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OT PEJAKTOPA TEPEBOIA

Jta KHUra HanucaHa ABYMS BHIIAIOUIHMHCS (GH3UKaMH-TeopeTHKamu H3 Cren-
¢dopackoro UeHTpPa ()M3UKH BLICOKHX 3HePrHil, BHeCIIHX CBOUMH MCCJELOBAHUAMH
CYUIeCTBEHHLI BKNaA B Pas3BUTHe (GU3HKH 3JMeMeHTApHbIX YacTHi, Bulmeimas B
1964 roay, sTa KHHra WHPOKO HCMOJIb3YETCH, W CCHIIKH HA Hee MOCTOAHHO H 4acCTo
BCTPEUAOTC B MHUPOBOM HAY4HOH JHTepaType. YKe 3TV OUpaBibBAeT (1OSIBJCHHe
KHUTH Ha PYCCKOM si3blKe, HECMOTPSI Ha TO, YTO Hallla JHTEPATYpPa M0 KBAHTOBOH
TEOPHH MO8 AOCTATOUHO 6OraTa Kax OPUTHHAJLHBIMHE, T2K ¥ NEPEBOAHLIMH MOHO-
rpagusaMy.

Kuura cocTOWT u3 ABYX wacTefl, CYIIeCTBEHHO PAa3/HBalOLINXCA 110 XapakTepy
H3JI0)KeHHs] U PACCUNTAHHBIX HA Pa3JUUHBIH KOHTUHreHT autarenieil. [lepas uwacts
HocuT OoJslee 3jieMeHTAapHLIM XapakTep, ee LeJb OOBACHUTE W HAYYUTh YHTATENd
MeToj1aM, KOTOPLIMH NMpPaKTHYeCKH IOJb3YIOTCs AJsl MOJYYEHHSt HNPAKTHYECKUX pe-
3yJbTATOB B KBAaHTOBOH 3JeKTPOJAHHAMUKE, Teopuy cJaabblx B3auMopelicTBuil, a
TaKXe HEKOTODHIX KaueCTBEHHBIX PE3YJbTATOB B TEODHH CHJAbHBIX B3aHMOLEHCTBHH.
OCHOBOH 1711 3TOrO sBJSIETCS METOA, BOCXOASL(ME K mnepBuiM paboraMm QeiinMa-
Ha, — MeToA ¢yHKRUMA pacmpocTpaHeHHs. Ias HarAsgHOCTH aBTOPH HCXOAAT M3
onpeaeneHus QYHKUHA PaclupoOCTPAaHEHHS B NPOCTPAHCTBe H BPEMeHH M (PHMEHSIOT
X K pellleHHIO KOHKpeTHHX 3ajau. [Topoll 3To mpuBOAMT K G0Jice NJNUHHBIM BHI-
KJagKaM, yeM ecau Obl pa3 u HaBcerga cdopMynupoBath ofllee JIPaBUJIO HanH-
caHusl aMIJIUTYA paccefHuss no AuarpaMmam QefiuMana, HO aBTOPH Mpeanoun-
TAIOT AparMaTHYeCKWM M[paBWJAM [eTaJbHOE MNPOCAeXKHBAHHE [POCTPAHCTBEHHO-
BpeMeHHO! KapTHibl ripoiiecca.

Bo BTopoli 4acTH aBTOPH HCXOAST U3 (OPMaS>HOTO FAaMUILTOHOBA MeTOAa
KBaHTOBaHNA. Pann ero 4eTKOCTH OHH NPEANOYHTAIOT B CJaydde SAeKTPOAHHAMHKH
NOJbh30BATLCA METOAOM, BHO-HEHHBAaPHAHTHLIM OTHOCHTENbHO JIODEHUEBbIX H KaJH-
6poBoYHbIX NpeoOpasoBanyi. VHBapHAHTHOCTL ONpaBALIBAETCA Ha APYrOM 3Tarne.
3aTeM CTPOMTCS TeOpHSl BOSMYLIEHHH K NOAPOGHO HCC/ELyeTcst CXeMa MePeHOPMH-
POBOK ¢ HCIOMb30BaHHeM Merofa BefinGepra. [Toapo6uo uccaenyiorcsi: aHaauTH-
yeckHe CBOACTBA aMIHTY[, ocobeHunoctu Jlangay, MeTon AMUCIEPCHOHHBIX COOTHO-
wennii. B o6wmeM, BTOpas 4acTb KHHIH AOCTATOUHO HOJHO OTPa:KAET COCTOSHHUE
KBAaHTOBOH TeOPHH NOJA K MOMEHTY HAMHCAHUSI KHUTR.

3a HCTeKIIHe ¢ MOMEHTA HaNMHCAHMA KHHTH JECATL € JMUIHAM Jer B (Pu3HKe
3JIeMEHTAPHBIX YacTHU H TEOPHH TOJA TPOU3OUIe] CYIECTBeHHBIT nporpece. On
NIpaKTHYECKH He 3aTPOHYJ KBAHTOBYIQ 3JIEKTPOAMHAMHKY, NO3ITOMY B 3TOH CROeH



OT PEJAKTOPA NEPEBOJA 7

4acTH KHHMra He ycrapesna. B ofsactin ke cnabbix M CHAbHBIX B3aHMOAECHCTBHI
BO3HHKJH CYUIECTBEHHO HOBHle TeOpeTHYeCKHe HJAeH H Meroibl (B uX pa3spaboTke
4KTHBHOE® Y4YacTHe MNPHHHMAaJH H aBTOPEl 3TOH KHHMrH). YuecTb «Ha XOAay» 3TH
H3MeHeHHs1 HeBO3MOXHO — OHH TPeOYIOT OTAeJbHOH MOHorpaduu. ITa Ke MOHO-
rpagus He TepsieT CBOeH UEHHOCTH M, MOMHMO ee yXKe He MeHSIOUUXCS OT Bpe-
MEHH DasjleJioB, OCTAHeTCA BBeAeHHeM K OYyAyllleH, Taxk e Kak ee epBasi 4acTb,—
Ko Brtopoit. [losroMy MBI OrpaHUYHJHCL HeGOJBUIMM KOJHYECTBOM [OTOJHEHHI,
HAEHHO HemOCPeACTBEHHO MPHUMBIKAIOMIUX K COAEPKAHUIO KHHUTH, OTHOCAI(HXCH K
B3aHMOAEHCTBHIO JIEKTPOHOB ¢ aJPOHAMH H MIOOHAMH,

B. Bb. bepecreyruti



NMPEANCJ/IOBHUE

IMpensioxennpift B 1949 r. P. ®efinmanoMm noaxos K PeaATHBH-
CTCKOH KBaHTOBOH TeOpHH, OCHOBaHHBIL HAa MeTOAe GYHKUHM pac-
NpOCTpaHeHHs, MO3BOJNJ COOPMYJUPOBATh KBAHTOBYIO 3JeKTPO/H-
HaMHUKy B UHTYHTHBHO IPHUBJEKATeNLHOH U NpakTHUeCKH YA0OHOH
(opMe H B TO Ke BPeMS OKa3aJ/cs BecbMa (JIOAOTBOPHBIM MJISt LIH-
POKOro kJiacca 3ajady B TEODHH 3JleMeHTapHbIX yacTHL. [lpoueaypa
NepeHOPMHPOBOK, Ha KOTOPOH OCHOBaHa Bepa TEOPETHKOB B npen-
CKa3aHusl KBAHTOBON 3/I€KTPOAHHAMUKH, 3aBHCHT HA CaMOM [Aeje OT
aHaau3a auarpamm Qeiinmana. To xKe OTHOCUTCS M K 3HAUUTEIb-
HOMY liporpeccy, LOCTHFHYTOMY B JA0Ka3aTe/JbCTBe aHAJUTHUECKHX
CBOACTB, HeOOXOAMMBIX AJS HANHCAHUS JHCHEePCHOHHBLIX COOTHOILe-
Hui. MoOXKHO, HaKOHel, HOHTH eHle JaJjblie H OPUHATb KPaiHIO0
TOUKY 3peHHud, corjlacHo KOTOpoH Habop Bcex auarpamm Deftumana
H ecTb TEOpHS.

B sToii knure ¥ B ciaeaywouiem Tome «PeasTHBHCTCKHE KBaHTO-
Bble MO0Jis1» Mbl He BLICTYNaeM B 3allUTy 3TOH TOYKH 3PEHHS, Kak,
BnpoyeM, BooGUIe He NLITAeMCR OTCTOATb KaKylo-1HDO €AMHCTBEH-
HYIO TOYKY 3peHHs B yulep6 BceM ocTajpibiM. Celluac HUKTO He
MOXKeT M03BOJNUTL cebe MOAOOHON POCKOIUM BBHIY HeEYAOBJETBOPH-
TEJAbHOI'O TNOJIOKEHHS, CJAOKHUBLIErocs B (PU3HKe 3/deMeHTapHBIX Yac-
THH. B ocobeHHOoCTH HaM He x0TeJjoch Obl NPHYMEHbIIHTHL 3HAUYeHHE
nporpecca, /[JOCTHTHYTOro B (OpDMaJbHOH TeOpHH MOJS WU AUCIep-
CHOHHOH TEOPHH ME30H-HYKJOHHOrO B3aHMOACHCTBUS [pPH HHU3KHUX
sHepruax. TeM He MeHee OCHOBHOe yjapeHHe Mbl AejgaeM Ha pas-
BuTHe npasu PefHMaHa, KOTOpble CJAELYIOT HENOCPeJICTBEHHO H3
BOJIHOBOIO VPaBHEHHA AJA AHPAKOBCKOIQ 3JIeKTPOHA, €CJIH 3TO ypaB-
HeHHe MPOHHTErPUPOBATH C MPAHHUHBIMU YCJIOBUSIMH, BBITEKAIOUHMH
U3 TEOpHH AbIPOK.

B3saTbcs 3a HanucaHHe KHHMIH (npeBpaTHBIIeHCS 3aTeM B UebIX
fiBe), uzjaraiomeli UMEHHO Takofl nMoaxoa, Hac noOyAWw/im Tpu OC-
HOBHble [IPHYHHDI:

1. ®efinmaHoBcKHe AMArpaMMbl H [IPaBH/A BbIUHCJICHHE BbIpa-
XKAIOT pe3yabTaThl KBAHTOBOI TeOpHH 11045 B (opme, YIOGHOH AJs
aHaJiM3a SKCHEePpHUMEHTAJbHBIX AaHHBIX. XOTA (OPMYJTHPOBKA TEOPHH
B TepMHHAX JUarpaMMm MOXKeT 03HauaThb HCIOJb30BaHHe TEOPHH BO3-
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MyUleHHH, npumep [pobJaeMbl MHOTHX TeJ NOKa3blBaer, 4To rpadH-
YyecKHe MeTOJbl MPUTOJHb! AJS ONUCAHHS ABJMeHHH, He MOAAAIOLIHXCS
aHaJ/JIH3y C MOMOLIBIO TeOpHHY BO3MYIIeHHH (Kak, Hanpumep, CBepX-
IPOBOAHMMOCTL H 603e-ra3, COCTOSLIHI U3 TBepPABIX chep).

2. Brnosnne MoOxKeF CAy4YHTbCS, UTO npaBusia Pefinmada B HEKOH
BH/IOH3MEHEHHOU (opMe OKaKyTcs HOJrOBeyHee, ueM CJOXKHAs Ma-
TeMaTHYeCKas KOHCTPYKUHSA JOKAJbHOH KBAHTOBOIl TEOpHH noJis, OC-
HOBaHHAf HA TAKOM HJAeaJM3UPOBAHHOM MOHSITHH, KaK oJe, 3a4aH-
Hoe B (PMKCHPOBAHHBIX TOUKaX NPOCTPaHCTBAa-BpeMeHH. [loaTomy bl
OyleM B HepByl0 oyepelb pa3BHBaTh (eHHMAHOBCKUE MpaBHJA-He-
3aBHCHMO OT (popMasusma Teopur noss. C TedeHUeM BpPEMEHH MO-
KeT BBLIACHHTbCA, 4TO (DOPMAJIH3M 3TOT €CTh CKOpee HAJCTPOHKA,
yeM (YHIaMEeHT TEOpHH.

3. Tako# myTb nmocTpoeHuss — GoJjiee NpsAMOil 1 MeHee Popmalb-
HbIl M, BO3MOXHO, He CTOIb TPYAHBIH 1/ MOHUMAHUS, KaK AedyK-
TUBHBIH TEOPeTHKO-NMoJeBoA moaxofd. OH LoJKeH BOOPYKHTb METO-
NaMH BBIYHCJEHHS W aHa/gu3a (pefHMaHOBCKHX AHarpaMm Kpyr ¢H-
3MKOB, 3HauHTeNbHO OoJiee LIMPOKHH, 4eM KPYyr TEOPeTHKOB, BJia-
JACIOIHX METOJOM BTODHYHOrO KBaHTOBaHHA. B ocobeHHOCTH MBI
HMeJH B BHAY HallWX KOJUIEr 3KCHEepPHMEHTaTOpPOB H CTYIAEHTOB, HH-
Tepecytouminxes (HDH3UKOA 3MeMeHTaAPHBIX yacTHL. MBIl rojgaraem, uto
TAKOE H3/10KEeHHe NPeAMeTa OKaXeTCsl MOJ1e3HbIM.

[lepsonauanbHo MBI HaMepeBaJIMCh HAMHCATL OAHY KHHTY, HO
CO BpeMeHeM OHa npeBpaTHJgach B ABa ToMma. B nepeom tome «Pe-
JATHBHCTCKAs KBAHTOBas MeXaHHKa» Mbl H3jaaraem MeToa ¢yHK-
LMY PacnpoCTPaHeHHs AJAs AHPAKOBCKHX YacTHl, GOTOHOB H MOAUH-
usromnxesl ypapHenuto Knelina — [TopioHa Me30HOB, W NPOBOLHM
pAL BbIYHCJAEHHH AJAS HJAMOCTpAaLUH Pa3HOOOpasHOf [moJe3Ho# Tex-
HUKU U [IPHEMOB, HCMOJIb3YyeMBIX B TEOPHH 3JeKTPOMarHuTHOro, cJjaa-
6oro M cHabHOro B3aumojeHcTBHA. Cioga OTHOCATCS ONpeaesicHHe
H 1poBejeHHe 1IPOUENYDPH NMepeHOPMHPOBOK M BBIUHCJACHHE pajlHa-
UHOHHBIX [ONPaBOK, TAKHX KaK J3MOOBCKOe CMelleHHe B HU3IIEeM
npubaHKeHuu. i yTeHHA 3TOH KHHIH AOCTATOYHO BJAJETb KYp-
COM HepeJNsATHBHCTCKOH KBaHTOBO MeXaHHKH, HanpHMep, B o6beMme
kaury JI. lludpda «KpantoBas mexanuka» (MockBa, U1, 1957).

Bo BTopoM TOMe «PejATHBUCTCKHE KBAHTOBhLIe MOJS» Mbl H3/a-
raeM KaHOHHMYECKYIO TEOPHIO NOJS H 3aTeM, MOCTPOHB € MOMOIUBIO
Texuuky Jlemana — Illumanunka — Llummepmana (LSZ) 3amkHy-
Thle BbIDaKeHHA A8 QYHKUHH PacnPOCTPaHEHHs U aMIIHTYA pac-
cestHUsl, BHOBbL BO3BpaillaeMcsl K Jfuarpammam OPefiumana. [loka-
3aHO, YTO pPa3JoXeHHe aMILIUTYAB DacCesiHHsl B DAL TEOPHU BO3-
MYIIEHHH, TOJYy4eHHOE B paMKaxXx KaHOHUYECKOH TeOPHH MOJis, COBHA-
Jaer ¢ PacCCMOTPEHHBLIM B NePBOM TOMeE Da3JIOXKEHHEM [0 NPaBHJIaAM
@eifinmana. [lyrem nanbHeiiilero anajsn3a AHarpaMM Mbl HCCJeLyeM
ana/JHTHYECKHe CBOMicTBa (eHHMaHOBCKUX aMIUIHTYA B JI060M I0-
PsiiiKe 1O KOHCTAHTE CBSI3H H Pa3bACHAEM AHCHEPCHOHHble METO/IHI.
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B sakJioueHHe Mbl JOKa3blBaeM [€PEHOPMHPYEMOCTb KBAHTOBOH
3JIeKTPOJAHMHAMHUKA B JI000M NOpsAKe MO B3aHMOAEHCTBHIO.

He ocranaBnuBasch Gojiee NOAPOGHO Ha MaTepHase, H3JIOKEH-
HOM B Kypce, ePEUHCJIHM OCHOBHLIE BONPOCH, KOTOpbie¢ B HeM He
ocBelleHbl. [TOJHOCTBIO OTCYTCTBYET H3JO0XKEHHEe MpHHIHNA NeHCTBUS
H npeanoxeHHas llIBuHrepoM ¢opmMyJupoBKa KBaHTOBOH TeOpHU
noJisi, OCHOBAHHAs Ha BapHalUMOHHOM Hoaxoxe. Mel npuberaeM K
BapuHalUn JeHCTBHS TOJbKO MPH HCCJAeJOBAaHUH CBOUCTB CHMMeTpPHH.
Onyuieno noapoGHOe o6CyKaeHHEe elle ABYX BONPOCOB: CYULECTBEH-
HOTO Tporpecca, AOCTUTHYTOrO B aKCHOMATHYeCKOH KBAHTOBOH Teo-
pHH 10Jd, ¢ OZHON CTOPOHH, U He CBA3AHHOrO ¢ TeOpHeH moJsi S-
MaTPHYHOIO NOAX04a — C APYrod. 3a HCKJIOUeHHEM COJIep2Kallerocs
B NepBoM ToMe oOCyxKIeHHs] J9MOOBCKOIO CABHTA H CIEKTpa aToMa
BOOpOAA, npobJjeMa CBS3aHHBIX COCTOSHHI He DaccMaTpuBaeTrcs.
HHcrnepcHoHHBIE COOTHOUIEHHS JIHIIb B MUHHMAJbHOH CTeHeHH
HCIIOJB3YIOTCA B AMHaMHYecKHX Bompocax. He npusoautes ¢gopmy-
JIHPOBKA KBAHTOBOH TEOPHH MOJIA JJs MAaCCHBHBIX BEKTODHEIX Me30-
HOB, TaK € KaK H TEODHH NOJs, COoAepKalllell CBA3H C MPOU3IBOJ-
HbiMa. Kpome Toro, mMbl He NOAroToBmau OubaMOrpaduio Bcex Cy-
IeCTBEHHBIX OPHTHHAJbHBIX PaboOT NO PAaCCMOTPEHHBIM B HaLleM
Tpyne BompocaM. OrTMeuehHble Tpoesabl MOTYT GbiTh BOCHOJHEHH
C TOMOILBI H3JaHHBIX B IMOCAeAHee BPpeMst MoHorpaduili ¥ yuel-
nukoB [1 — 20].

B sakgoueHHe Mbl 06s3anbl 000/1arofapuTh MHOPHX CTYJEHTOB
H HaIlHX KOJJer, KOTOpble GblIM YYTKHMH CAYIIATENsIMH K Heole-
HUMBIMH KPUTHKaMH B TOT NepHOJ, KOIJa Halllu JeKuuy npeBpalia-
JIUCh B HaNHCaHHBIE IMIaBH, npogeccopa Jleonapaa lludda, Booay-
HIeBHBILEro HAac Ha HaMHcaHHe 3THX KHUT M OKa3aBlIEero 3aTeM
noanepxkKy, a takxke Posmapu Crsmndenab u Drern Maunn 3a odJe-
CTALYI0 OPOPMHTEIbCKYIO PaboTy.

Homedme . Boepren
Cudneii . Hpean



r1ABA 1
YPABHEHHE O UPAKA

§ 1. ®PopmyaupoBKka PeNSITUBHCTCKON KBAHTOBOH TEOPHUH
M

[TockoibKy NpHHLMOLI cHenHadbHONH TEOPHH OTHOCHTENbLHOCTH
ABJSIIOTCA B HacTodAllee BpeMs OOLIeNpPHHATHLIMH, NPaBH/AbHO MO-
CTPOEHHAs KBAHTOBAS TEOPHA LOJXKHA YAOBJAETBOPATb PE/NsiTHBHCT-
CKHM TPeGOBAHUSAM: 3aKOHBI ABHXKEHUS, CHPAaBEAJNHBLIE B OJIHON HHEp-
[UAJbHOH CHCTeMe, AOJXKHB OLITb CNpAaBelJHBB BO BCEX HHEPLHU-
ajbHplXx cHcreMax. Ha MaTemaTHuecKOM fA3LIKE 3TO O3HAyaeT, UTO
PeJIITHBHCTCKAsi KBAHTOBAs TeOPHS AOJKHA OLITh c(HOpPMyaIHPOBaHA
B KOBapHAHTHOH OTHOCHTeNbHO NpeoOpasoBakui Jlopenma Qopme.

[Tepexoas OT HepeNATHBHCTCKOH K PEJSITHBHCTCKOH KBaHTOBOMH
MeXaHHKe, Mbl NONbITaeMCs COXPAHHTb MPHHLUIB, JekKalide B OC-
HOBE HEDPEeJSATHBHCTCKOH TeopuH. Hurke MBI KPaTKO HanoMHHAeM 3TH
NPHHLHUNEL ') :

1. Inst 3aaaHHOl (U3HYECKOH CHCTeMBl CYIIECTBYeT BEKTOp CO-
ctossHuA @, KOTOPBHIH COAEPXKHUT BCIO HH(OPMALNIO O paccMaTpHBae-
Mo#i cHcTeme. M3saras Ha nepBbIX NOpaX OJHOYACTHUHVIO PEJSTHBU-
CTCKYIO TEOpHIO, Mbl OOBIYHO OyZieM HMeTb [eJ0 ¢ KOOPAMHATHHIM
npeJcTaBJieHHEM BEKTOpPa COCTOAHMS, T. €. C BOJIHOBOH (yHKIHUEH

$(g1, ..., gn; S1, ..., Su; t). BoaHoBas ¢ynkuus ¢(g,s,t) sas-
JsieTcsl KOMIJIEKCHOH (YyHKIHeH OT BceX KJIACCHUYECKHX CTeleHed
CcBOGOAH gy, ..., Gn, BpEMEHH [ W JONOJHHUTEJbHBIX CTeNeHel CBO-

6oabl, TAKHX KaK CIHH §;, HMEIOLUNX KBAHTOBOMEXaHHYECKYIO MpPH-
pony. Cama BosiHOBasi QYHKLHS He HMeeT NpsIMON (DH3HUECKOH HH-
TeplnpeTaluuy, OJHAKO KBaapaT ee Mmonyas, |¢{(qi, .., gn;S1, ...
., Sn; t)|?2 =0, unTepnpeTHpyeTCS Kak BEPOSITHOCTb TOTO, 4TO B
MOMEHT BpeMeHH { CHCTeMa XapaKTepHu3yercss Ha6opoM mepeMeHHBIX
G1, -.., Gn; 81, ..., Sn. V13 BepOATHOCTHOH HMHTEpIpETaLHH O4YEBH/-
HbBIM 00pa3oM cJelyeT, YTO /151 (U3HUECKH AOMYCTHMbIX BOJHOBBIX
Gyukund P Bequunna |P|2 go/kHa GbITb KOHEUHOH A5 MIOGBIX 3HA-
YeHHH q1, ..., Gn; S1, ..., Sp B JIOOOH MOMEHT BpeMeHH I.
2. Jlio6oit nabaionaemMoll GH3HUECKON BeJHYHHE COOTBETCTBYET
JUHeAHbBI 3pMHTOB omepaTop. B  uacTHOCTH, KaHOHHYECKOH

1) IlompoGuee cm. Kypenl [21—24].
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NepeMeHHOl HMNyJAbca p; OTBeYaeT B KOOPAHHATHOM MPOCTPAHCTBE
CJelyiolni onepaTop:
- h o
pt l aqz .
3. Gusnyeckas cucTeMa ABASETCS COGCTBEHHBIM COCTOSTHHEM OIle-
patopa Q, ecin
QD, = 0,D,, (L.1)

rie @, — n-e co6CTBEHHOE COCTOAHHE, OTBEUAIIee cOBCTBEHHOMY
3HAYEHHIO ®n. 18 5PMHTOBa OllepaTopa w, — AeiiCTBHTE/bHAS Be-
Jnduna. B koopannatHom npesncrtaBiennn ypasaenue (1.1) umeer
BHA

Q(g, s, Dbalg, s, ) =0,%,(q, s, 1)

4. TlocTynatT o pasjoXKeHHH TJIAaCHT, YTO POH3BOJbLHAA BOJHO-
Bast GYHKUHA, HIH BEKTOD COCTOSTHHS, ()M3HUECKOH CHCTEMbI MOXKET
ObiTb Pa3J0KeHa 10 NOJHOH OPTOHOPMHPOBAHHOI CHCTEME COBCTBEH-
HbIX QYHKUHA Pn N0NHOro HaGopa KOMMYTHPYIOUIHX ONEpaTopos.
CilefoBaTe/ibHo, MBI MOXKEM 3aMucaTh

Y= a.p,,
n
a yCJ/OBHE OpTOHOpMHpOBaHHOCTH uMeeT BUIT

SV v s D sy, )=

S
Besqnunna |a,|? ectb BeposITHOCTL TOro, 4TO CHCTEMAa HAXOAUTCH
B 1-M COOCTBEHHQM COCTOSIHHUH.

*5. PesyabTaTtoMm M3aMepenus nHabaroaaeMoi GpH3HYECKOH BeJHUHHDI
SIBASIETCS OJHO U3 ee COOCTBeHHBLIX 3HaueHUd. B uacThocTH, ecaw
(pusuyecKan cHCTeMa ONUCHLIBAETCA BOJNHOBOH (QyHKUHEH p= ). a1,
rae  Qb, =w,},, H3MepeHnue HabawaaeMol (H3HYECKOH BeJH-
unHel  naeT cOGCTBEHHOe 3HAYEHHE ®, C BEPOATHOCTHIO |a,|Z
Cpennee 3Hauenue nHabniofaeMoll Q no GOJbWOMY 4YHCAY H3Mepe-
HHil, NPOBE/EHHbIX B OJJHHAKOBO NPHUIOTOBJAEHHHIX CHCTEMAX, JaeTcs
BbIpaXKeHHeM

Q= da .. ov@... 5. 006 .. 5., 0=

s
=Zlan,2mn-
n

6. PasButne ¢usnueckoli cucTeMb BO BDPEMEHH OMNHCBHIBAETCS
ypaBuennem Hlpepuurepa

O
ih = = Hy, (1.2)



§ 2 [IPEIBAPUTEJIbHBIE 3AMEUAHUS 13

B KOTOPOM raMuJ/ibToHuaH H siBjsieTcss JHHEHHBLIM 3PMHUTOBLIM Oll€-
patopoM. /s 3aMKHYTO# (PH3HUECKOH CHCTeMbl FaMHJIbLTOHHAH HE
3aBHCHT BHO OT BpeMeHH, T. e. OH/0ft =0, u B 3TOM CJayuyae ero
cOOCTBEHHBIE COCTOSIHHSI SIBJSIIOTCS BO3MOMKHBIMH CTallHOHapHBIMH
CCCTOSHHAMH cucTeMbl. [IpHHLHI CyNeprno3uuuu ciaenyet u3 JHHEH-
HOCTH raMuJbTOHHAaHa [, a coxpaHeHHe BePOATHOCTH H3 CBOHCTBA
3pMHTOBOCTH H:

=) S g .. o=5 S (dgy . . .) [(HY) p—¥* (HY)] =0. (1.3)

s

Mpl noctapaeMcs COXPaHHTb NE€PEUHCJCHHBIE I1IeCTb H3BECTHBIX
NPUHIMIOB B KavecTBe (yHAAMeHTa PeNATHBHCTCKOH KBaHTOBOH
TEOPHH.

§ 2. OpenBapureabHbie 3aMeuaHus

[Mpocreiimel ¢H3nueckol cHcTeMoll ABJAsgeTca cBO6OAHAA H30-
JUPOBaHHAsl YaCTHLA, HEPeJATHBUCTCKME TraMHUJbTOHHAH KOTODO

HMeeT BHA
2

p
H=4" (1.4)
Hepexoll K KBaHTOBOIl MeXxaHHKe OCYLIECTBJACTCA NMyTEM 3aMEHLI
.. 0 h
KOTOpas NPHUBOAHT K HepeasiTHBHCTCKOMY ypaBHenuio llpeaunrepa
.. 0P (g, 1) — h*V?
ih S = = (g, ). (1.6)

Vpasuenns (1.4) u (1.6) HeKOBapHAHTHBl W MOTOMY He MOTYT OHITb
npH3HaHbl YAOBJETBOPUTENbHBIMH. MX JleBble W IpaBble YacTH MO-
pasHoMy npeo6pasyloTcs NPH JOpeHUeBhX NpeobpasoBanusax. Co-
rJIACHO CHelLHaJ bHOR TEOPHH OTHOCHTEJIBHOCTH MoJHasi 3Heprus E
H UMIOYAbC (Px, Py, Pz) NPeOOPA3YIOTCS KAaK KOMIIOHEHTHl YeThipeX-
MepHOro BekTopa'l)

E
pﬂ:(po’ pl, p2, p3)= (_c': Px,s py: pZ)’

KBajJgpar JOJHHB KOTOPOI'O paBEH

3
E2
Y pupt = pupt =— —p - p=mc, (1.7)

TR H]

E
1) Tlpu stom py = (7’ —p), xp=(ct, —x). (lIpun. ped.)
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rie m — Macca MOKOsl YacTHUbl, a ¢ — CKOPOCTb CBeTa B BaKyyMe.
Bosee noapobroe obcyKaeHHe HCNONb3YEMbIX B KHHre KOBapHaHT-
HbIX 0603HauYeHUH cofepKUTCA B npujaoxeHud A. OTverum, uto co-
orBeTcTBHe (1.5) Mexay KJIacCCHUECKHMH BEJHUMHAMH H ONlepaTo-
paMH KOBapHaHTHO OTHOCHTeNbHO npeobpasoBanuiét Jlopenuma, u6o
OHO YCTaHaBJMBAeT CBA3b MeEXKAY ABYMS KOHTpaBapHAHTHbIMH 4-
BekTOpamu ') pH— ik 0/0x,,.

Paccyxnas mono6HbiM 06pa3oM, eCTECTBEHHO B KadecTBe ra-
MHJIbTOHHAHA DPENISITHBHCTCKOH CBOOOJHOH 4aCTHUEB B3SiTh BhIpajke-
HHe

H = +/p%® + m?c% (1.8)
TOrAa peasiTUBHCTCKUA aHaJjor (1.6) Oyzer BHIISAAETb Tak:
it 2V = A/ =RV mi . (1.9)

Tyt Mbl cpasy craskuBaeMcs ¢ npobieMOl HHTepIpeTalluy KBaaparT-
HOro KOpHS M3 onepatopa B npaBoit wacty (1.9). Eciu passoxuThb
KOpeHb B psill, Mbl NOJYYHM YypaBHeHHe, colepxKalllee Bce CTelleHH
cneparopa Aub(epeHUHPOBAHHSA;, CJeI0BATENbHO, TeOpHsl HeJo-
KaJbHa. B Takux TeopHAX HMEIOTCS cepbe3Hble TPYAHOCTH H OHH
npeAcTaBadoT co00f BecbMa HeNpHBJeKaTeNbHbII BaDHAHT ypaBHe-
uust [lpeannrepa, B KOTOpPOe TNPOCTPAHCTBEHHBIE KOOPAUHATH H
EpeMd BXOJAT HECHMMETDHYHEIM 00pa3oM.

B uensax maTeMaTHuecKOH NpOCTOTH (a BO3MOXKHO, 3a HeHMe-
HHeM yOelHuTeJbHON (PH3HUEeCKOH KapTHHBI) Mbl H30aBHUMCSl OT KBaj-
pPaTHOTO KOPHSI M3 omnepaTopa B ypaBHeHun (1.9), 3anucas

H? = p%c® + m’c*. (1.10)
I pyroii, 5KBHRaJEHTHBIA Cr0cO6 — ABaX[bl NOAEHCTBOBAaTb Ohepa-
topamu, Bxogswumu B (1.9). Torga, mosb3yach Tem2), uto npH
[A, Bl = 0 u3 Ay = By caenyer A%p = B*p, Mb nosyuaem ypas-
HeHHe ,
— 12T = (— BVEC + mich)

B KOTOPOM HETPYyAHO Y3HaTb KJAaCCHUECKOE BOJIHOBOE ypaBHeHHe
[0+ (5)Te=0, et

a a
ax, ozt )

rae

o
dxy
2) Mubl 6yJem BCIOLY HCTOJL30BaTL o603uauenne [A, B]= AB — BA pna xom-
mytatopa u {A, B} = AB + BA — paa anTukoMMYyTaropa.

1) CorsacHo HamuM onpenetenuam % = (cf, x) u W=
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[Tpexzae ueMm npoaoMKHTb HCcJAeqoBaHue ypaBHexus (1.11), 3a-
METHM, YTO, BO3BOJAS B KBaJApaT BblpaxKeHHe AJsl SHEPIHH, Mbl BBEJH
J106aBOUHBI KOPEHb, OTBEUAIOIIHIl OTPHLATEIbHOH SHEPrHH:

H=—A/pPc® + m2*.

s Toro 4To6bl MOMYYHTh NPOCTOE YpaBHEHHE, Mbl IOKEPTBOBAJIH
OJIOKUTESJIBHO ONpeJdeeHHON 3Hepruefl, U BO3HHKJIa TPYILHOCTD,
CBSI3aHHAS C CYLIECTBOBAHHEM <«JHIIHUX» pPeIIEHHH ¢ OTPHLATE/b-
HOW sHeprueil. TPYyAHOCTH 9TA OKa3bIBAETCH UPEOJOJIHMOR (Mbl ¥3-
HaeM 06 3TOM H3 IJ. D), H pelIeHHsSM ¢ OTPHIUATeJbHOH 3Hepruef
MOJKHO - 1aTh (DHU3MUECKYI0 WHTEpHNpeTallHio. DTH pELIeHHs CBA3aHbl
C aHTHYACTHILAMH, CYIIECTBOBAHHE KOTODHIX B I[IPHUPOAe SIBJsSETCS
CHJIBHBIM DKCHEepUMEeHTANbHBIM NMOATBep:xKAeHHeM 00cyxaaeMof cxe-
mbl. [lostomy Oysnem noka paccMaTpuBaTh cooTHomenue (1.10) u
BhITEKamwiee H3 Hero ypaBHenue (l.11).

Hama nepBas 3ajaua COCTOHT B IIOCTPOEHHH COXpaHAIOlerocs
OTOKAa, M0CKOJbKY ypaBHeHne (1.11) ecTb ypaBHeHHe BTOPOrO
nopsiika ¥ oTJuuaercs ot ypaBHenus lllpeamurepa (1.2), koTopoe
ABJIIETCS OCHOBOM [JIT BepPOSITHOCTHOH HHTEpNpeTaluyu HepeasaTHBH-
CTCKOH TeopHH. AHAJOTHYHO TOMY, KaK HaXOAHTCS COXPaHAIIUHCA
notok s ypaBHenus lllpemunrepa, momuoxkum (1.11) nHa ¢*, 3a-
TE€M CONpSXKEHHOE ypaBHeHHe MOMHOXKHM Ha Y H Pe3yabTaTbl BhHIY-
Te€M OJAHH H3 JAPYroro:

v[o+(5) e —v[o+ (%) v =o,
eV — V) =

HJIH

aJ ih . ) .

7[—22102 ( lp w )]+dlv s [0 (V) — b (V)] = 0. (1.12)
Beanunhe 2mz)(1|;* 9% _ aa“;* X0TeJoch OB MpHIATH

CMBICJ MJIOTHOCTH BepOHTHOCTI/I p. 910, OLHAKO, HEBO3MOXHO, TO-
CKOJIbKY OHa HE [BJISETCH MOJIOXKHTeabHO onpefeneHHod. [Toatomy,
cJenysl HCTOPHUECKOMY NYTH pa3BUTHs [25], Mbl Ha BpeMs OTKa-
)KeMcst ot ypaBHeHHs (l.11) B Hapmexpme HaliTd ypaBHEHHe, cOLep-
JKalllee NMepBYIO NPOH3BOAHYIO MO BpEMEHH M JOMyCKalollee, Kak H
ypaBHenue lllpeanHrepa, HeNOCPeACTBEHHYIO BEPOSITHOCTHYIO Tpak-
TOBKY. MHl emle BepHeMca K ypaBHeHuwo (1.11). Xorss B pasjbheil-
IleM HaM YyAacTcsi HaHTH YpaBHEeHHe I[1epBOTO NOPAAKA, OKaXKeTcs
BCe e HeBO3MOMKHEIM COXPaHUTb IOJIOXKHTEJbHO ONpeAe/]eHHYIO0 OA-
HOYACTHYHYIO TJIOTHOCTb BEPOSITHOCTH M OJHOBpeMeHHO NpHAaThb
¢usnuecknii cmpica orpunartensioMy kopuwo (1.10). Tlostomy ypas-
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nenne (1.11), koTopoe uacTo HaswBaloOT ypaBueHdem Kaeiina — [op-
JIOHa, NPeTeHAYET Ha POJIb PENSATHBHCTCKOIO KBaHTOBOTO ypaBHeHHS
HHUYTb He MEHblle, YeM ypaBHEHHE, K M3YUEHHIO KOTOPOro Mu ceil-
yac NpHCTYNaeM.

§ 3. ¥Ypasuenue Jlupaxa

Hawe usnoxenue 6yer caeaoBaTh HCTOpHYecKHM pabotam k-
paka 1928 r. {26, 23] no NOHCKY peJSTHBHCTCKH-KOBapPHaHTHOT(
ypapHeHHs Buna (1.2) ¢ moJOXUTeNbHO ONpelesNeHHONR NJAOTHOCTBIO
BepoATHOCTH. [TOCKOJbKY TaKoe ypaBHeHHE COJIEPHKHT NPOU3BOAHYIO
10 BPCMEHH 1IepPBOro MOPfAJKa, €CTeCTBEHHO NMONbITaThCs NOCTPOHTD
raMuJbTOHHAH, COJEepKalluii MmepBble MPOHM3BOAHBIE 110 MPOCTPAHCT-
BEHHLIM KOOplIPIHaTaM. Honoéﬂoe ypaBHEHHE MOXET BBHIIVIALeTb Tak:

[¢]
ih a? =7 ( laxx + a2 W 5axa)+f$mc =Hy.  (L.13)

Bxoasmue coaa koapduuHeHTH o; He MOryT OBITL MPOCTO YHC-
JaMHi, TaKk KaK TOrja ypaBHeHde He OyAeT HHBApDHAHTHO faxe OT-
HOCHTEAbHO OOBIUHBLIX NPOCTPAHCTBEHHBIX BpalleHuii. Kpome Toro,
€CJH Mbl XOTHM OCTaBaThCst B paMKax chODMyJHPOBaHHbX B § 1
o6mux TpeGoBaHUil, BOJIHOBAA (PYHKUHs  HE MOXKeT ObITb cKaJf-
pom. [defictBuTenbHO, AAs Toro uToOH B (DHKCHPOBAHHBIH MOMEHT
BpeMeHH [ WHTErpaJj 1o BCeMYy NPOCTPAHCTBY OT MJIOTHOCTH BeposiT-
HOCTH p == ¢* Obl1 HHBapHAHTOM, BeJHUMHA p AOJXKHaA ObITb BpEC-
MeHHOl KOMIIOHEHTOH coxpaHsolierocss 4-Bekropa.

Uto6b u3basutb ypaBHeHue (1.13) ot stux Hegocratkos, [lu-
pak NpeaJoXua pacCMaTpHUBaTh €ro KakK MaTpHYHOe ypaBHeHHe.
[lo aHaa0TUH CO CIHHOBLIMA BOJIHOBLIMH (YHKIHSIMH B HepeJsiTHBH-
CTCKOH KBAHTOBOH MeXaHHKe BOJIHOBasi GYHKLHR ¢ 3a43eTcs B BHAE
croabua ¢ N KOMNOHEHTaMH

Y1
v=|: |
1¥n)

a MoCTosiHNbie KO3 GhHUKEHTH ¢; U 8 — B BHAe MaTpPHI PasMepHO:
cti N X N. B urore ypaBuenne (1.13) sameHsiercs Ha cucremy N
ypaBHEHHH nepBoro nopsaka

N
ih ac;pto =7 Z (a‘ ox! t a5 axz T o axa) ot e+ Zﬁ‘“mczw‘s

=]

N
= Z H s (1.14

152!
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Mpr nanee Bciony ucnosnb3yeM MaTpHUHble 0003Ha4YeHUA H ONy-
ckaeM uHIeKch cymmupoBatns. Toraa cucrema (1.14) BHemne BbI-
rASAMT Kak ypaBHenne (1.13), o Tenepb (1.13) caenyer moHumaThb
KaK MaTpPHYHOe ypaBHEHHE.

Inst toro uTofn MOXHO Gbiso cuuTtaTh ypaBHenue (1.13) or-
NPaBHLIM fYHKTOM [Js JajibHefllerc NOCTPOEHHS TEOPHH, OHO
JOJIXKHO YJOBJETBOPATH TPEM YCJOBHSIM. BO-nepBBIX, OHO AOJIKHO
NPUBOANTL K TMPABHJBHON CB3H MeXAY SHeprued H HMNOYJbCOM
¢cBOGOHOH HaCTHUDb!

E2=p202+m204,

BO-BTOPBIX, [IONYCKaTh YpaBHEHHe HENPEPHIBHOCTH M BEPOATHOCTHYIO
HHTEpIPeTAlHI0 BOJIHOBOH (YHKIMHU ¢ H, B-TPETbUX, GBITh JIOpEHIi-
koBapuaHTHbIM. Cefiuac Mbl PacCMOTPHUM NepBLie ABa M3 3THX Tpe-
6oBanuil.

[TpaBuabHOE COOTHOLICHHE MEXKAY JHEprHeil H HMIYJbCOM cCJe-
ayet uz ypaBHenus (1.13) B ToM cuayuae, ecsiM Kaxjaasi U3 KOMMO-
HEHT P, BOJNHOBOH (YHKIHH P YAOBAETBOPSET YPABHEHHIO BTOPOro
nopsagka Kaefina — l'opaona

— 12200 — (262 i) . (1.15)
KBanpupys ypasuenue (1.13), naxoaum

3
B Z o + a0 0%
2 T i i
at 2 dx* ox

i, [=1

et (o -+ ) 28+ B,

i=1

+

Mb MOXeM TpHBeCTH 3TO ypaBHenue K Buay (1.15), ecan MaTpuusl
a; H B NOQUHHAIOTCS cJjenyomel asaredpe:

a0, ‘a0 =2, oftpe,=0 a=F=I1. (1.16)

Kakumy erle cBoficTBaMH AOJKHB 00J1ajaTh MaTPHUB o; H B, U
MOXKeM JIH Mbl TOCTPOHTb 3TH HeThIpe MaTPULBl B BHOM BHAe? Mart-
PHIBI o; M P AOJKHB OBITh 2PMHTOBBIMIL, TOMAa BXOAAWMHMA B ypaB-
Heuve (1.14) ramuabtonnadn Hs, GyaeT 3SPMHTOBBIM ONEPATOPOM,
Kak Toro TpebyioT chopmyaupoBannbie B § 1 nocryaarn. [Tockosbky
coryacuo (1.16) a§=[32= 1, coOcTBeHHble 3HAUEHHSI o; U B paBHbI
+1. U3 cooTHOmEeHH!i aHTHKOMMYTAlUd BBLITEKAeT, YTO cJel, T. e.
CyMMa AMAaroHaJbHbLIX IEMEHTOB, KaXKAOH H3 MaTpul a; u B pa-
Ben HyJlo. Hanpumep, '

a; == — fap,
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[lon 3uakoM Sp MaTpHUBI MOMKHO LHKIMYECKH MepPecTaBJsTh,
Sp AB = Sp BA; orciona noayuyaem

Spo; =+ Spp’e; = 4+ Sp fo;p = — Spa; =0.

[TockonbKy cnefi ecTb cyMMa cOGCTBEHHBIX 3HAYeHHI, YHCIO COG-
CTBEHHbIX 3HAYEHHH, PaBHLIX -1, JOJIKHO COBMajaThb ¢ YHCJIOM
COGCTBEHHBIX 3HAaueHHH, PaBHBIX —I, H, CJeLOBaTeNbHO, MAaTpPHIEI
a; 0 [ uerHoli pasmepHOCTH. HaumeHbluass ueTHas pasMepHOCTB,
N =2, ue nomxoduT, Tak Kak efl OTBeuaeT HabOp MWL H3 TPexX
AHTHKOMMYTHDPYIOIUHX APYT ¢ ApyroM Matpui [layau o; u eauHuy-
HOH MaTpHiubl. MHHHMaJbHast pasMepHocTb N, NOMyCKamoas [0-
CTPOEHHe MaTpHLl o; U f, paBHA YeTHIPEM, H UMEHHO cjiy4yaid N =4
Mbl OyneMm u3yyaTb. B OZHOM H3 KOHKpETHBIX NPEACTaBJEHHH MaT-
pHUB 0; U [} HMEIOT BHJI

«=(o, o) =0 ). a1

i

rie o;~— u3BectHele Martpuubl [layaun pasmeproctn 23X 2, a 1 B
MaTpulle f O3HaYaeT eIHHHUHYIO Matpuiy 2 X 2

Iis nosyueHusi 3aKOHa COXpaHEHHsl TOKa B AH(depeHunanbpuol
¢opMe MBI, BO-NEPBLIX, BBOZIUM 3PMHTOBO-CONPSIKEHHYIO BOJHOBYIO

(byHKIHIO 1IJ+=(1p: .. 11:4) 1 ymHoxaem (1.13) caesa ua ¢*:
3
. h [¢]
inp* i‘@%_—_ b =S mep By, (1.18)
k=1

3arem nocTpouM ypaBHeHHe, 3PMHTOBO-conpsikenHoe k (1.13), n
YMHOXKHM €ro cnpaBa Ha ;

3
N a\p"‘ ._.___bi 01b+ . .
th w V=3 k; ik G T meTpT B (1.19)

snech af =a,, f*=0. Bouuras (1.19) us (1.18), uaxonum
3
A T e 0 +
ih ot “‘p w—; i Oxk "‘P ak‘p)

HJ/H
%p+divi=0. (1.20)

B stom YPaBHEeHHH MBI OTOXIAECTBHJAH C IHJOTHOCTDHIO BepoAT-
HOCTH H C TPEXMEPHBIM BEKTOPOM MJIOTHOCTH TOQKa BEPOATHOCTH
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CJIELIy}OIJJ.He BCJAHYHHEL.
4
p=¢+¢=o; Vo, (1.21)

i*=cvtayp. (1.22)

Wnrerpupys (1.20) mo BceMy NpOCTPaHCTBY H HCIOJAb3YHA TEOpeMy
I'punal), noaydaem

2 {eevte=0. (1.23)

DT0 paBeHCTBO NMOJAAEDKHBAET HAlly HHTYHTHBHYIO HHTEPNPETaLHI)
BEJHUHHB p = PP Kak NOJOXKHUTENIbHO ONpedes]eHHOH MJIOTHOCTH
EeDOSITHOCTH.

Oo6o3nayenus B ypaBuenuu (1.20) moguepkuBaioT, YTO MJAOTHOCTD
TOKa BePOATHOCTH j ABJISETCS] BEKTOPOM, ecau paBeHcTBO (1.22) un-
BapHaHTHO 110 OTHOLIGHHIO K MOBOPOTAM TPEXMEPHOH CHCTeMbl KO-
opavHat. Ha caMom jene HaM HY:KHO AOKasaTb CNPaBelJHBOCTb
ropasao 6osee OOLIET0 yTBEp:KAEHHS.

Yro6sl o6ecnedynTh KOBAPHAHTHOCTb YPaBHEHHS] HeNpepBIBHOCTU
¥ BO3MOXKHOCTb BEPOSITHOCTHOH HHTEpHpeTaluH, MJIOTHOCTL Bepo-
ATHOCTH H NIJIOTHOCTb TOKAa BEPOSATHOCTH B ypaBHeHuH (1.20) moJuK-
Hbl 06pasoBLIBATL YETHIPEXMEPHBLI BEKTOP M0 OTHOLICHHIO K [Ope-
o6pasoBanuam Jlopenua. Kpome toro, npexie ueM Npu3HaTh ypaB-
Henue Jupaka (1.13) ynoBieTBOpPAIOIINM HalIuM TpeGOBAHHUAM, MbI
JOJIXKHBI 110Ka3aTh €ro JIOPEHUEBY KOBAPUAHTHGCTD.

§ 4. Mepexoa K HePeAATHBHUCTCKOHR TEOPHM

IMpexxae dyem yray6aatbes B npo6/eMy JOPEHHEBOH HHBapHaHT-
HOCTH ypaBHeHHs Jlupaka, NoJe3Ho y6eAUTbCSl B TOM, 4TO 3TO YpaB-
HeHHe HMeeT (PU3MUECKHH CMBICI.

MOXXHO HayaTb IPOCTO € PACCMOTPEHHS CBOGOAHOTO 3JEKTPOHA
H NIOJCYHTATh YHCJO PelleHHH AJs 3JeKTPOoHa B nokoe. B stom ciy-
yae ypaBHenue (1.13) ynpoumaeTcss ¥ NpUHHMAaeT BUA

.. 0% 2
ik 5 = pmcy,
NOCKOJIbKY Ae-OpofieBckasd [JHHa BOJHBI OECKOHEUHO BeJaHKa H

BOJIHOBas (PYHKUHS [OCTOAHHA BO BCEM INPOCTPaHCTBE. B uwacTHoM
npeacrabjennn (1.17) aas maTpHubl f HETPYAHO BHITHCATH YETHIPE

!) Pasenerro S divAdv= @ A dS B OTeuyecTBeHHO! nHTepaType NPUHATO

14 b
HaseBaTh Teopemoll Octporpajckoro — ["aycca. ({Ipum. nepes.)
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peieHua ITOr0 ypaBueHust:

v=on{= 52} 3) wmeni-s)(4)

(1.24)

, 1P"=exp{+i”;:21} ’

1
0
0
0
0
3 imUZ 0
\p—exp{—{— 3 t} :
0

0
|
0
0
0
0
0
!

M3 KOTODbIX IlepBhle JBa OTBEUAIOT MOJOXKHTEJNbHON 3HEPruH, a ABa
APYrHX — OTPHLATENbHOH.

[TocToponune perienuss ¢ oTpuuaTeALHO! 3Heprue#, Kk KOTOPbIM
NPHBOAUT KBaapaTHuHaa ¢dopma H? = p2c? 4 m2c*, aBASIOTCA OC-
HOBHOH TPYAHOCTHIO, OJHAKO MpeojoJeHHe 3TOI TPYAHOCTH NpHBO-
AHT K TakOMy BaXXHOMy TpHyMdY TeOpHH, Kak aHTHYACTHUB. Mel
BepHeMcA K 3TOMy Bonpocy B . 5. [loka e OrpaHHUYHMCS «A00y-
CTHMBIMU» DPSIICHHAMH C TNOJOXHTeAbHON 3ueprueil. B wactuocty,
NOKa’KeM, UTO AJA HHX HMeeTCs pa3yMHBbIH nepexol K ABYXKOMIIO-
HeHTHOW Teopun cnuua [layan. [as arofl ueau Mbl BBegeM B3auMmo-
JNEeHCTBHE C BHELIHHM 3JeKTPOMAarHUTHBIM [0JleM, ONHCHIBAEMbIM
4-n0TEHUHAJOM,

A% (@, A).

BaaumoneiicTBie npoule Bcero BBECTH NyTeM KaJHOpPOBOUHO-UHBA-
pHAHTHOH 3aMeHbl

pt—pt— =AY (1.25)

KOTOpast MPOU3BOAUTCS B KJIACCHUYECKOM DPeNsTUBHCTCKOH MeXxaHHKe
NpH ONMUCAHUK B3aUMOJEHCTBHS TOUSUHOH uacTulb, OO0gasaouel
3apajoM e, ¢ BHelIHHM foJjeM. B nHamem cayuae 3amena COrjacHoO
(1.5)

: a
pu_, lﬁ_(;,?u—Epu
u (1.25) npusoasit ypasuenue [dupaka (1.13) k Buay
., 0
tﬁ%:—_—(ca-(p——i— A) + pme? + e®) V. (1.26)

Ypasuenue (1.26) omucniBaeT «MHEHMaJ/bHOe» B3aHMojielcTBHe AH-
PAKOBCKON YaCTHILI, paccMaTPHUBACMOH KakK TOUEUHu{! 3apan, ¢
BHEIHHUM 3/eKTPOMArHUTHbIM noJjeM. UToObl MOAYEPKHYTL aHaJIO-
THIO ¢ KJacCHKOW, MBI 3anucaau ramuabtonnad B (1.26) B Buie
H=H,+ H, rne HH = —eu-A 4 e®. Matpuua ca saBaserca one-
pPaTOPHLIM AHAJOrOM CKOPOCTH B KJaCCHUECKOM BbIDaXXeHid 0Js
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SHEPrUn B3aUMOAEHCTBHS TOYEUHOrO 3apsiia:
e
[il’macc= —‘"C‘V A+ ed.
1o OonepaTopHoOe COOTBETCTBHE Vopep == €O JIETKO I[POCJACKHBALTCS

u B BoipaxeHnu (1.22) aas Toka BepositHoctd OHO cieayeT Takke
U3 peJATHBHCTCKOro o6obuieHus cooTHolleHuli Dpendecra [21—23]

d—r= 7 [, rl=co=vg,
7

d i 7]

=7, ml—< A,

d

L =e[E+ £ Vour X B], (1.27)
rie n=p — (¢/c) A — onepaTop, COOTBETCTBYWOUIHHA HMIyJAbCY, H

E=——120 _vD, B=rotA

— HaupAXeHHOCTH 3JEKTPHUECKOro H MarHUTHOro noJef.

YpaBuenne (1.27) ecTb onepatopHoe ypaBHeHUe AJisi ABUKEHHS
TOUeyHoro 3apsla e. BBenenne Gosee obLlero B3anMoJefCTBHS B
ypaBHenue (1.26) npuBeso Obl, MO aHAJOTUW C KJIACCHUECKOH Teo-
pHeii, K MOSABJEHHIO MArHUTHOTO AMMOJBHOTO 4jeHa u ujeHoB HoJee
BBICOKOH MYJBTHIIOJAbHOCTH.

[lepexons B ypaBHenun (1.26) kK HepessiTHBHCTCKOMY mpejedy,
ya06HO BOCNOMbL3OBaTbes npeiacTaBgeHdem (1.17) u BeIpasuth BoJ-
HOBYI0 (GYHKHMIO Uepe3 [JBYXKOMMOHEHTHble CTOJAOUbL § H §:

v=(2). (1.28)
Tom,a} ypasHenue (1.26) npumer BunL
G (D)o n(2) e (§) £me (D).

B HepesqaTHBHCTCKOM npelesie HanboJbluell U3 GUIYPUPYIOUIHX
B 3anaye 3Heprufl sBjasercs sueprusi nokosi mc? [lostomy Mul 3anu-

wem
($)=exp{—h’g021}(;’), (1.29)

rue (byHKIlI/lI/I ¢ ¥ Yy MeLJjieHHO MEHSIOTCHA CO BPEeMEHeM H yIOBJET-
BOPAIOT Dape MATPHYHLIX ypaBHEHHﬁ

ih2 )—co (2 YHew(? )—2mc( ). (1.30)
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Ecan knHeTHueckasi SHEPTHS M SHEPrusl B3aUMOAEHCTBHS MaJibl [0
cpaBHeHUIO ¢ mc?, BTopoe u3 ypaBuenuit (1.30) npuBoauTcs K BUAY

ALY (1.31)

2me
Ypasuenue (1.31) nosBosisier roBOpuUTbH O Y KaK O «MaJiOfi» KOMIO-
HEeHTe BOJHOBOH (PYHKLIHH ¢ [0 CPAaBHEHHIO ¢ «BOMBLIOH» KOMIOHEH-
To# . B HepensiTHBUCTCKOM NpHOAHKEHUH  HMeeT N0 OTHOLIEHHUIO
K @ MajocTb nopagka v/c < 1. TloacraBass (1.31) B nepBoe u3
ypasuenuii (1.30), MBI nosyuaem 1BYXKOMIIOHEHTHOE CIIHHOPHOE
ypaBHeHHe

X:

-1 0.

.. O
ih G = (T3 + D) g, (1.32)

IIpeo6pa3yem 3TO ypaBHEHHe, HCHOJB3Ys CJERVIOUEe TOKIAECTBO
IJST CIIMHOBBIX MaTpuil Ilayau:
o-ao-b=a-b4ic.-aXxh,

WH, B HAleM cjayuae,
eh

o= 0‘-7‘:=ﬂ2—|—i0'-ﬂ><ﬂ=ﬂ2———c——0-8. (1.33)
Torga Mbl NOJyYaeM ypaBHeHHe
e 2
——A
. 6q>_[(p c ) eh ]
ih—; = o — 50 B+4eD]|o, (1.34)

B KOTOPOM JIerKO y3HaTh ypaBHenne [Tayan [21—23].

YpaBHenne (1.34) maet HaAM yBEPEHHOCTh B TOM, UTO Mbl [OILIH
10 BepHOMY nyTH, npuHAB ypaBHenus (1.13) u (1.26) sa ornpaBHyw
TOUKY JJ51 NOCTPOEHHS TEOPHH DEJNATHBHCTCKOTO 3JeKTpoHa. [IBe
KOMIOHEHTHl (¢ COOTBETCTBYIOT ABYM CTENeHSM CBOGOAB! JIEKTPOHA
CO CMUHOM MOJIOBHHA; NPaBHJAbHOE 3HAUEHHE MATHHUTHOFO MOMEHTa
3JIEKTPOHA, OTBEUamwlllee FHPOMArHHTHOMY OTHOWIEHHIO g = 2, mo-
Jyuaercs aBroMathuecku. UTtoObl sBHO yOeAHTbCA B 3TOM, mpeobpa-
3yeMm ypaBHenue (1.34), coxpaHHWB B HEM TOJIBKO YjieHHl [EpPBOro
NOpsilKa N0 B3aUMOJEHCTBHIO CO cJaabblM OJHODOAHBLIM MarHHTHBIM

notem B=rotA, A=/,BXr:
., 9 :
in S =[P — S5 (L 4 29) - B]o. (1.35)

2m

3nech L =r X P — opOurajbHbii yrjoBoH MOMeHT, S = 1/;h0 —
ONepaTop CHUHA 3JEeKTPOHA ¢ COOCTBEHHBIMH 3Hauenusmu £h/2, a
MHOXKHTE/Ib IPH 4leHe, ONHChIBAIOILEM B3aHMOAelCcTBHE CIIHHA ¢ MO-
jgem B, gaeT npaBHabHOe 3HAUEHHE MArHMTHOTO MOMEHTa 3JI€K-
TPOHA, OTBeualollee 3HAYEHHIO g, PaBHOMY 2.
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BaoxHoBJIeHHbBle YCHEIHBIM TMEPEXOAOM K HEpeSITHBHCTCKOMY
npeaeay B ypaBHenun [lupaka, Mbpl ABHHEMCs AaJblle H YCTaHOBHM
JIOPEHIIEBY KOBapHaHTHOCTb TEOPHH HOupaka. 3ateM Mbl JOJIKHBI
HCCJeN0BaTh AaJbHeiiline (DH3HYECKHE CJCACTBHSI 3TOH TEOPHH; B
nepBYyIO ouepesib Hal0 1aTh ($u3NUECKYIO HHTEPNPETALHUIO pelleHHAM
¢ «OTPHIATE/bHOH HEPrHeH>».

3A0AYH

1. 3anumuTe ypaBHeHus Maxcsena B aupakonckoii dopme (1.13), nenonbsys
(1eCTHKOMITOHEHTHbBle aMILIATYAH moasi. Kakie MaTpHUBE! COOTBETCTBYIOT MaTpHIaM
o un B? (Cm. [27, 4%])

2. [posepbre, uro marpuud (1.17) ynosmerBopAtoT anre6pe (1.16)

3. [IpoeepbTe coorHowenue (1.33).

4, TposepbTe coorHomenne (1.27).



FrTABA 2

JOPEHUEBA UHBAPHAHTHOCTD
YPABHEHHUS DUPAKA

§ 5. YpaBHeHnne [npaka B KosapuauTHO#H opme

Ypasuenne Jlnpaka u Jexaniee B OCHOBe ero (HhH3HUECKON HH-
TeprnpeTaiuy ypaBHEHHE HENPEPHIBHOCTH AOJIKHL ObiTh KOBAPUAHT-
HBIMH OTHOCHTeJNbHO MpeobpazoBaHuil Jlopewuna. Hanomunm cHa-
yaja, yTo Mbl nojJpa3yMeBaeM noa npeobpasoBanuem Jlopenua (28],

IBa nabawoaatess O u O, Haxoasminecs B PasHbIX HHEPUHA/b-
HBIX cHCTEeMaX OTcueTa, fIPUMHCHIBAIOT OAHOMY H TOMY Ke (U3H-
YeCcKOMY COOBITHIO pa3Hble NIPOCTPAHCTBEHHBIE KOOPAHHATHI U BPEMS.
CoOTBeTCTBHe MEXAY KOOpIHHATAMH XM, KOTODBIMU ONHCHIBAeT CO-
6biTHe HabJgofatens O, u koopadHaTamu (x*)’, KOTOPHLIMH [OJb-
ayeTcst JJisS ONHMcAaHUs TOTO e coOniThs Habmonatenb O, 3agaercs
npeobpasoBanuem Jlopenua

3
VY amem Vel e 4V

(") = Y alxt =aye. @.1)

u=0
DTo JnHeHHOe OMHOPOAHOe IMpeoOpasoBaHue W KO3(pGhULIHEHTD ay
3aBHCAT TOJABKO OT OTHOCHTEJNLHLIX CKOPOCTEH W OPHEHTALHH ABYX
cuctem otcueta O # O’. OCHOBHBIM HHBAPHAHTOM NO OTHOUIEHHIO K
npeobpasosainuaM JlopeHua sBJASETCS HHTePBAJ COOCTBEHHOrO Bpe-

MEeHH

ds? == guydx* dx’ = dx* dx,,. 2.2)

WNHBapuauTHOCTL 3TOI BeJHUMHBl caedyeT H3 dH3Hueckoro HabJo-
JeHHsI, COCTOsIUlero B TOM, UTO CKOPOCTL CBeTa B BaKyywe OfHa H
Ta XK€ BO BCeX JIOPeHIEeBbIX CHcTemax oTcueTa. PaBenctBa (2.1) u
(2.2) npuBOAST K CACAYIOUWIEMY COOTHOLIEHHIO ISt KO3 huINeHTos
npeobpasoBaHHA:

aya’s = 8. (2.3)

CootHowenus (2.1) u (2.3) cayxaT onpefesiecHHeEM Kak cob-
CTBEHHOrO, TaK H HeCOOCTBeHHOTO npeobpasoBanuii Jlopenua. B nep-
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BOM cjyuae ollpe/lesiuTedb, COCTaB/eHHbIH H3 KO3(hdHUUHCHTOB (1pe-
0o6pa3oBaHHsl, yAOBJCTBOPAET YCJOBHIO

deta=+1.

Cob6cTBeHHOe npeobpazoBaHne Jlopenua MOXeT ObITh NPeACTaB/CHO
KaK GecKoHeuHast MoCJeA0BATeNbHOCTL HHOUHHTE3HMANbHBIX MPe00-
pasoBanuil. CoGcTBeHHble npeobpasoBanus Jlopeuia BKJIOYAT B
ceGsl nepexoibl MeXKAy Pa3/HUHBIMU HHEPUHAIbLHLIMH CHCTEMaMi
KOOpP/HHAT, ABU/KYULMMHCSA B IPOH3BOJIBHBIX HANPaBACHHSAX, H olhbiu-
Hble TpexMepHble BpaueHusi. HecoOcTsennbie npeobpasoBaHus Jlo-
peHlla — 3TO [AHCKPeTHble npeo6pasoBaHHa MPOCTPAHCTBEHHOTO OT-
pakeHusi u oOpalienusi spemenu. HMx Heab3s NPEACTaBHTb Kak
MOCJIe0BaTeAbHOCTh HHGMUHHTe3UMaAbHbIX npeoOpasoBanuil. Mar-
PHIIBl HECOOCTBEHHBIX MpeoO6pa3oBaHuil yA0BJICTBOPSIOT YCJIOBHIO

deta=—1,

CrpaBeASiMBOMY KaK A8 NPOCTPAHCTBEHHOTO OTPaKeHUA, TaK W A
ofpalieHuss BpeMeHH.

Hama 3agaua — yCTaHOBUTH COOTBETCTBHE MEXK/Yy 3ajaHHOH ce-
pueil HabJaI0ACHHH, NPOU3BEICHHBIX HAl NUPAKOBCKOH dacTHuell Ha-
Gmonatesem O, 0 TeMHu Xe HaOJIOAEHHAMH, OCYILECTBJAEHHBIMH Ha-
garogatesem O, HaxoAsWUMcA B Apyroi cucreme orcueta. HMuaue
rOBOpS, MLl HLIEM 3aKOH NMpeo6pa3oBaHusi, CBS3bIBAIOLUIUI BOJHOBbIC
dyukunn P (x) 1 ¢’ (x’), oTHOCAWUECS K HAG/II0AaTENAM O u O co-
OTBeTCTBEIIHO. DTOT 3aKOH npeoOpasoBaHUst MO3BOJAeT HalbJjloAa-
teao O uaiith ¢’ (x) no usBectHolt dynxuun P (x). Cornacuo Tpe-
GOBaHHMIO JIOPEHIEBOH KOBAPHAHTHOCTH 3TOT 3aKOH Npeo6pas3oBaHHsA
JOJI’KEH NPHBOAUTL K BOJHOBHIM (DYHKUHSIM, KOTOpbie SIBJISIOTCS pe-
weHnsiMu ypasheHusi [lUpaka, HMeWOILEro OAHH W TOT Ke BHI BO
Bcex cucertemax oTcuera. Heusmennasi ¢opma ypasuenus [Qupaka
€CTb BbIpaKeHHe JIOPEHUEBOH HHBAapPHAHTHOCTH JleXallero B €ro
OCHOBE COOTHOLIEHHSI MEXIY HeprHed H UMIyJbCOM

— 22
pup*t =msc’,
Ha KOTOpOE OMMPAJHCh NPHBEJeHHbIE B M. 1 pacCyXaeHHs.
Jlas o6cyKAeHHsi CBOHCTB KOBAPHAHTHOCTH XKeJaTesbHO 3allH-
caTh ypaBHeHue Jlupaka B ueTbIpeXMepHbIX OGO3HaUeHHUsX, obecre-

YHBAOIWANX CHMMeTpHIo Mexay c¢f u xi. C 3TOH Uesbl0 YyMHOXUM
(1.13) na B/c u BBeaem obo3HaueHHA

,YO: ] Yizﬁaiv l—'_—_l, 2, 3.

Torpa nmoayuaem

. o] 0 0 o]
ih (YO 50 + Vl ax! + YZ J%2 + Y3 ErE ) P — mC'lIJ=O (24)
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BuoBb BBejeHHble MaTpuubl y* MO3BOJIAIOT MPHAATH H3SLIHYIO
(hopMy KOMMYTAUHOHHBLIM cOOTHOWleHusAM (1.16):

YV YR = 2g"V1, (2.5)

rae 1 o3HauaeT €AMHHUHYIO MATpHUy pasMepHocTu 4 X 4; B gafib-
HeHileM Mbh He OyldeM KaxAbll pa3 310 oroBapuBaTh. M3 onpene-
JIeHUsl 3TUX MaTpHL fICHO, YTO y! aHTHOPMHTOBA, mpuuem (yi)? =
= —1, a y’ spmuroBa. B npeacrasaenuu (1.17) oun umeior BHA

i_( 0 o o (1 0
y_‘(_o-i 0 y V’_(O __l)- (2.6)
¥ no6Ho BBecTH OGO3HAUEHMUH € KKPBHIWKOH» '):
A=y"4, =g VA" =y —y- A
H, B 4aCTHOCTH,

S 0 Y a9
Ve — =1 7 . V.
¥ ax* ¢ dt Ty
Torpa ypaBrenHe (2.4) B COKpallleHHOM BHJE BLITJSIHNT TakK:
(ihV — me)p =0, 2.7)
G
o .
uau, BBOAA P ih pyrt
(p — mc) $=0. (2.8)

BBeseHHe 3/IeKTPOMArHHTHOTO B3aHMOJAEHCTBHS NMYyTeM <MHHHMAJb-
uok» samennl (1.25) maer

(f)——eg—mc)xp=0.

Takas 3aMena HHKaK He BJHMSeT Ha CBONCTBa KOBapHAHTHOCTH, MO-
CKOJIbKY p* H AM, a cjefoBaTeNbHO, H UX Pa3HOCTb ABJASAIOTCS 4-Bek-
TOpaMH.

§ 6. JloKazaTenbCTBO KOBAPHAHTHOCTH

Hns AokasatesnncTsa KOBapHaHTHOCTH ypaBHeHus [dupaka ot-
HOCHTeJIbHO NpeobpasoBaHHil JIopeHna Mbl L0/LKHBI YCTAHOBHTD, YTO
BLINOJIHAIOTCA CJeAyiollue ABa YCJIOBHs. Bo-nepBeIX, NO/KHO Cy-
leCTBOBATH sIBHOE MNpaBuso, 0o Kotopomy Habmwaarear O/ mor

1) ABTODBl HCIOJB3YIOT «IHepedyepKHyThle» 0003HaueHHs:
—
A=y Apt

ONHAKO MBI COWIH BO3MOXKHBIM 34MEHHTb HX O0O3HAYEHUSIMH, NPHHATHIMH L OTe-
yectBenHofl auteparype. (lIpum. nepes.)
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6bl, 3HAs BOJHOBYIO GYHKUHUIO P (X), OTHOCSIIYIOCS K HabJi0Aarelio
O, naiiTd BOJHOBYIO ¢yHKIMIO P’ (x”), ONHUCHIBAIOMYIO TO Xe camoe
COCTOsIHHE M OTHOcauylocs x Habawonarenwo O’. Bo-BTophix, B cO-
OTBETCTBHH C NPHUHUMIOM OTHOCHTeNbHGCTH, ¢’ (x’) HNOMKHa OLITH
pelleHHeM ypaBHeHHs, KOTOpoe MMeeT BHA (2.7) B IITPHXOBAHHOH
cHCTeMe KOOPAHHAT:

(ihvu

Martpuns 4 yIOBJETBOPSIOT YCJIOBHAM aHTHKOMMYyTaluu (2.5),
05TOMY H3 3PMHTOBOCTH raMUJbTOHHAHA caenyet, uto ()* =30 u
FYF = — §i. InunHoe agnreGpauueckoe JoKasaTesbcTBO [29]
IPUBOANT K TOMY, YTO BCe Takue MaTpHUB ¥* pasmeproctu 4 X 4
3KBHUBAJIEHTHBl C TOYHOCTBIO N0 YHHTApHOrO npeobGpasoBanus U:

,~Y~u — U‘I"YUU, U+ —_ U-—I’

M03TOMY MBI He 6yaeM AenaTb PasJHYHi MexAy ¥ u y* H 3a-
nuleM

0
m

P ——mc)‘lb (x")=0.

(6' —me) P’ (x') =0, (2.9)
rae
" . aJ
—_ w_ - .
p’ = ihy P

Mn notpefyemM, uTo6B npeoGpa3oBaHue MexAy ¢ # ¢’ ObLIO
JHHEHHBIM, Tak Kak W ypaBHuenue [lupaka, u npeobpasosanue Jlo-
peHna AJas koopAuHat (2.1) sBasmTcs JauHefiHbimu. BBegem 3To
npeo6pasoBaHue B CJelyiOHleM BHAe:

P () =1 (ax) =S (@) b (x) = S (a) ¥ (a~¥), (2.10)

rae S(a)— matpuua pasmepHocTH 4 X 4, gefAcTByIOUIAasT HAa YeThi-
PEXKOMIOHEHTHBI BeKTop ¢(x). OHa 3aBUCHT OT OTHOCHTEJbHBIX
CKOpOCTEell H MpOCTPAaHCTBEHHBIX opueHTanui cucreM O u O’. Mar-
puia S no/KHa uMeTb o0paTHylO MaTpHIy, Tak 4To6Gbl HabJiona-
Teas O, 3uas ¢pyukuuno P’ (x’), Kotopylo Habmonarteas O/ UCIOJb-
ayeT AJA ONUCAHHS 3alaHHOTO (H3HUECKOro COCTOSIHHA, MOT [10-
CTPOHTb CBOIO BOJIHOBYW (yHKLHIO P (X):

Y0 =8"" @V () =S""(@) ¥ (ax). 2.11)

Croap xe npaBuiabHO OyjeT, BocnoJab3oBaBinuch (2.10), npeacrta-
BHTL ¢ (x) B BHIe

¥ (x)=S@a "V (ax).
Orciopa caenyer paBeHCTBO
S(a™)=S""(a).
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[naBnas sagauya — Hailtn S. Marpuua S 10/1:KHA YA0BJETBOPATD
paBenctBam (2.10) u (2.11). Ecan Takas matpuna S cyluecrsyer,
vabaonateab O’ no 3ajanHoMy 3xauenuio P(x) cmoxer HalTH
Y’ (x’), Bocnosb3oBaBuwuch (2.10).

Pasenctso (2.11) nosBoasier dabuawonatento O’ nepenucaip A
byukuun ¢’ (x’) ypaBuenue Hupaka (2.7), oTHocsuleecs K Habulo-
natemo O. 3arem O’ MoxeT UpOBepUTH, YIOBJeTBOpPseT Jau P’ (x')
ero coberBenHomy vpasuenuto (2.9). [locie yMHOMKeHUs cjeBa Ha
S(a) oH noayuut

[ihS (@) v'S™" (a) a_(i*T — mc] P (1) =0,

Ucnoswsys (2.1), MOXHO 3anucaTts
o ax™ a a

= == qV .
axt A ax’™v n gy’

CJIQILOBaTe.HbHO, ypaBHEHHE B «IUTPHXOBAHHBIX» KOOpPAHHATAX HMeeT
BHA

[iﬁS @S~ (@) a Ta}av_ -~ mc] ¥ (') = 0.

OTo ypaBHeHHe HMeeT HHBapHaHTHYI0O GOpMy, T. e. coBnajgaer
¢ (2.9), eciu MOXHO HaliTy Matpuuy S, 06/afaIYIO CACLYIOIIHM
CBOIICTBOM:

S@y'S ™ @ai=v",
HJH, YTO TO e caMmoe,
av =8""(a)v"S (a). (2.12)

Ypasuenue (2.12) ectb OCHOBHOe COOTHOIIEHHe, onpefessiollee S.
Ecau mbl noka)kem, uto ypaBHeHHe (2.12) umeer peileHue, U Hal-
JeM 3TO pelleHHe, KOBapHAHTHOCTL ypaBHeHus [upaka Oyner no-
kazaHa. [Jo cyuwecTByoulell TEPMHHONOTHE BOJHOBYIO HYHKUHUIO,
npeobpasywouyiocs coryacHo (2.10) un (2.12), HasbIBalOT yeThIpex-
MEpPHBIM JOpeHIeBbIM cHHOpoM !). Mel moauepkuBaem, uto S 6y-
JeT HMeTb HOBble CBOHCTBA, He omHChIBaeMble OOGBIUHBIM TEH30PHBIM
MCUNC/EHHEM, TOCKONbKY MOXKHO 0XHAaTh, 4TO OuanHeliHble HOPMEL,
KOTOPBIE MOXKHO COCTABHTb W3 \, TaKWe, HANPUMED, KAK TOK BEPOAT-
Hoctn (1.20), okaxyTcs 4-BekTOpamu.

Cnauaaa vMb noctpouM S A4 HHGUHHTEIHMAJILHOrO COGCTBEH-
nworo npeobpasoBanun Jlopetiua

a; =gy +Ag], a*=g"+Aa™, (2.13a)
rjae
A" = — Aa"’, (2.136)

1) Wan Gucnunopom. (Tpum. nepes.)
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[Tocneanee paBeHCTBO chedyer W3 ycaoBus (2.3) Aas HuTepBasa
coOcTBeHHOro BpeMeHH. KaKablf H3 IecTH OTVIHYHbIX OT HYJs Hesa-
BHCHMBIX MATPHYHBIX JEMEHTOB MaTpHUbl A® reHepupyer HHOUHH-
Te3uMaJibHoe npeobpaszoBaHue JlopeHla; Hanpumep, 3JEMEHT

A = Av/c

OTBeuaeT fepexody K CHCTeMe KOOpJAHHAT, ABHXVIUIEHCA €O  CKO-
pocTbio AV BAOJb OCH X, a

Ao} = — Ao'? = Ag

OTBeuaeT MOBOPOTY Ha yroJ Ag BOKPYT OCH 2, A T. L.
Pasnaras S no cremensim AoV W coxpaHss TOJAbKO JHHEHHBIE
no HH(UHMTE3UMa/bHBIM FeHepaTopaM 4JeHbl, MoJyyaeM

S=1—40,A0" 1 ST'=1+ 10, 40", (2.14)

rre corJgacso (2.136)
Oy = — Oyy.

Kaxapifi #3 wectd k03hGHUHEHTOB ¢,y €CTh MaTpHua TOH Ke pas-
mepHocT 4 X 4, uto u onepatop S u eauuuunas marpuua 1. [loa-
craBasa (2.13) u (2.14) B (2.12) u ymepKHuBadA TOJLKO YJCHLI
[epBOro nopsaka no Ao*Y, Haxolum

i B
Aco;’yu =—7 (A(D)a (\’V%g . Gaﬁvv)'
Orciofla, YUHTHIBAA AHTHCUMMETDHIO reHepaTopoB Aw!Y, nojyuaen
2i(give — 83Va) =[ V", 0] (2.15)

Tenepbp 3ajaua 06 YCTaHOBJEHHH KOBADHAHTHOCTH YPaBHEHHS
Jupaka OTHOCHTebHO COGCTBEHHBIX npeobpazoBauuil JlopeHua cse-
JeHa K HAaXOXKAGHHIO !NeCTH MAaTPHULL Ogp, YAOBJETBODAIOUIHX YyCJO-
Bu10 (2.15). Camoe npocroe npeanosioXkeHHe OTHOCHTEJNLHO T,p CO-
CTOHT B TOM, YTO OHH SIBJASIOTCA AHTHCHMMETPH30BAHHLIMH [POH3-
peaeHusiMy ABYX Marpun. Mcnoabays (2.5), Mbl HaXoIHM, 4TO

v =5 [V, Vsl (2.16)

H ecTb uckoMasa matpuua. Cornacuo (2.14) martpuua S nas uudu-
HHTE3HMAJILHOrO Mpeo6pasoBaHHs HMeeT BHJ

1 i
S=1+4 3 [Vp, VWA =1— T Ouv Ao, (2.17)
3aBepluasi pellleHde Hallefl 3agauyu, MOJyYHM KOHeuHoe coO6-

CTBeHHOe  npeoGpasoBanne  JlopeHna  Kak  focJdenoBaTelib-
HOCTb HH(DHHHTe3HMaNbHKX npeobpa3oBanuil, CHavyana nocTpouMm



30 NTOPEHIIEBA HMHBAPHUAHTHOCTb YPABHEHUS NUPAKA fria g

npeoGpasoBanue (2.1) u3 (2.13). 3anumewm

Amx=Am(1n) (2.18)

v
X
3necb Ao — OecKOHeYHO MaJbifl napaMmeTp, HJAH «yrojg MOBOpoTa»
BOKPYT OCH C HanpaBJ/ieHHeM f, a BeJMuHHa [/, npelcTasiser coboi
matpuiy 4 X 4, AefcTBYIOUIYI0O HAa NPOCTPAHCTBEHHbie KOOPAHHATHI
¥ BpeMs H OTBEUAIOLIYIO MOBOPOTY Ha €IMHHYKDbIN Yroa BOKPYr OCH
n. Vupekes v 4 g HYMepYyIOT COOTBETCTBEHHHO CTPOKH M CTOJOLH
3To# Marpuusl. Tak, HanpuMep, AJA8 Nepexoia K WITPUXOBAHHOH cH-
cTeMe KOODAMHAT, ABHXKVIleficd BAOAbL ocH X ¢ OCCKOHEUHO MaJjiol
CKOpOCThIo, cAw = Avu, HMeeM

0 —1
—1 0
0 0
0 0

L= 2.19)

S o oo
oo oo

Ilpu stom ‘
N=lh=—1""=+1"=—1.

Hcnoab3ys caepymwliee anrebpaHyeckKoe cBOHCTBO:

=

P=+1,

OO O —
oo -0
oo oCc
SO OO

MBl MOMKeM NpelcTaBHTh KOHeuHoe rpeo0pa3oBaHue K CHCTeMe OT-
cueTa, PAaBHOMEPHO JBHKYUIEHCA BAOJL OCH X, B BHAE

& = lim g+%JY(g+%JYH”gw=

N>
= (e%)y x* = (chw! + sh o)) x* = (1 — I 4 Pcho + [ sh o), x*,

OTKyZda IOJs OTAC/JAbHLIX KOMIOHEHT II0JyHaeM

x9 che —she 0 0 x°
xV —sho cho 0 O x!
2 |5 0 0 1 0 x2 ] (2-20)
x3 0 0 01 x3

uJIH
¥ =(cho) (x* —thox"), x'=(chae)x'—thaex,

Fmyt et (2.21)

Cps3b yrJja JIOpeHIleBA [IOBOPOTA ® € OTHOCHTE/JIbHOH CKOPOCTBIO U
JaeTcs paBeHCTBAMHU

th =-Z—J', "—-——_.l—___——.
® . cho Wiprr
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ITOT pe3ysabTaT MOXKHO 000OWUTbL Ha CJayyail ABHXKEHHs BAOJDL
JI060r0 HanpaBJeHHst WJAH NPOCTPAHCTBEHHOrO BpAalleHHS BOKpYT
ao6o0ii ocu. llects matpuu /), reHepuHpYIOLIHX WeECTb He3aBHMCH-
MBIX JIODEHUEBLIX NOBOPOTOB, SIBJAIOTCA YeThIPEXMEPHBHIMH 06001e-
HUSAMY NOBOPOTOB TPEXMEPHOro MPOCTPAHCTBA, XOPOILIO H3BECTHBIMH
H3 HepeNSITHBUCTCKON TEODHH.

[MepeitneM Temepb K MOCTPOCHHIO MaTpHUB S, ONpeae/isiouleH
KOHeuHoe npeobpasoBanue cnuuopa P (x). M3 (2.14) u (2.18) nmeem

V) =50 = lim (1= Fowit”)" (=
— exp (— 00l ) P, (2.22)

Ecsan BHOBb 06paTHTLCsA K Mpeofpa3oBaHHI0 yacTHOro Buia (2.19),
NOJYYUM .
P () = e WD e (x), (2.23)
rie X’ 1 X CBA3aHbl APYr ¢ ApyroM paBeHcTBamu (2.21).
AHaJjiorMYHO 1Jif TOBOPOTA Ha yTOJ (p BOKPYT OCH Z HMeeM

112 [ 121 —_— 1
u
P (x) = eli 9 (x), (2.24)
rae B npencraBgaenun (1.17)
12 ___ [ 5 0
o= (0 o3/’

a o3 ecTb oOniuHas Marpuua Ilaysau pasmepuoctu 22X 2

S ( 1 0)
37 \o —1 /-
Mbl 3aMeuaeM CXOACTBO npeoGpasoBanus (2.24) ¢ nOBOpOTOM ABYX-
KOMIIOHEHTHOro cnuHopa llayaum ¢(x):

¢ (x) = el 0-0 ¢ (x). (2.25)

Bxoasmue B (2.18) koBapHaHTHBIE <YIVIOBhblE» MEpEMEHHBlE @MY
urparT B npeobpasoBanuu JlopeHHma Ty e poJb, U4TO YroJa HOBO-
poTa M HampaB/JeHHe @ B TPeXMEPHOM BpallleHHH. [losBJaeHHe
B (2.24) noncBHHHOrO yria, Gurypupyiomero u B (2.25), ectb oTpa-
KeHHe [BY3HAYHOIO XapakTepa 3aKOHa Npeo6Da30BaHUSI CIHHOPOB
NpH BpalleHHH; HY>KHO COBEPUIMTbL MOBOPOT Ha 4m, 4To6H 3HAUEHHE
COMHOpPA BEPHYJOCh K HadadabHoMy. [loatomy Bce Hab.aionaeMble
BeJHUHHBl B TeopHH [Hpaka NOJIXKHE ObITh 1160 GHAHHEHHBIMH MO
Y (x), 160 BBIpaxKaTbCA uepe3 APyrHe 4YeTHHIE CTEHEHH W (x).

Hast npocTpaHcTBeHHbIX BpalleHH# MaTpuua S = Sp yHuTapHa,
NOCKOJIbKY MaTpHLA 0;; 9PMHTOBA H

SE — e—(i/4)0+’fw” — UM olla;; SE‘.
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JTo necnpaBelJHBO 4151 MaTpHUL S = Si, ocyulecTpasiowel nepe-
X0A K ABMXKYHiefica cHcTeMe KOOpAuHaT. Hanpumep, aaa npeobpa-
3oBanusa (2.23)

SL — e-—(t/2) oo ___ e—(m/?) @ __ S—Lt- e Sl—n
Onnako S obnajgaer cJaeAYIOUIHM CBOHCTBOM:
-1 __ . o+
S, =YeSL Ve

KOTOpPOE MOXKHO YCTaHOBHTb, pasnaras Sp B creneHHofl pan. [lo-
CKOJILKY [yo, 0%} = 0, 3T0 CBOHCTBO MOKHO 00OGUIHTh HA BpalleHHs
H 3anucarhb
—1 +
ST =vS vo- (2.26)

YpaBHenHe HETPEPBLIBHOCTH TaKXKe KOBapHaHTHO. Bexkrtop nJot-
HOCTH Toka BepositHocTH (1.21) u (1.22) B o603HauyeHusax (2.4) Bbl-
IJASAHT TaK:

M0 = cp* (x) Yy (x).
Tlon peiictsueM (2.1) oH mepexoauT B
P = ey )YV () = e (1) STvoy" S (x) =
= ey (1) VoS '¥IS® (x) = calT (%) vov b (1) = abi¥ (x).  (2.27)

OueBuaHO, UTO jH(X) HABJAETCA JOPEHUEBHIM 4-BEKTOPOM u Ypas-
HeHue HEMpepbIBHOCTH

o™ (x

() g

axM

nHBapuaHTHo. Kpome Toro, maortocts BeposTHocTH [0(x)== cp(x)
npeobpasyercsi KaKk BpeMeHHAasi KOMIIOHEHTa coXpaHsmwolulerocs 4-Bek-
Topa. MnBl yxke ynomuHajdu o6 3TOoM cBoficTBe B § 3 kKak o xeJjae-
MOM. OHO HeoOXOAMMO AAS TOro, 4ToOhl HHTerpas

R GRLGLE:

npeacTaBsy cobofl peNSTUBUCTCKMEA HHBAPHAHT.
IMockoabky Bxoasiwas B (2.27) komOunauus Pty, BcTpeuaercd
OYeHb YaCTO, BBeleM AJs1 Hee ClelHaJbioe 0003HadYeHHE

P (x) = b7 v, (2.28)
@yukuuio P (x) HaswiBaoT conpsaxkenuoiM cnugopoMm !). Tlpeo6paso-

Banue Jlopenua aas P (x) 3asaeTcs paBeHCTBOM

V()= ()S (2.29)

Y Wan anpakosckH-conpsKenubiM. ([Tpum. ped.)
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§ 7. IIpocTpaHcTBEHHOE OTpa)KeHue

Tenepb nopa pacHIHpHTb Halle H3JI0XKEeHHe H NPHHATH BO BHHMA-
HHME CYIIeCTBOBaHHe Heco6cTBeHHOro npeobpasoBanus Jlopenua —
NPOCTPAHCTBEHHOIO OTpaKeHHs:

X'=—x, =1

[as KoBapUaHTHOCTH BHOBb Heo6X0auMO, uToOB ypaBHeHHE
(2.12) umeno peinenue, 0AHAKO B JAHHOM cJyuae €ro HeJjb3s [10-
CTPOHTb H3 HHGHUHHTE3HMaJbHBIX NpeobpasoBanuil. Ho okasbhiBaer-
¢, uTO ypaBHeHue (2.12) Jnerko pellHTh HemocpeAcTBeHHO. MaTpuna
npeo6pa3oBaHHs HUMeeT BHA

1 0 0 0
0 -1 0 0

@=e o -1 o= (2.30)
0 0 0 —1

Ecan BBecTH AJs OlepaTopa HHBEPCHH KOODAMHAT 0O0O3HaueHHe
S = P, 10 ypaBHenue (2.12) 6yaer BbINIsAeTb TaK'):

PP =g"y". (2.31)
EMy MOXHO yIOBJETBOPHTb, NMOJOKHB
P —eivy, (2.32)

®da30BLIi MHOXHTE/b He NPeACTaBAseT (PH3UUECKOTO HHTEpeca, H
ero 3HayeHus cBoaATca aubo k +1, mubo k #i. K taxomy Bubopy
MBI IPHXOAMM, MOTPeGOBaB, YTOOB! NPH YETHIPEXKPATHOH HHBEPCHH
CIIMHOD TIEPEXOAUJ caM B cebs 1Mo aHAJOTHH C BpallleHHEM Ha YroJ
4n. OueBMAHO, UTO 3ajJaBaeMbiii paBeHcTBoMm (2.32) onepatop P

ynurapen, P~! = P+, n, KpoMe TOro, OH Y/IOBJIETBODSIET yPaBHEHHIO
(2.26). PaBenctBo (2.32) osnauaer, 410
P () = (— x, ) =e"Pyob (x, 1). (2.33)

B HepesATHBUCTCKOM Ipeese { CTPeMUTCs K COGCTBEHHOMY CO-
crosaduio P u u3 (1.24) u (2.6) BHAHO, 4TO B [TOKOE COCTOSIHHA C IMO-
JOXKHTEJNbHOH H OTPUIATEAbHON 3Hepriuell HMeIT pasHble COOCTBeH-
Hble 3HaueHHs P, WjH, Kak roBOPST, pa3Hble BHYTPEHHHe UYETHOCTH.

PaccmoTpeHde ApYyrHX HeCOOCTBEHHBIX MPe00OPa30BaHMH, TaKHX
Kak obpalietine BpeMeHH, (GoJjiee CJIOKHO; OHO NPHBOAMTCA B IM. b.

§ 8. KoBapuaHTHble GHanHeliHble HOPMBI

CocraBJ/isis NpOM3BeJeHHS] H3 MATPHL, y, MOXKHO NOCTPOUTh 16 Jn-
HeHHO He3aBHCHMBIX MaTpHl ['gs, KOTOpDHE YacTo BCTpPEUalOTCs B

1) 3n1ech cyMMHpOBaHHe o v He UOApasymeBaercs. ([Ipam. ped.)
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NPHJI0KEHUAX Teopuu Jlhpaka. DTH MaTPHLL HMElOT BHI
S o — —
P=1, IV= Yoo TZ, =0,
PP =iyy'yy =y, =% Tl=yy,. (2.34)

HMcnonb3yst cOOTHOMIEHHSI aHTHKOMMYTALHH (2.5), nerpyunHo mo-
Ka3aTh JIMHEHYI0 HesaBHcHMocTh Matpuu I. Bymem paccyxaats
caeayiomum obpasom:

. Kaxpnas wus marpun I' yaoBaerBopser yciosuio (I')2 =
= +1.

2. Mna kaxpaolt us marpun -I'?, 3a nckmouennem I'S, CYILEeCTBYET
Apyras matpuna I'™ Takad, uTo

I"I™ = — ™",
Orciona caenyer, uto cies Matpuus I'™ pasen Hy.uo:
SpI*=S8pI'"(I'")y=— SpI'"I"T"™ = — SpI" (") =0.

3. Hast sapannbix matpun I'e u I, a = b, cymecTsyer MaTtpuua
I'n == I'S takas, uto
rere =r=

DTO CBOHCTBO MOXHO YCTAHOBHTb HEINOCPEICTBEHHOH TPOBEPKOI.
4. TlpennoJoxuM, 4TO CyLIeCTBYeT Habop YHCeJa @, TAKOIi, YTO

> q,I"=0.

YMHOKHM 3T0 paBeHCTBO Ha I'™ 5= I'S y BLIUHCAUM CJIel; HCMOJb3YS
CBOHCTBO 3, MBI IIOJNIYUYHM, UTO G = 0. Ecau I'm =TS, 10 a5 =0
M BCe KOI(Q(HUHEHTH, TaKUM 00pasoM, o6pamlaioTcs B Hyab. TeMm
CaMbIM JHHefiHasi He3aBHCUMOCTb I'™ ycranoBiaena. Orcioga cie-
AyeT, 4T0 JI00YI0 MaTpULy pa3MepHOCTH 4 X 4 MOXKHO NpeacTaBUTh
B Bulle KoMOHHanuu Martpui I'?,

Tenepr Mbl MOkeM 3anHcaTb npeoGpasoBanue JlopeHua pisi Gu-
JuHeHnbX PopM P (x) ™ (x), nocrpoenubix us 16 mMatpun I'. 3a-
MEeTHM IIpexkIe, YTO

Y*¥s 4 vsy* =0 (2.35)
H TO3TOMY
[YS, GuV] = Oa
HJIU
[S) YS] = 0’ (2'36)

YTO CIHPABENJIHBO MJs1 BceX COOCTBeHHBIX npeoGpasoBanuii Jlo-
penuna. YactueM cayuaem (2.35) sBasieTcs paBeHCTBO

Pys = —vsP. (2.37)
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- C noMousl0 BHIUMCAEHHH, CXOXKHX ¢ (2.27), HaXOZUM
P (x) P (&) = P (¥) ¥ (x) — ckaasp,
P (%) vs¥’ (x) =1 (%) S™'ysS% (x) = det| a | (x) ys (x) — nceno-
CcKaJsp,
Y () v (x) = aup (x) v (x) — BerTOD,
V() vy’ (') = det | @] @y (x) v, v (x) — nceBroBeKTOD,

P (x") o*VY’ (1) = atad® (x) 6°Pp (x) — Tensop BToporo panra. (2.38)

3AODAYU

1. IlposepsTe paBencrso (2.26).

2. ITpoBeprTe 3aKoHEl npeobpasosanus (2.38).

3. 3anan cuuHop u(p) nas cBoGoxHoft wactunbl. C nomollb:o npeoGpasosa-
uusa Jlopenua Bbipasuth uepes u(p) cnuHop u(p + q) B caydae, xorjga gy >0 H
p-g—0.

4. TlokasaTh, 4TO CYIECTBYIOT YeThipe Matpuubl I pasmeproctn 4 X 4 ra-
KHe, 4TO

ReThg=0. (T, T}=2g,, [T,0/0x,—~ m]b(x)=0,

T. e. ypaBHeHHe Jlupaka He COAEPKHT MHHMBIX KO3 (HIHEHTOB.
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PELMEHHWS YPABHEHHSA A HPAKA
AJ1d CBOBOJHOW YACTHLbI

§ 9. Maockue BOAHBI

Mu yGepnanch B TOM, UTO AHPAKOBCKAs TeOpHUS JODPEHI-KOBa-
pHaHTHA H AJS pelleHHH ¢ NOJIOXKHUTEJIbHON 3Hepruell HMeercst pa-
3YMHBI}i Nepexoj K HepeasiTUBHCTCKOMY Tpeaety.

Has Gosee rjay0GoKOro noHHMaHus (pH3HYECKOH NMPHPOAB pelie-
Huii ypaBHenus Jlupaka Hajxo paccMOTpeTh YpaBHEHHe MJsi CBO-
GonHoi gacTHUbl, UeThipe pelueHus AJs1 YaCTHUB B MOKOe MAIOTCSH
dopmyanamu  (1.24), KOTOphile MOXKHO MNepenucaTe B CJAelyIOLUEM
BHeE:

P (x)=w (0) e Erm™Mi =1 2 3, 4, (3.1)
re
41, r=1, 2,
e,={ —1, r=3, 4.
B npencraBnenun (1.17) pas martpun Jupara BXoAsllHe CIOfa CIIH-
HOPBl PaBHBI
1

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

—_0 0o

0
L@ O=|)] »0=
0

o O o
OO ~O

[TepBas mapa peureHuii onHchIBaer aABe CIHHOBbIE CTEMNeHH CBOOOABI
3JICKTPOHA, noaunHsouerocs ypasHenuio Ilaymu. Hpyro#t nape pe-
mweHnd (r == 3, 4) c oTpuiaTesbHOH »Hepruell ele NPEICTOUT AaTh
tduzuvecKyo uHTepnperaunio. Bee vernipe pemenus ABAAIOTCA COO-
CTBEHHBIMH (YHKLHSIMH OllepaTopa ¢, == 012 ¢ COGCTBEHHBIMH 3Ha-
yenuamu -+1 n —1. Pemwrenus nas cBoboAHO# YacTHLIH ¢ MPOH3-
BOJLHOH CKOPOCTBIO MOXHO MOJYHHTH C [OMOIbI0O Npeobpa3oBaHHsA
Jlopenua (2.10). Tlepexoas K cHCTeMe KOODAHHAT, ABHXYyllefics
CO CKOPOCTBIO —V OTHOCHTEJIbHO CHCTEMEI, B KOTOPOH 3J1eKTPOH IO-
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KOMTCH, Mbl [I0JIyYHM BOJIHOBYIO (PYHKIHIO CBOGOJHOrO 3JEKTPOHA,
IBHKYUIEroCs €O CKOPOCTbIO V.

It Toro yToGH SIBHO BBHIPA3UTh 3aBHCHMOCTH OT 4-pajinyc-Bek-
TOpa 4YacTHIbl, Haj0 3anucaTh BXoAsmylo B (3.1) 3KCNOHEHTy B
YHBapHaHTHOH copme:

2 0 u u’
. mc .opx Lopyx
exp(——zs,——ﬁ—t)=exp(——ze, . )=exp(—zs, e ), (3.3)
rae ' =alx’ n p*=alp"© =almec; M Gysem Besle NOJB30-

BaTbcAd oGosHauenueM p®=FE/c =+ A/p?+m2c2>0. Ilpu cob-
CTBEHHBIX NpeobpasoBaHuaX JlopeHna W NPOCTPAHCTBEHHOM OTpa-
JKEHHM DelleHUs C MOJIOKHTEJIbHON H OTPUUATEIbHON 3HEeprHedi npe-
00pasyloTca He3aBHCHMO, He NepenyThBasiChb APYr ¢ APYrom. IDTO
BHAHO H3 Bhipaxenusi (3.3), NOCKOJbKY 4-HMIyJbc CBOGOAHOH ua-
CTHLB BpeMeHHNoAobeH, php, = mc? > 0. CjaenosaTeabno, 4-pex-
TOD p, JIEKHT BHYTPH CBETOBOTO KOHyca B p-npocrpancrse. [1peo6-
pasoBanua JlopeHna, AOMOJHEHHble NMpPOCTPAHCTBEHHOH HHBEpCHEH,
He NepeBOAAT Ocbhb p® M3 OJHOH MOJIOCTH CBETOBOro KOHyca B APY-
I'yI0, IO3TOMY COXpaHsAeTCs pas3flle/IeHHe PEIlEHHH Ha pelleHHs ¢ I0-
JOXHTE/IbHOH M OTpHLATEIbHOH 5Heprued.

Coraacno (2.23) crnuHOpbl NMpeo6pasyOTCs ¢ MOMOILbIO ONepa-
TOpa

S == ¢~ (t/2) 000 (3.4)

rjie AJs OPOCTOTH Mbl BbIOpaJin HanpaBJeHHE CKOPOCTH BAOJL OCH
x. Bxoasuunit B (3.4) JopeHueB yroJ @ paBeH

v v
®==arcth (— -—) = — arcth (-—)
c 4
# oTJHuaeTcs Mo 3HaKy oT (2.21), Tak Kak Mbl MPOH3BOAHM MpPeOG-
pa3oBaHHe K CHCTeMe KOOpAHMHAT, IABHXKYilelcs BAOJAbL OCH X CO

CKOpPOCTBIO —V.
ITpumenas npeoGpasoBanue (3.4) k cnuHopam (3.2), mojyuaem

w" (p) = e~ ooy (0) = (ch F — oy sh3 ) w’ (0) =

®
1 0 0 ~—th 7
o 0 1 — th 5 0
—_ r
'_Ch_é_ ® w (0). (35)
0 — th - 1 0
2
®
—th 5 0 0 1

s popmyn (3.2) ans w(0) sicHo, 4To cnuHop @ (p) ecTh NPOCTO
CTO.IGel, ¢ HOMEPOM 7 STOH MaTpHIbl npeoGpasoBanus. Hcnosansys
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TPHTOHOMETpHYECKHe (HOPMYJIH

—th @ —_ —tho — v/c e
2 1+ thle 1+ AT=0%c? E + mc?
H
® E + mc?
Ch—Q——/\/W, (3.6)

MOXHO BLIDA3HTb W’ (p) uepe3 3HEPrHI0O H MMIYJbC YACTHIIH.
MoxHO 0606mHTb (3.5) 151 NPOMSBOJLHOTO HANPABJEHHS CKO-
pocru v. [lanst atoro B (2.19) cnenyer samennts MaTpuuy / Ha

0 —cosa —cosP —cosy
b —| —cosa 0 0 0
V7l —cosB 0 0 0 '
—cosy 0 0 0

Tle cOs o, cOSf H COSy— HanpaBJsIOUHe KOCHHYCHI CKOPOCTH V.
Torna

Ouvly’ =2 (0p; coS a -+ 04y cOS B + 03 COS Y) = — 2i Tv‘,' .
Hcnoansys (3.6), nosyuaem orcioga
O a-v
S—exp(—?——lvl )-——
1 0 P2t ki
E4me2 EF me?
=] 0 1 Pyt i
__/\/E-}-mc2 E+mc2  E 4 mc? (3.7)
- 2mc? p,c p_c . ’ :
E+me? E-4me? 0
Pac — et 0 1
E4+me? E4 me?

3leCh pi = py =+ ip,. OO6WHE BUA pelieHHA A5 cBOGOAHOH 4a-
CTHLH €CTb

B (x) = (p) e~ (/%) (3.8)

Ine B npeacrapienud (1.17) aas matpun y cnunop @ (p) ecTh CTOMI-
Gew ¢ HoMepoM r B MaTpuue (3.7).
CnuHOpH @™ (p) yAOBJETBOPAIOT CJAEAYIOUIHM MOJE3HBIM COOT-
HOLIEHHSIM:
(p —e,me)w’ (p) =0, (3.9a)

@ (p) w™ (p) = b,¢,, (3.96)

4
2 &, (p) @ (p) =38, (3.98)
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Ypasuenue (3.9a), nosnyvyaemoe npuMeHeHHeM AHPAKOBCKOTO Olle-
patopa (iV-—m) x dyukuusM (3.8), ectb ypaBHeHne [upaka aias
cBOGOJHON YacTHIL B HMIYJbCHOM IipocTpaHctBe. [Hus r=1, 2
HMeeM g = +1 u (p—mc)w (p) = 0. D10 ypaBHeHHe AJIA ABYX
PELICHHH ¢ MOJIOKHTEJIbHON 9HEpTHeH, 3afaBaeMblX JABYMS NEPBbIMH
cronbuamu matpuisl (3.7). B HepeJsTHUBHCTCKOM IIpejiesie HX TPEeThH
.M YeTBepThle KOMIOHEHTHl SIBJSIOTCS «MaJBIMH» H B OTCYTCTBHE
BHellHero noJs 3TH pemenus nepexoxst B (1.29) u (1.31). Huas
PeUIeHUH ¢ OTPHUILATEAbHOH 3Hepruell «OOJbIIHE» H «Majble» KOM-
NOHEHTHl MEHSIOTCSt MecTaMH. Mbl BBe/IM TaKxKe CONPSXEHHBIH CIH-
HOp corjacHo onpepesenuto (2.28):

@ (p) =w"* (P) Yo-
OH y'JJ;OBJIeTBOpHeT COHpH}KEHHOMY ypaBHeHHIO
@" (p) (p — e,me) =0, (3.10)

KOTOpOe IOJYYaeTCsi, ecJH B35Th IPMHTOBO-CONPSIXKEHHOE OT YypaB-
Henusi (3.9a), YMHOXKHTDL ero crpaBa Ha y° M BOCIOJb30BaThes Pa-
percTaaMu (y0)2= 4 1 u yoypriyd = yu
CoorHowenne (3.96) sABafercs KOBapPHAHTHEIM YyCJIOBHEM HOD-
MHDOBKH. Kax 6bl10 nokasano B mpeiblayuleil raase, unnreiinast
dopma @ (p) w’ (p) npeacrasisier co6OH JOpeHUeB cKaafip (cM.
(2.39)), H03TOMY AOCTATOYHO MPOBEPHTb BBLINOJHHMOCThL (3.96) aas
peiennii (3.2), ONMCHIBAOIHUX NOKOSULyIOcs wacTumy. IlioTnoCTb
BEPOSITHOCTH w’+(p)w'(p) He SBJsETCA HHBapHAHTOM, a Npeob-
pasyeTcsi KakK BPeMEHHAs KOMIOHeHTa 4-BekTopa (cM. (2.27)).
[Toaw3ysich AJsi Buiyuc/aeHHH crojbuaMu MatTpuub (3.7), HaxoduM
wr+ (S,p) w"’ (Sr/p) = et O, pr. (31 1)
Orciofa BHAHO, UTO HYXKHO BBECTH B IJIOTHOCTb BePOSATHOCTH HOP-
MHpPOBOUYHBI (akTop mc?/E ans KOMNeHcaUHH JODEHIeBa CKATHA
sjJeMeHTa ofbeMa BJOJb HalpaBJeHHs ABHXKEeHHs U obecnedyeHHsA
HHBapHAHTHOH HOPMHDPOBKH 4-BeKTOpa IJIOTHOCTH Toka. Ob6paTum
BHUMAaHHe Ha To, uro (3.96) ecTb COOTHOIIEHHe OPTOTOHAJbHOCTH
MEX/AY CIHHOPOM H CONPSAIKEHHBIM CIIHHODOM C OLHHMH H TEMH XK€
3HAYeHHAMH HMIIYJLCA P, B TO BpeMsi Kak corjacHo (3.11) cnuHOop
C NOJIOXKHUTEJbHOH SHEprHell OpTOroHajJeH 3PMHTOBO-CONPAXEHHOMY
CNUHOPY ¢ OTPUIATENBHON 3HEprueil ¥ NPOTHBONOJOXKHBIM UMY JIb-
com, Takum 06pa3oMm, [IBe IJIOCKHe BOJHBl C OJHHM H TEM Xe HM-
fyJbCOM P, HO NPOTHBONOMOKHBIMH SHEPrUAMH, OPTOrOHANbHDL, T. €.
YH(x)y (x)=0, ecaiu r=1, 2, a r'=3, 4, 160 Ha06OPOT.
Cootnomenune (3.98B) ecTb ycaoBHe NOJHOTH AJS YETbIpeX M-
PAKOBCKHX CIIHHOPOB MNpPH 3aJAHHOM 3HAYEHHH HMIy.JIbCa. Has cso-
0oxHON nokosileHcsl YacTHILI OHO OYeBHAHO. UTOOH A0Ka3aTb €ro
IUIST IPOH3BOJILHOrO 3HAYEHHsI HMIYJbca, clejaeM Npeobpa3oBaHHe
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J]opeﬂua K CHCTeMe IOKOs, a 3aTeM BOClOJb3yeMCs CIHHOpaMmy
(3.2):

4 4

3 e, ()0 ()= . Suy (— &) w5 Q) 5. 0) Si (— ) =

r=1 r=1

= SavbvhS;ﬁ‘ = qp.

To 06cTOSTeJbCTBO, UTO B COOTHOLIEHHH MOJHOTH QUIYDHPYeT @, a
He wt, ecTb CJelCTBHE PaBeHCTBA

KOTOpOE B CBOIO OdYepe]b OTpaxkaeT TOT (hakT, 4To npeo6pa3oBaHHe
JlopeHiua He fABJAETCS YHHTapHBIM.

IleiictBya Ha pemenus (3.2), KOTOphle ONHCHIBAIOT NOKOSILHHCSA
3JeKTPOH, NOJIPH30BAHNbI B HaNMpaBJIeHHH 2, ONEpaTOpaMu MOBO-

pota
S _— e(l/Q) cpa-s’

MOXHO MOJY4HTb COCTOSHHS, MoJIIPH30BAHHbBIE B NpoOHu3BOJbLHOM Ha-
npaBJeHun S. Takue COCTOSIHHSI ONpEAEAIOTCA PaBeHCTBOM

0-sw=uw,

[le COUHOp @ ONHMCBIBaeT 4acTHUY, NOJAPH3OBAHHYIO BAOJL HA-
npaBJeHHsl eIHHHYHOTO BekTopa §. Biarofaps cTpyKType BXoAAleh
B (2.24) MaTpHLbl ¢ KOHKDETHBIi BHI CIIMHODOB OJMU30K K BHAY
JBYXKOMIOHEHTHBIX criuHopoB [layun.

Jlisi naJdbHeHIIero H3/0MKeHHs YAOOHO BBECTH HECKOJbKO HHBIE
o6o3nauenyus. O6GO3HAYHNM NOCPEACTBOM u(p,S) CIHHOD, SBJAK-
niics pelienueM ypaBHenus lupaka ¢ MOJI0KHTEJIbHOA 2Heprueit,
pMIyJabcoM p* u ciuHoM sP. CIHHOP u(p, s) yHOBJIETBOpsieT ypas-

HEHHIO
(p — me)ug ity (p, ) =0. (3.12)

YerbipexMepHblil BEKTOp CNUHA S* ONpelessercs ¢ NMOMOLIbIO Tpex-
MEpHOro BeKTOpa MOJSAPH3aLHH s©® B cHcTeMe MOKOS CJEAYIOUIHM

o6pasoMm:

su_——__—a!:;s(o) V;
anech s@Vv=(0, s, a a¥ — KOaQPHUHEHTbHI npeoGpa3oBaHust K CH-
cTeMe TOKOsi, T. . p*=atp©@", rae p@v=(me, 0). 3amerum, urto
syt =—1, pOusO¥=0 u, CIeIOBATEILHO, p*s,=0. B cficreme
[OKOsl CNHHOP 4 YAOBJETBOPSAET ypPaBHEHHIO

6 - sOu(p®, 59) =u(p©, s). 3.13)
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AHanornuHo 0603HauMM MOCPEINCTBOM v(p, S) PelleHHe C OTPHIA-
TeJbHON 3Hepruei

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

H noJApu3alHel B cucTeMe Nokosi, paBHoii —s©. B cucreme nokos
LM U HMeeM

6 - 800 (p® sO)= — v (p?, sO), (3.15)

Cnusops u(p, ) u v(p, s) cBsidansl co cnuHopamu w' (p) ciaenyio-
muM o6pasoMm:

w' (p) =ulp, u,), w(p)=v(p, —u),
@’ (p)=u(p, —u,), w'(p)=vp, u,);
3nech U — 4-BeKTOp, KOTOPHIH B CHCTeMe NOKOs MMeeT BHI
ud v =(0, uP)=(0, 0, 0, 1.

Takum obOpasoM, Ji000H CIHHOD XapaKTePH3YeTCsl HMIYJbLCOM
Py, 3HAKOM 3HEPTHH W NoJspH3auuell B cucTemMe NOKOS s

(3.16)

§ 10. IMpoekuuonnbvie onepaTopbl AJis 3HEPTHH U CNHHA

st npakTHUECKHX BBIYHCJAEHHA YAOOHO HMETh OliepaTopbl, KO-
TOPbIE OCYLIECTBJAAIT MPOEKTHPOBAHNE Ha CIHHOP C 3aJlaHHBIM 3HA-
KOM 3HEprud u noJspusanuedl. DTH NPOEKUHOHHBIE ONEPATOPH fB-
JAI0TCH YeTbIpeXMepHBIMH AHAJIOTaMU HepesiTHBHCTCKHX JAByMep-
HBEIX ONepaTopoB

P, = 1 ;12:02 ’
[IPOEKTHPYIOLUIHX NPOU3BOJbHOE COCTOSIHHE HA COCTOSIHHS CO CIIHHOM
BBEpPX H CIHHOM BHHS3.

[Mycth 3agaHo HekoTopoe peleHne ypaBHenus lupaka B BHAe
LJJOCKOH BOJIHBEI ¢ HMIYJAbCOM P. MBI HUIEM UeTHIpe omepaTopa, KO-
TOpBIE BBLAEJSIOT H3 3TOrO PElIeHHs ueThipe HE3aBUCUMbIX pelre-
HUSI, OTBEUAIOIMX II0JOKUTEJbHON H OTPULATEJNbHOH 3IHEPrHH H
IBYM 3HaueHHsM [POEKIHH CNHHA Ha 3ajaHHoe HanpaBjenue. JKe-
JaTeJbHO, 4TOOH 3TH ONepaTophl ObIIM 3amMcaHbl B KOBapHaHTHOH
¢dopme; Torga Mbl cMoxeM Ge3 TpyJda IE€PEXOAHTb U3 OLHOH JIOPEH-
eBOil CHCTEMBl B JAPYrylo, UTO OUeHb Ba)XXHO B NIPakTHYECKHX pac-
yeTax.

UeTpipe IPOEKUHOHHLIX ONepaTopa 0003HAUalOTCs CHMBOJAMH
P.(p)== P(py, U;,€¢) U Mo omnpeleseHnio 006JalalOT CJAeAYOUIHMH
CBOHCTBaMHU:

P, (P) w”’ (p) = (Srr’wr’ (p)»
HJIH, 4TO TO Ke camoe,

P, (p) P (p) =0,/ P, (p). (3 17)
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OnepaTop, NPOEKTHDYIOIINI HAa COCTOSIHHSA ¢ NOJIOKHUTEJNbHOH H
OTpHLATEJbHOH 3Hepruell M JaHHBIM HMIYJbCOM P, MOXKHO NOJYUYHTb
cpa3y B KOBapHaHTHOH ¢opMe HeNOCPEACTBEHHO M3 YypaBHEHHS
(3.9a). O6o3HauUM ero NOCPEACTBOM

Ar(;;):ﬁﬂc_

2me
au6o
=y

As(p) = =520 (3.18)

Hcnoab3ys paseHCTBO pp = p? = mc?, MOKHO yOENUTLCSI B TOM, UTO
me? (1 +e,e..)+ mep (e, + ¢, 1+ e.e,.,
A (p) Ay (py = LB R C T 0 _(Z ) ) (),

T. €.

AS(p=A+(p), As(p)A-(p)=0.
OTMeTHM TaKXe paBEHCTBO

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

Anajiornunbele CIHHOBBIE OHEpPaTOPhI NPOILE BCEro NOJYUYHTh B
CHCTeMe MOKOsl, a 3aTeM IONMBITATbCA TPHAATh HM KOBapHAHTHBIH
BUJ. B KauecTse onepaTopa NpOeKTHPOBAHHA Ha COCTOSHHE CO CITH-
HOM BBepX ecTecTBeHHO B3ATb (1 -+ 0;)/2. /s Toro 4toGnl B HUBY-
MepHOM cnuHOBOM onepartope (1 4 0.)/2 usbaBuUTbCH OT IBHOH 3a-
BUCHMOCTH OT HampaBJ/eHHs 2, ero NepelHCLIBAIOT B BHIe CJAEAYIO-
Iero ckafaspa:

14 G-ufzo)

2
Jas npujgaHus IUPaKOBCKOMY CIIHHOBOMY NPOEKIHOHHOMY oOlepa-
TOPY CcKa/apHOH GopMbl HcroJb3yeM 4-BekTop ' M 3anuiuem

l+o, 1+ Vs¥aiy ¥ _ I+ Vsl v
2 - 2 _ 2 ’

D710 BHpa)KeHWe MOXHO MNpeofpa3oBaTh K KOBAPDHAHTHOMY BHAY,
HCKJIIOUHB MaTpHIY yo. B cHcTeMe mokos AeHCTBHe MaTPHUBI y; Ha
AUPaKOBCKHH CNHHOP CBOOHUTCS K YMHOMXKeHHi0 Ha —=41. [lpunumas
Bo BHuMaHue (3.14) u (3.15), mosmyuaem caepyiouiee BhIpaKeHHe
JJis AHPAKOBCKOTO MHBAPHAHTHOIO CIIHHOBOTO NPOEKIMOHHOIO Olle-
paTtopa:
14 ysid
Z(uz)"—“_Qz:
WJIH, JJsi NPOU3BOJBHOIG 4-BEKTOpa CIHHA SY, YAOBJETBOPAIOIIEro
ycaoBHIO S¥p, = 0,

3 (s) =L (3.19)
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B cHcTeMe nmOKosi HmeeM

1 A0 1
5 (D) @ (0) =— e 0! (0) = ! O = (0)  (3.20)

2(—u?) w? (0) = w?(0).

AHaJOTUUHO JJI CHUHOPOB C OTPHUUATENbHOH sHeprHel
(0

1— yyad 1+ y;ay)
2(—u§”)w3(O)=#—w3(0)=ww3(0)=
=11% =00 (3.21)
44

= (u(zo)) w* (0) == w™® (0).
Jas cnuHopoB 4 M v, onpexeseHHBIX corgaacHo (3.16), sTu paBeH-
CTBa BBIMMAAAT TaK:
Z(uz)u(p’ uz) =u(pv uz)y
X (uz) 4 (p, uz) = (p» uz):
Z(—u)ulp, u)=Z(—u)v(p, u)=0.
BceaencTBHe KOBapHAHTHOCTH MPOEKIHOHHOIO OonepaTtopa 2 IJst JIO-
6oro BekTopa noaspusamuu s* (s*p, = 0) MOKHO 3amucaTh
E(s)ulp, s)=ulp, s),
2 (S) v (py S) =10 (p: S): (3'22)
Z(=9s)ulp, )=Z(—s)v(p, s)=0.
Hwmes B cBoeM pacHOpSAXKEHHH YeThbipe MPOEKIHOHHLIX ONepaTopa
A+ (p) 1 Z(=S), MBI MOXKeM TOJHOCTbIO XapaKTepH30BATh ABHIKE-
Hue CBOGOJAHOH 4acTHUH ee 4-HMIYJIbCOM p,, 3HAKOM 3HEPTHH & H

nosasipuzaunues s, npudem shp, = 0. [L1g 2TOro Mb NOCTPOUM H3
(3.18) u (3.19) ueTblpe MPOEKIHOHHBIX OMepaTopa:

Pip)=A,(p) Z(u), Py(p)=A_(p) 2 (—u,),
Py(p)=A, (D) 2(—u,), Pi(p)=A_(p)Z(u,).
3aMeTuM, 4TO JJIA BEKTOPOB, yHOBJIETBOPAIOLIUX YCJA0BHIO stp, =0,
[2(s), Az (p)] =0,

MOCKOJIbKY P aHTHKOMMYTHDYeT Kak ¢ vys, Tak H c¢ §. Caenosa-
TeJIbHO, TOCTPOEHHBIE onepaTophl Pr(p) YILOBJIETBOPAIOT olpeje-
Jaennro (3.17).

Mpr 6ynem odeHp yacTo obpallaTbCsi K STHM OneparopaM AJs
noJyueHuss npueMoB GeicTporo u sddektuBHOro cuera. Ouu 1M03BO-
JIFIOT MOJIb30BAaThCA CBOHCTBAMH IOJIHOTHI H T€M CaMblM H30aBJsAIOT
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Hac OT HeOBGXOMMMOCTH SIBHO BHIMHCHIBATH BCE€ MAaTPHULI H KOMIIO-
HEeHTbl CNHHOPOB.

UTto6bl MOJNYYHTb pPeNATHBHCTCKH-HHBAPHAHTHYIO TeOpHIO, Mbl
BBeJH pelleHHsl ¢ OTPHLATENbHO SHEeprHeHd W HMIIYJbCOM P, KOTO-
pble, coraacHo (3.8), sBJsAOTCA COOCTBEHHBIMH (QYHKUHAMH Ofnepa-
TOpa HMNyabca P ¢ coGcTBeHHbIM 3HauenneM —p. [Tojobnbiv xe
c6pasom, coraacHo (3.19) u (3.21), pewenns c oTpHIATENbHOR
3Hepruei, ONHCHLIBAIOUIHE COCTOSIHHSI CO CIHHOM BBEpX H CIHHOM
BHU3, NePeX0aT B CHCTEMe NOKOA B cOOCTBeHHble (QYHKLHH onepa-
TOpa 0, C COGCTBEHHBIMH 3HAUCHHAMH, paBHbIMH —1 u +1 coorBer-
cTBenno. dusnueckas NpPHUMHA TAKOTO «COOTBETCTBHA HA0GOPOT»
A pelueHHil ¢ OTPHILATEJbHOH SHEprueil CTaHeT SCHOH, KOrjia Mbl
B rJ. 5 paccMOTPHM TEOPHIO ALIPOK.

§ 11. dusnyeckuii cmbich pPeLIEHHA B BMAe MAOCKHX BOJH
H BOJHOBLIX NMaKeTOB

Teneppr MB MOXKeM NOCTPOHTb JIOK&JHH30BaHHble BOJHOBLIE I1a-
KeTbl MyTeM Cynepno3HIHY pelleHuil B BHAe IIOCKHX BOJH. B cnay
IPUHIHNA CYNEpNO3HLUMH STH IMaKeThl Takke OyIyT pelleHHsiMH
ypaBHennst lupaka A cBOGOAHOH 4acTHIb, MOCKOJbKY ypaBHe-
Hue Jlupaka JuHeliHo. 3aliMeMcsi M3yueHHeM NaKeTOB, 4TOOb jO-
CTHUb GoJjiee rayGOKOro MOHMMaHHS (DPU3HYECKOTO CMbICja DelleHHH
JJis CBOOOAHON 4acTHIEL

HaudeM ¢ TOro, 4TO NOCTPOMM NaKeT TOJbKO H3 PelIeHHH ¢ 1o-
JIOKHTEJIbHOH 3Heprueii:

W = L2 ASE S b, Jup, 9 (3.23)
+ 8

(2mh)"
Il HOPMHPOBKH KO3Gb(HIHEHTOB pasJoxenus b(p,s) Ha eIHHHU-
HYIO BepPOATHOCTb OODATHMCS K COOTHOLIEHHSIM OPTOrOHAaJbHOCTH
(3.11). TMonyuum )

f s @, 09 ex, 0=

(@ 3 56, b0, Hut(p, ulp, 9=

EXNEX S

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

1) TipuseneM usBectHble cpoficTBa O-dbynkunu Jlupaka, HCnoONbayeMble MpH
puisoge (3.24),

{areiemar_smss—a) (assis—ar@=iw,

—00
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Cpe}lHI/lﬁ TOK [AJ11 TakKOI'o BOJHOBOro flaketa gaetcsd CPEIHHM
3HayeHHeM onepaTtopa CKOpPOLTH

JH = S " +’+ca\b(+)d3 X (3.25)

Buiuncanm J), Bocnosib3oBaBIIUChL CJAEAYIOUIHM BaXKHBIM COOTHO-
ILIEHHEM MeXAy Tpems 4-BeKTOpaMH, KOTOPble MOXKHO [OCTPOHTL H3
peiieHli aaa cBOOOAHOH 4acTHLBI:
ecan P (x) u YPo(x) ecth OBa MoObLIX pewteHust ypaBHerus Jlu-
paka
(B — me) w (x) =0,

TO
chay s = g By — () 1] — ;—m py (h20*"y).  (3.26)

2m

Uro6bl AoKaszaTh (3.26), sameTum, uTo AJS JIOOBIX ABYX 4-BEKTOPOB
a* n b¥ cnpaBeAJMBO PaBEHCTBO

7 1 1
4b=auby [—2- (VY -+ YY) 4 5 (v — v"v“)] =

=a'b, — id"bo,,.  (3.27)
Jlanee, ucxois u3 ypaBHeHus Jlupaka, Hamnuilem

0 = o (— p — me) dv; + hod (p — me) b =

- - > . < .<_
= 2mc‘b2d¢l + P, (a'upu. - laup\’guv - p‘uau + lpuavcuv) ¥y,

<
rre Pp=p,py. Orciona (3.26) nomyuaercs NPHPABHABAHHEM
K03 (OHUHEHTOB NpH GPOU3BOJIBLHOM BEKTOpe a™.
Papenctso (3.26) mapecTHO Kak pasJjoxenue I'opmona [31]. Ono
‘BbIpakaeT AMPAKOBCKHIl TOK KaK CyMMY TOKa lepeHoca, aHalorHu-
HOTO HepeJsITHBHCTCKOMY, M CIIHHOBOrO TOKa.

Fle HHTerpHPOBAHHE NPOBOAHMTCS [0 HMHTepBAaJy, BKJIIOYAIOWEMY TOMKY § == 4, H
npeAnonaraeTcs, 4To B 9TOM HHTepBase Qynkuus f(s) He wmeer ocoGennoctedt;

6(—2—)=|c|6(s), lel 0.

[Monsitye B-dyHKIMM ABJAAETCH MATEMaTW4ECKH CTPOTHM; OHO OGOCHOBLIBAETCS B
Teopuu 060O6UIeHHbIX QYHKIHHA; CM., HanpHMep, [30].
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Hcnoassys (3.26) npu Yo = P =¥ u (3.23), a1a Toka (3.25)
HAXOAHM

dp d3p’ 2 . | (n — g
10 =fax (LEEE 2 5 50, )b (p, e T
+

E N

»

X g 00, V[(Pi + ) + 10} (P, = p)] e p, ) =

(e 2T 106, 98, 329)

o+ 8

HJIH, YIUTHIBasi HOpMHPOBKY (3.24),
2
1P = (ea), = (), = Vepyundy. (3.29)

rne cuMroa { )4 O3HauaeT cpelHee 3HaueHHe MO MAKETy € MOJOXKH-
TenabHol sHeprued. Takum o6pasoM, cpelHHH TOK AJS [1POU3BOJIb-
HOro nakeTa, MOCTPOEHHOTO TOJbKO H3 PeIleHHH ¢ IMOJIOXKHTENbHON
sHeprueil, ecTb MPOCTO KJaccHueckas rpymnmoBas ckopocTb. [Tono6-
HOe YTBepXKAeHHWEe XOpOIIO H3BECTHO H3 HEPEJATHBHUCTCKON UIpe-
JHHIepOBCKOH TEOPHH.

Teneps Mbl mepefiieM K BaxKHOMY OTJ/IHUHIO, NIPHCYIIEMY peJs-
THBUCTCKOH Teopuh. B wipesnHrepoBCKOll TeopuH B BbiparkenMe s
TOKa BXOAMT OmNepatop P/m, KOTOPHIH SBJAETCS KOHCTAHTOH /st
cBoGojgHOTO ABHKeHUsl. B Teopuu Jupaxa, 0oAHaKO, TOK He Nponop-
L}YOHAJeH HMIYJbCY M, B TO BpeMsl KaK H3 COOTHOLICHWHA IpeH-
¢ecta (1.27) ciepyer, uTo AJs CBOGOAHOrO ABHXKeHHs dP/df =0,
onepaTop CKOPOCTH Co He sABJAAeTcs KOHCTAaHTOH, IOCKOJDBKY
[a, H] = 0. lefictBuTesbHO, cobcTBeHHBIe (PYHKIHH oIepaTopa co
JOJIKHBI CTPOUTBCS U3 PELIeHHil KaK ¢ HOJOXHTeJbHOH, Tak U ¢ OT-
puIaTeJ bHOH 5Hepruefl, Tak Kak COOCTBEHHBIE 3HAUEHHs ol PaBHbI
--c, Torna kak cornacHo (3.29) |[(cai)y| <ec.

BkaouyuM B Hallle PacCMOTDeHHe peHIeHHS C OTPHLATeNbHOH
SHepruell H TOCTPOHM BOJIHOBOH NakeT H3 NOJHOro HaGopa peue-
HuH Anasa cBoGoxaHol uactHubl. O6o6uiennem (3.23) 6yaer

= __dap ,\/E —iplx /h
wix, 0= § =T A ) ;‘[b(p’ S u(p, 5Pl 4

+d*(p, s)up, s)et ™). (3.30)

HopMHpOoBKa CHOBa NPOM3BOAMTCS Ha €IHHHYHYIO BepPOSITHOCT.
B pesyJsibTaTe HeCJIOXKHBIX BBHIYHCJICHHH TOJydaeM

et 0ve n=0a9 Yo 9F +140, 9F1=1.
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TToToK A5 TAKOro NakeTa paBeH ')
kL2
J"=Sd3p{2nb(p. IF+1d(p, 9P+
xS

+i Yy, O=p, )P, et (—p, §) oMo (p, 5) —

x5, 8

=i 3 bp, ), et o, Hatu(—p, 9] B3

+s, 5§

KpoMe He3aBHCsillefl OT BpeMeHH rPYNIOBOf CKOPOCTH, B 3TOM BbI-
pakKeHUH MOSBHJIHCH MepeKPeCTHbIE WIEHb MeXAy PelIeHHsiMH C I10-
JIOJKHTEJbHOH H OTPHLATe]bHOI SHeprHell, KOTOpHle OBICTPO OCLHJI-
JHDYIOT BO BPEMEHH C 4acTOTOH

2 2me? -
Bl > 2 =2 10" cex ™.

DTn ObicTpble OCHHJJSAUMH, HJAH «ApOXKaHue» («zitter-bewegung»
[32]), npolopuHOHAABHB aMIINTYJE, C KOTOPOil BXOAHT B MAKeET pe-
lIeHHe ¢ OTpHUlaTe bHOH dHepruell. [loka B HallleM H3JOXEHHH MBI
elle He BHISICHWU/IH (DU3HUYECKHH CMBICJ 3THX PELIEHHH, OAHAKO MOXK-
HO 3a/1aTbCsl BONPOCOM, KOTJAa CJeAyeT OXHAAaTb NPHCYTCTBHS ITHX
pelleHHH B nakeTe cO 3HAYHTeNbHOH amnJauTyaoi. M3 obuero Buaa
penieHus AJs cBOGOAHOH YacTHIBI BHAHO, YTO MOCKOJBKY BEJIHUHHBI
b(p,s) He 3aBHCSIT OT BPEMEHH, TO B OTCYTCTBHe BHEIIHero BO3Jei-
CTBHS B BOJIHOBOM I[1aKeTe, IeDPBOHAUYAJbHO NMOCTPOGHHOM TOJDbKO H3
pelIeHHil C OJIOKHTEJIbHOH 3Heprued, He MOABSATCA KOMMOHEHTHI
¢ orpuuaTesbHO#l sHeprueli. OAHAKO NMaKeT, OMHCHBAIOUIHH 3JeK-
TPOH, TaK HJH HHaue JIOKAJH30BaHHBIH B KOHEYHOH o0sacTH B Ha-
YaJbHBIH MOMEHT BpEME€HH, COAEPXKHUT, BooOlLle roBOpsl, pelleHHS
¢ 060UMHU 3HAKAaMH SHEPIHH.
PaccMoTpuM, HanpuMmep, peuieHHe

b(r, 0, s)=(nd®) ™ e " (0), (3.32)

KOTOpOE OTBeuaeT rayCCOBCKOMY pAclpeleseHHIO MJIOTHOCTH BOKPYT
HauaJja KOOpAMHAT C MOJYIIHPHHOH ~d B MOMeHT BpeMeHu f == 0.
B Ji060fi mocJaedyOU[Hii MOMEHT BpeMeHH { 3TO pelleHHe MOXKeT
6bITh TpeacTaBieHo B Buje nakera (3.30) ¢ kosdpduumentamu b u

1) HecMOTpsi Ha HEKOTOPYIO HEMOC/eJOBaTelbHOCTb, MB Besfle OyleM MOJb-
3oBaTbed 0003HadeHHEM

u(WpPFm?, —p, s)=u(—p, s)

H aHaJOTHUHBIMKH 0603HauYeHHAMH AJs Ko3(duiHeHTOB pasnoxkenusa b, d* u 1. 4.
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d*, 3ajaBaeMbIMU CBOMMH HayaJIbHBIMH 3HAaueHHs MM npu =0, T.e.

A/ S50 9005, e+
+d (p, 0(p, e = (ad®) ™" e~y ().

ITpoussoxas npeoGpazoBanne Pypbe U HCIOIb3Ys

o0
—r2od? il-r/k LT T LY Y )
Sdare TRt gilerl = (2nd")" M,

— 00

nosyuaem
’\/m: 216, Hulp, s)+d (—p, SN o(—p, )=
E

=( d? )3/4 e—llzpzd’/fl’wl (0).

mh?

M3 coornomenuit oproronasasnoctd (3.11) Haxoaum
2 t 242/982
b(p, 5= AS 22 () et (p, 9w (0),
* 2 ¥ 22/9%2
& (= p, )= A/ 2 (o) P (— p, 9w 0).

Takum o6pa3oM, aMIIMTYJa pellleHHs ¢ OTPHLATENbHOH 3Heprael
d* B nakere (3.32) orinuHa oT Hyjs. [1o OTHOWIEHHIO K AMIIUTY/e
pelleHHs ¢ MOJIOXKHTEJbHOH >Heprueil b oHa NOLaBJeHa Kak Bepx-
HAS, WIH «MaJas», KOMIOHEHTa U 1o OTHOILIEHHIO K BepxHe#, WJH
«6OJBIIOHY, KOMIIOHEHTE 4, T. €. N0 MOPSAKY Beauuuusl B pcf(E 4~
-+ mc?) pas. Orcioga sICHO, YTO aMIJIHTYAbl PELIEHHH ¢ OTpHLA-
TeJbHOI 3HEpPrHeH CYLeCTBEHHB! NPH 3HAYEHUSIX HMIyJabca -~ MC.
Opnako u3 (3.33) BuaHo, uto maker cOpPMHPOBAH B OCHOBHOM H3
cocTosiHuf ¢ umnyabcoMm p < h/d. Ilosromy mns Toro, uto6ul BKJAAA
COCTOSIHUA C OTPHUATEJbHOH 3Heprueil craj CYILeCTBEH, MaKeT AOJ-
JKeH ObITb JIOKaJH30BaH B 006J/1acTH ¢ pa3MepaMH, CPAaBHHMBIMH ¢
KOMIITOHOBCKOH [IJIHHOM BOJHBI 3JIeKTpoHA, T. e.') ¢ d ~ h/mec.
DTOT pe3yJbTaT MOMKHO MOJYYHTb H3 Pa3MepHBIX coobparkeHHH
C NOMOILBIO COOTHOWeEHHs Ap Ax ~ h, He IoJB3YSich raycCOBCKOH
tdbopmoit pacnpeaenenusi. Korna peun naer o 3afauvax, rie 3JeKTpoH
«pasMasaH» 1o o06JacTH, MHOro OoJbliel ero KOMNTOHOBCKOH
JUIHHBI BOJIHBI, MOJKHO BOOOGlIe He NPHHMMAaTb BO BHHMaHHe Cylie-
CTBOBaHHe pellleHHH ¢ OTPHLATE/JbHOI SHeprueii U TeM He MeHee
HanesiTbCs MOJYYHTD obJafatoliye (pH3HYECKHM CMBICAOM H AOBOJIb-
HO TOYHble pe3y/bTaThl. Takoe NpHO/HKEHHe CTAHOBHTCS HEMpPH-

(3.33)

1} Tlousithe NPOCTPAHCTBEHHOM KOOPIMHATH [IMPAKOBCKOTO 3JEKTPOHA ¢ [Oo-
JIOXKHTEJIBHON 3Hepruell o6cyxaaerca B pabore [33].
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MEHHMBIM, €CJIH 3JIEKTPOH JIOKaJH30BaH B 006JaCTH ¢ pasMepaMu Mmo-
pagka h/mc. TIpy 3TOM aMIUIHTYAbl pelIeHHH ¢ OTPHUATENbHOM
SHeprued [esialoTCsi CYIIeCTBEHHbIMH, B TOKe BO3HHKAIOT <«IpOXKa-
I{He» YJeHLl U MBI CTAJKHBAeMCsl C TAKMMHU MapafoKCaMH H AHJIeM-
MaMH, Pa3pelliiTb KOTOPble B paMKax Pa3BHTOH HAaMH TeODHH MH-
PAKOBCKOTO 3/IEKTPOHA OKAa3blBAeTcs HeBO3MOXKHBIM. 3HaMeHHTHIM

Vez)

-

-

7 | V4

-zl 'z

Puc. 3.1. IToreHumanpunii Gapbep, yaepKHBAIIHA 31eKTPOH c sHepruels [
B obnactd I ciesa.

Yz

/ Y4

z

Puc. 3.2. daekrpoctaTHyeckuii notennnal, nffecrapleHnsi /18 NPOCTOTH CTEHKON

C pe3sKnM KpaeM, Ha KOTOpyl M3 o6JacTH [ najaer ABHXYINAACs BIPaBO CBO-

Goauas s/ieKTpoHHas BoaHa c sueprueil E. Ilpu Vo > E 4 mc? orpaxennbifl or

IIOTEHIHA/Id NOTOK MPEBOCXOAMT MNAajAWuH; 3TO ONHH H3 NMPAMEPOB NApagoKca
Kaeiina.

NpUMEPOM TaKOTO poja TPYAHOCTH siBJsieTcss napaiokc Kieiina [34],
KOTODPBIfl MOXKHO NOSICHHTB Ha CJelyIOlleM NpuMepe.

YTo6Hl JOKAJH30BATh 3JEKTPOHBI, Mbl JOJIKHB CO314aTh CHJILHOE
BHeIIHee NoJe, yAep:KUBalollee WX B 3ajaHHoil o6.aactH. [Ipeanoso-
AKHM, HalpUMEp, YTO Mbl XOTHM yJAepxaTb CBOOGOAHBIA 3JEKTPOH
¢ sHeprueil E B obGmactu [ cjeBa OT TOUKH Hauaja KOOPAHHAT
z=0 B OJHOMEDHOM I[OTeHUHaJe, H300pakeHHOM Ha puc. 3.l
Ecau Mbl norpebyem, uTOOb 3J€KTPOH He MPOHHKaa B objaacTb [/,
Jexkaulylo npasee Toukn 2 = 0, ray6ixe, ueM Ha paccrosiide d, TO
notenuHan V foJsKeH Ha HHTepBaJte 2 < d ObICTpO BospacTaTh IO
aHauenusa Vo > E; Ttorpa peuienne Oyner B obaactd [/ cnagath
¢ xapakrepHo# anuHOH < d. Bce Oyner NMpOHCXOAHTbL TaK, Kak B
WpelMHrepOBCKOH TEOpHH, AO TeX IOD, MOKa HHTepBaJ, Ha KOTOPOM
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MBI XOTHM YJIep:KaTb 3JIEKTPOH, He COXMETCS A0 pasMmepoB ~ fi/mc,
a pasHoctb Vo — E He NPEBLICHT BENHUHHBI M(2,

Uto6bl MOHSTH, YTO IPOH30OHAET [dajiee, PACCMOTPHM MOTEHIIHAJ
C pe3KHUM KpaeM, H300parKeHHbIH Ha puc. 3.2, H BEIYHCIHM OTpaXKeH-
HbIi ¥ NpOIIeNIIHH NOTOK AJS 3JeKTpPOHa (C BOJHOBBIM BEKTOPOM
ky W cnuHOM, HampaBJEHHHIM IO OCH Z), HAJeTaloUIero CJAeBa Ha
obsacTh NeACTBHA 3TOro noreHnuasna. Pemenus ¢ NOJMOKHTENALHON
SHeprued AJs najamolieidl M OTpaXKeHHOH BOJH B obJgactu [ UMeIOT

BHJ
1

0
. == aeiklz Cklh R
Pine e
0
1 . (3.34)
0 1
'lpref = be—ikiz _ ckih + be—ikz 0
E + me? ckih
0 E 4 mc?

IIpomenwast BosHa npeAcTaB/sier cofoil pelleHne vpaBHeHus [u-
paka B NOCTOAHHOM BHellHeM noTeHuuane e® = V, Ono orau-
yaeTcsl OT pelleHHsl AJA CBOOOJHOH YacTHIlbl JHLIb 3aMEHOH py =
= (1/¢) (E — Vy), noaromy B obaactu Il nmeem

Wkye* = (E — Vo) — m’c* = (E — mc” — Vo) (E + mc® — V).

Cre0BaTeJbHO, NPOIICAIIVIO BOJIHY C TOJOMKHTENbHOA 3Hepraei
E > 0 MOXKHO 3amlHcaTbh Kak

1 0
0 1
Pipans = deF | ___chhs | - d'elks 0 . (3.35)
E—Vy+ me? — chiky
0 E—Vy+ me?

Avnmutyas d U d’ onpenensioTcs M3 YCJOBUS HENPEPBIBHOCTH pe-
HIeHHS HA rpaHHIe NOTeHLHaJa, KOTOpOe B CBOIO Ouepelb ClaelyeT
U3 coxpaHeHHsa noToka. Mmeem
at+b=d,
i k2 E + mce? .
b= TVt me 1574, (3.36)

b’=d’ =0 (nepeBopoTa ciHHA He NMPOHCXOIHT).

IMpu Vo>0u |E— V| << mc? BoanoBoit Bektop B o6Jaactu I/
YUCTO MHHUMBIH: Ry = i k2| U penieHHe B 3TOH o6JiacTu NpeacraB-
JaseT co6oil 3aTyXaloINyl0 3KCHOHEHTY ¢ XapaKTepHOH IJHHOH 3a-
ryxauus d > h/mc. Ecan Mbl, 0HAKO, 3aXOTHM YMEHBIUUTb [JyGHHY
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NPOHHKHOBEHHS 3JEKTPOHA B 06JacTb [/ 1 yBeJHYHM BLICOTY MOTEH-
LHaJabHOrO Gaphepa, ciaenas ero Briwe, ueM Vo = E + mc?, npouren-
fiast BOJHA cTaHeT ocumiiupyiomed. HeTpyano BEYUCIHTD NpOLIEX-
wuil u orpaxennsfl Tok. [Tonyuaem

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

fne (AP e A+ line )
XoTs no ¢opme TH pe3yabTaThl HAIOMHHAIOT NpPeACKa3aHUA Hepe-
JSTHBHCTCKOI TEOPHH, CJeyeT 3aMeTHTb, YTO MOCKOMbKY Vo > E +
-+ mc?, 10, coraacHo (3.36), r << 0.

Mbl TOTyUMIH pe3yJabTaT, NPOTHBOpedallHii HALIHM OGBIYHBIM
npeACTaBJEHHSAM: NPOWIENIIH NOTOK OKAa3ajcsi OTPHIATEeNbHBIM, 2
OTpaeHHbIH NOTOK GoJblie najatomero. Yro npeacrasiaser coboii
notok B obmactu II, KoTOpH Ha puc. 3.2 HampaBJeH CpaBa Ha-
JgeBo u3 obnactu /I B obaacts I?

B magexje JOKaJIM30BaTh pellleHHe BHYTDH HHTepBaJja, paBHOIO
KOMIITOHOBCKO{l [IJHHE BOJIHBI 2JEKTPOHa fi/mc, Mbl CHeJajH MOTeH-
1HaJbHBI 6apbep Bointe, ueM E +- mc?, Ho B HTOre NOJIYYHJIH He 3a-
TyXalolllee, a OCUHJIHPYIollee peuenne. Kak cielyer NOHHMATh 3TO
apaenne? Ero MOXKHO NOHSTb, TOJbKO BBISICHHB (DH3HUECKHI CMBICI
pewiennii ¢ OoTpuLaTe bHOH sHepruedl. M3 paccMOTpeHHs BOJHOBBIX
[IAKETOB SICHO, UTO pellieHHsi ¢ OTPULATeNbHON 3Heprueil cyuectBed-
HbI, KOrJa 4acTHIA JOKanuzoBana B objacTu pasmepom h/mec.
C apyroii CTOpOHBI, H3 NPHUBEEHHOTO NpHMepa BHAHO, YTO HMEHHO
Ha TaKHX PACTOSIHHAX Hama (uaHuecKas KapTHHA nepecraer COOT-
BETCTBOBATDL JAeHCTBUTEJNbHOCTH.

Mgl 3aiiMeMcsl paspellieHHeM 3THX BOIIPOCOB, HaukHas ¢ IJ. 5.
‘Tlpexze o6paTHMCs K IHPOKOH (XOTA M OrpaHuueHHOi) objacTh
(bH3HUECKUX SIBJIEHHI, B KOTOPbIX IPH/IOKEHHBIE 11015 ABJIAIOTCS CJla-
OLIMH H MeJNJIeHHC MeHsIoTcs B MacmTtale, rie eJUHHIEH IJHHBI
CJYKHT BeJIHYHHA fi/mc?, a enumuuIeldl SHePrHH — BeJHUMHA mc2.
Mbl HajzeeMcst HalTH 3JeCh MHOXKECTBO Pa3HOOOPASHLIX MpPHMeHe-
Huii ypaBHeHHst Jlupaka ¥ TEOPHHM 3JIEKTPOHA C MOJIOKUTENBLHOH
5Heprued.

3A0AUUN

1. Hoayunrs (3.11) HemocpeAcTBeHHO K3 ypaBHenua Jlupaka.

2. ITokasaTb, uTo paBeHcTBO (3.9) cmpaBelMBO HE3aBHCHMO OT KOHKPETHOTO
IpeACTaBJeHHS AJA NHPAKOBCKHX CIHHODPOB.

3. [ToayunTh BHIpaXeHHe J1as notoka (3.31).

4. TlokasaTtb, uto (3.36) ecTb creACTBHEe COXPaHEHHMs IOTOKA.

5. HaliTu ypoBHM 3HeprHH JHPAKOBCKOH 4YACTHUB B OJHOMEPHOH NpsMoO-
YTOJBHOIN NOTeHUHaAbHOH AMe TIyGHHOH Vo u mMpuHo# a.

6. [IpoBepbTe caelyiollee yCiHOBHE MOJHOTHI

4
E
Z o}, (e'p) 0f" (¢'p) = — d4p.

r=|



T1ABA 4
NPEOBPA3SOBAHUE $OJIIH — BAYTXANU3EHA

§ 12. BBenenue

Ecan He npuHumaTb B pacuer npobJaeMy OTPHIATEJbHBIX 3HEP-
ru#l, To ypasHende Jlupaka Jaer BHOJIHE yAOBJIETBOPHTEJNbHOE ONH-
canue ajiekTpoHa. OHO UMeeT Pa3yMHBIH HEPEJATHUBUCTCKUI Npesedt
W TPUBOAUT K NPABHJIBHOMY 3HAueHUI0 MAarHMTHOIO MOMeHTa. Te-
nepb Mbl 3afiMeMcCsl HCCIeJOBaHHEM B3aHMOJeHCTBHA AHPAaKOBCKOro
3JIeKTPOHA C 3a/laHHBIM BHEIIHUM MOoTeHLHaJoM. B nepByio ouepenn
Hac OyJer HHTepecoBaTb 00J1aCTb HU3KHX 3HEprui, cBobonHasi OT
TpyJdHOCTEl, CBA3aHHBIX € PeIieHUsIMH ¢ OTPHIlaTeJbHOH 3Hepruell.
IIpn paccMOTpeHHH BOJIHOBBIX MaKeTOB B NpelbiAyluell rjaBe Mbl
TOAMEPKHUBAJHN, UTC POJIb 3THX pelleHHil NPaKTHYeCKH OYeHb MaJja
B TaKMX BONpoOcax, Kak, HanpHMmep, 3ajaua o6 aToMe BOJOPOIA,
Korjla 3JeKTPOH J0Ka/au3oBaH Ha OGOpoBCKOH opOHTe ¢ paguycoMm )
l/am > 1/m.

Mpr y6eauMcs B TOM, 4TC CTalHOHADHBIe YPOBHH 3HEpPruu aTo-
Ma BOAOPOAA, MOJYyYCHHBle ¢ NOMOWDbIO ypaBHeHHA [upaka, upes-
Bbluaiino 6jiH3kH K HabmofaemMbiM. OaHAaKo, mpexie yeM HPHCTY-
IUTh K MOUCKY COOCTBEHHBIX 3HAYEHHH B KYJOHOBCKOM IIOTEHIlMAJe,
6yaeT BeCbMa MOYUYHTENbHO CPOPMYJIHPOBATH AHPAKOBCKYIO TEOPHIO
B Takoll (hopMe, KOTAa B3aUMOJAEHCTBHE 3JEKTPOHA C BHEIUHHM IIO-
JeM MpeiCTaBJeHo CYMMOH 4JIeHOB, KaXXIblii H3 KOTOPbIX HMeeT Ha-
rASIAHBI{T HepPeJSITHBHCTCKHE CMbICJL.

PaccMOTPHM TTO3TOMY MOCJIeL0BATEIbHBIH METOA, NPEAJIOKEHHbIR
doanu n Baytxaifizenom [35], a umeHHO KaHOHH4eckOe Npeolpaso-
BaHHe, IpH KOTOpoM YypaBHeHue JlHpaka npeBpamaercss B napy
JIBYXKOMIIOHEHTHbIX ypaBHeHHH. OHO 13 HUX B HEPEJNSITHBHCTCKOM
npejene nepexoAuT B ypasHenue [layau, Apyroe onuceiBaer cocros-
HHs ¢ OTpHIIaTeJbHOMA Heprued.

') Hmxe bl Beage 6yaem nonarats fi = ¢ = 1. KoMnToHOBCKas jJiHHA BOA-

Hbl 3JeKTpoHa pasHa 1/m = 3,86-10~ cm, a ero sheprus norost m == 0,511 Moas.
TocTosiHHAS TOHKOH CTPYKTYpH o = e?/4m =2 1/137. B 3TuxX eauuuuax

11 102!

10 o do
0,511 Msa=—3-'% en—! = 129 cek—!=m,
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§ 13. [IpeoGpasoBanue aJa cBOOGOAHOW 4ACTHIBI

B kauvecTBe nepBoro npuMmepa npojesnaeM npeoGpasoBanue
donau — BayTtxaiisena Haj ypaBHenueMm [upaka Aas CBOGOAHOR
yacTHubl. JIas 3TOi mesim yxoOHee 3amucaTh ypabnende Jlupaka B
raMuJLTOHOBOH (opme, HCMOAB3YS AJS MATPHU o NpPeACTaBJEHHE
(1.17). Myl uuieM yHutapHoe npeo6pasosanue Uy, KoTopoe ocBoGoO-
IUT ypaBHEeHHE OT BCeX ONePaTOPOB THMA €, CBSI3LIBAIOILHX MEXKLY
co6ot «BoJblIHe» W «MaJbie» KOMINOHeHTH. JI1060i Tako# oneparop
6yleM Has3LBaThb HEUETHBIM; Te Ke ONepaTopbl, KOTOPbie He CBA3bI-
BAaIOT MexXay coO0H «DoJblIHe» H «MaJjbie» KOMIOHEHTH, Ha30BeM
yeTHLIMH. COrJIacHO 3TOMY ONpeje/eHHIO ONepaTopsl «, y, ys #H T. A.
BJISIIOTCSA HEUeTHBIMH, a omnepaTtopbl 1, B, ¢ U T. A.— YETHHIMH,

3anuceisasg Up B BHIE

UF = e+is,
rge onepartop S S5PMUTOB W He 3aBHUCHT OT BPEMEHH, NoJgyyaeMm cie-
Ayiolllee YHUTapHOE npeobpasoBanue:
IP/ j— e+i81p
H 4
i _(;_‘;_ — e+iSHp = e+ iSHeiSY = [,

Mbl tpebyeM, uTob6n H’ nHe cogep:kaJs HeYETHHIX ONepPaTopOB.

[Mockoanky H =da - p - pm, npuuem {o, p} = 0, nama sagaua
COBEpIUEHHO KBHBAJIEHTHA 3ajaye O HAXOXKAEHHH YHMTAPHOTO Mmpe-
o6pa3oBaHKsi, KOTOPOE NpPHBOAUT ABYXKOMNOHEHTHHIA CHHHOBBIA
raMHJbTOHHAH € = oxB. + 0.8, K Buly, cofepxKaleMy AHIIb YeT-
Hbie onepaTtophl (Takue, Kak 1 U o;). Kak usBecrHo, Takoe npeo6pa-
30BaHME €CTb [IPOCTO MOBOPOT BOKPYT OCH Y, H €My OTBeuaeT onepa-
top e %% = ¢"2%% e tg 0, = B,/B,. Tlostomy MoxHO npex-
[OJIOXHTh, YTO B HAIlIeM cJyuae HCKOMBIH olepaTop uMeeT BUA

e'S = eBe-POP = cos | P |6 + ﬂlali.lp sin|p|6;

3lechb MpaBas 4acTb PaBeHCTBA NOJYYEHA Pas3/OXKEHHEM IKCIOHEeH-
™ B psia no crenedsm 0. Ilpm Takom BmIGOpe npeoGpasoBanus
nMeeM

H' = (cos| P10 (m) + P sin | p 10 (M) (0~ P+ Bm) X

X (cos|p 10— Bf‘p'l"simple):
= (o P+ pm) (cos @10 — F P sin| p10) =
= (a - p + Bm) exp (— 2pa - po) =
=a-p(cos2[p{9 —TgTsmzip(e)+
+B(mcos2|p |04 |p|sin2|p|0).
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Uro6pl H36aBHTbCS OT HEUETHOTO ONepPaTopa, NMOJOXKHM
g—1P1
tg2(p| -
Torga npeo0pasoBaHHLI FaMHJILTOHHAH
H =B +/m?+p7, (4.1)

B 4eM JIerko yOeAuTbesl, MNIAAA Ha M306paxeHHBIH Ha puc. 4.1 Tpe-
YroJbHUK. Mbl OJIYYn/IM TOT caMblii raMUJIBTOHHAH, KOTOPBIHl GBI

Puc. 4.1. Tpeyroabnuk, oTseuaromuil npeoGpasosanuio Posnu — BayTxaiizena.

OTBEPTHYT B M. 1, ¢ TOR, OJHAKO, CYLIeCTBEHHOH pa3HHLEH, 4TO Te-
nMepb B Halle PACCMOTPEHHE BKJIUYEHBl pellieHHst C OTPULaTe/lbHOH
sHeprues.

§ 14. O6mee npesGpasoBaHue

O6paTtumcs Tenepb Kk oblleMy c/Iydam, KOraa 3/eKTPOH Haxo-
AMTCA B 3aJaHHOM BHELIHEM 3JIEKTPOMATHHTHOM MOJie, W HAaljeM
COOTBeTCTBYIOWUN onepatop S. [aMHABTOHHAH HMeeT BHI,

H=a-(p—eA)+pm+ed=pn+ 0+ &; (4.2)

stech O=a-(p—eA), & =eD n O = —0OP, p& = +&5.

Bxoasmue B (4.2) BHemiHHe 00Js1, a ¢JeJ0BaTeAbHO, U caM ra-
MHJIBTOHMAH MOTYT 3aBHCeTb OT BpeMmeHH. [Ipeo6pasoBanne S Toxe,
BooOlie TOBOPs, 3aBHCHT OT BPeMEHH, MOITOMY HEBO3MOXHO IIO-
CTpoUTh onepatop S, KOTOPBLIA yaajstam Obl H3 raMuUJbTOHHAHA
HeuyeTHbIC ONepPaTOPLl BO BCeX MOpsAKax, Kak B (4.1). Mbl goBoJbeT-
ByeMcd pasJioXeHHeM Npeo6pPasOBAHHOrO FaMUJbTOHHAHA B CTEIeH-
HON psax no 1/m, cOXpaHUB B pPas/iOXKEHHH UJIEHB! BIJIOTb A0 HMEIO-
UMX HOPANOK (KHHeTHYecKas 3Heprus/m)® u (KMHeTHUecKas 3sHep-
rus) (3Heprus noss)/m?2,

[Tpeo6GpasoBanue, Kak W Mpexne, BBOLUTCA PaBeHCTBOM

P = eiSy,
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Janee umeem
0 iSa e Hat e Ho—iSyy — p=iS § O¥ : 0 s !
i—re Y =Hp=He Sy =e (l_at_)-l-(lFt'e )1[;.

Takum obpasom,

i (s (B —i 3 e ] = HY.

Onepatop S pasnaraercs B Psiji MO CTENEHSIM 1/m, caenoBartesabHO,
B HepeJATHBUCTCKOM mpefese on «Maa». [Tostomy BeIpaxeHue, cTod-
lliee B KBaJPATHBIX CKOGKaX, MOMKHO Pa3JOXKHTb B DAL, MOCTPOEH-
HEIIl M3 MHOTOKDATHBIX KOMMYTaTOPOB, HCNOJB3Ys AJs 3TOTO cCJe-
nyiollee COOTHOIeHHe !):

etiSHe=i = H 4 i[S, H+ D[S, S, Hll+ ...
4+ ONs LS, L 1S, HLL T
TMockoasky S = O (1/m), 10 ¢ TpeGyeMoll TOUHOCTBIO HMeeM
H' = H +i[S, Hl—IS, [S, H1— IS, [S, [S, HIll+
+ 1S, 1S, 1S, 1S, HI— 8 — 418, §1+ 5 S, 1S, 81

Haurem noctpoeHne S ¢ paccMOTPeHHSl 4JIEHOB HYJIEBOrO MOPsAKa
MaJqocTu no 1/m:

H =pm+ &+ O +ilS, Blm. (4.3)
Mp tpebyeM, 4TOOBI BbIpameHHe (4.3) He conepxajo HEYETHBHIX

onepaTopoB. PyKOBOACTBYSICb De3yJbTaTOM, IOJYYEHHbIM A CBO-
GonHoOll uwacTdnbl, moaoxum S = —ipC/2m. Torpa ¢ Ttpebyemoit

1) Yro6nl ybeauTbesi B CNPaBeNIHBOCTH STOTO PassokeHHsl, PaCCMOTPHM

_ Ay, —iAs _ N A" (O°F
F (A) = e*SHe _Z T (57m), (a)
n=0

OTclofa nocaeloOBaTeJbHO NOJAy4YaeM

%—%=e”‘si [S, H] e-i?wS
n np
‘;A,, =SS, [S, ..., S, H]...]1e" S,

PesyabraT moncTaBafieM CHOBa B (a) M moJjaraeM A=1
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TOYHOCTBIO IIOJIy'-IHM
LIS, Hl=— 0+ 4 w &1+ gz,
po? 1
Lis 18, H=—2Z — L0, [0, &) — 5> 08,

2m
SIS, 1S, 1S, Hlll = 27 — 55 0%,
it c
LIS, IS, IS, S, HIll=—42,
—S + t(SO ,
~ 518, 81 = — 40, Ol.

Co6upast BMeCTe BCe UJeHBI, HMeeM
H =B (m+ g — ) + & — 5= 10, [0, 8]l — 5= [0, O]+
210,81 =L+ B g5 0 @

Yiiensl ¢ HeYeTHBIMH ONepaTopaMu (OHH OGO3HAYEHB NMOCPENCTBOM
O’) umewor B (4.4) mopsafok 1/m. YroObl ele MOBBICHTL HX MOPS-
IOK MaJoCTH, nmpojienaeM Bropoe npeolGpasosanune Posaagu — Bayr-
XaH3eHa, NoJb3ysCch TEM K€ CaMbIM PELenToM:

p_ —iB =i 160
S = 2m 0'= om (’27;?[0’5] 3m2+

2m

B pesyabTaTe npeoGpascBAHHs MOJAYUYHM
” (S’ (4 H 0 —iS’ >’ r’ f é/
H"” =¢'S (H —-17”—)3 is =Bm—|—$’+%[0 ,5]-}-“’62”1 =
=pm+ & 4 0",

rae O —BeanunHa mnopsigka O(1/m?). Haxouen, ¢ mnoMombo
TPeTbero KaHOHHYECKOTO NpeobpasoBanus
— ipo”

2m

S/l —
MOXHO H30aBuTbcst M oT (. OKOHuaTe/IbHO NOJyYaeM

PR R P

=ﬁ(m+ o 8m3)+g 8,,112 [0, [0, 3]]—#[&", Ol.
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Boluncasia nNpou3BelleHHss ONEPaTOPOB € HYXKHOA HaM TOUYHOCTBIO,
HaxoJLHM

2 (a-(p—eA)P _ (p—eA) e
om 2m — 2m —_2-r-n—0.8’

] .- » . . >
S 10, 81410) = g (= in- VO —ia- A) =454 - E,
[d,éi%a.a]=£2_[a.p,a.ﬁl=
— e . OF)
o 8m? ;aiai( l axt

dlvE—I—8 o rotE+ 20 E X p.

8m2

Taxum 06pa3oM, B paccMaTpuBaeMOM NPUGIHKEHHH FaMHJIbTOHHAH
HMeeT BHA

rr7 _ * 1
H" =p[m+ {85 A B+ e® —eprBoB—
“ 6-10tE—~5r0 EXP—gordivE. (4.5

8m

Kaxablii OTOeJNbHBIA uJjleH B (4‘5) UMeeT YeTKHH (U3HuecKui
cMBbICJ. BhipaxeHne B KBajapaTHBIX cKoOKaXx ABJsSeTca pasJjoxe-

HUeM

A/ (p — eA)? + m?

¢ Tpe6yeMo#l TOUHOCTBIO; 3TOT YJEH YUMTLIBAET PEJATHBHCTCKYIO 3a-
BHUCHMOCTb MacChl oT uMnyansca. Cienymiollide ABa y/leHa LalOT 3Hep-
PHIO 3JCKTPHYECKOTO 3apsiia M MAarHuTHOro [HIIOJS BO BHELIHEM
nosne. UeTBepThlll U NATHIA 4/eHHl, B3ATbIE BMECTe, ABJISIOTCS PMH-
TOBBIMH;, HX MOXXHO OTOXAECTBUTb C 3Hepruell CIMH-OPOGHTANBHOrO
B3aumozedictedsi. OHH UMeWT NMPUBLIUHBINA BHA, €CJH 3JEKTPHYECKOe
noJsie IeHTpasbHo-cuMmMerpuyHoe. Toraa rot E=0 u

1 oV 1 oV
o EXp=—~2FrorXp=—75o L
Takum o6pasoM, 3Th [Ba YJeHA CBOAATCHA K
e 1 oV
Hspin-orbit——:zm—‘z"r— Frandi L. (4.6)

1ot pesyJabrar coraacyercs ¢ Kaaccuueckum. JleficTBuTeabHo, ecan
nepeiTH B CHCTEMY, B KOTOpOPI 4acTULLA NOKOHMTCS, BO3HHKAET Mar-
HuTHOe moJe B’ = — v )X E, B KOTOPOM 3HEPrus B3aUMOAEHCTBHS

OynmeT paBHa
e

2m




58 MPEOBPA3OBAHUE ®OJIOAH — BAYTXAM3EHA {TJ. 4

OnHako COOTBETCTBYIOWHE usieH B (4.5) HMeer JUIIHHH MHOXKHTENb
/o («tomacoBckass mnojosuHka»). llosBieHre 3TOro MHOXHTENS
yKasblBaeT Ha TO, YTO THPOMarHUTHOE OTHOLIEHHE AJS MarHHTHOTO
MOMEHTa 3JeKTPOHa, CBs3aHHOTO ¢ OPOHTANbLHBIM ABUXKEHHEM,
HMeeT 0ObBIYHOe 3HaveHue g—1.

Haxkonen, nocneadufi 4/eH, H3BeCTHBHIl 10N Ha3BAaHHEM [apBH-
HOBCKOT'O, MOXKHO CBSI3aTh CO IIPEJAHHTePOBCKUM «apoxKanueMs. Io-
CKOJIbKY KOOpJHHaTa 3JeKTPOHa HCHLITHIBaeT (JAyKTyalldd Ha pac-
CTOSIHHX HOpsiaka &ro<1/m, 2JeKTPOH <«4yBCTBYeT» HECKOJIbKO
«pa3MasaHHbIA» KYJIOHOBCKHE NOTEHIHAJ; MONMpaBKa COCTABJSET

<6V>=<V (l‘+ 61.))__([/ (r)> =<6l‘%}/"+%zjén 6rjd_’f%> ~

1
6m?

~F OV e VY, (4LT)

4TO KayeCTBCHHO COBAaAaeT ¢ JAPBUHOBCKUM YJACHOM.

§ 15. Atom Bomopomal)

IlepefineM Kk paccMOTpeHHIO pellleHWH ypaBHeHHsA JlHpaka, oTBe-
YAIIHX CBS3aHHBIM COCTOSIHHSM, H B MNEPBYIO oOuepelb Haiigem
YPOBHH 3HEpPrHH 3JeKTPOHA B KYyJ/JOHOBCKOM moJe. ¥paBHeHue [u-
paxa AJs 3JeKTPoHa B KYJOHOBCKOM I0Jie UMeeT BHJ

Hy=[o-p+pm+V()]p=Eyp, (4.8)

rie V(r)=—Za/r. s pasneieHus nepeMeHHBIX BOCIOJb3yeMCs
TE€M, YTO YIJOBOH MOMEHT YaCTHIBI B IEHTPA/IbHOM [0Je cOoXpa-
gaerca, JefictBurensno, onepatop J=L+S=r X p+ /.6 Kom-
MyTHpYeT C ramuabtoHHadoMm (4.8), m mosTOMy MOXKHO MOCTPOHTH
coOcTBeHHble (DYHKIHY, OTBeyalwllhe ONpelejeHHHM COGCTBEHHBIM
sHavenusaM f, J? u J,. Jns HaxoxIenus aTHX QyHKUHH obpatHMcs
K HalleMy oOnbITy pafoThl ¢ marpHuamu [layjsw u BcIOMHHM, 4TO
B NpeACTaBJEHHH, HCIIONb30BAHHOM B IVI. 3, MaTPHUILa

_ (a O)
=\o0 ¢
JuaroHaJjdbHa IpH YCJIOBHH, YTO €€ 3JIEMEHTaMH CUHTAlOTCs1 MaTpHU-

st Tlayau pasmepuoctu 2 X 2. Tlostomy, ecin sbipasuTb ¢ uepes
IBYXKOMIOHEHTHEIE CIIHHOPHI

=().

1y 3ajaya O ABHXKEHMH 3/EKTPOHA B KYJOHOBCKOM Nojie Gbl1a BHEpBhle pe-
wexa B pabotax [36]. [ToapoGHoe paccMoTpeHHe mpuMeHeHHi ypaBHenua [lupaka
B 4TOMHOH (GM3WKe M COOTBETCTBYIOLIMe CChIKM MOXHO Hafitm B kuurax [37, 38].
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TO YrJ0Bble NepeMeHHBle B @ H ) OTAEJSIOTCA TOYHO TaK Xe, Kak
B JBYXKOMIOHEHTHOH Teopuu [layau. ¥YruoBas 4acTb ABYXKOMIIO-
HEeHTHBIX pellleHHil siBaserca co6crseHHol ¢ynkuued J2, T, L? u
S2% u moxKeT ObITh ABYX THIIOB.

Hpu j=1-+ s
/\/1+ U+ m Y;n_n/z‘
cp(j+’>n_—_ 241 . (4.9a)
: lvl+1/2_m Ym+'/z|
. { 2 + 1 l )
Mpu j=1—1
W/H oy, ‘
— 21+ 1
(=) = , 4.96
q)j.m _,\/l+l/2+m ym+‘/z ( )
20 41 l

o m
rae ¢asa mapoBblx QYHKIHH 3a1aHa yCI0BHEM Y’f’ n==0"Y,
a pewmenusi @) cymecrBylT To/bKo npu > 0. O6a atn pellenns
VAOBJIETBOPSIIOT CJAELYIOIUHM yPaBHEHHSIM Ha cOGCTBEHHBle 3Haue-

HUSA:
Pl =i+ 1) 9,
L og}) = — L = %) oix) = — (1 + ) 97,
rue
K_{—(l+1)=——(f+‘/2), =1+
o +i=4+G+"), i=1—"].

[Tpu sanannoM j pemenust ¢{f) u @) oGranaioT NPOTHBOMOJIOXK-
HOH UETHOCTBIO, MOCKOJbKY OT/IHYaloTcs Ha efuHuny mno [ Onu mo-
IyT ObITh MOJYYeHB! APYT U3 APYyTa C NMOMOLLbIO HEYETHOro cKaJjsp-
HOTO omepaTtopa. DTOT ONepaTop AOoJXKeH OBITb JHHeHAHOH KoMOuHa-
muelt dyHkunit Yi' (0, ¢), Tak Kak OH MEHSeT 3HAYeHHE I nalwm
MOTOMY [0JKeH ObITb MPONOPHUOHAJbHBIM . B HalueM pacnopsixe-
HHH HMeeTcst eJHMHCTBEHHBIH NCEBAOBEKTOD O, H, NOJAb3YACh HM, MHI
CTPOHM NCeBROCKanap ¢-r/r. Jlasee Haxonum

g-r
() == L (=)
)8 — P (4.10)
O6ulee pelleHne AJsl LEHTPANbHOrO MOJA NMpPH 3a1aHHBIX [ B m

MOXKHO NPEeACTaBHTbL B BH]IE

iGf iGy
i + i -)
A

ll’im‘_ + -
F F
1 - i
—-—(p} )4+ —;—(p}'”
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OTo peilleHHe MOXKHO Pa3OuTb Ha ABa, KaXA0€ C ONnpeleseHHON yeT-
Hoctewo. [Tockoabky noreHnuaa V(r) HHBapHaHTEH MO OTHOLIEHHIO
K M[pOCTPAaHCTBEHHOH HHBEDCHH, COOCTBEHHHIM OYHKUHSM MOXHO
HapALy C onpefeseHHbIMH 3HAYEHHAMH j H M NDPHIOHCATb TaKXKe
onpeaesieHHyt0 4eTHOCTb. [To/b3ysach 3THM CBOHCTBOM, MBI IOCTPOUM

YeTHble M HeueTHble pellleHHd; Npd npeobpa3oBaHUH X '=——X OHH
BelyT cels caenyoIlLHM 06pasom:
V' (x") =P (x) = £ $ (x). 4.11)
OTH pemenus nawTcsi HOPMYJIOH
T 4.12
=15 o | (4.12)
r CP]m

TJe BBeleHH 0603HAUeHHUS
o {G?, =it {F/*, f=14 "y
! —_ . 1= - .
! Gy, j=1—"3 ! Fi, j=1—1/y
{ of, i=1+"f
@, = : 1
im q)j—m’ = [— /2’

¥ HCNoJb30BaHO paseHCTBO (4.10). B coorsercrBuu ¢ (4.11) uer-
HOCTb 3THX pewenuft paBHa (—1). Has nonyyenus us (4.8) ypas-
HeHH# AaA paauajbHbIX QYHKIHA BOCTIONB3YeMCS CJAeAYIOUIHMH
TOKIAeCTBAMH:

G- p[(r) __ar )f(r)q’;m

=0—r'2—r~(l.r—0—+io-L)Mcp’ =
=L 19 i1+ 0 12 () o,

B uTore nMeeMm cienymouve ypaBHeHHS A palIPIaJIbeIX $yuKuHi:

dF,, (r)
(E—m+Z)a,=—"4C 4 ),

Za
(E—l—m-l——;—-)Fz;(r)= —_—t— Gu(f)-

Pewennss 3THX ypaBHeHHH, OTBeualollMe CBS3aHHBIM COCTOSIHHSM,
MOXHO HaHTH OObluHbIMH MeTonaMu [36—38]. Mul npuBesem Juinb
HEeKOTOpble pe3yJ/bTaThl.

YpOBHHU 3HeprHU LAlOTCA BhIpaKEHHEM

Za 27—
E —=ml1 S . (414
n ’"[ +(n—(i+‘/z)+1/(i+‘/2)2—Z2a2)] (4.14)

” . (4.13)
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8 KOTOpDOM KBaHTOBoe uucjao n =1, 2, ..., oo npoberaer uensie
NOJOXKHTE/bHEIE 3HAUeHMdA, a YrJIoBOH MOMEHT H3MeHsieTcs B Mpe-
nenax or 0 10 j+ /o << n, npuyem H0JKHO ObITb BHINOJHEHO YCJ]O-
pue 0<</<Cn—1. Pasnaraa (4.14) 8 psn no creneHam (Za)?,
Mbl yGexaaemcsi B TOM, 4TO HHCJIO M COOTBETCTBYET JaBHOMY
KBAHTOBOMY UHCJY B HEPeNsSTHBHCTCKOH TEOPHH

Eomm{ 1l — 5 Z8 14+ B (L — )]+ 0 (2o}
(4.15)

MMonoxuB B (4.14) n=1 u j=1/;, NONYy4HM 3HEPrHI0 OCHOBHOTO
yPOBHS

Eo=mA/T = 222 ~ m — [, 2%’m — [ Z*o*'m + ...

BeimumieM Takke OTBeuaiilie 3TOMY ypPOBHIO HODMHDPOBAHHEIC BOJI-
HOBble QYHKLUHH CO CIIMHOM BBEPX W COMHOM BHH3

tpn=1, P=Y A (r, 9, CP)—’-——

1
0
_(emza)* /\/ T+v y=1 —mzar| i(1—1¥)
= ST @2mZar)' e '———Za cos® |,
l EAC il £ (IZ; V) e sin 0
'l‘lJn=1, l=1/2,4’(r’ e’ cp) ==
( 0
1
_ (2mza)" /\/ 1+v v=1_—mzZar | il =% . o —i7
=iz T+ 2y (2mZar)' e —g sin e ,
—i{l—v)
S cos 0
Tie Y= x/l — Z%2. B HepenasiTHBHCTCKOM rpejede -1,
p p Y

(1 —y)/Zo—0 u 5TH (QyHKUHH NEPEXOAAT B MIPEJHHrePOBCKHE
BOJIHOBbIe (PYHKIMH, YMHOXEHHBIE HAa JBYXKOMIOHEHTHblE CHHHOPDHI.
B peassTuBUCTCKOM ciyuae npu r — 0 dyHKIuM uMmeror cnabyio cHH-
ryJAsipHOCTb BHAA (@mZar)”#*"?, koTopas cTaHOBHTCH CyLIECTBEH-
HOM JNHINb HA DPACCTOSTHUAX

_2/22(1'.‘
"'~ Smza © .
Ecau Za>1, To BenuuuHa vy MHMMas u pemenus npa r->0
OCIIM/THPYIOT; 3TO sIBJIeHHe HanoMHHaeT HaM O napajpokce Kieiina.
[Ipu 3TOM Hcuesaer «Ileb» MEXAY PELIeHHAMH C MOJOXKHTeNbHOH
H OTpHIATEJbHOI SHeprHell M MBI CHOBA He MOXEM MpHIaTb pelle-

HUIO (DH3UYECKHA CMBICIIL.
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YpoBHH 3Hepruu, 3agasaeMmble ¢opmysoi (4.14), npunaro obo-
3HAYaTh, KAK B HEPEJSTHBHCTCKOM CJyuae, T. €. NOCPEACTBOM 0pOu-
Ta/bHOTO MOMeHTa I, purypupyiomero B } , H NOJHOTO MOMEHTa f.

B ra6auie Mbl pUBOLMM HECKOJBKO NEPBBIX ypoBHeH.

YposHH n ! i Enj
1S, 1 0 e mA/T= Z%2
25, | 2 | 0o | % |m ,\/l + 1/12_—_27&_‘-"
2P, | 2 1 Yy | m ,\/ 14 V'_I;:_W
Pyl 2 | 1| % o NT= 2%

Yposuu 2Sy, m 2Py, BbIpOXKAEHB, O6YAyu4d COOGCTBEHHBIMH CO-
CTOAHHUAMUM C  OPOTUBOINOJIOXKHOH  YETHOCTbIO, OTBEUAIOLIHMH
OJHOMY H TOMY 3Ke 3HA4eHHIO 7 u j. YpoBeHb 2P, pacrnosoxen
Bolle, 4eM 2Pj; pasHoOCTb 3Hepruit MexkAy HHMH, paBHasd
[m(Za)*/32]1(1 + O((Za)2)+ ...), mpexacraBasier co6oil 3HEPrHIo
TOHKOH cTpPyKTyphl. ToHKas cTpyKTypa ecTb CAeACTBHE CHHH-OpOHU-
TajdbHOro B3aumognedcteusi (4.6). Uz dopmyam (4.15) BugHo, uto
yeM OoJbllie j MPH 32JaHHOM A, TEM BBIIIE JEKUT YPOBEHbD.

Kak corsacyioTes 3TH npeackasaHus ¢ HabMOLaeMbiM Ha OMNBITE
cieKTpoM artoMa Bogopona? o 1947 r. coraacue ¢ onbiToM GblIO
BIOJIHE YAOBJETBOPUTENbHBIM (C YUETOM CBEPXTOHKOTO pacuiense-
HAst, 0OYCAOB/JEHHOrO B3aHMOAEHCTBHEM CIHHA 3JEKTPOHA CO CIIH-
HoM mnporoHa). Oanako B 1947 r. u3MepeHHe TOHKOH CTPYKTypbi
aToMa BOAopoja, npousBeneHHoe JIam6om u Pesepdopuom!), moa-
TBEPAUNO BO3HHKIIee ellle paHbllle NOXO3PeHHEe B TOM, 4TO YPOBEHH
28y, CIBHHYT BBEDX OTHOCHTeJBHO ypoBHS 2Py, (puc. 4.2). 3to Tax
HasblBaeMoe cMellleHHe J1amBa, KOTOpoe CHUMAaeT BEIPOXKIEHUE YPOB-
Heldl C OJMHAKOBLIMH 3HAYEHHSIMHU j U 71, HO Pa3HBIMH [, IPOHCXOAMT
Gaarofgaps B3aUMOAEHCTBHIO JEKTPOHOB ¢ (QJIYKTYalHsIMH KBaHTO-
BAHHOTO MoJsl H3Jyuenus. MmMeiorcs oueHb TOYHble H3MepeHHA W
pacyeThl KaK CBEPXTOHKOTO pacUlenseHHs, Tak M J3MOGOBCKOTO CMe-
LIeHHs!; COrJIACHE TEOPHH C IKCIepUMeHTOM xopoutee [41].

CBepxTOHKad CTPYKTypa BO3HHKaeT OJaronapsi B3aNMO/EHCTBHIO
NPOTOHA C MAaTHATHBIM MOMEHTOM 3JekTpoHa [42] (cM. Takxke [37]).
B pesysbTaTe KaXkKAH# YPOBEHb pacllleNysieTcsl Ha JBEe KOMIOHEHTH

') Ccblaku Ha nocienyloiide paGoTel MoxHO HaiTH B [37, 40].
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B COOTBETCTBHH € ABYMS BO3MOXHBIMH 3HAQUEHHSIMH [OJHOrO MO-
MeHTa aToMa. DTOT MOMEHT CKJaAblBaeTcsl H3 MNOJHOr0 MOMEHTa
3JEKTPOHa j U MoJylenoro cnuHa nporona. Halinem sHepruio csepx-
TOHKOro pacuierviennss njis S-cocToaHud. Jia 3TOH nesd OKasbl-
BaeTCst JIOCTATOYHLIM HEPEJNATHBHUCTCKOE OMNHCAHHE 3JEKTPOHA.
BsaumoneficTBie UMeeT BHJ o)

7 e

H = + Om o B,

rage
g,e ’ , 1
B=i \ a7 0 (") VX U X V) ey

3gech | — onepatop cnuna npotona ([, = =+'/5), a p(r')— naor-
HOCTb MAFHHTHOTO MOMEHTa NPOTOHA (Mbl He CuHTaeM HPOTOH

£
b0/ %
7 J——
PRy — “;1/1777/2 —-—‘-‘{—= e
Marge paeyenmenie (32 cvem
» TIIMODECKO20 COBUER)
2
29% i TOHKES COpYNImyDa (CruHy-gnoumanioe

ot ESaUMOTELCIBLE)

Jembosorill cise

2 (rpuirenmisi)
75 /—— _ |- Coeprmonsve pacenmesue
(caneremisit)

Puc. 42. Huxune yposun sHepruum aroma Bojiopoa. Cxema HsoGpaxena Ges
cofumofenns Macmraba.

ToueuHo#i uactuuedt). Mcnoapsys Toxaecto V X (I X V)=
= 1V2— (I- V)V u Tor ¢akr, yto A5 chepuyecKH-CHMMETPHUHOM

BOJIHOBOH (DYHKIIHH ,
1

V‘V] - —3‘ 611V2,

noJiyuaeM

2 e rogr 1 2 e
B—gg,,—QMp Sd3r p (r")IV? (4———nlr_r,|)—§g,,———2Mp Io (r).
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Torma aJsd caBHra YpoBHs IO HepeJIﬂTPIBHCTCKOﬁ TEOpHHU HMEEM

2 2
AE,=(V,Hb,)=7 ié’zew,, o1 S dr Py, (r) o (r) ¥, (r) =

1 g,e? 0 1 ) [4 Z3q? ( m ) ]
~ 6 mM, o -1, (0)] =5 ma 383 —m o-1].
Hauee
. { -1/, RS TPHNJETHBIX COCTOSIHAI,
g:-1=

—3/, A CHHTJIETHBIX COCTOSIHHH.
Takum o6pasom, paciiensienue 8, n-ro ypoBHsi PaBHO

nT 350 wr \M, )]

ITo cpaBHeHHIO C TOHKOH CTPYKTypoit oo B m/M, pas menbiue.

Beaton [43] npensoxua NpPocTOe KayeCTBEHHOE OlHCAHHE CMe-
wenust JIsmba, OCHOBAHHOE Ha PacCMOTPEHHM B3aHMOAEHCTBHSA
HePeJATHBUCTCKOTO 3JeKTPOHA € BAKYYMHBIMH (QUIyKTyalHAMH 3J€K-
TPOMarHHTHOro noJs. [TOCKOMbKY NHHAMHKA HOPMaJbHOTO KoJjeba-
HHS 3/J1EKTPOMATHATHOTO MOJISl KBUBAJIEHTHA NHHAMHUKE TapMOHHYe-
CKOr0 OCLHJIATOpa, TO Mocje KBAaHTOBAaHHsS KakJ0oe HOpMaJbHOe
KoJieGaHue npHoOpeTaeT «HYJEBYIO HEpruio», paBHyw /2. B pe-
3yJibTaTe 5TOro KBaHTOBOTo 3ddexTa QpAyKTyHpyiollne 3/1eKTpoMar-
HATHBIE TIOJs MMEIOTCs, Laxe ecJd BHelllHee MOJie OTCYTCTBYeT.
XoTsl cpelHHE 3HAUEHHs] HANPsSKEHHOCTEH I10Jsl PaBHBI HYJIO, HX
cpelHeKBaApaTHYHblE 3HAUEHHS OTJIMUHBI OT Hy.as, Bsaumogeiictsue
3JeKTPOHA C 3TUM [0JIEM MPHUBOJHT K CPEJAHEKBAAPATHYHBIM (JIYK-
TyauusiM KOODAMHATHL 3/exTpoHa. HaM Halo OUEHHTb aMILIHTYAy
TZKHX «KauyaHHi» CBA3aHHOrO 3/eKTpoHa. Kak Mbl BBISICHHIH TNPH
PACCMOTPEHHH AapBHHOBCKOTO usieHa (4.7), OHM NPUBOAAT K TMOSB-
JICHHIO y 3JeKTpOHA [06aBOYHOl 3IHEPrHH B3AHMOAEHCTBHS. J1a
SHEprus BO3HHKAET 3a CUeT <«Pa3Ma3biBaHHA» JeHCTBYIOLIEro Ha
5JeKTPOH KyJoHosckoro mosst n pasna !/s((8r)%)V2V. B Hanuus-
1eM MOPsiAKe COOTBETCTBYIOMUA CABHUL YPOBHS 3JIEKTPOHA €CTb

aBgm = Yolrd § @ WV () 0, = B Za @R |, O . (4.16)

Urto6ul onenuTb { (8r)2), 6GyneM cuuTaTh 3JIEKTPOH KJIACCHUECKOH
1epe/ATHBHCTCKOA 3apsKeHHON vacTulled. YpaBHeHHe [ABHXKEHHS
15 KosieGanuii 3/1eKTPOHa BOKPYT PaBHOBECHOTO MOJIOXKEHHSI HMeeT
BUJ

or = —E,
m

rae E — gaykryupyioliee snekTpoMarautHoe node. s pypbe-KoMm-

MOHEHT HUMEeM
ek,

mw? ’

ory, = —
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OTtciona n/s cpefHeKBaJiPATHUHLIX 3HAUEHHH MOJyyYaeM

2 E 2
(o) =-Fe)

oy =2 {222, (4.17)

m?

Ina onpenenenusi cpefiHeKBaApaTHYHOH HAaNpsXKeHHOCTH pacCMOT-
DHM [OJIHYIO 3HEPIUIO BAKYYMHOTO MO/

%Sd3x(E2—I—B2)=iZ—;—m,
A=1 k

rie XBa 3Ha4YeHHsT A OTBevalT ABYM IOMePeyHO-IOJSPH30BAHHBIM
COCTOSIHMSIM, a CyMMa o k paclopocTpaHsercs Ha Bce KojaebaHUSA
B HEKOTOpPOM 6oJbllioM 06beMe NPOCTPAHCTBA

1=, Z»% { .

[Tocko/bKy 151 cBOGOAHHIX 32J/EKTPOMATHUTHHIX BOJH Sdst2=

=Sd3x B> u o==|k]|, cpenHekBaApaTHUHAS HAMPSKEHHOCTb IMOJS
B BaKyyme paBHa

E? =77 =9— \dhS = ‘2 do o’ =\ do (E2).
(Qn) 2 25

[ToacTanoBKOl nocjefHero 3peHa 3TOH LENOYKH paBeHCTB B (4.17)
HaX0JHM

((8r)%) = W;z S o, (4.18)

rae HHTEerpHpoBaHHe HpousBoAuTca or 0 no co. Bedeucrsme TOrO,
4TO Hallle PACCMOTPEHHE 3JIEKTPOHA HABJSeTCS CJIHIIKOM TpyOBIM,
MHTEerpas pacxoaurtcs Ha 000HX ImpejesaaXx. JTOTO He HPOHCXONHUT
Npd OPABHJIBHOM pPeNfATHBUCTCKOM ONHCAHHH 3/JeKTPOHa, JOKaJH-
30BAHHOrO B aToMe Bojaopona. BosHbl, AiuHa KOTOPHIX GoJblie 6o-
poBckoro paauyca (Zum)~!, 0OKaspBalOTCA HeCYIleCTBEHHBIMH, Tak
KaK HMeeTCs MHHHMaJbHAafi 4YacToTa BHHYKAGHHBIX KoJdeOaHUH
®min ~ MZa, OTBeyamllas XapaKTepHbIM AaTOMHHIM pasMepam.
[TpoucxoauT Takxke BBHICOKOUACTOTHOe 0Ope3aHHe HAa pPacCTOSHHAX
NOPAAKA KOMITOHOBCKOH [JIMHBI BOJIHBL 3J€KTpoHa 1/m, obycnos-
JICHHOE PEeJISITHBHCTCKOH CTPYKTYpo#l 3jeKTpoHa. DTa CTPYKTYpa,
KOTOPOH OTBedyaeT YiKe 3HAKOMAas HaM aMILINTylda <«IPOKaHUAY,
IIPHBOAHUT K TOMY, UTO YACTOTHI BhIlIE, YEM ®max ~ M, HECYLLECTBEH-
HBEl AJ18 paccMaTpHuBaeMoro npoiecca. [TosToMy B KauecTBe OLEHKH
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MBI HpHMeM

Sdm |
L% o ln—

o Za

¥ u3 (4.18) nonyuum Aas CpelHEKBaAPATHYHOH aMIIHTYAH KoJe-
GaHHil 3/eKTPOHA B 10Ji€ BaKyyMa

2a 1 1\2
(@rpy == (In i) (—m—) . 4.19)
OxkoHuaTeJbHOE BhHIpa:KEHHe MJa CABHra YPOBH#A, MoJyyaemoe H3
(4.16), umeeT BHA

4Zo? 1 \2 1
AE, =5 (7) Inzz | b O F=

_[_S__Z"_aa(mL ](L 2, &, A~
“l38r n® Za 7 & m) b=
~ 1000 Mey nas n=2, Z=1, [=0.
B utore Mbli OOBSCHHJAM I[OYTH Bechb HabslogaeMblli Ha OMNBITE
cABHr ypoBHA 28y, aToMa BOJAOPOAA; CABUTH ypoBHed ¢ [ =0 xord

H He PaBHBl HYJIO, OJHAKO 3HAUYHTENbHO MeHblle H3-3a OOpalleHHus
B HyJb BOJHOBO! (yHKUHH B Hayaje KOOpJHHAT.

3A0AUYU

1. Moayunre cootHourenne (4.10).

2. B ypasuenun [lupaxa, ONHCHIBAILIEM B3aMMOJEHCTBHE MPOTOHA HJIH Heli-
TpOHA ¢ BIHEWHMM 3]eKTPOMATHUTHLIM 1OJIEM, HMEeTCs JONOJHHTENbHBIT UJeH,
OTBeualoWKH TOMY, YTO 3TH YacCTHUBI 06/1aflaloT aHOMaJbHHIM MarHUTHEIM MOMEH-

TOM:
(iV —e A+

rae F*V — TeH3op 34eKTPOMArHHTHOIO MOJA

J lé]
Oxy A"~ oxy

ke
4M;

0, P4 — M i) $i(x) =0,

Y = A,

a) Jas npotona i = p, ep == le|, ans ueiiTpoHa i =1, en = 0. TIpoBepsbre,
uto 3HaueHrss Kp = 1,79 n ko = —1,9! orBevalor Habmi0/la€MBIM MarHHTHBIM MO-
MeHTAM 3THX YaCTHU, a TaKke TO, YTO YypaBHeHHe ¢ J[0GaBOYHLIM B3aHMOJEH-
CTBHEM MO-IPEXKHEMY JOpPeHU-KOBAPHAHTHO. YOelHTeCh B TOM, UTO TaMHJILTOHHAH
5PMHTOB H BEPOATHOCTb COXPAHSETCS.

6) IMpomenaitte npeo6GpasoBanne Posau — Bayrxafisena Anas HeiTpoHa, co-
XpaluB uieHb TOTO e MOpsiKa, uto B (4.5). VKaxute QuU3HUECKHH CMBICA KaX-
10T0 oTAelbHOro uidena. Haijnre ceuenne paccesnus HeHTPOHOB B 3JIeKTPOCTATH-
weckoM node. Kaxk MOXHO naMepuThb 310 ceuenne? (Cwm. [44].)

3. Hajigure TouHble YPOBHH SHePTHH H BONHOBble HYHKIHH I/ IHPAKOBCKOTO
3/eKTPoHa B OJNHOPOJHOM CTATHYECKOM MarHHTHOM foJe (cm. [45]).

4, PaccunTaiiTe B HauHH3LIeM 10 a2 MPUOIMKeHHH JuHeAHbH 3¢dexkT 3eeMa-
Ha [Jis 3JeKTPOHa B aTroMe Bojaopoja. Kak H3MeHSiTCs 3eCMaHOBCKHe YpOBHY,
ec/ld THPOMArlHTHOE OTHOLIeHHe JJIi 3JEKTPOHA CTAaHeT OTJHUHBIM OT 3HAUEHHH
g = 2 (naTb oTBeT B NepPBOM NOpfAKe MO PaSHOCTH £ — 2)? :
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5. OGcynnTe NpeLECCHI0 CHHHA 3apAKEHHON [JHPAKOBCKON YaCTHUH ¢ aHo-
MaJbHBIM MarHHTHBIM MOMeHTOM K B cTaTHYeCKOM MarHMTHOM moJe. B uactHocTh,
FIOKaXXHTe, YTO Pa3HOCTh MEXAY YacTOTaMH MpELeCCHH CIHHA YacTHUH H ee Bek-
TOpa CKOPOCTH npornopunonaisbha (g —2) wan k. Kak stor pesymbrar 3aBHCHT
oT Maccel gactuun? (Cm. paGors [46].)

6. ITocTporite mOGaBOYHHIE 4YNneH B TaMHJbTOHHAHe, OTBEHAIOIHA AHOMAJbHO-
MY 3JIEKTPUYECKOMY MAHIIOJbHOMY MOMEHTY HHPAKOBCKOH dacTuubl. YUro mpouaoit-
IeT ¢ 5THM 4YJAeHOM [pH NpocTpaHcTBeHHOH HHBepcuu? Kak on nosausier Ha
ypoBHH atoma Bogopona? (Cu. [47].)

7. 3a cuer Me30HHBIX 3ddekToB (o6cyxmaeMmbix B ra. 10) sapap nporona
pacnpefiesieH 1o oGaacTu ¢ JuHelHbIMH pasMepamu 10-*% cau. Haitgure Bausinue
TAKOTO pacnpefieieHust 3apsjfa Ha YpPOBHHM 3SHepPrHY BOJOPOAHOrO aToMa, CYHTasd
CpPenHeKBAJPATHUHBIA pajuyc pacnpeneseHust paBHuiM r =~ 0,8-10-*% cxu. CpaBuu-
Te Pe3yJabTaT ¢ J5MOOBCKHM C/BHIOM.
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§ 16. MpoGaema peueHuii ¢ OTPULATENbHOH IHEPrUEH

B HalneM H3JIOKCHHH MBI y¥K€ He pa3 KacaJHCb pellleHHH ypas-
Henus Jlupaka c orpumaresbHOfl sHepruei. Hampumep, Gpira Hafi-
fgeHa NOJs TaKHX pelleHHil B JOKAaJH30BAaHHOM BOJIHOBOM [akKeTe.
OnHako [0 CHX HMOp Mbl crapanuch u3beraTh ponpoca 00 MX (H3H-
yeckoM cMmbicie [48, 49). Temepp HacTymm/aa IHopa 3aHATbCA 3TOH
npobaeMoii.

CaM (aKT CyLIeCTBOBaHHS pelleHUA C OTPUUATENbHOH 3HeprHei
TpefyeT CYLIECTBEHHOrO MepecMOTpa AMPAKOBCKOH TeOpHH, MO-
CKOJIbKY HaJ0 3ampeTHTb paJHalHOHHbLIE NEPEXOJIbl 3JEeKTPOHOB
C aTOMHBIX YpOBHell B COCTOSIHHY C OTPHIATEJbHOH 3Hepruel
W JajbHeflIMH HuueM He OrpaHHUYeHHsl KacKal. DTa TPyAHOCTb
OTCYTCTBYeT, €CJH MOJHOCTLIO NpeHe6peub B3AHMOAEHCTBHEM 3JIeK-
TPOHOB C II0JIeM H3JyueHHs. B aToM cayuae MOXHO HafiTh crauuo-
HapHble PEeLIeHHA, Kak ObLIO clelano B NPeAblAyLIed riaase; ompe-
JeJHTb YPOBHH 3HEPTHH H BePOSTHOCTH TEPEXOJa, KOTOphie B LEJI0M
XOpOIIO COoryacylores ¢ sKcnepumentToM. OnHako BONPOC O TOM, Kak
yAepxKaTb JIEKTPOH OT CKAaThIBAHHA B COCTOSIHHE C OTPHLATEIbHO
SHepruell, ocraeTcs NPHHUMNHAJbHBIM KakK /s TEODHH, TaK H AJd
NpaKTHYECKHX BBIYHCTEHHUH, €CIH UX HALO BHIOJHHTb C TOYHOCTBIO,
Tpebylouleli yueTa B3anMoAefiCTBHA ¢ u3nydeHHeM. BeposTHocTh me-
pexona 3JeKTPOHAa U3 OCHOBHOrO COCTOSIHHsI 4TOMa BOAOPOAA B CO-
CTOSHHE ¢ OTPUUATEJLHON SHepruefi MoxeT OBITb Ha#IeHa ¢ To-
MOILBIC TIOJAYKJA4CCHUECKOH TEOPHH H3JYICHHA € HCHOJb30BAHUEM
noJydeHHHX B M. 4 BOJHOBEIX (yHRUMH. BepoaTHOCTb mepexona
B SHepreTHYecKHii HMHTepBajJ OT —mc? 10 —2mc? npHGIHKEHHO

paBHa
2a8 mc?
R~ 108 cex~!

~

¥ CTAHOBHTCA GeCKOHeUHOM [/ MEpeXoj0B Ha BCe COCTOSHHS € OT-
puiarepHofl 3neprued. Ho 370 aBHBIH abeypal
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Utobel cnacth ypaBHeHne JlHpaxa, Mbl JOJIKHB HalTH HHTep-
NpeTaNHiO COCTOAHHA ¢ OTpHLATEJIbHOH 3Heprue, OTAHYHYIO OT TOH,
KOTOpYIO Npejjaraer OfHOYAaCTHUHAA LIpeJHHIepOBCKas TeopHs. JTa
zafaua Onia peiwreHa dupakom B 1930 r. On chopmyauposan Tak
HA3bIBA€MYI0 «TEODHIO ABIPOK», B KOTOPOH AujeMMa, MOCTAaBJEHHAs
CYLIeCTBOBAHHEM pelleHHA ¢ OTPHLATeNbHOH 5HeprHeldl, paspe-
IaeTcsi NPOCTO MYTeM 3aNoJHEHUS 3JeKTPOHAMH BCEX COCTOSTHHA
¢ OTpHIATENLHON 3Hepruell B COOTBETCTBHH C HPHHIUIOM 3ampera
[Maynu. Torpa cocTositHue BaKyyma €CTb COCTOSIHHE, B KOTOPOM BCE
YPOBHH C OTPULATENbHOH 5Heprvel 3aroJHeHBl JeKTPOHAMH, a BCe
YPOBHH C HOJIOXKHTeJNbHOH 3Hepruell cBoOoaHb. TeMm caMbiM, HampH-
mep, obecneunBaeTcsl CTaOMIbHOCTL OCHOBHOIO COCTOSIHHSI aToMa
BOJIOpPOAa, MHOCKOJbKY corjacHo npuHuuny Ilaynam svm omun poGa-
BOUHHIH 5/eKTPOH He MOXKer IONacTb B «MOpe» € OTpHIaTeabHOM
3Hepruef.

M3 npeanosokeHHsl 0 3aMOJHEHHOM 3/1€eKTPOHAMH MOpe C OTpH-
LaTeNbHOH JHepruell BbITEKaeT MHOXKECTBO CJAEACTBHH. DaeKTPOH
¢ OTPHIATeJbLHOR sHePTHeH MOKeT IIOTJOTHTb M3JYUeHHe H lepeHTH
B COCTOsSIHHE C NOJIOXKHUTEJbHOHN 3HeprHel, KaK CXeMaTHUeCKH NOKa-
3aHO Ha puc. 5.1. B pesysnprare mMbl GyneM HaG/i0faTh 3J1€KTPOH

E,
HEI0HI751E Jrenimpoy ey
COCITIOnUT + 02|
S
J VA Hapysuiie
B H3ysernue
el ~- 2
Z 7 2
SaHgTnE A
LOCIOTHUR Leypria
Puc. 5.1. Poxaenue nape: siek- Puc. 5.2, AHHMUTWIANMA HapH:
TPOH € OTpHUATeN:LHO!l sHeprued JEKTPOH €  [OJOXHTEeJNbHOHR
ROMVIOLIAeT H3JAYueHHe H [10- sHepruefi Omyckaercs B COCTOS-
nagaer B COCTOAHHE C IOJIOXKH- HHE C OTPHUATEJbHON 3Hepruef
TeJbHOH 3HEpruel. ¢ HCIOYCKAHUEM H3JAyUeHHd.

c 3apsanoM —|e| u sHepruelt -+E u ABIPKY B MOPe C OTPUUATENbHOM
sHeprueit. JIbipKa 03HauaeT OTCYTCTBUE SJEKTPOHA C 3apaioM —|e|
K sHepruelt —FE, U, CDaBHHB 5TO COCTOSIHHE C BAKYYMHBIM, HabJIio-
JdaTeJb CKa){eT, YTO MMeeTca 4YacTuia C 3apsiioM +|e| u sHepruedt
-+E: sra yactuua HaswBaercs nosurporHom. TakoBa ocHoBa oOmbsic-
HeHusl npollecca POXKJeHHs Nap B TEOPHH ABIPOK.

COOTBeTCTBEHHO ABIPKA B MOpe C OTPHUATEJNbHOH 3Hepruefi, Hiu
NO3UTPOH, SABAAETCH JIOBYWKON IS 3JEKTPOHA C MOJIOKHTENbHOH
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SHepTHel, © B 3TOM COCTOHT OObACHEHHe Npouecca AHHHTHASIIHH
3JIEKTPOH-TIO3UTPOHHON Maphl ¢ HCIyCKaHHEM H3JYYeHHS, KOTOPBIH
nsobpaxeH Ha pHc. 5.2.

Cneayer MOHHMAThb, UTO, MPHHAB TEOPHIO JABIPOK, MBI COBEPILHJIH
nepexoj K MHOTOYaCTHUYHOH TEODHH, onucuisarowel dactuyst oboux
snakos 3apada. Tenepb BoMHOBa (PYHKIUS yKe He MUMeeT MPOCTOM
BEPOSITHOCTHOH HHTepHpeTaluH, KaK B OJHOYACTHYHOH TEOPHH, NO-
CKOJIbKY OHAa JOJKHA ONHCBHIBATb NPOLECCH POXKACHHS H YHHYTOXKE-
HHA 3JeKTPOH-NIO3HTPOHHBIX Hap.

BcnoMuuM, 0JHAKO, YTO MBI OTBepTJIH ypaBHeHne Kuelina — [op-
AOHA ¥ MepellIH K ypaBHeHHuio Jlupaka NOTOMY, UTO XOTeJH MO-
CTPOHTb OAHOYACTHUHYH TeopHio. [losToMy 3akoHHO Gymer cmpo-
CUTb, a NouemMy Obl HaM He OTKas3aTbcl M OT ypaBHeHHs [upaka?
Haie Hexxenanue MOCTYNHTL MOZOGHBIM 06Pa3oM HMeeT Ty IPOCTYIO
IPUYHHY, YTO C MOMOULbIO ypaBHeHHs [lHpaka MBI ykKe HOJYYUJIH
BIEYATISAONLee KONHIECTBO «IPABHIbHBIX» PE3YJIbTATOB, K KOTOPHIM
OTHOCATCH CHNEKTP aToMa BOAOPOAA W THPOMArHHTHOE OTHOLIEHHE
1as 3neKTpoHa. bosee Toro, Mo3HTPOHLL, npedckazvisaemsie Teopueh
HAupaka, HabM0OAAIOTCA HA ONBITE.

Takum 00pa3oM, Mbl CTPOHJH TeOPHIO TaK, KaK B CBOE BpeMf
Obi0 HameueHo [lupakoM, W cHaua/ja MOJYUHJH XKeJaeMoe ypas-
HeHHe, a Tenepb IOABEPTVIH TEOPHIO NMEePecMOTPY H OTKA3aJHCh OT
TeX NPeANOoJOKEeHHH, KOTOpble MOCTYKHJIM HepBOHAYAJbHLIM TOJU-
KOM K ee pa3uTHio. McTopua $H3NKK 3HaeT MHOXKeCTBO MpHMepOB
TAKOro IyTH pasBUTHA. [losTomy MBI coxpaHHM ypaBHeHue Jlupaka
H €ro HMHTEpNpeTalHio, OCHOBAHHYIO Ha TEOpHH ALIPOK, HO OTKa-
KeMCsi OT OLAHOYACTHYHOH TPAKTOBKH BEPOSTHOCTH, K KOTOPOH Ml
TaK CTPEMHJHCb. 3aMeTHM, YTO Tellepb MOMKHO BHOBb BEPHYTbCA
K ypaBHeHHMI0 BTOporo mopsanxka Kiefina — [opgoHa u cmacTu ero,
NpHAaB HOBLIH (DH3HUECKHN CMbICJ BOJHOBOH ()YHKIIHH.

Ilo cpaBnennio c ypaBnenueM Kuefina — Foprona npeumyiie-
CTBO ypaBHeHHs JIMpaKa COCTOHT B TOM, YTO OHO NPABHJLHO OIHCH-
BaeT 3JEKTPOH CO CNMHOM !/ M 'HDOMAarHHTHBIM OTHOLUEHHEM g=2,
Ypasnenne Kaeitna — lopaona, kak Oyner mokasaro B ria. 9, npu-
MEHHMO 1Jis1 GECCIHHOBBIX YaCTHL, TAKHX KaK NHOHB. MHBapuaHTOM
LJ1st OGONX YPAaBHEHHH SIBJISIeTCS KBaADATHYHOE COOTHOIIEHHE Mexy
SHepruefl U HMIYJbCOM CBOGOAHOM uacTuupl ppp* = m2 B o6oux
cayuasix TpeGyercss NaThb Takoe TOJNKOBaHHe DellleHHH ¢ OTpHua-
TeJbHOH 3Hepruel, KoTopoe obecneunBaeT CTaOHILHOCTb OCHOBHBIX
cocrosinuit. OTciofa ¢ HeH30eKHOCTbIO CJEAyeT CYLIeCTBOBAHHE aH-
THyacTul. YacTuusl (Ana ypaBHeHHsi Jlupaka 3/eKTPOHB ¢ Mac-
CoOl m H 3apagoM —|e|) ONHCHIBAIOTCA PEIUEHHSMH C IMOJIOXH-
TeJbHOH 3Hepruel, a aHTHYACTHIHL (MO3HTPOHBI C MAacCol m W 3a-
panom +-|e|) omHchBaKOTCS 3aHOBO MCTOJNKOBAHHBIMH pelUeHHUSIMH
¢ OTPHLATENbHOR 3Heprued,
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§ 17. 3apanosoe conpsaxeHHe

CleaCTBHEM TeOpDHH ABIPOK fIBIsieTCA HOBas (yHAaMeHTalbHan
CHMMETPHS B NPHPOJe: Kaxkjias 4acTHIA MMeeT aHTHYACTHLY, B Ya-
CTHOCTH, H3 CYUIeCTBOBAHHS 3JIEKTPOHOB BHITEKaeT CyllleCTBOBaHHeE
NO3UTPOHOB. Tellepb HaM HajJ0 HaHTH JJs 3TOH CHMMeTpHH (op-
MaJibHOEe BBIpaXKEeHHE, KOTOpOe MOXKHO OBLIO Ol HCNOJAb30BaTh A7
NoJyueHUss B SBHOM BHAE BOJHOBOH (YHKUMHM INO3HTPOHA H3 BOJ-
HOBOA (YHKIHH COOTBETCTBYIOIIEr0 3JeKTPOHA C OTPHUATEJNbHOH
3Heprue.

CornacHo Hauleit ¢H3HUECKON KapTHHe AbIPKAa B MOpe ¢ OTpHUA-
TeJbHOR sHepruel, o3Havamwlas orcyrcreue sueprun —E (E > 0)
H 3apana e (mas snekrpoHa e << 0), 3KBUBAJNEHTHA NPUCYTCTEUIO
1HO3UTPOHA ¢ 3Hepruell +E u 3apsgom —e. [fostomy nmeercst onHo-
3HAYHOE COOTBETCTBHE MEXKAY pelleHHsIMU C OTPHUATeJbHOH 3Hep-
ruefi ypaBHeHus lnpaka

(iV—eA—m)p=0 (5.1)

1 co6cTBeHHBIMH (GYHKUHAME M0o3uTpoHa. [TocKosbKy 1o cBoemy ¢H-
3HYECKOMY CMBICJY NMO3HTPOHBI BBOASTCA KaK [OJOXKHTEJNbHO 3aps-
JKEHHBIe 3JEKTPOHbLI, ROJHOBAas (YHKLHA MNO3HTPOHA P, AOJIKHA
OHITh pellleHHeM C [OJIOXKHUTENbHOH 2Hepruell ypaBHeHus

iV + eAd — m)p,=0. (5.2)

MoskHo mnoiitH of6paTHelM nyTeM, OoJiee 6U3KHM K HCTOpHUe-
CKOMY, M HauyaTb ¢ ypaBHeHHs (5.2) ansa nosutpoHos. Hurzme B Ha-
IDMX PacCyXJeHHAX 3HAK 3apsAja e He HUrpaj CyllecTBeHHOH pOJIH.
B sTOM cJjydae OTCYTCTBHe pellleHHH ypaBHeHHs (5.2) ¢ oTpHua-
TeJbHOI 3Hepruell 6yneT o03HauaTh CYILIECTBOBAHHE 3JEKTPOHOB.
Htak, umeeTcss OJIHO3HAYHOE COOTBETCTBHE MEXAY pellleHHSIMH ypaB-
genuft (5.1) u (5.2) nas oboux 3HaueHWH 3HaAKa 3apaia, H TeM ca-
MLIM MBl TPHXOAMM K HeOOXOAMMOCTH IIOCTPOEHHS OmepaTopa, Ie-
PEBOASILErO 3TH YPAaBHEHHA APYT B ApYyTa.

[Tpexae Bcero Mbl 3aMeuaeM, uTo A9 mepexona ot (5.1) k (5.2)
HeO6XONAHMO H3MEHHTE OTHOCHTENbHbIE 3HaK ujeHoB [V u A. Dtoro
Ipollle BCero JOOUTLCS MyTeM ollepallii KOMILIEKCHOTO CONpPSIKeHHs:
i0jox* = — (id)ox*)" u A,= + A,. B peayabrate ypasueHue (5.1)
nepexoauT B

[(i % + eAu) v+ m] P =0, (5.3)

Ecau 6bl Temepb MBI CMOMJIM HAHTH HECHHTYJSIPHYIO MaTpHiy, 060-
3Hauvaemyio Cy°, mogunHAIOUIYIOCA ajrebpe

(CY) Y (CYY) ™ = — y#, (5.4)
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TO ypaBHeHHe npuolpesio Obl KesaeMbld BHI

iV + ed — m) (Cy'¢") =0,
rae QyBxuus
CyY" = CpT =, (5.5)

ecTb BoJHOBas GyHKuua nosutpoHa CylecTBoBaHMe MaTpHubs C
MOXKeT OLITb YCTAaHOBJEHO TNPAMBIM NocTpoeHHeM. [lokaxem 3ToO
B npeacrasieHun (2.6), B KoTopom yoy”*yo = y*T, Tak 4YTO paBeH-
ctBo (5.4) npespataercad B Cy*TC-! = —yk, nin

C™IWC = — 4.

B 3TOM npejgcraBieHHH MaTpuna C JOJXKHA KOMMYTHPOBAaTb € vy
H Y3 H AQHTHKOMMYTHPOBAaTh C Yo H Ya- [_IOJIXOLlﬂ[lleI:I ABJAACTCA MarT-
puna

C=iyy'=—C'=—cCct=—-C". (5.6)

AToro A0CTATOUHO 151 HOCTpoeHUs maTpulibl C B J1060M 3aJaHHOM
nOpeacTaBideHnd; MaTpuia C B HOBOM MPeJCTABICHHH TNOJYUaeTcs H3
(5.6) ¢ mMOMOLIbIO YHHTApHOrO Npeo0pa3oBaHHs, OCYHIECTBJSIOLIErO
nepexoj OT OJHOrO NpeJCTABIEHHA K Apyromy. 3aMeTHM, YTO omne-
patop C (5.6) onpeneseH ¢ TOYHOCTRIO A0 (PA30BOrO MHOXKHTeN,
nojo6HO pacCMOTPEHHOMY paHee ONepaTOpy NPOCTPAHCTBEHHOH HH-
Bepcuu. s Halero paccMoTpeHHs (dasza BOJNHOBOH (YHKUHH He
npeacTaBaseT (hU3HUYECKOro HHTepeca W Mbl He OyleM 3aHHMaTbCH
3THM BOIPOCOM.

Teneps MBI NOAPOGHO OCTAHOBHMCS Ha [IeHCTBHH BBEIEHHOro
onepartopa P, = CyT = iy*p* Ha cobcTBeHHble DYHKLUUH CBOOOAHON
yacTHUH € OTpHUATeIbHOH 3Hepruell. Bosnosas ¢GyHKUUS NOKOS-
ulerocst 3JEKTPOHa C OTpHIATENLHOR 3Hepruefl W CIHHOM BHH3
uMeeT BHI

4 1

— - et imt_
(2“)'/7

—_ 0 OO
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Takum o6pa3om, OTCYTCTBHE 1I0KOSLLErOCA 3/AEKTPOHA C OTpPHILaTe/lb-
HOH 3Hepruefl H CIHHOM BHH3 5KBHBAJEHTHO PHCYTCTBHIO MOKON-
1lerocsl MO3UTPOHA C TNOJNOXKHTEJNBHOR 3Hepruefl M CHHHOM BBepX.
Ecan BHelllHero moJist HeT, TO HeT W HUKAKOH Da3HHLBI MEXIY 3JIeK-
TPOHOM M MO3HTPOHOM U u3 (D.7) MBI BHAUM, UTO HyTeM npeobpa-
3oBaHuA (5.5) mpocTo mosyvaercsi Apyroe 3JeKTPOHHOE pellieHHe,

Ilpumensis 10 ke npeobpazoBaHHEe K COOCTBEHHOMY COCTOSIHMIO
C IPOM3BOJIBHBIMU CIHHOM H HMIYJAbCOM H HCHOJb3YysS YCJAOBHS
[C, ¥)| =0 u vyl =y, =y}, naxoaum

,lpc_;__c{przcvow*____cvo(eﬁ;;m )*(]—{—yss) 1|J -
=C(8ﬁT2jn_m)(l_2W§T)Yolp*= 8p+m)(l+y5s)¢c 5.8)

CHOBa MBI BHAMM, UTO MPOU3BeleHUe olleparnuil KOMIJIEKCHOro CO-
OpsiKeHHs M MaTPHUHOro ymHOKeHHs Ha Cyy = iy? mepeBOIHT pe-
IIeHHe ¢ OTPHLATENbHOH 3SHeprued, 4-HMIYJ/JIbCOM p, H MNOJApH3A-
uMel s, B pelleHHe C NOJOXKHUTENLHOH B3HEPrHeH U Temu e ca-
moimu p, U Sy. g COMHOPOB, OTBEUAIOUINX CBOOOIHEIM 4acTHLAM,
paBescTBa (5.5) umeoT BHI

eie (b, Sy (p, S) = CZZT (py S),
eid sy (p, s)= car (p, s).

Orcioma BHJHO, 9TO U(p,s) W u(p,s) SABJIAITCS 3apsiIOBO-COTPS-
JKeHHBIMH COHHOpaMH (C TOYHOCTBIO A0 ¢assl ¢(p,s)).
HanomHuM, 9T0 MBI CTPOHJIH pellleHHSs TaK, YTO

po=+Ap+m’=E>0.

3ameruM TakKkKe, UTO § He MeHseT 3HAK IPH 3apiIOBOM CONpsiXKe-
HHH, a4 CIIHH MeHSieT 3HaK, B 4eM Mbl y6eauauch Ha npumepe (5.7).
Kak yxe rosopujoch B § 10, 3Ta pasHana cBs3aHa C TeM, 4TO CIH-
HOBHIM MPOEKUHOHHBIH ONepaTop HMeeT B CHCTEMe [IOKOS BHI
(1 + yo 6:5/2), rie st =(0, s) U U3MeHeHHe 3HAKa NMPOHCXOJHT 34
cUeT MaTpHIUB Yo.

Onepatop B paBeHcTBe (5.5) ocylrecTBJASET ABHOE NOCTPOEHHE
BOJIHOBOM (YHKUHUHU N103UTpOHA. C ero moMoulbio MOXKHO BBECTH Ta-
KYl0 Ollepalllio, OTHOCUTEJbHO KOTOpPOH ypaBHeHHe [lupaka HHBa-
puanTHo. L5 s10TO TpebyeTcs olpelesHTh N06ABOYHHIH omeparop,
U3MeHSIOIHUHA 3HAK 3JeKTPoMarHUTHOro noJa. Torma ¢opmaljibHO
IUPAKOBCKas Teopusa GyleT MHBAPHAHTHA OTHOCHTEJbHO CJAeAYIOlLei
NOC/IeIOBATENbHOCTH onepauuii: 1) KOMIIJIEKCHOE CONpsiKEeHHE,
2) ymHoxenne Ha Cyo u 3) 3amena +A, nHa —A,. [Ipn stom ypas-
nwenne (5.1) ((5.2)) nna snekTpona (NMO3UTPOHA) NMepeXOAUT B TO
ke caMoe ypaBHeHHe AJs [O3UTPOHa (3JeKTpoHa). D10 mpeobpa-
30BaHHe HA3LIBAETCs 3apsNOBHIM conpsixeHneM w ob6osnauaercsa C,
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GdusnpuecKuil CMBICA 3apslIOBOTO CONPAXKEHHS COCTOHT B TOM, 9TO
KaXXJIOMY (PU3HYECKH PeaJH3yeMOMY COCTOSIHHIO JIeKTPOHA B MoJe
A, (x) oTBeyaer (H3HYECKH peanusyeMoe COCTOfIHME MO3HTPOHA
B noste —A, (x). Takum o6pasom, onepaiust C 3aMeHsIeT 5JeKTPOHEI
C IOJOXHTEJNbHOM 3HepIHell H CIMHOM BBepPX Ha MO3HUTPOHH C MO-
JOXKHUTEJNbHOH 3HEepPrHedl H CIWHOM BBepX. IDTO NOCTHraercst myTeM
npeo6pasopanysi PeUICHHA € MOJIOXKHTEJbHOH SHepruedl ypaBHEHHS
(5.1) B pellleHusi ¢ OTPHIATENbHOH 3HEPTHER 3TOr0 Ke ypaBHeHHS,
YTO COrJIacHO TEOPHH IBIPOK O3HauaeT Iepexol K MO3UTPOHY.

To, uTo AHHAMHKA NO3HTpPOHa B moJe —A, B TOYHOCTH TaKas
e, KaK 3JeKTpoHa B moJie +A,, HEyAHBHTEJbHO H3 KJIaCCHYECKHX
coobpazxkenuit. HoBblfi M YIUBHTEJbHBIH pe3yJbTAaT TEOPHH ABIPOK
COCTOHT B TOM, YTO M3 CYIIeCTBOBAaHHS 3JEKTPOHOB C Maccod m
M 3apAlOM e ¢ HeoOXoOumoCTbio CledyeT CYyILeCTBOBaHHE MO3HTpO-
HOB C TOH »€ MacCoH m W 3apsiiioM —e.

CyllecTBOBaHHe B MPHPOJe 3JEKTPOHOB C [ABYMsS 3HaKaMu 3a-
psiaa ¥ OJHOH W TOH Ke MacCOoH eCTb ONMH M3 CaMBIX CHJbHBIX
ZIOBOJOB B M0Jb3y MO KpailHeH Mepe 4acCTHYHOH NPaBHJIbHOCTH pe-
JSITHBHCTCKOH KBAHTOBOH TEOPHH.

§ 18. TMoaspusauuns Bakyyma

Teopusi AbIPOK, YCTpaHsisi TPYAHOCTH, CBsI3aHHble C OTPHLATE/b-
HOIl 3Hepruefl, MPHBOAHT, OAHAKO, K HOBLIM NPUHUMIHAILHLIM Mpe-
IATCTBHSIM, KOTOPHE NPHXOAHTCS Npeofo/eBaTh, H HOBLIM (pu3nye-
CKHM NpeaCcKa3aHusM, TPeOYIOUIMM 3KCIePUMEHTaJIbHON NPOBEPKH.
PaccmoTpuM, K mpuMepy, BJHMSHHEe BaKyyma Ha oOlpelesieHWe 3a-
pAja 3/7eKTPOHA H B3aHMOJEHCTBHe MEXIY ABYMs 3apsiaMH.

MesKay 3JeKTPOHOM C NOJIOKHTENbHOH SHeprued ¥ 3JIeKTPOHAMH
M3 MOps ¢ OTpHLATeNbHOH 3Hepruedl MMeeTcsi 3JeKTPOCTAaTHYeCKoe
oTTajkusanue. [103TOMY 3/ieK1POH NOAAPH3YeT BaKYyyM BOKpYT cebs.
CyMMapHasi IJIOTHOCTb 3apAAa 2JeKTPOHa po(r) ¥ MOJsPU30BAHHOIO
BaKyyMa pp(r), H3MepeHHasl OTHOCHTEJbHO BaKyyMa, CXeMaTHUYEeCKH
B300paxeHa Ha pUC. 5.3.

3apsa 3/M€KTPOHA, U3MEPCHHLIA ¢ MOMOILIbIO MaKPOCKOMHYECKOro
BHEIIHErc TOJs HJM YyAajeHHoro NpoOHOro 3apsfa, paBeH

Sd"‘r [og (r) + o, (r)]=e, nu npencrasiser cobofl «pH3HUeCKHi> 3a-

pan. OB.H&KO, ecJy [pOBOAHTb H3MepeHHS ¢ NOMOLIbIO l'IpO()HOFO
3apsha, Haxojsuierocs Ha pPacCTOAHHAX r0<R, TO H3MEpPEHHOEe
3HaueHHe 3apdia 6y11€T CTaHOBHThCA Bce GoJee OTpHUATEJbHBIM IO

Tex IOp, NoKa B mpepede ry— 0 He CTaHeT PABHBIM Sd3r 0o (r) = e,

T. e. 3HAUEHHIO «TOJIOrO» 3apsiia, npHueM |ep| > |el.
D10 fiBJeHHe HabJiofaeTcs B CleKTpe aToMa BOAOPoJa. dJek-
TPOHHBIE S-yPOBHH PaCliQOKeHh HHXKe, ueM ypoBHH ¢ L% 0, Tax
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KaK B COCTOAHHAX ¢ [ = 0 a/iekTPOH HaxoAurtcsi OJIHXKe K IPOTOHY,
OToT 3¢dexT NoasApu3anuH BaKyyMa, BHIYHCJEHHE KOTOPOro GyjeT
HpOBeNieHO B TIJ. 8, cierka yMeHbHiaeT cMellenue JIam6a. B Tol ke
rjlaBe Mbl PAaCCMOTPHM BOINPOC O CBSI3U «T0JIOro» 3apsiia H30JHPO-
BaHHOIO 3JIeKTPOHA CO 3HaueHHeM 3apsAfAa, HabawaaeMbiM Ha 60Jb-
IIHX pPacCTOSHHAX.

B cBfisu ¢ TeopueHl ALIPOK BO3HHKAeT elle OAHH BONDOC: KaKOMH
CMBIC/I MMEEeT BBeAEHHHH HaMH OeCKOHeYHHIH OTPHUATENbHLIH M[OJ-
Hbli 3apsin Baxkyyma? Iloka Mbl OCTaBHM 3TOT BONpPOC B CTOpOHe,

V74 A lotly

Puc. 5.3. Bausanume noafpHsalHH BaKyyMa HA ILIOTHOCTh 3apsia 3JEKTPOHA.

Beanunna p, mnpexcraniser coGofl MIOTHOCTb 3apAfa <rOMOrO» 3/EKTPOHA,

a pp €CcTh IUIOTHOCTb 3apAfa TOMAPH3ALHOHHONO 06JaKa, 06pa3oBaHHOrO BHD-
TYaJbHLIMH 9JEKTPOH-IO3HTPOHHBIMU TAPAMHU.

3aMeTHB JIHIUb, YTO 3JeKTPHUECKOE MoJie OT 3TOro pacipejeseH-
HOTO 3apsjia He HMeeT BhAeJeHHOro Hanpasdenus. HabaonaeMbmMu
SIBIAIOTCS TOJNBKO HEOJHOPOJHOCTH B paclpefeeHHH, 06yCA0BJIeH-
Hble MOJApU3aLHell BakyyMal).

§ 19. O6Gpamenne BpeMeHu M JAPyrue CUMMETPHH

PaccMoTpuM Temepb npeo6pa3oBaHusl NPOCTPAHCTBEHHOH HMHBep-
cuu n ob6pauienns BpeMenn. KpoMe HUX, HMeeTcs ellle 0fHA ONepalis
CHMMETDHH, TaKXe He OTHOcsmascd K coOCTBeHHBIM Ipeobpa-
30BaHHAM JlopeHla, — 3T0 KaJHOPOBOUHAS HHBAPDHAHTHOCTL 3JEK-
TpOMAarHuTHoro Bzaumojelicrsua. ONHAKO HHBApPHAHTHOCTH OTHOCH-
TeJIbHO KaJHOPOBOYHBIX NpeobpasoBaHHil aBTOMAaTHYECKH ofecnedu-
BaeTcs BBeJeHHEM B3aHMOJEHCTBHSI B BHIe py— eA,. [lpoBepka
3TOrO yTBEPXKAEHHS NPOH3BOJAHTCS B TOUYHOCTH, KaK B IIPEAHHIEPOB-
CKOA TeopHH.

') tor BONpOC paccmarpuBaeTct B KHHre aBTOpoB [50], DVCCKHE nepeBoa
KOTOpO# BRIXOAHT B HM3jaTeabcTBe «Haykas. ({Tpum. nepes.
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Hanomuum, uTo, Kak OBIIO yCTaHOBJEHO B § 7, omepaiuio Mpo-
CTPAHCTBCHHON HHBEPCHH MOXKHO 3aNHcaTbh caedywoiiuM o6pasom:

Py(x, ) =9 (X', ) =eloy"p(x, 1), rae x'=—x. (5.9

Jlns peilieHH# B BHAe NJIOCKHAX BOJIH NMPOCTPAHCTBEHHAsl HHBEPCHA
COCTOHT B H3MEHEHHH 3HAKOB HMIYJbCOB NpPH HEH3MEHHBIX 3HAaue-
HUAX CIIMHOB, T. €. HPOHCXOAHT TdK, Kak cjejlyeT 0XKHAAThb M3 KJjac-
cHuYecKHX coobpaxenuil. Takoe npeofpasoBanne BOJHOBOH (PyHKIHH
B COUETAHHH CO CJAELYIOLIHM XOPOLIO H3BECTHBIM Ipeo0pa3oBaHueM
Haj 4-IOTeHIHaJ0M 3/JeKTPOMArHHTHOrO MOJA:

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

OCTaBJ/IfieT HeM3MeHHbIMM ypaBHeHHe Jlupaka M 3HauyeHHs BCeXx Ha-
GmopaeMbx (u3nuecKuX BeauuHH. PH3nUecKoe COLepKaHHe HHBA-
PHAHTHOCTH AMPAKOBCKOH TEOPHH OTHOCHTEJLHO IPOCTPAHCTBEHHON
HHBEPCHH MOXKHO MOSICHHTL CJIeAYIoUM 06pasoM.

PaccMOTpUM HEKOTOPYIO CepHio HalJI0/leHuil Hal COCTOsIHHEM,
ONKMCHIBAEMBIM BOJIHOBOH QyHKuHed P (X,{). 3acHuMeM HallM Ha-
6J104eHUS Ha KHHOILIEHKY, NMPUYEM CHEMOUHYI0O KaMepy HamnpaBHM
Ha IJIOCKOe 3€PKajo, B KOTOPOM OTP4XKAeTC JKCIepHUMeHTaJ/bHas
ycTaHOBKa. TOrja Mbl CMOXKeM CKasaTb, YTO AMHAMHMKA ABJCHHSA,
KOTopoe Mbl HaliiojaeM, HHBADHAHTHA OTHOCHUTENbHO MNPOCTPaH-
CTBEHHOl MHBEPCHH, €C/IM B 3aCHATOM B 3epKaje KHHOQHJIbME IO-
Ka3aHa (PU3MUYECKH BO3MOXHas IOCJeI0BATeJbHOCTb fIBJEHHH, T. .
ec/iM, CMOTPSl 3TOT (PH/IbM, HEBO3MOXKHO YCTAHOBUTb, BHUAHM JIH Mbl
3epKaJbHOe OTpaxKeHHe HAM camo asjenne. [loatomy BMecTO mpo-
CTPAHCTBEHHOH HHBEPCHH JOCT4TOYHO DPacCMaTPHUBATL 3epKajbHOe
OTpakeHHe, XOTsl 9TH ONMepPalHN M He ToXAccTBeHHHL. [Ipu 3epkaip-
HOM OTpaKeHWH MeHsIeTCA 3HaK TOJbKO Yy KOODAHHAT, HallpaB/eHHe
KOTODBIX NEPNEeHAHKYISIPHO K NJOCKOCTH 3epKasa; UTOOH MOJYUHTH
npeo6pa3oBaHHe HHBEPCHH, HajO e€llle NDPOH3BECTH MNOBOPOT HA
Yrosl s BOKDYT HOPMaJH K NOBepXHoCTH 3epkasa. OAHako Tako#
MOBOPOT y»Ke BKJIUYeH B coGcTBeHHEle npeobpasosantis JlopeHua.

IMepexoas K 06CYkRACHAIO CHMMETPHH OTHOCHTEJNbHO OGpalleHus
BpPEMeHH, Mbl [/ BHIICHEHHd ee (U3HYECKOro COAepKaHHs OMATh
BOCIIOJIb3YeMCsA MBEICA€HHOH KHHOCHeMKO# NOoCJeJ0BaTeIbHOCTH Ha-
GAIONEHH Hajl COCTOSHHEM, ONHCHiBAeMbIM BOJHOBOH (yHKuUHEH
P (x). TlpocMOTpUM Tenepb OTCHATHIA KMHO(HIbM B OOpaTHOM Ha-
npasJieHHH, OT KOHIA K Hauany. MoxHO yTBEepKAaTh, YTO IHHAMHUKA
Ha6JII01aeMOr0 SIBJIEHMsI WHBAPHAHTHA OTHOCHTEJbHO oOpalleHns
BpEMeHH, eC/iM NOKa3aHHbA B o6paTHOM mopsake ¢uabm H3obpa-
KaeT (PU3HYECKH BO3MOKHYIO MOCJELOBATENbHOCTL HAGJIIOAEHHI.
ATa WHBApUaHTHOCTb OyJeT obecnedyeHa IPH YCJAOBHH, YTO MBl MO-
JKeM 3aMeHHMTb { Ha ! = —! W NpoAeJaTh Takoe npeoOpasoBaHue,

roe x'=-—x, (5.10)
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KOTOpOe [PHUBOAMT ypaBHeHHe Jlupaka K HpexHeMY BHAY C Mpex-
Hell ¢usHueckoii wuuTepuperanued. I[IpeobpasoBaHHas BOJIHOBAs
¢dyukuus Gyger ONUCHBATbL IepPBOHAYAJbHBIH 3/JE€KTPOH, IBHXY-
Luiicas Hasaj BO BpPeMeHH, W oHa OyaeT (U3HUECKH BO3MOXKHOH,
MOCKOJbLKY OyIeT yAOBJeTBOPSATL ypaBHenuio Jlupaka.

Jl1s MOCTPOeHHst HCKOMOTO INpeoGpasoBaHus OOpaLleHHsi Bpe-
MeHH 3anuiueM ypaBHeHHe [[HpaKa B raMHJbTOHOBOH Qopme

§ 0D g (— iV — eA) 4 P eD] $ (x, 1) (5.11)

at
H onpefenuM npeo6pasosanne € Taxoe, uto npu I’ = —t ¢’ ()=
= Sy (¢). Toraa (5.11) mepexomut B ')
(@) () =— THT Y (). (5.12)

VIHBapHaHTHOCTb OTHOCHTEJLHO OOpalleHHs BPEMEHH O3Hauaer, 4To
-1 cov—1 .
6o SH (@) E '=—H(), aubo TiT = —Ii.

Jlnsi BoisicHeHusl MoBefeHus H npu JdedcTBuM omepatopa T MBI
JIOJKHBI CcllepBa YCTAHOBHTb 3aKOH HpeoGpa3oBaHusi 4-moTeHUHa a
a/eKTpoMarHuTHoro noas A, npm samene {’ = —t£. Tlockoabky A
06yc/IOBIeH TOKaM#, KOTOpble MeHsIoT 3HaK Npu OGpalleHHH Bpe-

MeHH, Mbl noTpebyeM
A{t)y=—A(@®

N aHaJOrHUYHO
O () =+ D) (5.13)

BcaencTBHe Toro, uto (M oOOYCJHOBJEH 3apsfaMH; KpoMe TOTO,
V/ = +V, rak kKak x’ = -+x. Temnepb siCHO, uTO IJIs NPHBEIEHUS
ypasHenusi (5.12) K mnepBOHAuaJbLHOMY BHIY HEOGXOAMMO, YTOGHI
npeobpasosanre < ... T7! 3amenaso { Ha —i; CJeLOBaTeJbHO,
% MOXKHO IPEICTaBHTb B BHAe ollepaTopa KOMIUIEKCHOrO COMNpsiKe-
HUSI, YMHOXEHHOrO cJeBa Ha HEKOTOPYI IMOCTOSIHHYIO MaTpuiy

pasmepHoctH 4 X 4:
T Y () =T$*(1). (5.14)
ormpa HMeeM
§ LD (T [ iV — oA (] +
+ (TBT™") m 4+ e® ()} W ().

B npexacrasiexnu (1.17), KOTOpHM Mbl OGBIYHO NOJIB3YEMCsl, 3TO
03HauaeT, 4TO MaTpuna | JOJKHAa KOMMYTHPOBaTb C ag M B H aH-
THKOMMYTHPOBATh € o) M o3. TakuM 00pasoM, HamuM TpeGOBaHHAM

) MbI OmyCcKaeM HeCyUIeCTBEHHYIO 3/leCb 3aBHCHMOCTb OT X.
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YAOBJIETBOPSAECT MaTpHUa
T = — ioa, = + iy'y®, (5.15)

rae (a3oBLIH MHOXKHTE/Ib BEIOPAaH MPOH3BOJILHO.

YUro6ul noxkasaTth, uTo npeobpasoBaHHe T COOTBETCTBYET TOMY,
4TO MBl MOJpasyMeBaeM NoJ obpallleHHeM BpPeMeHH B KJAaCCHYECKOH
¢usuxe, npumenuM (5.14) m (5.15) K pewleHHo B BHAe IJIOCKOM
BOJIHL AJ1s1 cBOOGOAHON HacTHLBl C TOJOKHUTENbHON 3HeprHei:

z(ﬁ;’-nm (1+Y53)1p(x f) = (ﬁ*+m)T—xT(l+v5s )X
X T (x, )= (5E2) (A28 )y (x, 1), (5.16)

rae p’ =(po,—p) u 8" =(Sp,—S) H, CJIeNOBATEJbHO, NPOEKTHPO-
BaHHe NPOM3BOJUTCS Ha pellleHHe, OTBedawlliee CBOGOIHON uyacTHIe
C H3MEHEeHHBIMH Ha OOpaTHble 3HAUCHHSAMH TPeXMEPHBIX BEKTOPOB
HMIyJbca P H CIHHA §. DTa ONepallys, H3BECTHAS KaK BHTHEPOBCKOE
oOpallleHne BpeMeHH, Obijla BrepBhle BBedeHa B 1932 r. [51].

[TockoJbKy TeopHs HHBapHaHTHA OTHOCHTEJBHO omnepauuii mpo-
CTPAHCTBEHHOH HHBEPCHH H OOpalleHHs BPEMEHH, MBI, €CJAH IOXKe-
JaeM, MOXeM HCHOJb30BATh 3TH ONepanuu MPH MOCTPOCHHH BOJHO-
BoH QyHRuMM mosuTpoHa. O6weaunsas (5.9), (5.14) u (5.15) ¢ (5.5),
HaXOAHM IPOCTOE COOTBETCTBHE MeXAY BOJHOBOH (YHKUHEH mo-
3HTPOHA

PYper (') = PCyo (T (x))* = PCTp (x) =
=ie'Py,p(x), rre X, =— x, (5.17)

U BOJIHOBOH ()yHKUMeH 3/eKTPOHA, YMHOXKEHHOH Ha iei®ys M ONHCH-
Balollled 3JIeKTPOH, ABHXKYLIHACA B 06paTHOM HamnpasJjeHHH B MpO-
CTPAHCTBE H BPEMEHH.

Hasi co6CTBEHHOTO COCTOAHHA CBOGOAHON 4YacTHUH W (X),
paxTepusywollerocs oOnpelle/eHHbBIMH 3HAUeHHAMH HMIyJabca M
cuuHa (p¥, s*) H e = —1 uMeeM

¢Pcr(x')=iei<vy5( ﬁ+”’)(1+Vs§)¢()
= (22 (55 ) dper (¢). (5.18)

Ypasrenue (5.18) orauuaercs oT (5.8) ToNBKO HampapJeHHeM
CIHHA, W N0O3TOMY MBI MOXeM INpeACTaBHThb BOJHOBYIO (PYHKIHIO IO-
3UTPOHA C NOJIOXKHTENbHON 3Hepruell Kak BOJHOBYIO (DYHKIHIO 3J€K-
TPOHA ¢ OTpPHUATENbHOH SHepruef,, yMHOXKEHHYI0 Ha iei®ys H OTBe-
YalUlyl0 JBHXKEHHI0O B OOpPaTHOM HalpaBJeHHH B NPOCTPAHCTBE-
BpEMeHH.

Yro6nl y6GeauTbest B CHpaBeAJHBOCTH BHICKa3aHHOTO YTBepKje-
HHA JJIA [POH3BOJIbHOTO peIlUeHHs BO BHELIeM 5JE€KTPOMAarHHTHOM
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noJsie, Hafl0 BEPHYTLCA K YPaBHEHHIO JIS OTPHIATENbHHX COGCTBEH-
HBIX 3HAUeHHA 3HepTHU

[@: (— iV —eA)+ pm 4 eD] p = — E (6.19)

4 npomssecTH npeoGpasopanue (5.17). HUs (5.10) u (5.13) MoxHO
BHIETh, YTO NPH KOMOHHMPOBAHHOM OMeEpalMd HHBEPCHH NPOCTpaH-
cTBa U oOpalleHHs BPeMeHH A; )=+ Au (x) u x;'_— — X,; c/ejo-
BaTeabHO, (5.19) nmpHoGpeTaeT KeJaeMbli BHA

[ (— iV + eA’ () + pm — eD’ ()] Yper (x") =4 Epcr ().

UuTepnpeTauusi NO3HTPOHOB KaK 3JEKTPOHOB C OTPHLATENbHOH
sHepruefl, ABHKYUIMXCA B OOpPAaTHOM HaNpPaBJeHHH B NMPOCTPAHCTBE-
BpeMeHH, COCTaBJIseT OCHOBY TEODHH NO3HUTPOHOB HItiokennbepra —-
definmana [52—54]. Mpl 6yleM 4acTo MOJIB30BATbCs 3TOH Teopueld
B NOCJAEAYIOLIUX IJaBaX AJs NMOCTPOEHHS! TEOPHH paccesiHHA.

B 3axioueHHe o6paTHM BHHMaHHe Ha TO, 4TO BHIOpaHHBIA HAMH
BHJ B3aUMOICHCTBHS 3JEKTPOHOB C 3JE€KTDOMArHHTHHIM HOJeM Obli
NPOJAMKTOBAH ONBITOM, HAKOIUIEHHHIM HaMH B KJI4CCHUECKOH aJIeK-
TPOAMHAMHKE H B HEPENATHBHCTCKOH 3JEKTPOJMHAMHKE 3JEKTDO-
woB. C Jpyrofl CTOPOHBI, CyIHIeCTBOBAHHE DACCMOTPEHHBIX HaMH
NPHHUKIOB CHMMETPHH 3aBHCHT OT BHAAa B3auMojefcTsus. Hampu-
Mep, BBeJeHHOe B 3ajayax K IN. 4 B3aWMOJefCTBHe aHOMaJbHOrO
MarHHTHOTO MOMEHTa NPOTOHOB M HEHTPOHOB A06aBlisieT B ypaBHe-
Hue Jlupaka wieH BHAA o, [*p. Ero npucyrcTsHe He BIHSET HH Ha
OHY H3 PACCMOTPEHHBIX CHMMeTpHH. PacnpocTpanss LMPaKOBCKYIO
TeOpHIO Ha JpYrHe 4YacCTHIBI CO CIHHOM /5, TaKHe KaK ®-Me30H
¥ HYKJOHB, BECbMa €CTeCTBEHHO MPeANOJOXKHTb, YTO HHBADHAHT-
HOCTb OTHOCHTeNbHO TpeoGpasoBanuit £, C u P chnpasepnuBa
H JUIA HHX. :

Boabuiasg sacayra Jiu u $lara [55] cocToMT B OCO3HaHHH TOrO,
YyTO 3TO H B CaMOM JeJle BCEro JHIIb MpeANoNoxKeHHe, KOToOpoe HAal0
npoBepATh Ha ombiTe. OHH BHICKa3aJH THIOTE3Y, YTO BO B3aHMOJe-
CTBHSIX THIA P-pacmaja Hapyumaercs HHBapuaHtHocTs P u C. Ox-
HAKO MHBAPHAHTHOCTb OTHOCHTeNbHO onepanun SCP obecneun-
Baercs ropasno Gosee cIaGbiMH NPEANOJNOXKEHHAMH 06 HHBApHAHT-
HOCTH OTHOCHTEJbHO cobcTaennbix mnpeobpaszoBannii Jlopenna
NpaBUJbHOM CBS3H CIHHA CO CTAaTHCTHKOW.

3A0AUYHU

1. B 6opHOBCKOM NpPUOGNHIKEHHH [OKAaXKHTE, Y4TO CKOPOCTb PalHAlMOHHOTO Te-
pexoma 3JEKTPOHZ W3 OCHOBHOFO COCTOSIHHS 4TOMa BOJAOPONA B HE3ANOJNHEHHBIE
COCTOSHMS ¢ OTpHIATEJbHON SHepruefi, Jexalune B HHTEpBate 0T —mc? 10
—9mc?, coctaaseT nNpubausutensuo 2a8mci/nf ~ 108 cex—?.

2. Paspemmure napagokc KyefiHa, n3/oxeHHHA B Il 3, ¢ momompbI TEOpUH
ABPOK.
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/
3. Tloxaxure, uto ecau Yo ¥ Yy ABIAIOTCA IBYMS TNPEACTABJEHUSIMH MaT-
o [
PHIL Y, CBS3aHHBIMH MexKiy co0OM YHHTApHEIM NpeoGpa3oBaHHeM Y, =Uy U Lo

’ -1
C’'=UN""CcU, rneCuC e COOTBETCTBYIOLINE MATPHIB 3apsIOBOrO CO-
npsxkenns. Cnpasemnsel u 47151 C’ cooTHomenust (5.6)?

AnanornunbiM  06pasoM yCTpaHHTe 3aBHCHMOCTb upeo6pasosanus (5.15) or

KOHKDETHOTO NMpPeACTaBJeHHs] MaTpHll Y.

4. Ilns toro yro6il omepatop € Gbl1 onepaTopoM CHMMETPHH B JHPaKOBCKON
TEOPHH, NIPaBHJIa HHTEPNPETALMH BOJHOBBIX QYHKUKA Y () u {(f) nomxHL GBITH
ONIHAMH M TeMH Xe. 3T0 03HauaeT, 4TO HalJIOLaeMble BENMUHHbI, TOCTPOEHHEIE H3
Ouannefinbix GOpM, COCTaBJeHHHIX u3 P’ H 1b’+, MOMKHB HMETh TOT XK€ CaMblil
CMBICT, 9TO U HaGilofaeMble, IOCTPOeHHble H3 Y (MHOTAA HMEETCS DAsaHuHe B
3HaKe).

a) IlpoBepbTe 3T0 yTBepKAeHHe HJs TOKA

o () =" (x)
@ =) () =—(p).

0) Ilosropnte 5TH BHKIAaZKH AJR 3apanoBoro compsaxenus C. B 9acTHOCTH,
HOKaXKUTe, UTO

u aada

Ve () Yube (x) = + B (£) yup (1),

U OOBICHHTE 3TO paBeHCTBO, HCXOAA H3 TEOpHU ABIPOK.



FTTABA 6
METOJ ®YHKUHWU PACITPOCTPAHEHUSA

§ 20. Beaenue

Mpr nepexoaum K o6uieMy PacCMOTPEHHIO NPOIECCOB PACCEsHHUSI.
Hama uenb — nMeTh BO3MOMKHOCTb BBHIYHC/SATH, B IPHHIHKIE TOYHO,
BEPOSITHOCTH [ME€PEXOLOB H CeYeHusl B AHPAKOBCKOH TEODHH 3JIEK-
TPOHOB H MO3MTPOHOB; Ha NPAKTHKE BBIYHCAEHHS OGHIYHO NPOBO-
HATCA B HHUBUIMX NOpAAKAaX MO NnapaMeTpaM B3auMojgeficTsusi. Bos-
MOXKHOCTL M3MEHeHMs 4YHCJAa YacTHI, B TaKdX MpolleccaX, Kak
pPOXK/eHHE 3JEKTPOH-NO3HTPOHHBIX Nap WJH AHHUTHJAUHS, BEIBOJLHT
Hac 3a paMKH NPHMEHHMOCTH HepessTHBHCTCKOH Teopuu. Tem He
MeHee Mbl Oy/leM KaK MOXKHO JOJble OTK/JIaAblBaTh pellieHHe TpaH-
AMO3HON 3a/1a4H TMOCTPOeHHS! GopMaTn3Ma KBAHTOBOH TeOPHH MOJS
IJISl OMMHCAHMA NPOLECCOB POKAECHHSA H AHHHTHJSIIHH,

C »1oii neanro Mbl, caenys Peitnmany [53, 54], Bocmoabayemcs
MeTOZOM (YHKUHH pacmpocTpaHeHHsi (mpomaratopa). B sTom Me-
TOAe TpOLECC paccesHHs ONUCHIBAGTCS WHTErpaJbHEIMH ypaBHe-
HHAMHU. ['paHuuHble YCI0BHSA, KOTOPBIM YAOBJIETBOPSIIOT UX PelIeHHS,
BKJIIOYAIOT B ce0s cornacHo [lTiokensbepry — ®efinmMany uaTepnpe-
TaUHIO MO3HTPOHOB KaK 3JEKTPOHOB C OTPHLATEJNbHOH SHepTHef,
ABHKYUIHXCS Haszajy BO Bpemenu. Tako#l noaxox mnossossier cdop-
MyJHpOBaTh ONHO3HAYHBIE MpaBHIa IS pacyera Jw060ro dusuue-
CKoro mpoiecca'). Haunem ¢ HaluoMuHaHHA O MeTOAe QYHKIHH pac-
NPOCTPAHEHHST 1JI1 HEPeNsiTHBHCTCKOro ypasHeHus [llpenunrepa.

§ 21. HepeastuBucTCKHMI nponaratop

B 3amauax paccesHus Hallle BHUMaHHe GoJibllle COCPEIOTOYEHO
Ha HECTAUHOHAPHEIX PElLIEHHsX, KOTOPble Pa3BMBAIOTCA BO BPeMeHH
H3 3aJaHHBIX B OTJAAJEHHBIH MOMEHT HayaJbHBIX 3HAUYeHHUH, ueM
Ha CTallHOHAapPHBIX PEUIeHHAX, T. €. MJOCKHX BOJHaX. XapakTepHas
NOCTAHOBKA 3d/layH TaKoBa: MO 3aJaHHOMY B OTAaJieHHBIH HayaJb-
Hbifi MOMEHT BpPEMEHM BOJHOBOMY MAaKeTy, ONHCHIBAIOUIEMY

!} TeopeTuko-nojseBoe 0GOCHOBaHHE ITHX npasBua cofepxutcs B [50].



82 METOO ®YHKUHU PACMPOCTPAHEHHS [T 6

NpUGAHKAIOIYIOCS K HCTOUHHKY MOTEHIHala YacTHILY, ONpPELEJHTb,
Kak GyJeT BBINIAAETb BOJIHA B AajiekoMm Gyayumiem.

[Ipu paccMOTpPeHHU NPOLECCOB paccesiHHs YAOOHO MOJb30BaTHCA
npunuunoM [ofirenca. Ecin BosnnoBas ¢ynkuua P(x,?) H3BecTHa
B HEKOTODHI ONpeJesieHHHIH MOMEHT BpeMeHH f, TO B JioOol GoJsee
HNO3AHHH MOMEHT BpeMeHH !’ ee MOXHO HAaHTH, CYHTas, 4TO B MO-
MeHT { Ka)k[iasl TOYKa X fIBJSETCS HCTOUHUKOM c(pepHueCKHX BOJIH.
AMIAMTYAA BOJIHBEL, OpHIIeNIIeli B TOYKY X' B MOMEHT BpeMeHH I
H3 TOYKH X, OyJeT NpONopuHOHAJbHA HCXOJNHOR aMmmnautyne (X, ).
Ecnu 0603HauuTh KO3 (PHIHEHT NPONOPLUHOHAIBHOCTH IOCPEICTBOM
iG(x',t;x,t), To cornacuo npunuuny [rofiredca B TOuKy X’ B Mo-
MEHT BpeMeHH ¢’ mpuieT BoJIHA !)

b (X, t’)=iSd3xG(x’, i x, O, 8, >t (6.1

rae ¢yuxkuusa G(x’,t’; x,t) HasbiBaercs ¢yHxkunel ['puHa, Hau mpo-
naratopom. CorsacHo npuruuny [ofirenca G (x',1;x,%) xapakre-
pusyer Biausinue GyHKUHH (X, f) Ha Pp(x, ). 3uanue G gaer HaM
BO3MOXKHOCTb I[IOCTPOUTb (PH3HUECKOe COCTOSHHE, KOTOpOe WOoJy-
yaeTcs Pa3BUTHEM BO BpeMeHH M3 J06Oro Hamepen 3aJaHHOTO Ha-
YaJBHOTO CocTOsIHHA. TakuM o6pasoM, HaxoxAeHue ¢yHKUHH [puHa
3KBHBAJIEHTHO MOJHOMY pelieHHIo ypaBHeHusi llpenunrepa.

Mb&I, onHaKo, HOMKHHL elle AaTh GyHRuuH G dopmasbHOE onpe-
ngenenne. [Toka MBI JIHIIb IPOBO3TJIACHIH €€ CYIIECTBOBAHHE, HCXOASA
H3 ¢usnueckux coobpaxkenufi. OcTaHOBHMCS HAa 3THX COOOPaKeHHsIX
nogpo6ree, 4ToOH YSCHHTB CYTb MeToAa GYHKIUHHM pacnpocrpa-
HeHHS.

PaccMoTpuM cHauaja pellleHue B BHAe CBOOGOIHOH BoJHEL [lBH-
sKeHHe CBOOOIHOH 4aCTHIB HOJNHOCTBIO H3BECTHO, MO3TOMY HET HH-
yero YAHMBHTENBHOTO B TOM, UTO COOTBETCTBYIOIY0 GyHKuH0 [puHa
Gy A8 cBOGOJHOTO MBHMKEHHS MOXHO IOJYYATh B 3aMKHYTOM BHIE.
Ecan Teneph BBecTH notenunan, Go sunousmenutcs. [Tyers V(xy, 4)
npeacTaBaseT co0of MOTeHIHAJ, KOTOPHA B MOMEHT #; «BKJIO-
yaeTcs» Ha OuYeHb KOPOTKUH TpPOMexyTOK BpeMeHHm Af. o wmo-
MeHTa {; Mbl GymeM HMeTk BOJIHOBYIO (YHKIMIO cBOOORHON uac-
THUOB @, a COOTBETCTBYIOIIUM mpomaratopom 6yaer Go. Coraacho
ypaBHeHnio [lpeaunrepa V(xi, £) ZeficTByeT KaK HCTOYHHK HOBBIX
BOJTH

(iaitx— Ho) P (xy, )=V (x, tl)‘l’(xl, t). (6.2)

1} Tockoabky ypaBHenne Illpenunrepa saBasieTcs ypaBHeHHeM MepBOro no-
psaka no BpeMeHn, npuuuun [ofirenca npumendAM K deMy 6es MoanduxauyH,
Aanno# Kupxrogpom.
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[IpaBas uacTb OTJINYHa OT HYJsl B TeueHHe BpeMeHH Af; M B 3TO
BpeMsI OHa BHI3bIBAeT AOMOJHHTEJbHOE H3MEHeHHe  II0 CpaBHEHHIO
¢ TeM, KOTOpOe MpPOHCXOAUT B OTcyTcTBHe V. 3ITy n06aBouHyIO
BOJIHY A (X, ;) HaxoauM HHTerpuposBaHueM (6.2) c TOUYHOCTLIO
[0 nepBoro nopsaka no Af:

Ap (xy, t) = — iV (xq, 1) @ (x4, 1)) Aty (6.3)

Coraacao npuHuuny [rofrenca u (6.1) HaligeHnHas po6aBouyHas
BOJIHA NIPUBOMUT B CBOIO oYepesib B GoJiee NO3JHUII MOMEHT BpeMeHH
{’ kK HoBOM nob6aBke K P (x’, 1), paBHO#

Ap(x’, t')y= S & Go(x', 15 xp, )V (xq, 1) @(xy, ) Aty.  (6.4)

Takum 06pa3oM, pe3yJbTaTOM Pa3BHTHSI BO BpeMeHH NPOH3BOJBLHOIO
nakera ¢, 3aAaHHOTO B OTAAJeHHOM MpOIIJIOM, ABJAETCS BOJHA

Y, )=, )+ Sdel Go(x/, 15 Xy, )V (X, 1) @(Xy, 1)) Aty =
=i S d3x [Go x, t; x, H+
+{ @ a6, 15 %, )V (xi, 1) Golxa, 15 x, D] @(x, 8. (6.5)

CpaBHuBas 310 BeIpaxenue ¢ (6.1), Haxoaum
G, t; x,)=G,(x', t'; x, ) +
+ { @ AGo (', 15 %, 8DV (01, 0) Go(xi, 1 %, ). (6.6)

HMaaocTpaunelt 3T0ro paBeHCTBAa MOTYT CJAYKHTbL H300pakeHHBle
Ha puc. 6.1 mpocTpaHCTBeHHO-BpeMeHHble AHarpammul. IlepBomy
YjeHy, KOTOPHIH ONHCHIBAeT paclpocTpaHeHHe CBOOOAHOH UYaCTHLHI
u3 ToukH (x,f) B (x’,t), orBeuaer puc. 6.1,a. Huarpamma 6.1,6
usobGpaxaer cBoGoaHoe ABHKeHHe H3 (X,!) B (xi,f;), paccesiHHe
B Toure (X;,t;) ® cBobGonHoe ABHKeHHe U3 (X, f) B (X, 1).

B MoMeHT BpemeHH f; > f; MBI MOXeM Ha BpeMs Af, BKJIIOYHTh
apyroii notenuunan V(xp, ;). Torma no anagoruu ¢ (6.4) V(x,?2)
naer npu ' > f, no6asounnit Braaj B P (x’, '), paBHbH

0 () = | @, G (s DV @) 9 @) Aty =
=i dx MG (5 DV @G @ 0 +

+ {08060 DV () Gt 9]0 @s  6.7)
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3JieCb CMBICJ COKpallleHHbIX 0003HauyeHHH oueBHIeH. MiiocTpanueit
1epBOro 4ieHa, KOTOPHIH OTBeuaeT OAHOKPAaTHOMY paccesiHHIO B
(xg, t2), cayxut puc. 6.1,8; BTOpOH 4jeH oNUCHIBaeT NONPaBKy HA
JBYKpaTHOe paccesiHHe H H3o0paxaeTcs amarpammoit 6.1,e.

13 ¢
@) &0
6‘0(.’:,'&‘; x,1) V(w,, tj) —a) (zl t])
(x,2)
@0
z Z
(@ @
¢ z ’
(=] ¢) @ 7}
(% 72)
(%2, %) (%1, %)
(wi t) - (a’, t)
) z ‘ Zz
() @

Puc. 6.1. IlpocrpancTBeHHO-BPEMeHHBIE AHATPAMME! JJs PACHPOCTPAHEHHS U3

Toukd (X, ) B (x’, ). AuarpamMma (a) orBeuaer cBoGoAHOH uactuue, (6) — onHo-

KpaTHOMY paccessHHIO Ha mnotennuate V (xi, #1) B Touke (xi, f;), (8) coormer-

CTBY€T OAHOKPATHOMY DACCESHHIO B TOUKE (Xp, f2) M (2) OTBeuaeT ABYKPATHOMY
paccesiHuio.

Jlns HaXOXKAeHHs! MOJHON BOJHBI, NPUXOIsled B Touky (X', '),
HaJo HOJACTaBHTh BhIpaxenue (6.5) aaa ¢(2) B npasyio yacts (6.7),
¥ NOJMIyUYEeHHHI pe3ynbTaT cJOXKHTh ¢ (6.5):

P =0 )+ | #x 806 (s DV o)+
+{ #0006, (5 9V @0 @ +

+ S @By Aty @ MGy (x5 2V () Go (23 DV (D p(l).  (6.8)
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He nposoas na/ibHefilinx BBIKAAAO0K, HETPYLHO 3anHCaTbh OTBET AJA
BOJIHbI, IpUXOAAllell B Touky (x’,1’), B cayuae, Koraa norenuuasn V
6Bla BKJIOYEH B TeueHHe A NOLOOHBIX HMHTEPBAJIOB:

P =0 () + Y. § o ALGo (5 %) V (x) @ (x2) +

+ 3§ at dig AGo (s 1)V (x0) Go (s %) V (x) @ () +
(’ii>j’j)
+ Y (@nandanan s
(>t
X Go (x5 ) V (£ Go (x5 %) V (%) Go (x5 x) V (k)@ (k) + ... (6.9)

Cpasnusas (6.9) ¢ (6.5) n (6.6), mojayyaem COOTBETCTBYIOllee BbI-
paxcenue Aas ¢ysxuuu [puna G:

G (x5 x)=Golx"; x) + Z Sdaxi AL Go(xs x4, 1)V (x4, 1) Go (x4, L5 )+
.

+ Z Sd3xi Aty d3x Aty Go (x5 xq, 8) V (%, 1) X
ij
>t
X Go (%, ti; X5, 1)V (x5, ) Go(xp, 15 x)+ ... (6.10)

Mul MoxkeM CHATh OrpaHHUeHHs, CBSI3aHHBIE C YNOPSAOUEHHEM
ppeMeny (f; > ¢; u T.11.), €CIA YCAOBHMCSA CUMTATh Go(x', t';x, 1) =0
npu ¢/ < t. Takoe rpaHHyHOe yC/IOBHE O3HAYaeT, YTO BOJHEI pPacnpo-
CTpPaHSIOTCS TOJIBKO Brepeld BO BpeMeHH. COOTBETCTBYIOUIHA Npoma-
ratop Gy NPUHSITO HA3HIBATb 3aNa3/bIBaOMM. PUSHUECKH ITO O3HA-
yaeT, 4TO TrIOHreHCOBCKOE BO3MYylleHHe Ay OT i-fi  HTepaluH
(B MOMEHT BpeMeHH f;) HauMHaeT PacCMpOCTPAHATbCSA TOJNBKO ¢ MO-
MeHTa f;.

B npenese, Koria B3aHMMOAEHCTBUS NPOHCXOJAT HENPepHIBHO,
CyMMBbl N0 BpPEMEHHBIM HHTepPBajaM MOryT ObITb 3aMeHEHBl HHTe-
rpaJjamu no df u Mbl TNOJy4aeM

G(x'; x)=Go(x"; x) + S dixy Go (x5 %) V (x1) Go (x1; %) +
+ S dix, d*x, Gy (x; x1) V (1) Go (%15 x2) V (x2) Go(xg3 )+ ..., (6.11)

rie
dix = d3x dxy = d®c dt.
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Ilpennonaraercs, 9to psig (6.11), oTBeualomnii MHOTOKpAaTHOMY pac-
CeAHHIO, CXOMUTCS ') H TOTAa pesyJbTaT e€ro CyMMHPOBAHHS MOXKHO
NpelCTaBHTh B BUJE YPaBHEHHSA '

G (s 1) =Go('s 9+ {0 Go (s )V (1) Glxs; 9. (6.12)

3ameTuM, uTo He Tosbko Go(X'; X), HO TakXKe H G (x'; x) obpa-
IMaeTcs B HYJAb NpH ' <{{ B COOTBETCTBHM C HAIUMM MPOCTEHNIMM
HNPHHUHIOM TMPHYHHHOCTH.

YpaBHenne (6.12) mosBosiser MeTOiOM HTepauuil BhIpasuth G
yepes V u Go H TeM caMbIM [OCTPOHTDL BOJNHOBYIO BDYHKLHIO Y (x,t),
€CJIM OHA M3BeCTHA B §O0Jlee PaHHMH MOMEHT BpeMeHH. B uacTHoCTH,
AJIsL PEIeHHs 3ajlayi PaACCesHusl Mbl JOJKHb HalTH BOJHY B OTAa-
JIeHHOM OyaylieM 1O 3aJaHHOMY BOJIHOBOMY IaKeTy ¢(x,1), omu-
CBIBAIOLLEMY 4YaCTHIY, KOTOpast B OTAANEHHOM [POINJIOM HPHOJIH-
XKaeTca K o6aactn B3auMonefictus. Uto6u 3a1aua paccesiHusi 6bia
nocras/ieHa INPABHJIBHO, B3aUMOAEHCTBHE B HAYaJbHLI MOMEHT
AOJKHO OTCYTCTBOBAaTb; TOrHA ¢ OyAeT pelleHHEM ypaBHEHHS s
CBOGOJHON YacTHUH M TpeGyeMble HauajbHble YCIOBUS yHOBJIE-
TBOPEHHI.

MareMaTuueckn TaKkyio OCTAHOBKY 3a1a4YH yA0GHO OCYILLECTBHTD
NyTeM JIOKaJH3allM¥ B3aHMOJEHCTBHA BO BpeMeHH ?), agHabaTH-
ueckd BkJoYas V(x,f) mpu f--—oo; Torna B OTAAJEHHOM npo-
LIIOM TOUHOE pellleHHe  NPHONHIKAETCS K @ H pacCessHHAsi BOJIHA
OTCYTCTBYeT. B Gosee mo3gHHii MOMEHT BpeMeHH Y (x’, ) naercs
BhIpaxenneM (6.1):

Y, )= lim Sd3xG(x’, vy x, Do (x, 1) (6.13)

-> —o

Beipaxasi G uepes G, corsiacuo (6.12), Haxoaum
P(x', )= lim iSd“x [GO (x’, t; x, )+
> —o0
+{atG o, 5 )V 6 x, D)o, 5=
=00, )+ { at G, ¢ xi, )V (0, ) B(x,, 1), (6.14)

B neficTBUTEJbHOCTH He NOJIYYeHO HHKAKOrO pelieHHs, MOCKOJILKY
HensBecTHasd GYHKIHA § QUIYPHPYET NO4 3HAKOM MHTerpa’a B mpa-
BOH yacTH. MBI, OZHaKO, HMeeM TaKylo (GOPMYJHPOBKY 3a1a4H, KO-

) 3mech MBI mpeHeGperaeM BO3MOXKHOCTBIO CYIleCTBOBAHHSA B noTeHuuasnse V
CBSI3aHHBIX COCTOSTHHE.

2) C TakuM Xe YCIEXOM MOKHO CTPOHTL BOJIHOBBIE NMAKeThl, JIOKAJH30BaHHbIe
B NIPOCTPANCTBE U yla/ieHHble B HadYa/bHblii MOMEHT BpPeMeHH OT 06J1acTH B3aHMO-
NeACTBHS.
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Topas BKJOYaeT TpeGyeMble rPaHH4HbIE YCJIOBUS M NO3BOJAET He-
Me[JIEHHO TOJIYYHTb NpHOJHKEHHOe pellleHHe, eCJIH BO3MYLLAoLHH
notexHuuan vV mairr.

Mmul B nepBylo ouepcib HHTEpecyeMCsl BHAOM PAaCCEsSHHON BOJHLI
npu ¢ — co. B 3TOM NpejeNbHOM C/Iyyae YacTHIA NOKHAAeT 06J1acTh
B3aHMOJEHCTBHS M \ CHOBAa CTAHOBHTCA pellCHHEM ypaBHEHHs! 1JIs
cBoGogHON wacTHub. UTOOB 3TO YCJOBHE BBHINOJHAJIOCh, MBI, KakK
H Tnpexne, aaMabaTHUeCKH BHIKJIIOYaeM B3aMMOJEHCTBHe TpH
¢ - 4 oco. Best undopManus o paccestHHOH BoJHe 3aK/I0UeHa B aM-
IJINTYAaX Tepexojia Npu ¢ — 4oco B pasfMyHbie KOHEYHble CBOOOJ-
Hbl€ COCTOSTHHS

o (¢, 1) = (2311)% ofkr X gt (6.15)

A3 3aJaHHOH Majaiollell BOJHBL ¢;; B YACTHOCTH, MBl MOXEM NOJIb-
30BaTbCs MJIOCKMMH BOJHaMmu!). AMmiautyna nepexofa AJA 3alaH-
X (f,{) siBAsieTCcs 37€eMEHTOM MaTPHLBl DAaCCesiHHsl M 1aeTcsl BhI-
paxeHHeM

Sy = lim S o (X, )P (x7, 1) ¥ =

= lim Sd3x’ o (x', 1) [qD,- x’, Y+
t’ >0

+{awa, 00, 05 x, 0V (x 09 (x, n]=
=8 (K, —k,)+ lim { d dixg; (', 1) G, (', 5 %, ) X
XV, Heiv(x, 1), (6.16,

rae P (x, ) ecTb Takoe pellleHHe BOJHOBOTO ypaBHeRus (6.14),

KOTOpOe NpH ¢ — —0o MepexoJUT B MJIOCKYIO BOJHY ¢ HMIyJbcoM k;.
[Tox coxpalleHHOH 3alHcbio {->-oco MH MOApasyMeBaeM, 4TO f
CTPeMHTCSl K TaKoMy GOJIbIIOMY KOHEYHOMY 3HAUYEHHIO, KOTla wvac-
THLL HAXOASTCA BHe 00JacTH B3aHMOLeHCTBHs (MHaue rosops,

1) B (6.15) peleHHe B BHJe IJOCKOR BOJHE HOPMHDOBaHO Ha O-dyHKumio.
HHoraa noab3yloTCs HOPMHPOBKO B SILIMKe; NIPH 3TOM

(2n)"3/2 >V,

rae V — 06beM silUKa, B KOTOPOM 3aKJIO4eHO (u3uueckoe B3aumoneiicTsue. Ecan
NOAL3OBATHCS HOPMHPOBKOH B siluke, To S-(yHkuus B (6.16) samenstercs 8-cum-

BoJjiom Kponekepa
1 apn ki-—ki,
Yk = 0 np kp ke
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Koraa V Bolkaiodaercs). B uacTHocrH, t— -4—oco MOXKeT 03HauaTb
BpeMeHa, KOTJa YacTHUH POXKAAIOTCH H PErHCTPHPYIOTCA.

Ilyrem urepaiunn ypaBHenus (6.14) Mbl MOXKEM pasioxuTh |
B PsJl MHOIOKDATHOTO pacCesiHus, 4eHbl KOTOPOTO GYAYT OTBeuaThb
JuarpaMmam, H306pakeHHBIM Ha pHC. 6.1,

§ 22. ®opmaubHoe onpeneneHne W cpoiicTBa yHKunn I'puHa

C ¢usuveckoll TOUKH 3PeHHS MBI MOATOTOBHJHM BCE HEOOXOLHMOE
AJISl pellleHns 3afayl paccesius. Temepb MB NIOCTPOMM (opMasb-
HbIl MAaTeMAaTHYECKUH anmapaT, NO3BOJAIMIAN [01yuaTh ITH pelle-
Hus. Haiia neab — ncenenosath auddepeHunanbuoe ypaBHEHHe,
onpelensiiomee G, M, B YaCTHOCTH, NOJYYHTb SIBHOE DeIUEHHE JIst
Go. Torga moxHo GymeT npousBecTH pasjoxenne G, 0 KOTOPOM
roBopuJoch Beile. Haunem ¢ ypasnenus (6.1), cupasemsinsoro mpu
' > {, u nepenulleM ero B BHAE, COPABeJNHBOM NPH JMIOGHX ¥ u £

wf—n¢wy=ﬂd%0ueﬂww; (6.17)

anech 0(f — t)— enuHUYHAs CTyleHyaTasi (QYHKLHS, onpejesneHHas
COTJIacHO
0 (¢ {L o>t 6.18
=0=0, r<u. (6.18)

OHa umeer caeaylomee O4UeHb IOJIE3HOE HHTerpaJdbHOe IIpencras-
JIEHHE!

0
doe™ 107
o4+ie °

— 1
0 = |im —=—— 6.
(v) elmo oFT (6.19)

—_—0

PacnosoxeHne KOHTYypa HHTErpUpPOBAHHMS B KOMIIJIGKCHON IJIOCKO-
CTH @ MOKa3aHo Ha pHc. 6.2.

Ime
</
= Rew
—ie
>0

Puc. 6.2. KonTyp MHTerpHpOBaHHA B KOMILIEKCHOR IUIOCKOCTH IS €IWHHYHOMN
byngunH-cTynensku 0 ().

IIpn v > 0 KOHTYp 3aMbiKaeTcA GeCKOHEUHOH [0JyOKPYKHOCTBIO
B HHXKHeH NOJYIIOCKOCTH, 4TOGH 06ecneyHTh 3KCHOHEHIHAJbHOE
3aTyXaHHe NOABLIHTErpaibHOrO BbpAXKEHHHA, H 3HAYEHHE HHTerpaia
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paBHo | cormacHo teopeme Koiuu. [Ipu v <C 0 KoHTyp saMmuikaercd
B BepXxHeH NOMYIJIOCKOCTH M 3HayeHHe HHTerpajia paBHO HYJIO, IO-
CKOJILKY MOJIIOC B TOYKE —ig OKA3BIBAETCA BHE KOHTYpa. BeneacTsHe
TOro, uT0 (1) MCHBITHIBAET eJMHHYHBIA cKauok npH tv= 0, ee npo-
H3BOJAHAsA eCTb 8-(PpyHKUHA

d6 ! ~
0 b= | docion (6.20)

Tenepb, nosaw3ysicb (6.17), Mpl nonmeITaeMcsl MNOJYYHTL JAJI4
¢yukuun G (x'; x) nupdepeHunabHOE YpaBHeHHe H HCCIeloBaTh
ee (opmanbHbie cBofictBa. Kak uaBecTHO, 1 (x’) yJoBJIeTBOPSAET
ypasuenunio I[llpenunrepa, mostromy npumeHuM X (6.17) omeparop

[iw—H(x )]
[i ot H(x)]e(t,"t)‘l?(x)——zé(f — )P () =
:igds’“[ = HW)|GW; Dv@.  (6.21)

[TocKOTbKY 3TO paBEHCTBO CIpaBe/lHBO AJs JIOGOIO pellleHHs 1,
H3 HEro MOXKHO IOJYYHTb YPaBHEHHe AJA IHPEJHHrePOBCKOH (PyHK-
uun 'puna

[0 — H)] 6 =8 — 08 —) =8 —2.  (6.22)

ITo ypaBHeHHE BMecTe ¢ PAHUYHBIM YCJOBHEM, OTBedalomlHM pac-
IPOCTPaHEeHUIO BIepel BO BpeMeHH,

G(x'; x)=0 npu ¢ <t (6.23)

OTIpejiesisieT 3aMas3/bIBAIOLLYIO0 ¢yukuno ['puna, uam mponararop,
cooTBeTCTBYIOLIHH ypaBHeHHIO (6.17).

Jlns cBOoGOAHOH yacTHIB, KOIJda FaMUJbTOHHAH ecTb H,(x') =
=—%Vi,, ypaBHeHne ans ¢yHkouu [puHa MoxeT OulThb pe-
meHo sBHO. B 3ToM cayuae Gg(x'; X) 3aBUCUT TOJbKO OT PasHOCTH
goopauHat touek (x’,¢) u (x,t). DTO CBA3aHO C TeM, UTO BOJIHA
B (x,#) OT elHHUYHOrO MCTOYHHKA, PACIOJIOKEHHOrO B X H BKJIO-
uaeMOro B MOMEHT f, 3aBHCHAT Julllb OT uHTepBagaa (x'—x;{ —1),
a byurius Gp(x’; x) ecTb He UTO MHOE, KAK aMILIMTYAa 3TOH BOJIHEL
Paccmorpum ¢ypbe-npeobpaszoBarue

Go(x"5 x) =Gox" — ’c)_g Tode. elp (=x-i0 (=00, (p, 0). (6.24)

()_L);
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YpaBnerue (6.22), sanucannoe nJs Gy(p, ©), uMeeT BHJ,
P 6 1 2 /., —_
(l—ar—l-mv )Go(x, X)—
d°p do p? e (- o —
— S W (0)—— ,é_n?) Go(P, (0)6 io (H'—1)+ip (x'~x) —
_S d’p do e—io W —N+ip.(x'~x)

(2m)*
CaenoBaresbHO, LIS © = p?/2m
1

Go (p, ®)=m~

DTo BHIpaXceHHe HEOOXOAMMO [OMOJHHTb INPABHJIOM OGpalleHHs
€ 0cO6EHHOCTLIO B HyJsle 3HaMeHaTean. OHO BhITeKaeT U3 FPAHHUYHOTO
ycaoBHsl 3anasasiBanus (6.23).

BcnomuHasi ckasaHHOe 1O NOBOAY NpPEACTaBJeHHS O-OYHKUHUH
B Bufe (6.19), BBeleM B 3naMeHaTe/b GeCKOHEUHO MaJyio MOJIOXKH-
TeJIbHYI0 MHUMYIO L0O0aBKY M NpOBeleM HHTEerpHpoBaHHe B (6.24).

(6.25)

‘ x Rew

Puc. 6.3. Oco6ennocts pyukuuu G, (p, ®).

Oco6eHHOCTD JIEXKHT HUXKe ACHCTBHTENbHOM OCH, KaK NOKa3aHo Ha
puc. 6.3, H Mbl nmoJyyaeM

oo

do e—im(t’—t)
/! ip(x'—x) Lxe.__° @
Golt” — %) = S<2) e S 5% @ — (7P2m) T it
—oo
N dp  p—x-i 2=t
=“S(§n’)’se“ T T — ) =

=—i0{ —) S dpo,(x, e, (x, 1), (6.26)

rae B focjejiiedi popme 3anucH HCNOJAb30BaHO o0o3HaveHue (6.15),

[lonyueHHOe paBeHCTBO — OJAMH M3 NpPHMepoB (AJS caydas mJo-
CKUX BOJIH) BHIpaxKeHHsa (yHKusn I'pHHa B BuAe CYMMH 0o noJs-
HOMY Habopy cOOCTBeHHLIX (PYHKUHHA COOTBETCTBYIOLLEro Au(Gdepen-
LHaJbHOrO ypaBHeHHs!). B ofmeM cayuae, eciy Mbl MOXKEM [O-

'y ®yukumo puna s cBOGOAHON HaCTHILI MOXKHO 3alHCATh B 3aMKHYTOMH
dbopme .
im|x" —x|J?

Go(X's /3 % ) = — i (th‘:'?)")/ { exp [-2_(:_—7)”] } 0(t - £).
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CTPOUTH HOJHEIA HaGOp HOPMHPOBaHHBIX pelleHHil ypaBHenus [lpe-
IHHrepa, KOTOPHIAl YAOBJETBOPSET YCIOBHIO NOJHOTH

; P, (X, )V, (x, ) =08 (x — x), (6.27)

rie ), 0603HauaeT KaK CyMMy, TAK M HHTErpas MO HeNpephLBHOMY
CIeKTPY, TO (PYHKIHA
GW's ) =—i0("—1) X ¥, () ¥, (x) (6.28)
n

VIOBJIETBOPSIET ypaBHeHno (6.22) ¢ Tpe6yeMbIM rpaHUUHBIM YCJO-
BueM. Bripaxenue (6.26) nas G nosnydaercs OTCIOAA KaK YaCTHBIM

cJayuyal, ecan yduectTb, 4TO [JI HeNpPephIBHOIO CIEKTpa Z—>S d’p.

n

M3 suna Beipaxkenudl (6.26) m (6.28) caexyer, uto Ta xe ca-
Mas ¢yHkuns ['puHa, KOTOpas ONMHCHIBAET PasBUTHE pellleHUs Ypas-
Henus lllpeanHrepa B npAMOM HaNpaBJEHUH BO BPEMEHH, OINHCHI-
BaeT PAa3BUTHE KOMILIEKCHO-CONPSXKEHHOro pelileHnss B o6paTHO#
BpeMEeHHOH NOoCaeloBaTe/IbHOCTH. YMHOXKan (6.28) Ha ¢, (x), uH-
TeTPUPYst MO X M HCIOJb3Yys OPTOHOPMHPOBAHHOCTb COGCTBEHHBIX
¢yHKUH#A, MBI BHOBb NPHXOIHM K ypaBHeHuio (6.17):

i\ %66 00, 0=00"—0) b,) | @rw, v, 0=

=0(" — 1) Py (x').

ITponenaem Ty e omepauuio, HO TOJMbKO yMHOXas Ha P, (x') u uH-
trerpupys no x’. [Tonyuum

i S &P () G (¢ 1) =0 — DV, (v). (6.29)

MBH ucnosb3yeM 3TH COOTHOIIEHHS AJs TOJYUYEHHS Pa3NHUYHLIX [10-
JIe3HBIX NMpPEACTAaBJICHHH S-Marpuibl.

Hs (6.17) u onpenenenns (6.16) MOXKHO HOJYUHTb KOMIIAKTHOE
BhHIpaXKeHUe I S-MaTpHIL depe3 TOUHBIA NIpomaraTop:

S, =i lim lim Sd3x’d3xcp’;(x’)G(x’; 0, (). (6.30)

fi t’>o00 f>—o00

OaHaKo Takasl 3aluck ellle He NPHHOCHUT I0Jb3b, MOCKOJbKY MBI,
Boo011e roBOpsi, He YMeeM HaXOAHTb TOYHHIA mpomaratop. M3 (6.28)

Dra ¢opMyna HaNMOMHHAET BbIpaKeHHe, NOJyYaeMoe B TeODHH GPOYHOBCKOrO IBH-
JKeHHs! JIJsl BepPOSTHOCTH TOTO, YTO HACTHIla, HAXOJHMBILIASCT B TOYKE X B MOMEHT
BpeMeKH {, MOZ BJHSIHHEM CJYy4alHBIX BO3JAeHCTBUFI JOCTHTHET TOUKH X' B MO-
MeHT BpeMenu ¢’. EXHHCTBEeHHOE OTJIHUHE COCTOMT B 3aMeHe (¢, t') ma (—itf, —it’).
Ta xe camas 3aMena nepepoput ypasHenne llpenntrepa B ypasHenne nudp¢ysum.
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SICHO, Kakas Ooratas uH(opmauus 3akmodeHa B G(x';x).
B G(«;x) c paBHBIMH BecaMu BXOAST BCE pPelUCHHS ypaBHEHHH
Llipeaunrepa, BKJOUAS Te, KOTOpPble OTBEYAIOT CBA3QHHBLIM COCTOSI-
HHAM. [To3TOMy HeT HMYero yAMBHTENLHOTO B TOM, 4TO HalTH G
OYeHb TPYIIHO.

[Tocrynum Tak ke, Kak Mbl AeACTBOBAJH, KOTAa H3 HHTYHTHB-
HBIX coOoOpaxkenuil moayuann pasenciBo (6.11). Torga mMbl BOCHOIb-
30BaJHCb METOROM HTepalui, Hauas ¢ dyHKHUK 'puHa ana cBo6ox-
HOH UaCTHUHL.

3anucas H 8 Buse H = Hy+ V, neperpynnupyem uneHs B ypas-
Hennn (6.22):

[i 57— Ho (x’)] GO 0)=8"("—20)+ V)G (s x)=

= S "8 (" —x") [0 (x” —x)+V (x") G (x”; x)]. (6.3])

B npasofi 4acTH B uJeH, cofepKalllufi B3auMoneliCTBHe, MBI BBeJH
d-uctoyHuk. Torna uuterpan B (6.31) MOKHO BEIPA3UThb Yepes CBO-
60aMBIH PONAraTop 1 B UTOIe MBI MOJYYHM

G x)= S d'x” Gy (x5 X"V [6"(x” — x) +V (") G (x”; x)] =
= Go(x"s %)+ Sd"x” Go (s )V (") G (x"; %),  (6.32)

uTo cornacyercs ¢ (6.12). [Toacrapaas (6.32) B (6.30) n Hcnosb3ys
paeencTBa (6.17) u (6.29) naa cBoGOAHBIX Y4aCTHI, HMeeM

S, = S 4 ¢ (1) 9, (x) + lim S dix, Pxq (1) V (x,) G (x5 %), (x) =

t—>~o0
=3, -—-iSd“xqu;(l)V(l)q>i(1)—
— i {dt db, g ()Y (1) Gy (1, 9V @9, @) —
— 1§ dt, db,dt,00 (DY (1) Gy (1,2)V ()G, (2, 3)V (391 (3) +... (6.33)

OTOT pAA MHOTOKDATHOTO paccesHHs MOUJIEHHO COBNAafaeT ¢ PSAOM,
nosnyyaeMeiM u3 (6.16). Kak u (6.16), ero MoxHO npocyMmMupoBars,
BOCNOJ/Ib30BABIINCh pelIeHHeM TOYHOTO ypasHeHus Llpennnrepa.
Il1s1 3TOrO 3aMeTHM, YTO B MePBOM 3BeHe paBeHCTB (6.33) MOKHO,
o6paTuBWHCh K (6.17) M BHIKJIIOYHB B3aHMOJEHCTBHe, 3aMHCaTh

lim @00 00 (0= lim @00 500 =— i ()

> —ov
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Torma ypasHeHnue (6.33) nmepexoZHT B
Spy=0, — i { A" & () V () 9P (), (6.34)

rie P(x”) ecTb pellleHde, KOTOpOe IpH 1/ — —oo0 Tepexonur
B cBOGOAHYIO BOHY (cM. (6.14)):

B () = @, () + S dix Gy (x5 )V (x) $iF (x).

Vpasuenusi (6.34) smecte ¢ (6.14) u (6.30) Bmecre ¢ (6.32) ss-
JSIOTCA OSKBHUBAJCHTHHIMH (opMaMu 3anucd S-mMaTpuubl; oba 3TH
npecTaBACHHS IPHBOAAT K PALy MHOTOKpaTHoro paccesiuns (6.33).

B npakTuueckHX BHIUHCIEHHAX Mbl OyleM OOBIYHO COXPaHATH
TOJABKO NepPBbIfl UK [Ba NMEePBLIX AeHCUE3aIOUIHX [Js NaHHOrO B3au-
MoeficTBMA useHa B BopaxeHudn (6.33) ana S-matpuun. Ha-
CKOJIbKO 3TO NPaBOMEpHO, 3aBUCHT OT MaJ/JocTH B3ammoneiicTeus V
i OLICTPOTEl CXOAHMOCTH NAHHOTO p#ja MO CTeNneHsM KOHCTAHTHI
B3aUMOAeCcTBHA.

O6muM cBOHCTBOM S-MaTpHUB, KOTOpOe cjelyeT H3 COXpaHe-
HUSl BEPOATHOCTH, ABJsiTCA YHHTApHOCTb. K3 BBOAHBIX 3aMevaHHH
K ra. 1 MB DOMHHM, YTO H3 3PMHTOBOCTH I'aMHJbLTOHHAHA BHITEKAET
coxpaHeHue BeposiTHocTd. [lo3ToMy CKajsipHOe MPOH3BeNeHHe HE
3aBUCHT OT BPEMeHH H MBI HMeeM

{ v v @ v 0= tim § s () v (0 =
t-»-—-oco
= lim Sd"x(p’; ()@, (x)=25,.  (6.35)

t>—o0
B YACTHOCTH, AJs TJIOCKHX BOJIH

0, = o° (k; — k;).
Mpbl TakKe MOXKeM BBIUHC/IHTH 3TO CKaJdApHOE Ipou3BeaeHHe B 1a-

JekoM OyaylleMm, W Torja, corjacHo (6.16) u yc/0BHIO NOJHOTHI
(6.27) aas QyHkuui ¢, pewenus YY) gonyckawT passoxkeHHe M0

OJOCKHM BOJIHAM C 3JeMeHTd4MH S-MaTpHLB B KadecTBe Kosddu-
LIHEHTOB Pa3JIoXKeHHs:

im ¥ ) = X 9, (x)S,, (6.36)

t’'—>+oo

(me Z = S d3p 118 NpeicTaBJieHust MJIOCKHX BOJH ).

HOECTaBJIﬂH (6.36) B saeByto yactb (6.35), HAxOAHM
> SniSn; =19, (6.37)

WM, B MaTPUUHBIX OGo3HauenHax, S§ = I.
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Ecau, noao6no ¢, 8 (6.36), dynxkuun ${* (x) o6pasyioT nosHb

Habop, T0 St ==S8-! u Mb NPHXOIAHM K BHBOAY 06 YHHTapHOCTH
S-matpunst !).

§ 23. ®yHKuMS pacnpOCTPaHEHHS B TEOPHH NO3UTPOHA

Termepp Mbl 0606IIHM DacCMOTPEHHBIH B paMKaX HepessiTHBH-
CTCKOH TeOpHH MeTOoA (YHKIHH PacnpOCTpaHeHHs Ha caydall peJs-
THBHCTCKOH TeOPHHM 3JeKTpoHa. OTHpaBHBIM NYHKTOM HaM MOCJY-

, JKUT NPeACTaBJeHHe O HepeJsTHBH-

P z crckom nponaratope G(x’; x) Kak
‘ z, aMIJUTYAe BEPOSITHOCTH pacupo-
CTPAHEHHSl BOJHBI-YACTHUH H3 X B

Ly-v x’. Dra amnauryaa, onpeiessemMast

-7 BeIpaxenuem  (6.11), saBasercs

. CYMMOH aMIJIHTYX, n-# uJeH KOTO-

Z, pofi ecTb TNpOH3BeJeHHE BEJHUHH,
H3o0paxeHHBIX Ha  AHarpamme

Z; puc. 6.4. Ha atom pucyHke Kaxnan

JUHHSI COOTBETCTBYET aMILIUTYIE

Lz Go(xi, xi-1) CBOGOAHOrO pacHpo-

2 CTpaHeHHs BOJIHB, HCOYIIEHHOH B

TOUYKe X;-; 0 TOUKH X;. B TOUKe X;

Zy (o6o3Hauyaemoit KPYKKAMH) 3Ta

BOJIHA PACCEHBAeTCs ¢ aMIIHTYAOH

BeposiTHoeTH  V(x;) Ha eaunuuy

ob6beMa B uYeTHIPEXMEPHOM MpoO-

Puc. 6.4. DBxrax n-ro nopsika CTPAHCTBE-BPEMEHH W NpeBpalnaeT-

B G(x,%). cfl B HOBYIO BOJIHY, PAcTpOCTPaHS0-

mytocst ¢ aMmauTynol Go(xitr; Xq)

BOepel BO BpeMEHH [0 CJAEAYIOUIEr0 B3aHMOAEHCTBHsA. 3aTeM IO-

JyueHHash TaKUM cnocofoM aMIJIUTY1a CYMMHPYETCS MO BCeM TOU-

KaM B TMPOCTPAHCTBe-BpEMEHH, B KOTODHIX MOKeT [POH30HTH

B3auMozeticTere. MOXKHO CKa3aTb, YTO B3aHMOJAEHCTBHE B i-H TOUKe,

HJIM BepIIHHE, VHHUYTOXKAET dYacTHLy, AOMEAWYI0 A0 TOYKH X;, H

co3laeT YacTHILY, KOTOpasi paclpoCTpaHsAeTCs A0 TOYKH Xy, T
tiv1 =t

Takyio KapTHHY MBI COXPAaHHM H B AHPAKOBCKOR TeODHH NHIPOK.
Ona XOpOLIO COOTBETCTBYeT PpEeJATHBHCTCKOH TEOPHH, NOCKOJbLKY
ONMHUCHLIBAET NPOLLECC OJHOBPEMEHHO B IPOCTPAHCTBE H BO BPEMEHH,
B [POTHBONOJOXKHOCTb TAMHJ/ILTOHOBY (JOPMA/IH3MY, B KOTOPOM YIOD
JejiaeTcs Ha BpeMeHHOM Xxoje Inpouecca. Hama meas coctoudr
B TOM, 4TOOH N0 AHAJOTHH C HEPEJNATHBHCTCKHM METONOM (GYHKIUHH

z

1}y Ecin uMeloTcA CBsi3aHHBIE COCTOSIHUs, TO CyMMa B (6.27) HOJXKHa BKJIO-
qaTh JHCKPETHHH cnekTp. JTO HHKAK He BAHAET HA NAOK33aTe/IbCTBO YHHTapHOCTH.
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pacnpoCcTpaHeHHs MOJYYHTb paBUJa pacyeTa PasiMYHBIX mpoilec-
COB B AMPAKOBCKOA Teopu#u AbIpoK. OJHaKo 3ajxaua OCJOXKHseTCs
CyLeCTBOBAHHEM IIPOLECCOB DPOXK/JEHHS W AHHHCHJALHH, KOTOpHIE
TaKKe JOJKHBI OBbITb BKJIIOYEHH B omucaHHe. OCHOBHOE NpPaBHJIO,
KOTOPbIM Ml GyZeM PyKOBOJCTBOBATbCSl B TAKOM CHTYalHH, COCTOHT
NPOCTO B TOM, YTO BEHIYHCJEHHA € NPONAraTtopom MOJKHBH COIVIaco-
BBIBAThCS C JHHAMHKOH ypaBHenus Jlupaka, OOIIHMH MOCTYJIaTaMH,
chopMy/NHPOBAHHBIMH B TJ. 1, ¥ TMONpaBKaMH, BHeCEHHBIMH B HHX
npu o6CYKAEHAH NO3UTPOHOB B M. 5. B 3710l M mocsenyoluX raa-
BaX Mbl OyaeM noJaratbcsi GOJblile HA MHTYHTHBHBIE COOGPaKeHHS,
YyeM CTPOTHE BBIBOAML!).

®

Puc. 6.5. TIpumMeps OpOCTPaHCTBEHHO-BDEMEHHEIX AHArpaMM B TCOPHH MO3UTPOHA,
IuarpaMMa (@) OTBeuaeT PONKNEHHIO Naphi, (6) — pacCesHHiO H (8) — saMKkHyTOH
nerJe.

[TocMOTpHM Ha KapTHHKH THMNHYHBIX [POLECCOB, ONHCHIBAEMbIX
B TEOPHH MO3UTPOHOB. [IOMHMO IPOLECCOB paccesHus TUNa H3oGpa-
*EHHOro Ha pHc. 6.4, uMeeTcs elle POXKJAeHHe NAp H aHHUTHIALHS,
pAIOCTPalHell  KOTOphX cayxuT puc. 6.5. Hnarpamma 6.5,a

1) CTporufi BbHIBOA 3THX NPaBHJ JaeTCi B CHCTeMATHYECKOM, HO CJIOK-
HOM H3JIOMeHHH ¢OopMaJbHOll KBAHTOBOH TEODHH MOJA B UMTHPOBAHHOH Bbllle
kuure [50].
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u3obpaxaerT pPoKAeHHe 3JEeKTPOH-NIO3UTPOHHEIX llap B HOTeHHHaJe,
JleficTByIOIEM B TOUKe /; ABe YaCTHILI 3aTeM PaclpOCTPAHSIOTCA [0
TO4YeK ¥ H x’ cooTBeTcTBeHHO. [Iuarpamma 6.5,6 uszo6paxkaer siek-
TPOH, PaclpocTpaHeHHe KOTOpPOro HauMHAaeTCs B TOUKE X U 3aKaH-
yppaerca B x'. Mexay 3THMH TOUKaMH MOTEHIMAT B TOUKe [ pPOK-
Laer mapy; IO3UTPOH H3 5TOH Nape aHHHTHJIHDYET ¢ MepBOHAYaJb-
HbIM 3JIEKTDOHOM B IoJie, AeHCTBYIOIEM B TOUKe J; JEKTPOH H3
apel pacnpocTpaHseTcss A0 TOUKH 2, Tle OH paspylliaercsl MOTeH-
nHasoM. DTOT NOTEHLUHAaJ POKIAeT 3JMEKTPOH, AocTuratomuii x’. Ha
auarpamme 6.5,6 nokazaHo poxKIeHHe mnapel B Touke [ H pac-
NpocTpaHeHHe ee A0 TOYKH S, Te MNPOUCXOAMT AHHUTHJALUA
B IHOJe.

W3 stux gmarpaMM BHIHO, 4TO HaM HAJ0 HMETb HE TOJBKO
aMIIUTYAy DOXKIEHHA 3JEKTPOHa, CKaxKeM B TOuKe I, pacrnpoctpa-
HeHHsl ero M3 / B 2 M yHHUTOXKEHHSt B TOUKe 2, KaK B HEpeJsTH-
BHCTCKOM CJyuae, HO TaKiKe M aMIIHTYLY POXIEHHs, pacipocTpa-
HEeHUs] M YHHUYTOXKEHHA mo3uTpoHa. Ecau aTH amnautyast ajst mosu-
TPOHOB OYAyT HaHJeHBl, MOXKHO MOMBLITATLCSA CONOCTABHTH KaXKAOMY
H3 H300pa’keHHHIX Ha pHc. 6.5 NpPoUeccoB CBOIO aMIJIHTYLY BepoAT-
HOCTH M MNOCTPOMTb MOJIHY}O aMILIMTYAY J000ro 3ajaHHOrO Npo-
mecca nyTeM CyMMHMPOBAHHA HJIM HHTETPUPOBAHUS MO BCEM INpOMe-
KYTOUHBIM TPAaeKTOPHAM, KOTOPble [AI0T BKJAald B 3TOT MPOIECC.
Tax, Hanpumep, B paccestHHe HAIOT BKJaJ TPACKTOPHH ABYX THIIOB,
usobpaxeHHsle Ha puc. 6.4 u 6.5, 6.

Mbl f01KHBl ONpeNeJHTh NMO3HUTPOHHYIO aMILIMTYAY B COOTBET-
CTBHH CO COpMYJIHPOBAHHON B NpeABIAYLIEl rjaBe TeOpUeH ABIPOK.
ITockoabKy cyniecTBOBaHHE NO3HTIPOHA paccMaTpUBAeTcs KakK OT-
CYTCTBHE 3JICKTPOHZ € OTPHUUIATENbHOH 3HeprHedl M3 3alOJHEHHOro
MOps, Mbl MOXeM CUHTATb YHHUTOXKEHHEe TNO3UTPOHA B TOUKe 3 Ha
pHuc. 6.5 3KBHBAJIEHTHBIM DOXKJAEHHIO B 3TON TOUKe 3/MEKTPOHA C OT-
puuarTesbHod sHeprue#i. OTciofa caefyeT BO3MOXKHOCTL TOTO, UTO
AMINIATYAA POXKJAeHHs NMO3UTPOHA B / M YHHUUTOXKEHHA ero B 3 cBf-
3aHa C aMITUTYAOH POXKIEHMA 3JEeKTPUHA C OTPHUIATENbHON 3Hep-
ruedt B 3 u yHuuToxeHus ero B /. Torga amarpammsl puc. 6.5 coor-
BETCTBYIOT DAacClIPOCTPAHEHHIO BIepel BO BPeMeHH 3JEKTPOHOB <
NOJIOXKHUTEIbHOH 3Heprueld B Hazal BO BpeMEHH 3JIeKTPOHOB ¢ OTPH-
narejabHoll sneprued. Inarpammy 6.5, a, KOTOpasi ONUCHIBaeT POMKIE-
HHe Iapbl, MOXHO pacCMaTpPUBATbL KAaK POXKIEHHE B TOUYKe X’ 5jeK-
TPOHA C OTPHIATEJbHOH 3Hepruell, pacrmpocTpaHeHHe €ro Hasal BO
BpeMeHH 0 TOYKH [, rie OH YHHUTOXKAeTCs, M PacnpOCTPaHeHHe
BIepead BO BPEMEHH 3JeKTPOHA ¢ MOJOKHTEJNbHOR 3Hepruedi 10
TOUKH ¥. B mpouecce paccesnust 3JeKTPOH, PacnpOCTpaHHBUIMIICH
[0 TOUYKH 3, MOoxKeT JubO paccesTbCs Ha MOTeHUHAJNE B NOJOKHTENb-
HOM HanpaBJ/ieHWH B NPOCTPAHCTBe-BPeMeHH, KaK Ha puc. 6.4, u pac-
IIPOCTPAHATLCA Jlajiee ¢ NOJOXKHTENLHON 3Hepriedl, 1160 paccesTbes
€ OTDHLATEJNBHOH 3HeprHel Hasand B Touke /, Kak Ha puc. 6.5,06.
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Br0o6aBoK K 3/€KTPOHHBLIM TPAeKTOPHAM B BHAE 3UI3aros Brepen
W Ha3aj BO BPEMCHH HMEIOTCS ellle TPAaeKTOPHH B (opMe 3aMKHY-
THIX MeTeJb THIA NOKazaHHoK Ha puc. 6.5,6. B TeOpHH ABIPOK 3TO#
TPACKTOPHH OTBeuaeT CJeAYIOUHA Tpouecc: B TOUKe [ 3JeKTPOH H3
MOpsl C OTpULATENbHON 3Hepruedl pacceuBaercs Ha IIOTeHLHaJsTe
H nonazaeT B COCTOSIHUE € TOJIOXKHMTEJIbHOH 3Hepruedf, a 3arTem
B Touke 3 oH pacceusaercsi o6paTHo B Mope. Ha si3bike (yHKUHI
[acnpoCTPaHeHUss Mbl CKaxKeM, YTO 3JIEKTPOH, POMHMBIIHICA B 1,
paccenBaeTcs Hasal BO BpeMeHM B 8 M yHuurtoxaercs B [. Tlpouec-
caMH TaKOrc THNa Heab3f npexebperath. MXx TpebyerT dopmanusm
TEOPHH, a 3KCNEPHMEHT, KaK Mbl B JaJjbHedlieM yOeiumcs, TNOA-
TBepIK/AaeT UX CYLleCTBOBAHHE.

HauneM ocylilecTsileHHe HaMedeHHOH [POrpamMmbl ¢ MOCTPOCHHS
GyHkuHM [pHHA /15 ONHCaHHA PACHPOCTPAHEHHS! 3JEKTPOHOB H IO-
SUTPOHOB. DyJeM DYKOBOACTBOBAaTbCA Pe3y/bTaTaMH PacCMOTPEHHA
NO3HTPONOB B [VI. 5 U HTOraMH HCCJeJI0BaHAS MeTola (YHKLHH pac-
NpOCTPAHEHHs] B HEPEeJNsTHBHCTCKON TeopuH B HaCTOsileH riase.

HepeastuBucTckuii  npomaraTop — ONpeAesics — ypaBHeHHEM
(6.22). Ilo anajoruu onpenesHM peJIATHBHUCTCKHH [pomaraTop
S% (x5 x) KaK pemeHue ypaBHeHHsl

4
: . 0 ’
> ‘\)u(t — e (x')) —m] Sy (¢'s ) =Bugd" (x —x). (6.38)
At L 0%, tar |

Onpenesennbiii TAKAM 06pasoM mpomaraTop ecTh MaTpHLA TOH ke
pasMeptoctd 4 X 4, uto u matpuus y. [lepenmnmem (6.38) B mar-
pHUHBIX 0003HAUEHHAX, ONyCKas HHAEKCHI:

(V" — eA” —m) S, (¢, x) = 0" (x' — x). (6.39)

Jpyroe otauune ot (6.22) coctout B TOM, uTo B (6.38) omepartop

. d / 0 o
P57 — H (x') ymHoxaeTcs Ha y° 4TOOH NMOJYUHThL KOBAPHAHTHBINA

oneparop (iV' — eA’ — m).
[Iponaratop Aas CBOOOAHON HaCTHLHI

(V' —m)Sp (¢, x) =0 (x — x) (6.40)

MOXKHO HafiTh nyTeM ¢ypbe-npeo6pa3oBaHusi K HMIYJbCHOMY MpO-
crpanctBy. Kak u B HepeJasiTUBHCTCKOM cayuae (6.24), oH 3aBHCHT
TOJILKO OT pasHoctH (X" -— x), mosTomy !)

dip

Se e, 9=Ss (v — 1) = | &L omip =95, (o). (6.41)

1) 3zech W fajee Mbl MOAb3YeMcs YeTbIpeXMepPHBIM 0003HAYeHHEM

pex=puxt=pi—p-x
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IloacraHoBka B (6.40) maer

4
2 (b — m)ar S,y (p) = Bg:

Paspeuiasi 3To ypaBHEHHe OTHOCHTe/bHO Sp(p) H BHOBb BO3Bpa-
11asicb K MaTPHYHBIM OO03HAUCHHUAM, HMEEM

Sp(p) = ptm | ecan  p? = mi (6.42)

p'Z_mZ p__m:

JJif nOMHOTH ONpejeseHuss HeoOXOAMMO YKa3aTh, Kak [OCTynarh
C CHHTYJIAPHOCTBIO pu p? = m?2, T. e, npu py=+ A/p’ +m?’= + E.
M3 HepensiTHBHUCTCKO#l TeOpdd MBI MOMHHM, YTO OTBeT HA 3TOT BO-
npoc ciaeiyeT M3 TPAHHUHBIX YCJOBHH, HalaraeMolX Ha Sp(x — X)
npu HHTerpHpoBaHuu (6.41).

[To cBoemy dusuyeckOoMy cMmuicay Sp{x’ — X) ecTb BOJHA, BHI-
apiBaeMasi B ToUKe x' eJWHHYHBIM HCTOUHHKOM, pPacHOJOXKEeHHBIM
B TOYKe X. 3HauYHTe/JbHAas 4acTb (Pypbe-KOMINOHEHT TaKOIO JIOKAaJH-
30BaHHOTO TOYEYHOrO HCTOUHHKA COJAEPMKHT 3HAUEHHS HMITYJIbCAE,
Goabline, 4eMm m, obpaTHaf KOMINTOHOBCKAs [IJHHA BOJHBl 3JEK-
Tpona. Caelyer No3TOMY ©OXUAaTh, 4YTO HaApAAY € 3JEKTPOHaMH
TaKo# HCTOUHHK Oyler co3faBaTh MNO3HTPOHB. OAHAKO B TEOPHH
JBIPOK HMeeTcd HeoOXoAHMoOe (¢H3HUeCKOe YCJ0BHE, cocTosllee
B TOM, YTO BOJIHA, PAaCIpPOCTpaHAOLIAsNCA H3 TOYKH x¥ B Oyayllee,
COJEPIKHT 3JEeKTPOHHBIE ¥ TO3UTPOHHBIE KOMIOHEHTHI TOJbKO C IIO-
JIOXKHTENbHOH 3Hepruell. [Io3UTPOHBI H 3JEKTPOHBI C MOJMOXKHTENb-
HOI 3Hepruefl OMUCHIBAIOTCA BOJHOBHIMH (DYHKUHSMH € IOJIOXKH-
TeJbHO-4aCTOTHOH 3aBHCHMOCTbIO OT BpemeHd. Hanpuwmep,

(+) ~ —ip-

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

Y (x) =wu(p)e~ir~
€CTb COOTBETCTBEHHO (HEHOPMHPOBAaHHLIE) BOJHOBBIE (DYHKUHH NO-
3HTPOHOB H 3JEKTPOHOB C HMIIYJbCOM pH H p°>0 IMoatomy
Sp(x' —x) MOxeT colepxkaTb B OyiayleM, NpH X, >> X;, TOJbKO
HOJMOXKHTENbHO-YaCTOTHBIE KOMIOHEHTHI.

Uro6s obecneunTb 3TO, BepHeMcs K (Qypbe-pasyioxKeHHo
Sp(x’—x) (641) u (6.42) u npoBeleM HHTerpHpOBaHMe IO dpg
BAOJIb U306paxeHHOro Ha puc. 6.6 KOHTypa B KOMILIEKCHOH mJocC-
KocTH po. Ilpn ¢ > { KoHTYyp 3aMblkaeTcsi B HH:KHEH HOJIYNJIOCKO-
CTH ¥ COAEDIKHUT TOJBKO [OJOXKHTEIbHO-4aCTOTHLIH MOJIOC MNPH
po=-+ A/p? -+ mI=E. B pesyaprate umeem

42 d ~ippt'—t)
Sl — 0=\ emuw—n {40 D (4 ) =
c

(6.43)

(2m)3 n opi—m

>t (6.44)

A P Ew-nEYo—p-¥Y+m
— — p(x"~X)p—iE(t'~¢) Y0 ___ ¥ Y 1 =
t S Gy € € 9F ’
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OTcioga BUAHO, 4TO BOJIHA B TOUYKe (X',!’) COHEPIKUT TOJBLKO MOJIO-
KHTeJIbHO-JacCTOTHble KOMIOHEHTH. [Ipu ¢ <<t KoHTYp MoOxHO

3aMKHYTb CBe€pXYy, 3aXBaTUB NOJIOC B TOUKe pg==— ,\/p2 __I_,n?. 3T0
jJaet
SF (x, — x) =
. d? et m g (— Evo—p-y 4 m)
— S (2;))3 eiP (X —X)p+iE (t'—1) ( Yo 22 , (t, <) (645)

CunenoBatenbHo, npu ¢’ <<t mpomararop COAEPMHT BOJHBE TOJBKO
C OTPULATEJbHBIMH YaCTOTaAMH.

Takue BOJIHLI ¢ OTpPHLATeJbHOH 3HEPrUell, OTCYTCTBYION(HE B He-
PeNSITHBHCTCKOH TEOpHH, 0Ka3bIBAIOTCH 3]eCh HeH3GexHnIMH. Jlo-
6ol apyroit Bboi6op koutrypa C B (6.44) mpuBOZMT JHGO K pacmpo-
cTpansiioliuMcs B Oyayllee BOJHAM C OTPHIATEJbHOH 3Hepruefi,
JHO0 K BOJIHAM C IMOJIOXKHUTEJIbHOH 3HepTHef, paclpoCcTpaHsIOIHMCS
B mpouwnoe. bosee Toro, mosiBieHHe BOJMH ¢ OTPHUATENBHOH 3Hep-
rHedl, pacnpoCTpaHAKIUUXCA B MPOLLJIOE, SIBJISETCS AOCTOMHCTBOM:
OHH NPEACTABJSIOT COGOH MO3HTPOHBI C MOJIOXKHTENIbHON 3IHEprHef.

Imzy

Zy=~pimi=-F Vi

Zy=~/pitmi=F Re g,

Puc. 6.6. Pacnonoxenne ocofeHHOCTEH OTHOCHTEJBHO KOHTYpa HHTErDHPOBAHHS
AJA BeJHIHHH S (p).

drto craHeT Oosee OYEBHAHMLIM, KOTJa MBI IIPHMEHHM MeTOHx (YHK-
UHH PACHPOCTPaHeHHa K 3ajauyam paccesnus. IIpuuunoil nospaenus
BOJIH C OTPHIATeIbHOH  3Hepruefl  sABJASETCA  NOJIOC  OpH
po=— A/P° + m?, KOTOpHlI OTCYTCTBOBAJ B HepeIsi THBHCTCKOH
TEOPHH.

Bribop xoHTypa C MOXKHO (QUKCHPOBaTb BBeleHHEM B 3HaMeHa-
Tesb (6.42) MaJsloll NMOJIOXKHTEJNLHOH KOMIIEKCHOH J06aBKH HJIH MpO-
cTo 3aMeHol m?— m?—ie, moapasyMesass npenea npu e-—>0-4:

d4p e—ip-(x’—x)

Seld == & LT (phm. (640

®opmyan (6.44) u (6.45) MOXKHO OODBEAHHHTH NyTeM BBe-
JdeHdsl TPOEKUHOHHBIX omnepatopoB (3.18) u 3ameHsl p Ha —p
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B OTpHLaTed bHO-llaCTOTHOﬁ YacTH:

SpW =)= =i § 2 () [As (o) o210 " — 1)
+A_(p)etir =00 —1)], (6.47)

rae po==E > 0. [lpyryio, sKBHBaJeHTHYI0O (DOPMY 3aNHCH MHl [O-
JIYYHM, €CJH BOCHO/Nb3yeMCsl HOPMHDOBAHHBIMH DELIEHHSIMH B BHJE
IJIOCKMX BOJIH

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

Torna nast Sp(x” — x) HaxomuMm

Sp( === =0 &p Y ¥ () ¥ (9 +

00— (Y 1@ H W 649
r=3

H ¢ nomouibto (3.11) yb6exxknaemcs B ToM, YT0 Sp(x’ — x) onmucsiBaer
pasBuTHE pelleHHs C MNOJOXKHMTEJIbHOH 3Heprued Y or npowen-
ulero K OyAyuleMy M pelleHHs ¢ OTPHLATeNbHOR 3Hepruell B obpart-
HOM HamnpaB/JeHHU:

0@ — ™ () =i S Sp (¢ — 1) v (x) d, (6.49)
0 — )P () = — i S Sp(’ — 2y " () d3%.  (6.50)

Onpenenennyo TakuM o6pasom ¢yHKuHio Sp(x’— x) npunsTo
HasbplBaTh (edHMaHOBCKUM mponaratopoM. OH GblL1 BNepBble BBeAeH
B Teopuio no3utpoHoB B 1942 r. IlTiokennGeprom u, HesaBHCHMO,
B 1948 r. — DefiHMaHOM, KOTOPHIH HCNOMb30BAT €r0 BO MHOTHX pac-
yerax.

C nomoubio cBo6ogHoro nponararopa Sp(x’—x) Mb MOXeM
(hopMasLHO NMOCTPOUTL NMONHYIO GYHKIHIO [puHa u aneMenTs S-mMart-
pHUBI, T. €. aMIUIMTYAbl Pa3JMUYHBIX NPOLECCOB PACCEesIHHS C yua-
CTHEM 3JeKTPOHOB M NO3UTPOHOB B NPUCYTCTBHH BHEIUHHX M[OJeH.
Has1 sTOro Hago mpoiesiaTh TaKHe Xe BBIKJIAAKH, KaK B HepessTH-
BHCTCKOM cJyuae. '

Tounslii ¢peiinmanoBckuit nponaratop S (x" — x) yAoBAeTBOpsieT
ypaBHeHHo (6.39) uw no asanorkn ¢ (6.31) u (6.32) MoxeT 6BITH
npeicTaBleH B BHAE CYNEPIO3HIHH CBOGOAHBIX (DeHHMAaHOBCKHX
nponaratopos. Mmeem

(19, —m) S, (s )= a8 (¢ — §)[8" (v — ) + ed (1) Sy 53 V]
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VnTerpupys ato ypaBHeHHe, TOJyYaeM
k(s ) =Sr (& — )+ e {dlySr(v — AW Sk 4, H.  (6.51)

[TopoGHo (6.14), TouHoe pelneHHe ypaBHeHHs1 [[upaka

iV, — m) W (x) = e AV (x) (6.52)
¢ (pelHMAHOBCKUMH T'PaHHYHLIMU YCJIOBHSAMYU HMEET BHI
Y =bW+eldyS,c— AT, (653

Paccesinnas BosHa B (6.53) COAEPKHUT TOJbKO MOJOXHTE/AbHbIE dac-
TOTB B OyAylleM H OTpPHLATE/NbHbIE B [POLLIOM B COOTBETCTBHH
¢ (6.48):

2
W) — ) (a0 Y w0 — e § d'y ¥ ) A W )]
! npu  {—> -+ oo, (6.54)

4
W) — i) (& Y wh ) [+ e {dy ¥ ) A ¥ ()]

r=3
npu {—> — oo, (6.55)
Takum o6pa3oM, noJydeHHass HaMH (QOPMYJHPOBKA 3ahauH pac-
cesinust (6.54) coraacyercst ¢ TeM Tpe6OBaHHEM TEOPHH ABIPOK, UTO
3JIEKTPOHBl He MOrYT [OCJAe paccesiHH BO BHellHeM INosie AR(y)
momacTb B MOpe ¢ OTPHUATENbHOH 3Hepruel; NOCTYNHLIMH [/ HHX
OKAa3bIBAIOTCS TOJNILKO He3alOJIHEeHHble COCTOSHHA € NOJOXKUTEIbHOM
sHepruell. YpapHeHne (6.55) NoKasbiBaeT, YTO BOJHBI, paccesiHHblE
Hazaj, oT Oyayuiero K [polleAlleMy, HMEOT OTPHLATENbHBIE

SHEprHH.

Ws (6.54) u (6.55) crnexyer, 4TO 3/MeMeHTHl S-MATPHIB MOXKHO
OTOXKAECTBUTb ¢ KO3 (uIHeHTaMH NPH cBOGOIHBIX DelleHHAX P (x),
T. e ,

Sy =y, — iees | d%y ; (1) A () W2 (). (6.56)

3mecs Ps(y) npeacrapaserT co60A KOHEUHYIO CBOOOAHYIO BOJIHY
¢ KBAHTOBBIMH 4ucIaMH [; g = -+ 1 pjs pellieHHs, NONONKUTETbHO-
yacTOTHOTO B OynayuieM, U & = —1 JJ5 OTPHUATEJbHO-UaCTOTHOrO
B TMPOULIOM pelueHHsi. B COOTBETCTBHH c HasnaraeMbM Ha pelleHHe
(6.53) deiinmanosckuM rpanudyHBIM ycaosuweM Wi(y) 310 maparo-
asi BOJIHA, KOTOPAs NPH Yo—> — oo NePEeXOAUT B \; (y), NaramoLLyio
BOJIHY C KBAHTOBBIMH UYHCJAAMH { H IOJOXHTEJLHOH 4acTOTOMH, HJIH
NpH Yo—> |00 — B OTPHIATENHHO-YACTOTHYIO BOJHY, pacnpocrpa-
HAIOHIYIOCSt H3 Oyayliero B Ipoliejliee.

B ypaBHernusax (6.56) u (6.53) 3akJi0uYeHH NpaBH/a BHYHCIE-
HHUSl aMIVIUTYZ POXKAEeHHA nap H andHruasiun (cMm. puc. 6.5), Tak
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JKe KakK H  aMINIHTYIbl — «OOBYHOrO»  Ipollecca  pacCesiHus
(cM. puc. 6.4).

PaccMOTPHM cHauasa OOBIYHBIN NMPOLECC PAaCCesiHHS JEKTPOHA.
Torma W;(y) npu yo—>—oco NePeXOAHT B MALAILYI0 MJIOCKYIO
BOJIHY C [OJIOXKHTeNbHOR 3Hepruedt ¢{H) (y) m BRMaa n-ro nopsajaka

B (6.56) pasen

— ie" SS d'y, ... d'%, WP (y,) /T(yn) Se(y, — yn—l)ﬁ(yn_l) L
- Se (1, —9) A(y) ¥ (9. (6.57)

Psan (6.57) comepXHT KaK AvarpaMmel THna H300pakeHHON Ha
puc. 6.4, Tak ¥ Takuwe, Kak Ha pHC. 6.5,6.

Hs pacueta poxjaeHHs napsl Mbl noicrtasiasieM B (6.56) BMecTo
W;(y) pelueHHe, KOTOpoe TIpH §-»-oo TMepPeXOAHT B MJIOCKYIO
BOJIHY C OTpHULLATEJbHOH 3Hepruefl. B uactHocTH, B ciaydae posKie-
HUSl 3JIEKTPOH-TIO3UTPOHHOR NMaphl ¢ KBAHTOBBIMH uducaaMu (p-,s.)
H (P4, 5+) COOTBETCTBEHHO (rae por >> 0), Mbl noicrasisem B (6.56)
smecto W;(y) petuenue ypaBHenus (6.53), xotopoe mpu {— o0
epexoUT B MJAOCKYIO BOJIHY C OTPULATENbHOH 3Hepruell M KBaHTO-
BEIMU dyHcAaMU (4-p4, +54, 8= —1), T. e

II;E"(y)_—: Ell;(Qn)_ﬂ/“v(er, sy) etir+*,

B kauecTse ¥; Mbl BO3bMeM pellleHHe C MOJIOXKHTEJbHOH 3Hepruef,
xapakrepusyemoe (p_,s—,e=1). CornacHo TeMm OCHOBHLIM MNpaBH-
JaM, K KOTOPbIM Mbl NPHILIH NPH OOCYXAEHHH TEOPHH AHIPOK, OT-
CYTCTBHE 3JEKTPOHA C OTPHLATENLHON 3Hepriefl, 4-UMNYyJbCOM —p,
H CIMHOM —S§; BOCIPUHUMAETCH KaK TMPUCYTCTBHE IIO3HTPOHA
¢ 4-umnysabcaM py U noaspusanuedi sy. B metone dyukuuu pac-
POCTPAHEHHs] Mbl OTOXAeCTBHJH aMIJINTYAY POXAEHHA NO3UTPOHA
B TOUKE X, PacNpOCTPaHEHHs -ero -Buepe], B NPOCTPaHCTBe-BpeMeHH
U3 o6gacTy B3aMMOAEHCTBHS M AOCTHXXEHHS HM TOYKH X', Kyaa oH
ronajaer B BHJe IJOCKOH BOJHE, XapakTepusyeMmolt (py,Sy), ¢ am-
IUTUTYAOH PaclpoCTpaHEeHHUS 3JEKTPOHa ¢ OTPHLATENbHOM 3HeprHef,
4-UMNYJABCOM —p,. H CIIHHOM —-§; M3 TOYKH X’ Hazaa B 06./1aCTk
B3aHMOJAEHCTBHUS, T/Je OH YHHYTOXKaeTcsl B Touke Xx. Takum olpasom,
uTQOBl CBA3aTh C MPOLECCOM POXKIEHMSA Maphl aMIIUTYABI Mepexona,
HaJ0 TPOCAEAHTb 32 NMyTeM 3JeKTPOHA C OTPHIATENbHOH 3Hepruef
Hasal BO BpeMeHn B 00.1acTh B3aHMOJEHCTBHS; TaM OH pacCeH-
BaeTcs B NoJie H HCNYCKaeTCsl C NOJIOKHTEJSLHOHR 3Hepruel, pacnpo-
crpaHsasichk Brepel. Bo BpeMmeHH. CoorBercTByIolMe (DeflHMAaHOBCKHE
AuarpaMMhbl B JABYX HHU3IIHNX HOpsiiKax H3obpaskeHwl Ha puc. 6.7,
NMpHYeM aMIUINTYJa BO BTOPOM MNOpPSIIKE B CBOIO OdYepelb pasJfa-
raeTcs Ha JABe, OTAMYAKOIIMeCs BpPeMeHHOH MOCJACAOBATENbHOCTHLIO
JIBYX aKTOB paccesiHHf. :
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AuanoruyHbiM 06pda3oM A/ HAaXOXKAEHHS aMIIHTYAB AHHUIH-
JsilEM apbl Mbl noicrasiasgeM Mecto W;(y) pelleHue ypaBHEHHs
{6.53), kKotopoe mpu y-»oo mepexoAHT B PiF'(y). Ono orseuaer
3JIEKTPOHY € TOJIOXKHTEJNbHOH 5Hepruefl, KOTOPHIH pacmpocTpa-
HsleTCsl A0 B3aHMOJAENCTBHS BHepel] BO BPEMEHH, a 3aTeM pacceM-
BaeTcsl Ha3aj M HCIYCKAeTCs B COCTOSIHHHM € OTPHLATeNbHOH 2Hep-
rueft. B n-M npub/auKeHHH aMIJHTyJa TOro, UTO 3JeKTpPOH pac-
ceeTcsl B 3a/laHHOE KOHEUHOe» COCTOosHHe Wi, XapakTepuayemoe

KBAHTOBBIMH YHCJaMH (P4, S+, & = —1), paBHa

ie" S diyy oo dY 7 (9) A(Yn) Se (Y= Ypey) -+ A(y) ¥ (3,)
(6.58)
Ha g3blke Teopuu ABIPOK 3TO aMILIMTYAd #-IC HOpsjKa pacces-
HHSl JEKTPOHA B KOHEYHOE COCTOSIHHE C OTPHLATENLHOH SHepruef,
4-gMOyJAbCOM —pP; M CIHHOM —Sy. IDTO COCTOSIHHE MNpH [ == —o0
JOJXKHO OLITb NYCTBHIM, T. €. AOJKHA OBITb ABIPKA, HJIH MO3UTPOH,
¢ 4-HMIYJAbCOM P+ U CIHHOM, HJH TIOJsSpHU3aLHUed Sy.

? z ¢

Z z z

Puc. 6.7. IIpocrpancTBenHo-EpeMeHHble (elfHMAHOBCKHE AHATDAMMEL [JIsi DOXKJe-

HHS mapsl B IEPBOM H BO BTOPOM [OpaiAKax. Bkuian BTOporo mopsjka B CBOIo

ouepeib pasjaraeTcsi Ha JBEe HacTH B COOTBETCTBMH C BPeMEHHOH moc/enoBa-
TeJLHOCTbIO ABYX AKTOB pacCesiHHA.

Hakonen, AJas onucaHus paccessHHS IO3UTPOHA <«Majaroliiass
BOJIHA C IIOJIOXKHUTe/JIbHOH 4acToToH B (6.56) u (6.58) mosaxHa ObITh
3aMeHeHa pelleHHeM C OTDULATEJNbHOM Y4CTOTOH H KBaHTOBLIMH

4HCJaMH (p’+, s;, e=—1). OHo orBeyaeT ucOycKaemMoMy Mo~

3UTPOHY C HMIYJbCOM H CIHHOM (P, S ).

3AJAUYU

1. TlokaxHTe, 4TO B HepeJATHBHCTCKOM mnpefene Sr(X’,X) cBoguTCA K Iupe-
LHHTEPOBCKOMY 3aNa3ibiBalONIeMy NpPONaraTopy JjJsi CBOGOLHOH YaCTHUBL

2. HenocpexncTserHolt npoBepkod yGeluTech B cnpaBeduBocTh (6.48).

3. TposepbTe pasencrsa (6.49) u (6.50) n nosyunte amasoruHele GOPMYJsl
Aas conpsixenunx crmnopo P u 7, k

4. Tlomyuute siBHOe BhpaxkeHue Aas Sr(x). Buisicuure nosegenue stoil PyHK-
Uuu 1pu x — 00, X >0 U Ha CBETOBOM KOHYCe.

5. [TycTs B HameM (opManusMe BaKyyM saMeHsieTcsi Ha (epMu-ras ¢epMu-
€BCKUM uMnyabcoM kp. Kak npu stom uaMeHnTcs ¢eflHMaHOBCKHE mnpomaratop?
Hailinnre usmenenne Sr B npegese Masoil IJIOTHOCTH.
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NMPUINO)XEHHE TEOPHU K ONMHCAHHIO
OCHOBHbBIX 3JEKTPOOUHAMHUYECKHUX SAIBJEHHUWH

§ 24. PaccesiHue 3JeKTPOHOB B KYJOHOBCKOM MoJje

B sTof riaBe MBI HCHOJb3yeM MeTOJ (DYHKIHHM paclpocTpaHe-
HHUS AJ5 NPOBeJeHHA Pa3/HUHBIX NPAKTHYECKUX BuoiuHcaeHul. Koria
y HAac HAKONHTCA AOCTATOUHBIA ONBIT paboThl ¢ aMIJIUTYXaMH pac-
IPOCTpAaHeHUsl, Mbl NYyTeM eCTeCTBEHHOro M NpaBaonofobHOro 06-
obuleHHd nepefiieM K aMIJIUTYAAM, CIOUCBHIBAIOUIMM B3aUMOJEHCTBHE
MerK/y HeCKOJbKMMH dacTHUaMu. Haw naad usMoxkeHHs Takoi
}Ke, KaK B OPUTHHaJAbHLIX paborax Peiinmana [03]: cHauana Gyayr
NoJyYeHbl paBuia 4] HAXOXKAEHUS BepOSITHOCTEH Iepexoda H ce-
YeHHH OCHOBHBIX INIPOLIECCOB, NPEACTABAAOLHX (DHIHYECKHH HHTC-
pec, a 3aTeM Mbl O6paTHMCSH K HEKOTOPbIM (POPMa/NbHLIM OHEpalHAM
KBAaHTOBOH TeOpHH MOJsl.

Mbl Ha4HeM ¢ 3aJa4M O pACCESIHHM IEKTPOHA B 3aJaHHOM KY-
JIOHOBCKOM MoJie. MaTpHUHBIN 3JieMeHT nepexona, OTBeYAIOLIHH
3TOMY Mpolleccy, naeTcs BolpaxeHueM (6.56):

S =— ie S AP (AN W, (), [0 (7.1)

agech e << 0—3apsa snextpoHa. Mul joixHbl npusectd Sy K Go-
Jee KOHKDeTHOMY H siBHOMY Buiy. B Huswem nopsaake W;(x) cgo-
AMTCS K NMajalouiedl NJIOCKo# BosHe P;(x), ONHCLIBAIOLLEH 3/JeKTPOH
C HMIYJbCOM p; H CIHHOM §,:

Y ()= A/ gy ulpi, s)e” 1%, (7.2)

rae ¢yHkUHS Y (X¥) HOPMHpPOBaHAa Ha eNUHUUYHYIO BEPOSITHOCTb B
amuke obvemom V. Anajoruuso

¥y (x) = \/ 7 @y, s e, (7.3)
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KyJ/oHOBCKHH noTeHnHas ToyewHoro sapsaa —Ze > 0 3ajaercs

BBIpaXKeHHEM
— Ze

| x|’

Ay (%) = A(x)=0.

Takum o6pasowm,

iZe? 1 ;
Su= 22 LA i, )V ulps, ) | el G (7.4

HMHTerpupoBakue Mo BpeMeHHN JaeT 2n6(E;—Ei), 4yTO BhIpa)aer
PaBeHCTBO 3HEPTHI HAYaJbHOrO H KOHEUHOrO COCTOSIHHH B CTAaTHue-
CKOM moTeHnuuaJje. Vlurerpaj 1no HpoOCTPaHCTBEHHBIM KOODAHHATAM
€CcTh XOPOUIO H3BeCTHOe (ypbe-npeobpasoBaHHe KyJOHOBCKOrO Mo-
TeHLlHana

d3x . 4n
Lr emigex = 2
SIXI Fql?

rae q = p; — p:. Hawr MaTpHUBBIA 3J€MEHT NPHHHEMAET BHJ

. 1 TmZ i (ppSp)¥ou(py s,
Sp=iZe*— \/ EE, U fl)q IQ( )ond (E; — E)).  (7.5)

Yucsi0 KOHEUHBbIX COCTOSIHME B HHTEpBasie HMIYJabCOB d®p; eCThb
V d®ps/ (2m)3, ¥, Takum o6pa3oM, OTHeceHHas K OJHOH uacTulle Be-
i
POSITHOCTb Mepexojia B TH COCTOSIHHA DPaBHa

Vdspf
ISft I2 (27\5)3 =
2@l m® |a(pp s ¥ou(pp s)ff & Pf
=7 [qr (270 B —EF. - (76)

KBagpat 8-dbyHkuun TpeGyer HekoTOphiXx nosicuenuii. Ecian Obl mbl
paccMaTpHBaJH Mepexojbl, NPONCXOAALIMe B TeueHHe 3aTaHHOTO
npomexyrka Bpemenn (—T/2, T/2), To 8-bynKuus 100 HEPruu OKa-
3ajach OB pa3Ma3aHHOH; 3TO O3HayaeT, uTo
T/
218 (E; — E)) = S die' BBt —9

~T/2

sin (T/2) (E; — E})
Ef — E; ’

(7.7)

U3 (7.7) BHAHO, 4TO A/ 6OJALIIOrO, HO KOoHeyHOro T
sin? (T/2) (E; — E})
(Ef — Ei)? ‘

[2nd (E; — E))f =>4

Eciun nocientee Bhpa)deHHe paccMaTpuBaTth Kak ¢yHkumio E; TO
nomajb NOJA KpHBOH, H3oOpakatowell 3Ty ¢yHKuHo, paBHa 2n7;
HO3TOMY MOKHO OTOXAECTBHTH

(218 (E} — E,)J = [2n8 (0)] 278 (E; — E;) = 2aT8 (E; — E,). (7.8)
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Wi, ewe npotet),
278 (0) =T. (7.9)

aBpHCTquCKH 3TOT pe3yJbTaT MOKHO MOJIYUYUTb MNPAMO H3 oOfipeae-

JICHHSA
TR

ond (B, — B) = | dre! BrrEDY,
(T > o0) T
CaenoBaTesbHO,
T2
276 (0) = g dt=T.
(T—)oo)_-

T2

BosBpamasce k (7.6) u gensi o6e wacTH 3TOro paBeHCTBa Ha
BpeMfl, noJyuyaeM, YTO UYHCJAO NepeXoAoB R 3a eAHHULy BpeMeHH B
HHTepBaJ AMNYyJabCOB d®p; paBHO

4Z%a’m® | @ (py, s5) Vu (py ;) P odPp; 5

R=—%y TaT 5

(E; — E)).

CeueHpre onpenenseTcss Kak CKOPOCTh nepexoaa R, oTHeceHHast K 1O-
TOKy najammux ygactuu Jie =, (x) y*¥; (x), rme a obosnauaer
‘KOMIIOHEHTY BEKTOpa BJ0JIb HalpaBJeHHs CKOPOCTH NajalollluX ua-
crun v; = p;/E;. Cornacuo npuusiromy B (7.2) YC/IOBHIO HOPMH-
poBKH N0OTOK paBeH |Jinc| = |vi|/V. Takum o6pasom, nuddepen-
IHaJbHOEe ceueHUe paccessHHsl do, NpHXOAsIleecs HA €AHHHUHBIH Te-
JlecHblll yroa df, ecTb

do S 4z%a’m® | & (pg s5) You (pp i) [

dQ [vilE lq

TTosb3ysick paBeHCTBOM

9
pidp
fEr L8 (E; — Ey). (7.10)

pidpy=E; dEy,

OKOHYaTe/JbHO MOoJyuaem

d 422 242 _
‘—d—g(;':—wal;-n‘——l u(pf’ Sr) Vou (pi’ Si) ]2’ (7'11)

UTO B HEPEJSITHBHCTCKOM Mpelleje coraacyercs ¢ ¢opmynofi Pesep-
dopura.

OObluHO no/ApH3anHs KOHEUHBIX 4ACTHIL He PerucTpupyercs, a
NoJAApU3alua HayaJbHBIX 4YacTHL, He 3ajaercs. Ecam namamowui
IIY4OK HMeEeT OCTATOUHYIO NOJAPH3aUHI0, TO [Js 3TOro, Kak mpa-
BHJIO, MMEIOTCA BECKHC NPHYHHBI U SKCIEPHUMEHTATOp B KOHEUHOM

) Ecan napamoiiHe H paccesiHHble YACTHIILI OMUCHIBATL BOJHOBLIMH NaKeTa-
MH, TO YyAaeTcsl n3bexatb MOABNEHHS He BNOJHE KOPPEKTHO OMPeRe/eHHbIX KBa-
nparos 8-dynxunii. Torga papepctsy (7.9) MoxHO KaTh cTporog 0B6OCHOBaHAE
(cm. [56]).
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uTOore X OGHAPYXKHUT, KAK 3TO [IPOU3OILIO B CJayuyae ¢ NOJAPH30BaH-
HBIMH 3JeKTpoHamu oT P-pacnana. Koraa nogobuas HH(pOpMauus
OTCYTCTBYET, Pa3J/HUHBIM HauyaJbHbIM [OJAPH3ANHOHABIM COCTOA-
HUAM anpHOPHO NpPHIHCHIBAETCS PABHAS BEPOSTHOCTb. DTO O3HAYAET,
uto HabJaloaeMoe ceueHue npeiacTaBiasier coboil ceuenne (7.11),
NpOCyMMHPOBAHHOE 10 KOHEUHBIM CIHHOBBIM COCTOSIHHSIM H yCpel-
HeHHOE [10 HAYaJbHbLIM, T. €.

dG 47%a2m? _
& ="3Tq > alps, sp)vups, si) P (7.12)

+ Sf, $;

CyMMy. O CNHHAM MOXHO NepenucaTth B BHJE
2 4, (P> Sp)Vogtg (Por S:) 8 (i $:) VRS VeI Us (D5 S7) =
» 5

=+ Sf s
= X o (Ps Si) Vogtta (i $:) s (Ps 8;) Voot (Pp Sp)»

=+ 85, 8;

rle, Kak OObIYHO, MOJpasyMeBaeTCs CyMMHPOBaHHe 110 MOBTOPSIO-
muMcA HHAeKcaM. DTO YaCTHHIH cayuafd o61ero COOTHOIIEHHS, KO-
TOpPHIM Mbl GYJeM 4acTo MOJb30BaThCsl:

| (1) T () P = [a (F) Cu ()] @ () Tu (P)]; (7.13)

apech I'= y0F+y0. Hanpumep,

V=
iv® =iy’
YHY® = yiy?

Ghé +-+ p=1p -+ ¢ba.
CyMMHpOBaiHe [0 CNHHAM MOXKHO 3aMeHHTb BbIUHMC/EHHEM CJeJlOB,

ecJH BOCIOJIb30BATbLCS TMPOEKUHOHHBIMH onepatopamu (3.18):
4

~ r = ﬁl+m
3 g (P 5,) 0 (P 5.) = 9 &5 () @ (0,) (g, =
:t:si

r=1
p;,+m
(T)m =[A+ (pi)lga

Torga cymma no cnusam B (7.12) mepexoaut B

_ b+ m
S 5 it (P55 ),y

-0., B ﬂ:Sr
=Z(yomyo) (ﬁf+'"
o B 2m ap 2m sa»



108 ONMHUCAHHE OCHOBHBIX 3JEKTPOOAWHAMHYECKUX SIBJIEHHH [T, 7

rie Mbl NPUMEHHJH TOT Xe caMblii npueM. [locsiennee BbIpakeHHe
npeiacTasJaser co06of cjaen, T. e. CyMMy [AHATOHAJbHbIX 3/1EMEHTOB

MaTpHIH
(Py+m  (f+m)
0 Yo .

2m 2m

ITostomy (7.12) MokHO 3anucaTh B Buje
dé 4Z%a2m? ®; +m) (P
0 o9m Yo

— +m)
4@ = T2[qF '

2m

(7.14)

§ 25. Teopembl 0 BLIYHCJEHUH CJAEJ0B; yCPeqHEHHOE
N0 CNUHAM CevyeHHe PACCEAHHA B KYJIOHOBCKOM MOTEHLMaJe

Tenepp Mbl caenaeM HEKOTOPOe OTCTyIJIEHHE W YCTAHOBHM P
noJsie3HbIx cBoHCeTB MaTpuu Jupaka. dtu CBOHCTBA NMO3BOJSIOT BhbI-
UHCAATH CEUeHHs, He TNPOHU3BOAA HHUKAaKUX JAeficTBUA ¢ MaTpumamu
Hupaka. OHn BBIBOAATCS M3 KOMMYTAUHOHHBLIX COOTHOLIEHH# AJIA
MaTpHL y H CNpaBeMJIHMBbl HEe3aBHCHMO OT BHIOOpAa KOHKPETHOTIO
NpelCTaBJeHHsT IS 3THX MaTpuu. Mbl nepeudcauM 3TH CBOHCTBa
B BHJe pAAa TeopeM.

Teopema 1.

C/iefl HedeTHOro 4YHcJa MaTpHU y PaBeH HYJIO.

Hoxkasaresvcrso. s HedeTHOro n

Sp @y e dn=SPd1 v dnY5V5=Sp Vsdp = &nYs;

37eCb Mbl BOCNOJIb30BAJ/IHCh TeM, UTO CJIel He MEHseTcsl pH WHKJIH-
yecKofi nepecTaHoBKe, B uyacTtHocTH, Sp AB = Sp BA. Tocaenosa-
TeJbHO MEpecTaBJsis NMEepPBYIO M3 MaTPHU vys HAanpaBo, ML A pa3
NOJIyYHM 3HAK MHHYC, BOSHHKAIOIMH H3 CBOHCTBA aHTHKOMMYTAUHH
Yu¥s -+ vsV,=0. B urore a.1s HeueTHoro n uMeem

Sp dl v an=(— l)n Sp dl see t‘inysv5=0. (7.15)
Teopema 2.
Spl=4,
4 A PO (7.16)
Spdb=Spbad=",Sp(db+ bd)=a-bSpl=14a-».
Teopema 3.
Spdy @, =a,-a;Spdy++» 8, —a,-az;Spdydy +++ 4y F -
svr 4a,-a,Spdy e Gy (7.17)

B uccrHOCTH,
Sp d\d.4;4,=4[a, - aay - ay,+a,- ayay - a; — ap - a;a, - ay.

Ilokasareascreo. Tlonbsysich paBencTBoM ddy = — d,d, + 2a,ay,
MBI niepecTaBuM d; BIpaBo MO OTHOIUIEHHIO K d, T. e.

Spdidy +++ d,=2a,-a,Spd, +++ 4, — Spaydds +++ 4,.
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IIIEII:ICTBYH JaJjiee aHAJOTHYHBIM 06pa30M, NOJY4YuUM
Spdl---dn=2al-a25pdg---dn‘— e +2a,-anSde---d,,_l—
—_ Spﬂg e dndl'

HaxkoHel, BOCHOJb30BABLUIKCH CBOHCTBOM UMKJIHYHOCTH CJ/ela, MBb
BHOBb NepecTaBUM & BJEBO OTHOCHTE/NbHO APYTHX MaTpHL y; TeM
caMblM TeopeMa J0Ka3aHa.

Jta TeopeMa B OCOGEHHOCTH MOJIE3HA /sl YNPOLIEHUSA CJIOKHO-
ro cjaefa, XoTa npu n > 6 caeayeT, ecJaH 3TO BO3MOXKHO, npuberathb
K 6oJiee H30I(PEHHbIM TpueMaM, 4ToObl H36exaTh JaBHHOOGPA3HOIO
pocTa 4HCJa UJEHOB. :

Teopema 4.

Sp V5 = 0)
Sp y;db =0, (7.18)
ahad . 8
Sp vsdbed = dieggysa’t’c'd’,

THE €qpys =1 1, ecin nepecraHoBka (ct, B, v, 6) nonayuaercs u3
(0, 1, 2, 3) B pe3y/ibTaTe YETHOrO YHCAA TPAHCMOZHUMM, Eygy5 = — 1,
eCJIH YHC/IO TPAHCTO3HLUA HEUETHO; €ypys =0, €c/iu cpeiH HHAEK-
COB MMeIOTCS COBNajalolliue.

Hoxasareascreo. [lepBbie ABa paBeHCTBA HEMEMJIEHHO CJEAYIOT
uz toro, 4ro ys = iyy!y%y%. [las noJyueHus TpeTbero Halo pac-
CMOTpeTb OT/e/bHble KOMIOHeHTH. UTCOb AaHHbIA Y/IeH BHOCH/ He-
HyJ/1eBOH BKJal, BC€ KOMIIOHEHTHE BEKTOPOB 4, b, ¢, d noNXKHBI ObITh
pasJ/inuHbl, a NOJNHBIA BKJAAL MPeACTaBAseT COOOH CyMMy No pasauu-
HBIM KOMOHHAUMSM KOMIIOHEHT, MPHYEM 3HAK KaxK[0ro M3 cJjarae-
MBIX OTpeneasieTcs 3HakoM mepectaHoBKH. OOWKH 3Hak 3aaaeTcs U3

SP V5VgV¥, Vo Vya%h' ?d® = ey ,,a%" c*d® Sp vE = diey,a’b'c*d’.

Teopema 5 ).
V¥ =4,
YudYu = Qd’ )
v, aby* = 4a - b, (7.19)
v abey" = — 2¢ba,
yudbedy = 2[dabe + ¢bad).
Teopema 6.

Spaidy e+ Aoy =Spay, -+ ay. (7.20)

1) XoTa COOTHOUIEHHst 5 He OTHOCATCH HENOCPEACTBEHHO K CJelaM, HO HMH
IIPHXOJMTCH MOJIb30BATLCA B TeX e pacuerax, rfe HeOOXOLHMO BBIYMCAATH CAeAb.
Mostomy Mbl aaa yno6etBa HX 3iech npusoanM. Mx pokasarenscrso npefna-
raeTcs B KaUeCTBE MOJE3HOrO YMPaXHEeHHs.
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Hokasareavcrso. [lpn paccMOTPEHHH - 3apPSAOBOro CONpPsIZKEHUs
B rJ. 5 6blJO NIOKa3aHo, YTO CyllecTByeT MaTpuila C, obJagawpoiias

€ 30WCTBOM CyuC_l=——v£. Hanee
Spd, -+ 4y =Sp C4,C”'Ca,C™" .. C4,,C7 " =
=(— 1)2n Sp d{a\ZT Tt d?‘n = Sp [dQn T dl]T': Spdy, -+ dy.

BosBpauasch K 3afaye 0 KYJOHOBCKOM DACCESHHH H HCIOJb3Ysl
TeopeMmy 1, noayuaem usz (7.14)

déc Z%a? A 2
a0 - 2|q'|4 [Sp voﬁivopf+m Sp (YO)Q]
ITpumensas TeopeMbl 3 M 2, HAaXOAHM OKOHYATEJbHOe BHIparKeHHE
s AaQQepeHinaJbHOr0 CeYeHHs! pacCesHHs
dé Z%q?

MoxHo BrIpasuTh AuddepeHnUHa bHOE CeUeHHE Yepe3 3HEePrHio pac-
cenBaeMoli yactuub E = £; = E; u yroa paccesibus 0. IL1s storo
BOCIIOJIb3yeMCsl KMHeMaTHYeCKHMH COOTHOLIEHHAMH

pi - p; = E* — p? cos 6 = m? - 2p°E? sinQ%

Iq 12=4p2sin2%.
Torna \
do VALE . 90
E = m (1 -_ Bz sm27) . (722)

9To Tak HaspiBaemoe ceuyenue Motra [57]; oHO mepexomuT B pesep-
tdopaosckoe npu f—0.

§ 26. KysnoHOBCKOe paccesiHHe MO3HTPOHOB

Ilepexoast K pacCMOTpPEHHIO paccesHdsi NO3HTPOHOB B KYJOHOB-
CKOM [0Jie, MBI TIpex/Je BCero 3aMeTHM, YTO B HHU3IIEM MNOPSAKe MO
0. CEYEHHE paccessHUSl TaKOe »Ke, Kak MJs 3JeKTPOHOB. B sTom
npoile BCero yOeAHTbCs, 3anucaB MaTPHUHbIA v/eMent. M3 dop-
MyJbl (6.56) u cOnpoBOXAAIOILUX ee MOSICHEHHH cJaefyeT

Sy = e Sd“x B; (1) A (x) ¥ (x). (7.23)
31ech HayaabHOE COCTOSIHHE OTHOCHTCSA K OYAYIUEMY M HOJIKHO HH-

TEPNPETHPOBATbCA KaK 3JEKTPOH ¢ OTPHUATENbHOH 3HEepruell H
4-UMIYJIBCOM —pjy, ABHXKYyUIHIACA Has3ad BO BpeMenn (cM. pHc. 7.1).
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B Husmem nopsjgke B KauecTBe BOJHOBOH (QYHKIHH MOACTaB-
JsieM MJOCKYIO BOJIHY:

P; (x) = f’;’v v (p;, s) et P, (7.24)

AnajoruusHo KoHeuHoe cocTosiHHe B (7.23) npeicraBasger co0oi
3JeKTPOH C OTPHIATEJbHOH SHepruei, pacnpocTpaHsIOULHICT B
npoutioe. Ero BoaHoBasg QyHKUHUS eCTb

by (x)= Fm[f/' v(p;, S;) ettt (7.25)

OHa onHcbiBaeT HaJeTalouMid [MO3UTPOH, KOTODPHI [0 paccesHHs
EMeeT HMAYJbC P; M nojspusanuio S;. [loacraass (7.24) u (7.25)
B BhipajkeHHe 1Jis S-MaTPHUB, HMeeM

iZe* 1 m? . d*x  i(ps—p;)
Spi=— = T/"’\/EfEi 7 (p;, s;)¥°v (py, Sf)S x| el (Prri)x

[MoayueHHOE BbipaKeHHe aHaJOrHuHo (7.4).
BeseicTBiie HHBAPHAHTHOCTH OTHOCHTEJBHO 3apsA0BOro COIps-
JKEHHs] MOJKHO B TOM e MOpslKe 1o e BMecTo (7.23) 3anmucaTthb

Si=tie { dxip,, () A,y () = — ie { atewr @ ¢ ACH o) =
= +ie | dtx by (9 A (9),

YTO MPHBOIHT K NpEXHeMy pe3yabTaTy. [Ipu Takom omHcaHHH MO-
3HUTPOH PACNPOCTPAHSETCs Blepef BO BpeMeHH H P, (x) = Cyolb’; (%)

€CTh BOJIHOBAs (hYHKUHSA HAdaJbHOTO MO-

3UTPOHA. —Frs Sp
[ToBTOpSiA BHIYHCJIEHHS, MOCPEACTBOM

KOTOpHIX  Oblia  moJayueHa ¢opmy.a

(7.12), HaxonuM BbIpaXKeHHe MM AHG-

(hepeHUHANLHOrO CeueHus

(_d_(’) —
aQ J +
27%a2m?

=W Z |6(pi, Si) VOU (pf, Sf) |2.

" His St

Puc. 7.1. Kymrononckoe pac-
(7.26) cesiHHe TO3HTPOHOB.

E sf, S;
CYMMy 10 CnHHaM, KakK H Ipexje, MOXHO MNPHUBECTH K cjaeny, Hc-
. HOJ1b3yﬂ cnenyromee COOTHOlIE€HHe JOJad [OO3HTPOHHBIX CIHHOPOB

(CM. (39)) +
Z va (P, Si) 5ﬁ(p'i’ Si) = —( ﬁém -

ey ’ ®
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Takum o6pasowm,
do 7202
(dg )e+= 2|;1|4 Sp v (p, — m) Vo(ﬁf — m),

uTo coBnajaer ¢ (7.14) ¢ TOYHOCTBIO O 3aMeHbl M HAa —mM.

[TockonbKy nosyueHHOe HaMH BbIpaKeHHe AJS CeuelMs paccesi-
HUsl 3JIEKTPOHOB OLLIO YeTHBIM MO /m, Mbl y6exjaeMcs B TOM, 4TO
B HHU3LIeM [OpsAJKE NO ¢ CEUEHHS pAacCCesHUS MAJsi NO3HTPOHOB H
9JIEKTPOHOB PaBHBI APYr APYry. MBI MOI/IH NOJAYYHTb 3TOT Pe3y/ib-
TaT W3 HUHBAPHUAHTHOCTH OTHOCUTEJBHO 3apsilOBOr0 CONPAKEHHUS.
B ra. 5 GbL10 MOKa3aHo, YTO KaXKAOMY PEUICHHIO AJS 3JeKTPOHA
B notenuxane A, oTBeyaeT peuwleHue AJs NO3HTPOHA B NOTEHIHAME
—A,, T. e. paccesiHHe JeKTPOHA B MoTenuHame —e/4nr ecTh TO ke
camoe, 4TO paccesiHHe NMO3HTpPOHa B NOTeHIHaje --e/4mr; OAHAKO,
IOCKOJIbKY BBIYHCJEHHOE CeUeHHe 3aBHCHT TOJBKO OT ef, 3Hag AM
He Urpaer pOJH.

Ilns nonpaBok nopsjka e, KOTOpble BO3HUKAIOT KaK MPOH3Bee-
HHe aMIUIMTY] 0ePBOrO M BTOPOro MOPsAKa, H300pa’keHHbLIX Ha
puc. 7.2, 3T0 3aKJIOueHHe HecTpaBeAauBo. TakHe NONPaBKH HMEIOT
pasHbie 3HAKH AJs1 3JEKTPOHOB H MO3HTPOHOB.

Puc. 7.2. KysonoBekoe paccesinne a1eKTpOHOB,

HeTpynano rakxke 3aMeTHTb, 4TO ceueHHe st MO3HTPOHOB MGJY-
YAEeTCsl U3 CeUEHHsl JJISt SJEKTPOHOB MyTeM 3aMeHbl p; <> —py; 3TO
ofulee CBOHCTBO TEOPHH NO3HTPGHOB, HMEHYEMOE <«IPaBHJIOM MOJ-
craHoBkH» («substitution rule»). Ouno TecHo cBsizaHO ¢ MeTOAOM
¢byHRUuA pacnpocTpaHedus. [Ipumepbl npHMeHeHHs 9TOro npasuJa
ellle He pa3 BCTPETATCS HAM B JaJibHeliiem,

§ 27. Paccesnue 3JeKTPoHa Ha AMPAKOBCKOM NPOTOHE

PaccMoTtpum tenepn paccesHHe 3JeKTpPOHa He B (HKCHPOBaH-
HOM KYJIOHOBCKOM MOJIie, a Ha NpPOTOHe (MoKa Mbl Gydem CUHTaTh
NPOTOH GecCTPyKTYypHOH AHMPAKOBCKOH uacTuuei). Kak namenutcs
MOJIyYeHHbIl HAMH De3yJLTaT?
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3Has NpoToHHBII TOK JW(x), MOXKHO ¢ [MOMOUIbIO YpaBHEHHIl
MakcBenna HaliTu coznasaemMoe MM noJde. AMIUINTYla paccesHHS
3JIEKTPOHA B 3TOM noJe gaetca S-matpuuefi (7.1). IloBropus mnpe-
AbIAYUIHE PacCyKAeHHd, MBI MOJYYHM CKOPOCTbL Nepexoia H cede-
HHe paccesiHHs B HU3IEM MHOpsaKe MO o.

Wrak, cnauasna Ha@neM co3faBaeMoe NPOTOHOM 3JEKTPOMarHur-
noe noJe. Iloresunan onpegensiercst U3 ypaBHEHHS

O A" (x) = 7" (x), (7.27)

rae AJs yno6cTBa Mul BHIGpaJi JopeHneBy KaaudpoBky. Hrobu npo-
HHTErpHpOBAaTh TO ypaBHeHHEe W HalTH AM(x), MBI, KaK U AJAA CJIYy-
uyas 37eKTpoHa, BBOAHM ¢yukuuio I'puna, uan nponararop. IIpona-
rarop Dr(x — y) onpenessiercsi ypaBHeHHEM

O Dp(x — y) =8 (x — y). (7.28)
Ero ¢ypre-npeofpaszoBanne HMeET BHJ

d* ;
Dy (s —y) = | 20 o-t0-e-0p, (),

rae Dp(¢®)= — 1/¢° naa ¢ 0.

Kak u ana hepMHOHOB, HeOGXOAUMO 32/1aTh NOBEJEHHE B MOJIOCE
npu g2 == 0. Ilo aHaJorHK ¢ AHPAKOBCKHM MPONAraTOpPOM, paccMoT-
peHHbIM B 1J. 6, Mbl f00aBasieM K g2 GeCKOHEYHO MaJyK MOJNOXKH-
TeJbHYI0O MHHMYIO YacTb; 3TO 3KBHBAJIEHTHO BBEAEHHIO MaJOH OT-
pHIaTeIbHOA MHHMOH Macchl (cM. (6.46)):

—1
Dr (g% =Te- (7.29)

Takoli cnocob obpamieHHs ¢ NOJIOCHOH OCOGEHHOCTbIO 03HauaeT Bhl-
JeJieHHEe H3JYYeHHs ¢ TNOJIOXKHTeJbHOH 4acTOTOH HJH SHepruei, pac-
npocTpaHaloLerocs Brepel Bo BpeMeHH. Kornma Mb paccmaTpuBaem
paccesinde H3JIYUCHHs] BelIeCTBOM, HalpHMep, NpeJioMJeHHe CBeTa
IPH NPOXOXKIEHUH HY3bIPLKOBOHA KaMephbl, Mbl AOJXKHbI M03a60THThb-
¢ 0 TOM, uTOOb! BOJIHB C MOJIOXKHTEJNbHON YacTOTOH, OTBeYamllHe
KBAaHTaM C MNOJIOXHTEJLHOH SHeprvefl, ucmyckajuce 0e3 oTpulla-
TebHO-4aCTOTHOrO conpoBoXenus. CooTBeTcTBYyIOUIHH ¢efinma-
HOBCKHH nponaratop 3anaetcsa ¢opMyJioi

! . -1
D (e = 1) = | et eew (5555). (7.30)

a onpenensieMbiit U3 (7.27) noteHnMas HMeeT BHA

A (x) = S d'y Dp (x — y) * ). (7.31)
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[MoacTaHoBKa 3TOTO BHIpaKeHUsh BMeCTe ¢ PeIICHHMAMHM B BHIe [JIO-
CKHX BOJH AJis JeKTPOHOB B 3jeMmeHT S-matpuus (7.1) naer

Spi=—i{ d'vd'y eb; () vhs (] Dy (x — ) * (). (7.32)

Tenepb Mbl NOJKHBI PELINTb, KaKoe BblpaKeHHe cJelyeT BbHI-
6paTb B KauecTBe MpOTOHHOTO TOka J(y). EcrecTBennuii ¢ ¢usn-
yeckOH TOUKH 3peHHst BHIGOP BbITeKaeT H3 APHUHIHUNA COOTBETCTBHUS.
B kauectBe TOKa nepexona Gepercss MATpPHUHBIN 3JeMEHT

() = e, ¥ () v ¥ (), (7.33)

rae e,= —e>0—3apsix mpotowa, a ¥/ (y) u ¥r (y) mpencras-
asoT cobof pellleHHs B BH/e NJOCKHX BOJH [ Haua/bHOro
U KOHeuHoro cBoGoaHbIX fpoToHoB. OHH HUMEOT TOT Ke BHI,
uro (7.2) u (7.3), ¢ TOH pasHMUell, 4TO Macca MPOTOHA E€CTb M,
a ero HayaJbHbBle U KOHEUHbie MMNYyJbc M sHeprud — P;, Py n &,
&, coorBercTBeHHo. Torma Ans TOKa HMeeM

2 .
1) == Af o ¢ TP, S)V P, S). (734
[Mortenunan A*(x), ompenensembit ypaBuenuamu (7.31) u (7.33),
NPUHATO Has3bBaTh moTeHuHajsoM Ménsepa [58] mias AHPAKOBCKOro
npotoua. B HepensTHBHCTCKOM MNpPHOJHIKEHHH TakOH BBIGOp TOKa
nepexojia B KauecTBe HCTOUHHKA Av(x) 6w npunst ['afizenGeprom
W MpHMeHeH HM K MepeXoiaM 3JeKTPOHAa NMpH pacueTe H3JIy4YeHHS
ATOMOB ¢ NOMOUIbIO MAaTpHYHOH MexaHHkH (cM., Hanpumep, [22, 59]).

IMonctasass (7.34) B (7.32) u ucnoansys (7.30), mul Ges Tpyna
BBIUHC/ISIEM HHTErpajbl W NOJy4aeM AJf dJeMeHTa S-MaTpHUbl

{2 2 2

S1o = S ) 01 (P — P+ py — ) A o A g X

X la(pys, sp) vuu (pi, Siﬂm[ﬁ (Ps, Sp) y*u(P;, S»). (7.35)

CHMMeTpHs NOJYUYEHHOro pe3y./bTaTa Mo nepeMeHHbIM 3JeKTPOHa
M NpPOTOHA MOATBepKAAeT NPaBHUALHOCTb BmOOpa TOkKa B ¢dopme
(7.33). Ecsin 661 Mbl B KauecTBe HCXOLHOrO MYHKTa HalIMX BBIYH-
.caeHUuM B3aau Bulpaxenue (7.1) Aas aMNAHTYAbl paccesiHHs UpO-
TOHa B TOJe€, CO3JaBaeMOM TOKOM 3JeKTpPOHa, W BhiGpaau (7.33) B
KayecTBe TOKA 2JEKTPOHA, TO MLl AOJIKHBE ObliH Obl MPUATH K TOMY
JKe caMOMy pe3yJbTaty.

CpaBHeHue ¢ BbipaxeHueM (7.5) MOKasplBaeT, 4TO pa3jvuue Me-
KAy paccesHuem 3JeKTPOHAa B KYJOHOBCKOM I[lojie H Ha MPOTOHe
CBOANTCA K 3aMene Bhipamenus Zy%/|q|? na

—1 M2
w(7rw) \/ 7 1P S)vu P, §))
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u V—ua 2apP&(P;—P,+ P; — P;), 4TO BbipaxkaeT COXpaHeHHe
HMIyJIbCa.

®opmyna (7.35) naer aMIJIHTYAY 3JEKTPOH-MPOTOHHOrO pacces-
HUS B HAaHHH3LIEM NOPsAKE 0 o OHA He YUHThIBaeT 3pdekTor 6o-
Jiee BBICOKOTO NOPSIIKA, KOTOPbIe MPUBOMASAT K HCKAXKEHHIO MJIOCKUX
BOJIH B BbIpaxKeHUM 1Js Toka. Beipaxke-
Huo (7.35) yno6Ho conoctaBHTb (eliH-
MaHOBCKYI) AHArpaMMmy, H306paKeHHYIO
Ha puc. 7.3.

OpvHaprast cljlomHas  JHHHAS €O
CTPEJIKOH, YKas3bplBalolle#t HanpabJeHHe
BPEMEHH, OTBeuaeT 3JeKTPOHY, a [BOH-
Hasi — NPOTOHY. BosHucras JIHHHSA OIH-
CbiBaeT 3JeKTPOMArHuTHOe B3aHMoeli-
CTBHE, KOTOPOMY B MATPHYHOM 3JIeMeH-
T€ OTBeYaeT BeJUYHHA, o6paTHAs KBajn-
paTy InepeaaHHOro HUMIyJabca HJAH 0O6-
pataas onepatopy [HanauGepa (cM. Puc. 73. Paccesnne agek-
(7.27)) B UMNYyJbCHOM [peACTABJEHHH. TpoKa Ha mpoTOHe.
Mbl 6yaeM roBOpHTH, YTO 3Ta JUHUS OMH-

ChIBaeT «BHPTyaabHbBIH (POTOH», Mocpen-

CTBOM KOTODOIG 3JEKTPOH U NpPOTOH OOMeHWBAOTCA 4-UMIYJb-
coM q = p; — p; = P; — P;. AMnJautryia pacnpocTpaHeHHUsi BHPTY-
aJbHOro (oToHA MeXAY IBYMS TOKaMH ecTb — (g% 4 ie)~!. Toukam
HJIH BepUIMHAM, M3 KOTOPLIX MCXOLAHUT M B KOTOpbHie BXOJHT (POTOH,
conocrtaBasercss GakTop ey, KOTOPBIH CTOMT B OOKJajKaX H3 CIH-
HODOB x/m/Eu(p, §), OTBEYAIOUIHX CBOGOAHBIM peaJbHBIM HAauaJb-
HBIM H KOHEYHBIM yacTHUaM. Kakfofl JHHHE M KaxXKIOMy nepece-
YeHWIO JHHHA Ha AuarpaMme OTBe4aeT CBOH EAUHCTBEHHBIH uJeH
B BRIpaxKeHHH pjas S-maTpuubl. Kpome toro, S-matpuila Bcerja co-
AEPKUT ueThipeXMepHyIo O-(hYHKUHIO, BBIPAXKAIOIIYI0 OOIIMN s
Bcero Impouecca 3aKOH COXPAHEHHs 3SHEpPrUH-UMIYJbCa. ‘

[ns Berunc/ieHHs ceueHMst BepHeMcs K puc. 7.3 u popmysne (7.35)
M NpexJe Bcero nyteM jeneHus |Sy;|? Ha Bpemsi HaGmoacHus T u
NPOCTPAHCTBEHHBIH 06beM 00/JaCTH B3aHMOJEHCTBHA HAHAEM CKO-
pOCTb nepexoja, OTHECEHHYIO K eXHHHUYHOMY oObemy. [losyuaem

| Sp, 12 4 s 1 m? 2 )
Wi = 1 = (2n)*6*(P; + p; — P; — Pi)WE—fEi‘TgféTilgmﬁl )

(7.36)

rae BeJIHYHHA
2
Wy =1 (pp, ) vt (pi, )] oz [@(Py, SV (Py, S)]

npencrasiaser cob6ofl JIOpEHIU-HHBaPHAHTHLIA MATPHYHBIH 3JeMeHT
H GyaeT B AasbHelilleM HMEHOBATbCS HHBADHAHTHOH aMIVIHTYILOIL
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[epexoas ot (7.35) k (7.36), mbl npeicraBuau KkBaapat 8-pyHK-
LUK B BHJe, aHaJOTHYHOM, HO HecKoJbKO GoJgee obuiem, uem (7.8),
a MMEeHHO

[(25)* 8* (P + p; — P; — po)P = (2n)* 8* (0) (2m)* X
X8 (P;+ ps— Py — p) + VI (20)*8* (P + py — Py — py). (7.37)

Hanee pasgesuM CKOPOCTb flepexoja, OTHECEHHYID K €AHHHUHOMY
06beMy, Ha NOTOK MaAaOIKX YacTHL |Jine| M Ha MJIOTHOCTH 4ACTHI
MHLIEHH, KOTOpas COrJacHO HCNOJb30BaHHOA B (7.2) HOpPMHpOBKe
paBHa 1/V.

Haxkoneu, utofb [OJY4YHTh (H3UNeCcKOe CeueHHe, HeoOXOAUMO
TIPOCYMMHPOBAaTh MO 3aAaHHOMY Ha0Opy KOHEUHBIX COCTOSIHMH 3JeK-
TPOHa MW NPOTOHA, OTBevamoUleMy Vc/0oBHUAM HabJaiofenus. YUuciso
KOHGUHBLIX COCTOAHWA ¢ 3aJaHHBIM CIHHOM, NPHXOASLLEECs Ha HH-
TepBaJ UMNyJbcoB d3p; d3P;, ecTb

dSpf
|4 Br 14

doP;

T (7.39)

Takum o6pa3oM, ceueHHe repexoAa B KOHEUHOe COCTOAHHe, JIeXKa-
niee B HHTEpBaJe t, PaBHO

S , &p; @°P; V
T
d3p

@n)° @ [Tmel ©

S d3Pf mM  mM  (2r)t 84 (Pf + ps— P
n)3

Pi)
(2n)> Ep&p Ei8; [Tinc |V [ M, 2 (7.39)

T

MoxHO emle NPOCYMMHDPOBaTh 3TO BBIPaXKEHHe MO CHHHOBBHIM CO-
CTOSIHMUSAIM KOHEYHBIX YaCTHI[ H YCPEAHHTb [0 HAYaJbHbIM CHHHAM
JUISL cayuasi, KOrja MoJisipH3alldsi OTCYTCTBYeT.

Tenepb Mbl MOXeM OTMETHTb HEKOTOpble O0live AJA BCeX Ipo-
LleccoB paccesiHus uepThl. Pu3HKa ABIEHUS 3aK/IOuEHa B KBajpare
HHBAPHAHTHOH aMMJIHTY bl | ;|2 Kaxpo#t u3 BHEIIHUX (epMHOH-
HBIX JIHHHE, T. €. KaXA0# najamlled HJAH HCMNycKaeMOH AHPAaKOB-
cKoil uacrHile, oTBeuaet dakrop m/E. ®as3oBelii 06beM KaKI0H U3
KOHeYHBIX uacTHL AaeTcs (Gaxtopom d3p;/(2x)3. Takum ob6pasom,
MBIl BHAHM, YTO 3a CuUeT KaXIOH W3 KOHEUHEIX YaCTHI| HOsBJsSETCH
suipaxenue (m/E)[d3p/(2n)3]. Ono mpeiactaBaser co6oii JIOpPeHL-
MHBapHAHTHLII 060beM B HMMYJ/IbCHOM NMPOCTPAHCTBE, B YeM HETPYJHO
yGeauTbes H3 c/eldyIoilero paBeHCTBA:

oo 00
3
22 N\ aposipur —myap = { s —mt)0(p), (7.0
0 -

I, po>0,
9(p0)={ 0 pz<0.
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3aecb 6(po)— BBeaennas B (6.18) GbyHKUHA-CTyNEeHbKa; OHA JIO-
peHU-HHBapHaHTHA, ecau 4-BeKTOp p* BpeMeHUNoAo0eH, Kak B Ha-
mwem cayyae. OGmuil A1 Bcero mpouecca 3aKOH COXPaHEHHs IHep-
THH-HMIYJbca BhIpaxaercs 8-dpyuxuued (2n)464P;+ p; — Pi— pi).
Hakonen, umeercs ¢akrop 1/V|/ine|; notok |Jime| Ans konnuneap-
HBIX NYYKOB €CTh YHC/IO YACTHI HA eJHHHIY ILIOILAfH, TepeceKalo-
LIHXCA APYr ¢ APYroM 3a eHHULY BPEMEHH, T. €.
A a1
Hine | = ———.

B coueranun ¢ HOPMHPOBOYHBIMH MHOMKHTE/ISAMH A/ OOeHX HaJje-
TalouWHuX yacTHl Beanuuna V|Jmc| o6pasyer JiopeHu-HHBapHaHTHOE
BHIPAYKEHHE

mM mM mM
- = =T (7.4])
E& v, =7, {p, | & +|P,|E; '\/(pi'Pi) —m*M

Orclofia BHAHO, UTO MOJHOE CeueHHe HHBAPHAHTHO OTHOCHTEJNBLHO
npeofpa3oBanus JlopeHna, coBepiiaeMoro BJAOJib HaNpaBJeHUs Ha-
Jeralomux nydkoB. Takum o6pas3oM, MOMKHO 3amHcaTh PaBEHCTBO
(7.39) B uHBapuanTHoH dopMe

do = | Dy ! (2)* 8 (Py — Py + py — pi) X

T
mdip; Md*P

mM
(7.42)

[Tonyuennoe BhIpa)keHHe COJAEpPXKHUT BeJHUHHBI caMoii ofmef npu-
polbl; B JajbHellleM MB GyleM ONYCKAaTb AETaJH HX TIOSIBJEHHS.
HopmupoBounblii 06bem V He Bomea B KoHeudblli oTBeT. ToT XKe
OTBeT OBl Obl MOJyueH ¥ NPH APYrHX HOPMHPOBOYHHIX YCJIOBHSX,
He cofepxkawux obbvem V.

Ecau crajkuBamoliHecs NMyYKH He KOJIIHHEapHH, YAoGHee pac-
CMaTpHBATh HENOCPEACTBEHHO YHCJO COOBITHH B €IHHUIY BpeMeHH
dN/dt, koropoe naxonutcs u3 (7.36) u OKasbiBaeTcsi PaBHBIM

dN M
md3pf MdiP;

4
X d (Pf—Pi’!"pf_pi)(?_n)a—EW.

3nech pe(x, t) H pp(X, {)— YHCIO 3JMEKTPOHOB M TNPOTOHOB B €AH-
HHlle 06beMa; 3TH BEeJHYHHBI MOSIBHJIHCH B3aMeH /JBYX (akTOPOB
(1/V), kotopnie HOpMHpYIOT BhlpaxeHHe (7.36) Ha eAMHHuUHYIO Be-
poATHOCTb B oObeme V.

Kak yxe roBopusoch, BeipaxkeHue (7.42) oTBeuaer nepexoay H3
3a/laHHOTO HAYaJbHOTO CIIMHOBOIO COCTOSIHHS JEKTPOHA W NMPOTOHA
B 3a]laHHOe KOHeyHoe. Ecan moasipusauyH He PeruHCTPHPYIOTCS, MBI
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AOJIZKHBI MPOBECTH preILHEHHQ M0 HadaJbHbIM CIHHOBbLIM COCTOA-
HHAM H CYMMHpOBaHHE€ IO KOHEYHLIM. B pesyJbTaTte MNOJYy4YHuM

=y 1 _ 2 - 2
|ﬂ)?fi 2= T Z |U(Pf, Sf)Y“u(Pi, Si)jiz:_—isu(Pf, Sf)Yuu(Pi, S)| =
Sf’si'sf’sz
Lo (Bstm) (B +m) Pr+my  (Pitmy <
=SSP g VW T VISP o Yy

Boiunc/ieHne mepBOro cjaefa ¢ HCHOJAb3CBAHHMeM TeopeM, NPHBEAEH-
HblX B § 25, naer

(rm) o ()

Sp—5,— V' 5, 4,,12 Sp Ay piv” + mPviyY) =

=z [pfp, + pip} — g (py - b, — m*)].

Bropoit ciien uMeeT TOT Ke BUA, M NOCJE HEKOTOPHIX aJjrefpauue-
CKHUX TIpeobpa3oBaHHil MOJyyaeM CJAeIVIOLIHH KOHEYHBIH OTBeT:

| Bigs P =gz [P+ ) (P )+ (P - pi) (P p) —
—m2(Ps - Py — M (ps - pi) + 2M*m?].  (7.43)

CeveHHe paccessHHS HENGJSAPH30BAHHBIX UYACTHIL TOJydaercs oOA-
CTaHOBKOH 3TOro BhipaxkeHHs B ¢opmyay (7.42). Ilonesno Bbiuuc-
JuTb do B J1a6OpaTOpHON CHCTeMe, B KOTOPOHl HauyaJbHbIH HOPOTOH
nokourcsl. B sroli cucreme umeem p; = (E’,p’), pi=(E,p) u
Pi=(M,0).

UTtobbl HaliTh AuddepeHllHaNbHOE ceUeHHe paccesHHUs 9JI€KTpOHa
B 3JIEMEHT TejecHoro yraa dQ’ B HanpaBJeHLH, 3aJaBaeMoOM IO-
JsipHBIM yrJoM 0, npoBeleM HHTerpupoBaHHe No ¢aszoBomy mpo-
CTPaHCTBY, BOCNOJb30BABIINChL paBeHcTBOM (7.40). 3amucas d®p’ =
= p2dp’ dQ = p’E’ dE’ dQ’, noayunm

déG 2 Mp' dE" | &5
d_gf;:‘TSL”Qg_)z-mﬁ Fa'py o (P} — M*) 0 (PP) X
X&' (Py+p" —Pi—p)=
2 M ’
— 2 el T PO () — Py — ) - M)8 (P4 E — ) =
M+E
2
— g \ a0y o omt — 28" — By M—2E'E + 200" cos )=
M

mM p [ My 2
= s ,  (7.49)
4n* p M4+ E — (pE'[p’)cosH
NpHYEM - YCJOBHe COXPAaHEHHs 3HepruH, BeipaxKaeMoe O-dyHKuUHed,
HMeeT BUJ,

E'(M+ E) — p’pcos 8= EM + m?, (7.45)
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‘B AJ1A MOJIYYEHHA KOHEYHOro OTBETa Mbl BOCIIOJIb30OBAJHCH CpOpMy-
ot S dx 8 (F (x) = df (x)/dx|™".

Ecay sHeprus s/ekTpoHa MHOrO MeHblle Macchi poToHa, E € M,
M1, ipenebperasi E/M < 1, BHOBb OPHXOAHM K NPeXKHEMY Pe3yJb-
TaTy [Js pacCesHHst B CTAaTHUECKOM KYJOHOBCKOM MoJe. B 3Tom
npeneabHoMm caydae (7.44) nepexoaut B ¢dopmyay Motra (7.21):

ds m? s E
2o Wb o <L
a ycaosue (7.45) naer E'=E.
Uz (7.43) umeem
— 8 242 E
| My, = o (2E% 4 m2 — p; - py), i < L.

m2q4

Ecau oTjgaua npoToHa CTAHOBUTCS CYILECTBEHHOMH, 3JEKTPOH
MOMKHO pacCMaTPHUBATh KakK yJbTpapesiTHBUCTCKHIA H npeHebperaTthb
nonpaBKaMH no Macce ajektpoda. M3 (7.43) u (7.44) Buako, uto
Jguneiinbie (M BOOOIle HeueTHble) ujeHbl 10 mM/E OTCYTCTBYIOT, Tak
uyTo nonpaBku umewoT nopanok (m/E)2 TlpeueGperas 3THMH @O-
npaBKaMH, HMeeM

ds __ m? E'|E
dQ” 4 T+ (2E/M) sin? (6/2

S P <L

Briuncass B 3ToM npenedbHoM cayuae |[My;|2, yno6Ho 3anucath Py
B Buie P;= P;-+ p;— p;, uto naer

— . 8'22
| Dy; P = iyt (2P P Py pi =+ pi - py(Pe py— Py - pp— MO =

. Sn2aEE’ [2+2sin23 (__l_ﬁ_ ]_
m*16E2E% sint (8/2) 2 2 M2

_ 2ol 2 0 g¢ .. o0 m

= WIEE sin' (02) (COS 7 7 omr SO ’Q‘)’ T <L

rae g2 = (p;— p:)? = —4EE’sin 2(0/2).
Taxnm obpasom, nuddepernasbHOe CeUyeHHe PABHO

dc __ a?  cos?(6/2) — (¢%/2M?) sin® (8/2) m
@~ I SR T+ eEm s o E < (7:46)

31ech MBl  BOCIOJB30BaJUCh CcOOTHomenuneM (7.45) B mnpenene
m2—0:
E'E(l —cos®) = M (E — E’).

®opmyaa (7.45) noayueHa B MNPeANOJIONKEHHH, YTO MO CBOHM
CBOCTBAM MNPOTOH TNpeACTaBaseT cOOOR TAMXKeENbIH 3JeKTPOH ¢ Mac-
coit M Oanako taxkoe onucanue ABJSETCA HENOJHBIM, MOCKOJbKY
OHO He YYUTbiBaeT CTPYKTYPY MPOTOHA KM eroc.aHOMaJbHbIi MarHuT-
HBIi MOMEHT, T. €. CBOMCTBa, WMeloLlHe ME30HHYIO Npupoay. Bosee
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TIOJIHOe OMHCAaHHe MPOTOHAa TpebyeT H3MeHeHuH B Qopmyse (7.46),
KOTOpble CTAHOBATCA CYLIECTBEHHBLIMH NPH BHICOKHX 3HEpPrusx, fpe-
BHILIIAIOIINX HECKOJbKO COoTeH Mas. Mul ellle BepHeMCs K 3TOMY
Bonpocy B ra. 10.

§ 28. TonpaBKH BBICHIHX MOPSJAKOB
K paccesiHHiO 3JEKTPOHOB MPOTOHAMHU

I1poBeaeHHOe paccMOTpeHHe pacCesiHHA 3JMEKTPOHOB NPOTOHAMHU
cripaBe/l/IHBO TOJBKO B HAMHM3IUEM HeHcuesaloliieM MNopsajke mo el
YTo6pl MoAyYsTh OOHPABKH ciejyollero, 60/ee BHICOKOro NMOpsiika
no €%, Mbl JOJKHBl BEPHYTbCS K BhipaxkeHHio (6.57) u paccMoTpeTh
aMIJIMTYAY BTOPOrO MOpsjKa 110 B3aHMOJEHCTBUIO MEXIy 3JEKTpO-
oM # nportoHoM. OHa AaeTcs BblpazkeHHEM

s =—ie’ {d'xd'y b () AW Sp(r— D AW Bi ), (7.47)

rjae, KaK H Ipexkie, 3MeKTPOMAarHHTHBHI NOTEHIHAaJ cO3jAaeTcst TO-
KoM nporoHa. UTo6bl ycTaHOBHTH (OPMY 3TOTO TOKa, [OCMOTPHM,
KAKOB BMJ TOKa 3JEKTpPOHa Bo BTopoM nopsake. Popmyna (7.47)
onuchiBaeT B3aumonaefictBue 3Toro Toka ¢ Au(x) n Av(y). Kak u
B nepBoM nopsaiake (cm. 7.35)), aMnunTyna Si? noMKHA GHITH CHM-
MeTpHYHON N0 TOKY 3JieKTpoHa K npotoHa. Tox 3.1eKTpoHa BO BTO-
pOM MOpsiiKe HMeeT BH

i () VS (r — ) Yo () = B (x) vy { B p2>09(xo — 40) ¥ (¥) $r () —
— > 8(yo— Xo) b () Dy (1) }wi (1)-

n, p<0

MHoXHUTeaAb | HEOOXOAHM AJSI TOrO, YTOOB TOK BO BTOPOM MOPAAKE
MOMKHO OBbIJIO MPEACTABUTb Kak JIHHEHHYI0 KOMOWHALHIO OPOH3BeE-
IeHHH ABYX TOKOB nepexoja. Onwupasich Ha NogobHble HaBOAsL(HE
coobpaxkenns, 3anuwem, caeaysa (7.31),

4,0 A, =, { dwd'z Dy (x — ) D (y —2) §7 (@) v, X
><{ 0w, — 2,) W2 () $2(2) —

n. pe>0
— Y 0(2— ) Wy @) B (z)} Ve (@) =
n; 0g<0
=i [ dwdaDo (s — ) D,y = AW @S} = 3,0 ). (749

3nech Dp(x — w)Dp(y — 2) npeacrasasioT coboll deliHMaHOBCKHE
Mponaratopbl AJs ABYX BHEWHHX (GOTOHHBIX JHHHH, H300paKeHHBIX
Ha pHC. 7.4,a.
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QoTOHB PaclpOCTPAHSIOTCS MEXAY 3JEKTPOHHOH ¥ NPOTOHHOM
BepUINHAMH, H300pa’KeHHbIMH B BHAE TOYEK, KOTOPLIM OTBE4aloT
thakTOphl ey, H epy, cOOTBeTCTBEHHO. BHYTpEeHHUM 3JeKTPOHHOH H
[IDOTOHHOH JIMHHAM COOTBETCTBYIOT (DepMHOHHBIE [PONAraTophl

e %

Z@-w)

Se(@-4) SPw-2)

e &Y
2VaVaVaVaVaVaVatal

Ir(y-2)

@)

p)‘" Sp ﬂe"l‘s;’

Fis 8¢ '01'1’52
(®

g

Puc. 7.4. Bxaax ueTpepToro mopsika B 3MeKTPOH-IPOTOHHOE pacCesHHe.

Sr(x—y) u SF(w—2). Takum o6pa3om, Mbl HMeeM NpHMEp COOT-
BeTcTBUSl MexAay AuarpamMmamu Pefiumaua u sJeMeHTaMu S-mat-
PHIBI, 3aNHMCAaHHbIMH B KOODAMHATHOM mnpeacTaBjaeHud. Urobbl 1o-
JYUHTDb NOJIHOE BHIDAMEHHe LA S, Heo6X0AMMO A0GABUTb B NPO-
TOHHBLIA TOK ellle OAHH YJ/eH, OTPa)kaloUlnil HepasJHYUMOCTb ABYX
¢$OTOHOB. DJICKTPOH, B3aHMOAEACTBYIOIIHH ¢ GOTOHOM B TOUKe X, He
Pas/au4aer, HCMYCTHJCS JH 3TOT (GOTOH H3 TOUKH W HJM 2, H HAPALY
¢ npoueccoM, H300paxKeHHHIM Ha pHC. 7.4,a cJaelyeT yuMTbiBaTb
Npouece, N0OKa3aHHbIH Ha pHc. 7.4, 6.
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©oToHHble (pefiHMAHOBCKHE NponaraTopbl o6ecneunBaloT pacnpo-
CTpaHeHHe BIepe/] BO BPEMEHH TOJbKO MOJOXHTeNbHbIX yacToT. On-
HAKO B3aHMOJENCTBHE COJAEP:KHMT BCE Pa3fHuHble YIOPsiAOUEHHs ude-
TBIPEX TOYEK X, 4, W H 2 BO BPeMeHHU, u (OTOH B TOUKE @ MOKET
OBbITb KaK NepBbIM, TAK H BTOPBIM HCHYLIEHHBIM WJHM MOIJIOLIEHHBEIM
3J1eKTPOHOM.

J1s cHMMeTpH3alHH [epeMeHHBIX ABYX HepasuYHMbiXx (OTOHOB,
KOTOPBIMH OOMEHHBAIOTCS 3/JEKTPOH M NPOTOH, Mbl 106aBuM K (7.48)
ujieH
ie? S d*w d*2 D (x — 2) D (y — @) ¥ (@) v,S7 (@ — 2) y, 9! (2).

p
Torga (7.47) npunuMaer BHL
St = e%e; | dtx d'y d*w d' by () S (6 — ) v (9) X

XDy (x — @) D, (y — 2) 9] (@) v"Sh (@ — 2) vV (2) +

+ Dy (x—2) Dy, (v — w) ] @) V'S; (@ — ) V'] (). (7.49)
O6a unena B (7.49) ymOB/AETBOPAIOT OJHHM H TeM xKe [paBHIaM
NOJIyYEHHs1 3JI€MEHTOB S-MaTpHiBl B KOOPJAHHATHOM 11pe/lCTaBJIEHHH
H3 COOTBETCTBYIOLUX Auarpamm DellHmaHa.

3aMeTtuM, uto cOPMYJHPOBAHHBIE HAMH [paBHJa COJAEpPIKAT

MOKa HeSICHOCTH ') B OTHOLIEHHH MHOMKMTeJeH {. MB CONOCTABJAMN
S-marpuue o0WHA MHOXHTeIb (—i) H, KpOMe TOro, 3aMHChIBAJH

IPOTOHHBII Mponaratop Sk ¢ MHOXKHTeseM i. B Bhicmiux Nopsiakax

BceM INPOTOHHBIM IponaratopaM SF OyAeT IPUIHCHIBATLCS MHOXKH-
TeJb [ 1O TeM Ke NMPHUHHAM, uTO H B paszobpaHHOM mpuMepe. Mox-
HO BBecTH ei¥iHOe NpaBHJO IS BceX (PEPMUOHHBIX NPONAraTopoB,

eCJIH COMOCTaBJATh iS% kamoil 3JIeKTPOHHOH JINHUHU, a KaxKJOol Be-
JuunHe A TpHOHCHLIBATL MHOXKHTedb (—i), T. e.
— ieASpeASy ... eA=(—ied)iSg(— ieA) ... (— ieA).

Toraa o6wuii MHOXKHTEIb (—f) BOHAET B JIHIIHIOKW (IO CpaBHe-
Huio ¢ Sy) BeanuuHy A. Takum o6pa3oM, KaxAoH BepllHHe y* Ha
3JICKTPOHHOH JINHHH MBI NpHNHCbIBaeM ¢akrop (—i). MOXHO TakxKe
COIOCTaBHTh (—I) KaxKA0H OPOTOHHOH BeplUIMHE, €CJH KOMIEHCHPO-
BaTb 3TOT MHOXKHTeab (akTopoM i nepel KaxiAblM (POTOHHBLIM IpO-
naratopom Dp. Torna mbl nosyuaem einHOe MPaBUJIO OTHOCHTEJILHO
MHOXHTeJed i: (—i) oTBeyaeT KaxkJOH BepUIHHE, a [ — KaXKAOI JIH-
HHM Ha jaHarpamme. B jaJabHefiieM MbBl Gyjgem CJ€AOBaTb 3TOMY
1IpaBUJIY.

JLJasl npakTHYECKHX BLIYHUCAEHUH yA0OHO nepeiiTH K HMHYJIbCHOMY
ripeacrasieHuio. s 3Toro nmpuMeHHM npeobpasoBanue Pypbe KO
BceM ¢urypupymomum B dopmyne (7.49) BeauunHam. I[lpeanosaa-

1) [das ycTpaHeHMsi BO3MOXHBIX COMHEHHH OTHOCHTEbHO OOLIEro MHOXKHUTEJd,
pPaBEOTO 2, peKOMeH/lyeTCsl pelllHTb 3ajayy 2 B KOHIE 3TOH IVIaBbl,
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raercsi, UTO BOJIHOBbie (DYHKUHM BHEIIHHX HacCTHIl (T. €. HAYa/JbHBIX

¥ KOHEYHBIX 3JIEKTPOHOB H TPOTOHOB) ABJAIOTCS [JIOCKHMH BOJI-

Hamu, Kak B (7.2), (7.3) u (7.34). Torna, nHanpumep, nepBuIl uJeH
B (7.49) nepeiizer B

2 dtq dq. dip d*P e~ i9r(x—w)
v dix diy dz d*w
S e /\/ /\/ fg (20)* (2n)* (2n)* (2n)? qflz T ie X

e~ iq(y— 2) [ ipj-x e~ ip(x=p Zip,-y
—_—————— . . L
Frie a(ps, S) Yy pyp——— vt (p;, si)e ]X
—iPw—2) .
le [ P u € ¢ v P ) _Lpi.z]
><[ APy, SOV 5y Y uPi Si)e . (7.50)

[TIpoBeaeM HHTerpupoBaHWe IO BCeM NPOCTPAHCTBEHHLIM KOOPAHMHA-
tam. MuTerpupoBanue no kaxkJa0H M3 MPOCTPAHCTBEHHBIX KOOPAHHAT
AaeT MHOXHTeab (2m)* W 8-DyHKUHUIO, BHIpaXKamwIlyl COXpaHeHHe
SHEPrHH-UMIyJbca B BeplllHHe, OTBevawllell 3ToH KoopAnHaTe. la-
Jee MOJKHO MPOHHTErPHPOBAThH NO HMIyJbcaM; B peaynabrate (7.50)
NPUMET BUJ

dq

et 4 _ 1
/\/Ef /\/gf @) P+ pr— Py p)S 4q+zs><

_ 1
X m[u(m, SE) Yu =G —mTie Vit (ps, Si)] X

1

i (Ps, S;) y" —

X[l( £ Spy Bt — Mt
rie, Kak 4 Npexne, § = p;— pP;.

OGpartuTte BHHMaHue Ha §-QyHKIHIO, OTpazKamUylo o0liHi 3aKoH
COXpaHeHHs JHepPTHH-HMNYJbCa, W Ha HHTerpHpOBaHUe MO 4-HUM-
MyJbCy ¢, TEKYIEMY BJOJb 3aMKHYTOH nerad (eAnMaHOBCKOH M-
arpaMMbl B HMIIyJIbCHOM MNpPeACTaBJeHHH, H300pa*KeHHOH Ha
puc. 7.4,8. MHoxHUTean (2m)* COKPATHJIHCh, 32 HCKJIOYEHHEM O]1-
HOTO, CTOSAIIEro NpH YeThipexMepHOH §-GYHKUMH, H KOMIEHCHpYIO-
mero ero MHoOXKHUTeaa (2m)~*, BXoasilero B HHTerpaJ no dig;.

MOKHO YCTAaHOBHTL COOTBETCTBHE MEXKJY BCeMH OCTAJbHBLIMU BHI-
paxkeHUsIMH, BXoAsWUMH B (7.51), u ¢delinmanoBckoli AuarpaMMoi
noA06GHO TOMY, KaK 3T0 OBIJIO ClesIaHO AJs AHAarpaMMbl HU3LIEro Mo-
psalKa, noka3aHHo# Ha puc. 7.3. Kaxgas BepliMHa BHOCHT MHOXKH-

TeJIb —iey,, a Kaxaas BHEIIHAA 4JaCTHIa — MHOXKHTENb 1/m/E Ho-
BHIM 3jechb siBasercss Qakrop i[p — m - iel-!, KoTopHil B MaTpHy-
HOM NOpPSIAKE CTABHUTCA MexXAY BepLIMHAMM M OpeACTaBaser cobol
IponaraTop, OTHOCSUIUNCH K BHPTYaJbHOMY IPOMEXKYTOUHOMY (ep-
MHOHY.

JocraTouno HeGOJBLIOTO ONbITa, YTOOH HayuHThCA, I‘JIﬂLLH Ha
3apanuylo nguarpammy PeilHMana, cONOCTaBHTL eHl BHPaXKEHHe THIa

vou (P;, so], (7.51)
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(7.51). Amnautryna nauarpammbl  Qefinmana, H300paxeHHOH Ha
puc. 7.4,2, orauuaerca or (7.51) samenoill 6s0kKa, OTHOcsHlerocsa
K NPOTOHY, Ha
7 v ! uy (P, S.
a(Py, Spv T u(Pi, Si). (7.52)
OxkonuatesbHoe Bbluncaenue amnautya (7.51) u (7.52) He
SBJSETCH TPHBHAJBHBIM; OHO TpebyeT NnpoBeleHHs] CJIOMHOTO YeThl-
[FeXMepHOro HHTErpupoBaHus. B craTtHueckoM mnpejeJie, Korga mnpo-
TOH PACCMATPUBAETCH KAaK TOYEUHbI KYJOHOBCKHUH HCTOYHMK, HHTe-
rpan 6uma Bbiyucaen JHamuuem [60]. B 3tom ciayuae BO3HHKEIOT
TPYLHOCTH, CBSi3aHHbIe C GECKOHEUHBIM PaiUyCcOM KYJOHOBCKOTO
p3aumojelicTBus. Mbl He OyAeM NPOBOAUTL AaJbHEHIINX BEIUHCAEHHUIL

§ 29. Topmo3Hoe H3JyueHHe

Moer oKasaTbcsl, YTO OJHH W3 JABYX KBAHTOB, Y4aCTBYIOULHX
B o6MeHe, H306paKeHHOM Ha pHc. 7.4,8 U 2, YAOBJIETBOPAET YCJO-
suro dfinwmrtefina ¢2 = 0. Torna on MoXeT ObITb HENYLIeH B Bule
¢BOBOAHOrO H3JYy4eHHs, HAa3blBAEMOro TOPMO3HbLIM. [lJs H3yueHHs
BJAMSIHHS, OKA3bIBA€MOr0 TaKHUM B3aUMOJEHCTBHEM C II0JeM H3Jjyue-
HHSl Ha TPOLECC pPaccesHHs, Mbl BHOBb BOCNOJbL3yeMcCsi 3BPHCTHYE-
CKHMH cOO6pakeHHsiMH, OJH3KHMH K npuBelieHHBIM B KHHre [lnd-
tha [22]. Do nosBo/HT Ge3 OGOALHIOrO TPyAa MOJAYYHTH MHOJIE3HBIE
pe3yJ/bTaThl, COBMAJalOLLHe C TeMH, KOTOPhIe NI0JYy4aloTCs Ha OCHOBE
CTPOrOro KBaHTOBOIO PacCMOTPEHHS H3JIYYeHHs, uaaaraemoro B [50].

YeTbipexMepHbIH MoTeHHaa «(HOTOHA» ¢ 4-UMNYJbLCOM R, H mO-
JsipH3aluell et 3anucbiBaeTcss B BHJe MJIOCKOH BOJIHEI

i
AM(x, k) = —o—(e—1h'% L plhx .
(r, )= o (emths o eth) (7.53)
rae kyk* = 0. gt ABaAeTCA €AMHHYHBIM 4-BEKTOPOM MOJISIPH3ALHH,
YOBJIETBOPAIOLIHM YCJOBHIO NONEPEYHOCTH
ey kt =0. (7.54)

CyllecTsyer JiOpeHlIeBa CHCTeMa OTCueTa, B KOTOPOiH &t aBJjstercs
YHCTHIM NPOCTPAHCTBEHHONOAOGHBIM BeKTOpPOM, T. e. et = (0,g),
g+ == |; B NIpON3BOJIbHOH JOpeHUeBOl cHCTeMe 4-BEKTOp et mpo-
CTpaHCTBEHHONOAOGEH H HOPMHPUBAH YCJIOBHEM

gue’ = — L. (7.55)

HopmupoBouHas nocrosHnas B (7.53) Bbi6paHa Tak, 4TO SHeprus
BoiHb AP paBHa o = ko = |k|. UToGe yGeauTbcst B 3TOM, BHI-
GHCAUM

U=—;—Sd3x(E2+B2)= S d3x B2.
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[TockoabKy
B=rot A=i4/k2Vk® X e(e™'™ — ¢'*) = 4/3EJVk* X esink - x
u, corsaacHo (7.54) n (7.55),
kXe - k°Xe=z2.e—(k° - e)’=¢e.28— (%=1,
HMeeM
2k .
U=+ S dxsin®(of — k- X) =k =a.

PaccMOTpHM aMIJIHTYy paccesiHHsl, ONHMCHIBAIOLLYIO H3JyYeHHE
Takoro «hotoHa» BO BpeMs paccesHusi. as npoctoTh BepHeMcs
K CTaTHYECKOMY NDHUOJHIKEHHIO, 3aMEHHB NDOTOH CTaTHYECKHM KY-
JIOHOBCKHMM 1I0JIeM, Kak B (7.4), u HafineM S;; B HauHU3LIEM HCHC-
ue3aloUleM MOpsIIKe M0 e.

Huarpammpl PefiHMana AJs 3TOro npouecca, H3o06pakeHHble Ha
puc. 7.5, oTBeyaoT npoueccy BToporo nopsiaka. OaHa BepliHHa cO-
OTBETCTBYET B3aHMOAEHCTBUIO 3JEKTPUHA C KYJOHOBCKHUM IOJeM, a

ke Prs S Zr, Sp
s 7
| NONNNK 22
Pi+g =Ptk Zi-k=pe~g
| AVAVA VAV "ay s
7
Fis ¢ iy 8

Puc. 7.5, TopMoaHOe H3JIyYeHHE 3M€KTPOHA B KYJIOHOBCKOM IIOJIeE.

Apyrasi — HCIyCKaHHIO TOPMO3HOrO KBaHTa. Mcmyckanue H3nyyeHHs

B NEepPBOM NMOpsAJAKe B OTCYTCTBHE BHEIIHEro MOJis 3anpelieHo 3aKo-

HOM COXDaHeHHs 3HepruH u uMnyJanca: k2 = 0 # (p;— p;)2 < 0.
Bo BTOpoM nopsiike 3JeMEHT S-MaTpHIbLl HMEeT BHA

Sp=e*{ d'xd'y b (0 {—iA(x, BiSp (x— p) (— 1) 47 () +
+ (=) A" () iSp (e — 9) [— iA(y, B} $: (w),  (7.56)

XyJa _ — Ze
A ()= n x|’
a fiBa uJieHa COOTBETCTBYIOT PasjMYHOMY MOPSAKY PacloJOXKeHHA
BepILMH, KaK [I0OKa3aHO Ha pHuc. 7.5,
Kak o6buno, yno6uo nepefitu B (7.56) k HMIyJabcHOMy mpen-
CTaBJelHIO, NpOH3BeAst ¢ypbe-1peobpa3oBaHHe BceX BXOASIIHX B

rue
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3Ty (OpMy.y BEJHYHH W MPOHHTErPHPOBAB N[O NPOCTPAHCTBEHHLIM
KOOpAMHaTaM. B pesysbraTe 3TOH, Telleph YKe NPHBBLIUHON HaM
oflepalHyl 110JYYaeEM

— 7ed | 2 | S

(10— )= T 0 | s,
- (7.57)

rie g = p; + k— p;. VimeeTcs ellle JOMOJHATENbHBIH BKJIAJ OT nep-
poro ujena B (7.53), conepxamuii 8-pyuruuio S(E; + k— Lj).
3ToT uyJieH ONHCHIBAET HOIJVIOUIEHHE SHEPTHM B npolecce paccesHHs
1 He faeT BKJaja B pacCMarpHBaeMblil HaMH 0polecc, B KOTOPOM
HAJeTAMWHA 3JeKTPOH NepejaceT IHEPIUio [0 H3JAYYCHHS H HCIy-
ckaercs ¢ 3Hepruell E; = E;—k << E;. OTMeTum HOBy10 4YepTy,
nosiBuBIlylocsi B (7.57), KoTopas NOMOJHsET Hamld pacTyliHe 3HA-
HUs ¢ (pelHMaHOBCKHX aMILIITYaX: BeDIIHHE HCTYCKAHUsA cBoOOX-
HOro (oTOHa ¢ MoJIsipH3alUUeHd &, COOTBETCTBYeT MHQKHTeNb (—i§)

H (bamop 1/\/21@1/ BO3HHKAeT KaK HOPMHPOBOUHBIH MHOXHTEJNb (HO-
TOHHON «BOJIHOBOH GYHKUUHSY.

CeueHne TOPMO3HOTO H3JAyUYeHHs MOXKHO [OJYUHUTb H3 S-MaT-
puubl (7.57). Mbl orpaHnuuMcs npeleJbHbIM caydaeM kR—>0, T. e.
HCYyCKaHWeM odeHb MArkoro ¢orona. Bojee obuiuii pesyabraTt, H3-
BeCcTHbLIH Nnoj HaszpanneM ¢opmyan Bere — lNafiTiepa, MOXHO HalTH
3 GOJbLINUHCTBE APYyrux yueGHHKOB. B Hamem npeliesbHOM cJ/ayuyae
BHIpaXKeHHe B KBaApaTHBHIX cko6kax B dopMyae (7.57) npunumaer

BUI

pf+l%—

e+ k4 m p,—k+mye
— i (py, s,c)[ ((Tffm—ﬂ_}_ Oé_p_i_—_k)"’_—%]u(p“ 8)) &
[2e - py— (B — m) E] ¥
— i (p;, s,c){ ! Q(k.rpf r
2e-p. — (P, —m
+ Yo[% pigks,(jf J }u(Pi, 8;) =

L e p; e p;
== — i (ps, 87) vt (ps, ) Tp  Ep ) (7.58)

rje MB fpeHeGpersin BeJuuHHol & —> (0 B 3HAMeHaTese W Ha NOCJe]-
HeM 3Talne BOCNOJb30BaJHCh CBOHCTBamMH (3.9) AHPAKOBCKHX CITH-
HopoB. B npenene & — 0 MaTpuuHBIA 3/1eMEHT TOPMO3HOrO H3Jyue-
HUS CONEPKHT aMIUIHTYAY YIPYroro paccesiHua B KauecTBe COMHO-
KuTedas. Uto6bl BHIYMCAHTL ceueHue, Mbl Gepem u3 (7.57) u (7.58)
KBaApaT MOAY/IA Sp;, AeaHM ero Ha notok |v|/V u na 2n6(0) n no-



§ 29 TOPMO3HOE U3JAYUEHUE 19%

JydaeM CKOPOCTb Nepexoja, a 3aTeM [1POM3BOJLHM CYyMMHpOBaHHE
N0 KOHeuHbIM coctosHusam (V2 d3k d%p;)/(2n)8, snexalium B HHTe-
pecyroied Hac obJaactu a3oBoro npocrpaHcTBa. Jlas HenoJispuso-
BaHHBIX 3JEKTPOHOB TpelyeTca TakxkKe NPOCYMMHPOBaThb MO KOHEY-
HbIM H YCPEAHHTD 110 Hauya/bHBIM CITHHOBLIM COCTOSIHHSIM 3/1€KTPOHA.
B urtore noayuaewm

do — Z%e8m? S(e'pf £ Py )2|ﬁ(pf $) Vot (P 8;) [
=RV EE, W\ o, ~ Eop, ik
d3k d®p;

Briaensiss uieHbl, COOTBeTCTBYIOIIHe ynpyromy paccesnuto (7.11),
HaX0aUM

do do e . e py e p, \2
o =(dgf ) SR kodk(——k_pf ——-—k,pz) 0 (E; — m — k).
(7.59)

ITo ceueHHe COOTBETCTBYET TOMY, 4TO JEKTPOH OKAXKETCH B Tesec-
HoM yrae d€y, a GoToH c noJspusauueid e 6yner HCOYIUEH ¢ HM-
nyascoM k, dexainum B HHTepBaJie dQp dk. Takum obpasom, ceue-
HHE pacCedHHsl C HCNYCKaHHeM MArkoro -(potoHa pasbuBaercs Ha
ABa MHOXHTEJA, OJHH U3 KOTOPHIX €CTh CedYeHHMe YIPYroro pacces-
HHS JIEKTPOHA NPH TOH Ke SHEPrHH U B TOT Ke TeJEeCHBIH yroJ.

M3 (7.59) BHIHO, 4TO 3HEPreTHYECKUL CNIEKTP (POTOHA HMEeT BUL,
dk/k, nosTOMy BepOATHOCTb HCIYCKaHHS (POTOHa c HYJeBOH 3Hep-
rHefl 6€CKOHEUHO BeJHKa. JTO ABJIEHHE HA3BIBAETCS «HH(PpPaKpacCHOH
Karactpodoii». Jlas npeonosieHHss BO3HUKIIEH TPYLHOCTH HeoOX0-
JUM THIATeJbHbLIH aHa/JH3 3KCIepHMEHTAJbHBIX YCJAOBHH, B KOTODBIX
HabJawaaercs TOpMO3Hoe uaiydenue, CyTh [ejla COCTOUT B TOM, 4TO
JA1060H perucTpupywIUA npudop HMeeT KOHEUHOe paspelleHHe MO
SHeprHH, MO3TOMY €CJIH OH AEeTEKTHPYET HEYNPYro pacCesiHHble JIeK-
TPOHBl B HEKOTOPOM KOHEUHOM HHTepBaJje 3SHEpPTHH, BKJIOUAioleM
TOUKy k =0, TO OH perucTpHpyeT TakKxke WU YMNPYro paccesHHbIe
9JIEKTPOHBL.

JJs KODpPeKTHOTO CpaBHEHHsA ¢ SKCHEPHUMEHTOM Heo6X0IUMO
y4eCTb KaK YIpYyroe Tak H HEYNpyroe ceueHHs, BLIUHCJEHHbie B OJ-
HOM H TOM Xe nopsiake no e2 IICCKOMbKY BKJ4aA TOPMO3HOrO H3Jy-
yeHust (7.59) uMeeT NopsAOK €2 MO OTHOLIEHHIO K BKJALy YIPYroro
paccessHus, HeoOXOAMMO YuecTh B TOM e INOpfAAKe 0 e? pajua-
UHOHHbIe nonpaBku K (do/dQj)e. Iocnennne cogepxar uieHb ABYX
THNOB. Bo-mepBHIX 3TO YJeHB!, ONHCBHIBAIOLINE KYJOHOBCKOE pacces-
HHe 3JeKTPOHA BO BTOPOM MOPsJKe; COOTBETCTBYIOIIHE AHATPAMMBI
DeiiiMmana u3obpaxkeHsl Ha puc. 7.4,a, 6. Bo-BTophix, HEoOX0QHMO
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yuecTb B3aUMOJeHCTBHE 3JeKTPOHA C caMuM coGoil 4yepes mnoje HU3-
JIYYeHHSI.
defiHMaHOBCKHe AHAarpaMMbl AJs 3TOro fpouecca, NpHBeAeHHbIE
Ha puc. 7.6, u306paxaioT BHPTYaJbHbIH QOTOH, HCIYCKAaEMBblil 3J€K-
TPOHOM M BHOBb MOTJIOIIAaeMBIl HM Xe, BMeCTO TOro, 4YToOwl npo-
B3aHMO/IE/ICTBOBATh C KYJOHOBCKHM HCTCUHHKOM (HJM TPOTOHOM),
KaK Ha puc. 7.4, a. OTBevaiomas 3THM AHarpaMmam aMmmjaHTylda C€O-
JlepXKUT PACXOMSILHICA uJieH, KOTOPbIl B TOUHOCTH KOMIEHCHpYeT
pacxoaumocTh B (7.59) npu
k=0. Ham mneob6xoaumo
HAKOMHUTb 0CTaTOYHO OMbI-
Ta, npexae yeM 6paThCs 3a
pelieHHe CTOJb TOHKOTO BO-
Ze Ze Tpoca, Kak BbluHCJeHHe
3TOH aMNJHUTYAbL
[Ipexxne uem 3aKOHUUTH
obcyxKaenue dhopmybl
(7.59), naifigem ele ceue-
HHE HCNyCKaHHs MSIrKOro
TOPMO3HOrO KBaHTa B HH-
TepBasa sHepruu AE, KoTo-
pblii He comepKHT B cebe
TOYKY, COOTBETCTBYIOLLYIO
ynpyromy mnpoueccy. HauyHeM ¢ cyMMHpOBaHHMA MO [0JApH3A-
LHAM (OTOHA, AJS1 YEro BOCMOJb3yeMCsi BecbMa yAOOHOH TEXHHKOIM,
npeanoxenHoit ®elinmanom [54]. 3aMeTHM, 4TO TOUHOe BblparkKeHUE
(7.57) pnst MaTpuLbl paccesHusi o0pallaercs B HyJb, €CJH 3aMEHHTD
noasipusaiuio GpoToHa e* Ha ero 4-HMnyJabc R DTO CBOHCTBO CO-
XpaHseTcsl TakXKe H B NPHOIHXKEeHHH MATKHX ¢oToHOB (7.59). Ono
aBJsieTCA CJeJICTBHEM COXpaHeHus Toka Of,(x)/0x, = 0, KoTopoOe
B UMIYJbCHOM NpeJNCTaBJEHHH BBIMMALUT Kak R,j*(k) = 0. Coxpa-
HeHHe TOKa TECHO CBA3aHO C KaJIHGPOBOYHON HHBAPHAHTHOCTBIO 3JEK-
TPOAHHAMHKH, IIOCKOJIbKY B HMMNYJbCHOM M[POCTPAHCTBE KaJaunbpo-
BouHoe npeobpa3oBaHue umeer BUR A¥(k)— AL (k) - k*A (k) u no-
faBOYHBIA WJeH, NpPONOPLHMOHAAbHBLIA kM, He [0JXKEeH MEeHATb
KOHEUHBIH pe3yJbTart.
Uto6H BOCIOJNBL30BATHLCS 3TUM CBOHCTBOM, 3alHlIEM

E.pf 8.p. 2
euev]”:( oL k.p:) (7.60)

Puc. 7.6. PaanannonHble INONPAaBKH K KyJO-
HOBCKOMY DacCesiHHIo,

u BbibepeM CHCTEMY KOODAMHAT, B KoTopo# k* = (k% £!,0,0), rae
k' = k® = k. Tak kak BesuuHHa (7.60) siBAsteTcs cKaJsipoMm, ee
MOKHO BBIYHC/ISITb B IPOH3BOJBHOH JIOPEHUEBOH CHCTEME OTCYETa;
B YaCTHOCTH, MH Bbi0epeM TakKylo CHCTeMy, B KOTOPOH CKaJsipHbId
notenunaa B (7.53) obpamaercs B Hyab, A%(x)=0. B stoii cu-
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cteme notenuuan A(x) nomepedeH u B cOOTBeTCTBHM ¢ (7.9%) i
(7.55) MOXxHO 3ajaTh ABe NonepeyHbie NOJSPHU3AUUH B BHAE

eV =(0, 0, 1, 0),
e®=(0, 0, 0, 1).

Cymmupysd (7.60) no noasipusaldsiM, HMeeM
3
uv __ j22 33 700 11 W
Dee V=0 =0 " — Y
pol n=0
TlockoabKY, KAK oTMeuasoch Buite, kyJ*Y = k" =0, 10 I =",
v0 vi 00 n
J" =7V u, caemosaresabto, J =J . Orciofa mnoJayuaem
wy
> gyl = —Ji,
pol
rje Mb BHOBb BEpHYJHCh K NPUHSTOMY paHee COIVIAaLIEHHIO O CYM:
mupoBaHud. CyMMa 10 MOJSpU3ALUAM NpuOOpesa SIBHO KOBApPHAHT-
uptil Bua. [losyueHnas gopMa 3alucH sBJsieTcss BecbMa 0O0lleid; oHa
OCHOBAHa TOJIBKO Ha COXpaHeHHH ToKa. TakuM o0pasom, ecau ah
1 b® — coxpansiomuecss Toku, T. €. k-a(k)=Fk-b(k)=0, To cym-
MHPOBaHHE TIO NOJISIPH3AHUAM JdaeT

[% [e, (&) a* (&)1 [ey (k) 0" (K)] = —a - b. (7.61)

[Tpumenss (7.61) x (7.59), nonyuaem ceveHHe TOPMO3HOrO H3-
JyueHHs, NPOCYMMHPOBaHHOe No mnoasapusanusam. MHrterpupya no
BCceM yriaMm Bbiiera (OTOHa M SHepruaAM B uHTepBaje 0 << Rmin <<
< k < kmax € E;, noaydaeM

kmax

do . do o 2p; - p; m? m? .
o= (), 7 ) kar a0 [t — oy~ ) =

f f

min
CAJN 2(1 — ;- B,)
= —m)el ;lﬂ km[n n [(] _ke.ﬁf) (1 _ke.ﬁi) _—

m? m?
B e K

rie P; v By — HavasbHAA M KOHEUHAs CKOPOCTH JMEKTPOHA, MPHYEM
Bi = Py =P B nOpelebHOM cJjydae MsArkoro (oToHa u B:i-B;=
= B2 cos Oy nas paccesnus Ha yroa 6; HuterpupoBanue AByX IMO-
CJAEAHUX 4JeHOB B (7.62) npou3BOAMTCS 3J€MEHTApHO!:

f

dQp m? _om* A1 1 L
S in ET(1—B k92 EZ Sl g e g = -




130 OMUCAHHE OCHOBHBIX 3JIEKTPONUHAMHWUYECKUX ABJAEHUM [ri. 2

TlepBbii uHTErpan Jerko GepeTcs ¢ MNOMOLIbIO ApPYroro fpHema,
rakxe BBejdennoro Qeitnmanom [54]. OH cocTonT B napamerpusauui
NOJABLIHTErPAJIbHOTO BbIPAXKEHHS] MYTeM JONOJHHTEJbHOIO HHTErpH-
poBaHust coraacHo ¢opmyJe

1

1 dx
r =OS i F o —0F (7.63)

anMeHQHI/Ie 5TOro mpuemMa npaet

Sdgzk 1—8; B,
n (1— Kk B)(T— kB,
1

dQ !
ZQ(I*ﬂf'BL)OdeS 4nk [l—ke(ﬂfX‘l‘ﬁt(]_x))]Z -

1
1
=2(1—B;-B)\dx =
( AU )OS T—[B;x +B,(T— 9]

1
=B+ apZsinZ (0/2) x (1 — )] ~©

. 1
=2(1 -—-62cosB)de [

0
2(14gPsintg)+0@), B,

21n(“"2)+0(;’—f), ’;’—f<<1,

m2

? = (p; — pfP ~ — 4E?sin? >,

TakuM 06pa3oM, ceueHHe TOPMO3HOrO H3JyUeHHs MSATKHX KBaHTOB
paBHO

4 . o0
to _(d0) i, b [TEIETEOM, R

o T \de ), Bmin ln(—zz)——-1+0('z—:), ER; (7.64)

m

3flecb NepBO€ BhIpaXKeHHE CNPaBEAJUBO [Jg HEpeJsTHBHCTCKHX
(NR), a Bropoe ags yabrpapenstuBuctckux (ER) 3/1eKTpOHOB.
Uro6bl MOJAYYHTb KOHEUHBIH pe3yabTaT NpH Rmm—>0, dopmyay
(7.64) Heo6x0aAUMO OGBEAHHHTb ¢ (GOPMYJOH [Js PaaHALHOHHBIX

do
nonpaBokK K (E) .
el
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§ 30. KoMnToHOBCKOe paccesiHHe

Teneps MBI MOXeM pPaccMOTpeTh B3aHMOJEHCTBHe ¢ MOJeM TJIO-
cxoii Bosinbl (7.53) Bo BropoM mnopsake. Ilycts (7.53) onuceiBaer
HayaJbHbI# Nagamliud (OTOH, KOTOPHIA MOTJIOLAETCs JMIEKTPOHOM
B OJHOH BepllHHe, a

AL, k)= —ik' e pik’-x) (7.65)

1
V2V
onHcbiBaeT KOHeYHbIH (OTOH, HCNyCcKaeMbli B APYrod BeplUHHE.

DTOT mpolecc Ha3pBAeTCsi KOMITOHOBCKHM paccesHueM. OH npouc-
XOAMT Ha cBOGOJHOM 3JEKTPOHE ¢ COXPAHEHHEM 3HePTrHH U HMNyJbca

k+p,=Fk + p;. © (7.66)
AMNJIHTYZa KOMIOTOHOBCKOrO paccesiHHs BO BTOPOM NOpsiiKe OTJIH-
yaercs or (7.56) Tem, uro ona comepxkut y,A*(Z, k') BMmecTO

voAsY". TlogcraBass (7.53) u (7.65) B S-matpuumy BTOpOro I0-
pSiKa M TepeXojs C NOMOLIbIo npeo6pasoBanus Pypbe K UMOY.IbC-
HOMY [pPeACTaBJeHHIO, nonyth

;(iomnr —_ ;_z /\/ E’:;l ,\/2k = (231;)4 &4 (pf + kR — pi — k) u (pf, Sf) X
4 [(_ i*')ﬁ—+ﬁ——-(— i8) + (— ls) — (— ig )]u(l?z, 8i)-
(7.67)

CooTBeTcTBylomue AuarpaMmbl Pefiimana n3oGpaxeHs Ha puc. 7.7.
B (7.67) onyweHb TpH A00aBOUHBIX HJ/I€HA, KOTOpbie OTJIHYAKOTCA

/(,,5/ Zr, S,
2 9F S,
]{,/8, p/’; Cal
4
Pith=peti’ 7K =ge~k
r .
J A’,E
A e Piy 8¢ Ziy S;

Puc. 7.7. KoMNTOHOBCKOE paccesiHHe.

Jaubo 3HakoM k, aubo k’, nubo, HakoHen, 3Hakamu k& u k’. IBa us
HHX 06GpallaioTcsi B HYJb, MOCKOJbKY COJepKaT UYeTHIpeXMepHYyio
§-byukuMI0, HaNaralplUIylo caelyioude ycaoBUs Ha 4-HMIYJAbCHL:

pi=pi+k+k, pp=p +E+F,

KOTOPBIM HEBO3MOKHO yAOBJETBOPHTD. Ly yCJlOBHﬂ COOTBETCTBYIOT
KHHEMaTy4YeCcKH 3anpelleHHOMY [poueccy pacnajia CBOﬁOllHOI‘\)
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3JEKTpOHa Ha CBOGOJHBIN 3JeKTPOH U ABa ¢oToHA. B TperbeM ujeHe
C TiepecTaBJeHHBIMH k H k' TpeGyeTcs BbinoJIHeHHe ycaoBHs k' -+
-+ p: = k -+ p;, KOTOpOe OTBeuaeT nepexoly ¢GoTOHaA B pe3yJabTaTe
paccestHHsi H3 HAaYaJbHOTO COCTOSHHS C 4-HMIYJbCOM k' B KOHEUHOE
¢ 4-umuysabcom k. JTO KHHEMAaTHYeCKoe YCJOBHE He MOXKeT OBbITb
BBIIOJHEHO COBMeCTHO ¢ (7.66), nosTOMYy AAHHBIH U/eH TakxKe HOJ-
el 6bTh orT6pomed. OctaBienHbit B (7.67) ujeH BO3HUKaeT H3
ciraraeMoro e~i¥* B (7.53), koTopoe OTBeuaer IOIJIOIEHHIO B
Touke ¥ QoToHa ¢ 4-uMnyJabcoM kM, W u3 ciaaraemoro etit’x
(7.65), cooTBeTCTBYIOlIEro HcmyckaHuio B X' ¢ortoHa ¢ 4-uMnyuab-
com K.

3ameTum, uTo Beipaxenue (7.67) mas Si"" cCHMMeTpHYHO OT-
HOCHTEJILHO TlepecTaHOBKH

k,e<«>—Fk ¢.

DTO CBOHCTBO M3BECTHO Kak Kpocc-cuMMerpus. laHHas cHMMer-
pHS AIBJASETCS TOYHOM BO BceX MOpSiAKax mo B3auMopelicTsuio [50}.
Ona urpaer BaXXHYI0 pOJb B (pM3HKe 3JeMeHTAapHBIX YaCTHIL.

Bhlunciaenne ceueHus] KOMITOHOBCKOTO paccesiHHsi IPOM3BOAUTCS
o yKe 3HAKOMOH HaM cXeMe; €JHHCTBEHHAs cepbe3Hast TPYAHOCTb
3akJ/JIouaerTcs B CMHHOPHOH anare6pe. CeueHne paccesHusi do MmoJay-
yaeTcs BO3BeleHHeM aMMIUTynul (7.67) B KBajaparT, Je/eHHEM ee Ha
(2r)46%(0), B pesysnbTaTe 4ero NoJy4YaeTcsi CKOPOCTh Nepexojaa, Ae-
JeHHeM Ha NOTOK nanamomux vactdu |v|/V ¥ Ha uHca0 uyacTH B
eanHule o6bema Mumenu 1/V n, HakoHell, cyMMHpOBaHHeM 1o ¢a-
soBoMy 06bemy [V?/(2r)8] d®p;d3k’:

etm md3pf A3k’
do = (2n)? 2kE; | v | S Er  oF M(p;+ R —p,— k)X
X |a(pys, sp) (& 1 e+ & ! & Yu(p:, s:) . (7.68)
) p,+k—m p,—k —m

B JsaGopatopHoil cHCTeMe, B KOTODOH 3/JeKTPOH [IOKOHTCS, BeJH-
uuHa m/kE;|v| ectb mpocto 1/k. IHTerpas no UMIyJancy 3JeKTPOHA
OTAAYM H TIO TeJecHOMY YIJIy paccesiHHOro ¢orona dQp., B Hanpas-
JEHHH yraa paccesHusi 6, B J1a60OpaTOPHON CHCTeMe BBIUHC/IAETCS
¢ moMoinbilo paBeHcTBa (7.40):

K dk mdp
ko'S—gk:—Tf*fé“(Pf'i-k'—m—k):

—mdow \ ¥ ak 81k + py— K — 210 (k4 m— ) =
0

k4+m
42
=m dQp S k' dk'8[2m(k — k') — 2kE’ (1 — cos )] = ’;—k dQs, (7.69)
Q :
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rae k' u k cBsizaHn ycaoBueM Komnrona, HajsaraeMeim O-QyHKuUHeH
B (7.69):
k- k

’ = —
o= 1+(k/m)(l"—‘ cos0) 1 (2k/m) sin? (8/2) * (7.70)
®opmysa (7.68) npuHHMAeT Temeph CJAEAYIOUIHH BHA:
ﬂ—— 2 i’ 2| - a’ 1 n
@ " (k) i (pr, Sf)(8 FEom ¢4
+ é—lﬁ é')u(p,, s;) ° (7.71)
p,—F —m

Ona paer aucpdeperuuanbHOe CeUeHHe AJA CJdydasi, KOria 3JeK-
TPOHHL ¥ (POTOHBI MOJAPH30BAHLl Kak B HauaJbHOM, TaK # B KOHeU-
HOM cocTossunsax. CHHHOPHYIO CTPYKTYPY MaTDHYHOrO 3JeMeHTa
MOZHO YTIDOCTHTD BBIGOPOM cnenuaJbHoH KaJuGpOBKH, B KOTOPOH
HauaJbHBIM H KOHEUHBIH (GOTOHBI [ONEPEYHO MNOJMSAPH30BAHHI B Ja-
GopaTOPHOH cHCTeMe OoTcyeTa, T. e.

o=,  e-k=0,
eV =(0-¢), & -ki=0.

[Tpu takoMm BeiGOpe &-p; = ¢’-p; = 0 U CNHHOpPHAsT YacTb MaTPHU-
HOrO 3JIEMEHTa CBOJAHTCS K

_ . ;‘7.—|—ﬁ+mA Af).——k"-{-mA
u(pf: Sf) (8, - 2% - p, 8+8 t—-2k'-p. Sl)u(Pi, Si)=
13 t
2’2k pek

=_ﬁ(pfy sf)(Qkpt + 2k'_pi)u(pi: Si))

A AL

rie MH mepecTaBuiu & u £ crnpaBa HaJeBO u, KaK M Npexje, BOC-
N0/1b30BAJIHCh  CJENYIOUIUM CBOICTBOM JAMPAKOBCKHX CIHHOPOB:
(i + m)éu(pi, s;) = &(—p: -+ m)u(pi, si) = 0.

[Moxcrasass noaydenusiit pesyabtatr B (7.71), cymmupys no
CTIAHOBBLIM COCTOSIHHSIM Sy KOHEUHOTO 3/JEKTPOHA H yCpeldHdAd Mo Ha-
9aJIbHBEIM CIIHHOBBIM COCTOSTHHSIM §;, IoJyudaeM ¢ nomolubio (7.13)
ceuenue AJs HENOJSAPH30BAaHHOIO 3JIEKTPOHA

do 1\ do
aQ — 2 ag
isi.s;
—_—gz—(i/)QSp pi+m ¢ &ek n ek N\ p,+m ket n ke
2 \k 2m 2% -p, | 2K -p, om %k-p, " % p, )

(7.72)

B 3toii ¢opMyse Mbl CTaNKMBaeMCsl cO CJelaMH OT TMPOU3BENEHHIT
60/bILOr0 yHcJa MaTpHUll y, BIJIOTh A0 BocbMu. Mmelotesi Tpu ot-
JHYHBIX ApYyr OT Apyra cJjexa, KOTOpble HeOOXOAHMO BBIUHCJ/IHTD;
U3 LUKJIHYECKOH CUMMeTpHH cjefa H TeopeMHl 6 § 26 caeayer, 4To
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ABa NepeKPecTHHX WeHa, HMelomue B 3HaMeHaTexe (k-p;) (R'-pi),
paBHBl APYr APYyTy. Il yIpoOILIEHHS CJOXKHBIX CJeJ0B, COAepXKa-
IIHX OJHH M TOT e BekTop OoJjiee OJHOro pasa, 0ObluHO ObIBaer
1les1eco06pa3HO MepecTaBUTh COMHOXKHTEIH TakuM 00pasoM, uToObl
OJMHAKOBLIE BEKTOPbl OKAa3aJ/JHCbh PANOM; TOrja, NOJb3YsChb paBeH-
cTBOM dd == a?, MOXHO M30aBUTbCSl OT ABYX MAaTPHIL y.

C moMouipio 3TOro npHeMa BbIYHCJEHHE C/1ef0B B (7.72) mpous-
BOAUTCA CJeIYIOUIHM 06pasoM:

Ty= Sp (p; + m) &'8k (p; 4 m) kee’ =
= Sp pseekp,kee’ =
(usenBl, MPONOPUHOHAJBHbIE m?, BHIAJAIOT, NOCKOJBbKY k?==0)
=Sp 2k - p;pse’8kee’ =2k - p, Sp pie'ke’ =
=8k - p,(k-p;+2k-ep; &)=
(34ech MHB BOCIOJIB30BAJHCH TeopeMo# 3)
=8k - p;[k" - p;+2(k- €Y.

31ech GbI YuTeH 3aKOH COXPAHEHHs 3HeprHU-uMIyJbea R -+ p; =
=k’ 4 p;, oTKyna

B -pi=Fk-p; u & py=¢ek. (7.73)
ITomo6GHHM 3Ke 06pa3oM BBEIUHCJAAEM CJIeX
T,=Sp(p; + m) e&'k’ (p; + m) k'¢'¢,

KOTOpHA oTsiHuaercss oT Ty TOJIBKO 3aMeHOH &, k<>g’, — k’, mo-

3TOMY
To=8k - p,lk-p;,—2(k -¢)].

,U,JIH IOC/JeIHero cJena ¢ INOMOIBIO TeX XKe MNPpHEeMOB HaXoAuM

Ty=Sp (p; + m) &2k (ps + m) k'¢'e =
= Sp(p; +m)&’8k (p;, + m) B8’ + Sp (B — F)) ¢'ekp,k'e'e —
= Sp(p; + m) k (b, + m) K'&'88'e + 2k - &’ Sp (—1) kp, k'8’ —
— 2k e Sp(—1)ekp,b =
=2k -p,Spp:ik'e'ee’e —8(k &'k -p;+8(kK ek -p =
=8(k-p) (k- p)[2(e - ef —1] —8(k &'k -p,+8(K &) k-p;.

. Togcrasasisi pesy/abTaThl BRIYHCAEHHH c/leloB B (7.72), nojyuaem
dopuyay Kaeina— Huwunw [61] aaust ceueHHss KOMITOHOBCKOTQ
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pacceaHus
_—4m2 ( ) [ + k’ + 4(¢’ '8)2’—2] » (7.74)

rfie R’ u k cBA3aHB IPYT C APYrOM YIJIOM paccesiHus corJacHo (7.70).
B uuskosHepreTHueckoM npegede k-% 0 nosyuaem KJacCHYECKOE
TOMCOHOBCKOE CeyeHHe

dO' ) (12 ( ne
—5 =—x (e &)
49 /450 : ’
rue BeJHUYHHA
a e? -13
Pl 810 M

€CTh KJIACCHUECKHH paguyc 3J1eKTPOHA.

Ecuan yroa pacceanus 6 >0, to k> k' u u3 popmyns (7.74) mbi
BHIMM, YTO JJsl pacCesiHUs BIepe] CeueHHe OKa3LIBAETCH TOMCOHOB-
CKHM [pH BceX sHeprusx. Haxouel, 1,5 HenoJ/ispu30BadHbIX POTOHOB
CeUeHHE TIOJyYaeTcs CYMMHPOBAHHEM MO KOHEUHBIM MOJAPH3a-
UM & M yCpPeIHeHHeM N0 HAaYaJIbHBIM MOJAPH3AUHAM €. ITO MPo-
H3BOJHUTCSI B TOYHOCTH TaK e, KaK B KJACCHYECKOH 3JEKTPOLHHA-
MHKE, H MBI MOXEM IM03aHMCTBOBAThb OTTyILa KOHEUHBIH pe3yJbTaT

o= (F) (5 + 4 —sint0).

ITonrxoe ceuenne HETPYAHO MOJYYHTH HHTErPHPOBAHHEM Mo TeJjec-
HOMY yriy ¢oToHa. BBoAs 2 = cos O u ucnoassys (7.70), HaXOAHM

+1
= no? 1
= T Sdz{ [+ (k/m) (1 —2)F +
-1
i 1 — 22
+ U+ &/m)(T=2)] T+ Em) (1 =22 } (775)

[Tpn HH3KHMX SHEPrHAX ceYeHHe BHOBb NEPEXOAHT B TOMCOHOBCKOE

. 8x a? b 0

O=73 T i 5 0

ITpu BHICOKHX 5HEPTHSIX IIOJIHOE cedyeHHe PaBHO
na? 2k 1 m k
~ o (0 + 50 (Fng)].

HomuHupyoomum fAB/seTcsl JOrapHGMHUeCKHH 4/eH, BO3HHKAIONHM
OT BTOpOro cjaraemoro B (7.75).

Qi

§ 31. AHHHMTHASIUHS 9JIEKTPOHHO!H Maphl -B raMmMa-Jayum

Ecan nosepuyts amarpammel ®efiimMana IJs KOMOTOHOBCKOIO
paccesHHs M DAaCNOJOXKHTL HMX, KaK INOKA3aHO Ha PHC. 7.8, TO Mbl
NOJlyquM JAPYrofl HHTEpeCHHI (H3HYECKMH [nportecc. - 910 ,u;Byxfbo,
TOHEASl QHHWTHMSIUHAS 3JIEKTPOH-TIO3HTPOHHON MapHI,



136 OTMMCAHUE OCHOBHBIX 3JIEKTPOOWHAMUYECKHUX SIBJAEHHMMA  [IVL 7

COOTBETCTBYIOLIHHA MaTpPHUHBIA 3J€MEHT B HMIYJbCHOM HPO-
CTPaHCTBe ¢ VKa3aHIBIMM Ha pHC. 7.8 00O3HAUEHHSMH HMeET BHA

(pair) ___€* m? q]
SE =y A/ Err_na, @k Ry =y — o) O(Pys 54) X

X[ g i+

oa i '
+ (— i8) ————(— 182)] u(p_, s_). (1.76)
P — k2 —m
OH cHMMeTpUUYeH OTHOCHTEJBHO MepPEeCTaHOBKH ABYX (OTOHOB, 4TO
corJjgacyercs € TpeGOBaHI/IHMH CTaTUCTHKH Bose. ot npouecc HMeetr

kZ: &

A:?: &

s S+ s WiTh

Puc. 7.8, Auuurajasuus naphL

CAEMYIOULYI0 HHTepIpeTaluio Ha fA3BIKe (befiHMAaHOBCKMX [ponara-
TOPOB: POAMBIIMICA B NPOILIOM 3JEKTPOH NEPEXOAHT B peayJbTare
paccestHusl B COCTOsIHHE C oTpuIlaTeIbHOH SHepruedl —p, u pacnpo-
cTpaHserca Hasal B I1POLILJIOE. [To nytu oH ucmyckaeT ABa (HOTOHA,
T. e. JBaxKIbl OTHAaeT 3HepPTrHuio IOJI H3JIY4YeHHS. 3T0 HAHHH3MMUA
no €2 nopsAJoK, B KOTOPOM MOXKEeT IPOHCXOAHTD JaHHBIA npolecc, No-
CKOJIbKY TpH OLHO(POTOHHON AaHHHIHWIALHH Mappl HapyllaeTcs 3a-
KOH COXDaHEHHsl 3HEPrHH-HMITYy/bCa. Uto6Ll 06€CleUnTb CHMMETPHIO

S{A orHOCHTENBHO NEpPecTaHOBKH ABYX (POTOHOB, HEOGXOAMMO YUH-
ThHBaTbh 06e H306pakeHHble Ha puc. 7.8 AnarpaMmbol.

BosBpamlasich K aMIUITYJle KOMITOHOBCKOrO paccesHud, Mbl
saMeuaeM 60/blIoe cXoAcTBO Mexay (7.76) u (7.67). IeficTsu-
TeJIbHO, IIPH 3aMeHe

€, k< ey, — kl,
4 4
e, k <> 8, + k?)
Py S;<>p_, S,

Py S<> —Pys TSy

(7.77)

5TH aMIJHTYAE NepeXOAAT APYr B Apyra. Mel uMeeM B JaHHOM
cayuae npumep oOuiero mnpaBHJa [50], cmpaBeAnuBOro BO BCEX
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nopAaKax TEOPHH BO3MYLIEHHH, KOTOpPOe CBfI3LIBAET MeXIy co0o#
npouecc

A+4+B—>C-+D
H, HanpHMep, npoluece

A+C—->B+D,

rie B o3HavaeT aHTMYAacTHUY NO OTHOIUEHHIO K B u T. 1.

Hpyroii npumep NpHMeHeHHS 3TOro [paBHJ/a, Ha3hIBaeMOTO
KPOCC-CHMMeTpHelH, OTHOCHTCS K CBSI3H MeXKAy aMIJIMTYIOH TOpMO3-
goro usJyueHuss (7.56), KOTOpOfi COOTBETCTBYIOT AHarpaMMbl Ha
puc. 7.5, 1 aMIJAUTYA0H POXKACHHA aphl B KYJOHOBCKOM IOJIE, H30-
GpaxeHnHo#l Ha puc. 7.9.

ze Ze

Puc. 7.9. Poxzenne napbl B KYJIOHOBCKOM IOJE.

HuddepesunanbHoe ceyeHHe MNOJAYYAELTC H3 MATPHUYHOrO 3Je-
Mmenta (7.76) yxke 3HaKoMBIM HaM crnocoboM. J/s HENoJsApH3OBaH-
HOTO TO3HUTPOHA, CTAJTKHBAIOIIErocs ¢ MOKOALIHMCA B Ja60paTOPHOM
CHUCTEME HeNOJIAPU30BAHHEIM 3JEKTPOHOM, OHO HMEET BHJ

) et [ om (=) m—p, [ &RE gke, \ p_tm
45 = Ty S Ep, 1 P TEm (2p_-k1 + 2p_-k2) g X
k12 Bokats ) ki dk :
X (2p_ : Zl + 2p__-k2) 2k, 2k, 8 (ky+hy—p_—p,), (7.78)

rie B+ = p+/E+ ecTb cKOpOCTb HaJeTaroulero NMO3UTPOHA, MHOXKH-
TeJb !/4 BO3HHK B pe3y/bTaTe YCPelHEHHS M0 HayaJbHbIM CIHHOBLIM
COCTOSIHUSIM 3JIEKTPOHA W TIO3UTPOHA, a 3HAK MHMHYC BO3HHK 3a CYET
IPHHATON HaMH HODMHPOBKHM BOJIHOBOH (YHKIHH MO3HTPOHA (cM.
dopmyar (3.9)). Marpuunniii seMeHT ynpocTHiacsa 6Jarogaps Bbl-
6opy nonepeuHol Ka/JiHGPOBKH, COLJIACHO KOTOPOH B J1a60paTOPHOH
CHCTeMe HMeeM
81 .p_=g2-p_=0_

B cuny kpocc-cumMerpHH 3Ta KaJHOGpPOBKa COBNAjaeT ¢ HCMOJB30-
BaHHOK Hamu npu pacyere 3dgexTa Komnrona. Takum o6pasom,
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HeT HeOGXOJAHMOCTH 3aHOBO BBIUHC/ATHL CJefbl, MOXXHO BOCHOJIB30-
Batbest (7.72) u (7.73), upoussens 3ameny (7.77). Ocrtaercs TOJBKO
n36aBUTbed OT O-QYHKIMM, yUTH PH 3TOM KHHEMaTHYEeCKHe COOTHO-
HmIeHHA B Ja00OpaTOpPHOH CHCTeMe OTCYeTa:

d3k, d3k, —
S 2k 2k O (k) +ky—p,—p_)=

Oty §

%kndkldgklé[(p+ +p_Y—2k(p, +p )]0(E, +E_—k)=

= S kldk]6[2m2+2mE+—2k1(m+E+—p+cosB)]=
[}

— m(m+ E4)
=T TE, —p,cosfy W (179

IloacraBasisa pe3yJbTaThl BHIUHCACHHS CJCACB H HHTErPHPOBAHHUS
no ¢a3oBoMy mpocTpaHcTBy B (7.78), mojyuyaeMm cedyeHue aHHHIH-
JISIIMH Tlaphl, BEIPAXKEHHOE Yepe3 dHepPrHH U YrJbl B J1aGopaTOpHOH
cHCTEME:

ds o (m+ E+) kR e _
dQ, 8, (m+E,_ —p,cosb) [ 3 k, + 4(e; - &9) '—2]—-

— az(m"l"E-l-) ><
T 8p,(m+E, ~p, cosB)?

—_— s 0 m
><[E+ Pycos® | e+2_4(sl-82)2], (7.80)

m 4 — Ppycos

re B COOTBETCTBUH ¢ HaJjaraeMuivu B (7.78) u (7.79) knHemaTude-
CKHMH OTPaHHUYCHHSIMH

b = m{m-4 E4)
l_m-I—E_‘_——pq_cose
H
E,—p, cosb
ky=m-+E, —kj=—"—1 k.

[TosnHoe ceuenue nosyyaetrcs cymmupoBanueM do/dSQg no mous-
pH3alUsIM KOHEYHBIX (DOTOHOB M HHTEIDHPOBAHHEM MO TEJECHOMY
yray dQg,. Ilocaennee TpefyeT onmpejesieHHOH OCTOPOXKHOCTH, MO-
CKOJIbKY KOHEUHOE COCTOSIHHE COJEeDIKHT JBe TOX/JAeCTBeHHBle dac-
tuun. Popmyna (7.80) o3Hauaer, yTo OAUH H3 (GOTOHOB HCIYCKaeTcs
B 3JeMEeHT TejecHOro yraa dQg; BeCJeJCTBHE HX HEPa3JIHYHMO-
CTH 3TO MOXKeT ObITh Ja1060# u3 ABYX ¢oTtoHoB. Ecin 66l MBI MPOHH-
rerpupoBain do/dQp, 1O Bcemy TejiecHOMY yray 4m, Mbl yu/ad GOH
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Kaxjaoe pa3JauyuMoe COCTOSIHHE OBaXKAHl. HOSTOMy [IpH BBIYHCJIE-
HHH TIOJIHOTO CE€YEeHHA MBI BO3LMEM IOJOBHHY 3TOro HHTErpaJa

. 1 do
0=—2—S-a£—2;d£2k,. - (7.81)

M3 (7.81) u (7.80) HeTpyZHO NOJYYHUTHL HOJHOE CeUeHHe B Npejese
HH3KHX M BBICOKHX 3Heprufi: ecau py -0, To k; > —Kk, u ycpenne-
HHe 1O MoJApH3auuaM AaeT (eg;-&2)2— 1/2; cmenoBarensho !),

2
o= +0®)] B <L
pim
B y/bTpape/siTHBHCTCKOM ciayude HMeeM

§ =% [1n £ 1+o(75’"T1n—E-t)+ o

m m

rje B BeAyIIHI u/JeH BHOCHAT paBHBle BKJaAbl NEpBble ABa YJjeHa
B (7.80), a cymma AByX Apyrux ujieHoB B (7.80) mmeer pakTop Ma-
noctu m/E,. BnepBrle 3TOT pe3ysbTaT Ob1 NOJyu4eH Jlupakom
B 1930 r. [62].

§ 32. Paccesnue a/ieKTPOHA U NO3UTPOHA HA IJNEKTPOHe

Paccesinne 2/1eKTpOHA 3JIEKTPOHOM OMHCHLIBAETCS NOUYTH TaK XKe,
KaK paccesiHie 3JeKTpoHa npoTonoM. OJHaKO B HepBOM cCiyyae
UMeeTcA [ONOJHHTENbHAas AHarpaMMa, BO3HHKAWLIas BcJeACTBHE
TOXAECTBEHHOCTH 3JeKTpoHOB. J[IBe jAMarpaMMbl Ajsd paccesiHHsA
3JIEKTPOHA 3JIEKTPOHOM H300paxKeHel Ha puc. 7.10, TaM xe ykKa-
3aHa HeoOXojuMas KuHeMaTHKa. COOTBeTCTByOIIAasi AaMIUIHTYAa
paccesinusi, aHajJoruyHasi aMmauTyfe (7.35) /1S 3JeKTPOH-TPOTOH-
HOTO paccesiHUdA, HMeeT CcJAeAyioWMH BHJ (CIMHOBBIE HHIEKCHI
ONYIIEHBI ) :

M [i @ (p7) (= v (1) & () (= i¥¥) u (py)
VZA/E\E,E|E, (p,—p))?

& (P1) (— vy u (P2) 8 (2) (= iv¥) u 4 ’ ’ |

_; Ee) (—iv) ((:1)— 552) W) u (py) ] 08 (51 4 B — ).

(7.82)

Pasuble orHOCHTe/IbHBIE 3HAKA [EPBOrO U BTOPOTO UJIEHOB O6YCJIOB-
JI€HBl CTATHCTHKOH (PepMH, COrlacHO KOTOPOH aMILIHTYda HOJXKHA
ObITh aHTHCHMMETPHUYHON OTHOCHTEJbHO [€PeCTaHOBKH ABYX KOHeu-
HBIX 3/1eKTPOHOB. OHa, KpOMe TOro, aHTHCHMMETPHYHA OTHOCHTE/IBHO

') TIpu B+ — 0 370 mpuGanxkeHHe AAs & SBAsieTCs IJAOXHM. ILMocKue BOJHbI
ANl 3MeKTpoHAa H NOSHTPOHA CJEAYeT 3aMEHHTh KYJOHOBCKHMH BOJHOBBIMH
bynxumsivy,
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NepecTaHOBKH HauaJbHBIX 3JEKTPOHOB, 4TO TAK¥ke COOTBETCTBYET
TpeGOBaHHAM CTATHUCTHKH.

B cusy aHaJjOrHYHBIX apryMeHTOB aMIVIHTyla paccefiHust ABYX
TOK/JEeCTBEHHBIX 6030HOB HOJ3KHA ObITh CHMMETPHYHON OTHOCHTEJb-
HO NepecTaHOBOK KaK HAuya/bHbIX, TaK H KOHeyHbIX uacTuu. IIpu-
MEPOM MOZKET CJYXKHTb H300paxkeHHas Ha pHC. 7.8 aMIIHTYAa aH-
HHTHJSALUE 3JeKTPOH-IIO3UTPOHHOH Iaphl, KOTOpasi, KaK Mbl BHIEJIH,
CHUMMETPHYHA OTHOCHTENbHO JABYX (POTOHOB.

Mu ue BBeau B ¢dopmyay (7.82) HuKakOro A06aBOYHOrO HOP-
MHPOBOYHOIO MHOXKHTEJS THIIA 1/4/2 unu 2, cBA3anHoro ¢ nosBJe-
HueM oOMeHHoro ujeHa. [IpucyTCTBHe TOXKJAECTBEHHBIX YaCTHIl B Ha-

4aJIbHOM HJIE KOHEYHOM COCTOSTHHH

7 Y4 7 p; He BJHMAET Ha lIpaBUJa MOJyYCHHH
anddepeHHaAbHOIO CEUCHHA U3
amnantyan Sy, Hapo, oanako, no-

NN NN MHHTb 0 MHOXKHTese 1/2 B dhopmyie

2P 7r-ps (7.81). Ecou B KOHeuHOM COCTOS-
HUHM HMEIOTCSl JIBe TOXK/JeCTBeHHbIe
7 z 7 7,  YACTHLBI, ITOT MHOXKHTeJb AOJKeH

OBITH BKJIOUEH B HHTErpHpPOBaHHE
10 yraaM HpH NOJYYeHUH TOJIHOTO
ceuenusi. /s TOXKIeCTBEHHBIX da-
CTHII B HayaJbHOM COCTOSIHHHM HH-
KaKHX NONOJHHUTENbHBIX MHOMKHTE-
Jell He MOSIBJASETCS, NOCKOJbKY HAuyaJbHBIl NOTOK He MeEHsIeTCs.

PaccesiiHe J€KTpOHA Ha JEKTPOHE AaeT HaM IIPOCTOH M SICHBIA
NpuMep CIpaBelJHBOCTH 3TOro npasusa. s paccesanus Bnepen
¢ MaJoil mepefayeii ummnyJeca (p, ——pl’)2 MOXKHO TpeHe6peun BTO-
pbiM, oOMeHHBIM yjeHoM B (7.82). B sTom mpejesbHOM ciyvae am-
NJIMTYJa CBOAUTCH K KOMIITOHOBCKON — pe3yJbTaT, KOTOPHIH He 3a-
BHCHT OT CTaTHCTHKH.

Bhipaxenue pjs AH(GbepeHUHaIbHOTO CeYeHHsI PacCesHHs He-
NOJISIPH30BAHHBIX 3JIEKTPOHOB NoJydaercst U3 (7.82) OOBLIYHHIM crO-
coboM. B cHcTeMe LeHTpa HHepUHH AH(GepeHLHAJNbHOE CeUYeHHe
paBHO

_ etmt 1 1 ;‘JI—[-m P+ m
o= s | g o (e )
® = e E 2B S 4 { [(p{ — )T P \l7om Mg W)X
p;—{—m Pyt m ) 1
S ( b V)~ 7 7
X 5p om ' om ) (pr—p)* (P = 1) X
piAm)  (pitm (bt py +
Xsp[( 12 )Y (1 ) . (Bt m) yh (p22mm) YV]+

m u om Vv 2m

Puc. 7.10. Paccesnue sJeKTpoHa Ha
9JIEKTPOHE,

+ (B <) } 8 (P1 + Py — o, — py) P P}, (7.83)
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rae £ oGo3Hauaer sHepruw, a f§ — CKOPOCTb KaXJAOI0 H3 3JEKTPO-
HOB B CHCTEME LUEHTPa HHEPLHH.

O6paTuTe BHUMAHHE HA TO, YTO B KauecTBe OTHOCHTEJBHOH CKO-
POCTH HAuyaJbHBIX JJEKTPOHOB B CHCTEME LEHTPa WHEPHUHH (QUIypH-
pyeT BesnuuHa 2f. [LJist peNATHBHCTCKHUX 3JEKTPOHOB ee IpefebHOe
3HayeHHe PaBHO yABOEHHOH CKOPOCTH CBeTa. 3jJech HeT HHKAaKOTo
NPOTUBOPEUUS] CO CHEUHAJbHOH TeOpHel OTHOCHTEJBLHOCTH, MO-
CKOJIbKY CKOPOCTb KaXKJOr0 H3 3JEKTPOHOB B CHCTeMe OTcyeTa ApY-
roro He npeBhaer ckopoctu cBeta. CuMBOa (py <> p;) oO3Hauaer
ABa JOHOJHHTE/bHBIX UJCHA, KOTOPble MOJYYalOTCAd M3 NMEePBHIX ABYX
B (popmyJe 115 d§ NMyTeM B3aHMHON H€PECTAHOBKH p| H p,.

B ¢dopwmyse (7.83) BkJIaA OT HHTephEPCHLHH MeXAYy NPAMBIM H
O6MEHHBLIM YJeHAMH COREPKHT TOJBKO OAMH OUEHb [JHHHBIH CIIem.
Ha puc. 7.11 namo rpaduyeckoe npeacraBjeHHe KBajpaToB Mart-
PHUHBLX 2JE€MEHTOB B (opMe 3aMKHYTHIX neTe/lb. PasHHIa MexXAay

Puc. 7.11. TIpaduueckoe mpeacTaB/ieHte KBaLpaTOB MATPHYHHIX 2JEMEHTOB /s
paccesiHHs 3JeKTPoHA Ha aaekTpone. KpyxkH Ha JIHHHﬂX MOKA3BIBAIOT HA OTCYT-

cteHe daktopa (p? — m?)7!

IPAMBIM K OGMEHHBIM YJI€HAMH COCTOHT B TOM, UTO IMepPBHIN COLEp-
JKHT JBe NeTJH H JBa cjefa, a BTOPOH — ORHY NEeTJI0 H OAHH CJel.
UHnorna Takue JnarpaMMbl OBIBAIOT [OJIE3HBI [JIsi YCTAHOBJIEHHS
NOPsIAKA MHAEKCOB W, vV ¥ BBIIHCHIBAHMSA CIHHOPHBIX (aKTOPOB.
Briuncaenue caeaos B ¢opmyte (7.83) IpOH3BOAUTCA ¢ IO-
MOIIbIO TeopeM, npHBeJeHHbIX B § 26. B wacTthHocTH, Teopema 5 mo-
3BOJISIET YIOPOCTHTH CJeJ H3 BOCbMH MaTpHIl y B HHTephEpPEHIHOH-
oM useHe. HanpuMep, nepexois Ajas NPOCTOTH K PEAATHBUCTCKUM
sHeprusiv E > m u npexebperas 4HJeHaMH, NPONOPUHOHAIbHBIMA
m?, TMOJyYHM
Al A Al Py Al A Al
Sp (BIV, B VPN PNV ) = — 2 Sp (D1, P, PV Py) =
j— . A A — — . o
————8p, Ps Sp PPy = 32 (p1 pz) (pl pg)-
HNuddepenunanbHoe ceyeHHe, BHIpAKEHHOE Yepe3 HEPrul0 B CH-
cTeMe menTpa Macc E u yrosa paccesiHus 0, UMeer BHI
da a? [1 -+ cost(0/2) 2 I 4 sin* (6/2)
(é M 852[ sin® (8/2) +sin2 (6/2) cos? (9/2)+ cos* (8/2) ] (7.84)

v
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rie mepBoe H TPETbe cJjaraeMmble NpeAcTaB/fAOT cobo¥ KBaApaThl
MaTPUUHBIX 3/EMEHTOB AJs JBYX AHAarpaMmm, H300paKeHHbIX Ha
puc. 7.10, a Bropoe cjlaraeMoe AaeT BKJald OT HHTep(epeHUnH TUX
quarpamm.

[1pu nosiyueHHH 3TOTO pe3ynabTaTa ObLLIH HCNOJb3OBAHb CJENYIO-
e KHHEeMAaTHUeCKHe COOTHOLUEHUs: p, - p,=p| - p,=2E* pip,=
=p, - py=2E?c0s?(8/2) u p, - p;=p, - p,=2E"sin’(8/2), koTOpHIC
cupaBeAJIMBbl, ecu NpeHeGperaTh udeHaMH nopsaxa m?. Boipaike-
Hue (7.84) ecTb y/abTpapeasTHBHCTCKHA mpefes ¢opmyan Méwiepa
[58] B cucTeme HEHTpa HHEPUHH.

O6paTumcsi Tenepb K PAacCesHHIO TO3HTPOHOB Ha 3JEKTPOHAX.
B cuay Kpocc-HHBapPHAHTHOCTH MOXKHO TIOJIYYHTb CeueHHe H3 (op-

myJasl Mémnepa saMeHOH, aHaJo-

2 -7 ruydoit (7.77). dmarpammer Peiin-
7 -/ MaHa JJs 3TOro Inporecca, H3Be-
CTHOro Kak paccesnue DBaba [63],
H3oOpaxKeHsl Ha puc. 7.12.
AN 2+ IlyremM 3ameHbi
77 P1 <> py,
4 4
p/ _% p, _¢] p]le’
; (7.85)
(@) ] Py — @
4
Puc. 7.12. Paccesnne anektpona Py — 4

HA NO3HTpOHE. H H3MeHeHHs1 ob1uiero 3Haka B cooT-
BerctBHu ¢ (6.56) mosyuaem awm-
NJHTYAY paccesiHusl NMO3UTPOHA Ha 3JEKTPOHE

SfBi . & 1 [i a (p;) (—ivy)u(p)) 8 (q[.) (— iv") v (q;)

V) =)
() (=i e(a]) o (g (=i u(p F
—i— . (1(71]—?— qf)zl) 2, (20)* 8" (p} + a7 — P, — 9y)-

(7.86)

[TepBHifi wieH ONHCHIBAaeT NMpPsIMOe paccesiHHe,; OH aHAJOrH4eH Mep-
BOMY WYJE€Hy B aMIUIHTyAe paccesiHHs 3JeKTPOHA Ha 3JEKTPOHE
(7.82). AHHUIMJSILHOHHBIN UJieH COOTBeTCTBYeT BTOPOMY, OOMeH-
HoMy uJeHy B (7.82). 3Hak MHHYyC Mex1y ABYMA u/ieHaMH BO3HH-
KaeT BCJaeACTBHe mnepexoja u3 (7.82) 3ameHOi cOTVIacHO CBOHCTBY
KpPOCC-CHMMETPHH. ,

Antucummerpusi amnautyabn (7.82) no OTHOIIeHHIO K IlepecTa-
HOBKe ABYX HauaJjibHbiX JIHOO . JBYX KOHEUHHIX 3JeKTPOHOB NpeBpa-
maercs B (7.86) B aHTHCUMMETPHIO MeXAY BXOASLIUM 3JIEKTPOHOM
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¢ MOJIOKHTEJbHOH sHepriuedl (p;) U «BXOASLIUM 3JEKTPOHOM» ¢ OT-
pHIaTeNbHOH 3Heprueil (— gy), ABHXKYIIHMCS Ha3al BO BpPEMeHH,
60 MeXK1y BBHIXOAALIMMH 3JEKTpOHaMH p| u — ¢q,. UTobbl AaTh
HHTEpNpeTaluio 3TOH aHTHCHMMETDHH B TEpMHHAX TEOPHH ABIPOK,
3aMeTHM, UTO [0 B3aHMO/eHCTBUsI HauaJIbHOEe COCTOSHHE COMAEPNKHUT
3JIEKTPOH p; C MOJOXKHTEJNbHOH SHeprueél M Mope COCTOSIHHEA ¢ OT-
pHLlATe/bHOI SHepruel, 3an0JHeHHOe, 38 HCKJIOUeHHEM BIPKH, B CO-
CTOSIHMH C OTPHUILATe/IbHOH 3Heprueil —¢q,. B uacTHocTd, 3T0 MOpe
COLEPXKHUT 3JIEKTPOH C OTPHIATENLHOH IHEpruedl B COCTOSHHH — qf,

M03TOMY COrJIACHO CTAaTHCTHKE CDepMH HadaJbHOEC COCTOAHHE OO0JI2KHO
OBITh AHTHCHMMETPHYHBIM 10 OTHOIIEHHIO K NEPECTAaHOBKE le——qI;

GOAOOHBIE pacCyXKJeHHS NMPUMEHHMB H K KOHEYHOMY COCTOSIHHIO.
AHTHCHMMeTpH3alusi AOJKHA ObITh NPOM3Be/leHa TaKxke [0 BCeM
OCTaJIbHBIM YaCTHIAM H3 MODs, HO, OCKOJIBKY OHH He (DPUIYPHUPYIOT
B (7.86), ¢opma 3TOro BHIpa)KEHHS HHKAK He MeHsSeTCs OT Tako#
aHTHCHMMeTpPH3alHH.

CeueHMe paccesiHUs MO3HTPOHA Ha 3JEKTPOHe B CHCTEMe LEHTDPa
MHepIUH noJyuaercst u3 (7.83) samenoii (7.85) m BHIUHCJAEHHEM CJle-
JIOB, TPOM3BOJUMBIM TaK JKe, KaK AJsA MENJIEPOBCKOr0 paccestHHs.
B y/abTpapesiTUBHCTCKOM CJly4yae 3TO Jaer

d5\ __ o [14-cost(6/2) _ 2cos*(8/2) | 1+ cos’®
("d_s? B 852[ sin® (6/2) Sin? (0/2) + 5 ] (7.87)

§ 33. MoaspusannonHble adGeKThl
npu paccesiHud 3JEKTPOHOB

B kauecTBe mpuMepa NPaKTHYECKOro NPHMEHEHHs BBeIEHHBIX
B rJ. 3 CIHHOBBIX NPOEKIHOHHBIX OMNepaTOPOB BepHeMCcst K PaccMoT-
pennomy B § 26 ceuenuio MoTTa M NpOBeleM BBIUHCJAEHHA AJs CHY-
yasl NOJIAPU3OBAHHOrO NMydYKa NafaiolluX 3JeKTpoHoB. B ru. 10 ™Mbl
YBHIHMM, UTO 3JeKTPOHHI, BO3HHKAIOLIME OT pacnajia W-Me30HOB, I0-
JAPU30BaHbl, MPHYEM HX CIHHB aHTHNapaJJebHbl HaNpPaBJEHHIO
ABUKEHHS.

CeueHHe KYJIOHOBCKOTO PacCEesiHHS 3JEKTPOHOB, MMEIOUIHX HM-
NyJabc p; ¥ COHUH S; OpHYEM §;+p; = 0, IPOCYMMHPOBaHHOE MO KO-
HEYHBIM CNHHOBBIM COCTOSIHHAM =S¢, ompejensiercss GopMynoll (cM.
(7.11))

o AZ%q*m? _
o= e L8 (e, s)¥u (i, SO (7.88)

:l:Sf

Has Toro uro6wl npu MoJyyeHHH ceueHus no dopmyse (7.88) Boc-
0/Ib30BATbCA METOLOM B3ATHS CJENOB, BBeaem corsmacHo (3,19) n
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(3.22) cnuHOBBIE NMPOEKIHOHHBIE QNEepaTophbl

1+v§i
Z(Si)=_2_5_,

S(s;)ulps, i) =ulpi, si), (7.89)

(s ulp;, — si)==0.
[losTopsas nepexoa ot (7.13) k (7.14), moayuum ')

d 4Z%a%m? _ _
T=Ter 2, (o, s v (s (i, sO}A(pe, 50 Vot (py, s} =
:tSf,Si
47%a2m? T4y \ (B, +m pst+m
=2 spy(pt) Gty B (790

3 (7.15) u (7.18) caenyer, uto cien, COAePKaliHH BEKTOp CIHHA,
paBeH HYJIO M Mbl BHOBb TeM CaMblM BO3Bpawiaemcs k Qopmyse
Mortra (7.22). [TonyueHHBIH HAMH Pe3yJbTaT O COBIALEHHH CEYEeHHH
[J1 TOJSIPH30BAHHOIO M HENOJIPH30BAHHOTO HayaJbHBIX MYYKOB
CrpaBe/JJiIUB TOJBKO B HaHHH3IIEM NOPsAIKe TEOPHH BO3MYILUEHHH, HO
B o6leM cayuyae OH HeBepeH [64]

IMpuBesem npumMep HabJ/I01aeMOro NOJAPU3AUHOHHOTO 3¢ deKTa.
PaccmoTpuM cHOBa HaJleTalOLHUH 3JE€KTPOH, CHIHH KOTOPOro OpHEHTH-
pOBaH BJOJb HalpaBJCHHS [ABHXKEHHS, H BBHIYHCJAHM [OJ5PH3AUHIO
paccesiHHOTO JEKTPOHA KaK (GYHKIHIO yria paccesinus. Hauaabusiit
BEKTOp TOJSPH3ALUH §; YAOBJETBOPSET YCJIOBHAM

s2=—1=(s))—s, s (7.91)
"
s;-p,=0 wmm sf=s, B,
rae
P,
ﬁ;EE' (7.92)

O6benuusis (7.91) u (7 92) HMeeM
; (7.93)

b
Y=o
3J1eChb Se o603HavyaeT elHHHYHbIA BEKTOp B HamnpaBJEHHM §;. daek-

TpOH, CIIMH KOTOPOro HanpasJi€H BAOJb BEKTODa ﬁl, Ha3bnIBaloT Iipa-
BOIOJAPH3OBAHHBIM C nonﬁpnsauueu SiR. ﬂJIﬂ TaKOro 2JeKTpOHa
HMeeM

Is. |_—_—__..—1__= E;
Wl = T
i

) MoxHo, KoHeuHo, BBeCTH Z(S) ABAXKAH — Kak B MaTPHUHLIA JEeMEHT, Tak
W B COTPAKEHHBI K HeMY, HO B 9TOM HeT HeOGXOAUMOCTH.

=l (7.94)
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AHasornuHo, 374€KTPOH €O CMHHOM, aHTHNApaJJIe/bHEIM BEKTODY f§;,

Ha3bIBAIOT JIEBONOJPU30BAHHBIM C MOJspH3alluell S;p = —Sig, H
1JI Hero
. [

B, s5=
il

Ez

89, = —
|SLL| ? ﬁ|S l

Takue :Ke COOTHOUIEHHS cNOpaBeUIMBHL H [/ PacCesTHHOro 3JeK-
TPOHA ¢ TOH pasHulleH, UTO BCIOAY HMHAEKC [ C/elyeT 3aMeHHTb Ha
. BexTopel §;r = —S$;. € NpaBoli H JeBOH noJspusanueii 06pasyioT
ouedb yA0OHBIH Gasuc, KOTOPHIM Mbl B AaJgbHefimem OyaeM 4acTo
noJb3oBaTecsi. CoGCTBeHHBIE COCTOSIHUS onepatopa (s) (7.89), ot-
BeyaloliHe COOCTBCHHBIM 3HAUEHHAM § == —4=Sg = T-§5, HA3LIBAIOT
COCTOSIHHSIMHM C MOJIOKHTENbHOH H OTPHIATEJbHOH COHPAJBHOCTS-
mu [65].

[MToaspusanus paccesHHBIX 3JeKTPOHOB XapaKTepusyeTcs BeJH-
YHHOH
— NL

P= N+N

(7.95)
rie Ngp 03HauaeT YHCAO PACCEsHHBIX YaCTHL, ¢ MOJMOXKHTE/JbHOH CIH-
paJbHOCTBIO (HJM ¢ NpaBOH nogasipusanmeil), a Ny — ¢ orpunarenb-
HOH CIHpaJbHOCTLIO (eBOH moaspuzauuner). Beauunnn Ngp, Np #
P apasiiorcs, Boobuie roBopd, GYHKUHMSAMH 3HEPrHH M yria pac-
cestHusl.

[Tonsipusanust paccesHHBIX 3JEKTPOHOB MDY KYJOHOBCKOM pac-
CceaHUM [PaBOMOJISIPH3OBAHHOTO MNyuYKa OlpeAeasieTcs COrJacHo
(7.11) u (7.95):
| (P Str) Yo (Pi- Sig) [P = | & (Pp Spr) Yo (Pi SiR) P
| & (pf. Spr) Vou (Pi- Sir) B+ 12 (e SpL) You (P Sir) [P
—{sp [, LF 0 Bt (F ) @47
=1°PLYo 3 Im Yo 3 2m

(L4 vs8ir) P+ m) (1 —vs84r) (f;+ ’")]
—Sp [YO 2 Sm Yo 2 2m X
[ vse) (it m) (Bt m) ] }“
>< { SP _YO 9 2m Yo 9 -
. Bytm o (pptm)
p[VOVSSiR om_ YOV5° IR 2m
—|- m +m
o [vo Gt B ]

2m

PR=

(7.96)

Mbi cna6aunu nonsipusaunio Pr WHAEKCOM, KOTOPHII yKasbiBaeT Ha
TO, YTQ HAyaJ/bHbIN HYUYOK OblJI NOJHOCTBIO NPaBONOJSPU3OBAH,
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Kak u B (7.90), BCe usieHbl, JHHEHHbIE N0 S;r JUGO MO Sfr, HCYE-
3aoT. Csel B 3HaMeHaTesJe YyiKe BBHIUHCJASAJICA paHee M jaercs
BhIpaxkeHHeM (7.21); uHcauTesnp ynpoulaercss NyTeM <IPOTACKHBA-
HUA» MaTpHuL, ys APYr K Apyry u npumenenusa (7.17). Tlocsae npo-
CTBIX Npeo6pa3oBaHul U NOJACTAHOBKH (7.94) moaydaeM cieayrouluil
pe3yJabTar:

Per=1— [ 2m? sin? (0/2) ] .

E% cos? (8/2) + m? sin? (0/2) (7.97)

B yabTpapensTUBHCTCKOM mHpefene, koraa m/E — 0, wan f—> I,
nmeeM Pgp—> 1, T. e. B ipellesie BBICOKHX 3Hepruil KyJOHOBCKOe pac-
cesiHHe He NPHBOJANT K AENMOASIPH3AIHH HauaJdbHBIX 3JEKTPOHOB.

Ecan HavajabHbI Ny4YoK ObIA He MOJHOCTbIO, a JHIIb 9aCTHUYHO
NOJIAPA30BAH BAOJb HATIPABJEHUS JIBHXEHHS, MOXKHO OXHAATb, YTO
pesyabrat (7.97) nepeiier B

P = pP,. (7.98)
3].1er p O3Hauaer no.rmpmaumo HadaJIbHBIX 3JIEKTPOHOB, T. €.
pP=pr—PL,

rie pr €CTb L0JS 3JEKTPOHOB C IOJOXKHTENBHOH CIHPaJbHOCTDIO,
a pr = 1 — prp— NOJA 4YaCTHL ¢ OTPHHATEJNbHOA CIHPAJBHOCTHIO.
Yrobul ybeautbest B cpaBeanBocT (7.98), 3aMeTuM, YTO BhipaKe-
Hue (7.96) JvHefiHO TO CIHMHOBBIM IIPOEKIHOHHHIM oOHepaTopam
HauaJbHOTO M KOHEYHOro 3/eKTpoHoB. [losToMy ¢ nomomww pa-
BEHCTBA

iR T—vdip _ T4+pvsdin

Pr 9 +pL p) - 2

nojsyyaem TpefyeMBIfi pe3yJbraT

_ : 2m? sin? (6/2)
P _p[l T ETcos? (0/2) + m? sin? (9/2)]'

(7.99)

B uactHoM cayuae p = 0 cdopmyna (7.99) nokaspiBaer, 4To HENo-
JISPU30BAHHLI HauaJbHBII NMYYOK OCTaeTCSi HENOJSIPH3OBAHHBEIM B
pe3yJibTaTe KYJOHOBCKOIO PacCestHHs.

[TosryyeHHBIM pe3yJbTaTaM MOXKHO COMOCTAaBUTh HATVISIAHYIO Ieo-
MeTpHuecKylo KapTuHy. Onpejenum ciaexyoiium o6pa3oM yroga o
MeXAy HanpaBJeHHeM CIIMHa ABHXKYIIerocs 3JeKTPOHa, ONHCHIBae-
MOTO CHUHOPOM 4 (p, S), U NPOU3BOJBHHIM HalpaBJeHHEM, 3ajaBae-
MBIM €JIHHHYHBIM BeKTOpoM nh = (0, n):

ut(p,s)o-nu(p,s) __
ut(p. s)u(p,s)

=/ T—Ra(p, s)vshiu(p, s), (7.100)

cosa =(0-n)=

rae = p/E.
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15 BbiuHcAeHHs MaTpHuHOro ajaemeHnta (7.100) Mbl BHOBb EBe-
1eM TIPOEKHHOHHbie OMepaTopbl H BOCIOJb3yeMCs METOJOM B3ATHA
ciaeaoB. Toraa ¢ nomoubio (7.93) mosyuum

cosa—q/l—ﬁZSp(p )(1+Y5s)y5ﬁ_—_—
-8 e
=4/T—PFs- "—’\/1— Fr S (7.101)

Otciofia BHJHO, YTO €CJAH S¢ W B NepleHIuKyASpHH, TO |cos a| <<
< 4/1 — p% CyefoBatesibio, B COCTOSIHHH CO CIHHOM, NMEPNEHIHKY-
JSIPHBIM CKOPOCTH, CpelHee 3HAUeHHE CIHHa, ONpejejsieMoe Bbipa-
xenueMm (7.100), ob6pamaercs B HyJab npu f—>1. C apyroi cro-
POHBI, AJs cJydasi, KOTJa CIMH S HANpaBJeH BAOJAb CKOPOCTH, T. €.
[Jis. CIHPAJILHBIX COCTOSIHHH, MOJyuaeM

cosa=s°-n (7.102)
W MpOeKUHst CNMHA HAa HanpaBjeHHe n, NapajJejbHoe Ju6O aHTH-

napaajieibHoe S, paBHa 1. OGoswatast B 3TOM cayuae o = 0,
HMeeM

cosd=41. (7.103)

Cpenxee 3HaueHHe cOS o JJIst NyuKa pAaCCESHHBIX 3JIEKTPOHOB
A4eTcsi BhlpasKeHHeM
{cosay= ). w(p, s)cosa, (7.104)
+s
raie w(p,s) ecTb BEPOATHOCTL Iiepexoja B 3aJaHHOe KOHEeYHOoe
COCTOstHHE ¢ HMIOyJabcoM p H cnuHoM S. Cymmy B (7.104) npouwe
BCEr0 BBIYHC/IHTb, NPOCYMMHPCBAB MO JABYM CHHDPAJbHBHIM COCTOS-
ausM. Jduia npoekiin cuHa Ha HanpaBJeHue ABHKeHHs u3 (7.103),
(7.104) u (7.95) Haxomum

(cos &) = w (g, p) — W (s1, p) =P. (7.105)

Takum ofpasoM, NoasipH3anUs ONpejesieT KOCHHYC yrja MeXAy
BeKTOPaMH CIMHA M HUMNyJabca. s KyJOHOBCKOTO paccessHHd IMO-
JSIPH30BAHHOIO HAYAJbHOIO My4yKa 3JEKTPOHOB ¢ p ==1 u3 (7.105)
B (7.99) mosyuaem B npejese GoJbIIHX 3Hepruil, E > m, uiau ma-
JLIX YIVIOB paccesiHus, 68 < I,

@)y ~ &9, (7.106)

T. €. yroJ MeXJ1y BeKTODaMH CIHHA H HMIYJbCa PAcCEeSHHOTO Ny4Ka
cocraBasier paBHyio m/E pomio or yria paccesHus [66].

PacueThl nosspu3aunoHHBIX 3P (HeKTOB B yJIbTpapeasiTHBUCTCKOM
Cllyyae mpolie BCero NPOBOAHTb, NPeABAPHTEJNbHO YNPOCTHB NOJf-
PH3aLHOHHble NpPOEKUHOHHbIE omepaTopsl B mnpegeae m/E — 0.
[Mokaxkem, Kak ynpomaercs B 3TOM  NpeJeJbHOM  Cayuae
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10JIAPH3aUHOHHbIIT IPOEKIHOHHLIA onepaTop AJs I1POAOJIbHO-110J5-
PH30BAHHbLX 3JE€KTPOHOB CO CIIHHOM §, MapaJJjeabHbiM UMIYJbCY P.
U3 (7.93) u (7.94) nmeem
V=5 P
B

o =
W ph 1o L
§ me £ m

npu p— 1. OTcioga A% MPOEKIUOHHOTO ONMEparopa moayyaem

(=) () - (52) ()
—>
2 2m 2 2m ’
AHasoruyno
l:i:v5§R m—p 1 F vy m—p

( 2 )( om )—’( 2 )( Bm ) (7.107)
Hauapreiimee ynpouenue B (7.107) pocruraercs nyteM [epexoja
K YJbTpPapefsiTHBUCTCKOMY Npelesay B IHEPreTHUECKOM I[POEKIHOH-
nom onepartope. Panee us dopmyan (7.99) Mbl 3aKJIOYHJAH, UTO
B npeaesne m/E —>0 KyJOHOBCKOe paccesdHHe He NPUBOJUT K AECNO-
JITPU3ALHH 2JEKTPOHOB. Temlepb 3TOT pe3yabTaT MOXKeT ObITh [O-
JyueH coBceMm npocto. Hajinem aMniuTyAy paccesHus AJs C/ayudas,

KOIla HAavaJbHbIH PeNSITUBHCTCKHH 3JIeKTPOH HMeeT NPaBYIO MOJ-
pu3anuio

1
u(ps, 8= (_';V_i)_u (pi, 1),

a KOHEUHBIH — JIeBYIO
(I —vs)
u (ps, Sf)=——2'5—'u(l7f, 8¢)-
HJsi B3auMome#cTBHA BARA Y* aMIVIMTY/Ja IPONOPIHOHAJIbHA

_ _ 1 1
i (pp, ;) valt (o1, 5= (pp, sp) (32) v, (22 w(py, s1) =
2 2

=i (ps, 8¢) vu(lzvs)(ltvs)u(pz, ;) =0.

3AO0AYH

1. TlokaxuTe, YTO peleHHs B BHIe NJOCKHX BOJH, HOPMHPOBAHHLIE COMVIACHO
(7.2) u (7.3), obnanalor TpeOyeMbIMH TPaHCHOPMAUHOHHLIME CBOHCTBAMH OTHO-
cutesbio npeo6pasopanuil Jlopenna. B wactioctd, yura npeoGpasopanue Jlopenua

HOpMHPOBOYHOTrO 06beMa V, mokaxuTe, 4TO BenHuuHa W (x) ¢(x) aBJAseTCs cKajs-
pom, a peanunHa Pt (x) P (¥)— BpeMeHHOH KOMMOHEHTOH 4-BeKTOpPA.

2. TlocrpoiiTe aMNJAHTYAy paccesHHs 3JeKTPOHA Ha MPOTOHe, OTBEUAIOILYIO
n306paKeHHOMY Ha aHarpaMMax pHc. 7.4, U 8 oOMeHy AByMs ¢oToHamu. [loka-
JKHTE, UTO B CTATHYECKOM Ipefiesie npu OecKOHeyHOH Macce NMPOTOHA OHa COBMA-
JaeT ¢ M306paxKeHHbIM Ha AuarpaMme puC. 7.2 BTOPHIM GOPHOBCKHM mnpubJnKe-
HHeM A5l paccesiHusi J1eKTPOHA B KYJOHOBCKOM MOJe.

3. [Noctpoiite aMnauTyly TOPMO3HOrO HM3JydeHHs HPH PACCEAHWH 3JEKTPOHA
Ha NpOTOHE M MOKAXHTe, YTO B CTATHYECKOM IpPejese OHa INEPEXOIUT B aMIJH-
tyay (7.57) TOPMO3HOrC HSJyueHHs B KyJOHOBCKOM moje. YOeiHTech B TOM, 4TO
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MeXJy STHMH [IBYMs aMIJIHTYLaMH HMEeTCs TaKOe Ke COOTBETCTBHE, KaK MEeXay
amnantynaMu (7.5) u (7.35) nss ynpyroro paccesHus.

4. TTonyuure dopmyay Bere — laiitaepa aas ceueHHs TOPMO3HOro H3NyYeHUs
NPOTOHA NPH NMPOH3BOJBHOH 3Hepruu [67].

5. Buieenute dopMmyay DBere — l'afitnepa gas ceueHus oOpasoBaHusa 3JeK-
TPOH-NOSHTPOHHOA Naphl (OTOHOM B KYJIOHOBCKOM moje. [TokakwuTe, 4To aMILIH-
TYla 3TOrO npolecca CBf3aHa ¢ AMIIUTYILOH TOPMOSHOTO M3JYYEeHHs KpPOCC-CHM-
MeTpHell.

6. U3 dopmyan (7.80) waligute mosHOe cedenue mpomecca et +e” -y -y
IPH TPOH3BOJLHON 3HEPTHH M NOKAXKHTE, 4TO OTBET COTJIACYETCH ¢ NMPHUBEAEHHBLIMH
B TeKCTe Hpejle/ibHbIMH 3HAaueHuAMHU 15 (7.81) npu HM3KHX M BBICOKAX SHEPTHUSX.

7. Boipasute auddepeHnuanbiee ceyeHHe 3SJMEKTPOH-2JEKTPOHHOTO paccesiHHA
B HAWHH3LIeM GOPHOBCKOM MNPHOJMKEeHHH Hepe3 3HePTHH ¥ yrabl B Ja6opatopHOil
cucTeMe.

8. Bblunc/aHTe CceyeHHe MOIVIONEHHSI CBETA CBSI3aHHBIM ATOMHBIM 3JEKTPOHOM
1Jisi aTOMOB ¢ TakKuM HeGoabluM Z, uro Za == Z[137 € | u Ecpaz K mc?. Cun-
TaTb, YTO YACTOTA CBeTa YIAOBJETBOPSET YCIOBHIO A® 3> Ecags. B 3THX ympo-
IAIOIIAX NPEANOJNOKeHnAX Haliinte auddepeninanbHoe cedeHue A ABYX MOpe-
JIEJBHBIX CJY4aeB:

a) HepeasaTuBHCTCKHE mpefel, Ecpas < Ao & mc?,

6) ynAbTPapensiTHBHCTCKHE mpefied, fiw > mc2.

9. CymMsl mo cnunam B (7.99) u (7.105) Obiiu BBIYACAEHBI IYTEM CJOXKEHHs
BRJIAJOB COCTOSHHI C IOJOXKHTeNbHOH M OTpUILAaTENLHON chupajipHocTAMH. B Ka-
yecTBe 6a3Hca MOXHO OBLJIO HCNOAL30BATH JIOOYIO JAPVIYIO Napy He3aBHCHMBIX
CHEHOBHIX cocTostHui. TToKkaxkuTe, 4TO KOHEUHBIH pe3ysbTaT He 3aBHCHUT OT BHIOOpa
6asuca.

10. Tposepste dopmyay (7.97) aas nonspH3ALMH MPH PacCesiHMH B KYJOHOB-
CKOM HoJe. :



Fr1ABAS

MNOMNMPABKH BbICIIHX MOPIAKOB
K MATPHIE PACCESIHUA

§ 34. Paccesinne ajeKTPOHA NMO3HTPOHOM
B 4ETBEPTOM MOPsjKe

PaccMoTpenHBle B IpeAbLAYIIKUX PAMepaX NpaBHJAA OCTPOEHHS
5JIEMEHTOB S-MaTPHIBI MOXKHO pacrnpoCTPaHuTh W Ha GoJiee BBICO-
KHe IOPAJKH TEODHH BO3MYILEHHIH 10 KOHCTaHTe CBSI3H, OJHAKO TYT
BO3HHKAaeT PAJ HOBHIX npoGseM. PaccMoTpum, Hanpumep, BKJIaIbl
nopsaika e* B 3/1€KTPOH-NO3HTPOHHOe paccesinue. [/ mocTpoeHus
COOTBETCTBYIOIEH aMMJHTYJIbl HapHCyeM BCe BO3MOXKHblE AHarpam-
Mb QPeflHMaHa ¢ YETBIPBMS 2JEKTPOMATHHTHHIMHM BEpIMHHAMH, OTBe-
yapllHe AaHHOMY Hpolleccy. 3aTeM BLINHIIEM MaTPHYHBIH 3JEMEHT,
CJelysl H3JIOKEHHBIM paHee IpPaBHJIAM.

Hekoroprie u3 3THX Anarpamm (Bcero ux 18) H30o6pakeHbl Ha
puc. 8.1. IInarpamma (@) onuceiBaeT ABYX(OTOHHBIH OOMeH MEXAY
3JIEKTPOHOM H NO3HTPOHOM H BHOCHT B aMIUIHTYAY BKJaj, aHaJo-
IHYHBIH BblpaxKeHusM (7.47) u (7.48) JJisl 2JIEKTPOH-TIPOTOHHOIO
paccesHHs:

SHD — — (— o)* Sd‘*w dxd'y d“z[«p}“ () %,S, (& — 1) v 4P ()] X
X iDr (x — @) iDr (y — 2) [%i7 (2) v'iSr (z — w) Y9} (@)],  8.1)
rae HHEeKCH [ u [, i’ W [/ 03HAYalOT COOTBETCTBEHHO KBaHTOBBIE

uHucja 3/JeKTpoHa M mo3utpoHa. [uarpamma (6) OTBeuaeT aHHHIH-
JSAHOHHOMY WIEeHY W HMeeT 3HAK MHHYC M0 OTHOLIEHHIO K (8.1):

S =+ (—ie) { dwd'x d'y a2 [$° (91,18, (r — ) v, ¥ )] X
X iDy (x — @)D (y — 2 [#17 () v'iS, (2 — ) V"4 @)].  (8.2)

ITpoucxoxnenne 3Haka MHHYC MeXAy ABYMs aMIJIATYA4MH 37ech

TaKOe Xe, KaKk B HusueM nopsaiaxe (7.82); oH BO3HHKaer 3a cuer

AHTHCHMMETPH3AlUH BOJHOBBIX (YHKLHUH MO HAYaJbHBIM JEKTPOH-
HbIM COCTOSIHHSIM C IIOJIOJKHTeJbHOH H OTPHLATENbHOH 3Heprueil.
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Huarpamma (puc. 8.1,8) oTBeyaeT TakOMy npoleccy, KOria Bo3-
HUKIDHHA [PH aHHHTHAALHH (OTOH DOXKJaeT Nmapy, KoTopas nepen
NepexofioM B KOHEUHO® COCTOAHHe lepepaccenBaercs. AMIVIATYRY

£ i Jr r’
K y
ZINANNNAND Y z
% e . 7
NNANNANNNSZ ’
Y % 7 Y Tr vl
I i’ i i’
&
7 tad
Z
7
Z
i i’
(2 @

Puc. 8.1. Hekoroprie auarpaMMbl YETBEPTOrO IOPsifKa MAJAST DACCEAHHS DJeK-
TPOHA Ha MO3UTPOHE.

3TOro mnpouecca 3amuuleM O H3BECTHBIM HaM I[paBuJ/Jam: KaxJa0ou
BEpIIXHE CONOCTAaBJIACTCA BeJIMUUHA ——ieyu U HHBAapHAaHTHOe HHTEr-

pupoBaHHue Sd‘*x, Ka)XJ0H BHYTPEHHeH JIHHHH OTBedaer Ipomnara-

Top iSp(¥ —y), CBOOOAHEIM HauaJbHBIM H KOHEUHBIM YACTHIAM CO-
OTBETCTBYIOT BOJIHOBHle (QYHKUMH. Takum o6pasoM, Nojyuaem

S = 4 (— ie)* S d*wd'xd'y d*ziDr(x — ) iDr (y — 2) X
X0 () 1,885 (¢ — ) Sz (v — ) ¥4 (@) ] X
X[ @ v @] ©8.3)

B nosicHenusX HyxXnaeTcs ToJbKO BHOOp oOmero 3Haka mepex
ammautyaod (8.3). On onpeaeasercs TpeGOBaHHEM CTATHCTHKH
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®epmu — Jlupaka, corjnacHo KOTOPOH ABa 3JEKTPOHHBIX COCTOSIHHS
JOJKHLI OBITh AHTHCHMMETPHUYHBIMH N0 OTHOUIEHHIO K IlepeCcTaHOBKe
9MeKTpoHOB. ONMH H3 BO3MOXKHBIX CIOCOGOB YNOPSALOUEHHST BO Bpe-
MeHHM ueThipex BepIUHH AuarpaMmbl (@) NMoKa3aH Ha puc. 8.2 BMecTe
C COOTBETCTBYIOIIMM BAapHaHTOM JAJs IHATPAMMEL (8).

d r’ £ £

y/g

Z,

()

Puc. 8.2. Bosuuknosenue, Gaarogapsa cratucruke PepMu, OTHOCHTENRHOrO 3HaKa
MHHyC MexALy Iuarpammamu puc. 8.1, a n 81,8

OTH ABe AHArPaMMBl OTJIHYAIOTCS NMEPeCTAaHOBKOH 3/JEKTPOHHBIX
aunuit [ u II. OTHocHTenbHHIH 3HaK MHHYc Mexnay (8.1) u (8.3)
oBecrneunBaer TpefyeMyl dHTHCHMMETDHIO IIOJHOTO MaTpHUHOrO
2JleMeHTa OTHOCHTEJbHO MNepecTaHOBKH JBYX TOXK/ECTBEHHBIX (ep-
muoHOB. Usen (8.3) HMeeT Takof e 3HAK, KaKOI BHOCUJ B BHIpa-
skeHne (7.86) BxJaj aHHHTHJASLUHOHHOH AHMarpaMMmbl (puc. 7.15,6)
B HU3LIEM MOpPAAKE. '

Korga Mbl CHMMETpH3yeM aMIUIHTYAY OTHOCHTENbHO MepecTa-
HOBKH IBYX (JOTOHOB, TO OKa3blBaeTcsl HeOOXOAUMBIM BKIIOUHTL TaK-
JKe JauarpamMmy BHAa (e); AedCTBHTeJbHO, (OTOHBI, BXOASLIHE B
BepIIHHb @ H y Ha puc. 8.1,8, Moran OBITH HCNYILCHBL H H3 BEPLIHH
Z U X COOTBETCTBEHHO. DTO NPHBOAHT K CJaelyolieMy ujeny 4-ro
nopsiika B S-mMaTpuue:

S =+ (— ie)* | d'w d'vd'y d'2 iDp (v — 9) iDr (© — 2) X
X9 (0,085 (& — D) V'iSp (y — ©) v, 91 @)] X
X[#7 @) v ()], (8.4)
KOTODHI HMeeT Takol ke 3HaK, uTo H (8.3).

Huarpamma (d) Ha puc. 8.1 oTBeyaeT TakKOMy MNpoIleccy, KOraa
pOXAAIOUIKMACA NPy aHHUCUAALMKA (QOTOH obpasyer mapy, Kotopas,
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npexje ueM INepedTH B KOHEUHOE COCTOsSHHE, BHOBb B3aMMOJeH-
CTByeT aHHHTHJANHOHHBLIM o6pasoM. Te Gi1oku auarpamm (8) u (0)
Ha puc. 8.1, KOTOpble PacHo/JOXKeHbl Bblllle BEPLIMHbI I, CBA3aHBI
Mexay co0ofl Tak ke, KaKk AMarpaMMbl pacCesiHus 3JeKTPOHaA Ha
IIO3UTPOHE BO BTOPOM IOpAAKe, u3obpaxeHHole Ha puc. 8.1. Ilo-
3TOMY €CTEeCTBEHHO 0XKHJaThb, YTO, KaK H B (7.86), BKIaAn B S-MaT-
puuy auarpamm (8) u (0) HMEIOT NPOTHBONOJOXKHEE 3HaKH. Toraa
JUIst BKJIaja auarpammel (0) MOXKHO 3anucalb

S? = — (— ie)* { d'o d'vd'y d'2[H* (@) v, 47 @)] X
X iD g (W@ — x)[ViiSE (4 — %)gp ViadSp (x — 9)] X
X iDp(y — 2[4 @vaiP @] (8.5

HesaBucuMulil croco6 BhiGopa obiiero 3uaka B (8.5) cocTOUT B 3a-
LAHHH COOTBETCTBYIOIET0 YMOPSJOYeHUs BO BPEMEHH, KaK OBLIO
chenaHo Ha puc. 8.2.

TpeboBaHuss CUMMETPHUM N AHTHCHMMETDPHH, KOTODLIMH MBI JIO
CHX 1Op PYKOBOJACTBOBAJIHCH, NPHBOAAT K JAONOJHHTENbHOMY KJac-
cy IMarpaMm; npuMep Tako# auarpaMmsl npusefen Ha puc. 8.3. OHa
BO3HHKAeT M3 auarpaMmsl puc. 8.1,0 B
pesy/abTaTe CUMMETPH3AUHHA 1O ABYM (hO-
tToHaMm. [eficTButesbHo, (OTOH, BXOASA- 7
M B BepUIMHY @, MOr OBITb HCOYIIEH v
KaK B 2, TaK U B x. TakHe HecBsi3Hble JH-
arpaMmbl, T. e. JuarpaMmMmbl, CcOJepiKa-

LI{e TOJHOCTbIO H30JHPOBAHHYIO 4aCTh,

KOTOpasl He CBsi3aHa HH ¢ OJAHOH H3 Ha-

YaJIbHBIX WJIH KOHEUHBIX YacTHL, He MpH- z

HEMaJiach BO BHUMaHHe B HAIIHX pacue- 4
Tax. Iluarpamma Ha puc. 8.3 usobpa-

3JKaeT 3JEKTPOH, paclpocTpaHsOWHuics

JO TOUKH X; TaM OH HcnyckaeT ¢HOTOH H  Puc. 8.3. Ilpumep HecBa3HOH
paccenBaeTcsi o6paTHO B TOUYKY Y, TAe AHArpPaMMEL

OH YHHUYTOXaeT u cebd, B HCIYLIEHRbIH

¢oton. [Toab3ysch S3bIKOM TEOPHH ABIPOK, MOXKHO CKa3aTb, UTO Ta-
KOH mpouecc npeicraBaser coboit ¢JayKTyaluo, KOria 3JeKTpoH, Ha-
XOASIHACH B MOpe C OTPHLATe1bHOH 3Hepruel, HCNYyCKaeT BHPTYasb-
Hblli GOTOH M MEPEXOJUT B HE3aHATOE COCTOAHHE C MOJIOKHUTENbHOH
SHepruefi, a 3aTeM BHOBb IIONVIOLIAeT HCIYLIeHHHHA (OTOH H BO3Bpa-
maercs B Mope ¢ orTpuiaTenbHo#t sHeprueii. Takue Qaykryauun
IPOUCXOASAT NOCTOSIHHO; NPOHCXOASAULIHE B BaKyyMe IPOIECCH CIY-
)Kar (DOHOM, IO OTHOLIEHHIO K KOTOPOMY ONpeAeasieTcs aMIUIHTyaa
paccesinus. Mbl OTAensieM BKJIaA BCeX HECBA3aHHHX «IYy3BIpel», KO-
TOpbie BHOCSIT JIHIIb HeKHH (PasoBbIli MHOXKHTE/b BO BCe HHTepecyio-
llMe HaC AHArpaMMBL.
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JaauM creayouyo CBOAKY NpaBH/ NMOCTPOEHHS aMIIMTYA Npo-
L[ECCOB BBICLIMX TOPHAKOB:

1. HapucoBath Bce cBsi3Hble AHArpaMMEbL

2. KaxJoli guarpaMme CONOCTaBHTb aMAJUTYAY, NMPHUEM KakK-
J0#1 BepLIHHE COIOCTABHTb (AKTOP

— ieyy, S dix.

3. Kaxpoli BHyTpeHHel JHHHH C KOHLAMH B BepLUHHAX X H Y
COTIOCTABHUTh Nponaratop iSp(x —y) unu iDp{x — y) aas depmuona
¥ GoToHa cooTBeTCTBeHHO. [l (OTOHA BBECTH ellle AONOJHHTEND-
HBIH MHOXKHTE/Ib gy, CBA3BIBAIOLIKA MaTpHLUBl y* U y¥ B BepUIHHAX,
coeqnHsieMBIX (DOTOHHOU JHHUEH.

4. Beectu BOJIHOBLIE (YHKUMH JJs1 KaKAOH BHeIUHEH JIMHHUH,
T. e. JJHHUM, OTBeyarOUIeH Najamlliedl WKW paccessHHOH yacTHILE.

OTu npaBusa COBNALalOT C MOJYUEHHLIMH paHee IIPH paccMoTpe-
HUY HU3LIHX NOPALKOB TeOopHH BO3MylleHu#. HoBrIM aBaAsieTCs JHIIBL
yCJIOBHE, COTJIACHO KOTOPOMY YYUTEIBAIOTCS TOJbKO CBSI3HEIE AMa-
rpamMMbl. HakoHen, jno0aBuM ellle NpaBuia OTHOCUTENbBHO 3HAKOB:

5. Jlsa wjeHa, KOTOpble OTJIHYAIOTCS JAPYr OT Apyra mepecta-
HOBKOH JBYX TOXJIeCTBeHHBIX (EePMHOHOB, UMEIOT OTHOCHTEJIbHLIMH
3HaK MHHYC. IIsi JABYX 3J1eKTPOHOB C NOJIOXKHTeJbHOH 3Hepruef
HpUMepOM CIYXKHT aMmnautyia (7.82), KOTOpOH COOTBETCTBYIOT H30-
OpaxeHHble Ha puc. 7.10 guarpaMmbl, a Ajisi OLHOro 3JIEKTPOHa C
NOJIOKHTENABHON H APYroro ¢ OTPHLATENbHOH 3HEPTHAMH NHPHMEPOM
apJjsercs ammiautyga (7.86), KoTopoll oTBeyalOT AuarpaMMbl Ha
puc. 7.12. D10 npaBu/Jo NPHBOAUT K AONOJHHTEJBHOMY 3HAKy MHHYC
B amMnauTyge (8.5), KOTOpOH COOTBETCTBYET AHarpaMma ¢ 3aMKHY-
To#l metTJel, n3o6paxeHHas Ha puc. 8.1,0. B obuiem ciayuae MHOXHU-
tejb (—1) NpUBHOCHTCA B aMNAMTYAy KaxKIOH 3aMKHyToil ¢ep-
MHOHHOH NeTJel Ha nuarpamMe PefinmaHna.

6. B cootBeTcTBHEH ¢ (6.56) aMmautyna umeeT OOIIMH MHOXH-
Teab (—1)#%, rie fi— 4HCJ0 MO3HTPOHOB B HAYAJLHOM COCTOSIHHH.

[Ipexae 4yeM CDaBHHBATh TEOPHID C HKCIEPUMEHTOM, OCTaeTCs
pellnTh elle CYILIeCTBEHHBLIH BOIPOC O BBHIYHCJAEHHH HHTETPaJjoB, B
0COOEeHHOCTH AJst AHarpaMM 4YeTBepToro mopsaiaka. Jluarpammel (a)

(6) Ha puc. 8.1 BMecTe ¢ AByMs AHarpaMMaMH ¢ IepeKpeCTHLIMH
(GQOTOHHBIMH JIMHHAMH, HOJydaeMBIMH H3 (a) U (6) IepecTaHOBKOH
BEPIUHH X U Y, IPHBOAAT K TPYJAHOMY JJIS BEIUHCJEHUS UeTHIpexXMep-
HoMmy uHTerpaay Tuma (7.51). Mul He OyleM 3aHUMATbCs BHYHC/e-
HHEM TAKHX MHTEerpaJsios.

Ilpn paccmoTpenun amarpamm (8) u (d) Ha puc. 8.1 ymo6Huo
nepeliTH K UMIYJbCHOMY NPEACTAB/IEHHIO H CBA3aTh 3TH AHATPAMMEL
C COOTBETCTBYIOLIEH AHArpaMMoil HH3ILET0 NOpsAKa, H300paxkKeHHOM
Ha puc. 7.12,6, xoTopasi AaeT BKJAaX BO BTOPOH 4JeH aMIJIHTYAbl
(7.86). Ilepexoas K MMIYJbCHOMY IDEACTABJCHHIO, HAXOAHM, YTO
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S orauuaerca ot Broporo uaena B (7.86) saMeHOl ToKa

. _ dtt  (—i) .

8 (1) ev,0 (40) > 2 (9] | ke =0 (— iev) X

i ; o ,
Xﬁl’_ﬁ—m’*'is evu"‘ﬁ;—ﬁ——m—l-ia( leY)v(ql), (8.6)

a S‘f?) OTJIHYAeTCH TeM, YTO B KayecTBe BOJHOBOH (DYHKIHH KOHEY-
HOI'O 2JIEKTPOHA MOJACTABJAETCS! BEHIpaXKEHHUE
_ dk — i
- 7 7 .
u(pl)">u(p1) S @)t B+ ie (— ieyy) X
i , i
X7 (—ley¥) 77— 8.7
ﬁ;—ﬁ—m-{—is( f)ll—-m—l—ie, ®.7)

H, HAKOHell, aMIJIUTy A S}}‘-a’ OTJIHYaeTCs NOJACTaHOBKOM BMecTo (o-
TOHHOI'O NpOIIaraTtopa CJAeAYIOLEeTro BhIPaKeHHUs:

— iguv N (_1)[ (— i) ]2 >

(01 + g1 +ie (p1+ @) +ie
X 25 8p (—iey,) - (— ieyy) " =
(2 MEb—m+ie VE—p—gi—m+ie

=t q)y¥ie ]”V(p1+q')—_——(pl+q,)2+ie . (8.8)

Bjioku auarpamm, KOTOPBIM COOTBETCTBYIOT BBINHCAHHEIE BhIpazKe-
HUs, IPUBeJeHbl Ha pHC. 8.4.

@ © @

Pue. 8.4. Muarpammn ®Pefiumana, WLTIOCTPAPYIOIIHE: (8) — [ONPABKY K BepILIHHE
(cm. puc. 8.1, 8); (2) — 2aekTPONHYIO COGCTREHHO-3HEPreTHIECKY 0 YacTs (puc. 8.1, 2);
(0) — nonspusauuio Bakyyma (puc. 8.1, 9).

Bce ocranbhble auarpamMmbl YeTBepTOro MOPsJAKAa COLepKar
BKJIaAbl AuarpaMM Tpex paccMOTpeHHBIX THNOB. K coxaljieHHio, Ta-
KHe 3aMKHYTble NeTJH OPUBOAAT K BLIPaKEHHAM, KOTOpbie Pacxo-
zarcs npu k—> oo, [lepefinem Tenepb X moc/ief0BaTeqbHOMY Hccae-
A0BAHHIO Y BBLIYHC/ICHUIO 3TUX JUHATPaMM,.
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§ 35. Moaspusauus Bakyyma

CaMyl0 CHIbHYIO PacXOAHMOCTb COJEpPXKHT Bhipaxenue (8.8),
KOTOpOe OTBCYAeT 3aMKHYTOM 3/1eKTPOHHOH IeT/ie, u300pakeHHOM! Ha
puc. 8.4,0. Bxiaa 3To#l AnarpaMMbl Ha3biBalT (POTOHHON COGCTBEH-
HO-5HEPTeTHUeCKOH uacThio BTOporo nopsaka. COOTBETCTBYIOUIHH
HHTErpaJjl COAEPIKUT ABa 3JeKTPOHHBIX NponaraTtopa, Ho3TOMY B YHC-
JuTesJe OcTaeTcsi BTopas CTeleHb £ W WHTerpas KBajApaTHYHO pac-
XO/LUTCH.

JIoCTaTOUHO NPaBAONOA0GHbI CNOCO6 yCTpaHeHHs KBaApaTHIHOM
PACXOJMMOCTH OCHOBAH Ha HCIOJIb30BAHHH YCJIOBHSI KajauGpoBou-
Hol uHBapuaHTHOCTH. [Jog0OHBIE pacCyXIAeHHS yxKe NPHBOANJIUCH
panee nepex QopmyJsoit (7.60). Kanu6posounoe npeoGpasoBaHue
A —>A,(q) + g A(g) He NOMKHO H3MEHATb KOHEUHOTO pesyJib-
TaTa BbYHC/IeHUs (u3HuecKo# ammauTyas. IlocMOTpuM, K KaKHM

clencTBHSIM ags uuTerpaga (8.8)
IPUBOIUT 3TO TpeGOBaHHE.

4 [Mycte ¢doToB Ha auarpamme
puc. 8.4, 9 sBaAETCS peasbHbIM, T. €.
P umeer g% = 0, kak, Hanpumep, TOp-

1 Mo3Ho# ¢oTOH, HJAK (HOTOH, yua-
CTBYIOUIHH B KOMHTOH-3((eKTe.
Kaxk uzo6paxeno Ha puc. 8.5, siek-
TpPOHHAs NeTJssd JaeT NONPaBKH IO-
psiika €% K TOKY, TeKylleMy udepes

Puc. 85. [TonpaBka K 3J€KTpoOMAar- 610K, B3aUMOJECTBYOMHI ¢
muTHOMY mpoueccy aa cuer moaspu- A, () (Ha pucynke 3ToT 6J0K 060-
sallMH BaKyyMma. 3HAYeH BONPOCHTEJLHBIM 3HAKOM).

KanuGpoBounast HHBapMaHTHOCTDb
Tpebyet, uTOGE NPOHU3BEAEHHE ¢, Ha TOK 06pawmajocs B Hy.b. Ta-
KM ofGpasoM, ana (8.8) umeem

gy (q) =0 8.9

TIpH YCJOBHH
g*=0.

Mpoussenenne g*lyy(g) MOXHO 3anucaTh CAEAYIOIHUM 06pasoM:

i = — 28 S d*k 1 ( B
Pl @ =—SP N o I e Wi mt e
—_ 2 d*k 1 . N
espg (23)4ﬁ-é—m+[8[(k m+18)
A . | B
—(k—4g tn+ze)]k~m+[8 Yy =

2 d*k 1 _ 1 v
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Ecan 6bl uHTErpan CXOAHJICH, Mbl MOTJIH OB B NEPBOM UYJIeHE NOJO-
KUTb B’ = k— g ¥ B pe3ysibraTe BBHIUHTAHUSA ABYX OJHHAKOBBIX HH-
TErpajoB NoJy4YuTb Hyb. OfHAKO HHTErpasj PacXoAHTCS, H BHpaKe-
nue (8.10) oxasbiBaercsas HeompeleneHHbIM. UToObl NPOABHHYTHCS
nanbie, obpexeM BhipaxkeHHe (8.8) Ha BBICOKHX UaCTOTaX MyTeM
3aMeHbl 1)

[uv (g, m?) — I_u\/(q) =
=1us (g, M)+ 2 C, (M) Ly (0, M) = Doc,l,y (q, m2),  8.11)

rie M? — GoublliMe MacChl, a NMOCTOSIHHBIE C; BHOpaHB Tak, 4TOOH
HHTErpaJ/inl CXOAuANCh. Taxoh cnocob obpe3aHus He sABJISETCS edHH-
CTBEHHBIM H BLIOpaH JIMIIb AJA MaTeMaTHYeCKO#H ONpefeeHHOCTH.
Ecnn kaxue-1u60 (usuyeckHe Hab/rofaeMble BeJIHYHHBI OKaKyTCS
3aBHCSILIMMH OT I1apaMeTpoB oOpe3aHHs, TEOPHIO MPUAETCS IpH-
3HaTb HECOCTOSATeNbHOH. BO BCAKOM cayuae, cyllecTBOBaHHE pacxo-
AALLKXCS BbIPAXKeHMH HAaBOAUT Ha MNOJAO3PEHHS O CYIIECTBOBAHHH
npy GoJbUIMX HMOYJAbcaX (MJH, YTO TO K€ caMoe, Ha MaJHX pac-
CTOSIHUSIX) TPYAHOCTEH B TEOPHH.

O6paTum BHHMaHHe Ha CJelylOlllee BaxHOe NMPEHMYILECTBO Me-
toga obpesanns (8.11): oH obecneuyBaeT BLIMOJHEHHE YCJIOBUS
kanuopoBku (8.9). Ecan On MBI npousBenu o6pesanye B KaKAOM
OTAeJqbHOM MpONAraTope, YCAOBHe KaJHOPOBOUHOW HHBADHAHTHOCTH
He 6bl10 OBl cOOJIIOIEHO.

Briuncienne BedHdnHBl T,y (g), YIORJIETBOPSIOLUEH YCIOBHIO
{8.9), mpouwe Bcero NPOH3BOAHTCS HYyTeM NPEACTABJCHHHA 3HAMeHa-
TeJls Iponaratopa B IKCNOHEHUHAJbHOH (OopMe ¢ NOMOLILIO TOXK-
IecTBa

A

i itktm =(k+m)S dz ez (B=mitie) (8,19)
0

E—m+ice k? — m? -+ ie
1o naer
h(@y=—4(—iep | dz, | a2, { £ ¢
0 0
Xlky(k—qy+ky(k—q)y — guv(k?— k- g—m?] X
X exp {iz [k* — m® + ie] + iz, [(k — q)* — m® 4 ie]}, (8.13)

rae 6wlj0 NPpOU3BEAECHO B3fTHE CJela W H3MeHeH [OPALOK HHTErpH-
poBanus. lonoJiHAs NOKa3aTeNb 3KCNOHEHTH [0 MOJHOFO KBaAparta

') Cm. [54, 68]. AabTepHaTHBHBII MeTOZ NPeOGPa3OBAHHS PACXOAMIHMXCA HH-
Terpanos, KOTopbifi BrlepBLle NPHBe K KaJuGPOBOUHO-HHBADUAHTHOMY De3yJbLTaTy.
bassur B paGote [69].
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nyTeM 3aMeHBl NePeMEeHHOH MHTEerpHpPOBAaHH#A COrJIACHO
A L E— 9z
==k P k— q+z,+72’ (8.14)
NPOU3BOJHM HHTETPHPOBAHME [0 HMIYJ/bCY C NOMOULbIO PABEHCTBA h
d*l 1 igpuv
12 (zi+22) =—
S T (1, Iy, Ly I,] it = t= 6neZs (21+22)2[1 0,2(2 T )]. (8.15)

B pesysabTaTe nojayuaem

[o2]

= , o dz
’M=—‘Z”"ES dz: S g ar X
i 0 4]

. rAV4 .
X {exp [l (qz————z ;_22) — (m?— ls) (2, + 22))]} X
2129 q’z122 9
X { 2 (g”'vq ~ W Gt e (21 + 22)° + guv[ (z1 + 22) T (2 + 22)° +m‘] } )
(8.16)
UjeH, nponopuuoHaibHbIl (g,vg° — Gugv), ABTOMATHYECKH YyIOBJe-

TBOpsieT yc/I0BHIO KanubpoBku (8.9), B To BpeMsl Kak NOC/JeAHHE
TPH 4JieHa, IPONOPLUHOHANbHEIE gy, 3TOMY YCIOBHIO HE YIOBJETBO-

pAoT. O1HakKo MOXKHO H0OKa3aTh, UTO OHN YHHYTOXKAIOTCH, T. €.

le de 92 i _ (]22122
()S OS (21 + 20)* Z €i [mi (21 + 22) (21 + 22)* ] X
i
2122

X {expi[o? 2y — (m—ie) (2, +2)]} =

e
gl

2'1 dz, 9 i gz
(=) + zu)° ¢ [mi Az + 22) (z1 + 22)2] X

OL/?S

(e[ 2 o1 )+ ]} =

r oy Lo {[EE — (=) + =)}
8.17)

a2
a9

OMS

) 310 paBeHCTBO npoule BCero BLIBOAHTCS B Hpﬂ\’lOV!‘OJ[bHOH CUCTEME KOOp-
aunat. Ecm mOBepHYTb KOHTYP MHTETPHDOBAHHA HA 45°, KaxIblil M3 HHTErpaJtoB
upeBpalllaeTcsl B IaycCOBCKHIE, HANMpPHMep,

oo
dly i3 (a+ie gt
—_— == —.
21 2V na
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3deck [0 XOAY BBIKJAAAOK Mbl CAeaaJd 3ameHy 2;— Az; [loJgaras
jajlee B MOABLIHTETPaJbHOM BhIpAXKEHUM A2; — 2;, ybexpaeMcs, 4To
HHTEerpaJl He 3aBHCUT OT A; cjenoBaTe bHO, (8.17) ecTb ToXIAecTBeH-
HBIH HYJIb.

Ocrapuiics BKIan B /,, BbIUHCJASETCS ¢ NOMOILLID TOro ke
CcaMOro [pHeMa, COCTOSIIIETO BO BBEAEHHM MaciiTaGHnoOro MHOXKH-
renasi. Bocnoab3lyeMcs TOXAECTBOM

oo

_\ ax 2142
1~§ Té(l—«—‘—x——?). (8.18)

Torna

— 2i d}ud 1d2 2
Iw (9 = =*(9u9v — gMQ)(S § § x(; +Z 222)1“2 X
1+ 2 2 [
X (1= 252) Peew{i[F55 — (ni— i) (2 + )| | =
0

X Z c,exp[it[g°22, — m? +ie)], (8.19)

2 dh
= ;na (Gugv — glwq2) dz, d327—21326 1~z —2z)X

St g
Ol @

rAe MH ONSTh CAefadn 3aMeny z; = AZ;.

K coxkagaeHuto, uHTerpaJ Mo A JOraputMHYECKH PacXOIHTCs, H
Mbl BHIUKCJINM €ro ¢ MOMOLIbi0 NMpoueldyph oOpezaHusi. BeiGupas B
(8.11) Cy = —1, C;=0 (i > 1), Haxoaum

Ty =1,y (m®) — 1,y (M%) =

210.

1
M2
(quqv guqu)S dzz(l —2)In M=z (l—z)
0
1

, M2 2
= 37 (99v — €ud") [l“‘rﬁ? - 6S dz z(1—-2)tn (1 _qfﬁiz(l_z))] '
0
(8.20)

Urobul nmoHATH Pusnueckuii cMbica pedyabraTta (8.20), paccMoTpum
BKJaj 3aMKHyTOR netsd, u3obpakeHHo# Ha puc. 8.1,0, B pacces-
Hue, BrJjmoueHue 3TOro BKJAaja B aMIIMTYAy BTOPOro MOpSiIKa
(7.86) naer coraacHo (8.8) (OTOHHHEI/I mponaratop, KOTOPHHA MO-
XeT ObITb 3allHCaH B BHAE CYMMBI ABYX YJIEHOB

— i8uv (—i) - (— i)
o @ 8.21)
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[ToacraBasgga ciona (8.20) m onyckas 4J/eHbl, NPONOPLHOHAAbHbIC
Gy H Gy, KOTOPbIE PaBHBI HYJIIO BCJAEACTBHE COXPAH@HHS TOKA B 3J€K-
TPOHHBIX BepLIMHAX, HaXOAHM

l
_—l%”—v[l——iln%-l—%%Sdzz(l—z) In (1 —227;2(—‘_-“781))] (8.22)
0

Msl nmonyunau (OTOHHBIH [pONAraTop, BK/IKOYAIIHE MONPaBKH
nopsiaka a. Boipaxende (8.22) onuceBaeT BKJAl 3/eKTPOHHOM
NeTan B aMIUIHTYAy AJs Jo60# AnarpaMMer ®efiHmMaHa ¢ 0OMeHOM
dGOoTOHOM Mexay ABYMSI COXpaHSIOWHMHUCA TOKamu. B npexegbHOM
cayuae ¢®—»0 u3MeHeHHe B Npomaratope CBOAHTCA K YMHOXKEHHIO
er0 Ha BeJHUHHY Z3, ONPeLeNeHHYIO COrIaCHO
o M?
[TosToMy, Hanpumep, aMIUIUTYAa KYJOHOBCKOrO DacCesiHHs MPHHU-
MaeT IPH MaJbX NepelaHHLIX HMIYJbcax BHI
o ~ 2 : 2 =
ie®iiyyi A7 ( a M ) iepliyy
252
—_— — — — - —. .
p e — 1 3 In—; p (8.24)

Otciofia MBI 3ak/iouaeM, 4To napamerp e?, durypupymoui B
ypasuenun Jlupaka, Ha caMoM JeJse 6oJaplie, yeM 4n/137, DOCKOJb-
Ky u3MepsieMasi BeJHUMHA e} JIONKHA PaBHATLCA 4n/137. 3apsn eg
HA3BIBAETCS epeHOPMHPOBAHHBIM, a € — FOJILIM 3apsioM. B sobom
npouecce ¢ oOMeHOM (DOTOHOM HE3aBHCHMO OT IMEPEAaHHOro HM-
ny/ibca MPHCYTCTBYET MepPeHOPMAPOBOUHASK KOHCTAHTA
% 1n M?
3n m* )"

=27, = (1 — (8.25)
CJjlef0BaTeJbHO, NMEPEHOPMHPOBKA 3apsiia 3JEKTPOHA MPOUCXOAHT
TakKe H 3a CUeT CTATHUECKOH MOJspH3yeMocTH Bakyyma. [lostomy
PACXOJMMOCTH B BBHIYHCAEHHAX BIIOTh A0 NOpsiiKa e* ucyesaior,
eC/H CeYeHHs BhIpaxKaTb uepe3 Habuiojaemble 3apsiabt ep. Habuo-
JaeMbie, 3aBHCAILHE OT HMIYJbca INOMPAaBKH BO3HMKAKOT 3a cueT
pToporo uiena B (8.22), KOTOpBIH HCUe3aeT B CTAaTHUECKOM Mpejede
npu g —0. Bknaa sToro ujiena KOHeWeH M He 3aBHCHT OT BRIOpaH-
Horo crnoco6a obpesanus. OT cnocofa ofpe3aHus 3aBUCHT TOJBKO
COOTHOILIeHHe MeXkAy ToJbiM H duandeckum 3apagoM. Hanpumep,
IPH MajibiX TepelaHHBIX HMOyJabcax, |g?/m?|< 1, saBucsmas OT
MMIOyJbca MONPaBKa K aMILIHTYJe KYJOHOBCKOTO paccesHHs (8.24)
uMeeT BHJ ,
. dyet a M? a g° . o AYol ap 4° :
e q2 (lﬂggln—m—z—anT %lek qz [l—m'”?—*—()((l%)]
(8.26)
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OHa MoeT OBiTh CieAyKUHM 00pa3oM BbIpakeHa B BHAE JONOJIHH-
TeJLHOTO B38UMO/JeHCTBHSI B KOOPAMHATHOM IIPOCTPAHCTBE:

2 2 2
%r 2) er __ er ORER (3

(1 155m? \F dnr ~ Amr + 15mm? o (x). (8.27)
Takoe B3auMoaelicTBHE NPUBOAUT B NEPBOM MOPAAKE K CAeAYIOUIEMY
casury AE,, aTOMHBIX YpOBHe# BOZOPOAONOAOOHOrO aToMa C 3apsi-
oM Z:

— Zepa 1 87%q3
AE, =R |4, (0) P = — (5 Z%a°m) 5z 8. (8.28)
Hian=2,1=0unZ =1 umeem
'V=%?—=-—27/W€L{.

3uaxu poipaxeduil (8.26) u (8.27) UMeHHO TakHe, KAKHE CIeA0BAJO
OXHAATDb M3 H3J0XKeHHOro B 1J1, 5. JIns paccesiHus 3JeKTPOHOB ¢ Ma-
Jo#l mepepauelt uMmyJanca, |g?| < m?, H COOTBETCTBEHHO OOJIBIIHM
NPUUEAbHBIM [apaMeTPOM B3aUMOJeHCTBHE NPONOPLHOHABHO MOJ-
HoMmy sapsaay. Ilpu paccesHnd ¢ MaablM IPHIEAbHBIM lapaMeTpoM
H OO/IBINMM IepejaHHbIM UMIYJbCOM, g2 = —|q|? 3JeKkTpOH mpo-
HHKaeT B IJy6p NOJSPH3ANHOHHOTO oOjaka H CHJIa B3anMoel-
CTBHSl BO3pacTaer.

BroluHc/Ienust BO3HHMKAOUIEr0 TPH 3TOM H3MeHeHHS B 3aKOHe
Kyaona eiieperie 6n11u nposefens B 1935 r, [70]. Tlonyuennble npea-
CKA3aHUs TPOBEPAJUCH B ONBITAX MO H3MEPEHHI® JA3MBOBCKOTO
casura ypoese#t 25, u 2Py, atoma Bojopona. Bmecro oxuaasuieics
pasHoctu yposHelt 28y, u 2Py, pasHolt 27 Mey, B 1947 r. GwL10
noJyueHo 3HaueHuwe nopsaxa 1000 Mey; takoe pacxoxXjaeHHe CBSi-
3aHO B IEPBYIO OUepelb ¢ BAKYYMBBIMH (QJYKTYalUHAMH HOJS H3JIY-
yeHHs, 00CYK/AABIIUMHUCS B I'VI. 4.

[IpoBeneHHBle B TedeHHe MOCACAHUX JeCATH JeT BeCbMa TOUHBIE
H3MepPeHHSl ¥ BBIUKMC/ICHHS J9MOOBCKOTO CMellleHHA YDOBHeH aTtoMma
popoposaa ¢ n==10 coraacyiorcs ¢ Tounocreo 0 0,2 Mey, uto nox-
TBEpXKAaeT CyllecTBOBaHue ciasura B 27 Mey 3a cuer nmoaspusa-
LU Bakyyma. D10 sBjaseTcst yOenuTeJbHLHIM CBHIETEIbCTBOM Kak
B MOJAL3Y TeOPHH IBIPOK AJs ypaBHeHus Jlnpaka, Kotopas NIpHBO-
IHT K BKJAajaM JAHarpaMm B BHje 3aMKHYTHIX HeTeJb, TaK H B
MOJB3Y TNPHHATOrO HAMH TpPOCTOro BHIGOpa BeplIMHHE B3auMOjeH-
CTBHS 3JIeKTPOHA C (OTOHOM.

[TpoBepka Teopud Npu GOJBUINX g2, KOTOPBIE COOTBETCTBYIOT Ma-
JILIM pacCTOSIHUAM, OCTaeTcsl HoKa 3ajauell sKCHepHMeHTa, KOTOPHI
JOM:KeH YKa3aTb Ha HeoOXOAMMOCTL BHeCeHHs] H3MeHeHHH B TEOpHIO
.mpu Goabwnx g2 Ilpu paccesHnu c OONBIINM NepelaHHHIM HM-
IyJAbCOM,

lql=—¢q>> m?



162 MMONPABKU BBICHIUX TOPSAZKOB K MATPUUE PACCESIHUS [rJ. 8

nonpasku B (8.22) sorapudmuueckd Bo3pacTaioT H GOTOHHHIA npo-
naraTtop B NepBOM I[OPsijiKe N0 HelepeHOPMHPOBAHHOMY 3apsny o
OpPHHUMAET BHJ

T (1B (1 —2n). e29)

Korna nepenaHHBIA HMIYJIbC JOCTHraeT npefpena obpesanus M?,
MONpaBKd KOMIIEHCHPYeT NepeHOPMHPOBOUHYK KOHCTAHTY /A 3a-
psfa M MOXHO MPEANOJOXKHTh, 4TO B Npejdete GeCKOHEYHBIX 3Hep-
rufi B3aMMOJEHCTBHe ONpejesserTcs FOJBIM 3apsaoM, Kak H3o0pa-
’KeHo Ha pHuc. 5.3. DTO HHTepecHOe, HO HeJOKa3aHHOe MPeaIoJoKe-
Hue!).

Ecan uMny/abc g BHPTyaJbHOro (OTOHA SIBASETCS BPEMEHHIO-
DOOHBIM H ¢? npeBblllaeT 4m?, KakK IS AHATPAMMBL DOXKAEHHs
napol, u3o6paxenHoi Ha puc. 8.1,0, monpaBka B mnponararope
(8.22) oxasviBaeTcsl KOMILIEKCHOH ¢ MHHMOH 4acTblo, paBHOH [54]

-

;f*ﬂ (fg)s dzz(1 — 2) ind [z(l ——-z)_.%l;]:-

4m? 4m?
I — 7 G(I—q—z). (8.30)

HTo6bl NOHATbL MPHPOAY MHHMMON YacTH, BCHOMHHM 06 YHHTapHO-
CTH LIPeAHHTepOBCKOA S-marpuuul. Mul yxke 06CYyXIadH 5TO CBON-
CTBO'B IV, 6, KOrja paccMaTpHBaJ/IiM HePeNsTHBHCTCKHI mpomaraTop.
Yeq0Bie YHHTAPHOCTH, KOTOPOE 3alHCHIBAETCS B BHJE

S*tS=1, 1. e. Y, SniSui =0y, (8.31)
n

| iguv fo 2m2)
=t 3\ +—

1103BOJIsSIeT AaTb BEPOSITHOCTHYIO HHTEPNPETAUHIO PEleHHSIM 3ajauH
paccesnns. CoriacHo YCJIOBHIO YHHTapHOCTH CyMMa BCEX BeposiT-
HOCTell NepexoJoB H3 3aJaHHOrO HauaJbHOTO COCTOSIHHS paBHa
efunule. B TeopuH, BK/IOYalOLell TO3HTPOHBI, YACTHILI MOTYT POXK-
JaTbCSl H YHHYTOKATBCH H CYMMa IO COCTOSIHHSIM fi AOJIKHA BKJIO-
uaTh BCe 3JeKTPOHHBHIE, MO3HTPOHHBIE H (OTOHHBIE KOHEeYHBle CO-
CTOSIHHSA, B KOTODHE MOXKeT HepefTH MaHHOE HauaJbHOE COCTOSHHUE.
Ilpu arom coxpansercs cMbica (8.31) kak ycioBHA COXpaHeHHS
BeposiTHOCTH. [lockosbky (8.31) sBaseTcs TOXAECTBOM MO e,
S-Marpuna Jo/:KHA yAOBAETBOPATH ycioBuio (8.31) B Kaxkaom
nopsiike TEOPHH BO3MYIIEHHH 110 KOHCTaHTe B3auMojeHcTBHs. Ecuan

1} Cwm. sameuannst B § 18. IToppoGuoe ofcyxaeHve ocHOBaHH{I LA TaKOro
NPE/IOJNOKEHHST M BHITEKAIOIHX H3 Hero CJelAcTBHi cofepxkurcs B paborax [71,
72, 3]. :
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MBI NPOHU3BEAEM Da3JIOKeHHEe

Sp=d8n+SW+SP+ ... (8.32)
TO YCJIOBHE YHHTApDHOCTH NIPDHMET BHI
S48 =o, (8.33a)
Si + S = — XSS, (8.336)
S(3> + 8(3)* —_ Z [S(l)* (2) (?)*S(l) (8.3313)
S}‘? + S(i“f)* — Z [S‘”* G (2)* @ 4 S(S)* (a7, (8.33r)

Ecsin navaabHOe COCTOSIHEE { l'IpeILCTaBJIﬂeT co6oit cBoGONHbIE 3TEKT-

pOH U MO3UTPOH, TO S“) 0, NOCKOJbLKY peaknus e— - et—>ly
3anpelieHa 3aKOHOM COXDaHeHHs SHePrHu-UMNyabca. COOTHOUEHHIO
(8.336) ynossaerBopsier ammautynaa (7.86), koropas obaanaer Tpe-
GyeMBIM CBOMCTBOM aHTHIpMHTOBOCTH. PaBeHctBo (8.33r) Bhlpaxaer
OT/JIMYHYIO OT HYJs 3PMHUTOBY 4acTb aMIJIHUTYABl 4eTBePTOro MOpsiaKa
yepe3 BKJAaJB BTOporo nopsiaka. MmeHnHo 3ToMy BKJIady ueTBep-
TOoro nopsiaka oreedaer opmyaa (8.30); BciencTBHe AeHCTBHTENb-
HoctH (8.30) cooTBercTByMOLIAs YacTb aMILIMTYAH 3pMHTOBa. IIpu-
cyteteue B (8.30) crymenuatot dyHknun 0(l—4m?/g?) ykasw-
BAeT, YTO 3TO BHIpa)KeHHe OTJAUYHO OT HYJS TOJNbKO NPH TAKHX
3HAaYEHHUSIX HMIOYJbCA, MPH KOTOPHIX, MOMHMO BHDPTYaJbHBIX Map B
BHJe 3aMKHYTHIX MeTesb, B KOHEUHOM COCTOSTHHH MOXKeT POKAAaThCS
peasbHas napa'). Haunayullee 10Ka3aTenbCTBO YHHTApHOCTH S-MarT-
pHIE B Ji060M HOpsJKe TEOPHUH BO3MYIIEHU# RaeTcsd B KBAHTOBOH
teopun moas [50].

§ 36. MNepeHopMHPOBKA BHEIIHHX (HOTOHHBIX JHHHI

.

Ho cux nop Mul O6GCYyx)Aanu BKJIAL 3aMKHyToH neriu (8.8) B
IpOmaraTop BHPTYaJbHOro GoTOHA. 3aMKHYTHIE 3/JeKTPOHHLIE METJIH
BHeCyT NOTPAaBKH TAKXKe H BO BHelilHHe (POTOHHHIE JHHHH. B aToM
ciayyae GOTOH MOKHO MPEACTABJsATh cefe KaK MCOYLIEHHBH HEKOTO-
PHIM YyIaJieHHBIM HCTOUHHKOM; COOTBETCTBYIOUlAasl QHATPAMMa H30-
6paxena Ha puc. 8.6.

BakyyMH®IH OYy3Hpb, BKJIIOYEHHBI B 3Ty AHarpaMMy, NMPHBOJHT
B cooTBeTcTBHH ¢ (8.23) u (8.24) K nosgBJIEeHHIO ePeHOPMHUPOBOYHOMH
KOHCTaHTHl Z3 B MaTPUYHOM 3JeMeHTe, 3allHCAHHOM 6e3 yuyeTa fio-

1)} Benuuuna muuMmoi wactd (8.30) xak pas Takas, 4TO NOJHAA BCPOSITHOCTD
BCEX MepexofloB H3 HAYaJbHOrO COCTOSIHHA pPaBHA €AUHHLE ¢ TOYHOCTLIO A0 a2,
Honpo6uee cm. [73].
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npaBok. OfHaKO NpH 3TOM TOK HCTOYHHKA OCTAeTCS HEMepeHopMiu-
posaHHbM. Eciin dakrtop 1/23 COMOCTABUTHL C HCTOYHUKOM, a ApY-
roa daxrtop f\/Z3 — ¢ HHTepecyIoIUHM Hac B6JOKOM, TO TOJHIH 3a-
Pl e B KaX/JAOH BepUIMHE 3aMeHHT-

cst Ha 4/ Zse = ep. TakuM 06pasow,

npaBuiao ofpalieHust ¢ peabHhMH

BHEWIHHMH (OTOHAMH COCTOHT B

ToMm, 4TOGbl npeHefperaTh MONpas-

Vi KaMH KO BCEM BHEIUIHHM JHHHAM
H 3aMeHSTh e Ha e B KaxkJ0H

BHelIHell BepumuHe. DTO JKBHBa-

JICHTHO BBIUHCJEHHIO BCeX Momnpa-

Yoanemneai BOUHBIX AMArpamMm K BHEUWHHM JH-
LETIOR HHSIM, BKJIOYas 3aMKHYTble MO0-
JAspH3alHOHHBIE MHETJH, H Hocae-

LyIOUleMy JeJieHHIO Ha \/Za aas

Kax oM BHEIIHEH ¢t oToHHOW

Puc. 8.6. OGmen peasbHBIM HOTOHOM JAHHH. o
MEXAYy ABYMS TOKaMH. MaKpOCKO- B nasbreduiem npH  3amkcH

NHYeCKH pa3feJeHHHMH B npo- (DOPMYJ MH OyjAem [peAnoJaratb,

CTpaHCTBE. YTO NepEeHOPMHPOBKA YIKe MPOH3Be-

neHa: e%/4n  Oymer o00603HaYaATh

1/137, a roami#i 3apsii, ecan OH HaM notpebyercd, 0003HAUHM
KaK e.

N
Il

§ 37. CoGcTBenHan Macca 3JeKTPOHA

Ouarpammy puc. 8.4, 2 Ha3bBAIOT 3JeKTPoHHOH coOCTBEHHO-
sHepreTHYecKol uacTbio mopsiaka e?. CooTBerCTBYyIOlLast aMIVIHTYAa
naerca uHrerpanom (8.7), a HMEHHO

dik (—i) i

— iZ(p) = (— ie)? S (omy B — W e Yv p—F—m+ie yv. (8.34)

Broipaxenne (8.34) pacxoanTcs, MOCKOJbKY 3HAMEHATEIb COLEPXKHT
£ gqumib B TpeThell cremeHH (k BO BTOpPOH cTemeHH M3 (DOTOHHOIO
nponaraTopa M k H3 3JeKTPOHHOro). BesuunHa A npeacrasjiser
co6oii Maayio Maccy (GOTOHA, BBeJEHHYIO AJA NpefoTBpalleHHs
HH(pPAKPACHBIX PacXOAUMOCTel.

[Tonp3sysick npeicrasienveM (8.12) u mpoBOAs BHIYHCJ/IEHHS, aHa-
jgoruunpie (8.16), mosyvyaem

.o dz dz, _ bz
E(p)_ 2n SS("21+22)2 [2m 21+22]><

00
2
X exp|i (L2 — mPz, —4%2,)]. (8.35)
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Bripaxenue (8.35) nas Z (p) NpUrofHO Kax A/ BHYTPEHHHUX 3JIEKT-
POHHBIX JIHHUH ¢ NPOM3BOJABHBIMH p2 H f Ha guarpamMmax Deiinma-
Ha, Tak W JJIs BHEIIHMX JuHuH. B mocaennem ciyuae p? = m? u,
KpoMe TOro, p pacmoJjiaraeTcs HocJe cluHOpa AJs CBOGOAHOM ua-
cTuiel, Kak B (8.7). Torma MOKHO BOCHOJB30BATBCS ypaBHEHHEM
[Jdupaka u nosoxutb p = m. [lajee, KaK U IpPH pacueTe HOJSIPH3aA-
LUK BakKyyMma, OpHMeHseM ToxJecTBO (8.18), sameHnseM z; —vy2; H
noJyuaem

1 oo

a A dy . .9

3(p) =5 \dzl2m — p (1 —2) | Lexp {iv [p%2 (1 — 2) —

0 0

—m?z — A% (1 —2) +iel}. (8.36)

Hurerpan

J(p, m, &)= S%exp {iv[p’2 (1 — 2) —m?*z — A% (1 — 2) + ie]}
0

pacxogutTcs JorapudMHYeCKH; MBI HpPOH3BeAeM oOpe3aHHe, BHUTS
u3 Hero uHTerpasa J(p, m, A), rie A — 6oablras Macca,
TIpuMeHUM TOXAECTBO

S dx (% — ") =1In L (8.37)
0

X a

Torna nponaratop Hocae o6pe3aHdst IPHMET BHA
I
S (0= o | dzlem— (1 — 21X
0
A2 (1 —2) .
Xn miz+ A (1 —2)—p22(l —2)—ie
I

= — (1l — A —2)
_Q—R—(Sdz[Qm p(t—2)]In o o
1
o A m?z? 4 A (1 — 2) ~
+_2R§dz[2m——p(l 2lln miz+ A (1 —2)—pa(l—20 ~

A? a A?
w7 g (P —m)InTz +

~ 3am In

m?22 -+ A(l —2)
m?z + A2 (1 -- 2) — p2z (1 —

+ 5=\ dz[2m — p(1 —2)]In

Pty

- (8.39)
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Bcsi saBucHMOCTb OT 06pe3aHust CONEPKHTCH B MEPBHIX ABYX uJe-
Hax, OT KOTOPHX Mbl OCBOGoAMMCs myTeM fepeHopmupoBku!). [Ipu
p?— m?>> m\ uHTerpas Jierko BHIYMHC/ISETCS U MBI NOJNyuyaeM

1
)
m-z

—2(-:_c—gdz[2m—ﬁ(l—z)] N =

J p*(l —2)
=%’}(”"’:”")1n it A
~ o () [+ () n 5] 839

B6JsM31 «MaccoBoil NMOBEpXHOCTH», T. €. KOrjaa p"-zmz’ (onnako

p?—m? > mh) u Korfa ¥ CTOHT psSIIOM CO CIHHOPOM AJsl CBOGOJ-
HOH yacTuubl (P = m), AMeeM
7 o R

2 (p) &~ -—mln 4—n—(p-m)(

m?

—r 2=L). (8.40)

O0patuM BHHMaHHe Ha JOrapupMHIeCKyi0 OCOGEHHOCTb [IpH
p?—m? llpu p? > m? pesnunHa X CTAHOBHUTCA KOMIIEKCHOM, uTO
OTBEUaeT CYILeCTBOBAHHIO ILpPOIECCa Pacnaja BHPTYAJbHOTO 2JEKT-
poHa Ha 3/1eKTpoH H (oToH. C aHANOrHUHBIM sIBJicHHEM [Jist HOTOH-
HOro mpomaratopa Mbl yKe 3Hakombl. [Ipu p? —m? <« m) nocaen-
Hnit sgorapubm B (8.40) samensiercs una Iln(A/m). B stoMm MOXKHO
yOeauTbCs NyTeM NPAMOro BuuMcaeHusa 2) uurterpaia B (8.38) B
npenene p?— m?

§ 38. NepenopMuposka 3JeKTPOHHOrO nponararopa

HameHeHue, BHeceHHOe B mpejblaylieM naparpade B 3/1eKTpOH-
HBII nponaraTtop, COCTOHT, COTJacHO (8.34), B 3aMeHe

i i
ﬁ—m——)ﬁ—-m+ (—ZE(P» —m p—'m E(p)—'—O(GZ)
(8.41)
M3 (8.40) umeem
S(p)=om—[Z5' — 1+ C(p)](p—m), (8.42)
rie .
6m=‘3—::£1‘l L\;—:
¥11 n

_ A2 2 __ p2
F =14+ Cp) g (Inr + 4in2x)),
mA L p?— m?P< m2

1) Boigenennniil B (8.38) KOHeuHBIN ujeH OAHO3HAYHO ONpeAe/AeICs M3 YCJa0-
BHA OGpalleHHs ero B HYJb Ha MacCOBOA MOBEPXHOCTH mpH p? = m?.

2) BoluncseHHe MOJHOTO BKJaja BTOPOro MOPAAKa B 3JEKTPOHHYIO COGCTBeH-
HO-3HEPTeTHYECKYIO YacTh COAepxHTCH B paborax [2, 741.
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Benanunna C(p) Boibpana Tak, uTOGH 0pH p==m GYHKUHA
C(p) = 0; taxum o6pa3oM, OHa He 3aBHCHT OT napameTpa obpesa-
uus A. Ilpn p = m noayuaem
2 2
zi'— 1= (In 2 —21n 2. (8.43)
Teneps, ncnoansys (8.42), moxHo mepenucatbh (8.41) B caemyio-
meM BHIE: :
i - iZy _
pP—m—=32(p) — (p—m) [l +Z,C(p)] — Zbm
— iZ 2
=G—m—smuFrcpr 0@ @49
Mul OTOXKACCTBHM BEJIHUHHY Miph = m -+ 8m ¢ pH3UUeCKOH Maccol
9JICKTPOHA; NapameTp m B ypaBHeHuH Jlupaka mnpeiacraBiaser co-
60i1, KaK W roJibiil 3apsill, APYTylo HenaMmepsieMywo Bedauunny. Heo6-
XOJMMOCTb [IeDEHOPMHPOBKH MAacChl BO3HHKAET yiKe B KJacCHue-
CKOH 3JIEKTPOJAHHAMHKE,

HeficTBuTespHO, Macca, HaMepsieMasi B ONBITaX cO CBOGOMHBIMH
3JIEKTPOHAMH, €CTb CyMMa Macchl #1, BXOAslledl B BhIpaxKeHHe A/
JOPEHILCBOHA CHJIBI, H 3JeKTPOMATrHUTHONH COBCTBEHHONH MAaCChl 3JEKT-
pona [75]. [Ins K/IacCHYECKOro 3J€KTPOHA C PafHYCOM ~ @ JEKT-
poMarHuTHas coOCTBEHHafl 3HePTHsl cocTaBaseTr ~ ofa. Torga aJs
HabJ/10/2eMOil MacChl TONYYHM BEJHUHHY
~ (m + a/a)= mpn. B cayuae Toueu-
Horo 3apsna a -0 u mompaBka K Macce
cTaHOBHTCSl GeckoHeuHol. To xe camoe )
NPOHCXOAHT B Teopuu [upaka, oLHEKO
3iech MONpaBKa PacXOAUTCs, KaK Jora-
pudmM, comepxamuii napamerp obpesa-
HHA, B TO BpeMsl KaK B KJaCCHUYECKOH
TEOPHH cOOCTBEHHAS SHEPTHHA PACXOIUTCS
auHedino npu a->0. OcnabieHne pacxo- b A
OHMOCTH CcJedyeT M3 TEOPDHH  [bl-
POK. . .
Kak BnepBeie mnoxkasan Baiickond @ @
[761’ AdarpaMma  pOMACHHS BHUPTYAIb-  p.. 87 pagnmaume ynops-
HOH mapbl C NMOKasaHHBIM Ha PHC. 8.7,@  jouenns so Bpemenn must
yhnopsaoueHHeM BO BpeMeHH KOMIIeH- CcOGCTBEHHO-9HEPreTHUECKOH
CHPyeT BeAYLIYI0 pacXoAUMOCTh JHa- YACTH BTOPOTO NOPSAKA.
rpaMMbl, npuBeleHHOH Ha puc. 8.7, 6.

Xora ¢opmasbHO mMomMpaBKa K Macce SABJASETCS GeCKOHEUHOR,
OAHAKO I/ 3HaueHHH mnapaMeTpa obpesaHns A < me?nBa ~
~ 10 1 ona masa. 3aMeTHM, 4TO Macca BceseHHOM oneHUBaeTCs
BeJIHUHHOH ~ 1080 m [77].

Cucremartnueckuit Cnoco6 NpPOBeJEHHS MPOLEAYPH MNePeHOPMH-
POBKH Macchl cocTouT B cienywoiieM. Hano nepenncarh ypasHeHue
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Hupaka B TepMuUHAX (hH3HIECKOH MacChl B paccMaTpuBaTh pasHoCTb
MeXJy TOJIOH, WK 3aTPpaBOYHOH, Maccoil M (pU3HUECKON Macco Kak
JOTIOJIHUTENIbHOE B3auMojelicTere, Takum 00pa3oM, 3anuiuem

(iﬁ — Mpn) b = e;hp + (m — mpn) b = eﬁxp — dm. (8.4b)
JLonoJHUTENbHOMY B3aHMOJEHCTBHIO OTBeuaeT JAuarpamMma Ha

puc. 8.8. DTOT WNeH coKpamaercs ¢ nepBuM udeHom B (8.40), u npu
p—> mpy NpOMAraTtop NPHUBOAMTCA K BHAY,

',—,({/77 cofepikalleMy cBoOOAHBIH mHponaratop B
< KauecTBe COMHOKHTRJIS.
B nmanpHefireM MBI Bceraa Syaem npef-

Puc, 8.8, MaccoBuifi KOHTp-
4/1eH. noJarath, UTo NePpEeHOPMHPOBKA MACCHl yxKe

1pousBejeHa, T. €. CUHTATb BKJIOYEHHOI
auarpaMmy, usobpaxkendyio Ha puc. 8.8. OGosnauenne m Mbl CO-
XpaHUM 3a (QU3HYEeCKOH MaccoH 3JIeKTpOHA.

Ocraerca ellle MonpaBKa K NPONAaraTopy, 3akMoYeHHas B Zy N B
dyuxuuun C(p), Bb16paHH0H Tak, 4to npu p = m dynkuusa C(p) = 0.
B uwactHOCTH, NIpH f & m NOponararop uUMeeT BHA
RN v Ny (8.46)

T. e. oTAx1aercs PakTopoM Z,, KOTOPHIH B 3TOM CMBIC/e aHaJOTHYEH
¢daxrTopy Z; B GoToHHOM NpomaraTtope. B naHnoM caydae Z; Takxe
MOXKHO BKJIOUHTb B 3apsif €y, BXOAAILKUA B 00e BepLIHHBE Ha KOHLAX
3JIEKTPOHHO!M JMHHM; OAHAKO B 3TOM HeT HeoOXOLHMOCTH, IO-
CKOJIbKY, KaK MbI YBHJAHM, IIONPABKH K CaMHM BeplIMHaM COKpa-
1iaTesa ¢ Zp Bpsii JH MOXKHO OXHAATb, UTO BeJHYHHA Zg HMeEET
rayBoxoe Qu3uyecKkoe colep:KaHHe, TaK Kak corjacHo (8.43) oxa
2aBHCHT OT Maccel (OTOHa.

Tpebyercss onpejeseHHass OCTOPOKHOCTb, YTOOBI He BHECTH [I0-
NpaBKH BO BHELIHHE JIMHHHM ABAaXKABl;, C NOJOGHOH CHTyaluued MEl
yKe cTaJKHUBAJUCh B cjyuae (oroHon. [Ipomaratop ecTb BeJHUYHHA
6uaHHeHHasl IO aMIUINTYAAaM MOJ¢, 9TO BHAHO, HalpUMep, U3 BHIpa-
KeHust (6.48). Ognako BHeUIHSS] JIHHHS COOTBETCTBYeT aMIIHTyAe

10Js1, TI05TOMY OHa NepeHOpMHpYeTcs MHOxHTedeM A/Z,. Takum
0o6pasoM, ecad BHIUHC/IEHHS TPOBeAeHH ¢ YUETOM BCeX AMATPAMM,
JAuX [NONpPaBKK K BHEILIHHM JHHHSAM, pe3yJabTaT cJefyerT pasie-

JHTb Ha 1/Z2 B CTENeHH, PaBHOM YHUC/IY BHEUIHUX 3JeKTPOHHHIX
JUHHHA,

HepensTuBucTCcKan TEOPHS BO3MYUIEHUH AaeT XOPOIIO H3BECTHHIMH
IpHMep aHaJOTHYHOTO SBJIEHHS, a4 HMEHHO

C » Vb
n= Vot Y 2l g, 8.47)
" Fm

msn
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e [(@m, Viba) |2
Z,=1— ) 19w Zwl (8.48)
n on (En_E?n)2

31ech Takke Z HaAXOAWTCA, MO CcyTH dena, u3 ¢yHruuu [puHa, a
BOJIHOBAA (PYHKLUS NEePEeHOPMHUPYETCS BeJHYHHOH «\/Z .

§ 39. lNonpasky K BeplliHHe

Ham ocranoch paccMOTpPeTb TOJbKO AHArPaMMy, H300paKeHHYIO
Ha pHc. 8.4, 8, KOTOpasi OTBeUaeT NONpaBKe 3a cueT oOMeHa (HOTOHOM
MeXKAy 3JEKTPOHHBIMH KOHIAMH BePIIMHBL yu. Takywo auarpammy
Ha3bIBAIOT BEPIIMHHON YacThio BTOPOTO NOpPsAKa. UTOOB BHUHC/IHTD
ee BKJAajJ B (H3MUECKHe NPOLeCcCH, PACCMOTDHM HHTerpaJ

b on el dik (— ) i
AP’ )= le)S(2n)4 —nitie "V —h—m+ie

4

— WV
XV ¥ 649

rie p’ 03HauaeT UMIYJbC 3JAEKTPOHA, a —p — HMIYJIbC PH3HIECKOTO
MO3UTPOHA, POXKAEHHOTO BHPTya/bHBIM (POTOHOM, KaK NOKa3aHO Ha
puc. 8.4,8. To e camoe BblpaxeHnue (8.49) ,
OoTBe4aeT M BepPUIMHHON paiHaLllHOHHOH 10- 7
npaBke K H306pakeHHOMY Ha puc. 8.9 pacces-
HHIO 3JeKTPOHA Ha BHemHeM noTennHuafe. B
TOM cJjy4ae p’ BHOBb SIBJAAETCA HMITYJbCOM
KOHEYHOTO 3JIEKTPOHA, OJHAKO p Tenepb npes-
cTaBasier co0OH HMMIYJAbCc HauyaJbHOIO 3JeK-
tpona. Takum o6pasom, olHa H Ta ke QYHK-
uust (8.49) onuceiBaeT NONPaBKH K pas/Hy-
HbIM (H3HYECKUM HpoueccaM.

Amnanryna (8.49) pacxoauTcs, HOCKOJMbKY 7
3HaMeHaTeJb MOABIHTErPabHOrO BLIDAMKEHHA p.. 89  Bepmaunas
COJAEPIKHT k Julb B ueTBepTOH cTenend. Kpo-  ponpaska & paccesn-
Me TOro, Mbl BHOBbL CTAJKHBaeMCsl ¢ HH(PA- HuIOBO BHEIIHEM dJEK-
KpacHOH pacXOAUMOCTbIO M IO3TOMY IPHIH- TPOMArHHTHOM MOJE.
coiBaeM (DOTOHY Masnyio maccy, uToObl nsba-
BHTbCSI OT BKJajga MArKHX ¢orToHoB. Pacemorpum AY(p’, p) mnpH

g=p —p—>0,

cunTast GeCKOHEUHYI0 4acTh BbiAcjaeHHOH. HauanbHLI H KOHEUHBIH
57CKTPOHB OyAeM cuuTaThb CBOGOXHBIMH, T. €. p=m, p'=m.
B stom cayuae

a(p) Au(p, p) 1 (p) =2 — 1) a(p) vue (p), (8.50)



170 NONPABKH BbICHIHX TMOPSAAKOB K MATPIILE PACCESIHUSA [TJ1. 8

rae Z; siBjsieTcsAd KOHCTAHTOH, 3aBUcsLLel oT Macc m? == p?, A% u or
obpe3aHusi, KOTOpoe HeOOXOAHMO cAeaaTb, 4ToObl 3Ta KOHCTAaHTa
6bt1a KoHeuHoH. CooTHomeHue (8.50) sBasercsd caMbBIM OGLUIMM, HO-
CKOJIbKY €JAHHCTBEHHBIH BXOJAAUIHH B HEro 4-BeKTOp Py €CTh TO XKe
caMoe, UTO BeJHYHHA mMyy, cTOALlasA B obkaaikax (sandwiched) us
CIIHHOPOB #(p) u u(p).

X
e

Puc, 8,10. PagnanuoHHble MONDPABKH BTOPOTO NOPAAKA K,pPACCEAHHIO BO BHEIIHEM
9JIEKTPOMATHATHOM II0JIe.

Her HeoﬁxozmMocm BBIYHCAATb Z), TAK KaK NPAMOE CpaBHeHHe
(8.49) mpu p’ = p ¢ mpomaratopom X (p), 3aiaBacMbIM dbopmyJon
(8.34), moxasnlBaer, uTo

0%
Ay (p, p)=——#j). (8.51)

34ecb MBI HCIIOJIb30BAJH cJAeyIollee BaxKHO€ TOXJAECTBO:
0 1 1 1

— —_ Yu

" p—m p—m p—m’

(8.52)

Ono osHavaer, yTo AuddepeHunpoBaHHe CBOGOLHOrO NpomaraTtopa
N0 UMNYJbCY 3KBHBAJIEHTHO BBeNEHHIO B COOTBETCTBYIOILYIO JHHHIO
Qortona ¢ HyjaeBol sHepruedl. Bulumc/iAs NpousBoaHyw OX (p)/Oph
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HemocpeaAcTBeHHO H3 (8.42), mosyuaem

i (p) Au(p, Pu(p)=(Z5"'— 1) (p) yuu(p), (8.53)

a7, corJsacHo (8.50),
Z] = 22 (8.54)
€ TOYHOCTBIO J0 €2.
CrenosatesbHo, B 3TOM NOPSIAKE NONPaBKa K BEpIIMHe PaBHA

Aulp’, =27 = D) v + AL (07, ). (8.55)
Bes saBHCcHMOCTD OT of0pesaHus coaepxurtes B Z,. Beanunna
Au(p’, p) fABAsieTCS KOHEYHOMN MPH YCJOBHH, 4To MHppaKpacHas Ka-
ractpoda ycTpaneHa BBefeHHeM Macchl ortoHa A => 0. Kpome Toro,
OHa Y/JOBJIETBOPSIET YC/IOBHIO

a(p) Ai(p, p)u(p)=0 (8.56)
U ONpeflesieHa OJHO3HAYHO,

Moxno cunurath, 4to Z; au60 HepeHOPMHPYET 3apsil € B Bep-
wMHe, 60 MPOCTO COKpailaeT 4/Z, B NepeHOPMHPOBKE BHELIHHX
JuHHH, B 3TOM npoile Bcero y6eIHTbCs MYTeM PacCMOTPeHHs BCeX
AuarpaMMm IOpsiika He BbILE €2, JalolUX BKJajd B MpOliecc pac-
CesTHHsl 3JIeKTpOHA BHepej Ha BHElHIHeM MOoTeHuHase. DTH [AHa-
rpaMMmbl npuBeleHbl Ha puc. 8.10.

Huxe nepeuuciensl BKZaAbl KaxXI0H H3 HHX B npefene g->0:

(a) — ievy,,

(6) — iev, (Z“ — 1),

(6) + b —— (— ievn) — (25" — 1) (— iewy), (8.57)
(e) —om = (— iey,),

(0) — i (—iev,) e In 2 = — iy, (2, — 1).

Kak 6110 mokasano paHnee, Hajo elle NOACJUTL 3TH BHIpAXKeHHUA

na A/Z, A0S KaXKI0H BHEIUHeH 5JeKTPOHHOM JHHHH H Ha AZ, nns
KaXXAoH BHelnHed ¢GOTOHHOH JuHHU. CyMMa BCeX 3THX BKJAAAOB C
TOYHOCTBIO /0 HOpsiiKa €% paBHa

ﬁ (—ieva) (1 +(Z7' — 1) —2(z5' — )+ (Z: = 1)] =
~ D+ =0l +(z—1)]
NZTZ_a_(_leV“) [1+(z*‘—1)]2 =
= —ieZ{'Zo A/ Zs yu = — iegy,, (8.58)

rlle Mpu nocneiHeM MpeoOpasoBaHHH MBI HCHoJb3oBanu (8.25) u
(8.54). Takum o006pa3om, NepeHOPMHPOBOYHBIE KOHCTAHTHI B Bep-
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[WHHHOM YacTH H B Mpofaratope MOJHOCTbIO coKpaTuauch. [lepenop-
MUDOBKa 3apsiia LeJHKOM O0OycJoBJeHa MOJspH3alued Bakyyma.

Llesiecoo6pa3HoCTb CA0XKHBIX O003HAUCHHR, NPHHSATHIX OPU BHI-
Bofe (8.58), ompaBabiBaeTCsi [PH paccMOTpeHHu OoJiee BBICOKHX
nopaaxos. B wactHoctw, (8.51) u cooTHoieHne (8.54), corsacHo
KoTopoMy Z; = Zy, CIpaBelMBB BO BCeX MOpsaKax (Tak Hasbl-
BaeMoe ToxjaecTBo Yopaa). To Ke OTHOCHTCA H K YTBEPKAEHHIO
0 TOM, YTO BCE pacXoAfilivecs HHTErpaJibl MOKHO BKJIIOYHTHL B Iepe-
HOPMHPOBOUHbBIE KOHCTAHTHl Zy, Zy B Zs [50].

Mu yxxe ykaseiBajgu Ha nabJiofaeMblii ¢usuueckuii 3(dexr,
06YCJAOBAEHHEI KOHEYHOH YacTbio [MarpaMmbl MOJSIPU3ALNH Ba-
kyyma., OGpaiasicb K KOHEYHBIM BK/JIajaM OT BEPIIMHHON U 3JEKT-
POHHOM COOCTBEHHO-3HEPreTHUeCKOH YacTell, Mbl TaKXKe IOJYUYHM
HHTepecHble (H3nUeckye IpeacKasanus,

PaccmoTpuM BepliMHHYIO dactb Ay (p’, p), 3alaBaeMylo HHTe-
rpasom (8.49). Ero Beluucienne TpefyeT IOBOJLHO TPOMO3AKHX
BLIKA4A0K. [Ipexie Bcero HpHIanuM 3/JeKTPOHHBIM Mpomaratopam
BHJ, COMepiKallufi B 3HaAMeHaTesje KBajApaThl HUMITYJbCOB, @ 3aTeM
o6beIHHHM 3HAMEHATeNH, [0Jb3yach JAn00 3IKCIOHEHIHaJIbHBEIM
npeiacrasiaeHdeM, Kak B (8.12), u macwrabupM npeo0pasoBaHHEM
(8.18), u60o HenmocpeacTBeHHO Mo dopmyJe )

R dzy v - dzgd (1 — lezl)
(o)

. (8.59)

RS =(n—1)!

1) C noMmolibi0 3TOro HHTerpasta QefinMana [64] BbluncaeHHsT NPOBOAATCS
caefyIolHM 06pasoM:

1 1 1
S dik [ (k) B —AFie (pp —kE—midie (p—kP—mP+ie

=2S S Sdzldzgdzsé(l—-zl—zz—za)x
0 0 O

oo

S 'k [ (k) _
[k2 —2k-p'zy— 2k pzy— Az + (pf2 — m2) 2y + (0> — m?) 2, + ie]2

-0

oo 00 00 [ee]
dikf (k 4
=2 S S S dzy dz;d23 0 (1 —_2 — 2y — 23) S {,3(2 jcpj2i:)‘3p23) ,
000

-0
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lMocsne uHTerpupoBaHus no k£ u oOpesaHHs PACXOASILIErocs
WHTerpa/na IyTeM BBejeHus mapamerpa A* HaXoAuM

M, D= v [Inr + 0]+

fe v I+ < L o 3
—l——%vug S Sdzldzgdz36(1 ——Zzi)x
0 0 0 i=1
m? (1 — 21)2 4 A’z
X1n m? (1 — 2;)? + A%z) — ¢%z223 — i€ -

oo 00 3
S Sdzldz2dz36(1 —Zz,-))(
0

i=]

v [p7 (1 — 22) — pza + ml vy [p (1 — 25) — p'22 + m] y°
X m? (1 — 21)? + APz; — g2z525 — it :

(8.60)

B 3HaMeHaTeJe NOCJAeAHEro ducaa IllepeHeceM, C NOMOLIBIO Ipa-
BUIa AHTHKOMMYTaLmH, p 1 p’ Ha Kpas, Iie OHM MOTYT AeHACTBOBATDH
Ha 5JeKTPOHHBIE CIHHODH], B OCKJaIKaX M3 KOTOPBIX CTOHT Ap. Jla-
Nee Bocmoab3yeMcsa cooTHolileHnem [opnona (3.26). Torxa sHame-
HaTeJb [IOCJeIHEro 4leHa NPHHHMAaeT BHJA

—Yu [2m2 (1 —4z, + 23+ 2¢° (1 — z,) (1— 23)] —2mz.2, |4, vu].
(8.61)

rae
¢ = (p'2s -+ pas) - (p'22 + pzs) + Ay — (p7* — m?) 2, — (p? — m?) 23 =
= — p’222 (1—2)) —p22a (1 —23) + 2p - p'zozs + m? (1 — 21) + APz, =
= — (p’2 — m?) 25 (1 — 25) — (p? — m?) 23 (1 — 23) — g*223 +-
4 m? (1 — z;)? 4 A%z,.
B unrterpa’e Sd“k cHavajga IpoBoauM uHTerpupoanne mo dk,. [Momocu mo dk,

pacnoNoXeHH B TOYKAX =k x/lk |? 4+ c¢. C nomouipio m06aBKH “F {e CMECTHM HX
€ KOHTYpa HHTETrPHPOBAHHA CIeAYlOlULUM o6pasoM:
B —c+tie= (ko — VIKFF ¢ +ie) ko + VIKP +¢ —ie).

dro paet

[e]
1 n?
oo e
Sdk(kZ—c-l—ia)3 2ic *
0

Ilis nponsBosbHOR CTeMeHH sHaMenaTelis n > 3 OTBeT mosydaercss AH(odepeHiiu-
pOBanHeM 3TOTO paBeHcTBa no ¢. IlOCKOJBKY 3HaMeHaTelb 3aBHCHT TOJbKO OT k2,
HeTPYLHO y4YecTb 3aBHCHMOCTb OT Ky, B SHAMEHATeJe: BCe HEUETHHE CTelleHH
Ry > 0, kyky > '/iguvk* B T. A
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HHrterpupoBanne Mo NepeMEHHBIM 2; B O0LleM c/lydyae CONPSXKeHO
C TPYAHOCTSIMH, XOTs €ro BCe e yAaloCb NPOBECTH aHaJHTHue-
cku'). Msbl orpaHuuuMcs ABYMS IpelelbHBIMH CJydyasiMH, KOrla
lg|2 << m? u |q|? > m? B nepBoM cnyyae ¢ TOYHOCTBIO N0 HJICHOB
H0pPsiJKa ¢? BKIIOUYHTCIBHO MMeeM

Yok AL DR [ + oL (I = 3)]+ 5 14 vl 8:62)
[Tpn |g|? > m? nonyuaeM TOJbKO 4eHB, 3aBHCSLIHE OT A

Vo AL, Py {1 — g[S - 1+0 (% )]}
(8.63)

CrnanpiBasi 5TH pPe3yJbTATH € BKJAAJAOM OT MOJSPH3AUHHM Ba-
KyyMa, MBI IlOoJy4YaeM paidaldoHHYIO IONPAaBKy HOPsiAKa a K pac-
CesiHHIO 3JEKTPOHA BO BHeLIHeM [oJle, KOTOpoe fBJseTcs HCTOYHH-
KoM ¢otoHa ¢. M3 (8.26) sakaiouaeM, uTo B Ipefelie MaJjbX nepe-
JNaHHBIX HMIIYJAbCOB IOJsIpH3aUusl BakyyMa A00aBiageT HOCTOSHHYIO
—1fs Kk —3/3 B (8.62) u He BauSieT Ha WIeHH, coAepxauiue HHPpa-
KPACHYIO PACXOAUMOCTb H MATCHUTHHIA MOMEHT.

[Tocaennuit uren B (8.62) npuBoauT K xo6aBKe K MAarHUTHOMY
MOMEHTY 3JIEKTpOHA, PaBHOHN o/2n. JleACTBETeIbHO, B CTATHULCKOM
npeaene OH caexyiomuM o6pasoM BHIOH3MEHseT B3aHMOJEHCTBHE
5JIEKTPOHA C BHEIIHHUM MOJIEM:

— ieii (p") (vu—i—%c‘;‘gv)u(mz‘l”@):
i) [ 25 1 (14 ) 2 w0 (5.69

ITonpaBounsét ¢axktop (1 4 a/21) K MarHUTHOMY MOMEHTY 3JIEKT-
poHa 6bl1 Brnepesie nosydex lsunrepom [78] B 1948 r. u ero cyute-
cTBOBaHHe GBLIO NOATBEPKIEHO KCIepuMeHTaNbHO [79].

3arTeM HOSBHJIACh BO3MOXKHOCTb 3KCIepHMEHTaJbHO HaOJ/101aTh
NONpaBKy MOpsiika o? K MarHUTHOMY MoMeHTy. Ee Teoperuueckoe
sHauenue [80] paBno — (a?/n?) (0,328), uTo corjacyeTcst ¢ coBpe-
MeHHLIMH 3KCIepHMeHTaJbHEIMH fAaHHbIMH 2). Teopernueckuit pe-
3yJAbTaT GbJI MOJYyYeH H3 PACCMOTPEHHS BeDLIMHHBIX AHAarpaMM C
ABYMsl BUDTYaJbHBIMH (oTOHaMH ).

1y Cwum. [54] Has CayHas, KOTAA SJCKTPOHBI HAXOAATCH BHe MaccoBoii f10-
BepxHocTH p® 5= m?® p’ ? ot m?, om. [74].
2) TTocaeitee 3KCIepUMeHTaNbHOE 3HaueHHe mast B paBHo [81]
p=1-+ a/2x — [0,327 4= 0.005] a?/n?
8) [Mocae usfaHusi aHrJMACKOrO OpHFHHAJAa KHHTH AJS aHOMaJbHOrO MarHuT-

HOrOo MOMEHTAa 3JIEKTpPOHa 6bLH noJyueHbl 3HAYUTENLHO 0ojiee TOUYHLIE SKCIEpPH-
MEHTaJJbHBIC H TCOPEeTHYCCKHE 3HAYCHHA. chnepﬂmemanbnoe 3HavyeHHe B HaCTOA-
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Hpyrue dien B (8.62) n (8.63) nNpUBOMAT K NOABJCHUIO HH)Pa-
KPacHOH PACXOLHMOCTH B CeYeHHH paccesHHs 3jekTpoHa, Oxppaxo
3Ta pacXOJHMOCTb HCUe3aeT, €C/IH y4YecTb BKJaj, BHOCHMBIH B ceue-
HHe TOPMO3HBIM H3JydeHHeM MATKHX ¢oToHoB. Jlw6asi 3KcmepH-
MEHTaJIbHasi YCTAaHOBKA HMMeeT KOHEeYHOe paspellleHHe 110 3HEPTHH,
MI03TOMY, €CJH AETeKTHPYIOTCS 3JeKTPOHHI, HMelollHe pasfpoc 1o
sHepruu AE, TO YHCJO 3aperHCTPHPOBAHHHIX COOLITHH OTBeYaeT
CyMMe YIPYTOro CeYeHHs M CeYeHHS TOPMO3HOTO M3JYUEHHs, MpPH-
BOASILIErO K 3JEKTPOHAM C 3SHeprued, oTaHUAIOWEHCS OT SHEPruH
YIPYro paccestHHBIX 3JEKTPOHOB He GoJsee ueM Ha AE.

[IpoBepuM C TOYHOCTBIO HO YJNEHOB NOPSiAKA €2 yTBepiKIeHHe
0 TOM, UTO TaKas CyMMa YOPYroro H HEYNPYroro CeueHHH KOHEYHa
i ceobofHa OT HH(pakpacHo#l pacxomumocTd. JJsa 3TOro comocra-
BHM BhHIpaxkeHua (7.64), (8.62) u (8.63). C TouHoCcThIO A0 MOpsiaKa
€? «uHbpaKpacHasi» 4acTb YIPYroro CeUeHHS HMeeT BHJ

do do 2u m
(E)L= (E@‘)o[l T lnwx(qz)]. (8.65)
rjae
( _1& _ e
9 I 3 m?’ m2 )
@ =% g 7 (8.66)
lln ot 1, ——7 > 1L

3nech (do/dRQ)o npeacrasiaser co60f BKIaJ HAHHU3IIETO NOPSAKA
B ympyroe cedyeHune. CeueHHe TOPMO3HOTO H3JYUEHHs COTJIACHO
(7.64) paBHO . p \ .
g — o o max 2
T )rene = (G )y 7 10 2 (60 (8.67)
Mul BHAHMM, OAHAKO, 4TO BhIpaxKeHusa (8.65) u (8.67) Henbss ckaa-
JBIBaThb HEMOCPEACTBEHHO, TOCKOJbLKY ofpesaHHe mo (oToHaMm ¢ Ma-
Jio#i sHeprueil BBeJeHO B HUX Da3/JHUYHHIM CHOCOGOM.

Oas npeonoseHHs: sTOH TPYAHOCTH HeOGXOAMMO JHGO BHOBD
HOJYYUTh CeYeHHe TOPMO3HOTO H3JyYeHHs, BBeAS KOHEUYHYIO Maccy
¢oToHa, AMG0 3aHOBO BBHIYHCJAHTL MONPABKH K BepIllHHE, HAJOXKHUB
3anpeTr Ha H3JaydeHHe OTOHOB C dHepPruell MeHblIe Rpm. Mb BhGe-
peM BTOpPYIO BO3MOXKHOCTb, 4TOOH H36€KaTh TPYAHOCTEH, CBSI3aH-
HBIX C NOfIBJeHHeM peajbHBIX NPOJOJBHHIX KBAHTOB IIPH OTJHYHOH
oT HyJs Macce doTtoHa A. CienyeT, OLHAKO, UMETh B BHIY, 4TO o6pe-
3aHHe C TIOMOIIBIO NapaMeTpa kmin ABJIAETCS HEKOBapHAHTHON olle-
paumuefi, I0O3TOMY, NMPOBOAA MEPEHOPMHPOBKY BepUIHHBI TaKHM CIO-
coboMm, HeoOX0AUMO COO/I0AATh OCTOPOXKHOCTb B BBHIIEJNEHHH mepe-
HODMMPOBAHHBIX yacTell. FIMeHHO IO 3TOH IpHYHHE MBI paHee Mpo-

Inee Bpems npuHHMaeTca pasubiM (1159656,7 £ 0,56) -10-9%, a pasuocts Mexay
3KCIIepHMeHTaNbHEIM 3HAYCHHeM U TeOPETHYECKHM C YYeTOM BTOPOTO HOpPAAKA 110 G
cocrasasger (cm. [81]) (1,68 & 0,33) (a/m)2. ({Tpun. nepes.)
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BeJH MePeHOPMHPOBKY C MOMOLLbIO WHBAPHAHTHO! Macchl (OTOHA A.
Jlas yrnpouleHHss MaTeMaTHYeCKHX BBIKAaL0K MOJOXKHUM Rmp > A.
Hrak, sepHeMcst kK BhipaxkenHio (8.49) u mnpeoGpasyem (GOTOHHBLIR

.

%//r/

lq

RN

.

Puc. 8.11. OBsacTd B HMOYJbCHOM [POCTPAHCTBE, B KOTOPLIX MPONATATOPHl MOJ-
BepralwoTca H3MeHeHuio GJaroaaps wHpakpacHoMy oOpesauuio.

IponaraTop TakuMm o6paszoM, uToObl IPH R < kmin aMIIMTYyAa o6pa-
uajsach B HyJb. JTO O3HauyaeT, 4To 3afaBaeMblli Gopmynoh (7.30)
¢orounsfi mponararop Dp(x —y, 1),

. d3q . .
— A= S_.._._...._ 1q-(x—y)—i | qol | Xo—go! —
DF(x Y, ) i (2%)32|£]o| é

dig e i =y
= S @2n)t F— A+ ie ! (8-68)
Mbl npeo6pasyeM K BHAY
3 .
Dp(x —y, kum) =1 S Tm—‘:;_l_q_!_ glax=Y-i1qlx-vl oy
'q‘>kmin
~ ; d3q iq-(x=y)—i 1 40 1| 2= |
~ D=y, W =i Garalgr e T =
lq l<kmin
a3 dgo i e 1
=Dplx—y, M)+ S _—(2:33 S_QTISO e"irl y)———q2~—7»2+ie ,(8.69)
1ql<k i —o0 '

rae
Go=VE+, kua>h (8.70)
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OGJaacTi B MMIYJbCHOM MPOCTPAHCTBE, B KOTOPHIX OOpe3aHue H3-
MeHsieT nmponaratophl, H3o6paxensl Ha puc. 8.11.

CootBercTByIOlllee u3MeHeHHe OA,(p’, p) B BepmuHe (8.49)
paBHO
SAL (', PY=Au (0", p, M) — Ay (p’, p, ki) =

Y R dk S
=i . (2m)?
Ik J<Rpin -
Yo (B — k4 m)vu (p— k4 m)y"
X (B2 — A% +ie) [(p" — k) — m? + i) [(p — k)° — m® + ie] *

DTo BHpaXKeHHe He CONEPKUT yaAbTPadHOJIETOBOH PacXOAUMOCTH
Gsarosapsi orpaHHYeHHOCTH O6JacTH HHTErPHPOBAHHI.

Has sriuucaenus (8.71) mpoBesem cHavyaJia HHTeTPUPOBaHHE 110
ko. BuibepeM KOHTYp HHTETDHDOBAHHSi B KOMILIEKCHOH IJIOCKOCTH
by, Kak IoKasaHo Ha puc. 8.12, u Bocnosbsyemcsa teopemoi Kourm.

dky
2n

X

8.71)

Imk

Re &y

XXX ~Lfy

x\ X
N B
P

Puc. 8.12. Oco6eHHOCTH Ha INIOCKOCTH kp, YUHTbLIBa€MBIE NPH BHYUCJIEHUH
dA, (p's p)-

Koutyp oxBaThiBaeT TPH HPOCTHIX [OJIOCZ, KOTOpble yKa3aHbBl Ha
TOM 3Xe pHcyHKe. B mnpenesbHoM ciyuae Rmin € m B HHTErpal
faeT BKJah TOJBKO BBIYET B IOJIOCEe, PACMNOJOXKEHHOM B TOYKe

ko=+/kZ+ A2. Buipaxenue aja SA,(p’. p) NpuHHMAET BHA

d’ vy (0" + m)y, (p+m)y¥
oA , =— —_— A u =
u(P ) p) € N (2n)32'\/k2+;»2 (Qk-p) (2k-p’)
d3k p-p
= k? 1 A2 . 8.72
" k|<k (22 2 VKT + AT (k- p) (k- p’) (8.72)

min

Iloguepkuem eme pas, uto 8A, cTaBUTCS B 0OKJAJKH U3 CMHHOPOB.
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[TepenopmupoBKa OKasbiBaeTCsl Teleph BecbMa TOHKOH omepa-
umueH, NoCKoJbKY 00pe3aHHne NPOBEIeHO HeKOBADHAHTHBIM CNOCOGOM.
Baaronapa Tomy, uto paBenctBo (8.51) mo-nmpexHeMy cnpaBeiJHBO,
MOJKHO BHOBb BOCIIO/Ib30BATbCA YTBEPKAEHHEM O TOM, 4TO €CJH
COOCTBEHHO-3HEPreTHYeCKHE UYaCTH KOPPEeKTHO YUTEHBI, TO IIPOBO-
LUTb NepeHOPMHUPOBKY A, He Tpebyercsi (Z, = Z;). Onuako wu3-3a
H3MeHeHHsd M (QOTOHHOM HpollaraTope BeJHYHHA Y TOXKe MeHeTCH.
JleficTBHTEABHO,

0Z(p) =Z(p, &) — Z(p, kmt) =
d% S dky 1 1

Yu — y# .
3 h—Ff — 2 j2.0;
el S (2n)®* J 2m p—bk—m+ie k2 — A%+ ie

(8.73)

[TockobKy Mbl HIeM H3MeHeHHe NePEHOPMHPOBOUYHOH KOHCTAHTHL
Zy (B 8m He colepxuTCa MHPPAKPACHOH PaCXOAMMOCTH), BHIpaxe-
Hue (8.73) MO/MKHO OLITH BBIYHCJIEHO C TOYHOCTBIO A0 YJIEHOB IO-
paaxa p? — m? BKIIOUHTEJbHO.

CHavasa, KaK M [Jsi BEDUIMHH, NMPOBEXEM HHTErPUPOBAHHE 10
ko B mepsoMm nopsiake ') mo p? — me:

= — je®

&k WE+my
(@) 24K+ A2 A2 —2%.p+ (p2—m?)

2 =—e |
e 1<l

@ (p° — m%) v, (p + m) ¥

== 2
Te |k|<Sk @aP 2V F AT (M2 — 2 p)
min

+ 0 ((p2 - m2)2) + 0 (kmln) ~
d*k m?
)32 VEE AT (k- p)?

min

~ + ¢

1ki<k

(p—m).  (8.74)

Taknum 06pasom, ¢ yueTom M3MeHeHHH B (POTOHHOM HpomaraTope
BepumHa MEHAETCAd Ha BEJIHqHHy

BA, 4 5 02 (0') s ¥ + & Yy e 05 (p) =

1 2 p ﬁ/__mVu QVuﬁ_m (p_
— e d3k

= — Y, LA S

2 3 2 2

. (2n)3 2 VET + A

p-p’ m? m?
><[(p-k) (0" k) Z(p-RE 2(p’-k)2]' (8.75).

') Ynen O(kmin) BHOCHT B Om npeneGpe:HMO Manoe H3MeHeHHe,

X
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Mpl B3fJIM TOJIOBHHY BKJana COOCTBEHHO-3HEepreTHYeCKHX uacrted,
n3obpaxenunlx Ha puc. 8.10,8 u 8.10,2, Tak Kak mnonpaBKa

A Zy~ 14 1/,(Zy— 1) oTHOCUTCH K BOJHOBHIM (DYHKIHSAM BHEIIHHX
4acTHi.
Berunciaenue (8.75) B HepelssTHBUCTCKOM mnpefene |g%/m?| < 1

naer
C(p : 2knin
AL (P, )= Vy 35 —=r (ln — 6) (8.76)
Takum ob6pasom, u3 (8.62) u (8.71) umeem
2 .
c a LG' / q m 5 3
Au (p/' Py ki) = on [ 2m + 5T ImE Yu (ln 2kmin + 5 —8—)] '
(8.77)

[Ipu |¢?/m?|> 1 pas wienoB ¢ uHdpaxpacHof pacXoLUMOCTBIO IO-
Jdydaem

¢/ s - E
AL (0, p) = — vy — [m( s )— 1] (m -k;—) (8.78)
H, ciaenoBarteqbHo, u3 (8.63) u (8.71) maxomum
’ E
AL(P', Py kaan) = — Vo In Fomn [ln (T 1] (8.79)

OTtciofia MBl BHJUM, UYTO NpH 06pe3aHHH € TOMOLIbIO Amin A9 HHObpa-
KPACHOH 4acTH CeYeHHs YIPYroro pacceﬂﬂnﬂ Bmecto (8.65) mmeem

)y, = (), [1 = 5 g (@) (8.80)

JloGapaas ciofla ceueHue TOPMO3HOro Haayuenusa (8.67), moayuaem
HHppaKPaCHYIO YacTb CEUeHHS paccesdHs € y4eToM H3JydeHus ¢o-
TOHOB C 9HepTHeH MeHbllle, 4YeM Rmax:

(38) = (RN~ 2 aae]. o0

Pesy/bTaT He 3aBHCHT OT Rmin H A [82, 83].

§ 40. JIamGoBCKHit caABHr

Mo3KHO cuuTaTb, YTO MoNpaBka K paccesiHuio (8.77) BO3HHKaeT
6.naronapﬂ 106aBoYHOMY «3(h(eKTHBHOMY IIOTEHIHAJNY», KOTODLIi
HefCTBYeT MexJAy 3JeKTPOHOM M HCTOYHHKOM (hoTonoB. B Kayecrse
nocaegHeroc BOo3bMeM sApo ¢ 3apamoM Ze. VsmeHeHde 3HepTHH
ATOMHDLIX YPOBHEH 3a cueT 3TOro J06aBOYHOrO  B3AHMOIAEHCTBHSA
npegcrasJjsieT co00i J3MOOBCKHIA CABHT, KOTOPbiH Mbl MOXEM Te-
nepr o6cymnTb GoJiee noApoGHO, yeM B IVI, 4, rae Oblid npUBedeHbl
apocTbie (sHuecKHe coobpakenns.
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A ¢ekTHBHOE B3aAHMOACHCTBUE B HMIMY/IbCHOM NPOCTPAHCTBE Me-
KAy 5JEKTPOHOM H HCTOUYHHKOM ToKa eAM(q) CKIaiabiBaeTcs H3
(8.77) u BKJaAa OT noasipu3aluy Bakyyma (8.26):

{4+ (g + 23— D))
+ip o fulp)ed (@), (8.82)

4mm
Boipaxenne (8.82) onuchiBaeT monpaBKH TOpsiiKa o K ornepartopy
TOKa 3JeKkTpoHa #(p’)yuu(p), obycaoBaenupie (HOTOHAMH C HM-
nyAbcaMH, GOJbIIKHMH, YeM Ryp. OHO CIpaBelaHBO NPH MaJblX IIe-
pelaHHbIX HMOyaAbCax ¢, == p, — p,, YROBJIETBOPAIUHUX yCJOBHIO
|g*/m?| < 1. [lns sneKTpoHa B KyJOHOBCKOM MoJie siipa C 3apsaoM

Ze MCTOUHHK TOKa ecTb eA*(q) = —(Zée%/|q|,0) u (8.82) npuun-
MaeT BUA
nf Ze? a |qf m 5 3 1
—wt o fr[l = (e =5 —5)]+
+pv-afulp). (883

[TepBoiii UleH He 3aBHCHT OT CNHHA ¥ ABJAseTcs Qypbe-npeobpasosa-
nueM 3¢ (HEeKTHBHOrO MOTEHLHKAa, UMEIOILEr0 BHL

Zo, 40 Za m 11 1 3
— ST g+ w —5) 00
B BonOpOAONOAOGHOM aTOME€ OH TNPHBOLHUT K CABHI'Y 3HEPrHH ypOB-
Hefi, KOTOPbI/i B IEPBOM INOPsiKe TEOPHH BO3MYIIEHHA paBeH

o Z o1
B =2 L hun OF (N -+ 97 —5) - (8:89)

Stor caBur obycaosieH GOTOHAMH ¢ HMIyJAbCaMH, GOJIbUIMMH, 4eM
Bmim. K HeMy Hago emie J06aBHTh BKJaJ OT MACKHX (OTOHOB C UM-
IyJAbCAMH MEHbIIE Rmin.

ECTeCTBeHHO 0XHJATh, YTO TapaMeTp o6pe3aHHs HMeeT NOpAAoK
ko< (Za)m, T. e. COOTBETCTBYIOLLAs J/IMHA BOJHB (QOTOHA BeNHKa
110 CPaBHEHHMIO ¢ aTOMHLIMH pa3mepaMH. Hesab3sa BhIOpaTh Amm npo-
M3BOJAbHO MalbiM, Tak Kak npu p?— m? ~ (Za)2m? npouaratop
CBSI3aHHOT'O 3JIGKTPOHA OTJAMYAeTCs MO BHAY OT Mnporararopa cBo-
6010l uacThuubl. a5 3/IeKTpoHA B aTOME HMeeM

pt~(m+V, p),

rie
Ve~(Zam u |pl~Zom.

B npopeieHHOM paHee BLIUHC/IEHHH COOCTBEHHO-IHEPTETHUECKOH ua-
ctu 2(p), TaK ke Kak U BepiluHbnl Ay, (cM. (8.74)), Mbl npedmoJa--
raem

kBprkgum > p?— m?~(Za)Pm.
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s GOTOHOB ¢ HMIYJAbCAMU MEHbLIE Ry PEAATHBHCTCKHE MONpas-
KH JOJI2KHBl ObITb MaJBIMY, T. €. COAepXKaTh GoJjiee BbICOKHE CTENEeHH
Zo, U MOXHO pElluTb 3aauyy B HEPEJISTHBHCTCKOM NPHOJHKEHHH,
KaK Obl/10 BliepBble caesndaHo Bere [84].

CorsiacHO BTOPOMY MOPSIIKY cTapofl TeopHH BO3MYILEHHH CIABUT
sHepruy, o0yc/OBJEeHHBIH TeM, YTO 3JEKTPOH B COCTOSIHHH A HCIY-
CTHT ¥ BHOBb MNOTJIOTHT (OTOH, paBeH

kmi

AES =¢ S = Z (nla e |m)mlaee”T[") =g or)
0

Ep—k—Epy

rlie CyMMHDOBAHHE [POH3BOAMTCS IO MONEPEUYHBIM INOJAPH3ALUAM
¢doToHa 4 moO BCeM 3JEKTPOHHBIM COCTOsHHAM. Bpiepem Temepn
Rmin, YAOBJETBOPAIOLUIUM YCJIOBHIO

(Za)Qm < kmin < (Za)m

(nanpuMep, MOJNOKHM KRy = (Zo)*2m) U BOCNOAB3YeMCsl AHNONb-
HbHIM OpPHGIIIKEHHEM, KOTOPOe MOXKeT MoKas3aThCs A0 HEKOTOpOH
CTENEHH COMHHTENbHBLIM. DJEKTPOHHBIE COCTOSIHUS SIBJSIOTCS Hepe-
JASATHBHCTCKMMH, MO3TOMY o MOXKHO 3aMeHHTb Ha v == p/m. Torna
MOKHO NPOBECTH HHTErPHPOBaHUE MO R, KOTOpOe JaeT

AES =22 [—kmm<ntv2m>+

Em"En lEm E +kml l
+ ) n el [ pim)F]. (8.86)
m | Em
m
Tenepb AAs 5TOH YaCTH BHIYHC/JIEHHH HeOOXOAHMO MPOH3BECTH mepe-
HOPMHPOBKY MAacCChl. HOCKOJIbe JIEKTPOMAruuTHas wmacca 3JeK-
TpOHa om yKe COLEPAKUTCHA B €ro SKCI‘IepHMeHTaJIbHOﬁ macce m, B
raMH/IbTOHHAHE TMOSIBHTCH MaCCOBBIH KOHTpuUJIEH BHJAA

. o 1 (L)2
2m—om)  2m > 2 \m om.
OH npMBOJHUT K CABHTY SHEPrHH
1
O, = 5 om (n|v*|n),

KOTOPBLIH HMeeT Ty Ke CTPYKTYpY, 4To H INepBblfi 4jaeH B (8.86).
[Mostomy nocneguuil BKJAIOYAETCs] B MEPEHOPMUPOBKY MAacChl. [ToJb-
3yacb TeM, 4T0 Ky > En, — Ep, noJydaeM  HepeISTHBHCTCKYIO
4acTh JI5MOOBCKOTO CABHIa B BUAE

2 Emin
AE<=§%Z(5m—En)lnm‘?‘ml<’”P1’">|2=

m

Z(E —E)In 8 (nipim)P.  (8.87)

3nm2
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[Tocnennee paBeHCTBO CHAYXKHUT onpeleleHdem Beauuunnl E, KoTO-
pasi no NOPSIAKY BeNHUYHHBl oXKuAaercs ~ (Za)?m. Temepb CyMMH-
pOBaHUe MO COCTOSHUSIM NPOBOAHMTCA € MOMOILBIO CJAEAYIOULEro KOM-
MYTaLHOHHOTO COOTHOLIEHUS:

> (En—En) P Imp =5l [Ip, H], plln).

On”o paer

AES = In £min oy (V2 | gy = 222D 1y Fmin kmm | Poim (O) . (8.88)

3nm? E 3m?
O6twenunsas HafiieHHOe Buipaxkenue ¢ (8.84), nosyuaeM CIBHT 3Hep-
THH S-COCTOSIHHH BOZOPOAONOAOOHOrO aTtoMa ¢ TOYHOCTbIO NMOpPSlKa
a(Za)t:

3nn? 5

Benuunna E Goia Hafimena DBere u ap. [85] H B cOOTBeTCTBHHM C Ha-
LWIMMH OXHUAAHUSIMH OKa3anach paBHol 8,9 a’m nas Boxopoda. s
NOJYYEHHUs] TMOJHOTO JIMOOBCKOTO CABUra ¢ TOYHOCTbIO MOpsiaKa
a(Za)* Kk (8.89) cienyer ente noGaBHTh BKJAJ aHOMaJbHOrO Mar-
HHTHOrO MOMeHTa u3 (8.83).

HeynuButenbHo, ecju uuTaTe]b OKaxXXeTcsd HEYAOBJETBOPEHHLIM
IPOBENEHHBIM PACCMOTPEHHEM, B OCOOEHHOCTH HCIOJb30BaHHEM [IH-
NOJLHOrO NpuOJNKEHHS, U TeM, KaK Mbl OGOIIHCH C Rmin. J11060-
3HATEJbHOMY YHTATENI0 MBI PEKOMEHJYyeM O3HAKOMHTbCSl € HelaB-
Heit paboToit dpukceHa H Vlennu [86], B xoropoli HOTOHBI He pasie-
JISIIOTCSl Ha MSITKHE W KEeCTKHe.

B 3T0#t riaBe ObLJIO 1OKA3aHO, KAK pacllUpUTb HA OAHY CTENEeHb
No o CBepX HHU3IIEro Mmopsiika NMpaBHJa HANHCAaHHS 3JEeMEHTOB S-
MaTpPUUbL. MBI BCTPETHJIHCh C TPYAHOCTSMH, CBS3aHHBIMH C MOsIBJIE-
HHEeM paCXOASIIHXCS BbIPAXKEHHH, U NOPeoJoJieTd 3TH TPYAHOCTH,
N0Ka3aB, 4TO HMEEeTCst XOpOLIO ONpeJe/ieHHBbI crnocod oTieneHus
pPacXoAALUIHXCSl BLIPAXKEHHH H BRJIOUEHHS HX B KOHCTaHTBHI, KOTOPbIE
HEepEeHOPMUPYIOT 3apsii H Maccy 3/eKTPOHa, a TaKXe BOJIHOBbIE
(YHKLHH, ONHCHIBAIOIIHE PacnpocTpaHeHHe 3JeKTPoHA H  (HOTOHA.
ViMeloTcs sicHble (DM3HUECKHE OCHOBAHHS AJISI NPOBENEHHs NepeHop-
MHPOBOK.

K nmapamerpy Maccel B ypaBHenuu Jupaka noJskHa ObTb n06aB-
JieHa 3JeKTPOMAarHUTHAf Macca, NOCKOJBKY OHa yXe CONep:KHTCH
B Macce, uaMepsaeMoil Ha onbiTe. Heo6X0AuMO TaKXKe TEPEHOPMHPO-
BaTb 3apsf, 4TOOB y4yecTb 3¢ (eKT cTaTuuecKOH HOJAsApU3aLNH Ba-
Kyyma. Haxkonel, Tpe6yeTcs riepeHOPMHPOBATL BOJHOBYIO (BYHKIHIO
aHaJIOTHYHO TOMY, KaK 5TO fAenaercss B OObIYHON HepessiTUBHUCTCKOH
Teopuu BoaMmylleHHH (cM. (8.47) u (8.48)). Tem cambIM yuuTBHIBAET-
Csl TOMpaBKa Ha aMIVIHTYAY HabJI10leHHs 3JeKTpOHa B CONpOBO-
KAeHHH QJYKTyaniil, BoI3BaHHLIX B3aUMOAEHCTBHEM.

N 1) M P | B
AE, (m =+ )m (8.89)
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[lepeHopmupoBKa sBaAsieTCsi MOBOJBHO TOHKOH onepauded, Tak
KaK BeJHUHHbl Z|, Zs, Z3 ¥ 8m, K HecuacTbio, pacxoasrca. OfgHako,
KaK Mbl BHAHMM, BeJHYHHbl (busanyecKHX 3G(DeKTOB OKa3bIBaloTCs B
HTOr'e KOHEUHBIMH H He3aBHCAILUMU OT obGpesanus. bBoJsee Toro, onn
COTJIACYIOTCA C ONBITOM, KaK, HampHMmep, B cayyae Ja3MGOBCKOro
CIBHra M aHOMAJbHOTO MaTrHHTHOTO MOMEHTa 3JekTpoHa [41, 81].

B 3TOM MecTe ecTecTBEHHO CIIPOCHTh, KaKHe HOBbie TpoGJeMbl
BO3HHKHYT NIPH Tlepexofe K emle 0oJiee BBICOKHM MOPSAKaMm IO a.
OxkasblBaercsi, UTO HHKAKHX, 338 HCKJIIOYEHHEM HeoGXOAHMOCTH Tpo-
BOJHTH JIONOJHUTEJIbHYIO BBIUHC/IHTENLHYIO pa6GoTy. Ml yKe BBeaH
BCce HeOOXOZMMBIE NepeHOPMUPOBKH. MajoxKenHble B 3TOH roiaBe
HJeH U METOABl NOCTATOYHbLI JJIsi TOTO, YTOOLI, BHIUMCASAS S-MaTpUIy
B JM1060M (KOHEUHOM) MOpSJKE MO o, MOJydaTb elHHCTBEHHbIE, KO-
HeuHble M He3aBHCSIME OT OOpe3aHHs aMIVIMTYAbl JIOGLIX (H3NYe-
CKHX npoleccos (cM. [50]).

3A0AYHU

1. ITpoBepbTe YHHTAPHOCTh AMIUIMTYAbl 3JEKTPCH-IPOTOHHOTO — pacCesHUs
BIVIOTh J0 Nopsifika et [lag storo naiigure abcopBTuBHYIO wactb (7.51), KoTopas
OTBeYaeT NPOMEXKYTOYHBIM 3/IEKTPOHY H NpPOTOHY Ha MacCCOBOH TMOBEPXHOCTH, H
MOKaxuTe ¢ noMouwbo (8.33), 4TO OHa paBHA COOTBETCTBYIOILEMY NPOH3BEICHHIO
aMIJIMTY[ BTOPOro nmopsaka. IlokaxHTe Takxke, 4To AuarpamMmbl Ha puc. 7.6 u 7.7
He TIPHBOJAAT HM K KaKUM ApPYruM aGCcopGTHBHBIM YacTsM.

2. TIposepbTe YHUTApPHOCTb AMILIMTYABI PaccesiHust 10 MOpsiiKa €%, cBs3aB
MHKMYIO 4acTb NONpaBku K BepiiuHe (8.60) ¢ COOTBETCTBYIOUMM NpPOH3BELEHHEM
aMIVIHTYIBl 3/EKTPOH-TIO3UTPOHHOTO DaccesiHis BTOPOrO MOPSIAKA H BEPUIHHEL eV

3. Mokaxnute, uro cobcTBeHHas Macca, BhUHCAeHHast u3 (8.35) ¢ mapaer-
poM ofpesanus A TakuM, 4o A < m, auHeilHO pacTetr ¢ PocToM A u OTBeuaeT
KNaCCHYeCKOH COOCTBEHHON 3HePrHM 3apAna, pacHpefe]eHHOTO ¢  palHycoM
a ~ 1/A.

4. 3axoHuHTe BBHIUHCIeHHE ASMOBOBCKOTO cABura B nopsake o(Za), n06aBus
K (8.89) unen us (8.83), oTBevaromuii aHOMaJbHOMY MarHHTHOMY MoMeHTy. [Ipo-
BeJIHTe BHIUMCJEHUS! I/l S- H P-COCTOSTHHE.

5. TloctpoiiTe ammauTyay paccesnns (oTOHa Ha (OTOHe MOpsifKa €* W mo-
Ka)KuTe, YTO OHA YJOBJETBOPSET KaIHGPOBOYHON MHBAPHAHTHOCTH H KOHeEUYHa.

6. Moxkaxute teopemy @Pappu [88], cornacHo KOTopoii puarpamMMa B Buxe
3aMKHYTOH NETJH C HeYeTHBIM YHCJIOM HCXOAAUIMX (OTOHHBIX JHHHN paBHA HYJIO.
W3 3710it TeopeMbl cliefyeT, 4TO paccesiHHe CBeTa BO BHelUHeM Moje (1ebGPIOKOB-
CKOe paccesinHe) B HauHH3IIEM MOPSAKEe KBAAPAaTHYHO 110 HAMPSI/KEHHOCTH IOJS.

7. TlyTeM ABHOTO BHIYMCJeHHSt yGeAHTECh, YTO BO BTOPOM MOpsike Zi = Zs.
Ilposennte obpesanne GOTOHHOrO NMpoOmAraTopa, YTOGH COXPAHHTL KaJHGPOBOYHYIO
HHBapHAHTHOCTb.

8. Hoxaxute (8.59).

9. TIposepobre (8.76) u (8.78).

10. Hafinnre panuannouubie nonpasku nopszka o ln(g2/m?) u aln(E/kmin)
K paccestHHIO 3/IeKTPOHA B KYJOHOBCKOM I0JIe NPH OOJBLIHX SHEPTHAX H IepelaH-
HBIX MMIyJbCaX,
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§ 41. Beenenue

MOXKHO HCIONb30BaTh MeTOoN (YHKIUH pacnpocTpaseHds U pas-
BHTb COOTBETCTBYIOMIYIO TEXHHKY BBIYMCJIEHHH JAJs MPOLECCOB Cyda-
ctreM uactHil co cnunom 0. Mpl monblTaeMcsl ONHCAaTh TakWe da-
CTHLB CKaJAPHOH BOJHOBON (pyHKIHeH ¢(x), HMeollel BCEro OaHy
komnonenty. Tem caMblM MBI IpuXoIuM K ypaBHenuwo Kiefina —
I'oprona ans ¢cBOGOAHON YaCTHIEL

(O +m*) e(x)=0. 9.1)

B ra. 1 ato ypaBHeHHe ObLLJIO OTBEPrHYTO, TaK KaK 0Kas3ajoch
HEeBO3MOXKHbLIM ONPENeNUTh COXPAHSAIILYIOCH IOJOKHTEIbHO-0npe-
neneHHylo BepostTHOCTb. ONHAKo B pe3ysbTaTe AaJbHelniero pac-
CMOTPeHHsl MePBOHAYAJbHbIC MOTHBDLI, 3aCTaBUBLIME HAC OTKA3aTbCS
ot (9.1), ucueaau. [ToaToMy Mbl BHOBb BO3BpalllaeMCst K 3TOMY ypa-
BHEHHIO, TPWHAB (PeHMAaHOBCKYIO HHTEPIPETALNIO COCTOSHHH ¢ OT-
pHUATebHON HEpPTHel, ABHXKYIINXcs Haszad Bo Bpemenu. Crnun dya-
CTHIIE HeCylllecTBeH [/ TaKoH HHTepHperaluHd, H Mu yGenuMmcs B
TOM, YTO OHa CIPaBelJHBa AJS YaCTHIL C HYJEBBIM CHHHOM, TaK XK€
KaK H AJs1 3JCKTPOHOB.

Ananorudygo TOMy, uTO OBLIO JAJA 3JEKTPOHOB, MBI NpPHIeM K
cjefyollell KapTHHE: Hapsily, Hanpumep, ¢ ft-Me30HOM, KOTOpbIl
onuchiBaercs pernrenneM ypasHenusi Kiefina — [opaona ¢ mosoxu-
TeJAbHON 3Hepruell, NOABJASETCS TaKkKe ;1 -ME30H, HHTepIpeTupye-
MBI KaK mt-Me30H ¢ OTPHLATEIbHON sHepTHell, ABMKYIIUACA Ha3ak
BO BpPEMEHH.

Temepsb oTBJeueMCsl Ha HEKOTOPOEe BpeMs M .3aJyMaeMcst Haj
TeM, K KaKHM YacTHLAM B TPHPOJE MOXKHO NPHUMEHATb ypaBHEHHE
Kaeitna — Topaona. CtabujbHble 3/71eMeHTapHLle YacTHIB C HyJe-
BLIM CIIHHOM HEH3BECTHBI, OJHAKO 1-Me30HBl H K-ME30HbBI SBJIAIOTCA
NOYTH CTaGHJAbHBIMH KaHAMAaTaMU. DKCNEePUMEHTaNbHO OBHapy-
xeHo [89, 15], uTO OHM OJAHOBPEMEHHO POMKAAIOTCS H YHHUTOMKAIOTCH
B GOJILIIOM KOJHYeCTBe, HanpHUMep, B CJEAYIOMIHX peakuusax (p—
TIPOTOH, 1 — HEATPOH, AO—Hef&Tpaanaﬂ aambaa-yacTuna, nt—
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HOJIOXKHUTENbHO 3aPsiXKEeHHDLIH T-ME30H U T. A.):
p+p—opt+n+tat, a +p—>A°+KS,
—p+p+a’, K +p->A+a (9.2)
—>p+ A"+ KT, -3 4-at,

[TosToMy BOJHOBOe ypaBHeHHe JUIS 3THX ME30HOB C HYJEBBIM CIIH-
HOM JAOJIKHO YUMTHIBATH BO3MOXKHbLIE NPOLIECCHl POKACHHS U aHHUIH-
asuuyu. Hesb3st mpoc/iefuTh 3a MHPOBBIMH JHHHAMH TaKHX YacCTHI|
BO BpeMsl Ipoliecca paccesHHsl, Kak 3To OblI0 BO3MOXKHO AJsl 3J€EK-
TPOHOB, B3aHMOAEHCTBYIOIIHX ¢ (oToHaMH. B uacTHocTH, He/b3d
NPOCJEJHTE 3a MHPOBBIMH JIH-
HUSIMH 3apSXKeHHHIX - u K-Me-
30HOB ja)Ke B cJyuyae B3auMmo-
JedicTBUA ¢ (oTOHAMH, TaK Kak
HMeeTcs BKJajJ AHAarpaMM THIid
uzobpaxenHoll Ha puc. 9.1. T
B0O3MOXKHOCTE DOXKAEHHSA H
YHHYTOXKEHHS OJHHOYHBIX Gec-
CHUHOBHIX YaCTHIL, NOATBEpXKae-
Mas Ha ONBITE, IPHUBOJHT K TOMY, Pmc. 9.1. Bxuaag B 3/1eKTPOMAarHHTHYIO
4YTO TEOPHs B3auMoOAeHCTBUA Ta- CTPYKTYPY dt-Me30Ha.
KHX 4acTHIl AO0JXKHA ObiTb MHO-
rodactuuHoli. Jlyume Bcero saech MOAXOAHT (OpMaju3M KBaHTO-
BOH TEOpHH MOJIS, HO ONsAThb, KaK H AJS B3aHMOMAEHCTBHs 3JEKTPO-
HOB H (POTOHOB, MB CMOXeM IOHSTb MHOrHe fIBJ€HHs d [POBECTH
60J/1bLIOE KOJHUECTBO PacyeToB ¢ MOMOIILIO MeToAa (YHKUHH pac-
MpPOCTpPAHEHHUs, PACUIMPEHHOr0 Ha C/yyall Me30HOB, CBA3AHHBIX ¢
HCTOYHHKOM, KOTOPOMY OTBeuas G6b A0GaBOYHBIA WieH B NPaBoil
yactu (9.1).
Ec/in BRJAOUUTH cnalbie B3aHMOAEHCTBHS, TO ME30OHDbI C HYJIEBLIM
CIHHOM yHHuTOXKaloTcs [89, 15] TakXKe B peakuusix, HanmpuMep, cJjie-
AYIOLEro THHA (p — MIO-Me30H, v — HEHTPHHO) :

it —pt -+,
Krsat4+at+a”, 9.3)
-’ ut 4.

Bcnencrsue Toro, urto BlauMojeficTBHe, OTBedalollee 3a NOJOGHBIE
cnabuie pacnags (9.3), mMaljo, 3apsAKeHHbIe 5i- H K-ME30HB HMEIOT
oueHb GOJbIIOe BpeMs XKHu3HH, T ~ 1078 cek, KoTOpOE 3HAYHTENLHO
NPeBOCXOJHT €CTeCTBeHHYI eAMHHLY BpeMeHH h/mc? < 10-% cex,
00pa3oBaHHyI0 H3 BeIHYHH h, ¢ U Macc m- WiIH K-me3ona. TTostromy
B NEepBOM MNOPSJAKE TEOPHH BO3MYLICHHH NO CTENEHSAM KOHCTAHTHI
c1aboro B3aMMOMENCTBUS MOXKHO mpeHeOpeur pacnafamu (9.3) u
KOHeYHbIM BpeMeHeM XH3HU T ~ 10~% cex npm paccMoTpeHHH
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aMILIHTYJ OPOLECCOB CHAbHOrO B3aumonefictBus tTuna (9.2). B stom
npHOJUKEHUH 7- U K-ME30HBl CYHTAOTCA CTaGMABHBLIMU YaCTHLAMH
H OIUCHIBAIOTCA HAayaJbHbIMH H KOHEUHBIMH CBOOOJAHBIMH BOJIHO-
BBIMH (PYHKIIHSIMH.

Hefitpasbuble n% u KC-Me30HBI, KOTOpble Mbl TaKXKe XOTHM
BKJIOYHTb B DACCMOTPEHHE, HMEIOT MeHbllee BpeMs KH3HH H pac-
najaiTcs B OCHOBHOM IO cJjeiyoouinm Kanajam {89, 15]:

—16
vy 4+, T~ 107" cexk,
0 - —~10
K—>a* a7, t,~107" cex.

OJaHaKo no cpaBHEeHHIO ¢ XapaKTepHuIM BpeMeHeM 1023 cek aTtm mpo-
LlecChl NPOTEKAlOT BCe Ke oueHb MEAJEHHO, H OTBedalollee 3a HMUX
B3aHMOJCICTBHE [OCTAaTOYHO pPacCMaTPHBATh JHIIb B HAHHH3IIEM
nopsiake. [Tostomy n° u K takxe 6yIayT paccMaTpHBAThCS KAK CTa-
6uJIbHBIE B NMPOIECcax CHJABHOTO B3anMmojelicTBus tuma (9.2).

Kpome B3aumopeiictBuii tuna (9.2) v (9.3), B KOTOpHIX yyact-
BYIOT 4acTHUb! co cnuHoM 0, 3apsixkeHHbie 7- ¥ K-Me30Hb B3aHMO-
AefCTBYIOT ¢ (OTOHAMH M BHELIHHM 3JeKTPOMATHHTHEIM I0JEM.
Hast toro uTo6bl MOAYEPKHYTb cHAYada CXOJNCTBO C 3JCKTPOAHHA-
MHKOIl JINPaKOBCKOrO 3JeKTPOHA, Mbl B 3TOil IViaBe OrpaHHYMMCA
paccMOTpeHHeM 3JeKTPOJHHAMHKH uacTul| co crnuHom 0. Meton
(YHKUMH pacnpocTPaHeHHsi AJsSl 3THX YacCTHI GyMeT pas3sBHT Ha oOcC-
HOBe TeX e (PM3MYEeCKUX NPHHIHIOB, YTO H B TEOPHH SJIEKTPOHOB.
C nesblo pacCMOTpPeHHS TOBEJEHHS] MEe30HOB BO BHELIHHX TOJSX MPH
HH3KOH SHEPTHH, HampuMep CBSI3aHHBIX COCTOSIHHH T-ME30aTOMOB,
MBl OCYIIECTBHM HEPEJISTHBHCTCKHH mepexo]l B ypaBHeHHH Kuxeil-
Ha — ['oplloHa H MalANM €ro HepeasTHBHCTCKYI0 HHTEPIpeTalHio.
Bonee o6mas npo6aeMa caabblX H CHILHBIX B3aHMOLEHCTBHII pac-
CMaTpHUBaeTcs B CJedyioliell ryaee.

§ 42. Mponararop aas ypasuenns Kaeitna — Fopaona

Pemenus ypasHenusi Kuefina —- ['opaona ynoBaeTBOpsiioT ypa-
BHEHHUIO HENPEDPLIBHOCTH, KoTOpoe, cormacHo (1.12), umeer Bug

A% (x) 0 . x 0@ . og*
= 1 —_— == 0.
A" £t ( ? dxy, (p )

ITo TeopeMe O AHBEPreHUHH HHTErpaJ
. ) <>
Q={ @i =i { xoor0, (9.4)
rje BBEJIEHO TM0JIe3HOe COKpalleHHOe 0603HaueHHe
<> 0b da
adob =qQ (—gt—) — (w) b,
coxpaHsieTcsl A5 pellleHuil ypaBHeHHs (9.1).
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Pewenusa ypasuenuss KieftHa — l'opioHa B BHAe MJIOCKHX BOJIH
C TIOJIOKHUTEJbHBIMI H OTPHIATEJNBbHBIMH 4acTOTaMH 06pa3yloT a co-
BOKYNHOCTH mnoJiHbid Ha6op. HopmupoBaHHbie B suuke o6vemom V
OHM UMEIOT BUJ
Fip-x

Y=
p

riae wp = po > 0 u p? = m? B COOTBETCTBHH C YCJIOBHEM DHAHUITEN-
Ha. Peinenns, HOpMHDOBaHHble B HENPEPLIBHOM CNEKTPE, 3aMHCHI-
BAlOTCA CJELYIOUHM 00pazoM:

+ Fip.x 1

]C X)=—e e

p (%) V{2 20,
IJISL TIOJIOXKHMTEJIbHO- H OTPHLATENbHO-YACTOTHRIX DEUIeHHH COOTBer-
crBeHHo. OHH  yIOBJETBOPSIOT YCJIOBHSIM OPTOHOPMHPOBAHHOCTH:

[ @xier 0 idie =x80—p),

(9.5)

s (9.6)
S B [ (x) 10y [§7 (x) = 0.

O6paTuM BHUMAaHHE, UTO IS CYNEPNO3HIUA [OJOXKHTENBHO-9aCTOT-
HbIX pellleHUH, T. e. AJs

o () ={ dpa, (p) F5H (), (9.72)
BeJHYHHA Q TMOJIOKHUTE/AbHA,
Y <>
Q=i{ g W3+ () =+ [dpla. P ©.70)
a JJs pelleHHH ¢ OTPUIATEJBHON 4acToTOi, T. €. AJsA
o= (= &#pat (p) 5 ), (9.82)
9Ta BeJHYHHA OTPUIIATE/]bHA,
. N <>
Q=i o= ()00 (0 =—{ d%1a- (o)

VIMeHHO B 3TOM INyHKTe 3aK/I0YaeTcs TPYAHOCTb Jsi BEPOATHOCT-
HOH WHTepmperauuu peweHnii ypaBHenuss Kunefina — Topjiona, tak
KaK I/ NPOH3BOJILHOH CYHEPHO3ULHH pPEUIeHHH B BHAE IIOCKHX
BOJIH BeJHYHHA Q NPHHEMAaeT KaK MOJOXKHTE/NbHBIE, T9K H OTDHIA-
TeJlbHBlE 3HAYEHHS.

3aiimemcsi mocTpoeHneM (eiHMAaHOBCKOrO mpornararopa Js ypa-
BHeHus Kuefina — loprona. [last atoro Hailem pellleHHs ypas-
HeHusn

2. (9.86)

(Ox +m?) Ap (" — x) = — 8" (x" — x), (9.9)

KOTopoe onuceiBaeT pacnpocTpaHeHde BIepel BO BPEMEHH MOJOXKH-
TeJLHO YacTOTHHIX H Ha3al BO BPEMEHH OTPHIATE/IbHO-YaCTOTHBIX
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yactell Boau. JeficTBysh 1o anajornu ¢ Teopueid J[lupaka (cm.
(6.40) —(6.46)), nepeiimem myteM @ypbe-npeoOpasoBaHus K HM-
NyJbCHOMY NPEACTaBJEHUIO, B KOTOPOM Ap HMEET BUI

e—ip-(x’—x) 1

Aty —x)={an S e 010)

Baarogapa Masoli MHHMOH ao6aBke K Macce npomaratop (9.10).
yaoBJeTBOpsieT TpebyeMOMY TpaHHYHOMY YCJOBHIO, KOTOpOe CO-
CTOHT B TOM, 4TO TOJBKO NOJIOXKHTEJBHBIE YacTOTH Pacnpocrpa-
HAIOTCA Bllepejl BO BPeMeHH, a OTpHUaTeabHble — Hadad. Kak Oblio
HoKaszaHo B ra. 6, Koutyp uHrerpuposanus B (9.10) oxHO3HauUHO
3ajaeTcs 3THM YCJIOBHEM.

[Tposepum, uTo KOHTYp HHTerpuposaHus B (9.10) BniGpan npa-
BHJBHO. [/ 3TOro mpoBelNeM HWHTErPHpPOBaHHE TO dpg, HCHOJB3YA
teopemy Koum. IMoayunm

. d*p —lo 1#~t] ip+(x'~X) ==
AF(x/_x)=_tSm;_e o 0 %) =

—— i\ @i wew —n—
—i\ @i ier@ee—n. o

Bosbmem BOJIRY ofiero Buaa, cojepxKaulyw Kak MNOJOXKHUTEJbHEIE,
TaK H OTpHUATEeJbHBIE YaCTOTHI,

P (x) = ¢ (x) 4 ¢~ (x). (9.12)

Torga u3z (9.6) m (9.11) mupsiMpiM BBIYUCTIEHHEM HaXOLHM, 4TO
Ar(x’ — x) obecrneuvBaeT pacHpOCTPaHeHHe BNEpPeld BO BpeMeHH
TOJIBKO BOJIH € TIOJIOXKHTEJbHEIMH HYacTOTAMH

— B — o (, )= { P (¢ — ) i (x, ) (9.13)
U Ha3al BO BpeMeHH BOJIH C OTPHHATEJbHbBIMU YaCTOTaAMHU
— 0 — 1), ) =— [ d A (v — 9 90 (x, 1). (9.14)

®opmyan (9.13) u (9.14) anagoruunm (6.49) u (6.50) mas ypas-
Henus Jupaka.

§ 43. BeeaeHue aEeKTPOMATHHTHBIX NMOTEHIHAJIOB

BsaumoneiictBie Me30Ha co cnuHoM O ¢ 3/IeKTPOMArHUTHHIM MO-
JIeM BBOJAWTCSl, KaK M AJs ypaBHeHHs1 [lHpaka, ¢ TMOMOIIBI0 MWHU-
MaJIbHO# 3aMeHb

p'— p" —ed" (x). (9.15)
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CHavana O6ymeM cudratb AR(x) npUJIOXKEHHLIM BHEUIHHM MOTEH-
nHanoM. Beoast (9.15) B ypaBHenue (9.1), nonyyaem

[(: aiu —ed*) —mt]¢ () =o. (9.16)

Has ypaBrenus (9.16) mo-mpexkHeMy HMeeTCst cOXpaHAOMHUACT To-
TOK, KOTOpbIH 110 anasoruu ¢ (1.12) pasen

p=¢ 0 [(i 55— ed" () $ ]~
, 0 u *
40 [(i e Fet @) # @] ©17)
CoOoTBeTCTBYIOIIMH COXPAHAIOUINNCS 3apsi UMeeT BHI
Q={du¢ [i 9y — 2649 (x)] 9 (5). (9.18)

AMniuTyna paccesiHHs Ha 3TOM MOTEHNIMaJ/e MJIOCKOH BOJHEI,
ONMCBHIBAIOUIEH MANAIOMIUN 3apsKEHHBIH ME30H, JAETCs peleHHeM
ypaBHenust (9.16). [lpunnmas ¢hefHMaHOBCKOe TPaHHYHOE YCJOBHE,
COTJIaCHO KOTOpPOMY BIepel BO BPEMEHH paclpOCTPaHSOTCS pac-
CesTHHbIE BOJIHBI TOJIBKO C MOJIOXKHTETBHBIMH 4acTOTAMH, a HaszaJ —
C OTPHIATeNbHBLIMH, MB HHTerpHpyeM (9.16) ¢ nomouipro definma-
HoBcKoro npomnararopa (9.10):

(O, + m?) ¢ (x, l)--—te(—-—A“ “5%)¢>+e2AuA“gb, (9.19)
p(x, ) =0, O+ dYr: s — )V ) $ (9),

rae
V() =ie( 50 4 6) + A () 5 ) — @A) A" o).

Ypasuenue (9.19) anasnornuno ypasreHuio (6.53) mjas IHpaKOBCKHX
YAaCTHI, U peutenus o00oHX ypaBHEHUA UMEIOT AJIM3KHH (HIHYeCKul
cMmbica. Mpl TpeGyeM, 4ToObl B pe3y/bTaTe paccesinns B Oyayiuee
pacnpocTpaHsaNCh TOJLKO BOJIHBI C TOJOMXKHTEIbHBIMH UaCTOTAMH,
OTBeyaloNHe 4acTHLAM ¢ MNOJOXKHUTEeNbHON 3Hepruefl. BrulnosHeHue
3TOro TpeboBaHHuA ofecneunBaeTcss HHTErPHPOBAHHEM ¢ (efiHMAaHOB-
ckum nponaratopoM B (9.19). Eciu Bocnonbsosatees (9.11), unre-
TpHpOBaHHe JaeT

$(x, )=
—o@x, 0—i{dp i (ot —y itV @ ¢ —

—i{ap i ayew—0E" OV W ©.20

OT0 BbIpaKeHHe COLEPIKHT TAKIKe BOJIHBI ¢ OTPHIATeNbHEIMH 4acTo-
TaMu, KOTOpLIE pPacMpOCTpaHSIOTCS Hasana, B npouwioe. OgHako ¢
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TOYKH 3PEHHsl IKCIEPUMEHTaTopa, HalJI0aI0NIero 3a NOKA3aAHUSIMH
npuéopOB MIOrJIOIIEHHE B NPOLILJIOM YACTHIIB ¢ OTPHUATENbHON 3Hep-
rHell H 3apsiioM € PaBHOCHJIBLHO HCNYCKAHHMIO YACTHUBl C MOJIOMKH-
TeJbHOH 5Hepruedl # 3apagoM —e. TakuMm 06pa3soM, Mbl HPHXOAHM
K (yHIaMeHTaJibHOMY TpPEICKa3aHHIO, JONyCKaloMEMy  3IKCnepu-
MEHTaJbHYIO NPOBEPKY, KOTOPOE COCTOHT B TOM, UTO AJs KaxAOH
yacTUlbl B MPUPOJE CYLLECTBYET NPOTHBONOJONKHO 3apsixKeHHas al-
THYACTHLA.

YacTHia MOXKET He HeCTH 3apsiia H B 3TOM c/Jydae OHa MOXKET
0Ka3aTbCs TOXKACCTBEHHON CBOeH aHTHYacTHue, Takas 4acTdua cy-
IecTByer B npHpone — 370 n’, HeATpaJbHbIl m-Me30H co cnuHoMm 0.
Xora n® me yyacrByer B 3afaBaemoM (9.15) aJeKTpOMarHHTHOM
B3aWMOJEHCTBHH, NMPONAaraTop cBOGOAHBIX ni’-Me30HOB MOXKeT GHITh
NOCTPOEH B MOJHOM aHAJOrHH ¢ H3JoxKeHHHM B § 42. TTockoabky
119 n® ToK # 3apsn (9.4) paBHB HYJIO, TO B OTCYTCTBHE B3aHMO-
neficteufi n® 6yAeT OMHCHIBATbCA AEHCTBHTENBHBIM DellleHHeM @ ==
= ¢* cBoGoaHoro ypaBHenusi Kieiina — I'opmona. Torma deiinma-
HoBCKHH npomaratop (9.11) Oyzer, KaK M A5 3apsKeHHBIX Me30-
HOB, COOTBETCTBOBATH PACHPOCTPAHEHHIO MOJ0XKUTEIbHO-4aCTOTHOH
YaCTH ¢ BIepe] BO BPeMeHH, a OTPHLATENbHO-u4aCTOTHOH -— Hasal.

§ 44. AMNAuTYABl paccesiHus

Hanpasass MuUpOBble JIMHHHM B pasHble CTOPOHH, T. €. Bhepel H
Hasaj BO BpeMeHH, KaK IMoKa3aHo Ha pHuc. 9.2, Mbl TeM CaMbIM BKJIO-
yaeM B DacCMOTPEHHE, MOMHMO aMIIMTYI COGCTBEHHO paccesHHs,

z \, z z \ ’
AN N/
Z 24 @
e 7\
A Z pA
@ 0, © Z

Puc 9.2, IlparpaMMbl AJst paccesinysi YAaCTHIBI M AHTHYACTHUBI, POXKAECHHS H aHHU-
THJSIIEHE APHL.

ellle H aMNJNTYAL POXKAEHHUS ¥ AHHHMAISLUUH Nap 4acTHHA-aHTHYA-
CTHIA B TIOMHOA aHAJIOTHH C H3JIOXKEHHHIM paHee IJIf 3JEeKTPOHOB.

BoluncsienHe aMIIATYABl paccesiiust WM Nepexofla IPOH3BOJLHT-
csi MyTeM mocJjefoBaTeabHOR urepaund ypasHeHus (9.19). Kosnue-
CTBO HMTepauuil onpefensercs TpeGyeMod TOYHOCTbIO NOJy4YeHHs ¢.
CeoGonunoe penienne ¢ B (9.19) npeacrabaser cof0o# HOpMHPOBalil-
HYK CBOGOAHYIO BOJIHY B OTCYTCTBHE paccednHs, AMIVIATyJa nepe-
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X0lla B COCTOsIHME, B KOTODOM 4YacTHlla o0Jajaer 3aAaHHbIM HM-
yJbCOM p:r, 10JIyyaeTcs [1yTeM NPOEeKTHPOBAaHHA paccessHHOll B pe-
3yJabTaTe B3aUMOJEHCTBHs BOJIHBI Ha HOPMHDOBaHHYIO CBOGOAHYIO
BOJIHY C HMTYJbCOM p’+. BepostHOCTb nepexoja gaerTcs TOrAa KBa-

IpaToM MOAYJs 3TOH aMIIUTYAbI.

B o6bluHOM paccesiHHH Me30HOB (puc. 9,2,a) MbBl UMeeM I[OC/e
paccesHus npu f— 00 BOJIHBL C MOJOKHTEABHBIMH YaCTOTaMH H aM-
IVIHTYZA PACCesHHs] HAXOQHTCA NyTeM BBIAEACHUS U3 PacCessHHON
BoaHb (9.20) nOJOXUTEIbHO-YACTOTHOM NPOEKUNH:

S.  =lim Sd%iz’*is:qﬁ () =

PPy i
=8, —p,)— i {4V Vweer @21

sfieck ¢(y) maetca ypasHeHuem (9.19), B KoTOpOM cBOGOAHAST BO.I-
Ha C MOJIOXKHTEJHbHON TaCTOTOH f}:;’ (y) orBeuaer najaplleMy Me-
3oHy. BepositHoCTh nepexona paBHa ,Spr » |2.
+ P+

Haa npouecca poxjieHus mapol {puc. 9,2,2) Mb BHOBb, Kak W
B (9.21), BBIZe/sieM BOJIHBI C MOJOXKHUTEJAbHBIMH YacTOTaMH, 0JAHAKO
Ha 9TOT pa3 ¢(y) npejcraBasger coboll paccesIHHYIO BOJHY, BO3HHK-
mylo W3 Majaiouleil BOJHbH C OTPHUATeNbHON yacroToit (™) (y) B

(9.19). B coorBercrBuu ¢ (9.14) BoMHA C OTPHIATENBLHON HaCTOTOH
ABJISETCA «Tafalolleii» npyu Yo — - 00, NOCKOJbKY NOCPeLCTBOM I1PO-
naratopa Ap(Xx — y) OHa pacnpocTpaHseTcss TOJIbKO Hasad BO Bpe-
MeHH. B mosnHol aHasorHu ¢ OCHOBHBIMH NIPaBHJIaMH, BHIBEIEHHBIMH
B IVI. 6 AnS caydasi MO3HTPOHOB, MBI COTIOCTABHUM PaclpOCTpaHeHHIO
Ha3aj pelleHHs ¢ OTPHIAaTeJbHOH YacTOTOH W KBAHTOBBIMH YHCJaAMH
p— WCOyCKaHue aHTHME30Ha, HANPHUMED T~ -ME30HA, ¢ NOJOKHTE/b-
HOM 3Heprued u 4-HMNyJabCOM p—.

Jlna HaxoxKAeHHsT aMIIHTYAbl AHHHTWISUHMH Napbl, H3o6paxeH-
HoW Ha puc. 9.2,8, Mbl BbJeasieM 0OpPH [ —> —o00 OTPHUATENbHO-YaA-
CTOTHYIO YacThb paccestHHOH BoJHb (9.20):

: <>
Sp_.py == lim § 5 1600109 )=

=—i{dy OV O #EE  ©.22)

snech ¢(y) maerca ypasHenuem (9.19), B kotopom HajeTaouiui

nH-MEe30H ONHCHIBAeTCA BOJHOH fg;:_) (y) ¢ MOJNIOKHTENbHON YacTOTOH

H4-umnynbcoM pi. Kak o6bluHO, HajleTalolleMy T -ME€30HY ¢ MOJO-
XKHTe/bHOA 3Hepruell U 4-UMNyJbCOM p_ COOTBETCTBYET BOJIHA C OT-
PunartesnsHoft wacrotoit ()" (y), pacnpocTpansioniasics OT B3aHMO-

ReirctBus V (y) Hasad B npouuioe,
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Hakonel, - paccesinye n—-Me30Ha (WJIH aHTHMe30Ha), H300pa-
}eHHoe Ha pHc. 9,2, 6, naercst dopmyaoir (9.22), rae no-npexHemy
¢(y) onpepensierca ypasnenuem (9.19). Oanako «napawplasi» oT-
pHIIATENbHO-4ACTOTHAS BOJHA 7t-Me30Ha ONHUCHIBACTCS Tenepb QyHK-

ipelt f;T)(y), KOTOpas COOTBETCTBYET KOHECUHOMY ST™-ME30HY, HC-
MyCKaeMoMy IOC/Ie PacCessHHs ¢ NOMOKHTEAbHOH 3Heprued u 4-um-
nyJabcoM p’, T. e.

S, ;5 =%_—pl)—i S dyf Vel 9.23

P

CpaBHente ¢ MeToAoM QYHKUMH PacnpocTpaHeHus [AJs [03H-
TPOHOB, H3J0XKEHHLIM B FJI. 6, IOKa3blBaET, uTO MOJMYUYeHHbIe cefyac
fpaBufia HANHCAHHS SJEMCHTOB S-MaTpHlbl N0 CBoeMy (H3HYe-
CKOMY CMBICJTY COBIAJAIOT C PACCMOTPEHHLIMH B IMI. 6.

IIpaxkTHyecKHe npaBH/]a BBIYHC/IEHMS BEPOATHOCTEH nepexojos
nof HeHCTBHEM 3JEeKTPOMATHHTHOTO B3aMMOAEHCTBHA MOTYT ObITb
IOJYyYeHB NIYTEM DACCMOTPEHHS HECKOJIBbKHX NPOCTHIX NPHMEPOB,
KaK GblJIO CAeNaHO B M. 7 [J151 3JIeKTPOHOB.

§ 45. Ipoueccol paccesiHus HU3UEro nopsajaxa

B KauecTBe mepBOrO npHMepa PacCMOTPHM KYJOHOBCKOe paccesi-
HHe mT-Me30Ha B HH3IIeM Nopsiake 1o e. B 31oM npubanKeHHH wiieH
e?2A A% B (9.19) MoxeT GbITb OTGPOLLIEH.

AmMnuiuTyZa nepexofa AJisi AHarpaMMbl Ha puc. 9.3 HAXOLHTCS H3
(9.21), rae mamo mosoxuts ¢ (y) =~ [V {(y). llpn ¢ = ps— p; #+ 0

1

\ yaen ¢ O-pyHKUHeH paBeH HYJI0 M MBI NOJY-
W yaeMm
\ .
\ S — - 1e Sd4 1
)vvvuvv\x LN Yo 2, X
4/ ze X e+ ey A () =
I o eitrdu e
y e
Puc. 9.3. Kynonosckoe The .
paccesnde mt-mesona. A (q) = S dy e’ VA" (y).

®opma Toka B (9.24) HamoMuHAeT He3aBUCALLYIO OT CNHHA YacTb B
passioxennd [opmoHa jast Toxa anekrpona. [loacrasasis B (9.24)
BbIpaxKeHue Anst A¥(g) B ciaydae CTATHYECKOTO KYJOHOBCKOTQ IO-
TeHLHaza .

A (g) = liqej— 2010 (05 — ;) g%, (9.25)
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Mbl MOJiyuaeMm ceyeHue pyTeM OOLIYHOH NpPOUENYpPH BO3BEJEHHS B
KBajApaT, CYMMHPOBAHHS MO KOHEYHBIM COCTOSHHMAM W JEJNEHHs Ha
nagawomuil notok. ITo anajoruu ¢ (7.10) Haxonum
(2m) ze*(0;+ o) 1
v

3 2
_ —— 3 6 — i ——————
do v d Pi 2n ((l)f (D,) [ (2m)? ’\/2mf I 2“);' Iq l2 ]

do Z%a?
A9 T 4p?p¥sint (0/2) °
[Toayuennoe BbipaxkeHHe OTJIHYAETCA OT COOTBETCTBYWOUIeH  (op-
myasl  (7.22) 045 9JeKTPOHOB  OTCYTCTBHEM  MHOXKHTeJs
[1 — B2 sin%(6/2)], koTOPHIH CBA3AH CO CIHHOM.
[Tono6ubiii pesyabrTaT NOJy4aerTcs H AJs KyJOHOBCKOro pacces-
HHSL v—-Me3oHOB. V3 dopmyant (9.23), B xoropoit [(*(y) onucsl-

BaeT m—-Me30H ¢ MMMYJbCOM p_ 0 paccessHusi u ¢ (y) ~ [ (y) or-
i 14

(9.26)

Beyaetr KOHEeUHOMY ft—, HCIIyCKAeMOMY TIOC/IE pacCesHHs (KaK TIIoKa-

3aHO Ha puc. 9.4), MB HaxXo4uM \
, \
ie(p_+p_) A*(9) \#
S =4 —r _, (9.27) \
P P @) A/20_ - 207 \
\
rie g =p_ — p_ no-npexHeMy o06o3Ha- P ANANNANNK
yaer nepedaHHbii  uMnyJabc. Popmysibl 24
(9.24) u (9.27) OTAMYAIOTCS TOJBKO 3HA- /
KOM, UTO CBfI3aHO ¢ Pa3HBIMH 3HAKAMH 3a- /_’p_
pajaa, 't U s, H NPUBOAST K OJAMHAKOBOMY
ceuennto (9.26). /
Ypok, usBJeUCHHBI!I HAMH U3 NPOBEACH- pyuc. 94, Kysononckoe
HOIO BHIUHMCJIEHHS, COCTOHT B TOM, YTO T-Me- paccestuie {—-Me3OHa.

30HHOH BepluHHE CTABUTCS B COOTBETCTBHE
dhaxrop e(pu—l—p;) BMeCTO ey, ZAJsl 3/eKTpoHa. BoanoBaa ¢yHK-

nusi HOPMUDYeETCSl MHOXHTeNeM 1/4/20, KoTophii 3aMeHseT

A/m/E nns 3MeKTpoOHa, H, Pa3yMeeTcs, CIHHOPbI B JAaHHOM CcJydae
OTCYTCTBYIOT.

[Tpasusia ans unena e?A,A* Bo B3aumojefictsun V (9.19) wmnl
MOJYYHM H3 PACCMOTPEHHS KOMIITOHOBCKOTO paccesHHs 3apsizKeH-
HOrO Me30Ha. «BHeUHHH NOTEHIHaJ» B JaHHOM CJydae CKJIajibl-
BAaeTCs M3 MONVIOMEHHBIX H HCHYLIEHHBIX (DOTOHOB, ONHMCHIBAEMBIX C
HCTIO/Ib30BAHHEM «HODMHPOBKH B HENpPepPhLIBHOM CIIEKTPE» B BHIE
CYMMBI ABYX WieHOB (cM. (7.53)):

e, (L Me ' x e, (1, A)el”
4/2((2n)? VA @rE
rAe [ 1 A OTBEUAIOT UMIIYJbCY H HOJNSIPH3ALUH.

A, (x)= (9.28)
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[Tocko/bKy KOMITOHOBCKAS aMIWIHTYAa B HH3LIEM IOPSIKE NPo-
nopiiHoHa/dbHa €2, ujeHsl B V, JuHeliHble 10 e, HeOGXOAUMO NpPOHTE-
pupoBaTh oauH pas. Torna S-MaTpHia, HMelOL A MOPALOK €2 U OT-
Beuaiollas AuarpaMmam Ha puc. 9.5, 6yzer paBHa

— (= iep {aty 2 [ () i[5 4,0) + A4, ) 52 | X
X ibr (g — 2) i[53 Au(2) + A (@) 5 | T @)+
+ie | i A0 201 @, 0.29

[Moacrasasa cioga Ay u3 (9.28) # coxpaHss TOJIbKO MEPEKPECTHbIE
4JIeHBl MEXY BhIpaKeHHeM
—~ik-x
eue

V) 2k

KOTOpOe OmHCHIBaeT mnorJaolieHue ¢oroda, xapakrepusyemoro (&, A),
U BhIpaXKeHHEM
s’eik’-x
P
e ——— )
A/ (@n)7 2

KOTOpOE OTBeyaeT HCMyCKaHHio ¢otoHa ¢ (&, )'), mocde HHTErpu-
POBAHHUA 1O NPOCTPAHCTBEHHBIM KOODAHHATAM HAXOIMM

;== (‘— i€)2 4 a4 L
St (20)° V3o B0 3k -2k ©@r) 8t (p 4+ k — p’ — B') X
X [e @b+ B s ¢+ @0 K

teo-@2p — k) T_-k—‘)T_—We . (2p — k') — 2ie - e']. (9.30)

[Tonesno y6enutbcs B mpaBuabHOCTH (9.30) 1nyrem npoBepku
HHBAPHAHTHOCTH 3TOH aMIJAHTYAbl OTHOCHTENBHO KasJHGpOBOYHOIO
npeo6pasoBanusa. Takoll npoBepke Mbl yXe NOABEPrasy B rJ. 7 aM-
IVIUTYAB A7 5JeKTPOHOB. JIerko ycTaHoBHTB, 4TO Sy; o6iaazaer uH-
BAPHAHTHOCTBIO KaK IO OTHOLIEHHIO K KaJHGPOBOUHOMY mpeoGpazo-
BaHHIO

e — " - ARY, 9.31)
NPUMEHEHHOMY K Haua/JbHOMY (OTOHY, TaK H MO OTHOIICHHIO K mpe-
06pa30BaHHUI0

e; — 8:,1 + A k; (9.32)

Hajl KoHeyHbIM (OTOHOM.
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B Boipaxenunn (9.30) yno6uo BbiGpaTh KaJdHOPOBKY
e-p=¢ - p=0,

KOTODasf COOTBETCTBYET IONEPedHOoll NoJssipusauud (OTOHOB B Jia-
6opaTOpPHOR cuCTeMe, T. €. B CHCTEMe, IJle HauaJbHHIH ME30H fO0-
KOHTCs H HMeeT 4-uMnyanc p = (m,0). Torna B (9.30) okasniBaer-
csl OTJIHYHBIM OT HYJIS TOJIBKO BKJIaZI orT uneHa A, A", TaK Kak g-k=

= ¢’- k" = 0. [lasee, 0o Xopoulo 3HaAKOMOK HaM CXeMe [epexonim

A’,ﬂ k,’ﬂ, /C/?/ ﬁ’,’ﬁ/’

— > K — —_—
VA A5 S

Puc. 9.5. KovnTonoBckoe paccesHue f-Me30HA.

OT aMIUIMTYAbl K Au(depeHnuaspbHOMy cedenuio. [as storo Bo3Bo-
aum (9.30) B kBampar, ycTpaHsieM OAHY creneHs (2m)*8*(p + & —
— p’ — k'), yMHOXKaeM Ha (a30Bbll 00beM KOHEYHBIX YacCTHIL

d3p’ d*k’

u Ha (2m)% — BeauuuHy, o6paTHYI0 HadaJbHOMY TNOTOKY B jJaopa-
TOPHO# CHCTeMe, a TakxKe Ha (2m)3— BeqHuHHY, 06paTHYIO MJIOTHO-
CTH 4acTHI B MUlUIeHU. B uTore HmeeM

( ) (e-e)?
lab m"’ [1 4 (&/m) (1 —cosB)]?*

Orcioga B mpejene MaJgoii sHepruu ¢ortoHa k — O noayuaem kiaac-
CHUECKHH TOMCOHOBCKHH mpenes. CyMMHPy# HO TNOJAPU3ALHUAM KO-
HeyHoro (oroHa & M ycpenHas AJS HENOJAPH30BAHHOrO CBETa MO
HAYaJbHBIM NOJSIPH3ALUAM, IONYyYaeM

do — o2 (1 -+ cos? 0)
m)lab = 2m? [T+ (R/m) (T — cos )]7 (9.33)

§ 46. MMpoueccsl BbiCIIEro NOpsiAKa

MBI MOXKeM NPOAOMKHUTL aHAJOTHIO C METOHOM (QYHKIUH Pacnpo-
CTpaHeHHst O] 3JEKTPDOHAa H BHIBECTH H3 pPa3oGpaHHHIX NMPUMEDPOB
npaBuJa BLIYKCJIGHHUS JuarpaMu Boiciiero nopsifka. OCHOBHEIE OT-
JUUASA OT TNPaBUJ IJIsI JEKTPOHA COCTOSAT B CJAEIYIOUIEM:

1. B BepmuHe paccesiHUs1 ME30Ha H3 COCTOSHHS Py B COCTOSIHHE

. (cM. puc. 9.6) ¢ n06eIM HampaBJeHHEM JIMHHH Brepel u Has3an

BO BpEMEHH CJeAYyeT HpOHSBeCTH 3aMeny
— leyt — — ie (p* + p*'). (9.34)
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2. Jlo6asounnlit uien AyA* Bo B3ammofedictBun (9.19) BHOCHT

BKIax ')
2ie°g - (9.35)

IMpumepom sBasiercss amnautyna (9.30). Muoxurean i nosiisiercs
G6aaromaps TOMY, YTO MapaMeTPOM pasJoXKeHHs JJIs 3TOTO 4JeHa
cayxur e Ilostromy B nopsiike e B peayJIbTaTe n-KpaTHOH HTe-
pauun (9.19) Bo3HHKaeT MHOXKHTENb (—I)", KOTJa Mbl BBIUHC/SEM
Bkaaf oT (9.34) B atom nopsaake. Ecau unen Ay A% BXOAHT B BbIYHC-
JEeHHs fM pas, [OsBJseTCd  MHOXHTeIp  (—i)" ™ (—1)™ =
= (—i)n—2m({)m, caemgoBatenbio, B (9.35) BosHukaer i. Heo6xo-
JIHMO [OCTOSIHHO NOMHHTb, YTO NMapaMeTpPOM Da3JIOXKEHHs fABJAETCH
e, a He MOPsIAOK B3aUMONeHCTBUS.

~ //
~ .
\\ p/ ‘”I/ . . ﬂ//
AN -
~ - / 4 7
r /s ke
. iy ;
re
Puc. 9.6. dunarpamMma njs Puc. 9.7. Inarpamma ajsa
- BepIUHHKH,  OTBevalomel . . B3aHMoJeficTBHA BHAA
B3aHMOZEHCTBHIO BHAA - 32‘41#’4”‘1’*@'

e@* (p’ + p)u @A%.

IMossaenne mMHoxkuTedAss 2 B (9.35) cBsI3aHO € TeM, UTO BCeriga
ecTh JBa crocofa CONOCTaBUTL ABYM MHOXHTeasMm B AuA% kpanrol,
KOTOphle YHHUTOXKAIOTCS, POXKAAIOTCA HJIH PACCEHBAIOTCSA B BEPLUMHE
(em. puc. 9.7). K amnauTtyle B3auMOAEHCTBHs, KOTOpPAs COOTBET-
CTByeT CyMMe BCeX JHarpaMM, BHOCALIMX BKJaJ B JaHHOM HOpsiKe
0O e, MOXHO NMPHMEHHTh KDUTepHH KaniHGpOBOUHON WHBAPHAHTHO-
cTd. Mbl yXe TOJB30BaJHCh = 3THM  KPUTEpPHeM JJd INPOBepKH
(9.30). Takum 06pa3oM, Mbl MMeeM IOJIESHBIA H OYeHb NPOCTOH CIIo-
co6 MPOBEpKH NPaBHJBIOCTH BHIYHCACHHS OTHOCHTENLHBIX BKJ4L0B
orutenos p-A+A-pu A-A B (9.19).

3. Ilponaratop BHyTpeHHel JHHHH, KOTOPOIl COOTBETCTBYET HM-
HlebC p, Mbl 3aMeHSieM COMNIACHO ,

) it m i ~
F—mYtie  pi—mitie  p—mitie’ (9.36)
T. e. JiesiaeM 3ameHy p + m — 1.

1) VMeeTcsi HCKMIOUEHHE W3 STOFO NPaBHia — ABYM HCNYCKaeMbIM H3 OJHOMN
Toykn doToHam, oépasy}ouLuM 3aMKHYTYIO NETMO, COOTBETCTBYET MHOXHTENb 1/2
(cm. samauy 9.11).
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4. [1nsi BHEIIHUX JNHHAA Mbl 3aMEHsieM 3JIEKTPOHHbie CIHHOPLI
CaAeAyomuM 06pa3oM:

m 1

Bce ocrasibible MHOMKHTENH [ U 27 B TOYHOCTH TaKHe xKe, KakK
anas saektponoB. OcTaercsi JHIUB BONMPOC 00 OTHOCHTEJbHOM 3HaKe
MuHYyC. B ciyuae 3.1€KTPOHOB Mbl, PYKOBOACTBYsCh npuHuHxnom Ilay-
JI¥, TIPOH3BOAHIN aHTHCHMMETPH3AIMIO OTHOCHTEIBLHO NePecTaHOBKH
IBYX TOXKAECTBEHHBIX yacTuH. C ApYyroil CTOPOHLI, 3KCNIEPHMEHT CBH-
JeTeJbCTBYeT O TOM, 4TO I-ME3OHBI ABJAKTCS OO30HAMH, T. e.
0O HUM HMEeTCsl CHMMETPHsl COrJiacHO cTaTHcTHKe DBose — DiH-
mrefina. B yacTHOCTH, B peakUdH

Krs>at4+at4a”

IBa mt-Me30Ha HCIYCKaloTCd B OTHOCHTE/IbHOM S-cOCTOSHHH. Kpome
TOrO, €CTh Cepbe3Hble TeopeTHYeCKHe OCHOBAHMSA, BIEPBble yKasaH-
upte [laysu, MJIst CBSI3H MeXJy CIMHOM M CTATHCTHKOH. JTa CBAI3b
TAKOBa, YTO YACTHIBl € MOJYUEJIbIM CIHHOM TOAYHHAIOTCS TIPHH-
uuny sanpera (SABASIOTCA (pepMHOHAMH), a MO YaCTHIAM C LeJbIM
CTIMHOM HMeeTcss cCHMMeTpus (OHH sIBAFIOTCS GO30HAMH).

Bonpoc o ¢Bsi3u CIHHA CO CTATHCTHKOH paccMaTpUBAETCs B KBaH-
toso#l Teopun moas [90]. Tloxa Mbl POCTO MPHMEM, YTO YaCTHUBL CO
crinHoM 0 aABasoTcs 6030HAMU H TNMOAUYHHSAIOTCS YCJIOBHIO CHMMeT-
puu. DTO 0O3HAUAET, UTO MEXIy AHarpaMMaMH, OTJIHYAIONIMMHUCS Iie-
PeCTaHOBKON OO30HOB, HOJKeH ObiTh OTHOCUTE/IbHBIH 3HAK  IIIOC
BMeCTO MHHYCa AJf caydas QepMHOHOB.

Tenepp He 6yaer MHoXHTeJed (—1) AJs 3aMKHYTbIX TeTeJb
WK MEXKAYy AMarpaMMaMH DacCesiHHS H aHHUTHJAAUMH. Mbl BBOJHJ/IH
HX B AMarpaMMbl JIs 2JeKTPOHOB, KaK, HalpuMep, B aMIUIUTY/bl
(8.2) u (8.5), coorBercTBylOIiMe JgHarpammam Ha puc. 8.1,6 u
8.1, 0, ucxoas u3 npunnuna Ilaysu B teopru AwIpok. Jas 6030HOB
HeT 3all0JIHEHHOr0 MOPS ¢ OTPHIATENILHOH SHepPruel U OTHOCHTEJb-
Hbl€ 3HAKH CJEIYeT 10JIy4aTh MyTeM HHBIX PacCyXIeHHH.

B KyJOHOBCKOM paccesHHH OAHHAKOBLIX GO30HOB MeXAy ABYMS
AHarpaMMami, H300payKeHHBIMH Ha pHC. 9.8, uMeercss 3HAK MJIOC.
Amnantyna paccesHusi 6030Ha Ha aHTHOO30HE MOJYydAeTCsl OTCIOAA
3aMeHOH 3HaKa 3HEpPTHH JJd JIBYX JIHHHII, RanpuMep, ¢ NOMOUILbIO
NOJCTaHOBKH

Go<—>— Pg (9.38)

MBl TIOJIy4YaeM aMILIMTYAbl [Js ABYX AHarpaMm, H300paXKeHHbX Ha
puc. 9.9.

" OTHOCHTENbHLI 3HAK [ABYX aMIUIHTYA, COOTBETCTBYIOILHX AHa-
rpaMmaM Ha puc. 9.9, ocTaeTcsl TOJMOXKHTEIbHLIM, €CJIH 3aMeHa
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Puc. 9.8. Kysonosckoe paccesune stt-mesona na nt-mesone,
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Puc. 9.9. Kyaonosckoe paccesnne ft-mesoHa Ha ft—-Mesone.
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Pre. 9.]0. Braaap ueTBeproro mopAlika B KyJOHOBcKoe paccesinne mt — gz,
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(9.38) sBasieTca eIHHCTBEHHBLIM H3MEHEHHEM IIPH Nepexofie OT AHa-
rpaMMm  pacceanus (puc. 9.8) K [ngHarpaMMaM AaHHUTHJASIMU
(puc. 9.9). ®Popmyna (9.38) ectp mpuMep npaBHJa NOACTAaHOBKH
(Kpocc-CHMMETPHH), ¢ KOTODBIM Mbl e BCTpeYasJuch AJS 3JeK-
TPOHOB (cM., Hanpumep, (7.85)). Temepp MBI pacmpocTpaHHJIH ero
Ha aMIVIUTYAB AJst GO030HOB.

OTO NpaBUJIO NPHBOAHT K MOJOKHTEJILHOMY OTHOCHT@IBHOMY
3HaKy BCeX Tpex aMILIUTYH, H300paKeHHuIX Ha puc. 9.10. Huxe Bep-
udHbl y auarpavubl 9.10,a u 9.10, 8 0MHHAKOBBI, MO3TOMY HX OTHO-
CHTeJILHBIHA 3nak nosoxnureneH. ITockolbKy sa cuer BBeNEHHS Ha
auarpamMe 9.10, a DOMOJHHTENLHOTO 10 CPABHEHHIO C IHATpaMMOU
9.10, 6 B3auMoaelicTBUA MeXIy JHHHAMH 4 M U He BO3HHKaeT 3HAKa
MHHYC, Mbl NPHXOAHM K BBIBOLY, YTO 3aMKHyTas meTJs Ha AHa-
rpamMme 9.10,6 He NpPHBOAHT K MOSIBJEHUIO MHOXKHTeAs (—1).

DNeKTPOMArHHTHOE B3aHMOJAeHCTBHe 6030HOB co cnuHOM 0, Ha-
npuMep n- 1 K-Me30HOB, B GoJec BBLICOKHX NOPAAKAX, a TaKkKe Ie-
PEHOPMUPOBKH MOXHO PaccMOTPeTh B MOJHON aHAJOTHH C IIpebl-
nymeit raaBoil. OaHaxo mMbl He 6ylleM BJaBaThCs B JeTajbHOE pac-
CMOTpEHHE 3THX fIBJEHHH, TaK KaK [AJs CPAaBHEHHS C 3KCIEPUMEH-
TAJbHBIMH JaHHBIMH HeOOXOJAHMO YUeCThb 3HAUHTENBhHO GoJiee CHIb-
HOe B3auMoJelcTBHe 7i- H K-Me30HOB Jpyr ¢ APYroM M C SiAPaMH.
O6cyxenuio 3TOro He3/JTEeKTPOMAarHUTHOIO B3aHMOJEHCTBHSI TOCBS-
eHa cJeaylolnas rjiaBa.

§ 47. HepeasTMBHCTCKMI NpelenbHbli mepexon
8 ypaBHenuu Kuaeiina — lopjaona

CymectByioT (u3uYecKHe sIBNAEHHS, JJisi H3YUEHHS KOTOPBIX BeCh-
Ma XKenaTeJbHO MMeTb NPUO/IHKeHHOe ONHCAHHE T-MEe30HOB B pPaM-
Kax OCbIYHOH OJHOYACTHYHON KBAHTOBOH MEXaHHKH C BEPOSTHOCT-
HO# mHTepnperannel. Takofi NOAXOJ MOKHO NPUMEHSTH, HanpuMep,
K B3aHMOJEHACTBHIO 3aPsIKEHHLIX Ti-ME30HOB C aTOMHBIMH 3JIEKTDH-
YeCKHMMH M MArHUTHBIMH TIOJSIMH B BeleCTBE,.a TakiKe K INHOHHLIM
aromam. [l aHanusa TakHX fIBJEeHHII Mbl monpoGyeM caeaaTb fie-
PexXo K HepeJsTHBUCTCKOMY ypaBHeHuio [llpenunrepa.

B camom Hauaje ri. | Mb OTKa3a/JHCh OT ypaBHEHHS BTOPOTO NO-
panka Kaeina — lopaona BejaelcTBHE HEBO3MOXKHOCTH MOCTPOUTH
TOUHYI0 OJHOYACTHYHYIO KBAHTOBYID TEOPHI0 C BEPOSITHOCTHOHN MH-
Tepnperauneii. Mpl oTnaaM npeAnouTeHHe ypaBHeHHo JHpaka, Ko-
TOpOe COAEP:KHT NEPBYID NPOM3BOJAHYIO IO BPEMEHH, KaK H Hepels-
THBHCTCKOe ypaBHenHe lllpenunrepa. OgHako 3ateM Mbl YOeIUJIHChH
B TOM, uTO OAHOuYACTHYHAsl KapTWHa AJs ypaBHeHHs [lupaka cnpa-
BelsiuBa JHIIbL JJ151 OYeHb OTPAHHYEHHOTO KpYyra sBJEHMH, TaKHX,
Hanpumep, KaK caa6ble Me/JIEHHO MEHSIOLIMECs MoJs, KOFJAa HMeeT-
€ WHpoKkas weab ~ 2mc? MexXAy CIEeKTPaMH MOJOXKHTeJbHOR H OT-
Punarennnoii sueprun. MIMeHHO Takywo (H3HUECKYIO CHTYAlHIO MEHI
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cefluac paccMOTpHUM, Korfla GyZAeM CTPOHTb NPHOJHKEHHYIO OIHO-
YaCTHYHYIO TEOPHIO Ha OCHOBaHUM ypaBHeHHs KneiHa — [opona.
B kauectBe nepBOro miara npuBeleHHs ypapHeHus Kiefina —
Fopiona k ¢popme ypahenns llpenuurepa, T. e. K BH1Y, colepxa-
IeMy TOJIbKO TePBBIE NPOU3BOJHLIE 110 BpeMeHH, mepeliem oT (9.1)
K mape ypaBHeHHH mepBoro nopsazaka [91].
Beenewm onpene/eHne

J
gz—églch (9.39)
# nepenumem (9.1) B BHie
: 0
g_———;—a% = (V2 — m? ¢. (9.40)

Y 10o6H0 BBecTH nBe JIMHeHHble KOMOHHAIMH:
1 A
o=t(ote). x=t(o-%e) @4

KOTOpHIe HMelOT NPOCTHe HepeasTHBUCTCKUe npefensl. [Jas csobon-
HOHl YacTHUIEl ¢ HOJNOMXKHUTEJbHOH SHepruell NoKost HMeeM

—imt — L &
P~ e i =g (9.42)

H B 3TOM TpejeJe )

O=@p~e-imt 5=0. (9.43)
JIAs yacTHLH ¢ OTPHLIaTeJbHOM 3HeprHeid, HAM aHTHUACTHILH, pelle-
HHe B TOM Ke Tpejese HMeeT BUJ

0=0 u y=qg~etin, (9.44)
Takum o6pa3oM, O HrpaeT poJb, aHAJOrHYHYIO GOJIBUIMM KOMMO-

HeHTaM, a 9§ — MaJblM KOMIIOHeHTaM JHPaKOBCKOTO CIHHOpa.
B rtepmuHax 0 u y ypaBHeHue Kiefina — [opmoHa samnuchiBaercs

TakK:

., db V2
l—at—=.=-"2‘;;(9+%)+me, ,
.oy, V2 (9.45)
iSr=+5;0+1—
BeeneM 60/iee KOMIAKTHOE ABYXKOMIIOHEHTHOe OGO3HayeHHe
_ (6
o=(,). (9.46)
Toraa moayuuM ypaBHeHHE
i 52 = H®, 9.47)

I‘Jle raMuJbTOHUAH CBOﬁO)IHOﬁ qacmum HMeeT BUI
0
H0=——(__l _1 2m+(0 )m. (9.48)
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Xorst ypaBHenHe (9.47) nMeeT IIpPeAHHTEPOBCKYI0 (OPMY, OHO, KakK
H ypaBHEHHe (9.1), He NPHBOOHUT K MOJIOKHTENBLHO-OTIPEIEIEHHON CO-
XpaHsiolleficsl BEPOSTHOCTH, TaK Kak /1y He sBASIETCS SPMHTOBBIM

1
onepatopom. HespmuroBa marpuma (_1 1) B ujIeHe, OTBEYAlo-

MeM KHHeTHUeCKOH 3HeprHH, CBA3bIBaeT BMecTe «0OJbIUHE» H «Ma-
JIbIe» KOMIOHEHTHI.

[TpeneGperas V2 B Hu3mleM MOPSAJAKe /15 MEIJICHHO IBHXKY-
mleficsl YacTHUBbI, MBI IPUXOAUM K ypaBHeHHio lllpenuHrepa u K pe-
wenusm (9.43) n (9.44) AAs NOJONKHUTEJNBHON M OTPHUATENbHOH
YaCTOT COOTBETCTBeHHO. 3auMcTBYA U3 . 4 TexHHKY Doamd —
Bayrxaiisena ana Teopuu [lupaxa, Mbl MOXeM IOCJAEA0BATENbHO
BKJ/IOUHTb NONPABKH, BO3HHKAIOIIHE 32 CUYeT 4YJeHa, OTBEYaIOlEro

KHHETHUECKOH SHEpPruu. B nanHom cJyyae MaTpHla pE(_(l) (1))

1 0
ABJSCTCSA HE3PMHUTOBBLIM aHa/JOrOM MAaTpPUILBL O, ans(o _ )——

aHaJsoroMm f, rie @ U  — MaTpHIL, OCYLIeCTBJAMIIHe Npecbpaso-
nue ypaBHeHust [upaxa. Paccyxzaas Tak Xe, Kak IPH BBEIBOJE
(4.1), mosoxKHM

O = iSO, (9.49)
rae .
0
s=neo@ =] o)em. (9.50)
Orclola HAXOJAUM, 4TO IpPH
: 29
0 (p) = — garctg LT 9.51)

HeyeTHBIE OMEPATOPH p HCUE3aI0T K3 TaMWJIbTOHHaHA (3IecCh
1
pEl—,V). [Ipeo6pasoBanne, 3zanaBaemMoe dopmyaamu (9.49)—

(9.51), siBAsieTcsl HEYHHTAPHBIM, H C €ro IOMOIILI0 HE3PMUTOB ra-
musbroHnaH (9.48) npHBOANUTCS K ClAeLVIOLIeMY BHAY:

Hi=e!SHye=iS =n+/m?+ p2. (9.52)

B takoli dopMe pellleHus ¢ MOJOXKHTENAbHON W OTPULIATENBHOH 3HED-
rHefl MOJHOCTBbIO Pa3felslioTCs, a COOTHOIIeHHe MeXIy 3Hepruel u
HMIYJIbCOM OKa3bIBaeTcsl TOYHO TaKHM ke, Kaxk JJas CcBOGOJIHBIX
anekTpoHoB. Exuncreentoe oraunune (9.52) or (4.1) cocrout B TOM,
yro B (9.52) Her ynBOeHUs uHCJIA pelleHHH 3a CUeT CIMHOBOH CTe-
neHd cBoGonsl. [lockonbky raMuiabroHuan Hg; 3PMHTOB, B 3TOM
NpeJACTaBJeHHHd MOXKHO [aThb BepOSITHOCTHYIO HMHTepHpeTanuio pe-
mwenusim @’. s peureHu#l ¢ NOJOXKHUTENBHOH YacTOTOH

D) (x) = e~ 0! ( ) a' (x) (9.53)

HMeeMm
N m? P e (x) = 0 att (x). (9.54)
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Tlpu 3TOM MJIOTHOCTb BEPOATHOCTH JaeTcs BbIPAXKeHHEM

P (x)=|a*) (x) P, (9.55)
a JHeprusi paBHA

awzgqﬂ“WﬂHﬂﬁQMNﬂﬁm (9.56)
II.JIH pel_UeHHﬁ C OTpHUATECJNbHBIMH HaCTOTaMH 3anuueM
’ i 0
') () = e (] ) a2 (x). (9.57)

Co6CTBeHHble 3HAUEHHS PHEPTHH HAXOASITCS U3 ypaBHeHHUd, aHaJo-
ruuHoro (9.54):

VAT R ) (0) = 0,017 (x), (9.58)
a A BEePOATHOCTH HMeeM BbipaxKeHHe Tuma (9.55):
P (x) =|a") (x) 2. (9.59)

Opuaxko Temepb Gaarofaps npucyrcTBuio 1 B (9.52) cpenuee or ra-
MHJbTOHHAHA PaBHO COOCTBEHHOMY 3HAUEHHIO 3HEPTHH, B3ATOMY CO
3HAKOM MHUHYC!

(O]

=—S@“m%mmwmw. (9.60)

P

Mmu oroxgaectsuM D’C*(x) ¢ BonHOBOH (yHKUHEH aHTHYACTHL,

tTak Kak u3 (9.52) nas cBo6GONHON 4acCTHILI HMeEeM Ho=Hg u co-
rJacHo Merony (GyHkuuu pacnpocrpanenus (cm. 9.11), (9.10) u
(9.5)) Bnepex BO BpeMeHH pacnpocTpaHsercss MOABEPrHyTOe KOMII-
JIEKCHOMY COTPSIKEHHIO pelleHue ¢ OTPHLATEJNLHON sHepTHed.

Ecay uMeercs BHelllee 3/JeKTPOMAarHUTHOE I0Jie, TO ypaBHeHHe
Kuneiina — [opaoHa yxKe He yjgaercd MNPHBECTH K JAHArOHAJbHOMY
BHIY, T. €. pPa30UTh Ha OTJeJbHble YPaBHEHUS ANA NOJOKHTENbHbLIX
H OoTpultaTeJpHBIX YacTorT. OfHAKO, AeHCTBYS TaK Ke, Kak IpH Iepe-
xofe oT (4.2) K (4.4), MoxHO ROGUTLCA NpHOJIMXKeHHON AvaroHa-
JH3aLKA A5 caydasi caaOblX, MeAJIeHHO MeHsomHuxcs noJaell. Bse-
IeM, Kak o6GblYHO, B3auMoaelicTBHe ¢ noJjeM B ypaBHeHue (9.1) ny-
TE€M MHHHMAaJbHOH 3aMeHb

Pu—> P — 4,

Torma ypaBuenue Kieitha — opioHa, 3amucanHoe B JByXKOMIIO-
"enTHOH hopme (9.48), anmeT BUI

(8D (L et (o )mtern o,

rie x = p — eA. Onpenenenne ¢ 3Jech Takoe ke, Kak B (9. 46) a
(9.41), ¢ samenoit (9.39) na

g=[—§; + ie (1)) $
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(¢ =AY. Ecan B (4.2) MBl OTOXKJECTBHM

p=n=(o _1)-
O=03z=(_1 o) 7" ©.61)

n2
é”:ecp—}—n—%,

To npugem K (4.4) c 3ameHoit § Ha 1. B "wacTHom cayuae crarnue-
CKOTO BHEIIHEro MOJIs MOJAY4UM NpHOJIuXKeHHoe ypaBHeHne Lllpemxun-
repa, cofepikaluee uleHn 1o nopsaka 1/m*:

. 0D’

l—é'z;- =H,(D/, (1)'=eiS(I)

¢ TAMUJbBTOHHAHOM

B = (m+ =2t ) ept o [, 22, el 4 ...
(9.62)

TlepBBiii WleH npefcTaBisieT coGOl pasiokenne A/m?-4- ®° M OuH-
CHIBACT PeNSITHBUCTCKUN 3QheKT yBeJHICHHS Macchl, TAKOH Xe ujleH
6ul1 B Teopuu upaka. [lociensee cnaraemoe B (9.62)— sto map-
BHHOBCKHI UJIEH; OH CJOYXKHUT NONPABKOH K KJACCHYECKOMY 3JEeKTPO-
CTaTHYeCKOMY B3aHMOAEHCTBHIO TOUEUHOro 3apsiia eg(x) momzo6Ho
nOTpaBKe Ha <«JApOXKaHHe» B NHPaKOBCKOH Teopuu. OnHAaKO, B OT-
Jauune ot (4.5) m (4.7), 3Aech OH BNepBLIe MOABASETCS B NMOpPSLKe
1/m*

Ho tex mop, moka Mbl orpaHMuHBaeMcst QH3MUECKUMH 3aJauaMH,
IJIsi KOTOpHIX nponenypa Pongn — BayrxaiizeHa siBasgercd CXOAsi-
mefics, ¥ HeCKOJNbKO NepPBHIX ujgeHOB paxa (4.4) uau (9.62) pawor
pesyabraThl, GIM3KHEe K TOYHBIM, MBI MOJKEM pacCMaTpPHBaTh B3a-
HMOAEACTBYUS ME30HOB B PaMKaX HEepeJdTHBHCTCKON KBAHTOBOH Me-
xagnku., C TOUHOCTBIO JI0 YAEPKAHHLIX B H’ UNeHOB pelleHHs ¢ Io-
JIOXKHUTENbHON W OTpHLATENbHON YacToTOdl B 3TOM TpEACTaBIEHHH
pasfessifoTcsl M raMHJIbTOHHAH OKa3blBAETCSI IPMHTOBLIM, IO3TOMY
BO3MOXHAa TPalHUHOHHAs BEPOATHOCTHAS HHTEPIIPETALHs, OCHOBAH-
Hasl Ha TIPHBEJEHHLIX B IMI. | mOCTy/aaTax.

Bocnoab3opaBmuch (9.62) u 3anuchiBasg B 3TOM MPEACTaBJEHHH
pelreHHs c MOJOXKHTEJAbHOH uacToTod mo aHajoruu ¢ (9.53):

O (x) = e~ iEnt ((1) ) PH (x), (9.63)
nosyuaem

[(m+ & — 2t )] +eot
+ -3—21,,7 [72, [7% eq]] ... ]5P (x) =E ${P (x). (9.64)
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I110THOCTL BEpPOSITHOCTH PaBHA
Px) =0 0P =i )P, (9.65)

a coGcTBeHHOe 3HaueHWe 3Hepruum FE, coBnanxaer, kKak u B (9.56),
CO CpeJlHUM 3HauYeHHeM raMHJIbTOHHAHA:

= {0 ) 17 (x, €9 ) ', (9.66)
rne H’(x, e) — onepatop, crosiuuit B JeBoil uactu (9.64):

H (x, )= m + g0 — por + ... )+ o0+ gt [P 17, eql] + .

9.67

Pelllenusi ¢ oTpHliaTeNbHOH 4yacTOTOH 3amuiueM B BHJE (9.57):( !

| 0,7 (1) = " (1) 9 (). (9.68)
Torpa us (9.62) naiizem

H™ (x, — )P (x) = E ) (x). (9.69)

Mbl BHOBb COIOCTaBJsEM AHTHUACTHLE KOMILJIEKCHO-COMpSIKEHHOe
OT pelIeHHsi ¢ OTPHLATeNLHON 3Hepruefl, Taxk kak ${"(x) ygosie-

TBODSIeT yPaBHEHHIO

HY (x, — &) 97" () = E, 97" (x),
uto oriuyaercs ot (9.64) Toabko sHakoM mpu e. TlmorHocTh  me-
POSITHOCTH paBHa

P (x) =] QG (x) P=|9) (x) 2 (9.70)

CpenHee 3HaYeHHe raMHJIbTOHMAaHa BHOBb, Kak H B (9.60), pasHo
B3ATOMY CO 3HAKOM MHHYC COOCTBEHHOMY 3Ha4YeHHIO SHEpTHH:

E,=—{ 07" ) o) (9 ds. 9.71)

ITocKoJbKY pelleHHs ¢ MOJIOKHUTEAbHON H OTPHLATEIBHON YacToTOH
OTJIHUAIOTCS TOJLKO 3HakoM 3apaga B (9.64) u (9.69), noseasercs
IpUBJEKaTeNbHAs] BO3MOXKHOCTb NEpPecnpeleNnTh B paccMaTpHBae-
MoMm npeActaBjeHnn Ponaan — BayrxalizeHa BepOATHOCTH W Cpef-
HHe 3HaYeHHs SHEPrHH IyTeM BBeJCHHUS JIHATOHAJILHOH MATPHIL

'r|r= ((1) __(1)) y¥e BCTpeuaslueics HaM paHee:
Q, () =07 () @y, (x), (9.72)
E,={ o ()ni'a), (9 dox. (9.73)
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Taxoe nepeonpesnenenue He ckasbiBaercsas Ha (9.65) u (9.66) aas
pelleHH# ¢ NONOXKHUTEIBHON 4aCTOTOM, HO MeHsieT 3Hakd B (9.70) u
(9.71) nas peutenuii ¢ oTpuiaTesbRoi yactoToll. CoGCTBEHHHIE 3lia-
YEeHHS SHEPTHH TeNepb COBNAJAIOT CO CPEeJHHUMH 3HayeHusMH H, Ko-
TOpLle MO0 aHaJOTHK C OOLIYHON KBAHTOBOH MEXaHMKOH CTa/H MOJIO-
KUTEJbHBIMH KaK /Sl PelleHHH ¢ IOJIOXKUTEJbHOH, TaK H C OTPH-
natesbHo#i wactotofi. OpHako Tenepp Q(x)>=0 naa petreHud
C MOJOXHTEeIbHOH uacToTol H Q(x)<C 0 nas pewleHusi ¢ orpuia-
TeJbHOH 4acTOTOH U MHTEePNPETHPYeTCS KaK MJIOTHOCTb 3apsia AJs
4acCTHL, H aHTHYACTHI COOTBETCTBEHHO.

Mpl MoxkeMm u Jajlee pa3BuBaTh npeicrasienne Doumt — Bayr-
xaiizeHa, KOTOpOe ¢ TOYHOCTbIO O yAepXKaHHbIX B H’ ujieHOB U npH
YCIOBHH CXONMUMOCTH psjfa no l/m coBmajgaer ¢ ¢opMadu3MOM
00b1uHOH KBaHTOBOH MexaHuku. Hanpumep, us (9.62) moxHo HalTH
YPOBHH 3HEPTHH H BEPOATHOCTH NEPEXOJOB JJIsl 7-Me30aTOMa C yue-
TOM PeJISITHBHCTCKOH 3aBHCHMOCTH MacChl H JaPBUHOBCKHX IONpa-
BOK. Kpome Toro, ¢Bfi3b C K/JIaCCHKON H COOTHOLIEHHs DpeHdecTa (10-
JYy4yaloTcs U3

GO =i(H, o)+ (57). (9.74)

Murepnperanns B TepMHHAX OJAHOYACTHUHON IVIOTHOCTH BEPOSAT-
HOCTH IPHMEHHMAa TOJbKO TOT[a, KOrja INyTeM NpeoGpasoBaHMs
®onan — BayrxalizeHa ynaercs pasfesuTh DEIICHHS € IOJOMKH-
TeJbHBIMH H OTPHLATEJBHBIMH YacToTaMu. E0 He/b3st moab3oBaThCA
B 3a/lauyax ¢ CHJABLHLIMH H GLICTPO MEHSIOUIMMHUCSH MOJSMH, Iie Heol-
XOJIMMO YUYHTHIBaTb NOSBIEHHe ntm—-map. B 1peanosoXeHHH, 4TO
onpenenenns (9.72) u (9.73) cnpaBedJuBsl u B o0WeM ciayuae, Mbl
MOMKeM BEpPHYTbCS K HCXOZHOMY NPEJCTABJEHHIO “H HCCIeJ0BATh
CTPYKTYPY BbIpaKeHHH AJg 3apsiia U 9Hepruu. sis 3Toro BoLImoJ-
HHM c/aenyiolliee npeobpasoBaHue:

DO =e~iSQ’. (9.75)
3necy HeoGXoAuMo co6I0AaTh OCTOPOMKHOCTH, TaK KakK npeo6pa-
30BaHHe, CBA3bIBalollee 00a NpeNCTaB/]EHHS, He SIBASETCH YHHTAP-
M. M3 (9.50) u (9.51) caeayer, uto A/as cBOGOJHON UaCTHIE

=—S*. (9.76)
YuureBasi, uto NS = — Sv, HaXOLUM AJs1 3HEPTHH

0, = S QY (x) nH4D) (x) d® x = S D (x) e~ T HiehSD, (x) dPx =

- S @} (¥) ne—SHte'SD, (x) dx = S @} () NHo®, (x) . (9.77)
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Takum 06pa3oM, Bhipa)KeHHe [J/1s 3HEPIHM HE MeHsieT CBOero Bija.
Auagoruuso, ucnoab3ys (9.46) m (9.41), nonyuaem aas 3apsiia

fowaer={op e, (9 ae={ @10 e =

(i wew—r@iwlar=; {e Whe@aer, ©79)

YTO TOC/]E YMHOMKEHHS Ha 21 COBNAJaeT ¢ IMOJYYeHHBIM paHee Bbi-
paxenneMm (9.4) A4 COXpaHAWLIErocs 3apaia.
BuansKue pe3yabTaThl IOJYdalOTCs € YYeTOM B3aHMOJEHCTBHS.
B sTtoM caydae npeoGpasoBanue Posnau -— BayTxafiseHa nmeer, Kax
U B 1. 4, BUA
D = . . . piS"eiS ISP,

rae kaxzgas u3 Matpui S0 ynoBaerBopfeT yCJIOBHAM
+
S(l) == e— S(’), S(,)n = — ’nS(/).

[TosToMy TIOTHOCTb 3apsifia, onpefenennas, kak B (9.78), ¢ marpu-
mei 1, BHOBb NMPHHHMAaeT NMPOCTOH BHA B HCXOILHOM MNPeICTaBJCHHH
u coBnajaer ¢ BoipaxenueM (9.17) mis nioTHoCTH 3apsna. AHamo-
PHYHO [Js YPOBHEH 3HeprHH m*- W J-ME30HOB B CTaTHYECKOM
BHEIIHEM 10Jie HMeeM

E= S O () nH’ (x) D’ (x) dBx = S @ () H (x) © (¥) &% (9.79)

[MosyueHHBle NPOCTbIE COOTHOLIEHHST MEXAY CPeAHHMH 3Haue-
HHSIMH B IByX NPeICTaBJIeHHAX HAaBOAAT HAa MbIC/Ib O BBEJEHHH MaT-

1 0
pumbpl M= (0 _1) B ofllee ompefesNeHHe CPeJHEro 3HauyeHHs:
0"y = S O™ (x)n0’ (x) @’ (x)d3x=S(D*(x)nO(x)‘D(x)d3 =(0Y; (9.80)

anech O’ (x) = ¢80 (x) e85,

Be3 MaTpHIllbl v Mbl He HoJyuynad 6Bl TaKoH MPOCTOH CBS3u Me-
]y BHPaXKeHHsIMH B JBYX IpeJCTaB/eHHsX. BBeleHne MaTpuILl |
B onpenenenue (9.80) cooTBeTCTByeT yMHOXeHHIO Ha (—1) cpemnux
sHaueHuH, Ha6110JaeMBIX JJ/I51 CUCTEMBl B COCTOSIHHH C OTPHIATENb-
Ho# uacTtoToil. DTO cBsA3aHO ¢ TpeboBaHHeM, YTOOBl PEIUEHHs C OT-
pHIATENBLHO YaCTOTOH pacnpocTpaHsA/IHCh Hazal BO BpPEMEHH H
NpOLeCCH HCMYCKaHHs H NOTJIONIEHHs MeHAduch Mecramu. [lpu
5ToM (u3uuecKHe Hab/0faeMble OKa3blBAIOTCS CBS3aHHBIMH CO B3s-
THIMH CO 3HAaKOM MHHYC NMapaMeTpaMH pelleHHi ¢ OTPHUATeabHOH
3Heprue. v

JI HO3UTPOHOB pacHpoCcTpaHeHHe Ha3aj BO BpeMeHH OTpHUA
TeNbHBIX YaCTOT 0BeCIeYHBaeTcsi Teopuel AbIPOK: A GO30HOB HET
TEOPHU AbIPOK H Mbl ROJIKHEI JHOO LOBOJILCTBOBATLCA TeM, UTO AaeT
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mMetoa PYHKIHY pacnpocTpaHeHHus, 160 06paTHThCS K popMaid3My
KBAHTOBOH TEOPHH NOJS.

B 3ak/aoueHHe momuepKHEM, YTO Mbl Ja/dH BePOATHOCTHYIO HH-
TepNpeTalHio pelleHUAM TeX (H3HUEeCKHX 3axad, OTHOCSILHXCS
K 6030HaM, OJf KOTOPHX TMOCJAEAOBATENBHOCTE mnpeobpasoBaHni
®onau — Bayrxafizena cxonurcsl. B uactHocTH, A48 ¢cBOOOAHBIX ya-
CTHIl MBI MOCTPOWJH TOUHOe NpeoOpasoBaHHe, pasje/siollee perie-
HHSI, COOTBETCTBYIOULHE I100XKHTEJABLHEIM M OTPHIATENBHBIM 4aCTO-
TaM, MJM YacTHUaM H aHTuyacTunaMm. [JoaToMy MBI moctynanau
npasuibHo, Koraa B (9.21), (9.22) u (9.24) paccmatpusanau S-mar-
PHILY KaK aMILIUTYly BEPOSATHOCTH.

3apsn, KOoTOpeIM 6030H OT/IMYAETCs OT aHTHOO30HA, He 00si3a-
TENLHO A0MKEH OblTh JMEKTPUUECKHM, a MOXKET HMeTb COBCeM Apy-
ryio npupony. CymectsyioT, Hanpumep, mesonsl K° u K° Koropnie
3JICKTPHUECKH HENTpPaJbHLI, HO SIBJASIOTCA AHTHYACTHIAMH [0 OTHO-
HIEHHI0 APYr K ApYTY, pas/uyasicb 3HaKOM 3apsiia, Ha3blBAEMOrO
«ctpannocTbio» [50]. Kpome Toro, 6o3on moxer BooOLle He HeCTH
HUKAKOro 3apafia H B 3TOM cJydae OH COBIAJaeT CO CBOeH aHTUMA-
craues, kak nl-Me30H. B aToM ciaydae BoIHOBasi GYHKLUS SBJAsIErCH
gedictBuTeanHoll u Q(x) = 0.

3A0A4YU

1. Boluncaure B nepBoM GOPHOBCKOM NPHOJIMIKeHUE B J400paTOpHON cHCTeMe
auddepennnanbioe cedeHHe KYJOHOBCKOTO pacceAnns nt-MesoHa Ha K—-mesowe.

2. BuyncanTe B CHCTeMe HeHTpa HHeDIMM AHdQepeHnUalbHOe CeueHHe pac-
cestHUs TT-Me3oHa Ha TUT-Me30He W cpaBHHTe ¢ (opMy.soil (7.84) mpas paccestrust
3JeKTPOHA Ha 3JEKTPOHe.

3. Buuncante nudpdepeHuuaipbHble CeYeHHs TOPMO3HOrO H3JyuyeHus Jtt-me-
30Ha B KYJOHOBCKOM IOJIe H POXAEHHs MapH TT7~ u cpPpaBHHTe ¢ (opMmynamu
Bere — Tafitaepa.

4, HalippTe noJHoe ceuelde pOXKjeHHs naphl Ntm~ B y/JbTpapelsaTHBHCT-
ckoM mnpeaene E 3> mc?® u cpaBHHTe ¢ aHAJOTHUHBIM Pe3y/bTaTOM [1Js51 3/EKTPOH-
MO3HTPOHHON naphl.

5. Briuncaute BKJgaf map Tt~ B NOAAPH3AUMIO BAKyyMa u jJafTe uHTep-
npeTalno 3HaKy NOJYY4eHHOrO OTBeTa.

6. HaiinuTe 2/7eKTPOMATHATHYIO COGCTBEHHYIO 3HEPTHIO Nt-Me30Ha H cpas-
HUTE ¢ aHAJOTMYHON BeJIHUHHOHR [Js 3JIEKTPOHA.

7. TIpoBepbTe, 4TO [JIST 3aPAKEHHBIX J-ME30HOB, KaK M JJA 3JEKTPOHOB,
nepeHOpMHUPOBOYHbIe KOHCTAaHTHl JJS1 BOJHOBOH (YHKUHM M BepHIHHH BO BTOPOM
nopsiiKe paBHBl APYT APYTY, T.e. Zy = Zs, Ay (p, p) = — 0Z(p)/op*.

8. Hailaute ypoBHYU 3HEPruu JT~-Me30Ha B KYJOHOBCKOM MOJE.

9. Ycrauosurte kjaccuueckoe cootBerctsde nas ypasHenus llpenunrepa nas
7l-Me30Ha C NOMOUIbIO BHBOLMMHIX H3 (9.74) cooTHoweHufi Jdpendecra.

10. TlocrpofiTe QeilHMaHOBCKHA Nponararop /AJd BEKTOPHHIX ME30HOB, YAO-
BJIETBOPAIOIIHY CBOGOJHOMY BOJHOBOMY YPAaBHEHHIO

0 0 v
O+ m?) guy — — } ¢ =0
{ ( ) 8uv ax* ax¥
11. [TpuseauTe apryMeHTH B N0Jb3y NpaBHna 4 u3 npuiaoxenus B, «daextpo-

IMHaMHKa GosoHos co cnuHOM 0». [lokaxkute, 4TO ¢ TOUHOCTHIO A0 HOpHAKa €4
9TO NPaBUJO NPUBOAHT K YHHTAPHOH aMIUIUTYAe YUPYroro s+ —- A~ -paccestHusl.




TJTABA 10
HE3JNEKTPOMATHUTHBIE B3BAUMOIAENCTBHY

§ 48. Beenenue

B sToil rnaBe Mbl IPHMEHHM MeTOA (GYHKIHM pPacnpocTpaHenHs,
pasmem IJ1s 3J€KTPOMArHUTHOTO B3aUMOJEHCTBUs YACTHI CO CIIH-
HOM O H '/5, K APYTHM THNAM B3aHMOJNEHCTBUS S/EMEHTAPHBIX Vva-
CTHU. ITH B3aMMOJEHCTBHA [Je/siTcsl HAa TPU pPAa3JHYHBIX KJaacca.
Bo-TniepBBLIX, WMeeTCs IPaBHTALHOHHOE B3aWMOJAENCTBHE, KOTOpOe B
OGBIYHBLIX J1a60OPATOPHBIX YCAOBUAX XapaKTePH3yeTcs upe3BbIuaiiiio
maJgaofi GespasMepHoil koHcTaHTOH, paBHOil (MiMaGlhc) =~ 10-%,
KOTODHIM MBI GyleM npeHeGperaTb. Ko BTOPOMY KJIacCy OTHOCATCS
cnabbie B3aUMOJEHCTBHS, NPUBOASIIHE K TIPEBPALIeHUsIM ONHHX ua-
CTHIl B ApYyrue, Hanpumep f-pacnan u pacnain n—-, K= u u-me3so-
HoB (cM. § 50). Coabble B3auMOJCHCTBUA B 06/1aCTH MaJbIX ¥ CPel-
nux sHepruit (<1 ['28) MOryT GhiTh OXapaKTepH3oBaHh Gespasmep-
HOH KOHCTaHTOH, UMeIOLIel BEJHYHHY OT 105 no 10'6. Haxox—xeu,
CYIIECTBYIOT CHJbHBIE B3aHMOJEHCTBHA ¢ KoHCTaHTOH >1. Cuib-
HOe B3aHMOJENCTBHE OTBETCTBEHHO 34 CHJIBL, KOTOPHE YIEePXKHBAIOT
HYKJOHB B siApe M 3a poxiaenHe vacTul m, K, A, £ nu B B peaxk-
uusx tana (9.2).

Teopust caGbIX ¥ CHJIbHBIX B3aUMOJACHCTBUH He pas3BHTa LO TOTO
ypoBHS, uTOOB BHI3BaHHble UMH 2(PQPeKThl MOIH GBITh PacCUMTAaHDI
N3 ofLIero npuHIHUNa, TAKOro, Kak, HanpuMmep, NPHHIHN 3KBUBA-
JICHTHOCTH M TpeGOBaHHWE KOBAPHAHTHOCTH B TEOPHH THATOTEHHS HJIH
OPHHIAN «MHHUMAaJbHOTO 3J€KTPOMATHHTHOrO B3aUMOAEHCTBUS» (Ha
OCHOBE KOTOPOTO 3JIeKTPOMArHHTHOEe B3aHMOJEHCTBHE BBOJAUTCS my-
TeM 3aMeHdl [92] p,— p, —eA,). He uMea nonoGuoli ¢ynramen-
TaJbHOH HCXOZHOH HJeH, MB JJs BbOOpPa BO3MOXKHOIG BHAA
B3aHMOJIeHCTBHS BBIHYKACHH OOPaTHTbCA HENOCPEACTBEHHO K 3KC-
IepUMEHTAIbHBIM JaHHBIM, a TaKke K NPHHIMIAM CHMMETPHH H
B MEPBYIO Ouepelb K JIOPEHLUEBOH HHBAPHAHTHOCTH.

«Yro mnpeAcTaBasiioT COO0OH BePUIMHBI?» — 3TO  LEHTPAJbHbLA
BONIPOC, BO3HHKAMIIHH MMPH PaCCMOTPEHHH cJalbiX H CHJLHBIX B3a-
UMOJEHCTBHH, B K HeMy MBI cefiuac nepexoAuM. Mul 6yfem JaelcTBO-
BaTb B PaMKax MeToAa (PYHKLHH DaclpOCTPAHEHUsi U OTPAHHUYKRMCS
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BLIUMCJICHHSsIMH B HH3IIeM MOpSJAKE MO HapaMeTpaM B3anMOIei-
CTBHA. DTO OYEHb CEPbE3HOE OrpaHHUeHHe, eCc/H MBl TMpeTeHlAyeM Ha
JeTaJbHOE ONHCaHHE 3SKCIepHMEHTAJbHHIX AaHHBIX. JInsg  CHJBHBIX
B3aUMOefCTBHH MapaMeTp Pas3JiOXKEHHS IMpEeBbIIAaeT eJHHHUIY; B
TEOPHH Caa0bIX B3aUMOJiefICTBHH B €€ COBPEMEHHOM HECOBEPILIEHHOM
BHAE AMAarpaMMbl BLICIIMX MOPSIAKOB 3aBHCAT OT napaMmerpa obpe-
3aHUSl B HHTErpaJjax, OTBEeUaloNlMX 3aMKHYTHIM NeTJsM, NpHIeM 3Ta
3aBHCHMOCTH TAKOBa, Y4TO PACXOJHMOCTH He YyJNaeTcsi NepeHeCTH B
IepeHOPMHPOBOYHEIE KOHCTAHTHI, KaK 3TO 610 CASJTAaH0 B T, 8 an8
3JEKTPOIUHAMHUKH.

§ 49. CnabHble B3aMMOAEACTBUA

B 1935 r. IOkaBa [93] ycTaHOBHJ aHAJIOTHIO MEXKAY CHJ/IBHBIMH,
KOPOTKOJEHCTBYIOIIMH SAAEPHBIMA CHIAMH H 3JEKTPOMArHTHLIMH
CHIAMH MeXIy YacTHiaMu. Ecan KyJOHOBCKOE B3auMOAeficTBHe 06-
yC/IOBJIEHO OGMEHOM BHPTYa/bHBIM KBAaHTOM, HJIH (OTOHOM, TO, MO-
JeT ObITb, SAepHble CHJIL TOXe BHI3BaHBl OOMEHOM BHPTya/bHOH
yacTuiell, KOTopas [0MXHA HMETh LeApiH cnuH. [las 4acTHLbl CO
cnuaoM O u Maccodl p Mbl MOXKEM BOC-
1oJb30BaThesl  mponaratopom  Kureit- 2 o
na — [opnouna (9.36). Torma amiuiH-

TVAa paccesHHs NMepBOro nopsjaka, or-
Beuatomas auarpamme Ha puc. 10.1,
npuMer BHA Iy '*—-7*‘ Gy

)

£o
ﬂ’l~———~q2_u2+i€. (10:1)
B ¢dopmyae (10.1) Mbl onycTHIH BCe
¢aKTOpbl, CBSI3aHHBIE C BEPILMHAMH, ppe  10.]. Hykron-nykionnoe
B KOTOPbIX 4YaCTHUA, H300pa’KeHHAasl msammofeficTBHe 3a cueT oG-
NYHKTHPHOH JIHHMeH, THorJjoulaercs MeHa OJHHM n°-MEe30HOM.
HJAY  HUCMNyCKaeTcs HYKJIOHAMH, H30-
6pa’keHHBIMH CIJIOMIHBIMH JIMHHUSMH C HauaJbHBIMH ¥ KOHCUHBIMH
UMOYJIbCAMHA Py, P2 U Py, p, cooTBercTBeHHO. MnBapuaHTHEIA mepe-

& 2 N2 / 2
JaHHBIH uMIyJabc ¢°=(p, — p)) = (py — P,)? TPOCTPaHCTBEHHONO-
no6en (g2 << 0). B HepemsATHBHCTCKOM Ipejese, Korja KHHeTHue-
CKHe 3HePruu OT[IauH HYKJIOHOB MaJsbl IO CPaBHEHHIO C HX 3HEp-

7 V%4

rusiMu noxost, B (10.1) MoxHO mosoxuTh g2~ —|q|? u 3anucaTh
%
M~ o (10.2)

[Tepexonst nytem ¢ypbe-npeo6pa3soBaHusi K KOOPAHHATHOMY mpoO-
CTPaHCTBY, HaXoAuM, uTo M oTBeuaeT GOPHOBCKOH aMIIMTyAe A
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paccesiHusi Ha noteHunase IOkasbl
s eV
Vn~g——.

Paaunyc neiictBus smepHbX cua cocrasiaser ~ 10~13 cu, 1. e. npu-

MEpHO OJHYy TPeTh K/JIACCHYECKOre palHyca 3JeKTPOHA, [03TOMY 4a-

CTHLA, KOTOPO# OOMEHHBAIOTCS HYKJOHBI, AOJMKHA HMETb Maccy
3me

~—= ~ 200 Mss.
a

[JlaBHBIM KaHAKAATOM Ha 3Ty POJb SBJISAETCS m-Me30H (IHOH) C
maccoi ~ 140 Mass, otkpuiThlil B 1947 r.; ceiiuac u3BeCTHB TPH THNA
[94, 89, 15] n-Me30HOB, nt, m~ ¥ n° ¢ NpHAMepHO OAMHAKCBOH Mac-
coit. Cuuraercs, 4TO 3TH f-ME30OHDLI C zapanamu +e, —e u 0 coor-
BETCTBEHHO BHOCHAT OCHOBHOH BKJaJ B siIePHBLIC CHALI Ha GOJBLINX
paccTosHusX, X0t 6oJiee TAXKENLIE YACTHIB! HEPAIOT BaXKHYIO POJb
IpH CTOJKHOBEHHSAX ¢ MAaJbM MDHLEAbHBIM NapaMeTpoM H 60Jb-
wum g2

DKCHePUMEHTANbHO ObIJI0 YCTaHOBJEHO, 4TO M-ME30HBl HMEIT
cnul 0 B OTPULATEJbHYIO «BHYTPEHHIOW YeTHOCTh». CHMH 3apsKeH-
HOrO T-Me€30Ha MOXKHO YCTAHOBUTb, NPUMEHAS NPUHIHN AETaIbHOTO
PaBHOBECHS] K peaKiiuu

nt+d<>p+p.

BeposiTHOCTH 1pOTeKanwMsa 3TOTO npoLecca B TOM H APYroM Hampa-
BJIEHHSIX ONPEeLeNsIOTCS] CTATHCTHUECKHUMH BecaMH; OTClOfa Haxo-
IUTCA COHH T-Me30HA. «BHYTpeHHAR ueTHOCTBb» olpefe/sieTcs H3
Hab/I0JeHHs 3axBaTa ;~-Me30Ha, Haxoisulerocss Ha K-o6osaouke B
arome AeHiTepud, ¢ o6pa3oBaHneM ABYX HEATPOHOR:

n~+d-—>n-+n.

W3 npunnuna sanpera cjaefyer, YTO eIHHCTBEHHLIM BO3MOMKHBIM CO-
CTOSIHMEM JABYX HeHTpoHOB ¢ J =1 dsasgercs ®P)-cocTosinme, uer-
HOCTB KoToporo paBHa —1. Eciu K paccmaTpusaeMoMy upoueccy
CHJIBHOTO B3aHMOJEHCTBHS TPHMEHHM 3aKOH COXPaHEHHs 4eTHOCTH,
TO T™-ME30H TOXKE AOJIKEH HMeTb OTPHUATEeNbHYIO YeTHOCTb. [Ipw
3TOM Mbl, KakK OOBIYHO, MpednoJsiaraeM, 4To MPOTOH H HeHTPOH
MMEIOT OJMHAKOBYIO BHYTPEHHIOIO YETHOCTb. JTO 3HAYUT, UTO INPH
TIPOCTPAHCTBEHHOM OTpaxKeHuu (2.33) HX BOJHOBBIE (QPYHKIHH rpe-
oGpasyiorcs ¢ 0OAHHAKOBOH daszoil ¢==0, T. e. P’ (X', ) = + yoy(x, £)
npu X" = —X. [IocKO/IbKYy 7t~ 3axXBaTbIBAeTCsl cO CHepHIECKH-CHM-
MeTPU4HON S-OpOHTHI, TO YETHOCTb €ro BOAHOBOH GOYHKLWH, paBHYIO
—1, ortHocAT K «BHyTpenHell yerHocTHy» n~. CruH, paBuHui 0, u OT-
puLaTeNbHass BHYTPEHHAs YETHOCThL ABJSIOTCS CBOHCTBaMH, OGIIHMMH
st vh- B T-Me30HOB, KOTOphIe, KaK YKa3blBaJlIoCh B IJ. 9, aABaA0T-
cd adHTHuacTauamu Apyr ansa apyra. Cnux n® Toxe pasen 0, a ero
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yeTHOCTb pasHa —1. DTo caefyeT U3 HaOJMIONEHHUs pacnaja Ha ABa
tbotoHa
w—>y 4y

B COBOKYMHOCTH C ONpEAeNeHHEM KOPPEJNAIHH MJIOCKOCTEH MOJAPH-
sauuu {95] «nap Hanunas

n®— (et -te")+ (et +e).

[Tonyuns wHQOpMAUHMIO O KBAHTOBHIX UYHCJAAX {-ME30HOB, MBI
NPOJOJIKHM Telepb paccMOTPeHHe AAePHBIX CHJ, MPHILEPKHBAsICH
aHAJOrHH ¢ 3JeKTpoAuHaMukoi. HauneM ¢ HccaedoBaHns H300pa-
KeHHoro Ha puc, 10.1 mpouecca paccesnus IpOTOHA Ha TMPOTOHE 3a
cueT o6MeHa ogHUM nl-Me30HOM. Dynem cyuTtaTth, 4yTo NpoToH i pac-
CEHBAETCS! B «I-ME30HHOM IM0JI€», CO3/laBAaeMOM IPOTOHOM 2; TaKoH
NOAXOJ y¥K€ HCIOJAb3oBajcs HaMH (cM. (7.31)), Korma Mbl MHTEp-
IPETHPOBAJH paccesiive 3JeKTPOHAa Ha NPOTOHE KaK paccesiHue B
3JIeKTPOMArHuTHOM noJde A, (x), cozgaBaeMOM TPOTOHOM.

TlonbiTaeMcs ONHCATb ITOT MPOIUECC C IOMOINLIO ypaBHeHHs [u-
paka, nofoGHoro ypaBHerHo (6.52), 1. e.

(V — M,) b, (x) = gol'b, (x) @o (x), (10.3)

rie KOHCTaHTa go aHajJoruusa sapdagy e, a marpuny Jupaxa I' nam
NPEACTOUT ONpenenTs. [ ME30HHOTO NOJS (o MOXKHO MpejI0-
XKuTb ypaBHenue tuna (7.27) u (7.33), B KOTOpOM 3HaK Mo = =1
3apaHee He Onpejeden:

(O 4 12) @, () = — g, (x) [, (x) m,, (10.4)

DKcHepUMEeHTaNbHO ycTaHOBJeHO [96, 97], uTO si/iepHbIe CHIBI C XO-
poilell TOYHOCTbIO COXPAHSIOT UETHOCTb, CJIENOBATEIbHO, Ha YpaB-
nenusi (10.3) u (10.4) namaraercs TpeGoBaHHe COXPAHEHHs YETHO-
CTH, KaK M JOpPEeHIeBOoH HHBapHaHTHOCTH. Toria HeoOGXOAHMO BbI-
6path I' = iys MJst Toro, uToOul npasas uactb (10.4) Obi1a mceBno-
CKaJIsipOM, KaK U JeBas 4acTh.

Herpynno y6eautses B TOM, yTo ypaBHenue (10.3) HHBapuaHTHO
OTHOCHUTEJIbHO Npeofpa3oBanusi 3apsAfOBOTO CONPSIAKEHUS, MOITOMY
MOKHO BOCIIOJIB30BATLCSI PA3BUTON B IJI. D TeopHeH IOWPOK M ycTa-
HOBHTb COOTBETCTBHE MEXJy PpelleHHAMH ¢ OTPHIATe/IbHOH 3PHep-
rvefl W BOJHOBLIMM (PYHKIMSMH aHTHIPOTOHOB. BosanoBas ¢yHKUHS
AaHTHNPOTOHA oONpejessieTcsl COOTHOILIeHHeM Buaa (5.5):

1l3,; = C"'-pg

U yJIOBJIeTBOPSieT TOMY e ypaBHenuio [lupaka (10.3) npu yciaosun,
4TO Me30HH! ni° H 3apsJIOBO-CONPSKEHHLIH K HeMy COBNajaloT, T, €,

(CPO)L' = -+ @q.
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BriGpannas ¢opma B3aHMOJAEHCTBHS SBJSETCS, 1O BCell BEPOUT-
HOCTH, HENPaBHJAbHOH HJIM IO KpaliHeli Mepe HenoJIHOH. YpaBHeuus
(10.3) u (10.4) BbIHCAHBI TOJNBKO H3 COOGPaXKEHHH HPOCTOTH H MO
aHaJIOTHH ¢ 3JeKTPoAHHaMuKOH. Hukak He oGocHOBaHO, HampuMep,
UCKJIOUEHHe B3aHMOLEHCTBHS, COMEpKAalIero IPOH3BOAHEIE MOJIEH,
XOTs1 B NpEeAbIAyLIed rylaBe NpH pacCMOTPEHHH B3aHMOAEHCTBHS 3a-
PSI)KEHHBIX T-ME30HOB C 3JeKTPOMATHUTHEIM TOJIEM 3TO B3auMomefi-
CTBHE YyuHTHIBaJOCh. Takum obpasom, ypasnenus (10.3) n (10.4)
ClelyeT pacCcMaTpUBaTth KakK rpy6yio, NMpocTyo Monenb, ubo taH-
Tasusl TPHPOAL Ge3ycsqoBHO Oorave TO#, YTO 3a/0XkKeHa B ypaBue-
ausax (10.3) u (10.4). NoCTOHHCTBO 3TOil MOJEAHM COCTOHT B TOM,
YTO OHA [03BOJAET YCTAHOBHTh OOIIHE CBOHCTBA AMEPHOTO B3AHMO-
AeHACTBHS, KOTOPhle COXPaHSOTCA H npH GoJdee oblIeM paccMo-
TPEHHH,

Hcnonbsys mpefsoKenHyo Beplliiny n® — p-B3anMOdelCcTBHS,
Mbl MOXEM Temnepb BLIYHC/IMTH AMIVIHTYLY, COOTBETCTBYIOULYI0 HHA-
rpamme Ha puc. 10.1. M3 (10.4) maiimeM B nepBoM mopsike no.le
7i°-Me30HOB, CO3JaHHOE TOKOM mepexofa yacThun 2. TOK nMeer BuA

- g()n(){pp; (x) i\’5wp2 (x)’
a HCKOMOe 10Jie PaBHO
9 () =—ig, [ @' i, (v —x) [ () ivg, (Nn. (10.5)

Cornacno (10.3) oHO BbI3LIBaeT ciaenylolilee H3MEHEHHe BOJIHOBOI
$yHKIUH NPOTOHA 1:

Ay, (x)= Sd"X” Sp(x — ") [gyivs¥, (x) @, (x”)].  (10.6)
Mo dopmynam (6.53) u (6.56) HaxonuM aMIJAHTYAY paccesHHS

Sp=(—ig,)y S d'x’ At [y (&) vy, (")} X |
X by (&7 = 2 ) o[y () ivs, ()] (10.7)

Cpasnusas (10.7) ¢ anamornuaniMu dopmynamu (7.32) u (7.33),
MBbl 3aKJOUYaeM, YTO U3MEHeHHs B NpaBuWJaX rpadHYecKol TeXHHKH
COCTOSIT B 3aMeHe BePLIMHB ey, Ha igoys H Iponaratopa ¢oToHa
iguyDr(x — x’) na nponaratop n®-Me3oHa +-iAp(x — x')no.

K (10.7) mbl pomxubl 406aBHTH OGMEHHbIA YJeH, BOZHMKAIOU[MN
6maromapsl TOXIECTBEHHOCTH JBYX MPOTOHOB (eMy OTBeyaeT [Ha-
rpamMa Ha puc. 10.2). CoorBercTByIouias aMI/uTyla pasHa

Sft = — (— i) { ' d [, () ivgh, ()] X
XiAp (" — x)no [t'b,,; (Y ivgh, (] (10.8)
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Oua oranuaercs or (10.7) nepectaHOBKOH BOJHOBBIX (yHKLHH KO-
HEUHBIX INPOTOHOB {ppf (x)<—>fppf () u 3HAKOM MHHYC, KOTOpBHIH,
2 1

Kak u B (7.82), oGecneunBaeT aHTHCHMMETPHIO HauaJdbHbIX M KOHEY-
HBIX TPOTOHHBIX BOJHOBBIX (DYHKUHH OTHOCHTENLHO NePEeCTaHOBKH
TIPOTOHOB.

Pacceanne HedTpoHa Ha HefTpOHe OMHCHIBAETCH aHAJOTHUHBIM
06pasoM. Mbl O/MKHBE 3alHCaTh BOJHOBOE ypaBHeHHe IJIs HEHTpO-
Ha, KOTOpOe BKJ/IOYaeT B3aHMOAEH-
ctBue ¢ nl-mesoHoM. Kpome toro, B 2 5/
(10.4) noGasJsiercss HeHTPOHHbBIA “ 7
HCTOYHHK. MBbl MOXeM ONHpPaThCA
Ha 3KCIEPHMEHTAJJIbHO YCTAHOBJIEH-

HBlH (hakT paBEHCTBA CHJI p——p H e

n—n ¢ TOYHOCTbIO A0 TNONPaBOK, 7?0
06yCNOBAEHHBIX  3JeKTPOMArHUT-

HbIM B3auMojeHcTBHeM, HaIpHMEP

KYJIOHOBCKHM B3auMOAeHCTBHEM 7 7z
nporonos [97, 98]. IlostoMmy ecTe-

CTBEHHO MPEANOJOXKHUTb, UTO HeH- Puc. 10.2. [Tay/iHesckas Anarpamma
TPOHBI B3auMoleficTByoT ¢ nl-Me- AJA ABYX IIPOTOHOB.
30HAaMH TaK Ke, KaK [IPOTOHH, eCJIH

He CUMTaTb BO3MOXKHOTO pas3jiMuusi B 3HaKe, g = 1. Takum 06-
pasoM, BOJIHOBasi (YHKUHSI HeHTPOHa YIOBJIETBOPAET ClelylolleMy
ypaBHEHHIO:

(I — My) i (£) = — @ooivsba () @0 (), (10.9)
a ypaBuenue (10.4) samensercs Ha

(03 + 1d) @0 () = — go [, (¥) iv5P, (x) — €gWba (¥) ivs ¥y (x)] Mo, (10.10)

He6oabmyio pasHocTb Macc HefiTpona u mpotona, M, — Mp =~
~ 0,002 Mp, OTHOCAT 3a CYeT 2JEKTPOMAarHHTHBIX 3()(eKTOB, CBA-
3aHHBIX C 3apsiloM MPOTOHA, H €0 OOBIYHO NpeHeOperamwT, Tak Xe
Kak W BCeMH 3/JeKTPDOMArHHTHBIMH B3aHMOJEHCTBUAMH. AMILIMTYIA
paccesiusi 1 — n, noiydaemas u3 (10.9) u (10.10), cosmagaer
¢ aMIJIUTYLOH paccesHHA p — P, TaK Kak g = =+ 1.

Korga MBI MepexofluM K PacCMOTPEHHIO PACCesiHHd p — 1, Tpe-
Gyercsi y4ecTb B3aHMOJEHCTBHE C B3apsiKeHHbIMH mt- H m;~-Me30-
HaMHu. B HH3lIeM MOpsiike R aMIIATYLE YUUTHIBAGTCH TOJBKO OXHO-
Me30HHBIH OOMeH, KOTODOMY COOTBETCTBYIOT, Kpome JAnarpaMm Oes
ob6mena sapsgom (puc. 10.3,a), no6aBounbie nuarpamMmel ¢ oGme-
Hom 3apsagom (puc. 10.3, 6).

[Ipy HanHCaHHH BOJHOBOTO YDaBHEHHs A/ 7H-ME30HOB  Mbl
BHOBb GyJeM PYKOBOACTBOBATHCS IKCHEPHMEHTANbHO YCTAHOBJEH-
HbIM DaBEHCTBOM (C TOYHOCTBIO A0 3J€KTPOMATHHTHBLIX MONPABOK)
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B3aHMOJEHCTBUH #— p U P — p B COCTOAHHSAX, paspelleHHBIX AJf
CHCTEMBI p — P.

YpaBHeHue MJs gT-ME30HOB 3amuileM I10 AHAJOTHH ¢ ypaBHe-
auem (10.10) pas w0-me30HOB:

(O +13) o, ()= — g, nyb, ) vy, (x). (10.11)

Cpsi3b BXOASIIHX CIOJA BEJUUHMH 1y = =1 U gy C COOTBETCTBYIO-
[IHMH BeJHYHHAMH N U go OyAeT ycraHoBJeHa HuxXe. [1paBas yacTb

34

Puc. 10.3. B,uarpaMMbl Ge3 oOmena 3apsjoM H ¢ OOMEHOM 3apsajoM A n — p-
paccesHusl,

(10.11) npuBOAHT K NOSBJECHHIO BEPIIHH Nepexofa IPOTOHA B Heil-
TPOH ¢ ucnyckaHueM nt-me3oHa (puc. 10.4).

Bosuukmiii wt-Me30H MOXKeT pacnpoCTpaHATbCA BrHEpelN U Ha-
3aj] BO BpeMeHH. ECAHM OH pacnpoCTpaHsieTcss Hasal, TO, COTJIACHO

AN
\\;z‘f 7 7
\\ \\72'_ 4 7
V4 4 ’ )
//”“ 4 A
7 s/rt \7w
) 7

@

Puc. 10.4. Bepwune nepe- Pue. 10.5. Bepuun nepe-
xona p—>n. xona n->p.

H3JIOXKEHHOMY B npeJblIyIied IJaBe, ero OTOXKAECTBJASIOT C fi—-Me-
30HOM, KOTOPBIH ABW:KETCA BIepel BO BPEMEHH W NOMIONIAETCH B
BeplLUUHe, KaK NMOKa3aHo Ha puc. 10.4, 6.

[Tpoussens xomniexchoe conpskenue Hag (10.11), noayuum-
ypaBHEeHHe /15 3aPAA0BO-CONPSIKEHHON YaCTUIB, T. €. X~ -Me30Ha,

(O %) 0y 0 =(0+ n3) e (x) = — gin, b, (%) ivy, (x). (10.12)
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IlpaBasa uacth (10.12) cooTBeTCTBYeT BeplUHMHAM, H300parKeHHBIM
Ha puc. 10.5.

Teneps Mbl go/KHB 106ABUTL B BOJHOBble YpaBHEHHS JJA Hefl-
TPOHAa W MHPOTOHA YJIEHbI, COOTBETCTBYIOLHE I[epexofaM, H3o0pa-
xeHHoM Ha puc. 104 uw 10.5. Cpasumsas (10.11) u (10.12)
¢ (10.3), (10.9) u (10.10), MBI OPHXOAUM K CJAEAYIOUINM BOJHOBBHIM
ypaBHEHHWSIM JIJIs NPOTOHOB H HeHTPOHOB:

(1Y — M,) b, (2) = gyivs, () @, (x) + g5iv5%, () 9, (0),
(Y — M) b, (x) = — geeivs¥, () g (0) + g8, iv0, () o_ (x);

37leCb 3HAKOBBLIA MHOMXKHTENb €4 = =] NOMJEKHT OMNpejeNeHuIo.

UTo6k yCTAHOBUTH OTPaHUYEHHs Ha BXOASIINE B BOJHOBBIE ypa-
BHEHHS KOHCTAaHTBl, PACCMOTPUM PACCESHHE A — p W BLINHIIEM aM-
Ty, OTBedaioUlMe ABYM wu3oOpameHHulM Ha puc. 103  aua-
rpamMMam HH3ulero nopsaiaka. Cuurasi, 4To najgawpmHui HedtTpon (p)
pacceMBaeTcsi B ME30HHOM [0Jie, CO31aBaeMOM MPOTOHOM (ps), foO-
JYUUM 110 H3BECTHBIM HaM IpaRuaaM

Sp=(—igof (—e)n, | @ ' [, () tvg, (7] X
XiAp (" — [, (") iy, ()] +

(10.13)

(= ig)(—ig)n, e d [, ) tvgw, (] X
XA (¥ — x7) [ﬂ)n; (x”) ivp , (x”)]. (10.14)

Ecaun 651 BMECTO 3TOrO MBI CUMTaJMNU, UTO MaAAOIIHH POTOH pacceu-
BaeTcsl B 10Je, CO3JaBaeMOM HeHTPOHOM, TO NOJAYUHAN OBl aMIAK-
Tyny, otauuaomyocsa or (10.14) sameno#

Ny >N, 8.

e, =1, (10.15)

TaK KaK OTBET He JOJIKeH 3aBHCeThb OT Halliell TOYKY 3peHHus.
OTHOCHTENBHYIO BEJHUUHY KOHCTAHT gy W gp MOXKHO OTpefe-
JIUTh, MCXOMNst U3 HaGJI0aeMOro paBeHCTBA B3aUMOAEHCTBHH n — p
U p— p B COCTOSIHHSIX, Pa3pelleHHbIX O] CHCTEMBI p — p NPHHUH-
nom sanpera. CpaBHUM paccessHHe p— p W p-—n B aHTHCHMMe-
TPHUHBLIX OTHOCHTEJIbHO TNEPECTAHOBKH ABYX Y4CTHIL COCTOSIHUSAX.
Huasa storo mpencraBuM cebe Ha BpeMsl, UTO HEHTPOH TOXAECTBEH
OPOTOHY, HO MO-TIPEXKHEMY B3aHMOIEHCTBYeT KaK ¢ HeHTPa/bHBIMH,
TaK M C 3apsiKeHHBIMH Me30HaMu. Torja B aMIUIHTYNy paccesiHHst
HefiTpona HeOOXOAHMO A0DaBHTL OOMEHHbIE AMArPaMMbl CO 3HAKOM
MHHYC, 4TOGb 00ecneunuts TpeGyemMylo aHTHCHMMETPHIO COCTOSHHSA.

[TosTOoMY MOJIOKHM
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CoBOKyIHOCTb JHarpaMm, NPHBOAUBLINXCA paHee Ha puc. 10.3
u nofaBJeHHEIX K HUM OOMEHHBIX JHarpaMM, H3ob6paxkeHa Ha
puc. 10.6; Tam Xe yKasaHbl Heo6xoAumble o6o3HaueHHs. Juarpam-
Ma (8) sBaseTcsl oOMeHHOH Mo OTHOWIEHHIO K (@), a AHMarpaMma
() — no orHotienuo K (6). CyMMa 3TUX ueTbipeX Auarpamm Jaer
s’

’ ’

)2 7 7 (7 Y %
-nodf YAYA ‘et VAR
7 e T s

Z % 2 ) 7 2
(@ @) ¢ (2

Puc. 10.6. Cymma nuarpaMM OLHOMHOHHOrO OGMEHA NI p — A-PACCESHHS ¢ YIETOM
HayJHeBCKHX OOMEHHBIX M 3apsil0BO-OOMEHHHX BKJAAO0B.

CJAEAYIONLYI0 S-MaTpHuLy, MOCTPOEHHYIO B IPEANONOXKEHUH, YTO Hel-
TPOH H UPOTOH TOXK/JECTBEHHBI H IOAUYHHSIOTCS NPHHIUIY 3alpera:

Sp=—(— g8 + 1y |8, F1X
4,0 J4.. 0 Y WA AN i ! T S ()7 NN
X |t d ([, () ivgd, (] i (= <) [, () v, ()]
T ()i \T 4 ! ™M\Tab - (7)) 7 ”
[, &) 90, (Vi ( — ") [y () v, ()]} (10.16)
Cpasuenue (10.16) ¢ cymmoit (10.7) u (10.8) noxasniBaer, 4T0
13 TpeGOBaHUSI PaBEHCTBA B3aUMOJEHITBHA n— p U p— p B aHTH-
CHMMETPUYHEIX COCTOSTHHSIX, Pa3pellleHHbIX AJs CUCTeMbl p — p, BHI-
TeKaeT CJeAYIOLIee YCJAOBHE Ha KOHCTAHThl CBS3H!
gine=—8&, [’n, — &, (10.17)
AT0 ypaBHEHHe HMeeT IBa pelleHHs:
g =0, g=—1 (10.18)
|6, P=28% e=-+1, ny=—n,. (10.19)

[lepBoe u3 Hux, (10.18), oTBeuaer oOMeHy TOJNBKO HeATpaJbHHIMA
me3oHamu., OueBUJHO, UYTO B 3TOM CJydae B3aUMOAEHCTBHS H-— p
U p— p B OAMHAKOBHIX COCTOSIHHAX paBHH. [locKONBKY mt- u m—-Mme-
30HbI CYLIECTBYIOT W BeplIHMHBbl THNA H3006pa’keHHmX Ha puc. 10.4
u 105, T. e. Takue, B KOTOPLIX POXKAAIOTCA OJHHOUHBIE rit- U ;~-Me-
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30HEI, BXOAAT B HaﬁJIIOJIaeMbIe peakiuy, Hamnpumep
Y+ p—>n+at,

MBIl JZOJKHBl BblOpaTh BTOpoe pellienne (10.19).

Coraacao (10.19) koHcraHTa CBA3H 3apsiKeHHBIX ME30HOB B
BeplidHe (p—n) B 4/2 pas Gosblie, YeM KOHCTaHTAa CBSI3H
n’-Me3oHa B seplinHe (p —p). B ammantyay paccesHus BXOAHT
TONBKO KBajpaT MoayJas |g4+|% mostoMy MOXHO ans yaobcrsa
BLIODATh KOHCTAHTY g4 ACHCTBHTEJIBHO; TOTAA

g, =V2 & (10.20)

Yeaosue (10.19) 14 == —1o yA0OHO 3aMeHUTb AONOJHHUTEIbHEIM
NpaBU/IOM HamucaHus (eHHMaHOBCKHX aMILIHMTYA. [Toaoxum

n,=+n, (10.21)

H BBeJeM CJeaylollee TONOJHUTENbHOE NPABHJIO MOCTPOCHHS aMIJIH-
Ty4B Aas J060f AMarpaMMel: aMIVIETYAa yMHOKaercs Ha (—1I)
eCIH AMarpaMma COAEPKHT OOMeH HEeUYEeTHBIM UNCIOM 3apsKeHHBIX
Me30HOB MeX/y HYKJAOHaMH. MOXKHO M0OKa3aTb, YTO 3TO NPaBHJIO
SKBHBAJEHTHO AHTHCHMMETPH3AUWHM He TOJAbKO OTHOCHTEJNBHO Ilepe-
CTAHOBKH JIHHHH #i— N H p— p Ha JHArpamMme, HO Takxke H OTHO-
CHTEJbHO NepecTaHoBKH JHHME n — p. [lociennee yTBepxaeHue cie-
AyeT M3 TOro, 4to Jiobas AHarpamma ¢ OOMEHOM 3apAKeHHBIM Me-
30HOM MEepPexXoHuT B AHAarpaMMy ¢ 0OMEHOM HEHTDPA/JbHEIM ME30HOM
NpW NepecTaHOBKe JHHHA HEHTPOHA M MPOTOHA (OTHOCHTENbHBIH
3HAK MHHYyC BO3HHKaeT 0jarojaps NPOTHBONOJOXKHBIM 3HaKaM Be-
JIHMHH 7)o U 1}4, KOTOPble BXOAAT B IIHOHHBLIA NPONAratop). B Hualem
MopsiiKe 3TO OYeBHAHO; [OCTATOYHO CPABHUTh JHArpaMMbl Ha
puc. 10.6,a u 6.

Jlns noaydenus oOLiero NpaBHia AHTHCHMMETPH3aUUH HEOOXo-
AHMO PaccMoTpeTh ABa ciyyas. IlepBulfi U3 HHX — 3T0 OGMEH NHO-
HOM MEXJAy ABYMS Pa3iHUHBIMH HYKJOHHBIMH JIMHHSIMH; HIIIOCTpa-
wuedt cayxut puc. 10.7, a. DToT cayyait aHaJIOrHYeH TOMY, KOTOPHIH
MBI YK€ PacCMOTpeNH B HH3IIEM MOPsAKe.

Iipyroii ciydyaii —Koraa NHOH HCIYyCKaeTcs M BHOBb MOMIO-
laeTcsl OJNHHM H TeM »Ke HYKJIOHOM — HEeMHOro cjoxHee. Paccmor-
pHM, Hanpumep, auarpammy Ha puc. 10.7,6; oLuH U3 €10COGOB yrno-
pAOUEHHsA 3TOH AMarpaMMbl BO BpeMeHH MNokasad Ha puc. 10.7,s.
Uro6sl cBA3aTh 3Ty AMarpaMMy ¢ TOH, 3HaK KOTOpO#l Ham H3Be-
cren (T. e. 6e3 JMHHM, OTBeyalollel mt-Me30HY), Mbl II€PECTaBHM
CO 3HAKOM MHHyC HEHTPOH M NpOTOH / m [/ ¥ MOJyYuM AHarpammy,
nokasandyio Ha puc. 10.7,e. Juarpamma 10.7, e uMeeT TOT XKe 3HaK,
yro u 10.7, 9, kKotopas noayuaercs u3 10.7, ¢ mepecTaHOBKOH JHHUHA
[ u II. Cobupast 3HaKH MHHYC (MX ABa), Mbl BHAHM, UTO ecau mt
MCIIYCKaeTCsA M MOIVIOULaeTC OJHOH H TOH e HYKJIOHHOH JHHHeH,
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Puc. 10.7. Tlpasuja anTHCHMMETPH3AUMH AJs OGMEHOB B CHCTEME N — p,
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MOXKHO IOJIOKHTD 14 == 19 H NPHUIKCATb JHATPaAMMe TaKOH )Ke 3HaK,
KaK y JdarpaMmbl, nojiyuaemoil saMeHofl m+ ua no

Heo6X0auMO MOAYEPKHYTb, YTO Mbl NyTeM YHCTO (POPMATLHOrO
[OCTPOEHHSt PACIIMDUIM OPABHJIO AHTHCHMMETPHU3AlHM, KOTOPOE B
caydae p-— p-paccesiHHa CJAeJOBaJO M3 INpHHUMNA 3ampera, [lo
OTHOIICHHIO K CHCTeMe 1 — p, KOIJa 4acTHIbl Pa3JduMMBl H MOTYT
pacceuBaTbhcsl B CHMMETPHUHBIX %Sy, 1Py, 3D2y o H T. 1. COCTOSIHHSAX,
3TO NPABHJIO eCTb He 0osee yeM yAOOHBIH cnocol caeAuTh 3a 3Ha-
KaMH B NPHOJIMIKCHHH «3aPAJ0BOM HE3aBHCHMOCTHY, T. €. PABEHCTBA
B3aUMOACHCTBUA p—p, N— A U A— P B OJWHAKOBLIX COCTOSIHHSAX.

IIpnyuna BBenmeHHs1 3TOro (HOPMAIBHOTO H CJAOXKHOrO HA BHJ
06001eHHst NPHHINNA 3ampeTa CTaHeT sICHOH B CleAyiOlleM mapa-
rpacge, rae OyleT AaHO NPOCTOE €JAHHOE ONHCAHHE NPOTOHA H HEHT-
poHa KaK [BYX COCTOSSHHH OIHOH 4YacTHUL — HyKJoHa. CoraacHo
TAKOH KapTHHE MBI CYHTaeM, 4TO NIPH [ePeCTAHOBKe KOHEUHLIX p H
1, Kak Ha puc. 10.3,a u 10.3,6, B aMIIuTyIe paccesHus p—n
NoABJACTCS 3HAK MHHYC IO aHAJOTHH CO 3HAKOM MHHYC, BOSHHKAIO-
wuM Ojarofaps NPHHIMIY 3ampeTa MexKIy aMIJIHTYAaMH paccesi-
Hug p — p, nsobpaxeHuHslMu Ha puc. 10.1 u 10.21).

Tenmepb MBI onpesenusiu Bce NapameTpPH, 3a HCK/IIOUEHHEM 1)o;
go=¢€y=-+1 H Ny ==mo C JONOJHUTEJBHBIM YCJOBHEM aHTHCHM-
MeTPH3alHH JHarpaMM, IOJyYyaeMBIX MEepPECTaHOBKOH MPOTOHHOH H
HeHTPOHHOR JIMHHH. /s NONyYeHHS no 3aMETHM, YTO 3a CUeT B3aH-
mojeiicTeust B (10.13) mpoToH He Bcerga sIBJASleTCSl NMPOCTO MPOTO-
HOM, HO HHOTZA MpeacTaB/isieT cob6oif HeHATpoH u mt-mMesoH (cM.
puc. 10.4 u 10.5); caemoBaTebHO, HOCHTENEM 3JIEKTPHUECKOTO 3a-
pAla ABJseTcsl KaK NPOTOH, Tak H mt-me30H. Takum o6pas3om, sJeK-
TPOMATHUTHEIE TOKM MOPOTOHA H mt-Me30Ha He COXpaHATCA B
OTJeJBHOCTH.

B 3TOM MOXKHO yGeauTbCs, BEIUHUC/ISAS TOKH (HOPDMHPOBAHHBIE HA
€IIHHHUHBIA 3aps]), H3 NPUBCJCHHBIX BbILIE BOJHOBBIX ypaBHEHHH:

. d0 . , 0 - £ T . =
i —a_x'; ]5 (x) =1 a_xu (ﬂ?p\’u‘l’p) = g+1|3pr51PnCP+ - g+¢nLV51bpq)_)

0 at P ] 5

. o . . %

I — X)=1 i — ==
A%y fu (%) dxy [ P+ ( ox™ axM ) cp+]

= —n, 3%, v, 0, + 1,8, b,iveb,o_.  (10.22)

Onnako, ecau Mu nojoxum B (10.11)

n, =+1, (10.23)

') Veaosue (10.21) Bmecte ¢ NpaBHIOM AHTHCHMMETPH3ALHH NPHMEHHMO KQ
BCeM NpoLieccaM, BK/IIOYas Te, KOTOPHIE ONpeNe/sioT COGCTBEHHYI 3HEPTHUIO,
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TO 3aKOHY coXpaHeHHs GyJeT yAOBJETBOPATb CyMMa NPOTOHHOTO H
nit-Me30HHOro TOKOB

o= L)+ i (9] =0. (10.24)

Mu npumem (10.23), uToOB HCKIIOUHTH BO3MOXKHOCTb CYLIECTBOBA-
HHSA HeOOHAPYKEHHBIX JOKaJbHBIX HCTOUHHKOB H CTOKOB 3JEKTpHYe-
ckoro 3apsina. Torna u3 (10.21) caenyer

§ 50. dopmanusmM H3OTONMHUECKOro CMNUHA

Co6upas Bmecte ycaosusa (10.15) u (10.19)—(10.21), a takxe
(10.25), nomyueHHble H3 TpeGoBaHMsi paBeHCTBAa aMILIMTYA pac-
CesIHHSl 1 — 1, L— P U P — P B OJIHHAKOBBIX COCTOSIHHSIX, MBI MOXKeM
nepenucath BoJHOBble ypaBHenus (10.10)—(10.13) B caenymomei
dopme, comepxkaliell TOJbKO OAHY AEHCTBUTENbHYIO HEU3BECTHYIO
KOHCTAHTY CBA3HM:

(Y — M) b, = giivs (¥,9,+ V2 b,0,),
(i — M) b, = g,ivs (— 0,0+ V2 ,0_),
(00 + 1) @y = — &, (D, V9, — B iv¥,)s
(O L) e, =— 2 V2 v, (10.27)
(O+u3)o_=(0 +83) 0, = — & V2 b,ivyh,

CXOACTBO ypaBHeHMii AJsl IPOTOHA M HellTpOHA HABOAMUT Ha
MBICJIb ONMHCATb HX €AHHOM HYKJOHHO!N BOJHOBOH (YHKLHEH

- "’P). A (10.28)
Hr

HykjouHas BOJHOBas (YHKUMS NpeicTaBaseT co00fi BOCBMHKOM-
[NOHEHTHBHIH COHHOP, YeThlpe BEPXHHUX KOMIOHEHTH KOTOPOro COOT-
BETCTBYIOT MPOTOHHOMY CITHHODY, a YeThlpe HHKHHX — HEATPOHHOMY.
Cpo6ogHoe ypaBHenue Jlupaka MMeeT AHArOHaJbHBIH BHJ, MPOTOH-
Hpie ¥ HelITPOHHBIE KOMMOHEHTH He CMeUIMBaIoTCs. B mpubankeHuu
«3apAJ0BOH HE3aBHCHMOCTH», KOIZa My, =~ M, = M, umeem cie-
Lyiolilee IPOCTOE YpaBHEHHe:

@V — M) ¥ =0.

(10.26)

Il1a omucarua Bxoasuero B (10.26) BsaHmMomeHCTBHA HEOGXOAMMO
BBECTH HelHaroHaJbHble MaTPHILB, KOTOpHE cMellNBAaloT NPOTOHHbIE
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H HEeHATPOHHbIe BOJIHOBHE (yHKuUMH, CMelluBaHHe yJ00HO 3amucaTb
¢ moMoulbio Tpex Matpul Ilaymu:

1:1=((]) (1)) 12=(? —O.)’ 1:3=((]) __(1)) (10.29)

[TogpasymeBaeTcsi, 4TO KaxX/Ibli H3 3JEMEHTOB 3THX MaTpHI Aed-
CTBYET Ha BCE YeThipe KOMIOHEHTH! {p HJAH Y, B (10.28), Hanpumep

11‘P=($’;).

Mur 0603HAYMAH MaTPHUB CHMBOJOM ¥, YTOOH OTJHYHTL HX OT
cnunoBolXx Matpun Ilayau o. Tenepp ypapuenus (10.26) MmoxkHO
00 beIHHATD U 3alUCATb B BHJE

@iV — M)W = giiv, (v,¥9, + V2 v, Yo, + /2 1_Wo_); (10.30)
3/ieCb .
. 0.1
T+ 57(71+172)=(0 0),
| . (10.31)
=rm—in=(] )

ABJSIOTCS ONepaTOPaMH, <«IOBBLILAIIUMU» H <«IIOHHXKAKUIAMU»
3apsaj.

VpaBHenue (10.30) MoxHo mnpuBecTd K GoJee KOMIAKTHOMY
BH/Y, €CJIH BBECTH «BeKTOpP» () ¢ TpeMs KOMMOHEHTAMH

b= (@1, P2, P3), (10.32)
rne .
L

1
"= 7= (9, +9_), o =5 (9, — 9 ), 9,=q,
Torga smecto (10.30) umeem
(V — M)W = goivs (v - d) . | (10.33)

AxanornuHeiM  o6pasoM, npeHefOperas Majo#f pasHOCTbIO Mace
- 1 n°-Me30HOB, T. e. MoJaras Mo = Wy = W, ypaBHeHust (10.27)
MOKHO OOBbeIHHUTb B OJHO HPHO/UKEHHOe YpaBHeHHe A fi-Me-
30HOB:

(00 + b2 & = — g Wiyst¥. (10.34)

[Tporpecc, 1OCTUTHYTHIH BBeJ€HHEM KOMIAKTHBIX «H30CHHHOBEIX»
00603HaYeHHH /1 NHOHOB H HYKJOHOB, sBJAeTCH YHCTO (opmaJib-
HbiM. HHKakoro HoBoro (M3Hyeckoro COMEP:KAHHS NPH 3ITOM He
6bisI0 3a/10:KeHO. MBI MOXeM CYMT4Tb, YTO B BOOGpParkKaeMOM - «H30-
TonuueckoM npoctpaHcTee» W o6pasyercst Kak chouHop, 2 ¢ Kak
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BekTop. Torga o6a BosHOBbIX ypasHenus (10.33) u (10.34) okasbl-
BAIOTCA KOBAPHAHTHBIMY OTHOCHTE/bHO BpallleHHA B M30TONHYECKOM
npoctpaHcTBe. KoBapuaHTHOCTb ofecmedyeHa TeM, YTO BO B3aHMO-
JefICTBUY MBI OTPAHHYHJIHCHL UYJ€HAMH, KOTOPHE JaioT ONHHAKOBHIE
CHJIL MEXJAY NPOTOHAMHM H HeHTPOHAMH H MeKAY 3apfKeHHBIMH H
HefiTpandbHeIMU HHOHaMH. OOpaTHoe yTBepKAeHHE TakKxkKe Clpa-
BeJJHBO: J100dsl COBOKYIHOCTh HHBAPHAHTHBIX OTHOCHTEJIBHO Bpa-
[IeHHH B H30TOMHYECKOM IPOCTPAHCTBE BOJHOBBIX ypaBHeHHE MpH-
BOJMT K PAaBEHCTBY B3auMOAeHCTBUH B cUCTeMax A — 1M, —p H
p — p B OJLIMHAKOBHIX COCTOsiHUAX [96, 97].

VIMeHHO ¢ 3TOH eJbi0 — NOCTPOHTHL NPOCTYIO CXeMY, B KOTOpO#
IPOTOH H HEATPOH SBJSAIOTCSH [ABYMA KOMIOHEHTAMH HYKJOHHOH
BOJHOBOH (yHKuuK W, — Mbl BBHIBOAHIN NpaBuaa Aas pednMaHnos-
CKHX aMITUTYA B NpeAblAylieM naparpade.

C MareMaTHYeCKOR TOYKH 3peHHs (PopMaju3M H30TOHNHUYECKOro
cHiHa coBMajgaer ¢ GopMaJU3MOM TPEXMEpPHOro yrJaOBOrO MOMEHTA.
TouHOo Tak Ke, KAK 3aKOH COXpaHEHHUS YIJOBOrO MOMEHTA clelyeT
13 KOBAPUAHTHOCTH BOJIHOBOT'O YPABHEHHS OTHOCHTE/JIbHO BpallleHHi
B 0OLIUHOM TPEXMEPHOM MPOCTPaHCTBE, 3aKOH COXPAaHEHHsS H30TOIH-
YeCKOro cIIMHA BHTeKaeT M3 kopapmaHtHocTH (10.33) u (10.34) or-
HOCHMTeJLHO BpalleHHfl B M30TODHYeCKOM IHpocTpaHcTBe. OJHAKO
3aKOH COXpaHCHHsi M30CHHMHA ABJASETCA NPHONHINKEHHBIM, TaK Kak
ypaBHEHHs CHMMETPHYHBI TOJLKO B TNpeHeGpeXKEeHHH 3JeKTpoMar-
HUTHBIM B3aHUMOJEHCTBHEM H PAa3HOCTAMH MacCc p MU n M = u nl
B sTOM OpUGAMIKEHHH COCTOSIHHS CHCTEM H3 Me30HOB H HYKJIOHOB
MOXKHO J[HAaroHaJu30BaTb MO KBAaJApaTy HOJHOTO H30TONHYECKOro
crnuHa [? ¥ TpeTbell NPOEKUHH H30CHMHA /3, KOTOpas CBs3aHa C MOJ-
HBIM 3apAA0M CHCTEMBL.

[Tpu moBOpoTax B M30TOMHYECKOM MPOCTPAHCTBE HYKJOHHAS BOJ-
Hosas ¢yukuus (10.28) mnpeobGpasyercs Kak JABYXKOMIIOHEHTHBIH
CIIHHOP, MO3TOMY HYKJIOHY TNPHIMCHIBACTC H30TONHUYECKHH CIIHH
1/,. TpeTbst MPOCKIHS M30CNHHA BeIOMpaeTcs paBHOH /2 aas npo-
ToHa U —y Ana ueirpona. BonHosas ¢yHkuna Me3zoHa (10.32)
npeoOpasyeTcss KaK BeKTop ¢ TpeTbell mpoexunueli 0 aaa n’-MesoHa.
Takum 00pa3oM, NHOHAM NpHNHcHBaeTea [ = 1.

Me30H-HYKJIOHHOE paccesiHHe MOXKHO pPACCMATpHBATh KakK 3ajfauy
¢ nBymsa kaHanamu [ =3/ u [ = 1/, no usocnuny. MesoH M HyKJOH
CBSI3aHB € 3THMH KaHa/JaMH N0 H3BeCTHBIM NpaBH/JaM CJI0XKEHHA
MOMeHTOB. B paccesiHHM p — p W n—n B NpuOJIHKEHHH 3apsAN0BOH
HEe3aBHCHMOCTH YyuYacTBYeT TOJIbKO Kavaa ¢ /= 1. HJas cucTeMHl
p—n [ =0 u paccesiHne MOXeT WATH uepe3 o6a KaHana ¢ [ =0
u [ = 1. Bckope Mbl pacCMOTPHM HeCKOJILKO MPUMEPOB MPHMEHEeHHS
H30CIMHA B 3a/lauyaX O pPacCesiHHH.

[TonBOAs HTOrH, BBHINHIIEM IpaBHja JHarpaMMHOH TeXHHKH B
paccMmotpenHoli Mogean (10.33) u (10.34) c 3apsinoBO-HE3aBHCH-
MBIMH B3aHMOJEHCTBHUAMH (cpaBnute ¢ § 34):
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i. Hapucosarb Bce cBsi3HBle AHATpaMMBbl.

2. KaxJao# nauarpaMMe INOCTAaBHTb B COOTBETCTBHE aMILIATYLY
¢ hakTopom

— i (iY57q) S d'x

B KaykKA0H BepllHHE.

3. Kaxpaoll BHyTpeHHel HYKJOHHOH JINHHH, CO€IHHSMIONIEH TOUKH
X W Yy, CTaBUTCA B COOTBeTCTBHe npomnaratop iSp(x—y)1, rme 1
ecTh MaTpHulla pasMepHOCTH 2 X 2 B MPOCTPAHCTBE HYKJAOHHBIX HM30-
crninHOpoB. Kaxknoft BHyTpeHHell Me30HHOH JIMHHH CTAaBUTCS B COOT-
BeTcTBHe mponaratop iAr(x — y)84p, TAE Oyp — CAHHHAYHAST MaTpHLA
pasmepHocTH 3 X 3, ¢BAI3mBAWILAsA IPYr C APYrOM ONEpaTOpH T, H
T, KOTOphe BXOAAT B BepIUMHE], COeJHHAEMble MEe30HHON JIHHHeH.

4., Ons Kaxaol BHeIIHeH JIHHMM BBECTH BOJHOBYIO (DYHKUHIO.
Hs1  HYKJIOHHO# JIMHMH TIOJIE3Hbl NPOEKIMOHHBIE ONEpPaTOPHI
Yo (1 413) 1 Yo{1 —73) Ans npoToHa U HeATpPOHa COOTBETCTBEHHO

H BOJIHOBBHIE (QYHKUMH ), = ((1)) oy, = ((1)) Hanpuwmep, BoJHO-

Bas (QyHKuMs Mafaouiero HEHTPOHA ¢ KBAHTOBBIMH HHCIaMH (p, S)
HMeeT BUJ

_L\/I ipex _
a N B e, I

NS Ny RN S)(_‘_—E"_a)(o). (10.35)

(2m)": Ep 1

Ilns Me30HHOH JHHUK BOJHOBASA (PYHKUHUSA COASPIKUT H3OTOMHUECKYIO
uyacTb ¢°, rae ¢ npeacrasaser coboil eIUHUUHBLIA BEKTOp B Tpex-
MepHOM IPOCTPAHCTBE M30TONHUYECKOro CcHHHAa NHOHOB. CoraacHo
(10.32) BexTOp ¢, BhlpaKeHHBIH Yepe3 Me30HHBIE COCTOSHUA C 3a-

psaoM -+, — 1 0 HMeer cneﬂy}oume KOMIIOHEHTHI:
¢, = V' (1, 4, 0),
(i) =7§:(1, —1i,0), (10.36)
ds = (0, 0, ).

Takum o6pasom, B BepiIHHE, B KOTOPOH NOIJOMIaeTcsl HaJETAIOUIH i
At-Me30H WJIH HCOycKaeTcs KOHEeYHBIHl m~-Me30H, COOTBETCTBYHOULHI
HaJjeraioueMy mt-Me30HY ¢ OTpHUATEJbHOH 3Heprueil, paciopocTpa-
HeolWeMycs Ha3ajx BO Bpemeﬂﬂ nosinasiercy, kak B (10.30), usoro-
nuueckuit pakTop T - @S = 5 (1: + it,) =4/2 t,, Has wmemycka-
HUs KoHeuHOro it (uanu NOTJIOIEHHS  HaYaNbHOTO ") CooTBeT-
CTBylonuii (pakTop paBen T - S =4/2 T_.
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5. CorslacHO YCJOBHIO, NPHHATOMY B KOHUe § 49, aBa unena,
KOTOPHM COOTBETCTBYIOT AHArpaMMBl, TONOJOTHYECKH OTJHYAl0-
IIMeCcs] TOMBKO NMEPECTAHOBKOM IBYX HYKJIOHHBIX JHHHE, HMEWOT Ipo-
THBOMOJIOXHbIE 3HAKH. Kax10ll 3aMKHYTOH HYKJOHHOH MeTJie COOT-
BercTByer MHOXKHTeab (—1). Kpome Toro, B aMIJHTYLy BXOAUT
MHOXKHTeNb (—1)7?, rioe 7i—Yucja0 AHTHYACTHI B HAYa/JbHOM CO-
croguu# {cM. (6.56)).

B paccMOTpeHHOR MOJeJH MBI CJelo CJAef0BadH 3JeKTPOAUHA-
muke, OOiide CBOHCTBAa, TAKHE KaK COXpaHEHHE H30TOMHYECKOIO
chiHa B MMOH-HYKJIOHHBIX B3aHMOIEHCTBHAX, CMpaBelJHUBL BO BCeX
HOPAJKAX 110 B3aHMOJEHCTBHIO, €C/IH NpeHebperath MaJjJbIMH pasHO-
CTSIMH Macc U 3JeKTpoMarfutHoiMu addexramu. OnHako pasioxe-
HUe B3aUMOIEHCTBUSI B DS TEOPHH BO3MYLIEHHH MO CTeNeHSM KOH-
CTAHTHl B3auMONeHCTBHSI g, NOJIE3HO AaJeKO He Bcerja, TakK Kak
g§/4n A 14 u 3Ta BeJHYMHA BOBCE He MaJa, KaK ee 3JIeKTPOAUHAMHU-

yeckuit aHagJor a ~ 1}/137. PasoxeHue N0 CTeNeHSIM gy NPUBOIHUT
K PacXoJsleMycsl psiiy TEOPHH BO3MYHIEHHH BMECTO CXOsILErocs.

§ 51. CoxpaHsioliuecs TOKH

Broas usotonnueckue o6osnauenus (10.28) u (10.32) B nudoe-
peHIHaJbHBIA 3aKOH coxpaHeHud ToKa (10.23), moayuum

3 [@(]tTa)vu‘lf‘F(‘bX% 3‘]zo, (10.37)

Oxy,

rae BeKTOpHble ©603HaUeHHS OTHOCATCA K H30TONHYECKOMY MpPO-
crpanctBy. CoxpaHsSIOIUHACH SJEKTPHUeCKHH 3apai, NoJyyaeMbli
HHTETPUPOBAHHEM BpPEMeHHOH KOMMOHeHTH ¢ p == 0 mo BceMmy mpo-
CTPAHCTBY, paBeH

o={au[w (152w @xds]. (1039

3akoH coxpaHeHHs, cleAylomuil HenocpeacTsenHo u3 (10.33), umeer

BUA
d T J - -
T 0 = Ty VY = s (090, + 9y, ,) = 0. (10.39)

Ero HasbiBalOT 34KOHOM COXpaHeHHs HYKJIOHHOrO 3apsiga. IToaHwii
HYKJOHHBIA 3apAA Aa€TCA BBIPaKCHHEM

N={wrw = (v]v, + viv,) d (10.40)

U B paccMaTpuBaeMOl MOJEJH COXpaHsieTcs, TAK KaK COXpaHsercs
PA3HOCTb MEXAY IMOJHBIM YHCJIOM HYKJIOHOB (NPOTOHOB ILIIOC HEHT-
POHOB) H NOJIHBIM YHCJIOM AHTHHYKJOHOB. OTO BHAHO, B HaCTHOCTH,
u3 auarpamm Ha puc. 10.4 u 10.5, nockKoabky npu dwobom ynopsaio-
YeHHH BO BPeMEHH HenpephisHasg HYKJIOHHAs JIMHHSA DPOXOLHT uepes
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Kaxayio BepuinHy. Beoas (10.40) B (10.38), moaydaem

N
Q= +1, (10.41)
rae BeJHYHHA

n={ e[ vty + @ X §)] (10.42)

npesicrasiaser coboH TpeTbi0 KOMIIOHEHTY H30TONHYECKOTO CIIHHA.
Ucxoan us unpapuanthoctd (10.33) u (10.34) oTHOCHTENBHO Bpa-
HEHHHA B M30TONUIECKOM IIPOCTPAHCTBE, €CTECTBEHHO HPeANON0KHUTD,
UTO MOJXKHA COXPAHSIThCA He TOJBKO NpOeKUHd [3, a Bce TPH NpOeK-
nuM usocnuHa. IIpAMoi npoBepkoil MoOKHO yOeAHTbCA, 4TO 3TO
geficTBuTenbHO TakK. COXpaHAWHUACT H30TONUYECKHMH TOK HMeeT
BHA

1 o

Jo=5 Tyut¥ + (‘bxgx—u . (10.43)

COXpaHﬂIOI.U,HﬁCH MOJHBIH H30CIIHH JaeTcs CJAEeAYIONM Bpra)KeHHeM:'
1= S d?x [%\}‘JFT\P + (@ X (i))]. (10.44)

CoxpaHeHHe JeKTPHUECKOrO H HYKJIOHHOIO 3apA/I0B H H30TOMH-
YeCKOro CHHHA fABJsieTcs 0o6LI¥M CBOHCTBOM TEOPHH, OCHOBAHHOH Ha
ypasHenusix (10.33) u (10.34). 3akonm coxpanenus Q u N — 370
CTPOTHE 3aKOHBl NPHPOJAbI!); HANPOTHUB, H30TOUHYeCKuH cnuH [
COXDaHfAETCS TOJBKO B TNpeHeOpe:KeHHH 3JeKTPOMAHHTHBIM M cJa-
ObiM B3auMojelcTBusAMH. [locienHlne HapyllaldT 3apsJOBYI0 Hesa-
BUCHMOCTh CHJIBHHIX B3aHMOAEHCTBHH, CJEICTBHEM KOTODOH fB-
JaseTcs cuMMmerpus ypapueHuit (10.33) u (10.34) u coxpaHeHue
(10.43) u (10.44). Crporo coxpandwolleficd BeJHYHHOH COTJACHO
(10.41) ocraercst TOJBKO TpeTbsi NpoeKuust usocnuna /3. Takum 06-
pasoM, Ha IpHMepe PAacCMOTPEHHS] 3aKOHOB COXpaHEeHHs Mbl yOeau-
AHCbh B TOM, 4TO (OpMaJiM3M H30CNIHHA MO3BOJSIET MOJHee IOHATDH
CMBICJI YpaBHEHHUH.

§ 52. MpubéaunxeHHble MeTOAbl; HYKJOH-HYKJIOHHOE paccesiHHe

B kauecTBe NPHMEPOB, HIIOCTPHPYIOLINX KaK NpuMeHeHHe ¢op-
MaJIu3Ma H30CIIHH4, TaK H HEKOTOphble oOllHe CBOHCTBA B3aMMOJeH-
CTBHS IHMOHOB M HYK/JOHOB, MBI KPaTKO DacCMOTPHM JBa BOIpOCa:
BKJ1aJ, OJHOIMMOHHOIO 00MeHa B HYKJOH-HYKJIOHHOE B3aNMOJEHCTBHE
H [HOH-HYKJOHHOe paccesiHue. Temepb MBI MOXeM 3allHCaTb KOM-
NaKTHOe BHIpaKeHHe A/ PACCMOTPEHHBIX paHee AMArPaMM HYKJIOH-
HYKJIOHHOTO paccesinus, usobpaxeHHbXx Ha puc. 10.1—10.3. Cue-

1) O6o6utenneM N ¢ yueroM CTPaHHBIX 4aCTHIL fBAfeTcA GapHOHHOe umcdao B,
KOTODOE 03HAYaeT PasHOCTb MexAy uuciaoM Gapuono (N, A, Z, Eu 1. 1) ¥ aH-
Tu6apuoHoB (cMm. [50]).
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Aysl MOJNyueHHBIM NMpPaBH/JIaM H Nepexofd, Kak OOGBIYHO, K HMIYJbC-
HOMY NpeACTaBJeHHIO, MOJYYHM CJelyiolllee BLIpaxkeHHe /S aM-
IJAHTYAL paccesiHus:

s (—igf
" (en)SA[E,E,E[E]

(2)* 8* (p, + P, — P — Pj) X
X { [%:¥a (pi) ivse (py) 0] m [x (p2) ivsTu (p,) %,] —
— [ (pi) v () ] oy [ ) dva ()]} - (10.49)

Cpasueune (10.45) c cOOTBeTCTBYIOIUHM BhIpakeHHem (7.82) mus
AMIUIMTYIL  9JEKTPOH-3JeKTPOHHOTO pACCesiHHs IMOKA3LIBaeT, YTO
HMEEeTCsl COOTBETCTBHE

ey, —>igovsT, &uvDr (k%) — Ar (RY).

Bumecto V2 ¢purypupyer (2r)8, Tak Kak Mbl nepellad K HOPMHPOBKe
B HENPEPHIBHOM CIEKTpe A/ BHEIUHUX JHHUA. B cayuae paccesanus
p— p U30TONHYecKHe (HAKTOPHl paBHH

(5%,) - (570,) = (6 t,) (5 530,) = 1 (10.46)

u nBa uiena B (10.45), momoGHo Beipamenuam (10.7) u (10.8), or-
BeUaloT NPAMOMY H OOMEHHOMY pacCesHHI0 ABYX TOXKJAECTBEHHLIX
(epMHOHOB; aHaJIOTHUHAsA CHTYalHsl HMeeTcs B DacCesiHMH 71— n.
Ilas paccesHust p — n H30TONHYECKHH (DAKTOD paBeH

(xrvx,) - (xf*x,)=—1, B mepBom unene
(xtrx,) - (xFTx,)=+2 B obmennom uiene.

[osTomMy aMIIMTy/@ OTJIHYAETCS OT AMIUIUTYIbI PAacCesiHUsl p — p
n n—n. Ecau, 0JHAKO, MBl pacCMOTPUM pacCessHHE B COCTOSIHUE
CHCTeMBI P — 71, CHMMETPHYHOe No H3ochmuHy ¢ / =1 u I3 =0, ko-
TOpOE HMeeT BHJ

75 [ (01 @) + 12 @, (1), (10.47)

To o06a H30TONHYECKHX (aKTopa B MEPBOM H BO BTOPOM uJ/eHaxX
(10.45) craHOBSITCA paBHBIMH,

1 1 1
7 (3, - o, F ot v, - % ry,) = 5 1t+2)= 5+ (10.48)
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TakuMm o6pasoM, IHoJqydeHHAs aMIUIATYAA pacCesHHd p-—rn paBHa

YMHOXEHHOH Ha 1/1/2 aMILIUTYle pacCesiHua p—p WIH n-—n 4
aHTHCUMMETPHYHA OTHOCHTEJNBHO [€PeCTAaHOBKH MNPOCTPAHCTBEHHBIX
nepeMeHHbIX YaCTHL.

Has paccestHHs B aHTHCHMMETPHYHOe H30TONHYECKOe COCTOSIHHE
¢ =0, Is =0, xoTOpoe uMeeT BUJ

1
7 [ (1) % (2) — % (2) %, (D], (10.49)
n3oTonuueckre dakrops B (10.45) pasHbI
1 3
75 (XFTA, * A Ty — AT TR - Ay TH) = 7T

IUIS IEPBOTO 4JeHa M -+ 3/4/2 ana Broporo wiena. CrejoBaTeNbHO,
aMIIUTYZa paccesiHHsn CHMMRTPHYHA OTHOCHTENbHO NepecTaHOBKH
NpPOCTPAHCTBEHHBIX NepPeMEHHBIX (KOOPJAMHAT W CIHHA) NPOTOHA H
HefiTPOHA M aHTHCHMMETPHUHA OTHOCHTEJbHO TMEpPeCTaHOBKH HX H30-
TOMHYECKHX TlepeMeHHBbIX.

DTH mpuMephbl NOKA3BIBAIOT, KaK 000OUIEHHBIH MTPHHIHUI 3aNpeTa
aefictByeT B cucreme NN. Hyk/IOHB B3aHMOJEHCTBYIOT TOJBKO B
COCTOSIHHAX, AHTHCHMMETPHUHBIX OTHOCHTEJbHO COBMECTHOH Mepe-
CTAHOBKH HX IIPOCTPAHCTBEHHBIX H H30TOMHYECKHX KOODAHHAT.
B npu6/uxXeHud 3apAJd0oBOH HE3aBUCHMOCTH aMIIHTYIbl paccesHHs
p—p H n—n paBHbl aMIINTYe PaccesHus p-— N B CHMMETPHIHOM
n3otonunyeckoM coctossHun (10.47) u COOTBeTCTBEHHO B AHTHCHM-
METPHUHOM NPOCTPAHCTBEHHOM COCTOSIHHH. DTO PaBEHCTBO BHITEKAeT
u3 (10.45), (10.46) u (10.48), ecsqiu NPHUHATL BO BHUMAHHE, YTO NOJ-
Hble CeYeHHSl p— p H n— n TOJyuaioTcs, Kak H (7.81), unrerpupo-
BaHUeM TOJbKO MO TMOJOBHHE ()a30BOTO MPOCTPAHCTBA, HHA4Ye MBI
yuau Ol MPOTOHB W HEATPOHBI ABaXKAB; TaKHM 06pPa3oM, MHOXKH-
Tesb 1/2 coxpamtaercs ¢ (1/4/2)* us (10.48).

B HepeJsiTHBHCTCKOM Ipelese COHHODHAd 4acTb MaTpPHYHOrO
anementa B (10.45) ympoiuraercss ciaeayounM o6pasom:

- (p — P;)

a(p}, s)) Vs (py, 8)) &~ ut (s7) ——gpr——u (), (10.50)

rie u(s;) O3HauaeT ABYXKOMIOHEHTHBIH NayJHeBCKHA CIHHOP; pa-
BeHcTBOo (10.50) Jlerko mpoBepsieTCsl, eCIM B CNHHOPaX NepedTH K
HepeJITHBHCTCKOMY Tpefeny. B aTom mpejese mponararop MesoHa
nepexoAuT B (ypbe-o6pa3 norennnana KOxasw:

1 —1 1 S 1 (py=0])r =W
~ ———\ 3 RS VA
ol —pf—8 (o —p )+ 8 w3Te

u torga (10.45) okasbiBaeTcss aMIVIMTYAOH paccesiHHsi NMOpsifKa g3




228 HE3JIEKTPOMATHUTHBIE B3AUMOJIEVICTBUS {rJ1. 10

Ha noTeHuHaJde BHIA

e M I ri—ry |

Vi, =L (=P )@ V(o V) (1051)

ll'l_l'z\ !
rze
2 2

o &o n

P () .
a omnepaTop Pex HPOH3BOJUT MepPecTaHOBKY BOJHOBBIX (YHKUHH
He#TPOHA W NPOTOHA H NPHUBOAMT K TIOSIBJEHHIO BTOPOTO UJeHA B
(10.45). B coOTBeTCTBHH € NpPHHIMIOM 3ampera JABa HYKJIOHA
JOJXKHBI HAXOAUTHCA B AHTHCHMMETDHYHOM OTHOCHTENBHO IepecTa-
HOBKH COCTOSIHHH, HHaue onepaTop (l-— Pex), AelicTBYS Ha cocTos-
HHe, JaeT HyJab. Insl ABYX HYKJIOHOB B S§-COCTOSIHHH JIOTEHIHAJ]

ABJSIETCS NPUTATHBAIOUIHM Ha KOHEUHBIX PACCTOSHHAX 7 ==|rj—
~— 2] > 0, kKak BuxHO U3 ycpeauenus (10.51) mo yraam

Vo) =22y, r)—

f2

1 g W
=_P~T(1 “Pex)'gfx cTa0p - Ogf 1

— 4783 (r)]

r
H U3 TOro HabJ/odeHHs, YTO 3TO COCTOSIHHE, 6YAYyYH CHMMETPHUHBIM
N0 TPOCTPAHCTBEHHBIM KOOPAMHATaM, HOJXKHO OBITh aHTHCHMMeT-

PUHYHBIM OTHOCHUTEJBHO NEPECTAaHOBKH CUHUHOB au6o usocnunos. [To-
3TOMY B S§-COCTOSTHHH

(3@ w0 09) = (75 [+ %) — 6]1(01 + 05 — 6]) =
=§pa+n—%ﬁw+n—%=—L(wm)

TakuM oGpasom,

e ur 4z
mm=—w[r—F&M. (10.53)

TIpn yueTe HeCTaTHYECKHX TONPaBOK OTTaJKHBaHHE B BHIE
8-OYHKUMH «pa3sMaseiBaeTcs», T. €. 3aMeHdAeTcd Ha OTTAJKHBATeNb-
HEII KOp Ha MaJeix paccrosinusx (a short-range repulsive core
interaction). Cam no ce6e notennuaa (10.53) He omuceiBaer ger-
POH H JaHHble IO PACCesIHMIO TPH HH3KUX SHEPrHsAX. DTO HeyNHBH-
TeJbHO, TaK KaK HET Cephbe3HbLIX OCHOBAHHHA HaAeATbCH Ha MOCTO-
BEePHOCTb NPUG/IHKEHHA CTAaTHYECKOTO OJHOMe30HHOro o6meHa. [left-
CTBHTEJILHO, IIOCKOJBKY KOHCTaHTa CBSI3H BeJuka, g2f4m~ 14,

HeJ b3 npeﬂeéperaTb BKJajaaMHu OT Juarpamm BbLICHIHX HNOpPSAJAKOB,
KOTOpbie OINCBHIBAOT NpOHECCHT ¢ MHOIHMH ME3OHaMH. O[lHaKO
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MOXHO N0Ka3aTb [99), uTo nocsiexHHe AaiOT BKJIaJd B OCHOBHOM Ha
MaJblX pPAacCTOAHHAX r M chOajnailr, Kak e "W, npu wr > 1, rme
n — YUCJIO YYacTBYIOUIHX B 06MEHE ME30HOB.

[TostTomy BecbMa ofHalexuBaeT TO, 4TO, KaK [0Ka3aJ aHaJH3
BBHICHIMX TaplMaJbHBIX BOJH B pAa3JOXKeHHH HYKJIOH-HYKJIOHHOH
aMmauTyab, ¢Gopmyas (10.45) wm  (10.51) xopoiro ONHCHBAIOT
HabJaogaeMble CABUTH (a3, eCiau IOJNOXKHUTD gg/élnz 14 B coorBeT-
CTBHM CO 3HaYyeHHEM 3TOH BeJHYUHBI, NOJYyYaeMBIM M3 aHaau3a HaH-
HBEIX 110 ME30H-HYKJIOHHOMY p-BOJIHOBOMY DacCCesiHHIO.

§ 53. Me3oH-HYKJIOHHOE paccesiHHe

HuarpaMmmu @efiumMana Ha puc. 10.8 onucbiBapT paccesiue
Me30Ha Ha HyKJIOHE B HH3lleM nopsiike no gi/4sm. CorsacHO HalluM

T~ A A s
X7 ® 9 ,//
~ ~ //
/2N A -7 ~ ”~
RN @y ~” A~
SN \ i ,v" ~ ~
- e o« —N K s e
) 7 Pt Pes 525 X2 Zn 5 %y 7% Pos 52, X2
(@) (]

Puc. 10.8. Mesou-HyKk/JIOHHOE paccesiHHe B HH3IIeM I[OpAJKe, OTBeuaollee
dopmyae (10.54).

npaBH/JaM aMIJIHTYAa PaccesiHHs NaeTC BhbiPaXKCHHUEM

1 —r
Sn= (270)* /\/ Ep Ep20,20,, (271)' 8" (gy + pr— g2 — p2) W,

rae

M= (— ig,)" ny @ (Prr 82) X

X[T . ¢§*iv5mi\257 ‘o] +T- fbfi%m A lb;*] X
Xu(p,, 8)%- (10.54)

OGparuTe BHHMAaHHe Ha KPOCC-CHMMETPHIO MaTPHYHOTO 3JeMeHTa
(10.54) ; oH HHBapUaHTEH OTHOCHTEJIBHO 3aMeHHI

e e*
q)x ‘—"(bg y 4 Gy (1055)
AnanornynniM cBo#CTBOM 06Jaiaer paccMoTpeHHasl paHee aMIljay-

Tyaa (7.67) xomnroHosckoro paccesiHus. CumMerpusi (10.55) co-
XpaHseTca ¥ BO BCeX BbicUIMX mopsiakax [50]. Ona oueBuaHEIM 00pa-
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30M cJaeayeT H3 (PeHHMAHOBCKHX JHarpaMm — AOCTATOYHO 3aMe-
THTb, YTO JJIf JIOOOH HHArpaMMbl, KOTOpas OTBeUaeT MOrAOILEHHIO
najalolero MHoHa JO MCIOYCKaHHs KOHEYHOro, Kak, HanphuMmep, Ha
puc. 10.8, @, HafigeTcq npyras amarpaMma, Kak Ha puc. 10.8,6, xo-
TOpas OTJAHYaeTcst OT MNepPBOH JIMILb TeM, UTO HayaJbHHH IHOH
TMOTJIoIAeTC TOC/Ie HCIYCKAHHS KOHeuHoro. Mul orpaHuuyuMcs pac-
cMoTpeHHeM ofOaacTy Hu3kux sHeprufi [100], coxpansas B M yienu
nopsiaka 1/M nas paccesinusi B s-BoJiHe M nopsiaka 1/M2? past p-poa-
HoBoro paccesHusl. Ilepexons kK kBajgparam B 3HaMeHaTeJsX (eiH-
MAaHOBCKHX IIPONATaTOPOB M HCHOJAb3YS COOTHOIIEHHE

i(p)ivs (P + ¢ + M) iysu(p) = (p’) Gu (p),

HaXO04AHM
5 ) (T-d7) 4
M= — iggxyi (p,, s 2)[( 2,)q(l+ul2) -+
(=) (v-45°) (— 4,

+ —2p1- g+ p? )]u(pl’ s1) %i- (10.56)

IMpoBoast BHIUMCAEHHS B CHCTeMe LEHTpPA HHEPUHH C YKa3aHHOM
BBl TOYHOCTBIO, npuBoanM (10.56) x Bumy

M o [ (o) o,) () (8- 8)] -

22 * e
— e ut (s ;(t-(p§r~q)la-q20~ql——

— T 5T 05 0-q0-q)u(s)x. (10.57)

[lepBuifi ufieH OTBeyaeT B3aUMOREHCTBUIO, KOTOPOE He 3aBHCHT OT
CMYHAa M H30TONHYECKOro CNHHA. B HepesATHBHCTCKOM cAyuae B
OOPHOBCKOM NPHOJHMIKEHHH 5TO B3aHMOJEHCTBHE OIHMCBIBAETCS II0-
TeHILHAJIOM

2

Vi) =+ oo

ITo Teopuu BO3MylleHUH OH OPHBOAUT K OTPOMHOH AJHHE pacces-
uusi, pasHofi (4Mf%/u)1/n =~ 2/u ~ 2,8-10~1% cm, rie Mbl BHOBBL TIO-
goxuan 2= 0,08. Onnako, TMOCKOJIbKY B3aHMOJEHCTBHE SBJACTCA
OTTAJKHBATEHBHBIM H HMEET MaJblfl paguyc (B HepeJsITHBHCTCKOM
npubaukennn (10.58) myseBoi panHyc) TO BHI3BaHHBIE HM 3(-
¢dekTnr Masbl., CHIBHBIH, KODOTKOAEHCTBYIOUIME, OTTaJKHBATEIbHbIN
IOTeHUHAA THIIA I/I306pa}KeHHOI‘O Ha puc. 10.9 npHBOAHMT K cABHTY
s-basw nopanka & ~ ga, rie paauyc NOTeHIHaNa a AaeT B JaHHOM
caydae AJHHY paccessHMs Ha 3ToMm norennuase. M3 monpasok Ha
OTAauy HYKJOHA MOXHO OXHMJaTh, uTo @ ~ 1/M u, ciaenoBarenbHo,
§-BOJIHOBAsl AJIMHA ME30H-HYKJOHHOTO paccesiHHst Majaa B NPOTHBO-
HOJIOXKHOCTL OGOJIbINOH aMIVIHTYAe, ~ l/p, nonayyeHHOH H3 Heobo-

8 () = 6/2M [;&‘— ). (10.58)
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CHOBaHHOro npuMeHeHHs OopHoBCKoro npubanxkednus k (10.58).
DKCcnepUMeHT MOKa3hBaeT, YTo 3TO HAeHcTBHTEIbHO Tak [15, 89,
94, 100].

Bropoit yien B (10.57) oTBeuaeT p-BOJHOBOMY paccesiHyio. Bei-
paxkeHue TAKOrO BHAA TOJydaeTcs BO BTOPOM MOPSAKE Hepess-
THBHCTCKOH TeopHHu Bo3MmylleHu#. Ecian paccmarpuBaTh HYKJOH Kak
HEepeJITHBHCTCKYI0 YACTHLY CO CIOHHOM /e, IJIst KOTOpO#l CHmekTp
MPOMENKYTOUHBIX COCTOSTHHH MEeXKAY MOTJVIOIeHHEM HauyajibHOrO Me-
30Ha H HCIYCKAaHHEM KOHEYHOTO BKJIOYaeT TOJbKO COCTOSHUS C IO-
JIOXKUTENBHON 3Hepruell, To MOXKHO BocnoJjb3oBaTbess (10.50) wu
NpPUBECTH BEPIIMHY B3auMonelcTBUss K BHLY go(c-V) (1-$°)/2M.
Muoxureas l/o B (10.57) BO3HHKaeT B 3TOM NPUOAHMKEHHH OT
9HepreTHYECKOTO 3HAMEHATe/ 1 W HMeeT 3HAK IIIOC AJs aMIUIHTY LB,
n3obpaxeHHolt Ha puc. 10.8,a, 0 3HaK MHUHYC AJI aMIUIMTYIB HaA
puc. 10.8,6. Hanporus, nepsuit unen B (10.57), orBevaromuii pac-
CesIHUIO B S-BOJIHE, BO3HMKael OJarogapd TNPSIMBIM H 0O6paTHHIM
nepexogaM HYKJIOHa B MOpe ¢ OTpHIA-
TeJIbHOH 3HEpruel B NpoMeXKyTOUHOM cO- V(,-)
CTOSIHHU. B 3TOM cayuae npu Majbix UM- ~giH?
nyJabcax HyKJOHa Oysé ~ —1 u sHepre- 4 T
THUECKHH 3HaMeHaTesJb JaeT MHOXH-

Tesb — 1/2M.

W3 cooTHolieHUst HeompeleseHHOCTH
AEAt ~ | MOXHO 0XKHJAaTh, 9TO /51 pac-
CMaTpPHBaeMBIX JAHarpaMM B3anMOJIeH-
CTBHE B p-COCTOAHHUH HMeeT OGOJBIIUH
Macmtal Bo BpeMeHH, ~ /o, ueM B S-co-
crosinuu, ~ 1/M. Tlostomy npencrasis-
eTCSl eCTECTBEHHBIM, UTO HHU3KOIHEpreTH-
yeckasi AaMILIHTyJa paccesiHust B p-Co-
CTOSIHUH uMeeT GoJiee CUJIbHYIO 3aBHCH-
MOCTb OT YHEpruu, YeM aMIIUTyAa s
s-coctosniHusl. Ecaum B p-COCTOSIHHH Jeil-

CTBYeT CHJBHBI{l IPUTATHBAOLIMI «[IOTEH- 7T L -
nuag», TO MOXeT 00pa3oBaThbCcA peso- e~ “
HaHc.

Kak Bnepswme ykasaa Usio [101], pe- Pne. 109. Orranknsanne na
WAIOUHM SIBJISETCS BONPOC O 3HAKE MO- ’]‘3"2;’;’0"30%“;‘3_’1“:_1’;&@’; iy
TeHUHasa B p-coctosnuu. HesaBucumo
OT TOrO, YTO MCMOJBb30BAHHBIA HaMH UPH
Hanucanuu (10.57) MeTox TeopuH BO3MYIUeHHH KAUECTBEHHO He-
060CHOBAH, 3TOT 3HAK HrpaeT B PACCESHHH OFPOMHYIO POJIb H MOXKET
CJYXKHTb BaXKHBHIM KOJHYECTBEHHHIM KDHTEPHEM OpH aHa/JlH3e aM-
MJIATYNBl PacCesiHust B p-cOCTOSTHHH. UTOGE OTBETHTH HAa 3TOT BO-
npoc, yA06HO BBIAEIHTL H3 aMIUIUTYJ NPOEKIHH, KOTOpble OTBE4aloT
Pas/JHYHBIM KaHajdaM ¢ (UKCHPOBAHHBLIMH 3HAYEHHSAMH MOJIHOTO yr-
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JIOBOr0 MOMeHTa J M MOJIHOTO 430CiHHa /, TaK KaK Nepexoibl MEeXAy
KaHa/JaMu ¢ pasHbiMH J 3anpellleHbl 3aKOHOM COXpaHeHHs YIJIOBOTC
MOMEHTa, a MeX/]y KaHa/jlaMH ¢ pa3HbIMM [ — 3aKOHOM COXpaHeHHA
uzocnuHa (10.44) (B npuGMHKeHHH 3aDPAA0BOI HE3aBUCHMOCTH).

§ 54. lpoekunoHHbBIE OMEPATOPHI AJA H30CNHUHA
M yIJI0BOTO MOMEHTa

MBI 3HaeM, YTO COIVIACHO BEKTOPHOH MOAENH CJIOXKEHHS YIJOBBIX
MOMEHTOB IIOJIHbIﬁ H3OTONMYECKHH CIIMH CHCTEMBI H3 OJHOTG HY-
giona (¢ [ =1/3) u omHoro MesoHa (¢ /= 1) MOXKeT paBHATbCH
anbo [ = 1/2, aun6o [ = 3/5. TIpoeKIHOHHEIE ONEPaToOpbl AJSA STHX
ABYX cocTosiHuit, Py u Py, fyayr MmatpuuaMu pasMmepsoctdn 3 X 3
B H30TOIHYECKOM IPOCTPAHCTBE ME30HOB, HAaTAHYTOM Ha 0Oa3HCHbIe
BekTopul (10.36), u MaTpuuamu 2 X 2 B NPOCTPAHCTBE HYKJIOHHBIX
usocnnnopos  (10.35). Onepatopet P, u P, J0/MKHB 06/ajaTh

OCHOBHBIMH CBOHCTBaMH NPOEKIHOHHBIX OTIEpaTOPOB:
Pl/z _l_ PE/? = 1, (10-593)
P} =P,, P, =P, (10.596)

rie 1 o3HayaerT eXMHHYHYIO MATpHLY B UIECTUHMEPHOM IIPOCTpaH-
CTBe, IOCTPOEHHOM KaK IIpsIMOe HpOK3BeAeHHEe ME30HHOTO M HYKJIOH-
HOT'O M30TOTHYECKHX NMPOCTPAHCTB.

ATy oliepaTopsl HETPYAHO HAHTH, ec/H 3aMeTHTb, 4TO Auarpam-
Ma Ge3 [epeceueHHs Me30HHBIX JHHHH, H300pakeHHasd Ha
puc. 10.8, a, onkHa MPHBOAKTB K UHCTOH aMmautyie ¢ [ = !/y, Tak
KaK OHa COJepP:KHT TOJbKO OJIHY NPOMEKYTOUHYIO HYKJOHHYIO JIH-
Huw ¢ [ =1, u I coxpansiercsi B Kaxj0# BepuuHe. Ilostomy wn3o-
TOMMYECKHe MATpHUbl B AuarpaMme 6e3 mepeceyeHHUs] AOKHBI OHIThH
NPONOPLUHOHAIBHEL P,

(5| P, | ) =0t - b5 ). (10.60)

KosdhruueHT oo MOKHO HANTH, BHIYHCIAAS aHAJOTHUHBIH MaTPHYHBIH
sneMeHT onepatopa P§ u mcnoabsys paseHcTBo (10.596):

2
)

_r;l(cbglpl/,‘(b:)(q’flpx/zI‘b?>=

o 3 (5 4) (v 49) (v 67)(x 0) =
=30 (d,| Py | ®7) = (d;| Py, | b}).

Takum o6pasoM, o =1!/; u

@5]P, |05y =57 057 - @5 (10.61)



§ 54 OTIEPATOPLHI 1JIs1 U3OCIUHA K YIJIOBOI'O MOMEHTA 233

Oneparop P, HaxoAUTCA Telepb HENOCPEACTBEHHO H3 (10.59a):
0P, [0 =b b —+(v- ) (T-d).  (10.62)
(| Py | ) =10 - b1 — 3 (7 &, ) (7" ). :
[TosyueHHBie Pe3yJbTaTH NEPEeHOCSTCS B Ha YIJIOBBE MOMEHTH,
y ¥ y
TaK KaK Mbl BHOBb cKJIagpidaeM S = !/ ¢ L = 1 a9 Me30Ha, HaXo-

AsIHerocss B p-COCTOSAHHH OTHOCHUTEJAbHO HYKJIOHA. OPGI/ITa.HbeIMI/I
BOJIHOBBIMH (byHKIlHHMI/I n-Me30Ha dBJAIOTCA TENEePb BEKTOPHI (; H

qp MO aHAJNOTHH C ¢ ¥ ¢, B H30TONMHYCCKOM NPOCTPAHCTBE, H BMe-
cto (10.61) u (10.62) Tenepb MOXKHO 3amHcath

1 3
<q)|Q1/Z‘ql>=[§O' - qzﬂ' . ql]W,

(4,1Q, ] 0) =[a.9,— 5 (6 0,) (o )] e

3nech ¢==|q|=|q.|.
3Ty onepaTopsl HOPMHUPOBAHLI COTJIACHO

{42, (@:1Q 1)@ 1 Qlan =0; @ | Qula,  (10.64)

(10.63)

rpe cymmppoBaHue 10 TpeM OpTOrofgaJbHbBIM HalipaBJAeHHsSIM, Kak
W B CJydae H30TONHYECKHX IPOCKIHOHHBIX onepaTtopoBs, MLI 3aMe-

HWJH Ha HHTETPHPOBaHME N0 cepe S dQ,. llono6Has HecyllecTBeH-

Has pasHULla B YyCJOBHAX HOPMHPOBKH MeXAy P; n Q; obycroBiaena
TeM, 4TO HabjiofaeMble ME30OHBI BCerja OPHEHTHPOBAHBI B H30MPO-
CTpaHCTBe BJOJb OJHOIO M3 Tpex Hampas/eHnit (10.36), koTopbie
oTBeualoT 3apsiaaM =1 u 0, B TO BpeMs KakK HaNpPaBJeHUS HX HM-
OyJAbCOB 06Pa3yIoT KOHTHHYYM, OTBEYAIOLIHH Pa3/IHIHBIM yr/iaM pac-
cesTHHS.

KoMGUHUpOBaHHbE TPOEKIHOHHbIE ONePaTOPhl A/ COOCTBEHHBIX
COCTOSHHE HM30CIHMHA H YIJOBOTO MOMEHTa IpelcTaB/]AT cobofk
npouspeleHns onepatopos P u Q. OHH OlpeHeseHbl CJIeLYIoUIHM

obpasom:
P =2,=P,Q

P, = '¢13 = P'/2Q3/2’
?3 = '¢31 = Ps/zQI/Z’
P,=Pyu=P 3/:Q“/z’

(10.65)

rJle MepBHI HHIEKC omepaTopa %;; NPeNCTaB/seT cobo# yABOEHHOE
3HauyeHUe M30CMHHA, a BTOPOH — YABOEHHOe 3HaYeHHe YIJIOBOro Mo-
menta. Oneparopst #,, o =1, ..., 4, 00/1afa0T CBOHCTBAMH
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(10.59) n HOpMHpOBAHbI COrIAaCHO
3

> {02, |0, (@054, |#, =5,,2, (10.66)

r=|

BBoasi npoekiHonHbie onepatopnl B (10.57), nonyuaem caenmyio-
lilee BbIpAXKEHHEe A aMINIHTYAbI NMHOH-HYKJIOHHOIO paccesHHs BO
BTOPOM MOPSJIKE TEOPHH BO3MYLIEHHH W B HepPEJSTHUBHCTCKOM MpH-
GJHKeHnH:

l
M~ —grut(sy)u(s)uf (Py,+Py)x —
. 2 2
ig g | 97
—‘m%‘( 3 )”+(52)X2+ <q2tb2’ T

4P g3 — 2P15 — 2P3; + P e
AT g (s (l0)

O6paTtuTte BHUMAaHHe Ha To, uTo ammiautyna (10.67) orpuuaresnbHa
TOMIbKO /18 KaHasta (3.3); 3TO COOTBETCTBYET HAJHYHIO NPHTSNKE-
HUS JUWb B KaHage ¢ [ = J =3/, [100, 102, 103]. dkcnepuMenTaib-
Hoe HaObJIIOJleHHe pe3oHaHCAa B 3TOM COCTOSIHHHM M MaJible CIBHTH
(a3 NMpu HU3KON SHEPTUH B TpeX APYTHX pP-COCTOSIHHAX KaueCTBEHHO
COIJIacyloTesl ¢ TeM, UTO JAaeT «IOTeHHHa/», KOTOPLIH MPHBOAHT K
amnautyne (10.67).

§ 55. CeueHHs paccesiHHS NHOHOB Ha HYKJOHE

Ceuenue paccesnus nosayuaerca us (10.67) u(10.54) Bozpene-
[iieM B KBaJpaT ¥ YMHOXKeHHeM Ha OOblUHLIE MHOMKHMTENH, CBfI3aH-
Hole ¢ Ga30BbiM o6beMoM. a8 GDHURCHPOBAHHBIX HAYAJbHOTO H KO-
HEYHOTO COHHOBHIX COCTOSIHHH HMeeM

o= oo oV (7) (55) (P i X
X 6% (g1 + Py — g — Py),

HTO B HEepeJSITHBHCTCKOM Ipenene B CHCTEMe LeHTpa Macc nepe-
XOHUT B

do 1

(—a—Q- n'MN-l—égz—lﬂRP. (10.68)
Jns koHKpeTHOro npouecca do/dQ BHUHCASETCA NYTeM MOACTAHOBKH
B M cooTBeTCTBYIOUIeN U30TONHUECKON BOJHOBON DYHKIHH n-Me30Ha
&}, uMnyabca q; ¥ OTBeUAOMHX NAHHOMY [POLECCY HYKJIOHHBIX
H30COHHODPOB §;. CeueHHe, ycpeAHEHHOE N0 CIIMHAM, MOJIyUaeTes, KaK
00BIYHO, CYMMHPOBAHHEM MO CHHHAM HYKJOHa. B KauecTse npu-
Mepa paccMOTpuM gt — p-paccesiHue, B KOTOPOe MaeT BKJaJ TOJABKQ



§ 58] CEUEHUS PACCESIHHS ITHOHOB HA HYKJIOHE 238

KaHan ¢ [ =3/, rtak Kak [3=3/;. [Ipene6peras BKAagaMH Bcex
OPYTHX COCTOAHHUH, KpoMe [ = J = 3/,, mosyuaem uz (10.65)

e 1
P3| 0,05) %, =%qz (a-9, — 50 q,0- q,). (10.69)

CyMMHpY4 IO KOHEUHBIM H yCPe[lHsIs 10 HayaJbHbIM CIIHHAM HYKJI8-
Ha, HaxoauM ¢ noMoubio (10.69)

—'2-Z|93233F=

spins
- () G

2 2
g 1 ! 1
= '—'_Mz(i,)) _'Q_Sp(q2'ql__3_0"([20"(]1)((]2'(11——O"ql()'-qQ =

(:W )[q2q2+3(q2 q,)%] (10.70)

Iloacrasass sto BelpaxeHue B (10.68), nosiyuaem BKJIaL cOCTOSHHS
¢ [ =J =3/, B nuddeperunasbHoe ceueHHe mt-— p-paccessHHA B
cucTeMe LleHTpa HHepIUH

dcaasg'p) = ( 3if;z )2 q* (1 4 3 cos®8), (10.71)

2

1
u* (s2) (q2 Qi — 30 q0" ql)u(sl)

spms

rie, Kaxk 4 paHblie, Mbl 0003HAYHJHU

=2 (3)

P=q\zm) -
[TonyuenHoe BelpaxkeHue (10.71) Bpaa JHW MOXKHO CYUHMTATh AOCTO-
BEPHbIM, TaK KaK OHO OCHOBAaHO Ha GODHOBCKOM IpPHO/HKEHHH, KO-
TOpOe, Kak yixe OblI0 NOKa3aHO, COBEPLICHHO HENPUMEHHMO AJA
$-BOJIHOBOro paccesinud. Baxknoe moctounctBo (10.71) cocrour, oj-
HaKo, B TOM, UYTO OHO MpEACKAa3biBaeT YIJIOBOe pacupeliefieHHe BHAA
(1 4+ 3cos?8) B XOpOIlIeM COrJacHd C 3IKCIEPHUMEHTaJbHLIMH AaH-
HBIMH /15 ME30HOB C 3Heprueil B paioHe ot 150 1o 200 Mas. Kpome
TOro, yCTaHOBJEHO, UTO B 3TOH 00JIaCTH SHEPIHHl OTHOINEHHS CEUeHHH
6H3KH K 3HAYeHWsIM, BBHIUHCJIEHHBIM C YY€TOM OJHOTO COCTOSIHUS
cl=7]= 3/21
o(nt—p—->at—p)io(n-—p—o>adl—n):

o —p—>a-—p)=9:2-1. (10.72)

B mnpeanoJoxeHuu, 4To B AAHHOH 00J1acTH 3HepPruff OCHOBHOM
BKJIAaJ B paccesiHHe BHOCHT Kanaa ¢ [ = J = %,, MH nonwbTaemcs
paclupHuTh npuMeHumMocTs dopmyasl (10.71) ¢ momoursio ciaenyio-
IWuX ABYX obwux coobpaxenuit [100, 102, 103]. Bo-nepsuix, 3ame-
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THM, 4TO, 32 HCKJIoueHHeM 00JjacTH 3Hepruiét BOJIM3H n0pora,
(10.71) paer HenpaBHJLHYIO 34BHCHMOCTb OT 3HEPTHH, TaK Kak
¢ — oo npu w—>o00. OJHAKO H3 YyCJOBH YHHTAPHOCTH CJIeAYeT orpa-
HHUEHHe CBEpXY Ha BeJHYHUHY MOJHOFO cedeHus. B pamkax merona
(YHKLHH PACIPOCTpAHEHUs TPYAHO 00CYXAaTb BONPOC 00 yHUTAP-
nocty S-matpuun [50], moaToMy MBI BOCHOJIb3YyeMCS HEKOTOPLIMH
OGLIMMH De3yJbTaTaMH HEPEeNsTHBACTCKOH TEODHH paccesHus, a
HMeHHO:!
1. JIna pan"oro KaHaja aMIUIMTyJa pacCcesiHUA HUMeeT BHI

1

INLe“‘sin6=
q

rie ¢ O3HauaeT HMIYJbC KaxACH M3 YacTHIL B CHCTeMe ILeHTpa
uHepuuu, a 8 — caur ¢aswl B AaHHOM Kanaje. Pasa d§ nciicrsu-
TeJibHA, €CJAU OTCYTCTBYIOT HeyIpyrde KaHajbl C TeMH e KBaHTO-
BBIMH UHCIAMH.

2. Bkaaj xanaJja ¢ OpOUTAJbHBIM MOMEHTOM [ M MOJHBIM MOMEH-
Tom J = [+ /s B MOJHOE CeueHHe OIPAHHYEH CBEPXY 3HAUCHHEM

an(2J+ D 1
ol < AT (10.74)

3. Tlpu HHU3KHX SHEPrusix Xopoluee NPHOJIHXKEHHe NaeT pasJo-
KeHnue N0 3PeKTHBHOMY pajguycy: :

gt ctg6=a+bm;{—cm2+ (10.75)

Bropoe 3amcuaHHe COCTOHT B TOM, 4TO, KaK rosopu/och B § 53,
6Jjarojaps MajJoMy 9HepreTHUeCKOMy 3HaMeHATesdl, ~ ®, H CpaB-
HHTEJbHO 6OJBLIOH MPOLOJIKHTEIbHOCTH, ~ 1/®, p-BOJIHOBOrO B3aH-
MOLEfICTBUS MOXHO OXKHLATb CHJIBHON 9HEPreTHUeCKOH 3aBHCHUMO-
cTH ($a3oBoro ciasHra AJsi p-BoaHbl. [103TOMY ecTeCTBEHHO AyMaTb,
yto B (10.75) nmns kaHasta (3.3) MONPaBKH BBLICUIHX MOPAAKOB
K GOpHOBCKOMY NpUG/IMKEHHIO NMPUBEAYT K KO3(hGHUUHEHTY ¢, KO-
TOPBHIM Hesab3s TMpeHeOpeub H 3a cyeT KOTOPOro YCHJIHMBAETCS MPH-
TAXKeHHe, JaBaeMoe GOPHOBCKHM HPUOIHKEHHEM.

Ucnoassys (10.73) u (10.74), nepenumem (10.71) B BHIe

d 1 . . -
& b, = letsindu (143 cos0),  (10.76)

rae
(eibss sin 6 ) ) + ._fz__.. ’3 (10 ’7‘7)
33 60pﬂ 3(1)”2 . ¢

B stom nopaaxke MbI MOXeEM TaKiKe 3amHcaTh

2
(g% ctg 833)60pn = + —31;’}‘7 . (10.78)
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CpasHuBasi ¢ (10.75), MB BHAHM, 4TO IJs BOCIPOU3BEJECHHN Xa-
pakTepa moBeleHus OODHOBCKOro uJjeHa B npedeie o —> 0 HeoGxo-
IUMO NOJOXUTL a@ =0 n b= +-(3p%/4f?). [das onpenesenus cie-
aywouero koagpduuuedta ¢ B pasnoxeHnu (10.75) u noayuenus
¢dopMyJ B, BKJIOYarolledl MONPaBKy Ha 3h(eKTUBHHIH paiHyc K
JUIHHe paccesiHus, Mbl JIOJKHBl BHIITH 3a Npefesbl HAlero HHU3KO-
9HepPTeTHUeCKOro GOPHOBCKOTO NPHUOGJIHKEHMUS.

Kax Mmb yxe orMmeyann, cornacHo (10.67) MOKHO 0XKHAATbH, 4TO
ons kavana (3.3) koaddHUHEHT ¢ OTpHIATENEH, TaK KaK B 3TOM
KaHasJe B IIPOTHBONOJOXKHOCTb JADYTMM HMeeTCsl INPHTIKEHHE,
[Tonaras B KauecTBe HH3-

KOSHEpreTHueckoro  NpH- zz\\ 2
GMKeHust RN /s
g’ ctg by =
3op? ®
=+ (1 -<0):

(10.79)

MBI TIOJIY4HM XOpolee OMH- 4 Y

caHHe  3KCHepUMEHTaJb- (@)

HBIX JaHHBIX O it —p-pac-

cesnuio npu 2 = 0,08, uto N -

COOTBETCTBYeT g2/4n ~ 14 PN %
7

o R 22u. s

DPopmyna (10.79) 6bina ra B

N

BrepBble nojayueHa YUeio H

Jloy [102] us me3ouHO# Teo- L AN

PHU C HEMOJBHKHBHIM HYy- o / .

KJIOHHBIM HCTOYHHKOM /{,

(o/M~>0) u 6e3 nomomu ¥ 4

pas/oXKeHHs] MO CTENEeHsIM (4)

KOHCTaHTbl  B3aHMoOJelcT-

BHS, KOTODLIM_ MBI MOJIB30-  pye  {0.10. PagnauMoHHHe  HONpaBKH

BaJsnck B (10.54). ¢ OZHOH HYKJOHHOH JHHHEH B NMpOMEKYTKe.
CHHrYyJIADHOCTD aMILIH-

Tyast paccesinus (10.77) B

Touke @ = 0 B «HedH3HueckoH o6JacTH», rpaHHlla KOTOPOH pace

nosoXKeHa NMPH ® == y, BO3HHKaeT Osarogapsi o6palleHHI0 B HYJb

SHEpPreTHYeCKOro 3HamenaTeJs GopHOBCKo# amnautyan (10.54).

Takum oGpasom, ¢efinmanoBckue nponaratopsl B (10.56) nMeroT

NpPOCTHIE NOJIOCH MPH 3HEPrHsIX Me30HOB B Jab0OPaTOPHOH CHCTeMe

o = —p*2M u 03 = +p?/2M; ©; 1 0g—> 0 B HepEJATHBHCTCKOM

npenene pu/M - 0. _
Bce auarpaMMBl BLICWINX MOPSIAKOB C OAHOH HYKJOHHOR JiM-

Huell, COeNHSIOUICH ME3OHHbIe BCPUIMHBI, KakK Ha puc. 10.10, Takxke
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MPUBOAST K WIEHAM C MoJiocaMM npH o == 0, B 3TH 4jeHbl BHOCAT
BKJ1aj B Bhiuethl B Qopmynax (10.78) u (10.79) B stom mnomwoce.

Bce apyrue pgmarpamMmbl, H300paKkeHHble, HalpuMmep, Ha
puc. 10.11, paioT BEIpaykeHHsl, KOHeuHble IpH o = (0 414 BHelHed
ME30HHOH JIMHHH, W MO3TOMY BHOCHAT BKJaj BO BTOPOH uJeH B
(10.79), xoTopeli oTBeuaeT MNpPHUOJHKeHHIO 3¢deKTHBHOIO pa-
nuycal). Crpos 3aBucuMocTb (g° ctg 633)/w OT © M 3KCTpanoJupys
B TOUKY @ == 0, MBI BBIJE/ISeM BKJal aMILTHTYA, H300pakeHHLIX Ha
puc. 10.10, KoTophifi XapaKTepH3yeT HHTEHCHBHOCTb TaKOro Hpo-
ecca, Korfa gusuyeckufl HyKJA0OH ¢ P2 = M? ucuyckaer WJH 1OrJo-

~a o
\iz’ ”/ \\\ //"
LN 7 x </>*\\
W # » 7 v P
(@) ©®)

Puc. 10.11. Bxnansl BEICIIHX HOPSAAKOB.

maeT Me30H C MHHMBIM HMIYJAbCOM |g|==ip u ocTaercs ¢dusuve-
CKHMM HYKJOHOM C
(P + g = M.

AMnauTyaa sToro npouecca siBasiercd, corgacHo Ueio u Jloy, KoH-
CTAHTOH CBSI3H ME3OH-HYKJOH, YHCJEHHOe 3HaueHHe KOTOPOMH, IMoJy-
YyeHHOEe U3 3KCTpaloJsiuuu, pasHo f2 = 0,08 [104].

§ 56. dueKTpoMarHUTHaA CTPYKTYpa Me30HOB U HYKJAOHOB

Kakx Mbl yKe OTMeuaJH, CHJIbHble B3aHMOACHCTBHA OKa3bIBAIOT
BJHsIHHE Ha 3JMeKTPOMATHHTHBIE CBOACTBA ME30HOB H HYKJIOHOB.
HeficTBUTENbHO, YKe AaBHO OBLJIO M3BECTHO, YTO NPOTOH olJajmaer
aHOManbHO GOJIBIINM MAar{HATHBHIM MOMEHTOM, PaBHBIM 2,79 pg (rae
ug = eli/2Mpc — anepHbift MarHeToH bopa), BMecTo 3HaueHHs, pas-
Horo 1,0 ug, mpeickaspiBaeMoro Tteopueil Jlupaka Ads 4aCTHHH C
sapsaaoM e (34ecb Mbl IIpeHeOperaeM pajHalMOHHLIMH NONpaBKaMH,
pPaccMOTpeHHBIMH B V. 7 U 8). AHA/JIOTHYHO, HEATPOH HMeeT Mar-
HHTHBIH MOMeHT, paBHBIE —1,91 ug, B TO BpeMa Kak cBoGojHOe
ypasHeHue [Iupaxka NpPHBOAHT K HYJCBOMY MArHMTHOMY MOMEHTY
IJIsI HeATpaNIbHOH YaCTHIHL.

MOXKHO AOMYCTHTb CYLLECTBOBaHHEe aHOMAJbHEIX MarHUTHBIX MO-
MEHTOB, €CJIH OTKa3aTbhCfl OT NPUHIUNA MHHHMAJBHOCTH 3JIEKTPO-

1) D10 yTBepKeHHe, KOTOpOe KaXKercss MPaBAOMOAOGHBIM AJAA AaHHBIX deliH-
MAHOBCKHX AMArPaMM, CTPOrO JOKA3HIBAETCH B Cjedyloilem ToMe [50].
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MAarHHTHOrO BsaumogeiictBust [92]. BmecTo TOro 4To6bnl BBOAMTH
3/J€KTPOMArHnTHOe B3auMoleHcTBHe B ypaBHeHHe J[Mpaka ¢ momo-
b0 3aMeHE]

zﬁ_wu(i—a% —eAu), (10.80)
MBI MOXeM IIOéaBHTb TaKxe ,U,I/II'IOJIbeIIL/'I HJeH
~ 0 K
iV—»v“(zm—eAu)—% o™, (10.81)

rie x,= 1,79, k,=— 191

bBonee nponoTBopHEIM SBASETCH NMOAXOA 6e3 HOMBITKH BBeACHHUS
HOBbIX mapamerpos, Kak B (10.81), ¢ coxpaHenHeM MHHUMAaJabHOM
¢popmbl B3aumoerictsusa (10.80). B Takom noaxoze cuHTaercs, 4to
Bce oTkJodenus oT (10.80), Bk/ouas aHOMaJsbHble MarHHTHBIE MO-
MeHTHl K, O0YC/IOBJEHBl CHABHBEIMH B3auMmoneiictsusiMu [105—108].
[Tono6ubiM 06pa3om B ri. 8 6bIIO MOKA3aHO, YTO JI3MOOBCKOE CMe-
llleHHe AaTOMHBIX YPOBHEH M aHOMAJbHBIE MATHUTHHE MOMEHT
JIEKTPOHA B NpejielaXx TOYHOCTH COBPEMEHHBIX 3KCIIEPHMEHTOB MO-
IYT ObITb OOBSCHEHB B3AUMOJENCTBHEM 3JIEKTPOHA ¢ (POTOHAMH.

He BnaBasicb B jgeranbHble BBIYHCJICHHSI M ONHPAsCh TOABKO HA
NPHHUHMIOBl HHBADHAHTHOCTH, Mbl MOXKEM YCTaHOBHTb OOIIMH BHJ
n3MeHeHu#, BHOCHMBIX B (10.80) CHJABHLIMH B3aUMOAEHCTBHSIMA.

/nt 47"
4 ly
/ Vi
/.
7 Viaars 7 Hedmpay
LEVAV, VAT ¢ 7o &
\
\
\F flpomon
1S N7
\\ z W
@ @

Puc. 10.12. 3SaekrpoMarHuTHas BepIIHHA 3aPSIKEHHOTO LIHOHA M pazHanHMOHHAR
HONpAaBKAa,

B nannoM cayuae tpeGoBaHHe JNOPCHLUEBOH HHBAPHAHTHOCTH H CO-
XpaHeHHe 3/eKTPOMArHMTHOrO TOKa HaJaraloT CyLleCTBEHHBIE Orpa-
HUYEHHS HA 3/EKTPOMATHHTHYIO BepIUMHY 4YacTHUB. PaccMOTpuM
CHauasa m*-Me30H u auarpammy Ha puc. 10.12,6, koTopas CayKuT
«pajJlnallMOHHOM [ONpPaBKOH» K BepluHHe Ha puc. 10.12, a.
CornacHo HalUMM NpaBWJIAM H3MEHEHHE B 3/1€KTPOMAarHATHOM
Toke nepexofla Ha puc. 10.12, a, obyciosienHoe aHarpaMMolil wa
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puc. 10.12, 6, umeer BHA
e(pu+pl) e (.4 pl)+ (— g V2) X

dtk i . i i
><(-—1)S @) Spr— ¥ o E M VMAM o Y=

—e(p+ 7))+ 1,0, 0 (10.82)

Snauenne wunrterpana I, (p’, He npeiacTasasieT OO0JIBIIOr0 HHTE-
w

peca, TaK Kax OH fBJSETCA BCEro JHUIb OJHUM H3 UJIEHOB psfa Tl0o

g2 KOTOPHIH BIOJHE MOXKeT 0Kas3aTbCs pacxojfaiiumcs. BaikHo,

OJHAKO, KaK 3Ta J00aBKa K 3JeKTPOMArHUTHOMY TOKY mt-MesoHa
BefleT ceA NPH JIOPeHLEeBHX NpeoOpa30BaHUAX, MOCKOJIBLKY 3aKOH
npeobpasoBanua ABJAsgeTC OOLHM Ajaa BceX mopankoB. Ms (10.82)
ACHO, YTO BBIYHC/JEHHe Cjefa M HHTerpHpPOBaHHe II0 UMIIYJBLCY NpH-
BOJMT K Bequuune [y (p’, p), npeobpasymolueiicsi kak 4-sektop. Cie-
J0oBaTeNbHO, MOXKHO 3alHCaTh

L', py=p 1, (0% 07, (0 — ')+ 0, (p% 07, (p— p')?), (10.83)

rae GopM-pakTop f, # f2 ABNAIOTCA CKAMAPHBIMHA (QYHKLUAMH Tpex

He3aBHCHMBIX CKaJlsipoB p?, p u (p — p’)’, BXOASILIAX B HHTErpaJ.
Ecau orpaHuduthes paCCMOTpeHHeM paccesHHA peajbHOTO ME30HA
Ha TnoTeHuuasdse, (GopM-PpaxTophl CTaHOBATCA GOYHKUUAMUH TOJIBKO
KBaapaTa nepefaHHoro 4-umnysbca ¢?==(p’ — p)?, Tak Kak p’=
= p 2

ﬂanbﬂenmee orpanuuenue Ha (10.83) caepyeT H3 coxpaneHus
ToKa: A8 §-# Qypbe-KOMIOHEHTH TOKa peabHOro (HH3HYECKOTO
Me30Ha HMeeM

g, (p', p)= (" —p)" I, (p’, p)=0. (10.84)

st (10.83) mpu p?=p’"=p? nosnyvaem orciona fi(q?)== f2(q?);
5TOT Pe3yJabTaT MOXKHO NOJYYHTb HenocpeicTBenHo u3 (10.82) rtem
e crnocoboM H ¢ Tol e HeonpeleJeHHOCTLIO, KaK B Il. 8 IipH pac-
CMOTPEHUH TOJNAPHU3AUNM BAKyyMa.

Mpr moayuuan OOMA BHA 3JE€KIpOMarHUTHOTO TOKa Mepexoja
peaJbHOTO mH-Me30HA A paccesHus C NePejaHHbIM HMIYJILCOM
gr. Toxk e(pu —}—pu) OTBeualoLUA TOUCYHOMY B3anMoaelfcTBHIO, 3a-

MeHdeTCd Ha

e(p, +p.)—~>e(p,+p))F, (), (10.85)

rae dynxuua Fy(q%), kotopyw HasbiBaioT $opMm-pakrTopoMm 3aps-
JKEHHOTO 7-M@30Hd, 3aBHCHT TOMbKO OT HHBAPHAaHTHOTO MepejaH-
Horo umnyJabca. Popm-pakTop HOPMHPOBAH Ha €IMHHLY IDH HyJe-
BOM I[epejlaHHOM HMInyJabce, F(0)= 1, npuuem 3gecb npenmo.ia-
raercs, 4To NepeHOPMHPOBKA yxe NpOBeAeHA, KakK B IV 8, u 3apsj
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¢ TOJIOXKEH PABHLIM HabJioiaeMoMy (QH3HHECKOMY 3apsaay mt-Me-
30Ha.

Isyuenue F(g?) tpebyer npuMmeHeHHsl OoJjee MOUIHBIX METOJOB,
yeM Teopusi BosmylieHult [50]. Opnako pmaxe (10.85) Hanaraer
CHJbHOE OrpaHuyeHye Ha GopMy AHPPepeHLHaIbHOTO CeUCHHsT pac-
cesiHus mt-Me30Ha 3JEGKTPOMATHHUTHBIM noJgeM. Hanpumep, B HH3-
IIeM M[OPsLAKE MO o OTHOWIEHHE CeUeHKH INPH DAa3HLIX 3HEePrusix H
yraax paccesiHus, HO NPH OJMHAKOBOM g2 He 3aBHCHT OT F,(g?) #
pasHO OTHOLIeHHIO, HalAeHHOMY B TJ. 9 B npene6peKeHHH CHJb-
HBIMH B3aUMOJEHUCTBHSAMH.

[TonoGHbIA pe3yabTaT HoJAydaeTcs TakKKe AJs 3JeKTPOMAarHMT-
HOTO TOKa HYKJOHa (¥ CTPAHHBIX CHIEpOHOB). Baaroaaps cuuHoBO#
cTeneHH cBOOGOAB HYKJOH MOXKeT o00/Janartb ABYMsl CKaJAPHLIMH
dopm-takropamu. [losiBnenne BTOporo dopMm-PakTopa OTBEYAET
JIOTIOJIHATEJIbHON! BO3MOIKHOCTH HaJHUHsS MATHUTHOIO MOMEHTA Y 4a-
CTHIIBl CO CIIHHOM /5.

Tpomoy
V.
e~ <
I//?+47 -k ya Z\””
7 ANnNNe 7 ANy A
7\ 4 vy
\\ [pomon // ‘
*«
V2
@ @ (8

Puc. 10.13, TIpoToHHas 3/eKTPOMarHATHAS BepIUHHA H PaJHALMOHHBIE MONPABKH.

sl IpOTOHA, HAaNpUMep, AHarpaMMbl, KOTOphle HAJO YYHTHLIBATb
no mopsaaka g9, usobpaxenn Ha puc. 10.13. OHu BHOCAT cienyio-

1iee U3MEeHeHHUE B HpOTOHHbIﬂ TOK nepexona:
a(p’)eyuu(p)—>i(p’)eyuu (p) +
+= v ot

sz 23(2k +qu)m————2+

iysu(p) X

i
u(P)“’-m

Il

)
=i(p’)el' (p’, p)u(p). (10.86)

i (p)i v5A,_i_Mevu

+ (— igo)? S 7
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CuoBa, Kak U B cjayyae Toka mt-Me30Ha, MBI HAXOAHM, UTO MpO-
TOHHBIH TOK siBasierca 4-sekTopoM. [locje MHTErpUpOBaHMsl MO HM-
MyJbCaM OCTATCA 4-BEKTODHI Pys p; H Y, KOTOpble MOTYT OBITb
sakaoveHbl B OOKJIaJKM H3 MPOTOHHBIX CIHHOPO3. Bce ocranbHbie
MaTpHIE y AO/KHBE OBITE BHAA P, P’ uan ys. OQHAKO MaTPHLH ys5
MOXKHO HCKJIOUHTB, NOCKOJBRY WHC/I0 m — N BepIIHH YeTHO H, CJe-
JOBaTeJbHO, MAaTPHIBI ys MOXKHO OOBEeJHHHTb MONAPHO H HCHOJbL30-
BaTh cBOHCTBO yI== 1. Kpome rtore, Bce daktopn p’ U p, B KOTOpBHIE
BXOJAAT MATPHIB Yy, MOXKHO IIepECTABHTb HAaNpaBO ¥ HAJNEBO K CO-
OTBETCTBYIOIHM cnuHOpaMm #(p’) u u(p) 4 3aTeM MNOJOXKHTL pas-
HbiMH M (BCIOMHHTE NpHMEep HCHOJABL30BAHHS 3TOrO NpHeMa MpH
BBIUHCJACHHH 3JeKTPOMATrHHTHON BepIUHHHI 3JeKTpPoHA B Ii. 8).

Takum o6GpasoMm, Mbl OpuUxoAuM K BuBoay, uto (10.86) umeer
CJAenyoWUi obwni BUA:

a(p’)el' (p’, p)u(p) =
=i (p’) [p,T, (67 + T, (@) + v, 5 (@] u(p), (10.87)

rae I'i(¢?), i=1, 2, 3,— ckaaspuee Qpyuruun ¢2. Te ke paccyx-
JeHusl TNPUBOAAT K coBmagmawouemy c (10.87) npeacrasienuio njs
HEHTPOHHOIO TOKA.

V3 coxpaHeHUsl TOKa BBHITEKaeT COOTHOLUEHHE MeXKAY TpeMs
tdopm-pakropamu I';(q?). Ilo ananoruu ¢ (10.84) nmeem

g*a(p) Iy (0", p)u(p)=0.

Otcrioga noayuaem I'i(¢%) = T'5(g?) ¥ HYKJOHHBII TOK IPHHHMAeET
ciaeayouuil nauboJsee oOLHNA BUHL:

a(p’)ely(p’, p)u(p)=-ei(p’)[(p, + ry) T, (") + v,T5 (6] u(p).

Ilpun paccMOTpeHHH 3J€eKTPOMAarHHUTHOH CTPYKTYPhl HYKJIOHOB OGLIU-
HO HCKJIOYAIoT BeKTop (p, + p;), BBOJS

Opv (p/v - pv) = Guqu
¢ momolubio npeacrasienust [opaona ans Toka. [TocKoJIbKY cIHHOPH
i(p’) n u(p) yRoBieTBOPAOT CBOOOAHOMY ypaBHeHHI0 [Jupaka, Ml

MOXKEM, HCIOJIb3Ys HeNocpeacTBeHHo (3.26), HOJYUHTb Cieayio-
HIYIO 3KBHBaJeHTHYIO (OpPMY 3anmucu:

u(p’el'y(p’, p)u(p)=
ioyvg"

=eﬁ(p')[qu1(q2)+ o KF2(42):|u(p). (10.88)

C TakuM BHIpaxK€HHEM MBI y¥Ke BCTpPeYasHCh NIPH H3YYEHHH pajHa-
UHOHHBIX ITIOMPaBOK K 3/JeKTpOHHOH BepminHe (cM. (8.61)). Ecau
BEeJIMYHHA K IOJOXKeHa DPaBHON aHOMaJbHOH YacTH MarHHTHOTrO Mo-




§ 56] JJIEKTPOMATHUTHASl CTPYKTYPA ME30OHOB H HVYKJ/IOHOB 243

MeHTa B eJHHHIAX siiepHoro marHetoHa (Kp =1,79 u x, = —1,91)
U e o3HauaeT (usudeckui 3aps nporova, 0 Fa(0)=11u F;(0) =1
aa#a nporoHa u Fi(0) = 0 aas uefirponal).

[Toaw3ysick GopMaiu3MOM H30CNMHHA, MBI MOXKeM OOBeIHHHTL
MPOTOHHBIH H HEHTPOHHBLIH TOKH B H30CKaJAPHYK H H30BEKTOPHYIO
9acTH

ex*a(p) { v, [F® (@) + 7, FP (¢9] +

+ qu [F(s)( 2) _|_ TSng) ((,"2)] } u(p) N =
=y [JO ', p) + i (', p)]x, (10.89)

rae
F(S) — 5 ( () F(Iﬂ)), F(S) (0) — _é_
P — ;_( F‘”’) Fi© (0) = _%
F = g(KpF + K FP),  FS(0)= — 0,06,
F§ = 1 (1, FY — wuF),  FE(0) =+ 1,85.

Hansa nporona yttay =1 u (10.89) nepeXxoIuT B NPOTOHHHEI TOK;
s HefiTpoHa yttay = —1 u (10.89) gaer Tox HeATpoHa.

M3 o6Gmero suga toka nepexoma (10.88) u (10.89) BHOBL BBI-
TEKaloT CylLlecTBeHHble orpaHudeHus Ha Gopmy nuddepeHnyans-
HOrO CedeHHs paccesiHys NPOTOHA M HEUTPOHA 3JEKTPOMATHHTHBIM
noneM. B Gophosckom mpubamkenru no o = 1/137, Ho B Ja06om
nopsigKe MO KOHCTAHTe CHJIBbHOTO B3aMMOAECHCTBHA TOJAydYaeM st
nuddepeHHaNbHOrO CeUeHHs paccesiHUsA 3/JeKTpoHa Ha (H3HYECKOM
NpoTOHe W HeHTpoHe BMecTo (7.46) cielyiolllee BhIparkKeHHe:

2 2 Kq% po 2 0 _9_]
o (7= 4M2F)052 S (Fy -+ xF) sin® S

a9 4E7[1 + (2E/M) sin? (8/2)] sin* (6/2) ’

(10.90)

rie 0 — yroa paccesinusi B nabopaTopHoit cucreMe. Popm-parTophl
Fi u Fo B OTAENBbHOCTH HAXOAATCS H3 CDaBHeHHS pe3y/JbTaTOB H3Me-
penmit IpH pasHBIX yIriax pacCcessHHA M 3Heprusix, Ho (UKCHPOBAH-
HoM g% Ecnau pesysabraThl 0osiee ueM TpeX H3MepeHHH NpU JaHHOM

1) [Iupoko ucmosbsywores Takxe HhopM-(PakTOpH

=F 4 X -
Gp=F +gm7 Fy Gy=F +xF,

KOTOpbiE HMEIOT 691ee HArJIS/IHY10 FTeOMETPHUYECKYI0 HHTEePIpeTanHiQ,
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g% OTJIOXHTb B BHJE 3aBHCHMOCTH BCJHYHHLI .
. 4 0 2E . , 0\ do
4 2 2 9} 49
(sm —2)E (1 4+ 57 sin 2) )

oT c0s?(0/2) npn (HKCHPOBAHHOM @2, TO JOJKHA IOJNYYHTbCA MNpA-
Mmas JuHus. JlioOble OTKJIOHEHHsi OT Hee 03HA4aloT OWHOKY B pacye-
TaX, CBA3AHHBIX C 3/JEKTPOAMHAMHKON fBJEHUS; 3TH OTKJIOHEHHS
HeJNb3sl OTHECTH 3a CueT He3HAHHS CHJABHBIX B3auMOJeHCTBHE HJIH
NOrPelIHOCTH B BHIYHUCJICHHH (PopMm-(akTopoB. [le0 MOxKeT, HanpH-
Mep, OKa3aTbCsl B HeONPAaBJAHHOCTH HM3ILSro MNPHOJIHIKEHHS N0 o
au6o B OoJsee rayOGOKHX NPHYMHAX.

§ 57. CnaGble B3aumoneicraus

Cnabrie B3auMmonefiereus [109, 15, 17], Hanbosee H3ReCTHBIM
NPUMEPOM KOTOPBIX ABJIeTCs B-pacnaf, MOXKHO pasieNuTb Ha Jel-
TOHHbIE H HeJENTOHHBlE. B JIeNTOHHBIX B3aUMOAEHCTBHAX YYaCTBYIOT
u-Me30HB (W~), 2/7eKTpoHH (e~) u ABa Tuma HeltpuHo (v, V).
K J1enTOHHBIM OTHOCATCH cCjeAyloLiMe Npoiecch (BMecTe € COOT-
BETCTBYIOUWHMH PeakUHAMH A4 aHTHuacTHu pt, et, ¥, ¥/):

f-pacnan n —>pte +4%, (10.91a)

pacnaj MiooHa p~—e~ +v 49, (10.916)
_ n-+ Vv,

pacman nHohna m —>{ e+ 3, (10.91m)

U-3aXBAaT p-+p—o>ntv (10.91r)

H, KpPOME TOTIO, 60JIbLIIOE YHCIO JENTOBHBIX pacnaaoB ¢ H3MEHEHHEM
CTPaHHOCTH, Gnaronapﬂ KOTOPBIM CTpaHHble HacCTHUbL [OepexXoAsT
B HYKJIOHHI, JIENTOHLI H, BO3MOXHO, IIHOHbI; HANPHMEp,

—_— =7

-~ p- 4V,

K — N A— e~ + .

n0+e—+,v’ p+ +

[IpuMepaMy HeJeNTOHHHIX pacnajoB, B KOTOPHIX BCeraa yda-
CTBYIOT CTPaHHHIE YACTHILB!, SBJASIOTCH

A—>p+a-, Ktoat4at 4.

Mgl pacecMOTpHM  JIENTOHHBIE B3aHMOJeHCTBHS Ge3  ywacTus
CTPaHHHIX YACTHI; B Hacrosllee BpeMs HeT SCHOH KapTHHB caabbix
B3aHMOJEACTBHA C YyUaCTHEeM CTP4HHBIX YAaCTHIL, H Mbl He GyaeM Ka-
catbesl 9TOro Bonpoca. I1poGaema, ¢ KoTopolt MBI cTajKHBaeMcs npH
paccmoTpennn peakuufi (10.91a, 6,B), cocToMT B MOJyYeHHH Ha
OCHOBE HMEIOULHXCSt IKCIEPHMEHTATbHEIX AaHHbIX CTPYKTYpH Bep-
WIHH B3aHMOJEACTBHS B AMarpaMMax, ONUCHIBAIOWHX STH MPOHECCH,
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IBa OCHOBHHIX TNpHHIHNA, Ha KOTOpbie MH ONHDAJHCh NPH pac-
CMOTPEHHH CHJbHBIX B3aUMOLEHCTBWI, TepAlOT 34eChb CHJAY: Yer-
HOCTb M H30CHMH He COXPaustoTcd B CaabblX B3aHMOJCHCTBHSX.

§ 58. Bera-pacnan

@yunamentanbuniil nponece (10.91a) orsercTsen 3a f-pacman
B aapax. PaccmoTpum pacmal cBOGOJAHOrO HeHTPOHA. DJeMeHT
S-matpuibl, Kotopbli oTBeuaer pacnaay (cm. puc. 10.14), noxn-
*KeH OblTb JHHeeH N0 BOJMHOBHIM (DYHKLHAM, OIHCHBAIOLKHM Ha-
yaJbHBIH HeHTPOH H KOHEUHblE YacCTHUH, T. €.

s =—1 i fam, ...

afyd=1
veo d4x41p;'" " (*1) q’gl) (%) xpj « (%) by (x)X
X Faw (xg, ..., x4). (10.92)

Kak o6BIYHO, PMHTORO-CONPSKEHHBIE BOJHO-
Bele (GYHKIHH YT OTBEUalOT HCIIyCKaeMBbIM Yac-
THuaM (p,e~) WM HaJeTamollUM aHTHYaCTH- 2

maM (KOTODHle ONMCHIBAIOTCH peUICHUAMH C

OTpHIlaTeJbHONA 3Heprueil), pacnpocrpansiio- Puc. 1014, f-pacman.
[¥MCs Hasaj BO BPeMeHH, a 1 OTBeyaioT

HaJeTaIIM YacTHIaM (7) HAN HCIyCKaeMbBIM aHTHUacTHUAM (V).
[Tostomy, nomumo B-pacnaza, B (10.92) BkJIoueHH TaKXke BCe B3aH-
MOZAENCTBUSA THIA

v+n—pte-.

B 3HepreTHUecKH paspellleHHBIX sIAepHBIX Tepexoiax HabJiolaercs
o6paTHLIfl B-pacnan, UM HCIYCKaHUE MO3HTPOHA

p—>n-tet 4w

DToMy Impoleccy AOMKEH COOTBETCTBOBATb MATPHUHHIN 3JEMEHT,
ananoruunnii (10.92):

4
S == 3 eyt () 9 (1) ] ) () 9 (1)
afyé=1 _
X Fagys 51y -2y 7). (10.99)

®dyukuun F u F B (10.92) u (10.93) nO/MKHBH OnpefefsiThCs U3
skenepuMenTa. Mcxona u3 o6uinX OpHHIHOOB TEOPHH, MBl CleJaeM
3jlech €JIMHCTBEHHOE IONyleHHe, 8 HMEHHO

Fqﬁyo (%45 Xy Xay x4_)=1’,‘5m(W (xz, X1 Xy xs). (10.94)
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DTo paBeHCTBO oOecrneuHBaeT BLINOJHEHHe NPHHIHNA AeTaJbHOrO
paBHOBecHs MJa cJabbIX B3aUMOAEHCTBUH H o3Hauyaer, 4To 6e3
yuyeTa MHOXKHTeJEH, CBS3aHHBIX ¢ (a30BEIM 06beMOM, PeaklHH
n<pte +v, vnEpte-
IIPOTEKAIOT C PaBHOl BepOSTHOCTHIO CIpaBa HAJMEBO H CJeBa Ha-
npaso!). To, 4TO ZOMKEeH BHIIOJHAThLCA IPHHLHI AETaJBHOIO paB-
HoBecHsl (10.94), caenyer M3 MaJOCTH OTBeYawILero 3a P-pacnapn
B3aUMOAEHCTBHSI M YHHTapHOCTH S-maTpuiub. B oTcyTcTBHE B3aH-
MOJeHCTBHA S-MaTpHlla CBOAMUTCA K €IHHHUYHON MaTpuile 8. 3amu-
meM S-MaTpHIly B BHIE
Sfi = (Sfl _ iTﬁ.

Torma ycaoBue yuurapuoct (8.31) mpumer Bup

i(Th —Tf)= ; THT -

Il B-pacnaza mpaBast 4acTb HMeeT BTOPOH NOPSIAOK MO KOHCTAHTe
cnaboro B3aUMOJAEHCTBUSA, a JeBas YacTb NMpeAcTaBJseT co0of pas-
HOCTb JBYX BeJMYHH IepBOTO NOpsAKa. B mnepBoM npuGAHKeHHH
YJeHaMH BTOPOTO MOPSIAKA MOXKHO TpeHeGpeub. DTO MPUBOANT K pa-
peHcTBY (10.94), ecsn yuecTtd, uTo npu f F i

Sfi - ini-

Heiitpuno sB/asieTcs 06e3MaccoBOH HeHTpaJdbHON JAHUPAaKOBCKOH
yacTHIel, ¥ KOrja MBI TFOBOPHM, UTO B f-pacnane HeHTpaJbHBIM
HapTHEPOM 3JeKTPOHA SABJSETCS AHTHHEHTPHHO, MBI TeM CaMbIM
YANBJETBOPSieM TBEPJAO YCTAHOBJEGHHOMY Ha OIBITE 3aKOHY COXpa-
Hends JenToHnoro 3zapspa. as peaxkunn (10.91a) 310 npocro
BONpOC OlNpeje/eHnus; OAHAKO IS - U pu-pacliaja CoXpaHeHHe Jeln-
TOHHOTrO 3apsila MMeeT ueTKHH cMbic/. HabmonaeMbie B-cnekTphl
YKa3bIBalOT TakK:Ke Ha TO, YTO CHHH HeATpHHO paseH !/;. Ilozanee
obHapy:xeHHe pacnmajga s~ —> e~ - ¥ NOATBepAHJO 3TOT BeIBOA. Ha-
KOHel, HeoOXOJMMO OTMETHTb, YTO OTCYTCTBHEe MAacCHl Y HEHTPHHO
OPHBOAUT K OT/JAHYHIO B YCJAOBHH HOPDMHPOBKH BOJHOBOH (GYHKUHH
HefiTpHHO 1O CPaBHEHHIO ¢ Apyrumu tdepmuoHamu. as pelenus
B BUJe IIOCKOH BOJHBI C KBAaHTOBBIMH unciamu (&, S) 3amnlieM

My L —ikex.
P (%) WA u™(k, s)e : (10.95)
ajech
ut™(k, s)u™ (k, s)=2E,
H T03TOMY
iV (k, S)u™ (k, s)==0.

) B TepMHHaX TEOPHM IOt STO OTBeYaeT 3SPMHTOBOCTH TFaMH/bTOHHAHAa B
TEOPUH BO3MYILEHHH,
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[TpoeKUMOHHBIMH ONEepaTOPaMH I/ HEHTPHHO ABJAIOTCA

2
AGE (B, )= 2 ug(k, s) iy (k, s)=F,
s=1

2
AEI—B) (k, S)=SZI Ua(k, S) 5ﬁ(k) S)= - k'

Y10o6HO TNPOBOAMTL HOPMHPOBKY, paccMaTpHBas HEHTPHHO Ha-
paBHe C 3/JEKTPOHOM KaK YaCTHIYy C KOHEYHOH Maccof, 4 HOpMu-
poBaTh BOJHOBYI0 (DYHKLIHIO COMVIACHO H3JOXKEHHOMY B IM. 3, a 3a-
TeM MepedTw K npeneny my—>0. Pesyabrar coBnagaer ¢ (10.95).

[Tocsie Tpuaunatu Jer uccaenosannii Gyuruusa F B (10.95) Gwaa
B KOHIE KOHLOB IIOJHOCTbIO ONpejeseHa NPH HU3KUX SHEPTHAX, T. e,
JJIsS CPaBHUTEJIbHO GOJBIIMX OTHOCHT@NLHBIX PACCTOSHHH X; — X; B
KOOpJAHHATHOM IIpocTpaHcTBe. [IpocTefitlias THUOTE3a OTHOCHTENBHO
¢GyHkuuy F cocTOMT B TOM, 4TO OHa obpallaercs B HYJb IPH 60Jb-
IUMX OTHOCHTEJNbHBIX INPOCTPAHCTBEHHO-BPEMEHHBIX PaCCTOSHHUSIX
%X;— x;. JlelicTBUTebHO, ecau pa3Mep obJgacTH, rie F oTAH4HA OT
HYJIsl, MaJl IO CPABHEHHIO C XapaKTepHo# ANHHOA h/Egc ~ 10712 cp,
orsevatouledt sHeprun f-pacmaga Eg ~ 1+ 10 Mas, T0 B nepsom
NpUO/IHIKCHHH MOXKHO CUMTATh B3aUMOAEHCTBHE F TOYEUHBIM, T. e.

Fa[-}yé (xy, %o, X3, X4) =
& F ggpe0? (X1 — %9) 8 (x; — x3) 0 (¥, — x4),  (10.96)

rie & gy — NMOCTOSIHHAS MATPHLA, CBA3BHIBAIOWLAS CIHHOPH! APYT €
ApyroM. IT1o NpHOJMKEHHe UPe3BBYaHHO XOPOLIO COIAacyeTCsl CO
BCEMH MMEIOLIMMHCS cefuac SKCIepHMeHTaJbHBIMH AaHHBIMA. [epe-
X0As ¢ nomouibio Qypbe-npeobpasosarns or (10.96) K umnyanc-
HOMY NpeICTaBJIeHHIO, MOJydaeM

FO.[EWG (R1, ko, k3, ky)=
— S d*x, d'xy d*x, dix,e! (le,.x,+kz.x2+/«as.x3+k4.x.)pmﬁw5 (X1, Koy X3, Xg) =

= (2)" 6* (R 4 ky + ks + ku) g'agyﬁ' (10.97)

Takum o0pasom, B3auMOAeHCTBHE NpercTaBaseT cOBOH HOCTOSIHHYIO
MAaTpHLY, YMHOXEHHYIO Ha OOblUHYIO O-QyHKIHIO, BEHIPAKAOILYIO
COXpaHeHHe 3>HepPrHU-UMNYy/bCa B BeEPUIHHE B3aHMOJEHCTBHA. DTOT
pe3yJabTaT CJIeAyeT CONOCTABHTb ¢ TeM, KOTOPLIH Obl1 HaMH IOJydeH
JJIs  HYKJIOH-HYKJOHHOTO paccesiHusi, 0OBGYCJOBJEHHOTO OOGMEeHOM
m-Me3oHaMu. Torjga MBI UMeJan

F 1

~ (10.98)

YTO OTBeuaeT NoTeHIMany ¢ paauycoM ~ h/pc. Ecau 66l maccy
7-Me30Ha MOXHO ObLIO chenaTb GoJbUIOH, TO NpPU Mandblx g2
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KapTHHa cTanaa Obl aHAJOTHYHON PB-pacnafdy, T. €. MBI MOJYYMJIH Gbl
npA6JHKEHHO TOYEYHOE B3aHMOJEHCTBHC yeTbipeX (epMHOHOB.

Ecau, Hao60poT, 3HEpPruy 4acTHil, y4acTBYIOLWHKX B ¢J1aboMm B3aH-
MOJAEHCTBHY, HanpUMep B oOpaTHOM B-pacnale

v+ p—on-tet,

BO3PacTaT, TO MOXKHO OXKHAATb, YTO B3AUMOACHCTBUE CTAHET HEJO-
KaJbHbIM; BO3MOXKHO, UTO MeEXJAY CUCTeMaMH p—n U € —v M[po-
HCXOAUT 00MeH TsixKedniM 0030HOM W+, kak

-
nokazano Ha puc. 10.15, aubo Hemsoxamdb-

7 HOCTb HMeeT GoJlee CJI0XKHYI0 npupoary [110].

i MBI NPOJOMKHM paccMOTpeHUe B-pacna-

XXXXXX Ja B paMmkax npubawmxennsn (10.96) u
wz? .

’ (10.97). B obsracTH HH3KUX 3HEPTUH MOXKHO

7 npeHeGpeus OTAAauell HYKJOHA C TOUHOCTHIO

J0 TONpaBoK ~ q/M (rie q — UMIYJBC OT-

Puc. 10.15. Bosmoxupii AAYH IPOTOHA), a BOJHOBHIC (PYHKIHH Hel-

obmen Tamenuv W¥.go- TPoHA M mpotoHa B (10.92) u (10.93) szame-

soiloM mpu f-pacnaze. HHTb Ha HOCTOAHHBIE COHHOPH. [locae BO3-

BeJleHHs B KBaApaT H CYMMHPOBaHHS IO

CIHHAM [AJ1 HeNoJAPH30BAHHLIX HEHTPOHOB H KOHEYHBIX 4aCTHU
noJiyyaem

| St |* 1
7T~ By Ry X SP (Pt m) TP X

X @2n)* 8 (p, +py+p,—p,), (10.99)

rae p; 1 E; —4-umnynbc u sHeprus vactuudl, i = (e, ¥, p, n). Bejau-
yuasl I'y #u T'p 03HAYAKOT Marpuibl, CTPYKTypa KOTOPHIX OIpe-
AeJsieTcsl CTPYKTYPOR MATpHUBl F qqps- B cHCTEMe MOKOSI HEATPOHA
3TH MATPHIbl IIOCTOSIHHBI, TaK KakK OHH 3aBHUCAT TOJbLKO OT Mepe-
MEeHHHIX HYKJIOoHa. [Toatomy nocsae B3situsi caena B (10.99), xoropwit
JOJI2KEH HMeTb CJAeAYIoWHH ob1ni BULL:

AE, + BE E,+ CE,E®, - n,,

rae A, B u C apasiiorea Konctantamu, B, =p,/E, u ng=p [E;, MH
HAXOANUM [Jf BEpPOSATHOCTH Mepexojda B 3aJaHHOe KOHeYHOe CO-
CTOSIHHE

il A
S szT| ~ (E + B+ CB, - n@) (2n)*8* (p, + py +p, — p,). (10.100)

Tenmepb A5 HAXOXAEHHS CIEKTPa 3JEKTPOHOB HeOOXOAHUMO yM-
HOXKHTb 3TO BhipaxKeHHe Ha (as3oBwii obbvem d’p, d°p dp, KoHeu-

HOro COCTOSAHHA W [POHHTErpHpoBaTh MO0 HMNOYJbCaM MNPOTOHA
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1 HEHTPHHO:
do, ~ d'p, \ #pd (M, — M, — E,— E;) (4 + B+ CB, - n;) ~

~ Do (My — M, — Ee)3(E—'t+ B)dE,. (10.101)

TaknM o0GpasoM, 3aBHCHMOCTb BeJHUHHBL

1 dw,
poEg (M, — M, — E.) dE,

(10.102)

ot sHepruu E. NO/KHa [aBaThCsl BBIPAXKEHHEM AJE.+ B. bulio
0GHapYXKeHO — He TOJIBKO B pacnaje CBOOOAHOrO HEHTPOHA, HO H B
IIMPOKOM KJacce TaK Ha3biBaeMbIX «paspelleHHbIX» AAepHBIX nepe-
XOOB, — UTO CHEKTP 3JeKTPOHOB YAOBJIETBOPSET 3TOMY 3aKOHY ')
i, Gosee toro, A =0, 1. e. Beqmuuna (10.102) ue 3aBucHT OT
HEPTHU.

[IpuusiTo M306pakaTh CIEKTP 3/1eKTPoHOB Ha rpaduke KropH,
KOTODBIH MpeicTaBiseT co00f rpaduK 3aBHCHMOCTH BeJHYHHDI

( 1 d(n)e)‘/z

peEe dE.

or sHeprun E. H3o6paxaeMast BeJu4YHHA TIPONOPUHOHANbLHA
(M, — Mp — E.), nostomy na rpadure Kiopn eii cooTBeTcTBYeT
npamag Judus. Orcyrersre B (10.100) wiena, nponopuuoHa/ibHOTO
A/E,, obbsicnsieTcss KOHKDETHBIM BHAOM B3aHMOJEHCTBHS, OTBET-
CTBEHHOrO 3a B-pacmaj; K 9TOMY BONpPOCY mbl eule BepHeMcs. Uien
A/E, NpHHAMIEKUT K TaK HA3BIBAEMBIM «HHTeP(EPEHUHOHHBIM dJe-
Ham @Pupua». [lociexune SBHO OTCYTCTBYIOT BO BCeX f-CleKTpax,
BKJIOUAS CIEKTPH 3aNPEIIEHHBIX (-MePEeX00B, MaTPHUHBIE JIEMEH-
Thl KOTOPHIX MPOMOPLHOHATBHE CKOPOCTSIM HYKJOHOB. 3aHATHO, YTO

crekTp 3jekTpoHoB (10.101) npu A = 0 mpocto MpomopHHOHaJen
dasoBomy obwemy (EZp,E,dE,) W MMeeT CTaTHCTHYCCKYIO tdopwmy,
Kax ecau 6bl BMecTo (10.100) MaTpuuublii 37eMeHT OblJ KOHCTaH-
Tofl Sﬂ ~(2ﬂ)4 o (Pe + Ps + P,, — pn)°

OOpaTnMcsi Tellepb K CTPYKType Matpuusl F qq0 B (10.97). 3a-

duxcuposaB Ha BpeMs uuAekcH y H § B (10.92), Mbr Moxem npen-
CTaBHTb 3aBHCHMOCTb OT HHIEKCOB o H f B camoM olileM BHAE
¢ nomollblo 16 HesaBuCHMBIX KOMOUWHAUHH MaTpHIl y, BBEICHHBIX
B I 2:

3
F v = Filag + F@Via+ X ™ (v)oy T

3

3
+ PR (v +, 2 PR (0o

1) Heo6xonuMo yuHTHIBATH KyJOHOBCKHe fonpasku [111].
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Corsacno (2.38) matpuusl 1, ys, V¢, YsVz H 0;; B OOKJIAAKaX H3
AHPAKOBCKHX CIHHOPOB Y(x) H (x) obpasywor ckaasp (S), nces-
nockaasip (P), sektop (V) u tensop Broporo pamra (T) cooTser-
creerno. Toraa us (10.92) u (10.96) sicHo, 4To AN KOBapHaHTHO-
CTH aMIUIUTYABl OTHOCHTENbHO CcOOGCTBEHHBIX mHpecGpa3oBanuil
Jlopenua nHeob6xoanmo, uTo6el FS) u F(® Gplan JHHEHHBIMH KOMGH-
HalUSAMH MaTpul 1 u ys, FY)7 g F{47 — pHeAHBIMH KOMOHHAIIHAMH
MaTpull V', Y%y, a FO* — nuneiinoil Kom6uHanued o™ u My,
B pesyabTaTe S-MaTpuila NPHHUMAET BHI

S(e—) . 1 Mmphiemy, 9} &t -
i = nE "\ 2EEEE (2m)*0%(p, + Py +p, — p,) M,

rue

M= T CiL7, (7))t ()] (E, (22 [+ 0351 Doy (py)
(10.103)

H

l—‘Ii =(I: Ys» Vu, Y5YM) Gu’v)y
I't=(1, vs, Y, Y2y¥, oW).

DyieMeHT S-MaTpHUB A1 0OPATHOTO P-pacnafa HMeeT TAKOH jKe
BHJ C TOYHOCTbIO IO 3aMeHBl KOHCTAaHT C; M o; Ha KOMIJIEKCHO-CO-
npsixkeHHbie ') B coorsercTBHM ¢ (10.94) M 3aMeHB CIHHODHBIX HH-
JIeKCOB COTJIACHO
up...un._)izn.-.up’

u"'vv_>u"'vg'
Ecan Mbl BHOBb npeHeGpexeM 3aBHCHMOCTbIO HYKJIOHHBIX CIHHOPOB
OT UMITYJIbCOB, TeM CaMbIM OrDAHHYHBASACH «Pa3PelUeHHLIMH» Iepe-
xonaMH, Bbipaxenue (10.103), samucaHHOe ¢ NOMOIUBIO ABYXKOM-
IOHEHTHHX cOHHOpoB [layau, npumer BuL
n R
M= (ugu,) {Csit, () [ + asvs] v, (ps) +
7 0
+Cyit, (p) [1 + apvs] ¥0us (ps)} +
+ -
+ (wfou,) {2C,, (p,) [1 + opv;] 00, (ps) +

+ C i, (p,) [1 + 04v5] ¥5V0, (P5)}.  (10.104)

') Tounee rosops,
*
a;>~+a;, s i=AV

a‘-—>—a:- amn (=S8, P, T,
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Usiennl, cofepxKauiie KOHCTaHTH Cg ¥ Cy, BBI3BIBAIOT PaspelieHHbIe
nepexoan (S, V) «tnna ®epmu» ¢ |AS|=0, a ABa APYrux uieHa
(A, T) orBeTcTBeHHH 3a mepexoibl «THia I'amoBa — Teasepa» c
|AS| =1 ans HykraoHHOrO coctosnus. Ilepexoam Tuna Pepmu
MOIKHO OTJHUYHTB OT NepexoaoB Tuna 'amosa — Tennepa B g1epHOM
B-pacnaje, rae yroJoBo# MOMEHT Haua/JbHOTO H KOHEYHOTO COCTOf-
HuHl (UKCHPOBAH; B pacraj CBOOOIHOTO HEATPOHA AAIOT BKJAAL Te
H ApyTHe NMepeXoabl.

Bce unennt B (10.104), nponopuHoHaJbHble o;ys, HapyllamwoT CO-
XpaHeHHe YeTHOCTH, H A0 1956 r., Koraa nosiBuiach paborta Jlu u
Sura, ©X HCKJIIOUAMH, yTOGH He HapyHIaTh MHB4PHAHTHOCTb S-MaT-
PHIILI OTHOCHTENIbHO MPOCTPAHCTBEHHOM HHBEPCHH. DKCIEPHMEHTab-
HOe oGHapy:KeHHe HeCOXpaHeHHs] YeTHOCTH B calblX pacmajax, no-
crenoBaBliee Beden 3a paGorolt JIn u flura {112], npuseno 3atem
K TIOJIHOMY OflpejeseHHio Bcex KoadduunenToB o; u C; B paLe KJ-
yeBBIX 3Kcrepumentos [15, 17, 109].

KOHCTaHTH o; B UJeHaX, HapYHIAUIHX COXpaHeHHe UYeTHOCTH,
ONpenesiloTCs MyTeM H3MepeHHs NPOJOJIbHOH TOJAPH3ANMUA BJEKT-
pona. ONHH W3 METONOB HAXOXJEHHS 3TOH MOJNAPHU3AUUM COCTOHT
B HM3MepPeHHH IMpaBO-JeBOH aCHMMeTDHHM NpH paccesHHd PB-pacmap-
HOTO 3JIEKTPOHA Ha aToMe. MBI onpefesuM MOJAPH3ALHIO, KAK H B
(7.95), cornacHo

P NR ) ’
N+ Ny
rae Np ecTh UHCJO «TPAaBOBUHTOBLIX» 3/JEKTPOHOB, T. €. 3JEKTPO-
HOB C TOJOXKHTEJbHOH chupaJjbHOCThIO, (¢)-n = -+1, a N, ecTpb
YHCJIO <«JEBOBHHTOBHIX» 3JEKTPOHOB ¢ (o) -n==—1. Kak aas me-
pexofos Tuna Pepmu, Tak M a5 nepexonos tuma I'amosa — Teu-
Jepa, ¥ B sjpax, U B pacnaje cBoGOJHOro HeHTpPOHA MOJsIpH3ALNA
3JIeKTpOHa B NpeHeOpe:KeHHH OTAauell HYKJIOHA H MOCJAe HHTerpu-
pOBaHHsl IO yrjaM HeHTPHHO C XOpOIlleH TOYHOCTBIO [aercs Bbl-
paxkeHueM

p=—1l—_ip,. (10.105)
e

B npenene fo— 1 HCHIyCKaOTCA TOJNbKO 3JEKTPOHBl C OTPULATEJD-
HOH CMHpPaJbHOCTbIO. B TOM e mpejesie CNHHOBBHIA NMPOEKIHOHHBIH
onepatop MepexonuT, Kak H B (7.107), B (1 —ys)/2 u, Takum obpa-
30M, BOJIHOBAs (YHKUHS JEBOMOJAPHI0BAHHOTO 3JEKTPOHA HMeEeT
BHJ

JeB 1— 1.Je8 = 1
po =LYy, e =Y, (10.106)

[TosToMy Bce koHCTaHTH o; B (10.104) pasun -1, u60 TOJbLKO B
3TOM cJiyuae OCYLIeCTBJISETCS NPABHJbHBIA Iepexoi K pesIssTUBHCT-
ckomy mnpeneay. [lonsipusauus Npd NPOU3BOJNBHOM fe HAXOJUTCH
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BBesenueM (3.19) n (7.94) B (10.99), BHIUHCTEHHEM C/1eNOB U HHTe-
rpaja no yrJIOBBIM TNepeMeHHnM HefitpuHo. Tenepb BuipaxeHue
(10.104) ynpoliaercss H NpHHUMaeT BHI

B = (u}u,)a,(p,) (1) (Cs + Cyvy) v5(py) +
+ (wfou,) - 4, (pe) (1 +v;)(2C0 + C V) v, (pg),  (10.107)

rae OTHOCHTeJbHEIEe BeJuuHHB NOCTOsIHHBIX Cg, Cy, Cr u C4 elle
NOJJIEXKAT ONpE/IeTeHHIO.

Bospenenne M B KBaApaT U CyMMHPOBaHHE MO CMHHAM SIBJISETCS
YHCTO BBIUMC/IHTENbHOH ONlepalyell, KOTOPYIO PEKOMEHAYETCs npoje-
JaTb B KauecTBe ympaxkKHeHust, I/ HeNOJSPH30BAHHBIX HYKJOHOB
He BO3HWKaeT HHTepdepeHIHn Mexay nepexojgamu Tuna Pepmu
(S, V) u tuna 'amoBa — Tenaepa (A, T). Boaee Toro, orcyreraytor
unTepepenuoHHble ueHsl Mexay S u V, a rakxke Mexay A u T,
Tak KaK 3TH BAPHAHTHl NPUBOAAT K DaA3HbIM NOJSAPH3ALUAM HeHRT-
puno. [leficTBurenbuo, nepecraBus dakropn (1 4+ ys) Hanpaso, Mbl
yBUAUM, uTO S- # T-nepexoinl MPUBOAST K HCIYCKAHHIO AHTHHEHT-
PHHO ¢ OTpPHLATENBbHOH CNApPaJIbHOCTBIO:

1
03 (ps) = 5 0 (7).

C apyroil CTOpPOHEL, NpH Nepexofax Tuna V W A HCIycKaloTcs TOJb-
KO aHTUHEHATPHHO ¢ MOJOXKHTEAbHOH cHHpaJbHOCTbIO, Eciu Her
untepbepentuy Mexay S u V unu A u T, TO OTCYTCTBYIOT TaKke
uHTepdepennHOHHbIe uwiennl Pupua, T. e. paBeH HyJI0 Ko03dhodu-
uueHt A B (10.100) n (10.101). B 37107 K03QdDHIHEHT AAIOT BKIAA
ujieHbl THIZ

m,SpT ,p;T5.

Ecnu T'a COLEPKHUT YeTHOE YHCJIO MATPHI vy, TO B 'y HX J0JXKHO
6LITb HEUeTHOE uuCa0, H Hao0OpoT; MosToMy B ujeH Dupua nawor
BKJaJ TOJbKO HHTepdepeHUHOHHBIE UYJIeHBl, KOTODBIE, KAK MbLl BH-
Jenu, obpaulaiorca B HYJAb. Ecaun Obl HeATPHHO HCNYCKadHCh C M0O-
asipusanuedt, Menbliiefl, yem 1009%, orcyTerBue ynenoB dupua osna-
yaJjio Gbl, YTO B33HMOREHCTBHE COMEPXKHT JAHGO TOJNBKO UJEHL THIA
S unu V, aubo toapko tHna A wsu 7. Opwako B (10.107) BxoasaT
BCe 4YeTHIpe UYJeHa, H M03TOMY JAJA HOJyUYeHHs NONOJHUTEJLHOMH
undopmannn o Cs, Cy, C4 u Cr HeoOXOIAHMO YKa3aTb IKClepH-
MeHTH 1Mo H3MepeHHI0 Koadduunenta C B (10.100), T. e. no usMe-
PEHMIO YTJIOBOA KODpeJSLLUH MEXKIY 3JeKTPOHOM H aHTHHeHATPHHO.

PaccMOTpHM, HanpuMep, YHCTHIH nepexoj tuna Pepmu, cojuep-
xkamuft Toabko BKAaAs S u V. CyMMHpoBaHAe MO CNMHOBHM Iiepe-
MEHHBIM 3JIEKTPOHA M aHTHHEHATPHHO JaeT YIJIOBOe paclpejesenue
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HCIIYCKAaeMOro aHTHHEI:ITpHHO OTHOCHUHTEJbHO SJIEKTpOHaZ
No (8) ~Sp(p, +m)(1+v;)(Cs+ vCy) By (Cs + ¥Cy)(1 — v5)=
—8E,E;[| CsP(1 —B,cos0) + | Cy (1 + B, cos0)], (10.108)

rie 8 -— yron mexjiy aHTHHeHTDHHO H 37ekTpoHOoM. Takoe ke pac-
npejejcHue nogayvyaerca Aas oOpardoro f-pacnaga. Dkcnepumen-
TaJbHOE YIJIOBO@ pachpefeseHUe, HalAeHHOE AJS [OUYTH YHCTOrO
nepexona tuna Pepmu B Ar®® myteM H3MepeHHS HaNpaBjieHHUA BbI-
JeTa NO3HTPOHA OTHOCHTEAbHO fAipa OTAAYM, NPHOJHKEHHO HMeeT
BUA (1 4 BecosB), uTo yKasbiBaeT Ha BEKTODHBIH XapakTep nepe-
XoAa. AnaJjiorHuHoe BBIUMCJIEHHe A4 NepexoloB THna [amosa —
Tennepa naer

Nir () ~ EcEs[1 € (1 — 5 B cos8) + 41 Cr P (1 +5ocos0)],
(10.109)

Wamepenus nis uucroro mepexona atoro THna B Ne?® pmecre ¢
APYTHMH JAHHBIMH [0 CMeWI4HHBIM HepexofaM YKasnsaeT, uTo
|Cr/Cs| < 1. Torna B npenene Crp/C, = 0 Bripaxenue (10.107)
yhopoulacTess H NPHHHUMAeT BHA CYMMB! ABYX UJEHOB

M~ (u;uﬂ) ﬁe (pe) CVYO (1 - Y5) Us (p\‘z) +
+ (ufou,) - a,(p,) (+ C¥) (1 —v;) v, (py). (10.110)

dra aMIUIUTYAa OTBedaeT HCIYCKAHUIO AHTHHEHTPHHO ¢ MHOJIOKH-
TeJIbHOH CHPaJbHOCTBIO. Tenepb 0CTaa0Ch ONPENeHTh TOJbKO aMIl-
autyabl Cy 1 Ca W UX oTHOCHTeNAbHYIO (ha3y. Beanunnuo Cy u Cyu
HaXOHAsATCA H3 U3MepeHHUH BeposiTHOCTH paciiafa HeHTPOHA M YHCTOTO
nepexona tuna Pepmu B O'*. dasza onpenensiercs H3 U3MePeHHst
YIVIOBOTO pacnpejeseHHsi 3JeKTPOHA OTHOCHTEJNbHO HalpaBJeHHS
CIHMHa HeHTpoHa TpH P-pacnajie HOJsIPU3OBAHHLIX HEHTPOHOB; 3TO
pacmpejeseHye 4YyBCTBUTeNbHO K cMecH V — A. OroHuaTesbHbIH pe-
3yJbTaT Tako#!):

A2 Cy = (1,005 = 0,003) - 10~° # =G?),

P

Ca=(+ 1,250 = 0,009) Cy = + aC, 9. (10.111)

1) Muoxurens 1/4/2 ¢durypupyer no HCTOPHUSCKHM NpHUuHAM. IKcnepH-
MeHTa/IbHO OfipeflesiAeTest TOAbKO oTHOcHTenbHas ¢dasa Cv u Ca. Ilpuusto Bol-
6upatb Kohcrauty Cv HeHCTBUTENLHON H MOJOKUTEJILHOMN.

2) Ypcaennoe 3nadenre G sasto w3 [113]. ({Tpum. nepes.)

3) Cm. [114). BosbmiHHCTBO 4HC/IOBHIX KaHHBIX, NPHBOJHMHIX fAajee B 3TOR
rJaBe, B3ATH M3 JaHHOro HcTouHmKa. (/Ipum. nepes.) ’
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Bpoxasi o603nauedus (10.111) B (10.110) u Bo3Bpalnasick K pensiTi-
BHUCTCKOH (opMe 3amluCH, MNoJydaeM CJIeAYIOUY:0 HHBapHaHTHYIO
aMIJUTYAy P-pacnajpa:

M= 4y, (1 — v, ][ (1 = v)) 0] (10.112)

EcrecTBeHHo Gblio Obl paccmarpubaTh M Kak aMILIHTYAYy B mep-
BOM IODPSiAKE MO B3aHMOJEHCTBHIO H YueCTh 3(p®heKTH BBICIIHX II0-
PSIAKOB, HalpuMep TaKHe, KOTODHM OTBEYalT AHArpaMMbl Ha
puc. 10.16. OgHako Mbl He 3HaeM, KaK BBIYHC/IATb 3TH aMIJIHTYbI

£

Z v £ D
XXX

5 5 v 7
XX

7 7 p e 7
@ (4

Puc. 10.16. Hekoropbie nuarpammsl Beicuiero mopsika Ana f-pacmaja.

B npeanoJoxernu (10.96) o JIoKaJbHOCTH B3aHMOAEHCTBHA. 3aMK-
HyTble [eTJIH Ha TaKHX [AHarpaMMax NpPHBOAAT K PacXOAAIHMCH
BEIPaXKEHHSIM, KOTOpble Hesb3sl OTAGNHTb M 3aKJIOUHTb B IepeHop-
MHPOBOUHbIE KOHCTaHTH, KakK Obljo cienano B ra. 8. Tpyanocts
BO3HHKAeT H3-32 OTCYTCTBHSI OO30HHBIX IIPONATaTOPOB MeXIy
HYKJOHHBIMH M JIENTOHHBIMH BepIIHHAMM, KOTOpble OGecneYHBaioT
CXOAHAMOCTb TpPH GOJBIIHX HMIYJbCaX. XOTd MB HMeeM [eJ0 O
caabbiMHd  B3aUMOAeHCTBHSIMH, 06JagaloUIdMH OYeHb MaJiol KOH-
cranToft (10.111), Bompoc o BKJaje BHCIINX NOPSAIKOB He fBJIsSETCA
YECTO aKaJeMHYeCKHM, TAaK Kak ceyeHHsd, mojaydeHHoie u3 (10.112)
JLJIsl TIPOIECCOB pacCessHHs THIA

V+p—o>n+ef,

pacTyT Kak KBaapatT sHepruu [115] u umeroT NOPAAOK BeNHYHHbI

G'Ex w~ 3—’;311”&)“ EQ‘ . (10.113)
14 . M

Korna sueprus sospacraeT g0 Eyq x ~ 300 Mp ~ 300 I'ss, ciaGoie
B3aHMO/eHCTBHs BO3PACTAIOT [0 MacIUTa60B CHJBHBIX H 3((eKTu
HeJIOKAJbHOCTH W BKJ/1aAbl BLICHIHX IIOPAAKOB HadYuHalT HIpaTh pe-
LIAIOLLYIO POJIb.
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§ 59. Teopusn ABYXKOMNOHEHTHOrO HEHRTPHHO

Mu yxe oTMeuanu, 4TO0 NpH P-pacnage HCIYCKAlOTCS TOJABKO
AHTHHEHTPHHO C MOJOXKHTENbHOH cnupaJfbHocTbio. COOTBETCTBEHHO
npu o6paTHOM f-pacnaje HCMYCKalOTCHd HEHTPHHO ¢ OTPHUATEJIBHOM
CHHPANLHOCTBIO, B 4e€M HeTPYNHO yOeLUTHCS, eCJH y4yecThb, HTO
aMmIuTyfa o6paTHoro B-pacmaja mnoaydaercsd u3 (10.112) no npa-
Buay (10.94). TMockoabKy HeHTPHHO C NOJNOMNKHUTEJIBHON CIHPAaAbLHO-
CTbIO H AHTHHEHTDHHO C OTpPHLATEJLHOH CHHPaJbHOCTBIO OTCYT-
CTBYIOT KakK B B-pacnaje, Tak ¥ BO BceX ApYruX cjabbiX B3aHMO-
LeHCTBHAX, OHH IpPeACTaBASIOT cOGOH JHLIHIOW CTeNeHb cBOGOBI
B ypaBHenun Jupaka aag 6e3mMaccoBofi 4acTHUBI B MBl MOXeM II0O-
NEITaTbCcs OT Hee U3BaBUThCA.

YpaBHenune Hupaka nnsa Ge3MaccoBoll YacTHUB

i = oV, (10.114)

He CONEpPXKHT MAaTpHUH P, a COOTHOUEHHSIM AaHTHKOMMYTalUH
(1.16) nns Tpex MaTpHIL o, Gy, O3

{ai, a’k}=26ik’ o?=1 (10.115)

yIoBJeTBOPAIOT MaTpuubl Ilayam pasmepuoctn 2 X 2. Takum 06-

pasom,
¢=og. (10.116)

HanoMHuuM, 4T0 HMeHHO HeO6XOZMMOCTb MOCTPOHTb UETBEPTYIO aH-
THKOMMYTHPYIOUIYIO MaTPHLy P NpHBesa K BBEAEHHIO MAaTPHI pas-
mepHocTH 4 X 4 B a1, 1

Pemtenne (10.114) u (10.116) B BHIe NJIOCKOH BOJHEL C MOJOKH-
TeJIbHON SHepruefl HMeeT BHJI

1

— —~i (Eft—p-x)
P (x) Vo o8 u(p, s)e , (10.117)
rie E = |p]|, a cnuHOp u(p, ) ymOBJAeTBODSET ypaBHEHHIO
Eu(p, s)=o-pu(p, s). (10.118)

PewenueM ypasHenus: (10.118) B oGbuHOM MpenCTaBIECHHH MaTpHUIL
[Taynn ¢ ocbio 2, HanpaBJAeHHOH BAOJb P, SIBJAsETCS

1
u(p, =) (10.119)
OHO ONHCHIBaeT HEHTPHHO C MOJIOMKHUTEJNbHON CHHPAJBHOCTLIO:
2 ulp, H)=—+ulp, +).

Yro6bl MOJMyuHTh HEATPHHO C OTPHUATEIbLHON CIHPANBHOCTBIO, KO-
TOpoe Hab/wjpaeTcsl B NPHPOAE, MBI AOJIKHH BHIOpaTh pellleHHe
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ypasHenus (10.115), B KoTOpoM

o= -—0, (10.120)
sMecto (10.116). B atom cayuae (10.118) sameHnsiercs Ha
Eu(p, =)= —o0-pulp, —) (10.121)

H MBI HMe€EM pelleHHue, OTBeualollee HeﬁTpHHO C OTpHHaTeJIbHOﬁ
CIIHPaJJbHOCTBIO,

u(p, —)=(‘]’), (10.122)

g toro uroOpl Jy4lle INOHATb CBA3b 3THX IBYXKOMIOHEHTHBIX
pelleHn# ¢ yXKe XOPOIIO HaM 3HAKOMBIMH YeTBIPeXKOMIOHEHTHBIMH
3JEKTPOHHBIMH CIHHOPAaMH, Mbl BepHeMCA K ypaBHeHHIO [lnpaka
IS YacTHUB ¢ Maccodl m ¥ BulfepeM cCleaylolliee NpeacTaBjIeHHe
MaTpul o 4 f:

(o) =27 o

Kotopoe orTanuaercs ot (1.17) ynuTapHBM upeoGpasoBaHHeM

U = ?/1—2—‘ (1 + vsvo)-

Torpa, BBOAA of03HAUYelHe
— ()
'lIJ - ( u (_) ) ’
MBI MOXeM 3anucaTh ypaBaenne dupaxa (1.13) B Bume
i3 u () = — o - Vu(+) — mu (=),

3 (10.124)
iwu(——) = 4 io - Vu(—) — mu(34).

B (10.124) BepxHHe M HHXXHHE KOMIIOHEHTH P MepeMelluBaoTCA
TOJbKO MAaCCOBBLIMH uJeHAaMH, M03TOMy B mnpefene m—»{( BO3HH-
KalOT /[Ba HECBA3AaHHBIX ypaBHeHHs, cooTBeTcTByowne (10.114).
B onnom u3 HHUX o = ¢, Kak B (10.116), a B gpyrom o = —0¢, KakK
B (10.120). B npeacrasiennn (10.123)

1 0
Y5 = ( 0 —1 ) .
Herpynno yGeantbes, 4TO pelieHHe
v =("")

npu m—>0 OTBeyaeT HEATPHHO C TMOJOKHTEJIbHOH CIHPaJbHOCTBIO,

TaK KaK
Yo (+) =+ v (+).
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AuasiorHuHo HaJst
0
lp(_)=(11(~))
Vs (—) = — P (—),

¢JefioBaTe/IbHO, peitieHue | (-—) OTBeuaeT HeHTPUHO C OTPHILATEJb-
HOH CNUpaJbHOCTDIO.

Ha B0o3MOXHOCTb onucaHust 6€3MaccoBON AHMPAKOBCKOH 4aCTHLIBI
JIBYXKOMIIOHEHTHBIM YpaBHEHHeM BHepBHe YyKazaa Behan [116] B
1929 r., oaHako 3Ta Waesl He Obl1a Cepbe3HO BOCIPHHSTA, TaK Kak
OpH Tepexofe K JBYM KOMIIOHEHTaM Hcue3aeT MaTpuuma f H Te-
pseTcsl CUMMETPHS OTHOCHTeNbHO P-npeoOpa3oBaHHus, 3aJaBaeMoro
cornacHo (2.32) onepatopoM P = e/®f.

[Tocse OTKpPHITHS HecoXpaHeHHs yeTHOCcTH B 1956 r. ypaBHeHHe
Beitna 6b10 BocKpelieHo B paborax Jlangay, Jiu u SIura u Canama
{117, 118]. Ouu obGpaTuin BHUMaHHE Ha TO, UTO 3apsAjaoBas 4YeT-
HocTh C, kOoTOpOH cooTseTcTBYeT omepatop (5.5), (5.6), Takke He
COXpaHsieTCd, ONHAKO HMeeT MEeCTO HHBApHAHTHOCTb OTHOCHTENbHO
COBOKYMHOCTH 06eux omepaiuii CP, KOTOPYiO Ha3HBaWT KOMOGHHH-
poBaHHOH HHBepcHeH.

Coryiacio (5.5) omepaiius 3apsiJOBOrO CONPSIXKEHHS COCTOMT B
sameHe Y (x,?!) Ha P (X, 1) = CPy*(x, f), rae marpuna C ynosJae-
TtBopsieT (5.4) u (5.6). B HOBOM mpeICTaBJEHHH 3TUM YCJIOBHAM
yAOBJETBOpSAET MaTpHIa

c=—i(g _°

0 —0p /"

HMeeM

B ciyyae ABYXKOMIOHEHTHOTO HEATPHHO NPHCYTCTBHE MATPHUH B
B OmepaTope 3apsA0BOTO CONDSIKEHHsT 03HauaerT, 4To 3TO lipeobpa-
30BaHHe YyiKe He ABJSETCH olepaluell CHMMETPHH, OLHAaKO KOMOH-
HHpOBaHHOe NpeobpasoBaHue CP ecTb omepanus cummerpuu. Heii-
CTBHTEJBHO, ecaH P(x) mnpencrasisier coGoll peurenne (10.114),
TO peUIeHHEM OKa3wlBaeTcsd W QYHKIHUS

'lpCP (x’ t)=c’¢* (— X, t)= + iUQ,lp* (_ X, t)’ (10'125)

NOCKOJIBKY
;) . . , d " %
(lT’T_l_la.Vx)\pcp(X, l)=+l0’2(l'(ﬁ_la 'Vx)lp (——X,t)-—:

*
=Fioy[(—i S —ie Vo) ¥, 0] =0,
rae X' = —x.

BosnnoBas GQyHKUMA AHTHHEHTPHUHO NOJyYaeTcs N0 aHAJOTHH C
(5.7) u (5.8) mas anextpoHoB. Bo3pMeM perieHHe ¢ OTpHUATENbHOMN
sHeprueil, npojesaeM Hal HUM KOMIJIEKCHOe COMpSIXKeHHe H YMHO-
XHM Ha [0,. HampuMmep, peuleHHe ¢ OTpHLATeNbHOH 3Heprueil
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ypaBhenua (10.114) ¢ o = —o¢ LA HEeHTPHHO C OTPHIATEIbHOR
cnupaJgbHocTbio umeer Bul (E = +|pl)

1

e y(—p. —)etiEt+PX)
1lJ(x) '\/m U( p1 )e ]
rne
—Ev(—p, —)=—0-po(—p, —),
o(—p,—)=(4)- (10.126)
CorsacHo (10.125) BosHOBas (YHKIUHUS AHTHHEATPHUHO eCTb
’ 0 1 ; ;
Pep (X7, f)’:-( 1 )We“ (Et-p-x)) (10.127)

Ona, OueBHIHO, TaKXKe sIBASETCH pelleHHeM ypaBHeHus Be#as c or-
pHHaTebHOH cnupasbHocThio. TakuM obpasom, ¢yukuua (10.127)
AeHCTBHTEJBHO OTBEUAeT 4YacCTHIle € OTPHIATeJbHOH CHIHpaJabHO-
CTBbIO, HO B CHCTeMe KNOpPAMHAT X' = —X, NOJYYeHHOH NpocTpan-
CTBEHHHIM OTpaweHHeM. MOXKHO [PHBECTH Takyld aHaJOTHIO:
npaBiia KaxeTcs B 3epkaJie JeBiloft. To9HO Tak ke aHTHHEATPHHO,
obJiajalouiie OTPHUATENbHON CNHPAJBHOCTbIO B WITPHXOBAHHOH cH-
cTeMe, HMeIOT B HELUTPHUXOBAHHOH CHCTeMe IMOJOXKHTEJNbHYIO CIH-
PAaJIbHOCTbD.

§ 60. Pacnan p-me3oHa
B pacnange pu-mMesoHa (MwooHAa)
n=—e~ v v

yuacTByioT ueTeipe (epMHOHA, BKIouas napy (e~, v). Takoe cxon-
CTBO C P-pacmafgoM HefiTpOHA MO3BOJSIET MPEANOJOKUTh, YTO MaT-
pHUHBLIH 3JEeMEHT HMeeT TaKylo XKe, Kak Iis B-pacmajna, dpopmy. Io
AHAJOTMH ¢ aMIJIHTYA0H o6paTtHOro B-pacnaza aMIIuTyjAa IMpo-

ecca
pt—et vV

HaxoAWTCH M3 MPUHIANA JAeTaJbHOrO paBHOBecHs. BHOBb, Kak B
(10.112), Mbl o6benuHdeM BoJHOBHe (yHKUMH mapw (e~, ¥), cuu-
ras, YTO HMEeTCs CBSI3b BHIA

i, (p) v (1 — v3) 05 (R) (10.128)

(kuHeMaTHueckHe 0603HaUeHHs yKasaHn #a puc. 10.17).

Takas cBsi3b O3HauaeT, uTo oOpasywollHeca npd pacnage p~
AHTHHEATPHHO HMEIOT IOJIOXKHTENbHYI0 CIHPAJBHOCTD, 8 JEKTPOHH
HOJIHOCTbIO MOJIIPU30BAHHL [POTHB HANPABJEHH CBOEro ABHXKEHHA
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(mosUTPOHH OT pacnajga p* NOJHOCIbK NOJAPH30BAHB MO HANpaB-
JeHH ABHXKeHHs1). [lossspusanus HeHTPHHO 3KCIIEDUMEHTAJbHO He
HCC/Ie0BaNach, HO OIBITHl IIOKa3ajH, 4TO, KaK M INPeACKa3blBaer
(10.128), s/eKTpOHB NOJHOCTBIO IOJSAPH30OBAaHLEI MPOTHB Hamnpas-
JieHHst cBoero AsmxeHus [119, 120].

dJueMeHT S-MaTpUUH LJs p-pacnaja OPHHUMAET BHA

) — i my me 1 1 15t (p -

M =—= G [ (k) y* (1—Ays) 4 (P)] [ () ¥ (L= y5) vs (B)].  (10.129)

IMapamerp A, onpefeasioluit NOJAPH3aUHI0 v/, U KOHCTaHTA
cBsisi G LOJXKHBI OBITh HafifeHbl U3 HabJI0LaeMOro CIHeKTPa 3JIeKT-
POHOB ¥ BepOSTHOCTH pacnaja.

BepositHOoCcTh pacnaza p~ AAsl caydas HeHOJSIPU3OBAHHBIX Ya-
cruu noaydaercss u3 (10.129) mytem ymHoxenus |Sy;|? Ha dasosbiit
06beM KOHeuHBIX uacTHil d®p d3k d°k, BBeleHHUS] MPOEKUHOHHBIX Olle-
paTopoB IJs CYMMHDOBAHHSI IO CIHHaM, JAeJeHHS Ha 2, YTO COOT-
BETCTBYET YCPeIHEHHIO 110 cHHaM p~, Aejenus Ha VI = (2x)46%(0)
¢ LEeJbI MOJYYHTh BEPOSTHOCTD Mepexojia, HOPMHPOBAHHYIO HA €IH-
HHUHBIH 0O0BeM, H, HAaKOHel, JeJeHHS
Ha IJIOTHOCTB p~, paBHywo 1/(2r)3. B pe-
3yJbTaTe MAJAsg BEPOSITHOCTH Mepexoia
HMeeM

1 1 Bp dk d3k
do = 2 (o) 2F, S °F, 9E, 2E, X
X P—p—k—Fk) Y |MP,
spins
rae
2
Yoime="5% Sply (1 — w9 X
spins
X (P 4 m) Y (1 — Mys) £] X
X Sp (P + me) vy (1 — ¥s) kyy (1 — vs)]. Puc. 10.17. p-pacnan,

(10.130)

Hs (10.130) cienmyer, uTo B BHIpaKEHHH AJA MOJHOK NPOHHTe-
TPUPOBAHHOM BEPOSITHOCTH pacmaja BCe, YTO CTOMT ClpaBa oOT
(2Ep)~!, nopeHu-nusapuauto. Takum ob6pasom, Bennunsa, ob6pat-
Hasl BePOITHOCTH pacluand, NponopuuoHalibHa sHepruv Ep B cooT-
BETCTBHH ¢ TpeOOBAHHEM TEOPHH OTHOCHTEJNbHOCTH. B cHcTeMe mo-
KOsl MIOOH@ 3Ta BCJHUHHA &CTh €0 BPeMs KH3HH.
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BbI‘lHC.)Iﬂﬂ cjennl, nonyqaeM
3 I Mp=32G(1 +|AP)(k-pP-k+k-kp-P)+
spins ~
+ G2(A 4 A" Sp (Ay*Pyyvs) Sp (Avukyvys).  (10.131)

[pousBefeHHe [BYX MOCJAENHHX CJENOB €CThb CKaAAp, aHTHCHMMET-
pHUHBIA 0 k ¥ P, o £ u p u JMHEHHBIA 0O BCeM 4YeTbIpeM HMITYJb-
caM. MOXHO 3allucaTh €ro B BHAE

Sp (By*Py¥ys) Sp (Pvukvvvs) =a(k - kp - P—Fk-pP k).  (10.132)

Jlasi onpefeseHHA NOCTOSIHHOH @ 3alaiuM Ha BpeMS BeKTODHL
k, E, p, P B yno6HO# 15 BHUKHCJAEHHS (OpMe, HO C yCJIOBHEM, HTO-
6ol Beipaxkenne (10.132) ue obpamanoch B Hyab. Hanpumep, mpu

ky=Fk,=(1,0,0,0) u P,=p,=(0,1,0,0) supaxenne (10.132)
IpUHHMAET BHJI

— a = Sp (YvoV*V1¥"Vs) SP (V1YuYoVvVs)-

[Ipn CyMMHPOBaHHH NO HHAEKCaM [ M v 30T BK/IaJd TOJMbKO ABE
koMGuHauun: p=2, v=3 u p =23, v= 2. Takum oGpasom,

— a==2Sp (YoV2¥1YsVs) SP (ViveVovsys) = + 32.
Torxa mas (10.131) umeem
Y I MP=32G*[|1 —APk-kp-P+|1+APE-pk- Pl (10.133)

spins

Jlanee npoMHTErpUPyEM O HMIYJabcaM HeHabJI01aeMbIX HEATPH-
Ho B (10.130). Iockoseky |M|? nuHeen mo & ¥ R, Mbl LOJIKHEL BBI-
YHCJHTb MHTErpal

[ = S £k RS Q—k—B), (10.134)
k

rae Q = P—p. dror uHTerpasn npeolpasyercsl Kak JIOpEHUEB TeH-
30p BTOPOrO panra, ¥ ero ynAo0Hee BCero BLIYHC/IHTb B CHCTeMe
LeHTPa Macc JABYX HeATpHHO, I'le Q sBJM€TCS YHCTHIM BpEMeHH-
nofoOGHBIM BEKTOPOM. B naHHOH cucTeMe Moc/le HECTOKHBIX BHI-
YuCJAeHHA HAXOAHM

18 = 57 Qle” +2¢"¢" ]

MockosibKy (10.134) siBasieTcst TEH30pPOM BTOPOTO PaHra, MBI MOXKeM
B JIOGON JOPeHLEeBOR CHCTeMe 3allHcaTh OTBET B BHAE

108 = X [geQ? + 2Q7Q7]. (10.135)
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O6benunsas (10.130), (10.133) u (10.135), noayunm

G* pdE_ dQ .
do =55 E”P p{II—MZ6p-P(mﬁ+m‘;’z—2p-P)—{—

+I1+AP[—4(p-PP+3p- P(mﬁ—l—mz)—Qmﬁmg]}.

Huterpupys no yraam BhlIeTa 3JeKTPOHA W NpeHeGperast ero mac-
CO# NOKos, T. €. nojarasi me/E, >0, uMeeM clenyioliee pacnpene-
JICHHE [0 SHEPTHH 2J1eKTPOHA B CHCTEME HOKOSI |~

do \°  GmlE2 , 2E, , 4E,
dEp)= 48 [II—MG(I“mu)+il+xl(3“m[]'
(10.136)

HaGmonaemoe pacnpejesedne ¢ XOpollefi TOYHOCTLIO COTJIa-
cyercs co 3HaueHHeM A = <1, T. e. HeHTPHHO, GHrypHpylOllee B
(10.129) B mape ¢ p~, TaKKe HMeET OTPHUATEJbHYIO CIHPab-
Hocrs '), IMonaras 4 =1 B (10.136) u muTerpEpys no Bcem sHep-
ruaMm anexktpoHa 0 << Ep <C!/pmy, nosyuaeM NOJHYIO BepoSITHOCTD
pacnajga p-Me3oHa

1 . 6%3

0 —  — __H®
© Ty 19253 *

(10.137)
3Hauenne KoHcTaHTH G, HafiflenHoe u3 H3MePEeHHOIO BpPEMEHH
JKM3HH, paBHOro

T, = (2,197134 = 0,000077) - 10™° cex,

C TOYHOCTbIO 10 2% coBmajaeT co 3HaYeHHEM BEKTODHOH KOHCTAHTHI
ceazn G=4/2Cy ans sjneproro fB-pacmaga (10.111) (cm. [122,
123]).

Mpr nosyyunu oveHb CHIbHOE yKa3aHHe HA YHHBEPCANbHOCTD
cnaboro B3auMoJefcTBHA Mexay hepMHOHAMH. PaBeHCTBO KOHCTAHT
€CTb JOTOJHHTEJbHbI apryMeHT B I0JIL3Yy NPAaBHJbHOCTH NPHHS-
TOTO HaMM ONHCaHHA B3aumoleHcTBus. Temepb Mml o6paTuMcsi K
ApYTHM MpOLeccaM, B KOTOPHIX yHacTBYIOT JIENTOHHBIE NapH (e~, v)
umd (p=,v’), 1 IPOBEPHM, OTHOCHTCH JH CBA3b MeXAY JENTOHAMH
B 31X npoueccax K (V—A)-tuny (10.128).

§ 61. Pacnaa m-Me3oHa

[Ipn noctpoenun snaemenra S-mMaTpuuel AN pacnajfa m-Me3oHa
(10.91) MBI MoXeM CHOBa NDHHSITL 32 HCXORHBIH NYHKT (V—A4)-
cBA3b (10.128), xoTopas mpekpacHO onHCHIBaeT B-pacmaji H pacnaj

') Bmepreruueckas saeucumocts (10.136) mpu A = + | orseuaer napamerpy
Mumens p = 3/4 (em. [121]). .
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MIOOHA. B mosb3y 3TOro MNpPeANoJOXKEeHHS CBULCTEAbCTBYIOT JBa
SKCIepHMeHTaJbHbIX HalJlodeHus. Bo-mepBolX, 00HapyxKeHo, 4T0 [~
B pacnaze s —>p~ 4V’ IPOJOJIbHO-TONAPH3OBAH B HANpaBJICHUH
cBoero ApuxkeHusd. Torga aHTHHEATPHUHO TaKKe JOJMKHO OBITH NOJS-
pH30BAaHO B HaNpaB/JeHHH CBOEro JABHXKEHHS, T. €. HMeTb IMOJOKH-
TeJIbHYIO CMUPAILHOCTD, TaK KaK CIHH 7~ PABEH HYJIO. B cucreme
HOKOSi M™-M€30Ha YacTHUL p~ U ¥ HCHYCKAiOTCs C PaBHBIMH H mpo-
THBONOJOKHO HANpPaBJEHHHIMH HMIY/IbCAMH H JOJKHB OBITH OJH-
HAKOBO TPOJOJABHO-NOASIpU30BaHb (1160 00e 1O HaNpaBJEHHIO
CBOEro ABHKeHHSI, AuG0 00e IMPOTHB), MOCKOJbKY TOJBKO B 3TOM
cJaydae cyMMapHas NPOeKLUHS HX YIVIOBOTO MOMeHTa Ha HanpasJe-
HUe JBHXKeHHst OyferT paBHa HyJw0. BEIBoL O TOM, 4YTO aHTHHeH-
TPHHO HMeeT MOJOXKHTEJIbHYIO CHHPAJbHOCTDb, COrJlacyerca ¢
(10.128).
Bropoe skcmepuMeHTaJbHOe HaOGMIOJeHHE, CBHAETEIbCTBYIOIEE
B mosab3y (10.128),—3T0 oueHb Majoe OTHOLIEHHE BepPOSTHOCTER
pacnana
n>e-+ v —4
R(n9u+v)~1,26-10 . (10.138)
CuabHO€ [OJaBJeHHe HCHYCKAaHHA 2JIEKTPOHA MNpPeACKa3biBaeTcs
(10.128) 6naropaps daxktopy (1 —1ys), KOTOPLIH NPHBOAMT K MOJ-
HOCTbIO MNOJSPH3OBAHHLIM HEATPHHO € OTPHLATEJbHON CHHPaJbHO-
CTBIO H AHTHHEHTPHHO ¢ NoJsoxkuTesbHOH. [lepecTanisia aToT dakrop
Ha/neBo, moayuaeMm Z(p) (1l + ys), uTo B mpedene v./c—1 cooTBeT-
CTBYeT HCIYCKAHHIO  3JEKTPOHOB, [POAOAbLHO-NOJNSPH30BAHHLIX
TOJIBKO TIPOTHB HaNpaBJeHUs [ABHKEeHUS (¥ MO3HTPOHOB, fIOJSPH30-
BAHHBIX MO HANPABJICHHIO ABUIKEHHA).

Janpewenysi: — é%f Q ©S=+7
EWWMmWW\J o u?mmmmmm
LITpanEHIITE) T LIUPaTBHO6ITS)

Paspeiensislis: & @ O S=0)
EWWMMMWU vmmmmMﬁ
CIRPATEHOCNT) CIPaREHICIIE)

Puc. 10.18. Coxpanenue cnHma B pacnaje ni-Me3oHa, IpHBoJfAIlee K TOMY, 4TO

KakK e—, TAK H V HMEIOT INMOJIOKHTEJbHYIO CIHPaJbHOCTB.

OaHako, Kak Mbl yKe OTMeuaJii H Kak nokas3aHo Ha puc. 10.18,
B pacmaze m~ aHTHHEHTPHHO C NOJIOXKHTEJbHOH CIHPAJbHOCTbIO CO-
NPOBOKAAETCS 3IEKTPOHOM, NPOAOJbHO-OJASIPH3OBAHHLIM 10 Ha-
npasJjeHui0 coero ApHkeHHs. [losTomMy monyyaemas u3 (10 128)
BepOATHOCTb pacnaja coaepxuT (HaxkTop NoAaBJeHHs, PaBHBIA

()
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rie p— Macca ndoHa. OH COOTBETCTBYeT BEPOSITHOCTH HCIYCKaHHS
JIEKTPOHA, HOJSIPH30BAHHOrO N0 HAamNpaBJeHHIO ABHXKeHus. boJjee
TAXKEIBH |W-Me30H, HCIIYyCKaeMBlll ¢ sHepruel

W tm

E, M

= 1,04m,,,
SIB/ISIETCS] HEPEJISITHBUCTCKHM; €r0 CIHHOBHIH NPOEKLUHOHHHIN Onepa-
TOP CyUIEeCTBEHHO OTJxuaercst oT (1 -4 ys), ¥ 3aMeTHOro noAaB/eHHs
He BO3HHKAET,

Hrak, Mo nmpumem (10.128) B KauecTBe JIENTOHHOTO uYJeHAa B
MaTpHYHOM 3JIeMeHTe JJ/Is pacnana nuona u OyJeM HCKaTh 4-BeKTOP
HJIH aKCHaJNbHBLIH BEKTOP, Ha KOTOPHIH HOJKeH OHThb YMHOXKEH Jell-
TOHHBI WJeH, 4TOOb MOJNYYHTb HHBAPHAHTHYIO aMILIATY1y mepe-
xoja.

ITockoabKY cHHH 7I-Me30Ha paBeH HyJIO, 3TOT BeKTOp AO0JIKeH
6bITb [IOCTPOEH M3 ABYX HE3aBHCHMEIX 4-BEKTODOB, XapaKTepH3YIO-
WUX pacnaj, 4-UMIyJbca ni-Me3oHa Py, u 4-uMmyJbca HeATPHHO B,
H300paxeHHEIX Ha puc. 10.19. Onnako %, He

JAaeT BKJala, Tak kKak kug(R)=0. Tem ca-
MBIM CTPYKTYpa MaTPHYHOTO 3JeMeHTa A9
pacmajga m-Me30Ha OIpele/IsfieTcss OAHO3HAUHO;
OH paBeH

—i

(2n)9/2

A ) () ()

X 1@ (p) vy (1 — v5) vs (R)] 2m)* 8¢ (P — p — k).

St — X

(10.139) ,l
ITocrosinnas G ecTb KoHcTaHTa P-pacnapa 17
(10.111), a KosdpdHuUMEHT @, XapaKTepH3YIO- Pge. 10.19. Pacnan
UHH TOJHYI0 BePOSITHOCTL paclaja, MOXKeT T-Me30Ha.

ObITb pasHBIM [/l pacmafa Ha p~ H e~
IloBTOpsist Boiknanky, Gauskue k (10.130) —(10.137) (Ho Gosee
IPOCTHIE), HAXOAUM [/l BEPOSITHOCTH pachaja

1@t 1YGaf Sd% 4p - _
T (2n)° (2M) 2 8 °F, 3E, [2p-PE-P—Fk-pP X

X8 (P —k—p)=TL2L s (%)2(1 —’:—f)z, (10.140)

rae m-— Mmacca HCIyCKaeMoro 3JICKTPOHA HJH MIOOHA.
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Ecau mocTosiHHAas a OfHa H Ta Xe [/ JEeKTPOHHOIO U MIOOH-
Horo KaHajsoB pacmaga, 1o H3 (10.140) mnosyuaem caenyioliee
OTHOLIEHHE BEPOSITHOCTEH:

R(———”"’e+" )=( i )2———-(”2_'"2)2 —13-107",

i)~ ) =)

YTO HAXOJAHTCA B XOpOILIEM COIVIACHH C 3KCIePHMEHTa/abHO HabJio-
naeMplM 3Hagennem (10.138). 2T0 TOBOPHUT B MOJb3Y CBSI3H
(10.128), KoTopas fIBJsieTCs yHHBEPCAJbHOM JUIsT BCEX JIENTOHHBIX
pacnafos. Ecin Obl He ObLio cTpororo npasu/ia orGopa, Hajlarae-
moro (V — A)-cBfi3blo, COIMIACHO KOTODOMY HEHTDHHO MMeEIOT
OTPHUATENBHYI0 COHPAJbHOCTb, a AHTHHEHTPHHO — IOJOKHTE/Db-
HYIO, OTHOUIEHHE BEPOSITHOCTeH He ObLIO OBl TaKHM Ype3BhHYAHHO
MaJbiM, a OblJo O6bl OJM3KO K 3HAUeHHIO, JaBaeMoMy (asoBbiM
00beMOM

e

(w2 —me) ~5,5.

[To sKCHEpPUMEHTAJbHO H3MEDCHHOMY BpPEMEHH XXH3HH T-Me30Ha,
pasHOMy T = (2,6030 4= 0,0023) - 108 cex, HaxoauM KO3(QdHIUHEHT
B (10.140):

la|~ 0,92 p. (10.141)

[Ipeanonoxenue 06 ynusepcanbaoctu cpsasu (10.128) nast scex
JIENTOHHBIX PacnajoB MO3BOJSAET ONPeleJHTb MOJSIPU3AUUIO p-Me-
30Ha B pacnaje NHOHA. 3Has ee, MOXKHO OJHO3HAYHO MpelcKasaThb
napaMerp aCHMMETPHH B pacraje [L1-M€30Ha, KOTODHIH XapaKTepH-
3yeT KODPE/SUHIO MeXIy HanpaBJjeHHeM BblIeTa 3JeKTPOHAa H Ha-
IpaBJeHHeM ClIHHA WU-Me30Ha B M0CJAEJ0BaTeNbPHOM pacrnaje

ated T
l-—»e‘—l—\'r-}-v’.

Ilas onpefeJeHust aCHMMETPHH BLIYHCIMM CHayaja MOJspH3a-
LHIO p-Me30Ha, HCIYCKaeMOro B 3a/laHHBIA 3JEeMEHT TeJeCHOro
yrja, a 3aTeM HafileM CIEKTP 3JEKTPOHOB OT pacmaja 3THX
J.-MEe30HOB.

YUrobn HalTH NOJASPHU3AUHIO W-Me30HA B pacnaje IHOHA, Bep-
gemcs K (10.139) u BHIUHCAMM BepPOATHOCTb pacmaza Ha MIOOH
¢ 3ajaHHOl noaspusanueil s. BeexeM, kKak B (7.89) n (7.90), cnu-
HOBBIHl mpoeKuMOHHBH onepatop (1 + ys§)/2 © BocnoJb3yeMmcs
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TeXHHKO! Bhluncaenusa cjiegoB. Torma Bmecto (10.140) nosyuum

dos = g 757 S5 | 4 X
><2Sp[<ﬁ+mu>(‘+“§)1>u—vsw?] P—p—k)=
=%(@7)u3 ) § i 81— pFIX

x{%(1 —%5—)+ ’"“;P } (10.142)

rie P n p npencrarjsloT coBol 4-UMNYJLCH IIHOHA 4 MIOOHA CO-
OTBETCTBeHHO. BepoaTHOCTb paciiaga MakcuMaJgbHa A9 n~ € HOJO-
KHUTENbHON CIHPaJbHOCTHIO, T. €. cornacHo (7.94) npn

1 }1.2( mﬁ)
SR'P———"Q—?I; I—F .

BeposiTHoCTb oGpaliaeTcss B HYJb, €C/JIH [-Me30H HMEET OTPHIA-
TeJBbHYIO CIHPAJNbHOCTD, S5 = —Sp.

s monyueHus BepOSTHOCTH pacnaja p-Me3oHa, 006/1a[alolero
3alaHHOf monsipu3auued s, Mbl Bo3BpautaeMmcss K (10.129) u nosto-
psieM BBIUMC/AEHHs, TNojicTasasis A = -1 u npeHebperas Maccof
MOKOA 3JEKTPOHa, T.e. moJjarasi #l/Ep, — 0. CnuHOBHE MPOEKIHOH-
Hblfi onepatop (1 4 vs$)/2 BHOBbL NMO3BOJISIET CBECTH CYMMUPOBaHHe
MO CIHHAM K BHIYHCJIEHHIO CAeN0B:

S 1w =2 sply (1 —vo (L) B+ m) v (1 — v £] X
electron
spin

X Sp [Py, (1 — vs) By (1 — vs)] = 64G%k - pk - (P — m,, 8",

MaTerpupoBanue no nepeMeHHHM HeHaGJONAeMOro HeHTLHMHO mpo-
uzsoauTes, Kak B (10.135), u maer

G* pdE,dQ,
48n* E,
X{—4(p-PY+3m:(p-P)—ms-p[m:—4(p-P)]}
B cucreMe mokos t-Me30HA HMeeM

s m2E2 dE d£2[(3——4%)+ (4——-—1 |

Cornacuo (10.142) p—-me3os OT pacmaja MHOHA HMeeT [IOJOXH-
TeJbHYIO COHPaNbHOCTD. [loaTOoMy H3 (7.94) caenyer

< >—— ‘n=—co0s0,

do, =

0 __
del =
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rge § —yroa Mexjy HalpaB/jeHleMm CIHHA u-Me30Ha M HalpaBsJie-
HueM ghijera aJjekTpoda. OTciofa noayuaeM

2

E
(da’) = 5 miE2 dE  d (cos 0) [3 — 4771—:—] (I —acosH),
rae
_ AEp—my
o= 3my — 4E,

npeicTaBaseT COGOM MapaMeTp acCHMMETPHH, 3HaueHHe KOTOPOTO
CoBHaJaeT ¢ uaMepsieMblM Ha ouslte [15—17, 109].

§ 62. dea tuna HelTpHHO

Bce paccMoTpeHHble HaMHU JIeNTOHHLIE B3AUMOJAEHCTBHS Xapakre-
pusoBa/HCb oiHHM H Tem xe THHOM (V — A)-casu (10.128) B
MaTpHUYHOM 3JIeMeHTe JJIs1 JIGNTOHOB. DTO 3HAUMT, YTO B CJaabBIX
B3AaAMOJCHCTBHAX U™ H €~ NepPexofAT B HEATPHHO C OTPHULATENbHON
cnupanbHocTblo. [lpHpoaa, NposBUB CKYNOCTb B TOM, YTO JJISl YCTpPa-
HEHHS JIHIIHEH cTeleHu cBOOOAB HEUTPHUHO MO3BOJIHJA YETHOCTH He
COXPaHATbCA, 0Ka3adach HeOOBACHUMO UleApa, RONYCTHB CYIIECTBO-
BaHHe [BYX THIOB HeHTPHHO, v H v/, OYeHb MOXOXKHX H B TO XKe
BpeMsl coBceM pasHBIX. HelATpuHO v, CBI3aHHOE B BepIUHHE C 3JEKT-
POHHOH JIHHHeH, HMeeT OTPHLATENLHYI0 CHHPAJBbHOCTL H HYJEBYKO
(m1u60 oyeHb Maayl) MacCy, TaK ke Kak HeHTpHHO v/, CBSI3aHHOE
¢ p. Tem He MeHee OHM pas3auvHb '),

[Tepsoe ykasaHue Ha TO, YTO HMEIOTCA [ABA THHA HeHTPHHO, GBLIO
[OJNYyUEeHO H3 CPAaBHEHHS He CJHUIIKOM HaJexXKHOH TeoperHuecKod
OLUEHKH BeDOSITHOCTH palMallHOHHOTO paclajaa Mo KaHaJy

pT—em Y
C €€ 3KCIEePHMCHTAJ/NbHbLIM 3HAYEHUEM, KOTODOC JNAeTCsl OTHOLIEHHEM

R@Z>e V) 99.107%,
R(p=——=>e—+v+v) ’

PaccmarpiBaeMplll NpoOiecC MOXKET HATH B INEPBOM MOPAAKE
TEOpHM BO3MYyLIEHHH MO c1afoMy B3aHMOJEHCTBHIO, TOJBKO ecJH
nocjenHee 0GyCJAOBAEHO OOMEHOM MNPOMEXYTOYHBIM 3aPSIKEHHBIM
BEKTOpPHbIM Me30HOM. IIpHMHAB 3Ty rHnoredy, MOXHO NpPOU3BECTH
pacueT BEpOSITHOCTH, PacCMOTPEB AHarpaMMbl, M306payKeHHble Ha
puc. 10.20.

XoTsl BO3HMKAIOUIHE HMHTErpaJjbl PacxXoisiTCsi H pe3y/abTaThl pa-
cueTa HEJIb3si 1109TOMY NpPHHEMATb OYKBa/JbHO, TPYAHO NOJYYHTh
JJst  NPUBEJEHHOro Bblllle OTHOLIEHHs 3HaueHHe MeHbIUe, ueM

Y B ayumem cayuyae OHH MOIYT OKas3aTbCsi ABYMsI PasHBIMH NMapaMu KOMIO-
HEHT 4eTbIPeXKOMIOHEHTHOro HeMTPHHHOTO CIHHOpA.
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10—4—10-5, OnHako 3TH AMarpaMMBHl, TaK XKe KakK u Bce Apyrue, o6-
pawaioTcsi B HyJab [124], ecau He#TpHHO v/, COOTBETCTBYIOLIEE U™,
OTJIHYAETCS! OT HEHTPUHO v, OTBEYAIOIIErD €™

Bosee HajgexHbfl ONBIT AJS peUIeHHst BOIpPOcAa O CYIIECTBOBA-
HHH [IBYX THNOB HEATPHHO Gbl1 mpensoxer [Tourekopso u Llsap-
uem [115). Maest cocTOMT B TOM, uTOGH ¢ MOMOMLIBIO Myyka v’ OT pa-
cilajia IHOHOB BHI3BAThb peakUUM THNa

v+ R->N+p uan e

Poxjenne p B 9Tofl peakuHH ObIIO IKCHEPHMEHTANbHO O6HapyxKe-
HO, B TO BpeMsi KaK HH ORHOTO COGBLITHA C HCMYCKaHHEM e He Obl1o

v Y
Wi w2
WX XX XXX XXX XXX g
V4 &- . &S g
e 7

Puc.. 10.20. Pacnan p—e + vy, KOTOpHH BO3MOXKEH, €cAu HeHTpHHO Vv H V
TOXJECTBEHHEL

HaliieHo. DTO TOBOPHT O CYUIECTBOBAHHU ABYX THIIOB HEATPHHO.
Tem caMmbiM K Bompocy «Uem, KpoMme macchl NOKOf, OTJIHYAIOTCSH
I M e W 3aueM NpPHPOJE MOHAAOOU/IHCH B 3apSKEHHBIX JICNTOHA? »,
OTBET Ha KOTOPBIi HHKOMY He H3BEeCTeH, Tenepb MOXKHO N06aBHThb
emle OJHH BOTpOC: «3aueM HY:KHBI J(Ba THUNA HEATPHHOP>.

§ 63. MumoTresa o COXPaHAIOINEMCA BEKTOPHOM TOKe

Pacnaabl m- ¥ u-Me30HOB, TaK XK€ KaK siAepHb f-pacmal, yka-
3bIBAIOT, YTO JIENTOHHbIE nmapbl (e,v) u (p, V') cBsA3aHB B MaTpHY-
HBIX 3JeMeHTax pacrnafa oauoil W To# Ke cBssbio THna (V—A).
Bonee Ttoro, us cpasnenus (10.112) u (10.129) ¢ o ==1,25, A =
= 1,00 u G &~ G voxuo caenarb BbHIBOA O 0OJbIIOM CXOILCTBE Me-
JKIY HYKJIOHHOH U JIENTOHHOHN CBSI3AMIL.

EctecTBenHo Oblio OB 0XHAATh, 4T0 00/J4aKO CHJABHO B3aHMO-
NeHCTBYIOLLUX f-ME30HOB, KOTODHIM, B OTJHUHE OT JENTOHOB, OK-
DYKeHBl (H3HYeCKHe HYKJIOHB, H3MEHHT BEKTOPHYIO H aKCHaJbHO-
BEKTOPHYIO KOHCTAHTHI CBSI3H, BBEACHHbIE [J/Sl «TOJBIX» HYKJOHOB
B OTCYTCTBHE CHJbHOTO B3auMojefictBud. [lo3ToMy mopasutesbHBIM
npeacTaBisieTcs TOT (akT, 4TO BEKTOPHBIE KOHCTAHTH Aad f-pac-
naga W p-pacmnaja CoBHafaloT ¢ TouHOCTbio A0 2%. Jawe xon-
craita o = 1,25, KoTopas [aeT OTHOMIeHHe aKCHAJbHBIX yacTew
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B3aMMO/ICHCTBHA AN HYKJOHOB H JIENITOHOB, OKa3biBaeTcs AOCTa-
TOuHo 6J1M3KOH K eNHHHIE, YTOOH, OCHOBLIBasICh Ha 3TOM OJH30CTH,
CTPOUTDH UHTEPECHBIE MPEANON0KEHHUS.

HccaenoBanue 3JeKTPOMArHUTHBIX B3aHMOAEHCTBHH 3J1€KTpoO-
HOB B V1. 8 ¥ npoToHOoB B § 56 naeT BaxKHHIH KJAI0Y K [NOHHMAHHIO
P2BEeHCTBA BEKTOPHOrO TOKa B3aHMOJEHCTBHSA HYKJOHOB H JIENTOHOB.
PapenctBa (8.50) u (8.57) noxasnlBaioT, YTO BepUINHHAA (DYHKUIUSA
3JIGKTPOHA 3a CUeT pAaJHAlHOHHLIX TONPABOK HepPeHOPMHpYeTcs
¢pakropom Z;!. Cornacno (8.46) u (8.57) nomoJHHTeJNbHBIH (ak-
Top Z, NOABASETCS TaKkKe B 3JeMeHTaX S-MaTpuusl Oaaroaaps fe-
pPEHOPDMHPOBKe BOJAHOBOK (YHKUHH 3/eKTpOHA. B HHU3IlleM mopsiake
no ¢ OBLIO ycTaHOBJeHo, uto Z, = Zy (cM. (8.54)) wu, cuaenosa-
TeJIBHO, 3TH 3(h(deKTh B3aUMHO KOMIECHCHPYIOTCH; OBLIO TaKkKe yKa-
3aHO, YTO PAaBEHCTBO Z; = Z, CIpaBelJIUBO BO BCeX NOPAAKAX U
SiBJIeTCA CJAEACTBHEM ToxAecTBa Yopaa (8.51) [50].

Takoe e NOJOXKeHHE HMeeTCs B 3JEKTPOMATHHTHOM B3aHMO-
neficTBUY [POTOHOB. Me3oHHbIE NOMNPABKH, KOTOPBIM COOTBETCTBYET
puc. 10.13 u dopmyaa (10.86), nepeHOPMHUPYIOT 3IEKTPOMArHUTHYIO
BepluHHy nporoHa ¢akropom (GeCKOHEUHBIM B TEOPHH BO3MYHIe-
HUf), aHAJMOTHYHBIM Z;, NpHUYEM OH BHOBb KOMIEHCHpyeTcss o6yc-
JIOBJIEHHOH Me30HaMH IIePEHOPMHDPOBKOH HNDOTOHHBIX BOJHOBHIX
dyuxnuii. 310 yTBEpKACHHE MOXKHO INPOBEPHTL C TOUHOCTBIO A0
BTOPOro NOPAAKA N0 Me30H-HYKJIOHHOMY B3aHMOJAEHCTBHIO, MOKA3aB,
uyto paBeHcTBo (8.51) cHpaBedNMBO € YYeTOM Me30H-HYKJOHHOTO
B3aUMONEHCTBHSI.

W3 paBeHcTBa NepeHOPMHPOBOUHBIX NOCTOSHHBIX CJIEAYeT OUeHb
BaXKHBEIA BHIBOA: (pusnueckue, HabgiolaeMble 3apsa[bl 3JEKTPOHA H
fIPOTOHA PABHH JAPYT APYTY, €CJIH PABHH UX «TOJIbIe», HelleDeHOPMHU-
pOBaHHble 3apsijbl, TAK KaK M3MeHeHHe (hOTOHHOrO npornarartopa 3a
CueT TMONSIPH3AUUM BAKyyMa ONHHAKOBO CKA3HIBAETCA HA 3JIEKTPOHE
H npoToHe. DTO CBOMCTBO YXKe MOAPA3YMEBAJOCh paHee NpPH pac-
CMOTPEHHH 3JeKTPOMATHHTHOR CTPYKTYpPH! IPOTOHA, KOTa BeJIHYHHA
F{” (0) 6n.1a nomosxkena pasuoit 1 B (10.8).

dopMa maTpuyHOro ajeMeHTa B-pacnajga AJas BEKTOPHOH uUacTH
B3aHMOAEHCTBHS

G - C 5
75 D Vutbn = 7-2_—11fvu1:+11’, (10.143)
rae 1
T =5 (v + i),

HMeeT 6OJIbIIOE CXOACTBO C 3JEKTPOMAarHHTHOR BepLIHHON NpPOTOHA.
3TO CXOACTBO CTAaHOBMTCA elie O0Jee oueBHAHBIM 6Jarojapst TOMY,
YTO ME30HHBIE NONPaBKH He BJIHAKT Ha KoshdWUHEHT NpH y, AIA
HYJIEBOTO mNepefaHHOro HMHyJbca. OCHOBHOe OTJNHYHE COCTOHT B
TOM, 4TO NIpH B-mepexole 3apsii MeHsgercss Ha enuHuuy. Iepmreiin
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H 3eabnosuy [125] u nosxke Peituman u [ean-Mann [122] npeano-
JIOXHJH, YTO BEKTOPHHIH «TOK» B f-pacnajge MoxeT OBITh MOJYUYeH
H3 3JIEKTPOMATrHHTHOTO TOKa IYTeM H30TONHYeCKOro mosopota. Ilo-
CJIeIHHIA MOXHO NMPOH3BOAHTD 6Jarofaps 3apsioBOH He3aBUCHMOCTH
CHJALHBEIX B3aHMOAEHCTBHI.

Benomunas, yto cornacko (10.89) sieKTpoMarHHTHEIH TOK HY-
K/JIOHOB MOZKeT OblTh 3aNMucaH B BHAE CYMMBl M30CKaJAsipa H H30BEK-
Topa, npasuiao Peidnmana — [ean-Manna MOXKHO chopMyTHPOBATH
CJeAyIoIEM 00pa3oM: BEKTODHBII TOK B-pacnaga mnoaydaeTcs H3
H30BEKTOPHOH YaCTH 5MEKTPOMArHHTHOTO TOKA 3 3aMeHOM

. . G . .
R it =T L+ i),

OTO NPaBHJI0 H3BECTHO KaK TMIOTE3a O COXPAHSIOUEMCS BEKTOPHOM
TOKe. B 0TCyTCTBHE paiHalHOHHBIX MONPABOK OH B TOUHOCTH COOT-
BercTByeT B3aumolelictshio (10.143). C yueToM paaMamHOHHBIX
NONMPaBOK BEKTOPHasds 4yacTh MATPHUHOro 3JeMeHTa IJst B-pacnana
noJyuaetcsl HernocpeacTBeHHo H3 (10.89):

, G - i0,,.,qv
=2 7= Y007 [P @) + 228 r @] ). 10149

[lockonbKy H3 3JIeKTPOH-TIPOTOHHOTO paccesiHus M3BECTHO, 4YTO B
obnacth —g? < p? Gopm-GaKTOpPH NPHUOJIH3UTENBHO MOCTOSHHHI,
OHH MOTYT OBITb 3aMeHeHH CBOMMH 3HAaYeHHSIMH B Touke ¢? = 0.
Torpa dopmysaa (10.144) npunuMaet BHA

3,70i,,., q"

o ]u,, (p). (10.145)

. G
W=zt (p") [vu +
Mpur BUIHM, YTO TIO CBOEMY NOCTPOEHHIO 3TOT TOK coxpanaefc;x, T. €.
(" —pil (g=0.

[ToMumo TOro, 4to Komcrauta npu j, B (10.145) He mepenop-
MHpYeTCsl, APYTHM SKCIEDHMEHTAJbHO HpPOBEpPsSieMbIM CJeJCTBHEM
THIIOTE3bl O COXPAHEHHH BEKTOPHOrO TOKa ABJSETCA HAJHUHE B 3TOH
¢popmy/ie BTOPOro 4ieHa, Ha3BaHHOTO «caabbiM MarHeTusmom» [126).
K coxaneHHo, OH HMeeT TOT e NOPAAOK BEJHUHHBLL, YTO H MO-
NpaBKH MEPBOro NOPsiika Ha OTAAYy HYKJAOHA NpPH B-pacmane, H
I103TOMY ero TPpyAHO Habmoaath Ha onwiTe. OnHaKo cnabLiff MarHe-
TH3M OBl TeM He MeHee OOHapy:KeH B OJeCTsILEM 3KCIepHMEHTe
[127] no usydenuio B-nepexonos sinep B!2 m N!2 B ocHOBHOe cocTosi-
Hue saapa Cl2

CorsiacHo THIIOTe3e O COXPaHEHHH BEKTOPHOrO TOKa MOXHO [O-
JYUHTb NpaBu/Ja AHarpaMMHOH TeXHHKM AJd cJabelX B3auMojefi-
CTBHE H3 (PeHHMAHNOBCKHX NPABHA [JIs 3JeKTPOJIMHAMHKH. Bo-nmep-
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BBIX, HMeeTcsi IOJHOE COOTBETCTBME MeXIy AHarpaMMaMHu JIJs
B-pacmama M 3JeKTPOMAarHWTHBIX B3auMopeiicTBuii. Hanpumep,
SJIEKTPOMATHUTHASl CTPYKTypa ONHCHIBAeTCH AHarpaMMaMH Ha
puc. 10.21 BMecTo auarpamm Ha puc. 10.13.

B amarpammax Ha puc. 10.21,a u 10.21,8 BMecTo e(l + 13)/2
durypupyer Gakrop (G/A/2) t,. Nnarpamma na puc. 10.21,6 coort-
BeTCTBYET «CJ1aGOMY NMHOHHOMY TOKY», KOTOPHIE BHOBb IO.1yYaeTcs

o
v

(@) 0] @)

Puc. 10.21. Bexropnas uacTe BepluHHEl ¢J1aGoro B3auMOAEHCTBHS COIACHO THIO-
Te3e 0 COXpaHEHHH BEKTODHOIO TOKa.

M3 MHOHHOIO 3JIEKTPOMATrHHTHOTO TOKa BpAllleHHeM B H30TONHYE-
cKOM IpocTpaHcTBe. ITHOHHYIO 3/1eKTPOMATHHTHYIO BEPLIMHY MOIKHO
Haitu, B3s8 ToK B (10.37) B KauecTBe MAaTPHUHOrO 3JeMEHTa Nepe-
XOf4; TOTJAA BepUIMHA HMEET B HMIYJIbCHOM IIPEACTABJEHHH CJe-
JYIOWHUH BHA:

B=—ie(d” X &°),(p, + P, (10.146)

rae @ u @, p u p’ OpeACTaBARIOT cOOOH MBOTOMHUYECKHE BOJHO-
Bble (PYHKIIMH M UMIYJbCH HadaJbHOTO M KOHEUHOTO ME30HOB.
OueBnpHoe pasauuue Ha Koadoduument 2 mexnay (10.146) u
(10.37) obycaosaedo tem, uto B (10.37) mmeroTes aBa cnocoba co-
NOCTABJEHHA BOJHOBLIX (GYHKIHN ¢ (¥) HaYaJbHLIM H KOHEUHBIM
yactuuam. [Js MoJyueHHs: BepUIHHB -pacnaja Mbl BHOBb 32aMeHHM
TPETbI0 KOMIIOHEHTY Ha <«MOBLIMAIOULYI0» KOMIOHEHTY H € — Ha

G/4/2; B pesyabraTe MOJNyuMM Ciefyiolliee BbipaXXeHHE s IHOH-
Holl BepuinHu Ha puc. 10.21, 6:

it =— 2 [0 X @), 4 i@ X &) [+ 7] (10.147)

Hannune Bo B3aMMOAEHCTBHM TaKOro uJjeHa NOPUBOAHT K ApPY-
roMy 3KCHepHMEHTaJbHO HAOJ/I0aeEMOMY CJEACTBHIO, a HMEHHO
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CyllecTBOBaHHI0 pacnaza [15, 17, 109, 122, 125]
at-—->nal4e~ 4. (10.148)

MaTpuuHBI 32/1eMeHT C YYeTOM CHJIbHBIX B3aHMOJAEHCTBHH CHOBa
CBSI3aH C MHOHHLIM 3J€KTPOMAarHUTHHIM TokoM (10.85) nocpenctBoM
H30TOMHYECKOro nosopota. I1o3ToMy equHCTBEeHHOE H3MEHEeHHe, BHO-
cumoe B (10.147) Me30HHLIMM pajHALHOHHBIMH [ONPaBKaMHM, CO-
CTOHT B HOSIBJIEHHM NMHOHHOrO opMm-pakrtopa F(g?), KOTOPbIA IPH
MaJblX ¢2, y4acTBYIOILUX B peakuun (10.148), MoxeT 6bITh NONOKER
pasupiM 1. Torga MOKHO BEIMHC/IHTL BEpPOSITHOCTb paccMaTphBae-
Moro pacnapna, ucxonas u3 sepunsnel (10.147). Pacuer gaer cieayio-
llee 3HauYeHHe MJA OTHOUIEHHS 3TOH BepPOSTHOCTH K BEPOATHOCTH
IOMHHHpYyIOUlero pacmajal):
R{a= >a’Fe-+%) -8
Ri- s =¥ = 107°. (10.149)

Takum 06pa3oM, rHIOTe3y O COXPaHEHHH BEKTOPHONO TOKAa MOXK-
HO KpaTkKo c(POpMYJAHPOBATb CASAYIOIIUM 00pasoM. JIeNTOHHBIR TOK
b,y (1 — ys) Py B3aUMOAEHCTBYET C «INOBHIIAKIEH» KOMIOHEHTOH
coxpaHsmollerocss u3oronxueckoro toka (10.43), kortopuit no ama-
JIOTHH C 3JeKTPOJMHAMHUKOH paccMaTpHBAIOT KaK TOK Mepexona.
JKcnepuMeHTaJLHO NpoBepseMble CIeICTBHS BO3HHKAIOT Gsaromaps
TOMY, YTO 3Ta <«INOBHIIIAOILASl» KOMIIOHEHTA ONpelessieTcsl W3 Tpe-
TbeHl KOMIIOHEHTBl COTJIACHO 3apfiJOBOH HE3dBHCHMOCTH CHJbHBIX
B3aHMO/JEHCTBHH; TpeTbd KOMIIOHEHTAa MOXKeT OLITh H3MepeHa B
3JIEKTPOMATHHTHBIX B3aHMOJEHCTBHSX.

§ 64. YacTuuHo coxpaHsiomuiics akCHaJbHLIH TOK

Mesonnoe 00/1aK0, OKpy:Kalolllee HYKJOHB, BJAHSET TAaKkKe Ha
aKCHaJbHO-BEKTOPHYIO, HIKM THna [amora — Teasepa, uacte B-pac-
NaJHOrO B3aMMOJEHCTBHA. MBI MOXeM [PEANOJIOKHTh, YTO HMEHHO
C 9THM ME30HHBHM OOJAaKOM CBSI3aHO NPOHCXOXKIAEHHE YHCJIa
a == 1,25, XapaKTepH3YIOILero OTHOIUEHHE aKCHAaJbHO-BEKTOPHOM
KOHCTAaHTLl K BeKTOpHOH. BennuwmHa o 6aH3Ka X eAuHHIE, a eCJaH
IpOAeNaTh NEPeHOPMHPOBKY KOHCTAHTBI 34 CUET CBA3aHHBIX € Me-
30HHBIM OOJIAKOM BUPTyaJbHBIX 3((HEKTOB [0 TEOPHH BO3MYIIEHHH,
TO MOJYYHTCS JIOrapuMHUYeCKH pacxojsileecs BoipaxkeHHe, MoxHO
O3TOMY C/e/1aTh [peAnooXKeHHe, 4TO A5 AKCHAJIbHO-BEKTOPHOIO
B-pacnaiHoro B3auMOJeHCTBUA UMeEETCH NPubAudceHHsll 3aKOH co-
xpaHenust [128].

[TockosbKy B HacTOflllee BpeMsi OTCYTCTBYeT Oporpecc B 00b-
SICHEHHH BeJIHUHHEl o0 Ha OCHOBE 5TOH He BIOJIHE OTYETJHBOH HjEH,
HJIM HCXOASl U3 JIIOOBIX MHBIX TPeANOJOXKeHUH, Mbl He GygeM GoJgee

') Cm. *J1. B. Oxyns, ccoiika [109]. (Hpum. nepes.)
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o6cyxaaTh seauunHy o. OnHako, Kak Mbl ceHdac yBHAAM, HAed
O TOM, 4TO B aMILIUTyAe cjaboro pacnaja JeNTOHb CB3aHBl C
«YACTHUHO» COXPAHSIOILHMCA AaKCHaJbHO-BEeKTOPHBIM HYKJIOHHBIM
TOKOM, TpHHec]a HEKOTOPbIH ycnex B OOBSACHEHHH Ha6/1101aeMoro
BPEMEHH KH3HH TT*-ME30HOB.

I[Tpocrefiias pajiHalHOHHAR MONPABKa K aKCHANbHO-BEKTOPHOMY
TOKY — 3TO NONpaBKa, 00ycJOBJIeHHAsT GAHAM 7-ME30HOM; OHa H30-
Gpaxena Ha puc. 10.22. CooTBeTCTBYOWHE WICH B HHBADHAHTHOH
AMILIHTYAe B-pacnaja HMeeT BHA

ﬂnln = 7@7 ('_ ig '\/5) [ﬁ (pp) iYsu (pn)] _q-z‘i_”z" ><

X (ig,) [ (po) Y (1 — v5) v (B)],  (10.150)

rie Ga/4/2 ecTb KOHCTaHTa CBA3W B aMIVIATYyAe pacmaja m*
(10.139), a g sBAAETCA KOHCTAHTOH CHJBHOIO n — N-B3aumojeii-

cTBHA. JL0GaBOUHBIH MHOMKHTEb A/2 BO3HHKaeT M3 M30TOMHUYECKOI!
MaTpHUb /s HCIyCKaHHsi 3apsxenHoro muoHa. KuHemaTnueckue
o6o3Hauenns BBeleHbl Ha puc. 10.22. Bosuugaer TakxkKe psia AONOJ-
HUTeJbHbIX BKJAAOB IEPBOrO MNOpsiika Mo caaboMy B3auMOJEi-
CTBHIO OT JAMarpamM THna H300paKeHHbIX
Ha puc. 10.23. Bce BKJIaAsl OT Auarpamm
na puc. 10.23 MOXHO 3anmucarth B BHAE

\ =7 (5,0 2,)(p) ¥ (1= 1) 0 ),
Pp rje
T (Ppr )=
7, = —92: (pp) [Vu¥sF 1(6®) + quv:F 2 (¢7) +
g + PyvsF 3 (g u(pa),  (10.151)
Puc. 10.22. Braax omuo- G=pn—Pp="PcFtk P=p,t Pa

nuoHHOro ofMeHa B aKCH- N .
anbHylo  4acTe caaboro [To cBoel CTPYKType 2TO BbIpaxKeHHEe I0XO-

B3aHMOLeHCTBHS. e Ha siaeKTpomarauTHeill 1ok (10.87) ¢ Toi

pasHuIlel, YTO AJisl MOJy4YeHHS aKCHAJLHOTO

peKTOpa ciola 1o0aBjieHa MaTpuua ys. Ecin Mbl OpuMeM, dTo, 0O-

n06Ho anarpamMam Ha puc. 10.23, Bce ocra/ibHbie BKJaibl B 7;

npeo6pasyioTcsi KaK «MOBHIIAIOLIAS» KOMIOHEHTA HM30TONHYECKOro
sektopa, T0 (10.151) MOXHO ympOCTHTb, [OKa3aB, 4TO

F;3(¢*)=0. (10.152)

3to0 paBeHCTBO CJaedyeT H3 UHBAPHAHTHOCTH CHJBLHOTO B3aHMOJCH-
CTBHH OTHQCHTEJDbHO 3apPsiA0BOro CONpAXKCHHA H H30TONHUECKOR HH-
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BapuanTHoCTH. UToGbl ero 40KasaTh, MOBepHEM CHayaiaa F, B H30-
TONUYECKOM NpPOCTpPAHCTBe, 3aMeHHB 7T, B cAabbX BeplIHHAX
auarpamm Ha puc. 10.23,a Ha 13, a TakXKe B BepIIHHE HCIYCKaHUs
TT-Me30Ha, CBSI3aHHOro ¢ JenToHamu Ha puc. 10.23,6. Baaropapsa

]
=

<

(@ @

Puc. 10.23. Arcuanbuble BkAaib B B-pacnai.

3apS/l0BOH HE3aBUCHMOCTH CHJIBbHLIX B3auMOAeHCTBHE 7, mepexo-
AMT OPH 3TOM B TPETbl0 KOMIIOHEHTY H30OTOIHYECKOTO BeKTOpa; B
4acTHOCTH, AJS NPOTOHA

75 (v, p)=
= % a(p") [vuvsF 1 (6D + 9,vsF 2 () + PuvsF 5 ()] u(p), (10.153)

rae
qu:pu_p“) Pu=pu+pu‘

CorsacHO 3apsi0BOH HHBApHAHTHOCTH CHJIBHOTO B3aHMOAEHCTBHS
IOTOJNHHTe bHBle BKAaAs B (10.151) or agnarpamm Ha puc. 10.23
JOJIAHBI INPHBECTH K TOKY

F3(p’, p), KOTOpHIE npU 3aMe-

He M[pOTOHAa HAa AHTHIPOTOH
npeobpasyeTcd B TOUYHOCTH _
TaKk JKe, KaK TOK <«rojoro» X\
npoTOHA:

i (p") vuvse (p)-  (10.154)

Pacceannio aHTHIpOTOHA
H3 COCTOSIHHSl ¢ UMOYJbCOM p  Puc. 10.24. Caabas sepludHa AJs aHTH-
B COCTOSIHHE C UMOyJbcOM p’ POTOHA.
oTBeYaeT  AuarpamMma  Ha
puc. 10.24. B cooTBeTCTBHH ¢ pe3yJbTaTaMH I. 6 MOXHO CYH-
TaTh, UTO Ha Hel M300paKeH (OPOTOH C OTPHLATENbHOH 3Hepruefi,
JIBHMKYULHHCS HA3ad BO BpeMEHH, KOTOPHIH paccenBaeTcs M3 COCTOf-
uuss (—p’) B cocrosiHue (—p). Ero akciuajibHO-BeKTOPHBIH TOK
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uMeeT BUA

7 (p) Yuvs0 (p7) = — u” (p) C™'y,vsCid" (p') e'* =
= —i(p’) v,vsu (p) e'¢, (10.155)

rae Mbl HCIIOJAb30BaJH COOTHOWIeHHe (5.8) (mo moBoAy ¢aszoporo
MHOXKHUTeAs] cM. paccyxkaeHus neped (5.8)). Temepb MH HOMKHB
coxpauuTb B TokKe (10.153) suuwb usaeHH, 06Jajaiolllue TEMH Ke
TpaHc(OpMAUHOHHEIMH CBOHCTBAMH, UTO H «TOJBIH» TOK, NOCKOJIBKY

K(—p, —p)=—=7up, pe”. (10.156)

Orciofa HETPYAHO NOJNYYHTh paBenciso (10.152).

Bce BkAagnl guarpamm THna usobpaxkedHHod Ha puc. 10.23,6 B
aKCHA/JbHO-BEKTODHYI0 4YacTb AaMIJHTYAB MOTYT ObITh 3alHCaHLI
Kak npousBeleHHe poipaxenus Buaa (10.150) va cxanspuyio QyHk-
uuo g2 Bce nmompasku K IHOH-HYK/IOHHOH BepIIHHE NPHBEAYT K
caenywoulell GopMe B3aUMOAEHCTBUS:

a(p,) vsF (¢°) u(py),

e g == pun—Pp, a F(g%) sBAsieTcH: UHBApHAHTHON dyHKuHEH g2
D10 chaeayer u3 TOro, YTO YHCJIO BePUIHH, B KOTOpble BXOAAT MaT-
pHIB! Y5, BCerjia HeueTHO H Bce GakTopwl fp U P, MOKHO Hepecra-
BMTbL HalpaBo U HaJERO, rle OHU, AeHCTBYA Ha CBOOOIHBIE AHPAKOB-
cKHe cruHOphl, AanayT M. Takum o6pasoM, auarpaMMbl THIIA IOKa-
3aHHOA Ha puc. 10.23,6, Ha KOTOpPHIX EIMHCTBEHHBLIH Me30H H3
OKPYKaIOUIEro HYKJOH 006JiaKa HENOCPENCTBEHHO CBfi3aH C JIENTo-
HaMH, JAalOT BKJAax Toabko B F3(q?) B (10.151). Broimensa us
F3(g?) 3TOT BKJAAM, 3aMHILEM

~ 2
Folg) = Fa(g) — LYEE (), (10.157)
[TocrosinHas a cBAsaHa ¢ HabJawAaeMbIM BpeMeHeM JKH3HH m-Me-
30HOB nocpengcteoM (10.140), a dopm-daxkTop F (g2) B TOUKE
g% = p? Moxker OBIThL BEHIDa:KeH 4epe3 MHOH-HYKJIOHHYIO KOHCTaHTY
cBfI3W g, Kak Oblio nokasano B § b5, [Tomaras B (10.157) kon-
CTaHTy g paBHO# HabJiofnaeMoll KoHcTaHTe (;1— N)-cBSI3H g2/4n ~
~ 14, HopmupyeMm F (¢g%) ua 1 B Touke g2 = p2:

F () = 1. (10.158)

OtHocHTesqpHO &3 HUUero He u3BecTHO. ONHAKO, MOCKOJBKY Fy
ABJadeTcd kosbdHUMeHTOM IpPH BeJHIHHE §,Ys, KOTOpas mHpex-
craBJseT co0oH nonpaBky mopsaka (g/M) Ha oTpauy HyKJIOHA, Fy
He HabJoaercs B B-pacnaze. M3 npeabiayulero mMul 3HaeM, 4TO

Fi(0)=—a=—1,25, (10.159)
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Bocnonb3oBaBUIHCh 3THMH npeaBapuTeJbHbBIMH 3aMeyaHHusIMH,
MBI MOXeM Tellephb paccMOTpeTb BONPOC O YaCTHYHO COXPaHslo-
meMcst aKkCHaJbHO-BEKTODHOM TOKE. Ecau 6m aKCI/IaJIbHO-BeKTOPHbIﬁ
TOK CTpPOro CoxpansJ/cs, yCJOBHE

97 (p, p,)=0
B npuMenenn# K (10.151) npuBeso 6bl K COOTHOLIEHHIO

2MF (‘72) - ‘729'2 (672) =0,
nJjiau
OMF | (¢%)
s

Fi(gh) =+ 7

[Tockoabky F1(0) 5= 0, 3T0 03Hauas0 OBl, UTO F» UMeeT IOJIOC
npu g2 = 0, 1ato cooTBeTCTBYeT 06MeHy §e3MaccoBOil NCeBAOCKAIAD-
Ho# uyactuiedl. [IpencraBasiercs coOMA3HUTEIBHEIM OTOXIECTBUTh
3TOT moJioc ¢ m-me30HHeiM B (10.157) u cBsizaTh HapyllleHue TOU-
HOT'O COXpaHeHHs] TOKa ¢ CYIIeCTIBOBaHMEM MAaccCHl y f-Me30Ha.

Taxkum o6pasom, ucnoassya (10.151) u (10.157), mMb mpuxoauM
K BHIOHU3MEeHEeHHOIl runoTese:

‘ +
0= }g}) @7 (P, p,)=

I 5 2 ¢°F (g
—lim a(p,) vs [~ 245 (67 + ¢ () — ELEL D ),
(10.160)

Henas 10ONOJHHTEIbHOE NPEANOJOKEHHe, YTo B npeaene u?— 0 uH-
BapHaHTHbBIE (OPM-(PaKTOPbl MaJO OTJAHYAWTCA OT CBOUX (HU3uue-
CKUX 3HaueHMH, noayyaem u3 (10.160)

— 2MF | (0) = + 2Ma = + 2M (1,25) =~ ag 4/2. (10.161)
OTC}O,Ha cjaeyeT YUCJACHHOE IpeAacKasaHHe
la|~ 0,90,

KOTOpOE€ ¢ X0poliel TOYHOCTBIO COrJiacyeTcst Co 3HAUeHHeM, MoJydae-
MBIM H3 HabJI0AaeMOro BpeMeHH JKH3HH mt-Me30HOB C [OMOILBI)
(10.141). ITopo6noe cooTHOLIEHHe MexAy BEPOSITHOCTBIO paclaja
n-Me30Ha, noctosHHOR @Pepmu G M KOHCTAHTOH B3aHMOJeficTBHS
IIMOH-HYKJIOH Obljio BHepBble mnoayyeno [onpabeprepom u Tpefima-
HoM [129] nmyTem nNpHOJMIKEHHBIX BHIYHCJEHHH B NHCIEPCHOHHOMN
Teopun. Brnocaencrsun Hamby, a takxke Bepuereiin u ap. [128] no-
JYYHJIA €T0 KakK CJIeACTBHE YACTHYHOTO COXPaHEHUS aKCHAJbHO-BEK-
TOPHOTO TOKa.
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3A0AUHU

1. Uccaenyiite mHBapuaHTHOCTb ypaBHernd (10.3) n (10.4) crHOCHTENLHO
onepanuii 3apsj0BOro ConpsXenus U 0OpallieHHs BPEMEHH.

2. Tlo KakoMy 3aKOHY MOMKHEl NP 3apSAZ0BOM CONpPAXKEHAH NPeoGpasoBbl-
BaTbCsl (PYHKIHH Q4 ¥ @, uTOOb ypashenus (10.12) n (10.13) ocraBanuch HH-
BapHaHTHL? :

3. PaccMOTpeB mMarpaMMBbl 11eCTOrO MOPALKA, NPOBepbTe COrJIACOBAHHOCTDL
ycaosust BeGopa 3naka (10.21).

4. B npubaHkeHHH 3apAJ0BOH HE3aBHCHMOCTH MNO.JE3HBIM npeo6pasoBaHueM
cumMeTpHu apasercs G-npeofpasopanne. Onepatop (G-npeoGpasosanus orpene-

JaseTcsl CJAeAYIOLM o6pa3oM:
inl
G=¢e ¥C.

Yeranosute, Kak npeobpasyiorcs dynkuus ¢ u W nox nefcrBmem 3TOr0 One-
partopa.

5. IlposepbTe, 4TO B HEPEJNSATHBHCTCKOM NpPHOMMNKEHHH B MOpPAAKE gg MOTeH-
wuan (10.51) npuBoaut k ammauTyAe paccesnus (10.45).

6. TokaxHure, yto norexuuasn (10.58) B nopsake gg NPUBOAUT K S-BOJHOBOH
waCTH aMnaNTyAw 5 — N-paccesnus (10.57).

7. Vcnonbays cBORCTBA UMKJIMYHOCTH CJeld, TOKaXHTe, YTO BbIpaXeHHS
(10.82) npeoBpasyercst Kak JopeilieB 4-BeKTop; 0000umHTe 3T0 yTREpKAeHHE 1A

M06Oro nopsaka. Murerpan \ d*k s (10.82) cnepyer perynstpusoBaTh H pacxo-

ASIYIOCS 4acTb BBUIEJHTb B [ePEHOPMHPOBOUHYIO MOCTORAHHYIO; 3Ta Clepalud fe
BJAMSIET Ha TpaHCHOPMALHOHHBE CBONCTBA.

8. JoKaXuTe, UTO 3JEKTPOMArHHTHbe (OpM-HakTOphl B (10.85) u (10.89)
s 33Xy paccesHHs MOJKHBLL GbITb AeficTBHTeabHn mpu ¢% <T 0, ecaw Tok mepe-
x04a 3pMuTOB. Jlo/KeH JH TOK GbITb 3PMHTOBBIM?

9. PaccMOTpHTe BO3MOXKHBlE 3JeKTPOMAruTHble (OPM-(aKTophi % u K%-Me-
30HOB.

10. Tlokaxure, uro ¢opmyna Posenbmora (10.90) naer HanGosee o611yio
33BHCHMOCTb> OT Yra paccesidsi MpH (HKCHPOBAHHOH mepelaue HMOy/bCa AJA
mMOBOA pesIATHBHCTCKH-KOBAPHAHTHON CTPYKTYPbl TIPOTOHA H SJEKTpOHA B IMpH-
6AMKeHHH oA10(QOTOHHOTO OOMEHAa MeXAy 3JEKTPOHOM H MDOTOHOM.

11. TlokaxuTe, uTO BHpaxenue BTOporo nopsaaka (10.82) aas ¢popm-dakTopa
Fz(q?) moxer 6biTb IepelHcaHo B BHAe CJELYIOLIEro CHeKTpaaLHOro NpeicTas-

JIeHus:
1 d 12 /2
Fn<q2)=—8 dg"o (")
d 9t —q—ie

T

M BLIYHCJHTE CIEKTPanabHYlo (QyHKUHIO O (q’z).

12. JlokaxHTe, uTO AJs1 NPOTOHA H Tt-Me3ona Zy =23 C TOYHOCTbIO AO
uMeHOB MOPsIAKA €2 H g% TOJY4YHTe OTCIOAa PABEHCTBO HX MEPEHOPMHPOBAHHBIX
3apFANOB MPH YCJAOBHH PABEHCTBA «TOJBIX» 3apA0B.

13. Paccunraiite (OTOPOKJEHHe T-ME30OHOB B HH3IleM NOpfAAKe Mo € H g
TposepbTe KaauGPOBOUHYIO HHBAPHAHTHOCTD.

14. BpluucanTe 5/1eKTPOMArCHHTHYIO COOCTBEHHYIO SHEPTHIO HefiTpoHa M mpo-
TOHA BO BTOPOM MNOpSAAKE, HCMNOAL3YS (10.89) n annpoxcumupys GopM-QaKkTopHl
HX CTaTHYeCKHMH 3HAUYeHHAMH, T.e€. foJjaras F(q?) — F(0). Bossukamomue 0pH
STOM HHTErpaJbi HeOGXOLMMO Pery/spusoBaThb. MOXHO JH TaKHM croco6oM 10Jy-
YHTb OOJOMKHTENLHYIO PAa3HOCTb Macc HeHTpoHA H npotona? (Cm. [130].)

15. Tloctpofite S-maTpuily npouecca n0 — 2y, yAOBAETBOPSAIOMLYIO YCJAOBAAM
KaanGpOBOYHOI M PesIITHBHCTCKOH HHBAPHAHTHOCTH, H HafiinTe BEpOSITHOCTbL pac-
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naja. BplUHCTHTE OTHOCHTENbHYIO BeposTHOCT:  poXKieHus napol  [Hannia:
a%->y + et 4 e~. HakoHell, pacCMOTpHTe pacnaj Ha ABe napel Jlanuua n moxa-
KHTE, UTO MO KOPpeAsilHM RJOCKOCTell 3THX Nap MOXHO ONpeie]uTh HeTHOCTDh
n®-Me3oHa (cm. [131]).

16. Tlposepbre, uto ¢opMyna (10.105) naer mpasHabHOe 3HAyeHHe NOJSIPH3a-
HHH 3MeKTpoHa, paBHoe — | fc |, ecoin MaTpuuHbIi 37eMeHT B-pacniana ONHCHIBAGTCS
dopmysoir (10.107).

17. TlpoBepbTe B Hu3meM nopsiake no G* dopmyay (10.113) pas sHepreTnu-
Hofi 3aBHCHMOCTH CeueHHs peakuin v -+ p—n - e*. Bruncaurte sto ceueune, HC-
nosb3yst mpomaratop upomexkyrounoro W-6osoma H obuuit BH1 (opM-ParTOPOB
B BepIUHHAX.

18. TlposepbTe, uTo Ais ypashennst Befira (10.114) nweercs onepanust obpa-
LEHHsST BpeMeHH.

19. BhiuncanTte crnekTp 3JeKTPOHOB B [-pacmafe ¢ y4eTom BCex NATH THIIOB
cesisu S, T, P, V u A u cpasuute ¢ popmyaoir (10.136).

20. Ecin p-pacnaz, TIPOMCXOAHT uepes W-Me30H ¢ KOHEWHOft Maccoi, Kak
n3o6paxeno Ha puc. 10.15 past caysas B-pacnaga, cnektp (10.136) weuserca.
Haiinute 3TO u3MeHeHMe H CBS KMTE ero ¢ u3MeHeHHeM mapamerpa Muutens
(cm. [55]).

21. Onpenenute BeposiTHOCTH peakuun (10.148) u mpoBepbTe 3HauYeHHe OTHO-
wenus (10.149).

22, BriuncauTte napuuasbHble BeDOSITHOCTH pacrnaaos

K'sa= et 4w,
K> n 4+ u+ + v,
23. BriyMc/aHTe [apUHaJbHYIO BepodTHocTh o6pasoBanus maphl  Ianuua
B pacmaje
20> A%+,
Al et e

OG6cymuTe BO3MOKHOCTh ONPe/eseHHs] OTHOCHTeabHOM werHocTw X° m A® B 3roM
pacnage (cM. [132]).
24. Kaxosa oflas CTpyKTypa aMIIMTYIBl cilaloro pacnajia

A>p—++a—?
Hafhaure napaMeTp acHMMETPHA AJst Cjydasi no/sipusosanubix AC.

25, BpiupcauTe mapaMeTp acUMMETDHM M IOJADH3ANMI0 /exTpoia B [-pac-
najge noJigpH30BaHHbIK HellTPOHOB.



NPUJJOXEHUE A
OBO3HAUEH U4

KoopauHartsl 0 uMnyabchl

CoBOKYNHOCTh NPOCTPAHCTBEHHO-BPEMEHHBIX Koopaunat (4, x, y, 2)==({, x)
o6pasyer 4-BeKTOp €O CJeYIOUIHMH KOHTPABapHaHTHBIMH KOMIOHEHTaMu (¢ u A
MOJIOXeHBl paBHbIMU 1):

M= (0 £l %% ) = (&, x, ¥y, 2).

KOBapHaHTHbIe KOMITOHEHTBl MOJYUaloTCsi W3MeHeHHeM 3HakKa M[IPOCTPAHCTBEHHbIX
KOOp/JAHHAT!

Xy = (xg X1, X3, X3) = (H, — %, — y, — 2) = guyx"s
rae
1 0 0 0
0 —1 0 0
€=lo o -1 o}
0 0 0 —1

TlpunsiTo yc/aoBHe CYMMHDOBAHHSA, COMJIACHO KOTOPOMY MO ABAMXKAb HOBTOPAIO-
IIEMC HHAEKCaM [0JpasyMeBaerTcs CyMMHpOBaHHe (ecjqu He OFOBOpeHo o6par-
noe). Ecim aBa oAMHAaKOBHIX mBieKkca (MO KOTOPBIM JOMKHG ObThb NPOH3BELEHO
CYMMHpPOBaHHe) oOKa3ajucb Ju60 o6a BHuH3Y, JuG0 06a HaBepXy, TO B BBIYHCJe-
Husix Oblja, MO-BHAMMOMY, AomylueHa own6xa. Keaapar «iauHb» 4-paauyc-pex-
TOpa paBeH

2 u__ 2 2
=xyx =t x°,

AHasmorvuuo onpejedsiercss 4-HMnyJbc
M= (E, px. py pa)
CxansipHoe npousBejieHHe JBYX 4-UMIYJbCOB 1AeTCS BBHIPAXKEHHEM
—php. =
P1* Py = PPy = E1Ey—p; - Ps
[MonoGubiM ke 06pasoM ONpeAessercs NPOU3BeJeHHe
x-p=t-E—x-p

Hast 4-BeKTOPOB J NPHHATH HEXHPHHIE OGO3HAUEHHH, a JAA TPEXMEpHHX BEKTO-
POB P — XKHpHHIE.
Onepatop uMnyJabca HMeeT B KOOPAMHATHOM MPELCTABJEHHH BUA

Pt =i
dxy,
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1 npeobpasyeTcss KaK KOHTPABAPHAHTHBI 4-BEKTOP:

B  3TMX eIuWHHIAX KOMITOHOBCKAs JJIMHa BOJHW  4acTHOH paBHA 1/m
(~ 3,86-10~1! ¢u #Js eKTPOHA), a ee 3IHEPTHA TOKost ecThb m (= 0511 Mas

ANt 9J1EKTPOHA).
4.MOTeHUHAA 3JEKTPOMArHUTHOTO TOJIA OMpe/lesied COTJIaCHO

Au = (CD’ A) == guvA\v'

TeH3op 3JeXTPOMArHUTHOTO MOJIs onpenesnsercsa  CJIeAYIOHIHM o6pasoM:

FWV = 9 A“——-—a AV
0xvy Oxy

HanpsKeHHOCTH 3/eKTPHYECKOro M MariuTHOrO noJiell B HeKOBAPHAHTHHIX obo3na-

YeHUfAX HUMEKT BHI
E = (F", F°2, Fo3),

B = (F23, F3l, F12),

Martpuust Jlupaka u CnMHOPBI

JIupaKOBCKH CHHEOP LA YACTHUEI C HMAYJbCOM p M NOJsipH3ailied s o6o-
3HAYAGTCA TOCPEACTBOM Ug (p. §), & MM AHTHYACTHLH — IOCPEACTBOM Ug (P, s).

B oGoux cayuasx sueprua py=Ep=+ A/p% + m? nosoxuteabha. Takxe B 060-
ux cayuasx sextop st KorTopeifi B CHCTEME MOKOA MMEeT BHI

st=(0, s©), s©@.5O—1,

ONUCLIBAET HanpaBneHHe CrHHa 4acTHIB! B cCHCTEME [TOKOSH.
Marpuubl y, BXOAsIIHe B ypaBHeHHe [lupaka, yIOBJETBOPAIOT YC/IOBHIO aHTH-

KOMMYTHHI/I}I

v Vol uv

Yy vyt =2g
H CBf3aHLbI C ManHLLaMH (2% ﬂ nocpencmom paBeHCTB

y=po, yo==§.

OGHIYHO HCNOJB3YyEeTCs NMpejaCTaBIeHHe

v°=(é (_)_1), {vi}=v-=(_2 )

o=(1 o) o= o) o= Y
—\1 o) —\i (U T \0 —

1
npeacTaBasoT coboll matpuusl Ilayanm pasMepHocTH 2% 2, a l=(0 ?)ecrb

rae

eNuHHYHAS MaTpula TOH XKe pasMepHOCTH. YacTo BCTpedaloTea CJAEAYIONIHe KOM-
OHHaLuU:

i .
= v VP =YYV =

B sToM npencTaBieHHH KomnonenTsi 6%V paBHm

k

1 o® 0
i =

o (0 0’3)’



9280 MTPUJIOREHUE A

rae i, f, k=1,2,3 B NHKIHIECKOM NOPAAKE H

i _.i_ (0 ¢ 01
00‘——=1a'=t(0_g O)’ Y5=‘V5=(I 0).

Ins mwEpoko ynoTpeG/sieMOro «CKaJisfipHOro NpPOH3BEAEHHS» MATPHNHl Y ¢ 00bIu-
HBIM 4-BEKTOPOM HCHOJNL3YIOTCH 0G03HaueHus *)

vAt=A=1"A"—v A

pY=p=EY'—p-vV
9
ot

3]
e & i IO VAR S
PL.Y =iV =iy +iv-V=1iy EPTe

Cnuuope 4 H v yIOBIeTBOpsieT ypapHennio Jlupaka
(p—m)u(p, s)=0,
(p+m)o (p, s)=0.
Vix spHoe BhIpaXkeHHe naerca ¢opmynodl (3.7), oaHako AdA O6OJbWHHCTBa Mph-

JOKEeHH JOCTATOYHO 3HATh NPOEKUHOHHble OnepaTopbl. BselleM AHPAKOBCKH-CO-
npsOKenibie CHHOPB

i ==uty",

!

§ = vy,

KOTOpHE YAOBJAETBOPAIOT ypaBHEHHAM
a(p,s)(p—my=0,
6 (p, 8)(p+ m)=0.

Hpoexuuonnb}e onepaTtopbl HMEKWT BUHI

va (P, ) % (b, s)="[mz—;&' e LB- (A1)

HmeroTcs cnenyioulde yeaO0BHA HOPMHPOBKH:
a(p,s)u(p, s)=1,
‘( Yu(p, s) (A2)

a(p, s)v(p s)=~1

H YyCJIOBl€e MNOJHOTHI

2. lug (p.5) g (p. 5) — va (P, 8) g (. $)] = daq.

ﬂpH BLIYHCJAEHHH CJeJ0B Heo0X0onMo CTPOHTDL BEJUYHHLI, 3PMUTOBO-CONPA-
JKeHHble 10 OTHOWIeHHIO K JaHHbIM MATPUYHBIM 3J€MEHTaM. IIJIH TaKHX BEJHYHH
uMeeM

@, s)lrup Nt =ap s)T(p,s),
rne

T= yol"+y0.

') Cm. npumeuanue Ha c1p. 26. ({Ipum. nepes.)
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Hanpumep. ot 0
P=vyTy ="
6,uv —_ VOGuV+VO — Ou.v’
- . 5\t .
7 =v"(iv%) v’ = iy>.

Cymmuponanye sepaxenusi (A.l) no cnuram jaer npPoeKUHOHHBIE ONEPaTOPH
J151 COCTOAHHA C AaHNOil sueprHeil:

A+ (Plag= Y. e (p. 9) g (p, s) = (L

+s aﬁ’
, ptm (A3)
[A- (p)lag= — iZ v (P 5) 0p (p, ) = —5,— )aﬂ'

ITosaesunm TOXKAECTBOM HABAACTCA Pa3fioXeHHe FOp)lOHa 0Jst TOKa

U F UV ‘.
a(p)ytu (p)=ﬁ(p’)[(p ;,f) 4+ 2 (gm ”)”]u(p)'

Teopembl 0 caenax H COOTHOWICHHA AJA MaTpHL Yy
4b=a-b — io,yats".

C.je HEUETHOro YHCI3 MATPHIL Y PaBEH HYJIO:

Sp ys =0,
Sp1=4,
Spab=4a-b,
Sp didadsds=4[a-az a3 as—ay-az-az a4 a '(14'02‘031.
Sp ysdb =0,
Sp ysdbed = 4ieaﬁv6aabﬁcvd6,
Yudy"h = — 24,

Yudby* =4a - b,
yudbeyt = — 26ba.

Jpyrue cooTsolienua npubelenn B § 25.



NPUTOXEHHWE B
NPABHUJIA ®EMHMAHA

CeueHnst MpOLIECCOB [AIOTCs BbIPAXKEHHMAMHU, KOTOPbie MOXKHO paszietdThb Ha
BE YaCTH: BO-NEPBBIX, 3TO KBaApar abCcOAOTHON BeJMHYHHB aMIAHTYAb M, koro-
past LO/KHa ObITb JOPEHUEBBIM CKa/JdAPOM H B KOTOPOH 3ak/odeHa HHpOpMauHs
o (u3HKe MpOHEcca, H, BO-BTOPHIX, (a30BHll 006bEM H KMHeMAaTHUeCKHe (aKTOPHI.
Iuddepenunanbuoe ceueHne dG mponecca ¢ yyacTHeM TOJbKO GECCHHHOBBIX 4Ya-
CTHL 4 (HOTOHOB 3aMHCEIBAETCH CJACAYIOMIHM 00pasoM:

o 1 1 ,  d%, %k
o= 57 (o) (36,) ™ o v+ T X

n

% (@n)ot| po+ p2 — Z k)S.  (B.Y)

=1

rae, Kak OOBIUHO, mp=1/|p]2 4+ m? a vy u vy npeacTaBasioT coboli CKOpoCTH
HAuYadbHBEIX KOMJMHEAPHBbIX 4acTHU. 3aTeM 3TC BHIpAXKeHHE HHTEPHPYeTCs 10 BCeM
HEPEIACTPHPYEMBIM HMITYIbcaM Ry ... kyn KOHeWHBIX yacTHU. CTaTHCTHYECKHH dak-
Top S R peakunH ¢ M TOMIECTBEHHbLIMM YaCTHIAMP B KOHSUHOM COCTOSTHHH

paseH
T
S=HW'
i

Ias pupaxopckux dactui !) daxrop 1/20, cienyer samennts Ha m/Ep u BHOBB
y4eCTb CTATHCTHYECKHI (pakTop S; ocTasbHble GaKTOPH Te XKe.
JInddepennnaisias BepositTHOCTb pacnana yacThub ¢ maccofi M B ee cucreme

TIOKOSi paBHa
n
iy , %, &k " .
do—=d (?) = o | R o g 20 | P Z ki s,

i=1

TIe pce BEJHUWHL ONpefeneHbl, Kak H mpexne. Ecid B KOHEUHOM COCTOSHHMH
uMetotcss GepMHOHEL, TO BHOBb 1/2w; — m/E;:; ecan HadaibHas 4acTHUA SBAAETCH
depmuoHoM, daktop 1/2M oTcyTcTyer.

"} Ecou HOpMHpOBaTh AMPAKOBCKHE CNHHOPH Ha 2m BMecto 1, kak B §op-
myae (A.2), soipamenne (B.1) MoxHo npumensitb M mas ¢epMmnoHos. B srom
caydae MPOEKUHOHHBE OMepaTopbl IJAf COCTOsAHHI C OnpenesteHHOli 3Hepruel
uMmelor BulL (m == f) BMecto (A.3).
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Ipu Heo6x0AMMOCTH NPOM3BOAWTCA CYMMHDOBAHHE MO KOHEWHHIM MOJSpH3a-
HUAM ¥ YCPeJHEHHe O HAYaJbHBIM.

Ilns maxoxaeHHs] HHBapHAHTHON aMIAUTYAn M Heo6XOAHMO H306PA3UTL BCe
¢efinManOBCKHe AuMArpaMMBl, OTBeyaioliHe PACCMATPHBAEMOMY Mpoleccy, 3a HCK-
JIIOUEHHEM JHarpaMM B BHJe H3OJHPOBAHHBIX BAKYYMHBIX feTedb W cOOCTBEHHO-
SHepPreTHYeCKHX MOMPABOK K BHeUIHHM JauHHSIM. AMmnantyaa P (G), cooTBETCTBYIO-
glaa anarpamme G, CTPOMTCS IyTeM CONMOCTABJEHHs KaX/IOMY 3JeMeHTY AHar-
pamMbl onpejesenHoro ¢axkropa B ammiauryle. daxropaMmu, He 3aBHCSIIAMH OT
KOHKPETHBIX JeTasedl B3aHMOAEHCTBHS, SIBJISIOTCS:

1. Kaxgomy 6osony co cnuxoM 0, BXOAAUleMYy B QHarpamMmy, COOTBETCTBYeT

hakrop '\/7 (D,aKTop-'\/Z HAaXOIHTCS TYTeM BBIYHCJEHUS TOYHOro M230HHOTO
nponaratopa Ag(p) B mpegene p—>p2 Ap(p)—>ZAp (p) npu p2-> uz.
2. Kaxnoll BHeinnell (GepMHOHHOH JHHMH, BXOLsilell B auarpamMmy, COOTBET-

CTByeT VZyu (p, s) nubo V7, v(p, S) B 3aBHCUMOCTH OT TOro, OTBedYaer 3Ta
JIHHHS| HauyaJbHOMY HJH KOHEYHOMY COCTOSTHHIO; AHANOTHUHO KaxKjaol (hepMHON-

HOW  JIMHHMH, BBIXOAAILEl H3 JHAarpaMmsl, COOTBETCTBYET \/Zz i(p, s) amuCo
VZ; 0 (p, ). Beanmuuna Z, onpenensiercs nyTeM NpefeJbHOIO Mepexoaa

lim S% (p) = Z,8; (p).

p>rm

3. Kaxnofi suemnefi GoTOHHON JIHHHH CONOCTABJAsETCd (GaKTOp ey VZs, rae
npu g2 >0
—Zsg
2
q
B BBIUMCAEHHAX, NPOBOLHMBIX B HH3WEM TOPSAKe O TeopHH BO3MYLIEHHH,
3TH BeJHYHHbI Z MOMKHO [0JIOKHTb PaBHLIMH efMHHLE. B Bhicmyux nopsffkax OHH
BMeCTe C BepIUMHHLIMH NONpaBKaMy I[ePEHOPMHPYIOT 3apsifbl, 3aMeHsd <TOJbIE»

3apsabl PHINYECKHMH.
4. Kaxnoft BHyTpeHHell (OTOHHOM JHHHH C HMMOYJbCOM p COOTBETCTBYET

PpaxkTop ( |
, _ i _ iptm
lSF(p)—‘ﬁ—m—{-ia_p?—m?—l—is'

’ uv )
(DF (q))uv > -+ KanruGpOBOYHO-HHBAPHAHTHLIE YJEHH.

5. Kaxpoli BHyTpeHHell JHHHH Me30Ha cO cnMHOM 0 M HMIyJbCOM § OTBe-
yaeT BEJHYHHA
. i

¢ —putie’

6. Kaxnolt BHyTpeHHell (OTOHHON JIMHMH C HMOYJALCOM ¢ CONOCTABJASETCH
BeJHUHHA

iAp(q)

. _ iguv

’(DF (q))uv - ¢+ e’
B Teopuu ¢ COXPaHAIOUIMMHCS TOKaMB KaidGpOBOYHO-MHBADHAHTHLIMH UWIeHAMU
THIA Juqv, uNv ¥ T. L. MOXHO npenebpeub.

Ina B3auMoJeficTBHSL Me30HOB C HYKJIOHAMM KaXAOH BHYTpeHHell MESOHHOR
JIHHHY COOTBETCTBYeT JAOMOJHHTeNbHBIH H30TONHYecKuit ¢darkiop Oi;, a BHEWHHM
JIHHHAM COOTBETCTBYIOT CJelyIoiiue (aKTOphI:

7. % B Xt conocTaBARKIOTCH HAYAMbHLIM H KOHEUHBIM HYKJOHHHIM CITHHOPaM,

%= ( (])) OTBEYAeT NPOTOHY H x=( | ) — HeHTpOHY (aHajorduHble (HakTOPH

noaBAAOTCA AAS K-Me30HOB M E-runeponos).
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8. M-Me30HaM B HAya/JbHOM H KOHEUHOM COCTOSIHHAX OTBEYAOT H3OTONHYECKue
byuxkuuy e 1 ¢e* COOTBETCTBEHHO, NPHUEM

e 1 . e
nd:=7\/_2:(1) x4 0) (buo=(0, Os 1)

(anaJqornunsle GaKTOPH BBOAATCH /A Z-THIEPOHOB).
9. Kaxjomy BHyTpeHHeMy HMIyJbcy [, KOTOpwifi e (HKCHPOBAH 3aKOHAMH
coXpaHeHHsl B BEpUIHHAX, COOTBETCTBYET

d4l
(2m)*”

10. Kaxzofi 3aMkHYTOll hepMUOHHO NeTJe OTBeyaeT MHOXHTedb (— I).

11. JinarpaMMbl, KOTOpbie OT/INYAIOTCS APYT OT JAPYra TOMbKO NepecTaHOBKOM
ABYX BHEIIHHX TOXK[ECTBEHHbIX (DEPMHOHOB, HMEIOT NPOTHBONOJOMHEIH OTHOCH-
reabHuil 3HaK. [lpu 3TOM ROApa3yMeBaeTCA He TOJbKO MEPECTaHOBKA ABYX TOXKIE-
CTBEHHbIX YACTHIL B KOHEUHOM COCTOSIHMH, HO M, HalpuMep, NepecTaHoBKa Hadajb-
HOIl 4aCTHILI H KOHEYHON aHTHYACTHILBL

BaauMogeiicTBlie onpefeasieT THN M CTPYKTYPY Beplinn. HuKe npHBeXeHb!
NpaBHJa A5 OCHOBHLIX THMOB B3aHMOJEHCTBHS.

CnMHOpHaﬂ 3ACKTPOAHHaAMHKA

MMeloTcsl ABA THNA BePIIHH, M300paxeHHBX Ha puc. b.l, xotopble oTBevawoT
cAedyicllell NOTHOCTH TaMHABTOHHAHA, 3aNHCAHHOA B BHIe HOPMAJILHOLO MPOM3-
BeleHHs: -

. e oD [T . .
=—%, .eolbyumpA s —O8m .

Jna 1aHHOTO THNTA B3aHMOJAEHCTBHSl CNPaBel/UBHI CJelYioulHe npasuaa;
1. Kaxgofi Bepmune conocrasasiercss Gaktop — feyy.

2. KaXAOMYy MAcCOBOMY KOHTpUJeHy OTBeuaer meyiduna idm.

om

Pue. B.l.

-8, Bapsaj nepeHOPMHPYETCS CAelYIOLIHM obpasomM:

e=2,27'VZye,=VZse,

rae TOWHOH BepIuHHE COOTBETCTBYET I (p’, p) ~ Zl—'yu mpu p =p=mn Z;=
= 7, corJacHo TOXJAecTBy YopAa.
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AneKTPoAHHAMMKA GO30HOB cO cnHHOM 0

Hwmetorca tpn tnna sepwmn, uso6paxennuix wa puc. B.2, KOTOpLle OTBEHAIOT
CJeAYIOWEeR MJIOTHOCTH JarpaHXuaHa:
> «

, 0 a
3’1=—190:CP+(’(m—TXH)@:AM—}—e(Q):AQ::q)+q):+6u2:q;+(p:.

Ilnst 5THX BepUIMH CTpaBeAJHBLI MPABHJA:
1. Bepuune B3anmozneficTBust ¢ (pOTOHOM OTBeuaeT dakrop — iey (p + [ 21

2. Bepuwune ¢ nByMs GOTOHHBIMH JIHHHSIMH OTBeYaeT -+ Qiegg“v.

1/ V4 y
7’
————— P — s
=l (prp Pl APt
/{ ﬂ(p p)/‘ . 7 Zlgngay \*\\
7 g -~
Ve
7
A
/1//54‘“2 *\\\
e
//
Puc. B.2,
\ /
/ 7
/ 2
/ \
/ \
Pac. B.3.

3. Kaxnomy maccoBoMy KOHTpuJieHy oTBeuaer dhaktop i8u2.

4. Kaxao# saMKHyTOl neTie, coflepKallell TONbKO ABe (OTOHHHE JUHHH, KK
nokasaHo Ha piHc. B. 3, orseuaer muoxurean Y.

5. IlepenopMHPOBKa 3apsijia NPOH3BOAUTCH, KAK B CNHHODPHON SJMeKTPOAHHA-
MUKe.

Me3oH-HYKJI0HHOE paccesHne

B SaPﬂHOBO-HBSaBHCHMOﬁ TeopHH TaMHJbTOHHAH COACPXKHUT 4YeThipe 4JeHa
Hy=— L= iggy,v F: —bm: TE:— 1,002 0 §: -+ /842 (0 b)?:,

KOTOpHIe H306paxeHn Ha puc. b.4 u B.5.

Touxkn ma puc. B.5 osnauaror, yro TosnbKo 3Hauenue | = O nepenaetcs ot
Me30HHOA napel {f K nape rs (cM. Huxe npaeumio 2). [lpasuno ans maccoswix
KOHTPUJIEHOB TO JKe, YTO H paHblle, a APYTrHe NPAaBHJA TaKOBHL:
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1. Kaxpol Me30H-HYKNOHHOA BepliHHe oTBevuaeT (GakTop LoYsTg. KOTOPHIK

[aeT KOHCTAHTY B3aHMOJAeNCTBUS 3apAXeHHLIX Me30HOB C HPOTOHAMH, PaBHYIO

280 ¥ == go Aa9 B3aHMOIeHCTBHR HeHTPAAbHBIX ME30HOB ¢ NPOTOHAMH U Hel-
TPOHAMH COOTBETCTBEHHO.

/
4
/
7% v
Ll
,f lé‘/” -~
7
Puc. B4,
\ /
N /%
\ /
\ /
>...(—zz‘o‘m;jd,,s
/
// \\ ——
Z‘ r . =~ L l
/ \ e <\~._—-/> x z
Puc. B.5. Puc. B.6.

2. Kaxpofl BepuinHe ¢ JeTepbMsi Me30HaMy, H3006pakeHHO# Ha puc. B. 5, co-
orpercTBYeT haktop —2(0A8:;0y ..
Kaxpoli 3aMKHyTOH metrse, collepxallefl ABe Me30OHHBe JUHHH, KAK Ha
puc. B, 6, oTBeuaeT MHOXKHTe b .

AaekTpoavHaMHKa 6030HOB co cnuHOM 1

[Iponaratop BekropHOro Go3oHa uMeeT BHR [— guv + kukv/m?] (k2 — m2)~!
BMecTOo — Zyuv/k?  pas Gesmaccosoro ¢oTOoHa, a BHEIUHSS  JuBUSA COREpPHKHT
BEKTOD NMOJIAPH3aUNH &, KaK B caydae $oToHA.

B 9JEKTPOAHHAMHKE BEKTOPDHBIX 6030HOB UMeIOTCA HeTbipe THIA BEPIUUH, H30-
6pa)KEHHle Ha pHC. b. 7, KOTOpbIM COOTBETCTBYET CJAeAYyiollas MJIOTHOCTb Jlarpag-
JXpana:

) aq)* a * *
P o= ley : [( ax: ) (AV(PH — Aufpv) - ( 6?:: ) (Av(pu - A“(pv )]. +

+ed: [, 4% — A,0"4%0,]: + 0u: gle¥:
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Huxe no nopsaky upHsomsiTcs ¢akTophl, COOTBETCTBYIOUIHE KAXKAOK H3 STHX
BepLIHH:

I. ®akrop — iey (p' + P)ygag + ie@aupr, + iegPagag

.92 .
2. Qakrtop + ‘ey [nggaﬂ — 8,083y — guﬂgav].
3. daktop i6p.2ga5 AJIS KaXKIO0ro MaccoBOrO KOHTpUJEHa.

4. Muoxutean !/ anst kaxmo#l 3aMKHyTOH mer., COMepIKAIIHA TOJbKO JBE
¢oTOHHBIE JIHHUH.

12
N Y
pl
T e
P (70 bl - A ——
- ~Za G bie] - Gt~
“ el Gy bl
./)Zk\ \ /
IR 7 TAAIN N s,
-~ S X 7
78 \,é’ Ve AN

Puc. B.7.

5. BolBoj 3THX NpaBHA H3 KAHOHHYECKOM TEOpPHH, a8 TaKXKe pacCMOTpeHHe
aHOMaJbHOTO MAarHUTHOTO MOMEHTa H NPOUENypPb PeryJjsipusailid MOMXKHO nafitn
B pabote [133].

Bo Bcex mpHBeieHHBIX Bbillle NPHMepax MaTPHUbl PACHOJOKEHBl B «eCTECTBEH-
HOM Topsifike». Jlnsi 3aMKHYTHIX NeTesb 5TO O3HauaeT B3fATHe cjena. Msoromnye-
CKHe HHJIEeKChl 3aMBIKAIOTCS ¢ COOTBETCTBYIOIUMMH HMHAEKCaMM Ha JPYroM KOHUeE
G6o3ouHoN nuHuM. [1pH CYyMMHpPOBaHHH [0 MOJSPH3AIHH (HOTOHOB

; en (k, A) ey (B, A)=> — guy

H BEKTODHBHIX ME30HOB
Ryky

Z eu (B A) ey (k W)= — guy + ——.
A



NOTIOJIHEHUS PENAKTOPA TMEPEBOJA

1. PaccesHne Mioora Ha aJektpone (k § 27). B § 27 paccmorpena sanmaga
0 paccestHHi JEKTPOHA Ha GecCTPYKTYpHOH JHPAKOBCKOH HacTHIle (TAXKENOM 3JeK-
tpone). Kak Tam oTMedanoch, Takoe PacCMOTPeHHe HENPHMEHHMO K NPOTOHY,
NOCKONbKY OHO HE YUHTHIBAET €r0 CTPYKTYDY H €ro aHOMalbHblli MarHHTHBIH MO-
MEHT, cBsi3aHHBle ¢ CHJLHBIME B3anMojeiicTsuamu. Ho sra sapaua OYKBaJ/bHO
COGTBETCTBYET 3ajaue O PacCesiHHH MIOOHA Ha /EKTPOHe, T2K KaK MIOOH B CMBIC-
J€ ero 3JeKTPOMATHHTHBIX CBOHCTB JeHCTBHTENbHO OTJIHYAETCA OT 3JIeKTPOHa
TOMBKO MAccoll W He TOABEPIKEH CHJbHBIM B3anMogeiicrsusim. TakuMm o0pasow,
QopMyasl § 27 ocTalOTCs CIPABEHBEIMH, T. e. OMHCHIBAIOUUMIL paccesinne MIOOHA
Ha 3JeKTPOHE, €CIl B HHX SaMEHHTb ep Ha e, a nol M moxpasyMesaTh Maccy
MIOOHA.

Juddepennuansioe cedeHHe pacCesHHs oONpefensercss (opMyJof (742), a
KBaJpaT MaTpPHUHOrO 3JeMeHTa AJs CAy%as HeroJspH3yeMbiX gacrii — Gopmyofi
(7.43). B cucreme nextpa MHepLUHUH BHIPAXEHHe N5 anddepeHalbHOro cedenust
HMeeT C/eNyIOWHUi BUA:

do ==
- o do [(eE + p?)? 4 (eE + p? cos? 8)2 — 2 (m2 -+ M?) p* sin? %]
(e + E)? ptsint -

rile p—— EMIYJbC B CHCTEME LeHTPa HHEpLHUH, &= '\/pQ + m? E= «,/p2 + M2 —
SHEPruA 3/1eKTPOHA W MIoOHa, ¥ — yron paccessus, do — 3neMeHT TeJleCHOro yriaa
(Bce B cuCTEMe UEHTPA HHEPLHH).

2. TpespailleHne 3NEKTPOHHON mapui B Micouuyio napy (k § 32). Ilpu crox-
HOBEGHUH 3JEKTPOHA U TMO3UTPOHA, KPOMe YNMPYrOTO DACCEsHAS, MOXKET INPOH3ONTH
UX AHHHTWASINA ¢ TpeBpalleHHeM B MIOOHHYIO Napy ([OJIOKHTEJAbHO H OTPHIA-
TeJbHO 3apsIKeHHble MIOOHBI). DTOT MPOLECC ONHCHIBAETCS BTOPOil AuHarpamMof
(puc. 7.12,6), a amamuTyna — Qopmyuoi (7.86), 8 xoropoit Haxo OHyCTHTb nepBblil
yjeH B KBaZpaTHbIX CKoOKax, 3aMeHHTb m? Ha mM u cuutath pI H ql COOTBET-
CTBEHHO HMMyJbCaMH W~- # W¥-4acTHU (p) ¥ ¢) — TO-TIPEXileMy UMNYJbChl 3/eK-
TpoHa H nosutpoHa). M3 3aKoHOB coxpaHeHHs CJIe/yeT, 4TO NpeBpauleHHe BO3-
moxuo npu E 3= M, rae E — sueprusi snextpona (IO3HTPOHA) B cHCTeMe UCHTPA
HHEpIUHH.

[TonHoe ceyeHue NpeBpalleHHsl PaBHO

4n  a? M? M?
o= 345 (1 +5zr) /\/I_W'
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3aMeTHM, 4TO 3Ta (opMyJa HenmpHMeHHMa HeNOCPeACTBEHHO BOJH3W mnopora
npouecca, rie 0o6pasylolHecs MIOOHb! HeJb3st CUHTATh CBOGOJHBIMH.

3. Heynpyroe paccesnue aekrpona ma mpotone (k § 56). B § 56 paccma-
TPHBaJACh 3aflada 06 ynpyroM pacCesHHH 3JEKTPOHa Ha peasbdoM nportoHe. Jlas
3TOr0 6bl10 MOAMGMUUHPOBAHO BbIpaKeHHe AMA Toka (7.34), oTseuaiomiee <«AHpa-
KOBCKOMY» MpoTOHY. DTa Moax(uKauus cBoimaact K 3amede J na (Py|J|P:) —
MaTpPHUHBI 3JEMEHT TOYHOTO OMepaTopa TOKa NPOTOHA, YHYHTHIBAIOWEr0 CHJbHbLIE
83aHMOJICACTRHA (HO MEpBOTO IOPAJAKA MO JAEKTPOMArHUTHBIM B3aNMOALICTBHAM).
Kak 6pio noxasano B § 56, 3TOT MaTpPHUHBIH 37€MEHT MOX(eT OHITb npeAcTaBJeH
(beHOMeHOIOrHYeCKH B BHIE

a (Pr) Tyu (Py),
rae I'y — Bepmnunas QyHKIUA TPOTOHa, BhIpamaiomasncs corsacHo (10.88) uepes
IBa HHBAPHAHTHHIX QopM-paktopa Fi, Fa, sBisioliuxcst GYHKUASIMA OT KBaapata
nepefaHHOro uMNyabca ¢2. TakuM o6paszoM, aMIVIHTYyAa paccesHdss MoXeT OBITb
oTpejesieHa Ha OCHOBaHHM npocroil anarpaMmel Pefinmana (puc. 7.3) ¢ 3ameHoil
8 npoTonoit sepwure Y Ha T™.

AHaMOrHYHO MOMHO DACCMOTPETH 3afauy O HEYNPYTOM PACCesHHH 3IMeKTPOHA
Ha NPOTOHE, T.e. NPOLEeCC, B KOTOPOM 3JIEKTPOH TepseT MMNYJbC ¢, a NPOTOH mpe-
BpallaeTcss B HEKOTOPYIO COBOKYIHOCTb ajpoHOB. ST 3TOro Hajo HCMOAL3OBAaTb
muarpaMmy puc. 7.3 uan dopmyay (7.31), samenns npotomHmit toxk J* Ha marpuu-
HBIA JEMEHT TOKa

{n 1™ 1P

rre |Pi) — HauagbHOe COCTOSIHHE NPOTOHA € uMnyancom Pi, a |n) — koueunoe
aiPOHHOE COCTOSIHHE.

dneMeHT MaTpPuUbl paccesHust Syi, OTBEYAIOLIH{I 3TOMY npoueccy, GyaeT co-
Aep¥KaTb aMIAHTYLY

WO = (pg) vuu (p) (2| ] Py 1

—é.'z_r
rae, kak # B § 27, pi W p;— UMIYJbCH 3JEKTPOHAa AO M IHOCJe paccesHus, a
u(pt) ‘u u(ps)— COOTBETCTBYIOUIHE AHPAKOBCKHE AMIUIUTYIbl (Mbl ONYCTHJH AMS
KPaTKOCTH CIIHHOBble MHIEKCH), § = pi — pj.

Anddepenunancioe cedeHHe paccessHHst ¢ o6pa3oBaHUHeM AJPOHHOTO COCTOSI-
HHS 1, BBIYHCJIEHHOe MO OOLIYHBIM NpaBHAaM, HMeeT caelyOmnfi BHA:

o 1 8 (%)
do'™ =M |(2:I'L)6(Pn+Pf"‘pi"'Pi) 4(Pip2) d4pf (2n)°

(B 310l bopMyJie H fasee Mbl npeHeOperaeM Maccol 3JeKTPOHA).

ITpocyMMupoBaB 5TO BHIpa:KE€HHe MO CIIHHOBBIM COCTOSIHHSIM 3JIEKTPOHA B KO-
HEYHOM COCTOfIHHH, YCPEAHHB MO CNMHHOBBIM COCTOSHHAM 3J€KTPOHA B HauaJbHOM
COCTOSIHHH M TPOCYMMHPOBAB 1O BCeM KOHEYHBIM AaAPOHHLIM COCTOSIHHSIM 7, MBI
TOJYyYHM CeueHHe pacCesiHHd 3JMeKTPOHA HA IPOTOHe NpY JAAHHOM YrJje paccesHHs
1 JIaHHOH noTepe SHEPrHH (MHKJMIO3HBHOE CEYeHHe).

B kadecTBe He3aBHCHMEHIX NepeMeHHBIX YAOGHO BbIGpAaTh HHBAPHAHTH

g =(p;—pphH v=(Pa).
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Mbl nosxyuum
a2

uwv
1@ (Pipiy v

do =dq® dv v

rape
N — uw__v v uv

o = 2 (pip} + pipf — 8P .p;).

o 45(4) _ _ , .

Wuv_z (2m)°6™ (P, — Py QP i1y (n iy | Py).

n
Ten3opras cTpykTypa Wiy ONpelensieTcs TONLKO ABYMs Bekropamu, Pi n g.

[/13 3THX BeKTOpOB H MeTpH‘{eCKOFO TeH30pa guv MOXKHO ﬂOCTpOHTb BCero IdTb
He3aBHCHMEIX TEH30pOB. TpeGoBaHHs HHBAPHAHTHOCTH OTHOCHTENbHO OOpalleHHs
BpeMeHH H COXPaHeHHe TOKa HaKJAalbBaloT Tpu ycaosns. IMostomy Wyy onpere-
AseTcss ABYMs HHBADHAHTHBLIME (YHKUHAMH OT IBYX NepeMeHHbiX: ¢% u v. Mul
MOXKeM 3alHucaTthb Wuv B CJIeI[leILleM BHaeE:

Gugv 4n v v
Wuv=4ﬂl/\4W1 l]z —_— guv +W W;_) Piu_'_&? ql‘l Piv-——qz—qv).

Bhipakenue MIs cedeHHs Mbl 3alHlleM B CHCTeMe TOKOS NPOTOHA, B KOTOPOH

q2=4e|egsin2—g, v=Mqo, P;p;= Me,

rae &1, €2 — COOTBETCTBEHHO Haya/JbHAsA H KOHeuHas 3HepPrHH JIEKTPOHA, a ¢ —
yroJ paccesHHs 3JeKTpOHa,

do = d82 dUMoTT (Wz + Wl tgz -%) .

3neck dOmorr — CEUEHHe DACCESHHS PENATHBUCTCKOTO 3JEKTPOHA B KYJIOHOBCKOM
noJje:
a? cos? §/2
dOyorr = doz —- s
4ey sin® 9/2

TakuM 06pasoM, Heynpyroe paccefHue OIPeAeseTCst ABYMS CTPYKTYDHbIMHU
(ynkuusaMa 1ByX uuBapuantoB, Wi u We Ecan npn Goibiiux sHeprusix anponuas

CTPYKTYpa TaKOBa, u4TO HE 3aBHCHT OT MOMNOJHHTENbHbIX PA3MEPHLIX NapameTpoB
(tuna macc), To Wy n W moryr 3aBuCeTb TOJIBKO OT 6e3pasMepHLIX OTHOLIGHHH
g?/v (aBTOMOAENLHOCTb /I MacmTabuas uuBapuanTHocTh). Torma Wi, Wa nomxk-
Hbl UMETb BHJ ,

M
W;=-—F; 4,

v v

3ameTuM, uto obilee Bhipaxenue Aas Wy MOXKeT ObITb NPEACTaBJIEHO B BHJe

Wy ={ dtx e it U ) v @11 Py

rae [ju (%), jy ()] — KoMMyTaTOp OMEPaTOPOB TOKA B ABYX MUPOBBIX TOUKAX.



JIN

1.

© o N oo s W N

—
o

——
N —

13.

14%.
15*.
16*.

17*.
18*,

19*
20*

21.
22.

TEPATYPAY)

f.6w3e6ep, BBesenne B peNSATHBUCTCKYIO KBaHTOBYIO Teopuio moas, W],
963.

J. M. lauch, F. Rohrlich, The Theory of Photons and Electrons, Cambridge,
Mass., Addison-Wesley Publishing Company, Inc., 1955

H. H. Boezoarobos, [. B. Llupxos, Beenenne B TeOpHI0 KBAHTOBAHHBIX TO-
aeft, «Hayka», 1976.

A. U. Axuesep, B. B., Bepecreyxuii, KauroBasi saekrponuHamuka, «Hayka»,
1969.

X. ¥Ymsdzasa, Kpantosas teopusi noss, WUJI, 1958.

J. Hamilton, Theory of Elementary Particles, London, Oxford University
Press, 1959.

F. Mandl, Introduction to Quantum Field Theory, New York, Interscience
Publishers, Inc., 1960.

P. Roman, Theory of Elementary Particles, Amsterdam, North Holland
Publishing Company, 1960.

I'. Benryeso, BBeneHie B KBAHTOBYIO TEODHIO BOJHOBbIX moJed, [ocrexus-
nar, 1947.

1. Schwinger, Quantum Electrodynamics, New York, Dover Publications,
[nc., 1958.

. P. delinman, Kpautosas snekTpoAuHaMura, «Mup», 1964.

L. Klein (ed.), Dispersion Relations and the abstract Approach to Field
Theory, New York, Gordon and Breach, Science Publishers, Inc., 1961.

G. R. Sceaton (ed), Dispersion Relations; Scotish Universities Summer
School, New York, Interscience Publishers, Inc., 1961.

G. F. Chew, S-Matrix Theory of Strong Interactions, New York, W. A. Ben-
jamin, Inc., 1962.

B. B. Bepecreyxud, E. M. Jluguwuy, JI. M. [uraesckuil, PensiTUBHCTCKas
KkBaHToBas Teopusi, 4. 1, «<Hayka», 1968.

E. M. Jlugwuy, JI. I1. [Turaesckui, PensaTHBACTCKas KBaHTOBas TeOpHd,
4, 2, «Hayxka», 1971

P. defdnman, BaaumoneficTeue GOTOHOB ¢ agpoHaMu, «Mup», 1975.

o, Beprcreiin, DneMeHTapHble UaCTHIBI H HX TOKH, «Mup, 1970.

C. Tpeiinan, P. Hoxexus, . I'pocc, Jlekunn mo anreGpe toxos, ATOMH3AAT,
1977.

. Hoc. Yero, Ananutiueckas TeopHs S-Matpuubl, «<Mups, 1968.

.B. H. T'pu6os, Ksautosas siekTpoauHamuxa (Marepuans 9-i 3umHeil
mwrosast JIUAD, 4. 1), Jlenuurpan, 1974.

B. Mayau, O6mue UpHHIMAB BOJHOBOM Mexamukw, [ocrexusmatr, 1947.

JI. lugp¢, KeautoBas Mexauuka, WJI, 1957.

1) JlutepaTypa, NMoMedeHHas 3BE3OUKOA, noGajexa mpu mepesone. Paborwr,

H3JAHHEIE HA PYCCKOM s3blKe, LHTHPYIOTCA MO NoCAeARAM H3AaHuAM. (Tpum. nepeey



292 JIUTEPATYPA

93. 1. A. M. Hupax, Tlpunruunel KBanToBoH Mexauuku, ®usMarrus, 1960.
24* JI. 1. Jlanday, E. M. Jluguuy, KautoBas mexamixa, «Hayka» 1974
B. A. dok, Hauana xBantoBoit Mexanuku, «<Hayka», 1976.
95. E. Schrédinger, Ann. Phys. 81, 109 (1926).
W. Gordon, Z. Physik 40, 117 (1926).
O. Klein, Z. Physik 41, 407 (1927).
* V. A. Fock, Z. Physik 38, 242 (1926); 39, 226 (1926).
26. P. A )M Dirac, Proc. Roy. Soc. (London) A117, 610 (1928); A118, 35l
(1928).
97. H. E. Moses, Phys. Rev. 113, 1670 (1959).
98. B. Mayau, Teopna ortHocuTeqsHocTH, Toctexusnar, 1947, «IIpuuuun oTHO-
cuteabuocTHy. CGOpHHK paboT Kaaccukos penstususma, OHTH, 1935.
*JI. . Janday, E. M. Juguuy, Teopus noas, «Hayra», 1973.
29. R. H. Good, Ir., Rev. Mod. Phys. 27, 187 (1955), 8 ocoGennoctn Sec. Il
p. 190.
30. M. J. Lighthill, Introduction to Fourier Analysis and Generalized Fune-
~ tions, Cambridge, University Press, London, 1938.
* ). M. Teaogpand, I. E. uaos, OGoOuwendbie QYHKUHH U IelCTBHS HAl
HHMH, H3L. 2-e, ®usmarrus, 1959.
31. W. Gordon, Z. Physik 50, 630 (1928).
39, .E. Schrodinger, Sitzber. Akad. Wiss, Physik-Maih. 24, 418 (1930).
33. T. D. Newton, and E. P. Wigner, Rev. Mod. Phys. 21, 400 (1949)
(pycckuit nmepeson cm. B Kuure: E. Buewep, DTIOLB O CHMMETPHH, «Mup»,
. 1971, crp. 277—293).
34. 0. Klein, Z. Physik 53, 157 (1929).
35, L. L. Foldy, and S. A. Wouthuysen, Phys. Rev. 78, 29 (1950).
36. C. G. Darwin, Proc. Roy. Soc. (London) A118, 654 (1928).
W. Gordon, Z. Physik 48, 11 (1928).
37. I. Bere, 3. Coanurep, KpantoBas MexaHHKa aTOMOB C OJHHMM U ABYyMs
snextponamu, dusmarrus, 1960.
38. M. E. Rose, Relativistic Electron Theory, John Wiley and Sons, Inc., New
York, 1961.
39. W. E. Lamb, Ir., and R. C. Retherford, Phys. Rev. 72, 241 (1957).
40. W. E. Lamb, Ir., Repts. Progr. Phys. 14, 19 (1951).
41. R. P. Feynman, Proc. 1961 Solvay Coni., Interscience, New York, 1962.
#S. J. Brodsky, S. D. Drell, Ann. Rev. Nucl. Science 20, 147 (1970).
* B E. Lautrop, A. Peterman, E. de RaJael, Phys. Rev. 3C, 193 (1972).
42. E. Fermi, Z. Physik 60, 320 (1930).
43. T. A. Wellon, Phys. Rev. 74, 1157 (1948).
44, L. L. Foldy, Rev. Mod. Phys. 30, 471 (1958).
45, L. D. Huff, Phys. Rev. 38, 501 (1931).
M. H. Johnson, and B. A. Lippman, Phys. Rev. 77, 702 (1950).
'46. H. A. Tolhoek, and S. R. de Groot, Physica 17, 17 (1951).
. K. M. Case, Phys. Rev. 106, 173L (1957).
H. Mendlowitz, and K. M. Case, Phys. Rev. 97, 33 (1955).
M. Carrassi, Nuovo Cimento 7, 524 (1958).
V. Bargmann, L. Michel, and V. L. Telegdi, Phys. Rev. Letters 2, 435
(1959).
W. H. Louisell, R. W. Pidd, and H. R. Crane, Phys. Rev. 94, 7 (1954).
A. A. Schupp, R. W. Pidd, and H. R. Crane, Phys. Rev. 121, 1 (1961).
G. Charpak, F. 1. M. Farley, R. L. Garwin, T. Muller, J. C. Sens, V. L. Te-
legdi, and A. Zichichi, Phys. Rev. Letters 6, 128 (1961).
47 G. Feinberg, Phys. Rev. 112, 1637 (1958). )
E. E. Salpeter, Phys. Rev. 112, 1642 (1958).
48" P. A. M. Dirac, Proc. Roy. Soc. (London) A126, 360 (1930).
49. 1. R. Oppenheimer, Phys. Rev. 35, 939 (1930).



JIUTEPATYPA 293

501).J. D Bjorken, and S. D. Drell, Relativistic Quantum Fields, McGraw-Hill
Book Company, Inc., 1965.
51. E. P. Wigner, Géttinger Nachr. 31, 546 (1932) (pycckuii mepeBoi B KHHT€
[331, cTp. 262—276).
52. E. C. G. Stiikelberg, Helv. Phys. Acta 14, 321, 588 (1941).
* . A. Bucman, JXKITO® 10, 1163 (1940); 11, 631 (1941).
53. R. P. Feynman, Phys. Rev. 76, 749 (1949) (pycckuit nepesoa B kuure: «klo-
Befilee pasBHTHe KBAaHTOBOH »JeKTpoaHHamuku», WJI, 1954, cTp. 138).
54. R. P. é’e)ynman, Phys. Rev. 76, 769 (1949) (pycckufi nepesoa » kuure [53],
crp. 161).
55. T. D. Lee, and C. N. Yang, Phys. Rev. 105, 1671 (1957).
56. F. Low, Brandeis Univ. Summer School, 1959.
57. N. F. Mott, Proc. Roy. Soc. (London) A124, 425 (1929).
58. C. Moller, Ann. Phys. 14, 531 (1932).
59. W. Pauli in: A. Fliigge (ed.), Handbuch der Physik, vol. V, part 1, Sprin-
ger-Verlag, Berlin, 1958.
60. R. H. Dalitz, Proc. Roy. Soc. (London) A206, 509 (1951).
61. O. Klein, and Y. Nishina, Z. Physik 52, 853 (1929).
* | Tamm, Z. Physik 62, 545 (1930).
62. P. A. M. Dirac, Proc. Cambridge Phil. Soc. 26, 361 (1930).
63. H. J. Bhabha, Proc. Roy. Soc. (London) A154, 195 (1935).
64. H. Morr, I. Meccu, Teopuss aTOMHBIX CTOJKHOBeHH{l, «Mup», 1969.
L. Wolfenstein, Ann. Rev. Nucl. Science, 6, 43 (1956) (pycckufi nepeson
cM. YOH 62, 71 (1957)).
H. A. Telhoek, Rev. Mod. Phys. 28, 277 (1956).
65. M. Jacob, and G. C. Wick, Ann. Phys. (N. Y.) 7, 404 (1959).
66. S. M. Berman, uactHoe coO0IIEHHe.
67. B. I'aiitaep, KBanrosasa Teopus usayuenus, UJI, 1956,
68. W. Pauli, and F. Villars, Rev. Mod. Phys. 21,434 (1949) (nepeoa B cGop-
nuke: «CHBHT ypoBHeli aTOMHBIX saekTponoss, MJI, 1950, ctp. 139).
69. J. Schwinger, Phys. Rev. 74, 1439 (1948) (pycckuii mepeBOA CM. B KiWHrfe,
uutHposannofi B [53], ctp. 12).
70. E. A. Uehling, Phys. Rev. 48, 55 (1935).
R. Serber, Phys. Rev. 48, 49 (1935).
71. J. A. JTanday, A. A. Abpukocos, H. M. Xaararuugkos, JAH CCCP 95, 773
(1954).
J. 1. JManday, B c6opsure: «Humbec Bop n passurtue dwuanku», HMJI, 1958.
72. M. Gell-Mann, and F. Low, Phys. Rev. 95, 1300 (1954) (mepesoa cM. B
cGopnyke: «[IpoBaemm coBpemensol usukuy, No 3, WJI, 1955, ctp. 195).
73. R. H. Dalitz, Proc. Roy. Soc. (London) A206, 521 (1951).
74. R. Karplus, N. M. Kroll, Phys. Rev. 77, 536 (1950).
75. I. A. Jlopeny, Teopus 5JeKTPOHOB U ee NPHMEHeHHe K ABJEHHAM CBeTa M
TenJoBOro usaydenus, Focrexusmar, 1956.
76. V. E. Weisskopf, Phys. Rev. 56, 72 (1939).
77. C. W. Allen, Astrophysical Quantities, University of London Press, Ltd,
London, 1955.
78. J. Schwinger, Phys. Rev. 73, 416 L (1948).
79. H. M. Foley, and P. Kusch, Phys. Rev. 73, 412 L (1948).
80. C. Sommerfeld, Phys. Rev. 107, 328 (1957) and Ann. Phys. (N. Y.) 5 20
(1958).
A. Peterman, Helv. Phys. Acta 30, 407 (1957).
81. D. T. Wilkinson, and H. R. Grane, Phys. Rev. 130, 852 (1963).
* | C. Wesley, and A. Rich, Rev. Mod. Phys. 44, 250 (1975).

1) Pyccknit nepeBo 3TOH KHUMH FOTOBHTCA K M3A2HHIO B H3[aTe/bCTBe «Hay-
ka» B 1978 r. (/Tpun. nepes.)



9294 JIUTEPATYPA

82. J. Schwinger, Phys. Rev. 75, 651; 76, 790 (1949) (pycckuir mepeson B Kuure
[53], crp. 40, 78).

83. D. R. Yennie, S. C. Frautschi, and H. Suura, Ann. Phys. {N. Y.} 13, 379
(1961).

84. H.A. Bethe, Phys. Rev. 72, 339 (1947) (pycckuit nepeson B kuure [68] cTp. 82).

8. H. A Bethe, L. M. Brown, and J. R. Stehn, Phys. Rev. 77, 370 (1950).

C. L. Schwartz, and J. J. Tiemann, Ann. Phys. (N. Y.) 6, 178 (1958).

86. G. Ericksen, unpublished dissertation, University of Minesota, 1959.

87. S. D. Drell, Ann. Phys. (N. Y.) 4, 75 (1958).

88. W. Furry, Phys. Rev. 51, 125 (1937).

89. M. Gell-Mann, and A. H. Rosenfeld, Ann. Rev. Nucl. Science 7, 407 (1957)
(pyccxuii nepeson B cGopHuke: «[IpoGaeMbl coBpeMeHHOH OH3UKH», N 4,
WJ1, 1958, crp. 14).

I. D. Jackson, The Physics of Elementary Particles, Princeton University
Press, Princeton, N. Y., 1958.
W. S. C. Williams (ed.), An Introduction to Elementary Particles, Acade-
mic Press Inc., New York, 1961,

* . Taswoy, YOH 119, 715 (1976).

90. W. Pauli, Phys. Rev. 58, 716 (1940) (pycckufi nepeson cM. B kuure: B. [Tay-
i, PeasiTHBHCTCKAas Teopusi ajeMeHTapubix yacruu, WJI, 1947). :
W. Pauli, V. Weiskopf, and L. Rosenfeld, Niels Bohr and the Development
of Physics, McGraw-Hill Book Company Inc., New York, 1955 (pycckuit
nepeBon c¢M. B kHure: «Hwuase Bop u passurne ousmku», WUJI, 1958).

91. H. Feshbach, and F. M. Villars., Rev. Mod. Phys. 30, 24 (1958).

N. Kemmer, Proc. Roy. Soc. (London) A173, 91 (1939).
S. Sakata, and H. Taketani, Proc. Math.-Phys. Soc. Japan 22, 757 (1940).
W. Heitler, Proc. Roy. Irish Acad. Soc. A49, 1 (1943).

92. M. Gell-Mann, Nuovo Cimento Suppl. 2, 848 (1956).

93. H. Yukawa, Proc. Phys.-Math. Soc., Japan 17, 48 (1935).

94, TI. Bere, @. l'ogpman, Mesonn u noas, t. 11, UJI, 1958,

95. R. Piano, A. Prodell, N. Samios, M. Schwartz, J. Steinberger, Phys. Rev.
Letters 3, 525 (1959). ‘

96. G. C. Wick, Ann. Rev. Nucl. Science 8, 1 (1958) (pyccrkufi nepesop cm.
YOH 68, 201 (1959)).

97*. P. Baun-Crotia, ®yupaMmeHTalbHble B3aHMOREHACTBHS W aTOMHOE SApO,
«Mup», 1976.

98. D. Wong, and H. P. Noyes, Phys. Rev. 126, 1866 (1962).

. Breit, Rev. Mod. Phys. 34, 766 (1962).

. P. Noyes, Phys. Rev. 130, 2025 (1963).

. M. Levy, Phys. Rev. 88, 725 (1952).

. J. Moravcesik, and H. P. Noyes, Ann. Rev. Nucl. Science 11, 95 (1961).

. Erkelenz, Phys. Reports 13, 191 (1974).

100. 3. Xenau, B. Tuppune, Dnementapuass kBaHToBas Teopus mnoas, WUJI, 1963.

10l. G. F. Chew, Phys. Rev. 95, 285 (1954).

102. G. F. Chew, and F. E. Low, Phys. Rev. 101, 1570, 1579 (1956).

103. G. C. Wick, Rev. Mod. Phys. 27, 339 (1955).

104. S. D. Drell, Rev. Mod. Phys. 33, 458 (1961).

105. C. 4. Apear, . 3axapuasen, DaexTpOMaruuTHan CTPYKTYPa HYKAOHOB, WJI,
1962.

106. R. Hofstadter, Nuclear and Nucleon Structure, W. A. Benjamin, Inc., 1963.

107. L. Hand, D. G. Miller, and R. Wilson, Rev. Mod. Phys. 35, 335 (1963).

108. S. D. Drell, Intern. School Phys. «Enrico Fermis, Course XXVI. Varenna,
1962, Academic Press, 1964.

109. E. J. Konopinski, Ann. Rev. Nucl. Science 9, 99 (1959).

L. B. Okun, XI Intern. Conf. on High Energy Phys., CERN, Geneva
(1962).

99.

*

DOLREEIO



JIUTEPATYPA 295

S. M. Berman, Lectures on Weak Interactions, CERN Seminar (1961)
(CERN 60—20).

C. Fronsdal (ed.), Weak Interactions and Topics in Dispersion Physics,
W. A. Benjamin, Inc., New York, 1963.

G. Danby, J. M. Gaillard, K. Guilianos, L. M. Lederman, N. Mistry,
M. Schwartz, I. Steinberger, Phys. Rev. Letters 9, 36 (1962).
*JI. B. Oxynv, CnaGoe B3auMoJelicTBHe 3JeMeHTapHBIX uactHl, Pusmarrus,
1963.

110. 7. D. Lee, and C. N. Yang, Phys. Rev. 119, 1410 (1960).

111. E. J. Konopinski, and L. M. Langer, Ann. Rev. Nucl. Science 2, 261 (1953).

112. T. D. Lee, and C. N. Yang, Phys. Rev. 104, 254 (1956) (pycckuii mepeBoj
cM. B cOopHHKe: «HoBble CBOHCTBAa CHMMETDHH 3JI€MEHTapHbIX uacruu», WMJI,
1957). :

113*. 5. I. Eposusunckuii, YOH 116, 145 (1975).

114*. Particle Data Group., Rev. Mod. Phys. 48, No. 2, Part II (1976).

115. bB. [lonrexopso, KIT® 37, 1751 (1959).

M. Schwartz, Phys. Rev. Letters 4, 306 (1960).
T.D. Lee, C. N. Yang, Phys. Rev. Letters, 4, 307 (1960).

116. H. Weyl, Z. Physik, 56, 330 (1929).

117. L. Landau, Nucl. Phys. 3, 127 (1957).

JI. JI. Janday, )XIT® 32, 405 (1957); 32, 407 (1957).

118. T. D. Lee, C. N. Yang, Phys. Rev. 105, 1671 (1957).

A. Salam, Nuovo Cimento 5, 299 (1957) (pycckuii mepeBox c¢M. B c6op-
uuke: «HoBbie cBoficTBa cuMMeTpuH 3JeMeHTapHulx wactuu», WJI, 1957).

119. P. C. Macg, K. M. Growe, and R. P. Haddock, Phys. Rev. 112,2061 (1958).

120. G. Feinberg, and L. M. Lederman, Ann. Rev. Nucl. Science 13, 431 (1963).

121. L. Michel, Proc. Roy. Soc. (London) A63, 514 (1950).

122. R. P. Feynman, and M. Gell-Mann, Phys. Rev. 109, 193 (1958) (pycckuit
nepeBoil CM. B cGopuuke. «IIpoGaembl coBpemeHHOH ¢usuxku», Ne 4, WJI,
1958).

123. S. M. Berman, and A. Sirlin, Ann. Phys. (N. Y.) 20, 20 (1962).

* K. Kleinknecht in: Proceedings of the XVII Int. Coni. on High Energy
Physics, London, 1974.

124. G. Feinberg, Phys. Rev. 110, 1482 (1958). '

125. C. C. I'epwrein, . b. 3eavdosuu, JKITD 29, 698 (1955).

126. M. Gell-Mann, Phys. Rev. 111, 362 (1958).

127. Y. K. Lee, L. W. Mo, and C. S. Wu, Phys. Rev. Lett. 10, 253 (1963).

128. Y. Nambu, Phys. Rev. Letters 4, 380 (1960).

J. Bernstein, S. Fubini, M. Gell-Mann, W. Thirring, Nuovo Cimento 17, 757
(1960).
129. M. L. Goldberger, and S. B. Treiman, Phys. Rev. 110, 1178 (1958).
130. R. P. Feynman, and G. Speisman, Phys. Rev. 94, 500 (1954).
K. Huang, Phys. Rev. 101, 1173 (1956).
131. N. M. Kroll, and W. Wada, Phys. Rev. 98, 1355 (1955).
132. G. Feinberg, Phys. Rev. 109, 1019 (1958).
G. Feldman, and T. Fulton, Nucl, Phys. 8, 106 (1958).
133. T. D. Lee, and C. N. Yang, Phys. Rev. 128, 885 (1962).



Jx. . boépken, C. 0. dpemnn
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T. 1. PeriTHBUCTCKAs KBAHTOBAsi MEXaHMKA

Knura, HanucaHHass W3BECTHBIMH AaMEPHKAaHCKHUMH  (DU3UKAMU-TEOPETHUKAMH,
NpPECTaBIsieT Cco00M  cUCTEMAaTHYeCKUH KypCc KBAaHTOBOH  DIEKTPOAMHAMHKH.
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