JIHT ypaBHEHHe OT BCeX ONMEPaTOPOB THIA «, CBA3HBAIOIUUX MEKLY
coBol «OoblIHe» W «MaJble» KOMIOHeHTH. JIl060# Takoil onepatop
6yleM HA3bIBATh HEUEeTHBIM; Te Ke ONepaTophl, KOTOPbie He CBA3bI-
BalOT MeXIy c000H «GoJbline» M «MaJjbie» KOMIOHEHTHl, Ha30BeM
yeTHbIMH. COrJIacHO 3TOMY OfpeleseHHIO OlepaTopHl o, ¥, ys # T. A.
ABJAITCS HEUETHBIMH, 2 omepaTtopel 1, B, 6 u T. X — UETHBIMH.

3anucuizaa Uy B BHIE

Up= etis,
rie onepatop S SpMUTOB H He 3aBHCHT OT BPEMEHH, NoJyyaeM cJe-
Ayolilee yHUTapHOe npeobpasoBanue:
IP/ j— e+i81p
H 4
i _(;_‘;_ — e+iSH = e+ ISHe— SV = ['Y’.

Mur TpeGyem, yToOb! ' He comepiKaJ HeyeTHBIX ONepaTopoB.

[Mockoabky H=a-p + pm, npuuem {a, p} = 0, nama 3apaua
cOBepIIEHHO 9KBHBAJNEHTHA 3aJadye O HAXOXICHHH YHHTApHOTO npe-
06pasoBaHus, KOTOpOe [PHBOAMT IBYXKOMIOHEHTHBIH CHHHOBBIA
raMHJAbTOHHAH J8 = 0.8, + 0,8, K BULY, colepxalleMy JAHIb YeT-
Hbie omepaTophl (Takue, kak 1 u ¢,). Kak H3BecTHO, Takoe npeobpa-
30BaHHE €CTh MPOCTO MOBOPOT BOKPYr OCH Y, U €My OTBeuaeT Olepa-
Top e %% = ¢"2%%  rpe tg 0, = B,/B,. Tlosromy Moxuo npex-
MOJIOXKHTh, YTO B HalleM Clydae HCKOMBIl OmepaTop HMeeT BHA

elS = e8e-Pom = cos| p |0 + ﬂlal;lp sin|p|0;

3lecb MpaBas 4acThb PaBeHCTBA MOJyuYeHa PasJOXKeHHeM 3IKCNOHeH-
™ B psa no crenedam 6. Ilpu Takom BhI6ope npeobpaszopanus
HMeeM

H’' = (cos| p 16 (p) + B|“|,',"sinlple(l’))(a-P+l3m)><

X(coslple— Bl‘",‘,"simple):

= (o p +pm) (cos| P18 — F P sin| p10) =
— (@ - p + Bm) exp (— 2o - PO) =

m .

=a-p(cos2[p{9 —Ti)—Tsm2ip(9)+

+B(mcos2|p |0+ |plsin2]p|6).
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Uro6el H36aBHTbCH OT HEUETHOrO OMepaTopa, NMOJOKHM
g—1Pl
tg2(p| p
Torpa npeo6pa3oBanHbi FaMH/JIbTOHHAH

H =p/m2+p?, 4.1

B ueM Jerko ybeauTbes, MVIsAf Ha H300paxKeHHbIH Ha puc. 4.1 Tpe-
YroJbHHK. Mbl MOJIyuH/IH TOT CaMblii raMUJITOHHAH, KOTOPHIH OBLI

Puc. 4.1. Tpeyronuuux, oTsevaomuit npeodpasosannio Ponnn — Bayrxaiisena.

OTBEPTrHYT B IJI. 1, ¢ TO#, 04HAKO, CYINECTBEHHO! pasHHLEH, YTO Te-
mepb B Halle PacCMOTPEHHEe BKJIOUCHBI peUleHHS C OTPHIATebHOH
sHepruem.

§ 14. O6mee npesbpasoBaHue

O6partumesa Ttenepb K ofulemy clIydaio, KOrpa 3JeKTPOH Haxo-
JAUTCA B 3aJaHHOM BHEIIHEM 3JeKTPOMACHHTHOM TMoJe, H Haiiiem
cooTBeTCTBYIOIMA onepatop S. [aMuibronnay umeer Buj

H=a (p—eA)+pmn+ed=pmt 01 &, (4.9)

stech O=0a-(Pp—eA), & =e® n O = —0P, & = +&.

Bxonsmue B (4.2) BHemIHHe NOJsI, a CIeJ0BaTeIbHO, H caM ra-
MU/JIbTOHHAH MOryT 3aBHceTb OT BpeMeHH. [IpeoGpasoBanne S Toxe,
BooOIIe TOBOPsA, 3aBHCHT OT BpeMeHH, NO3TOMY HEBO3MOXKHO II0O-
CTPOHTb oOnepaTop S, KOTOPHIH yIaada Obl H3 TaMHJAbTOHHAHA
HeyeTHBIC ONEPaTOPHl BO BCex mopsankax, kak B (4.1). Mul goBoJsbeT-
ByeMcsl pasjloxkeHHeM NpeofpasoBaHHOIO FaMHJABTOHHAHA B CTeleH-
HOH pAx no l/m, coXpaHUB B PasNOKeHHR 4JA€HB! BIJIOTb NO HMEIO-
UMX MOPAROK (KHHeTHueckasd SHeprus/m)® u (KMHeTHuecKas sHep-
rus) (sHeprus noas)/ma.

Ilpeo6pasoBanue, Kak H MpexkIe, BBOAUTCS PABEHCTBOM

P == /Sy,
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Janee nmeem
0 iSuS . Hab — Ho—iSqy = o~iS (§ OV AT ) S
i—re V= Hyp=He Yy =e (l_at_)'l‘(lF[e )\p.

Takum oGpasom,

i fes (1 — i3 e | = HW

OnepaTop S pasnaraercss B Psj MO CTeNeHaM 1/m, clel0BaTe/bHO,
B HepeJATHBHCTCKOM mpejesie OH «MaJ». [TosToMy BhIpakeHie, CTOS-
mee B KBaJApPATHHIX CKOGKaX, MOXKHO Da3/JOXKHTb B psili, MOCTPOEH-
HBIHl M3 MHOFOKPAaTHBIX KOMMYTaTOPOB, HCHOJIB3YS I/ 3TOTO cJe-
Aylomiee COOTHolIeHue !):

ertSHetS = H +i[S, H]+ O[S, [S, HII + ...
4+ ONs LS, L 1S, HLL T
TMockoasky S = O (1/m), 10 ¢ TpeGyeMoll TOUHOCTLIO HMeeM
H = H +i[S, Hl—IS, [S, HI1— IS, [S, [S, HIll +
+ 1S, 1S, 1S, 1S, HI— S — 418, 81+ %S, 1S, 311

Haunem noctpoeHne S ¢ pacCMOTPEHHS UY/IEHOB HYJ/IEeBOro mopsanka
MaJocTu no 1/m:

H =pm+ &+ O +i[S, Blm. (4.3)
Mbi Tpebyem, uToGbl Bhpakenne (4.3) He comepiKaso HeueTHBIX

omepaTopoB. PyKOBOLCTBYSACh DPe3yJbTaTOM, MOJYYEHHBIM A/ CBO-
GomHol uacTHIBl, NoaokuMm S = —ip0/2m. Toraa ¢ Ttpebyemoit

1) Yroful ybeauthess B CHPABEAIHBOCTA STOTO Pa3nMOkeHHs, PACCMOTPHM

_iASpy,—irs _ N A" (O°F
F (h) = e*SHe _ZO (5, (a)
by

Orcioga mocjenoBaTeJbHO noJy4daeM

%_Q;:eiA’Si [S, H] e-iks
H "F
?w =SS, [S, ..., [S, H]...]1e” S,

PesyabtaT nojcTaBisieM cHoBa B (a) u nonaraeM A = 1.
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TOUYHOCTbIO l'IOJIy'-IHM
[S HJ——0+ [0 &+ — (302
2is, i, HN=—22 W[a [0, &) — 5 C°,

2m

LIS, 1S, S, Hlll = 2 — 5 BOY,

it o
LIS, 1S, S, IS, HIl=—22,
—S + tBO ,
~ 518, 81= — 40, Ol.

Cobupas BMecTe BCe UJIEHBI, HMEEM

H =p(m+ g —os) + & — 8,112[0 [0, &)l — 5= [0, O]+

lBG
210, 81— 5 + 22

=pm+& 4 0. (4.4
UjleHbl ¢ HeyeTHHIMH onepaTtopami (OHH OGO3HAUEHBI MOCPENCTBOM
O’) umeor B (4.4) nopsnok I/m. UtoGbl emwe MOBBICHTL HX MOPA-
IOK MaJ/oCcTH, npojaesaeM BTOpoe npeobpasosanue Posanu — Bayr-
xafizeHa, OJb3yACh TeM Ke CAMBIM peuenTOM

p_ =B =i 1|30
S'= 2m 0'= 2m (’27,7[0’5]

3m2 + *

B pesyabTare npeoGpasoBaHHA MOJYUHM
P 2 W o moe
H"=e'S' (H' — i3 ) e 'S =pm + & + L (07, 64 BL_
—fm 4 & + 07,

the O" — Bemnunsa mnopsigka O(1/m?). Haxonen, ¢ nomomuibio
TPeTbero KaHOHHYeCKOro npeobpasoBaHus

— ipo”
2m

S/I=
MOXKHO H30aBHTbC H oT O'. OKoHyaTe/lbHO MOJAyYaeM

H' = gis” (H// _ lait) e~ i — ﬁm -+ & =

=8(m+ o — s )+ & —gar 0, [0, 8]
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Bhlunc/sia NMPOU3BeJeHHs] ONEPaTOpOB C HYXKHOH HaM TOUHOCTBIO,
HaXOJ1HM

O _(@-(p—cA) (@—cA)} e . n

o2m 2m - 2m 2m ’

5 (10, &1+ 10) = g (—ia- VO —ia - A) =4 0 E,

[0, 4= ¢ E]=grle-p, o E]=

ie . o£! e
= L (1 57) + gp o EX R =
i, J

4m?
=§%divE—|—§fl—zo-rotE+z:70~EXp.

Takum o6pa3oM, B pacCMaTpHBaeMOM INpPHUOJHKEHHH raMHJIbTOHHAR
uMeeT BHJ

rr7 — eA)? ' 1
HY =p[m+ LA Bl t e —e-po-B—

20 1otE— 76 - EX P — 57 divE.  (4.5)

8m?

Kaxipifi oTaeabhnill 4ied B (4.5) uMeer dYeTKHH ¢u3HUeCKHB
cMblca. BhipaxkeHnue B KBaIpaTHBIX CKOOKax fBJfAETCA pasfoxe-

HHeM
A (p—eAP + m?

¢ Tpe6yemMoll TOUHOCTBIO; 3TOT WIEH YUHTHIBAET PeJsiTHBHCTCKYIO 3a-
BHCHMOCTb Macchl oT uMmmyanca. Caenyoliye ABa yjJeHa JaioT 3Hep-
PHIO 3JEKTPUYECKOro 3apsiia ¥ MAarHuTHOrO [HUINOJS BO BHELIHEM
noJie. UeTBepThill H OATHIA uJ/eHbl, B3ATHIE BMeECTe, SBJIAIOTCI 3PMH-
TOBBIMH;, HX MOMKHO OTOXKIECTBHTb C 3Heprued cnuH-opOHTaIbHOro
B3aumogeficTBusi. OHM MMEIOT NPHBLIYHBI BHJ, €CJIH 3JEeKTPHUECKOe
noJe ueHtTpaspro-cuMmmerpuyHoe. Toraa rot E=0 u

1 oV 1 oV
GEXp————-r—-Er—-orXp————-;——ar—oL.
TakuMm 06pasoM, 3TH IBA 4JEHA CBOJATCS K
e 1 oV
Hspinorbit =7 7 3,0 - L. (4.6}

DT0T pe3yabTar corjiacyercs ¢ KJaccHueckuM. JeficTBUTe/bHO, ec/n
nepedTH B CHCTEMY, B KOTOPOH 4acTHLla MOKOHMTCs, BO3HMKaeT Mar-
HuTHoe noJde B’ = — v X E, B KoTOpOM 3Heprusi B3auMOAeHCTBUR
OyleT paBHa

— 6B ===0-(pXE).

2m 2m*
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OnHaKo COOTBETCTBYIOLIHN wieH B (4.5) MMeeT JHMIHMH MHOMXHTEb
/o («ToMacoBckass mnojgoBuHKa»). lloABieHHe 3TOro MHOXKHTENS
yKasblBaeT Ha TO, UTO THPOMAarHMTHOe OTHOLIEHHE JAJs1 MarHUTHOIO
MOMEHTa 3JEKTpOHA, CBA3aHHOrO ¢ OpOUTAJbHHIM /BHXKEHHEM,
HMeeT 0ObIUHOE 3HaueHHe g—1.

Haxonen, nociaenHuil useH, H3BeCTHHIH M0OJ Ha3BaHHeM LapBH-
HOBCKOTO, MOXKHO CBA3aTb CO WIPEIHHI'€POBCKHM «apoxaHuems. [lo-
CKOJIbKY KOOpLHHAaTa 3JeKTDOHa MCOBITHIBaeT (PJIYKTyallHH Ha pac-
CTOSIHUX OOpsigka ©&ro<1/m, 3JeKTPOH <«UYYBCTBYET» HECKOJbBKO
«pa3MaszaHHbIdy KyJOHOBCKHUH NMOTEHUHAJ; NONpaBKa COCTaBJseT

OVy=(V (r +or) — (V (1)) = <ar%f~ +5 Z] ors 6r,~a—rf%> ~

1
6m?

~ %érQWI/ ~ v, (4.7

4TO Ka4yeCTBeHHO CoBiagaet ¢ HapBUHOBCKUM YJCHOM.

§ 15. Atom Bozoponal)

TlepefineM K paccMOTpEHHIO pelleHHH ypaBHeHHs [upaka, oTBe-
YalOUIUX CBfA3aHHHIM COCTOSIHHSIM, M B IepBYI0 ouepelb Halfigem
YPOBHH 3HEPIrHH 3JeKTPOHA B KYyJOHOBCKOM moJe. ¥paBHeHue [lu-
paka /s 3JeKTPOHAa B KYJOHOBCKOM MOJIe HMeeT BHJ

Hy=[o-p+pn+ V=L, (4.8)

rie V(r)=-—Za/r. s pasnejeHus nepeMeHHBX BOCHOJb3yeMCs
TEM, 4TO YrJOBOH MOMEHT YaCTHLIB B8 IeHTPaJbHOM MOJie cOXpa-
naercs, JefictBurensno, onepatop J=L 4+ S=r X p + /46 xom-
MYTHpYeT ¢ raMmu/JbTroHHasoM (4.8), W MOSTOMY MOXKHO MOCTPOHTb
cobGcTBeHHBle (DYHKIHM, OTBeuapline Onpefel]eHHbLIM cOOCTBEHHBIM
sHauenuaM f, J? u J,. 19 HaxoxkAeHHs 3THX QYHKUMH oBpaTumca
K HalleMy onslTy paboTel ¢ mMarpAuamu Ilayau u BCIOMHHM, 9TO
B NMpeACTaBJAeHHH, HCIOJAb30BAHHOM B V1. 3, MaTpHIa

6 — 1] O)
T\0 ¢
JuarosaJjbia NpH YCJOBHH, UTO €e 3Je€MEHTaMHd CUHTATCs] MaTpu-

bt Tlayau pasmepuoctu 2 X 2. TloaTomy, eciu BhipasuTb ¢ uepes
IBYXKOMIIOHEHTHBIE CIHHOPHI

().

1y 3ajzaya O IBIMXKeHMH 3JeKTPOHa B KYJOHOBCKOM NoJjie Omlla BIepBBle pe-
wena B paborax [36}. [ToapoGroe paccMmorpenHe npaMeneHui ypasHenus [lupaka
B aTOMHOf (H3HKe H COOTBETCTBYIOIIHME CCHLIKH MOXHO Hafith B kuurax [37, 38].
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TO YI/OBbIE MePeMeHHBble B ¢ H ) OTIEJAITCH TOYHO TaK XKe, Kak
B ABYXKOMIOHeHTHOH Teopud [laysu. ¥YrioBas 4yacTb ABYXKOMIIO-
HEHTHBIX pelIeHHil ABJAeTca cofcrBenHON Gynkuued J2, /., L? v
S? 1 MoxKeT OBITb IBYX THIIOB.

Mpu j=I+"/
,\/1+ 75+ m Y;n_n/z‘
2 + 1
(+) — . (4.9a
(Pj,m |/\/l+1/2—m Ym+'/z| )
. { 2 +1 L )
Mpuj=1—"
/\/l -+ 1/2 —m Y;n_t/z }
— 21 41
(=) — , 4.96
q)j.m _/\/l—}-‘/g—}—m ym+‘/z ( )
2+ 1 l

I * m
rae dbasa mapoBulx QyHKuHH 3axaHa yeaosuem Y| = (—UH)"Y, _,
a pemenusi @) cymecTByoT Toapko npu [ > 0. O6a atn peleHus
YAOBJETBOPSAIOT CJAEAYyIOIHM yPaBHEHHAM Ha cOGCTBEHHLIe 3Haue-

HUA: .
P =i+ 1) 9,

L-ogi) = (2 — L' —=2/) o) = — (1 + ©) 92,

rae
KZ{—(I—I-l)——————(f—I-‘h), =14
Fl=+G+"1), i=1—"P

Mpu sagannom j pewenus ¢f) u @) o6ranaioT NPOTHBOMOIOXK-
HOM UEeTHOCTBIO, IIOCKOJIbKY OTJAHYaloTCs Ha exunuuy mo [ Oun mo-
ryT GbITb MOJIYYeHBl APYT U3 Apyra € MOMOMUIbIO HEYETHOro cKaJjsp-
HOro omnepatopa. DTOT ONepaTop AOJKeH ObIThb JHHEHHOH KOMGHHa-
uuein pyskumit Y7'(0, @), Tak Kak OH MenseT sHauehne [ ma 1 u
NOTOMY AOJI3KeH ObITb MPONOPUHOHAJBHBIM F. B mamem pacnopsxe-
HHM UMeeTCs eJMHCTBEHHBIH IICEBJOBEKTOD O, H, HOAb3YfACh UM, MEI
CTPOUM NCEBAOCKANAD ¢-r/r. lasee HaxoauM

g -
o) = @i, (4.10)

O6uiee pelieHyde A8 UEHTPAJbHOTO MOJsS NPH 3aAaHHHIX j H M
MOZKHO HpeILCTaBI/ITb B BHIE

it iGy

i +) i

ot

‘~P‘,;)
‘p im— +
F Fy
! - !
—_— (p;m) + - (p;;)



60 MMPEOBPA3OBAHHE ®OJIU — BAYTXAFI3EHA [TJL 4

ITo perieHne MOXKHO pa30UTh Ha [1Ba, KaXA0€ C OnpeleseHHON ueT-
HocTblo. [loCKOIbKY nOoTeHuHad V(r) HHBapHaHTEH MO OTHOLIEHHUIO
K TMpOCTPAHCTBEHHOH HHBEPCHH, COOCTBEHHHIM (YHKUMAM MOXKHO
HapsAly C oNpele/eHHBIMH 3HAUEHHSMH | W M OpUIHCATL TaKxkKe
onpezneneHuy0 yeTHocThb. [10Jb3ysch 3THM CBOHCTBOM, Mbl OCTPOUM

YeTHble M HeueTHble pElIeHUs; MpH npeoépasosaﬂnn X'=-—X OHHU
BedyT ceba caenyolumM ob6pasom:
P (x7) =P (x) = £ P (x'). (4.11)
3O1u pemeHus pamoTcst GOPMYJIOH
T R 12
jm — F” G-r ’ (4.12)
r (Pim

Tae BBeleHH O0O3HAUYEHHS
G,,{G’i’ f=1+"1y F,,={F’i’ f=1+"1
Gy, i=1-"5 Fr, i=1-—l5
. _{‘wa =1+
Pim = Qs T=1—=1/5,

¥ HCNoJb30BaHo paseHcTBO (4.10). B coorserctBun ¢ (4.11) uer-
HOCTb 3THX pellenu#i pasna (—1). das nosydenus u3 (4.8) ypas-
HeHWH Jasi pajHaJbHBIX (QYHKUMA BOCHOAB3YeMCH CJ€LYIOUIHMH
TOJKLECTBaMH:

a- p’(r) m=0r )f(r)q)!m

=Gr(lr——|—w L)f(r) =
= =i L (5)

B utore umeeM cjaeayioiiye YpaBHEHHS A paILHaJIbeIX by HKIHH:

¥4 dF,; (r)
(B—m+ )6, 00 =—"LC 4+ 2 7y 0),

Za
(E+m+—;—-)F1;(r)= —_— Gu(f)

Pemenua 3THX ypaBHeHHH, OTBeualolMe CBSI3aHHBIM COCTOSIHUAM,
MOXHO HaHTH 0OblYHBIMH MeTonaMHu [36—38]. Mb npusesem Janun
HEKOTOpble pe3yJ/bTaThl.

YpoBHH 3HEprHH LAIOTCH BBIPaKeHHEM

E"=m[1 + (n i+ + f/amﬂ_%' (4.14)

” . (4.13)
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8 KOTOPOM KBaHTOBOe uucio n=1, 2, ..., oo npoGeraer ue/ble
NOJ0XKHTeNbHBle 3HAaueHHs, a yrJIOBOH MOMEHT H3MEHseTCs B mpe-
neaax ot 0 po j+ /2 << n, npuyeM AO/KHO ObITb BBIIOJHEHO yCJO-
pue 0<</<<n—1. Paznaras (4.14) B psan no crenenam (Za)?,
Mbl y6exxgaemcsi B TOM, 4TO UHCJIO M COOTBETCTBYeT IJIaBHOMY
KBaHTOBOMY UHCJY B HepeJATHBHCTCKOH TEOPHH

Enmm{l — L 281+ E8 (L — )]+ 0 (2e}.

n? n
(4.15)

MMosoxuB B (4.14) n=1 u j=13, nojyunM SHEPrHI0 OCHOBHOTO
ypOBHSA

Eo=mA/T = 222 ~ m — [, Z2%’m — [ Z*o*m + ...

BuinmuuieM Tak)Xe OTBeualllyie 3TOMY YPOBHIO HOPMHMpPOBaWHBIE BOJ-
HOBHle (PYHKLMH CO CIHHOM BBEPX H CIHHOM BHH3

tpn=1, P=Y A (f, 9, (P):‘_‘

1
0
e v i(1—
. ’\/ LY omzary e~ | L0 =Y) Y oso |,
Vin T (1 + 2y) Za
l A= (IZ_ V) 2" sin 6
a
¢n=1, /=1/z,¢,(r, 0, )=
( 0
1
_ (QmZa)% /\/ 1+ v—1 —mZar | i(1—7%) . —i7
= ET 2mZar) e — l sin Be ,
—i(l—9)
[ Za cos 0
rie y=4/1—Z%2 B wuepeastuBHcTCKOM npeneie y-— 1,

(1 —y)/Zoo—0 u aTH (yHKUHH MePeXOAAT B NIPEAHHrepoBCKHE
BOJIHOBbIE (PYHKUHMH, YMHOXeHHbIe Ha [BYXKOMIOHEHTHble CIHHOPDHI.
B peassTHBUCTCKOM ciyuae npu r — 0 GYHKIME AMeOT caabyio CHH-
TYJAPHOCTb BHAA (@mZar)”#*”?, koTopasi cTaHOBMTCS CYLIECTBEH-
HOM JIMIIb Ha PacCTOAHUAX

.-.2/Z2a'.‘
"™~ Smza e :
Ecin Za>1, To BenuuuHa vy MHHMasi ¥ pemenns npu r->0
OCLHANUPYIOT; 3TO sIBJeHHEe HaNOMHHaeT HaM o napajgokce Kieina.
TIpu sTOM Hcue3aeT «IleJb» MeXy PElUeHHSMH C MOJOXHTeNbHOM
H OTpHLATeJbHOH dHepruedl M Mbl CHOBa He MOXKeM MpHIATb pelle-

HHIO PH3HUECKHHA CMBICIL.
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YpoBuu suepruu, 3anaBaeMble ¢opmysaoi (4.14), npunsaro obo-
3HayaTh, KaK B HePEJATHBHCTCKOM cJydae, T. €. OCPeACTBOM opbu-
Ta/bHOrO MOMeHTa I, purypupymollero B ¥} , ¥ NOJHOTO MOMEHTA j.

B rabauue Mbl IpHBOLHM HECKOJBKO NEePBHIX ypoBHeH.

Yposuu n ! i Enj
lS,/z 1 0 /g m AT — Z2a2
25, | 2 | o | % |m ,\/ 1+ V1 =777
: 2
ep, | 2 | 1 [ | m ,\/ 1+v 12“ 2%’
2P, | 2 1 3, _’22 VI= 737

Yposuu 28y, u 2Py, BHIpOXA€HB, O6YAyud COOCTBEHHBIMH CO-
CTOAHHAMH C  INPOTHBONOJNOXKHOH  YETHOCTbIO, OTBEUAIOUHMH
OHOMY M TOMY Xe 3HaueHHIO # u j. YposeHb 2P, pacnojoxen
Bbille, ueM 2Pry; pasHOCTb 3Hepruit MexJAy HHMH, paBHas
[m(Za)*/32]1(1 4 O((Z)?) 4+ ...), npencraBisieT coboil 3HEpPruio
TOHKOH CTPYKTypbl. ToHKas# CTPyKTypa eCTb C/AeACTBHE CIHHH-OpOH-
Ta/JbHOro B3auMopeHctua (4.6). U3 dopmynn (4.15) BuaHo, uTO
uyeM 6oJibie j MPpH 3aJaHHOM A, TeM BBIIIE JEKHUT YPOBEHbD.

Kak corsacyiotes 3TH npexckaszanus ¢ HalJiOLaeMbiM Ha ONbITE
cmekTpoM aroma sogopoxa? Mo 1947 r. corgacue ¢ onbToM GbLIO
BHOJIHE YJOBJETBOPHTENbHBIM (C yUeTOM CBEPXTOHKOTO pacileilJe-
HUsI, 0OYCJAOB/JEHHOrO B3aHMOAEHCTBHEM CIIHHA 3JEKTPOHA CO CITH-
HoMm npotoHa). Oanako B 1947 r. u3aMepeHHe TOHKOH CTPYKTYpbl
aroMa Boxopojaa, mpousseneHnoe JIsm6om u Peszepdopaom!), moa-
TBEPAUJIO BO3HHKLIee elle paHbIlle NMOLO3pPEeHHe B TOM, YTO YpOBeHb
28y, CABHHYT BBepX OTHOCHTe/JbHO YpoBHA 2Py, (puc. 4.2). 310 Tax
Ha3plBaeMoe cMmelleHue JIsM6a, KOTOpOe CHHMAaeT BEIPOXKJEHHE YPOB-
Hell C ONHHAKOBBIMH 3HAUEHHUSIMH j M 7, HO Pa3HBIMH [, MPOHCXOAUT
6aarogaps B3aUMOLEHCTBHUIO 3JIEKTPOHOB C (PIYKTYaUUsIMH KBaHTO-
BAHHOTO NOJs H3/aydeHHd. HMmMelorcs ouenb TOUHBle H3MepeHHA U
pacyeThl KakK CBeDXTOHKOIO pacllelieHHs, Tak H J3MO0BCKOro cMe-
IEeHHUs; corjacHe TEOPHH C SKCMEepUMeHTOM xopolilee [41].

CBepxTOHKasa CTPYKTypa BO3HHKaeT 0Jarogaps B3aHMOIEHCTBHIO
IPOTOHA ¢ MarHUTHBIM MOMEHTOM 3JeKTpoHa [42] (cM. Takxke [37]).
B pesyabTaTe KaxAbl#i YPOBeHb paclienssieTcs Ha JBe KOMIOHEHTH

') Ccblaku Ha nociexyloune paGotsl MoxHO Hafity B [37, 40].



§ 18] ATOM BOJOPOJA 63

B COOTBETCTBHH € OBYMS BO3MOXHBIMH 3HAUEHHSIMH [OJHOrO MO-
MeHTa aToMa. DTOT MOMEHT CKJaAblBaeTcsl M3 MOJHOrO MOMEHTA
3JEKTPOHa j U moJylenoro cnuHa nporona. Halinem sHepruio cepx-
TOHKOro pacuiemviennss nis S-cocrosnuil. s 3ToH nenn oKasbl-
BacTCst JOCTATOYHLIM HEPeJATHBHCTCKOE OINHCAHHE 3JEKTPOHaA.
BiauMmoneficTBHe HMEET BUJ o)

7 e

H = + —2—m' o B,

rae
8pe ’ ’ !
B___m”_;gd‘*r P )V X AX V) =y s

sgech | — omepatop cnmna mnporona (I, = ='/5), a p(r)— nior-
HOCTb MAFHHTHOTO MOMEHTa [pPOTOHA (Mbl He cuHTaeM IMPOTOH

£
b0/ %
7 J——
PRy — :3;//777/2 —-—‘-‘{—= g
Marge paeyennenie (32 cvem
” JIIMODECKO20 COBUER)
2
Yy p— i TOHKES COpyRmyna (Criuy-apoumumbae

oot GSaUMOTELEmEUE)

Jemboscrily cisne

p (rprnremb)
5% R _ |- Copprmonsee pacyennesie
(canenemumsit))

Puc. 42. Huxune yposu: sHepruu atroma Bofopona. Cxema H3oGpaxena Ges
cobmonenuss Macurata.

toueuHoli uyacruued). Hcnoabsys ToxaectBo V X (I X V)=
=1V2— (I-V)V u ToT ¢akT, uto aas chepuyecku-cHMMETPHIHOH

BOJIHOBOH (PYHKIHH
1
V,;V] -—> —3- 6”V2,
noJyuaeM

2, e / 1 _ 2 e
B=13 25 Sd3r/p(r)lv2 (=) =3 &m0 O
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Torpa aJs caBHra ypoBHs IIO I-IepeJIﬂTPIBHCTCKOﬁ TeOpUH HMeeM

2 2
AE, = (4, H 4 =5 2 O 1) & 4,000 9,0 =

1 g,e? 0 1 ) [4 Z3q? ( m ) ]
~6 mM, o -1y, (0)] =5 ma gng —m o-1].
Hanee
I { <41/, a7 TPUNJETHHIX COCTOSTHMIA,
o-I=

— 3/, IS CHHTJIETHBIX COCTOSIHMH.
Taxkum o6pasoM, paciieniense 8, n-ro ypoBHsl PaBHO

5 =Lma2[£g Zﬁ(.ﬂ)]
"2 350wt \M, /I’

ITo cpaBHeHHIO C TOHKOH CTPYyKTypoil ono B m/Mj, pas meHbiue.

Bentou [43] mpensioxuga NPOCTOe KadyeCTBEHHOe OMHMCAHHE CMe-
mennst JIsmba, OCHOBaHHOE Ha PacCMOTPEHHH B3aHMOJAEHCTBHA
HepeJATHBHCTCKOrO 3JeKTPOHA C BAKYYMHBIMH (UIyKTyaUHsIMH dJeK-
TpoMarnuTHOro noJs. [ToCKOMbKY AHHAMHKA HOPMaJbHOrO KoJaeba-
HHsl 3JEKTPOMarHUTHOrO MOJsi 3KBHBAJEHTHA NHHAMHKEe rapMoHHYe-
CKOrO OCUMJJIATOPA, TO TMOC/Je KBAHTOBAHHA KaxJ0e HOPMaJbHOE
KoJiebaHHe TMpHOOpeTaeT «HYJEBYIO JHEPrHIO», paBHYIO /2. B pe-
3yJibTaTe TOr0 KBaHTOBOTO 3(pdexTa (payKTyHPYyIOLlHEe 3JeKTpoMar-
HUTHBlE [0 HMeEIOTCs, Jaxe eC]H BHelllHee I[0JIeé OTCYTCTBYeT.
XoTst cpeiHHe 3HAYEHHs] HANpsKEHHOCTeHd MOJsi PAaBHBI HYJIO, HX
cpenHeKBaApaTHYHBIE 3HAYeHHA OTJHMYHBI OT HyJs. Baaumoneiicrsue
3JI@KTPOHA € 3THM [0JIeM MPHBOJHT K CPeJHEKBaJPAaTHYHBIM (JIyK-
TyanuaM KOODJAMHATHl 3JeKTpoHa. HaMm Hajo OUEHHTL aMIJIATYLY
TZKUX «KauyaHHil» CBA3aHHOro 3/1eKTpoHa. Kak Mbl BBISICHH/IH TIpH
PACCMOTPEHHH JapBHHOBCKOro ujeHa (4.7), OHH MPHUBOAAT K MOFB-
JIGHHIO Y 3JeKTpOHa J[00aBOYHOil 3HEPrHH B3amMoJeicTBHs. ITa
SHEprHsl BO3HHKAET 3a CUET <«Pa3Ma3blBaHHS» JAEHCTBYIOLIEro Ha
5JeKTpOH KyJoHosckoro mossi u pasna !/s((8r)%)V2V. B Hanuus-
11eM NOPsAKe COOTBETCTBYIOIHil CABHI YPOBHS 3JIEKTPOHA €CTh

AL — o (or) | dtr w2V (1) 9, = B Za (@ | ¥, O . (4.16)

Uto6bl ouenuThb { (8r)2%), OyaeM cUHTaTh JIEKTPOH KJIACCHYECKOH
1epesIATHBHCTCKON 3apsKeHHON yYacTHUeH. YpaBHEHHE JBHXEHHUS
A5 KosleGaHuil 3JeKTPOHA BOKPYT PaBHOBECHOrO MOJIOXKEHHS HMeeT
BUJ

or = —E,
m

rie E — daykrynpyioniee siekTpoMarautHoe nodue. Jlast dypbe-KoMm-

MOHEHT HMEEeM
ek,

mw? "’

ory,=—
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Orcioga n/as CpegHeKBaJApaTHUHLIX 3HAUeHHR MOJyuyaeM

(bry)) =-Ead
48
(ory =2 § Lo (2. (4.17)

Hns onpenenenust cpefiHeKBaApaTHYHOH HaNpPsSXEHHOCTH paccMOT-
PHM MOJIHYIO 3HEPruI0 BAKYYMHOTO [OJS

%Sd3x(E2—I—B2)=iZ—;—m,
A=1 k&

rie OBa 3HAUEHHUS A OTBEYAIOT JABYM [OMNEPeYHO-NOJAPH30BaHHBIM
COCTOSIHHSIM, a CyMMa MO k paclpocTpaHsieTcsi Ha Bce KoJsebGaHHs
B HEKOTOpoM OoJiblioM oGbeMe MPOCTPaHCTBa

1=, Z»% | as.

ITockosMbKy st cBOGOLHHIX 3/EKTPOMATHATHHIX BOJIH SdaxE2=

=Sd3x B?> u @=|k|, cpeqneKBaAPATHYHAS HANPsKEHHOCTb T0JIsI
B BaKyyMe paBHA

<E2>—”‘S =25 Sdsk‘g‘Zﬁlﬁ?‘S d""”3=gd‘° (Ea).

[ToAcTaHOBKOl nOc/AeJHEro 3BeHa 3TOH LEeNOoYKH paBeHCTB B (4.17)
HaxoauMm

(O = e S Ly (4.18)

rie WHTerpupopanue npousBomutcss ot 0 go oo. Beaedcrsue Toro,
YTO Hallle PAaCcCMOTPEHHe 3JIEKTPOHA fABJsSeTCs CIHUIKOM FPyOHIM,
MHTErpas pacxoQuTcs Ha 06ONX mpejesaax. ITOrO He MPOHCXOMHUT
NpH OPABHJABHOM peisTHBHCTCKOM ONHCAHHH 37eKTPOHA, JOKaJaH-
30BAHHOTO B aTOMe BOAOpPOAa. BoaHE, AJMHA KOTOPBIX Goablue 6o-
poBckoro paaunyca (Zum)~!, OKaspBalOTCA HECYILeCTBEHHBIMH, TakK
KaK HMeeTcsi MHHMMaJbHAasi YacToTa BHIHYXKIEHHHIX KoJeOaHuH
Omin ~ MZa, OTBeyaiolllad XapakTepHbBM aTOMHBEIM pasMepaM.
[IpoHcxoauT TakiKe BBHICOKOUACTOTHOE oOpe3aHWe Ha DPACCTOAHUAX
nopsika KOMIITOHOBCKOM AJHHBI BOJIHBEL 3JekTpoHa 1/m, o6ycios-
JIEHHOe DeJISITHBHCTCKON CTPYKTYpPOH 3JeKTpoHa. DTa CTPYKTYpa,
KOTOpPOH OTBeyaeT y»Ke 3HaKOMasd HaM aMINIHTyJa <«APOXKaHHA»,
NPHUBOAUT K TOMY, YTO YACTOTHl BhIIIE, YeM ®max ~ M1, HECYLECTBEH-
HBl JJig paccMaTpHBaeMoro npotecca. [ToaToMy B KadecTBe OLEHKH
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MBIl HpUMeEM
S do In 1
® Za
¥ u3 (4.18) noayuum Ajsi cpelHEeKBaApaTHYHOH aMIUIHTYAH KoJje-
6aHuil 3JEKTPOHA B MoJie BaKyyMa

(0r® =22 (in ) (71;)2 : (4.19)

OxoHuaTe/bHOE BbIpa:KeHHe /A CABHra YPOBHs, MoJydaeMoe H3
(4.16), uMeeT BHA

4Za? 1 )2 i
AE, =25 (=) Inzz | 4, O P=

=[§85—Z’;—(:3(1n%a ](—;—a"’m) Opp
~ 1000 Mey gaas n=2, Z=1, [=0.

B uTore Mbl OOBSCHHJHM [OYTH BeCchb Hab/I0ORAaeMblil Ha OIBITE
cABHT ypoBHsi 2Sy, atoMa BOJOPOJA; CABHIH ypoBHell ¢ [ 7= 0 xord
H He paBHBl HyJ/IO, OAHAKO 3HAUYHTENbHO MeHblIe H3-3a 0OpalleHHs
B HYJb BOJIHOBOH (PYHKLHM B Hauase KOODJAHHAT.

3A0AUYU

1. Monyunre cootHoulenne (4.10).

2. B ypasHennn [lupaka, ONHCHIBAIOLIEM B3aHMOJEHCTBHE MPOTOHA HJIH Heli-
TPOHA ¢ BHEWHUM SJIEKTPOMATHHTHBIM [O0JeM, HMeeTCsl NOMOJHHTENbHBIN UJeH,
OTBeYaloWHH TOMY, YTO 3TH YaCTHUB 06/1afaloT aHOMaJbHBIM MAaCHHTHEIM MOMEH-

TOM:
~ k.e )
(iV —e,A+ 41:“ O P — Mi) Pi(x) =0,
rae F*Y — TeH3op 9/eKTPOMATHHTHOIO HOJs
a d
wv _ p___ 9 4
F %y A Ixs AY.

a) Jlas npotoHa i = p, ep == lel; nas Hefitpona i = n, ex = 0. IIpoBepsre,
yTo 3HaueHust kKp = 1,79 u ko = —19! orpevaior HabmoJdeMBIM MarHHTHBIM MO-
MeHTAM 3THX 4aCTHU, a TaKxe TO, YTO ypaBHeHHe ¢ J[0GABOYHBIM B3aHMOAeEN-
CTBUEM MO-TIPEXKHEMY JODEHI-KOBAPHAHTHO. YOelHTeCh B TOM, UTO TaMHJIBTOHMAH
IPMHUTOB M BEPOSTHOCTH COXPaHseTCs.

6) IMpomenaiite npeoGpasosanne @onan — Bayrxailsena ans Hefitpona, co-
Xpanup wieHs TOTO Xe TOpsifKa, uTo B (4.5). Vkaxure QU3NUeCKHH CMBICH KaXK-
JIoTo OTHe/bHOro umeHa. HaiiinTe ceuenne paccesiiisi HeHTpOHOB B 3J@KTPOCTATH-
yeckoM moJe. Kax MOXHO H3MepHTb 5To cedenne? (Cm. [44]))

3. Haiigure TOuHHE YPOBHH 3HEPTHH M BOJIHOBbIe QYHKIWH [Jsi JMPAKOBCKOro
5JleKTPOHA B OJHOPOJHOM CTaTHYECKOM MATHMTHOM I0JIe (cm. [45]).

4, PaccuurtaiiTe B HAuHH3WeM [0 a2 NPHOIHKEHHH JHHeAHb sddexr 3eema-
Ha NJsi 3JeKTpoHAa B aTOMe BOAOPOAA. Kak H3MeHATCs 3eCMAaHOBCKHe YPOBHH,
eC/H THPOMAarHHTHOe OTHOIIEHHMe JJsi 3MEKTPOHA CTaHeT OTJMUHbLIM OT 3HAUCHHHA
g = 2 (naTb OTBeT B NEPBOM MOpSAKE 1O PASHOCTH £ — 2)?
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5. OGeynuTte MpelleCCHI0 CHHHA SapsKeHHON JMPAKOBCKON YACTHIH € aHo-
MaJbHBIM MarHHTHBIM MoMeHTOM Kk B cTaTHuecKoM MaruuTHoM moJe. B uwactHocth,
MOKaXHTe, 9TO Pa3HOCTb MeXAY 9acTOTaMH INpellecCHH CIHHA 4acTHUb H ee BeK-
Topa CKOpOcTH nponopunonaibHa (g —2) mam k. Kax stor pedyasTar 3aBHCHT
or Maccel yacTHus? (CM. pabotsl [46].)

6. TTocrpoiite mo6aBOUHHI uleH B raMHJIbLTOHHAHe, OTBEYAIOUIMA AHOMAJBLHO-
MY 3JIeKTPHYECKOMY NHNOJBHOMY MOMEHTY AHpaKOBCKO# uactuiipl. YUto mpousoit-
HeT ¢ STHM WJIEHOM IpH NpocTpaHcTBeHHOH HHBepcuH? Kak oOH mnoaHsieT Ha
ypoBHH aroma Bopopoaa? (Cm. [47].)

7. 3a cuer MesoHHBIX 3ddekToB (06cyxKmaeMbix B ra. 10) sapam mporona
pacnpesened no ofnactd ¢ JauHeHHeIMH pasaMmepamu 10-1% cu. Haiigute BinsiHne
TAKOTO paclpefesieHHss 3apsiia Ha YPOBHM 3HEPTHH BOLOPOJHOrO aTtoMa, CuHTasd
cpelHeKBaApaTUYHEI pagnyc pacnpefeneHHsi paBubiM r =& 08-10-13 cu. CpapHu-
Te pe3yabTaT ¢ J5MOOBCKHM CIBHIOM.
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§ 16. MpoGaema peuieHHii ¢ OTPULATENbHOH IHEPTUEH

B HallleM M3J0XKEHHH Mbl yiKe He pas KacajJHChb pellleHUH ypas-
Hennst Jlupaka ¢ oTpuuareabHofl sHeprued. Hanpumep, 6wisa Haii-
JeHa [OJs TaKHX pelleHHH B JOKA/JH30BAHHOM BOJIHOBOM MakKeTe.
OjHakKo O CHX MMOpP MBI cTapaJuch usberaTh Borpoca 06 HX (usu-
yeckoM cMmbicie [48, 49]. Temeps HacTynuja Iopa 3aHATbCA 3TOH
npo6aemoii.

CaM (¢aKT CylleCTBOBaHHS pelleHuH ¢ OTPULATE/NbHOH 3Hepruei
Tpe6yeT CYLIeCTBEHHOrO MepecMoTpa JMPaKOBCKOW TeopuHu, Mo-
CKOJIbKY HajJ0 3alpeTHTh paJHalHOHHBIE NEPEXOAbl 3JEKTPOHOB
C aTOMHBIX YPOBHell B COCTOSIHHY C OTpDHIATEJbHOH 3HEpruel
¥ fajbHellIMA HHYeM He OrpaHHYeHHbIH Kackad. dTa TPYAHOCTb
OTCYTCTBYET, €C/JIH MOJMHOCTbIO NpeHeOpeub B3auMOJeACTBHEM 3Jiek-
TPOHOB ¢ NoJEM H3JydeHHs. B aToM ciyyae MOXHO HaliTH CTAauHO-
HapHble PelIeHHs, KaK GbuIO Clesano B TIpPeAbliylied riase; ompe-
JeJHTh YPOBHH SHEPTHH M BEPOSTHOCTH [€PeX0fa, KOTopble B JIOM
XOpOIIo coryacylres ¢ skcnepuMentoM. OnHako Bompoc 0 TOM, Kak
yAep:KaTb 3JEKTPOH OT CKAaTbIBaHHA B COCTOSIHHE C OTPHLATEJbHOM
sHepruefl, OCTaeTcs NPHHUMNHAJIbHBIM KaK LI TEOPHH, TaK H IJs
MPAKTHYECKHX BBIYMC/EHHUH, €CJAH HX HALO0 BBHINOJHHTbH C TOYHOCTBIO,
Tpe6yloutell yueta B3auMoJeHCTRHS ¢ n3jaydeHueM. BeposiTHocTs me-
pexojia 3JeKTPOHa M3 OCHOBHOrO COCTOSIHMSl aTOMa BOAOPOAA B CO-
CTOAHHE C OTpPHLATEILHON 3Hepruefi MoxkeT ObITh Ha#IeHa C MO-
MOIIBIC MOJYKJAACCHYECKOH TeOopHH H3JYICHHA € HCHOJIb30OBaHHEM
MoJY4eHHHX B M. 4 BoJHOBHIX ¢yHRuuH. BeposiTHoCTL mepexona
B SHepreTHYecKHi HHTepBal OT —mc? R0 —2mc? npuGAHXKEHHO

paBHa
208 mc?
R~ 108 cex~!

~

% CTaHOBHUTCA GECKOHEeuHOH A/ Mepexon0B HA BCE COCTOIHHA € OT-
puiateabHOl 3Heprued. Ho 310 gBHBIA abeypa!
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Urobel cnactu ypapHenune JlHpaka, MBI JOJIKHBL HalTH HHTEp-
[APETANHI0 COCTOSIHUN ¢ OTPHIIATEJNbHOH 3HepTHeH, OTJHYHYIO OT TOH,
KOTOpYIO NpejJaraer OJHOYaCTHYHAs HIPeJNHrepoBcKas Teopus. ITa
3ajfaua Obia peuieHa Jlupakom B 1930 r. OH chopmyanpoBasa Tak
HA3bIBAEMYIO «TEOPHIO ABIPOK», B KOTOPOH QHJIeMMa, MOCTaBJEHHAs]
CyUleCTBOBAHHEM pelleHHH ¢ OTpHUllaTe/bHOM 3Heprued, paspe-
laeTcsl NMPOCTO NYTEM 3aNOJHEHHS 2/eKTPOHAMH BCeX COCTOSTHHM
¢ OTpUlaTeJbLHOH 3Hepruedl B COOTBETCTBHH C NPHHIUIOM 3alpeTa
[Taynu. Torga cocrosiHve BakyyMa e€CTb COCTOsIHHE, B KOTOPOM BcCe
YPOBHH C OTPHUATENbHOH 5Hepruefl 3aMoJHeHB 2JeKTPOHAMH, a BCE
YPOBHH C MOJOXKHTEJAbHOH sHepruell cBo6oaHLl. TeM cambiM, Hampu-
Mep, ofecneunBaeTcst CTaGHILHOCTL OCHOBHOFO COCTOSIHAS aTOMa
BOJOPOAA, MOCKOJbKY corjacHo npunumny [laynau #m oaun moba-
BOYHBLIH 3JEKTPOH He MOXKer MOoNacTb B «MOpe» ¢ OTpHIATe/bHOM
9Hepruei.

M3 nmpeanodoxeHuss o 3aMOJHEHHOM 3JeKTPOHAMH MOpe € OTpH-
naTeJbHOH 3Hepruell BBHITEKAET MHOMKECTBO CJAeACTBHA. DJIeKTPOH
C OTPHIIATENbHOR dHePTHeH MOXKET IOTJMOTHTh H3JYUEeHHe H NepelTH
B COCTOSIHHE C TIOJIOKHTEJNbHOH 3HEepruefl, KaK CXeMaTHYeCKH MOKa-
3aHo Ha pHc. 5.1. B pesyabrate mMbl OyzeM HaG.i0faTh 3JeKTPOH

£
HEsaHambe dneniripoy Jrermpon
cocmaans +mez-
- +me?
p I Ay enie
B HonysenLe
2 4
Z A Z
Sangimse /L
LocmesiLs Aeipra

Puc. 5.1. Poxpenre napbl: 3eK-
TPOH C OTPHUATEJbHOM SHeprued
norjiolmaeT H3Jy4eHHe H Mo-
najaer B COCTOSIHHe C IIOJIOKH-
TeJbHON IHeprHed.

Pue. 5.2 AHHMrWIAUHA naphi:

JEKTPOH C  MOJIOKHTEJbHOR

sHepruefl omyckaercs B COCTOSI-

HHe ¢ OTPHUATeIbHOH 3Hepruel
¢ HCIYCKAHHEM H3JYUeHHS.

c 3apsaaoM —|e| u sxeprueit -+E ¥ ABIPKY B MOpe ¢ OTpHIATeAbHOR
sHeprueil. JIpipKa 03HauyaeT OTCYTCTBUE 3/IeKIPOHA C 3apaioM —|e]
K sHepruefi —£FE, u, CpaBHHB 3TO COCTOSIHHE C BaKYYMHBIM, HalJli0-
JaTesb CKaXkeT, 4TO HMeeTcsl YacTHUa ¢ 3apsiioM -+ |e| u sHeprueft
-+ E; sra uacTHua HasbBaeTca nosurpoxom. TakoBa ocHoBa obmbsic-
HeHHs fpolecca POX/JeHHs Nap B TEOPUH ABIPOK.

COOTBETCTBEHHO JBIPKA B MOpe C OTPHIATENbHOR 3Hepruell, HIH
NO3HTPOH, fABAAETCH JIOBYWKOH /NS 3JEKTPOHA C MOJIONKHTENbHOHR
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SHepruedf, ¥ B 3TOM COCTOHT OODbsICHEHHe Mpolecca aHHHTHJISIHH
3/JeKTPOH-TIO3UTPOHHOR MapH ¢ HCOYyCKaHHEM H3JyYeHHS, KOTOPHIH
n3o0pakeH Ha pHc. 5.2,

Crenyer noHuMaThb, 4TO, MPHHAB TEOPHIO JHIPOK, MBI COBEpILHJIH
nepexoj, K MHOro4aCTHYHOH TeOpHH, onucuigarowell dacruysr oboux
snakos 3apada. Tenepb BoMHOBas (PYHKIHS yKe He MMeeT MPOCTOH
BEPOSITHOCTHOM HHTepHperaluu, Kak B OJHOYACTHYHOH TEOPHH, MO-
CKOJIbKY OHa JOJI?KHA OMHCHIBATDH IPOLECCHl POXKACHHUS H YHHUTOXKE-
HHS 3JeKTPOH-TIO3HTPOHHBIX Map.

Benomunm, oHako, 4To Mbl 0TBepriu ypasHeHue Kieiina — op-
JAOHA W MNepellyM K ypaBHeHHIO JlMpaka MOTOMY, UTO XOTe/aH IO-
CTPOUTb OJHOUACTHYHYW0 TeopHio. Ilostomy 3aKoHHO 6yneT chpo-
CHTb, a noueMy OH HaM He OTKa3aTbCH M OT ypaBHeHHs1 Jlupaka?
Hawe nexxenanue mOCTYNHTb NOZOGHBIM 06Pa30M HMeEET TY NMPOCTYIO
OPUYAHY, UTO C NOMOINbIO ypaBHeHHs JlMpaka MBI yxe NOJYUHJIH
BAEYATIISIONEE KOJNHYECTBO «NPaBHJIbHBIX» PE3Y/bTATOB, K KOTOPHIM
OTHOCATCS CHNEKTP aToMa BOJOPOJa M THPOMArHUTHOE OTHOIIEHHE
IJisi 3neKTpoHa. bosiee Toro, no3uTpoHH!, npedckasvigaemsie Teopuen
Hupaka, Habmoxa10TCA HA OMBITE,

Takum 006pasoM, Mbl CTPOHJH TEOPHIO TAK, KaK B CBOe BpeMf
Obto HameueHo JlMpakoM, W cHadaia MOJYYH/IH KelaeMoe ypas-
HCHHE, a Temnepb MOABEPIVIH TEOPHIO NMEPECMOTPY H OTKasaJHCh OT
TeX NPEANOoJOKEHHH, KOTOpEe MOCAYKU/IN HepBOHAYAJNLHBIM TOJY-
KoM K ee pasputHio. Mcropusi GH3MKH 3HaeT MHOXKECTBO NMPHMEpPOB
Takoro nyTH passuTHsi. [losTomy MBI coxpaHuMm ypaBHeHHe Jlupaka
H €ro HMHTEpNpeTanHio, OCHOBAHHYIO Ha TEOPHHM ABIPOK, HO OTKa-
HKEMCsl OT OJHOYACTHYHOH TPAKTOBKH BEPOSITHOCTH, K KOTOPOH Mbl
Tak CTPEMHJHCb., 3aMeTHM, YTO Telepb MOXKHO BHOBb BEPHYTbCA
K ypaBHeHHIO BTOporo mopsjka Kuaefina — ['opaoHa u cmacTH ero,
IpHAaB HOBbIH (hH3HYECKHA CMbICJ BOJIHOBOH (DYHKIMH.

ITo cpaBuennio ¢ ypabnenwem Kuiefina — lopnona npenmyie-
CTBO ypaBHeHHs JIMpaka COCTOHT B TOM, YTO OHO NIPaBHJbHO OIHUCH-
BaeT 3JEeKTPOH CO CIMHOM !/ ¥ rMDOMAarHUTHBIM OTHOLIeHHeM g=2,
Ypasuenune Kaeitna — 'opaouna, xak 6yjaer nokasaHo B riI. 9, mpH-
MEHHMO /51 6ecCUHOBBIX YaCTHL, TaKMX KakK MHOHH. MHBapuaHToM
LJist OGOHMX YPAaBHEHUH sIBJAsAETCS KBAaAPATHYHOE COOTHOIIEHHE MEeXy
SHepruefl ¥ HMOYJbCOM CBOGOJHOH YacTHuB pyp* = m2 B oGoux
ciaydanx TpeCyeTcst AaTb Takoe TOJKOBaHWE DeIUeHHH ¢ oTpHua-
TeJbHOH 3Hepruel, KoTopoe o6ecrneyuBaeT CTAOHIBLHOCTb OCHOBHBIX
cocrosinuit. OTCIOfa ¢ HeH36eKHOCTbIO C/eAyeT CYLIecTBOBAaHHE aH-
tHyacTul. Yactuuwl (Ans ypaBHeHHs [lupaka 3/1eKTPoHH ¢ Mac-
Col m wu 3apagoM —|e|) ONHCHIBAIOTCA PEILEHHSMH C [OJIOXH-
TeJIbHOA 3Hepruefl, a aHTHYACTHUH ([IO3UTPOHB C Maccoll /m u 3a-
psinoM —+|e|) ONMCHIBAIOTCH 3aHOBO HCTOJKOBAHHLIMH pelleHHSIMH
¢ OTPHIATENLHON 3Heprued,
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§ 17. 3apaaoBoe compsixeHHe

ClleCTBUEM TEODUH ABIPOK fABJSIeTCA HoBas (yHIaMeHTalbHas
CHMMeTPHS B NMPHUPOJAe: Kaxjias yacTHIla vMeeT aHTHYacTHLY, B Ya-
CTHOCTH, M3 CYUIeCTBOBAHHs 3JIEKTPOHOB BbITeKaeT CyIleCTBOBaHHe
Mo3UTpOHOB. Temepb HaM Hano HaATH JJa 3TOH cuMMeTpuH Qop-
MaJibHOE BbipaykeHHe, KOTOPOe MOXKHO OblI0 OB HCIOJAb30BATbL LJIf
noJiyueHUs] B SIBHOM BHJAE BOJHOBOH (YyHKUHH MO3HUTPOHA H3 BOJI-
HOBOH (YHKIMH COOTBETCTBYIOLIEr0 3JEKTPOHA € OTpHUATeNbHOH
SHeprues.

CorsiacHO Halleil ¢pu3nyeckOl KapTHHe AbIpKa B Mope ¢ OTpHIa-
TeJbHOH 3Heprueil, osHauawllas orcyrcrsgie s3neprun —E (E > 0)
H 3apsjga e (mas saekrpona e << 0), sKBUBAJNEHTHA NPUCYTCTEUIO
1o3uTpoHa ¢ sHepruell +L u 3apsgom —e. [TosToMy uMeeTcs ofHo-
3HAUHOE COOTBETCTBHE MEXKAY pEUIEeHHSIMH C OTPHLATe/]bLHON 3Hep-
rueli ypaBHeHus upaka

(iV—eA—m)p=0 (5.1)

1 co6CcTBeHHbIME (DYHKIMSAME ro3uTpoHa. [lockoabKy mo cBoeMy ¢H-
3HYECKOMY CMBICJY MO3HUTPOHBl BBOAATCA KaK NOJOKHTEJNbHO 3aps-
JKeHHble 3JIEKTPOHbI, BOJHOBasi (YHKUHMS TMO3UTPOHA 1P, AOJKHa
OLITh pellleHHeM ¢ IOJIOKHUTENbHOH 3Hepruell ypaBHeHus

iV + eA — m)p,=0. (5.2)

MosxHo nofitH of6paTHrIM nyTeM, 6oJiee OJU3KHM K HCTOpHYe-
CKOMY, ¥ HauaTtbh ¢ ypaBHeHus (5.2) anasa nosutpoHos. Hursme B Ha-
IIHX PACCyXKICHUSIX 3HAK 3apana e He Urpaj CyIIeCTBEHHOH pOJIH.
B sTOM cJyuae OTCYTCTBHe pellleHHWii ypaBHeHHs (5.2) ¢ orpuua-
TeJbHOH 3Heprueil OyAeT o03HAYaTh CYILECTBOBAHHE 3JIEKTPOHOB.
Hrtak, uMeeTcs OQHO3HAYHOE COOTBETCTBHE MEXKAY PelICHUSMH ypaB-
geunft (5.1) u (5.2) nas oGoux 3HaueHWH 3Haka 3apsifa, ¥ TeM ca-
MBIM MBl NPHXOAHM K HeOOXOAMMOCTH IIOCTPOEHMs ollepaTopa, He-
PeBOASALLEro 3TH YPaBHEHHA ADYr B Apyra.

[Tpexje Bcero Mbl 3aMevaeM, uto AJs nepexona ot (5.1) x (5.2)
HeOGXOAMMO M3MEHHTE OTHOCHTENbHbIH 3HaK ujeHoB [V u A, Dtoro
npoile Bcero JOOGUThCS MyTeM OllePallHH KOMIJIEKCHOrO CONpPSIKEHHUs:
iofjox* = — (id)ox*)" n A,= + A,. B pesyasbrarte ypasuenue (5.1)
NepexouT B

[(i % + eAu) v+ m] B =0. (5.3)

Ecau 6b1 Temepb MBI CMOIJIM HAaHTH HECHHTYJSIPHYIO MaTpHIy, o6o-
sHayaemyio Cy°, mogumHsioulyiocs aJjre6pe

(CY) Y (CYY) ™' = — y», (5.4)
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TO ypaBHeHHe NpHoOpeso Obl KejaeMblH BHI

(iV 4 eA — m) (Cy'y") =0,
rae QpyHKnus
Cyo" = CpT =1, (5.5)

ecTb BOJHOBasi (PyHKUMs Mo3HTpoHa CyluecTBoBaHue MaTpuibl C
MOXKeT ObITb YCTAHOBJEHO MNPAMbIM NocTpoeHneM. [lokaxem 3To
B npeacras/ienud (2.6), B KoTopom yoy“*yo == y*T, TaK YTO paBeH-
ctBo (b.4) mpespamaerca B CypTC—! = —y¥, uiin

C™Ig*C = — M.

B 3TOM IIpeacTaBJ/JIEHHH MaTpula C JAO/M2KHAa KOMMYTHUDOBATH C k%!
M y3 H aHTHKOMMYTHDOBAThb C yo M yo. [lonxonsamed apaserca mar-
puua

C=iy"y'=—C'=—Ct=—-C". (5.6)

DToro A0CTATOYHO AJs NocTpoeHus MaTpuub C B J000M 3aJaHHOM
npeacTaBienud; MaTpuia C B HOBOM MpPeJACTaBJEHHH MOJIyUaeTCs M3
(5.6) ¢ moMollbi YHHTApHOro nNpeo6pasOBaHHs, OCYULECTBJAOULEr0
nepexoj OT OJHOrO MPEICTABJAEHHS K APYyromy. 3aMeTHM, YTO OIle-
patop C (5.6) onpezejeH ¢ TOYHOCTRID N0 (asoBoro MHONKHTEJ,
nogo0HO PpacCMOTPEHHOMY paHee ofmepaTopy MPOCTPAHCTBEHHOH HH-
pepcud. JIJs Hamero paccMoTpeHust ¢dasa BOJNHOBOH (YHKUHR He
npeacTaBiasieT (U3WUECKOro MHTEpeca M Mbl He OyleM 3aHHMaTbCs
3THM BOIPOCOM.

Tenepb Mbl NOAPOGHO OCTAHOBHMCA Ha [IeHCTBUU BBEAEHHOTO
onepatopa W, = CpT = iy2p* Ha COOCTBEHHbIE DYHKUHH CBOGOLHOR
yacTHUH C OTpHLATe/bHOH sHeprued. BosHoBasi ¢yHKUHS MOKOsA-
ierocst 3JEKTPOHAa C OTPHULATE/IbHOH SHeprHefl W CNHHOM BHH3
HMeeT BHJ,

1

- etimt,
(Qn)'/z

V=

—_ O O O

COOTBeTCTBy}O[Hee pemicHue AJs MO3UTPOHA €CTb

0 00 0

_]e—imt=

—i
. 0 0 i 0 0
P2 A
T =1 0 i 0 0 0 cemy”
—i 00 0 1

— 1
(Qn)”/z

e~imt ==yl (5.7)

oo o -
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Taknm ofpa3oM, OTCYTCTBHE 110KOSLLErOCSt 3EKTPOHA C OTpHUATE/b-
HOH 9Hepruefi W CNHHOM BHH3 SKBHBAJEHTHO NPHUCYTCTBHIO MOKOf-
1lerocsi MO3SUTPOHA C TIOJIOKHTEJABHOH 3Hepruedl W CHHHOM BBEpX.
Ecau BHelllHero noJs HeT, TO HET W HUKAKOH Da3HHUIBI MEXIY 3J€K-
TPOHOM M TO3HTPOHOM ® M3 (D.7) Mbl BHAMM, UTO OyTeM npeobpa-
soBaHust (5.5) MpocTo Mosywaercsi Apyroe 3/JeKTPOHHOE pelleHHE,

IlpumeHnss To e npeobpaszoBaHHe K COGCTBEHHOMY COCTOSIHHIO
C IpOM3BOJILHBIMH CIIHHOM H HMIYJ/JbCOM H HCIOIb3YS YCJIOBHS
[C, ¥)| =0 u yl =y, =y, naxoaum

= CF = Cyot' = Cyo (L5 ) (1525) =
=C(8ﬁr+m (l—-y5 )Ow_(—ep-i—m)(l-i—ws)lpc (5.8)

2m

CHoBa MBI BHAHM, YTO NpOM3BeJleHHe ollepanuil KOMHJIeKCHOI"O co-
MPSKEHHA M MATPHYHOTO YMHOXKEHHs Ha Cyo = iy? nmepeBOgHUT pe-
HIeHHE ¢ OTpMUATEeNbHON 3Hepruefl, 4-HMIyJbcOM p, H NOJNAPH3E-
LHeR §, B peclleHHe C MOJIOXKHUTENbHOH 3Hepruel u remu e ca-
moimu py ¥ S,. 1S CIHHOPOB, OTBEUAIOUINX CBOOOJAHBIM YacTHIIAM,
paBeHcTBa (b.5) MUMeIOT BHA

eis (0, 8)y (p, s)y==Carl (p, s),
etd @y (p, s)=CiT (p, s).

OTtciona BHAHO, uTo v(p,s) U u(p,s) SBJAAIOTCA 3apsiAOBO-CONPS-
JKEHHBIMH CAMHODaMH (C TOUHOCTHIO 10 (aswl ¢(p,s)).
HanoMuuMm, 9T0 Mbl CTPOHJH pelleHHs! TakK, 4TO

po=—++/p*+m*=E > 0.

3aMeTHM TakkKe, YTO S He MeHseT 3HAK IPH 3apsjoBOM COTIpsxKe-
HHH, a CIHH MeHseT 3HaK, B 4yeM Mbl y6eausauch Ha npumepe (5.7).
Kax yxe rosopusoch B § 10, ara pa3Huna cBsizaHa Cc TeM, UTO CHH-
HOBBIEl MPOEKUHOHHBIA ONepaTop HMeeT B CHCTEME [OKOSl BHJ
(1 + vo 6-5/2), rae s# =(0, s) U U3MeHeHHe 3HAKA NPOUCXOJHT 34
CYeT MaTpHIbl Yo.

Omnepatop B paBeHcTBe (5.5) ocyniecTBhsieT fBHOE NOCTPOEHHE
BOJIHOBOH GYHKUHM No3uTpOHA. C ero MOMOLIbI0 MOXKHO BBECTH Ta-
KYI0 OIEePanuio, OTHOCHTEJNBHO KOTOpPOl ypaBHeHue J[lupaka HHBa-
puaHTHo. Jlns 3TOro TpebyeTcs onpejesauTh A0GABOUHBIA oHEpaTop,
H3MeHSIOIMHA 3HAK 3JeKTPoMalHHUTHOro mnoJas. Torza ¢opmaJibHO
IUDAKOBCKas TeopHsi GyJeT MHBAapHAHTHA OTHOCHTE/bHO CJaeaYiouled
HoC/eJOBaTe/IbHOCTH onepauuii: 1) KOMIIEKCHOE CONpSxeHHe,
2) ymHoxenune Ha Cyo u 3) 3amena + A, ua —A,. [1pn stom ypas-
nvedne (5.1) ((5.2)) naa snekTpoHa (MO3UTPOHA) NMEPEXOAHUT B TO
e caMoe ypaBHeHHWe /s MO3UTpPoHa (3JdexkTpoHa). Drto mnpeobpa-
30BaHHE Ha3bIBaeTCst 3apsIOBHIM conpsixkenueM u o6osHauaetcs C.
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GusnuecKull CMbICJA 3apsJ0BOTO CONpSIAKEHHA COCTOHT B TOM, 9TO
KaI0My (U3HUECKHM Dealu3yeMOMY COCTOSIHHIO 3/JeKTPOHa B MoJe
A, (x) oTBeuaer (u3MUECKH peaNH3yeMoe COCTOSIHHE MO3UTPOHA
B nosie —A, (x). Takum o6pasom, onepanust C 3aMeHsAeT 3/1€KTPOHHI
¢ MOJIOMHTCJNBLHOH 3HepIHell W CIMHOM BBEDPX Ha MO3HTPOHBI C HO-
JIOKATEJIbHOH SHepruedl ¥ CIOHHOM BBepX. JTO JOCTHUraercs MyTem
npeo6pasoBaHusl PELIEHHH C MOJIOXKHTEJbHOH 3HepPruedl ypaBHeHHS
(5.1) B pellieHusi ¢ OTPHLATENbHOA 3HEPrHEd 3TOro JKe ypaBHeHHS,
YTO COrJacHo TeOpPHH IBIPOK O3HauaeT NepeXoid K MO3UTPOHY.

To, uTo AHHAMHKAa MNO3HTPOHA B moje —A, B TOYHOCTH TaKas
*e, KaK 3JeKTpoHa B MoJe -+A,, HeylHBUTEJbHO U3 KJ1aCCHYECKHX
coo6paxeHuil. HoBblft M yNHBHTE/bHBIH pe3yJbTaT TEOPHH ABIPOK
COCTOMT B TOM, UTO H3 CYILECTBOBAHHS 3JEKTDOHOB C Maccod m
M 3apsjoM e ¢ Heob6xo0umoCTbro CllelyeT CYILIeCTBOBaHHE NO3HTPO-
HOB C TOH XK€ MacCoH m U 3apsajoM —e.

CylulecTBoBaHHe B MpPHPOJE 3JIEKTPOHOB C [ABYMsI 3HaKaMu 3a-
psja W ORZHOH M TOH Ke Maccod eCTb OIWH M3 CaMblX CHJbHBIX
JIOBOJOB B TOJb3y MO KpalHeHl Mepe YacTHYHOH NPaBUJbHOCTH pe-
JISITHBUCTCKON KBAaHTOBOH TEODHH.

§ 18. TMoaspusauua Bakyyma

Teopusi AbIPOK, YCTPaHss TPYAHOCTH, CBA3aHHbIE C OTPHIATEb-
HOH sHeprueli, NPUBOAUT, OJHAKO, K HOBHM MPUHUHIIHAJIBHEIM Mpe-
NATCTBHAM, KOTOPHE NPUXOLUTCS MPEONoJeBaTb, H HOBHIM (usnye-
CKHM MpeJAcKa3aHusM, TPeOYIOIMM 3SKCINepHUMEHTaJNbHOA MNPOBEPKH.
PaccMoTpuM, K NpHMepy, BJAHsSHHE BakyymMa Ha olpelejieHde 3a-
pAla 3JEKTPOHAa M B3aHMOJCHCTBHE MeXAy ABYMS 3apsiaMH.

MexKy 3JEeKTPOHOM C TOJIOKHTEJLHOH 3Hepruedl ¥ 3JeKTPOHaMu
H3 MOpsi C OTPHUUATEJNbHOH 3Heprueli UMeercst JIEKTPOCTATHYECKOe
oTTajaxnsanue. [1o3ToMy 3/1eK1pOH NOJASAPU3YeT BaKyyM BOKDYr cebs.
CyMMapHas IJIOTHOCTb 3apaja JeKTPOHA po(r) U MOJIAPU30BAHHOIO
BaKyyMa pp(r), U3MepeHHass OTHOCHTE/NbHO BaKyyMa, CXeMaTHYeCKH
H306paxkeHa Ha pHC. 5.3.

3apsaj 3JICKTPOHA, H3MEPCHHLIA ¢ NOMOIIBIO MAKPOCKOIHYECKOro
BHEIIHEro TNO0JS HJAM  yAajJeHHoro mnpoOHoro 3apsijia, paBeH

Sd*"r [ps (r) + p, (r)]=e¢, ¥ npencrasiaser cofoll «puanvyecKuit» 3a-

pan. OnHaxo, ec/H MPOBOAHTL H3MEPEHHS € NOMOULbIO MPOGHOTrO
3apsila, HaxoAsllerocs Ha paccTosHuAX ro << R, To u3MepeHHoe
3HaueHue 3apsajfa OYIeT CTAHOBHTbCA Bce 6oJjice OTPHLATENbHEIM JI0

Tex TMop, MoKa B Openese rp— 0 He craHeT paBHHIM Sd3r po (1) = ey,

T. €. 3HAUEHHIO «TOJIOro» 3apsja, npuueM |eo| > |el.
1o sBJeHHe Ha6JIOLaeTCs B CIEKTPe aToMa BOAOpPOJA. DJek-
TPOHHblE S-YPOBHH PAcCIQJIOKEHK HHXKE, UeM ypoBHH ¢ [0, Tax
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KaK B COCTOSIHHAX ¢ [ = 0 3JIeKTPOH HaxoZHTcA OJHXKe K MPOTOily.
OTOT 3QdekT mosspu3anuH BaKyyMa, BHIYHCIEHHe KOTOPOro GYmeT
[poBeleHO B IMI. 8, cjierka yMeHbllaeT cMelleHde JIam6a. B Toil xe
[JlaBe Mbl DPAaCCMOTPHM BOIPOC O CBSI3H «TOJIOFO» 3apsja H30JHPO-
BAaHHOrO 3/JeKTPOHA €O 3HaueHHWeM 3apdaja, HabuiojaeMbM Ha 60Jb-
IIMX PacCTOSTHHSIX.

B cBsisu ¢ TeopHell ABIPOK BO3HMKAET elle OJMH BOMPOC: KAKOMH
CMBIC/I MMEET BBeJCHHLIH HaMM OeCKOHEYHHH OTpHUATENbHBIH MOJ-
Hbll 3apsj saxkyyma? Iloka Mbl OCTaBHM 3TOT BONpPOC B CTOpOHe,

¥ Ay brtby

Puc. 5.3. Baumsnue mnonspusauMH BakyyMa HA ILIOTHOCTb 3apsifd 3JEKTpOHA.

Besnuunua p, npegcraniser coGoil MIOTHOCTb 3apsAja <roioOro» 3JEKTPOHA,

a pp €CTb IVIOTHOCTh 3apsAfa TOJAPH3ALMOHHOTO 00JaKa, 06GpPa30OBAHHOLO BHP-
TYaJbHLIMH 3JEeKTPOH-TIO3HTPOHHLIMH [1apPaMH.

3aMeTHB JIMIIb, YTO 3JIEKTPHYECKOE [0Je OT 3TOro pachpejeJfieH-
HOTO 3apsa He UMEEeT BblJle/leHHOro HanpasJenus. HaGmaonaeMbiMu
AABJSIOTC TOJNbKO HEOXHOPOJHOCTH B paclpejieleHHH, 00yCa0BIEH-
Hule TNoJspu3aluell Bakyymal),

§ 19. O6pamenue BpeMeHH U APYrHMe CHMMETPHH

PaccmoTpuM Tenepp npeoGpa3oBaHHsl NPOCTPAHCTBEHHOH HHBep-
cuM u ob6pamieHus Bpemend. KpoMe HUX, HMeeTcs ellje OHA OMepauus
CHMMETPHH, TaKKe He OTHOcsAmascsi K CcOOCTBEHHHIM Iipeobpa-
3oBaHusAM JlopeHLa, — 3TO KaJHODOBOYHAS MHBAPHAHTHOCTb 3JCK-
TPOMArHUTHOro B3auMoAeHcrBHs. OJHAaKO HHBAPHAHTHOCTL OTHOCH-
TeJbHO KaJHODPOBOYHBIX NpeobpasoBaHuid aBTOMaTHUecKH obecreun-
BaeTcA BBEJEHHEM B3auMOJEHCTBHS B BHIe py— eA,. [lpoeepka
9TOr0 yTBEpKAEHHs NPOU3BOJAHTCHA B TOYHOCTH, KaK B LIpeAHHrepoB-
CKOA TeopHH.

') ror BOmpoc paccmaTpuBaeTcsi B KHHLe aBTOPoB [50], DVCCKHE nepeBoa
KOTOpO#l BEIXOAHT B M3jatenncrBe «Hayxkas. ({Tpum. nepes.
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Hanomuum, uTo, Kak OBlJIO ycTaHOBJEHO B § 7, omepainuio Mpo-
CTPAHCTBCHHON HHBEDCHH MOXKHO 3amHcaTh cjefywomum obpasoM:

Py (x, )= (X', H=e!y(x, 1), tre x'=—x. (5.9

Jlns peilleHHH B BHJe MJOCKHX BOJIH MPOCTPAHCTBEHHAs HHBEPCHA
COCTOMT B H3MEHEHHH 3HAKOB HMIYJ/bCOB NIPH HEH3MEHHBLIX 3Haue-
HHSIX CIMHOB, T. €. MPOMCXOAHUT TaK, KaK c/eyeT OXHAATh U3 KJac-
cHueckHX coobpaxenuil. Takoe npeo6GpasoBanne BOJHOBOH (QYHKIUH
B COUYETAaHHH CO CJEAYIOIHM XODOLIO H3BECTHHIM MpeoOpasoBaHUEM
Haj 4-OTEHIHAJ0M 3/J1eKTPOMArHHTHOrO MoJs:

PO(x, )= (X', )=D(x, 1),
PA(x, ) =A"(x', )= —A(x, 1),

ocTapJ/sieT HeH3MeHHbIMH ypanHeHue Jlupaka um 3HauyeHMs BCeXx Ha-
GaofaeMbix (M3MUeCKHX BeJHuHH. Puanueckoe copepkaHue HHBa-
DHAHTHOCTH AHPAKOBCKOH TEOPHH OTHOCHTEJBHO IPOCTPAHCTBEHHOMH
MHBEPCHH MOXKHO MOSICHHUTL C/IeRYIolUlHM 00pasoM.

PaccMOTPUM HEKOTOPYIO Cepuio HaOJMIOAeHHA Hal COCTOSHUEM,
OMHCHIBAEMBIM BOJIHOBOH (yHxumed (x,f). 3acHiMeM HallH Ha-
6/101eHUs Ha KHHOIJIEHKY, MpHYeM CHEMOYHYIO KaMepy HanpaBiaM
Ha TJIOCKOE 3epKajo, B KOTOPOM OTPdXKaeTcsl IKCIepHMeHTaJ/bHas
ycTaHoBka. Torga MBI CMOXeM CKasaTb, 4TO NHHAMHKa fBJEHHA,
KoTopoe Mbl Hab./ojaeM, HHBapHAaHTHA OTHOCHTEJNBHO MHPOCTPAH-
CTBEHHOH MHBEPCHH, €CJIH B 3aCHATOM B 3epKaje KHHO(QHJbME [O-
Ka3zaHa (PU3MUECKH BO3MOXKHAS MOCAEIOBATENbHOCTb SIBJIEHHH, T. €.
ec/iM, CMOTPSl 3TOT (H/IbLM, HEBO3MOXKHO YCTaHOBHTb, BHAUM JH ML
3epKaJbHOe OTpa)KeHHe HJM camo sBjaeHue. [loatoMy BMecTo mpo-
CTPaHCTBEHHOH HMHBEPCHH JOCT4TOYHO PACCMATPHBATH 3€PKalbHOe
OTpaxeHHe, XOTsl 9TH OMepalUuy u He ToxAccTBeHHHl. [Ipu 3epkasb-
HOM OTPaXKCHHH MEHSeTCA 3HAK TOJbKO Y KOOPAMHAT, HaMpaBJ/eHHe
KOTOPBIX NEPNEHAUKYAAPHO K MJOCKOCTH 3epKaJja; YTOOBI MOJYy4YHTD
npeo6pa3oBaHne HHBEPCHH, HAAO e€llle NPOH3BECTH MOBOPOT Ha
yroa s BOKDYr HOpMajaM K noBepxHocTn 3epkana. OnHako TakKof
MOBOPOT y’Ke BKJIOUeH B coGeTBeHHble npeobpasoBaHlis JlopeHna.

[Nepexonsi K OGCYRACHHIO CHMMETDHH OTHOCHTEIbHO OOpalleHus
BpPEMEHH, Mbl JUis BbISICHEHHS ee (H3MYECKOro CoxepkaHHs ONAThH
BOCHOJ/IL3yeMCsl MBICA€HHOH KHHOCHLEMKOH IOC/IeN0BaTe]bHOCTH Ha-
GaofeHHA HaJ COCTOSIHHEM, ONHCHiBAEMBbIM BOJHOBOH QyHKUHeH
P (x). TIpocMOTpHM Tenepb OTCHATHIA KHHOGH/IbM B OGpAaTHOM Ha-
npasJ/ieHHy, OT KOHIA K Hauany. MoxHo yTBepXaaTh, 4TO JHHAMHKA
HabJ/I0aeMOro sIBJIeHHs: HHBapHAHTHA OTHOCHTENBHO OOpalleHHs
BpeMeHH, ec/lH MOoKa3aHHHA B o6paTHOM mopsaxke GuiabM Hzobpa-
KaeT (DH3MYECKH BO3MOXKHYIO [OCJ/EL0BaTEIbHOCTh HAOJIIONEHHUI.
Arta HHBapHaHTHOCTL OyleT obecrneyeHa IPH YCJOBHH, YTO Mbl MO-
JKeM 3aMeHHTb [ Ha ! = —{ W mpojesnaTh Takoe NnpeobpasoBaHue,

rae x'=-—x, (5.10)
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KOTOpOo€e [PHBOAHT ypaBHeHHe Jlupaka K MpeXHeMy BHAY C Npex-
Hefi ¢Qusnueckoit uHTepuperaunued. [IpeoGpasoBaHHas BOJHOBAsA
GyHRuust GyaeT OMHCHIBATHL IePBOHAYA/IbHBIA 3JMEKTPOH, ABHXKY-
Wuiicss Hasaj BO BpeMeHH, W OHa OyneT (H3HYECKH BO3MOXKHOH,
NOCKO/MbKY OyJeT YIOB/JETBOPATh ypaBHeHuio Jlupaka.

Jlast mocTpoeHHs MCKOMOro mnpeoGpasoBanus obpauieHusi Bpe-
MEHH 3amnuileM ypaBHeHue [{Mpaka B raMHJIbTOHOBOH ¢opme

§ 00D e g (— iV — eA) + P eD]p(x, 1) (5.11)

dt
u onpelenum npeobpasosanne $ Taxoe, uTo npu ' = —t P’ ()=
= 3 (¢). Toraa (5.11) mepexoaut B ')
()Y () =— THT W (). (5.12)

MIHBapHaHTHOCTb OTHOCHTEJbHO OOpalleHUsi BPeMeHH O3HauaerT, uTo
-1 (=1 .
aubo TH ()T '=—H(), mubo TT~ = —Ii.

Jlast BHisicHeHWst noBefeHuss H npu AeiicTBUM omepatopa T M
JIOJKHBI ClepBa YCTAHOBHTL 3aKOH npeoGpa3oBaHusi 4-TMOTeHUHAJa
saeKkTpoMarduTHoro noas A, npu samene ¢’ = —t. [lockoabky A
06ycJ0BJeH TOKaMH, KOTOpble MEHsI0T 3HaK Npu obpaileHuH Bpe-

MeHH, Mbl ToTpefyeM
A(t)y=—A(@)

H aHaJorHyHoO
D (') =+ D () (5.13)

BcaeacTeue Toro, 4ro @ oO6yc/ioBJeH 3apsgaMH; KpOMe TOro,
V/ = <4V, tak kak x’ = +4x. Tenepp sicHO, 4TO /st TNPHBELEHUS
ypaBHeHusi (5.12) K nepBoHauaJbHOMY BHAY HEOGXOAMMO, YTOOBI
npeo6pasoBanne < ... T7! 3amensso { Ha —i; CJeLOBaTeJbHO,
% MOXKHO MPeACTaBUTb B BHAE oNepaTopa KOMIJIEKCHOrO CONpsiKe-
HHSI, YMHOXXEHHOro CJeBa Ha HEeKOTOpYIO IIOCTOSIHHYI0 MaTpHLY

pasmepHocTH 4 X 4:
T V() =T¢" (). (5.14)
orpa uMeeMm
§ DA (T [ iV — oA (] +
+ (TET™) m 4 e® ()} ¥ ().

B npexncraBieHun (1.17), KOTOPHIM Mbl OOBIYHO MOJIB3YEMCS, 3ITO
03HauaeT, 4yTO MaTpuna I JOJIKHA KOMMYTHPOBaTb C o M B M aH-
THKOMMYTHPOBATh C o) H o3. TakuM o0pasoM, HalluM TpeGoBaHHsIM

) Mel onycKaeM HecyUIeCTBEHHYIO 3]1eCh 3aBHCHMOCTb OT X.
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YIOBJ/IETBOPSET MaTpHUA
T = —io 0, = + iy'y?, (5.15)

ric $a30BLHA MHOXHUTENb BHIGPaH MPOU3BOJIBHO.

Urobnl NoxkasaTh, 4To NpeobpasoBaHHe $ COOTBETCTBYET TOMY,
4TO Mbl MOApasyMeBaeM IoJ obpallleHUeM BpeMeHH B KJ/accHuecKod
busuke, npumenum (5.14) m (5.15) X pelleHnio B BHAe MNJIOCKOM
BOJIHBI JI/Is1 CBOGOJHOH YacTHLB C TOJOKUTENbHOH sHepruei:

(p )(1+Y5s)mp(xt (p +m)T—xT(l+v5s)><
XTI %, 1) = (L) (25 ) w ik, 1), (5.16)

rae p’ =(po,—p) u 8" = (so,—S) H, c/lefOBaTeJbHO, NIPOEKTHPO-
BaHHe NMPOHM3BOJNTCS Ha pellleHHe, OTBedarluee CBOGOIHON yacTHIe
C M3MeGHEHHBIMH Ha OGpaTHbC 3HAYEHUSIMH TPEXMEDHBIX BEKTOPOB
HMIyJbCa P M CIHHA §. DTa ONePalHts, H3BECTHAS KAK BATHEPOBCKOE
ofpaiieHne BpeMeHH, Oblia BhepBble BBefeHa B 1932 r. [61].

[TockoabKYy TeopHst MHBapHaHTHA OTHOCHTENBHO ONepalHil npo-
CTPaHCTBEHHOR WMHBEPCHH H OOpalleHHs BpPeMeHH, Mbl, eC/JH MoXKe-
JaeM, MOXeM HCHO/Ib30BaTh 3TH ONepalMi MPH NOCTPOCHUH BOJHO-
BoH ¢yHKUMM mosutpoHa. O6wenunas (5.9), (5.14) u (5.15) ¢ (5.5),
HaXOJAHM IIPOCTOE COOTBETCTBHE MeXIy BOJIHOBOH (yHKIHel O-
3UTpOHA

Ypor (¢7) = PCyo (TP (x))" = PCTp (x) =
= ie"®yH(x), rae x"L =—x, (5.17)

H BOJIHOBOH (yHKiuel 5JeKTPOHA, YMHOXEHHOH Ha {ei®y; W OMHCH-
Balolledl 3/eKTPOH, ABHXKYIUACA B 06paTHOM HanpaB/eHHH B Mpo-
CTPAHCTBE U BPEMEHH.

Hasi coGCTBeHHOro COCTOSiHHUS CBOGOJHOR Hactuus 1§ (x),
pakTepH3yollerocss olpele/eHHBIMH 3HAUeHMSMH HMIyJabca U
ciuHa (p¥, s%) H e = —1 uMeeMm

\Ppcr(x,)"—‘iew\?s( ﬁ—l—m)( 1+Y5§)‘P( ) =

= ( °x e ( ! ) Pbper (7). (5.18)

Ypasueune (5.18) oranuaerca ot (5.8) ToNBKO HanpasieHHeM
CTIMHA, ¥ NO3TOMY MBI MOXeM NpeJCTaBUTb BOJHOBYIO QDYHKIHIO HO-
3UTPOHA C MOJIOXKHTE/bHOH 9Hepruell Kak BOJNHOBYIO GVHKIHIO 3JeK-
TpOHa ¢ OTPHLATENbHOR SHepruefl, YMHOXKEHHYIO Ha [ei®ys; M OTBe-
4aloulyio ABHKEHHIO B OoOpPaTHOM HampaBJeHHH B HPOCTpaHCTBE-
BpEMEHH.

Yro6bl y6eauTbcs B CHPaBENJHBOCTH BHICKa3aHHOrO YTBEpKje-
HHA JJIf MPOH3BOJIbHOTO pellleHHsl BO BHelUeM 3JeKTPOMAarHHTHOM
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noJie, HaJ O BEPHYTHCSA K yPaBHEHHIO /15 OTPHIATEJbHHX COGCTBEH-
HEIX 3HAUEHUH 3HeprHH

[@- (— iV — eA) + pm + e®] b = — Ep (5.19)

u npoussectH mpeoGpasosanue (5.17). HUs (5.10) n (5.13) MoxHO
BHUAETb, UTO IPH KOMOHHHPOBaHHOMA OMepalUH UHBEPCHH IPOCTPaH-
cTBa H 0o0palleHus BpeMeHH A;’L (¥)=+4A4,(x) u x;'_— — X,; clejo-
BaTesabHo, (5.19) mpuobpeTaeT xejaeMbll BHJ

[@ - (— iV 4 eA’ (1)) + pm — e®” (x)] $pcr (¢)) = -+ Evbper ().

UHTepnpeTanysi NO3HTPOHOB KaK 3JEKTPOHOB C OTPHIATENbHOH
sHepruel, ABHXKYIIMXCA B 0ODAaTHOM HaMpaB/IeHWH B MPOCTPaHCTBe-
BpPEMeHH, COCTaB/IsieT OCHOBY TeopHH No3uTpoHoB [lTioKenbGepra —-
definmana [52—54]. Mpl 6yseM 4acTo TOJAb30BaTbCs 3TOH TeopHer
B MOCJeAYIOUIHX IJaBaX s MOCTPOEHHS TEOPHH DPaccesHHs.

B saxJ/ioueHHe o6paTHM BHHMaHHe Ha TO, YTO BbIOpAHHBIA HAMH
BHJ B3aMMOJEHCTBHS 3/JCKTPOHOB C 3/JEKTPOMArHHTHBLIM MOJIEM OBl
NPOAMKTOBAH ONBITOM, HAKOIUIEHHHIM HaMH B KJIaCCHYECKOH aJjek-
TPOAUHAMHKE H B HEPENATHBUCTCKOH 3JEKTPOAMHAMHKE 3JEKTPO-
HoB. C JpYrofl CTOPOHE], CYyIIeCTBOBAHHE PACCMOTPEHHBIX HaMH
NPUHIKNOB CUMMETPHH 3aBHCHT OT BHAa B3auMojefcrsus. Hampu-
Mep, BBelleHHOe B 3ajauyax K M. 4 B3aUMOJEHCTBHE aHOMaJ/bHOro
MarHUTHOTO MOMEHTa IIPOTOHOB H HEHTPOHOB jfo0aBlisieT B ypaBHe-
Hue Jlupaka ujeH BuJAa OuyF*¥p. Ero npucyrcTsue He BJHAET HH Ha
OQHY M3 PACCMOTPEHHBIX CHMMeTpuiH. PacnpocTpanss AHPaKOBCKYIO
TeOpMIO Ha JpYrHe 4YacCTHUB €O CIHHOM /5, TakHe Kak ®-Me30H
H HYKJOHbI, BeCbMa €CTECTBEHHO MpPEeANOJIOKHTb, YTO HHBAPHAHT-
HOCTh OTHOCHTeJqbHO mpeoOpasosanuft €, C u P crnpaseluBa
¥ JJIs HHX. .

Boabiwast 3acayra Jlu u SHra [55] cocTouT B 0CO3HaHHH TOTO,
4YTO 5TO M B CaMOM JeJe BCero JHIIb NpeloaoxXeHHe, KoTopoe Hano
nposepsiTh Ha ombite. OHM BHICKA3a/H THIOTE3Y, YTO BO B3aUMOjel-
cTBHSIX THIA P-pacrnaja Hapyuaetcst uiBapuantocth P n C. Ox-
HAKO HMHBapPHAHTHOCTb oOTHocHTesNbHO onepamun SCP obecneun-
BaeTcs ropasjio Gosee C1abbiMH MPEANONONKEHHAMH 06 HHBapHAHT-
HOCTH OTHOCHTeJNbHO cobcTeexnbix mnpeobpasoBaHuil Jlopenna H
IpaBU/bHON CBSA3H CIIHHA CO CTaTHCTHKOMH.

3A0AUYHU

1. B GopHOBCKOM NPHGMHMKEeHHH NMOKaXHTe, 4TO CKOPOCTb PafHallHOHHOTO fe-
pexoja 3JeKTPOHA M3 OCHOBHOFO COCTOSIHHSI aTOMa BOJODONA B HE3anoJHeHHble
COCTOSIHMSL ¢ OTPHIATeNbHON SHepruell, JexaliWe B HHTepBajse OT —mMC? 10
—9mc?, cocrapasieT Npubausutenso 2amce?/nh = 108 cex—'.

2. Paspemnre napafokc Kpeifna, usfioxeHHHH B [ 3, ¢ MOMOL(bIO TEOPHH

RHPOK.
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4
3. Tlokakure, uTO eciH y, M Yy, ABJIKIOTCA ABYMS MDENCTABNEHHSMH MaT-
o [—
PHL Y, CBA3AHHBIMH MexKAay coGOH YHHTapHBIM MpeoGpa3oBaHHeM Yo =Uy U Lro

C = wh 1CU, rae C u C’ ectb cooTBeTCTByIOIHE MATPHUL 3aPSLOBOTO CO-
npsxenns. Cnpasefuusel u 4751 C’ cootuomenus (5.6)?

AHanoryuHeIM 06pasoM YCTpaHHTe 3aBHCHMOCTh peoGpasoBamus (5.15) or
KOHKI)QTHOI‘O NpeACTaBJeHHs] MaTpHL Y.

. Jlast Toro urobul onmepatop T GblT 0mEPATOPOM CHMMETPHH B [HPAKOBCKOR
TEOpHH, NIPAaBUJIA HHTEpNpeTalnu BOAHOBLIX QYHKUMA Y’ (#) u P (f) momxHL GHTb
OAHHMH H TeMH Xe. 3TO 03HauaeT, 4TO HaGJIOJaeMble BeMMYHHbI, TOCTPOCHHEE H3

GuanHeHBIX (JOPM, COCTABJIEHHBIX M3 V' u 1[)’+, JNOJIXKHBl HMeTb TOT XKe CAMBIH
CMbIC/I, YTO N HabuiofaeMble, MOCTpOeHHble H3 P (HHOTAA HMeeTcs pasinude B
3HaKe).
a) IlpoBepbTe 310 yTBepKueHHe Masi TOKa
s ;
Jy (87) =" (x)
) =), (p")=—(p)
6) IloeropuTe 3TH BHIKAAAKH AJA 3aPANOBOTO conpstxxennst C. B wacrhocrn,
IIOKaXHTe, UTO _ R
Y, (x) Yu e (x)=+P(x) Yub (),

U 06DBACHHTE 3TO PaBeHCTBO, HCXOAA H3 TeopHHd ABIPOK.

u st



' IABA 6
METOJ ¢YHKLUHUH PACNPOCTPAHEHUA

§ 20. Beenenue

Msl nepexoauM K o61ieMy pPacCMOTPEHHIO MPOIECCOB PacCesHHUS.
Hamwa nenb — MMeTb BO3MOMKHOCTb BBIUHC/IATb, B NMPHHIHIE TOYHO,
BEPOSITHOCTH TEPEXOJOB M cededHst B AMPAKOBCKOH TEOPHH 3JeK-
TPOHOB H MO3UTPOHOB; Ha TpPAKTHKE BLIUYHC/CHHA OOGBLIYHO MPOBO-
ISATCSl B HHUBLIMX MOpAAKax MO napaMeTpaM BaauMmojeHicTBus. Boa-
MOXKHOCTb M3MEHEHHMsi 4HC/Ia YacTHL B TaKHX [poleccaX, Kak
POXKJEHHE 3JMEKTPOH-TIO3UTPOHHBIX Map WJIH AHHHTHJSIHS, BBIBOLHUT
Hac 3a paMKH NPUMEHMMOCTH HepeJsATHBHCTCKOH Teopun. Tem He
MeHee Mbl OyJeM KaK MOXHO JOJblIE OTK/IAABIBATb DellieHHe IpaH-
AMO3HOH 3aJauM NOCTPOEHHA (opMasiu3dMa KBAHTOBOH TEODHH MOJS
NIl OMIHCAHHsE MPOLLECCOB POKAECHHS U aHHHUTHJISLHH.

C sroii mesbio Mbl, caenyst Peftumany [53, 54], BocnoanbsyeMmcs
MeTooM (yHKUME pacnpocTpaHeHus (mpomaratopa). B stom Me-
ToJe TPOLECC pacCesHHs OMUCHIBACTCA WHTErpaJbHBIMH ypaBHe-
HHAAMHA. ['paHnyHble YCIOBHSA, KOTOPHIM YAOBJIETBOPSIOT HX pelieHHd,
BKJIOYAIOT B cebs corsacHo llTiokennbepry — defiumaHy uHTepmpe-
TAlHIO MO3HTPOHOB KaK 3/JEKTPOHOB C OTPHUATE/JbHOH 3Hepruef,
ABHXKYUIMXCS HasaJ BO Bpemenu. Takof monxon mnospodasier cdop-
MyJHpOBaTb OJHO3HAYHBIE MpaBH/Ja AJs pacuyeTa Jawo6oro (Gusuye-
cKoro mpouecca'). Haunem ¢ HauoMuHanus o MeTofe GYHKIHH pac-
NIpOCTPaHeHHS JJ/Isi HEPENATHBACTCKOro ypaBHeHust [lpeaunrepa.

§ 21. Hepeastusucrckuii nponararop

B 3ajavyax paccesHHUsl Hallle BHHMaHHe O6oJibllle COCPelIOTOUYEHO
Ha HeCTalHOHApPHBIX pPelIeHHsIX, KOTOpble pa3BHUBAIOTCS BO BPEMEHH
U3 3aJaHHBIX B OTHaJ/JeHHBIH MOMEHT HauaJibHBIX 3HaquHﬁ, qyeM
Ha CTalUOHAPHBLIX PEIIEeHHAX, T. €. [JOCKHX BOJIHAX. XapaKTepHaﬂ
ITIOCTAaHOBKA 3djJayYd TakoBa: IO 3alaHHOMY B OT/JaJ/ieHHbI# HauaJib-
HbI {1 MOMEHT BpeMeHH BOJIHOBOMY Makery, OlIHCBHIBAOLLIEMY

!} TeopeTuko-noseBoe 060CHOBaHHe 3ITHX npasun cofepxurcs B [50].
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IpHOJUKAIOMYIOCS K HCTOUHHKY MOTEHLMaJa 4acTHIly, ONPede/UuTb,
Kak GyJeT BHIJIALETb BOJIHA B JajekoM OyayuieM.

[pu paccMoTpeHuH NpoLeccoB paccesHHs YAOGHO NOJb30BAThCA
nputuunoM [iofirenca. Ecin BoanoBas GyHRuus (X, !) u3BecTHa
B HEKOTODHIH ompejie/eHHBId MOMEHT BpeMeHH f, To B /060 GoJee
HO3/JHHHA MOMEHT BpeMeHH I’ ee MOXKHO HAHTH, CUMTad, 4TO B MO-
MEHT { Kaxaas TOYKa X fABJSETCS HCTOYHHKOM CepHuecKHX BOJIH.
AMIOJMTYda BOJIHBI, MpHIIejllefi B TOYKY X’ B MOMEHT BpeMeHH I
H3 TOYKH X, Gy;eT NpPOMOPUHOHAJbHA HCXOLHOR aMMIuTyzxe (X, ).
Ecan 0603HauuTh KO3 GUIHMEHT MPONOPLHOHANBHOCTH MOCPELCTBOM
iG(x',t;x,t), To corsacuo npunuuny [iofireHca B TOYKYy X’ B MO-
MEHT BpeMeHH ! mpujeT BoJHal)

B (X, t’)=iSd3xG(x’, v x, Hp(x, 8, >t  (6.1)

rae ¢oysaxuus G(x’,t'; x,t) HasbiBaeTcst QyHxuued ['puHa, mau mpo-
naratopom. CorsiacHo npuHnuny [ofirernca G (x',1’;x,%) xapakre-
pusyer BausiHue GYHKUHH (X, ) Ha {(x’, ). 3naune G naer Ham
BO3MOXKHOCTb IIOCTPOHTb (DH3HUECKOe COCTOfAHHE, KOTOpOe TOoJy-
uyaeTcss pasBUTHEM BO BPeMEHH H3 J060ro Hamepej 3agaHHOro Ha-
yaabHoro cocrostHusi. Takum o6pa3oM, HaxoxAeHHe GyHKIUU [puHa
SKBHBAJEHTHO MOJHOMY pellleHHio ypaBHeHHuda Llpenunrepa.

Mul, ofHako, HOMXKHLL eute AaTh GyHKuuH G dopmanbHoe onpe-
nesenne. [Toka MBI JIHIIB NPOBO3IJIACHIHN ee CYLleCTBOBaHHe, HCXOS
U3 ¢pusnveckux coobpaxkenufi. OcTaHoBHMCA Ha 3THX COOOpaKeHHUsX
nojgpo6Hee, 4toOb YSACHHTb CyTb MeTola GYHKIHHM pacrnpocrtpa-
HeHHUS.

PaccMoTpuM cHavaJia pellieHue B BHAe cBoOOIHON BOJHHL. [BH-
’KeHHe CBOOOJHOHM 4acTHLB NOJNHOCTbIO M3BECTHO, MO3TOMY HET HH-
4ero YAMBUTENBHOrO B TOM, YTO COOTBETCTBYIOILYi0 GYHKIHMIO [puHa
Gy 145 cBOOOJHOrO NBHXKEHHsI MOXHO NOJYYHTb B 3aMKHYTOM BHJE.
Ecan Tenepb BBecTy norenunal, Go suaousmenutes. Ilyets V(xy, £)
npenacraBaseT coboifl NMOTeHLIHaJs, KOTOPHIE B MOMEHT #; «BKJIO-
yaeTcsi» Ha OYeHb KOPOTKHH mHpoMexyTok BpeMeHH Af,. o mo-
mMeHTa f; Mbl OyieM HMETh BOJIHOBYIO (YHKIUHIO CBOOOIHOH uac-
THIB @, a COOTBETCTBYIOWUM npomaratopom 6yner Go. Coruaacho
ypaBHeHuto Ilpenunrepa V(xi,£) AeicTByeT Kak HCTOYHHK HOBBIX
BOJIH

(i o — Ho) b (xi, t) =V (xi, £ (xy, £). (6.2)

1} Tockomeky ypabBuenne IllpenuHrepa sBasieTcs ypaBHeHHeM MNepBOro no-
psanka No BpeMeHH, NpHHuUMN [fofireHca npuMeHAM K HeMy 6e3 MoJH{(pHKAUNH,
nanpof Kupxrogom.
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[IpaBas uacTb OTINYHA OT HYJs B TeueHHe BpeMeHH Af; M B 3TO
BpeMs OHa BBI3bIBAET JONOJHHTEJbHOE H3MEHEHHE P IO CPABHEHHIO
C TeM, KOTOpOe IIPOHCXOAMT B oTcyTcTBHe V. D1y JoGaBouHYIO
BOJIHY Avy(xy, ;) HaxogmM HHTerpupoBaHueM (6.2) ¢ TOYHOCTBIO
Jlo nepBoro nopsaka no Af;:

AP (xy, 1) = — iV (xy, 1) @ (X, 1) ALy (6.3)

Coraacuo mpuHuuny [rofirenca u (6.1) HalineHHass po6aBouHas
BOJIHA [IPHBOAUT B CBOIO oyepenb B GoJsiee NO3JHHH MOMEHT BpeMeEHH
{’ k HoBoil no6aske K ¢ (x’,¢), paBHo#

ap(x, )= & Go(x', 1 %1, 1)V (%1, 1) @ (x1, 1) At1. (6.4)

Takum 06pa3oM, pe3yJbTaTOM Pa3BHTHA BO BpeMeHH IPOH3BOJBHOTO
nakKera ¢, 3aJ1aHHOTO B OTAAJEeHHOM IpOIJIOM, SIBJSIETCS BOJHA

Y(x', =0, )+ Sd3x1 Go(x/, /5 %4, 1)V (x1, 1) @ (xy, 1) Aty =
=i S d3x [GO ', t; x, H+
+ S d®x) AL G (X), 5 Xy, )V (x4, 1) Go (x4, 115 X, t)]‘P("» 7). (6.5)

CpaBHuBasi 3170 Belpaxenue ¢ (6.1), Haxonum
G, t;x, =G, (x', t'; x, ) +
+ [ @ a0Go (', 15 %, 1)V (01, 0) Go (i, 13 %, ). (6.6)

HMamoctpaunelft 3Toro paBeHCTBA MOTYT CJYXKHTb H3006pazKeHHble
Ha puc. 6.1 mHpocTpaHCTBeHHO-BpeMEHHLIe auarpaMmbl [lepsomy
ujieHy, KOTOPHI OIHMCHIBA€T DaclpocTpaHeHHe CBOOGOAHOH YaCTHLBI
3 touku (x,¢) B (x/,t), orBeuaer puc. 6.1,a. duarpamma 6.1,6
nzobpaxaer csobognoe apuxeHue u3 (X,f) B (xy,f;), paccesiHHe
B Touke (Xi,!;) ® co6oaHoe aBHKeHHe U3 (X, f) B (X, 1).

B MoMeHT BpemeHH f; > f; MBI MOXeM Ha BpeMs Af, BKJIIOYHTb
apyro#t moTeHuwnaa V(xp, ;). Torna no anagoruu ¢ (6.4) V(x,?2)
naer npu ' > ¢, no6asounnil Bkaag B P (x’, 1), paBHbL

8 () = { 2, Go (s 2V ) 9 (2) Aty =
=i S P dxy AyGo (s 2V (D] Go (25 x) +

+ {8062 DV () Gt 9]0t 6.2)
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3J€Chb CMBICJ COKpallleHHbIX O003HauyeHHH oueBHAeH. Mlamocrpanuei
nepBoro 4JeHa, KOTOPHIH OTBeuaeT OAHOKPATHOMY pAacCesiHHIO B
(xg, t2), cayxut puc. 6 1,8; BTOpPOH ujeH oNUCHIBAET MONPaBKy HA
JIBYKpaTHO€ paccesHue H H3o6paxkaercs Amarpammoit 6.1,e.

z ¢
@ ¢) (= %)
6‘0(.’:,'&‘; T, t) V(w,, tj) —a (zl t])
(%, 2)
(=,1)
z z
(2 @
13 z ’
(%)) @t}
®p t2)
(%2, %) (%1, %)
(z,2) (x, 1)
) z @z
(&) @

Puc. 6.1. IlpocrpancTBenHO-BpeMeHHBIE AHATPAMMHL JJsl PACHPOCTPAHEHHS H3

Touku (X, t) B (x’, ). duarpamma (a) oTBeuaer cBoGonnOH uacTuue, (6) — oaHo-

KpaTHOMY paccestHuio Ha mnorexuuaste V (xi, f;) B Touke (X, #;), (8) coormer-

CTByeT OJHOKPATHOMY DACCESTHHIO B TOUKE (X2, f2) H (2) OTBEuaeT ABYKDATHOMY
paccesHuIO.

Il HaXOXKAEHHS TOJHON BOJIHBI, NpUXoAsiefi B Touky (x/, ),
HaJio NOJACTaBUTb BhipaxeHnue (6.5) aas ¢(2) B npaByio uactb (6.7),
¥ NOJIyUYeHHHH pe3y/bTaT cJoXHTb ¢ (6.5):

P =0 )+ | LranGos DV o)+
+ { 500605 2V @ 0@ +

+ S @y Ay dxy MGy (s 2V (2) Go(2 DV (D@ (l).  (6.8)
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He nposoas naibHefilinx BBIKAAAOK, HETPYIHO 3alHCaTb OTBET AJA
BOJIHbI, MpHXOAslLell B Toury (x’,t’), B cayuae, Korga norennuan V
OblJ BKJIOYEH B TeyeHHe n NOZOGHBIX HHTEPBAJIOB:

P =0 )+ Y § d MGy (5 k) V (x) @ (x) +

+ Z Sd3xi Aty & MGy (x5 %) V (x0) Go (x5 x) V (x) @ (x)) +
(’ii>j’j)
+ Z S d3c; Mt dx; Aty dPc, Aty X
(ti>itjjk>tk)
X Go(x's x)V (5:) Go (x5 %)V (%)) Go (x5 %) V (xe) @ () + ... (6.9)

Cpasnupast (6.9) ¢ (6.5) u (6.6), moayyaem COOTBETCTBYIOLLe€ BEI-
paxenue aast dyskuuu [puna G:

G (x5 x)=Go(x"; x) + Z SdaxiAliGO(x,; x;, )V (%, 1) Go(xy, 155 x)+
.

+ Z Sd3x, ALy d®; Aty Go (X7 %, 1)V (X, 1) X
ij
(t:>t))
>< GO(X,;, ti; Xy, tI)V(X], t]) Go (X], tj; x)+ v (610)

MLl MoXeM CHATb OTpaHHUEHUS, CBSA3aHHBIE C YIOPSAOYEHHEM
ppeMenu (f; > {; H T. 1.), €C/IH YCJIOBHMCS CUHTaTh Go(x', t';x, 1) =0
npu ¢’ << t. Takoe rpaHHYHO€E YyCJOBHE O3HAYACT, UTO BOJIHBI pacrpo-
CTpaHAIOTCS ToJbKO Bhepen BO BpeMmeHu. COOTBETCTBYIOIMH nporna-
ratop Gy NPHHATO HA3LIBATH 3ana3blBaoluM. PUSHYECKH 3TO O3HA-
yaeT, 4TO TIOATEHCOBCKOE BO3MYyliueHHe Ay oOT i-d HTepanuu
(B MOMEHT BpeMeHH {;) HauYHHAET PaCHPOCTPAHATbCA TOJBKO C MO-
MeHTa f;,

B npenese, Koria B3aMMOAEHCTBHSI IPOMCXOISIT HeNpephIBHO,
CyMMBbl 110 BPEMEHHBIM HHTEpBaJaM MOTyT OHTb 3aMeHEHbl HHTE-
rpajsamu no df{ 1 MH I0Jy4aeM

G5 x)=Go(x'; x)+ Sd“xx Go(x"5 %) V (x1) Go (x1; %)+
+ S dix, d'xy Gy (x5 x) V (x1) Go (x15 %2) V (%) Go (xe5 %)+ ..., (6.11)

rie
dix =d3x dxy=d3xc dt.
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Ilpennonaraercs, uto psix (6.11), oTBeyaromui MHOTOKpaTHOMY pac-
CEAAHHIO, CXOLMTCsi!) M TOTAA Pe3yJbTAaT €r0 CyMMHPOBAHHS MOXKHO
NpPeACTABHTb B BHIE YPABHEHHUS '

G(x'; x) =G, (x"; x) + Sd‘xl Go (x5 )V (x) G x5 %), (6.12)

3ameruM, uto He Tonbko Go(x'; x), Ho Takxe u G (X x) obpa-
maercss B HyJb NIpH t' <{ B COOTBETCTBHM C HAalLHM NpocTeANIHM
IPHHIMIOM NPHIHHHOCTH.

YpaBHenue (6.12) mossoaser meTonoM HTepamnui BHIDa3uTh G
uepes V u Go H TeM CaMBIM NOCTPOUTH BOJHOBYIO (DYHKLHIO P(x, 1),
€C/IM OHA M3BeCTHA B (OJlee PaHHWA MOMEHT BpeMeHH. B uacTHocTH,
AJI5i PELICHUs 3aJa4H PacCesiHust MBl JOJIKHBI HalTH BOJHY B OTJHa-
JeHHOM OylyuieM 1O 3a1aHHOMY BOJHOBOMY IIaKeTy ¢ (x,?), omu-
CHIBAIOLIEMY 4YACTHLY, KOTOpDast B OTJa/JeHHOM (OpOLIJIOM NpHB.IH-
Kaerces K obnactn B3aumoefictust. UTo6ul 3an1aua paccestiusi Gbiia
nocTaBJieHa IpAaBHJbHO, B3aHMOJEHCTBHE B HAYaJbHbI# MOMEHT
HOJKHO OTCYTCTBOBATb; TOTAa @ OyleT pelleHHMeM ypaBHEHHS A5l
cBOOOAHOM HACTHUB W TpeByeMble HayaJbHLIE YCJIOBHSL YIOBJE-
TBODEHBI.

MaremaTuueckn Takyo NOCTaHOBKY 3a1aui yAOGHO OCYILIECTBHTD
NyTeM JIOKaJH3allW¥ B3aWMOJNEHCTBHS BO BpeMeHH ?), aanabaTu-
ueckn BKJIodas V(x,f) mpu f--—oo; Torna B oTAaJeHHOM npo-
IIJ10M TOYHOe pelieHHe ¢ NpuOJAHKAETCS K @ M paccesiHHas BoJiHA
OTCYTCTBYeT. B Gofee mnospumuii MoseHT spemenn (x’,#’) naercs
BhIpaxenneMm (6.1):

VY (x’, t’)=t1im i S BxGx, t; x, Ho(x, f). (6.13)

-> —o

Bripaxkas G uepes G, cornacHo (6.12), Haxoaum
P (x’, t’)=tLir_nm i S d*x [GO (x’, t'; x, ) +
+{dGo, 5 DV )G (15 %, D] x, =
=00, )+ { d G, 75 %, )V (6, ) (x,, 1), (6.14)
B 1efiCTBUTENbHOCTH He NOJIYYEHO HUKAKOTO pelleHHs, MOCKOJIbKY

HEH3BeCTHas QYHKUHS P QUIYDHPYET moj 3HAKOM HHTErpaa B npa-
BOH yactu. Mel, 0OfHAKO, HMeeM Takylo QOPMYJHPOBKY 3a4auH, KO-

) 3mech MB TpeHeGperaeM BO3MOXKHOCTBIO CYIleCTBOBAHHSA B NOTeHIHajse V
CBSI3aHHBIX COCTOSIHHE.

2) C TakuM Xe YCIEeXOM MOMKHO CTPOHTL BOJIHOBHIE NMAKeTH, JIOKAJH30BaHHbIe
B NIPOCTPAHCTBE W yRaJ/ieHHble B HAYaJ/IbHBIi MOMEHT BpeMeHH OT 06/1acTH B3aHMO-
NEeHCTBHA.
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Topasi BKJodyaeT TpebyeMble IPaHH4YHBIE YC/JIOBHS H NO3BOJAET He-
MeJJIeHHO NOJYYHTb NpHOAHKEHHOe PElIeHHE, €CAH BO3MYILAKLLAH
noteHuuas vV madg.

Mu B nepByIo OuepcIb HHTEpeCyeMCsl BHAOM PAaCCEHHON BOJHLI
npu ¢ - co. B 3TOM npeaesbHOM cayyae yacTHia Nokupaer o6JaacTb
B3aHMOJENCTBHS M { CHOBA CTAHOBHATCS pEIUCHHEM YDaBHEHHS AJA
cBo6oaHot yacTHubl. UTOO6B 3TO YCJOBHE BHIIOJHSAJIOCH, MBI, KakK
¥ npexne, aauabaTHyeckn BHIKJIOYaeM B3aUMOJeHCTBHe TpH
' > } oco. Best uHopManus o paccesHHOH BOJIHE 3aKJ/IOUeHa B aM-
IMTyAaxX nepexoaa Npu ¢ - -4-co B pasjHYHble KOHEYHHIE CBOGOA-
HBEI€ COCTOSTHUSA

g; (¥, t') = (23_:).,/2 ol kp X —iopt (6.15)

W3 3ajaHHOM Majalouled BOJHBL ¢;; B YACTHOCTH, Mbl MOXKEM IMOJIb-
30BaTbCst MJOCKMMH BoJHaMu!). AMmaurtyna nepexopa AJs 3ajaH-
HbX (f,{) siBAsieTcd 3/71eMEeHTOM MaTPHUBl pACCestHHsi M [aeTCsi Bh-
pakeHHueM

N

1 * r 4 ) ’ ’ 3.7
f,-—tll_gnmgq>f(x,t)1b§+ x, ) d’x' =

= 1im {&x o x, ) o, (', 1) +

t’ >0

+ Sd“x G,(x’, t's x, HV (x, ) ${P (x, t)]=

— 8 (k, —k,)+ lim Sd3x’d4x 9 (', )Gy (x', 5 x, 1) X

t’ > oo

XV(x, 9P (x, 1), (6.16,

rae P (x, ) ecTb Takoe pellieHHe BOJHOBOTO ypaBHeHHS (6.14),
KOTOpO€E MpH { — —oo MEPEeXOAUT B MJIOCKYIO BOJHY ¢ HMIyJbcoM k.
[Ton coKpauleHHOH 3anMchio f->-=oco MBI NOApasyMeBaeM, 4TO t
cTpeMHTCs K TakoMy 00JblIOMy KOHEUHOMY 3HAYeHHIO, Korja wac-
THUB HaXOZATCS BHe O6JacTH B3aWMOAEHACTBHA (HMHaue TroBops,

1) B (6.15) peleHne B Bue IWIOCKOR BOJHH HOPMHDOBaHO Ha O-dyHKUHIO.
Hxorna noJb3yloTcss HOPMHPOBKOR B SILIIMKE; NIPH 3TOM

@u) ">V,

rze V — o6beM SIIMKa, B KOTODOM 3aK/a0ueHO (H3HYecKoe BsauMoneflictue. Ecau
NONb30BATLCS HOPMHDOBKOH B sluKe, To 8-dyHkuns B (6.16) 3amenserca 8-cum-

BoJjioM Kponekepa
1 apn ki-—ki,
Yk = 0 np kp k.
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Koraa V BolkjIouaercsi). B uacTHocTH, {— 4-00 MOXET 03HAYaThb
BpeMeHa, KOTAa YaCTHUbl POXKIAIOTCA H PECHCTPHPYIOTCA.

[Iyrem urepaunn ypasHenus (6.14) Mbl MOXKEM pasiokHTL ()
B psjJl MHOFOKPATHOTO PacCesHHs, 4/eHbl KOTOPoro 6YAyT oTBeuaThb
AHarpaMmaM, H300paxKeHHbIM Ha pHc. 6.1.

§ 22. ®opmaubHoe onpepesenne u cpoiicTBa yHKunn I'puHa

C ¢usuuecKoll TOYKH 3pEHHST MBI MIOATOTOBHJIN BCE HEOBXOMMMOE
AJs pellleHHs 3aja4yH paccesinus. Temepb Mel MocTpouM Gopmanb-
HBI MareMaTHYeCKUH anmapar, NO3BOJSIOMA NOJdyYyaTh 5TH pelile-
Hust. Haiua neab — ncenenosats guddepeHunanbhoe ypaBHeHHe,
onpefessiomiee (G, 4, B 4aCTHOCTH, TOJYYHTb SIBHOE pellleHHe aJsl
Go. Torna moxHo 6yjaer npoussectd pasnoxkeHne G, o KOTOpOM
ropopusioch Beille. HauteM ¢ ypasnenns (6.1), cnpaseasiusoro mpu
' >, u nepenuileM ero B BHAe, CNpaBeNJHBOM NpH MOGLIX ¢ H f:

wf—nwwy=ﬂd%0ue@¢m; (6.17)

afech O(! —{)— enHHHYHAS CTyHeH4aTas byHKuHs, omnpejeseHHas
COIJIaCHO
o {L o>, 6.18
C=0=0, r<u. (6.18)

OHa umeer cjlenyroulee OYE€Hb II0JIe3HOE HHTerpaJbHoe npeacraBs-
JICHHE!

0
S doe™ 107

.o —1
9(1:)=11m— —m

e>0 27U

(6.19)

—_—0

Pacnosnoxenne KOHTypa HHTEIpPHPOBAHHSI B KOMIIEKCHON [J10CKO-
CTH @ TIOKa3aHoO Ha pHc. 6.2.

Ime
</
= Rew
—-ie
>0

Puc. 6.2. Koaryp WHTerpupoBaHHS B KOMILICKCHOR IJIOCKOCTH IS eIWHHYHOMN
GyHKIHE-CTYIEeHbKE 0 (7).

[Ipu v > 0 KoHTYp 3aMEIKaeTca 6eCKOHEUHON [0JYOKPYKHOCTBIO
B HHXKHeH TOJYIJIOCKOCTH, 4TOGH OGecneynTb 3KCIOHEHUHAJBHOC
3aTyXaHHe NOALIHTErPalbHOIO BHPAXeHHS, H SHAYEHHE HHTerpaia
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paBHo 1 cornacHo Teopeme Koluu. [Ipu v << 0 KOHTYyp 3aMblKaercs
B BEpPXHEH MOJYIJOCKOCTH M 3HauyeHHe HHTerpasa paBHO HYJIO, IIO-
CKOJIbKY TOJIIOC B TOUKe —ie OKa3bIBaeTcs BHe KOHTypa. BeaencTeue
TOro, 4To 0 (T) HCHBLITHIBAEeT eIHHHYHBIA ckauyok npH v = 0, ee npo-
H3BOJHAas ecTb §-QyHKLHA

B _ 1) — o S do eio, (6.20)

—_—o0

oo

Tenepn, mnoJaesysice (6.17), MBl nombiTaeMcss MOJYYUTb [IJIs1
byukuun G (¥’ x) ﬂmp(pepeﬂunanbﬂoe YPaBHEHHE H HCCIEN0BATH
ee dopmasbHbie cpoiicTBa. Kak wuaBecTHo, Y (x’) yloBJjerBopser
yvpaBHenuto Illpepunrepa, nostroMy npumeHuM k (6.17) onepartop

[t 57 — #)):
[i ar H(x)]e(f'—f)lb(x)——zé(r — )P () =
—_—iSd3x [i—;tT——H(x/)]G(x’; HPx).  (6.21)

[TocKoabKY 3TO PaBEHCTBO CNpaBelJHBO AJs J1060T0 pelleHHs 1P,
U3 HEero MOXKHO IIOJYYHTh ypaBHeHHE AJsi IIPEJMHHTEPOBCKON (PyHK-
nuu prra

[0 — H ]G =8 — 08 —) =8 — 2. (6.22)

ITo ypapHeHHe BMecTe ¢ FPaHUYHBIM yCJOBHEM, OTBEYAIOIIUM pac-
IPOCTPAHEHUIO BIepel BO BpEMEHH,

G5 x)=0 npu [ <{, (6.23)

onpepessieT 3anasipBaloLLyIo ¢yukunio puna, uam npomnararop,
COOTBETCTBYIOIMHA ypaBHeHuo (6.17).

Ins cBOGOAHOH YacTHUB, KOrjAa raMHJbTOMHAH ecTb H,(x') =
=—%Vi,, ypaBHeHne i ¢yHkuun ['puHa MoxKeT OLITh pe-
uieHo siBHO. B 3toM cayuae Go(x’; X¥) 3aBHCMT TOJIBKO OT PasHOCTH
koopauHat touek (x',#) um (x,t). DTO cBA3aHO C TeM, YTO BOJHA
B (x,#) OT elHHHYHOr0 HCTOYHHKA, PACIOJOKEHHOro B X H BKJIO-
4aeMOro B MOMeEHT f, 3aBHCAT Jullib OT WHTepBana (x' —x;{ —1),
a dyHKus Go(x’; x) ecTb He UTO HHOe, KaK aMIJIUTyAa 3TOH BOJHBDL
PaccMmotpuM ¢ypbe-npeobpaszoBarue

Gy (x5 x) = Golx’ — a—S TLLD piv-txr=n=i0 ' =0Gy (p, ). (6.24)

()_L);
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YpapHenue (6.22), samucanHoe nas Gy (p, ©), uMeeT BHA
. 0 1 g fe ) e
(1W+WV )Go(x, X)—
= S Lpdo (m — _28’:7) Gy (p, ©) =10 ¢"=D+ip-=x) —

(2m)*
— S M_e—im (¢ —O+ip-(x'~x)
(2m)* ’
CienoBaTesbHO, IJsi © = p?/2m

1
Go(p, o) = IR (6.25)

D70 BHpaxceHHe HEOOXOAMMO [JOMOJHHTb INpPAaBUJAOM OOpalieHHs
¢ oco6eHHOCThIO B HyJle 3HaMeHaTe . OHo BhHITEKAET U3 IPAHHUYHOTO
ycaoBHs 3amnasabiBanns (6.23).

BenoMuHasi ckasaHHOe N0 NOBOAY NpeAcTaBJeHHs 0-QYyHKUHM
B BHAe (6.19), BBeneM B 3naMeHarte/b GECKOHEUHO MAJyio MOJOMKH-
TeJbHYI0O MHHMYIO N0GaBKY M NpoBel€M HHTerpHpoBaHHe B (6.24).

‘ x Rew

Puc. 6.3. Ocobennocts dpyuxuuu G, (p, ®).

Oco6eHHOCTDh JIEXKHT HHKE AeHCTBHTENBLHOH OCH, KaK [I0Ka3aHo Ha
puc. 6.3, 1 MHI noJayYaeM

oo

dip . ., do et (=1
! %) = ip-(x’—x) o
Golo? — 1) = | @7 @ J 4 S T e

-0

N dp  tpr—x—i 2 =t)
—— i | T e — =

— 0 —1) S Ppo, (x, Va5 (x, ),  (6.26)

rae B locjented Gopme 3anucH HCNOJAb30BaHO 0603HadeHnHe (6.15).

[TonyueHHOe paBenCTBO — OJHMH H3 NPHMEPOB (AJs cayyas MJO-
CKUX BOJH) BhHIpaxKeHHsi QyHKUMHM ['pMHa B BHJE CYMMB IO NOJ-
HOMY Habopy coOCcTBeHHBIX QYHKUHMA COOTBETCTBYIOLIErO AHbDEpeH-
uHaJbHOro ypasHeHHs1!). B ofmem chaydae, eciH MH MoOxKeM Io-

1} dyuxusio I'pHHa /9 CBOGOAHOR YacTHLBI MOXHO 34MHCATb B 3aMKHyTOR
popwme o )
im|x" —x|?

Go(Xo U3 % f) = — i (Eﬁ‘(‘tm‘:?)")/ { exp [—2—(t—_-t-)—] } ot — 1).
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CTPOHTb NOJHHEIA Habop HOPMHPOBAHHBLIX pellieHHH ypaBHeHHs [lpe-
JHHrepa, KOTOPHHA YAOBJIETBOPSIET YCJIOBHIO NOJHOTH

; B, (X', ) ¥ (x, ) =8 (x — X)), (6.27)

rune E: obo3HauYaeT Kak CyMMYy, TaK H HHTETpaJ IO HENpPEPLBIBHOMY

cnexgpy, TO QYHKLHSA
G x)=— 0 — 1) 2 ¥, () ¥, (%) (6.28)

ya0BJEeTBOPsieT ypaBHeHnio (6.22) ¢ TpebyeMBIM rpaHUUHBIM YCJIO-
BueM. Bripaxkenne (6.26) pasi G nosydaercst OTCIOfAa KaK YacTHBIA

cay4af, ecau y4yecTb, UTO AJist HENPEPHLIBHOIO CIEKTpa Z—>S dp.

n

M3 Bupa Buipaxkennit (6.26) u (6.28) caedyer, uto Ta xe ca-
mast dyHkuus ['pHHA, KOTOpas ONHCHIBAET Pa3BUTHE DellieHHs YpaB-
Henusi LlIpennHrepa B mpsiMOM HanpaBJeHMH BO BPEMEHH, ONHCHI-
BaeT pasBHTHE KOMILIEKCHO-CONPSI:KEHHOTO pellleHdst B obGpartHoil
BpeMeHHOH TmocJaefoBaTebHOCTH. YMHoXkan (6.28) Ha ¢, (x), HH-
TETPUPYA 110 X M HCIOJL3Ysl OPTOHODPMHPOBAHHOCTb COGCTBEHHEIX
($yHKIUH, MBl BHOBbL NPUXOMNM K ypaBHeHHw (6.17):

i\ %665 D0, 0=00"—0) b,0) | @rw, v, 0=

=0(" — 1) Py (x').

* 7
ITponenaem Ty e omepauuio, HO TOJAbKO YMHOXKas Ha P, (x') u uu-
terpupys no x’. [Toayuuv

i@ v, (G =00 — 0w, (). (6.29)

Mul ucrnosb3yeM 3TH COOTHOIIEHHWS /5 TNOJYYEHHS Da3jHUHBIX II0-
JIE3HBIX NpeJCTaBAeHUH S-MarpHUbL.

Hs (6.17) u onpenenenust (6.16) MOXKHO HOJYYHTH KOMIIAKTHOE
BhIpaXkeHHe 175t S-MaTpHUB depe3 TOUHBIH IIponarartop:

=i lim lim Sd3x'd3xcp’;(x’)0(x’; 9o, (x).  (6.30)

fi t’'»o00 f-»—o0

S

OJHaKo Takasi 3alucCh elle He [PHHOCHT IOJb3bl, MOCKOJbKY MBI,
Boo6lile TOBOPS, He YMeeM HaXOAWTb TOUHHIHA mpomnarartop. M3 (6.28)

dra ¢opMyJsa HaNOMHHAeT BbIpaXKeHHe, NOJYYaeMOe B TE€ODHH GPOYHOBCKOTO ABH-
KeHHs! JJIsi BEPOSITHOCTH TOTO, YTO 4aCTHLd, HAXOJHWBINAfCH B TOUKE X B MOMEHT
BpeMeHu f, IIOJ, BJHSHHEM cJyuaflHbIX BO3LeACTBHM JOCTHTHET TOYKH X' B MO-
MeHT BpeMenu ¢’. EfHHCTBEHHOE OT/IHUHE COCTOMT B 3aMeHe (¢, t') na (—if, —it’).
Ta xe camas 3aMeHna nepesoaut ypapHenue lllpemunrepa B ypasuenne nud¢ysum.
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iCHO, kakag Ooratas HHQopManus 3akaodeHa B G (x;x).
B G(x’;x) c paBHBIMH BecaMH BXOAAT BCe PELICHHS ypaBHEHHH
Ipennnrepa, BKAOYAS Te, KOTOPBLIE OTBEYAIOT CBSI3AHHLIM COCTOSI-
Husim. JTosToMy HeT HuYero yaMBHTEJLHOrO B TOM, 4TO Hafith G
o4eHb TPYIHO.

[Toctynum Tak ke, Kak Mbl AefiCTBOBaJH, KOTAa M3 HHTYHTHB-
HBIX coOOpaKeHnH moayuanu pasenciBo (6.11). Toraa Mbl BOCHO/Ib-
30BaJIHCL MeToJoM ATepauufl, Hauas ¢ ¢GyHkuuu I'puua aas csoboa-
HOH UYacCTHIHL.

3anucap H B Bune H = Hy 4 V, ueperpynnnpyem ujieHs B ypas-
Henuu (6.22):

[i 57— Ho (x’)] G 0)=8"(" =)+ V()G (s x)=

= —s e —n4vincw 0. 6

B npaBofi 4acTH B uJeH, comepxKalluil B3aMMOIeHCTBHe, MEl BBEJH
d-uctoynuk. Torna uuterpan B (6.31) MOXHO BHIPa3HTH yepes CBO-
GoHLI NponaraTop U B HTOTe Mbl MOJYYUM

G5 x)= S d*x” Go (x5 &) [61(x” — %) + V (x") G (x"; x)] =
=Gy (x"; x) 4+ Sd"x” Go(x"; x)V (x")G (x”; x), (6.32)

uro corsacyercs ¢ (6.12). INoacrapaas (6.32) 8 (6.30) u ucnosbays
paBeHcTBa (6.17) n (6.29) nas cBOGOAHLIX YacTHL, HMCEM

S, = S 4} ()9, () + lim S dix, Pxq (1) V (1) G (x5 %)@, (x) =
=8, —i{d% g (OV ()o,(1) -
— S dix, d*x, ¢ (D V (1) Gy (1, 2V ) g, (2) —
— 1§ dt, db,d', 0} (D (1) Gy (1,2)V )Gy (2, 3)V (994 (3) +... (6.33)

DTOT psijl MHOTOKPATHOTO paccesiHHs MOUJEHHO COBNajaer ¢ PSAoM,
nosyyaeMuM u3 (6.16). Kak u (6.16), ero MoxHO npocyMMupPOBaTh,
BOCIO/Ib30BABINMCh pelleHHeM TOYHOTro ypaBHeHHst Llpennurepa.
Il 3TOrO 3aMeTHM, YTO B MePBOM 3BeHe paBeHCTB (6.33) MOXKHO,
o6paTuBiIKCh K (6.17) ¥ BEIKJIIOUHB B3aUMOAEHCTBHE, 3aNUCATD

lim S d*x G (x"; x) @; (x) =t1i111 S dx G (x"; x) ¥, (x) = — ip, (x7),

> —ov
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Torma ypasheHue (6.33) nmepexonut B
S, =0, —i S dhe @ () V (6 90 (), (6.34)

rie Pit(x”) ecTb pellleHHe, KOTOpPOe MpH 1’ — —oco TepexoiaHT
B cBOGOAHYIO BOJIHY (cM. (6.14)):

B () =@, (") + S d'x Gy (x5 )V (x) i+ ().

Vpasucuus (6.34) Bmecte ¢ (6.14) u (6.30) Bmecre c (6.32) ss-
JSIOTCA HKBUBAJEHTHbIMH (opMaMH 3anucH S-MaTpHusl; oba 3TH
npeAcTaBJeHHsl IPHBOAAT K PAAY MHOTOKpaTHOro paccesnust (6.33).

B npaKTHUeCKHX BBIYHCACHHSIX Mbl OyAeM OGBIYHO COXpaHATb
TOJLKO TepPBbfl WJIH ABa NEPBBEIX HeMcuYe3alolUluX VI JAaHHOTO B3aH-
MoaeficTBHS 4JeHa B BolpaxeHuu (6.33) mns S-marpuun. Ha-
CKOJIBKO 3TO NPaBOMEPHO, 3aBHCHT OT MaJsoCTH B3auMofeficTsusa V
i OLICTPOTBl CXOAHMOCTH NAHHOTO p#/la MO CTeMeHssM KOHCTaHTBI
B3aHMOJAeHCTBHA.

O6muM cBOHCTBOM S-MaTpHIB, KOTOpOe CJelyeT H3 COXpaHe-
HHUSl BEPOSITHOCTH, ABJsieTCsi yHHUTapHoCTh. M3 BBOAHBIX 3aMedyaHUi
K . 1 MB DOMHHUM, YTO H3 3PMHTOBOCTH 'aMHU/IbTOHHAHA BLITEKAET
coxpaHeHue BeposiTHocTH. [losroMy ckaaspHOe MpOU3BELeHHe HE
3aBHCHT OT BPEMEHH H MBI HMeeM

§ i (v (0 = tim § e (2w () =
t-»-—-oco
= lim Sd%cpj(x)cpj(x):éji. (6.35)

t>—o0
B 4acCTHOCTH, IJds IJOCKHX BOJIH
0, = o (k; — k;).
MpBl Takke MOXKeM BBIUHCJIHTbL 3TO CKaJsdpHOE Mpou3dBelenue B Ja-

JekoM Oyayliem, W Toria, corjacHo (6.16) u yc/JIOBHIO MOJHOTSI
(6.27) ans QyHKUMH @, pewreHusi Pit) JONYCKAOT pasiokKeHHe IO

IIJOCKHM BOJHaM C 3JeMEeHTdMH S-ManI/IILI)I B KauecCTse KOSqL)q:)H-
IIMEHTOB DPAa3JI0KEHHA!

im ¥ () = 2 @, (*) S, (6.36)

t’—»+oo

(me Z = S d3p 115 NpeNCTaBJeHHs MIOCKHX BOJH .

HOZCTaBJIHﬂ (6.36) B seByio yacTb (6.35), HaxoaHM
Y SaiSn =08 (6.37)
n

WM, B MaTPHUHBIX 06o3HaueHusax, S+§ = I.
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Ecay, nono6uo ¢, B (6.36), dynxkuun Y+ (x) o6pasyioT nosaHsii
Habop, T0 St =S8-! u MB NPHXOAHM K BHIBOLY 00 YHHTapHOCTH
S-MarTpuuni 1),

§ 23. ®yHKuMS pacnpPoOCTPAHEHHUS B TEOPHH NO3HTPOHA

Tenepp Mbl 06061HM DPAacCMOTPEHHBIH B paMKax HepeJsTHBH-
CTCKOH Teopud MeTol (OYHKUHH paclpoCTpaHeHHst Ha Caydyall pess-
THBHCTCKOH TeopHH 3JeKTpoHa. OTHNpaBHBHIM NYHKTOM HaM MOCJy-

, JKHT OpeiCTaBJeHHe O HepessiTHBH-
¢ z crckoM mponaratope G (x; x) kak

p aMIJIUTYAE BEPOSITHOCTH pacIpo-

CTPaHEHHS1 BOJHBI-YACTHIBl H3 X B
L7 x’. Dra amnauTyaa, onpeneasemMas
-7 BeIpaxkeHnem  (6.11), saBasercs

. CYMMOH aMILIUTYA, n-# ujJeH KOTO-

Z, pofi ecTh NpousBeleHHe BeJHUHH,

n3obpaKeHHbIX Ha  JgHarpaMme

Z puc. 6.4. Ha 3ToM pHcyHKe Kaxaas

JHHHSI COOTBETCTBYET AaMIJHTY/e
Zz Go(xi, Xi-1) CBOGOJHOTO PACIpO-
2 CTpaHeHHUs BOJHBI, HCHYIIeHHO B

TOYKe X;_; JO TOUKH X;. B TOUKe X;

Ty (o6o3HauaeMoll KDYXKAMH) 53Ta

BOJIHA PaCCEHBAETCS ¢ aMILIUTYAOH

BepositTHoctd  V(x;) Ha eluHHLY

of6beMa B YeTHIpEXMEPHOM HPO-

Puc. 6.4. DBiaag n-ro mnopsixa CTPAHCTBE-BPEMEHH M IpeBpallaer-

B G(x, 1) cst B HOBYIO BOJIHY, paclpocTpaHnsIo-

mytocs ¢ aMiauTynol Go(xir; Xq)

Blepell BO BpPEMEHH [0 CJAEAYIOUIero B3aHMOLeHCTBHs. 3aTeM Io-

JYUYEHHAst TAKHUM CHocoGoM aMmJUTyaa CyMMHpPYeTCsl Mo BCeM TOU-

KaM B IIpOCTpaHCTBe-BpEeMEHH, B KOTODHIX MOKeT IpOH30HTH

B3auMojelicTie. MOXHO CKasaTh, UTO B3auMojeHcTBHe B i-H TOuKe,

HJAH BeplliHHe, YHHUTOXKAeT YacCTHLY, AOLIEALIYI0 A0 TOUKH X; H

co3JaeT 4YacCTHIY, KOTOpas paclnpocTpaHsAeTcs A0 TOUKH Xy, THE
tiv1 = ta

Takyio KapTHHY MBI COXPAHHM H B JHPAaKOBCKOH TEODHH [BIPOK.
OHa XOpoLIO COOTBETCTBYET PEJATHBHCTCKOH TEODHH, INOCKOJbKY
ONKCHIBAET IIPOHECC OJAHOBPEMEHHO B IPOCTPAHCTBE H BO BPEMEHH,
B TNIPOTHBOIOJIOXKHOCTb TaMHJBTOHOBY (hopMaau3My, B KOTOPOM YIiOp
JenaeTcsl Ha BpeMeHHOM Xoje Ipouecca. Hamra ueab coctout
B TOM, 4TO0Obl [0 aHAJOTHH C HEPEJATHBHCTCKHM MeTOAOM (GYHKIHH

z

1y Ecoiu HMeETCA CBsI3aHHBIE COCTOSIHHs, TO CyMMa B (6.27) HO/KHA BKJIIO-
4aTh JHCKPETHHIH cnekTp. ITO HHKAK He BJAMACT Ha JAOK33aTEe/nCTBO YHHTapHOCTH.
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paclpocTpaHeHHs NOJYYHTh MpaBuja pacyeTa PasJHYHBIX Npouec-
COB B JHPaKOBCKOH Teopuu AbIpoK. OHAaKO 3ajaua OCJIOKHSETCS
CylileCTBOBAHHEM IIPOLECCOB DPOMKJEHHS H AHHHUTHJSLHH, KOTOpbIE
Takxe AOJKHH ObITb BKJIOUEHH B olHcaHHe. OCHOBHOE IIPaBHJO,
KOTOPHIM Mbl Gy/JeM PYKOBOACTBOBATbCA B TaKOH CHTYalHH, COCTOHT
IPOCTO B TOM, YTO BHIUMCJEHHS C IPONAraTopoM [OJIKHBI cOrJaco-
BBIBATbCS C JHHAMHKOH ypaBHeHusi J{upaka, oOLHMH MOCTy/JaTaMH,
copMyJHPOBAHHBIMH B IMI. 1, W MoNpaBKaMH, BHECEHHBIMH B HHX
npH 0OCYXKAeHAH MO3UTPOHOB B INI. 5. B 3Toit ¥ mocjenylouHx raa-
BaX MBI GyJeM MoJaraTbcst GOJIbIIE Ha HHTYWTHBHBIE COOOpaKeHHS,
YyeM CTpOTHE BBIBOAHL').

®

Puc. 6.5. TIpuMepsl IPOCTPaHCTBEHHO-BPEMEHHBIX [IHArPaMM B TCOPHH MO3WTPOHA.
Ilnarpamma (a) OTBeuaeT POKIEHHIO Naphl, (6) — paccesiHHIoO H (8) — 3aMKHYTOR
netJe.

[TocMOTpUM Ha KapTHHKH THIHYHBIX [POLECCOB, ONHCHIBAEMBbIX
B TeOPHH MO3HTPOHOB. [JOMHMO NpOLECCOB paccesiHusi TUNa usobpa-
3eHHoro Ha pHc. 6.4, uMeeTcsl elle POXKAEHHE Nap M AHHHTHJSLHSA,
piJocTpaLpMell  KoTophix cayxur puc. 6.5. [umarpamma 6.5,a

1y Ctporu#i BHBOX 3THX NpaBUJ JAaeTCsl B CHCTeMAaTHIECKOM, HO CJOXK-
HOM H3JO0keHuH (opMasbHOA KBAHTOBOH TEOPHH IO/ B LUTHPOBAHHON BEHIIeE
kuure [50].
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n3obpaxaer POXKACHHE 3JeKTPOH-NMO3HTPOHHBIX [ap B IOTEHLHAJe,
JefcTBYIOIEM B TOYKe /; JBe YaCTHIB 3aT€M PaclpoCTPAHSIOTCS A0
TOYeK X H X’ cooTBeTcTBeHHO. [[Marpamma 6.5,6 H3o6paxaer 3J€K-
TPOH, pacnpocTpaHeHHe KOTOPOTO HayHHAeTCs B TOYKE X M 3aKaH-
yhBaercsd B x'. Mexay STHMH TOYKAMH NOTEHUHMA] B TOYKe [ pPOK-
JaeT napy; NO3HTPOH H3 3TOH Maphl AHHUIUJHPYET C MepBOHAYaJb-
HBIM 3JIEKTPOHOM B II0Jle, AeHCTBYIOLIEM B TOYKE J; JEKTPOH H3
nmapnl pacnpocTpaHsieTcss IO TOYKH 2, Te OH paspylliaerTcsi MOTEH-
n¥asoM. DTOT MOTEHLUHa A POKIAeT 3JEKTPOH, pocTuraroumui x’. Ha
anarpamMMe 6.5, 6 noxkasaHo poxkJeHHe mnapbl B Touke [ MW pac-
NpocTpaHeHHe ee [0 TOYKH &, TA€ [POHCXOAHT AHHHTUJALHSA
B T0JE.

W3 sTtux guarpaMM BHJHO, 4TO HaM HAA0 HMETb HE TOJIBKO
aMILIMTYAy DOXK[EHHS 3JeKTPOHA, CKaXkeM B Touke I, pacrpoctpa-
HeHHst ero u3 / B 2 U YHHUTOXKEHHS B TOuKe 2, KaK B HepeJsiTH-
BHCTCKOM CJly4ae, HO TakKike M aMILIUTYLY POXKAeHHs, pacnpocrTpa-
HeHHSl H YHHYTOXKEHHA NO3HTPOHA. Ecu 3Tu aMnJauTyABl A4 no3H-
TPOHOB OYAyT HaHAeHBl, MOXKHO NOMBITATbCS CONOCTABHTL KaxKAOMY
H3 H300paKeHHBIX Ha pHC. 6.5 mpoueccoB CBOW aMIIUTYAY BEpOAT-
HOCTH M MNOCTPOHTbL NOJHY}) aMIJIMTYAy J1060ro 3afaHHOrO Ipo-
uecca nyTeM CyMMHDOBAHHS HJIH MHTErDHPOBaHHS MO BCEM [POME-
KYTOUHBIM TPaeKTOPUSIM, KOTOpble AAT BKJaJ B 3TOT IpoIllecc.
Tak, Hanpumep, B paccestHHe 1aI0T BKJIAJ TPAEKTOPHH ABYX THIIOB,
n3obpaxeHHble Ha pHc. 6.4 1 6.5, 6.

Mpl J10JKHBL ONpPeJeUTh NO3UTPOHHYIO aMIIHTYAY B COOTBET-
CTBMH €O C(HOPMYJIHPOBAHHON B NpejslAyllell riase TeOpHeH ABIPOK.
ITockoapKy cymecTBOBaHHE IO3WIPOHA pPacCMaTPHBAETCs KakK OT-
CYTCTBHE 3JICKTPOHA C OTPHLATEeNTHHOH 3Hepruell H3 3aloJHeHHOro
MOpsi, MBI MOXKeM CUHTaTb YHHUYTOKEHHE TO3UTPOHA B TO4Ke 3 Ha
pHuc. 6.5 5KBHBAJIEHTHBIM DOXKAECHHIO B 3TOH TOUKe 3JEKTPOHA C OT-
puuatenbHOH sHepruelt. OTciofa c/leayeT BO3MOXKHOCTbL TOFO, UTO
AMIJIMTYAA POXKAEHHUs [O3HTPOHA B / W YHUUTOKEHH:A ero B 3 CBs-
3aHa C aMIUIMTYAOH DOXKIEHMs 3JeKTPuHa ¢ OTPHUATEJNbHOH 3Hep-
ruefl B 3 u yHuutoxkeHus ero B 1. Torna anmarpamma puc. 6.5 coor-
BETCTBYIOT DPacupOCTPaHEHHIO BNEpPed BO BPEMEHH 3JEKTPOHOB C
TOJIOXKHTEAbHOH 3HEPruefl B Hasal BO BPEMEHH 3JIEKTPOHOB ¢ OTpH-
uareabHol sneprueil. [luarpammy 6.5, a, KoTOpast ONUCHIBAET POXKIe-
HHE TIaphl, MOXHO pPacCMaTPHBATb KaK POXKAEHHE B TOUKe X’ 3JeK-
TPOHA C OTPHLATEJNbHOH SHepruel, paclpocTpaHeHHe ero Hasaj BO
BPeMEeHH 10 TOYKH [, rjle OH YHHUTOXKAETCSH, M PacnpocTpaHeHHe
Bllepe] BO BpEMEHH 3JIEKTPOHA C IIOJIOXKHTENbHOH sHeprHed 10
TOUKH X. B Tpouecce paccesinusi 3JeKTPOH, PaclpOCTPaHHBUIMHCS
A0 TOYKH 3, MOxeT Ju6O paccesiTbCst Ha NMOTEHLHAJ e B IOJNOKHTEIb-
HOM HanpaBJ/IeHHH B IIPOCTPAHCTBe-BDeMeHH, KakK #a puc. 6.4, u pac-
LIPOCTpaHsAThes AaJjee C NOJOXKHTEALHOH sHeprualt, mubo paccesiThbes
€ OTDHUATENbHOH 3Hepruefi Hasad B Touke /, Kak Ha puc. 6.5, 6.
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B10o6aBOK K 3JE€KTPOHHBIM TPAeKTODHAM B BH/€E 3Hr3aros Brepel
¥ HasaJl BO BpPEMeHM MMeIOTCsl ellle TPaeKTOpUu B (opMe 3aMKHY-
TBIX TeTeJb THIa MOKa3aHHO# Ha puc. 6.5,8. B Teopun ABLIPOK 3TOH
TP4eKTOPHH OTBedaeT CJeIyIOLHi npouecc: B TOWKe [ 3JEeKTPOH H3
MOpSi ¢ OTpHIATeJbHOM 3Heprhefi pacceuBaercss Ha ToTeHIHaJse
H momagaeT B COCTOSiHMe € IOJOXKHTEJIbHOH sHepruedf, a sarem
B Touke 3 OH pacceuBaercsi o6paTHo B Mope. Ha sisbike (yHKUHI
pacnpocTpaHeHuss Mbl CKaXKeM, YTO 3JEKTDOH, POMMBIUMICA B 1,
paccenBaeTcst Hazal BO BpeMend B 8 H yHuurtoxaercs B [. Tlpouec-
caMH TaKOro THNa Heab3si npeHebperatb. Mx Tpebyer dopmasnnsm
TEOPUH, a 3KCHEpHMeHT, KaK Mbl B jaJjbHefilieM yGepumces, mop-
TBepIKAaeT HX CyLleCTBOBAHHE.

Haunem ocyuiecTB/ieHHe HaMedeHHOH NMporpaMMbl € MOCTPOCHHS
dyHnkuun [puHa a/ist ONHCAHHS PACIPOCTPAHEHHS 3JEKTPOHOB H MO-
3UTPOHOB. DyZeM pYKOBOACTBOBAaTbCsl pe3y/bTaTaMH PaccMOTPeHHA
NO3HTPONOB B IVI. 5 U HTOraMH HCCJ/eI0BAHHS MeTOla QYHKLHH pac-
NpOCTPAHEHHs] B HEPENsITHBUCTCKON TeopuH B HacTosillled raase.

HepeasiTuBucTckuit  mponaraTop — Onpepesics — ypaBHeHHeEM
(6.22). Tlo aHajsoruu oOIpefeJHM PeJATHBUCTCKMH IpomaraTop
S% (x5 x) Kak pemeHHe ypaBHeHHsl

axu

; [_Vu (" o e (x')) - m]m Skyg (65 1) = 8apd’ (' — ). (6.38)

Onpejenentbiii TakuM o6pa3oM MpoNaraTop ecTb MaTpHlla TOH Ke
pasmepHoctu 4 X 4, uto W Marpuus y. [lTepennuiem (6.38) B Mar-
pUUHBIX 0003HaUEHHSAX, ONMyCKAA HHAEKCHI:

(V' — eA’ — m) Sp(x’, x) =0 (x" — x). (6.39)

JIpyroe otsinuue ot (6.22) coctouT B TOoM, uTo B (6.38) omepatop

0y 0 o
[ =7 — (x') ymHoxKaeTcs Ha y% 4YTOOB! NMOJNYUHTh KOBAPHAHTHHIN

onepatop (iV' — ed’ — m).
[Iponaratop ajst cBOGOAHOMH 4aCTHILBL

(V' —m)Sp (x, x) =0 (x" — x) (6.40)

MOXKHO HaliTu nyTteM ¢ypbe-ipeobpa3oBaHusl K HMIYJbCHOMY IIpO-
cTpancTBy. Kak W B HepeJsTHBHCTCKOM cJaydae (6.24), oH 3aBHCHT
TOJIBKO OT pasHoctH (X" -— x), nostomy !)

dip

Se (e, 0 =8, (¢ —x) = | &2 mirtv=95, (p).  (6.41)

1) 3pech n Aasee Mbl MOJb3yeMcs deTbIpeXMepHbIM 0603HayeHHeM

p-x=pux*=pol —p-x
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IloacranoBka B (6.40) maer

4
;;1 (P — M SFAB (p)=19qg.

Paspemasi 370 ypaBHeHHe OTHOCHTeJbHO Sp(p) M BHOBb BO3Bpa-
ulasicb K MaTpHYHBIM OOO3HAUEHHAM, HMeeM

Sr(p) = ptm 1 ecan  p? = mi (6.42)

p'Z_mZ p__m:

Jaa noJqHOTH onpeaeteHus HeoOXOQHMO YKasaTb, KaK IOCTYyNaTh
¢ CHHTYJAPHOCTBIO Npy p? = m?2, T. e, Npu py=+ A/p’ + m?’= + E.
M3 HepensATHBHCTCKON TeOpd¥ MBI MOMHHM, YTO OTBeT Ha 3TOT BO-
npoc cJAeAyeT W3 IDAHHUHBEIX YCJOBHH, HasaraeMolX Ha Sp(x' — x)
npu HHTerpupoBaHuu (6.41).

[To cBoemy dusuyeckomy cMmucay Sp{x’ —Xx) ecTb BOJHA, BHI-
apiBaeMasi B TOYKe ¥’ €JIHHHYHBIM HCTOUHHKOM, DPacHOJIOXKEeHHBIM
B TOYKe ¥. 3HauuTesJbHas 4acTb (pypbe-KOMIOHEHT TAaKOTO JOKaJju-
30BAHHOTO TOYEYHOTO HCTOYHHKA COJAEPKHT 3HAYEHHS HMIYJbCa,
foablune, 4eM 1, oOpaTHasi KOMIITOHOBCKAas AJUHA BOJHBl 3JeK-
tpona. Cnegyer NOITOMY OXKHAATH, 4TO HapAAy C 3JeKTpPOHaMH
TaKoH HCTOUHHK O6yaerT co3gaBaTh NO3UTPoHb. OJHAaKO B TeopHH
ABIPOK uMeeTcd HeoOXoJHMoe (pH3UYeCKOe YCJIOBME, COCTOsIllee
B TOM, YTO BOJIH&, PACNpPOCTpaHfAON[asACA H3 TOYKH x B Oynyuee,
COJEPKHUT JEKTPOHHBIE W NO3UTPOHHbIE KOMMOHEHTH TOJIBKO C IIO-
JOXATeNbHOH 3Hepruel. [To3UTPOHBI H 3IJEKTPOHBI C IOJOMKHTE/b-
HOt 3Heprued OMNHCHIBAIOTCH BOJIHOBHIMH (YHKUHSIMH C IOJOXKH-
TeJhHO-4aCTOTHOH 3aBHCHMOCTLIO OT BpeMmeHd. Hampuwmep,

(+) ~ —ip-

o (x)=CoT (p)e="%,

Y (x) =u (p)e~#
eCTb COOTBETCTBEHHO (HEHOPMHPOBaAHHLIE) BOJIHOBbIe dyHKUHA 00-
GHTPOHOB H SJEKTPOHOB C HMIYJLCOM prou p° >O [TosToMy
Sp(x'—x) MOXKeT colepxkaTb B OyayweM, NpH X, > X;,, TOJBKO
NOJIOKHTENbHO-4aCTOTHBIE KOMIIOHEHTHI.

Urtobbl obecneduTs 3T0, BepHeMcsi K  (ypbe-pas3JoxeHHIo
Sp(x’—x) (641) u (6.42) u npoBeaeM HHTErpHpOBaHue IO dpg
BJOJb H306paxeHHOro Ha puc. 6.6 KOHTypa B KOMILIEKCHOH IJIOC-
Koctd po. [Ipn ¢ > { KoHTYp 3aMblkaercsi B HHKHEH MOJYNJIOCKO-
CTM W CONEPXKHT TOJMbKO MOJOMKHTEJbHO-YAaCTOTHBIA TIOJIOC [PH
po=-— A/p? + m¥=E. B pesyabTate nmeem

2 € dp, em =D
Sele — 0=\ Gl etwiw—n {40 S0 (5 4y =
c

(6.43)

(2m) 2n pi—m

2

3 — .
— S (gni)’s i (X' ~X)g—iE (t'~1) ﬂo_%‘_"_i‘."_’ >t (6.44)
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Orciona BUAHO, 4TO BOJIHA B TOYKe (X/,¢’) COJAEPKHT TOJBLKO MHOJO-
KHUTEJbHO-YaCTOTHBlE KOoMMOHEHTH. [Ipu ¢ <<{ KOHTYp MOXKHO

3aMKHYTb CBEpXY, 3aXBaTHB NOJIOC B TOYKe pPo=— 4/p® -+ m%. D10
jaer
Sp(x’ —x)=
N @D inwxptiE =ty (— EYo— D Y+ m)
— i S P W =x)g+iE (t'=1) T , (<. (6.45)

CrenoBatenbHo, NpH ¢ < { mponararop COAEPKHT BOJHBI TOJBLKO
C OTPHLATEJIbHEIMH YaCTOTaMy.

Takne BOJHLI ¢ OTpULATE/bHON 3HEPrHell, OTCYTCTBYIOUIHE B He-
pPEeNATHBUCTCKOH TeOpHH, OKa3bIBalOTCA 3[ech Heu3GekHuIMH. Jlio-
6o# Apyro#t BniGop koutypa C B (6.44) mpuBoguT Ju6O K pacupo-
cTpaHsilomuMess B Oyayliee BOJHAM C OTPHUATEJNBHOH 3Hepruefi,
Ju60 K BOJHAM C MOJOXKUTeJbHOH SHepTHel, pacnpocTpaHsaoWHMes
B mnpoiunoe. Dosee Toro, mosiBicHHe BOJMH C OTPULATEJBHOH 3Hep-
rHeH, pacHpoCTPaHAIOLUHXCA B TPOLUJOE, SIBJSETCS AOCTOHHCTBOM;
OHH TPEACTABJASIOT COGOH MO3HTPOHBI C INOJOKHTEIBHOH 3HEpruef.

Imzy

Zy=—pimi=-F Vi

Zy=~prmi=F Rezy

Puc. 6.6. Pacnonoxenne 0coGeHHOCTE! OTHOCHTEJbHO KOHTYpa HHTErPHPOBAHHS
AA BeTHYHHH S (p).

910 craHer 6oJ/iee OUEBHJIHBIM, KOTJa MBI NIPHMEHHM METON QYHK-
LMK pacnpocTpaHeHus K 3ajavyaM paccesiHust. [IpuunHOl mosipiienus
BOJH C OTpHUATeJbHOH  3Heprued  ABJISETCS  [NOJMIOC  MPH
po=— A/p° + m?, KOTOpHIi OTCYyTCTBOBaJ B HEPENATHBHCTCKON
TEOPHH.

Bri6op xoHTypa C MOXKHO PUKCHPOBATb BBEAEHHEM B 3HAMeHa-
Teab (6.42) MaJjloff MOJIOKHTENPHOR KOMIJIEKCHON A06aBKH HJH TIPO-
cTo 3aMeHolt m?— m?— e, nmoapasyMeBasi npeiea npu e-—>0--:

d4p e—ip-(x’—x)

et —9={ S L m. (6.6)

®opmyan (6.44) u (6.45) MOXKHO OODBEIHHUTL NyTeM BBeE-
JeHHsi TPOEKUHOHHHIX omnepatopoB (3.18) u 3ameHHl p Ha —p
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B OTpI/IU,aTe.XIbHO-llaCTOTHOﬁ 4YacTH:

St =) == § &5 (F) 1Ay (premrw=m0 — 1) +
+ A= (p)errE=D0( —1)],  (6.47)

rae po==E > 0. JIpyryio, 5KBHBaJeHTHYI0O HOPMY 3anmuCH Mbl MO-
JY4YHM, €CJH BOCHOJb3yeMcs HODMHPOBAHHLIMU PELIEHHSIMH B BHJe
NJIOCKUX BOJIH

W ()= A/ F @0 " (p)e ",

Torga pas Sp(x" — x) HaxoauM

Sr( === =&Y ¥ )% () +

00— {0y HEHW 649
r=3

H ¢ nomompio (3.11) yGexaaeMcsi B TOM, uT0 Sp(x’ — x) omucriBaer
pasBHTHE pelieHusl C MOJOXKHUTEJbHOH 3Heprued P oT mnpoiuen-
ulero k OyAylleMy H pellleHHs ¢ OTPHLATeJbHON 3Heprueil B o6paT-
1IOM HanpapBJeHHU:

0@ — )y () =i S Sp (% — ) yoo™ (x) dx, (6.49)
0@ — 1) () = — i S Sp — %)y~ () d3.  (6.50)

Onpenesennyio takuM o6pasom dyHKuMio Sp(x’ -~ x) npuHATO
Ha3plBaTh (efHManoBCKUM nponaratopoM. OH GBI BliepBLIe BBeaeH
B Teopuio no3utpoHoB B 1942 r. UlrmiokensGeprom m, HesaBHCHMO,
B 1948 r. — ®efiuMaHOM, KOTOPH HCHOJb30BAJ €0 BO MHOIHX pac-
yerax,

C mnomoukio cpobonHoro mponararopa Sp(x’ —x) Mb MOXKeM
(hopMasILHO MOCTPONThL MONHYIO BYHKIHIO ['pHHa U sAeMeHTH S-Mar-
PHUBI, T. € aMIVIMTYIAbl Pa3/HYHBIX NPOLECCOB PACCEsHHA C yua-
CTHEM 3JIeKTPOHOB W TO3HTPOHOB B MPHCYTCTBUH BHelUHHX MoOjeil.
Jlnst 3TOTO HAAO NpPOJENATh TAKHE YK€ BBIKNANKH, KAK B HepeJsiTH-
BHCTCKOM CJlyude,

Tounniit pefinmanoscknit nponararop Sy (x” — x) ynosJaetBopsier
ypaBHeHHo (6.39) u mno anasnorkn ¢ (6.31) u (6.32) Moxer 6HITHL
npeAcTaBJ/JeH B BHAe CYNEePIO3HUHKH CBOOGOAHBIX (GelHMAaHOBCKHX
npomnaratopos. Umeem

(19, —m) S, (s )= a8 (¢ — ) [" (v — 9 + €A () Sy 3 W]
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HHTerpupys sto ypaBHeHHe, MOJyyaeM
Sk ) =Sr (v — )+ e {dy Sr(x’ — ) AW Sk (4, H.  (6.51)

[Tomo6Ho (6.14), TouHoe pelueHHe ypasHenus [Iupaka

iV, — m) W (x) = AV (x) (6.52)
¢ heAHMaHOBCKHUMH FPAHHYHBIMH YCJOBHSAMM UMEET BHJ
Y =bW)+e{dySc— iV, (659

Paccesinnasi osHa B (6.53) COLEPKHUT TOJbKO MOJONKUTEAbHBIe dac-
TOTHl B OyAylleM H OTPHUATENbHBIE B INPOLUJIOM B COOTBETCTBHH
c (6.48):

2
W) — b @ | Y w0 — ie { d'y ¥ ) A1) ¥ ()]
! npu {4 oo, (6.54)

W) — i) (& Y v ) [+ ie { d ¥ ) A ¥ )]

npe {— — oo, (6.55)

Takum o6pa3oM, noJydeHHas HaMH QOpMYJHpPOBKA 3aaauH pac-
cesinusi (6.54) corsacyercs ¢ TeM TpeGOBaHHEM TEOPHH ABIPOK, YTO
3/JEKTPOHL He MOryT [oc/le paccesiius BO BHeluHeM mnoJe AP (y)
monacth B MOpe ¢ OTpHUATENbHOH SHepTHeH; NOCTYIHHLIMH A/t HHX
OKa3LIBAIOTCS TOJbKO HE3aMOJHEHHBIE COCTOSHUA C MOJOXHTENbHOMN
sHepruelf. YpapHeHHe (6.55) MoKasblBaeT, YTO BOJHBI, pacCesiHHblE
Hasaj, OT OyAyllero K npollejllieMy, HMEKT OTpUUATEJbHbIE
SHEPTHH.

N3 (6.54) n (6.55) ciaenyer, uTo 3JeMeHTHl S-MATPHHE MOMKHO
OTOXAECTBHTb ¢ KO3((ULHEHTAMH NPH CBOOOAHBLIX pelueHHAX P’ (x),
T. €

Sy ="y — ieey § d' b (1) A(9) ¥, (3). (6.56)

3mecy Ps(y) mnpencrasaser coOOH KOHEUHYI0 CBOOOAHYIO BOJHY
C KBaHTOBBLIMH 4YHc/JaMH [; € = -1 /14 pellieHHsl, [OJOKUTENbHO-
JacToTHOro B OYAylleEM, H gf == —] /IS OTPHLATENbHO-YACTOTHOTO
B MpOILIJOM pelleHHsi. B cOOTBETCTBHH C HasjaraeMbIM Ha pelleHHe
(6.53) ¢elinMaHOBCKAM TpaHHUHBIM ycaoBueM W;(y) 3To manaio-
iasi BOJHA, KOTOpasi MpH Yy —> — oo HepeXoAuT B P;(y), Najamuiyo
BOJIHY C KBAHTOBBIMH UYHCJaMH I H TNOJOXKHTENLHOH 4acToToH, HJH
NpH Yo—> 400 —B OTPHIIATENbHO-YACTOTHYIO BOJHY, paclpocrpa-
Hslouylocs U3 OyAyllero B npoiuejuiee.

B ypaBuenusix (6.56) u (6.53) 3axJoueHH INpaBH/Aa BHUYHCJIE-
HHS aMIUIMTYZA POXKAEHHA Map M aHHUTHAAUHH (cMm. puc. 6.5), Tak
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JKe Kak H aMIIMTyAbl — «OOBIYHOrO»  IIpollecca  paccesiHus
(cM. puc. 6.4).

PaccMoTpuM cHauaJjia OOLIYHBIH [IpollecC pacCesHHs 3JeKTPOHA.
Torpa Wi(y) npua yo—>—oo INepexoAuT B MNafamILYI0 IJOCKYIO
BOJIHY ¢ MOJIOXKHTeJbHOH 3Heprueli ${V)(y) u Bkmaj n-ro mopsaka

B (6.56) paseH

— ie" SS d'y, ... d'y, P (y,) /T(yn) Se (Y, — yn_l);l(yn_l) e
- Sp(,— 9) A() ¥ (1) (6.57)

Psg (6.57) comep:KUT Kak JAHarpaMmbl THTa H300paKeHHON Ha
puc. 6.4, Tak U TakWe, Kak Ha puc. 6.5, 6.

Has pacueta poX/JeHHs Napbl Mbl Mojcras/iseM B (6.56) BmecTo
W,;(y) peuleHue, KoTopoe MpH f-»-oo NePeXOAHT B TJIOCKYIO
BOJIHY C OTpUIaTeJbHOH 3nepruefi. B 4yacTHOCTH, B ciydyae porK/le-
HUSl 3JEKTPOH-NO3UTPOHHOHR Naphl ¢ KBaHTOBHIMH YucaaMH (p-,s.)
¥ (P4, S4) COOTBETCTBEHHO (rae por >> 0), Mbl noacrasJsieM B (6.56)
BMecTo W;(y) peuienve ypapHenus (6.53), xotopoe npu {— +oo
lepexoJUT B IVIOCKYIO BOJIHY ¢ OTPHLATENbHOH 3Hepruell H KBaHTO-
BBIMU uncAaMH (+pi, +S4, 8= —1), T. e.

—_ -1 { .

W) =A 5 @0 (p, s,) et
B kavecTse Y, Mbl BO3bMeM pellileHHe C IIOJIOXKHTENbHOH 3HeprHef,
xapakrepusyemoe (p_,s—,e=1). CorjacHo TeM OCHOBHEIM IIpaBH-
JlaM, K KOTOPBIM Mbl NPHILIM NMPH OOCYKACHHH TEOPHH AHIPOK, OT-
CYTCTBHE 3JIEKTPOHA C OTPHILATeJLHOH 3Hepruell, 4-HMIyJbcoM —p,
I CIHHOM —S, BOCIHPHHHMAaeTCH KaK TPHCYTCTBHE MNO3HTPOHA
¢ 4-ummyancaM py W noJdspusauuveil s;. B merone dyHkuuu pac-
NPOCTPaHEHHs] Mbl OTOXKJAECTBHJK aMIJIUTYAY POKIEHHS HO3HTPOHA
B TOUKE X, PACIpPOCTpaHEHHS -ero BIEpe] B NPOCTPAHCTBE-BPEMEHH
H3 006JacTH B3auUMOAeHCTBUA M AOCTHKEHHSI HM TOYKH X', Kyla OH
nonajaer B BUAe MJOCKOH BOJHBI, XapakTepuayeMol (p4,Si), ¢ am-
IIHTYOH paclHpoCTpaHeHHs 3JeKTPOHa ¢ OTPHIATebHOH sHeprues,
4-UMNyJbCOM —p, H CNUHOM —-S4 H3 TOUKH ¥ Hasaa B o6JacTh
B3aHMOJEHCTBHSA, I'le OH YHHUTOXKaeTcs B Touke X. TakuM olpasom,
uyTQOBI CBA3aTh C MPOLECCOM POXK/EHHs Naphl aMIUIHTYABl Nepexona,
Haj0 NpPOCJEIUTh 3a IIyTeM 3JeKTpPOHA ¢ OTpUllaTe/bHOH 3Heprued
HasajJ BO BpeMeHH B o00JacTh B3aHMOJEHCTBHS; TaM OH pacCeH-
BaeTcsi B IoJie H HCIIyCKaeTcs C MOJIOKHTeJbHOH 3Hepruei, pacnpo-
CTpaHsisich Blepela BO BpeMeHH. COOTBeTCTBYIOUiNe (eHHMaHOBCKHE
AUMarpaMMbl B ABYX HH3IUAX MOpAAKax H3oOpaskeHn Ha puc. 6.7,
npuYeM aMILIHTyAa BO BTOPOM IIOpsAKe B CBOIO odepeib pasJfa-
raercsi Ha IBe, OTJHYAIOUIHecs] BPeMEHHOH [0CJeA0BaTelbHOCTHIO
IByX aKTOB paccesiHHS.
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AuanoruyHbiM 06pa3oM /18 HAaXOXKAEHHS aMILIHTYAbl AHHUIH-
JAUMH [apbl MBl NoAcTaBasgeM MecTo W;(y) pelleHHe ypaBHEHHS
{(6.53), Kotopoe mpu y-—»oco mnepexoiHT B PiF'(y). OHo oTBeuaer
3MEKTPOHY C IIOJNOKHUTETbHOH 3HEpPrHed, KOTOPHIH pacmpocTpa-
HAeTCs 10 B3aUMOJENCTBUSA BIepe] BO BPEMEHH, a 3aTeM pacceH-
BaeTCsl HAa3aj M HCIYCKAeTCs B COCTOSIHHH C OTPHLATeNbHOH 3Hep-
rueit. B n-M npubauKeHHH aMmMIIHTyJa TOro, 4To 3JAeKTPOH pac-
ceeTcsi B 3aJlaHHOE KOHEUHOe» COCTOsihe Wi, Xapakrepuayemoe

KBAHTOBBbIMM YHCIAMHU (P4, Sy, & = —1), paBHa

ie" {d'y, ... a5 (9,) A(9,) Se (W= V1) -+ A(8) D (9,).
(6.58)

Ha d3blke Teopuu ABIPOK 3TO aMIIMTYAd n-To MopsiKa pacces-
HHSl JEKTPOHA B KOHEUHOe COCTOSIHUE C OTPHUATeJbHOH SHepruef,
4-UMOYyAbCOM —pP, H CIOHHOM —S;. IDTO COCTOsIHHE MpH [ == —o00
JOJI)KHO OBITh NYCTHIM, T. € JO0JXHa ObITb ABIpKa, HUJAH [O3UTPOH,
¢ 4-UMIYJIbCOM Py U CIHHOM, HJH TOJApH3aLHeH §,.

? z ¢

Z z z

Puc. 6.7. IIpocrpancTBeHHO-BpeMeHHble (elHMAHOBCKHE QHATDAMMEL [JIsi DOXKJe-

HHsl mapsl B IEepBOM H BO BTOPOM nopsakax. Bxsapx BToporo mopsizka B CBOIO

ouepejab pasjaraeTcl Ha JABE€ HaCTH B COOTBETCTBHH C BPEMEHHOH moc/enora-
TeJbHOCTBIO ABYX aKTOB pPacCesHHA.

Hakoren, ana onucaHus paccessHHsI NO3UTPOHA «majamoliass
BOJIHA ¢ NOJIOXKHUTEeJIbHOH 4acToTod B (6.56) u (6.58) nonxHa OHITH
3aMeHeHa peuleHHeM C OTPULATENbHOH YaCTOTOM M KBAHTOBLIMH

uncaamu  (p, s, g=—1). OHo oTBeyaeT Hcmyckaemomy Io-

3UTPOHY C HMIYJbcoM U cnuHoM (P, 5.).

3AJAUYU

1. TlokaxuTe, 4TO B HepeJATHBHCTCKOM mnpedene Sr(X’,X) cBoguTCa K Ipe-
LHHTePOBCKOMY 3anasfbiBaloNleMy PONMATATOPY A CBOGOLHOH YaCTHUHL,

2. HenocpencTserHoll mposepkoH yGelHTeCh B cnpaBedauBocTd (6.48).

3. TposepsTe pasencra (6.49) u (6.50) # moayunte amasornuHble GOPMYJLl
aas conpskennsix cmuropos P u P,

4. Tlomyunte siBHOe BhIpameHnue faa Sr(x). Buiscuure nomegenue stoit QyHK-
LMK OpH X = 0o, x >0 U Ha CBETOBOM KOHYce.

5. [Tycte B HameM opManusMe BAaKyyM saMeHseTcd Ha (epMu-ras epMH-
€BCKHM uMnyabcoM kr. Kak npu srtoM usMenuTcs ¢efMMaHOBCKHII npomaraTop?
Hailinnre usmenenne Sy B npefese Madofi IAOTHOCTH.
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NMPUINO)XEHHE TEOPUH K ONMMUCAHHIO
OCHOBHbIX 3JIEKTPOOHHAMHUYECKHUX SIBJIEHUH

§ 24. Paccesiine 31€KTPOHOB B KYJOHOBCKOM MOJie

B 3T0fi raaBe Mbl HCHOJAb3yeM MeToJd (YHKUHH pacIpoOCTpaHe-
HUSA /151 POBEJCHUA PA3JUUYHBIX IPAaKTHUeCKHX BRIUMCAeHu#l. Korapa
y Hac HAKOIUTCA AOCTATOYHBLIA ONBIT pabOTH ¢ AMIJIMTYJAaMH pac-
IPOCTpaHeHHA, Mbl IIyT€M eCTECTBEHHOrO M INpas]onoAobHOro o6-
o6uleHna nepeifeM K aMIUIMTYy[aM, ONHCBHIBAIOHIMM B3aMMOJeHCTBHE
MEXJY HecKOJbKUMH dacTtulamMu. Haw naad wu3/oXeHHs Takof
JKe, KaK B OPHTHHaJbHLIX paborax Pefinmana [03]: cuauana Gyayr
NoJyueHsl [paBuJa [Js HAXOXIeHHUS BEePOATHOCTEH NepexoAa U Ce-
YeHHH OCHOBHBIX IMPOLECCOB, MPEeACTaBJIAIOWHUX (DUIHUECKUA HHTC-
pec, a 3aTeM Mbl 06paTHMCA K HEKOTOPBIM (DOPMaJlbHLIM OllepaluaM
KBAHTOBOH TeOPHH MHOJS.

Mbl HauHeM ¢ 3aJa4H O paccesiHWH 3JeKTPOHA B 3aJaHHOM Ky-
JOHOBCKOM Tosie. MaTpUYHBIH 3JeMeHT HepexoJa, OTBevaioLlHi
3TOMY IIpolleccy, JaeTcs BhlpakeHueM (6.56):

Su=—ie\dxh @AWW, [#i (7.1

sfech e << 0—3apaj asnekTpona. Mul J0JxHB npusecTd Sy K 6o-
Jlee KOHKDeTHOMY W siBHOMY BuAy. B nusumrem nopsanke ¥;(x) cso-
JUTCA K najaiouleil maockofl BoJHe ;(X), ONHCHBaIE] 3/JeKTPOH
C HMIYJAbCOM P; H CIIHHOM §,:

V()= A/ ulpi, s)e” %, (7.2)

rie ¢yHKUMA P(x) HOPMHpPOBAHA HA eJUHHUYHYIO BEPOSTHOCTL B
Alnke obvemom V. AHaJOTHYHO

00 = A/ 2 8pr, 59, 7.3)
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Ky/0HOBCKHH MOTeHNMAaa TOYewHOro 3apsija —Ze > 0 3ajaercs

BBIpaXKeHHEM
— Ze

| x|’

Ao (x) A (x) = (.

Takum o6pasowm,

iZ 2 l z
Su= 22 LA i, )V ulps, ) | el G (7.4

HurerpupoBaHie mo BpeMEHH jaeT 2n6(E;—E1~), 4TO BhIpa)aer
pPaBeHCTBO 3HEPTHii HAYAJbHOrO H KOHEUHOTO COCTOSIHHH B CTaTHue-
CKOM [oTeHnHaje. Vluterpaa Nno MpOCTPAaHCTBEHHBIM KOOPAHHATaM
ecTh XOpPOLIO H3BeCTHOe (ypbe-mpeobpasoBaHHe KYJOHOBCKOTO I0-
Tenuuana

[x] fql?’

rae ¢ = p; — p:. Hawr MaTpHUYHBIA 3J€MEHT NPHHHMAET BHJA

. 1 TmZ i (ppsp)You(py s,
Sfi—_—tZeZ——V—/\/ETEi U fl)q B )ond (E; — E)).  (7.5)

S d3x o iarx s AT

Uuc/10 KOHEYHBIX COCTOSHHH B HHTepBaje HMIYJAbCOB d®p; eCThb
V d®ps/ (2r)3, ¥, Takum obpa3oM, OTHeCeHHasl K OJHOH 4acTHIe Be-
1
POSITHOCTb MepeXoja B 3TH COCTOSIHUA paBHa

v dspf
| St P oy =
_ Z2(ne)m® | @ (pp s Vou (P sy) P d° Pf
= E;V lql! (2n [2 W (E —EJF. - (76)

Ksazpar 8-pyuruuu tpebyer HekKoTOpuix noscHenufli. Ecau Obl mbl
paccMatpuBagH [1epexo/lbl, NMPOHCXOAsfulMe B TeueHHe 3alaHHOTO
npomexyTka Bpemenu (—7/2, T/2), To §-pynxruus M0 HEPTHH OKa-
3ajach Obl pasMa3aHHOH; 5TC O3HayaeT, UTO
7/2
218 (E; — E)) = S di et Ei=Ei)t —

~T/2

sin (T/2) (E; — E))
2 F—F, .

(7.7)

Us (7.7) BuaHo, uTo AJ8 GOABHIOro, HO KOHeYyHOro T
sin? (7/2) (E; — Ey)
(Ef — EvF '

[270 (E; — E))f =>4

Ecan mocieinee BhIpa)keHHe paccMaTpHBaTh Kak o¢yHkuuio E; TO
nJjomanb NMoj KpuBo#, #3obpaxatomel 3Ty ¢yHKuuiO, paBHa 2n7;
TI03TOMY MOKHO OTOXAECTBHTD

(2518 (E} — Ep)J = [27 (0)] 27 (E; — E;) = 2aTd (E; — E}). (7.8)
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WUnu, ewte npote ),
2ad (0) =T. (7.9)

aBpHCTHHECKH 3TOT Pe3yNAbTAT MOXKHO NMOJYYHTb NPAMO B3 ONpene-

JIEHHUH
TR

2 (E; — E;) = S dte’ BimE)?,
G¥>w)_TQ
CrefosaTesbHO,
T/2
218 (0) = g dt =T.
(T—)oo)_-

T2

Bosepamasice k (7.6) u gens ofe wactH 3TOro pPaBeHCTBA HaA
BpeMsl, MoJyyaeM, YTO YHCJAO NepeXOoA0oB R 3a elUHUIY BpeMeHH B
HHTEpBaJ HMNYJbCOB d3p, paBHO

4Z%a’m® | @ (py, ;) ¥u (py s;) P odPp; 5

R=—%y TaT 5

(E; — E)).

Ceuetne onpejensercs Kak CKOPOCThb nepexojaa R, oTHecenHas K 10-
TOKY najamwimux dacTul Jine =, (x) y*¥; (x), rie a ob6osnauaer
‘KOMIIOHEHTY BEKTOpa BJOJb HANpaBJeHHs CKOPOCTH NAJarouiuxX ua-
cray v; = py/E;. Cormacuo mpuHsitomy B (7.2) YCJAOBHIO HOpMH-
poBKH MOTOK paBeH |Jinc| == |v;|/V. Tarkum obpasom, Audpdepen-
IHaJbHOE ceueHUe paccesHHsi do, NPUXOAsLLEecs HAa €AHHHYHBIH Te-
JlecHbIH yroa df2, ecTs

do S 4z%a’m® | @ (pg s5) You (pp ;) [

e [v. 1 E lq !

TTosb3ysich paBeHCTBOM
pidp; = E; dEy,

OKOHYaTe/JbHO MoJydyaeM

d 4722a2m? | _
40 = "Tap— 805, $)Vu (P, s) P, (7.11)

2
pidp
fEff 8(E; — Ej). (7.10)

4TO B HEPEJSITHBHCTCKOM Mpejese coraacyercsa ¢ dopmynofi Pesep-
topra.

OO0BIYHO MOAAPH3ALHS KOHEYHBIX UYACTHIL He PErMCTpPHUpyeTcs, a
NoJIApH3anvs HauaJbHbIX yacTHl He 3ajxaercsd. Ecau nagatomuit
IIY4OK HMeeT OCTAaTOUHYIO MOJSpU3alMio, TO AJs 3TOro, Kak nopa-
BHJIO, HMEIOTCSl BeCKHe MNPHUYHHBI M 3KCIEPUMEHTATOpP B KOHEYHOM

1) Ecan magjamoulsie H paccesaHHble YACTHIL OMUCHIBATL BOJIHOBLIMH MaKeTa-
MM, TO YAaercs n3bemxaTb NOSIBJEHHSI He BNOJHE KOPPEKTHO ONpeleseHHBIX KBa-
apatos O-dyukuuii. Toraa papencTBY (7.9) MoxHO datp cTporog oGocHopanye
(cm. [56]).
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HTOre UX OGHAPYXKHUT, KAK 3TO IPOU3OILIO B ¢jayyae ¢ MOJAPU30BaH-
HBHIMH 3JeKTpoHamu oT B-pacnaga. Koraa monoGuas HHpopManus
OTCYTCTBYET, pa3/iHYHbIM Ha4yaJbHbIM MOJAPH3ALHOHABIM COCTOS-
RHAM anpHOPHO NMPHIKCHIBAETCs PaBHAs BEPOSATHOCTb. DTO O3HAUALT,
yto HabJlaeMoe ceueHue mpeicTaBaser coboil cedende (7.11),
NpPOCYyMMHPOBAHHOE MO KOHEUHBIM CIHHOBBIM COCTOSIHHSIM M YyCpel-
HeHHOe [10 HayaJbHbIM, T. €.

d& 47%a2m? B
"d%_—_ 2|0:l‘f41— Z la(p;, sp)v%u(ps, si) P (7.12)

+ Sf, S;

CyMMy. 1O CIIHHAM MOXKHO IEPENHCaTb B BHIeE
2 4, (Pgs S7) Vogtts (Pis Si) 8 (Ps $0) Vad Voa o (Pps 5¢) =
S

:tSf s
= 7 0 7 0
_ng o (Ppr Si) Vot (Pir Si) s (Pys S;) Yagts (Pps St )
s A
rje, KaK OObIYHO, NOADPAa3yMeBaeTCs CYMMHpPOBaHHe 10 NOBTOPSAIO-
wmuMcs HHAeKcaM. ITo 4yacTHbI cjayuyaH obuiero COOTHOMIEHHH, KO-
TOPBLIM Mbl GY[eM YacTO [0Jb30BAThCA:

| (F) Tu (i) P = [a(f) Tu ()] [@ @) Tu (); (7.13)
apech I = y°F+y°. Hanpuwmep,
=¥,
iy = iy’
YPYS = yryS

Ghe +-+ p=1p -+ ¢ba.
CymMMupoBaHHe 110 CNHHAM MOXHO 3aMeHHTb BBIYHCJEHHEM CJIe/0B,

ecJd BOCIOJB30BaTbCsl MPOEKUHOHHBIMH omepatopaMu (3.18):
4

-~ r s ﬁi +m
Z Ug (pi’ Si) Uy, (,Ui, si) = Z €Wy (pi) wy (pi)( 2m Jw
:tsi r=1
p;+m
= (_2nz )Bh =[A (p, )lgh-

Torga cymma no cnunam B (7.12) mepexonaut B

) i+ m
Z Z g (pg, 5¢) (v"—‘gn— v")aﬁ ug (pr, sp)=

-a,ﬂ ﬂ:Sr
=Y (wltt ) (Lt
o B 2m ap 2m Ra»
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rile Mbl NPHMEHHJH TOT xe caMmblii npueM. llocsennee BhpaXkeHUe
npejcrasJjser cofOH cjel, T. €. CyMMY [AHAaroHalbHbIX 3/eMEHTOB

MaTpHIb
(P +m) —(p+m)
0 2m Yo 2m )

ITostoMy (7.12) MOKHO 3amHcaTh, B BUIE
ds _ azamt o (Bm) (Pt m)
QT T 2qF 0T om Yo T g, -

(7.14)

§ 25. Teopembl 0 BHIYHCJEHHH CJAEJ0B; yCPeAHEHHOE
M0 CNHHAM Ce4YeHHe PACCEsIHHA B KYJOHOBCKOM MOTEHLHAJe

Tenepp MBI cienaeM HEKOTOpOe OTCTYIJIEHHE H YCTAHOBHM PSIA
MoJie3sHblX cBoficTB mMatpun Hupaka. 2Tu CBOHCTBA NO3BOJSIOT BbI-
UHCJIATH CEUeHHsl, He NPOMU3BOAA HHKAaKHX JAeHCTBHH ¢ MaTpULAMH
Hupaka. Onn BHIBOAATCA M3 KOMMYTALHOHHBLIX COOTHOWIEHHI AJsI
MaTPHIL y H CHPABEJIMBbI HE3aBHCHMO OT BbIGOPa KOHKDPETHOTO
npeacTaB/eHuss AJA 3THX MaTpHU. Mbl MepeydcanM 35TH CBOHCTBa
B BHIE DPAla TEOpEM.

Teopema 1.

C/lefl HedeTHOro 4YHc/Ja MATPUL y PaBeH HYJIIO.

Hoxasareascrao. Hast HeueTHOTO n

Spdy ++» 8, =S8pd; +++ d,V5v5==Sp vsd; -+ + d,vs;

3llecb Mbl BOCMOJ/Ib30BAJIHCh TeM, UTO C/1el He MEHseTCs IpH UHKJH-
YyecKof mnepecTaHoBKe, B uYacTHOCTH, Sp AB = Sp BA. TocaenoBa-
TeJNbHO [€PEeCTaBJAs MEepPBYI0 M3 MaTPHU Yys HaNpaBo, ML 7 pa3
NOJYYHM 3HAK MHHYC, BOSHHKAMOWHA U3 CBOACTBA AHTHKOMMYTAlUH
YuYs -+ vsV,=0. B urore an1a HeueTHoro n uMeem

Sp dl v an=(— l)n Sp dl LR dnY5Y5=0- (7.15)
Teopema 2.
Spl=4,
. - P (7.16)
Spdb=Spbd=",Sp(db+ bd)=a-bSpl=14a-b.
Teopema 3.
Spdy s+ d,=0a1-a,Spds «+- 8, —a, a3 Spaydy «++ 4,4 +--
L —}—al-anSde'-- dn—l' (7.17)

B uccTthocTh,
Sp dydodsd, =4[a; - ayay - a4+ a, - ayay - a5 — a; - aa, - ay].

Ilokasarenscreo. Tlonb3ysick paBeHcTBOM ddy = — d,d, + 2u,a,,
MBIl NepecTaBHM d; BIPaBO IO OTHOLICHHIO K dy, T. €.

Spdldg e d‘n=2(11 'QQSde see dn_spdgdld;; s dn.
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HefictBys AaJjee aHAJOTHUHBIM 00Pas3oM, MOJNYYHM
Spad, ++-4,=2a,-a,Spds -+ 8, — ... +2a,-a,Spdy - 41—
- Sp (32 re dndl'

Haxkonell, BOCHOJHh30BABIIUCH CBOHCTBOM HHKJIHYHOCTH cJlela, Mbl
BHOBL MepecTaBUM d; BJeBO OTHOCHTEJLHO APYrHX MaTpHL y; TeM
caMbiM TeopeMa JOKa3aHa.

dta Teopema B 0COOEHHOCTH NOJe3HA AJs YNPOLIEHHs CJOKHO-
ro cJeja, XOoTsl ApH 1 >> 6 cjejyeT, eCJH 3TO BO3MOXHO, npuberathb
K 6oJiee U3OI[PEHHBIM TIpHeMaM, YToObl u3bexaTb JMaBHHOOGPA3HOrO
pocTa uHcJa UJEHOB.

Teopema 4.

Sp Y5=0)

Py

Sp ysdb =0, (7.18)
Sp vsdbed = 4iegq5a"b°c"d’,

THe eqpys = 1, ecan nepecranoBka (¢, B, v, 6) noayuyaercs H3
(0, 1, 2, 3) B pe3y/ibTaTe Y4eTHOTO YHCJA TPAHCMOZHUMH, Eqgys = — 1,
eC/IH YHCJO TPAHCIO3HLUH HEUETHO; &ygys =0, ecu cpein HHIEK-
COB HMEIOTCS COBRajalHe.

Hoxasareasvcreo. [lepBole ABa paBeHCTBA HeMENJEHHO CJENYIOT
uz toro, uto ys = iy'y!y*>y3. as noayuyeHus TpeTbero Haldo pac-
CMOTpeTb OTAe/bHble KOMIOHeHTbl. UTeObl AaHHBIA u/eH BHOCHJ He-
HYJIeBOH BKJ/aJ, BCE KOMIOHEHTH BEKTOPOB 4, b, ¢, d noa¥HB ObITH
pasuuHbl, a NOJNHBLIA BKJa4 NpeACTaB/seT cO0Oi CyMMy MO pasaud-
HBIM KOMOHHALHAM KOMIOHEHT, PHYeM 3HAK KaXXAOoro H3 cJjarae-
MBIX OlpejleasieTcss 3HakoM nepectaHoBKH. OOmKA 3HaK 3aJaeTcsl U3

SP V5Vo¥, Y, ¥,a'h' P = [€,,,0°0' ¢?d® Sp y2 = dig,,a%' c*d°.

Teopema 5').
Yt =4,
Yudv* = — 24,
v, 4by* = 4a - b, (7.19)
vuaboy' = — 2¢ba,
yadbedy = 2[dabe + ¢bad).
Teopema 6.

Sp dldg tee dgn = Sp Aoy *** A1 (7.20)

1) XoTa COOTHOLIEHAR 5 He OTHOCRATCH HENOCPEACTBEHHO K CJefaM, HO HMH
IIPHXOAKTCH HOJb30OBATLCA B TeX e pacyerax, rae HEOOXOLHMO BbIYMCAATH Caedbl.
Mostomy Mbl aaa yao6cTea MX 3feck npusoauM. Mx pokasarenscrso mpeana-
raeTcf B KauecTBe II0JIE3HOTO YHpaxKHeHHs
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Hokasaresvcrgo. lpn paccMOTpeHHH 3apsiloBOrO COMNpPSIKEHHS
B rJ. 5 OblJIO NOKa3aHo, 4ToO cyulecTByer Martpuua C, objajawomuias

€ 30WCTBOM CyuC_l=——yz. Hanee
Spd, -+ 4, =SpC4,C™'Ca,C™" .. C4,,C"" =
=(=1)"Spdid; -l =5pldy, --- 4] =Spdy, --- 4.

BosBpamasce kK 3a7aye 0 KyJOHOBCKOM DAacCesHHH H HCHOJb3Ysl
TeopeMy 1, noayuaem usz (7.14)

dG Z%a? R 9
a0 - 2|q'|4 [Sp VoﬁiYOPf+m SP(YO)Q]
HpHMeHHH TeOpeMbl 3 n 2, HAaxXogHM OKOHUYaATeJIbHOe BpIpakeHue
nns auddepeHHalbHOTO ceueHHs paccesHus
dé Z%?

25 = 3Tqf BEEr — 4pi - py+ 4. (7.21)

MoxHO BbIpasuTh audPepeHnHaNbHOE CeueHHe Yepe3 IHEPTHIO pac-
cenBaeMoll uacruubl E = E£; = E; u yroa paccesnua 6. Ilas storo
BOCNOJIb3yeMCd KHHEMATHUECKHUMH COOTHOLICHHSMHU

pi- pp=E?* —p?cosB=m?+ 262523in2%

iq 12=4p2sin2%.
Torna ,
dé _ Z2a? 2 s 0
m-——- m (1 —B 311‘12?) . (722)

9To TaK HaspiBaeMmoe ceuenue Motra [57]; OHO mepexomHT B pesep-
topaosckoe npu f— 0.

§ 26. KynoHOBCKOe paccesiHHe MO3HTPOHOB

Ilepexoist K paccCMOTPeHHIO PacCesiHHs MO3HTPOHOB B KYJIOHOB-
CKOM II0JIe, Mbl TIpeXJie BCEro 3aMeTHM, YTO B HH3[leM MNOPSAKe MO
o, CeueHHe paccesinhs TaKoe XKe, KaK AJs JeKTPoHOB. B 3Tom
npoime BCero yGelAHTbes, 3anucaB MaTpHUHBIi s7eMeHT. M3 dop-
myasl (6.56) u cOnpoBOXAAIOIHX ee MOSICHEHHH caeiyer

Sy =ie Sd“x B; (1) A (x) ¥ (x). (7.23)
31ech HaYaabHOE COCTOSHHE OTHOCHTCS K OYAyIUeMY H JOJKHO WH-

TEPIPETHPOBATLCS KAaK 3JEKTPOH € OTPHUATENbHOH 3Heprueli H
4-HUMIYJbCOM —pjy, ABRKYMHMACA Ha3ax BO Bpemeld (cM. pHc. 7.1).
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B nusimem nopsjake B KauecTBe BOJHOBOH (PYHKIHH fOJACTaB-
JsieM IJIOCKYIO BOJHY:

P; (x) = f’;’v v (ps, sp) et (7.24)

AHaJoruuHo KOoHeyHoe cocTosinue B (7.23) npedcraBaser co6oil
3JeKTPOH C OTPHIATE/]bHOH 3SHepruel, pacnpocTpaHsAloUHACA B
npousoe. Ero BoqHoBas QpyHKIUA €CTh

b= A/ oo, s (7.25)

Ona onucbiBaeT HaJeTaoUHH [O3HTPOH, KOTOPHI A0 paccesiHHs
EMeeT HMOYJbC P; W noaspusanuwo s;. Iloacrasass (7.24) u (7.25)
B BbIpaxkenue IJ18 S-MaTPHULI, HMeeM

iZe* 1 m? dix i (ps—p;)e
Sp=— "5 V’\/EfEi  (pi, s) Y0 (py, Sf)S x| gl (PP

[Moayuennoe BbipajkeHHe aHaJoruyHo (7.4).
BeaedcTBHe WHBADHAHTHOCTH OTHOCHTENBLHO 3apfiJlOBOro COMpsi-
JKEeHHS MOXKHO B TOM e MOPsKe 10 e BMecTo (7.23) s3amucaThb

Spi=-le S dix,, (0) A (1) = — ie S d*x g7 (x) CT'ACH] (x) =
=+ ie { d' by () A, (),

YTO MPHBOLMT K NpexHeMy pe3yabTary. [Ipy TakoM ONHCAHHH MO-
3HTPOH PACNpOCTPAHAETCS BIEPEN BO BpeMeHH H P, (x) = Cy"\p’}‘ (x)

ecThb BOJHOBAas GyHKIUsS HAYyaJbHOTO MO-

3UTPOHA. ~Frs 8¢
TToBTOpSIA BHIYHCJEHHS, [NOCPEICTBOM

KOTOpbIX Gblga noJdydeHa opmysa

(7.12), HaxoAHM BBIpaXKeHHe A ANUD-

dhepenHaJbHOrO CeYEeHHs

(82—
aQ J +
2Z%a%m?

= TTalF Z 19 (p;, 1) vo0 (py, $7) P-

"Fis 5%

Puc. 7.1. Kynaononckoe pac-
(7.26) cesiHHe TO3HTPOHOB.

E sf, S;
CYMMy o clinHaM, KakK H npe}Kﬂe, MOXXHO IIpHBECTH K cJepy, Hc-
HOJ'Ib3yﬂ cJjeywouiee COOTHOWIeHHEe I8 MNO3UTPOHHBIX CHHHOpOB

(cm. (3.9)):
- ﬁi +m

Zva (pi, 1) 55(,0:', Si) =_(_2_m_ .
* ¢ : P
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TaxkuM o6pasom,

do 7202
d—g)e.}_ = Tgl‘i Sp VO (ﬁt - m) YO (f)f — m),

yTo coBmnajaeT ¢ (7.14) ¢ TOYHOCTbIO A0 3aMeHbl M HAa —mM.

[Tockonbky mosyyeHHOe HaMHM BhIpakeHHe JJISi CeuelMs pacces-
HHs 3JIEKTPOHOB OLIIO YeTHBIM MO /M, Mbl y6exjaemcs B TOM, 4TO
B HH3IIEM MOpsiKe MO o CeYyeHUSA paccesHUs /s [MO3UTPOHOB H
3JIEKTPOHOB PaBHBI APYr ApPYyry. Mbl MOrJd MNOJyYHTh 3TOT pe3y.ib-
TaT M3 HHBAPUAHTHOCTH OTHOCHTEJbHO 3apSA0BOr0O CONPSKeHHS.
B ra. 5 Obl10 NOKa3aHO, YTO KaXKAOMy pPeUCHHIO AJs 3JeKTPOHA
B notenuuane A, orBeyaer peuleHue AJs NO3HTPOHA B NOTEHIHAJE
—A,, T. e. paccesiHHe JEKTPOHA B noTeHuuade —e/4nr ecTb TO Ke
caMoe, 4YTO paccesiHHe MO3HTPOHA B MOTeHIHale -+e/4mr; OAHAKO,
MOCKOJILKY BBIUHCJEHHOE CeYeHHe 3aBUCUT TOJBKO OT e, 3uag Av
He UIpaeT POJIU.

Ias noupaBok nopsiika 5, KOTOpble BO3HHUKAIOT KaK MPOH3Bee-
HHe aMIIHTYJ OePBOro H BTOPOrO MOpfJKA, H300paskeHHLIX Ha
puc. 7.2, 3To 3akjOueHHe HecnpaBelluBO. TakHe MONPABKH HMeIOT
pasnble 3HAaKH AJ5 JEKTPOHOB W IO3HTPOHOB.

Puc. 7.2. Kynonosckoe paccesnne snekTpoHOB,

HeTpynno Takxe 3aMeTHTb, 4TO ceueHHe AJsi MO3UTPOHOB MGJY-
YaeTCsl W3 CeueHHsi AJSt JEKTPOHOB MyTeM 3aMeHbl P; <> —py; 3TO
ofulee CBOHCTBO TEOPHH NO3HTPGHOB, HMEHYEMOE <«MPaBHJOM HMOI-
cTaHoBkH» («substitution rule»). Ono Tecno cBfizano ¢ MeTomOM
¢Gyukuuu pacnpocrpanenusi. [Ipumeps npuMeHeHHs 3TOro npasusaa
elie He pa3 BCTPETATCS HAM B JajbHeHlleM.

§ 27. Paccesnne aeKTpOHa HA AMPAKOBCKOM NPOTOHE

PaccMorpum Teneph paccesHHe 3JeKTPOHA He B (UKCHPOBAH-
HOM KYJIOHOBCKOM MoJie, a HAa OPOTOHe (IOKAa Mbl GyAeM CUHTATh
LpOTOH GecCTPyKTYpIOH AHPAKOBCKOH uyacTuueil). Kak namenntcs
MOJIY4EHHBIl HAMH pe3yJLTaT?
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3Had NPOTOHHHI TOK J¥(x), MOKHO ¢ MOMOIIBIO YpaBHeHHil
MakcBensa nailtu coszgaBaemoe MM noJe. AMIJIMTYRa paccesHHs
3J1eKTpOHA B 3TOM MNoJse AaerTca S-martpuued (7.1). IloBropus mpe-
AblAYLIHE PAacCCYyKAEHHs, MBI MOJYYUM CKOPOCTb IEpPexoja H ceye-
HHe pacCesiHHA B HU3IIEM IOpsiKe MO o.

Hrak, cHayasna HaiizieM cO3JaBaeMoe MPOTOHOM 3JEKTPOMAarHuT-
noe noJje. [loteHunan onpenesnsieTcs U3 ypaBHEHHs!

O A" (x) = J" (), (7.27)

rie Ajas yao6cTBa Mul BLIGpaJu JopeHUeBy KaauGpoBky. Uto6u npo-
HHTErpHpOBaThb 3TO ypaBHEHHEe W HalTH AM(Xx), Mbl, KAK U IJs CJIY-
4yas 3JeKTpoHa, BBOAHM (yHkuuio I'puna, uan nponarartop. [Ipona-
ratop Dr(x — y) onpenesnsieTcsl ypaBHeHHEM

O Dp (x — y) =8 (x — ). (7.28)
Ero ¢ypbe-npeobpaszoBanne uMeeT BHJ

d* .
Dy (x—y) = | 20 et0-e-0p, (),

rae Dy (¢®)= — 1/¢* ana ¢* + 0.

Kak u A hepMHOHOB, HeOGXOAUMO 3a7aTh NOBEJCHHE B MOJIOCE
npu g2 = 0. [To anajoruu ¢ AHPAKOBCKUM [PONAraToOpoM, paccMoT-
peHHbIM B T, 6, Mbl J06aBjsieM K g2 GeCKOHEYHO MAJyIo NOJOXKH-
TEJIbHYI0 MHHMYIO 4acTb; 9TO 3KBUBAJEHTHO BBeIeHHIO MaJofi OT-
pulLaTe bHOR MHUMOH Macchl {cM. (6.46)):

—1
Dr (¢%) =re (7.29)

Takoli cnocob obpaiieHus ¢ NOJOCHON 0COGEHHOCTbIO 03HAUYAET Bhl-
JleleriHe H3JIy4eHHs C [IOJOXKHUTeJbHOH YacTOTOH MM dHepruel, pac-
npocTpansomerocs Buepel Bo Bpemenu. Koraa Mb paccMatpuBaeM
paccesiHHe H3Jy4yeHHS BeLleCTBOM, HANpHMep, [peJiOMJeHHe cBera
IIpH MPOXOXEHHH MY3bIPLKOBOH KaMepbl, Mbl JOJXKHb HO3a60THThb-
¢l 0 TOM, YTOObLI BOJIHBI C MOJIOXKUTENbHON YaCTOTOH, OTBEYaloiue
KBaHTaM C HOJIOXKHTeJbHOH 3SHEpruei, wcnyckaauch Ge3 oTpuua-
TENbHO-4aCTOTHOTO compoBoXAeHusds. CoOTBeTCTBYIOWUN ¢deliHMa-
HOBCKHMH nponaraTtop sanaercs ¢opMyJoi

- d* ; —1
Dp(x—y)= S —(ﬁ e~tex=9 (;“’—-i—-t—e) ' (7.30)

a onpenensieMbiii U3 (7.27) moTeHNHasN HMeeT BHI

A (x) = S d'y Dp (x — 4) * ). (7.31)
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[MoacTanoBka 3TOTO BbIpaXKeHHs1 BMECTe ¢ PCIIEHHSMU B BHJIE MJO-
CKUX BOJIH IJIS 3JEKTPOHOB B 3jeMeHT S-matpuus (7.1) naer

Sp=—1{ d'xd'yled () vs (] Dy (x — ) " (). (7.32)

Temepb MBI JOJXKHB PelIUTb, KaKoe BbipaxKeHue CJHeAYyeT BHI-
6paTb B KauecTBe npotoHHoro Toka J*(y). EcrecTBennuii ¢ pusH-
YecKOH TOYKH 3peHHsi BbIOOp BLITEKAeT M3 MPHHIHMA COOTBETCTBHUA.
B kauecTBe TOKa nepexoja Oepercs MaTPUUYHBLIA 3JeMeHT

I (y) = e ¥ () ¥V (1), (7.33)

rae e,= —e>0—3apsn npoToHa, a ¥ (#) u P/ (y) mpencras-
AAI0T cOBOM pelleHHs B BHJe MJOCKAX BOJH U HAYyaJbHOro
H KOHewyHOro ¢BOGOAHBIX npotoHoB. OHH HMEIOT TOT XKe BHJ,
ato (7.2) u (7.3), ¢ To# pasuuueil, uto Macca npoToHa ectb M,
a ero HayaJbHbBle M KOHEUHbie UMNYJbCc W sHeprus — P;, Py u &4,
&, coorBeTcTBeHHO. Toraa nnis Toka HMeeM

2
1) == Af o ¢ TP, S)V P, S). (734
[Torenuuan A*(x), onpeneasiemuii ypaBueruamu (7.31) n (7.33),
NpUHATO HA3bIBaTh HOTeHuHasoM Méanepa [58] nas AHPaKOBCKOrO
npotoHa. B HepeAsiTHBHCTCKOM NPHOJAHMMKEHHM TaKOH BbIGOp TOKA
rnepexoja B kauecTBe HcTounnka AM(x) Opian npunar TaiisenGeprom
M TpUMEHEH HM K MepeXolaM 3/JeKTPOHA NIpH pacuere H3JydYeHU:
ATOMOB ¢ MOMOLIbI MATPHUHON MexaHHKH (cM., Hanpumep, [22, 59]).

IMoncraBass (7.34) B (7.32) u ucnoab3ys (7.30), mul Ges Tpyna
BHIUHC/ASIEM HHTErpajibl W MOJydyaeM AJs JeMeHTa S-MaTpHIUbI

io? 2 2

Sy = S a8 (P — Pi 4y — 1) A/ o A/ 77 X

X [ (pr, sp) vuu (pi, s m[ﬁ (Ps, Sp) y*u(P;, Sy). (7.35)

CHMMETPHS NMOJYUYEeHHOTO pe3y/bTaTa M0 MepeMeHHbIM 3JeKTPOHA
¥ NPOTOHAa MOATBEPKAAeT MPAaBHJAbHOCTL BbIOOpa TOKa B (opme
(7.33). Ecan 6bl Mbl B KauecTBe HCXOQHOTO YHKTAa HALIMX BBIYH-
_caeHHd B3 Bolpaxenue (7.1) Aas aMnaMTyAbl paccesHHs Opo-
TOHa B TOJie, CO3JaBaeMOM TOKOM 3JIEKTPOHA, W BhiGpanu (7.33) B
KayecTBE TOKA JEKTPOHA, TO Mbl AOJKHB OblIH Obl MPHHTH K TOMY
JK€ CaMOMYy pe3yJabTary.

CpaBHeHHE ¢ Bbipa)keHHeM (7.5) MOKa3plBAET, UTO PA3JIHUUE ME-
KAy paccesHueM 3/1eKTPOHA B KYJOHOBCKOM [0Jieé H Ha HPOTOHE
CBOJAHMTCS K 3ameHe Bhipamenus Zy%/|q|? na

— 1 M2
v (555) A 5 1P Sy Py, S))
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u V—mna 2n)°6*(P; — P, + p; — p;), YTO BbipaxaeT COXpaHeHHe
HMIIyJIbCA.

®opmyaa (7.35) naer aMIIMTYAY 3J€KTPOH-IPOTOHHOrO pacces-
HHA B HaHHH3IIEM NOpPAAKe MO o; OHa He yUUTbIBaeT 3¢ekToB 60-
Jiee BLICOKOTC MOPSAAKA, KOTOPLIE MPHUBOASAT K HCKaXKEHHIO JIOCKUX
BOJIH B BbIpaKeHHH AJS TOKa. Bripaxe-
o (7.35) yHAOOHO COMOCTaBHTHL (hefiH-
MaHOBCKYIO AHarpamMmy, H300pakKeHHYIO
Ha puec. 7.3.

OnuHapHasi  criiomHas JHHHA CO
CTPeJaKOH, yKasbiBalomlell HampaBJeHHe
BpEeMeHH, OTBeYaeT 3JeKTPOHy, a [ABOH-
Hast — IPOTOHY. BoJsHuWcTas JIHHHA OMNH-
ChbiBaeT 3JeKTPOMArHHTHOe B3aUMOIeH-
CTBHe, KOTOPOMY B MAaTpPHUYHOM 3JeMeH-
Te€ OTBeyaeT BeJHYHMHA, oOpaTHAs KBaj-
paTy nmnepeiaHHOro UMNyJbca HJAU 06-
patHas oneparopy [lamamGepa (cm. Puc. 7.3. Pacceanue siek-
(7.27)) B MMIYJbCHOM [PEJICTABJCHHH. TpoKa ©a mporone.
MbI OyeM rOBOPHTh, YTO 3Ta JHMHHS ONH-

ChiBaeT «BHDPTYaJbHBIH (DOTOH», ROCpel-

CTBOM KOTODOTrO 3JIEKTPOH H [MPOTOH OOMEHHBAIOTCA 4-uMITyJb-
CoM g = p; —p; = P; — P;. AMnautyna pacupoCTpaHEHHS BHPTY-
aJbHOro (hOTOHA MeXAy ABYyMs TOKaMu ecTb — (g% + ie)~!. Toukam
WJIH BEPLIMHAM, H3 KOTODBHIX HCXOJAHUT W B KOTOpble BXOAMT (POTOH,
conocraBasiercss ¢pakTop ey, KOTOPBHIH CTOUT B OOKJaJKax H3 CMH-
HOPOB x/m/Eu(p, §), OTBEYAIOUIMX CBOGOAHBIM peAJbHbBIM HayaJb-
HBIM M KOHEYHBbIM uyacTHuaMm. Kaxjnoli JHHMH M KaXIoMy nepece-
YEeHHIO JIMHHH Ha JAuarpaMme OTBeyaeT CBOH €JUHCTBEHHBIH UJeH
B Bbhipa)keHuu jaJs S-martpuubl. Kpome toro, S-maTpuna Bcerga co-
JEPKHT uYeTbIpexMepHyIo O-QYHKUMIO, BhIpaKawulyio oOmuil AJs
BCero MpoHecca 3aKOH COXPAaHEHHUs SHEePrHH-HUMITyJbCa. ‘

s BbluHC/IeHHS ceyeHHsi BepHeMcs K pHc. 7.3 u popmyae (7.35)
H IpexkJe Bcero mytem jenenus |Sy|? Ha Bpems naGawolerus T u
IPOCTpAHCTREHHBI!I 0ObeM 006/1acTH B3aHMOJEHCTBHSI HaHAEeM CKO-
poCTh mepeXxoja, OTHECEHHYIO K eIHHHUHOMY ob6beMy. [losyuaem

| S 154 L _m i 2
O =y = @ 8P+ pr — P — p) T £ T, | B P

(7.36)

roe BeJquyHHa
2
By =1 (pr, ) vt (pi, sl oz [@(Py, S vu(Py, S)]

npencrasiaser co60#i JOPEHU-HHBADHAHTHBIA MATPHUHBIE 3JeMeHT
H GyieT B JajbHefilleM MMEHOBATbCH HHBADHAHTHOH aMIJHTYHLOML.
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[epexoas ot (7.35) kK (7.36), Mbl npeAcTaBuM KBaapaT §-dyHK-
LUK B BHJE, aHAJOTHUYHOM, HO HECKOJbLKO GoJsee obuieM, uem (7.8),
a HMEeHHO

[(@2)* 8% Py + py — Py — p)P = (2" 8* (0) (27)* X
X8 (Pr+ pr — Pi— pi) 4 VT (2084 (P + pp — Py — po). (7.37)

Jlasee paszesuM CKOpPOCTb [epexoja, OTHECEHHYX K ©ILHHHYHOMY
06beMy, HA NOTOK Majaromux YacTHl |Jine| ¥ HA NJOTHOCTH YacTHI
MUIIEHH, KOTOpAasi COrJacHO HCIOJb30BaHHOH B (7.2) HOpPMHpOBKE
paeua l/V.

Haxoneu, 4tobbl noayduTh d¢H3HNeckoe cedeHHe, He0OXOAUMO
IIPOCYMMHUPOBATh MO 3aAaHHOMY Ha0Opy KOHEUHbIX COCTOSIHUH 3JeK-
TpoHa W MAPOTOHA, OTBeyawueMy VcJoBusiM Habaogenus. YHucao
KOHCUHBIX COCTOHHMH C 3aJaHHbIM CIOHHOM, NpHUXOAsileecss Ha HH-
TepBaJ UMNYJbcoB d3p; d3P;, ecTb

dapf
|4 oH v

doP;

T (7.39)

Takum o6pa3oM, ceyeHHe Hepexofa B KOHeUHOe COCTOAHHe, Jexa-
ulee B HHTEpBaJe T, PaBHO

S d*p; a*Py V¥
T
d3p

@07 @) [Tinel ©

S 4Py mM  mM  (2n)*8*(P;+p;— P
n)’ (2n)¥ E;&; E.&; {Jine |V

L7P) yqp p. (7.39)

T

MoxHO ellle NPOCYMMHPOBAThL 3TO BbIpaKeHHe [O CHHHOBLIM CO-
CTOAHHSAM KOHEUHBIX YACTHI H YCPEIHUTb N0 HayajJbHbBIM CIHHAM
ISl cyyasi, KOTAa MOJsApH3alHs OTCYyTCTBYET.

Tenepb MBI MOXeM OTMETHTb HEKOTOpble ofuiHe jaJsf BCceX Hpo-
[eCCOB PACCESHUS YePTHL. dusuka sBJEeHUS 3aK/AOUeHAa B KBajpare
HHBAPHAHTHOH AMILIKTY/bI |M; |2 Kaxnpofi u3 BHEIHHX (hepMHOH-
HBLIX JUHEH, T. €. KaxJgo# najamouiedl WA HClycKaeMofi AHPAaKOB-
cKoil yactune, otBeuaet paxkrop m/E. ®a30Bbil 06beM KaxIoil U3
KOHeyHHX uacTHll Aaercs (akropom d3ps/(2r)3. Takum obpasom,
Mbl BHAMM, YTO 3a CYET KaxKA0H U3 KOHEUHBIX YaCTHI, MOABJAeTcH
suipaxenue (m/E)[d3p/(2n)3]. Ono mpemctaBiser coGoi JOpeHI-
MHBapHaHTHLIA 06bEM B HMMYJIbCHOM NMPOCTPAHCTBE, B UeM HETPYJHO
yGeauTbCs H3 CJCAYIOWEro paBeHCTBA:

oo 00
3
22 N\ apsipur —myap = { oo —m0)0(p), (7.0
0 —o00

I, po>0,
e(po)={ 0 p2<o.
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3nech 6 (po)— BBenmennas B (6.18) GbyHKUUA-CTyNEeHbKa; OHA JO-
peHll-HHBapHanTHa, ecjau 4-BekTop pM BpeMeHunogobeH, Kak B Ha-
ulem ciaydae. OOmuil 149 Bcero mpomecca 3aKOH COXpPaHeHHs SHep-
THU-UMIIyJbca Bbipaxaercs 8-dyHkuueli (2m)404P;+ p; — Pi— pi).
Haxkonen, umeercst dpaktop 1/V|Jinc|; noTok |Jine| Aas KoMIMHEAD-
HbIX MyYKOB €CTb YHCJIO YAacTHIL HAa eIHHHUY MIOWAaaH, Hepecekalo-
IHXCA IPYF ¢ APYrOM 3a eJlHHHLY BPEMEHH, T, e.

|v; — 7|
—
B coueTaHHHW ¢ HOPMHPOBOYHBLIMH MHOXKHTENISAMH A5 00eux HaJe-

TaloWHUX yacTHl BesuynHa V|Jme| o6pasyer JopeHn-uHBapuaHTHOE
EbIPaXKeHHe

lJlnc|=

mM mM mM
- = =T (7.4])
E& |v,— 7| |p; | &, +|P,|E, 1/(pi-Pi)—mM

OTrcioza BHAHO, YTO MOJHOE CeYeHHe HHBAPHAHTHO OTHOCHTENLHO
npeo6pasoBanus Jlopenna, coBepiiaeMoro BIO/b HampaBJeHHs Ha-
JeTaloWHX NydykoB. Takum o06pa3oMm, MOXKHO 3amHCaTh PaBEHCTBO
(7.39) B nHBapHAHTHON (opme

M
o= S «/(T-'P—m)tr—nz_ﬂE | My, P (2)* 8 (P — Py -+ py — p) X
T i i
mddp; MdP

(n)® E; (2n)® & °

(7.42)

[TonyuenHoe BHpa){€HHe COZEPKUT BeJIHUHHB CaMOH o6umiel npu-
polnl; B JdajbpHeHmeM Mb OygeM ONOYCKaTb AETaJd HMX IOSIBJEHHS.
HopmupoBounblii o6bem V He Boimea B KOHeuHbIH oTBeT. Tor xe
oTBeT OblJ1 6Ll MOJyYeH W NPH APYFHX HOPMHDPOBOYHHIX YCJOBHSAX,
He coZepkamux obnvem V,

Ecau crankuBamoluecs MyuYkH He KOJJIHHeapHH, yAoGHee pac-
CMaTpHBAThb HENOCPeACTBEHHO YHCJAO COOBITHH B €1HHHIY BpeMeHH
dN/dt, xotopoe Haxoautcs u3 (7.36) M OKasmiBaeTcss pPaBHBbIM

dN M
G = axo, (00, (x, ) § 7 1 90y, P 2y X
i mdp, MdP,
X8 (Pr— Py pr = P) i B @y g

31ech pe(X, ) 1 pp(X, {)—UHCIO 3/JEKTPOHOB U HPOTOHOB B E1H-
Huue o0beMa; 5TH BeNHYHHB NMOABHJIMCH B3aMeH JBYX (hakTOPOB
(1/V), Kotopnle HOpMHDYIOT BhipakeHue (7.36) Ha eAMHHUHYIO Be-
positHOCThL B oObeme V.

Kak yxe roBopujocs, BoipaxceHue (7.42) oTBeuaer mepexomy u3
3a/laHHOTO HAYaJIbHOTO CIMHOBOrO COCTOSIHUS JEKTPOHA H NPOTOHA
B 3ajaHHOe KOHeuHoe. Ecau nmosnsipusauMy He PErHCTPUPYIOTCA, Mbl
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JOJKHBl [POBECTH YCPeAHEHHe IO HAyaJbHBIM CIHHOBHIM COCTOS-
HHAM H CYMMHpPOBaHHE IO KOHEUHbIM. B pesysbTare noJyuum

_ 9 1 _ ez ~ 2
| My =7 Z |U(Pf, s yru(p;, St)mu(Pf, Spvuu(P;, Sl =

Sf’si'sf'sz
Lo (pstm) (B +m) (Pr+ M) (P 4+ M) ¢!
=Zsp om W om vy S oM Yu oM Yv (¢%)?

Bblunc/eHde MepBOrO cJjejla ¢ HCIOJb3CBAaHHEM TeopeM, MPHBE/eH-
HeiX B § 25, naer

ﬁf -+ m) " (pt -+ m)

Sp ( om Y om vy 4m2 SP(PN“P;Y +m Yu\’v)_-

= W[P?PY + pin} — g (py - b, — m?)].

Bropo#i cnein HMeeT TOT Xe BHA, U IOCJE HEKOTOphIX aJjrebpanye-
CKHX NpeoOpa3oBaHHl MoJjyuaeM CJAeAVIOHIHHA KOHEUHbI# OTBer:

| Dy P = -grmyrome [Py - ) (P - p2) + (Pr - p) (Py - pp) —
—m?(Ps - Py — M (p; - p;) + 2M*m?). (7.43)

CeyeHHe paccesiHHSl HEMGJ/APU30BAHHBIX UYACTHIl NOJydYaercs MOI-
CTaHOBKOH 3TOro BeipaxkeHus B dopmyay (7.42). TlonesHo Bbiuuc-
JUTb do B JabOpaTOpPHON CHCTeMe, B KOTOPOH HayaJbHbIH MPOTOH
nokourcs. B »3Toli cucreme umeeM p, = (E’,p’), pi=(E,p) u
P;=(M,0).

Urobbr HaliTh AuddepenuralbHOE cedeHHe pacCesiHHsl 2JeKTpoHa
B 3JIeMeHT TeJIeCHOro yrjaa d€’ B HanpaBJeHKH, 3aJaBaeMOM [0-
JSpHBIM yriaoMm 0, npoBelem HHTErPHPOBaHHe IO (PAa30BOMYy MpO-
CTPaHCTBY, BOCNOJb30BABMIHCL paBeHCcTBOM (7.40). 3anucas d3p’ =
= pdp’ dQ = p’E' dE’ dQ’, nonyuum

dé 2 m*Mp’ dE' | & 2
do 2\ B, s (PE— M) 0 () X
X 8 (P + p — Py — p) =
2 ’
— e BT P (7 — Py — ) — M8 (P4 B — ') =
M+E
2 J—
= ;2/: S p’ dE"| My, PO(2m* — 2(E" — E)M — 2E’E 4 2pp’ cos 0) =
M

m*M p’ | My |2
= 2 l/ 7 ’ (7-44)
4t p M4 E — (pE’/p’) cos B
npHYyeM YCJOBHE COXPAHEHHUsl SHepPruH, Bhlpaxkaemoe O-hyHKUHEH,
UMeeT BHJ

E'M-A-E)—p'pcos®=EM -4 m?, (7.45)
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‘A JI [OJy4YeHHA KOHEYHOro OTBeTa Mbl BOCHOJbL30BAJUCDh C])OpMy"
ot { dx 8(F (x) =1 df (o).

Ec/in sneprusi 3neKTpoHa MHOTO MeHbIlle Macch npoToHa, E & M,
mbl, npenebperas E/M <« 1, BHOBb NDHXOAHM K M[pexKHeMy Pe3yJb-
TaTy [Js pAaccesHdsi B CTATHUECKOM KYJOHOBCKOM NoJe. B 3TOM
npelenbHom ciayuae (7.44) nepexonut B dopmyay Morra (7.21):

Ao m? g5 o E
2o =1 | b <
a ycaoBue (7.45) paer E' = E.
N3 (7.43) umeem

J— 8n2a2
| Smfi |2 = mq"

(2E* 4 m® — p; - po), %<< L.

Ecaun otpaua npoTOHA CTAaHOBHTCH CYHIECTBEHHOH, 3J€KTPOH
MOXXHO PaccMaTpHUBaTh Kak YJAbTPapeNssTHBHCTCKUN H NpeHebperaTb
monpaBkaMu Mo macce sgektpona. M3 (7.43) u (7.44) BHAHO, UTO
Jgunefinple (M BoOGuie HeueTHble) 4YjeHbl 10 M/E OTCYTCTBYIOT, Tak
yto nonpasku umewT nopsaaor (m/E)2. TlpeneGperas sTumu M0-
npaBKaMu, HMeeM

do __ m? E'JE
dQ’ T 4m® 1+ (2E/M)sin? (/2

S P E <L

Boluncasisi B 3TOM npefedbHom cayuae |[My;|2, yro6uo 3amucatb Py
B Buie P;= P;- p;— p;, uto nmaet

— . 8'22
| Dg; P = —rsmr [2P; + ps Pr - Pi + Pi - s (P v py— Py - py— MA)] =
m2M2q

— Sn*a’EL” [2 + 95in2 2 (_ e ] —
m*16E2E"? sint (6/2) 2 2 M2

_ a’a? 9 0 g* .. o 9) m

= PEE s (02) (COS 5 "o sity ), <L

rae §2 = (p;— p:)? = —4EE’sin 2(0/2).
Takum o6pasom, auddepennnaspHOoe ceyeHHe pPaBHO
dé __ a?  cos? (08/2) — (¢%/2M?) sin® (8/2) m
Q= I St ) T+ QEM st @0 £ <l (7.46)

3mech MBI BOCHOJB30BaJHCh cooTHoweHweM (7.45) B npefede
m2—>0:
E'E(l —cos0)= M(E — E’).

®opmyaa (7.45) nosyueHa B HPeANOJOXKEHHH, UYTO MO CBOHM
CcBOHicTBAM INPOTOH MpejicTaBJsieT cOOOH TAXe bl 3JeKTPOH ¢ Mac-
coii M. Oanako Takoe ONHCaHHe FABJSETCHA HEMOJHLIM, MOCKOJLKY
OHO HE YYMTHIBAET CTPYKTYPY MPOTOHA M €ro aHOMAJbHBLIH MarHuT-
HBIl MOMEHT, T. €. CBOWCTBa, HMelollHe ME30HHYIO nmpupoay. Bojee
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IOJIHOE ONHCAHHe NpoToHa TpeGyer usmeHenuit B dopmyae (7.46),
KOTOpblE CTAHOBATCS CYIECTBEHHbIMH [IPH BHICOKHX JHEprusix, npe-
BHILIAIOWINX HECKOJbKO coTeH Mss. Mbl ellle BepHeMCAa K 3ITOMY
Bonpocy B ra. 10.

§ 28. MNMonpaBku BeICHIUX ANOPSIAKOB
K PAacCesiHHIO 3JCKTPOHOB MPOTOHAMH

TIpoBeieHHOE pacCMOTpeHHe pacCesHHS 3JEKTPOHOB NPOTOHAMH
cOpaBelHBO TOJNBKO B HAMHH3IIEM HeHcuesalouleM MNopsike mo el
Uro6Bl MOMYUHTb MONPABKH cjedylolero, 6ojsee BLICOKOro MOpsiiKa
no €2, Mbl JIOJI)KHbl BEpHYTbCSl K BhipaxeHuo (6.57) u paccMoTpeTs
aMILJIUTY/y BTOPOTO MOPSAAKAa HO B3aHMOJEHCTBHIO MEXIy 3JEKTpO-
#HOM u nporoHoMm. OHa JaeTcsi BblpakKeHHEM

S =—ie’ { d'xd'y B () AW Sp (x — ) AW) ¥: (1), (7.47)

rae, KaKk M mpexjie, 3JEKTPOMArHUTHLIA MOTEHLHAJ cO3JaeTcs TO-
koM npotoHa. Uto6pl ycTaHOBHTH GODMY 3TOTO TOKa, MOCMOTPHM,
KAKOB BHJ TOKa 3JeKTpoHa Bo BTopoM nopsike. ®opmyna (7.47)
onuckBaeT B3aumonefictBhe 3toro toka ¢ Au(x) n Av(y). Kak u
B mepBOM nopsjake (cm. 7.35)), ammantyna S7? nmonxkHa GHITH CHM-
METpHYHOIi 10 TOKY 3JeKTpoHa H mpoToHa. Tok 3JeKTpoHa BO BTO-
poM TMOpPAAKEe HMeeT BHA

iy (VS e — ) v D =B @D { | X 00— 50 V(D) hay) —
= X 80— %)% (9% (&) } vt ()
n, p<0

MuoxuTeab i Heo6X0AHM AJA TOro, 4ro6n TOK BO BTOPOM MOpPsJKe
MOXKHO ObIJIO MpeACTABUTbH KaK JHHeHHYI0O KOMOHHAUHIO MPOH3Be-
[eHuil AByX TOKOB nepexona. Onupasch Ha NOJOGHble HAaBOASIIHE
coobparkenus, sanuiem, cieaya (7.31),

4,0 A (=6, | d*w d'z D (x — @) Dp (y —2) b7 (@) v, X
><{ 0w, — 2,) W2 (@) B2 (2) —

ni pe>0
o Z 0 (zo - wo) $7 (w) Pr (2)} v 7 () =
n; Pe<0

—ie? S d'wd'zD ,(x — ©) D, (y — 297 (@), S5 @ — 2) v, 07 (2). (7.48)

3nech Dp(x — w)Dp(y — 2) npeacraasioT coboit pefHMaHOBCKHE
nponaratopbl A/sl ABYX BHeWHHX (OTOHHBIX JUHUH, H300paKeHHBIX
ga puc. 7.4,q.
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@®oTOHB pacHpPOCTPAHSIOTCS MEXKAY IJEKTPOHHOA 4 [POTOHHOM
BepUIHHAMU, H300paK€HHHIMH B BHIE TOUEK, KOTOPLIM OTBeyaloT
haKTOpLl ey, U epyy COOTBETCTBEHHO. BHYTpenHUM 3/1IeKTPOHHOH H
NPOTOHHOIN JIMHUAM COOTBETCTBYIOT (EPMHOHHbIE MPONAraTopbl

e %

Z@-w)

Se(@-9) §Pw-2)

€7 G284
2VaVaVaVaVaVaValal

Ir(y-2)

@)

p)‘" Sp ﬂe'l‘s;’

Pis 8¢ '01'1’52
(®

g

Puc. 7.4. Brnax yeteprToro mopsika B MeKTPOH-IPOTOHHOE paccesiHie.

Sr(x—y) u SF(w—2). Takum 06pa3oM, Mbl KMEEM [PHMEpP COOT-
HBeTCTBHA MexXAy Juarpammamu (efinmana u sJeMeHTaMu S-mart-
PUUBbI, 3aNHCAHHBLIMH B KOOPAHHATHOM MNpeacTapaeHud. UtoGul no-

JY4uTb NOJHOE BhIpaxenue st SfY, Heo6X0AUMO A06aBHTb B 1PO-
TOHHBIA TOK elle OAHH 4JeH, OTPaXalounil HepasJHYHMOCTh ABYX
boToHOB. DyICKTPOH, B3aUMOAEHCTBYIOUIUI ¢ (OTOHOM B TOYKE X, He
pasnpyaer, HCOYCTHJACA JIH 3TOT GPOTOH H3 TOYKH W WJH 2, U HAPAAY
¢ npoueccoM, H300paxkeHHHIM Ha pHC. 7.4,a Caefyer yuMTHBATb
npouecc, MOKa3aHHHIA Ha puc, 7.4, 6.
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©oTonHble (heIHMAHOBCKHE PONAraToOphl 00ecneynBaoT pacnpo-
CTpaHeHHe Blepe/ BO BPeMEeHH TOJbKO HOJOXKUTeAbHbIX yactoT. On-
HAKO B3aHMOJEHCTBHE COJNEPXKHT BCe Pa3JjHuYHLlEe YIOpsAOdYeHUs1 de-
TBIpEX TOUEK X, Y, W H 2 BO BpeMeHH, U (POTOH B TOUKE @ MOXKET
ObITh KaK MepBbIM, TAK H BTOPbIM HCOYUEHHBIM HJH NOIJIOHIEHHBIM
3/71€KTPOHOM.

Ias cuMMeTpH3aUuu epeMeHHbIX [ABYX Hepa3/IHYUMbIX (OTOHOB,
KOTOPBIMH OOMEHUBAIOTCA 3JEKTPOH U NPOTOH, Mbl Jo6aBuM K (7.48)
wiIeH

ie} S d*w d*2 Dy, (x — 2) D, (y — @) Bf (@) v,S5 (@ — 2) v, 37 ().
Toraa (7.47) npunuMaer BUA
St = e’} | dix d'y d'w d'2 By () vuSr (v — ) vobi (9) X
XDy (x — ) D (g — 2) B () ¥v'Sh (w — 2) y"¥7 (2) +-
+ Dp(x—2) Dy (y — @) ¥ @) ¥'S} (@ — 2) v'9] ()} (7.49)
O6a unena B (7.49) yHOBJIETBOPSIOT ONHHM H TeM e MpaBuiaMm
NOJYYeHHsT 3/1€MEHTOB S-MaTpHuibl B KOOPAHHATHOM 1Ipe/CTABJEHHN
H3 COOTBETCTBYIOUIHX auarpamMm Pefinmana.
3ameTuMm, uTO CHOPMYJUPOBAHHBIE HAMH M[paBHIAa COAEpPIKAT

NOKa HeACHOCTb ') B OTHOLIEHHH MHOXHTeJel i. Mbl comocTaBJsiH
S-maTpuue obwuH MHOXKHTeAb (—i) H, KpOMe TOro, 3aMHCBIBAJIH

IIPOTOHHBIA Mponaratop S§ ¢ MHOXKHTeseM i. B BbICIIMX MOpAAKax

BCeM IPOTOHHBIM IpornaratopaM Sf OyjeT NPHIHCHIBATLCS MHOXKH-
TeJp [ O TeM XKe NMPUUHHAM, 4TO H B pa3obpaHHOM mpuMepe. Mox-
HO BBecTH eA¥iHOe NpaBUJO AJs BceX (PEPMHOHHBIX NPONAraTopoB,

eCJId COMOoCTaBAsATh iS% kax ol 3JIEKTPOHHOM JIUHHUH, a Kaxjoil Be-
JHUHHe A TpUNHCBIBATH MHOXKHTeNb (—i), T. e.
— ieASpeASy ... eA=(—ieA)iSp(— ieA) ... (— ieA).

Toraa obmuft MHOXKUTENb (—i) BoMHaer B JHIIHIOKW (O CpaBHe-
Huo ¢ Sr) BenunuuHy A. Takum o6pasom, Kaxiof BepliMHe y* Ha
3/J1eKTPOHHOH JIMHHH Mbl IIpHAHUCHIBAeM ¢akTop (—i). MOXKHO Takxe
COIOCTABUTb (—I) KaXJOH NPOTOHHOH BeplIHHEe, eCAH KOMIOEHCHPO-
BaTh 3TOT MHOXHUTeb (aKTOpOM i mepel, KaxKAblM (POTOHHBIM HPO-
nararopom Dp. Toraa Mbl nosyuyaem eadHoe HPaBHJIO OTHOCHTEJNbHO
MHOXHTeJed [ (—i) oTBeyaeT Kax/0¥ BepiInHe, a i — KaKJIOH Ju-
HMM Ha Juarpamme. B janbHefimem Mbl OyieM CJAeL0OBaThb 3TOMY
IIpaBUIY.

JLas npakTHYecKUX BbIYUCAEHHH yAOOHO HepelTH K HMIYJAbCHOMY
rpeacrasjenudio. Jas 3Toro npuMeruM npeobpazoBanue Pypbe Ko
BceM ¢urypupyiomum B dopmyae (7.49) Beauuunam. [lpennosa-

1) [ast ycTpaHeHHMsi BO3MOMKHBIX COMHEHHH OTHOCHTE/bHO OOLIET0 MHOXKHUTENf,
paBHEOTO 2, PeKOMEH/yeTcsl PellUTb 3ajauyy 2 B KOHIEe 3TOil ryiaBbl.
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raercsi, UT0 BOJIHOBbie (DYHKUHH BHEIIHHX 4acTHL (T. e. HAYa/JbHBIX
¥ KOHEUHBIX 3JIEKTPOHOB H TPOTOHOB) ABJAAIOTCS [JIOCKHMH BOJI-
Hamu, Kak B (7.2), (7.3) u (7.34). Torna, nanpumep, nepBuil uJieH
B (7.49) nepeiizer B

2 dtqy diq. dip d'P e~ in-(x—)
v dix diy d*z d*w
S e /\/ /\/ fg (20)* (2m)* (2m)* (2n)? qflz T ie X

e~ iq(y—2) [ ipgex i e—ip(x—1 ) —ip;y
JENR 1 (ps, Sp) YuTmYVU(Pi, Si)e ]X
—iPw—2) ,
PGP Y u(P,, S; ‘”’i'z]. 7.50
X [ (P, SHV AP, S (7.50)

[IpoBenem HHTErpHPOBAaHHE MO BCEM NPOCTPAHCTBEHHBIM KOODJHMHA-
taM. MuTerpupoBatue no kaja0# H3 MPOCTPAaHCTBEHHBIX KOODAHHAT
paer MHOxHTenb (2m)* uw 8-pyHKuUUIO, BBIpaKalollyld COXPAaHEHHE
IHEPrHH-UMINYJIbCA B BeplllMHe, OTBeualolled 3TOH KoopjanHaTe. [la-
Jee MOKHO MPOHHTErPHPOBATL MO HMIMYJbcaM; B peaynabrate (7.50)
npnmeT BUJ

dq

V2 /\/Ef /\/ &8, @) & Pr o pr— Pe— p)S 4q—l]-za><

1
Xm[u(m, S Vu 5 —a —mFis Yot (ps, Si)]x

1

ia(Ps, S;) Y =
X[l( A T
rae, KaK W Opexiae, § = p;— p;.

O6parute BHUMauue Ha 8-QpYHKIHIO, OTPaxalomyo oOLHi 3aK0H
COXpaHEHHS JHEPIHH-HMIYJbCa, W Ha HHTeIPHPOBaHHe MO 4-UM-
nyJabcy ¢, TEKYUIEMY BJOJb 3aMKHYTOH NeTin (peAHMaHOBCKON AH-
arpaMMbl B HMINYJAbCHOM [pPeiCTaBJeHHH, H300pa’keHHOH Ha
puc. 7.4, 8. MuoxuTenn (2m)* COKpaTHJIHCh, 32 HCKJIKOYEHHEM O[-
HOI'O, CTOSIUIErO NMPH UYETHIPEXMEPHOH O-QYHKUHH, H KOMIEHCHDYIO-
mero ero MHOXHUTeAs (2m)~*, BXoAsiliero B HHTerpaa mo diq;.

MOHO YCTaHOBHTb COOTBETCTBHE M€Ky BCEMH OCTAJbHBIMH BbI-
pakeHHsIMH, BXoAswHMH B (7.51), u delinmaHoBcKOH AuarpaMMon
nof06HO TOMY, KaK T0 GhLIO CAeJaHO [JIsl AHAarpaMMbl HH3IIEro o-
psAlKa, NoKa3aHHOH Ha puc. 7.3. Kaxnad BepuIHHA BHOCHT MHOXKH-

TeJib —Iieyy, a Kak/Jad BHeUIHAS 4acTHUa — MHOXHTEJb 1/m/E Ho-
BHIM 3Jech siBAsercss ¢arrop i[p— m 4 ie]-!, KoTopuii B MaTpuu-
HOM MOpSIAKE CTAaBHTCS MeXKAY BePIIHHAMH H OpeJcTaBiaser cobol
IponaraTop, OTHOCAIMACA K BHPTYa/ bHOMY NPOMEXYTOUHOMY cep-
MHOHY.

JlocTtaTouno HeGONBIIOrO ONbITa, YTOOHI HayuHTbCH, rIsias Ha
3ajanuyo auarpammy PefiHMaHa, cONOCTaBHTEL eHl BEIpaXKeHHe THMA

vou (P;, so], (7.51)
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(7.51). Amnmautypa auarpammbl  Qefinmana, H300paxeHHOH Ha
puc. 7.4,2, otmuuaerca or (7.51) samenofi 6s0Ka, OTHOcCsHleroca
K MOPOTOHY, Ha

_ 1
P v —
a(Ps, Sphv 5

—G—M+ie

OxkonuaTeiibHoe Bbluucienue amnautyn (7.51) u (7.52) He
SBJISETCH TPHBHAJBHLIM; OHO TpeOyeT 11pOBefeHHs] CJAOAHOrO YeThl-
[eXMepHOro HHTerpHpoBaHHs. B cTaTHueckoM MmpejeJe, Korga Ipo-
TOH paccMaTpHBAeTCs KaK TOHeUHBIl KYJOHOBCKHH HCTOUHHK, HHTe-
rpaa 6w Boiudcaen JHamuuem [60]. B stom ciayuyae BO3HHKEIOT
TPYAHOCTH, CBf3aHHbIe ¢ OECKOHEYHBIM DAajaHycoM KYJOHOBCKOTO
B3aumoeiicTBUsA. Mbl He OyeM NPOBOJINTL AaJbLHEHIIHX BBIUHCACHHH.

vu (P;, S)). (7.52)

§ 29. Topmo3Hoe U3ayueHHe

MoeT oxasaTbesl, YTO OJHH H3 JABYX KBAaHTOB, Y4acCTBYIOLIHX
B o6MeHe, H300paskeHHOM Ha pHC. 7.4,8 U 2, YIOBJETBOPsIeT ycJo-
suio finmtefina ¢2 = 0. Torna oH MoeT ObITh HEMYILIEH B BUJe
¢BOGOJHOrO H3JyYeHHs, HAa3bIBA€MOI'0 TOPMO3HBIM. s H3ydeHHS
BJAHSIHHS, OKa3bIBAEMOro TaKUM B3aHMOJIeHCTBHEM C NOJieM H3Jyue-
HHf Ha [POIECC paccesHHsl, Mbl BHOBb BOCIO/Nb3yeMCs 3BPHCTHYE-
CKHMH CO06pakeHHs MU, OJU3KHMH K NpuBeJeHHBIM B KHHre lud-
¢da [22]. dro nosBoaHT Ge3 GOALIIOrO Tpylda MOJYUHTbL MOJE3HbLIE
pe3yJbTaThl, COBNajamuite ¢ TeMH, KOTOpble MOJNYyHaloTCs Ha OCHOBE
CTPOrOro KBaHTOBOTO PAcCMOTDPEHHSI H3JIyueHHs, H3jaraemoro B [50].

YeTelpexMepHBI NOTeHUHaM «(hOTOHa» ¢ 4-UMMy/abcoM £, W NO-
JaspH3auuei e* 3amucbiBaeTca B BHIE TJIOCKOH BOJIHEI

"

Au x, k =8__ e—tkx elkex 7.53

(r, k)= (e™th5 o et) (7.53)

riae kyk* = 0. g* ABJAAETCS €AMHHYHBIM 4-BEKTOPOM MOJIIPH3ALHH,
VROBJETBOPAIOUIHM YCJIOBHIO NMONEPEUHOCTH

gkt =0. (7.54)

CylecTByeT JiOpeHIeBa CHCTEMa OTCueTa, B KOTOPOH &H siBjsteTcs
YUHCTBIM NpPOCTPAHCTBEHHONOAOOHBIM BeKTOpPOM, T. e. &t = (0,g),
€-g == |; B NpOH3BOJIbHOH JIOpeHUeBOi cHcTeMe 4-BeKTop et mpo-
CTpPaHCTBEHHONMOAOGEH H HOPMHPUBAH YCJIOBHeM

g =—1. (7.55)

HopmupoBounas nocrosinHas B (7.53) BbiGpaHa Tak, 4YTO SHEprus
Bosinbl A" paBHa o = ko = |k|. UroGe yGeauTbcss B 3TOM, BHI-
YHCITUM

U=—;—Sd3x(E2+B2)=Sd3xB2.
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[Tockoabky
B=rotA=iE2VK* X e(e ™™ — ™) =1/2%]V Kk X esink - x
", corsacHo (7.54) n (7.55),

k*Xe - k°Xe=2-e—(k* e =e-&—(P=+1,

HnMeeMm
2
Vv

PaccMOTpHM aMIJIHTY1y paccesiHHsl, ONHCHIBAIOWLYIO H3/yYeHHE
TAaKOr0 «(OTOHa» BO BpeMs paccesHus. JJs npocTOTH BepHeMcH
K CTaTHYECKOMY MPUOJHIKEHHIO, 3aMEHHB DPOTOH CTATHUECKHM KY-
JIOHOBCKHUM noJieM, Kak B (7.4), u HalimeM S;; B HauHU3IeM HEHC-
4e3aloieM MOpsAKe Mo e.

Huarpammpl PefiHMana AJIS 3TOro npouecca, H306paxeHHble Ha
puc. 7.5, 0TBeualoT npoleccy BToporo nopsaka. Oana BepuinHa cO-
OTBETCTBYET B3aUMOAEHCTBHIO 3JEKTPUHAZ C KYJIOHOBCKHM IOJeM, a

U= Sd3xsin2(mt—k-x)=k=<o.

ke Hes ¢ B o
ke 7
| NNNNNK 22
Ditg=pp+k Zi-k=pa~g
NANNNK ZE
g
Pis & iy 8

Puc, 7.5, TopMoaHoe u3JIyuYeHHE 3MeKTPOHA B KYJIOHOBCKOM IIOJe,

fipyrasi — HCIyCKaHHIO TOPMO3HOTO KBaHTa. kcnyckaHne uanyueHHs

B MepBOM NOpsJKe B OTCYTCTBHE BHEIIHEro MOJis 3ampelleHo 3aKo-

HOM COXDaHEHHS 3Hepruu H uMmnyJbca: k2 = 0 # (p;— p;)2 << 0.
Bo BrOopoM nopsiike 3JeMeHT S-MaTpHUBI MMeeT BHJ,

Sp=e*{d'vd'y b {—if(xr, BiSp (x— p) (— 1) 47 (o) +

+ (= V) A7 (0) iSr (x — o) [— iA(y, B} b (), (7.56)
rie
Xya _ — Ze
A7 () = n x|’
a JBa ujieHa COOTBETCTBYIOT Pa3/iHYHOMY MHOPSIAKY PacCHONOXKeHHS
BepIIMH, KaK 0Ka3aHo Ha puc. 7.5.
Kak 0o6biuno, yno6uo nepeiitu B (7.56) kK HMIYJbCHOMY mpen-
CTaBJeHHIO, NPOU3Bens ¢ypbe-npeobpasoBaHde Bcex BXOASINHX B
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5Ty GOpMV.ay BEJIHUHH W HPOMHTErPHPOBAB [0 NPOCTPAHCTBEHHBIM
kKoopauHaTaM. B pesysabTaTe 3TOH, Telephb yxKe NPHBLIYHON HaM
onepamuy noaydaem

__ZeS mZ

i L
Ste=y 2 Er k= E) T A gy e e S0 X

X [("' i#) m (— ivo) + (—ivy) -m (— ié)] u(p;, s,
(7.57)

rae g = ps + k— p;. Vimeercs ellle JONOMHHTE/bHBI BKJIaA OT fep-
poro useHa B (7.53), comepxkammuit 8-pyuruuio S(E; + k— Lj).
STOT YJeH ONMHChIBAeT MOIJIOLIeHHe YHEPrHH B NPOIECcCe PacCesHHs
M He JaeT BKJala B paccMaTpUBaeMbll HaMH IIpoliecc, B KOTOPOM
HaJeTaloWH 3JMeKTPOH NepenaeT SHEPIUio MO0 H3JIYYeHHS H HCly-
cKaercss ¢ sHeprueil E;==FE;—k < E;. OTMeTHM HOBYIO YepTy,
nosiBUBIIYocs B (7.57), koTOpasi nNonoJiHseT HAamM pPACTYllHe 3HA-
Hust 0 GeAHMAHOBCKUX aMIIUTY/aX: BepIIHHE HCIOyCKaHHsi CBOOOM-
HOro ()OTOHA C MOJISpH3aUHeH &, COOTBETCTBYET MHQMKHTEJD (—ig)
u akrTop 1/4/2kV Bo3HHKaeT Kak HOPMHPOBOUHBIA MHOMKHTENb do-
TOHHOH <«BOJIHOBOH (PYHKUHHS>.

CeueHne TOPMO3HOrO H3JYYEHHs MOMKHO MNOJY4HTb H3 S-MaT-
putsl (7.57). Ml orpaHHYHMcst NpefefbHbIM cayuaem k-0, T. e.
HCMyCKaHHeM OueHb MArkoro ¢otoxa. Bojee o6uiuii pesyjabraT, H3-
BeCTHbLIl moJ HaszBaHHeM ¢opMmyabl Bere — Nafitiepa, MOXHO HaHTH
B GOJDBINHHCTBE APYruX yueGHHUKOB. B Halllem npenesbHOM cCayuae
BHIpaykeHHe B KBaAPAaTHHIX CKOOKax B dopwmyJe (7.57) mpuUHHMaeT
BUJL

. (P R+ m)y p,—k+m)e
—ii(p;, ;) [8((714_7)5_—),”20—4‘%%;:—_7)?_%]”(171', ;) =

i ( {[QB'Pf”(ﬁr_’")@]Vo

~ — ii (ps, sp) % 7,
Yo[2e-p, —&(p;—m

Y

L e py B py
== —id(p;, s5) vot (pi, S1) k—,p?"*k,—pi , (7.58)

rae Mbl npeHe6Gpery Bennuunod £ — (0 B 3HaMeHarese U Ha MOCAE]-
HEM 3Tale BOCMOJb30BaNHCL CBOHCTBaMH (3.9) AHP2KOBCKHUX CIH-
HopoB. B. npesene £ — 0 MaTpuuHBIA 3JE€MEHT TOPMO3HOrO H3Jyue-
HUST COJEPRKHT aMIIUTYAY YIPYroro paccesHHs B KauecTBe COMHO-
KuTes. UToGbl BHIYUCJAHThL ceueHue, Mbl GepeM H3 (7.57) u (7.58)
KBaapaT MOAY./f Sy, AeNHM ero Ha nortok |v|/V u na 2n6(0) n no-
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JiyuaeM CKOPOCTb Mepexoja, a 3aTeM I[1POHU3BOJHM CYMMHPOBaHHUE
N0 KOHEeUHBbIM cocTosHusam (V2 d3%k d®p;)/(2n)8, nexamum B uHTe-
pecyomedl Hac o6sacTd (a30BOro NPOCTPaHCTBa. JI1s HEmoJisAPU30-
BaHHbLIX 3JEKTPOHOB TpebyeTcs TaK:kKe NPOCYMMHPOBaTb Mo KOHeY-
HBIM H YCDEJHHTB 110 HAaua/bHBIM CIIHHOBBLIM COCTOSIHHSIM 3J1€KTPOHA.
B urore nosmyuaem

do — Z%e8m? S(B'pf &Py )2|ﬁ(pf $1) Yot (P 8;)
=%V EE, W\Fp; ~ Eop, TaT
d3k d®p;

Beigensia wieHbl, COOTBETCTByIOIIHe YIpyromy paccesuuio (7.11),
Haxonum

do do e? . € py e-p; \?
o =(dgf ) S kodk(——k.pf ~ k-pi) 0 (E;, — m — k).
(7.59)

ST0 cevyeHHe COOTBETCTBYET TOMY, 4TO 3JIEKTPOH OKaxKeTcsi B Tesec-
HOM yrae d€y, a GoToH ¢ nosspH3auued e GyAeT HCUYIEH C HM-
nyabcoM k, sexamum B uHTepBase dQ) dk. Takum o6pasom, ceue-
HHE DacCessHHsl C HCIyCKaHHeM MSrKOoro -(oToHa paszbuBaercs Ha
JABa MHOXHTEJs1, OHH H3 KOTODLIX €CTb CtueHHe YIPyroro paccesi-
HHS 3JIeKTPOHA NPH TOH K€ HEPrHH M B TOT XK€ TeJeCHHH yroJ.

M3 (7.59) BHIHO, UTO SHEPreTHUECKHH CNEKTP (HOTOHA HMeeT BHJ
dk/k, MO5TOMY BepOAITHOCTL HCNYCKaHHUs (OTOHA ¢ HYJEBOH 3Hep-
rHefi 68CKOHEUHO BeJIHKA. DTO ABJIEHHE HA3biBaeTcs «HHOPpakpacHOH
kaTacTpodoit». [ NpeonoseHHsT BO3HHKUIeH TPYAHOCTH Heo6Xo-
JHUM TWlaTeJbHbIH aHaJH3 SKCIepHMEHTANbHBIX YCJOBHH, B KOTOPBIX
HabJ/0gaeTcd TOpMO3HOe uasayueHHe. CyTh Jesia COCTOHT B TOM, YTO
1060 perucTpHpPYIOUHH NPHOOP HMeeT KOHEUHOE pa3spelleHHe 110
SHepTrHH, MO3TOMY €CJH OH JAETEKTHPYET HEYNpPYro paccesiHHble 3JeK-
TPOHb B HEKOTOPOM KOHEYHOM HWHTepBaJie SHEPrHH, BKJIIOUAIOIIEM
TOUKy k== 0, TO OH perHcTpupyer TakXKe H YOPYro paccesiHHHE
3JIEKTPOHBI.

[t KODPEKTHOrO CpaBHEHUS C 3KCIEPHMEHTOM Heo6X0AuMO
y4ecTh Kak ylupyroe Tak # HEYNPYroe CeueHHsl, BHIUHCJACHHLIE B O[-
HOM H TOM e nopsike no e2 [IcCcKOMbKY BKjaj TOPMO3HOro H3Jay-
ueHHsl (7.59) uMeeT mopsigOK e? MO OTHOWIEHHIO K BKJAaLy YNPYroro
paccesHHA, HEOOXOAHMO yuecTb B TOM 3Ke NODSAKe no 2 pajgHa-
uHoHHble nonpaBku K (do/dQj)e. [lociennue coaepxar uieHb ABYX
THNOB. Bo-nepBhIX 3TO ujeHbl, ONUCHIBAONIHE KYJIOHOBCKOE paccesi-
HHe 3/IeKTpPOia BO BTOPOM MOPsiJIKe; COOTBETCTBYIOILHe AHArPaMMBbI
QefinvMaHna uzobpakensl Ha puc. 7.4,a, 6. Bo-Bropeix, Heo6xoxumo
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yuecTb B3aHMOJEHCTBHE 3JEKTPOHA C CaMHM CcOGO# uepes moje H3-
JIyUEHHS.
deliHMAHOBCKHE JHAarpaMMbl AJs 3TOTO Ipouecca, NpHBeLeHHbIe
Ha pHC. 7.6, u306pakaloT BHPTya bHbIA (OTOH, HCMYCKaeMbIi 3JEK-
TPOHOM H BHOBb NOTJIOL[AaeMblii HM e, BMECTO TOro, 4Tobbl npo-
B3aHMO/EHCTBOBATh C KYJOHOBCKUM HCTCUHHKOM (HJIHM TPOTOHOM),
KaK Ha puc. 7.4, a. OTBeuaowas 3THM JHarpaMmmam aMmmnjaHTyla co-
JepKUT PacXOAAIHACS ujieH, KOTOPBI B TOUHOCTH KOMNEHCHPYET
pacxoaumocTh B (7.59) npu
k=0. HamM Heo6xoaumo
HAKONUTb 0CTAaTOYHO OIlbl-
Ta, npexje uem 6paTbcs 32
peleHHe CTOJb TOHKOTO BO-
7e Ze Tpoca, Kak BblUHCHeHHE
9TOH aMNJHTY AL
[Tpexxne ueM 3aKOHUHTb
obcyxaenue (hopMyJIHl
(7.59), naiinem eume ceue-
HMe HCMYCKaHHsi WMACKOTO
TOPMO3HOTO KBaHTa B HH-
TepBaJ 3Hepruu AE, koToO-
pHlli He colepXHT B cebe
TOYKY, COOTBETCTBYIOLIYIO
ynpyromy mpomeccy. HauHeM ¢ cyMMHPOBaHHS N0 HOJIApH3A-
UMM (OTOHA, AJs1 Yero BOCMOJb3yeMCs BecbMa yAOOHOH TEXHHKOI,
npenyoxennoii eifumanom [54]. 3amerHm, 4TO TOUHOE BhIparkKeHHE
(7.57) pna MaTpHUb! paccesHusi o6paniaeTcss B HyJib, €CJH 3aMEHHTD
noasipusanmo QoToHa e* Ha ero 4-uMmiyjbc k% ITO CBOHCTBO CO-
XpaHsieTcsl TakKe H B NpHOIHKeHHH MATKHX doToHOB (7.59). Ono
ABJASIETCA CJAEACTBHEM COXpaHenus Toka Ojf,(x)/dx, = 0, KoTcpoe
B HMIYJbCHOM MNPEACTaBJEHHH BHIFIAIUT Kak R,j*(k) = 0. Coxpa-
HEHHE TOKa TECHO CBA3aHO ¢ KAJIHGPOBOYHOH HHBAPHAHTHOCTBIO 3JI€K-
TPOAUHAMHKH, IIOCKOJbKY B HMIYJbCHOM [POCTPAaHCTBE KaJauOpo-
BouHOe npeobpasoBaHue uMeer BUA A (k)— Av(R)+ kA (k) u no-
6aBOUYHBI YJE€H, [PONOPUHOHAABHBEIN kM, He J[OJNXKeH MEeHSTb
KOHEeUHbI pe3yJ/bTarT.
YTto6nl BOCMOJAB30BATLCS 3THM CBOHCTBOM, 3aMHIIEM

& s e-p,\?
susv]”"=(k'pf — k-p:) (7.60)

Puc. 7.6. PaanannonHble IONPABKH K KYJO-
HOBCKOMY DacCesiHHuIo,

u Bbi6epeM CHCTEMY KOOpAMHAT, B KOTOpo# kM == (k% k!, 0,0), rae
k! = k¥ = k. Tak kak Besnuuna (7.60) sBJAsieTcs cKaJsipom, ee
MOXKHO BBIUHCJ/SITb B NPOH3BOJILHOH JODPEHIEBOH CHCTEME OTCYETa;
B YaCTHOCTH, Mbl BbiGepeM TakKylo CHCTeMY, B KOTOPOH CKaJspHbIH
nortennuan B (7.53) obpamaercs B Hysab, A%(x)=0. B sroii cu-
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cteame noteHuuan A(x) nomepeueH W B COOTBETCTBHM ¢ (7.9%) i
(7.55) MOXKHO 3ajaTh ABe TonepeyHple NOJSPH3ALUH B BHAE

etV =(0, 0, 1, 0),
e®=(0, 0, 0, 1).

Cymmupys (7.60) no noasipusauusm, HMeeM
3
uv __ j22 33 __ 700 11 W
Dee g == — 3
pol u=0
TTockobKY, KaK OTMeuaoch Bullie, kyJ"Y = k" =0, 1o I =",
v0 vl 00 n
JV=J"" u, caepoBarenbro, /- =J . Orcioma nosnyuaem
uv
Z gueyl" = — Jis
pol
r4e Mbl BHOBb BEpHYJHCh K TMPHHATOMY paHee COTJIALIEHHIO O CyM:
mupoBanud. CyMMa 0 NMOJspH3aUUAM NpHoOpesa siIBHO KOBapHaHT-
ublél BuA. [lonyuennas gopma 3allHCH sBJIsieTcss BecbMa oOuied; oHa
OCHOBaHAa TOJIBKO Ha COXPaHEHHH ToKa. TakuMm obpasom, ecid a
H bR — coxpaHsliomuecs TOKH, T. €. k-a(k)=k-b(k)=0, To cym-
MHUpOBaHUE 110 MOJSPH3AUHAM AaeT

2le, (B)a* ()] Les (k) 67 (B)] =—a - . (7.61)

[Tpumenss (7.61) x (7.59), nonyyaem cevyeHHe TOPMO3HOrO H3-
JYUeHHs, NPOCYMMHPOBaHHOe 1o Noasipusaunsm. MHrerpupys mno
BCEM yrJaaM BbiieTa (OTOHA M SHEPrHsAM B HHTEpBaJe 0 < bmin <<
< k << kmax € £, noaydaem

kmax

do do a S 2ps - p, m? m?
S (o) R kddeQ [ Lo _ ]=
oy =(am), W 0 e e A TN

f f

min
(dc o Rmax S ko Q(I—ﬁf'ﬂi)
= m)el;ln km[n 4n [(]_ke.ﬁf)(l_ke'ﬁi) -

m? m?
—_ E?(l —ke-ﬂf)2 - E%(l —ke'ﬂi)2], (7.62)

rie P; ¥ By — HauaJbHas M KOHEUHass CKOPOCTH 3JI€KTPOHA, NPHUEM
Bi=P; =P B npene bHOM cJayuae MATKOro ¢otoHa u Bi By =
= B2 cos Oy aas paccesiHus Ha yroa 6y HurerpupoBaHue AByX IO-
cJeaHHuX uienoB B (7.62) mMpOHU3BOAMTCS 3J€MEHTapHO!
f
dQp m? _m? S 1 1 -
S In EE(1—p -k E? )2 der—gar = I-
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Tlepsbiii MHTErpaa Jierko OepeTcs ¢ MOMOLIbIO ADPYroro fpHema,
takxke BBedeHHOro PeiinmanoM [54]. O cOCTOHT B napaMeTpH3aLUH
MOJILIHTErPAJbHOrO BbIpaXKEHHs] NyTeM JONOJHHTEJbHOrO HHTErpH-
POBaHHs coryacHo opmyaie

1

1 dx
E)_=OS [ax+b6(1 —x))? - (7.63)

[Mpumenenue 3TOro mpuema jaaer

QSdszk 1 —B -8, _
47 (1——ke'5f)(l_ke'ﬂi)_
|
B B " dQg 1 .
__2(1 ﬂf B‘)des 4n [l—ke'(ﬂfx‘l‘ﬂg(l—x))]z -

0

1
1
=2(1—B; - B) | dx T =
AU OS T—[B;x +B,(T—%)]

1
R F sz @) x (I —x)]

1
=2(1-—62cose)gdx[
0

2 (14 gPsig)+0@),  B<1,

(S +0 (%), e

¢ =(p;—p)y~— 4E28in2%.

TakuM 06pa3oM, ceYeHHe TOPMO3HOTrO H3J/yuyeHHs MSTKHX KBaHTOB
paBHO

4 0 . .8
do (do) 20 | fmax + F*sin’ 5 + O (B, NR,

9 \a@ )y w0 " R e . (7.64)
1 i ln( g)—-l—l—O(%), ER;

m

ajlecb nepBOe BHIpaXie€HHe CNPaBeMJHBO [ HEpeJATHBHCTCKHX
(NR), a Bropoe ans yabrpapeisaTHBHcTckux (ER) 3/1eKTpOHOB.
UTo6bl MOJYUYHTb KOHEUHBIH pe3yJabTaT INpH Rmm—>0, dopmynay
(7.64) Heo6xonuMO OOBeAHHHTb ¢ GOPMYJOH [ PaAHalHOHHBIX

NonpaBo K (ﬂ)
paBok aaly
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§ 30. KomnToHoBCKOe paccesHue

Tenepb Mbl MOXEM PaccMOTPeTb B3auMOJelCTBHE ¢ MOJieM TJIO-
ckoii Bosinbl (7.53) Bo BTOpoM mopsiake. Ilycts (7.53) onnceiBaer
HauaJbHLIH Magalolii (GOTOH, KOTOPHIA MNOIJIOILAETCH 3JAEKTPOHOM
B OJAHOH BepluHHe, a

1 - .
7 (7 no__ r (o =ik k' ox!
A,k )___—«/Qk’V e, (e L L (7.65)
ONHCHIBAeT KOHEUHbIH (OTOH, HCIycKaeMbli B ADYrodl BepIUHHE.
ITOT mpouecc Ha3biBaeTcsl KOMNTOHOBCKHM paccesHueM. OH npouc-
XOAMT Ha CBOGOHOM 3JeKTPOHE C COXPAHEHHEM SHEPIHH H HMNYJbCa

k+p =k + p;. © (7.66)

AMMINTY1a KOMOTOHOBCKOTO PacCesiHHsi BO BTOPOM MOpsJKe OTJH-
yaetcs oT (7.56) Tem, uto oHa coAepkHT y,AW(Z, k') BMecTO
voAsY". ToacraBass (7.53) u (7.65) B S-marpuuy BTOpOro I0-
psiAKa H Mepexons ¢ noMouibio npeo6pasoBanus Pypbe K HMMyJbe-

HOMY MOpPeACTaBJECHHIO, MOJYUHM

KOMIIT 2 2 1 , _
o — A OO g+ K — p— Ry, $7) X
X [(— ié')ﬁi—_l_ki—_—m- (— &) + (— i8) m (— i@')]u(l?i, 5i)-
(7.67)

CootBeTcTBylouHe auarpaMMel @efinMana H306paxeHb Ha pHc. 7.7.
B (7.67) onyweHbn TpH [06aBOYHBIX UJeHa, KOTOpbie OTJIHYAIOTCH

A&
’ brr e 5
]{,/8, p/’; Cal
4
Zitk=peti’ -k =gk
r .
\ k&
k& Pi; 8¢ Pis S;

Puc. 7.7. KoMnToHnoBcKoe paccesiHHe.

an6o 3HaroM k, qubo k’/, aubo, HakoHen, 3HakaMu Rk u k', JIBa u3
HHX 0GpallaloTcsi B HYJb, MOCKOJbKY COAEPKaT YEThIPEXMEpPHYIO
8-pyHKIHIO, HAMArawllylo CJAeAyIolUIe YCI0BHS Ha 4-HMIYJAbChI:

pt=pf+k+k,1 pf=pt+k+k,v

KOTODEIM HEBO3MOXKHO YIOBJETBOPHTb. DTH YCJOBHS COOTBETCTBYIOT
KHHeMaTHuecKH 3aNpelleHHOMY TMpoleccy pacmaja cBoboasoro
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3JIEKTPOHA Ha CBOGOAHDLIH 3JIeKTPOH H ABa doTona. B TpeThem ujieHe
¢ mepecTaBJieHHBIMH k H k' TpelyeTcs BHIMOJHEHHe YCJOBHs k' -+
+ p: = k + p;, koTOpPOE OTBeuaeT mepexody (OTOHa B pesy/bTaTe
paccessHUsi U3 HAYaJIbHOTO COCTOSIHHS ¢ 4-HMMYJbCOM k' B KOHEUHOE
¢ 4-uMoyabcoM k. 3TO KHHEMaTHUYECKOE YCJIOBHe HE MOKeT OBITh
BHINIOJIHEHO COBMECTHO ¢ (7.66), nostoMmy JAaHHHI 4ieH Takxe H0J-
XeH 6pTh or6pomen. Ocrtapienusit B (7.67) ujeH BO3HHKaeT H3
caaraeMoro e~i¥* B (7.53), KoTopoe OTBeuaer MNOIJIOMEHHIO B
Touke x (oToHa ¢ 4-HMmyabcoM k¥, H u3 ciaaraemoro etk x p
(7.65), cooTBeTCTBYIOUIEro HCNMyckaHHIO B X' (GoOToHa ¢ 4-HMIYJb-
com £’

3amerum, uTo BeipaxenHue (7.67) mas Si"" CHMMETDHUHO OT-
HOCHTEJIBHO MepecTaHOBKU

k,e<>—Fk, ¢

OTo CBOHCTBO H3BECTHO KaK Kpocc-cuMMeTpHsl, JlaHHas CHMMeT-
PHSl ABJAseTCS TOYHOM BO BCeX NOpsAKax no B3aumopelictuio [50].
Ona wrpaer Ba’KHy1l0 poJib B (U3HKe 3JeMeHTapHBIX 4aCTHI.

Boiuncsienue cedeHHs] KOMITOHOBCKOTO paccesiHHsi MPOM3BOAHTCA
o ye 3HAKOMOH HaM cxeMe; €JIHHCTBEHHas cepbe3Has TPYAHOCTDb
3aKJjJouaercs B cnuHopHoH asnrebpe. CeueHne paccesHus dg moJay-
yaeTcs Bo3BeJeHHeM aMnauTyabl (7.67) B KBajgparT, Ae/eHHEM ee Ha
(27)46%(0), B pesynbTaTe 4ero NoJsyyaercss CKOpOCTh Nepexoja, Ae-
JeHHeM Ha MOTOK Najaloilux uyactuy |v|/V ¥ Ha uuc/io uyacTum B
eauuule o6bemMa MumieHH 1/V M, HakoHelu, CYMMHpOBaHHeM 1o ¢a-
3oBomy o6bemy [V?/(2r) 8] d3p;d®k’:

etm S mdips &K \ )
dc:(Qﬂ)22kEiIVI Ef 2K M(prt+k —p;— R X
X a(ps, sp(e 1 g & 1 e ulp,, s) 2 7.68)
. ﬁi+k—m ﬁi_ﬁ'__m

B s1a6opaTOpHON cHCTeMe, B KOTOPOI 3/JEKTPOH MOKOHTCS, BEJH-
uyuna m/kE;|v| ectb npocto 1/k. FHTerpas no umnyJbcy 3JeKTPOHA
OT/lauH ¥ MO TEJIECHOMY YIJy paccesiHHOro ¢gotoHa dQg, B Halpas-
JeHHH yrja paccesiHHs 0, B Jab0opaTOpHONi CHCTEME BBIYHC/ISETCSH
¢ nomoipbio paBenctBa (7.40):

¥ dE mdp
dQyp S —gkl—Tf*fé“(Pf'i- k' —pi— k)=

— mae \ ¥ dR 10k + py — K — 18 (k4 m — k) =
R4+m °

42
= mdQy S R dkS[2m(k — k') — 2kk’ (1 — cosB)] =% dQy, (7.69)
Q
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rae k' n k cBsizaHu ycjoBueM KomnToHa, HagaraeMbim O-¢yHKuHeH
B (7.69):
k- k

’ = —
k= 14 (k/m) (1 — cos 0) 1 + (2k/m) sin? (0/2) ° (7.70)
®opmyaa (7.68) npHHEMAaeT Tellepb CJAeAYOIHUH BHA:
ﬂ—— 2 i’ 2| - a’ 1 n
a2 ° (k) i(py, Sf)(8 T Eom &+
to——— é’)u(p:, s)f. @)
p;— E—m

Ona gaer auddepenunalJpHOe ceueHHMe AJs1 ChAyuyasi, Korja 3Jek-
TPOHBI U (POTOHHI MOJISIPH30BAHBl KaK B Haua/ibHOM, Tak W B KOHeU-
HOM cocTossHUSAX. CIHHOPHYIO CTPYKTYpPY MaTPHYHOIO 3JIEMEHTa
MOYKHO YIDOCTHTD BHIGOPOM crenHaibHOH KaJHOPOBKH, B KOTODOH
HadaJbHBIH ¥ KOHeuHBl (QOTOHEI MONEepeuHo MOJSPH3OBAHHL B Jia-
6opaTOPHOH CICTeMe OTCuera, T. €.

e=(0,8), & k=0,
eV =(0-¢), & -k'=0.

[Tpu takoM BbGOpe ¢-p; = ¢’-p; = 0 ¥ CNHHOPHAs yacTb MaTpHu-
HOro 3JIeMeHTa CBOJHTCS K

_ L bt Ekt+m  p—E+m
i(py, Sf)(el TR A ey & Julps, )=
14 14
8¢k ek

=“_ﬁ(pf, Sf)(Qkpt + 2k"pi)u(pi1 Si))

P Al

rie Ml mepectaBuau &€ U &’ cpaBa HaJeBO M, KakK U npexje, Boc-
NOJb30BAJHUCh CJENYIOUMM CBOACTBOM JHPAKOBCKHX CIHHOPOB:
(i + m)eu(pi, s;) = &(—p: + m)u(ps, si) = 0.

[MoacraBasiss moay4eHHslii pesysabtatr B (7.71), cymmupys no
CIIUHOBBEIM COCTOSIHHSIM S; KOHEUHOr'O 3JeKTPOHA M YCPeIHAs no Ha-
YaJbLHBIM CIIHMHOBBIM COCTOSIHHAM §;, NMoJydyaeMm ¢ nomouieio (7.13)
ceueHHe JJs1 HENOJsipH30BAaHHOTO 3JEeKTPOHA

do 1\ do
aQ = 2 ag
isi.s;
—_—32—(5)281) pi+m ¢ &ek n gk N\ p,+m o ket n Fee
2 \E 2m % p, | 2 -p, om %-p, "% p, )

(7.72)

B sToft dopMyse MBI CTaJKHBaeMCsi cO CJeJaMH OT MPOH3BeAeHHIl
60JbIIOrO uMcAa MaTpHL y, BIJAOTh a0 BochbMu. Mmerorcss Tpu oT-
JHUYHBIX ApYT OT JApyra cJjefa, KOTOpble HEOGXOAMMO BBIUHCJUTD,
H3 UHKJIHYECKOH CHMMETpPHH cjela H TeopeMbl 6 § 26 caemyert, 4TO
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ABa NepeKPeCTHHIX ujieHa, HMelollHe B 3HaMeHaTende (k-p;) (R'-pi),
paBHb apyr Apyry. ILis ynpouieHHs CJAOXKHBIX CJIEAOB, colepxKa-
KX OAMH H TOT XKe BeKTOp 6oJiee OAHOrO pasa, OObIUHO ObIBaeT
1e1eco06pa3HO MEPECTaBUTh COMHOXKHTEIH TakKHM 00pasoM, 4ToOHl
O/MHAKOBbIe BEKTOPbl OKa3aJHCb PANOM; TOrja, MoJb3yscb paBeH-
cTBOM 4d = a%, MOXHO H30aBUThCA OT ABYX MaTpHL Yy.

C 1OMOUIbIO 3TOTO NpHEMa BBIYHCJAEHHe CIefoB B (7.72) mpous-
BOJHUTCS CJedyIoLIHM 06pas3oM:

Ty= Sp (p; + m) &8k (p; + m) ke’ =
= Sp pseakp ke’ =
(usensl, NPONMOPUHOHANbHEE M?, BHNAAAIOT, MOCKOILKY k%= ()
=Sp2k - p;pst’ekee’ =2k - p, Sp pie'ke’ =
=8k p; (k- p;+2k-e'p; &)=
(3Zech MBl BOCIOJIB30BaJIHCh TeopeMol 3)
=8k - p;[k - p;+2(k- €Y.

3aech GHIJ YuTeH 3aKOH COXPAHEHHs 3HeprHHU-UMNyabca R -+ p; =
= k’ + p;, oTKyna
7

K -pi=Fk-p; u & py==ck. (7.73)
IMompo6ubIM Ke 00Pa30M BBEIUHCJSEM CJiel
Ty=Sp(p; + m) &'k (p; +m) k&2,

KoToph#t oTauuaercss OT Ty TOBKO 3aMeHOH &, R <> e/, — k&, no-
3TOMY
To=8k - p,lk-p;—2(k -¢)].

Jlaa nmocaeaHero c¢Jefa ¢ NOMOUIbIO TeX XKe NPHEMOB HaXOAUM
Ty=Sp (p; +m) &8k (p: +m) F'¢'e =
= Sp (p; +m) &'ek (p, + m) k8’8 + Sp(k — k) &'ekp,’e'e =
=Sp(pi+m) k(p,+ m) K'e’ee’e + 2k - &/ Sp(—1) kp, k'8’ —

=0k .p,Sppik'e'ee’e —8 (k-2 k p,+8(kK ek -p, =
=8(k-p) (K - p)[2(e" - ef — 1] =8(k-&'Vk -p,+8(K &) k-p,.

[ToacTaBasisi pesy/ibTaThl BHIUHCJAEHHH c/1ef0B B (7.72), nonyuyaem
¢opmyay Kaefina— Humunw [61] aas ceueHHss KOMITOHOBCKQIQ
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paccesHHs
déa a? RN\2T R k
= (7)) [Ftew+ee -2, @7
rie k' W k cBA3aHL APYr C APYTOM YIJIOM paccesiHus corJacho (7.70).
B Hu3ko3HepretHueckom npeele k-$ 0 nojyuaem KJAacCHYECKOE
TOMCOHOBCKOE CEUeHHE

do a?
),y =

2 —
-,%'=-E_c-en72—=2810 13 cM

rae BeJHUYHHa

€CTb KNaCCHYECKHH paguyC 3JIEKTpOHA.

Ecau yroa paccesnus 6 =0, To k—> % 1 us Gopmysn (7.74) mbl
BHJIHM, 4TO JJIS PaccesiHHs BIepej ceueHHe OKa3biBaeTcsl TOMCOHOB-
CKHM [pH Bcex sHeprusx. Hakowel, 1,15 HenoJsipu30BadHBIX GOTOHOB
CeueHHE TOJYyaeTCst CyMMHMPOBAHHEM [0 KOHEUHHIM MOJSAPH3a-
UHSM &' M ycpelHeHHeM M0 HauaJbHBIM NOJSAPU3ANUAM &. DTO Tpo-
H3BOAHTCH B TOYHOCTH TaK ’Ke, KaK B KJIaCCHYECKOH 3JEeKTPOAHHA-
MHKE, H Mbl MOKEM HOSaHMCTBOBaTb OTTyJa KOHEUHBIH PEe3yJibTaT

=7 (F) (5 + 4 —sint0).

ITonnoe ceueHne HeTPYAHO MOJYUHThL HHTErPHPOBAHHEM IO TeJec-
HOMy yriy ¢oToHa. BBoas 2 = cos § u ucnoabsys (7.70), HaXOAUM
+1
na? 1

6= Sl"z{ T+ EmT—2F T

i 1 — 22
T Em T~ TrEm ) (779
[Tpy HU3KMX 3HEprusX ceYeHUe BHOBb TMEPEXOAHT B TOMCOHOBCKOE
. 8n o? P
O=3 w mH 50

IIpn BBICOKHX 3HepTHSIX TIOJIHOE CeueHHe PaBHO
- ma? 2k 1 m k
5~ g 05+ +0 (Fig)]

HoMUHHpPYIOIMM SIBJSIETCS JIOrapH(GMHUYECKHH ujieH, BO3HHKAMOLIH
OT BTOPOro cjaraemMoro B (7.75).

§ 31. AHHMIHIAUHMA 3JEKTPOHHOH Napbl B ramMMa-aydu

Ecny nosepuyrts auarpammsl QefiHMaHa AIf KOMITOHOBCKOTO
PaccesiHis ¥ PacloOJOKHTh HX, KaK IOKa3aHO Ha pHuc. 7.8, TO Mbl
NOJIyyuM APYyrofi MHTEpPECHBI (uU3HYeCKHil npottece. IJto ﬂ;Byx(‘bo,
TOHHAsl aHHHTHJISUHS 3JEKTPOH-NO3HUTPOHHOMN Maphl.
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COOTBETCTBYIOUIHHA MaTpPHUUHLIA 3JE€MEHT B HMIYJLCHOM MpO-
CTpaHCTBe C YKa3aHILIMH Ha pHC. 7.8 0GO3HaueHHSIMH HMeeT BHI

(pair) __ _€° m? J
S =y «/m@f‘)“é‘(k. k= Py =) 0(Pys 54) X

X[ g i+

" i "
+(—ig) ——F——(— &) |u s_). 7.76
pg el 2)] (p_, s_). (1.76)
OH CHMMeTpHUYEH OTHOCHTENbHO MePecTaHOBKH JABYX (OTOHOB, 4YTO
corsiacyercst ¢ TpeGOBaHHAMH CTaTHCTHKH Dose. ITOT npouecc umeer

kZ: &

ﬁ’z: &

s S+ Py 8- WiTh

Puc. 7.8. AHHHTHJSLHA NaphL

C/IeyIONLYI0 HHTEDNpETAUHIO Ha fA3blKe (eHHMaHOBCKHX Iponara-
TOPOB: POAHMBLIKIACS B NPONIJIOM 3/EKTPOH NEPEXOAHUT B pe3yJbrarte
paccestHHsl B COCTOsIHHME ¢ OTPHUATEJbHOH SHEprHed —p. H pacmpo-
cTpansiercs Hasaj B npomJoe. [To myrn oH HCIyCKaeT [Ba tdoToHa,
T. e. IBa¥Abl OTAAeT SHEPrHio MOMI0 H3JAyueHHs. DTO HaHHH3UIHA
10 €? NopA/IoK, B KOTOPOM MOXKET IPOHCXOANTH JaHHbI MPOLecc, No-
CKOJIBKY MpH OAHOMOTOHHOH aHHHTHJSLHH Mapel Hapylraercs 3a-
KOH COXpaHeHHs SHeprHH-HMTyJibca. UTo6bl obecrneduTs CHMMETPHIO

S{AY oTHOCHTENBHO MEpPecTaHOBKH IBYX (POTOHOB, HEOGXOAMMO YUH-
THIBaTb 06€ H306pakeHHble Ha pHC. 7.8 quarpaMmbl.

BosBpamasch K aMIJIHTyJe KOMITOHOBCKOTO PAaCCesiHHA, Mbl
sameuaeM GoJboe cxoacTBo Mexay (7.76) u (7.67). HeicTBu-
TeJIbHO, IIPH 3aMeHe

g, k<— &y, — kh
4 4
e, k> €9, + k2)
Py S, P, S,

Pf, Sf<—>—p+, +S+

(7.77)

5TH aMIIATYAB MePeXoAsT ApYr B Apyra. Mel uMeeM B JaHHOM
cayyae mnpuMep ofuiero InpaBHJa [50], cnpaBemauBOro BO BCEX
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MOpsAIKaX TEOPHH BO3MYILEHHH, KOTOpoe CBfI3bIBaeT MeXay coGo#
npouecc

A+LB>C+D
H, HaIpHMep, mpolece

A+C—>B+D,

rie B o3navaer agTHYACTUIY MO OTHOWEHHIO K B u T. &

Hpyroii npumep NpuHMeHEHHS 3TOro MpaBHJa, Ha3hLIBAEMOro
KPOCC-CHMMETpHeH, OTHOCHTCS! K CBSI3H MEXKAY aMMJIHTYyA0H TOpMO3-
HOro usayueHus (7.56), KOTOpPOH COOTBETCTBYIOT JAHarpaMMbl Ha
puc. 7.5, 1 avIJAHTY/I0H POXKIEHHS mapbl B KYJOHOBCKOM I[oJe, U30-
fpakeHHOH Ha pHc. 7.9.

Ze Ze

Puc. 7.9. Poxzenne napbl B KYJOHOBCKOM IOJE.

HuddepeHnnanbHoe ceyeHHe MOJAYyYaeTcss H3 MaTPUYHOrO 3Je-
MeHTa (7.76) yxe 3HaKOMBIM HaM crnocoboM. [/s1 HenosisapH3oBaH-
HOTO TMO3HTPOHA, CTAJKHBAIOIErocs ¢ MOKOALIHMCA B Ja00paTOpHOM
cHCTeMe HemoJsipU30BaHHBIM 3JEKTPOHOM, OHO MMeeT BHJ

N et m (-1 m—-f;_l_ a2ﬁle] 232 p_+m
ds = S E SP ( + 2p ) X

@n) By 4 2m 2p_-k 2m
3 2 a3k, d? k '
X (221—182 + 282 2812) le 2 64(k1 + k2 —p_— p+), (778)

rie B; = p+/E+ ecTb CKOPOCTb HaJIETAlONULEro MO3UTPOHA, MHOXKH-
TeJib '/4 BO3HHK B pPe€3yJibTaTe YCPEAHEHUS 0 HauaJbHbIM CNHHOBHIM
COCTOSIHMSIM 3JICKTPOHA U MO3UTPOHA, a 3HAK MHHYC BO3HHK 32 CYeT
NPHHATOH HaMH HOPMHPOBKH BOJHOBOH (YyHKUHH MO3HTPOHa (CM.
tdopmyant (3.9)). Matpuunnili sjeMeHT ynpoctuJcs GJjarogapsi BbI-
6opy mnomepevyHOH KaJHGPOBKH, COTJIaCHO KOTOpOH B J1aGopaTOpHO#
CHCTeMe HMeeM
81 .p_=g2op_=0_

B cuny kpocc-cummeTpuu 3Ta KaiHGpOBKa COBMajaer ¢ HCIOJB3O-
BaHHOH nmamu npH pacuere s¢dekra Komntona. Taxkum oGpasowm,
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HeT HeoGXOIMMOCTH 3aHOBO BBIUHCJAATbL CJIeflbl, MOMKHO BOCIOJib30-
Batbes (7.72) u (7.73), npoussens 3ameny (7.77). OcraeTcst TOJIBKO
H36aBHTbCS OT O-(YHKIHH, YUTS IIPH 3TOM KHHEMAaTHYeCKHEe COOTHO-
nmeHHs B Ja6opaTOpHOH CHCTeMe OTCYeTa:

Lk &k
Sle % Okt =P pl)=

=S';—k1dk1d9kl6[(p++ p_Y—2k;(py+p)]0(EL+E_—k)=

[=2

S k dk d[2m* 4 2mE  —2k (m+E, —p, cosB)]=
0

1 m(m+ E+)
4 (m+E+ — p €os 9)2 kor (7.79)

ToacTaBasisa pe3yabTaTsl BHIUHCJACHHS C/I€A0B M HHTETPUPOBaHHUSA
no (azoBoMy NpocTpaHcTBY B (7.78), mosiyuaem cedeHHe aHHHUIH-
JISIMH Tapbl, BEIPaXKeHHOEe Yepe3 SHEPrHH H yrJinl B J1aGopaTopHOl
cucreme:

ds o? (m+ E4) kR . _
dQ, 8P+(m+E+—p+c059)2[ £, k2+4(81‘82) '—2]—-

_ af (m+ E4) %
 8p, (m+E, ~p, cosB)?

X[l et er]. 80)

rfe B COOTBETCTBHH ¢ HaJjaraembivu B (7.78) u (7.79) xuHemaTHue-
CKHMU OTpaHHuYEeHHSIMH
b = m(m+Eq)
! m+E, —p, cosH

COS

+

E, —p,cosB b
m

ky=m+E, — k= e

[TosnHoe ceueline moJgyyaetrcss cymmupoBanneM dof/dQ 1o noJs-
pH32IHSIM KOHEUHHIX ()OTOHOB M HMHTETPHPOBAHHEM MO TEJECHOMY
yray dQg,. Tlocaennee TpebyeT onpejiesieHHOH OCTOPOXKHOCTH, MO-
CKOJIbKY KOHEUHO€ COCTOSIHHE COJEePHT aBe TOKAECTBEHHble dYac-
tuusl. Popmysa (7.80) osHauaeT, 9T0 OJHH H3 (DOTOHOB HCMYCKAeTCs
B 3JEMEHT TejiecHOro yrja dQg; BCJIeJCTBHE HX HEPa3/IHuIHMO-
CTH 3TO MOXKeET ObITh J1060# u3 ABYx (oTtoHoB. Ecsin 65 MbI MPOHH-
terpupoBain do/dQp, 1o Bcemy TejecHOMy yriy 4s, Mbl yuid GH
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Kaxa0oe pas3JjHuuMoe COCTOssHHe ABaX/IHl. HOSTOMy Mpu BbIUUCJE-
HHH MOJHOTO Ce€YeHHs Mbl BO3bMeM IOJIOBHHY 3TOro HHTErpaJia

- 1 dé

M3 (7.81) u (7.80) HeTpyaHO NOJYYHTb IOJHOEe CEUEHHe B Ipejelie
HU3KHX M BBICOKHX 3Hepruil: ecau py—>0, to k; > —k, u ycpeane-
HHe IO NoJsApH3auuaM AaeT (g -&)?— 1/2; cnenoBatensuo 1),

2
§= [1+0()]. B.<1
fom
B yJAbTpape/iiTHBUCTCKOM CJydae HMeeM

na? [1 28,
mE 4 m

m

1+0(E1n%—)+ ]

rde B BeAylWMH uJieH BHOCAT paBHble BKJaJbl NepBble JBa uJeHa
B (7.80), a cyMmma aByX apyrux useHoB B (7.80) Hmeer (paxtop Ma-
Jgoctn m/E,. BnepBule 3TOoT pesysnbTaT Obli NOJyYeH JlMpakoMm
B 1930 r. [62].

G =

§ 32. Paccednue 2JEKTPOHA ¥ NO3UTPOHA HA 3JEKTPOHE

Paccesinue 3J/ieKTpOHa 3J1€KTPOHOM OIHCHIBAaeTCs MOUTH TaK JKe,
KaK paccesiHde 3JeKTpoHa NpoToHoM. OJHAKO B NEpPBOM cJayudae
HMeeTcsl [OMNOJIHHTeNbHAsT AMarpaMma, BO3HHKAIOUIAsl BCJAENCTBHE
TOXK/IECTBEHHOCTH 3JIEKTPOHOB. [IBe aHarpaMMbl IJisi paccesHus
9JIEKTPOHA 3JIEKTPOHOM H300pareHbl Ha pHc. 7.10, Tam xe YyKa-
3aHa HeoOxoauMas KuHemMaTHka. COOTBETCTByOIAsi aMIUIHTyja
paccesiHHsl, aHaJioOTMYHasi aMIJATyae (7.35) AJIS 3/1€KTPOH-NPOTOH-
HOTO paccessHHs, HUMeET CAeAYIMUHA BHI (CIMHOBBIE HHIEKCH
ONYIEHBI)

s — o’ [i @ (p1) (= %) % (P1) & (P3) (= ¥*)  (py)
4

V2A[E E,EE] (m—n)
2 (py) (— ivy) u (py) & (py) (— iv™) u . , o, A
—i (P1) (= i%) ((:l)—;gfp)z) Y (pl)](QﬂT) 54(p1+p2—p1—p2)'
(7.82)

PasHble OTHOCHTE/IbHEIE 3HAKH EPBOTO H BTOPOrO UJIEHOB 0GYCJOB-
JIEHB! CTaTHCTHKOH PepMH, cOrnacHo KOTOPOH aMILIMTYaa MOJKHA
ObITb aHTHCHMMETPHYHOH OTHOCHTENbHO MEPEeCTaHOBKH ABYX KOHeUu-
HBIX 3/1eKTpOHOB. OHa, KpoMe TOTO, aHTHCHMMETPHUHA OTHOCHTRJIBHO

') TIpu B+ — 0 370 npuGanxenne AAs & SABASeTCH NAOXHM. I1IOCKHEe BOJHbI
451 3NeKTPOHA M TOSHTPOHA ClelyeT 3aMEHHTb KYJOHOBCKHMH BOJHOBHIMH
OYHKUHAMH,
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nepecTaHOBKH HauyaJIbHBIX 3JIEKTPOHOB, 4TO TAKKe COOTBETCTBYET
TpeOOBaHHSM CTATHCTHKH.

B cuiy aHaJIOPHUHBIX apryMeHTOB aMILIHTYAa paccesHHs ABYX
TOK/JECTBEHHBIX 6030HOB JOJKHa GBITh CHMMETPHUYHOH OTHOCHTEJb-
HO NepecTaHOBOK KaK HauyajbHbIX, TaK H KOHEuHbIX 4acTHu. Ilpu-
MEpOM MOKET CJIYKHUTb H306pa’keHHass Ha puc. 7.8 aMmJauTyia aH-
HHTHJISILAM 3JIEKTPOH-TIO3UTPOHHON naphl, KOTOpasi, KAK Mbl BHIEJH,
CHMMETPHYHA OTHOCHTEJNBbHO ABYX (DOTOHOB.

Mul He BBeanm B Qopmyay (7.82) HHKakoro n06aBOYHOro HOpP-

MHMPOBOYHOI'O MHOMMHTENS THIA 1/4/2 umu 2, cBasannoro c nosiJe-
HueM o6MeHHoro ujena. [IpucyTcTBHe TOKAECTBEHHBIX YaCTHI B Ha-

4aJbHOM HJIH KOHEYHOM COCTOSIHHH
7 A 7/ He BJMACT Ha NpaBHJa TOJY4eHUs
NHGphHEPEHIIHATLHOIO CeUeHHs] H3
amnautyae Sy Hapo, oxHako, no-
AN YaVaVaV MHHTb O MHOXKHTeJe 1/2 B dpopmyae
R PrY5 (7.81). Ecau B KOoHeuHOM cOCTOS-
HUH HMEITCH JBe TOXJIECTBEHHLIE
2, 7 2, 7,  YaCTHILBI, STOT MHOXHTEJb JOJKeH
OLITL BKJIOUEH B HHTErPHPOBAHHE
1o yraaM MIpH TOJYYEeHHH TOJHOrO
ceueHusi. /s TOXAECTBEHHBIX 4a-
CTHL, B HauaJibHOM COCTOSIHUHM HH-
KaKHX JOMOJHHUTEJbHBIX MHOXKHTe-
Jel He NOSIBJASIETCS, NOCKOJIBKY HauyaJbHLI TOTOK He MEHSeTCs.

Paccesinye 3JeKTpoHa Ha 3JE€KTpPOHe jJaeT HaM I[IPOCTOH W SICHBIH
npuMep CIpaBeIJHBOCTH 3TOro npasujia. s paccesiHHs Brepen
¢ MaJoil nepefaueii umnysnca (p; — pj)’ MOXHO NpeHeGpeusb BTO-
pbiM, oO6MenHBIM yieHoM B (7.82). B sTom npemesibHOM ciydae am-
IJIHTYAA CBOJAUTCA K KOMIITOHOBCKOH — pe3yJbTaT, KOTOpPHIH He 3a-
BHCHT OT CTaTHCTHKH.

Bripaxenue /15 AU(QepeHInasbHOr0 CeyeHHs] PacCesHHs He-
110JIIPH30BAHHBIX 3JEKTPOHOB noJydaercss u3 (7.82) oObluHBIM cro-
coGom. B cucreMe weHTpa HHEpUHH AH(GepeHUHANbHOE CeueHHe
paBHO

_ etmt 1 1 ﬁ'—l—m pr+m
de = S—{ . S (‘ ! )
¢ @2 Et @) J 4 U[(p] —p))T Pl W, W x
ﬁ;—}-m pot+m 1
XS ( w v)-— 7 7
P 2m v 2m v (Px - P1)2 (p2 - l”l)2
pim)  (pitm  (ftm py +
XSP[(lz )Vu(l ) (A )Y”(p22 m) Yv]'l‘

m om YV 2m m

+ (0] <> 05) } 8 (Pl + P, — P, — p,) d°p] &}, (7.83)

Puc. 7.10. Paccesnne 3J1eKTPoHA Ha
3JIeKTPOHE.
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rae £ o6o3zHauaer sHepruio, a f§ — CKOpPOCTb KaXKAOTO H3 3JEKTPO-
HOB B CHCTeMe EHTPa HHEPIHH.

O6paTuTe BHUMaHHE HA TO, YTO B KaueCTBe OTHOCHTE/JIbHOH CKO-
[OCTH HauaJbHBIX 3JE€KTPOHOB B CHCTEME LEHTpa HHEPLHH (HUTypH-
pyer BesuunHa 2B. IS PeSiSTHBHCTCKHX 3JeKTPOHOB ee npeiesbHoe
3HauyeHHe paBHO YABOEHHON CKODOCTH cBeTa. 31ech HeT HHMKaKOro
IIPOTHBOPEYHs] CO CNELHaNbHOH TeOpHefl OTHOCHTEJbHOCTH, T0-
CKOJIbKY CKOPOCTb KaXKJOTO H3 3JIEKTPOHOB B CHCTeMe OTCueTa Apy-
roro He npesbilaeT ckopocth cseta. CumBoa (p] <—+p?) O3HayaeT
JBa JOMOJHHTEIbHBIX WICHA, KOTOPhle NMOMYYalOTCs U3 NEPBHIX ABYX
B opmysie s dG MyTeM B3aMMHOM NEPECTAHOBKH p| H p,.

B dopmyae (7.83) Bkaan oT HHTepdepeHIMH MeXay NPSAMBIM H
OOMEHHBIM UJIEHaMH COAEPXKHT TOJAbKO OAHMH OYeHb QJHHHEI CJaen.
Ha puc. 7.11 gano rpaduueckoe mpejcTaBieHHe KBaJpaToB MaT-
PHUHBIX 3/E€MEHTOB B (opMe 3aMKHYTLIX NeTeb. PasHuua memxay

Puc. 7.11. T'paduueckoe mpeicTaBleHHe KBaJPaTOB MAaTPHUHBIX 3JE€MEHTOB JJ
paccesnusl sJeKTpPoHa Ha 3ieKTpoHe. Kpyxku Ha Jmmmx NOKA3LIBAIOT HA OTCYT-

cTBHe akTopa (p? — m2)7!

NpsAMBIM M OGMEHHBIM YJIEHaMH COCTOHT B TOM, YTO TepBbi COAEp-
JKHT JBE NeTJH H [ABa cJeld, a BTOPOH — OAHY NEeT/I0 H OAHH CJAel.
WuHorga Takue anarpaMMbl GbIBAIOT 110JI€3HBI AJi1 YCTAHOBJIEHHU:
NOpsi/iKa HHIEKCOB W, V U BbIHCLIBAHHS CIHHOPHBIX (PaKTOPOB.
Boluncaenue caeaoB B ¢opmynae (7.83) mnpoussoauTcs ¢ 1No-
Mowlblo TeopeM, NpuBeAeHHBX B § 26. B uacTtHocTH, Teopema 5 mo-
3BOJISET YNPOCTHTH CJIeJ M3 BOCbMH MaTDHI[ y B HHTep(hEpEeHUHOH-
nom unene. Hanpumep, mepexoas AJsi NPOCTOTH K PEISATHBHCTCKHM
sHeprusm E >>m u npenefperas ujeHaMH, NPONOPUHOHANbHBIMH
m2, noJiyuum
Al A Al A Al A Al
Sp A1V, VPV PyYY) = — 2 Sp (P1v, 0,9,V By) =
. Al Al . o
= —8p, - p, Sp pipy=—32(p, - ) (P} - P})-
HupdepennnaibHoe ceyeHHe, BbipaKeHHOE Yepe3 JHepruio B CH-
cTeMe weHTpa Macc E u yroJj paccesiHus 0, HMeeT BUA
dg a2 [1 -+ cost(6/2) 2 I + sin* (0/2)
(ﬁ M 8E2[ sin® (6/2) + sin? (8/2) cos? (9/2)+ cos* (6/2) ] (7.84)

v
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[Je NepBoe H TPEeThe cJaaraeMble MPEACTaBJAAIOT CO00H KBaApaThl
MaTPHYHLIX 3JEMEHTOB JJs JABYX JAHArpamm, H300paKeHHbIX Ha
puc. 7.10, a BTOpOE CjaraeMoe AaeT BK/IaA OT UHTepdepeHIun 3THX
JHarpamm.

[Tpu nosyueHHH 3TOro pesy/bTaTa OblJIH HCMOJB30BaHLI CJEAYIO-
1[He KHHEeMAaTHYECKHE COOTHOWIEHHS: p, + p,=p| - p,=2E* pip,=
=p, - py=2E2c0s?(8/2) u p, - p;==p, - p,=2E"sin’ (6/2), koTophie
CIpaBeN/iMBLl, eciM npeHeGperaTh udeHaMu nopsaka m? Boipasxe-
Hie (7.84) ecTb yabTpapeJsTHBHCTCKHA npenen dopmyan Méiepa
[58] B cHcTeMme LEHTpa HHEPUHH.

O6paTuMcsl Tenepb K PacCessHHIO TMO3HTPOHOB Ha 3JEKTpPOHaX.
B cHay Kpocc-HHBapHAHTHOCTH MOMKHO MOJIyYHTh ceveHHe H3 (op-

mysisl Ménsiepa 3aMeHOH, aHaJo-

2 -7 ruunofi (7.77). duarpammel Peiin-
7 -/ MaHa JJsi 3TOTO Ipouecca, H3Be-
CTHOro Kak paccesnne ba6a [63],
H306paxens Ha puc. 7.12.
AN e Ilytem 3ameHH
77 p1<> py,
7 l4
y4 -4 7\ Pr==>Po (7.85)
, .
(@) @ Py —
py<>—q
Puc. 7.12. Paccesnue agnektpona 2 !

Ha MO3HTPOHe. H U3MeHeHHs oOlero 3Haka B cOOT-
BercTBuu ¢ (6.56) mosyuaem am-
MJANTYAY PaccesHHd MO3HTPOHA Ha 3JEKTPOHE

S S S P CA TN LT () (= )0 (47)

_———2- 'z V4
v (EplEp;quEq;)/ (pi— i)
ca(p)(—iv)v(a) o (q) (= iy u (pl)] b
—1 = TR (2315)464(;7]—'—(]1'—;71‘—(]1)-

(7.86)

ITepBuifi uneH OnHCHIBaeT NpsMoe paccesHHe; OH aHaJOrHueH nep-
BOMY 4JleHy B aMMJHTYyAe paccesHHS 3JEKTPOHA Ha 3JEeKTpOHE
(7.82). AHHUTHJASIIHOHHBIA UJieH COOTBETCTBYeT BTOPOMY, oOMeH-
Homy wieHy B (7.82). 3Hak MHHyC MeXAy ABYMs uYJeHaMH BO3HH-
KaeT BcaeacTBUHe nepexosa u3 (7.82) 3ameHOH cOrjiacHO CBOHCTBY
KPOCC-CHMMETPHH. ,

AntncuMMmerpus ammaHTyAs (7.82) 1o OTHOUIEHHIO K MepecTa-
HOBKe IBYX HauaJibHBIX au60 [IBYX KOHEUHHIX 3JIEKTPOHOB IpeBpa-
maercs B (7.86) B aHTHCUMMETPHIO MeXAY BXOASIIHM 3JEKTPOHOM
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¢ MOJIOKHTEJbHOH 3HeprHedl (p;) H «BXOASLIUM 3JEKTPOHOM» C OT-
pHIaTeNbHOH 3Heprueil (— gy), ABHXKYUIHMCS Hasal BO BpEMeHH,
60 MeXKAy BBHIXOASALIMMH 3JEKTpOHaMu p| u — ¢q,. UTobbl AaTh
MHTEpIpeTanuo 3TOH aHTHCHMMETDHH B TePMHHAX TEODHH ABIPOK,
3aMeTHM, UTO A0 B3aHMOIEHCTBHS HauaJbHOE COCTOSIHHE COJAEPIKHT
3JMEKTPOH P; ¢ TOJIOXKHTEJIbHOH d>HeprHeil H MOpe COCTOSIHHA ¢ OT-
pHIaTeJNbHOI HeprHeH, 3aN0JHEHHO., 32 HCKJIOUeHHEM IBIPKH, B CO-
CTOSIHHH C OTDHIATEJbHOH SHeprHed ——g;. B uacTHocTH, 3TO MOpe
COMEPIKHUT JEKTPOH C OTPHIATEJNbHOH SHEpPTHEH B COCTOSIHHH — ),

MMO3TOMY COTJIACHO CTATHCTHKE CDepMH HavaJibHO€e COCTOSIHHEe AO0JI2KHO
ObITh AHTHCHMMETPHUYHBIM 110 OTHOUIEHHIO K N€peCTaHOBKe pl<—>——qi;

LOJOOHBIE PACCY:KAEHHS TPHUMEHHUMBI H K KOHEUHOMY COCTOSIHHIO.
AnTHCHMMeETpH3ANHs AOJKHA OBITb IIPOM3BeleHa Takke [0 BCeM
OCTaJbHbIM YaCTHIAM H3 MOps, HO, IOCKOJbKY OHH He (DPHTYPHPYIOT
B (7.86), ¢opma 3TOro BEIpa)KeHHS HHKaK He MEHseTCH OT TakoH
aHTHCHMMETPH3aLHH.

CeueHHe paccesiHHsi IO3UTPOHA Ha 3JEKTPOHe B CHCTeMe LEHTpa
MHepIHA noayuaercs u3 (7.83) samenot (7.85) u BbIUMCJEHHEM CJIe-
JIOB, TIPOH3BOAMMbBIM TaK Ke, KakK AIa MEJJIEPOBCKOTO paccesiHHs.
B yabTpapeJsTHBHCTCKOM CJyuyae 3TO Jaer

d5Y\ __ a® [1+4cos(8/2) _ 2cos'(8/2) | 1+ cos?B
(—d_g B 852[ sint (6/2) sin? (6/2) + 3 ] (7.87)

§ 33. Moaspusannonnbie addeKTh
npu paccessHUH 3JEKTPOHOB

B kauecTBe npHMepa MPaKTHYECKOro NPHMEHEHHs BBEJIEHHBIX
B rJ. 3 CIIHHOBBIX NPOEKIHOHHLIX ONIepaTOPOB BepHeMCcsl K PaccMoOT-
peanoMy B § 26 ceuennro MoTTa ¥ npoBejeM BbIUHCJICHHS AJsi CJIYy-
yas NOJSAPH30BAHHOTO NyYKa NMajaloUHX 3JeKTPoHOB. B ra. 10 mbi
YBH/JUM, UTO 3JEKTPOHH, BO3HHKAIOLIHe OT pacliaja [-Me30HOB, 1O-
JSAPU30BaHbl, NPHYEM HX CHHHB AHTHNAPAJJIeJbHBl HaNpaBJeHHIO
JBHIKEHHUS.

CeueHHe KYJOHOBCKOTO DAacCesiHHs 3JeKTPOHOB, HMEIOLIHX HM-
NyJabC p; M COHH S; NpHYeM S;-p; = 0, NIPOCYMMHPOBaHHOE MO KO-
HEUHBIM CIIHHOBBIM COCTOSIHHSM oS¢, onpelensieTcs GopMyJoH (cM.
(7.11))

do _ 4Z%%m? _
o =T Y iy, s (pu, )P (7.88)

:l:Sf

Ias Toro uTo6H NpH NMOJYyueHHH cedeHHs no dopmyae (7.88) Boc-
NOJIb30BATbCA METOAOM B3fATHS CJeIOB, BBegeMm cornacHo (3,19) n
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(3.22) cuuHOBBIE NpPOEKIHOHHbIE ONEPATOPHI

1+ v.8,
2(s) =—2—5—
Z(Si)u(pi, Si)=u(pi’ Si)) (789)
Z(Si)u(pi, - si)=0.
[MosTopsas nepexox ot (7.13) x (7.14), nomyuum ')
d 422 24342 ~ B
Lo = AN Gy, s VR (s u (P, 59} {2 (i, 52) Vot (pr, 5p)} =
:tSf,Si
. 4Z%02m? I+ vs8; (ﬁz + m) (f)f + m)
T T1ql pvo( 2 ) 5 Yo~— g, - (7.90)

3 (7.15) u (7.18) caenyer, uTO cJef, cOAepKaUIUA BeKTOp CIIHHA,
paBeH HYJIO H MBI BHOBb TeM CaMbiM BO3BpamiaeMmcsi K Qopmyae
Mortra (7.22). [TosnyuenHblii HaMH pe3yJbTAT O COBIANEHHH CedeHUH
[JIf TOJAPH30BAHHOIO M HENOJSPHU30BAHHOTO HayaJbHBIX MYYKOB
crnipaBedsiuB TOJBKO B HaHHH3IIEM NOPSAKE TEOPHH BO3MYLIEHHH, HO
B ofUleM cJyuae OH HeBepeH [64]

[IpuBenem npuMep HabJI0IaeMOro NOJNAPH3ALUOHHOTO 3¢ deKra.
PaccMOTpuM cHOBa HaJeTaloWHUH 3JEeKTPOH, CIIHH KOTOPOTO OPHEHTH-
pOBaH BAOJb HANpaBJEHHUS ABHIKEHHS, H BBIYMCJIHMM [OJSIPH3ALHIO
paccesiHHOrO 3JE€KTPOHA Kak QYHKLHIO yria paccesnus. HauanbHbiit
BEKTOP TOJSPHU3ANUH S; YAOBJACTBOPAET YCJIOBHAM

s?=—1=(s))—s, s, (7.91)
H
s, p,=0 nm sf=s, B,
rje
B =gt 7.92
i E; ( )

O6beauusist (7.91) u (7 92) HMeeM
; (7.93)

b

/\/l — Y )2
3gech s¢ 06o3HauaeT eJHHHYHbIA BEKTOP B HANPABJEHHH S;. daek-
TpPOH, CIIMH KOTOPOTO HanpaBbJ/eH BJIO0Jb BeKTOpa f;, Ha3bBAKOT Mpa-

BOMOJSIPH30BAHHBIM ¢ MNOJsipH3aunuedl S;p. s TaKOro 3JeKTPoHa
HMeeM
- 88 =
B,-sjp=05 n
I S'Rl . 1 _E;
i _— —_— ’
2 m
A/1— 8 t

) MoxHO, KOHeuHO, BBeCTH Z(S) ABAXMAH — Kak B MaTPHUHLIA JeMeHT, Tak
W B COTIPAKEHHBIN K HeMY, HO B 3TOM HeT HEOGXOIUMOCTH.

00 =B [ 5.z (7.94)
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AHaJlOFHqHO, JIEKTPOH CO CHHUHOM, aHTHNaApaJsJeJbHbiM BEKTOPY ﬁi,

Ha3bIBAIOT JIEBONOJSPH3OBAHHBIM C MOJsIpH3aluell S;p = —Sip, H
1Sl Hero
. [

B, s5 =
il

E.

Shs =

| Sir | - ! ﬁ | S, l

Takue e COOTHOILIEHHS CIPaBEeNJHBBl U AJS PACCEAHHOTO 3JEK-
TpOHa ¢ TOA pa3HHuleH, YTO BCIOAY HHJACKC { CJelyeT 3aMEHHTb Ha
. BekTophl S§;r = —S;. ¢ IpaBOH H JIeBOH noJisipu3anueii o6pasyioT
oueHb yaA0OHbIE Ga3uc, KOTOPLIM MBI B JaJbHedlmeM OyaeM HacTo
noJbsoBaThesa. CoGCTBeHHBle COCTOSIHUS onepatopa Z(s) (7.89), ot-
BeyampuiHe cOOCTBEHHBIM 3HayeHUAM S == =Sy = =S, Ha3bIBaIOT
COCTOSIHHSIMH € TIOJOXHUTENBHOH M OTPHUATENbHOH CHHPaJbHOCTSH-
mHu [65].

[Mosnsipu3auus paccesiHHbIX 3JEKTPOHOB XAPAaKTEPH3YeTCs BeJIH-
YUHOH
— NL

P= N+N

(7.95)
rae Np o3HauaeT YHCJIO pacCeHHBIX YAaCTHIL ¢ NOJOMHTENBHON CIH-
paJbHOCTBIO (HJIH ¢ MpaBoi moJspHusalHedt), a Ny, — ¢ oTpHLATEdb-
HOW crupaJbHOCTbIO (MeBoH nosspusanuer). Beauuunn Ng, Np 1
P spasiorcs, BooOule roBopsi, GYHKIHSAMH 3HEPTHH H yria pac-
cesHHS.

[MTonsipusauusi paccesiHHBIX 3JEKTPOHOB {IPH KYJOHOBCKOM pac-

CesSHHW NPaBONOJAPH3OBAHHOTO MyYKa ONpeAeNseTca COTAAacHO
(7.11) u (7.95):
| (P Str) Yo (Pr- Sig) P =1 & (Pp Spr) Yo (Pi SiR) P
L& (pp Sir) You (P Sir) P12 (P SiL) Yok (P; Sir) I?
- [ (1 +vs8R) (B +m) (14 vsépp) (5 +m) ]
= { Sp | Yo 5 am Yo 5 o -
(I +vs8,p) (Bs+m) (1 —vs8r) (B + f")]}
—Sp [YO 3 3m Yo 2 m X
[ (L vsSiR) (Bt m) (Bt m) ] }
X { Sp Yo 2 2m Yo 2m =
By t+m (Pt m)
P [Vovsgm om YoVsSR T3 ] 796
T G, e (7.96)
p YO 2m

2m

PR=

Mbi cyabaunn 10AsgpU3alLNio Pp MHAEKCOM, KOTOPHI yKa3blBaeT Ha
TO, 4Tp HadaJbHbI{l My4OK OblI MOJHOCTBIO NPABONOJSIPU30BAH.
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Kak u 8 (7.90), BCe useHHl, JHHERHbIE 10 S;g MO0 NO Syr, HCUe-
safor. Cien B 3HaMeHaTesle yXKe BHIUHC/SAJCH paHee M AaeTcs
BhipaxKeHHeM (7.21); 4HcaHTeN b yNpoIlaercss NyTeM <NPOTACKUBa-
HHSI» MATpHIL ys APYr K Apyry u npumedenus (7.17). Ilocae npo-
CThIX NpeoOpa3oBaHHi H NOACTAHOBKH (7.94) mosaydaeM c/aeayOUHE
pes3yJbTar:

PR _1 [ 2m? sin? (0/2) ] .

E? cos? (8/2) + m? sin? (8/2) (7.97)

B yabtpapeasTHBHCTCKOM mpegede, korna m/E — 0, uwan f—> 1,
uMeeM Pgp— 1, T. e. B npefesie BBICOKHX 3HEpPruil KyJOHOBCKOe pac-
cesiHHe HE TIPUBOJAHT K AENOJNSPH3ALUUH HAaYaJbHBIX 3JEKTPOHOB.

Ecan HavanbHBIH NMy4oK OblJ He MOJHOCTBIO, @ JIHIIb YaCTHYHO
ROJISIPH30BAH BAOJb HamnpaBJeHHS ABHXKEHHS, MOXKHO OXUIATh, UTO
pesyabtat (7.97) nepefiier B

P = pPy. (7.98)

3aech p O3HayaeT NnoJasipH3anHio HaydaJIbHbIX 3JICKTPOHOB, T. €.

pP=pr—pL,

rjge Pr €CTb I0JS 3JEKTPOHOB ¢ TIOJIOXKHUTEJIbHOH CNHPAJbHOCTHIO,
a pr = 1— pr— 00J5 4aCTHL C OTPHUATEJbHOH CIHPaJbHOCTBLIO.
Yro6ul ybeauTbcsi B cnpaBefJuBocTH (7.98), 3aMeTHM, YTO BhipaKe-
HHe (7.96) JuHeAHO MO CIMHOBLIM IIPOCKUHOHHBIM oONepaTopaM
HauaJbHOTO H KOHEYHOro 3/eKTpoHOB. [loaToMy ¢ nomombio pa-
BEHCTBA

1+v5§.R 1 —v:8,p, 1+ pys,
Pr 9 e pbL 9 s = 5 2
nosiydaeM TpeGyeMblii pe3yJbTaT

_ : 2m? sin? (6/2)
P=p [1 T ETcos? (0/2) + m? sin? (6/2)]'

(7.99)

B uactHOM cayuae p = 0 ¢opmyna (7.99) nokasbiBaeT, uTo Heno-
JSIPH30BAHHBIH HauaJbHBI MY4OK OCTaeTcs HENOJSPH30BAaHHBIM B
pesyJabTate KyJOHOBCKOTO PacCesHHs,

[TomydeHHBHIM pe3yJbTaTaM MOXKHO CONOCTaBHTb HAIVISIAHYIO reo-
MeTpHuecKylo KapTuHy. Onpefenum cjaefyrouuM o6pa3oMm yroa a
MeXAy HalipaBJIeHHeM CIHHa ABHXKYLIerocss 3JeKTpPOHa, OHHCHIBae-
MOTO CITHHOPOM 4 (p, S), H MPOH3BOJNbHHIM HaNpaBJeHHEM, 3ajaBde-
MbIM €AMHHUHBIM BekTOpoMm nM = (0,n):

ut(p,s)o-nu(p,s)__
ut(p slu(p,s)

=+AT—Falp, s)vshu(p, s), (7.100)

cosa =(0-n)=

rae § = p/E.
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Ilns BblulcAeHHs MaTpHYHOro sjeMmeHta (7.100) Mbl BHOBb BBe-
JeM TPOEKIHOHHBE ONepaTophl H BOCNOJb3yeMCH METOAOM B3AITHSA
cjenoB. Torna ¢ noMowmpio (7.93) noayunm

osa—q/l—ﬁZSp(p )(1+Y5s)y5ﬁ_—_—
—A/T—Fs- n—/\/ “ﬁ‘*;g), s¢-n.  (7.101)

OTciofa BHAHO, YTO €CJH §¢ M B NepueHAHKYASpPHB, TO |cos a| <C
<\/1 — p% CJjlemoBaTeJbHO, B COCTOSTHHU CO CHHHOM, NEPMEHJUKY-
JASIPHBIM CKOPOCTH, CpejlHee 3HaueHHe CIHHA, OMpejesieMoe BbIpa-
xenuem (7.100), obpamaercs B HyJab npu f—1. C apyroi cro-
POHBI, AJS caydasi, KOrjga CIHH § HanpaBJieH BAOJb CKOPOCTH, T. €.
JJIs CHpaJbHBIX COCTOSIHHH, HOJdydaeMm

cosa=s°-n (7.102)
M MpOeKLHs CNHHA Ha HanpaBjeHHe n, NapajuiejbHoe JHGO aHTH-

napajjesnpHoe s, paBHa 1. O6osnauas B 3TOM Ciydae a =,
HMeeM

cosd==1. (7.103)

CpefnHee 3HaueHHe COS @ AJs NyyKa pPACCEAHHBIX 3JEKTPOHOB
faeTcs BblpaXKeHHeM
{cosa)y= ). w(p, s)cosa, (7.104)
+s
raie w(p,s) ecTb BepOSITHOCTb Tepexoja B 3aJaHHOe KOHEYHOe
COCTOsIHHE ¢ UMOYJAbcOM p H cnuHoM S. Cymmy B (7.104) npoie
BCEro BBIUHCJAHTb, MPOCYMMHDPOBAB MO ABYM CIHpPaJbHBIM COCTOSA-
nusiM. s npoekiuu cMHHA Ha HanpaBJeHHe ABMXKeHHs u3 (7.103),
(7.104) u (7.95) HaxoauM

(cos Oy =w (sg, p) —w(sy, p)=P. (7.105)

Takum o6Gpasom, NOJSPH3AlUS OIpejessieT KOCHHYC yrja MexAy
BEKTOPAMM CMHHA M uMOyJabca. JJs KyJOHOBCKOTO PAaCCesiHHsS MO-
JIAPM30BAHHOIO HayaJbHOIO MyuyKa 3JEKTPOHOB ¢ p == 1 u3 (7.105)
i (7.99) moayuaem B npepese GOMbIIHX 3HeprTHH, E > m, uau Ma-
JIBIX YTJIOB paccesinug, 6 < 1,

(8) ~ %e, (7.106)

T. €. YrOJ MEXKAY BEeKTOPAMH CIIHHA H HMINYJbCa PacCessHHOTO NyuyKa
coctaBasier paBHyilo m/E gomio or yria paccesHus [66].

PacueThl noaSpu3anHOHHBIX 3¢ (HEKTOB B YJIbTPapeATHBUCTCKOM
Cllyyae TMpoule BCero NPOBOAMTb, NpPeABapUTE/IbHO YNPOCTHB MOJSA-
PH3auuoHHble NOpOEKUHOHHBIE onepaTopbl B npepene m/E 0.
[Mokaxkem, Kaxk ynpomaercs B 3TOM  NpefelbHOM  CJayuae
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10JIIPU3ALHOHHbLIIT TPOEKHHOHHLIA ONepaTop AJs I1POAOJBHO-11045-
PH30BAHHBLX 3JEKTPOHOB CO CIIHHOM §, MapaJjJesbHblM HMIOYJbCY P.
U3 (7.93) u (7.94) umeem
V=5 P
B

1 2
W pt 1o A
s me £ — m

npa p— 1. Orcioga AJs1 MPOEKIHOHHOTO ONepaTopa MOAYyUYaeM

(=) (5 - (52 ()
—>
2 2m 2 2m :
AHaJjoruygo
1 = y:8 m—p 1Fy m—p
R 5

( 2 )( 2m )_)( 2 )( 2m )’ (7.107)
Haabueiimee ynpoumenne B (7.107) mocTHraercs nyTeM MNepexoia
K yJIbTPapeNsiTHBHCTCKOMY Ipellesly B SHEPreTHYeCKOM I1POEKIIHOH-
HoM onepaTtope. Panee u3 dopmyan (7.99) Mbl 3aKIIOUHIH, YTO
B npenene m/E->0 KyJOHOBCKOe paccesiHHe He NPHBOAHMT K AeMO-
JAsipu3allii 3aeKTpoHoB. Tenepb 3TOT pesyJabTaT MoxkeT ObITbh IO-
JyueH cOBceMm npocTo. HalimeM aMiuTyay paccestHus AJs cJyudas,

KOT[a HauaJ/IbHblH PeJIATHBHCTCKHE 3JEKTPOH HMeeT NPaBYIO NOJS-
pH3alHIo

1
u(pla Si)= .(—_Zv_i)_u (pi) Si),

a KOHEYHBbIH — JIeBYIO
(I — vs)
u (ps, Sf)=——2'5—'u(/3f, 84)-
Has B3auMOmeHCTBHs BAAA Y aMIJHTYyJ1a NPONOPIHOHAJbHA

_ - 1 1
it (py, ) Yutt (pi, s1) =10 (py, Sr)( 1 ) vu( +;Ys)u(/fn, 8i) =

=i (ps, S¢) Yu(lzvs)(lgvs)u(lh, ;) =0.

3A0AYH

1. TlokaxHTe, YTO pellleHHss B BHAE NJOCKHX BOJH, HOPMiPoBaHHbLIE COIVIACHO
(7.2) u (7.3), obaagator TpebyeMbIMH TPaHCHOPMAMOHHBIMM CBOHCTBAMH OTHO-
cuteabiio npeopasopanuil Jlopenna. B wacTrocTH, yurs npeoGpasopanue Jlopenua

HOpPMHpPOBOYHOTO ofbeMa V, mokaxure, uto Beanyuna P (x) ¢ (x) ABaseTcs ckaJst-
poM, a BeanunHa P+ (x) P (x)— BpeMeHHOH KOMIOHEHTO# 4-BEKTOPA.

2. ITocTpofiTe aMOAMTYAY paccedHHs 3JEKTPOHA Ha IPOTOHE, OTBEYAIOULYIO
n306paKeHHOMY Ha AuHarpamMmax pHC. 7.4,e u 8 oOMeny AByMs (oTonamu. [loka-
JKHTe, UTO B CTATHYECKOM Ipelele NpH GeCKOHeuHOH Macce IPOTOHA OHa COBIA-
Aaer ¢ H300pa)KeHHBIM Ha AguarpaMme puC. 7.2 BTOpbHIM GopHOBCKHMM mupubiuiKe-
HHEeM AJS paccesHusi 31eKTPOHA B KYJOHOBCKOM MOJe.

3. IMocrpoliTe aMIAUTYAYy TOPMO3HOTO H3/YYEHHS NPH PACCEAHHWH 3JEKTPOHA
Ha TPOTOHE W MOKAXKHUTE, YTO B CTATHYECKOM Mpejefe OHAa TEPEXOJIMT B aMILIH-
tyay (7.57) TOPMO3HOrO H3Ny4eHHA B KYJOHOBCKOM moJje. YOeluTeCch B TOM, 4TO
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MeXAY 3THMH ABYMs aMIVIMTyJaMH HMeeTCsl TaKOe Ke COOTBETCTBHE, KAK MeX[1y
amnaurygaMu (7.5) u (7.35) ans ynpyroro paccesHus.

4. TTonyuute ¢opmyny Bere — laiitiepa ans cedeHHsd TOPMO3HOrO U3JNYYeHUS
IpOTOHA LPH NPOH3BOJbLHON sHeprun [67].

5. Buieaute dopmyay DBere — I'afitnepa gad ceuenus 0OpasoBaHusA  3JIEK-
TPOH-NIO3UTPOHHON MNapbl (OTOHOM B KYJOHOBCKOM IlOJe€. ITokaxure, 4T0 aMIJIH-
TyZla 5TOFO [POLECCA CBA3aHA ¢ AMIUIMTYAOH TOPMO3HOFO U3JAYYEHHst KPOCC-CUM-
MeTpHe#.

6. Us dopmyan (7.80) malizute mosHoe ceuenue mpouecca et + e~y 4y
IpH TIPOU3BOJBHOH SHePIHH M NMOKaXHTe, UTO OTBET COIJIacyercs C NpHBELEHHBIMH
B TEKCTe Hpe/leJbHbIMH 3HaueHusaMd nnd (7.81) IpHM HM3KHX H BBICOKHX SHEPTUfX.

7. Bripasure apuddepeniiuanbHoe CeueHHe 3JEKTPOH-3/IEKTPOHHOTO pPaCCesHHs
B HaMHH3LIeM GODHOBCKOM NPHOJHMKEHHH 4Yepes HepTHM M YIVblL B J1aGOpaTOPHOR
cHcTeMe.

8. BoludcanTe ceyeHHe MOMVIONIEHHs] CBeTa CBA3AHHBIM ATOMHBIM 3JIEKTPOHOM
/s aTOMOB ¢ TaKuM HeGoubliuM Z, uto Za == Z[137 € | u Ecpas K mc? Cun-
Tarh, YTO YacTOTa CBETa VJOBJETBOPseT YCHOBHIO A® 3> Ecpas. B 3THX ynpo-
AKX NPeAloNoKeHHAX Hafigute anddepenuransHoe cedeHue A ABYX mpe-
JeNbHBIX CJIYy4aeB:

a) uepeastusucTckull npegen, Ecpas € fiw < me?;

6) yabTpapeJATHBUCTCKull mpened, Ao > mc?.

9. CyMmmb no cnusam B (7.99) u (7.105) GbuiM BLIYACACHB NYTeM CJIOKEHHA
BKJ4I0B COCTOSHHI C TOJOXHUTeJbHOH M OTPHUATENhHON coupadbHOCTAMH, B ka-
YyecTRe 6a3uCa MOXHO OBIO HCNOAb30BATH JOOYI0 ADPYIYI0 Napy He3aBHCHMBIX
CIIMHOBHIX coctosnuil. [ToKaxHUTe, UTO KOHeUHBI Pe3yJbTaT He 3aBHUCHT OT BHOGOpa
Hasuca.

10. Tlposepbre dopmyay (7.97) ana NOAAPHSAIUH IPH PACCESTHHH B KYJOHORB-
CKOM ToJIe.
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MNOMPABKH BbICIIHX MOPAKOB
K MATPHUILE PACCESIHHS

§ 34. Paccesnne aieKTPOHA NMO3UTPOHOM
B YETBEPTOM HOPAKE

PacecmoTpenHble B mpeablAyIKX NpHAMepax mpaBHJAa [HOCTPOEHHS
3JIeMEHTOB S-MaTPHILI MOXKHO pacnpoCTpaHUTb H Ha 0OJiee BHICO-
KHe IOPsIAKH TEODHH BO3MYIUEHHH MO KOHCTaHTe CBSI3H, OAHAKO TYT
BO3HHKAaeT Pfj HOBHIX npobJeM. PaccMoTpuMm, Hanpumep, BKJaibl
nopsifiKa e* B 3JIeKTPOH-NO3UTPOHHOE paccesiHue. [l MOCTPOEHHS
COOTBETCTBYIOIEH aMIJIATYIbl HapHCyeM BCe BO3MOXKHble AHArpam-
Mb QefiHMaHa C YeTBIPbMS 3JEKTPOMATHHUTHBIMH BepUIMHAMH, OTBe-
yaloliHe AAaHHOMY mporeccy. 3aTeM BbIHIIEM MaTpPUUYHBIA 3JIEMEHT,
CTefysl H3JIOKEHHBIM paHee NpaBUJIaM.

Hexkotopele u3 3THX amarpaMm (Bcero ux 18) H306pakenbl Ha
puc. 8.1. Iuarpamma (@) onuceiBaeT ABYX(OTOHHBI} OOMeH MexRay
3JIeKTPOHOM H NO3HTPOHOM H BHOCHT B aMIUIHTYAY BKJaj, aHaJo-
THUHBIH BbipaxKeHHsaM (7.47) u (7.48) 1isi 3JeKTPOH-NIPOTOHHOTO
paccestHHS:

S = — (—ie) { d'w d'x d'y a2 [0 () 1,18, 0 — 1) v, 0" ()] X
X iDp (x — @) iDr (y — 2) [97 (2) v'iSr (2 — w) V97 ()],  (8.1)

rfe HHAeKchl { H f, i’ u [/ 03HaualOT COOTBETCTBEHHO KBAHTOBHIE
upcJaa 3JeKTPOHA M MO3HTpoHa. [Juarpamma (6) OTBeyaeT aHHHTH-

JAUHOHHOMY WIEHY W HMeeT 3HaK MHHYC [0 OTHOWIeHHIO K (8.1):
S = (—ie) { o d'rd'y d'2 [ () ,8S, (r— 0) v,45” ()] X

X iDp(x —w) D (y — 2)[#; (D) V'iS, (2 — @) v ()] (8.2)
ITpoucxoxaeHne 3HakKa MHHYC MEXAY ABYMs aMIJIETYAAaMH 31ech
TaKoe Xe, Kak B HuslleM nopsaaxe (7.82); oH BO3HHUKaeT 3a cuer

QHTHCHMMETPU3ANUH BOJHOBBIX (QYHKUHH MO HAYaJbHBIM 3JEKTPOH-
HbIM COCTOSIHHSAIM C NOJIOXKHTEJbHOH H OTPHIATENbHOH SHeprueil.
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Huarpamma (puc. 8.1,8) oTBeuaeT TakOMy npoueccy, KOraa BO3-
HUKIIMH NpH aHHUTWIAIHH QOTOH pOXKIAaeT mapy, Kotopas hnepen
nepexofioM B KOHEUYHOe COCTOfiIHHe TlepepacceuBaercs. AMIVIATYAY

£ i ]/’ ff’
H y
ZHPNANNANS z
Y » y
NNANNNNNDZ
v % a4 o 17 v #
4 i’ 4 had
)
£ il
4
7
Z
¢ i’
@ @

Puc. 8.1. Hekoroprie puarpaMMbl YeTBEPTOro MOPSAIKA IJAS DACCEAHHAA DJeK-
TPOHA Ha MO3UTpOHE.

9TOro mnpouecca 3anuiueM IO H3BECTHbIM HaM IpaBHJIaM!: Kax J0oH
BepIIHHE CONOCTAaBJISICTCS BeJIHUHHA —ieyu H HHBapHaHTHOe HHTer-

pUpOBaHHe Sd‘*x, KaXX/I0f BHyTpeHHeH JHHHM OTBeuaer mnpomnara-

top iSrp(¥x — y), cBOGOAHBIM HauaJbHBIM H KOHEUHBIM HaCTHIAM CO-
OTBETCTBYIOT BOJIHOBhle ¢yHKUHH. Takum oOpasoM, Nostydaem

SO — 4 (— ie)* S d*wd*xd'y d*ziDr (x — ©) iDr (y — 2) X
X [BF" (), 5 (x — 9) v,iS, (v — @) ¥4 @)] X
X[ @ v @] 8.3)

B noscuenusx HyKaaeTca TOABKO BBHIGOD OOIEro 3Haka mepef
ammautygoi  (8.3). Ou onpegensiercss TpeGoBanHeM CTAaTHCTHKH
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®epmu — upaka, corjacHo KOTOPOH [Ba 3JEKTPOHHBIX COCTOSIHHS
JAOJKHBI OBITh aHTHCHMMETPHUYHBIMH O OTHOLIEHWIO K lIepecTaHOBKe
9eKTpoHOB. OAHH H3 BO3MOXKHBIX CNOCOGOB YHNOPAMOYEHHSI BO Bpe-
MEHH uYeThipeX BeplLIHH JHarpammbl (a) nokasaH Ha puc. 8.2 BmecTe
C COOTBETCTBYIOLIHM BapHaHTOM AJs AHarpamMMbl (8).

£ /’/ £ fﬂ

y/g

Z,

()

Puc. 8.2. Boauuknosenne, Gaarogapsa cratuctike PepMu, OTHOCHTEJLHOro 3HAKA
MHHYC MexAy nuarpammamu puc. 8.1, a u 81,8

DTu ABe AHArpaMMbl OTJHUYAIOTCH NEepecTaHOBKOH 3JeKTPOHHBIX
gauuuit [ u II. OTHocHTe/bHBIM 3HAK MuHyc Mexay (8.1) n (8.3)
obecneunBaeT TpeGyeMyl0o aHTHCHMMETPHIO TOJHOTO MaTpHYHOTO
2JeMeHTa OTHOCHTEJNbHO NMepecTaHOBKH JBYX TOXK/JAECTBEHHBLIX dep-
muoHoB. YUsen (8.3) umeeT Takol Ke 3HaK, KaKOH BHOCHJ B BHIpa-
KenHe (7.86) BK/Ian aHHHUTHJSIHOHHON auarpaMmsl (puc. 7.15,06)
B HHU3IIEM TOPAIKE. '

Korga Mbl CHMMETpH3yeM AaMIUIUTYAY OTHOCHTENLHO IepecTa-
HOBKH JABYX (POTOHOB, TO OKa3bIBaeTCsl HEOOXOAHUMBIM BKJAIOYHTb TaK-
JKe jauarpamMmy Buaa (e); AedCTBUTe/]bHO, (GOTOHBI, BXOAALIHE B
BepIIHHB @ H y Ha pHC. 8.1, 8, MorH ObITb HCUYUIEHB! U U3 BePLIUH
2 W X COOTBETCTBEHHO. DTO NPHBOAUT K CJeAylouleMy 4JjeHy 4-ro
nopsifika B S-maTpHue:

Si =+ (— o)’ S d'wd'xd'yd'ziDr(x — y) iDr (w — 2) X
X [H (0 v,88 5 (x — ) Vi (y — w) v, (@)] X
X [#7 @ v @] (8.4
KOTOPHIH MMeeT Takol ke 3Hak, 4To H (8.3).

HnarpamMa (0) Ha puc. 8.1 oTBedaer TakoMy mporeccy, Koriaa
POXKMAIOUIMACA NPH aHHMTWASAUMH QOTOH obpasyer mapy, KoTopas,
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npexjge uem IepefiTH B KoHeYHOe COCTOSIHHE, BHOBL B3aHMOJCH-
CTBYeT aHHHUTHJALHOHHBIM 00pasom. Te Gmoku Anarpamm (8) u (9)
Ha puc. 8.1, KoTophle pacHoJOKeHbl BHIE BEPIIMHBI Y, CBSI3aHHI
MexKay cobOH Tak xe, KaK AHAarpaMMbl pacCesiHHsl aJeKTpOHa Ha
NO3UTPOHE BO BTOPOM mopsiike, u3obpaxkenHoie Ha puc. 8.1. Ilo-
3TOMY €CTECTBEHHO 0XKH/4aTh, YTO, KaK K B (7.86), BKaaanl B S-mart-
puuy auarpamm (8) ¥ (J) HMelT NPOTHBONOJIOXKHLIE 3HaKH. Toraa
JJIs BKJaja guarpammbl (0) MOXKHO 3anucarh

S = — (— ie)* | dw d'vdy d'2[H" @) v, ()] X
X iD (W — x)[V¥iSp (4 — %)gp, VirdSp (x — 1) ] X
X iD,(y — )[4 @vaiP @] (8.5

Hesapucumelli cnoco6 BeiGopa obimero suaka B (8.5) cocToHT B 3a-
JaHHH COOTBETCTBYIOIIErO YNOPSAOUEHHSI BO BPEMEHH, K4aK OBlIO
caesaHo Ha pHC. 8.2

TpeGoBaHUS CHMMETDHH H AHTHCHMMETDHH, KOTOPLIMH MBI J10
CHX HOp PYKOBOJCTBOBAJHCh, NPHBOAAT K JAOMOJHHTENbHOMY KJac-
Cy AMAaTrpaMM; NMpHMep TAakOH quarpaMmbl npusejen Ha puc. 8.3. Ona
BO3HHKaeT M3 auarpaMmel puc. 8.1,0 B
pesysabTaTe CHMMETPH3ALUHH 1O ABYM (hO-
toHaM. [eificTBuTeabHo, (OTOH, BXoAd- z
Uil B BepILHHY w, MOr OBITb HCIYIIEH v
KaK B 2, Tak u B x. Takue HecBA3Hble qH-
arpaMMmbl, T. €. JHarpammbl, cojaepiKa-
UIMe TOJIHOCTBIO H30JHPOBAHHYIO HacTh,
KOTOpasi He CBfi3aHa HH C OJHOH M3 Ha-
YaJIbHbIX HJIM KOHEUHBIX YacTHIl, He IpH- z
HHMaJach BO BHHMaHHE B HalIHX pacye- 4
tax. Jlnarpamma Ha puc. 8.3 usobpa-
KaeT 3JeKTPOH, paclnpocTpaHsoHUAcs
IO TOYKH X; TaM OH HchnycKaeT (GOTOH H  Puc. 8.3. IIpumep HecBfA3HOM
pacceuBaeTcd o0paTHO B TOYKY y, TAe AHarpaMMel.
OH YHHUTOXKaeT H cebsl, H HCOyUIeHNbIA
¢doTol. [loab3ysch A3BIKOM TEOPHH ABIPOK, MOXKHO CKasaTh, YTO Ta-
KO Inpolecc npeAcTaBaseT co6ol (IyKTyalHIo, KOTJa 3JeKTPOH, Ha-
XOJSALHHCS B MOPE ¢ OTPUIATEIbHOH 2HePTHeH, HCIyCKaeT BHPTYaJllb-
HbIli ()OTOH M MEPEXOJUT B HE3aHATOe COCTOsHHE C IMOJIOKHUTEJNbHOH
SHeprHel, a 3aTeM BHOBb NOIJIOU[AeT MCOyLIeHHbIH (GOTOH ¥ BO3Bpa-
maercsd B MOpPe ¢ OTpUHATEJNbHOH 3sHeprued. TakHe GJayKTyanuu
HPOHCXOAAT NOCTOSHHO; NPOMCXOASIIHE B BaKyyMe MPOLECCH CJIy-
)kaT (HOHOM, MO OTHOLIECHHIO K KOTOPOMY ONpejeseTcs aMIIHTYAa
paccesiHust. Mbl OTAeNsleM BKJIaA BCeX HECBA3AHHBIX «My3BIpeli», Ko-
TOpbie BHOCHIT JIHIIb HeKHH (ha30BBIfi MHOXKUTeIb BO BCe HHTEPeCylo-
liMe Hac AHArpaMMel.
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JanuM caeAyouyo CBOAKY NpaBHJ HOCTPOEHHA aMHIJIUTYH Mpo-
IE€CCOB BBICIIHX MOPHAKOB:

1. HapucoBatb Bce CBAi3Hble AHATPAMMBI.

2. KaxXAoH AuarpaMMme COIOCTABHTb AMILUIKTYAY, NMPHYEM Kaxk-
JOHU BeplIHHE CONOCTABHTb QaKTOp

— leyy, S dix.

3. Kaxxmo#i BHyTpeHHell JIHHHH ¢ KOHIAMH B BepLUHHAX X H Yy
COTOCTaBUTh nponaratop (Sp(x—y) uwin iDp{x — y) ans depmuona
H ¢GoToHa CooTBeTCcTBeHHO. JlnA ¢OTOHA BBECTH elle AONOJHHTENDL-
HBIH MHOXKHTeJ/Ib gy, CBA3BIBAIOMHUHA MaTpHubl y* U y¥ B BepILIHHAX,
coefMHsIEMbIX (POTOHHOH JIHHHEH.

4. BecTd BOJMHOBble (YHKIHH /s Ka)jOH BHeLIHeH JHHHH,
T. €. JHHUH, OTBeyaiouleld najamoiled HJIH paccessHHOH dacTHILE.

OTH NpaBuaa COBNAjaloT ¢ MOJYUEHHBLIMH paHee PH paccMmoTpe-
HHH HU3ILIHX NOPALKOB TEOPUH BO3MyuleHuH. HoBBIM fIBJsfeTCH MuLIb
YCJI0BHE, COIVIACHO KOTOPOMY YUMTBIBAIOTCH TOJNLKO CBSA3HbIE HA-
rpammel, HakoHen, go6aBHM elle NpaBHJa OTHOCHTENBHO 3HAKOB!

5. JlBa usieHa, KOTOpble OTJHMYAIOTCH APYr OT JApyra mnepecra-
HOBKOH JBYX TOXKIECTBEHHBIX (EepMHUOHOB, UMEWT OTHOCHTENbHBIH
3HaK MHHyc. s JABYX 9J€KTPOHOB C HOJIOXKHTENbHOH 3Heprueit
NPHUMEPOM CAYKHUT aMmnautyaa (7.82), KOTOPO# COOTBETCTBYIOT H30-
OpaxeHHble Ha puc. 7.10 auarpammel, a A/ OZHOrO 3JeKTpoOHa C
NOJIOXKHTENBHOR H APYrOro ¢ OTPHUATEJbHOH 3HepruiMH NPHMEPOM
sBadgercs ammiautyaa (7.86), KoTopoll OTBe4alOT AHArpAMMBI Ha
puc. 7.12. 910 npaBuJIO NPHUBOAUT K IONOJHHTEJIbHOMY 3HAKy MHHYC
B ammiuTyge (8.5), KOTOpof COOTBETCTBYET AHarpaMma ¢ 3aMKHY-
TOW neTJiel, n3o6paKeHHas Ha puc. 8.1, 9. B obuiem cayuae mHOXKH-
rejib (—1) NpHBHOCHTCS B aMIUIMTYRYy KaxKJAOH 3aMKHyTO# dep-
MHOHHOH meTJiell Ha auarpamme Peiinmana.

6. B cootBercTBHH ¢ (6.56) aMmauTyna uMeeT OOMIMH MHOXKH-
Teab (—I1)#%, rAe f— 4UCJIO MO3HTPOHOB B HAYaJbHOM COCTOSIHHH.

[Ipexpae 4eM CDABHHBATh TEOPHIO C IKCIEPHUMEHTOM, OCTaercs
pellluTb elle CYMIeCTBEHHbIH BOIPOC O BBIYHCJIEHHH HHTErpajoB, B
0COOEHHOCTH AJIA JHarpaMM 4eTBepToro nopsiaka. JIunarpammbl (a)
# (6) Ha puc. 8.1 BMecTe ¢ ABYMA qHarpaMMaMH C NepeKPeCTHLHIMH
$HOTOHHLIMH JIHHHAMH, TOJYYaeMBIMH H3 (@) H (6) mepecTaHOBKOH
BepIIUH X H y, IPHBOAAT K TPYJHOMY [Jsl BEIYHCJEHHS YeThIpexMep-
HOMY HHTerpanay THna (7.51). M He OyaeM 3aHHMAaTbCsl BhIUHCJIE-
HHEM TaKHX HHTErpaJjosB,

IIpun paccmorpenun auarpamm (8) u (d) Ha puc. 8.1 yxo6Ho
nepefiTH K UMIYJbCHOMY NpPeICTABJEHHIO H CBSI3ATb 3TH LHATPaMMBbl
C COOTBETCTBYIOUIEH AHArpaMMoOH HHUBIIETO NOPSAKa, H300parKeHHOMH
Ha pHuc. 7.12,6, KoTopasi Aaer BKJaj BO BTOPOH WJeH aMIUIHTYAbI
(7.86). Ilepexoms K MMNYJbCHOMY HpEACTaBJICHHIO, HAXOAHM, YTO
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S ornuuaercs ot BTOpOrO ujeHa B (7.86) 3ameHOH ToOKa

., i dtt (— i) .

8(77) e, (40) > 4 (77) § e 2 (— iev) X

i i o ,
X —mre W Ty ko e(q), @6

a S(f?) OTJIHUYARTCA TEM, YTO B KayecTBE BOJIHOBOM q)yHKLLHPl‘KOHe‘I-
HOTO 3JI€KTPOHA NOACTABJISIETCS BbipaKe€HHE
_ d*k — i
- 7 v .
u(pl) *>u(pl) S @)t B+ ie (— ievy) X
i
X

S S Sy S S
ﬁ;—ﬁ—m-{—is( leY)ﬁ'—- e’ (8'7)

| —m+ie

H, HAKOHel, aMIJIUTy/1a S}}‘-a) OTJIMUAETCS MOJCTAHOBKOU BMecTO (o-
TOHHOT'O MPONAraTopa CJAEAYIOLIEro BbIPAXKCHHS:

— iguv N (_1)[ (— i) ]2 >

(o1 + q1) +ie (p1 + q1)* + ie
XS L Sp(— ioy,) s (— iey,) i =
(2m)* ME—m+ie VE—p— 4 —m+ie

— (=49 (— i)
=t q)rTtie Tuv(pi + ql)—_—“—(pl Far+ie: 8.8)

BJiokn anarpaMm, KOTOPBIM COOTBETCTBYIOT BbITHCAHHEIE BBIparKe:
HUSl, NpUBe/eHH Ha puc. 8.4.

@ © @

Puc. 8.4. Nuarpammbl PelinMana, WTIOCTPUPYIOMIHE: (8) — MONPABKY K BepLIHHE
(cm. puc. 8.1, 8); (2) — 3/1eKTPOHHYIO COOCTBEHHO-9HE preTHUECKYI0 uacTs (puc. 8.1, 2);
(6) — nonspusanuio Bakyyma (puc. 8.1, 9).

Bce ocranbhble guarpaMmbl YeTBepTOroO MOPSAKAa COAepKal
BKJaJbl JMarpaMM TpeX PacCMOTPEHHBIX THIIOB. K coxaneHuio, Ta-
KHe 3aMKHYTble NeTJH [PHUBOAAT K BbipAKEHUAM, KOTOPHIe Pacxo-
ZATc npH k—> oo, [lepefizem Tenepb K MOC/IEJOBATENbHOMY HCCJle-
J0BAHHIO H BBIUHC/ICHHIO 3THX JHATPaMM,
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§ 35. Moaapusauus BakyyMma

CaMyio CHJIbHYIO PAacXOAHMOCTb COJEpKUT Bbipaxenue (8.8),
KOTOPOE OTBCUAET 3aMKHYTOM 3/1eKTPOHHOM TeT/e, H300pakeHHOH Ha
puc. 8.4,0. Bxaan 9Toil AnarpaMMbl Ha3biBAalOT (OTOHHOM COGCTBEH-
HO-5HEpreTHUecKoll uacTeio BTOporo nopsaaka. COOTBETCTBYIOUIHH
HHTErpaJ COAEpPKHT ABa 3JEeKTPOHHBIX MPONAratopa, nosToMy B 4YHC-
JHTeJe OCTaeTcsi BTOpas CTeleHb B M HHTerpaJ KBajpaTHYHO pac-
XOJUTCH,

J1oCTaTOYHO NPaB10M006HbI cMOcO6 YCTPpaneHHs KBaApaTHIHOM
PacXOJMMOCTH OCHOBAH HA HCNOJb3OBAHHH YCJIOBHSt KaluOpoBOY-
HOW HMHBapHaHTHOCTH. [lonoCGHBIE pacCyXiaeHHS YK€ NPHBOAHJIHCH
panee nepex dopMymoii (7.60). Kaanbposounoe npeoGpasoBaHHe
Au(@)—> A, (q) + g A (g) He MOMKHO H3MEHATH KOHEYHOre pesyJb-
TaTa BBHIYHCJAEHHS (GH3HUecKOH aMIIHTYyAB. IlocMOTpHM, K KakHM

caencTBuAM aas unterpasaa (8.8)
IPUABOJUT 3TO TpeGOBaHHE.

7 [Tycts doron nHa auarpamme
puc. 8.4,0 ABaseTcs peadbHbIM, T. €.
o uMeet g2 = 0, Kak, HanpuMep, TOP-

mo3no#i (oToH, HJAH (HOTOH, yda-
CTBYyIOIHH B  KOMITOH-3((eKTe.
Kak uzo6paxeno Ha puc. 8.5, sJiek-
TPOHHAsA NETJs AaeT [ONPaBKH MO-
panka e? K TOKYy, TeKylleMy uepes

Puc. 85. ITompaska K SJeKTpoMar- 6J10K, ~ B3aHMOJefCTBylOIHMA ¢
HuTHOMY npoueccy sa cuer noaapu- Ay (g) (na pucyHke 3TOT 610K 06O-
saluH BaKyyMa. 3HaueH BOMPOCHTEJNbHBIM 3HAKOM).

KanubpoBouHass  HHBAPHAHTHOCTD
TpebyeT, UTOGH NMpOH3BedeHHE ¢, Ha TOK O0pamajocs B HyJb. Ta-
KuM obGpasoM, ajas (8.8) nmeem

¢y () =0 8.9)

TNpH YCJIOBHH
g>*=0.

[Tpoussenenue g*/yy(g) MOXKHO 3anucaTh CICAYIOLMM 06pasoM:

H = — 28 S dk 1 ( B
qluv(Q) e op (2“)4‘7§_m+i8 yvﬁ_é_m_l_ie
—_ 2 datk 1 . N
e SpS (23)45-(]‘_‘"1—{-[8[(’3 m+18)
A . . | B
—(k—4q m+le)]ﬁ~m+[8 Vo =

2 d'lk 1 _ 1
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Ecan Obl uHTErpas cXomuscsi, Mbi MOrJH Gbl B MEPBOM 4YJEHEe IIOJ0-
KHUTb B = k-— g ¥ B pe3yJabTaTe BBIUUTAHHUS ABYX OJAHHAKOBLIX HH-
TErpasoB NoJay4YuTb HyJb. OQHAKO HHTerpas pacxXopHTCs, H BhHparkKe-
nue (8.10) okaspiBaercs HeompejemeHHbIM. UToObl NPOABHHYThCA
najbille, ob6pexeM BhipaxkeHne (8.8) Ha BBICOKHX UACTOTAX MyTeM
3aMeHbl !)

[uv (C], m2) - I_p.v (Q) =
=Ty (@, m) + 2 C; (M) 1, (9, M3)=Diel, (9, 7). B.11)

rae M? — GoublllHe Macchl, a NOCTOSIHHBIE C; BuIOpaHbl Tak, yTOGH
MHTerpaJol cxoauanuch. Takofi cnocob obpesaHus He ABIAETCH eIHH-
CTBEHHBLIM H BBIODAH JHIUL AJsT MAaTEMaTHUECKOH OlpeaeJeHHOCTH.
Ecin kakue-nnbo ¢dusuueckne Hab/0gaeMble BEJIHYHHBI OK4XKYTCH
34BUCAILUMH OT MapaMeTpoB oOpe3saHusi, TEOPHIO MNPHIAETCS I[PH-
3HaTb HECOCTOSITe/IbHOK. BO BCAKOM cayuae, CyllecTBOBaHHE pacxo-
AAUIHXCS BBIPAXKEHHH HaBOAMT Ha TOJO3PEHHS] O CYUIeCTBOBAHHH
npH GOJbIIMX HMIYJAbCaXx (HJH, YTO TO K€ caMoe, Ha MaJbIX pac-
CTOSIHUAX) TPYAHOCTEH B TEOPHH.

OO6paTuM BHHMaHHE Ha CJefylollee BaXKHOe TPEHMYIIECTBO Me-
toaa oOpesanus (8.11): onm olOecneunBaeT BHINOJHEHHE YCJIOBUS
kaau6posku (8.9). Ecam O Mbl npousBenn obpesaHue B KayKaAOM
OTAEJbHOM I[pONaratope, ycjJoBHe KaJHOPOBOYHOH HHBAPHAHTHOCTH
He 6p1j10 6bl COBJIIOAEHO.

Briuncienne BeJHIHHBl T,y (g), yIORJAETBOPAIOUIEH YCJIOBHIO
{8.9), mpome Bcero IPOH3BOAMTCS HYyTeM NpeACTABJICHHA 3HAMEHa-
TeJlf NPOMAraTopda B 3KCNOHEHUHAJbHOH (opMe ¢ NOMOLIbIO TOXK-
JecTBa

i - i (B4 m) — (i S 1 (k18]
E—m+ic B2 —m? + s (k+m)0 dze . (8.12)

dto naer
T =—4(—iep | dz, | dz { L%
0 0
X Uy (£ — a1y + by (b — )y — G (B2 — & g — 3] X
X exp {iz [62 — m? + ie] + iz [(k — g — m? 4 e}, (8.13)

T'Aae ObLIO NMPOHU3BEACHO B3fAATHE CJe/la U H3MEHEeH MOPSAAOK HHTEerpH-
poBaHus. Jlono/Hsis AOKaszaTeab 3KCIOHEHTH JIO MOJHOFO KBajaparta

') Cm. [54, 68]. AsbTepHATHBHLII METOZ NPeOGPA3OBAHNHS PACXOAMIHXCS HH-
Terpanos, KOTOpHIl BIepBLle NPHBEN K KAIHOPOBOUHO-HHBADHAHTHOMY DE3YJLTaTy.
bassur B paGore [69].
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[yTeM 3aMeHbl nepeMeHHoﬁ HHTErpHpOBaHHs CorJacHo

—_ ___&__ gz
I=k 21+ 2, q+21+”2’ (8'14)

NPOU3BOJMM HHTETPHPOBAHHE MO HMIYJbCY C IOMOUIbIO PABEHCTBA h

S il 1, 4y, Ll i (@2 — 1 [1 0 i8uv ] 8.15
2 . w e T6r%i(z 20 L T 2(=2 + =) (8.15)

B pesyabTate monyuaem

[o2]

T . 2 de
Iuv—-'—'lZCi nOS dzl§ (21+22)2 ><

. 212 3
x{exnlt (¢ i — =i (a 22) [}
2129 9’212
X { 2 (g‘”q ~ W) G g P (21 + 22)° + g”‘v[ (z1 + 22) T (21 F 22)° +mf] } )
(8.16)
UjeH, nponopuuoHalbHblfl (g,vg° — Gugv), ABTOMATHUECKH YIOBJe-

TBOpSieT YCJOBHIO KaiubGpoBku (8.9), B To BpeMs Kak nocaeiHue
TpH U/eHd, IPONOPUHOHANbHBIE gy, STOMY YCJIOBHIO He yIOBJIETBO-

pAoT. OaHako MOXKHO NOKa3aTh, YTO OHW YHHUTOXKAIOTCA, T. €.

d21 d22 2 i _ q22122
OS S (21 4 22)* Z € [m" (21 + 22) (21 + 22)* ] X
X {exp [ oy — (m—ie) (2, +2)| =

S dzy dz;
0

9 1 . q-z12y
(2’1"‘2:7)9 C.[mi 7»(2] +2.’) (21 +22)2]><

OL/?S

fespi i 2y — e )]} =

2 d dzy dz, q%*z12> 9 :
=ik 5 S (2 T Tz Z Ciexp { [(z1 T — (mi—ie) (7 + 22)] }
8.17)

1) 3To paBeHCTRO TNpOLle BCETO BHLIBOIMTCH B MPAMOYFOJbLHOR CHCTEMe KOOp-
nunat. Eciu MOBEpHYTb KOHTYp HHTETDHDOBAHHSA HA 45°, RaKABI U3 MHTErPaJon
UpeRpallaeTcsl B TayCCOBCKHIl, HarpuMep,

O&/}g

S dly i3 (atie ettt
—_—e == —.
2 2V na
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3aech 10 XOAY BBIKJAAJOK Mbl caenatd 3aMeHy 2; — Az;. [losaras
JaJjiee B INOABIHTErpaJbHOM BbipasKeHHH AZ; — 2;, ybexjaaemcs, 4TO
HHTErpaJl He 3aBHCHT OT A; cjlenoBaTesabHo, (8.17) ecTb ToXKaecTBeH-
HBIH HYJIb.

Ocrapuuiica BKJIAl B [,, BHIYHCJAACTCS ¢ NOMOWIbIO TOTO XKe
CcaMoro InpHema, COCTORILEro BO BBEJAEHHM MAacCIITA0HOrO MHOMKH-
tessi. Bocnosab3yemcsi TOXKIECTBOM

oo
dA 2y 4+ 2
1~S To(1 -2, (8.18)
0
Torna

T 2 dhdz, d
Tiv (9) =5~ (qugv — gwq"’)g S et
0 0

Az + 22)4

Xo (1= 252) Peen {1[555 — (mi— o) (2 + )]} =
0

X Y. e exp[ih[g2,2,— m3 + ie)], (8.19)

X

Omg

2i dh
= % (unV - guvq2) dz, dE’QTZIzQé (1 — 21— 29) X

St g
Ol @

rAe MBI ONSiTh CAefaJn 3aMeHy 2; = A2;.

K coxaJjieHHi0o, HHTerpasJ Ho A jJorapu@MHUeCKH PacCXOAHTCH, H
Mbl BBIYHCJIHM €ro ¢ NMOMOILbIO NpoUeAypb ob6pe3aHusi. Breibupas B
(8.11) Cy = —1, C;=10 (i > 1), Haxoaum
Iuvzluv(mQ)—Iuv(M ) ~

1
2

M
(qu‘h guqu)g dzz(l —2)In m—gz(l—2)
0

210.

1
M :
= 37 (u9v — &uvd”) [1”752‘ —6 S dzz(1=2)In (1~ _z?Z(l_z))] '
0
(8.20)

Uro6ul MoHATh PH3HUecKui cMbica pedyabTarta (8.20), pacecMoTpum
BKJIaj 3aMKHYTOH mneTau, u3obpaxkenHofi Ha puc. 8.1,0, B pacces-
HHe. BkimoueHHe 3TOTO BKJAaAa B aMIUIMTYAy BTOPOTO TNOpsiLKa
(7.86) naer corsacHo (8.8) GOTOHHBIE mponaratop, KOTOPHHA MO-
XeT GHITh 3alllcaH B BHAE CYMMBI ABYX UJICHOB

— i8uv (— i) - (— i)
b ) 8.21)

q2
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[ToactaBasis cioga (8.20) u omyckas YJeHH, NPONOPLUHOHAJbLHBIE
Gy M Gy, KOTOPBIE PaBHbl HYJIO BCIEACTBHE COXPAHEHHs TOKA B 3/€K-
TPOHHBIX BepUIMHAX, HaX0AHM

1

_—‘gf—v[l—iln%+ﬁggdzz(1—z) n(1—£21=2 ] (8.22)

q* 3n m? — ie
0

Mbl mosyunsau GOTOHHBIN MpolNaraTop, BK/IKOUYAKUIHE NOMpaBKH
mopsinka o. Bbipawkenne (8.22) onuchiBaer BKJAl SJIEKTPOHHOH
NeTin B aMIVIMTYAy AJs Jo6od guarpamMmbl ®efinmana ¢ oOmeHOM
(GOTOHOM Mexky ABYMsi COXpaHAOMMHUCS TOKamu. B mpesmenbHOM
cayyae ¢>—0 u3MeHeHHe B Nponaratope CBOAHTCA K YMHOXKEHHIO
ero Ha BeJHUYHHY Zj3, ONPENENeHHYI0 COIVIacHO

04

M2
Z3~1—'3—nln—”?'

(8.23)
[TosTomy, Hanmpumep, aMIIHTYyAa KYJIOHOBCKOrO pacCesiHHs MPHHH-
MaeT MpPH MaJbiX [epefaHHbIX HMIYJIbCaX BHA
o . 2 .9
ie2iiyyt AN ( a M ) ieplyyu
252
- iy —_— | = . .
p L 1 3 In—s p (8.24)
Orciofa Mbl 3aKJiouaeM, 4To mapaMerp e?, Qurypupyouuii B
ypaBHenun Ilupaka, Ha caMOM Jelfe GoJablle, yeM 4n/137, NOCKOMIL-
Ky u3MepsieMasi BeJHUHHa e} A0/KHA PaBHATLCA 47/137. 3apsn en
Ha3bBAETCS NepeHOPMHPOBAHHDBIM, a € — FOJILM 3apsjoM. B mobom
npouecce ¢ O6MeHOM (OTOHOM HE3aBUCHMO OT IIePe1aHHOro HM-
MyJ/1bca MPUCYTCTBYET NEePEHOPMAPOBOUYHAA KOHCTAHTA

0 __ o a M2
=z =(1—5In0r). (8.25)

CJjle/0BaTeJqbHO, NE€PEHOPMHPOBKA 3apsilia 3JEeKTPOHA NPOHCXOIHT
TaKKe M 3a CUeT CTATHUEeCKOH MOJspH3yeMOCTH BaKyyma. Ilostomy
PACXOJMMOCTH B BBHIYHCJAEHHAX BILIOTh JI0 TNOpsjJKa e* Hcyesalor,
eC/H CeueHHs BblpaxkaTb depe3 HaliiosaeMble 3apanl ep. Habaio-
fgaeMbie, 3aBHCALIME OT MMIyJbca TNONPaBKH BO3HHKAKT 34 cHeT
BTOpOrO ujeHa B (8.22), KOTOpHIA HCUe3deT B CTATHUECKOM Mpejese
npu ¢—0. Bkraa sToro uieHa KOHeueH H He 34aBHCHT OT BRIOpaH-
Horo crnoco6a oGpesanusi. OT cnocoGa oGpesanusi 3aBUCHT TOJDbKO
COOTHOILEHHE MeXAY TOoJbM H ¢usndeckum sapagoMm. Hanpumep,
IpH MaJbiXx MepelaHHBIX HMIyJbcax, |g*/m?| <1, 3aBHcsAmas oT
UMIyJAbca NOTPaBKa K aMIUIHTYAe KYJOHOBCKOTO paccesnns (8.24)
HMeeT BHI '
. Oy a M? a ¢? . o Oyol op 4° :
e q2 (lﬂggln—m—z-—m? %lek q2 [l—m'n?—{—O((I‘lz?)]
(8.26)
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OHa moxeT ObiTh cjeayiomuM 00pa3oM BbIpa’KeHa B BHJE JTONOJHH-
TeJbHOrO B3aUMOJEHCTBHSI B KOOPAMHATHOM IPOCTpPAHCTBE:

2 2 2
o e e e
_ R 2 R __ "R RTR _5(3)

(1 155tm? Vx) 4zr 47tr + 150m? 89 (x). (8.27)
Taxkoe B3auMoneHcTBHE NPUBOAUT B EPBOM NOPsAKE K CAEAYIOMEMY
caBury AE,, aTOMHBIX ypOBHeH BOZOpPOAONOAOOHOrO atoma C 3apd-
oM Z:

AE,; =:5Zne_,%;:ﬁ [P (0) P = — (—%‘ 2%’m %—;:—z 8. (8.28)
Haasn=2,1=0uZ =1 uMeem
v=~éﬁ€-=-—27MeL4.
3naku Boipaxennd (8.26) u (8.27) nMeHHO TaKHe, KaKHe CJIel0BANO

OXKHAATb H3 H3JIOXKEeHHOTro B I, 5. JI/1A paccesiHUs 3JeKTPOHOB ¢ Ma-
Joit mepemauell UMnyJabca, |g?| < m? H COOTBETCTBEHHO OOJIBIIUM
NPUUENbHLIM HAPAMETPOM B3aUMOLEHCTBHE NPONOPLHOHAJBHO TOJ-
HoMy 3apsay. [Ipu paccesiHud ¢ MaJbIM [PHLIEJbHBIM NAapaMeTPOM
H GOJBINMM TiepeJaHHbBIM HMIYyJbcoM, g2 = —|q|? 3JekTpoH mpo-
HHKaeT B IJayOb NOJSIPH3AUHOHHOTO 00J1aKa H CHJI4 B3aHMOJeEH-
CTBHSI BO3pacTaer.

BhluHC/eHHsT BOSHHUKAIOUIErO OPHM 3TOM H3MEHEHHs B 3aKOHE
KyJona Briepsbie 6biiu nposefedn B 1935 r, [70]. [Tonyuennse npen-
CKa3aHus TNpOBepPSAJHCh B ONBITAX IO H3MepPeHH® J3MGOBCKOrO
capura yposHeft 28, u 2P, atomMa Bojgopoja. Bmecto oxupasureiics
pa3doctu yposHell 28y, m 2Py, paBHon 27 Mey, B 1947 r. Obui0
noJyueHo 3HadeHue nopsaaxra 1000 Mey; Takoe pacxoxjeHHe cBsi-
3aHO B NEPBYI ouyepelb ¢ BAKYYMHLIMH (JIYKTYyaUHSAMH HOJS H3Jay-
yeHns, 06CYXKAABIIHMHCA B IV, 4.

[TpoBenenHble B TeueHHe MOCTEIHUX AECSATH JeT BecbMa TOYHbIE
H3MepeHHsl H BblUKC/IeHHA JBMOOBCKOTO CMEIEeHHsl yPOBHeH aToMma
pogopona ¢ n==10 cormacyiorcs ¢ TouHocTeo o 0,2 Mey, uto nox-
TBEpIKJAaeT CyllecTBOBaHHe casura B 27 Mey 3a cuer moJasipusa-
MK BakKyyMa, JTo sBJjsieTcss yOepuTeJbHLIM CBHIETENbCTBOM Kak
B 0JIb3y TEOPHH ABIPOK AJA ypaBHenHsi [IMpaka, KoTtopasi OpUBO-
IUT K BKJIajaMm JddarpaMM B BHje 3aMKHYTBIX IieTelb, TaK H B
MOJL3Y HPHHSATOrO HaMM NIPOCTOro BbIOOpA BepLIMHE B3aHMOjef-
CTBHSI 3JIEKTPOHA ¢ (OTOHOM.

[TpoBepka TeOpHH HpH GOJBUIMX g2, KOTOPHIE COOTBETCTBYIOT Ma-
JIBIM pacCTOAHHAM, OCTACTCS MOKa 3ajavell KCIepHUMeHTa, KOTOpPbIi
JOJIKeH YKazaTh Ha HeOOXOAUMOCTh BHECEHHS H3MEHEHHH B TEOPHIO
npu Oosnbliux g2 Ilpn paccessiHun ¢ OGONBIINM NepefaHHBIM HM-
IYJbCOM,

lql=—¢*>m’,
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nonpaBkH B (8.22) sorapHdmHueckH BO3pacTaioT H GOTOHHLIH npo-
naraTop B NEepPBOM MNOPfAJKe HO HelepeHOPMUPOBAHHOMY 3apsily o
IpHHHM AeT BHJ

T (1B (-2 0). e29)

Korga nepefaHdbli HMNYJbC AOCTHTaeT npejena obpesanus M?
nonpaBKa KOMIEHCHPYeT [epPeHOPMHUPOBOUHYIO KOHCTAHTy AJs 3a-
psiia M MOXKHO MPEANOJOXHTb, UTO B INpeaete GeCKOHEUHbIX IHEp-
TMH B3aHMOJCHCTBHE ONpefesseTcs TOJBIM 3apsjoM, Kak H306pa-
KeHO Ha puc. 5.3. DTO HHTepecHOe, HO HeJOKA3aHHOE MpeAnooxKe-
Huel).

Ecau uMmnyabc g BHpTyaJbHOro (OTOHA SIBJASETCS BpPEMeEHHIIO-
NOGHBIM H ¢? mpeBblmlaeT 4m?, Kak mJds AHaTPAMMBI POXKAEHHS
napol, H3oOpaxeHHo# Ha puc. 8.1,0, mnonpaska B Inponaratope
(8.22) okxasblBaercsi KOMIJIEKCHOH ¢ MHHMOH yacTblo, pasHo#l [54]

e ()} s - im0 - 2] -

q q*

S O Y e S

q2
HT06bl MOHATH NPHPOAY MHHMOH YacTH, BCIOMHHM 06 YHHTapHO-
CTH HIPpEAHHTepOBCKOA S-MaTpuunl. Mbl yke 06CYXIaJdH 3TO CBOH-
CTBO'B I 6, KOTAa paccMaTpUBAJIH HepeJATHBUCTCKHH nponaratop.
YcaoBue YHHTAPHOCTH, KOTOpPOE 3alHChBaeTcsl B BHJE

S*tS=1, 1. e. ), SniSni =0y, (8.31)
n

[I03BOJISIET AaTh BEPOATHOCTHYIO HHTEPNpPETALMIO PEUIEHHAM 3afauu
paccesanus. CornacHo yCJOBHIO YHHTAPHOCTH CyMMa BceX BepoOsiT-
HOCTEH IePeXo[0B H3 3aJaHHOrO HAayaJbHOTO COCTOSIHHS paBHa
efHHHLe. B TeopHH, BK/IOUaoHIed NO3HTPOHB], YACTHIEI MOTYT POXK-
JNaTbCSl H YHHUTOXKAThCH H CYMMa IO COCTOAHHSIM H JOJKHAa BKJIO-
4YaTb BCe 3JEKTPOHHBLIE, MO3HTPOHHBIE H (OTOHHHIE KOHEUHBIE CO-
CTOSIHHA, B KOTOphle MOXKET NepelTH JaHHOe HauajJbHOE COCTOSHHE.
Ilpu srom coxpanserca cmeica (8.31) Kak yClIOBHA COXpaHeHHS
BeposiTHocTH. [lockosnbky (8.31) dBasieTcs TOXKAeCTBOM No e,
S-marpuna JOMXKHA YAOBJAETBOPATh yciaoBHio (8.31) B KaxkmoM
nopsifike TEOPHH BO3MYLIEHHH MO KOHCTaHTe B3auMogelicTBHsA. Ecuan

1) Cm. sameuarus B § 18. TlogpoGuos 06CcyKaeHHe OCHOBAHMil A4Sl TAKOro
OPeANOJIOKEHHS U BHITEKAlOIMX H3 HeTro CJeACTBHl coflepxkutcs B pabotax [71,
72, 3]. ,
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MBI NPOHU3BEAEM Da3JIoOKeHHEe

Sp=bu+SW4+SP+ ... (8.32)
TO YCJOBUE YHUTAPHOCTH NPHMET BHJL
SW+ s =o, (8.33a)
Si+ S = — X Si'si, (8.336)
S(S\ + S(S)* — Z [S(l)* (2) (?)*S(l) (8.338)
S}‘? + S‘{‘f)* a— Z [S“’* @ 4 (2)* @ 4 S(S)* (a7, (8.33r)

Ecaiv HavaJabHOE COCTOSIHHE { [IpeILCTaBJIﬂeT co6oit cBOGONHBIE 3/TEKT-

pOH H [O3HTPOH, TO S“) 0, nockoabKy peakuus e+ et—>ly
3anpelnena 3aKOHOM COXpaHeHHs 3HeprHH-uMnyabca. COOTHOUEHHIO
(8.336) ynomJerBopsieT ammauTyna (7.86), kotopas ob/sanaer Tpe-
GyeMbIM CBOMCTBOM aHTHIDMHTOBOCTH. PaBenctso (8.33r) Buipaxcaer
OTJHMYHYIO OT HYJs1 3PMHTOBY 4acTh aMIJIHTYAbl 4eTBEPTOro MopsiaKa
yepe3 BKJaAel BTOporo nopsiaka. lvenHo sToMy BKJIany ueTBep-
TOro nopsiaka orsedaer Gopmyaa (8.30); BciencTBHe AeHCTBHTENb-
HocTH (8.30) COOTReTCTRYyWOLIAs YacTb aMIJIHTYIH 3pMHToBa. IIpH-
cyrctBHe B (8.30) crymenuatofi ¢yHKuHH 0(l—4m?/g?) yka3bl-
BaeT, YTO 3TO BHIpa)KeHHe OTJHYHO OT HYJS TOJbKO NPH TaKHX
3HAYEHHSIX HUMOYJbCA, NPH KOTOPHX, MOMHMO BHDPTYaJbHEIX Nap B
BHJE 3aMKHYTHIX NeTesb, B KOHEUYHOM COCTOSTHHH MOKeT POKIaTbCA
peasbHas napa'). Hauayuillee 1oka3aTeJbcTBO YHHTAPHOCTH S-MarT-
pHIL B Ji06oM HOpsiiKe TEOPHH BO3MYILIEHHH HaeTcd B KBaHTOBOH
Teopuu noJs [50].

§ 36. MNepeHopMHPOBKAa BHEIIHHWX (HOTOHHBIX JHHHI

.

Ho cux mop Mbl OGCYyRZaJH BKJan 3aMKHyToH neriu (8.8) B
nponaraTop BHPTYaabHOro GoToHa. 3aMKHYThle 3JeKTPOHHHIE MEeTIH
BHeCyT IONpaBKH TaKXe M BO BHellHHe (OTOHHBIE JHHHH. B aroMm
ciayyae OTOH MOMKHO NpeACTaBJATh cebe KAaK UCHYIIEHHBIH HEKOTO-
PHIM yaaJleHHbIM HCTOUHHKOM; COOTBETCTBYIOIIAS RHArpaMma H30-
6paxena Ha puc. 8.6.

BakyyMHBIA Ny3HIpb, BKIIOUEHHHIE B 3Ty AHArpaMMy, DPUBOLHT
B cootBeTcTBHH ¢ (8.23) # (8.24) K HOABJIEHHIO NePEHOPMHPOBOYHOM
KOHCTaHTH Z3 B MaTPHYHOM 3JeMeHTe, 3amnucaHHoM Ge3 yuera Mo-

1)} Benuuuna muumoR wactd (8.30) xak pas Takas, YTO NOJHAsA BCPOSITHOCTD
BCeX NepexO/l0OB M3 HayaJbHOFO COCTOSHHSA DPaBHA €AMHHUE C TOYHOCTLIO A0 O2,
Honpo6uee cm. [73].
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npaBok. OHAaKO NpH 3TOM TOK HCTOYHHKA OCTaeTcss HemepeHOpMH-
poBanubiM. Ecau ¢pakTop A/Z; comocTaBuTb ¢ HCTOYHHKOM, a ApY-
ro# daxrop 1/23 — ¢ MHTepecylollHM Hac OJOKOM, TO TOJH 3a-
psill e B KaXKJOH BepLIHHE 3aMeHHT-
cst Ha 4/ Zse = er. TaknM 06pasowm,
npaBujio ofpamenus ¢ peajbHbMH
BHEIIHHMH (OTOHAMH COCTOHT B
ToM, uto6bl npeHefperaTb Hompas-
KaMH KO BCeM BHEIIHHM JIHHHAM
H 3aMeHATb € Ha ep B KaxaAoH
BHeIllHell BeplIHHe. ODTO 3KBHBa-
JIEHTHO BBIUHCJIEHHIO BCeX [OIMpa-
BOYHBIX [IHAarpamMM K BHEILIHHM JIH-
HUSIM, BKJo4ast 3aMKHyTBHE [0-
JSIPH3ALHOHHBIE METJH, M mocne-
LylonieMy JeJieHHIo Ha 1/23 AAA
Kaxaoll  BHellHeH doToHHOH
JIMHHH.

Yanermeni
HETERHELE

Puc. 8.6. O6Men peassHBIM HOTOHOM

MEXKLY ABYMs TOKAMH. MaKpPOCKO-

NHYEeCKH pasfe/eHHBIMH B  1poO-
CTpaHcCTBeE.

1/137, a roau#t 3apsan;, ecJaH

B nmasbHefimeM npH  3amHCH
¢dopmyn Mbpl OyaeM NpeANnoJararb,
YTO NePEeHOPMHPOBKA yKe NPOH3Be-
leHa: e?/4n OGymer ofo3HagaTh
on HaM mnotpebyercsd, 00603HAUHM

KakK é&y.

§ 37. CoOGcTBEHHAs Macca 3JeKTPOHA

Ouarpammy puc. 8.4, 2 Ha3bIBalOT 3JEKTPOHHOKH cobcTBEHHO-
sHepreTHuecKol uacTbio nopsiaka e?. CooTeercTByloIlass aMOJHTYAa
naerca uuterpasioMm (8.7), a HMEHHO

_ _ dk (=9 L
—lZ(p)=(—le)2S(2n)4 B2 — A2 e Vv p—k—m+ie

Bripaxenne (8.34) pacxoAHTcs, MOCKOJIbKY 3HAMEHATEJb CONEPKHUT
£ nuib B TpeThell cTemeHH (k Bo BTOPOH cTemeHH M3 (GOTOHHOTO
npomaraTopa H k u3 3JeKTpoHHoro). BesnunmHa A npexcrasjser
cobofi MaJayw Maccy (OTOHa, BBeIEHHYIO JJs1 NpeloTBpalUeHHs
HH(PAKPACHBIX PAacXOAUMOCTeH,

[Tonb3aysics npeicrasiednyeM (8.12) u nmpoBoxs BHIYHCJEHMS, aHa-
Joruuupie (8.16), momydaem

vY. (8.34)

.o dzi dz; _ bz
2(p) = o3 OSOS (21 + 22)? [2m 21+ 2, ]X
2
X exp[i LR iz, — N"zl)]. (8.35)
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Buipaxenue (8.35) mss T (p) NPHUronHO KakK I/l BHYTPEHHHX 3JIEKT-
DOHHBIX JHHHE ¢ NPOU3BOJILHBIMH p? M p Ha auarpaMmax Peftnma-
Ha, TakK W JAJs BHEIIHHX JUHUN. B mocaegneMm ciyuae p?=m? u,
KpoMe TOro, p pacroJgaraercs nocje CrnuHopa mJjsi cBoGogHOH ua-
ctunel, Kak B (8.7). Torma MoKHO BOCHOJIL30BATbCS ypaBHEHHEM
Jdupaka u MOJOXKHTb p = m. [lajiee, KaK U NpPH pacyere HoJsipH3aa-
IHH BaKyyMma, IpHMeHsieM ToxzecTBo (8.18), samensieM 2; —y2; H
noJjydaem

1 oo

a A dy . .9

Z(p)= g5 \dz[2m —p(l —2)] ) ~exp{iv[p®2 (1 —2) —

0 0

—m?z — A% (1 —2) +iel}. (8.36)

Hurerpau

J(p, m, &)= S%exp {ivip’e(1 —2) —m% — A2 (1 —2) + ie]}
4]

pacxomuTcs JorapudMHUeCKH; MBl HpPOH3BeneM obpe3aHHe, BHUTH
u3 Hero uHTerpas J(p, m, A), rie A — Gosabias Macca,
TIpuMeHUM TOXIECTBO

S ax (e'%* — e"®*)=1n b . (8.37)
0

X a

Torma nponaratop nocje o6pe3aHust HPUMET BHA
1
Z ()= 5 | dzl2m—p(1 = 21X
0
Xln m2z 4 A% (1 fzzgl——l?il T—2)—ie
=2—O;I—Sldz[2m—— p(l —2)]In

0

Al —2)
m?2?

-+

1
a A m?2? 4 A2 (1 — 2) ~
+—2;§d2[2/71—‘l7(1 2)]11’1 miz + M (1 —2z) —pz(l —2) ~

A? a A?
W (P —m)InTz+

L dam In
~_4ﬂ;

m222 + A (1 — 2)
m?z A (1 -—-2)—p2z(l —

+ 5=\ dz[2m — p(1 —2)]In 5 - (8.38)

Pty
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Bcsa 3aBHCHMOCTb OT O6Gpe3aHust COIEpPKHTCH B MEPBHIX ABYX uJe-
HaX, OT KOTOPHX Mbl O0CBOGOAHMCs nyTeM NepeHopMuposku!). [Ipu
p? — m?>> m) MHTErpaJ Jerko BHIUUCJISETCH H Mbl MOJyuaeM

1
a m’z
—2-;§d2[2m—p(1 —2)| lﬂmz) =

_ am (ﬂ1?—2p?)ln m?—zp2 _
n p m

(e +(’“"';‘;”2)1n TP (8.39)

4n p*

BO/au3n «MaccoBoll NOBepXHOCTH», T. e. Koria p? ~ m? (oAHaKo
p?—m? > ml) W RorAa ¥ CTOHT PSIOM CO CIIHHOPOM [1Jis1 CBOGOJ-
HOH yacTHUBl (p = m), AMeeM

2(p) ~ -—mln’ %;(ﬁ-m)(

O0patuM BHHMaHHe Ha JOrapHpMHUYECKyi0 OCOGEHHOCTb [PH
p?—m? Tlpu p? > m? pejiMupHA ¥ CTAHOBUTCH KOMILJIEKCHOM, YTO
OTBeuaeT CYLLECTBOBAHHIO TNpollecca paclafa BHPTYAJbHOTO 3JEKT-
poHa Ha 3J1eKTpoH H (oToH. C aHANOrHUHBIM sIBJeHHEM /IS (DOTOH-
HOro mpomaratopa Mbl yxe 3HakKombl. [Ipu p?— m? <« mA nocaen-
Huit sorapudm B (8.40) samensiercs Ha In(A/m). B stom MoxkHO
yOenuThCsl MyTeM OpAMOro BhuHcaeHHs 2) wurterpata B (8.38) B
npenene p?— m?,

i 2=L). (8.40)

§ 38. Nepenopmuposka sJekTpoHHOro nponaratopa

M3menenue, BHeceHHoe B OpeiblaylleM naparpade B 3JeKTPOH-
HBIH Tpomnararop, cOCTOHT, COrJIacHO (8 34), B 3aMeHe

i i
ﬁ_m")ﬁ_m+p_m(_l2(p» —m p—-m—E(p)+O(a2)
(8.41)
M3 (8.40) umeem
S(p)=om—[Z7' — 14+ C(p)](p— m), (8.42)
rie .
om= 3:”“ In —\2—,
¥14 m

_ _a A2 m? — p?
T =1+ Cp o~ (IS + 452,
mAL PP —m?< m?.

1) BoigenenHniil B (8.38) KOHeUHbIH 4jeH OZHO3HAYHO ONpeAeNAeICs H3 YCJIo-
BHA OGpallleHHst ero B HYJb Ha MacCOBOM TOBEPXHOCTH NpH p? = m?

?) Briuuc/eHHe NOJHOTO BKJaja BTOPOTO NMOPsAlKa B JIEKTPOHHYID COOCTBEH-
HO-IHEPTETHYECKYIO YacTh COflepxHTes B paborax [2, 741.



§ 38 OEPEHOPMHPOBKA 3JIEKTPOHHOI'G TPOHATATOPA 167

Benuuuna C(p) BoiGpana Tak, uTo6bl 0OPH p=m GyHKUHA
C(p) = 0; Taxum of6pa3oM, OHa He 3aBHCHT OT napameTpa obpesa-
uust A, Tlpu p = m nonyuaem
2 2
zi'— 1= (In2: —21n 2. (8.43)
Teneps, ucnoabsys (8.42), moxHo mepenucath (8.41) B caeayio-
ueM BHIE:
i - iZy .
pP—m—=32(p) ~ (p—m) 1 +2Z.C(p)] —Zbm —
. iZs
T (p—m—2dm) [14C(p)]
Mpul OTOXKAECTBHM BEJHUHHY Miph = m + 8m ¢ (pu3HUecKoH Maccoi
2JIEKTPOHA; mapameTp m B ypaBHeHuH Jlupaka mpexpcTaBlifieT co-
0oit, KaK u roJibifl 3apsiA, APYrylo HeuaMepsieMyio Beaudnny. Heo6-
XOJJUMOCTb MEePEeHOPDMHPOBKH MacChl BO3HHKAET YiKe B KJaccHue-
CKOH 3JIEKTPOIHHAMHKE,

HeficTBuTesnbHO, Macca, usMepsAeMas B ONBITaX €O CBOGOAHBIMH
3JIEKTPOHAMH, eCTb CyMMa Macchl /M, BXOJSLIEH B BbiparkeHHe JIs
JOPEeHIeBOH CHJIBI, H 3JEKTPOMATHHTHON COOGCTBEHHON MacChl 9JeKT-
pona [75]. JIns K/IacCHUECKOro 3JeKTPOHAa C PafHYCOM ~ @ 3JeKT-
poMaruuTHas coOCTBeHHas SHePTHs cocTaBifeT ~qja. Torma ags
HabJonaeMoll MaccH MOJYYHM BeJHUHHY
~ (m + a/a)= mp,. B cayuae Toueu-
Horo sapsana a —Q u nompaBka K Macce
cTaHOBHTCA GeckoHeuHoi. To xke camoe )
npoucxoauT B Teopuu [upaka, oaHako
3Jechb MONPaBKa DACXOAHTCA, KaK Jora-
pudM, comepxamuil mapamerp o6pesa"-
HHA, B TO BpeMs KaK B KJaCCHYeCKOH
TEOPHH COBGCTBEHHAS SHEPTHS PACXOAHTCS
Jauneiino npu a->0. Ocnabienne pacxo- b A
IHMOCTH cJenyer H3 TEOPHHM  [Ibl-

OK. . .
P Kak Bnepsole mnokaszaha Baiickond @ @
[761’ AHarpaMma - pOMACHHS BHPTYAIb-  p.. 87 pasnpaume ynops-
HOW mapel ¢ NMOKAa3aHHEIM Ha PHC. 8.7,8  j1oueuns o Bpemenn aas
ynopsanoueHHeM BO BpPeMEHH KOMIIeH- COGCTBEHHO-9HEPreTHYeCKOH
CHUpyeT BeAYLIYI0 pacXOAHMOCThL JHAa- 4aCTH BTOPOrG MOPAAKA.
rpaMmsbl, npuBefeHHod Ha puc. 8.7, 6.

Xora dopmajbHO mHOMpaBKa K Macce SIBASETCS GeCKOHeUHoH,
OJIHAKO JJNA 3HaueHHH mapamerpa obpe3aHus A K me?Be ~
~ 10'% s ona maga. 3aMeTuM, 4To Macca BceseHHOM olleHHBaeTcs
BeJiHunHOH ~ 108 m [77].

CucremaTudeckuil cnoco6 npoBefeHHs NpOLeAYPH NePEHOPMH-
POBKu Maccwl coctouT B cienywoiieM. Hano nepenucars ypasHeHue

+0(0?). (8.44)
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Jupaka B TepMUHAX q)uanecxou MacChl M paccMaTpuBaTbh pasHOCTb
Mex Ay ToJioH, HIH 3anaBquon Maccolt i (hU3HUECKON Maccod Kak
JNonoJHHTeNbHOe B3auMojelictsue. Takum obpa3oM, 3alHlIeM

(Y — mpn) b = eAp + (m — mpn) b = eAp — dm. (8.45)
JlomoJIHATeILHOMY  B3aHMOJCHCTBHMIO OTBeuaeT JAHarpamMma Ha

pHc. 8.8. ITOT WieH coKpamaercsa ¢ nepuM uideHoM B (8.40), u npH
p > mpp nponaraTop NPHBOJAHTCA K BHAY,

*—dm collepXKamemMy CBOOOJHBIH MponaraTtop B

< KauecTBe COMHOMHTEJ.
Piic, 8.8, Maccosklil KoHTp- B nanpheiimenm Mbr Bceraa Oyaem npei-
wreH. [OJIaraTh, UTO MEePEHOPMHPOBKA Macchl yKe

1pousBejeHa, T. € CUHTAThb BKJIOUYEHHON
AuMarpamMmy, nsobpaxenHylo Ha puc. 8.8. OGosHauenue m Mbl CO-
XpaHUM 32 (QH3HUecKOH MaccoH 3aeKTpoHa.
OcraeTes elile noNpaBKa K NPONaraTopy, 3akidioueHHas 8 Z; H B
dyukuuu C(p), sei6panHofl TaK, 4To Npu p == m ynkuus C(p) = O
B uactHoOCTH, IpH § & m NPONATATOP HMEET BH[

LR (8.46)

T. e. oTJaHYaeTcsd PaKTOpOM Zy, KOTOPHIH B 5TOM CMBICJIe aHAJOTHYeH
daktopy Z; B poToOHHOM Iponararope. B AaHHOM ciyuae Z; TakXe
MOXHO BKJIIOUHTb B 3apsijl €y, BXOASAIIKI B 00e BepLIMHBE Ha KOHIAX
9JICKTPOHHON JIHHKMHM; OJHAKO B 3TOM HeT HeoOXOIZHMOCTH, Mo-
CKOJIbKY, KaK MBI YBMJUM, NONPaBKH K CAMHM BepUIHHaM CcOKpa-
niaioTes ¢ Z;. Bpsa JH MOXKHO OXHIA4Tb, UTO BeJU4YHHA Z; HUMeeT
ray6okoe (H3HUECKOe COAep:KaHWe, TaK Kak corjacHo (8.43) ona
2aBHCHT OT Macchl (OTOHA.

Tpebyercsi onmpenesieHHast OCTOPOXKHOCTb, YTOOHE He BHECTH IO-
NpaBKH BO BHEIUIHHE JHHHHM IBaxKiAbl; ¢ NOLOOHOR CcHTyalHedl MBI
yKe CTaJKHBAJIMCh B ciIyyae (oToHoB. IlpomaraTtop ecTb BelHYHHA
GuinHelHAs O aMIUIUTYaM I0Js, 3TO BHIHO, HaIPHMEpP, H3 BhIpa-
keHus (6.48). OgHako BHeHIHSS JIHHHS COOTBETCTBYeT aMIJIHTyZe
10J1, NOSTOMY OHAa IlepeHOpMHpYeTcss MHOXHTeJdeM A/Z,. TaruMm
06pa3oM, ecay BbIYHC/IEHHUS NPOBENEHBLl C YUeTOM BCeX JHarpamm,
JNaloIUX NonpaBKH K BHEWHHM JHHHAM, pe3y/bTaT clefyeT pasje-
JHTb Ha 1/Z2 B CTeNneHH, PaBHON YHCJYy BHEUIHUX 3JEKTPOHHHIX
JHUHHHA,

HepensiTHBHCTCKas TeOPHA BO3MYIUEHHH TaeT XOPOILIO H3BECTHHIMH
[pAMep aHaJOrHYHOro ABJEHHS, 2 UMEHHO

S—— s V n
n = ’\/Zn Pn+ Z @ ;Jo) Pns (8.47)

m+n ”
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e [(@m, Vib) I
Z,=1— Y 1D¥m Zn/l (8.48)
=, (En—ER)

3nech Takke Z HaXOAWTCs, MO CyTH nena, 3 ¢yHkuun Ipuna, a
BOJIHOBast (QYHKIHS IEPEHOPMHDPYETCS BeJHYHHOH «\/Z .

§ 39. lMNonpaBkn K BeplliHHe

Hawum ocrajoch paccMOTPeTb TOJbKO AHArpaMmy, H306parkKeHHYIO
na pHc. 8.4, 8, KoTOpasi oTBEUaeT MONPaBKe 3a cueT oGMeHa GPOTOHOM
MeX/Ay 2JEeKTPOHHBIMH KOHIAMH BEepIIHHBL y,. Takyio anarpammy
HA3BIBAIOT BEPIIHHHON YacThlo BTOPOro NMopsaka. UTo6u BEUHCINTD
ee BKJAaJ B (H3MIECKHe NPOMECCHl, PACCMOTPHM HHTerpal

Fooy e (— e \ L (=9 L
Ay ) =( le)S(2n)4 B—aitie Wy —kE—mtie

4

— eV
X Vg ¥ 649

rae p’ o3HauaeT UMOYJbC JEKTPOHA, a —pP — UMIYJIbC HHU3HYECKOTO
MO3UTPOHA, POKIEHHOr0 BHPTYaJbHBIM (OTOHOM, KaK MOKa3aHO Ha
puc. 8.4,6. To ke camoe BepaxeHue (8.49) ,
OoTBeuaeT M BePIIMHHOH paZHALMOHHOH MO- 7
npaBke K H306pakeHHOMY Ha pHc. 8.9 pacces-
HHIO 3JIEKTPOHA Ha BHeWIHeM NoTeHuuaje. B
5TOM cJydae p’ BHOBb SIBAAETCS HMMYJbCOM
KOHEUHOTO 3JIEKTPOHA, OXHAKO p Tenepb npex-
ctapjsier co6oil MMOYJbC HAyaJbHOTO 3JIEK-
tpona. TakuM o6pasoM, ofHa H Ta XKe GYHK-
nus (8.49) onuceiBaeT NONPAaBKH K pasjuy-
HBIM (DU3HUECKHM [pOIeccaM.

Amnauryna (8.49) pacxoauTcs, NOCKOJbKY 7
3HaMeHaTelb MOJBIHTErPaJIbHOrO BBIPAXKEHHA p.. 89 Bepmmunas
CONepKUT £ JHIlIb B 4eTBePTOH crTemeHd. Kpo-  ponpaska x pacces-
Me TOro, Mbl BHOBb CTAJKHBAaeMCsi ¢ HH(PA- HHIOBO BHEIIHEM BJEK-
KPacHOH pacXOAMMOCTbIO W I[OSTOMY [PHIM-  TPOMArHATHOM MOTE.
coiBaeM (GOTOHY MaJgaylo Maccy, 4ToObnl H30a-
BUTbCS OT BKJaga MArKHX ¢ortoHoB. Paccmorpum AY(p’, p) mnpH

g=p" —p—>0,

cunTast GecKoHeuHylo 4acTh BhifcneHHON. HauaabHBIH H KOHEUHHIH
SJCKTPOHBl OyjleM CUHTaTh CBOGOXHBIMH, T. €. p=m, p'=m.
B atoMm cayuae

a(p) Au(p, p) u () =(Z7" — 1) a(p) v (p), (8.50)
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rie Z; sBaseTcss KOHCTaHTOH, 3aBucsuel or mace m? = p?, A2 H oT
o6Gpe3aHusi, KoTopoe HeO6XOQUMO CHeJaTb, UTOOB 3Ta KOHCTAaHTa
oblia KoHeuHno#t. CooTHomienne (8.50) sBasiercsd caMbiM o0IUM, HO-
CKOJIbKY €JMHCTBEHHBIH BXOASIIHA B HEro 4-BeKTOp py €CThb TO Ke
caMoe, UTO BeJHYHHA myy, cToAnlas B obk1ankax (sandwiched) us
CHHHOPOB & (p) u u(p).

-
e

Pue, 8,10. Pagnannonnble nONpaBKH BTOPOTO NMOPSAAKA K,PACCESHHIO BO BHEMHEM
9JeKTDOMATHHTHOM TOJIe,

Her H806X011PIMOCTPI BBIYHCIATh Z), TaK KaK NpsAMOe cpaBHeHHe
(8.49) npu p’ = p c npomaratopoM Z(p), 3agaBaeMbiM HOPMYJION
(8.34), noxasriBaet, 4TO

0%
Ay (p, p)=——#{’). (8.51)

3aech MBI HCIOJb30BAJH CleAyIolee BaxKHOE TOXIECTBO:
d 1 1 1

Syl syl S 8.52)

OHo osHauaer, uTo AHdbepeHnHpPOBaHHE CBOGOAHOTO Mpomaratopa
10 UMNYJbCY SKBHBAJEHTHO BBENEHHIO B COOTBETCTBYIOILYIO JHHHIO
¢oTtona c HyaeBoi sHepruedl. Bulumc/sas npousBoanyw 02 (p)/Opw
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HenocpejacTBeHHo U3 (8.42), nmonyuaem

i (p) Au(p, Pup)=(Z5"' — 1) it (p) yuu(p), (8.53)

aJd, corJsacHo (8.50),
Z] = 22 (8.54)
€ TOUYHOCTbIO 10 €2.
CriefoBaTe/bHO, B 9TOM NOPSIIKe NONPABKA K BepIIHHE paBHA

Au W', P)=(Z5" = 1)y + AL (2, p). (8.55)
Besi saBucuMocTh oT ofpe3aHus comepxurtes B Z,. BeauunHa

Ap(p’, p) sABAsieTCSs KOHEUHOMN NPH YCJOBHHM, 4TO HHpaKpacHas Ka-
tTacTpoda ycrpaHeHa BBeleHHeM Macchl potona ) > (. Kpome ToroO,
OHA YJOBJIETBOPSIET YCJIOBHIO

i (p) A (p, p)u(p)=0 (8.56)
H onpejesieHa OMHO3HAUHO.

Moxno cuntath, uto Z; Ju0O HepeHOPMHPYET 3apsii e B Bep-
ukHe, JM60 NPOCTO cokpamaeT 4/Z, B NepeHOPMHPOBKE BHELTHHX
JuHHH. B 3ToMm npouie Bcero y6eJHTbCSl NYTeM pPacCMOTPeHHS BCeX
AuarpaMM I[opsjKa He Bblle €2, JalolHX BKJAA B MpOiecc pac-
CesiHHsl JMEKTPOHA BIEpPE] Ha BHEIIHEeM MOoTeHuHase. DTH AHa-
rpaMMbl NpuBegeHbl Ha puc. 8.10.

Huxe mepeunciensl BKZaAbl Kax/IOH W3 HHX B Opexese g->0:

(a) - ievuy
(6) — iey, (27" —1),
(6) + dm o— (— ieyn) — (22" — 1) (— ievy), (8.57)

1 .
(3) — dm ﬁ_—-?l— (-—' leyu),
(0) — i(—iey,) 5—In— = — iey, (Z, — 1).

Kak 6plJ10 NOKa3aHo paHee, HaJO0 eule NMOACJUTh 3TH BBIpAXKEHHSA

Ha A/Z, JANA Kax0il BHEIUIHeH 3JeKTPOHHOM JHHHH H Ha AZ, nns
KaXA0H BHellHed (oToHHOH JuHMH. CyMMa BceX 3THX BKJAJOB C
TOYHOCTbIO N0 MOpsiAKa €% paBHa

v (e (1 (27 = D) =227 — ) 4 (zs— )]~
~ D+ =0l +(z—1]
NZTZ_?(_ZEV”) [1+(z*‘—1)]2 =
= —ieZi'ZoA/Zs vy = — iegyu, (8.58)

rlle mpH mnocjeiHeM NpeoOpa3’soBaHMH Mbl HCHOJbL30BaaH (8.25) n
(8.54). Takum o6pa3om, NepeHOPMHPOBOYHBIE KOHCTAHTH B Bep-

m.l
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[WHHHON YACTH H B Opofaratope moJHOCTbio cokpaTuauck. [Tepenop-
MHPOBKa 3apsija IeJHKOM 0oOycJoBJena MoJspH3annedl BakyyMma.

Llenecoo6pa3HoCTb CJOXKHBIX O003HAUCHHR, MPHHATHIX [PH BHI-
Bofe (8.58), ompaBibiBaeTcsl NpH paccMOTpeHHH OoJiee BBICOKHX
nopsakoB. B uactHoctn, (8.51) H cooTHouwenne (8.54), coriacHo
KoTopoMy Z; = Zy, COpaBeMJHBB BO BCeX NopsiakaX (TaK Hasbl-
BaeMoe TO¥JecTBO Yopaa). To ke OTHOCHTCA H K YTBEDXKAEHHIO
0 TOM, UTO BCe pacXoAsImuecss HHTerpasbl MOKHO BKJIOYMThH B Iepe-
HOPMHPOBOUHbBIE KOHCTAHTH Z1, Zy 1 Z3 [50].

Mubl yxe ykasbBa/lu Ha HafqiogaeMblit (usnueckuit 3¢d¢exT,
00yCJIOBJEHHBIAI KOHEUHOH 4YacTblo JAHMarpaMMmbl MOJSPH3ALHH Ba-
kyyma. O6pamasich K KOHeUHBIM BKJIajaM OT BEPIIMHHOHA H 3JIEKT-
pOHHO! COGCTBEHHO-9HEPreTHUeCKOH uacTed, Mbl TaKke MOJyIHM
HHTepecHble (PH3NUECKHe NMPeNCKA3aHus.

PaccmoTpuM BepiimHHYI0 uacTb A, (p’, p), 3ajdaBaeMylo HHTe-
rpasom (8.49). Ero Bbuucsaenue TpeOyeT I0BOJBHO TPOMO3JIKHX
BHKJAanOK. [Ipexie Bcero HpuaaiuM 3JACKTPOHHBIM INpomaratopam
BH/l, COepXalMil B 3HaMeHaTeje KBaJAPaTel HUMIYJbCOB, a 3aTeM
o0belMHEM 3HAMeHaTeJH, [0Jb3yAch JAH00 3IKCIOHEHIHANbHBIM
npenacrasieHueM, kak B (8.12), u macmrabueiM npeoGpa3oBaHueM
(8.18), 60 HenmocpeacTBenHo mo dopmyJe )

| =(n—1)!mdzl...dzné(]:;zi).
ai + - - an (Z_"aizi)

(8.59)

(=1

1) C noMolubio 3TOro HHTerpaita QefinMana [64] BbluncaeHHs NPOBOASATCS
caepyolEM o6pasoM:

1 1 t
S dk [ (k) B—MN4ie (pf—k2—mPtie (p—kP—m?+ie -

=2S S Sdzldzgdzsé(l—-zl—zz—za)x
000

oo

S de ] (k) _
(£ — 2 p'2,— 2k p2y — W22, + (o] — m?) 23+ (0 — ) 2+ e

-0

oo 00 00 [ee]
dik [ (k 4
=2 S S S dz1dzy;d23 0 (1 —_2 — 2y — 23) S {k(z jcpj2i:)'3p23) ,
000

-0
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[Tocsie HHTerpupoBaHus 10 k u ob6pesanus pacxoAsilerocs
uHTerpaja NMyTeM BBejeHus nmapaMerpa A* HaXonuMm

A, D=y [In B + 0]+

o0 00 o0 3
+—2agyug S Sdzld22d236(1 ——Zzi)x
06 0 i=1
m? (1 — 21)® - A%z
Xln m? (1 — 21)? + A%z) — ¢%2.23 — ie -

o0 o0 00 3
-_4%8 S Sdzldz2dz36(1 —Zzi)x
0 0 0

i=]

o [P (1 — 25) — pzs + m) v, [p (1 — 23) — p'22 + m] vY
X m? (1 — 21)? + APz; — g2z525 — ie :

(8.60)

B 3HaMeHaTeJe MOC/JAelHEro 4HCAa llepeHeceM, ¢ [OMOLIbIO Ipa-
B2 AaHTHKOMMYTalHH, p 1 p’ HAa Kpas, IJle OHH MOTYT AeHCTBOBAThH
Ha 3JeKTPOHHBIC CIHHOPH, B OOKJaNKaX H3 KOTOPBIX cTouT Ap. [la-
Nee BocroJb3yeMmcs cooTHollenneM [oprona (3.26). Toraza sHame-
HareJb HocJelHero ujieHa NPHHUMAaeT BHI

—y.[2m* (1 — 42 + 2+ 2¢* (1 — 2,) (1— 23)] —2mz,2,[4, vu].
(8.61)

rae
¢ = (p'2zs + pas) - (p'z2 + p2s) + M2y — (p"* — m?) 2, — (p* — m?) 23 =
=—p2 (1 —25) — p*2s (1 — 23) + 2p - p’ 2025 + m? (1 — 21) + A2 =
=—(p”" —m) 22 (1 — 25) — (p* — m?) 23 (1 — 23) =~ ¢*222s +
+ m? (1 — 21)* 4 A%2,.
B unrerpane Sd“k cHauaJja TpPOBOAHM uHTerpupoBanue mo dkg. [Tomocs mo dkg

pacnoJIoXKeHH B TOYKAX :i:\/lk |? 4+ ¢. C nomoupio A06aBKH “F [ CMECTHM HX
€ KOHTYpa HHTETPHPOBAHHSA CIELYIOUUM 06pPasoM:
i —cie=(kg— VIKF F 0 +ie) (ko + VK +¢ —ie).

drto AaetT

[e]
1 n?
oo e
Sdk(kZ—c-l—ia)3 2ic *
0

[l1s mpomsBoJILHOfN CTeneHH sHaMeHaTens n > 3 OTBeT HoJydaercs Au(QepeHLH-
poBaHMeM 2TOro pabeHctBa 1o ¢. ITOCKOIBKY 3HAMeHaTesb 3aBHCHT TOJBKO OT K2,
HETPYHO y4eCTh 3aBHCHMOCTb OT K, B SHAMEeHATeJe: BCe HEUETHHE CTENeHH
w >0, kyky—> aguvk? B T. A
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WuaTterpupoBanne MO NepeMeHHBIM 2; B OOLIEM CJyuyae CONPSKEHO
C TPYZHOCTSIMH, XOTsl €ro BCe e YyJaJochb [POBECTH aHaJHTHYe-
cku!)., Mbl orpaHuumMcs ABYMs IpeJeNbHBIMH CJydasMH, KOraa
g2 << m? n |q|?> m? B nepBoMm cnyyae ¢ TOYHOCTBIO IO YJIEHOB
NopsijKa §? BKIAIOUHTCJIBHO MMeeM

3 A
vt AL, D[l + L (l =)+ o [0 vl ©.62)
[Tpu |g|? > m? nonyuaeM TOJBKO wJICHBI, 3aBHCSLIHE OT A:

VoA, ey {1l — S g 52— 1+ 0 (% )]}
(8.63)

CkJaapiBasi 3TH Pe3yJjbTaThl C BKJIAJAOM OT [OJAPH3AIHH Ba-
KyyMa, MBl TOJy4aeM pajgHalHOHHYIO NMOINPaBKy MOPAJLKA @ K pac-
CesTHUIO 3JEKTPOHA BO BHEIIHeM [oJie, KOTOpoe ABJsfeTcs HCTOYHH-
KoM ¢oToHa ¢g. M3 (8.26) 3arsiouaeM, uTo B Ipelee MaJjblX Hepe-
JAaHHBIX HMIYJbCOB NOJSPHU3aLHA BaKyyMa jJo0aB/seT NOCTOSHHYIO
—1fs K —3/3 B (8.62) u He BaHSET HA UJeHBl, colepxallue HHPpa-
KPacHYIO PaCXOAUMOCTb U MACHHTHBII MOMEHT.

TTocneanuit unen B (8.62) npuBoAuT K fo0aBKe K MaTrHHTHOMY
MOMEHTY 5JIEKTPOHA, PaBHON a/2n. JleHCTBHTe/IbHO, B CTATHYECKOM
npejene OH CAeAylOWHM 06pa3oM BHIOH3MEHsSeT B3aHMOAEHCTBHe
5JIEKTPOHA C BHEIIHUM TOJEM:

— ieq (p’) (vu—{— % G‘;‘;Z )u(p) A ()=
[(P+P )u +(1 + qu ]u(p) A* (q) (864)

ITonpaBounslit dpaktop (1 4+ @/2m) K MarHHTHOMY MOMEHTY 3JIEKT-
pona Gbu1 Brnepeble nosayder Llsuurepom [78] B 1948 r. u ero cyue-
cTBOBaHHe OHLIO NOATBEPKIEHO KCIepuMeHTaabHO [79].

3arteM HOSBHJIACh BO3MOXHOCTb 3KCIEpHMEHTaJbHO HabJlonaTh
momnpaBKy Mopsiika o? K MarHuTHOMy MoMeHTy. Ee Teoperuueckoe
sHauende [80] paBHo — (a¥/n?) (0,328), 4To cornacyercss ¢ coBpe-
MEHHBIMH 3KCIIePHMeHTaJbHbIMH JfaHHbIMH 2). Teoperuueckufi pe-
3yJabTaT 6L MOJYyYeH H3 PACCMOTPEHHS BeDUIMHHHIX AHAarpaMm c
ABYMsl BHPTYa/TbHBIMH QoTOHaMH ).

= — ied (p')

1y Cwm. [54] s Cydas, KOTAA SJICKTPOHBl HAXOAATCA Bie MaccoBoii fo-
Bepxuoctu p* 5= m? p’ ? ot m?, oM. [74].
2) TTocaennee 3KCHepHMeHTANLHOE 3HaueHHe AJs W paBHO [81]
p=1+4+ a/2x — 0,327 4= 0 005] a?/n?.
8) [locaie u3fanus aHrAMACKOrO OpPHTMHAJa KHHMH JJIS aHOMAJbHOIO MarHHT+

HOro MOMEHTa 3JIEKTPOHA 6bLH NOoJIYueHbl 3HAGHTENLHO 0o/iee TOUHLIE SKCIEPH-
MeHTaJbHblE H Te¢OpeTHYeCKHE 3HAYEHHA. SKCHEPHMEHTaJIbHOC 3HayeHHe B HACTOsA-
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Ipyrue uiedn B (8.62) n (8.63) npHBOAAT K NOABJEHHIO HHOPa-
KPAaCHOH DacXOIMMOCTH B CeUeHHH paccesHHS 3JeKTpoHa. OxHako
3Ta PacXOJAUMOCTbL Hcue3aeT, eCcJH y4eCTh BKJal, BHOCHMBIH B ceue-
HHe TOPMO3HBIM H3Jy4YeHHeM MATKHX ¢oToHoB. Jliobas skcuepH-
MEHTaJlbHas YCTaHOBKa HMeeT KOHEYHOe paapelleHle 10 SHEPTHH,
NO3TOMY, €CJH JAeTeKTHPYIOTCA 3JeKTPOHEI, HMeluxe pasbpoc 1o
sHeprud AE, TO 4HMCJ0O 3apErHCTPHPOBAHHHIX COGHITHH OTBeuaeT
CyMMe YyIpYyroro CeYeHHs H CeYeHHs TOPMO3HOTO H3JyueHHs, MHpH-
BOASLIEr0 K 3JeKTPOHAM ¢ 3Heprued, oTauyamomefics oT SHeprHH
YIPYro pacCessHHbIX 3JEKTPOHOB He OoJee uem Ha AE.

[IpoBepuM c TOUHOCTbIO N0 YJNEHOB IOpfiaka e? yTBepiKAeHHe
0 TOM, 4TO Takas CyMMa YIPYroro U HeyNnpyroro cedeHu#l KOHeyHa
i ceoOofHa OT HHdpakpacHol pacxomuMmocTh. Jas aToro comocTa-
BHM BoIpaxeHHusa (7.64), (8.62) u (8.63). C touHocTbio N0 Mopsigka
€? «HHGpakpacHas» 4acTb YIPYroro ceueHus HMeeT BHI

do do % m
(dsz )A,=(d9 )0[1 "—;‘"776(42)]. (8.65)
rae
‘ 1 q2 qz 1
. {l 3w e <h
X(q)———‘lln(_qa)_l ___qi>>1 (8.66)
l m* ’ m? :

3necy (do/dRQ), npeacrapiser co0olt BKJaj HaWHH3IIEro MOpSAKA
B ynpyroe ceuvenHe. CeueHHe TOPMO3HOIO H3JIYUEHHSI COIJIACHO
(7.64) paBHO

do (40 20y, Fmax (2
'E)mpm“ s )0 = 0% (). (8.67)

Mul BHAMM, OHAKO, 4TO BhIpaxkeHHa (8.65) u (8.67) Heaw3s ckaa-
IbIBaTh HelocpelcTBEeHHO, NOCKOJAbKY o0pe3aHue 1o goTonam ¢ Ma-
Jiofl sHeprued BBeJeHO B HHUX Pa3JUUHBIM CHOCOOOM.

Jlast npeonoJieHHst 3TOH TPYXHOCTH Heo6XomuMo JHOGO BHOBB
HOJNyYUTh CeYeHHe TOPMO3HOTO H3JIyueHHs, BBeAS KOHEUHYI0 Maccy
¢orona, Ju060 32HOBO BHIYHCJHUTbL MONPABKH K BeplIHHE, HAJOXKHB
3a1peT Ha H3JyueHHe (DOTOHOB C 3HePrHell MeHblle Rmy,. Mbl BrGe-
peM BTODPYIO BO3MOXKHOCTb, UTOGH H30€xKaTh TPYAHOCTEH, CBA3aH-
HEIX ¢ TMOsABJEHHEeM peaJbHEIX MPOAOJbLHEIX KBAHTOB IIPH OTJHYHON
oT Hyas macce oToHa A. Cienyer, oqHaKo, HMETb B BHLY, 4TO 0fpe-
3aHHe ¢ MOMOUIbIO NapaMeTpa Rmin ABJAETCS HEKOBAapHAHTHOM olle-
pauuei, Mo3TOMY, NPOBO/AS NEePEHOPMHPOBKY BEpIIHHH TAaKHM CIIO-
co6oM, Heo6XOAHMO cO6JIONAaTh OCTOPOXKHOCTb B BELAEJEHHH Iepe-
HOpDMHpPOBaHHHX YacTeHl. FIMeHHO NO 3TOR NpHYHHE MBI paHee Mpo-

liee Bpems npuHuMaercs pasHpM (1159656,7 & 0,5)-10-%, a pasHocth Mexay
3KCTePHMEHTa/bHEIM 3HAaY€HHeM H TEOPETHYECKHM C YYeTOM BTOPOro MOpsiiKa 1o ¢
cocrasager (cM. [81]) (1,68 & 0,33) (a/m)2. ({Tpun. nepes.)
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BeJM MepeHOPMHPOBKY ¢ NMOMOLIbIO WHBApHAHTHOR Macchl (oToHA A.
Jlas yupolleHHss MaTeMaTHYECKHX BBIKAANOK MOJOXKHUM Rmipn > A.
Hrak, Bepuemcsi K Boipaxenuwo (8.49) u npeoGpasyem (OTOHHBIH

.

Z//r /

lq

>

.

Puc. 811, O6ractu B MMIYJAbCHOM NPOCTPAHCTEE, B KOTOPHIX IIPONMAraTophbl HMOA-
BepraioTcsl H3MeHeHHIo OJsaroiaps HHdpakpacHOMy OOpe3anHio,

nponaraTop TakuM o6pas3oM, uToObl PH R < Rmin aMIUIMTyAa obpa-
masach B HyJb. JTO O3HAuUaeT, 4TO 3ajaBaeMbii Gopmynoh (7.30)
¢orounbrii nponaratop Dp(x —y, 1),

3 » »
DF (x —_ y, Al) = i S '(2—n)—g—2-[—,|’—‘;;'— etq'(x_Y)—llqo”xo—yol —

diq e~ iq(x—~y)
—— v 66
Mbl npeo6pasyeM K BHAY
. a? e _
DF(x—y» kmln)=l S —(—231)—32‘71—‘176“4 xX=y)—i1q | 1%—Y 1 xy
'q‘>kmin
~D A [ d*q iq-(x~y)—ilqol 1 x0—g | —
Delemu W=l ) gt el =
|QI<kmin
d3q dgo i, iv_ 1
=DF(x—y: K)'{" S W S2_n0€ iq-(x y)m—,@ﬁg)
tal<Pg, —

rae
Qo=@+, kun>> M (8.70)
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OG6JaacTd B MMIOYJbCHOM [pPOCTPAHCTBE, B KOTOPLIX oOpe3aHHe H3-
MeHseT NponaraTopsl, H3o6paxkensl Ha puc. 8.11.

CootsercTBylomee u3MeHenune O8A,(p’, p) B BepiiHHe (8.49)
paBHO
6AL (0", P =N (0", p, M) — AL (p', p, kntn) =

— e dk Sdko
- (2m)? 2

— 00

X

Ik |<‘kmin
Y —k+m) v, (p—k+my
X (B2 — A2 +ie) [(p" — k> — m* +ie] [((p — k) — m? + ie] ’

ATo BbIpaXKeHHE HEe COXEPKHT yJAbTPadHOJIECTOBOH PacXOAHMOCTH
Gsaarojapsi OrpaHuYeHHOCTH OOJIAaCTH HHTETPUPOBAHUSA.

Jas seruncaenus (8.71) mpoBesem cHavyaJsia HHTETPHPOBAaHHE IIO
ko. BoibepeM KOHTYD HHTErpDHPOBAHHSt B KOMILICKCHOH IJIOCKOCTH
ky, Kak ToKaszaHo Ha puc. 8.12, u Bocnoab3yemcsi Teopemoit Kourw.

8.71)

Imk

Rﬂky

XXX ~Lfy

X~ X
N B
P

Puc. 8.12. Oco6eHHOCTH Ha MJAOCKOCTH Ry, YUUThiBaeMble IIPH BHIUHCIEHUH
Ay (P p).

KOHTYp oXxBaTbiBaeT TPH MPOCTbIX M[OJIOCA, KOTOpbie yKa3aHbl Ha
TOM Xe pHCcyHKe. B mnpenenbHoMm cayuae Rmm < m B HHTerpal
IaeT BKJAX TOJbKO BHYET B MOJIOCE, PAacNOJOXKEHHOM B TOUKe

ko=+/kZ+ 22. Bupaxenne aas 8A,(p’, p) NPHHEMAET BHI

43k Yo (B 4+ m) v, (p+m) v’
SA, (0, p)=—¢ —— 5 =
M(p , P) e . (23)321/k2+ W2 (2 -p) (2k-p")
1<k pin
- a2k p-p 8.72
€Vu @) 2Nk + 22 (k-p)(k-p') (6.72)
1k} <lpp

[lonuepkHewm eie pas, uro §A, cTaBuTCs B OOKJIALKH H3 CIHHOPOB.
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ITepeHOpMHPOBK2 OKa3biBaeTCs Tenepb BecbMa TOHKOH olepa-
uuel, OCKOJBKY 00pe3anue NPOBeeH0 HeKOBapHAHTHBIM CIOcoOoM.
Baaropapa Tomy, uto paBencTBo (8.51) mo-mpekHeMy crnpaBeHBO,
MO’KHO BHOBb BOCNOJb30BAThCA YTBEPKAEHHEM O TOM, 4TO eCJH
COOCTBEHHO-3HEPreTHYECKHE YaCTH KOPPEeKTHO YUYTeHBI, TO IIPOBO-
LHUTh TIEPEHODMHPOBKY A, He Tpebyercs (Z; = Z;). Onmnako u3-3a
M3MeHeHHst ¥ QOTOHHOM TNpomaraTope BeJHUHHA X TOXKe MEeHseTcH,
JleficTBUTENBLHO,

62(p)=2(p) A’)__-2(;7: kmln)=
d Sgk_o 1 “ 1
Tkl <k, 2n)* o 2m W T h—mtie ! Pt
(8.73)

ITockoMbKY MBI HINEM H3MEHEHHe NepPEeHODMHPOBOUHOH KOHCTAHTH
Zy (B 6m He COZEDPKHTCA MHPPAKPACHON PACXOAHMOCTH), BHIpaKe-
Hue (8.73) HOJNKHO OBITH BHIUHCJIEHO C TOYHOCTBIO A0 4JEHOB MO-
panka p? — m? BKJIOUHTENBHO.

CHavasa, Kak M AJsi BepIIMHE], NPOBEXEM HHTErPHPOBaHHEe 10
ko B mepBoM Topsiake !) no p? — me;

= — ie?

dk Yo (B + m) Y™ .
(2322 KEF AT A2—2%-p+ (p2—m2)

82 (p)=—¢ S

e 1<k

=+ S % (p” — ) vy (¢ + m) "
B ) 2, QAP 2VREEAT (A2 — 2k p)
min
+ 0 ((p? — m*)?) + O (kaia) =
dsk m? .
C VTR G M- 879

min

~ 4 e?

ki <k

Taxkum o6pasoM, ¢ yueToM H3MeHeHHH B GOTOHHOM npomnararope
BeplUIMHA MEHSIETCH Ha BEJHUHHY

1 , 1 1 1
‘5Au+—2-62(17)‘f,7‘_—m Yu+7vum62(P)=
. v & d3k
= — Yy, _

i<k (2r)32VKE+ A7

X

m? m? ]

p-p
><[(ltl'k)(P"/?’)_-2(p-la)2_2(1,,’.;(,,)2 (8.75)

') Ynen O(Emin) BHOCHT B Om npeHeGpe:HMO Masoe H3MeHeHHE,
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Mbl B34/1M IOJIOBMHY BKJana COOCTBEHHO-3HEPreTHYeCKHX udacTefi,
uzobpaxennsix Ha puc. 8.10,8 u 8.10,¢, Tak Kak NompaBka

A/ Zy~ 14 1/,(Zy— 1) oTHOCHTCH K BOJHOBHIM (DYHKIHAM BHEIIHHX
9aCTHII.
Briuncaecuue (8.75) B HepeJsiTUBHCTCKOM mpelene |g3/m?| < 1

naer
C(p : 2kml
OAL (P, p) =V, o (In Zpn — 2. (8.76)
Takum ob6pasom, u3 (8.62) u (8.71) aMeeM
2 .
c a LG' q m 5 3
AP’y Py oon) = o [ 2m + 3mz Yu (ln 2kmin + 6 —8_)] )

(8.77)
[pu |¢?*/m?|> | gns uieHoB ¢ HHGPAKPACHON PACXOAMMOCTBIO IO-

JyuyaeMm
0AL (7, == vu = [n () — 1] (In - —1n 5

H, cJaegosartesbno, us (8.63) u (8.71) naxonum

4 ’ E
Ay (P » Ps kmin)__—’_vu% [n Emin [ln (71.— - 1] (879)

OTciona MBI BUAHM, 4TO NIPH 00pE3aHHH C NOMOILLIO Rmiy AJIA HHOpa-
KPacHOA 4acTH CedyeHHd YIOPYroro paccemmﬂ BMecTo (8.65) umeem

)y, = (), [1 =5 2 @) (8.80)

Jlo6aBaas ciofa ceueHHe TOPMO3HOro uaJjyueHus (8.67), moaydaem
MHGpPAaKPACHYIO YacTb CCUEHHS paccesidus € yueTOM H3JydeHus ¢o-
TOHOB C 3Hepruell MeHbIUe, ueM Rmax!

(38) o = (RN~ 2 0] 030

PesyJbTaT He 3aBHCHT OT kmin M A [82, 83].

§ 40. JIamGoOBCKHi cABHr

MOXKHO CUHTaTb, UTO NONPaBKa K paccesHHto (8.77) Bo3HHKaeT
6J1ar011apﬂ po6aBouHoMy «3hdeKTHBHOMY MOTEHIHANY», KOTODLIM
JeHCTBYeT MexJy 3JeKTPOHOM M HCTOUYHHKOM (otonoB. B kauectse
nocjaefAHero Bo3bMeM SApo ¢ 3apamoM Ze. VlsveHende aHeprun
AaTOMHBIX YPOBHEH 3a cueT 3TOro J06aBOYHOrO  B3AHMONEHCTBHS
npejcrapJjsier co00i J13MOOBCKHIA CHBHr, KOTODbHII MBI MOXeEM Te-
nepn obcymnTh 6osee MOAPOGHO, ueM B T, 4, rie Obliu NpPHBELEHbI
fapocThie (pusHuecKHe coobpaxeHHs.
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A ekTHBHOE B3alMOAEHCTBHE B UMITY/IbCHOM NPOCTPAHCTBE Me-
KIY 5JA€KTPOHOM H HCTOUHMKOM Toka eAM(q) CKIanbiBaeTcs H3
(8.77) u BKJajaa oT noasipusaunuu Bakyyma (8.26):

= (' a ¢ m 5 3 1
u(p){vu[l +§-Z7(lnm+€_§_? ]+
tige o fu(ped (@, (8:82)

Bripaxenne (8.82) omuchiBaeT HONPABKH NOPsilKa o K onepaTopy
ToKa 3JeKkTpoHa 4(p’)yu.u(p), obycioBieHHble (OTOHAMHU C HM-
NyJbcaMH, GOJbIIAMH, YeM Rmp. OHO CIpaBeJMBO NPH MaJbIX IIe-
pefaHHbIX HMIYJbCAaX ¢, == p, — p,, YAOBIETBOPAIOWHX  YCJOBUIO
|g?/m?| < 1. [lanst 3MeKTpoHa B KyJOHOBCKOM MOJIe iApa C 3apsiioM

Ze vcTOUHHK TOKa ecTb eAr(q) = —(Zée¥/|q|,0) u (8.82) npuun-
MaeT BUI
nf Zet a |qf m 5 3 1
—ut TaF [t =5 (n +t5—5—5)]+
+ v ajulp).  (8.83)

ITepBblii u/ien e 3aBUCHT OT CTIHHA U ABJAeTCs Qypbe-npeobpasosa-
HueM 3(QGdeKTHBHOro NOTEHHHa/1a, UMEIOLEro BII
Za 40 Za m 11 1 3
— L (gt 5 —5) 9 0).

B BomOpONONOXOGHOM aToMe OH NPHBOJHMT K CABHIY SHEPTHH YpOB-
Heil, KOTOpbIH B MEPBOM NOpsiIKe TEOPHH BO3MYIUEHHH PaBeH

o Z o1
Ay =202y OF (gt =) (.84

D1oT caBUr o6yciaoBieH GOTOHAMH ¢ HMIyJbcaMu, GOJIBIIUMH, 4eM
Emin. K Hemy Hago ewe 006aBHTh BKJaA OT MArKHX (OTOHOB C MM-
IyJbCAMH MeHbIIE Ry

EcTecTBEeHHO OXKH/ATh, 4TO HapaMeTp o6pe3anHs UMeeT MOPANOK
ko< (Za)m, T. e. COOTBETCTBYIOIAs IJIMHA BOMHB (POTOHA BeNHKA
110 CpPaBHEHHIO ¢ aTOMHBIMH Da3MepaMH. Heabss BoIOpaTh Rmin Mpo-
H3BOJIBHO MaJbiM, Tak Kak npu p?— m? ~ (Za)?m? nponaraTtop
CBA32HHOrO 3JEeKTPOHA OTJHYaeTcss Mo BHAY OT IIpoliaratopa cBo-
GoaHoft wacTuypl. [Js 3JeKTpoHa B aTOME HMeeM

pt~(m+V, p),

riae
V~Za?m u |pl~Zam.

B nposesenHoM paHee BLIUHC/JICHHH COOCTBEHHO-9HEPTETHUECKOH ua-
ctH 2(p), Tak XKe Kak u BeplwHHbH Ay (cM. (8.74)), Mbl npeanoJa-
raem

kprbpyugm>> p?— m?~(Za) m.
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st GOTOHOB ¢ UMOYJIbCAMH MEHDbIUE Rmyy PEJSATHBHCTCKUE IONPAB-
KH JIOJIKHBl GbITb MaJIBIMH, T. €. coJepXKaTb 60J/ee BbICOKHE CTEIleHH
Zo, U MOXHO pelIuTh 3allavyy B HEPEJISTHBHCTCKOM NPHOJHIKEHHH,
KaK Obljio Brepeble cAesnano beve [84].

CorJyilacHO BTOPOMY HOPSIAKY CTapold TEOPHR BO3SMYLIEHHH CABHT
SHepruy, oOyCJOBJACHHBIA TeM, UTO 3JEKTPOH B COCTOSIHHH 71 HCITy-
CTHUT ¥ BHOBb IOTJIOTHT (JOTOH, paBeH

kmi

AE; =¢ S = Z (nla-ee” |m)mla.ee”T[") g or)
0

En,—E—Ep,

rlle CyMMHDOBaHHE NPOU3BOAUTCS MO INOMEPEYHbIM MOJAPHUIATHAM
doToHa H N0 BCeM SJEKTPOHHBIM COCTOSHHAM. Bp6epeM Tenephb
Emin, YAOBJIETBOPSIOUIUM YCJIOBHIO

(ZoPm < by € (Za)ym

(nanpuMep, MOMOKHM KRy & (Zo)*2m) U BOCNOJb3YEMCS AHIOJb-
HbIM NpPHGJHKEHHEM, KOTOpOe MOXKeT MOKas3aTbCs N0 HEKOTOPOH
cTeneHH COMHHUTEJbHBIM. DJIEKTPOHHBIE COCTOSHHSI SBJSIOTCA Hepe-
JISITHBUCTCKHMH, [IO3TOMY o, MOXKHO 3aMeHHTb Ha v == p/m. Toraa
MOXKHO [1POBECTH HHTErplpoBaHHe IO R, KOTOpOE LaeT

2
AEf=w§[—kmMnW”@4-

+Z Emn’;En In |E IEEn'Ekmml|<nIpIm>|2] (886)

Tenepb mJst 9TOH YacTH BHUHC/IEHHH HeoOXOAMMO NPOH3BECTH mHepe-
HOPMHPOBKY Macchl. [1OCKOJBKY 3JIeKTPOMAarHnTHas Macca 3JekK-
TpoHa 8/m y¥Ke CONEPKHUTCS B €ro 3KCNepHMEHTAJbHOH Macce M1, B
raMu/bTOHHAHE MOABHTCH MacCOBBIH KOHTDUJ/EH BHAA

o 1 (L)2
2 (m — dm) om = 2 \m orm.
OH npUBOAUT K CHABHUTY SHEPrHH
1
OF, = 5 dm(n [v2|n),

KOTOpHill MMeeT Ty e CTPYKTypy, uTo H MepBbil ujleH B (8.86).
[TosToMy nocsesHH#l BKJIOYaeTcss B NePeHOPMHUPOBKY Macchl. [ToJas-
3yach TeM, 4YTO Emin > E, — Ej, nodydaeMm HepeJSITHBHCTCKYIO
YacTh J13MOGOBCKOTO CIBHra B BHAE

2 k
AE<=%—’%—Z(EM—E;1)IHIT‘E¥ET|I<”|P]m>|2=

m

Zw—mm“MmMMP (8.87)

3nm2
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[MocnenHee paBeHCTBO CJAYXKHT onpeieleHHeM BeJHUHHB E, KOTO-
pas N0 MOPAAKY BeJHUHHbl OxHAaercs ~ (Za)?m. Tenepb CyMMH-
pOBaHME MO COCTOSTHUAM MPOBOAHUTCS C MOMOLIBIO CJAERYIOUIEr0 KOM-
MYTAHHOHHOTO COOTHOUIEHHS:

> (B — E)n|Pimp =5 (ul(Ip, H], plin).

OHo paert

AES = In 08y (V2 | gy = 202D 1y Bmin kmm | P (O) B (8.88)

3am? E 3m?
O6benrHss HaliieHHOe BbIPAXKEeHHe C (8.84), noJydaeM CABHT 3Hep-
rHH S$-COCTOSIHHH BOAOPOJONONOOHOrO aTOMd C TOYHOCTHIO NMOPSAKA
a(Za)*

3nn? 5

Beauuuna E Gviia HafineHa Bere u ap. [85] U B COOTBETCTBHH C Ha-
IUAMH OXHAAHHSIMH OKa3aaach paBHou 8,9 a?m nisa Bomopona. us
NOJYUeHHs1 TOJAHOrO J9MOOBCKOrO CIBHra ¢ TOYHOCTbIO MOpPsiaKa
a(Za)* K (8.89) cienyer ente n06aBUTh BKJAJL aHOMAaJbHOrO Mar-
HHTHOTO MOMeHTa u3 (8.83).

HeynuBuTeabHO, ecJiH YHTATENb OKaXKeTCsl HeyJOBJeTBOPEHHBIM
MPOBEJEHHbIM PacCMOTpEHHeM, B OCOOEHHOCTH HCHOJb30BaHHEM [H-
NOJNBHOTO TPUOJIHKEHHS, H TeM, KaK Mbl 000IIUCH ¢ Rmin. J11060-
3HATEJbHOMY YHTATEJ IO Mbl PEKOMEHIYeM O3HAaKOMHTBhCA C HenaB-
neil paGoroit dpukcena u Meunu {86], B KoTopoil (GOTOHLI He pazie-
JIAIOTCS HAa MArKHE H JKECTKHE.

B 370l rnaBe OblIO [10KA3aHO, KAK PACIIHPHTL HA OAHY CTElleHb
N0 o CBepX HH3LIEro NOPsiika NpaBHIa HAIHCAHHS 3JIeMEHTOB S-
MaTPHUIEL. MB BCTPETHJHCH C TPYNHOCTSIMH, CBI3AHHBIMH C MOSABJE-
HHEM PpaCXOISLIUXCS BbIPAXKEHHH, H TpeofoJeld 3TH TPYLHOCTH,
[I0Ka34B, UTO HMEETCSl XOpOIIO onpeipeseHHbIi crnocol oTHeseHus
pPacXOASIIMXCS BHPaKeHHH U BKJIOUEHHS HX B KOHCTAHTbI, KOTOPEHIE
[IepeHOPMHPYIOT 3apsil H Maccy 3JeKTPOHA, a TaKke BOJHOBEE
(GYHKLHH, ONHCHIBAIOLIHE PAacIpOCTpaHeHHe 3JeKTPOHAa H  (oToHA.
Huelorcs sicHble H3HUECKHE OCHOBAHHA IJs NPOBENEHHst MepeHop-
MHPOBOK.

K mapamerpy Maccel B ypaBHeHuu Jdupaka noJu:xkHa 6bITb nobas-
JieHa 3JIGKTPOMAarHHTHasi Macca, NOCKOJbKY OHa yXKe CORepPIKHTCA
B Macce, HaMepsaeMoil Ha onbite. Heo6xoaumMo Takke nepeHopMHPO-
BaTb 3apsif, uToOhl yuecTb 3(QeKT cTaTHYeCKOH NoJsipH3alHy Ba-
kyyma. Hakonen, Tpe6yeTcs IliepeHOPMHPOBATL BOJHOBYIO (GYHKIIHIO
aHAJOTHYHO TOMY, KaK 3TO JAejaeTcd B OOBIMHOHR HepensiTHBHCTCKOH
TeopuH BoaMmylueHHi (cM. (8.47) u (8.48)). Tem caMbiM yuHTBIBAET-
Cfl HompaBKa HAa AMIUIHTYNy HaOJIONeHHs 5JeKTPOHa B COMPOBO-
KOeHHH QAYKTyauuil, BbI3BaHHLIX B3aUMOAEHCTBHEM.

_te@etoom 111
AE, = (1n =t )m (8.89)
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[lepenopmupoBka siBasieTcs [OBOJIBHO TOHKOH Onepauued, Tak
KaK BeJHUHHbl Z), Zs, Z3 U 8m, K HecuacTbio, pacxoaarca. OgHako,
KaK Mbl BHAHM, BeJHYHHbI (pH3NUeCKHX 3((HEKTOB OKa3bIBAOTCA B
HTOre KOHEUHBIMH H He3aBHCAIMMHU 0T o6Gpesanus. BoJee Toro, onu
COTJIACYIOTCS C OMbLITOM, KaK, HampHMep, B cjaydae J3MGOBCKOIO
CABHIAa M aHOMAaJbHOrO MAarHMTHOrO MOMeHTa 3JjektpoHa [41, 81].

B 3ToM MecTe eCTeCTBEHHO CIPOCHTb, KaKHE HOBbie TpPOGJeMbl
BOSHHKHYT NPH Mepexofie kX eule Gosee BBICOKHM TOpPAAKAM IO o.
OkasplBaeTcs, 4TO HHKAaKHX, 3a HCKJIOUEHHeM HeOGXOLUMOCTH Npo-
BOAUTHL AONOJHUTENbHYIO BBIUHC/IHTE/NLHYIO paboTy. Mbl yKe BBeJaH
BCe HEOOXOAHMble TepeHOPMUPOBKH. WM3/i0KeHHble B 3TOH raase
MAEH H METOABl AOCTATOYHbI AJsl TOTO, YTOODI, BHIYHCASAS S-MaTpuIy
B M060M (KOHEUHOM) MOpSIKe IO o, NOJydYaThb eAHHCTBEHHBIE, KO-
HeuHple M He3aBHCSIHE OT o0pe3aHus aMIVIMTYAbl JIOOBIX (u3Hye-
CKHX nporneccos (cM. [50]).

3A0AYHU

1. ITpoBepbTe YHHTAPHOCTh AMIUIMTYNbl 3JEKTPCH-IPOTOHHOTO — PACCESTHUS
BIJIOTh 110 mopsiaka €. [las s1oro Haitaute aGcopBthBHYIO wacth (7.51), KoTopas
OTBeYaeT NPOMEXKYTOYHbIM 3/EKTPOHY H HNPOTOHY Ha MAacCOBOH TMOBEPXHOCTH, H
NOKaXuTe ¢ NoMowbio (8.33), 4TO OHA paBHA COOTBETCTBYIOIIEMY NPOH3BEIECHHUIO
aMmnauTyn Broporo nopsaaka. [lokaxure Takke, uto guarpamMmbl Ha puc. 7.6 u 7.7
He MPHUBOJAAT HH K KaKUM JPYruM aGCOpOTHBHBIM YacTAM.

2. TlpoBepbTe YHHTAPHOCTb AMILIMTYAB DACCesHUS 10 MOPAAKA €%, CBA3aB
MHHMYIO YacTb NMONpaBKH K BepiuimHe (8.60) ¢ cOOTBETCTBYIOIUM NPOH3BEACHHEM
AMIVIHTYIBl 3/IEKTPOH-TIO3UTPOHHOTO pacCesHUs BTOPOTO MOPSAKA K BePIIHHBL ev,.

3. TTokaxure, 4TO coGCcTBeHHAsi Macca, BbluHcaAeHHass u3 (8.35) ¢ mapamer-
poM o6pesanus A TakuM, yto A < m, ngHellHO pacTeT ¢ PocToM A u OTBevaer
KIaCCHYeCKOH COOCTBEHHOH 3HePrHE 3apsaja, pPacHpefefeHHOro ¢  panuycoM
a ~ 1/A.

4. 3axkoHunTe BbluHCIEHHE JSMBOBCKOTO cABura B nopsgke «(Za)é, 106aBUB
K (8.89) unen u3 (8.83), oTBevaUIMi aHOMAJLHOMY MArHHTHOMY MOMeHTy. Ilpo-
BeJIUTE BbIYHCJACHHS AJSI S- H P-COCTOSTHHIL.

5. IloctpoiiTe ammantyay paccesHus QoToHa Ha (OTOHe NMOpAAKa €* W MO-
KaXHTe, YTO OHA YNOBJETBOPSIET KaJTHOPOBOYHON HHBAPHAHTHOCTH H KOHEUHA.

6. Ilokaxute Teopemy Pappu [88], cormacHo KOTOpoél mHarpamMMma B Buie
3aMKHYTOH NMET/IH C HEYETHbIM YMCJIOM HCXOASMUIMX (OTOHHBIX JIHHAN paBHA HYJIO.
W3z 3106t Teopembl cieayer, UTO paccestHHe CBeTa BO BHeWIHeM MoJie (1eabGpPIOKOB-
CKOe paccesiHHe) B HauHH3IIEM TOPSAJKEe KBAaAPaTHYHO MO HAmPsIKEHHOCTH HOJISL.

7. TlytemM ABHOTO BBIYHCJEHHS yOeAMTECh, YTO BO BTOPOM HOpAAKe Zi = Zs.
ITpoBennte o6pesanue GOTOHHOrO mponaratopa, 4To6L COXPaHHTb KanuGpOoBOUHYIO
HHBAPHAHTHOCTb.

8. Jloxkaxute (8.59).

9. IIpoBepbre (8.76) u (8.78).

10. Hafigure panmannonHbie mnonpasku mopsizixa o ln(g2/m?) u o ln(E/kmin)
K paccesiHuio 3/eKTPOHA B KyJOHOBCKOM ToJe NPH GOJbUIHX 3HEPTHAX H IepelaH.
HBIX MMITyJIbCax,
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§ 41. Beenenue

MOIKHO HCI0Jb30BaThL METOR (GYHKIHH PaClpOCTpaHeHHd H pas-
BHTb COOTBETCTBYIOUIYIO TEXHHUKY BBLIUMCJAEHHH /IS MPOUECCOB Cyya-
crHeM wactHi co crnusoM 0. Mbl nomneiTaeMcs onHcaTbh Takue dYa-
CTHI(b! CKAJSIPHOH BOJIHOBOM (hyHKiMeR ¢(x), HMeomed BCero oaHy
KoMnoneHTy. TeM caMbiM Mbl NPHXOAHM K ypaBHenuio Kiefina —
I'oprona ans cBOGOAHON YaCTHIBL

(O +m*) e(x)=0. 9.1)

B ra. 1 s3to ypaBHeHHe ObLLJIO OTBEPrHYTO, TaK Kak 0Kas3anochb
HEeBO3MOKHLIM ONpPEAeNUTh COXPaHAIINYIOCH IOJOKHTEIbHO-0npe-
NeJieHHY10 BeposiTHOCTb. OfHAKO B pe3yJabTaTe AajbHeHIero pac-
CMOTpPEHHsI TePBOHAYAIBHbIC MOTHBBI, 3aCTABHBIIHE HAaC OTKa3aThCH
ot (9.1), ucyeann. [TosaToMy Mbl BHOBb BO3BpallaeMcs K 3TOMY ypa-
BHEHHUIO, NPUHAB (pellHMaHOBCKYIO MHTEPIPETAIHI0 COCTOSHUH C OT-
pHIATELHON 3HEPTHeH, ABMKYIMXCS Hasad Bo Bpemenu. CnuH ua-
CTHIIBl HECYIIECTBEH AJIs1 TaKOH MHTepNpeTaluH, H Mbl ybenumcs B
TOM, 9TO OHa CIIPaBeAJIMBA AJS 4YaCTHIl C HYJEBbIM CIHHOM, TaK XKe
KaK H /151 3JIeKTPOHOB.

Ananoruuno TOMy, 4TO OBLIO AJS 3JMEKTPOHOB, MBI HpHIeM K
caeayoweil KaprHHe: Hapsay, Hanpumep, ¢ mt-Me30HOM, KOTOPHI
OMHUChIBaeTCA pellleHHeM ypaBHeHust Kaetina — [opnoHa ¢ moJoxu-
TeJbHOH 3Hepruell, MOSABASETCS TaKkKe ;1 -ME3OH, HHTepnpeTupye-
MBIl KaK m+-Me30H ¢ OTPHUIlaTeNbHO! 3Heprued, ABMXKYINHHACSA Has3aj
BO BPEMEHH.

Teneps oTBJledeMcCst Ha HEKOTOPOe BpeMd M .3ajlyMaeMcsi Haj
TeM, K KaKUM YacTHLaM B INpPHpPOAE MOXKHO NIPHUMEHAThH ypaBHeHHE
Knetina ~— TopaoHa. CraGuiabHble 3JjeMeHTapHHe YacTHIH ¢ HyJe-
BLIM CITHHOM HEH3BECTHBI, OJHAKO rt-Me30HBl H K-Me30HHl ABJISIOTCA
NOoYTH CTaGHABHBIMM KaHAMAAaTaMU. DKCNEPHMeHTaAbHO oOOHapy-
KeHo [89, 15], uTo OHH OJHOBPEMEHHO POKAAIOTCS M YHHUTOKAIOTCSH
B 60JbLIOM KOJHMYECTBe, HalphUMep, B CJEAYIOIIHMX peakuusax (p—
TIPOTOH, 1 — HEUTPOH, A°—HeﬁTpaanaﬂ aambpa-yacTuna, nt—
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HOJIOXKHTEJNBHO 3aPsKEHHDI 7T-MEe30H H T. .):
p+poptntat, a”+p>A+K,
—>p+p+n, K 4+p->A 4, (9.2)
—>p+ A"+ KT, -3 +at.

TTosToMy BOJMHOBOE ypaBHeHHe [Js 9THX ME30HOB C HYJEBBIM CIH-
HOM JIOJI)KHO YUHTHIBATb BO3MOXKHDIE NPOIECChl POKACHHS H aHHUTH-
asiud. Heab3s npoc/ieiNTh 3a MHPOBLIMH JHHHAMH TaKHX 4acTHIL
BO BpeMs npollecca paccesHHs, Kak 3T0 OBLIO BO3MOXKHO IJs 3JeK-
TPOHOB, B3auMmofelicTByOWHUX ¢ (oToHamu. B yacTHoCcTH, HeJb3d
NPOCAENUTb 3a MHPOBBIMH JIH-
HUAMH 3apsKeHHBIX n- 1 K-Mme-
30HOB AaxKe B cjayuyae B3auUMoO-
peficTBHS ¢ QOTOHAMH, TaK Kak
HMeeTCst BKJajJ AHarpaMM THIIA
uso6pakenHo#t na puc. 9.1

Bo3MOXKHOCTL pOXKACHHA H
YHHUTOXKEHHS OJMHOUHBIX Oec-
CIHHOBBIX YaCTHI, NOATBEPKAaE-
Mas Ha ONBITE, IPHBOAHT K TOMY, Puc. 9.1. Bgraaz B 3JeKTPOMArHHTHYIO
4TO TeOpHUs B3aHMOAEHCTBUA Ta- CTPYKTYDY -Me30Ha.
KHX 4YacTHI[ AOJKHaA OHITb MHO-
rouactuunoil. Jlydme Bcero sgech NOAXOAHMT $OpMasu3M KBAHTO-
BOfl TEODHH I0JIs,, HO ONATb, KaK H AJIS1 B3aHMOJAEHCTBHS 3JEKTpPO-
HOB H (OTOHOB, MBI CMOXKeM INOHATb MHOrHe fIBJEHHs W NPOBECTH
60.1blIOe KOJHUECTBO PAaCyYeToB ¢ MOMOIIbI0 MeToda (yHKIUHH pac-
MpOCTpPaHeHHs, pacUIHPeHHOro Ha CJ/yyYad Me30HOB, CBfiI3aHHBIX C
HCTOUHHKOM, KOTOPOMY OTBeyas Ob A0GaBOYHBIA ujeH B MIPaBoil
yactd (9.1).

Eciiu BKJAIOYHUTH cjiabble B3aHMOJEHCTBHS, TO ME30OHbl C HYJIEBLIM
CIIUHOM yHHYTOXamoTcs [89, 15] TakKe B peaKuHsix, HaApUMep, cje-
JyIOINEro THHA (W — MIO-Me30H, v — HEHTPHHO):

it —pt -+,
Krsat4+at+a7, (9.3)
-l 4 pt 4 v

BcjeactBHe ToOro, 4to B3aUMoAeHCTBYe, OTBeyaolllee 3a MNOAOGHBIE
cnaboie pacnagnl (9.3), Malo, 3apsiKeHHble m- H K-M€30Hb HMEIOT
oueHb GoJbIIOE BpeMsi KH3HH, T ~ 1078 cek, KoTOpOe 3HAaUHTENLHO
NPeBOCXOAUT €CTeCTBEHHYIO eIMHHLY BpemeHH h/mc? < 10-% cex,
oOpa3oBaHHYI0 U3 BEJIHYMH h, ¢ U Macc n- uaH K-mesona. Ilostomy
B [I€PBOM MOPSiAKE TEOPHH BO3MYINEHHH MO CTENEeHM KOHCTAHTHI
c1aboro B3aHMOAEHCTBHS MOXKHO mpeHebpeub pacnagamu (9.3) u
KOHeYHbIM BpeMeHeM XKudHH T ~ 1078 cex npu paccMorpenun
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AMIIIUTYJ IPOLECCOB CHABHOTO B3auMojelcteus Tuna (9.2). B srom
npubinkKeHun n- U K-Me30Hbl CYHTAIOTCA CTaOMABLHBIMH YaCTHLAMH
H ONHCHIBAIOTCA HauyaJbHLIMH H KOHEUYHHIMH CBOGOAHBIMH BOJHO-
BBIMH (YHKIHSAMH.

Hefitpasipaple n% u KC-Me30HBI, KOTOpble Mbl TakKxkKe XOTHM
BKJIOUHTL B PACCMOTPEHHE, UMEIOT MeHblllee BpeMsl KH3HHM H pac-
najgaiTcss B OCHOBHOM MO chaefywouluMm kKaHajaam [89, 15

—~16
>y +vy, T~ 1077 cexk,
0 - —~10

K'—at+a”, Tro~107" cex.

Onnaxo mo cpaBHeHHIO ¢ XapaKrepHbIM BpeMeneM 1023 cex stu npo-
Hecchl NMPOTeKaloT BCe K€ OuUeHb MEMJEHHO, W OTBeyalollee 3a HMX
B3aUMOJEHCTBHE [OCTATOYHO paccMaTpPHBATh JHIbL B HaHHHU3HIEM
nopsiake. [loaromy n® u K° Takke GyAyT paccMaTpHBaTLCH KakK CTa-
O6ujbHBIE B TIpOIleCccax CHJILHOrO B3auMofeicTBHA THma (9.2).

Kpome B3aumogeiictsuit tuna (9.2) u (9.3), B KOTOpBIX ydacT-
BYIOT 4acCTHUB! €O cnHHOM 0, 3apsKeHHbie 7- 1 K-Me30HH B3auMo-
Ae#cTBYIOT ¢ (OTOHAMH M BHEUIHHM 3JEKTPOMArHUTHLIM IOJIEM.
Hanast toro uToObl NOAUEPKHYTH CHavaja CXOACTBO C 3JCKTPOJAHHA-
MUKOH JUPaKOBCKOTO 3J€KTPOHA, Mbl B 3TOIl rjaBe OrpaHHUMMCH
paccCMOTpEHYMEM 3JeKTPOAMHAMHKH uacTHl co cnunoM 0. Meron
(YHKLHHM pacnpocTpaHeHUst AJg 3THX vacTui GyneT pas3BHT Ha oc-
HOBe TeX XKe (PH3HUECKHX HPHHUHUMOB, YTO U B TEOPHH 3JEKTPOHOB.
C nesabio paccMOTPEHHS NOBeJeHUs] ME30HOB BO BHEUIHHX MOJAAX MPH
HU3KOH 3HeprHH, HanpuMep CBA3aHHBEIX COCTOSIHMH m-Me30aTOMOB,
MBI OCYILECTBUM HEDEJSITHBHUCTCKHE mnepexof B ypaBHeHuu Kiefl-
Ha — 'opJioHa M JaguM ero HepeNTHBHCTCKYK HHTEPIPETALHIO.
Bosiee ofmas npobyema caaGeIX H CHJABHBIX B3aUMOLEHCTBHE pac-
CMaTpHUBAETCS B CJeAyoned riase,

§ 42. Nponararop pas ypaeuenuss Kneiina — TopaoHa

Pemenusa ypasnenus Kneiina —- Fopaona yAoBIeTBOPSIIOT ypa-
BHEHHIO HENPEepPBIBHOCTH, KoTOopoe, corsaacHo (1.12), umeer Bug

A% (x) 0 . % 0@ . dg*
= 1 —_— == O.
oxt M ( ¢ dxy ¢ )

ITo TeopeMe O AHUBEPTEHIHH HHTErpaJ
. . <>
Q={ @it =i { xoor0, (9.4)
rjie BBelEHO MOJe3HOe COKpallleHHoe 0603HaueHHe
<> b da
adob =qa (—a"t—) — (w) b,
coxpaHseTcst A9 pelienHil ypaBHenus (9.1).
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Pemenns ypasuenus Kiefina — I'oplona B BUMe NJIOCKHX BOJH
¢ MOJIOKUTEJBHBIMH H OTPHLATEIbHBIMH 4acToTaMHu 06pasyloT a co-
BOKYIHOCTH TIOJIHbIE Habop. HopMupoBaHHBlEe B siliHke o6LeMom V
OHH HMEIOT BHJ,

Fip-x

o=
p

rae wp = po > 0 1 p? = m? B COOTBETCTBUH C YC/IOBHeM DfiHIITE-
Ha. Pemenua, HOpMHpOBaHHBIE B HENPEPHIBHOM CMEKTPe, 3alHChI-
BalOTCA CAENYIOMHM 06pasoM:

+ Fipex 1

]C X)=¢e ——
P () '\/(Qn)3 20,
s TMOJIOKHTEIbHO- H OTPHLATENbHO-YaCTOTHBIX DPEUIEHHH COOTBET-
crBeHHO. OHHM YNOBJIETBOPSIOT YCJAOBHSIM OPTOHOPMHPOBAHHOCTH:

o 1" (019079 () = = 8 (0 — ),

(9.5)

- (9.6)
S 3 fG2* (x) i 9, [67) (x) = 0.

O6patuM BHHMaHHe, UTO AJAS CYNEPHNO3HIHUH MOJOKUTENLHO-YaCTOT-
HLIX DEUIeHHH, T. €. LJs

o ()= { dPpa, (p) 15 (9, (9.72)
BeJMuNHa Q MOJIOKHTEbHA,
Y >
Q=i{ g oo+ =+ [apia. )P ©70)
a 75 peHleHHH ¢ OTPHIATEJBHOH 4aCTOTOH, T. €. AJs
o (0= #pal (v 1 (), (9.82)
9Ta BeJHUHHA OTpHIlATe]bHA,
. " <
Q=i{ %9 (9009 () = — { &pla- (o)

VIMeHHO B 3TOM NyHKTe 3aK/J0YaeTcss TPYAHOCTb AJSi BEPOSTHOCT-
HOH HHTepnpeTaluuu pellieHud ypaBHenusa Kaefina — Iopgona, Tak
Kak [/ NPOHU3BOJBHON CYNEPHNO3HUHH peLleHHH B BHAE INIOCKHX
BOJIH BeJIHYHHA ( NPHHHMAET KakK MOJOXKHUTENbHBE, T1K M OTDHIIA-
TelbHEIE 3HAUEHHS.

3afimeMcsi nocTpoeHHeM (efiHMAHOBCKOrO mpornaratopa s ypa-
BHeHus1 Kuefina — l'opaosa. [las storo Haitaem pellieHHst ypas-
HeHus

2. (9.86)

(Ox +m?) Ap (" — x) = — 6" (x" — x), (9.9)

KOTopoe omuchiBaeT pacnpocTpaHeHHe BNepel BO BPeMEHH MOJIOKH-
T€JbHO YaCTOTHHX H Ha3aj BO BPEMEHH OTPHLATENbHO-YACTOTHBIX
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yactell BoJaH. JleficTBys mno aHajornu ¢ Teopuei J[lupaka (cM.
(6.40) —(6.46)), nepehizem nyrem ¢Qypbe-npeoOpasoBaHus K HM-
NyJAbCHOMY NpPEACTaBJICHHIO, B KOTOPOM Ap HMeeT BUR

e—ip-(x’—x) 1

A —x) = S R o Iy (9.10)

Buarogaps Magoli MHHMOB Ao6aBke K Macce npomnaratop (9.10)
ynoBJeTBOpsieT TPefyeMOMy TpaHHYHOMY YCJIOBHIO, KOTOpOe CO-
CTOUT B TOM, 4TO TOJIBKO NOJOXKHTEJIbHbBE 9aCcTOThl pacnpocrpa-
HAIOTCA BIlepe BO BPeMEeHM, a OTpHLaTeabHble — Ha3ad. Kak Oplio
nokasaHo B ra. 6, xoutyp uurerpuposasus B (9.10) ongHO3HauHO
3ajiaeTcs 3THM YCJIOBHEM,

[TpoBepuM, uTO KOHTYp HHTerpupoBahus B (9.10) BreiGpan mpa-
BUMJILHO. [lsis 3TOrO mpoBeAeM HHTErpHpoBaHHe NO dpg, HUCHOAb3YS
teopemy Koun. ITosryunm

. d*p —lo, 1#~t] ip-(x'~X) =—
Ap(x,"—x)=_tsm;—e o, %) =

—— i\ @i wew —n—
~i\@prowrwee—n. e

BossMem BOJIHY oblero BHAA, colepxKalilyio Kak MOJOKHUTENbHbIE,
TaK U OTpHUAaTEe/NbHbBIE YaCTOTHI,

@ (x) =9 (x) + ¢ (x). (9.12)

Torga us (9.6) u (9.11) wupsMbM  BBIUHCIEHHEM HAaxOAHM, 4YTO
Ar(x’ — x) obecrmeuuBaeT pacnpocTpaHeHHe BIepel BO BpeMeHH
TOJABKO BOJIH € NOJOXHTENBHBIMH 4aCTOTaMH

— B~ H ¢, )= dx A, (v — ) [P (x, ) (9.13)
U Ha3aj BO BpeMeHI/I BOJIH C OTpI/IIJ,aTeJIbeIMI/I qacToTaMu
— 10— 1) (&, ) =— [ dx s (v — 9 90 (x, 1), (9.14)

®opmyan (9.13) u (9.14) ananoruunm (6.49) u (6.50) mas ypas-
nenna [dupaxka.

§ 43. BeeneHue 3JEKTPOMATHUTHBIX MOTEHIHAJOB

BsaumonefictBue mesoHa co cmuHoM O ¢ 371€KTPOMAarHUTHHIM MO-
JleM BBOAMTCS, Kak W JJs ypaBHeHHs [Iupaka, ¢ mOMOUIbI0 MUHHU-
MaJbHOH 3aMeHbl

p'— p" —ed" (x). (9.15)
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Cravaja 6yaeM cuutaTb AM(x) HPHJIOKEHHBIM BHEMIHHM MOTEH-
nuanoM. Beroasa (9.15) B ypaBHenue (9.1), noxyuaem

[(i 52 —ed*) —m]¢ () =o. (9.16)

axy

Has ypasHenus (9.16) mo-mpe:xkHeMy HMeeTcsl cOXpaHSIOUIHACH TO-
TOK, KOTOpBIf no aHagoruu ¢ (1.12) pasen

p=¢ 0 [(i 55— ed () ¢ (9] -
, 0 u *
¢ [(i g FeA' @) # W] ©17)
CoOTBeTCTBYIOIUI COXPAHAIOUINACA 3apsg HMeeT BHJ
Q= S B ¢* (x) [ O — 2e4°(x)] @ (x). (9.18)

AMnonuTyna paccessHHS Ha 3TOM TOTeHIHaJe IJIOCKOI BOJHBI,
ONMCBIBAIOIICH MajalolUi 3apAKEHHBLIH ME30H, AaeTCsl pelleHHeM
ypaBHenus (9.16). Ilpunnmas deliHMaHOBCKOe rpaHHYHOE YCJIOBHE,
COTVIaCHO KOTOPOMY BHepel BO BPEeMEHH paclpoCTpaHsioTess pac-
CesTHHBIE BOJIHBI TOJIBKO C MOJOKUTENBHBIMH YacTOTAMHU, a Hal3ajg —
¢ OTpHllaTeJbUBIMU, MBl HHTerpupyem (9.16) ¢ nomoubio definma-
HOBCKoro mpomaratopa (9.10):

(O, +m) é(x, )= —ie (a—;} A A 5%) ¢+ P4, A%, (9.19)

px, =0 )+ dyd:(x— )V 1) $ (1),
rae
Vi) =ie(5or A W)+ A () 575 ) — A ) A* o).

Ypabuenune (9.19) ananornuyno ypasHenuio (6.53) Ansi AHPAKOBCKHX
YaCcTHIl, H pelleHuss o60HX ypaBHEHHA HMelOT AJAU3KUH (DU3HYeCKHH
cMBics. Mpl TpeOyeM, 4TOGB B pe3yabTaTe paccesinusi B Gyayuiee
pPacCIpOCTPAHSJINCh TOIBKO BOJHBI C UOJOKHTENBHBIMH YacTOTAMH,
OTBeualolpe YacTHUAM ¢ MOJOXKHTENbHOH sHepruell. BrimosiHenne
storo TpebGoBanus ofecneyuBaeTcsl HHTerpupoBanueM ¢ gpeliHMaHOB-
ckuM niponaratopoM B (9.19). Ecau BocnoassoBatbest (9.11), unre-
rPHpPOBaHUE JaeT

$(x, )=
—o0x, 0—i {d% ) (a0 — i )V @) ¢ 0) —

—i{ @i {a8u—01" OV W4 ©.20

310 BbIpa:KeHHe COMCPKHUT TaKKe BOJHBI C OTPHUATENABHBIMH 4aCTO-
TaMH, KOTOpLI€ pacrnpoCTpaHAITCA Ha3aA, B TPoOMLIOE. OlIHaKO C



190 YPABHEHHE KJIEMIHA = [OPJJOHA {TJ1. 9

TOYUKH 3PEHHs KCIEPHMEHTaTopa, HalJI0AMNIEr0 3a NOKa3aHUAMH
npHGOPOB, NMOTJIOIIeHHE B NPOLIJIOM YACTHILBI C OTPHIATENbHOH SHeEp-
ruefi H 3apAJA0M € PaBHOCHJIbHO HCNYCKAHHIO YACTHOBI C MOJOXKH-
TesNbHON 3HEpPruell W 3apsaoM —e. Takum 00pasoMm, Mbl NPHXOAHM
K (yHZaMEeHTaJIbHOMY TpEeACKa3aHHIO, MONYCKAWIEMy 3KCIepH-
MEHTaJbRYI0 NPOBEPKY, KOTOPOE COCTOHT B TOM, 4TO AJs KaxkKAOH
YacTHILl B NPUPOJE CYIIECTBYyeT NPOTHBOMOJOKHO 3apsiXKeHHasa aH-
THYACTHLA.

YacTHulla MOMKET He HECTH 3apsifla H B 3TOM CJaydyae OHa MOXKeT
0Ka3aTbCsl TOXKAECTBEHHON CBOEH aHTHuacTHLie, Takas yacTHua cy-
eCTBYeT B NPHPoJe — 3T0 n, HeHTpa/bHBIH m-Me30H co cnuHom 0.
Xora n® we ywacrByer B 3ajaBaeMoM (9.15) 3/MeKTpOMarHHUTHOM
B3aMMOAEHRCTBHH, mpolaratop CBoGoAHBIX m-Me30HOB MOXKeT OHITh
NOCTPOEH B MOJHOH aHaJoruu ¢ HajoxenHmM B § 42. IMTockoabky
aias n® tox u 3apan (9.4) paBHB HYJIO, TO B OTCYTCTBHE B3aHMO-
nedicteuil n? Gyner ONUCHLIBATLCA JEHCTBUTENBHBIM pelleHHeM @ ==
= ¢* cBoGonHoro ypasHeHus Kueilina — I'opmona. Torma ¢eiiuma-
HoBcKuH mpomaratop (9.11) Oyaer, Kak M 4151 3apPSXKEHHbIX Me30-
HOB, COOTBETCTBOBATH PACIPOCTPAHEHHIO MOJOXKUTENbHO-4aCTOTHOH
YaCTH ¢ Brepej BO BPEMEHH, a OTPHIATENbHO-U4aCTOTHOH -— Hasal.

§ 44. AMnautyabl paccesiHus

HanpaBnisis MUpoBBle JIMHUM B pa3Hble CTOPOHBI, T. €. Blepel H
Hazal BO BpPeMeHH, KaK moKasaHo Ha pHc. 9.2, Mbl TeM caMbIM BKJIO-
yaeM B pPacCMOTPeHHE, MOMHMO aMNJAHTYJ COGCTBEHHO pacCesHHS,

z \, z z \ ’
‘\\ L\ I”
Z 24 @
e 7\
A Z pA
@ 0, © Z

Puc 9.2, IluarpaMMbl AJst paccesindst YAaCTHIBLI ¥ AHTHYACTHIB, POXKACHUS H AHHU-
THJSIIEHYE APBI.

ellie ¥ aMIJIATYAbB POXKAEHHS M aHHHUTHISUHMH Nap 4acCTHIA-aHTHYa-
CTHIIA B NOJHOH @HAJOrHM C H3JIOMEHHBIM DaHee AJs 3JEKTPOHOB.

Briunc/enyre aMIJATYAL paccesHUs WM NepeXofa MPOH3BOJAHT-
cq nyTeM nocaeaoBaTeabHOH Htepauuu ypasHeHHs (9.19). Komuue-
CTBO HTepauuil onpefensercd TpeGyeMOH TOUHOCTbIO NOJY4YeHHs ¢.
Cgo6oauoe peutenve @ B (9.19) npexcrasisier coG0A HOPMHPOBall-
HyI0 cBOGOAHYIO BOJIHY B OTCYTCTBHE paccesHHs, AMIJIUTyxa nepe-
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XoJa B COCTOSIHHE, B KOTOpOM YacTula objaallaer 3ajaHHbIM HM-
nyJbcoM pfl_, 1oJIyyaercs: [yTeM NPOEKTHPOBAHHA PaCCesHHOl B pe-
3yJabrare BaanmoneHCTBm BOJIHbl Ha HOPMHPOBAHHYIO CBOGOAHYIO
BOJIHY C HMTYJbCOM p+ BepoartHocTbh nepexofa naercs Torga KBa-

JAPaToOM MOAYJSl 3TOl aMILIUTYHI.

B o6pluHOM paccessHHH Me30HOB (puc. 9,2,a) MbBl uUMeeM ImOC/Ie
paccessHUS npu f— 00 BOJHBL C MOJOXKHTEJbHBIMH YaCTOTAMH H aM-
IJIHTYAA paccesdHHsl HAXOAHTCS I[IyTeM BBIJEJEHHS H3 PpaccesHHON
BoJIHL (9.20) NONOMXHUTENBHO-YaCTOTHOH NMPOEKINH:

S _.ndeBxf‘*’za  (x) =

PpPye  te
=&, —p,)—i {4V WV ©2)

3fech P(y) maerca ypaBHeHHEM (9.19), B KoTOpOM CBOGOAHAS BOJI-
Ha C IOJOXKHTEJbHOH YacTOTOH f“;) (y) oTBeuaer mnajgawIleMy Me-
30Hy. BepoaTtHocTh nepexoja paBHa ,S » |2.
Py Py

Aas npouecca poxjenua mapet (puc. 9,2,2) MBI BHOBb, KakK U
B (9.21), BBlAE/ifieM BOJIHBI C MOJIOMKHUTEIbHLIMH HAaCTOTAMH, OLHAKO
Ha 3TOT pa3 ¢(y) mpencrapaseT coGoll paccesHHYIO BOJHY, BO3HHK-
yl0 H3 najaiouell BOJHBL C OTPHUATENBHOH YacTOTOH fg;)(y) B

(9.19). B coorBerctBuu ¢ (9.14) BosHa € OTPHIATENBLHON HaCTOTOH
SIBJISIETCA «IaJalolieil» NpH Yo — 00, NOCKOJIbKY NOCPEACTBOM NPO-
naratopa Ap(x — y) OHa pacnpocTpaHsieTcs TOJAbKO Ha3ad BO Bpe-
MeHH. B MOJIHO#M aHaJ/IOTHH ¢ OCHOBHBIMH NIPaBH/IaMH, BLIBELEHHBIMH
B TJI. 6 /15 c/ydasi O3HTPOHOB, MBI COMOCTABMM PaclpoOCTPaHEHHIO
Ha3aj pelieHHs C OTPHIATEJbHOH 4acTOTON M KBAHTOBBIMH UHCJIaMH
p— UCMyCcKaHHe aHTHME30HA, HaMpHMep T -ME30HA, C IOJOXKHUTEJb-
HOH 3Heprueil U 4-UMnyJabcoM p—.

JIJia Haxo:KAeHUs AMIVIATYAbBI AHHUTMJASIUMU Oapbl, H300paxkeH-
Hol Ha puc. 9.2,8, Mbl BbigeasieM npu [ —>—oo OTPHIATENbHO-4Ya-
CTOTHYIO YacThb paccestHHo# BosHbl (9.20):

‘ <>
Spespy = lim_§ 5 " (91009 () =

=i S Ay V) e 9.22)

snecs ¢(y) maercs ypaBHenueMm (9.19), B koTtopoM HajeTawOUIUR

nt-Me30H OMMCHIBAETCsl BOJHOH fg‘:) (y) ¢ NOJMOKHTEIBHON YaCTOTOM

H'4-pmnyabcoM pr. Kak o6bluHO, HaJeTalIeMy s -Me30HY C M0J0-
XHUTeNbHON 3Heprueil U 4-HMNYJAbCOM p_. COOTBETCTBYET BOJIHA C OT-
PunaTenbHOlt wacToTofi f(7)"(y), pacnpocTpansiomascs oT B3anMO-

RefictBus V (y) Hasaj B npoloe,
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Haxkosell, - paccestHie n—-Me30Ha (HJAH aHTHMe30Ha), H300pa-
KeHHoe Ha puc. 9,2, 6, naercs dopmyJoit (9.22), rae no-npexuemy
¢(y) onpemensierca ypasHenuem (9.19). Omnako «napawomasi» OT-
pHLATENbHO-4ACTOTHAS BOJHA 7t-Me30Ha OMUCHIBAETCS Tenepb QyHK-

e f;f)(y), KOTOpas COOTBETCTBYET KOHEUHOMY m~-ME30HYy, HC-

NyCKaeMOMYy IIOCJe pPacCesiHAs C 10JIOKHTEeNLHON SHEprued u 4-uMm-
nyabcoMm p’, T. €.
S, ;=@ —p)—i{dYRT W)V @) 0.2

P

Cpastenne ¢ Merofom $YHKUMH DacnpocTpaHeHus AJs [03H-
TPOHOB, H3JI0KEHHBIM B IJI. 6, MOKa3bIBAET, UTO MOJYUEHHble ceHyac
npaBHJa HAUHCAHHSA 3IE€MCHTOB S-MaTpULUB 1O CBOeMy (pH3Hue-
CKOMY CMBICJIY COBNAZaIOT C PACCMOTPEHHLIMH B IMI. 6.

[TpakTHyeckue npaBHJIa BBIYHC/ICHMS BEPOSTHOCTEH IIepeXofoB
nof fAeficTBHEM 3JIE€KTPOMAarHHTHOrO B3aMMOAEHCTBHS MOTYT OBITh
[OoNyYeHbl TYyTeM pPAaCCMOTPEHHsI HECKOJIbKHX NPOCThIX NPHMEpOB,
KaK OBLIO CAe1aHO B TJ1. 7 JJIS 3/J1€KTPOHOB.

§ 45. Mpoueccol paccessHUs HU3WIEro NOpsAIKa

B KauecTBe mepBOTO npuMepa paccMOTPHM KYJIOHOBCKOe pacces-
HHe nt-Me30Ha B HH3MLIEM nopsiike mo e. B aToM npubJaHKeHHN diaeH
e2A,Av B (9.19) Moxker 6bITh OTGPOLIEH.

AMniuTyAa nepexofa AJsi [HarpaMmbl Ha pHC. 9.3 HaXOAMTCS U3
(9.21), rme nHamo mosoxute $(y) =~ [ (y). llpn ¢ = pf— pi # 0

1

\\ yleH ¢ O-hyHKUHeH paBeH HYJIO H Mbl NOJY-
2 yaeMm
\ .
\ — — ie S 4 1
Yk e v +/20 20, X
/ iq
4/ 2 X e ps 4 pu & (9) =
o ___Eerted
V; Gy L @ 029
Puc. 9.3. Kynonosckoe The .
pacceanne mu+-MesoHa. A (g) = S dty e’V A (y).

dopma Toka B (9.24) HanoMuHAeT HE3aBUCSAILYI0 OT CNHHA YacTb B
pasioxenuu [opfoHa Aasi Toka ajektpoHa. [loacrasass B (9.24)
Boipaxenue aas Ak(g) B cayvae CTATHYECKOrO KYJIOHOBCKOTO MO-
TeHLnana .

A" () = 7o 2mb (o — @,) g, (9.25)
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Mbl MOJYuUaeM ceueHHe TMyTeM OObIYHOH NpPOLEAYpPHl BO3BEJEHHUSA B
KBajJpaT, CYMMHPOBaHHsI NO KOHEUHLIM COCTOSHHMAM H JEJEHHs Ha
nafawowmwiil notok. [lo anamoruu ¢ (7.10) HaxoauM
(2n)® Ze? (0; + © 1 2
do = ——d’p; 2ad (0 — w;) ( i___i)_
vl (21)* 4/20; 20, |q?

do Z2q2
a8 T 4pTpTsint (0/2) °
ITonyueHHOe BbIpazkKeHHe OTJIHYAETCA OT COOTBETCTBYIOIIEH  op-
Mmyasl  (7.22) A1 9JeKTPOHOB  OTCYTCTBHEM  MHOXKHTEJs
[1 — B2%sin%(6/2)], koTOpHIfi CBA3aH CO CIIUHOM.
TTomoGHBIA pesyabTaT NOJYyYaeTcss H AJA KYJIOHOBCKOro pacces-
Hust mo-me3onoB. U3 dopmyant (9.23), B xotopoit [{~*(y) ommcel-

BaeT mT-ME30H C HMNYJbCOM p— A0 paccesHusi U ¢ (y) ~ [T (y) or-
: P

(9.26)

BeyaeT KOHeYHOMY m—~, HCITyCKaeMoMy IOoCJe pacCesiHuda (KaK nokKa-

3ano Ha puc. 9.4), MB HaXo4HUM \
, \
ie(p_+p_) A*(9) \
S ;o= =, (9.27) \
P P @) Af20_ - 207 .
\
rie ¢ =p’_ — p_ Tno-npexHemMy o06o3Ha- Y NANANNNK
qyaeT nepefaHHbifi umnyJabc. Popmysnbl 24
(9.24) u (9.27) OTaMHAIOTCS TOJBKO 3HA- /
KOM, U4TO CBSI3aHO C PasHbBIMH 3HaKaMH 3a- /_’p_
paga, wt ¥ w-, U NPHBOAAT K OAHHAKOBOMY  /
ceuenuio (9.26). /
YpoK, H3BJCUEHHBIl HAMH U3 NPOBENEH- pyue 94, KymoHomckoe
HOIO BBIYHCJIEHHS, COCTOUT B TOM, YTO f-Me- paccesinHe Tt~ -Me3oHa.

30HHOI BepUIHHe CTaBHUTCSI B COOTBETCTBHE

bakTop e(pu-l—p;) BMeCTO ey, AJs sJekTpoHa. Boanosas ¢yuk-
U HOPMHUDYETCST MHOXKHTe/IeM 1/4/20, KoTOpHIl 3aMeHseT
A/m/E nas 37eKTPOHa, , Pa3yMeercs, CIHHOPbl B LAHHOM CJyuae
OTCYTCTBYIOT.

[MpaBuna nas unexa e?A,A* Bo B3aumopefictsuu V (9.19) wmnl
NOJY4HM H3 PacCMOTPEHHS] KOMITOHOBCKOTO pacCesHHs 3apsizKeH-
HOTO Me30Ha. «BHewmnu#i moTeHuHasn» B JAaHHOM CJydae CKJambl-
BaeTcsl M3 MOIVIOIEHHBIX H HCHYLIEHHBIX (DOTOHOB, ONHCHIBAEMBIX C
HCIOJb30BaHHEM <«HOPMHPOBKH B HENPEPLIBHOM CNEKTPe» B BHIE
CYMMBI ABYX 4Y/eHOB (cM. (7.53)):

e, (L Met* g, (1, A)e"
4/2((2n)? VA @nE
rfie [ ¥ A OTBeUalOT UMIIYJIbCY H IIOJISPH3ALHH.

A, (x) = (9.28)
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[TockosbKy KOMIITOHOBCKAsl aMILVIHTYRa B HHU3LIEM HOpPsiAKe Npo-
nopuxoHasbHa €%, ugensl B V, jHHefiHble 10 e, HEOGXOAUMO MpPOHTE-
pupoBaTh onun pas. Torga S-maTpHua, umeomas NOPSINAOK €2 H OT-
Beualolias guarpaMmam Ha puc. 9.5, Oyzer paBHa

Sp= (= ieP iy a'z [ @) i[5 4,0) + 4, 0) 52| X
X it (g —2) i[5 A, @) + A @) 52 | 157 ) +
+ie\ i AW A O @, ©.29

TMoacrasasa cioga Ay 13 (9.28) # coxpaHssl TOJbKO NEPEKPECTHBIE
YJIeHbl MEXKIY BhIpaKeHHeM
—ik-x

4 ue

vV @eny 2k’

KOTOpoe onHchiBaeT MNorJolleHde Qoroda, xapakrepusyemoro (&, 4),
U BhIpaKeHHEM
E’Bik’-x
O
—r——— )
A/ (2n)3 2%
KOTOpOe OTBeyaer MCHycKauHio ¢ortoHa ¢ (&, )\'), nmocie HHTErpu-
POBaHHA MO OPOCTPAHCTBEHHBIM KOOPAHHATAM HAXOLHM

;= (‘— ie)2 4 a4 L
St (205 V3o 30 . 3k -9k @n) ot (p+k—p' — )X
X [e - @0+ 0 o € 20 + K +

de- (2 — k) —(p——:k—L)T—-—t;f"_ & - (2p — k') — 2e - e']. (9.30)

[Tonesno yGenutbcst B npasudibHOCTH (9.30) nyteM npoBepku
UHBAPHAHTHOCTH 3TOH aMIAHTYAbl OTHOCHTEJNBHO KaJHGPOBOYHOroO
npeoGpasoBaHus. Tako#l MpoBepkKe Mbl y¥Ke NMOABEDPrajy B . 7 aM-
IVIHTYAB A7 3JeKTPOHOB. JIerko ycTaHoBHTB, 4TO Sy; oBaafaer uu-
BapUaHTHOCTBIO KaK MO OTHOUIEHHI0 K KalHOpPOBOUHOMY mpeolpazo-
BaHUIO

g* —e" 4 AKY, (9.31)

npUMEHEHHOMY K Haua/JbHOMY (OTOHY, TaK H MO OTHOLUIEHHIO K mpe-
o6pa3oBaHuIO
e; — aal’1 + A k; (9.32)

Haj KOHedHLIM (OTOHOM.
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B Bripaxenun (9.30) yao6HO BoiGpaTh KaMUGPOBKY
ep=¢e¢ - p=0,

KOTOpasi COOTBETCTBYeT MNONEPeuHoil noJspH3auuu (GOTOHOB B Ja-
6opaTopHOfi CHCTeMe, T. €. B CHCTeMe, rje HauyaJbHBIH ME30H fO-
KOHTCS U HMeeT 4-umnyjbc p = (m, 0). Torga B (9.30) oxastiBaer-
¢ OTHYHBIM OT HYJS TOABKO anan oT uneHa A, A%, TaK KakK g-kR=

= ¢’ k" = 0. [ajee, 0o XOpollo 3HAKOMOKH HaM cXeMe mepexolnnm

WA KA id Y

—_— = —_—
VAR A5 S

Pic. 9.5. KoMntonoBckoe paccesiHHe 5t-Me3OHa.

OT aMIJINTYABl K AubdepeHIHaspHOMy cedennio. JIas 3toro Bo3Bo-
aum (9.30) B KBazpar, ycTpaHsieM OAHY cTemeHp (2m)*8*(p + & —
— p’ — k'), yMmuoXKaeM Ha ¢a3oBbfl 00beM KOHEYHbIX HacTHIL

Bp’ &k

u na (2m)% — BeauunHy, o6paTHYI0 HauajbHOMY IOTOKY B JaGopa-
TOPHOM CHCTeMe, a TaKkKe Ha (2m)3— BesHuyHHY, 0OpATHYIO MJIOTHO-
CTH YacTHI B MHIIEHH. B nrore umeem

(7)., = oriE
lab m"’ [1 4 (k/m) (1 —cosB))? *

Orciona B mpefene manoii sHepruu ¢ortoHa k — 0 nonyuaem kaac-
CHYECKHH TOMCOHOBCKMH npefet. CyMMHUDPYA MO MOJSIPH3ALHAM KO-
HeyHoro $oToHa & W YCPERHAS MJS HeNOJNsPH30BAHHOIO CBeTa IO
HayaJbHBIM NOJSPUANHAM, TTONYTaEM

do — a2 (1 -+ cos? 0)
m)lab = 21+ (RIm) (1 — cos O (9.33)

§ 46. MNpoueccol BpiCIIEro MopsigKa

Mgl MoKeM NPOLOIKHTL aHAJOTHIO C METOAOM (YHKUHH paclopo-
CTpaHEeHHs! JJIsT 3JeKTPOHA H BLIBECTH M3 Da300paHHBLIX NPUMEPOB
IpaBuJia BLIYUCJIEHHS AWarpamMm BuIClIero nopsiaika. OCHOBHEIE OT-
JUYNs OT NpaBHJ [Js JeKTpPOHA COCTOAT B CJAEAYIOUIEM:

1. B BepuiuHe paccesiHHs Me30Ha H3 COCTOSIHHS p, B COCTOsTHHE

. (cM. puc. 9.6) ¢ J00pIM HanpasJeHHeM JHHHH Bepel H Hasal

Bo BDEeMEHH CJleyeT NPOH3BECTH 3aMeHy
— leyt — — ie (p* + p*'). (9.34)
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2. No6apounnlit wied AyA® Bo B3aumopmehcrsun (9.19) BHOCHT
BKNIax )
2ie*g . (9.35)

[pumepom siBasietcs amniautyaa (9.30). Muoxureab i nosiisiercd
Gaarogaps TOMy, YTO NapaMeTpPOM pasJOokKeHHa I/ 3TOro uJjeHa
cayxKuT e Tlostomy B mopsiake e™ B peayanaTe n-KpaTHOH HTe-
panud (9.19) Bo3HHKaeT MHOXKHTENb (—I)", KOrla Mbl BBIUHCJASIEM
Bkaaf oT (9.34) B stom nopsiake. Ecau uaen Ay A% BXOAHT B BBIYHC-
JeHHs m pas, [OsBJAseTcs  MHOXHTedb  (—i)"™(—1)™ =
= (—i)n=2m({)m; cnegoBaTenbtio, B (9.35) Bosumkaer i. Heobxo-
JHMO NOCTOSIHHO NOMHHTb, YTO MapaMeTPOM Da3J/IOXKeHHs sB/AETCs
e, a He MOPSAJO0K B3aHMOLEHACTBHSL.

~ //
~
D 4 ﬂi/ : 7
A -
~ - / 4 4
r s ke
B iy -
e
Puc. 96. Juarpamma aus Puc. 9.7. InarpavMma nis
- BeDIUHHKH,  OTBeyalomel B3auMojeiicTBHA BHAA
B3aUMOAEUCTBHIO BUAZ e2AuA”(p*q).

e@* (p” + ply A%

[TosiBaenne MHoxuTeas 2 B (9.30) cBsA3aHO C TeM, 4TO Bceria
ecTb ABa crnocofa COMOCTABHTL ABYM MHOXHTeasM B AyA¥ KBaHTHI,
KOTOpble YHHUTOKAITCS, POKAAIOTCS HAH PACCEHBAIOTCS B BeplIMHE
(eM. puc. 9.7). K amnautryle B3aHMOMENCTBHA, KOTOpasi COOTBET-
CTBYeT CyMMe BCeX JHArpaMM, BHOCALIMX BKJaj B JaHHOM nopsike
0O e, MOXHO NMPHMEHHTL KpPUTepHil KaauOpOBOYHOH WHBapPHAHTHO-
cTH. MBbl yKe NOJb30BAaJHCh 3THM KPUTEDHEM [/ NPOBEPKH
(9.30). Takum o6pa3oM, Mbl HMeeM INOJIe3HbIH U OYeHb NPOCTOH CIo-
co6 NMpOBEPKH NMPAaBHJIBHOCTH BBIYHUC/JEHHS OTHOCHTEJbHBIX BKJIaJ0B
ot unenos p-A+A-pu A-A4 8 (9.19).

3. IponaraTop BHYTpeHHell JAHHHH, KOTOPOIl COOTBETCTBYET HM-
myJbC p, Ml 3aMEHfeM COrJIacHO

& __iptm l
ﬁ—.—m+ie_p—m2+te—fp2—m2+ia’ (9.36)

T. e. fenaeM 3ameny p + m — 1.

1) VMeeTcss HCKMIOUEHHE H3 STOFO NPABRJIA — ABYM HCIYCKaeMbIM H3 OJHOMN
TOukH ¢oToHaM, 06pa3y10uu4M 3aMKHYTYIO NETJIO, COOTBETCTBYeT MHOXHTelp 1/2
(cM. sagauy 9.11).
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4. Jlag BHELIHHX JIMHHA Mbl 3aMeHsleM 3JeKTPOHHbIe CIHHOPHI
cleayomuM o6pasoM:

m 1

Bce ocTasibHble MHOMKHTEJH { H 2m B TOUHOCTH TaKHe Ke, Kak
s 3aekTpoHoB. OcTaercd JHIUb BONPOC 06 OTHOCHTEJALHOM 3HAKE
MHHYyC. B ciyuae 3.1€KTPOHOB Mbl, pYKOBOACTBYACh npuHiHnom [lay-
JIH, TIPOU3BOJIHIAN AHTHCHMMETDPH3ALHI0O OTHOCHTENbLHO MePecTaHOBKH
ABYX TOMXKIEeCTBeHHbIX yacTHi. C APYro# CTOPOHEI, 3KCNEPHMEHT CBH-
JeTeJbCTBYET O TOM, UYTO T-Me30HBI SABJAOTCA OGo30HaMu, T. €.
0 HHM HMeeTcss CHMMETpPHsl coriacho craTucTuke bose — JiH-
mitefina. B yacTHoCTH, B peakniu

Kt>at+at 4+~

nBa mt-Me30Ha& HCNMYCKAIOTCS B OTHOCHTEJBHOM S-cocTOAHHH. Kpome
TOro, €cTh CepheaHble TeOPEeTHYECKHE OCHOBAHHSA, BIEPBBIC yKa3aH-
upie Tlayan, m1s CBSI3M MeXAy CIHHOM M CTaTHCTHKOH. ITa CBASH
TaKoBa, 4TO YaCTUILl C IOJYIEJIbIM COHHOM NOAYHHAIOTCS TNPHH-
uKMy 3anpera (ABJASIOTCA (epPMHORHAMH), a MO YaCTHIAM C LeJbIM
COMHOM uMeeTcs cHMMeTpHsa (OHH sIBJISIOTCS GO30HAMH).

Bonpoc o ¢Bsi3i CIHHA CO CTATHCTHKOH paccMaTPHBAETCsl B KBaH-
toBo#t Teopun nojs [90]. [Toka MBI mPOCTO MPHMEM, UTO YaCTHIBI CO
cimHoM 0 aBasiorcs GO30HAMH H MOJUYHHSAIOTCA YCJAOBHIO CHMMeET-
puH. DTO O3HAYAEeT, YTO MEXJAy AHarpaMMaMH, OTIHYAIOUHMHUCS TIe-
pecTaHOBKOH GO30HOB, HOMKeH ObiTb OTHOCHTE/IbHBIH 3HaK ILTIOC
BMECTO MHHYCa AJif c1ydast PepMHOHOB.

Tenepsr He Gymer muoxurejeil (—1) AJd 3aMKHYTBIX MeTeJab
HJH MEXAy AWarpaMMaMH pacCesiHHA W aHHUTHAALKMH. Mbl BBOAHIH
HX B AHarpaMMbl /sl 3JEKTPOHOB, KaK, HalpHUMED, B aMIIMTYIbi
(8.2) w (8.5), coorBercTBylOIIMe paMarpamMmaM Ha puc. 8.1,6 u
8.1, 0, ucxoan u3 npuununa Ilayau B Teopru AbIpok. Jas 6030HOB
HeT 3aNOJHEHHOro MOPS ¢ OTPHIIATEILHOA 3HEPTHEH H OTHOCHTEeNb-
Hbl€ 3HAKH CJEAYeT [0JayyaTh MyTeM HHbIX PaCCykKACHHH.

B KyJIOHOBCKOM paccessHHH OZHHAKOBLIX O030HOB MEXKAY ABYMs
JuarpaMMaMi, u300pa)KeHHBIMH Ha puc. 9.8, MMeeTcsl 3HaK IJIIOC.
Amnuintyna paccesinusi 6030Ha Ha aHTHOO30HE IIOJYYaeTcs OTCIOAA
3aMeHOH 3HaKa 3HEPrHH AJs1 ABYX JHHHIH; HampuMep, ¢ MOMOIILbIO
NOJCTAHOBKH

Go<>— Py (9.38)

MBI MOJyYyaeM aMIVMTYAL s ABYX AHArpamm, u300paKeHHBIX Ha
puc. 9.9.

"OTHOCHTEJNbHBI 3HAK ABYX AMIUIHTYA, COOTBETCTBYIONIIUX AHA-
rpaMMaM Ha pHc. 9.9, ocTaeTcst MOJOXKHTENIbHBIM, €CJIH 3aMeHa
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(9.38) aBJaseTCA €AHHCTBEHHBIM H3MEHEHHEM IIPH Nepexofe OT AHa-
rpaMM  paccesHus (puc. 9.8) Kk aHarpaMMaMm aHHUTHJSILHH
(puc. 9.9). ®opmyna (9.38) ects mpuMep npaBuia NOACTAHOBKH
(Kpocc-CHMMETPHH), C KOTODBIM Mbl YK€ BCTpeYaJuch AJS 3JAeK-
TPOHOB (cM., HanpuMep, (7.85)). Temepp MBI pacnpocTpaHHIH €ro
Ha aMIJIUTYAB AJs1 6030HOB.

OTO NpaBHIO NPUBOAMT K MOJOKHUTEIBHOMY OTHOCHTEJbHOMY
3HaKy BCeX TpPeX aMILIUTYH, H300paKeHHBIX Ha puc. 9.10. Huxe Bep-
wHHB y auarpavubl 9.10,a u 9.10, 8 0MHHAKOBBI, NOITOMY HX OTHO-
CHTENbHBbIH 3Hak moJgoxntened. [lockoabky 3a cuer BBeleHHs Ha
auarpamme 9.10, a IOMOJHUTENLHOrO 10 CPABHEHHIO C AHATPAMMON
9.10, 8 B3auMOAHCTBHSI MeXY JIMHUSMH 4 H U He BO3HHKaeT 3HAKa
MHHYC, MBI NPUXOAHM K BBIBOLY, YTO 3aMKHYyTasl MeT/Ig Ha fAHa-
rpamMme 9.10,6 we npHUBOAHT K NOSIBJEHHIO MHOXKHTeas (—1).

ONeKTPOMArHUTHOE B3auMoAelicTBue 6030HOB co cnuHoM 0, Ha-
npumep n- ¥ K-Me30HOB, B Gosiee BBICOKHX MOPSAKAX, a TaKXKe [e-
PEHOPMHPOBKH MOXKHO PaCcCMOTPETb B NMOJHOH aHaJOTHH C hpejbl-
ayweit raaBo#l. OgHako Mbpl He 6yldeM BAaBaThCsl B JeTajhbHOe pac-
CMOTpEHHE 3THX $IBJEHHH, TaK KaK A CPaBHEHHS C 3KCIEPHMEH-
TaJbHBIMH JaHHLIMH HeOOXOAUMO yYecTb 3HAYHTENLHO 00Jee CHJb-
Hoe B3auMolelicTBHe ;- U K-ME30HOB APYr ¢ APYroM H C SAPaMH.
O6cyKaeHNI0 3TOr0 HE3JIEKTPOMArHHTHOTO B3aMMOJEHCTBHS MOCBS-
ieHa cJeAyollas riasa.

§ 47. HepensiTuBHCTCKHI npeenbHblii mepexon
8 ypaBHeHun Kaedna — lopaona

CymecTByOT Qu3HUECKHE ABJICHHS, A/ H3YUEHHS KOTOPHIX BeCh-
Ma KeJaTeJbHO HMeTh NPHOJAHIKeHHOe ONHCaHHe m-Me30HOB B paM-
Kax OOBIYHOH OJHOYACTHYHON KBAaHTOBOIl MEXaHHKH C BEPOSTHOCT-
Hol wHTepnperanuell. Takofi NOJAXOL MOXKHO NPUMEHSITh, HaPUMeD,
K B3aHMOJEHCTBHIO 3aPAXKEHHLIX fI-ME30HOB C aTOMHBIMH 3JEeKTDPH-
YeCKHMH H MarHUTHBIMH TOJSIMH B BELIECTBE, a TaKKe K MHOHHLIM
atomam. Jlis aHanu3a TakHX SIBJeHHIT MBI nonpoGyeM caeaaTh Tie-
Pexon K HepeJATHBHCTCKOMY ypaBHeHHio Lllpenunrepa.

B camom Hauase ra. | MB OTKa3aJHCh OT yPABHEHHS BTOPOTO NO-
paaka Kaeilna ~— Topaona BeaeicTBHE HEBO3MOMKHOCTH MOCTPOUTH
TOYHYI0 OJHOYACTHYHYIO KBAHTOBYIO TEOPHIO C BEPOSTHOCTHOH HH-
Tepnperaudeil. Mbl oTAaan mpeanoutenue ypasuenuio [upaka, Ko-
TOpoe ComepXKHUT NePBYI0 NPOM3BOAHYIO MO BPeMEHH, Kak ¥ Hepeas-
THBHCTCKOe ypasuenHe llpenunrepa. OfHako 3ateM Mbl yGeaHaUCH
B TOM, YTO OJHOYACTHUHas KapTWHa AJs ypaBHeHHs [Iupaka cnpa-
BEAMnBa JHLIL A/ OYeHb OTPaHHYEHHOTO KpYra sIBJEHMH, TaKHx,
Hanpumep, kak cnabble MeIJEHHO MEHSIOLUIMECS MOJS, KOT4a UMeeT-
€ WHpoKas mweab ~ 2mc? Mexay CNeKTPaMH [OJOXKHTeJbHON | OT-
PunatenbHoli sHeprun. HMIMeHHO Takylo (QH3HUECKYIO CHTYAlHIO MEHI
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cefluac paccMOTpUM, Korfa GyAeM CTPOHTh HPHOJAHKEHHYIO OAHO-
YaCTHYHYIO TEOPHI0 Ha OCHOBaHMM ypaBHeHHs Kne#na — lopmona.
B KauecTBe mepBOTO HIara NMpHBEACHHS ypaBHeHHa KielHa —
Toprona k gopme ypasuenus Hlpenunrepa, T. e. K BHLY, COAepxKa-
IeMy TOJIBKO TMepBble NPOU3BOAHLIE 110 BpeMeHH, nepeigeM oT (9.1)
K mape ypaBHeHHH mepsoro nopsiaka [91].
Bpenem onpeneneHue

4]
t= —(-39— = (9.39)
u nepenuiem (9.1) B Buze
: 4]
t=2 =V —m)q. (9.40)

V106HO BRecTH nBe JHHelHble KOMOHHAUMHU:
1 i .
9=5(¢+—,f,cp), ——(CP—-—CP) (9.41)

KOTOpHIe HMEIOT NPOCTHEe HepeJsaTUBHCTCKHe npefensl. [das cobon-
HOH 4acTHIEl C HOJOXKHTENAbHOH 2Hepruefi NoKos HMeeM

mt i
p~e ‘mt—mcp (9.42)

H B 3TOM ImpeleJne )

B=¢ ~e"im, y=0. (9.43)
JLAsT yacTHUB C OTPHIlaTeJbHOH HeprueH, Wind aHTHYACTHUH, pelle-
HUE B TOM Ke Ipeleje HMeeT BH]

0=0 u y=¢~etimn, (9.44)
Taxkum 06pasoM, O uTpaeT poJb, aHAJIOTHUHYIO GOJIBUINM KOMIIO-

HEHTaM, a 9§ — MaJblM KOMIIOHeHTaM JHPaKOBCKOTO CIIHHOpA.
B rtepmunax 0 u y ypaBueHue Kieiina — ['opnona sanucbiBaercs

TakK:

, 90 &
i —r=— 50+ -+ mb,
. oy V2 (9.45)
iSr=+5;0+0—
BeemeM Gojee KOMIAKTHOE JABYXKOMIOHEHTHOe 0003HaueHHe
(¢
o=(). 0.49
Toraa noJayuHM ypaBHeHHE
i 5= H, (9.47)

rne raMunapTOHUAH CBO60)1H0ﬁ '{aCTI/IIlbI HMeeT BUA
1 0
H‘,=--(_l _1 — +(0 )m. (9.48)
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Xora ypaBHeHue (9.47) uMmeeT mpefHHrepOBCKYyI0 (OPMY, OHO, KakK
H ypaBHEHHe (9.1), He IPHBOAUT K MOJOKHTENbHO-ONPeLeeHHOH cO-
XpaHsiolleficss BEPOATHOCTH, TaK Kak /{y He sBIASETCS IPMHTOBBIM

1
onepaTopoM. He3pMHTOBa MaTpulia (_1 1) B 4JieHE, OTBEUalo-

IeM KHHETHYECKOH IHEPrHH, CBSI3biBaeT BMecTe «OOJblIHE» H «Ma-
JBIE€» KOMITOHEHTBI.

[Tpenebperas V2 B Hu3leM nopAake AJISl MEJEHHO IBHXKY-
mefics yaCTHIB!, MBI IIPHXOAUM K ypaBHeHMio HlpeauHrepa u K pe-
meHusM (9.43) u (9.44) ANg NOJOKHTENBHON M OTpHUATENbHOM
9acTOT COOTBETCTBEHHO. 3auMCTBYS H3 T 4 TexHuHKy Doaan —
BayrxafiseHa ana Teopun Jlupaxa, Mbl MOXKeM IOCJAERZOBaTENbHO
BKJIOUHTb MOINPAaBKH, BO3HUKAIOIIHE 3a CUeT uJjeHa, OTBEYaloLIero

KHHeTHYeCKOH# 3HepruH. B manHoM cJjydae MaTpHia QE(_? (1))

ABJSIETCSA HE3IPMHUTOBBIM aHaJOroM MAaTpPHUBL o, a N= (0 _1)

aHaJsoroM P, rie o u § — MaTpHIBl, OCYLIECTBAALIHE peoGpaso-
uve ypaBHeuus Jlupaxa. Paccyxnasi tak Ke, KaK NPH BHBOAE
(4.1), mostoKUM

D' = eSO, (9.49)
e 01
s=noo@ =] o)0m®. (9.50)
OTciofa HaxoLHUM, 4TO IpPH
. 29
op)=— é arctg 7% 9.51)

HeyeTHble OMEPaTOPH P HCYe3al0T H3 TraMHJAbTOHHaHa (37eChb
1
psl—,V). [Ipeo6pasoBanue, 3anaBaemoe (opmyiaamu (9.49)—

(9.51), aBasieTcs HEYHHTAPHBIM, H C €r0 MOMOIILIO HEIPMHTOB ra-
MubTOHHAH (9.48) NPHBOAUTCS K CJAEAYIOUIEMY BHAY:

Hy=eiSHpe~!S =n+/m> + p°. (9.52)

B rakoii GopMe pelieHus ¢ NOJOKHUTENbHOH U OTPHULATEIBHON 3Hep-
refl MOJHOCTBIO Pa3feNsIOTCA, a COOTHOIIEHNe MeXAy 3HeprHell H
HMIyJIbCOM OKa3biBAETCSl TOUHO TaKHM Ke, Kak AJAg CBOGOAHBIX
37ekTpoHoB. ExuncrBennoe oranune (9.52) ot (4.1) cocrour B TOM,
uto B (9.52) HeT yIBOeHHs YHCJAa pellleHHH 3a cuer CIHHOBOH CTe-
nend cBoGoabl. [lockosnbky ramuiabroHuan Hg; 3pMHTOB, B 3TOM
NpEeACTABJECHHH MOMKHO [aThb BEPOSTHOCTHYIO HHTEpNpeTalHio pe-
wenusiMm @’. as peliieHHH ¢ NOJOKHUTENBHON 4acToTOH

D) (x) = e~ 0! ( ) a' ) (x) (9.53)

HMeeM
NP7 ) (x) = 00 (x). (9.54)
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an/I 3TOM IIJIOTHOCTH BEPOSITHOCTH HAETCA BbIpaKeHHeM

P (x)=|a*) (x) P, (9.55)
a dHeprus paBHa

©, = S @ (x) Hy (x) @ (x) . (9.56)
Jas pewleruil ¢ OTpPHLATE/IbHBIMH YacTOTAaMH 3anHlleM
’ z 0
') () ="' (] ) a2 (x). (9.57)

Co6cTBeHHLIe 3HAUEHHS SHEPTUM HAXOAATCS M3 ypaBHeHHS, aHaJo-
ruynoro (9.54):

N mE PP o) (x) = 0,07 (x), (9.58)
a Jasi BepPOATHOCTH HMeeM BbipaxKeHHe Tuma (9.55):
P (x)=|a=) (x) . (9.59)

Onuako Tenepp 6Jaarofdapst npucyrctsuio 1 B (9.52) cpeanee ot ra-
MHJAbTOHHAHA PAaBHO COGCTBEHHOMY 3HAUEHHIO 3HEPTHH. B3ATOMY CO
3HaKOM MHHYC:

®

S S O (x) Hy (1) @' (x) dx. (9.60)

p

Mnul otoxjectsuM D’C*(x) ¢ BosHOBOH (yHKuMed aHTHYACTHLDI,
tak Kak u3 (9.52) a/ss cBOOOAHON 4acCTHILI HMeeM Ho——Ho H co-
rJ1acHo MeTofy GyHKuUHM pacnpocrpaHenus (cm. 9.11), (9.10) u
(9.5)) Bmepex BO BpeMeHH pPacHpPOCTPaHAETCA MOABEPrHYTOE KOMII-
JIEKCHOMY COTPSI?KEHHUIO PelleHre ¢ OTPHIATENbHOH 3HepTHel.

Ecay uMeercs BHeLINee 3JeKTPOMArHHTHOE I0JIE, TO ypaBHEHHE
Kaeiina — [opnoHa yKe He yaaeTcs NPHBECTH K [QHAroHa/JbHOMY
BHAY, T. €. Pa30uTh Ha OTJeJbHble YPABHEHUR AJS NOJOXHTENbHBIX
H oTpuuaTenbHbiXx yactor. OfHaKo, AeficTBYS TaK e, KaK NPH mepe-
xofte oT (4.2) K (4.4), moxHO ROGHTbCA MPHOJMIKEHHON AHAaroHa-
JHU3aLMH AJs caydasi c1abbiX, MeIIEHHO MEHsomuxca noJjeil. Bse-
neM, Kak oGbl4HO, B3auMoJelicTBHe ¢ moseMm B ypaBHenue (9.1) my-
Te€M MHHHMAaJbHOU 3aMeHBI

Pu—>Pp— eA,.

Torpa ypaBuenue Koiefiha — lopiona, 3anicaHHOe B JBYXKOMIO-
HeHTHO!N dopme (9.48), anMeT BU]I

(B (L DN+ (p )mten}ow,

rie m = P — eA. OnpeneneHne ¢ 34eCb Takoe XKe, Kak B (9. 46) n
(9.41), ¢ samenoit (9.39) Ha

g =[5 +iew (9]¢
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(¢ =AY. Ecau B (4.2) MBl OTOXKIECTBUM

p=n=(y _1)-
C=pp=(_] ) m (9.61)

0/ 2m’
nZ
é”=8fp+n—2—”—l,

To npugeMm K (4.4) c 3ameHoil § Ha . B "wacTHoM cayuae ctaTnue-
CKOTO BHELIHEro TOoJIA MoJyuyuM npudaukeHHoe ypaBHeHue lllpenun-
repa, cofepikaluee uleHs Ao nopsaka 1/m*:

. 00’

l,—é'z;- =H,(D/, Q7 = e!SQ

¢ TAMHJbBTOHHAHOM

H,’:n(m—*—%—_%_‘_ ...)+ecp+'?)2—l,n7[7‘2,[7‘2,efp]]+ e
(9.62)

TlepBHiii WieH NpeAcTaBisieT coGOl pasioxkenne A/m? + ®° M ONH-
ChIBAET PeJATUBUCTCKHI 2PheXT yBeJuIennsa Macchl; TaKOH Ke 4JeH
6b1s1 B Teopun Jupaxa. [loctennee caaraeMmoe B (9.62)— ato map-
BHHOBCKHI 4JIeH; OH CJYXKHT NOTNPABKOH K KJaCCHYECKOMY 3JIeKTpo-
CTaTHYECKOMY B3aUMOMAEHACTBHIO TOUEUHOro 3apsia eg(x) moxo6Ho
nonpaBKe Ha «ApOXKaHWe» B AHpPaxKoBcKo# rteopun. OXHaKo, B OT-
aaure ot (4.5) u (4.7), 3amech OH BHEPBble NOSABASETCS B MOPSILKE
1/m*.

Ho Tex nop, moxa Mbl orpaHHUUBaeMcsl QUIUYECKHMH 3aJadaMH,
nasi Koropelx npouenypa ®oann — BayrxalizeHa siBasiercsl cxopns-
mieficsi, ¥ HECKOJBKO HepBHIX WieHoB pana (4.4) uam (9.62) paior
pe3yabTaThl, OJH3KHEC K TOYHHIM, MBI MOJKeM pacCMaTpPHBaTL B3a-
HMOREACTBUST ME30OHOB B paMKax HepedsTUBUCTCKOM KBAHTOBOH Me-
xauuku., C TOYHOCTBIO [0 yAePHAAHHLIX B M’ 4IEHOB pelleHHs ¢ IIo-
JOXKHTENbHON M OTPHULATENLHON YacTOTOM B 3TOM TIpefCTaBJEHHH
pasfensioTcsli M TaMHJbTOHHAH OKa3blBAeTCS 3PMHTOBLIM, I03TOMY
BO3MOMKHA TpPaJHUHOHHAsl BePOSTHOCTHAS WHTEpPIIpeTalHsi, OCHOBAH-
Has Ha NPUBENEHHBIX B IVI. | mocTynaTax.

Bocnosabs3oBaBmuch (9.62) w 3anuchiBag B 5TOM IIpPeACTaBJEHHH
pelreHus ¢ TMOJIOXKUTEIBHOA yacToTo#d no aHajoruu ¢ (9.53):

DL (x) = e~ iEnt ((1) ) PH (x), (9.63)
nosyuaeM

[(m+ & — 2t )] +er
+ -3—;,,7 [72, [#2 eq]] ...] WP (x) = E % (x).  (9.64)
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I10THOCTS BEPOATHOCTH paBHA
Px) =0 =" x [ (9.65)

a coGcrBeHHoe 3HadeHHe 3Hepruu E, copnafaer, kak u B (9.56),
CO CpeJlHUM 3HaYeHHeM FaMHJIbTOHHAHA:

= { ot ) 17 (x, o)) ) ', (9.66)
rae H’ (X, e) —onepatop, crosfiuuil B Jesoit uacta (9.64):

H' (x, e)'=‘(m +%—§”%+ ...)+efp+gﬁr[ﬂ2,[ﬂ2,efp]]+

9.67
Pentenusi ¢ oTpHiuaTeJbHOH uyacToToil 3anuiieM B BHIe (9.57):( !
0,7 (1) = " (1) 4 (). (9.68)

Torpa u3 (9.62) natigem
H™(x, — e) P (x) = E 97 (x). (9.69)

MBI BHOBb CONOCTABJSIEM AHTHUACTHLE KOMILIEKCHO-CONPSIKEHHOE
OT peuleHusl ¢ oTpuuarenbHOHl sHeprued, rax xax P, (x) ymosie-

TBOpSET YpaBHEHHUIO
H'(x, — ) b5 (x) = E,p7" (x),

qT0 oTaHdaerca ot (9.64) Toawbko sHakoM npu e. IlnorHocrth  me-
POATHOCTH paBHA

P ()= DG (x) =] {7 (R) . (9.70)

CpenHee 3HaueHHe TaMHJAbTOHHAHA BHOBbL, Kak H B (9.60), pasuo
B3SITOMY €O 3HAKOM MHHYC COOCTBEHHOMY 3HAaU€HHIO SHEpPruH:

E,—— S 7" (x) H'D' (x) dPx. 9.71)

TTocKOJbKY pelleHust ¢ MOJOXKHTeNbHOR M OTPHLATENBHON YacToTOH
OTJHYAIOTCST TOJMbKO 3HakoM 3apana B (9.64) u (9.69), nossasercs
NpUBJEKATebHAST BO3MOXKHOCTbL NepecrnpefedTh B paccMaTpHBae-
moM mpefcraBaennH Poann — BayrxalizeHa BepoATHOCTH M Cpel-
HHE 3HAUCHHS SHEPTHH IIyTEM BBeJEHHS JIHATOHANbHOH MaTpHIbI

’ i 0 o
n= (0 __1) yKe BCTpeuaBlueiicss HaM paHee:
Q, () =D ()@, (¥), ©.72)
E,={ @ ()nm'a) (9 dox. (9.73)
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Takoe nepeonpenesneHue He ckasmBaercs Ha (9.65) u (9.66) nus
peleHHi ¢ NOJOXKHTEILHON YacToTOH, HO MeHsieT 3Hakd B (9.70) u
(9.71) mns pemienuii ¢ oTpHIATeIbROH yacToToll. CoGCTBEHHBIE 3la-
YeHHUsS SHEPIHH Telleph COBNAZAIOT CO CPeAHHMHM 3HaueHusIMH H, Ko-
TOPbIE N0 aHaJOTHH C OOLIYHOI KBAHTOBOH MeXaHMKOH cTajJu I0J0-
JKUTEJbHBIMH KaK [JIsl DellleHHH ¢ NOJOXKHTENbHOH, TaK U C OTpH-
unatefbHo#l wacTtotoii. OpHako Tenepy Q(x)=0 naa pemenudi
C MOJOXHTeTbHOH uacToTol H Q(x)<C 0 pas pemtenw#l ¢ orpuna-
TeJIbHOH 4aCTOTOH U HHTePNpeTHPYyeTcsl KaK IJIOTHOCTb 3apsajia AJs
YacTHL, H aHTUYACTHI COOTBETCTBEHHO.

Mpl MoxeM U Jajee pa3BHBaTh npencraBienne Pomami — Bayr-
xaii3eHa, KOTOpPOe ¢ TOYHOCTBIO A0 yHAepXKaHHBIX B H’ ujieHOB M NpH
YCJIOBHH CXOAMMOCTH psfa no l/m coBmajaer ¢ ¢opMajJH3MOM
00bluHOH KBanTOBOH MexaHHkU. Hanpumep, u3 (9.62) MoxHo HaliT
YPOBHU 3HEPTHM H BEPOSITHOCTH NMEPeXOHOB [JIf 7-Me304aToMa C yue-
TOM PeJSITABHCTCKOH 3aBHCHMOCTH MacChl M JAPBHHOBCKHX IIONpa-
BOK. KpoMe TOro, cBsi3b ¢ KIaCCHKON U CooTHOlEeHUs dpendecta (10-
JAy4aloTCs U3

L 0y=i(1H, 01) +{22). (9.74)

Murepnperauust B TepMHHAX OJQHOYACTHUHON IJIOTHOCTH BepOSAT-
HOCTH NPHMeHHMMA TOJbKO TOTJa, KOTAa IyTeM MpeoGpa3oBanus
@osgun — BayrxalizeHa ypaercss pas3fefHTh pelleHHMs C IOJIOXKH-
TeJbHBIMH M OTPHIATEJbHBIMH YacToTaMu. EI0 Helb3s N0/ab30BaThCH
B 3ajauax ¢ CHJIBHBIMH H GBICTPO MEHSIOIIMMHCS HOJSMH, Iie HeoO-
XOJMMO YUYHTHIBATL NOsIBJIeHHe mtm—-nap. B mnpeanoioxeHnu, 4ro
onpefenenns (9.72) n (9.73) cnpaBefJHBH U B oflIeM ciaydae, Mbl
MoOMKeM BepHYThCS K HCXOZHOMY MOPENCTABJEHHIO H HCCIeN0BATH
CTDYKTYDY BbIpaxKeHHH ANs 3apsifia W dHepruu. [ljis 3TOro BHIDOJI-
HHM caefyiolllee peofpa3oBanue; -

O =~ SQ. (9.75)
3nech HeOOXOAHMMO COGMIOAATH OCTOPOKHOCTb, TaK KaK Ilpeofpa-
30BaHMe, CBsi3biBaiollee 06a NpellcTaB/]CHHS, He SIBJISETCS yHHTAD-
HeiM. U3 (9.50) r (9.51) cremyer, uTo A/1s CBOGOMHON YaCTHIH

=—S*. (9.76)
YuurnBas, uTo 1S = — Sy, HaXOAUM AJS IHEPTHH

©, = S @ (1) nHID) (x) d® x = S ®} (x) e~ 'S0 HieiSD, (x) dr =

= | @5 () ne-isHieism, () @*x = | @} () nHD, () 3. 0.77)
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Taxkum 00pa3oM, BeipaskeHHe /s 3HePrHH He MeHsieT CBOero Bija.
Anagorugno, ucnoandyst (9.46) u (9.41), nonyuaem Ajs 3apsifa

fowan={ oy o) (9 aw = 0 () ndp () 425 =

—(rmow—rwiwar=o (e Whewaer, ©7

YTO IOCJe YMHOXKEHMS Ha 2m coBnajaeT C NOJyYeHHHIM paHee Bbi-
paxenueM (9.4) L5 coXpaHSIOLIErocs 3apsiaa.
DJH3KHe pe3yabTaThl MOJYYaIOTCA € y4eToM B3aHMOIEHCTBHA.
B sToM ciaydae npeoGpasoBanne Poanu -— BayrxaiizeHa nMeerT, Kak
H B IJ. 4, BUA
@ = . . . plSeiS IS,

rae Kaxpaas u3 Matpui S0 ynoBieTBOpSET YCJOBHSIM
+
S(l) == e— S(’), S(,)n = — ’ns(/).

[TosToMy NJOTHOCTb 3apsifia, onpeienennas, kak B (9.78), ¢ marpu-
el 1, BHOBb NPHHHMAeT NPOCTOH BHA B HCXOLHOM TNpP@ACTaBJICHHH
W coBnagaer ¢ Bupaxenuem (9.17) mas miIoTHocTH 3apsina. AHato-
FUYHO [Js YpOBHeH 3HepruM ;- K I -ME30HOB B CTaTHYECKOM
BHEIHIHEM [10JIe HMeeM

E= S O ()N H’ (x) D’ (x) d®x = S O () nH (x) D (x) d¢  (9.79)

HOJIy‘IeHHbIe TIpOCThie COOTHOLUEHHsT MeXAYy CpeHHMH 3Hade-
HHAMHU B OABYX TIpeACTaBJACHUAX HAaBOISAT Ha MBICJAb O BBEIAEHHH MdT-

1 0
pULBl M= (0 _1) B 00lllee OIlpele/ieHHe CPefHero 3HauYeHHS:
(0= { 0" W0 ()@’ (& = | O’ (WO W © (x)dx=(0); (9.80)

anech O (x) = eS80 (x) e~5,

Be3 MaTpuilbl 1 Mbl He MoJydnau Gbl TaKOH MPOCTOH CBS3U Me-
Iy BbpaXkeHHsIMH B [BYX TIPeACTaBJeHHsX. BBeleHHe MaTPHIL 1)
8 onpeaenenue (9.80) cooTBeTCTBYeT yMHOXeHHIO Ha (—1) cpemHnx
3HaueHUH, HAGJIOLaEMBIX [/ CHCTEMBl B COCTOSIHMH ¢ OTPHUATENb-
Hofl 4acToToll. JTO cBA3aHo ¢ TpeGoBaHHeM, 4ToObl pellleHHs C OT-
pHIAaTeNbHON YAaCTOTOH pacIpOCTPAHSIHCh Has3al BO BPEMeHH H
NpOLECCH HMCMYCKAaHHsS H IOIVIOMEHHsl MeHAMHCh MectraMH. [lpn
5ToM (u3HUecKye Hab/I0faeMble OKa3blBAIOTCS CBS3AHHLIMH CO B3f-
THIMH CO 3HAaKOM MHHYC NapaMeTpaMH pelleHHH C OTpHILATelbHOH
3Heprue.

JlJiss mO3UTPOHOB pacHpocTpaHeHHe Ha3al BO BpeMEHH OTpHUaA-
TeJbHHIX 4aCTOT o6ecreuynBaercss Teopuell ABIPOK: MJIsi GO30HOB HET
TEOPHH ALIPOK H Mbl JOJIKHBHI JHOO LOBOJILCTBOBATLCA TEM, UTO JaeT
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MetoX (PYHKUHH pacnpocTpaHeHHs, 160 o6paTHTLCs K GopMaid3My
KBaHTOBOH TEOPHH NOJS.

B 3akjioueHde MOAUEPKHEM, YTO MBI H4JH BePOATHOCTHYIO HH-
TEpNpeTAlHIO pelleHHaAM TeX GH3HYeCKHX 3afay, OTHOCSUIHXCS
K Go30HaM, HJs KOTOPHX MOCJEL0BAaTeNbHOCTh mnpeobpasoBauni
®oann — BayTxaiizena cxomutcsi. B uacTHocTH, A cBOGOAHBIX 4a-
CTHIl MBI IOCTPOUJH TOYHOE Npeobpa3oBaHHe, pasfeJsiiolilee pelle-
HYSI, COOTBETCTBYIOLIHE IOJOXKUTEJbHLHIM H OTPHIATEJIbHBIM 4acTo-
TaM, HJH YacTHuaMm H aHTuyacTHnam. [losToMy MBl mnocTynagu
fipaBuJIbHO, Korga B (9.21), (9.22) u (9.24) paccmarpusaan S-mart-
pULY KaK aMILTHTYLy BEPOSTHOCTH.

3apsii, KOTOPEIM 0030H OT/JHYaeTcs oT aHTHOo30Ha, He o6s3a-
TeJbHO A0AKeH ObITh JeKTPHUECKUM, a MOXKeT HMeTh COBCEM ApYy-
ryio npupony. CyulectByioT, Hanpumep, Me3oHsl K° u KO, korophie
3JIeKTPHUECKH HeHTpPaJbHB, HO SIBASIOTCS aHTHYACTHHAMH 11O OTHO-
mienyo APYT K APYFY, Pas3anuasich 3HAKOM 3apsija, Ha3biBaeMOro
«crpaunocThio» [50]. Kpome Toro, 6o30H MoxKer BooOlLle He HECTH
HHKAKOro 3apafia M B 3TOM cJydae OH COBUNaZaeT co CBOel aHTUMA-
ctuneil, kKak n®-me30H. B atoM caydae BosTHoBasi YHKLHS siBagercs
JdeficTBuTenbHOH H Q(x) = 0.

3A0A4YU

1. Boluncaure B nepBoM GOPHOBCKOM NpHOJIHXXKeHUM B J400paToploil cHCTeMe
auddepeHnHanbioe cedeHHe KYJOHOBCKOTO pacceAnns nt-MesoHa Ha K—-mesowe.

2. BolugcaHTe B CHCTEMe LeHTpa MHepuHn AHQ¢epeHuHanbHoe ceueHue pac-
cesTHUs TT-Me30Ha Ha TUt-MesoHe H cpaBHuTe ¢ GopMysoit (7.84) mpas paccesiHust
3/MeKTPOHA HA 3JEKTPOHE.

3. Buluncaurte nugpdepeHnyaibuble CeYeHHs TOPMO3HOrO H3JYYEHHS IuF-Me-
30lia B KYJOHOBCKOM IIOJe H POXJAEHHsi Maphl TTRA~ u cpaBHHTe ¢ (OopMmynaamu
Bere — Tafitmepa.

4, HaiiguTe nosHoe ceuende pOXKACHHH Mapbhl Ntm~ B yJALTpapensTHBHUCT-
ckoM mnpedene £ 3> mc?® u cpaBHHTe ¢ aHAJOTHUHBLIM Pe3YJbTATOM [/ JIEKTPOH-
NO3HTPOHHON naphl.

5. Briuncaure BKjAag map mtmT B NOJAAPH3ANMIO BAKyyMa H jJaliTe HHTep-
NpeTalmno 3HaKy NOJYYEHHOrO OTBETa.

6. HalinuTe 2JeKTPOMATHHTHYIO COOCTBEHHYIO 3HEpPrHio n+-mMe3oHa W cpas-
HUTE ¢ aHAJIOTMUYHON BEJHUHHOH [JIs 3JIEKTPOHA.

7. [IpoBepbTe, 4TO A/MA 3apAKEHHHX JI-ME30HOB, KaK M [JfA 3JEKTPOHOB,
nepeHoOpMHUPOBOUHbIE KOHCTAHTH JUIS BOJHOBOH (DYHKIHM H BepPIIHHH BO BTOPOM
nopsiiKe paBEBl APYr APYTY, T.e. Z1 = Z3, Ay (p, p) = — 02 (p)op™.

8. Hallnure ypOBHYU SHEPrHH 7L~-Me30Ha B KYJIOHOBCKOM IOJIE.

9. YeraHoBuTe KJjaccHuecKoe cootBercTBhe anas ypasHenus llpenunrepa nas
fl-Me30Ha C NOMOIIbI0 BHIBOAHMEIX H3 (9.74) coorHouenuit JpeHdecra.

10. TlocrpoiiTe (heitHMaHOBCKHAI Nponararop MAJjs BeKTOPHHIX Me30HOB, YAO-
BJIETBOPSIIOIUHX CBOOOJHOMY BOJHOBOMY YPaBHEHHIO

3] 3] v
O+ m?) guv — — } ¢ =0
{ ( ) 8uv axt ox"
11. NpuBenuTe apryMeHTs B NoJb3y npaeuaa 4 us nmpunoxkenus B, «dmektpo-

IMHaMHKa 6030HOB co cnuHoM O». [loxaxkure, 4ro ¢ TOuHOCTHO AO nOpsaKa et
9TO mpaBWJO NPUBOAUT K YHHTAPHOH AMILIMTYAe YOPYroro m* —- A~ -paccesHHsl.




TTABA 10
HE3JNEKTPOMATHUTHBIE B3AUMOINAENCTBHY

§ 48. Beenenue

B sroi#l rmaBe Mbl DPUMEHHM MeToX (YHKHHH pacIpocTpaHenns,
pa3BHTHI AJS 3J€KTPOMArHHTHOTO B3aMMOAEHCTBHsA YaCTHI CO CIH-
HoM 0 H /s, K APYIHUM THNAM B3aUMOJEHCTBHS 3JeMeHTapHBIX da-
CTHL. DTH B3AaUMOAEHCTBUS HAEJISATCS Ha TPH Ppas3jHUUYHBIX KJacca.
Bo-nepBbiX, WMeeTCsl I'PABUTALlHOHHOe B3aWMOAENCTBHE, KOTOpPOe B
oBLIUHbLIX Ja6opaTOPHLIX YCAOBHSAX XaPaKTepH3yeTCst Ype3Bbiuaiilio
MaJiolt GeapasmepHoil KoHctaHTo#, paBHoO#l (MMyG/hc) =~ 109, n
KOTOPHIM MBI Oyfem mnpeHeGperatb. Ko BTopoMy KJAacCy OTHOCATCS
caabble B3aUMOAEHCTBHUS, NPHBOASIINE K NpPEBPALIEHUSAM OAHHX Ua-
CTHIl B APYTHe, HanpuMmep P-pacraj u pacnain o=, K~ n p-Meso-
uoB (cM. § 50). Cuaa6ble B3auMofeficTBHA B 00J4CTH MaJbIX H Cpel-
uux suepruil (<1 I'ag) moryr O6blTb 0XapakTepH3oBaHh GespasMep-
Hol KoHCcTaHTOH, HMeiollell Beauunny oT 10~% mo 10-%. Haxkonern,
CYIIECTBYIOT CHJIbHBIE B3auUMOJeHCTBHS ¢ KoHcTtaHTOH >1. Cuib-
HO€ B3aUMOJAEHCTBHE OTBETCTBEHHO 3a CHJIbI, KOTOPblE YAEPXKHUBAIOT
HYKJOHB B fiipe U 3a poxiacHue vactul m, K, A, £ u B B peak-
uuax runa (9.2).

Teopust ciaGbiX ¥ CHJAbHBIX B3aUMOLEHCTBHHA He pasBUTA JI0 TOTO
ypOBHS, uTOOBl BHI3BaHHBle HMH 2(¢deKThH MOINIH 6bITb PacCUHTaHbBI
H3 ofumero NnpuHOHIA, TAKOro, Kak, HampyMep, IPHHLHUI 3SKBUBA-
JeHTHOCTH U TpefoBaHNe KOBAPHAHTHOCTH B TEOPHM TATOTEHHS WJIH
NPUHLMI <MHHHMAJbHOTO 3J1€KTPOMaTHUTHOIO B3aUMOREHCTBHSAY (Ha
OCHOBE KOTOPOTO JMEKTPOMATHHTHOE B3aUMOAEHCTBHE BBOLUTCS ny-
teM 3aMmeHn [92] p,— p, —eA,). He umea nomo6uoit dpyHzamen-
TaJbHOH MCXOZHOH HIOEeH, MH a5 Bo6opa BO3MOXKHOIO BHIA
B3aHMOAEHCTBUS BBIHY2KAEHB 0OPAaTHTbCA HENOCPEACTBEHHO K 3KC-
nepHMeHTATbHBIM HAHHBIM, a TaKiKe K IPHHLIHUNAM CHMMETPHH H
B HEPBYIO ouepefib K JOpeHLeBOHl HHBAaPHAHTHOCTH.

«Urto npencTaBasiioT €060l BEPUIMHBI?» — 3TO  LEHTPaJbHbli
BOIIPOC, BO3HHKAIOMMA NPH PacCMOTPEHHH clalbblX H CHJIbHBIX B3a-
HMOREHCTBUH, U K HeMy MBl celfluac nepexoaum. Mul 6ynem medicrso-
BaThb B PAMKax MeToAda (YHKUHH DPACIHPOCTPAHEHHS U OTPAHHYHMCS
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BLIUHCJICHUSIMH B HH3IIeM NOPSJKE [0 INapaMeTpaM B3anMOIei-
CTBHSA. DTO OYeHb cephe3HOEe OrpaHHUUeHHe, eCJIH MBl NIPETEHAYEM Ha
feTaJbHOE ONHCAaHHEe 3KCIEepHMEHTANbLHBIX JaHHBIX. Jasg  CHUIbHBIX
B3aUMOAEHCTBUH MapaMeTp pPas/JoXKeHHs MpeBbIIaeT eJHHHLY; B
TeopuH caabbIX B3aUMOAENCTBHIA B €6 COBPEMEHHOM HeCOBEpUIeHLOM
BHAe AMarpaMMbl BHICHIMX IOPSIJKOB 3aBUCAT OT HapaMerpa obpe-
3aHUS B MHTErpajax, OTBeYaloONIMX 3aMKHYTHIM IeTJAM, IpHYEM 3Ta
3aBHCHMOCTb TAKOBa, UTO PACXOJHMOCTH He YHAAeTcsi MepeHecTH B
nepeHOPMHPOBOUHBIC KOHCTAHTHI, KaK 3TO 6bL10 caeaHo B IJi. 8 js
JIeKTPOAUHAMHUKH,

§ 49. CnabHble B3aUMOJAEHCTBHA

B 1935 r. IOkana [93] ycTaHOBHJ aHAJOTHIO MEXAY CHIbHBIMH,
KOPOTKOLEHCTBYIOIUMH SIEDHBIMH CHJIAMH U 3/eKTPOMArHUTHBIMH
CHIaMH MeXIy YacTHIaMH. EcJH KyJOHOBCKOe B3auMOAeHcTBHE 06-
yCIOBJGHO OOMEHOM BHPTYaJbHBIM KBAaHTOM, HJIH (OTOHOM, TO, MO-
JeT ObiTh, SAEPHBlE CHIbBl TOXKE BBI3BAHB OOMEHOM BUPTYaJbHOH
yacTHiel, KoTopas NOMXKHA HMETp Leani cnud. [as yacTHLLl CO
cnudoM 0 B Maccoll u MBl MOXeM BOC-
no/ab30BaThest  ponaratopoM  Kureil- 7 (4
na — lopnona (9.36). Torma aMiuiu-

Tyla paccesiHUus NMepBoOro nopsiika, oT-
peuaiomas auarpamme Ha puc. 10.1,
INpHMeT BUJ /i '*—-7-‘- &y

)

&
ﬂ7t~———~q2_u2+i€. (10.1)
B ¢opwmyae (10.1) Mbl onyctHan Bce
(aKTOpBI, CBSI3aHHBIE C BePIIHHAMH, pyue  10.1. Hyk/Ion-HyKIOHHOE
B KOTOPBbIX YacTHIA, H300pa)KeHHasl msammofeiicrehe 3a CueT 06-
NYHKTHPHOH JHHHEH, mHoryouaercs MeHA OJHHM A°-Me30HOM.
WIH HCNYCKaeTcsl HYK/JIOHAMHM, H30-
6paKeHHBIMH CIVIOLIHEIMH JHHUSAMH C HAyaJbHBIMH H KOHEUHBIMH
HMIYJLCAMHU Py, P2 H p;, p, COOTBeTCTBeHHO. MNBapnaHTHHI nepe-

Aanubiil mMmyasc g2 =(p, — p;)?= (P — P,)’ IPOCTPaHCTBEHHONIO-
no6en (g2 << 0). B HepensTHBHCTCKOM IIpefiefe, Korja KHHeTHYe-
CKHe 3HepPruM OTHAuH HYKJOHOB MaJibl IO CPaBHEHHIO C MX 2Hep-

7 V%4

rusiMH nokos, B (10.1) MoxHO mogoxuth g2~ —|q|? u sanucathb
%
M~ e (10.2)

[Mepexonst nyteM ¢ypbe-npeo6pasoBaHusi K KOOPAHHATHOMY mpo-
CTPAHCTBY, HaXofuM, 4ro M oTBedaeT GOPHOBCKOH aMIIHTyAe s
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paccessHus Ha noreHuuage IOKaBhl
s eV
Vn~g——.

Pannyc nefictBusi slepHbIX cHa cocraBiser ~ 10~13 cu, 1. e mpu-
MepHO OJHY TPeTh K/JIACCHYECKOro pajiuyca 3JeKTPOHA, [03TOMY 4Ya-
CTHLA, KOTOPO# OOMENHBAIOTCSl HYKJOHB, AOJ/KHA HMETh Maccy

~ 3 900 Mss.
(¢4

[naBupiM KaHARAATOM Ha 3Ty POJb SIBJSACTCS m-ME30H (IHOH) C
maccoil ~ 140 Mss, otkpurThiit B 1947 r.; ceiiuac u3BecTHB! TPH THNA
[94, 89, 15] n-me30HOB, =+, n~ W a% ¢ nIpUMEPHO OZMHAKOBOR Mac-
coit. Curraerca, 9To 3TH m-Me30HH C 3apsafamu e, —e u 0 cooT-
BETCTBEHHO BHOCHAIT OCHOBHOH BKJAX B siiePHBIC CHJLI Ha GOJbBLIHX
paccTosiHusAX, X0Ts GoJiee TAXKeALIe YACTHIILI MrPAiOT BakKHYIO POJb
IPH CTOJKHOBEHHAX € MAaJbIM IPHIUENbHBIM IlapamMeTpoM H GOJIb-
wuM g2

JKCepUMeHTaMbHO ObIIO YCTAaHOBJAEHO, UTO T-ME30HBl HMEIOT
cnui 0 ¥ oTPULATENBHYIO «BHYTPEHHIOW 4eTHOCTb». CIIMH 3apskeH-
HOTO 5-Me30HA MOXKHO yCTaHOBHUTh, NIPUMEHSS NPHHIHN AETa/bHOTO
paBHOBeCHS] K peaKiuu

nt+d<>p+p

BeposTHOCTH mpoTeKaHHs 3TOTO IpoLecca B TOM H APYroM Hampa-
BJICHHSIX ONPEIE/IAIOTCH CTAaTHCTHUECKUMH BecaMH; OTCIO4a HaXo-
LUTCS CNHH m-Me30Ha. «BHYTpeHHAS ueTHOCTb» ONpefeasdercss U3
HabmMIofeHns 3axBaTa ;T-Me30Ha, HaxoAsulerocs Ha K-o6osouke B
atoMe JeHTepHs, ¢ o6pa3oBaHueM [ABYX HEHTPOHOB:

n~+d-—>n-+n.

M3 npunnuna sanpera cJaeayer, 4TO €IHHCTBEHHLIM BO3MOMKHBIM CO-
cTosiiHeM JABYX Hedtponos ¢ J =1 apasercs 3P)-cocrosinne, uer-
HOCTB KoToporo paBHa —I1. Ecam kK paccmarpusaeMomy npomeccy
CHJIBHOTO B3aHMOAENCTBUS MPHMEHHM 3aKOH COXpaHeHHUs 4eTHOCIM,
TO U"-ME30H TOXEe NO/KEH HMeTb OTPHUATENbHYIO UYeTHOCTh. [Ipw
3TOM MBI, Kak oObluHO, mpeAnosaraeM, 4To MNPOTOH H HeHATPOH
MMEIOT OAMHAKOBYIO BHYTPEHHIO YETHOCTb. DTO 3HAUMT, 4TO MpH
TIPOCTPAHCTBEHHOM OTpaxeHuu (2.33) HMX BosIHOBble (GYHKUHM mpe-
o6pa3syiorcst ¢ 0AnHAaKOBO# dasolt ==0, 1. e. P’ (X', {) = + yop(x, £)
npu X' = —X. [ToCKOJbKY ©i~ 3axBaTbiBaeTcsi co CHepHUecKH-CHM-
METPU4HON S-OpOHTEI, TO YETHOCTh €r0 BOJHOBOH GOYHKUMH, DAaBHYIO
—1, OTHOCAT K «BHyTpPeHHeH deTHOCTH» n~. CruH, paBuuni 0, U oT-
pUHarteNbHasi BRYTPEHHAs] YeTHOCTh fABJSIOTCS CBoHCTBAMH, o6miMH
Juia wt- B TT-Me30HOB, KOTOpbBie, KaK yYKasbiBajoch B 1. 9, ABAAIOT-
¢ aHTHYaCTHUAMH Apyr ajs Apyra. Crnud n® toxe pasen 0, a ero
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YeTHOCTb paBHa —I1. d1o caefyer U3 HaOMOLeHHs pacnaja Ha [ABa
dhoToHa
w—>y 4y

B COBOKYMHOCTH C ONIpefe/]eHHeM KOPpessHuH MAOCKOCTeH noJspH-
3anuu [95] «nap danuma»

a’— (et +e7) 4 (et Fe7).

[Toayuus MHGOPMAUHIO O KBAHTOBBIX UHMCJIAX 7-ME30HOB, MBI
NPOAOJIKUM Tellepb PacCMOTPeHHe SAEPHBIX CHJ, NMPHUIAEPKHUBASICH
aHaJOrMH ¢ 3JeKTpoauHamMHko#. HaumeMm c wuccienopanus uzobpa-
*kennoro Ha puc, 10.1 npomecca paccestHHst IIPOTOHA Ha MPOTOHe 3a
cueT o6MeHa ogHUM n®-MesoHOM. Dyaem cuuraTh, yto npotod i pac-
CEHBAETCS B «T-ME30HHOM IIOJ€», CO3LaBAaeMOM IIPOTOHOM 2; TaKo#H
MOAXOL Y2Ke HMCIoJb3oBajcsi HaMmu (cM. (7.31)), Korga Mbl HHTEp-
IpeTHPOBAJH paccesHHe 3JeKTPOHA Ha MpPOTOHe KakK paccesHne B
3JeKTpoMarauTHoM noje A, (x), cozfaBaeMoOM IPOTOHOM.

[MTonpiTaeMcsl OIHCATh 3TOT IIPOLECC € IIOMOLIbIO ypaBHeHus Ju-
paka, nojoGHoro ypasHeruo (6.52), T. e.

(V — M,) p, (x) = gol'p, (x) @0 (x), (10.3)

Ie KOHCTAaHTa go aHajorduia sapsiay e, a martpuuy Hupaka I' nam
NpeAcTouT onpeleuts. Has Me30HHOTO MOJsi @o MOXKHO Ipejo-
KUTbh ypaBHenue tHna (7.27) u (7.33), B KOoTOpOM 3HaK Mo = =1
3apaHee He onpejeleH:

(O + 12) @, (6) = — g, (x) Ty, (x) (10.4)

DKcnepuMeHTaNbHO yCTaHOBJeHO [96, 97], uTo sepHbIe CHJIBL C XO-
poliell TOUHOCTHIO COXPAHAIOT UETHOCTb, CJIENOBATEIbHO, HAa ypaB-
uenusi (10.3) u (10.4) nanaraercs TpeGoBaHWE COXPAaHEHHsl YETHO-
CTH, KaK H JioOpeHIeBoH uuBapuaHTHocTH. Torga HeoOXOAMMO BH-
6patb I' = iys Aast Toro, uTo6sl npapas yactb (10.4) Gbuta ncesno-
CKaJIAPOM, KaK W JeBas 9acTb.

Herpyano y6enntbest B ToM, uTo ypaBuenne (10.3) HHBapuaHTHO
OTHOCHTEJBHO Mpeo6pa3oBaHys 3apsi/lOBOTO CONPSIKEHHS, MOITOMY
MOKHO BOCIIOJIb30BaThCsi Pa3BUTON B IJI. D TeopueH AWPOK U ycTa-
HOBHTb COOTBETCTBHE MEXIy PelIeHHsIMH ¢ OTPHHaTeJbHOH 3Hep-
rHeHl H BOJHOBBIMM (YHKUHSIMH aHTHNPoTOHOB. BouanoBas ¢yukuus
aHTUNPOTOHA OMNpeJeNsieTcsl COOTHOLIeHHeM BHAa (5.5):

b, =C¥}

¥ yOBJETBOPsieT TOMY ke ypaBHenHio [lupaxka (10.3) npu yciaosun,
4TO Me30HH 7i° M 3apAJOBO-CONPsI)KEHHLIH K HeMy COBNAJaloT, T. €,

(CPO)L' = -+ Qq.
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BoiGpannast popma B3auMOJeHCTBHS SIBJSIETCS, [0 BCEH BEPOUT-
HOCTH, HENPABH/JILHOH WJH 1O KpaHHed Mepe HenoJHOH. ¥YpaBHeHus
(10.3) u (10.4) BeIIHCAHBI TOJBLKO M3 COOGPAXKEHHH MPOCTOTHI H MO
aHaJIoTHn ¢ 3jaexTpoauHaMukoli. Hukaxk He oBocHoBaHO, HanpHMep,
HCK/I0YeHHe B3aUMOAEHCTBHS, COLepKallero NMPOH3BOAHLIE MoJel,
XOTs B IPeRBIAyHIel IVIaBe MpH PacCMOTPEHHH B3aMMOLEHCTBHs 3a-
PS2KEHHBIX 7-Me30HOB C 3/JeKTPOMATHUTHBIM MOJIEM 3TO B3aUMOmel-
CTBHE YYHTBIBaJOCL. Takum oOpasom, ypaBuenuss (10.3) u (10.4)
ClefyeT paccMaTpPHBaThb KakK rpy6ylo, MpocTyio Mofesb, ubo thaH-
Tasusl MpHpoabl Ge3ycaoBHO Goraue ToOH, UTO 3aJ0XkKeHa B ypaBue-
nusx (10.3) u (10.4). KocToMHCTBO 9Toil MOAEIH COCTOHT B TOM,
4TO OHA MNO3BOJSET YCTAHOBHTHL ofIlie CBOHUCTBA SAEPHOrO B3aMMO-
NeHCTBHS, KOTODBlE COXPaHSIIOTCS U mnpu GoJee o6LleM paccMo-
TpEHHH.

Hcnonbsys mpensoxeHHyo BepuiiiHy n® — p-B3auMolelcTBHS,
Mbl MOXeM Tellepb BLIYHCIUTL aMIVIHTYLY, COOTBETCTBYIOMIYIO OHA-
rpamme Ha puc. 10.1. M3 (10.4) naiimem B nepBoM mopsiike mno.le
n10-Me30HOB, CO3AaHHOe TOKOM mepexofa uYacTunul 2. TOK HMeeT BHJ

- g{)’n()"‘-pp; (x) i\’5"~|3p2 (x)’
a HCKOMOe€ 1noJie paBHO
9 () =—ig, | d' i, (x — ) [ 0 g, (Vg (10.5)

Cornacio (10.3) oHo BhbI3bIBaeT ciaefylollee H3MEHEHHe BOJHOBOH
¢yHxuHH npoToHa l:

AY, ()= S d'x” S, (x — 1) [g4ivsh, () @ (x7)].  (10.6)
ITo popmynam (6.53) u (6.56) HaxooUM aMIIMTYAY paccesHHs

Sp=(—ig,) S d'x’ At [ () ivgh, (")} X |
X iy (" = ) mg [y () Bigh, ()] (10.7)

Cpasnusas (10.7) c ananormunbiMu dopmynamu (7.32) u (7.33),
Mbl 3aKJIoyaeM, UTO H3MeHeHHsl B MpaBHJIAX rpad)HyecKOH TeXHHKH
COCTOSIT B 3aMeHe BEPIUHHBI ey, Ha igoys M Nponararopa ¢oToHa
iguvyDr(x — x’) na nponararop n®-mesona +-iAp(x — x’)o.

K (10.7) mul pomxubl jo6aBHTH OGMEHHBIH YJIeH, BO3HUKAIOUHN
6narofapsl TOXAECTBEHHOCTH [ABYX INDOTOHOB (eMy OTBeyaeT JHa-
rpamma Ha puc. 10.2). CooTBercTByIOUIAasl aMILIMTYAa paBHa

Sft = — (— i) { d'’ d' [, () tvgh, ()] X
XA (v — x)mo[ by (<) ivg, ()] (10.8)
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Omna oranuaercst or (10.7) nepectaHOBKOI BONHOBBIX (QYHKLHI KO-
HEYHBIX NPOTOHOB %,/ (¥) <>, (x) W 3HAKOM MHHYC, KOTODBIH,
2 1

Kak u B (7.82), ofecreuHBaeT aHTUCHMMETPHIO HaYa/JbHbIX H KOHEU-
HBIX NIPOTOHHBIX BOJIHOBBIX (YHKUHH OTHOCHTEIBHO MNepecTaHOBKH
[POTOHOB.

PaccessHHe HeHTpOHa Ha HeHTPOHE OIHCbIBAETCS AHAJOTHUHBLIM
06pasoM. Mbl JOMKHB! 3alHCaTh BOJHOBOE YpaBHeHHe [/ HEHTPO-
Ha, KOTOpOe BKJIOYAeT B3aHMOMEH-
ctBe ¢ m’-MesoHoM. KpomMe Toro, B 2 /n/
(10.4) moGapssiercss HeHTPOHHbIA “ 7
HCTOUHUK. MBI MOXeM ONHPaThCH
Ha KCIIEPUMEHTAJbHO YCTaHOBJICH-

HBll GaKT paBeHCcTBA CUJI p— p H e

N — n ¢ TOYHOCTBIO [0 MOINPAaBOK, 20
00yCAOBJCHHBIX  3J€KTPOMAarHuT-

HBbIM B3aUMOJeHCTBUeM, HalpHMED

KYJOHOBCKHM B3aHMOJEHCTBHEM f A 7
nporouos [97, 98]. [lostomy ecTe-

CTBEHHO HOPEANOJOXKHUTh, UTO HeH-  Pnc. 10.2. [Taynnesckas Anarpamma
TPOHBI B3auMojeficTByoT ¢ nl-Me- AJA ABYX NPOTOHOB.
30HaMH TakK Ke, KaK OPOTOHBI, €C/IH

He CYMTATH BO3MOXKHOrO pasjuuusi B 3HaKe, g = 1. Takum oG-
pasoM, BosHOBasi (DYHKUHSI HeHTPOHa YAOBJETBOPSET CJEAyOLleMY
ypaBHEHHIO:

(¥ — My) o (1) = — oBoi¥aWhn (x) @0 (3), (10.9)
a ypasuenue (10.4) 3amensercss Ha

(O + 10) %0 (x) = — o [, (%) £vs1, () — e0n (%) ivsn ()] M- (10.10)

He6ouabulyo pasHocTs Macc HefitpoHa u mpotoHa, M, — Mp ~
~ 0,002 Mp, oTHOCAT 3a cueT 3JeKTPOMArHHTHBIX 3((eKTOB, CBS-
3aHHBIX C 3apsiloM MPOTOHA, M ¢l0 OObYHO NpeHefperaioT, Tak Xke
KaK ¥ BCEMH 3JeKTPOMAarHUTHBIMH B3aUMOICHCTBUAMH. AMILIHTYAA
pacceanuss n— n, noaydaemas us (10.9) wu (10.10), cosmapaer
¢ aMILTMTYROH paccesiHHs p — p, TaK Kak & ==+ l.

Korga MBI IIEPEXOAMM K PACCMOTPEHHIO PaCCesiHus p — f, Tpe-
Oyercs ydecTb B3aHMOAEHCTBHE C 3apsiKeHHbIMH mh- M ;i -Me30-
HaMH. B HH3IleM Mopsiike B aMIVIHTYRe YUHTBIBAE€TCS TOJNBKO OJHO-
Me30HHLII 06MeH, KOTOPOMY COOTBETCTBYIOT, KPpoMe puarpaMm OGe3
o6mena sapsgoM (puc. 10.3,a), noGaBouHble AHarpaMMhb ¢ oOme-
Hom 3apsigoM (puc. 10.3, 6).

ITpu nanucaHHW BOJHOBOrO ypaBHeHHMsl IJa mt-Me30HOB MBI
BHOBb OyfeM DYKOBOACTBOBATLCS IKCIEPHMEHTABHO YCTAHOBJEH-
HbIM DaBeHCTBOM (C TOYHOCTBIO A0 3J€KTPOMATrHUTHBLIX MNMONPAaBOK)
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B3aHMOJEHCTBHH N — p U P — p B COCTOSIHHSIX, Pa3PelleHHBIX /s
CHCTEMBl p — P.

YpaBHenue MJsi mT-ME30HOB 3allUiileM II0 AHAJOTHH C YpaBHe-
auem (10.10) mast n®-Me30HOB:

(O 4+ %) 9oy ()= — gynyb, () ivy, (x). (10.11)

Cps3b BXOLAUIMX CIOfa BEJHUYHH M4+ = == 1 U g4 C COOTBETCTBYIO-
IIUMH BETHUYHHAMH 1 U go OyAeT ycraHoBjieHa Huxe. [IpaBast vactsb

4

Puc. 103, B,uarpaMMbl 6es ofmena 3apafgoM M ¢ OOMEHOM 3apafoOM I 1 — p-
paccesHus.

(10.11) npuBOAHT K MOSIBJIEHHIO BeDHIHH MepeXofa MPOTOHA B HeH-
TPOH ¢ ucHyckanuem mt-mesona (puc. 10.4).

BosHHKUIIHA 7iT-ME30H MOXKET PacnpoCTPaHAThCsl Brepell H Ha-
3aji Bo BpeMmeHu. Ecau OH pacnpocTpaHsiercss Hasal, TO, COMJIACHO

N
\\zz‘f 77 7
\\ \\72' - 4 V4
, \
7 A
Y A
7 szt \7
0] 7

@

Punc. 10.4. Bepwunw nepe- Puc. 10.5. Bepuus nepe-
Xona p—>n. xona n => p.

H3JI0XXEeHHOMY B ApelblAyLIed TaaBe, ero OTOXIAECTBIASIOT € fi—-Me-
30HOM, KOTODHLIH ABMIKETCHA BIEPel BO BPEMEHH H HOIJIONIAETCS B
BepIUHHe, KaK MoKasaHo Ha puc. 10.4, 6.

[pousBens kommiekcHoe conpsxenne nHax (10.11), noayuum
ypaBHeHHe /15 3aPsi/I0BO-CONPSAKEHHON TacTHIB, T. €. T~ -ME30Ha,

(O+83) 0, () =(0+ 13 ) o () = — g\n, %, () ivyh, (x). (10.12)



§ 49] CUJIbHBIE B3AUMOJEVICTBUS] 215

IlpaBas uyacte (10.12) cooTBeTCTBYeT BepHIHHAM, U300parKeHHBIM
Ha puc. 10.5.

Tenepb Mbl HOMXKHBI JOOABHTb B BOJHOBble YDaBHeHHS AJa HeH-
TpoHa H MpPOTOHA WYJEHH, COOTBETCTBYIOIHE [epexofaM, H300pa-
xenuoim Ha puc. 104 u 10.5. Cpasumsas (10.11) u (10.12)
¢ (10.3), (10.9) u (10.10), Mbl OPHXOAMM K CJAEAYIOUIUM BOJHOBBIM
ypaBHEHHsIM /51 IPOTOHOB U HefTPOHOB:

(iV — M) b, () = gyivyb, (x) @, (1) + g4ivsh, () @, (%),

- | _ (10.13)
(iV — M) %, (x) = — geivy¥, (x) @ (x) + g 2 ivab, (x) o_ (x);

37eCh 3HAKOBBIA MHOXKHTENb €4 = ==! NOMJEXKHT ONpeleNeHuIo.

Yrob6bl yCTAHOBHTH OTDAHHYEHHsI HA BXOJSAIIHE B BOJIHOBLIE ypa-
BHEHHS] KOHCTAHTBl, PACCMOTPUM PACCESHHE A — p H BHIIHIIEM aM-
IJIUTYJBl, OTBeuaiollue AByM H3o6pakenHuM Ha puc. 10.3  nra-
rpaMMaM Husuwlero nopsigxa. Cuurtas, yro nafamolui HedTpon (py)
pacceMBaeTcsi B ME30OHHOM IOJIe, CO3[laBaeMOM MPOTOHOM (ps), fO-
JYYUM TIO H3BECTHBIM HaM IIPaBHJIAM

Su=(—igoP (=), | @t i [, () ivgi, ()] X
X iAp (3 — 2B, (") ivsh, ()] +
+(—ig,) (—igi)n, § a d [, () ivgw, (] X
X by (¢ = ") [byr (") iy, ()] (10.14)

Ecau 66l BMECTO 3TOTO MBI CUHTAJAH, YTO NMaLAIOMHE MPOTOH pacceu-
BaeTcs B 10Je, CO3JaBaeMOM HelTPOHOM, TO IOJYUHAH Obl aMIliH-
TYRY, oTsinyamnomyoocs ot (10.14) samenoi

N, =>1_8,.

e, =1, (10.15)

Tak KaK OTBeT He JIOJI2KEH 3aBHCeTh OT Hallel TOYKH 3peHMUsl.
OTHOCHMTENBHYIO BEJHUMHY KOHCTAHT gy U go MOXKHO Ompefie-
JUTh, UCXOMAS1 U3 Hab/I0JaeMoro paBeHCTBA B3aWMOMAEHCTBUH 1 — p
H p— P B COCTOSIHMSX, PaspeUIeHHBbIX AJs CHCTEMbl p — p TPHHHOHU-
nom 3ampera. CpaBHUM paccesHHe p—p H p-—n B aHTHCUMMe-
TPHUYHBIX OTHOCHUTENbHO TePeCTAHOBKH MABYX UY4CTHIL COCTOSHHUAX.
Hus srtoro npefcTaBuM cebe Ha BpeMs, UTO HEHTPOH TOXAECTBeH
IPOTOHY, HO MO-TIpeKHeMy B3aHUMOAEHCTBYeT KaK C HeHTPATbHBIMH,
TaK M C 3apsDKeHHBIMH Me30HaMu. Toria B aMIUIHTYLy pacCesiHHs
Hefitpoa HeoO6X0oAHMO R0DaBHTh OOMEHHbIE AMArpaMMbl CO 3HAKOM
MHRYC, UTOGHI obecneuuTr TpebyeMyio aHTHCHMMETPHIO COCTOSHUSL.

ITosTOMy MOJIOXKHM
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COBOKYMHOCTh AHArpaMM, NPHBOAHBHIMXCS paHee Ha puc. 10.3
W po6GaBieHHHX K HUM OOMeHHHIX AuarpaMM, H3o0paxeHa Ha
puc. 10.6; Tam e ykazaHbl HeoOxoiuMble o6o3HaueHHs. duarpaM-
Ma (8) sBaseTcss oO6MeHHOH Mo OTHOMIEHHIO K (a), a AWarpaMma
() — no orHomrenuio Kk (6). CymMmMa 3THX HeTbipex AuarpaMmm faer

4 [/ o g 5 (74
-Wadf YA 1 Edf VA
7 — —i e

7 %7 2z #f Z 7 2
(@ ] (6 (@

Puc. 10.6. Cymma puarpaMM oZHONHOHHOrO 0GMeHA JUIA p — A-PACCEANHUS € YIETOM
MAay/NHeBCKHX OGMEHHBIX M 3apsiA0BO-OOMEHHBIX BKJA/IOB.

CAELYIONYIO S-MaTpuuly, AOCTPOEHHYIO B IIPEAIONOXKEHHH, YTO Hell-
TPOH ¥ TPOTOH TOXAECTBEHHBI W NMOAYHHSAIOTCS NPHHUHITY 3ampera:

Sfi=—(—i)2[ﬂ080gg+n+,g+ ,2]><
X § a ate ([, (&) ivgh, (O]iAs (& — ) [, (") ivsh, ()]
—Tah 2 ()1 2% ! ™\Tab o+ (47 7 ”
[, () 5, (ViR (¥ — %) [y () iv, (). (10.16)
Cpasuenue (10.16) ¢ cymmo#t (10.7) u (10.8) noxaseiBaer, 4to
u3 TpeGoBaHus PaBEHCTBA B3aUMOLEHCTBUR n— p M p— p B aHTH-

CHMMETPHUYHBIX COCTOAHHSAX, Pa3pellieHHbIX OJas8 CUCTEeMbl p — p, BBHI-
TeKaeT cijaeayioounlee ycjJoBHe Ha KOHCTAHThHl CBA3H!

ging=—|g, [*n, — g, (10.17)

STO ypaBHeHue HMeeT OBa pelIeHHd:
g, =0, g=—1 (10.18)
g, P=2g e=-+1, n,=—n,. (10.19)

IlepBoe n3 Hux, (10.18), oTBeuaer oOMeHy TOJNLKO HeHTpaJbHHMA
Me3zoHaMH. OdeBHJHO, YTO B 3TOM cJ/ydae B3aHMOAeHCTBUS #— p
H p— P B OJUHAKOBHIX COCTOSIHHAX paBHbl. [ocKONBKY ntt- U m—-Me-’
30HBI CYUISCTBYIOT H BeDIIHHB TUlla u300pa)keHHmX Ha puc. 10.4
u 10,5, T. e. TakHe, B KOTOPHIX POXKAAIOTCS OAHHOYHHE nt- U ;—-Me-
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30HBI, BXOAAT B HaéJTIOE,aEMbIe peaKuym, HaanMep
y+p—ontat,

MBI HOJKHBl BeI6paTh BTopoe pertenne (10.19).

Coranacuo (10.19) KoHcTaHTa CBA3M 3apsKEHHBIX ME30HOB B
BepuinHe (p—n) B 4/2 pa3 Gosblie, YeM KOHCTAHTa CBSI3H
n’-Me3oHa B Bepuuie (p —p). B amMmanTyny paccesHHsi BXOAHT
ToAbKO KBaApaT MoayJas |g4|% mostoMy MoxHO Aasi yaoOcrtsa
BEIOPATh KOHCTAHTY g4 ACHCTBHTE/IbHO; TOrAA

g, =42 g (10.20)

VYeaosue (10.19) 1y == —mo YL06HO 3aMEHHTb JONOJHHTENIbHBIM
npaBuM/IOM HanHucaHus (edHMaHOBCKMX aMILIUTYA. [Ton0xkuM

Ny =+, (10.21)

H BBeleM CJeAyiollee AOTNOJHUTENLHOe NPaBuiIo MOCTPOCHUST aMIIH-
Tyab AJsi J000f AuarpaMMbl: aMILIHTYAa yMHOXaercs Ha (—1)
eCJIH JMarpaMma COAepKHT OOMEeH HEYeTHBIM YHC/IOM 3apsiKeHHBIX
ME30HOB MeXAy HYK/JOHaMu. MoOXHO I0Ka3aTh, 4YTO 3TO NPaBHJIO
SKBHBAJEHTHO aHTHCHMMETPH3ALUHH He TOJbKO OTHOCHTENbHO Iepe-
CTAHOBKH JHHHH #—fn H p— p Ha AHArpaMMe, HO TaKXe M OTHO-
CHTEJBHO NepecTaHOBKH JuHU#A n — p. [locaennee yrBepxkieHue cJje-
AyeT M3 TOro, 4rTo Jjiobas Auarpamma ¢ OOMEHOM 3apsKeHHBIM Me-
30HOM INIePEXOMHT B AHArpaMMy C 0OMEHOM HeATpPA/JIbHEIM Me30HOM
NpH IepecTaHOBKe JHHHA HEATpOHa M IIPOTOHA (oTHOCHTEIBHBIH
3HAK MHHyC BO3HHKaeT Gjarofapsi NPOTHBONOJOXKHLIM 3HAaKaM Be-
JIHMHH T H 14, KOTOpBle BXOAAT B [IHOHHBI nponaratop). B Husuen
NMOpsfKE 3TO OUEBHJHO; [AOCTAaTOYHO CPABHHTh [AHArpaMMbl Ha
puc. 10.6,a u 6.

Jlns moJdydennst ofllero npaBHja aHTHCHMMETPH3aUHM HeoOxo-
JHMO PaccMOTPeTh ABa cJaydasi. [TepBbift 3 HUX — 9TO OGMeH MHO-
HOM MEXAY ABYMsl pa3JHIHBIMH HYKJIOHHBIMH JHHHSIMH, HJJIIOCTpa-
umelt cayxut puc. 10.7, a. AToT cayuait aHaJOTHYEH TOMY, KOTOPHI
MBbl YK€ PacCMOTpPE/IH B HHU3LIEM IOPsIKe.

Jpyrofi caydaii — KorAa MMOH HCIOyCKaeTcs U BHOBbL IIONMO-
aeTcst OJHAM M TeM 2Ke HYKJIOHOM — HeMHoro cjloxHee. Paccmor-
puM, HanpuMep, auarpamMmy Ha puc. 10.7,6; onun H3 c110coGoB ymo-
psIIOYEHHS 3TOH AuarpaMMbl BO BPeMEHM IOKa3aH Ha pHC. 10.7, 8.
YroGbl CBA3aTh 3Ty AMArpaMMy C TOH, 3HAaK KOTOPOH HaM H3Be-
cren (T. e. 6e3 JuHMH, oTBeyalollell mt-Me3oHy), MBI NepPecTaBHM
CO 3HAKOM MHHYC HEHTPOH H NpOToH / u [/ v NOJyYHM AHarpaMmmy,
nokasanHylo Ha puc. 10.7,e. qnarpamma 10.7, 2 umeer TOT ke 3HaK,
uyro u 10.7,0, xotopas noayuaercd u3 10.7, e mepecTaHOBKOH JHHHM
[ u 1. Cobupast 3Hakn MHHYC (MX ABa), Mbl BUAMM, 470 ecau st
HCIYCKAeTCs W MOIVIOUlaeTcs OJHOH H TOH Me HYKJIOHHOH JIHHHEH,
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Puc. 10.7. TIpapuja aHTHCHMMETPH3AUMH AJs OOMEHOB B CHCTEME 12 — p,
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MOXKHO MOJIOXKHTb M4 == o U NIPUNHACATh AHATPAMMe TAKOH ke 3HaK,
KaK y LHarpaMmsl, noayuaemoit 3aMmeHoft o+ Ha nid.

Heo6xonHMO HOAYEPKHYTh, YTO MBI NyTeM YHCTO (HOPMATBLHOTO
[OCTPOEHHUS] PaCIIMPUIN [PABWJIO AHTHCHMMETPH3AlHH, KOTOPOE B
cayyae p-— p-paccesinMa cJaef0BaJO M3 IpHHUHNA 3anpera. [lo
OTHOWIEHHIO K CHCTeMe #— p, KOrZa YaCTHIbl Pa3JHUYUMBl U MOFYT
paccewBaThcsl B cHMMeTpHuHBIX 3S;, 1Py, 8Dy o ¥ T. L. COCTOAHHSAX,
3TO NPABHJIO eCcTb He 6osee yeM yLoOHBIA crocol cAeAuTh 3a 3Ha-
KaMH B NPHOJHXKEHUH «3apsf0BOI HE3aBUCHMOCTH», T. €. DaBEHCTBA
B3aUMOJLEHCTBUH p—p, n— N W N — P B OJUHAKOBBIX COCTOSIHHAX.

[IpnuuHa BBefeHHsT 5Toro (GoOpMaTbHOTO H CJAOXKHOrO Ha BHI
0600LIeHusl NPUHIUIA 3alpera CTaHET SICHOM B cJelyiolleM napa-
rpage, rae OyfeT AaHO NPOCTOE €IHHOE ONHCaHWe NPOTOHA M HEHT-
poHa KaK JBYX COCTOAHHH omHOM uYacTuubsl — HykJgoHa. CoraacHo
TAaKOH KapTHHE MBI CYHTAeM, UTO IIPH IepecTAaHOBKE KOHEUHBIX p H
1, Kak Ha puc. 10.3,a u 10.3,6, B aMmintyle paccesiHus p —n
NOABJSAETCS 3HAK MMHYC [0 aHAJOIMH CO 3HAKOM MUHYC, BO3HHKAIO-
muM 6saronaps NPHHUMITY 3anpeTa MexIAy aMIUIUTYAaMH paccesi-
HUSI p — p, n3oOpaxeHHBIMH Ha puc. 10.1 u 10.21).

Tenepp Mbl onpe/eJusau Bce NapaMeTpsl, 3a HCK/IIOYEHHEM )o;
gp=¢€;= -1 B Ny ==1¢ C JONOJHUTEJLHBIM YCJIOBHEM aAHTHCHUM-
MeTpH3alHH JHarpamM, I0JyuyaeMbIX NepecTAHOBKOH NPOTOHHOH H
He#TpOoHHOR sunuit, [ mosyueHus: vy 3aMeTHM, YTO 3a CUeT B3aH-
mojeiicteust B (10.13) nmporon He Bcerga ABJASIETCS MPOCTO HPOTO-
HOM, HO HHOTJa fpencrasiseT co6oif HeHATpPOH M m-Me30H (CM.
puc. 10.4 n 10.5); caenoBaTeqbHO, HOCHTENEM 3JEKTPHUECKOrO 3a-
psila sIBISETCS KakK NPOTOH, Tak M nt-Me3oH. TakuM o6pasoM, sJaek-
TPOMAarHuTHble TOKH MOPOTOHA M mt-Me30Ha He COXPaHSIOTCs B
OT/LEeJbHOCTH.

B sToM MOXHO yOelAuTbCsl, BHIYMC/ISIA TOKH (HOPMHPOBAHHLIE HA
elMHHYHBIA 3apsf), U3 NPUBEACHHBIX Bblllle BOJHOBBIX ypaBHEHHH:

P ) =1 0 (B, ,%,) = &b, ;0,0 — €, ivs

ax, ¥ Bxy \YPTRTp +WplVsWa Py +¥ntV5Wp P

d 9 5 3

. o1 . PO 3

P — X)=1 4 _ ==
ax, e () axy [ A (Ox” ax# ) qJ+]

= — 1,839,V 0, + 1,8, 9,ivh,0_.  (10.22)

Onunako, ecan Mul nosoxum B (10.11)

My =41, (10.23)

') Yeaosue (10.21) BMecTe ¢ NpaBH/IOM AHTHCHMMETPH3AUMH NPHMEHHMO KQ
BCeM mpoueccam, BK/IOYAS Te, KOTOPHE ONpelleIST COOCTBEHHYIO 3HEPTHIQ.
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TO 3aKOHY COXpaHeHHs OyAeT yAOBJETBOPSTH CyMMa NpPOTOHHOTO H
stF-Me30HHOr0 TOKOB

2w+ i wl=o. (10.24)
n

Mu npumem (10.23), 4ToOB HCKIIOUHTh BO3MOXKHOCTH CYL[€CTBOBA-
HHSI HeoOHAPYKEHHBIX JOKAJbHBIX HCTOUHHKOB H CTOKOB 3JIeKTpHYe-
ckoro 3apsina. Torma us (10.21) caenyer

§ 50. dopmanu3mM H3OTONMHUYECKOro CNHHA

Co6upasi BMecte ycaosust (10.15) u (10.19)—(10.21), a takxe
(10.25), nomyueHnsle u3 TpeGoBaHH§l paBeHCTBA aMILTHTYL pac-
CesIHHSl n— N, A— P W p— p B OJIHHAKOBBIX COCTOSHHSAX, MBI MOXeM
nepenucaTh BoJHOBHle ypasHenus (10.10)—(10.13) B caenyroiuei
(dopMe, comepxkaluefi TOJBKO OLHY REHCTBUTEJBHYIO HEH3BECTHYIO
KOHCTAHTY CBSA3H:

(i — M) b, = giv, (0,8 + V2 b,0,),
(15— M,) b, = gyivs (— 0,0+ VEZ ,0_),
(03 + 12) 9y = — o (V,1vs%, — VoivsP,)s
(O +1%) 0, =— g, V2 vy, (10.27)

(O 418 ) o = (04 13) 0} = — & V2 b,ivb,

CXOACTBO ypaBHeHMii AJs1 IPOTOHA W HellTpOHA HABOAMUT Ha
MHIC/IB OMHCATh HX eAHHOUN HYKJIOHHON BOJHOBOH (QYHKIHEH

—(*)
Y o) A (10.28)
Hyk/ouHas BOMHOBas (YHKIUS NpeicTaBlseT Co0Oi BOCBMHEKOM-
[IOHEHTHLIH CMNUHOD, YeThpe BEPXHHX KOMIIOHEHTh KOTOPOTO COOT-
BETCTBYIOT IPOTOHHOMY CITHHOPY, a YeThipe HUXKHUX — HEATPOHHOMY.
Cso6oaHoe ypaBHeHne [lupaka uMmeer AMaroHajJbHBIE BUJ, IPOTOH-
HLIE 1 HeHTPOHHLIE KOMIOHEHTH He cMelHBaioTcs. B mpubaumenuu
«3apaa0BONl He3aBHCHMOCTH», Korxa Mp =~ M, =~ M, nueem cie-
Aylollee MPOCTOE YpaBHeHHe:

@V — M)¥ =0.

Ilaa omucanus Bxoxsitero B (10.26) BsanMomeHcTBUA HEOGXOIMMO
BBECTH HeAHaroHaJIbHble MATPHIIB!, KOTOPhle CMEUIMBAIOT NPOTOHHEIE

(10.26)

Il



§ 50] POPMAJIN3M U30TOMUYECKOTIO CIMHHA 291

H HeHTPOHHBIE BoJIHOBHE (QyHKuHH, CMelluBaHHe yI06HO 3amUcaTh
¢ MOMOUbI0 TpeX maTpul [laymau:

1:1=(? (1)) 12=(? —0.), 173=((]J __(IJ) (10.29)

IToppasyMeBaeTcsi, 4To KaxXABIH M3 3/JeMEHTOB ITHX MaTpui Aeil-
CTBYeT Ha Bce YeThipe KOMIOHEHTH p WIH P, B (10.28), nanpumep

11‘P=($Z).

Mp 0603HaUUIM MATPUUBl CHMBOJOM ¥, UYTOOBLI OTJIHYHTH HX OT
ciunoBelXx MatpHy llaynm o. Tenepp ypasuenus (10.26) MoxHO
0ObEIHHHTD U 3allMcaTb B BHAE

(i? — M)W = gy, (1'3‘{'([)0 -+ /\/2_ T, VYo, + «\/2_ 'c_\Ifcp_); (10.30)
31€Ch

T+E%(Tl+i"2)=(g (l)),

(10.31)
1 . 00
7(71 _”72)': 1 0)

l

T

ABJSIOTCA  ONEPATOPaMH, <«NOBHIIIAIOUIHMH® U  <ITOHHKAIOUIEMH»
3aps.

VpapHenne (10.30) moxHO mpuBecTH K GoJiee KOMHAKTHOMY
BHAY, €CJH BBECTH «BeKTOp» ¢ ¢ TpeMs KOMIOHeHTaMH

q) = (q:)ly q:)Z’ q:)3)’ (10'32)
rjae

1 i
=75 (o, +9), @ =5 (P, —@ ), P=q,
Torga BMecto (10.30) umeem
@V — MY =goivs(t- ) Y. (10.33)

AnagoruunsiM o0pasoM, IlpeHeGperas Majofl pasHOCTBIO Mace
n®- u n0-Me30HOB, T. e. IoJarasl po & P4 & W, ypasHenust (10.27)
MOXKHO OOGBEeIHHHTb B OJHO NPHOJMKEHHOe YpaBHEeHHEe IJs f-Me-
30HOB:

(00 + p?) & = — goWiyst¥. (10.34)

[Tporpecc, ZOCTHIHYTHIH BBefieHHEM KOMIAKTHBIX «H30CMHHOBHIX»
0003HaYeHHH /sl NHOHOB H HYKJOHOB, AIBJSETCH UYUCTO (hopMaJib-
HbIM. HHKakoro HoBoro (u3uyeckoro COAEPXKAaHHS IMPH 3TOM He
6bijio 3a/10K€H0. MKl MOXKeM CUHTaTbh, YTO B BOOGpPaKaeMOM <«H30-
TolH4YecKoM npocTpaHcTee» W o6GpasyeTcst Kak CHOHHOP, a ¢ Kak
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BexTop. Torga o6a BoaHOBHX ypaBHenua (10.33) u (10.34) okaswl-
BalOTCS KOBAPHAHTHLIMH OTHOCHTEJIbHO BpallleHHHA B M30TONHUECKOM
npoctpaHcTBe. KoBapuaHTHOCTb ofecledeHa TeM, YTO BO B3aHMO-
JeHCTBUM MBI OTPAHHUYHMJIHCH YJeHaMM, KOTOpHE LailoT OJMHAKOBblE
CHJIE MeXKAY MPOTOHAMH H HEATPOHAMH H MEXKAY 3apsXKEeHHBIMU H
HefiTpadbHeiME THoOHaMH., OfpaTHoe yTBepXheHHe TaKxke Clipa-
BeJJTHBO: J106asi COBOKYIHOCTh HHBAPHAHTHBIX OTHOCHTEJBHO Bpa-
[eHHH B H30TOMHYECKOM IIPOCTPAHCTBE BOTHOBBIX ypaBHeHHUH IMIpH-
BOAMT K paBeHCTBY B3auMojeHcTBHiL B cHcTeMax A—#n, n—p H
p — p B OJIMHAKOBHIX cocTosiHUsIX [96, 97].

HmeuHo ¢ 3To# HeJabI0 — IMOCTPOHTb HPOCTYIO CXeMy, B KOTOpoOH
IPOTOH H HEATPOH SBJSIOTCA [BYMS KOMIOHECHTAMH HYKJIOHHOH
BOJiHOBON (yHKuUMH W, — Mbl BBIBOAWJIH NIpaBHJa LJsi (HeHHMaHOB-
CKHX aMIUTMTY[J B IpeJIblAylleM naparpade.

C MaTeMaTHYeCKOH TOYKH 3peHuss (OpMaJH3M H30TOHHUYECKOro
cIHa coslazaeT ¢ ¢GOpMAaJTU3MOM TpeXMepHOro yIrJOBOIO MOMEHTA.
TouHo Tak XKe, KaK 3aKOH COXpaHEHHS yr/oBOIO MOMEHTa ClefyeT
13 KOBapPHAHTHOCTH BOJHOBOIO YPaBHCHHSl OTHOCHTEJbHO BpallleHHit
B OOLIYHOM TPEXMEPHOM IPOCTPAHCTBE, 3aKOH COXPaHeHHs H30TOIH-
YeCcKOro cliMia BuITeKaeT H3 KosapHantwoctd (10.33) u (10.34) ot-
HOCHTEJLHO BpalleHHH B M30TODHYecKoM npocrtpaHcTBe. OnHako
3aKOH COXpaHCHWS H30CHMHA SABJASCTCH NPHOJAMNKEHHBIM, TaK Kak
ypaBHEHHsI CHMMETPHYHBl TOJbKO B TpeHeGpemeHuH 3JeKTpoMar-
HUTHHIM B3aUMOJEHCTBHEM M Da3HOCTSIMH MacC p H n U m* u nl
B 3TOoM mpUGIHIKEHHH COCTOSIHHA CHCTEM M3 ME30HOB M HYKJIOHOB
MOMKHO [HAroHa/JH30BaThb MO KBaApaTy IMOJHOIO H30TOINHYECKOIO
criuHa /2 M TpeThell NPOEKHUH M30CNHHA [3, KOTOpas CBsA3aHa ¢ 10J-
HBIM 3apsIOM CHCTEMBL.

[Tpu noBopoTax B H30TONMHYECKOM IIPOCTPaHCTBE HYKJIOHHAS BOJI-
nHosas ¢ynkuus (10.28) npeoGpasyeTcs KaK ABYXKOMIIOHCHTHBIH
CNHHOP, IO3TOMY HYKJIOHY IIPHIHMCLIBA€TCS H30TONHYECKHH CIIHH
1/,. TpeTbsi IPOCKIHSA H30CNHHA BbIOUpaercs pasHok -+'/; Ags mpo-
ToHa W —!/y anst HeitTpoHa, BosHoBsasi ¢ynkuus MesoHa (10.32)
npeo6pasyeTcsl Kak BeKTop ¢ TpeTbell mpoekuueit 0 niaa n’-Mesona.
TaxuMm 06pasoM, NHOHAM INpHIHcHBaeTca [ = 1.

Me30H-HYK/JIOHHOE paccesiHie MOXKHO pAccMaTpPUBAaTL KakK 3ajauy
¢ nBymsa KaHasamu [ =3/, u [ = 1/, no usocnuHy. Me3oH H HyKJOH
CBSI3aHH C 3THMH KaHa/JaMH 110 H3BECTHBIM IIDaBHJaM CJIOXKeHHS
MOMEHTOB. B paccesiHHH p — p 4 n— n B NPHOIHKEHHUN 3aPSILOBOH
HEe3aBHCHMOCTH yuYacTBYyeT TOJIbKO Kavaa ¢ [ = 1. [laa cucreMmsn
p—n I; =0 u paccesiHne MoxeT HATH uepe3 o0a kaHama ¢ [ =0
i [ = 1. Bckope Mbl paccMOTPAM HeCKObKO NMPUMEPOB MPUMEHeHHs
H30CNHHA B 3aa4ax O PacCesHHUH.

[TofBOAS HTOrM, BHIMHIIEM IpaBHda AWAarpaMMHOH TeXHHKH B
paceMorpenHolt Mogean (10.33) u (10.34) ¢ 3apsinoBo-He3aBHCH-
MBLIMH B3aHMOAeHcTBHAMH (cpaBHHTe ¢ § 34):
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i. Hapucosartb Bce cBSI3HBle AHATpaMMBI.

2. Kaxo# nauarpaMMme INOCraBHTb B COOTBETCTBHE aMILIATYLY
¢ thakTopom

— i (iY57q) S d'x

B Ka)/J0H BeplLIHHE.

3. Kaxjofi BHyTpeHHeH HYKJIOHHOH JIHHHH, COeIHHSIONIEH TOUKH
X W Yy, CTaBUTCS B COOTBeTCTBHe npomnaratop iSp(x—y)1, roe 1
eCTh MaTpHlla pasMepHOcTH 2 X 2 B NPOCTPAHCTBe HYKJOHHLIX H30-
criHOpoB. Kaxk/Jo# BHYTpeHHefl Me30HHOH JIMHHH CTAaBHTCS B COOT-
BeTcTBHe nponaratop iAp(x — Y)8,p, Iie 8,p — €ANHAUHAA MaATPHIIA
pasmepHocTH 3 X 3, cBsi3bIBalOLLAsl APYT € APYroM ONepaTopsl T, H
Tg, KOTOPHle BXOAAT B BepLIHHE], COeJHHSIeMble ME30OHHOH JIHHHEH,

4, lass Kaxpoll BHeIIHeH JIHHMH BBECTH BOJHOBYIO (YHKIHIO,
s HYKJIOHHOH JIMHHH TIOJIe3HBI NPOEKIHOHHBIE ONEpaTOphl
Yo (1 413) 1 Yo{l —73) Ans npoToHa ¥ HeATPOHA COOTBETCTBEHHO

H BOJIHOBHE (QYHKUHH ¥, = ((1)) H oy, = ((1)) Hanpumep, BoJHo-

Basi GYHKIHS [anaiollero HeHTPOHA ¢ KBAaHTOBHIMH UHCAaMU (p, S)
HMeeT BHJ

__lﬁ_,\/I —ip-x —
a A B R, 9%

L A miry s)(—‘——g"—a)(o). (10.35)

(2m)" Ep 1

st Me30HHOH JIMHHM BOJNHOBAs (HhyHKUUSA COLEPKUT U3OTONHIECKYIO
yacTh (¢, rie (e npeacrapaser co00H €IMHWUHBIA BEKTOP B TpeX-
MepHOM IIPOCTPAHCTBE H30TOMHUECKOro cnuHa nuoHoB, CorsaacHo
(10.32) BexTOp ¢, BhIpaXKEHHBIH uepe3 Me30HHBIE COCTOSIHHA C 3a-

psagom -+, — H 0 nMeer cnenytoume KOMIIOHEHTHI:
¢, = V' (1, 4, 0),
(i) =T/—2:(1, —1i,0), (10.36)
¢ = (0, 0, ).

TaxuM o6pasoM, B BepIUHHE, B KOTOPOH TOrJIOUIaeTCsl HAJETAIOUIHA
nt-Me30H WJIH HCOYCKaeTcss KOHEUuHBIfl st~-Me30H, COOTBETCTBYIOUIUMH
HaJleTalollemy nt-Me30HY ¢ OTpHIATeNbHOH sHeprueil, pacupocrpa-
HAWUIeMycs Hasaja BO Bpemeﬂn nosisasiercy, kaxk B (10.30), usoro-
nnueckuft paktop T -l = 5 (1: + it,) =4/2 t,, Hdas menycka-
Hus KOHEYHOro st (WM NOTJIOMIEHHA HAYaJbHOTO ™) COOTBET:
CTByIOHA (aKTOp paBeH T - q) =4/2 1_.
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5. CorslacHO YCJIOBHIO, NPHHATOMY B KoHuUe § 49, aBa ujena,
KOTOPHM COOTBETCTBYIOT JHarpaMMbl, TOMOJOTHYECKH OTJAHYAK-
IHecs] TOAbKO NEPEeCcTaHOBKOM [IBYX HYKJOHHBIX JIMHHH, HMEIOT NpO-
THBONOJOXKHBE 3HaKH. Kax ol 3aMKHYTOH HYKJIOHHOH NeTJe COOT-
peTcTBYeT MHOXHTeab (—I1). Kpome 1oro, B aMIJHTYyAy BXOAHT
MHOXHTep (—1)%, Tie A-—Uuucao auTHYaCTHIL B HavyaJbHOM CO-
crogunn {cM. (6.56)).

B paccMoTpeHHOH MOZeNH Ml Cjeno CAeL0BaNH 3JeKTPOLHHA-
muke. Ofuine cBOHCcTBa, TakHE KaK COXpPaHeHHE K30TOMHYECKOTO
CIHHA B NHOH-HYKJOHHBIX B3aHMOJEHCTBHAX, CIIpaBelJJHBH BO BCEX
nopsiKax IO B3aUMOJEHCTBHIO, €CJH NpeHeOperaTh MaJbIMH pa3Ho-
CTIMH Macc H 3JeKTPOMarHUTHHMH aQdextamu. OHaKO pasioxe-
HHe B3aHMOJEHCTBHS B PSIA TEOPHH BO3MYLIEHHH MO CTENEHAM KOH-
CTAHTH B3aMMOIeHCTBHA gp NOJE3HO jajeKo He Bcerda, Tak Kak
gi/4n~ 14 u sTa BeJHUMHA BOBCE He Mana, KaK €€ 3JeKTPOJAHHAMH-

yecKuH aHaJjor o ~ 1/137. PasjoxeHHe Mo CTeNeHIM gy NPHBOAHT
K PacXoisleMycsl psiiy TEODHH BO3MYLIEHHH BMECTO CXOSIUIErocs.

§ 51. CoxpaHsoliuecs TOKH

Beoast nzoronugeckne o6oszHauenus (10.28) u (10.32) B nudde-
peHnuaJ bHEIH 3aKOH coxpaHeHus toka (10.23), moayuum

3 [‘_}}(]—;Ta)vuqf+(q)><% 3‘]zo, (10.37)

Oxy,

rjle BEKTOpHBE OOGO3HAaUEHHS OTHOCATCA K H30TONHYECKOMY MHpPO-
crpaHctey, CoxpaHAIOUIMHACH 2JeKTPHUECKHH 3apsij, NoJaydaeMhulfl
HHTErpHPOBAHHEM BpPeMEHHOH KOMIOHeHTH ¢ p == 0 1o BceMmy mpo-
CTPAHCTBY, PaBeH

o=\ a[wt (152) v+ @xdn]. 03

3akoH coXpaHeHH, clefylouinil HemocpeacTsento u3 (10.33), umeer

BHA
I} J = g ,- -
dxy, fﬁ[“ Jxy, ‘PYP«‘P_ dxy, (113,,\7“1}),, I \Pn\?u‘l’n)—()» (10.39)

Ero nasnlBaloT 3aKOHOM COXpaHeHHs HYKJIOHHOrO 3apsia. ITosuwil
HYK/JOHHBIH 3apAj AaeTcs BBHIPaXKeHHeM

N={wtwde = (b7, + viv,) d (10.40)

U B paccMaTpHBaeMOH MOJeJH COXpaHseTcs, TAK KaK COXPaHsdeTcs
Pa3HOCTb MeX]Y MOJHBIM YHCJIOM HYKJIOHOB (IPOTOHOB ILIIOC HEHT-
POHOB) H NOJIHLIM YHCJIOM aHTHHYKJOHOB. OTO BHAHO, B YaCTHOCTH,
u3 auarpamM Ha puc. 10.4 n 10.5, nockoabKy npH J1060M yIOPSAI0-
YeHHH BO BPeMEeHH HelpephisHas HYKJIOHHAas JHHUA NPOXONHT uepes
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Kax Iyl BepwiuHy. Broms (10.40) B (10.38), nonyduaem

N
Q=7—|—13, (10.41)
rjie BeJHuHHa

1= @[3 0o + (& X §)] (1042)

npeactap/sger coO0H TpeTbl0 KOMIIOHEHTY H30TONHYECKOro CIIHHA.
Ucxons n3 unsapuantHocTd (10.33) # (10.34) oTmOCHTeJ LHO Bpa-
LIEHHH B H30TONMHYECKOM NPOCTPAHCTBE, €CTECTBEHHO IIPENNOJOXKHTD,
UTO MOJIXKHA COXPAHSIThCS HE TOJBKO NpoeKIHd [3, a BCe TPH IpOeK-
nuu H3ocnuHa, IIpsMo#d NpoBepKOH MOKHO yO@AHUTBHCHA, YTO 3TO
pefictBuTenbHO TakK, CoxpaHsIOUHACA H30TONHYECKHHA TOK HMeeT
BH/L

1z ¢

Jo=5 Tyt + (q)><3x—u . (10.43)

CoXxpaHAOWHICA NO/EEI H30CTHE [2eTCs CJEAYIOUEM BhParkKeHHeM:’
= S dx[2wrer 4 @ X 6)]. (10.44)

CoxpaHeHHe 3JE€KTPHYECKOTO H HYKJOHHOrO 3apsfloB U H30TOMH-
YeCKOro CIHHA SIBJSETCs OOLHM CBOHCTBOM TEOpHH, OCHOBAHHOH Ha
ypasHenHsix (10.33) u (10.34). 3akoHm coxpaHeHHs Q u N — 310
CTpOTHEe 3aKOHBI MNPHPOJH !); HANPOTHB, H30TONHYECKHH cnuH [
COXpaHsIeTCsl TOJNBKO B TpeHeOpe:KeHHH 3JeKTPOMAHHTHEIM H cJla-
O6riM BaaumojelicTBHAMH. [locnegHue HapyllawT 3apsAl0BYyI0 He3a-
BACHMOCTL CHJBHBIX B32HMOJEHCTBHH, CJEIACTBHEM KOTOpDOH 4B-
JasieTcss CHMmerpus ypasHenu#i (10.33) u (10.34) u coxpaHeHue
(10.43) u (10.44). Crporo coxpaHswolielics BeJHYHHOH COTJIACHO
(10.41) ocraeTtcst TOJBKO TpeTbs NMpoOeKuHs H3ocnuHa [3. TakuMm 06-
pasoM, Ha IpHMepe PacCMOTPEHHs] 3aKOHOB COXpaHeHHs Mbl yOenu-
JHCH B TOM, uTo (OpPMajdH3M H30CIHHA I0O3BOJIAeT MoJHee NOHATH
CMBICJT yPaBHEHHH.

§ 52. MpuGauKeHHble MeTOAbl; HYKJOH-HYKJOHHOE paccesHue

B kauecTBe NPUMEPOB, HITIOCTPHPYIOUHX KaK NPHMeHeHHe ¢op-
MaJu3Ma H30CIHHA, TaK H HeKoTopble oflife CBOACTBA B3aHMOAEH-
CTBHSI IHOHOB H HYKJ/JOHOB, MBl KPaTKO PacCMOTPHM J[Ba BOIpoOca:
BKJIa/, OJHOIHOHHOrO O6MeHa B HYKJOH-HYKJOHHOE B3aUMOJEHCTBHE
H NHOH-HYKJOHHOEe paccesHHe. Temepb MBI MOXE€M 3amucaTb KOM-
NaKTHOe BHpaxeHHe [JIs1 pacCMOTPEHHBEIX paHee JHarpaMM HyKJOH-
HYKJOHHOTO paccesinns, H3oOpaxkeHHBX Ha pHC. 10.1—10.3. Cue-

1) O6o6utenneM N ¢ yueToM CTPaHHBIX YacTHIL fBAfeTcA GapHOHHOe wHCaO B,
KOTOpOe 03HauaeT PasHOCTb MeXAy uucioM Gapronos (N, A, Z, EH T. 1) ¥ aH-
Tu6apuonoB (cuM. [50]).
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AySl TOJYYeHHBIM NpaBH/JIaM H Nepexofs, KaK OOBUHO, K HMIYJbC-
HOMY NpeJCTaBJAeHHIO, NOJYYHM Clelylolllee BHIpayKeHHe AJd aM-
IJIATYAL paccesHus:

(— igo)* M?

S;, = L
6 7o
(2n)° A/ E, E,E|E}

” (2n)* 8% (p, + Py — Py — p;) X

X { [xia (py) ivsee (py) %] m[wa (p3) ivseu (py) %,] —
— i (pr) v () ] oy [ ) v ()1} - (10.49)

CpaBueune (10.45) c coOTBeTCTBYIOIIUM BHpaxkeHdHeMm (7.82) mis
aMIVIATY bl 3JIEKTPOH-3JIEKTPOHHOIO paccesiHust IOKasblBaeT, 4TO
HMeeTCsl COOTBETCTBHE

ey, —> igovsT, guvDr (k%) — A (RY).

Bumecro V2 durypupyer (2m)°, Tak KaK MH IepelLlTH K HOPMUPOBKe
B HENPepHIBHOM CIIEKTpe AJs BHELUHMX JuHHE. B ciydae paccesHus
p — p H3oTONHUECKHe (PaKTOPH PaBHEI

(5 w1,) - (%) = (47 73,) (%5 7k,) = 1 (10.46)

H npa wiena B (10.45), nmono6Ho BeipamenusM (10.7) u (10.8), or-
BeUalT MNPSIMOMY H OOMEHHOMY pAaCCesHHIO ABYX TOXKIECTBEHHBIX
(GepMHOHOB; aHaJIOTHUHAs CHTYaIlHfl HMeEeTCss B PACCESHUM 71— .
Hns paccesHust p — n u3oTonHuecKuil PakTop paBeH

(X,J{TX,,) “(%f7x,)=—1, B mepBoM unene
(xtve,) - (xF™r,)=+2 B obMeHHOM uJere.

[TosToMy aMIVIMTyjAa OT/HYAeTCs OT AMIVIHTYIbI PACCeSiHUS p — p
H n—n. Ecan, OfHAKO, Mbl PacCMOTPHM paccesiHHe B COCTOSIHHE
CHCTeMBI p — 71, CHMMETPpHYHOE N0 H3ocmuHy ¢ [ =1 u [3 = 0, Ko-
TOpOe HMEET BHUJ

75 [ (1) 2 @) + 1 @ %, (1), (10.47)

To 00a H30TONHYECKHX (akTopa B IEPBOM H BO BTOPOM uJeHaX
(10.45) craHoBsITCS paBHBIMH,

1 1 1
7 (X3, - Xt o, FAF v, - A Ty,) = 7 (—1+2)= 5 (1048)
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Takum oGpasoM, moJydeHHas aMIJIHTyla paccesHHds p-—n paBHA
YMHOX€eHHOH Ha 1/1/2 AMILTATYE paccesiHus p—p HIH n-—n 4
AHTHCHMMETPHUYHA OTHOCHTEJBHO NEPECTAaHOBKH NPOCTPaHCTBEHHBIX
nepeMeHHHBIX YacTHLL.

Il paccestHUSl B aHTHCHMMETPHYHOe H30TONHYECKOE COCTOSIHHE
¢ =0, Is =0, xoTOpOe HMeeT BH],

1
naoTonuueckHne ¢akrops B (10.45) papHH
1 3
75 (XFTA,  Ad T, — XL~ Xy TH,) = — 7T

JIJIs1 EePBOTO uJeHa H -+ 3/1/2 A5 BTOpOro 4iena. CleloBaTelbHO,
aMILIMTyZla pacCestHis CHMMRTPHYHA OTHOCHTE/bHO NepecTaHOBKH
NPOCTPAHCTBERHBIX MepPEMEHHBIX (KOOpAHHAT M CIIHHA) NPOTOHA H
HeATPOHA U aHTHCHMMETPHUHA OTHOCHTEJNBHO MepecTaHOBKH HX H30-
TOMHYECKHX [epeMeHHBIX.

DTH DpHMephbl NMOKA3HBAIOT, KaK 00OGIIEHHBA MPHHIKN 3aMpeTa
AefictsyeT B cucreme NN, HyKJIOHhI B3aHMOJAEHACTBYIOT TOJHKO B
COCTOSIHHAX, AHTHCHMMETPHUHHIX OTHOCHTEJLHO COBMECTHOH Mepe-
CTAHOBKH HX IPOCTPAHCTBEHHBIX H H30TONHYECKHX KOODAHHAT.
B npu6aukeHny 3apajJoBOR HE3aBHCHMOCTH aMIUIHTYHH pacCesnus
p—p ¥ n—n paBHB aMIVINTYye PacCesiHAst p— N B CHMMETPHYHOM
nzoronnueckoM coctosiiun (10.47) # COOTBETCTBEHHO B aHTHCHM-
METPHYHOM IPOCTPAHCTBEHHOM COCTOSIHHH. DTO PaBEHCTBO BHITEKaeT

3 (10.45), (10.46) u (10.48), ecan NpHHATHL BO BHHMaHHe, UTO NOJI-
Hble CeueHHs p — p H n— # nogyuatotcd, Kak u (7.81), unrerpupo-
BaHHeM TOJBLKO MO TOJOBHHE (ha30BOr0 NPOCTPAHCTBA, HHAUE MH
yuJqH Obl TPOTOHBI M HEATPOHBI ABAXKAH; TaKHM 00pasoM, MHOXKH-
TeJb 1/2 cokpaulaercs ¢ (1/1/2)2 us (10.48).

B HepeJTHBHCTCKOM Ipeles]e CIOHHOPHAd 4acTb MaTPHUHOTO
snementa B (10.45) ympoiulaercs caeaymouwnM o6pasom:

a(py, sy)vsi(py, sl),’vu*( A Ry v ( — i) u(s)), (10.50)

rae u(s;) o3HauaeT ABYXKOMIOHEHTHBIH NayJHEBCKHH CIMHOP; pa-
BeHctBo (10.50) Jierko mpoBepsieTCs, €C/H B CIMHOpax NepedTH K
HEPeJSTHBHCTCKOMY mpenely. B aTom mpenese mpomaraTop Me3oHa
nepexoAuT B (ypbe-06pa3 norenunana KOxkasw:

! —1 S i(P —P,)-r e~k
~ —_———\ {3 )T
DR CED ET A R :

u torga (10.45) oxassiBaeTcs aMILIHTYIOH paccefiHHs NMOpAAKa g3




228 HE3SJIEKTPOMATHUTHBIE B3AUMOIEMICTBUS [TJ1. 10

Ha noTeHUHAaJe BHAA

e M I r—ry |

Ve, =L —Po) @ 0@ V(0 V) . (1051)

ri—ry|
rie
2 2

o &o n

P () .
a onepatop Pex NPOH3BOJAUT MNepPECTAHOBKY BOJIHOBLIX (YHKIMUA
HeHTPOHA U NpPOTOHA H TPHBOAUT K IOSIBJAEHHIO BTOPOTO YJeHa B
(10.45). B cooTBercTBHH € NPHHUMIIOM 3ampeTa [ABa HYKJIOHA
JOJKHB HAXOIHTBCS B AHTHCHMMETPHUHOM OTHOCHTE/NbHO TepecTa-
HOBKH COCTOSIHHH, wHade onepaTop (1-— Peg), AelcTBYS Ha coctos-
HHe, fnaeT HyJab. JlJas ABYX HYK/JIOHOB B S-COCTOSIHHH TIOTeHIHAJ

ABJSIETCS NPUTATHBAIOIHM Ha KOHEUHBIX PAacCCTOSHUAX 7 ==]|rj—
—r3| > 0, kak BuAHO U3 ycpeanenus (10.51) mo yraam

Ve =22y e, r)—

f2

1 e W
=_P~T(1 - Pex)'gfx * T 0y 62[!‘«2

— 4783 (r)]

r

U U3 Toro HabJaiolleHHs, YTO 3TO COCTOsHHe, OYAY4H CHMMETDHUHLIM
0 NPOCTPAHCTBEHHHIM KOOpPJAHHATaM, MOJKHO OBITh AHTHCHMMET-
PUYHBIM OTHOCHTEJNLHO NEPeCTAHOBKH cuuHOB Aubo usocnuuHos. [lo-
3TOMY B S$-COCTOSIHHH

(3@ w0 09) = (75 [+ %) — 6]1(01 + 05 — 6]) =
= %[T T +1) —%][S(s +1)— -3—]= —1. (10.59)

TakuM o6pasoM,

e ur 45
Vo) =—2p[ < —753@)]. (10.53)

Tlpn yueTe HecTaTHUECKHX NONPAaBOK OTTAJKHBAHHE B BHJE
6-QyHKUHH «pasMa3blBAeTCA», T. €. 3aMEHAETCA Ha OTTaJKHBaTelb-
HBHIl KOp Ha MaJjbix paccrosiHusx (a short-range repulsive core
interaction). CaM no ce6e notenuuan (10.53) He omucbiBaer pefiT-
POH ¥ JaHHble MO PACCESIHHUIO NPH HH3KHX SHEPTHAX. DTO HEYIHBH-
TeJbHO, TaK KaK HeT Cepbe3HHX OCHOBAHMA HaAesATbCA Ha AOCTO-
BEPHOCTh NPHOJIHKEHHA CTaTHUYECKOTO OflHOMe30HHOro o6MeHa. [leii-
CTBHUTEJIBbHO, [OCKOJBKY KOHCTaHTa CBSI3H BeJHKA, gg/4n~ 14,
Henb3s TNpeHeOperarp BKJajaMp OT AMArpaMM BBLICIIHX IOPSAAKOB,
KOTOpPBHIE ONHCHBAWT TNpoueccs ¢ MHOrMMH MesoHaMu. OpHako
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MOXHO NMOKa3aTb [99), uTo mocjenHue AalOT BKJIAJ B OCHOBHOM HE
MaJbiX DPacCTOAHHAX ¢ H CHAfalor, Kak e ™V, 1pH pr > 1, rie
n — 4HCJ0 yYacTBYWOUIHX B oOMEHe Me30HOB.

[TosTOoMy BecbMa oOHaAe:kuBaeT To, 4TO, KaK NOKasaJ aHalH3
BRICIUHX TMaplii¥aJbHBIX BOJH B pa3jioXKeHHH HYKJIOH-HYKJOHHOH
ammautyasl, ¢opmyan (10.45) u (10.51) xopomIo ONHCHIBAIOT
HabJojlaeMble CABUTH (a3, eclId NOJOXKHUTh g§/4nz 14 B cooTBeT-

CTBHH CO 3HaueHHEM 3TOH BEJHUYHHBI, NOJAYYaeMBIM H3 aHaJ/JiH3a JaH-
HBIX IO M€3OH-HYK/IOHHOMY p-BOJHOBOMY pacCesHHIO.

§ 53. Me3oH-HYKJIOHHOE paccesiHHe

OuarpaMMmu @eftumvana na puc. 10.8 onucelBaoT paccesHHe
Me30Ha Ha HyKJIOHe B HH3LIEeM MOpsiiike Mo gg/4sm. CorsacHo HalIMM

I~ A A -7
\-\(pﬁ 7 Pt~ -
S //,
/2N A -7 ~ P
NG 4 " e
S~ - ~ ,,,» o
- e = — N K e e
25Xy Bt Por S0 %2 75 % % Il
@) ©

Puc, 10.8. Me3son-HyK/IOHHOE paccesHHe B HH3IIeM MOPA/Ke, OTBevamIlee
dopmyae (10.54).

ApaBRJaM aMIJIHTya paccCesiHuss NaeTCAd BbIpaXKCHHCM

1 - M
S“ = (2m)* /\/ EPIEPzQ(‘oQOq; (231:)4 ot (ql 'I" P1L— G2 — p2) ﬂ)f,

rae

M= (— ig,)’ ny @ (Pxr 52) X

X[T . ¢§*iv5mi\’5f ‘o] +T- (bfivypl—_ﬁ iygv - (b;*] X
Xu(p,, s)%. (10.54)

O6paTuTe BHUMaHHE Ha KPOCC-CHMMETPHIO MaTPHYHOro 3JeMeHTa
(10.54) ; oH HHBapHaHTEH OTHOCHTEJbHO 3aMeHLI

b5, <> —4, (10.55)

AnajornunniM cpoficTeoM o0JagaeT paccMOTpeHHAasi paHee aMILIH-
ryna (7.67) kommToHoBcKoro paccestHuss. Cummerpus (10.55) co-
XpaHsieTcs W BO BCeX BLICHIHX mopsifkax [50]. Ona odeBunHEIM 00Opa-
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30M cjeayer u3 (PeAHMAHOBCKHX JHarpamMM — JOCTATOYHO 3aMme-
THTh, 4TO /5 JIOOOH JHArpaMMBbl, KOTOopas OTBeYaeT MOrNOILeHHIO
najampulero NHOHa [0 RCIYCKaHHS KOHEUHOro, Kak, HalopHMep, Ha
pHc. 10.8, a, nafinetca Apyras AuarpamMma, Kak Ha puc. 10.8,6, xo-
TOpasi OTJAMYaeTCs OT INepBOH JHUILbL TeM, UTO HavyaJbHHA NHOH
MOTJIONLAeTCsA TIOC/Ie HCNYCKaHUsl KOHeuHoro. Mul orpasH4HMcs pac-
cMoTpenueM obsacTH HH3KHX 3Hepruii [100], coxpanas B M ujenn
nopsiaka 1/M nas paccesinusi B s-BojiHe H nopsiika 1/M? nas p-oJ-
HOBOro paccesinus. Ilepexois K KsalpaTaM B 3HaMeHaTelsiX ¢elH-
MAaHOBCKHUX IIPOINATaTOPOB H HCIONB3YA COOTHOLIEHHE

i (p)ivs (P + ¢+ M) iysu(p) = a (p") Gu (p),

HaXOoJuM
¢ T-07)4
M= — ighxtii (p,, s 2)[( 2_)4(14_}:2) -4
(- o0) (v #5") (— 4,

+ Nt shn 10356)

Tlposojsi BHIUMC/IEHHS B CHCTEMeE IeHTPa HHEpPIHH C YKa3aHHOA
BHILIE TOYHOCTBIO, npuBoAnM (10.56) K BHIY

M~ g° [ut () u(s;) (3 %) (b5 - #7)] —
igzo

+ + *
— Tara ¥ (52) % (T"l’if"l’f“'qg“'qx-—

— T q) ‘o - q,0 q2) % (10.57)

[TepBbiil ujleH OTBeYaeT B3aHMOJEHCTBHIO, KOTOpOEe He 33aBHCHT OT
CNHHa KW H30TONHYECKOro clHHa, B HepessTHBHCTCKOM CJyuae B
6OpPHOBCKOM NPHOJHKEHHH 3TO B3aHMOJEHCTBHE ONHMCHLIBAETCH IO-
TeH1HAJIoM

—2p1-q2+ pd

V() =+ gi 8 (r) = 6°M [%630)]. (10.58)

ITo Teopuu BO3MYUIEHHH OH NPHBOJAUT K OTPOMHOH IJIHHe pacced-
uHsi, pasHoll (4Mf%/p)1/p =~ 2/p =~ 2,8-10-1% cm, e MEl BHOBb IO-
jgoxuan f? = 0,08. Oxnaxo, TMOCKO/IbKY B3aHMOJEHCTBHE SIBIsIeTCS
OTTAJKUBATEJBbHLIM H HMEET MaJbi paguyc (B HepPeJSITHBHCTCKOM
npubmkennn (10.58) myJepoi pa;myc) TO BbI3BaHHHE HM 9(13
dexts Maiab. CHIBHBIH, KOPOTKOZEHCTBYIOUIMMA, OTTaJKUBATEdbHHI
NOTEHIHaJ THIa H306pax<eHHoro Ha puc. 10.9 npHBOAUT K CHBHTY
s-aspl nopAgka & ~ ga, rile paauyc NOTeHUHUana a jaeT B JAHHOM
cayuae JJIHHY paccesHHsi Ha 5TOM moTeHIase. M3 mompasok Ha
OTJauy HYKJOHA MOXHO OXHAaTh, UTo a@ ~ 1/M H, cleloBaTeanHo,
S-BOJIHOBaSI AJIHHA ME30H-HYKJOHHOTO paccesiHusl MaJa B IIPOTHBO-
HOJIOKHOCTL $0JIbIIOH aMIUIMTYRe, ~ 1/, NoJyueHHOH H3 Heobo-
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CHOBAaHHOrO INpHMeHeHHs OopHoBcKoro npubamxednus k (10.58).
DkcnepHMeHT MOKa3blBaeT, uTO 3T0 AeHCTBHTENBLHO Tak [15, 89,
94, 100].

Bropoit ujien B (10.57) orBeuaeT p-BOJHOBOMY paccesiHuio. Bri-
pa)keHHe TAKOro BHAA NOJydaeTcs BO BTOPOM MOpSAKe HepeJss-
THBHCTCKOH Teopuu BO3MylleHHH. Ecan paccmaTpuBath HYKJIOH Kak
HEpPEeJNATHBHCTCKYI0 YaCTHHY CO CNHHOM /o, AJISL KOTODOH CIIEKTP
MPOMEXKYTOUHKIX COCTOSTHHI MeXAY MOIVIOHMIEHHEM HauajJbHOT'O0 Me-
30Ha H HCIyCKaHHeM KOHEUHOrOo BKJIOYAeT TOJIBKO COCTOSIHUS ¢ IO-
JOXKHTEIBHON 3Hepruefl, TO MOXKHO BocnoJab3oBathes (10.50) wu
NPHUBECTH BepIIMHY B3aUMOAEHCTBHA K BHAY go(o-V) (1-$h°)/2M.
Muoxureas 1/o B (10.57) BO3HHRaeT B 3TOM INPHOJMKEHHH OT
SHEPreTHUECKOro 3HaMEHaTe 1 H HMEEeT 3HaK IJIIOC AJs aMIVIUTYIH,
n3obpaxennoit Ha puc. 10.8,a, H 3HaK MuUHYC IJ aMIVIHTYAB Ha
puc. 10.8,6. Hanporus, nepeuifi ynen B (10.57), orBevaromuii pac-
CESTHHIO B S-BOJIHE, BO3HHKaeT OJjaroaaps npsSIMBIM H 0OpaTHBIM
MepexoaaM HYKJOHAa B MOpe ¢ OTpHIa-
TeIbHOH 3Hepruefl B NPOMEKYTOYHOM CO- V(,.)
cTostuuM. B 3TOM cayuae npu MajibiX UM- ~giH?
IyJbCax HYKJIOHA Uyst ~ —1 H sHepre- 4 T
THUeCKHH 3HaMeHaTesJb JaeT MHOXH-

Tesas — 1/2M.

W3 cooTHOLIenust HeonpeAeJeHHOCTH
AEAt ~ 1 MOXHO 0KHAATH, YTO AJS pac-
cMaTpHBaeMBIX JAHarpaMM B3auMoJef-
CTBHE B pP-COCTOSHHH HMeeT OOJbILIHA
macimiTa6 Bo BpeMeHH, ~ 1/@, ueM B S-co-
crosuun, ~ 1/M. TloatoMy mnpencrasis-
€TCsl €CTECTBEHHBIM, UTO HH3KOYHEPreTH-
yeckasi aMILJIUTY/la paccesiiisi B p-co-
CTOSTHHM uMeeT GoJiee CHJIBHYIO 3aBHCH-
MOCTb OT 3HeprHH, ueM aMIHTyAa [Jis
s-coctostHusl, EcH B p-COCTOSIHMH Jeii-

CTBYET CHJbHEL NPHTSATUBAIOMIHE «IOTEH- 7 ~— ».
nuajd», TO MoOxKer o0pas3oBaThCsi peso- a7
HaHC.

Kak Bnepsne ykaszan Uswo [101], pe- P;I& 10-9-a OTTaJIKHBaHHZ Hsa
IAOUUM SBJAETCS BONPOC O 3HAKe IO- “Bfog;’oxBolr’occg‘ff_H:;’;CfeﬁHHH.
TeHIHaJa B p-cocTosHnd. HesaBHcHMO
OT TOTO, YTO HCIOJIb30BAaHHBIA HAMU NPH
nanucanuu (10.57) MeTox TeopHH BO3MYILEHHH KauecTBeHHO He-
000CHOBAH, 3TOT 3HAK HrPAeT B pacCesiHUH OTPOMHYIO POJb H MOXKET
CJYKHTb Ba’KHBEIM KOJIHUECTBEHHBIM KPHTEpPHEM NpH AaHAJU3e aM-
IJIHTYABl paccesiHusg B p-cocTosiHHH. YTOOH OTBETHTH Ha 3TOT BO-
npoc, yioOHO BBIJIENIHTE H3 aMIJIATY]L POEKIMH, KOTOPHle OTBEUAoT
pas3juYHHIM KaHaJaM ¢ (PUKCHPOBAHHBIMH 3HAYEHHSIMH INOJIHOrQ Yr-
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JIOBOTO MOMeHTa J H IOJIHOTO 430CiiuHa /, TaK KaK fepexoibl MEeXAy
KaHa/JaMHu ¢ pasHbiMu J 3amlpellieHbl 3aKOHOM COXpaHeHHs YrioBore
MOMEHTa, a MeXJy KaHajaMi ¢ pPasHbIMH [ — 32KOHOM COXpaHEHHs
nzocnuHa (10.44) (B npuGJiKeHHH 3aPAI0BOH He3aBHCHMOCTH).

§ 54. lpoekuroHHble onepaTopsl AJA H30CMHHA
M YIJI0BOLO MOMEHTA

Mgzl 3HaeM, YTO COrVIACHO BEKTOPHOH MOJENH CJIOXKEHHS YTJIOBBIX
MOMEHTOB TOJIHLI H30TONHUYECKHH CIIMH CUCTEMBI #3 OJHOTO HYy-
giaona (c [ = 1)) u omHoro MesoHa (¢ [ =1) MOXKeT paBHSATbCA
anbo [ =1/, au6o [ = 3/,. IIpoeKIHOHHEIE OMEPaTOphl AJS STHX
ABYX COCTOSIHHH, P, H P,, GyAyT MaTpHLaMH Pa3MepHOCTH 3X3
B H30TOMHYECKOM MPOCTPAHCTBE ME30HOB, HATAHYTOM Ha Ga3HCHbBIE
BexTopnl (10.36), u Matpuiamu 2 X 2 B NPOCTPAHCTBE HYKJOHHBIX
nsocnuuopos  (10.35). Onepatopet P, u P, R0/KHB 06JajaTh

OCHOBHLIMH CBOHCTBaMH NPOEKIHOHHBIX OlepaTOPOB:
Pl/z + P3/2= 1, (10.593)
Pl2/2 = Pl/z’ Pg/z = P“/z’ (10'596)

rie 1 o3Hayaer eIMHHUHYIO MaTpPHUY B IIeCTHMEPHOM IpOCTpaH-
CTBe, NIOCTPOECHHOM KaK NMpsIMOe NpOU3BeLeHHe ME30HHOI0 U HYyKJOH-
HOTO M30TONMHYECKHX NPOCTPaHCTB.

ITH onmepaTopsl HETPYHHO HaWTH, ecJy 3aMeTHTb, YTO AHarpam-
Ma 0e3 ImepecedeHHS ME30HHBIX JHHHH, H300paxKeHHas Ha
puc. 10.8, @, fo/KHa NPUBOAUTHL K UHCTOH ammautyae ¢ [ = !/;, Tak
KaK OHa COAEPKUT TOJBKO OJHY NPOMENKYTOUHYIO HYKJOHHYIO JH-
uuo ¢ [ = /3 u I coxpaHnsiercs B Kaxa0H Beplunde. [Tostomy H3o-
TONHYECKHe MATPHILl B AHarpaMMe 0e3 IepeceyeHHs] AOJKHBEI ObITH
NPONOPHHOHANBHE P,

(3| P, | &) =0t - 5 T ). (10.60)

KosppHuneHT o MOXKHO HalUTH, BHIYHC/SSI aHAJNOTHUHBIH MaTpHYHBIH
sJeMeHT orepaTopa Py u Hcmoabsys pasenctBo (10.596):

<¢;|P?/2 —,Z_:l(‘l’;IP-/.Ifbf)(d’fIPvzI¢T>=

= 5 600 6 4=
=3 (0] Py, | 3) = (@3] P, | 00).

Takum o6pasoM, o =1/, u

(@]P, |00y =57 &) @5 (10.61)
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Onepatop P, HaxoAuTcsi TeNepb HENOCPEACTBEHHO H3 (10.59a):
e p q)e__ e* e___l_(r. e* (T- e) 1062)
<(b2| 3/zl 1>'—¢2 q’l 3 q’z) q’l : (10.
[loJsyueHHBIE PE3yJbTaTH NEPEHOCSTCSI M Ha YLJOBHE MOMEHTH,
y y p y
TaKk KaK Mbl BHOBb cKJajpBaeM S =1/, ¢ L == 1 115 me30Ha, HaXo-

ASEerocss B p-COCTOSAHMH OTHOCUTEJBHO HYKJOHA. Op6HTaJIbeIMH
BOJIHOBBIMH (by'HKUJ/IHMI/I m-Me30Ha SBJAIOTCHA TEIEPb BEKTOPH ¢y U

qz MO aHaJOTHH ¢ ¢ H ¢, B H30TONHYECKOM NPOCTPAHCTBE, H BMe-
cro (10.61) u (10.62) Tenepb MOXKHO 3alHCaTh

1 3
<q)|Q1/Z‘ql>=[§O' . qz()' . ql]W,

(@] l0) =[a9,— 55 a,) (0 q,)] rs

3neck ¢=|q,/=1[q:|.
ITH omepaTopPH HOPMHPOBAHH COIJIACHO

{40,601 Q110 (a1 Q10 =01 @21 Qi la),  (10.64)

(10.63)

rjae CymMMHpoOBaHue IIO TpeM OpTOroHaJbHBIM HallpaB/Je€HHAM, Kak
H B cjiaydae H3O0TOIIHYECKHX NIPOCKUHOHHBIX OllepaTopOB, Mbl 3aMe-

HHJM Ha MHTerpHpoBaHue no cepe S dQ,. TlonobHas HecylleCTBeH-

jasl pasHHIa B YCJIOBHAX HOPMHDOBKH MexAy P; n Q; o6yciloBieHa
TeM, 4TO HalbJiofaeMbple ME30HBE BCErja OpHEHTHPOBAHB B H30MPO-
cTpaHCTBe BJOJb OJHOrO M3 Tpex HampasJjennii (10.36), koTopuie
orBeualoT 3apsjiaM -=1 # 0, B To BpeMs KaK HalpaBJeHAS HX HM-
ayJabcoB 06pa3yioT KOHTHHYYM, OTBedalollnil pas/nyHEIM yraaM pac-
cesHHS.

KoM6HuHEpOBaHHbIE POEKLHOHEbIE ONepaToOpH A/l COOCTBEHHBIX
COCTOSIHMEI H30CMHHA H YIJOBOrO MOMeHTa IIpeiCTaB/sioT coOodk
npousBeienns oneparopoB P u Q. OHM olpefeseHb ClelyiOUHM

obpasoM:
P =2, =P,Qy

Py=P = P'/zQ‘/z’
953 = 9531 = P3/2Q’/z’
Py=Py=P 3/:Q“/z’

(10.65)

rie NepBHil HHIEKC omepaTopa Py; mpeicTasiser co6o#i yABOeHHOE
3HaueHye M30CIHHA, a BTOPOH — VJBOEHHOe 3HaueHHe YIVIOBOTO MO-
menra. Omnepatopst P, o =1, ..., 4, 00/ana0T CBOACTBAMH
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(10.59) u HOpMHPOBaHB COINACHO
3

> {02, |0,y (@54, |#, =52, (10.66)

r=|

BBoas npoexinoHHbe onepatopu B (10.57), monyuaem caenmyio-
Iee BHIpaXKEH#e A aMIVIUTYABl [HOH-HYKJOHHOrO pacCesiHHA BO
BTOPOM NOPSJKE TEOPHH BO3MYIIEHUH U B HEPeJSTHBHCTCKOM I[pH-
GJIHKEeHUH:

l
M~ —rut (sy)u(s)ud (Py,+ Py)x, —
;2 2
ig 4ng | 97
—qu‘(T)”+(Sa)X? <qz‘*’2,T“—

APy — 2P13 — 2P P e
—_ 33 130) 31+ P |qlq)1>u(sl)x1' (10.67)

O6paTtute BHHMaHue Ha To, 4TO ammautyna (10.67) oTpHuaTesbHa
TOJIKO /18 KaHaja (3.3); 3TO COOTBETCTBYET HAJHYHIO NPUTANKE-
HHS JHWb B KaHale ¢ [ = J =3/, [100, 102, 103]. dkcnepumenTadn-
Hoe HaOJIlOJleHHE pe3oHaHca B 3TOM COCTOSIHHH M MaJiple CIBHIH
(a3 NpH HM3KOH HEPTHH B TPeX APYTHUX p-COCTOSHHAX KayeCTBEHHO
COIJIACYIOTCA C TeM, UTO JaeT «IOTeHIHa/l», KOTOPHH MPHBOAHT K
amnautylle (10.67).

§ 55. Ceuenus paccesHHs NUOHOB Ha HyKJIOHE

Ceuenne pacceannss noayuaerca us (10.67) u(10.54) Bo3sese-
ineM B KBajpaT H YMHOXKE€HHeM Ha OOBIUHbIE MHOMKHTENH, CBS3aH-
Hple ¢ (a3oBbiM 06beMoM. [ GHKCHPOBAHHHIX HauaJbHOTO H KO-
HEYHOro CIHHHOBEIX COCTOSIHHH HMeeM

e T S(EAE ) (362 (7 P X
X 6% (g1 4 Py — g — Py),

4TO B HEPeJATHBUCTCKOM IIpeliesie B CHCTEME LEHTpa Mace nepe-
XOHAHUT B

do 1 9
— R s . .
(@), .~ T | (10.68)
Huas xonkpeTHoro npouecca do/dQ BHUHC/ISETCS MyTeM NOACTAaHOBKH
B M cooTBeTcTBYIOMEN H30TONMHUECKON BOMHOBONH (PYHKIMM m-Me30Ha

¢;, uMnyssca q, # OTBeUalOUIHX [AHHOMY NpPOLECCY HYKJAOHHHIX
H30CHHHOPOB ¥;. CeueHHe, ycpeJHEHHOE 1O CIIHHAM, MOJIYYaeTCs, KakK
00LIYHO, CyMMHpOBaHHEM MO CIHHAM HYKJOHa. B Kauecrse mnpu-

Mepa paccMOTPUM iU+ — p-paccesiHHe, B KOTOPOE 1aeT BKJal TOMbKO
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KaHag ¢ [ =3/,, tak Kak [3 = 3/,. Ilpene6peras BKJIajaMH Bcex
APYTHX cocTosAHu#, KpoMe / = J = 3/, mosnyuaem uz (10.65)

e e 3 1
X: <q2¢+ '¢33!q1¢+>xp=qu (qg g — ?0' : q20' . q]) . (1069)

CyMMHpYs N0 KOHEYHEIM H YCpelHsis N0 HaualbHhIM CIIHHAM HYKJI6-
Ha, HaxoauM ¢ noMompio (10.69)

3 Y My =

spins

2

SIESIES)

spins

1
u* (s2) (q2 q—30" Q26'Q!)u(sl)

2

2 2
2 Y1 1 1
= m) —Q‘SP(CIz)'Ch——g"'qw'm)(%'m—gﬁ'chﬁ'q? =

2 2
= ( 3'M'g'_gm ) [a3a; +3(q,-q,)%] (10.70)

[Moacrasaas sro BepaxeHHe B (10.68), mosyuaem BKJaj COCTOSIHHS
¢ [ =J =3/, B nudpdepenuunajbHoe ceueHne mt-— p-paccesHHA B
CHCTEME LIEHTpa HHEPIHU

R 3:?;2 )2 q* (1 43 cos®0), (10.71)

rae, Kak 4 paHblle, Mbl 0003HAUHJIH

=2 ()

P=x\mr) -
ITonyuenHoe BeIpaxkenue (10.71) BpAA JH MOXKHO CUHTATh JOCTO-
BepHBIM, TaK KaK OHO OCHOBAaHO Ha OODHOBCKOM MpHOG/IHKEHHH, KO-
TOpOE, Kak YyxKe OBJIO NMOKa3aHO, COBEPLUIEHHO HENPHMEHHMO M5
$-BOJIHOBOro paccesinusi. Baxuoe gocrounctso (10.71) cocroHt, oj-
HaKo, B TOM, UTO OHO NIpPeACKa3biBaeT YIJIOBOE pacipefle/ieHHe BHIA
(14 3cos?8) B XopolleM COracH# C IKCIEPHUMEHTaJbHLIMH JaH-
HBIMH JJIS ME€30HOB C 3Hepruel B paiioHe ot 150 no 200 Mas. Kpome
TOro, YCTAHOBJIEHO, UTO B 3TOH 00/1aCTH SHEPTHH OTHONIEHHS CeYyeHHH
6/IM3KK K 3HaUeHWSIM, BBHUHCJIEHHBIM C Y4€TOM OJHOr0 COCTOSIHHA
cl=J]= 3/25
c(nt—p—>at—p)io(n-—p—o>a®—n):

o —p—>a-—p)=9:2-1. (10.72)

B npenanoJioxeHuu, 9To B AaHHOH 06JacTH 3HEPTHA OCHOBHOM
BKJIaJ B paccCesiHHe BHOCHT Kanaa ¢ [ = J = %, MLl nonmTaemcs
pacwHupHTL NpHMEHHMOCTh dopMyasl (10.71) ¢ moMousio ciexryio-
WX ABYX obwux coobpaxenuft [100, 102, 103]. Bo-nepsuix, 3ame-
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THM, 4TO, 3a HCKJIodeHueM o00JacTH 3HeprHd BOJH3HM 10pora,
(10.71) paer HenpaBU/bHYI0O 32aBHCHMOCTb OT 3HEPTHH, TaK Kak
¢ — oo npu w—> oo, OAHAKO H3 yCJIOBHA YHHTADHOCTH cJlenyeT orpa-
HHUEHHE CBEPXY Ha BEJHMUYUHY INOJHOFO cedeHus. B pamkax merola
(YHKLUHH PACTPOCTPAHEHHs TPYAHO 00CYyxAaTb BOmpoc 06 yHUTAp-
noctd S-matpuus [50], mosToMy MBI BOCMO/Ib3yeMCsl HEKOTOPLIMH
OGUIUMH pe3yabTaTaMi HepeasTUBHCTCKOH TeOpHH paccesHus, a
HMEeHHO!
1. Jlas paHHOro KaHaJja aMIUIHTyJa paccesiHHss HMEeT BUI

1

INLe‘OSin(S:
q

rie ¢ O3HauaeT MMIVJIbC KaxKACH H3 uYacTHIL B CHCTeMe LeHTpa
uHepuuu, a 8 — caBur (ase B JdaHHOM Kanase. Pasa § AciicTsH-
TeJIbHA, eCJU OTCYTCTBVIOT HeyIpyrde KaHajbl ¢ TEMH e KBAaHTO-
BHIMH UiCJaMH

2. BkJaajx xaHaJja ¢ OpOGUTaJbHHIM MOMEHTOM [ H NMOJHBEIM MOMEH-
toM J = [+ !/, B TOJHOE CeYyeHUe OI paHHUEH CBEpPXY 3HauYeHHeM

an(2J+ D 1
ol < AL (10.74)

3. Tlpn HU3KUX 3HEPrusax Xopollee NPHOJIKEHHE 1aeT pasJo-
KenHe Mo 3hPeKTUBHOMY Daanycy: -

g+t ctg(’):a—l—bm;l—cm"’—i— (10.75)

Bropoe 3aMcuaHHe COCTOHT B TOM, 4TO, KaK roBopujioch B § 53,
6sgarozaps MaJoMy SHepreTHUeCKOMY 3HaMeHaTeqdl, ~ ®, H CpaB-
HTENBHO 6OJBIIOH NPOAOAKUTENBHOCTH, ~ l/®, p-BOJHOBOTO B3aH-
MOJeHCTBUS MOXKHO OXHIATh CHJBHOI IHEPreTHUeCKOH 3aBHCHMO-
ctd ($a30Boro cABHra Ajst p-BoJaHH. [103TOMy ecTecTBEHHO AyMarth,
yto B (10.75) nns kKanana (3.3) MONPaBKH BBHICLIHX IOPSAAKOB
K GOPHOBCKOMY NPUOIHKEHHIO NMPHBEAYT K KO3(p(QUIHEHTY ¢, KO-
TOPBHIM HeJb3s NpeHeOpeyb H 3a CUeT KOTOPOrO YCHJHBAeTCs NpH-
TXKeHHe, [aBaeMoe GOPHOBCKHUM IPHOJIHKEHHEM.

Hcnoasays (10.73) u (10.74), nepenumem (10.71) B Buie

d 1 e
(& o, = letsindu (143 c0s0),  (10.76)

rae
(eib Sin6 )60 ~"+——f2 > (10 ;;)
33/6opH 3ou® * '

B stom fopsaKe Mbpl MOXKEM TakKXke 3alHcaTb

2
(4% ctg 83)60pn = + —3%‘2— . (10.78)
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CpasnuBast ¢ (10.75), MB BWAHM, uTO [MJIA BOCHPOH3BELEHHS Xa-
pakTepa nopeleHuss GOPHOBCKOro ujeHa B mpeaede o -—> 0 Heo6Gxo-
JHMO HOJOXRATL @ =0 n b= +4-(3p%/4f?). [laa onpenenenus cic-
aywouiero xoaddunuenta ¢ B passnoxenun (10.75) u noayuenus
$opMyJel, BKJIOYaINEd NONPaBKYy Ha 3»DQPEKTHBHBIE paanyc K
JIJIMHe paccesiHHS, Mbl JOJXKHB BHIATH 3a Npelesbl Hallero HH3KO-
HHEPreTHYECKOT0 GOPHOBCKOrO NMPHOTHIKEHHS,

Kak Mb yxke orMeuanu, corsacHo (10.67) MoKHO 0XuiaTh, 4TO
pias Kanajga (3.3) Kos@uIHEHT ¢ OTpHIIaTesNeH, TaK KaK B 3TOM
KaHajle B [POTHBONOJOXKHOCTb [PYrHM HMeeTC IpHTSIXKeHHeE,
[Tonaras B KauecTBe HH3-

KO3HEPTreTHYECKOI'o npu- V4 \\ s
6K EeHU 7N\ //@

g’ ctg bz =
3opu? o
=+ (1 -=)
(10.79)
MBI IOJYYHM Xopollee OMH- 4 Y
caHHe  SKCHEPHMEHTaJb- (@)
HBIX JaHHBIX 10 vt —p-pac-
cesuuio npu f? = 0,08, uto 7 o
cooTBETCTBYeT g2/4n ~ 14 PN %
7

H o~ 221 Pt

®opmyaa (10.79) 6biia 7z ‘Q

N

BrepBhle NojayueHa Hplo 1

Jloy [102] u3 me3onuo# Teo- L —

pHH ¢ HEHNOJBH)KHHIM HY- / S~

KJIOHHBIM HCTOUHHKOM /ﬁ

(o/M~>0) u Ge3 nomomu ¥ 4

pa3JioKeHHss MO CTeleHAM )

KOHCTaHTbl  B3auMOJeHCcT-

BHA, KOTOPBIM_ MBI NOJIB30-  pye 10,10, Pagmausonnsie  nOmpaBskH

Bajuch B (10.54). ¢ OfHOH HYKJOHHOH JUHHel B MpOMeKYyTKe.
CHATYJISPHOCTB aMILIH-

Tynst paccesHus (10.77) B

Touke ® = (0 B «Hedu3uueckoii 06/acTH», rpaHHNa KOTOpoO# pac-

IoJIOoXK€eHA NIPH ® = p, BO3HHKaeT Ojaroflapsi ofpallleHdio B HYJb

9HepreTHUECKOro 3HaMmeHaTes]si OopHOBCKOH ammnautyaw (10.54).

Taxum oOpasom, ¢definMaHoBckue npomaratopu B (10.56) wnMmeror

BpOCTHIE MOJIOCH MpPH 3HEPTHAX Me30HOB B JalopaTOpHOH cHCTeMe

o = —p22M 1 0y = +p?2M; @, 1 @z — 0 B HepeJATHBHCTCKOM

npenenae u/M -0, _
Bce puarpaMMbl BLICHINX NOPSIAKOB C OJAHOH HYKJOHHOH JIH-

HHeH, COeAMHSIOLICH MEe30HHbIE BCPIUHHK, KaK Ha PHC. 10.10, Takxe
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NPUBOAST K WIeHaM ¢ ToJiocaMu npu o == 0, H 3Ty UieHbl BHOCAT
BKJ1ajJ B BhiueTh B ¢opmynax (10.78) u (10.79) B 3ToM mostioce.

Bce apyrue gmarpaMMbl, H300paxceHHEle, Halpumep, Ha
puc. 10.11, maioT BeIpa:KeHHH, KOHeuHble IpH o = ( JJIs1 BHEHIHeR
ME30HHOH JIMHHH, ¥ [O3TOMY BHOCST BKJaJl BO BTOPOM uJeH B
(10.79), KoTopuii oTBeuaeT MNPUOJMNKeHUIO 3(hPEKTHBHOrO pa-
auycal). Crpos 3aBucuMocTh (g° ctg 833) /o OT w W BKCTpamoJanpys
B TOYKY ® == 0, MBI BBIEIsiEM BKJaa aMILIUTYH, H300paxKeHHHX Ha
puc. 10.10, KoTophi XapakTepH3yeT HHTEHCHBHOCTL TaKOro Npo-
mecca, Korja GHU3HUeCKHH HYKJOH ¢ P2 = M? ucuycKaeT HJIH NOrJIO-

7 T
~a " Ja
\zz' ”/ \\\ //"
LN 7 x />'\
4 4 N (4 N V4
@ ©

Puc. 10.11. Bxuansl BEICIIHX HOPAAKOB.

MaeT ME30H C MHHMBIM HMIVJbCOM |[g|==ip u ocTaercs ¢Quamve-
CKHM HYKJIOHOM C
(P + g =M.

AMNJIHTYAa 3TOrO TIpollecca sBJIsieTcst, coraacHo Ueio u JIoy, KoH-
CTaHTOH CBg3H ME30H-HYKJOH, UHCJEHHOe 3HaueHWe KOTOpOH, MoJy-
yeHHOE H3 3KCTpanoJsiuuy, paBro f2 = 0,08 [104].

§ 56. dneKTpoMarHUTHAA CTPYKTypa ME€30HOB U HYKJOHOB

Kak MH yxKe oTMeuasu, CHJAbHble B3aHMOJEHCTBHS OKa3hlBaiOT
BJAHSIHHE Ha 3/J1€KTPOMArHHUTHble CBOACTBA ME30HOB M HYKJIOHOB.
JleficTBHTENBHO, YiKe TaBHO OBLJIO H3BECTHO, UTo NPOTOH olJanaeT
aHoMaJsibHO GOJIBIINM MAarHUTHBIM MOMEHTOM, paBHBIM 2,79 pg (rae
pg = efi{2Mpyc — anepHbiii Mmarneton bopa), BMecTo 3HaueHus, pas-
#Horo 1,0 ug, npeackaseiBaeMoro teopueit Jlupaka ISt 4aCTHUB C
sapsaioM e (34ech MBI lipeHeOperaeM pajHaliOHHLIMH NONpaBKaMHy,
paccMOTPEHHHIMH B Il. 7 H 8). AHaJOrHYHO, HEHTPOH HMeeT Mar-
HUTHBIH MOMeHT, paBHbH@ —1,91 ug, B To BpeMs Kak cBo6ojgHOe
ypaBHeHHe JlHpaKa NpPHBOJAHT K HYyJ€BOMY MAarHHTHOMY MOMEHTY
JJ1s HellTpaJbHOH YaCTHLHL

MoxHO HAOMYyCTHTL CYLIeCTBOBaHHE aHOMAJbHEIX MarHHTHEIX MO-
MEHTOB, €CJH OTKa3aThCfl OT NPHHIMIA MHHHMAJBLHOCTH 3JEKTPO-

1) 1o yTBepKiIeHHe, KOTOpOe KaXKeTcs NPaBIOMOACGHBIM AJAA AaHHBIX defin-
MAaHOBCKHX AMATDAMM, CTPOrO JOKA3HIBAETCH B cheAyloilem toMe [50].



§ 56) 3JIEKTPOMATHUTHAS CTPYKTVPA ME30OHOB U HYKJIOHOB 239

MarHHTHOTO B3auMogeicTBusi [92]. BMecTo TOro uTo6B BBOAHTH
3JIEKTPOMArHNTHOE B3aHMOJEHCTBHe B ypaBHenue IlHpaka ¢ nomo-
UILI0O 3aMEHE!

iV — (i —6% — eAu), (10.80)
MBI MOXeM N0GaBHTb TaKiKe NUMOJbHHIE yJeH
~ 0 K
iV— Y“(im—eAu)—% cqu‘”, (10.81)

rae K,= 1,79, x,= —1,91.

bBosee mpogoTBopHEIM siBASIETCH TMOAXOA 6€3 NONBLITKH BBeXeHHUS
HOBBIX mapameTpos, Kak B (10.81), ¢ coxpaneHHeM MunMMAaAbHON
¢dopmbl Bzaumoseiictaua (10.80). B Takom mopxome cudtaercs, uto
Bce oTkJoueHHst ot (10.80), BR/IOU2d aHOMaJbHbE MarHUTHBE MO-
MeHTH K, OOYC/IOBJEHB CHABHBIMH B3anMoAefcTBHsMu [105—108].
[Topo6upiv 06pa3oM B ri1. 8 GbLIO MOKa3aHO, UTO J19MBOBCKOE CMe-
IleHHe AaTOMHBIX YyDOBHEH ¥ aHOMAJbHBIH MATHHTHLIH MOMEHT
3JIEKTpOHa B Mpejlelax TOYHOCTH COBPEMEHHHX 3KCIIePHMEHTOB MO-
IYT OBIT OOBACHEHB! B3aHMOJCHCTBHEM 3J1€KTPOHA ¢ (POTOHAMH.

He BnaBasicb B jeTa/ibHble BBIUHCJECHHS M ONHPAsiCh TOJBKO Ha
NIPUHNANB MHBADHAHTHOCTH, MBI MOXKEM YCTAHOBMTH OOUIHfl BuJ
n3MeHenu#t, BHOCHMbIX B (10.80) CHJABHLIMH B3aUMOLEHCTBHSMI.

st 4 =
/4 /ooy //7 ’
/4,
;! a=r+q 7 Hedmpay
LEVAV, VAT ¢ 7 P2
\
\
\V4 flpomon
1S N7
\\7t+ bzt
@ @

Puc. 10.12. dueKTpoMarHuTHas BepUIHHA 3aPSTIKEHHOrO IHOHA K paguanuoOHHAaN
nonpasxa.

B nanHoM ciyuae TpeGoBaHMe JOpeHIEBON HHBAPHAHTHOCTH H CO-
XpaHeHHe 3J1eKTPOMArH{THOrO TOKA HaJaraloT CYLeCTBEHHBE Orpa-
HHYCHHS HA 3JEKTPOMArHHTHYIO BEPIUMHY 4YaCTHUH. PaccMOTpHM
CHayasna ;t-Me30H u AuarpaMmy Ha puc. 10.12,6, KoTopas cayxur
«pajlHallHOHHON MONpPaBKOH» K BepiuHHEe Ha pHc. 10.12, a.
CoriacHo HawMM TpaBHJIAM H3MEHEHHE B 3J1eKTPOMATHHTHOM
Toxe nepexoxa Ha puc. 10.12, a, oBycnoBiIeHHOe aAMarpaMMoll ua
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puc. 10.12, 6, umeeT BUL
e (pu+ pl)—e(put+ Py +(—ig V2 X

><(-—1)S T ——ey iys =
E—m Py rk—m ”*+ﬁ M

@2n)?
=e(p,+0))+ 1,0 P (10.82)

3uauenne HHTerpasna [, (p’, p) He mnpeicTaBiaseT GOJBLIOTO HHTe-
peca, Tak KaK OH SIBJSETCH BCero JHUIb OJHHM M3 YJEHOB psaa o
g2, KOTOPBHIE BIIOJIHE MOXKET OKasaThCi pacxoAsmuMcsl. BaxHo,

OAHAKO, KaK 3Ta JA004aBKa K 3JEeKTPOMArHHTHOMY TOKY mt-Me30Ha
BejeT cebsl MpH JOpPeHIEeBHIX TNpeoOpa3oBaHHAX, NOCKOJLKY 3aKOH
npeobpasoBanus siBJAsercad oO6WHM AJas BceX mopsaakos. Mz (10.82)
SICHO, UTO BBIYHCJEHHE CJela W HHTerpHpoBaHHe WO MMITYJALCY MPH-
BOJNT K BesHunne [y (p’, p), npeobpasywoueiics kak 4-sextop. Cie-
J0BaTe/NbHO, MOXKHO 3alHcaThb

L, py=p 1, (0% p7, (0 — 0’ )+ plf, (0% 07, (b — p')), (10.83)

rie hopM-pakTopsl f; H f2 ABJSIOTCS CKATSAPHBIMH DYHKIHUAMH Tpex
HE3aBHCHMBIX CKalIsipoB p?, p H (p— p’)’, BXOASAUIHX B HHTErpaJL.
Ecnu OrpaHHYHTbCS pacCMOTPEHHEM paccesHyst peallbHOr0 Me3oHa
Ha MOTeHnuajae, (GopM-(akTopH CTaHOBH’ICﬂ (QYHKUUSAME TOJBKO
KBaﬂ,paTa nepejanHoro 4-umnyabca ¢°==(p’ — p)?, Tak Kak p’=
~_p 2

ﬂaJIbHeI/IHlee orpannuenne Ha (10.83) caemyerT u3 coxpaHeHHs
ToKa: AN g-A PYpbe-KOMIIOHEHTH TOKa peasibHOr0 (H3HYECKOTO
Me30Ha HMeeM

gy, (07, p)= (" —p)* [, (p", p)=0. (10.84)

Ias (10.83) npu p?=p”*=p? noayvaem orciofa f,(g?) == f(q?);
3TOT PEe3yJabTaT MOXKHO TMOJYYUTh HenocpenctBeHdHo us (10.82) tem
e crnocoboM H ¢ ToH e Heonpele/eHHOCTLIO, KaK B . 8 Iipu pac-
CMOTPEHHH NOJMAPHU3ALNY BaKyyMa.

Mpl noayuwin OoOWHME BHI 3J€KIPOMArHUTHOTO TOKa Mepexoja
peajbHOro mt-Me3oHa paccesHss C nepejaHHbIM HMIYJbCOM
g+ Tox e(p, -+ p;), OTBeualOUIHH TOUCUHOMY B3aHMOIEHCTBHIO, 3a-

MCHAECTCS Ha

e(p,+p)—>e(py+ 1) Fr (@), (10.85)

rae $ynxkuns Fy(g%), xotopyio nasmiBaioT $opM-daxTopoM 3aps-
JKEHHOTO 7-Me30Hd, 3aBHCHT TOJbKO OT HMHBApHAHTHOTO MepeaaH-
HOro ummyJnca. PopM-hakTop HOpMHPOBAH Ha €IHHHLY NIPH HYyJe-
BOM IlepeflalHOM HMIyJabce, F(0)= 1, npuueM 31ech npeamo.a-
raercs, 4To NepeHoPMHPOBKA yxe NMpoBejeHa, Kak B I'Vl. 8, U sapaj
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¢ MOJIOXKeH paBHbIM HabgawgaeMoMy (H3HUECKOMY 3apany mt-Me-
30Ha.

Isyuense F(g?) Tpebyer mpumeHeHusl 60/€€ MOUIHBIX METO/0B,
yeM TeopHsi BosmyieHu#l [50]. Opnnako naxe (10.85) Haznaraer
CHJIBHOE orpaHpuenne Ha popmy AuddepeHnnasbHOro ceueHHsl pac-
cessHus mt-Me30Ha 3JICKTPOMATHHTHRIM HoJseM. Hanpumep, B HH3-
eM MHOPsIKE 10 o OTHOWEHHE CeUeHHH INIPH Pa3HBIX IHEPTHAX H
yriax paccesiuus, HO NPH OJHHAKOBOM g2 He 3aBHCHT OT F,(q?) #
paBHO OTHOIUEHHIO, HaljeHHOMY B M. 9 B IpeHeOpeXKeHHH CHJIb-
HBIMH B3aHMOMIEHCTBUSIMH.

ITono6HBE pe3yabTaT NoJyuyaeTcsl TakxKe st 3JeKTpOMarHHT-
HOTO TOKa HYKJAOHa (¥ CTpaHHBIX rHNepoHOoB). Baarogaps cnunoso#t
cTeneHn cBOOOJAB HYKJOH MOKeT 00/iaflaTb [BYyMsl CKaJSIPHBIMHA
dopm-taxktopamu. [losiBaenne BTOporo ¢opM-pakTopa OTBEYAET
JIONOJHUTENLHOR BOSMOIKHOCTH HAJHUHS MArHHTHOIO MOMeHTa y ya-
CTHUB! CO CIIHHOM /g,

Hpomoy
ﬂ’
Ty -
[Fvg |-k - AV
7 ANnNe YEaVAV VoY A
7\, vy
AN Vi // ‘
*-
ooy
(@ ] (8

Puc. 10.13, TIporonuasi 3jexTpOMarHHTHAs BepIIMHA H paJHALMOHHble NMONPABKH,

J1s npotona, HalpHUMep, AHATPAMMBbl, KOTOpble HaJ0 YYHTHIBATh
no mopsaaka g5 usobpaxenn Ha puc. 10.13. OHu BHOCAT cienyio-

iee H3MeHEHHE B HpOTOHHbe:I TOK nepexona:

a(p’)eyu(p)—i(p’)eyuu (p) +
. o \2

+= ) o2

sz 23(2k +qu)m————2+

iysu (p) X

i
u(P)“’-m

Il

T —M ﬁ_i_Mleu(P) 12 2
=i(p) el (p’, p)u(p). (10.86)

+ (—igo’ S a(p’)ivs P 4 ey,
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CHoBa, Kak H B cjayyae TOKa ft-Me30Ha, MBl HaXOIyuM, UTO HpO-
TOHHBIE TOK siBjsieTcs 4-BekTopoM. [locsie WHTerpHpOBaHHS IO HM-
NyJabCaM OCTaloTCst 4-BEKTODHI Py p; 1 Y, KOTOphle MOryT OBbITh
3aKJIOUeHH B OOKJaJKu H3 IPOTOHHBIX CNHHOPOR. Bcee ocTanbhbie
MaTpHIE y AOJKHBE OBITE BHAa P, p' HaH ys. OJHAKO MaTPHLH ys
MGXKHO HCKJIOUHTh, MOCKOJIbKY WHCJAO v — N BepLIHH UeTHO H, cie-
JOBATENBHO, MATPHILE Y5 MOXKHO OOBeJHHHTDL MONAapHO H HCIOJbL30-
BaTb cBoCTBO Y= 1. KpoMe Tore, Bce daktopn ' H P, B KOTOpHE
BXOAAT MATPHIBI y, MOMKHO IlepecTaBUTh HANpPaBO H HaJeBO K CO-
OTBETCTBYIOIUM CcIHHOpaM #(p’) u u(p) u 3aTeM NOJOKHTL pab-
HeIMH M (BCIOMHHMTE NIpHMep HCIOJAb30BAHHS 3TOr0 NnpuUeMa MpH
BHIUMCJACHHH 3J€KTPOMAarHHTHOH BepIUHHBI 3JeKTpoHa B rJa. 8).

Taxum o6pasoMm, MB NpPHXOAHM K BeBOALy, uTo (10.86) umeer
caenyoui o6InA BUA:

a(p)ely(p', pu(p)=
=i (p') [p,T',(§°) + P, Ty (¢") +v,T5(¢")]u(p), (10.87)

rae T';(g%), i=1, 2, 3, — ckaasipHbie pyrxkuua g2 Te ke paccyx-
J€HHS TIPHBOAAT K coBnafatouiemy ¢ (10.87) mpeacrasienuio mis
HEHTPOHHOIO TOKa.

M3 coxpaHeHHS TOKa BHTEKAeT COOTHOLIEHHE MEXKAY TpeMs
dopM-pakropamu I';(g?). ITo ananorun ¢ (10.84) umeem

g*a (p’) Ty (p’, p)u(p)=0.

Orcroga nomyuaem I'i(g?) = I'2(¢?) H HYKJIOHHBI# TOK NpHHHMAeET
caeayrounil Hanbosee o6UHA BHIT:

a(p’)ely(p’, pyu(p)=ei(p’)[(p, + p,) T1(¢") + v, (¢")]u (p).

Ilpu paccMOTpeHHH 3JIeKTPOMarHHUTHOH CTPYKTYPBl HYKJOHOB OGHIU-
4

HO HCKJ/I0YaloT BeKTop (p, + p,), BBOIS
v

Opw (P - pv) = 0,vq"
¢ IOMOILbIo NpeicTasienus [opaona asas Toka. [TockoabKy cIHHOpH
i(p’) m u(p) yAoBNeTBOPAIOT CBOOOLHOMY ypaBHeHHI0 [ypaxa, Ml
MOXKeM, HCIOB3yst HEeNGCPeACTBeHHo (3.26), NOJYYHTb cJaexyo-
LIYIO 3KBUBAJNEHTHYIO $HOPMY 3aNHCH:

u(pel'y(p’, p)u(p)=

—ea () | vuF i@ + 225 wh @ ] u ). (089

C TaxuM BbIpaxK€HHeM Mbl yXKe BCTpPedasHCh NIPH H3YYEHHH paaua-
LHOHHBIX TONPAaBOK K 3JeKTpOHHON BepuinHe (cMm. (8.61)). Ecau
BeJIHUHHA K N0JI0KEeHa PaBHOH aHOMAaJ/IbHOH 4acTH MAarHHTHOrQ Mo-
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MeHTa B eJHHHIAX siiepHoro marHetoHa (Kp =1,79 u x, = —1,91)
U ¢ 03Havaer ¢u3HuecKHH 3apsj npoTtosa, 10 Fe(0)=11u F(0)=1
jaast nporoHa u Fy(0) = 0 nas HefiTpoHal).

[Toawsysick dhopMalu3MOM H30CIHHA, MBI MOXKeM OOBEeIUHHTDL
NPOTOHHBIA H HeHTPOHHHE TOKH B H30CKAJSIPHYIO M H30BEKTOPHYIO
9acTH

exta(p) { v, [F© (@) + 7,FP (4] +

+ I R )+ P ] f () =
=[P, p) + i (', p]x, (10.89)

rae
F(s) 5 ( (P} F(ln)), F(S) (0) — _é_
L), FPo=L,
F®=%< P 4 kP, FS(0) = — 0,06,
FO — %( P Kk FP),  FP(0) =+ 1,85.

Hns mporoda yttay =1 u (10.89) nepexoAuT B NPOTOHHHEI TOK;
A8 HenTpoHa yttay = —-1 u (10.89) maer Tox HeHATpoHa.

M3 obumero suga toka nepexopa (10.88) u (10.89) BHOBL BbI-
TEKaloT CyLlecTBeHHble OrpanvdeHuss Ha ¢opMmy auddepeHnHa b-
HOTO CeYeHMs pacCesiHdsl NMPOTOHA U HEHTPOHA 3JEKTPOMarHHTHBIM
noneM. B GopHoBckom npubamkeHru Io o = 1/137, HO B J06oM
nopsiike MO KOHCTaHTe CHJIbHOTO B3aHMOJEHCTBHSI nojJydaeM AJsi
nuddepeHHaTbHOTO CeUeHHsT pacCesiHUs JeKTpoHa Ha QUIHYECKOM
npoToHe M HeHTpoHe BMecTo (7.46) cnenyromee BbIpaKeHHe:

q 2 0 9 0
do (12[(1?% ZMQ FZ) cos? 5 2M2 (F +KF2) sin 5—] 10.00
a9 4E7[1 + (2E/M) sin? (8/2)] sin* (6/2) » (10.90)

rae 0 — yros paccesiiusi B JabopaTopHoll cHcTeMe. Popm-pakToph
F, u Fy B OTHeJbHOCTH HAXOASITCS U3 CPaBHEHHs pe3y/bTaTOB H3Me-
peHu#l NpH Pa3HHX yrJax paccesiHHs H 3HEPrHsiX, HO (PHKCHPOBaH-
HoM g% Ecau pesysabratul 0osiee deM Tpex H3MepeHHH NDH JaHHOM

1) I[Mupoko mcmomb3yioTcs Takxe GopM-hakTOpH

=F 4 X -
Gp=F + iz Fy Gy=F +xF,

KOTOpbIE HMEIOT 69nee HArJAgHYI0 FeOMeTPUHYECKYIO HHTepnpeTaumo,
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g% OTJIOXKHTb B BHJAE 3aBHCHMOCTH BCJIHYHHBI .
. 40 2E . 5, 0\ do
4 2 2 J) .40
(sm 2)E (1 -4 7 sin 2) 0

oT c0s?(0/2) npu (QHUKCHPOBAHHOM g2, TO JO/KHA TOJNYYHTLCA Mps-
mas auHuA. JlloObe OTKIOHEHHs 0T Hee 03HA4aloT oWHOKY B pacye-
TaX, CBA3SAHHLIX C 3J€KTPOAMHAMUKON SsIBJEHUS, 5TH OTKJIOHEHMS
He/lb3sl OTHECTH 3a CYeT He3HAHMs CHJABHHX B3aBMOJEHCTBHE MY
NOrPEIIHOCTH B BEIYHCAEHHH (opm-thakTopos. [leso MOXKET, HaIpH-
Mep, 0KasaTbCsi B HEONPaBAAHHOCTH HH3IICrO MPHO/IMKEHUA [0 o
JH60 B GoJsee rMIYGOKHX MPHYHHAX.

§ 57. CnaGble B3aumoneicraus

Cnabreie B3aumonefierBus [109, 15, 17], Hauboaee H3RECTHBIM
IPHMEPOM KOTODHIX sABJAseTcA B-pacliaj, MOXKHO PasAeJHTh Ha Jell-
TOHHBIE M HEJENTOHHble. B JIeNTOHHHIX B3aHMOJENCTBHSX YYAaCTBYIOT
u-Me30HB (u~), 3/JeKTpoHH (e~) W jA8a TuUma HelTpuHHO (v, V).
K JenTOHHBIM OTHOCATCH CJAeAyoLHe Ipoiecch (BMecTe € COOT-
BeTCTBYIOLIMMH DeakUUAMU M aHTHuacTvu pt, et ¥, ¥7):

f-pacnan n —>p+te 49, (10.91a)

pacnaj miooHa p~—e~ v 49, (10.916)
_ D

pacmnan mHOHa T —>{ e+ %, (10.918)

U-3aXBAar - 4p—>n4v (10.91r)

H, KpOMEe TOr'O, 60JblI0e YHCAO JENTOHBHbIX pacriagos ¢ H3MeHEHHeM
CTpaHHOCTH, 6.7131‘0}[3})9! KOTOpPBIM CTpaHHbIe HaCTHUbI IE€PEeXOAAT
B HYKJIOHHI, JIENTOHB H, BO3MOXKHO, IIHOHBI; HAaIIpHMED,

—_— =7
- po 4 v,
K — N A— e~ + %.
no + e- + 'V, p + +
[IpuMepaMy He/JeNTOHHBIX paclajoB, B KOTOPBIX BCEeraa yda-
CTBYIOT CTPaHHBIe YACTHIH!, ABJSIOTCA

A—-p+a~, K+—>n++n++n".

Mpbl paccmMOTpHM  JIENTOHHBIE B3aHMOJelicTBus G6e3  yvacTus
CTPaHHBIX YaCTHILl; B Hacrosllee BPeMA HeT ACHON KapTHHb cjabbix
B3aUMOJEACTBUA C YyaCTHeM CTPAHHBIX YaCTHI, U MBI He GyJeM Ka-
carbes aT0ro Bonpoca. [IpoGaema, ¢ KoTopo#t MBI CTalKHBaeMcsa IpH
paccmoTpenun peakuufi (10.91a,6,B), COCTOHT B MNOJYYeHHH Ha
OCHOBE HMEIOUIHXCS 3KCIEPHUMEHTANbHEIX NAaHHBIX CTPYKTYpHl Bep-
WIHH B3aHMOAEHCTBHS B AHarpaMMax, ONUCHIBAIOWHX STH MPOHECCH.
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IBa OCHOBHBIX NpHHIHIA, HAa KOTOpPbie MH ONHpaJHCh NPH pac-
CMOTPEHHH CHJBHBIX B3aUMOJAeHCTBNWH, TepAlT 31eCb CHJAY: 4Yer-
HOCTh M H30CHMH He COXPaHsiioTcs B Ca1a0bIX B3aHMOJeHCTBHAX.

§ 58. Bera-pacnan

dyugamentannynil nponecc (10.91a) orTBercTBen 3a f-pacnan
B sapax. PaccmMoTpum pacmaj CcBOGOAHOrO HeHTPoHA. DJeMeHT
S-matpuibl, KOTOpHH orseuaer pacnaay (cm. puc. 10.14), npon-
*KeH ObITb JHHEEeH 10 BOJMHOBHIM (YHKIHAM, OIHUCHBAIOIIHM Ha-
yaJlbHBIH HeATPOH M KOHeuHble YacTHUEI, T. €.

s =—1 i fat, ..

afyd=1
o d b 7 () W5 (35,) by () W5 (%)X
X Faw (xg, .., xg). (10.92)

Kak 00bIYHO, 3pMUTOBO-CONPSI:KEHHBIE BOJHO-
Bele PYHKOHH P+ OTBEHaOT HCIyCKAaEeMbIM Yac-
THoaMm (p,e”) HJAUd HajeTaiomlUM aHTHYACTH- 2

naM (KoTopble OIHCBHIBAIOTCS peLIeHHAMH ¢

OTpHIaTe/NbHON SHeprHelt), pacmpocTpaHsi- Pue. 1014, f-pacnan.
MIMMCSl Ha3aj BO BpeMeHH, a ¢ OTBedaloT

HaJeTAWNHM YacThnaM (#n) HJIH UCIYyCKaeMBIM aHTHYacTHuam (V).
[Toaromy, noMuMo B-pacnaga, B (10.92) BkIOUEHH TaKXke BCE B3aH-
MOJEHCTBHS THIIA

vt+n—p+te-.

B sHepreTHYecKM pa3pelleHHbIX SIAEPHEIX UepeXojax Hab/ojaercs
o6paTHH fB-pacnajn, HJIH HCNYCKaHHe NIO3NTpOHA

p—>ntet 4w

DTOMYy INpOLECCY IOJKEH COOTBETCTBOBATb MATPHUHKIH 3JEMEHT,
ananorausnii (10.92):

4
S =i 3§t dt el () W () 67 (1) W (1) X
afyd=1 _
X Fogys (21, oo, x). (10.93)

®yakuun F u F B (10.92) u (10.93) Ro/XHBH onpelesiThCs H3
sKclepuMeHTa. Mcxoast 3 oO0mUX NPUHLUHIOB TEOPHH, MBl CAejaeM
3jllech eIHMHCTBEHHOE AONyLieHHe, 8 HMEHHO

FqBvo (%15 Xo» X, x4)=F,‘3aw (¥ar %15 X4y Xg)- (10.94)
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DT0 paBeHCTBO oOecneuHBaeT BLINOJHEHHe NPHHIHIA AeTaJbHOrO
paBHoBecus JAJsi caa0BIX B3aMUMOAEHCTBHH H o03HadaeT, 4TO 6e3
yuera MHOXKHTeJell, CBSI3aHHBIX ¢ (a30BBIM 006BEMOM, peaKlHH
nEpte v, v4nEpteo
NMPOTEKAT € paBHOH BepoSATHOCTBIO CNpaBa Ha/JeBO H CJeBa Ha-
npaso!). To, 4To HOJKEH BBIMOJHATLCA INPUHLIHI AeTaJbHOIO pas-
HoBecusi (10.94), ciaeayer M3 MajoOCTH OTBedamwllero 3a P-pacnaj
B3aUMOJAENCTBUS U YHHTapHocTH S-matpuusl. B oTcyrcTBHe B3au-
monelicTeusi S-maTpuma CBOJHTCS K eIMHHUHOH MaTpuie &y, 3amu-
meM S-MaTpUIy B BHIE
Sfi = 6fL —_ iTﬁ.

Torma ycaoBue yuurapsoctd (8.31) npumer Bun

i(Th—Tf)= ; THT -

Ilnsa B-pacnana npasast 4acTb HMeET BTOPOH NOPSIAOK MO KOHCTaHTe
cnaboro B3aHMOJAEHCTBHA, a JeBas YacTb NpeACTaBiseT coOol pas-
HOCTh /IByX BeJHYHH NepBoro nopsiaka. B nepsom npubammxenun
YJeHAMH BTOPOTO NOpPSiJKa MOKHO NpeHebpeub. ITO NPUBOINT K pa-
seHcTey (10.94), ecan yuecTb, 4TO HpH [ # i

Sfi - - iTﬁ.

Heittpuno sBasiercssi 6e3MaccoBofl HeHTpPanbHON JAUPAaKOBCKOM
yacTHIEN, U KOUa MBI TOBOPHM, 4TO B f-pacnaiie HelTpasibHBIM
NapTHEPOM 3/JeKTPOHA fABJSIETCS aHTHHEHTPHHO, MBI TeM CaMBIM
VIOBJETBOPsieM TBeDJO YCTAHOBJEHHOMY Ha OIBITe 3aKOHY COXpa-
HeHHUsl JienToHHOoro sapsafga. Has peakumn (10.91a) ato mpocro
BOIIPOC OIlpejesnenus; OAHAKO AJS T- U u-pacnajna coxpaHeHHe Jell-
TOHHOro 3apsiia uMeeT 4eTKHil cMmuic/1. Habmonaembie B-crekTphl
YKa3eBalOT TaKxkKe Ha TO, 4TO CIHH HelTpudo paseH !/;. ITosanee
ofHapyxeHde pacnaja m~ — €~ -+ ¥ NOATBepIHIO 3TOT BHBOA. Ha-
KoHell, HeOOXOAHMO OTMETUTh, UTO OTCYTCTBHE MacCH Y HEHTPHHO
OPHBOAUT K OT/JHYHIO B YCJAOBHH HOPMHPOBKH BOJHOBOH (YHKUHH
HefiTPHHO N0 CpaBHEHHIO ¢ ApyruMu depmuoHamu. Has pelenus
B BHJe MJOCKOH BOJHBI C KBAHTOBHIMU UYUcJaMH (k, S) 3amuuieMm

(N S —~ik-x.
P (x) WY u™ (k, s)e : (10.95)
371eCh
ut™(k, s)u™ (k, s)=2E,
H TI03TOMY
av (k, s)u™ (k, s)==0.

) B TepMuHAaX TEOPHM NOJSt $TO OTBEYaeT 3SPMHTOBOCTH TFaMH/IbTOHHAHA B
TEOPHH BO3MYIUEHHH,
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2
AGE (B, )= 2 uy(k, s)iy (k, s)=F,
s=1

2
AG' (k, s)= X, va(k, )0y (k, s)=—F.

Y100HO NPOBOAHTL HOPMHPOBKY, paccMaTpuBasi HeHTPUHO Ha-
paBHe C 3/JeKTPOHOM KaK YacTHIY C KOHEUHOM Maccoi, ¥ HOpMH-
poBaThb BOJHOBYIO (PYHKUHIO COIVIACHO H3JA0KEHHOMY B INI. 3, a 3a-
TeM MNepeHTH K npeaeay my—>0. Pesysibtar cosmapgaer ¢ (10.95).

[Tocne Tpuanaty Jet uccaenosannii dynkuus F B (10.95) Gblia
B KOHIe KOHUOB IIOJHOCTBIO ONpeAeNeHa NIPH HU3KHX SHEPTHMX, T. €.
AJis CPAaBHHUTEbHO GOJbIIMX OTHOCHTENbHBIX PACCTOSHHH X; —X; B
KOOpAMHATHOM IpocTpaHcTBe. [IpocTefilias runoTesa OTHOCHTENBHO
GyHKUHH F COCTOMT B TOM, YTO OHa ofpalnaercs B HyJb NpH GOJb-
IIMX OTHOCHTEJNbHBIX INIPOCTPAHCTBEHHO-BPEMEHHBIX PACCTOSIHHSAX
x; — x;. JleficTBHTeNbHO, eciaH pasmep ob6aactd, rae F oraudHa oT
HYJIsl, MaJl 10 CPaBHEHHIO C XapakTepHo# AauHoi h/Egc ~ 10712 cu,
orBevyawllell sHepruu f-pacnaga Eg ~ 1+ 10 Mas, To B nepsom
npuO/IHKEHHH MOXKHO CUHTATh B3aUMOJEHCTBHE F TOYEYHHIM, T. e.

Fa[-}yé (xy, %o, X3, X4) =
& F gye0? (X1 — x2) 0 (x1 — x3) 89 (¥, — x4),  (10.96)

rae &y — NMOCTOSIHHAS MATPHUA, CBA3LIBAIONLAS CIHHOPHI APYT €
ApyroM. IOTo MNpHONHIKEHHE YpesBHUAafHO XOPOLO Ccoraacyercs co
BCEMU MMEIOLIHMHUCS ceHuac SKCMepHMeHTaNbHBIMH RaHHBIMA. [lepe-
xonst ¢ momowpblo ¢ypbe-npeobpasosarns ot (10.96) Kk ummny.abe-
HOMY IpeICTaBJEHUIO, NOJyuaeM

Fq,ﬂ'yé (kl’ k27 k37 k‘l)E~
— S d“x1 d4x2 d4x3 d4x4ei (Iex.xl+kz.x2+k:,-x3+k4-x.)FOLBY(5 (xl, Xo, X3, x4) =

= (20)' 0 (s + By + ks + k) Fapye. (10.97)

Taxum 06pasoM, B3aHMOJEHCTBHE NPEACTaBJsACT COGOH MOCTOSHHYIO
MaTpHLY, YMHOXKEHHYI0 Ha OOBYHYI0 O-QYHKIHIO, BbIPAXKAIOULYIO
coXpaHeHHe 3HEPTHH-HMIy/bca B BepLIHHE B3aUMOIEHCTBHS. DTOT
pesy/abTar CleAyeT CONOCTABUTL C T€M, KOTOPLIH ObLI HaMH NOJyYeH
JJIST  HYKJIOH-HYKJOHHOrO paccesiHdus, OOYCAOBJEHHOIO0 06MeHOM
n-Me3oHamu. Torga Mbl HMesH

j o

q2 — u2 4
4TO OTBeYaeT MoTeHuHady ¢ paguycom ~ h/puc. Ecan 66 maccy
7-Me30Ha MOMXKHO Oblio cllesaTb OOMBWIOH, TO 0HpPU Madslx g2

(10.98)
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KapTHHA cTa’aa Obl aHa/JOTHYHOH f-pacnafy, T. €. MBI IOJYYHJIH Gb
np46JHKEHHO TOYeYHOe B3aHMOJEHCTBHC yeThipeX (epMHOHOB.

Ecau, Hao60poT, 3HEPrUH YacTHl, yYaCTBYIOLIHX B C1aboM B3au-
MO/JeACTBUH, HanpuMep B o6paTHOM P-pacraje

v+ p—on+tet,

BO3PAacCTaIoOT, TO MOXKHO OXKH/JAaTh, 4UTO B3aUMOJACHCTBHE CTAaHET HeJo-
KaJbHBIM; BO3MOXHO, YTO MEXJAY CUCTeMaMu p—n U e —v Mpo-
UCXOIHUT OOMeH TaxenaniM f6o30HoM W+ kak

-
noxkasaHo Ha puc. 10.15, 1u6o HelOKagb-

7 HOCTBb UMeeT GoJsee CI0XKHYt0 npupoay [110].

i MBI npofoMKHM paccMoTpeHHe B-pacna-

XX XX XX na B pamgax npubamkenuit (10.96) wu
we? o

: (10.97). B obsacTi HU3KHX HEPTHH MOXKHO

7 npeHe6Gpeysb oTaueil HYKJIOHA C TOUHOCTBIO

o nonpaBok ~ /M (rae  — UMIyJabc OT-

Puc. 10.15. Bosmoxunfi AAa4H IIPOTOHA), a BOJNHOBHE PYHKIUHH HEH-

o6men Tamemmv W¥.go- TPOHA M IpotoHa B (10.92) u (10.93) zame-

30HOM NIpH B-pacnaﬂe. HHTb Ha MNOCTOAHHBIE CIIHHOPHI. [Tocne BO3-

BeJeHHS B KBajpaT H CyMMHpPOBaHHA MO

CIIHHAM JJIS HEIOJSPH30BAHHLIX HEHTPOHOB H KOHEUHBIX HaCTHU
noJyyaem

| Sgi I* 1
VT RE)(EEy) ;3 Sp (P, +m) Ip I X

X @n)t 6 (p, + py4-p, —p,),  (10.99)

rae p; 1 E; — 4-umnynabc u sHeprust yactuusl, i = (e, ¥, p, n). Beau-
unnl 'y ¥ Tz 03HAYalOT MarpHIB, CTPYKTYpa KOTODHX OIpe-
AesisieTcst CTPYKTYpO¥ MaTPHUBl F gq0s. B cucreme moxos HefiTpona
9TH MATPHIBl NOCTOSTHHBI, TAaK KaK OHH 3aBHCAT TOJbKO OT Iepe-
MeHHHX Hyk/I0oHA. [lostomy mocnae B3sTusa caepa B (10.99), Kotopsoiit
JoJI2KeH UMETh CJAedyIolui oOUMH BUI:

AE,+ BE E,+ CE E, - n,,

rae A, B u C sipasiiorest kocrantamu, B, =p,/E, u ny=p,[E, MH
HAXOAHM JAJA BEPOSTHOCTH Mepexoja B 3aJanHOe KOHEYHOE CO-
CTOSIHHE

Sf; I A
S VfTI N(E+B+Cﬂe-nv)(2n)“6“(pe+po+p,,—p,,). (10.100)

Tenepb a5 HAXOXKIEHHS CIEKTPa 3JeKTPOHOB HeOoOXOIHMO YM-
HOXHTb 3TO BbipaxKeHHe Ha (asoBhiil obvem d’°p, d°pydp, koHed-

HOro COCTOAHHA H [POUHTErpHpOBaTh N[O HMIY/JbCaAM MPOTOHA
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H HEHTPHHO:
A
do, ~ dp, \ d¥p,p (M, — M, — E,— E;) (F- +B+CB, - n,) ~
A
~ peEo(My — M, — Ee)3(E—e+ B) dE,. (10.101)

TaxnM o6pasoM, 3aBHCHMOCTb BeJHUYHHBL

1 dw,
poEg (M, — M, — E.) dE,

(10.102)

ot sHepruu E, mo/aKHA JaBaThCsl BBIPAXKCHHEM A/E. + B. bwnuio
oGHapykKeHo — He TOJBKO B pacnaje CBOGOAHOrO HEMTPOHA, HO H B
LIMPOKOM KJacce TaK Ha3hiBaeMblX «paspelleHHbX» ANePHbIX Tepe-
XOJI0B, — 4TO CIEKTP 3/JeKTPOHOB yIOBJAETBOPSET 3TOMY 3aKOHY ')
u, 6ojee Toro, A =0, 1. e. BeauunHa (10.102) He 3aBHCHT OT
SHEpPrHH.

[IpuusiTO H306paxkarth CIeKTP 31eKTPoHoB Ha rpaduke KropH,
KOTOpBIH IpejcTaBisieT cobolt rpaduk 3aBUCHMOCTH BeJHYHHBI

( 1 i(ﬁ Y2
peLe dEe)

or sHeprun E. V3obpaxaemas BeJHUHHAa IPONOPUHOHA/bHA
(M, — Mp — E.), nostomy Ha rpaduxe Kiopu el cooTBeTCTBYET
npamas auHust. Otcyrersre B (10.100) wiena, nponopuuoHa/IbHOrO
A/E., 00bscHseTCS KOHKPETHBIM BHIOM B3aHMOJEHCTBUS, OTBET-
CTBEHHOTO 3a B-paclaj; K STOMY BOIpoCy mul eule BepHemcsi. UieH
A/E, npUHaAJeXRUT K TaK Ha3bIBAEMbIM «HHTeP(hEpPEeHLHOHHBIM UJe-
HaMm ®upua». [locresune sBHO OTCYTCTBYIOT BO BCeX f-CIeKTpax,
BKJAIOYAs CHEKTPHl 3allpellleHHbIX f-Nepexo[oB, MaTpUUHBE 3JeMeH-
THl KOTOPHIX NPONOPLUHOHAMBHE CKOPOCTSIM HYKJAOHOB. 3aHATHO, YTO
cnektp saexTpoHoB (10.101) mpu A = 0 npocto nponopuHoHajen
dbasoBoMy 00beMYy (E%peEedEe) H HMeeT CTaTHCTHUeCKyio dopmy,
kak ecau Obl BMecto (10.100) MaTpuuublil s/71eMeHT OHlJ KOHCTaH-
TOH Sﬂ ~ (2.’!’5)4 & (pe + Py + Pp— pn)

O6paTiMcs Tenepb K CTPYKType MaTpHubl F .5 B (10.97). 3a-
duxcuposaB Ha BpeMmsi HHIeKcH y H § B (10.92), MBI MoXKem npen-
CTABHTb 3aBHCUMOCTb OT HHJIEKCOB o H f B camoM oOflleM Buie

¢ noMollplo 16 HezaBuCHMBIX KOMOWHALME MAaTDHL Yy, BBEIEHHHIX
B I 2:

3
F sps = Py + FEVE + 2 FR ™ (Ve)gy +

3

3
+ rz—;o F%)'T (v5v1)ag + ksszr:=0 F(VTG) M (G?»r)aﬂ'

1) Heo6xoauMo yuHTHBATH KYJOHOBCKHe flonpaBku [111].
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Cornacuo (2.38) Matpuusl 1, s, Yy, YsV: H Oj; B OOKIAjKax H3
AHDPAKOBCKHX CNHHOPOB P(x) H ¢ (x) o6pasyioT ckajisp (S), mces-
nockansp (P), sexktop (V) u tensop Broporo panra (T) cooTser-
creenno. Toraa us (10.92) u (10.96) sicHo, YTo A/ KOBapHAHTHO-
CTH AaMIUIATYABl OTHOCHTEJNBHO COOCTBEHHEIX MpeoSpasopaHuil
Jlopenna Heo6xonumo, uTo6u F® 1 F®) 6blau JUHeHHBIMH KOMOH-
HanuAMU MaTpui 1 u ys, FV® u FIOT — nunefHBIMH KOMOUHALHAMH
Matpun v, v'ys, a FOM — nuuefinofi komMGunanuellt 6 u oMy,
B pesyabrare S-MaTpuua NpUHUMAET BUJ

S(e—) . 1 mphigtiy 9} -
nO= e\ BEEEE, @0 (e, 4 py+p, —p,) M,

rae

N = i=S,;,A, r C; [ﬁp (pp) P, (pn)] {a, (pe) [+ ov;] Fi% (rs)}
(10.103)

H

Pi =(I: Ys» Vu: Y5Yu) Gu'v),
Th=(1, vs, y#, voy*, oY),

OneMeHT S-MaTpHuUBl AIst 06pATHOro P-pacnajaa HMeEeT TaKoh Ke
BHJ C TOYHOCTBIO JO 3aMeHBl KOHCTaHT C; U o; Ha KOMIIJIEKCHO-CO-
npsixkeHHble ') B cootsercTBuM ¢ (10.94) M 3aMeHBl CIHHOPHBIX HH-
JIeKCOB COTJIaCHO
up...un._)ﬁn.-.up’

7 "'%”’uv"'vé'

Eciu bl BHOBb NIpeHeGpexeM 3aBHCHMOCTbIO HYK/IOHHBIX CIHHOPOB
OT HMIYJIbCOB, TEM CAMbIM OTPAaHHYMBASCh «Pa3pelIeHHBIMH» Iepe-
xojamH, Belpaxenue (10.103), samucaHHOe C NOMOLIBIO ABYXKOM=
NOHEHTHBIX cnuHOpoB Ilayau, npumer BHA

M (ugu,) {Cstt, (p.) [ + asvs] v, (ps) +
+Cyit, (p) [1 + opvs]¥0vs (ps)} +
+ (wfou,) {2C,, (p,) [1 + opvs] o0, (ps) +
+ Cit, (P) [1 + a4v5] vs¥0, (py)}.  (10.104)

') Tounee roeops,

a;>+a; mas i=AV

a‘-—>—a; aa =S8, P, T,
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Usernl, cogepxaline kKoHcTaHTh Cg # Cy, BHISBIBAIOT paspelleHHble
nepexoan (S, V) «tuna ®epmu» ¢ |AS|= 0, a ABa APYrux ujena
(A, T) oTBeTcTBeHHH 3a mepexoibl «Tuna IamoBa — Teasepa» c
|AS| =1 nas HykJIoHHOTO cocTosiHHA. [lepexoxsl Tuma ®Pepmu
MOXKHO OTJAHYHTL OT nepexofoB Tuna amosa — TeJsepa B sigepHoM
B-pacnaje, rie yroJoBod MOMEHT HauaJbHOIO M KOHEYHOTO COCTOSi-
HHl QUKCHpOBaH; B pacnaj CBoGOJHOIO HeATpoHa MAlOT BKJAAX Te
¥ JApyTHe NepeXoasl.

Bce uaensl B (10.104), nponopuxHoHa/abHBE o;ys, HApyWaOT CO-
XpaHeHHe ueTHOCTH, H a0 1956 r., Korja mossuaack paborta Jlu u
Slura, HX MCKJ/IIOYAJH, 4TOOL He HapyllaTh MHBAPHAHTHOCTb S-MaT-
PHIBI OTHOCHTEBHO NIPOCTPAHCTBEHHOM MHBEPCUH. DKCIEPUMEHTAb-
Hoe 06HapyKeHHe HECOXpaHeHHA YeTHOCTH B cJalblX pacnajax, mo-
clenoBasliee Bejed 3a paGotoit JIu u $lura {112], npuseso 3atem
K MOJHOMY OfipejeneHHIo BceXx KO3 dHUueHTOB a; 0 C; B pAjge KJII0-
yeBLIX 3KcnepumenTos [15, 17, 109].

KoHcTauTe o; B uJeHaX, HapywalolluX COXpaHEHHe HeTHOCTH,
Onpeae/soTCs MyTeM H3MePeHHs NPOJOJbHOH MOJSAPH3ALMA 3JEKT-
pora. OAHH H3 MeTOJOB HAXOXKJEHHS 3TOH MOJNSPU3AUHH COCTOHT
B M3MepeHHH I[paBo-JeBOfl aCHMMETDHH NpH paccesHud fB-pacmap-
HOTO 3JeKTpOHa Ha aTtoMe. MBI olpenequM IOJAPH3ALHIO, KAK H B
(7.95), coraacHo

P NR ) ’
Np+ N,
rae Ngp eCTb YHCJO «MPaBOBHHTOBBIX® 3JEKTDOHOB, T. €. 3JeKTpO-
HOB C TOJOXKHTedbHOR cnHpanabHocTthlo, (¢)-n=-+1, a N ectp
YHCJIO «JEBOBHHTOBHIX» 2JEKTPOHOB ¢ (o) -n==—1. Kak ansa me-
pexoqos THna Pepmu, Tak H AaA Nepexoiaop Tuna Iamosa — Teu-
Jdepa, ¥ B siipax, H B pacmnaje cBo00JHOro HeHTPoHA NOJsIpH3anMs
3JeKTpOHa B NpeHefpeKeHUH OTHauel HYKJOHA M IOCJAe HHTerpu-
poBaHMsl [0 yrJam HeHTPHHO C XOpolleH TOYHOCTBIO [aercs BHI-
paxKeHHeM

p=—1l—_ip,. (10.105)
e

B npenene Bo—> 1 HCIYCKAIOTCA TOJBKO 3JeKTPOHHI C OTPHUATEJb-
HOl CIIHpaJbHOCTBIO. B TOM e Ipejeie CIHHOBHE IPOEKIHOHHBIH
onepaTop nepexomut, Kak u B (7.107), B (1 —ys)/2 u, Takum obpa-
30M, BOJIHOBas (YHKIHS JeBONOJADH30BAHHOTO 3JIEKTDOHA HMEeT
BH],

JeB 1— T.jes - 1
yo =1ty e =l (10.106)

[TostoMy Bce KoHcrauThl o; B (10.104) pasnnl -1, u6o TOJbKO B
3TOM cJy4ae OCYIIECTB/ISETCS NPaBHIbHBIH Nepexoj XK pessiTHBHCT-
ckomy npeneny. [loaspusanus npd NPOU3BOJBHOM fl. HAXOLHTCH
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BeegenneM (3.19) u (7.94) B (10.99), BuoluHCAEHHEM CJIE0B H HHTE-
rpaja 1o YIJOBLHIM IepeMeHHbM HeHTpHHO. Temepb BhIpaxeHHe
(10.104) ynpouiaeTcs H NPHHUMAET BHA

D= (wf1,), (2,) (1 +%5) (Cs + Cy¥)) 04 (py) +
+ (uton,) - 7, (p,) (1 + ;) (26,0 + C,3) v (p5), (10.107)

rie OTHOCHTeJbHBle BeJHUYHHH NOCTOSIHHHX Cg, Cy, Cr U C4 ewre
nojJieXkar olpeaeaeHHIo,

Bosseaenne M B KBaApAT H CYMMHPOBAHHE 110 CIHHAM sIBJIAETCA
YHCTO BBHIYHC/HUTENBHOH Olepalrel, KOTOPYIO peKOMeHAYeTcs Npoje-
JaTh B KauecTBe ynpaxXHeHus. [[JA HeNoJssPH30BAHHBIX HYKJIOHOB
He BO3HHKaeT HHTepdepeHLUH MexAay nepexojaMHu THma Pepmu
(S, V) u tuna 'amoBa — Tennepa (A, T). Boaee toro, orcyrcrytor
uHTepepeHuHOHHble uieHsl Mexay S u V, a takxke mexay A u T,
TaK KdK 3TH BapHAHTHl NPUBOAAT K Da3HbIM TOJAPH3aLHAM HEHRT-
puno. [eficteutenbHo, nepectaBuB ¢akropsl (1 -4 y;) Hanpaso, Mbl
yBHAHUM, uTO S- u T-mepexoiBl NPHUBOAAT K HUCIYCKAHHIO AaHTHHEHT-
PHHO C OTPHUATENBHOH CNHPaNbHOCTBIO!

JieB — l + JieB
03 (pg) = —2_%' u3° (p\-,)-

C apyroft cTopoHH, IpH Nepexoiax Thna V u A HCNycKawTCs TOJMb-
KO AHTHHEATPHHO C MNOJIOXKHTEIBHON CHHPaJbHOCTbIO. Ecau Her
untepbepenuun Mexkay S v V uaum A u T, TO OTCYTCTBYIOT Takxke
MHTep(depeHLHOHNBE ulensl ®Pupua, T. €. paBeH HYJIO KoadhodH-
puedt A B (10.100) u (10.101). B 37107 KO3bGHUHEHT KAIOT BKJIaA

YjeHbl THNA
m,Sp T B, 5.

Eciu 'y COREpPKHT YETHOE YHC/IO MATPHIL ¥y, To B I'p HX JHOJIKHO
6bITb HEYeTHOe UKCA0, B HaobopoT; NosToMy B ujdeH DPupua nawoT
BKJaJl TOJBKO HHTepdepeHIHOHHBIe YJEeHbl, KOTODbie, KaK MEl BH-
peau, obpamaiorcss B HyJAb. Ecan 66 HeATpUHO HCIYCKAJHCH C MO-
aAsipusanuedl, Menblieff, yem 1009%, orcyrersue uneHos Pupua osna-
yaji0 OBbl, YTO B33HMOAEHCTBHE COAEPKHT JHOO TOJBKO UJEHH THIa
S uau V, au6o toabko tHna A wiu 7. Opnaxko B (10.107) BxomaT
BCe 4YeThHIpe 4JeHa, H MO3TOMY IS MNOJYYEHHS IONOJHHUTeJbHOH
unpopmannn o Cg, Cy, C4 u Cr Heo0XomIUMO YKa3aTb aKcCHepH-
MeHTHl 1o usMepernuio koadpouunenra C s (10.100), 1. e. no uame-
PEHHIO YTJIOBOA KOppefilHH MEXKIY JeKTPOHOM H aHTHHEHTPHHO.

PaccMoTpHM, HanpHMep, YHCTHH nepexon tuna Pepmu, cofep-
xkammf ToabKo BKAaAb S H V. CyMMHpoBaHHe [0 CHHHOBHM Mepe-
MEHHBIM 3/IEKTPOHA H aHTHHEHTPHHO JAaeT YIJoBOe paclpenesienue
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HCIYCKaeMoro aHTHHeﬁFpHHO OTHOCHTEJAbLHO 3JEKTpOHA!

N (8) ~Sp(p, +m)(1+ V5) (Cs + VoCy ) Py (Cs + YOCT/)(I — ¥5)=
—8EEy[| Cs (1 — B, cos0) -+ | Cy (1 + B, cosB)], (10.108)

rie @ — yroa MexAy aHTHHeHTpHHO H ajekTpoHoMm. Takoe e pac-
npefencHue noaydaercs aas obpardoro f-pacnaga. DKCNepHMEH-
TalbHOE YIJIOBOE pachpejeseHde, HAWAEHHOe JJIsi MOYTH YHCTOrO
nepexona tuna Pepmu B Ar®® myteM u3MepeHHS HANTPABACHHA BHI-
JeTa MO3HTPOHA OTHOCHTEJNBHO fApa OTAAUH, NPUGJHAKEHHO HMeeT
BUA (1 4 BecosB), uTo yKaspiBdeT Ha BEKTOPHHIH XapakTep nepe-
xofa. AnasorguHoe BplUNC/IeHHE I/9 nepexoloB Tuna I'amoBa —
Teanepa naer

N1t (0) ~ EoEs[1 4 (1 ——%[36,0059) +41¢p (1 —l——;TBecosB)],
(10.109)

Wsmepennst sl uucroro nepexoma sTtoro THna s Ne2 pmecre ¢
APYrHMH JaHHBIMH 10 CMEUI4HHBIM [epeXodaM YyKa3biBaeT, YTO
|Cr/Cs| < 1. Torga B npexene Crp/C, = 0 Beipaxenue (10.107)
VIPOILACTCA H NPHHAMAET BHJA CYMMBl ABYX UYJIEHOB

M~ (u;un) ae (pe) CVYO (1 - Y5) s (pv) +
+ (wfou,) - 4, (p,) (+ C¥) (1 —v;) vy (ps)-  (10.110)

dra aMIJHTylAa OTBeuaeT HCNYCKAHHIO AHTHHEHATPHHO C MNOJOKH-
TeJBHOH CIUpPaJbHOCTRIO. Ternepb OCTaJ0Ch ONPENeIHTh TOJALKO aMII-
autyabl Cy 1 C, M uX oTHocHTeabHYI0O (asy. Beauwunun Cy u Cyu
HaXOAATCS H3 H3MEDEHHH BEPOSITHOCTH paciajga HefTpoHa M YHCTOrO
nepexona tHna Pepmu B O'*. dasza onpenensiercs ¥3 u3MepeHHS
YIJIOBOrO paclnpeiesieHHsl 3JeKTPOHAa OTHOCHTEJIbHO HalpaBJjeHHs
CHHa He#iTpoHa npu f-pacnaje NOJISIPH3OBAHHBIX HEHTPOHOB; 3TO
pacnpejaejeHue 4yBCTBUTeNbHO K cMecH V — A. OronuartenbHblll pe-
3yAbTaT Takoi!):

A2 Cy = (1,005 = 0,003) - 10™° # =G?),

p

Ca=(+ 1,250 = 0,009) C, = -+ aC,, ). (10.111)

1) Muoxureas 1/4/2 ¢durypupyer no HCTODHUECKHM fIpHuMHaMm. JKCnepH-
MEHT2/bHO ONpefessieTCsi TOAbKo oTHocHTenbHad ¢asa Cv u Ca. [Ipunsto BH-
6uparb koucranty Cy HeHCTBUTENBHOR H MOJOKUTEALHON.

2) Yncaennoe snaveune G Basto us [113]. ({Tpum. nepes.)

3) Cm. [114). BosbmiHHCTBO 4HC/AOBHIX KAHHBIX, TPHUBOAUMHIX fajee B 3TOR
raase, B3ATH W3 AaHHoro ucroutura. ([Tpum. nepes.) ’
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Bpous o6o3nauenus (10.111) B (10.110) u Bo3Bpawiasicb K peasiTh-
BHCTCKOH ¢opMe 3anucH, HojydaeM CJeLYIOUYI0 HHBapHaHTHYIO
aMIIUTYAy p-pacnajna:

h = 7%‘[11,,\?” (1 —ay))u, ] [2,v* (1 —v;) vy (10.112)

EcrectBeHHO OBLIO OBl paccmMaTpusaTh M Kak aMIUIHTYAY B Iep-
BOM IIODPSIAKE [0 B3aHMOJEHCTBHIO H YuecTb 3PGdEeKTH BBICIIHX I10-
PsLIKOB, HalpHMep TaKue, KOTODHIM OTBEYaloT JAHarpaMMbl Ha
puc. 10.16. OgHako Mbl He 3HaeM, KaK BBIYHC/IATb 9TH aMIIHTY Bl

£

Z v £ D
XXX

5 5 v 7
XX

7 7 p e 7
@ 7,

Puc. 10.16. HekoTopbie nmarpaMmsl Bhicuero mopsika aas f-pacmaga.

B npeanojoxedun (10.96) o JOKaJbHOCTH B3aHMOJEHCTBHSA. 3aMK-
HyTble [EeTIH Ha TaKHX AHarpaMMax I[PHBOJAAT K PacXOJsLIUMCS
BEIPAXKEHHSIM, KOTOpBlE HeNb3sl OTAENHTb H 3aKJIIOYUHTb B IepPeHOp-
MUDOBOYHBIE KOHCTAHTH, KakK Oblio caenado B 1. 8. Tpyanoctsb
BO3HHKAeT H3-3a OTCYTCTBHSI OO30HHBIX MPONAraTopoB MexXAy
HYKJOHHBIMH H JIENTOHHBIMH BePHIHHAMH, KOTOpLle OGecrneYuBaloT
CXOAAMOCTb NpH OGOJbIIHX HMIYJAbCaX. XOTd MBI HMeeM JeJ0 CO
c1a6bIMH B3aUMOJEHCTBUAMH, 00JalalollUMH OYeHb MaJoH KOH-
cranrtoit (10.111), Bonpoc o0 BKJaje BHICLUHX MODPSAKOB He ABJAAeTCA
YUCTO aKajeMHYEeCKHM, TaK Kak cedeHHs, monydeHdoie 3 (10.112)
IS IIPOIECCOB paccessHHsl THIa

v+ p—>n+tet,

pacTyT Kak KBajapat 3Hepruu [115] u umeioT NOPALOK BeNHYHHBI

G*E2 o~ 3%1‘4&)“ EQ‘ . (10.113)
14 .M

Korna sneprusi Bospacraer 10 Ey v ~ 300 M, ~ 300 I'ss, cnaGoie
B3AUMOAEHCTBUA BO3PacCTalT A0 MaclITa00B CHJABHBIX H 3(PGheKTbl
HEeJOKaJbHOCTH Y BKJIAa/Abl BBICHIHX NOPAAKOB HAaYHHAIOT HrpaThb pe-
LIAIOLIVIO POJIb.
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§ 59. Teopusn ABYXKOMNOHEHTHOrO HEHTPHHO

Mpu yxke oTMedasH, 4T0 Npu P-pacnaie HCIYCKAKTCS TOJBKO
AHTHHEHTPHHO C IOJIOXKHTENBbHOH chnupasbHocThio. COOTBETCTBEHHO
npH ofpaTHOM f-paclajie HCIYCKAOTCA HeHTPUHO C OTPHUATENBHOH
CIHPAJbHOCTBIO, B 4eM HeTpYAHO yOeIWThCS, eCJH ydecThb, HTO
amMmiuTyaa obpaTHoro f-pacnaga noayuaercs us (10.112) mo npa-
Buiy (10.94). ITockoabKy HeHTPHHO C MOJOMKHTEJNbHOH CHHpadbHO-
CTBIO H AHTHHEHTPHHO C OTpPULATENLHOH CHHPANbHOCTBIO OTCYT-
CTBYIOT KaK B fB-pachaje, Tak W BO BCeX ADYTHX cJabbIX B3aHMO-
JAEHCTBHAX, OHH IpeACTaBAsioT coGoil JHIIHIOW CTeleHb CBOGOILI
B ypaBHeHuu upaka Ajas 6e3MacCOBOH UacTHOBI H MLl MOXKEM IIO-
NBITAaTbCS OT Hee H30aBHTbCA.

YpaBHeHue JIHpara anas 6e3MaccoBoll 4acTHUB

. Oy

i — o Wy, (10.114)

He COJNEepPXKHUT MaTpuubl f, a COOTHOIICHHSIM AHTHKOMMYTALMH
(1.16) mna Tpex MaTpHI oy, o, A3

{a, 0} =25, o=1 (10.115)

yaoBaeTBopaAoT MaTtpuubl [layan pasmepuoctu 23X 2. Takum 06-

pasoM,
o==og. (10.116)

HanoMHuM, 4TO HMeHHO HEOGXOZHMOCTb NOCTPOHTb YeTBEPTYIO aH-
THKOMMYTHDYIOILYI0O MaTpHIYy B IpHBeda K BBEXEHHI0 MATpPHIl pas-
MepHOCTH 4 X 4 B a1 1

Pemenue (10.114) u (10.116) B BHAe MIOCKOH BOIHE C NOJ0XKH-
TeJbHOH 3HEepTHell HUMeeT BHA

1

— —~i (Et—p-x)
P (x) Vo oE u(p, s)e , (10.117)
rie E = |p], a cnunop u(p, s) ynomieTBopsieT YpaBHEHHIO
Eu(p, sy==o0-pu(p, s). (10.118)

PemenueM ypasnenns (10.118) 8 oGbluHOM mpejiCTaBJIeHHH MaTpHUIL
IMayan ¢ ockio 2, Hanpas/eHHOH BAOJb P, ABJAAETCS

1
u(p, H)=(,)- (10.119)
OHo onuceBaeT HEATPHHO C MOJOKHTEJIBHON CHHPAABLHOCTLIO:
T ulp, H)=+ulp, +).

Yro6bl MOMyuuTh HEHTPUHO C OTPHUATE/IBHON CIHPAJbHOCTBIO, KO-
Topoe HalaonaeTcs B NPHPOAE, Mbl JOJIKHB BHIGPATh peLICHHE
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ypaBuenus (10.115), B KoTopom

=0, (10.120)
sMecTo (10.116). B stom cayuae (10.118) samensiercs Ha

I MBI HMeeM pellleHHe, oTBeuaiolllee HEHATPHHO € OTPHIATeNbHOM
CIHPaNbHOCTLIO,

u(p, —)=(‘]’). (10.122)

st Toro 4rofnl Jy4lie NOHATb CBA3L 3THX JBYXKOMIOHEHTHBIX
pellleHH# ¢ yXKe XOpOWIO HaM 3HAKOMBIMH Y€THIPeXKOMIOHEHTHBIMH
3JeKTPOHHEIMH CIHHOpaMu, MHl BepHeMmcsi K ypaBHeHHIo [lHpaka
IS Y4ACTHIH € Maccol m u Bbllepem ciaeiyloliee TpejacTaBieHHe
MaTpHL o U B

ai=(g" —Z,-)’ ﬁ=(_(1) ";) (10.123)

KoTopoe otanuaetcs oT (1.17) ynutapebIM npeobpasoBaHHeM

U =?/17(1 + Vsvo)-

Torpa, BBoas ob6o3HAUElHE
— ()
b= (u (=) )
MBI MOXKeM 3anucaTh ypaBHeHue upaxa (1.13) B Buae
i3 () = — 6 - Vu(+) — mu (=),

3 (10.124)
iwu(——)= 4 io - Vu(—) — mu(+).

B (10.124) sepxHMe M HHXXHHE KOMIOHEHTH P INlepeMellNBaioTCH
TOJIBKO MAacCCOBBIMH UJE€HaMH, NO3TOMYy B mnpefeie m— 0 BO3HH-
KaloT /Ba HECBA3aHHLIX YypaBHeHHs, cooTBeTcTBylollne (10.114).
B oaHoM H3 HHX o == ¢, Kak B (10.116), a B ApyroMm ¢ = —g, KaK
B (10.120). B mpexcraBnenun (10.123)

1 0
Y5 == (O — ) .
HetpyaHo yOennTbCs, UTO pelleHHe
e =("")

npu m—>0 OTBeYaeT HEHATPHHO C TMOJOKHTEJNbHOH CIHPAJbHOCTBIO,

TaK Kak
vs¥ () =+ b (+).
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v=(,2,)

v (—) = — (),

¢JIe/I0BATEBHO, pellleHHe P (-—) oTBeuaeT HEeHTPHHO € OTPHUIATENE-
HOH CNHpPaJbHOCTBIO.

Ha BosMmoxHOCTL onucaHus 6e3MaccOBOH JAUPAKOBCKON YacTHIBL
JBYXKOMIIOHEHTHLIM ypaBHeHHeM BlepBEle yKasasJ Beiip [116] 8
1929 r., ogHako »Ta Hiaes He Oblja CEPbe3HO BOCIPHHSATA, TaK KaK
IpH THepexoe K JABYyM KOMNOHGHTaM HcuezaeT MaTpuua B u Te-
psleTCsi CHMMETpHSl OTHOCHTEIbHO P-npeobpa3oBaHHs, 3a7aBaeMoro
coriacHo (2.32) onepatopom P = e/®f.

[Tocne oTKpHITHS HecoxpaHeHHs 4eTHocTH B 1956 r. ypaBHeHHe
Beiisis 6u110 BockpelieHo B paborax Jlangay, JIu n fura u Canama
{117, 118]. Oun ob6paTuan BHHMaHHE Ha TO, 4TO 3apsiioBas dYer-
HocTh C, KOTOpOH COOTBETCTByeT onepatop (5.5), (5.6), Takxke He
COXpaHsieTcs, OHAKO HMEET MECTO HHBApHAHTHOCTb OTHOCHTE/IbHO
coBOKynHoCTH 06eux omnepauuil CP, KOTOPYIO HAa3bIBAIOT KOMOHHH-
poBaHHOH HHBepCHeH.

CornacHo (5.5) omepalus 3apsiJOBOTO CONPSIKEHHSI COCTOHT B
sameHe P(x,1t) Ha P.(x, 1) = CBy*(x,f), rae marpuuna C ymnosJe-
teopsier (5.4) u (5.6). B HOBOM IpeAcCTaB/JeHHH 3THM YCJAOBUAM
YIOBJETBOPSET MaTpPHIla

c=—i(g _°

0 — O *

AnaJjoruuno pus

HMeeM

B c/ayyae AEYXKOMIOHEHTHOrO HEHTDHHO NPHCYTCTBHE MaTpHUB B
B ollepaTope 3apsiIOBOTO CONPSKEHHs O3HauyaeT, YTO 3TO lipeolbpa-
30BaHHe YxKe He sIBJIsieTCsl ollepalueli CHMMeTpPHH, OZHAKO KOMOH-
HUpoBaHHOe NpeobpasoBaHue CP ecTb olepauust cUMMeTprHu. Heii-
CTBUTeJbHO, ecaH P(x) upeacrasaser cobod pemenue (10.114),
TO pellleHHEM OKa3HBaeTcs H QYHKIHA

"‘pCP (x’ t) = C"‘p* (_ X, t) = iUQ,lp* (_ X, t)9 (10'125)

NOCKOJNBKY
(ig)?—l—iﬂbvx) Yep (X, ) =F iGQ(i-aa—t —ia*'Vx) P (—x, f) =
=Fioo[(—i g —ia- Vo) ¥(x, r)]*=0,

rae x = — x.

BosaHoBasi QyHKUHST aHTHHEATPHHO NOJydaeTcss N0 aHAJOTHH C
(5.7) u (5.8) ans anextpoHor. Bo3bmeMm perieHue ¢ oTpHUATENbHOMN
sHeprueil, npojienaemM HajJ HUM KOMIIEKCHOE CONpPSIXKEHHe H YMHO-
XHUM Ha [02. Hampumep, pellleHHe ¢ OTpHumaTenbHOH 3Heprueil
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ypasuenus (10.114) ¢ o = —o¢ Ljaf HEHTPHHO C OTPHIATeJbHOH
crupaibHoCThIO uMeeT Bul (E = +-|p])

1

— — —\p+i Et+p-x)
lp(x) '\/m U( p, )e ,
rue
—EU(—p, _)=_G. pv(.—'p) —),
v(—p, =1 =(4)- (10.126)
Coraacro (10.125) sosHOBas ¢GyHKUUS aHTUHEHATPHHO €CTb
’ 1 ; ’
Pep (x’, t)=(?)7(—2ﬁe_t (Et-p-x) (10.127)

Ona, oueBHIHO, TaKXKe ABJSETCS pelleHHeM ypaBHeHHA Befiad ¢ oT-
pULaTenbHOR cnupaapHOCTbio. Takum obpasom, ¢ynkmoua (10.127)
NEHCTBHTE/ILHO OTBEUAET 4YAaCTHIlE C OTPUIATeJbHOH cNupanbHO-
CTbIO, HO B CHCTEMe KnOpAMHAT X' = —X, MOJAYYeHHOH mnpocTpaH-
CTBEHHHIM OTpaxeHueM. MoKHO TPHBECTH TaKyl0 aHaJOrHIO:
npasiia Kaxercss B 3epkaje Jjeswoll. TodHo Tak e aHTHHEHATPHHO,
obaafaolllie OTPHUATENbHOR CNHPAABHOCTBIO B WITPHXOBAHHOM CH-
cTeMe, HMEIOT B HEIITPUXOBAHHOH cHCTeMe IIOJNOXKHTEIbHYIO CIIH-
paJbHOCTD.

§ 60. Pacnax u-me3oHa
B pacnaje p-me3oHa (MwooOHA)
p——>e~+v 4 v

y4acTBYIOT 4eThipe (hepMHOHa, BRIouas mapy (e~, ¥). Takoe cxon-
CTBO C P-pacmafoM HefiTPOHA MO3BOJIAET IPEANOJIOXKHUTH, YTO MaT-
pUYHLIH 3/JeMEHT HMeeT TaKylo Xe, Kak Ais B-pacnalia, dopmy. Io
aHaJOrHH C aMILIUTYAoH obpaTHOro f-paclaja amIIUTYAa IHpo-

necca
ut—et v ¥

HaXOAHTCA M3 INPHUHIKNA [eTaJbHOro pasHOBecHs. BHoBb, Kak B
(10.112), mbl oGpeauHdeM BoaHOBble GQYHKUMH nape (e~, ¥), cuu-
Tas, YTO UMeeTcsA CBf3b BHAA

e (p) v* (1 — v5) 05 (R) (10.128)

(kuHeMaTHyeckue 0603HauYeHHs yKasaHu Ha puc. 10.17).

Takas cBsi3b O3HauaeT, yTo ofpasymwlluecs npH pacnaie p~
AHTHHEATPHHO MMEIOT NOJOXKHTENbHYIO CIHPAJBHOCTD, 3@ 3JIEKTPOHH
HOJIHOCTbIO NMOJISIPH30BAHH [POTHB HANpaBJIEHHS CBOEro ABHXKEHHS
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(mosHUTPOHH OT pacmafia p* NOJHOCIBIO IOJSPH30BaHbl N0 HaNpae-
JeHHo aBHxKeHus). [lonsipusauusi HEHTPHHO 3KCIEPHUMEHTAJLHO He
HccaefoBajsach, HO ONBITH IIOKasaju, YTo, KakK H IpeickasbliBaer
(10.128), snekTpoHB TNOJHOCTBIO MOJSPU30BAHBEI MPOTHB Hampas-
JeHust csoero asmxenus [119, 120].

DileMeHT S-MaTpHUBL A5 p-pacuiaja NPHHHMAET BHI

— i my me 1 1 9} &t (P b -
St = ~gay EE_;J—ETE(“) (P—p—Fk—Fk)M,

M =—= G [ (k) y* (1—Ays) 4, (P)] [ (p) ¥ (L= v5) vs ()], (10.129)

[Mapamerp A, onpeaensomUi NOJsIpU3alUMIc v/, U KOHCTAHTa
¢BsisH G JOJKHBI OBLITh HalifeHbl H3 HaOJI0JaeMOro CIEeKTpPa 3JeKT-
POHOB H BEPOSITHOCTH pacnaja.

BeposiTHOCTh pacmaza p~ IJs caydasl HeloJsipH30BaHHHIX 4Ya-
cruy noaydaercst u3 (10.129) nyrem ymHoxeHust |Sy;|? Ha dhasoBbiit
06beM KOHeuHBIX uacTHi, d®p d®k d°k, BBeIeHHS NMPOEKUHOHHBIX oIle-
paTopoB s CYMMHDOBaHMSI IO CIIHHAM, AeJEHHS Ha 2, 4TO COOT-
BETCTBYET yCPEIHEHHIO [0 CHHAaM u~, pejaeHus Ha VT = (2x)464(0)
C LEeJbIo NOJYYATh BEPOSTHOCTD Nepexo1a, HOPMHPOBAHHYIO Ha elH-
HHYHBIE OO0BeM, H, HaKOHel, HeJeHHS
Ha MJOTHOCTh p~, pasHyw 1/(2r)3. B pe-
3yJbTaTe JJsi BepOSITHOCTH Iepexoja
HMeeM

1 1 ¢ & d°% d%
do =550 3E, S °F, 9E, 2E, X
X8 (P—p—k—k) ) |MP,
spins
rie
A2
S imp = Sply* (1 — e X
spins
X (P 4 m) v (1 — Ays) B] X
X Sp (8 4 me) v (1 — vs) kyy (1 — v5)]. Puc. 10.17. p-pacnag,

(10.130)

Hs (10.130) caemyer, 4To B BBIPaKEHHH AJS NOJHOH IPOHHTe-
rPUPOBAHHOM BEPOSITHOCTH pacnajga Bce, 4YTO CTOMT CIpaBa oOT
(2Ep)~!, nopeHu-unsapuautHo. Takum o6pasom, BeiuunHa, obpaT-
Has BepOATHOCTH paclaja, NpoNnopuHoHalbHa sHepruu Ep B COOT-
BETCTBUH ¢ TpebOBAHHEM TEOPHH OTHOCHTEJbHOCTH. B cHcreme mno-
KOs MIOOH@ 3Ta BeJHYHHA €CTb €r0 BpeMs KHU3HH,
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Buluncasia chaenpl, N0aydaeM
Z, | MP=32G2(L +|AP)(k-pP -k+Fk-kp-P)-+
spins ~
+ G2(A + A%) Sp (Ay»PyYys) Sp (Py,kyvys).  (10.131)

[Tpoussenenne ABYX MOCJAeJHHX CJAEIOB €CTb CKalsp, aHTHCHMMeT-
pHuHbI 110 £ U P, 10 B ¥ p ¥ JHHEAHBIA MO BCEM YETHIPEM HMIYJb-
cam. MoxHO 3anucaTb ero B BHIE

Sp (kv*Py¥vs) Sp (pvukywe) = a(k - kp-P—k-pP k).  (10.132)

Ilnsa onpefefeHH7 IOCTOSSHHOH @ 3alaidM Ha BpeMs BEKTOpLI
k, E, p, P B ynoGHO# s BpluHc/IeHus ¢opMe, HO ¢ yCJIOBHEM, UTO-
Gpi BBIpaKeHHe (10.132) He o6pawmanoch B HyJab. Hamnpumep, npu
ky="Fk,=(1,0,0,0) u Py=p,=(0,1,0, 0) seipaxenue (10.132)
[PHHHMAaET BH],

— a == Sp (YoV*V1V"¥s) SP (V1V,YoVvVs)-

[Ipu cyMMHpoBaHMH IO HHAEKCAM p M v JIAlOT BKJaJ TOJMbKO JiBe
gkoMOuHaumn: p=2, v=3 u p =3, v= 2. TakuM o6pasom,

— a == 28p (YoV2¥1V3Ys) SP (ViV2YoVsvs) = + 32.
Torma aasa (10.131) umeem
S | MP=32G (11 —APk-Ep-P11+APE pk- Pl (10.133)

spins

Jlasee NpoMHTErpHPYEM 1O HMIyJAbcaM HeHabJI0LaeMbIX HEATPH-
Ho B (10.130). TMockoneky |M|? nuHeen mo k M K, Mbl LOJIKHBL BBI-
YHCAHTh HHTErpal

1% = S £ LE RS Q—k—B), (10.134)
k

rae Q = P — p. dtoT uHTerpaa npeoGpasyercsl Kak JIOPEHIEB TeH-
30p BTOPOrO paHra, W ero yaoGHee BCero BBIUHCIHTH B CHCTeMe
ueHTpa Macc ABYX HeHTpHHO, rie @ sBJAfSeTCss YHCTBIM BpEMEHH-
nofoGHEIM BekTOpoM. B paHHOH cHCTeMe NOCH€ HECN0XKHBIX Bbl-
yucaeHUH HaXOoLuM

18 = 5 Qle® +2¢"¢" ]

[Mockoabky (10.134) siBasieTcst TEH30POM BTOPOTO PAHra, MBI MOXeM
B JIOGOW JOpEeHIEeBOA CHCTeMe 3allHCaTh O1BeT B BHAC

Job = _2’% [g°8Q? + 2Q°QP|. (10.135)
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O6bennnss (10.130), (10.133) u (10.135), noayuum

G* pdE,dQ .
— 192 E,,P “{I1—AP6p-P(m2+4m:—2p-P)+

411 —{—7»]2[—4(;9-P)2+3p-P(rnﬁ—}-mz)—Qmﬁmg]}.

HMurerpupys no yriam BBIeTa 3JeKTpoHa H NpeHebperasi ero mac-
COif NOKOs, T. e. MoJaaras me/Ep~>0, nMeeM cllefyioliee pacnpee-
JICHHE IO 3HEPIHH 2JIeKTPOHA B CHCTEME MOKOS 1~

do Y  GmlE? 2E, ., 4E,
(i) = [ —aes(t = 52) 411 - 2]
(10.136)

Ha6monaemoe pacnpejesieHde ¢ Xopollefl TOYHOCTbIO COTJa-
cyeTcs co 3HaueHHeM A = -1, T. e. HeATpHHO, GHrypupywIlee B
(10.129) B nape c p-, TaKKe HMeeT OTPHUATEJbHYIO CIHpaJb-
Hocte '), TMonaras =1 B (10.136) u uHTErpupys IO BCceM 3Hep-
ruam anekTpoHa 0 << Ep <C'/omy,, TOJNyuaeM MOJHYIO BEPOSTHOCTD
pacnaza p-MesoHa

do

1 . 6%3

0 —  — W
© T, 19253 *

(10.137)
3Hauense KOHCTaHTH G, HafileHHOE H3 H3MEPEHHOIO BpEeMeHH
MH3HH, PABHOI'O

T, = (2,197134 =+ 0,000077) - 10~° cex,

€ TOUHOCTBIO 10 2% coBmajaeT co 3HAYEHHEM BEKTOPHOH KOHCTAHTHI
cesazn G =+4/2 Cy nns sapeproro B-pacmapa (10.111) (cm. [122,
123]).

Mpbl nmosyuusnu oueHb CHIBHOE YKa3aHMe Ha YHHBEPCAABHOCTD
c1aboro B3auMOAEHCTBUSI MEXAY hepMHOHAMH. PaBeHCTBO KOHCTaHT
€CTb JOMOJHHUTE/bHBI apryMeHT B IOJL3Y NPABHJBHOCTH INpHHSA-
TOTO HaMH ONHCaHus B3auMojedcTBua. Temepb Ml o6paTuMcs K
APYTHM IIpOLeCcCaM, B KOTOPBIX y4acCTBYIOT JIENTOHHEIE Naphl (e~ v)
Had (p=,v’), U IPOBEPHM, OTHOCHTCS JIH CBA3b MEXAY JIENTOHAMH
B 3THX nponeccax K (V—A)-tuny (10.128).

§ 61. Pacnag s;-me3oHa

[Ipn nocTpoenny snemenra S-maTpullel ANA pachana m-Me3oHa
(10.91) MBI MOXeM CHOBa NPUHATL 32 HCXOAHBIH MYHKT (V—A)-
csA3b (10.128), KoTopas mpexpacHo onmucbIBaeT P-pacnaj u pacnaj

') Bueprernveckas sasHcumocts (10.136) mpu A = + 1 orseuaer napamerpy
Mumens p = 3/4 (cm. [121]). o
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MI0OHa. B 10/b3y 3TOTO NPeANOJOKEeHHs CBUAETEIbCTBYIOT ABa
3KCNepUMEHTANbHBIX HalJMoAeHHsA. Bo-nepBuX, 0O0HAPYHKEHO, UTO ®~
B pacname n-—>p~ 4V NPOJOJILHO-TIONIPU3OBAH B HalpaBJEHUH
cBoero aBuxeHusd. Torja aHTHHEHTPHHO TakKKe JOMKHO OBITH NOJS-
pH30BaHO B HalpaBJeHHH CBOEro ABHKEHHS, T. €. HMeTb IOJOXKHU-
Te/IHYI0 CIHPANLHOCTD, TAaK KaK CHHH 7~ PABEH HYJIO. B cucreme
IOKOs M~-Me30Ha YaCTHILl p~ H ¥ HCOycKaloTcs ¢ paBHBIMH H Npo-
THBOINOJOXKHO HaIpABJAEHHBIMH HMNYJAbCaMH H JOJMKHBEL OBITb OAH-
HAKOBO TPOACJALHO-NIONsIpH3oBaHe (1160 ofe o HalpaB/IeHHIO
CBOEro MABHMKeHHst, AU60 00e TMPOTHB), NOCKOJbKY TOJNBKO B 3TOM
cjlyyae cyMMapHasi IpOEKIHs HX YIJIOBOTO MOMeHTa Ha HampasJje-
HHe JBHXKeHHst OyjeT paBHa Hymio. BeiBog 0 TOM, uTO aHTHHEH-
TPHHO HMeeT IIOJNOKHTEeNbHYIO CIHPAaJbHOCTb, COrjlacyercs ¢
(10.128).
Btopoe skcnepuMeHTalbHoe HabiioleHHe, CBHAETeJbCTBYOIIEE
B mosab3y (10.128),— 3T0 oueHb MaJioe OTHoLIeHHe BepOSTHOCTeH
pacnazga
n>e-+ v —4
R(n9u+v)—1,26-10 . (10.138)
CuabHoe IMOJaBIeHHe HCIYCKAHUS 3JeKTpOHA IpeACcKa3blBaercs
(10.128) o6naromapst ¢paxkrtopy (1 —ys), KOTOPBIH NPHBOAHMT K NOJ-
HOCTbIO MNOJSPH30BAHHBIM HEATPHHO € OTPHLATEJbHON CHHPaJbHO-
CThIO H AHTHHEHTPHHO ¢ MoJaoxHTe bHOH. [lepectaBass sToT dakTop
HaJaepo, noayuaeM Z(p)(l + ys), uto B mpexene v./c—1 coorBeT-
CTByeT HUCIYCKAHHIO  3JEKTPOHOB, NDPOJAOJbHO-NOJAPH30BAHHBIX
TOJIBKO MPOTHB HallpaBJaeHHs] NBHMKeHHS (U MO3HTPOHOB, [OAAPH3O0-
BaHHHIX II0 HallpaBJAEHHIO ABUKEHHA).

Jampewenysii: — é%f Q ©S=+7
5%mmmmm7v ~ u?mmmmmw
CILPaTROCTE) z LIUPaTBHO5ITS)

P3peis enneiis: [l @ O S=0)
BWWMMMWU vmmmmwm
SIHPOTBHOCN) CIHUPaTREH 0E0T)

Puc. 10.18. Coxpanenue cnuHa B pacnaje 7i-Me30Ha, NPHBOAsiIEE K TOMY, 4TO

KaK e, TaK H v HUMEIOT ITOJIOKHTEJAbHYIO CHHPAJbHOCTB.

OjaHakKo, KaKk MBI YK€ OTMeYaJH H Kak NoKa3aHo Ha puc. 10.18,
B pacnaje n~ aHTHHEHTPHHO C NOJIOXKHTEJIbLHOH CIHPaJbHOCTBIO CO-
NPOBOKAAETCS 9IEKTPOHOM, INPOAOJLHO-MOJSIPH3OBAHHEIM 110 Ha-
npasjeHnio csoero ApuxkenHsa. [losTomy nosnyyaemas us3 (10 128)
BEpOSTHOCTb pacnaja CoAepXHUT (HaKTOp NOAABJEHHS, PaBHbIA

() (2
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rie p— Macca ndoHa. OH COOTBETCTBYeT BEPOSITHOCTH HCIYCKAaHUS
JIEKTPOHA, NOJSPH30BAHHOrO IO HamnpasJeHHIO ABHXKeHHA. DBoJiee
TAXKENBH p-Me30H, HCIYCKaeMHb#l C aHeprHel

¥ tmd

E, M

= 1,04m,,,
AIBJISIETCSl HEPEJSITHBHCTCKHM; €ro CIHHOBHH IPOEKUHOHHBI onepa-
TOP cyuleCTBeHHO OTaHYaercss oT (1 4= ys), H 3aMeTHOro NojaBjeHHs
He BO3HHKAaeT.

Hrak, mp npumem (10.128) B KauecTBe JIENTOHHOrO uwjeHa B
MaTPHYHOM sJeMeHTe A pacnaja nuona H 6ygeM HCKaTh 4-BeKTOp
HJH aKCHAJIbHHH BEeKTOP, Ha KOTOPHIH JOJKeH OBTb YMHOXKEH Jell-
TOHHBIH UYJe€H, YTOOB NOJYYHTb HHBAPHAHTHYIO AMIUIMTYAy Nepe-
xozna.

ITockosbKy CHHH 71-Me30Ha paBeH HYJIO, 3TOT BEKTOpP AOJIKeH
6bITb [IOCTPOEH H3 JABYX He3aBHCHMEIX 4-BEKTODOB, XapaKTepH3YIO-
WHUX pacnaj, 4-HMIyJbca -Me30Ha P, M 4-uMnyJbca HeATPHHO &,
H306paxeHHbx Ha puc. 10.19. Oanako k, e

JaeT BKJAaja, TakK Kak kvy(R)=0. Tem ca-
MBIM CTPYKTYpa MAaTPHYHOTO 3JeMeHTa /1
pacnaja m-Me30Ha ONpefessiercss OJHO3HAUHO;
OH paBeH

—1i

(2n)9/2

<A/ () (a5;) ¥

X[ (p) vy (1 — vs) vs (B)] (270)* 8* (P — p — k).

St — X

(10.139) ,l
[Tocrosinnass G ectb KOHCTaHTa P-pacnaja 17
(10.111), a xoadduuuent a, XapaKTepuayo- Pme. 1019, Pacnag
IHA [OJHYIO BEPOSTHOCTH pacliafa, MOKeT f-Me30Ha,

ObITb pasHBIM A/ pacnaja Ha p~ U e~
IosTopsis BhikAanku, Gauskue kK (10.130)—(10.137) (Ho Gosee
NPOCTHIE), HAXOAHM IJI51 BePOSITHOCTH pachaza

L= (L) Elak g [ L o o
Tn_(2n)5(2u) > 8 °F 5E, (2P - PR+ P —k - pP?] X

X8 (P —k—p)=TLaL s (%)2(1 —’:—5)2, (10.140)

rae m -— Macca HCNyCKaeMoro 3JICKTPOHA HJH MIOOHA.
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Ecay nocTosHHas a ofJHa M Ta Ke [JJ5 JeKTPOHHOrO M MIOOH-
Horo KaHajlos pacnaga, to u3 (10.140) mnoayyaem cienyiolllee
OTHOLIEHHE BepOSTHOCTEH:

R(ﬂiﬁil)=(”5f££:£2;=1ﬁ.m”,

T>p+ v my, (p.2—mﬁ)

YyTO HAXOAHTCS B XOpoOlleM COIJacHH C 3KCIePHMEHTa/NbHO Hab.io-
naevbeiM 3HauenneM (10.138). 3TO TrOBODHT B 1O0Jb3Y CBA3H
(10.128), xoTopast fIBJSieTCs YHMBEPCAJbHOH AJsSI BCeX JENTOHHBIX
pacnazos. Ecan Ol He 6blIO CTPOTOro npaBHia otbopa, HaJarae-
moro (V — A)-cBsi3blo, COrJIaCHO KOTOPOMY HEHTDHHO HMEIOT
OTPHIATENbHYI0 CIHPAJbHOCTb, & AHTHHEHTPHHO — IOJIOXKHTEb-
HYIO, OTHOLIEHHe BepDOSITHOCTeH He OBIO OBl TakKUM upe3BblUaHHO
MaJbiM, a ObLIO Obl OJH3KO K 3HAueHHI0, JaBaeMOMy (a30BhIM
00beMOM

e

(ﬁ_ﬁyzaa

[To skcnepHMeHTaJbHO H3MEDEHHOMY BpEMeHH MKH3HH I-Me30Ha,
paBHoMy T = (2,6030 ==0,0023) -10-% cex, HaxoauM KOIQ(OHLUHEHT
B (10.140):

la|~ 0,92 p. (10.141)

[Ipeanosoxenne 06 yHnsepcaipHocTH cBsA3n (10.128) nas seex
JEeNTOHHBIX pacnajoB I03BOJSET ONpPeNeHTh NOJSPH3ALHIO pu-Me-
30Ha B pacmaje NHOHA. 3Has ee, MOXKHO OJHO3HAYHO NPEACKa3aTh
mapaMeTp aCHMMETPHH B paclaje p-Me30Ha, KOTOPBIH XapaKTepi-
3yeT KOPPEJSHIO MeXAy HalpaBlieHHeM BBHLIETa 3JeKTPOHA H Ha-
npapJeHHeM CIIHHA p-Me30Ha B MOCJeL0BATEJIbHOM pacnane

- —>u- v
l-—»e‘-{—{’-}-v’.

Jlas onpelejeHHs AaCHMMETPHH BBHIUHCIAMM CHayajaa [0JspH3a-
LHI0O [-Me30HA, HCIYCKAeMOro B 3alaHHBIAl 9JeMeHT TeJeCHOro
yria, a 3aTeM HafileM CIEKTp 3JEKTPOHOB OT pacmajga 3THX
J.-M€30HOB.

Uto6n HaliTH NOJSpH3ALHIO p-Me30Ha B pacrnaje NHOHA, Bep-
gemcsd K (10.139) u BHIUMCJIHM BepPOATHOCTH pacnafa Ha MIOOH
¢ 3alaHHOl moJspusanueil s. Beenem, kak B (7.89) u (7.90), con-
HOBBIM TNpoeKIHOHHBIH onepatop (1 + ys§)/2 © BOCHOJIB3yeEMCS
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TeXHHKO! Buluncaenus cjienos. Torza Bmecto (10.140) nosayuum

dos = g 7 S5 4 X
><2Sp[<ﬁ+mu>(‘+“§)1>u—vsw?] P—p—k)=
=%(@7)u3 %”—)28 o 3[(P—pPI X

X{%(l —L:‘;—)Jr '"“;2"0 } (10.142)

rae P n p npeacTasasitor coboH 4-HMIyJbChl ITHOHA U MIOOH@ CO-
0TBeTCTBeHHO. BeposATHOCTh pacliajia MakcHMaJbHa AJas p~ ¢ I0J0o-
JKHUTEJTbHON CNHPAJbHOCTBIO, T. €. corjacHo (7.94) npu

1 p.z( ma)
SR'P———"Q—?I; I—F .

BeposrtHocTs oGpauiaercsi B HyJb, €C/IH u-Me30H HMeeT OTPHILA-
TeJIbHYIO CHHPadbHOCTD, Sy, = —Sg.

Jas noJyueHus BepOSTHOCTH pacnala p-Me30Ha, 06Jajaiollero
3alaHHOf Nonsipu3auuell s, Mpl Bo3BpaumaeMmcst K (10.129) u nosto-
psieM BBHIUHCJEHHS, NoACTaBisis A = -1 ¥ npenebperas Mmaccofl
OKOSl 3J€KTPOHa, T.e. nmojaras #/Ep, —0. COHHOBHH NPOEKIHOH-
Heifl onepatop (1 4 y5§)/2 BHOBE NIO3BOJISIET CBECTH CYMMHpPOBaHHe
M0 CMHHAM K BHIUHCJIEHHIO CeL0B:

N o= sp [y (1 —v9) (L) Bt m) v (1 — v B] X
electron
spin

X Sp [Py, (1 — vs) kvy (1 — v5)] = 64G%% - pk - (P — m,,s),
MuTerpupoBaHie 1m0 mepeMeHHBIM HeHaGJI0AaeMOro HeHTLHMHO mpo-
u3BogHTcs, Kak B (10.135), u maer

G* pdEpdQp
48mt E,

X{—4(p-PP+3m2(p-P)—m,s-p[ml—4(p-P)}.
B cucreme noxkos p-Me30Ha HMeeM

4;14 mlE? dE d£2[(3——4-%’—)+ (4—————1 ]

Cornacio (10.142) p—-me3os oT pacmaja MHOHA HMeEET fIOJIOXKH-
TeJbHYIO CHpaJbHOCTb. [ToaTOMy u3 (7.94) caedyer

do, =

0 __
del =

s®-n=—cos0,
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rape e—‘yI‘OJI MeXAYy HallpaBJjetneM COHHa pu-Me€30Ha U HamnpasnJe-
HHEM BbljdeTa 3/eKTpoda. Orcrona noJayuaem

2

E
(do) = gy m2E% dE, d (cos 6) 3 — 4 ;%] (1 — & cos ),
rae
. 4Ep —my
o= 3my — 4E,

npeAcTaBiasgeT COOOH MapaMeTp aCHMMETDHH, 3HaueHHe KOTOPOro
COBIIaJaeT C u3MepsieMblM Ha omnslte [15—17, 109].

§ 62. dea tuna HeliTrpuno

Bce paccMoTpeHHble HaMH JIENTOHHLIE B3aHMOAEHCTBHS XapakKre-
pu3oBaauch OAHHM H Tem Xe tunoM (V — A)-ceasum (10.128) B
MaTpHYHOM 3JeMeHTe IS JeNTOHOB. DTO 3HAYHT, YTO B Cjaabbix
B3aHMOJEHCTBHAX U~ H €~ NMepexoAaT B HEATPHHO C OTPHLATENbHON
CIupaAbHOCTbIo. [IpHpoaa, NposIBUB CKYNOCTh B TOM, UTO JJIsi yCTpa-
HeHHS JHIIHe# CrelleHH CBOGOAB HeATPHHO MO3BOJHAA YETHOCTH HE
COXpaHATLCA, 0Kasajach HeoOBACHUMO Ule/pa, JONMYCTHB CYLIECTBO-
BaHHe JBYX THIOB HEHTPHHO, v H v/, OYCHb MOXOXHX H B TO XKe
BpeMsl coBcem pasHbIX. HeATPpHHO v, CBSI3aHHOE B BEPIIHHE C 3JEKT-
POHHOHN JHHHeH, MMeeT OTPHLATENBHYIO CIHHPAJbHOCTb H HYJAEBYIO
(n1ubo oueHb Malyw) Maccy, TaK Ke Kak HeHTPHHO v/, CBA3aHHOe
¢ p. Tem He meHee OHM pa3/HUHH '),

[lepBoe ykasanHne Ha TO, YTO MMEIOTCS JBA THNA HEHATPHUHO, OBLIO
IIOJYYEHO H3 CpPaBHEHHS He CJHUIKOM HaJeXKHOH TeopeTHueckoi
OLEHKH BePOSATHOCTH paAHallHOHHOTO paclaja 1o KaHaay

p-—>e” 4y
C €e 3KCHepHMEHTAJbHBIM 3HaYeHUeM, KOTOpOoe JaeTCAd OTHOLIeHHeM

R@=>e V) _ 99.107%,
R(p— >e~+~v++) ’

PaccmatpuBaeMblil IpOLECC MOMKET HATH B IHEpPBOM MOPAAKE
TEOPHH BO3MYIUIEHHH no cnaboMy B3aHMO/1EHCTBHIO, TOJBKO eCan
nocaeaHee OGYCAOBJAEHO OOMEHOM MPOMEXKYTOUHBIM 3aPSIKEHHbIM
BEKTOPHBLIM Me30HOM. [IpHHSIB 3Ty THIOTe3y, MOXKHO TNPOH3BECTH
pacueT BepOATHOCTH, PacCMOTpEB JAHarpaMMbl, H300paKeHHBIE Ha
puc. 10.20.

XoTs1 BO3HHKAIOLIHE HHTErpajnl PacxodaTcsi H pesy/JbTaThl pa-
cueTa Hefdb3si N03TOMY TpPHHHMAaTh OYKBa/JbHO, TPYAHO NOJYYHTh
JIJs1  NPUBENEHHOro BBbIlIe OTHOLIEHHS 3HAauyeHHe MeHbLIe, ueM

Y B ayumem cayuae OHH MOLYT OKasaTbCsi ABYMSl Pa3HbIMH mapaMi KOMIoO-
HEHT YeTHIPeXKOMIOHEHTHOro HeMTPHHHOTO CIHHOPA.
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10-4—10-5. Onnako TH AHAarpaMMHl, TaK Xe Kak H BCe Apyrue, 06-
pawaiTcsi B HyJab [124], eciu HeHTpHHO v/, COOTBETCTBYIOLlee n~,
OTJIHYAETCS OT HEHTPHHO v, OTBEUAIOIIEro &

Bo/ee HajexHB{l ONBIT AJNS peuieHds BOmpoca O CyllecTBOBa-
HUH JBYX THNOB HEATPHHO Gbl1 npelnoxeH [Toutekopso u LlBap-
uem [115). Maest cocToMT B TOM, uTOGH C OMOLIBIO Myyka v’ OT pa-
Cnaja NMHOHOB BHI3BATh peaklH# THNa

vV 4+R->N+p ouana e

Poxjenne p B 3Toll peakuuH OBIIO IKCIEPHMEHTaJbHO obHapyxKe-
HO, B TO BpeMsi Kak HH OAHOro COOBLITHA C HCIycKaHHEM € He OblIo

Yy ]
wiz) wio)
WX XX XXX XXX XXX =
V4 &- . &S g
v 7

Puc. 10.20. Pacman g —>e -+ Yy, KOTOpHH BO3MOXKEH, €CAW HEHTpHHO Vv H V
TOXKAECTBEHHEL

Haftaeno. DTO TOBOPHT O CyHIECTBOBAHHH [BYX THIIOB HEHTPHNO.
Tem cambiM K Bonpocy «Yem, KpoMe Macchl IIOKOS, OTJAHYAIOTCA
I H e W 3aueM NpPHPOJe NMOHALOOH/IHCh NBa 3aPAKEHHBIX JENTOHA? »,
OTBET HAa KOTOPHIH HHKOMY He H3BEeCTEH, Tellepb MOXHO A00aBHTbH
ele OAHH BONPOC: «3aueM HYKHBI [Ba THIIA HeHTPUHO?».

§ 63. FumoTresa 0 COXPaHAIOIEMCA BEKTOPHOM TOKe

Pacnafgpl m- ¥ u-Me30HOB, Tak XKe Kak sAepHBl B-pacnall, yka-
3bIBAIOT, UTO JeNTOHHbIe maphl (e,v) H (jp, V') CBsi3aHH B MaTpHu-
HBIX SJ€MEeHTax pacrnafa OAHOH M TOH Ke cBsasbio Thna (V—A).
Bonee rtoro, us cpapuenus (10.112) u (10.129) ¢ o ==1,25, A =
= 1,00 1 G ~ G MOXKHO chesatb BBHIBOA 0 6OJBUIOM CXOICTBE Me-
JKAY HYKJOHHOH U JeNTOHHOH CBSI3AMH,

EctectBenno 6bL10 OB 0XHAATh, UYT0 00JAKO CHJABHO B3aHMO-
JeHCTBYIOLUIHNX fT-ME30HOB, KOTOPBIM, B OTJHYHE OT JIENTOHOB, OK-
pyXeHB (DU3HUecKHe HYKJIOHE, H3MEHHT BEKTODHYIO H aKCHaJbHO-
BEKTOPHYIO KOHCTAHTHl CBSI3H, BBEJEeHHBIE JJ/ifl «TOJBIX» HYKJIOHOB
B OTCYTCTBHE CHJBHOrO B3auMoAefictsus. [loaToMy nopasureabHbIM
npelcTaBiasercss TOT (akT, 4To BEKTOPHBIe KOHCTaHTH Aas fB-pac-
maga ¥ p-pacnaja CoBHajaloT ¢ TouHocTeo no 2%. [awe komu-
craita a = 1,25, Kotopas JaeT OTHOLIEHHe AKCHAJIbHBIX 4acTew
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B3aHMOJEHCTBUSL AJAs HYKJOHOB M JIENTOHOB, OKa3hlBaeTCs MAOCTa-
ToYHO GJH3KON K elHHHIE, YTOOH, OCHOBBHIBAsiICh HA 3TOH GJM30CTH,
CTPOUTH UHTEPECHBIE NPEANON0KEHHUS.

HccienoBaune 3JEKTPOMArHUTHBIX B3aHMONEHCTBHH 3JeKTpo-
HOB B M. 8 u NpoToHOB B § D6 ZNaeT BaxKHBIH K04 K IOHHMAaHHIO
paBeHCTBa BEKTOPHOrO TOKa B3aHMOJEHCTBHSA HYKJOHOB H JIENTOHOB.
Pasencta (8.50) u (8.57) mokaswipaioT, UTO BepLINHHAS (GYHKIHS
37eKTPOHA 34 cYeT pPajHalHOHHBIX IONPAaBOK MepeHOPMHpPYeTcH
dakropom Z;!. Cormacno (8.46) u (8.57) nomosHHTeNbHBIH (ak-
TOp Z, NMOSBASETCS TaKkKe B sJeMeHTaX S-MaTpuubl 0garoaaps ne-
PEHOPDMHPOBKE BOJHOBOH (YHKIHH 3/]€KTPOHAa. B HH3mIeM mopsaxe
o o OBJIO ycTaHosJeHo, uto Z, = Zy (cm. (8.54)) u, cuenosa-
TeJbHO, 3TH 3¢ (PeKTh B3aHMHO KOMIeHCHPYIOTCS; OBLIO TaKXKe yKa-
3aHO0, UTO PaBeHCTBO Z; = Z; CIOpaBejJIMBO BO BCeX NOPALKAX H
SIBJIsIeTCs CAeACTBHeM ToxAecTBa Yopaa (8.51) [50].

Takoe Ke NoJOXKeHHe HMeeTCS B 3JeKTPOMArHHTHOM B3aHMO-
HefiCTBUY [POTOHOB. Me3oHHBIE NONPABKH, KOTOPBIM COOTBETCTBYET
puc. 10.13 u dopmyna (10.86), mepeHOPMHUPYIOT 3IEKTPOMATHHTHYIO
BeplIHHY npoToHa ¢akTopoM (0eCKOHRUHEIM B TEODHH BO3MYILE-
Hu#), aHAJOTHYHBIM Z, NpHYeM OH BHOBb KOMIEHCHpyeTcsl obyc-
JIOBJIGHHOW Me30HaMH [EPEHOPMHPOBKOH INPOTOHHBIX BOJHOBHIX
dyuxuu. DT0 yTBepsKAeHHE MOKHO NPOBEPHTb C TOUHOCTBH MO
BTOPOro NOPSiAKA N0 Me30H-HYKJOHHOMY B3aHMOJEHCTBHIO, TTOKa3aB,
yto paBeHcTBo (8.51) cmpaBelJHBO C YYETOM Me30H-HYKJIOHHOTO
B3aHUMOJCHCTBHSL.

W3 pasencrBa NepeHOPMHPOBOUHBIX NOCTOSHHBIX CHA€AYyeT OYeHb
BAXKHBIH BBIBOA: (Pusnueckue, HaOJoJaeMble 3apsibl 3JEeKTPOHA H
MPOTOHA PaBHBI APYT APYTY, €CJIH PaBHB HX «TOJIEE», HellepeHOPMH-
poBaHHBIe 3apAJbl, TaK Kak H3MeHeHue (POTOHHOrO mponararopa 3a
cueT TMOJAPHU3ALHH BaKyyMa OJUHAKOBO CKA3hIBAETCS HA 3JIEKTPOHe
H NpOoTOHe. DTO CBONCTBO ykKe IOApPA3yMEBaJOCh paHee IPH pac-
CMOTDPEHHH 371eKTPOMAarHHTHOM CTPYKTYpBl IPOTOHA, KOT/la BeJHYHHA
F{” (0) 6b11a nososxkena pasuoit 1 B (10.8).

dopMa MaTpHUHOTO 3JeMeHTa B-pacnajga JJisi BEKTOPHOH 4acTH
B3aHMOJEHCTBHS

G - G 5
:/7 'll)p'\)u\l)n ES —:/E:WVHT'FT’ (10. 143)
rie 1
T4 == 5 (v + i),

uMeeT GOJbIIOE CXOACTBO C 3/J€KTPOMArHHTHON BepIIHHOH NpOTOHA.
3TO CXOACTBO CTAaHOBHTCs enie O0Jee oueBMAHBIM OJarofapst ToMmy,
YTO ME30HHHEIE NONpaBKH He BJHAKT Ha Ko3(pOHUHEHT NpH y, AJAd
HYJIEBOTO mepefaHHoro umnysabca. OcHOBHOe OTJIHUHE COCTOHT B
TOM, 4TO NpH B-llepexole 3apsifi MeHgercs Ha eauwHuuy. Iepwreiin
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H 3enbnosuy [125] n mosxke Peitnman u [ean-Mann [122] npeano-
JIOXHUJH, YTO BEKTOPHHIH «TOK» B P-pacnaje MoxKeT ObITH MOJyueH
H3 3JIeKTPOMAaTHHTHOIO TOKa MyTeM H30TONHYecKoro mosopota. Ilo-
CJeJHUA MOKHO IPOU3BOJAHTE OJarofapsi 3apsifoBOi He3aBHCHMOCTH
CHJABHBIX B3aUMOJeHACTBHUIL.

BcenomuHasi, uto cornacko (10.89) s/1eKTPOMArHHTHEIE TOK HY-
K/JIOHOB MOXKeT ObIThb 3aMHCAH B BHJE CYMMbl H30CKaisipa H H30BeK-
ropa, npasuno PeiinMana — lenn-ManHa MOKHO cHOpMyTHPOBATH
cleAylownM o0pasoM: BEKTOPHBIH TOK f-pacnana roJdyyaeTcs H3
H30BEKTOPHOH YaCTH JeKTPOMarHHTHOTO TOKa i3 3amenoit

. . G : . s
Rt =05 (h+ i),

OTO NPABH.10 H3BECTHO KaK FHIOTE3a O COXPAHSIOMIEMCS BEKTOPHOM
TOKe. B 0TCyTCTBAE pajgHALHOHHBIX IONPABOK OH B TOUHOCTH COOT-
BeTcTByeT B3ammojeficTBHio (10.143). C yueToM pajuManHOHHBIX
IIONMPaBOK BeKTOPHAs 4acTb MaTPHUYHOro 3JeMeHTa IJIs B-pacrana
noJsyuaercsi HenocpenctsenHo us (10.89):

, G -, io,,,qv
=2 7= V)7, [P @) + 228 F @] ). 10144

[lockobKY H3 3JEKTPOH-NPOTOHHOTO PACCeAHHS H3BECTHO, UTO B
obnactd —g? <K p? GopmM-baKTOpH NPHOIHSHTENBHO IOCTOSIHHH,
OHH MOTYT OBITb 3aMeHeHB CBOHMH 3HaueHHSAMH B Touke g2 = Q.
Torpa dopmyna (10.144) npunuMaer BHA

3,70i0,,, ¢"

o ]u,, (). (10.145)

. G _ .,
it =7gup(p)[vu+
Mu BUAUM, YTO IO CBOEMY NOCTPOCHHIO 3TOT TOK coxpax—mefca, T. €.
(" — )il (g)=0.

[Tomumo toro, 4ro KoHcranrta npu j, B (10.145) He mepemnop-
MHpYeTCsl, APYTHM 5KCIEPHMEHTAaJbHO IPOBEPSEMBIM CJeICTBHEM
THIIOTE3Bl O COXPAHEHHH BEKTOPHOTO TOKA fBJSIETCS HaJHUHE B 3TOMH
¢dopmyJie BTOPOro 4jeHa, Ha3BaHHOro «caabbiM MarHeTHaMom» [126).
K coxaaeHuio, OH HMeeT TOT € MNOPSAOK BEJHUYHHBl, UTO H IIO-
NpaBKH NepBOro NOPsAJAKAa Ha OTAAYy HYKJOHA mpu PB-pacnage, H
M03TOMY ero TpyAHO HaOmwoaarte Ha onwiTe. OnHAaKO caalbuifl Marue-
TH3M Obl1 TeM He MeHee oOHapy:eH B GJeCTSIeM 3KCNEepHMeHTe
[127] no usydennio B-nepexonos sifep B'2 u N!2 5 ocHOBHOe coCTOSsI-
Hue sigpa C'2

CorsnacHo rumortese 0 COXPaHEHHH BEKTOPHOTO TOKA MOXHO MO-
JYUHTb INpaBHJa AHArpaMMHON TeXHHKH AJs caabbiX B3auMmojedl-
CTBHH H3 (efHMalNOBCKUX NIpaBHJ s 3JIeKTPOAHHAMHKH. Bo-mep-
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BBIX, HMeeTcs MOJHOe COOTBETCTBHE MeXAy JAHarpaMMaMH IS
B-pacmama M 3/eKTPOMArHUTHBIX B3auMmofedcTBui. Hanpumep,
3JIeKTPOMATHHTHAS CTPYKTypPa ONHCBIBAeTCs JAHarpaMMaMH Ha
puc. 10.21 BMecTo anarpamum Ha puc. 10.13.

B auarpammax Ha puc. 10.21,a u 10.21,8 Bmecto e(l + t3)/2
burypupyer Gakrop (G/A/2) t,. Nnarpamma ua puc. 10.21,6 coot-
BETCTBYeT «CJ1aboMy MHOHHOMY TOKY», KOTOPbIH BHOBb IO.1ydaercs

o
4

(@) 0] @)

Puc. 10.21. Bexkrophas wacTe BepliuHE ¢JaGoro B3aUMOAEHCTBHS COACHO THIO-
T€3e O COXPAHEHHH BEKTODPHOrO TOKa.

13 MHOHHOrO 3JeKTPOMATHHTHOrO TOKa BpallleHHeM B H30TONHYe-
cKOM TpocTpancTBe. ITHOHHYIO 3/1eKFTPOMATHHTHYIO BEPLUIMHY MOMKHO
#aliTh, B3B8 ToK B (10.37) B KauecTBe MAaTPHUYHOrO 2JeMeHTa nepe-
XOfa; TOTAAa BepUIMHA HMEeT B HMIYJAbCHOM IIPeACTaBJEHHH CJe-
JNYIOLHA BUA:

ih=—1ie(¢" X &), (Pl + ), (10.146)

rxe ¢ u &%, p u p’ OpeacTaBanOT cOGOH H30TOTIHYECKHE BOJHO-
Bele (DYHKIMH ¥ UMIIYJbCH HAUaJbHOTO H KOHEUHOrO MEe30HOB.
OuepugHoe pasauune Ha Koshdnument 2 Mexay (10.146) u
(10.37) o6ycnosaeHo teM, uto B (10.37) mmerotes aBa cmocoba co-
MOCTABJEHHS BOJHOBHIX (QYHKUHE ¢(Xx) HauadbHBIM H KOHEYHBIM
yactunam. JLIs moJyueHust BepUIKHB! B-paciala Mbl BHOBb 3aMeHHM
TPEeThIO KOMIIOHEHTY Ha <«MOBBIMIAIONLYI0» KOMIOHEHTY H € — Ha

G/\/§; B pesyJbTaTe TMOJYYHM CJelyiollee BhipaxeHHe AJsi MHOH-
HOH BepuIuHH Ha puc. 10.21, 6:

it =— [0 X @), + i (67 X&) [p + 5] (10.147)

Hajuune Bo B3auUMOAEHCTBHH TAKOro uJeHa IMPHBOAMT K ApYy-
romMy 9KCIEpUMEHTabHO Hab/I0faeMOMy C/IEICTBHIO, a HMEeHHO
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CYLleCTBOBAHMIO pacnafa [15, 17, 109, 122, 125]
at->mnd4-e— 4 ¥. (10.148)

MaTpHYHBIH 3/eMEHT C YYeTOM CHJIbHBIX B3aHMOAEHCTBHI CHOBA
CBfI3aH C MHOHHBIM 3JEKTPOMarHUTHHIM TOKOM (10.85) mocpencTBoM
H30TONHYECKOro NoBopoTa. [1o3TOMY eHHCTBEHHOE H3MeHeHHe, BHO-
cumoe B (10.147) Me30HHLIMM paAHALHOHHBIMH NOIPABKAMH, CO-
CTOMT B NOSIBJEHHH MHOHHOrO (opMm-paktopa F(g?), KOTOpBIE NPH
MaJblX g2, yuacTByolmux B peakuuu (10.148), MoxkeT OBITh NOJIOKEH
pasubiM 1. Torja MOKHO BEIUHC/AHTE BEPOSITHOCTh paccMaTpHBae-
MOro pacrnana, ucxoas u3 sepuinsel (10.147). Pacuer gaer caeayio-
ee 3HauYeHHe /s OTHOLIEHHS 3TOH BEPOSTHOCTH K BEPOSITHOCTH
JOMHHHpYIOUleTO pacnajal):
Rm— >nFe=+%) _ .,-8
R s =T = 107°. (10.149)

Takum o6pasoM, rUnOTe3y O COXPaHEHHH BEKTOPHOIO TOKa MOXK-
HO KpaTko cOpMyJaHpoBaTh cieiyiouiuM obpasoM. JIenTOHHBIH TOK

Yoyw (1 — vs)py B3aUMOAEHCTBYET C <«IOBHIWAWUIEH» KOMIOHEHTOH
coxpaHnsmooumerocss usotonnueckoro toka (10.43), koTopwit no ana-
JOTHH C 3ACKTPOJAMHAMHKOH paccMaTpHUBAIOT KakK TOK mepexoja.
JKcnepruMeHTa bHO NpOBepsieMble CJAeACTBHS BO3HUKAIOT Gsarofaps
TOMY, UTO 3Ta «HOBHINAOMLAs» KOMIOHEHTa ONpelessieTcsl u3 Tpe-
Tbel KOMIIOHEHTHl COIVIACHO 3apsiloBOM HEe3aBHCHMOCTH CHJbHBIX
B3aUMOJICHCTBHI; TpeTbs KOMIIOHEHTa MOXKeT ObTb H3MepeHa B
3JIeKTPOMATHHTHBIX B3aHMOJEHCTBUAX,

§ 64. YacTuuno coxpaHaOmuica aKCHAJbHLIH TOK

MesonHoe 00MakKo, OKpyKalolilee HYKJAOHBI, BJAHSAET TaKxkKe Ha
AKCHAJbHO-BEKTOPHYIO, Win THna ['amopa — Teanepa, uacts B-pac-
NagHOro B3aMMOAeHCTBHA. MBI MOXeM NPEeANOJI0KHTh, UYTO HMEHHO
C 3THM Me30HHHM 0O0JaKOM CBSI3aHO HNPOHCXOXKAEHHE UHCJIa
a == 1,25, XapaxTepH3YIOIEro OTHOIUEHHE aKCHaJdbHO-BEKTOPHOH
KOHCTaHTH K BeKTOpHOH. BenwunHa o 6JH3Ka K eAHHHIE, 4 eCaH
npojenarb NepeHOPMHPOBKY KOHCTAHTBI 34 CUET CBSA3AHHBIX C Me-
30HHLIM 00JaKOM BHPTYyaJbHbIX 3()(eKTOB [0 TEOPHH BO3MYLIEHHH,
TO MOJYYHTCS JorapupMuyecKn pacxoisileecs Bbipaxenne. MoKHo
M03TOMY ClieslaTh MPEANO/OXKeHHe, 4TO A1 aKCHAJIbHO-BEKTOPHOIO
B-pacnagHoro B3aHMOJEHCTBUA HMEETCH NpuUbAUNCeHHblE 3aKOH CO-
xpanenusi [128].

[TockoibKy B HacTodliee BpeMsi OTCYTCTBYET Nporpecc B 06b-
SICHCHHH BeJHYHHBl o0 Ha OCHOBE 3TOH He BIIOJIHE OTUETJIHBON HJEH,
WIH HCXOAS M3 JIOOBIX HHBIX NPeANOJIOKEHHH, MB He Gyjem Oojee

') Cm. *J1. B. Oxyns, ccoinka [109]. (Hpum. nepes.)
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o6cyxaaTh seauunHy o. OnHako, Kak Mbl celdac yBHAnM, HIes
0 TOM, UTO B aMILViUTyJde cJaboro pacnajga JenToHb CBS3aHBl C
«YACTHYHO® COXPAHSIOIMIHMCA AaKCHaJbHO-BEKTOPHBIM HYKJIOHHBIM
TOKOM, NpHHEC/Aa HEKOTOPHIA ycnex B OObACHEHHH HabMI01aeMOr0
BpGMEHH KH3HHU 7*-MEe30HOB.

ITpocrefiwiasi pafHalHOHHAs MONPABKA K aKCHAJAbHO-BEKTOPHOMY
TOKY — 3TO HONpaBka, o6yC/a0BJAeHHAsT GAHAM 7-M@30HOM; OHa H30-
6paxena Ha puc. 10.22. CooTBeTcTBYIOUIN] YJIeH B HHBAPHAHTHON
aMIJIMTYe P-pacnajfa umeeT BHA

ﬂnln = 7@7 ('_ ig '\/5) [ﬁ (pp) iYsu (pn)] _q-z‘i_”z" ><

X (ig,) [a (p) v+ (1 — y9) 0 (R)],  (10.150)
rjue Ga/\/§ ecTh KOHCTaHTa cCcBSiap B aMILIHTyJe pacnaga n#

-

(10.139), a g ABASETCA KOHCTAHTOH CHJLHOTO n — N-B3aumMoneli-

ctBus. JLo6aBOUHBI MHOXKHTENb 4/2 BO3HHKaeT M3 M30TOMHYECKOH
MaTpHUbl s HCIYCKaHHS 3apsiKeHHoro nuoHa. Kunemarnueckue
0603naueHus BBefeHbl Ha puc. 10.22. Bosumkaer TakKe psij A00OJ-
HHTCJbHbIX BKJIAA0B IEpBOro IHopsijka No cnaboMy B3aHMOJeH-
CTBMIO OT JApMarpaMM THNa H300pameHHbIX
Ha puc. 10.23. Bce BkJIaAb OT AHAarpamMm
Ha puc. 10.23 MOXKHO 3anuCcaTh B BHAE

\ M= 77 (9, )@ () V(1= v) 0 ),
Pp rje
Tr Py D)=
7, = —22: 2 (py) [vuvsF 1(62) + 9uv:F 2 (¢°) +
g + P,vsF 3 (gMu(py), (10.151)

Puc. 10.22. Bkaan ogHo- q==Pn— Pp=Pe +k, P=p,+ pa

nuoHHOro o0MeHa B aKCH- N .
aJIbHYIO yacTh caaboro ITo cBoent CprKType 3TO BbIpaxKeHHe I0X0-

B3anNMOZeHCTBHS. e Ha saeKrpomardauTHeill Tok (10.87) ¢ Toit

pasHHulel, YTO AJS NOJYyYEHHST aKCHAIbHOrO

BEKTOpa Cloja Jo0aBjeHa MaTpHUA Yys. Ecau MB mpHMeM, 4TO, IO-

n106Ho AnarpamMaM Ha puc. 10.23, Bce oCTajbHble BK/IalB B 7;

peobpasyIoTCsl KaK «IOBbIIAIOWIAA» KOMIOHEHTA H30TOMHIECKOTO
sekTopa, T0 (10.151) MOXKHO yNnpOCTHTB, II0Ka3aB, 1TO

Fi(?)=0. (10.152)

D10 paBeHCTEO CJelyeT H3 HHBADHAHTHOCTH CHJIBHOTO B3aHMOJCH-
CTBUS OTHOCHTE/bHO 3apSA0BOrO CONPSKEHHA H M30TONHYECKOH HH-
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BapuanTHocTH. UToGH €ro f0Ka3aTh, IOBepHeM cHauana F, B u30-
TONHYECKOM IIPOCTPAHCTBE, 3aMeHHB v, B caabbHX BeplIHHax
nuarpamMm Ha puc. 10.23,a Ha 13, a TakXe B BepLIHHE HCIYCKaHHS
7mT-Me30Ha, CBA3aHHOrO ¢ JelToHaMmHM Ha puc. 10.23,6. Baarozapa

A~
=

<

(@ @

Puc. 10.23. Akcuanpuble BRAais B B-pacna.

3apsAOBON HE3ABHCHMOCTH CHJDbHBIX B3aUMOJAEHCTBHE F,f mNepexo-
AMT IIPH 3TOM B TPeTbI0 KOMIIOHEHTY H30TONHYECKOr0 BeKTOpa; B
YaCTHOCTH, AJs IIPOTOHA

G, p)=
= % (") [vu¥sF 1 (6D + 4,v5F 2 (69 + PovsFs (@) u(p), (10.153)

rae
4G=p,— P Pu=p,+p,

CorsnacHo 3apsi0BOH HHBAPHMAHTHOCTH CHJBHOTO B3aHMOAEHCTBHS
JONOJHHUTeAbHble BKAaAb B (10.151) or mnarpamm na puc. 10.23
JOJAHB IIPHBECTH K TOKY

73 (p’, p), KOTOpHI Npu 3aMe-

He NpPOTOHA Ha AaHTHIPOTOH
npeobpasyeTcss B  TOUHOCTH _
Tak Ke, KaK TOK <«rojoro» XV
IpoToHA:

i (p") vuvs (p).  (10.154)

Pacceanuio aHTHIpoToOla
U3 COCTOSIHHSI C HMIIYJAbCOM p  Puc. 10.24. CaaGasm sepluuna aas aHTH-
B COCTOSIHHE C HUMIyJbCcoM p’ npOTOHA,
oTBeyaeT  JHarpaMMa  Ha
puc. 10.24. B coorBercTBHH C pe3yJbTaTaMH IJ. 6 MOXHO CuH-
TaTh, UTO HA Hell M300pa)KeH (POTOH C OTPHLATENBbHOH 3Hepruef,
JIBHXKYULHHCS Ha3al BO BpeMeHH, KOTOPHH pacceHBaeTcss H3 COCTOS-
uusi (—p’) B cocrosuue (—p). Ero akcuajpHO-BEeKTOPHBIH TOK
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UMeeT BHA

3 (p) yuysv (p") = —u” (p) C™'y,vsCil (p') e'® =
= —a(p") yuysu (p) e*¢, (10.155)

rie Mbl HCIIOJNb30Baja# cooTHolleHue (5.8) (mo nosoay (daszosoro
MHOXKHTEJsl cM. paccyxaeHnss neped (5.8)). Tenepb MBI AOMKHB
coxpauuTh B Toke (10.153) Juwb ugeHn, ofaagalollde TEMH Ke
TpaHcHOpMAanHOHHBIMH CBOHCTBAMHU, YTO H «TOJBIH» TOK, MOCKOJBKY

K(—p, —p)=—7up, p)e’. (10.156)

Orcrona HeTpyAHO NMOAYy4YHTh paBeHciBo (10.1562).

Bce Bkaaasl Amarpamm Tuna usoOpaxkedHoir ua puc. 10.23,6 B
AKCHaJIbHO-BeKTOPHYI0 4YacTh aMIUIHTYAB MOTYT OHIThL 3alHCaHbl
KaK Impou3BejeHHe BoIpaxKeHust Buaa (10.150) na ckanaspuyio ¢yHK-
uuio g% Bee mompaBkM K NHOH-HYKJIOHHOH BEpLIHHE NPHUBEAYT K
ciaenyioulell popmMe B3aUMOACHCTBUS:

a(p,) vsF (¢°) u(py),

rae g = pan—pPp, a F (g% saBasiercs HHBapHAHTHON GyHkuHeh g2,
D10 chaeayer U3 TOro, YTO YHCJO BepIUHH, B KOTOPBle BXONAT MAaT-
PHLH ys, BCerAa HeueTHO M Bce PakTop®l pp H P, MOKHO mepecTa-
BHTb HAPaBO H HaJEBO, TJle OHHU, JeHCTBYsS Ha CBOGOAHbIE NHPAKOB-
cKue crnuHOpwl, AaayT M. Takum ofpasom, AuarpaMMbl THIA [I0Ka-
3aHHoft Ha puc. 10.23,6, Ha KOTOPBIX €AMHCTBEHHBIA Me30H H3
OKPYKaIollero HYKJ0H 00/aKka HeNOCPeNCTBEHHO CBSi3aH C JIeNTo-
HaMH, AT BKJAA ToAbKo B F(g?) B (10.151). Brigeass us
F2(g?) aTOT BRJIAJ, 3aMHIIeM

~ 2
Folg) = Falg) — LIEE () (10.157)
[Tocrosiunas a csAszaHa c HabawAaeMBIM BpeMeHeM KH3HH fE-Me-
30HOB mocpeactsoM (10.140), a dopm-bakTop F (g2) B Touke
g% = p? Moxxker OBIThL BRIpAXKeH 4Yepe3 NHOH-HYKJIOHHYIO KOHCTaHTY
cBsI3m g, Kak Owblio nokasano B § b5, [losaras B (10.157) kon-
CTaHTy g paBHOH HaOjlofaeMolt KoHcTaHTe (5— N)-CBA3H g2/4n ~
=~ 14, nopmupyem & (4%) Ha 1 B Toure g% == p?:

F () =1. (10.158)

OtHocuTesbHO &3 HHUero He u3BecTHO. OTHAKO, HOCKOJBKY Fy
apaseTcd Ko3(P(HUMEHTOM INPH BeJH4YHHE ¢,Ys, KOTOpas MNpel-
craBasier co6oll monpaBky nopsiaka (g/M) Ha orgavy HykJaoHa, Fy
He HabMmoAaeTcst B B-pacnazge. M3 npeaslayliero mMbl 3HaeM, UTO

F,(0) = —a=—195. (10.159)
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Bociosb3oBaBuinch ITHMH NpeiBapPHTENbHBIMH 3aMeUuaHHAMH,
MBI MOJKeM Telepb DAacCMOTPEeThb BONPOC O YaCTHUHO COXpaHfo-
EeMCS aKCHaJbHO-BEeKTOPHOM Toke. Eciu Gbl aKCHaJIbHO-BEKTOPHBL
TOK CTPOTO COXPaHSAJCSA, YCAOBHE

@7y (p, p,)=0
B npuMenennt K (10.151) npuBeso 6bl K COOTHOLIEHHIO

2MEF, ((72) — (72?2 (42) =0,
HJu
IMF | (¢%)
e

Fig®) =+ 7

[Tockoabky F1(0) 5= 0, 3T0 03Hauago Obl, UTO ¥ HMEET MOJIOC
npu g2 = 0, 4TO cOOTBETCTBYeT 0OMeHy 0e3aMacCOBOH NCEBAOCKAJSIP-
Ho#t uactuuefi. [IpencraBmasiercs coO6Ma3HHTENBHBIM OTOXK/ECTBUTH
3TOT NOJIC ¢ m-Me3oHHBIM B (10.157) u cBs3aTh HapylleHHe TOU-
HOrO COXpPaHEHHSl TOKa C CYLIIECTBOBAHHEM MacCh y m-Me30Ha.

TakuM o6pasom, ucmoabdys (10.151) u (10.157), Mbel npHXOaHM
K BHAOH3MEHEHHO! I'HIoTe3e:

. + _
0 =lim T (P D)=

—lim 2(p) s [— 2097 (49 + ¢ (¢ — ELLT D p)
n>0 q— W

(10.160)

Henas MONOJHHTENbHOE NPEANONOKEHHE, YTo B npeaene u?— 0 HH-
BapuHaHTHbe (PopM-paxTOphl Majo OTJIHUAITCH OT CBOHMX (dH3HUe-
CKHUX 3HaueHHuH, noayuaem u3 (10.160)

— IMF | (0) = 4 2Ma = + 2M (1,25) ~ ag A/2. (10.161)
OTC!O}Ia cJaeAyeT 4HC/JIEHHOE NpeacCKasaHue
la|~0,90u,

KOTOpO€ C XOpollel TOUHOCTBIO COrJIaCYeTCsi CO 3HAUEHHEM, MoJaydae-
MBIM K3 HaOJMI0AaeMOro BpeMeHH JKH3HH T*-Me30HOB C MNOMOUIBIO
(10.141). ITomobnoe cooTHoLIeHHe MexKAYy BEPOSTHOCTBIO paclnajga
n-Me30Ha, noctosiHHO# PepmMu G W KOHCTAHTOH B3auMOJeHCTBHS
IIHOH-HYKJIOH OblI0 BHepBule noaydeHo [osnbabeprepom u Tpeiima-
HoM [129] nmyTeM npuOMMMKEHHBIX BBIUHCAECHHH B JAUCHEPCHOHHOIN
TeopuH. Brnocaenctsun HamOy, a Takxke Bepucreitn u ap. [128] no-
JYUHJIH ero Kak C/e[CTBHE YaCTHYHOIO COXPAHEHHS aKCHAJbHO-BEK-
TOPHOTO TOKAa.
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3A0AUHU

1. Uccaenyite uuBapuautnocTs ypabuennft (10.3) un (104) crHOCHTe/bHO
onepanufi 3apsAA0BOrO CONpAXKeHHs W o0pallleHNs BPeMeHH.

2. [lo KaKOMY 3aKOHY AOJIKHH Tpd 3apAJOBOM CONDsKeHHH OpeoGpasonbl-
BaTbCsl (PYHKIHH Q4 ¥ @, uToOH ypamHenus (10.12) u (10.13) ocraBasnuch HH-
BapHaHTIb? .

3. PaccMoTper AuarpaMMEl IIeCTOTO INOPAAKE, [POBEPbTe COrJIACOBAHHOCTDL
ycaoBust BHGopa anaka (10.21).

4. B npuOAHIKEHHH 3apsf0BON He3aBHCHMOCTH I[O.Je3HbIM npeo6Gpa3oBaHueM
cuMMeTpul sBasercs G-npeoGpasopanue. Oneparop G-npeobpasoBanusa cnpene-

JaseTcs caeayloluuM ob6pasoM:
inl
G=e¢ ¥C.

YeranosuTe, Kak npeofpasyiorcs ¢yskuun ¢ u W nop nefictemem 3TOrO OIe-
paropa.

5. TlpoBepbTe, UTO B HEPEJNATHBHCTCKOM NPHOMMKEHHA B MOpAAKe g20 NOTeH-
wmnan (10.51) npusoaut ¥ ammanTyfe paccesnus (10.45).

6. Tokaxure, yro notenunan (10.58) B nopsnke gg NPHBOAUT K S-BOMHOBOH
yacty amnantyab st — N-paccesuus (10.57).

7. Ucnonbaya cROMCTRA UMKJAMYHOCTH e/, IOKaKHTe, 4YTO BhIpaXEHHE
(10.82) npeofpasyercs Kax JiopeHueB 4-BexTOp; 0606mKuTe 3TO YTBEpKAeHHE AJS

awo6oro mopsiaka. Urrerpanr \ d'k s (10.82) caenyer peryaspusopaTb H pacxo-

AAIYIOCS YacTb BBAGAHTb B [€PEHOPMHPOBOUHYIO MOCTOSHHYIO; 5Ta Clepauus fe
BauseT Ha TpaHcHOPMALHOHHBIE CBOHCTBA.

8. JlokaxuTe, 4To 3JA€KTpOMaruuTHbie (opM-pakropsl B (1083) & (10.89)
AN 33781 paccesiHHA JOMKHB GbITh AeficTBHTeNbHb npH ¢° < 0, eca Tok mepe-
X042 3pMiTOB. Jlo/KeH ¥ TOK GBITb 3PMHTOBEIM?

9. PaccMoTpHTe BO3MOXKHBIE 3JeKTPOMAruTHHE (OPM-PaKTOPHI % u K°-Me-
30HOB.

10. [Tokaxute, uTo QopMyna PosenGmora (10.90) naer HanGoiee o6yt
33BHCHMOCTb> OT YFla paccesuds npH (HKCHPOBAHHOH Nepejaue nMny/ibca AN
M0G0 PeNATHBHCTCKH-KOBAPHAKTHOH CTPYKTYPHl NPOTOHA H 3JEKTpOHA B IMpPH-
GaMKEHHH OAHOMOTOHHOTO OOMCHA MEXAY 3JeKTPOHOM H HPOTOHOM.

11. TTokaxuTe, UTO BHpaxenue BToporo nopaika (10.82) zans dopm-dakTopa
F;(q?) Moxer OblTb IHepeNucaHO B BHIe C/AEIYIOMEro CHEKTPalbHOTo npeacTan-

JICHUA:
1 S dq'% (¢%)

Fa(q¥)=—

T
n ‘112__"2._1B

0

¥ BHIUMCAHTE CIEKTPAJbHYIO (QYHKIHIO P (q’z).

12. JlokaxuTe, 9TO AJsi HPOTOHA H Jtt-Me3oHa Zy = Zy ¢ TOYHOCTbIO A0
yjeHoB NOpsiAKa €2 H g% NOJydyuTe OTCIOAa PABEHCTBO HX NEPEHOPMHPOBAHHEIX
3apALOB [PH YCJOBHH PABEHCTBA «TOJLIX» 3apaA0B.

13. Paccuutafite (OTOpOKJEHHe T-ME30HOB B HH3LleM nopiike mo e u g.
TposepbTe KaiuGpPoBOUHYIO HHBAPHAHTHOCTD.

14. Briudcante 5JAeKTPOMaruuTHYIO COOCTBEHHYIO SHEPTHIO HefiTpoHa n npo-
TOna BO BTOPOM mnopszike, ucnoaeaya (10.89) u anmpokcumupys (hopM-bhakKkTOpH
HX CTAaTHUECKUMH 3HauYeHHSIMH, T.€. roJjaras F(q?) — F(0). Bosuukawmye 0pH
9TOM HHTETpafbi HeOGXOLMMO Pery/apu3oBaTb. MOXHO /U TaKuM cnocofoM noJy-
YuTb HOJOIKHTELHYIO Pa3HOCTh Mace HefiTpoHa U npotona? (Cm. [130].)

15. TlocTpoiite S-maTpuiy mnpouecca x°->2y, yLOBACTBOPAIOMYIO yCOBHAM

Kaau6poBOUHON H PeATHBHCTCKOH HHBAPHAHTHOCTH, H HallguTe BEPOATHOCTb pac-
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naza. BobiuHCAHTE OTHOCHTEJBLHYIO BEpOSTHOCTb pOXienus Iapol  Hamuia:
a® -y + et + e~. Hakownell, paccMoTpuTe pacnmaj Ha pase mapsl [laania H 1oxa-
KHTE, UTO IO KOPPeasllHH OJIOCKOCTeH 3THX Map MOXHO ONpEieauTh 4YeTHOCTD
n%-mesona (cm. [131]).

16. ITposepore, uto dopmyaa (10.105) naer nmpaBuabHOe 3HayeHHE MOJSAPH3A-
HHK aMeKTpoHa, paBHOoe — | P, ecoin MaTpuuHblil 3MeMeHT B-pacnana ONHCEIBAETCs
dopmymoir (10.107).

17. Tlposepsre B Hu3weM nopsake no G* dopmyay (10.113) xas smepreTnu-
Hofi 3aBHCHMOCTH CEUeHHA peaklin v -+ p—n - e+ Brmuucaurte 310 ceueune, He-
noJs3yst nponaratop upoMmexyrounoro W-Gosoma u ofuuit Bu1 dopum-daxTopos
B BepIIHHAX.

18. Tposepwre, uto Ans ypashewns Befina (10.114) nwmeercs onepauus o6pa-
IeHHsT BPeMeHH.

19. Bhiuncante cnexTp 3JeKTPOHOB B [i-pacfiafie C yyeTOM BCeX MSITH THIOB
casu S, T, P, V u A u cpasuute ¢ opmyaoit (10.136).

20. Ecan p-pacnaag npoucxoxur uepe3 W-Me30A ¢ KOHEYHON Maccoid, Kak
n3o6paxeno Ha puc. 10.15 pas caysass P-pacnana, cnektp (10.136) Mensercs.
HahiiuTe 5TO H3MEeHeHWe H CBSKHTE ero C H3MeHeHHeM napamerpa Muliesist
(em. [557).

21. Onpeneaute sepostHocTh peakuuu (10.148) n nposepbre 3Hayeline OTHO-
wenns (10.149).

22, BoiugcauTe rapunajisible BeDOATHOCTH pacniaios

Klsa™ et 4w,
Ksa + p.+ + .
23. BrlugC/IHTe [lapUHAJbHYIO BeposiTHOCTh ofpasopamus Naph  Iasanna
B pacnajie
20> A0+,
05 Al et e

OG6cynnTe BO3MOKHOCTb ONpEAE]eHHs OTHOcHTeMpHOl weTHocTH X0 w A® B 3rOM
pacnage (cM. [132]).
24. Kakopa ofLias CTPYKTypa aMIJRTYAH cgaloro pacnajia

A>p—4a—?
HafauTe napaMeTp acHMMMETpHE s Cjydasi no/spusoBannbix AC.

25, BpraucanTe napaMeTp acUMMeTDHHM M IOJDH3AUMIO 3JdexTpoia B [-pac-
nage NoAsIPH30BAHHDLIX HEATPOHOB.



NPUJOXEHHWE A
OBO3HAYEH U4

KoopauHatsl 01 uMnyabehbl

CoBOKYMHOCTb NPOCTPAaHCTBEHHO-BPEMEHHEIX KoopauHat (4, x, y, 2)==({, x)
ofpa3yer 4-BeKTOp CO CJEAYIOUIMMY KOHTPABADHAHTHBLIMH KOMIOHEHTaMu (¢ u A
NoJI0XeHB paBHEMH 1):

M=00 2l xS = (&, x, ¥y, 2).

KOBapHaHTHbIe KOMITOHEHTBHl NOJYYalOTCsi W3MEieHlieM 3HaKa INPOCTPAaHCTBEHHBIX
KOOpAHHAT!:

Xy = (Xg %1, X2, X3) = (4, —x, —y, —2) =guyx"
rape
1 0 0 0
0 —1 o0 ©
£=lo o -1t o}
0 0 0 —I

TlpunaTto yc/aoBde CYMMHDOBAHHS, COMMIaCHO KOTODOMY MO ABAXAH HOBTOPAIO-
IMMCsl MHAEKCaM I[OApa3yMeBaeTcs CyMMHpoBaHue (ecjin He OFOBOpeHo 06par-
noe). Ecan aBa oamnakoBblXx HBllekca (MO KOTOPHIM AOMKHG GbiTb NpPOH3BEAEHO
CYMMHpPOBaHHe) oKasajnch n160 o0a BHu3y, au6o o6a HaBepXy, TO B BbiYHCJe-
Husix Oblia, NMO-BUAHMOMY, HomylleHa omuOka. Kpaapar «anuHel» 4-paguyc-Bek-
TOpa paBeH

2 u__ 2 2
¥ =xpx =t x“.

Anasornuno onpenessercs 4-HMmyJbc
Pt =(E, px Py, P2)-
CxasapHoe NIPOH3BeAeHHe ARYX 4-MMIYJAbCOB AAETCH BHIPAXKEHHEM
— ol
P1* Py = PPy, = E\Ey —p; Py
[Mono6uriM ke o6pa3oM onpeaesercsl NpoH3BeleHHe
x-p=t-E—x-p

Ji% 4-BeKTOpOB p NPHHATHL HEXKHDHBle O0O3HAUEHHS, a [Js TpeXMepPHHIX BEKTO-
POB D — JKHDHBIE.
Onepartop uMmny/apca HMeeT B KOOPAHHATHOM MPEACTABJEHHH BUL

0 0 1
T == == = M
p laxu (l at’ iV) v




MPUJOXKEHHUE A 279

1 npeoBpasyeTcs Kax KOHTPABAPHAHTHBI 4-BEKTOD:

B  5ruXx enmHMUAX KOMIOTOHOBCKAs WA BOJHW  yacTHOB paBHa 1/m
(~ 3,86-10~1" cm njs 97eKTpona), a ee 3HEPTHA NOKOst ecTb M (= 0,511 Mas
1T 3JeKTPOHA).

4.n0TeHINAT SA€KTPOMATHHTHOTO 110JIA ONpEeJe/eH COrJacHo

A= (D, A) =g"v A,
Tensop 37eKTPOMarHMTHOTO IOJS ONpejensercs CAeAYOUHM o6pasoM:

FHY — 9 AV 9 AV
dxy dxy,

HanpsyKeHHOCTH 3JeKTPHYeCKOro H MarHHTHOTO noJiell B HeKOBapHAIITHHX 0003HA-
JeHHAX HUMEIT BHI
E = (FOJV Foz, Fo3y,

B = (F®, F3!, FI2),

Matpuust Jlupaka U COHHOPBI

JypakoBCKHI CIHHOD AJA YACTHUBl C HMAYJIBCOM p H nosspuaanue#t s obo-
31HauaeTCs NOCPEACTBOM Ug (p. S), @ A/ AHTHUACTHIH — NOCPEACTBOM Ug (P, s).
B ofoux ciyuasx sueprus py=£Ep= -+ 4/p? + m? nonoxurensua. Takxke B 060-
ux cayuasx sektop s¥ xoTophifi B CHCTEME NOKOT HMEET BHI

t=(0, s©), s©@.5O—1,

ONnuchLIBaeT HaHpﬁBJIQHHe CNUHa 4acTHIIkl B CUCTEME ITOKOSH.
ManI/ILLbI Y, BXOAflHe B ypaBHeHne ﬂnpaxa, leOBJXeTBOmeT yCJIOBH}O aHTH-

KOMMYTAaLHH

L,V Vol v

WY+ yVyt =2g"
U CBs3aHbl ¢ MaTpHuLaMyi ¢ ¥ B nocpeAcTBOM PaBeHCTB

Y= ﬂ(l, YO = ﬂ

O6BLIYHO HCNOAB3YeTCs NpejcTaBieHne

v°=((1) (_J_]) {vi}=v-=(_2 g)

01 0 —i ; 1 0
- 2 3
o= o) (7 o) @ (o - )
. 1 9O
NpefCTaBJAT COBCH MaTpuubl TMaysmu pasmephoctd 23X 2, a l=(0 1)ecm

eduHHYHAs MaTpula TOA XKe pasMepHOCTH. YacTto BeTpedaloTes CJAEAyOLIHe KOM-
GHHALLUU:

rae

i .
o = v VP =a"VY =

B sToM npefcTaBaenun xomnonents: oV paBHE

k

i ag® 0
i =

o (0 0’3)’



280 MPUJIO)REHHME A

rae i, f, k=1,2,3 B UHKAHUYECKOM NOPALKE K

. i (0 ¢ 01
cro‘——=za‘=t(cg 0), Y5=-=y5=(1 0).

Ilns wmnpoKo yunoTpeb/aseMOro «CKaafipHOro fNpOH3BeAeHHS» MAaTpHIB Y ¢ obbly-
HEIM 4-BEKTOPOM HCHOJBL3YIOTCS 0603HAUEH R *)

yAr=A=1"A"—y. A

p=p=EY"—p-v
9
ot

o v J
1 K . . o
Py =iV =1y v LA

Cnuilopsl 4 M ¥ yIOBAETBOpsieT ypaBHeHHIO Jlnpaka
(p—m)u(p, s)=0,
(p+muo(p, s)=0.
Vx siBHOe BHIpaxenue naercs ¢opMysodl (3.7), oaHako a1 6OJbUIMHCTEE Npit-

JIOXKEeHHH A0CTaTOYHO 3HATH NPpOEeKUNOHHbLIE OMepaTophl. Brenem AUPAKOBCKH-CO-
NpsI2KeHBbie CTHHOPB!

i ==uty’,

!

§ = u+y0,
KOTOpHE YAOBJETBOPAIOT ypaBHEHHAM
i (p, s} (p — m)=0,
o (p, 8) (p 4 m)=0.

[IpoeKkLHOHHEIE ONEpaTOPEl HMEIOT BHA

Uy (p’ S) ﬁﬂ (p’ S)::[ﬁ;"nm . 1+2Y5§ ]aﬁv

Uy (pi S) z—)ﬁ (P> s)=——[m———ﬁ_._l_i2\.)£]aﬁ_ (AI)

HwmeloTcs ciaenymouue yclOBHS HOPMHDOBKH!
a(p, s)u(p,s)=1,
‘( Yu(p,s) (A2)
a(p,s)v(p, s} =1

H YCJIOBIi€ NOJHOTH

Z [ug (p.8) iig (p. ) — va (p, ) g (p. $)] = Byg.

ﬂpH BHLIYMCACHUH CJIeJ0B HeoOXOAMMO CTPOHTL BEJUYHUHBI, 3PMUTOBO-CONPA-
JKeHHBbIE 1O OTHOIIEHHIO K JaHHBIM MATPHYHBIM 3JA€MEHTaM. IlJISl TaKUX BeJHUYHH
MeeM

[@(p's s Tulp st =a(p, )T (p', &),
rae

T=yrtyl

') Cm. npumeuanne Ha c1p. 26. ([I1pum. nepes.)
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Hanpumep. ot 0
Pr=vTy =y,
M = YOqu\'+ YO — G"'v,
- L 5T .
1Y5 —_ YO\(WS) VW0 = s,

Cymmupopanne oipaxennii (A.l) 10 CIHHAM 1aeT NPOEKUHMOHHEIE ONEPATOPH
J15 COCTOSIHHA ¢ AaHNOil sHeprueil

A+ (Plap= ) ta (p. 5) g (9, ) = ( ”j—m’"

+s

(A~ <p>1ae=~2ua (b 5) 3 (p, 9) = (= 5E2

aﬁ’
(A3)

Tlosie3upiM TOKAECTBOM fIBjfeTCA pasJioKeHue Fopﬂox{a 0Jisg TOKa

A\ MV
(p+p) 4 lo (p p)v]u(p)'

2m 2m

i(p)yu(p)=1a(p’) [
TeopeMbl 0 c/eax U COOTHOIIGHHS AJAS MaTpPHL vy
b ==a- b — io,yatb".

C.lel HEUeTHOro YHCAA MATPHIL Y PaBeH HYJlo:

Sp vs =
Sp1=4,
Spdb=4a-b,
Sp didadsds=4lai - ar-az-as—a;+ a3 az+ay+ ay- as - az - aal,
Sp ysdb =0,
Sp ysdbed = 4ieaﬁv6aabﬁcvd6,
yudv! = — 24,

Yudby* =4a- b,
yudbey' = — 2¢ba.

Jpyrue cooTHoienus npusenenn B § 25.



NMPUJIOXEHUE B
NPABHUJA ®EMHMAHA

CeyeHns IPOLLECCOB AAIOTCH BbIPAXKeHHSAMH, KOTODHE MOXKHO pasielnTb Ha
IBE YACTH: BO-NEPBHIX, 3TO KBajipaT abCOMIOTHOH BeaMuHHE aMmiauTyabt M, koto-
past no/KHa OHTb JOPEHUEBBIM CKAaJfPOM H B KOTOPOH 3ak/ioveHa HHPOPMAUNS
o ¢dusuKe Tpoliecca, #, BO-BTOPHIX, (a30BhHlil 06beM M KuHeMaTHYeCKHe (DAKTOPHL.
IuddepennnanbHoe ceyenne do mpolecca ¢ Y4acTHeM TOJIbKO O@CCIHHOBBIX ua-
CTHIL ¥ (POTOHOB 3aMHCHIBAETCS CASAYIOINM 00pasoM:

o 1 1 ,  d%, A3k,
o= 51 (3,,) (35;) 1 F o o+ T X

n

X @t pitpr— Y ki )S. (B

f=1

rae. Kak 06buHo, ©p =4/ [P |? 4 m?, a Vi H V2 NPeACTaBAAOT cOGON CKOPOCTH
HauadbHEIX KOJ/IHHEADHBIX YACTHI. 3aTeM 2TO BEIPAXKeHHe HHTErPHPYETCs 10 BCeM
HEPErHCTPHPYEMBIM HMIyAbcaM Ry ... Rn KOHEWHBIX wacTHi. CTAaTHCTHUeCKHl dak-
Top § M7 peakuum C /M TOXKAECTBEHHLIMH 9acTHUAMP B KONSUHOM COCTOSIHHMH

panpeH
T
S=HET'
i

Ilaa aupakopckux uactuu ') ¢akrop 1/20, caenyer samenuts ma m/Ep m BHOBDB
yuecTb cTaTHCTHUecKHil dakTop S; ocTasbuble (aKTOPH Te XKe.
Onddepennnaibias BePOSTHOCTb pacliaja yacTuubl ¢ Maccoi M B ee cucreme

NOKOA paBHa
n

LN L g AR &y ‘ _
do=d (?) = i1 | R o g 20 | P AR

i=1

TRE pece BEJHYHHB ONpefedeHbl, Kak H fpexie. Eciu B KOHEUHOM COCTOSHHH
uMmeloTess (epMuoHB, TO BHOBb /2w — m/E;; eciu HayajbHasd yacTHUA sBASETCH
depMuonOM, dakrop 1/2M oTcyTcTBYeT.

"} Ecnu HopMHMpOBaTb AUDAKOBCKME CIIHHOPH Ha 2m pMecto 1, xax B dop-
myse (A.2), seipamenne (B.1) MoxHO npumensiTb u AJs ¢epMnHOHOB. B asrtom
cayyae TNpPOEKLHOHHblE ONepaTopbl IR COCTOSIHHI ¢ OnpeletedHOl suepruei
uMeloT BHL (M == f) BmecTo (A.3).
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Ipu Heo6xoAMMOCTH NPOM3BOAMTCA CYMMHDOBAHHE MO KOHEYHHIM MOJAApH3a-
IHAM U yCpelHeHHe 110 HayaJbHbIM.

Ilns kaxoxleHusi MHBADHAHTHON aMnauTyAn M Heo6XomuMo M306pasHTh Bce
(efinManoBCcKHe AMArPAMMBL, OTBeYalOllMe PacCMAaTPHBAGMOMY Mpolleccy, 3a HCK-
JIOYeHHeM JHarpaMM B BHJE H30JHPOBAHHBIX BAKYYMHBIX feTeib H cOOCTBeHHO-
SHEPreTHYECKHX TNOMPABOK K BHeUIHHM JuHHAM. Amnanrtysa M (G), cooTBETCTBYIO-
glaa anarpaMMe G, CTPOMTCS IyTeM CONOCTABJEHHS KaX/IOMYy 3JeMeHTY AHAr-
paMMbl onpejeseHHoro ¢aktopa B aMmnautyle. DaxropaMu, He 3aBHCSIUIHMH OT
KOHKPeTHBIX AeTasell B3aHMOAEHCTBUS, SBJAIOTCH:

1. Kaxpomy Gosony co cmuiom 0, BXOASLEMY B LHATPaMMy, COOTBETCTBYeT

tdakTop Z. Qaxrrop V'Z naxogntes nyTeM BbIYHCIEHHS TOYHOrO M2E30HHOrO
nponararopa Apg(p) B npegene 2> p% Ap(p) > ZAp (p) npu p2-> uz.
2. Kaxpoii pHemHell (epMHOHHOH JHHHMH, BXOAsmel B AHArpamMMmy, COOTBET-

CTBYeT N/Zzu(p, s) 6o VZ, v(p, S) B 3aBHCHMOCTH OT TOro, OTBedYaer 3Ta
JIHHHST HaualbHOMY HJH KOHCUHOMY COCTOSTHHIO; AHAJNOTHYHO Kanol (hepMHol-

HOH  /MHMM, BhHIXOAAUMlER M3 AHArpaMMbl, COOTBETCTBYeT \/Zﬁ (p, s) amlo
VZ; 0 (p, ). Beanuuna Z, onpefensiercsi nyTeM NpepesbHOro nepexoia

lim S7 (p) = Z,Sp (p)-

p>rm

3. Kaxpoli sHemnefl QoTOHHON JHHMHM CoMocTaBasercs GakTop ey VZs, rae
npu g2 >0
— Zsg,
2
q
B Bbluncienusx, npoBOAHMBIX B HH3WeM MOpAAKe [0 TeOpHH BO3MYIleHHH,
3TH BEJHYHHBI Z MOMKHO IOJIOXKHTb PaBHLIMH elHHULE. B BbicmHx nopsikax OHH
BMeCTe C BeDIUMHHbIMHM MONpPABKAMH NePeHOPMHDYIOT 3apsisl, 3aMeHss <TOJble»

3apsanbl PH3UYECKHMH.
4. Kaxnoft BHyTpeHHell (OTOHHON JHHMK C HMIYJbCOM p COOTBETCTBYET

(axTop
: — i —_ip+m
lSF(p)—‘ﬁ—m—i-ia_p?—m?—{-is'

’ v
(DF (q))‘W > - KannGpoOBOYHO-HHBAPHAHTHLIE YJeHHL.

5. Kaxpoli BuyTpeHHell JuHMH Me30Ha cO cnuHOM 0 ¥ MMIyJbCOM § OTBe-
yaer BeJHYHHA
. i
g — e’
6. Kaxjoft BHyTpeHHell (OTOHHON JIHHHH C HMOYALCOM g CONOCTABASIETCH
BeJHYHHA

iAg(q)

. _ iguy

t(DF (q))w, = el
B Teopun ¢ cOXpaHSIOUIMMHCA TOKaMH KanuGpPOBOYUHO-HHBADHAHTHLIMH UYJeHAMH
THNA Juqvs GuNv B T. L. MOXHO NnpeHebpeub.

Hdnsa BaanMopjeficTBHA Me30OHOB ¢ HYKJIOHAMM KaMJOH BHYyTpeHHell Me30OHHOM
JINHHHM COOTBETCTBYeT JONOJIHHTENbHHIH H30Tomuueckuii ¢akiop Oi;, a BHEWHHM
JIMHHUSIM COOTBETCTBYIOT CJelYIOllHe (PAKTOPbI:

7. % B Xt CONOCTABJAIOTCS HAYaJbHBIM H KOHEUHbIM HYKJOHHBIM CIHHOPAM,

1
%= ( 0 ) OTBeYdeT NPOTOHY H = ( ?) — HeATpOHY (aHajorHyHble (AaKTOpPLl

HoaBAOTCA A K-Me30HOB M E-runepouos),
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8. m-Me30HAM B HAYaJbHOM H KOHEUHOM COCTOSIHHSIX OTBEYAIOT H30TONHYECKHE
dyskudd ¢ u d°* COOTBETCTBEHHO, NpHUEM
1
e —_—— : e ___
nﬂ:'—" VQ— (1) il; 0) (buo—'(o, 0) 1)
(anaJqoruunbie (GaKTOPH BBOASATCS AJA Z-THNEPOHOB).
9. Kaxxgomy BHyTpeHHeMy uMNyJbcy [, KoTOpbifi He (HKCHpOBaH 3aKOHAMH
COXpaHeHHs B BeplIHHAX, COOTBETCTBYET

d4l
(2m)*”

10. Kax1ofi 3aMkHyTOll (epMHOHHON NeTJe OTBeyaeT MHOXHTelb (— I).

11. JluarpaMMul, KOTOpble OT/HYAloTCsi APYr OT APYra TOMBKO NePeCTaHOBKOH
ABYX BIUEIHIHHX TOXAECTBEHHbIX (DEPMUOHOB, MMEIOT MNpPOTHBOMOJOKHEIH OTHOCH-
TesbHblil 3nak. [Ipu 9ToM NoOApAa3yMeBaeTCs He TOJbKO NIePeCTAHOBKA ABYX TOXAE-
CTBEHHBIX YAaCTHIL B KOHeYHOM COCTOSIHHH, HO H, HAlpuMep, mepecTaHoBKa Hawasb-
1Ol YaCTHIBl H KOHEUHOH aHTHYacTiHIbL,

BsanMojelicTBlie ONpejesseT THN M CTPYKTYpY BepiiuH. HuXe mnpHBeleHD!
NpaBHAa A5 OCHOBHLIX THIIOB B3aHMOJeACTBHS.

CHMHOpHaﬂ 3AEKTPOJHHaAMHKA

MMeroTcs aBa THna BepIIHH, n3oOpaxeHHBX Ha puc. b. 1, koTopsle oTseyaloT
caelyiCulell MJOTHOCTH FaMMJbTOHHAHA, 3aNHCaHHOM B BHJE HODPMAJIBHOLO MpOH3-
BeJleHHA: _

. e oD [T . .
=—%, .eolbyumpA —O8mip: .

JlAs naWHOTO THNa B3aUMOAENCTBHS CIpaBelJHBH Ciefyiollue NpaBuJa:
1. Kaxnoil Bepiiniie conocTabisietcsi GakTop — ieYy.

2. KaXX4OMy MACCOBOMY KOHTpYJeHy OTBeuaeT BeniuuHa idm.

om

Pue. B.l.

3. 3apaj nepeHOPMHPYETCA CAeLYIOLIUM obpasoMm:

e=2,27' VZyey="Zsep

rie TOYHO BeplIMHEe COOTBETCTBYeT Iy (p’, p) > Zl—'yu npu p' =p=mu Z=
= Z, COrJJaCHO TOXKAECTBY Yopna.
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ANeKTPOAHHAMAKA GO30HOB O CNHHOM O

Hmetores tpn tuna sepinn, nzoSpamennnix na puc. 5.2, KOTophHe OTBedaloT
CeAyOle! NJIOTHOCTH JlarpaHxuaHa:

> <
, [¢] 0
g1=—leoﬁfp+(’m—a—xu)(p:Au—}—eg:AQ::q>+cp:+6u2:q;+<p:.

Jaa 3THX BepUIMH CIpaBei/uBhl MpaBUJa:
1. Bepunne B3anMopefictBust ¢ (poToHoM oTBeuaer dakrop — iey (p + Py

2. Bepurune ¢ aByMst GOTOHHBIMU JHHHSMH OTBeuaeT -+ Qiegg“v.

y4 Y2 y
7’
————— P — s
=ig 0y, DL A I
/{ ﬂ(p p)/‘ . 7 Z”ngw \*\\
7 -~ =~
Ve
Ve
A
/1//54‘“2 *\\\
//
Puc. B.2,
\ /
/ 7
/ 2
/ \
/ \
Puc. B.3.

3. Kaxzaomy mMaccoBoMy KOHTpuneHY oTBeuaer darrtop (Su2.

4. Kaxoli 3aMKHYTOl TeTJe, cofepXkalleil TOJAbKO iBe $HOTOHHBEIE JIHHUH, KaK
noxasaso Ha pHc. B. 3, oTBeuaer mHoXuTenn ).

5. [lepeHopMHPOBKA 3apAja TPOM3BOAMTCH, KAK B CUHHOPHON 5JeKTPOXHHA-
MHEKe.

Me3on-HYKJIORHOE paccesiHHe

B 3aps/0BO-He3aBHCHMOM TeODHH TaMHJBTOHHAH COAEPKUT UeThipe uJeHa
Hy=— 2, =:ig Wy ¥ :—0m:¥¥:— 1/, 0p%:d-db:+1/,04: (q)-(b)f:,

KoTophle n3o6paxenbl Ha puc. B.4 u B.5.

Touxkn na puc. B.5 osnauaior, yro ToibKO 3Hauenue | = 0 mepenaeTcs OT
Me30HHOH napwl fj K nape rs (cMm. wuxe npasuwio 2). [Ipasuao s maccosbix
KOHTPUJIEHOB TO JKe, 4TO M paHblle, a JAPYrue NpaBuUia TaKOBLL:
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1. Kaxpohi Me30H-HYKJOHHOH BepLIMHe OTBeYaeT (PAKTOp LoYsTg. KOTOPHIH

naerT KOHCTAHTY B3aHMONEHCTBHSl 3apAMeHHBIX Me30HOB € NpPOTOHAMYH, DPABHYIO

28y ¥ = go X471 B3aUMOZeHCTBHA HeNTpanbHEIX ME30HOB ¢ NPOTOHAMM M Heli-
TPOHAMH COOTBETCTBEHHO.

/
/
A
/
7% v
Ll
,f lé‘/” -~
s
Puc. B.4.
\ /
N /%
\ /
\ /
>...(—zz‘o‘m;7d,,s
/
/i ) -7
z \r [ ] =~ L —7'
/ \ <\~._—-/> x z
Puc. B.5. Puc. B.6.

2. Kaxnpoil sepuwnte ¢ deTHpbMsi MesoHaMH, H3obpaxkeHHOR Ha puc. B. 5, co-
otserctByer pakrop —2i8A8:;6r..

Kaxpoli 3aMKHYTOl mnerse, cofepikallell ABe Me30HHble JHHHMH, KaKk Ha
puc. B. 6, oTBedaer MHOXKHTe b s,

daekTpoAMHAMHKa 0030HOB €O cnHHOM 1

[Iponaratop BekTOpHOTO Go30Ha uMeeT BHL [— Guv + kyky/m?] (k2 — m2)~!
BMeCTO — guvy/k?  Ans GeaMmaccoBoro ¢OTOHa, a BHEIUHSS  uBusA COMEPHKHAT
BEKTOpP TOJIAIPH3aUUl €, KaK B ciyyae (oToHA.

B 9JIeKTPONHHAM#HKE BEKTOPHBIX 6030HOB HMeloTCA HeTbhipe THIA BEpIUUH, H30-
6pa>KeHbex Ha puc. B.7, KOTODBIM COOTBETCTBYET cJeAYILas MJIOTHOCTL JlarpaH-
KpaHa.

' 0" d .
P o= leO: [( ax: ) (AV(Pu _ Au(Pv) - ( 6:‘): ) (Av(pll - A“(pv*)]: +

+eg: [, 4% — A,0"4%0 ] 4 ou: gpo¥:
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Huxe mo nopsaky npuBOAATCA (aKkTOph, COOTBETCTBYIOUlHE KaXAOH H3 3THX
BepUINH:

. ®axkrop — igy (p' + P)y8ap + ieogﬂup; + legPp8yps

;.2
2. ®axrop +iep [quvgaﬂ ~ 8uaBpv — guﬂgav]'
3. ®akrop i6p2ga5 AN KaxMJOro MacCOBOrO KOHTpuJIeHa.

4. Muoxnteab 'y Ans KaMIoH 3aMKHYTOH NeT/H, CONEPKAUHH TOJbKO [BE
(hoTOHHBIE JIHHHH.

i
N Y
pl
i _+_'>———-ﬂ —_—_ e ——f
17_,/ w”[(,p 2 )l R
LT h ] 7 W tis -
“ e ~Geallp~bredieg]
AN
-
,/zdﬂzéfxi\ \\ \\ .// 7
rd ~ X =~
/a/ \\/9 // \\ 2

Puc. B.7.

5. BbiBog 3THX NpaBmJ M3 KAHOHHYECKON TEOpHH, a TaKXKe paccMoTpeHHe
aHOMAJBHOTO MAarHUTHOTO MOMEHTA ¥ MPOLEAYPbl Dery/ispH3ailid MOXKHO HalTH
B pabote [133].

Bo Bcex npHBeleHHBIX BHIIE NPUMepPax MaTPHIlbl PACTIONOKEHBl B «eCTECTBEH-
HOM Topsiake». s 3aMKHYTHIX NeTeab 3TO O3HAyaeT B3sATHe ciaena. Msorompmue-
CKHE HHIEKChl 3aMBIKAIOTCS € COOTBETCTBYIOUIMMH HHAEKCAMM Ha APYIOM KOHIe
Gosonno# auHuu. Tlpu cyMmupoBanuu no nosaspusanux GoToHOB

Z}; ey (B A ey (B A)=> — guv

H BEKTODHBIX ME&30HOB
kukv

Z e (b A) ey (k, M= — guv + ——7.
A



NOTIOJIHEHUS PEOAKTOPA TMEPEBOJA

1. Paccesinne MioOHa Ha 3jektpoHe (k § 27). B § 27 paccmoTpena sapaua
0 paccesiHHH 37MeKTPOHA Ha GecCTPyKTYPHON AMPAKOBCKON HacThile (TsIKenOM 3JIeK-
tpone). Kak TaM OTMedanoch, Takoe PacCMOTpeHIe HENPHMEHHMO K TPOTOHY,
OCKOMbKY OHO He YUHTHIBAET €rO CTPYKTYPy H ero aHOMalbHblii MarHHTHBIH MO-
MeHT, cBsi3aHHBle ¢ CHALHEIMH B3anModeficteuamn. Ho ara sapaua OyxBasbHO
COOTBETCTBYET 3ajaye O paccessHHH MIOOHA Ha 3/EKTPOHe, TAK KK MIOOH B CMBIC-
Je ero 3JeKTPDOMACHUTHBIX CBONCTB JefICTBUTENbHO OTJIHYAETCH OT 3/IEKTPOHA
TONBKO Maccoil H He TOLBepXeH CHJIbHbIM B3aHMoJeHcTpusiM. TakuM oOpasom,
dopMynsl § 27 ocTaioTes cNpapeNHBEIMI, T. €. ONHCBHIBAIOUIMIL paccesnye MIOOHA
Ha 3MIEKTPOHE, €C/M B HWX 3aMEHHTh ep Ha e, a mog M mnoipasyMesaTb Maccy
MIOOHA.

Juddepesnanbioe cedeHHe paccedHus onpeneasercss (Gopmydofi (7.42), a
KBAJPAT MATPHYHOrO 3JeMeHTa AJsl CAydYas HenosAPH3YEMbiX gactin — opMyofi
(7.43). B cucreMe LleHTpa HHeplUMH BbIpa)eHHe Js AuBhepeHUHAIBHOMO cedetus
HMeeT cJelyIomHil BHA:
do =

a® do T
(e + E)* pt sin‘—q L

(eE + p?)? + (eE -+ p? cos? §)? — 2 (m? + M?) p* sin? %]
rie p— EMIYJbC B CHCTeMe [eHTpa HHepIHH, & = ’\/p2 + m?, E= Vp2 4 M2 —
SHeprs JeKTpoHA H MIooHa, § — yros paccesHus, do — sneMeHT TeJlecHOro yrja
(Bce B cHCTEMe LeHTPa HHEDPUHH).

2. TpeBpalllenne 3NEKTPOHHON mapbi B MIOCOHHYl0 napy (x § 32). Ilpu croak-
HOBGHHH 3JEKTPOHA M TMO3UTPOHA, KPOME YMPYrOro paccesiins, MOXKeT TNMPOH3ONTH
MX AHHUTHJSIHS C NPeBpAllleHHeM B MIOOHHYIO mapy (IIOJIOKHTEJIbHO H OTpHUA-
TeJbHO 3apsKeHHble MIOOHEI). DTOT NpOLECC ONHCHIBAETCS BTOPOH ANarpaMMod
(puc. 7.12,6), a amnanTyia — dopmynof (7.86), B KOTODO# HAZLO onycme nepBbli
yneH B KBAAPATHBIX cKoOKax, 3aMenuth m? Ha mM u cuutaTh pI H ql COOTBET-
CTBEHHO HMMyJbcaMi W=- ¥ WF-uacTHU (py M ¢, — NO-MpexiieMy HMMYJbChI 3JeK-
Tpoua # mnosuTpona). M3 3aKoHOB coxpaHeHns C/elyeT, WTO NpeBpalleHHe BOS-
moxHo npu E 3= M, rae E — sHeprusi 37exTpoHa (IO3HTPOHA) B CHCTeMe UEHTPA
HHEePIHH.

ITonHoe ceyeHne npeapaulemm PaBHO

=3 3 i (1 252)/\/ 41;1'
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3aMmeTHM, 4to 3Ta (PoOpMyJa HEMpHMEeHHMa HelOCPeACTBEHHO BOJH3W mnopora
npouecca, rie o6pasylolHecs MIOOHBI HElb3l CYATATh CBOGOIHBIMH.

3. Heynpyroe paccesnue aaekrpona na mpotome (k § 56). B § 56 paccma-
TPHBaJach 3ajlaua 00 YNpyroM paccesiiMH IeKTPOHA Ha peanbdoM fpoToHe. Jlas
310r0 6bi10 MOAH(HUMPOBAHO BLIDAXKeHHe AJA ToKa (7.34), oTBeuaiolllee «Aupa-
KOBCKOMY» mpoToHy. DTa Moan¢ukauns cBoaunaack K 3amene J na (Py|J|P:) —
MATPHYHbIH 3J]EMEHT TOYHOTO OMEPATOpPA TOKA NPOTOHA, YUYHTHIBAIOWIETO CHJbHbIE
83auMozeficTBUs (HO MePBOro NOPAAKAa MO 3JIEKTPOMArHUTHBIM B3anMOLeHCTBHAM).
Kak 6b10 moxasano B § 56, s10T MaTpHUHBIE MeMEHT MOXET OWTb npeacTaBJeH
(heHOMeHOJIOrHYeCKH B BHIe

 (Pr) Tyu (Py),
rae I'y — BepminnHas QyHRuuS TMPOTOHA, BbIpakaiomascs cornacHo (10.88) uepes
ABa MHBapHaHTHBIX dopM-daxropa Fi, Fa, sBasioniuxcs QyHKUHSMM OT KBajpara
nepefaHHOro ummysanca g2 TakuM oO6pa3oM, aMIJIUTYla paccessHHsl MOXeT ObiTb
orpejeseHa Ha OCHOBaHMHM mnpoctoll anarpamMMbl Pefinmana (puc. 7.3) ¢ 3ameHoil
B nporonHoii sepmuse Y ua M.

AHaZIOTHYHO MOXHO pacCMOTpeTb 3a4ady O HeYNpPYroM PAacCesiHHH JeKTpOHa
Ha MPOTOHe, T.e. MPOLECC, B KOTOPOM 3JEKTPOH TepfeT HMNYJbC ¢, a NPOTOH Mpe-
BpalllaeTcss B HEKOTOPYIO COBOKYIHOCTb afpoHoB. /11 3TOro Halo HCNOJb3OBATh
auarpammy puc. 7.3 uau dopmyay (7.31), samenus nporomHmii Tox J* na Matpuu-
HBIA 3JeMeHT TOKa

(n 1™ 1P)

rie |P;) — HayanbHOe COCTOsIHMe TPOTOHA € uMNyabcom Pi, a |n) — koHeuHoe
afipOHHOE COCTOSIHHE.
DseMeHT MaTpHUBI paccesiHus Sy;, OTBedalOLIMil ITOMY mpoleccy, Gyier co-

AEpKaTb AMIIUTYLY

MO = (pp) v (p) (2 | ] Pry—

—é,'z_r
rie, kak # B § 27, p. M p;— EMOyJbCHl 3JEKTPOHA A0 M TOCJAE paccesHud, a
u(pt) ‘u u(ps)— COOTBETCTBYIOUHE NHPAKOBCKHE aMIUIUTYAbl (Mbl ONYCTHJH AJf
KPAaTKOCTH CHHHOBble MHIEKCH), § == p; — Pj.

Jnddeperunanphoe cedeHue paccesiHusi ¢ obpas3oBaHHeM aJPOHHOrO COCTOS-
HHS 1, BBIYHC/IEHHOEe N0 OOBIYHBIM NMPaBHJaM, HMeeT ClelyODIHA BHA:

o e s ! 8 ()
do'™ =M™ P 2m)* (P, + p; — p; — P;) 1 (Pip)) dip; (2n)?

(B 3TOH hopMyJie M jpajee Mbl mpeHeOperaeM Maccoil 3JJeKTPOHA).

ITpocyMMHpoBaB 3TO BEIpaX<€HHe MO CIIHHOBBLIM COCTOSIHUAM 3J€XTPOHA B KO-
He4yHOM COCTOSIHWH, YCPeJHHB IO CMIHHOBLIM COCTOSIHHSIM 3JeKTPOHa B HAdaJbHOM
COCTOSIHHH M TPOCYMMHPOBAB 1O BCeM KOHEYHbIM aAPOHHLIM COCTOSIHHAIM £, MHl
NOJYYHM CedyeHHe paccesiHHs 3JeKTpOHA Ha TNpPOTOHe NPH [aHHOM YIJjie pacCesHHs
¥ JlaHHOH moTepe 3Heprun (MHKJIO3WBHOE cedeHHe).

B kadecTse He3aBHCHMEBIX TMePeMeHHBIX yL0GHO BbIGpaTh HHBApHAHTH

g =(p;—pp)hH v=(P).
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Mbl nonyuum
a2

wv
i (Pipi v

do =dq® dv uy

rne

— u_v v u uv

W = 2(pip} + pir} — £4°p.p;).
. 45(4) _ _ : :
W=D @u'W (P, — Py —a) (P iy | n)(n]1y] Py,
n
Tenzoprast cTpykrypa Wy onpeiensiercs TOJBKO ABYMSl BEKTODaMH, Ping.

[/13 3THX BeKTOPOB H MeTqueCKOI‘O TGHSOpa guv MOXKHO [IOCT[)OHTb BCEro rMnfTh
He3apHCHMBIX TeHBOpOB. Tpe6oaaHym I/IHBapPlaHTHOCTPI OTHOCHTeJLHO oépamel—mﬂ
BpeMeHH M COXPaHeHHe TOKa HAaRJAaAblBAXOT TPH YCJOBHA. TTostomy Wy onpene-
AfieTcsl ABYMS HHBADHAHTHBIMH (YHKIHAMH OT JABYX TNEpeMeHHHIX: ¢% u V. Mup
MoxeM 3amucath Wyy B ClelylouleM BHZe:

qudv 4n v W
WLW = 4a MW, qz — 8pv + ﬁ W;_) Piu. ——'—q-? Ju (Piv —_ _qz—lh .

Bripaxenue s cedeHHs Mbl 3allillleM B CHCTeMe TOKOsl MPOTOHA, B KOTOPOH

‘72=48'825i“2_gr v= Mg, P;p;= Mg,

rae &1, €2 — COOTBETCTBEHHO Haya/JbHAasi M KOHeuHasl 3HepPruu 2JIeKTPpOHA, a 0 —
yroJ paccesiHusi 3J€KTpPoHa,

do = dEz dUMOTT (Wz + W] tg2 '%) .

3nech dOmorr — CeUeHHe DPACCesHUS PENSTHBHCTCKOTO 3JeKTPOHA B KYJOHOBCKOM
noJje:
a? cos? §/2
dGyorr = doz —- —
4e{ sin? 9/2

TakuM ofpasoM, HeyIpyroe paccesHHe OmpeleaseTesi ABYMs CTPYKTYPHBIMH
(ywkuuaMn Byx unsapuantos, Wy u Ws. Ecn npyu Goabluivx SHeprusix alponHas

CTPYKTYpa T4KOBA, 4TO He 3aBHCHT OT JOMOJHHTE/IBHBIX pA3MepHBIX NMapaMeTpoB
(tuna macc), to Wy n W2 moryr 3aBuceTb TOJbKO OT Ge3pa3MepHLIX OTHOLIEHHH
q%/v (aBTOMOAENHLHOCTL HJH Maciurabias napapuantHocts). Torna Wi, Wa ponx-
Hbl UMEeTb BHI

2
Wi:ﬂpi_q_,
v v

3aMeTtuM, uTo obilee Bhipaxenue Aad Wyy MOXKeT OblTb NpeACTaB/IeHO B BHIE

Way={ dtx e i1 i 00 v 0011 Py

rae [ju (x), jvy (4)] — KOMMyTaTOp OnepaTopoB ToKa B ABYX MHPOBBIX TOUKAX.
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Jx JI.beépxen, C.J1.JIpenn
PEJISITUBUCTCKASI KBAHTOBAS TEOPUS
T. 1. PeISTHBHCTCKAS KBANTOBASI MEXaHHKA

Knura, HanucaHHas W3BECTHBIMH aMEpPUKAaHCKUMH  (PHU3HKAMHU-TEOPETHUKAMH,
mpejcTaBiasieT coboil  cucTeMaTH4ecKM KypC KBaHTOBOM — DIEKTPOAWHAMUKU.
PaccMoTpenue BceX BONPOCOB TMPOBOJUTCH HA OCHOBE MeToja (DYyHKITUH
pacrpocTpaHeHHs, YTO MO3BOJISET CHAENaTh M3JI0KECHHWE HArJIHBIM M JOCTYNMHBIM. B
KHUTE NOJApoOHO obcyxnaroTcs ypaBHeHue J[upaka u cBONCTBa ero pemieHuid, MeToj
(YHKIIMM pacrpoCTpaHeHus, mpodlieMa MepeHOPMUPOBOK U DIIEKTPOJAUHAMHUKA YaCTHI]
C HYNIEBBIM CIIMHOM U Jip. Pa3BUTEIE MeTOJbl NPUMEHSIOTCS K HEIIIEKTPOMAarHUTHHIM
B3aUMOJICHCTBUSAM DIIEMEHTAPHBIX YaCTHII.
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