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NPEANUCJOBHUE KO BTOPOMY U3JAHNIO

Han moaroroBkoit HOBOrO M3JaHWs ITON KHUTH MHE, K COXKAJIe-
HUIO, IPHUIILIOCH paboTaTs onuomy. Moii coasrop u apyr E.M. Jlud-
mur ckoHvasict B 1985 roxy. Xorss B Teopunm KOHIEHCUPOBAHHOIO
COCTOSIHUSI BEIIECTBA B IOCIEIHHUE TOAbI ObLIM IOJyYEHBI MHOIHE
BasKHbIE PE3YJIbTATHI, S HE CUYeJl HEOOXOAWMBIM IOJBEPraTh KHUTY
CyImecTBeHHON mepepaboTke. B KHUTe M3JI02K€HBI OCHOBBI TEOPUU U
9TO W3JIOXKEHWE, KAK KaXKETCs, BBIJIEPIKAJIO HUCIBITAHUE BPEMEHEM.
Tem He MeHee HEKOTOpPBIE MOTOJHEHWS ¥ W3MEHEHUS OKA3aJIUCh
HEOOXOOUMBIMHU.

Jobasnen maparpad 35*, moce4ieHnbIii Teopun GpasoBoro mepe-
xona Bepesunckoro—Kocrepnuna—Toysecca B CBEPXTEKYUHX ILJICH-
KaX. DTa TEOPUS COCTABJISIET OCHOBY COBPEMEHHBIX MPEICTABJICHUN
0 TIPOIECCaX, MPOUCKOMAIIUX B JBYMEPHBIX CUCTEMAX, U €€ CO3aHme
CYIIEeCTBEHHO ODOTATMJIO HAIIM IIPEICTABJICHUS O TPUPOAE (Pa30BBIX
IEPEXO/IOB.

I'nmaBa VII, nocamennasa MarHeTu3My, IOJBEPIJIACH CYIIECTBEH-
HOil mepepaboTke. B wactHOCTH, mobGasyen §74% B KoTopom pac-
CMaTpUBAaETCd TpUMEHeHuEe MeToja Xourrreiina u [IpumakoBa K
WCCJIEIOBAHUIO CBOMCTB aHTU(MEPPOMATHETUKOB. DTOT METO UT'PAET
BayKHYIO0 POJIb B MUKDPOCKONMYECKONW TEOPHUY MArHeTU3Ma W €ro
BKJIIOYEHNE B KHUTY NPEICTABIISAETCH HEOOXOIUMBIM.

OmuuM ¥3 BaXKHEWIIUX JOCTUKEHUHN MOCIEIHUX JIET B 00JaCTH
busuKM SBUIIOCH OTKPBITHE BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBOJI-
HIKOB. OHAKO, HECMOTPSI HA OTUPOMHBIE YCHUJIUS IKCIIEPUMEHTATO-
POB M TEOPETUKOB, IPUPOJA ITOTO HHTEPECHOTO SIBJIEHUSI OCTAETCS BO
MHOTOM HemnoHaTHO#. HesicHo narke, kakoe MMEHHO B3aMMO/IEHCTBIE
OTBETCTBEHHO 33 IEPEXO0J] B CBEPXIPOBOsiee cocTosinue. [Ipu Ta-
KOM TIOJIOXKEHUY JIeJI MHE TIPUIILIOCH OTPAHUYIUTHCS JIUIIh KPATKAMHU
3aMEYaHUSMU TI0 3TOMY BOIIPOCY.

Urons 2000 r. JI. II. ITumaesckut



INPEJNCJIOBHUE K ITEPBOMY N3JAHUIO

Eciu kxpaTko oxapakTepu3oBaTh COJAEDPKAHUE IIPEIJIAaraeMoro
gurareno 1X toma «Kypca Teopermueckoit dpusmrm», TO MOKHO
CKa3aTh, YTO OH IIOCBSINEH KBAHTOBON TEOPUU KOHIAEHCUPOBAHHOIO
cocrosiaus BemiecTBa. OH HAYMHAETCS C TOAPOOHOTO WM3JIOKEHUS
TEOpWM KBAHTOBBIX KHUIKOCTEN — 603€BCKOM m (epMmeBCKoOit. ITa
Teopus, cosmannas JI. /. Jlammay Bciien 3a SKCIEPUMEHTAJIBHBIMU
orkpeiTusimu 1. JI. Kanwunbl, mpeacraBiisieT B HACTOSIIEE BPEMS
CaMOCTOATEJNIBHBIN pa3zesl TeopeTudeckoil dbusuku. Ero BaKHOCTH
OTIPEIEJISETC JAXKe HE CTOJBKO TEMU HHTEDECHBIMU SIBJIEHUSIMU,
KOTOPBIE MIPOUCXOAAT B YKUIKUAX M30TOIAX T'eJIdsi, CKOJIBKO TEM, YTO
[IPEJICTABJIEHUsI O KBAHTOBOM! JKUJKOCTH U €€ CIEKTPE SBJIAIOTCH IO
CyIIeCTBY OCHOBO# KBAHTOBOI'O ONMCAHUS MAKPOCKOMUYIECKUX TEJI.

Hampuwmep, ansa rimybokoro moHuMaHust CBOHCTB METAJLIIOB HEOO-
XOJUMO PACCMATPUBATH JIEKTPOHBI B HUX KAK (DEPMU-IKUITKOCTD.
CBoiicTBa JIEKTPOHHOM KUIKOCTHU, OTHAKO, YCJIOKHSIIOTCS HAJININEM
KPUCTAJJINIECKON PEeIIeTKN, W TpeIBapuTebHOE HU3ydeHme OoJiee
IPOCTOrO Cjlly4ad OOHOPOMHON M M3OTPOIHON KUIAKOCTU ABJIACTCA
HEOOXOMWMBIM IIATOM B IOCTpOeHWn Teopuw. TOUHO Tak XKe CBEpX-
TPOBOAMMOCTb METAJIJIOB, KOTOPYIO MOXKHO pACCMaTpPUBATHh KaK
CBEPXTEKYYECTh JIEKTPOHHON YKUIKOCTH, TPYJTHO $ICHO MOHSATH 0€3
pEBAPUTELHOTO 3HAHUS 0OJiee MPOCTON TEOPUM CBEPXTEKYUECTH
603€e-KUITKOCTH.

Heorbemaemyto 4acTh MATEMATHYECKOTO ATIAPATA COBPEMEHHOM
CTATUCTUYECKOM (DUBUKU COCTABJISIET AIMApPAT TPUHOBCKUX (DYHK-
nuit. 9TO CBA3aHO OTHIOAL HE TOJBKO C TEMH BBIYHCIUTEILHBIMU
ynobcTBaMu, KOTOPhIE MPEIOCTABJIAET NUATPAMMHAS TEXHWUKA BbI-
quCjIeHus TPWHOBCKUX (yHKnwmii. Jlego mpexme BCero B TOM, YTO
IPUHOBCKUE (DYHKIWN HEIOCPEACTBEHHO OIPENEJISIOT CIEKTD 3JIe-
MEHTaPHBIX BO30YKIAEHU TEJIa U MOTOMY SIBJISTIOTCS T€M $SI3bIKOM, Ha
KOTOPOM CBOMCTBa 3TUX BO30YKIeHUN Hambojee €CTECTBEHHO OIU-
ceiBaTh. [l0aTOMYy B HACTOSAIIEM TOME METOAWYECKUM BOIPOCAM —
TEOPUHU T'PUHOBCKUX (DYHKIUI MaKPOCKOMUIECKUX TEJ — YJIEJIEHO
3HAYUTEJIPHOE BHUMAHUE. XOTS OCHOBHBIE WJIEVW METOHA OJHU U Te
XKe JJIs BCeX CUCTEeM, KOHKPETHBIN BUJ JUATPAMMHON TEXHUKHU Pa3-
JINYEH B Pa3HbIX ciiydasx. llpeacTaBiisercss eCTECTBEHHBIM B 9TOMN
CBSI3U PA3BUBATH STU METOJbI HA TPUMEPE TEX K€ M30TPOITHBIX KBAH-
TOBBIX JKUJKOCTEH, TJle CYITHOCTb METO/a BBISBJISETCH B YUCTOM
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BuUze, 0€3 yCIOXKHEHU, BHOCUMBIX ITPOCTPAHCTBEHHO} HEOIHOPOJ-
HOCTBIO, HAJIMYMEM HECKOJIbKUX COPTOB YACTHIL U T. II.

ITo aHaJIOTUYHBIM TPUYNHAM MAKPOCKOIUYIECKYIO TEOPUIO CBEPX-
IPOBOJUMOCTU MBI M3JIATAEM HA IIPOCTOH MOJEIU H30TPOITHOTO
depmu-raza co ciiabbIM B3aUMOAEHCTBUEM, OTBJIEKASICH OT YCJIOXK-
HEHUH, CBA3AHHBIX C HAJUYIUEM KPUCTAJUIMYECKON DENIETKUU KYJIO-
HOBCKHUM B3aUMOEHCTBUEM.

B cBs13u ¢ riiaBaMu, TOCBSAIIEHHBIMY JIEKTPOHAM B KPUCTAJIIHYE-
CKO# peIlieTKe M TeOPUM MAarHeTU3Ma, MOIYEPKHEM JIUIITHUN pa3, YTo
mpejjlaraeMasi KHUTA — 9acTh KypCa TEOPETUYECKOH (DU3UKU U HU
B KOeil Mepe He IpH3BaHA 3aMEHUTH CODOH KypC TEOpHUH TBEPIOTO
Tesia. B cooTBeTCTBUU € 3THM 37€CH PACCMATPUBAIOTCS JIUIIIb BOIIPO-
cbl HauboJtee OOIIEro XapaKTepa W HE 3aTPArMBAIOTCS KAK BOIPOCHI,
TpebyIoIye UCIOIb30BAHNS KOHKPETHBIX KCIIEPUMEHTAJIBHBIX JIaH-
HBIX, TAK U T€ U3 PACYETHBIX METOJOB, KOTOPbHIE HE UMEIOT 10, cO00iH
SICHO TeopeTmyeckoii 6a3bl. HamoMuuM Takzke, 9YTO K JAHHOMY TOMY
HE OTHOCSTCH KMHETHYECKHUE CBOMCTBA TBEPIBIX TEJI, KOTOPBIE MBI ITPEI-
[T0JIATAEM PACCMOTPETH B CJIEAYIOIIEM, 3aK/IFOUUTEILHOM TOME KypPCa.

Hakomer;, B 9TOfl KHWIe WU3JIaTalOTCS TAKXKE TEOPUS 3JIEK-
TPOMATHUTHBIX (IIYKTyaluii B MAaTEPUAJIBHBIX CPEIaX W TEOPHs
rugpoguHaMudecknx duykryaruii. IlepBas ux HuX BXoamia paHee
B VIII Ttom. Ee mepenecenwe B HacTOSAImMii TOM BBI3BAHO HEOO-
XOAUMOCTBHIO IIPUMEHEHUsS] TPUHOBCKUX (MOYHKIWH, YTO TO3BOJISET
npuaaTh BCedl Teopuu 0ojiee IPOCTON u yIOOHBIN MJisi IPUMEHEHUS
Bua. Kpome TOro, ecTeCTBEHHO pacCMATPUBATEH JIEKTPOMATHUTHBIE
¥ TUAPOAUHAMUYECKUE (DIYKTYaIluu B OJHOM TOME.

JI. J1. Jlanmay orcyrcTByeT cpemu (HaKTHUUECKHX ABTOPOB 3ITOM
kuuru. Ho untaTesb J€erko 3aMeTHT, CKOJIb YACTO BCTPEUAECTCH €ro
WMsI B TEKCTE€ KHUTHU: €My JINYHO WJIA €My B COTDPYJHHMYECTBE C €ro
YUEHUKAMU TPUHAJICKUT 3HAYUTEJIbHAS IO/ U3JIaraeMbIX 37€eCh
pe3ysapTaToB. MHOrONIEeTHee OOLIEHHE C HUM JaeT HAM OCHOBAHWE
HAIEATHCS, ITO HAM YJAJIOCh BEPHO OTPAa3WUTh €r0 TOYKY 3PEHUS
IO 9TUM BOIPOCAM — PA3yMEETCs, C YIETOM TaKKe M TOrO HOBOTO,
9T0 OBLIO BHECEHO B HUX 3a 15 jieT, mpomeqmux co AHs, KOTJa TaK
TPAarvYecKy IPEPBAJIACH €T0 NEATEIHbHOCTD.

Mpur xoresu 661 mobnarogaputh A. @. Augpeesa, . E. Hzsam0-
muHcKoro u U. M. Jludmmuna 3a mocTtosHHOE 00CyXIAEHUE BOIPO-
COB, PAaCCMOTDEHHBIX B 3TON KHuUTe. MBI U3BJIEKJIU TAKXKE MHOTO
monb3bl U3 m3BecTHoM KuHuru A. A. AbGpukocosa, JI. I1. Toppkosa
u U. E. JI3470MuHCKOrO—O0HOM U3 TEPBLIX KHUT B (DU3WIECKOM JTH-
TepaType, MOCBAIIEHHBIX HOBBIM METOIAM CTATUCTUYECKONH (DUSUKH.
Haxkownern, mbr 6arogapust JI. I1. T'opekosy u FO. JI. KinumonTosuuy,
MPOYUTABIIUM KHUTY B PYKOIIMCU U CAEJIABIINM DSl 3aMEYAHUN.

Amnpens 1977 1. E. M. Jlugpwuy, JI. 1I. ITumaescrud
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HOPMAJIbBHA Y ®EPMHU-2KNJIKOCTb

§ 1. DaemeHTapHBIE BO30YyXK/IeHNS B KBaHTOBO! (hepMH-KAIKOCTH

[Ipu TemmepaTypax HACTOJIBKO HU3KWX, 49TO Je-OpoilieBcKas
JJIMHA, BOJIHBI, OTBEYAIOIIAs TEIJIOBOMY JBUYKEHUIO ATOMOB JKUIKO-
CTH, CTAHOBUTCS CPABHUMOI C MEXKATOMHBIMU PACCTOSTHUASIMU, MAKPO-
CKOIMYECKUE CBOWCTBA JKUIKOCTH ONPEIEJIAIOTCH KBAHTOBBIMHU
s derTamu. Teopus TakWX KBAHTOBBIX KHUJKOCTEH MPEIACTABJISIET
3HAYUTENIBHBIN TPUHITUIHAJIBHBIN WHTEPEC, XOTd B MPHUPOIE CYIIe-
CTBYIOT JIWIIIb IBA OOBEKTA TAKOTO PO, ABJISIONINEC XKUIKOCTSMHU
B OyKBaJIbHOM CMBICJIE 3TOTO CJIOBA; 9TO — XKUJKWAE M3OTOIBI T'eJIus
(3He u “He) npu temmneparypax ~ 1-2 K. Bce apyrue Bemecrsa 3a-
TBEPAEBAIOT 3HAUUTETLHO PAHBIINE, YEM CTAHOBATCS CYIIECTBEHHBIMU
KBaHTOBbIE 3 dekTh! B HUX. HamoMuuM B 9T0#1 CBSA3H, 9TO, COTJIACHO
KJIACCUYECKON MEXaHUKE, BCE TEJIA JOJIKHBI ObLIU ObI OBITH TBEPBI-
mu ipu abcosoTHOM Hyute (cm. V, § 64); resuit xke, 6aronapsi 0coboit
c1aboCTr B3aMMOJIEHCTBYS €T0 ATOMOB, OCTAETCS KUJIKUM BILUIOTH IO
TEMIIEPATYP, KOTJA BCTYHIAIOT B CHJTy KBAHTOBBIE SBJICHUS, TIOCIIE Ue-
T'O 3aTBEPAEBAHUE YK€ IEPECTAET OBITH 003aTEJILHBIM.

Berunciienne TepMOAMHAMAYECKUX BEJIUINH MAKPOCKOITHIECKOTO
Tesia TpebyeT 3HAHUS CIIEKTPa €ro ypOBHEl sHepruu. Pa3ymeercs,
B CJ[yYae CHCTEMbI CHJIbHO B3aWMOJEHCTBYIOIINX YACTHIl, KAKOBO
SIBJISIETCS KBAHTOBAsI YKUITKOCTD, PEUYD JOJYKHA UATA UMEHHO 00 yPOB-
HSIX, COOTBETCTBYIOIUX KBAHTOBOMEXAHUYIECKUM CTAIMOHAPHBIM
COCTOSTHUSIM BCeii KUJIKOCTH B IIE€JIOM, 8 OTHIOJIb HE COCTOSTHUSIM OT-
JeJIbHBIX aTOMOB. [Ipu BBIYUC/IEHNY CTATUCTAYECKON CyMMBI B 00JIa-
CTH JOCTATOYHO HU3KWX TEMIIEPATYP MOJKHBI YUUTHIBATHCH JIWIIb
c1a60 BO30YKIEHHBIE YPOBHU IHEPTUU KUIKOCTU — YPOBHH, PACIIO-
JIOXKEHHBIE HE CJIMIIKOM BBICOKO HAJ[ OCHOBHBIM.

Cnemyromee 06CTOATETHECTBO UMEET (DYHIAMEHTAIBHOE 3HAUCHIE
st Beeit Teopun. Besikoe citabo BO3OYKIEHHOE COCTOSTHME MAaKpO-
CKOITMYECKOTO TEeJIa MOXKHO PAacCMAaTPUWBATh B KBAHTOBON MeXaHUKE
KaK COBOKYIHOCTH OTHEJIbHBIX IAEMEHMAPHHIL 8030Yyostclenuti. DTu
9JIeMeHTapHbIe BO30YXKIEHUS BEAYT ceOs KAK HEKOTODBIE K8a3UYAC-
MuUYbL, TBUKYIIAECH B 3aHMMAEMOM TeJIOM 0Obeme u 0bJiagaroniue
OTNIPEJIC/IEHHBIME SHEPIUSAMU € W WMIyJbcamu p. Bua 3aBucmmoc-
T £(p) (UW1n, KAK TOBOPAT, 3aK0H UCTLEPCUU TIEMEHTAPHBIX BO30Y K-
JICHWI) $IBJISIETCS BAyKHON XApPAKTEPUCTUKON IHEPrETHYCCKOIO
cuekTpa Tejia. llomuepkuem JiamHAR pas, 9TO MOHATHE dJIEMEHTAP-
HBIX BO30YKIEHU# BO3HUKAET KAK CIIOCOO KBAHTOBOMEXAHUIECKOTO
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ONUCAaHMs KOJJIEKTUBHOTO JIBUXKEHUSI ATOMOB TEJIa U KBa3WYACTHUIIBI
OTHIOZb HE MOTYT OBITH OTOXKJECTBJIEHBI C OTIEJbHBIMH ATOMAMU
WJTA MOJIEKYJIAMH.

CyImecTBYIOT pa3/IMYHBbIE TUIBI JHEPIEeTHYECKUX CIEKTPOB,
KOTOPBIMH MOTYT, B HPHHIUIE, 00JIAIaTh KBAHTOBBIE YKUJIKOCTH.
B 3aBucuMOCTH OT THIIA CIIEKTPA XKUJIKOCTH OyJIeT MMETh TaK¥XKe U
COBEPIIIEHHO Pa3JIMYHbIe MAKPOCKONUYECKUE CBOWCTBA. MbI HaUHEM
C U3yYeHusl KUJKOCTH CO CIIEKTPOM THIIA, KOTOPBIA MOXKHO Ha3BaTh
pepmuesckum. Teopmsa Ttakoi epMu-KUIKOCTH OBLIA CO3TAHA
JI. /1. Jlanday (1956-1958 1T.); eMy IPHHAIJIEKAT PE3YJIBTATHI, U3-
Jaraemble B §1-41).

OHEPreTUYeCKUil CIIEKTP KBAHTOBOM KUAKOCTH (DEPMHUEBCKOTO
THIA CTPOUTCH B M3BECTHOM CMBICJIE AHAJOIHYHO CIEKTDPY UICAJIb-
Horo ¢depmu-raza (u3 gacrur co cuuroM 1/2). OcHOBHOE cocTOsIHEE
HOCJIEIHETO COOTBETCTBYET 3aIlOJIHEHUIO YaCTUIAMYU BCEX COCTOSTHUMN
BHYTPH pepmuescroti cdhepv, — cPephbl B UMITYJTHCHOM TPOCTPAHCTBE
C PaJuycoM pp, CBSI3aHHBIM C KOHIeHTpamwmeil raza N/V (uuciom
gacTul B enuHune oobema) Gopmysioi

|4 3(2nh)3  3w2h3

N _g dmpr _ pr (1.1)

(cm. V,§57). Bo30yKkaeHHBIE COCTOSIHUS Ta3a BO3HUKAIOT, KOTA Ya-
CTHIBI IIEPEXOAAT M3 COCTOAHUM 3aIl0JHEHHON cdepbl B Kakue-anbo
COCTOSAHUSI C P > PF.

B xxunkocTu, pasymeercs, He CyIIECTBYET KBAHTOBBIX COCTOSIHUIA
IUist OTAENbHBIX dacTull. OIHAKO MCXOMHBIN MyHKT JJIsi TOCTPOEHUS
cekTpa HEepMU-KUIKOCTH COCTOUT B YTBEPXKICHUH, UTO KJIACCHU-
duranysi ypoBHEH IHEPTUU OCTAETCS HEU3MEHHON IPHU MOCTENEHHOM
«BKJIIOUECHUHN» B3aUMOAECUCTBUA MEXKIY aTOMAMH, T. €. IPHU IIEPEX0-
Jie OT Ta3a K XKUIKOCTU. B 3T0# KJaccuduKanmm pojb 9acTHUIl Ta3a
LIEPEXOAUT K JIEMEHTAPHBIM BO30YKICHUAM (KBa3UYACTHULIAM ), GUC-
JIO KOTOPBIX COBHIAMAET C YUCJIOM ATOMOB U KOTODPBIE IOIUUHSIIOTCS
cratuctuke Pepmu.

Cpazy e OTMETHM, 9TO CHEKTPOM TAaKOTO THIA MOXKET 00Jjia-
[aTh, OYEBUIHO, TOJHKO YKUJIKOCTb W3 YACTHUI] C IOJIYIEJBIM CIIU-
HOM — COCTOsIHUE CHUCTEMbI U3 GO30HOB (9YaCTHUI[ C IEJIBIM CIMHOM )
HE MOXKET OIHUCHIBATHCHA B TEPMUHAX KBA3WUACTUIL, TTOMIUHSIONINX-
ca cratuctuke Pepmu. B To ke BpeMs ciiegyeT MOAYEPKHYTH, UTO
CIIEKTP TOTO TUIA HE MOXKET ObITh YHUBEPCAJIBHBIM CBOWCTBOM BCEX
TAKUX XKUOKOCTEH. THI CIeKTpa 3aBUCUT TAKKE M OT KOHKPETHOTO

!)3aGeras Bmepem, cpasy »Ke yTOUHEM, BO W3BEKAHHE HEJODPA3YMCHHI,
9TO pedb HAET O HECBEPXTeKydeil (miam, Kak roBOPAT, HOPMAAbHOY) (epmu-

xkugkocTy. TakoBoii aBisercs xuakuii uzoron 3He (¢ oroBopkoii, koropas Gymer
cZieJIaHa B IpUMeEYaHuu Ha C. 285.
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XapaKTepa B3aMMOIEHCTBUS Mexay aroMmamu. IIpocToe coobpaxke-
HHE JeJIaeT 3TO 0OCTOATEIbCTBO OYEBUIHBIM: €CIU B3aMMOIEHCTBUE
TaKOBO, UTO B PE3YJIbTATE €r0 aTOMBI CTPEMATCS ACCOIMUPOBATHCS
B HaphI, TO B MIPE/EJie MBI MOy YU ObI MOJEKYISIPHYIO KHUIKOCTD,
COCTOSAIIYI0 M3 9acTUIl (MOJIEKYJ) C LEJBbIM CIMHOM, JJis KOTOpPOii
paccMaTpUBAEMBIHl CIEKTP 3aBEI0MO HEBO3MOXKEH.

Kaxk nast u3 kBazuyacTuil 00J1a1aeT OpeIeJIeHHBIM UMITYJIBCOM P
(MBI eme BepHEMCsl K BOIIPOCY O CIIPABEIJIUBOCTH TOTO YTBEPIKIIE-
uus). Ilycte n(p) ecth byHKIMS pacupenesieHus] KBA3WYACTHUIL IO
MMITYJIbCAM, HODMHUPOBAHHAS YCJIOBAEM

3
/n dr = E, dr = d’p
v (2mh)3

(310 ycioBue OygerT yTOYHEHO HUKe). YIOMSIHYTBINH BbINIE IIPHH-
AT KJIACCU(PUKAINYA COCTOUT B IIPETIOJIOKEHUHN, UTO 3aJaHUE ITOM
GYHKIMM OHO3HAYHO OMPENEJISieT SHEPTUIO F KUIKOCTHA W UTO OC-
HOBHOE COCTOSIHHE COOTBETCTBYET (DYHKITUU PACIPEIEICHUS, B KOTO-
pOit 3aHATHI BCE COCTOSIHUS BHYTPHU hpepMu-chepsl ¢ paguycoM pr,
CBSI3aHHBIM C IJIOTHOCTBIO JKHIAKOCTH TOi ke dopmysoit (1.1), 4ro
¥ B CJIyYae HUIEAJBHOTO Ta3a.

BaxxHo oguepKHyTh, 4TO MOJIHAS dHEeprud Kuakoctu F oTHIONb
HE CBOIUTCH K CyMMe 3Hepruii € kBasudacTtuil. JIpyrumu cioBamu,
E npencrasisisier coboit dpyHKImoOHAJ OT (DyHKIUU pacHpeseieHus,
He cBOIAIuiics K MHTerpaiy [nedr (Kak 3TO UMeeT MECTO JJIsi UJie-
aJIBHOTO Ta3a, I7le KBa3UYACTUIIBI COBIAIAIOT C HCTUHHBIMYU YaCTUIIA-
MU U He B3aUMOJEHCTBYIOT APYT € APYToM). IIOCKOIBKY IepBUYHBIM
MOHSATUEM SABJIsIeTCI MMEHHO F, To Bo3HUKaeT Bompoc 00 ompeerie-
HUU JHEPTUY KBA3UYACTHUI] C YUETOM WX B3aMMOIEHCTBHUS.

g aTOoro paccmoTpuMm usMeHeHwe F 1mpu GECKOHEYHO MAaJioM
n3MeHeHun GyHKIuU pacupenesienus. OHO MOIXKHO, OYEBUIHO, OI-
PeeisiThbCa MHTErPAJIOM OT BBIPAXKEHUs, IMHEHHOTO TT0 BAPUAIAA 0N,
T. €. UMETH BUJ]

57E =/€(p) ondr.

Benuuuna € ecth BapuaimoHHast IPOU3BOAHAs OT dHepruu E mo
dyukimn pacnpenenennsd. OHa COOTBETCTBYET M3MEHEHWIO SHEPTUN
CUCTEMBI TIPU JO0ABJIEHUM OMHON KBA3UYACTHIBI C WMIIYJIbBCOM P,
¥ UMEHHO 3Ta BEJIMYMHA UT'PAET POJIb TAMUJIBTOHOBOM (DYHKITUH KBa-
3UYACTHUIBI B Tojie apyrux dactur,. OHa Toxke ABsgeTCS (DyHKINO-
HaJIOM (DYHKI[MU PACIpenesieHus, T. €. Buf GyHKuun €(p) 3aBUCHUT
OT pacIpeesieHus BCeX YACTUIL B YKUJIKOCTH.

OTMmeTrM B 3TO# CBA3U, YTO IJIEMEHTAPHOE BO30YXKJEHWE B Pac-
CMaTpUBAEMOM THIIE CHEKTPA MOXKHO B U3BECTHOM CMBICJIE TPaK-
TOBATh KAK aTOM B CAMOCOIJIACOBAHHOM ITOJI€ NPYTUX ATOMOB. DTy
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CaMOCOTJIACOBAHHOCTD HEJIb3s1, OJJHAKO, TOHUMATH B OOBIYHOM B KBAH-
TOBOI MexaHmke cmbicie. OHa uMeeT 37ech OGonee TIybOKMit Xapak-
Tep; B TAMUJILTOHNAHE ATOMA, YUUTHIBACTCS BJIMSHUE OKDYZKAIOIIAX
YaCTUI[ HE TOJHKO HA TMOTEHIMAJILHYIO SHEPIUI0, HO MEHSAETCH TaK-
K€ U 3aBHCUMOCTD OIIEPATOPa KMHETHYECKON HEPTHUU OT OIEPATOpPa
HAMITYJIbCA.

Jlo crux mop MBI OTBJIEKAJIUCH OT HAJMYUS y KBA3WYACTHUIL CIIH-
Ha. Tak Kak CIWH ABJISIETCS KBAHTOBOMEXAHUYIECKON BEJIMIUHON, TO
OH HE MOXKET PACCMATPUBATELCH KJIACCHIECKH, BBUIY UETO MBI JOJIHK-
HBI CUMTATH (DYHKITUIO PACIPEIESICHUs] CTATUCTUYECKON MaTpuriei
B OTHOIIIEHUU CIWHA. DHEPTUs YK€ IJIEMEHTAPHOTO BO30YXKICHUS €
B ODIEM Ciiydae siBJISIETCS He TOJBKO (DYHKIMEH OT UMIYJIbCa, HO
¥ OIIepaTOPOM IO OTHOIIEHUIO K CIIMHOBBIM IIEPEMEHHBIM, KOTOPBIM
MOXKHO BBIPA3UTh YEPE3 ONEPATOP CIMHA KBA3W4aCTUILI S. B ommO-
POAHON! M W30TPOIIHON >KUIKOCTHA (He HaXOOAIIENCA B MarHUTHOM
nojie u He (PEPPOMArHUTHO) OHEPaTOpP S MOXKET BXOAUTH B CKAJIAD-
Hy[0 (DYHKIIHIO € TOXKE JIMIIb B BUJE CKAJIAPOB 82 uiu (Sp)2; mepsas
CTENEHb TPOU3BE/IEHNS SP HEIOMyCTUMA, IIOCKOJIbKY B BHUJIY aKCH-

AJIbHOCTU BEKTOPpa CIIMHA OHa ABJAECTCA IICEBIOCKAJIAPOM. KB&,ILP&T

82 = s(s+ 1), a a1a cimna s = 1/2 cBomuTCA K He 3aBHCAIIEH OT §

IOCTOAHHOM TaksKe 1 ckaap (Sp)2 = p?/4. Takum 06pa3oM, B 3TOM
CJIydae 9HepIrus KBa3U9IaCTHUIIbl BOBCE HE 3aBUCUT OT OIEPATOPA, CIIU-
Ha, T. €. BCE YPOBHU SHEPIUU KBA3MYACTHUI] JBYKPATHO BBIPOXKJICHBI.

I[To cymecTBy yTBEPXKIEHNE O HAJUYAYU CIUHA y KBA3UYACTHUIIBI 1
BhIpaXKaeT (GaKT CyIIECTBOBAHMS ITOTO BBHIPOXKICHUS. B 9TOM CMBIC-
Jie MOJKHO YyTBEPKJIATh, YTO CIIUH KBA3UYACTHI] B JJAHHOM THUIIE CIIEK-
Tpa BCETAa PaBeH 1/2; BHE 3aBUCUMOCTH OT BEJIWYUHbI CIIUHA UCTHH-
HBIX YACTHUIL KUAKOCTHU. JIefCTBUTEIBHO, i JI060r0 OTJIUYHOTO OT
1/2 crmna s unenst Buga (Sp)? npusesu 661 K pacmeniennio (254 1)-
KPATHO BBIPOXK/IEHHBIX ypOBHE#H Ha (25 + 1)/2 ypoBHeii ¢ qByKpat-
HBIM BBIpOXKIeHueM. [Ipyrumu cioBamu, nossistores (2s+1)/2 pas-
JIMYHBIX BeTBell dyHKuuM £(P), KaxKas U3 KOTOPBIX COOTBETCTBYET
«KBa3W4YaCTUIIAM CO CIMHOM 1/2».

Kax yke 6BLIO OTMEYEHO, C YIETOM CIHHA KBa3WYIACTUI[ PYHK-
ysl PACIIPEIEJIEHNs] CTAHOBUTCS MATPULIEH WJIU OIIepaTopoM 7i(p) 1o
OTHOIIEHHIO K CIIMHOBBIM TIEPEMEHHBIM. B IBHOM BHJIE 9TOT ONEPATOD
3aIIHCHIBAETCS KAK 9PMUTOBA, CTATHCTUYECKAs MATPHIA Nog(P), TIe
«, 3 — CIMHOBbIE MATPUYHBIE WHIEKCHI, MPOGETAIONINE B 3HATE-
Hus +1/2. lnaroHa/ibHble MATPUYHBIE JIEMEHTHI ONPEIEJIAIOT IUC-
JIa KBa3WYACTHUI] B ONPEJIEEHHBIX CIMHOBBIX COCTOAHUAX. 1103TOMY
yCJIOBEE HOPMUDPOBKH (DYyHKIMU PACIIPEIESICHAs KBA3UIACTHUI] HAJIO
[UCATh TEMEPh B BHJIE

Adr = _N _ _dp
Sp/ndT_/naadT— 7 dr = )’ (1.2)
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(cumBol Sp oO3HAYAET B3ATHE CJIEAA MATPUIBL 10 CIMHOBBIM
uHIEKCaM) ).

OmnepaTopoM — MaTpUIEll MO CIMHOBBIM MEPEMEHHBIM — SIBJIs-
eTcs B ODIIEM CIydae TaK¥Ke M SHEPrusi KBa3W4acTUIbl £. Ee ompe-
JleJIeHWEe HaJ0 3aIUCHIBATH TaK:

* —sp / 2R dr = / Eapdnga dr. (1.3)

Eciu cnmuoBasg 3aBucHMOCTh QYHKIMEM PACIPEICICHUS U dHED-
TUH OTCYTCTBYET, T. €. Nag U €43 CBOAATCA K €IMHUYHON MaTpUIE

Neg = ndaﬁ, Eaf = 55043, (1.4)
To B3gTHe ciega B (1.2), (1.3) cBoguTCst POCTO K yMHOXKEHUIO Ha 2:
2/nd7_ﬁ 67E=2/56nd7-. (1.5)

Jlerko BUAETH, 9TO B CTATUCTUYECKOM PaBHOBeCUU (PYHKITHS PAC-
npejesieHns KBa3UYaCTUIl uMeeT BuJ pacupenesenus Pepmu, pu-
YeM pOJIb SHEPIUU UTPAET OnpeesieHHas coryacto (1.3) Besimunna €.
JeficTBuTeIbHO, B CUJIy COBHAJEHUS KJIACCU(DUKAIIMOHHBIX CBOHCTB
YPOBHEH SHEPTUU XKUJKOCTH U UIICATBLHOTO PepMU-ra3a SHTponus S
KUIKOCTHU OIPEAE/ISeTCs TAKUM YK€ KOMOMHATODHBIM BBIPAXKEHUEM

g —Sp/{ﬁlnﬁ+ (1—7)In(1 — )} dr, (1.6)

Kak U B ciayd4ae rasa (cMm. V,§55). Bappupys 910 BbIpasKeHHE IIpH
JTOTIOJTHUTEIbHBIX YCJAOBUSX TIOCTOSHCTBA, IOJHOTO YUC/I YACTHI U
IOJIHOY dHEpruun

6—N=Sp/5ﬁd7'=0, 6—E=Sp/§5ﬁd7=0,
1% 14

MBI IIOJIy9UM HCKOMOE€ DacCHpelesIeHAe
A= [eE /T 4171 (1.7)

rJe {f — XUMUYECKU TOTEHIMAI KUIKOCTH.
ITpu He 3aBucdAmeil OT COWHA SHEPTUM KBA3UYACTHUI, (POPMYJIa
(1.7) o3Ha4gaeT TAKyIO XK€ CBA3b MEXKJY BEJIMYUHAMU N U E:

n=[eE /T 171, (1.8)

IIpu Temmeparype T' = 0 XuMuYeCKuil MOTEHIINAJ COBIAAAET C TPa-
HUYHOM 3Hepruei Ha moBepxHocTu cdepnbl Pepmu:

plr=o = er = e(pr). (1.9)

1) 31ech U Be3le HUXKE 0 ABaXKbl MOBTOPSIOIIUMCS UHIEKCAM, KaK OOBIYHO,
OAPa3yMeBAETCS CYyMMUDOBAHUE.
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[TomuepkHeM, 9TO HECMOTPS HA (POPMATHHYIO AHAJOTMIO BHIPAYKEHUS
(1.8) ¢ ob6braabIM pacupeesenrneM Pepmu, OHO HE TOXKIECTBEHHO C
HEM: IIOCKOJIbKY € CaMo eCTb (byHKIMOHAJ OT 1, popmyJa (1.8) npex-
cTaBjiger coboit, CTPOTO TOBOPS, CJIOXKHOE HESIBHOE OIMPEIEJICHHE 7.

BepHeMmcst K cesIaHHOMY TIPEATIONIONKEHUIO O TOM, YTO KaXKJIOM
KBa3WUYACTHUIIE MOXKET OBITH MPHUIUCAH ONPEIEJICHHBIN UMITYJIbC.
YcoBue CIpaBeJIMBOCTYA ITOTO TPEIIOJIOXKEHUs TpebyeT, dToOhI
HEOIIPE/IEJIEHHOCTh MMITYJIbCa (CBs3aHHAS ¢ KOHEYHOCTBIO J[JIMHBI CBO-
6oxHOro mpobera KBa3UYACTHUIEI) ObLIa Maja He TOJIBKO IO CpaBHe-
HUIO C BEJIMYUHON CAMOTO UMITYJIbCA, HO U TT0 CPABHEHUIO C TIUPUHON
Ap «0biacTy pasMBITOCTH» PACIpeaeeHns — 0DJIacTh, B KOTOPOH
OHO CYIIECTBEHHO OTJINYAETCS OT «CTYNEH4YaTod» GyHKImu ' ):

o) =6) = { . HSBE (1.10)

Jlerko BuAeTh, YTO 3TO YCJIOBHE COOJIIOJAETCS, €CJIU PacIpesesie-
aue n(p) owmyaercs or (1.10) smmb B Masnoii obsactu BOIM3U 1O-
BepxHOocTHu depmu-cdepsnt. eificTBuTensHo, B cuity mpuniuna llay-
JIM B3aMMHO PACCEMBATHLCA MOTYT TOJBKO KBAa3WYACTHIBI B OOJIACTH
Pa3MBITOCTH PACIPEIE/ICHUs, TPUUEM B PE3yJIbTATE PACCEAHUsT OHU
JIOJI)KHBI TIEPEXOJIUTH B CBODOJHBIE COCTOSIHUS B TON Ke OOJIACTH.
ITosTOMy BEpOATHOCTH CTOJKHOBEHUS MPOMOPIMOHAJIBHA KBAIPATY
nmpuHbI 310# 06s1acTu. CooTBETCTBEHHO Hponopronatbha (Ap)? u
HEOIPEIESIEHHOCTh YHEPTHH, & C HEI0 W HEOIPEIEIEHHOCTh UMITYJIb-
ca kBazmyacTuibl. OTCIOHa FCHO, YTO MPHU JOCTATOYHO MajgoM Ap
HEOIIPEIEJIEHHOCTh UMITYJIbCA OYAeT MaJjia He TOJIBKO II0 CPABHEHUIO
C pF, HO U IIO CPaBHEHHUIO ¢ Ap.

Takum 06pa30oM, W3IATAEMBIf METOJ CIIPABEIJINB TOJBKO IS
TAKUX BO3OYKJIEHHBIX COCTOSTHUHN YKUJIKOCTH, KOTOPHIE ONMUCHIBAIOT-
ca pyHKIMEN pacrnpeaeseHnsa KBA3WIaCTHIl, OTINIAIONIEHCS OT «CTy-
IEHbKW» JIWIIb B Y3Koil obsjactu BOu3u moBepxHocTu Pepmu.
B wactHOCTH, 119 TEPMOAMHAMUYECKN DPABHOBECHBIX PACIIPEIeie-
HUN JOMYCTAMBI JIUINb JTOCTATOYHO HU3KME Temmeparypsbl. [[Inpuna
(mo sHeprum) 06JIACTH PA3MBITOCTH DPABHOBECHOTO DACIIPE/IEJIEHUS
mopsinka 1. KBaHTOBas »Ke HEOMPENEJIEHHOCTh JHEPTUU KBA3WUa-
CTHIBI, CBA3AHHAS CO CTOJIKHOBEHWSIMU, — HOPSIKA BEJIMIUHBL A/ T,
roe 7 — BpeMs cBobomHOro mpobera KBa3mdacTUIbl. lloaTomy

1) OrmeTuMm i JAJIbHERIIEr0, YTO NPOU3BOLHAL

0'(p) = —6(p — pr).

HeiictBuresbHO, 06€ CTOPOHBI ITOrO PAaBEHCTBA MAIOT ONUHAKOBBHIA PE3yJIbTAT
(equHMIYY) IpU MHTErPUPOBAHMHU N0 JIIOGOMY MHTEDPBAJLY D, COAEPKAIEMY TOUKY
P =prF-
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YCJIOBHUE IIPUMEHUMOCTH TEOPHH
h/T < T. (1.11)

IIpu aToM, coryiacHO CKa3aHHOMY BBIIIE, BDEMS T OOPATHO IIPOIIOP-
[MOHAJIBHO KBAJPATy IIMPHUHBI 00JIACTH PA3MBITOCTH, T. €.

roaT™2

tak uto (1.11) 3aBegomo Beimonasiercs npu 1 — 0. s Kuakocry,
B KOTOPO# B3auMOAEHCTBUE MEXK/Ty YACTUIIAMYU HE SBJISETCH CJIabbIM,
BCE SHEPTreTUYECKNE MAPAMETPhI 10 TOPSAKY BEJIMYWHBI COBIIAIAIOT
C TPaHUYHOI 9Heprueil £p; B 9ToM cMbicie yciaosue (1.11) sxBusa-
nentHo yeaosuto T < |ep|?).

s pacnpenesiennii, 6iM3KUX K «CTYIIEHYATOMY» (pacipeiesie-
uue npu T' = 0), MOXKHO, B IIEPBOM NPHUOJIMIKEHNUY, 3aMEHUTH (DYHK-
IIMOHAJI € €r0 3HaueHWeM, BbraucieHHbM s n(p) = 0(p). Torpa €
CTAHOBUTCS OIpeJeJeHHON (PYHKIMEN BEJUINHBI UMITYJIBCA, U POP-
mydsa (1.7) cranoBuTcs 06praHbIM pacupeneneHueM Pepmu.

ITpu sTOM BOsIM3U noBepxHOCTH (hbepMu-cdepsl, rae GyHKIwms £(P)
TOJIBKO W MMEET HEMOCPEICTBEHHBIN (PU3UIECKUI CMBICII, €€ MOXKHO
PA3JIOKUTD MO CTEMEHSIM PA3HOCTH p — pr. VmeeMm

e—ep = vp(p—Dpr), (1.12)
rae
vp= 2 (1.13)
P |p=pp

€CThb «CKOPOCThb» KBAa3W4acTHI Ha (PEPMU-TIOBEPXHOCTH. B muealib-
HOM (epMu-Tase, Te KBa3HMYACTHUIBI TOXKICCTBCHHBI C MCTUHHBIMHA
YaCTUIAME, UMeeM € = p2/2m, Tak 4To vp = pp/m. Ilo anamoruu
MOKHO BBECTH [Jist (P€PMU-KUIKOCTH BEJIMUUHY

m* = pr/vp, (1.14)

Ha3BaB ee afermuenoti maccoli KBA3UUACTHUIIBL; 9T BEJIMIUHA T10-
JIoKuUTEIbHA (CM. KoHer] § 2).

B TepMmHaxX BBEIEHHBIX TaKUM 00Pa30M BEJIWYHWH YCJIOBHE IIPHU-
MEHMMOCTH TEOPHMH MOXKHO 3amucaTh Kak 1T <« vppp, IPUYEM pe-
AJIbHBIM CMBICJIOM 00JIaaI0T JIUIIb KBA3UYACTHUIIBI C UMITYJILCAMU P,
JUIst KOTOPBIX |[p — pp| < pr. Iloguepkuem Jsmmauii pa3 mocsenxee
00CTOATEIHCTBO U OTMETHUM, YTO OHO IPUIAET B OCOOEHHOCTH HETPH-
BHAJIbHBIA XapakTep cooTHomeHuo (1.1) MexXay pp U IIOTHOCTHIO

JKUIKOCTH, TIOCKOJIBKY €ro HarIsAHbI BbIBOL (mis depmu-rasa)

1) Hns xungkoro He, ogaako, 06/1acTh KOJUYECTBEHHOM TPUMEHUMOCTH TEO-
pHUM, KaK MOKA3BIBAET IKCIEPHUMEHT, (PAKTUUECKU OTPAHUYEHA TEMIEPATYDPAMHU
T < 0,1K (Mmexnay TeM Kak |er| = 2,5 K).
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OCHOBaH Ha TPEJCTABJICHUU O YACTUIAX B COCTOSHUSAX, 3AIOTHSIO-
mux BCIO hepMu-cdepy, a He TOIBKO OKPECTHOCTD €€ IOBEPXHOCTH ).

Db dexTHBHAS MaCCa ONPEIEJISeT, B YACTHOCTH, SHTPONHUIO S
u TerioeMKOCcTh C JKUJAKOCTH TpU Hu3KUX Temmeparypax. OHu ma-
10oTCs TOH ke opmysioii, 4To m s mueaspHoro rasa (V,§58),
B KOTOPO# HAJIO TOJBKO 3aMEHUTh MACCY YaCTHUIHI 1 3D PEeKTUBHON
maccoit m*:

* 2/3 % 1/3
S=C=VyT, 5= "o (0)Pm (M) (1.15)

3ns 3 2 \Vv
(BBumy sumueiinoit 3aBucumoctu or T Besmumubl S u C coBmaga-
tor). [efictBuresibHo, Bhipakenue (1.6) suTponuu depes dbyHKIuIO
pacmpeiesieHust OMUHAKOBO JJIs XKUJKOCTH U JIJIsI Ta3a, & MPU BBIYUC-
JIEHUW 3TOTO WHTErPajia CYIIEeCTBEHHA JIUIIL OOJACTb WMITYIHCOB
BOSIM3M pp, B KOTOPOH (DYHKIIMU PACIPEIECHNsT KBA3UIACTHUIL
B JKHMJIKOCTH W YACTHUI[ B Ta3e JAOTCS OJHUM W TEeM YK€ BBIpa-
xenneM (1.8)2).

Ilepen TemM Kak TPOJOJKUTH PA3BUTHE TEOPHUU, CHEJAEM CJie-
JyIOIliee 3aMeYaHue. XOTs W3JIaraeMbiii cmoco0 BBEIEHUS] TOHATHUS
KBa3U4acTull, B (DEPMU-KUIKOCTU B TIOJTHON AHAJOTUHA C YACTUIA-
MU Ta3a Hambojiee ymoOEH MJisi CHCTEMATHYECKOTO MOCTPOEHUS TEO-
puu, CBI3aHHas C HUM (PU3NIeCKas KAPTUHA UMEET TOT HEIOCTATOK,
4910 B Hell purypupyer HenabirroaeMas 3anoyiHenHas gepmu-chepa
KBa3WYaCTUIl. JTOT HEJOCTATOK MOXKHO OBLIO OBl yCTpPaHUTH Op-
MYJUPOBKOM, B KOTOPO# 3jIeMEeHTapHbIE BO30YXKICHUS MOSBJISIOTCS
tosibko Tipu 1" # 0. B Takoit KapTuHe poJib 3JIeMEHTAPHBIX BO3OY XK 1e-
HUN WIPAIOT KBA3WIACTHUIHI BHE (DEPMU-CHEPHI U «IBIPKUS BHYTPH
Hee; TIEPBBIM HAJI0 NPUNKCATH (B IpUO/IMKEHUH, OTBeYaromeM (op-
myse (1.12)) suepruto € = vp(p — pr), @ BTOopeM € = Vp(pF — D).
CraTucTudeckoe pacupefesieHne TeX W IPYTUX JaeTcsd (hOopMyJIoin
pacnpegenenusd OepMu ¢ paBHBIM HYJIF0O XUMUYECKUM TTOTEHIIAAJIOM
(B COOTBETCTBHU C TE€M, UTO YUCJIO IEMEHTAPHBIX BO30YKICHU Mpu
9TOM HE IOCTOSIHHO, a OIPEJEJIsieTCsl TeMIIEPaTypoii?))

n=1[e/T+1]71. (1.16)

1) Moxasarenscrso coorromenust (1.1) TpeGyer npumenenus 6ojiee CIOKHBIX
MaTeMaTH4YeCKUX METOAOB U Oyner maHo Huxke, B § 20.

%) Mnst xuaxoro 3He (npm mymesom masnennn): pr/h=0,8 - 108 cm™; m* =
=3,1m (3He); pr onpenessercs Mo IIOTHOCTH YKUJKOCTH; M — II0 TEIJIOEMKOCTH

%) Hanomuum (cp. V,§63), uto B Takux ycsiopusx umcio xpasuuacTun, Ny
OIIPEEJIAETCA YCIIOBHEM TEPMOIUHAMAIECKOTO PABHOBECUS — MUHHMAJIBHOCTHIO
cBobonHOI sHeprun F' kak dyHKuuu Ngp IPH 33JaHHBIX TEMIEPATYpPE U 00b-
eme: (0F/ONxg)r,v = 0; HO 9Ta NPOU3BOAHAS U €CThb «XMMHYECKHUil MOTEHIUAJ
KBa3UYaCTHUL> (HE CMEIIMBATH €r0 C XUMUYECKMM MOTEHIUAJIOM [ YKUIKOCTH,
OIPeeNIsiEMBIM IPOU3BOAHOM oT F' 1o uucity ucrunHbx vacrum N).
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DjeMeHTapHBIE BO30OYKICHNS B TOW KAPTUHE MOSIBJISIOTCA WU WC-
9€3ai0T JIUIIb MTapaMu, TaK YTO IOJIHBbIE YHCJIA BO30YkKIEHUI C MM-
oyabCaMu P > pr U p < P BCETTA OJMHAKOBBI.

OTMernM TakzKe, 9TO PU TAKOM OIMPEIEICHUN JJIEMEHTAPHBIX BO3-
OyKIeHni UX SHEPTrUs HEIPEMEHHO MOJIOKUTEIbHA: 3TO €CTh IPEBBI-
IIIEHUE HEPTUU BO3OYKAECHHOTO YPOBHS HaJ| d9HEPTUeil HOPMAJILHOTO
YPOBHSI CHCTEMBI. DHEPIUs YKe KBA3UIACTHUI], ONPEIEJICHHAST COTIIAC-

0 (1.3), MoxeT OGBITH KAaK MOJIOKUTENHHON, TAK ¥ OTPULATEILHOM.

Bosee Toro, ans XKupkocTu npu HyJIEBBIX TEMIIEPATyPE W JaB-
JICHUU BCJIMYHUHA £F = [/ 3aBEJOMO OTPHIATEJIPHA, & IIOTOMY OTDH-
MATENbHBI U OJIU3KKE K € 3HAYCHUS €. DTO SICHO M3 TOTO, UTO IPU
T =0u P = 0 BeIuunHa —[4 COBHIAJAET C IOJIOKUTEIBHON BeJIH-
YUHOI — IIpPeAeJIbHBIM 3HaUYEHUEM OTHECEHHON K OHOU JaCTHIlE Tell-
JIOTOH UCIapCHUA KAITKOCTH.

§ 2. BzammozeiicTBre KBa3MIaCTHIL

Arnsasack QYHKIMOHAIOM OT (PYHKIUU PaCIpeIe/ieHrsT KBa3n4da-
CTHIl, WX IJHEPTUsi MEHSETCHd TpPU W3MEHEHUU ITON (DYHKIWHU.
V3MeHeHre SHEPTUM TP MAJIOM OTKJIOHEHWH 071 OT (PYyHKIMH Pac-
npenesienusi o1 «cryneHbkuy» (1.10) mosmkHO MMETH BUJ

55aﬂ /.fa’y,ﬂ& P, P )677'57( )dT (2'1)

uiid, B 60Jiee CUMBOJIMYECKOM BHJIE,
52(p) = Sp' / F(p, p)oA(p') dr',

rae Sp’ osHawaeT B3ATHE clefa MO Mape COMHOBBIX WHIEKCOB, OT-
Beyarommx uMIysabcy p’. OyHKImIO f MOXKHO Ha3BaTb @yHKuuel

s3aumodeticmeus kBasudactuy (B depmu-raze f = 0). ITo cBoemy
OLIPEEJICHUIO 3Ta (DYHKINSA HPEACTABIAET coDOM BTOPYIO BapHalu-
OHHYIO IPOM3BOJAHYIO OT HOJIHOI SHEprum Kuikoctu E u mostomy
CHMMETDHUYHA O IEPEMEHHBIM P, P’ M COOTBETCTBYIOIIMM UM TIapaM
CIIMHOBBIX UHJIEKCOB:

for,85(P, P') = fra,58(P'; P)- (2.2)

C yuerom m3meneHusi (2.1) sHeprusi KBa3W4acTHUI[ BOJIU3U IIO-
BepxHOCTH (hepMu-chepbl JAeTCs CyMMOM

&(p) — er = vrlp — pr) + S0’ [ Flp, )RR T, (23)

B wacTHOCTH, IJIs TEPMOAMHAMUYCCKH PABHOBECHBIX PACIIPEICICHII
BTOpOii wieH B ¢opmyse (2.3) ompemessier 3aBUCHMOCTbH IHEPIUU
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KBa3UYaCTHIBI OT Temmeparypbl. OTK/IOHEHUE 6N’ 3aMETHO OTJIMY-
HO OT HyJi TOJIBKO B Y3KOM CJIo€ 3Ha4eHHil p’' BOIM3W MOBEPXHO-
ctu depmu-chepbl, ¥ B TAKOM K€ CJI0€ HAXOIATCH HUMITYJIBCHI P

~

peasibHBIX KBaswdacTun,. 1losromy dyskuuio f(p, p’) B dopmysmax
(2.1), (2.3) daxkTHUECKH MOXKHO 3aMEHHUTDH €€ 3HAYCHWEM Ha CaMoil

9TO# TOBEPXHOCTH, T. €. MOJIOXKHUTh p = p' = pp, Tak 4to f Oyzder
3aBUCETHh TOJLKO OT HAIIPABJICHHII BEKTOPOB P 1 P'.

CuuHoBas 3aBUCHMOCTH MYHKINHU f CBA33HA KAK C PEJITUBUCT-
ckumu 3dderTamu (CIUH-CIUHOBOE W CIUH-OPOUTAIBHOE B3aUMO-
JeiicTBusi), TaKk M ¢ OOMEHHBIM B3amMmopeiicTBueM. Ilocientee
Hamnbosiee cymectBerHo. C ero yderoM (QyHKIMS B3amMMOIEHCTBUS
KBa3u4acTul] umeer (Ha (hepMU-IIOBEPXHOCTH) BHL

* o~

P flp, ) = F(9) + 00’ G(0), (2.4)
rne o, ' — marpunp [laymnu, neficTByromue Ha COOTBETCTBYIOIIUE
(T. e. oTBeHaOIUE MEPEMEHHBIM P W P’) CIMHOBBIE MHIEKCHI, a F
u G — nee dynkimu yria 9 Mexxay p u p''). Bug sroro Beipaze-
HUSI CBSI3aH C XapaKTEPHBIM CBOWCTBOM OOMEHHOT'O B3aMMOAEHCTBHS:
OHO HE 3aBUCUT OT OPHEHTAIUHU MIOJHOTO MOMEHTA CHCTEMBI B IIPO-
CTPAHCTBE; IOITOMY OIEPATOPHI ABYX CIUHOB MOTYT BXOIUTH B HETO
JIUIIb B BHUE CKAJISIPHOTO npousseneHus. OupenesieHHbIE, COTJIACHO
(2.4), dyukuun F' u G Ge3pa3mepubl. Beenennstit qys 91oit neiau B
J1eBOIi cTOpOHE (2.4) MHOXKUTE/b IPEACTABIAET COOO YUCIO COCTOs-
HUl KBa3UYaCTHUILI HA (PEPMU-IIOBEPXHOCTH, OTHECEHHOE K €IUHUY-
HOMY WMHTEDPBaJIy dHEPIHhi:

2
de le=ep  (27h)® \de/pp
2 *
i vp=Br_ —Prm (2.5)
T2 h3vp T2h3

ITockonbky cien matpur [layim paBen HyJf0, TO TOCIE B3ATHS

crena Sp’ Bropoit wien B (2.4) mcuesaer, Tak uro Sp'f He 3aBuCHT
ye u oT 0. Takas HE3aBUCUMOCTh UMEET MECTO B JIeHICTBUTEILHOCTH
TaK’Ke ¥ TIPA y'eTe CUHH-OPOHTATBHOTO U CHUH-CIMHOBOTO B3aHMO-
neiicteuit. [lesio B TOM, UTO cKajapHad dyHKmua Sp’f Moria 6bI
COZEPKATH OIIEPATOP CIMHA JWIIb B BUJE pou3BeaeHus S[pp’| aByx
AKCHMAJIbHBIX BEKTOPOB S u [pp’| (BblpakeHms ke, KBaJpaTUIHbIE

') B sBHO#t MaTpuuHOi bopme

m*
pFTfav,Bé = Fdapbys + Goopoys. (2.4a)

w2
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IO KOMIIOHEHTaM §, MOXKHO HE PacCMaTpPUBaTh, TAK KaK JJIA CIIH-
Ha 1/2 OHE CBOZATCA K 4iIeHAM, JMHEHHBIM II0 S U HE COZIEPIKAIIUM
S Bosce). Ho aTo npoussenenne He MHBAPUAHTHO IO OTHOIICHUIO K
0o0OpAaIleHnI0 BPEMEHU M TIOTOMY HE MOYKET BOWTH B WHBAPUAHTHYIO
sesrauny Sp'f.

Bsenem ymobnoe gsa gaspHeiiero o603HaveHIe

fan,57(P, P') = apf (D P)), F=3SpSPF. (26
W3 Boipaxenus (2.4) umeem
p:’; F(9) = 2F (). (2.7)

OyHKIINA B3aUMOIEHCTBUA KBA3UUACTHI] YIOBJIETBOPSET OIPeEIe-
JICHHOMY HWHTETr'PaJIbHOMY COOTHOIIICHUIO, CJICAYIOUIEMY U3 IPUHITUIIA
OTHOCHUTECJIBHOCTH FaJII/IJIeH. HPHMBIM CJICOCTBHUEM 3TOI'O IIPDHUHITUIIA
ABJIAETCHA COBIIaICHUE UMITYJIbCa € IUHUIIBI O6’beMa KHIKOCTH C ILJIOT-
HOCTBIO ITOTOKa ee Macchl. CKOPOCTh KBa3W4acTULbL ecTh Ot /0P, Tak
YTO IIOTOK KBa3HWYaCTHUI[ JAaCTCA UHTEI'DAJIOM

Sp/ﬁ% dr.
op

ITockobKy 9mCIIO KBA3UYACTHIIL B 2KUIKOCTH COBIIAIAET C YUCIOM
WCTUHHBIX YACTHI[, TO SICHO, UYTO IIOJIHBI! MEPEHOC MACCHI KBa3WYa-
CTHUIIAMU TOJIYYUTCS YMHOXKEHUEM TIOTOKA UX UUCJIa HA MACCy M UC-
TUHHON JacTunbl. TakuM 06pa3oM, TOIYyUNM CJIEAYIONEe PABEHCTBO:

Sp/pﬁdT = Sp/mg—gﬁ dr. (2.8)
P

Ilonoxus nag = Ndag, €ag = €003, BapbUpPyeM 00€ CTOPOHBI
(2.8). Ucnonb3osas (2.1) u obosuadenue f u3 (2.6), mosmyunm

/P5n dr = m/%dn dr + m/—af(p’ ) nén’ dr dr' =

= 5nd7'—m/fp,

rae n' = n(p’) (Bo Bropom uHTErpase 3aMeHEHO 0603HaquHe epe-
MEHHBIX ¥ [IPOU3BEICHO MHTEIPUPOBAHKE 110 4acTsM). Beumy npous-
BOJIBHOCTH 7 OTCIOZ CJIELYET MCKOMOE COOTHOIIEHUE

R 86 /f 6”(13) dr'. (2.9)

s crynenyaToi d)yHKuI/II/I
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npoussograa On'/Op’ cBoguTea x §-bynKIMN:

96(p) P
— P §(p—pp). 2.10
Bp , 00 —pr) (2.10)
IMoncraBus B (2.9) dyukumo £(p) u3 (1.12), 3amenus 3aTeM Be3ge
UMIYJIbC P = pn 3HAYEHWEM Pp = prn Ha (EepMU-TIOBEPXHOCTH

¥ YMHOXKUB 00€ CTODOHBI PABEHCTBA HA Pr, MOJIYUYUM CJIEIYIOIIEE
COOTHOIIIEHNE MEXKJY MACCOi 1M UCTUHHBIX JACTHUI] U 3PHEKTUBHOMN
MacCcoil KBa3W4aCTHUII:

1 /f )cos¥ do, (2.11)
m 27rﬁ
rae do' — sneMeHT TeJjiecHOrO yTiia B Hampasienuu p’. Ecim mox-
craButh ciona s f(¢) seipaxenue (2.7), TO 3TO PABEHCTBO IPUHU-
Maet BaA T =1+ F(9)cosd, (2.12)
m

rJe 4epra O3HA4YaeT YCPEJHCHWE IO HAIPABJICHUAM (T. €. HHTErpU-
/ .
poBanue 1o do’ /4w = sind di/2).
Beruncsinm emme cxxumaeMocts dbepMu-Kuakoctu (npu abeosrror-
HOM HyJe), T. e. Besmuuny u? = OP/Op'). TLIOTHOCTD KUIKOCTH
=mN/V, Tak 4TO
p / I u2 _ V2 opP

mN 8V’

st BBIMHCIEHUS 3TON IPOU3BOIHOM YA0OHO BBIPA3UTH €€ Yepe3 IPo-
M3BOJHYIO OT XUMHUYECKOTO MOTEHITNAJA. 3aMETUB, UTO MOCTEIHUN
saBucur or N u V Tosmbko B Buze orHomenus N/V | a Takxke, 4ro0

npu T = const = 0 nuddepennman du = VdP/N, nmeem

op _ _Vou_ VPOP
ON N oV N2 v’
TaK 49TO
ut =N (2.13)
m ON

IMockonwbky u = ep npu T = 0, To u3MeHeHUE O 44 TPU U3MEHEHUN
ypcia 9acTull Ha 6N paBHO

o :/f(pp, p')on' dr' + ngF&pp. (2.14)
F

ITepBBiit 4jleH B 9TOM BBIPAXKCHUU — WM3MEHEHUE BEJUYUHBL £(DF)
Osaronapst U3MEHEHUI0 (PYHKIIMU pacrpeeieHus. BTopoit ke djen

1) IIpu T = 0 Takxke u S = 0, Takx YTO HET HEOOXOLUMOCTH PABIUIATH U30-
TEPMUYECKYIO U anuabaTHIeCKyI0 CXKUMAEMOCTH. BenwduHa u onpepnesieHa Kak
HU3BECTHOE BHIPAXKEHHE CKOPOCTHU 3BYKa B kuakoctu. Cieyer, OHAKO, UMETh B
Buay, 4ro dakrudecku npu T = 0 oObIYHBINA 3BYyK BOODIIE HE MOXKET PAaCIPO-
CTPaHATHCHA B HEPMH-KHUAKOCTH — cM. §4.
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CBg3aH C TeM, YTO M3MEHEHUE IIOJIHOTO YMCJIa YacCTHI] MEHAET TaK-
JKe ¥ 3HAYEHWe IIPeJeJIbHOr0 uMiysbca: B cuty (1.1) umeem N =

= Vp%dpp/m2h3. TlockombKy 6n' 3aMETHO OTJIMYHO OT HYJIs JIWTIH

npu p' & pg, TO, 3AMEHUB B UHTerpaJe (PyHKIuIO f ee 3HAYCHUEM
Ha (pepMU-IIOBEPXHOCTH, MOXKEM HAIIUCATH

! —_
/f5nldTl ~ l/fdo'/an'% = LypF N
2 4 2 4V
IToxncrasus s10 BeipaxkeHue B (2.14) u BBenst m* corsacuo Oe g /Opr =

= * 0. _
pr/m*, monyaum ou T ) 2p3

3_N o W me*V'
Haxowen, B3aB 1/m* u3 (2.11) u crosa yurs (1.1), mosydum OKOH-
YaTeJIbHO

(2.15)

" 3m?
C dyuxuueit f(9) u3 (2.7) u ¢ ucnonszosanueMm (2.12) 3To BeIpazke-
HUE MOXKHO IIPHBECTH K BUJLY

u? = 32%(1 + F(9)). (2.17)

w= 2 L (;—Fﬁ)?’/f(ﬁ)u —cos9)dd.  (2.16)

Qynxrus f HONKHA YAOBIETBOPSATH OLPEICJICHHBIM YCJIOBHUSIM,
BO3HMKAIOMUM U3 TPEOOBaHUS yCTONYUBOCTH OCHOBHOIO COCTOSTHUS
)uaxocTu. [locaeaHeMy oTBedaeT 3aloHEHUE BCEX COCTOAHMIT KBa-
3UYACTUL BHYTPU (hepMu-chepB, 1 IHEPIHst ITOTO COCTOSHUS JOJIK-
Ha OBITH MWHHMMAJbHA [0 OTHOIIEHUIO K POU3BOJILHON MaJIoi
nedopmanun cdeper. He mpuBoas Bcex BBIUUCIIEHUHN, YKAXKEM 316Ch
JIMIIb WX OKOHYATEJbHBIH pedysbrar’). Ero ymobuo cdopmynupo-
BaTh, paszioxkuB ¢yurimmu F(J) u G(¥) uz (2.4) no monuaoMaM
JlexkaHapa, T. €. IPEACTABUB UX B BUJEC

F(9)=) (21+1)FP(cosV), G(9)=)_(2+1)GiP(cosV) (2.18)
l l
(mpu TakoM omnpezenennn ko3 dunuentos F; u Gy oHu coBHaAaOT

O cpeHUME 3HaueHUsME Tpoussenenuit F'P; u GP;). Torxa yciosus
YCTOWYHMBOCTH 3alMCHIBAIOTCS B BUJE HEPABEHCTB

F+1>0, (2.19)
G +1>0. (2.20)
Cpasuus yciosue (2.19) mpu | = 1 c Beipaxkenuem (2.12) s

3 HeKTUBHON MACCHI, YOEXKTAEMCs B TIOJIOKUTEJBHOCTH TOCIETHEIH.
Ycnosue xe (2.19) mpu | = 0 obecnednBaeT MOJIOKUTEIBHOCTD Bbl-

paxkenus (2.17).

Y Cm. Homepanwyx H. 8. [/ ZKIT®. 1958. T. 35. C. 524.
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§ 3. MarauTHasdg BOCHPUUMYHBOCTh (PePMU-KHAIKOCTH

KBazuuacTuia ¢ OTJIMYHBIM OT HYJIsSI CIUHOM 00J13/1aeT, BOOOIIIE
rOBODSI, TAKXKe U MArHUTHBIM MoMeHTOM. [l crmua 1/2 omeparop
9TOro MOMeHTa umeeT Buf (0 (z-IPOEKIMs MAarHATHO'O MOMEHTA
pasua +03). [locrosiunas 23/h, onpenensiomas OTHOIIEHNE MATHUT-
HOTO MOMEHTa KBa3WYaCTHUILI K MexaHuueckoMy (#/2), coBuamaer co
3HAYEHUEM TAKOMN Ke MMOCTOSHHOMW JIJIsT UCTUHHBIX YACTHUI]: OUEBUTHO,
9TO BEJIMYWHA ITOTO OTHOIIEHUS HE MEHSETCs TIPU JIFOOM CIocobe
CJIOYKEHUsI CIIMHOB YACTUI] B CIIMH KBAa3UYACTHUIIBL.

Hanuuune y kBasu4acTuir MAaratuTHOTO MOMEHTA TPUBOJIUT, B CBOIO
0oYepeib, K MapaMarHeTu3My YKUIAKOCTH. BBIYUCIIM COOTBETCTBYIO-
II[y}0 MArHUTHYIO BOCIIPUAMYUBOCTb.

s «cBOOOMHON»  KBa3WYACTUIIBI OMEPATOD JOTIOJIHUTETHHOM
sHepruu, npuobperaemoii eo B MarautTaoM mosie H, 6611 661 —GoH.
Ho B depmu-kumkocTr HEOOXOIUMO yUIECTh TOT (PAKT, UTO B CHUJIY
B3aUMOJIEICTBUS KBAa3WYACTHUI[ IHEPTUS KAXKIONW U3 HUX U3MEHUTCH
€eIlle U B pe3yJibTaTe n3MeHEHUs (QYHKIIUU PACIPEIe/IeHUs] B MATHAT-
HOM ToJjie. [1pu Beramc/IeHUY MarHUTHOMW BOCIPUUMYKUBOCTH HAJO TIO-
9TOMY TIHMCATH OMEPATOP M3MEHEHUS SHEPTUU KBA3UYACTHUILI B BUJIE

58 = —BoH + Sp / For! ar'. (3.1)
Uzmenenne xe QYHKIMT PACIPEIETIECHISA CAMO BHIPAXKAETCs depes3 0

cortacHo 0n = (On/0e)dé)'); rakum obpasoM, s 0€ mOIydUaeM
yDaBHEHHE

62(p) = —BoH + S [ f(p, p) sz(®)dr'.  (32)

Ham monanobuTcs HUMXKe peleHne 3TOr0 YpaBHEHUS JIUIIh Ha TI0-
BepxHOcTH (depmu-cdepnl. Umem ero B Bumge

0= —gga'H, (3.3)
rae g — nocrosiHHad. s crynenuaroit dyukimu n(p')=60(p') umeem
dn’ _ —6(e' —er),

de’

1) IIpu BeIUnC/TIEHUY AOOABKY 671, 3ABUCAIIEH OT IIOJIsT, U3MEHEHUE XUMUIECKOTO
MIOTEHIMAJIA MOXKHO HE YUYUTHIBATH. /I3MeHEeHNEe MaKPOCKONMIECKON BEJIMINHEI (4
B M30TPOMHON KUAKOCTH MOXKET OBITH JIAMIb KBaAPATWYIHBIM 00 nomo H (aB-
JISTEOIMMCsI TIPH BBIYUC/IEHUH BOCIPUMMYUBOCTY MAaJION BEJIMYIHMHOM), MEXK/Y TEM
Kak 0 MEePBOro MOPSAKa MAJOCTH 1O moo. OTMETUM TaKKe, YTO BBULY MaJio-
CTHA MAarHUTHON BOCIPUUMYUBOCTH KUIKOCTHU 34€Ch MOXKHO HE JeJaTh Pa3Indusd
MeXKAy HaIPAXKEHHOCTBHIO U MHAYKIIMEH IOJId B HEWl.
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Tak 9TO MHTErpupoBanme no dp' = de¢' /vy cBogmMTCA K B3ATHIO 3HA-
YEeHHs TOJBIHTETPAJBLHOTO BHIPDAYKEHUs Ha (PepME-TIOBEPXHOCTH.

IMoncrasus dbysxkmmo f u3 (2.4) u 3amerus, 4ro 1y Marpur [layum

Spo =0, Sp'(oco’)o’ = %aSp’a"a" = 20,
HaXoauM g = 2 — gw, nm
2
1+G()’
rge depra cHoBa (kak u B (2.12)) o3HaUaeT ycpeHEHHE IO Ha-
IPABJICHUAM.

BocmnpuuMyauBoCcTh Y OIpeAesieTcs U3 BhIPAYKEHUS JJIsd MArHUT-
HOTO MOMEHTA €JUHUIbI 00beMA JKUIKOCTH:

XH=BSp/a’5ﬁdT=ﬂSp/0'5§a—ndT

g= (3.4)

Oe
WK, TIOCJIe MHTETPUPOBAHUSA CO CTYMEHYATON PyHKIHEH n(p):

xH = -3 brm Spode(pr).

272h3
Haxomer, noacrasus croza (3.3), (3.4) u 3amerus, uro Sp (0 H)o=2H,
IIOJIY YUM x = BZprm* _ 352 (3.5)

2iB(14+G) w2(14+G)’

rae 7y — kodbduUIueHT B JMHEHHOM 3akoHe TemioeMkocT (1.15).
Boipaxkenue x = 37(%/72 ecTh BOCHPHUMYHBOCTD BBIPOKICHHOTO
dbepmu-raza u3 gacrun ¢ MarHuTHBIM MoMeHTOM [ (eM. V,(59.5)).
MmuoxuTens xe (1+G) ! Berpaskaer coboit oTsrmame hepMu-3xKumIKoc-
T or depmu-raza’).

OrmernmM, uro yenosue ycroituusoctu (2.20) ¢ | = 0 coBmazaer
¢ ycmoBueM x > 0.

§ 4. Hynesoit 3ByK

Hepasuosecubie cocrosiausi (HhepMU-KUAKOCTH OMUCHIBAIOTCH
GYHKIUSME PACIpeaesieHns KBa3UYACTHIl, 3ABUCIIIUMHU HE TOJIBKO
OT UMIIYJIbCOB, HO TAKXX€ W OT KOOPAWHAT U BpPEMEHU. DTU (DyHK-
uu 7(p, T, t) NOAYUHSAIOTCH KUHETUIECKOMY YDABHEHUIO BUIA

dn

Y Most 3He: G = —2/3.
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rge St — Tak Ha3bIBAEMBIA WHTErPaJI CTOJKHOBEHUIA, OIPEIeIsiio-
Uil U3MEHEHUE YUCJIa KBAa3WYACTUI[ B JAHHOM 3jieMeHTe (Ha30BOro
06beMa, 00yCIIOBJIEHHOE UX CTOJIKHOBEHUSIMU JPYT C APYroM ).

[Mosnasi mpousBoxHasi o BpeMeHu B (4.1) y4uTHIBaEeT Kak sB-
HYTO 3aBUCUMOCTD 7i OT ¢,TaK W HESIBHYIO 3aBUCUMOCTD, CBSI3aHHYIO C
U3MEHEHUEM KOODAWHAT, UMITYJIBECA ¥ CIMHOBBIX ITIEPEMEHHBIX KBA3U-
YaCTUILI COTVIACHO ee ypaBHeHusiM npuKenus. Creruduka dhepmu-
KUJIKOCTU COCTOUT B TOM, UTO IIOCKOJIBKY SHEPIHUsS KBa3WYIACTHUIIHI
SABJIIeTCs (DYHKIIMOHAJIOM OT (DYHKIIUU DPACIpPEeieHus, TO B HEOJ-
HOPOJIHOMN YKUJIKOCTH BMECTE C 75 3aBUCUT OT KOOPJMHAT TAKXKE U &.

st pacupeneneHuil 7, €1ab0 OTIMYAIONIUXCH OT PABHOBEC-
HOTO N, ITUIIEM

A(p, T, t) = no(p) + A(p, 1, t). (4.2)
IIpu 3TOM SHEPrUs KBa3WYACTHUILI € = £g + 0E, T/e €9 — DHEPrus,

OTBEYAOIAsl PABHOBECHOMY DACIPEIECIICHUIO, a 0 JAaeTCs BBIpayKe-
aueMm (2.1), Tak 4ro

=S =sp / F(p, p) 20D gy, (4.3)
r or Or

B orcyrcrBue BHEIIHErO MAarHUTHOTO HOJS €9 U 79 OT CIMHA HE
3aBHCHT.
SIBHAs 3aBUCHMOCTB 7 OT BPEMEHH HaeT B dn/dt wieH

on _ oon

ot ot
3aBUCUMOCTD K€ Yepe3 KOOPAUHATHI U UMITYJIbC JAET YJIEHBI
ons | Onx
Er + %p.
Posnb raMuibTOHOBON (DyHKIMY KBa3WUYACTUIIBI HTPAET €€ SHEPTHUS E.
B cuny ypaBuenuit ['amunsrona nmeem
0 =~ 0E
o P o
[TosToMy MMeeM, C TOYHOCTHIO JI0 YJIEHOB TIEPBOTO TOPSIKA 110 O7:
00n 8o Ong O6€
or op  op or

r=

1) Comep:xanue sToro maparpacda mpeamosaracT 3HAKOMCTBO C TOHATHEM K-
HETHUYIECCKOTO YPABHEHUA U B 3TOM CMBICJIE€ BBINIAJAET U3 l'[pO(bI/IJIH AJaHHOI'O TOMa.
Opnako 6e3 KMHETHYECKOTO ypaBHEHHs (M €ro IPUMEHEHHS B 9TOM M CJIELYIO-
meM naparpadax) dpopmynupoeka Teopun (epMu-kuaKocru 6bu1a 6bI HELOCTA-
TouHo nosiHa. Ham momamoburcs 3mech Juinb ypaBHEeHHE 0€3 MHTErpaja CTOJIK-
HOBEHWIT; BOIPOCHI, CBSI3aHHBIE C KOHKPETHBIM BUIOM MHTErpPaJia CTOJIKHOBEHMUIA,
OyayT pacCMOTPEHBI B APYTOM TOME, MOCBSIIEHHOM (DU3NYIECKON KUHETHUKE.
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Haxkonen, nsmenenne co BpeMeHeM (DYHKIUHU 75 KAK OIIEPATOPA IIO
CIIMHOBBIM IIEPEMEHHBIM JA€TCs, IO OOIIMM IPAaBUJaM KBAHTOBOM
MEXaHUKH, KOMMYTaTOPOM

PPN

OHakO IIpY He 3aBUCHAIINX OT CIMHA Mg U €0 WIEHBI IIEPBOIO MOPAIKA
10 67 B 9TOM KOMMYTATOPE OTCYyTCTBYIOT.
Cobupas HaINCAHHBIE WIEHBI, OJYYUM yDABHEHUE

06 Oco 00 _ 03E omp
ot op Or or Op

Hpem,z[e, YeM IIpUCTYNIUTh K HCIIOJIb30OBAHUIO KUHETUYECKOI'O
YpaBHEHUHd, OCTAHOBUMCH Ha yCJIOBUAX €0 IPUMEHUMOCTHU. I/ICHOJIB—
30BaB KJIACCUYIECKHE (no KOOpIAUHATAM U I/IMl'IyJIBCy) YPaBHEHUS, MBI
TE€M CaMbIM IIDEAIIOJIaraJJid ABU2KCHHE KBAa3UYaCTUI[ KBASUKJIACCHUYIEC-
CKHM; 9TO XK€ IPEAIOJIOXKECHUE JIC2KUT IO CYILIECTBY YK€ B OCHOBE
CaMOro OMUCAHUS KUIKOCTU (DYHKIMEH PaCIpeiesieHns, 3aBUCIIEH
OOAHOBPEMEHHO OT KOOpAWHAT U UMITYJILCOB KBa3UYaCTUII. yC.TIOBI/Ie
KBa3UKJIACCUYHOCTHA COCTOUT B MaJIOCTHU JAe-OpOiIeBCKOM JIJIMHBI BOJI-
HBI KBa3UYaCTUI], ﬁ,/ Ppp IO CPABHEHUIO C XapaKTepHO# miauuoit L, Ha
KOTOPO# CyIIECTBEHHO MCHACTCA d)yHKI_II/IH n. Beensa smecTo L «BoJI-
HOBO! BEKTODP» HEOJHODPOIHOCTH k ~ 1/L, 3ammieM 3TO ycjaoBuUE

1
5 suge’) Bk < pp. (4.6)

YacroTa w n3MeHeHus (QYHKIINY PACIPEIE/ICHNUs, yCTAHABINBAOIIA-
SCsl TIPY 3aJaHHOM K, TIOPSAIKA, BEJIMYUHBL W ~ Upk U aBTOMATHYECKHU

y,I[OB.TIeTBOpHeT yCﬂOBI/IIO
hw < ep. (4.7)

Cootnomenne ke Mexkay hw u Temmeparypoit 1' MOXKeET OBITH JIO-
6piM. Eciu fw > T', TO posib MUPHUHBI 00JIACTH PA3MBITOCTH (DYHK-
WU PACIPEIEJICHNs UrPAeT MMEHHO BesauunHa hw; torma (4.7) ectsb
00s13aTeJIbHOE [IJIsi IPUMEHUMOCTHU BCell TEOPHUH YCJIOBUE, 0DeCIedn-
BAIOIlee MAJIOCTh KBAHTOBOI HEOIPEJEJIEHHOCTH YHEPIUU KBa3Wda-
cTunpl (CBA3aHHON C WX CTOJIKHOBEHWSIMHU) IO CPABHEHUIO C fw.

[IpumenuM Teneph KUHETUUIECKOE YPABHEHWE K HUCCJIETOBAHUIO
KOJIe0ATETLHBIX IBUXKEHUM (DEPMU-KUIKOCTH.

[lpu HU3KWX, HO OTJUYHBIX OT HYJIS TEeMIEparypax B (epmu-
KUJKOCTH TPOUCXOAAT B3aUMHBIE CTOJIKHOBEHUS KBAa3WYACTHII,
mpEdeM BpeMsi UX CBOGomHOro mpobera 7 o T2, Xapakrtep pac-
TPOCTPAHSIONUXCA B YKUIKOCTH BOJIH CyIIECTBEHHO 3aBUCUT OT Be-
JINYWHBI TPOU3BEICHUS WT.

= St (4.5)

1) Corstacuo ompeaesennio (1.1) /i/pr mopsmKa BeTHYUHBI MEKATOMHEIX DAC-
cTosiHui, Tak 4To yciaoBue (4.6) — ouens cuaboe.
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IIpu wr <K 1 (uro axTUUECKH IKBUBAJEHTHO YCJIOBUIO Ma-
JIOCTM JJIMHBI TPOGEra KBA3WYACTHILI | 10 CPABHEHUIO C JJIMHOM
BOJIHBI A) CTOJIKHOBEHHUsI YCIIEBAIOT YCTAHOBUTH TEPMOJUHAMUYIECKOE
paBHOBECHE B KaXKJIOM (MaJIOM II0 CPABHEHHIO C A) aJieMeHTe 00beMa
JKUJAKOCTU. DTO 3HAYUT, YTO MBI UMEEM JI€JI0 C OOBIYHBIMU THIPO-
JTUHAMUYECKAMU 3BYKOBBIME BOJIHAMH, PACIPOCTPAHSAIONUMUCS CO

ckopocThio U = /OP/0p. Tlornomenne 3ByKOBBIX BOJIH P wT &K 1
MaJIo, HO IPH YBEJIWYEHUH WT OHO BO3PACTaeT ¥ mpu wT ~ 1 cra-
HOBUTCS OY€HDb CUJIBHBIM, TAK YTO PACIPOCTPAHEHUE 3BYKOBBIX BOJIH
CTAHOBUTCS HEBO3MOXKHBIM !

[Ipu masjpHeiineM yBeJudeHnn wT, KOTaa yxke wt > 1, B bepmu-
KUJKOCTH CHOBA CTAHOBUTCA BO3MOXKHBIM DACIPOCTPAHEHWE BOJIH,
MMEIONINX, OJHAKO, APyroi dusnydeckuii xapakTep. B aTux Koje-
OaHMSAX CTOJKHOBEHUS KBAa3WYACTHUI[ HE WIDAIOT POJIM W TEPMOIW-
HAMWYECKOE PABHOBECHWE B KaXKJIOM 3JIEMEHTEe 0ObeMa HE YCIIeBaeT
yCTaHABIUBATHCA. [Ipomecc MOXKHO paccMaTpuBaTh KaK IIPOUCXOISI-
ot mpu abCOJIIOTHOM HYJIE TEMIEPATYPBL. DTHU BOJIHBI HA3BIBAIOT
HYAEEBIM 38YKOM.

CorJiacHO CKA3aHHOMY BBIIIIE, IPX WT > 1 B KHHETHIECKOM YPaB-
HEHUY MOKHO OIYCTUTH WHTErPAJI CTOJIKHOBEHUIT; TOTIA

o | 08m _ ono O5E

=0, (4.8)

ot 6r op Or
rae v = Jg/0p — CKOPOCTh KBA3WYACTHUI, BBIYUC/IEHHAS [0 HEBO3-
MYIIEHHON 3HEPTUM € (v = vUpnN, TIe N — E€IWHWUYHBIA BEKTOD B

HanpasjieHuu P); uHgekc 0 y € 3/1eCh U HUKE OIYCKAEM.

IIpu T' = 0 paBHOBecHas DYHKIHS PACIPEIETIEHUS N IPEICTAB-
JsieT coboit crynenuaryo (yHKuo 6(p), oOphIBAIONIYyIOCH Y TIpe-
JIEJIBHOTO UMIIYJIbca p = pp. Fe mpousBomHas

6710
— = —nd(p — pr) = —vié(e —€F).
op

IIpeamonaras, 9TO 3aBUCUMOCTDL 071 B BOJIHE OT BPEMEHU U KOOP-
JuHAT Jaercs MHoxkuresieM expli(kr — wt)], 6ygem uckarh penieHue
KUHETUYECKOTO YPABHEHUS B BUJIE

61 = 8(e — ep)v(n)e! k=t (4.9)
Torpa ypasrenue (4.8) ¢ O0€/0r u3 (4.3) nupuHuMaeT Bux
(w =~ vrnl)p(n) = nk Ph PF _Sp / Fm, )oY do,  (4.10)

1)Hpn wT<1 K03 PULMEHT MOIIOMEHUs 3BYKA fy~w2n/pu3, rae 17 — BSA3-
KOCTb YKMJKOCTH. 110 IOpSZKy BEJIMYUHBL UMEEM U ~ UF, 1/p ~ vpl ~ ’U%—"T, rae
VF — CKOPOCTb KBAa3HYACTHIL (HE 3ABHCAIIAS OT TEMIEPATYPhI), TaK 4To 7) o T2
(H. 4. Momeparuyr, 1950). TIpu stom yu/w ~ wr o w/T?.
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rae n u n' — eIUHWYHBIC BEKTODPHI B HAIIPABJICHUAX P U P’, a MHTe-
IPUPOBaHME TPOU3BOJUTCS 110 HAIpPaBacHHAM n'.

Paccmorpum kosebGanusi (HysieBO# 3BYK), HE 3aTPArWBAIONIAE
CIMHOBBIX XaPAKTEPUCTHUK KUJKOCTU. DTO 3HAUUT, UTO OT CIIMHOBBIX
IIeEPEMEHHBIX HE 33aBUCHUT HE TOJBKO PAaBHOBECHAas (DYHKIUS pacipe-
JIeJICHWsI, HO W €€ «BO3MYyIleHme» On. B Takoil BosHe m3MeHeHUME
dbyHKIMM pacupeesieHnsi TPy KOJIebaHuSX CBOAUTCH K Jedopmanun
rpaHndHON (hepMu-moBepxHOCTH (Chephbl B HEBO3MYIIIEHHOM DACIIpe-
JleJIEHUN), OCTAIOLIEiiCs IPU 9TOM DPE3KOH I'DAHULENH MEXKIy 3aIoll-
HEHHBIMU W HE3ATOJTHEHHBIMU COCTOSHUAME KBazudactuil. OyHKIms
ke v(n) npexacrasisier coboil BeJMUUHY CMEIIeHUs (B €IUHAIAX
SHEPI'WH) STOW MOBEPXHOCTU B 33JaHHOM HAIIPABJICHAW .

ITockonbKy v(n') He 3aBUCUT OT CIIMHOBBIX [IEPEMEHHBIX, TO OIIe-
pamust Sp’ B (4.10) mpumensiercst Tonbko K ymkruu f. Hamucas

nocieauion B Buge (2.4), 6ysem umers Sp'f = (21243 /ppm*) F(9).
Takum obpasoM, OmepaTop @ BBHIIAIAET BOBCE W3 YPABHEHWS, ITPU-
HUMAIOIIETO TEMEPh BUT

(@ — kv)v(n) = kv / P()(a)%. (4.11)

Bribepem nampasienue k B KadecTBe HOJISPHON OCH, U IIyCTh
yIUIbI 6,  ONpENEaIOT HATpaBjeHne N. BBeia Tak»Ke CKOPOCTh Pac-
NPOCTPaHeHUsl BOJMHBL Uy = w/k u 0603HaYeHNe § = Ug/VF, HAUIIEM
OKOHYATEJILHO TIOJIyYEHHOE YPABHEHNE B BUJE

(s — cosO)v(0, ¢) = cos 0/F(19)V(0', go')i—i. (4.12)

OTO WHTErpajbHOE YpPABHEHUE OINPEIESISeT, B IPUHITUIE, CKO-
pocTh pacupocTpaHeHuss BosiH u dyHkmmio v(n') B Hux. Cpasy xke
OTMETHM, YTO JJIs HE3ATYXAIOIUX KojiebaHuii (KOTOPBIE 3/€Ch HAC
TOJIBKO U WHTEPECYIOT) BEJIMYMHA § JOJIKHA INPEBBINIATh 1, T. €.

JOJIZKHO OBITH u > vp (4.13)

[TpoucxoxeHWe ITOr0 HEPABEHCTBA MOXKHO IIOHATH, IEPEIUCAB
(4.12) B BUIE

)
s —cosf 4w

~ v(0, ¢") do

v(0, ) = cosO/F(z?)w —
rJic BMECTO V BBEJIEHA Apyrasi Heu3BecTHas dyHKus U=(s— cosf)v.
IIpu s = w/kvp < 1 moppIHTETpPaJIbHOE BBIPAXKEHHUE UMEET IIOJIIOC
B To4ke cos@ = s, W 1 NPHUJAHUSA MHTETPAJIy CMBICJIA 3TOT MO-
JIFOC JIOJI2KEH OBITH ODOIEH M0 ONMPENESIEHHOMY IIPABWIIY B IJIOCKO-

CTU KOMILJIEKCHOTO ImepeMeHHOro cos f'. 9ToT 06x0 BHOCUT B HHTeE-
rpaJi MEUMYIO YaCTh, B PE3YJIbTATE UETr0 MPUOOPETAET MHUMYIO YaCTh
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TAKKe M 9aCTOTA W (IIPU 33JAHHOM BEIIECTBEHHOM k), 9TO M O3HAUA-
eT 3aTyxaHue BOJHBI. Pu3MdUeCKuUil CMbICI paBeHCTBa cosf = ug/vr
(OTBEYAIOIIETO MOJIFOCY) COCTOMT B TOM, YTO 9TO €CTh yCJIOBUE He-
DEHKOBCKOT'O M3JIyY€HUs] BOJH HYJICBOIO 3BYKa KBAa3WYACTULAMHE ).

Paccmorpum B KadecTBe nmpumepa ciydait, korga gyskmus F(1F)
CBOAUTCS K IOCTOSAHHOM (0603Ha4umM ee Fp). VIHTerpas B npaBoit cTo-
pose ypasaenus (4.12) He 3aBucut mpu 3ToM ot yrios 0, . [Tosromy
uckoMasi (DYHKIUs V UMEET BUJ

v = const - — 20 (4.14)
s —cosf

@epMu-IOBEPXHOCTh MPUOOPETAET, TAKUM 00pa3omM, (hopMy Io-
BEPXHOCTY BPAIIEHUSs, BEITSHYTON BIEPEJ] IO HAIIPABJIEHUIO PACIIPO-
CTPaHEHUs BOJIHBI M CIUIFOCHYTON B OOPATHOM HAIPABJICHUH. DTA
AHU30TPONUs SBJISIETCS MPOSBJICHUEM HEPABHOBECHOCTU COCTOSIHUS
JKUJIKOCTU B KaXKJIOM 3JIEMEHTe ee 00beMa: B PABHOBECHUU BCE CBOM-
CTBA YKUJKOCTHU [IOJIXKHBI OBITh U30TPOIHBIMU U TEM CaMbIM (hepMu-
HOBEPXHOCTh — C(EPUUECKO. YKaxKeM Jyisi CDABHEHUsl, YTO
OOBIYHOM 3BYKOBO#W BOJTHE COOTBETCTBYET cepudecKkasi (hepMu-mo-
BEPXHOCTH KOJIEOJIIOIIETOCs PAIUyca g‘paHHquIﬁ UMITYJIEC Pp KO-
JiebJieTcsi BMECTe C ILUIOTHOCTBIO JKHUJKOCTH), CMEIEHHAs Kak Ife-
Jlas Ha BEJINYWHY, CBA3AHHYIO CO CKOPOCTBIO JIBHXKCHUS KUIKOCTH
B BOJIHE; COOTBETCTBYOINAs (DYHKIMA V UMEET BUJ V = dpp + const -
cosf.

Jluist ompeiesieHnst CKOPOCTH PACIPOCTPAHEHUSI BOJIHBI HYJIEBOTO
3ByKa ug moacrasisieM (4.14) B (4.12) u Haxomum

T
FO/ cosf 2mwsin6dl -1
0

s —cosf 4

IIpousBens mHTErpUpOBaHUE, MOJYYUM ypPABHEHUE, OMPEIEIISIONIEe
B HESIBHOM BHJE CKOPOCTDH Ug IO 33 IaHHOM Bejuuuue Fy:
St =1 (4.15)
2 s—1 Fy
OyHKIWS B JIEBOY CTOpPOHE ypaBHeHUs yObiBaeT oT 0o no 0 mpu u3-
MEHEeHHH S OT 1 JI0 00, OCTaBasACh BCErza IMOJIOXKHUTEIbHOM. OTcroma
CIenyeT, 4TO pacCMaTpuUuBaeMbI€ BO/JIHBI MOTYT CYIIIECTBOBATH TOJIBKO
upu Fy > 0. IlomuepkHeM, 9TO BO3MOXKXHOCTb PACIPOCTPAHEHUA HY-
JIEBOTO 3BYKa 3aBUCHUT, TAKAM ODOPA30M, OT CBOWCTB B3aUMOIEHCTBUS
KBa3U4aCTHIl B (PEPMU-KUIKOCTH.

) Taxoit MexaHH3M 3aTyXaHWs HA3LIBAIOT 3aTyxaHueM Jlanmay; oxo Gyzer mo-
ApobHO m3ydeHO B ToMe X B CBsA3U C KosnebaHusmu miasMmel. 1IpaBusno obxona
HOJIIOCA B MHTETPAJIe YCTAHABIMBAETCS 3aMeHON w Ha w + 0 (T. e. s — s + 10),
CMBICJI KOTOPO COCTOUT B TOM, UTO €10 06ECIeYNBAETC KOHEUHOCTh BO3MY LIICHHS
BO BCE IPEIBIAYIIYE MOMEHTEI BpEMEHH (B TOM uucsie npu t — —o0).
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ITpu Fy — 0 maiigem uz (4.15), uro s crpemurcs K 1 10 3aK0HY

s—1r2e 2e 2P0, (4.16)
Dror ciaydait umeer Gosee obmee 3HadeHue, yeM dopmyna (4.15),
npennosaraomas F' = const = Fjp: OH COOTBETCTBYET HYJIEBOMY

3BYKY B TOYTH WJICAJIBLHOM (DepMU-Ta3e NMpPH MPOU3BOJILHOM BHJIE
dbyukmyun F(9). JeficTBUTEIbHO, TOYTH UAEAJIBHOMY Ta3y COOTBET-
CTByeT MaJjiasd 10 abcosoTHON Besmunue dyuxmus F(J). I3 ypas-
Henus (4.12) BumHO, 9TO mpU dTOM S OymeT GumskuM K 1, a QyHK-
IWsi ¥ — 3aMeTHO OTJIMYHOW OT HyJs JIUIIh IPUA MAaJbIX yrjax 6.
Ha sTom ocHOoBaHwmM, paccMaTpuBas JIHUIIb 00JACTh MAJBIX YIJIOB,
MOXKHO 3aMEHHTb B MHTerpajie B mpaBoii cropore (4.12) dbyukuuro
F(9) ee snagennem npu ¥ = 0 (upu 6 = 0 u §' = 0 taxxke n ¥ = 0).
B pesyabrare mMbl cHOBa BepHeMmcs K ¢opmysam (4.14) u (4.16) c
3ameHoi KoHCcTanTel Fyy Ha F'(0)'). OrMernM, 9TO B c1abo Hemme-
aJIbHOM Ta3e CKOPOCTH HYJIEBOTO 3BYKA MPEBLIMIAET CKOPOCTH OOBIU-
HOI'O 3BYKa B \/§ pa3. eficTBUTEIHLHO, AJId IEPBOI UMEEM Ug = VR,
a Jyisi BTOpoi HaxomuM u3 dopmyet (2.17) (npenebperas B et F' u
nosnoxus m* ~ m), u? ~ p%/3m? = v% /3.

B ofmem ciyuae mpomssosbHON 3aBucumoctu F(6) pemenue
ypaBHenusi (4.12) neommosnauno. OHO, B NPHHIUIE, IOIYCKAET
CYIIECTBOBAHUE DPA3JIMYHBIX THUIOB HYJIEBOTO 3BYKA, OTJIMYAIONINX-
csl IPYT OT IpyTa yIJIOBON 3aBUCHUMOCTHIO MX aMIuUTyabl v(6, ¢) u
PACIPOCTPAHSIONIMXCST € PA3JIMYHBIMU CKOpocTsiMu. [lpm 3ToMm
HApSALY C aKCHAJIbHO-CUMMETPUYHbIMU pemieHusMu v(f) moryr cy-
MECTBOBATh W ACHMMETDPUYHBIE PEIIEHUsI, B KOTOPBIX U COIEPIKUT
A3UMYTaJIbHBIE MHOXKUTEIN ei’m‘/’, rje m — 1ueJible ducia (CM. 3aaa-
qy). OTMeTnM, 9TO Jyid BCeX Takux pemenuii uarerpan [vdo = 0,
T. €. 00bEeM, 3aKJIIOUEHHBIH BHYTPH (PEPMU-TIOBEPXHOCTHU, OCTAELTCH
HEU3MEHHBIM; 9TO 3HAYUT, YTO KOJIeOAHMUS MPOUCXOOAT 6e3 m3MeHe-
HUS TJIOTHOCTHU KUJIKOCTH.

BoaMoxkHOCTE pacmpocTpaHeHusl BOJH B (DEPMU-KUIKOCTU TIPH
abCOIIOTHOM HyJIEe O3HAYAET, YTO €€ SHEPIETHUECKUIl CIIEKTP MOXKET
COZIEP’KATh BETBh, OTBEUYAIOIIYIO 3JIEMEHTAPHBIM BO3OYXKICHUSM C
nMmyiabcoM p = hk u sHeprueit € = Aiw = upp — <«KBAHTBHI HYJIE-
BOrO 3ByKa» . Tor (dakT, 9410 HyJIeBOH 3BYK (C J0ObIM 3amaHHbIM K)
MOXKET MMeTh IIPOU3BOJIbHYIO (MaJIyi0) MHTEHCUBHOCTH, B TEPMUHAX
9JIEMEHTAPHBIX BO30YKACHUN 03HAUAET, ITO ITOCJIETHUE MOTYT 3aII0JI-
HATb CBOM KBAHTOBHIE COCTOSTHUS B JIIOOOM YHCIE; IPYTAMU CIOBAMH,

1)K0J1e6amm, COOTBETCTBYIOIIME HYJIEBOMY 3BYKYy B CIa00 HEHIEAJHHOM
epmu-rase, Obn Brepsbie paccmorpensl fO. JI. Kaumonmosunem u B. II. Cu-
)
aunoim (1952).
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OHU TOIYMHAIOTCS CTaTUCTHKE Bo3e u 06pa3yior, Kak roBOpLAT, 603€e6-
ckyro0 eemesb cuekTpa epmu-kuakoctu. [loguepkaeM, OOHAKO, ITO
B paMKax Teopuu JlaHnay 66110 OBl HETPABUIFHBIM BBOAUTH COOTBET-
CTBYIOIWE 3TON BETBU MONPABKHU B TEPMOAUHAMUYECKUE BEJIMUMHBI
dbepMu-2KUIKOCTH, TIOCKOJIBKY OHU COAEPKAT OoJiee BBHICOKUE CTEIIe-
uu TemnepaType! (T3 B TemIoeMKocTn), 4eM y2Ke MepBbie TOMPABKH
K U3JIOXKEHHO} NPUOIMIKEHHON TEOpUH.

Bompoc o morsiomenun HyJieBOro 3Byka TpebyeT pacCMOTpeHUs
CTOJIKHOBEHMI KBA3WYIACTUIL U HE OTHOCUTCS K COIEPKAHUIO ITOTO TOMA.

S3amaua

Haiitu ckopocTs pacnpocTpaHeHusi aCHMMETPUYHBIX BOJIH HYJIEBOI'O 3BYKa
npu F' = Fy + Ficosd.
Pemenue. Ilpn

F = Fy+ Fi(cosfcos 8’ +sinfsin 8’ cos (¢ — ¢'))

MOTYT CyIIECTBOBATH pelIennus ¢ v o« e=*?, JleiicrBurensro, monoxus v = f(0)e'?,
nozacrasus B (4.12) u npoussens uHTerpuposanue o dy’, mosydum

(s —cosb)f = % cost9sint9/sin2 0'f(6')do'.
0

Orciona .
sinfcosf ;,
v =const - ——————¢'?.
s —cosf
IloncraBus 310 BBIpaskeHMe OOPATHO B ypaBHEHUE, MOJIYIUM COOTHOIIEHUE
kL
.3
sin® @ cos 6 4
———df = —,
s —cosf Fy
0

OIIpeIeJISIONIEE 3aBUCUMOCTE CKOPOCTHU pacnpocTpanenus oT Fi. nrerpaJ B Jte-
BOI CTOPOHE PaBEHCTBA SIBJISIETCS MOHOTOHHO yObiBamomieit dyukmueir s. [Toaro-
My ero HauboJiblllee 3HA4YEHHE AOCTHraeTcs Ipu s = 1. Berauciaus uxTerpas npu
s = 1, HaiigeM, 9TO PaCIHPOCTPAHEHUNE ACHMMETPUYHOM BOJHBI PACCMOTPEHHOIO

Buga BO3MOXKHO Tipu F1 > 61).

§ 5. CuouHoOBBIE BOJIHBI B (DEPMU-KUIKOCTH

Hapsiny ¢ paccMOTpeHHBIMEY B TIPEALIAYINEM maparpade pereHu-
MU VI, He 3aBUCSALIUME OT cinuHa, ypaBHenue (4.10) umeer Takske

W PEIICHU BUIA, U= ou(n), (5.1)

1) st xxunkoro 3He moxwuO Bhrumciautrs Fy u I} 10 U3BECTHBIM 3HAYEHUSIM
m* u u® ¢ momompio dbopmyr (2.12) u (2.17): Fo=10,8, F1=6,3 (npu uysiesom
JIABJICHUN).
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B KOTOPBIX n3MeHeHre (DYHKIMY PACIPENEICHNS KBA3UIACTHILL 3aBUCHT
OT TPOEKITNU UX CIUHA. TaKue BOJIHBI MOXKHO HA3BATH CNUHOBHIMU.

Toxcrasus (5.1) B (4.10), cHosa B3ss bynkmmo f B Buge (2.4) u
zamerus, uto Sp’ 0/ (o0’) = 20, nonyunm (mocste cokpatienus Ha o)

(s —cosO) (8, p) = cos 0/G’ (@, ¢ )47T (5.2)

Takum o6pazom, jis KaxKI0# U3 KOMIIOHEHT BEKTOPA f4 IOy IAETCS
ypaBHeHwme, oramdaomeecd ot (4.12) jmms 3amenoit F na G. IToaro-
MY BCe JaJjibHeNINue BEIYUCIeH s, TPOU3BEeIeHHbIE B § 4, MOTYT OBITH
MPUMEHEHBI ¥ K CITUHOBBIM BOJTHAM

CunHOBBIE BOJHBI APYTOrO TUA MOTYT PACIPOCTPAHATHCA B (bep-
MU-2KUJIKOCTH B IpucyTcTBun Marautaoro nousd (B. I1. Cuaumn, 1958).
Mpsr orpaHuYmMCs 371€Ch paccMoTpenneM Kosiebanuit ¢ k = 0, B Ko-
TOPBIX 071 HE 3aBUCUT OT KOODAMHAT.

IMpu wajgwuum marauTHOrO ToNid H yXKe «HEBO3MYIIEHHBIE» KO-
JIOAHUSAMY YHEPIUsl KBA3UYACTHUI] U (DYHKIIUA WX PACIPEeCHUs
3aBUCAT OT CIUHA. DTU 3aBUCUMOCTH CBA3aHBI APYT C JAPYTOM U BBI-
paxkatorcs opmynamu (cm. §3)

€0 =eo(p) —fioH, p1=pB/(1+G), (5.3)
g = n()(p) — %,BIUH = n()(p) + (5(8 — €F),810'H, (5.4)

rae €0(p) — 9HEPrus B OTCYTCTBHE IOJIs; HHAEKC 0 CHOBA HAIIOMUHA-
€T O TOM, YTO I3THU BBIPDAXKCHUA OTHOCATCA K paBHOBeCHOfI KN IKOCTH.
CHOBa HIEeM MaJIyio NEPEMEHHYIO YacTh (DYHKIUU pPacIpeiesic-
HU4d B BOJIHE B BHUJC
on = (e — ep)op(n)e ™",
COOTBeTCTByIOUJ;ee HU3MCHCHUEC IHCPIUU KBa3UYaACTHUIIBI:

08 = a’/u do -e_i“’t.

B KuHeTHYECKOM ypDaBHEHUM JOJIKEH 6bITb YUYTEH TeIephb UJIeH
(4.4) ¢ kommyTaTopoM {&, N}; s HE 3aBUCAIINX OT KOOPJUHAT Pac-
npenescHul OHO IPUHUMAET BI/I,H

85n ~ ~
{ n} =0. (5.5)
C TOYHOCTBIO O JIMHEHHBIX IO 071 9JICHOB MMECECM

{&, n} = -B1{oH, on} + f10(e — er){0E, cH}.

B xuakom *He sesmumna Go = G(¥) < 0 (cMm. mpumedanue Ha c. 25).
ITosTOoMy pPacIpOCTPAaHEHUE TAKUX BOJH B 9TOH KHJKOCTH HEBO3MOXKHO.

2 E. M. Jludmmun, JI. II. [Tutacscknii
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Crosmue 3/16Ch KOMMYTATOPBI ONPENENAIOTCA (hOPMYJION

{oa, ob} = 2io[ab],
rae a, b — npoussosbbie BekTophl (cM. 111, (55.10)); B pesyisraTe
KWUHETUYECKOE YPABHEHUE TIPUBOJUTCH K BHILY

iwp(n) = 2 [Hp(n)), (5.6)

rae
pn) = u(m) + [ p(@)G() 2. (5.7)

B obmiem ciryuae pemenune ypaBHenusi (5.6) MoxkeT ObITH pasiio-
JKEHO B PsAJI TI0 MApPOBbIM QyHKIUAM Y, (6, ¢) (¢ monsiprO#t ocbio
Bnosb H). Kax bl wieH pa3ioxkeHus IPEACTABIISAET OPeIeJIeHHbIH
THUII KOJIEOAHMI CO CBOEH 9aCTOTOR Wiy,.

Ilepgoit u3 HuUX, Wop, OTBEYAIOT KoJIebaHus C [t = const; Tpu 3TOM

p = u(1 + G) u ypasuerue (5.6) cBomuTCs K
. 2
iwoop = f[Hu];

konebanus momepeunbl K nomio (pu L H). Pacnucas ypasaenume

B KOMIIOHEHTax (B ILUIOCKOCTH, mepreHauky/aspaoit H) u cocrasus
OIIPEJICJIUTEIIb ITOM CHUCTEMBI, HalijeM 4acTOTy

woo = 2BH/A. (5-8)

HanomuuM, 9T0 § — MarHUTHBIH MOMEHT YacTULbI (MCTUHHOM) XKU-
kocTu. Takmm 06pa3oM, 9acTOTa wpg OKA3BIBAETCHA BOBCE HE 3aBU-
camedt oT crnenuduIecKux CBONUCTB KUIAKOCTH. JHAYEHUS YKE BCEX
OCTAJIbHBIX YaCTOT W}y, 3ABUCAT OT KOHKPeTHOro Buga dyukimu G ().

§ 6. BripoxaenHsrit moutn naeaabHbIi depMu-ras ¢
OTTAJIKWBAHNEM MEXKIy J4acTUIaMu

B stom maparpade MbI pacCMOTPUM CBOHCTBA ITOYTHU UIEATHHOTO
BBIPOXKJIEHHOTO (PEPMU-TA3A. JTOT BOMPOC MPEICTABJIAET CYIIECTBEH-
HBIT METOAWYECKUN WHTEPEC, HECMOTPS HA TO, UTO TAKUE Ta3bl HE
CYIIECTBYIOT B MPUPOJE KaK PABHOBECHBIE CHCTEMBI, TOCKOJBKY BCE
ra3pl IpU TEMIEPAType abCOMIOTHOTO HyJIs KOHIEHCUPYIOTCH. Tem
HE MEHee, Pa3PeXKEHHBIN (hepMU-Ta3 MOXKeT ObITh OCYIIECTBJIEH KaK
MEeTACTAOUIBHBIN 00BEKT C JOCTATOYHO OOJIHIITUM BPEMEHEM YKU3HU.
Wsnaraemas HuKe Teopwusi, B KOTOPO# KOHJIEHCAIMS WCKJIIOYEHA Xa-
PaKTEpPOM CHEJIAHHBIX NMPUOJIUKEHWI, TPUTOIHA, JJid OTUCAHUS Ta-
KWX CHCTEM Ha BPEMEHaX, MHOT'O MEHBINNX BPEMEHU YKU3HU.
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YcnoBue cinaboil HEMIEAJbHOCTH Ia3a 3aKJI0YAETCI B MAJIOCTH
paauyca aeifCTBAs MOJEKYJISAPHBIX CUJI Tg IO CDABHEHUIO CO CPETHUM

paccrosameM Mexk iy dactumama | ~ (V/N)Y/3. Buecre ¢ ycrosumem
ro < | GyneT crpaBeyIuBO TaK:Ke U HEPABEHCTBO

pro/h < 1 (6.1)

JJIsI IMITYJIBCOB P YacTull. /leficTBUTEIBHO, A1 BBIPOKIEHHOTO (ep-
MU-Ta3a [PEJEJIbHBI UMIYJIbC P OneHumBaercs mo dopmyie (1.1),

cormacuo xotopoii pp/h ~ (N/V)/3 < 1/rg.

Mpe1 GyieM paccMaTpuBaTh 37€Ch JUIh TAPHOE B3aUMOJIEHCTBHE
MEXKJIy Y9aCTUIAMH, PUYEM JJIsi IPOCTOTHI OyJIeM CYUTATH 3TO B3a-
umozeiicreue U(r) He 3aBuCAIMM OT CIUHOB YacTull. Hama mesb
COCTOWT B BBIYHCJICHUY TEPBBIX YJIEHOB PA3JIOKEHHUS TEPMOIUHAMU-
9YEeCKUX BEJIMYMH IO CTEIEHsAM OTHOIIEHus 7o/l myrem mnpume-
HEHUs KBAHTOBOMEXAHWYECKOIH TEOPMM BO3MYINEHHHA. 3aTpyJHEHUe
3aKJI09AETCA B TOM, YTO, BBUJY OBICTPOTO BO3PACTAHUS IHEPIHH
B3aMMOJIEHCTBHS HA MAJIbIX PACCTOSHUSAX MEXK Ty YACTUIAMHE, TEOPUS
BO3MYyIIeHNH (Tak Ha3bIBaeMOe ODOPHOBCKOE MPUOJIMKEHNUE) K CTOJIK-
HOBEHUSIM YaCTHUI] B J€HCTBATEJLHOCTH HETPUMEHUMA. JTO 3aTPY/I-
HEHUE MOYXKHO, OJTHAKO, 0DOHTHU CJIEIYIONIUM 0Opa30oM.

B mpemenbHOM ciiydae «MeJICHHBIX» (KAKMUMU OHU SIBJISFOTCS
npu yciaosun (6.1)) CTOJKHOBEHUI, aMIUINTYa B3aUMHOIO Paccesi-
HWS YACTHUI] C MACCO# M CTPEMHUTCH K MOCTOSHHOMY TIpeIeIy —a,
KOTOPBIfi B OODHOBCKOM NPHOJUKCHUM JAETCA BBIPAXKCHUEM

(cn. 111, (126.13))

—a=-—"U,, U =/U(r) dz, (6.2)
4dmh?

OpUYeM 3TOT TPEJesl OTBEYAELT $-COCTOSIHUIO Maphl YacTury (Co ciu-

HOM 1/2); MOCTOSIHHYIO BEJIMYMHY @ HA3BIBAIOT 0AuHOl pacceanus’).

ITockospKy 9Ta BeJIMYHMHA MOJIHOCTHIO OIPEIEJISIET CBONCTBA CTOJIK-

HOBEHUM, TO OHa K€ JOJI?KHa OIPEIeJATb U TepMOAUHAMHUYECKUE

CBOHICTBAa rasa.

Orcrona BRITEKAET BO3MOXKHOCTH TPUMEHEHUS CJIEAYIOIETO TIPU-
eMa (ero HasbIBAIOT Neperopmuposroli). PopMabHO 3aMEHSIEM HC-
TuHHYIO SHepruto U(r) apyroit GdyHKImed, ¢ TeM K€ CaMbIM
3HAYCHUEM @, HO IOOIIyCKAIOMEH NPUMCHCHUEC TECOPUU BO3MYIICHUM.
Ho tex mop (T. €. 10 TAKOro NpHOJIVIKEHMsI) IIOKA OKOHYATE/IbHBII

') Boipaxenue (6.2) He yIuUTHIBACT KBAHTOBOMEXAHUYECKOH TOMXKIGCTBEHHOCTH
9acTuL. B mpemenpbHOM Ciiyvae MEIJICHHBIX CTOJKHOBEHWI TOXK/IECTBEHHBIX da-
CTHI, CO cnMHAaMK 1/2 paccesiHMEe IMPOMCXOAUT TOJIBKO IPH AHTHIAPAJIIEIBHBIX
cnmHax, npuieM guddepeHIuAIbHOE CEIEHNE PACCEAHUS B TEJIECHBIN yron do

(B cucreme menrpa mHepruu) ectb do=4a’ do; MOTHOE CEYCHUE MOTYYACTCH WH-
Terpuposarnem do mo monycdepe: o=8ra> (cm. 111, § 137).

2%
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pe3yJIbTAT BBIYUC/IEHUI COmePKUT U TOJIBKO B BUAE aMIIUTYIbI PaC-
CesTHUS, 9TOT PE3YJILTAT OYJET COBIAAATH C TEM, K KOTOPOMY IIPHUBE-
JIO ObI NCTHHHOE B3aUMOJIEHCTBHE.

Pamunyc meficTBust HCTHHHOTO B3aMMOIEHCTBUS, BOODIINE TOBOPS,
COBIIQIAET IO TIOPSAKY BEJIUYUHBI C AJIMHON paccesuus a. st puk-
TUBHOTO 2Ke moyist U(T), BBEIEHHOIO B KAad4eCTBE BCIOMOTATEILHOTO
TOHATHUS, YCJAOBUE TTPUMEHUMOCTH OOPHOBCKOTO MPUOJIMAKEHUS O3HA~
qaeT, 94T0 a K ro. VICTHHHBIM MaJibIM apaMeTPOM PAa3JIOXKEHUS Te-
OpHU SIBJISIETCsl, KOHEYHO, BeJIM4InHA apF [ fi.

Hwuxe mam monamoburcs cBa3b Mexay Ug U a HE TOJIBKO B TIEp-
BoM (dopmyuna (6.2)), HO U BO BTOPOM GOPHOBCKOM HIPHOJIMZKECHUY.
Jna ee HaXOXKIEHWS BCIOMHUM, 9TO €CJIM BEPOATHOCTH HEKOTOPO-
r'0 MEPEX0Ja CUCTEMBI IO, BJIUSHUEM ITOCTOSHHOTO BO3MYyImeHusi V
OTIPEIEJISIETCS B IEPBOM IIPUOJ/IMKEHUU MATPUYHBIM JIEMEHTOM Vo,
TO BO BTOPOM HpUOJIMKeHUU Voo 3aMEHSETCs Ha

,V'nn
Voo+2:E0 EO
0 — n

IJe CyMMHUDPOBaHHME NPOM3BOAUTCHA HO cocroguusM (n # 0) HEBO3-
mymenHoit cucremsl (cm. II1,§43). B mamnom ciygae peus maer o
CHUCTEME JIByX CTAJIKUBAIOIIUXCS YACTHUIL, 8 BO3MYIIECHUEM SBJISETCS
ux B3aumozeiicteue U(r). MaTpudHble 3/1eMEHTBI BO3MYIIECHUST IS

MEPEXOJIOB ¢ U3MEHEHUEM MMITYJIbCOB 9acTHI] P1, P2 — P}, Py (mpu-
9eM P1 + p2 = P} + Ph) paBHBI

1 ipr
(Pia1, Phas|Ulpra, paas) = - / U(r)e P /hddy, (6.3)

e p = ph — p2 = — (P} — P1); BBULY HE3aBUCHMMOCTH B3aMMO-
JIeCTBUSL OT CIMHOB NPOEKIMM CIWHOB YacTull (yKa3blBaeMble WH-
JIeKCaM# (1, (2) TIPHU CTOJIKHOBEHUH HEe MeHsoTcst. Posb Voo urpaer

MATPUYHBIA 3jIeMEHT mpu HyJieBbix umimyabscax: Up/V. Takum 06-
pa3oM, Jisd IMepexoia OT IMEPBOr0 KO BTOPOMY IPUOJIMAKEHUIO HAJIO0
3amMeHuTh Uy HA

v rm—1
1 pi+p3—p’ —ps
Up+ 23 |2
ot ,
P

/ Ue—ipr/h g3y,

2m

(CymMMUpOBaHUE IPOU3BOIUTCH [P 33JAHHBIX P1, P2 10 P #P1, P2).
Ilockosibky B HaIlIEM CJIyHae UMITYJIBCHI YACTHUIL IIPETIOIATAIOTCA Ma-
JIBIMH, TO BO BCEX CYIIECTBEHHBIX YJIEHAX B CYMME MOXKHO 3aMEHUTH
MaTpUYHBIE 3jIeMeHThl X 3HadeHusivu npu p = 0. Cumenas 3o,
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HOJIyYUM CJIEJIYIOIIee BHIPAYKEHUE JJisl JJIMHBL PACCEsHUs *):

2
™\, + L 2m (6.4)

a = 0 i 1
4mh? 1% = P} +pj — pi? —
1

C TOi1 2Ke TOYHOCTBIO UMEEM OTCIOMA,

Arha 4nha 2m
Up = 1-— Y . (6.5)
m mV. =4 pi+p; —p;° —p;

P
Pacxomrmocts cymmer B (6.4) (mpu Gospmmx pi, P) cBA3aHA € TPO-
M3BEJEHHONW 3aMEHON BCEX MATPUYHBIX 3JIEMEHTOB TMOCTOSHHBIMUA
3HAYCHUSIMU W HECYIIECTBEHHA, TaK KAK TPU JAJbLHENIIEM HUCIIONb-
30BaHWM ITOTO BHIPAYKEHWUS JJIs BHIUUCJICHUS SHEPTUH CHUCTEMBI BCE
PABHO TOJNIYYUTCS CXOJNSINEECs BHIPAXKEHWE, B KOTOPOM OOJbIIHe
HAMITYJIbCHI HE WIPAIOT posn. Mbl MOHMMAeM TOJ @ JJINHY pacces-
HUS MEJJICHHBIX YaCTHWII, HE 3aBUCAILYI0 OT uxX 3Hepruu. Dopmyna
ke (6.4) comep:KUT, HA TEPBBIH B3IV, 3aBUCUMOCTb OT MMILYJIbCOB
P1, P2. B gelicTBuTEIBHOCTH 9Ta 3aBUCUMOCTH 3aKJIIOYCHA JIAIIH B
MHHUMOI 9aCTH aMIIUTYAbl PACCESHUsl, BOZHUKAOUIECH [IPH HAJJIe-
JKaIlleM ompejeeHun cnocodba cymmuposanus (cm. III(130.9)), =a
KOTOPYI0 MOXKHO He OOpaIaTh BHAMAaHUs, IIOCKOJIBKY HaM 3apaHee
M3BECTHO, YTO OKOHYATEJIHHBIA pe3yJbTaT OymeT Bce PaBHO BeIle-
CTBEHHBIM; K 9TOMY BOIPOCY MBI €Iie BepHeMcs B § 21.

B stom maparpade mbl paccMoTpuM MOJENb (PepMU-Ta3a C OT-
TAJIKABATE/IbHBIM XaPAKTEPOM B3aUMOIEHCTBUS MEXKIY JIACTUIAMU;
JUIst Takoro B3aumozeiicTsus a > 0. VImeHHO B 9TOM Citydae ra3 uMe-
€T HEPreTUYECKU CIIEKTD OMUCAHHOTO B § 1,2 (hepMHUEBCKOrO THUIIA.

lamubTOHMaH cucTeMsbl yacTuly (co cnuHoM 1/2) ¢ napHbIM B3au-
MOJIEICTBHEM MEXKIY HUMU 3alWCHLIBAETCA B METOJE BTOPUIHOTO
KBAaHTOBAHUS B BUJE

~ 2
po 2m P¢
1 S,
3 > (pla1, phaa|U|p1au, p2a2>a;'1a1a;éa2ap2a2apla1 (6.6)

(cm. II1, § 64). Bnecw a;a U Gpo — OIEPATOPHI POXKAEHUS U yHHUTO-

KEHUsI CBODOJHON YACTHUIIBI C UMITYJIbCOM P W TIPOEKIHel CIuHA o

')Bo Bcex MpOMEKYTOUHBIX (DOPMYJIAX MBI MHIEM CyMMBI IO JHCKDETHBIM
3HAYEHUSM UMILYJIbCOB YaCTHILl, 3aKJIIOUYEHHBIX B KOHEYHOM obbeme V'; mpu OKOH-
YaTeJIbHOM BBEIYUCJIEHUN CyMMHUDOBAHUE 3aMEHSETCs, IO ODIEMy IpaBUILy, WH-

terpuposarunem o Vdip/(2nh)*.
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(v = £1/2). Tlepsslit wien B (6.6) orBedaeT KMHETHYIECKOH, a BTO-
POt — MOTEHINAJIBHON SHEPIUY YACTUILL; B IIOCACAHEM CyMMUDOBAHUE
HPOU3BOAUTCS IO BCEM 3HAYCHUAM UMIIYJIbCOB ¥ IIPOEKIMEH CIUHOB
C COBIIIO/ICHIEM 3aKOHA COXPAHEHUs MMITYJIbCA [IPU CTOJIKHOBEHUSX.

B cooTBETCTBUU € NpEAIONIOKEHUEM O MAJIOCTH MMILYJIbCOB Ya-
CTHUI] CHOBA 3aMEHsIeM MaTPUYHbIE j1eMeHTHl B (6.6) ux 3HaueHHEM
npu HysneBbix ummyiabcax: (Oai, 0as|U|0ay, 0ag)=Uy/V . dasuee, 3a-
M€dYaeM, 9TO B CUILYy aHTUKOMMY TATHBHOCTH OIIEPATOPOB Gp; a1 5 Gpsas
B craructuke PepMu, ux NPOM3BENEHWE AHTHCHMMETDUYHO IO OT-
HOIIIEHUIO K IIEPECTAHOBKE MHJEKCOB; TO YK€ CAMO€ OTHOCHUTCS K IIPO-

U3BeACHUAM 4., G., . B pe3yibrare B3aMMHO COKDPAIIAIOTCH BCE

Pyo1 P az’
wIeHBl BO BTOpOil cymme B (6.6), comepamme mapbl OJUHAKOBBIX
UHIEKCOB (1, 2 (u3nmueckum 3TO CBH3aHO C YHOMSIHYTBIM y2Ke
0BCTOATENBCTBOM, YTO B IpEeAeJie MEIJICHHBIX CTOJKHOBEHUI
B3aUMHO DAaCCEUBATHCH MOLYT JIMIIb YACTHIBI C IPOTHUBOMIOJIONK-
HBIMU CIVHAMH).

TakuMm 06pa30M, raMUJIBTOHUAH CHCTEMbI IPUHUMAET BU

7 P Sl
H= o poéap(,4+ V Z a1+a2 G201+, (6.7)
pa P1P2p]

rae @14 = Gpy4, 01, = Zip/1+ W T. 1., & UHAEKCHI + U — 37€Ch U HUXKE
croar BMecTo +1/2 u —1/2.

CobGCcTBeHHBIE 3HAUEHMS ITOIO TAMUJIBTOHUAHA BBIYUCIISAIOTCS C
TOMOIIBbI0 OOBIYHON TEOPUU BO3MYINEHWM, TPUYEM BTOPOIl UJIEH B
(6.7) paccMarpuBaeTCcs KaK MaJjasl IHONpaBKa K IIEPBOMY UJICHY.
[ociiennuit y:ke uMeeT IUATOHAJIBHBIA BHUI W €ro COOCTBEHHBIE

3Ha4YCHUA DABHBI
2

E(O) — Z p_npa, (68)

2m
pPa

TE Npo — 9YHUCJIA 3AIO0THCHUSA COCTOAHHR pa H.

[TorpaBka mepBOro MOPSAAKA 1A€TCH AUATOHAJIBHBIMU MATPUIHBI-
MU JIEMEHTaMU SHEPTUU B3aI/IM0;1eI‘/'ICTBI/IH:

EWM = Z ni4na—_, (6.9)
P1P2
IO N4 = Np,4+ U T. 1L

1) IIpeanosarast, 9T0 YaCTHIE! 06JIATAIOT OTPE/IC/ICHHBIMY 3HAYCHUSMU TIPOCK-
oy CIIHa, MBI T€EM CaMBbIM IIpEAIIOJIaracM HpI/IBeAeHHOI/I K ,Z[I/IaI‘OHaJIbHOMy BUAY
TAK’KE€ U CTATUCTUYECKYIO MATpULy Neg(p); dyHKuum xe no(p) ¢ o = +1/2
ABJIAIOTCA IIPU 3TOM €€ AUAaroHaJIbHBIMU KOMIIOHECHTaAMU.
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Ll HAXOXKAEHUSI TMONPABKU BTOPOTO MOPSAKA TIOJIH3YEMCS W3-
BecTHO# (popmyJIoit Teopuu BO3MYIIEHUIT

2) _ N\ _[Vam|?
B = X 5

m

TJie UHOEKCHI N, M HYMEPYIOT COCTOZHUSA HEBO3MYIIICHHON CUCTEMBI.
ITpocroe BBIYMCIEHHE (C WCIOIB30BAHMEM WM3BECTHBIX MATPUYHBIX

3JIEMEHTOB ONEPATOPOB pq, Gy, ) TIPUBOIAT K PE3YJIbTATY

Pa
Ug niyna—(1 —ni ) (1 —nh_) 6

Zo . .10
v? 2 (0 +p} —pi? —pp?)/2m (6.10)

P1P2P}

CTpyKTypa 3TOr0 BBIDAXKEHUS BIIOJIHE TIOHSATHA: KBAJIPAT MATDHH-

HOTO 3JIEMEHTa Iepexoja P1, P2 — P, Ph IPOIOPIMOHAJIEH YUCIAM

3aII0JIHEHUS COCTOSIHUM P1, Py ¥ 9UCIAM CBODOIHBIX MECT B COCTOSI-
/ /

HuSAX P}, Ph.

Bxopsmmit B (6.9), (6.10) unrerpan Uy mosxkeH GBITH BHIPasKeH de-
pe3 peasbHyI0 (PU3NIECKYIO BEJIMIUHY — AMILIATY/Ly PACCEAHUS — d.
B wienax BToporo mopsigka 3T0 MOXKeT ObITh cmesiaHo mo (6.2), a B
YIEHaX IEPBOro Iopsiaka Tpebyercss Gosee TouHas dopmysa (6.5).
[TpousBes 3TU MOACTAHOBKH, MOJIyYUM Jijisl TIOMPABKH MEPBOTO TI0-

PAOKa 1O a:
EM = 5 Z n14+Mo— (6.11)
pP1p2

U OJid IOIIPABKHW BTOPOT'O IIOPAIKA:

B2 — 2mg2 Z n14na— [1—n1+)( ny_) —1]

P} +p} —py? p'2
P1P2P1

(1t KPaTKOCTH BBOJMM B MPOMEXKYTOYHBIX (POPMYJIaX «KOHCTAH-

Ty cBsi3m» wacTmi rasa’l) g = 4wh’a/m). PackpbiBas BhIparkeHue
B UHCJIHUTENE, 3aMeYacM, 9TO WIEHbI C IPOU3BEICHUAMU YETHIPEX 1
B3aMMHO COKDAINAIOTCs, MOCKOJIBKY UX YHCJIUTEIM CUMMETDUYHBL,
a 3HAMEHATEM AHTHCHMMETDHYHBI II0 OTHOIICHUIO K [IEPECTAHOBKE
P1, P2 ¥ P!, Ph; CyMMUpPOBaHUE XK€ IO STUM IIEPEMEHHBIM POHU3-
BOIUTCHA CHUMMETPUYHBIM oOpasoM. Takum oOpa3oM, OKOHYATEIHLHO

) ITocite epPeHOPMHPOBKY aMILIMTY B PACCCAHUS 9T BEJIHINHA yKE OTHIOIb
He coBmajaer ¢ nocrosiHuoi Uy, durypupyromeit B (6.2)!
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nMeeM

E@ — 2mg2 Z n14Na— n1+ + n’2—2) ) (6.12)
, Pi+p—p —ph
P1P2P;

OTa cymMMa (B KOTODOii BCE Npo — 0 IIpu p — 00) yKe CXOAUTCH.

C moMoImpo TONy4eHHBIX (OPMYJI MOXKHO IIPEXKJE BCETO BbI-
YUCAUTH SHEPTUI0 OCHOBHOTO COCTOsfHHUA. Jljisi 9TOro Hajo moJio-
JKUTb BCE Np PABHBIMU €IUHUIE BHYTpU (depMu-cdepsl (p < pp =
= h(372N/V)Y/3) u paBusivu HyTIO BHE ce. 3aMeTnM B 3TO# CBA3M,
YTO XOTs B MCXOJHOM TaMUJIbTOHHAHE COOCTBEHHBIE 3HAYEHUS OIE-
PATOPHBIX TPOU3BEIECHUI ’d;,ra’dpa JAI0T YUC/Ia 3ATOJTHEHUS COCTOsI-
HUI CAMUX YACTHIL ra3a, HO MOC/IE JUATOHAJIM3ANUN TAMUIbTOHUAHA,
C MOMOIIBIO TEOPUM BO3MYIIEHUN MBI y2Ke UMeeM JeJio ¢ pyHKimed
pacrpe/iesieHnst KBa3udacTul] (0603HAYECHHONW HAMU, KAK U B IPEIbI-
Iyumx naparpadax, depes npq).

Bameuas, 910 Y Npt = ». np— = N/2, nomyuum u3 (6.11) mno-
PaBKY MEPBOTO MOPSIKA

B = gN2/4V.

B dopmyse (6.12) 3amensieM cyMMHEPOBaHUE [0 TPEM HMILYJILCAM C
yHYETOM YCJIOBUS P1 + P2 = P} + Py MHTErPUPOBAHUEM TIO

3

v
a0 (P1+ P2 P} — ph) d*p1d®pad®p dph,
TaK 9TO
E(2) 4mg2V/ (p1+p2 — Pz)d3 Bpadipl, dPpl,
(2nfi)® J  p}+p}— ’2 Tpy PP MR

[pUYeM MHTEIPUPOBAHUE MIPOUCXOJUT IO OBJIACTH D1, P2, Pi < DF.
Bebruncienne mHTErpasia’l) NPUBOOUT K CIIELYIONIEMY OKOHYATEJIb-
HOMY DP€3YJIbTaTy IJI SHEPIUU OCHOBHOT'O COCTOSHUL:

3p% 10 pra | 4(11-2In2) (pra?
Ep=N2E |14 Dbre g HL 23 (pra) 6.13
0 10m [ ot 7 2172 AE (6.13)
IJle BEJIMYUHA, CTOSAIIAs MEPE]] CKOOKAMH, — JHEPTHUs HJIEATHLHOTO

depmu-raza (K. Huang, C. N. Yang, 1957).

1) ®akrudeckn mpomie MPOU3BOAUTE BEIYHCIICHHSA B APYTOM IIODSIKE, HAYAB C
BbruncsieHus: pysknuu f (CM. HIXKE).
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XuMu4ecKnil MOTEHIHAN Ta3a Tpu abCOMIOTHOM HYJIE OTIPEIEIIsi-
ercsa Kak mpousBogHas = (§Eg/0N)y; BbIpakeHHBIN 4epe3 mpe-
JIEJIbHBIN MMITYJIbC Pp OH UMEET BUJL

2 _ 2
Pe |y Lpra A0L-2In2) (pra) ] . (619)

r= 2m 3r h 1572 h

CoryacHo 00IIMM TTOJIOXKEHUSAM Teopun JIaHay, CIEKTD SJIeMeH-
TapHBIX BO30yKaeHuil £(p) U QyHKIWS B3aMMOLEHCTBHUS KBa3UYa-
crury foo (P, P') ompenmessitoTcss mEpBOH M BTOPOH BapuAnUAME
noJIHOM Hepruu mo GbyHKIMU pacupeiesennus kpasudacrui ). Ec-
gu mmcath E B BUge AUCKPETHON CYMMBI 10 P M (¢, TO WMEEM, TIO
OTIPEJIEJIEHUIO,

SE = Zaa )6npa + — 7 2 Joa(P, P)Onpadnge  (6.15)

po,p'a’

(mpuaem mocie qudbepeHIMPOBaHNs SHEPIUU HAJL0 3aMEHUTD Npg
enuHUNEl BHYTpH M HyJeM BHe (epmu-cdepsl). B Bbruncienun
TaKUM TIyTeM 3(DPEKTUBHON MACChl KBa3WYACTHIl M, OJHAKO, HET
HEOOXOIMMOCTH, TTOCKOJIbKY OHA MOXKeT OBITh HaliieHa u Oojiee mpo-
CTBIM CIIOCOGOM (CM. HEXKE).

Junst Beraucienus xe byHkmun foo (P, p') (Ha depmu-nosepx-

HocTH ), auddepeHnupyeM ABaxkabl CymMMy Bbipazkernuit (6.11), (6.12),
HOCJIE Yero HaJIo MOJIOKUTEL p = p' = pp. [Ipoussesis 3T0 POCTOE BhI-
YUC/EHWE W Tepeiifst OT CyMMHUPOBAaHUS K WHTEIPUPOBAHMIO,
HOJTY YUM

fi(p, p) = g—ame_ [[ARtEP1y)

(2mh)3 2p% —pi—p3

) —p'— 5(p'+p1—p—

+ (p+p1—p P2)2+ (Zp +p1—p pz)]d3p1d3p2,
2(p2—p3)

fri@,P)=f—(p,P) =
_ 2mg® [§(p+p1—p'—p2)+6(p' +P1—P—P2) BB pyd3ps.
(2nhi)® (p-p3)

WurerpupoBanue B 3Tux (HOPMYyJIax CPABHUTEJHHO IIPOCTO BBULY
MEHBbIIEHl KPATHOCTH UHTEIPAJIOB.

'Y Marpuna foo (P, p') B 3ToM maparpacde — 3TO COBOKYIHOCTE JMATOHAJIb-
HBIX [0 JBYM HapaMm uHAeKCOB (e, B u ¥, §) KOMIOHEHT MAaTPULEL far, g5 (P, P’')-
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OxoHYaTe/IbHBII PE3YJIBTAT JOJIKEH OBITH IPEICTABJIEH B BUJIE
(2.4), He 3aBHUCAIEM OT BBIOOPA OCH KBAHTOBAHWs CIHMHOB. B Takom
BHUJE OH jaercs GopMyJioit

J
14+ sin —
Imak? 9 J
fary, 55 = = 1+ az,zf 2+ Cosﬂh‘ 5 | | Sandyi—
m ™ 2sin — 1—sin —
2 2
J
1+ sin —
_ 1.|_2a1;lF 1—%3111%111—129 OapTys (5 (6.16)
T 1—sin5

rme ¥ — yrom mexnay Bektopamu prp u p'p (A.A. A6puxocos,
.M. Xaramnuxos, 1957)1).

OdbderTuBHAS MaCCa KBAa3WYACTHI TOJYIACTCS OTCIONA WHTE-
rpupoBanueM 1o dopmyie (2.12) u pasHa

m* 8 apr \2

— =14 —("l2-1)(—=—) . 1
m=14 (T2 - 1) (22) (6.17)

®opmyia ke (2.17) mo3BossieT HAWTH CKOPOCTH 3BYKa B rase:

2 2
2 PE 2apr , 8(11—-2In2) [apr

= 1+ ===+ == |. 1

u 3m? + m B + 1572 ( h ) ] (6.18)

Uurerpupys 3atem semuauny u’m/N (Bbipaskennyio gepes N/V
BMeCTO pr) mo dN, HaiineM, coraacuo (2.13), XMMUYeCKHil IOTEHIN-
aJ1 rasa, a elle OJHO MHTEerpupoBanue 1o d N IpuBeJeT K BIPAYKEHUIO
(6.13) 11st SHEPIUU OCHOBHOI'O COCTOSIHHS.

®opmysia (6.13) mpezcraBiser coboil TMEPBbIe YIEHBI PA3JIOXKe-
HUsl 9HEPTUHU Ia3a [0 CTEEHsIM «[IapaMeTpPa ra30BoCcTuy N=pra/h ~

~ a(N/V)'/3. Amanoruanpivm, X0Ts i 3HATUTCIHLHO GOJIEE TPOMO3/I-
KHMMHW BBIYUCJICHUAMHA MOXKHO 6]:)IJIO 6]:)1 TIOJIyYUTh €I1€ U HECKOJIb-
KO CJIEIyIOMUX YJICHOB Da3JIoKeHms. JleJjo B TOM, 9TO B Ciiydae
depMu-Taza TPOHHBIC CTOJIKHOBEHUS BHOCAT BKJIaJ, B 9HEPTUIO JIUIIL
B CPAaBHUTEJIbHO OJAJIECKOM HPH6JII/I}K6HI/II/I s TPEX CTAJKHUBAIOIIUXCA

1) ®ynxnus (6.16) obparmaercs jorapudmuiecku B 66CKOHEIHOCTb IpH ¥ = 7.
DTO 0OCTOATENBCTBO CBA3AHO CO CACIAHHBIMA NpeHeOpekenusimu. Boyee Toanoe
HCCIIEJOBAHUE MOKA3BIBAET, YTO XOTs 3HadYeHuWe ¥ = T JefCTBUTENBHO ABJISETCS
0coboii Toukoil dbyHKIMHU, HO OCIEAHAsA 06pAAeTCs B HEll He B GECKOHEIHOCTD,
a B HyJb (CM. mpuMedaHue Ha c. 285). Henpumenumocts dopmysst (6.16) BOiu3u
¥ = T HeCyLIECTBEHHA JIs NAJbHEHIINX IPUJIOXKEHUH, B KOTOPBIX (PUIyPUPYIOT
MHTETPAJIbl, CXOOAINECS B 9TOH TOUKe.
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9aCTHI] IO KpaitHell Mepe JIBe MMEIOT OJMHAKOBYIO MPOEKIINIO CITUHA;
[PY 3TOM KOODAMHATHAS BOJHOBAasA (DYHKIMS CHCTEMBI TOJKHA OBITH
AHTUCUMMETPUYHON TI0 OTHONIEHUIO K ITHM JBYM YacTHIAM. IJTO
3HAYUT, 9TO OPOUTAIBHBII MOMEHT OTHOCHTEJIBHOTO JIBUKEHUS ITUX
9acTUIl paBeH 1o Kpaiineit Mepe 1 (p-cocrosinue). CooTBeTCTBYOmAS
BOJIHOBas (DYHKIUS COAEPKUT JIUIIHIOK (10 CPABHEHUIO C BOJIHOBOI
dyukiwmeit s-cocrosinust) crenens p/h (em. 111, § 33), u, cienoBaress-
HO, BEPOSTHOCTH TAKOTO CTOJIKHOBEHHS COICPIKUT JIMIIHEE p2, T. €.

ocnabnserca B ~ (pa/h)? ~ 1? pa3 Mo CPaBHEHHUIO C BEPOSTHOCTHIO
«JI060BOrO»  CTOJIKHOBEHUSI YACTUIl, HETOTIMHSIONIMXCSA TPUHITAITY
[Maynu. B pesynbrare TpOWHBIE CTOJIKHOBEHUS AAJyT BKJAJ B SHED-

THUIO JIUIIHb B YJIEHAX, COMEPKAIMMX 00bEM KaK V2v-2/8, Hpyrumu
CJIOBAMU, YePe3 XapaKTEPUCTUKU OJHUX TOJIHLKO MAPHBIX CTOJKHOBE-
HU BBIPAXKAIOTCH BCE UJICHBI PA3JIOXKEHUS SHEPTUU BILJIOTH JO HJIe-
HOB TIOPSIKA

Np—%n5
m

BKJIIOUUTEJILHO (T. €. €Ile TPU <WIEHA, CACAYIOIUX 33 BLIMHCAHHbBI-
mu B (6.13)). OgHako B 4ucje XapaKTEPHCTHUK NMAPHBIX CTOIKHOBE-
Huil GygerT GUIrypupOBaTH He TOIBKO AMIUIUTYJA S-DACCESHUS ISt
Me/JICHHBIX CTOJKHOBeHUI (Kak B (6.13)), HO 1 ee mMPOU3BOAHBIE IIO
SHEPIHUHM, & TAKXKEe aMIUIUTYa P-PACCEsHHS.



F''IABA II

I'PHHOBCKMUE ®YHKIINN ®EPMU-CUCTEMHLI IIPU T = 0

§ 7. ®ynknud ['pyHA MaKpOCKONMYIECKON CHCTEMBI

[Ipumenennsbii B mpeAblAymeM maparpade MeTOHd CTaAHOBUTCH
TPOMO3IKUM U MPAKTUYECKHM HEMPUMEHUMBIM B BBICIINX TPHUOJIHKE-
HUSIX TEOPUHU BO3MYIIEHUI. DTOT HEIOCTATOK TeM DoJjiee CyIeCTBEH,
9TO B peaJIbHBIX (PU3UUECKUX 33Ja9YaX B3aUMOJIEHCTBUE MEXKIY 4a-
CTUIIAMU OTHIOAbh He SBJISIETCH CJAOBIM, TAaK YTO JJisi BBISICHEHUS
Pa3JIMYHBIX OOIMUX CBONWCTB MaKPOCKOIMUYECKUX CHCTEM TpebyeTcs
paccMoTpenne GECKOHEYHBIX COBOKYIIHOCTEH WIEHOB PsAIa TEOpHUH
BO3MyIeHnii. /it mpeononenus momoOHBIX TPYIHOCTEH CYIIEeCTBY-
€T MaTEMATUYIECKas TEXHUKA, MOA0OHAs TOW, KOTOpas IPUMEHSETCS
B KBaHTOBO! TE€OpHUU IOJIA.

Konkpernasa ¢dpopma 3T0Oro MareMaTuvecKoro ammapara CyIecT-
BEHHO 3aBUCHUT OT XapaKTepa MaKPOCKOIUYECKOH CHCTEMBI, K KO-
TOpOIi OHA JO/KHA HpuMeHsAThesd. [locnenyromue nmaparpads 3Toi
IJIaBbI TIOCBSAIIEHBI PA3BUTUIO aNNapaTa JJjisd (pepMu-KUIKOCTH NpH
abcosroTHOM HyJle Temmeparyp ). [Ipu sTom usnoxkeHue mmeer cBo-
eil MeJbI0 HEe TOJIBKO (DAKTUYECKOE MPUMEHEHNE METOA K JAHHOMY
00bEKTY, HO W JEMOHCTPAIAIO TOTO, KAKUM 0OPaszoM BOOOIIE CTPO-
UTCHA TaKO! ammapart.

UcxonupiM MaTepuaaoM B HEM SBJISIIOTCS BTOPHYHO-KBAHTOBAH-
HBIE 1)-0MEepaTOPHI, CBOWCTBA KOTOPBIX U3BECTHHI U3 KBAHTOBOH Me-
xaruku (cm. 111, § 64, 65). Ham ceiiuac monamobsTcst 3T 0mepaTopbl
B Teii3eHOEPTOBCKOM TIPEICTABJIEHNH, B KOTOPOM OHU 3aBUCIT SBHO
ot BpeMmenu. [103TOMy MBI HAUHEM C BHISICHEHUSI HEKOTOPHBIX CBOMCTB
1)-0TIepaTOPOB B 9TOM IPEICTABJICHUU.

M1 GyieM paccMaTpUBaTh CUCTEMBI, COCTABJIEHHBIE U3 YACTHIIL CO
cnuaoM 1/2. CooTBETCTBEHHO TOMY, 1)-OIEpaTopaM JOJKEH ObIThH
TNPUNHCAH UHIEKC, YKA3BIBAIOIINI 3HAYEHNE TPOEKITUU CIIMHA U TPO-
Geratoruii 3HaueHus +1/2; coMHOBBIE UHIEKCHL Gy1eM IIO-TIPEXKHEMY
0003HaYaTh OyKBaMHU T'DEYECKOr0 ajipaBuTa, a MO ABAXKIBI ITOBTO-
PAIOIIUMCS HHIEKCAM HOAPa3yMEBACTCH CyMMUPOBAHHUE.

ITo obmemy mpasuiy (cm. 1I1,§13) oneparop f(t) moboit dusu-
YECKOH BeJIMYMHBI B Te€ii3eHOEPTOBCKOM TPECTABJIEHUN BHIPAYKAETCH

Yepe3 He 3aBHUCAIMH OT BPeMeHM (IIpPEIUHIepOBCKuii) oneparop f

1) CucremaTnyecKoe MOCTPOEHNE ITOrO annapara npuHagiexut B.M. Iaauy-
xomy u A.B. Muedaay (1958).
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TOM K€ BEJIMUUHBI COTVIACHO ! ).

7 iHt 7, —iHt

f(&) = e fe
rae H — raMujIbTOHHAH CUCTEMBI.

31echb, OMHAKO, OyIeT I1es1eco006pa3HO HECKOJIBKO M3MEHHUTH ITO

ompenesienue. J/lejio B TOM, 9YTO B KBAHTOBOH CTATUCTHKE YI00HEE
paccMaTpUBAaTh COCTOSIHWSI CUCTEMBI HE IPH 33JaHHOM UHCIE Ha-
crury N B Hell, a IpU 33JaHHOM XUMUYECKOM moTeHnmaje p. [Ipu
9TOM OCHOBHOE COCTOSIHME CHCTEMBI, B KOTOPOM OHA HAXOIUTCS

npu T'=0, MOXKXHO OIpEeIeIUTh KAK COCTOSHUE C HAWMEHBIINM COO-
CTBEHHBIM 3HAUYEHUEM OIIEPATOPa

H' =H - uN (7.1)

(a me H, xax npu 3aganHoM N). [leficTBUTENBHO, BEPOATHOCTD CH-
CTeMe HaXOMUThCs (IIPU 33JAHHOM 3HAYEHUM (i) B COCTOSIHUU C YHED-
rueit B, m aucnom gacturn N, paBHA

W o exp (—%) = exp (—EF;‘)

(em. V,(35.1)), E], — cobcrBenHbIe 3HAUeHUs oneparopa H'; m Mbt
BumuM, u9ro mpu 1=0 OCTaeTcssi TOJBKO COCTOSIHME C HAH-
menbmuM E ).
Takum obpazoM, ompenennm reif3eHOEPrOBCKUE 1)-0TepaTOPhI
dopmynamu R R
T iH't g, —iH't
Uu(t, r) =€ "¥y(r)e ,
= _ iH"tS —iH't
Ul(t,r)=¢€" T (r)e .
Mzr 6ymem 0603HaYIATH Teii3eHOEPTOBCKHUE 1)-ONEPaTOPhI 3arIaBHOM
O6ykBoit VU, a IIpeAMHIepOBCKUE — CTPOYHON OyKBOiL 1.
IpenuurepoBcKue 1)-0nepaToOphbl YIOBJIETBOPSIOT W3BECTHBIM
MpaBWjIaM KOMMYTAIMu. KOMMYTAaTOPBI K€ Te3eHOEPTOBCKUX OIe-
paToOpOB, B3ATBIX B pa3JUYHBIC MOMEHTHI BpeMeHH t u t', Henb3d
BBIYUCIUTE B 00mem Buge. Opnako npu ¢ = t' ux mpaBusia KOMMY-

Talyuy COBIIaJaI0T C IpaBUJIaMU IJId IIPEOJVUHTEPOBCKUX OIIEPATOPOB.
Tak u3 mpaBuia

Pa(T)F (1) + 9F () ha(r) = Sagd(r — T

(7.2)

1) C neseio ymporrienns 3amucu GbopMysT Mbl 6yIeM MUPOKO TOJb30BATHCS CH-
CTEMOI eIWHWI], B KOTOPOIl KBAaHTOBasl MOCTOsiHHAs i = 1 (TaK 9TO HMILYJIBC

uMeeT Pa3MEPHOCTDH CM_l, a dHeprud — c_l). st mepexona OT 3TO# CUCTEMBI K
OOBIYHBIM €IVHULIAM BCE HMITYJIbCHL P U 3Hepruu E B dopmynax HamO 3aMEHUTH
Ha p/fi u E/h. Takue equHALBI NCIIOIB3YIOTCS, B YACTHOCTH, B 9TOMN [JIABE.

~ ~

2) Mzt 6yaem masbBarh oneparop H', xax u H, raMHIBTOHEAHOM.
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CJIEAYET aHaJIOTUYIHOE IIPAaBUJIO

To(t, )T (¢, ') + T4 (¢, ¥')Va(t, 1) =

Yo
= e (G (0)F5 () + 5 () al(r))e B = bagb(r =), (73)
Takum xe obpazom:
Uo(t, v)Tg(t, ') + Ug(t, v')Uu(t, r) =0,
2

- ~ ~ ’ 7.4
Lt r) 5 (¢ v) + U5 (L £) P (L ) = 0. (74)

Huddepennupys onpenesenue (7.2) mo BpeMeHu, HaligeM, 9TO
reii3eHOePTOBCKUl Y)-0MepaTop yAOBJIETBOPSET YPABHEHUIO

_i%\ia(t, r) = B4t 1) — Uo(t, v)H’ (7.5)

(cm. 111, (13.7)).

[eiizeHbeproBCKOE U MIPEIUHTEPOBCKOE IPEICTABICHUS TOXKIECT-
BEHHBI IS OLIEPATOPa BCSAKOW COXpaHsiommielicss BesuduHbl (T. €.
onepaTopa, KOMMYTAaTUBHOIO C TAMUJIBTOHMAHOM). DTO OTHOCHUTCH,
B YaCTHOCTH, K CAMOMY TaMUJIBTOHUAHY, & TAKXKE K OIEPATOPY YHUCJIA
YaCTHUI[ — TOXKE, PA3yMEETCs, COXPAHSIONIEICs BeIuIuHbl. Bhipaxe-
HUsl 9TUX OIEPATOPOB YePE3 MIPEJUHTEPOBCKUE UIU reiizeHOepros-
CKHE 1P-0mepaTopbl OAUHAKOBBL. TaK, OIepaTop YHMCIa YaCTHI]

W= / B (0)dal(r) e = / Tt 0)0a(t, 1) d2. (7.6)
PaMHJIBTOHHaH 2Ke CUCTEMBL BSaHMO,neﬁCTByIOLuHX HYaCTUIL UMCECT BU
A= O£ 70 7@

7O = —%/\/I};’;(t, r)A\/I\fa(t, r)d3z — uﬁ,
m

PO = / T (1, U (@) Ta(t, r) Pz, (7.7)
V@ = %/\/I}g'(t, )T, £ YU (r — )T t, ') Ts(t, r) dPz d®a’.

~, ~
Bnece H (O — ramuibrorman cucremsr cBoGomubrx gacrum; V) —
OIIepaToOp HX B3aMMOIECHCTBHA C BHEIIHMM mojem U (1)(r); v —
OIlepaTop mapHOro B3auMmopeiicTeust wactu, mpudem U2 (r—r') —
9HEPIHs B3aUMOMAEHCTBUSA JABYX YaCTHUIl; OTYIIEHHbIE YWICHBI — TPOii-
Hble ¥ T. 1. B3aumozeiicrsus (cm. 111, (64.25)). st mpocToTs! Ipea-
oJiaraeM BCEe B3aUMOJEHCTBUSA HE 3aBUCAIIAMYU OT CIIMHOB YACTHIIL.
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KommyTatop H' u ¥, B (7.5) BBIUMC/ISIETCS C TIOMOIIBIO TIPa-
Buit (7.3), (7.4); Bo3HMKarOIWE NPH STOM O-(YHKIUH yCTPAHSIOTCS
UHTErpupoBaHmeM. B pesysbraTe mosyumm «ypasrenue Ilpegunre-

pas mias Uy (¢, r) B Buzme
2% = (-1 &y
iz Ba(t, 1) = (—o-A - p+UOE) Talt, 1)+

+ / Uik, ) U (r - 1) Tg(t, ') dP0 - Tu(t, 1) + ... (7.8)

OCHOBHYIO POJIb B U3JIaTa€MOM METOJIE€ UTPAET TOHATUE GyHk-
yuu I'puna makpockonmdeckoit cucrembl. OHa ompeessieTcs Ciie-
JYIOIIUM BBIPAYKEHUEM

Gop(X1, Xo) = —i(T\Ifa(Xl)\Ifzg(Xg)). (7.9)
3necb u Hmke X 0003HAUYAET, JJIsi KPATKOCTH, COBOKYITHOCTH MO-
MEHTa BPeMEHH | U PaJUyC-BEKTOPa TOYKH r. YTIJIOBBIE CKOOKH (. ..)
O3HAYAIOT YCPEJHEHWE 110 OCHOBHOMY COCTOSIHMIO CHUCTEMBI (BMECTO
6oJiee TPOMO3IKOTO CHMBOJIA TUATOHAJIBHOTO MATPUYHOTO JIEMEHTA
(0[...]10)). CumBon xe T ecTh 3HAK XPOHOJOIHYECKOTO LIPOU3BEIE-
HUd: CJIeAyrInue 3a HUM OIIE€pAaTOPbI JOJI2KHBL 6I)ITB PaCIOJIOZKECHBIL
CIIpaBa HAJIEBO B MOPSJIKE BO3pAacTaHUdA BpeMmeH t1, to. [lpu aTom B
ciry4ae (pepMHOHOB II€PECTAHOBKA Hapbl 1)-0IepaTopoB (0 cpaBHe-
HMUIO C UX PACIIOJIOXKEHUEM B IIEPBOHAYAJIBHON 3AIMCH TPOU3BEICHNYS )
JOJIZKHAQ COIIPOBO2KJATHCA U3MEHECHUEM 3HaKa IIPOU3BEICHUAA. B AB-
HOM BHOE 3TO 3HAYUT, ITO

(‘II (Xl)\Ifﬁ (X2)> t1 > ta,
(U5 (X2)Wa(X1)), b <to.

OrMernM HEKOTOpBIE OYeBHIHBIE cBOMcTBa MyHKImu ['puna. Ec-

Jim cucteMa He (PEpPOMATHUTHA U HE HAXOJAUTCS BO BHEIITHEM IIOJIE,

TO CIIMHOBAas 3aBUCUMOCTHL (YHKIWMH ['puHA CBOAUTCH K €IMHUIHON
MaTpHIIE:

Gaﬂ(Xl, Xo) = (5aﬂG(X1, X2) (7.11)

(Bcsikagt mpyrasi hopMa 3aBUCUMOCTH BBIAEJIsIA Obl M3OPAHHOE Ha-
IpaBJIeHNE B IPOCTPAHCTBE — OCh Z KBAHTOBaHUs CiuHA) ?). B cuity

Gap(X1, Xo) = (7.10)

1) D10 ompee/eHrE aHAIOTHYHO OIPE/IC/ICHHIO TOUHEIX byHKIuit ['puna (mpo-
naraTopoB) B KBaHTOBOH anekrpomuuamuke (cm. IV, §103, 105).

2) D10 yrBepxkAcHue Tpebyer moscHenus. CIHHOBbIC KOMIOHEHTEI ¥, COCTAB-
JISIFOT KOHTPAaBapPUAHTHBIH COMHOD TEPBOrO pamra (m B aTOM CMBICTE GOSTEE npa-
BHJILHEIM 6BLIO 61 0603HAeHKE U* C HHJEKCOM (¢ CBepXy ). KoMmoneHTEI ke \Il+

COCTaBJIAIOT KOBAapHaHTHBIM cruHOp. IlosroMy Gog €CTH CMeNIaHHBI crmHop
BTOPOrO paHra. EAVHUYHEBIM K€ CMEMIAHHBIM CIIKHOPOM BTODOIO DAHIa SIBJIS-
€TCsl IMEHHO 0og.
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OJTHOPOJHOCTH BPEMEHU MOMEHTHI t1 U to BXoadaT B pyHKImIO ['puHa
JIIb B BUAE pasuoctu t = t1 —to. Ecyu, cBepx Toro, cucrema MUKPO-
CKOIIMYECKU OJHOPOAHA B IIPOCTPAHCTBE, TO JIAIIL B BHIEC PA3HOCTH
I = r] — rs BXOOHAT TAaKXXe€ M KOODAMHATHI ABYX Touek. JIpyrumm
CJIOBaMHU, B 3TOM CJIydac

Gop(X1, X3) = 645G(X), X =X; — Xo. (7.12)

TloguepkaeM, 9TO0 MAKpPOCKONMMYECKAA OJHOPOJIHOCTH O3HAYAET, ITO
TEJIO TIPEJIIOJIAraeTCs OJHOPOIHBIM HE TOJIBKO II0 CBOEH cpempeit  (Ma-
KPOCKOIINYECKO#) TUIOTHOCTH, HO U IO IVIOTHOCTU BEPOSITHOCTU Pa3-
JIMYHBIX (MEKPOCKOIMYECKUX) HOJIOXKEHHUI €0 9acTHI[ B IPOCTPAH-
crBe. VIMEHHO TAKOBBI XKUIKOCTH ¥ Ia3bl (HO HE TBEPBIE KPUCTAJLIBL).
B cuny nx wmzorponnu G(t, r) = G(t, —r). B aroii cBs3u momdepk-
HEM JIMIIHU pa3, 9To B TO ke BpeMs dyukuusa G(t, r), mo camomy
CBOEMY OIIPEIEJICHUIO, OTHIOAL HE YeTHA IO mepeMeHHO# {. B aTom
CMBICJIE IOPAAOK t1 U {2 B pa3HOCTHU t = {1 — {2 CYyIIECTBEH.

KoopannaTHas MaTpUIA IJIOTHOCTHA YACTHUITHI B CUCTEME OIIPEIe-
JdeTcsd KaK Cpe/iHee 3HAUEHUE

Pap(rL, 12) = ~ (TS (¢, 12)Ta(t, 1)) (7.13)

3HaHUe 3TOH MATPHUILI MTO3BOJISET ONPEIEIUTH CPEIHEe 3HAUECHUE
JI060# BeJTMYMHBI, OTHOCAINEHiCss K OTAejbHON dactuie. JlelcTBu-

TEJIbHO, ITYCTh FOL,B — HeKOTOprﬁ ((O,HHO'—I&CTI/IIIH])II‘/’I» O1IIepaTop, T. €.
OIICpaTOp BHIOA
A(O)
Oéﬂ = Z aﬂ’ (7.14)

0 . o
rIe f(iﬂ) — oIlepaTop, JEUCTBYIOIINY Ha KOODAWMHATBHI U CIUH JIMIIb

onHO# (a-i1) 9acTHIpBI, & CyMMUPOBAHNE NPOU3BOJUTCS MO BCEM Ha-
CTHIAM B CECTeMe. B anmapaTe BTOPUYHOTO KBAHTOBAHUS TAKOi OTIe-
paTop 3anuChIBaeTCH (B refizeHO6EPrOBCKOM MPEICTABIEHNN) KAk

Fag(t) = / T (¢, 1) Fa, 0o (t, 1) d2 (7.15)

(cm. 111, (64.23)). Orcioma sicHO, 9TO CpeHee 3HAUCHHUE BEJIUIUHBL F
MOZKET OBITh BBIPA’KE€HO B TEPMUHAX MATPHUIbI IJIOTHOCTH B BUJE

(F) = / ﬂpﬂa r1, ©9)lry=r, 1, (7.16)

1 o o
e ﬁ(xﬂ) — omeparop, AefcTByromuii Ha KOOpAMHATHL Iy (moJio-
JKUTh Iy =T] HAIO0 IMOCIE BO3IEHCTBUSA OIEpPATOpa, HO IEpen
MHTETPUPOBAHUEM ).
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Cornacuo (7.10), MaTpuna MJIOTHOCTH MOXKET OBITH BBIpaXkeHa
4epe3 IPUHOBCKYIO (DYHKITHIO

Pap(r1, r2) = _%Gaﬁ(tla ri; t1 40, ra). (7.17)

3zmech (kak u Be3zme HuKe) 06O3HAYCHUE apryMeHTa (DYHKIUYU B BU-
ne t1 + 0 o3HauaeT, 4TO MMeeTCs B BUAY NPEJEs IPH CTPEMJIECHUN
apryMeHTa K 3Ha4eHUio t1 cBepxy. Bastmem sroro mpenena obecme-
YMBAETCs NPABWIbHAS PACCTAHOBKA 1)-OLEPATOPOB, COBIAAIOMIAS C
UX PaCCTaHOBKOi B mpousseneHun (7.13).

sl MEKPOCKOIIMYECKU OZHOPOAHOM CHCTEMBI MATPULA IIJIOTHO-
CTH 3aBUCHUT TOJBKO OT PA3HOCTH I = Iy — I'y, a IPHU HE3aBUCUMOCTH
OT CIIMHOB Pog = 03P, IPUIEM

p(r) = -Gt = -0, 1), (7.18)
rae BMecTo Gog(X1, X2) BBemena dynkuua G(X1 — X2) = G(X),
cormacuo (7.12). Ilpu r; = ry u mocie B3ATHUS CJIeAa [0 CIIUHO-

BBIM [IEPEMEHHBIM IIPOU3BEICHNE 01epaTopos B (7.13) npespamaercs
B Ul W, — omepaTop MJIOTHOCTH YUCJIa YACTHUIL B cucTeMe. [losTomy
CpenHdAd INIOTHOCTD TEJIa
N .

— =2Np(0) = -2iG(t=—-0,r=0) (7.19)
|4
(t crpeMuTCS K HYJIIO CHU3Y ). DTO PABEHCTBO CBA3BIBACT XUMUIECKUIL
norennuas p upu ' = 0 (or koroporo G 3aBHCHT KaK OT IapaMeTpa)
C IWIOTHOCTBIO Yncia dacrun N/V.

@ypre-paznokenne GyHKIMN p(ry, re) OUPEIEIAET pacupesesie-

Y Y )

HE€ YaCTUIL 10 UMITyJIbcaM ')

N(p) = N/P(l‘l, r2)e—ip(r1—r2) d3(:c1 o x2) _

=—i[G(t, )| e P d3z. (7.20)

t=-0

1Y Hanomuuwm (cwm. 111, § 14), 4T0 0AHOYACTHYHAS MATPUIA TUIOTHOCTH €CTh HH-
Terpasn

p(rl’ I‘z) =/\I/*(l‘2, q)\II(rl’ Q) dq)

rae U(r, q) — BosHOBas (PyHKIMS CHCTEMBI B LEJIOM, IpUYeM I 0GO3HAUAET
Paauyc-BEKTOpP OOHOM YaCTHUIBI, & ¢ — COBOKYIHOCTb KOODAMHAT BCEX OCTAJIb-
HBIX YaCTHII; [I0 TOCJIEAHUM IPOU3BOAUTCS UHTErpupoBanue. Pypbe-KOMIOHEHTHI
MaTPUIBI IIJIOTHOCTU COBII3JAIOT C BHIPAXKEHUEM

/ / U(r, q)e® d’z

OTKyZa U CJIEAYET €€ CBA3b C pacHpedesIeHHEM YaCTHI] 10 HMITYIbCaM.

2
dg,
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DTo ectb uncao gacturn (B exuHUIE 00beMa) C ONPEIEJICHHBIM
3HAYCHMEM ITPOCKIINY CIIMHA U C UMITYJIbCaMu B uHTepBase dop/(27)3.
ITogyepkHEM, YTO peYb WJET 316Ch 00 MCTUHHBIX YACTHUIAX, & HE O
KBa3u4acTUIaX (HOCIeAHUE B M3JIaracMOM allapare elle He IOosi-
Buuck!). O6osuadenne N (p) BBemeHO B oTimdme OT (DYHKIMU DPaC-
npenesieHus: Kpasudactui n(p).

B nasbreiiniem Mbt OyieM 06br9HO UMETH A€o ¢ dyukiueit ['pu-
HA B UMILYJIbCHOM TIPEJCTABJIEHNUHN, ONPEIEJIEHHOW KaK KOMIOHEHTa,
dbypre-paziioxenus dyukuuu G(¢, r) mo t u r:

G(t, r) =/G(w, p) elpr—uwt) M, (7.21)
(2m)*
G(w, p) =/G(t, r) e (PTG @3, (7.22)

Pacnpenesienne gacTuil Mo MMITyJIbCAM BBIPAXKAETCS UEPE3 ITY
dyukIHo GOPMYIIOi

o0

R F —iwt d_w
N(p)=—1 thI_lO Gw,p)e o’ (7.23)

—00

nosy4atomieiics moacranoskoit (7.21) B (7.20). Ee mopMuposka BbI-
paxaetca dopmyJioit

EPYERT —iwt dwd®p N
23 thI_lO /G(w, p)e @t v (7.24)

npeacTaBsioneit coboit yeaosue (7.19), BEIpaskeHHOE B HMITYJIECHOM
npexcrasiaennu. Takum obpasom, pacupenesenne N (p) aBTomaTnde-
CKM TIPABWJIBHO HOPMHUPOBAHO:

2 [N(p) 22 =X

(2m)3 |4

=

OrmeTnM, 9TO Tpenes, B KOTOpOM GepyTcss mHTerpasst (7.23),
(7.24), 9KBUBAJICHTEH ONPEIEJICHHOMY NPAaBUIy OOXOZa B IIOCKO-

CTH KOMILICKCHOII epeMenHoi w. Hammune MuoxkuTens et ¢t < 0
HO3BOJISET 3aMKHYTh IIyTh HHTEIPUPOBAHUs (BEIIECTBEHHAS OCh) Gec-
KOHEYHO YIAJIEHHOM TIOJIyOKPY?KHOCTBIO B BEPXHEH TMOJIYTUIOCKOCTH W,
TaK YTO MHTErpaj ompejeisercs BbrueTamu dyakuuu G(w,p) B ee
IIOJIIOCAX, JIEXKAITNX B ITON MOJIYIIJIOCKOCTH.
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§ 8. Omnpenenenne sHEpPreTNUEcKoro cuekTpa mo ¢byukmun I'puHa

JJ1s1 MUKDOCKOTIMYECKY OJHOPO/IHOM CHUCTEMBI JIETKO OMPEIEIUTD
3aBHACHAMOCTBb OT BDEMEHW W KOODAWMHAT MATPUIHBIX JJIEMEHTOB Teii-
3eHOEPrOBCKOTO 1)-0IEpPaTOpPa M0 OTHOIIEHUIO K CTAIMOHAPHBIM CO-
CTOSIHUSIM C OIIPE/IEJICHHBIMY 3HAYEHUSIMHU SHEPIUY U UMITYJIbCA.

3aBHCUMOCTb OT BPEMEHU JIAETCS OOBLITHBIM IKCIIOHEHITHATBHBIM
MHOXKHATEJIEM

(n|Tq(t, T)jm) = e (n|ghe(r)m), (8.1)
HO TTOCKOJIBKY reﬁEeH6ep1"OBCKI/H‘/‘I 1)-omepaTop OmpeesieH ¢ TIOMOIIHIO
ramusibronnana H', To

! !
Wom = B! — B! = Ey, — Ep, — (N — Npy).
CorytacHo obmUM CBOMCTBAM 1)-0meparopoB ornepaTop ¥ yMeHbIa-
er (a U ypesqmumBaer) umcsio wactun B cucreme Ha 1. [losTomy B
MaTpu4dHOM 3jemente (8.1) N, = Ny, — 1, tak 9o

Wnm = En(N) - Em(N + 1) + M, (82)

rJe B BUIE apryYMEHTOB YKA3aHbI YUCJIA YACTHUI] B COOTBETCTBYIOIIUX
COCTOSTHUSAX.

it ompeiesieHnst KOOPAMHATHON 3aBUCUMOCTH 3aMEYaeM, 94TO B
CUJTy OJHOPOJHOCTY CHCTEMbI MATPUYHBIE HJIEMEHTHI €€ 1)-0mepaTo-
POB HE MOTYT U3MEHUTHCsI IPHU CMEIEHUHU Ha JIF0DOE PaCCTOSHUE T
OTHOCHTEJILHO CUCTEMBI. JTO, OJHAKO, HE O3HAYAET, YTO MATPUUHBIE
3JIEMEHTBI BOODIIE HE 3aBUCAT OT KOOPAWHAT. JIe10 B TOM, 94TO OT/IHU-
YHe Y, (T) OT 3HAYCHUS Y, (0) B HEKOTOPOI 334aHHO# Touke I = 0
CBSI3aHO C JByMs TMPUYMHAMH: CO CMEIEHNEM HA PACCTOSIHUE T OT-
HOCHUTEJILHO CAMOM CHCTEMBI U C TIEPEMEINIEHNEM TOYKY HAOJIIOICHUS
B JIPyrOo€ MECTO MPOCTPAHCTBA, UTO TAKYKE MEHsIeT (Da3bl BOJHOBBIX
dysaknmit. YT0OBI UCKIIOYUTH TOC/EIHEE W3MEHEHUE, CMECTUM CH-
CTEMy Ha BEKTOp —TI, T. €. TIPUMEHUM K €€ BOJHOBBIM (DyHKIMSAM
OTIepaTOp MAPAJLIETBHOTO TEPEHOCA

’i‘(—r) — e—irP

(P — onepatrop nossoro nmmysbca cucremst; cM. I1I; (15.13)). B pe-
3yJIbTaTE ITHUX ONEPAIMil TOYKA HAOJIIONCHUS BEPHETCH B HUCXOZHOE
MECTO IIPOCTPAHCTBA, HO OCTAHETCS CMEIICHHON OTHOCHTEJIBHO CH-
CTEMBI Ha BEKTOD r. VIHBApHAHTHOCTH MAaTPUIHBIX JIEMEHTOB IIO OT-
HOIIICHUIO K TAKOMY IIPEOOPA30BAHMIO BHIPA3UTCH PABEHCTBOM

(n[Pa(0)[m) = (n]eP Pa(r)e TP |m). (8.3)
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Ecnu B cocrosinusax n u m cucrema 00JIagaeT OMPEAEJIEHHBIMUA UM-
nynscamu Pp u P, 1O

(Ba(O)m) = ™ o (1) m),
OTKY/Ia
(nlFat, T)jm) = et 1 0)m)
([t Dlm) = (mlFat, D)

(8.4)

roe kpyy = Pn — Py

C noMorIp0 3TuX (HGOPMYJT MOXKHO TOJIYUUThH BAsKHOE PA3JIOKe-
Hue g QYHKIMU ['puHa B MMITYJIECHOM TTPOCTPAHCTBE, MPOSICHSIO-
iee ee PU3UIECKUN CMBICII.

BBuny «paspsiBHOro» omnpeneienust gyuxiuu G(t, r), mpu Bbl-
uuciennn G(w, p) Hamo pa3burs mHTErpad no dt B (7.22) Ha aBa
unTerpasia: or —oo 10 0 u or 0 10 0o. Bo Bropom u3 Hux (T. e. mpu
t = t; — t2 > 0) umeem, packpsiBas onpegeierue (7.10) no npasuiy
YMHOXKEHUS MATPHIL;:

1

Glt, 1) = LGaa = =L S2(01Ta(X1)|m) (] B (X2)]0)

(cyMMupOBaHUe 110 BCeM KBAHTOBBIM COCTOsIHUAM cucreMsbl). ITogcra-
BuB ciofa (8.4) u yurs, 4ro B ocHOBHOM cocrosinuu Py = 0, Haxoxum

=-3 Zl 0[¢hec(0) [m) [P (womt+Pmr), (8.5)

rae wom = Fo(N) — Epn(N + 1) + p.

NurerpupoBanue no mpocrpanctsy B (7.22) (¢ G(t, r) u3 (8.5))
JaeT B KaxKJOM wieHe cyMMbl d-dyukimio 6(p — Py,). Ilpu unre-
rpupoBanuu ke 1o dt (¢t > 0) ayis obecredeHns CXOAMMOCTU HAIO
100aBUTH K W HECKOHETHO MAJIYIO MOJIOXKUTEIBHYI0 MHUMYIO IaCTh,
T. €. 3aMeHuTh w — w +30"). Torma momyunm

i(wt—pr) 43 277) 2 6(p—Pn)
/Gtr @ wdt = Z’m% ml w + wom + 140

') Dra npoueaypa ananoruuna crnocofy Beruucienns byuxmui ['puna B KBaH-
ToBO# AtekTpoguHamuke (cp. IV, §75).
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Amnayormaabiv 06pa30oM BBEIUUCISETCS MHTEPAJI 0 di 0T — o0 110 0.
ITpu t < 0 Bmecto (8.5) umeem

G(t, ) = L Y |mlga(0) ) 2eimot Prr) - (8.6)

rae Wmo = Ep(N — 1) — Eg(N) + p. Boraucius teneps nHTErpas
or —oo 110 0 ¥ cjoKuB 062 UHTErpaJa, MoJLyduM

_ (27)3 Ard(p — Pr)
Bnd(p+ Pm)
w+u+Em(N—1)—E0(N)_iO}’ (8.7)

rae 0603HAYEHO

Am = [(0[$a(0)lm)?,  Bm = [(m|$a(0)[0)*. (8.8)

9TO U €CTh UCKOMOE Pa3JjioxKeHue ).
Beenem obo3uaueHms

Eg) = En(N +1) — Eo(N), 6%) = Eo(N) — En(N —1) (8.9)

JUis 9Hepruii BO30Y>KJEHUsi, ONPEJEJICHHBIX 110 PA3HOCTAM MEXKIY
BO30Y K ICHHBIM YPOBHEM CHCTEMBI C OIPEJEICHHBIM YUCJIOM YaCTHUIL
¥ OCHOBHBIM yPOBHEM CHCTEMBI, COJEPIKAIeil Ha OAHY JacTHUILy 60JIb-
me uian Merbine. Mugekcs! (+) u (—) yKa3blBaIOT, YTO ITU SHEPIUU

e >, el < . (8.10)
HeitcrurensHo, 3amerus, uro Eg(N+1)—Eo(N) ~ 0Ey/ON = pu—

xuMmudeckuit morennuai npu 1 = 0, mojgy4yum, HaIpuUMep,

e =En(N+1)—Ey(N+1)+Ey(N+1)— Ey(N) ~
~ [Em(N + 1) — Eg(N + 1)] + p.

Ho pasHocTb B KBagpaTHBIX CKOOKax (rme obe 3Hepruu OTHOCATCS K
CHCTEMaM C OJJMHAKOBBIM YHCJIOM YACTHIL) TIOJIOKUTEJIbHA IO OTIPE-
JICJICHUIO OCHOBHOTO COCTOSIHWS, OTKYJa U CJeAyeT, 4To i) > p.
K cwmbicity onpenesierns (8.9) Mbl elje BEPHEMCs HIKE.

') Auasioruunoe pas/IOKeHHE B KBAHTOBON TEOPHH TIOJIS HA3BIBAIOT (bOPMYJIOL
Yesnena—Jlemana (cm. IV, §104,111).
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CaBur mosiocoB 9IEHOB CyMMBI (Kak (DYHKIMHA w), BbIpaKaeMblil
cnaraeMbiMu 140 B WX 3HAMEHATEJISX, SKBUBAJIEHTEH IIOSBJIEHUIO
0-PYHKIMOHHBIX MHUMBIX YacTell COrJIACHO MPaBUJIy ')

=Pl xind(x). (8.11)

ITpumenus ero x (8.7), HailijeM BEIIECTBEHHYIO YacTb I'DUHOBCKOIL
dyHKIIIN

ReG(w, p) = 4% 3P [Am5(p ~Pm) | Bud(p+ Pr) (8.12)

w—l—u—sﬁf{) w+u—s§n)

U ee MHUMYIO 4aCTh (37€Ch HaJI0 y9eCTb, 4TO Bee pasHoctu i) —u> 0,
a Bce paznocTu £ —u<0):

ImG(w, p) =
— 4 ZAmé(p —Pp)d(w+pu—eld) mpu w > 0,

- ™ (8.13)
4t ZBmé(p +Pp)é(w+p—¢l)) mpu w < 0.

OTcroma BUIHO, YTO BCEra
signIm G(w, p) = —signw. (8.14)

O1mMeTnM TakXKe aCUMITOTHYECKOE oBeneHne hyHkmu G(w, p)
npu w — o0o. 13 (8.7) umeem

G(w, p) ~ 2T Z[A (P — Pr) + Bud(p + Pry)).

Koaddunuent npu 1/w paseH, Kak JIerKo yOeIuThCsi, KOMIOHEHTE

1) Cm. 11, (43.10). 3uax P o3Hauaer, YTO MPU HHTETPUPOBAHUH BHIPAKEHHT
Buga f(z)/(z+¢0) uarerpasn no/KeH MOHUMATBCS B CMBIC/IE [VIABHOIO 3HAYEHUS

J@ , f(z)
a;:l:zO / dz F in f(0).

— 00

fe o)

Bropoii uien BosHukaer or obxoma momoca r = —i0 (wm z = i0) no moury-
OKPY2KHOCTH CBEPXy (WJIM CHH3Y).
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®ypbe 1O Iy — ra OT
1 ~ o~ ~ -~
5{\110‘(23, rl)\Ilj;(t, I'2) + \I/;(t, I‘Q)‘I’a(t, rl)} = (5(1‘1 — I'2),

T. e. equaUIE. TakuMm 06pasom,
G(w, p) = 1/w npu |w| — co. (8.15)

I'nmaBHoe cBoiicTBo dyHKIu ['puHa B UMIIyJIECHOM IIPEICTABJIE-
HUU COCTOUT B TOM, YTO €€ TIOJIFOCHI MOTYT JIEXKATh TOJBKO B TOYKAX
W = € — 4, TAE €y, — ONIPEIEIICHHBIE YKA3AHHBIM BBIIIIE 00PA30M IUC-
KpETHBIE SHEPTUU BO30YKACHUsI CUCTEMBI. KaxK1asa u3 9TuxX sHepruit
OTBEUAET OMPEICJICHHOMY 3HAYEHWIO MMIIYJIbCca cucTeMbl P,,, 0 dem
CBUIETEILCTBYET HAJUYUE COOTBETCTBYIOMEH §-DYHKIUY B KAXKIOM
TOJIFOCHOM 4jieHe pyHKnu ['puHa.

Hac, omuako, maTepecyer 3mech pyHKIus |’ prHa MaKpOCKOTHYE-
CKOTO Tejia. JTO 3HAYUT, YTO PACCMATPHUBAETCS MPEIEJI, KOraa 00b-
em V u uucsio gactun, N crpeMsaTcs K GeCKOHeYHOCTH (TpU 3a/aH-
HOM KOHEYHOM 3HadeHuu orHomeHus N/V'). B arom mpezmese pac-
CTOSIHUSI MEXKJIy YPOBHAMHU CUCTEMBI CTPEMSATCS K HYJIO, MOJIOCHI
dysxiymy G(w, p) CAUBAIOTCH U MOXKHO YTBEPKJATH JIUIIb, YTO ITA
dYHKIMSA UMEeT MHAMYIO YaCTh MPU 3HAYEHUAX W + (4 B HEMIPEPHIB-
HOW 06JIACTY BO3MOXKHBIX 3HAYEHUH SHEPTUY BO30OYKICHUS CUCTEMBI.
WcknroyeHne COCTABJISIOT, OJHAKO, BO30YXKIEHWS, B KOTOPHIX BECH
HUMITYJIBC P MaKPOCKOITUYECKON CUCTEMBI MOXKET OBITh IPUITUCAH BCE-
IO OZHOIM KBa3WYACTHUIE C ONPEJCJCHHBIM 3aKOHOM Aucrepcuu €(p)
(HATIOMHWMM, YTO B OCHOBHOM COCTOsSiHWMHU cucTeMbl p = 0); Takum
3HAYCHUSIM OTBEYAIOT M30JIMPOBAHHBIE MOMIOCHI byHKIMH | puHa.

Ecm ke mMIyanc p CKIaABIBAETCd M3 MMITYIBCOB HECKOJIBKUX
KBa3WYACTHII, TO SHEPTUS CUCTEMBI YK€ HE OIPEIENIeTCsS OJHO3HAT-
HO 3HAYEHUEM P: 33JaHHBIN UMITYJIHC CUCTEMBI MOXKET CKJIAIBIBATHCS
pPa3IuYHBIM 00Pa30M M3 MMITYJILCOB KBAa3WYACTHUIl, CYMMa, SHEPTUH
KOTOPBIX MPOOEraeT MpU 3TOM HEMPEPHIBHBIN DPsij 3HAYCHUI; WHTE-
IPUPOBAHUE TI0 BCEM TAKUM COCTOSTHUSM YCTPAHSET TIOJIOC.

Takum obpa3zom, ypaBHEHHEM

Glle—p,p)=0 (8.16)

ompeesisieTcs 3aK0H qucnepcuu kazudactutl ( B. JI. Bonu-Bpyesuw,
1955).

[TomuepkueM, 4TO CIIOCOO OMpee/ieHUsT IHEPTUY BO30YKICHUS,
coryiacao (8.9), KaK pa3 COOTBETCTBYeT ONPEIEJICHUIO YHEPIUU KBa-
suuacTul B Teopuu Jlanmay. JleficTBuTesbHO, pa3HOCTD ) ecTh u3-
MEHEHHE HEPIUU CUCTEMbI IIPU JO00ABJIEHUN K HEll OXHOM YaCTHIIHI;
IIPpUIINCaB BCEC 3TO USMCHCHHUC O,HHOfI KBa3U4YaCTUIIC, MBI OIIpeae/ideM
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e B coorBerctBuu ¢ (1.3). Aramormuneivm obpasom, —&l,) ecTb u3-
MEHEHWE SHEPIUH IIPU YJAJICHUH OJHON YaCTHIBI, TaK 9TO £ €CTh
SHEPrUsl YAAJIEHHON KBA3WYACTHUIBL. KCTECTBEHHO MMOITOMY, YTO
el) < p, Tak Kak B Teopuu JlaHJay KBa3sWUACTULA MOXKET OBITH
yJaJIeHa TOJIbKO u3HyTpu dbepmu-cdeps ).

[MockonbKy Bce dburypupytomue B pasjioxenuu (8.7) Bo3OyK aeH-
HBIE COCTOSTHHS TOJIy9alOTCA U3 OCHOBHOTO COCTOSTHHS JTOOABJICHUEM
WJIN yAAJI€HHEeM OLHON dJacTHibl (Co cumHOM 1/2), TO sCHO, 4TO AJIst
cucTeMbl (PePMUOHOB TONIFOCHL (pyHKIMU ['pUHA ONpPERENSIOT JIUIIb
CIIEKTD 3JIEMEHTAPHBIX BO30yXKAeHUil (depMmueBcKoro tuma. Kax
ompeesisieTcss 603eBCKas BETBb, OyIeT moka3aHo Huxke, B § 18.

Omnucanue CrieKTpa MAKPOCKOMUYECKON CUCTEMBI ¢ IOMOIIBIO TI0-
HATHS O KBA3WYACTHUI@AX C OIPEIEJIEHHONW 3aBUCUMOCTBIO € OT P —
npubJIMZKEHHOE ONKCAHWE, TOYHOCTH KOTOPOTO MAJaeT C yBeJude-
HueM |¢ — p|. OTKIIOHEHHE OT KapTUHBI HE3ABUCHUMbIX KBa3WYaCTHIL
IPOSIBJIAETCS B CIBUTE MOJIOCA (DYHKIUK ['PUHA B KOMIUIEKCHYTO 00~
JIacTh: dHeprus £(p) CraHOBUTCH KOMILIEKCHOM. CorsiacHo o0mmm
npaBuiaM KBaHTOBOM Mexanuku (cm. II1,§134), kommekcHOCTH
YDOBHE#l SHEPIUM 03HAYAET KOHEYHOCTh BPEMEHU JKU3HU T BO30Y-
JKJIEHHOTO cocTosinus cucreMmbl (7 ~ 1/|Imel). Cama ke Besm«m-
Ha Im e xapakTepusyer CTENeHb «Pa3MAa3aHHOCTU» 3HAYCHUI IHED-
I'My KBa3W4acTHIp! (upuHa ypoBHsi). Pasymeercs, Takast TpakToB-
K& MMeeT CMBICJI JIUMIb TIPU YCJIOBUU JOCTATOYHOM MAJIOCTH MHUMOIA
gactu: |Ime| < |e — p|. Kak 6p10 06bsiceno B §1, 910 ycaoBue
JIeHCTBUTEIBHO BBIIOJIHSETCS s CJ1a00 BO30OYKIEHHBIX COCTOSHUIA

cucreMbl, ockosbKy |Ime| ~ 1/7 o (p — pp)?, B TO BpeMs Kak
Re (e — p) o« |[p —prl.
Heobxommmbrii 3uak Im e obecrieumBaeTcs OnpeeIeHHOCTHIO 3HA-
Ka MHuMOI yactu dyukuuu ['puna. eficTrBuresnsno, BOJIM3U CBOETO
MOJTFOCA 3Ta (DYHKIMST MMEET BU/T
Z
G(w, p) ® ————
)
w+p—e(p)
mpuYeM TOCTOsiHHasA Z > 0, Kak 3TO CJeayeT U3 MOJOXKUTEJbHOCTH
k03bbunueHToB Ay, B, B pasnoxenuu (8.7); BeamduHy Z 49acro
Ha3bIBAIOT (IO AHAJOTMM C KBAHTOBOH  3JIEKTPOAWHAMUKOIL)
neperopMuposouHoti nocmosarnot. MauMas vacts Gynkuuu ['puna

ImQ ~ 21me
lw+p —el?

(8.17)

1) O6paruM BHEMAHKE HA TO, YTO B ONPEJAC/ICHHE SHEPIUH KBASHIACTHIL &y
BO30Y2KIEHHBIN yPOBEHD CUCTEMBI F,, Bx0omuT co 3HaKoM MuHyc. C 9THM CBSI3aH U
TOT (HAKT, 9TO UMILYJIbC ITUX KBAazudyacTun p = —P,,, kKak BugHO u3 §-byHKumu
4(p + Pm) B COOTBETCTBYIOIUX WieHAX pa3jioxenus (8.7).



§ 9 OYHKIIVSI TPUHA UJEAJIBHOT'O ®EPMU-TA3A 57

BameTuB, 9TO 3TO BBIPAXKCHUE OTHOCUTCS K 3HAUCHUSAM W RS € — [ U
CPaBHUB €ro 3HaK ¢ npasuwioM (8.14), Haiinem, 410

Ime <0 umpu Ree > p,

Ime>0 mpm Ree<p, (8.18)
KaK U JOJDKHO OBITH: Takoil 3HaK Ime B obomx ciyuasx (g4 u el)
B (8.9)) coOTBETCTBYET NPABHU/IBHOM OTPHUIIATE/ILHON MHUMON 106aB-
K€ K 9HEPTuHu BO30YXKIECHHOTO COCTOAHUSA Fyy,.

K aHasmTHUecKuM CBOHCTBAM IPUHOBCKON (DYHKIMYU MBI BEDHEM-
ca B §36, rme aToT BOmpoc OyIeT PacCMOTPeH cpa3y IJjisd OOIIero
CJIy4asi TIPOU3BOJIBHBIX TEMIIEPATYD.

§9. ®yukimdg I'puHa ugeampHoro pepmm-rasa

JlJisi MITIOCTPAIMU PACCMOTPEHHBIX B MPEIBIAYINEM maparpade
obrmux cooTHOMIEHU# BbIYucnM GyHKIno ['puHa uaea bHOTO Ta3a.

[IIpeguurepoBckue -omepaTopbl BCETAa MOXKHO MPEICTABUTH B
BUJIE PA3JIOKEHUS

Da(r) =D Gpetpalr, o) (9.1)
po

IO IOJHOMY Habopy GYHKIWM ¢pa (T, 0) — COIHHOPHBIX BOJHOBBIX
dyHKIMt CBOOOIHOM YACTHUIIBI C UMITYJIBCOM P U IPOEKIINEH CINHA T,
T. €. IO IIJIOCKUM BOJIHAM

Ypa = ua—\/(%)eipr (9.2)

(U — CHIMHOpHAS AMIUINTYAA, HODMUPOBAHHAS YCJIOBUEM UgU), = 1);
Taxoi BeIOOD (byHKIU# 1p, HE HMEET OTHOIIEHHA K PeaslbHOMY B3a-
AMOJIEHICTBUIO YAaCTHI] B CHCTEME.

Ho anisi cucreMbl HEB3aMMOIEHCTBYIONUX HYACTHUI, MOXKET OBITH
3alMCaH B SBHOM BHJIE€ TAKXKe€ W Teii3eHOeproBCKuWii 1)-0mepaTop.
B aToMm ciiyuae mepexos OT MIPEAMHIEPOBCKOTO K Tei3eHOeproBCKO-
MY TIPEICTABJIEHUIO CBOJUTCA K BBEICHUIO B KAXKIBIH WJIEH CyMMBI B
(9.1) cOOTBETCTBYIOMIETO BPEMEHHOTO MHOXKUTEJIS

2m

\Tla(t, r)= Zapazﬁpa(r, o) exp [—i(ﬁ - ,u)t}. (9.3)

B 3Tom sierko ybeauThCsi, 3aMETUB, 9TO MAaTPUYHBIE JIEMEHTHI Teii-
3eHOEPTOBCKOTO OMEPATOPa [Jisi BCAKOTO MEPEX0oaa i — f HOIKHBI
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conmepxath MHOKHUTENH exp [—i(E] — E})t], tne Ej, E} — smep-
MU HAYAJIbHOTO W KOHEYHOTO COCTOSHWH (B JAHHOM CJIydae 3TO —
cobcTBeHHBIe 3HaUeHus ramuibronuana H' = H — uN). [nsa nepe-
XOZIa C YMEHBIIIEHUEM YHUCJIA YACTUI] B COCTOSHUA P & HA 1 pasHOCTH
E;-E}; = p?/2m — p, TaK YTO YKA3AHHOE TPEGOBAHUE BBITIOIHEHO.

OHAKO BMECTO MPSAMOTO BbrMuCJIeHUs (PyHKIMU ['puHA ¢ TIOMO-
mpio (9.3) mo ompenesenuio (7.10), ymobGHee cBecTH CHadaja TO
OIpeJieJIeHne K 3KBUBAJEHTHOMY eMmy audepeHnnaspbHoMy ypas-
menmo. /g aroro npoguddepentupyem bynkmmio Gog(X1 — X2)
mo t1. Ilpm sTOoM Hamo ydecTh, 9TO B TOUYKe {1 = t9 3Ta PyHKIUA
paspsbiBHa. JleficTBuTesbHO, coracHo omnpenesenuto (7.10), ckadok

dyHKITIN

[Gaﬂ] = Gaﬂ|t1=t2+0 - Gaﬂ|t1=t2—0 =
= —’i(‘Ifa(tl, rl)\I/:{(tl, 1‘2) + \Ilg_(tla I‘Q)‘Ifa(tl, 1‘1))

win B cuiy (7.3)1)
[Gaﬁ] = —iéaﬂd(rl — I'z). (9.4)

Hausmune ckauka npuBogut npu auddepeHnrnpoBanny K MOsIBJIEHUIO
aiena [Gopld(t1 — t2). TlosTomy

o ] 0T (X1) .
2 Gag=-i <T$wg(x2)> iBagb(ri-T2)d(ti—ts). (9.5

s cucTeMbl CBOOOIHBIX YaCTHUI] Teii3eHOEPTrOBCKUi 1)-0TIepaTop
YIOBJIETBOPSIET YPABHEHUIO
i oY,
ot

= —LA\/I\IQ — ,u\/I\fa
2m

(cp. ¢ (7.8)). IToncraBus sty mpoussoxHy:o B (9.5) u CHOBa BOCIONIb-
30BaBIIKCH onpenesierneM (7.10), moyunm ypaBaenue st GyHKIUT
I'puna

(z% + 24 1) GO, 1) = 6 8(), (9.6)

1) [TomuepkHeM, 4TO BEJMYMHA ITOTO CKAYKA BOODIIEC HE 3aBUCHT OT B3AUMO-
NEeUCTBHAS JaCTHUIL!
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TJIe YK€ TIOJIOKEHO Ggg = 5a5G(O), a unzgekc (0) y G ykasbiBaer

HA OTCYTCTBHE B3aUMOJEHCTBUS MEXKJY JACTUIAMH.
[Ipeobpasyem 3T0 ypapuenue mo Pypoe:

(w _r +,u> G(O)(w, p) =1.
2m

Omnpefesnisis OTCIOA TPUHOBCKYIO (BYHKITUIO, HAJIO0 J0OABUTDH K w Gec-
KOHEYHO MAaJIyl0 MHEMYIO 9acTh TaKUM OOpa30oM, 9TOOBI MHUMAs
vyacTh G MMeJa IpaBUIbHBINA 3HaK (B coorBercrBum C (8.14)):

2 -1
GO, p) = [w - 21'; +p+40-signw| . (9.7)
m

ITosmoc 9TOro BBIpasKEHUs JEKUT mpu w + u = £(p) = p?/2m B
COOTBETCTBHU C TE€M, 9TO B WJICAJIHHOM ra3e KBa3WIaCTHUIIbI COBIIA A~
0T C PEAJbHBIMYU YACTUIAMU. XUMHUYECKUH TOTEHIUAJ UICATHHOTO
depmu-raza p = p%‘ /2m. Jus cnabo BO30YKAEHHBIX COCTOSHUN P
6JIM3KO K P, TAK YTO MOMKHO 3aMEHUTh p2/2m = u + vp(p — pr)

(rme vp = pp/m) U IS TAKUX COCTOSIHUN IEPenucarh (DyHKIUIO
I'puna B BUZE

GO(w, p) = [w—vr(p—pr) +1i0 - signw] . (98)

IIpu BCSKEX MHTErpupoBaHusx ¢ yuacrueM dyrxmun GO mam-
qre GECKOHEYHO MAJIO MHUMO# 9aCTHU B €€ 3HAMEHATEJIE CYIIEeCTBEH-
HO TOJIKO BOJIM3M IHOJIIOCA, Korja w = vp(p — pr). B aToM cmbIc-
Jie signw B (9.7) MOXKHO 3aMeHuTH Ha sign (p — pr) u marmcars G(0)
B BUJE

(0) p’ o
GV(w, p) = |w— =+ p+i0-sign(p—pr)| (9.9)

Takas 3aMeHa CyIIECTBEHHA B TOM oTHOmernH, 4o B Buze (9.9) G(©)
OKA3bIBAETCH €IMHOM AHAJUTUIECKON BO BCE IJIOCKOCTHU (DYHKITUEH
KOMIUIEKCHOI IEPEMEHHOM W ¥ [JIs BBEIYUCJICHUS HHTETPAJIOB MOXKHO
[OJIB30BATHCS METOJAME TEOPUY AHAIUTUICCKUX (PYHKIWIA.

Tak, Jyisg BerauciaeHus uarerpana (7.23) (pacupezesenue 4acTury
[0 MMITyJIbCaM) IIPU OTJIMYHOM OT HyJisi OTPULATEJILHOM ¢ 3aMbIKa-
€M IIyTh MHTErpPUPOBaHUs (BEIIECTBEHHAs OCh W) OECKOHEYHO yaa-
JIEHHOH TIOJIyOKPY?KHOCTBIO B BEPXHEH MOJIyIIOCKOCTH (IIOCIIe 3TOr0O
MOXKHO 110102kuTh ¢ = 0). VHTerpasn

N(p)= - -
2 ) w—p?/2m+ p+10-sign(p — pr)
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OIIPEEJISIETCH TENEPh BHLIYETOM IOABIHTErPAIBHOTO BBIPAXKEHUS B
IOJIIOCe, HAXOIAMIEMCH B BepxHeil mosymiockocru. Ilpu p > pp Ta-
Koit moutoc orcyrcreyer, Tak uro N(p) = 0. Ecim ke p < pp, 1O
HaxomuMm N(p) = 1 — Kak U JOKHO OBLIO OBITH JJIsi OCHOBHOTO
COCTOSIHUS UIEAJBHOTO (DepMU-Ta3a.

§10. Pacnpenenenmne yacTui pepMu-KUIKOCTA 110 UMITYJIHCAM

['punoBcKast pyHKIHs PEPMU-KUIKOCTHA HE MOXKET OBITH, KOHEY-
HO, BBIYHCJIEHA B ODOIIEM BHIE, KAK 3TO OBLIO COEJIAHO IJjisd pepMu-
ra3za. Ho yrBepxkenne o ToM, 94T0 (DepMU-KUIAKOCTE 00JIATAET CIIEK-
TPOM ONMUCAHHOTO B § 1 Tuma o3Ha4vaeT, 9To ee QyHKIWM ' prHa nMeeT
TTOJTFOC TIPHU

w=¢e(p) —p~vp(p—pr), vr=pr/m" (10.1)

Jpyrumu cjaoBaMu, OHa MOXKET OBITH IIPE/ICTABJIEHA B BUIE

_ Z
G(w, p) = T or P T 0 sgne + g(w, p), (10.2)

rae g(w, p) — dysxus, koueunas B Touke (10.1). Kak yzke 65110
orMmedeHO B cBsa3u ¢ (8.17), koadpdbunuent Z (Bbruer dynkuuu G B
TIOJIIOCE) IIOJIOZKUTEJICH.

U3 Beipaxenus (10.2) MOXKHO CmesiaTh MHTEPECHOE 3aKJIOYCHUE
0 XapakTepe DACIpEIeJICHUs] JaCTUI] KUAKOCTU (He KBA3UUACTHIL!)
0 WMIyJbcaM. VIMEHHO, BBIYUCAMM Pa3HOCTh 3HAYEHWA (DyHKIUH
pacnpezesieaus N (p) (dbaxrtuuecku 3aBucdmeil Jumb 0T abCOIIOT-
HO¥i BeJINYMHBI p) IO 06€ CTOPOHBI HOBEPXHOCTH (depMu-cdepsl, T. €.
npeziesl pasHOCTU

N(pr—q) = N(pr +q)

upu q = +0.

Pacnpenesnenne N(p) Bbipaxkaercs depe3 dynkiuio ['puna us-
terpaJsioM (7.23). Beuny xoneunocru dyuximu g(w, p) 3apanee ode-
BU/IHO, UTO PA3HOCTb WHTEIPAJIOB OT Hee OyAeT CTPEeMUTLCH NpU
q¢ — 0 x mymo. [losToMy HOCTATOYHO PACCMOTPETH JIUIIb PA3HOCTH
MHTErPaJIoB OT HOIIOCHBIX 4iieHOB B (10.2). ITockomnbKy npu uaTErpH-
poBanun 4jieH 10 B 3HAMEHATEJIE CYIIECTBEH TOJBKO BOJIU3U TOJIIOCA,
MOXKHO (Kak y»ke ObLI0 ykasaHo B §9) mucars sign (p — pr) BMecTO
sign w. Torma umeem

N(pF—q)—N(pF+q)=—i/oo{

— o0

Z _ Z d_w
2

w+vrq — 10 w—vrq+ 10
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(BBU/LY CXOIMMOCTH 3TOTO MHTETPAJIA OT PA3HOCTH, MHOKHUTEND e W

¢ t = —0 B HEM MOXKHO OILyCTUTH). 3aMBbIKasi TEIEPb IIyTh UHTETPH-
poBaHUsl GECKOHEYHO yIAJEHHON IOJIyOKPY?KHOCTBIO (BCE DABHO B
KOTOPOI1 U3 MOJIyIIJIOCKOCTEH ), HafijleM, YTO BECh UHTErpaJjl PaBeH Z
7 He 3aBucHUT OT q. Takum obpa3zom, mmeem

N(pr—0)—N(pr+0)=2 (10.3)

(A. B. Muzdan, 1957).
Beimie 6p10 ykazaso, uro Z > 0. ITockonsky N(p) < 1, To u3
(10.3) cnemyert, uro

0<Z«1 (10.4)

(mpuyem 3Hauenme Z = 1 mocruraercs
JIUIIb B TPEAENIBHOM CJIyYIae HIeaIbHO-
o rasa).

Takum 0bpa3oM, pacupeiesieHue da- .
CTHI] IO UMITYJICAM B (DEPMU-?KUIKOCTH 7 D
npu T = 0 uMeeT, Kak U B ra3e, CKA4oOK F
Ha TOBEPXHOCTH (hepMu-chepbl, YMEHb- Puc. 1.

MAgCh B HANPABJICHUU U3HYTPHU ChEpBI

HapyXKy. B omiamume oT ciydas ra3a, BeJIMYMHA CKAUKa, OJHAKO,
MeHbIIe enuHunbl, U GyHkuus N(p) ocTaerTcs OTIMYHON OT HyJist
TaK>kKe U IIpU p > Pr, KaK 3TO IOKA3aHO HA puc. 1 CIJIONIHOI KPUBOit
(ImTpuxoBasi JIMHUS OTBEYAET ra3y).

§11. BrrunciieHne TepMOIMHAMHUYECKUX BEJIAIUAH
no pysknun ['puHa

3HaHWEe TPUHOBCKON (DYHKIUM CHUCTEMBI JIOCTATOYHO JJIsi OTIHACA-
Hug ee TepMoarHamMudeckux cBoiicTB. [Ipu T = 0 3T cBoiicTBa BbI-
ParkalTCd 3aBUCUMOCTBIO SHEPIUU CUCTEMBbI (COBIAJAIONIECH ¢ IHED-
rueit ocHoBHOrO cocrositust Fy) or mnoraoctu N/V.

[Tocse Toro kak pemenueM ypapHenusi (8.16) onpenesieH 3aKOH
JICTIEPCUY KBA3UYACTUIL €(P), 9Ty 3aBUCUMOCTH MOXKHO HaliTh, BOC-
MOJIB30BABIINCH TEM, YTO

e(pr) = p. (11.1)

ITockonbky 3aBucumocts pp or N/V ussectna, corsacHo (1.1),

pr = (3n2)3(N/V)L/3, (11.2)
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pasencrso (11.1) onpenenser dyukimio p(N/V) (xorst u B HessBHOM
BHUJE, TAK KaK U 3aKOH JUCIEPCHU £(p) COmEpPKUT, BOODIE roBOpS,
p xak mapamerp). [Ipu T = 0 (a moromy u S = 0) xummueckuii
norennuan p = (0Eyg/ON)y; uHTerpupys 9T0 PaBEHCTBO, HaiigeM
UCKOMYIO SHEPTHUIO

N
Ey=!u(g)dN' (11.3)

(mpu N = 0, pasymeercs, u Ey = 0).

Jpyroii ctocob onncanus TepMOIUHAMUYECKUX CBOMCTB ipu 1'=0
COCTOUT B BBIYUCJEHHU TePMOAMHAMUYeCKOro moreHmuana 2. Co-
racHo obmeMy oupexmeseHuio (cM. V,§24), sror moTeHImAal
Q=FE-TS—uN = —PV uero qudpdepennmajn df) = —SdI'—N du;

npu T = 0 umeem Takxke u S = 0, ¥ 3TU BbIPAXKEHUS CBOIATCH K

Q=E — uN, (11.4
dQ = —N du.

—
ot
~— —

HanomHuM Tak:ke, 9TO MO CMBICJHY MOTEHIHAJa () OH OMHMCHIBAET
cBolicTBa cucTeMbl pu V = const.

[Ipocreiimuit cocob BeipaszuTs {2 uepes dpyukimio ['puHa cocTo-
uT B ucnoib3oBanuu cessu (7.24) N/V ¢ G. Iloncrasus N u3 (7.24)
B (11.5) u unrerpupys no dy (upu V = const), mosyanm

=2V /du lim /G w, p)e d(;:rc)lf, (11.6)

TOCKOJIBKY, onaTh-Taku, {2 = 0 mpu p = 0.

§12. V-omepaTopsl B Mpe/ICTABJICHNN B3aMMOIEHCTBAS

['puHOBCKYIO (DYHKIMIO CHCTEMBI B3aUMOAEHCTBYIOMUX YACTHUIL
HEJIB35, PAa3yMEETCsl, BBIYUCAUTH B obmmeM Buge. CyimecTByeT, O-
HAKO, MaTeMaTHYECKasl TEXHUKA (IIOZOOHAs AMATDAMMHON TEXHUKE
KBaHTOBOI TEOPHH IOJISI), O3BOJIAIONIAs BEIYUC/IATH €€ B BUJE PAIA
IO CTEMEHSM YHEPTUH B3auMOAeHcTBUSA dacTuil. [Ipm aToM KaxKmbIit
9JIeH psIa BhIparXkaeTcs depe3 pyHKnu ['prHa cuCTEeMbI CBOOOIHBIX
YaCTUIl U OIIEPATOpP B3aMMOIENCTBUA.
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Bsenem, nHapsaay ¢ reit3eHOEProBCKUM, €II€ W IPYTroe IIPEICTAB-
JIEHVE OTIEPATOPOB — IIPEACTABJIEHIE, B KOTOPOM UX 3aBUCHUMOCTH OT
BPEMEHHU OIIPEEJISETCS HE UCTUHHBIM MaMUJIBTOHUAHOM CHCTEMBI

BB O+7 A0 N+ 7

(V' — omeparop B3auMoJefcTBUS), a TAMUJIBTOHUAHOM CBOOOTHBIX
“>1
gacTur, H (0).

To(t, r) = exp (iH Ot) ¢(r) exp (—iH O¢). (12.1)

OmnepaTops! u BOIHOBbIE (DYHKIMU B 9TOM HPEJICTABIECHUU (TAK Ha-
3bIBacMoe npedcmasaenue 63aumodeticmeus) OymeM OTIMYATH UH-

nekcoM 0. Beipasus dyukuuio I'puna gepes oneparopsr ¥ (BMecTo
reiizenbepropckux W), Mbl TEM CaMBIM CIEJIAEM IEPBBIA mar K J0-

CTHIKEHUIO TIOCTABJICHHOMN mesn — Bbipaskernio G wepes GO u V.

O6o3naunM B sToM maparpade Oyksoit ® (mim ¢) BONHOBBIE
(YHKIMH B «IPOCTPAHCTBE YUCEJI 3AIOJIHEHNs > (B OTJIMYUE OT KOOD-
JIMHATHBIX BOJIHOBBIX (yHKImit ¥ wiin ¢)); Ha 9Tu GyHKIUM AeficTBY-
0T BTOPUYHO-KBaHTOBaHHBIE omeparopsl. [lycth ¢ — Takast GyHK-
WSl B IIPEIUHIEPOBCKOM IIPEICTABJICHUN; €€ 3aBUCUMOCTE OT BpEMe-
HY ONIPEJIEJISETCH BOJHOBBIM yPaBHEHUEM

7;?9—‘5 = (H O + V). (12.2)

B reiizeH6eproBcKoM IpeICTABJICHUM, TI€ BCA BPEMEHHAs 3aBUCH-
MOCTBH TIEPEHECEHa Ha OMEepPATOPbhI, BOJHOBas (PyHKIUS cUCTEMBI P
BoobOIIe He 3aBucHAT OT Bpemenu: ¢ = const. B mpencrabienun xe
B3auMOJIefiCTBUS BOJTHOBAs (pyHKIHS P 3aBUCUT OT BpEMEHM, HO 3Ta
3aBUCUMOCTD CBSI3aHA TOJIBKO CO B3aMMOAEHCTBUEM YACTHIL B CHCTE-
M€ U OUpedesIsaeTcs YpaBHEHUEM

i ®o(t) = Vo(t)o(t), (12.3)
rae
Vo = exp (iH Ot)V exp (—iH O¢) (12.4)

— OIepaTop B3AMMOEHCTBUS B TOM K€ TPEJCTABJICHWU (B OIEpa-
topax Buga (7.6), (7.7) mepexom K 3TOMy NPEICTABIEHUIO CBOIUTCS

~

npocro K 3amene ¥ Ha Wg). Ypasuerue (12.3) jerko mosydurs, 3a-
METHUB, YTO IPeobPa30BaHUIO OEPaTOPOB, coriacto (12.1), orBeyaer
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peobpa3oBaHue BOJIHOBBIX DYHKITHUI COTJIACHO
& = exp (iH Ot)p (12.5)

(cm. 1I1,812). Tuddepennupyss 910 BbIpaykeHue ¢ yderom (12.2),
nonyunm (12.3)1).

B cuny (12.3) snadenuss ®o(t) B nBa GeCKOHEYHO GIM3KHX MO-
MEHTa BDEMEHHU CBSI3aHBI APYT C APYIOM PaBEHCTBOM

Bo(t + 6t) = [1 — ibt - Vo(t)] Bo(t) = exp{—idt - Vo(t)} Bo(t).

CoorBercTBeHHO 3HauUeHHE P) B TPOM3BOJILHBIN MOMEHT ¢ MOXKET
OBITH BEIPDAXKEHO Yepe3 3HAUYEHNE B HEKOTOPbIN HAYAJbHBIN MOMEHT t(
(to < t) KakK ~

Po(t) = S(t, to)®o(to), (12.6)
rue . t .
St to) = J[ exp{—idt- Vo(t:)}, (12.7)

ti=to

[IPUYEM COMHOXKHUTE/IU B 9TOM IPOU3BEICHUY PACIIOIOKEHBI, OUEBHUI-
HO, CIIPABa HAJIEBO B MOPsiJIKe BO3PACTAHUSI BPEMEHH t;; IOpa3yMe-
BaeTCs MpeJIesl TPOU3BEIECHNUS TI0 BCeM GECKOHEYHO MAJIbIM UHTEPBa-
agaM 0t mexay to u t. Ecim 661 Vp(t) 66110 00bIuHOM dyHKIWMEH, TO
9TOT MPeJIeJI CBOIUIICH OBI IPOCTO K

¢
exp —i/VO(t) dt
to

Ho Takoe cBenmenme oCcHOBaHO HA KOMMYTATHUBHOCTUA MHOXKUTEJIEH,
B3ATBHIX B PA3JINYHbIE MOMEHTHI BPEMEHH, TOIPA3yMEBAIOIIEHC TPHU
nepexoze oT npousseeHus B (12.7) K CyMMUPOBAaHUIO B IOKA3aTEIE.

Hns oneparopa Vp(t) Takoit KOMMYTaTHBHOCTH HET W CBEICHHE K
OOBIMHOMY MHTETpaJy HEBO3MOXKHO. BMECTO 3TOr0 MOXKHO 3aIHCaTh
(12.7) B cUMBOJIMYECKOM BHUJE

t
S(t, tg) = T exp —i/%(t)dt : (12.8)
to

rae T — CHMMBOJI XPOHOJIOIMYECKOTO PACIOJOXKCHAS MHOXKHUTECH B
TOI 2Ke MOCJIeJ0BaTEeABHOCTH, 4To U B (12.7), T. €. cipaBa HaJIEBO OT
MEHBIIUX BPEMEH K OOJIbIIIM.

1) Ypasnenue (12.3) cosmazmaer ¢ ypasuenuem (72.5)(cm. IV), u cremyromuit
HU2KE TIPOLECC €T0 PEMIeHUs OBTOPSAET u3joxkenue B [V, § 72
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Omneparop S yuurapen (S~1=57) u obnamaer oueBHIHBIME CBOI-
CTBaMU:

~ ~ ~

S(tg, tQ)S(tQ, tl) = S(tg, tl),
S_l(tg, tl)g_l(tg, tQ) = g_l(tg, tl).

st yupoleHus fajbHEAINX PACCyKACHMI caesiaeM (hpopMaJTb-
HOE IIPEIIIOJIOKEHNE (HE OTPAYKAIOIIEECH Ha OKOHYATEIbHBIX PE3YJIb-

(12.9)

TaTax), 910 B3aumozeiicteue Vj(t) aamabaTHuecKu <«BKJIIOUAETCH»
0T t = —00 K KOHEYHBIM BpPEMEHAM U auabaTUYECKU <«BBIKJIIOYA-
ercsy mpu t = +oo. Torma mpu ¢ — —00, 10 BKJIOYEHUS B3aUMO-
neitcrBus, BonHoBas dyukus Po(t) coBnamaer ¢ reii3eH6eproBeKoil
dyukimeit ®. Ionoxus B (12.6) tg = —o0, mosyunm

~

Bo(t) = S(t, —c0)®. (12.10)

YcraHoBUB, TaKuM 00pa30M, CBSA3b MEXKy BOJHOBBIMU (DYHKIUSMU
B 000WX TIPE/ICTABJIEHUSIX, Mbl YCTAHABJIMBAEM TE€M CAMBIM U 3aKOH
npeobpa30BaHus OMEPATOPOB, B TOM YHUCJIE YP-OMEPATOPOB:

U =571t —00) WS (t, —0). (12.11)

B cuny ymmtaprocTH S mO TakoMy XKe 3aKOHY MpeobpasyloTcd u

onepaTopsr U,
Bripasum teneps dyukimo ['puna depes i-omepaTropbl B Ipe-
CTaBJIEHUU B3aUMOJIEACTBUS 1). Ilycts t1 > t9; TOrma

Gap(X1, Xa) = —iTa(t1) T} (t2)) =

Cormacuo (12.9) umeem

S(t1, —00)S (tg, —o0) =
= S(t1, t2)S(ta, —00)S(t2, —00) = S(t1, t2),

S1’\_1(t1a —OO) = g_l(tla _Oo)g_l(ooa t

s
ey

- 8
o~
=

I

1Y Bror BBIBOA MOBTOpsIET paccyxaenus B IV, §103.

3 E. M. Jludbmun, JI. I1. [Tutacsckunii
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[MopcTasisisa B IpeabIIyIiee BHIPAXKEHUE, IOy IUM
Gap(X1, X2) =
= —i(87" (00, —00)8(00, t1)Woq(t1)S(t1, t2) ¥ (t2) S (ta, —00)).

IMouumas omepaTopsl S Kak mpoussezenus (12.7), Mbl BuauM, 4TO
BCEC MHOXKUTEJIM B YCPEOHAEMOM BBIPDAXKCHUU, HAYMHAA CO BTOPOTO,
PacCIONOXKEHbI B XPOHOJIOIMYECKOM IODPSJKe CIpaBa HAaJeBO
oT t=—00 J0 t=00. [loaTOMy MOKHO HamuCaTh

.

Gap(X1, X2) = —i(S 7 T[Toa(t1)) T 5(t2)S)), (12.12)
rae 0003HaYEHO

~

S =5(c0, —00) =T exp { —i [ Vo(t)dtp. (12.13)

Bbraucienus nipu t1 < to OTIMYAIOTCH OT MPOM3BENEHHBIX JIUIIb
0603HAUEHUSIMY, ¥ OKOHUATEJIbHBIA pesyabrar (12.12), (12.13) cupa-
BeJJIUB TIPH JIFOOBIX {1, to.

[TpowssenenHOE IPEOOPA30BAHUE HE 3aBUCHUT OT TOTO, IO KAKOMY
COCTOSIHHIO CHCTEMBI MIOJIpasyMeBaeTcs ycpennenue. Ho ecim ycpes-
HEHVE NPOM3BOIUTCS [0 OCHOBHOMY cocTosiHuio (Kak B (12.12)), To
peobpa3oBaHue MOXKET OBITH IPOABUHYTO eIrfe U maJibire. Jlns sTo-
IO 3aMETHM, 9TO aiuabaTHIeCKOe BKJIIOYEHNUE WU BBIKJIIOUEHUE B3a-
UMOJIEHCTBUS, KAK BCAKOE aauabaTWdeCcKOoe BO3MYIIECHHE, HE MOXKET
BBI3BATH IEPEXOJa C U3MEHEHWEM 3JHEPIMU KBAHTOBOH CHCTEMBI
(cwm. IIT,§ 41). TTosTomy cucTema, HAXOAUBIIAACS B HEBBIPOXKIEHHOM

coCTOSIHUY (KAKOBBIM ¥ SIBJISIETCSl OCHOBHOE COCTOSIHUE), B 9TOM CO-
CTOAHUU ¥ OcTaercd. JIpyrumu cinosamu, AeiicTBue omeparopa S Ha
BOIHOBYIO (yHKImMIO & = P(—00) IOIKHO CBOAUTBHCS K yMHOXKE-
HUIO Ha (HecymeCTBeHHbm JIJIsl COCTOSTHUSA ) dasopit MEOKHTETH —
cpesHee 3Hadenne S B OCHOBHOM cocrosimmm: 9® = (S)®. Touso
Tax e ®*5 1 = (S)~1®*, Takum 06pa3oM, OKOHYATEIHLHO TIOTyda-
eM caenyoomyo dbopMysy aiad ¢pyHKnuu ['prHa, BRIparXKeHHOH depes
OIepaToOphI B Hpe,ILCTaBJIeHI/II/I B3auMOJIeicTBUS *

.

iGag (X1, X2) = 1 (T [Boa(X1) T4 (X2) ). (12.14)

1) OrmeruM HEKOTODYIO yCIOBHOCTH OGo3mauenuit B (12.14): xora cumpom T
B HeM (urypupyer ABaxkApl (B SIBHOM BUJAE ¥ B ompezesieHuu S), B neiicTBH-
TEJIbHOCTHU K€ BCE MHOXKUTE/M B IPOM3BEIECHUU [IOJIXKHBI PACCTABJIATHCA B €M~
HOM XPOHOJIOTMYECKOI IOC/IEA0BATEIBHOCTH.
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ITo cmblcty sTOrO NIpeacTaBieHus ycpennenue B (12.14) npousso-
JIATCS IO OCHOBHOMY COCTOSIHUIO CHCTEMbI CBOOOJHBIX yacTuil. Jleii-

CTBUTEJIBHO, CBOWCTBa omepaTopoB W, COBIAmaiOT CO CBOHCTBaAMH

reii3eHOepTrOBCKUX OmepaTopoB ¥ B OTCYTCTBHE B3aMMOJAEHCTBUM, a
reii3eHOEPTOBCKas BOJHOBasd GyHKIms ¢ OT BpeMEHU HE 3aBUCHT,

TaK YTO COBIAJAET CO CBOMM 3HAYEHWEM TIpu | = —00, KOTJa B3au-
mozeiictBue orcyTcTByeT. [losTomy, B wacTHOCTH,
. ~(0
(TT0a(X1)T5(X2)) = iGN(X1, Xa) (12.15)

ectb dyuknus ['puHa cucTeMbI HEB3AaUMOIEHCTBYIOMNUX YACTHIL,

§13. IuarpaMMHasd TeXHHMKA IJjid (DEePMHU-CACTEM

Cwmpblcs cuMBouuecKux BbIpakenuit Tuna (12.14) cocrour B TOM,
9TO OHH JAlOT BO3MOXKHOCTH JIETKO HAIHCATh IIOCJICIO0BATEJIbHBIC

wWIeHbl pa3joxeHuit mo cremensam V. Tak,

(TW0a(X)Tg5(X")8) =

—Z

/ dt; .. / dtn(TT0a(X) Ti5(X") Vo(t) .. Vo(tn)),
(13.1)

a BBIPaKeHUeE JJIsd (S ) OTJIMYAeTCs OT HAMCAHHOTO JIUIIb OTCY TCTBY-

eM MHOXKHuTeJIei \Iloa\IIOﬂ mox 3nakoM T-mpom3Benenns. Kak yxke

OBLIO YKa3aHO, OIEepPaTOP Vo( ) B IPEICTABJIEHUU B3aUMOAEHCTBUs

nosrygaercd u3 (7.7) 3amenoit Bcex ¥ na Ug. Brraucienue nocsemo-
BATEJIbHBIX WIEHOB pazioxkenus (13.1) cBomurcs, ciemoBaTENbHO, K
BBIYMCJICHUIO CPEIHUX 110 OCHOBHOMY COCTOSIHUIO OT 1 -IIpOU3BEAEHUSA
PAa3JIMYHOTO YHUCJIA 1P-OMEPATOPOB CBOOOIHBIX YACTHII.

OTHU BLIYUCICHNS B 3HAUUTEIHHON CTEIIEHN aBTOMATU3UPYIOTCS C
MTOMOIIIBIO TTPABUI JUAZPAMMHOT METHUKY, KOTOPHIE, OJHAKO, CYIIe-
CTBEHHO 3aBUCAT OT XaPaKTePa UCC/IeayeMoit (pu3ndecKoil CucTeMbl.
N3znaraemass B 3ToM maparpade TEXHMKa OTHOCUTCS K HECBEDXTE-
Ky4duM pepMu-CUCTEMAM, IPUIEM B3aUMOAECHCTBUE YACTHUI] IIPEITIO-
JIATAETCS TAPHBIM U HE 3aBUCAINUM OT ciuHOB. COOTBETCTBYIOIIMIA
onepaTop B3aUMOACHCTBUA:

/\I/ t r1 \Ija_é(t’ 1‘2) U(I‘l - I'Q)@O&(t, rz)‘/I\f()»y(t, rl)d3.’1:1 d3:L‘2,
(13.2)

3*
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rae U(ry — ra) — 9Heprus B3amMONeHCTBUs IBYX 9acTHUL (MHIEK-
col (2) y V u U omyckaem).

CpenHee 3HaYEHME TIPOU3BEACHUN 1)-ONEPATOPOB BBIUUC/IACTCS C
HOMOIIBIO0 Mmeopemb. Buka, KoTopas riacur!):

Cpe,uHee OT IpOW3BEACHUS JIIOOOro (YETHOrO) YHCIIA ONEPATO-

posB Tt PaBHO CyMMe IPOMU3BEACHU BCEX BO3SMOXKHBIX TOMAPHBIX
cpenHux (CBEPTOK) TUX ONMEPATOPOB. B Kaxkoii mape omepaTopsl
CTOSAT B TOM K€ IT0CJIEI0BATEILHOCTH, YTO U B MIEPBOHAYAIBLHOM IIPO-
M3BEIEHUU. SHAK KAXKJIOTO YJIEHA B CyMME OIPEIEIIeTC MHOXKUTE-
nem (—1)F rne P — umciio mepecTaHoBOK 0mepaTopos, KOTOPBIE HAIO
MIPOM3BECTH, YTOOBI IIOCTABUTH PSIIOM BCE YCPEIHSIEMBIE OIIEPATOPHI.

OTnu4HBI OT HyJId JUIMIb CBEPTKY, B KOTOPbIE BXOIUT OJMH OIIe-
paTop T u OVH Tt B AMAroOHAJIbHOM MATPHYHOM 3JIEMEHTE BCE
YaCTHIBL, YHUYTOXKAEMBIE OIEPATOPOM \If, JOJXKHBI OBITH BHOBB
POXKJAEHBI OIIEPATOPOM T+, Slcro IIO3TOMY, YTO CpeJHee OT IIPOU3Be-
JIEHUsI HECKOJBKUX 1)-0IepaToOpoB MOXKET ObITh OTJIMYHO OT HYJIs,
TOJIBKO €C/IM B HEM CONEPZKUTCH OQUHAKOBOE HYHCIO OIEPaTOpOB
Uygwt,

B mnpumenenun K cpemHemy oOT T-IpOM3BENECHUS TEOPEMA
Buka mo3BojisieT BBIPA3UTh €r0 Yepe3 CpeJHUE OT IMOMAPHBIX
T-upousBeneHuit, T. €., cormacHo (12.15), depe3 rpuHOBCKHE
by cBobomubIx dactuil. CreraeM 3TO /st TOTPABKH IIEPBOTO
mopsifka B (pyHKImu ['puHa cuCTEeMbl B3aUMOIEHCTBYIOMNX YACTHII.

[IpenBapuTeIbHO OTMETUM, UTO MPU PACKPHITUH IO Teopeme Bu-
Ka BbIpaXkeHusi B unciauresie dhopmyssl (12.14) Bo3Hukaior, B 4act-
HOCTH, 9JIEHBI BUIA

(T T (X1)Tgs(X2))(8) = iGLY (X1, X2)(S), (13.3)
B KOTODBIX I1apa <«BHEMIHUX» (IO OTHOIICHUIO K §) 1)-0nepaTopoB
CBOpaYMBAaETCH MeXKay coboil; Belpaxkenme ke (S) comepxkur (B
KaKJIOM H9JIeHe €0 Pa3JIOXKEHWsl) JIUIh CBEPTKY «BHYTPEHHUX» OIle-

paTopoB Mexay coboit. MuoxkuTess (S) ImeIMKOM COKpamaercs: co
sHameHaTeseM B (12.14), u, Takum 06pa3oM, BCE 9TH HUIEHBI JAIOT

)

Ocrasus B (13.1) gBa mepBBIX WieHA paSJIO}KeHI/IH, IIOJICTABHUB
(13.2) u nepeobo3HAYUNB IEPEMEHHBIE, TOJLY IUM

iGag(X1, X2) ~ G +iGL),

IIPOCTO «HEBO3MYIIEHHYIO» T'PUHOBCKYIO (DYHKITHIO zG(

1) YTo6n1 HE pa3buBaThH U3JIOXKEHUS, JOKA3ATEIHCTBO ITOH TEOPEMBI OTIOKHUM
Ha KOHeI| maparpada.
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rie
. 1 3 = =
iG{) = — (T 00 (X1) T (X2) x
o0
x / dt /d3x3d3x4\1137(t, r3) U (¢, 1)U (r3—ra) o5 (t, 14)Toy (¢, T3)).

s 6onbineit KOMOAKTHOCTH 3amucy GopMyJi BBegeM 0003HAYEHVE
U(Xl - XQ) = U(r1 - 1‘2)5(t1 - tQ). (13.4)
Tormat)

iGy = -3 / (TT2 T T3 U] T4 Ts)Usa d* Xd' X,

rae d*X = dtd3z. Urobsr ycpemuuts 1o Teopeme Buxa, Bermmmem
OTJ/IEJILHO OMEPATOPHI ¥ M300Pa3uM BCE HYKHBIE BAPUAHTHI CBEPTOK:

[ s ——
(005 O W 0, ) —= 0y O O W, O+ 00 O O O 0+

/—\ —_— T
S AAR ARV ATARE (RVAg AR 4 )
~— ~— \)i)

CoriacHO CKa3aHHOMY BBIIIE OIYIIEHBI UJIEHBI, CONEPHKAIIUE CBEPT-

—_—
+
ky U¥, . [TonapHo cBOpadmBaeMble (COEIUHEHHBIE yTaMU) OIEPa-

TOPBI HAJIO TIEPECTABUTH K COCENCTBY APYT ¢ Apyrom. Tak, mepsbrit
73 HANMCAHHBIX WICHOB O3HAYAET IPOU3BEICHUE

(TO T (TS V) (TT T),
a mocJIieTHUM

—(TO U (TOF U N (TTFT3).
CBepTKu TTPOU3BEIEHUN 1)-0MEPATOPOB PA3JUIHBIX APTYMEHTOB 3a-
MEHAITCA COTJIaAaCHO

O =T ) =G, U U,=-iG  nr o

1) 31ech u HUXKE IS YIPOIIEHUs 3AMUCU OCOOEHHO IPOMO3KUX BBIDAXKEHUIA

ycaoBuMCcs onyckath uHAEKC vy Vo, a uudpoBsiMu uHAekcamu 1, 2, ... 0603HA-
4aTh COBOKYIHOCTH 3HAYEHUN apryMenTa X U CHHHOBOIO MHAEKCA:

\/1;1 E‘/I;a(Xl), \/I;z = \/I;B(Xz),...
G12 = Gap(X1, X2), U2 =U(X1 - X3).
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CrepTKE Ke P-0mepaTopoB OJMHAKOBBIX APTYMEHTOB IPEICTABIIS-
10T co00# MPOCTPAHCTBEHHYIO IJIOTHOCTH YHCJIA YACTHUI[ B UIEAJIb-

HOM ra3e (00O3HAYUM ee uepes n(o)), MMOHUMAEMYI0 KaK (DYyHKIUIO
XUMMUYECKOTO IIOTEHImaa ' ):

(T F) = nO(y) = ) (13.5)

372

Taxum obpazom, moTydnM
’iG(l) — /d4X3d4X4 U34[ G(O)G(O)G(O) Gg(i)GgO)G(O)
+in@a)ay) + in©c ).

OTH YeThIpe WIECHA MOMAPHO PABHBI APYT APYTY — OHU OTIUYAIOTCS
Jmib 0003HAYEHWEM MTEPEMEHHBIX nHTerpupoBanus X3 u Xy4. B pe-
3yJIbTaTe MHOXKWTEJIb 1/2 mcuesaer u, TakuM 0OpaA30M, MOMPABKA
IEPBOTO TOPSAAKa B QYHKIMY ['pUHA COMEPAKUT BCETO ABA WJICHA:

6y = [UainV61)6) - ¢ 6 et XX, (136)

CTpyKTypy 3THX WIEHOB yI00HO M300pa3suTh rpadpUdyecKu C Imo-
MOIIBIO cireayomux duazpamm Petinmana:

Q

! PN X (137)
1 4 2 1 3 4 2

Ha stux mmarpammax cmsomuasi jimausg 4 <— 2 03HAYAET CBEPTKY

—

+ . ~(0
U, 0y (1. e. dyHKIMIO zGé(Q)); uudphl YKa3bIBAIOT HOMEPA IIEPEMEH-
HbIX X4 # X9, OT KOTODPBIX 3aBHUCAT CBEPTHIBAEMBIE OIEPATOPHI, &
HaITpaBJIcHUe CTPEJIKH OTBedaeT HampasieHuio oT ¥ x U B cBepTKe.

T~
Cseprka U0 JBYX OIEPATOPOB, 3aBUCAIINX OT OJHUX U TEX XK€

[EePEMEHHBIX (T. €. IUIOTHOCTh n(O)), n300parXKaAETCA COOTBETCTBEHHO
meTJiell — CIJIONTHON JimHuel, «3aMKHyTOM Ha cebsiy. IllTpuxoBas
auansg 34 o3HayaeT MHOXKUTEb Usg.

ITo BCceM mepeMeHHBIM, ODO3HAYEHHBIM Yy BHYTPEHHUX TOYEK
quarpaMMmbl  (TOYKH —[EpECeYEHHs! JIMHMI), IOAPa3yMeBaeTCs

1) Takue cBepTKHU BCerga MPOHCXOAAT OT 1)-OIEPATOPOB, BXOSAIIUX B COCTAB
OJIHOTO M TOrO ke omepaTopa B3ammozeiicreus V. Ilosromy B Takmx umenax ¥
BCEraa CTOuT cjaesa oT .
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unrerpuposanue. [lepemennnie (X1 u X2), 0003HAUEHHBIE Y «BHEIII-
HUX KOHIIOB» JTMarPaMMbI, OCTAIOTCS CBODOIHBIMHU.

YJteHbl mepBOro mOpsKa, mpoucxonsmue u3 (13.3), uzobpaszu-

JUCh OBl JuarpaMMaM¥, PAacHaJaroNMMUCS HA JBE OTIEIbHBIE da-
. . ~(0

CTH — TIPAMOM OTPE30K (zGig) u burypy ¢ 3aMKHYTBHIME METISME
CILIONIHBIX JIMHUH, HAIIpUMEP,

AT

N—>

BaymaBmucek B cioco6 CBEPTHIBAHUS ONEPATOPOB M CTPYKTYDY CO-
OTBETCTBYIOIUX AUAarPaMM, MOXKHO IOHSTH IIPOUCXOXKICHHUE ODIIEro
IpaBUIa: BO BCEX IOPSAKAX TEOPUU BO3MYIINEHUI POJIb MHOXKUTE-
s (S)~! B (12.14) cBOmETCH K TOMY, YTO JOJKHBI YYHTHIBATHCH
JIMIIb «CBS3HbIC» QUArPAMMBI C ABYMs BHEIIIHMMU KOHIIAMHE, HE CO-
JICPXKAIINE «OTCOCAUHEHHBIX I€Te/Ib 063 BHEIIHUX KOHIOB, HE CBSi-
3aHHBIX C APYIMMU YaCTAMU JUArDAMMBL HU CILIOIIHBIMY, HU IITDPU-
XOBbIMU JIMHUSAMH (CD. AQHAJIOTMYHYIO CHTYaIlMI0 B KBAaHTOBOM
sslekTpoauHamuke — cM. 1V, §100).

Cokpamenne koddpburnmenta 1/2 B (13.6) ecth nposiBieHue
obIero mpapBwia: He HAJNO0 YYUTHIBATH (B WIEHAX N-TO HOPSIKA)
MHOXKUTENB 1/n!, mpoucxongamuii or pasnoxenus (13.1), u MHOXKHU-
Teab 27", BosHmKaromuii or Koaddunumentos 1/2 B (13.2). [eit-
CTBUTEIBHO, TUATPAMMBI 71-TO MOPSAIKA COJEPIKAT IO 7 MTPUXOBBIX
Jmaui i k. Muoxuress 1/n! cokpamaercs oT npuBeIeHUs! YIEHOB,
OTIMYAIOIIUXCA MEPECTAHOBKAMHU TIap YHUCEN %, kK MEXKIy BCEMH N
IITPUXOBBIMU JinHUAMU. MHOXUTEND kKe 27" COKpAaIaeTcd OT Iie-
PECTaHOBOK 4ucCel %, k MEXK/y KOHIIAMU KaXKI0# U3 ITUX JIMHUIA.

OxoHuaTE/IbHBIE TIPABUJIA JUATPAMMHOM TEXHUKU MbI cHhopmy-
JIUpyeM i BBIYMC/IeHUs (DyHKIuM |'pUHA HE B KOODAMHATHBIX, &
Cpa3y B UMITYJILCHOM TIPEJICTABJICHNY, HAMOOJIee BaXKHOM Jyisi (pu3n-
YeCKUX IIPUMEHEHUN.

[Tepexos K UMITYJIbCHOMY TIPEJCTABJICHUIO OCYIIECTBJIAETCS IIy-
TeMm pasinoxkenus Pypoe (7.21), (7.22), koTOpoe 3amuIieM B «9€ThI-
pexMepHOM» Buze ).

G(X) = /G(P)eiPX (‘;ﬂf; G(P) = /G(X)eiPXd‘*X, (13.8)

rae «4-ummynbe» P = (w, p), a PX = wt — pr. Anajoruusbim

1) Wcnonb3ys myis ynobcrsa u3ioxkeHusi 1 0003HAYEHUIT Y€THIPEXMEPHYIO TEP-
MUHOJIOTHIO, TOAYEPKHEM JINIIHUI Pa3, 9TO OHA HE UMEET 3J4eCh HUKAKOIO OTHO-
IeHUs K PEJATUBUCTCKONW MHBapUaHTHOCTH!
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00pa3oM pa3jIoKUM TaKKe U MOTEHIINAJ B3aMMOIEHCTBUS:

U(X) = / U(Q)ei@X ‘;:;, (13.9)

rae Q = (qo, q); upu arom U(Q) coBmagaer ¢ KOMIOHEHTON TPeX-
MEPHOTO Pa3JIOKEHUS

UQ)=U(q) = / U(r)e ta d3z. (13.10)

Beuny wernocru dyuximuu U(r) oueBuano, uro U(—q) = U(q).
[TpoussemeM 3TO Pa3JIOKEHHE JJIs HOIMPABKU MEPBOTO ITOPSIKA
G%) = GS[% (X1 — X2). s sroro ymHOXKaeM pasencrso (13.6) nHa
exp [iP(X1 — X2)] u unrerpupyem ero mo d* (X1 — X»).
B nepsom usene muiem

GP(X1—X3) _ iP(X1—X3) ;iP(X3—X3)

=€

U, 3aMEHUB IIepEMEHHbIe NHTETPUPOBAHUS, IIOJIydaeM

in! / GO(X1 — X3)e P X =%3) g4 (X, — X3) x

/G (X3—Xo)etP(Xs=X2) gt X5 X)) /U (X3—X4) d* (X3—Xy4).

IlepBrie nBa uHHTErpaJjia IAlOT G&J( )G(O)( P), a Tpermii paseH
U(0) = [U(r)d3z — smagenmo U(q) mpu q = 0.

AmnasorngnbiM 06pa30M, BO BTOPOM HUJIEHE MHTIIEM

eiP(X1—X2) iP(Xl—Xg)eiP(Xg—X4)eiP(X4—X2)

=€

7 mocJie mepexofa K uarerpupoBanuio mo X1 — X3, X3— X4, X4 — Xo,
TIOJIy 9aeM

—GO(P / G (x ¢PX dix . G (P).

Ocrapmmiicss WHTErpaJl BBIPAXKAETCH dYepe3 (Pypbe-KOMIIOHEHTHI
dyHKIIIN G( ) 4 U ¢ TOMOIIBIO (DOPMYJIBI JJisd (Pypbe-KOMIIOHEHT
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npousBesieHus AByX QyHKuuii ')

/f(X)g(X)eiPX d'X =/f(P1)g(P - Py) ("41’1

2m)

(13.11)

S

Takum obpa3om, [Jisi IOIPABKYU MEPBOTO MOPSAKA B (DYHKIHUH
I'puna B MMy IbCHOM TIPEICTABJIEHUN OKOHYATEJIHHO HAXOIUM

iGL(P) = in U (0)GLU(P)GS) (P)—

- /Gg?)( P)GO(P)GQ(P)U(p - p1) ("2 LRNEERE)

Kaxnomy u3 nByx wieHoB B (13.12) craBuTCS B COOTBETCTBHE
onpenesieHHas nuarpamva Qefinmana, u Beipaxkenue (13.12) 3amu-
CBIBacTCA B BUIE

(1) H P—P1
Gap(P) = i L T (13.13)
a 6

Touku mepeceydeHus: JUHUN HA3BIBAIOT 6EPUWUHAMY TAATPAMMBL.
Kaxnasi quarpamma nMeer 2n BEPINUH, TAe N — HOPSIOK TEOPHUH
BO3MYyIIIeHni. B Kaxk1o#l BEpIIUHE CXOASTCH ABE CIJIONIHBIE U OJ-
Ha MITPUXOBas JuHuUU. Kak70# CIJIONIHOW JIMHUY TPUNKUCHIBAETCS

1),HJ151 JOKA3aTEIbCTBA 3TOM (DOPMYJIBI HAJO B €€ JIEBYIO YaCTh IOJCTABUTH
camu Gyukuun f(X) u g(X) B Bune dypbe-pasinoxeHuii:

/f(X)g(X)eiPX d*x Z/f(Pl)g(Pz)ei(P—Pl—Pz)X X cl‘l(f;lid;PZ.
T

Unrerpuposanue no d*X ocymecrsisiercs no dpopmyse
/ eFXd'X = (2m)*6W(P),

rae «aeTsipexvepras» O-bynkmus 64 onmpemensercs kak mpomssemenme 6-
byHKIEH OT KOMIIOHEHT «4- BeKTopa» P. Muoxuresb 6(4)(P P, —P) ycranas-

JuBaeTcs uHTErpupoBanueM 1o d'Pp, W MBI B Pe3yJIbTATE NPUXOAUM K TIPABOMH
gactu (13.11).
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CBOM «4-mMmIysibc» P B HaIpaB/IeHUW, YKA3aHHOM CTPEJIKOH (mpwu-
9eM BJOJIb KAXKION HEMPEPBIBHON MOCIEIOBATENHHOCTU CILIONTHBIX
JIMHUY HANPABJIEHUWE CTPEJIOK He MeHsieTcs ). Kaxkmof mTpuxoBoit
JINHUU TPUMHUCHIBACTCA 4-UMOYJIbC (), TPUYEM W JJIs STUX JINHUIA
YCJIOBHO BBIOMPAETCS KAKOE-JInb0 (.HIO60€§) HAIpPaBJIEHUE CTPEJIKH ).
B BepmumHax muarpaMMbl BBITIOJHSIETCS «3aKOH COXpaHeHWs 4-mM-
MyJIbCay: CyMMa 4-MMITyJIbCOB BXOAAIINX JIMHUM PAaBHA CymMMe 4-mM-
MyJIbCOB BBIXOMSAIINX W3 BEPINWH JuHWHA. Beprmmue npunuceiBaeTcs
TaK¥Ke W ONPEJIEICHHbI! CONHOBOM MHAEKC . Kaxkmas gumarpamma
UMeeT JIBE 8HEeWHUE JIUHUY (BXONSIIYIO U BBIXOZSAIILYIO), 4-UMILyJIbC
KOTODBIX €CTh apryMeHT uckoMoii bynkimu I'puna Gog(P); BBIXOAA-
el ¥ BXOJMAITEl JIMHUSAM TPUAMUCHIBAIOTCSA TAKYKE CIIUHOBBIE WHIEK-
col a u ( aroit pyuknuu. OcTajibHbIE JIMHUU JUATPAMMBI HA3BIBAIOT
BHYMPEHHUMUY..

AnanuTryeckas 3amUCh YIEHOB, OTBEYAIONINX KaXKJI0M Auarpam-
Me, TIPOU3BOJUTCA 1O CJIEAYIOIIAM TTPABUIIAM:

1) Kaxxnoit crutomnHo# JIMHUM MeXK Ay BEPIIMHAMYA (¢ U [3 CTABUTCS

. ~(0 , ,
B COOTBETCTBUE MHOXKUTEb ZGEX;(P), KA KJIO¥ IITPUXOBOM JIMHAHN —
muOkuTeNb —iU (Q). 3aMKHYTO! meTsie ¢ OJHOM BEPIIMHOM COMO-

craasiercs muoxurens 10 (u).

2) B kaxmoil BepIInHE BBINOIHAETCS 3aKOH COXPAHEHUsS 4-nM-
mysbca. 1o ocTarormumcs HeOIpeaesIeHHBIMY 4-UMITYJIbCAM BHYTDEH-
HUX JTUHU TPOM3BOMTCA HHTErpHUposanue o di P/ (2m)4. B xaxnoit
BEPIIMHE TPOU3BOAUTCH CYMMHPOBAHHUE TI0 MApPe HEMBIX CIIMHOBBIX
MHJIEKCOB — 10 OIHOMY OT Kax0ro u3 cocemunx G(O)-muoxureseii.

3) O6mmit MHOKUTENb, C KOTOPBIM JUarpaMMa BXoauT B iGqg,
pasen (—1)F, rme L — umciio comepsKamuxcs B Helf 3aMKHYTBIX TTe-
TeJIb CILIOIIHBIX JUHUH ¢ 6ojiee YeM OIHON BEPIITUHOMN.

[Tocnegaee mpaBUIO WMeEET CJEAYIONMIEE TPOUCXOXKICHUE. 3aM-
KHyTas meTyisd ¢ k > 1 BepIuHaMu IPOUCXOJUT OT CBEPTKU )-0Tepa-
TOPOB BHJIA

+/—\ T

31ech BCe CBEPTKH DAaBHBI iG(O) iG(Q a TOCJEeIHSS PaB-

p p 12 9 k Lk, P
(0)
k1

BUJIbHBIN 3HAK YUYUTBHIBAETCHA YK€ BBEACHUEM n©) 1o npasuny 1.

Ha —i(F; . UTo Kacaercd meresib C OJHON BEPIIMHON, TO WX IIPa-

1) «BpemenHbIe» KOMNOHEHTHI 4-BeKTOPOB @ = (go, q), BOOGIIE TOBODS, OT-
JIMUHBL OT Hyuisi, HO dyrkuus U(Q), no onpenenerunto (13.10), or go He 3aBuCHUT.
VYCJI0BHOCTh HANIpAaBJIEHHUS MITPUXOBOH JIMHUM CBA3aHA C YETHOCTBIO (DyHKIMU

U(-Q) =U(Q).
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st mprMepa u300pa3uM COBOKYITHOCTD AUATDAMM, OIIPEIEIISIO-
IIIAX TOMPABKY BTOPOTO Mmopsaka B dbyHKmuu ['puna:

)

(13.14)

kD
O
O

O -
)

A

Hakowner Bepaemcs k Teopeme Buka u magum ee 10Ka3aTeIbCTBO
B IPUMEHEHNHU K «MaKPOCKONUYECKOMY Tpeseiry» (T. e. mpu V — 0o
WM, 9TO TO XK€ IPYU 33JaHHOM IUIOTHOCTH cucreMsl, mpu N — 00),
KOTOPBIN TOJIBKO ¥ CYIIECTBEH B CTATUCTUYECKUX MPUMEHEHUSX.

PaccMmoTprM, Hampumep, cpejaHee OT IIPOU3BEIEHUS YETHIPEX
1)-01IepaToOpoOB THUIA

= = == 1 PP PPN
(W01 PP Udy) = v Z (@p,ap,at,ay) exp(...)  (13.15)
P1...pP4

(1-omeparops! npesacTasseHsl B Bue (9.3); OueBUAHBIE, HO TPOMO3-
KM€ TOKA3aTeJU SKCIIOHEHT He BBIMUCHIBaeM). B aToit cymme oriny-
HBI OT HyJIS JIAIIb 9JIEHBI, B KOTOPBIX COAEPXKUTCSA MO OJUHAKOBOMY
YHCITy ONEPATOPOB Gp W Gp C OJMHAKOBBIMH 3HAYCHUAME WMITYJIb-
coB. Cpeliu HUX €CThb YJICHBI, B KOTOPBIX UMITYJIbCHI PABHBI TOMAPHO,
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HAIPUMEDP, P1 = P4 U P2 = P3. ITU YWIEHBI OTBEYAIOT MOMAPHON
CBEPTKE

ARVAR AR AN
201702 03% 04

U BBIDaXKaIOTCA CyMMOfI BHIOA

1 ~ A\ A At
W Z <aP1ap1><a'p2ap2> exp(. . )
P1,P2
B mpenene V. — oo cymmumpoBaHme IO pP1 ¥ P2 3aMEHSIIOTCH HHTE-
rpuposanmem 10 V2d3p1d3py/(2m)8, obbem V cokpamraerca m 3TO

BBIParKEHNUE OCTaeTCs KOHeYHbIM. B cymme (13.15) omyinunsl oT HyJis
TAKXKe U WIEHBL C P1 = P2 = P3 = P4; ITHU WIEHBI 00Pa3yIOT CyMMY
BUJA

1

v?
P

(@papasay) exp(...);
HO TI0CJIE TIEPEXO/A B HEll K MHTErPUPOBAHUIO OJUH MHOXKUTEND 1/V
ocTaeTcs, U B mpeaesie V — 0o BbhIparkeHue 00paIaeTcs B HYyJIb.
fcHo, 4TO 3TOT pe3yJsIbTAT MMeeT OOIMuil XapakTep: B Ipeaeie
V — 0o B cpenHeM 3HaYeHWH OT IPOU3BEIEHUS )-OIEPATOPOB HE
00paIaroTCs B HYJIb JIUIIb PE3YJIbTATHI IOMAPHBIX CBEPTOK.
OTMernM, 9TO B M3JI0KEHHOM JIOKA3ATEJHbCTBE IO CYIIECTBY HE
HCIIOIb30BAJIOCH, UTO YCPEIHEHNUE MPOU3BOIUTCA MMEHHO TI0 OCHOB-
HOMY COCTOSIHWIO, W TIOSTOMY OHO OCTA€TCS CIIPABEJIMBBIM W TIPH
YCPEJIHEHUH 110 JIOO0MY KBAHTOBOMY COCTOSIHUIO CHCTEMBI ).

§ 14. CobcTBeHHO-3HEpreTHICCKas (DYHKIAS

ChopmynupoBaHHBIE B TPEABIAYIEM maparpade MpaBujia aua-
TPAMMHONW TEXHMKM 00JIaJal0T BasKHBIM CBOMCTBOM: 0O0Omnit Ko3d-
durmenT B AuarpaMMe He 3aBUCUT OT ee MOpsaka. B cuiy aToro
CBOWCTBa KaxKjad «DUTypay Ha AMarpaMMe MMeEeT OIpPeIeJIeHHbIN
AHAJUTUYECKUN CMBIC] HE3aBUCUMO OT TOTO, B KAKYIO AUATDAMMY

1Y Ho ecitur ycpeHeHue MPOU3BOIUTCS MO OCHOBHOMY COCTOSIHHIO, TO TEOPEMa
Buka cmpaBemyiuBa He TOJBKO B MakpockomudeckoMm mpegnesie. CoorBeTcTBYyIO-
mee JOKa3aTeIbCTBO TEOPEMBI B CTATUCTUKE COBIALAET C €€ JOKA3ATEJIHCTBOM B
KBaHTOBOH ajtekrpopunamuke (cm. [V, §77). EquHcTBEeHHOE OT/IHYME MEX Ly 9TH-
MK C.Hy‘IaHMI/I — paBHbIe OCHOBHBIEC COCTOSAHHUA: B BaKyyMe JaCTHUIbI OTCyTCTByIOT,
a B uAeaJIbHOM ra3e 3amoJHAI0T dpepMmu-cdepy ¢ pamguycom pr. s onepaTopos
a:,' , Gp POXKACHUS U YHUYUTOXNKEHUS JaCTHUI] C P > PF ITO OTJIUIHE BOOOIIE HECY-
LIECTBEHHO ¥ JOKA3ATEJIbCTBO NEPEHOCUTCH OyKBaJIbHO. JIjisi OmepaTopoB ke ¢
p < pr HAJO IPeJBApUTEIbHO MepeoGo3HAHTD dp = bp, Gp = b}, T. e. mepeiitn

OT 4YacTHl] K ALIPKAM, KOTOPBIE B OCHOBHOM COCTOSIHUU BHYTPHU (bepMu-chepnt
OTCYTCTBYIOT.
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OHA BXOJUT, TAK YTO €€ MOXKHO BBIYUC/IATH HE3ABUCHMO, 3apaHEe.
MaJio Toro, MOXKHO 3apaHee BBIUUCIUTH CYMMY HEKOTODBIX GUryp,
MMEIOIIUX OIPEJEJCHHOE YHCJIO KOHI[OB, W 3aT€M BCTABUTH ITOT
«6i0K» B GoJIEE CIOXKHBIE AUAPAMMBL. DTO — OJHO U3 BaXKHEHUIINX
MPEUMYIIECTB TUATPAMMHON TEXHUKH.

OnavM m3 Takux «OJIOKOB», WMMEIOIIMUX TAK¥Ke U CYIECTBEHHOE
CaMOCTOATEJILHOE 3HAYUCHNE, SBJISCTCS TaK HA3bIBAEMas COOCMEeHHO-
anepeemuseckan Pynwkyus'). UToOBl HpUHTH K ITOMY IOHSATHIO,
PacCMOTPHUM BCe Juarpammbl Juis GyHKuuu ['prHa, KOTOpbIe HEJIb3sT
pa3/Ie/IuTh Ha J[BE YaCTH, COCAMHECHHBIE JIUIIb OJHOMN CIUIOIIHON JIn-
Hueil. K TakOBBIM OTHOCSTCS, HAmpuUMep, 00e IuarpamMmbl IIEPBOTO
nopsizika Teopun Bo3mymienuii (13.13) u quarpamMmer (13.140,*6? BTO-
poro mopsizka. Bce 9Tu amarpaMMbl IOCTPOEHBI OJHOTUIHO: TIO O~

HOMY MHOXKUTEJIIO iGgg 10 KOHIIAM ¥ HEKOTOpasi BHYTPEHHSAS YaCTh
(byukuus or P), KOTOPYIO 1 HA3BIBAIOT COOCTBEHHO-IHEPTIETHICCKOI
dyukmuei. Cymmy BceX BO3MOXKHBIX TAKUX 4acTel HA3BIBAIOT TOY-
HOI MJIM TIOJTHOM COOCTBEHHO-9HEPIeTUYECKOH (hyHKITeH WiIu Macco-
8bLM ONEPAMOpom; 0603HAUMM ee depes —iXqg(P).

Bce nqmarpaMmbl cOGCTBEHHO-3HEPTETHIECKOTO THUIIA JAi0T B IPH-
HOBCKYIO (DYHKIIMIO BKJIaJl, PABHBII

iG\)(P)[~iSs, (P)liG\} (P) = iGO) (P)S(P)GO(P)sag, (14.1)
TJIe TIOMUMO Ggg = G(O)daﬂ HAIINCAHO TAKXKEe U
Yap(P) = dapX(P). (14.2)

[Monuas xe dynkuus ['puna (n306parkaeMasi rpadudecKu KUPHOH
CIIOIIHOM JIMHUEH) JaeTcs CyMMON GECKOHEYHOTO DA

=t O+ OO (143)
IJIe KPY2KKH U300parKaroT TOYHBIE COOCTBEHHO-9HEPreTnIecKne (HhyHK-
i (—iXqg). Kaxaprii qien 91oro psga (Ha9MHAS C TPETHETO) IPEJi-
craBJisteT cobO COBOKYITHOCTD JUArpaMM, KOTOPBIE MOTYT ObITh Pac-
CEYeHBI HA JIBE, TPH U T. J. YaCTH, COEJUHEHHBIE MEK Ly COOO OmHOM
CILIOIIHOW JIMHUEH.

Ecnu or Bcex wienoB pana (14.3), HaumHAas CO BTOPOrO, <«OT-
Ceuby OAUH KPYXKOK C IPUCOCIMHEHHO K HEMy CIpaBa JIMHUEH,
TO OCTABIIUICS Psifi OyJET CHOBA COBHAAATH C IIOJHBIM PSAZOM. DTO
3HAYUT, 4TO

— =+t - (14.4)

1) Cp. aHajIorM4HOE ONpe/e/eHre B KBAHTOBOH IEKTPOIMHAMHUKE, I/IE TAKAs
dyHKIUs Ha3BIBAJACh KOMIIAKTHOM cobcTBenHO-9HepreTuyeckoit (IV, §103,105).
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B anammrunueckom BUJE€ 3TO PaBE€HCTBO 3alIMCBIBACTCA KaK

¢=G694+agxzc0 (14.5)
win, pasaesus na GO G:
L __1 __yp. (14.6)

G(P)  GO(P)

OtrMmeTnM, 94TO 3HAK MHUMOMN JacTH Y COBIAIAET O 3HaKoM Im G
u, coryiacHo (8.14),

signIm ¥(w, p) = —sign w. (14.7)

Sro creayer u3 (14.6) ¢ yuerom Toro, uro 3uax Im G~! mporusomo-

snoxen 3raky Im G, a cormacro (9.7), Im G(O-1 = 0.

Taxum o6pasom, Beraucsenne G CBOAUTCS K BBIYUCIECHUIO X, TPe-
OyroleMy pacCMOTPEHHsI MEHBINEr0 YUC/a, AUArpaMM. IJTO UHCIIO
errfe 60Jiee YMEHBIIAETCH B CBSA3U C TEM, UTO YaCTh OCTABIIUXCS A~
rpaMM Cpa3y CyMMHUPYETCs K OYeHb ITPOCTOMY BBIPAYKEHUIO.

VIMmeHHO BBIIEINM U3 BCEM COBOKYITHOCTH AUATPAMM, OIIPEIeIdio-
mux Y (Opu TAapHOM B3aMMOAEHCTBUM MEXKy YACTHIAMH), TE,
KOTOPBIE TIPEACTABISIOT CO00H Pa3/IMYHbIE «OTPOCTKHY, MIPUCOEIH-
HEHHBbIE K KOHIIEBBIM JIMHUSIM OJHOW IITPUXOBOM JIMHUW: UX CYMMY
obo3HauMM 4depe3 Y,. Bce Takme amarpaMMbl COOEPXKATCS B OIHOM
crxeaemnoti duaepamme Buma )

<— =<£)h : (14.8)

OcranpHy!0 2xKe 9acTh X 0003HaunM 4depes3 Xp. Tak, cpean auarpamMmm
MEPBOTO W BTOPOTO TOPSIIKOB K TIEPBOM KATETOPUU OTHOCATCS

CIIeAYIOIITE:
Vi s
<_<_ - ! + O . (149
6

1) Kaxk u B kBaHTOBOI TE€OPpUU II0JId, CKEJIETHBIMU HA3bIBAIOT AUarpaMmbl, CO-
CTaBJICHHBIC U3 2KHUPHBIX JIUHUN " 6.HOKOB; KaxKad TaKad AuarpamMMa IJKBUBa-
JIEHTHA Ol'[pe,E[eJIeHHOﬁ COBOKYITHOCTH OECKOHEYHOI'0 4YHCIa OOBIYHBIX AauarpaMm
Pa3/INYIHBIX IOPAOKOB.
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a KO BTOPOIii:

a 7 8
=
+ - .;;;"u + ——t . (1410)

ZKupuoit nerne ma guarpamme (14.8) orBewaer TOUHAS IJIOT-
HOCTB cucTeMsl 1 () (MoZOOHO TOMY, KaK TOHKOII IeTiie Ha Auarpam-

e (13.13a) orBeuaer mioTHOCTH Haeaxbroro raza n) (u)). Iosromy
u3 onpenenenns (14.8) cienyer, uro

—iXq = —in(u)U(0). (14.11)
Takum obpazom,
Y=n(p)U0)+ %, (14.12)

TAK 9TO 0COOOTO BBIYUC/IECHUS TPEOYIOT JIAMIb JTUATPAMMBI, BXOJIs-
mye B 2p.
BakoH Jucrepcun KBa3UYacTHI] OLpeesisercs ypapHerueM (8.16).

Bripasus B Hem G uepes X, coracuo (14.6), u Baas GO us (9.7),
HOJIyYUM 3TO yPaBHCHHE B BHUJIE

1 p?
= — £ =Y%(e- . 14.1

Ha rpanune ¢pepmu-cdeps! pu p = pp IHEPTUsS KBA3SUIACTHUIIHI COB-
magaer ¢ p. OTcoona BUIHO, UTO

2
p—2(0, pr) = ;’_:1. (14.14)

B pesysbraTe ypaBHeHWEe 3aKOHA MUCIEPCUM MPUHUMAET (IpU 3HA-
YeHUAX p BOIM3U pp) BUL,

e(p) —u= %(P —pr)+ (e — p, pr) — X(0, pr).  (14.15)

Iloguepkuem, 4TO 37€Ch PF — TOYHOE 3HAYEHWE I'PAHUYHOTO HM-
MyJIbCa JJIs CUCTEMBI B3auMmoeicTByoommux gactuil. CooTHOIEHIEM

p% /372 = n oHO CBA3aHO ¢ TOWHO TUIOTHOCTBIO N([4), & HE C TpH-
6mmxennoit n(0, kak B (13.5).
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§15. JIByxuactuuHag ¢yskmnud I'puaa

K apyrum BaKHBIM TOHSATHSIM JAATPAMMHON TEXHUKYW MBI MPHU-
JIEM, PACCMOTPEB YCPETHEHHOE IO OCHOBHOMY COCTOSTHUIO 1-Trpom3-
BEJIEHUE YEeTHIPEX Iel3eHOeProBCKUX 1)-0IepaTopos ! ):

Ksa 12 = (TU30, 91 0F). (15.1)
A1y dyHKIMO HA3BIBAIOT deyruacmuyunol dynryued I'puna (B oT-

suane or byukuuu 'puna (7.9), HasbIBaeMO B 9TOH CBSA3U OTHO-

YaCTUYIHOM).

J1st mpuMeHeHus TeOpUM BO3MYIIECHUT ¥ IIOCTPOCHUS AUATPAMM-
HO¥ TEXHUKY HaJI0 CHOBA NEPETH K 1)-0omepaTopaM B IIPEICTABJICHUN
B3anmoneticTeus. Kax n B ciyuae dynknun G, 3T0 IPHBEJET K TI0-

SIBJICHUIO MHOXKHUTEJIS S 10 3HAKOM T -TIpOU3BEIeHUS:

1 ~ ~ ~ -~
Ksa,12 = E(T‘I’OP,‘I’M\I/SE‘I’&S). (15.2)

B mysnieBom npubiauzkenuu (T. €. mpu S=1) 9T0 BbIparXkeHue pacmaia-
eTCs Ha CYMMY IIPOU3BEIEHUN IBYX CBEPTOK, BHIPAXKAIOIIUXCA UEPE3
GO-ymww: o) 0 00

K34, 12 = G317 Gyy — Gy Gy (15.3)

JlasipHelimiee 0OCy2K1€HUE CBOMCTB ONPENEJEHHON TaKuM 00pa-
30M JIByXYacTu4HON (pyHKIMU ['prHa OyaeM IPOBOAUTH B UMITYJIHC-
HOM IIPEICTABJICHUM.

s ompOponHO#l cucTembl dyHKIusA K3y 12 3aBUCHT daKTUde-
CKH JIUIb OT TPEX HE3aBUCUMBIX PA3HOCTEH apryMEeHTOB, HAIPUMED,
ot X3 — X3, X4 — X9, X1 — Xo. B uMmnysnncHOM IpeaCcTaBICHUN ITO
CBOMCTBO BBIPAYKAETCH TEM, 9TO KOMIOHEHTa pazjoxkenus Pypre mo
BCEM TEPEMEHHBIM X1, ..., X4 COAEPKUT §-PYHKITUIO:

K34 12exp{i(PsX3 + Py X4 — P1X1 — P, Xo)}d* Xy ... d* Xy =
= 2m)*6W(P; + Py — Pi — P3)Kys 0p(Ps, Pa; P1, P2). (15.4)
B 3tom Jierko ybeanThCs, 3aMEeTUB, UTO
P3X3+ PyXy — P X1 — PX5 =
= P3(X3—X2)+Py(X4—X2)—P1(X1—X2)—Xo(P1+Py—P3—Py),

1) MsI cHOBa HpUMEHSIEM YIPOINEHHbIE OOO3HAYEHMWsI, TOe UHIEKCHI 1, 2, ...
0603HAYAIOT COBOKYNHOCTH 4-KOODAMHAT W CHMHOBOrO mHAekca Xia, Xaf, ...
(cp. npumeuanue Ha c. 69). B nonsol 3anucu

K34, 12 = Ky, 08(Xs, Xa; X1, X2)
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u mepeling K wmHTerpmpoBaHmio 1m0 X3—Xy4, Xq4—Xo, X1—Xo, Xo.
OtmMmernM, KecTaTh, 9TO (GOPMYITy 06paTHOTO (byphe-mpeobpaszoBaHud
MOXKHO 3aIUCATh KAK

K34,12 =/K75,aﬂ(P3: Py; Pi, P34+Py — P1)x

d*Pid*P3d* Py
(2m)12 :
(15.5)
Omnpezenennyio Takum obpasom bysrumio Ks o5(P3, Py; Py, Ps)

MbI u Oy/ieM Ha3bIBATh AByX4acTU4HON dyHKuumei ['puHa B uMiryibc-
HOM IIPEJICTABJICHUN; €€ aPIYMEHTHI CBSI3aHbI PABEHCTBOM

P, + P, = P3+ Py.

B HYJIEBOM HpI/I6III/I}KeHI/II/I nMeeM OJjad Hee (B COOTBETCTBHUU

c (15.3))

K 5(Ps, Pi; P1, P3) =

xexp {—i[ P3(X3—X2)+Py(X4—Xo)—P1(X1—X2)| }

= (2m) S Py~ P3) G P1) G ()~ 6 PL— Py) GY Po) GNP )],
(15.6)

1. e. K cBO#uTCS K CyMMe JBYX IIPOU3BEACHUI OJHOYACTUYHBIX I'DHU-
HOBCKHX (DYHKITHUIA.

B cirerytomux npubmxeHnsix TeOPUU BO3MYIIEHUH TTOABJISIOTCS
WJIEHBI, CBOIAIIIECS K BBEIEHIIO IIOIPABOK K 3TUM OJHOYACTUIHBIM
dyuknusam. Hapsiay ¢ HuMu, 0qHAKO, BO3HUKAIOT TAKKE U IJIEHBI, HE
YKJIaIbIBatorecd B mpoundsenennst G-dyuknmit. ViMmenHo aTa gacTb
nByxdacTu4HOM (byHKiuu ['puHa mpemcTaBisgeT CaMOCTOSTENBHBIN
unTepec. g ee Boimesienus npeactasuMm K B BUzE

Kagas, aras( P3y Pa; Pr, P2)=(2m) 6 PL—P3) Gagay(P1) Gasas(P2) —
_5(4)(131 - P4)Ga3az (P2)Ga4a1 (Pl)]+

+G a3 85(P3) Gy Pa)iT 8384, 8182 P3, Pa; P1, Pa)Ggy0y(P1)Gyan(P2)-
(15.7)

Omnpenenennyo TakuMm 0b6pazom GyHKIMIO ' HA3BIBAIOT 6epusunHOl
Ppynryuet.

CoruacHo onpegenenuto (15.1), apyxgyactuunas yukus ['puna
B IIPOCTPAHCTBEHHO-BPEMEHHOM TIPE/ICTABJICHUA AHTUCAMMETPUYIHA
[0 OTHOIIEHUIO K IIEPECTAHOBKAM apIyMEHTOB (BMECTE CO CIIMHOBBI-

MU KHJEKCaMu) nepBoil u Bropoit maps: 1 u 2 uwim 3 u 4. Orciona
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CJIeyeT aHAJOTUYHOE CBOMCTBO cuMMerpum st byHkuuu ['pruna u
BEPIINHHOYN (DYHKINK B UMITYJIbCHOM NPEICTABJICHUN:

L'ys,08(P3, Py; P, Po) = —Tsy o3(Ps, P3; P1, P3) =
= —Fvg,ga(Pg, Py; Py, Pp). (15.8)

Cwmbicia BeimesteHust deTbipex G-mHOXKUTENEH B ompezeseun I
(mocneuuit unen B (15.7)) CTAaHOBUTCSH SCHBIM, €CJIU IIPOCIIEIUTH
33 XapPaKTEPOM JUATPAMM, BOZHUKAIONIUX TPU PACKPBITUY BHIPAYKE-
uud (15.2) gnsa nyxgacruanoil dyukmuu 'puna. Cienyromue Huxe
PaCCyKIeHUS CHOBA MIPEIIIOJIATAIOT IapHOEe B3aNMOIEHCTBIE MEXKIY
JaCTUTAMH.

B nynesom npubsmxenun dyHkimu K CONOCTABIAIOTCH aua-

rpaMMbl
_ P3=P _Py=P

Py=P; Ps=P;

orBeyaroniue AByM wieHaM B (15.6). B mepsom nopsigke Teopun BO3-
MYIIEHU# TOSBJISIOTCS AUATPAMMBI TUIIOB *)

TPEICTABJISONIAE CODOM TTOTPABKY K KAXKJIOMY U3 OTIEJbHBIX MHO-
skuresteii B (15.6). Kpome Hux, ofHAKO, MOSABIIAIOTCS TAKXKe JUarpaM-
MBI, He pa30MBaIOIUecs Ha JBE OTIEJbHBIE YACTH:

P3 P1
P3<—.<— ) Pye—<+—P

- +
@ Pye—<- Py P3 2P

Py P,

(15.9)

Yervipe cTpenku P, ..., Py oTBedaroT derbipeM (G-MHOXKUTEISIM B
MOCJIETHEM TJIEHE B (15.73, a «BHYTDEHHSIs» YaCTh JUATPAMM OIpe-
JeiisieT (B IIepBOM HOPsIKE) BEPIIMHHYIO (QYHKIUIO — KPYKOK B Jie-
BO#t wacTu nuarpaMmHuoro paseHcTBa (15.9). Packpeis aTu quarpam-
MBI B AHAJUTAIECKOM BHJIE, TTOYIUM

F,(ylg)’aﬁ(Pg, Py; Py, PQ) = —5a7555U(P1 — P3) + (5a5537U(P1 — P4).

1 Kak u & ciryuae ogsouacrusanoil byuxuu I'pura, muoxuresns (S) ™! B onpe-

nesiernd (15.2) IPHBOAWT K MCUYE3HOBEHUIO JUATrDAMM, COEPIKAIUX OTCOEAUHEH-
HbI€ 3aMKHVTHBIC II€TJIX CIIJIOIIIHBbIX HHHHﬁ.
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Juarpammbl 60Jiee BHICOKUX MOPSIIKOB COEPIKAT ITOIIPABKH TPEX Ka-
Teropuii: 1) nasbHeINe TONIPABKY K ABYM HE COEIMHEHHBIM MEXKLY
€000l CILJIONIHBIM JIMHUSM, 2) NONPABKH COOCTBEHHO-IHEPIETHYEC-
KOI'O THIIa K KOHIIEBBIM JIMHHSM Ha guarpammax (15.9), 3) mompas-
K", obpasymoiiue GUrypy, 3aMeHSONIy0 co00i MTPUXOBYIO JIMHUIO
Ha quarpammax (15.9); cymma BCex BOBMOXKHBIX TAKUX (DUTYD U [AeT
TOuHYIO BeprmmHHyo dyHkuuo iI'. B rpadudeckom mpeacraBiennn
AByXdacTU4HOU dyHKImm ['puHA CyMMOI CKEJIETHBIX JUATPAMM

P
Py=h Py=P, . ;1
+ + (15.10)
P,=P. P,=P.
4 2 3 2 P4 P2

KUPHBIE JINHUY U300pakatoT ToUHble (G-(DYHKITUHU, & KPYKOK YCIIOB-
HO 0003HAYAET BEPIMTUHHYO (QYHKIUIO.

Berunciienne BepmuHHON (DYHKIMY B PA3JINIHBIX MOPSIIKAX TEO-
pPUM BOSMYIIEHHUHN TOJIXKHO MPOU3BOIUTHCH IO CHOPMYIUPOBAHHBIM
B § 13 mpaBmiiam auarpaMMHOM TEXHUKHU, MPUYEM JOJIXKHBI PACCMAT-
PUBATHCS JUArPAMMBI C UYETHIPbMs BHEIIHMMH KOHIAMH (2 He
¢ aByMms, Kak npu BeramcieHun G). IIpasmio 3), ompegesnsiomiee
o0Iuii 3HAK AUATPAMMBI, JOJXKHO OBITH JOTOJHEHO CJIeIyOIINM
YKa3aHUEM: eCJIM HEMPEPBIBHBIMY MOC/IEI0BATEIbHOCTIMU CILIOTTHBIX
JimHUi cBsi3aHbl KOHIBI 1 ¢ 4 1 2 ¢ 3 (Bmecto 1 ¢ 3 u 2 ¢ 4), To 3HaK
AMarpaMMbl MEHSIETCS Ha OOpPATHBIH.

WN306pasum, mj1s mpuMepa, BCe JUATPAMMBI, ONPEIESISIONTIE BEP-
MMUHHYI0 QYHKIUIO BO BTOPOM TIOPSIKE TEOPUH BO3MYIICHMUIA:

(15.11)
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CobcrBenno-sHepreTudeckast u BepruHHag Gyskmuu (X u T)
He HEe3aBUCUMBI; OHU CBSI3aHBI JPYT C JPYTOM OIPE/IEJIEHHBIM WHTE-
IPaJIbHBIM ypaBHEHUEM (TaK HA3bIBAEMBIM ypasheruem Jaticona) ).

st ero BeIBOma Bocmosb3yeMcs ypaBrHerueM (9.5), cupaseiiu-
BbIM (KaK OBLJIO OTMEYEHO TaM JK€) U IPU ydeTe B3auMOAeHCTBUS
gacTun,. PasHuma mo CpaBHEHWIO C BBIBOJOM B §9 cocrowmt, omHa-
KO, B TOM, YTO T€IEPb 1)-0IePaTOp yAOBJIETBOPsieT ypaBHeHuO (7.8).
OmycTus B IOC/ICAHEM YJICH C BHEITHUM IIOJIEM U MOJCTABUB U3 HETO

npoussomtyio U /0t1 B (9.5), mosyunm

0 | A1 _ _ @ (x, — —
(zatl + o+ u) Gop(X1 — Xa) — 0050'Y (X1 — X2)

= i [(TE (XU (31— X)T (X5)'Xs - B (X0) T () =

= —i/K,ya,,yﬂ(Xg, X1; X3, Xo)Upzd*Xs. (15.12)

DTO PABEHCTBO PEIAET, B MPUHITAIIE, TOCTABJIEHHBIN BOIPOC, TAK KAK
K Boipaxaercs gepe3 I' corsacuo (15.7). Ocraercs jmmb nepeiTu
K WMITYJIbCHOMY TPEJICTABJICHHIO. J[JIsi 3TOr0 yMHOXKUM DaBEHCTBO

(15.12) ma exp[iP(X; — X5)] m mpomnTerpupyem 1o d*(X; — Xa),
upencrasus Ksq 32 B Buge (15.5), a Uiz B Buze (13.9). Torna unre-
rpupoBaHue Mo 4-KoopauHaTaM AaeT d-(pyHKIUU, KOTOPbIE YCTPAHS-
JOTCS MHTEIPUPOBAHUEM TI0 4-MMITyJIbCaM. B pe3yJsibrare mosyduM

[GO-H(P)G(P) — 1]6a5 =
4 4
- / Kya15(Ps, Pa; Py+Py—P, P)U(P—P4)d(1;+d)sp4 (15.13)

¢ GO(P) uz (9.7).
Teneps ocranock Beipasuth K uepes I'. Iloxcrasus (15.7) B
(15.13), nosryunmM okoHUATEJHHO ypasHeHue [laficoHa B Buge
8ag|GOH(P) — GT(P)] = bap%(P) =
4
= UO)n()0as + idas | U(P — PYG(P1) G2

-I-/F,ya,,yg(Pg, Py; P3s+ Py — P, P)G(Pg)G(P4)G(P3 + Py — P)X

+

d*Psd*Py

X U(P = Py) =

(15.14)

!YOno amanormumo ypasmenmio JlalicoHa B KBAaHTOBOM 3JICKTPOIAMHAMEKE
(cm. IV, §107).
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3mech n(p) — TOYHAS IIOTHOCTH CUCTEMBI KaK (DYHKIUS €6 XUMUYe-
CKOT'O TIOTEHIMAJIA; TOT MHOXKHUTEIb BO3HUKAET OT MHTETPUPOBAHUS
G-dyukuun no dopmylie (7.24) (upu 3TOM yUUTHIBAETCs, YTO JAH-

Has G-GyHKIMS BO3HUKJIA OT CBEPTKH, B KoTopoit UT cTomT ciepa

or ¥). OrmeruM, 9TO NEpBBIA WIEH B NPABON YaCTU ypPABHEHUS
(15.14) ectb X, (14.11).

§16. Ca3b BepIIMHHONW (QYHKIMK C aMIJIATYA0i paccesHust
KBa3WIaCTHUI]

MaremaTudeckuil anmapart, pa3BUTLIA B TPEABIIYIINX Maparpa-
dax, 1aeT BOSMOXKHOCTH CTPOro 000CHOBATH U OoJiee TiIyOOKO MOHATH
CMBICJI OCHOBHBIX COOTHOIIIEHHN Teopun (epMu-KugkocTu Jlanmay,
KOTOPBIE OBLIM BBEJIEHBI B TI. 1 10 HEKOTOPOH CTENEHN MHTYUTHBHBIM
obpazom. dromy mocssmmensl § 16 — 201).

CyImmecTByeT TecHasi CBs3b MEXKJY BEPIIUHHON (QyHKIMEH wu
aMIIUTYAO0# B3aMMHOTO paccesiHus KpagudacTui,. s Jrydriero
YACHEHUd 3TOI CBA3U PACCMOTPUM €€ CHadaJla B paMKaX UUCTO KBaH-
TOBOMEXaHUYECKOH 3aa4 O PacCedHMH ABYX YaCTHI] B BaKyyMe.

B KBaHTOBOII MeXaHWKE <«YETHIPEXXBOCTUKHM» — JHMATPAMMBI C
YeTHIPbMsI BHEITHUMU KOHIAMHU (JByMs BXONAIIMME U IBYMS BbI-
XOJSIIUMH) — OTBEYAIOT IMPOLECCY CTOJKHOBEHUS MBYX YaCTHII,
IPDM 3TOM B AHAJUTHYCCKOM BBIPA’KCHHU JIMATPAMMBI €€ BHEIIHUM
KOHIIAM COIOCTABJIAIOTCS AMIUIATYAbI BOJHOBBIX (yHKumit (Twioc-
Kux BOJH) cBobomubix uactur (cm. IV,§106). Ilpocaenum, xaxum
00pa3oM Takue JuarpaMMbl Pa3JUYHBIX TOPSJIKOB JE€ACTBUTEIHHO
JTAIOT TIOCJIEJOBATE/BHBIE YJIEHBI OOBIMHOTO HEPEIATHBUCTCKOTO GOD-
HOBCKOT'O DA3JIOKEHUSI AMILJIATYIbI PACCESTHUS .

[Ipexne Bcero B ciryyae BaKyyMa OOJIBINIOE YUCJIO AUATPAMM BO-
0b1r1e obpalaercsi B HyJib. DTO MPOIIE BCETO MOHATH B KOOPAUHATHOM
TPECTABJIEHNY, 3aMETUB, 9TO B BaKyyMe DaBHBI HYJIIO BCE CBEPT-
ku Buga (UTW), B KOTOPBIX OMEPATOpP YHUYTOXKEHUS CTOUT CIPABA
" JEACTBYeT Ha BaKyyMHOE COCTOSIHWE TEPBBIM, OCTAIOTCS TOJBKO
ceeptku Buga (WWT). TlosTomy obpamaioTcss B HyJb BCE JUATDAM-
MBI C 3aMKHYTBIMU TIETJISIMU CIJIONIHBIX JJUHUN — OHUM BCETIa COIEP-
xkar cBepTky Buaa (U1 W), Tlo Toit e NpUYUHE DABHBI HYJIO BCE
OTIPABKM K T'PUHOBCKOM (DYHKITUH, T. €. K BHYTPEHHUM CILIOIIHBIM

1) Conepsxanue §16-18 mpumamexur JI. J. Janday (1958), a comepxanue
§19, 20 — JI. JI. Jlanday u JI. II. ITumaesckomy (1959).
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JmHUsAM guarpamm '). Hakosemn, paBHBI HyJIIO JMArpaMMbl C Iepe-
KPEIIUBAIONIUMUCS IITPUXOBBIMU JIMHUAMHU; TaK, B JuarpaMme

1 2

2 1
(3mech mudpsl 1 u 2 03HAUAOT APTyMEHTHI ] U tz) apu to > 6

BepXHell BHyTpeHHe# jiuHum oTBedaer ceeprka (¥4 U1) = 0, a ecym

ta < t1, To cBepTka (VU] Ws) = 0 oTBewaeT HuKHeil JTHHUM.
Taxum 006pa3oM, I JBYX 9aCTHI, B BAKyyMe OCTAIOTCSA TOJBKO
cIleAyIomye AUarpaMMbl, 0Opa3yIoIue, KaK TOBOPAT, «JIECTHUYIHBIN

psny:
-
P P
Pre—e— P, ——— —————
UL 4 4 4Be). (161)
P4 -—l— P2 —l—— ———l—i—
BuyTpeHHUM CILIOIIHBIM JINHASAM B HUX OTBEYAIOT BAKyyMHBIE (PYHK-
muu ['puna

p’ -
wm@m=[—%+@ (16.2)
(dopmyna (9.7) ¢ u = 0). ObpaTum BHEUMaHHE Ha TO, 4TO (BBH-
JIy OTCYTCTBHs CJIaraeMoro 4 B 3HAMEHATeJIe) MOMIOC 9Toi hyHKImu
BCET/la HAXOAUTCS B OIPEIEICHHON (HMXKHEH) MOJYIUIOCKOCTH KOM-
tekcHOro w. ObpaleHne B HyJIb IEPEUNCIEHHBIX BbIIIE AUATPAMM
BOBHUKAET, C MATEMATUIECKON TOYKH 3PEHUS], MMEHHO BCJIEICTBUE
PAaCIOJIOXKEHNS BCEX IMOJIIOCOB IOJBIHTErPAIBHBIX BHIPAXKEHUI B OfI-
HOIi IOJIY IIJIOCKOCTY; OOPAIeHre NHTErPAJIOB B HYJIb CTAHOBHUTCH Ode-
BUAHBIM [pU 3aMbIKAHUM IIyTH HMHTEIPUPOBAHUS B APYroii
HOJIY IJIOCKOCTH.

Jlectaumynbnit psig (16.1) MOXKHO IPOCYMMUPOBATh, CBEIS €0 K
MHTErPAJbHOMY YPaBHEHHIO (Cp. HUXKE CyMMHUDPOBAHUE aHAJOIMIHO-
ro pspa (17.3)). Ecn cragasa omycTuTh A@arpaMMbl C LEPECTaB-
JICHHBIMY KOHIIAMU 3 ¥ 4, 9TO ypaBHEHUE OKAXKETCs IKBUBAJICHTHBIM

) MlcuesnoBenue Bcex MOMPABOK K TPHHOBCKOM (DYHKITUH B BAKYYME BBIDAXKa-
et coboif mpocTo TOT (paKT, YTO OZHON YACTHUIE HE C YEM B3aAMMOIEHCTBOBATH.
HanomuuMm B 9T0I CBSI3H, 9YTO CyIIEeCTBOBaHHE BAKyyMHBIX IOMPABOK K (DyHKIMH
T'puna 9acTHUIBI B PEIATUBUCTCKON TEOPUM CBA3aHO C BO3MOXKHOCTBIO TOSIBJICHUS
B HpOMe)KyTO'{HbIX COCTOAHUAX BI/IpTya.HbeIX SJIeKTpOHHbIX r[ap nu d)OTOHOB.
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ypaBuenuio Illpegunrepa njsi nByx dactur 6€3 ydera WX TOXKIeE-
CTBEHHOCTH, 3alUCAHHOMY B HMIIYJbCHOM IIPEJCTABJICHUN (ypaBHe-
uue (130.9) (cm. IIT)). CoorBercrBenHo, Bepumuuas GyHKms I BbI-
pasuTcs Yepe3 aMIJIUTyay paccesHus f AByX dacTui (POpMYJIOi

4
I'ys,08(P3, Py; Pi, Po) = 5a75ﬁ5£ f. (16.3)

ITpubarnenue ke nauarpaMMm C TIepeCTaBJIEHHbIMM KOHmamu 3 u 4
OPUBOAUT K AHTUCUMMETDPHU3AIUU AMIIUTYIbI, KAK 9TO U JOJIZKHO
OBITH AJ11 (pepMUOHOB. B mepBOoM mpubJim>KeHUU TEOpUU BO3MYIIE-
HUI OCTAIOTCH JIUIIB epBast quarpamma (16.1) u quarpamma c mepe-

CTABJICHHBIME KOHIaMH, B KoTopbie G(®%) poobme me Bxomut. s
aMILIUTYAbl PACCESTHUS TOTJA MOJIy4UTCH OObruHast (popmysia mep-
Boro 6opHOBCKOrO mpubsimxkenus. 1lociemyomniue tuarpaMMbl TOCTE
MPOBEIEHNS WHTETPUPOBAHUS 110 MPOMEXKYTOUYHBIM 9aCTOTAM, JAIOT
M3BECTHBIE BBIPAXKEHUS IS TOMPABOK K aMILIUTYAE B CJIEIAYIONTUX
OOPHOBCKUX MPUOIMKEHUSIX.

B depmu-xuakocTu B3amMoAeiiCTBUE CTAJKUBAIOMINXCH YACTHUIL
C YACTHUIIAMU CPEJbl MPUBOAUT K WX 3(PHEKTUBHON 3aMeHE KBa3W-
gacTuramMu. Bce CBA3aHHBIE C ITHM B3aUMOJECHCTBHEM TMOMPABKA
K BHYTDEHHHUM JIUHUSM JUArPDaMMbl aBTOMATHYECKU YUUTHIBAIOT-
cs onpenenenneMm ¢yukuuu I'. JlomosmHUTEILHOTO yueTa TPEOYIOT,
OJTHAKO, TOMPABKU K BHENIHUM JIMHUSM. B KBAaHTOBO# Teopuu MOJIs
ITOKA3bIBAETCS, YTO YK€ B CHJIy OOIMMX TPeOOBaHUN YHUTAPHOCTH
MAaTPUIBI PACCESHUSI TU MONPABKY IPUBOAAT K IOSBJIEHUIO B aM-

IJIATYJe PACCESHMs 10 MHOXKUTENIO \/Z Ha KaxKIblil CBOGOIHBIIL
KOHeIl, Te Z — MePeHOPMHUPOBOYHAsS MOCTOsSHHAA GyHKIM [ prna
(cm. IV,§110); mus quarpaMM ¢ 9eTHIPHMs KOHIIAMH 9TO O3HAYAET
yMHOMKeHUe Ha Z2. XOTs U3JI0KEHHBI TaM BBIBOJ CIIPABEIJINB U IS
KBa3sWYACTUIl B (PEPMU-KUIKOCTH, TOACHUM 3JECH MMPOUCXOKICHUE
9TOr0 MHOXKUTEJIS TAKIKE W C HOMOLIBI0 Goslee IPOCTHIX (XOTS U He
CTPOTHX) PACCyKACHMUI.

Jlesio B TOM, 9TO IPUHOBCKAs DYHKINS KUIKOCTH BOJIM3U CBOETO
nosoca (nepseiit 4ien B (10.2)) oramyaercs oT TPUHOBCKOM (DyHK-
MY WAEAJBHOTO Tra3a TOJIBKO MHOXKHTesneM Z. Ecnm Beectn Bme-
cro U u Ut omeparopst U = U/VZ, Ut = Ut /\/Z, 1o cocras-
JIEHHasI U3 HUX TPUHOBCKAs (PYHKIUS GKB = G/Z 6yner Bbiryis-
JIeTh BOJIM3M TIOJIFOCA B TOYHOCTH KaK JIJIs MIEAJIBLHOTO ra3a. B sTom
CMBICJIE 3TH OIEPATOPhI MOXKHO PACCMATPUBATH KaK -OMEPATOPHI
HIeaabLHOTO Ta3a KBaszuuactuil. OnperesieHHas 0 HUM JBYXYaCTHY-
nas byskuus I'puna 6ymer K. = K/Z%, u, ciemoparensuo (co-
riacHo onpenesenuio (15.7)), Bepmmanas wacth [y = ['Z2, uTo u
TpeboBaJIOCh.



88 TPUHOBCKUE ®YHKIIUU ®EPMU-CUCTEMBI ITPU T = 0 TJI. 11

B npumenernn K KBa3W9aCTHIIAM TIPEICTAB/ISET UHTEPEC HE CTOJIb-
KO CEUeHUe PACCesiHUsl, CKOJBKO YUCIO CTONKHOBeHu# (B 1 ¢ B 1 fove
KUAKOCTH). JlJjis CTOJNKHOBEHUH C 3aJaHHBIM M3MEHEHMEM UMILYJIb-
COB U IIPOEKIWI CIIMHOB 9acTuIl (P1¢, P28 — P37y, P40) TAKOE YUCIIO
nmaetcst popMyJIoit
2
AW = 27| 2T, ap(Ps, Pi; Pi, Po)| 8(es + 24— &1 — £2)
3 3 3
X s (1= 1y )(1 = p,) LS, (16.4)
npudeM p1 +Pp2 = P3+ P4, & Np — dyHKINS pacipee/ieHus] KBa3u-
gacTun. MHOXKUTEIN Np, U Np, BHIPAXKAIOT 060 MPOCTO TOT (axr,
YTO YUCJIO CTOJIKHOBEHWH KBA3WYACTHUI C 38JAHHBIMU HAYAJbHBIMU
UMITYJIbCAME ¥ (IIPOEKIUAMU CIIUHOB) IPOHOPIMOHAIBHO YUCIAM Ta-
KAX KBa3W4acTul B exunuie obobema. Muoxwuremn ke (1 — np,)
u (1—np,) CBA3AHBI C TEM, YTO, COIVIACHO HpHHIMITY Ilayim, cTojaKHO-
BEHHE MOXKET TIPOM30MTH, TOJBKO €CIM KOHEYHBIE COCTOSTHUS
CBOOOIHBI.

§17. BepmuaHas ¢GyHKOUS OPU MAJIBIX MEPEIAYAX UMITYJIHCA

BaxxHyio poas B Teopuu (HepMU-KUIKOCTU UTPAET BEPITHHHAS
dyHKIUS Tpu OJM3KUX 3HAYEHWAX AP mepeMeHHbIX Py, P3 u Ps,
Py (MBI yBEAMM, B 9aCTHOCTH, YTO OHA TECHO CBfA3aHA C QyHKIHEH

B3aMMozelcTBus KBasu4dacTul). Vimes B Bumy cBsi3b
Py + Py = P3 + Py,

nonoxxum P3 = Py + K, P, = P, — K u BBezeM yIpoIeHHoe 000-
3HAUYCHUE

Lysa(PL+ K, P, — K; P, P)) =T15q3(K; P1, Py); (17.1)

MBI Oy/IeM PacCMaTPUBATH 3Ty (DYHKIUIO IPYU MAJIbIX 3HAaUYeHusX K.
B TepMmumHax mporeccoB paccesiHWs KBa3WYACTHUI[ ITO 3HAYUT, UTO
PaccMaTpPUBAIOTCA CTOJIKHOBEHUS C MaJioil mepenadeit 4-mMmIysnbca,
OJIM3KME K «PACCESTHUIO BIIEPEII».

IIpu K = 0 dyukuua I' umeer, kKaK MbI YBUIUM, OCOOEHHOCTB;
Hac OyIeT MHTEpecOoBaTh UMEHHO T4 YaCTh (DYHKIUH, B KOTOPOH 3a-
KJIFOYEHA 3Ta OCOOEHHOCTDH. [IpomcxoKieHmMe IOC/IeIHEeH JIETKO IIO-
HSTh U3 PACCMOTPEHUS CKEJIETHOH IUarpaMMBbl

P+ P2
(17.2)

r+k 9 pP-K
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3aKJI04aomieil B cebst Ty COBOKYIHOCTb JUATPAMM JBYXYaCTUIHON
dbyukimn ['puHa, KOTOpbIe MOTYT OBITH PACCeYEHBI MEXKIAY MTapaMu
koH1OB P;, P3 u Py, P, Ha aBe 9acTH, COEAUHEHHBIE MEXIY CODOM
JBYMsl CILIOIIHBIMHY JInHUAMEA *). JIByM COEQMHUTEILHBIM YKUPHBIM
JIMHUSIM OTBEYAIOT TOYHBIE OJHOYACTUYHBIE I'DUHOBCKUE (DYHKIUU
G(Q) n G(Q + K), npudem no 4-ummysscy () B auarpaMme Ipo-
n3BoguTcs mHTerpupoBanue. Ilpy K — (0 aprymMeHTBI 3THX ABYX
byHKIWMA COMMAKAIOTCA, 8 TOTOMY COMMKAIOTCA W UX TOIockl. Cou-
ZKAIOIIMECS TIOTIOCHI MOTYT «3aXKaTby MEXKJY cOOON MyTh MHTETDPHU-
poBaHUs (CM. HUKE), UTO U SABJISIETCH UCTOYHUKOM BO3HUKHOBEHUSI
ocobernocTu B pyHKImMHU I

s Bbraucsienusi ToyHo#t ¢yukiuum ' HamO TpPOCyMMHUPOBATH
BECh psifi Teopun Bo3MyIrenuii. [l0ckoIbKy HaIlna 11eJib COCTOUT B BbI-
JejieHun Yactu, umeromnieii ocobennocts npu K = 0, HaI0 mpexe
BCEr0 OTJEJIUTH BKJAJ OT BCEX JAUArPAMM, KOTODbIE HE MOTYT OBITH
pacCeveHbl MO MapaM CILIOIIHBIX JIMHUM ¢ 6JIM3KUMY (OTIMYAIOIIAMY-
cq Ha K) 3HauenusMu 4-umnysisca. dry gacts dyukuuu I, He nmero-
muryio ocobennoctu npu K = 0, obosnauum mnocpeactsom ['; B Hei
MOoxkHO mosiokuTh K = 0, tak uro I' Oymer yHKIHMel jummh mepe-
MenHBIX Py, Py : I'y5 o5(P1, P2). YT0 Ke KacaeTcs «ONACHBIX» JIHa-
rPaMM, TO UX MOXKHO KJIACCUMUIIUPOBATH 0 YUCIY COIEPIKAIIUXCH B
HUX TIap JinHui ¢ Oyin3KuMu aprymeHtamu. TakuM o6pa3oM, moJIHAS

BEpIINHHAS YacTh ' m3006pas3uTcs CiieayIonuM OECKOHEYHBIM «JIECT-
HUIHBIM > pH,I[OM JMATPaMM:

L0 080 e .0 -

Pi+K Pr—
3jiech CBETJIOMY KDYKKy OTBeHaeT MCKOMoe il', a 3amTpuxoBanHbie

Kpy»kKku uzobpaxkaior ¢I'. BHeraue juHuu Ha STUX AUATDAMMAX HE
BXOIAT B ompejejieHne ' m cayXKar JAIIb Jjid YKA3aHUS YUCIA U
3HAYECHUN BXOMSIINX W BBIXOAAINX 4-UMITYIHCOB.

Bce BHyTpenHue simHum Ha aumarpammax (17.3) — xupHble, T. €.
UM COOTBETCTBYIOT TouHble G-yuknuu. [loguepkHeM B 9TOM CBA3M,
YTO BO3MOXKHOCTBH MPEJICTABJIECHUSA |’ B BUJE ITUX CKEJIETHBIX JIMA-
rpaMM (& TEM CaMbIM W BCE JAJIbHEHINMe CJIeJCTBUS U3 HUX) OT-
HIOZb HE MPEJATNONATACT TAPHOCTH B3AUMOJIEHCTBISA MEXKJIY JACTHUIA-
MU, TIOCKOJIbKY TIITPUXOBBIE JIMHUN 3/I€Ch B SBHOM BHJIE OTCYTCTBYIOT;
OT XapaKTepa B3aMMOIEHCTBUS B JEHCTBUTEIBHOCTH 3aBUCHUT JIIIH

1)TaK, BO BTOPOM NOPSIKE TEOPHU BO3MYyIIEHHIA (IO IMapHOMY B3aUMOZIEH-
creuo) B (17.2) Bxomgar muarpammst (15.11a,6,6) u suarpamma (15.119) ¢ nepe-
CTaBJIEHHBIMU KOHIAMU 3 u 4.
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(He MHTepecyIOmasl HAC 3/1eCh) BHYTPEHHSISI CTPYKTYPa GJIOKOB, 1300~
ParKEHHBIX KPyKKaMu ).

Banaua o cymmupoBanuu psjga (17.3) CBOAUTCS K PEIIEHUIO UHTe-
IPaJIbHOTO YPABHEHUS, JIJIs TIOJyYeHUs KOTOPOTO «YMHOXKHM» BECh

psn emie Ha omHO I, T. €. 3aMEHUM €ro PsIoM

A O

Cpasrenne ¢ ucxogubiM psgoM (17.3) mpuBoguT K PaBEHCTBY

P1 Q+K P2 P1 P2 P1 P2

f - . 17.4

ho@Bod be D - GItY
Ptk 9 PK Pi+K Po-K Pi+K Po-K

DTO AMArpaMMHOE PABEHCTBO, Oyydr 3alMCaHO B AHAJIUTHIECKOM
BHUJIE, U aeT UCKOMOE MHTEIDaJIbHOE YpaBHEHUE

Tos.06(K; P1, Po) = Tos ap(Pr, Po)—

— i [Tog anl P QG(Q + K)G(@Ti (K Q. P (175)

CoryacHo ckazaHHOMY BbIlie, B GyHKuax [ momoxkeno K =

0
WCIIO/Ib30BAHBI BBEJICHHBIE BBIIIE COKpalteHubie obo3nauenus [ u I,
a Taxxke 1osokeHo Gog = Gdgg.

151 ucciefoBaHus 9TOTO yPABHEHUS PACCMOTPHUM IIPEXK/IE€ BCETO
crosimee B ero sape npoussenerre G(Q + K)G(Q). Kak yxe 65110
O0TMedeHO, IpHU MaJIbix K mosockl 000ux MHOXKUTENEH OJIu3Ku JpyT
K apyry. Boumsu stux momocoB G-QyHKINU IPEACTABILAIOTCS II0-
srocabivMu wieHamu (10.2). O6o3nauus KoMIOHEHTHI 4 BeKTOpoB K

u (, COLIACHO
© K=k, Q=0 a), (17.6)
OUIIEM B 3TOH obJiacTu
GQ)GQ+K) ~
~ Z%(go —vr(q—pr) +i81) g0 +w —vr(la + k| — pp) +ida] 1,
(17.7)

!) Ilpeanonaraercs: umb Takoe obuiee CBOHCTBO, KAK COXPAHEHHE HUC/IA YUa-
CTHIIL. HOCJIe,Z[Hee IPOABJALAETCA B IIOCTOAHCTBE PA3HOCTU YHUC/IA .HPIHHﬁ, IPOXO-
JAIMX HAIpPaBO U HAJIEBO B KAXKJOM CEYEHHM AUArpaMMbl (PaBHON HYJIO Iis
cedeHuit mokasanHoro B (17.3) Tuma).
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rae 01, 02 — GeCKOHEYHO MaJible JO0ABKH, 3HAK KOTODPBIX (BOJM3M
TIOJIIOCOB) OLIPEIEJIAETC COITIACHO

sign 61 = sign (¢ — pr),
sign do = sign (|q + k| — pr).

3uaku §1 U Jo ONMPEIEIISIIOT PACIIONOKEHNE TIOJTIOCOB — B BEPXHEH
WJTA HUYKHEN TIOJTYTIOCKOCTAX KOMILIEKCHOM mepeMenHo# gy. Ocoben-
HOCTB B s/Ip€ UHTETrPAJILHOTO yPaBHEHUs (& C HUM U B €TI0 DEIICHUN )
BO3HUKAET B PE3yJIbTaTe 3a’KATUsI KOHTYPa HHTerpupoBanus dgg (Be-
IIECTBEHHAsS OCh) MEXKJY IIOJIOCAMH, JJI 9Ero MOCJIECTHUE JIOJIZKHBI
HAXOJUTHCS IO PA3HBIE CTOPOHBI ITOTO KOHTYPA, T. €. B PA3HBIX
MOJTY TITOCKOCTSIX.

[Ipenmnonoxum cuagaga, aro gk > 0, T. e. cos > 0, roe § — yron
mexay q u k. Torna |q+k| > ¢, u §; u 02 umeror pasymdHble 3HAKH
(61 < 0,82 > 0), ecm ¢ < pr, |q+ k| > pr, 910 BBUAY ManocTu k
9KBUBAJIEHTHO YCJIOBUAM

pr —kcosf < q < pp. (17.9)

(17.8)

[Tpu manbHeiimem unTerpupoBanuu 1mo dqy B (17.5) myTh unTE-
IPUPOBAHMS MOXKHO 3aMKHYTh GECKOHEYHO yJIAJEHHON MOJIyOKPY K-
HOCTBIO (BCE DABHO — CBEPXY WJIM CHU3Y), ¥ TOTJA MHTEIPAJI OIpe-
JIEJIATCS BBIYETOM TMOJBIHTErPAJBLHOTO BBIPAYKEHUSI B COOTBETCTBYIO-
memM nosfoce. [lpu aToM BBuay y3octu unTepBada (17.9) (npu ma-
aom k) B muoxutenax I' u I' nox 3HakoM mHTErpajia MOXKHO OyzmeT
noyiokuUTh k = 0 U COOTBETCTBEHHO [IJIsl TIOJIOKEHUS TOJIOCOB (TIpH
MaJsIbIX k, w): go = 0.

JlpyruMu cJI0BaMu, B CMBICJIE CBOEH pOJIM B siJIp€ MHTErPaJIbHO-

ro ypasrerusi (17.5) npousBeneHue mosIOCHBIX MHOXKUTENeH (17.7)
9KBUBAJIEHTHO 0-(QyHKIMSIM

Ad(q0)6(q —pr)

¢ ko3 dunmeHToM A, ONMPEIEICHHBIM KAK WHTErPAJI

A= / Z%dqgodq )
[g0 — vr(q — pr) +4d1]lgo +w — vr(|q + k| — pr) + id2]

Korga ¢ nexur Bue unTepBasa (17.9), 0b6a mosoca jiexkaT B ORHOI
MOJTY TLIOCKOCTH KOMIIJIEKCHOTO (g, ¥, 33AMKHYB TIyTh NUHTEIPUPOBAHUS
mo dqg Yepe3 APYryo MOJYTIOCKOCTD, YOEIUMCs, YTO UHTErPaJl 00-
pammaercs B HyJab. B obsactu xke (17.9), 3aMKHYB IyTh 4epe3 OIHY
U3 TOJIYIJIOCKOCTEH ¥ BBIYUC/IsAS MHTETPAJ MO BBIYETY B PACIIOJIO-
JKEHHOM B 9TOM MOJIYILIOCKOCTH TOJIIOCEe, Haligem

A _/ 2miZ%dg
w—vr(lg+k|l—q)+10
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(yureno, uro B obmnacru (17.9) 41 < 0, 62 > 0). IlockoubKy B cuiy
(17.9) g = pr > k, To moxHO nosioxkuts |q+ k| — ¢ = k cos 6, nocie
4ero (¢ yderom npezenos (17.9))

_ 2miZ%kcosf

w — kvp cosf

Jlerko moka3aTh TEM K€ CIOCOOOM, YTO TAKOE JKE€ BBIPAYKEHUE
misi A (Ho ¢ gpyrum 3makoMm y 40) mosydaercs u mpu cosf < 0

(KOrIa MHTErpUPOBaHUE JIOJKHO IPOU3BOAUTHCS 1O 00J1aCTH ¢ > PR,
|g + k| < pr). Takum obpasom, B siape ypaBuenus (17.5) umeem
_ 27miZ%1k 6(qo) 8(q — pr)

GG+ K) = +¢(Q); (17.10)

w — vrlk 440 - signw

rae vamucaso lk Bmecro k cos 0 (1 = q/q), a dyrkuus ¢ He conepRut
(mpu manbix K) §-pyHKIMOHHON 9acTd, M MOTOMY B HeEil MOXKHO
nostioxxuth K = 0.

ITogcrasus (17.10) B (17.5), mosy4rM OCHOBHOE WHTETDAJIBHOE
ypaBHEHUE B BUJE

F’y&,aﬂ(K; Pl, P2) = F’)’5,O¢B(P1, P2)_
. = d4
B Z/Fvc’a%(Pl’ Q)(p(Q)F%&Cﬂ(K; Q, P) (2713244-

o2 [a Ikd
+ #/F'yC,an(Pl, Qr)Tss,c5(K; Qr, P2) — =

(17.11)

—’l)Fl

B mocnenuem uiene moxpcrasiero diQ = ¢2 dgdo; dgy (roe do;—aie-
MEHT TEJEeCHOIO yIjla B HANpPAaBJICHUM |) M MHTErpupoBaHWEM
no_dgdqo ycrpanennt d-pymknuu. B stom wiene B dynxmuax I
u I apryment () 6epercs Ha depmu-nosepxuoctu: Qp = (0, prl).

Ob6paruMm BHUMaHUE Ha CHEIU(PUIECKUN XapPaKTEp MHOXKUTEJIS
lk/(w — vrlk) B snpe ypasuenus (17.11): ero npenes npu k — 0,
w — 0, 3aBUCHUT OT TIpefieia, K KOTOPOMY CTPEMUTCS TIPU STOM OTHO-
menne w/ k. Takum ke xapakTepoM OyeT 06/1aJaTh, CJICJOBATEIBHO,
u pemenue ypasuenus:: npegest byukuuu I'(K; P, Py) npu K — 0,
3aBUCHUT OT CIrocoba CTpeMJieHns K HYJIO w u k.

O6o3znaunm uepe3 I' (P, Py) npenen

s, 08(P1; P2) = Il{u_l)lo Lys,ap(K; P, Po) mpu k/w — 0 (17.12)
(MBI yBuuM B § 18, 4TO MMEHHO C 9TOM BEJIMYUHON CBsi3aHA (DYHKIUS

B3anMoelcTBus KBazudacTu). [Ipu takom crocobe mepexoza K mpe-
JieJIy siAPO MOCJIEHEr0 MHTerpajbHoro wiena B (17.11) obpamaercs
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B HyJIb, TakK 4TO ['¥ yI0BJIETBOPSIET YPABHEHUIO
I35 ap(P1, P2) =
~ 3 ~ d4
= F'ycs,a,B(Pla PQ) - Z/F'yg,a%(Pla Q)‘P(Q)I“;&,Cﬁ(Q; P2) _Q

(2m)*
(17.13)
OrmeruM, uro BBuay (15.8)
T%5,a8(P1s P2) = T3, go(P2, P1). (17.14)

U3 nByx ypasmenmii (17.11) u (17.13) moxuo wuckmounts I'.
Pesynbrar uckiogenus:

Lys,08(K; P1, Py) =g ap(Pr1, P2)+
1k dol

Z2p2
+ (%)I;/F?C,a%(Plv Qr)Tus,¢8(K; Qr, Pa) -

(17.15)

— VF

HeficTBuresbHo, ecin dhopmasbro 3anucars (17.13) B Buzge [=Lr,
To (17.11) 3anumercs kKax

Ir=rT+

2,2 ~
Zpr / m—% 4o,
(2m)3 w—vplk

TloncTaBus croga [=II“n MIPUMEHUB K 00€MM CTOPOHAM PaBEHCTBA
oneparop L™, momyumm (17.15).
Beenem temeps dynxmmo I'* cormacuo

s op(P1, P2) = Jim Ty5,05(K; P1, Po) npn w/k — 0. (17.16)

Nmenno 5Ta QyHKUUS, YMHOXKEHHAS Ha Z2, MPEACTABISET COOOIL
aMILUIUTyLy paccesiHusi Buepen (1. e. mepexoma Pi, Py — Py, Py),
OTBEYAIOIIYI0 PEAJbHBIM (PU3UUECKUM ITPOIECCAM, TPOUCXOIAIIAM
C KBa3WYaCTUIAMU Ha (PEPMU-TIOBEPXHOCTHU: CTOJKHOBEHUS, OCTAB-
JIAIOIMUE KBA3WYACTHUIBI HA 9TOW MOBEPXHOCTH, COIPOBOXKIAIOTCSH
M3MEHEHUEM UMITYJIbCa Oe3 M3MEHEHUs dHEPIUH, W MOTOMY TEePEXO.
K mpezesly HyseBoii mepemaum ummysibca (k — 0) momken mpo-
W3BOAUTHCS IIPU CTPOrO PaBHOI Hyso mepenade sxepruu (w = 0).
Beenennas xe Boimie pyaknus ['Y orBeuaer Hedu3mIecKoMy mpe-
JEJIBHOMY CJIy4al0 «PacCedHUd» C MaJIOW mepeladeil sHepruu Inpu
CTpPOro paBHO# Hysto nepegade uMmyibca (k = 0).
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[Mosoxwus B (17.15) w = 0, nepeding k npenesny k — 0 u yMHOXKUB
06€ CTOPOHBI PABEHCTBA HA Z 2, MOJIyYHM

Z°T%; 0p(P1, Pa) = Z°T%5 o5(P1, P2)—
2
- J#)s/ﬁr%w(ﬂ’ Qr) - 221“115,@(@% Py)do;. (17.17)

Takum ob6bpaszom, cyimecTByeT 00IIee COOTHOIIEHWE, CBA3LIBAIOIIEE
06e mpesenbHbIe (POPMBI AMILIATYIBI PACCESTHUS BIIEPES.
CgoiicrBa antucummerpuu (15.8) mua I' mator Hekoropyio uH-

dopManuio O MOBEICHUN Ik u v nmpu Py — P». Ilomoxwue B 3TOM
paBerctBe P = Py u a = 3, mosiyuum

F’y&,aa(Pl‘l‘Ka PI_K; Pl, P1)=0 (17.18)

(cymmuposanus 1o « 3aeck Her!)!). Tlepexom x T unu T'* B arom

PaBEHCTBE HAJ0 HPOU3BOLUTH C OCTOPOKHOCTHIO, TakK Kak B I'Y, T'F
cuagasia nosioxkero K = 0, a B (17.18) — cuauana Py = Ps.

[Tycts omuoBpemenuo magubl K u Py — Py = S = (sg, s). Torma
nomuMmo auarpamm (17.2) GyayT omacHBIME TaKXKe M AUArpaMMbI

P oQis+k P2

P—K Q P+K
Ilpu K, S — 0 dynxnus ['ys oo 6yIeT 3aBuceTdb, ClieJ0BATEIBLHO, OT
JIByX «OCODBIX» apIryMeHTOB:
w _ Sotw
P VT e
u (17.18) osmauaer obpaineHue 3Toi (QyHKIMU B HyJIb IPU T = Y.
Bynmem paccmarpusaTh 3HadeHHs [ Ha (bepMU-TIOBEPXHOCTH; TOTIA

w =89 = 0, Tak uTo u y = 0. [losTOMy B TaKOM Iipesiesic paBEHCTBO
(17.18) umeer mecto, TonbKO eciu u & = 0. JIpyrumu cioBamu, Ha

(bepME-TIOBEPXHOCTH OHO crpaBemBo ms ['F:

5 wo(P1, P2) =0 (17.19)

xr =

(N.D. Mermin, 1967).

1) ITpu yuere jiunrs 06MEHHOTO B3aUMOIEHCTBIS MEXK Ty CITUHAMY KBA3UYACTHII
n3 Beex ['ys, ao OTyIMUHEBL OT HyJist uiib oo, ao. DTO yTBEPXKIAECHNE BBIPAXKAET CO-
6oit HEM3MEHHOCTh BEKTODPA CIIMHA [IPH PACCEsiHUH. Ero MOKHO IPOBEPHUTH TaKKe
U HEIOCPEICTBEHHO O BhIpakeHuio Buna (2.4).
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§18. Casp BepmHHOM QYyHKIMK ¢ QYHKIHEH
B3aMMOJEWCTBASI KBA3MIACTHII

[Tomo6HO TOMy Kak B 06pa30BaHUU MATPUYIHOTO djeMeHTa (7.9),
OTIPEIEJIAIONIETO OHOYACTUYHYI0 (YHKIMIO ['prHA, ydYacTBYIOT
MPOMEXKYTOUYHBIE COCTOsTHUS ¢ yucjamu dactur N + 1, Tak u B obpa-
30BaHUM JByXdacTu4HOi dyHkimu ['puna (MaTpudHbLi 2ie-
meHT (15.1)) yuacTBy!oT mpoMmexkyrounble cocrosinust ¢ N, N £ 1,
N =+ 2 gactunamu').

BBuay nasuyust mpoMexyTOuHBbIX cocTosiHuit ¢ N £ 1 gacturei
aByxdacTuyHas yHkius ['puHa MMeEET MOJIFOCHI, COBIIAIAIOIIUE C
mositocamu pyakimu G, T. €. ¢ dHeprueit kpazmyactuibl. CoOTBET-
CTBYIOIIE MHOXKHUTEJIH, OJHAKO, BblaeseHbl B (15.7) B siBHOM Buze.
ITosTomy ompenesisiemasi 3Toit dopmysioii Beprmaaasd GyHKImus I
VMMeeT JIUIIb IOJIIOCHI, COOTBETCTBYIONME cocToguuaM ¢ N u N £ 2
qacTuraMu. MOMEHT UMIYJIBCA ITUX COCTOSHUNM OTJIUYAETCS OT MO-
MEHTa OCHOBHOTO coCTOsiHus Ha 0 mym 1, TaK 9TO OTBEYAIOIIUE STUM
HOJIIOCAM JIEMEHTAPHBIE BO30Y K qeHus uMetoT 1ebiit cius (0 uim 1)
U TIOTOMY HOTUUHSIOTC cTaTuctuke boze. Ipyrumu cioBamu, mosio-
CBI BEPIIUHHON (DYHKINY OMPEIESISIOT D03€BCKUE BETBU SHEPTETHUYE-
CKOTO CHEKTPa (PepMU-KUIKOCTH.

[Tosfockl, BOBHUKAIOIIHE OT IPOMEXKYTOYHBIX COCTOsIHUN 6e3 m3-
MEHEHUs YHUCJIA YaCTHUI], OTBEYAIOT dJIEMEHTAPHBIM BO30YXKIEHUIM,
[IPEICTABJIAIONINM KBAHTHI HYJIEBOTO 3BYKa. B auarpaMMmHONi Tex-
HUKE IMPOMEKYTOYHBIM COCTOSTHUSM OTBEYAIOT PA3JINYHBIE CEUECHUS
AMarpaMM, Pa3essioIe uX Ha JBE YaCTU MEXK/y TeMU UJIU MHBIMU
73 ee BHEIIHUX KOHIIOB. B JaHHOM CiIydae IPOMEXYTOYHBIM COCTO-
SHUSAM 0€3 M3MEHEHUs YUC/Ia YaCTUI[ OTBEYAIOT CEYCHUS JUATDAMM
(17.3) mo oxHO¥M W3 MAp CIUIONIHBIX JMHUN, COEIUHSIONUX COCEIHIE

6si0km I'; HEM3MEHHOCTH YMCJIa YACTHUI] B ITHX COCTOSTHUSX BBIPA-
KAETCH OJUHAKOBOCTBIO YMCJIA JIMHUHN, MIEPECEKAIONINX CEIEHUE B TY
u Apyryio croponsl. [leperoc 4-ummnysbca depe3 Takoe CEUeHUe eCTh
(Q+K)—Q = K; COOTBETCTBEHHO 9TOMY, 3JIEMEHTAPHBIM BO30Y K 16~
HUAM 0€3 M3MEHEHWsT YUCJIA YACTHUI, OTBEYAIOT TIOJIIOCH BEPIIUHHON
dyskmun I'(K; Py, Py) mo nepemennoit K.

Mei Buzmenu Boime (mpu BeiBoge (17.10)), 4ro U3 AByX UMITYJIb-
coB q u q+k (Bxogsmux B 4-BekTopst Q u Q+ K) ogus goiKeH ObIThH
Gosibllie, a JIPYTOM MEHbINE TPENeIbLHOr0 MMIyJbca prp. C apyroi
CTOPOHBI, TIPY BO3OYKJICHUN U3 OCHOBHOTO COCTOSTHUS BHE (DEpMU-
cepbl MOTYT OBITH TOJBKO <«YACTHUIBI», & BHYTPU HEE — TOJBKO

1) Cocrosirnst ¢ N gacTunaMu BOSHMKAIOT IIPH TAKOM, HAPHMED, MOCITICI0BA~
P
TEJIbHOCTH ONepaTopoB B T-mpou3BeeHnu, KaK \113\111'\114\112' . Cocrosinus xe ¢
PN
N + 2 yacTHIAME OTBEYAIOT TAKMM TOC/IENOBATEIbHOCTAM, Kak Wy W, Ui W)
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«IBIpDKU». B 3TOM CMBIC/IE MOXKHO CKa3aTh, YTO HYyJEBbie BO30Y-
KJIEHUA B (DEPMU-KUJKOCTH MOYKHO PACCMATPUBATD KAK CBA3AHHBIE
COCTOSIHWSI YACTUIBI U JBIPKH *).

DJieMeHTapHBIE YK€ BO30YKIACHNUS, OTBEYAIOIINE TPOMEXKYTOUHBIM
cocrosiausiM ¢ N £ 2 yacTumaMu (UM COOTBETCTBYIOT MOJIIOCHI (DyHK-
muu I'(K; P, P;) mo nepemensoit P; + P,), MOoxKHO 6b110 6BbI pac-
CMATPUBATH KAK CBSI3aHHBIE COCTOSHUS JBYX YACTHIL WU JABYX JbI-
pok. Hajuume Takux cocrosiHuUii, OfHAKO, mpuBesio Obl (Kak Oyzmer
IIOKa3aHO B IVI. V) K CBEPXTeKydecTu (hepMU-?KUAKOCTH, YTO, B CBOIO
odepeib, TpEOYET CYIIeCTBEHHOTO N3MEHEHUS BCETO MATEMATHIECKO-
TO anmaparTa IuarpaMMHON TEXHUKH.

Taxum obpazom, Ajist ompenesieHusi O03€BCKOW BETBU JHEPTETH-
YECKOTO CHEKTPA HECBEPXTEKYydel (PepMU-KUIKOCTH HAJO MCCIIEIO-
BaTh MOJMIOCHL BepmuuHON (ynkmuu ['(K; P, Py) mo mepeMeHHOM
K = (w, k). Ilpu kaxxnom 3nadenuu k mosrocy orBedaer ompeje-
JenHas sHeprugd w = w(k), 4eM u ompejessieTCs 3aKOH AUCIEPCUU
stux BO30Oyx)menuit. Jlng ciabo BO30YKIEHHBIX cOCTOosSHUN w u k
MaJIbl, TAK 9TO MOXKHO HCIOJIb30BATH YPABHEHUS, MOJyUYEHHBIE s
dyuxuu I'(K; Py, Pp) B obsacTu MaJibix 3HadeHuit K.

B6uinzu nmomoca dyukiuu I' sieBas cTopoHa u mHTErpaJ B mpa-
BOil cropoHe ypaBHeHusi (17.15) CKOMb yrOJHO BEJIMKH; UJIEH Ke
I'“(Py1, Py) ocraeTcsi KOHEYHBIM ¥ IOTOMY MOXKET OBITH OIIYIIEH.
Iasree 3aMedaeM, 4TO mepeMeHHas Po, a Takxke mHOEKCH 3 um § He
3aTPAruBaIOTCS ONEPAIUIMY, IPOU3BOAUMBIMY B ypasHenuu (17.15)
HaJ yHKIUeH ') T. e. UTparOT B HEM POJIb HECYIIECTBEHHBIX Mapa-
merpoB. Haxkonen, mbl Oymem paccmaTpuBaTh GyHKIuioo ' Ha
noBepxHocTH bepmu-cdepsl, T. e. nonoxuMm P, = (0, ppn), rne n —
MEPEMEHHBIN € UHUYIHBIN BeKTOp. VIMest BCce 3TO B BUJY, JEJIA€M BBI-
BOJI, YTO OMpEJE/ICHNE BO3OYXKIACHNN B (DEPMU-KUIKOCTH CBOIUTCS
K 33J1a9€e O COOCTBEHHBIX 3HAUYEHUAX MHTETPAJLHOTO yPABHEHUS

_ Z%p% 1k do;
X~a(n) = ﬁ/]'—‘:(,ax(nv Dxsc(1) = oplk’ (18.1)
I Xya(N) — BCOOMOTATEIbHAS (QYHKIHS.

[Ipeobpasyem 3T0 ypaBHEHHE, BBEId BMECTO X HOBYIO (DYHKIIHIO
k
 Yqa(n). (18.2)

Vva(n) - w — vrnk

1) B rakoit mocranoBKe 3a4a4a (bOPMAIHLHO HMEET MHOTO OBIIero ¢ 3amadeii o6
ONPE/ICJICHUN YPOBHEH CBA3aHHBIX COCTOSIHUIA JIGKTPOHA U TO3UTPOHA B KBaH-
ToBO# asekTpoguHamuke (cM. IV, §125). B wacrnoctu, ypasuenwue (17.4), (17.5)
aHaJsioru4uHo ypasHeHuio Bere — Cosmurepa (cm. IV, (125.10), (125.11)).
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Torpa ypasuenue (18.1) mpumer Buz
(w —vpnk)vy(n) = knp;Z)3 /F'rc,a% (n, n')v,(n')do’  (18.3)

(o6o3nauenue 1 3ameneno na n')

9TO0 ypaBHEHHE IO (bopMe B TOYHOCTHU COBIIQAET C KUHETHUUE-
ckuM ypasaerueM (4.10) mus xosebanmii dpepmu-xunkoctu. Cpas-
HeHue OOOMX YPABHEHUN NPUBOAUT K CJIEAYIOMIEMY COOTBETCTBUIO
Mex 1y (pyHKIHel B3auMoneiicTBus KBasudacTull u ¢pyukueir ['“

frs,08(pFm, prn’) = Z2I‘%,aﬂ(n, n’). (18.4)
Tem caMbIM BBISCHSETCS CBsI3b MexXKIy (yHKumeit f u cBoiicTBamm
paccesiHUs] KBa3U9aCTHIL )

Pasencrso (18.4) cBs3biBaer f ¢ aMmuuTynoit HepU3UIECKOTrO
nporecca paccesiaus. Bocmosb3yemcs temnepb dopmydoii (17.17) u
HOJIyYUM C €€ MOMOIIBIO SIBHOE COOTHOIIEHUE MexXay f u «dusude-
CKOM» aMIUINTYIOH paccesiHus BIEPeJ AJIsl KBa3U4acTul Ha epMu-
LOBEPXHOCTH, KOTOPYIO 0003HAYUM KaK

A,ﬂg, aﬂ(nl, n2) = Z2F:5, aﬂ(nl, ng). (185)
Coorromenue (17.17) Ha depMuU-TIOBEPXHOCTH NPUHUMAET BUJL
A’y&, af (nlv n2) =

2 do' 18.6
=.f'y§,aﬂ(nlan2)_(2:ﬁ/ﬁyc,a%(nlan’)Az5 cp(n’,mn2) "= (18.6)

CnunoBas 3aBUCUMOCTD DYHKINN A 1 f MOXKET OBITH BHIPAXKEHA
¢ nomortbio maTpurl [layiu o. B obmem ciydae atu dyHKIMU MO-
I'YT CONEPKATH JIFOObIE CKAJISIPHBIE KOMOWHAIIMN YETHIPEX BEKTOPOB
ni, ng, o1, o3. Ho eciin B3amMoseficTBre MeXKIy YaCTUIAME SIBJISI-
ercd OOMEHHBIM, TO JOMYCTUMBIMU CKAJISPHBIMHU MPOU3BEICHUSIMHA
SIBJISIOTCS JIUIIb N1No U 0109. Torga dyukmuu A u f MOXKHO mpe-
craBuTh (KakK 3TO ObLIO yke caenano mis f B (2.4)) B Buge

2
o Fs,08(01, ) = F(9)dard55 + G(9) 0058,

(18.7)

2
Pr A,yg’ aﬂ(nla ny) = B(19)5a75ﬂ5 + G(ﬂ)avaagg,

71'2’UF

1) Uznozxennnrit o6mmit uisox npunagiexut J1. /. Janday (1958). s crabo
HEUZeaIbHOrO PepMuU-rasa BbIBOJ, KNHETUYECKOTO yPABHEHHS Iy TEM Cy MMHUPOBA-
HUsl KOHKPETHBIX guarpaMm tuna (17.3) 6sut panee npoussener A. B. Muzdaaom

u B. M. I'navyrum (1958). 3amernm, uro B ciry4ae raza B G-byukuuax (B HyJ1e-

BOM NPUOJIMXKEHNH) OTCYTCTBYIOT HENOJIOCHBIE YIEHBI, U MOTOMY BOIPOC 06 mx
HMCKJIIOYCHUN HEe BO3HHUKAET.

4 E. M. Jludmmun, JI. II. [Tutacscknii
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rae ko dunuenter F'; G, B, C — dyHKIMMI TONBKO OT yriia ¥ Mex-
Iy Ny v Ng. 91U GYHKIUN PA3JaracM 1o mojauHoMaM Jlexkamapa

B(Y) = i(Ql + 1)B;Py(cosv), . .. (18.8)
=0

IMoxncrasus (18.7), (18.8) B (18.6) u BEIYMCIUB MHTErPAJI, UCIOIb3YS
IIpU 9TOM TEOPEMY CJIOKEHUs JJIsl TOJIMHOMOB JlexkaHpa, oLy duM

By =F(1-1B), C=C01-0). (18.9)

Otumu GOpPMyIaMU YCTAHABIMBACTCS MPOCTas aJredpandecKas CBA3b
Mex Iy KoabdurmentamMmu paznoxennit f u A.

Yenosus yeroituusoctr (2.19), (2.20) npuBosaT K aHAJOTHYHBIM
HEpaBeHCTBaM Jijid Kodddunmentos By, C;:

B <1, (i<l (18.10)

Kpome Toro, atu k03(pbunueHTsl ya0BJIETBOPSIOT COOTHOIIEHHUIO,
aBsgomemycs creacrsueM dopmysst (17.19): B(0)+C(0)=0 win
o0

> (2U+1)(B+Cp) =0. (18.11)
=0

Pasencrsa (18.9) u (18.11) Bmecte ¢ ycoBusimu (18.10) mocrarou-
HBI JJId JOKA3aTEJIbCTBA HMHTEDECHOIO YTBEDXKJCHMA: BO BCAKON
yCcTON4UNBO# (HepMU-KUIKOCTH CYILIECTBYET IO KpaiHe!l Mepe OgHA
BeTBb (OOBIUHAS WJIM CIMHOBAS ) AKCUAJIBHO-CUMMETPUYIHOIO HYJIEBO-

ro 3ByKa').

§19. Toxnmecta Aynsg npon3BoAHBIX oT pyHKmuu ['puna

B maremaruueckom ammapate QyHKiui [prHa CyIeCcTBEHHYO
POJIb UTPAIOT HEKOTOPBIE TOXKIECTBEHHBIE COOTHOIIEHUS MEXK Ty TIPO-
U3BOAHBIMY OT ITUX (PYHKIUH ¥ aMILIUTYI0M paccesiHus KBA3WUa-
cTuil. BBIBO 9TUX COOTHOIIEHUN OJHOTUIIEH: BBIYUCIACTCA U3MEHE-
HUE TPUHOBCKOW (DYHKITUU 07| BJUAHUEM HEKOTOPOTrO (PUKTHBHOTO
«BHEIITHETO TOJsT», PE3yJITAT BO3IEHCTBUSA KOTOPOTO HA CHCTEMY
U3BECTEH 3apaHee.

[ToaTomy mpexie Bcero BbrauciauM uaMmenenne 6G TPUHOBCKOM
GyHKIUYU TO/ BJIMSHUEM <BHEIIHETO TIOJisi» ITPOM3BOJLHOIO BH/IA.
TakoMy moJt0 COOTBETCTBYET B TAMUJIBTOHUAHE HJIEH

sV = / UL (t, r) 60T, (t, r) d*a, (19.1)

YCwm. N.D.Mermin // Phys. Rev. 1967. V. 159, P. 161.
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rae 0U — HEKOTOpBINt omepaTop, JeACTByOmuit Ha (QYyHKIUA OT I
(u Moryumii 3aBUCETH TAKXKE OT BPEMEHH 1).

IIpu vaguyuu BHenHero nojist pyHKnud ['puHa 3aBUCHT yxKe OT
aByx 4-mmmysibcoB P; m Pp. B gmarpaMmmuOil TeXHWKE Takoe IIOJE
n300pakaeTcs HOBBIM IPDAUYUECKUM JIEMEHTOM — BHEIIHEH IITPH-
XOBO# JIMHUEH:

P, : P,
opu4iemM TaKO¥ JIMHUU COIIOCTABJISIETCA MHOXKUTEJDb
—i6U (Py, P1) = —i / e X§Ue P X g x, (19.2)

B nepBoM nopsizike 1o BHEIITHEMY TIOJIIO MTOTPABKA K TOYHOM (QyHKIMH
I'puna m30bpakaeTcs CyMMON NBYX CKEJIETHBIX JUATDAMM

P,
: Q2
10G(P, P,) = Pye—<—P + ()  &----- ’ (19.3)

P Q1

IJie BCE CIUIOIIHBIE JIMHUU — YKUpHbIe (TouHble G-DyHKIMN), a KpPy-

JKOK — TOuHas BepmuHHas (yskims (i['). B anamuruueckom Buzme
9TO PABEHCTBO 3aIMCHLIBAECTCH KAK

6Gpa(P2; P1) = Gpy(P2)U(Py, P1)Gya(P1)—
~ Gy (P2)GealP1) [ Tos cc(Po, Qui Py Qa)x

< 0U Q2. @1)Ger(Q2)Grs(@1) 52 (10.0

npudem Qo + P = Po + Q1.

[lepBbie nBa M3 MHTEPECYIONUX HAC TOXKIECTB CBA3AHBI C COXPa-
HEHHEM YHCJIa YaCTHUIl B CHUCTeMe. B raMujIbTOHMAHE CUCTEMBI 3TO
CBOMCTBO BBIPAXKAETCS TEM, UTO 1)-OTEPATOPHI BXOAAT B HETO Mapa-

mu: 1o omEomy W (X) m U(X) ana kaxkmoro aprymenta X.
[Ipoussesem KaMOPOBOYHOE TPEOOPA30BAHUE )-OTIEPATOPOB:
To(X) = U (X)e XX, Wl = T FexX), (19.5)
rae x(X) — BemecrBenHas dyskmusa'). B cmiy ykasaxsoro xa-
pakTepa TaMuJIbTOHHAHA, e V¥ yIOBJIETBOPSET <«yDABHEHUIO

')310 mpeobpasoBaHHe AHAIOTHYHO KATHOPOBOYHOMY [IPEOBDPA3OBAHUIO B
KBaHTOBOH asekrpomunamuke (cm. IIT, (111.8), (111.9)).

4%
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[Mpenunrepas (7.8), To U/ yIOBIETBOPSIET TOMY K€ YPABHEHHIO C
3aMeHO’
o 0 .ox

A—)(V—iVX)2, 5_)5_%8{

[Ipu GeckonevHO MasIOM X = JX TAKOE M3MEHEHWE YDABHEHUs IKBU-
BaJIEHTHO NOOABJICHUIO K TAMUJIBTOHUAHY «BHEITHETO IIOJISI»

50 = "”X + 5 (Abx +2(Vox) V).
B wactrHOCTH, ecnu
Sx(X) = Re (xoe %), K = (v, k),

(BBUIY JMHEHHOCTH MOC/IELYIOMUX onepanuii 3Hak Re MOKHO omy-
CTHUTB), TO

5U (Py, Pr)=i(2m)*x06" (Py=Pi—K) [w—__k (p1+p2)| . (19.6)
C npyroit ctoponbl, dyHKImst ['prHA, TOCTPOEHHAS TIO Y-OMEPATOPAM:
U =T, (1+iby), UF=T_F(1—idy)

OT/INYAETCA OT (DYHKIIUHU, TIOCTPOSHHOM MO OMEPATOPaM U, U na

0Gap(X1, X2) = iGap(X1 — X2)[0x(X1) — 6x(X2)]

UJin, B KOMIIOHCHTaX (Dypbe:

0Gop(Pa, Pr) =/5Gaﬁ(X1, Xp)elPrXa-PiXe) g x, gh X, =
= 1[Gap(P1) — Gap(P2)|0x (P2 — P1), (19.7)
rIe

— / Sx(X)e'PX d4X = (2m)x08@ (P — K).

Takum 06pasoM, ogHO U TO ke u3MeHeHHe 0Gog BBIPAXKEHO B
neyx Bugax: (19.7) u (19.4), xkyna mamo nmoxcrasuts 0U u3 (19.6).
ITpupasHsiB 06a 3TH BbIpaXKeHUs APYT APYTY, HouydnM (IIOcie 3aMe-
HbI Gog = GO U HEKOTOPBIX MEPeOOO3HAUEHNMI IEPEMEHHbIX)

5plG(P + K) — G(P)] = G(P + K)G(P){[-w + W] Sopt

i [T 00K P, QGQIG(Q ~ K) [~ <2a-0] £21.

2m (2m)*
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Wckomble TOXAECTBA TOJIYYAIOTCHd IYyTEM IEPEXOJa B 3TOM PaBEH-
cTBe K mpefeny w, k — 0; mpu sTom

G(P+K)-G(P) > w a_po + k% (19.8)

(rme P = (po, p)). [Ipoussens sToT nepexox npu yciaosuu k/w — 0,
HOJIy9HM TIEPBOE TOXKICCTBO

605 290 — (G2 (P)} (3 — i [T 00(P. DUCHQw 2
(19.9)

3mech BBEIEHO 0003HAYECHUE

{G*(P)}, = lim G(P)G(P + K) upu k/w — 0. (19.10)

AnajornysbiM 06pa30M, TPOU3BENS MPEJEJbHBINA MEPEX0o TPH
ycioBun w/k — 0, HOIyYHUM €Ie OJHO TOXKIECTBO

605 38 = (G*(P) 1 | Ry — i [Ty oo (P, O 2{CHQht 52
(19.11)

¢ anajiormanbM obozHaderneM {G2(P)}y.
Hasnee, paccMoTpuM u3Menenue QOyHKIMHN [ prHa IpU HAJIOXKEHUT
HA CUCTEMY TIOCTOSHHOTO TIOJIst

6U = 6U (r) = Upe™™. (19.12)

IIpu k — 0 370 mOJIE MEJIEHHO MEHSETCS B IPOCTPAHCTBE, TAK YTO
€ro BJIMSIHAE HA CUCTEMY MOXKET PACCMATPUBATHCH MAKPOCKOIHYE-
cku. COrIacHO TEPMOJUHAMUYIECKOMY YCJIOBUIO PABHOBECHS BO BHETII-
HEM IoJIe JJOJKHO ObITh ft + 6U = const (cm. V,§25); npu k — 0
9TO O3HAYAET, YTO XUMUIECKUHN MOTEHIINAI L U3MEHAETCS HA MAJYIO
Besmunny —Uy. CooTBeTcTBytomiee n3menenne (pyukiuu 1'puna;

8G(X1 — X»)

0Gap(X1, X2) = —Updap o ,

a ero ¢ypbe-KOMIIOHEHTa (ompeeseHHast, Kak B (19.7)):

6Gap(Ps, P1) = —(2m)*H (P — P)U AL
n

C nmpyroit cTOpOHBI, 3TO ke m3MeHeHne MyHKIMU | pUHA MOXKHO BbI-
qucsuTh 10 popmysie (19.4), mosokus B Hell HA ITOT pa3

U (Py, P1) = (2m)'Ups™W(Py — P — K) (K =0, k).
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IMepexon k npemeny k — 0 B mansoM ciydae (IOCTOsIHHOE TOJIE,

w = 0) orBewaer ciydaro w/k — 0. B pesysbrare mnomygaem
TOXKJECTBO
8G(P . d4
605 ") = (G (Pl das—i [ Ths ca(P, UG @} 2L
g (2m)
(19.13)

Haxkomer, mociieiHee TOXKIECTBO BOSHUKACT KAK CJICICTBHEC TaJIU-
JIEEBCKOY MHBAPUAHTHOCTHU CUCTEMBI. /I €ero BBIBOZA PacCMOTPUM
KUJKOCTh B CUCTEME KOODJWHAT, JBUXKYIIENCSA C MEJIJIEHHO MEHSIO-
medicst co BpeMeHeM MaJioit cKkopocThio dw(t) = dwe . Tlepexom k
TaKOil CHCTEMEe SKBUBAJICHTCH HAJIO?KCHUIO BHEIITHETO TOJIsA, OTIEPATOD
KOTOpOro ')

§U = —6w - p="6w-V (19.14)
m
Wi, B UMIIyJIbCHOM NPEACTaBJICHUU
SU(Py, Py) = —p1ow(2n)%6W (P, — P — K), K = (w, 0).

D70 BhIpaXkeHUe HAZO NoACTaBuUTh B (19.4), mocsie 4ero mpousBoguM
npenesbHBIN mepexon w — 0.

C apyroit croponsr, pu w — 0 peyb UAeT 0 MpPeodpa3OBAHUU
Tanumes or omHO# MHEPIMAIBLHON CHCTEMBI OTCYETa K IPYIOH, ABU-
XKYIIENCs ¢ MOCTOSHHONW CKOPOCTHIO dW. Ecian B XKuaKocTHn mMeercs
9JIEMEHTApHOE BO30YyKIeHMeE ¢ SHeprueii (p), To B cucreMe OTCYeTa,
JBUXKYIIEHCS OTHOCUTEIBLHO YKUIKOCTH CO CKOPOCTHIO W, SHEPIHUs
sToro Bo30yxzaeHus Oyner € — pdw ?). Ilostomy B HOBOII cucTeme
OTCUeTa 9acToTa Py AOJKHA BxoauTh B dbyukuuio G(P) B koMOuHa-
muu po + pOW, Tak 9TOOBI MOMIOC (DYHKIUU CIABUHYJICA HA —POW.
Takum obpazom,

0G = p5w
8p0
U MBI TIPUXOIAUM K TOXKIECTBY

6250 28 (G (P)}{3upp=i [T s P, D (@)L}

(19.15)

1B wusaccuueckoit dyuxmuu Jlarpanxa csobommoit wactunsr L=mv?/2 me-
PeXOf, K ABMIKyIIeliCsl CHCTeMe KOODJMHAT COBEPHIAETCH 3aMEHON vV — V+Ow
U OPUBOAWT K NOSABJICHUIO Majoi (mpu Masnom dw) nobasku §L=mvéw. Coor-
BercTBeHHO (cM. I, (40.7)) moGaska k dyukuun Famuiabrona H= — péw, a B
KBAaHTOBOH MexaHUKe eif orBedaer oneparop (19.14).

%) Cm. Gosee TOAPOBHBIE PACCYKICHUS HUXKE, B § 23.
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Hawm npuzercst HuzKe IPUMEHSTH TIOJIy YeHHbBIE TOXKIECTBA, B 9aCT-
HOCTH, I 3HAYEHUsX CBOOOAHOM nmepemenuoit P = (pg, p) Ha dep-
mu-niopepxnoctn: Pr = (0, pp). Ilepeneca muoxutens G2(P) u3
IPaBBIX CTOPOH TOXKJIECTB B JICBBIE, 3aMEHUM TaM [POU3BOAHBIC
or G(P) npoussomabivu ot G~1(P); npu 3rom crocob mepexoma K
npexnety K — 0 B G(P)G(P + K) HecymecTBeH.

C npyroit croponsl, BOm3u (hepMu-moBepxHocTu QyHKIms 1'pu-
Ha ONPEEJISIeTCS. CBOMM IOJIIOCHBIM 9JIEHOM, TaK YTO

_ 1
G (P)= - [Po—vr(p —pr)].
Orcroma, Ha camoit 9TON MOBEPXHOCTH,
oGt 1 G~ vr dpr

Opo z ou Z du’

B pesysbrare, Hanpumep, Toxaecrsa (19.9) u (19.13) npuxEMaioT
Ha (PePMU-TIOBEPXHOCTH BH/T

/Fﬁé s(Pr, Q{G*(Q )}w (1 - %) Saps (19.16)
i [Th as(Pr, QUG @ 22 (1 ) s (o)

§ 20. BriBog cBSI3W MeXy NpeAEeIbLHBIM UMIYJIHCOM U
IJIOTHOCTHIO

[Tostyuennble B npeablymux naparpadax COOTHOIICHUS O3BO-
JISIIOT JaTh MOCJIEI0BATEJILHOE JOKA3ATEILCTBO OCHOBHOTO IIOJIOXKE-
Hus Teopuu (GepMu-KUAKOCTH JIaHIay: yTBEDPXKIEHUS O TOM, 4TO
CBSI3b MEXKJy IPEJEJIbHBIM UMILYJIBCOM Pp U IUIOTHOCTBIO KHJKO-
ctu N/V nmaercs toit ke dopmyioit (1.1), 9o u st umeasbHOro
rasa.

Upest noka3aTesbCTBa COCTOUT B HE3aBUCHMOM BBIUNCICHUU W3-
MeHeHu#t N u pp npu GECKOHEYHO MAJIOM M3MEHEHUM XUMUYECKOTO
HOTEHIUANA [ U 3aTEM UX CDABHEHUH.

CorsacHo (7.24), nossoe yuciio gacrur (B 3amaHHOM o0beme V)
KaK (DYHKIMs XUMAYECKOTO IOTEHIUAJA TAETC UHTEIPATIOM

4
N = —27,V hm /G _’p"t dWP P = (po, p)- (20.1)

OTcroma mpon3BoOgHAS

1dN _ _Qi/aG(P) d*P
V du op  (2m)t’

(20.2)
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Beumy cxogumoctu 3Toro uaTerpasa npu 6osbmux pg (0G /Ou o«
o 1/pd npum |po| — 00) mucars MEOXKUTEL €~ PO¢ B MOABIETErpATE-
HOM BBIDasKe€HWHU y»ke He Hago. [locie mopcranosku cioga 0G /Oy u3
Toxaecrsa (19.13) (HpOCyMMI/IpOBaHHOI‘O no o = f3) HaxoxuM
1 dN 2 2 k 2 d*pd*
221 [{G*(P)h St [{GH (PP, QUG QNEE,
* ) (2m)®
rae aig KpaTtkocTd ' = gy oy. Lenb ganbHefinero BbruucieHus

COCTOUT B TOM, YTOOBI BBIPA3WTh MPABYIO YaCTh ITOTO PABEHCTBA
Yepe3 MHTErpaJj TOJBKO 10 (hepMU-TIOBEPXHOCTH.

IIpesxae Bcero mopcrasum BMecto I'F Bo BropoMm mHTErpase Bbi-
paxkenue u3 (17.17) (3amenuB B Hem oGo3HadueHue Qp HA SF):

L4 — 21 [lGAP) 1 s + G (PIIT (P, QUGHQ 1t

2 72 4 4
s (G (P)ITS anlP, ST ¢ (Sr, QGHQETEG
(20.3)

IIpeobpasyem cuagasia mociaeqHuii 4ieH. B ero moasiHTErpajbHOM
BBIpaXKEHUN OT () 3aBUCAT TOJBKO TOCIETHNUE JTBA MHOXKUTEIs; MHTE-
rpan or mux mo d*Q ompenensercss (Ha epMU-TIOBEPXHOCTH,
S = Sr) dopmyioii (19.17), Tak YTO TOT WIEH NIPUHUMACT BUJ

. PRZ” 2(P)Y, ¥ d* P do, vr dpr

Z1)1!«"(27")3/{61 (P)}T™(P, Sr) (2m)4 (1_ z du >

Jlajiee, BCIOMHUM, YTO TIPM MHTErPUPOBAHUU TIO diP TIpejesbHBIC
snauenus G(P)G(P+K) nano nounmars B cMbicie (17.10); mosromy

{G2(P)}, = ¢(P), a
{GX(P)}y, = {GX(P )}w—"””z 8(po)d(p — pr)- (20.4)

ITocne aTO# 3aMeHBI Oy IUM
2 rz72 4 —
g PrZ (e dpF /{G2 )} I¥(P, Sp) i L9 _ gniF\
vp(2m)3 (2m)*
TIe, COIJIACHO (18.4), BBeJIeHa (DYHKIUS B3aMMOIEHCTBUsSI KBA3WIa-
CTHI] ¥ WCIOIB30BAHO BBIPAXKEHME fof o¢ depes dyskmuio F(V),
cortacto (2.6), (2.7); uepra Hany F o3HaYaeT MHTEIPUPOBAHUE IIO

do/4m. Ocrapmmticas umrerpan nmo d*P nmaerca cdbopmymnoit (19.16),
TIOCJIE Yer0 WHTErPUPOBaHME N0 dog HaeT erne MHOXKuUTENb 47. B pe-
3yJbraTe Tperuii wieH B (20.3) OKa3bIBAETCs PABHBIM

_PrZ” (vr dpr _ _1.F
WZ(Z o 1> {1 Z+F}. (20.5)
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Ananorununsiv 06pa3om mpeobpasdyercs Bropoit wien B (20.3): Be-
mmauaer {G2(P)} u {G%*(Q)}r swipawatorcs wepes {G2(P)},
1 {G?(Q)}, cormacuo (20.4), moCIe HEro HCHOMB3YIOTCH TOXKICCTBA
(19.9) u (19.16). B pesysibraTe 9TOT YEH OKA3BIBACTCH PABHBIM

8G d‘P 2 d*p | p%iZ*
27]/ Ao ( 271' /{G }“J 27)4 + T2 {2 ( 1) F}
(20.6)
ITepBoIit nHTErpaJ 0O6pPAIAETCA B HYJIb IPU WHTETPUPOBAHUY no dpo,
mockosibKy G — 0 pu pg — Fo0.

Haxkowner, nepsstit wien B (20.3) mocie moacranoBku B Hero (20.4)

aeT
2 / (G2(P)}, LE o2 (20.7)

(2m)*  vpm?

Croxus Teneps Bee BRaaasr (20.5)—(20.7), naitzem

1dN _ prdpr | prZ { dpr o }
——— =L 4 2 J1 - = 1+F);. 20.
V du w2 du + m2up dup vF( + ) ( 0 8)

C mpyroii cropossl, ¢ moMorbio GopmyJst (2.14), B KoTopoit ciexyer
HIOJIOKHTH

on' = ; F<5pp =6(p— pr)dpr

HaXOIUM

A yp(1+ F). (20.9)
dpr

ITomuepkreMm, uro mpu BeiBoZe (2.14) eme He MCHOJIB30BAJIACH KOH-
KpPEeTHasl 3aBUCUMOCTH pr 0T N/V | 1 09TOMY MBI IMEEM IIPABO IIPU-
MEHUTD 3[1eCh 9TO COOTHOIIEHWE C IEJLI0 HAXOXKICHWs YKA3AHHON
3aBucumocTu (paBeHcTBo (20.9) MOXKHO, KOHEYHO, MOJIYyYHUTh U C IO~
MOIIIBIO T€X K€ COOTHOIIEHWH [IjIsi BEPIIMHHBIX (DYHKIMi, KOTOPbIE
6bLIM UCIOIB30BaHbl pu BhBozE (20.8))1).

C ydgeTroMm 3TOTO PaBEHCTBA MbI BUIUM, YTO (DUTypHAsS CKOOKa B
(20.8) obpamaercs B HyJIb M, TAKAM 00pa3oM,

AN _prdpr _ d | 8ok (20.10)
dp 'V w2 du dp | 3(27)3

IIpu N/V — 0 MBI uMeeM J€JIO C Ta30M, TaK YTO B TOM IIPeJese

3aBucUMOCTb pr OT N/V BO BCAKOM Cilydae JO/KHA COBIAJATH C

1) @opmyna xe (2.11) mns adbdexTusHOM MACCH MOXKET BbITh BLIBEEHA C TO-
Momipio coorHomenust (17.17) u roxaecrs (19.11) u (19.15).
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ra30BOf. DTUM YCIOBUEM YCTAHABJIMBAECTCS TOCTOSHHAS TPU WHTE-
rpupoBanuu (20.10), u MBI IPUXOIUM, HAKOHEI, K MCKOMOMY COOT-

Homenuo (1.1):
N _ 8mp%

Vo 3(2m)3

§21. I'puHoBcKasg ¢yHKIOHUS MOYTH UIAEATBHOTO hpepMm-Taza

Jlng marocTpaluy cnocoba MpUMEHEHNsT JUArPAaMMHON TEXHU-
KU B 9TOM Taparpadge Mbl IPUMEHUM €€ K BBIUUCIEHUIO0 TPUHOBCKOMN
byHKIMM TOUTH HIAEATHLHOTO (HEPMU-TA3a B PAMKAX TOM Ke MOJe-
Jii, KOTopas ObLIA pacCMOTPeHa B §6 ¢ MOMOIIBIO OOBIYHOM Teopun
sosmymenuii (B. M. Toavyxud, 1958). Hamomuum, uro peub uuer
0 ra3e C OTTAJKWBAHUEM MEXKJY YACTHIIAMHY, TIPUYEM ONMCAHHBIA B
§ 6 IpreM MO3BOJIAET MPUMEHSATEH K 9TOMY B3aUMOJIEHCTBUIO TEOPHIO
BO3MYIIEHUI O TEX MOP, TOKA B OKOHYATEJILHBIN Pe3yJIbTAT BBIUUC-
JIEHUsI BXOIUT TOJIbKO aMILIATYa PACCESHUS.

Kaxk 6n110 mokazano B § 14, Haxoxkaenue yHKIMEU | prHa CBO-
JWUTCsI K BBIUUCJIEHHUIO COOCTBEHHO-9HEPreTHdIecKoil PyHKImu Yog(P).
B mepBoM u BTOpOM TpUONMAKEHUSAX TEOPUM BO3MYIIECHUN OHA, 1aeT-
cs coBOKynHOCTBIO auarpamm (14.9) u (14.10). V306pa3um ux 3zech
clleayomuM 06pa3oM:

(21.1)

[¢] e

Huarpammer (21.1a,6) oxBaTbIBarOT cO6OH AUATPAMMBI IEPBOTO 110
psazka (14.10a) u (14.9a) u guarpammMer Broporo nopsiaxa (14.106,6)
u (14.96,6); nmocieaHue OTAMYIAIOTCS OT IEPBBIX JIHIIb IOIPABKAMU K
BHYTDEHHeH CIUIOIIHON JIMHUM; 9TH JuHUM u306paxensl B (21.1a,6)
JKUPHBIMH ¥ UM JOJKHBI CONOCTABJISATECS, CJE0BATEJLHO, HE TDU-
HoBCKHe dynkimu naeassroro raza GO a bynkmun G, ucrpasies-
Hble JO WIEHOB IepBoro mnopsaxa. Hakowmen, (21.1,2) — 310
quarpaMmel Broporo nopsinka (14.102,0). Bce mmarpammer gedop-
MHPOBAHBI TaK, YTO CTAHOBUTCH SCHBIM XAPAKTEP WX CTPYKTYDBI;
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9TO — IEPBBIE WICHBI «JIECTHUYHOIO» Dsia YeTHIPEXKOHIEBBIX JUa-
rpaMM, B KOTODBIX IO IIape U3 BHEIIHUX JIMHUI «3aKOPOUYECHBI» JPYT
C APYrOM ABYMsl Pa3JIMYHBIMU CIOCOBAMU.

Haunem ¢ BbIunciIeHns nuarpaMMbl (21.1a). Ee AHAJIUTHIECKOE

BBIPAKCHHE
[_ZZ(P)]a = fU( ) ( Q) (2 )47 (212)

Q = (q07 q)v P = (wv p)
(obmmuit MHOXKHUTENb (g OmymieH). IIpoussenem cHauasa MHTEIDH-
posanue no dgg. [Tockoubky, onuako, muoxkuress U(Q) = U(q) ot
qo He 3aBucut, a G o« 1/qg npu |go| — o0, TO HeoOxOAUMO Hpex-
BAPUTEIHHO YTOYHUTH CIIOCOD WMHTErpupoBaHus. Jljisi 3TOr0 HaI0

BEPHYThCsl K [IPOUCXOXKJICHUIO auarpaMMsbl (21.1a) u 3aMeTuTh, 9TO
CILJIOIIHASI JIMHKSI B HEll COOTBETCTBYET CBEPTKE Napbl - -OIIepaTopoB

BHYTPHU OJHOTO U TOTO K€ OII€paTopa V. D10 3HQUUAT, ITO U u Ut
OepyTcs B ONMHAKOBBI MOMEHT BPEMEHW, U IPHU CBEPTHIBAHUU gt

crout cyeBa ot V. JIpyrumu ciioBamu, B KOOPAMHATHOM MIPEICTABIIE-
Hun BogHUKaomasa G-dyukuus 6eperca npu t = ¢ —te — —0. B um-
IYJIbCHOM K€ TIPEJICTABJIEHUY 9TO O3HAYAET JOOABJIEHNE B TOIBIHTE-
rpajbHOM BbIpaxkeHuu B (21.2) muoxkwuTess exp (—igot) ¢ mepexoqom
k npenesy t — —0. Vicnonb3osas Teneps dbopmysty (7.23), mosmydnm

—ix], = z/U —q) (d ‘; (21.3)

rae N(p) — dbyHKIus pacupeneseHus JacTHIL.

®ypre-komnonenTa U(Q) CYIIECTBEHHO 3aBUCUT OT BEJIMYHMHBI
Jmmb upu q 2 1/rg, tme ro — pamuyc npeficteus mons U(r); atu
3HAUEHWsI 3aBEJOMO BEJIMKH (JJIsl PA3PEKEHHOTO ra3a) MO CPaBHE-
HUIO ¢ pp. Ecin orpannunThes 3Hadenusmu |p — pr| < 1/rg, To npn
yKa3aHHbIX 3HadeHusAX q 6ymer N(p—q) ~ 0. [Tosromy U(q) B (21.3)
MOKHO 3ameHuTh Ha U(0) ¥ BBIHECTH H3-1I0J 3HAKA MHTErpaJa’).
OcraBmmiicss MHTErpaj PABEH MOJIOBUHE (33JaHHOE 3HAYEHHE TIPOEK-
muu cimHal) mrorHocTH rada n(u), Tak uro [X],= — n(u)U(0)/2.

Huarpamma ke (21.1 6) ¢ 3aMKHYTOI Ha ceOsi CILJIONIHOMN JIMHMEH
naer [X]g = n(p)U(0). Takum obpasom, BKIag B X 0T 060uX Jua-

rpaMM €CThb [S]a 6= %n(,u)U(O) — %n(,u)a, (21.4)

rje @ — JJIMHA PACCEesiHUsI, ONpeJeeHHasi COracHo (6.2).

1) Honyckaemast TakuM 06pa30M HOTPEITHOCTH UMEET, KaK JIETKO BUAETD, OT-

HOCHTEJIBHBI OPANOK BEJIMYHHEL ~ (pFTo)> U MOTOMY HE OTPAXKACTCA JaxKe HA
WIeHaX CJAELYIOMIETO IO PrTo MOPAIKA.
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Beipaxxenue (21.4) conep:kur B cebe, B 9aCTHOCTH, BeCh 3P deKT
epBoro mopsaka. B arom mpubsmkerun n(p) HANO TOHUMATH KAk

mioTHOCTH acabHoro rasa n(% (u), Tax uTo
1) =y _ 27 (0
=M = [5], %= En( )(p)a. (21.5)
Jnst nasibHeiero BbIYUC/IEHUS BBEAEM, B KAUECTBE IIPOMEKY-

TOYHOTO 06O3HAaYeHMs, PYHKINIO F', ONpEeIeIeHHYO JICTHUIHBIMA
JuarpaMMaMu:

[ SO 7 - M M )
Py PB = ot (21.6)

(xkak Bcerga, Py + P» = P3 + P,). B ananutuueckom Buge

iFys,ap(Ps, Pi; P1, Py) = i00y05s(FY) + F@)), (21.7)
e
iFY = —U(Ps — P1), (21.8)
iF®)= / ¢OrPhu(p-P)GO (P1+P2—P')U(P'—P3>(";—P);- (21.9)
™

PackpsiB obe mmarpammbr (21.16,2) u BbipasuB umx uepes F(2)
HOJTy 9UM

[~1Z(P)]s, . = — / GOQ)FI (P, Q; Q, P) %Jr

+2[CO@FA(P. @ P.Q) 52 (2110)

(Takue ke mmrerpansr ¢ F(1) Bumecro F() nmaror (21.5)). Pasnuma
3HAKOB TIEpPe]] JIByMs WHTErPAJIAMU CBA3aHA C HAJUYUEM 3aMKHYTOH
newin B guarpamme (21.1 2); d-MHOXKHTEIN B IEPBO#l AMArpaMMe J1a-
10T Ooy0y3 = 0aB, & BO BTOPO#: 0ag0yy = 2003.

Iepeiinem x Borancaenmo F2), Tlockonsky U(Q) He 3aBucut
OT ¢o, TO MHTEIPUPOBAHUE 1O dp(; CBOAUTCS K MHTETPAILY

/ GO(P)GO (P + P, - P) %,
™

Hoxcrasus cooma GO u3 (9.9) (i yunTeBas CXOXMMOCTH HHTETDA-

Ja mpu |py| — 00), 3aMbIKaeM IyTh HHTEIPUPOBAHUS OECKOHEUHO
YAAJICHHON IOJIyOKPYXKHOCTBIO B OHOM M3 IMOJIYIJIOCKOCTEH KOM-
IUIGKCHOTO P(); HHTErPAJI OTJIMIEH OT HyJlsl, JIUIIb €CJIM IOIIOCH! IBYX
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byrxmuit GO jexar B pasiMuHbIX TOIYIJIOCKOCTSX, T. €.
sign (p — pr) = sign (|p1 + P2 — P'| — pr). (21.11)
B pesysbraTe momydnm
FO(P;, Py; P1, P) =

_ / U(p:1—p)U(p'—ps) sign (»" — pr) d’p’
w1twa+2p—(1/2m)[p'2+(p1+p2—p’)?]+40 - sign (p'—pr) (27)3

(21.12)

(rme w1 = p1o, w2 = p2o). [Ipu 3TOM, YTOOBI ABTOMATUYECKH YUIECTH
Tpebosanue (21.11), B uucsIUTEIe TOABIHTEIPAIBHOTO BHIPAKEHUS
cJlelyeT 3aMEHUTD

sign(p’ — pr) = 1 - 6(p') — 6(p1 + p2 — P'),
rae 6(p) — crymenvaras yuknus (1.10).
Mpbr Bugesu B § 16, 9TO psAf| JIECTHUYHBIX JAUATPAMM OIIPEIEJISET
(B BaKyyMe) aMILIUTY [y B3AUMHOTO DACCesiHUs ABYX 9acTHIl. 110910~
My Beipaxkenue (21.12) comepkuT B cebe HONPaBKY K WICHAM IIE€PBO-
O TOPs/IKA B AMILUIUTYJE PACCESHUsS. DTY MOMPABKY MOXKHO yUeCTb,

samerms B8 F(D (21.8)
4
U(ps — p1) = —%Ref(m, p1)

(rme f — ToYHas O BTOPOTO MOPSIKA AMILIUTY/A PACCEsiHUS B Ba-
KyyMe) ') I QIHOBDEMEHHO BhIuTs 3 Bhipaxkenns F(2) (21.12) seme-
CTBEHHYIO YaCTh €ro 3HAUeHWd B BaKyyMe, T. €. ipu pr = 0, u =0
U 3HAUCHHAX W] = P2/2m, wg = p3/2m, OTBEYAIONIUX IHEPTUAM
JIBYX PEaJbHbIX CTaJIKMBAOIuXCs dacTull («dusndeckue» BHeI-
HEe KOHIBI quarpaMm). ITocsie aToro MoxHO yzke OymeT 3aMEHUTH —
Re f 3HaueHmeM mpu HyJIEBOM 9HEDIHUH, T. €. JJIMHON paccesHus a ?).

')He cmemmsars f B 3ToM maparpade ¢ byHKIHeH B3aMMOICHCTBYS KBA3H-
qacTu!

2) JTa 3amena e Morya 6LITH MpousseneHa B (21.12), Tax Kax mpuBesna 6b K
PaCXOAUMOCTY HHTerpaJja mpu 6oabimx p’. [Tocie MPOU3BEJEHHOTO K€ BHIYUTA-
HUS HHTErpaJ cXonuTcs (TIpu p' ~ pr) yKe U C TAKOH 3aMEHOH, YTO U TIO3BOJIAET

b
IIPOU3BECTU €€. BBI“II/ITaHI/Ie JIMIIb BEIIECTBEHHON YaCTHU HMHTErpaJja (M COOTBET-
o,

crBeHHO 3ameHa U 4epes Re f) mpousseneno ¢ nesbio u3bexars 3aTpyAHEHUS,
CBSI3AHHOI'O C MHUMOM 9aCThIO0 aMILUIMTYbI paccesiHus. J1esio B TOM, 9TO IpHU Ma-
JIBIX uMITyJibcax Re f passaraercsd no deTHbiM, a Im f — no He4eTHBIM CTEneHaM
nvmyibca (cm. II1,§132). IlosToMy y4eT MMIyJbCHOM 3aBUCHMOCTH [ IPHBEJ

OBl K IONPABKAM OTHOCHUTEJBHOTO MOPSKA (qFa)2, T. €. MpeHeOPEeKUMBIM. 3a-

mena xe U — —4n f/m norpeGoBaja 6bl yuera MHUMOI 4acTu f, IPUBOAAIIETT
K IOIIpaBKaM OTHOCHUTEJIBHOI'O IIOPANKA BEJIUYIUHBI PFa.
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Takum obpasom, Oygem uMeTH

FO(Py, Py; P1, P3) =
= (‘“f_a)2/{ 1-6(p")—6(p1+p>—P’) _
m witwa+2u—(1/2m)[p'>+(p1+p2—p')2]+40 - sign (p'—pr)

2m dép'
—-P . (21.13
pi+p3—p?—(P1+p2—p’)? } (2m)3 ( )

3uak P Bo BTOpOM 4iieHEe O3HAYAET, YTO MHTETPAJI OEPETCS B CMBIC-
Jle TJIABHOTO 3HAYEHUSI; ITO — PE3YJIbTAT OTIEJICHUS BEIIECTBEHHOM
9YaCTH MHTErpaJia ¢ IOMOINbIo mpasmia (8.11).

ITockonbky Beipazkenue (21.13) cummerpuuno o P; u P, oba
unTerpasia B (21.10) coBnamaror, Tak 4TO

~i=(P)]a,. = [GOQFD(P, Q; P, Q) 22

(2m)*

ITpu mopcranoBke crofa nepsoro wieHa u3 (21.13) unrerpan mo dgo
OTJINYEH OT HYJIsA, €CJIN

sign (p' — pr) = —sign (¢ — pr), (21.14)

TaK 49TO 006a IOJIIOCA MOALIHTEIPAJIBHOIO BBIPAXKCHHS CHOBA HAXO-
IATCS B PA3HBIX MOJIYILIOCKOCTSAX ¢o. [Ipu MOICTAHOBKE K€ BTOPOTO
wiena u3 (21.13) or go Gyzer 3aBucers TOMBKO MHONKUTEIL Go(Q),

uHTErpupoBaHue 10 dgy ocyuiecTsisiercss Gopmydoi (7.23) u maer

NO)(q) — dyskumo pacnpeeneHns YaCTHI[ B HICATHHOM ra3e, T. €.
crynendaryio dbyukmuio 0(q). B pesysprare mosyuum (cobpas BKiia-
Il oT Beex puarpamm (21.1a,2))

Y(w, p) = 2%n(u)a + 2@ (w, p), (21.15)

£®(w, p) =
= (4’ /{ [1-6(p)—8(p+a—p)][8() -6 (p)]
m wtp+(1/2m)[g*—p"*— (p+q—p’)?]+40 - sign (p' — pr)

—p 2mé(a) Lady(51.16)
P*+@®—p*+(p+a-p')2 ) (2m)° '

(MoxkuTesns 6(q) — 6(p’) B ducimTENE IEPBOrO WiIEHA MO 3HAKOM

UHTErpaJia 3aMenseT coboit —sign (¢ — pr) upu yciosuu (21.14)).
3aMeTuM TpeXJe BCEro, 4rTo Y mMeeT MHMMYK dYacTh. OHa

Beigensiercs u3 (21.16) ¢ momompro mpasmia (8.11) u maercs



§ 21 IIOYUTHU UOEAJIBLHBIN GEPMU-TAB 111

BBIDa2KEHUEM

mE(w, p) = - (22) " [{o(@[1 - 66)][1 - 6(p +a - p))-
—[1-6(a)l6(p")0(p +a - p')}x
xdlwtpt (@~ 9" = o+ a - )] G

(BbIpaXkeHue B (PUTYPHBIX CKOOKAX MPeoOpa30BaHO C YyUETOM TOrO,
uro 6(p) = 6(p))-

CrekTp sHepruii KBa3W4acTHUI[ BBIYUCIsAETCs, coriacHo (14.13),

2 2

p) = 2+ Zn(wa+ 3 (£ - i p) (21.18)
2m m 2m

(8 £ moxkHO, ¢ TpeGyeMoii TOYHOCTHIO, HOIOKHTL € X p?/2m).

KommurekcHocTs ¥ 03HA4YaeT HAJUYHE 3aTyXaHUsS y BO30YXKIeHUH

(Ime # 0).

[TogByieHne 3TOTO 3aTyXaHUS BHIPAXKAET HEYCTOWINBOCTH KBA3U-
YaCTHUIl, CBA3AHHYIO C BO3MOXKHOCTHIO PEAJILHOTO MPOIECCa UX Pac-
mana. KBaswdgacTuiia MOKET OTIATH 9acTh CBOEH SHEPrUu, 33 CUET
KOTOpOIl pOXKZaeTcd mapa KBa3wdacTul (JacTuna u abIpka). Pac-
CMOTPUM, HATIPUMED, MEPBLIN YieH B (DUTYPHBIX CKOOKAX MO WHTE-
rpaniom B (21.17). Ilo cBoiicrBam crymeHYaTol (DYHKIMU STOT UJICH
OTJINYEH OT HYJIsI, €CJIN

P >pr, la+p-P|>pr, ¢<pr

OTH HEPaBEHCTBA OTBEYAIOT MPOINECCY, B KOTOPOM KBAa3WYACTHIIA C
HAYaJbLHBIM HMMIYJIbCOM P (p > pp) HEPEXOOUT B COCTOAHHME P’
(p > p' > pr), npuuem umiysnsc p — p’ mEpesAETCs YACTUIE BHYTPH
dbepmu-cepsl (ummynbe ¢ < pr), BO3OYKIAEMON O COCTOSIHUS C
uMITyJIbcoM q + p — p’ BHe depmu-cdephl; Takoil Iepexo] SKBUBa-
JICHTEH TOSBJICHUIO JBYX HOBBIX 3JIEMECHTAPHBIX BO3OYXKJIEHHUU — C
uMnysbcamu — ¢ (apipka) u q + p — p’. 3aKoH COXpaHeHUsl HEP-
I'MU B 9TOM IIPOIECCe BbIpaxkaercs d-pynkuueit 8 (21.17), B koTopoii
W + |4 UIPAET POJIb HAYAJILHON YHEPIUM KBa3udyacTubl &(p):

e(p) =e(p') +[e(a+p -~ P') — &(q)]

(3716Ch IOCTATOYHO MOJIOXKUTD, B TIePBOM TIpub/zKennH, &(p)=p>/2m).
B cooTBeTCTBUM C yKa3aHHBIM CMBICJIOM, OIPEIEJICHHAsS ITUM pa-
BEHCTBOM SHeprus &(p) AefCTBUTEIHHO OTBEYAET KBA3UYACTHIEC BHE
dbepmu-cepsr (€ > p).

HAJIOTUYHBIM 00pa30M, BTOpPO# YjieH B (PUIYPHBIX CKOOKAX
B (21.17) BO3HHKAeT OT IPOLECCOB, B KOTOPBLIX Mapa POXKIAETCS
IBIPKOH. DTOT YJIEH JaeT 3aTyXaHWe JEMEHTAPHBIX BO30Y2KICHUIM
¢ € < p. Ha s3bIKe auarpaMMHON TEXHUKH BO3MOXKHOCTH POXKJICHUS
mapbl  KBa3sWYACTHUIEH  BBIPAXKAeTCs  BO3MOXKHOCTBIO — Paccedb

(21.17)

KaK
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guarpammy G-DYHKIIMU HA JIBE YACTH MYTEM IEPECEUYEHUs] €€ IO
TPEM CILIONTHBIM JIMHUSIM, U3 KOTOPBIX JIBE HAIPABJIEHBI B OIHY, &
TpeTbst — B APYTyio cropony. Ha nuarpammax (21.16,2) TakoBsl ce-
YEHUS, TPOXOISIINE MEXKY JBYMsI IITPUXOBBIMU JINHUSIMU.

Coyuait cinabo HewgeaJbHOro rasa crenuduueH (MO0 CPABHEHUIO
¢ O0LIMM CIIy9YaeM IPOU3BOJILHON (PepMU-?KUIKOCTH) B TOM OTHOIIIE-
HUW, YTO CIEKTP KBAa3WYACTHUI[ B HEM UMEET CMBICJI BO Bceil obJia-
CTY 3HAYEHWH MMITYJIbCOB, & HE TOJBKO BO/IM3N (DEepMU-TIOBEPXHOCTH:
3aTyxaHue kBasmdacTul] (Ime) oka3bIBaeTCHA OTHOCHTEIHHO MAJIBIM
y2ke Gyiaromaps MaJIOCTH <«IapaMeTpa ra30BOCTH» app. MbI mpuse-
JEeM 37eCh, OQHAKO, OKOHYATCJIbHBIA PE3y/IbTaT BBIYUC/ICHUN JIXIIb
JJIsT IBYX TIPEJIEJIbHBIX CJIyUIaeB.

B6smsu dbepmu-nosepxuoctu (|p — pr| < pr) noiydaercs

Ree = p+ (p —pr)prp/m”

c pu3 (6.14) u m* u3 (6.17). dua 3aryxaHus »xKe KBa3UIACTHI] [0~
JIy4aeTcs ) \ -

Ime = —%(ppa) (p— pr)°sign (p — pr). (21.19)
[TpOmOpIUOHAILHOCT TOTO BLIPAYKEHHUs KBAIPaTy (p — pF)? uMe-
eT sICHOe TIPOUCXOXKJCHWE: OJMH MHOXKUTEIb P — PF BO3HUKAET KaK
MIMPHUHA TON 06JIACTH UMITYJILCHOTO MPOCTPAHCTBA (y3Kuil mapoBoi
CJ10#1), B KOTOPYIO IONMAJAET MMILYJIbC KBA3UIACTHUILL [OCIE POK/Ie-
HUS €10 TIaphl, a eIre OJWH TAKON MHOXKHUTEJb — KaK IUPHUHA, CJIOS, B
KOTOPOM poxKjaercs mapa. OTMeTuM, KCTaTH, 9TO ITH COOOPaKEeHUs
OTHOCATCS ¥ K JIF0DO# (hbepMu-KUIKOCTH, TaK 4TO BOSM3U (hepmu-
nosepxHocTH Beerya Ime o (p — pp)??).

[Tpu Gonbmux uMIysibcax p >> pr (HO Bce ke pa K 1) umeem

2 2

2 . pp

e= 2 + P pra) — i (ppa)?. (21.20)
2m 3mm 3mm

B oboux ciyuasx ormomenue Ime/Ree mamo. Makcumasnbroe
3HAYEHNE ITOTO OTHOIUIECHUS JOCTUTAETCS IPHU P ~ Pp, HO U 34€CH
ono ~ (pra)? < 1.

Haxouer, npruBeieM 3HaUCHNE TIEPEHOPMUPOBOYHOM TOCTOSHHOM
dyuknun ['puna crabo vempeanbroro raza. OHa BBIUMCIAETCS KaK
1 - 1— az(w,p)‘

Ow

Z w=0,p=pF

(pra)®. (21.21)

¥ paBHA
_ 8 In2

w2

Z =1

1) IIpu orsim4HBIX OT Hy/IsA TEMIEPATypax yCPESHEHUE ITOM BEIUIUHBI II0 TEIl-
JIOBOMY PAacCIpeAesICHUIO MPUBOJUT K IPONOPIMOHAJIBLHOCTH 3aTyXaHHUs KBaJpa-

Ty T?, 0 ueM y2Ke roBOPMIOCH B § 1.
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CBEPXTEKVYYECTb

§ 22. DyieMeHTapHBIE BO30yKIeHUS B KBAHTOBOU 003€-KNIKOCTH

O6paruMmcs Tenepp K U3YyYECHUIO KBAHTOBBIX YKHJKOCTEH C SHEp-
TeTHYECKUM CIEKTPOM COBEPIIEHHO HHOTO TUIIA, KOTOPBIH MOXKHO Ha-
3BaTh 6o3esckum ).

OTOT CHEKTD XapaKTepHU3yeTCd TEM, UTO JIEMEHTapHbIE BO30Y-
XKJieHus (OTCYTCTBYIOIIME B OCHOBHOM COCTOSIHUM YKUJIKOCTH) MOTYT
HOSIBJIATHCS U MCY€3aTh NOooanHO4YKe. Ho MOMEHT mMmIIysibca BCAKOM
KBaHTOBOMEXAHWYIECKOH CHCTEMBI (B JAHHOM CJIydae — KUJIKOCTH)
MOKET HCIBITHIBATH U3MEHEHH JIAIIb Ha 11eJI0e Jucio. [loaromy BO3-
HUKAIOIIYE IIOOAWHOYKE dJIEMEHTapHbIE BO30YXKIEHUS IOJIKHBL 00-
JIAIATh IeJIOYUCAEHHBIM MOMEHTOM H, CJIEJOBATEIbHO, MIOAINHATHCH
cratuctuke Boze. CreKTpoM Takoro THNA JOJIKHA BO BCAKOM CIIy-
Jae 00J1ajaTh BCAKAsl KBAHTOBAs KUJKOCTb, COCTOSAIIAS U3 HACTHUI]
C meJIbIM CIMHOM (TakoB kuakuil uzoron *He).

Hamomuum fy1s1 cpaBHEHHs, 9TO B (DEPMHU-KUIKOCTH, IPUA OIIH-
CaHHUW €€ B TEDMUHAX CIIEKTPA JIEMEHTAPHBIX BO30Y2KAEHUIl, OTCYT-
CTBYIOIMX B OCHOBHOM cOCTOsiHUM (cM. KoHer § 1), aTu Bo3Gy»K1e-
HUSI MOTYT ITOABJIATHCA HJIM UCYE3ATh JIUIIb napaMu. VIMeHHO ¢ 3TuM
CBS3aHA BO3MOXKHOCTH JIEMEHTAPHBIM BO30YKIEHUSIM B 3TOM THIIE
CIIEKTPa MMETb IOJIyIEJIblil CIIHH.

B kBaHTORBOI 603€-KUIKOCTU jIEMEHTAPHBIE BO30YKIEHUsI C Ma-
JIBIMY UMITYJIbCAMH P (IJIMHA BOJIHBI BEJIUKA 11O CDABHEHMIO C MEK-
ATOMHBIMU PACCTOSHUAMY) COOTBETCTBYIOT OOBIYHBIM T'HIPOMHAMUY-
YECKUM 3BYKOBBIM BOJIHAM, T. €. IPEACTABJISIOT c000# (DOHOHBI. DTO
3HAYUT, YTO SHEPIUS TAKUX KBA3UIACTHIL ABJISETCS JUHEAHON DyHK-
nuel uX UMITYJIbCa:

€ = up, (22.1)

r7e % — CKOPOCTh 3BYKa B JKUIKOCTH. llociemHsisi gaeTcs OObIY-
Hoit popmyioit u? = OP/dp, npudem HeT HEOGXOAUMOCTH yTOUHATH,

') Teopusi Takux KBaHTOBBIX KumkocTeit 6bura cosmama JI. /. Jlanday
B 1940-1941 rr., Bcnen 3a orkperrueMm I1.JI. Kanuuel CBEpXTEKY4YECTH KU[I-
KOrO TreJidsl. DTHMH OTKPBITHSAMHU OBLIO IOJIOXKEHO HAYaJI0 BCEMY DPa3BUTHIO
COBPEMEHHOI (PU3NKN KBAHTOBBIX XKUJKOCTEH.
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GepeTcst Jiu MPOU3BOJHAS MPHU TOCTOAHHON Temmeparype T’ mian 3H-
Tponuu S, mockosbKy npu I — 0 Takxke u S — 01).

Yucsio sieMeHTApHBIX BO30YKAeHMI B 603€-)KUIKOCTA CTPEMUT-
ca K Hysao npu I — 0, ¥ OpU HU3KUX TEMIIEPATYPAX, KOTJA WX
IJIOTHOCTH JOCTATOYHO MAaJIa, KBA3WIACTUIBI MOXKHO CIUTATE HE B3a-
AMOJIENCTBYIONIAMH APYT C JPYTOM, T. €. 0OPA3yIOMNUMU WIeATbHBIN
603e-ra3. [loaromy craTmcTryecKn PaBHOBECHOE PACIIPEIESICHHE 16~
MEHTapHBIX BO30yXKaeHui B 603e-KUIKOCTH naeTcsd popMyJioil pac-
npezesieanss Boze (C paBHBIM HyJIFO XMMUYECKUM I[IOTEHI[MAJIOM —

Cp. IpuMevaHue Ha c. 18)
n(p) = [¢¢®/T —1]71, (22.2)

C moMOIIBIO 9TOr0 PaCIPEIEsICHNUS], ¥ 3HAsI 3aBUCUMOCTS &(p) Ipu
MAJIBIX P, MOYKHO BBIYHMCIUTH TEPMOJUHAMUYIECKUAE BEJIMIMHBI YKUJI-
KOCTH JJII TAKUX OJU3KUX K aOCONIOTHOMY HYJIIO TEMIEPATYP, MPH
KOTOPBIX MPAKTUIECKU BCE MMEIOIINECS B KUIKOCTH DJIEMEHTAPHBIE
BO30OYXAeHUS 00JIAJAI0OT MAJIBIMU SHEPIUSMU, T. €. ABJIATCH PO-
ronamu. CoorBeTcTByOMUE OPMYIIBI MOYKHO HAMCATEL CPa3y, BOC-
MOJIL30BABIINCH BBIPAYKEHUSMU JIJIsT TEPMOJUHAMUYIECKAX BEJIMINH
TBEPJIOrO TeJia TIPU HU3KHUX Temmeparypax (cm. V,§64). Pasuuna
3aKJIIOYAETCS JIUIIH B TOM, YTO BMECTO TPEX BO3MOXKHBIX HAIMPAB-
JIEHWH TOJISIPU3AIUU 3BYKOBBIX BOJIH B TBEPAOM Teje (OZHO IpO-
JIOJIbHOE ¥ [IBA IMOIEPEYHBIX) B JKUJKOCTH CYIIECTBYET JIUIIb OIHO
(IPOJOJIBHOE); TTOITOMY BCE BBIPAYKEHUs [JIsi TEPMOAUHAMUYECKUX
BEeJIMYMH CJleayeT pa3aenuTh Ha 3. Tak, jaiad cBOOOMHON dHEprum
KUJIKOCTU MMEEM 24

F=F-VZ2—, (22.3)

90(hu)3
rae Fy — cBobomnast sHEpTHS: TpU aOCOIFOTHOM HYJI€. DHEPIUS KU
KOCTH PaBHA

_ S
a TCIIJIOEMKOCTb 23
—y T (22.5)
15(fu)?

OHA TIPOTIOPITNOHAIbHA KyOy TeMIepaTypHL.

®onoHHBIN 3aK0H gucnepcun (22.1) cnpaBeiyIuB JIMIIb TOCTONb-
Ky, IIOCKOJIbKY JIJIMHA BOJIHBI KBa3W4acCTUNbI /i/p BesiuKa 10 CpaBHe-
HUIO C ME2KaTOMHBIME pacCcTosgHuAME. [Io Mepe yBesmdeHna UMIIYJIbCa

1) MonsTue o dbonomax 6bu10 BBeACHO B V,§ 71,72 myIs 9/IeMEHTAPHBIX BO30Y-
KOEHUR B TBepAbIXx Tesax. IlomdyepkHEM, YTO MMILYyJIbC JIEMEHTAPHOrO BO30Yy-
KACHUd B MUKPOCKOIIUYECKU O,E[HOPO,I[HOf/'I CucreMe — 2KMIKOCTHU — €CThb UCTHUH-
HBIA UMITYJIbC, & HE KBA3UUMILYJIbC, KAK B IIEPUOAUYECKOM I10JI€ KPUCTAJIINIECKOM
PEUIeTKY TBEPIOro TeJia.
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KpuBasi € = £(p), KOHEYHO, OTKJIOHSETCS OT JIMHEHHON 3aBUCUMOCTH;
JaJIbHEWNiT ee X0 3aBUCUT OT KOHKDPETHOIO 3aKOHA B3aumMOOEH-
CTBHS KUJKOCTH M HE MOXKET OBbITh MO- i
9TOMY OIpezesieH B OOIeM BUJE. L
B kwmakom resmm 3aKOH amcrep-
CUU 3JIEMEHTAPHBIX BO30OyXKIeHUI nme- [
er dopmy, nzobpaxkenHyo Ha puc. 2:qq [
ocjie  HA4YaJIbHOTO JIMHEHHOrO BO3- |
pacranusi yskuma &(p) mocruraer |
MaKCHUMyMa, 3aTeM YyObIBAaeT W TpU [
ONIPEJICJIEHHOM 3HAYCHUM HMIIYJIBCA Py
npoxoauT depe3 MuHEMyM'). B Tem-
JIOBOM DABHOBECHH OOJIBIIIMHCTBO 3JI€- 8 1
MEHTaPHBIX BO30YXKIEHUN B KHUIAKOCTHU p/h, 107 cm
“MeeT SHEPIuu B 00j1acTaX BOJIM3U MU- Puc. 2.
HUMYMOB byHKuuu £(p), T. €. B 06JacTH
MaJibix € (obiacts BOsu3m €=0), u B obsactu 3uadeHus €(pg). Io-
9TOMY MMEHHO 9TH 00JIACTH OCOOEHHO CyIIEeCTBEHHBI. BOIM3u Touku
p=po byHKIUS £(p) MOXKET OBITH PA3JIOXKEHA IO CTEIEHAM p—py. JIu-
HEWHBII WICH B PA3JI02KCHUU OTCYTCTBYET, U C TOYHOCTBIO 10 YJICHOB
BTOPOT'O HOPSIIKA UMEEM

2
e=A4 PP (22.6)
2m*

rge A = &(pp) m m* — mocrosiHEble. KBasuuacTuumbl 9TOro THIA

HA3BIBAIOT pomonamy. llomuepkueM, ogHako, 4To 006a THUIA KBa3U-

9acTUIl — (POHOHBI ¥ POTOHBI — OTBEYAIOT JIUIIH PA3HBIM YIaCTKAM

OIHOI M TOH 2Ke KPUBOHU, MEXKAy KOTOPBIMU UMECTCA HEIPEPBLIBHBIN
nepexoq.

OMIUpUYIECKYe 3HAUCHUS TaPAMETPOB IHEPTETUIECKOTO CIIEKTPA

JKUJKOTO resiusi (IKCTPANOIMPOBAHHBIE K HYJIEBOMY JABJICHUIO LIDU

miotaocTH p = 0,145 7/cM®) TakoBb ?):

u=24-10" cm/c, A=86K,

22.7
po/h=1,9-108 cm™ !, m* = 0,14m(*He). (22.7)

'YDra dopma crexrpa 6bita Buepsrie npeyoxkena JI. J. Janday (1947) ma
OCHOBAaHWM AHAJIN3a IKCIEPUMEHTAJIbHBIX NAHHBIX O TEPMOJUHAMUYECKUX BEJIH-
YUHAX 2KHUAKOIO rejmd; B ,I[a.HbHeﬁIIIeM OHa 6]:>IJIa IOATBEP2XKACHA IKCICPUMECH-
TAJIbHO ONBITAMY 10 PACCESTHUIO HEATPOHOB.

Kauecrsennasa Teopusi cnekrpa takoro Tuna msana Peiinmanom (R. P. Feyn-
man, 1954); cMm. HuXKe npumeuanue Ha c. 471.

z)yKa)KeM TaK2KE€ 3HAYCHHUC XHMMHUYCCKOI'O IOTCHIHAJIA XKHUIKOIO rejiud Ipu
T=0:p=-716K.
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[TockonbKy SHEpPrUs POTOHA BCETIA COMEPKUT Beananny A, 6015-
Y0 TI0 CPABHEHWIO ¢ 1 — mpHW TeMmepaTypax JOCTATOYHO HU3KHUX
I TOTO, YTOOBI MOXKHO OBIJIO TOBOPUTH O «POTOHHOM Ta3€y», —
TO TOCJIEHUI MOXKHO OIHUCHIBATH BMECTO pacipesesenns bose pac-
npeneseaneM Bombimana. COOTBETCTBEHHO STOMY, /IS BEIYUCICHUS
POTOHHOH YaCTU TEPMOAUHAMUYECKUX BEJUYUH JKUJKOTO TEJIUs UC-
xoauM u3 (popMyJIbl [jisi CBOOOIHOM dHEprun OOJIBIIMAHOBCKOIO Ta3a

d3p
(27h)3

F=-NT %/e—E/T dr, dr=

(cm. V,§41). IIpu sTom nox N B 970it hopMyJie HaIO IOHUMATD YHC-
JIO pOTOHOB B kuakoctu. Ho 3To uncsio camo onpeneiseTcs yelaoBUeEM
TEePMOIMHAMUYECKOTO PABHOBECHUsI, T. €. YCJIOBHEM MUHUMAJIHLHOCTH
cBoboguoit sueprun. [Ipupasuss OF /0N nHymro, HailgeM Jyis ducia
POTOHOB

N,=V /e_s/T dr (22.8)

(4TO COOTBETCTBYET, €CTECTBEHHO, DOJBIMAHOBCKOMY DACIIPEJIee-
HUIO C DABHBIM HYJII0 XUMHUYECKHM moTeHnuasoM). CooTBeTCTBYIO-
1ee 3HaYeHue CBOOOIHON SHEPrUn

F,=-VT / e~s/T dr.

B st dopmymsr Hago moxactasuth (22.6). IMockombky pg > m*T,
TO TIPH WHTErPUPOBAHUE TIO dp MOYKHO BBIHECTH MHOMKHTENIH P2 M3
T0]T 3HAKA MHTETPAJIA, 3AMEHUB €To C JOCTATOYHON TOYHOCTBIO Ha Pa.
[Ipu mHTErpHpOBaHUY IKCIOHEHIMAIHHOTO BHIPAYKEHUS MOXKHO PacC-
MPOCTPAHUTH 00JIACTH UHTETPUPOBAHUS OT —0C 110 00. B pe3ysbrare
TTOJTY IAM

_ 2DV A/ _
N, = We T F,=—TN,. (22.9)

OTCIO,I[& BKJIaJ POTOHOB B SHTPOIINIO U TCIIJIOEMKOCTD:

2
S=N(2+2), Cp=Np(§+é+A—). (22.10)

2 T 4 T T2
MBI BUAUM, YTO TEMIIEPATYPHASA 3aBUCUMOCTh POTOHHON YacTU TEP-
MOJMHAMUYECKUX BEJUUMH B OCHOBHOM 3KCIIOHEHIHAJbHA. [loaTOMY
IpPU JOCTATOYHO HU3KUX TEMIIEPATYPax ([JIsl XKUKOTO Tejiusl — HU-
ke npuMepHo deM 0,8 ) poTOHHAsi 4acTh MeHbIIe (DOHOHHOM, a Ipu
6ojiee BBICOKUX TEMIIEPATYPAX MOJIOKEHWE MEHSETCs, U POTOHHBIM

BKJI&JI, IPEBOCXOIUT (DOHOHHBIH.
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§23. CBepxTeKyd4ecTb

KBanTOBas KUAKOCTH C SHEPTETUIECKUM CIIEKTPOM OITHUCAHHOTO
THUMa 00/1aaeT 3aMeYaTe/IbHBIM CBOMCTBOM TaK HAa3bIBAEMO ceepI-
meKywecmuy — CBOMCTBOM TNPOTEKATh II0 Y3KUM KAIUJISPaM HUJIU
miesisiM, He oOHApy2kuBas Ba3kKocTu. HayHeM ¢ paccMOTpeHus »Kui-
KOCTH TIpu aOCOJIIOTHOM HYyJIe, KOT/Ia OHA HAaXOAWUTCS B CBOEM HOD-
MaJIbHOM, HEBO30Y2K/IEHHOM COCTOSIHUH.

PaccMoTpuM KUAKOCTH, TEKYIIYIO IO KAMUWIIAPY C IIOCTOSIHHOM
cKOpocThIO V. Hajimume BA3KOCTH TPOSBUIIOCH OBI B TOM, 4TO 6J1aro-
Japsi TPDEHUIO O CTEHKM TPYOKHM M TPEHWIO BHYTDPHU CAMO# XKHUIKOCTH
IpOUCXOAUIa Obl JUCCUMIAIUS KWHETHYECKON SHEPIUHU KUIKOCTH U
IIOCTETIEHHOE 3aMEJJIEHUE TTOTOKA.

Ham 6ymer ymobHee paccMaTpWBaTh TEYEHWE B CHUCTEME KOOD-
JWHAT, ABUXKYIIEHCS BMECTE C YKUJIKOCTbIO. B 3T0#t cucreme resmit
ITOKOUTCS, & CTEHKM KAIUJIJISAPa ABUXKYTCH CO CKOpOCcThio —V. [lpm
HaJIMYUHU BA3KOCTU MTOKOAIIUNCS TeJinii TOXKe MOJIKEH ObLI OBl Ha-
4aTh ABUraTbCsd. PU3MYECKU OYEBUIHO, UTO YBJIEUYEHUE >KUIKOCTH
CTEHKaMU TPYOKU HEe MOXKET IIPUBECTH C CAMOTO HAYAJIA K JBUKEHUIO
KUAKOCTU Kak 1iejioro. IlosiBneHune aBMKEHUS JO/KHO HAYATHCS C
ITOCTETIEHHOTO BO30YKIeHUsI BHYTPEHHUX JBUKEHMUIA, T. €. C TOSBJIE-
HUs B XKUJKOCTU JIEMEHTAPHBIX BO30YKICHUIA.

[Ipenmnosnoxkum, 4YTO B 2KUAKOCTH OSBJISIETCS OITHO JIEMEHTAPHOE
BO30y2K/eHNEe C MMILyJIbCOM P u 3Heprueit £(p). Torma sueprus Ey
KUIKOCTH (B CHCTEMe KOODAWHAT, B KOTOPOH OHA MEPBOHAYAJLHO
HOKOMJIACh) CIEJIACTCS PABHOI SHEPIHU ITOrO BO3DOYXKICHUH €, & €€
nviyiase Py — umnynbey p. Ilepeiinem Teneps obpaTHO K cucTeme
KOOPJMHAT, B KOTOPO# moKouTCst Karmujigp. CorjiacHO U3BECTHBIM U3
MexXaHUKHU (HOpMyJIaM Tpeodpa30BaHus SHEPTUU U UMITYJIHCA, UMEEM
muist sHeprun F u mMmimysbca P KUAKOCTH B 3TON CHUCTEME

Mo?
2 (23.1)

E=Ey+ Pov+
P=Po+ Mv,
roe M — macca xugkoctu. [lomcrasus €, p Bmecto Fy, Py, Hanumem

2
E=c¢+pv+ M; . (23.2)

Ynen Mv?/2 mpencrasiser coboii TepBOHAYATLHYIO KHHETHYC-
CKYIO DHEPIUI0 TEKYyIedl »KUIKOCTU; BBIPAXKEHWE XKe € + PV €eCTb
M3MEHEHUE JHEPTuu OJIaroapsi MOSBJICHUIO BO30OYXKIECHUs. DTO W3-
MEHEHWE JOJI)KHO OBITH OTPHUIATEJILHBIM, MOCKOJBKY SHEPIHUS JIBU-
Kyehcs: JKKUIKOCTH JOJPKHA YMEHbBIIAThCS

e+ pv <0.
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[Ipu 3a7aHHOM 3HAYEHUNU P BEJIUYUUHA, CTOSAIIAs B JIEBOM CTOPOHE
HEPABEHCTBA, HUMEET HAVMEHbIIIEe 3HAYEHUE IPU AHTUIAPAJIIEHHBIX
P U V; IO3TOMY BO BCSIKOM CJIydae JOJIKHO ObITh € — pv < 0, T. e.

v > <. (23.3)
p

OTO HEPaBEHCTBO JOJKHO BBINOJTHATHCSA XOTA OBI JJI HEKOTO-
PBIX 3HAUEHUN MMITYILCA P TEMEHTAPHOTO BO30yX)aenus. [losTomy
OKOHYATEJbHOE YCJIOBHE BO3MOXKHOCTY TOSIBJIEHUWS BO30YXKIEHUN B
JBUXKYIIEHCS 110 KATUJIJIAPY *KUIKOCTH MBI TIOJTYy9UM, HAMIsd MUHU-
MyM BesnuuHbI €/p. [eomerpuyecku oTHOIIEHUE £€/p €CTH TAHIEHC
yTJIa HAKJIOHA MIPSIMOM, TIPOBEJIEHHON U3 HAaYaJsa KOOPAWHAT (B ILIOC-
KOCTH D €) B HEKOTOPYIO TOUKY KpuBoii € = £(p). Ero Mmunnmasbroe
3HaQUCHUEC ONIPECACIIATCA, OYECBHUIHO, TOYKON, B KOTODOH IIDOBEICH-
Has W3 HAYAJIA KOODJAMHAT MPAMas KacaTeJbHa K KpuBoi. Kcim 310
MPUHUMAJIBHOE 3HAYEHNE OTIUIHO OT HYJIs, TO IIPH HE CUIIKOM OOJb-
MIUX CKOPOCTAX TEUYEHUS B YKUIAKOCTH HE CMOTYT MOSIBUTHCST BO30Y-
KJEHUA. JTO IHAUUT, YTO €€ TeueHne He OyJeT 3aMeisiThCs, T. €.
XKUJKOCTh OOHAPYKUT SBJICHUE CBEPXTEKYUIECTH.

[TosyyenHoe ycioBue HATNYNSA CBEPXTEKYIECTH IO CYIIECTBY CBO-
quTCs K TpeboBaHMIO, 9TOOBI KpuBas £ = £(p) He Kacajiach ocu ab-
CIIUCC B CAMOM Hadajie KOOPAUHAT (OTBJIEKASCh OT MAJIOBEPOSTHOM
BO3MO2KHOCTM KaCaHWs €0 dTOW OCU B JaJIbHEHUIIIEM CBOEM xo,ne).
ITosToMy K CBEPXTEKYUIECTU TPHUBEIET MO CYIIECTBY BCAKWIL CIIEKTP,
B KOTOPOM JIOCTATOYHO MaJibie BO30OYXKJIEHUS SIBJISIOTCH (POHOHAMU.

PaccMmoTpuM Temeph Ty ke KHAKOCTH TPU TEMIEPAType, OT-
JIMYHOM OT abCoIoTHOrO HyJs (XOoTd M O/IM3KyH0 K HeMmy). B arom
CIydae JKWAKOCTh HE HAXOAWTCsd B OCHOBHOM COCTOSTHUM — OHA
comepKuUT BO30OyX)eHus. |IpuBeneHHBIE BBHIME PACCYXKICHUS CAMU
o cebe OCTAIOTCS B CUJIe, TIOCKOJIbKY B HUX HE OBLJIO MCIIOJIb30BAHO
HEMIOCPEJICTBEHHO TO OOCTOSTEIHLCTBO, UTO JKUIKOCTH HAXOMUJIACH
MEPBOHAYAJBHO B OCHOBHOM COCTOSIHUH. JIBUKEHWE XKUIKOCTH OT-
HOCHUTEJILHO CT€HOK TPYOKM NPW BBITTOJHEHUU YKA3aHHOTO YCJIOBUS
MO-TIPEXKHEMY HE CMOXKET TMPUBECTH K IOSIBJIEHWIO B HEl HOBBIX
3JIeMeHTapHBIX BO30yX)aenmit. Heobxomumo, OIHAKO, BBISCHUTB,
KakuM 00Opa3oM Oy[eT NpOsABJIATHCH HaJu4uue BO30YXKIEHUH, yiKe
CYIIECTBYIOIMNX B KUJKOCTH.

[IpencraBum cebe mjisi TOTO, YTO «Ta3 KBA3UYACTHUIL> IBUNKETCH
KaK T[eJI0e OTHOCUTEJILHO YKUIKOCTH TIOCTYTIATEIBHO CO CKOPOCTHIO V.
OyHKIMSA pPaCUpeIesieHns IJisi IBUKYIIETOCH KaK TeJIoe Ta3a TOJIy-
4yaercsd u3 (QYHKIUM PacHpesesieHus: n(€) HeIOABUKHOIO ra3a Iy TeM
3aMeHbl YHEPTUU € YACTHUILI BEJIMUUHON € — PV, TIe P — UMIIYJIbC
qacTurbl. i 0OBIYHOTO Ta3a 3TO 0OCTOATETHLCTBO ABJISETCS HETO-
CPEJCTBEHHBIM CJIEACTBUEM MPWHIINITA, OTHOCUTEJIBHOCTH lajujies u
JIOKA3BIBAETCS MTPOCTO IIyTEM MIEPEXO0/Ia OT OJJHOM CUCTEMBI KOOPAWHAT
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K apyroii. B nanuoMm ke ciiydae Takue cooOparkeHusi HEITOCPEICTBEH-
HO HE IPUMEHUMBI, TAK KAK Ta3 KBA3UIACTHI] JIBUKETCS HE B IIyCTOTE,
a «CKBO3b XKUJKOCTh». 'TeM He MeHee YTBEPKICHUE OCTAETCS B CHUJIE,
KaK 9TO BBITEKAET U3 CJIECAYIONINX PACCYKICHUN.

ITycTsb Ta3 BO3OYXKACHUN ABUNKETCS OTHOCUTEIHHO JKUIKOCTH CO
CKOPOCTBHIO V. PaccMOTpuM CHCTEMY KOOPAWHAT, B KOTOPOH a3 Kak
IeJioe TOKOUTCs, 8 YKUJKOCTh COOTBETCTBEHHO JBUYXKETCA CO CKO-
pocrbio —v (cucrema K).Corsacro dopmysie npeobpasosanus (23.1),
sueprus F xunkoctu B cucreme K cBsizana c sHeprueit Fy B cucte-
Me, B KOTOPO# KUIKOCTH mokoutcs (cucrema Kj), COOTHOIEHUEM

2
E=E0—P0V+]VI; .

IlycTh B 2KMIKOCTH MOABJIAETCA 3JIEMEHTAPHOE BO30YKICHUE C IHEP-
rueii €(p) (B cucreme Kjp). Torma momonuuTenpHast SHEPrus Kui-
KocTH B cucreme K OymeT € — pv, 4eM M JOKA3bIBAETC CIEJIaHHOE
yIBepKI€eHue ).

Takum 06pa3oM, MOJIHBIA UMITYJIbC ra3a KBAa3W4aCTHUI (OTHECEH-
HBII K equHuLEe 00beMa) OymeT

P =[pn(e — pv)dr.

IIpeamonokumM, 9TO CKOPOCTH V MaJia, U PA3JIOKUM ITOABIHTET DAJIE-
HOE BBIPAXKEHUE IO CTEIeHAM PV. YJleH HYJIEBOTO TOPSATKA UCIE3AET
(IpM MHTErpUPOBAHMY IO HAIPABJICHUAM BEKTOPA P), U OCTACTCS

de

Wy, IIOCJle YCPeOHEHU II0 HallPaBJICHUAM P,

3 / (-9 p ar. (23.4)

[Ipex e Bcero MbI BUJIMM, YTO JIBUXKEHUE Ta33a KBA3UIACTHUIL CO-
MPOBOXKIAETCA MEPEHOCOM HEKOTOPO# Macchl: 3hpdeKTUBHAS MaCCa
eIuHUIBI 00beMa ra3a ompenesisieTcss K03 OUIUEHTOM TPOIOPIIHO-
HAJILHOCTU MexX 1y umiyiabcom P u ckopocteio v B (23.4). C apyroii
CTOPOHBI, IPU TEYCHUN XKUJTKOCTH, CKAYKEM, TI0 KAMWIIISAPY HAYTO HE

P= —/p(pv) dn(c) dr,

1) s xpasuuactun B 603e-xxuaxoctu n(e) — pacmpemenenue (22.2). Obpa-
THM BHHMAaHUE Ha TO, YTO YCJIOBHE CBepXTeKydecTH (v < €/p) Kak pa3 COBIAJa-
€T C yCJIOBHEM, OGECIEUNBAOIIUM OIOXKUTEIBHOCTD U KOHEYHOCTDH BBIPAXKEHUS
n(e—pv) A BCex SHepruii.
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MeEIaeT KBa3W4aCTUIIAM CTAJKUBATHCS CO CTEHKAMHU TPYOKH U obme-
HUBaThCH C HUMU UMIYJIbCOM. B pe3ysbraTe ra3 Bo30yXaeHuit Oy-
JIeT OCTAHOBJIEH, KAK 3TO IPOU3O0MNLIO ObI CO BCAKUM OOBIYHBIM Ta30M,
IMIPOTEKAIOIIUM 10 KAIHJLISDY.

Takum 06pa3oM, MBI IPUXOAUM K CJIEAYIOIIEMY OCHOBHOMY pe-
3yJsbTaTy. [Ipyr OTJIMYHBIX OT HyJIst TEMIIEPATYPAX YaCTh MACCHI KU
KocTu Oynmer BecTu cebsi KaK HOPMAaJIbHAS BSI3Kas YKUIKOCTh, <IIETI-
JIFIoMagdcd» IIPU OBUXKEHUM O CTEHKU COCYJa; OCTaJbHas K€ 4acTb
Macchl 6yaeT BecTu cebsi Kak He 00J1aJaoniast BEI3KOCTHIO CBEPXTEKY-
9as KUIAKOCT. [Ipy 3TOM BeCchMa CyIIeCTBEHHO, YTO MEXKIY oberMu
3TUMHU ABUXKYIUMUCH <«IPYT dYepe3 Apyray YacTIMHU MAacCChl KUIKO-
CTU HET TPEHHUs, T. €. He IPOUCXOJUT IlepeJadu UMIIYJIbCa OT OTHOM
U3 HUX K Apyroi. leficTBUTEIbHO, CAMO HAJIUYNE TAKOTO B3aUMHOTO
JBUKEHUS OTHOI 9aCTH MaCChI 2KUJTKOCTH OTHOCUTEJIBHO IPYTOH MBI
TIOJIyYMJIM IIPU PACCMOTPEHUM CTATUCTUUECKOTO PABHOBECUS B paB-
HOMEDPHO ABUXKYIIEMCsi ra3e Bo30yxkaennii. Ho ecsin kakoe-yimbo ot-
HOCUTEJIBHOE JBUXKEHHUE MOXKET UMETh MECTO B COCTOSHUU TEIJIOBOIO
PaBHOBEeCHS, TO 3TO 3HAYUT, YTO OHO HE CONPOBOXKIAECTCH TPEHUEM.

[loguepkHeM, 9TO pacCMOTPEHUE YKUIKOCTU KAK «CMECU» HOP-
MaJIbHON W CBEPXTEKydell ee «dacTeils sABIgeTCS He Oosee, UeM
ctocobOM BBIpAXKEHUSI, YIOOHBIM [IJisi ONMMCAHUS SBJIEHUHN, TPOUCXO-
JAITAX B KBAaHTOBOM »KNUIKOCTHU; OHO OTHIONHL HE 03HA4Ya€T BO3MOXKHO-
CTH PeaJIbHOTO Pa3eJieHus KUIKOCTH Ha ABe YacTu. Kak u BCAKOe
OIlCaHWe KBAHTOBBIX fABJICHUIl B KJIACCHUYECKUX TE€PMUHAX, OHO HE
SIBJISIETCS BITOJIHE 3JIEKBATHBIM. B AefiCTBUTEILHOCTH HAJI0 TOBOPUTh,
9TO B KBAHTOBO# 603€-2KUIKOCTH MOT'YT CYIIIECTBOBATH OJHOBDEMEH-
HO [JBa JBUXKEHUs, KAXKJI0€ M3 KOTOPBIX CBA3aHO CO CBOeil 3ddek-
TUBHON Maccoii (Tak 4To CyMMa 3THX MACC PABHA MOJHON UCTUHHOM
macce xkuakoctu). OJHO U3 9THX [BMXKEHHUN «HODMAJbHO», T. €.
obJiaiaeT TeMu Ke CBOMCTBAMU, YTO WM IBUXKEHUE OOBIYHON BA3KOIM
KUJIKOCTH; IPyTroe ke —«cBepxTekydeey. O6a 3TH JABUKEHUS TPO-
UCXOaAT 0e3 mepesadu UMITYJIbCa OT OHOTO K JPYTOMY.

Taxum 06pa3oM, B THAPOAUHAMAIECKOM CMBICJIE TIJIOTHOCTH O03e-
KUJKOCTU MOXKET OBITH TMPEJCTABJICHA B BUJE CYMMBI p=pp+ 05 HOP-
MaJIbHOI M CBEPXTEKydYell dJacrTell, KaxKaad U3 KOTOPBIX CBA33aHa CO
CBOEll TUAPOAMHAMHUIECKON CKOPOCTBI0 — V,, W Vs. BaKHBIM CBOM-
CTBOM CBEDXTEKYYero JBUKEHUS ABJISAETCH €I'0 MOTEHIUAJILHOCTD:

rot vy = 0. (23.5)

DTO CBONCTBO ABJIAETCS MAKPOCKOIMYECKUM BBIPAYKEHNEM TOTO (DaK-
Ta, 9TO JIEMEHTAPHbIE BO30Y kK IeHus ¢ OOJIBINON AJIMHON BOJIHBL (T. €.
C MaJIbIMU MMITYJIbCAMU) SIBJISIOTCH 3BYKOBBIMM KBaHTaMu — (DOHO-
namu. [loTOMy MaxpoCKOmMYecKast THIPOJUHAMUKA CBEPXTEKYUe-
TO NBUXKEHUS HE JOJI)KHA JOIMYyCKATh HUKAKUX JAPYTUX KOjeOaHwmit,
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KpOM€ 3BYKOBBIX '), 4TO U obecmeuusaercs yciaoBueM (23.5) (Mbl
elle BEpHEMCH K ero 060CcHOBaHMIO B § 26) ?).

I[Ipu T' = 0 HOpMaJbHAd YACTh IJIOTHOCTU P, = (; XKUIKOCTH
MOXKET COBEPIIATH TOJIBKO CBEPXTEKydee aBrKeHue. [Ipy omimgHbIX
JKe OT HyJIsl TEMIEPATyPax p, Aaercs dopmysoi (23.4):

Pn = L /(—d—n) p*dr. (23.6)

3 de

st Bbraucienuns (bOHOHHOIO BKJAAa B pp mosiaraeM B (23.6)
eE=up:

o0
1 dn o 4np? dp

U II0CJIC UHTETPUPOBAHUA IO YaCTAM HaXOJIUM

o0
4 [ anp?dp 4
= — _— = — endrt.
(Pn)e 3u) (2rR)3  3u?
0

OcraBiumiicst 31€Ch UHTErPAJ HE YTO UHOE, KAK DHEPTUsSl €IUHUIBI
obbema (POHOHHOIO rasa; B3sB 9Ty BeJauduuHy u3 (22.4), mosydum
OKOHYATEJIHHO

(o) 4Ey, 22T
P = 5oV~ 15w

Uit BBIYUCIIEHUS YK€ POTOHHOTO BKJIAJA B Pp, 3aMEYAEM, UTO IIO-
CKOJIbKY POTOHBI MOXKHO ONUCHIBATH pacupeieseHueM DBojbliMaHa,

(23.7)

to gy Hux dn/de = —n /T, n u3 (23.6) umeem
~ 1 (g =P
(pn)p = ar | P ndr TV

[omnozkuB, ¢ AOCTATOYHON TOIHOCTBIO, p2 = pg u B3aB N, u3 (22.9),
HOJTY 9UM

— P(2JNP — 2(m*)1/2p§ C_A/T. (23.8)

(pn)p 3TV 3(2m)3/2T/243

IIpu campIix HU3KUX TeMIepaTypax (POHOHHBIHN BKJIAT B Py, BEJIUK IO
cpaBHeHUIO ¢ poToHHBIM. OHE cpaBHuBaroTCs mpumepno mpu 0,6 K,

1) [ompasymeBaeTcs, 9TO YKUAKOCTH HE OTpaHWyeHa. IIpu majwaum cBo6OI-
HO}i [OBEPXHOCTY BO3MOXKHEI TAKXKE ITOBEPXHOCTHBIE KAIMJUISIPHBIE BOJIHBI (4TO
IPUBOIUT K OIPEJEJIEHHOI TEMIIEPATYPHOII 3aBUCUMOCTHU TOBEPXHOCTHOIO HATH-
JKEHHsI — CM. 3aJady 1).

2) ITompobHoe H3/IOKEHUE THAPOTHHAMHUKH CBEPXTEKYdeH >KUIKOCTH IAeTCA
B . VI).
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a mpu OOJNBIIAX TEMIEPATYPaX POTOHHBIN BKJIAJ CTAHOBUTCS IIPE-
00J1a1aI0IITIM.

ITo Mepe TOBBIIIIEHUS TEeMIEPATYPHI BCe OOMBINAs YaCTh MAaCChI
JKUIKOCTU CTAHOBUTCA HOPMAaJIbHOM. B Touke, B KOTOPO# JocTHraeT-
Cs1 PABEHCTBO P, = p, TOJIHOCTHIO HUCUE33ET CBOMCTBO CBEPXTEKYUe-
cTr. DTO — TaK HA3BIBAEMAS A-MO%KQ KUIKOCTH, MPEICTABIISIONIAS
coboii Touky (azoBoro mepexoma Broporo poza’). Yro kacaercs
KoJM4YecTBeHHBIX hopmyi (23.7), (23.8), TO OHUM, KOHEUHO, HETIPUMe-
HUMBI BOJIU3U A-TOYKH, T/ KOHIIEHTPAINST KBA3WIACTUI CTAHOBUTCS
OOJIBINON, TAK KaK JIAZKe CaMOe TIOHATUE O HUX B 3HAYUTEILHON CTe-
MIEHN TEPAET CMBICI.

OcTaHOBUMCH €lle Ha BOIPOCE O MOBEIEHUH aTOMOB PACTBOPEH-
HBIX B XKUJKOM T€JINY TOCTOPOHHUX BEIECTB; KOHIIEHTPAIINS TPUMe-
CH TIPEIoJIaraeTcsa HACTOJIBKO MAJIOH, UTO €€ ATOMBI MOXKHO CUUTATH
HeB3aumozelicTByomumu apyr ¢ apyrom (/1. /1. Jlanday, U. 5. Io-
meparnyyk, 1948).

Hanuuue mocTopoHHEro aToMa B KUJIKOCTH TPUBOIUT K TIOSBJIE-
HUIO HOBOW BETBU YHEPTETUYECKOTO CIIEKTPA, COOTBETCTBYIOIIEH TBU-
KEHUIO 9TOT0 ATOMa 9€pe3 KUJKOCTh; Pa3yMeeTCsi, BBUJY CUJILHOTO
B3aUMOJIEICTBUS ATOMa, MPUMECH C ATOMAMH YKUIKOCTH, ITO JIBU-
KEHUE ABJIAETCS B JIEHCTBUTEILHOCTY KOJUIEKTUBHBIM 9(deKToM, B
KOTOPOM TPUHUMAIOT yYacTHe TAKXKe W ATOMBI YKUJIKOCTHA. JTOMY
JBUKEHUIO MOXKHO MPUMHUCATH HEKOTOPKIH Pe3yJIbTUPYIOMINI COXPa-
HAIOIMUNACA UMIYJIbC P. TakuMm 00pa3oM, B KUJKOCTH MOSBJISIIOTCS
KBa3UYACTHUIBI HOBOTO THNA (B 9YMCJe, DABHOM YHUCJIy aTOMOB IIPH-
MeCH), SHEPIUst KOTOPBIX Exp(P) ABISETCH ONPEIEICHHON byHKIIe
HAMITYJIbCa. B TEmI0BOM paBHOBECUU IHEPTUU ITUX KBA3UIACTHUIL Oy-
YT COCPEIOTOUEHBI BOIU3YM HANMEHBINETO U3 MUHUMYMOB (QOyHKIMN
€np(p). PakTHYecKH pedb umeT o npuMmecu uzorona 3He, u smmmpn-
YECKUE JAHHBIE TOKA3BIBAIOT, YTO TAKON MUHUMYM JIeXKUT pu p = 0;
BOJIM3M HETO SHEPrUs KBa3WYACTUIIHI UMEET B/

2

enp(p) = P (23.9)

2myp

¢ acpdexrusHON Maccoit my, = 2,8 macc aroma *He.

[IpumecHBIe KBA3WYACTHUIBI B3AUMOAEHCTBYIOT ¢ (POHOHAMU U PO-
TOHAMHU, CTAJKHUBAsACh C HUMH, U, TAKUM OOPa30M, BXOIAT B COCTAB
HOPMAJIbHON HYaCTH YKUJIKOCTH. BBUIY MaJiofi KOHIICHTDAIUU ITUX
KBa3WYaCTHI] UX TEIUIOBOE PacIpeesieHne — OOIbIIMAHOBCKOE, W UX

1) 2Kunkwuii resimit npu TemMnepaTrypax HUKe STOH TOYKHM HA3bIBAIOT resueM Il
A-Touku 06pasyror smHUIO Ha (Has3oBoil guarpamme B mwiockoctu P T'. Dra jiuHus
[EpECeKaeT JIMHUIO PABHOBECHS JKUIKOCTU C IapoM npu Temuneparype 2,19 K.
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BKJIAJ B pn, (OHpeneneHHbli cortacHo (23.6)) maerca dhopmyioi

Nop p? _ Nu
(Pn)up = Tp?z:_T = TPm;p, (23.10)

rae Npp/V — 4ucio aToMoB IPEMECH B €UHULE 00beMa.

Sagaun

1. Haiitu npenesbHBI 3aKOH TEMIEPATypPHON 3aBHCUMOCTH KO3 duumeH-
Ta IOBEPXHOCTHOIO HATSXKEHUS (¢ >KUAKOIO reJins BOJIH3U abCOJIOTHOIO HYJIS
(K. R. Atkins, 1953).

Pemenune. Koapdumuenr o ects cBobomHasT SHEPrUsl €AUHULBI IJIOIIAIA
nosepxHocTH xKugkoctu (cM. V, (154.6)). Ora BesmdnuHA BBIYMC/IAETCS MO HOP-

Mmyse V, (64.1), B KOTOPO#i 9aCTOTHI W OTHOCATCS TENEPh K MOBEPXHOCTHBIM KO-
nebanusM. B nBymepHOM citydae mepexon OT CyMMHPOBAaHUS K HHTETPUPOBAHUIO
(o BOJIHOBBIM BeKTOpaM KoJieGaHMil) OCYILECTBJISAETCH BBELEHHEM MHOXKHUTEJIS

d*k/(2m)? umm 27k dk/(27)%. Tlocsie MHTErpUpOBAHHS IO YACTSM HaiizeMm

2
a=a0+T/ln(1—e_r“"/T)M=ao ﬁ/ b dw

2m T 4rn [ er/T 1

(e — moBepxHocTHOE HaTsikenue npu T' = 0). IIpu gocTaTOYHO HU3KMX TeMIle-
paTypax CyIIeCTBEHHBI JIMIIb KOjieDaHUs C MaJIbIMM YaCTOTAMH, T. €. ¢ OOJIbIIn-
MU JjimHaMu BOJIH. Takue Kojie6aHus IPEICTABIISIOT COOOM THAPOANHAMUIECKIE

KAIMJUIAPHEIC BOJIHBI, JIs KOTOphiX w? = ak’/p = aok®/p (p — mnornocTs

xkugkocru). ITosromy
oo
Bofp\23 [ w*?dw
a_ao_E(a) efiw/T — 1

0

(6BIcTpas CXOAMMOCTD MHTErpaJIa MO3BOJISET 3aMEHUTh BEPXHUl mpemes Gecko-
HEYHOCTBIO). Brruncienue unrerpasa (cMm. nmpumeuanue B V,§58) mpusogur
pe3yabTaTy

7/3 2/38 7/3 2/3
o= ap— Tipp(Z)C(Z) —ao—013 1P
47rﬁ4/3a(2]/3 3 3 ﬁ4/3a(2)/3

STOT pe3ysabTaT OTHOCUTCS K Xuakomy ‘He mpu temneparypax HacTOJBKO HU3-
KHX, 4TO BCIO MACCy »MJKOCTH MOXKHO CYHTATbH CBEpPXTeKyuei ).

2. Haiitu 3akoH aucnepcuu enp(P) AJIsl MPUMECHBIX YaCTHIL B ABUXKYIIEH-
C CBEPXTEKyd4eil KUIKOCTH, €CJI 3TOT 3aKOH &'5—101)) (p) u3BecTEH B HEMOABUXKHOM
xkugkocru (J. Bardeen, G. Baym, D. Pines, 1967).

Pemenue. ITocne nobasienus k HenmoapukHoii xuaxocru (npu T' = 0) aTo-
Ma mpuMecH (€ Maccoif m) ¢ MMILYJIbCOM Po €€ Y9HEPrHs U UMILYJILC (B CHCTEME

. 0
KOODAMHAT, B KOTOPOii 2KUIKOCTh [IEPBOHAYA/IBHO IIOKOMJIACh) ecTh Fy = sgﬁ (po),

B depmu-xuaxocrn (xmmxmit *He) KamuisipHbie BOJHBI PACCMOTPEHHOTO

Tuna (Kax u 06bEMHBIE BOJIHBI OGBIYHOrO 3ByKa) HE CYIIECTBYIOT BBHIY HEOrpa-
HUYEHHOI'O BO3pacTaHus Bs3kocTu npu 1T — 0.
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P = po. B cucreme ke KOOpAUHAT, B KOTOPOH KUJKOCTb JBUKETCH CO CKOPO-
CTBIO V, UMeeM, coryiacHo (23.1),

1
E= snp(po) +pov+ = 5 (M +m)v®, P=po+(M+m)v
OTCIO,I[a BUOHO, YTO U3MCHECHUSA IHEPIrUU U HUMIILYJIbLCA ,ZLBI/I)KyH.(ef/'ICH KHUIOKOCTHU

npu gobaBjieHNM K Hel aToMa IPUMECH DABHBI
2

eny — @ my —
up = €np (o) + Pov + 5> P=Po+mv.
Bripasus cnp uepes p, HaxoauM
mu?
enp(p) = e (P — mv) + pv —

HpI/I MaJIbIX 3HAYCHUAX ¥, C TOYHOCTBHIO OO0 YJICHOB IIE€PBOr'O IMOPpAAKa, OJIA CIEK-
m
1- .
mnp

[Ipu mepexo/ie OT KJIaCCUYECKOH KAPTUHBI 3By KOBBIX BOJIH K KBAaH-
TOBOMY TIPEJICTABJIEHNIO O (DOHOHAX TUIPOANHAMUYECKUE BEJIMIUHBI
(MJI0THOCTD, CKOPOCTH KUIKOCTH U T. II.) 3AMEHSIOTCsl OIIEPATOPAMH,
BBIPAYKAIOIIMMUCS YePe3 ONepaTophl Cy, Eit YHUUYTOXKEHUS U POXKIE-
Husi (poHOHOB. BhiBenem dopmysibl, Jafomue 3TU BbIPAXKEHUS.

HanmomauM, 9TO0 B KJIACCMYECKOM OIHUCAHUU 3BYKOBOW BOJIHBI
IJIOTHOCTH YKUJKOCTY UCIBITHIBAET MAaJIble KOJIEOAHNUS C 9aCTOTAMU U
BOJTHOBBIMY BEKTOPAMM, CBA3aHHBIMHU IPYT C APYTOM COOTHOIIEHUEM
w = uk. Bemmumno#t TOTO XK€ MOPSsiIKa MAJIOCTH, YTO U TEPEMEHHAS
9acTh WIOTHOCTH p' = p — po (po — PABHOBECHOE 3HAYEHUE ILJIOTHO-
CTH), SABJISIETCS CKOPOCTh KUIKOCTHU V. JIBUKEHUe KUIKOCTH B BOJIHE
TOTEHITUAJIBHO, T. €. MOXKET ObITh OMMCAHO CKAJISPHBIM IOTEHIINAJIOM
CKOPOCTH (0, OTIPEEJISIONIAM CKOPOCTh COTJIACHO

v = V. (24.1)

CKOpOCTH ¥ IUIOTHOCTH CBSI3aHBL APYT C JPYIOM yDABHEHUEM HEIpe-
peisHOCTH Op' /Ot = — div (pv) & —pg div v, nm

o

Tpa snp (p) euza (23.9) umeem

2
p
enp(P) = Dy
p

§24. ®oHOHBI B KUIKOCTH

L — Ao, 24.2
o polAgp (24.2)
DHeprug }KUIKOCTU B 3BYKOBON BOJIHE JIAETCS WHTErPAJIOM
2 2 2
E =/<& + &> d3z. (24.3)
2 2p0

IlepBrhlit wiIeH B HOABIHTETPAJIBHOM BBIPDAYKEHUH €CTh IJIOTHOCTb K-
HETUYECKOH, 8 BTOPO# — BHYTPEHHEHN SHEPTUY YKUIKOCTH; 003 KBaI-
PATUYHBI TI0 MAJIBIM BEJIMYUHAM V 1 0.
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JlanbHedinyio npoueaypy KBAHTOBAHUS MOXKHO ObLIO ObI mpoBe-
CTH TIOJIHOCTHIO AHAJOTHIHO TOMY, KaK 3TO OBLIO CIeaHO Jijisd ¢o-
HOHOB B TBepAbIX KpucTa/uiax (cm. V,§72). Mel, ograko, uzbepem
3716Ch HECKOJIBKO WHOM My Th, JIEMOHCTPUPYIOIIN HEKOTOPHIE TIOY IH-
TEJILHBIE METOAUIECKIE MOMEHTHI. PacCMOTpPUM CHaYAJIa OMEPATOPHI
IJIOTHOCTH ¥ CKOPOCTH YKUJIKOCTH, BEIPAYKEHHBIE Y€PE3 MUKPOCKOTIH-
YECKUE TIEPEMEHHBIE — KOOPAWHATHI YACTHII.

B kimaccudeckoit Teopun mIOTHOCTH P M INIOTHOCTE TIOTOKA MACCHI
KUJKOCTU j MOTYT OBITH IIPEJCTABICHBI CyMMaMU

p(r) = Zmad(ra —-r), j{r)= Zpaé(ra -1),

B3SATBIMHU 10 BCEM YaCTHUIAM (I'q U Pg — PAJUYC-BEKTOPHI U UMITYJIb-
CBI YaCTUIL); MHTEIPAJIBI OT ITUX (PYHKIUil 10 KAKOMY-JIM00 06beMy
JAIOT TOJIHYIO MACCy ¥ TOJIHBIN MMITYJIbC YKUIKOCTA B 9TOM OObEME.
ITpu mepexome K KBAHTOBOH Teopuu 3TU (DYHKITUU 3aMEHSIOTCS COOT-
BeTCTBYyMOIMMU oneparopamu. OmnepaTop MJIOTHOCTH WMEET TOT Ke

BU ~
p(r) = Zma5(ra —r), (24.4)
a
a OIEpaToOp IUIOTHOCTH IIOTOKA

§r) = 33 (Pud(ra —1) +6(ra —T)Pa},  (245)

riae P, = —ihV, — OmepaTop MMITYJIbCA YACTHUILHL ).

Haiinem npasmio KoMMyTaimu Mexkty oneparopamu j(r) u p(r’),
B3ATBIMU B TOYKAaX I W I'; IIPH 3TOM MOXKHO, Jjisi KDATKOCTH, Pac-
CMaTpUBaTh BCEro MO OJHOMY WieHy B cymmax (24.4), (24.5), mo-

CKOJIBKY OIlepaTOpBhl, COOTBETCTBYIOIINE PAa3HBbIM YacTHUIAM, KOMMY-
TaTUBHBL. [Ipy pacKphITHE KOMMyTaTOpa OIEpaTophl Buma d(rp —

r) V1d(r1 — r') npeobGpasyrorcs ciegyromum o6pa3om:
§(r1—r)Vié(r1—1') = §(r1—r) (Vé(r—1')) +(r1 —1)d(r1 —1') V1,
rae B nepsoM wiene (V4(r — r')) osmawaer mpocro rpamueHT J-

byHKIMY; BBULY HAJIWIMs MHOXKUTENs O(r] —I) B 9TOM 9JIEHE MOXK-
Ho nucarh B HeM (VI(r — r’)) Bmecro (Vid(r —r’)). B pesyubrare

1 [Iycre a/1st IPOCTOTEI, CHCTEMA COCTOUT BCErO W3 Of(HOMN YACTHINEI. YCPETHE-
Hue omepatopa p(r) = mé(ry — r) MO COCTOAHHIO ¢ BOIHOBOH byHKIuei 1(r1)
maer [ *(r1) pp(r1) d*z1 = m|y(r)|?, kax u JOMKHO GBITH. AHANOrHHBIM 06-

~

pa3oM, ycpeaHeHue oneparopa j(r) JaeT IpaBHJIBHOE BHIPA’KEHUE IJIOTHOCTH I10-

o (h/20) [ (£) Vi (x) — () V" (1)}
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TIOJIy YUM

~

@A) — () = —ikp(Vo(r 1), (246)

BBezieM Teneph BMECTO j OmepaTop CKOPOCTH KUIKOCTU V, COTVIACHO
OTIPEeIEJIEHUIO,
Tl A
J= ;v +vp).
[IpaBuiio KOMMyTaIKU OEPATOPOB P U V OIMPEIENieTCs TPeHOBaHY-

eM, 94TOObI JjIsi KOMMYTaTOpa p U j IOJIy4aJoch Bbipaxkenue (24.6).
JIerko mpoBepuUTh, UTO [JId STOrO HAJO MOJIOXKUTH

YO)B() - AE)9(r) = —iK(V(x - 1')).

(l'[pI/I 9TOM HAAO YYE€CTh OYECBUAHYIO KOMMYTAaTUBHOCTBH OII€EPaTOPOB

p(r) m p(r')). Hakonen, monoxus v(r) = V@(r), nonygaem npa-
BIJIO KOMMYTAIUH MEXKJy OIEPATOPAaMK IJIOTHOCTH ¥ IIOTCHINAJIA
CKOpOCTH

@) (') — ' (x')@(r) = —ind(r — r') (24.7)

(BMeCTO p MOKHO, KOHEYHO, TTUCATH 3/1ECh OMEPaTop p = p — po me-

peMeHHO# YacTu mwioTHOCTH). [Ipasuio (24.7) aHAJIOrMYHO TPABUILY
KOMMYTAITUKA MEXKIy KOODJMHATON M MMITYJIbCOM HYACTHUIIBI; B 3TOM
CMBICJIE BEJIMYMHBI p' ¥ (0 UTPAIOT B JIAHHOM CJIydae POJIb KAHOHUYE-
CKU CONPSI?KEHHBIX O0OOIIEHHBIX «KOOPIUHAT» U <AMILYJIbCOBY.
Ucnonb3oBas Beipakenus (24.4), (24.5) mis ycraHoBjeHUs mpa-

Buwia (24.7), HanuIeM Teneph ONEPATOPbl U p' B IPEJCTABJICHUN
BTOPUYHOIO KBAHTOBaHUs (T. €. BBIPA3UM HX YEPE3 OlePATOPbI YHU-
YTOXKEHUS ¥ POXKICHUST (DOHOHOB), HOTPEOOBAB IIPU ITOM, YTOOBI OHU
yIoBJIeTBODsin mpasuity (24.7). st 9Toro numem

~ 1 ~ _ikr * —ikr
B(r) = o= D (Aitice™ + Aigre ™)
k

C TIOKa HE ONpeIeJeHHBIMU KodddunmeHTamMu Ay; CyMMUPOBAHUE
IPOU3BOAUTCS II0 BCEM 3HAYCHUAM BOJHOBOI'O BEKTOpPa, Ipoberae-
MBIM ISl KUAKOCTH B GOJIBIIOM, HO KOHEYHOM obbeme V' '), Ome-

paTopsI Ck, 'c\i{F YIOBJIETBOPAIOT O03€BCKUM MIPABUJIAM KOMMYTAIUU

EkCNki—/ - CNki_,Ek == 6kk/. (24.8)

') B omymume oT )-0nepaTopOB YaCTHIL, ONEPATOP BEMIECTBECHHON BETHIHHbL (0
9PMUTOB U COAEPXKUT OTHOBPEMEHHO OIEPATOPHI POXKICHUS U YHUITOXKeHUs (Ho-
HOHOB. HanomumM, 9T0 9T0 CBOWCTBO (KaK M TAKOE K€ CBOMCTBO OIEPATOPOB MOJIS
B KBAHTOBOI 3JIEKTPOJMHAMEKE) CBA3aHO C HECOXPAHEHHWEM YHCJIA «IaCTUL» B
GboHOHHOM mOJIE.
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Hamomuum [yist JasibHEHIIUX CCHIJIOK, 9TO OTJIMYHBIE OT HYJIS MaT-
PUYHBIE JIEMEHTHI 3TUX OIIEPATOPOB

(i — 1) = (nulécln — 1) = vk, (24.9)

TI€ Nk — YUCIIA 3aNO0JHEHUs (DOHOHHBIX COCTOSHUIA.

B masnbaeiinem HaM TOHAIOOUTCsI, OTHAKO, HE MIPETAHTE€POBCKU
omepartop §(r), a reitsenbeprosekuit P(t, r). On nonyyaerca us @(r)
IPOCTO IIyTEeM BBeAEHMsI MHOXKHTeENEH exp(tiwt) ¢ gacroramu w=uk
B Ka.)K,I[beI Y9JIEH CYMMBIL

P, r) = \/LV S (Asiee®rRut) 4 Azt ilkr—kut))
K

(cp. cka3aHHOE IO ITOMY MOBOAY s Y-OIEepPaTOpOB B Hadase §9).
Omnepatop ke mwiotHocTH p (¢, T) K0JI2KeH GBITH CBSA3aH C OIEPATOPOM
@(t, r) coorrHommeHnEeM (24.2) U IOITOMY JaeTcs TaKoi Ke CyMMOI ¢
mHO)uTEeNAMA 1 AKpok/u BMecTo Ay. Ilocie sToro muokmresnn Ay
HAJIO ONPEIE/IUTh TaK, YTOOBI BBITOJHUJIOCH MPABUIO KOMMYTAIUN
(24.7). B pesysabraTe mOIydalOTCs CJIELYIOIME OKOHUATEBHBIE BbI-
paKeHusI:

1/2 _ .
(ﬁ(t, I') — Z ( hu > (Ekez(kr—ukt) + a{ke—z(kr—ukt))’
k

2V pok

(24.10)

1/2 . .
Z)\I(t, r) = ZZ (/;;/_ﬁf) / (/C\kez(kr—ukt) _ /c\ll—e—z(kr—ukt))'
k

JleficTBUTENIbHO, TIOJICTABUB 9TU BHIPAKEHUS B JIEBYIO YACTh IIPABUJIA
(24.7), ¢ yuerom (24.8) monyuum Tpebyemyio d-byHKIUIO

—int Z oG — Gl ck)e ik(r—r') _

_ _ih ik(r—r') _ﬁ/ tk(r—r') Vd'k - o
v Ze = =5 e @ ihd(r —r').

Jlerko yGemuThCs TakKe, UTO TaMUJIETOHUAH JKUJIKOCTH, IIOJIyHar0-
muiicst moacTaHoBKoli V = V@ u p' BmMecto v u p' B unTerpasn (24.3),
HMeET, KaK U CJIeJI0BAJIO, BUL,

H =" ik (66 + %)
k

ero cobCTBeHHbIe 3HaYeHNs PaBHBL Y uhik(nk +1/2) B coorBeTcTBUM
C IpeJCTaBIeHuEM O (POHOHAX C SHEPIUAMH € = uh
Bripaxkenne (24.3) mius 9Heprum KUJKOCTH B 3BYKOBOH BOJIHE

npesacTaBisieT coboil mepBble (MOCIe HyJIEBOTO) YICHBI PAa3JIOXKEHUS
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TOYHOT'O BBIPDAXKEHUA

E =/[§ + pe(p)] d3z

(rme e(p) — BHYTpEHHSS SHEPrHUs €AUHALBL MACCH XKUAKoCTH). Posb

TOYHOTO FAMUJIBTOHMAHA AH/KOCTH UIDACT STOT MHTETPAJ, B KOTO-

POM V u p 3aMeHeHBI omeparopaMu V =V@oup=po+p cpgn p
3 (24.10

H= /[V” + pe(p )] d3x (24.11)

(omepaTop KUHETMYECKON IHEPTWU HAMUCAH B CUMMETPU30BAHHOM
BUze VPV /2, 4robbl ObITH SPMUTOBBIM). IIpu 3TOM CyIIECTBEHHO,
YTO UMEHHO P U ( SABJIAIOTCH KAHOHWYECKH CONPSAKEHHBIMU «0606-
MIEHHBIME KOODIMHATAMEA ¥ MMITYJIbCAMU», 9€Pe3 KOTOPbIE JIOJKEH
ObITh BBIDAXKEH TaMUJIBTOHUAH. DTO BUJIHO W3 TOTO, YTO MPABHUJIO
koMMmyTanuu (24.7), KOTOPOMY YZOBJIETBOPSAIOT omeparopsr (24.10),
SBJIIETC TOYHBIM — B €r0 BBIBOJE MAJOCTh KOJIeOaHWil HuUrme
HE HCIIOJIb30BAJIACh.

Yiensl Gosiee BBICOKUX (TpeTbeil W T. J.) CTEIEHEH B Pas3jioxKe-
HUF 9TOTO TAMUJIBTOHUAHA BBIPAXKAIOT COOON AHTADMOHUYHOCTH 3BY-
KOBBIX KOJIeOaHwmil, a B TepMuHaX (POHOHHON KAPTUHBI — OMHMCHIBAIOT
B3aMMOJIEHCTBHE (DOHOHOB. DT YJIEHBI UMEIOT MATPUYIHBIE JIEMEH-
THI JIJIl TIEPEXOJIOB C OJHOBPEMEHHBIM M3MEHEHUEM HECKOJbKHUX HHh-
ceJ1 3amoyiHeHns] (DOHOHOB M TEM CAMbBIM WT'PAIOT POJIb BO3MYIIEHUS,
BBI3BIBAIONIETO PA3JIMYHbIE MPOLECCHI PACCETHUS W Pacmaga (poHO-

HOB. [Ipm 3TOM MATpPWUYHBIE JIEMEHTHI CAMUX OMEPATOPOB Ck U ’c‘fg
UMeIOT, padyMeeTcs, npexxuuit Bux (24.9), HockoabKy (Kak 9TO BCe-
IJa J€JIaeTCd B TEOPUU BO3MYIIEHU ) UCIIOIB3YeTCs TIPEICTABIICHHUE,

B KOTOPOM OuaroHaJi€H HeBOSMyH_IeHHbe'I TaMWJIBTOHHWAH. HpI/IBe,ILeM
3ECH BBIPa2KECHUA IJIEHOB TPETHETO U YETBEPTOI'O MOPAIKOB

a0 = / [? + (%Z—:) %] &z, (24.12)
2Y = —( j: ; po) / P d. (24.13)

§ 25. BpIpoxXK/IeHHBIN TOYTH UIEAIbHBIN 003€e-ra3

OcCHOBHBIE CBOWCTBA HEPTETUYECKOTO CIIEKTPa GO3EBCKOTO THUIIA
{ICHO BUJIHBI Ha MOJeJM cJiabo HemaeabHOro 0Oose-rasa mpu O6Jim3-
KUX K HYJIIO TEMIIEPATYPax. DTa MOJAEIb OyIeT PaCCMOTPEHA B 3TOM
maparpade aHAJOTHYHO TOMY, KakK 3TO ObLIO caejano B §6 myd
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depmu-raza’). Bcee ckasannoe B §6 B cBsizu ¢ 0obmell xapakTepu-
CTHUKOI MOjI€eJieli BBIPOXKIEHHOIO TIOYTH WJIEAJBHOTO Ta3a OTHOCUTCS
¥ K HaCTOSIIEMYy ciay4daio. B gacTHOCTH, yClIoBHe Cj1aboi HEUIeaJb-
HocTH (razoBslil mapamerp a(N/ V)l/ 3 < 1; a — mmna paccesnus)
MOXKeT OBITH TO-TIpeskHEMY CcOPMyYIMpoBaHO B Buze ycyosus (6.1)
MaJIOCT! HMIILYJIbCOB dacTul: pa/fi < 172).

FaMuIbTOHMAH CUCTEMBI IAPHO B3aWMOJCHCTBYIONMX OO30HOB
(koTOpBIe MBI OyeM IIpeanoaraTb GECCIMHOBBIME) UMEET BUJ, OT-
Jmgatomuiica ot (6.6) JaMIIb OTCYTCTBUEM CIMHOBBIX WHIEKCOB:

Z v A+ ap + - Z p1p3|U|pip2)a ,a+, amap1 (25.1)

gyMMHpOBaHI/Ie 10 BCEM HMILYJIbcaM, (PUIyPUPYIOIUM B HHIEKCAX).
TIEPaTOPBI 7K€ YHUYITOXKEHHUA U POXKJECHHUS YaCTUIl yIOBJICTBOPAIOT
Tenephb IPaBUIaM KOMMYTAIAN

aplp — g
Kak u B § 6, cHOBa 3aMeHsieM, B COOTBETCTBUH C IIPEAIIOIOKEHIEM O
MaJIOCTU KMILYJIbCOB, BCE MATPUYHBIC 3JeMeHTHI B (25.1) ux 3nave-
HUEM TIpU HyJEeBBIX UMIIYJIbCaX; TOI1a

H= 5 Sap + oy Za ,a ,a,pza,p1 (25.2)

VcXOomHBIM IIyHKTOM NPAMEHEHUS] TEOPHU BO3MYINECHUN K 3TOMY
raMUJIbTOHUAHY SABJIAETCA CJICAYIONIEe 3aMedaHue. B OCHOBHOM CO-
CTOSHUY HIEAJBHOTO 003e-ra3a BCE YaCTUIBI HAXOAATCA B KOHOEH-
came — COCTOSIHUW HYJI€BOW SHEPIWH; YUC/Ia 3amosHeHns Np—o =
=No=N,Np =0mpup #0 (cm. V,§62). B mourn umeanssHoM xKe
ra3e B OCHOBHOM U B CJIaD0 BO30OY2KIECHHBIX COCTOAHUSX dmcia Np
OTJINYHBI OT HyJisd, HO OYEHb MAJIbI TI0 CPABHEHUIO C MAKPOCKOIHYE-
cku GosibiuM uncsioM Ng. Tor dpakT, 9yTo BesmynHa Eig‘ ag=Nog~N
BECHMa, BEJIUKA TI0 CPABHEHUIO C €IMHUTIEH, 03HAYAET, YTO BHIPAYKEHUE

a()ab'_ — ab'_ao =1

ap = 1.

'Y Uznaraempiit muxe meron mpunagnexur H. H. Bozoawbosy (1947). Ipu-
MEHEHHE MM 3TOr0 METOZA K 603e-ra3y sBWJIOCH IEPBBIM MPUMEPOM IOCIEIO-
BaTEJIBHOI'O MHUKPOCKOIIMYECKOI'O BBIBOAA JIHEPrETUYECKOIO CIIEKTPa <«KBaHTO-
BBIX XKHIKOCTeH». B TedeHHe IIMTENBHOTO BPEMEHH 9TU DPE3YJIbTATHI MMEJN
rJIaBHBIM 0Opa3oM Teopermueckoe 3HaueHme. B 1995 r., ogHako, KOHIEHCAIMS
Bose-Diinmreiina 6buia mosiyueHa HECKOJIBKUMY TPYNIAMU SKCIEPUMEHTATOPOB
B IOJISIPU30BAHHBIX NaPax IIEJIOYHBIX METAJIIOB, YAECPKUBAEMBIX B «MAarHUTHBIX
JIOBYIIKax». DTN OOBHEKTHI ONUCHIBAIOTCA PACCMATPUBAEMON TeOpHEii.

2) Ms1 yBUIUM HEKE, YTO B BBIDOXKIAEHHOM 003e-ra3e OCHOBHAs MacCa YaCTHI]

(BHE «KOHZEHCaTa») obaamaer uMmmysnscamu p ~ fia/aN/V, nns xoropsix yka-
3aHHOE HEPaBEHCTBO JEHCTBUTEILHO CIIPABEIJINBO.

5 E. M. Jludmun, JI. II. [Turaesckuit
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MAJIO TIO CPABHEHWIO C CAMHMH Gy, 4 , ¥ TTOTOMY MOYKHO PAcCMaTpH-
BaTh IOCJIEAHUE Kak oObrduble (paBHble \/Ng) umcia, npeHeGperas
X HEKOMMYTATUBHOCTBIO.

[TpuMmeHeHVE TeOpUHU BO3MYIIEHUN O03HAYAET TEenephb (POPMAaIbHO
pasﬂomeﬂme 4YeTBEpHOil CyMMbI B (25.2) 1O CTeneHsM MaJIbIX BEJIH-
YuH Op, G (p # 0). HysieBoii unen pasioxkeHus paBeH

agag dodo = ap. (25.3)

YneHsl IIEPBOr'0 NOpAOKa OTCYTCTBYIOT (BBI/I,Z[y HEBO3MOXKHOCTH CO-
OirofeHNs B HUX 3aKOHA COXPAHEHHs HMMITYJIbCA). JIeHBI BTOPOro
TIOPSIKA
2 ~ o~ ~fnt PPN
ap Z (@pa_p + a@pa’, + 4agdp). (25.4)
p#0

OrpaHu9uBasiCh TOYHOCTBIO IO BEJINYUH BTOPOI'O HOPSAKA, MOXK-
HO 3aMeHUTD B (25.4) af = Ny ma mommoe wmcyio wactur N. B wiene
ke (25.3) ciegyer ydecTb 6osiee TOYHOE COOTHOIIIEHHE

@2+ Y ata, =N.
p#0

B pesyubraTe cymma usnenos (25.3), (25.4) craHoBUTCH paBHOI

N2—|—NZ (@pa_p +aja’, +2alap),
p#0

U TIOCJIE TIOICTAHOBKY B (25.2) mosiydaeM CJIe/Iyiomiee BIPAsKEHUE J1JIsl
TaMWJIBTOHVAHA:

~ N2 2 PN N
HzWUO-i_ Z 2p—ma;aP+WU0 Z(apa_p+a at,+2a p0p)-
P p#0
(25.5)
IlepBoiit wieH 3TOTO BBIpAXKEHUS OMpEAE/ISeT, B IEPBOM IPHUOJIMKe-
HUU, dHEPruio F) OCHOBHOIO COCTOSHUS Ta3a, & €ro MPOU3BOIHAA
o N — COOTBETCTBEHHO XuMm4ecKuil norennuan p mpu 1" = 0:
N? N
Ey % Up, u VUO. (25.6)
OcrasbHble e wieHsl B (25.5) onpenensior nonpasky K Ey u criekTp
c1ab60 BO3OYKIEHHBIX COCTOSTHUN Ta3a.

Bxopsmmit 8 (25.5) unrerpan Uy moikeH eme ObITH BBIparKeH
gepe3 peajibHYyIo (DU3WYECKYI0 BEJIMYWHY — JJINHY DPACCETHUS d.
B wienax BTOpOro mopsifika 3TO MOXKET OBITH CIEJAHO MPSIMO IO
dopmyne (6.2): Uy = 4wh2a/m. B mepsom ke wieHe HyxkHa Goee
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togynas dopmysa (6.5), yuuTeiBarmas BTopoe 60PHOBCKOE IPUOJIH-
JKEHWE B aMIUIATYJIE paccesiius. [Ipu 5TOM pedb WIET O CTOJKHOBE-
HWU [BYX YaCTHI] KOHJEHCATa, COOTBETCTBEHHO 4eMy B cymMe B (6.5)

HaJI0 HOJOXKUTE P1 = p2 = 0, pj = —ph = p, Tak uro Gyger
Anhla Anh2a 1
Uy = 14+ —— E ).
" ( v p#0 P ’ )

IMToxcrasus 5710 B (25.5), HOIyYUM J1JIsl TAaMUJIBTOHUAHA

i 27rﬁ2aN_2(1+47rﬁ2a 3 L)+

m V v P70 p?
+ 2nfia N (@pa_p +aga’, +2atap) + Z —6+Eip (25.7)
m V P70

Jlnsi onpesenieHusi ypoBHENH IHEPTUU HAIO HpI/IBeCTI/I TaMUJIBTO-
HUAH K JMArOHAJBHOMY BHUJY, YTO OCYIIECTBJISETCS HAJJIEXKAIIAM
JIMHEHBIM IPeoOpa30BaHUEM OIIEPATOPOB Gp, Zi; Bsemem HOBBIE

onepaTopsl by, b; , COTJIACHO OIIPEIEJICHHUIO,

PO ~) SRS ~

ap = upbp +vpbT,, Gy = upby + vpb_p,
opu4iemM HOTpe6yeM '—ITO6BI OHUM YJOBJIETBOPAJIN TAKUM 2K€ COOTHO-
MICHUAM KOMMyTa]_[I/II/I

T

bpbp/ ) /bp_O bpby —b 1bp = Oppr,

KaKUM yJOBJIETBODAIOT onepaTopr ap, a3 . Jlerko BUAETH, YTO JIsA

9TOr0 JIOJXKHBI OBITH u%

npeobpa3oBaHuEe B BUJIE
~ bp+ Lpbt, ot bt + Lpb_p

Bemruuny Ly Hajg0 onpefenuTbh TaKuM 0Opa3oM, YTOOBI B TaMUJIb-

— vp = 1. YqTeM 9TO, HANWCAaB JIMHEIHOE

(25.8)

TOHHAHE BBIIAJIH HEIUATOHAJIbHBIE WieHbI (bpb_p, b;‘ bfp). ITpocToe
BBIYHCJIEHUE AT

_ 1 Y
L, = — {s(p) o M }, (25.9)
IIe BBeJEeHBI 0003HAUYCHUS,
L\ 211/2
e(p) = |u’p® + (”—) : (25.10)
2m
. 1/2
u= (M) . (25.11)
m2V

5*
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HpI/I 9TOM I'aMWJIBTOHUAH NIPUHUMAET BU

H=Ey+ Y e(p)blbp, (25.12)
p#0
roe
2 3,4
Ey= mu+ Z{ _P__mu2+m;‘}. (25.13)
p#O 2m P

Bup ravmisronnana (25.12) 1 603¢BCKHEE COOTHONICHHS KOMMY-
TAIMH [151 OTIEPATOPOB bp, b IIO3BOJIAIOT CAEJIATH BBIBO, UTO bJr

bp MPEJICTABIISIOT CODOM OMEPATOPHI POXKICHUS U YHUUITOXKEHUS KBa-

3UYACTUIL ¢ SHepruedi &(p), nomuuusomuxcs crarucruke Boze. Cob-
PP,

CTBEHHBIE 3HAYEHHS [TUATOHAJILHOTO oneparopa by by MpecTaBigioT

coboil umcia np KBa3MYACTUIL C MMIYJILCOM P, a dopmyaa (25.10)
OIIPEJIEJISIET 3aBUCUMOCTh WX SHEPIUU OT UMITYJIbCa (YUCiIa 3aIo-
HCHUS KBAa3UYACTHUI, CHOBA 0003HAYEHBI IOCPEICTBOM Ty, B OTIHYIUE
oT unce 3anojHeHns Np NCTHHHBIX 9acTHIl ra3a). TeM caMbIM moj-
HOCTBIO OIpPEIEJIeH YHEPTeTUUECKUil CIEKTP CIab0 BO30YKICHHBIX
COCTOSIHMIT PaCCMaTPUBAEMOTO Ta3a.

Benuuvuna xe Ep eCcTb 3Heprusi OCHOBHOTO COCTOSHUS Ta3a.
3aMeHMB CyMMHUPOBaHWE IO IUCKPETHBIM 3HAUeHUsM P (B obbeme
V) unrerpuposanuem mo Vd3p/(2nh)3 u mpomssens BbraucieHns,
MIOJIy UM CJIEIYIOIIEE BhIParXKeHNUe:

2nh2aN? 128
Eg="T" |14 /4 — 25.14
0 mv T V v (25.14)

(T.D. Lee, C.N. Yang, 1957). Jljist XUMHHYECKOTO MOTECHINAJIA TA3a
(mpu T = 0) COOTBETCTBEHHO MMEEM

2 3
— 0By _ 4xf’aN |, | 32 [a°N | (25.15)
AN mV 3V v

ST GOpPMYJIBI IPEACTABIAIOT COOOM ABA MEPBBIX WICHA PA3JIOKEHU

no crerrensiv (a®N/V)Y/2. Ho yaxe cietyrommit wien He MOT 651 GBITH
BBIUUCJIEH U3JIOKEHHBIM crocoboM. OH JO/KEH COomepKaTh 00beM
kak V™2, a BeJmuUMHA STOTO IOPSAKA 3ABHCHT YK€ HE TOJIBKO OT
JOBOUWHBIX, HO U OT TPOWHBIX CTOJIKHOBCHU.

[Tpu GosbIINX 3HAUEHUSX MMILYJILCA (P 3> Mu) SHEPrHUs KBa3W-

wactur (25.10) crpemurcs K p?/2m, T. €. K KHHETUYECKOH SHEPIUM
OTAEJBHON YaCTUIILI Ta3a.

[Tpn masbix ke ummyiascax (p < mu) uMeeM € = up. Jlerko Bu-
IeTh, 9TO0 KO3 (DUIMEHT U COBIAMAET CO CKOPOCTHIO 3BYKa B ra3e,
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TaK 9YTO 9TO BHIPAXKEHME OTBEYAET (POHOHAM B COOTBETCTBUU C OOITIH-
mu yrBepxkaeauamu § 22. [Ipu T = 0 cBoboHAST IHEPTHS COBIAIAET
¢ sHeprueit Ey, u B35B IVIAaBHBIN HYjleH B Pa3JIOXKEHUU IOCJIEIHEN,
HAXOJUM JIABJICHUE

_OE _ 2rxh’aN’

vV~ mv?

CkopocTb 2Ke 3ByKa mojtydaercs Kak u = 1/0OP/0p (toe p = mN/V —
IVIOTHOCTB Ta3a) U coBmagaer ¢ (25.11).

Ot1MmernuM, 9TO B paccMaTpUBaeMoit Moesu 603e-Ta3a JINHA Pac-
CesHUsI @ HEMPEMEHHO JIOIKHA OBITH TOJIOXKUTEILHON BEJIMIUHON
(oTTasKMBaTEIbHOE B3AMMOAEHCTBIE MEXKIY YACTUIAME). DTO BUI-
HO (HOPMAJIPHO YK€ W3 TOTO, YTO B MOJYUYEHHBIX (DOPMYJIAX IJist
sHeprun nipu g < 0 mogBwnCh ObI MHUMBIE WieHBI. [epMoguHaAMY-
qecKuil ke CMBIC]I yCIoBus a > () 3aK/II04aeTcd B TOM, YTO OHO HEOD-
XOIAMMO JIJIsI CODJIIOZIEHNsT B JaHHON Momesnu 603e-ra3a HEPABEHCTBA
(0P/0V)r < 0.

CraTucTrdeckoe pacrpesesieHue 3JIeMEHTAPHBIX BO3OYXKIeHUN
(cpenHue 3HAYEHNUS Thp UX GUCEJI 3AOTHEHNS) IPH OTJIMYHOM OT HyJIst

TeMIepaType gaercs mpocTo dhopmysioit pacnpenenerus Boze (22.2).
Pacnpesesienue sxe Np HCTHHHBIX qaCTm: raza 1o MMITYJIbCAM MOXK-
HO BBIMHCITH YCPCAHCHHUEM OTICPaTOpa ¢ ab ap Vcnonbzosas (25.8) u
YYHUTBIBasl, 9YTO MPOU3BEICHALA b_pb b b_p He UMEIOT INaroHaJIb-
HBIX MATPUYHBIX JIEMEHTOB, IOy YUM
Aip + L3 (Mp + 1)
1-12 '
OTo BBIpaykeHUE CIPABEJINBO, PA3yMeeTcd, JuTllh npu p # 0. Yucso
JKe YaCTHIL C HyJIeBBIM MMITYJIECOM

J— J— V J—
No=N-) N,=N- (M)S/Np d3p. (25.17)
p#0

B wacrrocTH, npu abcosroTHOM Hyse Bce np = 0, ¥ ¢ IOMOMIBIO
(25.9) moyunm u3 (25.16) dyHKIUIO pacupenescHus B Buje ")

Ny = m*u’ 25.18
P 2e(p){ep) + p?/2m + mu?} ( )

(mpu T = 0 cpenHue 3HAYEHNS Np coBmagaooT ¢ TOTHBEIME 3HAYCHUAMY,

Np = (25.16)

1) OrmeruM, YTO MAKCHMyM 9HC/IA YACTHI[ C 33JAHHON BEJIHYMHONW MMITYJIb-

a (~ p*>Np) nexur upu p/h ~ /aN/V, Tae IPOUCXOAUT MEPEXOH OT OXHOTO
[PEEJIBHOTO BhIpaXkeHud £(p) K Apyromy. DTo 06CTOSATEBLCTBO BBIIO y2KE yIIo-
MSAHYTO B IpUMEYaHUH Ha c. 129.
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no3ToMy 4epry Haj OyKBoi omyckaem). HewmmeasbHocTh 6G03e-rasa
[IPUBOUT, ECTECTBEHHO, K ITOSBJICHUIO YACTUI] C OTJUYHBIM OT HYJIsS
UMITYJIbCOM ¥ TIpH abCOJIIOTHOM HyJle; uHTerpupoBanue B (25.17) ¢
Np u3 (25.18) mpoM3BOAUTCH IEMEHTAPHO ¥ JTA€T

3
No=N|[1-8,/Ne ) (25.19)
3V nv

Hakonern, caesaem erre ciemyromiee 3aMe9YaHue IO TOBOLY ITOJIY-
YEHHOTO 3J1eCh CIIEKTpa. 1Ipu MaJbix p mpomssomHas d2e/dp? > 0,
T. €. KpuBad £(p) 3armbaeTcs BBEPX OT HAYAJIBHON KaCATEJLHON E=up.
B takom ciyudae (cMm. Huke §34) BO3HUKAET HEYCTONYUBOCTD CIIEK-
Tpa, CBA3aHHAS C BO3MOXKHOCTHIO CAMOIIPOU3BOILHOIO PACIaJIa KBa-
sugacrut (poronos). CooTBETCTBYIOIAs MUPUHA yPOBHEHN, OHAKO,

MaJia (POTIOPIMOHATLHA, P° TIPH MAJIbIX P) U He 3aTPArUBaeT BHIPa-
KEHUH, TIOJIyYaIONUuXCsd B PACCMOTPEHHBIX TPHUOJINKEHUSIX.

§26. BomnoBasi pyHKIMS KOHIEHCATA

Kax yxe ymommuasocs B §23, mogBieHHE WJIN HCUYE3HOBEHUE
CBEPXTEKYYECTH B YKUJIKOM T€JIUU TPOUCXOAUT IyTeM (pa30BOTO IIe-
pexoma BTOporo poja. Takoil mepexos BCerma CBA3aH ¢ KAKUM-JIO0
KaYEeCTBEHHBIM M3MEHEHUEM CBOWCTB Tesia. B ciydae A-TOUKHM KU-
KOT'O TeJTUs 9TO N3MEHEHUE MOYKET OBITH OMMMCAHO MAKPOCKOIIMIECKUM
00pa3oM, Kak TOsIBJICHWE WJIM UCYE3HOBEHUE CBEPXTEKYUeH KOMIIO-
HEHTBI JKUTKOCTH.

C 6osee riryboKO#, MUKPOCKOITUYECKOM TOYKHU 3PEHUS PEUb UIET
006 OIpEJEJICHHBIX CBOWCTBAX DPACIPEICJICHUS YacTHl (MCTHHHBIX!)
KUJKOCTU IO HUMIyJibcaM. VIMEHHO B CBepxTeKydeil >KUIKOCTH,
B OIJIMYME OT HECBEPXTEKydYeil, KOHeYHas mojs dvacTur (T. e.
MaKPOCKOIIUYECKH OOJIBIIOE WX YHUCIO) WMMEET CTPOrO DABHbII
HYJII0O WMIIYJIbC; 3TU YaCTHUIBI 00pa3yioT 6o3e-atinwmelinoscrul
Kondencam (WaM IPOCTO KOHJIEHCAT) B MMILYJBCHOM IIPOCTPAHCTBE.
Hamomuum, uto B upeansHoM 603e-raze npu 1’ = 0 Bce ero 4acTHIIBI
nepexonaT B KoHzmeHcar (cm. V, §62), a B mOYTH HUAEAIBHOM
raze — mMoYTH Bce dacTuipbl. B obmem ke ciaydae 603e-2KHIKOCTH C
CUJIbHBIM B3aUMOJIEHCTBUEM MEXKJIY YACTUIIAMHU JOJIS 9UC/Ia, YACTHIL,
Haxopgamuxcd npu 1 =0 B KOHIEHCATE, OTHIOAb He OJu3Ka K
€IMHHATIE.

[TokazkeM, kKakuM 06pa30M CBOMCTBO DO3€-3MHINITEHHOBCKON KOH-
nercarnmu GOPMYJIUPYETCS B TEPMUHAX 1)-OTEPATOPOB.

s npeanpHOTO 603e-ra3a — CHCTEMBI HEB3AMMOIEHCTBYOMUX
00O30HOB — Teit3eHOEPTOBCKUiT 1)-0TepaToOp 3aIUCHLIBAETCS B SBHOM
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BUJE KaK') 1 ; i
W(t =—)>) a -pr— ——t,. 26.1
(¢, r) ﬁ%:apexp{ﬁpr o } (26.1)

Kak 6bu10 00BsicHeHO B § 25, MOXKHO TpeHEOpedYh HEKOMMYTATUBHO-
CTBIO OIEPATOPOB Gy U Eiar , T. €. PaCCMaTPHUBATh MX KAK KJACCHYE-
CKMe BeJMYuHbL. JIpyrumu cjioBamMu, OOBIYHBIM YUCIOM OKA3BIBACTCS
4acTh 1-oneparopa (26.1), KoTopyioo 0603HaYUM uYepe3 Z:

=2 (26.2)

vV

Jliist GOpMyIUPOBKY 3TOTO CBOWCTBA )-0IIE€PATOPOB B 0OIIEM CIIy-
4Jae NMPOU3BOJIBHOM 603€-2KUIKOCTH 3aMETUM, YTO IOCKOJIBKY B KOH-
JIeHCaTe BCe PABHO HAXOAWTCH MAaKPOCKONUYECKH OOJIBIIOE YHCIIO
YaCTHI[, TO U3MEHEHHE ITOr0 YMCJIA Ha 1 IO CyIIeCTBY He MEHSeT
COCTOSIHUS CUCTEMBI; MOYKHO CKa3aTh, YTO B PEe3yJIbTaTe J0OaBJICHUA
(nnu OTHATHSA) OQHOIM YACTHUIBI B KOHIECHCAT M3 HEKOTOPOIO COCTO-
AHUA cUCTEeMBI N HacTHI] IIOJy9aeTCH <«TO K€ CaMoe» COCTOSHHE
cucrembl N + 1 wactur ?). B gacTHOCTH, OCHOBHOE COCTOSIHHE OCTA-

[11»

ercst ocHOBHBIM. O603HAYMB Yepe3 =, =1 Ty 9acTh t)-OMepaToOpOB,
KOTOpasi MeH#eT Ha 1 YHCJI0 YacTUIl] B KOHJEHCATE, UMEEM, TAKUM
00pa3oM, 10 OIpEeNesIeHHIO,

Slm, N+1)=E|m, N), E%|m, N)=E*|m, N +1),

rae cumBoiisl |m, N) u |m, N + 1) 0603Ha4aioT JBa <OQUHAKOBBIX>
COCTOSIHUSI, OTJIMYAIOUIUXCH TOJBKO YHCJIOM YacCTHUI B CHCTEME,
a Z — HEKOTOpOe KOMIIJIEKCHOE YHCJIO. DTU YTBEPXKIEHUS CIPABE-
JiBBI cTpOrO B ipegesie N — oco. IToaToMy ompeesienne BeinanHbL =
CJIeZlyeT 3aIUCaTh B BUJE

lim (m, N|Z2|m, N+1) =

N—o0
lim (m, N +1|Z%|m, N) =
N—o0
IEPEXO K MPEIEYy COBEPIIAETCS IIPU 3aJaHHOM KOHEIHOM 3HAYEHNN

wioTHocTH X)Xugkoctu N/V.
Ecnu mpencraButh 1)-omepaTopsl B BUIE

[1]

. (26.3)

(1]

~

G840, BB 4E, (26.4)

1) Cp. (9.3). Mu1 ipeAimosiaraeM 4acTHIIB! Ta3a 6ECCITHHOBLIME, TTIOITOMY CIIHHO-
BhIii MHAEKC OTCyTCTBYET. B (26.1) yureHo Takxke, 4TO AJIsl HAEAILHOrO 603e-ra3a
npu T = 0 xumudeckuii noreHnmast (4 = 0, u mosromy wieH —ut/h B Hokasaressax

K
OIyIIEH.

2) JoGaBieHre niin yOajieHre 9YaCTUIbl HAI0 IPEACTABIATE cebe KaK COBepIna-
eMoe GECKOHEYHO MEIJIEHHO. DTHUM HUCKJIIOYAeTCs BO30yXKIEHHe CUCTEMBI Iepe-
MEHHBIM IIOJIEM.



136 CBEPXTEKYYECTD JIL 111

TO OCTajbHas (<«HAAKOHIEHCATHAS») UX YaCTh LEPEBOLUT COCTOS-
Hue |m, N) B OPTOrOHAJIbHBIE €My COCTOSIHUSL, T. €. MATPUYIHBIE 1€~
MEHTHI *)

lim (m, N|®'|m, N+1)=0, lim (m, N +1]%'*|m, N)=0.
N—oo N—o0 (2 )

B mpemene N — oo pashuma Mexmay cocrosHusmu |m, N)
u |m, N + 1) ucue3aer BOBCE, U B ITOM CMBICJIC BEJIMYMHA = CTa-
HOBUTCS CpEeIHUM 3HAaUeHWEM omeparopa ¥ Mo 3TOMY COCTOSTHUIO.
IToguepkHeM, YTO XapaKTEPHBIM [IJisi CACTEMBI C KOHJIEHCATOM SIBJIs-
€TCd MMEHHO KOHEYHOCTDb ITOTO Ipeesia.

PaBencrBamu (26.3) uCUepIBIBAIOTCS «ONEPATOPHBIEY CBOMCTBA
= S
=, 2T, ¥ ux MOXKHO CYMTATh KOMMyTaTuBHEIME ¢ ¥/, U T, B gacr-
HOCTHU, OmepaTophbl =, =" 6yayT 3aMeHaTbcs Ha =, Z* (T. e. BecTu
cebsl KaK KJACCHYECKUE BEJIWYWMHBI) NPH JIOOBIX YCPEIHEHUSX IIO
OCHOBHOMY cocTostHuio. [loguepkHeM CHOBa, 4TO Takoe HPHUOJIMKe-
HUE CBSI3aHO (BBHY MAKPOCKOIWYHOCTH YHCJIA YACTHUIL B KOHIEHCA-
T€) ¢ IPEeHEOPEKEHUEM JIUIID BeJIUIHMHAME OTHOCUTEIHHOIO MOPSAIKA
mastocta 1/N ?).

Eciu BpemMeHHAS 3aBUCHMOCTD BOJIHOBBIX d)yHKum/I OTIpEeIeJIsieT-
cd 110 TAMUJIBTOHUAHY H =H- ,uN TO BEJIMYMHA = HE 3aBUCUT OT
Bpemenu. [eiicrBuresibHo, Marpuunslii snement (m, N|E|lm, N + 1)
IIPOTIOPIIMOHAJIEH

exp{—%t[E(N+ 1) = B(N) = (N + 1)+ Nyl }.

Ho noka3zareib 970l 9KCIOHEHTH 06paInaeTcs B HyJlb, OCKOIBKY (C
TOYHOCTBIO 110 Besmuuebl ~ 1/N) E(N +1) — E(N) = p.

B 0aHOpPOAHO! HEMOABUKHON JKUAKOCTU = HE 3aBUCUT TAKXKE U
OT KOOpAUHAT U ([P HaJIeKaleM BhIGope (Hasbl 3TOi KOMIIEKCHOM
BEJIMIHMHBI) PABHO IPOCTO

E = /ng, (26.6)

TIe ng—4YUCI0 KOHAECHCATHBIX YaCTHUIl B €IUHUIE 00bEMa KUIKOCTH.

JHettctuTebHO, 272 ecTh ONepaTop IJIOTHOCTH YHUC/Ia YaCTHI] B
KOHJICHCATE, a CPEeJHeE 3HAUEHUE STOTO OMEPATOPa €CTh KaK pa3 ng.

1) Bo u3bezxaHue Henopa3yMeHH HAIOMHHM JIMIIHUAN Pa3, YTO 3T PABEHCTBA
OTHOCATCS JIMIIL K IIEPEeX0JaM MEXJAY «OJMHAKOBBIMU» COCTOSHUAMU!

%) C sToit TOYHOCTBIO, B YACTHOCTH, CJIGLYET CIHTATH COBIIAJAIONMME MATDH-
=

HBIC 3JIEMCHTBI OIIEPaTOpPOB \I/l AJId [IePEeXOon0B MEXKAy Pa3/IMYHBbIMU COCTOAHUA-
MH, OTVIHYAIOIUMHUCA Ha OAUHAKOBOE MaJIOG) YHUCJIO 9aCTHUIl B CHCTEME.
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CyurecTBOBaHNE KOHJIEHCATA MPUBOOUT K KAUECTBEHHOMY OTJIM-
YHWI0 B CBOMCTBAX MATPHUIBI IUIOTHOCTH YACTHUIL 003€-?KUIKOCTHU II0
CPaBHEHMIO C MATPHUIIEH IJIOTHOCTH B OOBIYHON KuakocTu. B mpowns-
BOJIBHOM COCTOSIHHUW OJHOPOIHON 603e-’KMIKOCTH MATPHUIIA ILJIOTHO-
CTHU OIIPEJIESETCS BBIPAXKEHUEM

~

Np(r1, rg) = (m, N[O (t, r2)¥(t, r1)|m, N), (26.7)

npudeM 3Ta (QYHKIUS 3aBUCHT JHIIb OT DA3HOCTH I =TIj — Iy
(cp.(7.13)). IoxncraBus cioga t-oneparopsl B Buze (26.4) u yuuTe-
Bas cBoiicTa (26.3) u (26.5), nosydum

Np(ry, ra) = ng + Np'(ry, r2). (26.8)

«HajkoHeHCaTHAS» MATPUIA IUIOTHOCTH p' CTPEMUTCS K HYJIIO DU
|r1 — ro| — 00; MaTpuna K€ IUIOTHOCTH P CTPEMUTCS IIPU ITOM
K KOHEYHOMY mpegesy ng/N. DTum BbIpaxkKaeTcs CylIeCTBOBAHUE
B CBEPXTEKYYell XKUIKOCTH <«JAJBHErO TOPAIKa», OTCYTCTBYIOIIE-
ro B OOBIYHBIX XKUAKOCTSX, rjae Bcerma p — 0 mpu |rp — ra| — oo.
OTO €CTh TO CBONHCTBO CUMMETPHUH, KOTOPOE OTIMYAET CBEPXTEKYIYIO
dazy xuakoctu or Hecsepxrekyueit (B.JI. I'uwsbype, JI. /. Jlan-
day, 1950;0. Penrose,1950).

Dypbe-KOMIIOHEHTa MATPHUILHI IIJIOTHOCTH OIMPEIEJISET PACIPeIe-
JIEHWE YACTHUI] XKUJKOCTHU 110 UMITYJIbCAM COTJIACHO (hOpMyJIe

N(p)=N / p(r)e Pr 3z (26.9)
(cp. (7.20)). INoxcraBus cropa p B Buge (26.8), momyunm
N(p) = (2m)’noé(p) + N / p'(r)e "Pr d3z. (26.10)

Ynen ¢ 6-pyHKIMEN COOTBETCTBYET KOHETHON BEPOSATHOCTH YACTHIIE
AMEThb CTPOT'O PaBHBIA HYJIIO UMILYJIBC.

Eciu B KUAKOCTU TPOUCXOAUT CBEPXTEKYydUee IBUKECHUE, WJIH
€CJII OHa HAXOOUTCA B HEOJHOPOMHBIX U HECTAIIMOHAPHBIX BHEII-
HUX YCJIOBUAX (CYIIECTBEHHO MEHSIONMXCs, OMHAKO, JIWIIb HA DPaC-
CTOSIHUSX, OOJIBIINX [0 CPABHEHUIO C MEXKATOMHBIME), TO 003e-
SUHINTEAHOBCKAaA KOHACHCAIUA IIO-IIPEXKHEMY MMEET MECTO, HO yIKe
HEJIb3sl YTBEPXKIATh, UTO OHA OyIEeT MPOUCXOIUTH B COCTOSHUE C
p = 0. Besmuuna =, mo-mpexHeMy onpenessieMasi coriacuo (26.3),
Oymer Temepb (pyHKIMEH KOODAWHAT W BPEMEHW, WMEOIIEH CMBICIT
BOJTHOBO# (DYHKIMW YACTUIBI B KOHIEHCATHOM cocTosituu. OHa HOP-
MUPOBaHA YCJIOBUEM ]5]2 = ng ¥ TOTOMY MOET OBITh ITPECTABJIEHA

B BUIE
E(t, r) = /ng(t, r)e' b7, (26.11)
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Bnaromapst Tomy, 94TO B KOHIEHCATHOM COCTOSIHUM HAXOJUTCH
MAaKPOCKOIIUYECKHU OOJIBIITOE YUCJIO YACTUIl, BOJHOBAas DYHKITUS ITO-
IO COCTOSHHS CTAHOBUTCH KJIACCUYECKOM MaKPOCKOIIMYIECKOH BeJIn-
quHOi ). Takum 06pa3oMm, B CBEpXTEKydell YKUIKOCTHU MOSIBJISIETCS
HOBas XapaKTEPUCTUKA MAaKPOCKOIIMYECKNX COCTOSHW, B TOM UHCIIE
TEPMOIWMHAMMUYIECKY PABHOBECHBIX.

[TnoTHOCTH OTOKA, BHIYUCIICHHAS IO BOJIHOBOM dyukuuu (26.11),
eCcTh - 5

Jxonx = —(EVE* — E*VE) = ~nyVo,
2m m
TJe m — Macca 4YacTHUIpl XKuakoctu. [lo cBoeMy CMBICIIY, 9TO €CThb
INIOTHOCTH MaKPOCKOIIMYIECKOTO ITOTOKA KOHIEHCATHBIX YACTUI, W €€
MOYKHO IIPEJICTABUTD B BHJIE NgVs, TJI€ Vs — MAKPOCKOIIMYIECKAS CKO-
pocTh 3Toro ABmKeHus. VI3 cpaBHEHUS 000UX BBIPAXKEHUH HAXOIUM,
910

v, = v (26.12)
m

IToCKOMBKY 3TO JABUXKEHWE MOXKET MMETh MECTO B TEPMOIMHAMUYE-
CKU DABHOBECHOM COCTOSIHUU (XapPaKTEPU3yEMOM BEJIMUMHON =), TO
OHO GecIuCcCUIAaTHBHO, Tak 4TO (26.12) ompezesnsier CKOPOCTH CBEPX-
TEKy4ero NBUKeHUs. Mbl CHOBA MPUXOJUM, TAKUM 00pa3oM, K yKe
YIOMSAHYTOMY B § 23 CBOICTBY CBEPXTEKYYEro JBUXKEHUS — €ro IO-
TEHIMAJIBHOCTHU. I[Py 9TOM MOTEHIIUAJ CKOPOCTH (0 OKA3BIBACTCS COB-
HNaJaommM (C TOYHOCTHIO IO MOCTOSIHHOTO MHOXKUTEJNs) ¢ ba3oil
KOH/IEHCATHO! BOJIHOBO# (DyHKITHU

=" (26.13)

m

Bo uzbexxanue HemOopa3yMeHwmit TOTYEPKHEM, OJHAKO, YTO, XOTH
CKOPOCTH KOHZEHCATA U COBIAIAET CO CKOPOCTHIO CBEPXTEKYIeil KOM-
HOHEHTHI XKUJKOCTH (U XOTsl KOHIEHCAT U CBEPXTEKYdasi KOMIIOHEHTa,
OJIHOBPEMEHHO IOSBJIAIOTCS B A-TOYKE), INIOTHOCTH KOHIEHCATA 1MN(
¥ IUIOTHOCTH CBEPXTEKYYell KOMIIOHEHTHI ps OTHIOAH HE COBIIAIAIOT
apyr ¢ apyrom. He roBops yke O TOM, 9TO OTOXKIECTBJIEHHUE ITUX
ABYX BEJMYMH HUKAK HE MOIJIO ObI OBITH ODOCHOBAHO, €r0 HEIpa-
BWJIbHOCTH BUJHA YU U3 TOTO, 4YTO Npu abCOJIOTHOM HYJIE BCA Macca
KUIKOCTH SBJISIETCS CBEPXTEKYydYel, MEXKIY TeM KaK OTHIOAb HE BCE
ee JaCTHUIBl HAXONATCS B KOHJIEHCaTe ?).

1) AHAJIOTMYHO TOMY, KAK CTAHOBUTCH KJIACCHHYECKO! BEMYMHON HATPSIKEH-
HOCTBH IIOJIA JIEKTPOMArHUTHBIX BOJIH IIPDU 6OJII:>IIII/IX YHCJIaX 3allOJIHECHUA (bOTO-
HOB B KaxkKA0M cocrosieun (cm. IV, §5).

%) @akTuueCcKM TJIOTHOCTH KOHJGHCATA B JKHJKOM TeJHH COCTABJISIET, TO-
BUOUMOMY, JIUIIHb MaJIylO OOJIO OT MOJIHOM TIJIOTHOCTH KHUOKOCTH.
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§ 27. TemnepaTypHasd 3aBUCHMOCTb ILUIOTHOCTH KOH/IEHCATA

ILmoTHOCTD YMCIIa YACTHUIL B KOHAEHCATEe MaKcuMaJibHa pu T'=0,
a TP TOBBIIMIEHUU TEMIIEPATYPHI OHA majaeT. llpemenbHbIN 3aKOH
TEMIIEPATYPHOM 3aBUCUMOCTH 3TOH ImiIoTHocTH mpu 1 — 0 Moxer
OBITH HAlIEH IIyTEM PACCMOTPEHUS (DIYKTyaIuii MAaKpPOCKOIMIECKOH
BEJINUUHBI — KOHZEHCATHOW BosiHOBOH (ynkuuu = (R. A. Ferrell,
N. Menyhard, H. Schmidt, F. Schwabl, P. Szepfalusy, 1968).

HamomuuM mpexime BCero, 9ro = €CTh KJIACCUYECKAs BEJIMYU-
Ha, KOTOPO# B KBAaHTOBOMEXaHUIECKOM (OpMAIU3ME OTBEYACT Olle-

patop V. IlosTomy amis Bblumciienusi QIYKTyamuii CJieI0BaJjIo ObI,
B IPUHIIAIE, TOJL30BATHLCA TUM oneparopoM. C npyro#t CTOPOHHI,
BOJIM3U abOCOJIIOTHOTO HYJIS OCHOBHYIO POJIb B CIeKTpe IIyKTyannii
MAaKPOCKOITAYECKON BEJIMUNHBI UTPAIOT JJINHHOBOJTHOBBIE KOJIEOAHUS.
OTu KonebaHus B XKUJAKOCTH TIPEICTABIISIOT COOOM 3BYKOBBIE BOJIHHI,
OTIMCHIBAOIIUECS MAKPOCKOTYECKUMY YPABHEHUSIMU TUIPOTAHAMU-
KW, ¥ TEM CAMBIM BO3HHUKAET BO3MOXKHOCTH MIOCTPOUTH OIEPATOP, OT-
BEYAIONNi BeJIMYNHE =, TyTEM €€ He3aBUCUMOIO KBAHTOBAHUSI.

B pammoMm ciayuae miad BesmdumHBl E = /ngexp(i®) B mmumn-
HOBOJIHOBOM TIpejfiejie Hambojiee cuiibHO GuiykTyupyer ¢asa P,
HEIIOCPEICTBEHHO CBA3aHHAS C IOTEHIMAJIOM CBEPXTEKY4YeHl CKOPO-
cru ¢opmysoit (26.13). HamomumMm, uro 0b6e Bejmuuebl ¢ u P
HEOJTHO3HAYHBI — K HUM MOXHO TpPHUOABUTH JIOOYIO KOHCTAHTY.
OpHosHauHas e BEIMYMHA /N9 MOXKET BbIPAXKaThCd IO3TOMY
JmIb depe3 npousBoguble oT P, a moTromy kommoueHTHI Dyphe ee
daykTyanuit 6yayT cOmepKaTh JIUIITHAE CTEIIEHN BOJIHOBOTO BEKTODA
k, 1. e. 6yayT maser npu Mansix k.

Ca3pb dassl ® ¢ noTeHINAIOM ¢ TTO3BOJILET IPSMO CBA3ATD €€ C
BEJIMYMHAMU, XaPaKTEPU3YIOMNMY pacrpeieieHue (DOHOHOB B KU~
KocTu. [lJisi 3TOrO paccMaTpuBaeM @, a TeM caMbiM © P Kak BTOPUY-
HO-KBAaHTOBBII OIIEPATOD, BHIPA3UB €ro, coryacHo (24.10), gepes ome-
PATOPBI POXKIEHUS U YHUUTONKEHUS (POHOHOB:

1/2
d— mu ~ ipr/h | ~+ —ipr/h
@ Ep (2Vnp> (cpe +cpe ) (27.1)

(HEBO3MYIIEHHY IO IIOTHOCTH YKUKOCTH 3AIMCHIBAEM B BUIE p = N,
rje n — IJIOTHOCTH 4Ymcia dacTuy, uHuekce 0 omyckaem). CorsacHo
CKA3aHHOMY BBIIIIE, 9TO O3HAYAET, UYTO OIEPATOP MAKPOCKOIMIECKOM

BEJIMYUHBL 2, T. €. JJIMHHOBOJIHOBAs YacTh onepaTopa ¥, MoxkeT ObIThH
[IPEeJICTABJIEHA B BUJE

T = /ngexp(i®), (27.2)
Tae ng — IIOTHOCTH YACTHUIl KOHIEHCATA.
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IIpexx e Bcero Bocnonb3yeMcs 310 HOPMYJIOH ISt BHIYUCICHUS
pacrnpe/iesieHus «HaIKOHIEHCATHBIX» 9aCTHUI] 603e-KUIKOCTU 110 UM-
myJsibcaM (P MAJIBIX 3HAYEHUSIX IOCIEIHUX ). B oqHOUacTHIHON MaT-

purie 1woTHOCTH p(ry, ry) HPH OOJBIIMX PACCTOSHHUAX |r] — Il
MOKHO BOCIOJIb30BATHCS JJIMHHOBOJHOBBIM BBIPArXKEHUEM 1)-OIepa-
Topa (27.2):

No(rr, r2) = (B (02)¥(11)) = mo(e ' 2y (27.3)
T7e cpemHee OepeTcs MO COCTOSTHUIO YKUIKOCTY TPHU JaHHON TeMIie-
partype. Beuny masoctn durykryanmii ciieiyeT pasyioKUTh ITO BbI-

paxkenue 1o creneHsM P, coxpaHsis JIUIIb IEPBbIE HEUCUE3AIOIINE
(kBaJpaTUUHbIe) WieHbL. YuuTbiBagd, uro ®1 = & momyumm

Np(ry, t9) = ng — no(®2(r)) + ng(®(r9)d(r1)). (27.4)

Tperuit wieH cTpeMuTCs K HYJIIO IIPH [Fg —Ij| — 00 U Za€T UCKOMYIO
HAJIKOHZEHCATHYIO YaCTh MATPHUIBI IUIOTHOCTU (BTOPOW K€ YiIEH B
OIHOPOJHOMN YKUIKOCTH BOOOIE HE 3aBUCUT OT I' M JAET IOIPABKY
K ILUIOTHOCTH KOHJIEHCATa, KOTOpas OyJeT BHIUMC/ICHA HUXKE UHBIM
criocobom). Vcmonb3ys (27.1), npuBOgMM HAIKOHJCHCATHYIO YacTb
K BUIY

1 5= e eI
— nomu N~ 1 1) gip(ri—r2)/A
= Xp:p(np-i-Q)e ,

np = [P¥T — 1171,

rJe

Ilepexoast OT CyMMUpPOBaHUS K WHTETPUPOBAHUIO, NMEEM

Npl(es, ea) = 2 [ 1oL ot (27.5)

(27rfi)3

DTO BBIPAKEHWE, PA3yMeEETCsl, CIIPABEJIMBO TOJBKO JJIs BKJIAJA
oT Masbix p (f/p BEJMKO MO CPABHEHUIO C MEXKATOMHBIMHU PACCTOS-
HusMn). [logpiHTErpaibHOE BhIpaXkeHue B (27.5) mpsaMo ompesesser
pacIpeie/IeHne 9aCTHI] [0 UMITYJIHCAM

__ nomu 1
N(p) =" (ne + 2) . (27.6)
IIpu T = 0 3ta dbopmyna gaer

N(p) = n;’:;u (27.7)
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(J. Gavoret, Ph. Noziéres, 1964), a mpu T # 0, up < T}
N(p) = "% (27.8)

np?
(P. C. Hohenberg, P. C. Martin, 1965).
Tenepb MOKHO OIPEAEJIUTH TEMIIEPATYPHYIO 3aBUCUMOCTD ILJIOT-
HOCTH KOHJeHcaTa. [lo onpeenenuto, nmeem

3

no(T) =n —/N(p) dp_ (27.9)

(2rh)3
Ecnu npsimo mopcraButs B 9Ty dopmyay (27.6), mHTErpas pasoiiger-
CsI M3-33 HYJIEBBIX KOJIEOAHU. DTO 0OCTOATENHCTBO CBA3AHO C HEIIPHU-
MEHUMOCTBIO (27.6) mpu GOJBIIMX p M O3HAYAET JIMIIH HEBO3MOXK-
HOCTB BBIUMCJIATH TAKAM CITIOCOOOM 3HAYEHWE KOHJIEHCATHON TJIOTHO-
ctu ipu 1" = 0, KOTOpOe HAMO CUNTATDH 3ECH 33TAHHON BEJUIUHOMN.
Juis ompeiesieHns Ke MCKOMOM TEMIIEPATYPHOH 3aBUCUMOCTH HAJ0
Beraectb u3 no(1') ee 3uadenwe npu T' = 0, nocie Yero mHTErpas

yke Oymer cxoauThcd. B pesynbraTe mOMydnM

no(T) —mo(0) _ _mu / np _d'p  _

n0(0) n

p (2nh)3
)
mT? mT?

—_ / vdr_ _ _ . (27.10)
2n2nuh’ er —1 12nuh?
0

IIpu BBIYMCIIEHMEM MBI TIpEHEOPErSI TEMIIEPATYPHON 3aBUCHUMOCTBHIO
MIOJTHOM IIJIOTHOCTH YKUJIKOCTH; ITO TpeHeOpeXKeHne 3aKOHHO, II0-
CKOJIBKY TEIUIOBOE DACIIMPEHNE KUIKOCTH (CBA3aHHOE C BO30YKIe-
HreM (DOHOHOB) NPONOPIMOHAJIBHO GOJiee BBICOKON CTEIEHM TeMIle-

patyper —T* (cm. V,§67)1).

§ 28. IloBeeHne CBEPXTEKYy4eil MJIOTHOCTH BOIM3M \-TOYKH

Kaxk yxke ynomuHAaIOCH B § 23, € MOBBIMIEHUEM TEMIIEPATY PBI JOJIS
CBEPXTEKYUeil MIIOTHOCTH Pg/ p 603€-KUIKOCTH yObIBAET, 0OPAIIAsICH
B HYJIb B TOuKe (Hha30BOrO IIEPEX0/a BTOPOTO POJA — TAK HA3bIBA-
emoit A-Toukm xkunakoctu. Temmeparypa T 3TOil TOUKH ABIISIETCH
dynkmeit nasnenns P; ypasuenue T = Ty (P) onpenessier JUHAIO
A-Toyek Ha dazoBoit guarpamme B miockoctu P T

1) Honyuenurie dbopmyiisi, cipaBeaiusbie myis 1060k 603e-KUIKOCTH, HAXO-
AATCs, KOHEYHO, B COIJIACHH C HOJIy4YeHHbIMY B § 25 dopmysiamu 1yis ciabo Henae-
anbHOrO 603e-ra3a. Ilpu cpaBHeHMEM HAZIO y4eCTb, 9TO JJjis TAKOrO rasa ngo =~ n,

a yctoBme MasocTu p umeer Bug p K mu ~ h(an)'/?.
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B o6mmeit Teopun (pa3oBhIX IEPEXOJOB BTOPOrO POjia M3MEHEHHE
COCTOSIHMSI T€JIa OINUCHIBAETCH IIOBEJEHUEM IapaMeTpa TOPSIKa,
XapaKTEPUIYIOIIETrO ero CBoiicTBa cuMmMmeTpuu. st A-mepexoma 6o3e-
KHUIKOCTH POJIb TAKOTO ITapaMeTpa UIPaeT BOJHOBAasi DYHKIWS KOH-
JIeHcaTa =, OMUCHIBAIONIAA, KaK ObII0 00DbsACHEHO B § 26, «IaabHmit
MOPSAIOKY» B KUAKOCTH. KOMIUIEKCHOCTH = 03HAYAET, UTO Iapa-
METD MOPSIJIKA UMEET JBE KOMITOHEHTHI, TpudeM 3(DQEKTUBHBIN ra-

MuTBTOHMAH cuctembl (cM. V,§147) saBucut Tomeko or |22, T e.
WHBApPUAHTEH OTHOCUTEJIFHO Npeodpa3oBaHusd = — €'*E ¢ J00biM
BEIIIECTBEHHBIM (V.

OMOUpUUECKUE JAHHBIE O A-TIEPEXOJe B XKUAKOM TeJIUU CBUJIE-
TEJIbCTBYIOT, HO-BUIAUMOMY, O TOM, UTO JIJIsi HETO OTCYTCTBYET ODJIACTD
OPUMEHUMOCTH Teopuu (Pa30BBIX MEPEXOA0B JlaHmay: KpuTepwuii
(146.15) (cM. V) He BBINOIHSAETCS HUTJE B OKPECTHOCTH A-TOYKH (T. €.
uurge B obnactu [T — Th| < T)). Ilosromy mis onmcanusi CBOWCTB
9TOrO MEPexXoa HAJO MOJIb30BAThCs (DIIYKTYAIMOHHON Teopueil da-
30BBIX IIEPEXOI0B BTOPOTO POJA, JAOIIEH BOSMOXKHOCTD CBSI3aTh APYT
C APYTOM TEeMIEDPATyPHBbIE 3aBUCUMOCTH PA3JIMYHBIX BEJINYVH.

TemnepaTypHasi 3aBUCUMOCTD IIAPAMETPA HOPsIKa (& TeM CaMbIM
U IUIOTHOCTH KOHJeHcarta ng) npu I — T maercss KpUTHYECKUM
ungexcom [ (cm. V, §148):

|Z2| = no o (T — T)P. (28.1)

Bonee unTepecen, omHaKO, BOIPOC O MOBEIEHWM CBEPXTEKYUEH
IUIOTHOCTU pg. [l ee BBIUMCIEHUS PACCMOTPHUM YKUIKOCTb, B KO-
Topoit (paza ¢ kKoHmEeHCATHON BOJHOBON (DYHKIMU MEIJIEHHO MEHS-
eTCd B MPOCTPAHCTBE. DTO 3HAUNAT, YTO B JKUIKOCTH MMEET MECTO
MaKPOCKOIINYECKOE CBEPXTEKydee IBUXKEHHE CO CKOPOCThIO (26.12)
U COOTBETCTBEHHO C KMHETHYECKOW 3Heprueil (Ha equHUIy 00beMa

2 2
JKUIKOCTH) vy _ K (Va)2. (28.2)
2 2m?

DTO BBIpAXKEHNE MOXKHO IPUMEHUTH U K JJIMHHOBOJTHOBBIM (DITYK-
TyanusiM mapamMerpa nopsaka. CorjiacHO TumoTe3e MaciuITabHON WH-
BapPUAHTHOCTH, €IMHCTBEHHBIM ITAPAMETPOM JJIMHBI, OIPEIEIISTIOIAM
GIYKTYalMOHHYIO KAPTHUHY B OKPECTHOCTH TOUKH TIEPEXOJIA, SBJIS-
€TCSI KOPPEJISIUOHHBIN paanyc (uykTyammit r.. M xke ompenens-
€TCs, CJIEIOBATEILHO, OPSIOK BEJIMYNHBI PACCTOSHUN, Ha KOTOPBIX
durykTyannontoe uaMenenne aspl P mopsaKa €TUHUIBI; TOITOMY
CpeJiHee 3HAYEHUE KBAIPaTa (DIIyKTYAIIMOHHON CKOPOCTH MEHSIETCS C
TEeMIIEPATypPOIl IO 3aKOHY

v2 o2 o (T — T)%,

T7e ¥ — KPUTUYECKU WHIAEKC KOPPEJIInOHHOTO paauyca. C apyroi
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CTOPOHBI, TIOCKOJIbKY MMEHHO C JJIMHHOBOJIHOBBIME (DIIYKTYaIlUsIMA
CB#I3aHA OCODEHHOCTH TEPMOAMHAMUYECKUX BEJUYUH B TOUYKE IIE€pe-
X0/Ia, €CTECTBEHHO CYUTATH, YTO B OKPECTHOCTH ITOH TOUKU DIIyKTY-
aIMOHHAsi KUHETWYecKas dHeprus (28.2) MeHseTcs ¢ TeMmepaTypoil
IO TOMY 7K€ 3aKOHY, UTO U CUHIYJISIDHAS 9aCTh TEPMOIUHAMUYECKOTO
noTenmnuana xxuakoctH, T. e. Kak (T —T)2~% (rme a — kpuTHyeckuit
unzexc remnoemkocTr Cp). Takum obpasoM, HAXOAUM, UTO

psv? & po(Th — T)* o (T — T)*",
otkyma ps o (Ty — T)?~%~2¥. Hakomer, yuTs COOTHOTICHUE
Jv=2-a (28.3)

(cmemyromee U3 rUmoTe3bl MACIITAOHONW MHBAPMAHTHOCTH — CM. V,
§ 149), mosry4uM OKOHYATEIHHO

ps o (Ty — T)2=)/3, (28.4)

OTUM yCTAHABIMBAETCHA CBA3b MEXKIY TEMIEPATYPHBIMHU 3aBU-

CUMOCTSIMU ps M TeII0eMKocTu BOsm3u A-touku (B.D. Josephson,
1966).

BaMeTI/IM, 9TO BOCIIOJIB30BABIIIUCH COOTHOIIICHUEM:
a+28+v(2-() =2, (28.5)

caexyronmM u3 (148.13) u (148.17) (cm. V), ungekc 23, oupenesnsio-
Ui TeMIEPATYPHYIO 3aBUCUMOCTD 7, MOXKHO IIPEICTABUTHL B BHUJIE

26=02-a)(1-¢)/3.

Nupekcs! o u ¢ st XKUAKOTO rediust (PaKTUUECKU OYEHb MaJIbl; [0~
9TOMy € Xoportuei TounocTbio 28 & (2 — a)/3 ~ 2/3, Tak uTO

ps ~no ~ (T — T)*/*.

BBuny Baxkaoctu dopmysisr (28.4) mosesHo mpuBecTH APYIOi,
6osee popMaNIBHEIN ee BbIBOA. Jljig 9TOTO BBIYUCINM KOPPEJISTIAOH-
Hyio dyuKIHO Gaykryaunit dassr .

MuTepecysichb TOJIBKO KJIACCHYECKUAME (DIIyKTYaIUsiMu, HaiiieMm,
IOpeXKJe BCEro, CBA3aHHOE C HUMH HU3MEHEHHWE CBOOOIHOW SHEDIHU.
ITockospky MaJible JOOABKHU K 9HEPTUU U K CBOOOJHOM SHEPTUU PaB-
HBI, 9TO U3MEHEHUE MOXKHO IIPSIMO HAIUCATH COIIAacHO (28.2):

AF = p, 1 / (V&)2dV. (28.6)
2m?2

Cnenys meToxy, KOTOpbIit 6611 ipuMenen B V, § 116 g Beraumc-
JIEHUsI KOPPEJNANNOHHON (DYHKIMH (IIyKTyaluii IJIOTHOCTH, Pa3Jio-
xuM AP B pag Pypbe 0 KOOpAUHATAM:

AD =" 3™, Dy = (By)*. (28.7)
k
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IMoxcraBum 310 BhIpaxkenue B (28.6). B pesynsraTe unrerpupoBanus

no dV unensl ¢ k # —kK' BBImagaror, a B OCTaBIIMXCHA MHTETPUPOBAHUE
cBOIMTCH K yMHOXKeHmto Ha V. Takum obpazoMm mMeeM

ﬁ2
AF = p, m2v§k:r2|<1>k|2.

2

Corsacuo 061mIeit TEOpUU TEPMOJAVHAMUYECKUX (DIIYKTYAIUR 3TO
O3HaYAET, UTO

2y _ T m? 1 I\ '
(o) =Tl (@) =0, kA-K. (289
Tenepb MoxkHO mozxcTaBuTh (28.7) B BbIpaskeHUe Il KOPpEJIsi-
nuonuo#t dyskimu (|ry — ra|) = (A®(r1)A®(r2)) u ycpenuuts ¢
nomotpio (28.8). ITocie mPOCTHIX BBIYUCIICHUH HAXOAUM

2 . 2 . 3
or) = G S e = T [l S (289)
psh . k psh k (2m)

OTser IJId UHTErpaJia MOXKHO HaIIMCaTb, BOCIOJIB30BAaBIIUCH TEM,

aro 47 /k? ectb koMmonenTa @yphe KYJIOHOBCKOTO TOTCHIUAJIA €/IH-
HUYHOI'O 3apAla. OKoHYATEJILHO:

2
p(r) =171

-. 28.1
dmpsh? r (28 0)

®opwmyia (28.10) npumennma (Ha JOCTATOYHO GOJIBIINX PACCTOS-
HU$IX) [PU BCEX TeMIeparypax Huxke A-Touku. BOmmsu T) oHa
OPUMEHUMA Ha PACCTOSHUAX T K Tc. B 9T0# 06s1acT MOXKHO Tpe-
HeOpeUb OTHOCUTEIHHO MAJIBIMU (DIIYKTYaIUusIMU MOJLYJIsl TaApaMeTpa
HOPS/IKA U CUUTATH, YTO (DIYKTYAI[MH ITOTO MapaMeTpa paBHbl AE =
= i,/noAy. Torma koppessnuonnas GyHKnud $haser p(r), yMHOKCH-
Has Ha Mg, COBIANAET C KOPPEJSIUOHHON (hyHKIHEH mapaMerpa mo-
psanka p(r) = (AE*(raA E(r1)). (OrMernM, yuuTsIBast CMBICT = Kak
BOJIHOBOW (DYHKIIUM, YTO p €CTh HE YTO WHOE, KAK MATPUIA ILIOTHO-
cru xkunkoctu.) Ha rpanune e 06JacTu IPUMEHUMOCTH, TIPHU T ~ T
KOppeJAnuoHHas (DYHKIUS TTapaMeTpa MOPSAIKa, JTOJKHA 0 TTOPST-
Ky BEJMYMHBI COBIAJAATH ¢ 0bmmM BeipaykenueM (148.7) (cm. V):

p(r) ~ r~ (0, (28.11)
ITpupasuusas npu r ~ 1. bysxuuu p(r) u noe(r), norydaem
ps ~ ngry S ~ (Ty — T)#7¢,

C nomompio (28.3) u (28.5) serko y6eAUTHCA B TOM, YTO 3Ta TEMIIE-
paTypHas 3aBUCUMOCTb cOBHagaeT ¢ (28.4).
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§29. KBanToBaHHbIe BUXpEBbie HUTH

OObIuHAs KUIKOCTH, 3AKIIOYCHHAS B IUJIUHIPUIECKOM COCYJE,
BpaIaoIeMcsa BOKPYT CBOEi OCH, YBJIEKAETCHA TPEHUEM O CTEHKU CO-
cyJa U B KOHIIE KOHIIOB IIDUMBOJUTCH BO BpAallleHUE KaK IeJIoe BMe-
cTe ¢ cocyaoM. B cBepxTekydel X KUIKOCTHA YBJIEKAETCS BO BPAIICHUE
TOJIBKO €€ HOpMaJibHasg KOMIIOHEHTA; CBEPXTeKydas K€ KOMIIOHEHTa
OCTaeTCs HENOJBUXKHOM — B COOTBETCTBUM C TE€M, YTO 3Ta KOMIIO-
HEHTa BOOOIIE HE MOXKET BPAIATHCH KAaK IIEJIOE, TAaK KaK IPU ITOM
HapyIIaJIach Obl IOTEHIMAILHOCTH CBEPXTEKYYErO [IBUIKCHUS *).

OHako mpu JOCTATOYHO OONBIINX CKOPOCTAX BPAIEHUST TAKOE
COCTOSIHME CTAHOBUTCH TEPMOAMHAMUYECKU HEBBITOJHBIM. YCJIOBHE
TEPMOAUHAMUYECKOI'O paBHOBECHHA COCTOMT B MHUHUMAJIbHOCTH

BEJINIHHEI E., = E - MQ, (29.1)

MIPECTABJILAIONIEH COOO SHEPIUIO IO OTHOIICHWIO K BPAIIAOIICHCs
cucreme KoopauuaT; K u M — 3Heprus m MOMEHT UMITYJIhCA CUCTE-
MBI OTHOCHTEJIbHO HEIIOJBHKHOMN cucTeMbl KoopauHar (cM. V,§26).
Yien —MSQ B 9TOM BBIParKEHUU ¥ IPUBOIUT (IPU JTOCTATOYHO GOJIb-
mux ) K TepMOJUHAMHUYECKOH BBIIOJHOCTH cocrostHust ¢ MQ > 0
10 cpaBHEeHuIo ¢ cocrosguueM ¢ M = 0.

Takum 006pa3oM, TP yBeJMYEHUH CKOPOCTU BPAINEHUS COCYIA
JIOJXKHO B KOHIIE KOHI[OB BO3HWKHYTh CBEPXTEKydUee HBukenHue. Ka-
XKyIeecss TPOTUBOPEYNE MEXKIY ITUM YTBEPKICHUEM U YCJIOBHEM
TMOTEHITUAJBHOCTY CBEPXTEKYYErO JIBUXKEHUS YCTPAHSETCH IIPEJTIO-
JIOYKEHUEM, 9TO MOTEHIIMAJIHHOCTD HAPYIMAETCSd TOJHKO HA HEKOTO-
PBIX OCOOBIX JIMHUSIX B YKUJIKOCTH — BUILPE6HIT HUMAZL *). Boxpyr
9TUX JIMHUN KUJIKOCTH COBEPIIAET JBUKEHUE, KOTOPOE MOXKHO Ha-
3BATh NOMEHUUAALHDIM SDAUEHUEM, TAK UITO BO BCEM 00bEeMe BHE
nunnit rot vy = 0.

BuxpeBbie HUTH B 2XKUIKOCTH UMEIOT TOJIIIUHY, U3MEPSIEMYIO aTOM-
HBIMHU Pa3MepaMy, U C MAKPOCKOIMMYIECKON TOUYKW 3PEHUS TOJIZKHBI
paccMaTpUBaThCH Kak OeckoHewHo ToHKHWe®). VX cymecTBoBaHmE
He IPOTUBOPEYUT BBIPAXKEHUIO CKOpocTH B Buae (26.12), tak Kak
3TO BBIPAYKEHWE TIPEATNOJIATaeT JOCTATOYHYI0 MEIJIEHHOCTH M3MEHE-
HHS Vg B IPOCTPAHCTBE, MEXK/Y TEM KaK BOJIN3U BUXPEBO JINHUK Vg
MEHSIETCSL CKOJIb YIOMHO 6bIcTpO (cM. Huke dopmyiy (29.3)). Ona

) ITpu Bparmenuy UIKOCTH KAK IEJIOr0 CKOpocTh v = [Qr], rae £ — yriosas
CKOPOCTB, a PaJiyC-BEKTOD I' OTCYMTHIBAETCH OT KAKOH-IMOO0 TOYKHU Ha ocu. [Ipu
aroMm rot v = 2Q # 0.

2) 310 npenmonoxenue Gbuto BRIcKazano Oncarepom (L. Onsager, 1949) u 3a-
reM passuro Peitumanom (R. P. Feynman, 1955).

3) DT0 yTBEPKACHUE HE OTHOCUTCS, OAHAKO, K OJIM3KOH OKPECTHOCTU A-TOYKW;
3716Ch TOJIIIAMHA BUXPEBOH HUTH TOPSAAKA BEJMYUHBI KOPPEIAIMOHHOTO PaIuyca
durykTyanuii.
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HE TMPOTHUBOPEYUT TAKIKE W MIJIOKEHHOMY B § 23 0OOCHOBAHMIO TO-
TEHIMAJBHOCTU CBEPXTEKYUYETO JIBUXKEHUsI CBOWCTBAMHU SHEPTreTUYe-
CKOTO CIIEKTpa 603e-’KUJIKOCTH, TAK KAK C BUXPEBOIl HUTBHIO CBA3a-
HA OIPEJEJIEHHAS MAKPOCKONUYECKU OOJIbINas SHEPIus (CM. HUXKE
(29.8)), u cocrosiHUE KUIAKOCTU C HUTHIO HE MOXKET CUUTATHCH CI1abo
BO30Y XK ICHHBIM.

PaccmorpuMm cHavasia BUXpEBbIe HUTH C YUCTO KHHEMATUYIECKOI
TOYKHU 3PEHUS — KaK OCOOble JIMHUU B PACHPEICJICHUN CKOPOCTH
[pY MOTEHIMAJILHOM JABUKEHUAU KUIKOCTH. Kark1asi BUXpeBasi HUTh
XapaKTEPU3YEeTCs ONPEIEJICHHBIM 3HaYeHNEM (0DO3HAYMM €ro depes
27 3¢) UUPKYJIAIUAN CKOPOCTH IO 3aMKHYTOMY KOHTYDY, OXBATHIBAIO-
[IeMy 3Ty HUTb:
Sﬁvsdl = 27 (29.2)

9TO 3HAYEHWE HE 3aBUCUT OT BHIOOPA KOHTYPA WHTErPUPOBAHUS.
Heticteurensro, eciu C; u Co — 1Ba KOHTYpPa, OXBATHIBAIOIIUX
BUXPEBYIO HUTH, TO PA3HOCTh IUPKYJISANNNA CKOPOCTH BJIOJb HUX,
cornacao Teopeme (CTOKCa, paBHa TMOTOKY BEKTOpa rotVvg duepes
IOBEPXHOCTh, HATAHYTYI0 Mexay (1 m C9; HO IOCKOJBKY 3Ta
MOBEPXHOCTh HUTJE HE MEPECeKAeT BUXPEBYID HUTh, TO BO BCEX
ee Toukax rotvg =0, Tak UYTO WHTErpaj obpaiaercd B HYJb.
Orcroma e ciieyer, 9TO BUXPEBas HUTH HE MOYKET MPEPHIBATHCS:
OHa JIMOO 3aMKHYTa, JUOO OKAHYMBAETCS HA T'PAHUINAX JKUIKOCTH
(a B HEOIPAHUYEHHON KUIKOCTU — YXOAUT OOOUMU CBOUMHY KOHI[AMHU
Ha GeCKOHEeYHOCTD). JleficTBUTEIbHO, Ha/M4me y BUXPEBOH HUTH
cBODOTHOTO KOHIA 03HAYAJIO ObI BOSMOXKHOCTh HATSAHYTh HA KOHTYD
C TOBEpXHOCTH, HUTJIE HE TEPECEKAIONIYI0 HUTh, B PE3YJIbTATE UETO
UHTErpaJl B JIeBoil cTopoHe (29.2) obpartuiics Obl B HYJIb.

Ycnosue (29.2) mosBosisieT ONPENEIUTh PACHPEIEICHHE CKOPO-
cTell B XKUIKOCTHU, ABUXKYIIElicd BOKPYT BuxpeBoit Hutu. B mpocTeii-
ImeM cjIydae NPAMOJIMHECHHON HUTU B HCOIDAHUYCHHON >KUIKOCTH JIU-
HUAW TOKA SBJISIOTCS OKPYXKHOCTSMU, IJIOCKOCTH KOTOPBIX MEPIICH-
JUKYJASPHBI HUTH, & IEHTPHI JexXaT Ha Heil. [lupkynsnus ckopocTn
BJIOJTh TAKOUW JIMHUU PABHA 2WTVg, TAK UTO

V1
vy = =, (29.3)
T
e r — paccrogaue g0 HuTH. OTMETHM, UTO TPU MOTEHITUAJIBHOM
BPAIIEHUU CKOPOCTHh IMAJAET C YIAJIEHHEM OT OCH BPAIICHUS
(BuXpeBOil HUTH) — B IPOTHBOIOJIOXKHOCTH BPAICHUIO KaK IEJIOTO,
IJie CKOPOCTh BO3PACTAET MPONOPIHUOHATIBHO T
L1 BUXpEBO#l HUTU MPOU3BOJILHON (POPMBI pacnpe/ieieHIe CKO-
pocteit naercs dpopmyioit
[d1- R]

rn
va=Z2 [ (29.4)
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rJle MHTErPUPOBAHUE MPOU3BOIAUTCS BIOAL HUTH, a R — pajgmyc-
BEKTOD, POBeAEHHBIN oT dl K Touke Habsonenus ckopoctu'). Ha
PACCTOSTHUAX OT HUTH, MAJIBIX TI0 CPABHEHUIO C €€ PAJUYCOM KPUBU3-
Hbl, (hopmyna (29.4) npubiuKEHHO CBOIUTCS, KOHEUHO, K (29.3).

Kak yxe 6bu10 ormeueno, dopmysbl (29.2)—(29.4) sasusrorcs
CJIEICTBUEM OJHOMN JIMIIb MOTEHIUAJIBHOCTU JIBUKEHUS KUIKOCTH.
KsanTOBas ke TpUpOJa BUXPEBBIX HUTEH B CBEPXTEKydeH YKUJIKO-
CTH TIPOSIBJIAETCS B TOM, UTO TOCTOSTHHAS > MOXKET UMETDH JIUIIb
3HAYEHUs W3 OIPEJEJIEHHOTO JIMCKPETHOrO paAna. JleficTBuTeNbHO,
BOCIIOJIb30BABINNCEH BhIpaxkeHueM (26.12) ckopoctu v, depes a3y
® BoIHOBO# (DyHKITMM KOHCHCATA, HAXOJUM JJIsl €€ IUPKYJISIuH

gﬁvs dl = %Acb, (29.5)

rae A® — usmenenue ¢azwl mpu 006xoae KoHTypa. Ho BBHIY OmHO-
3HAYHOCTH BOJIHOBOM (DYHKIMY M3MeHeHue ee (Da3bl IPU BO3BPAIIIE-
HUAY B UCXOAHYIO TOYKY MOXKET OBITH JIUIIb LEJBIM KPDATHBIM OT 27.

Orcroga ciegyer, 4T
» =nh/m, (29.6)

TIoe n — 1esoe 4ucjio. MBI yBUIUM HUXKE, YTO TEPMOAUHAMUYECKHU
YCTOWYMBEI (DAKTUYECKH JINIITb BUXPEBbIE HUTH C HAVMEHBIINM BO3-
MOXKHBIM 3HadYeHneM 1upKyJsamun (n = 1). [lostomy nanee mbr Gy-

JIEM TIOJIATATH
»x = h/m. (29.7)

OmnpenenuM Tenepb KPUTUUECKYIO CKOPOCTH BPAIECHUS IUJIMH-
JOPHUYECKOIO COCyHa, IIPU KOTOPOM BIEPBBIC MOABJIACTCA BUXPEBad
HUTh. VI3 coobpaskeHuil CUMMETPUY OYEBUJIHO, UTO T3 HUTH OyIeT
PAaCIoJIOKEHA, BAOJb OCU cocyla. V3MeHeHue SHEPIuu KUIKOCTHA 334
CUeT IIOABJICHUYA B HEll BUXPEBOIl HUTU €CTh

2
AB :/ v = ';_SL/ v? - 2mr dr = Lpgms® [ &
™

(L — nnuna cocyna). VlHTerpupoBanue 0o dr KOKHO IPOU3BOJUTD-
cd B TIpeJiesiaX MeXKIy DaJmycoM COCyZia R U HEKOTOPHIM 3HAYEHU-
€M T ~ @ TIOPSJKA BEJUYMHBI ATOMHBIX PACCTOSHMI, HAa KOTOPBIX

1) D10 BLIPAYKEHHE MOXKHO HAMUCATH IPSMO O AHAJIOTHE C H3BECTHOM hopmy-
sioit Buo—Casapa [yisi MAarHUTHOTO HOJIA JINHEAHBIX TOKOB. ®OpPMaJIbHOE COBIA-
JeHne obenx 3a4a4 OY4eBUAHO U3 CPABHEHUS] IUPKYJIsiiuu ckopoctu (29.2) ¢ uup-

o o m
Kyssnmeit marauTHOro nostsi H Bokpyr JiuHeiiHoro Toka J: f Hdl = —J. Ognua

c
3372494 MOJIy9aeTCa U3 APYTroi 3ameHoi o6o3navenuit: H — v, J/c — /2.
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MAaKPOCKOIIMYECKOE PACCMOTPEHUE TEPSET CMBICI; BBUAY Jiorapud-
MWYECKON PACXOAMMOCTH MHTETPAJIA €r0 BEJIMYMHA MAaJIO0 YyBCTBU-
TeJIbHA K TOYHOMY BBIOODY 3Ha4eHus a. Takum obpaszom,

2
AE = Lrp, L1 & (29.8)
m a

(3TO BBIpaXKEHHWE UMEET, KAK TOBOPAT, JIOTApU(PMUIECKYI0 TOYHOCTD,
T. €. IPEZTIOJIAraeTCs GOJIBIIUM HE TOJBKO OTHOIeHue R/a, HO u ero
sorapucdm) ). MoMeHT Ke MMITyJIbCa BPAIIAIOMIEHC KUIKOCTH:

M= / psvstdV = psz/dV - LwR2%ps. (29.9)

BOBHI/IKHOBGHI/IG BHXpeBOfI HUTHU TEPMOAMHAMUYICCKU BBII'OOHO, €CJIA
AEy;, =AE—-MQ <0, T e. ecin

[ R
Q>Qp=—"mk
mR?  a

3/10’KEeHHBIC PACCY2KICHHASA TIO3BOJISIOT TAKXKE MOHATH MPHYHU-
Hy, IO KOTOPO#l OKa3bIBAIOTCH TEPMOJUHAMUYCCKU HEYCTONIMBBLIMHE
BUXpeBBIe HUTH ¢ 1 > 1 B (29.6). [leiicTBuTeNbHO, DU 3aMEHE 3HA-

uennss n = 1 3madenmem n > 1 smeprus AFE yBenmuuBaerca B n’
pa3, a MoMeHT M — B n pa3; npu 3toM A FEyp, 3aBe0MO yBeIMINTCS.

IMpu pasbHeleM yBeJWYEHUN CKOPOCTH BPAIEHUS IMJIAHIPH-
9eCKOro cocyda (3a KpuTmdeckuMm 3HadeHwmeM (29.10)) BO3HHKaiOT
HOBBIC BHXDeBble HUTH, u mpu () > (), dUmciao aTux HuTeid Oy-
JeT yxKe odeHb OosibmmmM. VX pacmpejesieHue 10 CEYEHHIO COCYIa
CTPEMHUTCH TIPU STOM K PABHOMEDHOMY, M B IpeJAee UX COBOKYII-
HOCTh UMUTHUPYET BpAIEHWE BCEU CBEPXTEKY4eH YaCTH KUIKOCTH
Kak 1estoro?). Ymcesno BEXpeBBIX HUTEH npu 3aZaHHOM (6OJIBIIOM)
3HaveHuu () JIETKO OINpPEIEIUTh, MOTPEOOBAB, UTOOBI IMUPKYJISAINAS
CKOPOCTH IO KOHTYDY, OXBATBIBAIOIIEMY OOJIBIIIOE IUCIO HATEH, HMe-
Jia OBl 3HAYEHUE, OTBEYAIONIEEe BPAIEHUIO JKUIKOCTH KaK IIEJIOTO.

(29.10)

1) JlBu:KeHNe BOKPYI BHXPEBOIl HUTH COIIPOBOXKAAETCs, BOODIIE rOBOPsI, HEKO-
TOPBIM U3MCHEHUEM IIJIOTHOCTU KHUAKOCTH. HpeHere)KeHI/Ie B U3JIOZKE€CHHOM BbI-
YHMCJIEHUM THM M3MEHEHHEM OINPABIAHO TEM, YTO OCHOBHOM BKJ/IaJ B SHEPIUIO
(29.8) Bo3HHKaeT (B cuity JiorapudMUIECKOH PACXOAUMOCTH HHTEIPAJIA) OT GOJIb-
IINX PACCTOSIHUI T, HA KOTOPBIX H3MEHEHHE IJIOTHOCTH y2Ke MaJo. ITo sToii xke
HNpUYHHE MOXKHO NpeHebpeds BKIagoM B AE OT u3MeHEHUsI BHY TDEHHEH 9Hepruu
JKUJIKOCTH.

%) B 9TOM JIeTKO y6eUTHCS, 3AMETHB, YTO TAK KAK YHCJIO HUTEH PACTET Tpo-
nopuuoHajbHo Q (cM. Hmke (29.11)), To BTOpOIt wien B AEgp = AE — MQ
pacrer, kak 2, a nepsbiii — kak (), u mosToMy mpu £ > Qxp UM MOXKHO IpeHe-

6peus. Torga munumusanust AEpp cBoguTcs K Makcumusanuu M, nocruraemoii
NMEHHO l'IpI/I BpaH.[eHI/II/I KUIOKOCTH KaK IIE€JI0TO0.
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Ecau Takoif KOHTYD OXBATBHIBAET €AMHUYHYIO ILIOM@AAb (B IJIOCKO-
CTH, NIEPIEHIUKYJISPHON OCU BPAIICHHUS ), TO

ggvs dl=v 2mx = 27Tl/£,
m

Ie ¥V — IUIOTHOCTH PACIPEESIEHUs BUXPEBLIX HUTEH 110 CEUCHUIO

cocyna. C apyroit CTOpPOHBI, IPH BPAILICHUN KUAKOCTH KAK IIEJIOTO

rot vy = 22, u Ta xke nmpkynanus pasua 2{). [Ipupasuss ob6a 3ua-

4eHUd, HaligeM

v = mQ}/wh. (29.11)

[losiBjieHUMe BUXPEBBIX HUTEH B WM3BECTHOM CMBICE HAPYIIAET
CBOMCTBO CBEPXTEKYIECTH KUAKOCTU. DJIeMEHTAPHBIE BO30YKICHNS,
COCTABJILIONIE HOPMAJIBHYIO KOMIIOHEHTY JKUIKOCTH, OYAyT Temephb
paccenBaThCsl HA HUTSX, IE€peJaBas UM (& TeM CaMbIM — CBEPXTEKY-
Yeil KOMIIOHEHTE JKHUKOCTH) YacTh CBOEIO MMILYJIbCA. DTO O3HAYAET,
OPYTUMHE CJIOBAMHU, TTOSBJIEHUE CUAbL 63AUMH020 MPEHUA MEXKTY 0be-
UMY KOMIIOHEHTAMHY JKUIKOCTH.

Buxpesbie HuTH, BOODIIE TOBOPS, TEPEMENTAIOTCH B IPOCTPAHCTBE
BMecCTe ¢ Tekymnei KuakocTeio. [lpu T = 0, Korma KuIKOCTD TIEJTH-
KOM CBEDXTEKYydYa, KaXKIbIA 3J1eMeHT dl HUTH JBUKETCS C TOM CKO-
POCTBIO Vg, KOTOPYIO YKUIAKOCTH MMEET B TOUKE HAXOXKJIECHUSA ITOTO
sneMenTa. [Ipy OTINYIHBIX Ke OT HyJIsT TEMIIEPATYPAX UCIBITHIBAEMAST
BUXPEBON HHUTBHIO CHUJIA TPEHWS TPUBOAUT K TMOSBICHUIO HEKOTOPOMH
CKODOCTH €€  TIePEMEINEHUusT  OTHOCUTEJBHO  CBEPXTEKydUeit
KOMITOHEHTHI.

Buxpesble HUTH, BO3HMKAIOIIME TPU BPAIICHUM, WMEIOT IIPs-
Monmuelinyo dopmy. TedeHme ke KUAKOCTH IO KATUJISPAM,
MEJsM U T. T. MOXKET CONPOBOXKIATHCA OOPA30BAHMEM 3aMKHYTHIX
BUXPEBBIX HUTEH — 6urpesnr kosey. OHO IPUBOAUT K HAPYIIEHUIO
CBEPXTEKYUECTH TIPU TEYEHHU CO CKOPOCTSIMU, TPEBBITIAIOIINMY
OTIPEJIC/IEHHYI0 KPUTHYECKYIO BeanmunHy. PakTwdeckme 3HAYCHUS
ITUX KPUMUMECKUL CKOpocmeti 3aBUCAT OT KOHKPETHBIX YCIOBUM
TEUYEHWS; OHM TOPA3/I0 MEHBINE TOTO 3HAYECHWsI, 33 KOTOPHIM HAPY-
maercs yciosue (23.3).

B mpoTuBOononoKHOCTD IPSAMONUHEHHBIM BUXPEBBIM HATAM, KO-
TOpBIE MOTYT CTOATH HA MECT€ B TOKOsmeics (BAAIM OT HUX)
KUJKOCTU, BUXPEBBIE KOJIBIA ABUKYTCS OTHOCHUTEIHHO YKUJIKOCTH.
CKOpOCTh TEepeMeIIeHns KAaXKJO0TO 3JIEMEHTa JJIMHBI HUTH €CTh
TO 3HA4YEHHE Vg, KOTOpoe co3maercd (coracuo dopmyse (29.4))
B TOYKE €ro HAXOXKIEHWS BCEMHU OCTAJBHBIMU yYaCTKAMU HUTH;
[IJIsI ACKPUBJICHHBIX HUTEH 9TO 3HAUEHWE, BOOOIIE TOBOPS, OTIMYHO
or HyJad. B pe3ysbrare BuUXpEBble KOJIbIIA HMEIOT KaK IEJIOE HE
TOJIBKO OTIPE/IeJICHHbIE SHEPTUH, HO U ONPENEJIEHHBIE MMIIYJILCHL M,
B 9TOM CMBICJIE, HIPEICTABJIAIOT COOOM OCOOBI THI 3JIEMEHTAPHBIX
BO30Y XK ICHHUIA.
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Samaun

1. HaiiTu CKOpPOCTH IBUKEHHUS U MMITYJIbC KPYTOBOIO BUXPEBOTO KOJIBIA.
Pemenue. Kaxaplil 3;1leMEHT KOJIbLA JBUKETCHA CO CKOPOCTBHIO Vs B TAHHOH
TO4YKE, @ BBHAY CHMMETPHUH KPYTLOBOTO KOJIBIIA 3Ta CKOPOCTBH BO BCEX €r0 TOY-
KaX OJWHAKOBA. 1l09TOMy MOCTATOYHO ONPEIEIUTH
CKOPOCTh Vs, CO3JABA€MyI0 B KAKOW-MOO OmHOM
P TOYKE KOJIbIIa P BCEMHU OCTAaJIBHBIMHU €I'0 YaCTdAMHU.
Onements! dl konbua u pamuyc-sekTopel R ot dl x
Touke P JIeKaT B IUIOCKOCTH KOJIbIA; IO3TOMY OIIpe-
nensemast popmystoii (29.4) ckopocTs B Touke P mep-
NEHAUKYJISPHA IUIOCKOCTH KOJIbLA (B PE3YJIBTATE YEro
‘ KOJIBIIO HepemeniaeTcsd 6e3 m3MeHeHus cBoeit popmbl
u pa3Mepa§.
OnpenenuM mosiokeHue iementa dl yriaom o
(puc. 3). Torma
dl 9 9
dl = Rod9¥, R =2Rgsin 2 |[d1- R]| = Rsin 3 dl

Puc. 3. (rme Ry — paguyc konbua), u u3 (29.4) Haxomum s
CKOPOCTH KOJIbIIA ¥ BLIPArKCHUE

™
%, dy
v=—2) ——.
8Ry J sin(¥/2)
0
DTOT MHTErpaJj, OZHAKO, JOrapudpMUYeCKu DPACXOAUTCS HA HUKHEM IPELese U
JIOJKEH OBITH 06pe3an Ha 3HaueHuu ¥ ~ a/Ro, OTBEYAIOIIEM ATOMHBIM PACCTOsI-
HusM (~ a) asemenTa dl go Touku P. C norapudMudecKkoil TOUHOCTHIO HHTErPal
onpeaesiercs obacThio 3HadeHuit a/ Ry < ¥ < m u paBen
~1

—2 a9 =2In &,
¥ a
~a/Rg
TaK 4TO
»n Ry h &

v=—IIhnh—=———1In .
2Ro a 2mRo a
C Toii ke siorapudMUYECKON TOYHOCTHIO SHEPIUs BUXPEBOTO KOJIBLA
ﬁ2
e = 271'2R0ps— In & (2)
m? a
(dbopmyana (29.8) ¢ samenoit R — Ro, L — 27 Rg). DHeprus & cBa3aHa cO CKOPO-
cTbI0 ¥ cooTHomernueM de/dp = v, rae p — ummyasc konsna. OTcroga

dp = de _ 47r2psERo dRo
v m

(1

(¢ srorapudmuveckoil TOYHOCTBIO, npU U@ EPEHIMPOBAHUY CJIEYeT CIATATH
60JIb1II0# JIorapuM IOCTOSHHBIM), U 3aTEM

h
p=2r"p,—Rj. 3)
m

Dopwmyust (2), (3) onpenensior B napamerpudeckom Buze (mapamerp Ro) 3aBu-
CUMOCTB £(p) JJIsi BUXPEBBIX KOJIEL,



§ 30 HEOJITHOPOJIHBIY BO3ZE-TA3 151

OrMeruM, 9TO BBHAY JIOrapudMUIECKOr0 XapaKTepa NHTErPUPOBAHHUS, IIPU-
BOZAIIEro K popmyiie (/R, sTa popMya (¢ HEKOTOPBIM M3MEHEHHEM 0003HAYEHH
B Heil) OCTAeTCs CHPAaBEJJIMBON UM s CKODOCTH V IEPEMEINEHUS KAXKOTO JaH-
HOI'O JIEMEHTa UCKPHUBJICHHOI BHUXPEBOil HUTH J11060i1 HOPMBI:

v=-—"bl i (4)
2Ry a

3necs b — enuHWYHBIN BEKTOD, MEPIEHANKYJISPHBINA KaCATEJbHON IJIOCKOCTU B
JAHHOH Touke HUTH (BeKTOp GuHOpMasn); Ry — paauyc KpUBU3HBI HUTH B 9TOMH
K€ TOYKEe; A — XapaKTEePHOE PACCTOsIHUE, HA KOTOPOM MEHSIETCSI KDUBU3HA HUTHU.

2. Haiitu 3aKOH gucnepcuu MaJibIX KOJIEOAHWI IPSMOJIUHEHHON BUXPEBOM
uuru (W. Thomson, 1880).

Pemenue. Bribupaem JIMHHIO HHUTH B KadeCTBe OCH 2, U IIYyCTh BEKTOD
r = (z, y) AaeT OTKJIOHEHHE TOYEK HUTH IIPU €€ KOJeOaHusIX; OH ABJAeTCA DYHK-
nueii z u Bpemenn ¢ Buna expli(kz—wt)]. Ckopoctb Touek HuTH naercs GopmyJoii
(4), B KOTOpO#i O A HAZO B JAHHOM CJIy4Yae MOHMMATH JJIMHY BOJIHBI KOJeOaHui
(A~ 1/k)

dr . x. 1 b
v=—=—twr=—In——.
dt 2  ak Ro

Bekrop 6unopmanu b = [tn], rne t ¥ n — exMHUYHBIE BEKTOPHI KACATEJILHON 1
ry1aBHOM HOpMaJiu K Kpusoii. CorytacHo u3BecTHO# dopmyiie nuddepeHuanbHOR
reomerpun, d’r/dl> = n/Ry, rne | — AJMHA, OTCUNTEIBaEMas BIOIL KPUBOIA.
IIpu manbix KojiebaHusAX HUTH €100 U30rHYTA, TAK YTO MOXKHO IOJIOXKUTH | & 2
ut = n, (eAMHUYHBINA BEKTOP BIOJb OCH 2); TOLIA

b [ e
Ro | "dz?

Takum 06pa3om, HAXOAUM yPABHEHUE ABUXKEHUSI HUTH

] = —k’[n,r].

. xk 1
—twr = ———[n,r]ln —.
2 ak
B packpsiToMm Buze 0OHO maeT cucTeMy OBYX JIMHEHHBIX OSHOPOSHBIX yPaBHEHUI
JJI T U Y; IPUPaBHAB HYJIIO ONPEJEJIUTENb dTOH CUCTEMBI, MOJyYUM HCKOMYIO
CBsI3b MeXAy w u k:
ak? 1
w=—In—.

2 ak

§ 30. Heomropoausiii 603e-ra3

B §25 MBI paccMoTpesin CBOMCTBa MOUYTH HAEAJHLHOTO 00O3e-ra3a
CO C.TIa6bIM OTTaJIKUBaAHUEM MEXKIAY YaCTUIlaMU. HOBbIe CyIIeCTBEHHO
KBaHTOBBIE OCOOEHHOCTH 9TOM CHUCTEMBI MPOSIBJISIIOTCS, OJHAKO, €CJIN
ra3 IPOCTPAHCTBEHHO HEOMHOpOJAeH. B sTom maparpade Mbl 0606-
UM TEOPUIO Ha CJydail HEOTHOPOIHOTO Ta3a.

Paccmorpum ctabo HemmeasibHBIN Ta3 Tpy abOCONIFOTHOM HYJIE
TeMIepaTyp. B TaKOM Ta3€ IIOUYTH BCE€ €0 YaCTHUIBI HAXOOATCA B
KOHJIEHCaTe. B TepMHMHAX 1)-0MepaTopoB 3TO O3HAYAET, YTO <«HAJ-

KOHJIEHCATHas» 9acTh omeparopa (U') maja mo CpaBHEHHIO C €ro
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CPEIHUM 3Ha4YCHHUEM, T. €. II0 CPABHCHUIO C KOHJICHCATHOI BOJIHOBOU
dyukmmeii =. Oneparop \Tl(t, r) yaoBierBopsier «ypasHenuio IIpe-
muarepay (7.8). C y4erom suimb mapHbIX B3aUMOAEHCTBH 1iist Gec-
cimuOBBIX wacTu ono umeer Bug (uaaekc (1) y UM omyckaem)

2Bt 1) = (—ﬁ—zA bt U(r)) B(t, 1)+
ot 2m
4 / (e, U (r = ) (E, o) a3 B, 1), (30.1)

B o6miem ciygae 66110 661, OHAKO, HEBEPHO IIPOCTO 3aMeHuTh U (¢, 1)
Ha Z(¢, r) B (30.1). [leno B TOM, 4TO Takas 3aMEHA HE yYUTHIBAET
CHJILHOTO B3aMMOZEHCTBYS MEXK /Ty YaCTUIIAMU, KOTOPOE UMEET MECTO
HA PACCTOSHUAX HOPsJIKA Paauyca AeHCTBUsS MapHOIO MEXKYaCTUY-
HOTO TOTEHINAJIA. DTY TPYIHOCTH MOXKHO OOOUTH, €CJin, KAaK TO ObI-
Jio caenano B §6 u 25, (hopMasibHO 3aMEHUTH UCTUHHBIN TOTEHITAAJ
B3aMMO/ICHCTBHs HA TIOTEHIMAJI C TEM YK€ 3HAYECHUEM JJINHBI PacCesi-
HUA @, HO JIOTMyCKAIOUM TIPUMEHEHHE TeOPHU BO3MyIernit. B sTom
caygae 3amena ¥ wa E B (30.1) momyctuma Ha BCEX DACCTOSHUSIX.
Cunras yskumo Z(¢, r’) Mano MeHsromecs Ha ATOMHBIX PACCTO-
SIHUSIX, MBI MOXKEM BBIHECTH €€, 3aMEeHUB Ha =(t, r'), U3-10f 3HAKA
wHTErpaJa, KoTopsiii ceogurca torma kK [ U (r) d3z = Uy. Taxum
06pa3oM, UCKOMOe ypaBHEHHUe s Z(t, I') UMeeT BUL

2
ith—Z2(t, r)= (—ﬁ—A—u—i-U(r)) 2(t, r)+U|E(t, r)|? E(L, T).
ot 2m
(30.2)

Temepn, kak u B §25, MBI JOJKHBI CYHTATh, 94TO mocTosHHas Up,
XapaKTEpU3yIOIasi B3aUMOAEHCTBIE MEXK/y aTOMAaMU, BBIPAXKAETCS
Yepe3 TOYHYIO JUIMHY paccesinus dhopmysioit (6.2):

4A7h?

m

Uo =

a. (30.3)

[MomyepkHeM, 9TO BosiHOBas byHKIUs KOHAeHCATa Z(t, T') ABJIs-
eTcsl, KaK ObLI0 00bsICHEHO B § 27, KJIACCHIECKON MaKPOCKOMHIECKON
BesimunHO#. B TO ke Bpemsi ypasuenue (30.2), KoTOpOoMy OHa yIO-
BJIETBODPSIET, COIEPIKUT B ABHOM BHUe mocTosHHyo [lnanka .

B crammomapaOoM cocrosiimm (QyHKIMS = HE 33aBUCUT OT BpeE-
Menu (HamomHuM, 4To ypasHenue (30.1) yke oTBeYaeT raMuIIBTO-

auany H' = H — N p.) TlosToMy Takoe COCTOSIHUE ONMCHIBAETCS
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ypaBHeHueM ')
K2 _ —_ —_
(—%A o+t U(r)) 2(r) + Uo|E()[22(®) = 0. (30.4)

OTmMeTHM, 9TO B OTCYyTCTBHUE BHEIHETO 11015 U3 ypasHeHus (30.4)
CJIEJIyEeT, 9TO XUMHUYECKUIA TIOTEHIMAJ OJHOPOIHOTO Ta3a PABEH 3Ha-
gyennio 4 = nly (N — IWIOTHOCTH Ta3a), COOTBETCTBYIONIIEMY IIEPBOMY
npubikenuio (25.6) Teopun Boromo6osa.

BaskHBIM IpHJIOKEHUEM TIOJIyYeHHBIX yPABHEHUH ABJISCTCH 3aa-
4a 0 CTPYKType BUXPEBOIl HUTH B IOYTH HjeajbHOM Oo3e-raze. Kak
y2K€ I'OBOPWJIOCH, TOJIINUHA CaMOM BUXPEBOU HUTHU B KUIKOCTH U3-
MepSIeTC ATOMHBIMU PACCTOSHUSMHE. B moduTH miaeajbHOM 6o3e-Tase
CUTyanus, OJHAKO, JIpyTrad. 31eCh «CepAIeBUHA» BUXPEBOI HUTH, B
KOTODOIl CBOMCTBA CPEZbl CYIIECTBEHHO M3MEHEHBI, MMeeT (KaK MbI
YBUMM HUXKE) MAKPOCKOIINIECKYIO TOJIIIHUHY, U €€ CTPYKTY DA MOXKET
ObITH ONMCAHA TIOJyYEHHBIMU BBINE yDABHEHUAMH. [LyCTh BHeENIHEe
OJI€ OTCYTCTBYET W N €CTh HEBO3MYIIEHHAs IJIOTHOCTH Ta3a Ha Gec-
koneunoctu. [losaras p = nUy B (30.3), nosyyaem ypaBHeHHEe

_%AE(I’) + Uo{ |E(r)] = n} E(r) = 0. (30.5)

IIpsimonuHeiiHO#i BUXPEBOY HUTH COOTBETCTBYET DEIIIEHWE BUIA

== +/ne — rg = —— 30.6

\/_ f <T0> ) 0 ’—2mU0n’ ( )
IJle 7 U @ — PaCCTOSHME JIO OCU BUXPS M TOJISPHBIA Yrojl BOKPYT
Hee. Paza 3T0i1 dyHKUMM OTBeYaeT 3HAYCHUIO IUPKyJsmun (29.7).

Ksaapar |E|2 ecTs mIoTHOCTS umCIa YACTUI] B KOH/CHCATE, B PAC-
CMATPUBAEMOM TIPUOJIVIKEHUH OHA COBIAIAET C MOJHOMN MIIOTHOCTHIO
raza. [Ipm r — 00 TOC/TeaHAS JOKHA CTPEMUTHCS K 33JAHHOMY
3HAYEHUIO N, & QYHKIHA f — COOTBETCTBEHHO K 1.

Beens Ge3pasmepHyto nepeMeHHy0 E=T /T(, HOIyIuM 1Jisd QYyHK-
nuu f(€) ypaBHeHUEe

1d fedf\ _f o r_ p3_
£ dé <€d§> £ +f-f 0. (30.7)

1) Ypasuenus (30.2) u (30.4) 6bum nonyuenst E. II. I'poccom (E.P. Gross,
1961) u JI. II. ITumaescrum (1961) B cBa3m ¢ obCyKnaeMol HuKe HPOBIEMOLt
BUXpPeBOil HuTH B Go3e-rase. YpasHeHue anajoruuHoe (30.4) paccMarpuBaoch
panee B.JI. I'unsbypzom u JI. I1. [Tumaesckum (1958) B Teopuu CBEPXTEKYUECTH
KUIKOTO rejus BOin3u A-touku. CMmbIica K03 OHUIHMEHTOB B 9TUX ABYX 3a4a4aX
CYIIECTBEHHO Pa3/IMdeH, OQHAKO (POPMAJIBbHOE CXOLCTBO yPaBHEHUil MO3BOJISET
HCIOJIH30BATh DEIIEHUE, MOJNYYEHHOE [JjIs BUXDPEBON HUTH B Tejiuy, It 6o3e-
rasa. 9TO pelIeHue MOKa3aHO Ha puc. 4.
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Ha puc. 4 nokazaso pemenwue, nojydennoe u3 (30.7) 4nucieHHbIM UH-
terpupoBanuem. [lpm & — 0 oHo obpamaeTcs B HyJb MPOMOPIIAO-

HasbHO &, a Tpu & — 00 cTpemurcs K 1 1o 3axony f = 1 — 1/2¢2.

Sf¢)
1 //
0,5 /
0 1 2 3 4 5 ¢

Puc. 4.

[TapameTp rg ompemesseT MOPSAOK BEJUYUUHBI PATUYCA «CEPI-
IIEBUHBI» BUXpda. BBems Bmecto Uy IjIMHY paccedHUsi, COTJIACHO

Uy = 4mh?a/m (30.3), maiimem, 4o
ro ~n~ V312 3 o173,

rae 7 = an'/3 — razoBeit mapameTp. DTOT pagUyc, TAKIM 06Pa3oM,
,HefICTBI/ITeﬂbHO BE€JIMK IIO CDABHCHUIO C ME2KATOMHBIMU PACCTOAHUA-
MH, €CJIn Ta30BbIi ImapaMeTp AOCTaTOYHO MaJl.

Jpyroit 3amgadeil, B KOTOPOil HEOTHOPOAHOCTH Ta3a UTPAET CYIIIe-
CTBEHHYIO POJIb, SIBJIAETCA 3aJa4a O ra3e BO BHENIHEM Toje. [lycTsb
ra3 HaXOOUTCA B IIOJIC IIPUTAXXKCEHHUA C HOTeHHHaJIBHOfI 3HepI‘Heﬁ
U(r) < 0. (Takast moCTaHOBKA COOTBETCTBYET PEAJIBHON IKCIEPUMEH-
TaJILHOM CUTyalmuu, KOTrJa aTOMbI YICP2XKUBAKOTCA «MaTrHUTHOH JIO-
ByIIKOi1» ). BosiHOBasi pyHKIMS OCHOBHOIO COCTOSIHUSI MOXKET OBbITH
BBIOpaHA BEIIECTBEHHOI 1 yroBieTBopsier ypasruenuio (30.4). Ha Gec-
KOHEYHOCTHU (byHK]_[I/IH JOJI2KHa CTPEMUTHCA K HYJIIO, a XUMHIYECKUNA
HOTEHIUAJ (i OTIPEJIEJIACTCA U3 YCIOBUS HOPMHUPOBKHU:

/ E(r)*d3z = N, (30.8)

rae N — TOJIHOe 9HMCJIO 9acTHUIl B Ta3e. B obmeM ciydae ypaBHEHUE
(30.4) MOXKHO pemuTh TONBKO 4nciaeHHO. CyIIeCTBYIOT, OJHAKO, BA
IIPeIeNTBHBIX CIIydas, TAe 33439y MOXKHO CHJIBHO YIPOCTUATD.

Jleo B TOM, 9TO OTHOCHUTE/IPHAH POJIb PA3JIUYHBIX UJIEHOB B
ypaBHenun (30.4) 3aBUCHT OT COOTHOIIEHUS MEXKIy BEJIMUUHON T,
onpenesierHoit corsacHo (30.6), 1 XapaKTEepHBIM Pa3sMEpPOM Ta30BOTO
«obsakay R. Ilpocrasi oreHKa MOKA3BIBAET, YTO OTHOIIECHUE UJIEHA,
cozepxkaiero B3aumogeiictsue Uy, K WieHy C JIAIJIACHAHOM HMEEeT

nopsanox (R/rg)?.
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Takum obpasom, npu ycnosun R < rg B3amMozeiicTBre BOobIIe
HecymiecTBeHHO. YpaBuenue (30.4) B 3TOM ciiydae CBOOUTCH K
ypasuenuto [llpenuarepa mus gactunsl B norernuaie U(r). DTo
O3HAYAET, 9TO a3 MOXKHO CUYATATH UJICAJTHHBIM M BCE aTOMBI KOHJICH-
CHPYIOTCA B COCTOSIHUHM, COOTBETCTBYIONIEM OCHOBHOMY COCTOSTHHIO
uHIUBHAyaJbHOrO aTtoma B mose U(r).

B obpaTtHOM mpenesbHOM Ciydae B yPABHEHUM MOXKHO IIpEHeE-
O6peub JiamiacuaHoMm. IlIOTHOCTH ra3a [JaeTcss TOTHAa TPOCTOMH

dopmyioit:

[1]

(1) =n(r) = ;- (1~ U(x)), (30.9)

KOTOpPasi BEIPAXKAET KJIACCHYECKOE YCIIOBUE IIOCTOSHCTBA XUMUYECKO-
o HOTEHIMaa BO BHerHeM nosie. OTMETHM, 94TO B 9TOM HPUOJIMKE-
HUM Ta3 HMeET DE3KyI TI'DaHUIy, OLPEIEISEMYI0 yPaBHEHHEM
pu—U(r) = 0. Xumudeckuil NOTEHIMAT HAXOJUTCH UHTEIPUPOBAHU-
em Boipaxkerus (30.9) o obmnacru U(r) < p.

Samaua

Haiitu cnektp aneMeHTapHBIX BO30Yy2KA€HUI B IOYTH HAealbHOM 0o3e-rase,
paccMaTpuBasi €ro KaK 3aKOH AUCIEPCHH MAaJIbIX KOjaebaHWi KOHIEHCATHOM BOJI-
HOBO# (pyHKIHH.

P emenue. PaccmarpuBaem masibie KosiebaHust = BOKPYT IOCTOSIHHOTO CPEJI-
HEro 3HaYEeHUus /M:

== \/ﬁ_i- Aei(k"_"-’t) + B*e—i(kr—wt)’

rae A, B® — MaJible KOMILIEKCHBIE aMILIUTYAbI. [0ACTaBUB 9TO BBHIparXkeHUE B
ypasrerue (30.2), B KoTopoMm BHemHuil morennual U NOJI0XKEH PaBHBIM HyJIO,
JIMHEApU30BaB €r'0 M OTJEJIUB YJIEHBI C Pa3/IUYHBIMU 9KCIOHCHIMAJbHBIMU MHO-
2KUTEJIAMH, IIOJIy9NM CHCTEMY ABYX ypPaBHEHU

2
fwA =LA+t nUs(A+ B),
2m

2
—twB = 2B+ nUs(A + B)
2m

(p = k). OTciona, NpUpPaBHAB HYJIIO ONPEIEUTENH CUCTEMBL, HANIEM

P\ P
(ﬁw)2 = (2—> + =—nUo,
m m

4T0 coBmazaer ¢ (25.10).
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§ 31. I'pnaoBckue pyHKIMHA Go3e-KuIKOCTH *)

Maremarudeckuit ammapar ¢yskmuit ['puna 603e-KugKOCTH
CTPOUTCS BO MHOTOM TOJO0OHO aHAJOTHYHOMY AIMapary mjis (hepMu-
cucteM.He TIOBTOpsist 3aHOBO BCEX PaCCyKIEHWIA, MBI IPUBEIEM 3/1€Ch
CHAYAJIa, OCHOBHBIE OIpeesieHns:  (POPMYJIbI, TIOAYEPKHYB IIPU 3TOM
OTJIMYNS, CBA3aHHBIE KAK C APYTOl CTATUCTUKON JaCTHIl, TAK U C Ha-
jmaueM KoHgeHcara?). Kak m B mpeapiayumx nmaparpadax 3roit
TJIaBbI, YACTHUIII KUIKOCTH MIPE/ITOJIATAIOTCH OECCITUHOBBIMH.

[Ipu ompenesieHny TPUHOBCKON (QyHKIMU 003€-KUIKOCTH CJie-
JIyeT BBIIEJUTH U3 Iefi3eHOEPTOBCKUX 1)-0MepaTOPOB KOHIEHCATHYIO
4acTh, IpeacTaBuB ux B Buje (26.4). @ynkuus ['puna onpenessiercs
IO HAJKOHIAEHCATHOM YaCTH OMEPATOPOB COTJIACHO

G(X1, Xo) = —i(TW'(X1)¥'H(Xy)), (31.1)

rJe CHOBa CKOOKH (...) O3HAYAIOT YCPEJHEHHE IO OCHOBHOMY CO-
CTOAHUIO CHUCTEMBI, a T — 3HaK XPOHOJIOTHUYECKOI'O IIPOU3BCOCHUA.
IIpu aTOoM, OTHAKO, B OTJIMYHE OT CIydas (PePMUOHOB, MEPECTAHOBKA
1)-0TIepaTOPOB I IPUBEICHNUS UX B HY?KHOE PACIIOJOXKEHUE He H0JI-
2KHa COIIPDOBOXKJATHCA M3MCHCHHEM 3HaKa IIPOU3BCIOCHUA, TaK HYTO
(B omsimame ot (7.10))

. ) @(X)T (X)), b > t,
iG(X1, X2) =< =~ ~, (31.2)

<‘If +(X2)\I/ (X1)>, t1 < ta.

Takoe xke cpenuee 3HadeHnue, Kak (31.1), HO ¢ HOMHBIMEU 1)-OmEpa-
TOPpaMH BMECTO HAAKOHICHCATHBIX JaJIO OBI

—i(TU(X1) T (Xy)) = —ing + G(X1, Xa), (31.3)

rae mg — IJIOTHOCTh YMCJIa YaCTHIL B KOH,zLeHcaTe3). B omHOpoa-
HOM XugkocTn QyHKIUS G 3aBUCHUT, KOHEYHO, TOJIBKO OT PA3HOCTH
X =X — Xs.

HanxongeHcaTHas MaTpuia IJIOTHOCTH p' BBIPAXKaeTCs depes
dyuknuo ['puna corsiacHo

Np'(rl, I'Q) = ’iG(tl, ry; t1 4+ 0, I‘z) =1iG(t = -0, I') (31.4)

1) B §31 — 33, 35 ucnosib3dyercs cucremMa eIuHUL, B KOTOpOii /i = 1.

%) IlpumeneHue MaTeMaTHYCCKOH TEXHMKYM TDUHOBCKHX (yHKIui K 603e-
cucremaM ¢ kongencarom npunamiaexur C. T. Beasesy (1958).

3)KaK u giasi dpepmu-cucreM, Mbl OyneM pacCMaTpUBAaTL COCTOSIHUsSI 603e-
CHCTEMBI [IDH 33JaHHOM 3HAYEHHH XMMHYECKOrO IOoTeHuuana p (a He 4ucia N l

CoOTBeTCTBEHHO POJIb TAMHUJIBTOHMAHA CHCTEMbI UrpaeT pasHocts H' = H — uN
(7.1). IIpu sTOM KOHAEHCATHAS YACTH Y-OIEPATOPA OT BPEMEHU HE 3aBUCHUT.
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(obpaTum BHEMaHWE Ha APYroi obmuii 3HaK 1o cpaBHeHuIo ¢ (7.18)).
B wactHOCTH, IIpH r] = ry OTCIOAA MOJYYaeTCs MOJHAA IIOTHOCTH
YHCIIa HAJKOHJCHCATHBIX YaCTHI]

g —ng=iG(t = -0, r = 0) (31.5)
(cp. (7.19)).

I[lepexos K UMITYIbCHOMY TPEJICTABJICHHUIO TPOUCXOMT TI0 TEM K€
dopmynam (7.21), (7.22). Hopmuposka byukmuu G(w, p) BbIpaxKa-
ercsd (bopMyJIoit

E . - jwt dwd®p
v = o +1 thPO /G’(w, p)e T=n (31.6)

(cp. (7.24)).
s dyuknuu ['puna 603e-cucreMbl B IMITYJIbCHOM IIPEJICTABIIE-
HAY MOXKHO TIOJIYYHUTDH PA3JIOKEHHE, MOJ0OHOE TOMY, KOTOPOE ObLIO

mosydeno B §8 mua depmu-cucrem. [loaHOCTHIO aHAIOTUYIHBIE BBI-
YUCJICHUs] IPUBOASLT CHaYaJa K opmyJie

_ 3 Ama(p_Pm) —
G(wv p) = (27‘(‘) g{w-i-Eo(N) —En(N+1)+p+10

- Bmd(p + Pm)
w— Eo(N) + En(N —1) +#_i0}7 (31.7)

rae
A = [0 (0)|m)|?,  Bm = |(m|¢'(0)]0)?

(¢'(r) — mpenuHrepoBCKUi HAAKOHAEHCATHBIH omepaTop)t). s
IPUBEJIEHUs 9TOTO PA3JIOXKEHUsI K OKOHYATEIHbHOMY BUIY 3aMEUYaeM,
YTO HEPrum BO30OYKICHUH £,(N) B Go3e-cucTEMe OIPEIEIISIOTCS
Kak (BCETa IOJIOXKWUTEJIbHBIE) PA3HOCTH MEXKJY SHEPrUsiMHu BO30y-
JKJIEHHBIX COCTOSIHWI CHUCTEMBI U SHEPTHUENH €6 OCHOBHOTO COCTOSIHUS
Ipy HeW3MEeHHOM umcie dactun N. Yumreasg, uto Eo(N) 4+ p =
~ Eo(N + 1), HaxoguM mosToMy, 4To

En(N+1) — Eg(N) — p =~ Epy(N+1) — Eg(N+1) = g (N+1) > 0,
Em(N—l) — EO(N) +pu = Em(N—l) — EO(N—l) = em(N—l) > 0.
Ho nobarnenue niv ygajieHre OqHON YaCTUIBI MEHSIET CBOMCTBA CHU-

CTEMBI JIUIIb B YIEHAX OTHOCUTEJIHHOrO mopsinka ~ 1/N; misg ma-
KPOCKOTIMYECKOW CHCTEMBI dTH WJIEHBI TPEHEOPEKUMO MAaJIbI, TAK YTO

1) @opmymna (31.7) oreuaer dbopmyse (8.7). Muoxurens 1/2 orcyrcrsyer Te-
meppb B CBsI3U ¢ GeccrnuHOBOCTHIO yacTun. OOpaTuM BHMUMaHUE HAa APYTroil 3HAK
nepej, BTopeiM wieHoM B (31.7) mo cpaerenuio ¢ (8.7).
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SHEPIUU BO30YKAEHUS (N £ 1) citemyeT cUuTaTh COBIAIAIOMMME
JPYT C APYTOM U C €y, (N). Takum 06pa3oM, OKOHYATEIHHO HAXOIAUM

Glw,p) = (2m)° Y { Antnl@=Pu) _ Dndnlp b Pu)} - (31

w—€m +10 w+em —10

m

Tewm xe cocoboM, kKak 66110 mostydeno (8.14), orcrona Jjierko HaiiTy,
aTo Jyid 603e-cucTeM MHWMas 9acTh QyHKIuU ['puHa Bcerma oTpu-

aTeIbHA:
Im G(w, p) < 0. (31.9)

Acumnrornueckuit Bug QyHKImMU ['puHa mpu w — 00 OCTaeTcCs
TeM K€, 9TO U B ciiy4ae pepMu-cucrem:

G(w, p) = 1/w mpu |w| — o (31.10)

(cp. (8.15)). IIpu ero BbIBOIE CleyeT YUeCTh MPABUIIO KOMMY TAIUN

~ ~

T(t, r1) Tt (L, ra) — UH(L, 19)U(t, r1) = 8(ry — 13),

B KOTOPOM CTOHT Telepb KoMMyTaTop omeparopos ¥ u W' BMmecTo
aHTHKOMMyTaTOopa ).

Jlasiee, Takue xKe PaCCyXKIEHUsI, YTO U B § 8, TPUBOASAT K OCHOB-
HOMY pe€3yJibTaTy O TOM, YTO IIOJIIOCHI (1)yHKIJ;I/II/I FpI/IHa OIIPEaCIAIOT
CIIEKTD JIEMEHTAPHBIX BO30YXKICHUH

G (e, p) =0, (31.11)

mpuYeM cjeayeT OpaTh TOJBKO IMOJOXKUTEJIbHBIE KOPHU 3TOTO YPaB-
HeHus; B oTsimame oT (8.16), BBIUUTATD 4 U3 € 37€Ch HE TPeOyeTcs.
B6uinzu cBoero mostoca dyuknus ['puna umeer Bun

Gw,p)~—22_ 7,.>0, Z_<O0; (31.12)
w F (p)

3HAK BBIUETA B IOJIOCE COBIAJAET CO 3HAKOM W, KAK ITO CJIEILYET
U3 HOJIOKUTEJIBHOCTH KO3 bunuentos A, By, B (31.8) (Bennuuna
JK€ BBIYETA HE OIPAHMYEHA HUKAKMMH yCJIOBUSIMH, MOTOOHBIMU, Ha-
npumep, yciaosuo (10.4) B ciyuae depmu-cucrem). Vcnonb3ys Bbi-
paxenue (31.12), serko ybenurbes (0ZoOOHO TOMY, Kak 39TO OBLIO
caenaso B §8), uro HepasercTso (31.9) aBToMaTHuecKu obecrednBa-
eT TIOJOXKUTEJIBHOCTh KO DUIMEHTA 3aTyXaHUsl KBA3UYACTHUI, T. €.
HyKHBIA 3HaK —Ime > 0, Korjga 3HAUEHUS] £ CABUTAIOTCH B KOM-
IJIEKCHYIO 00JIaCTh.

1 Tor daxr, uro B onpenenenun G BHIIEICHA KOHICHCATHAS UACTh )-OTepa-
TOPOB, 3[16Ch HECYIIECTBEH: MOCTOSHHOMY WieHy —ing B (31.3) B mMmysbcHOM
npeacrasieHun orsevaer d-pyrkuus 6(w)d(p), He orpaxaromasics Ha (31.10).
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Bo3MOXKHOCTD TIepexo/ia HaJKOHICHCATHBIX YaCTHUIl B KOHICHCAT
u 00paTHO MPUBOJAUT K TOMY, YTO B MaTE€MaTHYIECKOM AIlllapaTe
dbynkmit I'puna g 603e-cucrem Hapsny ¢ dyukuumeit (31.1) aBro-
MaTHYECKH MOABJSIOTC (KaK MBI yBuauM B § 33) Takxke u HyHKIUM

iF(X1, Xo) = (N — 2|T¥ (X1)¥'(X5)|N), (31.13)
iFT (X1, X3) = (N|TU'*(X,) ¥+ (Xp)|N — 2) =

o1/

= (N 4 2|TT H(X1)¥'F(X)|N), (31.14)

TJle MATPUYIHBIN 2JIEMEHT GepeTcs JJis IEPEXOIOB ¢ N3MEHEHUEM TIOJI-
HOTO YHUCJIa YaCTHI] B CUCTEME, a cuMBOJI |N') 03HaYaeT OCHOBHOE CO-
crosiHue cucreMmsl ¢ N wacTumamu (nociegaee paBeHCTBO B (31.14)
CIIPABEJIUBO C TOYHOCTHIO 110 BejuuuH ~ 1/N — cp. npumeuanue
Ha c. 136). Onpenesnennbie Takum o6pazom dyrkiuu F u F naswr-
BAIOT AHOMAAbHUMU Pyrryuamu I puna. [lokakem, 910 B OmHOPOX-
HOM W HeIOABMKHOH kuakoctu bysknun F u FT copmamaror mpyr
C JIpyroM.

Kax n dysxmusa G, bynkmuun F u FT mia ogHOpomHOM »Kum-
KOCTH 3aBUCAT TONBLKO OT pasHoctu X = X1 — Xo'). Ilpm srom,
TIOCKOJIBKY TiepecTaHoBKa X1 u X9 MEHHET JIUIIb TOPSAIO0K PACIIOJIO-
JKEHUS OIIEPATOPOB B IIPOU3BEICHUHU, KOTOPBIY BCE PDABHO YCTAHAB-
JINBAETCH OIepaIiell XPOHOJIOTU3ALNHU, TO

F(X) = F(-X). (31.15)

Orcrona ciiegyeT, KOHEYHO, YTO W B UMITYJIBCHOM MPEJICTABICHUN
F — gernas pyHKIMS CBOErO apryMeHTa,

F(P) = F(-P). (31.16)

JaJee, ompe/eseHHOE COOTHOMICHUE MexKay F' u F'T Bo3HHKaeT Kak
PEe3YJIBTAT CJIEIYIONIETO CBONCTBA Teif3eHOEPTrOBCKOTO 1Y-OmepaTopa

1) Hesasucumocts dbynxmuu F' oT cymmbr Bpemen t; + tp CBA3aHA C TeM, 4TO
~ Py ~ o~

B ompesiesienue TammibTonuana H' = H — uN sximoden wien —uN. Tem cambiv
U3 Pa3HOCTHU COGCTBeHHbIX 3HAYEHUT QHEPruu CUCTEM C PA3/IUYIHBIMU YUC/IaMU
YaCTHI UCKJIIOUEH UJIEH

E(N +2) — E(N) ~ 20E/0N = 2y,

~ ~
a U3 MaTPHYHBIX JIEMeHTOB omneparopa W) U5 COOTBETCTBEHHO MCKJIIOUEH MHO-
xkurenb exp[—ip(t + t2)].
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HETOBUXKHON KUIKOCTH *):

Tt(t, ) = ¥(—t, —r). (31.17)
Tlonarasi, ckaxem, to > t1, nmeeM
iFT (X1, Xo) = (N + 2] (X) U (X1)|N) =
= (N|¥* (X)) T (Xp)|N +2) =
= (N|¥'(—=X1)¥' (= X2)|N +2) = iF (X1, —X3),

wm FT(X) = F(—z). C yuerom (31.15) orciona cieayer uckomoe
PaBEHCTBO

FH(X)=F(X) (31.18)

Beipasus dyukuuro F'(X) yepe3 MaTpudHbIe 31€MEHTHI 1)-0mepa-
TOPOB, MOXKHO HOJNY4YuTh st F(w, p) pasiioxkeHwe, aHAJIOIHIHOE
pasnoxkenuio (31.8), m TeM caMbIM BBISICHATH BOIPOC O IOJIIOCAX
9TO# PyHKIIMY; MBI HE OYZAEM OCTAHABJIMBATHCH 3ECH HA ITOM. Y Ka-
JKEM JIAIIb, 9TO TOJ0Cchl pyHKImMu F(w, p) COBHAmAIOT ¢ morocamMu
dysxmu G(w, p).

B zaksirouenne aToro maparpada BbraucimMm GyHknuoo ['puna
uneansHoro 6ose-raza G(). Bamernm mpexze BCEro, 4TO MOCKO/IE-
Ky B OCHOBHOM COCTOSIHUW TAKOTO Ta3a BCE YACTHUIBI HAXOMATCH B
KOHJICHCATE, TO HAJIKOHJIECHCATHBIA OMEPATOP YHUUYTOXKEHUS YACTHIL

1) B mHem moxHO ybenuThea caenyommm obpasom. Bee oTiimunbie oT HyJist MaT-
PUYHEIE 3JIEMEHTHI OTIEPATOPOB dp, E‘g MOryT OBITH OIPENE/IEHBI KAK BEIIECTBEH-
uole Besimuusbl (cM. 111, (64.7), (64.8)); B 9TOM CMBICIIE OLIEPATOPHI BEIECTBEHHBI,

— o~

~p X .
T. €. ap = ap = ap. [TodTOMy mIpeauHrepoBCKHii Y-onepaTop

Y(r) =V 3 Gpe™"
_ P
obaamaer ceoiicreom YT (r) = h(—r). OTciona, B CBOIO OYEPEn, CICAyeT PaBEH-
ctBo (31.17) myis reii3eH6eproBCKOro oneparopa

T(t, r) = exp(iHt)9(r) exp(—iHL),

B 9€M JIETKO y6e,zmecs, 3aMETHB, YTO JyIs CHCTEMbI (€3 CIMHOBBIX B3aMMOZEHi-
cTBUit TaMHJIbTOHHAH H BemecTBeH (Tak 9to H Ht = H ), @ B CHJIy M30TPOIHH

cucremb H (-r)= (r) TTomuepkHEM, OOHAKO, YTO BEIIECTBEHHOCTH FAMMJIBTO-
HHUaHA IOAPA3yMeBAaET OTCYTCTBUE B XKUAKOCTH MaKPOCKOIIMYECKOTO CBEPXTEKY-
4ero gBvkeHusd. s 603€ CHCTEMBI ¢ KOHIEHCATOM FAMUJIBTOHUAH 3aBUCUT OT
MaKPOCKOIUYECKOrO IapaMeTpa — KOHIEHCATHOM BOIHOBOM (yHkiuu =. B npu-
JKYIIEHCsl JKUAKOCTH STOT [apaMeTp KOMILJIEKCEH, a4 C HUM KOMILJIEKCEH (HO, pa-
3yMEETCsl, SPMHUTOB) U TAMUJIBTOHUAH.
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U’ npu BO3/EHCTBAM HA BOJHOBYIO (DyHKIIUO OCHOBHOTO COCTOSTHUS
obparraeT ee B Hysib. [looTOMYy (DyHKIHA G(O)(t, ) OTJIMYHA OT HY-
Js TONBKO mpu ¢ = t; — tg > 0 (xorma, corsacuo (31.2), mepBbIM
=1/

neficTByeT onepaTop poxkaeHus W ).

XoTs [is MACANBHOTO Ta3a XMUMHUYECKHil morennuan g = 0, Mbl
He GymeM ToJaraTh 3/€Ch 3TOTO, PACCMATDPHUBAs L KAK HE OIpeje-
JICHHBIH 3apaHee CBOOOMHBIM mapaMerp; 3TO HEOOXOMUMO Jist [AJb-
ueiinrero npumenenns Gyaxmun GO B aumarpammuO# TexHUKe mIs
POM3BOJBHON KUJKOCTH, TJIE [t UTPAET POJb UMEHHO TAKOTO Mapa-

merpa. CoorBercrBeHHO 3TOMY, OomepaTtop Vg (L, r) Gymem mucath B
BUJIE

\Ilo(t r) Z dp €Xp [ (pr - —t + ut)] (31.19)

(ormuarommMes oT (26.1) YICHOM it B MOKA3ATEJAX IKCIOHEHT).
IIpu moacTaHoBKe 9T0ro BhIpaxkenus B onpenesnenne GO cormacuo
(31.2), 3ameuaeM, 4TO PU yCPETHEHUU (T. €. B3ATUH JUATOHAJIHHOTO
MATPUYHOTO JI€MEHTA) MOIYT JaTh OTJIMYHBIA OT HyJs Pe3yJIbTAT
JIUIIb POUSBEJCHUS Gplp ¥ Gy Gp; HO TOCKOJBKY B OCHOBHOM CO-
CTOSHUY Ta3a 9YUCJIa 3al0JIHEHHUsS BCEX COCTOSHUE dactur ¢ p # 0
PaBHBI HYJIIO, TO

({@fap) =0, (apay)=1.

Ilepeiins 3aTeM OOBIYHBIM 06PA30M OT CYMMHMPOBAHUSA 1O P K WHTE-
TPUPOBAHUIO, TOJIYIUM

/ [ P it ] d’p £>0
GO, r) = i [ exp | =i —t+iut +ipr ) opu ,

0 mpm t<O0.
(31.20)

Orcroma qnst dyskimu I'puna B MMITyJIbCHOM IIPECTABICHUN UMEEM
o0
0) . . p? . .
GO, p) = —z/exp (—22— + iut + zwt) dt.
m
0

MHTerpupoBaHue OCYIIECTBJISETCs C IIOMOIIBIO (DOPMYJIbI

o0

/e"at dt= " (31.21)
; a+10

6 E. M. JIndmun, JI. II. IInTaeBckui
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(B HOJBIHTErPAJIBHOM BBIPAYKEHUH BBOIUTCS. MHOYKUTEJIH eMc > 0,
nocsie 4ero nepexoauM K npezeny A — 0). OxoHuUaTeIBHO

9 -1
GO, p) = |w-— 2’; +p+i0| . (31.22)
m

Yro kacaercst dysknun F, 10 ms mueasmsaoro raza F(©) (X)=0,
KaK 9TO 04eBHAHO u3 onpenenenus (31.13), B koropom oba omepa-
TOpa YHUYTOXKAIOT HaJKOHJEHCATHBbIC HaCTHUIBI. 1103TOMy W B HM-
MyJbLCHOM IIPEICTABICHUH

FO(w, p) = 0. (31.23)

OTHM DaBEHCTBOM BBIPAXKAETCS TOT (DAKT, YTO HAJKOHCHCATHBIE
gacTuipl noaBistioTcs (opu I' = 0) TOIBKO B pe3yJbTaTe B3aHMO-
JOeACTBUA.

S3amaua

Haiirn dyukmuro I'puna ¢pononHoro moss, onpegenseMyo Kak
D(X1, X2) = D(X1 — X2) = —i(TP (X1)p' (X2)), (1)

IJIe YIJIOBbIE CKOOKM O3HAYAIOT YCPEJHEHHUE O OCHOBHOMY COCTOSHUIO TOJIs; P —
omeparop miorHOCcTH u3 (24.10), a XPOHOJIOTMIECKOE NPOU3BEACHAE PACKDBIBA-

ercs o mpasuiy (31.2).

Pemenue. IIpu nogcranoske (24.10) B onpenenenne (1) samedaem, 4ro
HOCKOJIbKY B OCHOBHOM COCTOSIHAU BCE UHC/IA 3alOJHEHHs (DOHOHHBIX COCTOSHUI

PAaBHBI HYJIIO, TO OTJIMYHBI OT HYJISI JIUIIb CPDESHUE SHAYCHUS (EkE:) = 1. Ilepetina
3aTeM OT CyMMHPOBAHUS IO K K MHTErPDHPOBAHUIO, [IOJIyYUM

Dt 1) = [ L giterurn 4k
’ 2iu (2m)3’

rae 3HaKM — W -+ B MOKA3aTejeé OTHOCATCS COOTBETCTBEHHO Kt > 0 mt < 0
(B uBTerpane qus t < 0 mpousBeneHO mEpPeobO3HAUEHUE MEPEMEHHONW HHTErpH-
posanus k — —k). [loasmrerpansoe Boipaxenue (6es muoxurens e*T) ecrb

yKe KOMIIOHeHTa (pypbe-pasnoxenust dyurkinuu D(¢, r) no koopaunaram. Pas-
Jlarasi TaK 2K€ M II0 BPEMEHU, IOJIYyYMM IPHHOBCKYIO (DYHKIMIO B HMMIIYJIbCHOM
MIpeACTaBIECHUT

oo 0
D(w,r) = ;—k{/ e WUt gy 4 / ei(“’+"k)tdt}.
N
0

— 00
VIuTerpupoBanue OCyIEeCTBseTCH ¢ ToMoInbio (opmydsr (31.21):

2
Do 1) = P 1 _ pk _
2u |w—uk+i0 w+uk—10 w? — u?k? + 10
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§ 32, /ImarpaMMHasd TeXHHMKA JJjid 003€-KUIKOCTH

JlanpHeifimee MOCTPOEHUE TUATPAMMHOM TEXHUKM IS BBIYUCIIE-
uns Gyakmuit ['puaa 603e-cUCTEMBI TPOU3BOAUTCA MTOJOOHO TOMY,
KakK 9T0 6buT0 caenmano B §12, 13 gna depmu-cucrem. Kak m Tam,
copMynupyeM MpaBUIA ITON TEXHUKU JJIs CUCTEM C IAPHBIM B3a-
AMOJIEICTBUEM MEXKy YaCTUIIAMHU, OMHACHIBAIOIIIMCS OIIEPATOPOM

~

ZOBE / T (1, r1) T (¢, £2)U(r1 — 12)B(t, £2) B (1, 11) BBy,

(32.1)

Crernuduka 603e-KHUIKOCTEH € KOHIEHCATOM COCTOHUT IIPEXKJIE
BCETO B TOM, UTO BCE Teif3eHOEPTrOBCKUE )-0TMepPATOPHI JOJIXKHBI OBITH

npeacTasieHel B Buge ¥ = U/ + = roe ¥/ — ero HagxoHIeHCATHAA
4acTh, & 2 — KOHJCHCATHas BOJIHOBas (DYHKITUSA, MIPEICTABJISIONALA
€060t (115 HEMOJBUKHOM YKUJKOCTH) IIPOCTO BEIECTBEHHOE HYUCIIO
v/Mo'). Tocme takoit moxcramoBku omeparop (32.1) pacmazaercs
Ha PAJ| WIEHOB, COJEPIKANIMX OT HETHIPEX JO HyJs ONepaTopoB

‘I’I (BMeCTe C COOTBETCTBYHOINUM JOIOJHUTEJIBHBIM YHUCJIOM MHO-

xKureneit \/ng).

Bce ckazannoe B §12 0 mepexofie K IMPEICTABJIEHUIO B3aWMO-
[eHICTBUS OCTAETCH TOJIHOCTBIO B CHJIE, & JAJIbHEHIIee PACKPBITHE
[OJIy9AIOIIUXCS BBIPAYKEHUN OCYIIECTBIISIETCH C IOMOINBIO TEOPEMBI
Buka (¢ Tem Jmmb OTIMYmMEM, YTO MEPECTAHOBKA 1)-OIEPATOPOB B
YCPEAHSIEMOM IPOU3BECHUN HE TPeOyeT Telepb M3MEHEHUsI 3HAKA).
PasHoobpasue 4ieHOB, Ha KOTOpBIE pacmazaercs omeparop (32.1),
TIPUBOAUT, OJHAKO, K IOSBJIEHUIO HOBBIX JIEMEHTOB B (PeHHMAHOB-
ckux nuarpammax. OTUIIeM 3TH IEMEHTHI CPa3y B OKOHIATEIHHOM,
AMITYJIbCHOM TIPE/ICTABJICHUM.

B kaxmoii BepiimHe AuarpaMMbl MO-NIPEKHEMY CXOAATCS TPHU JIU-
HWJ: I[ITPUXOBas JMHWUA (KOTOPOH CONOCTABJISIETCS MHOXKUTENb
—iU(Q) ¢ 4-mmmynscom @ = (qo, q)) ¥ ABE JMHUU YAaCTHUI, — OJ-
HA BXOISAMIAs ¥ OHA BbIXomdmas. Ho mpm aTOM Hamo pasnuyarh
KOHJICHCATHBIE ¥ HAJIKOHIEHCATHBIE JacTUIbl. CIutonabie uHun Oy-
JAyT OTBEYATh TEIEePh HAIKOHIEHCATHBIM YACTUIAM, U TAKON JIMHUU
(¢ 4-mmmynbcom P = (w, p)) HO-IPEXKHEMY OTBEYAET MHOXKUTEJb

iGO)(P). Jlunum e KOHJICHCATHBIX YacTHIL GyIeM H300pasKaTh BOJI-
HHUCTBIMH; 3TUM JIMHUAM IpunuceiBaerca 4-mmmynsc P = 0, u um

1) ouepkHeM, 4TO MOCKOJIbKY 3TA BEJMYMHA BOSHUKAET OT PA3JIC/ICHUS HA
yacTH TOUHOro (refi3eH6EProBCKOro) t-omepaTopa, TO No — TOYHOE 3HAYEHUE
IJIOTHOCTH KOHJeHcaTta B xkugkocru (mpu T' = 0).

6*
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COTIOCTABJISETC MHOXKUTENb (/Nig *). Takum o6pa3soM, BOZHUKAIOT
BEPIIWHBI YeTHIPEX BUJIOB:

VNS

(32.2)

a o 6 2

(BepIIMHBI C OJHOW WMJIM ABYMsI BOJHHUCTHIMU JIMHUSIMHU HA3bIBAIOT
HeNnoAHvLMY). B KaxKI0f BepIIUHE [TOJZKEH BBIIOIHATHCA «3aKOH CO-
XpaHeHUs 4-UMITYJIbCa»; IIOITOMY B BEPIIMHAX 6 U 6 4-UMITYJIbC
IMITPUXOBON JIMHUK COBIAJIAET C 4-WMITYJIbCOM CILIONIHON JIMHWUW, &
B BEPIIVHE 2 OH PaBeH HyJ0). BoJHUCTBIE JIMHUM BCETIA SIBJISIIOTCS
BHEITHUMY JIMHASIMA JAATPAMMBI, T. €. TPUCOEJIWHEHBI K Hell JINIIh
OJTHUM W3 CBOUX KOHIIOB, BTOPO#l K€ KOHEI[ OCTAETCS CBOOOIHBIM.

Kaxnas gmarpamma, Bxoxsmasi B onpeaesienne byukmuu ['pu-
Ha G(P), umeeT ABe CIUIOMIHbIEC BHEIIHUE JUHUA ¢ 4-uMmyiabcamu P
(BXOZSAILYIO M BBIXOZAIIYIO), & CBEPX TOI'O MOXKET UMETH HEKOTOPOE
(4eTHOE) YMCIIO BOJHUCTHIX BHEIIHUX JMHWN; TOJIHBIE YMC/IA BXOMs-
IIUX ¥ BBIXOASAIINX BHEITHUX KOHI[OB BO BCSKOM JUArPaMMeE OIMHAKO-
Bbl (4eM BBIPAXKAETCs COXPAHCHWE IIOJHOIO YHCJIA YaCTHI[ B
crucTeMe — KOHJIEHCATHBIX BMECTE C HaJKOHIeHcaTHbIME ). Kak u jyis
depmu-cucremsr (1 mo Toi ke npuumHe — cM. §13), KOmycTHMBI
TOJIBKO JIMarpaMMbl, HE pacuaaromuecs Ha ase (uiam 6osee) He CBs-
3aHHBIE JIPYT C APYTOM YacTh. B oTimymne oT ciaydas hepMu-CucTeM,
MEHSIETCs, OJIHAKO, TPABUJIO, OIPEJIEAoNniee oOImii 3HAK, ¢ KOTO-
PBIM JIMarpaMMbl BXOOAT B 1(G: BCe IUATDAMMBI BXOIAT C OJMHAKO-
BBIMU 3HaKaMmHu (T. €. yCTPaHsETCs yKa3aHHOe Ha C. 74 mpasmio 3).

Kaxnas v3 mTpuxoBBIX JWHWI B JUArpaMMe MMEET HA CBOUX
JIBYX KOHIIAX TIOJIHYIO WJIU HETIOJHYIO BEPIIUHY. DTO HE MOTYT, OTHA~
KO, OBITBH JBe BepmuHbl THHA (32.22): HE MMes HU OZHOTO CILJIOIIHO-
r0 KOHI[A, Takasg PpuUrypa BOODIIE HE MOXKET OLITh MPUCOEINHEHA K
nuarpamme QyHKIWH ['puHa. 9TO HE MOTYT OBITH TAaKXKE BEPIITUHBI
Tunos (32.22) u (32.26) (unu (32.22) u (32.26)): npu HagUIUU TPEX
BOJIHUCTBIX KOHIIOB COXPAHEHWE 4-MMITyJibCa B BEPIIMHAX ITPUBEJIO
Obl B TakO#l burype K 0OPAIEeHUIO B HYJIb TAKXKE U 4-UMITyJIbCa YeT-
BEPTOTO KOHIIA, T. €. MbI IPUIILIHA ObI K (PUTYpPE CO BCEMU UETHIPbMS
KOH/ICHCATHBIMU (BOJIHUCTBIMY) KOHI[AMHU.

1) Tounee, Bxoasieil B BEPIINHY BOJHUCTON JIMHUHU JOJ2KEH COMOCTABJISATHCS

MHOXKWTEJIb =, & BBIXOAMAIIEH — MHOXHUTENb = ; BBUAY BEIIECTBEHHOCTH = JTHU
MHOXUTEIN (DAKTUIECKN OLUHAKOBHI.
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3HAYNTESbHOE YHCJIO JAUATPAMM B KaXKJIOM TIODSJIKE TEOPUH
BO3MYIIEHU, MOCTPOEHHBIX II0 ONHCAHHBIM IIPABUJIAM, OIHAKO,
TOXKJECTBEHHO ObOpaIaeTcs B HyJb. llpwyamHOil 3TOrO HCUYE3HOBE-
HUs SBJISETCH OTCYTCTBHE HAJKOHIEHCATHBIX HYACTHUI[ B OCHOBHOM
COCTOSIHUM HIEAJIBHOr0 603e-ra3a. 9TO B 0COOEHHOCTH SICHO BHUIHO,
€C/I¥ TPOCIEIUTh 33 MPOUCXOXKIEHUEM JUATPAMM B KOODAUHATHOM

!
TIpe/ICTABJICHUH: PABHBI HYJIIO BCe cBepTku Buja (¥ T¥')| B KoTOphIX
OIIEPATOpP YHUYTOXKEHUS HAIKOHIEHCATHBIX YACTHUI] CTOUT CIIPABa
U JefiCTByeT Ha OCHOBHOE COCTOSIHHE II€PBBIM; OCTAIOTCHA TOJIBKO
~

ceepTku Buza (U'W T)1).

Tax obpamaioTcs B HyJIb JUATDAMMBI C <3aMKHYTOW Ha cebst»
CIUIOIIHOY  JIMHWEll: Takas JUHUS BO3HHMKAET OT CBEDPTKHU
=~ ~ )
(¥ *(t, r)¥'(t, r)), OpeACTABIAOMEN IOTHOCTH HAIKOHIEHCATHBIX
gacrul. Jlajsee, paBHBI HYJIIO JUArPDAMMBI, COAECPKAIIHUE CIUIOIIHYIO
JIMHUIO, 3aMKHYTYIO IITPUXOBOH JIMHUEH:

-~
’

N

< ~
Takast JuHHA Bo3HHKaeT OoT cBeprku (U T (¢, ro)W' (¢, r1)) ABYX
1-0mepaTOpOB BHYTPH OJIHOTO M TOTO K€ ONEPATOpa B3AMMOZCI-

creus V(t), B kotopom ¥'F crost ciesa or .

HaKOHe]J;, PaBHBI HYJIIO BCE AUarpaMMBbl, B KOTOPBIX MO2KHO IIDO-
BECTU 3aMKHYTBI KOHTYD II0 HEKOTOPOM IOCJIeA0BATECIbHOCTH
CINIOIIHBIX U INTPHUXOBBIX JIMHUT TaK, 9TO HaIIPpaBJICHUA CILJIOIIHBIX
JIMHWI BIOJIb BCETO KOHTYPA OQUHAKOBBL. /300pasvM KOHTYpP TaKO-
ro pofa, yKa3aB y TOYEK Ha KOHIAX JIMHUI BPEMEHHBIC apI'yMCHTHI
1)-0TIepaToOpPOB:

AprymeHTBI Ha KOHIAX KaXKZOW IITPUXOBOW JIMHUK OZUHAKOBBL?).
Aprymentsr xe dyrxmuit G0, oTBeUAIOmEX CIVIOMIHBIM JIMHESM,
PAaBHBI PA3HOCTAM to —t1, t3 —to, t4 — 13, t1 — t4; Mg JTIOOOTO 3aMKHY-
TOIr0 KOHTYpa UX cyMMa OyzeT paBHa HyJIIO, TaK 9TO XOTs ObI OIUH
M3 HUX OTpHIATENeH u coorsercrByomas byukmus GO obparurcsa
B HYJIb.

1) Mo amasoruyHo# npuynHe OOPAIIATHCH B HYJIb HEKOTOPHIC JUATDAMMBI JJIst
pacceﬂmm JBYX YJacCTHUIl B Bakyyme — cM. § 16.
)Hal'IOMHI/IM, 4TO B IPOCTPAHCTBEHHO-BPEMEHHOM NPEICTABJIECHUHN AUATPAMM
IITPUXOBOH JIMHMH MEXJy TOYKAMH 1 m 2 comocTaBisgeTcs MHOXKUTEJD
1U (X1 — X3), comepxamuit §-pyrkumio 6(t1 — t2).
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Onucannble MpaBUjIa OTHOCATCS W K JUATPAMMAM, OIPEIEIISIO-
M aHoMabHYy0 dyHKIuo ['puna, ¢ Toi Jaumis pasuureii, 4To 0be
CILIOIIIHBIE BHEIITHUE JINHUHU JJOJIKHBL OBbITh BhIXOAAImMMY (11 DyHK-

muu F) uim obe Bxopamumu (mas Gynkuuu FT). CoorsercrBenHo
CTAHOBATCS HEOJAMHAKOBBIMY B 9TUX JUAIPAMMAX UUC/IA BXOIAIINX U
BBIXOJAIIUX BOJHUCTHIX JIMHUIM — TaK, 9TOOBI OOIIee YUCIIO BCEX BbI-
XOISAIIUX JIUHUN OCTAJIOCh PaBHBIM 00mIemMy yucity sxoggammx. OmHoi
U3 BHEIIHUX CIUIONIHBIX JIMHUM NPUNHCHIBAETCS 4-uMityise P, a napy-
roit — 4-ummnysnsc —P (rme P — apryment uckomoii dbyukuuu F'(P)
wm FT(P))'); cymma 4-uMmy/abcoB o6emx ITHX JIMHE JOJIKHA
OBITH PaBHA HYJIIO B CHJIy «3aKOHA COXPAHEHUs 4-MMITYJIbCA», IPH-
MEHEHHOTO K JHarpamMme B IEJIOM.

Boraucsiennsie o guarpammuoi Ttexuuke dyHkimu ['puna co-
JIEPKAT J[BA MAPAMETPa — XUMUYECKU MMOTEHIUAJ (i U TJIOTHOCTH
KOHJIEHCATA Ng; ITH MAaPAMETPhI HAJO elle CBA3aTh C IJIOTHOCTHIO
xkugkocra 1 = N/V. OmHO COOTHOIIEHNE MEXKy ITUMU TPEMSs Be-
smanHamu paet dopmyna (31.6), ciexyomasi HEIOCPEACTBEHHO U3
ompenesenusa GyHKuuu ['puHa. B KauecTBe BTOPOrO COOTHOIIEHUS
MOZKHO IIOJIb30BAThCs IIOJIy Y€HHBIM HuKe ypasHenueM (33.11), siBHoO
BBIPAXKAIOIINAM L B TEPMHUHAX MMOHATHUH JUATPAMMHON TEXHUKHU.

§ 33. CobcrBenHO-3HEpreTHIecKUe (hyHKIUA

Nzyunum Gostee mompobHO CTPYKTYPy AMarpaMm Ijis (MyHKIAN
I'puna, BBems B paccMOTpEHHUE TOHSATHE O COOCMBEHHO-IHEP2EMU-
yeckoll Pynryuy mMomobHO TOMY, KaK 3T0 ObLIO caenano B § 14 mna

€PMU-CUCTEM: IIyTEM PACCMOTPEHUS COBOKYITHOCTH BCEX JUATPAMM

C JAByMsl BHEIIHUMHU CIUIONIHBIMH JIMHUSIMH), KOTOPBIE HE MOTYT
OBITH PaCCEeYeHbl HA JIBE YACTH IMIEPECEUYEHUEM JIUIb OFHON CILIO-
mHOM simauu. B otimuawne ot § 14, omHako, Tenepb BOZHUKAIOT PA3JIHT-
HbIE BO3MOXXHOCTM B CMBICJIE HANPABJICHUS BHEIIHUX JIMHUH
JuarpaMM: Hapday C AuarpaMMaMU C OJHOI BXOOAMIEH W OFTHON BBI-
XOAAIIEH JIMHUEH CyIIEeCTBYIOT AMArPaMMBbl C JBYM$ BBIXOISAIIMMHI
WU AByMsI BXOaAmMu JuaussMA. COOTBETCTBEHHO 3TOMY, BOZHUKA-
0T COOCTBEHHO-IHEPTETUIECKIE YACTU TPEX POIOB:

-3 —1X90 —1X02

7O 70 0 (33.1)

(B 9TUX 0603HAUEHUSIX TIEPBBIN UHIEKC Y X YKA3BIBAET YUCIIO BXOJSs-
WX, a BTOPOHl — YHCJIO BBIXOAAIIUX BHEIIHUX CIIOMIHBIX

1) Mockonsky F — wuernas byHKIUS CBOETO apryMeHTa, TO BHIGOD oBIero
3Haka P 3/1ech HECYIECTBEH.
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Jauit). Hapsigy co CIUIONIHBIMU BHEIIHUMU JIMHUSIMU COGCTBEHHO
SHEPTETUYIECKUE TUATPAMMBI UMEIOT, BOOOIIE TOBOPS, TAKXKe M BOJI-
HUCTBIE (KOH/IEHCATHBIE) CBOGO/HBIE KOHIIBL. DTH KOHI[I BKJIIOUAIOTCS
B OIIpejieJieHue COOCTBEHHO-IHEPTETUYECKOH (YHKIMU, n300paKeH-
HOM 371eCh KPY?>KKOM. MbI yBuzuMm Huke, 9yTo dyHKuuu Xgo(P) u
Y20(P) daxkTuduecku cOBHALAOT

S02(P) = Za0(P). (33.2)
Cpagy ke 0TMeTHM TaKKe, 9TO MOCKOJIbKY P u — P BXOI4T B ompeie-
JIeHue 3TUX (PYyHKIMHA CUMMETPUYHBIM 0OPa30M, OHM 9ETHBI IO CBO-
eMy apryMeHTy:

To2(P) = Zo2(—P). (33.3)
HpI/IBe,HeM U1 UWJUTIOCTPalluM BCE€ OTJIMYHBIEC OT HYJIA JUATrPaMMbL
dyrkmmit 11 u Yo B IByX MEPBHIX IOPSAIKAX TEOPHU BO3MYIICHUIA

}_O.P_;_%'"g_ T +W<TW+TWTEN_» (33.4)

O % =‘_%m§_>+ﬁ:.—r_wt : (33.5)

CocTaBuM Temeph ypaBHEHUs!, BBHIPAXKAOMINE TOYHbIE (PYHKIIUU
G u F uepe3 cobCTBEHHO-3HEPTETUYECKHE (DYHKIIUH.

B TepMunax Teopun Bosmymermii passocts G(P) — GO (P) ser-
pakaeTcs CyMMOil GECKOHEYHOIO YUC/Ia AUarpaMM — IENOYEK BHIA

P P P

]
|
P —Pi P

COCTOSIIINX U3 PA3JIMIHBIX YUCEJI KPYKKOB, COEIMHEHHBIX BCEMU BO3-
MOXKHBIMH CIIOCOBAMM CTPeJKAMHU MPSIMOTO U 00paTHOro (mo cpas-

HEHWIO C JBYMsl KpDailHAMM) HAIpPAaBJICHUN. AHAJIOIMYHBIM 06pa30oM,

touynast Gyukuusa F (byuxuus FO) = 0) m306pasuTcss CyMMOil 1ie-
[OYEK, B KOTOPBIX JIBE KPaWHUE CTPEJKH UMEIOT IPOTUBOIOIOKHBIE

HaIIpaBJICHUA:
Loy 05
I
|
i

—~O=0 0=

-0

b
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Ecau orceup BO BCcex 3TmX NENOYKax KpaiiHee 3BEHO (KPYKOK
BMECTE€ CO CTDEJIKOi), KaK II0OKa3aHO BEPTUKAJBHON MITPUXOBOIL
JIMHUEH, TO COBOKYIHOCTH OCTABIINXCA OUArpaMM C OJUHAKOBBIMU
HAIPABJIEHUSIMU KPARHUX CTPEJIOK CHOBA Oy/IeT COBIAAATh C TOYHOM
dyukuuit G, a COBOKYIHOCTh AMATPaMM C TPOTUBOIOJIOKHBIMU
HAIPABJIEHUSIMUA KPAHUX CTPEJIOK — C TOYHOU dyHKImei F.

Beemem rpadumueckoe obozHaueHumEe ITUX (PYHKIUN KUPHBIME
OIHO- U ABYCTOPOHHUMH CTPEJIKAMU

iG(P)  _iF(P) iFt(P)

> P B _1; (33.6)

Torma caenaHHbIe YTBEPXKIECHUs 3aMUIIYTCs B BUIE TPADUIECKUX
PaBEHCTB, COCTABJICHHBIX U3 CKEJIETHBIX NUATrPaMM:

P

B NN
-— +—(O+—> + <—O—>

—-P P -Pp —P P -

(33.7)

(cp. amasioruunoe ypasHenue (14.4)). B amanuTudeckoM BuIe ITH
paBeHCTBa, JAOT

G(P) = [1 + Zu(P)G(P) + Sx(P)F(P)|G(P), (33.8)
F(P) = G (=P)[Zu1(~P)F(P) + To2(P)G(P)]. '

Pemms a1u ypasHenusi orHocuresnbio G u F' u nmoncraBuB BeIpake-
e (31.22) g GO, momyumm uckomsie bopmys:

2
G(P) = L [0+ Z—psZu(-P)] . F(P)= -1Zn(P), (339)
D 2m D
rie
= [So2(P))*-
2
— [211(—P)—w zO+——,u] [211(—P)+w—z‘0+;;—y . (33.10)
m
TloguepkreM, 9TO 3TH COOTHOINIEHWS HE 3aBHUCIAT OT BHYTPEHHEH
CTPYKTYPBI COOCTBEHHO-IHEPreTHIECKUX (DYHKIMIL, 8 TOTOMY HE CBsI-

3aHBI U C IPEIIIOJOXKEHNEM O TAPHOCTU B3AMMOIECHCTBAN MEXKIY Ya-
CTHUIIAMH, TaK 9TO OHU BEPHBI JJIs JII000H 603€-2KUIKOCTH.

1) Anasioruunyio cucremy ypaBHeHumii MOXHO 6b1T0 661 HamucaTs aia G u FH)
[pUYEM OHA OTJIMYaJach Obl OT (33.8) ymmb 3aMeHOM Yoz U Yog IPYT HA APYTA.
Mockonexy F = Ft, o orciona cienyer pasemctso (33.2).
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OHeprus 3JeMEHTAPHBIX BO30YXKJIEHU B XKUIKOCTU B 3aBUCAMO-
CTH OT MMITyJIbCa P ompenessierca nomocamu Gyakmuit G u F mo
OTHOIIECHNIO K MEePEMEHHON w. [Ipy Majbix p 3T BO30OYXKIEHUSA SB-
JAI0TCA (POHOHAMHU W WX IHEPIWsl CTPEMUTCH K HYJIO BMECTE C P.
[Mosromy byukmus (33.10) mosrkHa obpamarscs B Hysb npu p = 0,
w = 0. OTcroga HAXOOUM PABEHCTBO

[£11(0) — u)* = 53,(0).

Kak ypaBHeHHUE IO OTHOIIIEHUIO K L, OHO UMEET JIBa KOPHS, U3 KOTO-
PBIX IOJI2KEH OBITH BHIOPAH

m = 211(0) - 202(0). (33.11)

JeficTBUTENBHO, B AJMHHOBOJIHOBOM IIPEZEsIC Y)-OIEPaTop IAeTCs
BhIpakenneM (27.2) u ero HagkoHAeHCaTHAd dacTh W' = W — | /ng ~
~ i%@, tak uto U'T = —U' u zarem F ~ —@G}; mocneHEEe PaBEH-
CTBO BBINOJIHAETCH MMEHHO 1pu Beibope (33.11), korga ynciurenu B
(33.9) (B mpegene P — 0) omm9aioTcs TOJBKO 3HAKOM. PaBeHCTBO
(33.11) u ectp TO BrOpOe coorHOmeHHE (cM. KoHern §32), KoTOpOE
BMecTe ¢ cooTHomeHueM (31.6) aeT BO3MOXKHOCTH BBIPA3UTH Hapa-
METPBI L B Ny Y€Pe3 IJIOTHOCTD KUIKOCTH 7.

Haspueiimee pasnoxenue Bbipaxkenus (33.10) B psig mo w u p
oupegeisier Buf QyHkimu ['puHa B 00JacTH MAaJjbIX 3HAYECHUH HX
aprymenToB. [Ipu 3TOM HAIO y49ecTb, YTO CKaJIsIpHbIE (PYHKIUU 311

1 Yoo Pa3/IaraioTCsH MO CTEHCHAM P2, a PAa3JIOXKEHHE YCTHOI MO BCeM
CBOUM apryMeHTaM (DYHKIME Y2 COAEPKUT JIAIIb YETHBIE CTEIICHU
Takke U nepemensoit w. IIpencrasus (33.10) B BuzE

2
D= {w+ % [Z11(P) — Ell(_P)]} -

) 2
— {p_ uw—+ % [Ell(P) +211(_P)]} +E(2)2(_P)]a

2m
Cpa3y 3aKJII0YaeM, YTO MEPBbIe HEMCUE3AMONINE WICHBI PA3JIOKEHUS
umeror Buy D = const(w? — u?p? + 40), Tae u — mocTosHHAS, TIPE-
cTaBJsgOmas coboi, O4eBUIHO, CKOPOCTh 3ByKa B YKHIKOCTHU. 3aMe-

TUB Takxke, 4T0 B cuiy (33.11) umciurenu B (33.9) npu w, p — 0
OTJIMYAIOTCH TOJILKO 3HAKOM, HalteM, 4To

G=_F~— const

w? — u2p? +i0

3HaueHUe MOCTOSHHON B JIHCIUTEE MOXXHO OIPENEIUTD, BBIUHUC/INB
IO 3TOI TPUHOBCKON (DYHKIMH UMIIYJIBCHOE DACIPEIEICHNE JACTHIL
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N(p) (upu MaJbIX P) U CPABHUB €r0 C U3BECTHBIM YK€ HAM PACIIpe-
nenenneM (27.7). Murerpasn

o0
T —jwt dw
N(p) =1 t1—1>I£10 G(w, p)e o

—00

(cp. (7.23)) BbluncsieTCs yTeM 3aMbIKAHUS IIyTH MHTEIPUPOBAHUS
DECKOHEYHO yJAJICHHON MOJIyOKPY?KHOCTHIO B BEPXHEH IOJIYILIIOCKO-
cru (cp. 3aMedaHue B KOHIE §7) U COOTBETCTBEHHO OIPEIEJISI€TCSI
BBIYETOM B mojfoce w= — up + 10. B pesysprare monyuum N(p) =

= const/2up u cpasmenue ¢ (27.7) maer const = ngmu?/n. Takum
06pa30M, OKOHYATEIbHO HAXOIUM CJIEAYIONIEe BhIpAXKeHNe (DYHKITHH
I'puna mpu Mablx w u p:
2
G=-F=—_""% (33.12)
n(w? — u?p? +40)

OrmeruM, 9T0 3Ta QYHKIUS COBHANaeT (C TOYHOCTBIO 10 HOD-
MHPOBOYHOIO KoaddunuenTa) ¢ dynkueit I'puna doronHOrO MO
(cM. 3amagy B §31) — BIOJIHE €CTECTBEHHBIH DPE3YJIBTAT, IIOCKOJIb-
Ky B 00JIaCTV MaJbIX W, P BCE JIEMEHTAapHbIE BO30YXKAeHUs B 603e-
JKUJKOCTHU SABJISIOTCH (POHOHAMHU.

Hakonen, npomutrocTpupyeM oty 4eHHbIe (DOPMYJIbL B IPUMEHE-
HUY K PACCMOTPEHHOM B § 25 MOJe/ i IOUTH UAEAJHFHOTO 003e-ra3a ¢
HapHBIM B3aMMOJIEHCTBAEM MEXKJy YacTUIaMu. B mepBoM mpubiim-
JKEHWW TEOPUHU BO3MYIIEHUN Y11 U Lo ONPEIEISIIOTCS TIEPBBIMU JBY-
ms guarpammamu (33.4) u nepsoit quarpammoii (33.5). Packpbis ux
B QHAJIOTMYHOM BHJIE, ITOJLYYUM

Y11 =no[Uo +U(p)], Xo2 =noU(p).

C Toit 7K€ TOYHOCTHIO IUIOTHOCTH KOHJEHCATA Ng B 3TUX (POPMYJIax
MOKHO 3aMEHUTDH IOJIHOM IUIOTHOCTBIO rasa n. Kak ObLIO yka3aHO
B §25, B 9TO#l MOZENN MMIYJIBCHl YACTHUI, Ta33 MOXKHO CUUTATH Ma-
JIBIMH, COOTBETCTBEHHO 4deMy (dypbe-KoMnonenTsl U(p) MOXKHO 3a-
MeHUTH ux 3HaudenueMm Uy npu p = 0. Torma

Y11 = 20Uy,  To2 = nlp. (33.13)

IMoncranoBka stux Beipaxkenuii B (33.11) naer u = nUy — B coriacun
c (25.6). Iloncranoska ke B (33.9), (33.10) npuBOAUT K CJIEAYIOMIUM
dopmynam gia byukmuit ['puna:
+p*/2m + nU
- (33.14)

F =
(@, p) w? —e2(p) +i0’
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rie
1/2

2 2 2

e(p) = (p—) + Bl
2m m

U3 Buga snHamenaresiedt 3tux GyHKuuii sicHO, 94TO £(p) — 3HEprud

9JIEMEHTAPHBIX BO30YXKIEHUI — B COMVIACHU C TOJY9EHHBIM DaHee

apyrum criocobom pesysbraTom (25.10), (25.11).

§ 34. Pacnan kBaswgacTun,

KoneuHasi mpOAO/KUTEJIBLHOCTD JKU3HU (3aTyxaHue) KBasuda-
CTUIILI B KBaHTOBOW XKUJKOCTH MOXKET OBITH CB3aHa KaK C ee
CTOJIKHOBCHUSIMU C JIPYTMMU KBa3UYACTUIIAMU, TaK U C €€ CaMOIIPO-
U3BOJIBHBIM DacmagoM Ha nase (wiam Gosiee) HOBbIE KBAa3WYACTHUIIDL.
IIpu Temneparype 1T — 0 mepBBbIii MCTOYHUK 3ATYXaHUS HMCIE33ET
(Tak KaK BEPOATHOCTH CTOJKHOBEHWH CTPEMHUTCH K HYJIIO BMECTE C
IUIOTHOCTBIO YHCJIa KBAa3WYACTHI[), ¥ TOLJA 3aTyXaHWE BO3HUKAET
JIUIIL OT Pachaja KBa3UYaCTHII,

PaccmorpuMm pacnan KBasuuacTuipl (C UMIYJIbCOM P) HA JIBe.
Ecim q — uMIysbe ofHON M3 BOSHUKAIOMMX KBA3WYIACTHUI], TO MM-
yJIbC APYTOil €CTh P—(, ¥ 3aKOH COXPAHEHUs SHEPIUHU JIA€T YCJIOBUE

e(p) = e(q) +e(lp —dl). (34.1)

MozxeT 0Ka3aThCs, YTO B HEKOTOPOI 00JIaCTU 3HAYEHUN P 3TO PABEH-
CTBO HeE BBITIOJIHAETCS HU TIPU KAKUX (; TOTJA KBA3WYIACTHIBI B ITOM
obaactu Gy Iy T BOOOIIE HE 3aTyXalOMUMHU (€C/IM, KOHEYHO, HEBO3MO-
JKEH TaK’Ke M pactaJ Ha OosbIIee YuCI0 KBA3UIACTHIL).

[To Mepe n3MeHEHNs P 3aTyXaHUE BOSHUKAET MDY 3HAYECHUU P = P
(mopor pacmaza), Ipu KOTOPOM BIIEPBbIE HOSIBJISIOTCH KODHU yPaB-
Henust (34.1).

OTMeTHM TIpeXKe BCEro, 4TO B TOYKE P = P MpaBas 9acTh Pa-
BercTBa (34.1), kak dyHKIUa 0T q, uMeeT 3KcTpemyM. JleficTBu-
TEJIBHO, IyCTh IKCTPeMajbHOe 3HadeHme cyMMbl £(g) + ¢(|p — q)
npu 3azaHHoM p ecth E(p) (mis ompemesnennocTu GymeM CYUTATH,
9T0 3T0 — MUHUMYM). Torga B ypaBHEHUN

e(p) — E(p) = e(9) +e(lp — al) — E(p)

npaBas 9acTh HEOTPHUIATEJNbHA. 1103TOMy ypaBHEHHE 3aBEJIOMO He
uMeeT KOpHell mpu 3HaueHusix p, 1y KoTopbix &(p) — E(p) < 0;
KODEHB MOSIBJISIETCS TOJILKO B TOUKE P = P, B KoTOpOii £(p.) = E(p.).
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[TpencraBus ypasHenue (34.1) B cuMMETPUYHOM BHIE

e(p) =¢e(q1) +e(g2), Qi +a2=p,

Ha#JeM, 9TO YCJIOBHE 9KCTPEMyMa €r0 IPaBOi YaCTH MOXKHO 3allu-
cath Kak 0e/0q; = 0e/0qy nim

Vi = Vg, (34.2)

T. €. B IIOPOT'OBO¥ TOYKE JBE PACIAIHBIE KBA3UUACTHUIILI UMEOT OIH-
HAKOBBIE CKODOCTH. 376€Ch MOXKHO Pa3/IMdaTh HECKOJIBKO CITydIaeB
(/1. II. ITumaesckut, 1959).

a) CkOpoCTb KBa3sHYaCTHIBI B 603€-’KUAKOCTH PaBHA HYJIIO LIPU
HUMITYJIbCE P = Pg, OTBEYAIOIIEM POTOHHOMY MUHUMYMY Ha KPHUBOMH
puc. 2. Ilostomy eciu vi = vo = (0, TO 3TO 3HAYUT, YTO B TOUKE
Opora KBa3WYACTHUIA PACHAAeTCsi HA JBAa POTOHA C UMITYJIHCAMHU
po u sHeprusamu A. COOTBETCTBEHHO SHEPIHUs PACIAIAIONIENCH KBa-
sugacTunbl €(p.) = 2A, a ee UMIYIbC P, CBA3AH C Py YCIOBUEM
Pc = Poi + Po2, T €. 2pgcosf = p., tae 20 — yros pasjera ABYX
poronoB. OTciona ceayeT, 9TO BO BCAKOM CJIydae JTOJI2KHO OBITH

Pe < 2po. (343)

6) Eciu ckopoctu vi = vy # 0, npudeM COOTBETCTBYIOLIHE UM
HUMITYJIbCHI (1 ¥ (2 KOHEYHBI, TO TO 3HAYUT, YTO PACIAT B MOPO-
TOBOM TOYKE MPOUCXOMUT HA JBE KBA3UYACTHUILI C KOJJIUHEAPHBIMU
(mapaJsuIe/bHBIME WM AHTHIAPAJUICABHBIME) MMITYJIbCAMH ).

B) Ecin ke ckopocTtu Vi ¥ V2 OTJIMYHBI OT HyJis, HO OAUH U3
UMITYJIbCOB (CKaXKeM, (1) CTPEMUTCS K HYJII0 BOJIM3U IIOPOrOBOH TOU-
KH, TO COOTBETCTBYIOINAs €My KBa3WYACTUIIA SABJISAETCS (POHOHOM U
CKOPOCTB ¥1 = 1. B 3TOM cilydae MBI ©MEEM JIJIO C IIOPOTOM, 38 KO-
TOPBIM CTAHOBUTCS BO3MOXKHBIM POXKIECHUE KBA3UYACTHIEH (POHOHA.
B camoit moporosoit Touke aHeprus (pOHOHA paBHA HYJIO, & CKOPOCTD
KBa3UYACTHIBI KAK PA3 JOCTUTAET CKOPOCTH 3ByKa (COBIAAsi CO CKO-
POCTSIMU V] = V2 = u).

r) Hakownerr, eme oamH, 0COOBINM Cilydaii TpeACTABISET PaCHa,T
doHOHA Ha, ABa (POHOHA, IPHUYEM IIOPOTOM SABJISIETCS CaMa, HadaJIbHas
Touka cmekTpa p = 0. Tako#t pacmaa, ogHAKO, BOSMOXKEH JIUIIH TIPU
OIPEJIEJIEHHOM 3HAaKe KPUBU3HBI HAYaJIbHOTO ((POHOHHOIO) ydacTKa

CIIeKTpa: JIO/KHO 6BITh d2e(p)/dp? > 0, T. e. KpuBas £(p) HOIKHA
3arnbaThCs BBEPX OT HAYAJIBHON KAcaTebHOM € = up. B aTOoM Jierko
yOeIuThCS, PEICTABUB 9TOT YIACTOK CHEKTPA B BUJE

e(p) = up + ap’, (34.4)

1) B CUJTy U30TPOIINYU 2KUJKOCTHU HAIIPABJICHUA KBa3UYIAaCTUIIBI P U €€ CKOPOCTH

v = J¢/0p KOJUIMHEAPHBI, HO MOTYT OBITH HANPABJIEHBI KAK B OJMHAKOBYIO, TAK
¥ B IPOTHUBOIOJIOXKHbBIE CTOPOHBI.
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YYUTHIBAIONIEM HAPSAAY C JUHEHHBIM TAKXKE W CJIEAYIOMMIA 9ICH pas-
JIOXKEHWSI TI0 CTEMeHsIM MAJIOT0 UMITYJIbCa *). Y paBHEHUE COXPAHEHUs
suepruu (34.1) naer Torma

— 3 3
up—g—Ip—a|)=—-ap’-q¢ - |p—qf)
B6uin3u nopora ¢oHOH HCIyCKaeTCs MO MaJIbiM yIyioM 6 K Hampas-
JIEHUIO HAYAJIBHOTO UMITYJIhCA KBA3UYACTHUIII P; B JIEBOM YaCTH ypaB-
HEHHUS UMEEM

3

p—q—lp—QI)%—pquq(l—COSe), (34.5)
a B IIPaBOil JOCTATOYHO HOJIOXKUTH |p — q| = p — ¢. Torga Haxomum
1 —cosf = 3a(p — q)°. (34.6)

OTcroma BUIHO, YTO HOJKHO ObITH & > 0.

Mer yBuaum muxke (§35), uro B ciaydasx a) u 6) dyuknus €(p)
BOODIIEe HE MOXKET OBITH MPOJOJIKEHA 33 IMOPOTOBYIO TOUKY, OKA3BI-
BAIOILYIOCsS, TAKKM 00pa30M, TOYKOI OKOHYAaHUS CIEKTPa. B cirydasx
JK€ B) U T') pacuaj KBa3u4aCTUIb! C UCIyCKAHUEM JIJIMHHOBOJIHOBOI'O
(dOHOHA, IPUBOINT K MOSIBJIEHUIO CJIaD0T0 3aTyXaHUs, KOTOPOE MOXKET
OBITH ONPEJIEJICHO C MOMOIIBLI0 TEOPUU BO3MYIIICHHUI 2 ).

Beranciinm 3aryxanue GOHOHA, CBA3aHHOE C €I0 PACIaoM Ha J1Ba
donona (cimyuait r)). Marpudsble 37€MEHTHI 9TOrO IPOIECCA HMe-
IOTC B WIEHAX TPETHErO MOPsiKa B TAMUJIBTOHUAHE, JAIOIINXCS BbI-
paxkennem (24.12). /Ina mepexona u3 HadasbHOTO (i) COCTOSIHHS C
oxuuM (HOHOHOM P B KoHewHOe (f) cocrosinue ¢ (pOHOHAME (i U (2
MaTPUYHBIN JIEMEHT OIEPATOPa BO3MYILCHUS DABCH

. \(2h)° Ve dw
Vii = —i6(p—a1—q2) %(%pqm) {1+p— € u—} (34.7)

(uumekc 0 y HEBO3MYIIEHHOM ILIOTHOCTH po omyckaem). O6partum

BHUMAaHWE HA HAJMYNE MHOXKUTEJIS (pq1q2)1/ 2, ero masocts (peun

1) JlucnepcroHHOE ypaBHEHME 3BYKOBBIX KOJIeOaHHII OnpenesisieT KBaapar da-
croTH! w2 Kak (DYHKIMIO BOTHOBOrO BEKTOpa. COOTBETCTBEHHO STOMY, PETYIISAPHO
pasjIaraeTCs IO CTEMEHAM MMIYJIbCa P KBaapaT sueprun (horoHa £2(p); passio-
2KEHHE HAYNHACTCA C YJICHA ~ p2 U BBUAY U30TPOINU KUAKOCTU IMIPOUCXOAUT IO
creneuam p2. Pazjoxenue sxe camoit dbyukuuu £(p) COMEPIKUT, CIIEOBATEIHHO,
HEYETHbIC CTCIICHU D.

?)Kakne MMEHHO M3 MEPEYHMCICHHBIX CIy4acB MOTYT (aKTHICCKM OCyIIe-
CTBJISITBCSI — 3aBUCUT OT KOHKPETHOIO XOJa KPUBOii CIEeKTpa KBasudacTul &(p).
OMmnupuveckue maHHble s xugkoro reausi (‘He) cBumerenscrByor o Hajm-
qun (npu gaBieHusax < 15 aTm) HeGOIBLIIOrO HAYAJIBHOIO ydYacTKa (POHOHHOTO
CHEKTpa, B KOTOPOM MMEETCsl HEYCTONYMBOCTh TUna ciy4ad r). OKoHUaHWE XKe
CIICKTPa B KUJKOM TI'€/JIUU UMEET MECTO, IIO-BUAUMOMY, B TOYKE TUIIa C/1y4dad a).
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UJIET O Pacnaje JJIMHHOBOJIHOBOTO (DOHOHA) M 00eCIeunBaeT mpuMe-
HUMOCTH TEOPHUYU BO3MYILEHHIA *).
Hubdepenmmansuas BeposiTHOCTh pacmaza (B 1c¢) maercs
dopmyioit s s
27 2 Vid q1dqo
dw = =|Vy|°6(Er — E;) ———=2
| Viil"0(Ey = Bi) (2rh)o
(cwm. III, (43.1)). IIpu moncranoBke cioga (34.7) Bo3HHKaeT KBagpaT

0-dyHKIMY; €ro HAJO MOHUMATH Kak )

[6(p— a1 —q2)* = d(p— a1 — q2). (34.8)

v
(2nhi)?

Ocraromasicss 6-DyHKINS yCTPAHSETCS WHTETPHPOBAHHEM IO dogs;
nonoxkus Takxke F; = up, By = u(q1 + g2) momyumm

1 PP od 971'/
_ 1]y 4w B
v 2{ T3 4 p} 4fip pai(p—a1)d(p—a1— [p—al) =

(27 ﬁ)3

(Ipu HE3aBUCHMOM MHTEIPUPOBAHUU IO d3q1 u d3qy orBer moMKEH
OBITH IIOJEIEH Ha 2 i ydeTa TOXKJIECCTBEHHOCTH IABYX (DOHOHOB).
Haxownerr, Beipasus apI‘yMeHT - d)yHKI_II/II/I B By (34.5) u npoussens

uHTerpUpoBanue 1o d°q; = 2mgidqidcosf (mo obmactu q1 < p),
HalileM HOJIHYIO BEPOATHOCTb Paclaia

3p° 0 d uz}
=_F 14 221 4.
3207rpﬁ4{ + 3u? dp p (34.9)
Koaddunuenr s3aryxanus donona v = —Ime = hw/2. B gacr-

HOCTH, /I NOYTH MJCAJBHOIO rasa, coryacHo (25.11), Besmunna
u?/p ~ dnh?a/m> me 3aBucur oT WIOTHOCTH. B 3TOM CiTyuae

_ 3
v = 764071%3/) (34.10)

(C. T. Beases, 1958).

1) IIpu BEIMHCTEHHN MATPHYHOTO yeMenTa (34.7) CIeIyeT yHecTsh, 4TO Kax-
OBt 13 (POHOHHBIX ONEPATOPOB Cp U Cpy MOXKET GpaThesi M3 JOGOrO M3 TPexX
MHOXUTENeH p' mitn V; oTciona mMuoxuTens 3!. Jensra-bynkmus B (34.7) Bosau-

KaeT OT MHTErPHPOBaHUsA MHOXUTeNs exp[i(p — q1 — q2)r/#]. Hakonen, yureno,
YTO HAMPABJIEHUS P, (1 W Q2 TIOYTH COBIAIAIOT.

?) Heticreurensro, 6-pynkuus (k) posruxaer or unrerpana [ e™* d°k/(2m)*.
Ecnn ke BerMuCIATD IpyTOi Takoii ke naTerpasn npu k = 0 (B cuny Hasmansa yxe
onHO# §-dyHKIUM), NPUYEM PACIPOCTPAHUTH HHTEIPHPOBAHKE IO KOHEYHOMY
o6wemy V, To monmyunrcst V/(2m)3; u 910 BRIpaskeno dbopmyoii (34.8).
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s mporiecca ucnyckanust (hpOHOHA KBa3WYaCTUIEH BO/IM3U TIO-
pora Tuma B) BUJ OIEPATOPA BO3MYILEHUs] YCTAHABIMBAETCS IIyTEM
PacCMOTpEHNUsI U3MEHEHNs SHEPTUN KBa3WYIACTHUIIHI B 3BYKOBOI BOJTHE.
DTO M3MeHEHUe CKIIAIBIBACTCS U3 JBYX YacTel:

de(p) = Z—:p’ +vp.

[TepBbiii 4ieH CBsA3aH ¢ M3MEHEHHEM ILUIOTHOCTH KUIKOCTH, OT
KOTOPO# 9HEeprusi KBa3W4aCTHUIIbl 3aBUCUT KakK OT mapamerpa. Bro-
poii wieH (B KOTOPOM V — CKOPOCTBb JKHUIKOCTU B 3BYKOBO# BOJIHE)
€CTh M3MEHEHWE YHEPTUU KBA3WYACTHILI OJIAromapss MaKPOCKOIHYe-
CKOMY JBUKEHWIO YKUIKOCTHU; OCKOJIBKY JIJIUHA BOJHBI UCILyCKAEMO-
ro (B6sim3u nopora) (POHOHA BeJIMKa [0 CDABHEHHUIO C JJIMHOW BOJIHBI
KBa3UYaCTUIbI, MOYKHO CYMTATH, YTO TOC/IEIHSS HAXOIUTCS B OHO-
POIHOM MIOTOKE YKMIKOCTH, U TOT/Ia U3MEHEHHE €€ SHEPTUU OIpPelIe-
JisieTcst, Kak ObLI0 00bsicHeHO B HagaJse § 23. OmepaTop BO3MYyIIEeHUS
nosty4daercd u3 0 3amenoit v = Vy u p’ BropuyHO-KBAHTOBAHHBIMU
oneparopamu (24.10), a p — oOmEPaTOPOM HUMIYJIbCA KBa3W-
qacTunpl p = —ihV:

~

V=%0+L1%p+p9 (34.11)
dp 2

(BO BTOPOM 4JieHE TIPOU3BE/ICHA CUMMETPU3AIs TIPOU3BEICHUS ISl
NPUBEJEHNUs €r0 K 9PMUTOBY BHIY). BbIUmMC/IeHHEe BEPOSTHOCTH HC-
mycKaHus (POHOHA IMPOM3BOIUTCA JaJiee aHAJOTHIHO TOMY, KAK 3TO
OBLIO CeJIaHO BBIIIE JJIst pacnasa (HoHoHa (CM. 3a7a4y).

Sagaun

1. OnpeneuTs BEPOSTHOCTb WCIyCKaHUs (DOHOHA KBA3WYACTHULEH C UM-
HyJIbCOM P, GJM3KUM K TIOPOTOBOMY 3HAYEHUIO P, HIPU KOTOPOM CKOPOCTH KBa-
3MYACTHIBI JOCTUTAET CKODOCTH 3BYKA.

Pemenue. Marpuunsiii anement oneparopa (34.11) Gepercst mist poxkze-
HEU OAHOro (bOHOHA (C MMILYJILCOM () C OJHOBDEMEHHBIM IIEPEXOAOM KBAa3UYa-
CTHIBI MEXKIY COCTOAHUAMY (IJIOCKMMM BOJIHAMH) C UMITyJIbcamu p u p’. B6iuzu
nopora uMnyJsc (HoHOHA ¢ K Pe, & HAIPABJIEHUE  IOYTH COBNAJAET C HAIPAB-
senmem p ). C yuerom 3TOro Haxommm

4 T 1/2
—_— y 3
b= it - s (22)

1) [last ompenesieHHOCTH PACCMATPHBAEM CIIydail, KOTAa (DOHOH HCITYCKACTCS
HMEHHO B TakoM (a He B oOparHOoM) Hampassjenun. Jjs aroro dbyHkuus £(p)
BO/IM3U TTOPOTA OJIXKHA UMETH BUJ,

e(p) ~ e(pe) + (p — pe)u + a(p — pc)”

(¢ mosIOXXUTENIBHBIM 3HAKOM B JIMHEHHOM ujieHe). /I3 3aKoHa COXpaHeHUsl SHEPIUn
JIETKO y6eauThCs, 4TO UCIyCKaHue (POHOHA BO3MOXKHO IPH 3TOM, ecau a > 0, u
MPOUCXOAUT IIPU D > Pc; UMILYJILC UCIyCKaeMoro ¢hboHOHA mpoberaeT 3Ha4YEHUs B
nurepeatie 0 < ¢ < 2(p — pe).-
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rae
Oe
u op P=Pec
Orcioga nquddepeniuaibaas BEPOSATHOCTD UCILyCKaHUs (DOHOHA
TqU o d3¢1
dw = ——A%3[e(p) —e(|lp — —u
ip [e(p) — e(lp — al) — uq] @nh)?

(0-byukuus uMmyaHCOB yiKe ycTpamema muTerpuposamueM mo dop'). Hammcas
aprymenT d-gpyHkunu B npubiamxenHoM suge —ug(l — cos ) u npoussens unTe-
rpupoBaHue 1o d°g, momydnm
2 3
24 (p - pc)
w=————"
3mpht
2. Haiitu ycnoBue, mpu KOTOPOM HEHTPOH € HA4Ya/IbHON CKOpoCThiO V
MOZKET IIpu aCCedHUn POAUTH B KHUAKOCTU BO36y)K,E[eHI/Ie C UMIIYJIbCOM P Hu
sueprueii €(p).

Pemenue. 3akoH coxpaHeHWs] 9HEPrUU M HUMIIYJIbCA B PACCMaTPUBAEMOM
IpoLecce MOXKHO 3alWCaTh B BUAE ypasHeHus (m — macca Heiitpona, P — ero
HAYaJIbHBIA UMITYJIbC):

P? (P-p)® _
- - S(p),
2m 2m

HJIn 2

VpcosB = e(p) + p_’
2m
rae § — yrou mexxay P u p. Takum 06pa3oM, HCKOMOE yCJIOBHE UMEET BU,

L 2
p 2m

§ 35. CpoiicTBa cieKTpa BOJU3M TOYKM €T0 OKOHYAHWS

B srom maparpade MbI pacCMOTPHM CBOIICTBa creKTpa 6o3e-
KUAKOCTU BOJIM3U TOPOTOB PACMIAa 3JIEMEHTAPHBIX BO30YKICHMI
Ha OBC KBA3UYaCTUIBI, U3 KOTOPBIX HU OOHA HE ABJIACTCA (bOHOHOM
(ciiygan a) u 6) u3 §34)'). B mpoTMBOMOIOKHOCTH pacmagaM C
POXKIOCHUECM Q)OHOHa, K 3TUM CJIydasdM TeOpud BO3MYIICHUA HEIIPU-
MEHHMA, U UX UCCIIeJ0BaHUe TPEOYeT BBISCHEHUS XapaKTepa 0CODeH-
HOCTEM, KOTOPBIE UMEIOT B IIOPOTOBBIX TOYKAX IPUHOBCKHE (PYHKIIUU
xunkoctd. C Ipyro#t CTOpOHBI, TOT (haKT, YTO HAC OYIyT WHTEPECO-
BaTh TOJIBKO 9TH OCOOEHHOCTH, IO3BOJISIET CYIIECTBEHHO CXEMATH3U-
poOBaTh U TEM CaMBbIM YIPOCTUTH BBIYUCJ/ICHUMA. B YaCTHOCTH, MOXK-
HO HE [eJIaTh pas3jmyus Mexay dyskimusamu G u F' (DOCKOJIbKY uX
AHAJIMTUYECKUE CBONCTBA O,HI/IHaKOBbI) " IIOCTYyIIaTh TaK, KaK €CJ/Iu
OBl CyIIIECTBOBAJI TOJILKO OJIMH THUII TPUHOBCKUX (DYHKIUH; yIeT pa3-
smansg Mexay G u F npusen 661 Wb K TOSBICHUIO B YPABHEHUAX

1) Comeprxanme sroro maparpada npunamiexur JI. I1. Humaescromy (1959).
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HECKOJIbKUX AHAJIOTUYHBIX (IO CBOMM AHAJUTHYECKUM CBOMCTBAM)
9JIEHOB, YTO HE OTPA3WJIOCH ObI HA PE3YJIHTATAX.

Tor dakt, 4T0 WHTEpeCymINas HAC OCOOEHHOCTH TI'PHUHOBCKOM
GyHKIMM CBA3aHA C PACIAIOM KBa3WYACTHIIBI HA JIBE JIPYTHE, B TEP-
MWHAX [UATPAMMHOM TEXHUKHM O3HAYAET, UTO OHA MPOWCXOJUT OT
JIMArpaMM BHJIA

Q

s > (35.1)

P-Q

KOTOPBIE MOTYT OBITh PACCEUEHBI 110 IBYM CILIOIIHBIM JIMHASM, T. €.
KOTOPBIE COAEPKAT B cebe ABYXIACTUIHBIE IPOMEXKYTOUHBIE COCTOS-
Husi. B 3TMx gmarpaMmax MO TIPOMEXKYTOYHOMY 4-UMITYJIBCY
Q@ = (qo, q)IPOU3BOIUTCSH MHTETPUPOBAHUE, IIPUIEM OLPEIEIIHIOILYIO
(B CMBIC/IE BOBHUKHOBEHUSI OCOOEHHOCTH) POJIb UI'PAET 00JIaCTh 3HA-
4enuit Q u P—(Q), ¢ KOTOPBIMY PACIafHbIe KBA3HIACTUIBI (IPOLYKTHI
pacnaza) poxzaaorcs BOau3u mopora. OCHOBHBIM [JIsl M3JIaraeMoii
HUKE TEOPWUW SIBJISIETCS YTBEPXKJECHUE, UTO 3T 00JACTh 3HAYCHUMN
4-vmmyJbca He sBjsieTcs ocoboit quis dynkuum ['puna G(Q): B Heit
OHA MMeeT OOBIYHBIN ITOJIIOCHOM B,

G(Q) = Glao, q) o g0 — e(q) + 0], (35.2)
rae dbysknus £(q) — 9HEPrus PACHaHBIX KBA3UYACTHUIL — HE UMEET
ocobenHocTell. PusnyecKkass BBIICJIEHHOCTH ITOW 00JIACTH COCTOUT
JIUIIIb B TOM, 9TO B HEHl KBa3WYACTUIA MOIJIA OBl «CIMIHYTHCH» C
OPYrofl KBa3WYaCTUICl; HO 3TOT IIPOLECC HEBO3MOXKEH IIPU HYJIC
TeMIepaTypbl BBUIY OTCYTCTBHUS PEAJbHBIX BO30yxkmenwmii. Ocoboit
0b6J1acThI0 st pyHKIuY ['pruHa ABISIOTCs JiUIb 3HaYeHus P (BHem-
Hye JuHuM auarpaMm (35.1)) BOimsu mopora pacnazia MCXOZHOM
KBa3WYACTHIIH.

JBy™M coenuHUTEIbHBIM JMHEAM Ha auarpamme (35.1) orBegator
muoxkuresu G(Q)G(P — @), a mo () NpOU3BOAUTCS WHTEIPUPOBA-
uue. [Ipu 5TOM, BBUY CYIIIECTBEHHOCTH JIUIIEH MAJION 00JIaCTH 3HAYE-
HUN (), OCTAJIbHBIE MHOXKWTEJIN B JUATPAMME MOXKHO CUUTATH IIPU
WHTETPUPOBAHUM TIOCTOSHHBIMY, PABHBIMU WX 3HAYEHUIO TPU TIO-
poroBom 3HaueHumu @ = Q.'). Takum obpasom, B pumarpamme

1) OTO yTBEpXKIEHHWE CJEAYyeT YTOYHUTh. JIeJ0 B TOM, YTO MHOXKHUTE/IN
G(Q)G(P — Q) He 3aBHCAT OT yIJIa ¢, ONPEIEJIAIONIETO MOJIOKEHHE IIJIOCKOC-
tu (p, q). ITosToMy uaTerpupoBanue no dy CBOAUTCS K YCPEAHEHUIO OCTAJIBHOM
9ACTH MOJBIHTErPATHLHOIO BBIPAYKEHHS 110 @, TOCIe 4ero d*Q MOXKHO MOHMMATH

kak 2mq>dqgo dg dcosf. ViMenHO B TakoM MHTerpuposaHmu mo d*Q cymecrsenHa
Masiasi 06J1acTh. DTO 3aMeYaHUEe OTHOCUTCS U K APYTUM AHAJIOTHYHBIM MOMEHTAM
BBIYUCJICHUH HUXKE.
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BO3HUKAET MHOXKUTEJIb, BBIPaKaIOINNiCA NHTETPAJIOM

i d‘Q
II(P) =
) (2m)* / [g0 — &(g) + 0][w — g0 — &(|p — al) + 0]’

rae P = (w, p). VaTerpuposanue 1m0 dgy BHIOIHSAETCS Iy TEM 3aMbl-
KaHUd IIyTU WHTETPUPOBAHNS OECKOHEYHO YIAJIEHHOM MOIyOKPYKHO-
CTBIO B OJHOM U3 IOJIYIJIOCKOCTEH KOMILJIEKCHOTO g U JaeT

n(P) = / dq : (35.3)
@2m)? ) w—e(g) —e(lp—ql) +10

K wmcciienoBanmio 3TOro nHTETpaJia Mbl BEDHEMCSI HUXKE, 8 TeTephb

HaJI0 BBIPA3UThH Yepe3 HEero UCKoMyio Tounyo ¢ynkuuio G(P), mpo-
CYMMUPOBAB JIJIsl 3TOTO BCe quarpaMmbl Buga (35.1).

Has dyukuuu G(P) MOXHO HAIMCATH AUATPAMMHOE yDaBHEHUE

Jaiicona
 r 7 @‘7- (35.4)

P-Q

3mech KUPHBIE JIMHUU ©300paxkaioT TouHyio ¢yskuuio G, a cBET-
JIBIe — <«HEOCOOYI» YacTb 3TOM (PYHKIUHU, OMPEIEISeMYI0 COBO-
KYIIHOCTBIO JIMArPAMM, <HEJEJUMBIX TIO JBYM JIMHUSAM». BTOpoi
JKe wWieH B mpaBoii gacrtu (35.4) m306pazkaeT COBOKYIHOCTH IHa-
rpamm Buga (35.1). IIpu 9T0M CBETJIBIN KPYKOK IPEICTABIAET TOY-
HYI0 <TDEXKOHIIEBYIO»  BepIIUHHYI GbyHKIuio (0003HAYMM ee
I'(Q, P—Q, P)), a 3aITpuxoBaHHbIi — €€ HEOCOOYIO 4acTh, U3 KO-
TOPO# MCKJTFOYEHBI TUATPAMMBI, MOTYIIHE OBITH PACCEYEHBI TIO IBYM
coomsbM JimHUAM '), Kak ObLIo 00bsSCHEHO BBIIIE, MHTEIDUPO-
Banue 1o d*(Q) mpuBOAUT K TosBJIeHUIO MHOXKuTes II(P), mpudem
OCTaJIbHBIE MHOXKWTEJIU B JAUArPAMME 3aMEHSIOTCA WX 3HAYCHUEM
npu @ = Q.. Takum o6pa3som, paseHcTBo (35.4) o3Hauaer, 4TO

G(P) = a(P) + b(P)G(P)Lo(P)II(P), (35.5)
rae ['o(P) =T(Qc, P—Qc, P), aa(P), b(P) — HeKOTOPBIE pEryJisip-
uble (BOsin3u nopora P = P.) dbyukuuwu.

B (35.5) durypupyror ase ocobwle dyukmmuu — G u e, u mis
BBIpakeHns ux depe3 11 HeobxoammMo mOITOMY €I1e OIHO ypaBHEHME.
MsbI mostyduM €ro, 3aMeTWB, 4TO TOYHAs BepuminHHAas GyHKIusA [

1) Curyanus 3mech aHajiorudyHa ypasHeHuio JlaficoHa B KBaHTOBOM JIEKTPO-

muHamuke (cM. IV, §107): kak u Tam, Bca TpeGyemasi COBOKYIIHOCTb IHATPAMM
[IOJIyYaeTCs [IyTEM BBEIEHHS MOMPABOK JIUIIb K OJHON M3 BEPIIUHHBIX (DYHKIHIA.
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OPEACTAaBAAECTCA PAIOM <«JIECTHUYIHOI'O» BHUIIA

Do e D P

aHaJIornYHbIM sy (17.3) miisa 4eThIpeXKOHIEeBOi BePIIUHHON DYyHK-
uun. Ero cyMMupoBaHue TPUBOAUT K yPABHEHUIO

Q

e

_ P-Q P-Q: P—Q

(cp. (17.4)); B ananuruveckoM Bue, npu Q = (., OHO JaeT
Le(P) = c(P) + d(P)II(P)Tc(P),

rae ¢(P), d(P) — perynspusie dynkunu. Vickiarouus reneps I'c u3
JIByX TIOJy4YCHHBIX yPaBHEHMI, HAHIEM MCKOMOE BBIDaKeHHE (PyHK-
uuu 'puna uepes II:
G—l(P) — A(P)II(P)

1+ B(P)II(P)
rae A, B, C — cuoBa peryusipuble (Bouusu P = P,) dyukun.

,Z[aJIbHeHmI/Ie BBIUUCJIEHUS PA3/JIUYHBI JIJI PA3HBIX THUIIOB PACIIa-
JIOB KBa3UYACTHII.

+cC(P), (35.6)

a) Ilopoz pacnada na dea pomona

B sTom ciryuae sneprus £(q) pacuagHbIX dacTur BOIM3M IOPOra
nmaercs dopmydoit (2.6), u uaTerpas (35.3) npuHEMaeT BHL

I(w, q) (g—po)?+(Ip—al-po)?|} L4
= [{o2a- | I}

(2m)3’
(35.7)
st mHTErpMpOBaHUs BBOJWM HOBBIE IEPEMEHHBIE ¢, q;,, COTJIACHO
OIIPEIEJICHNUIO,
gz = (posinf + q,) cosp, gy = (posinb + g,)sin ¢,

q: = pocosf + g,

IPUHCM OCh 2 HAPABJICHA BJIOJIL P, & YIOJI 0 ompeiesieH PaBEHCTBOM
2po cos § = p. B6ausu nopora ¢, q;, MaJibl, ¥ C HY>KHO# TOYHOCTHIO
nMeeM

q~po+q,sind+q,cosh, |p—q|=po+q,sinf—g,sinb,

d3q ~ pgsin6 dq;,dq; do.
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Beipaxkenue B hurypusix ckobkax B (35.7) npuHuMaeT BUL
1 r9 . ’

{w —2A — ﬁ(qu sin” 6 + ¢,2 cos? 0)}

U HOCJIe TIOBTOPHO 3aMEHbBI MEePEMEHHBIX
q;sinG = vm*p costp, ¢, cosf = vm*p sint
HAXOJUM, HHTEIPUPYH TIO 1),
* d
Mw. o) = —_™Po / pdp '
( ’p) 27 cos 0 —w+2A+4p?

PacxomumocTs 3TOr0 mHTErpasa npu OOJBIINX O CBA3aHA JIUIIH
CO CIIeJIAHHBIMU TPEHEOPEKEHUSIMU U HECYIIIECTBEHHA; 00pe3aHue UH-
TerpaJia Ipu HEKOTOPOM 3HadeHun p? > |2A — w| macT BKJIa UMb
B peryJisipuyio 4acTh ll. VlHTepecyromas ke Hac ocobasi 4acThb ITO
GYHKIIMY BOZHUKAET OT 0OJIACTH BOJU3U HUKHETO IIPEIE)Ia WHTETPU-
pOBaHuUs, U JJis HEE HAXOINM

Mocln—1 (35.8)

2A —w

[Tpu Masbix 3HaUeHusX 2A —Ww 3TOT JorapudM BeJIUK; OJCTABUB
(35.8) B (35.6) u pa3sI0XKUB 1O €ro OOPATHBIM CTEHEHSIM, HOJLYYUM

G lw,p)=b+cln!

a

2A —w’

rae a, b, c — HOBBIE pery/spHble (PYHKIUK OT w U P. B moporosoii
To4Ke (P = P.) SHEPrUsl pacHagaroumieiics KBa3udacTulpl pasHa 2A.
ITocKOIbKY 3HEpPrus KBa3WUYACTHUI[ ONPEIESeTCd HyJIaMHU (QyHK-
mu G, 10 910 3HAUHUT, uTo G1(2A, p.) = 0, a AT ITOTO JOIIKHO
6eiTh u b(2A, p.) = 0. Ho perynspnas dbyukuus b(w, p) pasnaraer-
e TIO TIEJIBIM CTETEHAM Pa3HOCTeH p — P U w — 2/\; 3aMEHUB TaK»XKe
peryusipable dbyaknuu a(w, p) u ¢(w, p) UX 3HAUEHUSIMHU B IIOPOTE,
HOJIy9UM B pe3yJIbTaTe CJIeAylolee BhIpaskeHue (QyHKIUH | puHa B
OKOJIOIIOPOTOBO# 00J1aCTH:

¢ ) =plp-petan 2] (@9
2A —w
roe a, &, § — IOCTOSHHEBIE.
ITpupaBHSB 9T0 BEIpasKEHHE HYJIIO, MBI IOy YUM BHUJL CIEKTPA €(p)
BOJim3u mopora. KEcim 06/1acTh HEBO3MOXKHOCTH PACIIAJIA, JIEXKUT TIPH
P < Pey, € < 2/, TO IOCTOSTHHBIE (¢ U G AOJKHBI OBITH IIOJIOXKUTEIIb-

HEIMZ U ypaBHerue G = () mMeeT 37eCh HE3ATYXAIOIEe PEIICHHe

> . (35.10)

€ =2A —aexp (—
Dec—P
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MgsI BumM, 9TO KPHBas CIIEKTPA MOIXOJNUT K TIOPOTOBO# TOYKE C TO-
b
PU3OHTAJIFHOM KacaTeJbHON GECKOHEYHOTO Mopsaka. B obsactu ke

p > p. ypasuenne G~ = ( He MMeeT HU BEIIECTBEHHBIX, HUI KOM-
IUIEKCHBIX DereHuil ¢ € &~ 2A npu p ~ p.. B aT0oM cMbIcie KpuBas
CIIEKTpa BOOOIIE HE IPOJOJIKAETCH 3a IIOPOTOBYIO TOUKY, OKAHIUBA-
sch B Heit ).

6) Ilopoe pacnada ma 0ee K6A3UMACTUYLL, C NAPAALEALHOLMU
UMNYALCAMU

ITockoJbKy B MOPOrOBO#l TOYKE, HPU P — Pe, BbIparKeHUE
e(q) + e(Jp — d|), xak byHKIUA OT Q, AOKHO UMETb MHUHHUMYM,
TO BOJIM3M TTOPOTa OHO UMEET BT

e(g)+e(lp—dal) = ectve(p—pe)+a(a—ao0)’+B(a—ao, Pc)?, (35.11)

re a, 3 — TOCTOSIHHBIE; Ve €CTh CKOPOCTD KAXKJIO! U3 POKJAIOIINXCS
B IIOPOrOBO} TOYKE PACHAIHBIX KBA3UYACTHIl, a g — HUMIIYJIbC Of-
Hoit u3 Hux. [Toxcrasus (35.11) B (35.3) u BBeas HOBBIE IEPEMEHHbBIE
UHTEIPUPOBAHUS COIJIACHO

P=4—dqo, PPc= ppcCosy,
TIOJIy YUM
1 p2dpd cosp
H(w’ p) = 2 / 2 2,2 2"
(2m)2 J € —ec—ve(p —pc) — ap? — Bp?pZ cos?
DTOT MHTErpaJl UMEET B OPOTOBOI TOYKE KOPHEBYIO OCOOEHHOCTD:

IT o [ve(p — pe) — (€ — €))% (35.12)

[ToncraBu 310 BbipakeHue B (35.6), HAXOAMM TPUHOBCKYIO
GbyHKIHIO B OKOJIOIIOPOTOBO# 0bJsiacTu

Gl (w, p) = A(w, p) + B(w, P)[ve(p — pc) — (w — &c)]/%.

Tax xkax G~ !(es, pc) = 0, a A uw B — perynspubie GyHKIUE, TO,
pazjiaras MOCJIEJHUE TI0 CTEINEHSM P — Pe U W — €, OKOHYATETHHO
HAXOIUM

G o [ve(p — pe) — (w — €0)]Y2 + [a(p — pe) + b(w — €¢)], (35.13)

rme a, b — mocTosiHHEBIE.

1) Kak yxe 6110 yKa3aHO B IpUMeYaHUH HA C. 173, B 2KUIKOM IeJIMM CIEKTDP
3aKAHYUBAETCsl, [O-BUIUMOMY, MIMEHHO B TOYKE TAKOrO THUNA (KpUBas HA PHUC. 2
npubauxKaercs K OpsMoit € = 2/ ¢ FOPU3OHTAILHON KACATEJILHOM).
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Buj crektpa ompesensiercs ypasaenuem G (e, p) = 0. Wmem

ero permenue B BUJC € — €. = Ve(p — p) + const(p — pe)?; mna Toro
9TOOBI OHO CYIIIECTBOBAJIO MPH P < P, JOJKHO OBITH @ + bv, > 0 m
TOT 1A

€ =¢ec4 ve(p — pe) — (a+ bve)*(p — pe)?. (35.14)

IIpu ToMm ke yciaoBum B obmactm p > p. ypaszenme G ! =0 me
MMeeT PEIIEHu C € R €. IPU P = P.. lakuMm 0O6pa3oM, u B ITOM
cJIydae CIeKTpP OOpBIBAETCs B IIOPOTOBOI TOUKE.

§ 35*%. CepxTekydecTb JByMEPHBIX CUCTEM

Becbma cBoeobpa3HbIME CBOICTBaMU 0DJIAJAIOT 1By MepHbIe 603e-
CUCTEMBI — TOHKHE ILIEHKU XKUAKOTO Teiusd. OTMeTnM, mpexkiae Bee-
ro, 9TO B ABYMEPHOM CJIy4ae KOHJEHCAT CymecTByeT jutib npu 1T=0.
[InoTHOCTH KOHEHCATA PABHA HYJIIO IPHU CKOJb YTOZHO HU3KOH, HO
KOHEYHOW Temmeparype'). DTO CjleAyeT U3 TOrO, YTO €CJIH IOA-

2
crauth N(p) u3 (27.8) B unrerpan [ N(p) —(2d ;), PaBHBIN YUCITY
7
HAJIKOHJEHCATHBIX YACTHUI[, TO ITOT MHTErpaJj OymeT Jjorapudpmude-
CKH DPAaCXOAWTHCHA B OOJACTH MAJBIX P, e 978 GOPMYJIa TOJIKHA
ObuTa OBl OBITH CIOpABEJIMBA. DTO MPOTUBOPEYUE O3HAYAET, UTO B
JIBYMEDHOM CJIy4ae HEBEPHO CAMO JIe2KAIllee B OCHOBE BBIBOJA (HOp-
MYJIBI TIPEJTIOJIOXKEHNE O CYIIECTBOBAHNN KOHIEHCATA TIPY KOHEYHBIX
TEMITEPATY PaX.

[TostoskeHme 37€Ch AHAJIOTUYHO CUTYAIUHU B JBYMEDPHBIX KPUCTAJI-
agax (cm. V,§137). ITogo6HOe TOMy, KaK B MOCIEAHUX (DIIYKTyaIuu
CMEINEHNs aTOMOB Pa3MBIBAIOT PEIIETKY, TaK (IyKTyarmuu hasbl
YHUYTOXKAIOT KOHAeHCAT. POpMaIbHOE CXOACTBO MEXKY JIBYMs CHU-
CTEMAMW COCTOUT B TOM, UTO B OOOMX CIydasix OHU ONUCHIBAIOTCS
BEJINYNHAMU, KOTOPbIE MOTYT BXOJWUTH B BBIPAXKEHWE JIJIs SHEPTUN
JINITG TIOJ], 3HAKOM TNPOW3BOJHBIX. B mepBoM ciiydae — 3TO BEKTO-
pPBI CMEIEHNsS aTOMOB, KOTODPBIE HE MOTYT CAMW BOWTH B SHEPTHIO
BBHUJYy €€ WHBAPMAHTHOCTU MO OTHOINEHWIO K CMEIIEHUIO CUCTEMBI
Kak 11es10r0. Bo BropoMm ciydae — 310 dha3a KOHIEHCATHONW BOJHOBOH
¢yHKIMM, KOTOpas HE MOXKET CaMa BONTH B SHEPIUIO BBUIY CBOEH
HEOMHO3HAYHOCTH. TOT (PaKT, YTO IHEPTUS 3ABUCUT JIUIID OT TPaIV-
€HTOB 9TUX BEJUYUH U MPUBOJUT B KOHEUHOM CUETE K PACXOIUMOCTHU
daykTyanuii.

Msr Bumenu B V,§138, uro siorapudpmuyeckas pacxoauMOCThb
daykTyanuit TPUBOAWT B JBYMEPHOM KPHUCTAJUIE K MEIJIEHHOMY

1YDru yreepx/eHHS OTHOCATCH W K JBYMEDHOMY MWICATBHOMY 603€-Ta3y.
Herpynso ybesuTbcss B TOM, YTO B ABYMEPHOM CJIy4ae XHUMHUYECKHI IMOTEHIU-
aJI TaKOro rasa obpamaercst B Hysb TOIbKO mpu 1" — 0.
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(cTenenHOMy) yOBIBAHUIO KOPPEJSIUOHHOM DYyHKIMU. AHAJIOIUIHO,
B IByMepHOi1 603e-cucTeMe MaTpuna IoTHOCTH (26.7) He cTpeMuTCs
npu |r; — ry| — 00 K IOCTOSHHOMY NIPeJe/y KaK [IPY HAJWYUU KOH-
JleHcaTa, a yObIBaeT, HO JIUIIb 10 creneHHOMY 3akony (J. W. Kane,
L.Kadanov,1967.)

[Tepexons K KOIUYIECTBEHHOMY WCCJIEIOBAHUIO BOIPOCA, BBEIEM
HEKOTOpBIE Obo3HadeHns. O6o3HauMM depe3 ds JBYMEPHYIO CBEDX-
TEKy4yI0 IUIOTHOCTB, T. €. MAacCy, OTHECEHHYIO K €IWHUIE TLIOIIA-
au. JIis cnost remsa MaKpOCKOMTMYECKON TOMMUHBL L 9Ty BelnduHy
MOXKHO 3anucaTh Kak dg = psL, rne p; — oObraHast 00beMHasi CBEPX-
TeKydas TJIOTHOCTh. Jljisi TOHKWMX ILJIEHOK 3Ta CBA3b OTCYTCTBYET.
[TapameTpsl TakuxX IJIEHOK BOODINE HE ONPEIESISIOTCH OOBbEMHBIMU
CBOICTBaMH.

BosroByto dynkimio kougencaTa npu 1’ = 0 3amnuineM B Bue

== \/%e@,
riae BBegena (mpu 1= 0) NOBEPXHOCTHAsI IIOTHOCTH KOHJIEHCATA 1.
IIpu xoneunbIx Temmneparypax ¢dazy ® ciemyer paccmarpuBaTh Kak
GUIyKTyUPYIOIIYIO BeJUYUHY, 1O (QJIYKTyaIrusaM KOTOPO# OJIZKHO
NPOM3BOAUTHCH ycpeaHeHue. BeposaTHocTh 3TuX uIyKTyanni

MMeeT BH
w = exp [—ATF], (35*.1)

npudeM cBobogHas sHeprust AF paBHA KHHETHYECKOH SHEPTUM KU
koctu (cp. (28.6)):

AF = d, / (V®)? dS.

BossoByio dOyHKIHIO KOHAEHCATa MPU KOHEYHBIX TEMIIEPATYPAX
cJIe10BasIo Obl ONpeneJuTh Kak (Z). JTa BeJIMUnHA, OJHAKO, B CO-
IJIacuu CO CKA3aHHBIM B HadaJjie maparpada, pasua uHysio. lns mo-
Ka3aTeJIbCTBA BOCIOIb3YEMCsl MIOJyYeHHbIM B 3a1a4e K § 111 (cm. V)
pe3yJIbTaTOM, COTJIACHO KOTOPOMY JJIsl JIMHEHHOHN OJHOPOAHOM (DyHK-
MY y TEPEMEHHBIX CO CPEIHUMHU 3HAYEHUSIMU PABHBIMU HYJIIO, TOJ-

YMHSIIOINIUXCS TAYCCOBOM CTATUCTHUKE, UMEET MECTO (hOpMyJia

(exp(y)) = exp({y)/2). (35*.2)

(B xBaHTOBOM CiIy4ae TaKOe yTBEPXKEHUE CIIPABEJIMBO JJisl ONepa-
TOPOB, MOIUMHSIONUXCA TeopeMe Buka. D10 OBLIO MCIOJB30BAHO B
VIII, § 127 npu Boruucienun dakropa debas—Basepa.) Ilpuvenus

dbopmyiy (35%.2) K cpemreMy oT =, HOILydIUM

(8) = Vinexp (—(A%)/2) = Vigexp(—9(0)%),  (35%.3)

ﬁ2
2m?2
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rae ¢(r) — BBeneHHas B § 28 KoppessinnoHHAsA (QYHKIMs (QIIYyKTY-
amuii asbl. (HecymecTsennoe cpentee 3naueHue (has3bl MOJOKEHO
paBHBIM HyJI10.) Bbipaxkenue mis ¢(r) B IByMEpHOM CJIydae MOXKHO
HOJIyYUTh U3 TPEXMEPHOH dopMysisl (28.9) oueBHIHBIMU 3aMEHAMHY.
B pesysbraTe: 2
m 1 ikr d*k *
r)="T —e ——. 35%.4
p(r) =T | = ) (35%.4)
DTOT MHTErpaJl PACXOUTCSA HA MAJIBLIX k TP JIFOOBIX 7', TAK 9TO MPa-
Bas 4acTh (35%.3) obpamaercs B HyJIb.

Beruncsium Teneps maTpuiy miotHocTu cucteMmsr ). Ona paBHa
IO OIIPEEJICHUIO:

p(lr1 — ra|) = (E%(r2) E(r1)) = vo{expli(AD(r1) — Ad(rz))])
(pasymeercs, kak u B (35%.3), Heup3s pasijaraTb SKCIOHEHTY IO
daykryaruam daser). Vcnons3ys onsaTs mis ycpegaenus (Gopmy-
ay (35%.2), mosyuaem
p(lr1 — r2|) = vo exp[—((A®(r1 — A®(r2))?)/2].
Boipaxkenue B KBaIPATHBIX CKOOKAX, OYEBUJIHO, PABHO:

(A2 (r1)A®(rz) — (A2(r1))?),

TaK 9To p('r) =1 eXP[SO(r) - (p(O)]
Cornacuo (35*.4)

2 . 2
o(r) = p(0) = T [ (™ —1) . (85%.5)
s (2m)?

DTOT MHTErpaJl CXOOUTCS Ha MaJbIx k. PacxomumocTh ke Ha 60Jb-
mux k CB3aHA C HEIPUMEHUMOCTBIO KJIACCUIECKOH Teopun (hIryKTy-
aruit 1pu k = kmax ~ T'/Au (u — cKOpOCTH 3ByKa), TaK YTO MHTE-
rpaJi ciieyer obpe3aTh Ha 9TOM 3HaueHuu k. B pe3ysibraTe riaBHBIM
BKJIaJ| B MHTErpaJjl BHOCUT 00JIaCTh 3HAYCHUM

Fmax > k > 1/r,

B KOTOPO# C JIOTapUPMUIECKOH TOYHOCTHIO MOXKHO IIPEHEOPEUh IKC-
TOHEHIIMAJIBLHBIM YJieHOM B ckoOke. Ilocsie aToro mpocrtoe muTErpH-
poBaHMe JAET

_ m? 1
w(r) = ¢(0) = e —

1) Criemyrommue HiKe BBIYHC/ICHHS AHAJOTHYIHBI BHIYHCICHUAM KODDPE/IAIHOH-
HOM yHKIMY uryKTyauuii mIOTHOCTH ABYMEPHOrO Kpucraja B V,§138.
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OxoHYaTeIbHBII BUJO MaTPHUIbI IIJIOTHOCTH:

— 1 *
o(r) =1 - (35*.6)
e [OKa3aTeb yObIBAHUS PABEH
2
n=T-" (35%.7)

2md k2

Pazymeercs, XuakocTh ¢ yObIBatOIIEH MO MEIJIEHHOMY CTEIEH-
HOMy 3akKoHy (35%.6) MaTpuneil IIOTHOCTH KAYECTBEHHO OTINYIACTCS
OT OOBIYHON KUIKOCTHU, Ubsi MATPHUIA JIOTHOCTH YOBIBAET SKCIIOHEH-
nuaIbHO. 1IeHTpaIbHBIM MOJIOXKEHUEM M3JIATAEMON TEOPUU SBJISETCS
YTBEPXKIEHUE, UYTO TAKas KUJAKOCTH C MEJJIEHHO YOBIBAIOIINME KOP-
pendanuaMu siBJigeTcsi cBepxTekydeit. HecMoTpsd Ha TO, 9TO HUmCIIO
KOHJIEHCATHBIX YaCTHUI] PABHO HYJIIO, CBEPXTEKYyYasl MIOTHOCTD dg OT-
JudHa OT Hyjid. (DT0, KOHEYHO, IPEANOJIArajoch IPHU BBIBOZE
dopmya (35*.6), (35*.7), B koTOpBIE ds BXOAUT SIBHO. 31€Ch CyIIe-
CTBEHHO, YTO TPEJITOJIOKEHNE O KOHEUHOCTH dg HE TIPUBOJUT K IIPO-
TUBOPEYHIO, B OTJIMYME OT TPEIIONOKEHUS 00 OTIUIHOM OT HYJIS
9uCJle YaCTUI[ B KOHJIEHCATE. )

B meiicTBUTENIBHOCTH pa3pyIIAONTUEe KOHAECHCAT JJIMHHOBOJIHO-
Bble QuIiyKTyarmu (a3bl MPEICTABIAIOT COOON TOYTH OJHOPOIHOE
B TPOCTPAHCTBE €€ U3MEHEHWE, HE BJIASAIONEE HA MEXAHUIECKUE
CBOMCTBA KHUIKOCTU. DTO HEJIAeTCHd OCODEHHO sICHBIM, €CJId 00pa-
TUTHCH K TAKOMY (DYHIAMEHTAJbHOMY TPOSBJIEHUIO CBEPXTEKY Ye€CTH,
KaK MOTEHIMAJIBHOCTDh TEUEHUs, T. €. PABEHCTBY HYJIIO IUPKYJIAINN
CKOPOCTH TI0 3aMKHYTOMY KOHTYpy. Takoe paBeHCTBO SKBUBAJIEHT-
HO TpeOOBAHUIO OMHO3HAYHOCTH (Pa3bl, KOTOPOE HE MOXKET OBITH
HAPYIIEHO [JIMHHOBOJHOBBIMU ee QuiykTyanusvmu. OHO HapyTtia-
€TCsd, OJIHAKO, CAMOIIPOW3BOJILHBIM POXKIEHWEM BHYTPH KOHTYPA
KBAaHTOBAHHBIX BUXPEBbIX HuUTeH. Takoit mporecc HEBO3MOXKEH B
TPEXMEPHOM TeJjIe, TIOCKOJIBKY BUXPEBbIE HUTU UMEJU ObI B 3TOM
caydae MAKpPOCKOIHUYECKYIO JJIMHY, a CJIEIOBATEJILHO U IHEPTHUIO.
B mutenke ke aTOMHON TOJIIMUHBI TPOHU3BIBAIOIINE €€ TOIEePeK
BUXDPEBbIE HUTH WMEIOT 3JHEPIUI0 ATOMHOTO TMOPSKA W MOTYT
BO30YKJAThCH TEIIOBBIM 00Opa3oM. Takas «TodedHas» BUXPEBas
HUTH TPEACTABJIsieT coboit CBOEOOPa3HOE djIeMEHTapHOE BO30YKIe-
Hue AByMepHO#t cucrembl. OHA OTIMYAETCS, OMHAKO, OT OOBIUHBIX
BO30YXKIEHUN TeM, U4TO €e SHEPIud JIOTapU(PMUYECKH 3aBUCUT OT
IJIOIIAAY TJICHKHU. DTO MPUBOIUT K TOMY, YTO BUXPEBBIE HUTU MOTYT
POXKIAThCH TEIJIOBBIM 00pa30M TOJIBKO TPW TEMIIEPATYyPax BHIIIE
OIIPEIEJICHHO} TeMIepaTyphl mepexona ).

'Y Uznaraembie coobpaskenusi Guuth BhICKaszambl Hesasucumo B.JI. Bepesun-
ckum (1970) u Kocmepauyem u Tayaeccom. (J. M. Kosterlitz, D. Thouless,
1972.)
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3aMeTuM TIpexKie BCEro, 9TO POXKJIECHWE BUXPEBON HUTH TEPMO-
JUHAMAYIECKH BBITOIHO, €CJIM OHO YMEHBINAET CBOOOIHYIO SHEPTHUIO.
3menenune CBOOOMHON SHEPrUM 3a CYET POXKJEHUS BUXPEBON HUTH
pasao AF = AE—-TAS, rne AE — Bryiaj] HutH B 95Hepruio, a AS —
B sHTponm0. 3amenss B ¢popmyiie (29.8) Lo, Ha ds, umMeem

2 R w, K2 o
AE =mds—In— = —ds— In —
2 2 ’
m a 2 "m o0
rae 0 = TR? — miomanp mieHKH, og = wa’. Jurpomus AS ompeze-
Jsisiercs jiorapudmMoM 06bemMa (a30BOrO MPOCTPAHCTBA, PABHBIM JIJIS
HUTH, COCTOSHIE KOTOPOH ONpeiesisieTcs ABYMs €€ KOOPINHATAMHA Ha
IJIOCKOCTH, Jiorapudmy miom@aau. Takum obpazom,

2
AF="d," 1n% T 2, (35*.8)
2 "m? oo o1
3HaMeHATENb 01 O/, JJOraprMOM B BHIPAXKEHWUH JIJIs SHTPOIIUU MMe-
€T Pa3MEpPHOCTH IUIONAIN W TO MOPSJAKY BEJIUYWHBI PaBEH 0.
C sorapudMudecKoil TOYHOCTBIO MOXKHO TIOJIOXKUThH 01 = 0. Bo3-
HUKHOBEHHWE BUXPEBON HUTHU BBHITOAHO, ecian AF < 0, T. e. ecm
2
T>T.= Edsﬁ_ (35*9)
2 "m?
(J. M. Kosterlitz, D. Thouless,1972.)

[Tomguepkuem, 4TO JioraprM TIIOIIAIA UMEETCS U B BBIPAYKEHUN
JUist SHTponmK BO30YyXKIEeHWI OOBIYHOTO TWIIA, HATPUMEDP, POTOHOB,
i BO30YKIEHHBIX aTOMOB. HampoTus, sHeprus «OOBIYHOTO» BO3-
Oy kIeHUs He 3aBUCHUT OT mromaau. [losTomy ero poxaeHue Bcerma
TEePMOIMHAMUYECKHU BBITOJHO U HEKOTOPOE KOJIUIECTBO TAKUX BO30Y-
KJIEHUY UMeeTCs TPH JII0OBIX, CKOJIb YTOJHO HU3KUX, TEMIEPATYPAX.
Yucno ke BuxpeBbix HUTell ipu 1’ < T, cTpOro paBHO HYJIIO.

OTMerrM TakXkKe TO BAXKHOE OOCTOATENBCTBO, UTO MOCKOJIBKY
CYIIIECTBOBAHNE MAKPOCKOIMUYECKOTO YIJIOBOTO MOMEHTA, IIJICHKH
TEPMOIMHAMUYIECKY HEBBITOIHO, BUXPEBBIE HUTH MTPOTUBOIMIOIOKHBIX
3HAKOB IMUPKYJSIANA JTOJKHBI POXKJIATHCA B PABHBIX KOJIMYECTBAX,
TaK 9TO CPEJHWI MOMEHT PABEH HYJIO0. DTO TO3BOJSIET PACCMAT-
pUBaTh POXKIEHUE BUXPEBBIX HUTEH KaK MPOLECC AWCCONMAINHU Tap
CBA3aHHBIX BUXPEH.

[Tockonbky, Kak yxe ObLIO OTMEYeHO B § 29, mosBJICHWE BUXpPE-
BBIX HHUTEH O3HAYAET HAPYIIEHUE CBEPXTEKYUECTH, TIPU TEMIIEPATY-
pax Bwime 1, CBEepXTEKydecTh ucude3aeT. 1. e€CTb TeMmmepaTypa
$as30BOro mepexoga B HOPMAJIbHOE COCTOAHHE. IDTOT IIEPEXOJ,
OJTHAKO, OTJIMYEH OT (Pa30BBIX MEPEXO0B MEPBOTO U BTOPOTO POJA
¥ cueruduueH WMEHHO IJjid AByMepHbIX cucTteM. (CBepxTekydas
IJIOTHOCTH dg 0OpaIaeTcs B TOYKE MEPEX0/Ia B HYJIb ckaukoM. Hermo-
CPEJCTBEHHO HUKE TOYKU IEPEX0Ja ITA IJIOTHOCTH CBA3aHA C TEM-
nepaTypoii nepexona T, yHUBEpCAJIbHBIM COOTHOIIEHUEM (35%.9).
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Cornacao (35*%.7) u (35*.9) mokaszaresb yObIBaHHS MATPHUIbI
IUIOTHOCTH 7) PaBEH B TOUYKe Hepexoxa 1/4, tak 4ro

p(r) ~ 4, (35*.10)

Bprimre Touku nepexoma 3Ta GyHKIMS BBULY PABEHCTBA HYJIO dg YObI-
BaeT IKCIOHEHITUAIBHO.

Mpu1 yBu MM HEKE, 9TO MPU MPUOJNKEHUN CBEPXY K TOYKE Tepe-
X012 TUIOTHOCTb BUXPEBBIX HATEH CTPEMUTCS K HYJIEO IO SKCITOHEHITH-
ajpHOMY 3aKOHY. COOTBETCTBEHHO, 9KCIIOHEHITHAJBHO MAJI M BKJIAJ
BUXpel B TepMOAUHAMUYECKHE (DYHKINY, TAK 9TO B TOYKE MEPEX0/IA
HEMPEPBIBHBI BCE MMPOU3BOIHBIE TEPMOIAHAMUYECKNX (DYHKITHIA.

Croeobpa3Has CUTyaIysi IMEET MECTO B TIJIEHKAX MaKPOCKOTHNYe-
CKOM TOJIIUHBI, Jjid KOTOPBIX dg = psL. Bpamu ot A-Toukwn,
rae pe ~ p, Temueparypa T, ecin ee oueHuTh corsacHo (35%*.9),
OKa3BIBAETCS BBICOKOHN. JIByMEPHOCTH CHCTEMBI 3/I€Ch HU B YeM He
nposiBysiercsi. [lo mepe mpubisimkeHus K A-TOYKE, ONHAKO, Ps YMEHb-
MMAETCA W B KOHIIE KOHIIOB JIOCTUTAET 3HAYCHUS

ps(T) = (2Tm? /nLi?) ~ (2T\m? /LK.

[Ipu TO# TeMmEpaType TJIEHKA TEPAET CBEPXTEKYUECTb II0 OIMUCAH-
HOMY B 3TOM mnaparpade mexanu3my. Takum o6pa3om, B TOJICTOI
IJICHKE TIEpexo] ¢ 0Opa30BaHMEM BUXPEHl MPOUCXOIUT UYTh HUKE
A-TOYKH, TeM OJimrKe K Hell, 9eM TOJIIIE IJICHKA.

OnucanHbie BBINIE IBJICHUS XAPAKTEPHBI HE TOJBKO JJisI CBEPX-
Tekydero rejqusd. OHM MOTYT TPOUCXOJAWTH W B JPYTHUX JBYMEDPHBIX
CcUCTEeMaX, B KOTOPBIX B PE3YJIbTAaTe Pa3pyIIEHUs AAJbHETO HOPAI-
Ka (QIyKTyarmsaMu BO3HUKAET COCTOSTHUE C MEJJIEHHO YOBIBAIOIINMMU
KOPPEJISIUAMY, HAMPUMED B IBYMEPHBIX KPUCTAJJIAUIECKUX ILJIEH-
KaX, 0 KOTOpBIX Tia pedb B V, § 137. Ponb BuxpeBbIx HUTEH B 3TOM
CIydae WIPaloT AWUCIOKAIWHU, TEPIEeHINKYISPHBIE TIJIOCKOCTH ILJIEH-
KH. JHeprus Takoil auciokamuu uMeer Bux Aln(o/og) ). Coorser-
cTBeHHO Tipu TemrmepaTrype T, = A mpoucxonuT pa30BbIi TEPEXOI.
IIpu Temneparypax T' > T, B mieHKe MMeeTCsl KOHEUHAs IJIOTHOCTH
guciaokarumii. JIBukeHne AuCIOKAIMi B TAKOM IIJIEHKE IEJIA€T BO3-
MOXKHBIM ee TedeHne. B 3ToM cMbIc/ie OHA BeJeT cebs KaK KUJIKOCTD,
u Ha30BbIi Iepexo ] SABJISETCS IePEXOA0M ILIABJIEHUs, XOTd BO/IM3H
TOYKYU TEPEX0/a YUCIO JUCIOKANWI MaJIO, & TaM, TJ€ UX HET, uMe-
I0TCH JOCTATOYHO OOJIBINIUE «TBEPABIEY YUACTKH.

Yucjio BUXpEBBIX HUTEHN OMPEIEsIIeTCs U3 YCJIOBUsI PABEHCTBA HY-
JIFO UX XMMHUYECKOTO MOTEHIMAJIa. UTOOBI HATMCATH BBIPAXKEHUE JIJIst
Hero, 3aMeruM, 410 mobaBka (35*.8) K CBOOOLHOW SHEPruUM M €CTh

1) Cwm. VII, 3amauy 2 k §27. B paccmoTpennoit B 3T0ii 3a1a4ue MOAEIN IUCIIO-

KAIH B H30TPOIHOM TBepaoM Teie A = Lub? /8, roe p — MomyJib cusura, b —
BeKTOp Broprepca auciokaiuu, L — TOMIUHA [LIEHKH.
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XUMAYECKAI MOTEHINAJ, OJHAKO 3alIMCAHHBIN JId ClIydad HaJIU4dud
BCEro OHON HUTH Ha IIOMIAIN TLUIEHKH. UTOOBI mEPEiTH K CIIyvaro,
Kora nuMmeercs N BUXPEBBIX HUTEH HA €IUHUILY MJIOMAIN, JOCTATOY-
HO 3aMECHUTH IIOJIHYIO IIOIIAJAbL 0 HA ILIOMIAAb, IIPUXOILLAIIYIOCA Ha
OJHY HUTbD, T. €. Ha 1 /N . BBozs BMecTO 0g m 01 iBa Apyrux mapamMer-
pa Ny u €g (B6sm3u T, ©X MOKHO CYUTATH HOCTOHHHI)IMI/I), HoJIy4aeM
XUMHUYECKUUN TMOTEHINAJ HUTEMU:

wh? Y
o = (2 ~ds(T) — T) lnﬁ0 + €o. (35%.11)

m

(ITo mopsaaxy Benuuantasl Ng ~ o Lo~ T

IIpu T' = T, xoadpdurmenT mepes JJorapu@mMoOM PaBEH HYJIIO, IPH
T > T, oH moiXKeH ObITh OTPUIATEICH. 3aKOH OOPAIIEHUs STOr0 KO-
s dunmenTa B HyJ b HEIB3sT YCTAHOBUTH M3 OOIIUX COOOpaXKEHUI.
IIpenmonaras, B ayxe IIyKTyarnmoHHON Teopuu (Hha30BBIX MEPEXO-
JIOB BTOPOTO POJA, YTO ITO OOpAIEHUE IPOUCXOIUT 10 HEKOTOPOMY
CTEMTEHHOMY 3aKOHY

i
[ 25y (T) = T| ~ (T - T,
2m?
T7le ¥V — HEKOTOPBI!l KPUTHUECKUHN OKA3aTe b, U IPUPABHUBAS HYJIIO
BBIDAXKEHUE JJId XUMUYECKOTO MOTEHINAJIA, HAXOIUM TEMIIEPaTyp-
HYI0 3aBHCHUMOCTb DPABHOBECHOTO UHCIA HUTEH BBINE TOYKH
mepexoa;
N = Nyexp (—L) . (35*.12)
(T —Te)v

IIpu T — T, 310 u4mCNO, KAK yKe TOBOPUJIOCH, IKCIOHEHITUAIHHO
MaJIo.

Cpezasee paccrosiue Mexay Buxpsmu & ~ N~1/2 onmospemen-
HO OIPEJIEIIAeT KOPPEIANUOHHBIN paauyc GIyKTyanuil, Ha, KOTOPOM
MPOUCXOIUT IKCIIOHEHIINAJIBHOE YOBIBAHNE MATPHIIBI TUIOTHOCTH. MBI
BUJIMM, 9TO BOJIM3M TOYKHU MEPEXOA ITOT PAJUYC IKCIOHEHITUATHHO
BEJIUK.



''IABA IV

OYHKIVN I'PUHA IIPU KOHEYHBIX TEMIIEPATYPAX

§ 36. I'puHOBCcKUe DYHKIMA OpPY KOHEYHBIX TeMIepaTypax ')

Omnpenenenue pyukimu ['puHa MaKpOCKOTMYIECKON CACTEMBI TTPH
OTJIMYHBIX OT HyJId TeMHepaTyan OTJINYAECTCA OT HUX OIIPCOCJICHUA
TIpU HYJIEBOM TEMIIEPATYpPE JIUIIL TEM, YTO YCPEIHEHHE II0 OCHOB-
HOMy COCTOAHUIO BaMKHyTOﬁ CUCTEMBI 3aMECHACTCA pre,HHeHI/IeM 10
pacnpenesiernto 'nb6ca: cumsor (. ..) Oyzer Tenepb 0603HAYATH

(-..) =an<n|...|n), Wp, = €xXp Q_TE;‘, (36.1)

rJle CyMMUPOBAHHUE MTPOU3BOIUTCHA IO BCEM COCTOSHUSM CHCTEMBI
(ornmuaromumest Kak sHeprueit E,, tak m umciom dgactuiy Ny, ),
E! = E, — uNp, a (’I’L|8’L> — [UaroHaJIbHBI MaTPUYHBIH J1€-
MEHT [0 N-My cocTosiHmIO. OIpeneleHHbIE TaKuM 06pa3oM CpeJIHue
SHAYEHUS ABIAIOTCH (DYHKIUAMA TEPMOJUHAMUIECKUX MTEPEMEHHBIX
T, pV.

[Tpu ucciiemoBaHUY AHAJUTHYECKUX CBONCTB IPUHOBCKUX (DYHK-
nuit npu KoHewHblx Temueparypax (JI. /. Jlanday, 1958) ueneco-
00pa3HO BOCIIONB30BATHCA TAK HA3BIBAEMBIME 3aIIA3/bIBAIOIIIMA W
omepeaomuMyu QyHKIuaMU [ pUHA, aHAJIATHYECKHE CBOWCTBA KO-
TOPBIX OKa3bIBalOTCs Gostee mpoctbiMu ). Jliist onpenesiernoctu Gy-
JIeM TOBOPUTDH CHAYaJIa O (PEPMU-CUCTEMAX.

3anasdvsarowan pyuryus I'pura ompemessieTcs COTJIACHO

~ ~

(Ta(X1) T4 (X2)+TF (X2)Ua(X1)), 1> 1o,

, t1 <ta.
(36.2)

J1 MUKDPOCKOIIUYECKH OJHOPOIHON HEe(PEPPOMATHUTHON CUCTEMBI,
B OTCYTCTBHE BHEIIHETo IoJisi, 3Ta (pyHKnus (kax u obbranas Gog)

CBOIUTCS K CKAJIAPHON (DYHKIMU, 3aBUCSINEH JIAIIL OT PA3HOCTH
X =X - Xy

Glls(X1, X2) = 0,5GR(X), GR=_Gh,.  (36.3)

iGH3(X1, Xa)=

')B §36 — 38 mone3yemca cucTemoit exunu ¢ i = 1.

2) OTu QyHKIMY IPUHATO OTIUYATH HHAEKCaMH R u A — OT aHIVIMHACKHX CJIOB
retarded u advanced.
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Ilepexoq K WMIYJbCHOMY TIPEICTABJICHUIO OCYIIECTBISETCH

o6erarbM 06pasom. Ho mockomsky GE(t,r) = 0 mpu t < 0, To
B ONIPEJIC/ICHAN -
GR(w, p) = / / d@t-PIGR (1 1) dt da (36.4)
0

UHTErPUPOBaHME 10 ¢ TPOU3BOAUTCs (haKTUUeCKH Jiuib 0T 0 710 00.
CwMerenne mepeMenHo# w B BEPXHIOK MOy TIOCKOCTD JIUTID YJIydIIa-
€T CXOJUMOCTh TaKoro mHTerpaja. Ilosromy marerpas (36.4) ompe-
JieJisieT B BepXHeElH MOJIYIIOCKOCTH W aHAJUTUYECKYI0 (DYHKIUIO, HE
uMerolyo ocobenHocTeit ). B HukHedl ke MOIyIIIOCKOCTH, Ie
bysxmus GR onpenensierca myTeM aHAIMTHYECKOrO IIPOIOIKEHHS,
OHA MMEET IIOJIIOCHL (CM. HHKE).

Homyumm s bysknumn GF paznoxenne, momobHOE BEIBEICHHO-
My B § 8 pazuoxkenuto (8.7) ms dyukuuu G npu T = 0.

PackpbiB MaTpuunbli 31eMeHT (n...[n) OT NOpoU3BeICHHS
1)-0TIepaTOPOB IO MPABUJILy MATPUYHOTO YMHOMKEHUS U BHIPA3UB MAT-
pHUYHbIE IeMEHTHI B Buze (8.4), nosydum

iGE(t, 1) =
= L5 o Cmntm®) (o] (0)m) (m| 5 (0) )+

+ ei(wmnt—kmnr) <n|{b\: (O) ’m) <m|'$a(0) ’n>a
Wmn = E1In - E’fzv kmn = Pm o Pn‘

Jna nByx 4jaeHOB B (PUIYPHBIX CKOOKAX CyMMHUDPOBAHHUE IO 70 U M
“MeeT HECKOJIBKO PA3JIMYHBIN CMBIC/I: B TIEPBOM YJICHE YHCJIA YACTHIL
B COCTOSIHUSX M ¥ M CBA3aHbI cooTHOIeHuemM N, = N, + 1, a Bo
BTopoMm: N, = N — 1. UT0o0b!I yCTPAHUTH 3TO PA3JIUYUUE, BIAUMHO
mepeobO3HAYNM BO BTOPOM CyMMe WHIEKCHI 1M U 7i. 3aMETUB TaKIKe,

(nlYpa(0)[m) (mlyp (0)[n) = |(1n|1a(0)|m)|" = Amn,
NIPUBOJUM BCe BBIDasKEHUE K BUIY

iGR(t, r) = % 3wt mnttmnr) A (1 4 gmwmn/TY g,
n,m

rie

(36.5)

1) Cp. amasoruunbie paccyxacHus mis dyskmun ow) B V,§123. Cxoacrso

AHAJUTHUYECKUX CBOUCTB pyHkumit G u @, pa3yMeeTcs, He CJIy4alHO: COrJIACHO
V (126.8), nocsieHsAs BHIPAXKAETCA AHAJOMYIHBIM 00PAa30M YEDPES3 OIPEIEJIEHHBII
OIlepaTOPHBIF KOMMYTaTOP.
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Haxownen, npu BbrumciieHuu unTerpana (36.4) 3amensem (kak
u B §8) w — w+ 10 ¥ OKOHYATEIHHO HAXOLUM:

2 3 Am'n,(s _kmn —Wmn
GF(w, p) = % 3 wnﬁa ewmn/TY (36.6)

m,n
Ob6paTnM BHUMaHUE HA TO, YTO BCE MOJOCHI ITOTO BHIPAYKEHUS Pac-
HOJIOZKEHBI (B COOTBETCTBUU CO CKA3AHHBIM BBIIIIE) TI0Z, BEIIECTBEHHO
OCbIO, B HUKHEH NOJIYINIOCKOCTH W.

ITocniennee CBOMCTBO MOCTATOYHO JJIs TOTO, YTOOBI YCTAHOBUTH
OIIPEAEJICHHYIO CBA3b MEXKY BEIIECTBCHHON M MHHUMOR 4YacTaMU

byHKIIME — TaK Ha3bBaemoe coomuowenue Kpamepca—Kponuea,
Win JucnepcuoHHoe COOTHOIIIEHUE
o0
1 ImG?
ReGR(w, p) = = / mG7(u, P) gy, (36.7)
s u—w
— 00

(cM. BBIBOZ Takoro ke coorsomeHus i a(w) B V,§123). B ero
CIIPABEJINBOCTH MOXKHO TaKKe YOEeUThCs U HEITOCPEACTBEHHOM PO~
BEpKOii, orgeauB B (36.6) BELIECTBEHHYIO M MHUMYIO 9aCTH C LIOMO-
mpio hopmyssl (8.11). OTmernm TakXKe, 9TO € y4eTOM TOH Ke op-
MyJIbl MOXKHO mepenucars (36.7) B Buzme

by u—w—10
rae -
p(u, B) = 723" o Ay (u=wmn) S(P—Km) (L€ 4mn/ 7).

2

m,n
IIpu BemeCTBEHHBIX w uMeeM p = ImGE.

ITpexncrasienue (36.8) npuobperaer Gosiee ryryGOKUIA CMBICI LU
nepexosie K «MaKPOCKONUYECKOMY mpeneny» V — oo (mpu 3amaH-
HoM orHommeHun N/V'). B aT0M npesesie TOOCH Wy, CAUBAIOTCH, U
dyukus p(u) mesaeTcs OTINYHON OT HyJIs IPU BCEX U (& He IPOCTO
paBHa cyMMe O-DYHKOUU B JUCKPETHBIX TO4YKax). [Ipm stom dop-
Myata (36.8) memocpescTsenno ompenensier GF(w) B Bepxueit moiry-
IJIOCKOCTH W U Ha BemecTBeHHoit ocu. Jlyis ompenerenus xe G (w)
B HUXKHEH TIOJIyILUIOCKOCTH W HEOOXOJUMO IIPOM3BECTH AHAJIUTHAYE-
CKO€ TIPOJIOJIZKEHNE MHTETPAJIA, JJId 9ero ciemyer nedOpMUPOBATH
KOHTYD MHTETDUPOBAHUS TAKUM 00pPa30M, 4TOOBI OH BCErHa Ormbaut
TOUKY u = w cuu3y. IIpu srom GF(w) mMoxeT umers ocobenHoCTH B
HIDKHEH MOJIyIIOCKOCTH (HAa KOHEYHOM DACCTOSIHUM OT BEIIECTBEH-
HOli OcH;), KOIZa KOHTYD «3aXKUMAeTCs» MEXKJY IIOJIIOCOM U = W U
0COBEHHOCTHIO UHUCIUTEIIH.
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Onepesicarowasn pyrrxyus I'pura BBOIUTCS aHAJOTMYHBIM 00pa-
30M, COTJIACHO OIPEIEJIEHUIO,

0 , t1> 1o,

—(Ua(X1) TS (X2)+ T (X2)Ua(X1)), 1 < o
(36.9)

Oyuknus G (w, p) B UMIYILCHOM TIPEICTABICHUN SBJISCTCA AHA-
JINTUYECKOH (PyHKIMEH MepeMeHHON w, He UMeEIoImedl 0COOEHHOCTEH
B HIKHell mostymiockoctu. Ee pasiioxenue otingaercs or (36.6) us-
MEHEeHHeM 3Haka rnepes 10 B 3HAMeHATe X, DTO 3HAYUT, YTO HA BeE-

mectsennoit ocu G4(w) = G*' (w), a Bo Beeit mIOCKOCTH W:
GA(w*) = GF (w). (36.10)

Ipu w — co dynxmur GE u G4 crpemsarcs K Hy/0 110 TOMY Ke
3aKkoHy, uTo 1 pyHKnus G:

GE, G4 - 1/w npu |w| = oco. (36.11)

Hanomuum (cm. BeiBoz (8.15)), 4o k03dduimenT (eauHUIA) B 9TOM
ACUMIITOTUYECKOM BBIDAYKEHUM OIPEE/SeTCd BEJUUMHON CKadKa
dyskImu npu to = t1; ITOT CKAYOK HE 3ABUCUT OT TEMIIEPATYPHI
M OIMHAKOB I Bcex Tpex dynkmmii GE, G4, G, Kak 310 CHO U3
HAX ONPEICIICHUI.

Jl7g yCcTaHOBJIEHUS CBSA3W MEXKJy BBEJCHHBIMHU TAKUM 00OPa30M
dysxmusavmu G, GA u o6branoit dbyukmeii ['puna

iGap(X1, Xa) = (TWa(X1)TJ (X2)) (36.12)

HOJIy4uM JJIst HOCJIefHEH pasiioxkenue, anajgoruasoe (36.5). Borauc-
JICHU$I, BIIOJIHE aHAJIOTUYIHbIC IIPOU3BEICHHBIM BBIIIE, IPUBOJAT K pe-
3yJsbTary '):

G(wa p) = _@Z wnAmn(s(p_kmn)X

m,n

iGag(X1, X2) =

x {# (14¢wmn/T) +i7r5(w—wmn)(1—e_“’m”/T)}. (36.13)

Wmn —W

Cpasuus (36.13) u (36.6), naiinem

G (w, p) } _  oth
GAlw p) |~ Re G(w, p) £ cth o7 Im G(w, p). (36.14)

1) IIpu nepexoze K UMITyJILCHOMY IPEACTABICHUIO UHTErpaJ 1o ¢ pasbuBaercs
Ha JBe 9acTu — oT —oo A0 0 u ot 0 mo 00, IpUYeM B OZHOI U3 HUX IPOU3BOIUTCI
nepeobo3HavYEeHNE UHAEKCOB CYMMUPOBAHHUS M, M.
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ITpu sTOM, KaK BUAHO U3 TOrO »Ke BblpaxkeHus (36.13):
sign ImG(w, p) = —signw. (36.15)

O6paruM BEEMaHHE Ha TO, 9T byHKIma G, B orimume or GF u G4,
HE SBJISETCS aHAJUTUYECKON PyHKIMEH w.

IIpu T' — 0 umeem cth (w/2T) — signw, u u3 (36.14) cuexyer,
YTO HA BEMIECTBEHHON OCHU

R
G= { gA “> o (36.16)
Takum obpazom, dysrius G(w) npu T° = 0 npexacrasiser coboit
Ha JBYX BEIICCTBEHHBIX IOJIyOCAX W IPEAEJbHblE 3HAYeHUs (IpH
[Imw| — 0) aByx pasiudsex anajurmacckux dbyukmui: G (w) na
npasoit u G4 (w) ma JreBoit momyocn.

Jlerko namucars Beiparkenus dyuxmmit G, G4 mis uneambaoro
dbepmu-raza. JJocTaTouHO 3aMETUTH, YTO OHU yJOBJICTBOPSIOT TOMY

ke ypasrenuio (9.6), B BBIBOE KOTOPOTO WCIIOJIB30BAHO JIUIH 3HA-

qeHMe cKadka GyHKIMM npu t; = t3. Cmocob ke 06x0ma mosoca
usBecren u3 toro, 9ro mis GOF on noisken HaxomuThCH mOZ, A AIs

G4 _ yax BemecTBenno# ochbio. OTCiONa CJIe[IyeT BBIPAXKEHUE
9 -1
GOEAQY p) = [w - 2"; +ut 7;0] , (36.17)
m

CIIpaBeIJIUBOE KaK IIpU HYJICBOI, TaK U IPU KOHEYHBIX TEMIICPATy-
pax. Jlna dysxmun xe GO maxomum, cormacuo (36.14),

Cinth 5w )
i th 2 5(w P in). (3618)

IIpu T — 0 msl BepHemcs K dopmyse (9.7), omnmuaromieiics oT
(36.17) 3amenoit 40 =a i0 - sign w.

[Tpusenem amasoruuubie HOpMyJIbl st ciiydast 603€-CHCTEMBL.
3ama3apIBaionasa u onepekaonas GYHKIN [ pUHA OMPeIeIaoTCsa
COTJIACHO:

1

(0) =

(‘/I\I(Xl)‘/l\f—'_(Xz)—‘/I\f—’_(Xz){I\/(Xl)), t1>ta,
, t1<ta,
, t1>19,

—<{I\J(X1){I\l+(.XQ)—{I}—’_(.XQ){I\/(.X]_)), t1<ta.
(36.19)

iGR(Xy, X2):{

iGA (X, X2)={

7 E. M. Jludbmun, JI. II. uraesckuh
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Eciiu mpm 9TOM BAET pevh 0 TEMIIEPATYPax BBIIE A-TOYKH, TO B 3TUX
onpeesieHnsax (PUrypUpPyIOT MOJTHBIE 1)-0I€PATOPHI; TIPU TEMIIEPATY-
pax ke HUKE A\-TOYKH OINPEJIEJIEHNE OTHOCUTCS K HAJKOHJIEHCATHBIM
oneparopam. Bumecro (36.6) umeem Tenephb

GR(w, p) = (27) Z wn, M(l —e7wmn/Ty " (36.20)

— Wmn + 10
CBsi3b ke 3TOH d)yHKI_II/II/I ¢ G maerca dopmyJioit
GE(w, p) = ReG(w, p) +i th % - ImG(w, p), (36.21)

IpuYeM Ha BEIIECTBEHHON OCH
ImG(w, p) <0 (36.22)

(byuxuus G onpenensiercs, corsacto (31.1), ¢ ycpenHeHHeM 1o pac-
npezesiernto ['nb6ca BMECTO yCpe HEeHNs! IO OCHOBHOMY COCTOSIHHUIO).

Jlist mpeassHOTO Goze-rasa ¢yukmus GE maerca Toit sxe dopmyitoit
(36.17), a byukuusa G:
(0) _ —imeth @ 5 (w—P"

G (w, p) Pw—p2/2m+u imcth o7 0 (w 2m-|—,u> . (36.23)

Qusuyecknuit cmbicy yHKIMi ['puHa Npu OTIMYHBIX OT HYyJIsd
TEMITEPATYPAX B OCHOBHOM COBIAJAET C WX cMbIcaoM mpu 1 = 0.
Paszymeercs, ocrarorcs crnpaBemiuBeiMu (OPMYJIbI, CBI3BIBAIOIINE
IPUHOBCKYI0 (GyHKIM0 G ¢ UMOYJIBCHBIM PACIPEICICHUEM YACTHIL
(7.23) u BooGIe ¢ Marpuneii nnorHocTu (7.18), (31.4).

OcTaroTcst B cuiie TaK»Ke U OCHOBHBIE YTBEPXKICHUSA O COBIIAICHUU
mosiocoB (pyHknuu ['puHa ¢ 3HEpruel JIeMEeHTAPHBIX BO30Y XK IeHU!
(mockosbKY, onHAKO, caMa MyHKuus G He aHAJIUTUYHA, TO IPU ITOM

yIo6Hee TOBOPHTH O MOJIIOCAX aHAJMTHYecKO# dyukmuu G, koro-
pble OHa UMEET B HUKHEM MOJIYIJIOCKOCTH W, WJIA O TOJIOCaX (DYHK-
uun G B Bepxmei HOJIYIUIOCKOCTH ). DTO yTBEPXKICHHUE CHOBA (KaK
u B §8) caenyer u3z pasnoxkenus (36.6). XoTs B pa3/InuHBbIX WIEHAX
9TOTO pa3JIoKeHUsI (PUTYPUPYIOT TEIMEPh YACTOTHI MEPEXOMOB Winy
MEXKY JIOOBIMU ABYMsI COCTOSIHUSIMU CUCTEMBI, HO (IIOCJIE TIEPEX0/Ia
K MaKPOCKOIIMYECKOMY IIPEJIEJIy) MO-IPEXKHEMY OCTAIOTCS IIOJIIOCHI,
OTBEYAIOIINE JIUIIL IIEPEX0/IAM U3 OCHOBHOI'O COCTOSIHHA B COCTOS-
HUsI C OJHUM 3JIEMEHTAPHBIM BO30yXKIeHueM. llepexonbr ke Mex Iy
nByMs BO30YKIEHHBIMU COCTOSHUSIMU HE MPUBOAAT K BO3HUKHOBE-
HUIO TIOJIIOCA B MaKPOCKOMMYECKON omHOYacTuYHON (byHukiuu ['pruHa
IO TOM K€ TPUYHUHE, 110 KOTOPO!l HE MPUBOAAT K BO3HUKHOBEHUIO
IOJIIOCA ¥ TIEPEXOIbI U3 OCHOBHOTO B COCTOSIHHA C 0Ojiee 9eM Of-
HoOi KBazwyacruueil (cM. §8): pasHOCTH SHepruii TAKWX COCTOSHMUIL
HE OTIPEIEJIAETCS OTHO3HAYHBIM 00Pa30M PA3HOCTHIO UX MMILYJIHCOB.
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[TogyepkHaeM Tak>Ke, 9YTO IPU OTIUYHBIX OT HYJIS TEMIEPATYPAX
NIPOJIOJI?KATEJIBHOCTD >KM3HU KBa3W4aCTHUI CBA3aHA HE TOJBKO C UX
COOCTBEHHO# HEYCTONYMBOCTHIO, HO M C UX CTOJIKHOBEHUSMHU JPYT C
JApyroM. 3aTyxXaHue OT OOOMX ITUX MCTOUYHUKOB JOJIZKHO OBITH Cjia-
OBIM [1JI51 TOTO, YTOOBI TIOHATHE O KBA3UYACTUIIAX TTPOJIOJI2KAJIO UMETh
CMBICJL.

§ 37. Temneparypubie ¢pynkuun I'puaa

Jljisi TOCTpOeHWsI IUATPAMMHON TEXHUKHU BBIYUCIEHUS TDU-
HOBCKON (DYHKIMM TPW KOHEYHBIX TEMIEPATypaxX HaI0 OBLIO OBbI
mepeTH OT Teif3eHOEPrOBCKOTO IIPEACTABJIEHUS 1)-OIEPATOPOB K
MPEJICTABJICHUIO B3aNMOIENCTBHUS, KaK 3TO 66110 caenano B § 12. [Ipn
9TOM MBI CHOBA NPUILIA Obl K BBIPAXKEHUIO, OTIHYAIONIEMYCH OT
(12.12) yimmb TeM, 9TO yCpenHEHWe IPOU3BOAUTCS He IO OCHOBHOMY
COCTOSIHUIO. DTO OTIUYNE, OJHAKO, OUEHD CYIIECTBEHHO: YCPETHEHNE

omepatopa S~! yike He MOXeT GBITH OTJIENEHO OT yCDEJHEHHS
OCTaJIbHBIX MHOXUTEJIEH, KaK 9TO ObLIO COEJIAHO IPU IEPEXOIEe OT
(12.12) x (12.14); meno B TOM, YTO HEOCHOBHOE COCTOSIHUE IIOJ,

BIIESIHIEM omepaTopa S~ ! mepeBoguTCcs He caMo B cebsi, a B HEKOTO-
PYIO CyIepHo3unuio BO30YKIEHHBIX COCTOSHUI C TOH Ke dHeprueit
(BKJIFOYAONIYIO0 B Cebsi PE3YJIBTATHI BCEBO3MOXKHBIX IPOIECCOB B3a-
MMHOI'O PACCesiHUs KBa3UYACTHI). DTO 0OCTOATEILCTBO IPUBOAUT K
CYIIECTBEHHOMY YCJIOXKHEHUIO MUArPaMMHON TEXHUKYM — BO3HUKAIOT
HOBBIE YJIEHBI OT CBEPTBHIBAHWII, B KOTOPBIX YYaCTBYIOT TAK¥XKe WU
tp-omeparops u3z S L.

Mo>kHO, OJTHAKO, U3MEHUTH OIIPEIEJIEHNE TPUHOBCKON (DyHKIMH
TaKuM O0DOpa30M, dYTOOBI TOMOOHBIX YCJIOXKHEHUN HE BO3HUKAJIO.
OcHOBaHHBIN HA STOM OIPEJEJCHUN MATEMATHYIECKHN AaIMapar,
paspaboranubiii Mayybapot (T. Matsubara, 1955), B ocobenHocTH
1eJ1ecoobpa3eH Jis BBIYUCJIEHUS TEPMOANHAMUYIECKUX BEJIMYWH Ma-
KPOCKOIINYECKON CUCTEMEI.

Bsemem Tak HazbIBaeMble Mayybaposcrue Y-0mepaTopbl, COIJIac-
HO OIpEJeJIeHuo ),

M +H 7 —rH
V(T r) = e hq(r)e ,
=M _ ~H 4 —rH
U o(r,r) =€ 9 (r)e ,
rje T — BCIIOMOTaTe/IbHAsA BEMICCTBCHHAS IEPEMEHHAA; 9TH OIIEPATO-
PBI OTJIMYAIOTCA, ¢ (POPMAIBLHON TOUYKHU 3PEHNUs, OT Teii3eH6eproBCKIX

(37.1)

1) B srom maparpacde Mo 6ymem nucars GOpMysIbl OGHOBPEMEHHO st (hepmu-
cucreM u 603e-cucrem (Bbime A-Touku). IIpu pasHune B 3HaKax PepMU-CHCTEMAM
OynyT oTBedaTh BepxHUE, a 603e-cucTeMaM — HUXKHUE 3HaKH. Kpome Toro, mis
603€e-CUCTEM CJIEAYET OILYCTUTH CIUHOBHIE MHIEKCHI.

7*
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OIIepPaTOPOB 3aMEHOH B IMOCJICIHUX BEIIECTBCHHON IIEPEMEHHO ¢ MHH-
Moit Besmammoii —iT?). Takoit xe samenoit (U — UM T+ 5 UM,
i0/0t — —90/07), nanpumep B (7.8), HONYYAIOTCSA yPABHEHUS, KOTO-
PBIM yAOBJIETBOPSIOT omeparops! (37.1). C noMomipio 9TUX onepaTo-
poB HoBas GyHKIus ['puHa G OMpenessieTcs aHAJOTUYHO TOMY, KaK
obbruHasi TpUHOBCKas (pyHKIms (G ompenessercs depes reiseHbep-
TOBCKUE 1)-OTIepPaTOPHL:

~

Gap(T1, 115 T2, T2) = —(T 8N (71, 11) W} (7, 1)), (37.2)

rae cumBoa T, O3HAYaeT «T-XPOHOJIOIM3AIMIO» — PACIIOJIOXKEHUE
OIEPATOPOB B MOPSIKE yBEJIUYEHUs! T CIPABa HAJIEBO (C M3MEHEHU-
€M 3HaKa [P IEPECTAHOBKE OIEPATOPOB B CiIydae (bepMU-CHUCTEM);
CKOOKH 2Ke (...) 03Ha4YaloT yCpeAHEHHe IO pacupeaesenuio I'utbea.
ITocentee MOXKHO IPEICTABATH B ABHOM BHE, 3aIIACAB OIPEIEsIe-
ure (37.2) Kak

= Q-H'

Gag=—Sp{& T+ T (11, r1) g (12, 12)}, B=exp=——, (373)

r7ie Sp 03HAYAET CYMMY BCEX JIMATOHAIHHBIX MATPUIHBIX JIEMEHTOB.
OmnpeneneHay0 TakKuM 00Pa30M T'PUHOBCKYIO (DYHKIMIO HA3BIBAIOT
memnepamyprotli B oTamdmne oT «0bbraHoiy dyHkuuu G (KOTOpyio
HA3bIBAIOT B 9TOM CBHA3U 6pemenndll).

Kax u Gop, byskmua G,g mna HedbeppPOMAarHUTHON CHCTEMbI
B OTCYTCTBHE BHEIIHEIO0 MATHUTHOTO IO CBOJUTCA K CKAJSAPY:
Gap = G6op- i1 IPOCTPAHCTBEHHO-OTHOPOHON CHUCTEMBI €€ 3aBU-
CUMOCTb OT Iy U Iy CHOBA CBOJWTCH K 3aBUCHUMOCTH OT Pa3HOCTHU
r=rj—ro.

Jlerko Takke BHZETH, UTO y¥Ke IO CaMOMy ompezeseHuio (37.3)
dyuKIMA G 32BUCAT TOJIBLKO OT PAa3HOCTH T = T — To. llycTh, Ha-
npumep, 71 < T2; TOrJa uMeeM ?)

G = = 5T sp e T el 74 G () Ty
WM, TIPOU3BEs O] 3HAKOM SP IUKJINYECKYIO [IEPECTAHOBKY MHO-
KUTEJICH:

1 _ Iy -~ iy -~
g= :I:@eﬂ/T Sp {e” V/THNH gt ()™ ho (r1)}, 7<0, (37.4)

OTKYyJla ¥ OYE€BUIHO CIEJIAHHOE YTBEDXKIEHUE.

1) oguepkHeM, 4To B BHAy 9TOro ormums oneparop W™ ormioap He cosma-
nmaer ¢ UM+,

%) BaxJTouCHHEIH B CKOOKH MHOKHUTEIIb 2 OTHOCUTCH K (DEPMHU-CHCTEMAM, 2 JI/Is
603€e-CUCTEM [I0JIKEH OBbITh 3aMEHEH €IMHUIECH.
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Ilepemennasi T Oynmer dakTudecku npoberaTh 3HAYEHUS JIUIIb B

KOHE€YHOM HMHTEPBAJIE
~1)T <7< 1YT. (37.5)

ITpu 3rom 3uavenus Gyukuun G(7) npu 7 < 0 u 7 > 0 cBA3aHBI APYT
C IPyTOM MPOCTHIM cooTHOIIeHueM. [Ipu 7 = 71 —79 > 0, anasoruguo
BeIiBOAY (37.4), HaxoxuM

G =~ e oD G a1)e PG 1) =

= e S e TR ) VT o)), 7> 0,

a CpPaBHUB 9TO BbIpaxkeHue ¢ (37.4), mosyduum
_ 1
G(r)=FG (7 + E) , T<0 (37.6)

(BBumy (37.5) aprymenT dyHKImu cupasa npu 7 < 0 IOJIOXKUTEJIEH).
Paznoxus tenepp dbyukuumio G(7, r) B unrerpan @ypre mo Ko-
ODIAMHATAM U B Psij] (Dypbe no 7 (Ha MHTEpBaJIe (37 5)1):

eipr—_(sT)
npudeM A4 d)epMI/I-CI/ICTeM
¢s = (2s + 1)nT, (37.8a)
a g4 603e-cucreM Cs = 2s1T (37.86)

(s =0, £1, £2, ...); Opu 9TOM aBTOMATUYECKH BBIIOJIHSAETCS YCIO-
Bue (37.6). O6parHoe k (37.7) npeobpa3oBaHue UMeeT BHL

1T

(¢ p) = / / e iPr =6 G (7 1) e dr (37.9)
0

(uurerpan no obaactu —1/T < 7 < 1/T upeobpazoBan B MHTErPaJ
or 0 mo 1/T ¢ yuerom (37.6) u (37.8)).

Borunciienusi, aHaJIOTMYHbIC TPOU3BEJICHHBIM B § 36, MO3BOIAIOT
BeIpa3uTh G((s, P) 9€pe3 MAaTPUIHBIE JIEMEHTHI MIPEUHTEPOBCKUX
1/1—onepaTopOB OHu IpUBOIAT K PE3YJILTATY

(27‘(’) Amnd(p - kmn) —wmn/T
GG p) = 55D Z pFmmR (1 ke ). (37.10)

) Beeaenue sroro mpuema mpunagiexut A. A. A6puxocosy, JI. II. Topvrosy,
H. E. J3anrowunckomy (1959) u E. C. @padruny (1959).
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Orcrona BUIHO IpeEXIe BCEro, UTO

G(~Cs, P) = G (Css P)- (37.11)

Hamnee, cpasuus (37.10) ¢ passoxenusmu (36.6) u (36.20) mis GF,
HaiineM, 9To .

G(¢s p) = GR(iCs, P), G > 0. (37.12)

Yenosue s > 0 cBs3aHO ¢ TeMm, 9TO BBIpaxkeHus (36.6) m (36.20)
CIIpaBEeJIMBEI HEIIOCPEJACTBEHHO JIUIIH B BEPXHEH ITOIYIIJIOCKOCTH W,
Kak 3T0 obbscaeno Ha c. 191. Takum obpazom, B KommoneHTax Py-
pbe TemmepaTypHas (QyHKIus ['prHA COBIAMAET C 3ama3 bIBAIOIIEH
dyukuueit I'puna, B3ATON B AWCKPETHBIX TOYKAX MHHUMOW OCH W.
DTOT Pe3yabTAT MO3BOJISET, B YaCTHOCTH, CPA3y HAMKCATH BBIPAXKe-
HUeE i TeMiepaTypHoit MyHKimn ['pruHa uIeaibHOTO Ta3a: 3aMeHOM
w — (s HaxomuMm u3 (36.17)

9 -1
GO, p) = [ics - ;’—m + u] : (37.13)

B cnemgyromem maparpade OyaeT m3jIoKeHa AUATPAMMHAS TEX-
HUKa JUis BbraucieHus byukumuu G((s, p). Jdus onpenesnenus xe
bynkmun GF(w, p) (1 Tem cambiM, B 9acTHOCTH, JUIS OTIPeIEIC-
HUsl 9HEPIETUYECKOTO CIIEKTPA CUCTEMBI) HAJ0 MOCTPOUTH AHAJUTH-
4ecKyio QyHKImIO, coBuagamouyo ¢ G((s, p) B TOYKaX w = i(s U HE
MMEIOIITYI0 OCOOEHHOCTEH B BEPXHEH MOJIYIUIOCKOCTH W. DTa IIPOIE-
Jypa OfHO3HAYHA, eciu J06aBuTh TpeGosanme G (w, p) — 0 mpu
|w| = oo (cm. (36.11)). Tem He MeHEEe B KOHKPETHBIX CIIy9asiX TAKOE
AHAJIUTUIECKOE TIPOIOIKEHUE MOYKET OBITh CONPSIXKEHO C OIPEIETIeH-
HBIMHU TPYIHOCTAMU. HO Jjid BHIYMCIEHUS TEPMOIUHAMUYECKUX BE-
JINYUH €ro TMPOU3BOAUTE HE HAJIO.

Tak, mist BeIUMCIEHAS TMOTEHNMANA, () MOXKHO MCXOAUTH U3 BbI-
paXkeHusi YCPEIHEHHO# 1o pacmpefeieHuio ['mbbca MaTPHUITBI
IJIOTHOCTH

Npag(r1, r2) = £Gap(T1, 11; 71 + 0, 12) (37.14)

(oueBnmuoro u3 onpenesenus (37.2); cp. (7.17)). Ilonoxus ro = rq
(u mpocymmupoBas 1o o = 3), MOJIyYUM ISl IWIOTHOCTH CUCTEMBI

N_ip oy it &
y=<T 3 / GG, p)e e 2B (37.15)

970 BBIpakenue ompenessier N kak ¢yukiuio pu, 7', V| mocnie gero
Q(u, T, V) Beruncisiercs uarerpupoBanueM pasercrsa N=—0Q/0pu.
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§ 38. /ImarpaMMHad TeXHHMKA JJjid TEMIEPATypPHbIX
dyskmit I'puaa

JlmarpamMHas TEXHUKA I8 BBIYUC/IEHUS TEMIIEPATYPHOM yHK-
nmu ['puba G cTpouTcs MOMOOHO TOMY, KaK 3TO Aejajoch B §12,13
miisi Bpemenuoit dyukumu G. Tor dakt, 9To onperesieHre Mairy-
6apoBckux 1)-omeparopos (37.1) ormyaercss OT OLpeaeseHUs Teii-
3eHOEPIrOBCKUX OIEPATOPOB JIMIIL (OPMAJIbHOM 3aMeHO#N it — T,
IO3BOJIAECT BO MHOI'OM BOCHOJIb30BaThCA NPAMOI aHAJIOTHUEH.

[Ipex e Bcero BBoguM MaIlyOapOBCKHUE ONEPATOPHI B «IIPEICTAB-
JIEHUH B3aMMOIEHCTBUs», ommdatomuecs oT (37.1) 3ameHoi TouHO-

ro ramuibTOHHaHa H' Ha raMuibTOHUAH CBOGOAHBIX YacTul HY):

‘/I\fé%(T, r) = exp(Tﬁé)Ja(r) exp(—T}AI(')). (38.1)

CBsi3b MEXK /Ty OIIEPaATOPaAMHU \Il o \IIM OCYIIECTBJISIETCS MAIy0apoB-
CKOli S-MaTpurei, HOCTpoeHHOI/I anasiorn4so (12.8):

P
o(re, 1) = Trexp [—/ 170(7') dT], (38.2)
1
rae i 71\ 17 Iyl
Vo(1) = exp(THy)V exp(—7Hy) (38.3)

— OmepaTop B3aMMOJEHCTBUS B TOM XKe IpejicTaBjeHuu. Ho B TO

BpeMst Kak B §12 cBazp mexnay ¥ m Uy ycraHaBamBajiach TpU Ha-
YaJIbHOM YCJIOBUHU <BKJIIOYEHUS» B3auUMOJAEHCTBUA IIpu t = —0O,
TeIepb pOJIb «HAYAJIbHOI'O» YCJIOBUHA JOJKHO UIDATh COBIIaJICHUE

UM y UM npu 7 = 0. Coorsercraento Bmecto (12.11) mumem
U (7) =57 (r, 0)TYL(7)5(r, 0). (38.4)

IToncraBuM 910 BhIpazkeHue B onpeesenue Gyukipu ['puna (37.3);
TIOJIOXKUB, JIJId ONPEAEJICHHOCTH, T > T2, UMEEM

Gap(T1, T2) =
= _Sp{ Wo 1(7'1, 0)\:[]001(7—1) (Tlv 0) o 1(7—2v 0) \Iloﬂ(7—2) (T2v 0)}

(apry™meHTshI Iy, Iy st KDATKOCTU HE BBINUCHIBAEM). 3AMETUB, YTO
IIpU T1 > T > T3

~

3(7’1, 7-3) (7-17 7-2)0'(7-2’ 7-3)7
8(7’2, Tl)a_l( 73, ) = 8(72’ T3)a
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IIEPENUChIBAEM B BUIE
Gap(T1, T2)= )
=—Sp {857( 2, 0)[5 (5 )Tk (r1) 3(rs, )5 () (e, 0)] } -

MHoxuTein B KB3IPATHBIX CKOOKAX y2K€ PACIIOJIOXKEHBI B HOPSIKE
BO3pACTaHUs CHPaBa HaJeBo. [loaTOMy MOXKHO HammMCaTh

Gap(T1, 72) = —Sp{@s [Ty ‘I’Oa(Tl)‘I’og(T2) al}, (38.5)
e 5=5(%.0).

Jlerko pOBEPHUTH, YTO B TAKOM BH/IE 9TO BHIPAXKEHHIE OCTAETCH CIIPa-
BEIOJIMBBIM U IIPHU T1 < T2.
B omsmame ot (12.12), B (38.5) comepkurcs ymmmnuit (ru66cos-

CKUil) MHOXKUTEJIb, X, KDOME TOI'0, YCPEIHEHUE IIPOU3BOAUTCS €IIE 110
COCTOSIHUIO CHCTEMBI B3amMojeiicTByromux dactun. Ilokaxkem, dTo
0ba 9TH OTIMYNSA «B3aWMHO IOTAMIAIOTCA», B PE3YJBTATE UETr0 BOC-
CTaHABJIMBaeTCs OHAs aHajorus ¢ (12.14). s sToro Bocnosbay-

emMcst bopMmyJIoi =, =
e ™H = e~mHog (7, 0), (38.6)

KOTOpas HojIy4aercs myteM moncranoBku (38.1) B (38.4) u mocie-
JyIOIUM CPaBHEHMEM IOJIYYMBIIEIOCS BBIPAXKEHUS C ONPEIEJICHHEM

UM cormacno (37.1). C ee momormpio 3amensiem B (38.5)

—H'/T 51 (1’ 0) _ - HyT
T

Muoxurens xe e/T BomocuM m3-moz 3HAKA Sp, mepenecst ero u3
YHUC/IUTEId B 3HAMEHATEJIb U IIPEACTaBUB B BHU/IE

e UT = =Spe” T _ =Spe” WT&(%,O).

Haxonen, yMHOXKUB 49HC/IHTEeNb U 3HAMeHaTes b Ha exp(ly/T) (rme
Q0 — TepMOAMHAMUYECKUI IOTEHIUAJ UICAIBHOIO Ta3a IPH TEX K
sHaueHudAX 4, T, V'), mosy9uM OKOHYATEIHHO

Gap(11, T2) = — (T, M (r)) T ()5)0,  (38.7)

1
(@)o
rae preﬂHeHHe HpngBOﬂHTCH IO COCTOAHUAM CHUCTEMBI HEB3aAUMO-
rHeI/ICTByIOH_II/IX YaCTHIIL:

(..o = Sp{Bo-..}.

Awnasnorus sroro pesyssrara ¢ (12.14) oueBunHa.
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Jlng mepexoa K JUarpaMMaM TEOPUH BO3MYIIEHUH, Kak 1 B § 13,
passaraeM Bblpaxkenue (38.7) MO CTeleHsIM OIEPATOpa B3aMMOEd-
crBust Vp(7). Jusi cucreMbl ¢ HapHBIM B3aMMOAEHCTBHEM MEXKLY
YaCTUIAME STOT omeparop oriamdaercd or (13.2) smmb 3ameHOl

reiizenbeprosckux Yo, \If{)F ua marny6aposckue WM UM Cpenune
3HAYEHUsT TIPOU3BEICHUI P-OMEPATOPOB CHOBA PACKPBIBAIOTCS IO
Teopeme Buka (T. e. myTem BbIGOpPa BCEMH BO3MOXKHBIME CIIOCOOAMU
HONAPHBIX CBEPTOK OIEPATOPOB); IPUMEHHMOCTH 3TOH TEOPEMBI B
MAaKPOCKOIIUIECKOM IIPEIesie JOKA3LIBACTCH B JHAHHOM CJIyIae TeMU
Ke pacCyXkaeHusMu, 910 u B § 13.

Bozuukarorue, TakuMm 00pa3oM, MpaBUja JUATPAMMHON TEXHU-
KU BIIOJTHE aHAJIOTMYHBI TIPABUIIAM, TTOJyIEHHBIM B § 13 1j1g TexHuKn
npu T = 0. I'padudeckoe n3obpakeHne AUATPAMM OCTAETCS B TOU-
HOCTH TeM Ke. HecKoJIbKO MEHSIOTCS JIUTITh MTPABUJIA AHAJIUTUIECKO-
IO MPOYTEHUS IUATPAMM.

B koopamHATHOM TpPEACTABICHUM KaXKAOU CILIONIHON JIMHWH,
uayme# OT TOYKH 2 B TOYKY 1, COIOCTABJISIETCI MHOXKUTEJb

—ggoﬁ) (11, r1; T2, r2) (co 3mHakom wMumuyc). Kaxknoit mrpuxosoit
JIMHUYU, COCJMHAIOMEH Touku 1 m 2, OTBeYaeT MHOXKHUTEJIb
—U(r1—r2)é(m1—72). Ilo BceM mepeMeHHBIM T, I' BHYTPEHHHUX TOYEK
ZMAarpaMMbl IPOU3BOJUTCS MHTETPHPOBAHME IO doZ IO BCEMY HpO-
crpaHcTBY u 110 dT — B npegesax ot 0 mo 1/T.

Jlyis1 mepexoa K MMITYJIbCHOMY TPECTABJICHUIO HAJO PA3JIOXKHTD

Bce dyukmuu G B Buze (37.7). Ilocse mHTErpUpOBaHUs MO BCEM
BHYTPEHHUM II€PEMEHHBIM I' B KaXKIOH BEPIIWHE AMArPAMMBI BO3-
HUKaeT O-(QyHKIUs, BBIPAXKAIOIIAsA 3aKOH COXPAHEHUs WMITYJIbCA
(> p =0). Kpome Toro, B Kak/0ii BepIINHE BO3HUKAET HHTEIPAJ
BUJIA

1/T
T / eXp{—’iT(C31 + (s + Cs3}d7-'
0

Aror unrerpas (¢ yderom (37.8)) oTMUEH OT HyJIsl, TOJIBKO €CJIH
3.(s = 0, mpuuem B 3TOM ciay4dae oH paseH 1. Takum ob6pazoM, B KaxK-
JI07i BepIHE COOJIIONACTCS TAKXKe W 33KOH COXPAHEHUS JUCKPETHBIX
gacToT. Kaxk/10ii CIyIONIHOM JIMHUU CTABUTCS TEeph B COOTBETCTBUE

0 . "
MHOXKUTETH —gfx ﬂ) (¢s, p) (cuomrnoi ke uHUY, 3aMKHYTOl Ha cebs,

croBa orsewaer muoKuTeb 7(0) (#, T') — MIOTHOCTB MOEATBHOTO Ta-
3a IIpY 334aHHBIX (4, T'). KaxX 10l ITpUX0BOil IMHAK COMOCTABIIAETCS
muoxuTens —U(q). ITo Bcem mMmmynbcaM u 9acToTaM, OCTABIIHMCS
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HEONPEIe/IEHHBIME (IIOCJIe ydeTa 3aKOHOB COXDAHEHUs BO BCEX BED-
IINHAX ), TPOU3BOAUTCS MHTEIPUPOBAHUE M CYMMHUPOBAHUE BUJIA

T ézo / (;l;’)’S

O6mmit ko3 dunmenT, ¢ KOTOpLIM AuarpaMMma BXOmuT B —Gag, B

ciyuae depmu-cucrem pasen (—1)L, rne L — uumcro 3aMKHYTEIX TIO-
CJIeIOBATEIBLHOCTEN CIUIONIHBIX JIMHUN B guarpaMmme. B ciyuae ke
603e-cucteM 3TOT KO3 puimeHT paseH 1.

Pazymeercs, u B 910i1 Texuuke (kax u B Texumke mpu I’ = 0)
MOKHO IIPOU3BOJUTEH YACTUYHOE CYMMUPOBAHUE M BBOAUTH PA3JIHI-
HbIE IUAarpaMMHbIE «OJI0Kuy. B 9acTHOCTH, MOKHO OLpeNesInTh Bep-
MIIHHYIO YaCTh, BHIPAXKAIOIIYIOCS Yepe3 ABYXUACTUUHYIO DYHKINIO
I'puna. D1a BepmimHHAS YacCThb CBA3aHa ¢ QyHKIUEH § ypaBHeHUEM
Haiicona, ananoruunbmiv (15.14). Mer He GyJeM BBIIUCHIBATH TAKHUE
bOopMyIIBL, BHIBOJ KOTOPBIX BIIOJIHE AHAJOTUYEH BHIBOAY B JUATDAMM-
HO# Texuuke npu T = 0.

IIpu nepexoze x cayvaio 1T' = 0 cyMMBI 110 § B MaIybapoOBCKUX
JMarpaMMax MPEBPAIAOTCA B WHTErpajbl mo ( m MarybapoBCKast
TEXHWKA MPEBPAIIAETCA B TEXHWKY, OUYE€Hb HATIOMUHAIOIIYIO OOBIU-
HyI0, u3yiokenunyio B . II. Pasuuna, ognako, coctour B TOM, YTO
MIPU BEIIECTBEHHBIX ( MaybapoBcKue (PYyHKIMK COBIAJIAIOT CO 3HA-

wenmamu GR u G4 Ha COOTBETCTBYIONMX TOJIYOCAX MHEMON OCH
(em. (37.11), (37.12)). dns nepexona K 06braHoi Texuuke npu T = 0
HAaJI0 elre MOBEPHYTh KOHTYD MHTETPUPOBAHUs 10 COBIAICHHUS C BE-
IIECTBEHHOM OCBIO W.
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CBEPXIIPOBOJUMOCTD

§39. Cepxrekyunii epMn-ra3. JHepPreTUIECKMil CIEKTP

Best uznoxennas B ri1. I Teopus Jlanmay oTHOCHTCH TOJNBKO K OI-
HO¥ Kareropun (HPepMU->KUIKOCTEH — K YKUIKOCTSM, 00JIaJaronmm
SHEPreTUYECKUM CIIEKTPOM, HE MPUBOISAIIUM K SBJIEHUIO CBEPXTEKY-
9eCTH. DTOT THUM CIEKTPOB HE SBJISIETCS €JUHCTBEHHON BO3MOXKHO-
CTBIO JJIs KBAHTOBOHN (DEPMU-KUIKOCTU, U MBI IEPEXOJUM TEIEPh K
n3ydeHuro pepMu-CUCTEM CO CIIEKTPOM Apyroro tuma. [Ipomcxoxme-
HU€ 3TOTO TUIA YHEPTETUYECKUX CIEKTPOB M €r0 OCHOBHBIE CBOM-
CTBa MOXKHO Hawbojee HAMISATHBIM 00pPAa30M BBISCHUTH HA MPOCTOMH
MOJIeJIN, JTOIYCKAIOIEH MOJHOE TEOPETUUECKOE UCC/IEIOBAHNE — BbI-
POXK/JIEHHOM TOYTH HAEAJLHOM (PEPMU-TA3€ C MPUTHNKEHUEM MEXKIY
JacTUnaMu *).

Cnabo Henmea bHBIN HepMU-TA3 C OTTAIKABAHUEM MEXKTY YaCTH-
namu 6611 paccMoTpeH B § 6. Ha mepBbIit B3TIIs1, TPON3BEIEHHBIE TaM
BBIUNCJICHUS B PABHOM CTEIEHN CIIPABEJIMBEI KAaK JJIs CJIydasi OTTaJl-
KVBaHUs, TaK U JJIsl COydas MPUTSXKEHUS MEXKIY YaCTUIAMHU, T. €.
KaK TIPU MOJIOXKUTEJILHON, TaK U NIPY OTPUIATEBHON JJINHE pacces-
Hud a. B meiictBuresnbHOCTH, OfHAKO, B ciy4ae npurskerus (a < 0)
HaliJleHHOe TaKUM 0OpPa30M OCHOBHOE COCTOSTHME CHUCTEMBI OKA3bIBa-
€TC4 HEYCTOMYMBBIM IO OTHOIICHUIO K OIPEICJICHHON NepecTPOMKe,
MEHSIOIIEN ero XapaKTep ¥ MOHUXKAOIIEH HEPIHUIO.

Qusudeckas IPUPOAA ITON HEYCTOWIUBOCTUA COCTOUT B CTPEMJIE-
HUU YaCTHUI K «CIAPUBAHUIO»: OOPA30BAHUIO CBA3AHHBIX COCTOSAHUMN
napaMy YacTUIl, HAXOAAMUXCs (B P-IIPOCTPAHCTBE) BOJIU3U depmu-
ITOBEPXHOCTHU ¥ OOJIAJAIONINX PABHBIMU II0 BEJUYUHE U ITPOTUBOIIO-
JIOXKHBIMHU TI0 HAIMPABJIEHUIO WMITYJIbCAMH M AHTHUIAPAJIEIbHBIMU
cimHAMU — Tak HasbiBaeMmblll agpexm Kynepa (L. N.Cooper, 1957).
3amedaTesIbHO, YTO 9TOT 3(P(MEKT BOZHUKAECT B (DEPMU-TA3E yIKE MIPU
CKOJTb YTOJHO CJIAOOM TIPUTSIZKEHUU MEXKIY YACTUIAMU.

WNwmenno B cuny sroro acpdexTa ucnonp30BaHHasd B 3a1a4e 0 (ep-
MH-Ta3€¢ C OTTAJIKUBAHHEM CHCTEMA OIIEPATOPOB Opa, ’d;,“a, COOT-

BETCTBYIOIUX CBO60,HHBIM COCTOAHUAM OTACJBbHBIX YaCTHIl TIa3a,

')Dra 3amaua JEKUT B OCHOBE TEODHM CBEDPXTIPOBOJMMOCTH, TOCTPOEHHOL
Bapounom, Kynepom n Hlpupgepom (J. Bardeen, L. N. Cooper, J. R. Schrieffer
(1957). Usnaraemelit Huxke Meron peureHust npunajyexur H. H. Bozoawbosy
(1958).



204 CBEPXIIPOBOJVMOCTD LV

HE MOXKET CJIy?KUTb TEIEePh MPABUJIBHBIM MCXOJHBIM ITPUOJIAKEHAEM
Teopuy BO3MyIeHui 1). BMecTo HUX HAIO yXKe cpa3y BBECTH HOBBIE
OIIEPATOPHI, KOTOPHIE OYJIeM MCKATH B BUJE JUHEHHBIX KOMOWHAIMMA
o ~t
bp— = Uply_ + v, a;p +, (39.1)
by = Uplipy — Vp07p,
00BEIUHAONTAX OMEPATOPHI YACTHIL C TIPOTUBOIOJIOKHBIMU UMITYJIb-
caMM W CIMHAMU (MHJAEKCHI + M — OTHOCATCS K JIBYyM 3HAYCHUSIM
IPOEKINY CIWHA); B CHJIy H30TPONHU ra3a KOIhDQHUIMEHTH Up, Up
MOTYT 3aBUCETH TOJIBKO OT abOCOJIOTHOM BEJIMYUHBI UMITYJIbCa P. Jljis
TOTO Y4TOOBI 9TU HOBBIE OMEPATOPHI OTBEYAJIU POXKJICHUIO U YHUUTO-
JKEHWIO KBA3WYACTUI], OHU JOJXKHBI yJIOBJIETBOPATh TAKUM YK€ TIPa-
BuJIaM KoMMyTaruu PepMu, KaK U CTaphle OMepaTOPh:

boabpa + Opabpa = 1, (39.2)

a BCE JIPYT'He Mapbl ONEPATOPOB AHTUKOMMYTATUBHBI (MHAEKC (@ HY-
MepyeT JBa 3HAYEHUs IPOEKIMU cruHa). s 31oro koaddunuenTo
peobpa3oBaHus TOJIKHBL YIOBIETBOPATDH YCIOBUIO

2 2 _
Uy + v, = 1 (39.3)
(up, Up MOTYT OBITH CJIEJIaHBI BEMICCTBEHHBIME HA/IJICKAIINIM BBIOO-

pom dazoBoro muoxkuTeNs). [Ipr sToM 06paTHOE (IO OTHONIEHHIO K
(39.1)) mpeobpazoBaHue uMeeT BUL

§p+=u bp++’l)b_ _, (39'4)
ap = Upbp_ — vpb -p,+

ITo Tem ke mpuunHaM (OCHOBHON POJIM B3aMMOAEHCTBHUS MEXKIY
HapaMy YacTHUIL C IPOTHBOLOJIOKHBIMY UMITYIHCAME U CIIMHAMMU) MBI
COXpaHWM B ramuiibToHHMaHe (6.7) BO BTOPOi CyMMe JIWIID YIEHBL, B

KOTOpBIX P1 = —P2 =P, Pll = _PIQ =p"
— P’ ata. — g ~b o~ ~ ~
Z Apalpa ~ 3, Zap’Jra’—p’,—a—p,—aer’ (39.5)
pp’

TJle CHOBA BBEJICHA «KOHCTAHTA CBaA3W» g = 4mhZ|a|/m (nymna pac-
cesiung a < 0).

1)YKaBa,HI/Ie HA HEIPUMEHMMOCTb TEODHU BO3MYLICHWH (B WMCIOJB30BAHHON
B §6 dopme) Kk mapam YacTHL ¢ NPOEKIUAMH COMHOB +1/2 u ¢ mMmmysibcamu
P2 & —p1 Jaer yxke Hajuuue ocobennoctu npu ¥ = m, KOTOPO 06J1a,qaeT no-
JIYY€HHOE C IIOMOIIBIO ITO TeOpuU BbIPDAXKCHUE (byHKI.II/II/I BBaI/IMO,I(eI/ICTBI/IH KBa-
sugacrur, (6.16); 9Ta 0COGEHHOCTD CYIIECTBYET TOJIBKO IPU AHTHUIAPAJJIEIbHBIX
CIIMHAX, KOTOPBIM OTBEYaeT PaBHOE —3 COOCTBEHHOE 3HAUCHUE ONEPATOPA O103.
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B nmanbrelmux BhraucieHusx Oyaer ymoOHO CHOBa BOCIIOJIB30-
BaThCH OOBIYHBIM IIPUEMOM, MTO3BOJISIOIIMM U30ABUTHCH OT HEOOXO-
JAUMOCTH SBHBIM O0OPa30M yYHUTHIBATH MTOCTOSHCTBO HMCJIA YACTHIL
B CHCTeMe: B Ka4eCTBE HOBOI'O IaMUJIBTOHUAHA BBOJUTCH PAa3HOCTH

H' = H — uN, rne
_ /\+ ~
=) _a3apa
pa

— OIEepaToOp YHUCJIa YaCTUI]; XUMUYECKHUN MOTEHIUAJ OIPEESIIETCI

3aTeM, B IPUHITUIIE, YCJIOBUEM PABEHCTBA CpeAHETO 3Hadenuss N 3a-
JAHHOMY UHCJLy YACTHI] B CHCTEME.
Beenem Taxkxke obosHaueHUE
2

=2 —p. (39.6)

2m

ITockompky p = p% /2m, To B6um3u noBepxuocTu Pepmu
Ny =vr(p — pr), (39.7)

rae vp = pp/m. Boruntas pN u3 Beipaxkenus (39.5), HamumeMm,
TAKUM 00pPa30M, MCXOAHBIN raMUJILTOHUAH B BUIE

= ana;aapa - 5 Za:,—/+ai_p/, _a—p,—ap+~ (39.8)
pa pp’

[TpousBeneM B 3TOM raMuibTOHHAHE mpeobpasosanue (39.4).

Ucnons3ys coorromenns (39.2), (39.3) 1 BO3MOXKHOCTH 3aMEHBI MH-
JIeKCa CyMMHPOBAHHS P HA —P, IOJLYIUM

' =23 gty + 3 gl 0p) (b Bp + b Do)+
+2 Z MpUpUp (b b _ +bp, bpi) — Z B, Bp, (39.9)

5 g ~ ~ ~ ~ o
Bp = uyb_p, —bpt — b b, upup(bop b, — b bpy).

Bri6op k03 PUIUEHTOB Up, Up OCYMIECTBUM TEIEPb U3 yCJIOBHA
MWHWMAJIBHOCTH dHeprun F cucreMbl mpu 3aJannoi suTponuu. [lo-
CJIeTHSAST ONPEIEIISETCd KOMOMHATOPHBIM BBIPAYKEHUEM

S=- Z[npa Innpe + (1 — npa) In (1 — npa)].
Pa

IlosToMmy ykazaHHOE yC/IOBHE SKBUBAJIEHTHO MUHUMU3AIUYU SHEPTUU
IpH 3aJaHHBIX YUC/IaX 3aIlOJHEHUsS KBa3UYACTHIL Npq .
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B ramunbronuane (39.9) amaroHajbHBIE MATPHYHbBIC IEMEHTHI
UMEIOT JIWIIB YJICHBI, COIEPXKAIINe IPOU3BEICHU

o~ o~

+ _ T O+ _
bpabpa = Npa, bpabpa =1-—npq.

TlosTomy maxomum
E=2 anvf, + an(“f) - ”;%)(nm- +np-)—
P P

2
- % > upvp(l — npy —np_)| . (39.10)
P

Bappupyst 970 BBIpakeHme IO IapaMeTpaM U, (y4uTbiBasg Ipu
9TOM CB#3b (39.3)), HOJMyYUM B KA4eCTBE YCJIOBHS MUHUMYMa

0FE 2
duy —E(l — Npt — Np-) | 2NpUpvp—

—g(uf, — ’1]12,) Zup/vp/(l — np/+ — np/_) =0.
p'

Otcioga Hax0IUM ypaBHEHUE

2npupvp = A(ufJ - vz), (39.11)

rae A obo3HaYAET CyMMYy:
A= 5 Zp:upvp(l —Npt — Np_). (39.12)

W13 (39.11) u (39.3) BeIpazkaeM up, vp 4epes M, u A:

2
U,
Pl _ 1 Ny
=14+ —=2=-—. 39.13
”ﬁ} 2( x/A2+n%> (3919)
IMoxncrasus ke stu 3uadenus B (39.12), mosyuum ypaBHeHUE, Ompe-
pessomee A:

£ Z—l—np+—np— =
2V P 7/ A% + 77%
B paBHOBeCI/II/I YHCJIa 3allOJIHEHUA KBAa3WYaCTHUIL HE 3aBUCAT OT Ha-

TpaBJieHUs COWHA W JA0TCsd (opMyJsoi pacmpenesienus Depmvm
(c PaBHBIM HYJII0 XMMHUYECKUM MOTEHIUAJIOM — CpP. IPUMEYAHUEe

Ha c. 18):
Npy =np_ =np = [e/T +1]7L. (39.14)
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Ilepeiins Tak2ke OT CyMMUPOBAaHWS K MHTEIPUPOBAHUIO MO P-TIPO-
CTPAHCTBY, 3allUIlleM 3TO ypaBHEHUE B BUIE

3
g [ 12 dp _ 4 (39.15)
2J /A2 42 (27R)3
O6paruMcsi K WCCIEIOBAHUIO TOJYYEHHBIX COOTHOIIEHU. Mbl
YBUAMM, YTO BeJUYMHA A HWIpaeT OCHOBHYIO POJIb B TEOPUH CIIEK-
TPOB PacCMATPUBAEMOIO THUMA. BBIYUCIMM MPEXK]E BCETO 3HAUEHUE
sroii Besmumbl npu I’ = 0 (0603HauuM ero yepes Ag).
ITpu T' = 0 KBa3WIACTHUILI OTCYTCTBYIOT, TaK 4TO np = 0 u ypas-
uenue (39.15) npuHEMaeT BUL

g dnpdp g (39.16)
202xh)3 J \/AZ 2 ' '
Cpa3y e OTMeTWM, YTO ITO YPABHEHHE 3aBEJIOMO HE MOTIJIO ObI
umeTh pemenus (s Ag) npu g < 0, T. €. B ciIy4ae OTTAJKUBAHUS
(3Haku 0beux CTOPOH ypaBHEHUs ObLIM ObI 3aBEIOMO PA3JIAYHEL).
OcuosHoit Bkiaz B uaTerpas B (39.16) BHOCHT 06/1aCTh HMITYJIb-
coB, B KOTOpOit Ag < Vp|pr — p| < UFpF ~ [ ¥ UHTETPAJ UMEET
JsiorapudMudeckuii xapakrep (MaJgocTh Ay MO CPABHEHUIO C L TIOJ-
TBepKJaeTcd pesyiasraToM). Obpesas siorapudMudecKuil HHTErpas
[PU HEKOTOPOM 1) = € ~ [i, IMeeM )

p2dp zp_%‘/—dn zﬁlni
B3+ ke 7 e ) @GR we A

IlosTomy maxommm

gmpr 1 & _q, (39.17)
271 Ao
OTKYIa
223
Ag = Eexp (—27T f > = Eexp (— Ll > . (39.18)
gmpr 2pr|al

YMpu p>>pr Bemmuuna 7, o p°, m uarerpan (39.16) B HamucammoM BHIE
pacxomuTcs, Kak p. B nelcTBUTENBHOCTH, OJHAKO, 3Ta PACXOAUMOCTb (DUKTHB-
Ha U yCTPAHSAETCs IMEPEHOPMHUPOBKON CBA3M MEXKJy KOHCTAHTOH g (T. e. JJIMHOI
paccesiHUsI @) U HNOTEHIMAJIOM B3aUMOZEHCTBUs, MOJZOOHO TOMY, KakK 3TO OBLIO
caesnano B §6 u 25. ITociienoBare/bHOE IPOBEIEHUE TAKOTO AOBOJIBHO CJIOXKHO-
ro pacdera JAeT BO3MOXKHOCTH ONPENE/IUTH TaKKe U KOI(PODHUIMEHT IPONOPIH-
OHAJILHOCTH MEXKJy MApaMeTPOM OOpE3aHus £ M XUMHIECKUM TIOTEHI[UAJIOM [i:
£=(2/e)"2u=0,49 u (cm. JI II. Topvros, T.K. Meaux-Baprydapos// KIT®.
1961. T. 40. C. 1452.
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9TO BBIpaXKEHHWE MOXKHO 3aIMCATD TAKXKE B BUJIE

Ag = Eexp(—2/gvr), (39.19)
rie vp = mprp/m2h3 — sHepreTmdeckas MIOTHOCTH YHCIIA COCTOS-
HUil gacTuupbl Ha depMu-TIoBepXHOCTH (Yde — YHUCIO COCTOSHUMN B
uHTEpBaJe dE).

Hawubompmmuit uaTepec npenctasigeT GHoOpMa IHEPreTUIECKOrO
CIICKTPa CHCTEMBI — JHEPIHs 3JIEMEHTAPHBIX BO3OYXKIeHUl €py =
= ep_ = &(p). Mbl HaiizeM ee 10 U3MEHEHUIO SHEPTUN BCEil CHCTEMBI
[IPU U3MEHEHUY YHUCEJI 3alOJIHEHUS KBa3WIACTHIL, T. €. IPOBAPBUPO-
BaB E u3 (39.10) mo npe. [TockonbKy 3HAYEHUS Up, Vp Y2KE BHIOPAHBI
U3 yCJIOBUS PABEHCTBA HYJIIO IPOM3BOAHBIX OT F mo HEM, TO Bapbu-
poBanue F 10 np, MOXKHO IPOM3BOJAUTH IIPU IMOCTOSHHBIX Up, Up.

Takum obpa3zom,
(o)
€= .
0npa UpUp

Berancinenue npoussoguoii ¢ ucnosnszosanueM (39.11) — (39.13) mpu-
BOJUT K IIPOCTOMY Pe3yJIbTaTy:

e(p) = /A2 +73. (39.20)

MpI BUAMM, 9TO SHEPIHUsl KBA3UYIACTHUIIHI HE MOXKET ObITH MEHbBIIIE
BeMuuHbL A, mocturaemMoit pu p = pp. Jpyrumu cioBamu, BO3-
Oy KJIEHHBIE COCTOSIHUSI CUCTEMbI OTJIEJIe-
HBbI OT OCHOBHOTO YHEPreTHYECKON IIEJIbIO.
Ob6u1a1asi TOYIIENIBIM CIUHOM, KBA3UYACTHU-
bl JIOJIZKHBI MOSIBJIATHCA TapamMu. B 3ToM
CMBICJIE MOXKHO CKa3aTh, YTO BEJIMYUHA IIle-
A sgu pasHa 2A. ObpaTnM BHUMaHWE HA JKC-
MOHEHIIUAJIBHYI0 MaJIOCTh 3TOM BEJUYUHBL:
HOCKOIBKY prla|/h < 1, To Ag 9KCHOHEH-

P—Pr nuanpHO MaJIo 1O cpaBHEHUIO ¢ (. OTMeTnM

Puc. 5. Takke, 4T0 BbIpaxkeHue (39.18) me Moxer

ObITH PA3JIOKEHO MO CTEMEHAM MAJIOrO Iia-

pameTpa — KOHCTAHTBI CBSI3W g; MOC/IEIHss BXOAUT B 3HAMEHATEJIb

MOKA3aTe/Is SKCIIOHEHTBI, TaK 4TO 3HaueHme g—0 sdBJIgeTCS CyIie-
CTBEHHO 0c0ob0i Touko# dbyHKImU Ag(g).

Cuextp (39.20) yIoB/I€TBOPSIET YCTAHOBJICHHOMY B § 23 yCI0BUIO
CBEPXTEKYYECTU: MUHUMAJbHOE 3HAYEHNE € /P OTIMIHO OT HyJst. [lo-
5TOMY (hepMU-Ta3 C MPUTIKEHUEM MEXKTy YACTUIAME JOJIKEeH 00J1a-
JIaTh CBONMCTBOM CBEPXTEKYYECTH.

Ha puc. 5 cpaBHEHBI 3aKOHBI AUCIIEPCUN KBA3WYACTHI[ B CBEPX-
TeKydeil (BepXHsis KpUBasi) M HOPMaJIbHOlM (epmu-cucremax. B mo-
cieHEH 9TOT 3aKOH n306parkaercs (B COOTBETCTBUM C YKA3AHHON B
KoHIE § 1 TPAKTOBKOI) JBYMS IPSAMBIME € = VR |p — pF|.
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Besuunna menn A 3aBUCUT OT TEMIIEPATYPHI, T. €. cama HopMa
CIEKTPa 3aBUCHAT OT CTATUCTUYECKOTO PACIPEIESICHUs KBa3Wda-
CTHI] — CHTyalldsl, AHAJOTUYIHAS TOMY, 9UTO WMMEET MECTO JJis
bepMU-KUIKOCTH HOPMAJIHHOTO THMa. [l0CKONBKY Py BO3paCTaHUN
TeMIIepaTyPhl YUC/Ia 3AIOJHEHUS KBA3UYACTHI[ BO3PACTaOT (CTpe-
MsCh K 1), To yxke u3 ypasrenus (39.15) Bugso, uyro A upm
9TOM YMEHBITIAETCA U TIPU HEKOTOPOW KOHEYHO# Temmeparype T,
00paTUTCS B HYJIb: CHCTEMA, TIEPERIET U3 CBEPXTEKYYIEro COCTOSHUS B
HOPMAJIFHOE. DTa TOUKA MPEJICTABIIET cOH0i ha30BBIi MEPEXo] BTO-
poro pona (HogobHbIH A-IepexXoy B CBEPXTEKydeil 603e-2KUIAKOCTH ).

Hasmune snepreTuyeckoil mesin B CIEKTPe BBIPOXKIAEHHOTO (ep-
MU-Ta3a U SABJISETCSA BhIpaXKeHuEeM 3(pPeKTa «CIapuBaHUudg», O KOTO-
pPOM y2Ke TOBOPHJIOCH B Hadaje maparpada. Bemmumny 2A MoxKHO
paccMaTpuBaTh KaK HEPTUIO CBA3W KYMEPOBCKOW MapbI, KOTOPYIO
HAJIO 3aTPATUTD JIJI €€ PAa3PbIBA.

Famuisronnan (39.5) yumreiBaeT (Kak y»Ke OBLIO OTMEYEHO
B § 6) B3auMozeliCTBYE JIMIIH MEXK/Ly [TAPAMU YACTUILI, HAXOISAIMMUY-
€S B CHHIJIETHOM S-COCTOSTHUY: OPOUTAIBHBI MOMEHT OTHOCHTETHHO-
TO JIBUXKEHWST JACTUIL PABEH HYJIO, & WX CIWHBI AHTUIAPAJIICIbHEI.
Obnagasa paBHBIM HYJIIO TIOJIHBIM CIIMHOM, TAPHI BeIyT cebst Kak 60-
3eBCKHE 0OPA30BAHMS W MOTYT HAKAIIJIMBATHCS B KOHEYHOM UUCIIE HA
ypPOBHe (CBOETO JBUKEHUSI KAK I€JIOr0) C HAMMEHBINEH dHepruei —
YPOBHE C PABHBIM HYJIIO CYMMAaPHBIM MMITYJILCOM. B TakOM Harssii-
HOM WMCTOJIKOBAHWH TO SIBJICHVE BIIOJIHE AHAJOTUIHO HAKATIJTMBAHUIO
YaCTHUI[ B COCTOSIHWM C HyJIeBOU sHepruedi (603e-3HHINTERHOBCKO
KOHZICHCAIMu) B 603e-ra3e; B JAHHOM CJIy4ae KOHJCHCATOM SIBJISIETCS
COBOKYITHOCTh CIAPEHHBIX YACTHUII.

[IpencraBiaennio O CBSA3AHHBIX MMApaxX HE CJIEJyeT, KOHEYHO,
MPUIABATEH CJIUITKOM OYKBaJBHBIN CMBICT. Bojee TOYHO ciiemayeT ro-
BOPUTH O KOPPEJIAINA MEXKIY COCTOSHUSMHU TAPHI YACTHUI] B P-TIPO-
CTPAHCTBE, TPUBOJLINIEN K KOHEUHOW BEPOATHOCTH JACTHUIAM UMETH
PABHYIO HYJIIO CyMMY UMITYJIBCOB. Pa3dbpoc dp 3HAUEHU T MMITYIbCOB B
00JIaCTH  KOPPEJIAIUM  COOTBETCTBYET DHEPrUM  MOPSAaKa A,
T. e. 0p ~ A/vp. CoorBercrByromas gnmuua & ~ hA/dp ~ ﬁvp/A
OTIPEIEJISIET TOPSAOK BEJIMYWHBI PACCTOSHUN MEXKIY YACTUIAMU C
KOppeJMpoBaHHbIME uMIy/bcamu. 1lpu T = 0 s1a mimHa (ee Ha3bI-
BAIOT 0AUHOT KO2EPEHMHOCTIU)

g~ LB onp ( mh ) : (39.21)
Ao pF 2pr|al

ITockosbKy B BBIPOXKICHHOM (hepMu-ra3e fi/pp COBIALaeT 1O MOPs-

Ky BEJIMYUHBI C ME2KaTOMHBIMUA paCCTOﬂHI/IﬂMI/I, TO MbI BUIOIUM, qTo go

OYE€Hb BEJIUKO IIO CpaBHeHI/IIO C IIOCJICOHUMM. STO O6CTOHT€.TI])CTBO B

OCO6€HHOCTI/I HaIVIAdHO ,HeMOHCTpI/IpyeT YCJIOBHOCTB IIOHATHUA O CBdA-

3aHHBIX Haan.
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[Ipouncxoxaenne adpderra Kymepa TecHO CBA3aHO € CyIIECTBO-
BaHMEM (DEPMU-TIOBEPXHOCTH, OrPAHMYMBAOIIEH (B P-IIPOCTPAHCTBE)
KOHEYHYI0 00J1acTh 3amnoiHeHHbX (mpu 1' = 0) cocrosiHuil; BasKHOE
00CTOSAATEIIHCTBO COCTOUT B TOM, YTO IHEPreTUYIECKAs IJIOTHOCTD YKC-
JIa COCTOSIHUI Ha ITON MOBEPXHOCTH OTJIUYHA OT HyJisd. JTa CBA3b
nposiBisiercst B dopmyste (39.19) st Besmumsbl menn Ag, obpa-
matoreiica B HyJb upu Vg — 0.

§40. Csepxrekyunii pepmn-ra3. TepmogunamMmuieckne cBoicTBA

UNsyuenue TepMoIuHAMUYIECKUX CBOMCTB CBEPXTEKYUEro hepMu-
ra3a HAYHEM C BBIYUCJICHUA TeMHepaTypHOfI 3aBHCUMOCTHU BCJINYNHBI
sHepreruyeckoil mesu. Ilepenucas ypasuenue (39.15) B ciemyrommem

BHJIC .
— Npd p
1+3 / s@rrp / =(2nh)?’

3aMe€4dacM, YTO HHTEIrpaJl B €ro JIEBOM YaCTU OTJIMYAETCA OT UHTE-

rpasa npu T = 0 jwumb 3amenoit Ag Ha A. HoaTOMy VUUTBIBAS
(39.17), MBI BuamM, 4TO JieBasi 4aCTh PaBHA gpi,:: In 0 A . B mpagoit
™

YaCTH MOACTaBIIAEM Np u3 (39.14) U mepexoauM K MHTEIPUPOBAHUIO
no dp = dn/vp:

Bo _ dn__ _ 97 (2
20 /EMTH) =21(2), (40.1)
— o0
rIe
dz
Vz? +u?(expvz? +u2 +1)

(BBUIY OBICTPOIl CXOAMMOCTH MHTETPAaJa MPEIesibl MHTETPUPOBAHUS
MOTYT OBITH PACIPOCTPAHEHBI 1O +00).
B obnactu muskux temneparyp (I' < Ag) uHTErpas BBIYHCIIS-

eTcs IpocTo ' ):
A=A, [1 - \/ﬂe—Ao/T] . (40.2)
Ao

1Y IIpu 6ombmux u nepseril wien passoxenus I(u) mo 1/u:

oodm z? T\2 _,
I(u)%/zexp |:—u (1+ﬁ)]:(%) e
0
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B obsactu ke BO6u3KM TOUKM mepexoa A MaJio, ¥ IEPBbIE WIECHBI
pasnoxenus unrerpasna I(A/ T) Jamoor )

Ao (B A
’yA gr2 T2

Orcrona, mpexkJie Bcero, BUIHO, 9T0 A 0OpaInaeTcs B HyJIb DU TEM-
neparype

In==1In

(40.3)

T, = vAg/7m = 0,57Ay, (40.4)

MaJIOfl IO CpaBHEHUIO C TeMIepaTypoil Beipoxkaenus 1y ~ . [locie
3TOro B mepBOoM mopganke mo 1, — T mogyyuum

1/2
A=T, [ﬁ (1 - 1)} — 3,06T.,/1— L. (40.5)
7¢(3) T. T.

1) Mas pasnoxenus umrerpasa I(u) mpu u — 0 mpuGaBjiseM u BHIYATACM U3
HEro MHTETpaJs

1 1 1 x
I, == —  — —th= .
1 2/( —— mt 2)d:1:
0

Torma I = I + I, toe
N 2
S N (N S SN L
2 2 \/{I;2+u2 2
0

B I, mepsBbIil 4jieH B IOABIHTETPAJBHOM BBIPA’KEHUH HHTEIDUPYETCS JIe-
MEHTApHO, a BTOPO# MHTETPUPYEM IIO JaCTAM U HAXOIUM

I

fe o)

u 1 Inz
of = —In %
1=-lng+3 /chZ( 72y

Crosimuii 3nece unrerpas pases 2 In(m/ 27) (rme Iny = C = 0,577 — nocrosanas

Diepa), Tak uro 2I; = In(w/vu).
Wurerpasn I, obpamaercs B HyJib npu v = 0. IlepBeiit 4jieH ero pasJjioxKeHus

no u?: oo
2
u dx (1
Lh=—— [ — (=
: 4/:1:(:1:
0

Iloxacrasass cioma pasoxkenue

T 2 2 21-1
th§—4mzo[7r (2n+1)° + 27
(ero BeIBOZ CM. B mpuMmedaHuu Ha c. 224) mosy4um

B dx u? s 2T¢(3
2l = 4u® ) /[(2n+1)2772+:1:2]2 =5 @) =d’ 2o
n=0 0 n=0

=~




212 CBEPXIIPOBOIVMOCTD LV

Ham ocrtasioch BBIYUCIUTH TEPMOAMHAMUYECKUE BEJUUUHBI TA3a.
Paccmorpum crHagasia 06/1aCTh HU3KUAX TEMIIEPATYP.

Jl1s BBIYMC/IEHUST TEIJIOEMKOCTH B dTO# 00JIaCTU MPOIIE BCETO
UCXOIUTH U3 (POPMYJIBI

0FE = Zs(dnp+ +dnp—) =2 Zaénp
P P

JJ15 U3MEHEHU MOJIHOM SHEPIuy IPY BapbUPOBAHUH YHUCEJI 3aIl0/IHe-
HUA KBazw4dacTui,. Pazmenus Ha 1 u mepeiiasg OT CyMMUPOBAHUS K
WHTETPUPOBAHUIO, IIOJyIUM TEIJIOEMKOCTh!

[e o]
Cc =y / 5a—nd77.
w2k oT
—00
Ipu T < A dyHKIus pacupegenenus Kpasuuactun n ~ e /T a

ux sHeprus € ~ Ag + 12/2/A¢; TPOCTOE MHTErPUPOBAHUE TPUBOIUT
K pe3yJIbTaTy: 52
C = VY2mEERY —o/T (40.6)
3/2K3T3/2
Taxum obpaszom, mpu T — 0 TemioeMKOCTb yOBIBAET MO SKCIIOHEH-
MUAJBHOMY 3aKOHY — TPSAMOE CJICJCTBUE HAJUYUS I B SHEPre-
TUYECKOM CIIEKTPE.

Jlis majbHERINUX BBIUUCIEHUN yI00HO WMCXOIUTH W3 TEPMOJIHU-
HAMUYECKOr0 NOTEHIHaJIa {2, HOCKOJIBKY BCE PACCMOTDEHHE BEIETCSH
HAMU IIPYU 33JaHHOM XUMUYECKOM IIOTEHIUAJIC CHCTEMBI (2 He ducia
vacrur B Heil) '). Bocnosbayemcs: bopmystoit

(éa)_f\z):r,v,# - <Z_i[>’ (40.7)

rae A — Kakoi-iimbo mapamerp, xapakTepusyromuii cucremy (cp. V,
(11.4) (15.11)); B maHHOM Ciyd4ae B KadeCTBE TAKOIO NapaMerpa
BBIOEPEM KOHCTAHTY CBS3U g, (PUIYPUDPYIOIIYIO BO BTOPOM dJIEHE
ramuibronnana (39.8). Cpentee 3HadYeHHE TOrO 4YJIE€HA JAETCS IO-

cieHAM ciaraeMbiM B ¢opmyuie (39.10), paBHoM, corsacHo (39.12),
~VA?/g o g. Tlosromy umeem

o vA?

og g
IIpu g — 0 sHepreTuueckas menb A crpeMuTcd K Hy0. [losTomy,
WHTETrpUpysd 3TO PaBEHCTBO MmO dg B mpenenax or 0 mo g, Haiimem

1) He cmemmuBaTh XUMHIeCKHit TTOTEHITMAT Ta32 KAK TAKOBOTO C (DABHBIM HYJIIO)
XUMHUYICCKHUM IIOTECHIMAJIOM r'a3a KBa3I/I“IaCTHu!
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Pa3HOCTh MEXKJy TEPMOIMHAMUYIECKHAM MOTEHIMAJIOM () B CBEpXTe-
KydYeM COCTOSHWU U 3HAYEHWEM, KOTOPOE OH UMeJI ObI B HOPMAJIbHOM
cocrosiunu (A = 0) mpu 1ol ke Temmeparype ):

g A
Q= Qu=—V / A dg. (40.8)
g
0

Corsacuo obmieit Teopeme 0 Maibix mobaBkax (cm. V (24.16)), mo-
npaska (40.8), 6yay4n BeIpaskeHa B COOTBETCTBYIOIINX II€PEMEHHBIX,
OJIMHAKOBA [JIs BCEX TEPMOAMHAMUYECCKUX HNOTEHIIAAJIOB.
[Tpu abcosoraoMm Hysne A = Ay, u, corsacuo (39.18), umeem
dA() _ 27T2ﬁ3A0
dg ~ mprg®
IMepexons B (40.8) oT mHTErpupoBanus N0 dg K NHTEIPUPOBAHUIO TIO
dAg, HaliIeM CJIeIyIONIee BhIPDAYKEHNE I PA3HOCTU SHEPTUM OCHOB-
HBIX YPOBHEHl CBEPXTEKYydYeil M HOPMAJIbHOM CHCTEM:
E,—E,=-VIPEA2 (40.9)
4m2hB
OTpuraTe/bHbIM 3HAK ITOM PA3HOCTH U O3HAYAET YIOMIHYTYIO B Ha-
gaJjie naparpada HeyCTONYNBOCTh «HOPMAJIBHOIO» OCHOBHOT'O COCTO-
SIHWS B CJIy4ae MPUTSXKEHUS MeXKIy dacTuriamu raza. OTHeceHHAs K
ool wactume, pasHocTs (40.9) cocrapaser Bemmunny ~ A2/ p.
[lepetinem k obpatnomy ciay4vaio, T' — T.. luddepennupys pa-
BercTBo (40.3) 1o g, HaxomUM
7¢(3 dA 2n’h® d
¢(3) AdA = %20 _ 2Tt a8

47272 Ao mpp g> '

[oncrasum orciona dg/g? B dbopmyy (40.8), moruMas ee Kak pas-
HOCTBH CBOOOJTHBIX SHEPIHil:

A
F,—F, = —VM/A?’dA
8mih3T2 /

1) Bmeck HEO6XOAUMO CHENIATH 3aMEYAHUE, CBA3AHHOE CO CACIAHHBIMU HAMMU C
camoro Hauaja npeHeGpexenusmu. llpu g=0 B rammibronuane (39.8) Boobe
HE OCTAETCsl B3AUMOIEHCTBUS MEXKAY YAaCTUIAMU, U MOXKHO ObLIO Obl IOLYyMAaTh,
9TO MBI IPUXOAUM K HAEATBHOMY (hepMu-ra3y, a He «<HOPMAJIbHOMY» HEUIECATIb-
HOMy rasy. B geficrBuTenbHOCTH, OfHAKO, B ramuwibToHHaHe (39.8) yxke Gbuim
CaeJIaHblI HpeHere)KeHI/IH, IOCJI€ KOTOPBIX HE MOXKET UATU PEYU O BBIYHUC/JICHUN
abCOJIOTHON BEJIMYUHBI 9HEPTruU. Doy OmymeHs! 4ieHsl B3anMoeicTeus (Hecy-
IIECTBEHHBIE I8 HaXOXKAeHus! (bOPMBI crieKTpa u pasHoctu s — {2,), KOTOpbIe
JAIOT BKJIAJ B 9HEPruio, OOJIBIIOH IO CPABHEHWIO C JKCIOHEHIIMAJIBHO MAaJIoil
BesimuuHoi (40.8) @TO KaK pa3 TOT BKJAJ, IPONOPHUOHAIBHBIN N g, KOTODBIH
paercs dopmyiioit (6.13)).
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U OKOHYATEJIBbHO, ¢ yueToM (40.5), momyduum
) 2
F,— F, = —y2merle (1 - Z) . (40.10)
7¢C(3)7? T.
Orcrona pa3HOCTh SHTPOIIHIA:
2
AmprT, T
Sg—Sp=-V 1-= .
c R ( Tc)

Pasznoctp ke TemoemkocTeit crpemutcst mpu I — T, K KOHEYHOMY
3HAYECHUIO

AmprT,
Cs — Cp = V2PEZe (40.11)
7¢(3)n®
T. €. B TOYKE [IePEX0Ja UCILITEIBaeT CKadok, npudem Cs > C,. Temn-
JIOEMKOCTh HOPMAJIBHOTO COCTOsiHUs JAeTCsl (B MEPBOM HpuOIMKe-
Hun) (opmysoil nxeassroro raza (cM. V, (58.6)); BbIparkeHHas de-
pe3 pp, oma umeer Bux C, = VmppT/3h3. TlosTomy oTHOmICHHE
TEIJIOEMKOCTEN B TOYKE TIEPEXOIa

Calle) _ 12 | _9y3. 40.12
CuTy) 7@ 1T (40.12)

B oTHOMmEHNN CBOEH CBEPXTEKYYeCTH a3 XapaKTEPU3yeTcs pas-
JIeJICHUEM €rO0 IJIOTHOCTH p Ha HOPMAJIbHYIO U CBEPXTEKYUYIO YaCTH.
Cornacuo (23.6) HOpMaJIbHASA YACTH IIJIOTHOCTH

[eo]

_ 8 4d_nd ~ P‘}E‘ /d—nd
P 3(2rh)3 /p dc P sw2ttop ) de

—00

ITonHas »Ke MIOTHOCTEL Ta3a CBA3aHA C PF IOCDPEACTBOM

_ mN _ 8mpim
P= 3(2xi)3
IIosTomy
o0
pn _ _2/ . (40.13)
p de
0

AToT mHTErpas He TpebyeT 0COOOrO BBIYUCIIECHWS, TAK KAK MOXKET
ObiTh cBeneH K usBecTHOU yxke dynkuum A(T). [Ipomuddepenun-
posas ypasHenue (40.1) mo T u CpaBHUB MOJIyYAOMUICS IPU ITOM

unrerpaJ ¢ (40.13), MOKHO yOeAUTHCS B TOM, YTO
L_1_ B
Pn TA!

(40.14)
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[Moxcrasus crioma npenesabable dhopmysst (40.2), (40.5), moxyanm

1/2
T—0:2= (M) 2 oo/, (40.15)
p T
T—>Tc:”_8=2(1—1>. (40.16)
p e

Haxkomer, He06X0I¥MO CIeJIaTh eIl IBa 3aMeYaHus OTHOCUTEIb-
HO 00J1aCTH CIIPABEJIUBOCTH TIOJIY Y€HHBIX (DOPMYJI TI0 TEMIIEPATyPe.

[Tpu npubnuxkennn K TOYKe epexona 1, CTAHOBATCS CYIIECTBEH-
HBIMU IIPOIECCHI B3AUMOIEHCTBUSL KBA3U4IaCTUll (HE YIUTHIBAEMbIE B
U3JI0’KEHHOI TEOPHH); UMEHHO 9TH IPOLECCHI OTBETCTBEHHBL B JIAH-
HOM CJIy4ae 33 BO3HWKHOBEHUE OCOOEHHOCTEH TEPMOMMHAMUYIECKUX
BEJINYWH, XapPaKTEPHBIX JJIsi TOYKYU (Pa30BOT0 MEPEX0Ja BTOPOTO PO-
nma. B mocraTounoit 6J1M30CTH K 9TOM TOYKE TIOJIYyYe€HHBIE BhIMe (op-
MYJIBI JIOJXKHBI B KOHIE KOHIIOB CTaTh HempuMeHuMbIMu. Ho B cuiy
HaJIMYUs MAJIOTO mapamMerpa (KOHCTAHTBI CBSA3M g) B PACCMOTPEHHOM
MOJIEJT TO HACTYIAET JIWIND MPU YPE3BBIYANHO MAJIBIX 3HAUYCHUAX
T. — T'; mbI BepHEMCs elnie K OoJiee TIOAPOOHOMY OOCYXKIAEHUIO ITOTO
Borpoca B §45.

Kak u B cBepxTekyueit 603e-KuIKOCTH, B pacCMaTpUBaeMOM (ep-
Mu-Tase (B IPOTHBOIOJIOKHOCTH (DEPMU-TA3y C OTTAJKMBAHUEM —
cp. §4) MOXKeT pacupoCTPaHATHCS 3BYK (CO CKOPOCTBIO U ~ pF/m,
ONpeIeJIAOmeicss 0ObIYHBIM 06PA30M CKUMAEMOCTBIO CPEMbL). DTO
3HAYWUT, YTO HAPSAIY C PACCMOTPEHHBIM 3/IECh CIIEKTPOM BO30YKIe-
HUN (PEPMUEBCKOTO THIA B CIEKTPE TAKOTO ra3a CYIIEeCTBYET TaK-
xe n GoHOHHAs, 603€BCKasi, BeTBh BO30yx)ieumit. OOyc/lIOBICHHASA
(bOHOHAMHE TEIIOEMKOCTH HPOHOpPIMOHaIbHa T3 ¢ MaseiM Koadbdm-
nueHToM, HO ipy 1' — ( B KOHIIE KOHIIOB OHA JOJIXKHA CTATH MPeobiia-
Jaromell HaJl 9KCIIOHEHIMAJIBHO yObIBaome remioeMkocThbio (40.6)

§41. I'puHOBCKHME (DYHKIMHA CBEPXTEKYdero pepMm-rasa

[TepeiieM K TOCTPOESHUIO MATEMATHYIECKON TEXHUKYA TPUHOBCKUX
(hyHKIMI B IPUMEHEHUH K CBEPXTEKYUNM (DEPMU-CHCTEMAM ).

Mpui Bugsiesin B § 26, 910 B TEpMUHAX 1)-0TIEPATOPOB 60O36-3HMHITITE -
HOBCKas KOHJeHcanus B 603e-CUCTEME BBIPAXKAECTCS CYIIECTBOBAHUEM
OTJIMYHBIX OT HYJIS IPEeJbHbIX (Korga yncio dactur, N — 0o) 3Ha-
YEHUN MATPUYHBIX JIEMEHTOB, CBA3BIBAOIUX COCTOSHUS, OTIIAYIATO-
muecs Jinib u3MeHerneM N Ha equHUIly. Pu3nyecKuit CMbICII 3TOTO
YTBEPAKAEHUSI COCTOUT B TOM, UTO yJAJEHUE WU IPHUOABJIEHUE O/I-
HO¥ 9aCTUIBI B KOHIEHCAT He MEHSET COCTOSHUST MAKPOCKOMUIECKOMN
CUCTEMBI.

"YUznaraemas B srom maparpacde rexuuka mnpuaasmexur JI I1. T'opvrosy
(1958).
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B ciyuae cBepxTekyduelt dpepMu-CUCTEMBI TO K€ CaMO€ JOJIZKHO
OTHOCUTBLCS K KOHJIEHCATY M3 KYMEPOBCKUX TAp: COCTOSTHUE CUCTE-
MBI HE JOJI)KHO MEHSATHCS NPU M3MEHEHWUW HA €IWHUIY YUCJIa Tap
B KOHzieHCaTe. MaTeMaTUYeCK 3TO BHIPAXKAETCH B HAJIMYANA OTIHY-
HBIX OT HyJIs IpeAebHbiX (N — 00) 3HaUEHUH MATPUYHBIX JIEMEH-

ToB npousseenns Wg(X2)Wqo(X1) — onepaTopa yHHYTOXKEHHS ABYX
YACTUII, ¥ y IPMUTOBO-COTIPS?KEHHOTO €My OTIEPATOPa POKICHUS TIa-

por gactun U1 (X 1)\113r (X2). DTu MaTPUUHBIE TEMEHTHI CBA3BIBAIOT
«OJJMHAKOBBIE» COCTOSIHWSL CUCTEM, OTJINYAONINECS JIUIID YAAJCHU-
eM miu IpubABJIEHUEM OIHOM Maphbl YACTHUIL:

~

lim (m, N|Ug(X2)¥y(X1)|m, N +2) =

N—oo

Jim (m, N 4218 (X1)Tf (X)lm, N)* #0. (41.1)
B manbreiieM MbI 6yIeM OyCKATh 3HAK B3ATHS IPEEIIA; JJIsd KPAT-
KOCTH OyZeM Tak»Ke ONYCKATH NHATOHAJBHBIM MATPUYIHBIN WHIEKC
M, HyMEPYIOIIUI «OAUMHAKOBBIC» COCTOSHHUA CUCTEM C Pa3/IUYHBIMU
4HUCJIAMHU 9aCTHI.

Kax u B ciryuaae 603e-cucreM (§ 31), B MaTeMaTHYECKOM anmapare
TPUHOBCKUX (PYHKIMIL JJISI CBEPXTEKYINX PepMu-cucteM HUrypupy-
€T HEeCKOJIbKO pa3yimdHbIX (yuKIiuit. Hapsmy ¢ o6braHO# TpUHOBCKOM
dbyuKIHEH

iGap(X1, Xa) = (N|To(X1) ¥} (X2)|N) (41.2)

HeO6XO,Z[I/IMO BBCCTHU TaKXXC€ U «aHOMAJIbHBIC» (l)yHKIII/II/I, COrJIaCHO
OIIPpEJCJIEHNAM,

iFap(X1, X2) = (N|TUa(X1)¥s(X2)|N +2),

iF5(X1, X2) = (N + 2|8 (X2) T (X2)| V).
[Mockonepky Kakgas u3 dysxmuit Fg u F;ﬁ CTPOUTCH U3 ABYX OJH-
HAKOBBIX OIIEPATOPOB, TO

Fop(X1, Xo) = —Fpo(X2, X1), Fy3(X1, Xa) = —Fj, (X2, X1)
(41.4)

HamoMumM, dYTO COIJIACHO OCHOBHBIM IPHUHITANAM CTATUCTUKHI
Pe3yJIBTAT CTATUCTAYECKOTO YCPETHEHUS HE 3aBUCHAT OT TOTO, MPO-
W3BOAUTCS JIM OHO TI0 TOYHOW BOJHOBON (DYHKIMM CTAI[MOHAPHOTO
COCTOSIHUMSI 3aMKHYTOW CHCTEMBI WJIM C TOMOIIBIO PaCIpee/ieHus
I'u66ca. Pasuuna cocrout Juinbk B TOM, YTO B IEPBOM CJIy4ae pe-
3yJIBTAT yCpeaHeHus: OyaeT BhIpaykeH depe3 SHepruio K u uucio 4ga-
ctury N, a Bo BTopoM — 4depe3 1" u p. g caeayiommx HuKe B 9TOM
maparpade paccyxaeHuii bosee yao006eH mepBbIi CIOCO0.

(41.3)
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B paccmorpennoit B §39 monenun depMmu-raza CBI3aHHBIE TaPHI
HAXOJATCA B CUHIVIETHOM cOCTosiHMM. CIIMHOBas 3aBUCUMOCTD MAT-
PUYHBIX JIEMEHTOB OIEPATOPOB POXKACHUS WJIM YHUYTOXKEHUS TAKOM
MAapbl CBOJUTCA K €JMHUIHOMY aHTUCUMMETPUIHOMY CIIMHODPY

0 1
b — (_1 0) . (41.5)
Hanwumem nostomy dyuknun (41.3) B Buzge ')

Fop = 8apF (X1, X2), Fj5 = gagF " (X1, X2); (41.6)
npu 3toM B cuity (41.4) F u F+ cummerpuynst o X7 u Xo. Crm-
HOBas K€ 3aBIUCUMOCTb I'PUHOBCKOH ynkimu G g g Heeppomar-
HUTHOU cucTeMbl cBogurca K Gog = 0,3G. B ommopommoii,
MaKPOCKOITUYECKU HETIOABUKHOM cucTeMe rpuHoBCcKue (pyHKImu G,
F u F* 3aBucAT TOJIBKO OT pa3HOCTeil KOOPJUHAT TOUEK ¥ PA3HOCTU
MOMEHTOB BpeMeHH (Cp. IpuMedanue Ha . 159).

[Tomo6HO ToMy Kak BBeneHHas B §26 dbynkuusa Z(X) umena
CMBICJI BOJHOBOH (DYHKIMM HYacTUIl B KOHAEHCATE, TakK (DYHKIHIO
iF(t, r1; t, ra) MOXHO PAaCCMATPUBATH KAK BOJHOBYIO (DYHKIMIO Ya-
CTHII, CBI3aHHBIX B HAXOAAIIUXCA B KOHJIEHCATE KYTIEPOBCKHX MAPax.
Torma dynkiua

2(X) = iF(X, X) (41.7)

OyZeT BOJIHOBOW (pyHKIMEN ABMXKEHWS ITUX Map Kak 1ejoro. U3
onpenesennii (41.3), (41.5) serko Buners, uro mpu 3tom F (X, X) =
= {E*(X). B crauumonapHoi#, MaKpOCKOIWYECKU HEMOABUKHOM
cucreme Gyskius Z(X) CBOIUTCH K MOCTOSIHHOM; Ha/JIC’KAIIUM
BRIOOpOM (pa3 PY-omepaTopoB MOXKHO CIEJATh 3Ty MOCTOSHHYIO
BEIIECTBECHHOM.

BoruncivuM Temeph OmpenesieHHBIE TAKUM 00Pa30M TPUHOBCKUE
dyHKIMY A1t MoAeu (PEPMU-Ta3a CO CJIAObIM IPUTHAKEHUEM MEXKIY
YACTUTIAMH.

Teiizenbeprosekuil 1-onepaTop yaoBIeTBOpsieT ypasHeHuo (7.8).
Beuay manoctu pagmyca AeHCTBUS CHJI MEXKJY YaCTUIAMU B Pac-
CMATPUBAEMOM Ta3€ B MHTETPAJBHOM YJIEHE 3TOTO YPABHEHUS MOXK-

HO B3:Th 3HadeHus MHOXkuTenei U(t, r') B Touke r' = r u BHIHECTH

1) Cp. npumeuanue Ha c. 47. B To BpeMsi Kak IO CBOeil CIIMHOBO# CTPYKType
Gop €CThb CMEIIAHHBINA CIHHOP BTOPOro pawra, pymkunu Fopg u F:ﬂ TpeacTaB-
JISIIOT CODOM COOTBETCTBEHHO KOHTDPA- M KOBAapPUAHTHBINA CIIMHOPBHL.
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UX U3-TI07] 3HAKA WHTEIPUPOBAHMWs; TOT/a yPABHEHUE IIPUMET BUL ')

ot [V PSP
i = <2m + u) T, — gl 0, T, (41.8)

OPMUTOBCKUAM COTPSI)KEHUEM BCEX UJIEHOB 3TOTO YPABHEHUS TIOJIY-
YMM aHAJOTHIHOE ypaBHEHHE i omepaTopa U :

T+ 2 ~, ~

’iagt"‘ - (V 4 u) Tt 405070, (41.9)
IToncraBus Boipaxkenue (41.8) B mpoussoguyio 0Gag/0t (9.5),

HOJYyYUM yPaBHEHHE

(z% +Z 4 u) Gap(X — X')—
— ig(N|TES (X) T (X) Ta(X) T (X)|N) = 6ag6™ (X — X7)

(41.10)

(cp. (15.12)). @urypupyromuii 31eCh AUATOHAIBHBLIA MaTPUYHBIN
9JIEMEHT TIPOU3BEICHUS YETHIPEX P-OMePATOPOB MOXKET OBITH DACIIU-
CaH, COIVIACHO MIPABIJIY YMHOXKEHUSI MATPHUIL, B BUJIE CYMMbI IPOU3BE-
JleHul MATPUYHBIX JIEMEHTOB JBYX Iap onepaTopos. V3 Bcex Takux
OPOU3BEEHUIl OCTABUM JIUIIL TO, KOTOPOE COIEPIKUT MATPUUHBIE
JIEMEHTHI [JIs TIEPEXO0/IOB ¢ u3MeHeHneM unciia dactuil N < N + 2,
U OIIyCTHM BCE OCTAJIbHBIC YJICHBI

(N|TES T, T T |N) —
— (N|TQ, o[ N + 2)(N + 2TV |N) =
= —Fyo(X, X)F (X, X') = =0,F(0)FF(X — X') (41.11)

(B mocsiefHeM mpeoOpa30BaHUK WCIOJIB30BaHbI BhpaxkeHus (41.5)).
Qu3ndecKy ITOT WIEH OTBEYAET CIAPUBAHUIO YACTUIL U IO MOPAAKY
BEJIMYUHBI COBIAJAET C IVIOTHOCTHIO KOHIEHCATA.

[ToggyepkueMm, OmHAKO, NPUHOWUINAIBHOE OTJIMYHE OT IIPeHeOpe-
2KeHUuil, KOTOPBIE JIEJAJINCH B CIydae cj1abo HEUIeaJbHOrO 003e-ra3a.
B mocnennem moutm Bce wacTuipl HaxomsaTcs npu I = 0 B KOH-
JIeHCATe, & YUCIO HAJKOHICHCATHBIX YaCTHUI], TOSBJISIONIUXCH TOJIb-
KO B pe3ysibrare €j1aboro B3auMOACHCTBUS YACTHI[, OTHOCUTEIHHO
MaJio. B JaHHOM ke Ciydae, HAIPOTUB, CaM KOHJECHCAT IIOSBJISCT-
cs B pe3yJsibTare CJIabOro B3aUMOJACHCTBHUS WM MOTOMY BKJIIOYAECT B

"YKak u B §39, mons3yeMcs 0GO3HAYCHHEM g A/ KOHCTAHTHI CBH3M, COBIIA-
naromieii ¢ mocrosuuoi —Uy = — f U d3z. Oneparop Jlamnaca numem kak V2 BO

usberkaHue My TaHULb! co weibio A. B aToMm u cienyomem naparpadax mojaraem
h=1.
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cebst uib MaJyio poso dactur]. JIpyrumu cioBamu, orOpachiBae-
Mble npu 3aMeHe (41.11) uieHBI He MaJIbl, & BEJIUKH 110 CPABHEHUIO
¢ octaBsienHbIMU. [lociieiHue, oqHAKO, TPUBOAAT K KAYECTBEHHO HO-
BoMY 3 DEKTy — M3MEHEHUIO XapaKTepa CIIEKTPa, B TO BpeMs KakK
mepBble ObLIN OBl HYKHBI JIUIID JJIsI BBIYUCICHUS] HE WHTEPECYIOIIei
HAC 3/IeCh TIONPABKU K OCHOBHOMY YPOBHIO CUCTEMBI (Cp. B 9TOI CBs-
3u mpuMedaHue Ha c. 213).

ITocse 3amenst (41.11) ypasrenue (41.10) cBomuTcs K BHIY
2
(% + :—m + u) G(X) + gBFT(X) = 6W(X) (41.12)

(aprymentr dbyukumm X — X' samenen ma X, a mocrosunaga 1F'(0)
obo3HadueHa dWepe3 Z — B COOTBETCTBUM C ompexeseHueM (41.7)).

Croma Bxoznar nse nmeussectnbie dynknuu G(X) u F1(X), mosto-
My [l X BBIYUCJICHHUS HEOOXOAMMO eIlle OJHO ypaBHEHUE.
Ero MOXHO MmOJIy4uTH, BEIYUCIISA TPOU3BOJHYIO
N > ;

OF (X - X')
Zi
ot
wieH ¢ 6-byukupeil (mogobHbL Bropomy wieny B (9.5)) 3xeck He BO3-
HUKAET, TIOCKOJIbKY (DyHKIUs F;“ﬁ (X — X') (B HNpOTHBONOIOKHOCTH

<N+2 Ta‘I’ ( J¥ 4 (x')

dyskmun Gop(X —X')) nenpepoisaa npu t = ¢'*). Iloacrasus ciona
(41.9) u cHOBa IPOM3BE/S BBIAEJIEHNE KOHIEHCATHOTO YJI€HA, AHAJIO-
rugnoe (41.11), mosy4uMm B pe3yJibTaTe ypaBHEHUE

(iﬁ _Y_ u) FHX) + gE*G(X) = (41.13)

B mero Bxozngar Te xe e bynkmuu G u F) uto u 8 (41.12); mosto-
My 3TH JBa yPABHEHHS JOCTATOYHBI JJIs BBIYUCJICHASA 3THX (DYHKIAI
(nyst Beramcienus ke F' Hano OGbuIo Obl BBIBECTH aHAJOTUYHBIM 00-
pa30M ellle OJHO ypPaBHEHHUE).

[TepeiimeM B 3TUX ypaBHEHUSAX K UMITYJICHOMY ITPEICTABJIEHUIO,
BBeJig 0OBIYHBIM 06pazoM ¢ypbe-kommonentsl G(P) u FT(P):

(w—np)G(P) + gEF(P) =1,

(w+ ) F* (P) + g2 G(P) = 0, (1.14)

') B aTOM JIerKO y6eaUTHCH, BBIYHCIAS CKAYOK dyHKmun F7, wp TIOTOBHO TOMY,

KaK 9TO [1es1aioch B § 9 1uist Go g, U 3aMETHB, UTO OEPATOPHI \Ila (¢, r)u \Ilj,'(t, r')
AHTUKOMMY TaTUBHBI.
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rne P=(w, p) m np=p?/2m—p. OTMermM, WTO BBHIY YETHOCTH
byukimuu FT(X), geTnbl Takxke u ee dpypbe-KomrnonenTsl F'T(P) =
= Ft(-P).

Vckitouns w3 AByX ypasHeHuit dbymknmio FT, maitmem mua G
yDaBHEHHUE

(w? —mp — A*)G(P) = w + 1, (41.15)
IIIe BBEICHO 0DO3HaUYCHHUE
A =glE]| (41.16)

®opmasbHOe pemnienne ypasHenus (41.15):

GP)=—“tm % % (41.17)
S wr-e2(p) w-—ep) wte(p) '

rie e(p) = /A2 +n2, a up u v, matorca bopmynamu (39.13). Ve

OTCIOZIA BUJIHO, YTO CIIEKTD JIEMEHTAPHBIX BO30YKICHMUIA, OIIpeIeJIsi-
eMbIil TIOJIOKUTEIbHBIM TOII0coM (yHKInu ['pruna, maercs OyHKIm-
et €(p) — Mbl cHOBa mpuxoguM K pe3dysbrary (39.20). Mbr Bugum
TaKXKe, 9TO IHEPreTUdecKas Meab A ¥ MOIYJIb KOHJIEHCATHON BOJI-
HOBOW (DYHKIIMU JBUXKEHUs AP KAK IEJIOTO0 OKA3BIBAIOTCS MPOIIOP-
[MOHAJIBHBIMU JIPYT JAPYTY BEJUUMHAMHU.

Bripaxkenue (41.17) gna G(P), oqHako, elje HEmoJHO: B HEM HE
ompenesieH cnocod 00xoma moocoB. JIpyrumu cjioBaMu, OCTAETCs
eIlle HEOMPEIEJIEHHOM MHUMAas 4acThb (GyHKImu G 9Ta 9aCTh COMEP-
KuT J-pyHKmo §(w £ £) U MOTOMY BBIIAJAET NPU YMHOXKEHUU HA
w? — €2 B ypasrenun (41.15).

IIpu T' = 0 mpaBuo 00X0/1a MOJIOCOB YCTAHABJIMBACTCS TPSMBIM
cpaBHeHUEM BbIpaxkenus (41.17) ¢ pazmoxenuem (8.7): B wieHax c
[OJIOKUTEJIHHBIMYU ¥ OTPUIATE/IbHBIMY TIOJIOCAME IEPEMEHHYTO HAIO
3aMEHUTH COOTBETCTBEHHO Ha w + 10 u w — 10; Torma (41.17) npumer
BUT

Clw,p)=—— 2 4 % __ win (41.18)
P —e(p)+i0  wHe(p)—i0  (w—e—+i0)(w+e—i0) '

Boipaxkas Tenepsb F'T u3 Broporo u3 ypasuenuit (41.14), naxogum

+ _ gE"
Fw.p) = (w—e+140)(w+e—10) (41.19)

C mpyroit CTOPOHBI, IMEEM, TIO OIPEIEJICHUIO,

3
* = FH(X //F+ d“d . (41.20)

[1]

1
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IMoxcrasum croma (41.19); mHTerpumpoBanue mo dw OCYIIECTBIISET-
Csl IyTeM 3aMbIKaHUS KOHTyPa GECKOHEYHO yIAJEHHOHN MOJyOKPY K-
HOCTBIO B BEPXHEH MOJIyIIOCKOCTH, TTOCJIE YETO WHTErPAJT BHIPAZKAET-
Csl 9epe3 BBIYET B MOJIIOCE W = €. B pe3yJibTare, mocje COKPaIeHus
Ha E*, mosy4um pasencrso (39.16), onpenesnstomee Ag.

IIpu T # 0 HAXOXKJEHWE MHUMOM YACTH TPUHOBCKUX (OYHKITHIA
HECKOJIBKO cytoxkHee. [Tnst mocrpoenns Gyunkuun G(w, p) ¢ NpaBUiIb-
HBIMU AHAJUTHYECKMMHU CBONWCTBAME MO NEPEMEHHON W HAIUIIEM
CHAYaJIa 3aMa3bIBAIONIYI0 (DYHKITUIO GR(w, P); OHA& JOJIKHA OBITH
AQHAJMTHYHA B BEPXHEH ITOJYIJIOCKOCTH W MOTOMY TMOJyYaeTCd U3
(41.17) 3amenoit w — w + 0. MHuMas JacTb 10N QyHKIMY:

ImGE = —W[uf, d(w—¢e)+ vf, 0w +e)].

MuwrMas e 9acTb UCKOMOM QyHKIUU G HAXOMUTCH OTCIOIa C TIOMO-
mpio opmyisr (36.14), cornacHo KOTOpPOi

= —(1 = 2np)7[up 6(w — &) — vj §(w + &),

rae n, — dhepmueBckas byHkims pacupegenenus (39.14) (ucmomb3o-
BaB 3Ty (POPMYJLY, MBI TEM CAMBIM OCYIIECTBJISIEM MIEPEXOJ OT YCPEI-
HEHUS 110 33 J]AHHOMY CTAITMOHAPDHOMY COCTOSIHUIO CUCTEMBI K yCPe/I-
HEHWIO 110 pacnpejesiernto ['mb6ca). Oyuknuio G ¢ T0fl MHUMOI
9aCThIO MOXKHO 3aIMCATh B BUIE

Up v ; 2 2
G(w, p)=w_s’:_i0+w+€1’_i0+27mnp[up5(w—5)—vp d(w+e)]. (41.21)

Insa dbyuxnuu ke FT(w, p) Haxomum Temepb
F*(w, p) = F(w, p)|ypeg — "EZ"2[6(w — &) + 6(w +¢)], (41.22)
e

rae nepbiit wien ectb dyukumsa (41.19), ornocamasica k T = 0.
IToxncrasus sTo Beipaxkenue B (41.20) u npousBe s HHTEIPUPOBAHMUE,
MBI BepHeMcs K ypasHeHuio (39.15), onpenenstomemy A(T).
VYpasuenusi (41.14) MOXHO u3006pa3uTh B AMATPDAMMHOM BU-
Jle aHAJIOTMYHO TOMY, KaK JJIsd CBEPXTEeKydel 003e-CHCTeMbI ObLIn
npejacrasiensl  ypasHenus (33.7). Ilpu srom dysrmuum G,
F, FT uzobpaxatorcs Temu e rpadudeckumu snementamu (33.6) —
OZHO- ¥ JABYCTODOHHMME crpejkamu. Jlpa ypasuenus (41.14)
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3allUChIBaIOTCA B BUIC

< = +
P P P —

ok 2athde

~A

(41.23)

>—<=_§<—
-P P -P P

Tonkoit crpenke orsedact muoxurens GO (P), rme GO (P) —
IPUHOBCKas (YHKIUS WACAJBLHOrO depMmu-ra3a. Bxomsmeil ke B
BEPIIUHY ¥ BBIXOJSAIIEH W3 HEE BOJHUCTHIM JIMHUSM OTBEYAIOT
COOTBETCTBEHHO MHOXKUTENN ig = u —ig E*. Cpasrus (41.23) ¢ (33.7),
BUJIMM, YTO 3THU TOCJIETHAE MHOXKUTEN COOTBETCTBYIOT CODCTBEHHO-
SHEPIeTUYECKUM (QYHKIUAM X092 © $X99, T. €. IIPEACTABJSIOT
coboii mepBble NpUOJIMKEHUS [ 9TuX BesaumduH. OTMeTnM, YTO
HOBBIMH 3JIEMEHTAMHU — JIBYCTOPOHHUMW CTPEJIKAMY W BOJTHUCTHIMA
JINHUSIMU — OTPAHUYIUBAIOTCS OCOOEHHOCTU IMATPAMMHON TEXHUKM
JIJIsT CBEPXTEKYUnX (PEPMU-CHCTEM; B OTJIMYME OT Ciiydas 0o03e-
CHUCTEeM, <«TPOWHBIE»  BEPIIMHBI 37I6Ch HE BO3HUKAIOT. llosTOMY
IMAarpaMMHAas TEXHUKA, OKA3BIBAETCH 3/6Ch TOPA3JI0 MPOoIe U bimke
K «OOBIYHO#», |YeM [JIsi CBEPXTEKy4Yux 003e-cucreM.

§ 42. TemmnepatypHbie TpUHOBCKHE (DYHKIIAN
CBEpPXTEKy4ero (pepMu-ra3za

B §41 6nu1 ompesnesieH SHEPreTUYECKUN CIIEKTDP CBEPXTEKYUEro
depMu-rasa MyTeM WCIOJb30BAHUSA OOBIUHBIX, «BPEMEHHBIX», T'DHU-
HoBCkuxX Gyukuwmit. OmgHAKO mJisi perreHusi Oojiee CAOXKHBIX 33134
(u mpexkzae BCEro mjisi UCCJIEJOBAHUS CBOMCTB CHCTEMBI BO BHEII-
HUX T0JX) Oosiee yIo0eH MaTeMaTHYECKUil anmapaT TeMIEPATyD-
HBIX TpUHOBCKUX byukuuit (A. A. A6purocos, JI. II. ['opvros, 1958).

Temneparypuaa dbysknusa G,g onpenenserca To# ke dopmy-
goit (37.3), uTo m myia HOpMAaJIbHOTO (bepMmu-rasa. TeMmmepaTypHbe
xe byrkmm Fog u F g (cooTBeTCTBYIOIME BPEMEHHBIM (DYHKIU-

am Fog u F, ;ﬂ) OTIPe/Ie/INM AHAJIOTUIHBIMY (DOPMYJIaMu

faﬂ(Tl’ 15 72 1‘2) = Z<m’ N|&\"TT\/I}¢])\¢41{I}IﬁM2|m7 N + 2)7

m

?aB(Tl’ ry; 72, 1‘2) = Z(m, N + 2|(:)TTW%W%|’IR, N>

m

(42.1)

CrouHoBasi 3aBUCUMOCTb 3THX (DYHKIWI OTHENseTCs (aHAJOIMYHO
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(41.5)) B BUIE MHOXHUTENCH g5 '):
faﬂ = gaﬁf, fozﬂ = _gaﬂj: (422)

Kak u G, ¢pyukiuu F u F 3aBUCAT TOJIBKO OT PA3HOCTH T =
= T{ — T2 ¥ yJOBJIETBOPSIOT cooTHOIIeHu:AM (37.6) (¢ BepxHUM 3Ha-
KOM):

Fry==F(r+z), F)=-F(r+3). (42.3)

Paner @ypre mo 7 miist 3Tux QYHKIUE COAEPHKAT, CJIETOBATEIIHHO,
TOJIBKO HEYeTHbIe «4acToThl» (37.8a): (5 = (2s + 1)7T.

Maiy6apoBckue -omepatopbl pu 7 = ( COBIAIAIOT C refi3eH-
6eprosckumu mpu t = 0:

UMz =0,r)=T(t=0,r).

Cpasuus onpenesenus dbynkmuit F, F c onpenenenusvu F, FT
HAWIEM TIO3TOMY, 9TO

F(0,1;0,1) = E(r), F(0,1;0,1) = Z*(x), (42.4)
rge moja E HAJM0 MOHWMATH KOHJEHCATHYIO BOJHOBYIO (DYHKIIHIO,
ycpenuenHy0 mo ['mb6cy, T. €. BBIPAXKEHHYIO dUepe3 TeMIepaTypy
CUCTEMBL.

[Tokarkem, KakuM 0OPaA30M C TIOMOIIBIO TEMIIEPATYPHBIX (DYHK-
nwmit ['puHa MOXKHO CHOBa TOJTYYUTH SHEPIETUUYECKUI CIIEKTP CBEPX-
TeKy4ero pepMu-ra3a mpu OTJIUYHBIX OT HyJIisd TEMIEPATYpaX.

YpaBHeHus Jjid TeMIepaTypHbix GyHkumit G, F, F BBIBOIATCS B
TOYHOCTH AHAJIOTMYHO BBHIBOAY ypasrenwmii (41.12), (41.13), npuuem
BMecTO Iu(pPEpPEHIIMPOBaHNSA 110 ¢ TPOM3BOAUTCA AuddepeHImupo-
BaHMe 10 T, a BMeCTO ypasHerwuii (41.8), (41.9) ucnonb3yrorcs ypas-
HeHus, omndaromuecs or (41.8), (41.9) samenoit it — 7. Kak u B
(41.11), u3 cpegHEro 3HaYEHUS MPOU3BEICHUS YETHIPEX MaIlybapoB-
CKUX 1)-OIEPATOPOB BBIJAEJISIOTCH UJIEHBI, COMEPKAIIAE MATPUUHBIE
3JIEMEHTHI [IJIsl IEPEXO0/IOB C M3MEHEHUEM YHUCJIa JacTull Ha 2. B pe-
3yJIbTATE TIOJYYNM YPABHEHUS

2
(—ﬂ-l—v—-l—u) G(r, r; 7', ¥ )+gEF (7, r; 7', ¥)=8(1—7") 6 (r—1'),
or 2m
(42.5)
o, Vv? T ) —_k o W
—4—+p | F(r,r; 7, ' )—gE*G(7, r; 7, r')=0.
or  2m

1) Pasnbie 3uaxu B onpenesenusx F u F (B IPOTHBOMONIOKHOCT OHHAKOBBIM
3nakaM B (41.5)) mesecooGpas3Hbl B CBA3U C OTCYTCTBHEM B onpeesneHusx (42.1)
MHOXKHUTEJS §, KOTOPBIii Obut B (41.3).
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ITocne nepexona k¥ Qypbe-KOMIIOHEHTAM 3TH YPaBHEHUS IPUHUMAIOT
BU/L

(i¢s — 1p)G (G, P) + 8EF ((sy P) = 1,

. = . 42.6

—(i¢s + 1p) F (Cs, P) —8E7G(¢s, ) = 0. (42:)
Pemenue stux ypasHeHwuit:

G(¢s; P) = —%, (42.7)

FleP) =g a = F(iG, p), (42.8)

e cuoBa €2 = A2 +n§, A = gZ (upudeM 3TO pelIeHne ONPEIEsIeHO
OHO3HAYHO U HUKAKUX J-PYHKIHUH — KaK 3TO OBLIO Jis (DyHKIUH
G u F* — Boobuie He comepxKur).

YcioBue, onpenessioniee SJHEPreTUIeCKy0 Ie/lb B CIIEKTPe, II0-
JIy4aeTcs Temnepb U3 PABEHCTBA

B =F(r=0r=0=T ) /?(gs, p)(;’TI;,

§=—00

wiy, mocsie noacraHoBku (42.8):

o0

gT / _dp 42.9
(2m)3 s:X—:oo ¢ +¢%(p) (42.9)
CyMMupoBaHue 10 § OCyIecTBIIsieTcs GopMyJIoii *)
o0
Z [(2s +1)%72 +a?] 7! = 2i thg (42.10)
a
§=—00

1Y Bry bopMysry MOXKHO Oy YUTb, HATHCAB

1 1 1 1
(2s+1)?r2+a? 2a [a+i7r(2s+1) + a—i7r(2s+1):| B

oo
— l e—a:v l:e—i‘rr(25+1)a: +e1l7r(25+1):v] dz
2a

0

¥ IPOU3BeAs CyMMHPOBAHUE T€OMETPUYECKOI MPOIPECCUH IO, 3HAKOM WHTEIDU-
poBaHuS.
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U NIPUBOJIUT K PABEHCTBY

3
5/1 th= 4P _q (42.11)
2 ) e 2T (2m)3

conagarmomemy ¢ (39.15).

§ 43. CBepxmpoBOIUMOCTh METAJLIOB

fBieHnEe CBEPXIPOBOIMMOCTY METAJJIOB, OTKpEITOe Kamepauar
Omnnecom (Kamerling Onnes) B 1911 1., mpencrasisier coboii
CBEPXTEKYUECTb JIEKTPOHHON (PePMU-KUIKOCTA B HUX, MTOIOOHYIO
CBEPXTEKYUECTH PACCMOTPEHHOTO B MPEABIAYINNX maparpadax BbI-
poxkaeHnoro (hepmu-rasa. Pazymeercsi, BO MHOTMX Ba’KHBIX OTHOIIIE-
HUSAX JTEKTPOHHAS KUJKOCTD U (DEPMU-TA3 ABJISAIOTCS CYIIECTBEHHO
pasymuabiMEu (puU3nIECKUMU cucTeMamu. Ho B TO e BpeMs OCHOB-
Hble (DPU3NIECKHE MOMEHTHI, OTHOCSIINECS K CBOWCTBAM SHEPTETHYE-
CKOTO CIIEKTPa, B 000MX CIydasix OCTAIOTCH oguHakoBbiMu. O6Cyamm
Ka4YeCTBEHHBIM 00Pa30M BOMPOC O TOM, KaKWe WMEHHO YePThI Pac-
CMOTPEHHOI BBIIIE MOJEJM MOXKHO TIEPEHEeCTH W B KaKOW Mepe Ha
3JIEKTPOHBI B METAJLIIAX.

BaxxHoi#t 0COGEHHOCTHIO MeTaJUIa SBJIAETCS AHU3OTPONUHA €Tro
9JIEKTPOHHOTO 3JHEPTeTUYECKOTO CIIEKTPa B MPOTHUBOIOJIOXKHOCTH
M30TPONMY CIEKTPa PACCMOTPEHHOTO (depMu-raza. ITo 06CTOd-
TEJIbCTBO, OJHAKO, HE MEIaeT BO3HUKHOBeHMIO denomena Kymepa,
JIJIsT KOTOPOTO CYIECTBEH JIUMIb CaM (PAKT CYIIECTBOBAHUS PE3KOM
bepmu-nioBepxHOCTH (Kakoil Obl HU ObLIa ec GOpPMaA) U KOHEYHOCTD
IJIOTHOCTYU YWCJIa COCTOsiHWMiT Ha Helt. Heobxommmo Takxke, 9TOOBI
3JIEKTPOHBI C MPOTUBOIMOJOXKHBIMYA WMITYJIbCAMYU W CIUHAMHU WMEJIN
ONHY W Ty K€ JHEpruo, T. €. HAXOAUWIuCh Obl 00a Ha depmu-
[IOBEPXHOCTHU. JTO TPeOOBAHKME aBTOMATUYIECKU 00ECIEYNBACTCA CUM-
MeTpHell o0 OTHOINEHUIO K obpalneHuio BpeMeHu. MOXKHO CKa3aTh,
9TO CHAPUBAIOTCS JIEKTPOHBI B COCTOSHUSAX, MOJIYYAIOMIUXCS JIPYT
u3 Apyra obpalleHneM BpPEMeHH.

Jlasee ciieyeT BOMPOC O 3HAKE B3aUMOJIEHCTBUS JIEKTPOHOB B
MertaJjuie. B 04eHb yIPOIIEHHOM CMBIC/IE MOYKHO CKa3aTh, UTO 9TO B3a-
AMOJIENICTBUE CKJIAJBIBAETCS M3 KYJIOHOBCKOTO OTTAJIKUBAHUS, IKPaA-
HUPOBAHHOTO HA MEXKATOMHBIX PACCTOSHUAX, U M3 B3aMMOJAEHCTBUS
qepes permeTky. [locnennee onmmucbIBaeTCA KaK PE3yabTaT OOMEHa BUP-
TyaJbHBIMU (POHOHAME M MMEET XapakTep npursekenus (§ 64). B ciry-
qae, eCJIN TOCTIEIHEE B3aNMOIEHCTBUE «IIEPEBEITUBAETS, METAJLI TIPH
JIOCTATOYHO HU3KUX TEMIIEPATYPAX CTAHET CBEPXITPOBOIHUKOM.

CyurecTBeHHO, 9TO BO B3aumMOJeHCTBUEM 4Yepe3 obMeH (hOHOHA-
MW yYaCTBYIOT TOJIBKO JIEKTPOHBI, JIEYKAIINE B CPABHUTEIHLHO Y3KOM
CJI0€ P-TIPOCTPAHCTBA BOJIM3M (DePMU-IIOBEPXHOCTH; TOJIIIUHA 3TOrO
ciaost ~ hwp W Majia M0 CPABHEHUIO C XUMUYECKUM TOTEHIMAJIOM

8 E. M. Jludmun, JI. I1. [Tutacsckunii
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J1IeKTPOHOB L (wp—ebaeBCckasi 4acToTa KpucTasia). [losromy, ec-
JI TIOJIb30BATHCS JJIsl ONMCAHUS CBEPXIIPOBOAMMOCTH MOAEBIO CJIa-
60 HemmeasbHOrO (bepMU-Ta3a, TO MO IMapaMeTpoM OOpe3aHus € B
(39.19) Hano MOHMMATH BEJUUMHY *

&~ fwp (43.1)

(BMeCTO € ~ ).
YTo KacaeTcs: MPEeamoyIoKeHus O cJiaboCTH B3aMMOJEHCTBHS, TO
PeaJIbHO JJIs BCEX CBEPXIIPOBOIHUKOB

T. € hwp < . (43.2)

Cpenannoe B §39 mpemmoniokenne, 0JHAKO, TMOAPA3YMEBAET HEUTO
GobInee: MaJIOCTh KOHCTAHTBI CBSA3M g, NPUBOAAILYIO K OOJIBIIOMY
3HAYCHUIO GE3Pa3MEPHOrO MOKa3aTels IKCIOHEHTH B (39.19). B nan-
HOM CJIy4ae 9TO TpeOOBaHME BBIPAXKACTCS YCJIOBUEM

In (hwp /Te) > 1 (43.3)

— JOJIZKHO OBITH BEJINKO HE TOJBKO OTHOMIeHue fiwp /Te, HO u ero Jio-
rapudm. DTO yCIOBUE PEAJILHO BBITIOIHIETCS 3HAUATENHHO XyKe 2).
C y4eToM BCeX peasibHBIX OTINIUHA 9JIEKTPOHHOM XKUJIKOCTU B METAJI-
Jie OT MOoJeNn CIabo HEUIeATbHOTO (PEPMU-TA3a TEOPHs CBEPXIIPOBO-
JUMOCTH CTAHOBUTCS OYEHBb CJIOXKHOMN. B TO »Ke Bpems OKa3bIBAETCH,
9TO yXKe€ TPOCTasd TEOPHUsl, OCHOBAHHAsS HA YKA3AHHOM MOJE/NH, BO
MHOTHX OTHOITIEHUSIX XOPOITO OMUCHIBAET CBONCTBA CBEPXITPOBOIHU-
KOB, MPHYEM HE TOJHKO KAUYECTBEHHO, HO JIAXK€ W KOJIMIECTBEHHO.
Kak yxe ymomumHaJioCh, 3Ta Teopus Obljia mocTpoeHa bapaunom,
Kymepom u Illpuddepom; B 3TO# CBsizm 0 Momenu dhepmMu-ra3a
CO CIabbIM TPUTSKEHUEM MEXKJy YaCTUIAMU TOBOPAT KaK O MO-
deau BKIII.

Bce ckazaHHOE BBITIIE OTHOCUTCS K «OOBIYHBIM» HJIA «HU3KOTEM-
mepaTypHbIM» cBepxmpoBomuukaM. B 1986 r. Bennop u Mrosinep
(G. Bednorz, K. A. Mueller) o6Hapy»XKuiu HOBBIl KJIACC BEIIECTB —
«BBICOKOTEMITEPATYPHBIE CBEPXIIPOBOIHUKM». Y ITUX BEIECTB, OOJIb-
MIIAHCTBO U3 KOTOPBIX MPEICTABJIAET COOOM XNMUIECKUE COSTUHEHUS
KHCJIOPO/Ia, MEIU U PEIKO3EMEJTbHBIX METAJIJIOB, BOSMOXKHBI BHICOKUE
Temneparypsl nepexoga — Boime 100 K. Ilpu stom suneprun @epmn
oTHOCHUTENIbHO HeBesimku — mopsaka 1000 K. loctarouyno mosiHas
TEOpWsi STOTO WHTEPECHOTO SBJICHWsI B HACTOSAINEE BPEMsi, OJHAKO,
erme He MocTpoeHa. He BrosiHe siCHA 1azke TPUPOJIa B3AMMOIEHCTBYS,
OTBETCTBEHHOT'O 38 CBEPXIIPOBOIUMOCT.

1) Tem cambim, KCTaTH, OTIANAET BOMPOC O PACXOmAUMOCTH uHTerpasa (39.16)
npu Gosbmux UMIyJabcax (Cp. npuMmedanue Ha c. 207).

%) Oruomrenue fiwp /Te Mensercs B mpeaeax or npumepro 10 mis Pb mo 300
nna Al u Cd.
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§ 44. CpepxmpoBoadinuii TOK

JIByM BUZaM IBUKEHUS B JIEKTPUIECKH HEATPAJIBHON CBEpXTE-
Kydeil XKuakocTu (KUAKUI Tesinil) OTBEYAOT B CJIydYae CBEPXIPOBO-
JIAIIET0 METAJUIA, IBA BUIA JIEKTPUIECKUX TOKOB, MOTYIIUX IIPOTE-
KaTh B HEM ONHOBpeMEHHO. (C8eprnposodauwjutli mok He TEePEHOCUT
TeIIa U HE COMPOBOXKIAETCS JUCCUIAIAEH JHEPTUU U MOXKET UMETH
MECTO B TE€PMOJWHAMUYECKU PABHOBECHON CHUCTEME; HOPMAALHBLT
XK€ TOK CBsI3aH C BBIJIEJIEHHEM JKOYJIeBa Temja. Bymem o603Ha-
9aTh IUIOTHOCTH CBEPXIPOBOASALIETO M HOPMAJbHOTO TOKOB KaK
Js ¥ jn; TOHASA TJIOTHOCTH TOKA j = _]s + jn-

Psan BaxKHBIX 3aKJIIOYEHWI O CBONCTBAX CBEPXIPOBOIAIIETO TO-
Ka MOXKHO CZeJIATh 6E30THOCUTENHHO K KAKON-IMO0 9acTHOM MOJen
yKe m3 camMoro hbakTa MOSBJICHUS HOBOW MaKPOCKOIMYECKON BeJIU-
YMHBI — KOHJEHCATHON BOJHOBON dyHKuum Z(i, r).

Kaxk u B § 26, BBeiem azy ® sroit dymkImm:

2(t, r) = | Z|e'®. (44.1)
ITogobrO TOMY Kak B KUAKOM rejimu rpagueHT ¢daszbl $ ompemens-
er, cornacHo (26.12), CKOPOCTH CBEPXTEKYYEro IBUXKCHUS Vg, TAK
B CBEPXIMPOBOJHUKE TPAIUEHT (Da3bl OIMPEesieT HabI0IaeMyio B
3TOM CJIydae BEJIMYMHY — IJIOTHOCTh CBEPXIPOBOISINEr0 TOKa. BBu-
Jy aHW30TPOIMK METAJLIa HAIPABJIEHWE js HE COBMIAIAET, BOODIIE
TOBOps, ¢ HampapjeHuEM VP u CBA3b MEXKIAY KOMIIOHEHTAMH ITUX
BEKTOPOB 33/IaeTCSd HEKOTOPHIM TE€H30POM BTOPOro paHra. Bo u3be-
JKaHWE HENPUHIUINAIBHBIX YCIOXKHEHUM, OHAKO, MBI OTPAHUYUMCS
3/IECH CJIyYaeM KyOMYeCcKOi CHMMETPUU METAJIMIECKOTO KPUCTAJLIA.

Torma TeH30p BTOPOTO paHTa CBOAUTCS K CKAJISPY, & CBA3b MEXK LY
js m V® — x mpocToii l'IpOHOp]J;I/IOHa.TIbHOCTI/I. 3amuineM ee B BUJIE

jo = L n,ve, (44.2)
2m

rJe, IO ONPEJEJIEHUI0, € = —|e| — 3aps] JEeKTPOHA, & M — €ero
(ucrunnas) macca. OnpenesieHHYIO TakuM OOpa30OM BEIMYHHY 7
(dbyHKuHS TeMUepaTypbl) HA3BIBAIOT NAOMHOCIIBIO YUCAL CEEPITNPO-
B00AWULT INEKMPOHOS; ITA BEJIMYMHA WUIPAET 3IeCh DPOJIb, AHAJIO-
TMYHYIO IUIOTHOCTH CBEPXTEKydell KOMIIOHEHTHI B KHMJIKOM T'CJIUH.
IToguepkHEM, 9TO OHA OTHIOAD HE COBIIQJIAET C TIOTHOCTHIO KOHIEH-
caTa KyIepPOBCKUX Map — MOJ00HO TOMY, KaK B YKUJIKOM TeJIUH s He
COBIIQIAET C IJIOTHOCTHIO KOHJEHCATHBIX aTOMOB '

') Kosdbdurment B (44.2) 3amucan Tak, 4ToGHl B CBOGOJHOM CBEDXTEKYYEM
bepumu-raze (momens BKIII) mn, coBnamano ¢ BerumciaeHHodt B §40 Benmun-
HO# ps. [locnenuss onpenenena Takum 06pasoM, 9TO TOK Js [IOJIZKEH BBIPAXKATHCS
B BUJIE s = €NsVs, TJIE Vs — CKOPOCTb CBEPXTEKY4ero MBUKEHUs. B CBOIO ode-
pelp, Vs CBsA3aHa ¢ rpanueHToM (hasbl paBeHCTBOM V = (1/2m)V®; yaoenHast
Mmacca 2m (Bmecto m B (26.12)) crour 3meCh B CBA3KM C TEM, YTO KOHJIEHCAT
COCTABJIEH U3 CIIAPEHHBIX YaCTHIL.
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®opwmyna (44.2) (kak u dopmysa (26.12) miusa KUAKOrO resius)
MPEANONIATAET JOCTATOYHYI0 MEJJIEHHOCTh u3MeHeHus (a3bl B
mpocTpaHcTBe. B TO Bpemsi, oiHAaKO, KaK B ciiydae 003e-)KUIKOCTH
TpebOBaIACh MAJIOCTh U3MEHeHUsT P JHINb HA MEKATOMHBIX PACCTO-
SHUSAX, 37I6Ch YCJIOBUE OKA3BIBAETCHA 3HAYUTEIHHO 0O0JIEE CHIIBHBIM.
Posib xapakTepHOro pasmepa mjisi CBEPXTeKydUeil (pepMu-KuakocTu
urpaer JJIMHA KorepeHTHOCTH &) ~ hvp [Ag, n dhaza P momkHa Maso
MEHSATHCsl UMEHHO HA TAKOM PACCTOSHUM (BOJIBIIIOM 110 CDABHEHUIO C
MEKATOMHBIMH) *).

Ceas3p mexay js u @ ycnoxkaseTcs, eciim CBEPXIIPOBOJHNUK HAXO-
JATCS BO BHEIITHEM MArHWTHOM TIOJIE; MBI PACCMOTPUM 3JI€Ch CIydaii
HOCTOSIHHOTO (BO BpeMeHH) mojisd. HeoGXomuMble n3MeHeHUsi, KOTO-
pble HaNO BHeCTH B popmyiy (44.2), MOXKHO BBISCHHTH HCXOIS W3
TpebOBaHUs KAJMOPOBOYHOM MHBAPUAHTHOCTH TEOPUH.

9710 TpebOBaHME COCTOUT B TOM, YTO BCE HaDJIOIaeMble (PU3U-
9eCKUe BEJIUMYUHBI JOJIKHBI OCTABATHCA HEM3MEHHBIMU TTPU KaJuOpO-
BOYHOM ITPeOOPA30BAHNY BEKTOPHOTO MOTEHITUAJIA MATHUTHOTO TIOJIS:

A — A+ Vx(r), (44.3)
rae x(r) — npousBonbHas dyHKIMs KoopauHAT. IIpm arom -ome-

PaTOpPHI IPeoOPA3yIOTCA IO 3aKOHY, COBIIAIAIONIEMY C 3aKOHOM IIpe-
00pa30oBaHus BOJHOBBIX (DYHKITHIL:

T — Uexp i—ex, Tt — Ttexp (—i—ex) , (44.4)
hic hic
rge e — 3aps] YacTHI], ONUCHIBaeMbIX t-omepaTopom (cm. III,

(111.9))?). T'punosckue xe GyHKIUU G(X X' m F(X, X'), xax

U MaTPUYHBIE JIEMEHTHI IIPOU3BEICHUI TP+ um \IJ\I” peobpasy-
IOTCH COTJIACHO

G(X, X') = exp {"—e [x(r) - x(x')]} G(x, X7), iy
F(X, X') - exp{ r)+x(r')]} F(X, X'). '

IIpu sTom

E=iF(X, X) = exp (35x) &,

1) Momuepkuem, YTO 376Ch (DUTYPUPYET HMEHHO MOCTOSHHBIN (He 3aBHCATIHiT
OT TeMIEpaTyphl) MapaMeTp MIMHBL {p; CTPOroe OGOCHOBAHUE ITOrO KPUTEPHUS
Gyner naHo B masbHedmeM (cM. koHer § 51).

%) Boiarosaps TOMy, 9TO BO BTOPHYHO-KBAHTOBAHHEIH rammibToHuman (7.7)
1)-0mepaToOpBl BXOAAT MapaMu (I\I(X ) u @+(X ), oH mpeobpasyeTcst IpH 3aMeHe
(44.3), (44.4) Tak ke, KaK 1 OOBIYHBIN TAMUJIBTOHUAH IIPY TAKOM K€ Ipeobpaso-
BaHMU OOBIYHBIX (HE OIEPATOPHBIX) BOJIHOBBIX (yHkumii. [IpeobpasoBanne Buna
(44.3), (44.4) 6bUIO dakTHUECKH UCHONB30BAHO yxke B § 19.
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T. €. (pa3a KOHIEHCATHOI BOJIHOBON (PyHKIUU
&= &+ Zx(r). (44.6)
C

Cooraomenue (44.2) He MHBAPDUAHTHO IO OTHONIEHHIO K TAKOMY
npeobpazoBanuto pazwl. s noctukenns TpebyeMoil HHBAPUAHTHO-
CTH OHO JIOJI’KHO OBITH JIOTIOJIHEHO YJIEHOM, COJEPXKAIIMM BEKTOPHBIMH
HNOTEHIUAJ MATHUTHOTO TIOJIS:

js =1, (Ve - 2A). (44.7)
2m fic

B yaBoenuu 3apsizia (BO BTOPOM djieHe B CKOOKAX) MPOSIBJISIETCS CIIa-

pUBaHWE IEKTPOHOB B CBEPXITPOBOJIHUKE.

VYKe 9TO BBIpasKEHHE JOCTATOYHO IJIsi TOrO, 4TOOBI OObACHUTH
OCHOBHOE MaKPOCKOIIMYECKOE CBONCTBO CBEPXIIPOBOJHUKA — BBITEC-
HEHUe U3 HEro MarHuTHOro Hoid (agpexm Meticcnepa) ).

PaccMoTpuM 0HOPOHBIN CBEPXTIPOBOIHUK, HAXOAAITUNCS B CJ1a-
60M MArHUTHOM IIOJI€, — BEJIMYMHA IOJIS IPEIIIOJIATAeTCS MaJIo
0 CPaBHEHWIO C KPUTUYECKUM TojieM H., paspymarmomuMm cBepx-
OPOBOJMMOCTh. DTHM YCJIOBHEM WCKJIIOYAETCS CYIIECTBEHHOE BJIV-
JHUE MATHUTHOTO TOJIA Ha BEJIMYUHY Ng. [lyCTh TEJIO HAXOAWTCH B
TEPMOIUHAMUYECKY PABHOBECHOM COCTOSHUU, TaK YTO HOPMAJIBHBIN
TOK OTCYTCTBYeT M mo3ToMy js = j?). Ilpumenus temeps kK obeum
gacTaM paBeHCTBa (44.7) omepamuio rot u 3aMETHB IIPH 3TOM, YTO

rot A = B — MarHuTHag WHOYKOWMS B TEJE, IOIYYUM YPAGHEHUE
Jlondonos o
rotj=———B (44.8)
mc

(F. London, H. London, 1935)3).
910 ypaBHeHHe crierudUYHO 1JId CBEPXIPOBOIHUKA. Vcnonp3yem
Takke U obmmue ypaBHeHusa Makcsesia

rot B = 373, (44.9)
C

divB = 0. (44.10)

IMoncrasus j u3 (44.9) B (44.8) m 3amerus, uro B cuiay (44.10)
rotrot B = —AB, monyunMm ypaBHEHHE IS MarHUTHOIO IIOJSL B
CBEPXIIPOBOJIHUKE

AB = §’B, (44.11)

) ®enoMeHOMOrHYECKAS IEKTPOJUHAMUKA CBEPXIPOBOJHUKOB H3JI0XKEHA B
ApyroMm tome 3toro Kypca — cm. VIII ra. VL

2) ST0 GymeT MpeanosIaraTbCs U Be3e HUXKE B 9TOH IVIaBe, Tak 4To mof j Oyaer
[O/IPa3yMeBAThHCs IIJIOTHOCTh CBEPXIIPOBOZSIIEIO TOKA.

3) Manoxennprtit BoiBoy ypasuenus (44.8) npunagnexur JI. JI. JTanday (1941).
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IIIe BBEICHO 0DO3HaUYCHHUE
62 = mc?/(4neny). (44.12)

Haiizem ¢ mOMOIIBIO 9TOrO ypaBHEHUsI pacIpeiesieHue HOJs B
CBEPXIPOBOJHUKE BOJIN3U €I0 HOBEPXHOCTH, KOTOPYIO OyaeM CIUTATE
IUIOCKOI; 9Ty IVIOCKOCTDH BHIOMPAEM B KA4€CTBE IIJIOCKOCTH YZ, & OCh T
HAIIPaBUM BHYTDb TeJjla. B 9TUX yc10BUsAX pacupeesieHue oI 3aBU-
CHT TOJIBKO OT OZHO# KoopauHaTk! T, u u3 (44.10) umeem dB, /dx=0;
u3 (44.11) aBromMaTmyecku ciexyer Toraa, 9ro u B;=0. YpaBuenue

(44.11) npurmMaer Tereps Bux d°B/dz? = B/62, otkyna
B(z) = He (44.13)

T/Ie BEKTOp §) mapaJijiejieH TOBEPXHOCTH.

Mpsbl BuAMM, YTO MAarHUTHOE TIOJIE€ IKCIOHEHIMAJIBLHO 3aTYXAET B
riyOb CBEPXIIPOBOIHUKA,, IIPOHUKAS B HETO JIWIIE HA, PACCTOSHUU ~ 0.
OTa IJMHA MaKPOCKOIUYHA, HO MAaJia [0 CPABHEHUIO C OOBIYHBIMU
pasMepaMu MacCHBHBLIX 06pasnos (§ ~ 1076 — 1075 cm), Tax uro mo-
Jle MPOHMUKAeT (PAKTUYECKU JIAIIh B TOHKHI MOBEPXHOCTHBIN CJION.
JinHy 0 Ha3BIBAIOT A0HOOHOBCKOU 2AYOUHOT NPOHUKHOBEHUSA TIOJIS.
IlomuepkueM, 4TO OHA SABJIAETCH HEMOCPEICTBEHHO M3MEPHUMOI Be-
JIMYWHOM, UMCIOLIEH BIOJIHE OINPEIACICHHBIA CMBICJ, — B OTJIMYUEC OT
YCJIOBHOI'O CMBICJIa ITapaMeTpa 7.

[IpousBeneHHbI#l BBIBOA, HYKIA€TCH, OJHAKO, B CYIIECTBEHHON
orosopke. Vcxonnas dbopmyaa (44.7) npuMeHnMa JIMIIB IPY yCIOBUH
JOCTaTOYHON MEAJICHHOCTH H3MCHCHHUA BCEX BEJIMYWH B IIPOCTPAaH-
CTBE: XapaKTEePHBIEC PACCTOAHNS, Ha KOTOPBIX IIPOUCXOIUT CYIIECTBECH-
HOE WX W3MEHEHUE, JOJIKHBI ObITh BEJIUKU [0 CPABHEHUIO C JJINHOM
korepeHTHOCTH &0'). B mamHOM cilydae 9TO 3HAYUT, YTO JOJKHO

Oprrn 5> &. (44.14)

910 TpeboBaHMe, pasymeercs, He OPOCAET TEHW HA CAMO JOKA-
3aTEJbCTBO (DAKTA BBITECHEHWS] TOJIA U3 CBEPXITPOBOIHUKA: MPEJ-
MTOJIOXKEHUE O HEBBITECHEHWM TOJIs HPHUBEJO OBl K JIOTHYECKOMY
MPOTHBOPEYUNIO, TAK KAK €r0 M3MEHEHWE B TAKOM CJIydae OBbLIO OB
3aBEZOMO MeJyIeHHbIM U ypaBHeHue (44.11) 6bw10 ObI IPUMEHUMO.
Ho komkpernoe ypasuenme (44.11) u ciemyromuii u3 Hero 3akKoH
saryxaHus moss (44.13) cupaBeqIUBBI TOJBKO NPH COOJIIOZEHUU
yciosus (44.14).

1) Hamomuum, uto cama unayknus B ecrs ucTuHHAs MuUKpOCKONMYecKas Ha-
[PSYKEHHOCTh MArHUTHOTO IOJIsl, YCPEIHEHHAs N0 (DU3UYECKH OECKOHEYHO Ma-
JIBIM 3JIEMEHTaM 0ObeMa, Pa3sMephbl KOTOPHIX BEJIHKH JIHIIb [0 CPABHEHUIO C IIO-
CTOSIHHOM pEIIeTKHU.
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Curyanmio, KOrfja B CBEPXIPOBOJHUKE BBIMOJHICTCS HEPABEH-
cTBO & > £y, HA3BIBAIOT A0HJOHOBCKOU. B obpaTHO! XKe cuTyanum,
Korza § K &y, TOBOPAT O NuUNNapidosckom cirydae (3aKOH 3aTyXaHUs
oJIs B TVIyOb CBEPXIIPOBOIHUKA B 9TOM CJIy4ae OYyIEeT PacCMOTPEH B
§52). IIpu T—T,. MIOTHOCTH CBEPXIPOBOASAIIMX JIEKTPOHOB 15—0,
Tak 4To §—00. [ToaroMy B mocTaTouHOM 6JIU30CTH K TOUKE IMEPEXOIA
CUTyaInus BCerna JIOHMoHOBCKas. Ho mpu T— 0 cooTHOIIIEHNE MEXKTY
0 u &) 3aBUCUT OT KOHKPETHBIX CBOMCTB MeTasuia').

Haxkomer, paccMoTpuM emfe OfHO CileacTBHe BbipaxkeHus (44.7),
HE 3aBUCHINEE OT COOTHOIICHUS MKy § u &p.

Kak m3BecTHO M3 MAaKpPOCKOIUYECKOH 3JIEKTPOIUHAMUKHN CBEPX-
IPOBOJHUKOB, €CJIH 9€PE3 OTBEPCTUE CBEPXIPOBOILINETO TOPA IIPO-
XOJUT MArHUTHBIHM TOTOK, TO STOT MOTOK OCTAETCsI TIOCTOSHHBIM DU
JIFOOBIX M3MEHEHUSIX COCTOSHUs Teja (He HAPYIIAIOIUX €ro CBEPX-
[POBOZMMOCTH); TIPH TOM IPEZIOJIATAeTCs, YTO TOP MACCUBEH —
€ro IMaMeTp ¥ TOJIIIWHA, BEJIUKY IO CPABHEHUIO C JIJIMHON KOTEPEHT-
HOCTH W TJIyOMHOM TPOHMKHOBEHMS moJis. [lokaxkeMm, 9TO BEJIMUMHA
«BMEP3ITIEr0» B OTBEPCTHE TOPA MATHUTHOTO MOTOKA MOXKET OBITH
JIWIITE TEJBIM KPATHBIM HEKOTOPOTO IEMEHTAPHOTO «KBAHTA MOTO-
ka» (F. London, 1954).

B Tosmuse Tesa (BHe 061aCTH IPOHUKHOBEHUS T10J1s1) INIOTHOCTH
ToKa j = 0; BEKTOPHBII JKe MOTEHIINAJI OTJINYEH OT HYJIsT — PaBeH HYy-
JIIO JIUIIIb €70 POTOP, T. €. MarHuTHas nHayknus B. Beibepem kakoii-
b0 3aMKHYTHIN KOHTYD C', OXBaThIBatommii coboit OTBEPCTHE TOPA
W TPOXOIAIINI BHYTPH TeJIa BIAJU OT €r0 TOBEPXHOCTH; TAKAM
BBIOOPOM 0OecTIeunBaEeTCs CODJIIOIEHUE YCIOBUS NPUMEHUMOCTH
dopmyasr (44.7) — mocraTouHasi MeJJIEHHOCTh u3MeHeHus pasbl P
n noreHnmaga A B mpocrpancTBe. llupkynsims BekTopa A BIOIH
koHTypa C' COBMAJAET C TIOTOKOM MATHUTHOW WHAYKITMH Yepe3 Ha-
TSAHYTYI0 Ha KOHTYD MOBEPXHOCTD, T. €. MOTOKOM ¢) 9€PE3 OTBEPCTHE

TOpa:
gSAdl:/rotA'df:/Bdegb.

C apyroit cTopoHbl, mpupaBHsB Bbipaxkenue (44.7) HyJ0 U TIPOMH-
TErpUPOBAB €r0 10 KOHTYPY, MOJIyIuM

gﬁAdl: he 95 Vo -dl= 63,
2e 2e

rae 0P — uamenenue da3bl BOMHOBON (hyHKIMY Tpu 006X0/I€ KOHTY-
pa. Ho u3 TpeboBanus 0gHO3HAYHOCTH 3TOH DYHKIMU CJIELYET, YTO

1) JlonoHOBCKMIt Ciry4dail BO BCeil 06/IaCTH TEMIIEPATYP MMEET MECTO, HAIIPU-
Mep, B 9YHCTBIX METAJIJIaX IEPEXOTHBIX IPYIII NEPUOANIECKOH CHCTEMBI, B HEKOTO-
DBIX MHTEPMeTAJUIMIECKUX coequHeHusAx. [Iunmapmosckuii ciaydail mMmeer MecTo
(Bmauu ot T¢) B UMCTHIX META/IAX HENEPEXOLHBIX IPYIIIL.
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n3MeHeHue (has3bl MOXKET OBITH JIUIID IIeJIbIM KPAaTHBIM OT 27. Takum
00pa3oM, MbI IPUXOAUM K PE3YJIHTATY

¢ =ndo, do= ’|’_ﬁ|‘“’ =2.10""Tc - em?, (44.15)
e

T7e n — IeJioe 9ucio0. Bejuuuna ¢g npeacTaBiseT coboit sjeMeHTap-
HBIN K8GHM MAZHUMHO20 NOMOKG.

KBanToBaHMEe MArHUTHOTO TIOTOKA MMEET TAKXKE W JIPYToil ac-
MEKT: OHO MPHUBOJUT K JUCKPETHOCTH 3HAYEHWH MOJHOTO TOKA J,
KOTODBIl MOXKET MPOTEKAaTh (B OTCYTCTBUE BHEITHEIO MATHUTHOTO
OJIsI) TIO CBEPXIPOBOAsAIEeMy Koublly. JleficrBurensuo, Tok J co3ma-
eT MarHWTHBI IOTOK Yepe3 OTBepCcTHe Kousibla, pasubiil LJ/c, raoe
L — xoapdumnuent camonaaykiuu. [[pupaBHAB 9TOT MOTOK Ng, Ha-
XOJMM, 9TO TOK MOXKET MMETh 3HAUCHUS

2
c whe
J =0y = ey, (44.16)
L le]L
B mpoTHBOMOMIOKHOCTE KBAHTY MArHUTHOTO MOTOKA, <KBAHT IIOJI-
HOTO TOKa» 3aBUCHUT (BMecTe ¢ camomHayknuedi L) ot dbopmbl u
pa3MepOB KOJIbITA.

S3amaua

OnpeneauTs MarHUTHBIA MOMEHT CBEPXIIPOBOJMAIIETO MAapuka paauyca R<4,
HAXOMAIIErOCs B MArHUTHOM II0JI€, B JIOHZOHOBCKOM CJIydae.

Pemenue. I[Ipu RK§ MOKHO CYUTATH MATHUTHOE TI0JI€ BHY TPY HIAPUKA I10-
CTOSIHHBIM ¥ PaBHBIM BHemrHeMmy noso $). Eciu BeIOpaTh BEKTOPHBIN IOTEHIMAT
B Buze A = 1/2[$r], TO MOXKHO MOJOXKUTH HPOCTO

j= —(n.€®/mc)A

(1. e. monoxuts B (44.7) ® = 0); rpaHUYHOE YCJIOBUE MCYE3HOBEHHUS HOPMAJIb-

HO#i cocTasJistromell Toka (nj = 0) Ha MOBEPXHOCTH MIAPUKA BBIOJIHAETCH TOTZA
aBTOMATHYECKH. MarHuTHBIM MOMEHT BBIYUC/ISETCS KAaK HHTErDAJI

M:%c/[rj]dV

o o6'beMy IIAPWKA ¥ PABEH

R5
M=- .
3002 s

§45. Ypasuenns I'mu3oypra—Jlammgay

IlonHasi Teopusi, OMUCHIBAIOIIAS ITOBEICHUE CBEPXIIPOBOTHUKA B
MArHUTHOM TIOJIe, OYeHb CIOXKHa. CUTyanusi, OMHAKO, CyIIECTBEHHO
YIPOIIAETCs B 00JIACTH TEMIEPATYP BOJM3U TOYKM TEPEX0/a. 31eCh



§ 45 VPABHEHMUSI TMH3BYPTA-JIAHIAY 233

OKA3BIBAETCA BO3MOXKHBIM TOCTPOUTH CHCTEMY OTHOCHUTEIHHO IIPO-
CTHIX YDaBHEHUH, IPUYEM IPUMEHUMBIX HE TOJIBKO B CJIAOBIX, HO U B
CUJIBHBIX TIOJISIX *

B obmeit Teopun Jlannay $hazoBbIx mepexos0B BTOPOTO POJA OT-
JINYUE «HECUMMETPHUYHOWs ((Da3bl OT «CHMMETPUIHON> OMUCHIBA-
€TCd TIAPaMeTPOM MOPSIKa, OOPAITAIONIAMCS B TOYKE TEPEXOJA B
HyJsib (cM. V, §142). [Tns cBepxupoBossimeii ¢ha3bl eCTECTBEHHBIM Ta-
KM TIapaMeTPOM SIBJISETCH KOHJIEHCATHAs BOJIHOBas (DYHKIUSA =.
Bo wusbexkanve M3mMIHUX (C IPUHIUIMAIBGHON TOUKY 3PEHNsT) YCIIOXK-
HeHU#l OyaeM CYATATh CHUMMETPHUIO METAJIUIMYECKOTO KPHUCTAJIIA
Kybmueckoil; Kak ObLIO YKa3aHO B § 44, B 9TOM CIIydae CBEPXIIPOBOJIS-
Imee COCTOSAHNE XapaKTePU3yeTCd CKAJIADHON BEJIMYUHON Ng — IJIOT-
HOCTBHIO CBEDPXIIPOBOJSAIINX 3JIEKTPOHOB. Dosiee yao6HBIM BBIOOpPOM
napaMeTpa HOPSIKa B 9TOM CJIydae siBJIsieTCs BeJuduHa (0603HAYNM
ee depe3 1)), NPONOPIMOHAJIbHAS =, HO HODMUPOBAHHAS YCJIOBHEM

|4|2 = ns/2. ®aza Bemmuunb! ¥ coBmagaet ¢ bazoi GyHKIEE =:

P = \/";Sei‘l’. (45.1)

ITnorrocTh CcBepxmpoBOZsIIero Toka (44.2), BhIpakeHHas depe3 v,
3aIUChIBAETCS B BUJE

jo= TWPVE = VY —yVy).  (452)

OTnpaBHBIM TYHKTOM TEOPUH SBJISETCST BHIPAYKEHUE JIJIsT CBODOJI-
HO¥i 9HEPIUM CBEPXIIPOBOJHUKA KakK QYyHKIMOHAIA OT DyHKImHU 1) ().
B coorBercTBUU C 0b01TMMEU MONIOXKeHUsiMu Teopuu Jlanmay, oHO mo-
JIyIAETCS PA3JIOKEHNEM IIOTHOCTU CBOOOIHOM SHEPTUH 110 CTEIEHAM
MaJioro (BO/IM3M TOYKHU MEPEXOa) mapaMeTpa MOPsiiKa i) U ero mpo-
M3BOJHBIX 10 KoopamHaTaM. CHAYAIa PACCMOTPUM CBEPXITPOBOIHUK
B OTCYTCTBHE MAarHUTHOTO TIOJIS.

B cooTBeTCTBUM CO CBOMM CMBICJIOM KAK BEJUUYUHBI, POTIOPITAO-
HaJIbHO} rpuHOBCKOll dyrkmmu F(X, X) = —iE(X), napamerp 1o-
panka ¥ HCOJTHOBHACH: TIOCKOJIBKY dbysxua F(X, X) cocraBiena
U3 [IBYX OICPATOPOB U, To HpousBOJIbHOE u3MeHeHHe (asbl ITUX

OIEPaTOPOB, T — \Ifew‘/ 2 npuBOAUT K m3MEHEHHIO (as3bl ByHKIHT
F ma a. OU3IHeCKHe BEJIMHHB He JIOJI2KHBI, KOHEYHO, 3aBUCETH OT
3TOrO MPOM3BOJIA, T. €. JOJKHBI ObITh MHBAPUAHTHBI TI0 OTHOIIIEHUIO
K peoOpa30BaHUI0 KOMIUIEKCHOTO IapaMeTpa Hopsaika: ¢ — pe*®
OTuM TpeOOBAHMEM HCKJIIOYAIOTCS YJIEHBI HEUETHBIX CTETMEHEH 10 1)
B pa3JIOXKeHUU CBOOOIHON SHEPIHUH.

' Uznaraemas wuxe reopus npumamiexur B. JI. Punsbypzy u JI. JI. Janday

(1950). 3ameuaTesnpHO, UTO OHA GbLIA MOCTPOEHA (DEHOMEHOJIOTMYECKUM ILyTEM,
emie 0 CO3AaHUs MUKDPOCKOIMYECKON TEOPUU CBEPXIIPOBOIUMOCTH.



234 CBEPXIIPOBOJVMOCTD LV

KoHKpeTHBIN BT 9TOTO PA3JIOKEHUS YCTAHABIUBACTCS HA OCHO-
Be TeX ke cooOparkeHwuii, 9To u B 00111eil Teopun Ha30BbIX MIEPEXOIOB
Broporo ponxa (cm. V,§146). He noBropsis 3TuX paccy IeHuil, Ha-
TIUTIIEM CJIEYIOIIEE PA3JIOKEHUE IIOJIHOM CBODOMHON SHEPTUM CBEPX-
IPOBOZAIIETO TeJIa 157

F=Ft [{E (0P +apP+ dutfav. (153)

3aech Fy, — cBoGOAHAS SHEPIHUs B HOPMAJILHOM COCTOSIHUH (T. €. IIPH
¥ = 0); b — 3aBucAmUil JUIMb OT MJIOTHOCTH BEIIECTBA (HO HE OT
TEMIIEPATYPBI) HOJIOKUTEABHBIN KOI(DMUIIMEHT; BEeJIMYUHA 0 32BUCHT
OT TEMIEPATYPEI IO 3AKOHY

= (T - T)e, (45.4)

obpaiasicb B HyJib B TOUYKe Tepexomna; koddgduruent o > 0 B co-
OTBETCTBUU C T€M, UTO CBEPXIIPOBOJsAINEH (a3e oTBeUaeT 06JIaCTh
T < T.; xosbdunuent npu |Vi)|? B (45.3) BbIGpan Tax, 9To6LI A/
TOKa TOJIy4asoch Boipaxkenue (45.2) (cm.mmxke)?). Tor dakr, uro
B (45.3) durypupyoT Jub IepBble IPOU3BOJHLIE OT 1), CBA3AH C
TPEIONOKEHNEM O JOCTATOYHON M€ JIEHHOCTH U3MEHEHUS 1) B MPO-
CTpaHCTBE.

B omHOpOIHOM CBEPXIIPOBOJHUKE, B OTCYTCTBHAE BHEITHETO TIOJI,
napamerp ¢ He 3aBUCAT OT KoopauHaT. Torma Beipaxkenue (45.3)
CBOJIUTCS K

F=F,+aV[y]>+ %Id)l“. (45.5)

Pasrosecroe 3nagenue |1)|? (nmpu T < T.) onpenensercs yciosueMm
MPHHUMAJIBHOCTH 9TOTO BbIPArKCHUSI:

[$f? = -7 = (T = T); (45.6)

IUIOTHOCTH CBEPXIIPOBOMSAIIAX SJIeKTpOHOB B 3aBUCHMOCTH OT TEMIIE-
paTypsl 00pAIAETCs B TOUKE IIEPEX0a B HyJIb 110 JIMHEHHOMY 3aKOHY.

IMoncrasus 3nauenue (45.6) obparso B (45.5), HafieM pa3HOCTH
cBOGOHBIX HEPruii CBerHpOBO,I[HmeFO ¥ HOPMAJIbHOTO COCTOSTHUIA:

Fy—Fu=-V S (T T)2. (45.7)

'Y HamoMuuM JIMIIb, 9TO HANMCAHHBIA B[ TDAJUCHTHOrO UICHA CBA3AH C
MPEIIIOIOKEHHOM Kybudeckoit cumMerpueii kpucrasuia. [Ipu 6osee Hu3KOM cuM-
Merpun OH uMeJ Obl Buz OGosiee 0Omiel KBaapaTU4YHON (OPMBI M3 IPOU3BOJ-
HBIX O/0%;.

2) SroT BBHIGOP (B TOM 4YMCIE OTOXKAECTBJICHWE 7N C UCTHHHONW MAacCOil 3JIeK-
TPOHA) HE UMEET, KOHEYHO, [VIyGOKOTO CMBIC/IA U YCJIOBEH B TOH XK€ MEpE, KaK H
omnpenenenue ns B (44.2).
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HuddepennupoBanreM Mo TeEMIEPATYPe OTCIOAA MOXKHO HANTH pa3-
HOCTH YHTPOMHUM, a 3aTeM M CKAYOK TEMJIOEMKOCTH B TOYKE IEpe-
1
xomalt):
o?T.
T

B6ausu Touku mepexoma pasHocTh (45.7) mpezncraBiser coboit
MaJIyo 106aBKy B ¢BOOGOmHOM 3Heprun. COTIACHO TeopeMe O MAaJIbIX
nobaskax (V,§15), 9Ta ke BesinunHa (BbIpakeHHAs B (DYHKIUU TEM-
HepaTyphl U JABJIECHUS BMECTO TEMIIEPATYPbI M 00beMa) JaeT pas-
HOCThb TEPMOJMHAMHYECKHUX HMOTeHIHaI0B @5 — ®,,. C mpyroii cTopo-
HBI, COTJIACHO 0DmIe (popMyJsie TEPMOAMHAMUKYU CBEPXIIPOBOJHIKOB
(em. VIII, (55.7)), 3Ta pasHoCTh coBmaaeT ¢ Besuaunol —V H2 /8,
rame H, — xpurmdeckoe mojie, pa3pylIaiomee CBEPXIPOBOIUMOCTD.
Takum 06pa30M, HAXOAUM IS TIOCJIEIHErO CJICAYIOMuUil 3aKOH TeM-
HepaTypPHON 3aBUCHMOCTH BOJIM3M TOUYKH Iepexona ?):

.= (=) " (=) V@), (45.9)

b b

ITpy Hanw4YMu MarHATHOTO mOUs BhIpaxkenue (45.3) mius cBoboa-
HOI SHEPIUM JOJIKHO ObITh U3MEHEHO B ABYX OTHOIIEHUAX. Bo-mep-
BBIX, K IIOJBIHTETDAIbHOMY BBIPAXKEHUIO HAJO JO0OABUTH ILJIOTHOCTH
sHepruu MarauTHOro Tons B2/8m (rme B = rot A — marmmTHaZ
MHIYKIUs B Teje). Bo-BTOPBIX, HAZ0 M3MEHUTH IDAJUEHTHBIN 4jIeH
TakKuM 00pa30oM, YTOOBI YIOBJIETBOPUTH TPEOOBAHUIO KAJINOPOBOYHOM
vHBapuaHTHOCTH. B mpenbiaymem maparpade ObLIO MOKAa3aHO, YTO

') Cpasuus dbopmyser (45.6) u (45.8) ans |¢|? = ps/2m u ana ckauka Temio-
emkocru ¢ popmynamu (40.16) u (40.11) ms Tex xke Besmuun B Mogean BKIIT,
MOXKHO HaiiTu 3Ha4YeHus Kod3bdunuentos a u b B aroit monean (JI. I1. I'opvros,

1959):
) a=6rT,)7¢(8)n="1,04-T./u, b=aT./n;

HCIOJIB30BAHA CBA3b IUIOTHOCTH YMCJIA YaCTHL, 1L = p/MM U XAMUIECKOrO IOTEH-
muasa p (npu T = 0) ¢ DpefesIbHBIM UMITYJIbCOM KAaK Iyis HIEaJILHOTO rasa:

n =py/37°hK°, p=py/2m.
%) B momenu BKIII:
H, = 2,44(mpr /F*)/* (T, = T) npu T — T..
IIpusenem rakke 3uauenune H. B 310ii 2xe Mmomenu upu 1’ = 0:
H. = 0,99 T.(mpr/h%)"/?

(om0 monmywaercs npupasuusanuem —V HZ /87 pasuocru suepruu (40.9)).
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9TO YCJIOBHE IPUBOAUT K HEOOXOAMMOCTH 3aMEHbI IpajueHTa (a3l
KOHZIEHCATHOH BOsiHOBOH dyHkmuu V® pasuocteio V® — 2eA /hic.
B mamnOM ciydae 3TO 3HAYMT, YTO HAJAO 3AMEHUTH:

Vi = e V|y| + ity VE = Vi — ZEAY.

Takum 06pa3oM, MBI IPUXOAUM K CJIEAYIONIEMY OCHOBHOMY BBbIpaKe-

HUIO:
2 2
F=Fuo+ [{Z4 2 (v -2 0) "+ alyf? + Dy} av
T 4m
(45.10)

(Fro — cBODOIHASI HEPIUs TEJIA B HOPMAJIBHOM COCTOSIHUM B OTCYT-
cTBre MarHuTHOrO nouist). [loguepkuem, uro koabdunuent 2ie/hic B
9TOM BBIDArXKEHUU MMeeT Ge3yCJIOBHBIN XapakTep (B OTJIMYME OT OT-

MEJEHHO#I BBIIIE yCIOBHOCTH BhIGOpa Kodddunuenta /i2/4m). Yaso-
eHue 3apsaaa JIEKTPOHA B HEM ecTh cieacTBue 3ddekta Kymepa
(/I II. Topvkos, 1959); sToT KO3ddUINEHT HE MOT ObI OBITH, KO-
HEYHO, YCTAHOBJIEH YUCTO (DEHOMEHOJIOTUYECKUM IIYTEM.

uddepennmaabable ypaBHEHUs, OMPEIEJISIONINE pacIpesesie-
HUE BOJIHOBOM (DYyHKIMY 1) U MATHUTHOTO TIOJII B CBEPXIIPOBOIHUKE,
HAXOAATCS Tereph MUHUMU3AIMel CBOOOIHON SHEPTrUU KaK (PyHKIM-
OHAaJIa OT TPeX HEe3aBUCHMBIX GyHKIWmIL: ¢, ¥* u A.

KomruiekcHas BeTu9uHa, 1) €CTh COBOKYITHOCTD JBYX BEIIECTBEH-
HBIX BEJIMYUH; MO3TOMY % u ¥ Hajg0 paccMaTpWBAThH NPU BapbU-
pOBaHWM KakK He3aBHCHUMBbIe GyHKIH. Bapbupys uHTErpaJ mo ¢* u
npeobpasosas uHTerpai or wieHa (Vi — 2ieA /hc) Voy* unrerpu-
POBaHUEM TIO YACTSIM, IOy IUM

§F = /{__ - e )2¢+a¢+b|¢|2¢}5¢*dv+
+%9§(v¢ BeAp) Gyt df; (15.11)

BTOpPO# mHTErpaJi bepercs mo moBepxHocTH Tena. [lomoxus §F = 0,
MOJTy9MM, B KAUECTBE YCJIOBUS PABEHCTBA HYJIIO OO'bEMHOTO MHTETPAa-
Jia TIPU TPOM3BOJIBHOM Y™, cjiemytolnee ypaBHEHHE:

L (~ihv - 2—:A)2 b+ aw + b |20 = 0 (45.12)

am

(BapbupOBaHME K€ WHTErpajia IO 1 TPUBOIUT K KOMILIEKCHO-CO-
NPSPKEHHOMY YPABHEHUIO, T. €. He IaeT HUYero HOBOTO).

HAJIOTHYHBIM 00pa30M, BAPBUPOBAHUE WHTErpaja mo A mpuso-
OUT K ypaBHeHuio Makcsesuia

rot B = 475, (45.13)
C
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IpUYeM ILUIOTHOCTh TOKA JAETCSA BHIPAYKEHUEM
. 2
J= WV - gV - YPA, (45.14)
m mc
conanaromuM ¢ (44.7) (Mbl umeM j BMECTO js, TAK KAK B TEPMO/IH-
HAMUYECKOM PABHOBECUY HOPMAJIbHBIHA TOK OoTCyTCTBYyeT). OTM™MeTHM,
g0 u3 (45.13) caenyer ypasuenue menpepbiBHOCTH divj = 0; 310
YPaBHEHME MOXKHO TMOJIyYHTh TAKKe U NpaMbIM quddepeHnupoBa-
HueM Bbipaxkenus (45.14) ¢ yuerom ypasuenus (45.12).
Ypasuenus (45.12) — (45.14) cocraBidroT NOJHYIO CUCTEMY Ypas-
nenuti I'unsbypea—/landay.
'paHuYHbIE yCJIOBUS K 3TUM YDABHEHUSM IOJIyYAIOTCA U3 YCJIO-
BUSl PABEHCTBA HYJIIO WHTETPAJIOB IO MOBEPXHOCTU B Bapuanuu 0 F'.
U3 (45.11), Takum 06pa3oM, HOJIydaeTCs TPAHUYHOE YCIIOBUE

n (—mw - %Aw) =0, (45.15)

rJe N — BEKTOP HOpMaJM K ToBepxHOCTH Testa. OTMernm, 9TO B
CHJIY 3TOTO yCJIOBHS OOPAINAETCH B HYJIb, KAK U CJIEIOBAJIO, TAKXKE W
HOpMaJIbHasi KOMIIOHEHTa ToKa (45.14): nj =01?).

Yo KacaeTcs IPAaHUYHBIX YCJIOBUH JJIA TOJIsS, TO W3 yDABHEHUS
(45.13) ¢ y4eTOM KOHEYHOCTH j BO BCEM HPOCTPAHCTBE (BILUIOTH 10
HOBEPXHOCTH T€JIa) CJIEAYET HENPEPHIBHOCTH TAHTEHIMAJILHON KOM-
moHeHTHl nHAYKIMu By. 13 ypaBHeHUs xe

divB =0
CJIeIyeT HEMPEPBIBHOCTh HOPMAJIBHOM COCTABJIAIONMEH MHAyKIH By, .

JpyruMu cjioBaMu, IDAHUYHBIE YCJIOBUS TPEOYIOT HEUIPEPHIBHOCTH
Bcero BekTopa B.

Y pu rpaswasom yenosun (45.15) camo 1 He 0Bpamaercs B HyJb, KAK 3TO,
Ka3aJ10Ch Obl, JOJIXKHO OBLJIO OBITH AJIs BOJIHOBOM (ODYHKIUY HA IPAHUIE TeJa. JTO
0OCTOSITEILCTBO CBSI3aHO C TEM, UTO B JEHCTBUTEJBHOCTH 1) yOBIBAET IO HyJIs
JIUIIb Ha PACCTOAHUAX MOPAAKA ATOMHBIX OT IIOBEPXHOCTH; MEXKAY TE€M TaKue
paccrosHus B Teopun I'uu3bypra—Jlangay paccMaTpUBAIOTCH KAk IPEHEOPEXKUMO
mausie. (Ilonpobree cm. B kuure Jle 2Ken I1. CBepXnpoBoguMOCTb METAJIIOB U
cmwiasoB. — M.: Mup, 1968, c. 230-232.)

VYeaosue (45.15) BBIBEIEHO 3/716Ch 10 CYINECTBY [iJjIsi TPAHULIBI CBEPXIIPOBOHHU-
ka ¢ BakyymMoM. OHO oCTaeTcs B CHJIE U JJIsl TPAHUIBL C JUIIEKTPUKOM, HO IS
TPAHULBI PA3AEIIA MEXK/Y PA3JINIHBIMA METAJLUIAMU (13 KOTOPBIX OAMH CBEPXIPO-
BOZSAIL, a APYTO¥ HOPMAJIEH) OHO HEIPUTOAHO — B HEM HE y4HThIBaeTCs 3dekT
YaCTUYHOI'O0 NPOHUKHOBECHUA CBEPXIIPOBOALAINUX JJICKTPOHOB B HOpMaJIbeIﬁ Me-
Tayt. B arom ciayuae (45.15) 3amensiercsa ycioBueM 6osiee 0BIEro BuAa, COBME-
crumoro ¢ TpeboBanuem nj = 0:

n (—mw - %A«p) - % (45.154)

rjie A — BELIECTBEHHAsI IOCTOAHHAs! (Pa3MEPHOCTH JIJIMHBI); OLEHKA ITOMH MOCTO-
SIHHO# TpebyeT, ogHako, 6ojiee JeTaIbHOTO MUKPOCKOINYIECKOTO UCCIIELOBAHUS.
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B ciiabom MarHuTHOM TOJIE MOYKHO NIpPeHEOpPEYb €r0 BJIMSTHUEM
Ha |¢|? u camraTh [1h|? paBHBIM TOCTOAHHOMY BJIOL TEJIa 3HAUCHHUIO
(45.6). Torga momcranoska (45.14) B (45.13) (u mocsenyromee npu-
MEHEHUE OIepanuu rot K 000MM CTOPOHAM yDABHEHUs) IPUBOIUT K
ypasHeHuto JIonmnoHoB (44.11) ¢ ruryOGuHON IPOHUKHOBEHUS

5= |: mc?b ]1/2 _ [ mc?b ]1/2 (45 16)
- 8me?|a| h 8re?a(T, — T) ' '

Hapsiny ¢ stum pasmepom ypaBuenus ['mu3bypra-Jlammay co-
JIEPXKAT €I1e OJHY XAPAKTEPHYIO JJIUHY: KOPPEJSIUOHHBIN pajuyc
duykTyanuit mapamerpa nopsaka ¢ (B OTCYTCTBHE MOJIs); 0003HA-
gum ero 4depe3 &(T'). Ilo usBecTubM opMmysnaMm Teopun QUiyKTya-
nuit (cm. V, §146), aT0T pasuyc BeIpakaeTcs uepe3 KodMhUIueHThI
B cBOGOAHO! 9Hepruu (45.3) corsnacuo

(ry=—"__— n : (45.17)
2(m|al)t/?  2(ma)t/2(T. —T)'/2
Xapakrepubivu jummaamu (45.16), (45.17) ompezpensiercs mopsi-
JIOK BEJIMYUHBI PACCTOSHU, Ha KOTOPBIX CYIIECTBEHHO MEHSETCS Tia-
paMeTp MOPSIKA ¥ ¥ MArHUTHOE TI0JIE, ONMCHIBAEMbIE Y PABHEHUSIMU
I'uazbypra—Jlanmay. [Ipm sTom mymba § XapakTepHa, BOOOIIE TOBO-
psi, Jyisi MarHuTHOrO mosisd, a jgumHa &(T') — musa pacupenesenus 1.
O6e 3Tu JIMHBI JOJKHBI OBITH BEJUKH IO CPABHEHUIO C «pa3Mepa-
MU Tapbl» &y I TOTO, YTOOBI BBIIOJHSIOCH MTPEIIOJIOXKEHUE O JI0-
CTATOYHOM MEIJICHHOCTU M3MEHEHUsI BCEX BEJMYUH B MIPOCTPAHCTBE.
ITockonbky 06e MJIMHBI BO3PACTAIOT TPHU TPHUOJIMKEHUN K TOYKE IIe-
pexoza (1o 3axony (T,—T)~'/2), 1o BG1m3H Hee 510 ycn0BHE, BOOOIIE
rOBODS, BBIIOJHSAETCH (CM. HIXKeE).
BaxkHoe 3HaueHHe B U3J1aracMoll TEOPUH UTDPAET NAPAMEMP
TI'unabypea—/landay, onpenensieMblii KAK MOCTOSTHHOE (HE 3aBUCINEE

OT TEMIIEPATYPHI) OTHOIIEHUE ABYX YKA3AHHBIX JJINH:
_8(T) _ meb'/?
§T)  (2m) el
ITo TIOPAAKY BEJIMYUHBL 3 ~ (50/60, roe 50 — OJINHAa KOI'€PEHTHOCTHU

(39.21), a 49 — JIOHIOHOBCKAsl TJIyOWHA MPOHUKHOBEHWs IPU abCO-
JIOTHOM HyJie. YKaxKeM Takke (HpopMyJLy

=22 %HC(T)62(T), (45.19)

(45.18)

nosry4aromyocs ¢ nomompio (45.9) u (45.16) u BbIpakaroulyio
HEMOCPEICTBEHHO Yepe3 HADJIIOAACMbIC BEJIMYUHEL.

YcraHOBUB BUJ ypaBHEHUH, 0OCyIuM Temephb BOIPOC 06 objacTu
UX IPUMEHHUMOCTH.
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Co CTOpPOHBI HHU3KHMX TEMIIEPATYDP 3Ta 00JIACTH BO BCAKOM CILIy-
4qae orpanmyena yciosueM 1, — T <K T, MO3BOJAIONIUM CUUTATH
mapaMeTp MOPs/IKa MaJbIM U TEM CaMbIM JIEXKAIUM B OCHOBE BCETO
IIPOU3BEJIEHHOTO PA3JIOKEHUsI CBOOOJHOM SHEPruu. DTUM Ke YCJIO-
BueM obecneunBaercs cobsonenue HepaBeHcTsBa &(T) > &y, HO muid
coburonenus uepasencTBa 0(1') > £y ycioBue OKa3bIBaeTCs GoJiee
JKECTKUM B CJIy4ae CBEPXIIPOBOJHUKOB C MAJIBIMU 3HAYCHUSIMU IIa-
pameTpa s'); B THX CJIydasX U3 HEPABEHCTBa § > {p Ciemyer

ycioBue
T, — T < »*T,. (45.20)

Co cropousr ke T — T, TIpuUMEHUMOCTH yPaBHEHUN OTpaHUYe-
HA JIAIIb OOIMMM YCJIOBHEM TPUMEHUMOCTH TEOPUHU (DA3OBBIX MEpe-
xomoB JlaHay, CBSI3aHHBIM C BO3pacTaHuEeM (UIyKTyaluii mapameT-
pa mopsinka. B maHHOM ciydae, OFHAKO, 9TO YCJIOBHE OKA3BIBAETCH
YPE3BBIYAHO CIa0bIM. JleficTBUTEIbHO, OHO BBIPAXKAETCH depe3 KO-
s dunuenTs! pazoxenus (45.3) HepaBEeHCTBOM

b°T?

T —T> _ %%
©T 1 Sy

(cm. V, (146.15)). Ouenus, HanpuMep, BEIPAYKEHUE B IPABOH CTOPOHE

¢ nomotnpio 3uadennit b u a B momesm BKII, momyanm

(T -T)/Tc > (Tc/:u)4' (45.21)

Beuay xpaitreit manoctu ormomrenns Tp/p ~ 1073 — 107* mox-
HO CYUTATh, YTO ITO YCJIOBUE BBHINOJHAECTCH ITPAKTUYECKH BILIOTH JIO
camoit Touku nepexona. QuykTyanuonHas e ob0JIacTh JJIs IEPEXO-
Jla BTOPOTO POJa MKy CBEPXIPOBOJAINEH M HOpMaJIbHOM dhazamu
NIPaKTUYECKU OTCYTCTBYeET.

S3agaua

Jns IWIOCKO#M IIeHKH ¢ ToMmmMHON d > £, § HAlTH KPUTUYECKOE 3HAUYEHUE
MarHUTHOIO HOJIst ([IapaJlIeIbHOrO IJIOCKOCTH IUIEHKH), PaspyLIAIONEro CBEPX-
nposogumocts (B. JI. Tunsbype, JI. JI. Jlanmgay, 1950) 2).

Pemenue. Beibepem cepesMHHY IO JIOCKOCTD IJIEHKYU B KAYECTBE IIJIOCKOCTH
ZZ € OCBIO X BAOJIb HANpaBJeHus noyist. B ypasuennu (45.13) mys nonst B = B (y)
(MeHsIIOIIErOCH MO OCH Y HOIEpPEeK IJIEHKH) MOXKHO cuutaTh 1) = const. Torma
LepBBIA WieH B BhIpakeHuu ToKa (45.14) ucuesaer u npuMeHEHME OIEpAanUH rot
k (45.13) mpusomur k ypasuenuio B” = 6°B/6%, tae 0 = o /vo, ¢ = |a|/b.

') [IpuBeaem mjis mpuMepa 3HAUCHHSA 3 /I HEKOTODBIX YMCTHIX METAJLIOB:
Al120,01, Sn — 0,13, Hg — 0,16, Pb — 0,23.
2) AHanoruYHy0 33184y IS MAJCHBKOTO ITAPHKA CM. B § 47.
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CHUMMETPUYHOE [0 Y PEIlIeHHe STOr0 yPABHEHUS

ch (y6/4) y* —(d/2)”
Bly)=9—""L =9 |1+ —""29
W) =95 da/25) = ° 262
($ — BHemHee mose). DTOMY MOJIO OTBEYAET PACHPEIEICHAE TOKA
. c ch%H
=j,=——B ~ — .
1= 4m 4md? v

B ypaBrenuu xe (45.12) 3aBUCUMOCTBIO 1) OT Y HOJHOCTHIO NPeHeOPeYD HEJIb3sL:
mastast mpomssogHas 021)/0y? dbaxruyeckn ymuOKaercs 3xech Ha K2 /mla| ~

u Tem cambiM TipuobpeTaer Goubiroii (B cuiry yerosus d K &) muoxurens (€/d)?;
B TO K€ BPEMS B 3TOM ypPaBHEHWHU MOXKHO NpeHebpeus morenmmaiom A = A, (y),
NPUBOASIIVM 3[€eCh K YieHaM Gosiee BBICOKOro mopsiaxa mMajoctu 1o d/§. Yrobst
u36aBUTHCH OT HEOOXOAMMOCTH PACCMOTDPEHHS 3aBHCHUMOCTH 1) OT Y, YCPEAHUM
ypasrenue (45.12) no ToJIIWHE UIEHKW; IPOU3BOAHBIE [0 Y IPH 3TOM BBIIAAYT B

cuity rpaHu4HOro ycyiosust O /0y = 0 Ha MOBEPXHOCTH IJICHKU. 3aMETHUB TaKXKe,
9TO

P ([ my
922 lelfil[?

B CHJIy 3aBHCHMOCTH dassl pysKIMU ¢ OT z (K CBA3U ee IPAJMEHTAa C TOKOM)
HaiiieM, IOC/Ie COKPAIEHNs Ha 1):

2
(G

al+b

s ~lal ol =
rae

d/2

_2 _ l / _ C2d2€4‘62
d 3(8m)244 "

—d/2

Vcnonb3oBas Takke BoipaxkeHus (45.9) u (45.16), npugeM K ypaBHEHHIO

1(9d\ P
24 \ H.S g2’

ONIPEENSIONMIEMY 3HAUYEHHUE 1) I IUIEHKU B MarHUTHOM mojie. Kpurudeckoe 3Ha-

(1)
JeHue moJis Jis myteHku H €CTh TO, IIpU KakKoM Y obpamaerca B Hysb. OHO
CBA3aHO C KPDUTHUYECKUM II0JIEM HC MaCCUBHOI'O CBEPXIIPOBOAHUKA PABEHCTBOM

HEY = \/24Hcg.

B paccMOTpEHHBIX yCIOBUSX Pa3pyIIEHHE CBEPXIPOBOAUMOCTH IOJEM IIPO-
ucxoguT myTeM (hasoBOrO MEPEXOa BTOPOro poja: i) oOpalaeTcsi B HyJb DU
YBEJIMYEHUN §) HENIPEPBIBHBIM 00Pa30M. DTO BIIOJHE €CTECTBEHHO, TOCKOJILKY IIPU
d < 6 nosne ¢pakTUUECKU NPOHUKAET B CBEPXIPOBOJSILYIO IJIEHKY, TAK YTO HET
NpUYUH JJIsl IEPEeX0a IEPBOro pojaa, KOTOPHIH KaK pa3 U COCTOsJI ObI BO BHE3AII-
HOM IIPOHUKHOBEHUU IIOJIA B Te€JIO.
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§ 46. IloBepxHOCTHOE HATSXKEHWE HA TPAHWIIE CBEPXIPOBOALIIEH
¥ HOpMaJIbHO# a3

Vpasuenus ['mu3bypra—Jlangay mo3BOJISOT, B 94CTHOCTH BBIYKC-
JIUTH HOBEPXHOCTHOE HATSXKEHUE Ha I'DAHUIE CBEPXIPOBOALIIieil (S)
u HOpMaubHOH (n) da3 (B omHOM m TOM ke 06pasie), CBA3aB €ro
C BEJINIMHAMU, XaPAKTEPUIYIONUMHU 0O0BEMHBIE CBOMCTBA BEIECTBA
(B.JI. I'unsbype, JI. /1. Jlanday, 1950). Hamomuum, 9T0 Takue rpa-
HUITHI CYITECTBYIOT B METAJIMIECKUX 00PA3IaX, HAXOISAIINXCI B TaK
HA3BIBAEMOM TIPOMEXKYTOUYHOM COCTOSHWM B MATHUTHOM Tojie. I1o-
CKOJIbKY Bce oTjimume 060oux (pa3 CBOAUTCH K TOMY, UTO B OIHOM U3
Hux P # 0, a B npyroit ¢ = 0, To mepexo] MeXJy HUMHU COBEp-
MIAETCS HEMPEPBIBHO B HEKOTOPOM CJIOE€ W ONUCHLIBAETCHA yPABHEHUSA-
Mu ['mu36ypra—Jlanmgay ¢ rpaHUYHBIMU YCJIOBUSIMMU, TIOCTABICHHBIMA
JIWIIIb HA, OOJIBIUX PACCTOSHUSX MO 006 CTOPOHBI 3TOTO CJIOS.

PaccmoTpuM miiockyio rpaHuUIly pa3fena Mexay n- u s-dazamu
MeTaJIIa. BeIOpaB 3Ty IpaHUIy B KAYECTBE TIJIOCKOCTH Yz, HAITPABAM
och = B TiIyOb $-(as3bl; pacmpesesieHne BCEX BeJMduH B oboux da-
3aX 3aBUCHT TOJIBKO OT KOOPJAWHATHI Z. BEKTOPHBIN TOTEHITMA OIS,
BBIOOD KOTOPOTO OCTABAJICH €ITe HEOTHOZHAYHBIM, TOJIMHUM KAJIN0-
poBke, B kKotopoii divA = 0; B manrOM ciryuae 1o maet dA, /dx = 0,
OTKYJa BHIHO, 9YTO MOXKHO TOyIoxkuTh A, = 0. I3 coobpakennit cum-
METPHHU OYEBUIHO, YTO BEKTOP A JIEKUT Be3J€ B OFHOM MJIOCKOCTH;
IyCTh 3TO OymeT INIOCKOCTh xY, Tak 410 Ay = A, TOrjga BEeKTOp MH-
JIYKITUY JIEKUT B ILJIOCKOCTU L2, TPUIEM

B=B,=A (46.1)

(mrpux o3nagaer nuddepeHIMpoBaHye IO ).

Hauee, nmepenumenm ypasuenue (45.13) B 0OBIYHOM B MaKpPOCKO-
nuuaeckoii snekrpomuHamuke sumge rotH = 0, BBes HANPSAXKEHHOCTH
nons H cornacuo )

H=B—-4mM, crotM =.

13 sToro ypaBHeHud cieyer B JaHHOM ciIy4ae, uTo H = const. Bma-
JIM OT TPAHUIBI Pa3esia, B TOJINE HOPMAJbHON (pa3bl MHAYKIUS U
HANPSXKEHHOCTD COBIIAJIAIOT, IIPUYEM PABHBI KAK PA3 KPUTUIECKOMY
sHavennto: B = H = H, (MarHuTHON BOCIPUUMYUBOCTHIO HOPMAJIb-
Hoit (a3el npenebperaem). [TosTomy u Bo Bcem mpocTpaHcTBe OymeT
H=H,=H..

') HamomuumM, Bo usbexxanue HemopasyMmeHwmii, uro 3amedanue B VIII, §53 o
HeLeJIecoobpa3HoCcTy BBeAeHUsI BeIUIUHBI H OTHOCHMIIOCH K JIEKTPOLUHAMUKE
CBEPXNPOBOJHUKOB, B KOTOPOii 06/1aCTh NIPOHUKHOBEHUSI MArHUTHOTO IIOJISI Pac-
CcMaTpUBa/Iach KaK GECKOHEYHO TOHKas. ¥ paBHeHusd ke ['un3bypra—Jlannay npu-
MEHSIOTCS UMEHHO K CTPYKType 910l obsacru.
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IIpenebperass n3MeHeHneEM IJIOTHOCTY BEIECTBA IIPU CBEPXIIPO-
BozseM (a30BOM mepexoe, OyaeM CUuTaTh ee (HapsLy C TEMIIEPa-
TypOii) HOCTOSIHHOM BIob Beero Teja'). O6o3madmm yepes f cBo-
GOIHYIO SHEPIHUIO €AMHUIBI OObeMa (B OT/IMYme OT CBOOOIHOMN dHED-

run F Tena B nesiom). Ilpu NOCTOSIHHBIX TEMIIEPATYDE U IIOTHOCTH U
npu npeHeOpeKeHnn MOBEPXHOCTHRIMY 3ddekTamu nuddepeHimalt

df = H4B (46.2)
g

(cm. VIIL §31). Otcrona BUIHO, YTO JONOJHWUTENIBHOE TPEOOBAHUE
nocTogHCTBa B mpuBesio GBI B 3TUX YCIOBUSAX TAKIKE U K MOCTOAHCTBY

BEJINYNHBI ~
F=f- %. (46.3)
7/

IlosToMy Bech BKJIa B MHTETpAJ F = f f dV, mpoucxomsmuii 0T

mepemMeHHOM dacTu F', 00yCc/IoB/IeH TOIBKO HAJIMYNEM TPAHUILI Pa3-
gesta. OTHeCS 3TOT BKJIAI K €JUHHUIIE TJIOMIAIU TPAHUIIBI, MBI MOXKEM,
CJIeJOBATEJIBHO, BEIYUCIUTh KOI(P(MOUIIMEHT ITOBEPXHOCTHOIO HATAXKE-

HUA KaK MHTErpaJi
(o ¢]

Qns = / (f — fn) dz, (46.4)

IJie TIOCTOSIHHASA fr, €CThb 3HaUeHWe f BIAJM OT TPAHHUILI Pa3Jena,
HaIIpUMeD, B IIyOnHe HOpMaJbHOM (a3bl.
s HopmasibHOI ha3bl CBOOOIHAS IHEPIUS

fn = an +BQ/87T = an +H62/87T,

TaK 49TO
2

~ Hc2 a_
2b

fnzfn_4ﬂ_

H;
=.fn0_ - =fn0_
8w

(B mociegueM pasencTse yureHo (45.9)). Besuuuna xe f B mpous-
BOJIBHOM TOUYKE BBIPAXKaeTCs depe3 MIIOTHOCTH CBOOOAHOM sHeprum f

COrJIaCHO
7 H.B
I=I="
7/

1) Crporo rosops, mpu (ha30BOM PABHOBECHH MOCTOSHEH BAOJb CHCTEMBI XH-
MHYECKUHI IIOTEHIIHAJI (a HE HJIOTHOCTI)). C Yy49€TOM HU3MCHCHUA IJIOTHOCTU HAIOO0
6bLIO OBI MOITOMY PACCMATPUBATH HE CBOOOLHYIO 9HEPIHUIO, & TEPMOLUHAMUYE-
ckmii moTeHnmaJ 2.
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Bocnosnb3oBasmucsk Teneps BeipaxkenueM (45.10), mpuxogum K ciie-
ayromieit dopmyJie st TOBEPXHOCTHOTO HATSKEHUSI:

o0
_ B> R n2 . 4€® 42,12
ans—/{§+m(|¢| +%A|¢|>+

—00
2

+ appl? + Lyt - 2B a—}d:z;. (46.5)
47 2b

Kaxk u ciie10BaJi0, MOABIHTETPAJILHOE BBIPAYKEHUE 0OPAIaeTCs B HYJIb
Kak B IiIybuHe HOpMasbHO# (dasel (z— —o00), rae ¢ = 0, B = H, Tak
u B miybmHe cBepxmpoBomsameil  daser  (x — 00), rmEe
|| = —a/b, B=0.
OpaTUM BHHMAHWE HA TO, YTO B MOJLIHTETPAJILHOM BBHIPAYKEHUN
(46.55) BeimaJt 4ieH 1AV B pesynbrare paernctsa A, = 0. Takoit
JKe wieH Bbimagaer u3 (45.12), Tak 4TO OCTACTCH ypaBHEHME C BEIIe-
CTBEHHBIMU KOI(MUIMEHTAMHU; TOITOMY PEIIEHUE ITOTO YPaBHEHUS
MOXKET OBITH BHIOPAHO BEIECTBEHHBIM, YTO U TIPEJTOJATAeTCS HUXKE.
ITpu sToM B BhlpakeHuw ILUIOTHOCTH TOKa (45.14) mcuesaer nepsblil

YJICH 1 OCTacTCA 262 9
j= -2 y2A. (46.6)
mc

Kpome Toro, BBemem BMmecTO mepemeHHON = u (yHkimit A(x),
¥ (x) Ge3pasmMepHbIE BEJIUIUHBI

T2 / - B_dA_B
z=% 9=9 A= H(S B = Hc. (46.7)

Huxe B 9TOM naparpa(be MBI OyIeM TOJIb30BATHCS TOJBKO STUMHU Be-
JITYMHAMH, OITyCKas JJisd KPATKOCTH 9ePTOUYKHU HaJl OyKBamu. ¥ pas-
Henue (45.12) B 9TUX MEPEMEHHBIX IPUHUMAET BUJL

P = s [(A; — 1> P+ ¢3] . (46.8)
Ypasuenue xe (45.13) ¢ j u3 (46.6) npusoguTca K BUILY
= Ay (46.9)

FpaHI/I‘IHbIe YCJIOBI/IH K 9TUM ypaBHeHI/IHM B paCCManI/IBaeMOﬁ
3azade (oTBedaromme n- U s-aszaM Ipu £ — —00 U T — —00):

=0, B=A'=1 mpu z= —oo,

46.10
=1 A =0 opu T = 00. ( )
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Jlerko mpoBeputb, uro ypasuenus (46.8), (46.9) umeror mepsbiit
UHTErpaJt

2%—2¢/2 +(2- A2)1/12 _ 1/)4 + A’2 = const = 1; (46.11)

3HAYEHUE TIOCTOSHHON OIPEIEJIEHO TI0 TPAHUYIHBIM YCJIOBUSAM ).
Haxkownen, Beipaxenue (46.5) npuaumaer Bus

amg = [ [ 292 4 (47— 20y 4 4 (A~ 1] da =
8w 2
£ .
= . / (292 + A4 —1)] dz (46.12)
4 22
—o0

(TIpu mepexoie Ko BTOPOMY paBeHCTBY wieH ¢ Brpasken u3 (46.11)).

[TpucTynum K UCC/IeIOBAHUIO HAITUCAHHBIX ypaBHeHUi. PaccMoT-
puM cHauaja ciydail s < 1 (0OBIYHO BBINOIHSIONMNACH B CBEPXIIPO-
BOASAIIUX YHUCTBIX METALIAX). DTO
HepaBeHCTBO o3Hadaer, uto §(T) <
< ¢(T), 1. e. MarHUTHOE HOJE Cy-
IIIECTBEHHO MEHSIETCsl Ha PACCTOSHWH,
MaJIOM IO CPABHEHHIO C XapaKTep-
HBIM PaCCTOSIHUEM WM3MEHEHUs (DyHK-
muu ().

Ha puc. 6 cxemaruaecku m3obpa-
JKE€HA KAPTUHA PACIIPEIEJICHHUS] TIOJIst 1
1 B aTOM CiIy4ae. B obmnactu, rae mo-
Jle BeJImKO, uMeeM ¢ = 0, 3aTeM mO-
Je pe3Ko cmanaer, a dyHkuus P (z)
HAUUHAET MEJJICHHO (Ha PACCTOSTHUSX
x ~ 1/3) menaTbca B orcyrcrue moss. [losoxus B (46.11) A =0,
HAXOJUM yDaBHEHUE

Puc. 6.

,(/}I = 1(1 - 1/}2)7

V2

KOTOPOE JIOJIZKHO OBITH pereno npu yciaoun P = 0 B Touke & = 0,
BBIOPAHHOM T/Ie-TO BHYTPU 00JIACTH CIaJaHus 1ojid. Takoe perneHue

€CThb
¥ = th (sez/v/2), (46.13)

U3 ycnosus (46.10) aBTOMATHYECKH CIEAYET, UTO TMPH T — £00 TAKKE U
' = 0, a u3 9TUX Xe ycioBHi U ypasHeHus (46.9) cieAyeT, 9YTO NPH T — OO
A" = 0u A = 0 (onmpenenennoe 3naueHue A(0O) OKA3BLIBAETCA PE3YJIBTATOM
BBIGOpA BEIECTBEHHOM 1)).
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a BblumcieHue uHTerpana (46.12) c sroit dyukuueit (u A = 0) gaer
Oy = P8 HE 196 (46.14)

3V 2mse 8
[TorpemHaocTh 3TOrO 3HAYEHUS MPOUCXOAUT OT IpPEHEOPEKEHUA
371eCh BKJIAJIOM B MHTErpajl OT 0OJIaCTH, B KOTOPOM CIAJaeT IIoJie.
st onenky mmpuHbL 01 9TOH 0bs1acTu ') 3amMedaeM, C OTHON CTOPO-
HBI, 4TO, COTJIACHO ypaBHeHmio (46.9), 072 ~ 1h2. C apyroit CTOPOHEL,
dopmyia (46.13) momKHA OCTABATHCH, IO HOPSAIKY BEJIMIHHEL, CIIPA-
BEJIUBOM W Ha TpaHuIE 00sacTu T ~ d1, OTKYIa 9 ~ x01. I3 aTux
JBYX COOTHOMIEHHH HaxomuM 01 ~ 2 /2. BkijaJ e B HOBEPXHOCT-
HOE HATSKEHHE OT 3TOH 06sacTH okasbiBaerca ~ H203 /2 = e.

MaJT o cpaBHeHHO ¢ (46.14) Beero B orHOmEHHH ~ /2 (Tak |rToO
TOYHOCTH (46.14) CPaBHUTEILHO HEBEJIMKA).

[Tpu yBesmyeHuu mapameTrpa ¢ KO3(MDMOUIUEHT TOBEPXHOCTHOTO
HATSKEHUs [TPOXOAWT Yepe3 HyJIb W CTAHOBUTCH OTPUIATEIHHBIM.
DTO BUIHO yKe€ U3 TOTO, YTO HEPABEHCTBO Qs < (0 BO BCAKOM CJIy-
9ae OCYIIECTBJISIETCS MPU JOCTATOYHO OOJIBINUX 3HAYCHUAX 3. Jleii-
CTBUTEJILHO, XapaKTEPHbIE PACCTOSHUS U3MeHeHust byHKmu () B
9TOl 3aJa4e He MOIYT OBITH MEHBIIMMY, 4eM JJisd u3MeHeHus A(x),
TaK KaK y»Ke camMo 1o cebe m3MeHeHuwe A TPUBOAUT K M3MEHEHUIO
1); TTO3TOMY TIpH GOJIBIIOM 3¢ YjieHOM 1)’ 2 /5% mon 3HaKOM WHTErpa-
ga B (46.12) moxnO mpeneGpeusb, a mockobky 0 < A’ < 1 (T. e.
0 < B < H, B OOBIYHBIX €AUHUIAX), TO MOABIHTEIPAJILHOE BhIPAXKE-
HUE OKa3bIBACTCS OTPHUIATE/bHBIM. [ToKkaxkeM, 4TO obpaleHne ay,s B
HYJIb IIPOUCXOAUT IIPY 3HAYCHUU

x=1/V2. (46.15)

st 9TOrO TIEpenwmIneM BBIPAXKEHUE JJIA (s B BUIE

s = ;;5 / (A" = 1)% — 4] dz (46.16)

(oHO mousryyaercst u3 mepBoro mHTerpaia (46.12) mHTErpEpoBaHUEM

2 " "
wiena ' mo wacTaM ¢ mociexyromeit noncranoskoit ¢ uz (46.8)).
WaTerpas 3aBe1oM0O 06paTUTCs B HYJb, €CJd OyAeT TOXIECTBEHHO
PaBHO HYJIIO MOABIHTETPAJBLHOE BBIPAYKEHUE, T. €. €CIu OyeT

A —1=—9? (46.17)

1)I_Io,zmepKHeM, 4TO OHA HE COBIAJAET C IVIyOMHOI IPOHUKHOBEHHS IO/ B
cBepxnpoBOgHUK u3 mycrorbl! B mocnenuem ciaydae B 06/1aCTH MIPOHMKHOBEHUS
moist Y ~ 1, MeXXay TeM Kak IPpH NPOHUKHOBEHWH U3 N-(a3bl MOJIE CHATAET B
obsracT ¢ MaJIBIMH 1.
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(oOpaTHBIi 3HAK B ITOM DABEHCTBE HEBO3MOXKEH, TAaK KaK IIOJIE
B = A’ nonxHo y6bIBaTh ¢ yBesumuenueM ). Vckirouus 1) us (46.17)
u (46.9), HaiineMm ypaBHeHUE

A" = A1 -4, (46.18)
perenne KoToporo (mpu rpanudHbix yeaosusax A’ = 1 mpu z = —oo
u A = 0 nmpu £ = 00) ONpenesIUT pacupeaesieHue mosi; B cuity (46.17)
rpannyHble yciaoBus (46.10) mis ¢ mocsie 3TOro BBIOIHATCS ABTO-
maTudecku. He pemas ypasuenus (46.18) dbakTuuecku, 0CTaTOUHO
ybeaurhes, uTo mpu 22 = 1/2 6yaeT aBTOMATHYECKH YI0OBICTBOPEHO
TaKKe U HEWCIOIb30BaHHOE ele ypasHenue (46.8), wim, 9To TO XK€,
ero nepsblit nuTerpad (46.11). IToxcrasus (46.17) B (46.9), moxyuum
' = — At /2; aro 3nauenne ¢’ Bmecre ¢ A' u3 (46.17) meiicTBuTenbHO
TOXKIECTBEHHO YIOBJETBOpsieT paBeHcTBy (46.11) ¢ 22 = 1/2.

S3amaua

Jlj1sl CBEPXIPOBOOHUKA C HapaMeTpoM i K 1 HaiiTu mepBYyIO MONPABKY IO
IOJIIO K IVIyOWHE MIPOHHKHOBEHUS B CJIAOBIX MOJIAX.

Pemenue. Boibepem noBepXHOCTH CBEPXIPOBOSHUKA B Ka4ECTBE INIOCKO-
CTH Yz C OChbIO z B HAIPABJIEHWH BHEIIHETO IO/ §), OCh & HANPaBHM BHYTPb
Tesia. Pacnpenesnenue nonst u 1) B CBEPXIPOBOSHUKE ONPEIENISETCS yPABHEHUSIMU
(46.8), (46.9), koTOpBIE HALO PEUIATH C TPAHUYHBIMH YCIOBUIMUA

’lpl:Oa B:Al:ﬁ upn m:07

P =1, A=0 npuy T = 00
(mepBoe u3 Hux ectb ycaosue (45.15)). Mmem pemenue B BUAE

¢=1+¢1(w)’ A= —S’je_z-i-Al(:I}),

rze Y1, A1 — MaJjible IONPABKY K PEIIEHHUIO IpH » = (), OTBEYAIOUIEMY 3aTyXaHHIO
HOJIS TIO JIOHAOHOBCKOMY 3akoHy (44.13). s mompaBku 1)1 UMeeM ypaBHEHHUE

" 2 1 242 —2z
¢1=2%¢1+_%ﬁe )
2
OTKyJa C y4€TOM I'DaHMYHBIX yCJIOBUii

1 _ 1 _
’(/11=—%25’326 22——}{526 ﬁ%z. (1)

8 42
Teneps mis A; numIeM ypaBHEHUE
Al = A1 — 29e ",

npUYeM IS 1 CIOAA HAJO MOACTABUTH TOJBKO BTOPOii wieH u3 (1) nepsoro mo-

paaxa no ». C yyerom rpanuunoro yciosus (A} = 0 npu z = 0) u npenebperas,
I/ie BO3MOXKHO, BBICIIUMHE IO 3 WIEHaMHU B KO3(ppuuueHTax, HaX0muM

A = _%53[(1 +oe/2)e" — e (VB8] 2)
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Tem cambIM HaiiieHBI IONPABKKU K 3aKOHY 3aTyXaHHUs MOJA B IVIyGb CBEPXIIPO-
BonHUKa. DddeKTUBHYIO IIyOUHY IPOHMKHOBEHUs ¢ BBEIEM, COIVIACHO OIpPEe-

JIEHUIO,
oo

0
Bosepamasich K OOBIYHBIM €AUHULAM, HAXOAUM u3 (2)

2

)

5 sl (22
b +4\/§<HC)

§47. /Isa poaa cBepXIpPOBOIHUKOB

3HaK MOBEPXHOCTHOIO HATSMKEHUS (s OKA3BIBAET CYIIECTBEH-
HOE BJIMsIHWE HA CBONCTBA CBEPXIIPOBOJHHMKOB. DTO JAET OCHOBAHUE
JIEJIUTh BCE CBEPXIPOBOJHUKK HA JIBE KATETOPHH: CBEPXIIPOBOJIHU-
KU MeP6020 poda C Qns > 0 U CBEPXIPOBOIHUKU 6MOP020 Poda C
ans < 0. IIocKOJIBKY 3HAK Qs OTIPEOENSIETCI SHAUECHUEM IIapaMeTpa
I'uuszbypra—Jlannay ¢, To nepsbiM orBevaror (BOsu3u 1) 3HaUYCHUS

s < 1/4/2, a BropemM 2 > 1/4/21).

PaccMOTprM MaCCHBHBIN NUIMHAPUIECKUN CBEPXIPOBOJHUK BO
BHEIITHEM IIPOJIOJIBHOM MAarHmTHOM mosie §). Eciam cBepxmpoBomHMK
OTHOCHUTCSI K TIEPBOMY POJY, TO NPH YBEJWYEHUU TIOJA OH UCIBITHI-
BaeT (ha30BbIN MEPEXO TEPBOTO POJIA, KOTAA IOJIE JOCTUTAET KDPH-
Tuaeckoro suHadenus H.. Posb mOBEpXHOCTHOTO HATSKEHUS CBOIUT-
cs py 3TOM (KaK ¥ IPHU BCAKOM (ha30BOM IEpexojie IEPBOTO POJA)
JIMIIb K 3aTPYy/THEHWIO 0Opa30BaHUs MEPBBIX 3aPOJbIIEH HOBOM (a-
3Bl ¥ TE€M CAMBIM — K BO3MOXKHOCTH METACTAOM/IBHOTO COXPAHEHUS
s-asel Ipu MoNIAX, HECKOJBLKO MpeBbImaiomux He.

Ecim e CBEPXIIPOBOIHUK OTHOCHUTCH KO BTOPOMY DOY, TO YK€
10 JIOCTUKEHUS TojieM 3HadeHust H. B HeM MOXKET OKa3aThCs TEPMO-
JTUHAMAYECKH BBITOJHBIM BO3HUKHOBEHME <«BKpPAILICHUil» n-dasbr;
yBeJaudYeHre OObEMHON 3SHEPIWU KOMIEHCUDYETCS OTPUIATEIBHOL
SHEpruell MOBEPXHOCTH TAKOTO 3apOAbIa. HUKHIOI IDaHWIly 3HA-
YeHWil MOJIsl, IPU KOTOPBIX 3TO CTAHOBUTCH BO3MOXKHBIM, TIPUHSTO
0603Ha4aTh KaK H.| ¥ Ha3bIBATH HUNCHUM KPUMUUECKUM TOAEM.
AnanornansiM 06pa30M, HAYAB C METAJLIA B HOPMAJIBLHOM COCTOSTHAN
npu GOJIBIIIOM BHENIHEM MOJIE, MBI TIPUAEM K HEKOTOPOMY 3HAYEHUIO
He > H,. (sepxuee kpumuseckoe noae), 3a KOTOPHIM TEPMOIUHA~
MUYECKH BBITOJHO BO3HUKHOBEHUE «BKDAILJICHHi» S$-das3bl — CHOBA

1)K mepBoMy POty OTHOCATCS CBEPXIIPOBOJIAIINE YHCTHIC METAJUIMYECKHE JIe-
MEHTHI, KO BTODOMY — CBEPXIPOBOZMINNE CILUIABBI U YIOMSAHYTHIE Ha CTP. 226
BBICOKOTEMIIEPATYyPHBIE CBEPXIpoBoAuKU. IIpenmnosiozkeHre o TOM, UTO B CILIa-

Bax » > 1/4/2, Buepssie Guu10 BHIcKazano JI. JI. Jlanday.
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33 CUET BBIUIDHINIA B OTPUIATENILHON SHEPruu rpanHurl. Taxmm 06-
pasom, B ompejeneHHOM mHTepBaje noselt, Hyy < § < Hceo, cBepx-
NPOBOJHUK HAXOAWUTCs, KAK TOBODPAT, B CMEWAHHOM COCTMOAHUY ).
Ero croiicTBa B 9TOM COCTOSHWY TIOCTEIIEHHO MEHSIOTCS OT YHUCTO
cBepxupoBogsinero npu He no uucro HOpMansuoro npu Heo; B TO
2Ke BPeMs TIPOUCXO/IUT TMOCTEMEHHOE IPOHNKHOBEHNE B HETO MATHUT-
HOTO TOJsd. 3HadYeHme ke H., ompesesieMoe JIUIIb COOTHOIIIEHUEM

MEXK Iy O0beMHBIMY JHEPTUAMHA N- U S-Pa3, ca-
% MO O cebe B ITOM CjIyduae HUYEM He 3aMeda-
TEJILHO.

Oba KpUTHYECKUX MO 3aBUCAT, KOHEYHO,
Bk OT TEMIEPATYPHI U OOPAIMAIOTCS B HYJb IPH
. T = T.. 1o npuBonuT K (Ha3oBoil guarpamMmme
H, ey AJisl CBEPXIIPOBOAHMKOB BTOPOIO pPOJa (puc. 7;

) 0 IITPUXOBOW KPUBOM HA ITOM PUCYHKE — CM.
HI/I}K(S.

Bepxnee kpuTnueckoe IOJIe OKA3bIBAECTCS
BO3MOXKHBIM ONpPENEe/UTh (B pPaMKaX TEOpUU
I'unzbypra—Jlannay) maxe 6e3 mpegBapuTeIIb-
HOTO BBISICHEHWS XapPAKTEPa CTPYKTYPHI CMe-
MAHHOTO COCTOSAHUA. JlOCTATOYHO 3aMETHTH,

7 dTO TIPHU MOJISAX, HECKOJBbKO MeHbImux H.o, 3a-
pompimu $-a3bl MOTYT WMETH JIAIIL MAJIbIE
3HAYEHUs Tapamerpa HOpsaka v (04eBHIHO,

410 9 — 0 mpu §) — H,2). IlosTomy cocrosinue
9TUX 3aPOJBIIIEHl MOXKeT OBITH ONMMCAHO ypaBHeHUsMU | mH3Oypra—
Jlannay, smaeapusoBanabiMy 110 9. Onycrus B (45.12) HesmHeHHbLI
9JIEH, TIPUXOIUM K yPABHEHUIO

L (~inv - %eA)2¢ = laly, (47.1)

am

CMmemanHas

daza

s- daza

Puc. 7.

npudeM 1o A MOXKHO TIOHUMATH BEKTOPHBIN MOTEHIIUAJ OJHOPO/I-
HOTO TouiA §) mpm ¢ = (0, KOTJa TeJI0 HAXOAUTCH B HOPMAJIHHOM
COCTOSIHUY C TIOJIHOCTHIO IPOHUKIIUM B HETO BHEIITHUM IIOJIEM.

Ho (47.1) no cBoeit dopme ects npocro ypasaerue IIpeaunre-
pa IjIsd YacTHUIBI C MacCoOf 2m M 3apsaIoM 2e B MarHUTHOM IIOJE,
HpUYeM |a| UrpaeT poiib yPOBHS SHEPTUM; COBHAJAIT U IPAHUYHBIE
yciioBus B oboux 3amadax: 1 = ( Ha OGeckoneunoctu. Kak u3Bect-
HO (cm. IIT,§112), MuHUMA/IbHOE 3HAYEHUE SHEPIUM YACTUIBL, JBU-
XKymieiics B OJHOPOJHOM MAarHUTHOM mojie, ecTb By = hwp /2, tae
wg = 2|e|$H/2me (or 3TOrO 3HAYEHWS HAYMHAETCS HEIPEPBHIBHBIN

1) He nmyTaTh ero ¢ npomMeKyTOYHBIM COCTOSIHUEM CBEPXIIPOBOJHUKOB IIEPBOTO
pPOJia, BOSHUKAIOLIUM DY ONpPEAEJIEHHbIX KOH(MUrypanusax obpasna u BHEIIHEro
MarHUTHOTO MOJIs!
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crekTp 3Hepruii). VI3 aHasoruu Mexy o60MME 33JaYaMU CJIELYET
LIO9TOMY, YTO ONHUCHIBaeMble ypasHeHueM (47.1) 3apoxbimm s-asbl
MOT'YT CYIIECTBOBATEH TOJILKO IPHU

lelf
|’> 2me”

Tak 410 Kpurmdeckoe nose Hep = 2mc|a|/|e|h. C momompio BbIpa-
sxenmit (45.9), (45.17), (45.18) sra dpopmyia MOKeT OBITH 3amUCaHa

KaK
Hy = V2xH, (47.2)

(A. A. Abpuxocos, 1952).
Pemenne ypasuenus (47.1) ¢ rpanuunsiM yciosueM ¢ = 0, mo-
CTaBJICHHBIM Ha OECKOHEYHOCTH, OTBEYACT OOPA30BAHUIO 3APOIBIIIA,
s-da3pl B ToOMIIEe OOpasia, BIAJH OT
ero moBepxHocTHU. [ToKarkem, 4TO HaJIM4IUe Ule)
TTOBEPXHOCTHU CIIOCOOCTBYET OOpPa30BAHUIO
3apOJBIIIa, B Pe3yJbTaTe 4ero OHU MO-
I'yT BO3HWKATH B TOHKOM ITOBEPXHOCTHOM

cioe yxe npu ) > Heo (D. Saint-James, \\\
P. G. De Gennes, 1963). N
Pemenue ypasnenus (47.1), ommcol- AN

BaloIIIee 3aPObIII S-(ha3bl BOJIU3U IOBEPX- —Zo Zo z
HOCTH Tej1a (KOTOPYIO CUUTAEM ILJIOCKOIN), Puc. 8.

JIOJI?KHO YJIOBJIETBOPATH HA HEll IPAHUYHO-

My ycsioBuio 0 /0z = 0, rae £ — KOOPAUHATA B HAIIPABJIEHUN HOPMa-
s K noBepxHoctu (ycnosue (45.15) npu A, = 0). ns ycranoBseHus
HY>KHO! KBAHTOBOMEXAHUYECKON AHAJIOTUHM BCIIOMHUM, YTO MCIOJIb-
30BaHHAs BBIIIE 3312498 O JBUXKEHUU YACTHUIL B OJHOPOTHOM MATHUT-
HOM TI0JIe, B CBOIO OY€pPE/b, SKBUBAJEHTHA 33Ja4Ye O IBUKEHUU B
OIHOMEPHO# apabosInIecKoil TOTEHINAIBHOMN M€

U= 2—mw12q(x - a:o) ,

rJie T — MOCTOSIHHAS, OTBEYUAOIIAs «IeHTPy opouThr» (cm. 111, §112).
PaccmoTpuM Tenepnb IBOMHYIO sIMy, COCTABJIEHHYIO M3 JBYX OIWHA-
KOBBIX TTAPabOJIMIECKUX M, PACIIOJIOKEHHBIX CAMMETPUYHO OTHOCH-
TesbHO mockocty & = 0 (puc. 8). OCHOBHOMY COCTOSIHUIO YaCTHIBI
B TAKOM IIOJI€ OTBEYAET BOJHOBas (QyHKIms 10 1(Z), HE UMEroImas
HyJell U ueTHasl N0 &; Takas QYHKIMA aBTOMATHYECKH YJIOBJIETBO-
P4€eT YCJIOBUIO ¢ = 0 opu z = 0. B To Xe BpeMsi OCHOBHOI! YPOBEHD
YaCTHUIBL B ABOMHOM siMe JIEXKUT HUZXKe YPOBHS B OXUHOYHOM sime ');

1) OTO CBA3AHO C MOHUKEHHMEM NOTEHIWAJIBHON SHEPIHH B IOJYIPOCTPAHCTBE
z < 0 mo cpaBHEHHIO ¢ TOH, KoTopas GbuIa Gbl IPU ONMHOYHOHN fMe (IITPUXOBAs
snHus Ha puc. 8). Cm., Hanpuwmep, 11, § 50, 3amaqa 3.



250 CBEPXIIPOBOJVMOCTD LV

B IIEPEHOCE HAa 33/71a9y O 3apOJbINAaX ITUM JOKA3BIBAETCH CHEJIaH-
HOe BbINIe yTBEpXKAeHUEe 00 objerdyeHnu wx oOpa30BaHusA BO/IM3H
TIOBEPXHOCTH.

Yucnennslit pacuyeT ypoBHS B ABOIMHOM siMe MPUBOAUT K PEIYJIb-
TaTy, 9YTO €0 MUHHMAJIbHOE (B 3aBUCHMOCTY OT IIapaMeTpa Tg) 3Ha-
genne coctapigeT 0,59Fg. [loBTopus paccyxaeHus, TPUBOASIIINE K
dbopmyne (47.2), Haiimem, 9TO BepXHHil IpeAes MO, B KOTOPBIX
BO3HUKAIOT TIOBEPXHOCTHBIE 3apOIBIIH $-asbl, jgexut npu H.z =
H./0,59, T e.

He = 1,7H. = 2,45H,. (47.3)

Takum obpazom, B obsiactu mosieit mexny Heo m Hc3 BO3HH-
KaeT sBJIEHUE MOBEPXHOCTHON CBEPXMPOBOJAMMOCTH; TPAHUIA ITOMN
objlacTu TIOKa3aHa Ha pHUC. 7 IITPUXOBO# JimHueidl. TosmmHa
CBEPXIIPOBOJISAIIETO CJIOS Y TIOBEPXHOCTH HOPMAJBHON (a3l —
nopsigka BesimumHbl £(T). DTy ONEHKY JIErKO MHONYYUTb W3 TOi
K€ KBAHTOBOMEXAHWYIECKOW aHAJIOTHUU: BOJTHOBast (DYHKIUS YACTHUIEI
B IOTeHIuaJbHOM sive (Ha yposHe Ej) cocpemorodena B obsactu
x ~ h/yv/mEp; cOOTBETCTBYIOIMA pa3Mep 3apPOABIMIA IOy 4aeTCs
3ameHoit Egy Ha |a| u (cornacro (45.17)) cosnanaer ¢ &(T).

Bce ckazaHHOE BBIMIIE OTHOCHTCS K CBEPXITPOBOJHUKAM BTOPOTO
poma. Ho BBemeHHbIe TakuM obpa3oM Kputudeckue moss Heo u Heg
MOTYT WMETh ONpPEIeJICHHBIN (PU3NIECKUN CMBICJ U JJIsi CBEPXIIPO-
BOJHUKOB TIEPBOTO POJA.

Ecim 3¢ nexxut B naTepsane 1/v/2 = 0,71 > 3 > 0,59//2 = 0,42,
10 Heo < He, #HO Hc3 > H.. XoTd cMmemannas $a3a B 9TOM CIIydae
He BO3HHMKAET, HO B nHTepBaJie mojieit mexxay H. u H.3 cymecTByer
MTOBEPXHOCTHAS CBEPXITPOBOINMOCTD.

Hakownern, mo cMbICIIy IIPOM3BEIEHHOTO BBIBOAA, 3HadeHUE Heo
(47.2) onpenesnsier (mpu J000M 3¢) BEPXHIO DAHUILY HOJEH, B KO-
TOPBIX BO3MOXKHO 00Pa30BaHME 3apOAbIIIeil s-(ha3bl CO CKOJIb YIOTHO
magbivu ). [losToMy B cBepxmnpoBogHuKe mepBoro poga (rae Heo <
< H.) B nonax §) < H.g TepMOANHAMUYECKY HEBBITOJHAS HOPMAJIb-
Has ¢a3a abcosoTHO HeycToiuuBa. B nntepBasie xxe Hoe < ) < H,
HOpMaJibHas (ha3a MOXKET CYIIECTBOBATH KaK MeTacTabuibHas: da-
30BBII IEPEXO]] IEPBOTO POa U3 7~ B $-da3y B 3TOH 00JIACTUH MOXKET
MPOU3ONTH TOJIBKO IMyTEM BOSHUKHOBEHUS 3aPOJBIIIEi S-ha3bl C KO-
HEYHBIMY 3HAYCHUSAMU P, 3aTPYIHEHHOTO TOJOXKUTETBHBIM TOBEPX-
HOCTHBIM HaTsi>keHMeM Ha ux rpanute (B. JI. I'unsbype, 1956).

S3amaua
OnpenenuTs KPUTHYECKOE TIOJIE JIJIsi CBEPXIPOBOISAIIETO MAPUKA MAJIOTO Pa-

mayca R < 6 (B.JI. I'unsbype, 1958).

Pemenue. B atom ciryyae (kak 4 B TOHKOH mjieHKe — CM. 3ama4dy B §45)
pa3pyIeHne CBEPXIIPOBOJUMOCTH IPOUCXONHT IyTeM (ha30BOTO IEPEX0a BTOPOTO
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poma. KpuTtudeckoe mosie Jjis MIapUKa MOXKHO HAWTU KaK 3HAYEHUE, HUKE KOTO-
poro n-¢asa TepseT yCTONYUBOCTD MO OTHOIIEHUIO K 0OOPA30BaHUIO 3apoAbImieii
s-daspl. Kak u B T€KCTE, 9TO CBOAUTCA K HAXOXKJICHUIO HAMMEHBINETO COOCTBEH-
HOro 3HaueHus ypasHenus lllpenunrepa (47.1). Ilpu yciosuu R < & mocienuee
MO2KHO UCKaTh C IIOMOIIBIO TEOPpUU BOBMymeHHﬁ 10 OTHOIIIEHUIO K BHCIMHEMY IIO-
JIO, IPHYEM HEBO3MYILEHHAs BOJHOBast (DyHKIMs 1) = const (3apospiil 3aHMMaeT
Bech o6bem mapuka). CoGCTBEHHOE 3HAYEHUE ONPEEJIAeTCs TOTA MPOCTO KaK
cpeaHee 3HAMCHHE omeparopa Boamymenus (2¢A /c)? /4m (cpemuee xe 3HaUCHHE
ot oneparopa (iefi/mc)(AV) npu ¢ = const pasro Hys0). [Ipu 9T0M BEKTOpHBI
HOTEHNHAs OAHOPOLHOrO II0JIs OJIKEH OBbITh BHIOpaH B Buge A = [9r]/2; umen-
HO TIpU Takol KaJuGPOBKE DEIIEHUE 1) = COnst yIOBJETBOPSET HA MOBEPXHOCTH
mapuka rpasudHoMy yciosuio (45.15), cBomsimemycs k TpebGoBanmio nA = 0.
IIpoussens ycpenuenue, Haiigem

ez 2 275 292 R?
Eo= -2 Zg¥2-¢7%
4mc? 3 10mc?
Kpuruueckoe mone onpegensiercss (Kak u B Tekcre) yciosueM Eg = |a |, mpuso-
JAIUM K PE3yJIbTaTy
H{™?P) — \/20H.6/R.
JlonycTUMOCTh MCHO/IB30BAHUS TEOPUH BO3MYIIECHUN IIOATBEPXKAAECTCH TEM,
uTO HaiineHHoe 3HaueHue Ey (npu § = Hc(map)) npu yciosun R < § meficTsu-

TEJIbHO MAaJIO IO CPABHEHMIO CO CJIEAYIOMUM COOCTBEHHBIM 3HAYEHHEM, KOTOPOE
COOTBETCTBOBAJIO OBI y2K€ MEPEMEHHOI B 00bEME IMIapuka BOJIHOBOH (yHKIUU U

umeno 61 mopsIoK Besmauue fi2 /mR2.

§ 48. CTpyKTypa CMEMIaHHOTO COCTOSHUSA

Bynewm cHoBa (kak u B npeapblaymem naparpadge) pacCMaTpuBaTh
MUITHIPUIECKAH 0O6pa3er] CBEPXIIPOBOIHUKA BTOPOTO POJIA, HAXOIS-
muiicd B MPOIOJIBHOM MAarHUTHOM T0Jie §). BeIsSICHUM CTpYKTYpy cMe-
MAHHOTO COCTOSHUS, B KOTOPOM TeJ0 Oy/IEeT HAXOAWTHCS B MOJAX,
JIMIIIb HEMHOTUM TIPEBBINIAIONINX HUXKHEe KPUTHIECKoe Tojie Hep b).

B sTom cityuae B OCHOBHYIO, CBEPXIPOBOASINYIO a3y BKPAIIEHBI
3apOJIBINY HOpMaJbHON dasbl. Jlnd mocTmkeHms MakKCHUMAaIbLHON
TEPMOJUHAMUYECKON BBITOJHOCTH OHM JOJKHBI MMeTh (IIpH OTpH-
IIATEJILHOM IIOBEPXHOCTHOM HaTsikeHWu!) IO BO3MOXKHOCTH 6OJIb-
IyI0 TOBEPXHOCTh. KCTECTBEHHA MO3TOMY CTPYKTypa, B KOTODOIi
3apoablu  N-Gas3bl MPEACTABJILIOT 000N HHUTH, IapaJlJIe/IbHBIE
HAIpaBJICHUIO OJIst. BOm3u aTux HUTEH (MX HA3BIBAIOT 6ULPESHIMU,)
COCPEIOTOYEHBI U POHUKIIIEE B TEJIO MATHUTHOE TIOJIE, ¥ OXBATHIBAIO-
(e HUTHU KOJIBIIEBBIE CBEPXIPOBOISINNIE TOKH.

Yewm 6simke BHeTHEE TOJIe K Ho1, TEM MEHBIIE B Tejie TAKUX HU-
Teit u TeM OOJBIIe paccTosiHue MeXK Ty HuMmu. Korma mociemree mo-
CTATOYHO BEJIMKO, K OTIEJbHBIM BUXDPEBBIM HUTAM CTAHOBSITCS

') Mznaraembie B sToM maparpade (i B 33a49aX K HEMY) Pe3yJ/IbTaThl IPHHAI-
aexar A. A. Abpuxocosy (1957).
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MPUMEHUMBIMY U3JIOKEHHBIE B KOHIIE § 44 cOODparkeHms, B CHILy KO-
TOPBIX IOJIHBIH COCPEIOTOYEHHBIH BOJIM3U HUTHA MATrHUTHBIN ITOTOK
JOJIKEH OBITH IIEJBIM KPATHBIM OT JIEMEHTAPHOIO KBAHTA IIOTOKA
¢o = mhe/|e|; MBI yBuaMM HUXKE, YTO TEPMOJMHAMUYECKU BBHITOJHBI
HUATH C HAVUMEHBIIINM BO3MOXKHBIM ITOTOKOM — OJIHUM ¢g. IMeHHO KO-
HEYHOCTH ()9 CTABUT IPEJEJ NAJbHEHIIIEMY APOOJIEHUIO 3aPOIbIIIei
HOPMAaJILHON (a3bl.

Korna Buemsee nosie, yBeJmunBasich OT MAJIbIX 3HAYEHUH, TOCTH-
raeT 3HadeHuss H.1, B IUWINHIDE TOSBJISETCH OHA BUXPEBAs HUTD.
Hamumem TepMOauHAMAYECKOE YCIIOBHUE, OINPEAEISIONIEE ITOT MO-
MEHT, HE BHUKas CHAYaJIa B CTPYKTYPYy CaMOil HUTH, a YUUTHIBALA
JIUIIb TO OOCTOATENBCTBO, YTO C Hell CBA3aHA HEKOTOpas (TOJIOXKHU-
TesibHAsA!) SHEPIHsi; 9TY IHEPIUIO, OTHECEHHYIO K €MHUIIE JJINHbI HY-
TH, 0603HaYUM Yepe3 € (B JasibHeineM oHa OyIeT BBIYHUCIICHA).

OueBugHO, YTO B IUINHAPUYIECKOM TeJI€ B IPOJOJIHHOM BHEIII-
HEeM mioyie WHAYKIus B Toxke OymeT Be3me HampaBJjeHa BIOJIb OCH
OUINHAPA. DTO K€ OTHOCUTCH U K MAKPOCKONUIECKON HAIIPSIKEHHO-
ctu onsg H = B —47M, BBenennoit B § 46. 13 ypasuenus rot H = 0
cienyer Torga, 9To H mOoCTOSIHHO BAOJIB cedeHus: (& MOTOMY U BCe-
ro o0beMa) MWIMHADA; B CHJIY IPDAHMYHOIO YCJIOBUS HENPEPHIBHO-
CTH TaHTEHIMAJIbHOM KoMIoHeHTHI H 9T0 mocTosgHHOE 3HAYEHUE COB-
magaer ¢ BHermmHuM nojiem: H = §. Takum 06pazom, MbI SO/KHBI
paccMOTpeTh TEPMOAMHAMHUYECKOE PABHOBECHE TE€JIA IPHU 33JAHHBIX
ero obbeMe, Temueparype u Hanpsikernuoctu noist H. Ycinosue Tako-

T'O paBHOBECHUA COCTOUT B MUHUMAJIBHOCTHU F— TEePMOAUHAMUICCKO-
TO IOTEHIWaJla IO OTHOINEHUID K YKa3aHHBIM JII€PEMEHHBIM

(cm. VIIL §31). Ilycrs F, — 9T0T moTeHmHAJ ISl CBEPXIPOBOLI-
mero nuInHApa (IOCKOIbKY B cBepxmpoBomgmeit daze B = 0, To

F; coBnagaer co cBobomuoii sueprueit Fy). Torna morennman F mia
L} L}
IMJIMHIPA C OJHOMW BUXPEBON HUTHIO OyeT

ﬁ=é+@—§gweg+@—£/BW

Ynen L. ectb cBoGomHas 3Heprusi mutu (L — nyimHa HUTH, COBIA-
JIAIOMIAs C JUIMHOM IUIMHAPA), & IOCJIEIHU YIeH OTINYAeT IOTEH-

nman F' or ceobomuoit sueprum F'. Ilockonbky muayknus B B Tese
COCPEZIOTOUEHa JIMIb BOJIU3u BuxpeBo# Huth, 10 [ BdV = Ly,
e ¢g — MOTOK MHAYKIMK depe3 ceueHrne HUTU. Takum o0pasom,

ﬁ:é+@—%§ (48.1)

BosuukHOBeHNE BUXPEBBIX HUTEH CTAHOBUTCH TEPMOIUHAMHUUIECKH
BBINOIHBIM, KOrIa JobaBKa K Fy menaercs orpunaresbHoi. [IpupaBHsB
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JKe ee HYJIIO, MBI HaiifieM, CJIeIOBaTeJbHO, KPUTUYECKOE 3HaUYCHUE
BHEIIIHETO II0JId

Hcl = 47T€/¢0. (482)

PaccMoTpuM Teneps CTPYKTYPY OAUMHOYHOM BUXpEBO# HuUTH. MBI
OIPaHMYUMCs BaXKHBIM CJIy94aeM, KOrJa '

> 1, (48.3)

7. €. § > £ Jlnunaa £ ompenenser MOPSIOK BEJIUUIMHBI PATAYCA
«Cep/IIeBUHbLI» HUTHU, B KOTOPOit |1)|? MenseTcsa ot myas (oTBeuaro-
IIET0 HOPMAJIbHOMY COCTOSIHUIO HAa OCH HWUTH) JI0 KOHEYHOTO 3HAde-
HUsi, OTBEYAIOIIETO OCHOBHOHN S-(pa3e; Ha OOJBIINX PACCTOSHUSAX T
oT ocu mutu |1)|? ocraercs yixe mocrosmubvM ?). Wuaykius xe B(r)
MEHSIETCsl 3HAYUTEJIBHO Me/[JICHHEe, 3aTyXas JIUIIb Ha PACCTOSAHUSIX
r ~§ > £ Jlpyrumu cioBaMu, BECb MArHUTHBIN MOTOK B OCHOBHOM
ITPOXOJUT IO 00JIACTH BHE CEP/IIEBUHBI HU- 9
T, To1e 1|2 = const (puc. 9). 9]
Ilocnegaee 06CTOATEIBCTBO TO3BOJISIET
UCIIOJIb30BATh I HAXOXKIEHUs PACIIpe-
JieJieHusi oJist ypasHenue JIoH10H0B (1pu-
MEHMMOCTb KOTOPOI'O, HATIOMHUM, HE CBsi- - r
3aHa C 6IM30CTBIO TeMmepaTypbl K T¢). I3
Jlyist mpumaHus emy Hy»KHOTO 37€Ch BH-
a4 TpeXKJe BCEro mepemnuineM (hopMyJry B(r)
(44.7), CBA3BIBAIOILYIO IJIOTHOCTH CBEPX-
MIPOBOJSINErO0 TOKa C (pa3oii BOJHOBOI

dysxun:
A + 6%rotB = @V@, (48.4) U — r
2m 0
BBl B Hee INIyOMHY NPOHMKHOBEHHS 0 Puc. 9.

W BBIPA3WB j Yepe3 WHIYKIUI COTJIACHO

j = crot B/4nw. JIoHg0oHOBCKOMY TpPUONWKEHUIO OTBEYAET TPEJIITO-
jgoxenne § = const. IIpounrerpupyem pasercrso (48.4) mo 3a-
MKHyTOMY KOHTYpPY C', OXBaTHIBAIONIEMY HUTb U TPOXOALAINEMY HA
paccrostHUAX T 3> £ oT ee ocu. [Ipeobpazosas uaTErpas or A mo Teo-
peme CTOKCa B MHTETPaJI TI0 TOBEPXHOCTH, OITUPAIOIIEHCS HA KOHTYD
C, nonyuum

/Bdf+62 95 rot Bdl = ¢y, (48.5)

1) OrMeruM, 4TO TAKOE YCIOBHE XOPOIIO BHITIOJHACTCS B BHICOKOTEMIICDATYD-
HBIX CBEPXIPOBOAHUKAX. B 9TUX aHU3OTPOIIHBIX T€JIaX 3¢ 3aBHCUT OT HaIIpaBJIC-
HUd ¥ MeHsieTcs, rpy6o rosopsi, B mpeaesax or 50 mo 500

%) B srom maparpade 6yksa r 6yaer 0603HAYATH MUTHHIPUYCCKYIO KOODIUHA-
Ty — PacCTOsIHWE OT OCH.
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a mpeobpa30BaB TAKUM 2Ke 00Pa30M ¥ BTOPOH MHTErpaJi, MHUIIEM
/ (B + &2 rot rot B) df = g; (48.6)

B [IPABOIl YaCTH HAIUCAHO HAMMEHBIIIEE BO3MOXKHOE (OTJINYHOE OT Hy-
Jisl) 3HAYEHME, OTBEYAIOIIee NPUPAIIEHUIO (ha3bl BCErO HA OFHO 27.
Ecnu korTyp C mpoxoauT Ha PACCTOAHUAX T 3> § OT HUTH, T TIOJIe
7 TOKH YK€ MOXKHO CYATATH OTCYTCTBYIOIINMHU, BTOPO MHTErpaJ B
(48.5) MoKeT GBITH OIYINEH, ¥ MbI BUAUM, 9TO ()9 COBIAJAET C IIOJ-
HBIM [IOTOKOM UHJIYKIIAU, COCPEIOTOYCHHBIM BOKDPYT U30JIMPOBAHHOMN
BuxpeBoit HuTu. CaMas e OCh HUTH MPEJCTABISAET cOOO0 0COOYIO
JmHAU0, 00X0M BOKPYT KOTOpO# MeHsieT ¢a3y BOJTHOBON (DyHKIHH.

ITockonbKy paBeHCTBO (48.6) IOIXKHO BBIIOIHSATHCS [JIst JII060T0
kouTypa C (yI0BJIETBODPSIOIETO YKA3AHHBIM YCJIOBUSM), TO U3 HETO
CJIEJTy€eT, 9TO JIOJPKHO OBITH

B+ 6%rotrot B =B — 62 AB = ¢(r), (48.7)

IJe I' — JIBYMEPHBIH PaIuyC-BEKTOP B ILIOCKOCTH MOMEPEYHOTO CeYe-
HUsI BUXPEBO#l HUTH. 3aIUCh MPABOI 9aCTH 3TOTO YPABHEHUS B BUJIE
O-(pyHKIMM O3HAUAET, YTO PACCTOSHUS ~ & PACCMATPUBAIOTCS 3716Ch
Kak HyJieBble. BO BceM MPOCTpaHCTBe, 3a UCKJIIOYeHneM JuHun I = 0,
(48.7) coBnanaer ¢ ypasHeHueM JIoumoHOB (44.11), HO /17151 OnIUCAHUS
BUXPEBOI HUTH TpeOYETCs perieHne ¢ 0CO0eHHOCThIO pu 7 = (.
Pacnpeniesienne mosisi Ha PpacCTOSHUSAX T OT OCH B obJjacTw
0 > r > £ Moxer ObITh Haiineno npsivo u3 (48.5). Bruibepem B Ka-
yecTBe KOHTYpa C' OKPY>KHOCTH pajuyca r B 3T0#t obaactu. IToTok
MHIYKIUK 9epe3 9TOT KOHTYD (LepBBIA 4ieH B jieBoii yacTu (48.5))

COCTaBJIAICT JIUTTH MAJIYIO JIOJIF0 BCETO MArHUTHOTO MOTOKa ~ (1/6)2;
npenebpesxem eio. Bo BTopom diiene dl ecTh ajieMeHT JJIMHBI OKDY K-
HOCTH, a IIOCKOJIbKY BeKTOp B Hampasiien B1osb ocu z (IuiInsapude-
CKO{l CHCTEMbI KOOPJMHAT C OCBIO BJIOJIb OCH HUTHU) ¥ 3aBUCUT JIUIIb
oT 7, TO

OB dB

1VB]|=[1lVIB= ——"2=——

or dr
(1 — eauHMYHBIN BEKTOP KacaTeJbHON K OKpykHOCTH). Takum obpa-
30M, IIPUXOAUM K yDABHEHUIO

lrotB = — 38 = %0 (48.8)
dr 272
OTKY/Ia
B(r)= -2 md ¢<r<o (48.9)
2né2  r

Beumay sorapudpMuyuecKoro xapakTepa TOW 3aBUCHMOCTU BEPXHUM
IpeJiesl MHTEIPUPOBaHus (Ha KOTOPOM JOJKHO ObITh B & 0) Moxer
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OBITH TOJIOXKEH COBIIAJAIOMIUM C BEpXHEll IpaHuIiell paccMaTpuBae-
MOit 06JIaCcTU PACCTOSIHUH 7.

Jlyis mpomokeHns HaliIeHHOTO pacipe/iesieHus B 06JacThb 7 2 §
BOCIIOJIb3yeMCsl ypaBHeHueM (48.7), nmpumeHMMBIM npu Beex r > €.
Packpeie omeparop Jlamnaca B UHMIHHAPUYECKUX KOOPAWHATAX
(¢ yuerom Toro, uro B = B,(r)), nepenumiem ypasrenue (npu r # 0)
B BHJIE

B'+1B +s2B=0.
T
Pemrenne storo ypasuenus, yobIBaromee mpu r — 00, €CTh
B(r) = const - Ky(r/d),

rne Ko — dynkuua Maknonanbna (byskius [ankesnss or MHEMO-
ro aprymenTa). IlocTosiHHBIA KO3(DMUIUEHT Ompenessiercs myTeMm
«cuBK#» ¢ pemernueM (48.9): ucmonb3ysi M3BECTHOE MPEIEIBHOE
sripazkenne Ko(z) = In(2/2zy) mpu 2 < 1 (y = ¢ = 1,78). Takuwm
00pa30oM, OKOHYATEJILHO

B(r) = ;fsz Ko (g) L > £ (48.10)

C mOMOIIBI0 M3BECTHOIO ACHMIITOTHYECKOrO BhIpaxkeHus K (z) ~

~ (m/22)"/%e~* npu z — 0O HAXOMUM OTCIOIA, B YACTHOCTH, 3AKOH
3aTyXaHUs [0/ BAAIM OT OCH HUTHU:

B(r)= —% /8, (48.11)
(87763)1/2

ObpaTum BHEMaHWE Ha OYEBUJIHYIO AHAJOTHIO MEXKIY CBONCTBA-
MU BUXDEBBIX HUTEH B CBEPXIIPOBOJHUKAX U B XKUIKOM resmu (§ 29).
B oboux cnydasx peus umer 06 0COOBIX JUHUSX, 00XOJ BOKPYT KO-
TOPBIX MeHsieT a3y KOHAEHCATHOH BOJIHOBON (yHKIuu. KpyrosiM
TPAEKTOPHUSAM CBEPXTEKYUEro JBUKEHUS BOKPYT BUXDEBBIX HUTEN B
KUJKOM TeJIUU COOTBETCTBYIOT KPYTOBBIE TOKH B CBEPXIPOBOIHUKE;
B IIEPBOM CJIydae IO 3aKOHY 1/7 yOBIBAET CKOPOCTH CBEPXTEKYYEro
JBUYKEHUS Vg, 8 BO BTOPOM — TI0 TAKOMY K€ 3aKOHY YOBIBAET ILIOT-
HOCTH CBEPXITPOBOJAIIETO TOKA

j=C|rotB|= % (48.12)
4dn 8m262%r
OTO COBHAJEHUE BIOJIHE €CTECTBEHHO, IMIOCKOJIBKY B ODOMX CJIydasix
9TU 3aKOHBI ABJIAIOTCA IPAMBIM CJIECICTBUEM CYIIIECTBOBaHUA OC06OI>'I
JIMHUUN. HO B TO BpPEMA KaK B 2KHAKOM T'€JIMU YKa3aHHad 3aBUCHU-
MOCTb Us(T") TIPOCTHPAETCs A0 JIIOOBIX DPACCTOSHUM, B CBEPXIIPOBOJI-
HUKe yObIBaHue j(r) mpu r 3> 0 CTAHOBHUTCH IKCIOHEHIAJIBHBIM.
OTO paz3auyne CBA3aHO C 3aPAXKEHHOCTBIO 9JIEKTPOHHOM KUIKOCTH:
JBUXKCHNE 3aPAKEHHBIX YACTHUI] CO34ACT MATHUTHOE II0Jie, KOTOPOE,
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B CBOIO O4Yepe/b, 9KPAHUPYET IOJI€ (€CIU yCTPEMUTH 3apsiji YaCTHIL
€ K HyJIIO, TO [IyOMHA IPOHUKHOBEHUS § — 00).

Temeps MOXXHO BBIYACIATH CBOOOJHYIO S9HEPTUIO BUXPEBOH HUTH.
Bxkuias B Hee, IPOMCXOISIIHI OT 0OIACTH MPOCTPAHCTBA BHE CEPATie-
BUHBL (7 >> &), Ja€TCs B3ATBIME 110 TOH 00JIaCTH MHTErpajaMu

1 2 52 2
Fouru = — | B°dV + — (rot B) dav. (48.13)
8w 8w

JelicTBuTesibHO, Baphupysl 9TO BblpaxkeHue mo B (mpm 3amanHOlM
TEMIIEpaType, T. €. 3aJaHHOM §), Mbl IPAMO IOAYYUM yDaBHEHHUE
Jlongonos (48.7) (mnst 7 # 0)*'). Bropoit uurerpas B (48.13), sora-
pudMHUUeCKr pacxomdmmiics Ha 0boux Kpasx objacta § > r > &,
BEJIUK II0 CPABHEHUIO ¢ HepBbIM. [loxcraBus ciona |rotB| u3 (48.8),
IHOJIy9UM JIJIsl S9HEPIUY Ha €JWHUIE JJIMHBI HATH

€= (437_05)2 In g (48.14)

DTO BBIpAXKEHUE MMEET JIOTAPH(DMHUIECKYIO TOYHOCTD, T. €. IPEIIIO-
Jaraercs He TOIbKO 0/ > 1, Ho u In(6/€) > 1; umenno ¢ 3roii
TOYHOCTBIO MOXKHO IPeHeOpedh BKJIQJIOM B € OT CEDALECBUHbBI HUTH.

Pesynbrar (48.14) maet, B 9aCTHOCTH, BO3MOXKHOCTH OOOCHOBATH
CZI€JIAHHOE BBIIIE YTBEPXKAEHUE O TOM, YTO TEPMOAUHAMUYECKH BBI-
I'OZIHO BO3HUKHOBEHWE BUXPEBBIX HATEH ¢ HAMMEHBIINM 110 BEJIUIHHE
MAarHUTHBIM IIOTOKOM. JlefCTBHTENBHO, TOCKOIBKY CBOGOJHAS YHED-
I'Usl HUTH TPONIOPIMOHA/IBHA KBAAPATy CBA3aHHOTO C HUTHIO MATHUT-
HOTO IIOTOKA, TO JIsl HUTU C NOTOKOM N¢y B SHEPTUU MOABUIICS ObI
MHOKUTENb 1% PacIajieHue ke Takoil HUTW Ha 1 HUTEH C MOTOKa-
MU (b IPUBEJET K BBIUIDHINLY B SHEPIHHU B N Pas.

IToncrasus (48.14) B (48.2), HaiineM Jyis HUKHETO KPUTHIECKOTO
OISt

_ o g
Ho= 2 In? (48.15)

1Y Bropoii usen B (48.13), Gyyun BRIpaX<eH 4€pe3 TOK j, IPUHUMACT BHJL

2
21257 /_12 dvz/%dv;

2
mc

BO BTOPOM BBIPDA’KE€HHUU IOJICTABJIEHO TaKKe 5% = 4— ¥ BBEJIEHA IIJIOTHOCTH
Te2ng

U CKOPOCTb CBEPXTEKYydell KOMIIOHEHTEI COIJIACHO j = epsVs/m (CM. mpuMmeuaHnue
Ha C. 227). MbI BUguM, 9TO 9TOT Y/I6H MOXKHO PACCMATPUBATH KAK KHHETHYECKYIO
SHEPTHUI0 CBEPXIPOBOISANINX JIEKTPOHOB.
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IIpu T — T, 3TO BBIpaXKEHWE MOXKHO Iepenucarhb ¢ yueroM (45.19)
TaKKe U B Buze ')
H. = H2Z% (48.16)
V2

[To Mepe yBesjwMueHMs] BHEIIHErO TIOJIsI PACTET YHCIO BUXPEBBIX
HUTE ¥ TEM CAMbIM YBEJIMYUBAETCS TIPOHUKHOBEHNE MATHUTHOT'O TI0-
Jis B CBEPXIPOBOAHUK. [Ipy yueTe B3auMOJEHCTBUS MEXKy HUTAMU
TEPMOJAMHAMUYECKOMY DPABHOBECHIO OTBEYAET OIPEIEJEHHOE YIIOPsi-
JTIOYEHHOE PACIIOJIOKEHNE HUTeH, 06pa3yomiee IBYMEPHYIO PEIIETKY
(B mrockocTH cedenus nununapa)?). Ilpu moboit mioTHOCTH YmcIa
HUTE 0Ch KaXKJOW U3 HUX OCTAeTCH JuHuel, 06X01 BOKPYT KOTODOii
MmensieT a3y BosHOBOH byHkmu ¢ Ha 2. Cpennee xe (110 ceYEHUIO
[UIMHADA) 3HAYCHUE UHYKIUH

B = vy, (48.17)

rJle V — YHUCJIO0 HUTeH HA eUHUILY IJIOMAau cedenus. JleficTBUTE b~
HO, €CJIU IPOMHTErPUPOBATH COOTHOIIEHUE (48.4) MO KOHTYDY BCEro
cedeHust 0Opa3na, To MBI IpuaeM K ypasuenuio (48.5) ¢ Sv¢g B mpa-
BOit acTu (S — IUIOMmAAb CeUeHUs ); B JIEBOM K€ YaCTH IEPBBI MH-

TerpaJjl eCTh TOJIHBIN MOTOK MHAYKIuU SB, a BTOpoi mpeacTaBiiseT
coboit kpaeBoit 3P deEKT, MAJIBIl 10 CPABHEHUIO C IIEPBHIM B OTHOIIIE-
Huu ~ 0/R u motomy npenebpexumbiii (R — juHeHHbIE pa3Mepb
CeYEeHMs ); 34€Ch CYIIECTBEHHO, KOHEYHO, YTO IIOJIE BOKPYT HUTEH 3a-
TyXaeT Ha PACCTOSHUSX ~

Jlo Tex mOp TOKa PACCTOsiHUST d MEXKJY HUTAMHU OCTAIOTCS
OOJIBIIIUMY TI0 CPABHEHUIO C KOPPEJISIMOHHBIM PAIuycoM &, MOXKHO
YTBEPXKAAThb, YTO MATHUTHBIE TIOJIs BUXPEBBIX HUTEH MPOCTO CKJIa-
npiBatorcs. JleficrBuTenpHO, ipu d 3> £ BCe €Ie MOXKHO IPOBECTH
KOHTYP, OXBaThIBAIOIIUN CODO# JII0OOE YHCJIO BUXPEBBIX HUTEH Ta-
KUM 06pa3oM, 4TOObI OH Be37e MPOXOAUJ NAJEKO (HA PACCTOSHUSX
> ¢) or ux cepaueBuH. Ha TakoM KOHTYpE BBINOJIHSIETCS YCJIOBHE
JIOHJTOHOBCKOT'O TIPUOJIMKEHNsI (IIOCTOSTHCTBO §), ¥ MOTOMY MBI CHO-
Ba IPUAEM K yPaBHEHHIO, oTyindatomemycs ot (48.7) nums teM, 910
B €ro mpaBoil yacTu J-pyHKIUS 3aMEHSAETCH CyMMOit d-DyHKIMA OT
pacCTOAHUR OO0 KaxKA0H W3 HUTEH; BBUAY JIMHCHHOCTHU 9TOTO ypaBHE-
HUsI OTCIO[Ia CIEAYET CAEJIAHHOE YTBEDIKICHUE.

Korna srerraee moste mpubiimkaercsd K Heo, pACCTOSHUS MEXKIY
BUXPEBBIMU HUTSMU CTAHOBATCH CPABHUMBIMHU C £. DTO SCHO BUIHO

1) MockonbKy 3Ta byHKIMA BEIBEJCHA B MPEATOIOXKEeHHH In 3¢ > 1, €10 Heb3s
nob30BaThCd npu »x ~ 1! B wacrrocTn, mpu »x = 1/ V2 mome Hg (xax u Hc2)
JOJI2KHO MPOCTO coBunagaThb ¢ H.

2) HauBostee BHITOMHA, TIO-BHMMOMY, DEIETKa, 06PA30BAHHAS DPABHOCTOPOH-
HUMU TPEYTrOJIbBHUKAMU C BUXPEBBIMU HUTAMU B UX BEPIIUHAX.

9 E. M. Jludmun, JI. I1. [Tutacscknii
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U U3 CaMOro BBIPAaXKEeHWsI KPUTUIECKOro moJist (47.2), eciu ero Hamm-
catb (¢ momomsio (45.9), (45.16), (45.17)) B Buze

2
He = go/2m%s (48.18)
OHO OTBEYAET MOTOKY (bg, COCPEIOTOUECHHOMY Ha, ILJIOMAIH ~ &2.
WcuesnoBenune cepxmpoBogumoctu mpu §) = H.o mpomcxoaut

Kak (a30BbIi mepexo] BTOPOoro poaa. B myxe obimeit Teopum Takmx
MEPEXO/I0B MOYKHO YTBEPKIATh, YTO TAPAMETP TOPSIKA 1) KaK (DyHK-
IMs BHENTHEro Mojis obpamaeTcs B HyJb 10 3aKoHy || o Hea — 9.
C nmpyroii cTopoHbl, HaMarHu4eHHOCTH BemectBa M = (B — H) /4w
(kak BesiMYMHA, He 3aBHUCHAIIAs OT BbIOOpa da3bl ¥) B 910l 0bsacTu

cama TrponopronasbHa |1|2. YunTnisas, uro npu § = Heo m0ik-
HO ObITb U B = H. 9, MbI puxoaumM, TakuM 00pa3oM, K JIMHEHHOMY
3aKOHY 3aBHCHUMOCTH WHIYKIWMY B B CBEPXIIPOBOJHUKE OT BHEIITHETO
oJIst BOJIM3M TOYKH TIEPEXOJIA

B—Hg o $— Hg. (48.19)

Samaun

1. BbIYMCIUTDH SHEPTUIO B3aUMOJCHCTBUSA JBYX BUXDPEBBbIX HUTEH, PACIONIO-
2KEHHBIX Ha paccTosHuu d >  Opyr OT apyra.

Pemenue. [Ipeobpasyem BoipaxkeHue cBoGoaHOl suepruu (48.13) mis cu-
CTEeMBI ABYX BUXPEBBIX HUTEH K BIIY, B KOTOPOM MHTETPHPOBAHUSA MPOU3BOIAATCI
.J'II/IIJ.IE; B6JI)I/ISI/I KaXkI0# OTHEebHOM HUTH. JIjIsi 9TOrO MUIIEM, UCHIOIb3Ys yPaBHE-
Hue (48.7):

B? 4 6%(rotB)® = §°{—Brotrot B + (rot B)*} = 6> div [B rot B].
O6beMHBI HHTErpaJl npeobpasyeTcss B HHTErPaJl

62
Fupress = 8_71' / [Brot B] df, (1)
fi1+f2

B3ATHIN M0 NUJIMHIPUYECKUM IOBEPXHOCTAM f1 U f2 (Masoro pamuyca ro; £ K
< 19 K 6), oxBarbBaOIuM cepaueBunbl Hurell. IIpu d > £ mons Hureil annn-
TuBHbI, T. €. B = B; 4+ Bj. Dueprusa B3aumopeiicTBusa HUTEH JaeTcd TON 4aCThIO
narerpana (1), koropast 3aBuCHT OLHOBpeMeHHO oT B1 u Bs:

2
LElz = g— {/[Bz rot Bl]dfl +/[B1 I‘Oth]dfz}
T

(mETErpasBI XK€ BUIA f [Bz rot B1] dfs crpemsites k Hyso npu o — 0). C momo-
mpio (48.8) u (48.10) naxomum orcona
2 2
e1s = 2% oy, 0 B(d) = % (d) .
8 27ro6? 8242 1)
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B uacTtHOCTH, Ha paccrosHuAx d 3> §:

_ % N s
12 = 27/2,3/2§2 (2) € : (2)

2. OnpegesuTs 3aBUCUMOCTD CpenHed (0 CEYeHMIO TUIMHAPUIECKOrO 06-
pasia) MarHuTHOM MHAYKIMU B oT BHemHEro nosst §) B CMEMAHHOM COCTOSIHUY,
B KOTOPOM BHXDPEBbI€ HUTH PACIIOJIOXKEHb] HA PACCTOAHUAX d >> § ApYyT OoT mpyra,
obpasys (B cedeHun o6pasia) PEIIETKy U3 PAaBHOCTOPOHHUX TPEYTOJILHUKOB.

Pemenue. [Inomans paBHOCTOPOHHETO TPEYTOILHUKA DABHA V3d? /4 (d —
JLJIMHA CTOPOHBI), & YKCJIO HUTE! PABHO IOJIOBHUHE YUCJ/IA TPEYTOJbHUKOB B PEIET-
ke (N tpeyronbaukoB umeoT 3N BepUIUH, HO B PEIIETKE KaXKJas BEPIIUHA IIPHU-
HA/JIEKAT MIECTH CONPHKACAIOLUMCH TPEYTOIBHUKAM), TodTOMy ¥ = 2/+/3 d2.

TepmogunaMuueckuii noreHnuas f eauHULBl 06bEMaA TEjIa B CMEIIAHHOM CO-
CTOAHUN ¢

0

J?=};——V(—Hc1+f))+%z Eik,

4
ik

rze BTopoii wieH orBeuaer Buipaxkenuio (48.1) (¢ Hei u3 (48.2); B TpeTbeM 4iieHe
€12 — JHEprus B3auUMOJEHUCTBHUSA ABYX HHTEH, a CyMMHDOBaHUE IIPOU3BOIUTCS
110 BCEM HUTSM, II€PECEKAIOIINM €IUHUITY IJIOMAau. BBULY 9KCIOHEHIHAJIBHOTO
yObiBaHus €12 upu d > §, B CyMMe JOCTATOYHO YYECTb JIUMIb MAPhl COCEIHUX
HuTell. B TpeyrosibHON pemeTke Kaxknas HUTH umeeT 6 Guukaiimmx cocezneii,

IO3TOMY
1 6
5 Xk: Eik = 5 Z €i1 = 3VE12 (d)

IoncraBus 12 u3 (opmyist (2) npeapiaymell 3a5a4u, HAXOLUM

7 %o H—Ha 3¢p e
=Js+ — =+
r=1 23762 a? 22762 a5/2 |’
rae a = d/§. 3aBucUMOCTb @ OT §) ONPEIEJACTCS YCJIOBHEM MUHWMAJILHOCTH
dynkuuu f(a); aTo maer
3¢0 —a
—Ha = ——+ae 3
9 ! 4+/2m6? va ®)

(omymen wren Gosiee BBICOKOrO mopsinka 1mo 1/a < 1). 1o ypaBHeHue BMeCTE €
paBeHCTBOM B = v¢o, T. €.

a = (2¢0/V36°B)'/?,

OIpeeNsieT UCKOMYIO 3aBucuMoCcTb B($)). Ormerum, uro npu § — H.i npous-
BonHasi dB/d$) crpeMuThbCst K GECKOHEYHOCTH 110 3aKOHY

dB 1 5 1
— @ In .
dﬁ ﬁ - Hcl ﬁ - Hcl

9*
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§49. /ImamMarHuTHAs BOCHPUMMYUBOCTD BEHIINIE€ TOUKHU MEPEXO/A

B komme §45 yxke OBbIJIO OTMEYEHO, UTO ODJIACTH TEMIIEPATYP
BOsm3u T, B KOTOpO# iIyKTyamuu mapaMeTrpa MOpsaKa 1) CTaHO-
BATCS OOJIBIINME, B CBEPXIIPOBOIHUKE UPE3BLIYANHO y3Ka. BHe 310
obsacTu QIYKTYaIMOHHBIE TIOMPABKYA K TEPMOIMHAMUIECKUM BEJIH-
9uHAM, BOODITE TOBOPs, 049€Hb MaJibl. OHU MOTYT, OJJHAKO, OKA3ATHCS
CYIIECTBEHHBIMHA JIJII MATHUTHON BOCIPUMMYIMBOCTH METAJIJIA BHIIIIE
TOYKHM TIEPEXO/IA: TOSBJIEHUE BCICIACTBUE (DIYKTYAINH 1aXKe OTHOCH-
TEJIHO MAJIOr0 UHCJIa CBEPXIIPOBOAAIINX 3JIEKTPOHOB MOXKET IIPH-
BECTH K BKJIQJy B MAarHUTHYIO BOCIPUUMYUBOCTD, MPEBHIMIAIONIEMY
0OBIYHO OYEHBb MAJIYIO BOCIPUUMYINBOCTD HOPMAJILHOTO METAJLIIA BJIa-
JIM OT TOYKHU Iepexoma’).

Paccmorpum mertann B cnabom (§) < H. BHeIIHEM MarHHTHOM
[oJIe IPY TEMIIEPAType BhIre TOUKU 1g, HO Osn3Koil K Heil. PaBHO-
BECHOE 3HAYUECHME IapaMeTpa MopaAKa 34ech ¢ = 0, a [yid BbIYHCTIE-
Hus ero QUIYKTYaIuii MOXKHO HCIOJIb30BATH CBODOIHYIO SHEPTHUIO U3
teopun ['un36ypra—Jlannay. IIpu srom B Beipaxkenuu (45.10) MoxKHO,
B BUy MaJiocTu QJIyKTyallnil, COXPAHUTb TOJIHKO KBAIPATUIHBIE ITO
1 usteHbI, omycTus wieH ¢ |1h|* u monnmas oy A BeKTOpHEIH TIOTEH-
ouaJl onHOpOoAHOTO mosd §). Puykryauunu wHAyKInu B, cBa3aHHBIE
¢ daykTyanusaMu 1), KBaJAPATUYHBL 10 ) (BBULY KBaIPATUIHOCTU
mIoTHOCTH TOKa j). [losToMy B unene B2 /87 MoxkHO mOHMMATH TIOT
B cpennee (TepMOAMHAMUYECKOE) 3HAYCHNUE UHAYKIWH, IpeHebperast
ee uykTyaruamu. Takum o6pa3oM, W3MEHEHUE TOJHOW CBODOTHOMN
SHEPIUU MEeTAJIIA NPU QUIYKTYAIUH JAETCS CJIEAYIONUM BBIPAKEHU-
eM — (yHKIOHAIOM OT 1 ?):

AF[q/)]:/{ﬁ’(—iﬁV—%e )¢‘2+a|1/)|2} dv.  (49.1)

Jna soraucienus gpaykryanuonuHoro Bkiaana AF B cBOOOIHYIO
SHEPIUIO HAJO paccMarpuBaTh Gynknuonan (49.1) kak «3ddekTus-
HBIY TAMUJIBTOHUAH», ompenessatommuit AF cormacao dhopmyJie

exp (—%) = /exp (—AFTM) Dr, (49.2)

rae uaTerpuposanue (QyHKIMOHAIBHOE) IPOU3BOAUTCS II0 BCEM Pac-
npexesierusM P (r) (cm. V,§147). @akTuuecKu OHO OCYIIIECTBIISETCS

1Y Bror acdbdexr 66t yxazau B. B. Imudmom (1966).

%) Bo u3besxanue HeOPA3YMEHUH OTYEPKHEM, YTO MATHHTHOE TIOJIE HE SBJIs-
€TCsl 110 OTHOLIEHWIO K CBEPXIPOBOAHUKY <«BHEIIHUM IIOJIeM» h B TOM CMBICIE,
Kak oHO ObwIO BBeZeHo B V, § 144. ITociennee moikHO ObLIO ObI BXOIUTH B CBO-
GonHy0 3Hepruio B Buae dieHa —h(y + ¢*), 4To B ZaHHOM CiIydae 3aBEOMO
HEBO3MOXKHO BBUJY HEMHBAPHAHTHOCTH TAKOIO UJIEHA IO OTHOIIEHHUIO K BHIOOPY

dassr Y.
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MyTEM PA3JIOXKEHUSA 1P O HEKOTOPOI TOJIHOM CHCTEME COOCTBEHHBIX
GbYHKIMNE ¥ UHTETPUPOBAHUEM II0 OECKOHEYHOMY MHOMXKECTBY KO-
unmeHTOB 3TOrO paszokKeHus. B ciryuae oqHOpPOnHOl (6e3 BHeIIHe-
IO IOJIsI) CUCTEMBI PA3JIOXKEHUE IPOM3BOAUTCS IIPOCTO IO IIOCKUM
BOJIHAM (CM., HampuMmep, 3aaa4y B V, § 147).
B mannOM ke ciIydae pas3iioxKeHUue CJIeayeT MPOU3BOAUTH 10 COO-
crBeHHBIM (yHKIMAM «ypaHeHus [llpeaunrepas
2

— (=irv — ZA) "y = By, (49.3)

4m c
orBeuaroniero ramuwibTonnady (49.1). B §47 yxe 6bLio oTMedeHO,
9TO 3TO ypaBHeHUME (HOPMaAJIBLHO coBmamaeT ¢ ypaBuenuem lllpemqun-
repa Jyis JBUKEHUS] 9aCTHIBL (C Maccoil 2m u 3apsaoM 2e) B OJHO-
POIHOM MAarHUTHOM Tojie. Kro cobcTBeHHBIE (DYHKIUU HYMEPYIOTCS
OZHUM JYICKDETHBIM (1) U ABYMsI HEIPEPBHIBHBIMU (Pg, P,) KBAHTO-
BBIMU YHCJIAMU, TIPUYEM COOCTBEHHBIE 3HAYUEHUS 3aBUCAT TOJBKO OT
n u p, (0Ch z B HanpaByieHuH §)) U Jar0Tcs HOPMYIIOi

E (n + %, pz) = (n+ %) %f) + %; (49.4)

YUCJI0 PA3JINIHBIX COOCTBEHHBIX (DYHKIU C 33IaHHBIM 71, 3HAUECHUEM
P, B UHTEpBaJje dp, U BCEMU BO3MOXKHBIMHU Py €CTh

2[el9
(2wh)2c

z

(cm. ITI1,§112).
O603HaYAM [1J15T KPATKOCTH, COBOKYITHOCTD UHUCET T, Py, Py OJHAM
CHMBOJIOM ¢ W HaIWIIEM pasJjioxkenue dbyHkuuu ¢ (r) B BUIe

Y= cqy(r), (49.5)

Tie ¢q = Cy +iC, — TPOU3BOJIBHbIC KOMILIEKCHBIE KO3 buImenTsI, a
©6CTBEHHBIE (DYHKITUH [TPEJIIOJIAral0TCs HOPMUPOBAHHBIME  YCJIOBUEM
[|1q|> dV=1 (wmTerpmposanme mpouzBOMUTCS TIO 06BEMY MeTAILIA).

IToncranoska pasznoxenus (49.5) B (49.1) mo3sonsieT npex e Bee-
ro mepefiTu OT MHTErPHPOBAHUSA 1O 06bEMY K CyMMHUPOBAHHUIO IIO ¢.
JeiicTBATENIBHO, IPOMHTEIPUPOBAB IEPBBLIl WIEH 110 YaCTHAM, IPUBO-
quM (49.1) x Bunmy

AF[y] =/{ * L (Ciny - 2 )’ ¢+¢*a¢} av.

IMoncrasus cropa (49.5) u yurs, 4ro Kaxkgas u3 GYHKIUNA 14 yIOBIE-
TBOpsieT ypasHeHuio (49.3) ¢ E = E; u 410 cO6CTBEHHBIE QYyHKIUN
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C PAa3JINYHBIMU ¢ B3aMMHO OPTOT'OHAJIbHBI, IIOJIyYUM

AF[Y] = leql® (B + a). (49.6)

®DyHKIMOHANBHOE UHTErpUpoBaHue B (49.2) o3HAUaET MHTErpH-

posanue 1o BeeM dcydcy. Tlocne mopcranosku (49.6) unTerpuposa-
HES TI0 BCEM 3TUM MEPEMEHHBIM Pa3C/IAOTCA U JIAI0T

AF T
xp (_T) - E:—l—a’
nJjim
= —TZm Bt (49.7)

B TEPMUHAX KBAHTOBBIX YHUCEJI 11 U pz 9TO BBIPDaXKECHUE 3aIINCHIBACTCA
KaK

. 2|e|T3§ / 7T
AF = -V e Z B s U e (49.8)

O1a cymMMa pacxonuTcs npu 6oabmux E, HO pacXoauMoOCTh B Jeii-
CTBUTEJILHOCTH (DUKTHBHA U CBS3aHA JIUIIH C TEM, YTO WMCXOMHAA
dopmyna (49.1) mpuMeHHMA TOJBKO NPH MEJIEHHO MEHSIFOIIUXCS
dysrImax 1(r): u3MeHeHUE 1) JOKHO OBITH MaJIO Ha PACCTOSHHU-
ax ~ &. B Tepmunax cobcTBeHHBIX 3Ha4YeHUil Fg 3TO 3HAYUT, YTO

JIOIyCTUMEL b By < 72 /m&2. Obpesas cymmy 10 1 TIPH HEKOTO-

poM 6osibiioM N, yI0BJIETBOPSIONIEM IIOCTABJIEHHOMY YCJIOBUIO, BOC-
moJib3yeMcst hopMyJIoit HyaCCOHa

zf(n+ /f r- L@

24 0
(cm. V,(59.10)). B mpumenenun x (49.8) mepsslil, HHTErpaJIbHBII,
qjieH 3Tol POPMYJIBI JaeT, KaK JIETKO MOHSATh, HE 3aBUCAIIUN OT )
BKJIaJl B CBODOZHYIO SHEPIUIO; ITOT WIEH HE HYXKEH [JIsl BBIYHUCIIC-
HUsl MATHUTHOW BOCHPUUMYUBOCTH, U MBI €r0 OIyCTHM. BO BTOpOM
JK€ YJIeHe MOXKHO IIOJIOKUTH Tenepb N — 00 (Tak 4To mapamerp
obpe3aHust BBIIAJAET U3 OTBETa) '):

a2
AF =V eTH / dp.
4872 hmc? a+p2/am’
—00

1) B kosaddunuenre nonoxeno T ~ Tc. Ilpu T B6mu3u T, cyumecTBeHHBIE B

3TOM MHTErpaJie 3HadeHus p, ~ /ma ~ h/E(T) K h/&o, T. e. yHOBIETBOPSIOT
[IOCTABJIEHHOMY TPebOBaHUIO.
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OKOH‘-IaTeJIbHO, II0CJI€ B34ATUA UHTETrPaJIa,

2T 5{]2
AF=V_%-2 49.9
24mhc? \/ma ( )
OTCIO,I[& MarHuTHadA BOCHpI/II/IM‘-II/IBOCTI)
2 2
= 12aF__ c L. (49.10)
V 892 12nfic?(ma)t/2(T — Te,)Y/2

(H. Schmidt, 1968; A. Schmid, 1969). Ms! Buaum, 94T0 BOJIU3YM TOYKU

[epexo/ia BOCIPUUMYMBOCTL Bo3pacTaeT Kak (1 — Tc)_l/ 2. B sroi

obsactu (49.10) npencrasiser coboi OCHOBHOI BKJIA] B MATHUTHY IO
BOCIPUMMYUBOCTH HOPMAJIBHOIO METAJLIA.

Sagaun

1. Onpenennts MarHuTHBIN MOMEHT TOHKOH (Tommuna d < §(T)) mieHKu B
HEPIEHAUKYISIPHOM €€ IIOCKOCTH MarHUTHOM Imojie npu reMmneparypax T > T,
T-T. <« Te.

P €EIeHue. KOHe'{HOCTb TOJIIMUHBI IIJICHKU IIPUBOAUT K JUCKPETHOCTU KBaH-
TOBOro umcia p, B (49.4), mpuuem Uil TOHKOHN IUIEHKM HAJ0 OUPDAHHYATHCH B
(49.7) numub 3Havenuem p,=0 (yKe IEPBOE OTIIMYHOE OT HyJIsI 3HAYEHUE p,~H/d,
tax uto E~h?/md?>h? /m¢%~a). Yucno cobersennbix byHKmutt ¢ 33 aHHBIME
n u p, (1 BceMu BO3MOXKHBIMH Py ) ecTh 2 | e |95/ (2nhic), rae S — nuomans mwien-
KU; [O9TOMY CyMMHpOBaHHe 1o ¢ B (49.7) Hamo mommMaTh kak (9)S/mfic) ..

n

IIpumenus k cymme dopmyay Ilyaccona, momydum B pesyiabrare

2 =2
AF = Sﬂ_
247mc2a
MaFHI/ITHHﬁ MOMEHT ILJICHKH1
2
M:_8AF:_S e“TeH '
09 12rmec?a(T — T.)

O6paruM BHHUMaHUE Ha TO, YTO OH Bo3pacrtaer npu 1 — T, OwvicTpee, ueM B
CJIydae HEOrPAHUYEHHOI'O METaJLIa.

2. To »xe gz mapuka paguyca R < {(T) (B. B. IIImudm, 1966).
Pemenune. Barom cirydae u3 Bcex COGCTBEHHBIX 3HAUeHU ypaBHeHus (49.3)
CYIIECTBEHHO JIMIIb OIHO, HAWMEHBINEEe, OTBedamomee Co6CTBeHHON dyHKIMn
2 R2§>
1 = const u pasmoe Ey = Tome (cM. BCe CKazaHHOE IO ITOMY MOBOLY B
3amade k §47). Cymma (49.7) cBOOMTCH K OAHOMY YWIEHY, © MATHUTHBIH MOMEHT

T.0Ey, _ €*T.R§
a 89 5mca(T —T.)



264 CBEPXIIPOBOJVMOCTD LV

§50. dddekt Adxo3edpcona

PaccmoTpuMm f1Ba CBEPXIIPOBOAHUKA, PA3JAEIEHHBIX TOHKUM CJIOEM
au3neKTpuKa. Jljisi 3JIEKTPOHOB 3TOT CJIOH TIPEACTaBJseT coboit
TMOTEHITUAJIbHBIN 0APHEP, W €CJIU CJION JTOCTATOYHO TOHOK, TO CYIIE-
CTBYET KOHEUHAs BEPOATHOCTH WX MPOHUKHOBEHUS YePE3 HETO IIyTeM
KBaHTOBOTO TyHHesjmpoBauud. Jlaxke eciau koadduimeHT mporrycka-
Husi Gapbepa MaJi, ero OTJIMYhe OT HYyJsd WMeeT MPUHITAMHAAJIBLHOE
3HaYeHWE: 002 CBEPXIPOBOJHUKA CTAHOBATCA €IWHON CHCTEMOIA,
OIIUCHIBAIOIIENCS €IUHON KOHIEHCATHON BOJHOBON (yHKIMEN. DTO
00CTOsITENILCTBO TPUBOAUT K 3dekTaM, BIEPBBIE MPEICKA3AHHBIM
JDoicozedpconom (B. D. Josephson, 1962).

EnunacTBO KOHIEHCATHO BOJHOBOM (DYHKIIMY CHCTEMbBI O3HAYAET,
YTO Yepe3 KOHTAKT MEXK/Y ABYMS CBEPXIIPOBOIHUKAMU MOXKET T€Ub,
B OTCYTCTBUE IPUJIOXKEHHON W3BHE DPA3HOCTU IOTEHIINAJIOB, CBEPX-
npoBoasmuii Tok. [lomobHO TOMYy Kak BHYTpPHM CBEDPXIIPOBOJIHUKOB
IJIOTHOCTH TOKA, ONpeJeseTcs TpagueHToM (asel ¢ KOHIEHCATHON
BOJTHOBOH (PYHKITHHU, TaK TJIOTHOCTD j TTPOTEKAOIIETO Y€Pe3 KOHTAKT
CBEPXIIPOBOISINET0 TOKA CBS3aHA C PA3HOCTHIO 3HaudeHuit Po u Py
azbl Ha 060UX cTOpoHAX KOHTaKTa'). IloCcKOIbKY 3HAYECHUS PA3HO-
cru 9 — @1, oTyiMyaromuecs Ha I1eJI0e KPaTHOE OT 27, (PU3UYECKHU
TOXKJIECTBEHHBI, TO SICHO, YTO (PYHKIUS

J=3(®21), Po1 =P (50.1)

JOJKHA OBITH Imepuogudeckoit ¢ nmepuogoMm 27. Omeparusi obparie-
HUs BPEMEHHU MEHSIeT 3HAaK TOKA j W B TO K€ BPEMs MEHSeT 3HaK
dazsr P91 (mOCKONIBKY BOJIHOBbIE (DYHKIMU 3aMEHSIOTCH CBOUMU
KOMIIJIGKCHO-CONIPSPKEHHBIMHA ). JTO 3HaduT, 4ro ¢yskimus (50.1)
JoJKHA ObITH HEYeTHOH U obpammaTbest B HyJib npu o1 = 0. Byayun,
pa3ymeercs, orpanudeHHoi, dyHkmus j(Po;) mMeeT cBOM MaKCH-
MaJIbHOE ¥ MUHUMAJIFHOE 3HAYECHWsI, MEXKTy KOTOPHIMU OHA M MEHSI-
€TCsl TIPY U3MEHEHUN PA3HOCTH (a3, a B CWJIy HEYETHOCTH (DYHKITUN
9TH 3HAYEHWS OJUHAKOBHI TI0 abCOTIOTHON BEJIMUMHE; 0HO3HAUNM UX
qepe3 tjm.-

Canenyer ormeruts, uro 3amuch (50.1) mpeamosaraer npexeGpe-
JKEHWE BIUSAHUEM HA TOK CO CTOPOHBI COOCTBEHHOIO MArHUTHOTO TI0-
Jisi TOKOB BHYTPH KOHTAKTa. B MPOTMBHOM ClIydae BMECTO PA3HOCTH
®91 mosmxHO ObLIO 6B HGUTYPUPOBATH KAJUOPOBOYHO MHBAPUAHTHOE

1) lnst Toro 4TO6LI CBEPXTPOBOASNINI TOK 4epPe3 KOHTAKT MMEJ 3aMETHYIO
BEJIMYUHY, TOJIIUHA JUIEKTPUIECKOrO CJI0sI (PAKTUYIECKH JOJIKHA OBITH OYEHb
masa: ~ 1077 cm. Takue paccTOSHMS MAJIbI JAXKe II0 CPABHEHHMIO ¢ HAMMEHBIIIIM
XapaKTEPHBIM IAPAMETPOM [JINHBI B CBEPXIIPOBOAHUKE — JJIMHOM KOT€PEHTHOCTH
£o. B aToM cmMmBICiIe CiI0ii HOJKEH pacCMaTPHBATHCH KAaK OECKOHEYHO TOHKWIA, a
noBeneHne (pa3bl BHYTPH HETO B T€OpUHU BOOOINE He (PUTYPHPYET.



§ 50 SODEKT JPKOZEGCOHA 265

BbIpaXkenue ')
Oy — 3 — 2—6/Awd:c.
he
1

Beuny oueHb MaJioi TOIIMUHBL JUIEKTPUIECKOTO CJIOS YCJIOBUE JI0-
IIyCTUMOCTH TTPEHEOPEIKEHNST CTOSIIUM 3/I€Ch MHTETPAJIOM OT HEIpe-
poiBHOI dyukuunm Az () Jerko BbIIOJIHsSETCS (a 3HAYEHHS CaMOrO
noreHnuana A, Ha 06eUX CTOPOHAX MOXKHO CUATATH OJMHAKOBBIMHU).

Oupepenenne Buga byukuuu j(Pa1) Bo Beeit obiactu Temnepa-
TYp BO3MOXKHO JIUIIb HAa OCHOBE MHUKPOCKOIUYECKOH Teopuu. Mbl
OTPAHUYUMCH 371€Ch (DEHOMEHOJIOTHIECKUM PACCMOTPEHUEM B pPaM-
KaX MpUMeHuMOCTH Teopuu |'mu3bypra—J/lanmay.

Eciin 6bI KOHTAKT OBLI COBCEM HEIIPOHMIAEM IJIs 3JIEKTPOHOB,
BOJTHOBBIE (DYHKITUHU 1) KAXKIOTO W3 CBEPXIPOBOJHUKOB YIOBJIETBO-
psiiz ObI Ha CBOEM KPAlO KOHTAKTa I'DAaHUYHBIM ycioBusaM (45.15):

1o} 2ie

o A =0,
O 2ie

—_= — =0.
oz e =92

Koneunas mponumaemocts 6apbepa ¥ KOHEYHOCTH 3HAUEHUH 1 HA
IPAHUIAX KOHTAKTA IIPUBOAAT K IIOSBJICHUIO B IPABBIX CTOPOHAX
9TUX YCJIOBHH OTJIMYHBIX OT HYJIs BBIPAKEHUIl, 3aBUCSAIINX OT 3HA-
YeHuii Y Mo APYTyI0 CTOPOHY KOHTAaKTa. BBumy majoctu v (BO/m3U
TO4YKHU 11epexoa T.) MOXKHO OIPAHUYUTHCH B 3TUX (DYHKIUSAX JINHET-
HBIMH II0 1) YJeHaMH, T. €. HAIUCATh

O 2ie Agihy = 02 2ie Agthy = (50'2)

Ox Ox
KO3(1)(1)I/I].[I/I€HT 1/A HpOl‘[OpLII/IOHaJIeH HpOHI/IIJ;aeMOCTI/I 6apbepa. Pa-
BeHcTBa (50.2) JOJKHBI yJOBJIETBOPATH TPEOOBAHUSIM CHUMMETDUU
OTHOCHTEJILHO ODPAIEHUs BPEMEHN: OHM JIOJI)KHBI OCTABATHCS CIIPa-
BeUIMBLIMU TIpu TnpeobpazoBanmm ¥ — P*; A — —A; orcooma
CJIEJIyeT, YTO IOCTOSIHHASI A BEIIECTBEHHA (TOTJa MPH YKA3AHHOM
npeobpaszoBanuu paseHcTBa (50.2) MPOCTO COBHAJAIOT CO CBOMMHU
KOMILJIEKCHO-COTIPSI?KEHHBIMH ).

CBs3b MeXIy BEJIMYMHON CBEPXIPOBOMSIIETO TOKA Yepe3 KOH-
TaKT ¥ Pa3HOCTHIO a3 DYHKIMHU Y MOKHO ONPE/IEIUTH, IPUMEHUB
dopmyay (45.14) K Kako#-m60 W3 CTOPOH KOHTAKTA (CKAXKEM, CO
CTOPOHEL 1):

j= =S (g 2 gy ) 22 iy,

2m oz oz

1) Hanpaenenue ocu = Beibpaso B riry6s obiiactu 2.
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[Moxcrasus cioga 01 /0r u3 rpanuuasoro ycosus (50.2), momydnm

zeﬁ

= o (12 — 13).

15 KOHTAKTOB OIMHAKOBBIX METAJIJIOB BEJIUYUHBI Y1 U P9 OTJIMYA-
IOTCsl TOJIBKO CBOell (ha3oit; HaXOAUM TOTAA JJIs IJIOTHOCTH TOKA!

j = jmsin ®a1, ;V__4¢F (50.3)

IIpu npubiuKeHnn K TOYKe mepexona |i|? crpemMuTcs K HYIO Kak
T, — T'; o TakOMY K€ 3aKOHY, CJIEIOBATEJIbHO, CTPEMUTCS K HYJIIO U
MaKCHMaJIbHasl IVIOTHOCTH TOKA 9€Pe3 KOHTAKT ').

[IycTh Temeph K TYHHEJBHOMY KOHTAKTY MPUJIOXKEHA OT BHEIITHE-
IO MCTOYHWKA HEKOTOPas PA3HOCTh MOTEHIMAJIOB, T. €. B KOHTAKTE
nMeeTcs mekTpudeckoe nose K. Bymem ommchiBaTh 9TO mMOJE CKa-
JISPHBIM TOTEHIMAJIOM, 0003HA4YMB ero 3j1ech dyeped V: E=—VV.
Brusiame 3TOr0 M0 HA CBEPXIIPOBOMLIIIINM TOK YEPE3 KOHTAKT MOXK-
HO BBISCHUTH YK€ HA OCHOBAHWUU TPeOOBaHW KaIuOPOBOYHOMN
MHBAPUAHTHOCTH.

B orcyrcrBue mons (npu V' = 0) dasa BonHoBO# dbyHKIUM He 3a-
BucuT oT BpeMmeru: 0P /0t = 02). [Ins 0606IIeHNs STOTO PABEHCTBA
HA CIy4ail HAaJIu4us JIEKTPUIECKOTO MOJIsd 3aMeYaeM, ITo obIiee co-
OTHOIIIEHUE JTOJXKHO ObITH MHBAPUAHTHO IO OTHOIIECHHUIO K KaJnOpo-
BOYHOMY IIPEOOPA30OBAHUIO CKAJISPHOTO ITOTEHIINAJIA

Vvl (50.4)

c Ot
He 3aTPArvBaIOIIEMy BEKTODHBIN IOTEHIUAI (KOTOPBIH [IPEIIoIara-
eTcsl He 3aBUCSLIMM OT BpeMeHH). TOUHO Tak, Kak 3TO ObLIO CIEJaHO
npu BbIBOzE Ipeobpasosanus (44.3), (44.6), maiinem, 4ro OZHOBpE-
MeHHO ¢ V moskHa OBITH mpeobpa3oBaHa (Da3a BOJHOBON (DYHKIAU

COIJVIaCHO %%
= &+ Zx(0). (50.5)
C

1)M1/1Kpocxonnqecxaﬂ Teopusi, ocHoBanHasi Ha Mogmesu BKIII, moka3wiBaer,
uTOo Takasa ke cBa3b (50.3) mexay j u P21 MMeeT MeCTO IpH BCEX TEMIEPATY-
pax. DTa XKe TeOpHUsl MO3BOJISIET CBA3aTDb Jm C IEKTPUYECKUM COIPOTUBIICHUEM
KOHTAaKTa MEXK/Iy ABYMs META/UIaMH B HODMAJIbHOM COCTOSIHUY. VI3/102keHue 3TOM
Teopun MOxHO Haditu B kuure: 4. O. Kyaux, U. K. Sdncon. ddbdexr Txozed-
COHA B CBEPXIIPOBOIAININX TYyHHEJIbHBIX CTPYKTypax. — M.: «Hayka», 1970.

?)Hamomuum (cp. mpumeuanume Ha c. 159), YTO BPEMEHHOH MHOXHTEIH
exp( 2ipt/h) HMCK/TIOYEH U3 BOJHOBO# GbyHKIME TEM, YTO TaMHJIBTOHUAH CHCTE-

met H samenen na H' = H — [,LN
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Orcrona gcHO, 9TO KaMOPOBOYHO WHBAPUAHTHBIM OYET COOTHOITIEHHE

0 | 2.,
5 + EV =0, (50.6)

nepexozsiee B 0P /9t =0 mpu V = 0.
ITpu He 3aBuCAIIEM OT BPEMEHU JIEKTPUYECKOM IIOJI€ MHTEIDH-
posanme pasercrsa (50.6) naer

=00 — %ew,

e 3©) e 3aBucur or BpeMmeHnu. [loaTomy, eciti KOHTAKTY TIPUJIOXKE-
HA TTOCTOSHHAS JIEKTPUYECKAs PA3HOCTH MOTEHITUAJIOB Va1, TO pas3-
HOCTH (hba3 Ha HEM

2
P9 = <I>§‘? - geth-

IMoxcraBus 310 BBHIpaxkeHuwe B (50.3), HAXOAMM CBEPXIPOBOIAIIHI
TOK 49epe3 KOHTAKT

j = jmsin (®f) - 2—;V21t) . (50.7)

Ms! npuxonuM K 3aMeYaTesIbHOMY PE3YJIbTaTy: HAJIOXKEHUE Ha TyH-
HEJIBHBIN KOHTaKT IOCTOSHHON DPa3HOCTH MOTEHNIMAJIOB IPUBOIUT K
TIOABJIEHUIO CBEPXIIPOBOALIIETO IEPEMEHHOI0 TOKA C YaCTOTOH

2
(.Oj = E |6V21|. (508)

[Torpebnsiemass B KOHTaKTE MOIIMHOCTH JAETCA IIPOU3BEIE-
uueMm jVa1; ee cpeguee (IO BpeMEHM) 3HAUEHUE DAaBHO HYJIO, T. €.
CHCTEMATUYIECKAs 3aTPATa YHEPTUU OT BHEIIHETO MUCTOYHUKA OTCYT-
CTBYeT — KaK ¥ JOJI’KHO OBITH [IJIsi CBEPXIIPOBOISIIETO TOKA, HE CBs-
3aHHOTO C auccumarmeit smepruu. [loguepkHeM, OZHAKO, YTO TPHU
HAJIMYUU BHEITHEN 3JIEKTPOJBUKYIIEH CHUJIBI depe3 KOHTAKT Oyier
NPOTEKATH TAKXKE W HEKOTODPBI HOPMAaJIbHBIA TOK (Cs1abblil pu Ma-
JIOM V21), COIIPOBOXKJAIOMINNACH AUCCUTIAIIUEH.

3akJioueHne 0 mepuoxmdeckoM ¢ dacroroil (50.8) m3MeHeHHH
CBEPXIIPOBOJAIIETO TOKA Yepe3 KOHTAKT CJIEAYET Y2Ke U3 caMoro (hak-
Ta meprommdecKoil 3apucumoctu j oT Po; m jummHeiiHON 3aBHCHMO-
ctu P91 OT BpeMeHH; ITO 3aKJIIOUEHNE HE CBI3aHO C KAKUMU-JIHOO
TIPEANOJIOKEHUSAMI O BEJWYWHE PA3HOCTH MOTEHINAJOB. KOHKpeET-
Hasi ke ¢opmyia (50.7) cupaBe[yiuBa JIMIIB IPU YCJIOBUM MAJIOCTH
YaCTOTHI W;j MO CPABHEHHUIO C XapaKTEPHOMH JJid CBEPXIPOBOAUMOCTH

qacroroit A/h:
Fw; = 2]eV| < A(T). (50.9)
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Samaua

Hanwucars ypaBHeHHUe sl TOKA B LENH, COCTOAIIEH U3 MOCIEI0BATENBHO CO-
€IMHEHHBIX CONPOTUBJIEHUS R U CBEPXIPOBOJHUKA C TYHHEJIBHBIM KOHTAKTOM;
B LeNu AeHCTBYET JIEKTPOABMKYIIAs CUIa Vj.

Pemenue. [lonnoe nagenne nHanpsikenus B uenu Vo = RJ + Va1, toe J —
TEeKYIIMii 110 IIENH TOK, a V21 — PAa3HOCTH IIOTEHIMAJIOB Ha KOHTAKTe 1). Iloncra-
BuB ciona J = Jp, sin @21 u Va1 u3 (50.6), momyuum

I 8‘13’21
2)e| Ot

= ‘/0 - RJm sin 4’21.

OrMeTuM, YTO ONMCHLIBAEMBIN STUM yPABHEHHEM IIEPEMEHHBIM TOK HMEET HECH-
HyCOMJAJbHBII XapaKTep.

§51. CBa3b TOKa C MATHUTHEIM IOJIEM B CBEPXIPOBOJIHUKE

B § 44 6nun mosyueHsr (GOPMYIIBI, OMPEIEAIONTAE CBA3b MEXKITY
TOKOM ¥ MATHUTHBIM IIOJIEM B CBEDXIIPOBOJHUKE B MPEAEJIBHOM (JIOH-
JIOHOBCKOM) CJIydae MEJICHHOTO WM3MEHEHUSI BCEX BEJIMYUH BIOJIb
obbeMa Tejla; HpPU ITOM IIOJIE IMPEAIoJarajoch CJIabbIM — MaJibIM
IO CPABHEHMUIO C €r0 KPUTUYECKUM 3HadYeHneM. Teneph MbI paccMOT-
p¥M 3TOT BOMPOC B OOINEM CJIydae MPOW3BOJIBLHO MEHSIONIETOCS B
MPOCTPAHCTBE CTATUYECKOTO IIOJIsi, MO-IMPEXKHEMY TIPEIOaras ero
cnabbiM. CIioBa «IIPOU3BOJIBLHO MEHSIOIIEECT» O3HAYAKOT 3/1ECh, 4TO
HOJIe MOXKET CYIIECTBEHHO MEHSThCS Ha paccTosHusax ~ &y (HO, KO-
HEYHO, TIO-TIPEXKHEMY MAaJI0 MEHSETCS Ha PACCTOSHUSAX MOPSIKA Be-
JIMYWHBI TIOCTOSHHOM PEIIeTKY; MOITOMY HEOTHOPOIHOCTH CPEIbl —
MeTaJljla — Ha aTOMHBIX DACCTOSIHUSAX HECYIIECTBEHHA).

B obmem ciiyuae CBsI3b M€Ky TOKOM W MArHUTHBIM TIOJIEM B
MPOCTPAHCTBEHHO-HEOT PAHUIEHHOM Cpeie n300pakaeTcs MHTETPAJIhb-
HO¥ dopMyoit BruIa

i) = = [ Qulr =) Au(x') &%, (51.1)

rae aapo (Q;r 3aBHCHT TOJIBKO OT CBOMCTB camoil cpenspt?). Jluneii-
HOCTBH 3aBucuMocTH (51.1) OTBEUAET IPEIONIOKEHMIO O CIA00CTH IIOJIS.

Kak u3BecTHO, INIOTHOCTH TOKA MOYKET PACCMATPUBATHCH KaK Ba-
pUAIMOHHAS IPOU3BOLHAS OT SHEPIUH CHCTEMBI [0 BEKTOPHOMY IIO-
TEHOWaJy: u3MeHeHHe GyHKIuM [aMUJIBTOHA CHCTEMBI IIpH

'Y Maneim (mpu masiom Vp) HODMAJIbHBIM TOKOM B CBEDXIPOBOIHHKE IIPEHE-
Gperaem.

2) 3ana4ya 0 HEOrPAHUYEHHON CPEJie UMEET B JAHHON CBA3H JIUIIb (DOPMAJIbHBIM
cmbici. Ee peajibHOEe 3HAYEHUE COCTOUT B JAJBHEHINEM NPUMEHEHUH €€ DE3YJlb-
TATOB K 3a7a4de 00 OrpaHMYEHHON Cpefe — CM. cieayromuil maparpad.
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BapbUpOBaHUU A eCTb
6H = -1 /'6Ad3a:
C

(cm. II1, (115.1)). IToaromy simpo Q. B (51.1) siBisieTcst BTOpOit Bapu-
AIMOHHOM MTPOU3BOJHON, 8 CUMMETPHS OTHOCUTEJIHHO MOPSAIKA JIBY-
kpatHoro auddepenuuposanus (o A;(r) u Ag(r')) osnagaer, uro

Qir(r — ') = Qu(r' — ). (51.2)

Paznoxus A(r) u j(r) B unrerpanst @ypse, 3amumeM CBA3b
(51.1) mnst dypbe-KOMIIOHEHT:

Ji(k) = —Qir(k) Ax(k), (51.3)

npudeM B cuiy (51.2) Qix(k) = Qri(—k).

Hekoropsie BaxkHble cBoiicTBa dbyukmuu Q;x (k) cremyror yxe us
TpeboBaHuil KaauOpPOBOYHON MHBapHaHTHOCTH. TOK j HE JOJIKEH Me-
HATHCH [PU KajubpoBouHoM mpeobpazoBanuu A(r)—A(r)+Vx(r)
wiH, JJisi Pyphe-KOMIIOHEHT:

A(k) - A(k) + iky(K).

Do 3HauuT, 9To TEH30p Qi) (k) MONIKEH GBITH OPTOrOHAJIEH BOJIHO-

BOMY BEKTODY
Qir(k) kx, = 0. (51.4)

B wacrHOCTH, B KpHCTaJLIe KyOU4eCKOil CHMMETPHM TCH30PHASA 3aBHU-
cuMOCTb (1, CBOLUTCH K 4jeHaM BUIA O; U k;kg; u3 (51.4) cuemyer
TOT/Ia, 9TO
kik
Qir = (5i - k—zk) Qk), (51.5)
rae Q(k) — ckansprasa QyHKIUs.
s masibHeltero BeibepeM KaJubpOBKY MOTEHIINANIA, B KOTOPOit
divA(r) = 0. Ina dbypwse-kommnonenT 310 3Hauut, uro kA (k) = 0.
ITosromy cBs3b (51.3) MeXK Iy TOKOM ¥ IOTEHIUAJIOM CBEIETCS K Pa-

POHCTRY k) = —Q(k) A(K), (51.6)

T. €. 6yJleT ONpeneNsaThCs JUIIb CKaJsapHol dyukuueit Q(k).

JIoHIOHOBCKOMY Ciry4aro OTBedaeT IpenesbHoe Boipaxkenue (k)
mpu k — 0. D10 BBIpaXkeHWe JIETKO HAWTH, TIPUMEHUB K 000OMM |a-
crsM ypasHenus (44.8)

2
rotj = —<"rot A
mc
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oneparnuio rot u yura paenctBo divA = 0. 3ameruB, 9TO B CHIIY
ypaBHeHUs HempepbIBHOCTH Takxke u divj = 0, momydum

Aj=—E"AA.

mc

B HeorpaHWYEHHOM NPOCTPAHCTBE JJIs BE3/le KOHEYHBIX (DyHKIUi
j(r) u A(r) orcroma cienyer, uro u

jr) = <" Awm), (51.7)

T. €. 3HAUEHNE TOKA B KAXKJOW TOUYKE OIPEEsIseTCsl JIUIIb 3HAYCHU-
€M MOTEHIMAJIa B TOU 2Ke TOYKe. Takoe ke PABEHCTBO UMEET MECTO
mexny dypre-kommonentamu j(k) u A(k), u cpasrenue c (51.6) mo-
kasbiBaet, uTo (k) maercs He 3aBucsmuM or k BhIpazkeHueMm ')

2
Qk)=2"2=_"°_ mpu k—0. (51.8)
me 4mw?

JlasibHelimiee comeprkanme 3TOro maparpada CoOCTOUT B BbIYHUCIIE-
ann Q(k) mia momenun BKII, mox koropoit mompasymeBaercs, Kak
y2Ke TOBOPHUJIOCH, U30TPOIHBIN BHIPOXKIEHHBIN (PepMU-Ta3 CO CJIAOBIM
NPUTSYKEHUEM MeXKJy JacTuiamu (3JIeKTpoHaMu). B To ke Bpems
MIPEJIIIOJIATAETCS, YTO TU YACTHUIBI B3AUMOJEHCTBYIOT C MATHUTHBIM
IIOJIEM CBOWM 3apsiJIOM €.

B §42 6buin Hanumcansl ypaBHeHusi (42.5) s TeMiepaTypHBIX
IPUHOBCKUX (yHKIu# dhepMu-ra3a B OTCYTCTBHE BHEIIHETO IIOJIH.
BBeneHne MarHWTHOTO IIOJIS OCYIIECTBJISIETCH 3aMEHOI OmepaTopa

V—V—ieA/c B ravmasronmane H(©) (7.7)2). Takoe xe u3mere-
HUE BO3HUKAET, CJIEJOBATEJIbHO, B ypaBHenun (7.8) mis T u coor-
BeTCTBEHHO 3aMeHa V — V +ieA /c B aHAJIOTMYHOM yDABHEHWUH J1Isl
\§+; TO K€ CaMO€ OTHOCHUTCS, OUEBUIHO, ¥ K YPABHEHUSIM JIJIsd M y
UM Crnsobrit e wien (~ oH), orBevaromuii IpgMOMY B3auMO-
JIEACTBUIO0 MATHUTHOTO MOMEHTA 3JIEKTPOHA, C TIOJIEM, MaJI ¥ UM MOXK-

HO TpeHebpeYb B raMHUJIbTOHUAHE M ypaBHEHUsAX. [Ipu BO3meiicTBuu
oneparopa V na byukuuu G (7, r; 7, v') u F(r, r; 7/, ') tudbdepen-

IIIPOBAHHUIO TIOBEPTAIOTCA COOTBETCTBEHHO omepaTopel WM (7, 1) u

UM (7, r). TlosTomy u B ypasmenusix (42.5) BBECHHE MATHHTHOTO
noJisi OCYIIECTBJIsIETCs TeMu ke 3amenamu V—VFieA /c.

HaJsimume BHemHero mosiss HapyIaeT IPOCTPAHCTBEHHYIO OJHO-
POZIHOCTH CHUCTEMBI, B De3yJIbTaTe HYero 3aBUCAMOCTH TDHHOBCKUX

') B srom u cieyionux maparpacbax JOHIOHOBCKAS TTyOMHA TPOHHKHOBCHHS
0603HaYACTCA KaK Or .

%) Huxe B arom naparpade (B ypasrennsax (51.9)—(51.19)) monaraem 7 = 1.
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dbyHKIU#E OT apryMeHTOB T U T’ y¥XKe He CBOJUTCHA K 3aBUCHMOCTH
OT T —T'; OT apryMeHTOB ke T U 7' (DYHKIUK MO-TIPEsKHEMY 3aBUCAT
TOJIBKO 4epe3 pas3HoCTh T — 7'. Mbl 3anminemM ypaBHEHUS Cpa3y JJis
$ypbe-KOMIIOHEHT 10 T — 7'

. 2 —
{icoras [v-2A0)]" 4} 6(cs v, 1) 462 F (i v 1) = 8(0),

(51.9)
{—i<s+ﬁ v+ %A(r)]z +u} F(Css x, 1) —gE"G(Cs 1, 1) = 0.

B cnyuae ciraboro mosist, KOTOPBIN MBI TOJIBKO U OYIEM 34€Ch Pac-
CMaTpUBaTh, ITU YPABHEHHUS MOTYT ObITH JINHEAPU30BAHBI; [TOJIATAEM

G=g"+gW,
F=FO 4+ FO

(rme mepBble WieHbI — 3HaYeHWs (DYHKIMN B OTCYTCTBHE HOJIs, a
BTOPBIE — MaJible MONPABKHY, JIMHEHHBIE IO MOJII0) W COXPAHAEM B
YPaBHEHUSX JIUIIb YJIEHBI TIEPBOTO TOPSIIKA MAJOCTH 1o A.

IIpu sTOM HaIO UMETH B BUAY, UTO HAJIMYUE IOJIS MEHSET TAKIKE
¥ KOHJIEHCATHYIO BOJIHOBYIO (PYHKIIMIO =, HE CBOJSIIYIOCS B 3TOM
CIIy4ae K MOCTOSHHOM. DTO YCIOXKHEHUE, OJHAKO, OTCYTCTBYET IIPU
BBIOpaHHO# HaMU KaJIMOPOBKE BEKTOPHOTO IIOTEHIINAJIA, B KOTOPOH

divA =0 (51.11)

JeficTBUTE/IbHO, TIOPABKA IIEPBOrO MOPSAIKa (K IIOCTOSHHOMY 3HA-

germo E(0)) B ckanapuoit dbysximn Z(r) Moria 651 GhITH M IPO-
nopuuonaibHoil div A u mpu ycnosum (51.11) ofpamaercs B HyJIb.
IMosToMy ¢ TpeGyeMoil TOYHOCTHIO MOMKHO TOJIOXKUTh B JITHEAPU3O-

BauHbx ypapuernsx g= = g20) = A rne A — mens B sHepreTH-

YEeCKOM CIIEKTDE ra3a B OTCYTCTBHE TOJIs (BEIECTBEHHAS BEJIUYINHA).

B pesysibrare smueapuszoBanHble ypaBHerus (51.9) mpuHEMaOT

BUT
. 2 =

(¢ + B4+ 1) G0 (i v, 1)+ AFD (G, ) =

= 2 AM)VGO (G r - 1),

(51.12)

(51.10)

(=it + 2+ 1) FO (G v, 1) = AGW (G 1, 1) =
= -2 A(r)VFO (¢; r—1)).
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B Buny smneitHOCTH 3THX ypaBHEHMI MO A JTOCTATOYHO PENIUTH
"X Ajist oOfHO# n3 Pyphe-KOMIIOHEHT MOJIs, T. €.

A(r) = A(k)e*™, KkA(k) =0. (51.13)

IIpu taxom A (r) sasucumocts dyrxmuit G u FU or cymmer
r + r’ MOXKHO CPa3y OTJEJUTD, MOJOXKHB
(1) . N — v e\ pik(r+r') /2
_g (CS’ r? r) g(CS) r r)e ) bl (51'14)
FO (Ls; v, 1) = f(Cs; v — 1)kl Hm)/2,

Tak, nepsoe u3 ypasaenuii (51.12) npuHEMaeT mociie 3TOro BUJ

[iCs +i (v %k)2 + M] gt =)+ Af((iT—1) =

— i_eA(k)eik(r—r’)/2vg(O) (Cs; r— rl)

mc

¥ aHAJIOTUYHO JJIs BTOPOTO ypaBHenusi. l[poussenem Teneps dypbe-
npeobpazosanue gpynknuit g u f no r —r'. OKOHYATEIHHO TPUXOIUM
K CJIEYIOINIeH cucTeMe ABYX ajredpandecKux ypaBHEHUIL:

6.~ ok (p+5) + ] 8(Co D+AS (G P =
= —2pAKGO (¢ p- %),
(51.15)

i~ ok (p+5) + 11| £(G P)-28(Ge p) =

= <pAF (¢, p- k).

ITocse mpocThIX mpeobpa3oBaHmil ¢ UCIOJIH30BAHUEM BLIPAXKEHMIA

(42.7), (42.8) musa dyukuwmii G u FO) pemenne sTux ypasHeHmMit
MPUBOJUTCS K BUILY

g — _° 5A(k (iCs 4 14) (s + 1) + A? 51.16
8(¢s» P) = ——pA(k) Gt @t (51.16)

e e+ = (p £ k/2), n+ = n(p £ k/2) (pynxums xe f(Cs, p) Ham
HUKE He ITOHAI00UTCs).

ITepeiinem K BBIYUCIICHUIO TOKA. J1JIst 9TOrO HCXOIUM U3 U3BECTHO-
r0 BBIPAXKEHWsl ONEPATOPa IUIOTHOCTH TOKA B IPEJCTABJICHUN
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BTOPUYHOIO KBAHTOBAHUA )

~ L~ ~ ~ 2 .~
. e [
J= = [(V‘I,;_)\Ija - ‘I,;_(V‘I,a)] - —A\I/I\Ila,
2m mc

s nepexona K Mary0apoBCKOMY IIPEACTABJIEHUIO ITOTO OIEPa-
TOpa JOCTATOYHO 3aMEHHUTH reiisenbeprosckue ¥, U' ma maryba-
posckune UM UM Benommus ompejenenne rpuHOBCKON (yHKIHHI
(37.2), maiizmem, 94TO IUIOTHOCTH TOKA (AMATOHAJNBHBIA MATPUYHBL

9JIEMEHT OIIEPATOPA j, YCPEHEHHBIH 10 pacupeejenuio ['ub6ca) mo-
XKeT OBITH 3aIUCAaHa B BUJIE

B 2
i) =2V =V)G(r 57, )y — —A(r)n, (51.17)
2m =740 mc
rae 1 — INIOTHOCTh 4YHC/Ia YaCTHIL (MHO}KI/ITeJIb 2 BO3HHUKAET OT
gaa = 29)

[Tpu noncranoeke B (51.17) G = GO + 6 yyen ¢ GO prmana-
eT: 11 OMHOPOIHOM 1 n30TponHo# cucrems! dyrxmus GO (r—r') —
YeTHas, W ee MPOu3BofHad mpu r —r' = 0 06PamaeTca B HyJb. [le-
peiifg Tak>ke K passioxkeHuio Pypbe mo 7 — 7', mostydnm

=57 Y (V- 90 v 1 )es - SRA),

mc
§=—00

a mocyie mogcranoku A(r) m G uz (51.13) u (51.14) —

30 =7 3" [pa(c, p)

m
§=—00

d®p . ﬁ
et A(k).

[Tpu noncranoske copa g({s, p) u3 (51.16) yaobuo cpady yduecTsb
nonepeunocts BekTopoB j(k) u A(k) u mpoussecTu ycpesHeHue IO
HAIIPABJICHUAM P | BIUIOCKOCTH, IEPIIEHIUKYJIAPHON HAapaBJeHnio K,
o dhopmyiie

’

— _ P’ 2
pLipLk = 7 sin”0 (5ik e

roe § — yronm mexnay k u p. B pesyapraTe maxomum ciemyroriee

1) Cw. 111, § 115. 3xech onyiieH 4ieH, MPeACTABIMIOMIUN BKJIa B TOK OT CIIMHA
wacrun,. Jlius HedeppoMarHuTHON cucreMbl (Korja rpuHOBCKas MYHKIUA Gog =
= 60p0) TOT WiEH NpH yCpeJHEHUH 0OPAINAETC B HyJIb.
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Belpaxkenue s Gynkuun Q(k), ompenensiromei CBsa3b MeXKy
(k) 1 A(k):

_62_T > 2 i 206 +14) (G +1-) + A dPp n_e2
Q(k)_m%sgoo/ P G @) e me

(51.18)

2
e =nl+4% =" (p£3) —p
2m 2

Hanucanuble B TAKOM BHIE CTOSIINE 31€CH MHTETPAJIBI U CYyMMa

dopMaIbHO pacxondaTcs. XOTs 3TH PACXOAUMOCTH B JeHCTBUTEIHHO-

¢t GUKTUBHBI, HO MDY BBIYUCIEHUU TPEOYETCH OCTOPOKHOCTD: IO

YCTPAHEHUS PACXOIUMOCTHU PE3YIbTAT MOXKET 3aBUCETH JaKe OT II0-

pKa, B KOTOPOM NPOU3BOAATCS MHTETPUPOBAHUE B CYMMHUDOBAHUE.

DTy TPYAHOCTH MOYXKHO ODONTH, €C/IM y4eCTh 3apaHee OUeBUIHOE

obcrogrenbeTBo, uTo pu A = 0 gomxkHO 6bITE () = 0 — B HOpMAJIb-

HOM MeTaJljIe CBEPXIIPOBOIAIIHI TOK BoobIe oTcyTcTByeT. [losTomy

MBI He AI/IBMGHI/IM orBera, eciu BerareM u3 (51.18) Takoe xxe BeIpazke-
Hue ¢ A =0:

_62_T < 2 qin2 (ics+77+)(ics+77—)+A2_
Q<k>—m2%§m/ psin’e { (@ +e)(E +e2)

3
— L } 9P (51.19)
(i¢s —m4)(i¢s —n-) J (2m)3
OTO BBIPAXKEHME YK€ XOPOIIO CXOIUTCH W MHTETPUPOBAHUE U CyM-
MUPOBaHUE B HEM MOXKHO IPOU3BOAMTH B JIIOOOM IODSIJIKE.
OTMmeTuM Tpexkje BCEro, 9TO MHTEPECYIOIIUe HAac 3HadeHus K
MaJIbl B TOM CMBIC/IE, 94TO k < pPp; 9TO PABEHCTBO BBIPAXKAET CO-
60t mpocTo TOT (haKT, YTO XAPAKTEPHBIE PACCTOSHUS, HA KOTOPBIX
B CBEPXIIPOBOJHUKE MEHSAIOTCS TI0JI€ U TOK, BEJUKHU TI0 CPABHEHHUIO C
MEKYaCTUYHbIMU PACCTOSHUAMY (T. €. IO CpAaBHEHHUIO ¢ ~ 1/pF).
[Tpoussenem B (51.19) cHagasa unTerpupoBanue o dp. ITOT UH-
TerpaJi COCPEJIOTOUEH B OCHOBHOM B y3KO# 00JIACTH UMITYJILCOB BOJIA-
3u pepMu-TI0BEPXHOCTH — B obJiacTu |p — pp| ~ k. B aroit obiactu

Ny ANk %vpkcose ~up(p—pr) L %vpk cos b,

MHOXKHUTEJIb p2B IOABIHTEI'PAJIbHOM BBIPA2KCHHHN MOXKHO 3aMCHUTH Ha p%v,

a UHTErPHPOBAHUE O d°p MHTErpHpoBaHHeM 10 27mppdn dcosf.
ITocne sToro maTErpas IO d7) OT BTOPOTO WjieHA B (DUTYPHBIX CKOOKAX
B (51.19) obpamaercss B HyJIb: IIyTh WHTEIPUPOBAHUS B HEM MOKET
OBITH Temeph 3aMKHYT OECKOHEYHO YIAJIEHHOM MOJIyOKPYKHOCTHIO B
IIJIOCKOCTH KOMILJIEKCHOTO 7], ¥ OOpallleHne MHTErpaJia B HYJb €CTh
CJIEICTBUE TOTO, YTO 004 MOJIIOCA TOIBIHTETPAJIFHOTO BHIPAKEHUS Ha-
XOOATCA B OHOU W TOHR 2Ke IOJIyIJIOCKOCTH (Bepxrlef/’l WA HUXKHENR
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B 3aBUCUMOCTH OT 3HaKa (s). luTerpuposatue no dn B NepBOM 4JIeHE
B (51.19) npou3BOAMTCH 3JIEMEHTAPHO, IIOCJIE YErO OCTACTCS JIUIIb
MHTErpaJj 1o TepeMeHHoM © = cos . BBeas Tak»ke MIOTHOCTD 1 CO-

TJIACHO PABEHCTBY D% = 37N, TOIYYUM OKOHYATEbHBIN PE3y/IbTaT
B BuJE (B OOBIYHBIX e,I[I/IHHL[aX)

Qk) = 37 Tne? Z /[C A%(1 — 2?) da

4dme + A2 4 (horpkz/2)?](C2 + A2)1/2]

¢ = (25 +1) T (51.20)

(J. Bardeen, N. Cooper, J. R. Schrieffer, 1957)*).

B mpemenbHOM caygae wmasbix 3uadenuit k (k&g < 1, rme
& ~ hvp /Ao ~ hvp /T, — mimHA KOrepPEeHTHOCTH) MOXKHO II0KA3aTh,
4ro Beipaxkenue (51.20) cBomuTcs K He 3aBHUCAIEMY OT Kk JIOHIO-
HOBCKOMY BbIpaxkeHuIO (51.8); Mbl He Gy/1eM OCTAHABJIUBATHCS 37€Ch
HA TOM.

B obpatHOM mpemenpHOM ciydae, Korma kfy > 1, B mHTErpaJe
(51.20) cymecrBenna obnacts x < T/ (hkvp) < 1. [Toaromy MOXKHO
npenebpeds 2 MO CPaBHEHUIO C 1 B YMCIIHTEC TIOJBIHTEIPAILHOTO
BBIPAXKEHUs, TIOCJIE 9ero (BBULY OBICTPOI CXOIMMOCTH) PACIPOCTPa-
HWUTh MHTEIPUPOBAHUE OT —OO J0 00. B pesyibrare Haiigem

Q(k) _ 3n2neT io: A2

2 2"
2mclivrk = CE+A

IMpouseensi cymmuposanue ¢ momompio (42.10), mpencraBum 3Ty
dbopmyiy B Buze?).

k)= L pg= dmmel 3 A h 1. 1.21

Q(k) 4rk’ p mc? 4wa k T’ Reo > (5 )

Opu T < T, umeem ng ~ n, A = Ag u torma f ~ 1/62¢&. Ipn

T. — T < T, mens A mana, tak uro th(A/2T) ~ A/QTC, C y4eToMm

dbopmyan (40.4), (40.5), (40.16) maxomam crosa B ~ 1/62&y. Takum
obpasom, Bo Bceit obstactu Temmepatyp ot 0 1o T,

8 ~ 1/(8360). (51.22)

1) Mz s103keHHbIii METOJ TIOJTY YEHHST STOTO PE3YIIBTATA C IOMOIIIBIO TEMIIEPATY P-
HBIX 'pUHOBCKUX (yHKuwmili npunamiexur A. A. A6puxocosy u JI. II. Topvrosy
(1958).

%) ®opmyma Takoro Buza 6puta peToxkena [ummapaom (A. B. Pippard, 1953)
Ha OCHOBAaHWY KAYECTBEHHBIX COOBPAKEHUil elIe 70 CO3JaHUs MUKPOCKOIMYIECKOit
TEOPUU CBEPXIPOBOAUMOCTH.



276 CBEPXIIPOBOJVMOCTD LV

Urak, byukmusa Q(k) ocraercs npuMepHO MOCTOSIHHOM B 06JIa-
cru k S 1/& (npudyem B6sm3u Touku k = 0 passaraercst peryJisipHo
no crerenam k2); Bre sroit obnactu dbyskmua Q(k) yGeiBaet, mpu
k> 1/&y — mo 3akony 1/k. Takomy nosegenuio dpyukuuu Q (k) or-
BeuaeT KoopauHaTHas GyHkmus @Q(r), yObiBamomas MeieHHO (Kak

1/r%) B obmactu r < & u 6BICTPO (110 SKCIOHEHIMATLHOMY 32KOHY )
BHe 3T0it Obsactu. Takum 0Opa3oM, KOPpENSNns MEXKJIy IMOJIEM U
TOKOM TIPOCTUPAETCS BCeraa Ha paccrosuus ~ &. [lomuepkueM, 910
9TO YTBEPKIEHUE CIPABEIJIMBO BO BCEl 00JIaCTH TEMIIEPATYP OT Hy-
g 10 T.. Tem caMbIM MBI TPHUIILIH K OOOCHOBAHUIO CIAETAHHOTO Y2KE
B § 44 yTBepx)OeHUd 00 YHUBEPCATIHHOCTH &) KAK XaPAKTEPHOTO IJIf
CBEPXITPOBOIUMOCTHY TIAPAMETPa, IJIMHEI.

§ 52, I'myomHa NPOHMKHOBEHWS MATHUTHOTO IIOJIS
B CBEPXIIPOBOJAHNUK

[IpuMeHnM OTyY€EHHBIE B MPEABIIYIIEM Maparpade pe3yabTaThl
K 337la9e O MPOHWKHOBEHWM BHEITHET0 MATHUTHOTO TOJS B CBEDPX-
NPOBOAHUK (B JIOHJOHOBCKOM NPUOJIMKEHUM 3Ta 3aja4a ObLIa pac
cMoTpeHa B §44).

[lycTb cBepXIPOBOIHUK OTPAHWYEH TLJIOCKOM TTOBEPXHOCTHIO U 33~
HEMaeT NOJIyIpocTpascTBo = > 0, a BHemHee nosie §) (a ¢ HAM H
MHAYKUUs B BHYTpH CBEpXIPOBOJHUKA) HAIPABJICHO IAPaJUICJIBHO
TOBEPXHOCTH, BAOJIb OCH 2. '10T1a BCe BEJIUYUHBI 3aBUCHAT TOJBKO OT
KOOD/IMHATHI &, IPUYEM TOK j U BEKTODHBIH moreHnuas A (B kagub-
poeke ¢ div A = 0) HanpasJieHbI BIOJIL OcH Y. Y paBHeHre Makcsesuia
rot B = —AA = 47j/c cBomurcs kK

A'(z) = —%j(x), z >0, (52.1)

rae ' osnauaer muddepeHnupoBanue 1o .

['panwuHbIE YCIOBUS K 3TOMY yPABHEHWIO 3aBUCHAT, OJHAKO, OT
dusnUeCKUX CBOMCTB MOBEPXHOCTU METAJLIA IO OTHOIIEHUIO K TIa-
JaromuM Ha Hee asiekTpoHaMm. Hambosee mpocT cay4ail 3epKaaIbHOTO
OTPaKEHUs IEKTPOHOB OT MOBepXHOCTH. OYEBUIIHO, YTO PH TAKOM
3aKOHE OTPaKEHUS 33/a49a O IMOJIyIPOCTPAHCTBE SKBUBAJIEHTHA 3a-
Jlade 0 HeOIPAaHWYECHHOU cpejie, B KOTopoit nosie A(z) pacupezeseHo
cuMMeTpHYHO 10 06e cropons! mwiockoctu & = 0 (A(z) = A(—2x)).
I[Tpu srom npoussonnas A'(z), kak HederHas dbyHKUUA T, GyaeT uc-
ObITHIBaTh Tpu £ = ( pas3pbiB, MeHss 3HAK [PU MPOXOXKICHUU T
yepes HyJb. JIpyrumu ciaosamu, yciosuio B = A’ = §) ma mosepxHo-
CTH MOJIYIPOCTPAHCTBA B 33/1a1€ C HEOTPAHUICHHOM CPenoil 0TBEYaeT
ycioBue

A'(+0) — A’ (=0) = 2. (52.2)



§ 52 TJIVBUHA ITPOHUKHOBEHUW S MATHUTHOT O I10JIs B CBEPXITPOBOJHUK 277

Yvuoxkum ypasrenue (52.1) na e %% u mpounTerpupyem ero mo

dx B Tpesesiax oT —o0 A0 00. B JieBoit YacTu ypaBHEHUS NHUIITEM

0
/A/I —ikx dr = /(AI —'Llca: d.’l) +/ AI —zkm) d.'I)-l-Zk}/AI —ikx dx.

—0o0 —0o0

IlepBbie mBa WMHTerpaja JaiOT B cyMMe —2f), a B IOCIEIHEM MOXK-
HO MHTErPUPOBATH YK€ MPOCTO IO YACTSM, IMOCKOJIBKY camMa (hyHK-
nus A(z) menpepoiaa npu ¢ = 0. B pesysbrare Mbl mpuxozamm K
PaBEHCTBY

26 + K> A(k) = 22 (),

rae A(k) u j(k) — dypbe-kommonentsr dyukmmit A(z) u j(z), onpe-
JICJICHHBIX BO BCeM mpocrpaHcrBe. OHU CBS3aHBI, CJICJOBATENIBHO,
coornomenueM j(k) = —Q(k) A(k), rne Q(k) maerca dbopmynamu,
IOJIYIYEHHBIMU B TpeabiayiieM maparpade. Takum obpazom, Ajis
(ypbe-KOMIOHEHT OISt HAXOAUM

- _ 29
A(k) = T Ar Q) e (52.3)
Lny6buna HpOHI/IKHOBeHI/IH 0 ompezessieTcs Kak ).

/B )dz = —M (52.4)

Beipasus A(z = 0) gepe3 dypwe-komnonentsr A(k) u moxcraBus
nociegune u3 (52.3), umeem
o0
1 dk 1 dk
0= 9 / Alk) or o« / k2 + 4mQ(|k|)/c” (525)
—00 —0o0
OcHOBHYTO pOJIb B 9TOM HWHTErpaJie UrpaeT obJIacTh 3HAUEHMI K,
B KOTOpO#t k? ~ 4m(Q/c. B nonmonoBcKoM cirydae (korma 61 3> &)
9TH 3HAYEHMs MaJbl B TOM cMbIcie, uro k&g < 1. Ilpu arom Q(k)
Jaercsd He 3aBucamuM or k BoipakenueM (51.8), u uHTErpupoBaHue
B (52.5) IpUBOAUT, ECTECTBEHHO, K 3HAYEHUIO = df,.
B ofparnom, nunmappnosckoM ciydae (korma 0r < o) cyuue-
CTBeHHbIE B MHTerpaJie 3HadeHus k > 1/&. 3necy Q(k) maercs BbI-
pakenueM (51.21), u unrerpasn (52.5) gaer

§ =6, =4/3%2p/3, (52.6)

1) ITpu 9KCHOHEHIUATHLHOM 3aKOHE 3ATYXAHHS TIOJS STO OMPEICICHUE COBIA-
Jaer ¢ onpeneneHueM B (44.13).
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C yuerom (51.22) maxomum, TakuM 00pa30M, UTO MUIIAPIOBCKAS
ryryOWHA TPOHMKHOBEHUS
8p ~ (82&0) /3. (52.7)

U302keHHbIE BBIYMCJIEHUS OTHOCHJIMCH K CJIydYar0 3€PKajbHOTO
OTpazkeHUsl JIEKTPOHOB OT MOBEPXHOCTH MeTaJjia. B JIOHIOHOBCKOM
ciiydae, OJJHAKO, TIyOMHA MPOHUKHOBEHWS BOODIIE HE 3aBUCUT OT 3a-
KOHA OTParkeHWsl, KAK TO sICHO W3 BBIBOJA 3HauUeHus 01, B § 44; mpu
d > £ metanu CTPYKTYPhI TIOBEPXHOCTH HE CYIIECTBEHHBI.

Ho u B nunmapmoBcKoM ciiydae 3aBUCUMOCTH TJIyOMHBI TTPOHUK-
HOBEHHs OT 3aKOHA OTParKEHWUsA (PAKTUYECKM OKA3BIBAETCS BECHMA
He3HaunTeNbHOM. Tak, B 06PATHOM, MO OTHOIIEHUIO K 3€PKAJIHLHOMY,
ciydae nuddy3HOro orparxkeHus (KOTIa HAMPABJIEHHWsS CKOPOCTEH
OTPaXKEHHBIX 3JIEKTPOHOB PACIPEIEIEHBI U30TPOIMHO TPHU JII0OOM
HAIPABJICHUH TaJeHNs) 3HadUeHne 0, OKasbiBaeTcs Bcero B 9/8 pas
OOJIBIIIE, YeM TIPY 3€PKAJHLHOM OTPAYKEHUMU.

§53. CBepxmpoBoadIiue CILIABbI

Hanuune mpumeceit 0ka3bIBAET Ha CBOMCTBA CBEPXIPOBOIHUKOB
3HAYUTEJ]BHO Oojiee TIIyOOKOE BJIUSHHUE, YeM Ha CBOMCTBA HOP-
MaJIBHBIX METAJIJIOB. HOHpaBKI/I K TePpMOOJUHAMHUYCCKUM BCJIMIMHAM
HOPMAJIBHOI'O METAJLJIa, OCTAIOTCA MAaJbIMU IO TEX IIOpP, IOKA MaJia
KOHICHTPpAIld I aTOMOB IIPDHUMECH, U CTaHOBATCA 3HAYUTCJIbHBIMH
JIUIb TIpU & ~ 1, T. €. KOrja CpeJHee PACCTOSHUE MEXKIY aTOMa-
MH IIDHEMECH CTaHOBUTCA CPAaBHHMBIM C IIOCTOSHHOM PEIIEeTKU a.
IloguepkHeM, 4TO MBI TOBOPUM 3€Ch, KOHEYHO, 00 JIEKTPOHHBIX
BKJIaJaX B TEPMOAUHAMUYCCKHE BCJIIMYHUHBI, IPpHUYEM O Te€X U3
HUX, KOTOPBIE ONPEIEISIOTCS CPeIHEH IIOTHOCTHIO PACIpeIe/ICHIs
KBAHTOBBIX COCTOSIHUII JIEKTPOHOB NPOBOAMMOCTH B HMIIYJIbCHOM
NPOCTPAHCTBE (TAKOBBI, HAIPUMED, TEIIOEMKOCTh M MATrHUTHAS
BOCIIpDUUMYHUBOCTL B CJIa6BIX HOJIHX).

WNnas kapTrHA B CBEPXIPOBOALIIAX METAJJIAX. DTO CBA3AHO C
CYIIIECTBOBAHUEM XaPaKTEPHOTO MapaMeTpa JJIMHBI, OOJIBIIOro Mo
CpPaBHEHWIO C @, — JymHbl KoreperTHoCcTH &). [lockonbKy paccesinue
JICKTPOHOB Ha aTOMaX IIPpUMECH HaPYUIAaCT KOPPEIAIUI0 MEXKIY
3JIEKTPOHAMHU, CBOHCTBAa CBEPXIPOBOJHUKA MOI'YT CYIIECTBECHHO H3-
MEHUTHCs, y2Ke KOIIa JJINHA CBODOMHOTO IMPOOEra JIEKTPOHOB CPAaB-
HuBaeTCH ¢ £y; KOHIEHTPAIUS YK€ T OCTAETCsI IPU ITOM €IIIe MAaJIOi.
MbI HU3JIOZKUM 310€Ch Ka4YE€CTBEHHO OCHOBHBIE DE3YyJIbTaThbI, HeO6XO—
OUMBIe IJIg OOINEro IIOHMMAHHUsS CBOMCTB TaKMWX CILIABOB MAaJIoi
KOHIIEHTDAIWH * ).

1Y Honuas Teopusi cBepXmpoBOASIIHX CIIaBOB, mocrpoennas A. A. A6puxoco-
svum u JI. II. I'opvKoevim, TOBOJIBHO CJIOXKHA U BBIXOAUT 33 PAMKH dTOH KHUTH.
Cwum. opurunaisubie craren: 2KITD. 1958. T. 35. C. 1558; 1959. T. 36. C. 319.
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[TycTb aTOMBI IPUMECH HE UMEIOT MEXAHUYECKOTO, a TEM CaMbIM
U MarHWUTHOTO MOMEHTa (He MapaMarHUTHbIE IPUMECH). B Takom
cilydae OHHU JIMIIb CJIA00 BJIMSIOT HA TEPMOJUHAMUYECKUE CBONCTBA
CBEPXIIPOBOJHUKA B OTCYTCTBUE MArHUTHOTO 1oJis. JIesio B TOM, 94TO
TaK¥e MPUMECH He HAPYIIAIOT CHMMETPUH OTHOCUTEJIBHO O0paIeHust
BpeMmeHu. JIeficTBUTEIHHO, B3aUMOIENCTBIE PACIIPEIECIEHHBIX HEKO-
TOPBIM 06PA30M IIPUMECHBIX ATOMOB C JIEKTPOHAMYU MOXKHO OIUCATH
3aJaHueM HekoToporo moreHnumasssoro mous U(r). Cornacuo Teo-
peme Kpamepca, ypoBHU SHEpPIrum 3JIEKTPOHOB B TAKOM IIOJIE OCTa-
IOTCSl JBYKPATHO BBIPOXKJIEHHBIME, TPUYEM COOTBETCTBYIOIINE ITUM
YPOBHSIM COCTOSIHUS KaK Pa3 sBJSIOTCS B3aWMHO OODPAIEHHBIMHE IO
BDEMEHHU, U, CJIEIOBATEJIBHO, JIEKTPOHBI B HUX MOTYT 00Pa30BBIBATH
KYIIEPOBCKHE TAPhl. DTO OYET MO-TIPEKHEMY IIPOUCXOAUTH BOJIU3H
pe3koit moBepxuocTu Pepmu ¢ TOH JIUITb PA3HUIEH, YTO caMast 3Ta
MOBEPXHOCTh OTPAHUYMBAET TENEPh 3AIOJIHEHHBIE COCTOSIHUS HE B
UMITYJIbCHOM TIPOCTPAHCTBE, a B MPOCTPAHCTBE KBAHTOBBIX YUCE] B
nosie U(r); npu MaJioii KOHIEHTPAIMU IPUMECH ILJIOTHOCTH KBAHTO-
BBIX COCTOsiHWIi BOJIN3M (DEPMU-TIOBEPXHOCTU M3MEHSIETCH MAJIO.

$lcHO mO3TOMY, YTO HOCJIE YCPETHEHUS O MOJIOXKCHUSM aTOMOB
IpuMecedl JOJIKHBI HOJIyYUThCS (DOPMYJIbI, OTJIMYAOIIHECH OT (HOp-
MyJI TEOPHH YUCTHIX CBEPXIPOBOJHUKOB JIAIIH IONPABKAMHY IIOPSIIKA
MaJIOCTU Z. B mpeHeOpe:KeHNu STUME HECYIIECTBEHHBIMU MTOMPABKA-
MU HE U3MEHSTCS, B YAaCTHOCTH, TEMIEDPATypa TOYKH mepexona T,
U BEJIMYMHA CKAYKa TEILUIOEMKOCTH B Heil. [loaTomy He mamenuTcs u
otnomenue o /b kosbdunuentos B ypapuenun ['mrsbypra-Jlanmay
(cm. (45.8)); camblil 2Ke BHJ] 9TOIO yPaBHEHUs BOOOIIE HE 3aBUCAT OT
OTCYTCTBUS WM HAJUYMs TIPUMECEH, YPABHEHUE CIIPABEIJINBO B PAB-
HOM CTEIEHU KaK JJIsi YACTHIX CBEPXIIPOBOJHUKOB, TAK U JJIs CBEPX-
IPOBOJSIIUX CILJIABOB.

C apyroit cTOpOHBI, MATHUTHBIE CBOMCTBA CBEPXIIPOBOIHUKA, B
YACTHOCTH TJIyOWHA MPOHUKHOBEHMsI MATHUTHOTO MOJIsl, CYIIECTBEH-
HO MeHSIOTCs yxke mpu | ~ &y. OneHnM riyOMHY TPOHWKHOBEHWS,
mpejamnojiarasi, YTO XOTs KOHIEeHTparus I < 1, HO y»XKe JiuHA
npobera | < & (A. B. Pippard, 1953).

CTO/IKHOBEHHS JICKTPOHOB C aTOMAMU [PUMECH YHUYTOMKAIOT
KODPEJIANUIO B JBUKCHUM 3JIEKTPOHOB HA PACCTOAHHAX T 2 . DTO
3HAYUT, 4TO AP0 () B MHTErpPaJIbHOM CBA3M MEXKJY TOKOM M IIO-
JIEM B CBEPXIIPOBOJTHUKE OYyJIET SKCIOHEHIMAJBHO 3aTyXaTh yXKe Ha
paccrosinusx r ~ | < &y. COOTBETCTBEHHO B MMITYJIbCHOM IPEICTAB-
sennn pysknus Q(k) OyzeT Tenepb oCTaBATHCS NOCTOSIHHON B 06J1a-
cru k < 1/1. 3nadeHue 9T0i MOCTOSHHOM MOYKHO ONPEAEIUTD IIyTEM
«cmmBkuy 1pu kl ~ 1 ¢ dopmyuoit (51.21) (ocraromeiics cipaBen-
smBoit ipu k > 1/1 > 1/&p). Takum obpasoM, HAXOAUM, 4TO

2
Qk) ~ " 1A th % mpu ki < 1. (53.1)

mc hvrp
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[nybuna TpPOHMKHOBEHWS ¢ ONPEIENSIeTCsT  COOTHOIIEHUEM

k% ~ Q(k)/c npu k ~ 1/8 (cm. §52). Ucnonsays (53.1), naitnem

:|1/2

~ (mer) _ o N (amcr) {_0 1/2
§ ~ 55 (T — 0) [—lth( s (r) (2), (539

A/2T)
IpUYeM JJis CIIPABEJIMBOCTH ITOM (POPMYJIBI JOJKHO BBITOJHITH-
csl HEpaBEHCTBO O >> [, onpaszpiBaromee ucnosszosanue (53.1); us-
IEKC «YUCT» O3HAYAET 3HAUEHUE BEJIWYUHBI B OTCYTCTBUE IPUMECENt,
3HAYEHUE JJIsl YUCTOTO CBEPXIPOBOIHUKA OIPA3YyMEBACTCS TAKKE U
1t €. Beipazkenne (53.2) MOXKHO IPEICTABUTH TAKXKE U JIOHJOHOB-
ckoit (popMyJIoit, TOHUMAS B HEll MO MJIOTHOCTHIO UUCJI CBEPXITPO-
BOISAIIUX JIEKTPOHOB BEJIMUUHY

ng ~ n{T gy /1. (53.3)

B Tepmunax kosdduruentoB o u b ypasuenus ['musbypra—Jlannay
coorHomrenue (53.2) oznagaer (cum. (45.16)), uro

EN(E) &
«a a/umer 1

VuuThiBag TakKe OTMEUYEHHYIO BBINIE HE3ABUCUMOCTH OT HAJIMIUS
npuMecei OTHOIICHUS o /b, HaxoOxUM, YTO

a ~ aqnc'rfO/la b~ btmcm‘(fO/l)z- (534)
Coruacuo (45.17) umeeM 0OTCIOIA [JIsi KOPPEJISIMOHHOTO PAIMAYCa
E(T) ~ E(T)aner (1/€0)"* (53.5)
u juig napamerpa ¢ (45.18)
n ~ J’flmcrfO/l > Haucr- (536)

ITpu mocrarouyno masioit JymHe npobera craHoBurcs s > 1/ \/5, TaK
YTO JOCTATOYHO «T'PA3HBIE» CBEPXIPOBOIHUKY OTHOCATCA KO BTOPO-
My pojy. 5
Ob6nacTb mpuMmenuMocTu ypaBHenuit ['un30Oypra—Jlanmay K «rpss-
HBIM» CBEPXIIPOBOJHUKAM CO CTOPOHBI HU3KUX TEMIIEPATYD OTDAHU-
qmBaeTcd (pakTUIecKu TONBKO yeimosueM T, — 1T < T,.. Heobxomumoe
HepaBeHCTBO 0(T") > | 9KBUBAJICHTHO B 9TOM CjIydae Gosee ciraboMy
YCJIOBHIO
T.-T 2 (&)} fo
7 < Paner (T) ~ 5 T
c
Haxonery, ckaXxeM HECKOJIBKO CJIOB O CBOMCTBaX CBEPXIIPOBOJ-
HUKOB C TIAPAMATHUTHBIMU TPUMECAMU. Takue MpUMeCH HapPYIIalT
CUMMETPHUIO CUCTEMbI OTHOCHUTEJIBHO OOpAallleHusi BPEMEHH W TeM
CaMbIM HApYIIAT CaMOE€ SBJICHUE CIAPUBAHUS JIEKTPOHOB (IpH
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HAJIMYUU MAarHUTHBIX MOMEHTOB OOpaIlieHe BpeMeHU TPeOyeT TaKKe
¥ U3MEHEHUsT 3HAKOB MOMEHTOB, T. €. TIO CYIIECTBY O3HAYAET 3aMEHY
omHoll dusuueckoit cucrembr apyroit). KosmuectBenHoi#t mepoit
BJIMSIHUSL ITWX TPUMeECedl Ha CBOWCTBA CBEPXIPOBOIHWKA SIBJISIETCS
mymHa 1pobera l; MO OTHOIIEHWIO K PACCESHUIO C U3MEHEHUEM
HANIPABJIEHUS] CIMHA (BBI3BAHHOIO OOMEHHBIM B3aMMOZEHCTBUEM C
aromamu npumect). CBepXIPOBOANMOCTD UCUE3AET IPYU JOCTUIKECHUH
KOHIIEHTPAIEN & KPUTUIECKOTO 3HAUEHMUSsI, TPU KOTOPOM [g ~ &q.
B peficTBuTEIBHOCTH, OIHAKO, MMEETCH JIBE KPUTUIECKUE KOH-
IeHTpaIuu, obe OIHOTO TOPsIKa BejwdunHbl. [Ipn MeHbIeH u3 HUX
(z1) obpamaercs B HyJb Iejab A B 9HEPIeTUYECKOM CIIEKTPE; KOH-
JIEHCATHAs YK€ BOJTHOBast QYHKIMS = 00paInaercs B HYJIb JIWIIb TPU
HEKOTOPOI KOHIIEHTPAIUK To > T1. B 00/IacTH K€ KOHIIEHTPAIit
MEXIy X1 U T2 WMEET MeCTO Oeculene6as CBEPXIPOBOIUMOCTD.
ITockombky mpu BbIBO#E ypasHenus JlonmonoB B §44 wmcmosib3oBa-
JINCH JIMIIB CaMbIil (DAKT CyIEeCTBOBAHUS KOHIEHCATHOW (DYHKINY U
coobparkeHus KAJTUOPOBOYHON MHBAPUAHTHOCTH, TO SICHO, YTO OCHOB-
HBIE CBOMCTBA CBEPXIPOBOJHWKA — CYIIECTBOBAHUE CBEPXIIPOBO-
Jdiero Toka, 3GderT MeliccHepa — COXPaHAITCA ¥ B ITOM
obsactu. OTCyTCTBHE K€ IIEJIU B CIHEKTPE TPOsBJIsieTcs (B PABHO-
BECHBIX CBOWCTBAaX CBEPXIPOBOJHUKA) B HEIKCIOHEHIMAIHHOM TEM-
mepaTypHOM xome TemaoeMkocTu. OTMeTuM, 9TO TPOTHUBOPEUHUS C
KpuTepueM cBepxrekydectu Jlanmay (§23) 3mech He BO3HUKAET, Tak
KaK K HEYIODPsJI0YeHHbIM CuCTeMaM (THIa PACCMATPUBAEMBIX CILIA-
BOB) 9TOT KPUTEPUii BOOOIIE HEIPUMEHNM, IOCKOJIBKY JIEMEHTAPHBIE
BO30YK/IeHWs HE XaPAKTEPU3YIOTCs ONPEIeJeHHBIM UMILYJIbCOM *).

§54. ddbdextr Kymepa npm oTiImgHbIX OT HyJIsd
OpOUTAIBLHBIX MOMEHTAX MAphI

V2xe HEOTHOKPATHO TOBOPHJIOCH O TOM, UTO B OCHOBE BO3HUKHO-
BEHUsI CBEPXTEKYYeCTH B pepMmu-cucreme jiexkut 3pdert Kymepa —
06pa3oBaHue CBA3aHHBIX COCTOSHUI (CHAapUBaHUE) MPUTATUBAONIY-
Mucs JacTuiiaMu Ha dpepmu-moBepxuocTu. [isa dpepmu-raza yciaosue
OpUTsKeHUs (QOPMYJIUpPyeTCcsi Kak TpeOOBaHUE OTPUIATEBHOCTH
JunHbl paccesitud a = [ U d°z, T. €. MOIOXKUTEIBHOCTD AMILIUTY b
paccessHusS JABYX YACTWI[ B COCTOSHWM C HYJEBBIM OpPOUTAJIBLHBIM
MOMEHTOM OTHOCUTEJILHOTO JBuKeHus, | = 0 (MMEHHO 9TO COCTOsIHUE
JIaeT TJIABHBINA BKJIQJ B PACCESHUE IIPU MAJIBIX YHEPTHUSX).

CupaBeayinBo, 0JHAKO, U ropa3io 6ojee CUIBHOE YTBEPXKICHUE:
cnapuBanue (M, KaK CJIEJCTBUE, BOSHUKHOBEHWE CBEPXTEKYYECTH )

) Manoxerune Teopuu GeCIuesieBoif CBEPXIPOBOIUMOCTH CM. B OPUTMHAJIBHOLM
cratee: A. A. Abpuxocos, JI. II. Topvros// 2KIT®. 1960. T. 39. C. 1781.
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MIPOUCXOINUT, €CIN B3ANMOJIECHCTBIAE MMEET XAPAKTEP MPUTAKEHUS XO-
Ts1 Obl IIpU OXHOM KakoM-jiubo 3uadenun momenta [ (/I JI. Jlaw-
day, 1959). ITomuepkHeM, 4TO pedb uAeT 06 M3OTPOLHON CHCTEME
(3kMIKOCTH MM Ta3), TJe MOXKHO KJIACCH(DUIUPOBATH COCTOSHUS IO
3HaYEHUAM [.

JlokazkeMm 3TO yTBepKeHue i (PepMU-Ta3a C MOMOIIBI0 METO-
J1a,, TIO3BOJIAIONIETO, B MIPUHITATIE, OPEIEIUTL TeMepaTypy 1. mepe-
XOJIa B CBEPXTEKYYee COCTOSTHUE UCXOJIS TOJHKO U3 CBONCTB CHCTEMBI
(mopmasnbHOTrO hepmu-raza) mpu remmeparypax 1’ > Tg.

B §18 6bui0 ymoMsHyTO, WTO B MATEMATHYECKOM AaIIapaTe
TPUHOBCKUX (DYHKIMII HOPMAJbHON (hepMU-CUCTEMBI SHEPIUS CBS-
3aHHOTO COCTOSIHUS TIAPBI YACTHUI[ TPOSBJISIETCS KaK TOJIIOC BEp-
munaHO dyskimu I'; To ke camoe ornocurcst (mpu T #0) u K
TEMIIEPATYPHON BEePIIMHHOM (DyHKIHMEM, KOTOPYIO ODO3HAYMM depe3
T. Iocse mosiBIEHUST TAKOTO TOJIIOCA BECH ITOT ANMAPAT CTAHOBUTCS
B JeWCTBUTEJILHOCTH HENPUMEHWMBIM, HO OH €Il¢ NPUMEHWM B
HepBbIii MOMEHT, Korja (mpy moHukKeHun TeMueparypsl) npu 1T’ = T,
BIIEDPBBIE TOSIBJISIETCS TOJIIOC, MPUYEM SHEPTUsI CBSA3W TAPBI B ITOT
MOMEHT JIOJI)KHA DPABHATHCH HYJI0; COCTOSHUS CBEPXTEKydYel wu
HOpMAJIFHON (a3 MpH 3TOM COBIAIAOT.

Ha ckenernoit nuarpamme

4 2

Kpyxok m3obpaxkaer —7 . Touka mepexoma T, ompexensiercs, co-
TJIACHO CKA3aHHOMY BBIIIE, KAK TEMIIEPaTypa, Mpu KOTopoit T uMeer
IIOJIIOC TIPH

G1=(2=0, p1+p1=0. (54.1)

[TepBoe paBEHCTBO BBHIPAXKAET, YTO CIAPUBAIOIINECS JACTHUIBI HAXO-
IATCA Ha (PEPMU-TIOBEPXHOCTH, & YHEPIUs CBA3M MAPHI PABHA, HYJIIO;
BTOPOE PAaBEHCTBO O3HAYAET, UTO CIAPUBAIONIUECS YACTUIBI UMEIOT
MPOTHUBOIIOJIOKHBIE UMITYJIbCHI.

CnapuBaHue 9JaCTHUI] BOSHUKAECT YK€ NPU CKOJIb YTOTHO CJIAOOM
UX OPUTSKEHUU. fICHO, ITO JjIs BOSHUKHOBEHUS IIOJII0CA HEOOXOmu-
MO, YTOOBI B psjle TEOPUU BO3MYIIEHWI JJid BEPIIUHHON (DYHKIAN
AMEJIUCH OBbI YJIEHBI, COAEPIKAIINE WHTETPAJIBI, PACXOSAIINECS MPH
yecaosuu (54.1) u npu T, — 0 (Te Maso npu caaboM IPHUTAKEHUN);
B IPOTUBHOM CJIy4ae BCE HONPABKU K (KOHEYHOMY) WICHY IIEPBOIO
npubIMKeHus ObLIN OBl 3aBEIOMO MAJIBI IO CPABHEHUIO C TIOCJIETHAM
[IPU BCEX TEMIIEPATYPAX, U IOJIOC HE MOT ObI MOSBUTHCH.
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DTOMY TPeOOBAHUIO YIOBJIETBOPSET PSiJ] «JIECTHUIHBIX» JUATPAMM

3 1
Je—et—] Je—e+—e—1] Je—e—e—ero1]
+ +

+... (54.2)

Kak 6yner BUIHO U3 IOCJIEAYIONIErO, BO BCEX ITUX auarpammax (Ha-
YyMHas CO BTOPOIl) MaJIOCTh IO B3amMmogjeicTsuio (0T mpubaBieHus
[ITPUXOBBIX JINHU}) KOMIEHCUDPYETCS, B YKA3AHHOM CMBICJIE, PACXO-
JEMOCTBIO HHTETPAJIOB ).

[TpuMeHUB K 9TOMY psifly IpPUEM, KOTOPBIA ObLI yXKe HUCIIOIb30-
BaH npu nepexoze or (17.3) k (17.4), naitnem, uro pasencrso (54.2)
9KBUBAJICHTHO JMAIPAMMHOMY yDABHEHUIO

P3 P1

Pi=Ps o (54.3)

<—'<—_ Pl

CBOGOIHBIM KOHIIAM W BHYTPEHHUM JIMHUSAM JUATPAMM OTBEYAIOT
apryMeHTBI, KOTOpbIe yKa3aHbl B (54.3) yxke ¢ yuerom ycsosuii (54.1):

Pl = (Oa pl)a P3 = (07 p3)7 Q = (iCS) q)

CrouHoBas 3aBUCHMOCTB TPUHOBCKUX (DYHKIWI WI€AJIHHOTO Ta3a
0
OTHEJISETCA B BHUIE g((w) = 5aﬁg(0), a CIMHOBasl 3aBUCUMOCTH BEp-
muHHOM dyHKmy (6e3 aHTHCHMMeTpHU3anuu!) — B BHIE

T+s,08(P3, Py; P1, P2) = 6ay08sT (P3, Py; P1, Ps).

PackpeiB puarpammser (54.3) o ykasaHHbIM B § 38 mpaBuiaMm u CO-
KDATWB CIWHOBBIE MHOXKWUTEIU, TMOAYyUYMM i (yHKIUH T

1K auarpammam (54.2) Ham0 66110 661 Z0GABHTD e TAKOL 2Ke P AUArPAMM
C HepeCTaB.HeHHbIMI/I KOHIIaMH 3 n 4, 9To HpI/IBO,I[I/IT K aHTI/ICI/IMMeTpI/I3auI/II/I Bep-
mUHHON (PYHKIUYU IO €e COMHOBBIM M OpOMTAJbHBIM aprymentaM. OgHAKO Ijis
MOCTABJICHHON 37eCh HMeJu onpeAaeeHus T, 3TOTO MOXKHO He JejlaTh, TaK KaK B
obenx 3TUX YaCTHAX BEPUINHHON (DYyHKIMM ITOJIIOC MOSIBJISIETCS OSHOBPEMEHHO.
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WHTETpaJIbHOE ypaBHEHUE

’Um,p3m,p1+TZ:/Up3)g(@@®¢mhgr®x

§=—00
3

xT (4, —9; P1, —P1) (3733 =U(p1—ps). (54.4)

B crogmmx 3mech CyMMe W WMHTErpajiax CyIIECTBEHHBI MAJIbIe
3HAYEHUS JUCKPETHOM nepeMeHHo# (; u 3HadeHus: q BOJIm3u hepmu-
nosepxHocTH (cM. Huke). ITosromy B MHOXKHTensix U m T mox
3HAKOM HMHTErpaJia MOXHO mojiokuTh (s = 0 u ¢ = prp. Ha dbepmu-
IIOBEPXHOCTH JI€2KAT TAaKXKe W BEKTODHI P; ¥ P3. lakuMm obpazomMm,
Bce ¢dyukuuu 7 u U B ypasrenun (54.4) OyayT 3aBHCETb KaxK-
Jas JIMIb OT OJHOM HE3aBUCHUMOW IIEPEMEHHOH — yIjla MeEXIy
KakuMu-aub0 [ByMsI U3 TpPeX BEKTOPOB Pi, P3, q Ha depmu-
MTOBEPXHOCTH.

VYpasuenue (54.4) moxuO Temephb pemmtb, pasgenus U u T B
paapr o mosmHOMaM Jlexkanapa:

U@W) =) (2l+1)aP(cos?),

(54.5)

2 I

T(9)

(20 + 1) F P (cos ),

N
Il
o

rae ¥ — Kakoi-nmmbo M3 yKa3aHHBIX yriioB. [lojcTaBuB 3TH pasiio-
xkeHus B (54.4) u mpou3Bed UHTETPUPOBAHUE 110 HAIPABJICHUSM C
ITOMOIIBI0 TEOPEMBI CIOXKeHUs chepudecKux MYHKIUA, IOy IUM

Ti(1 + aIl) = ar, (54.6)

rJe

= TZ /IQ(O) (Csrq)? dq3 =

§=—00

Z /Cs-l-n P (547)

§=—00

(2 ?

dbyuxmua GO Baara uz (37.13), a ng = ¢?/2m — p ~ vp(q — pF).
Coruracro dopmyisie cymmuposanus (42.10), umeem

3
m=_1 /th"_qd_q. (54.8)

2 (2m)3 2T nq

Pacxomumocts unTerpasa mo dg = dn/vp Ha BepxHeM mpejee
dukruBHa (cp. npumevanue Ha c. 207) ¥ MHTErpaJ JOJKEH OBbITH
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obpesan mpu HekoropoM 7) & £;'). Ho mpu T — 0 unrerpas pac-
XOJIUTCs JIOTapU(PMUAYECKHU TAKXKE ¥ Ha HUXKHEM TIPEJIENIE, T. €. BEJIET
cebs kak In(1/T).

U3 (54.6) BunHo, uro T; obpamaercs B GeckonedHOCTh (T. €. T
UMeeT TIOJIIOC) TP YCIOBUU

1+ qll =0. (54.9)

Ho a1o ypaBuenue coBnagaer mo (opmMe ¢ ypaBHEHHEM, OLPEIEIIIO-
MM TOYKY Ilepexofa mpu crmapuBanuu ¢ [ = 0, ominvasich OT Hero
JIMIIb 3aMEHON «KOHCTaHTHI CBsi3u» g Ha —ay (cp. (42.11)); nonumas
9Ty GOpMyJIy KakK ypaBHeHHE Jisd onpenesieHus T,, HAI0 HOJOXKHUTh
B Heit A = 0, mociie 4gero €(p) coBmasaer ¢ n,. Msl BuauM, ciegosa-
TEJILHO, YTO BEpIIUHHAS (QYHKIHS UMEET HOJIIOC, €CJIU XOTs ObI OHA
U3 BEJIMYMH () OTPUIATEIbHA; IPU 9TOM TEMIEPAaTypa HePexoaa

TH = X & exp (— > (54.10)
™

(cp. (40.4) u (39.19)). Eciim a; < 0 npu psime pa3jiuuHBIX 3HAYe-

|a; |lvr

HUi [, TO TIEPEX0] MPOUCXOAUT TP TEMIIEPATYPE Tc(l), OTBeYaroIIeit
MaKCHMAaJIBHOMY | ay | ?).

MoKHO MOKa3aTh, 9TO BO BCAKOM (bepMmu-rase (WIu KUIKOCTH),
COCTOSAIIEM W3 IJIEKTPUYECKH HEHTPAJBHBIX ATOMOB, BEJWYUHBI 4]
BO BCSIKOM CJIyH9a€ JOJIKHBI CTATh OTPHUIATEJbHBIME MPH JOCTATOY-
HO Gosbimux 3Hadenusx | (/I I1. ITumaesckud, 1959). IIpuuuna 3a-
KJIIO9AeTCd B TOM, 9TO BO B3aMMOAEHCTBMU HEATPAJIBHBIX ATOMOB
BCErJa €CTh 00JIaCTh pacCTosHuil (GOIbIINX), HA KOTOPBIX OHO MMe-
€T XapaKTep TPUTSXKEHWs — TaK HA3BIBAEMOE BaH-IIEP-BAAJIbCOBO
[PUTSKCHUE.

B peasibHO CymiecTByIOmEH KUAKOCTU TAKOTO POJA — JKHUIKOM
uzorone 3He — BO3HUKHOBEHWE CBEPXTEKYYECTH IIPOUCXOJIUT,
HO-BUAMMOMY, 3a cuer cnapusanus ¢ | = 12). Msl He Gy em ocTaHaB-
JIMBATHCS Ha CTPYKTYPE CBEPXTeKydeil (hasbl 1 00Cy UM JIUIIb KPAT-
KO BOIIPOC O BHIOOpE MapaMeTpa MOPsJIKa, OTIMYAoMero 3Ty dasy

"B Bumy GeicTpoii cxomumocTi cymmbl 0 § B (54.7) B Hell JeHCTBHUTETBHO
CYIIECTBEHHBI JIUIIL MaJIble (s, & JIOrapU(pPMUYECKHl XapaKTep UHTerpaJa mno dq
ONpaBAbIBAET IPEIIOIOXKEHNE O OJIN30CTH ¢ K DF.

2) Ormerum, uro eciau 6b1 Gbun Bce a; > 0, TO mepexox OTCYTCTBOBAJ ObI U
dopmyaa (54.6) mus T, 6bw1a Gl ClipaBeyIMBa IPU BCEX TEMIEPATYPaX BILIOTH
no T = 0. IIpu srom Bce 7; crpemmince 6b1 mpu T' — 0 K HyJIIO IO 3aKOHY
T7i « 1/|InT|. Do ABASIETCA NPOSBICHUEM YyIOMAHYTOrO B IPUMEYaHUA HA C. 42
daxra obpamenns npu T = 0 B Hysie byskuun 7 (a ¢ Heo n GyHKIUN B3auMO-
JEWCTBHS KBa3UYACTHL, f) Jyisl 9aCTHUL C IPOTHBOIOJIOKHBIMY UMITYJIbCAMH.

3)Hepexo,z; HOpOHCXOmUT npH Temmeparype ~ 1073, Bamerum, 4To MaaoCTh
T. obecneunBaeT CymecTBOBaHHE 00JIACTH NMPUMEHHMOCTU TEOPUU HOPMAJILHOMN
depmu-xunkoctu K xkunxkomy 2He.
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OT HOpMaJIbHOW. Besmunnoil, paBHO# HYJIIO BBINNIE TOYKU IEPEXOIA
W OTJINYHON OT HYyJs HWXKE Hee, ABJISeTCd aHOMAJbHAS T'PUHOBCKAS
bynxuua Fog(t, ri; t, r2) = Fog(ry — ra); kKax 6bLI0 y7Ke yKa3aHO B
§41, oHa UrpaeT POJb BOJHOBON (DYHKIMM CBA3AHHBIX MApP YACTHII.
Ee dypoe-xommonenta Fj5(p), B3siTas Ha dbepMu-noBepxHOCTH (T. €.
npu p = 2ppn), aBisercd QyHKIuel HanpasieHus N (& HE KOH-
CTaHTOM, Kak npu cnapusanuu ¢ | = 0). B cuiny anTukommyTtanuu
y-omepaTopos dysknus Fyg(n) anTucuMMeTpruyHa, KaK ¥ CJI€I0Ba-
JIO, TIO OTHOIIIEHUIO K IepecTaHoBKe dacTuil: Fpg(n) = —Fgo(—n).

[Tpu cnapuBanuu ¢ | = 1 (Kak u ¢ JIEOOBIM HEYETHBIM MOMEH-
tom) Fo3 — HederHas byHKImus N, TaK 910 Fyp — CHMMETPHIHBIH
COUHOP. DTO 3HAUWUT, YTO CIUH APl PABEH €IUHUIE, KAK U JOJIK-
HO OBITDH JIJIs COCTOSTHUS JBYX OJMHAKOBBIX (DEPMUOHOB C HEUETHBIM
{. CUMMeTpHYHBIM CIIHMHODP BTOPOTO PaHTa SKBUBAJIEHTEH BEKTODY,
KOTOpHBIit obo3HaunM depe3 d. B ciyuae | = 1 3aBucumocts d or n
JIOJIZKHA OTBedyaTh noiauHoMy Jlexanapa Pj(cosf), 1. e. ObITH jiuHEil-
voit: d;i = png. KoMIuleKcHBI TEH30p BTOPOTO pPaHTa sk
(He 00s13aTeIBHO CHMMETDHYHBIH!) M ONKMCBHIBACT CBEPXTEKYUYIO
dazy. PeanpHO CymiecTByOT JBE pa3jMYHBbIE CBEPXTEKyune (a3l
xuakoro 3He, paznmuaroniuecss BUIOM T€H30Dpa ;-



' IABA VI

JIEKTPOHBI B KPUCTAJUIMYECKOM PEIIETKE

§55. DJIEKTPOH B NEpPUOANIECKOM II0JI€

DJIEKTPOHHBIE ODOJIOYKM ATOMOB B KPHCTAJLIE CHJIBHO B3aUMO-
IEWCTBYIOT APYT C APYTOM, B PE3yJILTATE UEr0 y2Ke Hejib3s TOBOPUTH
00 ypOBHSX SHEPIUU OTAEJHHBIX ATOMOB, & JIUIIb 00 YPOBHSX IJIs
COBOKYITHOCTH 3JIEKTPOHHBIX ODOJIOYEK BCEX ATOMOB TE€JIA B IEJIOM.
XapakTep JIEKTPOHHOT'O IHEPTETUYECKOTO CIIEKTPA PA3JIUMdeH IJis
Pa3HBIX TUIIOB TBEPABIX TeJ. B KadecTBe IpeaBapUTEILHOTO IIIara
Ui U3YYEeHUH ITUX CIIEKTPOB HEOOXOIWMO, OJHAKO, PACCMOTPETH
6osiee bopMaIBHYIO 337]a49y O HOBEIEHUU OTAEJIHHOTO JIEKTPOHA BO
BHEIITHEM TNPOCTPAHCTBEHHO-TIEPUOIUIECKOM IJIEKTPUUECKOM TIOJIE,
KOTOPOE CIIy?KUT MOJIEIBI0 KPUCTAJJIMYECKON PEIMETKA. DTOMY
mocesimeHsr § 55—60.

[leproau4HOCTD 1T0JISI O3HAYAET, YTO OHO HE MEHSIETCS IIPU TIapaJl-
JIEJIBHOM TIEpEHOCe Ha JIF0D0i BEKTOP BHIa a = Miaj; + ngag + nzas
(rme aj, a2, a3 — OCHOBHBIE NIEPUOJBI PEIIETKH; N1, N2, Ng — LEJbIE

amcia): Ul +a) = Ur). (55.1)

Ilostomy u ypaBuenue Illpeauurepa, onuchiBaoiee IBUKEHUE JIEK-
TPOHA B TAKOM TI0Jie, MHBAPUAHTHO OTHOCUTEJIBHO JIIOO0OTO TIpeobpa-
3oBanus r — r + a. Orciona ciexyer, 4To ecnu ¢ (r) eCTb BOJIHOBAsI
(yHKIMs HEKOTOPOTO CTAIMOHAPHOIO COCTOsIHUsA, TO (T + a) ToXKe
ecTh pernenne ypaBHenusi [lIpeamarepa, ommchIBaoIIEe TO Ke Ca-
MO€ COCTOSIHUE JIEKTPOHA. DTO O3HAYAET, UTO 06€ (DYHKIIUU JOIHK-
HBI COBIAJIATH C TOYHOCTHIO JI0 IOCTOSTHHOTO MHOXKUTEJsE: ¥ (r+a) =
= const - ¢(r). OdueBugHO, 9TO const JO/KHA OBITH PaBHA IO MOLIY-
JIFO €JIUHUIIE; B MPOTUBHOM CJIyYae IPU HEOTPAHUIECHHOM TOBTOPEHUN
CMeIIeHNs Ha a (MM Ha —a) BOJIHOBas (DYHKIUS CTPEMUIIACH ObI K
6eckoneunoctu. OOmuit Bua QyHKIMM, 00J1aIAIOIIEH TAKUM CBOM-

CTBOM, CJICIYIOLIUA: _
’lﬁsk(r) = 6Zkrusk(r), (55.2)

rome k — MpoM3BOJIBHBIN (Bem;eCTBeHHbH‘/‘I) HOCTOAHHBII BEKTOD, a
Ugk — MEPUOIUUECKas PYHKIIHS

Usk(r + a) = ug(r). (55.3)
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Dror pe3yabraT 6611 Buepsble mostyueH @. Baorom (F. Bloch, 1929);
BosiHOBBIE (byHKImMY Buga (55.2) HaseBaT pynkyuamu bBaoza, u B
9TO¥ CBA3U 00 JIEKTPOHE B IIEPHOAMIECKOM IIOJIE TACTO TOBOPAT KAK
0 BGJIOXOBCKOM 3JIEKTPOHE.

[Tpu 3ananHoM 3nadenuu k ypasuenue [llpenunrepa mmeer, Bo-
0b111e TOBOPsi, GECKOHEYHBIH Psifl PA3JINYHBIX PEIICHUI, OTBEUAIONIX
OECKOHEYHOMY DPsiIy PA3/IMYHBIX AUCKPETHBIX 3HAYCHUI SHEPIuu
anekTpoHa €(k); nuIekc s B s Hymepyer 9tu pemerus. Takoit xke
uHJeKC (HOMep aHepeemuyeckoli 30Mbt) HaJO IPUINCATH U PA3JIAY-
HBIM BeTBsaM (yHKImU € = €4(k) — 3aKOHY AmCIIEpCHU JIEKTPOHA B
IEPUOIUYIECKOM ToJie. B Kax1oit 30He aHeprust mpoberaeT 3HAYEHUS
B HEKOTOPOM KOHEYHOM WHTEPBAJIE.

Jlg pa3uYHBIX 30H 9T WHTEPBAJBI PA3JIEJEHBI «IHEPreTHIe-
CKUMW IEJISIMA» WK YK€ JaCTUIHO MEPEKPBIBAIOTCS; B MOCIEIHEM
cliyyae B 00JIACTM TIEPEKPBHITHSA KAXKJIOMY 3HAYCHWIO YHEPTUU OTBE-
9aloT passindHble (B Kaxkaoil 30ue) 3Hadenus k. [eomerpuuecku sro
O3HAYAET, YTO U30IHEPrETUIECKUE TMOBEPXHOCTH, OTBEYAIOIINE IBYM
NEePEKPHIBAIOIIUMCS 30HAM § ¥ §', HAXOJATCH B PA3JIUYHBIX 00JIaCTAX
k-ipocTpancTBa. POPMAIbHO TEPEKPHITHE 30H O3HAYAET BBIPOKIE-
HU€ — Pa3JIMYHble COCTOHHUs ODJIAJAI0OT ONMHAKOBOM 3HEpruei, HO
[IOCKOJIBKY 9THM COCTOSIHUSIM OTBEYAIOT Pa3JIndHble 3HA4YeHUS K, TO
9TO HE NPHUBOAUT K KAaKMM-JIuO0 0cOOeHHOCTAM B crmekTpe. OT 06-
[IEro CJIydasi IMEPEKPBHITUS HAJ0 OTJIMYATh [IEPEceYeHre 30H, KOTIa
snaueHus £5(k) u ey(k) coBmamaror B ogHmX m Tex ke Toukax k
(u309HEPreTHUECKHE TOBEPXHOCTH TepecekaroTcs). OBBIYHO mMOx BbI-
POXKIEHNEM MOHUMAIOT TOJBLKO TAKOW CIydail; mepecedeHne MPUBO-
JIAT K TOSIBJIEHUIO OIPEIEJICHHBIX OCOOEHHOCTEl B CIIEKTPE.

Bce dyukimu ¥ i ¢ paziauynbivu § wim k, pazymeercs, B3auMHO
OPTOTOHAJIbHBI. B YacTHOCTH, W3 OPTOTOHAJBHOCTU g C PABIUU-
HBIMU S ¥ OIMHAKOBBIMHU K Cjie/lyeT OpTOTOHAJIHHOCTD (DYHKIMN U gk .
[Ipm 3TOM BBHUIY WX MEPUOAMYHOCTH JOCTATOYHO TPOU3BOIUTE WH-
TerpupoBaHue MO0 OOBEMY ¥ OJHON DIEMEHTAPHON SAYEHKU PEIIETKY;
TIPA COOTBETCTBYIOIIEH HOPMUPOBKE

/ UpUsk AU = Oy (55.4)

Cwmbict BekTopa K cocTouT B TOM, YTO ONpEIEJIAET IIOBEICHUE
BOJTHOBOI (DYHKIMW TIPU TPAHCJIANAAX: Mpeodpa3oBaHme r — r + a

YMHOXKAET ee Ha eX® 4
Pk (r +a) = €™ (r). (55.5)

Orcroma cpa3dy cjemyeT, 9To BeJuYnHA K IO caMoMy CBOeMy ompese-
JICHUIO HEOJHO3HAYHA: 3HAUCHMH, OTIMYAIONINECHd Ha JI000I BEKTOD
b obparHOit pereTku, IPUBOAAT K OJUHAKOBOMY IIOBEICHUIO BOJIHO-
Boit pynkuuu (muoxurens exp{i(k + b)a} = exp(ika)). Apyrumu
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cjaoBaMu, Takue 3HadeHus k Du3mMyuecKnm SKBUBAJEHTHBI; OHU COOT-
BETCTBYIOT OZHOMY U TOMY K€ COCTOSIHHUIO JIEKTPOHA, T. €. OJHOM
7 TO¥ 2Ke BOJIHOBOU (pyHKImU. MOXHO cKa3aTh, 910 OYHKIUU Yy
nepuoAnYHbL (B 0OPATHON pEIeTKe) OTHOCUTEIHHO MHIEKCA K:

Vs, k4+b(T) = Psk(T). (55.6)
HepHO,Z[HqHa TaK2Ke€ U dHCPIuUd:
es(k+b) =e5(k). (55.7)

®yukuun (55.2) 06HAPYKUBAIOT ONPEIEJIEHHOE CXOJCTBO C BOJI-
HOBBIME (DYHKITUAME CBOOOJHOTO 3JIEKTPOHA — IJIOCKUMU BOJHAMU
¥ = const - exp(ipr/h); Ipu 3TOM POJIb COXPAHSAIOMIETOCS UMILYJIHCA
urpaeT NoCcTosiHHBI BekTOp fik. MbI cHOoBa (Kak u jyisi poHOHA —
cM. V, § 71) npuxonuM K NOHATHIO O K8a3UUMNYALCE JIEKTPOHA B IIe-
pronndeckoM mojie. [loguepkHeM, 9TO UCTUHHOTO COXPAHSIONIETOCH
VMITYJIbCA B 9TOM CJIy4ae BOODIIE HET, TaK KAK BO BHEITHEM TIOJIE 3a-
KOH COXPaHEHWS UMITYJILCA HE UMEET MECTa. 3aMEeYaTeJIbHO, OJHAKO,
9TO B IIEPUOJAWIECKOM IIOJIE JIEKTPOH TEM HE MEHEE XaPaKTEPU3yeTCs
HEKOTOPBIM TIOCTOAHHBIM BEKTOPOM.

B cramuonapHOM COCTOSHUU C 33JaHHBIM KBa3WUMITYJIbCOM hk
UCTUHHBIA MMITYJIbC MOXKET WUMETh, C PA3JIUYHBIMU BEPOSITHOCTIM,
6eckoneunoe qucio 3uadenuit suna i(k + b). Do ciaexyer us roro,
YTO Pa3JIOKEHWE MEPUOJANYECKON B MPOCTPAHCTBE (DYHKIIUU B P

Dypbe COTEPIKUT WICHBI Buga €'PT:

usk(r) =Y ag kape™,
b

U IOTOMY PA3JIOKEHUe BOJIHOBOM yHKImu (55.2) Ha IJIOCKHE BOJIHBI

P (r) = Y ag 1ppe EP (55.8)
b

Tor dakT, uT0 KO3IDDUIMEHTHI PA3JIOKEHUS 3ABUCAT TOJBKO OT
cymm k + b, BeIipaxkaer coboit CBONCTBO MEPUOIUIHOCTH B 0OpaT-
Hoit pemerke (55.6). Iloguepkuem, 4T0 9TOT (haKT, KAK M CBOWCTBO
(55.6), He eCTH JONMOJIHUTEJIBHOE YCJIOBHE, HAJIATAEMOE Ha BOJHOBYIO
GyHKIUIO, a SABJISETCS aBTOMATUYECKUM CJICJCTBUEM IE€PUOJUTHO-
cru nons U(r).

Bce dusuuecku passinyHble 3HAUEHUS BEKTOPA K Jie2kaT B OmHOIM
3JIeMeHTapHON suelike obparHoit pererku. «O0beM» 3ITOM dUehKH
pasen (27)3/v, rae v — obbeM EMEHTADHON AYCHKY caMoil pereT-
ku kpucrayia. C apyroii croponst, 06bem k/27-npocrpascTsa onpe-
JleJisieT YUCI0 COOTBETCTBYIOMIUX €My COCTOSTHUHN (IMPUXOAAIINXCs Ha
enuHUYHBIN 06beM Tesa). Takum 06pa3oM, UUCIO TAKUX COCTOSHMUIA,

3aKJIFOYEHHBIX B KaXKJOW 9HEPreTUUeCKON 30He, paBHO 1/v, T. e. 4uc-
JIy JIEMEHTAPHBIX Y€K B €OUHUIE 00bEMa KPUCTAJLIA.

10 E. M. Jludmmuu, JI. I1. ITuraesckuit
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[MTomumo cBoeit mepuouusoctu B k-npocrpancrse dyukuum &5 (k)
00J1a1aI0T TAKXKe ¥ CUMMETPHUEN IO OTHOIIEHUIO K TOBOPOTAM U OT-
parkKeHWsIM, OTBEYAIOIIUM CHMMETDUM HANpPABJIEeHUH (KpUCTAJLIAIe-
CKOMY KJIACCy) pemieTku. I[Ipm 9TOM, HE3aBUCHMO OT HAJINYUS HJIH
OTCYTCTBUS IEHTPA CUMMETPHUM B JAHHOM KPHUCTAJIMIECKOM KJIaC-

ce, BCEra
es(—k) = e5(k). (55.9)

DTO CBONCTBO — CJEACTBUE CUMMETPHUM OTHOCHTEIHLHO OOpAIeHwUst
Bpemenu. JleficTBUTENIBHO, B CHJIy 3TOl CUMMETDUU, €CIA Pgk —
BOJTHOBas (DYHKITUS CTAIIMOHAPHOTO COCTOSIHUS 3JIEKTPOHA, TO H
KOMILICKCHO-COTIPSI’KCHHAA (DYHKITUA 1)}, ONUCHIBAET HEKOTOPOE CO-
cTogHHUE ¢ Toi e sueprueil. Ho 9} yMHOXKaeTca mpu TpaHC/IAIUAX

Ha e ¥ 1 e, eif oTBewaeT KBazHUMIyJIBC —K 1),

Paccmorpum, masee, 1Ba 3JIEKTPOHA, B IEpHOAUYIECKOM mojie. Pac-
cMaTpuBas X BMeECTE KaK OJHY CHCTEMY C BOJHOBO# GyHKIHEH
¥(r1, r2), MBI HaliZIeM, YUTO TIPH IAPAJUIEJLHOM IE€PEHOCE 3Ta (PYyHK-
LU JTOJZKHA YMHOMKATHCS Ha MHOXKHTENb BHIa €2 rae k MoxHO
Ha3BaTh KBA3UUMILYJILCOM CuCTeMBI. C IPyToil CTOPOHBI, HA OOJIBIIIX
DACCTOSHUSAX MEXKIY JIeKTpoHaMu (T, I'y) CBOIUTCH K IPOU3BEIE-
HUFO BOJIHOBBIX (DYHKIINH OTAE/IBHBIX JIEKTPOHOB U ITPH TPAHC/IAIIII
YMHOXKUTCH HA eikiagikaa 13 TpebOBaHUs COBIAJIEHUS 000UX BHIOB
3alUCH STOTO MHOYKUTEJIsT HAXOIUM, YTO

k=k; +ks+b. (55.10)

B uacTtHOCTH, OTCIOHA CilefyeT, 9TO IPHU CTOJIKHOBEHUU JBYX 3JIEK-
TPOHOB, JBUKYIIUXCA B IEPUOTUYECKOM IIOJIe, CYMMa HX KBa3UUM-
IIyJIbCOB COXPAHHAETCS C TOYHOCTHIO 0 BEKTOPA OOPATHOMN DEIIeTKH:

' /
ki+ks=k'1+ko+b. (55.11)

,HaHbHeﬁIHaH aHaJIOTUA MEXKIAY KBa3UHUMITYJIbCOM W UCTHUHHBIM
VMILYJIbCOM BBISICHAETCS TIPU OIPEJIEJIEHUN CPeTHEN CKOPOCTH 3JIeK-

TpoHa. Berunciienue ee TpebyeT 3HaHUS OEPATOPA CKOPOCTU V = I' B
k-tipepcraBnennn. OnepaTophl B 9TOM MPEACTABIEHAN AeHCTBYIOT HA
KO3 DUITUEHTHI Cg PA3JIOKEHUS TPOU3BOJIBHON BOJTHOBON (DyHKIINU
110 COOCTBEHHBIM (PYHKIUAM gy

"/) = Z / Csk"/)sk d3k~ (55.12)

1) Ipw Hastuumy MEpPEKPHITHS 30H U3 STUX PACCY XK ICHHIH CIIEyeT, CTPOTO TOBO-
pst, sunib uto €5(—k) = £4(k), e s u s’ — HOMepa Kakux-1u60 30H. PaBencTsa
(55.9) MOKHO, OZHAKO, BCEr A NOOUTHCS MyTEM HaJJIEXKALIErO ONPEAE/ICHUs HO-
MepoB pasnu4sbix BerBeit pynknuu (k).
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Haiinem cradasia oneparop T. Mimeem TOX1eCTBEHHO

I"l/) Z/cskr'l/)skd k= Z/csk 6"/’31: 'Lkl‘ 6gsk) d3k

B nepBom usieHe MpOW3BOAMM MHTETPUPOBAHKE TIO YACTSAM, 8 BO BTO-
POM Da3JIOKUM IEPUOANIECKYIO (KaK U caMa Ugk ) yHKImo ugy /Ok
II0 CHCTEME B3aMMHO OPTOTOHAJIBHBIX MYHKIWH Ugk ¢ TeM ke k

ausk _ / ,
T z?(sk | Q] s'k)ugk, (55.13)

rae (sk | Q| s'k) — mocrosnuble K03bduIMenT. Torma moyYnm

rp=%" / itk a1y / Coc(sk | Q] 8'K)hyne ok =
S SSI

- Ocs
=3 [ (% + DI e vk
C apyroii CTOPOHBI, TIO OIPEIEJEHUIO OIIEPATOPa T, JOIKHO OBITH

rp=3" / (Fesie) Yo .

CpaBHI/IB C IIOJIyY€HHBIM BBIDa2KE€HUEM, HAXOAUM

~ . 0 A
r=i1—+1¢ 55.14
o T (55.14)
rJe oneparop (SpPMUTOB) Q) samaerca cpoeit marpuneit ( LQ | sk).
CymiecTBento, 9TO 3Ta MATPHIA JUAaroHaJIbHA O I/IH,I[eKCy u no-

3TOMY OIEPATOP 0 KOMMYTATHBEH C OIIEPATOPOM k=k.
OmepaTop CKOPOCTH TIONYYAETCHA, MO OOIIMM TMPABUJIAM, IIy-
TeM KOMMYTHPOBAHUS OIEPATOpPa T' C TAaMUJIBTOHUAHOM 3JIEKTPOHA.

B k-npencraBnenun ramuibronunan H dABjisieTcs IUaroHaJbLHON II0
k u HOMepaMm 30H s marpuueiil ¢ amementamu €4(k)'). Omneparop
ke 0/0k, neiicTBytommii ToabKO Ha mepeMeHHYIO K, qmaronasneH mo
HOoMepaM s. [1osToMy B BRIparKeHUM
v=1@r-¢H)=-1 (Hi— 9 )+9
[ [ ok Ok

1) Tounee, mamo rosoputs o ks-npexpcrapienun. HamoMuuM, 4TO BOTHOBBIE
GYHKIUU B 9TOM IPEACTABJICHUH, Csk, HE BIIOJIHE IIPOU3BOJIbHBI — OHH JIOJIKHBI
6BITH mepuoguyHEI 1o k.

10*
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NIEPBBINA YJICH SBJIACTCA NUATOHAJBHONM MaTPHIEH C JICMCHTaMU

_1 o _9 _ 10e:(k)
ﬁ(es(k)ak akgs(k)) i ok

ManI/I‘IHbIe K€ JIEMEHTBHI Q CBA3aHBI C ManI/I‘IHbIMI/I JJIEMEHTaAMU
) cooTHOIICHIEM

(sk | Q] s'k) = 2[es (k) — e (k)] (sk | 2| sK);

9TO BhIpaskeHHE OoOpalaercsd B HyJb Ipu § = s, T. e. ) He mmeeT
3JIEMEHTOB, JUATOHAJIBHBIX TI0 HOMEPY 30HBI. TakuM 06pa3oM, OKOH-
9aTeJIbHO HAXOMAUM JJIsi MATPUUHBIX JIEMEHTOB CKOPOCTH JIEKTPOHA

<w4vum=%%§3 (sk|v|sk)=(sk|Q|sk) (s#s). (55.15)

JlnaroHa IbHBIE JIEMEHTHI 9TON MATPUIIBI MPEICTABISIOT COOOM
CpeJHUe 3HAYEHUS CKOPOCTU B COOTBETCTBYIOIINX COCTOSAHUSAX. DTH
3HAYEHUS, CJIEJOBATEJIBHO, KaK (DYHKINM KBA3UUMITYJIHCA JAFOTCH

BBIDA2KCHUEM Oe (k)

Vg = W, (55.16)

[TOJIHOCTBIO AHAJIOTUYHBIM OOBIYHOMY KJIACCHYECKOMY COOTHOIIIEHUIO.
Jlo cux moOp MBI BeJiM U3JIOXKEHWE, OTBJIEKASCh OT HAJIMYHUS Y
3JIEKTPOHOB cruHa. B mpenebperkennn pesiiTuBUCTCKUMEU dpdeKTa-
MU (CIMH-OPOUTAJIBHBIM B3aMMOIEHCTBUEM) yUYET CIUHA HPUBOIUT
MPOCTO K JABYKPATHOMY BBIPOXKJIECHWIO KAXKIOTO YPOBHS SHEPIUU C
3aJaHHBIM 3HAYEHHEM KBA3UUMITYJIbCA K — IO JABYM 3HAYEHUSAM
NPOEKIMK CIIMHA Ha KaKOoe-Jinb0 (PUKCHPOBAHHOE HAIPABJICHUE B
npocrpancTBe. C yueToM XKe CIUH-OPOUTAJIHHOTO B3aMMOJAEHCTBUS
CUTyalldsi Pa3JjindHa B 3aBHCUMOCTH OT TOTO, MMEET JIM WJIA HET
KPUCTAJIJINYECKAs] PEIIETKA [IEHTD WHBEPCUH.
Cuue-opbuTaabHOE B3aMMOJAEHCTBHE JJIs IEKTPOHA B MIEPUOIH-
YECKOM IIOJIE OIUCHIBAETCS OMEPATOPOM
2 if°

Hy = 5loVUY, (55.17)

rae o — marpuna [aymm (cm. IV, § 33). BosnsoBble dbyHkuuu, Ha KO-
TOpBIE JEeHCTBYET ITOT ONEPATOD, — CHMHODPHI MIEPBOTO PAHTA Yska,
rie o — cuouHopHbli wunHgekc. CornacHo Tteopeme Kpamepca
(cm. III, § 60), orHOCAmMmIics K jo6oMy (B TOM YHCIE HEPUOLUUC-
CKOMY) 3JIEKTPUYECKOMY IIOJIFO, KOMILJIEKCHO-COIPSI?KEHHBIE CIIUHO-
Pl Yska U Y, BCETZa OMMCHIBAIOT JABA PA3JIMIHBIX COCTOSHUS C
omHON u TO# ke sHeprueit. [lockosbKy B TO XKe Bpems QyHKIus
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¥, OTBEUAET KBASHUUMITYJIbCy —k, TO MBI CHOBa (Temepb yke U ¢
YYETOM CHUH-OPOUTAIBHOIO B3aUMOJEHCTBUS) HPUXOJUM K COOTHO-
menuio tuna (55.9):

eso(—k) = €557(k), (55.18)
rJie UHJEKCHl 0 U 0 OTJIMYAIOT [IBA PA3JIMYHBIX (OOPAIIEHHBIX IO
BPEMEHM) CIMHOBBIX COCTOSTHUS *).

PasencrBo (55.18) He O3HaYAET, KOHEYHO, BBIPOXKICHUS B TOM
CMBICJIE, O KOTOPOM T'OBOPMJIOCH BBIIIE, ITOCKOJIBKY SHEPTUU B 00EHX
CTOPOHAX PABEHCTBA OTHOCATCS K pa3imdnbiM 3uadenusam k. Ho ecin
permmeTka 0b6JIaJA€T TIEHTPOM WHBEPCHUH, TO
cocrosiang ¢ k m —k mmeroT OnMHAKOBYIO U(z)
sHepruio. Torma Ml IPUXOAVM K PABEHCTBY
£s0(k) = €5,7(k), cHOBa O3HAUAMOmEMY IBY-
KPATHOE BBIPOXKIEHUE KaXKIOTO YPOBHS C
33/TAHHBIM KBAa3UUMIIYJIHECOM.

Hapsiny ¢ BbIpOXKIeHHEM, CBS3aHHBIM
C CUMMETpHell OTHOCUTEJNbHO obpamenus —b 0 a a+b
BPEMEHHU, /IS JIEKTPOHA B IEPHOAUIECKOM Puc. 10.

IIOJIe MOKET CYII[ECTBOBATH TaKXKe M BBIPO-
XKJIeHUe, 00A3aHHOE TPOCTPAHCTBEHHON CHMMETDUH PEIMIETKY. DTUM
BOIIPOCaM TIOCBsIITeH Huxke § 68.

II I I

Sagaun

1. HaiiTy 3aK0H gucnepcuu ajisi OJHOMEPHOIO ABH2KEHUS JIEKTPOHA B II€PU-
OIMYECKOM ToJIe, n30obpazkenHoM Ha puc. 10 (R. Kronig, W. G. Penney, 1930).
Pemenue. BonnoBas ¢pyukuus B obiacru simet (0 < z < a) umeer Bug,

P =16 4 cpe T s = \2me/H, (1)
a B obsactu 6apwepa II (—b < z < 0):

) = c3e2° 4 cue” 2T sy = /2m(e — Up)/h. (2)

B ob6sacru cinenyromero 6apoepa 111 BosiHOBasi byHKIUS JOXKHA OTJINYATHCH OT

(2) b dazossmv MuokHTENREM €7@ (0 4 b — mepuox mos):
ik(a+b iy (x—a—>b —ixg (x—a—b
v=e ( )(038 2 ( ) 4 ege 2 ( )). (3)
JIOBHSI HETIPEPBIBHOCTH 9 n Y’ BToukax z = 0uz = a T 9eTHL BHEHUS
Yeano enpe ocC " B TOURAX 0 aIOT YCTHIPE yPaBHE
AJ4 C1, ..., C4; YCJIOBHE COBMECTHOCTH 3THX YPaBHEHMiI IPUBOLUT K AMUCIIEPCHU-
OHHOMY yPaBHEHUIO
1 [ o2 . .
cosk(a +b) = cossria - cos s2b — o\ + — | sinsna - sin sb, (4)
9] sl

1) C yd4eTroM cnuH-OpOUTAIBPHOIO B3aMMOAEHACTBYUS ONEPATOD IPOEKIWH CIHHA
y2Ke He KOMMYTaTUBEH C TaMUJIbTOHMAHOM, TaK YTO 3Ta MPOEKIUdA HE COXPaHd-
€TCs U CIIMHOBBIE COCTOSIHUSA HE MOT'YT, CTPOr'O FOBOPs, XapaKTE€PU30BATbCA 3THM
9HCJIOM.
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OIIPEJIEIAIOEMY B HESIBHOM BHZE MCKoMyIo 3aBucumoctb £(k). IIpu e < Up Be-
JINYUHA i1 MHI/IMa, u TOoraga ypaBHeHHe HaOo0 3anucaThb B BUOE

1 .
cosk(a+b) = cossria - ch|sab| + = el _ 2o sin sr1a - sh|s22b)|. (5)
2 4l |%2|
Ecimm B (5) nepeiitu x npeneiy Uy — 00, b — 0 npu Ugb = const = Pa, no-
JIy9MM AMNCIEPCHOHHOE ypaBHEHHE

Pma? sina
coska = cossxia + —— ——. (6)
h? ma

OHoO pemaer 33734y 06 YPOBHSX SHEPIUU B IEPUOAUIECKOM II0JIE, COCTABJIEHHOM
u3 §-PYHKIUOHHBIX NHUKOB:

U(z) = aP 26(:1: —an).

Ha puc. 11 mano rpadwudeckoe mocrpoeHne, WUIIOCTPUPYIOLIEE PACIPELE/IEHUE
KOpHeli ypaeHenust (6). 3aech n300pazkeHa IpaBasi 4aCTh yPABHEHUs Kak (DyHKIus
OT 7r1a; KOrAa OHA IMpoberaeT 3HaUYeHus MeXay +1, KOpHU ypaBHEHUs POGEraoT
3HAYECHHUsS] B MHTEPBAJIaX, YKA3aHHBIX *KUPHBIMU OTPe3KaMu Ha ocu abcrucc.

A\ +7 ~
3n/l . | Ve AL
-4 -2n -] 2n 4r xa
Puc. 11.

2. Haiitu 3akoH gucnepcuu Jjisi OGHOMEPHOI'O JIBMKEHNS YaCTHUIBI B CIIA00M
nepuogudeckom mosie U(z).

Pemenune. PaccmaTpuBas mosie Kak Majoe BO3MYIICHHE, HCXOAUM U3 HyJIE-
BOrO NpuOJ/IMKEHNUsI, B KOTOPOM YaCTHUIA COBEPIIAET CBOOOLHOE JBUXKEHUE, OIU-
ChbIBA€MO€ IIJIOCKOH BOJIHOM

¢(0) (.’L’) — (Na)—l/Z eikz

(mopmuposka Ha 1 wacTuiy Ha mymHe Na; a — NEpHOJ, MOJIs); SHEPIUS IACTH-

e £ = A2K2 /2m. IlpencraBum nepuoguueckyo dyukuuio U(z) B Buge psaga
Dypse

U(z) = i Upe?mine/e,

n=—oo
MaTpuuHbie 3JIEMEHTHI 3TOTO MOJIs IO OTHOIIEHUIO K MJIOCKUM BOJIHAM OTJIMIHBI
OT HyJIs TOJIBKO JIJisl TIEPEXOI0B MEXK/Y COCTOSIHUSIMU C BOJHOBBIMU BEKTOPAMU
ku k' =k+2nn/a u B srux cayqasx pasubi Uy = Up,.
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B nepBom npubiinkeHuu Teopuu BO3MYIIEHUIN MOMPABKA K YHEPIUU JAETCS

JOAArOHAJIBHBIM MATPUYHBIM JIEMEHTOM e = Uy = Up, T. e. He 3aBuUCHIIEH
oT k HOCTOSIHHOIA, JIUIIL CMEIIAONMIEH HAYaJI0 OTCYeTa dHepruii. VckirodeHue co-
CTaBJIAIOT, OAHAKO, YDOBHY SHEPIUYU B OKPECTHOCTH 3HaueHuii k = 7mn/a (n = £1,
+2,...). B arux Toukax k oTimuaercs JMImb 3HAKOM OT 3HaveHus k' = k—2nn/a,

tak uro sueprun ¢V (k) u (¥ (k') cosmagmaor. B okpecrHocTH 3THX 3HAUCHMI,
CJI6ZJ0BATEJILHO, OTJIMIHEL OT HyJIs MATPUYHBIE JIEMEHTEL AJ1s IIEPEXOL0B MEXKIY
COCTOAHUAMU C 6JII/I3KI/IMI/I QHEPrudAMU, U OJIA OIIPEAC/ICHUA IIONPAaBKU OOJI2KCH
GBITH MCIOIB30BAH METOJ, TEOPUM BO3MYLICHUI, OTHOCAIWMICH K CIydaro GJm3-
Kux cobcrBeHHbIX 3HadeHuit (cm. II1,§79). Orser maercs dopmysoit (79.4)(cm.
IIT), cornacHO KOTOPOii B JAHHOM CJIy4ae

en(k) :%[5@ (k) + O (k — K,)|+

Lo © 2 21
{3 ) = O - K+ U}

rne K, = 27wn/a, a aggurusHaa nocrosuaHas Uy OmymeHa; BHIOOD 3HAKa Ie-
peJ; KOPHEM ompeesisieTcst TpeboBanueM, 4To0bl Brau ot 3Hadenus k = + K, /2

byukuus (k) mepexomuna 6b1 B €% (k): 3HAKE + B — OTHOCATCSH COOTBETCTBEHHO
k obnacrsm |k| > |Kn/2| u |k| < |Kn/2|. B camux Toukax k = +K, /2 pysk-
nus (k) ucnbITHIBaeT CKadOK, pasHbli 2|U,|. Ha puc. 12 a sneprus (k) uzobpa-
XKeHa Kak (yHKIuMa nepeMeHHO# k, mnpoberaromieii 3HAYEHWST OT —OO
1o 0. Ecin ke npuBectu 3HaveHus k (KBa3MUMIy/IbCa) K MHTEPBAJLY MEXKJLY
+7/a, To MBI IpugEeM K puc. 126,
roe u300parKEeHBI JBE IEPBBIE
SHEPreTUYECKHUE 30HBL.
O6paTnM BHEMaHWE Ha TO,
yTOo 30HBI Ha puc. 12 (kak
n Ha puc. 11) He mnepexpsI-
BalOTCA. IJTO OOIEe CBOWCTBO
OJHOMEPHOTO [BUXKEHWUS B IIe-
puogmyeckoM mojie. Kaxaprit
YPOBEHb 9HEPIHHM JBYKPATHO
BHIpOXKJeH (mo 3Haky k), a
GosibIasi KPATHOCTH BBIPOXKIE-
HUS [PH OXZHOMEDHOM IBHXKE-
HUAHU BOODIIIE HEBO3MOXKHA. Puc. 12.
OrmeruM, 9TO B OZHOMEPHOM
clIyda€e T'DaHUIBI KaXKIOU 30HBI
(MuHEMa/IBHBIE W MaKCHMaJbHble 3HadeHHs! €(k)) COOTBETCTBYIOT 3HAYEHUSIM
k=0uk = n/a. Jeso B TOM, 9TO BOJHOBbIE (DYHKIMU, COOTBETCTBYIOIIUE SHEP-
IUsIM B 3aIPELICHHOM MHTEPBAJIE, yMHOXKAIOTCS [IPU CMEILICHUN Ha IEPUOJ, 4 Ha
HEKOTOPBIH BEIIECTBEHHBIH MHOXKWTENb (B CHJIy 9€r0 W BO3PACTAIOT HEOTDAHU-
4eHHO Ha GecKOHe4HOCTH ). BOsIHOBBIE K€ (DyHKIUM B Pa3pEIEHHBIX HHTEPBAJIAX

SHEPIUM IIPH TAKOM IIEPEHOCE YMHOXKAIOTCA Ha e'*%, Ha rpanmme Mexkmy 3ampe-
IICHHBIM ¥ PA3PEIEHHBIM HHTEPBAJIAMY 9TOT MHOXKHUTEJb, CICIOBATEIBHO, 10
2KeH OBITH OHOBPEMEHHO BELIECTBEHHBIM M PABHBIM [0 MOLYJIIO €AUHUIE, OTKYAA
U CJeyeT PABEHCTBO ka HyJIIO WM 7.

3. HaiiTy 3aKOH JUCIEPCUH YACTHULBI B OJHOMEPHOM IEPHOLUYECKOM IOJIE,
NIPEICTABJISIONEM CO0OI MOC/IEI0BATENBHOCT CUMMETPUYHBIX MOTEHIMAJBHBIX
sIM, yOBJIETBOPSIONUINX YCJIOBUIO KBA3UKJIACCUYHOCTH (BBUY YErO BEPOSATHOCTD
IPOHMKHOBEHMsI YaCTHULBL Yepe3 Gapbep MexXAy siMaMHu MaJia).

-
—
.-

/

/

1

1

I
r k
a

SIE
S|



296 SJIEKTPOHBI B KPUCTAJLINYECKO PEIIETKE TJL VI

P e e Hue aHAJIOrMYHO XOAY petiie-
HUs 337294 O DACIICIICHNM YDOBHEH B
JIBOMHOMN siMe E)CM. II1, § 50, 3amaga 3).
ITycrs 1)o(x) — HOpMHUPOBaHHAS BOJIHO-
Basi (DyHKIWSI, ONMUCHIBAIOMIAS JBAKCHIE
(c mexoTOpOII 3HEpTrHEI €0, puc. 13) B 0A-
HOH M3 AM, T. €. 9KCIOHECHIUAIBHO 3aTy-
Xaromasi B 06e CTOPOHBL OT IPAHULL ITOM
SIMBI; 9Ta (DYHKIUA BEIIECTBEHHA U MO-
2KeT OBITH YeTHON UJIM HEYETHOMH IO Iie-
peMenHo# z. IlpaBuibHas 2Ke BOJIHOBAS
byHKUMA HyJIEBOrO MPHUO/IMKEHAS IJIs
JBUKEHUS YaCTULBI B IEPUOANIECKOM IIOJIE TIPEACTABIIAET CO00i CymMmmy

oo
ik
Yr(z) =C Y e**"o(z — an), (1)
n=—oo
rae C — HOPMHPOBOYHAS MOCTOSIHHAS (l'IpI/I cosure T — & + @ dra QyHKIUS

YMHOXKAETCsI, KAK M CJIEJOBAJIO, Ha e'7%),

ITumem ypaBuenus IlIpegunrepa

- Qﬁ—m (k) — U@)]go =0, ¥l + Qﬁ—m [0 — U)o =0,

YMHOKa€eM [IEPBOE Ha g, BTOPOE HA Pk, BBIYATAEM OWICHHO M HHTEIPUPYEM IIO
dz B nmpenenax or —a/2 no a/2 (puc. 13). 3ameuaeM, 4TO MOCKOIBKY MIPOU3BE-
nenust o (z)Yo(z — an) ¢ n # 0 ucuesaome Majbl BE34E, TO

a/2

/ Yr(z) Yo(z)dx ~ C.

—a/2
Haxomum
(k) — 0 = —1— [ghabs — vorh]_272.
2mC —a/2

Ilpu z = a/2 B cymme (1) qO/KHBEI GBITH COXPAHEHBI JMIIb WieHbl ¢ 1 = 0 u
n = 1, npudem ¢o(—a/2) = t1)o(a/2) B 3aBUCEMOCTH OT YETHOCTH WJIU HEUET-
Hoctu yHKIMHU Yo(x):

Yi(a/2) = Cio(a/2) (1 £ ™),
Yk(a/2) = Oo(a/2) (1 F €™);

aHAJIOTMYHBIM 00pa3oM, IpU T = —a/2 NOMKHBI ObITh COXPAHEHBI JIMIIb YJIEHB
cn =0wun=—1. B pesynprare nosyuum

e(k) —eo = :I:%z/m (g) g (g) cos ka.

Croma HaJIO MOJACTABUTDH 3HAYCHUS
a/2

1/2
o (5) = [m] €xp _%/ Ip(z)|dz |,

6 (£) =22 (2),
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T W — KJIACCUYECKAsA YaCTOTA KOieOaHuil 4aCTUIIBI B IME; Lo — TOYKA MOBOPOTA,
oTBevaomas sueprun 9. OKOHYATEIHHO:

a/2

a(k)—a()::l:@choska, D = exp —%/ |p(z)| dz
™
z0

Taxum 06pa3oM, KaxKaplil YPOBEHDb JHEPIUH E£(, OTBEUAIOIINN ABUKEHUIO YACTH-
LBl B M30JHPOBAHHON siMe, PACUIMPsieTcss B y3KYIO HOJIOCY (30HY) C IIMPHHOI

2hwD*/? /m, onpenensiemoii koaddunmenTom npoHuaeMocTd D noTeHIHAIBHO-
ro 6apbepa, pa3AeJsIoNero IBe sSMbl.

§ 56. BymmgHue BHEIHETO TOJIS HA JIBUKEHUE
3JIEKTPOHA B peEIleTKe

PaccmoTpumM faBuKeHME 3JI€KTPOHA IPHU HAJOXKEHUH HA PEIIET-
Ky mocrosiuaoro marauTtHoro mojis H. Eciou ucxomuts u3 rammiib-
TOHMAHA JIEKTPOHA B mepuomudeckoM mosie U(r) B KOODAUHATHOM

PEJICTABJICHUM: o
2m
(rme p = —iAV — omepaTop WCTHHHOIO HMMILYJIbCA), TO BBEJECHUE
BHEITHETO MArHUTHOTO TIOJIS OCYIIECTBJIAETCA OOBIYHBIM 06pa3oM:
~ 1 N e 2
H= " (p-°A) +U(), (56.2)
2m c

rae A(r) — BeKTOpHBINA HOTEHIWAJ HOJId. 33Ja49a, OJHAKO, Paiu-
KaJIbHO YIIPOITIAETCH — B CJAydae JOCTATOYHO CJIAOOro IOJIsSd — IIyTeM
epexoa K KBa3UUMITYJILCHOMY IPEICTABIJICHUIO.

Bsuay Gosibiioro pasnoobpasust B BO3MOXKHBIX BHIAX 30HHOM
CTPYKTYPBI JHEPTETUIECKOTO CIIEKTPA JIEKTPOHA B PEIIETKE YCIOBHUE
MAaJIOCTH BHEIIHETO TOJS MOXKET OBITh CHOPMYJIUPOBAHO B ODIIEM
BUJIE JIUIIb JOBOJBHO IPyObiM obpazom. [lycTh 3eKTpoH OO BKJIIO-
YeHUs [I0JIsl HAXOJUTCH B HEKOTOPOii onpeeseHHoi (s-it) 3one. O6o-
3HAYMM dYepe3 €) HAUMEHbBINYI0 U3 SHEPreTHYECKUX BEJUUMH,
XapaKTEPHUIYIOMUX ITY 30HY, — €€ XAPAKTEPHYIO MIUDPUHY WJIH PacC-
cTosiHME JO coceqHmX 30H (T. e. pasuocreil €5(k) — £4(k) mpu 3a-
JaHubIX k). JIns Toro 94To6bl MArHUTHOE II0JI€ MOYKHO OBLIO CYMTATDH
cabbIM, BO BCIKOM CIIydae JOJKHO BBITIOIHIATHCS YCIOBHUE

hwyg < g, (56.3)
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IJe «J1apMopoBa dacrotay wg~|e|H/m*e, a m*~hk/v — sabdex-
TUBHAsI Macca JI€KTPOHA ' ).

B orcyrcTBHE BHEmIHErO MOJIS TAMUJIBTOHHAH 3JIEKTPOHA B
pereTke B K-TIpeicTaB/ieHUU €CTh, KAK YK€ YKA3BIBAJIOCh, AUATO-
HasbHasg Marpuna ¢ atementamu £4(k). B mpumcyrcrBum moss
raMUJIBTOHHAH OyJeT comepKarTh Takxke W moreHmmain A(r) u ero
NPOU3BOAHBIE N0 KOOpAMHATaM — HampsikeHHocTh H (a B HeomHo-
POJIHOM TIOJIE — TaKXKe U JAJbHENIne MPOU3BOJHBIE OT HAIIPSYKEH-
HocTH); B k-mipencraBiienun GyHknus A (r) 3aMeHSIETCS OIEPATOPOM
A = A(7), toe T — oneparop (55.14).

[MoTennuman A(r) ectb Bospacraromasi (Jist OZHOPOJHOTO IO —
[0 JIMHEHHOMY 3aKOHY) (yHKIMsS KOOpAMHAT. BBuIy sTOr0 BO3pac-
TaHUs MOTEHIUAJ, NaXKe JJisi CIaboro mojisi, OTHIOAh HE SIBJISETCS
MAaJIbIM BO3MYIIEHUEM B TAMWJIBTOHMAHE HEOIDAHUYEHHOW CHUCTEMBI
(ss1eKTpOH B pemerke). VIMeHHO mosToMy yke ciraboe MarHUTHOE HO-
Ji¢ CyILICCTBEHHO MCHAET CBOMCTBAa NPOTAXKCHHOU CHUCTEMBI — IIpe-
BPAIAET HENPEPBIBHBIA CIEKTD B JAUCKPETHBIN (KBAHTYET YDPOBHH,
cM. §58). HampsizkensocTs ke cnaboro nonst (B OTJIMYue OT MOTEH-
[UaJa) IPUBOJUT K MAJIbIM IIOIPABKAM.

[Tokazkem, 9TO B NpEeHEOPEKEHUU STUMU IOMPABKAMU 3aBUCHU-
MOCTh TAMUJIBTOHUAHA OT TIOTEHIMAJIA TOJI MOYKHO BBISICHUTDL B 00-
IIEM BHJE UCXOAs W3 OJHHUX TOJBKO TpPeOOBaHMI KaJmOpPOBOYHOM
UHBApUAHTHOCTHU. [I0CKOIBKY MBI pACCMATPHUBAEM MOCTOSTHHBIE TIOJIS,
TO JOCTATOYHO HCIOIH30BATH MHBAPMAHTHOCTH YDABHEHUI OTHOCH-
TEJIBHO HE 3aBUCANIMX OT BPEMEHM IIPEOOPa30BaHUil TOTEHIMAJIA, W
BOJTHOBBIX (DyHKIHUiT BUIA

A A+ VY, 1/1—)1/Jexp(%f), (56.4)

rae f(r) — npousBonbHas dyukuusa koopauuar (cm. 11, (111.8),
(111.9)).

B ciiabom noste norernmast A (r) — MeaJIeHHO MEHSIOIAsCcsH Dy HK-
usi KoopauHaT. VMesi B BUy BBIsICHEHHE DOJIM 9TOM MEJICHHOCTH,
PaCCMOTPHM CHAYaJIa MPEAEJIbHBII CIydail IOCTOSHHOTO MOTEHIINAJIA:
A(r) = const = A (pasymeercsi, IOCTOSIHHBII TOTEHIUAN (DUKTH-
BEH — peaJIbHOe TI0jIe IIPU TOM OTCYTCTBYET, TAK YTO PEUb HJET
o dopmassHOM mpeobpasosanun). Ilepexom or A = 0 k A = Ay
9KBUBaJIeHTeH npeobpasosanuio (56.4) ¢ f = Agr; nosroMy BMeECTO

1) Bonee Tounoe ompeseienue qacToTH jJaercs Huxe dbopmysoit (57.7). Mas
IEKTPOHOB IPOBOAMMOCTH B Merajuie (cM. Huxke §61) xapakTepHble 3Ha-
uenusi k~1/a (a—mocTosHEAS pPemIeTKH); TONOXKUB Takke eo~h’/m*a®, maii-
zmeM, uro yciuosue (56.3) SKBUBAJIEHTHO HEDABEHCTBY TH >, TAE <«PAgUyC
opouTE TH~V/WH.
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ucxonubix (npu A = 0) cobcTBeHHBIX byHKIWMI

Pk = Uge’™™ (56.5)

cOOCTBEHHBIMU (DYHKIUAMH HOBOTO TAMHJIBTOHHAHA OyayT
ugk (r) exp {z (k + ﬁiAO) r} .
C

Orcrona BUAHO, 9TO AJ1s NPUAAHUS KBA3UAMILYJIBCY IPEKHET0 CMbIC-
Jia  (BEJMYUHBL, ONPEIEJISIONIel n3MeHeHue (pa3bl BOJHOBON (yHKIMM
IpY TPAHCIANUSAX ) Hamo nosoxkuTh k+eAq/hc = K; onpenesennyio
TakuM obpasom BenmumHy K MOKHO Ha3BaTh 0600UEHHBIM KEA3U-
umnysvcom. Torma HOBBIE COOCTBeHHBIE (DYHKITUHN 3AIUIITYTCH B BUIE

K
wsK = us,K—er/ﬁc(r)ez r’

a COOTBETCTBYIOIIWE UM 3HAYEHWs SHEPrum 3jeKTpoHa: £5(k) =
= e4(K — eAg/fic). Mbl MOXKeM Temepb yTBEPXKAATH, YTO LPU HE
HOCTOSIHHOM, HO MEJJICHHO MEHSIIOIIEMCS B IIDOCTPAHCTBE IIOTEHITHA-
se A(r) BonHOBbIE DYHKIMU «HYJIEBOrO» (110 HAIPSI?KEHHOCTH II0JIs )
npubsnxenus OyayT

Ysx = us,K—eA(r)/ficeiKra (566)

(mpuuem byHKIMY U, 6JATOHAPsS IEPEMEHHOCTH A, yKe He sIBJISIOT-
cs crporo nmepuopmdeckumu) ). ODuepruu xke £,(K — eA /fic) namo
paccMaTpuUBaTh TEIEPh KaK OMePaTOPhI, 00Pa3yIOIIue raMUIbTOHN-
an B K-nipeacrasnenvn. [Ipu 9T0M, B TOM Ke TPUOIMKEHUY, O, T
Ha10 noHUMaTh oneparop T = i0/0K, onycrus Bropoit uieH () B
onpenesiernn (55.14). JleficTBUTEIbHO, IPU BO3JEHCTBUYN HA BOJIHO-
By1o yHkImio oneparop 10/0K, 10 mopsiiKy BeJIMYMHBI, YMHOMXKAET
ee Ha «pa3Mep OPOUTBI» Tf7, BO3PACTAIOIINI TPU YMEHbBIIIEHUH TI0-
Jisl; PE3yJIbTAT YK€ BO3IeficTBUs omeparopa () Ha BOJTHOBYIO (DYHKIIUIO
TAKOTO BO3PACTAIOIINEr0 MHOKUTEJS HE COJEPXKUT. B 3TOM CMBICIIE B
caabom noste onepatop 2 mau mo cpasuenuto ¢ i0/0K. ITockonbky,

¢ apyroii croponsl, omeparop 0/0K nmaronaseH mo Homepam 30H,
TO OKA3bIBAETCHA JUATOHAJBHBIM U TAMUJIBTOHUAH.

1) Ecitu pasnosxurs dyakmun (56.6) 10 byHKI@sSM sk, TO B PA3IIOKEHHE BOii-
IyT, BooOWe roBopst, GyHKIuH ¢ pasaudsbiMu s. [loguepkHeM, OgHAKO, 9TO 3TO
OTHIOAb HE 03HA4YAeT PEaJIbHOTO NEPEXOJa B APYLYIO 30HY, a BBIPAXKAeT JIMIIb
H3MEHEHUE BOJIHOBOM (DYHKLUY IIOZ, BJIUSHUEM IOCTOSHHOIO IIOJIS; HAIIOMHUM B
9TOH CBA3H, YTO MOCTOSTHHOE II0JI€ BOOOIIE He MOXKET BBI3BATH PEAJIbHBIM [IEPEX0
C m3MeHeHHneM dHepruu. JIJis ysiCHEeHHS CUTyaluw CJIEAYyeT 3aMETHTh, 9TO XOTS
noste ¢1a60, HO CBSI3aHHOE C HUM U3MeHeHWe KjaccupUKaryu COCTOSHHMN (B TOM
YHCJIE COOTBETCTBUSI MEXKAY KBA3UUMILYJILCOM U SHEPrueii) 3HAUUTENbHO.
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TakuMm 006pa30M, MbI IPUXOAUM K DPE3yJIbTAaTy, YTO JBHUKCHHE
9JIEKTPOHA B PEIIETKE B ¢1IabOM MArHUTHOM IIOJI€ OLMCHIBAETCS Ta-
musbToHrasoM (B K-mpencrasiennun)

Hy=c (K- 2A®), t=i2 (56.7)
hic oK
(R. Peierls, 1933). B sToM npubivkeHun, CJIeIOBATEIBLHO, UMEETCS
HOJIHAS AHAJIOTHS CO CIIOCODOM BBEJECHWS MArHMTHOTO IIOJS B Ta-
MUJIBTOHUAH CBOOOIHON YaCTHILI B UMITYJIbCHOM HPEICTABJICHUN.
Beipaxenue (56. 7) €Ille He BIIOJIHE OIPEJIEJIEHO, TAK KaK He yCTa-
HOBJICH TIOPAZIOK JIfiCTBHA HEKOMMYTATHBHBIX ONEPATOPOB — KOM-

ITIOHEHT BEKTOPA k=K —eA /hc. O nomxeH GBITH OIpe/IEJIeH Tak,
9TOOBI 00ECIEeYnTh 3PMUTOBOCTh TaMUJIBTOHHAHA. DTOTO MOXKHO,
B IIPUHINIE, BCETIA JOCTUYb, IIPEICTABUB [IEPUOUIECKYIO (B o6paT—
Hoii pemerke) dyukumio £,4(k) B Bune psga Pypwe

k) =) Agne™® (56.8)

(cymMupoBaHME IO BCeM BEKTOpaM a mpsiMoii pemerku). Ilocie

samensl k — Kk B mokaszaresie KarxkIoro djeHa 9TOr0 psja Oymer
CTOSATH TOJBKO OAMH OmepaTop (mpoekuusi BeKTopa A Ha a), Tak 4To
BOIIPOC O TIOPSAJIKE JEHCTBUS HE BOZHUKAET — BCE CBOJUTCH K CTEIIE-
HSM 9TOr0 OJHOTO OmepaTopa. Tako#l Crmocod «IpMUTH3ANUUY, KO-
HEYHO, HE equHCTBeH. CyYIECTBEHHO, OHAKO, YTO PA3HUIA MEKIY
Pa3JUYHBIME CIOCODAME JIEXKUT 33 IPEJE/IaMH PacCMATPUBAEMOrO

IpUOJIMKEHHsI, TTOCKOJIBKY KOMMYTATOPBI OIEPATOPOB km, ky, kz, B
9TOM TPUOJIVIKEHUH TPEICTABJIAIOT COOON MaJible BEJIWYMHBI. Tak,
ISl OJTHOPOJIHOTO TIOJIst onepaTop

3 8 = 7 [ ] (56.9)
HpﬂMbIM BBIYHUCJICHUEM JIETKO H&ﬁTI/I, qTo KOMMyTaTOpr
koky — kyk, = o (56.10)
C

MIPOIIOPIINOHAJIBHEI MaJjIoll HampsizkeHHocTH H.

Omneparopsr T = 10/0K u K = K umeror Te ke npaBujia KOM-
MyTaluu, YTO U KOODAMHATHI M OOODOIIEHHBIE MMITYJIBCHI «CBOOO-
HoOii» (6e3 pemterku) dacTunbl. EcrecTBEHHO OTOMY, YTO BBIYHCIIE-

HUe KOMMYTATOPOB omepaTopoB T u K ¢ raMujIbTOHMAHOM TIPUBOIUT
K OIIEpATOPHBIM YPaBHEHUAM

(56.11)
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UMEIOMMM BHUJ, OOBIYHBIX ypaBHeHuil ['aMuibroHa (mJis BBIYHCIIE-
Hus — cM. dopmyasl (16.4), (16.5)(cm. III)).

CuoBa moBTOpHM, uYTO ramMmibTOHHaH (56.7) sBisiercs mpu-
OJIMKEHHBIM B TOM CMBICJIE, UTO B HEM OTODOIIEHBI BCE YJIEHBI,
3aBucsiue oT HampsikeHHocTr H u He comeprkatme GOIBITUX MHO-
KUTeJel — MOPSIKa BeJMINHBI Pa3MepPOB opbuTht 7f. B ciemyromux
OpUOJIMKEHUSIX OTBET TOXKE MOXKET OBITH TPEJCTABJIEH B BHUIE

Hekoroporo addexrusnoro ramunsronnana Hy(K — eA/hc, H),
JINArOHAJBHOTO TI0 HOMEPAM 30H, HO YK€ HE BBIPAXKAIOIIETOC YePe3
omuu TobKO (yHKIWU £5(k) ).

B npenebpexkenun CnuH-OpOUTAIBLHBIM B3aUMOACHCTBUEM, yUET
CIIMHA 3JIEKTPOHA MPUBOAUT B TAMUJILTOHUAHE K MOSBJICHUIO OObIY-
HOTO YJIEHA, OMMCBHIBAIONIETO B3aUMOIEHCTBUE MATHUTHOIO MOMEHTa,
c nosiem: —3oH, rne o — marpurnst [laynu, a 8 = | e |h/2mc — mar-
weroH Bopa. Eciau kpucrtamn objiagaer meHTPOM WHBEPCHUH, CIUH-
opbuTAIbHOE B3aMMOIECHCTBUE TOJIBKO MEHSET MATHUTHBIA MOMEHT
9JIEKTPOHA, TAK YTO B3aMMOJEHCTBHME CIMHA C MATHUTHBIM IOJIEM

nprobpeTaeT BUJ,
—BoiHp&ik (k). (56.12)

JleficTBUTENIFHO, B 3TOM CJIy4Yae TaMUJILTOHUAH JIOJIKEH OBITH
MHBAPUAHTEH MO OTHOIIEHWIO K OJHOBPEMEHHBIM OIEPAIUAM 00-
pareHus BpeMeHW W uWHBepcuu. llpm sTOM mpeobpa3oBaHMM HAJIO
sameauts H— — H u o0— — o npu nemsmennom k; (56.12)
SBJISIETCS OOIINM BBIPAYKEHUEM, YIOBJIETBOPSIONIAM TTOCTABICHHOMY
rtpeboBanmio. Teuzop &;x(k), pasymeercs, Heib3si BBIYUCIUTD B
obIIIEM BHIIE.

Haxkonerr, ocTaHOBMMCA HA TOBEJEHUU 3JEKTPOHA MPHU HAJO-
KEHUU HA pemeTKy cjaboro ajiekTpudeckoro mosis E. YcioBue
cab0OCTH O3HAYAET, YTO IHEPrus, mproOpeTaeMasi JIEKTPOHOM B
[oJIe HA PACCTOSHUU ~ @, MaJIa 10 CDABHEHUIO C XapaKTEPHOHN HEP-
rueii g : |e|Fa < €p.

Kak u B ciiygae MarauTHOTO I0JIst, HAHOOJEEe BaXKHYIO POJIb WT-
PAIOT WIEHBI, COAEPIKAIINE BO3PACTAIOIIYO (DYHKINIO KOODAUHAT —
CKAJISIPHBII [OTEHIMAJ JIEKTPUYIECKOro moist ¢(r). 3aBHCHMOCTD
TraMUJIBTOHUAHA OT (9 MOYKHO CHOBA, BBISICHUTH B ODIIEM BHJIE UCXOJS
n3 coobparkeHuil, aHAJIOTUYHBIX WCIOJb30BAHHBIM BhIme. JleficTBu-
TEJILHO, BKJIFOUEHNE (DUKTUBHOTO MOCTOSHHOTO MOTEHIMANA (0 = (o
SKBUBaJIeHTHO B ypaBHeHmn lllpenuurepa mo6aBiIeHWIO K SHEPTAN

1) Ipocroit mpuMep BLIYHCIICHNUS TIOMPABOYHOTO WwieHa 6yaer nau B § 59. Maso-
2KCHUE PEryJjidpHOro METOAa IOJyICeHUd 'aMUJIbTOHHMAHA B BUAEC pAla IO CTEle-
uaMm H, a Takke obuue BhIpaXKeHus IEPBBIX YIEHOB 9TOrO PAAa JAHBI B CTATbIAX:
E. I Blount // Phys. Rev. 1962. V. 126. P. 1636; Solid Stste Physics. 1963. V.
13. P. 306. Ormerum, 49TO ecjiu KpUCTAJLI OOJIaNAaeT LWEHTPOM WUHBEPCHUM, DS

HaumHACTCH C wieHor mopsaka H (cw. §59).
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IIOCTOSIHHOT'O CJIAraeMOT0 €y(; TAKOe claraeMoe n00aBUTCA U KO BCEM
cobcrBeHHBIM 3HaueHUAM €5(K). [Ipu HemocTosHHOM 2Ke, HO MeZJICH-
HO MEHSIONIEMCSI B IIPOCTPAHCTBE HOTeHImase ¢(r) aHAJOTUYHBII
ONIEPATOPHBIN WieH H00aBigeTcd K 3P HEKTUBHOMY TaMUILTOHUAHY
B k-nipeicTaBiennn:

H, = e,(k) + ep(F). (56.13)

§ 57. KBasmkiiaccnaeckne TPaeKTOpUH

[IpumenuM mosIyYeHHBIE B IPEABIAYINEM maparpade pe3ysIbTaThl
K BasKHOMY CJIy4alo, KOIJla JBUXKCHUE JIEKTPOHA B MAarHUTHOM ITI0JI€
KBa3UKJIACCUYHO. YCJIOBUE KBA3UKJIACCUIHOCTH COCTOUT, KAK M3BECT-
HO, B MaJIOCTH U3MEHEHUs e-OpOIeBCKON MJIMHBI BOJHBI YaCTHUIIHI
Ha PACCTOSIHUAX HOPSIKA €€ caMoil. B maHHOM Ciiy4ae 9TO yCJIOBHE
9KBUBAJICHTHO HEPABEHCTBY

TH > A (57.1)

— paauyc KpUBHU3HBI OPOUTHI BEJAWK IO CPABHEHWIO C JJINHOM
BOJIHBL A ~ 1/k1).

B KBa3uKIIACCHYECKOM CJIydae MMEET CMBICI IOHSTHE TPAEKTO-
pun uactunpl. OHA ONpenesIsieTCs YPABHEHUSIMU JBUXKEHUs, MOJLY-
varomumucd u3 (56.11) 3aMeHOl OmepaTopoB COOTBETCTBYIOUIUMU
KJIACCUYECKUMU BEJIMUUHAMU:

ﬁ,K=—a—H, v=a—H, H=5(K—3A(r))
or hOK hc

(uHIEKC $ IS KPATKOCTH OIlycKaeM). Packpoem aTu ypaBHeHus!, BBe-

I BMeCTO 0606miennoro KBazuuMmmyiabca K «kuneTmdeckuit kBa3u-

UMITYJIBC» e
k=K — —A(r).
hc
meem
Rk | cdA() _ _OH _ e 04
dt c dt or c ' or’

Hanucas 3nece dA /dt = (vV) A u 3amerus, 410
(v;V)A; — (VV)A = [vrot A] = [vH],

1YBro ycnosme, BOOGIIE TOBOpSs, Gosee cumbHOE, Yem yciosue (56.3). Ho
ecim k~1/a (kaKk 3TO MMeeT MeCTO JyIsi JIEKTPOHOB IIPOBOAMMOCTH B Me-
Tase), To 06a YCIOBHSL COBHANAOT W (DAKTHYECKH BCEr[a BbINOIHSIOTCS:
upu rg~chk/|e|H~ch/ale|H ycnoBue ry>>a NPUBOAUT K TPEGOBAHUIO
H < chi/|e|a®~10% —10°3.
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MIOJIyYUM yPaBHEHUE JIBUXKECHULA

hdk _ e vy, v=20
dt c h ok

DTO ypaBHEHHE OTIMYAETCS OT OOBIYHOTO KJIACCHYECKOTO yPaB-
Henus Jlopenna jumb apyroii 3asucuMocTsio €(k): BMecTo mpocToi
KBAJPATUYIHONW (DYHKIMU MBI MMEEM JIEJIO CO CJOXKHOM Meprommde-
cKO# (pyHKIIHEN; COOTBETCTBEHHO CJIOXKHOM NEPUOAUIECKOH (DyHKITH-
el siBisiercs u 3aBucuMocTb V(k). 9T0 06CTOATENHCTBO NPUBOIUT,
€CTECTBEHHO, K CYIIECTBEHHOMY WM3MEHEHUIO XapPAKTepa BUKCHUS
9JIEKTPOHA.

PaccmoTpuM BUKEHME JIEKTPOHA B OZHODOAHOM MATHUTHOM
nosie. YMHOXKUB ypasHerue (57.2) Ha Vv, HaiizeM OOBIYHBIM 06Gpa-
som: Aivdk/dt = de/dt = 0. Ymuoxus xe ypasrenue (57.2) na H,
naitnem, uro d(Hk)/dt = 0. Takum o6pa3oM, P JBUKCHHUU JIEK-
TPOHA B PEIeTKe, KAK W NPHU JBUXKEHUHW CBOOOIHOTO 3JIEKTPOHA B
MArHATHOM TOJIE:

(57.2)

€ = const, k, = const (57.3)

(ocb z — B Hampasienuu monst H). Pasencrsa (57.3) ompenessitor
TPaeKTOPHIO AIEKTPOHA B k-mipocTpancTBe. ['eomerputiecku sta Tpa-
€KTOpUs TPEJCTABISLET CODON KOHTYD CEUEHHsI H309HEPreTUIECKON
nosepxuocTr (k) = const IIOCKOCTBIO, IEPHIEHAMKYJISPHON Mar-
HATHOMY TIOJIIO.

W3osHepreTudyeckue MOBEPXHOCTH MOTYT MMETHb CaMYIO Pa3HOO00-
pasuyio ¢popmy. OHE MOTYT COEpPKATh (B KaXK10ii siuefike 06paTHOl
PEIIETKY ) HECKOJIBKO He CBA3aHHBIX JPYT C APYTOM JIMCTOB. DTH JIH-
CTBI MOTYT OBITH OJTHOCBSI3HBIMU HJIU MHOTOCBSI3HBIMU, 3aKPBITHIMU
WU OTKPBITHIMU. JIJIs1 ySCHEHUS IOC/IETHETO PA3Indnsd yI0OHO pac-
CMATPUBATDL M309HEPIETHUECKYIO IOBEPXHOCTD, IEPUOIUIECKU IIPO-
JOJXKEHHYIO 1O Bceil obpaTHO¥ pemreTke. B kaxmoit adeiike 6ymyT
HAXOAUTHCHA OOUHAKOBBIE 3aMKHYTBIE TIOJIOCTH, & OTKPBITHIE ITOBEPX-
HOCTY TIPOXOZSAT HENPEPHIBHBIM 00Pa30M depe3 BCIO PEIETKY, YXOAd
Ha GECKOHEYHOCTD ).

Ceuenng M309HEPTETUIECKON MOBEPXHOCTH CKJAIBIBAIOTCH W3
0EeCKOHEYHOT0 MHOXKECTBA KOHTYPOB. C0Za OTHOCATCH KaK KOHTY-
PBI CE€UEHUS PA3IUYHBIX JINCTOB M309HEPTETHIECKOH MOBEPXHOCTU B
mpeesax OMHON s4eiiku OOpaTHON pEeIeTKH, TaK U KOHTYDBI ceve-
HUsl JIUCTOB, TOBTOPSIONIUXCA B PA3JIUYHBIX sdeiikax. Kcim Jjmct
M309HEPTeTUIECKON IIOBEPXHOCTH 3aMKHYT, TO M BCE €r0 CEUCHUS

1) Ormerum, Bo u3berkanue HeJOPa3yMEHHIA, YTO MOXKET OKA3ATHCH HEBO3MOK-
HBIM BBIOPATH sT9€iKy 0OpaTHOM PEMETKN TAKUM 06pa30M, YTOOBI BCE CYLIECTBEH-
HO pa3/iu4HbIE (T. €. He SBJISIOMMECS [EPUOAMIECKIMYU IOBTOPEHUSIME) 3aMKHY-
ThIE HOJIOCTH OBLIN PACIOJIOXKEHbI BHYTPU OAHOM sideiiku 6e3 Toro, 4Tobbl OBITH
pacCC€ICHHBIMU €€ I'DAHAMU.
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MPEACTABIAIT cOOO0M 3aMKHYTHIe KpuBble. Eciam ke JIMCT OTKPBI-
TBIf, TO €r0 CEYEHUs MOTYT OBITH KAK 3aMKHYTHIMH, TAK W OTKDBI-
THIMU (T. €. HENPEPHIBHO IPOIOJIKAIOIIUMACS 9epe3 BCIO OOPATHYIO
PEIIETKY).

KBa3uknaccuIHOCTD JBUKEHUS MIOIPA3yMEBAET TAKKE U MAJIOCTh
BEPOATHOCTA MA2HUMHO020 NPOOOA — CKAIKOOOPA3HOTO M3MEHEHUS
KBa3WUMITYJIbCA JIEKTPOHA C IEPEXOIOM €r0 C OZHOTO KOHTYpa HA
Ipyroii (K yCJIOBHIO ITON MaJIOCTH MBI BEDHEMCs B KOHIE Mapa-
rpacda). B mnpenebpexxeHnn 35TO# BEPOSATHOCTHIO, CJICJOBATEIBHO,
9JIEKTPOH JIBUKETCH JIWIIH IO OJHOMY KOHTYDPY CEUYCHHS M309HEp-
TeTUYECKON ITOBEPXHOCTH.

PaccmoTrpum Gostee monpobHO IBMKEHUE TIO 3aMKHYTBHIM TPacK-
TOPUSIM B KBAa3WUUMILYJILCHOM MPOCTPAHCTBE. Takoe ABUKEHHUE, OUe-
BUJIHO, TIEPUOINYHO BO BPEMEHU; OMPEJIEIUM €r0 TEPUOJ.

[Tpoenupys ypasHenue (57.2) Ha NEPIEHANKYIISAPHYIO MOJIIO TLIOC-
KOCTb kyz, ky, momydum

dly _ |elH Y AC R
@ e VETVET Y
rue dly, = /dk2 + dk,g — aytemeHT JymHbL K-opbuTthl. OTcomna

[
lelH

Eciu TpaekTopusi 3aMKHYyTa, TO NIEPUOM, [IBUKEHUs JAETCS WHTE-
rpaJioM

ch dl_;c
le|H

B34THIM II0 BCEMY €€ KOHTYDPY. DTO BBIPaskKeHHE MOXKHO IIpeobpaso-
BaTh K OOJiee HATJISIHOMY BUIY CJIETYIOIIMM 0ODPa30M.

Beenem mwiomans S(e, k) cedeHnst N309HEPreTHUECKON IOBEPX-
HOCTH € = const miockocTeio k, = const. [llupuna Kojbla B 3TOi
IJIOCKOCTH MEXKy KOHTypaMu € = const u £+de = const coctaBiisgeT
B KaXKJO0U €ro TO4YkKe

, (57.4)

de_ de
|8€ / ok J_l hiv 1 ’
TaK 4YTO ILJIOIIadb 3TOI'O KOJIbILA

dS = de Sﬁd’k.

Orcrona BugHO, yro uHTerpas B (57.4) npexncrasisier coboit He 4TO
UHOE, KaK 4acTHYIO npou3Bonayio 0S/0e. Takum obpasom, mepuo,
JBUXKEHUS
ol 8S(e, k2)
le|H o

(57.5)
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(W. Shockley,1950). 3nech eCTECTBEHHO BBECTH BEJIUUUHY
«_ K0S
m'= =,
2m Oe
KOTOPYIO Ha3BIBAIOT UUKAOMPOHHOT MACCOT IJEKTPOHA B DEIETKe.

YacroTa obpaieHusi 3JIEKTPOHA IO OPOWUTE BBIPAXKAETCH YEPE3 ITY
BEJIMYMHY COIJIACHO popMyJie

wy = |e|H/m"c, (57.7)

OTJIMYAOIIENCS OT U3BECTHOM (POPMYJIBI [JIsi JIAPMOPOBOM YaCTOTHI
cBOGOIHBIX IEKTPOHOB 3aMEHON MX Macchl Ha m*').

[TomuepkueM, OTHAKO, UTO B CJIyYae JIEKTPOHOB B PEIIETKE ITUK-
JIOTPOHHAS MAaCCa — HE TMOCTOSIHHAS BEJIUYWHA, a QYHKIUS € U kK,
TaK YTO OHA PA3JIMYHA JJId PA3HBIX JIEKTPOHOB. OTMETHM TakKe,
9TO 3T BEJIMYMHA MOXKET OBITh KaK IOJIOXKUTEJILHOM, TaK W OTPH-
[ATEJILHOM; B TEPBOM CJIy4Yae 3JIEKTPOH IBUXKETCS MO OpOWTEe Kak
OTPHUIATEILHO 3aPs’KEHHAs!, & BO BTOPOM — KaK TOJIOXKUTEJHLHO 3a-
psiXkeHHas YacTuna — AbIpKa. COOTBETCTBEHHO 3TOMY TOBOPST 00
INEKMPOHHBIT U OBIPOUHDILT MPLEKTNODUAL .

Jlo cux mOp MBI TOBOPWJIA O TPAEKTOPHUH JIEKTpoHA B K-mpo-
crpaHcTBe. JIerko BHWAETH, OMHAKO, YTO CYIIECTBYET TECHAsl CBS3b
MEX/Iy TPAeKTOPUAMU B KBA3UUMITYJIbCHOM M OOBIYHOM TPOCTPAH-
crBax. YpaBHeHue aBukeHus (57.2), mepenucaHHOe B BHUJIE

(57.6)

hdk = — 'l [grH],
c

[OCJIe MHTErpUPOBaHus (M HaJJIEXKAIEero BbIOOpa Hadaja OTCUeTa
KOODJIMHAT I' U KBa3UMMILYJILCOB K), maer

Fk = —%[rH]. (57.8)

OTcroma BUAHO, YTO ZTY-TIPOEKIWSA OPOUTHI B OOBIYHOM IIPOCTPAHCTBE
IO CYIEeCTBY MOBTOpsieT K-TpaeKTopumio, OTIMYasCh OT HEE JIWIIb
OpHeHTAIMel U MacITaboM: IepBast MOJIYy9aeTCd U3 BTOPOi 3aMeHOi

H le|H
k %—& ky > ———=.
a: hc Y Y hic

Kpome TOro, B OOGBIMHOM TPOCTPAHCTBE UMEETCS JBUKEHUE BIIOJH
OCH 2z CO CKOPOCTBhIO U, = O /h Ok,. Eciu Tpaekropus B k-mpocrpas-
CTBE 3aMKHYTa, TO B OOBITHOM MPOCTPAHCTBE OHA TIPEJICTABJISET CO-
60it cmupaJIb ¢ OCHIO BJIOJIH HAIPABJIEHUS 051, FKcim yke TpaekTopus

1) last cBOBOMHOTO 3JIEKTPOHA H30IHEPTETHUECKAs TOBEPXHOCTH — cdepa
€ = h’k®/2m. Ee ceuenus — kpyru ¢ mromanpio S = m(2mefi~? — k2), Tak uro
npoussonuas 98/0e = 2rm /A2 u m* = m.
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OTKDBITas, TO OTKPHITA TAKXKE U MPOEKIHS TPAEKTOPUHU HA IJIOCKO-
CcTU Y B OOBIYHOM IIPOCTPAHCTBE, T. €. ABUKEHUE B 3TON IJIOCKOCTH
MHOUHATHO.

CkaxkeM eIe HECKOJIBLKO CJIOB O KBAa3WKJIACCUYECKOM IBUIKE-
HUM 9JIEKTPOHA IPU HAJIOKEHUU HA PEIIETKY HOCTOSTHHOTO OHOPO/I-
HOTO eKTprydeckoro nojisa K. V3 KBa3uKIacCH4ecKOro ypaBHEHUS

ik = eE
e k= ko + 2t (57.9)

3 3akoHa Ke coXpaHEHUS YHEPIUU UMEEM
e(k) — eEr = const. (57.10)

Ho sueprus (k) mpoberaer 3HadeHust B KOHEYHOM HHTepBaje Ag
(mupuHa 30HbI); mosToMy 13 (57.10) cieayer, YTO ABUXKEHUE JIEK-
TPOHA B OZHOPOZHOM 3JIEKTPUYECKOM mojyie bu-
k HUTHO BJOJIb IIOJIA: JIEKTPOH COBEPINAET B ITOM
v HampasjleHnu Kojebanus ¢ ammuTynoit Ae/|e|E.
Ecnu mosie mapannensHo KakoMy-jaubo mepmoay b
sk 0OpaTHOl PpEIeTKH, TO IBHKEHUE IEPUOTUIHO C
qacroToit w = 27|e|E/hb; mpu b ~ 1/a umeem
hwg ~ |e|Ea. B obmem cirydae IpOu3BOIBHOIO Ha-
HpaBJIEHNs [OJIsl JBUKEHNE KBA3UIIEPHOAUIHO.

Haxkowner, ocTraHoBuUMCS Ha YCIOBUU BO3MOXK-
HOCTH TIpeHeOpedh YIOMSHYTHIM BBIIIE SBJICHUEM
Pnc. 14. MarHATHOTO 1pobos. BeposaTHOCTE mepexoma ¢ ox-
Hoit TpaekTopuu (B k-mpocrpancTBE) Ha IpyTYIO,
€CTECTBEHHO, BEJINKA, €CJIA ITH TPACKTOPHUH TIE-TAOO0 TOAXOAAT AHO-
MaJIbHO 6JIM3KO APYT K apyry. Takasg cuTyanus BO3HUKAET B CIIyYae,
KOT/Ia TPAEKTOpHsI OJIN3KA K TPACKTOPUH C CAMOIIEpecedeHneM, Jubo
€CJIN TPAEKTOPHS MPOXOIUT BOJIM3N TEPECEUEHUsT JBYX JINCTOB M30-
9HEPreTUYECKON MOBEPXHOCTH (T. €. BOJM3U TOYKM BBIPOXKIEHWS ).
Tunwunas KapTHHA TPACKTOPUN B TAKWX CIydYasdgx M300pakeHa HA
puc. 14; pa3pwiB §k MeXIy TPACKTOPUAMYU MaJl IO CPABHEHUIO C Xa-
PAKTEPHBIMHU pa3MepaMu OpOUT B IEJIOM, & PAIUyC KPUBU3HBI Ry
TpaeKTOpuil BOJU3U TOUEK WX MAKCUMAJBHOTO COJIMXKEHWS IO TI0-
PAJIKY BEJWYHMHBI COBIAIAET, BOOOIE TOBOPs, ¢ 0k. [lepexon ¢ omuHoM
OpOUTHI HA APYTYIO MPOUCXOIUT ITyTEM KBAHTOBOT'O TYHHEJIUPOBA-
HUsl. BeposTHOCTH 3TOro mpomecca Majia (IKCIOHEHIMAJIBHO), eCJIn
0k BeMKO MO CPaBHEHUIO ¢ paccTosgHueM Ak,, Ha KOTOPOM 3aTyXa-
€T BOJIHOBas (DYHKINS B KIACCUIECKN HEJOCTYTHON 00JIaCTH MEXKITY
TPAaEKTOPUSMHU.
Ornesky Ak; MOXHO TOJIyYUTH, BOCIIOJB30BABIIUCH AHAJIOTHEH
MEXy JBUXKEHUEM 3JIEKTPOHA B MATHHTHOM TIOJie W OIJHOMEP-
HBIM JIBUJKCHHEM B HEKOTOPDOM MOTeHImajbHoM nose U(z). Drta
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aHAJIOrWsl OCHOBaHA Ha TOM, uro coryacHo (56.10), omepaTopsr

q = kyhc/le|H u p = hky yZOBIETBOPAIOT NPABHUIY KOMMY-
TAIlAU, COBIAJAIONIEMY C TMPABUJIOM KOMMYTAIIUU KOODIAWHATHI U
nMIyJbca. BOym3u TOUeK MaKCHMAJIbHOTO COJIMXKEHUS TPACKTOPUU
napaboJIMYHbl; UM aHAJIOTMYHA mapabonudeckas dasosas (z, p)

TPAEKTOPUsI OJHOMEPHOIO ABMKeHHsI B oxHopoxsoM mosie (U =
= —Fz), ypaBHenume koropo#t p2/2m = Fx (ecim KoopmmHAaTa T
OTCUMTBHIBAETCH OT TOYKYM OCTAHOBKM). B mociemHeMm ciydae BOJI-
HOBasi (DYHKIMS 3aTyXaeT 3a TOYKON MOBOPOTA HA DPACCTOSHUM
Az ~ (B2/mF)'/3 (cm. 111, § 24); BBens pammyc KpuBu3HBI (hasoBoil
tpaekTopuu R ~ (d?z/dp?)~' ~ mF, namumem Az ~ (h2/R)Y/3. Tlo
yKa3aHHON aHaJoruu uckoMoe Ak, MOXKHO IIOJIyYUTh IIyTeM 3aMEHBI
Az — heAkg/le|H, R — Ryih|e|H/c. Takum o6pa3omM, Haxomum
Ak, ~ (|e|H/Hc)?/® (6k)~'/3, u ycnosue Ak < §k npurmmaer Buz

|e|H/hc < (6k)2. (57.11)

§ 58. KBasmkiiaccmdeckue ypOBHM SHEPTHU

M&I BuIe/ M, 9TO KJIACCHYECKOMY IBUXKEHWIO JIEKTPOHA B PEIIIET-
K€ B MAarHUTHOM IIOJI€ 110 3aMKHYTOM TPAeKTOPHUHU B K-TIpocTpaHCcTBe
OTBeYaeT B OOBIYHOM IIPOCTPAHCTBE JIBUXKEHUE, (DUHUTHOE B ILJIOC-
KOCTH, MEPIeHIuKYJIsApHO Hanpas/enuto mojas H. [Ipu nepexone
KBAHTOBOM MEXaHUKE 9TO IPUBOANT K BO3HUKHOBEHHUIO JUCKPETHBIX
YPOBHEN SHEPIUM IIPU KAXKIOM (PUKCHPOBAHHOM 3HAYEHUU IIPOI0JIh-
HOTO KBa3UUMILYJIbCA k,. DTU YPOBHU OIMPENENIAIOTCS ODIMUMHU Ipa-
BUJIAMU KBa3UKJIACCUYECKOI'O KBAHTOBAHUSI.

Bribepem BEKTOPHBIHM HOTEHIMAJ OTHOPOJIHOIO MATHUTHOTO IIOJIS
(HampaByieHHOTO BIONB OCH 2) B Bume A, = —Hy, Ay = A, = 0.
Torma KOMIIOHEHTHI 06OOIIIEHHOTNO KBA3UUMITYJIHCA,

Kp=ho+ oy, K=k, K=k (58.1)
Ci

Koopanuata © siBjsieTCs IUKINYECKOH MEPEMEHHOM, U MOITOMY -
KOMIIOHEHTa 00ODIIEHHOTO KBA3UUMITYJIHCA COXPAHIETCS:

Ky = ky+ |iﬁ|Hy — const. (58.2)
Ci

CoryiacHo mpaBuily KBaHTOBaHusi Bopa—3ommepdenbaa (cm. 111,
§ 48), nmmmem ycsoBue

1 —_—
o ‘ 9§Ky dy‘ =n, (58.3)
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I7le HHTErPUPOBAHUE PACIPOCTPAHEHO IO TEPHUOAY JBUMKEHUS, 8, 7, —
1eJI0€e TIOJIOKUTENIbHOE YHCI0, npeanosaraeMoe GoibmmMm ). Tloz-
cTaBuB cioaa, corsnacHo (58.1), (58.2), Ky=ky u dy=—(ch/| e |H) dk,,

MIOJIy 9UM
ch
— ky dk
2| e |H ‘9§ v

TJe Temepb WHTErpaJ Oepercs Mo 3aMKHYTO# TpaekTopuu B k-mipo-
CTPAaHCTBE. DTOT MHTErPAJl — HE YTO WHOE, KAK OXBATHIBAEMAs TPa-
eKTOpHuel MIOMAab, T. €. BBEACHHAS B IPEIBIIYIEM maparpade mio-
maas S(e, k,) cedeHUs] M309HEPreTUUECKON IIOBEPXHOCTH IIJIOCKO-
cTbio k, = const.

Takum 06pa3oM, OKOHYATEJIHHO HAXOIUM

(58.4)

lelH
ch

(. M. Jlupuwuy, 1951; L. Onsager, 1952). DTuM ycIoBHEM U OLpE-
JICJISIIOTCS. B HESIBHOM BHJIE YPOBHU SHEPrud &y, (k). Takum obpazom,
SHEPreTUYECKas 30HA (HOMED S KOTOPO# MBI JJisi KDATKOCTH HE BBIIIH-
CBIBAEM) PACIaJaAcTCs Ha AUCKPETHBIH psaf nodson Jlanday, Kaxnas
73 KOTOPBIX TPEJCTABJISAET CODOi MOJIOCY yPOBHEH IHEPTUu, OTJIHU-
YAIOIIMXCs 3HAYEHUEM HENPEPHIBHON MepeMeHHO k.

Kak m3BecTHO, KBa3UKJIACCUIECKOE YCJIOBAE KBAHTOBAHUS MOXKET
OBITH YTOYHEHO BBEJEHWEM TOMPABKM, CBOALAIIEHCH K MIpuOaBJe-
HUIO K OOJIBIIIOMY KBAaHTOBOMY UHCIY 7 UHC/IA TOPSIKA €IWHUIIHI.
Ompenenenne 3TOM MOMPaBKU TPeOYeT PACCMOTPEHWST JBUKEHUS
BOJIM3U «TOYEK OCTAHOBKWY, OIDAHUYUBAIONIUX O0JIACTH HHTETPU-
posanus B (58.3).

3asucumocts Ky = ky OT y Ha TPaeKTOPHHU JIEKTPOHA OIIpEic-
JISIETCH YPaBHEHUEM

S(e, ky) = 2n—— (58.5)

ek)=¢ (K lelHy, ky, k ) = const (58.6)

npu 3aJaHHOM 3HadeHuu k, u npu K; = const; Touka OCTaHOB-
KA § = Yo ONPEIENIAETCS YCJIOBAEM OOpAIleHHs B HyJIb CKODOCTH
= Oe/hok,. Bbimsu stoit Touku passoxkenne ypapHerus (58.6)

1) Ilpu nBmkeHun B OZHOPOSHOM MArHUTHOM IOJIE€ aAuabaTHIECKUM HHBAPU-
aHTOM, HE 3aBUCSIIAM OT BbIOOPA BEKTOPHOT'O MOTEHIMAJIA, SIBJSETCH WHTETPAJI

% f K. dr, rne K; — npoekiusi 00600IIEHHOr0 KBa3UUMILYJIbCA HA IJIOCKOCTb,
neprnesgukyaspryo momo (cp. II,§21). Ilpu caenansHoMm BeIGOpe A HHTErpas
f K,dx = K, f dz = 0, Tak 4To aamabaTudyecKuii NHBAPHAHT COBIIAJAET C WH-
rerpasiom B (58.3).
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IO CTENEHSAM Y — Yo JAET

|elH ( o B 18_25) EEARY I
I (2) w0+ 5 (22) (=) =0

rae kyo = ky(yo). OTcrona BumHO, 4TO NPHO/IMKEHUE K TOUKE OCTa-
HOBKH IIPOUCXOIHUT O KOPHEBOMY 3aKOHY

ky — kyo = £AVY — w0
(M1 OLIPEIENIEHHOCTH CUUTAECM, 9YTO KJIACCHYECKH HEIOCTYIHAS
obsactb siexkuT npu y < yo). Ho 970 — TOT caMblil 3aKOH, K KOTO-
POMY OTHOCHTCsl OOBIUHBIH BBIBOJ MOUPABKY B KBAa3WKJIACCUIECKOM
kBanToBanuu (cm. III,§47,48). Yrounennoe npasmio (58.5) umeer,
CJIEZI0BATEIILHO, BUJL

o |e|lH 1
S(e, k;) =27 - (n + 5) . (58.7)

Kak 970 sicHO u3 BbIBOIa (OCHOBAHHOIO Ha PA3JIOKEHUU (DyHKIUN
(58.6)), misi CIpaBeLIMBOCTH YTOYHEHHOIO IIPABUJIA KBAHTOBAHUS
HEODXOIMMO, UTOOBI TPAEKTOPHS IIPOXOIMJIA B JOCTATOYHOM yIajie-
HUE OT 0co0bIX ToueK yHkuuu €(k) (B TOM Uncie OT KOMIJIEKCHBIX
To4ek BeTBJeHus ). Heobxoqumo Takxke, 9T00bI HUTE BOIU3U TPAEK-
TOPHUM HE HAPYIIAJIOCH YCJIOBUE KBA3UKJIACCAYHOCTH (B YACTHOCTH —
He ofpamaiach B HyJb I, y-Ipoekius ckopoctu Jc/0k) ). Hako-
HEll, Ha/I0 WMEeTh B BHJy IPUOJUKEHHOCTh CAMOIO IaMUJILTOHUAHA
(56.7), HA KOTOPOM OCHOBAaHBI BCE BBHIBOABL. Ecuu pemrerka obJanaer
[IEHTPOM WHBEDPCHUM, TO TONPABKM K TAMHUJIBTOHUAHY KBAIPATUIHBI
[0 HANPSPKEHHOCTH HOJIS U HE oTpakaroTcs Ha yciosuu (58.7). Ho
€C/IM IEHTP WHBEPCUM OTCYTCTBYET, TO HOIPABKU K TaMUJIBTOHUA-
Hy Jsimseiinsl 1o H; B aToM ciryuae monpasounsiii wier 1/2 B (58.7)
TepsieT CMBICI, TAK KAaK MOIPEIIHOCTh TOTO YK€ MOPSAIKA JAeT U MPHU-
6JIMKEHHOCTD TAMUJIBTOHUAHA ? ).

WuTepBan Ae Mexay AByMsl MOC/IEIOBATEJBHBIMU yDPOBHSIMHU
OTBeYaeT M3MEHEHUIO GOJBINOro uucia n Ha exunuiyy. OH ompeme-
JISIETCs, CJIEIOBATENHHO, PABEHCTBOM

AS = Z—SAs = ImlelH (58.8)

e fic

1) B6tu3u TOYeK AHOMAJTLHOTO CONIMIKEHUS TBYX TPACKTODHUI 9TH YCIOBHS COB-
HajaioT ¢ TpebOBaHMEM MAJIOCTH BEPOATHOCTH MATHUTHOTO IPOGOSI.

2) lns cBoGOAHEIX 3MeKTPOHOB (cM. mpumeuanue Ha c. 305) ycmosue (58.7)
JaeT

€ = hwg (n—i— %) + 1’k2/2m, wm = |e|H/mc

B COIVIACMH C H3BECTHBIM BbIpakeHueM Jlannay [yisi cBOOOZHOIO 3J€KTPOHA B
marautHoM nose (11T, §112).
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BBeas KiIacCHYECKYIO 9acTOTy HEPUOSUYECKOTO ABUNKCHUS WH, CO-
riacuo (57.7), momydnm
Ae = Fiwp,. (58.9)

IMomuepkueM, uTo YacToTa Wi cama ectb byukmud £ (u k). Ilo-
9TOMY MOCJIEJ0BATEJIbHBIE YPOBHU JHEPIMU €, (IpU 3amaHHOM k)
HE SIBJISIIOTCS CTPOTO 9KBUIUCTAHTHBIME, KAK 3TO OBLIO OB B CIydae
CBOOOHBIX JIEKTPOHOB, TJI€ Wi €CTh MOCTOSHHAS BEJIMUWHA.

HezaBucumMocTb ypoBHElH SHEPTUH OT COXPAHSIOMENCS BEJTUIUHBI
K, osHauaer (Kak u Jyisi CBOOOAHBIX JIEKTPOHOB B MArHUTHOM IO
ae — cm. 111, § 112) ux Beipox nenue. Ecim npeacrasisaTs cebe pemer-
Ky, 00181201116l OOIBITTUM, HO KOHEYHBIM 00beMOM V', TO KpaTHOCTH
9TOTO BBIPOXKIEHUSA OYIeT KOHEUHOM. JUCI0 COCTOSHUM B MHTEPBAJIE
dk, w ¢ 3aaHHBIM 3HAYCHUEM N onpenessercs Kak VAS-dk,/(2m)3,
rae AS — mIomaak B MIOCKOCTH k, = const, 3aKJII0YEHHAS MEXKIY
TPAEKTOPUSAMHU C KBAHTOBBIMM YHCIAMU 1 U N+ 1. DTa miomaas 1a-
ercst BoipakenueM (58.8), u, TakuM 06pa30M, HAXOAUM JJIst HCKOMOI'O
YUCJIa COCTOAHUI BBIPDAXKCHUE

Vdk, |e|H
(2m)2 ch

(58.10)

— TO K€ CaMoe, ITO U B CIydae CBOOOMHBLIX JIEKTPOHOB.

Harnsinnas npuynHa BBIPOXKIEHUS YPOBHEH B MArHUTHOM TIOJIE
3aKJII0YAETCH B HE3ABUCUMOCTY SHEPTHUH OT TOJIOKEHUS B IIPOCTPAH-
CTBE «I[EHTPa JIAPMOPOBCKOI OpOUTHI» 3j1eKTpoHa. [ljisa cBobomgHOrO
3JIEKTPOHA 3TO BBIPOXKIEHUE ABJISETCS TOYHBIM. JJisi 3/IeKTpOHA Ke
B PeIIeTKE OHO MOXKET OBITh JIUIIb MPUOJIUKEHHBIM: B BUJLY HAJIMUWS
HEOAHOPOJHOTO ([IEPHOJUYECKOIO) IEKTPUIECKOTO TIOJIS PA3JINIHBIE
TTOJIOXKEHUS <«IIEHTPa OPOUTHI» B JIEMEHTAPHON siueiike pemeTKu
yKe He KBUBAJEHTHBI. JTO OOCTOSITEILCTBO JOJI2KHO TMPUBOAUTE K
HEKOTOPOMY DAaCIIeIlJIeHNnIo ypoBHeit Jlanzmay.

Yder chnwHA 3JIEKTPOHA TPUBOAWUT K PACIIEIIEHUIO KAaXKIOTO
YPOBHS Ha JB€ KOMIIOHEHTHI; B MPEHEOPEKEHUN CIUH-OPOUTAIHLHOM
CBSI3bI0 9TU KOMIIOHEHTBI DA3/ICJICHBI (KaK ¥ JJisi CBOOOZHOIO JIEK-
TPOHA) NMOCTOAHHBIM uHTepBaJioM 20 H, rne B — marueron Bopa:

eno(kz) = en(ks) + 0BH, o= =+1. (58.11)

Takast cuTyarusi OCTAeTCA U TIPU yU€Te CIUH-OPOUTAIBHOTO B3a-
UMOJIEHCTBUS, €CJIU KPUCTAJUI 00JIa1aeT IEHTPOM mHBepcuu. B arom
CJIydae COCTOSIHUS 3JIEKTPOHA B OTCYTCTBHE TIOJS BBIPOXKIEHBI IO
CIIMHY, & MArHUTHOE TI0JIé CHUMAeT 3TO BBIDOXKJeHUE. B pesysbrare
nosydaercs Ta ke (opmyna (58.11) ¢ samenoit 8 na S&,(k), raoe
&n(k,) xapakTepusyeT M3MeHEHNE MarHUTHOTO MOMEHTA JIEKTPOHA.
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§59. Tensop 3¢ PHeKTUBHBIX MACC ITEKTPOHA B PEIIETKE

Paccmorpum Touky k = kg B k-ipocTpancTBe, B KOTOPO# 9HED-
rust weKTpoHa £4(K) mMeeT SKCTpeMyM; TaKOBBI, B YaCTHOCTH,
TOYKHU, OTBEUAIOIINE BEPXy W HU3Y 30HBI. ECju B 3TON TOYKE HET
BBIDOXKCHUS (32 UCKIIIOYECHUEM JIUIIb BO3MOXKHOIO KPaMEPCOBCKO-

IO BBIPOXK/IEHWs 110 CIUHY — CM. KOHel §55), TO B €e OKpECTHOCTH

dynkmus €5(k) MoxkeT GBITH MOABEPIHYTA DETYJISPHOMY Da3JIONKe-
HUIO0 TIO cTemeHsiM pa3Hoctu = k — kg. IlepBbie ujeHbr Takoro
Pa3JIOKEHUS KBAJAPATUIHBIL:

B
es(k) = e,(ko) + ?miquiqk. (59.1)

Tenzop m;g, 06paTHBI! TeH30pPY KOIPPUIMEHTOR mi_kl B (59.1), Ha-
BBIBAIOT MEH30POM IPPHEKMUBHHIL MACC DIEKTPOHA B PEIETKe.
Tlokaxkem, KakmM 06Pa30M MOXKHO BBIPA3UTh ITOT TEH30D U4E€PE3 MaT-
PHUYHBIC JICMEHTEI II0 OTHOIICHUIO K OJIOXOBCKUM (PYHKIMAM sk, B
Touke Kg.

B npenebperxernn CIimH-0pOUTAIIBHBIM B3AUMOJIEHCTBIHEM TaMUJIb-
ToHMaH 3j1eKTpoHa uMmeeT Buj (56.1). [loncrasum B ypasuenue [pe-
JUHTEPA C 3TUM TaMUJIHTOHUAHOM BOJIHOBYIO (DYHKIIWIO B BUJIE

sk = gilkota)ry, = e P . (59.2)
Torna ypaBHEHHE TPUMET BUL,

ﬁ2q2

2m

i hi o~
{—%A +U@ + | Lap + o =55(K) Pa,  (59.3)
rae p = —thV — oneparop UCTHHHOTO MMITYJIbCA.

B okpectrocTu Touku k = kg BekTOp q sBIIsieTCH MaJIOi BEJTUYH-
HOIi, ¥ BBIpaXKCHUE B KBaJpaTHON ckobke B (59.3) MOXKHO paccMar-
pUBaTh KaK OMepaTop BO3MYINeHudA. B HyjieBoM mpub/ukeHnn, mpu
q = 0, dysKINHT @K COBIATAIOT ¢ GYHKINAME Yk, . Il0aTOMY 06BIT-
Has TeOpUsi BO3MYIIEHUHN MO3BOJISIET BHIPA3UTh MOMPABKY K YHEPTHUH
Yepe3 MATPUYHBIE JIEMEHTHI IO OTHOIIEHUIO K TUM (DYHKITUSIM.

Tax xak kg — TodYka sKCTpeMyMa, TO JIMHEHHAs IO ( MOIPABKA
OTCYTCTBYET. DTO 3HAYUT, YTO JUATOHAJIBHBIE MATPUYHBIE 3JIEMEHTHI

(sko|p |sko) = 0. (59.4)

Juis onpeiesieHnst KBaIPATUYHOM IO ( TTOIPABKY HAJO YUECTh UJIEH
¢ ¢> B omepaTope BO3MYIIEHUSI B IIEPBOM, & WIEH C ( — BO BTOPOM
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HOpsIIKE Teopuu Bo3MyIleHuil. B pesysbrare moaydmm juis £,(k)
dopmyay (59.1), rue

—1 1,Ic (pl)ss’ (pk s's (Pk)ss' (pi)s’s .
my = Z o) — e (ko) ; (59.5)

CyMMUPOBaHUE IPOM3BOAUTCS 10 BeeM s’ # s'). i ympomeHus
3amucu B 00O3HAYECHUH MATPUYHBIX 3JIEMEHTOB 3/16Ch W HUKE OITyC-
KaeM JquaroHasbHbI uHIeke Ko @ psy = (sko|p|s'ko). Ormernm,
9TO NP HAIWYMHU OJIM3KO PACIOJIOKEHHBIX 30H (T. €. MaJblX pa3-
HOCTEl €4 — €5) BrOpoil wieH B (59.5) MoxeT OKazaTbCs GONBIIUM
[0 CPDABHEHUIO C TEPBBLIM, B pe3yJbraTe 4ero 3((eKTUBHBIE MACCHI
OyIyT MaJibl IO CPABHEHHUIO C M.

[TycTh Tenmeph Ha KPHUCTAJI HAJOMKEHO OJHOPOJHOE MATHUTHOE
nosie H. Torga, cornacuo (56.7), raMusibroHuaH, geficTByOMMA Ha
dyHKIMH 06001IEHHOrO KBa3uuMILysIbca Q, moyvaercs u3 (59.1) 3a-
MEHOU q Ha omepaTop

Q- <A, K:%[H-i%}. (59.6)

ITony4aroruiica TakuM 00pa3oM raMuJIbTOHUAH
- I AN
HY = eq(ko) + -my G (59.7)

TMPUTOJIEH, Pa3yMeeTcCs, JUIIb B TOH YKe 00JIaCcTh SHEPTHil, YTO U UC-
xomHast dopmysa (59.1). Dro 3HaunT, YTO (HOMUMO YCIOBHS Cla-
6octu moss (56.3)) mpeanonaraercs, YTO PACCMATPUBAEMbIE yPOBHU
JlaHmay pacmosioXKeHBI HE CIUIIKOM BBICOKO. B 9TOM cMmbICiie BejH-
yuHBL 1 Q JOJIKHBI pACCMAaTPUBATHCS KakK MaJible (BO3pacTaromuii
Ke XapaKTep NoTeHnua a A MposBSeTCs B TOM, 9TO JaXKe B ciaboMm
HoJIe HEJIb3sl CYUTATh, YTO A MaJio 1o cpaBHEHUIO ¢ Q).
Caegyromme nocie (59.7) 4ieHbI B raMHJIBTOHUAHE COAEPKAT II0-
ae H B «aucrom» (1. e. 6e3 conpoBoxkpatomux oneparopos 0/0Q)
Buze. Takue 4jieHBI yKe HeJIb3d HAWTHU U3 OJHUX JIUIIb COODpake-
Hu KaaubpoBoUIHON mHBapuanTHOCTH. ONpEaesnM MepBhIi U3 ITUX
wteHOB, JjuHelnblit 1o H. [Ipu 3T0M MOXKHO B CHJIy OTHOCHUTEJIHLHON
MaJIOCTH 9TO¥ MOMPABKY MPHU €€ BBIUMUCICHUH MOoKuTh Q = 0.
PaccmorprM cHauasia HOCTaBJICHHBIH BOmpoC 6e3 ydueTa CIUH-
opOuTAJIBHOTO B3auMOelcTBus. VIHTepecyoomuii HaC JUHERHBIN MO
H wujeH MOXKeT BO3HMKHYTb TOJBKO W3 JUHEWHOro mo A wieHa

1) Cymmuposanme e mo k' orcyrersyer, Tak kak, corsmacuo (55.15), uMmmysse
P = MV HE MMeET MATPUYHBIX JIEMEHTOB, HEQMATOHAJBHBIX 10 Kk, Tak 4TO BCe
NPOMEXKYTOYHBIE COCTOSHUSI OTHOCATCS K TOMY ¥Ke KBasuuMmyJibcy Ko.
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B HCXOJHOM TOYHOM TaMUJIBTOHHMAHE 3j1eKTpoHa (56.2), T. e. myTem
YCPEIHEHNA TI0 BOJTHOBOU (DYHKIWNU gk, BBIDAKCHHUA

——~ (PA+AP)=—-—=Ap (59.8)
2me mc

(paBEHCTBO CBs3aHO C BLIOpAHHON yrke Kanubposkoii ¢ divA = 0).

910 npuBOAUT K M0OABJIEHUIO K raMuibToHuany (59.7) wiena

HWY = _MH, (59.9)

rae

M = —(sko|[rp]|sko) (59.10)

€
2mc
€CTh NMPOCTO CpPEeJHee 3HAYEHUE MATHUTHOIO MOMEHTA JIEKTPOHA B
cocrosiunu sko. ITomuepkuem, ato mompaeky (59.9) moxHO mOGa-
BUTH K ramuiibToHmaHy (59.7), He omacasich, 4To 310T 3h@EKT yKe
9acTUYHO yuTeH 3aMeHoil (59.6); meiicrBuresnbro, nuueiinsie mo H
wienbl B (59.7) npu Q = 0 BoobIIe OTCyTCTBYIOT.

Pacnumem Boipazkenne (59.10) mo mpaBuily MaTpUYHOIO YMHO-
JKEHHUs, yuTs, 970 B cuwiry (59.4) p He UMeeT qUATOHAIBHBIX MATPUY-
HBIX 9JIEMEHTOB

M, = < ZI [(Qy)ss’(pz)s’s - (QZ)SS’ (py)s’s]

SI

(u amanormuno mus My, M,); kKak U JOIKHO OBLIO OBITE, IIOIPABKA

K ramuibToHraHy (59.7) BbIparkaeTcs depe3 MAaTPUYHBIC JIEMEHTHI
onepatopa 2. C mOMOIIBI0 COOTHOIIEHHS

Q. = Ps's
T

MOXKHO TepenucaTb M B BuIE

_ i ! (pz)ss’(py)s’s + (py)ss’ (pz)s’s
M, = y— > o] —e.0e) A (59.11)

sl

Ormerum, yto M, a Tem cambiM u Bes nonpaBka (59.9) obpamaercs
B HyJIb, €CJIM KPUCTAJLI 00J1aaeT IeHTpoM nHBepcuu. JleficTBuTe b
HO, IPY OJTHOBPEMEHHOM OOPAIeHNY BPEMEHU W MHBEPCUU COCTOSIHUE
2JIeKTPOHA (6e3 y4eTa ero CliMHA) HE U3MEHSIETCs, & IOTOMY He U3Me-
HUTCs ¥ TIpaBas CTOpoHa paseHcTsa (59.11); MexX Iy TeM MarHUTHBIH
MOMEHT TIPU 9TOM NPE0OPA30BAHUY JTOJKEH M3MEHUTH 3HAK.

Yurem Temeph CIUH-OPOUTATBHOC B3AUMOZCHCTBHE B KPUCTAILIIE,

nobasuB K ramuibroHuaHy (56.1) comH-opbuTasnbHBI wien Hg u3
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(55.17). Dro mpuUBesET K U3MEHEHUIO JIMHEHHOrO 110 q Y/eHa B yPaB-
Henuu (59.3): omepaTop P B 9TOM UjIeHE 3aMEHHUTCH Ha

T=DD

(59.12)

OmnepaTop 7 mMeET IPOCTOM Q)Hanecm/ll‘/‘l CMBICJI: HETIIOCPECTBCH-

HO KOMMYTHUDYsl raMuiibToHuaH (¢ yaerom Hg) c r, HaiimeMm, urto (B
OTCYTCTBUE MArHUTHOTO IIOJISI)

I =%/m. (59.13)

AHajIornYHO, TPOU3BE I DU HAJIMIAN MATHATHOTO TOJIsA OGBIY-
HYIO 3aMCHY P — D — eA/c B UCXOZHOM TaMuUJIbTOHHWAHE (B TOM
ancie B Hy), MBI HafifieM, 9T0 ¥ JMHCHHBIE 10 A WICH EMeeT BUZ
—eTt A /me, ornmyaromuiics ot (59.8) Toii ke 3amenoit p Ha 7. K mar-

HUTHOMY ke MOMeHTY (59.11) Ha0 TPUOGABUTE €I1le ¥ CIIMHOBBIA Mar-
HUATHBIH MOMEHT CBOOOJHOTO 3JIEKTPOHA, TAK YTO OyIeT

M, = B{sko| 0z |sko) + = Z (m2)ost (my)sre = (My)est(M2)sts (59 14)

Es! — Es

C y4eroMm cnuH-0pOUTAIBHOTO B3aUMOAEHCTBHUA BTOPOIl WIEH B 9TOM
BBIDa’KECHUY OTHIOAL HE PAaBEH HYJIIO JaXke B KPHUCTAJUIE C IEHTPOM
nHBepcun. JleficTBUTENIBHO, OTHOBPEMEHHOE M3MEHECHUE 3HAKA BpE-
MCHF U MHBEPCHUS MPUBOAAT K COCTOSHUIO, OTIMYAIONIEMYCS HAIIPaB-
JICHMEM CIUHA, TaK 9TO BCe BblpaxkeHue (59.14), 4T00bI M3MEHUTH
3HaK IIPH 9TOM IIPEOOPa30BaHUM, JIOJKHO JINIIb CBOJUTHCA K CpPEJ-
HeMy oT omeparopa [oiiz(k) (cp. (56.12)).

Brerancnum Tenzop & B ciydae, KOT/Ia COUH-OPOUTAIBHOE B3aH-
MOJECTBIE MOXKET PAacCMaTPUBAThCA Kak BoaMmyineHue ). Ilepenn-
mewm (55.17) B Buge

~

~ ~ ih
Hy, = ox, X~= 1

_[VU - V). (59.15)

Paccmarpusas (59.9) u (59.15) kak BO3MyIieHHe, HaiJeM MOIPaB-
Ky K 9HEPIUM BO BTOPOM IIOPSJIKE TEOPHUH BO3MYUICHUI, OCTABHB
Ipu 3TOM TOIBKO mepekpectHbe (o (59.9) u (59.15)) wienst. Jta

) Buipasenue Hy (55.17) npexcrapisier coBoii MepBbIil WICH PA3/IOXKEHUS [0

PEJIATUBHCTCKOMY OTHOTICHHIO (v/c)? M MOTOMY B OTIPEJIEIEHHOM CMBIC/IE BCET/IA
MaJI0. DTa MaJIOCTh, OQHAKO, HE MMEET OTHOIIEHHS K IPUMEHUMOCTH TEOPHHU BO3-
=~

MylIeHu#l B naHHOM KOHKpeTHO# 30He. [losromy Hy; B paccMarpuBaemoii 3ama4de
HE BCErJa MOXKET PacCMaTPUBATHCA KAK MaJjIOe BO3MYIIEHUE.
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nonpaska (BCe elle OCTAIOIIASICS OIIEPATOPOM — MaTPHUIIEH — 10 CIIu-
HOBBIM IIepeMeHHbIM) uMmeeT By (56.12) ¢ Ten3opoM &, paBHBIM

gik — 6’ik + % ZI (Xi)ss’(Lk)s’s + (Lk)ss'(Xi)s's, (5916)

Eg! — Es

rae AL = [rp].

Bce ckazaHHOE OTHOCHMIIOCH K HEBBIPDOXKJEHHBIM (KPOME KakK IO
cnuny) coctosinusM. Eciu ke npu k = kg umeercss BBIpOXKIeHwUe,
TO JJIsi ONPEJIEJICHUs] YHEPTUM HAJI0 COCTABUTH CEKYJSAPHOE yDPaB-
HEHWe, YYUTHIBAIOEE BO3MYIIeHNEe (KBAJAPATHBIE CKOOKM B ypaBHe-
aun (59.3)) BILWIOTH [0 WIEHOB BTOPOrO MOpsiaka (T. €. mo dopmyJie

(39.4)(cm. IIT)). CroiicTBa N0y YarOMIErocs: TAKUM 00PA30M CEKYJISAP-
HOI'O ypaBHEHUYA 3aBUCAT OT CUMMETPDUU B TOYKE kO' Mgr BEpHEMCHA
€I1e K 9TOMy Bompocy B § 68.

S3agaua

Haiity kxBa3uKIaccH4eCKUe YPOBHU SHEPTUU [JIS YACTHIBI C KBAJPATUIHBIM
3akoHOM gucnepcuu (59.1) B MarHUTHOM IOJI€ IPOM3BOJIBHOIO HAIPABJIECHUS.

Pemenue. IlpuBenem TeH30p Mk K AWArOHAJBHOMY BUAY 4 OymeM OT-
CYWTHIBATH YHEPIUIO U UMILYJIbC OT TOYKH IKCTPeMyMa (IJisi ONPENeIEHHOCTH —

munnMyMma). Torma . ) ) g
h [k k k
s(k)=—<—1+—2+—3), (1)
2 ma ma ms

LIE ™M1, M2, M3—TJIABHBIE 3HAYEHNS TEH30PA Mk, (IIOJOXKUTE/IbHBIE BEJINYHHEI).
O603HauuB Uepe3 N eIUHUYHBIN BEKTOP B HampasJeHun nosis H, umeem

k., = nk = nik1 + na2ka + nsks (2)
(n1, n2, n3 — HATPABJSIOMUE KOCUHYCHI TIOJIsi OTHOCUTEJILHO TJIABHBIX OCelt TEH-

30pa m;x). Ham Hano Haiitu mromans S Toit wactu miockocru (2), Koropast Je-
KHUT BHYTpH ajmanconsa (1); oHa MoKeT GBITH IPEACTABJIEHA B BHIE HHTErPasa

S = / 6 (nk — k) d°k, (3)

B35TOr0 10 06BeMy simnconaa (1) ). 3amenoi nepemennsix fik; = (2em;)/2g;

Y ycrs f(z, y, z) = const — cemeifCTBO MOBEPXHOCTEHH, 3AMOHSIOMUX HEKO-
Tophiii 06beMm. Paccrosiuue dl mexnpy gBymsi O€CKOHEYHO OJIM3KMMH IIOBEPX-
HocTsiMu ceMedictBa: dl = df /|Vf|, a oObeM MeXZy ITUMHU MOBEPXHOCTAMH:

dV = S(f)dl, rme S(f) — miomanp MOBEPXHOCTH C 33JaHHBIM 3HAYEHHEM f.
Ywumuoxus pasercrso S(f)df = |Vf|dV na §-byrknuio §(f) u npounTterpupo-
BaB 1o 06beMy ¥ 1o df, HOMyYuM IJIOWAnh HoBepxHOCTH f(Z, Y, 2) = 0 B BHAE
S(0) = f |V£|6(f)d*z. B namewm ciyuae |V f| = 1, oTkysa u mojy4aercs Bbi-
paxkenue (3).
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UHTErpaJi IpUuBOAUTCA K BULY
S = (2¢)*%73 (maimams)/? / §(vq — k) d%q,

IJle BEKTOD V' B Q-IPOCTPAHCTBE HMEET KOMIOHEHTHI v; = (2em;)/ 2 n;/h, a un-

TerpHpOBaHHE MPOM3BOAUTCS 10 06bemy cdepnr q° = 1. VHTerpuposasme JIerko
BBINIOJIHAETCS B ITUINHAPUYECKUX KOOPAUHATAX C OChIO BAOJb V U NAET

2,2
S(e, kz)=i—:ml (s— f kz>,

2m

roe
_ 2 2 2
m| = minj + mana + manz,

(4)

my = (m1m2m3/m||)1/2.

Iloncrasus B (58.7), HaiieM ypOBHE 9Hepruu

en(ks) = LEIMH (n+2)+ k. (5)
m,c 2 2m||

§ 60. CuMMeTpHud COCTOSHMIA 3JI€EKTPOHA
B pellleTKe B MArHUTHOM II0JI€

B srom maparpade MBI paccMoTpuM TOUHBIE 0OIIME CBONCTBA
TPAHCJIAIMOHHOR CHMMETDUU BOJIHOBBIX (YHKIHH OJI0XOBCKOTO
9JIEKTPOHA B MArHUTHOM IIOJI€, HE CBS3aHHBIE C KAKUM-JIMOO IPH-
GimrkeHneM (Bpoje yCJIOBUsS CJIAOOCTH TOJIS WJIM YCJIOBUSI KBa3W-
KJIACCUYHOCTH).

Hanoxxenne onHOPOAHOTO MAarHUTHOTO TIOJIS HE MeHseT puzmde-
CKOH TPAHC/ISIMOHHON CHMMETPUU CUCTEMBI: OHA OCTAETCS TIEPUOIH-
qeckoit B mpocrpancTBe. CBoeobOpa3we CUTyalmy COCTOWT, OJHAKO,
B TOM, 9TO B TO K€ BPeMsl TaMUJIBTOHUAH 3J1eKTpoHa (56.2) Tepsier
CBOIO CUMMETPHIO. DTO CBI3aHO C TEM, UYTO B TAMUJIBTOHUAH BXOIUT
He IOCTOsIHHAs HaupskeHHOCTh H, a BekTopHbI noreHnuman A(r),
3aBUCANIINN OT KOODAWHAT U He 00JIAJAIONIHI IePUOAUIHOCTDIO.

HevnBapuaHTHOCTh TaMUJIBTOHMAHA IMIPUBOIUT, €CTECTBEHHO, K
YCJIO2KHEHUIO 3aKOHA IPeoOpa30BaHUs BOJIHOBBIX (DYHKIUI 1pu
TpaHcAnuax. Beibepem 71 BEKTOPHOTO MOTEHITUAJIA OJHOPOIHOTO

TOJIsi KAJTMOPOBKY
A= % [Hr), (60.1)

u mycth (r) — HekoTopasi cobCTBeHHAsi (DYHKIMS TaMUJIBTOHUA-
Ha H(r). IIpu rpancnsuum r — r+a (a — Kakoii-imbo u3 nepuogos
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perieTku) 3Ta QyHKIUS mepexoauT B Y(r + a), HO 3TO Oymer yxKe

cobcrBeHHas QyHKIWs raMmuibTonnana H (r 4+ a), He COBIAJAIONMIEro
¢ H(r), moCKOIbKY MPOM30ILIA 3aMEHA BEKTOPHOTO NMOTEHIUAJIA

A(r) > A(r+a)=A(r) + % [Ha).

Jl1s HaXOXKAeHUsT UCKOMOTO 3aKOHA IIPE0OPa30BaHus HAJA0 BEPHY Th-
CAd K UCXOOAHOMY TaMUJBTOHHAHY, 9TO HJOCTUTAECTCA Ka,JII/I6pOBO‘-IHI)IM
peobpa3oBaHUEM

ASA+VS f= —%[Ha]r.

ITpu sToM BostHOBas byHKIMs peobpasyercs coryacuo (56.4):
Y — Yexp(ief/hc).

O603HaYMB PE3YJIBTAT BCEX ITUX omeparuil Kak Tt (r), Haxoaum,
TakuM 00pa3oM,

Tath(r) = o(r + a) exp (% r[ha]) ) (60.2)

rae h = |e|H/hc, a Ty HA30BEM OIEPATOPOM MATHUTHOW TPAHCIISI-

muu. Ecim ¢(r) — pemenne ypasuenus IIpeaunrepa H (r)y = ey,
To u (60.2) ecTb peleHMe TOrO XK€ ypaBHEHUS, OTHOCSIIEECH K TOM
ke snepruu € (R. Peierls, 1933).

U3 onpenesnenus (60.2) jierko cuesaTh BBIBOZ, 9TO

ToTw = Tarww(a, @),

w(a, a') = exp (—5 hlaa]) (60.3)

ITpu nepecranoBKe a u a’ MOKa3aTeJb CTEeHN B MHOXKUTEE w(a, a’)

MEHSET 3HAK; II09TOMY OrepaTopsl 1y u Tyr, BoOOIIE TOBOPS, HE KOM-
MYTATHBHBI:

ToTa = T Ta exp(—ih[aa’]). (60.4)

Takum obpazom, mpousBemeHme ABYX OmepaTopoB Tp m m Ty
OTJIMYAETCs, BOOOIIE rOBOPsi, (ha30BbIM MHOXKUTEJIEM OT OMEPATOPA

Ty+a- Ilo MaTemMaTHUeCKOH TEPMHUHOJIOTUY STO O3HAYAET, UTO OIIepa-

TOPBI T OCYIECTBJISIIOT HE OOBIYHOE, 8 TPOEKTUBHOE TIPE/ICTABJICHIE
TPYIIBLI TPAHCAIN; 6a3MCOM ITUX TPEICTABJICHNI SBJISIOTCH BOJI-
HOBBIE (DYHKITMH CTAIIMOHAPHBIX COCTOSIHUI OJIOXOBCKOTO JIEKTPOHA
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B MarauTHOM nouie ). Kiaccudukanus yposHeit sHeprum momkHa
POU3BOAUTHCS, CJIEIOBATEIBHO, [0 HEMPUBOAUMBIM ITPOEKTUBHBIM
[IPEJICTABJIEHUSIM TPYIIBI TPAHCJIANNN, TOJOOHO TOMY KaK B OTCYT-
CTBHE II0JI OHA TPOU3BOJAUTCS 10 HEIPUBOAUMBIM OOBIYHBIM IIPE-
CTABJIEHUSIM 3TON I'PYIIIHIL.

HanomuauMm B 9TO# CBsi3u, UTO Ipynma TPAHCAANU — abejeBa
(Bce ee 31€eMEHTHI KOMMYTATHBHEI), & IOTOMY BCE €€ HEIPUBOJUMBIE
OOBIYHBIE TTPEJCTABJICHUsT O HOMEpHBI. PyHKIHUS 1) 6a3uca KaXKJa0ro
TAKOTO TIPEICTABJICHNS IPY TPAHCJIANN JINIITHb YMHOXKAETCS Ha, HEKO-
TOPBIH (HA30BBII MHOXKUTEb, IPUIYEM [JIS ABYX MTOCIEI0BATEHHBIX
TPAHCJIANNN ITOT MHOXKUTEJb JOJIKEH ObITh PABEH IPOU3BEIEHUIO
MHOXKUTEJIH JJId KaXKI0M TPAHCHIAIUN B OTAEIHLHOCTH. JTO 3HAUWT,

49To R )
Tayp = e’Lka/‘/)v
rae k — mocTosiHHBIM BEKTOD; 3TOT BEKTOD (KBA3UMMILYJIBC JIEK-
TPOHA) OKA3bIBAETCH NAapaMeTPOM, KJIACCH(PUUIUPYOMUM HEIPUBO-
AUMbI€ IDEOCTAaBJICHUA.
[Monuas knaccuduKaiys HEIPUBOAUMBIX TPOEKTUBHBIX MIPE/ICTAB-

JIEHWH IPyNObl TPAHCJSIUM MOXKeT ObITh mpoussenena (FE. Brown,
1964; J. Zak, 1964) B cirydae, KOria MArHUTHOE IIOJIE YIOBJIETBOPSIET

CJIOBHIO

Y h=4722 (60.5)
q v

IJie p U ¢ — JIOObIe 1Ba B3AUMHO TPOCTBIX TEJIBIX YHCIA; a3 — OJUH
U3 TPeX NPOM3BOJIBHO BHIOPAHHBIX OCHOBHBIX MEPUOJIOB PEIIETKH a1,
ag, ag; v = [ajag]as — o6beM sieMeHTApPHO} sueiiku pemerku. JIpy-
IMMU CJIOBAMH, MArHUTHOE TOJIE JIOJKHO OBITH HAIPABJIEHO BIOJb
KaKOro-imbo Ieprojia pemerky, a sesudanna hv/(4mwag) noypkHa ObITH
paIMOHAJIBHBIM YUCIOM. Y MHOXKUB paBeHcTso (60.5) Ha [ajag], Mox-
HO TIPEJICTABUTH ITO YCJIOBUE TAKKE U B BUJIE

hla;a,] = 47p/q, (60.6)

g kaccudukauum HEMPUBOAUMBIX IPOEKTUBHBIX ITPECTABIIE-
HUY IPYNIbl TPAHCIAIUNA CYIIECTBCHHO, YTO U3 9TOM I'PYIIILI MOXKHO
BBIJICJIUTDH HOArpyny (6yzeM Ha3bIBaTh €€ Ma2HUMMHOL ), IO OTHOIIIE-
HUIO K KOTOPO# IIPE/ICTABJICHNUE SBJISIETCS HE MIPOEKTUBHBIM, a 00BIU-
ubM. [Ipu coburonennn ycnosus (60.6) Takoit moArpynmoi sBJseTCs

\/) C mDOHATHEM O IMPOEKTHBHBIX IPEJCTABJIEHUAX IPYII Mbl BCTPEYAJINChH YyKe
§ 134. HanomHuM, YTO IPOEKTUBHLIMH [IPECTABICHUSIMU TPy IIIbI G Ha3zbl-

BaIOTCH BOOOIIE MPECTABJIEHNUs], OCYIIECTBIISIEMBIE OIEPaTOPaMu G COOTHOIIIE-
HUsI MEXKly KOTOPBIMH COBIAJQIOT ¢ COOTHOIIEHMAMH MEXKy COOTBETCTBYIOLIH-
Mu asieMeHTaMu rpynnsl G Jmnie ¢ TOYHOCTBIO /0 ¢)a301351x MHOXKHTEJIEH: eciiu

G1G2 = (3, TO Ajid ONEPaATOPOB UMEEM Gle = w12G3, TI€ Wiz JOJKHO OBITH
PaBHO €AMHULE TOJHKO IO MOIYJIIO.
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COBOKYITHOCTH TPAHCJIAIUN BUIA
a,;;, = nia; + ngqag + nzasg (607)
C TIEJIOYUCJIEHHBIMU KO3 UIMEeHTaMU N1, Na, N3. JleficTBurensHo,
KOTJa BEKTOpP h HampaBJjieH BIO/IL A3 ¥ YIOBJIETBOPSET YCJIOBUIO
(60.6), must BCeX TPAHCIANMA TAKOIO BHIA OKA3ATENb SKCIOHEHTHI
B (60.3) obpamaercs B HyJIb WK B KPATHOE OT 27, TAK YTO BCE MHO-
xurean w(a, a') = 1'). Cosokynrocts Tpancisnumii (60.7) obpasyer
DEIIETKY C OCHOBHBIMU NEPHOAAMU a1, A2, a3 (HA30BEM €€ MATHUT-
Hoit). MaruuTHas ke 0OpaTHast PEIIETKa COOTBETCTBEHHO MMEET Iie-
puozpt by, ba/q, bs, rue by, be, bg — nepuogsr ocHOBHO# 06paTHO
pemerku. OOBIYHBIE HETPUBOAUMBIE TTPEICTABICHIS MATHATHON TIO-
IPYMIBI, KAK W TPYINBI TPAHCASINN B IEJIOM, OJHOMEPHBI; OHH Xa-
PaKTEPU3yIOTCs BOJIHOBBIME BeKTopamu (kBasummiysbcamu) K, Bee
HEIKBUBAJICHTHBIE 3HAYEHNUS KOTOPOTO 3aKJIOYEHBI B OJHOM ddeiike
MarHATHOM 0OPaTHOM pEleTKy.
IIyctn w(l)— dyuKIMs 6a3mca OTHOTO W3 TAKUX IIPEICTABJICHMI
¢ ksasuummyiascom k(M) = K. JTina nee

Ton M (r) = e V2mypD(r), (60.8)
IIpu TparCcasuy XKe HaA EPUOT ag (He BXOIOAINI B MArHUTHYIO IIO/I-

IPYIILY ) TOJYIUM U3 () dynxmumo (2 ¢ apyruM KBAHIMITY IHCOM.
Hnst ero onpenenenns:, ucnons3ys (60.4) u (60.8), nmeem

fam¢(2) = ’f'amfazw(l) (r) = exp(—ih[amaﬂ)f’az'f'amw(l) (I‘) _
= exp{—iam|agh] + iankM} Ty, (r)
NJIN OKOHYATECJIBbHO
To, P (r) = <2y (r),
rIe
k® =k — [ash] = K — 22 b,
q

(B mocusieiHeM paBeHcTBe nojcrasieHo (60.5) u BBegeH mepuos obpat-
HOi pemerku 2w[agas|/v = by). asee Hamo pasimuarh ciydau
HEYETHBIX U YETHBIX 3HAYCHUIL g 7).

1) Bribop marHuTHO# mOArpymNmBI, BOOOILIE TOBOPsl, HEOMHO3HAYEH: BMECTO
(60.7) MoxkHO BBHIGPATH JIIO6YI0 COBOKYIHOCTH TPAHC/IANMI BUIA 8m = N1g1a1+
+n2g2as + n3asz, rae q1, g2 — LEJIbIE YUCIa TaKue, 4TO 192 = q.

?)IIpu ¢ = 1 MarHWTHAas MOArpYNNA COBMAJACT C MOJHOM IPYMION TPAHC/I-
nuii. Takum obpasoM, eciiu h — uesoe kpaTHOE OT 47a3/v, TO MPOEKTUBHBIE
HENIpUBOAUMBIC IIPEACTABJICHUA I'DYNIbL TpaHCJIHI.II/Iﬁ COBIIaJAXOT C OGLI‘IHLIMI/I
HENPUBOAUMBIMHY IIPEJCTABIEHUSMH U COCTOSHUS IEKTPOHA KJIaCCUDUIUPYIOT-
C4d TaK K€, KaK U B OTCYTCTBHUE IIOJId.
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IIycts ¢ — mHeueTHoe ymuciio. IIoBTOPMB TPAHCIAIUIO HA Ay €IIe
g — 2 pa3, MoJIy4uM BCETO ¢ PA3JIUYHBIX (DYHKIWI C KBa3UUMILYJIb-
caMu

kW=K, k®P=K-22b,,..., k@=K 220Dy (60.9)
q q

Brhrunranuem HaIeXKalmero mejioro KpaTHOrO BEKTOpa bi 9T 3Ha-
YCHUA IPUBOLATCH (B TOU WJIM WHOU HOCJIe,I[OBaTeJ'IbHOCTI/I) K 3Ha-
YEeHUAM

k=K, K+lb,, K+2by, ..., K+Zlp,. (60.10)
q q q

OTtr ¢ GYHKIWI U OCYIIECTBISIOT ¢-MEPHOE HEIPUBOINMOE TTPOEK-
THUBHOE TPEICTABJICHUE TPYIIIBI TPAHCANN. MBI TOJTyINM BCEe HEIK-
BUBAJIEHTHBIE TIpe/icTaBjienns, Koraa K npoberaer 3HaueHus B s4eii-

Ke co cToponamu by /q, ba/q, bs (kxBazmummymsesr xe kD, k()
MpoberaoT Ipy ITOM 3HAUYECHHMA B dUeiike €O CTOpoHAMHU b,
b2/ q, b3)

IIycts Tenmeps ¢ — weTHOE umcio. Torma B mOC/IEIOBATEIHLHOCTH
(60.9) yxe (¢/2 + 1)-¢ 3nauenue, pasroe K — pby, ommuaercs or
K jmmib mesibiM KpaTHBIM TepuoOA0B obpaTHOl permerku bi. JIpy-
TMME CJIOBaMU, MMEETCs BCEro ¢/2 HEeIKBUBAJICHTHBIX 3HadYeHUil K;
onm matorcs BbipaxkenueM (60.10) ¢ g/2 Bmecro q. Takum o6pazom,
B 9TOM CJIy4ae HENPUBOIUMBIE IIPEJCTABJIECHUS ¢/2-MEPHBI, TpUYEM
K npoberaer 3Hauenus B sueiike co croponamu 2bi/q, ba/q, bs.

OTu pe3ysbTaThl MO3BOJLIOT CHOPMYJIMPOBATH CJIEAYIONIEE 3a-
KJIFOUEHHE O XapaKTepe M3MEHEHUsS] SHEPTeTUYECKOTO CIEKTPa DJIEK-
TPOH& B pEIIETKE IIPU HAJOXKEHWH HA Hee MAaTrHUTHOTO MOJIs
(ymoBserBopsirorero ycaosuo (60.5)). B orcyrcrBue moss cnexTp
COCTOUT U3 JUCKPETHBIX SHEPTETUYECKUX 30H, B KAXK 0N U3 KOTOPBIX
sueprus €(k) siBiasiercs GyHKuIMeNl KBa3UMMITYJIbCa, IPOOErAIONIEro
3HAYEHUS B OJHON g4eiike 0OpaTHOi pereTku. [Ipu HajioKeHUH OIS
TaKasl 30Ha PACIIEIIAETCS Ha ¢ TOA30H, B KAXKI0H M3 KOTOPBIX BCE
YPOBHU SHEDPIUH BBIPOXKJIEHBI C KPATHOCTHIO ¢ MPH HEYETHOM WJIN
¢/2 npu YeTHOM ¢. DHeprus B IOJ30HE MOXKET OBITH BHIDAsKEHA KaK

dbyrknus €(K) sexkropa K, npoberaromiero snadenus B 1/q?-it (npu

HeweTHOM ¢) wmiu 2/q%-# (mpu YeTHOM q) wYacTH AueHKH 0O6paTHOI
pEIIeTKH.

OmnucanHast KAPTUHA B ONPEICJICHHOM CMBIC/IE KPailHe IyBCTBH-
TeJIbHA K BEJIMYMHE W HAMPABJICHUIO MArHUTHOTO Tojsd. JleiicTBu-
TEJIbHO, CKOJIb yTOAHO 6sim3Ko K 3Hadenuto H, ynosseTBopsiomemy
ycioBuio (60.5) ¢ HEKOTOPBIMHE P W ¢, JIC?KAT 3HAYEHUS, YIOBJIETBO-
PSIOIIHE TAKOMY K€ YCJIOBWIO, HO C TOPa3/0 GOJNBIIUMU ¢, TAK UTO
IyTeM CKOJIb YTOJHO MAJor0 M3MEHCHUs IOJIs YUC/IO HMOA30H MOXK-
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HO CIEJaTh CKOJIb yrogHo 6osibimuM. [logdepkueM, ogHaKO, 9TO 9TO
OTHIOJb HE O3HAYAET TAKOW K€ HEYCTONYMBOCTU B HAOJIIOMAEMBIX
dusnyaeckux cpoiictBax. [lociieiHne onpenessoTCs He CTOIBKO KOH-
KPETHOI 30HHO! CTPYKTYPOH, CKOJIBKO PaCIPEACJICHUEM YHCTIA
COCTOAHNY IO MaJIbIM, HO KOHCYHBIM HHTEPBAaJIaM dHEPIHUii; 3TO pac-
mpejiesieHre MaJI0 MEHSIETCsl IIPU MaJIOM u3MeHeHuu mnonisd. llemgo B
TOM, 9TO CHJIbHO MEHACTCA HE dHEPIUsd COCTOSAHWI, & JIMIb UX KJIac-
cuduKanys BBUAY U3MEHEHHsI 00JIaCTY ONPEIESICHNS] KBAa3UUMILYJIbCa, .

§ 61. DJIEKTPOHHBIN CIEKTP HOPMAJbHBIX METAJIJIOB

B peasbHBIX KpuCTajulax HOPMAJBHBIX (HECBEPXIIPOBOJISIINX )
METAJJIOB JIEKTPOHBI 00pa3yi0T KBAHTOBYIO (DEPMU-KUIKOCTD, OT-
HOCHIIYIOCs K onmucaHHoMmy B r1. | Tumy. Psim oTsmumit BO3HUKAET,
OJTHAKO, B CBH3U C TEM, YTO 3J€Chb MBI UMEEM JEJI0 HE CO «CBOOOI-
HOII» U3O0TPOIHON KHUIKOCTHIO, & C KUIKOCTBIO B aHU30TPOIHOM
IIEPUOAMYIECKOM IIOJIE€ PEIIETKH.

[TomobHO TOMY Kak SHEPIEeTUUECKUIl CHEKTP CBOOOmHON (dhepmu-
KUJKOCTU CTPOUTCS AHAJIOTUYHO CIEKTPY UAEAJHLHOTO (hepMu-rasa,
TaK CIEKTDP JIEKTPOHHOU (DEPMU-IKUIKOCTA B METAJIJIE CTPOUTCH
AHAJIOTUYHO CIIEKTPY WMAEAJBHOTO «ra3a B pemieTkes. [losiBiaenue
KBa3UUMITYJIbCA KAK COXPAHAIONIECHCH BEJMYUHBI CBI3aHO TOJIBKO C
IPOCTPAHCTBEHHON IEPUOJUYHOCTHIO CUCTEMBI (IIOJOOHO TOMY Kak
COXPaHEHUE WMCTUHHOTO HMITYJIbCA $BJISETCS CJACACTBUEM TIOJHOM
IPOCTPAHCTBEHHO onHOpoAHOCTH). EcTecTBEHHO mOITOMY, YTO Iie-
pevucieHnbe B § 55 CBOWCTBA MEPEHOCHATCS W HA XaPaKTEp KJIACCH-
duKanuyM ypoBHEH B CHEKTPE 3SJIEKTPOHHOM YKUIKOCTH B METAJLIE,
[pUYEM POJIb YacTuUll (JIEKTPOHOB) HEPEXOAUT K KBA3UIACTHULIAM.

IIpu Temneparype abCONIOTHOTO HYyJs YaCTHIBI UI€AJBHOTO
depMu-raza B TMEPUOAMYECKOM IOJI€ 3afiMyT BCE HUXKHWE YPOBHU C
SHEPIUSIMU € BIUIOTH JI0 HEKOTOPOTO TPAHUYHOTO 3HAYEHUs € (COB-
[aJAOIIET0 CO 3HAYECHUEM XUMUYECKOro noreHnuaia p upu 1 = 0),
OIPEIEJIIEMOTO YCJIIOBUEM, UTO UUCJIO COCTOAHUM C € < £F COBIATA-
€T C TOJIHBIM YHCJIOM JIEKTPOHOB. 1Ipu 3TOM SHEpPreTHYECKUE 30HHI,
11t KoTophix €5(k) < €p mpu Beex 3nadenusx k, okaxkyTcs mOJIHO-
CTBIO 3aIIOJIHEHHBIMY, 30HHI ¢ €5(k) > ep — mycrbiMu, a 30HBI, IJis

KOTOPBIX ABHCHUEC
PR P es(k) = ep (61.1)

uMeerT pereHue, — OyAyT 3aloJIHEHBI YacTHIHO. ¥YpasHeHus (61.1)
onpeesoT B K-pocTpaHcTBe rpaHRYHYI0 HOBEepXHOCTh Pepmu, OT-
JIEJISTIONLY O (151 KAXK 1011 30HBI) 3AII0JHEHHBIE COCTOSHUS OT IIyCTHIX.

HAJIOTUYHO, B PEAJHHOM METAJUIE CYIEeCTBYET MOBEPXHOCTH B
k-pocrpancTse, ormessiomas obaacts 3anonuHeHHbx (npu T = 0)
COCTOSIHMI KBa3W9IaCTHUI] OT CBOOOJHBIX COCTOSIHUIL; MO OJHY CTOPO-
Hy 3TO IOBEPXHOCTU HEPTUU KBA3WYACTHIL € > Ep, & IO APYTYIO

11 E. M. Jludmmuu, JI. I1. [Turaesckuit
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¢ < ep. Hamomunm, oguaako (cM. §1), 4To mOHATHE KBa3MYACTHUIL B
bepMU-KUIKOCTH UMEET PEAJIbHBIN (DUIUIECKUH CMBICI JIUIIH BOJIH-
3u (hepMU-TIOBEPXHOCTH, T 3aTYyXaHUE JIEMEHTAPHBIX BO3OYXKe-
Hu#l CPaBHUTEJHHO MaJio. [10aTOMY TIpencTaBieHHE O 3aIOJHEHHBIX
SHEPreTUYECKUX 30HaX (BO3HUKAIONIEE IIPH ONVMCAHUM CIIEKTPA HJIe-
AJIBHOT'O d)epMI/I—rasa) B pPeaJIbHOU JIEKTPOHHOU 2KUIKOCTU TEPAET
CBO#l OyKBAJIBHBIN CMBICJ.

KsasnuacTtursr BOJm3u (hepMu-TIOBEpXHOCTH HA3BIBAIOT IAEKMPO-
Hamu nposodumocmu. VIX 9Heprus ABIAETCH, B OOIEM CIydae, Jiu-
HeitHON QyHKIUell KBazuuMmIyJibca; anajgorudno (1.12), numeem

G(k) —€EF Nﬁ(k—kp)VF, (61.2)
roe kp — Touka Ha (epMU-TTIOBEPXHOCTH, &
_ (o
hvp = (ak)ksz (61.3)

— CKOPOCTB 3JIEKTPOHOB IIPOBOJAMMOCTH B 9TUX TOYKax ').

B6uin3u epMu-TIoBEpXHOCTH JTOJIKHA, JIEXKATh U «00JIaCTh pa3-
MBITOCTH» PACIpPEIesIeHNs JIEKTPOHOB ITPOBOIUMOCTH MPU OTIUY-
HBIX OT HyJjg Temmeparypax. OTCoa BO3HUKAET YCJIOBHE ITPUME-
HUMOCTH Teopuu pepmu-kunkoctu: 1' K hkpvp, tne krp u vp —
XapaKTepHbIE BEJIMYUHBI PAa3MEPOB (hepMU-TTOBEPXHOCTH U CKOPOCTH
Ha Hell. OOBIYHO pa3Mephbl Kp COBOAJAIOT IO MOPSJAKY BEJIUYUHBI C
pa3MmepaMu si9eifiku oOpaTHOMN pemerku, Tak 4to kp ~ 1/a (uckio-
YEHHME COCTABJSIOT TaK HA3bIBAEMbIC MOJIyMETAJUIBI — CM. HHIKE).
[MonoxkuB Tak»Ke i OUEHKHU Up ~ hkp/m, mpuzeM K yCIOBHUIO
T < 10* — 10° K, mpakTHJIeCKH BCET/a BBIIOIHSIOMEMYCSL.

DaKTHIECKH BCE METAJIBI UMEIOT KPUCTAJIJIMYECKHUE PEIIETKH C
menTpoM mHBepcun. COrIacHO CKa3aHHOMY B KOHIE § 55, BCe ypoB-
HY 9HEPIUH JIEKTPOHOB IPOBOAUMOCTH (C 3a1aHHbIMU K) JBYKpATHO
BBIPOXKJIEHBI 110 CIUHY (pedb MIeT O MeTajulax He (eppo- W He aH-
TU(hEPPOMATHUTHBIX ).

®opMa 1 PaCIIOIOKEHNE (PePMU-IIOBEPXHOCTH ABJIAIOTCSA BAXKHOM
XapaKTEPUCTUKON KaXKJOT0 KOHKPETHOTO MeTaJjijia. ¥ Pa3JInIHBIX
METAJIJIOB OHM UMEIOT CAMYI0 PAa3HOODOPA3HYI0, BOODITE TOBOPS CIIOXK-
Hy10, (bopmy. PepMU-TIOBEPXHOCTH MOXKET COCTOSITH U3 HECKOJIBKHUX
HE CBI3aHHBIX MEXKJy COOOM JIMCTOB, KOTOPBIE MOTYT OBITH OJHO-
CBSI3HBIMU WJIM MHOTOCBSI3HBIMU, 3aKPBITHIMU WJIM OTKDPBITHIMA (CP.
cKa3aHHOE B § 55 06 M309HEPreTHYECKUX MOBEPXHOCTSAX BOOOIIE).

1) ®opmyser e Tuma (2.11) mis adbdexkTUBHON MacCh, MONyYEHHBIE B § 2
Ay «CBOOOAHON» (DepMu-KUIKOCTH U3 COODparkeHMil rajInuieeBoil NHBapUAHT-
HOCTH, K 9JIEKTPOHHOH >XMIKOCTH B KPHCTAJUINYECKON peElleTKe, PasyMeeTcs,
HE OTHOCSATCS.
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3aMKHYTBIE JIUCTHI (PEPMU-TIOBEPXHOCTH MOXKHO DPa3JE/IUTh HA
JIBe KATETOPWH B 3aBUCUMOCTH OT TOTO, OIPAHUYMBAIOT JIX OHU
obsnactu 3anonHeHHbIX (mpu T = 0) miam CBOGOJHBIX COCTOSHUI
KBa3U4acTUIl (B IEPBOM CJIy4ae BHYTPH HOJIOCTH € < €, & BO BTOPOM
e >¢ep). Oba ciaydas MOXKHO, OJHAKO, ONUCHIBATH AHAJOIMIHBIM
06pa3oM, ecyii CYUTATH BO BTOPOM CJIY4Yae, U9TO «IIYCTadgs TOJIOCTH
3alI0JTHEHA, «KBa3WIBIPKAMU»; TEPEXO]] CUCTEMBI B BO30YXKIEHHOE
COCTOSTHUE ONHUCHIBAETCS TOTMA KAaK MEPEXOJ KBAa3WUIBIPOK W3HYTpH
depmu-noBepxHOCTU HapyXKy. CaMyro dpepMu-moBEpXHOCTh HA3BIBA-
10T TOra 0bipo4HOl, B OTIMYIHNE OT IAEKMPOHHOT B IEPBOM cirydae ).
QOusnueckoe pasuInue MeXKIy JABYyMs THUIAMHA KBAa3WIACTHUI —
9JIEKTPOHAMY W IBIPKAMHU — $ICHO TIPOSIBJIIETCS TPHU WX JBUMKECHUN
BO BHEIITHUX NOJIAX. TaK, BCe CeYeHMsl NbIPOYHON (UM 3I€EKTPOHHOM )
bepMU-TIOBEPXHOCTH, ONPEIENAIONINE KBA3UKIIACCUIECKUE TPACKTO-
pUU TP JBUKEHUW B MATHUTHOM TIOJI€, OTHOCATCS K JIBIPOYHOMY
(nm JIEKTPOHHOMY) THUILy B yKa3aHHOM B § 57 cMbICIe.

B um3orpomnnoii «cBOOOAHOMY DepMU-KUIKOCTH, O KOTOPOI LI
peun B § 1, depMu-moBepXHOCTD TpeAcTaBsAa coboit cdepy, paau-
yC KOTOPOH OIMpEAessiics MIOTHOCTHIO YKUIKOCTH COTJIACHO TEOpe-
me Jlangay (1.1). Anasorndsas CBSI3b UMEETCs U ISl SJIEKTPOHHOM
KUJKOCTU B METaJUIe, HO CIEIu@UKa CBONCTB, CBA3aHHBIX C TEPHUO-
JWYHOCTHIO PEIIeTKH, MPUBOIUT K HEKOTOPOMY M3MEHEHHUI B (hOp-
MYJIIPDOBKE 9TOM CBA3WU.

Yucyto 3/IeKTPOHOB B METaJLJIE YA0OHO OTHOCUTH K OJHOM JIEMEH-
TAPHOM dA4YeiKe ero PEIIeTKH; IIyCTh N — MOJHOE YUCIO JIEKTPOHOB
B aToMmax onHOM sueiiku. OO0O3HAYMM UYepe3 Tp CyMMapHBIH 00beM
B OIHOM siueiike 0OpATHOIN PEIeTKH, JIEXKAIIUHI C 3aTOJHEHHON CTO-
poHBI (bepMU-IIOBEPXHOCTH (T. €. CO CTOpoHBI, Tae € < €r). CioBo
CyMMAapHBI 03HAYAET 3/1€Ch, UYTO €CJIU 3AIOJTHEHHBIE 00JIACTH, COOT-
BETCTBYIOIIME PA3JIMYHBIM JIUCTAM (DEPMU-TTIOBEPXHOCTU, YACTUIHO
IEPEKPBIBAIOTCS, TO OHU BCE PABHO JOJIXKHBI CKJIAIbIBATHCS HE3ABU-
cumo. O6beM Tp yCIIOBEMCH U3MEPSTh B €IUHUIAX 00bEMa CaMoil
sd9efKM OOpATHOM PEIIeTKH; CAEJIAHHOE 3aMEeYaHUe O TEPEKPBITUU
obJiacTel 03HAYAET, YTO OIPEIe/IeHHAs TAKUM 00Pa30M BEJIUYUHA Tx
MOXKET MPEBBITIATE €IUHUILY.

Nurepecyromee Hac yrepxkacHue (meopema Jammunoicepa), 3a-
MEHSIOIee It MeTaJIIa TeopeMy JIaHmay, BeIpaXkaeTcss paBEHCTBOM

ne =217 =n — 21 (61.4)
rae | — mekoTopoe 1enoe aucio (I > 0). B Mogenu naeanbHOro rasa

1) [MomuepkHem, 0XHAKO, BO H30eKAHUE HEIOPA3YMEHHMIA, UTO CMBICT TEPMUHA
«IbIPKa» HE COBIAJAAET 3IECh CO CMBICJIOM, B KOTOPOM OH IIPUMEHSLJICS B OIMCAH-
HOM B KoHIe § 1 ajipTepHaTUBHOM criocobe onucanusi cekrpa hepMu->KuIKOCTH
(TaM Ha3BIBAJINCH ABIPKAMM JIMIIb IIyCTHIE MECTA, OOPA30BABIIMECS B 3AII0JHEH-
HOii obstacTu npu Bo30y KAEHUU CUCTEMBI).

11*
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B PEIIeTKE 3TO YUCJIO UMEET IIPOCTOM CMBICI: TIOJHOMY 3AIIOJIHEHUIO
KasKJI0# 30HBI COOTBETCTBYET JIBA JIEKTPOHA B siueiike 0OpaTHOM pe-
meTKu (yIBOEHUE CBS3aHO C JBYMsI CIMHOBBIMU COCTOSIHMSIMH), TAK
4910 2] €CTh YMCIIO0 JIEKTPOHOB, 3AMOJIHAIONINX | HUXKHUX 30H, & Pa3-
HOCTB N — 2] — YHUCJIO 3JIEKTPOHOB B YACTUYHO 3AIOJHEHHBIX 30HAX.
®opwmyuia (61.4) BeIpaxkaeT TOT — OTHIOAD He TPUBUAJILHBIN — (DakT,
9TO AHAJIOTUYHAS] CUTYaIlUsl TPOJOJIKAET UMETh MECTO W IIPU yUeTe
B3aMMOmeHcTBus Mexkay iekTponamu '). Ilo onpexmesenuto meras-
JIa, IEJIOE YUCTIO Ne OTIUYHO OT HYJIS.

IIycts B MeTasuie UMEIOTCS TOJIBKO 3aMKHYTBIE JINCTHI (DepMU-
MTOBEPXHOCTH — JIEKTPOHHBIE U ABIPOUHbIe. OO0O3HAYUNM TTOCPEICTBOM

5)

‘rﬁs) u TJ(F BKJIAJIBI B TF OT OTJEJIBHBIX 3JICKTPOHHBIX U ABIPOYHBIX
TIOJIOCTEM: ®) (®)
S S
e = Y 4 Y
S S

(CyMMI/IpOBaHI/IH COOTBETCTBEHHO 110 BCEM JJIEKTPOHHBIM W BCEM JbI-

pOUHBbIM JmcTaM). Benmdnua 7

COBIIAIAET C OOBEMOM 3JIEKTPOH-

(s)

HO# ToJIocTH, a 0ObeM AbIpouHOl mosocTu ecth 1 — 7,/ Bemem
9HCIIa JIEKTPOHHBIX W JBIPOYHBIX KBA3UIACTHUIL

n_ = 221’9, ny=2% (1- TJ(FS)).

ITpu yeTrHOM N (& HOTOMY M YETHOM 7T.) BO3MOXKHBI CJIydYau, KOIZA
N COBIIAJIACT C YIBOSHHBIM UHCJIOM ABIPOYHBIX moJiocTeit. Torma pa-
BeHCTBO (61.4) cBemeTcs, KaK JIETKO yOEAUTHCs, K PABEHCTBY

n_=ng. (61.5)

Taxkue MeTaJIIbI ¢ PABHBIME YHCJIAME KBa3WYACTUI[ M KBAa3HUIBIPOK
HA3BIBAIOT KOMNEHCUPOSAHHBIMU.

ObpaTnm BHUMaHWE HA TO OOCTOATEIHLCTBO, YTO MPU TOUYHO BBI-
nosHsAmeMcs paBercrse (61.5) caMu BeAMYMHBI N_ M My MOLYT
OBITH TIPOM3BOILHBIMK, B TOM YUCJIE CKOJIb YTOJHO MaJbIMu. B Takmx
CIydasX, KOTJa 00beMBbI BCEX TOJIOCTElH (hepMU-TIOBEPXHOCTHA OYEHBb
MaJbl (110 CPABHEHUIO ¢ 00BHEMOM OJHOM siueliku 06paTHOM perieT-
K1), TOBOPAT O noaymemasnax ?). CyliecTByer, OIHAKO, HUXKHSS
TPAHUIE, JJIs IUCIa JTEKTPOHOB IMPOBOJUMOCTH, 33 KOTOPOHN 3JIeK-
TPOHHBIN CIIEKTP METAJINIECKOTO THIIA CTAHOBUTCS HEYCTONIUBBIM
U CyIIECTBOBATH HE MOXKeT (CM. 00 9TOM HuXKe, B KOHIE §66).

1) Crporwuit Bb1BOZ 3TOTO yTBepK AcHus M. J. M. Luttinger // Phys. Rev. 1960.
V. 119. P. 1153.

%) Tak, y BucmyTa n_ = ny ~ 107°.
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TepMmopuHAMUYECKTE BEJIMYNHBI METAJLIIA CKJIAIBLIBAIOTCS U3 pe-
METOYHBIX W 3JIEKTPOHHBIX dacTedl. TemrmeparypHas 3aBHCHMOCTH
MOCTIEIHAX ONPEIENIETCA KBA3UIACTUIIAMA B OKPECTHOCTH (DEPMU-
[IOBEPXHOCTH €)3aK0H mucnepcun (61.2)). XapakTep 9TO# 3aBHCHMO-
CTH, €CTECTBEHHO, TOT K€, UYTO W y WACAJBHOTO (hePMU-TA3A WIIN
y u3orponHoit dhepmu-nosepxuocTu (cp. §1); oinune B opmysax
BO3HUKAET JIUIH OT JPYTOTO YUCJIA COCTOSHUN KBA3UIACTHUI BOIU3N
bepMU-TIOBEPXHOCTH, HE HABJISAIONIEHCS Tenepb cdepoii.

O603HaYMM YHUCIIO COCTOSIHUI (OTHECEHHOE K eAMHHIE 00bema
MeTaJlIa), IPUXOAAIeecs Ha HTEPBaJ dHepruii de, yepes v de. Duie-
MeHT obbema Kk-mpocTpaHCTBa MeXKay OECKOHEYHO OJIM3KMMU H30-
SHEPTETUYECKUMHU TIOBEPXHOCTSIMHU, OTBEYAOIIVMY JHEPIUAM Ef U
ep + de, pasen df de/hivp, tae df — snemenT wiomanyu dbepmu-mo-
BEPXHOCTH, a Up — BeJMYNHA HOPMAJIBHOTO K HEH BEKTODa

v = 0e/h0k. Ilosromy
vp = —> / 4 (61.6)

(2m)3 fivr’

T7le HHTErPUPOBAHUE TPOU3IBOIUTCS O BCEM JIUCTAaM (DEPMU-TIOBEPX-
HOCTH, PACIOJIOXKEHHBIM BHYTPH OJHON siuefiku OOpaTHOM peleTKu
(mpu OTKPBITOH (hepMU-IIOBEPXHOCTH IPAHU CaMOil siuefiku B 06,1aCTh
UHTETPUPOBAHUS, PA3YMEETCsl, HE BXOMST).

Besimuuna (61.6) 3amensier co6oii B TEPMOAMHAMUYECKUX BEJIH-
YMHAX BBIPAyKEHUe, KOTOPOe IS ra3a CBOOOAHBIX dacTuI] (IIOBEPX-
HocTh @epmu — cdepa) umesro Bug

2 Anp __ mprF

(27h) pr/m 2R

Taxk, g 2JIEKTPOHHOM YaCTH TEPMOJUHAMUIECKOTO MOTeHImAaa {2
Merasuta umeeM (cp. V, §58)

w2 )
Qe = Qoc — TvrVT?, (61.7)

rae Ype — 3Hadenue norernuana npu I = 0. PaccmarpuBas BTopoit
wien B (61.7) kak Masyto 106aBKY K {)ge, COTVIACHO TEOPEME O MAJIBIX
J106aBKaX, MOXKHO HAMUCATH TAKYIO Ke (DOPMYJIYy ¥ JJid TEPMOIUHA~
MHUYECKOro moreHnuaia P:

w2 )
e = Boe — TvpVT?, (61.8)

rje Tenepb Vp UV IPEANOJIAraloTCsl BhIpaXKeHHbIME 4depe3 P (1o
«HYJICBOMY» NpHOJMKeHHIO, T. . npu T' = 0).
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Onpenesnss u3 (61.8) SHTpOIHIO, & 3aTeM TEIIOEMKOCTb, HafieM
71'2
Ce=TvpVT. (61.9)

Permeroynas e 4acTh TEIJIOEMKOCTH HpOHOpIMonaibaa T° (mpu
TeMIIepaTyPax, MaJIbIX [0 CPDABHEHUIO ¢ 1eb6aeBCcKoi ©); mosToMy npu
JIOCTATOYHO HU3KUX TEMIIEPATYPAX IEKTPOHHBIN BKJIAJ B TEIJIOEM-
KOCTh CTAHOBHUTCS NIPe0b/Iagarommm ).

ITo 370l ke mpUYMHE CTAHOBUTCS IIPEOOJIaIaIoNuM B 9TOi 0bJ1a-
CTH TEMIIEPATYP TAKXKE U DJIEKTPOHHBIN BKJIQJ B TEILIOBOE PACIIIH-
penne Metasuia. Oupegensis u3 (61.8) oobem V = 0®/JP, a 3arem
KO3 DUITUEHT TEIJIOBOTO PACIIUPEHUs (, HalIeM

a=L (‘9_V) _ _pr 0Vur) (61.10)
v \ar/p 3V 0P

OrmeruM, uTo 31€ech (Kak u B obuactu T > © — cm. V,§67) orHo-
TIIeHne

aV. _ dln(Vvr)

C oP
OKA3bIBAETCS HE 3ABUCAIIMM OT TEMIIEPATYPHI.

§ 62. I'puHoBcKas ¢yHKIHUS IEKTPOHOB B METAJLIIE

[Tpoeenennoe B § 56-58 paccMoTpeHMe OTHOCUIOCH K JIBUZKEHUIO
OJTHOTO JIEKTPOHA B PEIIETKE, HA KOTOPYIO HAJIOXKEHO €IIe BHEITHEE
MarauTHOe moje. [lokaikeM Temeph, WTO TOJYYEHHBIE NPU ITOM
PE3YABTATHI OCTAIOTCS IO CYIECTBY CIPABEJIUBHIMA W JIJIsT KBa-
3U9acTUIl (JIEKTPOHOB MPOBOJVMOCTH) B JIEKTPOHHON KUIKOCTH
pPEaIbHOTO METAJIa, — MEHSAETCS JIUIIb HECKOJIBKO OIPEIETICHNE
BXOAAIUX B cooTHotenus sequund (FO. A. Buwkos, JI. II. T'opvros,
1961; J. M. Luttinger, 1961). Iloaxongamum MaTeMaTHYECKUM allla-
paToOM 15t OOIIIETO PACCMOTPEHMUST HTEKTPOHHON KUIKOCTH SIBJISIETCS
anmapaT TPUHOBCKUX (YHKITHH.

B ra. II ator anmapar 6b11 pa3BuT st «CBOOOmHON» (depmu-
KUAKOCTU. BBISCHUM, B KaKUX MYHKTaX OH JOJKEH ObITh M3MEHEH
JJIsT JKUJKOCTH B PEIETKE.

I'punoBckasi DyHKIUsI JIEKTPOHHOM KUAKOCTH (IPU TeMIepa-
type T = 0) onpexessiercsi 4epe3 reiizeHOEPrOBCKUE 1)-OMEPATOPEL
9JIEKTPOHOB TO¥ ke dopmysoit (7.9), rae ycpeJHEHHE IPOUCXOLUT

1) Masieiv mapamerpom pasioxenus B (61.9) ssisiercst oraomenue T/er, a B
pemeTo4Hol TenoemMkocrn — orHomenue 1'/©. Iloaromy 0be 4acTH TEMIOEMKO-
cru cpasuuBatorca npu T2 ~ 03 /ep.
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II0 OCHOBHOMY COCTOSIHHIO MeTaJjljia. B Cuily OIHOPOZHOCTH BPEMEHU
1a (YHKIMS 3aBUCAT OT ApPryMEHTOB t1 W lp TOJIBKO 4Yepe3 ux
pasHocTh t = {1 — t9. IIpocTpaHCTBEHHAS K€ OIHOPOMHOCTH HAPY-
IIIEHA TeNepPh HAJWYUEM BHEITHErO 110 OTHOIIEHHUIO K YKUIKOCTH TIOJIs
pemerku. [loatomy rpuHOBCKasi YHKIHS 3aBUCHUT HE TOJIBKO OT
pasHocTu r1 — ra. MOXKHO JIAIb YTBEPKAATH, YTO OHA NHBAPUAHTHA
OTHOCUTEJILHO OJHOBPEMEHHOTO CIBUTA Iy W Iy HA OAWH W TOT
ke (yr0boit) mepmox permerku. Hurke mbl Gymem paccMaTpuBaTh
TPUHOBCKYIO (DYHKIMIO B W, I-TIPEACTABJIEHUU, T. €. BBEIEM €€
dyppe-kommonenTy 10 ¢ : Gog(w; r1, r2). VMenno sta dynkmums
[TO3BOJISIET, B NIPUHIINATIE, OIPEAEJIUTH SHEPTETUUECKUI CIIEKTD JIEK-
TPOHHO# KUAKOCTHU B MeTasuie. [loBropum (He MpOU3BOs BHOBb BCEX
BBIYHUCJICHU{T) IPUMEHUTEJIBHO K JAHHOMY CJIydal0 U3JIOXKEHHBIE B § 8
pacCyXKIeHU.

B §8 6put0 MOKAa3aHO, YTO OJHOPOJHOCTH CUCTEMBI TO3BOJISET
MOJIHOCTBIO OIPEIEIUTh KOOPAUHATHYIO 3aBUCAMOCTH MATPUYHBIX
9JIEMEHTOR )-OTIEPATOPOB ¥ TEM CAMBIM TIO3BOJIAET 3alUCaTh ObIee
BBIDAYKEHNWE T'PUHOBCKOM (DYHKIIMU B MPOCTPAHCTBEHHO-BPEMEHHOM
npexacrasiaennu B Buge (8.5), (8.6); orcioma MOXKHO ObLIO 3aTeM
mepedT W K €€ WMIYJbCHOMY IMPEJCTABJCHUI0 B BHIE pPa3-
Joxkenus (8.7).

JlJ1si 37IEKTPOHHOHN KUAKOCTH B PEIIETKE MHBAPUAHTHOCTH MaT-
PHYHBIX 3JIEMEHTOB, BbIpakacMasi paBeHCTBOM (8.3), mMeeT MeCTO
TOJIBKO JIJIs TPAHCJISIIAN Ha MEPUO/IBI PEIETKHY, T. €. IPU I' = a. ITO
TMPUBOIUT, €CTECTBEHHO, K MEHbIIEH ONPEIesIeHHOCTH B KOOPIUHAT-
HO#t 3aBUCUMOCTH: BMECTO (8.4) MOXKHO yTBEPXKAATDH JIUIIb, YTO

(01 Ta(t, T)| mk) = Xghu(r) exp(—iwmo(k)t),

- o ‘ (62.1)
(mk [Pa(t, 1)|0) = Xqm, _x(T) exp(iwmo(k) ),
rie
Xf;;:zk(r) = ™ Ugmy (1), (62.2)
(=) _ _ikr '
k — KBa3UMMIyJIbC COCTOSIHUS; 1M — COBOKYITHOCTH OCTaJIbHBIX

XapaKTEPHU3YOUMX €0 KBAHTOBBIX YUCET, & U W U — HEKOTODBIE
[EePUOANYECKUE B PereTKe (PyHKIMU KOOPIUHAT (MbI BBITUCAIN MAT-
PUYHBIE JIEMEHTBI TOJIBKO JIJIsl IIEPEXOI0B U3 OCHOBHOI'O COCTOSIHUAS —
cocrogrus 0). Ilo ceomm cBoiictBam ynkmuun X u x)
AHAJIOTUYHBI OJIOXOBCKAM BOJIHOBBIM (DYHKIUSIM JIEKTPOHA B IIEPH-
OJMYECKOM TIosie. BBIpa3uB IpUHOBCKYIO (DYHKIMIO Y€pe3 ITU MaT-
PUYHBIE JIEMEHTHI M HepexXois 3aTeM K KoMmmoHeHTaM Pypne mo
BpeMeHH (IOZOGHO TOMY, KaK 9TO ObLIO cuesaHo B §8), mosydum
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Tenepb BMecTO dopmyiisl (8.7) passioxenue

Gl _ Xt T Xk (F2) | Xoormie(F1) Xk (¥2)
ap(w; T1, T2) = S o _;
T w+p—¢e . +10 w+p—¢e, . —10

(62.3)
C IPesKHUM CMBICIOM obosHaderuit €+ u e(7); Bo BTopoM dileHe mpo-
u3BeneHo mepeobosnauenve k — —k.

Haymume He3aTyXamomux OJHOYACTUYHBIX 3JIEMEHTAPHBIX BO30Y-
KaeHuil B6u3n hepMU-TIOBEPXHOCTH METAJLIA MPOSBJISETCS B TOM,
9TO TPH € BOJIU3U L YHEPTUsI COCTOSHUSA 3aBUCUT TOJBKO OoT K. Jljist
Takux cocrosinuii dyskmus Geg(w; Iy, rz) HMeeT IIONIOC [IpU
w = e(k) — p. Béumsu nomroca ona umeeT BUj

Xak(rl)XZk(rZ) (62 4)
w4 p—e(k) +1i0- signw’ ’

Gop(w; r1, r2) =

IIpu HauYuu BBIPOXKIEHUS TIO CIUHAM JIOJIZKHO €II1€ TTPOU3BOAUTCS
CyMMUPOBAHNE IO JBYM CIUHOBBIM COCTOSTHUSIM.

Ornpenenerre HEPTETUIECKOTO CHEKTPA M0 TPUHOBCKON (DYHK-
MY CBOJAWTCs, B TPUHIWIE, K 33Ja9€ O COOCTBEHHBIX 3HAUCHUSIX
HEKOTOPOTO WHTETPO-auddepeHITuabHOTO JIMHEHHOTO OMEPATOPA.

OcHOBHBIE TIPUHIUIBI JUATPAMMHON TEXHUKH B KOOPIUHATHOM
MPOCTPAHCTBE I PACCMATPUBAEMOrO CJIyYasi OCTAIOTCA TEMU IKE,
9T0 ¥ B 00BIYHOM bepMu-KuaKocTr. B gacTHOCTH, BBEISA COOCTBEHHO-
sHepreTudecKyo GyHKImio X,g(t, r1, r2) (KaK CyMMy OIpeieseH-
HO#i B § 14 COBOKYIHOCTH nuarpaMm), MOKHO 3aIUCATh TPUHOBCKYIO
dynkimmio Gag(t, r1, r2) B Buge paga (14.3), KoTopslii cymmupyer-
s K quarpaMMuoMy ypasaenuio (14.4). Toukas cuiomHast JIuHus Ha
9TUX JuarpaMMax 0603HAUAET MPUHOBCKYIO hyHKIN0 G O? p): (t, r1—r3)
CBODOHBIX JIEKTPOHOB — HE B3aMMOJAEHCTBYIOIIMX HU C JPYTUMHA
ajekTpoHamu, HU ¢ pemerkoi. Coryacuo (9.6), sTa dyHkuusa ymo-
BJIETBOPSIET yPABHEHUIO

.0 A (0) ) = —
(5 + 2%+ 1) GSA(E, 11 = 12) = 8apd(8)5(x1 — r2).
ITpumenus cneBa k ypasuenuio (14.4) omeparop (...) u nepeiins

3aTeM K (YypPHEe-KOMIIOHEHTAM IO BPEMEHHW, IIOJIyIUM HCKOMOE
ypaBHEHHUE

(w+u+2A—T:L)Ga3(w; r, 1‘2)—/2047((-0; r, 1) Gyp(w; v, 1) &z’ =
= aﬂd(rl —I'2). (62.5)
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B6au3u nosnroca G-dyukuuu (o nepeMeHHON w), IpaBasi 9acTh
YDABHEHHS MOXKET OBITh OIYINEeHa, W TIOJYYaeTCd OJHOPOIHOE
nHTerpo-auddepeHIuaibHOe ypPaBHEHNE, COOCTBEHHbIE 3HAYECHUS
KOTOPOTO W ONPEAENAOT SHEPreTHYECKUH CIEKTD CUCTEMBI. [lpm
9TOM WHIEKC [3 W TepEeMEHHas Iy HE 3aTPAruBalOTCA HUKAKUMHU
OmepanusaMu, T. €. UTPAlOT B yPABHEHWU POJIb HECYIIECTBEHHBIX
napamMeTpoB. [ljg ompenmesieHus CIEKTPa MOXKHO MHCATH MOITOMY
ypaBHeHUe Buzaa ')

(w+a+ 2 ) xalr) - / San(w; T, ) X (t') 32’ = (w—1) x(r) = 0.

(62.6
Juist 951eKTPOHHON (DEePMU-KUIKOCTU B METAJIE OHO 3aMEHSIET co2
6oit obbraHoe ypasuenue [llpenunrepa. Ero cobcTBeHHbIE 3HAUYECHUS
OLIPEJIEJIAIOT, KaK y»Ke CKa3aHo, cuekTp coryacHo w = e(k) — p;
COOTBETCTBYIOIUMU K€ COOCTBEHHBIMU (DYHKIUSAMU SBJISIOTCS (DyHK-
mu Xok(r) m3 (62.4) (kak 9TO OYEBHIHO U3 HPSMOM IIOJCTAHOB-
ku (62.4) B (62.5)). ITockonbky 3aryxanue BO30OyXKAcHU BOJIU3H

€PMU-TIOBEPXHOCTH MaJO, onepaTop L TpW MajbIX w 3PMHUTOB
C TOYHOCTBIO JI0 YJIEHOB HOPSIKA W ).

st mepexona K Cydaro HAJu4us Cjaboro BHEITHET0 MAarHUTHO-
TO TOJI HAJO0 3aMETUTh, UYTO IPHU KAJUOPOBOYHOM MpPEOOPA30BAHUU
BEKTOPHOTO MOTEHIWAJIA 1)-OIePATOPDI MPEOOPA3YIOTCs KAK BOJIHO-
Bole ¢yukuuu (cp. (44.3), (44.4)), a noromy rpuHOBCKast (QyHK-
s Gog(w; Iy, ro) mpeobpasyercss Kak Ipom3BeJeHHe 1)-DyHKImit
P (r1) ¢¥*(re). D10 3HauuT, yro M dyHkuma Xx(r) B (62.6) gowxHA
npeobpa30BhIBAThCA Kak OObIuHas t-dyHKiusg. Ho, mpociaenus 3a
IpPOM3BEIEHHBIMEU B § 56 pacCyKIeHUSAMU, JIETKO OOHADYKUTH, YTO
B HUX WCIIOJIb30BAHBI TOJHKO TNEPUOIUIHOCTD PEIETKN KPHUCTAJIA,
obrue CBOMCTBA KAJUOPOBOYHOTO MPEOOPA30BaHUs U TOT (PAKT, YTO
SHEPTEeTUYECKUIl CIIEKTD OMPEEJISIeTC TI0 COOCTBEHHBIM 3HAYEHUSIM
HEKOTOPOTO TaMUJIBTOHUAHA; POJIb TOCJIETHETO WTPAET B MAHHOM

cayuae omepaTop L B (62.6)2). I1osToMy fICHO, 94TO U Pe3yJIHTAT —

1) Ijist MUKPOCKOIMYECKY OHOPOIHOH (hepMU-KHUIKOCTH STO YPABHEHHE B HM-
IyJIbCHOM IIPEACTABJICHUN CBOAUTCS K ypasHeHuio (14.13)

w+pu=e(p)+ 3w, p).

2) MokeT mOKA3aThCs CYIIECTBEHHBIM OTJIMYHEM B 3TOM CBa3H , 4To B (62.6)

onmeparop L cam 3aBucur oT w. B geiicTBuTENBHOCTH 3TO O3HAYAET JIUIIb
HEsIBHBINA Cmoco0 3ammcm raMuwibTOHMAaHa. llpm Mmasabsix w (BOsusm depmu-

HOBEPXHOCTH) MOXKHO IEpefiTy U K sIBHOI 3amucu, pasiaoxkus L =~ Lo + wl;
~ < ~
i yMHOXUB 3aTeM ypasuenue Loy = w(1 — L1) x ciesa ua omeparop (1 —L1)™t.
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IIpaBMJIO IIepexoda OT CHEKTpa B OTCYTCTBHE IOJIHA K CIEKTPY

Opy Hajguuuy C1aboro mojss — OyJeT TeM JKe: HOBBIA CIEKTD
OIpEJesIsAeTCs 0 COOCTBEHHBIM 3HAYCHUSAM TaMUJILTOHUAHA
€ R = . 8
€ (K - —A(r)) , T=i—, (62.7)
he 0K

rae €(k) — cmekTp B orcyTcTBHE HOIHA. Pasymeercs, cMBICI camoii
dbyukuun e(k) Teneps ornmuaercs or ee cMbicia B (56.7) — B Heit
YUUTBHIBACTCH KOJJIGKTUBHOE B3aMMOJCHCTBHE BCEX 3JIEKTPOHOB B
cucreme.

Jlasiee, mockoIbKY mpoBenennoe B § 57,58 paccMoTpeHUe KBa3u-
KJIACCUYECKOTO CJIydasi LEJMKOM OCHOBBIBAJIOCH Ha CYIIECTBOBAHUU
raMuIbTOHHaHa Buga (62.7), TO U 9TH pe3yJIbTaTbl HEIOCPEICTBEH-
HO NEPEHOCATCS HA ICKTPOHHYIO KUIKOCTb. [Ipu 3TOM, OZHAKO,
BO3HHMKAECT BOIPOC O TOM, YTO HMMEHHO CJEAYET MNOHUMATH IO
HAIPS?KEHHOCTHIO OIS, JEHCTBYIONIErO Ha JICKTPOH IPOBOAUMOCTH
(a TeM caMbiM — ¥ mOJ BeKTOpHBIM mnoTeHimanoM A). Crpo-
IO IOBOpsl, 9TO JOJKHO OBITH TOYHOE MUKPOCKOIHNYECKOE 3HAUE-
HHE II0JIsl, CO3/JaBACMOrO B JAHHON TOYKE I BCEMH 3JIEKTPOHAMHU
(n BHemnmMm moseMm). Ho B KBasukjaccmueckoM ciydae Xapak-
TEpHbIE pa3Mepbl Ty OOJAaCTH, B KOTOPOH NPOMCXOAUT B3aHMO-
JefictBue («JAPMOPOB PaAMyC OPOWUT» ), BEJHWKHU O CPABHEHWIO C
HOPSAKOM BEJIWYMHBI MEXKJIEKTPOHHBIX DACCTOSHUN  (COBIAmato-
UM C [OCTOSIHHOM DEIeTKH a). DTO O0OCTOATEIbCTBO MPUBOIUT
K aBTOMATUYECKOMY YCPEIHEHUIO MUKPOCKOMMYECKOro mouis. IIpo-
UCXOXK/ICHWE 3JTOrO0 YCPEJHEHUsI MOXKHO IIOSICHUTDH CJIELYOIUMU
PaCCy K ICHUSIMU.

ITpecTaBuM MEKDPOCKOIIMYECKYIO HANIPSIZKEHHOCTD B BUJIE CYMMBbI
ee CpeJHEro 3HaUeHUsl (KOTOPOe, MO MPUHATONW B MAKPOCKOIMMYECKOMH
JIEKTPOJUHAMUKE TEPMUHOJIOTMY, €CTh MAarHWTHas MHIYKius B)

u 6picTpo Mensitomieiicss wactu H. BexkTopHbiit morenrmas, oTBe-
YaloIuii OMHOPOAHOMY IOJIF0 B, BO3pacTaeT Ha BCEM NPOTSKEHUU
pa3mMepoB OpOMTHI, MpWHUMAS XaPaKTEpHbIE 3HAaYeHUS ~ Brp.
ITorennman ke, oTBeYAOMNIl OCIUJIIUPYIOMIEMY HA PACCTOSHUSX

~ q moato H, He BO3pacTaer CHUCTEMATHYECKM W HAOWPAET JIUIIh
3HadeHus ~ Ba, KOTOPHIMH MOXHO NpeHeOpedh MO0 CPABHEHUIO C
Brg. Mexay Tem, Kak ObLIO 00bsiCHEHO B § 56, UMEHHO TOTEHITHAJ
TOJIsl  OTpefe/ideT KBAHTOBAHWE JBUYKEHUS 9DJIEKTPOHOB. Takum
06pa3oM, MBI TPUXOAWM K BBIBOLY, YUTO JOCTATOYHO YIUTHIBATH
JIMIIB TOoTeHIma a A omHopomHOi mHayKnuu B = rot A, koTopasa u
OyaeT UrpaTh posib AeHCTBYIOMEro Ha iekTpon nois (D. Shoenbery,
1962). Mer yBumum Huke (koHer §63), 4rTo 39TO 0GCTOATEIHCTBO
MOXKET MPUBECTH K HEKOTOPHIM HOBBIM SIBJIEHUSIM B HAMATHUYEHUU
METAaJIJIOB.
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Takum 06pa3omM, TPaBWJIO KBA3UKJIACCHYECKOTO KBAHTOBAHUS
(58.7) [y1si 2JIEKTPOHHOM YKUAKOCTU B METAJLJIE 3AIUCHIBAETCH KAK

27| e 1
S(e, k,) = ﬁL' B(n+2), (62.8)
rae renepsb S(g, k,) — MWIOMAAb CEUeHUs] NCTUHHBIX U309HEPreTHYe-
CKUX TIOBEPXHOCTE} JIEKTPOHOB MPOBOAMMOCTHY MeTaJLIa (BIU3KUX K
ero pepMuU-TIOBEPXHOCTH).
Kak u B 3amade 06 0JHOM 3JIEKTPOHE B PEIIETKE C IEHTPOM HH-
Bepcum '), yder CIMHA JIEKTPOHOB IPOBOAUMOCTH MPUBOIUT K PAC-
MICIUICHAIO YPOBHEH B MArHUTHOM IIOJI€ Ha JBE KOMIIOHEHTHI:

Eno(ks) = nlks) + 0BE(k,)B, o = £1. (62.9)

Bennunna €(k,) npeacrasisier coboit pe3yJsibTaT yCpeJHEHNs HEKOTO-
poit dyukrmu £(k) o kBasukiaccudeckoit rpackropuu. [Ipu stom, ¢
JIOCTATOYHON TOYHOCTHIO, BCE TPACKTOPUN MOYKHO CUMTATD JIEXKAIIHU-
MU Ha caMoi (DEepPMU-TIOBEPXHOCTH, TAK YTO PE3YJIbTAT YCPEIHEHUS
3aBUCHUT TOJIBKO OT k. [loguepkuaeM, 9TO mjis JIeKTPOHHOM (hepMu-
JKUAKOCTH oTiimdne Bejaudausbl E(k;) OT equHUIBI (€€ 3HAUCHUS [JIst
CBOGOHBIX JIEKTPOHOB) CBS32HO HE TOJBKO CO CIHUH-OPOUTAJILHBIM
B3aUMOIENACTBUEM, HO U C OOMEHHBIM B3aUMOIEHCTBUEM 3JIEKTPOHOB
APYT C IPYTOM.

§63. ddbdekT ne I'aaza—Ban AnsBeHa

MaruuTHas BOCIPUMMYMBOCTH METAJIA B CIA0BIX MAarHUTHBIX
nossax (BB < T, B — marueron Bopa, B — MarHuTHasi WHIYKIWs)
HE MOKET OBITH BBIUUCJIEHA B 00111eM Bue. /lesio B TOM, YTO B paMKax
Teopuu (HpepMuU-KUIKOCTA MOKHO PACCMATPUBATH TOJBKO IIapaMar-
HUTHYIO (CIOMHOBYIO) 9YaCTh BOCIPHUMMYHBOCTH: 3Ta YACTh OIPEJe-
JISIETCS JIEKTPOHAMHU IIPOBOAUMOCTH BOJIM3U (DEPMU-TIOBEPXHOCTH,
ITOCKOJIBKY CIIMHBI JIEKTPOHOB B IUVIyOMHE PAaCIPEIe/IeHUs] B3aWM-
HO CKOMIIEHCUPOBaHbI. B nuamMarHuTHyio ke (OpOMTAJIBHYIO) YacTh
BOCHPUUMYUBOCTH BHOCSAT BKJIAJ[ BCE JIEKTPOHBI, B TOM YUCJE U3
TIyOMHBI pacUpezesieHus, TAe IMOHATAE KBAa3WYACTUI, B TEOPHUH
depMU-KUIKOCTH yKe TepsdeT CMbICA. Mex iy Tem obe 4acTu BOC-
NPUAMYUBOCTH, BOOOITE TOBOPS, OJHOTO MOPSIKA BEJIMYWHBI, & Pe-
JTbHBIN (DU3UYECKUIT CMBIC UMEET TOJBKO UX CyMMa.

ObpaTuMcs K «CHJIbHBIMY» IIOJIAM, KOTJa,

T < BB < (63.1)

1) axTuyecKn KPUCTAIHYCCKHE PENIETKY BCEX METAJLIOB 00/Iaa10T IICHTPOM
WHBEPCHUU.
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T. €. HHTEPBAJIBI MEXKJIy YPOBHAMU JIaHIay CPABHUMBI C TEMIIEPATY-
pOif, HO BCe €IIle MaJbl TI0 CPABHEHUIO C XUMUIECKUM TTOTEHIUATIOM.
B sToMm ciydae mapa- v fuaMarHuTHAS 9aCTH HAMATHUYIEHHOCTH BO-
0b111e He MOTYT OBITH PA3ENIEHbI, HO 37I6Ch CUTYAIMs MEHSETCS B TOM
OTHOIIIEHUH, YTO B HAMATHUYEHHOCTU METAJLIIA, TOSIBJISIETCS OCIIUIIIIS-
[MOHHAsI 3aBUCUMOCTD OT HaIpsiKeHHOCTH mouist (agpexm de Taasa—
san Aaveena)'). MoOHOTOHHAS YaCTh HAMAHUYEHHOCTU ¥ 37€ChH 3a-
BHUCUT OT BCEX 3JIEKTPOHOB B METAJLJIE W HE MOXKET OBITH BBIYMCIIE-
HA B paMKax Teopuu depMu-KuakocTu. OCImnpyomas ke 9acTh
HAMATHUYEHHOCTHU OTPEEJIACTCA, KAK Mbl YBUIAWM, JIUIIb JEKTPO-
HAMU TIPOBOJUMOCTH B OKPECTHOCTH d)epMI/I-HOBerHOCTI/I ¥ MOXKET
6bITh paccmoTpena B obmem sune (M. M. Jlupwuy, A. M. Kocesuwu,
1955). VimenHO 3Ta 9acTh u GyAeT UHTEPECOBATH HAC 31EChH.

OciuuigmuonHasi 3aBUCUMOCTD HAMATHUYEHHOCTU OT TOJIS $B-
JIIETCS CJIEICTBUEM KBAHTOBAHWS YPOBHEW HEPTUH OPOUTAIHLHOTO
JIBUKEHUS JIEKTPOHOB. HO KBAHTOBAHMIO TIOABEPTAIOTCA TOJBKO CO-
CTOSIHWS, OTBEYAIONINE JBUMKEHUIO 3IJIEKTPOHOB TI0 3aMKHYTHIM
(B k-mpocrpancTBe) TpaekTopusiM. 1109TOMY BKJIAZ B OCIUJLISIH-
OHHYIO YaCTh TEPMOJMHAMUYECKUX BEJUIMH BO3HUKAET TOJBKO OT
9JIEKTPOHOB TPOBOJIUMOCTH HA 3aMKHYTBIX CEUCHUSIX M30IHEPTETH-
YECKUX MOBEPXHOCTEN MIOCKOCTAMHY, TEPIEHIUKYJIAPHBIMA 33, JaHHO-
My HaIpaBJeHUIO moJisd. MBI Oy/IeM CUMTATh, YTO HA ITUX CEUCHUAX
BBITIOJIHAETCS YCJIOBUE KBa3UKJIACCHYHOCTH, T. €. UTO ONPEIEJISIEMBbIC
paBeHcTBOM (62.8) 4ncia n BeIUKA:

heS/|e|B > 1. (63.2)

Jns Tunuasbx hepMu-TIOBEPXHOCTEH B METAJIAX JIMHEHHBIE pa3-
Mephl cedennit ~ 1/a, Tak uto S ~ a2, m Torma yciosue (63.2)
3aBeJIOMO BBIIOJIHSETCH (Cp. mpuMedanue Ha c. 302).

KBasukiiaccudeckue ypoBHU JAIOTCs (C yYETOM CIMHA) BhIpaXKe-
uueMm (62.9), rme €,(k,) — pemenus ypasuenus (62.8); kaxzomy
YPOBHIO OTBEYaeT YHCJIO COCTOsHUiL, maBaemoe dopmysoit (58.10).
[MosToMy cTaTHCTHYECKAs CyMMa, ONPEIEISIONAas TePMOJUHAMUIYIE-
ckuii morenrman ) (byskuusa p, T u obbema V cucremsbr), umeer
BUJI

Q=-T ':Ji‘:z/Zm{Hexp s"f’( )}dk (63.3)

NMunekc s HymMmepyeT OTHIEJIbHBIE JINCTHI U309HEPTETUUECKON TTOBEPX-
HOCTH; 9TOT UHAEKC U 3HAK CYMMUDPOBAHUA 110 HEMY HUXKE JJId KpaT-
KocTH omyckaeM. VHTerpupoBanue no dk, TPOU3BOIUTCS IO TAKOMY

1) Cp. V,§60, rae sror acbdbexkT paccmMarpuBascs i HIACATHHOTO JICKTPOH-
HOTO rasa.
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UHTEPBAJLY, 9TOOBI B HETO ObLIN BKJIIOYEHBI BCe Pa3/IMdHbIE (T. €. 33
UCKJIFOYEHHEM UX IEPUOANIECKUX IIOBTOPEHUI) CeYeHUs BCEX JINCTOB
U309HEPTEeTUYECKUX TIOBEPXHOCTEA.

[Ipexxze Beero BeITETMM U3 () OCIMIUIMPYIONIYIO C TIONIEM YaCTh
(obozHaumMm ee uepes (1), mpeobpaszosas cymmy (63.3) ¢ momormbo
dopmyasr Ilyacconat):

0) -l—i F(n) = / F(z)dz+2Re i / F(z) ™ dx. (63.4)
n=1 0 0

=1

[Tepsorit wiien sToi hopMmysibl, npuMmeHeHHOH K (63.3), maer HeocuuII-
JIUpYTONTHil BKJIA B {); OIyCTUB €T0, IHIIEM

o _ _|elBVT
Q=- "= 2Re Z > L, (63.5)
I=10=%1

rae Ly — OCITUJITUPYIONIAs YaCTh UHTErPAJIa
/ dn / In {1+ exp o= onlk) En(k o~ enlhe) 4 g2mitn g, (63.6)

¥ BBEJICHO TaK¥Ke ODO3HAUeHUE U, = i — oBEDB.
st masbHelinero npeobpa3oBaHus BBeeM (PYHKITUIO
hS(e, k.) 1
g, ky) =257 2 63.7
n(e, k) 2rle|B 2 (63.7)
(cp. (62.8)) u nmepeitnem or unTerpupoBanus 1o dn B (63.6) K uHTE-
TPHUPOBAHUIO TIO dE:

/ In {1+exptohermin P ap ge; (638)

BBIOOD HUZKHETO IPEJIEJIa HHTErPUPOBaHus 10 de (YCIOBHO IOJIOXKEH-
HOT'O PaBHBIM HYJIIO) 6e3pa3iinyeH, TaK KaK B HHTErpaJje BCE PABHO
OyIeT CyIeCTBeHHA, JIUIIh OKPECTHOCTh 3HAYECHUS € = iy
[Mockoubky dynkmus n(e, k,) BenKa, SKCIOHEHIIUAIBHBIH MHO-
JKUTEJIb B MOABIHTErPAJbLHOM BbIpaxkeHuu B (63.8) — GwIcTpO OC-
MUY omas QYHKIUS k,. DT OCHWIIAINY TOTAIIAI0T WHTETDAJT

Y Cwm. V,§60. Tor dakt, uro B (63.4) umen cymmer F(0) crour ¢ xoacbdu-

nueHToM 1/2, HeBakeH, Tak Kak B cyMme (63.3) BCe DaBHO CyIECTBEHHBI JIMIIbL
4JICHBI ¢ GOJIBIIUAME N.
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1o dk,, m TOTOMY OCHOBHO# BKJIaJI B HETO BO3SHMKAET OT TeX 0bjacTeit
nepeMeHHOH k,, B KOoTOpbiXx dbyHkuusa n(e, k,) MeHsiercs Hambosee
ME/JICHHO (TaK YTO M OCUMJUISIUK HauMeHee MeJJIeHHBI). JIpyrumu
CJIOBaMH, OCHOBHOHM BKJIAJ B HMHTErpaJl JAOT 00JacTy BOJIU3U TO-
YeK 9KCTPEMYMOB 1 KakK (PyHKIUM OT k, (IpH KarKIOM 3aJaHHOM €).
ITyctb k,ex(€) — omna u3 Takux TOYEK; BOJM3M HEE BHIYUCIISIEM UH-
TerpaJl METOIOM IIEPEBaJIa: B IOKA3aTeJe 9KCIOHEHTHI MUAIIEM
2
’I’L(E, kz)%nex(s)-l_% (Zkg) (kz_kzex)Qa nex(e):n(s, k:zex(G)),
z/ex

a B HEJKCIIOHCHIUAJBHBIX MHOXKHUTEIAX OepeM HMX 3HAUYEeHHE IIPH
k, = k.ex- B pesynbrare Haiimem, 9TO KaXKJas U3 KCTPEMAJIBHBIX
TOYEK JACT B HHTEIPAJ BKJIAI

it 2] 2

3amena On(e, k;)/0c Ha dnex/de monmycTrMa, HOCKOIBKY B TOUKE IKC-
tpemyma On/0k, = 0. 3Haku + win — B HOKa3aTeJIe IKCIOHEHTEI
OTHOCATCH COOTBETCTBEHHO K CIy4asM, KOTJA K, ex ABJISAETCH TOYKOMN
MUHUMyMa Wi Makcumyma dyakuun n(e, k,)'). IIpeobpasyem ato
BBIPA’KEHUE WHTETPUPOBAHUEM TI0 9aCTAM, HAITUCAB

62 _1/2

ok

exp {27rilnex + %T} de,

driex —X exp (2milnex) de = ﬁ dexp (2milne(¢))

™

W YUUTHIBAs, YTO MEJIEHHO MEHSILyioca GyHKImo |8%n/0k2|cx
MOXKHO He quddPepeHnupoBaTh. [[pOMHTErpUPOBAHHBII YJICH HE TIPHU-
BOJUT K OCHUJLIAIIMOHHON 3aBUCUMOCTH OT TIOJIST; OITyCTUB €0, UMEEM

o0
_— eFin/4 exp (27Tilnex) de
=y S / o i (63.9)
> 51 | (et

rJie CyMMHUDOBAHUE TIPOU3BOIUTCS IO BCEM KCTPEMAJIBHBIM TOUKAM
(cMBICT KOTOPBIX OyzeT eme 0OCYKIeH HUXKE).

Muoxkurenb exp (27milne;) B Y4uCIUTENE TOABIHTEIPAJILHOTO BbI-
parkeHust — OBICTPO OCHMJUIUPYIONasl QYHKIWMSA €. DTU OCIUIIIAIUN

: 2
1) Heperasbueiii maTerpan Buma f e'%* dz BbIYHCIAETCA IYTEM 3aMEHBI

z = ue'™* wm z = ue”"™/* npu a > 0 wm a < 0, HOCIE YETO MHTETPHPO-

BaHUe 10 du PaCIPOCTPAHIETCI OT —O0 L0 OO.
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TIOTAIIAIOT UHTETPAJI 110 dE BE3/IE, 38 UCKIIIOUEHUEM O0JIACTH € — g ~
~ T, B KOTOpO#1 OBICTPO MeHsieTcst 3HamMeHaTe h. Cama ke (yHK-
U Nex (€) B 9TO# 06JIACTH MEHSIETCS TIJIABHO U IIOTOMY MOXKeT OBbITh
[IPEeJICTABJIEHA B BUJE

nex(s) ~ nex(ﬂa) + nlex(ucf)(E - “0);

9?n/Ok2|e !

MHOXKUTENb XKe |0°n/0k;|ex’” mpocTo 3aMeHsieTCs €ro 3HaYCHHEM
IpH € = [i,. I]0CiIe 9TOTO, Iepeiias OT MHTErPUPOBAHUS IO € K MHTE-
TPUPOBAHUIO 10 £ = (€ — fiy)/T u 3aMeHUB HYKHUIT Tpenen — /T

Ha —00 (mockosbky p/T > 1), momyuum ')

i — _ exp [2milnex(po) £ im/4] Sh_l 271-21Tn/ '
v %x: 213/2’3271/311:3 1/2 [ ex(ﬂa)]

€X, po

[Ipu cymmupoBaHuu 3TOTO BBIpaXkeHus M0 0 = +1 MOXHO Be3xe
(KpoMe 9KCIOHEHIMAJBLHOTO MHOXKUTENSA) 3aMEHHTh [l Ha [,
HOCKOJIBbKY 1O mpemnonoxkenuio (63.1) SB < p. B daszosom xke
(9KCIIOHEHNIMAIBHOM ) MHOXKHUTEJIE TaKas 3aMEHa HEJIOLYCTUMA: BBU-
Ity GOJIbINOl BeInUnHBL (DYHKIWUA Moy (€) Y?KE OTHOCUTEJIBHO MAJIOe
“3MEHEHUE €€ aPTyMEHTA IPUBOAUT K 3aMETHOMY U3MeHEeHUIO (pas3bl;
311ECh, OJJHAKO, JOCTATOYHO PA3JIOXKUTL Nex (i = FB) mo cremensm
(B, OrpaHWYMBIINCH JIMHEHHBIME WjIeHAMu. B pe3ysbrare moJyduM

¥ exp [2miln +in/4
lea=—z p| eX(NZ 1/2/]><
e o~ 132 0%n/0k2

X, p

x sh™" 202 1T g, ()] cos 218 Bé iy (1)), (63.10)

rie €ex = £(kzex). OcTaeTcst BBISCHUTH CMBICI BXOASAIIUX B 9TO BbI-
pakeHUe BEJIMYUH U HOJCTaBUTH €ro B (63.5).

1) Mcnons3oBato 3HadeHME HHTETPAIA

(oo}

IE/ ¢ dr=--T .
e +1 shma

— 00

Oty HopMyILy MOXKHO HOJYUYUTh, PACCMOTPEB MHTErPAJI MO 3aMKHYTOMY KOHTY-
Py B ILIOCKOCTH KOMILJIEKCHOTO Z, COCTABJIEHHOMY U3 BEIIECTBEHHOMN OCHU, IPAMOM
Im 2z = 27 u nByx GECKOHEYHO yHAJEHHBIX «GOKOBBIX» OTPE3KOB (s obecrede-
HUsI CXOAVMOCTH Ha MOC/IEAHNX BEIIECTBEHHbIH napaMerp « 3ameHseM Ha o —10).
Murerpas no sToMy KOHTYpy OLpEIEssSieTCsl B HMOJIIOCE Z = i7, OTKYZa HAaXOMUM

IT—e 2™ = —2;je ™.
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Cornacuo onpegenenuto (63.7) dbyHKIus nex(€) cBsA3aHA € 9KC-
TPEMAaJIbHBIM 3HAYCHUEM Sex(€) IUIOMAAM CEUEHUS M309HEPreTHde-
ckoit mosepxuoctu S(g, k,) kak dynknum k,, a ee 3HaYEHHE

IPH € = (4 €CTh IUIOUAJh IKCTPEMAJIHLHOIO

ceuyenusi hepMmu-noBepxuocTu. Jyis wmsio-

cTpanmu Ha pPHC. 15 u300parKeHbI IKC-

TpeMaJIbHBbIE (Ba MAKCUMAJIBHBIX W OJHO

MUHUMAJIBHOE) CEYeHUsl TaHTEIe00pasHOM

~_ (epMu-noBepxHOCTH; OHM IIEPIEHIUKYIAPHEI

Puc. 15. HATIPABJICHUIO TOJIsl, YKA3AHHOMY CTPEJIKOIA.

CymmupoBanre no ex B (63.10) mpomsso-

JIATCS TI0 BCEM 9KCTPEMAJIBLHBIM 3aMKHYTHIM CEUYCHUSAM BCEX JINCTOB

depmu-ioBepxrocTH. MBI BBEEM TaKKe, JJisi YIPOIICHUS 3AMUCH

dopMys1, TUKIOTPOHHYIO MACCy JIEKTPOHA MPOBOAUMOCTH IIPU €rO

JBUKEHUN TI0 IKCTPEMAaJIbHON 3aMKHYTON TpaekTtopuu. CoryiacHO
onpenesernto (57.6) ara macca

_ B

pkiex 2w

m* — ﬁ_2 88(8, kz)
2r Oe

(1),

rae Sex(€) = S(e, kzex(€)); mociieqHee paBeHCTBO CHOBaA CBSI3aHO C
TeM, 4TO B TOUKe dKcTpemyma 0S(g, k;)/0k, = 0.
B pesynbrare mpuxomumMm K ClaeAyomieil OKOHYATEIHHOU Gop-

MyJe IS OCHWJLINPYIOIIEHl YacTW TEePMOAWHAMMWYECKOTO IIO-
TEeHITNAJIA:

O S 1\ 7i? Sex E
Q—ZZ( 1) Qlcos(l2mﬁB:|:4>,

ex [|=1
_ 2V (mBB)*? |8S(u, k)| T? A m* (63.11)
= ——cos (7rl fex),
nT/2H3m*]5/2 Ok2 o Sh A m

A = Ix2Tm* /mBB

(m — wucTMHHAsg Macca JEKTPOHA, 3HAKU + WM — B ApPryMEHTe
KOCHHYCA OTHOCATCS COOTBETCTBEHHO K CJIyYasiM MUHUMAJIbHBIX WA
MaKCHMAJIbHBIX cedeHuii) ).

l)ﬂ,nﬂ ra3a CBOOOIHBEIX JIEKTPOHOB (DEPMU-MIOBEPXHOCTH — Cdepa pamuyca
€F§: V2mp/h, Sex = nk%, u bopmyma (63.11) mepexoaut B bopmy.y (60.5) u3
60.

b
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Hamarangyennocts M (MarHuTHBII MOMEHT eIUHUNBI 00beMA)
BBIUHUCJISETCH KaK [IPOU3BOAHAs ")

M=-192 (63.12)

V 6B
ITpu srom guddepennmposanuio B (63.11) mMO/KHBI TOABEPraTHCS
Jumb Haubosiee ObICTPO MEHSIONTAECS MHOXKHUTEIM — KOCHHYCHI.

Beuny anusorponuu dhepMu-noBepxHOCTH (M* U Sex 3aBUCAT OT Ha-
npasiieHus mosis) Hanpasiernue M He coBmazaer, BooOuie roBops, ¢
HanpasJyienueM B. Jljisi ocumyuiupyomieil 4acTu mpoaosibHON (B Ha-
NPABJEHNUH TI0JIsi) HAMATHUIEHHOCTU HAXOIUM

~ el PN . 72 Sex x
MZ_ZZ( 1) M 51n(12m,83:|:4>,

ex =1 (63.13)
o B B0 2
LS T e 9k2  |o shx m %)

Bripaxkenus: (63.11) u (63.13) — ci0xKHBIE OCHMJLIUDPYIOLITE
(byHKIME MATHUTHOTO HOJISA, IPUYEM OHM COAEPKAT, BOODIIE ITOBOPS,
YICHBI PA3JIMYHON IEPUOJUYHOCTH: UIEHBI, IPOUCXOISAIINE OT KaxK-
JIOTO W3 9KCTPEMAJIBHBIX CeYeHUl (hepMU-IIOBEPXHOCTU UMEIOT CBOIA

) Tor dakr, uro auddepennuposanue mpoussomurca mo B, TpeGyer mosc-
nenus. K dopmyse (63.12) moxkuo npmiitu ciexyommm obpasoM. Vsmenenue
raMUJILTOHUAHA CHUCTEMBI DU OGECKOHEYHO MAaJIOM HU3MEHEHHM BEKTODHOI'O IO-
TEHIHAJIA TOJIsT €CTh

~ 1 [~
0H = —= / joA dV,
c

rae ] — omneparop miorHoctd Toka (cm. III, (115.1)). M3meHeHue ke TepMoAu-

HaMHUYECKOro noreHnuana ) nosy4aerca ycpeguenuem 0 H (npu 3anannbIx 3HA-
uwenusx g, T, V). Ho Tor dakt, 94T0 KBAaHTOBAHWE CHCTEMBI OIpee/seTcs (Kak
6bL10 OKa3aHO B § 62) He ToYHBIM MEKpOCKonHyYeckuM nojem H, a ero makpocko-

—~
MUYECKUM CPEJHUM 3HadeHweM B, osHawaer, yto u B 6 H mox A Ham0 MOHMMATH
BEKTODHBINM MOTeHIMal cpenuero moias B. Bapuanuio 6 A MoxkHO, ciemoBaTeb-
HO, BBIHECTH U3-TI0J] 3HAKA YCPEIHEHUsI, U TOTA

5Q=<5H):—1/<j)aAdV.

Beens Tenepb MarHUTHBINA MOMEHT, 110 onpeaesenuto (j) = crot M, u npoussens
WHTETrPUPOBAHUE IO YACTAM, IOJIYUUM

00 = —JB/MdV.
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nepuoz 1o nepemenuoit 1/B, paBHBIi
Al _ 4mmf _ 27| e

B k2 Sex CﬁSex '

OTMeTnM, 9TO 9TH TEPUOILI HE 3aBUCAT OT TEMIIEPATYPHI.

TemmeparypHasi e 3aBUCHMOCTD AMILIATY, OCITUJLIAIIAN Ompe-
nessierca MuoxkuTeaeM A/ sh A, Ilpu A > 1 ammwmrynsr yobiBatoT
9KCIIOHEHIMAJIBHO, ¥ OCHULIIAnuY dakTuaecku ucue3ator. [Ipu A < 1
MHOXKUTENb A\/sh A ~ 1, 1 IOPSAZOK BEJIMYMHBI AMIUIATYJ, OIPEIe-
JISIETCS OCTAJIBHBIMYU MHOXKHUTEIAME B (Y m Mj; K 3TOMy CIIy4aro u
OTHOCSITCS BCE TIOCIIEAYIONTNE OEHKH.

s Tpy6Ooii OIEHKU TIOJI0XKUM

(63.14)

m* ~m, p~Rkp/m, S~ kp,

rae kg ~ 1/a — suneiiable pasmepsl dbepMu-noBepxHocTU. Torma
TIOJTY IUM

5/2 1/2

~ B 5/2 —~

Qwvmwvnu BB , M~np BB , (63.15)
fi? © Ju

e n ~ k3 — IUIOTHOCTD |mcsa 3JIeKTpOHOB. UTO JKe KacaeTcs Mo-

HOTOHHO BaBI/ICHU_[eﬁ OT IIOJId 9aCTU HAMAaTrHUYCHHOCTU (0603Ha‘II/IM

ee gepe3 M), TO ee MOXKHO OLIEHUTH, HOJIOXKUB

M~ xB ~ ﬂQmﬁ—]ZF B ~npB8, (63.16)
n

Iae X — «MOHOTOHHAs» YaCTb MArHUTHOM BOCIPUMMYUBOCTH, OIE-
HEHHAsI, HAIPUMED, 0 GOpMyJe A BOCIPUUMUUBOCTH JIEKTPOH-
HOTO ra3a B cJabbix noisix (cM. V, §59). CooTBeTCTBEHHO MOHOTOHHAST

9aCTh TepMOMHAMEHYecKoro morermmata Q~V MB~Vnu(8B/u)?.
ConocraBiieHIe HAIVNCAHHBIX BBIPA’KEHUI IIOKA3BIBAET, ITO OCIHJI-
JIIPYIOINAst 9aCTh TEPMOAUHAMUAYECKOrO IIOTEHINAA MaJIa II0 CPaB-
HEHMIO C €r0 MOHOTOHHOW MArHMTHOHN YaCTbIO:

Q/Q~ (BB/w'? <1,
u Tem 0ojiee — IO CpaBHEHUIO ¢ ero 3HadenmeM Yy ~ Vnu B O1-

cyrcreue mons; Q/Qg ~ (BB/u)?/2. Ociummupyomas e gacth Ha-
MarHUYEHHOCTH, HAIPOTUB, BEJIMKA IO CPABHEHHUIO C €€ MOHOTOHHOM
JaCThIO

M/M ~ (u/BB)"/* > 1.

IIo moBOmy BCeit M3JIOXKEHHOM TEOPUH OCHUJLISIUN HAMATHUYEH-
HOCTH CJICAYyeT OTMETUTb, YTO OHA OTHOCUTCA K IJICKTPOHHOU KUJI-
KOCTH B UJCaJIbHOM KPHUCTAJIIC, U B HCY HE YUUTHLIBACTCA BO3MOXKHOE
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BinsHUE HA 3MDEKT MPOIECCOB PACCETHUS IJIEKTPOHOB TTPOBOIAMO-
cru Ha (HOHOHAX WM HA JedEKTax PemeTKd (HAIPUMED, HA aTOMax
npumeceit). DTU IPOLECCH! IPUBOAAT K HEOIPEAEJICHHOCTH B SHEPIHUH
JIeKTPOHOB: Ae ~ h/T ~ hvp/l (tme T — BpeMsl MEXKIy CTOJIK-
HOBeHmAMU; | — mymHA cBOOOMHOrO mpobera; vp — CKOPOCTH JJIEK-
TpoHOB). Pa3MbITue ke pe3KuX ypOBHEH SHEPIUM IPUBOAUT, B CBOIO
0dYepeib, K CIVIA’KWBAHUIO OCITUJIIAINI HAMATHUYEHHOCTHU. YCJIOBHUE
JOIyCTUMOCTH TIPEHEOPEKEHNS IPOIECCAMU

paccesiHust COCTOUT B MAaJIOCTH Heompene- |y

JIEHHOCTH A€ 1O CPABHEHUIO C WHTEPBAJIAMHE
MEXKJy YPOBHSMHU, T. €. JIOJPKHO OBITD:

hwp > fwp /L. (63.17)

IIpu T— 0 momycrumsr (yciosueM (63.1))
CKOJIb YTOHO MaJible 3HadeHus B (Tounee —
OrpaHUYEHHble Jumb yciosueM (63.17)).

IIpu sTom mamarmmuennoctb M MoOXKeT, B
OpUHIUNE, CTaTb CPABHUMON C caMOi HH-
nyxuumeit B (tak kaxk M /B~x(u/BB)Y?), B
HO €Ie PAaHbBIIE CTAHOBUTCH OOJIBIION Puc. 16.

(10 MOZYJIF0) MATHATHAS BOCIPHUMYHUBOCTD

X = 0M/6H?). JleficTtBuTenbHO, CHOBA 3a-

METHB, 9TO qu(PEPEHINPOBAHMIO JTOKHBI TI0IBEPTAThCS TOJIBKO OC-
MLIUPYONIAE MHOXKUTEJU, HAMIEM

%I ~ x(1/BB)*>. (63.18)

B Takoii cuTyarum OCIWLISINM HAMATHUYEHHOCTH MPUBOIAT
K TOSIBJICHUIO HA KPUBON 3aBUCHMOCTH MAKPOCKOIUYECKON HAIpsi-
sxxeaoctt H = B — 4nM(B) or unaykuuu B psiga mociemoBa-
TeJIbHBIX MePEeruboB, KAK ITO MOKA3AHO CXEMATHYECKW HA puc. 16
(A. B. Pippard, 1963). Ho yciioBue TepMOAMHAMUYECKOl yCTONIUBO-
ctu Tpebyert, 9To6B! OBLIO 2)

(Z—Z)T,M 0.

IlosToMy cocTostHHS, OTBedHalOmMe TAKWM YYaCTKAM KPUBOM, KakK
bc, HeBO3MOXKHBI. BO3HUKAOIIAS CUTyaIus BIIOJIHE aHAJIOTUYIHA TOI,

') Bo u3berkanue U3IMMIHUX YCIOXKHCHUH B CJICAYIOMEM HHKE KAUCCTBEHHOM
PacCMOTPEHUM BO3HHUKAOWNX 3(MEMEKTOB MBI OTBJIEKAEMCS OT BJIMSHHS AHUA30-
TPOIUN.

2)Cp. VIIL, § 18, roe aHaJOru4YHOE YC/IOBUE BBIBEAEHO IS JJIEKTPUYECKOrO
ciaydast.



340 SJIEKTPOHBI B KPUCTAJIJINYECKOW PEIIETKE TJL. VI

KOTOpasg TPUBOIUT K (HDA30BOMY TEPEXOMy B BEIIECTBE INPU IIOSB-
JieHnn Tepernba Ha KPUBOW 3aBUCUMOCTH JABJIEHUS OT O0bLEMA
(cp. V,§84,152). PaBuoBecHoii kpupoii 3asucumoctu H (B) Gymer B
JEACTBATEIBHOCTH COOTBETCTBOBATh NPAMOJIMHECHHBIN TOPHA30HTAJIb-
HBI OTPE30K ad, TPOBEJEHHBIN TAK, YTOOBI 3AIITPUXOBAHHBIE HA, PH-
CyHKe JBe ILIOIManu ObLIu PABHBI, YIACTKHU 2Ke ab u cd OTBedaroT
METACTAOUTHLHBIM COCTOSTHUSIM.

[Iycts mertasimueckuii obpaserr mpeicTaBisieT COOOH IHMIUHID
C OCBIO, HATIPABJIEHHON BIIOJb BHEITHero mojid §). Torma HampsizkeH-
HOCTH H BHYTpDH IMIMHIpDA COBHOAJIAET C §) W MO MEPE YBEIUUCHUS
MOCJIETHETO TEJIO OYIET WCOBITHIBATH MOC/IEIOBATENbHBIE (ha3oBbIe
MEPEXOBI CO CKAYKOOOPA3HBLIMU M3MEHEHUSAMHU WHIYKIIAN: KaXKIbIH
pa3 mpW JOCTUKEHUW TAKON TOUKW, KAK G, WHAYKIMS MEHSIETCS
CKa4KOM OT 3HaveHuss B, K 3nauenmio B;'). Ecim xe obpazen
MPEACTABISAET COOON TIIOCKYIO TJIACTUHKY B IEPIEHIUKYJISPHOM eif
MATrHUTHOM TI0JIE, TO IIPOUCXOIUT Pa3OMeHne Teja Ha IePe Iy FOIInecs
ciou (Quamazrummvie 0OMeHDL) C PA3IMIHON MHAYKIUEH — BIOJIHE
AHAJIOTMYHO Pa30MEHUI0 TPOBOIHUKA B MIPOMEXKYTOUYHOM COCTOSTHUT
Ha HOpMaJibHBble U cBepxuposogsuwme ciaou (J. H. Condon, 1966).
Brermaee nosie §) COBIagaeT B 9TOM CIIyYae CO 3HAYCHUEM MATHUTHOMN
WHIYKIINA, YCPEJHEHHBIM 10 BCEM CJIOSM. Tak, B HWHTEpBaJe
B, < $ < By myacTuHKa pa3buBaeTcs Ha CIOU C HHAYKIusMEU B,
u By u, mo mepe Bo3pactanus §), 00beM BTOPBIX BO3PACTAET 33, CUET
00beMa, TIEPBBIX.

§ 64. DyeKTpoH-(DOHOHHOE B3aMMoOECTBIE

Jlo cux mop MBI pacCMATPUBAJU IEKTPOHBI TPOBOIUMOCTH B
KPHUCTAJIJIE, OTBJIEKASICH OT WX B3aUMOJAEHCTBUS C KOJeOAHMAMU pe-
METKH, T. €. ¢ (POHOHAMHU. DTO B3aUMOEHCTBHUE BHIPAKAET TOT (PAKT,
qr0 medopMaIis PEIIeTKU W3MEHSIET T0jie, B KOTOPOM JBUXKETCH
MEKTPOH; 3ITO W3MEHEHWE TIIOJIS HA3BIBAOT  0ehopMayUOHHBIM
NOMEHUUGAOM.

DJ1eKTPOH-(DOHOHHOE B3AUMOJEICTBUE HUIPAET ONPEIEIIAIOIIYIO
pOJIb B KUHETUYECKUX SIBJICHUSIX B TOJIYIPOBOJHUKAX Y METAJLIAX,
HO 37€eCh Hac OyJeT MHTEPEeCOBATH TOJBKO KAYECTBEHHOE BJIMSHUE
9TOrO B3aMMOMAEHCTBUS HA DHEPTETUYECKUN CIEKTD 3JIEKTPOHOB.
s ero wu3yueHus 11€s1eCO0OPA3HO OTBJIEYbCH OT YCJIOKHEHWUIA,
CBSI3AHHBIX C AHU30TPONHUEH PEIIeTKH W €€ MHUKPOCKONMMYECKOH
HEOQHOPOLHOCTHIO. JIpyruMu CjIoBaMu, PAcCMATpPUBAEM CPELy Kak
MHKPOCKOITIYECKY OTHOPOIHYIO, H30TPOIHYIO JKUIKOCTh, COOTBETCTBEH-
HO YeMy B Heil BO3MOXKHBI JIWIIb TTPOJIOJIbHEIE 3BYKOBBIE KOJIEOAHMSI.

1) ITpeanosaraeTcst, 4TO TOBEPXHOCTHAS SHEPTHS TDAHHUILI PA3ACHA MEKIY
dazamMu HOJIOKUTEIBLHA.
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B nepBom mpubnmxkenuun mo gedopManuy MOTEHITUAN, OTBEYAIO-
MUt TAKO! YIPOIIECHHON MOZEJH, IPEICTaBUM B BAOC

Una0) = 2 [W(x =1 /() &', (64.1)

rae p' — mepeMeHHasl 9acTh IIOTHOCTH CPeJbl (& p — ee MOCTOSHHOe
paBHOBecHOe 3HadeHme). Oyukuusa W(r — r') ybbBaer Ha JymHAX
HOPSIIKA MEXKATOMHBIX PACCTOAHUI a. MBI ymIpOCTHM BhIparkKeHUe
(64.1) ewe masnbie, 3aMETHUB, YTO IJIs B3AaUMOAEHCTBUSA ¢ (POHOHAMY
¢ BOJIHOBBIME BeKTOpamu k < 1/a 9Tu pacCTOsHUS MOXKHO CYMTATH
PaBHBIMHU HYJIIO, T. €. ojoxkuTh W = wé(r —r'), rme w — mocrosn-
nast. Torma Uyeq = wp' (r)/p. B KBaHTOBOI Teopuu, B IpecTaBiIe-
HUM BTOPUYHOTO KBAHTOBAHWS, ITOT IMOTEHIMAJ 3AITUCHIBAETCA KaK
raMUJIBTOHUAH 3JIEKTPOH-(DOHOHHOTO B3aMMOJIEHCTBUS

Bop= / T (t, )7 (L, ) Tu(t, r) da, (64.2)

rae omeparopsl ¥, U oTHOCATCH K 37€KTpOHAM, a p' — Teitsenbep-
TOBCKWUi OMEPATOP IJIOTHOCTH, OMUCKHIBAIOIMINI (DOHOHHOE TIOJIE; IJIs
cBOOOIHBIX (He B3aMMOAEHCTBYIONIMX C JIEKTPOHAMH) (DOHOHOB OH
nmaercs dopmydoit (24.10).

B maremaTnueckom ammapare rpUHOBCKMX (DYHKIUN B MPUMEHE-
HUU K JIEKTPOH-(POHOHHOMY B3aMMOJEHCTBUIO MOSBJISETCS HAPSTY C
I'PUHOBCKOM dyHKIWMEH 3eKTPoHOB G erie u (POHOHHAS TPUHOBCKAS
dyHKIMH, onpeaeaseMas Kak

D(X1, X2) = D(X1 — X2) = —i(Tp' (X1) 7 (X2)), (64.3)

OpUYeM XPOHOJIOTUIECKOE TIPOU3BEEHNE PACKPBIBAETCS 1O TPABUILY
(31.2), orBevaromemy ciaydaio 6030HOB. Jljis cBOGOMHBIX (DOHOHOB
IPUHOBCKas (DYHKIUS B UMITYJIbCHOM HPEICTABICHUN

DOw =2 Ll
2u \w—uk+i0 w+uk—10 w? — u?k? 4140
(cM. 3amaqy K §31; B mpomexyTounbix (hopMmysiax mosaraem fi = 1).
PaccmarpuBast 3/1eKTpOH-(DOHOHHOE B3aMMOIEHCTBUE KAK MAJIOE
BO3MYIIICHHE, MOXKHO IIOCTPOUTH OCHOBAaHHYIO Ha omeparope (64.2)
IUArpPaMMHYI0 TEXHHKY MHOJ00HO TOMY, KaK 3TO OBbLIO CIEJIAHO B
§13 g maprOro B3amMojeiicTBus (epmuonoB. He mosTOpss 3a-
HOBO BCEX PacCyxkIeHuil, copMyupyeM MOJIydaiomuecs MPaBua
COCTABJICHUS [UarpaMM (B MMILyJIbCHOM IIPEACTABJICHUN) ).

(64.4)

1) Crpykrypa Bhipaxenus (64.2) misi omepaTopa JeKTPOH-(DOHOHHOTO B3a-
EMOZEHCTBAA aHAJOTMYHA CTPYKTyPe OMEePaTopa 3JIEKTPOH-(DOTOHHOTO B3au-
MOZEHCTBUS B KBAHTOBO! 9/JEKTPOAMHAMMKE. B CBA3M € 9THM aHAJIOTUYHBI U
NpaBuUjia JUArPAMMHON TEXHUKH B O0OMX CJIydasiX.
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OCHOBHBIMHU 3JIEMEHTAMU [UarpaMM sBJSIOTCH SJIEKTPOHHBIC
(cuomnbie) u oHOHHBIC (IITPUXOBBIE) JIMHHUU, KaXKIOH U3 KOTO-
PBIX NPHUINCHIBACTCS OLPENEJCHHBIN «4-UMIysIbCy. DJIEKTPOHHOMN
JuHEA ¢ 4-mMIyabcoM P CTaBUTCA B COOTBETCTBHE MHOXKUTEJb

iGg)g = idagG(O)(P) — TpUHOBCKasg (YHKIHsS CBOOOIHBIX 3JI€K-
tpoHoB. Domonnoit sjuHHUM ¢ 4-ummysbcom K - comocraBisieTcd

MHOXKATEH iD(O)(K ) — rpuHOBCKas DYHKIMs CBOOOMHBIX (DOHOHOB.
B kaxx 1ol BepIUHHON TOUKE AUATPAMMBI CXOMIATCA JIBE CILJIOTITHBIC
W OJTHA INTPUXOBAs JIMHUW; TAKOW TOYKE JIOTIOJHUTEIBHO COMOCTAB-
JISIETC MHOXKUTENb —iw/ p.

Tak, mepBasd MONpaBKa K 3JEKTPOHHON TPUHOBCKON (QyHKIMN
n306parkaeTcs quarpaMmoii )

K
— o (64.5)
P 5= P

KOTOpOfI OTBEYACT aHAJIUTUIECCKOE BBIPDA2KECHUE

i6G(P) = —‘;’—j (GO (P)J? / GO - K)DO(K) LK (64.6)

(2m)t”
ITepBasi monpaBka K (POHOHHOM TPUHOBCKOH (pyHKINU N300parkaeTcs
JuarpaMMon P
e

MM B aHAJIUTUYICCKOM BHUIEC

2 4
. d*P
i6D(K) = 2 [DO(K)]? / cO(P) GO (P - K) (64.8)
p? (2m)*
(k03(bdbunueHT 2 BO3HUKAET OT CBEPTHIBAHUS CIUHOBBIX MHOXKHUTE-
neit: §o308q = 2; YITEH TaK:Ke MHOXKHUTETb — 1, CBA3AHHBIN C HAJIH-
4YreM OJHO¥W 3aMKHyTOl (epMmuoHHO# meTiaum — cp. §13).
[TokazkeM, 4TO 3JIEKTPOH-(POHOHHOE B3aUMOIEHACTBHE B MeETaJl-
Jie IPUBOJUT K TIOSABJICHUIO «3(D(MEKTUBHOTO MPUTHKEHUAS MEKIY

1),ZI;I/I.'aurpauvma C 3aMKHYTOH Ha cebsi 9J1eKTpOHHOH JsimHuell (mogobHast nua-
rpamme (13.13a)) orcyrcrsyer BBy Toro, uro D®(0) = 0. ITpu sTom noapa-
3yMeBaeTcs, 4To Tepexon K mpenerxy k — 0 coBepmaercsa mpexge, dem w — 0.
ST0 0TPaXkaeT TO OOCTOATEIBCTBO, YTO B KOOPAUHATHOM IIPOCTPAHCTBE UHTETPHU-
poBanue mo d°z (kak pa3s W O3HAUAIOMICE B JAHHOM CIydac mepexon K k — 0)
COIEPXKUTCS y2Ke B ONPENEJIEHU raMujibroHuaHa (64.2) u moromy cosepmiaer-
¢Sl 10 UHTETPUPOBAHUSA TI0 BPEMEHM, BO3HUKAIOIIETO MDY TNPUMEHEHUH TEODHU
B03MymeHHﬁ K 3TOMY raMUJIbTOHUAHY.
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snekTporamu BOu3n epmu-moBepxaocTr. OHO MOXKET OBITH OIH-
CaHO HAIVISTHO KAaK PE3yJIbTAT MCIYCKAHWS BUPTYaJIbHOTO (POHOHA
OIHUM 3JIEKTPOHOM u ero moriomenus npyrum (J. Bardeen, 1950;
H. Frohlich, 1950).

Paccmorpum mumarpammy

P{=P1+K P
K (64.9)

Pl=P,~-K P,

n300paKAIOIIYI0 PACCESHUE JBYX JIEKTPOHOB, OCYIIECTBJISIOIIEECS
4yepe3 06MeH BUPTyaJbHbIMU hOHOHAMY; 4-uMiyabcbl P = (e—pu, p),
K = (w, k), p — xuMudeckuii noreHnuas iekrporos mpu T' = 0,
COBIIAIAIOIINI C TPAHUYHOMN IHEPTHEH € . DTON AUArpaMMe OTBEYAET
BepiInHHAS DYHKIIAS

N2
L'ys,0p = [darydps, i'= (—%) DO (K),

njim 242
r=-—_“=* 4.1
p(w? — u2k2 + iO)’ (6 O)

npuuem hw = €} — €1, ik = p1’ — p1.

[To mopsiAKy BEJUYUHBI, UMITYJIBCHI JIEKTPOHOB BO/M3U (hepMu-
HOBEPXHOCTH P ~ pp ~ h/a. PaccesHuro aekTpoHoB Ha yroi ~ 1
orBedaeT ummyibc douona ik ~ h/a u ero sueprus huk ~ hu/a ~
~ hwp, toe wp — nebaeBckasi 4acToTa (Il METALIOB fiwp K EF).
C apyroii CTOPOHBI, JIEKTPOH HE MOXKET OTIAThH YHEPTUIO OOJIBIIIYIO,
4eM € — £p. Iloaromy, eciu [y1si 0GOMX IEKTPOHOB |€ — ep| K wp,
TO 33BEJOMO

T~ w?/pu® > 0. (64.11)

YunreBast cmbica ' kak ammiuryer paccestuus (§16), Mbl Buaum,
YTO €€ 3HAK COOTBETCTBYET IPHUTHXKEHUIO MexXnay dacturamu. llon-
YEPKHEM, YTO 3TOT PE3YJIbTAT OTHOCUTCH JIHUIIb K 3JIEKTPOHAM B
CPaBHUTEJIBHO Y3KOM CJI0€ (IIUPHUHBI ~ fwp 1O SHEPIMH) MMILYJIHCHOIO
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MPOCTPAHCTBa BOMM3U (HEPMU-TIOBEPXHOCTH. IDTO OOCTOATETHCTBO
OBLIO YK€ MCIONB30BAHO B §43 1y yCTAHOBJIEHWST BEJMYUHBI A~
paMeTpa obpe3aHusi B TEOPUU CBEPXIPOBOIUMOCTH METAJIIOB *).

§ 65. Bimgaue 3jIeKTPOH-(POHOHHOTO B3aMMO/IEHCTBUAS
HA JIEKTPOHHEIN CHEKTP B MeTaJlie

PaccmoTpuMm Bompoc o BJIMSTHUE, OKA3BIBAEMOM JIEKTPOH-(DOHOH-
HBIM B3aMMOJEHCTBMEM HA 3JHEPTETUYECKUI CIIEKTD 3JIEKTPOHOB
B MeTaJie ?).

B §14 6b110 mokazaHo, 9TO Jjid CHEKTPa (HEPMUEBCKOTO THUIA
nomnpaBKa K 3aKOHy gucnepcus £(p) (IO CPaBHEHUIO CO CIEKTPOM
cucTeMBI CBOGOIHBIX (DEPMUOHOB) ONPEEJISETCS PA3HOCTHIO

de(p) = X(e — p, P) — 2(0, P), (65.1)

e ¥ = GO-1 — G-1 — cobersenno-sHepreTudeckas (QyHKIHSL.
B nanHOM Ke ciiydae pedb MIET O MOMPAaBKE, BHI3BAHHON B3aMMO-
neficrBueM ¢ (pOHOHAMU, a POJIb «HEBO3MYIIIEHHOIO» WIPAET CIEKTD,
YUUTHIBAIOUMA <«IPSMOE» B3aMMOAEHCTBHE YacTUI (JICKTPOHOB).
Cornacuo (64.6), nmeem ?)

d*K
(2m)*

2(P)= -6G7! = % =4 “_22 /G(O)(P—K)D(O)(K)
p

, (65.2)

o nog, GO mano nonumars Ternepb IPUHOBCKYIO (DYHKITUIO B3AUMO-
NEWCTBYIOMUX APYT C APYTOM 3JIEKTPOHOB. BOJIM3M CBOETO MOJIOCA
Takasi (PyHKIUS MMeeT BU

GO (e—p, p) = Z[e — p— v\ (p— pr) +i0 - sign(e—p)] " (65.3)

(cm. (10.2)); mumeke (0) y vp O3Ha4YaeT, YTO B STON BEJIWUUHE €IIE
HE y9YTEHO BJIUSTHUE JIEKTPOH-(DOHOHHOTO B3aUMOAEHCTBUS.

1) UTo KacaeTcs MOCTOSHHOR W, TO AJisi rPy0Oii OLEHKY €€ AJIsi METAJJIOB MOXK-
HO 3aMETHUTh, YTO U3MEHEHUE SHEPTHUH JICKTPOHA JOJI2KHO IOCTUIATh MOPSIAKA Be-

JIMYUHBL ee caMoii (~ £F), KOraa uaMeHeHue mWioTHocTH p' ~ p. OTcioma w ~ eF.
%) Uznaraembie B 3ToM maparpade pesyabrarsr npunamtexar A. B. Muzdaay
(1958).

3) B nmpomexyrounsix dpopmynax mosaraem fi = 1.
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Hamra ness cocTouT Teneps B oreHke BesauduHs! (65.1), 1. e. un-
Terpasa

de =

— 2 [(6O e—p-w, p-K) -G (-, p-K)} DO (w, K} T
. (2m)*

(65.4)

Kak BUIHO M3 TOCJIEAYIOMNX BBIYUCIEHUN, OCHOBHOM BKJIQJ B 9TOT
HHTErpaJj J1aeT 06J1acTh, B KOTOPOi UMIy/IbC P — K u sHeprus € — w
(kak u camu P u €) JiexKaT BOIu3u (PepMuU-II0BEpXHOCTH, T. €. k K pF,

w < p. ITo sroit npuunne s Gyskmuit GO MmoxHO ncnonb30BATH
(65.3).

B cdepuueckux koopaunarax B k-mpocTpancTse ¢ 0Chi0 BAOIL P
umeeMm d*K = 2rk? dk dw d cos 6, e 6 — yroa mexxay k u p. Bmecro
cos f BBeeM nepemennyio p; = |p —k |; 3amerus, uro p? = p? + k2—
—2pk cos 8, nmeem

d*K = 27k? dk dw p1 dpy /pk ~ 2k dk dw dp:

(MBI IOJIOKUIK D] R P & PF).
B nogpiaTerpainproM Boipakenuu B (65.4) oT p1 3aBUCHUT TOIBKO
MHOXUTEJIb B (PUTYPHBIX CKOOKAX, PABHBIM
0 . . _
{o} = ~(e=m) Zle—p—w—vY (p1—pr)+i0 - sign(e—pu—w)]

X [—w—v}?) (p—pr)—i0 - signw] L.

BBuny 6picTpoit cxoguMocTy uHTErpasia no d(py — pr), MOXKHO pac-
TIPOCTPAHUTL HHTETPUPOBAHUE N0 +00; BBEAA IEPEMEHHYIO 1) =

= v§9) (p1 — Pr), HOJIyYNM HHTErPAI

/{...}dp1 —

(e-m)Z / dn .
Q) [n—(e—pu—w)—i0 - sign(e—p—w)] [p+w-i0 - sign w]

— o0

Ecnu oba momroca moapHTErpaabHOTO BBIPAXKEHUsT HAXOAATCS 110 OJI-
HY CTODPOHY OT BEIIECTBEHHO# OCH, TO MHTErpaJj 0OpaIaeTcs B HyJIb
(B yem ybexxmaemcsl, 3aMKHYB IIyTh MHTEIPUPOBAHUs B JAPYTO# MO-
symiockocrn). [losToMy MHTErpas OTJIMYEH OT HYyJIs, JIUIIb €CJIA
e—p>w>0wme—p < w < 0; B IepBoM cilydae OH pa-

)

. 0 . 0
BEH —27mZ/v% , & BO BTOpPOM 2miZ /v%). Yursa Takyke YEeTHOCTH
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dyuxmun DO (w, k) mo mepemenHo# w, HAXOAUM, TAKEM 06DA3OM,

le—pl
o = (0)// ( ! ) K2dwdk.  (65.5)
82 puvy, w—uk—+10 w—l—uk—zO

BeH_IeCTBeHHaH U MHHMad YaCTHU I3TOT'0 BBIPAaXKCHHUA OIIPEOC/id-
IOT COOTBETCTBEHHO IIOIIPaBKY K CIEKTDPY KBa3UYaCTUI] (3ﬂeKTpOHOB

IPOBOJMMOCTH) ¥ WX 3aTyXaHue. PacCMOTpUM CHAdYaja 3aTyXaHue.
Otnenss B (65.5) MEUMYyIO YacTh mo npasuiy (8.11), Haxoaum

2
“Imée = 2 / k2 di: (65.6)
87rpuv(F)

MHTErpupoBaHue 1o k mpousBoguTcs 1o obsactu ot 0 mo |e — pl/u,
B KOTOPO# mONIfOC w = uk MOABIHTErPAJLHOTO BbIparkenusi B (65.5)
JexuT B uHTepBase Mexay 0 u e — p|. Takum o6pasom (B 06BIYHBIX
eIMHUNAX ),

21 _ 13
~Imée = 2ol pl (65.7)
24 putvy

s rpy0oii OIEHKHM 9TO¥ BEJUYUHBI 3aMEYAEM, YTO HAPAMET-

PbI ’Ug')) U W HUMCIOT JICKTPOHHOE IIPOUCXOXKICHHNE M BBIPAXKAIOTCH,
10 NIOPAAKY BEJIMYUHBI, JIUIIb Y€PE3 MEXKaTOMHbIEC DAaCCTOAHULA a U
MAacCCy 3JIEKTPOHA, M vg)) ~ pr/m ~ hjam, w ~ ep ~ h?/ma? (cwm.
npumedanue Ha c. 344). [In0THOCTH Ke p U CKOPOCTH 3BYKa U 3aBU-
cAT elle U OT Macchl noHoB M, mpuuem p o« M, u oc M 1/ 2 tak uTO

pu* oc 1/M. TIosTOMY ONEHKY 3aTyXaHus MOXKHO 3aIHCATh B BUJIC

—Imde ~ |e — p|(Awp) 2, (65.8)
rie nebaeBckas 4acToTa wp ~ u/a o« M -1/2,
Crporo rosopsi, onerka (65.8) orHOCUTCS K 3HaUeHUSAM |€ — pu| K
< hwp, npu KOTOpBIX MHTEerpuposanue B (65.6) mpomssomuTcs 1O
obnactu k < |e — p|/uh < wp/u, roe HERCTBUTENBHO IPUMEHUM
WCIIOJIb3yEeMbIll HaMU 3aKOH aucnepcuu HoHoHOB w = ku. Ho gy
rpy06oil OIEHKY IO MOPSIAKY BEJIMYUHBI MOYKHO NPUMEHUTH (65.8) u
Ha Kparo obJiacTu mpu € — i ~ fwg, TIe OHA AT

—Imde ~ hwp ~ € — . (65.9)

Hakownen, mpu € — p > Awp obsactb I/IHTeI‘pI/I]Z)OBaHI/IH B (65.6)
HE 3aBUCHUT OT € — f4, TAK KaK MOJIOC w = uk < wp BCETHA JIEXKUT
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B mHTepBane Mexay 0 u € — pu. B sarom ciyuae [ k2 dk ~ (wp/u)?,
U 3aTyXaHue

—Imde ~ hwp K € — p. (65.10)

Bripaxkenusi (65.8)—(65.10) onpenensiror cneruduyueckoe 3ary-
XaHWe, CBS3aHHOE C UCIyCKaHHeM (DOHOHOB 3jeKTpoHamu'). Msl
BUJMM, 9TO B HEMOCPEJICTBEHHON 6sim30C¢TH K (DepMU-TIOBEPXHOCTH
npu | — pu| < fwp, cormacuo (65.8), saryxanue maso (|Im(e — p)| <
< |e — p]), Tak 9TO MOHATHE O KBA3UYACTHUIAX — JIEKTPOHAX IIPOBO-
JAUMOCTH — MMEET BIIOJIHE YeTKui cMbIci. B obiactu xxe € — p~hiwp
3aTyXaHUE KBa3WYACTHUIIHI CTAHOBUTCS CPABHUMBIM C CAMOM €€ 9Hep-
rUeil, CIEKTP Pa3MbIBAETCH U B 3HAYMUTE/IBHOM CTENEHN TEPSIET CMBICIL.
Opnako Ha eme GOIBIIUX PACCTOSHUAX HAJ (hEPMU-TIOBEPXHOCTHIO
npu € — pu > hwp (HO, pasymeercs, mo-mpexHeMy & — p <K [),
corsacuo (65.10), 3aTyxaHue, ocraBasiCb TeM e IO abCOJIOTHOM
BeJINYMHE, CHOBA CTAHOBUTCH MAJbIM MO CPABHEHUIO C YHEPIHU-
efi € — {4, M KBAa3WYACTUIBI CHOBA NPUOOPETAIOT OIPEIeJICHHBIH
cMbIca. Pasymeercs, Hapsay ¢ ()OHOHHBIM 3aTyXaHUEM 3JIEKTPOHOB
NPOBOJMMOCTH BCETJIa MMEETCA TAKKE W 3aTyXaHWE OT 3JIEKTPOH-
9JIEKTPOHHBIX CTOJIKHOBEHHII. DTO 3aTyXaHWe, XapaKTEPHOE s
BCAKON HOpMaubHON depMu-kuakoctu (§1), TPOmOPIUOHAILHO
(e — p)? m Mo mopsanKy BesmuuHLI ~ (€ — p)2/p, T. €. Beceraa MaJso B
00J1aCTU MPUMEHUMOCTH TEOPUH.

OnernM Temeph TMONMPaBKY K BEIIECTBEHHON YACTH €, T. €. K Ca-
MOMY CHEKTDY.

BemecrBennas gacts unTerpasa mo dw B (65.5) maerca ero rias-
HBIM 3HaYCHHEM

le—pl [e—pl

Re /D(O)(w k) dw = £ P/{ ! }dw:

w — uk w—i—uk

0
_ pk In|E=H= uk
2u €—pu+uk ’
ITosromy mist Re de umeem (OObIUHBIC €UHUIIEI)
Rede = 22 / k2 In |SZA k) gy (65.11)
87rpuv ) € — p+ huk

) Coxpanenue snepruu npu pOXKAeHUY KBasuuacTuielt (hboHoHa Masofh acTo-
ThI BeIpazkaeTcs pasercrBoM (Oe/0k) 6k = v 6k = u 0k; OHO MOXKET BBIOJIHATE-
Csl JIMIIB IPH ¥ > u. B Merasile 3TO ycIoBUe BCEr[a BBINOJHSETCS, IOCKOIBKY
vF 2> u.
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IIpu € — p > hwp Jorapudm B NMOABIHTETPAJHLHOM BBIPAXKEHUU
~ huk/(e — p1), m Bech mHTErpa ONEHMBaeTCA Kak Auky,.. /(e — p) ~
~ fu/a3(e — p). Bamedas TakKe, YTO B CUJTy HAJTUYHS MHOMKHTEJS

p B 3Hamenarese B (65.11) Bce 310 BBIpaxkenue o« 1/M, npuxoqum K
OILIEHKe

Rede ~ (hwp)?/(e — p) € € — p.

Takum 06pa3oM, B 3TOM CJIydae MIOMPABKA B CIIEKTPE OTHOCUTEJIHHO
MaJja, TaK YTO CIEKTP JAETCH BbIPAXKEHUEM

G—MNUE;?)(p—pF) upu € — pu > hwp (65.12)

C <HEBO3MYIIEHHBIM» 3HAYEHWEM CKOPOCTH Ha (EpPMU-TIOBEPX-

HOCTH ’U(O)
F .

B obnacTu ke € — p < hwp snorapudm B (65.11) ~ (e —p)/(huk),
u uHTerpas onennBaerca Kax (e —p)k2,. /(Au) ~ (e—u)/(hua?). Bee
BeIpaxkenue (65.11) oka3bIBacTCs B pe3yJIbTaTe MPONOPIUOHAILHBIM
€ — i ¢ K03 PUIUEHTOM, HE 3aBUCAIIUM OT Macchl noHa M (Tak Kak

npoussenenne pu’ He 3aBucur or M ). DTO 3HAYUT, YTO CHEKTD B
3To# obJsiacTu OymeT CHOBA TOTO YKe TUIIA

e—p=~vp(p—pr) mpu e€—p< hwp, (65.13)
. 0
HO CO CKOPOCTBIO Up, OTJIMYAIOMIEHCS OT v},-,) HA BEJINYUHY MODPIIKA
ee camoit !).
Takum 06pa3oM, ceKTp (HPEePMUEBCKOTO TUTIA, IS JIEKTPOHOB B
MeETaJIIe XapaKTEePU3yeTCs ABYMsI PA3IUIHBIMY 3HAUCHUAMH CKOPO-

0 o
CTU Up U v;—,) — OJHWM B HEIIOCPEJCTBEHHOHN Osm3octu K depmu-

nosepxHoctu (¢ — u <K hwp), a apyrum — mpu € — u > hwp.
B TepMmogmHaMMYecKUX CBOHCTBAX MeETaJjula NPH HHU3KUX TEMIIEpa-
typax (T < fwp) dburypupyer napamerp vp u3 (65.13). Takue xe
SBJICHUSA, KAK ONTUYECKHME CBONCTBA MeTaJlIa JJis 9acToT w > wp,

0
OIIPEOC/IAI0OTCA CKODOCTBIO ’U%).

S3amaua

Omnpenesurs 3aTyxaHue JJIMHHOBOJIHOBHIX (k < pr) (pOHOHOB B MeTasIe 3a
CYET UX HOIJIOUIECHUS JIEKTPOHAMH.

1) Pasymeercsi, B 9TUX yCIOBHSIX UCIOJIb30BAHUE IEPBOrO MPUGJIMKEHUS] TEO-
puY BO3MYIIEHHIH CTAHOBUTCS, CTPOTO OBOPsI, HEKOPPEKTHBIM. ¥ YT CJIELY IOLIUX
npubJInzKeH He MOXKET U3MEHHUTH, OJHAKO, CAMOI'0 XapaKTePa MOy Y€HHOTO pe-
3yJIbTaTa: KOrJa IepBas IOIPAaBKa CTAHOBUTCH IMOPAIKA €JUHHUIILI, TOTO K€ IIO-
pAIKa U OCTaJIbHBIE IIOIPABKU.
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Pemenue. Ilonpaska K rpuHOBCKON (pyHKIuN (HOHOHOB AAETCH, COIVIACHO
(64.8), unrerpasom

2w® d‘p
T2 4’
p (2m)

B G-dyskuusax vano, omHako, eme y4ecTh MONPaBKU, CBA3aHHbIE CO B3aNMOAEH-
CTBUEM 3JIEKTPOHOB C KPATKOBOJHOBbIMEH (oHOHaMH. COrjIacHO CKa3aHHOMY B
TEKCTE, 9TH IONPABKM IPUBOIAT IpocTo K 3amene GO ma dbyukuuo G, otin-

. 0
qaromyocs ot (65.3) jmmb 3aMeHOl cKopocTH v;) HA UF, U IEPEHOPMHUPOBOY-
HOIt IocToAHHOH Z Ha HekoTopyio npyryio Z' . Ilpu mamsx K ana mpowssepenus

GO(P)G® (P — K) moxuo BoCmOmb3osaThes dopmyiroi (17.10). Marerpupo-
BaHMeE 10 dpo dp CBOAUTCH K gccrpanenmo 4-byHKIWIA, IOCIe Yer0 OCTAETCH eIIe
nHTerpuposaHue 10 d cosf (6§ — yroa mexay p u k);

6D N(K) =

/ GO (PG (P K) P=(p0,p), K-=(wK).

1

2 2 2
5D_1(w, k) = Zw ka/ cosfd cosf
2m2 p? w — vrkcosf + 10

(momaraem w > 0). Iomoc cosd = w/kvr HaxomUTCSA BHYTPH 0OJACTH HMHTETPH-
poBaHusi (IIOCKOJIBKY Up > ), ¥ MHEMAasl 4aCTh UHTErpaJia
‘2 2 2
1 Zfwippw
tmsp~t = £k
2mp2vik

Bakor aucnepcun (POHOHOB OIpenelsercss Kak Kopenb ypasrenms D(® ~14
+6D = 0, orkyzma HaxoguM (B OGBIYHBIX €INHULAX)

7'2,202
w=uk(l —ia), a= £ Y Pr
4 hB puv,

(mompaBKoii K BEIeCTBEHHOM YacTy w He uHTepecyemcs). [Ipoussenenue pu o v/ M
nosromy B rpy0oii oneHke o ~ 1/m/M, T. e. 3aTyxaHue BCETAA MAJIO.

§ 66. DJIEKTPOHHBIN CIEKTP TBEPABIX JAUIICKTPHUKOB

XapakTepHas 0COOEHHOCTD JIEKTPOHHOTO YHEPTETUIECKOTO CIIEK-
TPpa AUJICKTPUYCCKOTO HEMArHUTHOI'O KPHCTaJlJla COCTOUT B TOM,
9TO yIKe MEpPBBI BO30YXKIEHHBIN YPOBEHb HAXOMWTCS HA KOHEYHOM
pacCTodHUU OT OCHOBHOT'O YPOBHH; APYI'UMU CJIOBaMU, M€Ky OCHOB-
HBIM YPOBHEM U CIIEKTPOM B036y}K,HeHHBIX ypOBHefI HMeEETCd dHepre-
THUYCCKad IMCJIb (y O6bI‘-IHbIX AUJIEKTPUKOB — IIOPAOKA HECKOJIBKUX
JIEKTPOH BOJIBT).

DJieMeHTapHOe BO30YXKJEHVWE B IUIEKTPUYECKOM KPUCTAJLIE
MOXKET OBITh HATJATHO ONUCAHO KakK BO3OYXKIEHHOE COCTOSHUE
aToMa, KOTOPOE, OJHAKO, HEJIb3s TPUIHUCHIBATH KAKOMY-JIUOO0 ompee-
JICHHOMY aTOMY; TPaHC/IAIVOHHad CUMMETPUA PEIIeTKHU, KaK BCerja,
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IPUBOAUT K <«KOJJIEKTUBU3WPOBAHUIO» BO30YKJIEHUs, PACIPOCTPA-
HSIOMIETOCS B KPUCTAJLIE, KAK OBl MEPECKAKUBAHA OT OJHOTO aTOMA
K apyromy. Kak u B Opyrux ciydasix, 3Tu BO30yXKIEHUS MOKHO
PacCMATPUBATH KaK KBA3UYACTUIHI (HA3BIBAEMBIE B 9TOM CJIydae kK-
CUMOHAMU) C OTIPEJICJICHHBIMY SHEPIUsAME U KBa3UUMITyJIbcaMu. Kak
¥ BCSKWE KBa3WYACTUIIBI, KOTOPhIE MOTYT MOSIBJIATHCS MOOJAMHOYKE,
SKCUTOHBI OOJIAIAIOT TEJIOYUCJIEHHBIM MOMEHTOM W TIOSYMHSAIOTCSH
cratucruke Bose?).

[Ipu 3a7aHHOM KBa3UUMITYJIbCE K 9HEPrus SKCUTOHA MOXKET IIPO-
GeraTb AUCKPETHBIH psiji pa3indHblx 3HadeHuil £,(k). Korna kBasu-
MMITyJIbC TPOOEraeT 3HAYEHUS B OJHON sd4eiike OOpPATHON pEeIeTKH,
kaxgaa u3 ysuit £5(k) npoberaer HEKOTOPYIO 30HY 3HAYEHWUIA
SHEPIUU SKCUTOHA; PAa3JIMYHbIE 30HBI MOT'YT YaCTUYHO IT€PEKPHIBATH
apyr apyra. MuHMMaabHbIE 3HAYeHUs Kaxkzaoh u3 dynkuumii £4(k)
OTJIMYHBI OT HYJIS.

Hapsiny ¢ skcuToHAMu B AM3JIEKTPUKE MOTYT CYIIIECTBOBATH
3JIEKTPOHHBIE BO30YKIEHUS TaKXKe 1 APYroro poaa. VIx MOXHO pac-
CMAaTPUBATh KAK BO3HUKAOIINE B PE3YJIHTATE NOHU3AIUU OTIEJIbHBIX
aromoB. Kakasi Takasi MOHM3ANWUS MPUBOJUT K TIOSBJICHUIO B IU-
3JIEKTPUKE JBYX HE3aBUCHUMO PACITPOCTPAHSIONIUXCS KBA3UIACTHI —
3JIEKTPOHA MPOBOAUMOCTH ¥ <«IBIPDKW». llociiequss mpencTaBiisieT
€000 HEJOCTATOK ONHOTO 3JIEKTPOHA B ATOME ¥ IOTOMY BEIET
cebsI KaK TOJIOXKUTEJIBHO 3apsKeHHad dactura. U 3mech, roBops
O JIBUXKEHUU 3JIEKTPOHA U IBIPKU, MBI B JEHCTBUTEJILHOCTH MMEEM
B BUJYy HEKOTOPBIE KOJIJIEKTUBHBIE BO30YKIEHHBIE COCTOSIHUS JIEK-
TPOHOB JUJIEKTPHUKA, CONPOBOXKAAOIECH (B IPOTHBOLIOIOXKHOCTD
9KCUTOHHBIM COCTOSIHUSIM ) IEPEHOCOM OTPHUILIATEHEHOTO MJIH TIOJI0XK Y-
TEJILHOTO 3JIEMEHTAPHOTO 3aPsIa.

OJIEKTPOHBI ¥ ABIPKU OOJIAJAIOT TIOJIYIEJbIM COUHOM W TTOMYH-
usitorcst craructuke @epmu. [lomuepkaem, OMHAKO, YTO IEKTPOHHO-
IBIDOYHBIN CIEKTP JAWIJIEKTPUKA OTHIOAbL HE WMEeT XapaKTepa
JIEKTPOHHOTO CIEKTPa (HEePMUEBCKOTO TUIA B MeTasnax. s mo-
CJIEHETO XAPAKTEPHO CYIIECTBOBAHME TPAHUYIHOM (DEPMU-TIOBEPXHOCTH
B k-ipocTpaHCcTBE, B OKPECTHOCTH KOTOPOH U JIe?KAT KBA3UUMITYJIHCHI
3JIeKTPOHOB. B manHOM 2Ke cirydae HUKaKO# momoOHOM MOBEPXHOCTH
BOODIIIE HET, ¥ OHOBPEMEHHO TOABJISIOIINECS JIEKTPOH U IBIPKA MO-
I'yT UMETH MTPOU3BOJIbHBIE KBA3UUMITYJIBCHI.

Bonee riryboko pazinyane Mexk Iy 000MMY THIIAMU CIEKTPOB MOXK-
HO TIOHSATH, PACCMATPHUBAs 3aTyXaHUE JIEMEHTAPHBIX BO30YKIEHMUIA.
B depmu-xuakocTu srobasi KBa3UYaCTUIA, HAXOAAIIAACH BHE dep-
MU-TIOBEPXHOCTH, MOXKET POXKJIAThL TApPbl HOBBIX BO3OYXKIEHUN
(dacTuiy ¥ OBIPKY) U MOTOMY 00JIAZAeT KOHEYHBIM BPEMEHEM KU3-
HU, ObICTPO yOBIBAIONMM NpU yAajeHuu OT (HEPMU-TIOBEPXHOCTH

!) Ilonusitue 06 sxcuronax 6uuto Brepsbie Beeseno . H. @penxeaem (1931).
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(JIEKTPOH B MeTajule MOXKET, KPOME TOrO, HCIYCKATh (DOHOHBI —
cM. §65). 3aryxaHue K€ OAUHOYHOIO IEKTPOHA (MM JBIPDKU) B [U-
JIEKTPUKE B uieaibHON pemerke (npu T = 0) cTPOro paBHO HYJIIO
B KOHEYHOM WHTEPBAJE€ HEPIUA HAJ| €6 MUHUMAJbHBIM 3HAYECHU-
em?). JleficTBuresibHO, 06PA30BAHME JIEKTPOHHO-IBIPOYHOMN MapPhI
BO BCSIKOM Cjly4dae TpeOyeT (B By HAJNWYMs YHEPreTUIECKON IIeJiun
A — cM. HUXKe) KOHEeYHOIT 3aTpaThl Hepruu. VcmyckaHue ke KBa3u-
vacruneii GoHOHA (AKyCTUYECKOr0) BO3ZMOXKHO, JIUIIIb €CIU CKOPOCTh
¥ KBA3WYACTHILI HE MEHBIIE CKOPOCTH 3ByKa U (CM. mpuMedaHme
Ha c. 347).

BosmokHbIE 3HAUEHUS SHEPTUHU JIEKTPOHOB TpoBouMocTa () (k)
u apipok €™ (k) Toxe 3anonuA0T 30HBI. [IIMpMHOI SHEPrETHIECKOM

h
e B JIUAJIEKTPUKE OOBIYHO HA3BIBAIOT CymMmy A = 6::1)111 + 6:11311
HAVMEHBIINX BO3MOXKHBIX 3HAUYCHUH dHEPIuil JICKTPOHA U ABIPKH.
ITockoIbKy 9/IEKTPOH M ABIPKA MOSBJISIOTCH WUJIU UCYE3AI0T BMECTE,

TO p€aJIbHbBIM CMBICJIOM O6JI&,I[&6T HUMEHHO 3Ta CyMMa, a HE BEJIMIU-

HBI 55161)111 u s(mhgn IO OTHEJIHHOCTH; OOBIYHO YCIOBHO TOJIATAIOT s(mhgn =0.
MunnmanbHbIe 3HAYEHNS SHEPTUU MOTYT JOCTUTATHCH JJIs JIEKTPO-
HOB U JBIPOK IIPM OJHOM M TOM K€ WJIU IIPH Pa3JINYHBIX 3HAYCHU-
X KBasumMmimyJibca k = kg; B mepBoM ciiydae TOBOpPSAT O Mpamot,
a BO BTOPOM — O Henpamol meyin. Kciu ypoBHM HEPTHU B 30HE
HEBBIPOXKIEHBI (UM BBIPOXKJIEHBI TOJIBKO JBYKPATHO 110 CIOMHY KaK
CJIE[ICTBUE CHMMETPHUHM IO OTHOIIEHWIO K OODAIIEHUIO BPEMEHH), TO

BOsm3u cBoero munuMyMa dyukuun (k) umeror Bux

el®) k) =A+ %mz(.z) lqiqk, eh) (k) = %mz(.,’;) lqiqk, (66.1)
rme q =k — kg, a miz) u miz) — TeH30DBI 3PDEKTUBHBIX MACC JIEK-
TPOHOB M JILIPOK.

B sumTeparype 37€KTPOHHYIO 30HY HEPEIKO HA3BIBAIOT MPOCTO
30H0T NPOBOAUMOCTU, & BMECTO IIBIPOYHON 30HBI TOBOPAT O 8AAEHIT-
HOtU 30H€, KOTOpas B OCHOBHOM COCTOSTHUM KPHCTAJIIA TMOSHOCTHIO
3AIIOJIHEHA, JEKTPOHAMU. BO3HWKHOBEHWE MTAPHI KBA3WYACTHUI] —
3JIEKTPOHA W JABIPKU — PACCMATPUBAETCS TPU STOM KaK PE3yJIbTaT
IEPEXO0/Ia JIEKTPOHA W3 BAJIEHTHON 30HBI B 30HY IPOBOIUMOCTH C
OCTABJIEHUEM JLIPKY HA MOKUIAEMOM MECTE.

Ha Gosnpmmx (o CpaBHEHUIO C aTOMHBIMY) PACCTOSIHUSAX 3JICK-
TPOH ¥ JBIPKA MPUTATUBAIOTCS 10 3akoHy Kysona. [losromy onm
MOT'yT OOpa30BBIBATH CBsi3aHHBIE COCTOsiHUsS. (COBOKYITHOCTH CBS-
3aHHBIX JIEKTPOHA W [BIPKU MPEACTABJISIET CODOM IIEKTPUIECKU

') Baryxanue e MpU KOHEUHBIX TEMIIECPATYDPAX, PA3yMEETCs, BCET/A HMECTCS
U3-3a PACCesiHUs Ha APYTUX KBAa3UYACTULAX.
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HEATPAJBHYIO KBa3WYACTHILY, T. €. IKCUTOH. [Ipm 3amaHHOM 3HAYE-
HUU KBAa3UUMILYJIbCA CBSI3aHHBIM COCTOSHUSM OTBEYAIOT JUCKPET-
HbIE YPOBHU YHEPIWH CUCTEMBI JIEKTPOH-IBIPKA; KAXKIBINH YPOBEHD
OTBEYAET OJHOM M3 IKCUTOHHBIX IHEPTETUUECKUX 30H. DHEPTUU IKCH-
TOHOB PACIIOJIO’KEHBI, TAKUM 00Pa30M, IO SHEPTUSAMU JIEKTPOHHO-
JIBIPDOYHBIX BO30Y2KIeHUN (IHEpreTHdYecKas IIeib B yKA3AHHOM B
HavaJie maparpada CMbICIIE HE COBIAIAET MOITOMY C BEJIMUUHON A,
a MEHbIIIE ee Ha BEJIMYUHY, PABHYI0 MAKCHUMAJIbHON SHEPIUU CBS3U
9KCUTOHA) !).

YPpOBHU SHEPIUHU IKCUTOHA JIETKO BBIYUCIUTH B IPEIEIHHOM
cy4dae cjab0 CBSI3aHHBIX COCTOSIHWI, KOTJIa CPEJHUE DACCTOSHUA
MEXK/Ty JIEKTPOHOM U JIBIPKO¥ BEJUKU IO CPABHEHUIO C MTOCTOSHHON
PEIIeTKA a; TaKOM IKCUTOH HAZBIBAKOT dkcumonom Banve—Momma.
B obpaTtHOM ke mpemesbHOM Ciaydae, KOTJA PACCTOSHUE MEXKIY
9JIEKTPOHOM W JIBIPKOM TOPSIKa ATOMHOTO, TOBOPAT 00 9KCUMOHE
Dpenxensn; pasyMeeTcsi, IKCUTOH PPEHKEIA MOKHO PACCMATPUBATD
KaK CBS3aHHOE COCTOSIHWE JIEKTPOHA U ABIPKH JIUIIb (DOPMAJIBHO.

PaccmoTpuM nmasieKTpudecKuit KPUCTAJI KyOHMYECKOW CHMMET-
puu. s sxcurona Banbe-MoTTa MOXKHO CUMTATDH, 9TO JIEKTPOH U
JIbIPKa MPUTATUBAIOTCS IO 3aKoHY KyJsioHa, mpudyeM posib OCTaJIbHBIX
aTOMOB B PEINETKE CBOIAUTCS JIUMIb K CO3MAHWI0 OJHOPOJIHOTO IW-
IEKTPUYIECKOTO (HPOHA, OCIADIIAIONIET0 B3aUMOAEIHCTBYE B € Pa3, Te
€ — JUIJIEKTPUYECKas IPOHUIIAEMOCTh KPUCTAJIA (B34Tas s 3HA-
YEHWI YACTOT, OTBEYAIONINX TO MOPAIKY BEJMYUHBLI JHEPTUU CBA3N
9KCUTOHA); IPYTUMHE CJIOBAMHY, SHEPIUsl B3aUMOZIECHCTBUS JIEKTPOHA

U IBIPKY 3aIUCHIBAETCS B Buae U = —e? /er. Ilycrb mens B criekTpe
npsMasi ¥ JJIsi MPOCTOTHI OyIeM CUMTATh, YTO MUHMUMYMBI SHEPTHIA
3j1eKTpoHa u JbIpku Jjexar npu k = 0. B kybudeckom kpucrasuie
TeH30pbI 3MDMOEKTUBHBIX MACC CBOASATCH K CKAJSPHBIM KOHCTAHTAM
Me U Mp, TAK ITO

h2k?

K2k?
el® k) =A+ —, €(h)(k) (66.2)
2me 2mp,

B konmue § 56 6b1710 yKa3aHO, YTO ABUKEHUE YACTHUIHI B KPUCTAJ-
JIMYECKOI PEIETKE C HAJIOKEHHBIM Ha Hee ME/IJICHHO MEHSIOIIMMCH B
HIPOCTPAHCTBE BHEITHUM JIEKTPUICCKUAM IOJIEM OMUCHIBAETCS YPaB-
nernueM IlIpenuurepa ¢ raMHJIBTOHHAHOM, B KOTOPOM POJIb KUHETH-
4eckoii sHeprum urpaer dyukuus (k). IlockonbKy B maHHOM City-
qae dyukmuu €@ (k) — A u e™ (k) coBnamaror o dopme ¢ KuHeTH-
YECKUMU YHEPIUAMU OOBIYHBIX CBOOOJHBIX YACTHII, TO U YPABHEHUE
Ipegunrepa paccMaTpuBaeMOil CHCTEMBI COBIIQIAET O (DOPME C Ta-
KOBBIM ISl CUCTEMBI JBYX OOBIYHBIX YACTHII, B3AUMOIEHCTBYIOIIUX

1) DrcuronHEIe COCTOSHUS OBIANAIOT, OHAKO, KOHEYHBIM BPEMEHEM KU3HN,
TaK KaK JIEKTPOH U JbIPKAa MOI'YT PEKOMOMHUPOBATH C HUCIyCKAHWEM, HAIIPHMED
donona nmu GhoroHa.
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o 3akony Kyisiona, 1. e. ¢ ypaBuenuewm Illpenunrepa 3ama4du 06 aTo-
Me BOZIOposa. Mbl MOXKEM TIOSTOMY Cpaldy HAINCATH YPOBHU SHEPTUN
CUCTEMBI, T. €. SHEPTUIO IKCUTOHA B BUJE

212 4
ek —A=_"K ___me (66.3)
2(me +mp)  2e2h2n?

(G. H. Wannier, 1937). I[lepBblit 4ieH B 3TOM BBIPA’KEHUU ECTh IHEP-
I'Msl JBUZKEHUsS SKCUTOHA «KAK IEJIOTO» C KBasuuMIirysbcom kK. Bro-
pOii JKe YJIeH JAeT HEPIHUIO CBA3M JIEKTPOHA U JIBIPDKU B IKCUTOHE
(m = memp,/(me + my,) — npuBeneHHas Macca cucremsr). Ilpu 3a-
JaHHOM K JIMCKpETHBIE yPOBHU SHEPIMU CHCTEMBI CI'YIIAIOTCS IO Me-
pe YBEJIMYEHUs SHEPTUY K IPAHUIIE HEMPEPHIBHOTO CIIEKTPA. YCJIOBHUE
npumerumMoctu GopmyJst (66.3) cocrout B TpeGOBAHUM JOCTATOYHO

BOJIBINOI BEIMIUHBI <PAIUYCA OPOUTBI» Tox ~ fizen?/me? > a. d1o0
YCJIOBUE 3aBEIOMO BBITIOJHAETCA TIPU OOJIBINUX 70, HO B KPUCTAJLIAX
¢ BOJIBIIIM € MOXKET BBIIOJIHATHCH U st 1 ~ 11).

B 3zaksrouenue sToro maparpada BepHEMCS K YIOMSHYTOMY B
§61 yTBEPXKJIEHUIO O CYIIECTBOBAHUYU HUXKHEH T'PAHUIBI JJjId TLJIOT-
HOCTY YHUCJIa JICKTPOHOB IIPOBOJMMOCTH B IIOJIyMETAJLIE.

B pwanexkTpuke, rae 3siekTponbl m abipku npu I =0 orcyT-
CTBYIOT, BO3MOXHOCTH OODPa30BAHUA WMU CBSA3AHHBIX COCTOSAHUMN
O3HAYAET JIUIIH TIOABJIEHNE HOBBIX BETBEM SHEPTeTUUECKOTO CIIEKTPA.
B KOMOEHCHPOBAHHOM K€ METAJUIE TakKas BO3MOXKHOCTH O3HAYAJA
OBI, YTO COCTOSHWE CO CBOOOJHBIMM 3JIEKTPOHAMHU W JLIPKAMHU HE
SABJIAETCSA HUBIIUM, T. €. CIEKTDP METAJUIMYECKOTO THUMa ObLI Obl
HEYCTOWYMBBIM. BO3MOXKHOCTD 00Pa30BAHUS CBA3AHHBIX COCTOSAHUMN
YCTPaHSAETCH IKPAHUPOBKOM KYJIOHOBCKOTO B3aUMOIEHCTBUSA MEXKIY
9JIEKTPOHOM W JBIPKONW HAXONLAIMIAMUCH <«MEXKIAY HUMH» JIPYTUMU
KBa3W4IacTUIAMU. JIpDyruMu CJIOBaMU, CpPEJIHEE PACCTOSAHUE MEKIY
KBa3WYACTHUIIAMY JIOJKHO OBITH TOPSKA BEJWYHAHBI WA MEHBIIE
DPa3MepOB 3KCUTOHA Tex (B €ro OCHOBHOM cocrosiuum). O6parum
BHUMAHWE HA TO, 9YTO YCTAHABJINBAEMBIN 9TUM TPEOOBAHUEM HUKHUN
Tpeest JOMYCTAMBIX JJId METAJIIA, TIOTHOCTEN YUCIIA TEKTPOHOB U
JIBIPOK TIAJAeT C yMeHbIeHNeM nX 3(hHEKTUBHBIX MaCC.

§ 67. DJIEKTPOHBI M JBIPKYU B MOJIYIPOBOIHUKAX

DHepreTuvecKuil COEKTP YUCTHIX (WM, KAK TOBOPSAT, co6CMeeH-

‘H/bL.’I,‘) TIOJIYIIPOBOAHUKOBBIX KPHUCTAJIJIOB OTJINIA€TCAd OT CIIEKTPa JU-
JIEKTPUKOB TOJIBKO B KOJHUYECTBEHHOM OTHOIIEHWN — MEHbBIIUMU

1) IHTepecHO OTMETHTD, 9TO BO/IM3M BEPXHETO Kpas (MakcuMyMma) 30HBL, rae
a¢dekTHBHBIE MacChl OTPHIATENBHBI, MOLYT OOPa30BHIBATH CBA3AHHBIE COCTO-
SIHMs [(Ba JIEKTPOHA (WM JBE ABIPKH). DHEPIUsl TAKAX COCTOSHUI JIEXKUT B
3alpPEIIEHHO 00/1aCTH BBINIIE MAKCUMYyMa CYMMAapHON SHEPIHH JIEKTPOHOB.

12 E. M. Jludmmuu, JI. I1. [Turacsckuit
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3HAYEHUAMU IeJiu A, B PE3yJIbTaTe Yero Mpu OOBIYHBIX TEMIEpa-
Typax B IOJIyIPOBOJHWKE UMEETCsl 3HAYUTEJIbHAs (10 CPABHEHUIO C
JIIIIEKTPUKOM) IIJIOTHOCTH HOCHTEJeHl TOKa. fICHO, 4TO 9TO pasiu-
4Ke yCJIOBHO, U K TOMY K€ 3aBHCUT OT WHTEPECYIOIel Hac objacTu
Temeparyp'). B npumecnor (wnm se2uposanmbir) MOIyIpPOBOI-
HUKAX JOIOJHUTEJIbHBIM MCTOYHUKOM 3JIEKTPOHOB WJIM JBIPOK SIB-
JISIOTCSL aTOMBI IIPUMECEH, JJIsi KOTOPBIX YHEPTEeTHUYECKAs IIEJIb II0
OTHOIICHUIO K OTJA4e IEKTPOHA B pemeTKy (JoHOpHas npumecs)
WM €r0 3aXBaTa U3 PEIIETKY (aKyenmopHas NpuMech) OKa3bIBACTCS
MEHBIIIE, YEM SHEPTETUIECKAs IIEJIb B OCHOBHOM CIIEKTDE.

PaccmoTpum mompobree BOIPOC O CBA3U MKy BEJIUYUHON IIfe-
Ju A ¥ TJIOTHOCTHIO JIEKTPOHOB IIPOBOJAUMOCTH U JBIPOK B TIOJIy-
HPOBOJHUKE (MM JUAIEKTPHKE).

[TonapHOe BO3HMKHOBECHHE WJIM WCYC3HOBEHWE ICKTPOHA (€) U
neipky (h) MOXKHO pacCcMaTpUBaTh, ¢ TEPMOAUHAMHUYECKON TOYKU
3pEHUs], KAK «XUMUYECKYI0 peakiuioo» e + h = 0 (oCHOBHOE cOCTO-
siHUe KDPUCTAJUIa UTPAaeT POJb «BaKyymas). Ilo obmmm mpasBmiam
(cm. V,8101) ycsioBue TepMOIMHAMHYECKOIO DABHOBECUSI ITOH pe-
AKIMU 3aIKCHIBACTCS B BUJIE

pre + pun, = 0, (67.1)

TIE fle U [ip, — XUMUYIECKHE IIOTEHIUAJIBI JIEKTPOHOB U ABIPOK. BBu LY
CPaBHUTEJILHO HEOOJIBINOM IIJIOTHOCTH JIEKTPOHOB (M) U ABIPOK (1)
B nonyunposoguuke (mpu T < A) pacnpenenenne @epMu st HEX
¢ GOJIBIION TOUHOCTHIO CBOAMTCS K pacupezesenuto Bosnbivana, tak
YTO JICKTPOHBI U JABIPKHU 00pa3yioT Kiaccudeckuii raz?). U3 ycio-
Bug (67.1) ciemyer Torma obbrunbM Ob6pasoMm (cM. V,§101) 3akon
JEACTBYIOIMAX MAacC, COIVIACHO KOTOPOMY NPOU3BE/ICHHE DABHOBEC-

HBIX IJIOTHOCTEH
nenp = K(T), (67.2)

T7le CIpaBa CTOUT (DYHKIWS TEMIEPATYPhI, 3aBUCAIIAS TOJBKO OT
CBOICTB OCHOBHOI DEIIETKM, Ha aTOMaX KOTOPOI U MPOUCXOOUT POXKJe-
HU€ ¥ YHUYTOXKEHUE JIEKTPOHOB U JIBIPOK; 3Ta, (DYHKIHsI HE 3aBUCUT
OT HAJIMY¥s WM OTCYyTCTBUs npuMeceii. Beraucium dyukmuio K (T),
IIPUHSB U1 ONIPEJIEJIEHHOCTH, ITO SHEPTUN JIEKTPOHOB M JBIPOK SIB-
JITIOTCS KB IPATUIHBIMU (DYHKIUAME KBa3uuMIiryabca (66.1).

Pacupeznenenne 251eKTpoHOB (B exuHmIle 00beMa) O KBA3HUM-

') [TpuBeaem 3HaucHUS ISHEPreTHUECKOH mesid A /I HEKOTODBIX IOJIYIIPO-
BonuukoB: Si — 1,17, Ge — 0,74, InSb — 0,24, GaAs — 1,52, PbS — 0,295B. IIna
TUIIUYHOTO JUIEKTPUKA anMaza A = 5,43B.

%) ILIOTHOCTH /IGKTPOHOB U ABIPOK B MOJIYTPOBOIHUKAX TIPH OOBIYHEIX TEMIIE-

parypax cocrasisior 1012—10'7 cm™ 3, B To Bpems Kak B MeTaJIAX OHE COCTAaB-

ssror 10221023 cm 3.
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MyJIbCaM JTaeTCs pacipeesieaneM Bosbimana

e —se(k)) 5 d’k
T (2m)3

(MHOXKWTEJIb 2 yUNTHIBAET JBA HAIPABJIEHUs ciuHA). [lepexon K pac-

IIPEOCJICHUIO II0 SHepI‘I/IHM Ocy]lIeCTBJIHeTCH 3aM€eHOT
%

Ve e

e Me = (mlmgmg)l/ 3 ami, ma, m3 — IVIABHBIC 3HAYCHUS TEH30-
pa 9 HEKTUBHBIX MaCC mﬁ:. TlostHOE YMCIIO AEKTPOHOB B €IWHUIIE
obbeMa, CJIeI0BATEIFHO, PABHO

3/2
Ne = ”e/T/\/ —Ae /T ge,

exp (”

(B Buay GBICTPO¥ CXOAMMOCTH WHTETPUPOBAHUE MOXKHO PACIPOCTPA-
HUTB 110 GecKOHeYHOCTH). BhIuncius uHTErpas, Haxomum

3/2
—9 (Ml (pe=2D)/T
ne=2(2=0) " . (67.3)
AnanoruunbiM 06pa3oM, MOSydUM
— o (M2 /1

Haxkomnern, nepemuox)uB 062 BblpakeHus u yurs (67.1), moaydum
HCKOMBIl PE3yJIbTaT

3/2
mem —
Nenp = (memn) 7 p3o—A/T (67.5)
2m3ns
B coGCTBEHHOM HOJYIPOBOJHUKE, TA€ BCE IEKTPOHBI M JIBIPKH
BO3HUKJIN [aPAMHU:

(memn)** 1372 —Aj2T

e T e . (67.6)
[MpupaBuse xke Boipaxkenusi (67.6) u (67.3), nHafimem xumwmdeckuii
HOTEHIUA JIEKTPOHOB ')

Ne = Np, =

A Ty M
=5t (67.7)

Me

1) B nureparype sy BesmunHy 9acTo Ha3biBaloT ypoBHeM ®Pepmu. ITomuepk-
HEM, OJHAKO, YTO XMMUYCCKHUIl IMOTEHIMAJ JICKTPOHOB B IIOJYIPOBOSHUKE OT-
HIOAb HE MMEET TOrO CMBbICJIA TPAHUYHON SHEPIUM, KOTOPHIM OH OO/IaJaeT B Me-
TaJIax.

12%
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YTo KacaeTcs BKJIAJA IEKTPOHOB W JBIPOK B TEPMOIMHAMUYE-
CKHUe BeJIMYMHBI TOJYIPOBOJHUKA, TO Tipu 1 < A OH 3KCIIOHEHIH-
aJbHO MaJl. Y YUTHIBas, YTO HA POXKIECHWE OJHON Maphl 3JEKTPOH —
JIBIDKa TpebyeTcs dHeprusi, 6Ju3kas K A, UMeeM Jjid 3JeKTPOHHO-
JIBIPOYHOTO BKJIAJa BO BHYTPEHHIOIO 3HEPTHIO Fop ~ VneA ¢ ne us
(67.6). droit BesIMUMHON MOXKHO HpPeHEOPEUb 110 CPABHEHUIO C PEIIIe-
TOYHBIM BKJIAJOM B 9HEPIHIO KPHUCTAJLIA.

§ 68. DJIeKTPOHHBII CIEKTP BOJIN3N TOYKYU BHIPOKICHUS

B sTom maparpade MBI TOKaXkeM Ha MPOCTHIX IPUMEPaX, KAKUM
00pa30M MOXKHO, MCXOAd U3 COOOparKeHWH CMMMETPHUM, HAWTU BUL
SHEPTETUIECKOTO CIIEKTPA JEKTPOHOB WJIN JBIPOK B TOIYITPOBOIHMU-
Ke gmn JIMJIEKTPUKE ) BOJIM3K OIpeIeJIeHHBIX ToueK K-TipocTpascTBa
(obpaTHOI peneTKy), BBIIEJICHHBIX 110 CBOEH CHMMETpHH ).

PaccmoTpuM pertieTky, OTHOCSIIYIOCH K KyOMIeCKOMYy KPHUCTAJI-
smaeckoMy kjaccy Op, u 6ymeM mHTEpecoBaThCS CBOWCTBAMU IHED-
TeTUYECKOTO CIeKTpa BOm3u Touku k = 0 — BepInuHbl KyOU4ecKo
s9efiKy 0OpATHOM PEIIeTKH; 9Ta TOYKA UMeeT COOCTBEHHYIO CHMMET-
puto moJiHoM ToueuHOM rpynmbl Op.

B kagecTBe mepBoro nprMepa pacCMOTPUM CIIEKTP 6€3 y4ueTa CIu-
Ha JIEKTPOHA, W TyCTh B camoii Touke k = 0 ypoBeHbh SHEpPTUHU B
30HE ABYKPATHO BBIPOXKIEH, OTHOCSCH K HEIIPUBOJUMOMY TIPEICTAB-
nennio Eg rpynmet Oy ?). Ilpu Berxoge u3 Touku k = 0 BBIpOXKJeHIE
CHUMAETCS; 332498 COCTOUT B HAXOXKJIEHUN BCEX BETBEH 3aKOHA JUC-
nepcun (k) BOm3M 9710 TOUKY.

B §59 6n110 06bsicHEHO, KAKIM 00Pa30M MOXKHO PACCMATDPUBATH
oTkJIoHEeHUe OT HeKoTopo# Touku k = kg B k-pocTpancTse Kak BO3-
myrenne. KOHKpeTHBIN Bu OmiepaTopa BO3MYIIEHUST JIJIsT HAC 3/1€Ch
HECcyIIecTBeH. JlocTaTouHO 3HATH JIWMINB CTPYKTYDPY BBIDAXKEHWH,
OTIPEIEJISIONUX TONPABKY K YHEPIUU B KAXKIOM IOPSIKE 0 Ma-
joit Besimumbe q = k — ko (B mammom ciywae kg = 0, tak uro
q = k). B nepBoM mopsizike MONPABKY ONPEIEJISIOTCH CEKYJISPHBIM
YDaBHEHUEM, COCTABJICHHBIM M3 MATPUYHBIX JIEMEHTOB (IJIs mepe-
XOJIOB MEXKJY COCTOSTHUSIMU, OTHOCSIIMMUCS K OJHOMY W TOMY K€
BBIPOXKJIEHHOMY YDOBHIO) OT omeparopa Buzma k¥, rme 4 — Heko-
TOPBIN BEKTOPHBIN omepaTop. B maHHOM ciydae BBUIY HAJIUUUS B
rpynne CHMMETPHY IEHTPa HHBEPCHH BCE MATPUYHBIE JIEMEHTHI Olle-
paropa 4 3aBeJIOMO O0pAIAOTCs B HyJb, TaK 9TO 3P EKT mepBo-
ro nopsanka mo k orcyrcreyer (cp. V,§136). Bo Bropom mopsinke

') Bes yuera CrmiuHa JICKTPOHA 3TOT BOMPOC (hOPMAIBHO TOKIECTBEH C TAKHM
2K€ BOIIPOCOM JijIsl 9HEPIETUIECKOro CrieKTpa (POHOHOB B KpucTaJsuie; cM. V, § 136.

%) OBozHauenue mpecTaBIeHM ToUYeUHEX rpymT — cm. 111, § 95, 99.
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o k monpaBKu K SHEPTrUM OMPEAESISIOTCS CEKYJIISPHBIM YPABHEHUEM,
COCTaBJICHHBIM U3 MAaTPUYHBIX JIEMEHTOB OT OIlepaTOpa BHIA

V = Jickiky, (68.1)

TJIe %) — HEKOTODBIH TEH30PHBIH (CHMMETPUYHBIHA 110 HHIEKCaM i, k)
SPMUTOB OIIEPATOP; CIOA BXOAAT MOMPABKHU OT JIMHEHHBIX 10 K 4Jte-
HOB B TAMUJIBTOHUAHE BO BTOPOM ITPUOJINKEHUT TEOPUU BO3MYIIEHUIA
U TIONPABKU OT KBaJIPATUYHBIX 1O K YJIEHOB — B MEPBOM NPHUOJIHA-
skeHnu. Cpeay MaTpPUYHBIX JIEMEHTOB omeparopa (68.1) 3aBemomo
CYIIECTBYIOT OTJIUYHBIE OT HYJIsd, HO TpeOOBAHUS CUMMETDPUY HAKJIA-
JBIBAIOT HA HUX OIPEIEJICHHBIE CBSI3M.

B cmbIcsie cBoero 3akoHa Mpeobpa3oBaHUs MPU ONEPAIUAX CUM-
MeTPHHU BOJIHOBBIE (DYyHKITMM, COCTaBIIAIOMue 6a3uc IpeacTap/icHus Fg,
MOKHO BBIOPATH B BHUIE

1 ~ 2?4+ wy? +w?2?, Py ~ 2 4wyt 4 w2,

rie .
w=e2B W =w l+wtw?=0,

3HAK ~ O3HAYAET 3JIECh CJIOBa <«Ipeobpasyercss kaky. [loBopor Cs
BOKDYT AMaroHa/im Kyba mpeobpa3yeT KOODAMHATHI COIJIACHO I, Y,
z — 2, x, y; upu 3ToM GyHKIMH P71, P2 mMpeodpas3yroTcs Kak

Cs: 1 — wipr, P — wis.

ITosopor CF BoKpyr pebpa Kyba (npeobpazoBanue , y, 2 — T, —2,Y)
npeobpa3yer (DYHKIMK COTJIACHO

Ci: 1 =2, Y2 =

u 7. n. llpm wHBEpCUM KOOpAWHATHI T, Y, 2 MEHSIOT 3HAK, a (DyHK-
nmu 11, P2 HE MEHSIOTCH.

OTcroma JIerko ¢aesaTh BRIBOI, YTO BCE MATPUYHBIE JIEMEHTHBI OT
HEMATOHAJIBHBIX KOMIIOHEHT ¥}, OOPAIaloTCs B HyJIb, & MATPUYHBIE
3JIEMEHTBI OT JAMATOHAJILHBIX KOMIIOHEHT CBOJATCS K JBYM HE3aBU-
CHMBIM BEIIECTBEHHBIM IIOCTOSHHBIM:

(1] 722 | 1)=(2 | Yaz | 2)=(1 |7y | 1)="... =A4,
(Y22 1 2)=(2 | Y2z | V=B, (1|7 |2)=wB, {(1|7.:|2)=w’B.
Teneps MaTpUYHBIE JIEMEHTHI oneparopa (68.1):
AV D=2V [2)=Ak?,
(1|V|2)=2|V | 1)*=B(k2+wk,+w’k2).

CocTaBUB O 3TUM MATPUYHBIM JJIEMEHTaM CEKYJIADHOE YpPaBHCHUE
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U PENIIUB €ro, IMOJIyYUM JIBE€ BETBU CIEKTPAa:
e1,2(k) — £(0) = Ak? £ B [k* — 3(k2k2 + k2k2 + k2k2)%]1/2. (68.2)

Bripoxierne camMaercs mpu Bbixoge u3 Touku k = 0 Bo Bcex Ha-
MpaBJIEHUSAX, 33 WCKJIIOYCHNEM HAIPABICHUSA JUAroHaIu Kyba
(ka = ky = k2)?).

B kauecTBe npyroro npuMepa pacCMOTPHUM CHEKTP C YIETOM CITHU-
Ha JIEKTPOHA; MPU 3TOM YPOBHSM SHEPTWM OTBEYAIOT JIBY3HAUHBIE
(CIMHOpHBIE) TPEACTABJIEHNs TPYIIBI CUMMeTPHU. 1lycTh B TOUKe
k = 0 ypoBeHb 4eTHIPEXKPATHO BBIPOXKIEH, OTBEYAS HEIPUBOIAMO-
My mpescrassienmio Dy, (umm D)) rpymmsr Oy ?).

Oyurnuu 6a3wca ITOrO TMPEICTABJIEHWS MOYXKHO BBIODATh Tak,
49TOOBI OHM IIPeOOPa30BLIBAJINCH KaK COOCTBeHHBlE (YHKIUH 17,
(m = —j, ..., j) MmomerTa j = 3/2%). DTO 06CTOATEIBCTBO MO3-
BOJISIET TIPUMEHUTH CJIEIYIOIIHUI MPHUEM, CYIIIECTBEHHO YIIPOIIAIOIIHIA
pemenne 3ana4u (J. M. Luttinger, 1956).

Jlu1s1 9eThIpEXMEPHOTO IIPEICTABIIeHs MaTpUIa oreparopa (68.1)
Oyzaer paBHa 4 X 4, ¢ 16 astemenTamu. Besikyio Takyo MaTpuIry MOXK-
HO TPEJCTABUTL B BUJIE JUHEHHON KoMOwWHAImu 16 3aJaHHBIX JIH-
HEWHO HE3aBUCHUMBIX MaTpuIl 4 X 4, B KagecTBe KOTOPBLIX BbIOEpEM
15 marpun

D N e <3 S 2 9

Jzs Jo s Wzs Jyt+s Jos {as Gy — 02 1+
¥ TIOJIyYalOIMIMXCH W3 HUX IUKJIUYECKUMU TEPECTAHOBKAMM WHIEK-
COB T, Y, 2 ¥ MATPULy {Jo, {jy, jz}+}+ (cumson {...}, osmauaer
AHTHKOMMYTATOP). 3HECh Jz, Jy, J» — MATPHUIIBI JEKAPTOBBIX KOMIIO-

HEHT MOMEHTa j = 3/2, B3sThbIe [0 OTHOMIEHUIO K YeThIPEeM (DYHKIU-
3/2 . .

aM Py, . C Ipyroit CTOPOHBI, IPU TAKOM BbIOOpe dyHKIWM Hasnca

CllelyeT CYUTaTh, 9TO CAMHU OLNEPATOPHI Jz, Jy, j, IpeobpasyroTcs

[IPH IOBOPOTaX U OTPAYKEHUSX KAK KOMIIOHEHTHI aKCHAJIBHOTO BEKTODA.

1) Tor e pesyssrar (68.2) momyuaercs u s npeactasienus E, (B Touxe
k = 0). BooGrmue 3akoH gucnepcun B6/IM3U 33SaHHOM TOYKY BCEL4a ONUHAKOB AJIsI
[PEACTABJIEHUHN, OTJIMYAIOMMXCS APYT OT APYra JIUIIb YMHOXKEHHEM HA KAKOE-
J00 U3 OZHOMEDHBIX NPECTaBIeHNH rpynbl (B ganHOM ciydae E,=FEgx A1y).
OueBHAHO, YTO B TAKHUX CIy4YassX MATPUYHBIE JEMEHTHI JIs MEPEXOI0B MEXK-
Ay Pa3InYHbIMU d)yHKI.(I/IHMI/I 6a3nca CBd3aHblI APYT C APYTOM OAWHAKOBBIMU
CBA34AMH.

%) Takas cuTyamus UMEET MECTO JJIst JHA JHIDOYHON 30HBI B AIMAa3e, KPEMHHUM
U repMaHuy, KOTOPbIE€ BCE€ UMECIOT PEIIETKY OAWHAKOBOI'O THUIIA.

3)B 3amade B III,§ 99 mokasaHO, YTO HENPUBOAMMOE IIPEACTABJICHUE DB/2)
IOJIHOM rpynnbt Bpa]].leHI/Iﬁ OCTaeTCd HEIPUBOAUMBIM U IIO OTHOIIECHUIO K I'DYIIIE
O, coBnazas c ee npeacrasieanem D',
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DT0 06CTOATENBCTBO MO3BOJIAET 3AIMCATEH OMEPATOP V , KBaIpATHAY-
HEBI 10 kg, Ky, k., cOCTABUB €ro U3 BHIPA’KCHUI, WHBAPHAHTHEIX II0
OTHOIIIEHUIO KO BCeM mpeobpasoBanusiM rpynmbl Op:

V /811{2 + 4/82(ka:.7m + kyjy + kzjz )
+ B3(ka:ky{.7ma Jy}—l— + kykz{Jya Jz}—l— + kmkz{jzv ja:}-l-)a (68-3)

rae [1, B2, B3 — BEIECTBEHHBIE TOCTOSHHBIE.
Marpuunbie a1eMeHTHI oniepaTopa (68.3) mo oTHOmEHHIO K QYyHK-
HSIM

Py~ ":[}3/2’ g ~ 1/)1/27 g ~ 1:[}?:/12/2’ g ~ ¢i/32/2

JIETKO BBIYUCIISIOTCS TEIEPh 110 XOPOIIIO U3BECTHLIM MATPUYHBIM JIe-
MeHTaM MoMeHTa (oHu garorcs dhopmymnamu 111, (29.7) — (29.10)). Ta-
KO€ BBIUUCJICHUE IPUBOJUT K CJICAYIONUIUM BbIDAKCHUSIM:

Vii = Vas = (B1 + 3B2) (k2 + k) + (B1 + 9B2) k2,
Vag = Vaz = (B1 + T0a) (K3 + k) + (B1 + Ba) k

Vio = ~Vas = Y2 Bk (ky + ikz), (68.4)
Vis=Vay = 2\/_ﬂ2( E2) + ﬂ37fk ky,
Vig = Va3 = 0.

CocraBiieHre CEKYJISIPHOTO YPABHEHUs] MOXKHO YIPOCTHTH, 3aMETUB,
YTO PACIIEIUIEHWE YPOBHsI 3aBEIOMO HE MOXKET ObITh IMOJHBIM —
JIOJIZKHO OCTaBaThCs JBYKPATHOE (KPAMEPCOBCKOE) BBIPOXKIEHUE. DTO
3HAYUT, 9TO Kaxk bl Koperb A = e(k)—¢(0) cexynspHOro ypaBHeHus
(coberBenHoe 3HaueHne MaTpunbl V') Gymer nBoiiabiM. JIpyrumu cio-
BaMM, KaXKJOMYy COOCTBEHHOMY 3HAYEHHUIO A\ OYyIET COOTBETCTBOBATH
JIBa, JIMHEHHO HE3aBUCUMBbIX Habopa BeawdwH @, (n = 1, 2,3, 4) —
pelIeHu ypaBHEHUHI

> Vam®m = Aon. (68.5)
m

KomMb6unupyst 3T gBa HabOpa, MBI MOXKEM, CJIEIOBATEILHO, HAJIO-
KUTh HA BEJIMYUHBI (O, OJHO JOIOJHUTEIHLHOE YCJIOBUE, B YaCTHO-
ctu — 0OpaTUTh B HYJIb OHY U3 HUX; IycThb 4 = 0. Torma ypaBHeHue

(68.5) ¢ n =4 macr
Varo1 + Voo + Vazps = 0.

IloncTaBuB OTCIONA 3HAYEHWE (3 B YPAaBHEHHUA ¢ 1 = 1, 2, mosry4um
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CHCTEMY BCETO IBYX OJHOPONHBLIX YDaBHEHUH C AByMS HEU3BECTHBI-
MU Q1 U p2:

<V11 —VuVig/Vas Via — 1/212V13/V43) (901) - (901>
Vo1 — VaaVag/Vag  Vag — VigaVas/Viz )\ 2 2

(ypaBHeHme ke ¢ m = 3 He maeT HUYEro HoBoro). Takum oGpa3zom,
3318918 0 COOCTBEHHBIX 3HAYUCHUAX 4 X 4-MaTPUIIBI CBOAUTCH K 33/1a1€
miis 2 X 2-marpunsl. COCTaBUB [Jid Hee CEKYJISPHOE YDABHEHHUE U
pemus €ro (co 3HadeHUAMI Vi, u3 (68.4)), momyuum

A= (Vi Vo) £ [3(Via = Vi) + [Via + [Vis?]

NJIN OKOHYATEJIBHO
e1,2(k) — £(0) = Ak* £ [Bk* + C(k2k2 + k2k2 + k2k2)]Y/2, (68.6)

rIe

1/2
9

A=p1+58, B=1683, C=3(,5—168)

(G. Dresselhaus, A. F. Kip, Ch. Kittel, 1955). YpoBenb pacuiemnis-
ercs npu BbIxone u3 Touku k = 0 BO Bcex HampaB/eHUsX ).

OcTaHOBMMCSI KPATKO Ha BOIIPOCE O BHJIE YPABHEHUIl, OMMUCHIBAIO-
X TOBEJECHUE YACTHI BOJU3U BBIPOXKIEHHOTO JIHA 30HBI B MATHUT-
HOM mogie. [ljia ompemesieHHOCTH OyZieM WMMETh B BHJy BTODOH u3
PaCCMOTPEHHBIX B 3TOM maparpade cirydaeB — cuekTp (68.6).

ITpsimoe ucnonb30BaHUE FAMUIBTOHUAHA, COCTaBICHHOIO 13 (68.6)
1o obuiemy npasuity (56.7), HATONKHYJIOCH ObI Ha 3aTPYAHEHUS, CBSi-
3aHHBIC ¢ HEAHAJMTHYECKUM XaPaKTEPOM CIEKTDPa BOJIM3U TOYKH
k=0. 9tu TpyAHOCTH MOXKHO OOOHTH, €CIIM IPOU3BECTH 3aMCHY
k - k = K — eA/hic ve B (68.6), a B MATPUYIHOM TraMUJIBTOHU-
ane (68.3) (s cOXpaHeHHsI SPMHUTOBOCTH IIPU ITOM JOJIKHA OBITH
[POM3BEACHA CUMMeTpH3alys 1o KommoHeHTaMm K). Kaxxapiit mar-
PUYHBINA 3JIEMEHT TAMUJIBTOHUAHA MTPEBPAIAETCS MOCJIE ITOTO B JIH-
HeitHbIX AuddepeHnnaibHbI 0NIePaToOp, AEHCTBYOMNN HE TOJIBKO
Ha CIIMHOBBIE UHIEKCHI, HO U Ha apryMeHTsl dbyukuuii ¢, (K) B ypas-
HeHusXx (68.5), KOTOpble IPEBPAIAIOTCS, TAKUM 00Pa30M, B CHCTEMY
YeThIpex JUHEHHbX MuddepeHIMaIbHbIX yPABHEHWIA.

') HamoMuuM, 4TO MPUMCHCHHME TEODHE BO3MYIICHHH K COCTOSHMSAM OJHOTO
TOJIBKO BBIPOXKIEHHOTO yPOBHsI mpeamosaraeT MajocTs unrepsaioM &(k) — &(0)
BO3HWKAIOIETO PACIICIUIEHHsI TI0 CPABHEHMIO C PACCTOSIHUAMY IO COCEIHUX 30H,
B TOM 9HCJIE T€X, KOTODBIE OTIIENUJINCH U3-33 CHUH-OPOUTAJIBHOIO B3aHMOJEN-
CTBUA.
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s yaera cniuHOBBIX 3(phEKTOB IPHU HAJUYUN MATHUTHOTO TOJIS
K raMuibToHUAHY (68.3) HasI0 emmie 706ABUTH YIEHBI, HEIOCPEICTBEHHO
zapucanue or H, KoTOpble HE ONPEAENIAIOTCH COOOPAKEHUIMHU Ka-
JIMOPOBOYHOIM NHBapUAHTHOCTH. [I0CKOIBKY OJIe cYuTaeTCs CiaabbiM,
nobaBJisieMble YJIeHbI TOJKHBI ObITh JiuHelHb! 10 H; B TO 2Ke Bpems
B BUIY HIPEANOJaraeMoil MaJioCTH K OHU He JOJKHBI 3aBUCETH OT
k (cp. §59). B nanuom ciaydvae obmuii BUg TAKUX YJIEHOB, WHBAPH-
AHTHBIX OTHOCHUTEJILHO BCEX IMPEOOPA30BAHUN CUMMETPUU KPHUCTAJ-
Jia, TAKOB:

BaHj + B5(Hoj 2 + Hyj 2 + H.32). (68.7)

B zakutouenue 3toro maparpada ymomsiHeM o6 MHTEPECHOH Cu-
TyaIluy, BO3HUKAIOIIEH, €Ciu OZHA U3 CONPHUKACAIOUUXCH B TOUKE
BBIDOXKIEHUS Ko 30H 9BJIFETCS 30HOM IIPOBOIUMOCTH, & IPYTas — Ba-
JIEHTHO¥ 30HO#. DHEPTeTUYIECKA IMIEIh B CIIEKTPE TAKOT'O TUIIA PABHA
HYJIIO; JIJIs POXKIEHUS JEKTPOHA U OBIPKU C UMILYJIbCaMU, OJIN3KU-
Mmu K kg, TOCTATOYHO CKOJIb YTOOHO MaJioil sHepruu. Takue KpuUcTai-
JIBI SIBJISIOTCH B OIPENEJIEHHOM CMBICIE MPOMEKYTOUHBIMU MEXKIY
[VU9IEKTPUKOM M METAJJIOM. DHEPreTudecKas Iie/lb OTCYTCTBYET, HO
9JIEKTPOHHBIE U IBIPOYHBIE COCTOSHUS HE PA3IEJICHBI TOJIBKO B OHOMN
touke k-mpocTpancrsa. MoKHO CKa3aTh, YTO 9TO METAJLI, ¥ KOTOPO-
ro noBepxHocTh PepMu «cTaHyTa» B 0aHY TOUKy Ko. Ilpu T'=0 B
TAKOM Oecuene60m noaynposodruke ) HOCUTEIN TOKA OTCYTCTBYIOT,
HO TIPY HU3KHUX TEMIEPATYPaX UX UUCJIO BO3PACTAET IO CTENEHHOMY,
a He IKCIIOHEHIMAJBHOMY 3aKOHY. Bua cmekTpa BOm3m Touku kg
HEJIb3s YCTAHOBUTD UCXO/IS U3 OJHUX TOJBKO COOOPAaXKEHUI CUMMET-
pun; KyJIOHOBCKOE B3aMMOJAEHCTBUE JIEKTPOHOB U ABIPOK IIPUBOIUT
K TIOSIBJIEHUIO B 9TOH TOYKE OCODEHHOCTH Y MATPUYHBIX JIEMEHTOB
BO3MYyIIeHYs ?).

1) pumepom siBisieTcs ofma u3 MouduKaIuii 00Ba — CEpoe OIOBO.
2) ITompobroe ucciexoBanue sroro Bompoca cm.: A. A. A6puxocos, C. . Be-
necaasckut // 2KIT®. 1970. T. 59. C. 1280.
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MATHETU3M

§69. YpaBHeHue IBUXX€HNA MATHUTHOTO MOMEHTA
B (peppoMarfHeTuke

MarauTHasi CTPYKTypa KPHUCTAJJIOB MPUBOAUT K TOSBJICHUIO Y
HEUX cHenupUYECKUX BETBE SHEPreTHYecKoro cuekrpa. Ilepexomst K
HCCIEIOBAHUIO TUX CIIEKTPOB, HATIOMHUM IIPEXKIE BCErO HEKOTOPHIE
0COOEHHOCTH B3aMMOAENCTBHAN B MATHATHBLIX TEJIAX.

OCHOBHBIM BHIOM B3aUMOJAEHCTBUNI B (PepPPOMATHETUKAX SB-
JjgeTca OOMEHHOE B3aMMOIEHCTBHE ATOMOB, KOTOPOE W IIPUBOIUAT
K YCTAHOBJICHUIO CIOHTAHHON HAMArHUYEHHOCTH. XapPaKTEPHBIM
CBOMCTBOM 3TOI0 B3aHWMOIEHCTBUS SIBJISETCH €r0 HE3ABHCHUMOCTH OT
OPUEHTAIMN HAMATHUYEHHOCTH OTHOCUTEJIPHO PEeIIeTKU: O0OMEHHOE
B3aMMOJEHCTBUE ABJIAETCHA PE3YJIHBTATOM JIEKTPOCTATUIECKOTO B3a-
MMOJIEHCTBHUS JIEKTPOHOB C YIETOM CUMMETPHUU BOJHOBON (PYyHKITUN
CHUCTEMBI U HE 3aBUCUT OT HANPABJEHWUs CYMMAapHOTO CIVHA ).

IIpocreiimieit beppoOMarHUTHON CUCTEMOMN SABJISAETCS TUIEKTPUK,
B KPHUCTAJJIAYECKON pEIIeTKE KOTOPOTr0 HMEIOTCA AaTOMBI, 00Ja-
JAOe MarHUTHBIM MOMEHTOM, IPHUYEM 3HAK OOMEHHOTO B3aMMO-
JeficTBust TakoB («(eppPOMATrHUTEH» ), YTO SHEPIETUUECKH BBITOIHO
apaJijieIbHOE TOJIOXKEHNEe MOMEHTOB. 'TOr1a OCHOBHBIM COCTOSTHEEM
CUCTEMBI OYJEeT COCTOsIHWE, B KOTOPOM BCE CIIHHBI MTaPAJUICJbHBI.
Tounee, B 9TOM COCTOSHWM TPOEKIMS CYMMAPHOTO CIIMHA, CHCTEMBI
HA HEKOTOPOE HAIPABJIEHWE PABHA MAKCUMAJILHO BO3MOXKHOMY 3Ha-
YEHHIO XS, (CyMMa IO BCeM aTOMaM), Te Sq — CIUH OJHOIO aTOMA.

JeficTBuTENIBHO, TaMWJIBTOHUAH OOMeHHOrO B3aumomeicTBus Hog
KOMMYTATHUBEH C ONEPATOPOM TIOJIHOTO CIIMHA CHCTEMBI S, a 3HAYUT
u c ero mpoekmumeii S, (3o ciexyer u3 toro, uro Hys He 3aBucuT

OT HAIPABJIEHUS CIIMHOB, & OMEPATOD S W €CTh OMEPATOP MOBOPOTA
B CIMHOBOM IIPOCTPAHCTBE). [109TOMY OCHOBHOE COCTOSIHHME JIOJXKHO
061a7aTh ONpEeIEHHBIM 3HAaUYeHnEM S,, 8 MHUHUMYMY 3SHEPTUN
COOTBETCTBYET MAKCUMAJIBHOE S,. 3aMETHUM, UTO TOT/IA PABHBI CBOUM

1) OKCIEPUMEHTAJNbHbIE JAHHBIE O MMPOMATHATHBIX OTHOIIECHUSX g, AAIOLIUe
Jisi (beppPOMAarHeTUKOB 3HAYEHUsI, OYEHb OJIM3KHE K 2, CBUAETEJIbCTBYIOT O CIIH-
HOBO# npupoze (peppoMarserusma.
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MAaKCUMAJIbHBIM 3HAYEHUSIM Sg U MPOEKIUU S, CIMHOB KaXKJIOr0 U3
aTOMOB, TAK YTO MAIHUTHBIH MOMEHT B OCHOBHOM COCTOSIHUW DPaBEH
CBOEMY <«HOMHUHAJBHOMY» 3HAUCHHUIO X[ig, TIE [g — MATHUTHBIH
MOMEHT OJIHOTO aTOMa. JTO CBOMCTBO, OMHAKO, Hapymmaercs Gojee
cnabbIMU — PEJIATUBACTCKUMY — B3aMMOIEHCTBUSIMHU.

B Gonee cnoxkHBIX caydagx HaMArHUYEHHOCTH TeEJIia HE DPAaBHA
HOMWHAJBHON. B wacTHOCTH, KOTIa B3aMMONENCTBHE HE MEXKIY
BCEMH AaTOMaMM HOCHAT (DepPOMATrHUTHBIN XapaKTep, BO3MOXKHO
obpa3oBaHuEe CTPYKTYDP U3 JBYX MPOTHBOIOJIOXKHO HAMATHUYEHHBIX
MOIPETIETOK, HAMATHUYEHHOCTH KOTOPBIX PA3JINYHBI U TOTOMY HE
BIIOJTHE KOMIIEHCUPYIOTCS; BEIIECTBA CO CTPYKTYPO#l TAaKOTO THIIA
Ha3bIBAIOT (peppuTaMu (Cydail Ke MOJIHON KOMIIEHCAIMH COOTBET-
cTByeT aHTU(hEPPOMATHETHUKY ).

Hakomnern, B ¢deppomMaruuTHoM MeTaJijie HEJIb3S PACCMATPUBATH
CIIMHBI ATOMOB HE3aBUCHMO OT JIEKTPOHOB MPOBOAMMOCTH, KOTOPBIE
BO BCAKOM ciydae He Oyayr (m3-3a 3ddexToB depMueBckoro
BBIPOXKJIEHNsI) IIOJHOCTHhIO HamarHwdeHbl naxke mpu 1 = 0. Oco-
OEHHOCTYM MATHUTHBIX B3aWMOJENHCTBUN MOTYT TPUBECTH TAKXKE K
GoJiee CITOKHON CTPYKTYPE OCHOBHOTO COCTOSIHUS (DEPPOMATHETUKA, C
HEKOJJIMHEAPHBIM PACIIOJIOXKEHNEM aTOMOB MATHUTHBIX MOMEHTOB —
TaK HA3BIBAEMBIE TEJIUKOUIATBHBIE CTPYKTYPHI.

Kak um BO Bcakoii mMakpockomudeckoit cucreme, cyiabo Bo30y-
XKJIEHHBIE COCTOSIHUsT (DEPPOMATHETHKA MOXKHO PACCMATPHUBATL KAK
COBOKYITHOCTH 3JIEMEHTAPHBIX BO3OYXKIEHHMI — ra3 KBa3WYACTHII.
DyeMeHTapHbIe BO30YXKJIEHUS B YIOPAJOYECHHOM PACIPEICICHUN
ATOMHBIX MATrHUTHBIX MOMEHTOB HA3BIBAIOT Ma2HOHAMU. [10CKOIb-
Ky pedb UAeT O KBa3W4YaCTHUIAX B TPAHCIANMOHHO-CHMMETPUIHOM
KPHUCTAJUINYECKON PEINIETKE, MATHOHBI O0JIAJAI0T OMpPEAETICHHBIMA
HE WCTUHHBIMA MUMIYJIBLCAMHU, 8 KBA3UUMITYJILCAMU, TPOOETAIOMINMA
3HaUEHUs B OJHOM siueiike obpaTHO# pemeTku. B kjaccudeckoit
KapTUHE MArHOHAM OTBEYAIOT CNUHOBHLE B0AHbL — PACIPOCTPAHSIIO-
IIUeCcs BJIOIb PEIIETKYU KOJIeOAHNsT MATHUTHBIX MOMEHTOB. MarHoHbI
MOIINHAIOTCH CTATUCTHKE bBo3e, W TpemesbHOMY KJIACCHUYECKOMY
CJIy9al0 CIOUHOBBIX BOJH OTBEYAIOT OOJBINNE UHCIA 3AMOJHEHUS
COCTOAHNN MartHoHOB.

Ecnu myvaa comHOBOI BOJIHBI BEJIMKA 1O CPABHEHWIO C TIOCTO-
dAHHOM pemerku a (T. €. BOJHOBOW BekTOp K < 1/a), TO BOMHY
MOXXHO pAacCMaTpPUBATh MAaKPOCKOINUYECKU; B PpE3yJIbTaTE 3aKOH
mucnepcun BosH w(k) Oyzer BeIpakeH depe3 (heHOMEHOJIOTMYECKUE
napaMerpbl (MaTepHaibHblE KOHCTAHTHI), BXOISIIME B MaKPOCKO-
MUYECKUEe yPaBHEHWS JBUKEHUS MATHUTHBIX MOMEHTOB. TeM ca-
MBIM OyIET BBIPAYKEH 4YepPe3 9TU MApaMETPhl U CIEKTP MAaTrHOHOB
e = hw(k). Takoil myTh OmpeleJicHUS CIEKTPA MArHOHOB BIIOJIHE
AHAJIOTHYEH OIMPEIEJICHUIO CIIEKTPA JJIMHHOBOJIHOBBIX (DOHOHOB Ue-
pe3 MaKpPOCKOIMYECKHe HapaMeTphl (YHIpyrue MOJYJIN), BXOISIIHE
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B MAKPOCKOTIMYECKUE YPABHEHU KOJEOAHWN B 3BYKOBBIX BOJIHAX.
Jlnsg BBITIOTHEHNS 9TOW TPOTPAMMBI HEOOXOINMO TPEIBAPUTETHHO
BBIBECTHU yKa3aHHbIE YDABHEHUS JIBUKEHMUsI ').

PaccmorpuMm cHagasa 9TOT BOIPOC C yI€TOM TOJBKO OOMEHHBIX
B3aMMOJIENCTBUIA.

[TockosibKy MBI mHTEPECyeMCs C1ab0 BO3OYKIEHHBIMU COCTOSTHH-
sivu (beppOoMarHeTuKa (TOIBKO UX CBONCTBA U MOT'YT OBITH BBISICHEHbBI
B 00IIEM BUJIE), MbI JIOJZKHBI OPPAHUIUTHCS «MEJJIEHHBIMU» JIBUYKe-
HUSMHW MATHUTHOTO MOMEHTA C MAJIBIMHU 9acTOTaMW. TakuMu GymyT
JIBUYKEHUsI, B KOTOPBIX HAIIPABIEHUE MATHUTHOT'O MOMEHTA M€]IJIeH-
HO MEHSIETCsI B IPOCTPAHCTBE, & €10 BeJIMINHA OCTAETCST IIOCTOSTHHOI.
JleficTBATEIBHO, PABHOBECHAST BEJIMIMHA HAMATHUUEHHOCTH (DUKCHU-
poBaHa 0OMEHHBIM B3aUMOJIEHCTBUEM; IOITOMY €€ N3MEHEHUE BO BCsI-
KOM CJIydae He CBsI3aHO C KOHEUHOI 3aTpaToil SHEPIruu mpu b0
amane Bosiabl. (IIpemanosaraercs, 9ro TeJI0 HAXOAUTCS JIOCTATOUTHO
Jajaexo oT Touku Kropu, B KOTOPO#l CIIOHTAHHAS HAMarHWIEHHOCTH
ucueszaet.) C Ipyroii CrOPOHBI, TIPU y9eTe TOJIbKO OOMEHHBIX B3aUMO-
JIeCTBU, SHEPTUsl HEe MEHAETCs IIPU TIOBOPOTE MAarHUTHOTO MOMEHTa
KaK TIeJIOT0; TTOITOMY HEOTHOPOIHBIHM BIOIH TE/a TIOBOPOT HAMATH-
qeHHOoCTH OymeT TpeOOBATHL T€M MEHbINEeH SHEPTUuH, deM OOJIbIIe TN~
Ha BOJTHBI. JIpyrumu ciroBamu, JJMHHOBOJITHOBBIE KoJjebamus OymyT
UMEeTh MAJIYI0 9acTOTY.

YpaBHenne IBUKEHUsI, OTPEIEIAIONTee N3MEHEHNE HATPABICHUS
MAarHATHOTO MOMEHTa €CTh He UTO WHOe, KaK yYPABHEHHWE IMPOIeC-
CHUW CITHHOBOTO MEXaHUIECKOTO MOMEHTa, IS 1o/ neficTBreM MOMEHTA,
cut K: oKS

ot ’
(cm. 1, (34.4)). M1 6yem nornmars nof AS u K coorBercrBenHO Me-
XaHUYIECKUI MOMEHT M MOMEHT CUJI, OTHECEHHBIE K eJIMHUIIE 00heMa.
[T10THOCTE MATHUTHOIO MOMEHTa (HaMarHu4eHHOCTb) M BbIpazka-
ercst yepe3 S CcoryacHo

e
M = i = —8llg,

2mc
rae 7y — OTHOIIEHWEe MAarHUTHOT'O MOMEHTa K MEXaHUIEeCKOMY,
e = —|e| m m — COOTBETCTBEHHO 3apsi/| 1 Macca JIEKTPOHA, g — I'i-
poOMarHuTHOE OTHOIIeHHe jiist peppomarneruka (cp. I1,§45). Vpas-
venwne juia M umeer, ciaegoBaTeIbHO, BUJ

oM

= (69.1)

1Y Hambueitmue pesyasraTs: sToro maparpada mpumamtexar J. J. Janday u
E. M. Jluguwuyy (1935). OTMeTnm, 9T0 9TU PE3yJIbTATHI CIPABEJIUBBL JJIs «00-
MeHHBbIX» (eppomarmeTnxos. Mbl He OyIeM KaCaThCs 3/1€Ch TaK HA3BIBAEMOTO
ci1aboro peppoMarHeTusMa, B KOTOPOM (PeppPOMArHUTHBIH MOMEHT IOSIBJISIETCS
TOJIBKO IIPH ytI€Te PeJIATUBUCTCKUX P DEKTOB.
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DTO ypaBHEHWE sIBJISIETCS TOYHBIM, Korjma MoMmeHnT cui K me 3aBu-
CUT OT KOOPJWHAT W BBIMOJHIETCsT pubnkento, ecan K memrento
MEHSIeTCSI B TPOCTPAHCTBE.

Mowment cun K ompesesnsiercss n3MeHeHHEM HEPTUH TIPU OECKO-
HEUHO MAaJIOM IIOBOPOTE CIHHOBOH cucrembl. IlycTh d¢p — BekTOp,
HATPABJIEHHBIH BIOIH OCH BPAIEHUS W PABHBIN 10 BEJUIUHE YTUIY
moBopora. Torya cornacHo GopMysIaM MeXaHWKM MOMEHT CHJI JTaeT-
cst BoipazkerneM — (OE/0¢) (cm. 1,(34.6)). Ecom d¢p 3aBucur or
KOODJMHAT, Mbl JIOJIXKHBI TIepeiiTn oT audOepeHiimpoBannsa K Ba-
PBUPOBAHUIO B KAXKIOW TOUKE MTPOCTPAHCTBA. YI00Hee TPOU3BOIUTH
9TO BAPBLUPOBAHUE MPHU MOCTOSTHHON TeMITEpaType, TOCTOSTHHOM 00b-
eMe Tea W TMOCTOSHHOM MATHWUTHOM IOJIe B KaXKJIOW TOUYKe Tesa.
TepmonrHaMUIeCKUM TIOTEHITHAIOM B 9THX MEPEMEHHBIX SIBJISIETCS

cBoborast sueprust F'1). Takum 06pa3om, IJIOTHOCTH MOMEHTA CUJT
OTIPEJIENISTETCS YPABHEHHEM:

SF = — / K dv. (69.2)

SarmieM w3MeHeHwe CBOOOTHON 3HEprHM JF TpW W3MEHEHWH
MArHUTHOTO MOMEHTa (TOUHEee ero HalpaBJIeHUs, TOCKOIbKY ero Be-

JmarHa GUKCHPOBAHA,) B BHJIE

5F = — / H,,0M dV, (69.3)

rJle TI0 QHAJIOTUU C BBIPAYKEHWEM JIJIsl SHEPIUU MATHUTHOTO MOMEHTA
BO BHEIIHEM MarHUTHOM IOJIe BBeJeHO «dddextusHoe moae» Hyg,.
B pasnosecun H,q, = 0, mockosibKy paBHOBECHOE pacipejesieHue
MarHATHOTO MOMEHTa, KaK pa3 M OMPEIeIIeTCS MUHIMU3AINEH CBO-
60/1HO# sHEpruu. YdareMm Tenepb, 4To uzmenenne M mpu 6eckoHedHO
MaJjIOM ITOBOpPOTE )¢ paBHO:

SM = [5¢p M.

IMoacrasisast 910 BIpakenue B (69.3) u cpaBHuBas ero ¢ (69.2), Ha-
XOJIIM TIJIOTHOCTH MOMEHTA CHJI:

K = [MH,y).

1y Cm. VIII, §39 (TepMoamHAMUYIECKUE BEJIMUIMHBI, OTHOCSIINECS. K TEJLy B Iie-
JIoM, 0003HAYAINCH TAM PYKONMCHBIME JATMHCKAMHU OykBamu). IIpm meommo-
POJTHOM pACIIpe/Ie/IEeHUN TIPaBUIbHee TOBOPUTH O CBOOOIHOM sHepruu Tea (mpu
3a/IaHHOM ero ofbeMe), a He 0 TEPMOJMHAMUYIECKOM roTernuase 6®. Mol He Oy-

JIeM MHTEePeCOBAThCS 31eCh CTPUKITHOHHBIMY 3ddEKTaMu, T. €. HAIPSXKEHUSIMA U
nedopManmaMu KPUCTAJLIA, BOSHUKAIONUMY TPU U3MEHEHUN HAMATHUIE€HHOCTH.

B sToM citygae MOXKHO He J1e1aTh pasindus Mexay 0P u 6 F.
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Moxcrasnss B (69.1), IPpUXOAUM OKOHYATEIBHO K ypasHenuto Jlaw-
day—Jlupwuya 119 MATHUTHOTO MOMEHTA!

oM e
M _ glel (1, M), (69.4)
ot 2me
[TokaskeM, 4TO M3MEHEHHE MArHHTHOI'O MOMEHTA, OIIHCHIBAEMOE
3TUM ypaBHEHWEM, HE COMPOBOXKIAETCHA AUCCUTAIUEN SHEprum. IJTa
JUCCHUIIAINSA PABHA:
Q=795 _ _ORun _ _OF
ot ot ot’
rae S — sHTpomud Tejna, a Ry, — MuUHEMaJbHas paboTa, HEOOXO-
JuMas JJis [MPUBEIEHUs Tejla B JAHHOE HEPABHOBECHOE COCTOSHMUE.
C momomwio (69.4) mmeem, TakuM 06pa3oM,

_ M o — M/ _
@= /Ha(b ot v = 2me Ha(b[Hacb] v =0,

YeM U JTOKA3bIBACTCH CICJAHHOE YTBEPXKICHUE. 3aMETHM, YTO OTCYT-
CTBHE JMCCUTIAIIUE 0DECIIEYNBACTCS TE€M, YTO IpaBasd 4acTh ypPaBHE-
Hust (69.4) neprenukynapua K Hoyg,. (MbI BepHeMcs K 06Cy K aeHIIO
BOIIPOCA O JUCCHUIAIUY B KOHIIE CJleayromero naparpada.)

CoruacHo onpenesernto (69.2), saBHbi Bug 3bOEKTUBHOTO MOJIS
HaXOJUTCH BapbUPOBAHWEM IIOJIHOW CBOOOAHON 3Hepruu Tesa. Ilo-
CJIETHAS TAETCS UHTErPAJIOM

F= [{500) + Voo - ME- 2N av (095)

U

(cm. VIIL, §39). Bmecsy fo(M) — mnorHOCTH CBOGOLHOMN SHEPIUH OJ-
HOPOJHO HAaMarHWYEHHOro Teja mpu H = 0, yumThIBamomas JIUIIb
OOMEHHBIC B3aMMOJEHCTBHAS M IOTOMY HE 3aBHUCAINAS OT HAIPaB-
jgeansd M; Ugeoq — IUIOTHOCTH JIOTIOTHUTEIBHON OOMEHHON 3HEp-
I'MH, CBA3aHHON C MEJICHHBIM U3MEHEHUEM HaIpaBjeHusa BeKTopa M
BJIOJTb HEOZHOPOJHOIO HAMATHUYEHHOTO TEJIA.
[TepBble 4I€HBI PA3JIOXKEHUS ITOW SHEPIMU IO CTEIEHAM TPOU3-
BOJIHBIX OT MOMeHTa M 10 KOODAMHATAM UMEIOT BUJ
0. _1, 0MoM
HEOnm — 2 ik 073 amk’
NpUYEM Ta KBAAPATUUHAS (110 IPOU3BOAHBIM) (POPMA CYIIECTBEHHO
nosiokuTebHa. Beipazkenue (69.6) cocraBiieHo Tak, 9T0o0BI (B COOT-
BETCTBUM CO CBOMCTBAMM OOMEHHOIO B3aMMOZECHCTBYS) HE 3aBUCETH
oT abCOJIIOTHOrO HampasjeHus BekTopa M. B omHOOCHBIX KpucTas-
JIaX CHMMETPHUYHBINA TE€H30p BTOPOTO PAHTa, (l;p, MMEET KOMIIOHEHTHI
Oz = Quy = a1, Qz; = @ (0Cb 2 — OCh CHMMETPHH KPUCTAJLIA); B
KyOn4ecKux KpUCTaJLUIaxX Ojp = k.

(69.6)
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ITopsimok Besim4auHBI KO(MDPUIMEHTOB ;) MOXKHO OIEHUTDH, 3a-
METHB, YTO YHEPrUsi HEOJHOPOJSHOCTH, OTHECEHHAS K O0BEMY OJHOI
JIEMEHTAPHON SYEHKYM KPUCTAJIMYECKON DENIeTKH, JOJKHA ObLia
OBl JOCTUTATH XAPAKTEPHBIX ATOMHBIX 3HAYEHUI SHEPruu OOMEHHO-
r'0 B3aMMOJENCTBHUS, €Ccau Obl HAIPABJIEHUE MOMEHTA CYIIECTBEHHO
MEHSJIOCh Ha PACCTOSHUSAX HOPSIKA TOCTOSHHON DEleTKH a. Xa-
pakTepHasi OOMEHHAs HEPIUs COBIAJAET, N0 MOPSAKY BEJIMYHMHBL,
¢ temmeparypoit Kiopu T, (Touka mcuesHOBeHUs (beppOMarHeTu3-

Ma). Us yesosus T /a® ~ aM? /a? maxomam
o~ T./aM?. (69.7)

Bapsupyst uarerpas (69.5) (upu 3amanubix 3nadenusx H B kax-
JI0#1 TOUKE TeJIa) U IPOU3BE/ BO BTOPOM YIEHE MHTEIPUPOBAHUE 110
9aCcTAM, TIOJy9UM

= M 0°M
5F=/ M) — a2 — H} SMdV;
{fO( ) M Qi 97:07x )
Corutacro onpepnenenuo (69.2), Beipakenue B (UTYPHBIX CKOOKaX
ectb —H,g,. [lepBriit wien B HeM HampasJieH BA0Ib M, HO 1Ipu moa-

CTAHOBKe B ypaBHeHue apuxkenus (69.4) takoil 4ieH Bce pABHO BbI-

[aJaeT, ¥ MOTOMY ero MOXKHO BooOIe omycTuts *). Takum o6paszom,
HAXOIUM -

0

Hacb ik 92:05, + H. (698)

st monydenust nosHo# cucrembl ypasaenuii k (69.4) u (69.8)
Hajo nobaBuTh erne ypaBHeHue MakcBesuta, cBsi3biBatornee moje H
¢ pacnpezeneanem HamarandeHHocTn M. CnuHOBBIE BOJHBI, KOTO-
pble OyAyT pacCMOTPEHBI B CleAyIomieM mnaparpade, ABJISIOTCH HU3-
KOYaCTOTHBIMHE B TOM CMBICJIE, 4TO w K ck. B aTux ycnoBusax mose
KBa3WCTAIIMOHAPHO; B ypaBHEHWAX MakcBesjila MOXKHO TpeHebpednh
MPOU3BOHBIMY TT0 BPEMEHU, W OHU CBOJATCHA K BUJLY

rot H =0, divB = div(H+47M) = 0. (69.9)

B cBa3u ¢ 9THUM MOXKeT BOBHUKHYTH BOIIPOC O IIPABOMEPHOCTH Ba-
pbupoBanus uaTerpasa (69.5) no M npu nocrosarom H zecmorpst
HA TO, YTO OHU CBs3aHBI BTOPBIM ypasHeHueM (69.9). Jleno, onHaxo,
B TOM, 4TO ecyi nostoxkuth H = —Vo (B Busy mepBoro ypaBHeHus )
¥ BBIYUCJINTH BAapHUAIUIO0 WHTErPaJia Mo (o, TO OHA OOpaTUTCd B CHU-
JIy BTOPOTO ypaBHEHWsS B HYJib, TaK 9TO BapbupoBaunue H He maer

BKJIaga B 0 F.

1) ocse aToro, omuaxo, H,q4, yxe ne obasaresbHo GyneT obpamarhbCs B HyJlb
B DPaBHOBECHU.
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Ecnm Teno He HaxomuTCa BO BHEITHEM MATHUTHOM TIOJIE, TO TOJIE
BHYTPH HETO IEJIMKOM CBI3aHO C PACIPEIe/IEHNeM HAMArHUI€HHOCTH
W TPEJICTABIISIET COOO#, BOOOIIE TOBOPsI, BEJIMUNHY TOTO K€ MOPSJIKA,
4910 u M. B arom cmbicie wien H B abdextusrom nose (69.8) npex-
craBJisieT coboit pesisiTuBucTCKUit 3G HeKT (HATOMHUM, 9TO ATOMHBIE
MAarHUTHBIE MOMEHTBHI, 8 C HUMU U CIIOHTAHHAS HAMATrHWYEHHOCTH
M, onpenesnstorcss marseroroMm Bopa 8 = |e|h/(2mc), — Bemmun-
HOIA, comepzkaieil ¢ B 3HameHaresie). [losromy B paccMarpuBaeMoM
[OKa YUCTO OOMEHHOM IpubjmrkeHnn BTOpOi 4ieH B (69.8) ciexyer
OIYCTHTH, TAK YTO yPABHEHUE JBUKEHUS

2
M _ glel [ oM M] : (69.10)

E " 2me 0z;0xx,

O6paTI/IM BHUMAaHUE HA HEJIUHEUHOCTH 3TOTO YpaBHEHUA.

VYpasuenue (69.10) MOKHO IIEPENUCATH B BUJIE YPABHEHUS HETIPE-
PBIBHOCTH Il MATHATHOTO MOMEHTA:

OM; oIl
ot oxy
Trae TEH30D IIOTOKa MOMEHTa MMEET BU/

II; = glel o2 [MGM} .
2mc i

Oz

=0, (69.11)

DTOTO CJIEIOBAJIO OXKUIATH 3apaHee, MOCKOJBKY B OOMEHHOM IIpH-
OJIMKEHUN TOJIHBI MArHUTHBIM MOMEHT TE€JIa COXPAHSIETCH.

Yurem Temepb, YTO Hapsiay C OOMeHHbIMEH B (beppoMarHeTuke
CYIIECTBYIOT TaK»Ke U 3HAYUTEJIHHO Oosiee Cj1abble PejIsTUBUCTCKUE
B3aUMO/IENICTBUS JIEKTPOHHBIX MOMEHTOB: CIHH-CIIMHOBBIE W CIITHH-
opbuTaJibHble. B MakpOCKOIUYeCKOil TEOPUY OHU OIIUCHIBAIOTCS SHEP-
rueii MarHUTHOHM aHU30TPOIUY, IJIOTHOCTh KOTOPOil Uyy 3aBUCHT OT
HAIPABJIEHUs] BEKTOPA HAMATHUIEHHOCTH TI0 OTHOIIIEHUIO K KPUCTAJI-
JINYECKON pEeIIeTKe; ITUMHU B3aWMOAEHCTBUIMY YCTAHABJIUBACTCH
PaBHOBECHOE HANPABJICHWE CIOHTAHHON HAMATHUYEHHOCTH (eppo-
MaraeTuka. K peIaTUBUCTCKUM OTHOCHUTCS, KaK y2Ke ObLIO YKa3aHO,
Tak>ke u B3anmogeiicrsue M ¢ marauTabIM mojiem H.

B omHOOCHOM KpuCTa/Uie SHEPTHUS AHU3OTPOIINY WMEET BUJ

Us = —ng. (69.12)

Ecnmu K > 0, To paBHOBeCHAsI HAMAarHUYEHHOCTH HAIIPABJICHA BIOJb
OCH CHUMMETpUH — OCb z ((heppoMarHeTwK THIA «JIErKas OCb»); €C-
gu ke K < 0, To HampaBJieHWe CIOHTAHHON HAMATHUYEHHOCTH Jie-
JKHUT B IUIOCKOCTH Y ((PEeppPOMAarHETHK THUIA «JIETKas IUIOCKOCTbHY ).
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B kybuueckom KpucTasie 3Heprusi aHU30TPOIUN MOXKET ObITh IIPE-
CTaBJIeHA B BUJE

Uan = (Mg M + MZM? + M M?), (69.13)

Kl
M2
TJe OCH T, Y, Z HAIIPABJIEHBI BJIOJIb TPEX OCEl CHMMETPUY IE€TBEPTOTO
nopsizika (pebpa Kybuueckux siueek). Ecim K’ > 0, To paBHOBeCHSDIH
BekTOop M HampaBJjieH BIOJIb OTHOTO u3 pebep KyOMUYecKuX sveek, a
eciu K' < 0, To — BIO/Ib OJHOI U3 TPOCTPAHCTBEHHBIX JUATOHAJICH
sgdeek ).

s onpeneneHHocTH, Oy/IeM pacCMaTPHUBATH OJHOOCHBIN dep-
pomarseTuk. JI06aBUB K NIOABIHTErPAJIbHOMY BbIpaxkenuio B (69.5)
wieH Upy (69.12), mony4um mociie BApbUPOBAHUS JIONOJHUTE/IbHBLH
wied —KM,vdM, rne v — eIUHUYHBINA BEKTOP B HAIIPABJIEHUH OCH
CUMMETPHH Kpuctajuia. Takum obpazom, ajist 3pdeKTUBHOTO MO
HAaX0IUM M

Had) = qjp— + KM, v + H. (6914)

Jlerko BuUAeTh, YTO 3TUM wu3MeHeHWEM 3I(PDEKTUBHOTO OIS
WCYEPIBIBAIOTCA U3MEHEHWs], KOTOPBIE YUYeT PEJIATUBUCTCKHUX -
dekToB BHOCHT B ypaBHeHue apuxkenus (69.9). eiicrBurenbHo, B
OTCYTCTBUE JWCCUTAINN TPaBas YaCTb ypPABHEHWS JIBUXKEHUS II0-
OpeXxHeMy JOJKHa ObITh mepmeHmukynspHa Hyg, T. e. momxHa
umers Bz [M/'Hyg, ], roe M/ moxer orimaarses or M b 3a caer
PEJIATUBUCTCKUX TIOMPABOK, BCET/IA MAJIBIX 110 CPABHEHUIO C OOJIBIITOMN
BesmunHOii M u moTOMy HeCyInecTBEHHBIX. PejiaTuBHCTCKHE Ke
wieHbl B Hyg, 106aBIg10TCA K BeJIMYUHe, MaJIoi B CUJIy MeIJIeHHOCTH
n3menenus M Bmosib TeJia; 9TU WIEHBI MOTYT CTATh CYIECTBEHHBIMHU
[pY JOCTATOYHO OOJIBIINX JJIMHAX BOJIH.

§70. Marnons! B ¢peppomarneruke. CrekTp

[TpumenUM Oy Y€HHBIE B TPEALIAYINEM Taparpade ypaBHEHUS K
PACIIPOCTPAHEHUIO BOJIH, B KOTOPBIX MJIOTHOCTH MAarHUTHOTO MOMEH-
T COBEPIIIAET MAJIble KOJIeOaHus, IPEIECCUPY st OTHOCUTETIHLHO CBOETO
paBHOBecHOrO 3HadYeHUs Mg. MbI 6ymeM paccMaTpuBaTh OJHOIOMEH-
HBI 0Opa3zerr, BO BceM 0O0beme KOTOporo Mg MOCTOSHHO, U OTPaHU-
9UMCH CJIy9aeM BOJIH C JJIMHOM, MHOTO MEHbINe# pa3MepoB 00pa3ia.
Torga cpeay MOXKHO PacCMaTPUBATH KaK HEOI'DAHUYEHHYIO.

1) Bespasmepnsie senmaunnt K, K' ana pasnuaabx deppoMarHeTHKOB HMe-
0T 3HAYEHMs, JIeXKalllie B IMPOKOM KHTEpBaJje OT OECATBIX OOJell eIMHUIbI
[0 gecaTkoB. Ilopsnok >ke BeJIMYUHBI OTHOIIEHUS PeJIATUBUCTCKHUX B3aHMOZEl-
cTBUit K 06MEHHOMY XapaKTepusyercs Beuaunoit a°Usn /T u cocTaB/seT o6bId-

HO 107%4—107%.
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PaccmoTpuM cHauasia BOIPOC € yIETOM TOJBKO OOMEHHBIX B3a-
umopeiicTBuii, T. e. Ha ocHoBe ypasuenus (69.11). ITomoxum M =
= My + m, re m — Majag BeJIMYNHA, U JIMHEAPU3YEM yDPaBHEHHE,
0TOPOCUB UJIEHBI BTOPOTO TMOPSIKA MO IM; MOCKOJILKY abCOTIOTHAS
Bequunna M = My, To B sToM mpubsamxkennn m 1 Mg. [omyanm

2
m= o, [‘9—mMo] (70.1)

me O0x; 0T

(3mech u Huzke mosaraeM g = 2). Jljig m, 3acucdIero or KOOpJuHaAT
u BpeMeHU Kak exp [i(kr — wt)], Haxomum

. €
iwm = Ll ak2[mMy), (70.2)
mc
rie @ = a(n) = oEnng, N — eIUHUYHBLIA BEKTOP B HAIPaBJIe-
HHUM BOJTHOBOTO BeKTOpPa K. PacKphIB 3TO ypaBHEeHHE B KOMIIOHEHTAX,
uMeeM

WMy = lmi! onk2my,

WMy = _lel aMk2mm
mc
(ock z — B Hampassierun Mjy). OTcioma HAXOMUM 3aKOH JUCIEPCUU
CIIMHOBBIX BOJIH ') e |M
w= = a(n)k? (70.3)
mc
MsI BuMM, B COOTBETCTBUH CO CKA3AHHBIM B HAUAJE MPEIBIIYIIEro
maparpada, 9T0 B OOMEHHOM NPUOJIMKEHUNM YaCTOTA CTPEMUTCS K
uysio pu k — 0. BekTop m B CIMHOBO# BOJIHE BPAINAETCS B IJIOCKO-
CTH XY C TIOCTOSTHHOM YTJIOBON CKOPOCTBIO W, OCTABASACH TIOCTOSHHBIM
10 abCOJIIOTHON BEJIUYUHE.
B kBanTOBOIi Kaprune dopmysa (70.3) ompezessier sHEpreTHYe-
CKUHl CIIEKTP MarHOHOB € = fiw ?):

e(k) = 26M a(n)k>. (70.4)

B dopmanm3me BTOprIHOTO KBAHTOBaHUS MAKPOCKOIMYECKUE BE-
JIMYWHBI, OMUCHIBAOIHE (PEPPOMATHETUK, 3AMEHSIIOTCS OIEepPaTOpPa-
MU, BBIPAaXKEHHBIMU Yepe3 OIEPATOPhl YHUUTOXKEHUS U POKICHUS

') KBagparuyHerii 3aKOH JUCIEPCHH CIMHOBEIX BOJIH GbLI BICPBBIC HafifeH C
nOMOImBI0 MuUKpockonu4aeckoit treopuu @. Baozom (F. Bloch, 1930). Bripaxe-
HHE 9TOrO CIIEKTPa Yepe3 MaKpPOCKOIHYecKue mapamerps! nauo JI. /[. Jlanday u
E. M. Jlugwuyem (1945).

%) B sroit riase 3 Besne obozuauaer marneron Bopa: 8 = | e |fi/(2mc).
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MaruouoB. [lokaxkem, Kak 3TO JOMKHO OBITH CHEJIAHO JJI MAarHO-
HOB (70.4).

IIpuBeneM B COOTBETCTBHE C KJIACCHUYECKOH Besjmumuoii M
BEKTODHBI# omeparop M, KOMIOHEHTHI KOTOPOIO YIOBJIETBOPSIOT
omlpesesieHHBIM IpaBuiaM KommyTamuu. Ilycrs S(r)dV — omepa-
TOP CYMMAapHOTO CIIMHA ATOMOB B (pu3myuecKu OECKOHEYHO MAaJIOM
anemenTe obbema 6V B Touke r. Oneparopsr S(rq1)dVi u S(rg)dVa,
OTHOCHATIIMECT K PAa3JINIHBIM 3jieMeHTaM dV] u §Va, KOMMYTATUBHEL.

KommoneHTsI e o7iHOTO 1M TOro Ke omeparopa S(r)dV ymosierso-
PSIOT OOBIYHBIM TTPABUJIAM KOMMYTAIIMY MOMEHTA!

5.8V - 8,6V — 8,6V - 8,0V = iS4V,

wi Sz Sy — SySy = 1S,/0V (u aHAIOIMYHO AJIsi OCTAJIBHBIX KOM-

myTtaTtopoB). B mpenene 6V — 0 Tu mpaBmiia 3aluCHIBAIOTCS st
JIIOOBIX I'] U 9 B €IUHOM BHJIE

Sz (r1)S,(r2) — S, (r2)Su(r1) = iS,(r1) 6(r1 — r2).

YMHOXUB Temnepb 9TO PaBEHCTBO HA 4/3% u 3aMeTHB, 9TO OLEPATOP
HAMATHIICHHOCTH M = —2ﬂS [TOJIy IUM

M, (r1) M, (r) — My (rs) My, (r1) = —2iBM,(r1) 6(r1 —r2). (70.5)

B npumeHeHME K COMHOBBIM BOJIHAM, B KOTOPBIX M HCIILITHLIBAET
MaJible KojiebaHus BOKPYT OCH z, B IIEPBOM NPHOJIUKEHHUU TI0 Ma-
JIBIM BEJIMYUHAM Mg, My MOXKHO 3aMEHHUTH B IIpaBoii cropore (70.5)

OIlEpaToOp J/\/I\Z quciaom M, ~ M; Torma
ﬁzw(rl)ﬁzy(rg) — ﬁzy(rg)ﬁzz(rl) — —2iﬂM 5(1‘1 - 1‘2). (706)

Orcioma BUIHO, YTO BEJIMYMHBL My U My UIPAIOT (C TOYHOCTHIO JIO
HOCTOSIHHBIX MHOXKUTEJIEH) B JAHHOM CJIyYae POJIb KAHOHUYECKH CO-
MIPSI’KEHHBIX «0000IEHHBIX KOOPAUHAT U UMILYJIBCOB» — IMOAO0HO TO-
My, KaK ¢ u p' UTpajiu TaKyIo ¥Ke POJib IPH KBAHTOBAHUY 3BYKOBBIX
BosiH B xkuzakoctu (§24). IloguepkueM, OnHAKO, CYIIECTBEHHOE OT-
Jane Mexay oboumu ciydasmu. [IpaBusio kommyTamun (24.7) mist
(OHOHHBIX OIEPATOPOB SABJSETCA TOYHBIM, HE CBS3AHHBIM C MAJIO-
cTbi0 KosiebaHuii (T. €. ¢ MaJIOCTBHIO YHCEs 3amojiHeHUsi (DOHOHHBIX
cocrosiamit). IIpasuio xe (70.6) siBisieTcss NPUOJIMKEHHBIM, CIpa-
BEJJIMBBIM JIUIIb B TIEPBOM TPUOJIMKEHUN TI0 MAJIOH BeJIMYUHE m.

Ucxonga w3 mpasuina kommyTanun (70.6) m cooTHOMeHMsA Mex-
Iy OLlepaTopaMu Mgy U Ty, OTBEYAIONIETO JIHHEHHBIM yDABHEHUAM
(70.1), MOKHO HafiTH BBIPAYKEHUS ITUX OLEPATOPOB Yepe3 OLepPaTo-
DBl YHUYTOXKEHWsI U DPOXKJIEHUsI MarHOHOB, MOZOOHO TOMY KaK ITO
6bLI0 cresano B § 24 s donoHOB (cM. 3amauy 4 k §71).
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BepHuemcst K m3y9eHNIO CIIEKTPA MATHOHOB M OOpDATHMCS K YUIETY
BJIMSIHUSL PEJIATUBUCTCKUX 3(PDEKTOB HA dTOT creKTp. Temeps yike
HEOOXOIMMO yUWTHIBATL M MarauTHOoe mosie H, BosHmKaroiee mpwm
kojebannax M. Ono OymeT TOro Ke MOPSJIKA MAJOCTH, UTO W IM;
0003Ha4YuM €ro 31ech Kak h.

Ypasuenuss Makcsesura (69.10) mator

[kh] =0, kh= —4rkm.

Orcroma BuaHO, 9TO TOJIe h HAMpaBJIEHO BIOJIB BOJHOBOTO BEKTOPA

1 paBHO
h = —47(nm)n. (70.7)

IMoxncrasus (70.7) B nocieaHue ABa YieHa MOABIHTEIPAILHOIO BBIPA-
skeHud B (69.5), momyunm

h? 2

—mh — — = 27(nm) (70.8)

8T
(3mech omymien wien Mgh, KOTOpBIN BBHY MOTEHIMAIBHOCTH MO-
gs h npu uHTErpmpoBaHHH TO BCceMy 00beMy mpeobpa3yeTcs B
MHTETPaJI 1O MOBEPXHOCTU W OOPAINAeTCs B HYJIb); 3Ty 9acTh JHED-
TUW aHW30TPOINUY B COUHOBOW BOJIHE WHOT/IA HA3BIBAIOT MaA2HUMO-
cmamuyveckol.

[IycTs deppoMarHeTHK OJHOOCEH W OTHOCUTCH K THUIY <«JIETKAs
oCh», Tak 9T0 M HAIpPaBJEHO BIOIL OCH CUMMETDPUU KPHUCTAJLIA
(ocb z): My = vM. Vmes B Buy majbHeinme IPUMEHEHUs, JOIY-
CTHUM TaKXKe CyIeCTBOBAHNE BHEITHETO TOJIA §), TAPAJJIEIEHOTO TOMY
K€ HAMpPABJICHUIO V; IPU 9TOM 00pa3el] HAJI0 MPEICTABUTH cebe Kak
OUJIMHIDP ¢ OChbio BIOL V. Torma mosie BHyTpu Teqa H = § + h.
JluneapuzoBaHHOE ypaBHEHME ABUXKEHUs (KOTOPOE MBI BBITUCHIBAEM
y?Ke YMHOXKCHHBIM Ha F)

—tem = 2BM {(ak2 + K + %) [vm] — [Vh]} . (70.9)

JIj1st OZHOOCHOTO KpHCTaLia & = oy sin® 0+ agcos? @, rae 6 — yrom
Mexay k u v.

[Moncrasus crona h u3 (70.7), pacoucsiBacM ypaBHEHHE B KOMIIO-
HeHTaxX (IPUYeM OCh T yJOOHO BBHIODATH B IJIOCKOCTH, IPOXOIAIIETt
4Yepe3 HampasjieHus v # n). VI3 ycioBusi COBMECTHOCTH IOJLYdaro-
IUXCA ABYX YPaBHEHUH IJId My U 1My HAXOAUM 38KOH JUCIEPCUU

e(k) = 28M [(ak2+K+%) (ak2+K+%+4wsin20)]1/2.

(70.10)
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OTmerum, uTo 6raromaps Hammdmio uiena sin?f = k2/k% pasio-
xkenue (k) mo crenensiv kommoseHT k He mMMeeT IpPOCTOro cremeH-
HOTO XapaKTepa; 9TO CBA3AHO C NAJIBHOAECHCTBYIOIIMM XapPaKTEPOM
MArHUTHBIX B3aUMOIEHCTBUM.

Bripakenue Buzma (70.10), BbIBeJEHHOE 31€CH IJIs OJHOOCHOTO
eppoMarueTuka (THIA <«JIETKAsi OCb» ), CIPABEIJIUBO U i KyOu-
YECKUX KPUCTAJUIOB. JTO CJIEAYyEeT U3 TOTO, YTO W3MEHEHWE YHEPTHUH
AHW30TPOINY TIPU MAJIBIX OTKJIOHEHWsIX BeKTOpa MM oT cBoero pas-
HOBECHOT'O HAIPABJIEHUS MMeeT B 0DOMX CIydasix OJUHAKOBBIN BUI.
Tak, nisa Kybudeckoro kpuctauia ¢ K' > 0 uamenenue U,y nipu oT-
kJsionennu M ot Hanpasienus Mg Boas pebpa Kyba 3aBUCUT TOJIBKO
ot yraa ¥ mexay M u Mg u paBuo 6Uay = K'M?92. Cpasuus 310
C aHAJIOTHYHLIM BbIpaxkeHueM 0U,; = K M?29%/2 nnsa ommoocHoro
KPUCTAJUIA, MBI BHIUM, UTO JJisl TEPEXOfA K CIIyaio KyOu<IecKoro
kpuctaiia ¢ K' > 0 mocrarouno samenuts B (70.10) K — 2K'.
AnasornaHbIM 00pa30M, JIETKO YOEIUTHCH, 9TO JIJIS TIEPEX0Ia K CIIy-
qafo Kybuaeckoro kpucrasuia ¢ K' < 0 (manpasnenmem Mg Bmoib
IPOCTPAHCTBEHHON auaroHaim Kyb6a) Hamo 3amenuts K — 4|K'|/3.
OTmMeTnM Tak»>Ke, 9T0 B KyOUYECKOM KPHUCTAJLIe BejinunHa on) CBo-
AUTCH K TOCTOSAHHOU. s OgHOOCHOTO kK€ (heppOMarHeTHKa THUIIA
«Jierkasi wiockocThy (K < 0) curyanus unas: usmenenue 60U,y 1pu
orkyionennu M or My 3aBUCHT KaK OT TOJSPHOTO YIJIA, TAK W OT
asuMmyTa Hampasjeauss M oraocuTenbro My; mOITOMY STOT Cityuait
TpebyeT 0CcOOOro PacCMOTPEHHUST — CM. 33Ja49y.

Hanomuuwm, 4to pesyabrar (70.10) oTHOCHTCS JIMIIb K HAYaJIb-
HO}l 9YacCTW CIEKTpa, B KOTOPOil KBasMUMIYJbCH k < 1/a u momy-
CTEMO MAaKpOCKOIIYeckoe paccmorperue. Co CTOPOHBI HOJIBIITX, HO
Y/IOBJIETBOPSIONINX 3TOMY ycjioBuio 3uauenuit k (ak? > 4n, K) BbI-
paxkenue (70.10) cBomurcs K

e(k) = 28M a(n)k? + 26%. (70.11)

[epBbIit wieH 37eCh COBHOAJAET C YUCTO OOMEHHBIM BBIPAXKEHUEM
(70.4). Bremnee ke nosie 100aBiIsieT K SHEPIHU MarHOHA IIPOCTO
aen 239). B aToMm npubimkennn, ceg0BaTeIbHO, MATHOH 00JIaa€T
mpoekimelt Mmomenta Ha My, paBroit —20. Boabyxnenue B Tene
KaXKJIOTO MarHOHA yMEHBINAeT IMOJIHBI MarHUTHBIA MOMEHT TeJja
Ha 208

B obparaoMm ciyuae, npu k — 0, Beipaxenue (70.10) crpemurcs
K OTJINYHOI OT HyJIs BeJW4nHe, paBHOil (npu § = 0)

e(0 )—2ﬂMK(1+ sin 0)1/2 (70.12)
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Takum 06pa3oM, yIeT MArHUTHON AHU3OTPOIIMY TTPUBOIUT K TOSBJIE-
HUIO 9HEPIeTUYECKON IIeJIU B CIIEKTPE MArHOHOB ). DT0 ecTecTBeH-
HO, TIOCKOJIbKY TPHU HAJMYUU AHU3OTPOINH JAXKe TOBOPOT MATHUT-
HOrO MOMEHTa Kak mejoro (T. e. mpu k = 0) cBs3aH ¢ KOHEUHOM
sueprueit. Mbl BuauM, uto npu masibix k penstuBucrckue adpdek-
TBI, HECMOTPS HA UX MAaJIOCTh, TPUBOAAT K OTHOCUTEIHHO GOIBIIAM
MOTIPABKAM K CIIEKTPY.

[IpencraBiienne 0 MarHoHaX Kak 00 3JIEMEHTAPHBIX BO30Y K ICHU-
X OTHOCUTCS K CJIaO0 BO3OYKIEHHBIM COCTOSHUSM TEJIa, 8 TEM Ca-
MBIM — K HEU3KUM TeMmrepaTypaM. [109ToMy B OTHOCAIINXCS K Mar-
HOHaM (OpMyJIax 3HAYEHWs] BCEX MATEPUAJIBHBIX KOHCTAHT (B TOM
4ucjIe U HaMarandeHHoctu M ) JOJKHBL Oparhes npu 1" = 0.

Bepuemcs k ciesanaomy B § 69 mpeamosioskeHuo o cirabocTu Juc-
cunanmu. B KBaHTOBO# KapTWHE IWCCUMAINS O3HAYAET KOHEYHOCTH
BPEMEHM >KW3HU MATrHOHOB, OOYCJOBJIEHHYIO WX B3aWMOIEHCTBHEM
JpPYT C IPYTOM U C APYTUMHU KBAa3UIACTUIIAMU.

Ecnm cragana TOBOpHUTH O B3aMMOAEHCTBHM MArHOHOB JPYT C
JPYTOM, TO TIPEXKJIE BCETO HAO OTMETUTH, YTO B OOMEHHOM MPUOJIU-
JKEHHM YHUCJI0O MAarHOHOB He MeHseTCd (KaXKIblii MAarHOH JaeT
B M, onuHakKOBBI# BKJad —23, a 0OMEHHOE B3aUMOAEHCTBUE COXPa-
usier M,). [losToMy B TaKOM IPHUOJIMKEHMH BO3MOXKHBI JIMIIb IIPO-
IeCChl paccesHus. VX BEPOSATHOCTD, OJHAKO, YMEHBINAETCA C TIOHU-
KEHUEM TEMITEPATYPHI — Y2KE TMPOCTO U3-33 YMEHBIIECHUS IHUCIIa PAC-
cemBaTese, — TaK 9TO OOMEHHOE 3aTyXaHUE BO BCAKOM CIIY9Iae CTPE-
murcs K Hyso npu T = 0. Mer yBugum anxe (§ 72), 9o cocTosinme
C OJIHAM MArHOHOM B OOMEHHOM TPUOJIMKEHUN €CTh JAeHCTBUTEIHHO
CTPOTO CTAIMOHAPHOE COCTOSIHUE CUCTEMBI ?).

IIpu T' = 0 3aTyxaHue MArHOHOB OOYCJIOBJIEHO TOJIBKO TIPOIECCA~
MU uX pacmaga. Takue mpoIecchl BO3MOXKHBI JIWIIB 33 CUET PEJIATHU-
BUCTCKUX B3aWMOIEHCTBUM, U y¥KE MOITOMY UX BEPOATHOCTH MAJIa.
Kpome Toro, mpu masibix k BeposiTHOCTH pacmajia BCEr1a YMEHbIIIa-
€TCs 3a CYeT MAJIOCTH CTATHCTHYECKUX BecoB ((a30BbIX 00bEMOB)
KOHEYHBIX COCTOSHUU IPOIECCA.

3aTyxaHne MAarHOHOB BBI3BIBAETCS TAKKE ¥ WX B3ANMOIEHCTBHEM
¢ ¢onoHamu (poJsib OIEpPATOpPA BO3MYIIEHUsI UTPAET 3/ECh 3aBUCH-
masd or JedOpMAIii KPUCTAJIIA, 9aCTh TAMUJIBTOHUAHA OOMEHHOTO
B3anmozeticTus ). [Ipu T = 0 BO3MOXKeH mpomece poxkaeHust (POHO-
HA MArHOHOM; JJIS 3TOT0, OAHAKO, KBA3UUMITYJIbC MArHOHA JOJIYKEH

1) Cootsercraytontyio wacrory w(0) = £(0)/f naseBatoT yactoTol deppomas-
HUMHO020 PE3OHANHCA.

%) OrmeruM TaksKe, UTO CEUYCHHE PACCCAHHS ABYX MATHOHOB APYT HA APyTe
B OOMEHHOM NPHUO/IMKEHUN CTPEMUTCS K HYJIO IPH YMEHBIIEHUN UX JHEPIUH
(cM. § 73). D10 06CTOATENBCTBO JONOIHATEILHO YMEHbIIAET OOMEHHOE 33Ty XaHHE
MarHOHOB IIPHM HU3KHUX TeMmmeparypax. IIpu KOCTATOYHO HM3KHMX TEMIEPATypax
pensaTuBuCTCKUE 3B (EKTHI CYyIECTBEHHBI U JJIsl IIPOLIECCOB PACCESHUSI.



§ 7]. MATHOHBI B ®EPPOMATHETUKE. TEPMOAVHAMUWYECKWE BEJINYYHBI 375

OBITH JOCTATOYHO BEJIUK — CKOPOCTH MarHoHa J¢ /fi Ok nosxkHa GbITH
Gosbie ckopocTH 3ByKa (cp. mpumedanue Ha c. 347). BeposrrocTb
IIPOIIECCa MaJIa TAKXKe U 38 CYeT MAJIOCTH CTATHUCTUYECKOTO BECa KO-
HEYHOI'0 COCTOSAHWS.

Hakonen, B ¢dbeppoMarHUTHOM MeTajule BCErZa BO3MOXKHO (32

cueT OOMEHHOrO B3aMMOMEHCTBHUS C JIEKTPOHAMH IIPOBOAUMOCTH )
BO30YyKIEHUE MAarHOHOM 3JIEKTPOHA U3-TI01 (hepMu-noBepxHocTU. U
37eCh BEPOSTHOCTD IPOIECCA NMPY MAJBIX K Maja 3a c4eT MaJjiocTh
CTAaTUCTUYECKOT'O BECA KOHEYHBIX COCTOSAHMUIA.

S3agaua

Haiitu cnekTp MarHoHOB B OGHOOCHOM (DEPPOMATHETHUKE THUIIA «JIETKAs ILJI0C-
kocth» (K < 0).

Pemenune. PapHoBecnass HamaraumdeHHocTs Mg JI€2KUT B IJIOCKOCTH, HED-
NEeHAUKYJISIPHON OCH CMMMeTpuu Kpucrajuia (ocu z); BeibepeM HanpasieHue Mo
B KadecTBe ocu z. JIuHeapu30BaHHOE ypaBHEHNE ABUXKEHUS MAarHUTHOTO MOMEHTA
MIMEET B 9TOM CJIy4Yae BHUL,

—iem = 28 { ak’[n,m] — |K|m.n, — [n,h]},

rIe Ng, Ny — eIUHUYHbIE BEKTOPHI BOJIb KOOPAUHATHBIX OCell, a BEKTOD M Jie-

JKHUT B IUIOCKOCTH Yz, neprneHukyaspHoit Mg. IToacrasus cioga h us (70.7),
pacnucaB ypaBHCHHE B KOMIIOHEHTaxX M NPHUPABHAB HyJ/IO ONPEACIHATENDb IIOIY-
YaOIIENCs CUCTEMBI, HOJIyYUM CIEKTD MarHOHOB

e(k) = 2B8M[ak?(ak® + |K|) + 4 sin® 0( ak® + | K| sin® ¢)]*/2,

rae 0 v ¢ — NONAPHBIN yroJl X a3UMYT HaNpPaBJIeHUs Kk OTHOCHTEIBHO HalpaBJIe-
Hust My (IpUYeM a3uMyT OTCYHTHIBAETCS OT TIOCKOCTH xz). IIpn ak? > 1 Mbr

BO3BPAIIAEMCH K TOMY Ke KBagparudHoMmy cuekrpy (70.4), a npu k — 0 sueprus
MarfuoHa CTPEMUTCHA K BEJINYUHE

£(0) = 4(n|K|)"/*BM sin §sin ¢|,

obparmaromeiics B HyJIb, KOT1a BEKTOD k jiexxuTr B miockocTu £z, 06pa30BaHHOM
OCBIO CHMMETPUH ¥ CIOHTAHHON HAMAarHM4eHHOCTHIO KPUCTAJLIA. JTO OOpaleHue
B HYJIb SIBJISIETCS, OHAKO, IPUOJIMKEHHBIM: y4eT B 9HEPIUY AHU30TPOIUY YWIEHOB
6oJiee BBICOKOT'O MOPSIIKA IPUBOAUT K TOSBJICHUIO AaHU30TPOIUY U B ILJIOCKOCTH LY

M TEM CaMbIM — K KOHEYHOH 9HEPreTUIECKOIl Iesi BO BCeX HampasieHusx k 1).

§ 71. Marnons! B ¢peppomarseruke. TepMoauHaMIdecKne BeIMUNHBI

Bozby:xmennubie B peppoMaruHeTrKe MarHOHbBI BHOCAT ONIPEIESICH-
HBI BKJIAJ B €r0 TepMOAMHAMUUYECKUe BeJuuuHbl. [losyueHHbIE B
mpeabIayIeM maparpade pe3yJIbTaThl MO3BOJISIOT BBIYUCIUTH ITOT

1Y Hanomuum (cm. VIII, § 40), 4To passio:eHne sHEPIUM AHH3OTPOIHH 110 CTe-
neHaM M ecTh B AefCTBUTEIBHOCTH PA3JI0KEHHE IO PEJIATHBUCTCKOMY OTHOIIE-
Huio v/c (4 He cBA3aHO ¢ MajocThio M, T. e. ¢ Gum3ocTsio K Touke Kiopu).
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BKJIaJ] [IPU TEMIIEPATYPaxX, HU3KUX B TOM cMbIcie, uro 1T’ & T,. Jeii-
CTBUTEJIBHO, B TEMJIOBOM DABHOBECHHU TIpW TemrepaType 1 OCHOBHas
9aCTh MATHOHOB MMeeT 3Heprun € ~ 1. JI7g KBaIpaTHIHOTO CITEKTPA

e(k) = 26M a(n)k?, (71.1)
9TO 3HAYWT, 4TO npu TemnepaTrypax T’ K T, Bo30y»KeHbI MATHOHBI C
kpasunmmystbcamu k < (T./BMa)'/?. Bocromp3oBaBmmuch OMeHKoit
(69.7) nns o m onenmB HamMarEwIeHHOCTH Kak M ~ (/a3 (ma on-
HY JIEMEHTAPHYIO siUeiKy NPUXOJUTCS MATHUTHBIH MOMEHT HOPSIIKA
HECKOJIBKUX [3), HaxoauM oTciona ak < 1, T. e. ycaoBue IPUMEHUMO-
ctu pedyabTaron § 70.
«MarHoHHbIE» YaCTH TEPMOAMHAMUYCCKUX BEIMYUH (peppomar-
HETHKA BBIYUC/IAIOTCH KAK TEPMOJMHAMUYECKHE BEJIUNUUHBI UJIEAJIb-

HOTO 603e-ra3a C PABHBIM HYJIIO XUMUYECKUM TTOTEHITUAJIOM. Tak, s
MAarHOHHOW YaCTU TEPMOIMHAMHUYECKOTO TOTeHImaa () nMeeM

Quar = T /ln (1- e_E/T)% (71.2)
™

(cm. V,(54.4)). Orcroga 1yisi MAarHOHHOIO BKJIQJa BO BHYTDPEHHIOK
SHEPIUIo ')

_ _ 6QMar _ € Vd3k
Emar—QMar T T —/mw (713)

MarHoHH®BII K€ BKJIaJ B CIOHTAHHYIO HAMArHUYEHHOCTD JAET €€
n3MeHeHue ¢ TeMreparypoit. OH BBIYUCISIETCS KAaK MPOU3BOTHAS

1 090

H—0

no BHemHeMy MarauTHOMY ToJiio (cp. VIII, (31.4)). duddepennupys
BoeIpaxkenue (71.2), nosyaum

Oe

Myar = — / e

99

ITpoussonuas —(Je/0%)) npencrasisier coboit COGCTBEHHBIH MarHUT-
HBIII MOMCHT MArHOHA.

Berauciium  mHTerpassr  (71.3), (71.4) upm Temmeparypax
T > 27BM ?); Torma Iyisi CIEKTPa MArHOHOB MOXKHO IIOJIb30BATHCS

1 a3k

1) pu xumugeckom norentmare i = 0 (a moromy u ® = Ny = 0) umeem E =
= ®+TS—PV = TS+Q; surponus xe S = —0Q/0T. Buipaxenue (71.3) MmoxxHO
?bIJ'IO) 6bl, KOHEYHO, HAIIMCATh U HENOCPEICTBEHHO, 6e3 obpamenus K dopmyJie
71.2).

2) st Tunwasoro 3uavenns M = 2 - 10® Tc aTo ycnoeue maer T > 1 K.
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npezesibHbIM BeipaxkenueM (71.1). B Bugy GbicTpoii cxoquMocTy uH-
TErpajioB MHTETPUPOBAHUE MOXKHO PACHPOCTPAHUTH IO BCEMY
k-poctpancTBy (BMecTO OofHOMN sideiiku obparHOi#l pemerku). Ilo-

Jjlarasi BEJIMYUHY (@ IIOCTOSHHON (It KyOMYeCKMX KPHCTAJUIOB) U
samenus dok — 4nk? dk, mociie 04EBHIHON TIONCTAHOBKH IOJIYYHIM

o0
VTS ¥/ %dx v T5/21(5/2)¢(5/2)
T 4n2A3/2 -

war er —1 4m2 A3/2 ’
0

r7le 1y KpaTkocTu obosmadeno A = 28Ma (tak uto € = Ak?)?).
Has rernoeMkoctt Cyar = § Eyar /0T Hax0mmMm oTcrona

Cppar = V EOL2CCD 1372 _ 113 (5)3/2 V. (71.5)
872 A43/2 A

HamomuuM, 9TO 9TO BRIparkeHWe JaeT JIUIh MATHOHHYIO 9aCTh TETI-
JIOEMKOCTH; HApSAy C HEll TEeIJIOEMKOCTh KPUCTAJLIA COIAECPIKUT eIle
7 OOBIYHYIO0 (DOHOHHYIO YACTh.

Ob6pamasick k unrerpasy (71.4), moacrasisem, corsacuo (70.11),

3HavyeHne —2F JJis MarHATHOTO MOMEHTa MarHoHa. B peadyibrare
npu T > 27 M nomydnm

[e o]
. ﬂT3/2 .’.171/2 dx
Myar = =20 [ 22, (71.6)
0

OTKYZ2

M(T):M(o)_5T3/22F§QE(3/2)=M(0)-0,117ﬂ(T/A)3/2 (71.7)

(MArHOHHBIH BKJIaJ{ UCYEPIBIBAET, KOHEYHO, BCE U3MEHEHWE HAMar-
HAYEHHOCTH, TIOCKOJIbKY (DOHOHBI HE HECYT C CODOi MAarHUTHOTO
MoMeHTa). Takum 06pa3oM, U3MEHEHNE CIIOHTAHHON HAMATHUYIEHHO-

ctu B obmactu Temmeparyp 2n3M < T < T, cremyer 3axony T5/2
(F. Bloch, 1930).

Hasnwmuwe menu (70.10) B cieKTpe MarHOHOB IIPUBOAUT K IKCIIO-
HeHIUaJIbHOM 3aBUCUMOCTUA Cyar 1 Myar oT T B 0bsiacTu emre 6oJiee
Hu3kux Temmeparyp. llpu T < BKM

Chiar, Myar o exp (28K M/T). (71.8)

1) O Bbrumcenuu wHTErpasos Takoro Tuma cum. V, § 58.
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Benmuuna, crodmas B 9UCIUTENE SKCIOHEHTHI, — HAUMEHBINEE 3Ha-
YeHWe YHEPreTUIecKol mesn, nocruraemoe npu § = 0 u § = 7 (cm.
TaKKe 3a1a4y 1).

Ecim cnonTanHas HaMarHU9eHHOCTH (DEPPOMATHETUKA B OCHOB-
HOM COCTOSiHUM DaBHA HAUOOJIBIIEMY BO3MOXKHOMY (KAaK TOBODSIT,
HOMUHAJILHOMY) 3HAUEHUIO, OTBEYAIOMIEMY MAPAJUIEJIbHOCTH BCEX
ATOMHBIX MOMEHTOB B TEJIE, TO 3TO 3HAYECHHE YK€ HE U3MEHHUTCH MPH
HAJIOXKEeHUY (B TOM K€ HANPABJEHWU) BHEIIHEIO MArHUTHOTO IIOJIs,
T. €. BOCIPUUMYHUBOCTD X B 3TOM HAIPABJICHUU DABHA HYJIIO.

V4er peIaTUBUCTCKAX B3aMMOEHCTBHN yMEHBINIAET CIIOHTAHHYTO
HamaraudeHHoOCTh (mpu T' = 0) 1o CpaBHEHUIO € ee «OOMEHHBIM» 3Ha-
YEeHUEM W MPUBOAWT K MOSABJICHUIO OTJIUIHON OT HyJIs BOCIPUUMYH-
soctu (T. Holstein, H. Primakoff, 1940). Xors aTor 3¢pdbekT u oueHb
MaJI, er0 BBIYUCJICHHE MTPECTAB/IAET PUHIUNUAIBHbIA NHTEPEC.

[Tpw BBIYUCIEHWM BBINIE MATHATHON YACTH TEPMOAMHAMUYECKUX
BEJINYUH MBI OIYCTUJIA HYJIEBYIO SHEPTHIO0 «MATHUTHBIX OCIUJLISTO-
POB», He JAONIYIO BKJIQJIa B TEMIIEPATYDPHYIO 3aBUCAMOCTD STHX BE-
smauH. Hysesas sHeprus OTBEYaeT YUC/IaM 3aAII0JHEHUS MATHOHHBIX
COCTOSIHUH, paBHBIM 1/2:

B(0)uar = / 1 E(k)Vd3k

2 (2m)3 "

Co0TBETCTBEHHO IJIA «HyJIGBOfI» HaMarom4eHHOCTH NUMEEM

__ [l &%
M(0) = / o) (71.9)

DTOT WHTErpaJl PACXOAUTCS TPHU OOJbIMUX K, T. €. OH ONpEIeNIseTCs
IJIABHBIM 00Opa30M KODPOTKOBOJIHOBbIMU MarHoHamu (ka ~ 1), ko-
TOpBIe BOOOIIE HEJIB3s PACCMATPUBATHL Makpockommdecku. OaHAKO
I3MEHEHNE HAMATHUYEHHOCTH IIOJ BINSHUEM DPEJIATHBUCTCKUX -
GbeKTOB ompemesieTcsd, KaK Mbl YBUANM, JJINHHOBOJHOBOI 00/1aCTHIO
CIEKTPa MArHOHOB M MOKET OBITH BBIYUCIICHO C IOMOIIBIO TTOJIY YeH-
HbIX B § 70 dbopmyr.

s mpocToTsl OyeM paccMaTpuBaTh KyOmMdecKuil KPUCTAJUI U
npeHebpekeM MaJIoil B 9TOM CJIydae KOHCTAHTON aHHM30TPOIHUH, T. €.
Oyzem nucarh crnekTp MarHoHos (70.10) B Buge

e(k) = 2B[(bk? + ) (bk? + § + 47 M sin? 6)]'/2, (71.10)

rae b = aM; pensTuBucrckum 3ddexkTaM 0TBEYAET B ITOM BbIpaXKe-
Hun aies 47 M sin? 0, BOSHUKAOIMIA OT y4eTa MarHHTOCTATHYECKON
sHepruu. Mckomoe uamenenue 6 M HAMArHWUYEHHOCTHU TIOM BJIUSTHU-
eM pesdaTUBUCTCKUX 3(deKToB monyvaercs BerauranueM u3 (71.9)
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TAKOTO Ke MHTerpana c £46(k) = 26bk% + 289 Bmecro e(k):

1 [0 d’k
5M=——/—sk —eos(k)] —=.
L[ 2 leth) = easle)] 2,
Sror mHTErpas yxe cxomurcs npu 6osbmux k).
st BBIYuC/eHusi yAOOHO CHadaja mpoandepeHImpoBaTh ero
no M npu nocrosizroM b ( auist 9TOrO M BBEEHO obo3HAYeHME b B
(71.10)). Iocsae mpocThIx NpeoGpa3oBaHUe IOy IUM

(71.11)

6M 47rzﬂM / / sin* 6 - 27k dk - sin 6 d
oM bk2 + §)1/2 (bk2 + § + 4n M sin® §)3/2°

Beuny cxomumocTtu wHTErpmpoBaHHEe 1O dk MOXHO PpaCIpOCTpa-
HUTH JI0 OO.
IIpu H = 0 uHTErpaJ JErKO BBIYUCISIETCS; HHTETPUPYS 3aTEM II0
M, nony4uum
SM = — V8

(71.12)

8asd/2’

Dra BesmuuHa oueHb Masa: 6 M /M ~ 1076,
Eciu 2xe BHemHee none Besuko (§) > 4w M), MoxkHO npenebpedn

aenoM 4w M sin? f B 3HAMEHATEIE TIOABIHTErPAILHOTO BHIPAIKEHNSI.
Ilociie aTOTO BBIYHUC/IEHVE TIPUBOAUT K PEIYJIBTATY

1/2
SM = — 2w BM

W- (71.13)

Ipu $ — oo §M crTpemMuTcs, KaK U CJIEIOBAJIO, K HYJIO.

B zaksrouenme ormeTuM, YTO €cyii OBl MBI HONBITAJINCH TEM
XKe CcnocoboM, KOTOpBI ObII TpUMEHEH B 3TOM maparpade K
TPEXMEPHOMY CJIyYal0, PaCCMOTPETh TEMIEPATYPHYIO 3aBUCHMOCTH
HAMArHUYEHHOCTH JBYMEPHOro dbeppoMarHeTuka, T0 (B 9UCTO 00-
MEHHOM IpubsvKeHnn) Mbl mostyanu 6u1 BMecto (71.6) sorapud-
MWYECKU PACXOISAIIUICT MHTErPaJ. DTO 03HAYAET, YTO CIIOHTAHHOE
HAMarHUYEHUE B JBYMEPHON CUCTEME C OOMEHHBIM B3aMMOAEHCTBAEM
B JEMCTBUTEILHOCTH OTCYTCTBYeT mipu Bcex 1 # (0. DTa curyamms
aHAJIOTMYHA TOM, KoTopasd Oblaa orMmedeHa B §27 1ja aByMepHOM
6oze-xkugkoctu (u B V,§ 137 — nyia aBymepHoro kpucrasia). Hesa-
BUCHUMOCTh YHEPTUU CUCTEMBI OT HAIPABJICHUS MATHUTHOTO MOMEHTA
MPUBOJUT K TOMY, UTO B €€ BHIPAXKEHUE BXOIAT TOJIBKO MTPOU3BOIHBIE

') Bo usbexkamue HesOpasyMeHHit OTMETHM, YTO TOMPABKY K JHEPTUU OCHOB-
HOI'O COCTOSIHHSI 9THM CIIOCOOOM OIPENeUTh Henb3s: 6e3 auddepeHupoBaHust
IO §) MHTETpaJl OT € — E,5 PACXOAUTCA IPU HCHOIB30BAHUH JJIMHHOBOJHOBBIX
BBIDasKEHUM JAJjId CIIeKTPa MarHOHOB.



380 MATHETU3M TJL VI

BekTOpa M; B CBOIO OYepe/lb, ITO MPUBOJANT, B KOHEYHOM HTOTE, K
pacxomumocTu (uIryKTyanuii (B IByMEPHOM CJIydae), Pa3pyIIalonux
HaMarHUYEHHUE. Y 9YeT PEJIITUBUCTCKUX B3aUMOAEHCTBUH, 3aBUCAIIIUX
ot HanpasJieHus M, ctabuimsupyer QIIyKTyaluu U 1eJaeT BO3MOXK-
HBIM CYIIECTBOBAHUE JBYMEPHOTO (hEPPOMATHETUKA.

S3amaun

1. BBI“II/ICJII/ITL MAarHOHHBIEC 9aCTU TEPMOAUHAMUYCCKUX BEJIUYIUH IIDU TEMIIC-
parypax T < €(0).

P €IIEeHHue. YIONECTBEHHBI MAarHOHbI C MaJIbIMU KBa3UUMILYJIbCaMU k pac-
IIPOCTPAHSIONINECS B HAIIPABJIEHUHU, [/i€ INEIb MUHUMAJIbHA, T. €. BOJIU3H =0
u 6 = 7; 06a 9TH 3HAYEHUS NAIOT OJUHAKOBBINA BKJIAJ,. Haan/IMep, mpu MaJibix 6
nMeeM, ¢ TpebyeMoil TOYHOCTBIO,

e(k) = 28K M + Ak® + 4n3M6?,

rae A = 26M o ans kybudeckux kpuctawios wm A = 26M a2 1j1s OZHOOCHBIX
KPHCTAJIJIOB THIA <«JIETKAasl OCb». PacmpenesieHne MarHOHOB IPH PacCMaTPHBAE-
MBIX TEMIIEPATYPAX MOXKHO CYUTATH OOJBIMAHOBCKHUM (T. €. MOXKHO IpeHEGpedn

eqUHULEHl B 3HAMEHATEJAX MONBIHTErPAJIbHBIX BBHIPAXKEHHI) U 3aMEHUTH BE3JE
B IpeIPKCHOHEHIHaabHbIx MHOXKuTEIsAX €(k) Ha £(0). Murerpuposanue mo k u
0 0 pacIpOCTPaHSAETCs 4O 00, ¥ B PE3YJIbTATe HAXOMUM

EMar =V

KT®/2) o (_2[3KM) Euar
3275724372 P T /) ’

IIpu Berumciennn remioemkocru cienyer qudbepeHnupoBaTh TOJIBKO 9KCIIOHEH-
OUAJILHBIN MHOXKUTEIb

Cuar = 28KMT % Eyar.
2. Onpe,zge.Jme 3aBUCHUMOCTb HAMAarHU4Y€HHOCTHU OT BHEIIIHET'O ITOJISA l'IpI/I yCJIO-
Buax ) > 4nM, T > (9.

Pemenue. B ykasanHbIX yCIOBHSIX MOXKHO IPEHEODEUL DPEJIATHUBHCTCKH-
mu wienamu u nucars (k) B Buge (70.11). IIpoxuddepennuposas BepakeHue

(71.4), naxomum
ALY
o9 T (es/T —1)2 (27)3"

B unrerpane cymecreenusr mansie k. IToaromy

a_M 16°T / 1 &k _ T 7 k? dk
~ 3 @2m)2 ) (ak®Mo + 9)?
0

(nmonaraem « = const; My — 3nauenue M npu §) = 0) 1 OKOHYATEJIHLHO

oM_ T
0% 8m(aMy)3/2Hl/2’

Taxum ob6paszom, B paccmarpuBaembix yciaoBusax M — My o 92,
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3. Onpenenurh 3aBUCHMMOCTh HaMarHwyeHHOCTH Tipu 1° = 0 OT BHEIIHEro
nojis B CJIaOBIX MOJISX.
Pemenue. Tudpdepenuupys unrerpasn (71.11) ¢ e(k) uz (71.10) mo $, no-
JIyduM
oM 472 BME sin 6 a3k

09 [(Mok? + 4m My sin® 0 + 9)(aMok? + $)]3/2 (2m)3

IIpu $ — 0 unrerpan no dk pacxogurcs JiorapudmMudecku npu Majsix k. [Toaro-
My, OrPAHNYUBASCH JIOTAPU(PMUIECKOH TOIHOCTHIO, MOXKHO IIOJIOXKUTH B IIEPBOM
MHOXKUTeNe B 3HameHarese k = 0, § = 0, a Bo Bropom §) = 0, HO mpHU ITOM
2 2
obpesaTs unTerpas causy npu k° ~ §/ aMy u ceepxy — npu k° ~ 4w/ a. B pe-
3yJIbTATE MOJLYYUM
oM B 47 Mo

0% 32/aMoa®? = %

Hanomuuwm, uro B (71.10) npereGpexxeno K. Ilpu $) <« KM B sorapupme )
3amensiercs Ha K M.

4. B 06MeHHOM npPUOIMKEHUN ONPEAEIUTH IPOCTPAHCTBEHHY0 KOPPEJISIy-
oHHYIO hyHKIMIO GIIyKTyaruii HAMArHUYEHHOCTH Ha PACCTOSIHUAX T 3> a.

P em e nue. OnepaTopsl Mg u ﬁzy, YAOBJIETBOPAIONINE IPABUIy KOMMY Talluu
(70.6) u BBIparkeHHBIE Yepe3 ONEPATOPHI YHUYTOXKEHHUS! M POXKJIEHUS] MArHOHOB,
UMeIOT BHJ (B MIPEIMHIEPOBCKOM IIPECTABJICHAN)

ia(r) = (BM/V)2 Y " (ane™ + e ™),

k
iy (r) = i(BM/V)"/? Z(Eke“" —af ek,
k

C moOMOIIBIO 3THX ONMEPATOPOB BLIYUC/IAEM KOPDEJAIMOHHYIO (QyHKIUIO
| N ~ ~ ~
pir(r) = 2 (mi(r1)mi(r2) + mi(ra)m;(r1)), r=r1—rs

(ummekchl i, k mpoGeraioT 3HaYeHHUS T, Y). YUTs, YTO OTJIMYIHBIE OT HYJIS IUa-

TOHAJIBHBIC MATPUYHBIC 3JIEMECHTHI UMEIOT TOJ/JIBKO IIPOU3BEACHUA (a:ak) = Nk,

(axay) = nk + 1 (rae nx — 4uCIA 3ANOIHEHHs COCTOAHMI MATHOHOB), HAXOUM

, s 1\ e d°k
gozk(r) = bik /2ﬂM (nk + 2) e (27‘_)3 .

ITonpiaTerpabHOE BBIPDAXKEHUE MPSIMO JAeT (YyPhe-KOMIOHEHTY KOPPEIAIHUOH-
HOt dyHKImu. [JoCTOSHHEIN YieH B Heil MOXKHO OIyCTUTBL: €My COOTBETCTBYET
d-dyHKIMOHHOE citaraeMoe B ;i (T), MEXKIy TeM, KaK BCE PACCMOTPEHHE OTHO-
CHUTCH JIAIIb K PACCTOSHUAM T > a. Takum obpasom,

oir(K) = 28Mnibi = 28M [/ —1]7 54,
B kaaccuueckom npegnente, npu € K T, Haxoaum
Pik (k) = (51;19T/0tk'2.
B kybuueckom dbeppomarumeruke o = const, u Torma

vik(r) = 0T /Amar, > (ﬂMa/T)l/z.
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§ 72. ComHOBBI# TAMUJIBTOHUAH

st mosyvueHnsi 3aKOHA AUCIEPCHAM MATrHOHOB BO BCEM WHTEP-
BaJjle M3MEHEHUs] KBA3WUMITYJIbCa (& HE TOJIBKO B JJINHHOBOJIHOBOM
npejesie) HeOOXOAUMO, Pa3yMeeTCs, UCI0JIb30BaTh OoJlee JeTalbHbIE
MPEJICTABJIEHUsI O MUKDPOCKOIIMYECKOH CTPYKType (heppoMarHeTuka.

PaccMmoTpuM  OudIeKTPUK, COCTOLAIMMUN U3 aTOMOB C PABHBIM
HYJII0 OPOMTAJIBHBIM MOMEHTOM, HO OTJIMYHBIM OT HYJid COUHOM S.
FEciiu He naTEpECOBATHCS BBICOKO BO30YKIEHHBIMU COCTOSTHUSIMU, CBSI-
3aHHBIME C BO30YXKIEHMEM JIEKTPOHHBIX O0OJIOYEK aTOMOB, MOYKHO
YCPEeIHUTH TAMUJBTOHUAH CUCTEMBI TI0 OPOUTAJBHBIM ME€PEMEHHBIM
JIEKTPOHOB ATOMOB B OCHOBHOM COCTOSIHMHU (U IPU 3aKPEILUICHHBIX B
y3J1aX DEIIeTKH aTOMHBIX s1pax). B pe3ysbraTe Mbl HOJNYYUM CIIH-
HOBBII TAMMJIBTOHUAH CUCTEMBI, COIEPKAIIUI JIUIITH OIIEPATOPHI TIOJI-
HBIX CIIMHOB ATOMOB').

Ecin yunteiBaTh TOMBKO OOMEHHOE B3aMMOIEHCTBYE, 3aBUCSIIEE
JIUIIb OT OTHOCUTEJIBHBIX OPUEHTAIIWH CIIWHOB, TO OIEPATOPHI BEK-
TOPOB CIIMHOB aTOMOB MOTYT BXOIWTh B TAaMHWJIbTOHWAH JIUIIb B BU-
Jie CKaJIAPHBIX KoMOuHatwmii. CyIecTBEHHBIN METOIUIECKUN HHTEPEC
TIPEJICTABJISAET WCCJIENOBAHUE CUCTEMBI, OMUCHIBAEMOI IPOCTEUIITNM
TaMUJIBTOHUAHOM TAKOTO POAA:

A06 = _% Z Jnmgngm, Jnm = J(rn — I‘m), (72'1)

m#n

SN

rJe CyMMHPOBAHUE IPOUCXOAUT MO BCEM ATOMaM; «BEKTODHBIE» (C
IEJIOUNCIIEHHBIMY KOMIIOHEHTAMY ) UHJICKCHL N ¥ 1l HyMEPYIOT Y3JIbI
PEIeTKH; Iy, — UX PAIUYC-BEKTOPBI. Jducia Jym HA3BIBAIOT 0OMEH-
Howmu unmezpaaamy (cp. 111,862, 3anaun)?). Ilpu HezaBHCHMOM
CyMMUPOBAHUY TI0 I ¥ N KayKJas apa aTOMOB BCTPEYAETCA B CyM-
Me (72.1) mBakpl, IpudeM, KOHEYHO, Jum = Jmn.

B (72.1) Bce MArHUTHBIE ATOMBI B PEIIETKE IIPEIIIOJATAIOTCS O/IH-
HAKOBbIMH (IO OZHOMY B KaxKJIOil ajeMeHTapHO# sdeiike). OcHOB-
HOE 2Ke ITPE/IIOJIOKEHNE, JIEXKAIEE B OCHOBE TAKOTO TAMHUJIBTOHUAHA,
COCTOUT B JOCTATOYHON B3aMMHOHN YHAJICHHOCTH aTOMOB B DeEIIeT-
ke. OOMEHHBIN MHTErpaJjl ONPEIeseTCsl «IIePEKPhITHEM» BOJHOBBIX
(yHKIMH ABYX aTOMOB M OYEHb OBICTPO (SKCIIOHEHIUAJBHO) yOBI-
BAae€T C YBEIUYECHUEM PACCTOSHUS MEXJy HuMHU. J[ag cucTembl

) Taxas mpore/ypa aHAJOTHYHA TOMY, KAK CTPOATCS TAMUIbTOHUAHEI OT/ICIIb-
HBIX aTOMOB, ONUCHIBAIOLINE TOHKYIO CTPYKTYpPY MX yposHeit — cp. III,§ 72.

%) Onucanme OGMEHHOTO B3aMMOJEHCTBHS CIMHOBBIM TAMUIBTOHHAHOM OBI-
ao seepeHo Jlupaxom (P.A.M. Dirac, 1929). Tamunbronnan (72.1) BBemen
ear Paexom (J. H. van Vieck, 1931); ero o6bI9HO HA3BIBAIOT refi3eHGEPrOBCKHUM,
[IOCKOJIBKY OH COOTBETCTBYET MOAe/U (bepPOMAarHeTUKA, BIIEPBHIE PACCMOTDPEH-
Hoit Ietizenbepzom.
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B3aMMHO yJAJEHHBIX ATOMOB MOYKHO IIO3TOMY CUMTATH B3aMMOIEHi-
CTBUE IAPHBIM, B CBsi3u C 4eM B (72.1) OTCYTCTBYIOT HJI€HBI C IPOU3-
BEJICHUSIMH OTIEPATOPOB crimHa Oosee dem aByx aToMoB. C 31Ol Ke
TOYHOCTHIO MOXKHO CUHUTATh, YTO OOMEHHOE B3aUMOJEHCTBUE MEKIY
OBYMd aTOMaMU OCYIIECTBJIAETCA KaKAbI pa3 BCETO OTHOU mapoit
3JIEKTPOHOB — IO OZHOMY M3 KasKJoro aroma. lTorga omepaTop B3a-
nMogpelicTBus OymeT COCTaB/ieH OMJIMHEHHO TI0 OIIEPATOpaM CIIMHOB
3JIEKTPOHOB, & TOCJI€ YCPEIHEHUS 10 COCTOSHUSM aTOMOB — OMJIHU-
HeiiHo 1o atomubM crmuaMm (C. Herring, 1966) ).

Cucrema, onmcriBaeMas ramuiibrornanom (72.1), dbeppomaruur-
Ha, eciu OOMEHHBbIE WHTETPAJbl Jmp > 0. Omnpenesnum sHepruio
OCHOBHOTO COCTOSIHUS TaKO# cucTeMmbl. JIomycTuM npu 3TOM HaJIMIue
TaK’Ke ¥ BHEITHETO MArHUTHOTO T0JIs §), 106aBus K (72.1) omeparop

V=-260) Sn. (72.2)

(ock z — B Hanpassenuu noist). OmepaTop Y S, TPOEKIUY OIHO-

r'O CIIMHA CUCTEMBI KOMMYTaTUBEH KakK ¢ Hog, Tak u ¢ V; cocrostaus
CHUCTEMBI MOXKHO TIO3TOMY KJIACCUMUIIMPOBATH IO COOCTBEHHBIM 3HA-
YeHUAM 3TOH BEJIMUWHEI.

B deppoMarauTHOM CIyd4ae OCHOBHOMY COCTOSIHHUIO OTBEYAET
HanbOJIbIIIeE BO3MOXKHOE 3HAYEHUE TPOEKIUU CYyMMAPHOTO CIUHA,
paBHoe NS, rme N — 4ucio aToMoB B cucreMe (3TO HE CBS3aHO,
KOHEYHO, C HAJIMYUEM BHEIIHETO MOJIsi, KOTOPOE JINIIIb BBIIEJISET U3-
6panHoe HanpasieHue och). [Iycrb o — HOPMHEpOBaHHAS CIMHOBASI
BOJTHOBas (DYHKIMS OCHOBHOTO COCTOSIHUSI.

MaxkcumajbHoe 3HadeHne NS MPOEKINY TOJTHOTO CIIMHA, MOXKET
JOCTUTAThCS, JIUIIIh €CJIU U TPOEKINS CIIMHA KAaXKJAOTO aTOMa MMEET
cBoe MakcuMasbHOe 3HadeHue S. IlosTomy xo €CTh B TO 7K€ BPEMsI 1

cobcTBeHHAs (DYHKIMS KAXKJIOTO W3 OMEPATOPOB Sp,:

~

SnzX0 = Sxo- (72.3)

Beenmem neobxomuMele Jyist JasIbHEHIIETo onepaTopbl S+=S;+15y,
VIOBJIETBOPLAOINUE IIpaBUJIaM KOMMYTAITUU

S,5.-8.8 =25, 8§8,5.-8.8 =+5. (72.4)

(cm. 111, (26.12)). VIx MaTpuHBIC 2/I€MEHTHL:

(82154182 = 1) = (S. = 1/S_18:) = /(S + 8)(S = S: +1) (72.5)

1B makux ycmosusix cymmupoBanue B (72.1) T0MKHO TPOM3BOMUTECS, KOHEH-
HO, JIMIIb II0 IapaM COCEJHWX aTOMOB. DTHUM, OFHAKO, 3alKCh (POPMYJI HUKAK He
YHPOLIAETCsA, U OTOMY MBI He OyZe€M yYHUTHIBATH 9TO YCJIOBUE SBHBIM OOPa30OM.
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(cwm. 111, (27.12)); onepaTop S, ypenuuusaer, a S_ — yMeHbIIaer Ha
eIMHUITYy 3Ha4YeHue mpoekmn S,. lasee, mamem

~ ~

§m§n = gngnz + % (Sm—i—S -+ § —§n+)

1 3aTEM
A~ 1 -~ ~ ~ -~ ~
H=-2 > Jmn(SmzSnz + Sm—Sn+) — 289 > Smz,  (72.6)
m#n m
IJIe UCIOJIb30BaHa CUMMETDUSI Jmn = Jnm 1 KOMMYTATHUBHOCTH OII€-

PATOPOB, OTHOCAIIAXCH K PA3HBIM ATOMaM.

[TockonbKy omepaTopsl Sp+ UMEIOT MATPUYHBIE JIEMEHTHI JIUIIIb
JUISI TIEPEXOJIOB C YBEJIUYEHUEM UHUCEN S,, TO JJjis COCTOSHUS C HAHU-
OONMBINMMY 3HAYEHUSAMY ITUX TUCEJT

Sntxo =0 (72.7)
(‘-ITO BHUJHO TaK>KC M U3 ABHBIX Bpra,}KeHI/Iﬁ MATPUYHBIX JJIEMEHTOB

(72.5)). Ilosromy mpu Bo3zeiicTBun ramumibroHnana (72.6) Ha BOJI-
HOBYIO (DYHKIIHIO X( IOJIyIaETCS

-~ 1
Hyo = {_5 > JmnS® - 2ﬂ5§NS}X0.
m#n
Bripaxkenune B CkOOKax u eCTh dHeprusi Fy OCHOBHOTO COCTOSIHUS.

3aMeHUB CyMMUPOBAaHWE MO M W N CYMMHPOBAaHHEM TO M U IO
q = n — m, 3anuIieM oOKoOHYaTeabHo Fy B BuIe

1 2
Ey = -5 NS E Jq —2BSNS$. (72.8)
q#0

IlosiHBIN MArHUTHBIA MOMEHT CHCTEMBI B 3TOM COCTOSHUH ecThb 23SN.
Crenyroliee, B IOPSIIKE YMEHbBIINEHUS IIPOEKITAU TIOJHOIO CIUHA,
COCTOSIHME CHCTEMBI OTBeuaeT 3HadeHnio NS — 1 yKa3aHHOM mpOeK-
[¥; OHO COOTBETCTBYET BO30OYKICHWIO OJHOTO MATHOHA C MArHUT-
HBIM MOMeHTOM —203. TakuMm 3HaUeHWEM MPOEKIWK IIOJHOTO CIIMHA

00J1a1aeT COCTOsIHME C BOJHOBOH (byHKIHE

(28)71/2 Sa_xo, (72.9)

B KOTOPOM BO3ZeiCTBHEM OIlepaTopa Sp_ yMEHBINEHa Ha 1 mMpoek-
ISl CIIMHA OJJHOTO U3 aTOMOB ). DTa (DyHKIMs, OLHAKO, HE SBJISETCS

1Y Hopmupoexy dbyukmuu (72.9) Jerko mpoBEpHUTE, 3aMETHB, UTO

(Sa-X0)" (8a-x0) = X654 Sa-x0

(S|Sn+Sn-|S) =
= (S|Sat|S — 1)(S — 1|Sa_|S) = 25.
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cobcTBeHHOM (DyHKIHEH TAMUIPTOHNAHA CUCTEMbI; B HEll HEe ydITEeHA
€I1le TPAHCIAIMOHHAA cuMMeTpud pemmerku. CobcTBerHas QyHKIMS
raMUJIBTOHUAHA JOJKHA OBITh MOCTPOEHA KaK JMHelHas KOMOWHa-
nus dyskmuit (72.9) co Bcemu HOMepamu n. Te ke paccyxzeHus,
KOTOpBIe TpuBesm Hac B §55 kK dymrmmsam Bjoxa 1y amekTpoHa
B IEPUOAUYECKOM II0jIe, IIOKA3BbIBAIOT, UYTO JMJjid IPABUJIBHOIO ydue-
Ta TPAHCJISIMOHHON CUMMETPUHN ITA JINHEWHAS KOMOMHAIUS JTOJKHA
UMeTh BHUT,

Xk = (2NS) /23 e S xq (72.10)

(muOzKuTens N2 — HOpMupoBousbiii). TlocrosHusi BekTop k ecTh
HE YTO MHOE, KAK KBA3UUMILYJIbC MATHOHA.

Oueprus €(k) maraona ectb pasuocTs Ej — Fy MeX Ly SHEpIrusiMu
BO30Y?KJIEHHOTO W OCHOBHOT'O COCTOSIHUI CHCTeMBI. [1o9TOMY

(H — Eo)xx = e(k)xx-
IToxcTraBuB B JIEBYIO CTOPOHY 9TOrO paBeHCTBA BhIpaxkenue (72.10) u
3amenuB 3aTeM Egxo Ha H X0, mosyuum

e(k)xi = (2NS) V2 Y e (8, — S H)xo.  (72.11)

Crosimii 311€Ch KOMMYTATOP JIETKO BBIYHUCINTS, 3anucas H B Bu-
ne (72.6) u ucnonb3oBas npasuia kommyTanuu (72.4). CroBa yurs
cuMMeTpuio K03bduimeHToB Jmn, HaligeM

~ ~ ~

BSn = 80 H=Y"" Jun(Sm:Sn-—5n:8m-)+2895n_. (72.12)

Haxkonern, nmogcraBus 310 BhIpaxkenue B (72.11), Bcnomuus (72.3) u
nepeiiis K CyMMUPOBAHUIO [I0 = N — M, [IOJIy4UM

0P = { 8 3 Ja(1 = %7) + 265 e
q#0

Bripaxxenune B purypanix ckoOKax eCTh UCKOMas SHEPIUs MArHOHA.
Muumast 9aCTh BBIPAYKEHUS IMOJ, 3HAKOM CYMMBbI, OYIy4n HEYETHON
dynknmeit rq, obpammaerca B HyJIb B Pe3yJIbTaTe CyMMHPOBAHUSA, TaK
9TO OKOHYATEJIHHO

e(k) =8 ) Jq(1 — coskrg) + 289 (72.13)
q#0

(F. Bloch, 1930).

13 E. M. Jludmmuu, JI. I1. [Turacsckuit
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Ota dopMysia JaeT TOYHBIN 3aKOH AUCIEPCUN MArHOHOB B CHCTE-
Me, omucbiBaeMoii ramuibToHnanoM (72.1). B mpemesbHOM ciiyuae
Manbix k ona Hepexo,nHT, €CTECTBEHHO, B KBaIPATUYHBIN 3aKOH:

e(k) = - Sk ikk Y JqTqiTqr + 269. (72.14)
q#0

Touka Kiopu paccmaTpuBaeMoil CHCTEMBI JIEXKUT IPU TEMIIEPaA-
type 1. ~ J, Tak uTo mpu Temneparypax 1 > J cucrema yxKe 3aBe-
JIOMO TIapaMarHuTHA. [Ipu Takux TemmepaTypax MOXKHO, B ITEPBOM
npubJIMKEHNN, BOBCE TpUHEOPEYb B3aUMONEHCTBHEM MEXK/IY aTOMa-
mu. B 3ToM npubisvkeHnn MarHuTHas BOCIPUUMYUBOCTH CHCTEMBI
OyIeT COBIAJATh C BOCIPUUMYUBOCTHIO MAEAJIHLHOTO Ta3a aTOMOB CO
cuumHOM S ¥ JaBaThCcsa POPMYJIOi

_N 4828(S +1)
14 3T

(cm. V,§52); BOCHpUEMYMBOCTG OTHECEHA K €IUHUIE 0ObeMa. DTO
BBIPAYKEHUE SIBJISIETCH MEPBBIM YjieHOM passioxkenus dbyukuuu X (1)
no crenensM 1/T. Creayronue 4ieHbl DA3JI0KEHNs yIKe 3aBUCIT OT
B3aUMOJCHCTBUA aTOMOB; OIIPEJC/IUM IIePBbI U3 HUX.

BocunpunmuuBocTs (B HyJICBOM IOJIE) OLPEAENISETCH KaK [IPOU3-
BopHasa X = OM /0% upu $ — 0, a HamaraudenHocTh M BbIUuC/IsieT-
csl KaK [IPOM3BOJHAs OT CcBOOOLHOM sHeprum: VM = —0F/0%). s
pellleHns TIOCTABJICHHOM 33/1a9U HAJ0 BBIYUCINTH F' ¢ TOYHOCTBIO 110
ujenos ~ 1/T2.

Ucxomum u3 dopmynsr F = —T InZ, tne Z — craTUCTUYECKAsS

CcyMMa
_ BT ., E, Ep)\.

n

(72.15)

CYyMMUPOBAHUE IPOU3BOJUTCH 110 BCEM YPOBHSIM SHEPIUU CHCTEMBL ).
IlonHoe umciio ypoBHEH B CIEKTPE PAaCCMaTPUBAEMOM CHCTEMBI KO-
HEYHO W PABHO YHCJIY BCEX BO3MOXKHBIX KOMOWHAIWMI OpHMEHTAIAN
ATOMHBIX CITUHOB OTHOCUTEIHHO permeTkr. Kaxkpiit ciima nmeer 25+1

Da3/MYHBIX OPUEHTAIMI; TTOITOMY yKasaHHoe uucio ectsb (25 + 1)V
Ob6ozuauas gepToit Ha OYKBOM MpoCcTOE apuMMETHIECKOE YCPeITHE-
HUe, TIEPENnIIeM Z B BUJIE

Z=28+1)N [1——E+EE_—6%ﬁ].

1) ocemyromee BeraucicHHe CBOGOIHOM SHEPTHH COOTBETCTBYET BEIUHC/ICHH-
am B V,§ 73, npomjieBas ux [0 CAEAYIOMIETO YJIEHA PA3JIOXKEHUS.
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Cpenmee smauenne Em = Sp H™/(2S + 1)V. Ilo ussectHOMY
CBOICTBY CJjle/1a ONEPATOPa OH MOXKET BBIYUCJATHCS IO JIE000# mo-
HO¥ cucTeMe BOJIHOBBIX (PYHKIHH; IyCTh 3TO OyaAyT PYyHKIINU, OTBE-
JaoIUe BCEM BO3MOXKHBIM HabOpaM OpPUEHTAIWN ATOMHBIX CIUHOB.
Torma ycpemgaenne CBOIUTCS K HE3ABUCUMOMY YCPETHEHUIO KAXKIOTO

73 COHWHOB MO €r0 HampasjeHusM; mpu 3roM E = 0. Jlorapudmupys

Tenepb Z U CHOBa pa3sJaras 1o crenedsM 1/T, ¢ Toil xKe TOYHOCTHIO
[TOJIy IUM

L Es. (72.16)
672

B 5TOM BEIPa’KEHHW HAC MHTEPECYIOT HUJICHBI, comepxaime §)2;
TOJIBKO 9T YJIEHBI JaJdyT BKJIaJ B BOCIIDUUMYNBOCTD. OHyCTI/IB BCE
OCTaJIbHBIE YJIEHBI U 3aMETHUB, 9YTO IIpU YCPEIHECHUN HEYECTHBIC CTE-
II€EHU KOMIIOHEHT CIIMHA O6pamaIOTCH B HYJIb, IOJIyYUM

F= 25’5) Z (25’3 Z 2Jmn (SnSnz) (SmSmz)-

F=-NThh(25+1)— %ﬁ-i—

Cpennne 3HaYCHUS
(Snzsna:) = (Snzsny) = O? (Sl%z) = S(S + 1)/3
Takum obpa3zom,

F=-2@@NS(S+1) - 29’ NS*(S+1)° Y Ja,
3T 20

1 OTCIOJa OKOHYATE/JIbHO BOCHIPDHUUMYIUBOCTD

_ 43%S(S+1)N S(S+1)
= L+ =0 %;O,Jq . (72.17)

Ob6paTnM BHMMaHWE HA TO, YTO 3HAK MOMPABOYHOTO YJIEHA B KBAJI-
PaTHBIX CKOOKaX 3aBUCHUT OT 3HAKA OOMEHHOTO MHTErDAJIA.

Sagmaun

1. HaifTu MarHuTHyIO 9aCTh TENJIOEMKOCTH CHCTEMBI, OIMCHIBAIOIIEHCS ra-
muiibToHHaHoM (72.1), npu temneparypax T >> J.

Pemenue. IlepBolii wieH pas/oXkKeHWs TEIUIOEMKOCTU 1O cremeHsm 1/T
Bo3HuKaer or wieHa —FE?/2T B ceoGoguoit snepruu (72.16). Ycpenusisa vem xe
croco6oM KBazpaT raMumibToHuaHa (72.1), momydum

— 1 s = _S2(S+12NN )
E2=-.23 " J2 . 8miSmp Snilnr =322 T ) W N™ 5
4 mz;én k k 9 2 g a

13*



388 MATHETU3M TJL VI

(rax xak S;Sk = S(S + 1) 6;5/3). e TEIIOEMKOCTH HAXOAUM B PE3yJIbTATE

NS?(S +1)? 2
Cviar = === > Ja
a#0

B coorBercTBuu ¢ V, (73.4).
2. Ilpenebperast B3auMOEHCTBAEM MEXKy CIMHAMHU, BHIYHCIUTH HAMarHH-
YEHHOCTh [TAPaMarHeTHKa IIPU NPOU3BOJIBHOM COOTHOIIeHUH Mexay 39 u T.
Pemenue. Crarucrudeckas cymma (/11 OGHOTO CIIMHA B IOJIE)

N 289\ _ sh[289(5+1/2)/T]
Z = Z exp( T Sz) = sh (35 T) .

S,=—8

Brrancnsas coboguyio snepruio u guddepennupys ee o §), HaXOAUM HaMarHu-
YE€HHOCTh

M:ETian:w_N{(S_F l)cthw—lcthﬂ—ﬁ}
vV 09 |4 2 T 2 T

(L. Brillowin, 1927). Ilpu 8% < T sTo BBIpakenue nepexoqurt B (72.15). B o6par-
HOM mpegene, npu 85 > T, HaMarHUuYeHHOCTh CTPEMUTCS K CBOEMY HOMUHAJIb-
HOMY 3HAYEHUIO 1O 3aKOHY

=B (s ()}

§ 73. BzammopeiicTBue MarHOHOB

Cy1tecTBeHHBIN METOIUYECKUIT MHTEPEC TPEJICTABISET BOIPOC O
BKJIaJIe B MAarHUTHYIO YaCTh TEPMOAMHAMHUYECKUX BEJIUIUH (Heppo-
MarHeTUKa, IPOUCXOIAIIEM OT B3aMMOAECHCTBAA MArHOHOB; HAIIOM-
HUM, 9TO BbIYHUCHeHus B § 71 OBbLIM OCHOBAaHBI HA MPEICTABIICHUU
00 1IeajIbHOM ra3e HeB3aMMOAEHCTBYIOMINX MArHOHOB. PaccMmorpum
9TOT BOILPOC JJIs CUCTEMBI, OIUCHIBAEMO}l OOMEHHBIM CIIMHOBBIM Ia-
MusbTOHHAHOM (72.1).

Umes B BuAy HAXOXIEHHE BKJIAJA TOJIBKO HambOjee HU3KOTO
nopsizika 1mo MajioMmy orHornenuto 1'/T., MBI MOXKeM OIDAHUYUTHCS
JIUIIb APHBIM B3aUMOJEHICTBHEM MATHOHOB. JTO 3HAYUT, YTO HATO
paccMOTpETh ABYXMAarHOHHBIE COCTOSHUSA CHCTEMBI, B KOTODBIX IIPO-
eKIUs TIOJTHOTO crmHa paBHa NS — 2.

Takoit mpoeKIuy O0TBEYAIOT BOJIHOBBIE (DYHKIUH

Xnon = [48(28 — 1)]7Y28,_5a_x0,

P (73.1)
Xmn = (25)_ S —Sn—X07 m 7é n;
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MTOCKOJIBKY OTIEPATOPHI CIIMHA, PA3TUIHBIX ATOMOB KOMMY TATUBHBI, TO
Xmn=Xnm ‘). @yHKmu (73.1) HOPMUPOBAHBI YCIOBUEM X sunXmn=1,
B 9EM JIETKO YOEIUTHCS, PACKPBIBAs TPOU3BEICHUE TAKAM Ke 00pa-
30M, KaK 3TO OBLIO CHEJIAHO Il IIPOBEPKH HOPMHPOBKU B (72.9).
Tewm ke ctocobom MOXKHO YOEIUTHCH U BO B3AaUMHOM OPTOTOHAJIBHO-
CTH PAa3NUYHBIX QYHKIMHA Xmn-

®ynkuuum (73.1) He gBAAOTCA caMu 110 cebe cOOCTBeHHBIMY (BDYHK-
MUAMU TaMUJIBTOHUAHA. BOJHOBBIE Ke (DYHKIUHU JIBYXMATHOHHBIX
CTAIMOHAPHBIX COCTOAHUN CHCTEMBI JOJKHBI IIPEJCTABISATE COOOM
OlIpeJie/IeHHbIEe JINHEHHbIE KOMOMHAIIMY (DYHKINHA Xmn, KOTOPHIE 3a-
MUIIEM B BUE

1
X = E : '(/}mnan+ E 'l/)nann (732)
V2
m#n n
(TOCKOJIBKY Xmn ¥ Xnm — OJHO M TO K€, TO HAJO0 MOJAraTh U

Ymn = ¥nm). COBOKYIHOCTH KO3(hDMUIUEHTOB YPmp COCTABIISET BOJI-
HOBYIO (DYHKIIMIO B IPEICTABJIEHAN, B KOTOPOM HE3aBUCUMBIMHU TI€PE-
MEHHBIMHU HBJISFOTCS HOMEPA aTOMOB B perrerke. Muokurems 1/+/2
B 1epBoii cymme B (73.2) BBemeH aJist TOro, 9YTOOBI KBAAPAT MOZYJIs
| x |2 6611 paBen cymMe X|¢mn|?, B KoTOpOil Karkaas u3 pasiamd-
HBIX {ypn BCTPEYAJIach ObI JIUIb OWH PAa3.

Tem ke cnocoboM, KOTOPBIM ObLIO HaiimeHo ypasHeHue (72.11)
JIJIsT BOJTHOBBIX (DYHKITUH OJHOMATHOHHBIX CTAIMOHAPHBIX COCTOS-
Huil, HafimeM, uro dyHKimu (73.2) MOIKHBI YAOBJIETBOPATH AHAJIO-
TUIHOMY yPABHEHUIO

Ex = Z 2’?‘/‘;‘;{?[, gm_gn_}Xo+

m#n

":bnm = ~
" zn: 2505 - 7z o Sn-Sn-}t xo, (73.3)

rae Tenepb £ = E — Fy — sHeprus AByX B3aUMOJIEHCTBYIONIUX JIPYT
C APYrOM MarHOHOB (a CKOOKH {...} 03HAYAIOT KOMMYTATOD).

Packpoem koMMmyTaTOphl B mIpaBoil cTOpoHe ypasHeHus (73.3).
s aToro 3amedaemM, 4To

{H, 80_8a_ Y ={H, S0_YSn_ + Sm_{H, Su_},

U WCIOJIb3yeM BbIpaxkeHus (72.12) mjis KOMMYTaTOPOB {ﬁ , §n_}.
ITocne storo ¢ yuerom mpasmi kommyTaruu (72.4) mepecraBiiseMm

I)ECJII/I cnun S = 1/2, To NBYyKpaTHOEe NPUMEHEHHWE OLHOIO M TOTO XK€ Ole-

paTopa Sh— K (GYHKIME OCHOBHOI'O COCTOSIHUSI Yo OOpaiaer ee B HyJb. B aTom
ciydae, CJIEIOBATENIbHO, BCE «IUATOHAJILHBIE» (DYHKIUU Xnm = 0.
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onepaTopsl S, B KpaliHee PaBOe TIOJIOXKEHNE, T/IE€ OHU, BO3IEHCTBY S
Ha QYHKIMIO X0, YMHOXKAIOT ee Ha S. B pesynbrare momyunm

{H, 80-80-Yx0=5 Y [Jm1(Sm— — 81-)Sa_+

1
+Jnl(§n— - § —)gm—] XO+6mn Z Jnlgn—gl—XO - Jmn§ —§n—XO+
1

+ 489S m-Sn—x0; (73.4)
JJIsl YIPOITeHust 3anucy GOPMyJIbl OTPAHUYEHUSI, HAJIaraeMble HA UH-
JEKChI CyMMUPOBAHUS, HE BBIIUCHIBAIOTCH — CYMMUPOBAHUS IPOU3-
BOZSTCS TI0 BCEM 3HAYEHUSIM 1, HO IpM 3TOM IOIPA3yMEBAETCS, UTO
BCe «IauaroHajbHbIey Jjp = 0.

Jasnbreiimas nporeaypa cBomuTcs K moacranoske (73.4) B ypas-
Henwe (73.3) v npupaBHUBAHUIO KOI(DDUIMEHTOB, CTOANUIUX IPU OJH-
HAKOBBIX (DYHKIMSAX Xmn B 000MX CTOPOHAX PaBEHCTBA. Bhramciie-
HUs JIEMEHTAPHBI, XOTd ¥ JOBOJIHHO rpoMo3aku. OQHU TPUBOIAT B
pe3yJibTaTe K CJIeAYIOmEdl cCucTeMe ypaBHEHU Jist BEJIUIUH Ymp:

(2JS - 5)"/’mn = SZ(Jlm¢ln + Jln"/’lm) + Jmn"/}mn_
1
- AS Jmn(wmm + wnn) + 26mn Z Jlmwlm ) (735)
1

A5=S[1— (25‘1)1/2]

rJe

25
¥ BBEeIEHO 0bo3HaueHue J [jia CyMMBI Y Jy1, HE 3aBUCAIIEH, OUeBU -
1

HO, OT WHJEeKca n').

ITepeiinem B 9TOM ypaBHEHUM OT KOOPAMHATHOTO HPECTABJICHUS
(He3aBUCHUMBIE TIEDEMEHHBIE — KOODAWHATHI ATOMOB I'p, I'm) K UM-
IyJIbCHOMY, T. €. LOJIOKUM

1 3 i _
Ymn = —eKEmTm)/237 (K k) ekFm—rn), (73.6)
N
k
BekTop K urpaer pojb CyMMapHOTO KBa3sWUMITYJIBCA JBYX MarHO-
HOB, & k — KBa3WUMITYJIbCA WX OTHOCUTEJBLHOTO JBUXKEHUS; CYyMMHU-
poBanme mpousBoauTcsd M0 N AuUCKpeTHBIM 3HaudeHusM K, momycka-
eMbIM Jjis pemeTku obbema Nv (N — 4mcio aToMOB B pellerke,

!YD1u ypaBuenus cmpasemuBhl U B ciyuae cmuma S=1/2, xorma Bce Ynn
npoussosbHbl. O6paTnM BHEUMaHWE HA TO, 9TO mpu S=1/2 BCe «a@aroHaJbHBIE»
BEJINYUHBIL nn BOOOLIE BBHIMANAIOT U3 yPABHEHUI ¢ M # n. YpaBHEHHH Xe C
m = n B 3TOM CJIyYae HaJ0 MPOCTO CYUTATh OTCYTCTBYIOIIMMM.
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v — 00beM ee 3jIeMEHTaPHON suelikn). BmecTe ¢ ¥mn HaIO mpeacTa-
BUTH B Buje psana Pypbe Takke U OOMEHHbIE HHTET'PAJIBL:

Jron = %%e"k(rm—rnu(k), T0h) = 3 Jome ) (73.)

(mockoibKy Jmn = Jnm, T0 J(k) = J(=k)).
OmycTrB TPOCTHIE TIPOMEXKYTOUHBIE BBIKJIAJIKHI, TIPUBEJEM CPa3y
OKOHYATEJIbHBIN PE3yJIbTaT MpeobpasoBanus ypasHeHus (73.5):

(5 +%) +e(5 - k) - €] (K, k)+
Vv dik _

(2m)?

0, (73.8)

+ / UK, k, k) (K, k)

re
NU (K16 1) = As[7 (K41 +7 (K1) 47 (K 410) +
v (5= k)] ~ Lk~ K) + Tk + K], (739)

a e(k)—sHeprusi omHOTO MarHoHa, onpezesseMas dpopmyJoit (72.13);
cymmuposanue 1o k’ 3aMeHeHO WHTerpupoBaHWEM TIO ONHOM sUeiike
0o0paTHO pETeTKH.

Takum obpasoMm, To4yHas (B paMKax ramuibroHuasa (72.1)) 3a-
J1a4a 0 JBYXMArHOHHBIX COCTOSHUSAX CUCTEMBI CBOIUTCS K DPEIICHUIO
yDaBHEHUsI, BIIOJIHE aHAJIOTMYHOrO ypasueHuto [1Ipenunrepa qisi cu-
CTEMBI ABYX YaCTHI] B UMITyJIbCHOM npeacrasienun (cp. 111, (130.4)).
ITpu srom dyuknuu e(k) urparor posib KHHETHYECKUX YHEPTHUH Ya-
crun, a saapo unrerpanbroro ypasrenus U (K, k, k') — poss mat-
PUYHOTO 3j1eMeHTa dHepruu U WX B3aMMOJEHCTBUs JJisi MEPEX0Ia
(paccesinust) u3 cocrosinmii ¢ mmmysnscamu ki, ko B cocTosinus ¢ um-
nyascamu K, kb roe

— E = E — / = E / / = E —k
k1—2+k, ko 5 k, k'y 2-|—k, k' 5 k.
B srom cmbicne U (K, k, k') nesecoobpasno 3anucars B Buge
NU (k’l, k's; ki, ky) = Ag[J (k1) + J(ka) + J(kll) + J(kIQ)]—
— % [J(ki — K1)+ J(ky — K3)].  (73.10)

B obuiem ciyuae ypasuenue (73.8), (73.9) ouensb cioxkuo. Msl
OI'DAHUYUMCA BBIYHCJICHUEM IIOIIPABKU K TCPDMOAMHAMUYICCKUM BEJIN-
gmHaMm B npemnojioxkennn S > 1. IIpocTora aToro ciydas cBs3aHa
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¢ TeM, 4To 3Heprus MaruoHoB & (k) mponopruonasnbHa S, a ux B3au-
mozeiicreue U He 3aBucut or S (npu S > 1 xosabdunuert B (73.9)
Ag =~ 1/4). Ilosromy U MOXKHO PacCMaTpPUBATH KAK MAaJjiO€ BO3MY-
menne. Tormga monpaska (g; (0T B3amMOmeCTBIS MarHoOHOB) K Tep-
MOJAMHAMHMYECKOMY TOTeHIUATy () OyJeT IaBaThCs TMPOCTO CPETHUM
snaueHreM U. B3gB «aIuaroHasbHBIA MATPUYHBIA 3JIEMEHT>

U (ki Ko K, k) = 701+ (ke) —J (ki —ka) - (O)], (73.11)

MBI T€M CaMbIM YCPEIHSAEM IIO COCTOSHUIO C 3aJlaHHBIMU KBa3UUM-
mysbcamMu MarHoHOB. [lociie 3TOro cTaTucTUYecKoe yCpeaHEHue II0
PaBHOBECHOMY PaCIIPE/IeJICHUI0 MAarHOHOB OCYIIIECTBJIACTCA UHTETPU-
poBaHuEM

V2d%k,d3k2

, 73.12
(2m)8 ( )

Qps =/n(k1)n(k2)U (ki1, ko; ki1, k2)

rie n(k) = [exp(e(k)/T) — 1]~ — dbynkuua pacnpenenenus Bose.
ITpy HU3KMX TeMmepaTypax MHTErPajl ONPEIEsIHeTcs 0BJIACTbIO
MaJiblx 3HadeHuit K1, ko, COOTBETCTBEHHO UeMy CiieyeT PasJIoKHUTh
Bce (k) u J(k) no crenensim k. Torna e(k) maercs KBagpaTudHbIM
BeipakerneM (72.14). ITockomsky J(k) — dernas dymkmus k, To
KBAJPATUYHbI TAKXKE U LEPBbIC YICHBL €€ PA3JIOXKCHUSL:

J(k) ~ J(O) + a;pkikg.

Torna
1
U (k1, ko; k1, ko) = Naikklik%-

Ho mpwm moxcramoBke 3Tor0o BhIpaskeHusi, HeueTHOro mo ki m ko, B
(73.12) muTerpas o6pamaeTcs B HyJb B PE3yJIbTATE YCPEIHEHUS 10
nanpasyeauaM ki u Kko.

[Tosromy B pasmoxenun J(K) HamO y4ecTb YiIeHBI YeTBEPTOTO
nopsiika, B pe3ysabrare dYero B wmHTerpate (73.12) dbyskuus
U (ki, ko; k1, ko) okassiBaercsi hopmoil deTBepTOil CTEmeHu, IpuU-
YeM OTJIMYHBIN OT HYJIsl BKJIA B MHTEIPAJI JAI0T YIEHBI 9TOMH (POPMBEI,
kBagpaTuynbie o k; u mo ko. BBuay OwicTpoit cxogumocTu wHTE-
IPUPOBAHUE MOXKET OBITH PACIPEIEJEHO 0 BCeMy K-TIpocTpaHCTBy.
3ameHoit mepeMeHHbIX K = kVT ybOexK1aeMcCsl, YTO 3aBUCUMOCTD g5
or T u $ uMeeT BUL

Qps = VT5f(~6/T)v (7313)

npuueM f(0) u f'(0) xoneunsr. OTcroma ciemyer, 9To MONPABOYHBIH



8§73 B3AUMO/IEICTBUE MATHOHOB 393

YJICH B HAMAaIrHUWYCHHOCTU

M,, = —L9%s

Takomy 2Ke 3aKOHY CJIe/yeT MOIPABOYHBIN WIEH B TEIIOEMKOCTH *).

MpbI BUAMM, 9TO B3aMMOIECHCTBAE MATHOHOB IIPUBOJUT K ITOIPAB-
KaM B TEPMOJIMHAMHUYECKUX BEJIMYNHAX JIUIIb B BEICOKOM IPUOJIMIKE-
aun 110 T'/T,. HamomHuM, 9TO OCHOBHBIE YJIEHBI B HAMATHUYEHHOCTH

¥l B MATHUTHOI YaCTH TEIIOEMKOCTH CIeAyIoT 3akoHy 1/2. Mexmy
STUMU YJIEHAMHU U MONPABKAMHE OT {5z CYIIECTBYIOT €III€ YJIEHBI, TIPO-
TIOPIMOHAJIBLHBIE T5/2 5 T7/ 2 IPOMCXOIAIIIE OT CJICLYIOIAX UICHOB
pasiioxkenns sneprun Marnonos (k) mo cremenam k2.

C moMOIIIBIO IOy YEHHBIX Y PABHEHU MOXKHO PACCMOTPETDH TaKKe
BOIIPOC O CBSI3AHHBIX COCTOAHUSAX JIBYX MAIHOHOB. DTU COCTOSHUS
HPOSBJIAIOTCH KakK AuckperHble (npu 3amanHoM K) cobGcrBeHHBIE
sHaueHus ypasHenus (73.8). Kak dbyukuuu nepemennoit K, stu
cobcrennble 3nadeHust &(K) mpeacraBisror coGoif HOBble BeTBH
9JIEMEHTAPHBIX BO30Y2KIeHuil B cucreme. VcciieoBanue MOKA3bIBAET,
OJTHAKO, YTO 3T COCTOSAHUS CYIIECTBYIOT TOJIBKO IPH JIOCTATOYHO
GoubInmx 3HadeHusAX K; MO9TOMY OHU BO BCAKOM CiIydae He BIUSIOT
HA TEPMOJWHAMHMYECKUE BEJUYUHBI (PEPPOMATHETUKA TIPU HU3KHUX
TeMIiepaTypax ?).

= const - T4 (73.14)

Samaua

B npeamosioxkennu S 3> 1 HaliTH NONPABOYHBIE YJIEHBI OT B3aUMOIEHCTBUS
MarsoHOB B HAMArHWYEHHOCTH W TEIJIOEMKOCTH i KyOWdeckoil pemeTku, B
KOTOPOi#i OOMEHHBIE MHTErPAJIBI OTJIMIHBI OT HyJIs TOJIBKO JJIs COCeAHUX (BIOJb
KyOU4YeCKHX Oceii) map aToOMOB.

Pemenne. Kaxapiii aToMm uMeeT mecTh OJMKaMIMX COCEAHUX aTOMOB. 110
onpexenenuto (73.7), Haxopum

J(k) = 2Jo(cos kza + coskya + cosk.a),
rae Jo — OOMEHHBIN MHTErpaJ JAjis Hapbl COCEQHUX ATOMOB, & G — AJIMHA pebpa

Kybuueckoii stueitku. [Ipu manbix k

JK) ~ Jo |2 - a®k® + (ks + ki +K3)| -

ot
12

')D1u pesyabrare! (B o6IeM CIydae IPOM3BOIBHOIO CIIHHA) OBLTH BICDBBHIC
nosyuensl Jaticonom (F. Dyson, 1956). B n3/10:K€HHOM BBIBOLE ypPaBHEHUS
(73.5) mer citenoBasm B ocHoBHOM Botidy u Kaasassw (R. J. Boyd, J. Callaway,
1965).

2)Cm. M. Wortis // Phys. Rev. 1963. V. 132. P. 85. Peusn mmer o Tpexmep-

HO# penreTke. B 1ByX- U OMHOMEDHOM C/IydasiX CBA3AHHBIE COCTOSHUS MATHOHOB
CYIIECTBYIOT IPHU BCEX 3HAUYCHUAX K.
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Orciona ,
a'Jy

U(ki, ko; k1, ko) = —
(ki1, ko; k1, k2) v

(Kokss + kiykay + k72K3)
(omymenst wiensl, HeuerHsle 10 ki u ko). Dneprus maruona (corsacuo (72.14))
e(k) = SJoa’k® 4 239.

Beruucienue unTerpadia (73.12) npUBOAUT K CIELYIOUMM De3yJIbTATAM:

Maa __37r<(3/2)<(5/2)< T > c _1577{2(5/2)1\7( T >
M 25?2 xSt ) TV s 4nSJo

(¢ — msera-byukunus).

§ 74. MarHonsI B aHTH(EPPOMATHETHKE

AnTndeppoMarHeTHKu XapaKTEPHBI TEM, YTO MATHUTHBIE MO-
MEHTBI BCEX JIEKTPOHOB B IIpeJiesiax KaxKJO! 3JIeMEeHTapHON A4deiikn
KPUCTAJUIMYECKON PENIeTKY B3AUMHO KOMIIEHCUPYIOTCH (B COCTOSTHUM
paBHOBECHUS B OTCYTCTBHE MAarHUTHOTO 1oJis). [InoTHOCTS MarauTHO-
T'0 MOMEHTA, PACIIPEIESIEHA, CTPOTO TOBOPSI, TI0 BCEMY 00beMY STUEHKH.
Ho B xpucrannax aHTU()EPPOMATHUTHBIX JUIEKTPUKOB C XOPOIIIEi
TOYHOCTHIO MOXKHO CUYUTATH, YTO (PAKTUUECKU ITA MJIOTHOCTH JIO-
KaJIM30BaHA y OTMOEJbHBIX ATOMOB, KAaXXIOMY U3 KOTODPBIX MOXKHO
OPUNHACATH OMPEJEJIEHHBI MATHUTHBIA MOMEHT. DTH MOMEHTHI,
IOBTOPSISICH IEPUOJUIECKH BO BCEX AUEHKAX, CO3MAIOT MA2HUMMNbIE
nodpewemxy aHTA(GEPPOMATHETHKA.

Pazyinunbre anTudeppoMarneTuku 04eHb Pa3HOOOPA3HBI 110 CBO-
et cTpykrype. Bompoc 06 mx MarHUTHOM HEPTETUYIECKOM CIIEKTPE
MBI PACCMOTPUM HA THIUYHOM NIPUMEPE KPUCTAJLIA C ABYMsI MATrHUT-
HBIMU aTOMaMU, DACIIOJIOXKEHHBIMU B SKBUBAJEHTHBIX TOYKAX KarK-
J0#l dsIeMeHTApHOM siueliku (T. €. B TOYKAX, MEPEXOJAIIUX APYT B
JApyra Tpy Kakux-jiub0 mpeoOpa3oBaHUAX KPUCTAJLIOrPadUUecKOon
cummMeTpuu Kpucrasia). CpeHue IOTHOCTH MArHUTHBIX MOMEHTOB,
00pa30BaHHBIX ITUMH ATOMAMHU IOJIPEIIETOK, 0603HaunM depe3 My
u My u BBeseM ABa BEKTOPA

M=M;+M;, L=M;—-Mo,. (74.1)

B ocuoBHOM coctrosinum anTugeppomaruetuka M = 0, L # 0,
MEXJy TeM Kak y ¢dpeppomarteruka 0buio 661 M # 0, L = 0. Tloz-
YEePKHEM CYIIECTBECHHYIO DA3HUILY MEXKIY OCHOBHBIMU COCTOSHUSAMU
B obomx ciaydagx. B oOMeHHOM IpHOJIMKEHUHN, B OCHOBHOM COCTO-
aHun (PepPOMATrHETUKA IPOEKINY CIUHOB BCEX MAaTrHUTHBIX aTOMOB
UMEIOT OlpesesieHHble (HanbosIbIue BO3MOXKHBIE) 3HadeHud S, = S,
YeMy COOTBETCTBYET HOMWHAJIbHOE 3HAUEHHE HamarHuwdeHHoctn M.
B ocroBHOM 3Ke cOCTOSHIY aHTUDEPPOMATHETHKS HAMATHUIEHHOCTU
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MOJTPETIIETOK 3aBEJOMO HE MOT'YT UMETHh CBOWX HOMWHAJIBHBIX 3HAUE-
HUH, TAK KAK CyMMapHBIE TPOEKITUH CIIMHOB KAXK IO M3 TOAPENIETOK
B OTJEJBHOCTH HE ABJILIOTCH (qaxke B OOMEHHOM NMPUOJIMIKEHUM) CO-
XPaHSAOIUMUCS BeJIMYMHAMY U IOTOMY HE UMEIOT (B CTAI[HOHAPHOM
COCTOSIHWMH) OIPEJIEJIEHHBIX 3HaueHui. TeM Gosiee He UMEIOT Ompe/e-
JIEHHBIX 3HAYEHU MPOEKINY CIOUHA OTIEBHBIX ATOMOB.

Bug MakpOCKOMMYECKUX <«yPaBHEHUM JIBUXKEHUsI> BEKTOPOB L
u M, onuchiBalOmuX WX JJIUHHOBOJHOBBIE KOJIEOAHWS, yYCTAHABJIIM-
BAETCd AHAJIOTMYHO TOMY, KaK 3TO ObLIO cuenano B §69 mus dep-
poMarHeTvka. Y paBHEHHUE JJisl MJIOTHOCTH MATHUTHOTO MomeHTa M
umeer TOT ke BUg (69.1) uTo u B heppoOMATHUTHOM Cirydae:

oM
o =K, (74.2)

npuaem mMomenT cuit K onpenensiercs dpopmyuioit (69.2).
ypaBHeHI/Ie 2Ke OJid L MO2KHO NIOJIYYUTb, €CJIU y4€CTh, YTO HAJIU-
Yre yIJI0BOr0 MEXaHU4YeCKoro MomenTa iS = M/« o3nagaer, Boobiue
TOBOPsI, BPAIIIEHUE CUCTEMBI, B JAHHOM CJIy9ae — CUCTEMBI CIIMHOB.
YroBast CKOPOCTh 3TOTO BPAINEHUS COTJIACHO TEPMOIMHAMHYECCKOM
dopmyie V, (26.8) ompexnensiercss Ipou3BOAHOM CBOOOLHON SHEPIUM

IO 9TOMY MOMEHTY: B
Q= (3_F) ,
ons )

D1y (GOpMySIy MOXKHO OYEBUIHBIM 00pa3zoM OOGOOIMTEL Ha CIydait
cJ1ab0 HEOTHOPOIHOCTH B IIPOCTPAHCTBE:

§F = / QorSdV = L / Q5MdV. (74.3)
vy
Wsmenenue L co BpeMeneM TpecTaBiiseT coboil BpaleHue ¢ yIJIoBoii

CKOpOCTHIO {), KOTOPOE ONMUCHIBAETCS YPABHEHUEM:

oL
%~ L. (74.4)

Ilepetinem k ompenesienuio momenta cuii K. Ilpu moBopore cu-
cTeMbI Ha OECKOHETHO-MaJIBIH yroa d¢ mensiorcs ob6a BekTopa L

u M:
SL=[0¢pL], oM = [6¢M].

Bapsupys cBoGoayIo sEeprmo F u cpasrusas ¢ dopmysoii (69.2),
onpenenstomeit K, maxommm:

K = [LHL] - %[M Q] (74.5)
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rae Mbl BBesin apdextusnoe mosie Hy,, coorBeTcTByI0mIEe anTudep-
pomarauTHOMY BeKTODPY L, corsiacHo

§F = — / Hy6L dV, (74.6)

1 ucrosb3oBaiu (opmyiy (74.3) nis BappupoBanus o M.
OxkonuarenbHO ypaBHeHUe mis M mpuHUMaeT BU

oM
T ~[L Hy] + [Q@M]. (74.7)
Ormernm HEKOTOPBIE 0bIMe cBOficTBa ypaBHeHuit (74.4) u (74.7).
HerpyzaHo npoBepuTh, 4TO ABUIKEHHUE, OMUCHIBAEMOE STUMHU yDABHE-
HUSIMHU, SBJACTCH 6E3UCCUIATHBHBIM. JIeCTBUTEIBHO, qUCCHIIAs
SHEPI'WHU PaBHA

T%=<8F> /H gy 4L /n dv

u B cuity (74.4) u (74.7) obpamaercs B Hyib. lasee, u3 ypaBHeHus
(74.4) oueummno cienyer, uto OL2/0t = 0. Kak u m0/mKHO 6bITH,
JumHa BekTopa L ocraercs mocrosiuoit. Hakonen, ymuoxas (74.4)
Ha M, a (74.7) na L u cknanpisasg, Haxogum, uro OLM /0t = 0, tak
4ato BeKTOp M neprnesauxkynspen L.

Ilna onpenenenus 3ddextururo nosis Hy, u yrioBoit ckopocTu
) HaJI0 YCTAHOBUTH BUJ CBOOOIHOMN SHEPTUN KpUCTaJLia. B obMerrOM
npubJINXKEHUM CBODOOIHAS SHEPIUsl HOJXKHA OBITh WHBAPUAHTHA OT-
HOCHUTEJILHO OJHOBPEMEHHOTO MTOBOPOTA BCEX MATHUTHBIX MOMEHTOB
(n canemoBaressHO BeKTOpoB L m M) OTHOCHTEJIBHO KDHCTAJLIHYe-
ckoit pemeTku. BmecTe ¢ mpeanosioKeHHOM KPUCTAJLIOTpadhuaecKoit
SKBUBAJIEHTHOCTHIO TOJIOXKEHUHN [BYX MATHUTHBIX ATOMOB B sdeiike
OTCIOZA, CJIEIyeT TaK»Ke U HeOOXOAUMOCTh WHBAPUAHTHOCTH OTHOCH-
TesibHO TiepecTatoBky M1 u My, T. . oTHOCUTEIEHO TPE0OPa30BaAHNS
L - —-L, M — M. Beuny uaBapraHTHOCTH CBOOOJHON SHEPTUH IPH
sTOM InpeobpaszoBanun Takxke u Hy — —Hp, Q — Q.

CyIiecTBeHHO, 9TO B PACCMATPUBAEMOM HAMU JIJINHHOBOIHOBOM
mpejesie MArHUTHBI MOMEHT M sBJIsIeTCS MaJIol BEJIMYMHON. DTO
SICHO y?K€ M3 TOTO0, 9TO €CJU BeKTOp L mOCTOsTHEH B IPOCTPAHCTBE,
B OOMEHHOM CJIydae HHKAKOTO MArHUTHOTO MOMEHTA, €CTECTBEHHO,
HE BO3HWKAET. B pe3ynbraTe MBI JOMXKHBI YIECTh UJIEHBI HE BHIIIE
BTOpOrO mmopsaaka o M u mo mepBbiM mpou3BogubiM L. Beiparkenue,
VOBJIETBOPSIIOIIEE TIOCTABJICHHBIM YCIIOBUSIM, UMEET BUJ]

_ aM? 0L 9L
F06—/( 2 ‘|' 2 ka_:zzz%) av, (74-8)

roe KO3 (UIMEHT ¢ IOJOXKUTEJIEH B COOTBETCTBUM C TE€M, YTO B
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paBHOBecuu H0KHO 6biTe M = 0. B (74.8) omymens! dieHsbl, Ko-
TOPBIE MOYKHO CBECTH K HAIMCAHHBIM MHTETPUPOBAHUEM TI0 YACTSIM.
Ynensl, kBagpaTudnbie 1o 0M /Oz;, MOXKHO HE YIUTHIBATD, IIOCKOJIb-
Ky OHH 3aBEJOMO MAJIbI TI0 CpaBHEeHmIo ¢ M2,
Bapsupyst unrerpas (74.8) (u mpousse s B HEM HHTETDHUPOBAHUE
0 9aCTsM), IOJIy UM
1 9’L
Hy = - o ——F—,
2 O0zi0xxk

B saksouenme ormernm, uTo ypasaenue (74.7) s MarHuTHO-
IO MOMEHTa MOKHO II€PENHCATh B BHJIC YPABHCHUS HEIPEPBIBHO-
cru (69.11). Tenzop mOTOKA MOMEHTA MMEET TEIEPhb BH/L

oL
i =y our [La—}
Tk

Q = vyaM. (74.9)

2
Ypasuenue xke mis L, pasymeercs, He UMeET BU1a YPABHEHUS] HETIPE-
PBIBHOCTH, LIOCKOJIBKY «aHTHdeppoMarauTHbiii Moment> [ LdV me
COXPAHSIETCS.

PaccmoTprumM Teneph MaJjibie KOJI€OaHUS MAarHUTHBIX MOMEHTOB,
JIJIST 9€T0 TIOJI0KUM

L=Ly+I=vL+L, M=m,

rae I u m — Majble BeJIMYUHBI, ¥ — €IUHWYHBIA BEKTOD B PaB-
HOBECHOM HampasjieHnu BekTopa Lg. JIuHeapuzoBaHHbIe ypaBHEHUSs
neuxkenus (74.4) u (74.7) umeror Buz
A_piav], ™= LpHy). (74.10)
ot ot
3aech y4TeHO, YTO BTODPO# 4jeH cupasa B ypaBHeHuu (74.7) Tox-
JIECTBEHHO paBeH HyJiro. Besmuumnsl ke 2 u Hy, jmHeitnsr mo ma-
JIBIM TIEPEMEHHBIM U B HUX JOCTATOYHO MPOCTO 3aMeHuTh L u M Ha
Ium.
JlJ1s TIJIOCKO#T MOHOXPOMATHUYECKOH CIIMHOBOW BOJIHBI YPaBHEHUS
neuxkenus (74.10) maror

—iwl = —yLa [mv)|
‘ ) (74.11)
—iwm = —yLa(n)k” [Iv],

rge cHoBa (Kak u B §69) a(n) = a;pning, N — eAUHAYHBIA BEKTOD
B HanpasjleHuHM K. YMHOXKUB IIEPBOE M3 9TUX yPaBHEHHN BEKTODHO
Ha V, HOJLY9UM

yLam = —iw [1v], (74.12)

Mgbr BUOUM, YTO B paCCMaTPUBAEMOM CJiy4dae NJIMHHBIX BOJIH BEKTOD
m jeiictBuTeIbHO MaJi o cpaBuenuio ¢ I. TlomcranoBka ke 3TOTO
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BBIPaKEHNUS BO BTOPOE YpaBHEHWE Cpa3y IPUBOJAUT K CJEAYIOIIEMY
3aKOHY JUCIEPCUHU CIUHOBBIX BOJIH:

w = yLk[aa(n)]*/2. (74.13)

Takum 06pa30oM, 4aCTOTA CHMHOBBIX BOJIH, & TEM CAMBIM U DHEPTHS
MAarfHoHOB € = fw B aHTHdeppOMATrHETUKE B OOMEHHOM HPHUOJIMKe-
HUU TIPOTIOPIUOHAIBEEI k, a He k2, Kak B deppomarseruke ). Ypas-
Henus (74.11) ycraHaBIMBAarOT OJHO3HAYHYIO CBs3b MEXKIy 1 m m,
HO 00e KOMIIOHEHTSH!I | (B IIJIOCKOCTH, [EPIEHUKY/ISPHON V) OCTAIOT-
CS MIPOM3BOJIBHBIMA. DTO 3HAYUUT, 9TO COUHOBBIE BOJHBI MMEIOT IBA
HE33BUCHUMbBIX HAIPABJIEHUS IOJISPU3AIUY.

U3 ypasrenuit (74.12) u (74.13) Bugmo, uro m ~ k(a/a)'/?l < 1.
OrHOCHTEIbHAS MAJOCTh I yKe ObLIa MCIOIh30BaHA BbImmie. Jliis
ydYeTa MArHUTHON AHU3O0TPONUU HAJAO CIAEJaTh Oojiee KOHKDETHBIE
IPEONOJIOKEHNST O XapaKTepe CUMMETPHH Kpucrtasuia. Mbl Oymem
CYUTATD, YTO KPUCTAJLI UMEET OSHOOCHYIO CUMMETDHIO, IIPUIEM PaB-
HoBecHoe HanpasJienue L coBnamaer ¢ ocbro cummerpun ?). Beibepem
€e HAIpaBJIEHUE 33 OChb Z.

BBugy masiocTu BeKTOpa M AOCTATOYHO YUECTh AHU3OTPOIHIO,
CBSI3AHHYIO C BEKTOPOM l. DT0 Takke MO3BOJIisieT peHeOpeUb, B OT-
sgugue 0T (heppOMArHETUKA, BO3HUKAIONIUM NPY KOJEOAHUSX MAar-
HUATHBIM TTOJIEM.

IIpu cmenaHHBIX NPEIUIOTIOXKEHUSX IJIOTHOCTH SHEPTUU AHU30-
tpomnu Uy = K12 /2, mpudem K > 0. Ee yder npusomur K mo-
sBJICHUIO JomnoyianTebHOr0 wieHa — K1 B adpdexkTurom mose Hy,,
KOTOPO€ [JIsl IIJIOCKON BOJIHBI CTAHOBUTCS PABHBIM

H; = —[a(n)k? + K]1. (74.14)

OTCIO,I[& BUOHO, 9TO C y49€TOM aHU30TPONIIMY 3aKOH AWCIIEPCHUU CIIN-

HOBBIX BOJIH mosydaercs u3 (74.12) samenoit ak? ma ak?+ K. B pe-
3yabrare npu k — 0 SHeprusi MarHOHOB OyJeT CTPEMHUTBCS He
K HYJIIO, & K KOHEYHOI Bejuduse ?)

£(0) = iyLV aK (74.15)

') Taxoit 3axkon mucmepcun Mis aHTHGbDEPPOMATHETHKOB BIEPBHIC MOIYYCH
Xrwavmernom (L. Hulthen, 1936). BoiBox, uCmoib3yommii MaxpOCKOIUYE-
CKOE pacCMOTpPEHHME HAaMarHudeHHOCTeil moapemieTok, man M. M. Kozanosvim u
B. M. Iyxepnuxom (1958).

)K rakomy tumy ornocurcst antudeppomarHeruk FeCOs, mmerommii pom-
6oampudecKyio pemerky (kpucrajmdeckuii kiaacc Dzq) ¢ qByms nonamu Fe B
3HeMeHTapHOﬁ sS4erkKe. ArHUTHBIE MOMEHTBI 3THX HMOHOB HAaIIPAaBJICHBI BIOOJ/Ib
OCH TPETHETO MOPSAAKA.

) Yacrory w(0) = £(0)/% naswBaoT YaCTOTON anMUBEPPOMAZHUMHOZ0 PE3O-
HAHCA.
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(Ch. Kittel, 1951). ObparuM BHEMaHUE Ha TO, YTO LIEJb B CIEKTPE
OKA3BIBAETCS TMPOMOPIUOHATIHHON KOPHIO W3 KOHCTAHTHI aHU30TPO-
nuu (a He ee mepsoit cremenn, Kak B (70.12)). TlockonbKy maJsiocTsb
peaaTuBUCTCKUX 3P MEKTOB BLIPAKAETCS OTHOCUTEJBHON MAJIOCTHIO
KOHCTAHTBI aHU30TPOINH, TO B aHTU(hEeppOMarHeTuKe 3TU 3P HEKTHI,
BOODIITE TOBOPS, CYIIECTBEHHEE, YeM B (peppPOMArHETHKE.

MarHoHHBI# BKJIaJl BO BHYTPEHHIOI SHEPIHUI0 aHTH(EpPOMarue-
TuKa Bhrauciserca mo dhopwmyste (71.3). ([IpaBas gacTs 3TOr0 paBeH-
CTBa JIONKHA OBITH yJIBOEHA, MOCKOJIbKY MArHOHBI MMEIOT JBa Ha-
npasJieHus nosipusanuu.) B obiactu Temmeparyp

£(0) < T < Ty (74.16)

(T — TemmepaTrypa UCYe3HOBEHUsSI aHTU(MEPPOMATHETU3MA, TOUKA
Heesst) MmoxxHO monb3oBarebcs cruekTpoM (74.12). B ogHoocHOM Kpu-

crajuie
w(k) = yLa'?[ay (k2 + k) + askl].

Beraucienne unTerpasa (71.3) IpuBOAUT K CIIEAYIOMIEMY DE3YJIBTATY
JlJIsi MArHOHHOTO BKJIAJa B TEIJIOEMKOCTb:

47273

Cyar =V .
mar 1543 L3a3/2( a2 02)3/213

(74.17)

ITpu Temuneparypax xe T' < £(0) MarHOHHBIH BKJIAJ B TEPMOAUHA-
MUYECKUE BEJIMUUHBI SKCITOHEHITUAIHLHO MaJl.

JlJist TOro YTOOBI OMPENESUTh TEMIIEPATYPHYIO 3aBUCUMOCTh aH-
TrdeppOMarHuTHOTO BeKTOpa L, 100aBUM K 9HEPIUU €IUHUIBI 00b-
€Ma TeJIa WIEH BUIA

_GL=-GL,~—-GL (1 - %) , (74.18)

rne G — compsizkenHOE BEKTOPY L BCIOMOTATEIHLHOE TIOJIE, TIPUJIO-
2KEHHOE BJIOJIb €T0 PAaBHOBECHOI'O HaIIPaBJICHUS.

Torna paBHOBecHOE 3HaUeHME L MOXKHO onpenesnTs, Auddepen-
mupys no G ceobonuyio suepruto: L = —(1/V)(0F /0G)r. (Cp. dop-
mysy (54.4)(cm. V) gnsa ciaydas marHuTHOro mosis.) B pesysbraTe
nosrygaeM anajoruunyio (71.4) dopmyiy

1 2d%
G—0 es/T — 1 (2p)3 ’

B
G

Lnar = L(T) — L(0) = — / (74.19)

Hanwune oy G npuBoauT B 3aKOHE JUCIEPCUN MATHOHOB K 3aMEHE
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a(n)k? —» a(n)k? + G/L. uddepenrupys, Haxommm
Oe _ f2y?La
oG 2
IMoxcrasnsis B (74.18) u uHTErpUpys, MOIy4aeM OKOHYATEIHHO IJIst
obnacru remueparyp (74.15):
TZ

L(T) - L(0) = — 127L2a1/2( o a2) /25

Bamernm, uTo B 06MeHHOM npubsukenun uaTerpads (74.18), kak
7 B ciydae HPeppOMArHETHKA, PACXOAUTCS [JIs IBYMEDPHBIX CHCTEM,
9TO IPUBOAUT K Pa3pyIIEHUIO0 AHTU(PEPPOMATHUTHOTO MAJbHETO
MOPSIKA.

Samaua

Haiitu cnekTp MarHoHOB B OZHOOCHOM aHTHU(EPPOMATrHETUKE THUIA <«JIETKasi
mwrorHocTh» (K < 0).

Pemenue. PaBuoBecubiii antudeppomarsutubiii BekTop Lo Jexur Te-
mepb B IJIOCKOCTH IEPIEHAUKYJISPHOW OCH CHMMETPHM KPHUCTaJla — OCH Z.
BreiGepem HampassieHue ocu & BOOIb Lo. DHEprus aHU30TPONMU HMEET BUL,

Uan = |K|(n,1)?/2, rae n, u najee n, — euHuaHbIE BEKTOPbI BIOIb OCett 2 1 y.
B Buipaxkennu g Hy, mosiBisiercss gononuutesnsHoe ciaraemoe — |K|(n,l)n,,
TaK 4TO IepBoe u3 ypasHeHuit (74.11) u ypasrenue (74.12) He MeHsHOTCS, 8 BTO-
poe ypaerenue (74.11) npuobperaer Bug,

—iwm = —L a(n)k*[lv] — vL|K|(n,)n,.

B pesynbrare gjist Marsona ¢ nosspusanyeil Bekropa 1 Bmoss ocu y 3akoH amc-
nepcun umeer npexHuil Bux (74.13), a mus marsona c¢ 1 Bmoas z B ¢opmy-

ne (74.13) ak® samensierca na ok’ +|K|. AnuzoTponus B 9TOM CIIydae CHUMAET
BBIPDOXKJICHUE IO ITOJIAPU3AIUAM.

§ 74*. AutudeppomMarHuTHOE COCTOSHHME CIIMHOBOTO
TaMUJIBTOHUAHA

B §72 mpI Bumenu, uTo B (DEeppOMATHUTHOM CJIydae MOXKHO
TOYHO OIIPEJEJIUTH SHEPIHIO OCHOBHOI'O COCTOSHHS CIIMHOBOIO Ia-
MwibTOHHaHA (72.1) ¥ 3aKOH [AUCIEPCHM JIEMEHTAPHBIX BO30Y-
KOEHUE — MarHoHOB. Takoe TOYHOE peIeHNe HEBO3MOXKHO s
antudeppomaraeruka. Cama KapTWHA [OBYX TOAPEMIETOK C IIPO-
TUBOIOJIO’KHO HAIPABJIEHHBIMU CIOMHAMKA B WX Y3JaX HOCHT, IO
CYIIECTBY, KJIACCHUECKUIl XapaKTep M HapyIIaeTCd BO3MOXKHOCTBIO
oOMeHa JIEKTPOHAMH MEXKJy NOJpelIeTKaMu. B pe3yipraTe 3TOrO
CyMMapHbBI€ IPOEKIIUYU CIUHOB IOAPEIIETOK HE HMEIOT OPEIEJIEHHBIX
3HAYEHUN U He FBJLIOTCS XOPOIIUME KBAHTOBBIMU YUC/IAMH IJIS
XapaKTEPUCTUKY OCHOBHOTO M BO30YKIEHHBIX COCTOSHUM.
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Kapruna BcTaBsieHHBIX APYT B Apyra (heppOMarHUTHBIX IIOJpeE-
IMETOK MOXKET, OJHAKO, CJIIYKUTh IPABUJILHBIM HYJIEBBIM TPUOIIH-
KEHWEM B KBAa3WKJIACCUYIECKOM CIIydae, KOTJa CIWH KarXKIOro y3Ja
IOMIPENIETKY BeJIMK. B 3TOM ciiyyae KBaHTOBbIE d3(PEDEKTHI MaJjIb
U UX MOXKHO y9YeCTh 110 TeOpuw Bo3MymieHwuit.') Ycioue S > 1
HE BBINOJHSAETCH JJIs PEAJIbHbIX AaHTU(EPPOMATHETUKOB. 1eM He
MEHee pelleHne 3TOM 3a4aumM IMPEACTABJAET OOJIBIION HHTEPEC
¥ W3JIaTaeMblil HUKEe METOJ IIOJIe3€H IIPU MCCJIEIOBAHUY MHOTUX
BOIPOCOB Teopum MarHerumama. OTMmermm, 9TO B 3TON MOIEIU B
mpocTefieM Ciaydae B3aMMOIEHCTBUS TOJIBKO ¢ OJirKafiimmMu coce-
JISIMU TIPU OTPHUIATEJIbHBIX 3HAYEHUAX OOMEHHBIX UHTEIDAJIOB Jpm B
(72.1) 3aBegomo Bo3HMKaeT aHTH(eppoMarueTusM. JleficTBUTENIBHO,
B IIEPBOM IPUOJIMAKEHUU OCHOBHOE COCTOSIHUE OIIPEIEJISIETCS IPOCTO
MUHUMH3AIMENR 9TOr0 BBIPAXKEHUS 110 HAIPABJIEHUSAM KJIACCHIECKIX
BEKTOPOB S;. MuHUMYyMY COOTBETCTBYeT COCTOSIHHE, B KOTOPOM
OsKaiiive coceau KaXkI0TO y3Ja MMEIOT IPOTUBOIIOJOXKHOE Ha-
IIpaBJIeHUE COUHA, T. €. MIPUHAJIEKAT K JIPYToH IMOAPEIIETKE.

MBI BocosIb3yeMcsi CIXHOBBIM FaMIJIBTOHHAHOM B (opme (72.6)
¥ B KQ4eCTBE NIEPBOr0 Iara BHIPAa3UM BXOJSIIHE B 9Ty dopmyay ome-

TATOPBI Sz, S+, S 4epes3 OnepaTophl ¢ OO3€BCKUMU IIPABUIAMHI KOM-
MyTalluu. SaHI/IIlIeM CIIMHOBEIC OIICPATOPBI OJId CIIMHA S B BHOE

/2 e\ 1/2
_=v2Sa* (1—§> ., S8.=V2Sa (1-%) ,
5,=5—
Herpyaro y6eauThcsi B TOM, UTO €CJIU OTIEPATOPLL @', @ y/0BJIe-

TBOPSIOT OOBIYHBIM 003€BCKUM IIPABUJIAM KOMMYTAIIUU

aat —ata=1,

(74*.1)

TO 0IepaToOpsl Sy, S; u S_ OYLYT yIOOBJIETBOPATH IPABUIBLHBIM CO-
oTHOmeHusaM KommyTaruu (72.4). Vimeem, Hanpumep,

o 1/2 ~
(8. 8)=-ves(1-22) @ apa-3

B COOTBETCTBUH €O BTOpOii hopmyinoii (72.4). (Purypuas ckobka 060-
3HAYAET KOMMYTATOD.)
AnajoruusbiM 06pa30M MOXKHO IIPOBEPUTH, 9TO

52=58,4+8582+5,=5(S+1).

1) Teopus: Bo3MymEHUIH TPH ycaoBuu S > 1 yxe Oblta HCIIOJB30BaHA B KOHIE
§ 73 muisl mcciaenoBaHUS B3aUMOAEHCTBUS MAarHOHOB.
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Haxkownen, u3z (74*.1) ciemyer, 910, KaK 3TO U JOJKHO OBITH, Pa-

BEH HYJIIO PE3YJIbTAT JeficTBUs omepaTropa Sy Ha COCTOSTHUE C MAKCHU-
MaJIbHO BO3MOXKHbIM 3HaueHueM S, = S (T. e. c aTa = 0), paBHO Kak

U pesyJbTaT JelicTBua S_ Ha cocrogHHe ¢ S, = —S, ata = —28.

Takum obpaszom, dopmynsr (74*.1) mator obsazaromue BceMu
HEOOXOIMMBIMU CBOWCTBAMH TOYHOE IIPEJICTABJICHUE CIUHOBBIX OIIE-
paToOpOB, IIPHYCM OIEPATOPHI G U G HMEIOT CMBICJ OINCPATOPOB
POXJIEHUsSI ¥ YHUUTOXKEHUS B JAHHOM y3Ji€ PEIIeTKU «YACTHIIBI» C
npoeknueit S, = —11).

Hauwmbasa ¢ aTtoro momenTta HaMm Oymer ymoOHO BBECTH PA3HBIE
00603HaUEHNS JJIsi y3JI0B, MPUHAJJIEKAIUM K PA3HBIM TIOJIPEIIeT-
KaM. ByieM HyMepoBaTh y3JIbI TEPBOI TOAPEIIETKY BEKTOPHBIMHY MH-
JeKcaMu a, a BTOpoii — mHAekcamu b. HampaBum och KBaHTOBaHUS
MOMEHTa BJIOJIb HAIPABJICHUS] HAMATHUYEHHOCTH TOJAPEIIETKHA q.
B paccmarpuBaeMOM KBa3WKJIACCHYECKOM CIydae Oosmbmux S KBaH-
TOBbIe (DIYKTyalluu MaJjbl M T3 HAMATHWYEHHOCTb OJIM3KA K HO-
MUHAJIBbHOMY 3HadeHuo. (Huzke MBI BBIUHCINM MONPABKY K 3TOMY
3HAYEHMIO.) DTO O3HAYAET, YTO OMEPATOP 4 'd, a CJCJOBATEJIbHO U
caMH OIepaTopBl 4 W G CJIeIyeT CUYUTATH MAJBIMK BeJHIMHAMHI W
npenebpedb UMY B IOJKOPEHHBIX BhIpakeHusix B (74*.1). B pesyusb-
tare (74*.1) npuobperaer Bux

Sa_ = V250, Say ® V285G, Saz=S—alda (74*.2)

Yro kacaeTcss BTOPO# MOAPEIIETKH, TO €6 HAMAarHWIeHHOCTDb Ha-
IpaBJIeHa BAOJb OTPUIIATEILHOTO HAIPaBJieHusi ocu 2. [losTomy mjist
€€ OIIepaTOpPOB CIIPABEAJINBBI COOTHOIIECHUA B TOYHOCTHU AHAJIOTHUY-
mbie (74*.2), Ho B cucreme koopmuuar ' = xz,y = —y, 2/ = —z.
(IameHeHue 3HAKA, a TAK¥Ke U OCH Y, HEOOXOAUMO [JIsl TOTO, YTOOBI
«IITPUXOBaHAs» CHCTEMA KOOPIHMHAT Obuia npasocroporHeit.) IIlrpu-
XOBaHHBIC OIICPATOPhI OYCBHUAHO CBA3AaHBI C O6I)I'-IH])IMI/I Cﬂe,Z[yIOH_II/IM
obpazom S, =S5_, 8" =S5, S5, = —85,. Tlosromy, ecnu BBeCTH GO~

3€BCKHE ONEPATOPHI by, YHUYITOXKEHUS «YaCTHUIbI» C MPOEKITUEH CIu-
Ha S, = +1 Ha y3sse b, monydaem s BTOPOR pemIeTKH BMECTO
(74*.2) dopmyssl

gb— ~ V 255]0, §b+ ~ V 2533_, gbz =-S5 +/5]i_/5b~ (74*.3)

1Y Mpexacrasnenme (74*.1) st COMHOBEIX OMEPATOPOB GBLIO HalAeHO XOJ-
wretinom u Ilpumakosemvm (7T. Holstein, H. Primakov,1940). Ouu ke Buepsbie
npuMmeHuu npeobpasosanue (74*.1) B Teopum Marserusma. V3maraemas mpu-

OsimkeHHas Teopus aHTUheppoMaraeTusma npuHagyexur Aunepcony u Ky6o
(P. W. Anderson, 1952; R. Kubo, 1952).
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IMoncrasum (74*.2) u (74*.3) B Beipaxkenue (72.6) mius raMuIbToO-
HWAHa, OCTABUB JIWIh YJEHBI HE BBHIIE BTOPOTO TMOPSJIKA MO OIepa-
TOpaM POXKJIeHUs U yHHuITOKeHus. CyMMHPOBaHUE TI0 y3J1aM MEPBOi
U BTOPO#i MOJAPENETOK JOJIZKHO MPOU3BOAUTHCS B OTAEABHOCTH. 3a-
nuch (hOPMYJI, OJHAKO, MOKHO YIPOCTUTD, €CJM HyMEPOBATH y3JIbI
ITOZIPEIIIETOK ONMHAKOBBIM 00pPa3oM, T. €. TaK, 4TOObI ObLIO

Iy —Ty =T, —Tp npu a—a =b-—b.
(B cwily KBUBAJIEHTHOCTH HOJAPEIIETOK TOTHA Jaar = Jppr.) Ilocie
9TOT0 MOXKHO 0DO3HAYATH MHJEKC CyMMUPOBAHUS II0 y3JIaM BTODPOW
nojpemerku Toil ke OykBoit a. HecoxkHble BBIYMCIIEHHS JAOT B
OTCYTCTBUE BHEIIHETO TIOJISL:

=8P = 5§ + S = D) S (@ a + bl aa) -

=8 Y (T @kt + F) + T, + Gab)) . (14%4)

aa’
aa’

g

Mz BBEsIM 371€Ch OOO3HAueHHe J, ) JJIs 3JICMEHTOB MATPUIEL Jaqa B
TOM CJTydae, KOTrJa y3J/bl a u a' NpuHajIeKaT OJHOM U TOM Ke Mmojpe-

merke u J,

aa/s ECIM OHU IIPUHAJIEXKAT K PA3HBIM IIOJPEIETKaM,

1,2) — ¥ 5(1,2)
JO Z aa' -
SBanwuiiem Teneph raMuibTOHMAH (74*.4) B UMIyJIbCHOM IIDE-
CTaBJIeHI/II/I JUIsL 9ero mosioxkuM, Kak B (72.7),

aa/ = (2/N) Z e®(rg — rar) J(l) (1) Ze_'k —TIa) J(a),,
=/(2/N) Zeikraak, ax = 1/(2/N) Ze—““aaa, (74*.5)
k a
=/(2/N) Y _e™ag, @ =4/(2/N)) e *maf,
k a

Y aHAJIOTUYHO JJIsd APYTUX BejuduH. (YYTEHO, YTO YUCIO y3JIOB, IO
KOTODPBIM IIPOU3BOAUTCH CyMMUPOBaHue, paBHo Tenepb N/2, rne N —

(1)

IIOJIHOE YHCJIO y3JIOB B pelieTKe.) BBegennas Bbimie Bemuuza Jg

(1)

€CThb HE YTO MHOE, KaK Jy 4.
Ucnons3ys stu dhopmyasl, jgerko npusogum (74*.4) x Buxy
=5 - 5"+
+ > {(Ak/2) @05y + axcds) + (Bie/2) (@ ay + B By)},  (74%.6)
Kk
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e
A =-2877, Be=25 (1Y -5 - ). (74%.7)

lFamunsronnan (74*.6) dopmasbHO aHAJIOIMYEH TAMUJIBTOHHA-
Hy (25.11) cinabonengeaibHOro 603e-ra3a, OTINYAsCH OT IOCJIEIHETO
TOJIBKO CMBICJIOM K03 durmenTos Ay u By v Hanw4meMm ABYX TUIIOB

onepaTopoB ax u bx. maronanmsanus (74*.6) mocruraercss npeob-
paszoBanueM, aHajorudseM (25.8). Iosmoxum

ax = ukCk + ngi—k’ afg = ukﬁﬁ + VkJ_k. (74*8)

Beipaxkenus i by otsmuatorcs ot (74*.8) mepecranoBKoit ore-
paTopoB Ck U dy:

Zk = ngk + Vk/Cj_ka th = ukc/l\i('_ + 4C_k- (74*.9)

Hosbre oneparops! Ck, EI u dy, dfg , IMEIOT CMBICJI OIIEPATOPOB PO-
KJIEHUS U YHUYTOXKEHWS MATHOHOB JBYX HE3aBHUCUMBIX TOJISPU3a-
nwmii. OHU 6YAYT yAOBIETBOPATH OO3EBCKUM MPABUIAM KOMMY TAIIAH,
ecyi, KaK u B § 25, HAJIOXKUTH HA Uy U VY YCIOBUE

ui—uﬁ=1.

Mpbl, onHaKO, TPOU3BENEM AMATOHAJIUIANUIO TAMUJIBTOHUAHA HEC-
KOJIBKO JIDYTHM CIOCOOOM, deM B § 25.
YKa3aHHOMY YCJIOBUIO MOXKHO Y/IOBJIETBOPUTH TOXKIECTBEHHO, €C-

JIV TIOJIOXKUTh:
ux =ch o, vp =sh ay. (74*.10)

ITpu noacranoske (74*.8), (74*.9) B (74*.6) wiens!, HeUaroHAJILHbIE
[0 9YHC/IaM 3aI0JHEHUs] MArHOHOB, BBINAJYT, €CJIH MapaMeTp ak B
dopmynax (74*.10) onpezeseH COrIacHO

By
th (2 ===,
cth (o) = -7~
OKOHYATEJNBHO TAMUJIBTOHUAH TPUOOPETAET BUL
H=Eo+ Y ek)(Ga + df dy), (74%.11)
k
rie (k) — sHeprus MarHoHa ¢ KBa3WUMITYJIbCOM K, paBHas

e(k) = % /B2 — A2. (74*.12)

CorsacHo (74*.7) Byx—g = Ax—¢. PaziioxxeHue ke 9TUX BeJUYUH
IO CTeeHAM KOMIOHEHT K HaunHaeTCs ¢ KBaJApaTUYHBIX 4j1eHOB. [To-
sroMmy mpu Majbix k sueprus e(k) smneitna no |k| B coorsercTBuu ¢
PE3yJIHTATOM MAaKPOCKOIUYECKOH T€OpUH IPEIBIAYIIEro maparpada.
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OrmMerum TakKe, 4To, Kak BHAHO u3 (74*.11), BEIpOXKeHME 1O [O-
JISPU3AI[MU MArHOHOB B OOMEHHOM HPUOJIVIKEHUM MMEET MECTO LU
J00bIx k.

DHeprus OCHOBHOTO cocTosiHus Fy 1aeTcs BBIpasKeHUEM:

By =8I = I + 3 (e(x) - %Bk). (74*.13)
k

anasiormgebiM (25.13). Bropoit uneH cmpasa mpejcraBisier coboit
KBaHTOBYI0 monpaBKy. OH 04eBUIHO uMeeT mopsiiok 1/S mo oTHo-
MICHHUIO K KJACCUYIECKOMY II€PBOMY HJICHY.

KsanToBbIie 3(p(PEKTHI MPUBOAAT K yMEHBIICHUIO HAMATHUYCHHO-
CTH TIOAPEIIETOK II0 CPABHEHHWIO C KJIACCHYECKHM 3HAYCHUEM DPaB-
HBIM S, €CJIM OTHOCUTH €ro K ofgHoMYy y3uy. U3 (74*.2) cienyer, 4ro

(S:) = S — 23 (alaa) = § — 2 " (@fan)-
a k

Bripaxkas onepaTopbl Zi]"(' , Gk 9epe3 MarHOHHBIE OIEPATOPHI C TIOMO-
mpio (74*.8) nomyuaem mpu T = 0, xorma (¢ k) = (d dx) = 0,
dbopmyay, anasoruunyio (25.18):

> Bk ].

T ae(k) 2
IMToxcraBum 9710 BhIpaxkenue B dopmysy mis (S,) u mepeizem ot
cymmupoBanus 1o k x muTerpuposanuio o Vdik/(2m)3:

_a_ B 1) vdk
(S:) =5 /<4€(k) 2) G (74*.14)

rme v — obbeM 3JIeMEHTApPHON sdeilkyu moaperneTku. VHTerpupoBa-
uue B (74*.14) npousBonurcs no sdeiike k-nmpocrpancrsa, coorser-
crBytomero noapemerke. (Hanomunaem, aro B (74*.5) cymmuposanue
IPOU3BOAMTCS II0 y3JIaM HoAperieTKy. ) YucieHHbIil pacder Juis mpo-
CTOM KyOMYECKOi PEeleTKy ¢ B3anMOIEHCTBHEM MEXK Ty OJIMKafIm-
MU COCEedIMHU HAeT (S,) ~ S —0,08.

(a) ax

OTMernM, 9TO B 3TOM CIydYae MOMPABKA K KJIACCHIECKOMY 3Ha-
YEeHWIO OKA3BIBAETCS MAaJIOM Jarke IIPU IKCTPAIIOJIAININ K 3HAYEHUIO
S = 1/2. HamMarau4eHHOCTH IOAPENIETKH MOXKET, ONHAKO, OKA3aTh-
CsI CYIIECTBEHHO MEHbIIIE HOMWHAJBHOM [JIsi PereToK ¢ «dpycTpa-
nuedi» 1), B KOTOPBIX CYIIECTBEHHO B3aMMOJEHCTBUE C OTJAJICHHBIMU
coCensMU, IPUYEM €r0 3HAK, B OTJIMUME OT 3HAKA B3aMMOAEHCTBUSA
MexKy OJIMKANIIMMU COCEsSIME, COOTBETCTBYET (PEPPOMATHETU3MY.

1 Or aurmmiickoro «frustration» — pasouaposasue.
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QJIEKTPOMATHUTHBIE ®JIYKTYAIINN

§75. I'punoBckag ¢ynkmug poToHA B cpeie

[Ipucrymas K M3y4eHWIO CTATUCTUYECKUX CBOMCTB IJIEKTPOMAT-
HUTHOTO TIOJIS B MATEPUAJIbHBIX CPEJIaX, HATIOMHUM IIPEXK/IE BCETO, B
9eM 3aKJIFI0YAETCS CMBICT YCPETHEHNH, KOTOPBIM MTOIBEPTAIOTCS AJIEK-
TPOMATHUTHBIE BEJIMUUHBI B MAKPOCKOIIMYECKOW 3JIEKTPOIMHAMUKE.

Ecnm ncxomuts, myist HATJISITHOCTH, U3 KJIACCHYECKON TOYKHU 3pe-
HUsi, TO MOXKHO Pa3JIn4aTh YCPEIHEHUE 10 (PU3UIECKU OECKOHETHO
MaJjioMy 0ObeMy TpW 33JaHHOM PACIOJIOKEHWM BCEX YACTHUI[ B HEM
¥ 3aTeM YCpeIHEHWE TOJIYIEHHOW BEJIMYUHBI 110 IBUXKEHUIO YACTHII.
B ypaBHenms MakcBeyia MaKpOCKOIHYECKON 3JIEKTPOJIUHAMUKHA
BXOJIAT TIOJTHOCTHIO yCPEIHEHHBIE BeJinduHbL. [Ipu paccMoTperun ke
durykTyanumit mojisi pedub WAET O KOJeDaHUSIX CO BPEMEHEM BEJIMYWH,
YCPEJIHEHHBIX JIUIIb 10 (PU3UIECKN OECKOHEYHO MAJIBIM O0bheMaM.

C KBaHTOBOMEXaHUYIECKON TOYKHM 3PEHUS TOBOPUTH 00 yCpeHe-
HAU TI0 OObEMY MOXKHO, DPasyMeeTcsi, He JJjid camoil (bu3m4eckoin
BEJIMYWHBI, & JINIIb JJId €€ OMEPATOpPa; BTOPOH Ke Iar 3aKJIodua-
€TCS B ONPEJIEJICHUN CPEHET0 3HAYUEHUsT ITOTO OIEPATOPa C MOMO-
MBI0 KBAHTOBOMEXAHUYIECKUX BEPOSATHOCTEM. QUTrypupyronme HIXKe
B 9TOH TVIaBE OMEPATOPHI MO OYIyT MOHUMATHCS KAK YCPEIHEHHBIE
TOJIbKO B IIEPBOM CMBICJIE.

CraTucTudeckue CBOMCTBA JIEKTPOMATHATHOTO U3JTyYEHUS B Ma-
TepuaJbHOM Cpejle ONMMUCHIBAIOTCS IPUHOBCKOHN (dyHKumeid (oToHa B
cpene. st bOTOHOB pOJIB 1)-0TIEPATOPOB UTPAIOT OMEPATOPHI TIO-
TEHIUAJIOB JIeKTpoMaruuTHoro noss. Porounsie dpyuknuu ['puna
OTIPEJIENIAIOTCS 9EPE3 ITH OMEPATOPHI TAKUM Ke 00pa3oM, KaK OHU
OTIPENIENISAIOTCS JIJIsT 9aCTHIL 9€Pe3 P-0repaTophI.

[oTenmuansr mons cocrasasior 4-sextop AM = (A% A), tme
A% = ¢ — cxasapHbI, a A — BEKTOPHBIH HOTEHIHANILL. BEIGOD 3THX
MOTEHITAAJIOB B KJIACCUYIECKOM EKTPOIUHAMIKE HEOJHO3HAUEH: OHU
JIOIYCKAIOT TAK HA3BIBAEMOE KaJIMOPOBOYHOE MTPEOOPA30BaHNe, HUKAK
He OTparKallleecss HU Ha KakuX HabuonaeMbrx BesuuuHax (cm. I
§ 18). CooTBETCTBEHHO B KBAHTOBO! 9JICKTPOIMHAMUKE TaKasl YK€ HEOM-
HO3HAYHOCTb MMEET MECTO B BHIDOPE OIIEPATOPOB TOJIs, & C HUMHU — U
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B oIlpejieieHuu TPUHOBCKUX (yHkIimit dorona. Mer 6yzaem mosab30-
BaThCH KAJIMOPOBKO#, B KOTOPO# CKAJISPHBIH TOTEHITHAJ PABEH HYJIIO:

A=y =0, (75.1)

TaK YTO TIOJIE OMPEIEISeTCS OJHIM JIUIb BEKTOPHBIM TOTEHIMAJIOM.
Taxkasi KauOGpPOBKa OOBIYHO OKA3BIBAETCS YIOOHOM I 33,194, B KOTO-
PBIX pedb UIET O B3aMMOAEHCTBUY JIEKTPOMATHUTHOTO TIOJISI C HEPE-
JISTUBACTCKAMY YACTUIAMHU, — KAK ITO W MMEET MECTO JJIs TOJIs B
OOBIYHBIX MATEPUAJIBHBIX CPEIaX.

B sr1oit kanmubposke dyuknus ['puna mpeacrasiisier coboit Tpex-
MEPHBIIA TEH30P BTOPOI'0 PAHIa

Dir(X1, Xo) = —i(TA;(X1)AR(X2)) (75.2)

(i, k = x, y, z — TpeXMepHBbIE BEKTOPHbIC UHJEKCHI), IJI€ YIJIOBBIE
ck0oOKu 0603Ha4aoT (Kak u B (36.1)) ycpeaHeHUE IO PACIPEAEIICHIIO
T'ubb6ca mgisa cucrembl, cocTOsAIIEH U3 CPEIBI BMECTE C HAXOISTITAMCS C
Hell B PAaBHOBECHYU U3JIyYCHUEM; OCKOJIbKY (DOTOHBI ABJIAIOTCH 6030~
HaMW, TO IEPECTAHOBKA, OMEPATOpoB A;, Aj Npy WX XPOHOJOTU3AIINN
HE COIPOBOXK/IAETCS M3MEHEHWeM 3HaKa Mpou3BeleHus. HamomuuMm
TaKXKe, YTO OIepaTopbl A; — CaMOCOIPsXKEHHBIE (UeM BBIPAXKAETCS
WCTHHHAs HefTpaibHOCTh (oToHa); noaromy B (75.2) He fesaercs

Pa3IUYUA MEXKITY A; u A+ H.

B ka4ecTBe MEPBUYHOrO MOHATHSA i TOCTPOEHUS BCEX BHIOB
boToHHBIX TPUHOBCKUX (DYHKIMI CJIEIyeT, OJHAKO, MOJIb30BATHCS
He (75.2), a zamazppiBaroruedt ¢ynkuumeit ['puna, ompemeseHHOM
COTJIACHO

~

(A;(X1) Ap(Xo) = Ay (X2) Ai(X1)), t1 > ta,
0, 1<ty (75.3)

(3HAK MUHYC MEXKIy AByMsl 4j€HAMH B yTJIOBBIX CKOOKax OTBEYAeT
onpenesnenuio (36.19) aus crarucruxu Bose).

s 3aMKHYTO# cucteMmbl QyHKIHNS [ prHa 3aBUCUT OT MOMEHTOB
BpemeHu ¢y, t9 TOIBKO Yepe3 mX Pas3sHocTh t = t; — t9. UTO Ke Kaca-
eTCcs KOOPJMHAT I, 'y TO B OOINEM CJIyYae HEOMHOPOIHOW CPEIbl OHU
BXOAT B DYHKIMIO HE3ABUCUMO JAPYT OT ApyTra: Dﬁc (t; r1, ra). Coor-
BETCTBEHHO (bypbe-Pa3JIoKEHUIO 3Ta (DYHKIUS OyIAeT MOIBEPTaThCs

iDE (X1, X)) =

') B ofmem ciryuae TpOM3BOIBHOM KATHOGPOBKH TTOTEHIMAI0B (bOTOHHAS DYHK-
nus puna ssasiercs 4-vensopom D, (B xamubposke xe (75.1): Dgo =0,
Dy; = 0). O6mue TeH30pHBIE M KAJIUOPOBOYHBIE CBOMCTBa (POTOHHOH dyHKIUH
FpI/IHa B CTaTUCTHUKE — TaKHe€ K€, KakK U B KBAaHTOBOI JIEKTPOAUHAMUKE II0JIL
B BakyyMme. OTmerum, 9T0 onpenesenue (75.2) oTaM4YaeTcst 3HAKOM OT IIPUHS-
toro B T. IV. OHO BBIGpPaHO 34eCh €AUMHOOOPA3HO C ONPEJEJIEHHEM I'DUHOBCKUX
dyrkumii fpyrux 6030HOB (B TOM umciie (POHOHOR).
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TOJIBKO IIO BPEMEHU; KOMIIOHEHTA 3TOTI'0 Pa3JIO2KECHUA
(o ¢]

R . _ wt YR /4.
D} (w; r1, ra) = /e D;;(t; r1, ro) dt. (75.4)
0
PaccmaTpuBas BeJIMYMHBI, YCPEIHEHHBIC MO (PU3MIECKU GECKO-
HEYHO MAaJbIiM 00beMaM, MBI T€M CAMbIM OTPAHHYHMBAcM cebs pac-

CMOTPEHHUEM JIUIIb JJIWHHOBOJIHOBON YacTW M3JIydYeHUS, B KOTODOH
BOJIHOBBIE BEKTODBI (DOTOHOB Y/IOBJIETBOPSIOT YCIOBUIO

ka < 1 (75.5)

(a — MexXaTOMHBIE PacCTOsHUS B cpefe). B aroit obsactu 4acToT
IPUHOBCKas QYHKIHA (POTOHA MOXKET OBITH BHIPAXKEHA, YEPE3 APYTHUE
MAaKPOCKOITNYIECKNE XaPAKTEPUCTUKH CPEIBI — €€ IUIIEKTPUIECKYIO
¥ MarHUTHYIO IpoHunaeMoctu &(w) u p(w).

J171g 9TOTO 3amuUIlieM OTepaTop B3aUMOIEHCTBHUS IIEKTPOMATHUT-
HOT'O IIOJIA CO CPEIOIi:

7=_1 /jA a3z, (75.6)
C

rje j — omepaTop MJIOTHOCTH JIEKTPUIECKOTO TOKA, CO3TABAEMOIO
qactunamu cpensl'). Ecim 2ke B cpejly BHECTH HEKOTODBIH KJIACCH-
YecKuil «CTOPOHHHit» TOK j(t, r), TO ¢ HUM OyZeT CBSA3aH ONEPATOP
B3aUMOJIEUCTBUSA

V:-l/ﬂuﬂﬁﬁm (75.7)
C

DTO BBIPaXKEHUE TIO3BOJIIET YCTAHOBUTH CBA3b C 0OIIeil Teopueii oT-
KJIMKa MaKPOCKOIMYECKOM CUCTEMbI HA BHEIIIHEE BO3JIEHCTBYE.
Hanomuwuwm, uro B 370#t Teopuu (cm. V, §125) durypuposasn muc-
KDPETHBI PsiJt BEJIUYUH Tq(a = 1, 2, ...), XapakTepusyomuii mosee-
HUE CUCTEMBI NOJ, AeHCTBUEM ONPEOE/ICHHBIX BHEIIHUX BO3OCUCTBUMA.
OTH BO3JEACTBUS OLKUCBHIBAIOTCS <«BO3MYyIIAOMUMU cuiaMuy fq(t)
TAKMMH, 9TO OIEPATOD IHEPTUU B3aUMOICHCTBUS UMEET BUJ

‘7 = _Zfafv\av

1YCm. 1V, §43 (8 . IV Tox 0603HAYAETCS Uepes ej, T. €. SIeMEHTAPHbIH 3apsT
e BeIHOCWIICH U3 onpegesenus j ). Oneparop (75.6) noxpasyMeBaeTr HCIOIB30Ba-
HHUE PEJIATUBHUCTCKOTO BBIDAXKEHUA OJIA OIIEepaTOpa TOKa. B HEPEJIATUBUCTCKUX
3a7a49ax MOXKHO IpeHeOpedb B tP-omepaTopax (U3 KOTOPBIX CTPOUTCS ONEPATOD

TOKa j) JaCTdAMHU, CBA3aHHBIMHU C OTpHUIATE/JbHBIMU YaCTOTaMu, T. €. C aHTHU-
YaCTUIAMHU. DTO O3HAYAET, B YACTHOCTH, NPEHEOPEKEHNE PAAUAIMOHHBIME II0-
[paBKaMM, KOTOpble u3MeHsAT GOoTOHHYO (DyHKIMIO ['prHA B BAKyyMe 33 CUET
BHUPTYaJIbHOI'O POXK/IEHUS JIEKTPOHHO-TIO3UTPOHHBIX Map. DTHU MOMPABKYU IIPEHE-
GpeKuMO MaJIbl IPY JUIMHAX BOJIH AS>H/mc — ycioBue, 3aBeJOMO BBIIIOJHEHHOE
B obnacru (75.5).
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r1e T, — OlepaTopbl BeJINUUH Zo. CpesHue 3HaueHUs Ty (t), ycTaHas-
JINBAIOIINECS TIOJ JEHCTBHEM BO3MYINEHUS, SBJISIOTCS JTUHEHHBIMU
dbyukmmonanamu cunt fo(t). Jus Oypbe-KOMIOHEHT BCeX BeJIMUUH
9Ta CBSA3b 3aIUCHIBACTCA B BUJIE

Tow = Z aab(w) fow
b

(mpeamonaraeTcss, 9T0 B OTCyTCTBHE BO3MyuieHus T, = 0). Koad-
GULHIEHTDI gy B ITUX COOTHOIICHUSX HA3BIBAIOT 0000ULEHHbIMU B0C-
NPUUMHUBOCTNAMU CUCTEMBI. Ecyin 00€ BEJTMYUHBL T4 U Xp BEIYT ceOs
OIMHAKOBO II0 OTHOIIIEHUIO K OOPAIEHUIO BPEMEHU, a TEJIO He Mae2-
HumoakmueHo (He 0bJIAIAET MATHUTHON CTPYKTYPOH U He HAXOIUT-
Csl B MarHUTHOM IIOJIE), TO BEJIMYHUHBI (lgp CUMMETPUYHBL 110 CBOUM
WHIEKCAM.

3mech HaM TPUAETCA WUMETh JEJI0 C BeJIMYMHAMU [, U X, UMEIO-
UMM PaCIPENE/ICHHbLA XapakTep — GYHKIUAMU KOOPIUHAT I' TO-

K7 Tejia. B TakoMm ciiyuae BbipaxkeHue V' HaJ0 mHCATh B BUIE
~ R :
P=-3" / fult, T) Zalt, T) &z, (75.8)
a
a COOTHOIIIEHNE MEXK Ty CPETHUMHY 3HAUCHUSIMUA T W CUJIAMU fo— KaK

Taw(r) = 3 / ap(w; T, ') fro(r) 4. (75.9)
b

O6061TIeHEBIE BOCTIPHAMYABOCTH CTAHOBATCS TEMEPh (DYHKITUSIMU KO-

OpJIMHAT NBYX TOYEK B TeJie, & WX CHUMMETPHUS BBIPAXKAETCA Pa-

BEHCTBOM . no_ L

agp(w; T, ') = ape(w; 1, 1). (75.10)

Corsacro dopmyiie Ky6o (cm. V, (126.9)), BocHpuuMYHBOCTH BBI-

pPaXkaloTCs Yepe3 CpeJHUE 3HAUYEHUs KOMMYTATOPOB reifi3eHOGepros-
CKUX OLIEPATOPOB Zg4(t, I):

agy(w; T, r') =
o0
-4 / ¢ (Za(t, ¥) F(0, T') — 75(0, ') Fal(t, ¥))dt. (75.11)
0
Byzem paccMaTpuBaTh Temeph B KAYECTBE «CHJI» fq KOMIOHEH-
THI BeKTOpa ToKa j. Torma u3 cpasuenus (75.7) ¢ (75.8) BuzmHO, 4TO
OTBEYAIONIMMYU UM BEJIMYUHAMHU To OyIyT KOMIOHEHTHI BEKTOPHOTO
norennuasa nous A /c. CpaBrenue xe dopmysst (75.11) ¢ onpese-
aenueM (75), (75.4) nokasbiBaeT Tenepb, YTO OGOOIICHHBIE BOCIPH-
UMYHMBOCTHU Ogp(w; T, ') COBIAJAIOT ¢ KOMIIOHEHTAMHU TEH30Da

—Dﬁc(w; r, r')/ﬁc2.
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B cuay (75.10) orcroma cpa3y ciemyer (Ijisi HEMArHUTOAKTUBHBIX
cpexn), 9To

Dff(w; r, r') = Dif(w; ', x). (75.12)
Coorromenus ke (75.9) npuHUMAOT BUL
Z’iw(r) = _ﬁl /D'ﬁc(w§ r, rl) jkw(rl) del' (7513)
C

Cpennee 3nadenne A eCTh He UTO MHOE, KAK BEKTODHBIN MMOTEH-
[MaJl MAKPOCKOIMYECKOTO (IIOJHOCTBIO YCPEIHEHHOTO — CM. HAYAJIO
naparpada) JIeKTPOMAarHUTHOTO IIOJIs B CPEJie; HUXKE 4epTy Hajg A
(a Tak>Ke W HaJ IPYTUMM MAKPOCKOIMYECKUMHU BEJIMIMHAMU) He OY-
JIEM MUCATH. Y UTEM TENePb, 9TO MAKPOCKOMUYIECKOE TIOJIE, CO3/TaBac-
MO€ KJIACCHIECKIM TOKOM j, YIOBJIETBOPSET ypaBHeHWI0O MaKcBesia

Ar ., tw
rot H, = —ju, — —Du,
c c

rae D — ssekTpudeckas MHAYKINSA; B OOIIEM CIydae aHU30TPOIHOM

cpenbr D, cBa3aHO ¢ HanpsizkeHHOCTHIO B, cooTHOmenusvu D;,, =

= gk (w) Ekw; ecam cpesia HEOTHOPOIHA, TO TEH30D AUNIEK TPUIECKOMN

IPOHUIACMOCTH SIBJIICTCS TaKxKe U (HYHKImeH KOOpAUHAT: €;,(w, T).
B BeiGpanHOit HamMu KainbpoBke noreHnuanos (75.1) umeem

- W
B, =10tA,, E,=1 ;Aw, (75.14)
rae B — marmuTHas WHIyKIus, CBA3aHHAsA C HANPsAKEHHOCTHIO H

coorHomenusamu B, = pixHyy, *). TlosTomy nist morenimasia umeem
ypaBHeHue ?).

2
_ dm .
|:r0tim(:u'm11 I"Otnlc) - ‘Z—z%] Ao = %Jw

IMoxncrasus crona A, B Buge (75.13), maiizem, uro (yHKIWs Dﬁc
JTOJI?KHA YJIOBJIETBOPATD YPABHEHUIO

2
[lrotim(,u,_n}z rotnl)—%ail] DE(w; r, v'\=—4nhy6(r—r'). (75.15)
C

1) HanomuwM, 9T0 B MAKPOCKOIMIECKOH JIEKTPOMHAMUKE CPEHEE 3HAUCHHE
MUKDPOCKOTTUYECKOH 3JIEKTPUUECKOi HANPSXKEHHOCTH NPUHATO 0OO3HAYAThL ue-
pe3 E, a cpennee 3HaUeHME MarHUTHOI HANpPsi2KEHHOCTH — 4depe3 B u HaswBaTh
MarHuTHOM MHAYKIUEH.

?)3mech u Hmxe moB3yeMcsa obo3HaucHWEM Toty = e;10/0rk, THE ey —
€MHUYHBIA aHTUCUMMETPUYHBLH nceBnoTen3op. Ilpu arom (rot A); = rotyA;.
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9TO ypaBHEHHE CYIIECTBEHHO YIPOIIAETCA JJisi W3O0TPOMHBIX
(B KaxKZ0M CBOEM 3JIeMEHTE 00beMa) CpPeJl, KOT/Ia TEH30DPbI £ U ik
CBOASTCH K CKajsgpaM. MarauTHas MPOHUIAEMOCTb OOBIYHO OJIu3Ka
K 1, u HmKe B 3TOM maparpade Mbl OyaeM cUuTaThb ee paBHOU 1.
[Monoxwus €5, = €d;; U i, = O;, TOMYINM yPABHEHUE

82 2
92.0m, — 0A — 5il(2—2 e(w;r) Dﬁc(‘*’? r, rl) =

= —47hdyd(r —r'). (75.16)

Takum obpa3om, BbIUHC/IEHNE 3amnazjbiBatolneit dyukiuu ['pu-
Ha JJIs HEOQHOPOJHOW CPEJbl CBOAUTCH K PEIEHUIO ONPEIEJIEHHOIO
muddepennmanbaoro ypasuenus (/. E. J[zasowuncrud, JI. I1. TTu-

maesckuti, 1959).1).
Ha rpanumax Mex/y pasiuYHBIMU CPEJIaMy KOMIIOHEHTHI TEH30-

pa Dllfc JIOJI2KHBI YIOBJIETBOPSITH ONPEIEJICHHBIM YCIOBUsM. B ypas-
wernu (75.16) Bropas mepemenHas r' m BTOpOil mWHIEKC k He
y49acTBYIOT B AudPepPEHITNAIBHBIX WK AJIT€OPAnIECKUX OIEePAIUX,
MPOU3BOIUMBIX HAJT TEH30POM Dﬁc, T. €. ATPAIOT JIUIIb POJIH IAPAMET-
pos. IlosToMy rpanwYHBIE YCIOBHSA JIOMKHBI CTABUTHCS TOJBKO IO
KOOpAMHATAM T [y (PYHKINU Df,; (w; r, r'), paccmaTpuBaeMoil Kak
BEKTOP IO UHAEKCY [. DTU yCIOBUSA COOTBETCTBYIOT HENPEPBIBHOCTH

taHreHnuanbubix komnonenT E u H?). ITockonsky E = —A /¢, 1o
poinb BekTopa E mrpaer npu srom npoussogHast

10
L Dff(t; r, ')
niin, B KoMrnoHeHTax Pypsbe,
i %Dﬁ;(w; r, ). (75.17)

AwnayornunbiM 06pa3oMm, poss BekTopa H (coBnagaromero npu p = 1
¢ B) urpaer

roty; D (w; r, 1'). (75.18)

1) Ormerum, uro dbyuxmus DE okasmiBaercs dynxumeii ['puna ypasrenuii
Maxcsesnna B ©3BECTHOM M3 MAaTEMATHIECKON (DU3UKU CMBICJIE — PEIIEHUE yPaB-
HEHUH [OJIst C TOYHBIM HCTOYHUKOM, YIOBJIETBOPSIONIEE YC/IOBUIO 3aa3 bIBAHUS
(omepexaromasn byHknms Dg‘}c YAOBJETBOPsJIa GBI TAKOMY K€ yPABHEHHIO C £
BMECTO €).

2) I"'pannunbie ycnoBust njist HOpMaJbHBIX KOMIOHeHT B u D ne nmator B man-
HOM CJIy4ae HUYEro HOBOIO B COOTBETCTBUU C TE€M, YTO B IIOJIE, MEHSIIOLIEMCS CO
BpeMeHeM Kak e ““’) ypasmenms divD = 0, divB = 0 seasiorcs ciiemcrsueMm
ypasrenuii rot BE = iwB /¢, rot H = —iwD/c.
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s mpOCTPaHCTBEHHO-OMHODOJHON HEOTPDAHWUYEHHON Cpebl
byuKIUA Dﬁc 3aBHUCHT TOJILKO OT Pa3HOCTH I — r'. J[JI KOMIIOHEHT

dypbe-paziioKeHus 1o 3To# pazHocTu auddepeHnaIbHOe YPaBHe-
aue (75.16) cBoguTcs K cucTeMe airebpanuecKux ypaBHEHUM

2
L kik; — 5ilk2 + 5,1“)— s(w) Df,;(w, k) = 0ik- (7519)
4drh c? |

Pemenue stux ypasHeHwuit:

Arhi [« CPhiks
w2e(w)/c? — k2 | ik

Dff(w, k) = (75.20)

w?e(w)
Coraacho (36.21), dyukmus 'puna D s OXHOPOIHON Cpebl
BBIPAXKAETC YePe3 3aMa3bIBAIONTYI0 (DYHKIHIO Dﬁc dopmyioit
Dye(w, k) = Re DE(w, k) + icth Z_; ‘ImDE(w, k).  (75.21)
IIpu T — 0 sta dopmysa maer
Dir(w, k) = Re D} (w, k) + isignw - Im D} (w, k). (75.22)

OyHKIUA Dﬁc maercss BblpaxkeHueM (75.20); ecim ydecTb, dTO

Ree(w) — gernag, a Ime(w) — HeveTHass QyHKIMU w, TO MbI Haii-
aem, ato mpu 1" =0

Diy(w, k) = Dfi(|w|, k). (75.23)
B mycrore e(w) = 1. Ho mockobKy BO BCSKO#l MaTepHAJIBHOI

cpene Ime(w) > 0 mpu w > 0, To BaKyyMy OTBEYAET NPEIEJIbHBII
mepexon € — 1 4 isignw. IIpu aToM mosydaem BbIpaxkeHue

DY (w, k) = — (5ik - czkikk) ;

w2/c? — k2410 w?

COBIIaJaronIee C M3BECTHBIM PE3YJAbTaTOM KBaHTOBOM AJIEKTPOAVHA-

mukn (cm. IV, §76).

§76. ®ayKTyanuu 3JIEKTPOMATHATHOTO IIOJIS

Kak y2xe 6b110 yKa3aHO B HadaJje IPeabIAyIero naparpada, npu
paccMmoTpennu GUIyKTyanuit JIEKTPOMATHUTHOTO TOJIS PeYb UAET O
KOJIeOAHUSAX CO BPEMEHEM BEJIMYHNH, YCPEOHEHHBIX TOJIBKO IO (HU3M-
9ecKu GECKOHEYHO MaJIbIM 3JIeMeHTaM 00beMa (HO He MO JBUKEHUIO
YacTHUIl B HeM). B TakoM 3Ke CMbIC/Ie HaJI0 OHUMATh U KBAHTOBOME-
XaHUYECKUE OTEPATOPHI ITUX BEJIUUHWH.
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OcHoBHBIE (HOPMYJIBI TEOPUU ITEKTPOMATHUTHBIX (DIIYKTYaIni
MOT'YyT OBITH HAIIMCAHBI HENOCPEACTBEHHO UCXOMAs U3 00X popMyt
daykryanmonno-muccunanuonnoit teopemer (V,§125). Hanmomuum,
9TO I JUCKPETHOro Habopa (IyKTYUPYIOIIUX BEJUYUH Lo CIIEK-
TpaJIbHOE pacrpeaesienne IyKTyauil BbIpaxKaeTcs depe3 0600mieH-
HBIE BOCIPUUMYHMBOCTH (gp(w) opmyJoit
ﬁ (aZa - aab) cth %7

(waxb)w = 2

rje caMa BenduHa (ZqTp), IPEACTABIHAET COOON KOMIIOHEHTY (dypbe-
Pa3JIOXKEHUs IO BPEMEHU KOPPEJSIUOHHON (DYHKINY

Gan(t) = 5 (a(t)35(0) + Z(0)3a(D)),

a T4 (t) — reii3eHOEProBCKUE ONEPATOPHI BEJIMUUH I,. B cirydae pac-
IPEJIEJICHHBIX BEJIUYUH Zo(r) (PyHKIUM KOODAWHAT TOYKU B TeJIE)
3Ta GOpMyJIa 3aIMUCHLIBACTCS B BUIE

(:I;l(ll):z;l(f))w = % cth % [(ag,(w; T2, T1) — agp(w; T1, T2)], (76.1)

rae uajekcs! (1) uin (2) 03HaYaIoOT, 9TO 3HAYEHUE BEJINUUHBL GepeTcs
B TOYKE I'| WIH 3.

B mpenpiaymem maparpade ObLIO MOKA3aHO, UTO €CAU BEJIUYHU-
HAMU T, $BJIAIOTCS KOMIIOHEHTHI BEKTODHOrO noreHmmaia A(r)/c,
TO COOTBETCTBYIOIUMHY OOOGIIEHHBIMU BOCIPUMMYUBOCTSAME OYIyT

KOMITOHEHTHI TEH30Pa, —Dﬁc (w; r1; T2)/Ac?. TloaTomy cpa3y HaxoauM
) Hu
(AN AP =1 oth 22 {(Df (w; r1, 1)~ [Dfi(w; T2, 11)]"}. (76.2)

CrekTpasibable QyHKIUN QIIyKTyaIWii HANPSXKEHHOCTE! TOJIs MO0~
syqatorcsa u3 (76.2) mpocTeim criocobom. ITyets 4 (t1, r1; t2, r2) —
KOppeJisiiiuoHHas GyHKIus (QIYKTyamuii BEKTOPHOTO MOTEHINAJIA;
BhIpazkeHue (76.2) ecTb KOMIOHEHTA (DY pPhe-PA3JIOKEHUs ITON PYHK-
uuu o t = t; — to. IloCKONIBKY 3JIeKTpUYECKAS HANPAKEHHOCTD

A
E=-2
c
TO Takad ke QYHKIWA i KoMmoHeHT K
E_ 1 & A_ 18 4
Pik ¢ Ot, Ot Pik 22 912 Pik>
wiu, B Qpypbe-KOMIIOHEHTAX:

(EVED), = < (4D AD),. (76.3)

c2
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AmnayornaabiM 06pa3oM, yunThiBag CBsa3b B = rot A, nogydnm

(B B)., = rot{rotip (417 A, (76.4)
(BB = "ot (A7 AD))... (76.5)

Briparkasi KOppeJISIMOHHbIE (DYHKIUA JIEKTPOMATHUTHBIX (DIIyKTya-
muit Yepe3 3amasibiBaolryo QyHknuoo ['puna, dopmynsr (76.2)—
(76.5) cBomAT 3amady 06 UX BBHIYUC/IEHUHU K permenuto auddepeHim-
asbHOTO ypasHeHus (75.15) unu (75.16) ¢ HagJIeKAIMUME KPAEBBIMA
YCJIOBUSIME Ha 33JaHHBIX I'DAHUIAX Tesl').

Huke MbI 6y1eM cunTaTh, 9YTO Cpeia HEMAarHUTOAKTUBHA. 'Torma
dyuxims D;;, obnanaer cBoiictBoMm cummMerpun (75.12) u BeIpaskeHue
(76.2) npuHEMaeT Bux

(AP A, = —cth Z—; Im DE (w; r1, r2). (76.6)

O6paruM BHUMaHUE Ha TO, YTO BhIpaxkeHue (76.6) BemecTBeHHO.
Bmecre ¢ uum Bemecrsenusr u (76.3), (76.4), a (76.5) — MHEMO. D10
3HAYWT, 9TO (PYHKIINU BPEMEHHON KOPPEJANU KOMIOHEHT E u KoM-
noueHT B apyr ¢ mpyroMm derHbl 1o BpemeHu t = t; — to (Kak u
JIOJIPKHO OBITH JJis1 KOPPEJAIA MEXJIY BEJIMUNHAME, KOTOPHIE 006
YeTHBI WM 00€ HEYETHBI 110 OTHOIIEHUIO K OOPAIIEHWI0 BPEMEHHN).
OyHKIUS Ke BPEMEHHON KOPPEeJsiui KOMIOHeHT E ¢ KoMIoHeHTa-
mu B HeuerHa 10 BpeMeHnu (Kak U JOJKHO OBITH ISl JBYX BEJINUUH,
M3 KOTOPBIX OJTHA YETHA, & JPYyTasi HEUeTHA OTHOCHTEILHO Obparre-
uus Bpemenn). Otciona cienyer, uro 3uadenus E u B B ogunako-
BbIli MOMEHT BPEMEHU HE KOPPEJUPOBAHBI APYT C APYroM (HedeTHast
dbynrims ¢t obpamaercs B Hysb npu t = 0). Bmecre ¢ Koppessnuon-
HOM (yHKIHEH 00PAIIAIOTCA B HYJIb TAKXKE U CPEIHUE 3HAUEHUS OT
JIIOOBIX OMJIMHEHHBIX 10 (B34THIM B OJMHAKOBBIA MOMEHT BPEMEHH)
E u B Boipaxenuii, nanpumep, ot Bektopa lloitaTunra. [lociaemnnee
00CTOSATENBCTBO, BIPOYEM, 3apaHee OUEBUIHO: B TEJIE€ HAXOAMIEMCS
B TEILJIOBOM DABHOBECUU U MHBAPUAHTHOM OTHOCHTEJIBHO OODAIICHUS
BPEMEHU, HE MOXKET OBITH BHYTPEHHUX MAaKPOCKOMAYECKUX IIOTOKOB
SHEPIUH.

§ 77. DmekTpoMarHuTHbIE (PJIYKTyalMy B HEOTPAaHWIEHHOU cpee

B ommoponHoii HeorpanuuenHoi cpene dbyukumu Dig(w; r1, r2)
3aBUCAT TOJIBKO OT PA3HOCTH I' = I'y — I'{, IIPUYIEM YETHBI 10 ITOMH T16-
pemennoit (ypasuenue (75.15) cOEEpKUT TOJBKO BTOPBIE POU3BOIHBIE

') Teopusi smexTpoMarauTHex buIyKTyamui 6b1a passuta B Apyro# dbopme
C. M. Pumoswvm (1953), a B popme, skpusasentroii (76.2)—(76.5), — M. JI. Jle-
sunowm 1 C. M. Pumosoim (1967).
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no KoopauHaTaM, u noroMmy Dx(w; r) u D;;(w; —r) yI0BIETBOPSIOT
OJIHOMY ¥ TOMY K€ yDPaBHEHUIO). B3sB (pypbe-KOMIIOHEHTHI [0 I' OT
obenx cTOpoH paBeHCTBa (76.2), mosydnm

(A AD) g = £ cth 22 {Dfi(w, k) - [Df(w, K} (77.)

J1s1 HeMarHUTOAKTUBHBIX Cpej, ¢ yderoM (75.12), ata dopmyna 3a-
HUCHLIBACTCA B BUJE

(ADA®) 4 = _cth % Im DE (w, k). (77.2)

B mzorponmoit HemarrutHO# (4 = 1) cpexe dynkmus DE (w, k)
nmaercs dopmydoit (75.20). 3amada xke 06 OIPEIEJICHUN POCTPAH-
CTBEHHO! KOPPEIANNOHHON DYHKIUU (BDIYKTyannuit CBOAUTCS K BBI-
YUCJICHUIO WHTETPAJIa

'Lkr d*k
R (0 1) / DE —t (77.3)

WaTerpupoBanue ocymecTBisgercs popMyiamu

/ R L

k? 4+ 52 (2m)3 T A

/kikke““ Pk _ 9 e
k2 432 (2n)  Owidzy Amr

(77.4)

73 KOTODPBIX IE€pBas MOJIyYaeTCs IMyTeM B3ATus KoMimoHeHT Dypbe
OT U3BECTHOI'O PaBEHCTBA

(A=)

= © = —4nd(x), (77.5)

a BTOpas moJydaercd auddepeHImpoBaHueM epBoii. B pesyabrare
HageM

2
Df{(w; r) =~ b+ <2 ]lep( ‘Z\/—er), (77.6)

28 3Z’zawk

rje r = |r; —ry|, a KOPeHb 1/ —€ JOJKEH OBITH B34T C TAKKM 3HAKOM,
qrobbl Ob110 Re/—e > 0; mig mycToTbl HAJIO MOJOXKHTE € = 1,

v/—& = —i (cm. Huxe).

Orcroza, cornacuo (76.6) u (76.3), cpa3y Haxomum
1) (2
(Ez( )El(c ))w =
= i’Lcth@Im{l [ﬁ&k + & ] 1 exp(—ix/—ar)} (77.7)
2T e | c? T c

awiawk
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(C. M. Pwmos, 1953). CBepHyB 9TO BBbIparkKeHHE O MHIEKCAM i, k
(u Bocmosb3oBaBImUCH opMmystoit (77.5)), mosydum

(EWE®), =2 cth Z—; Im {é [si exp (—%\/ —€ r) +27r5(r)} } .

(77.8)
AwnanornuneiM 06pasoM, BbraucieHue mo gopmyle (76.4) npusomut
K BBIPAXKEHUSIM JIJIsi KOPPEJISIUOHHBIX (DYHKIMH MArHUTHOTO TIOJIS,
ormyaromuxcs or (77.7), (77.8) orcyrcrBuem muoxuTeNs 1/€ nepex
KBaJIPaTHON CKOOKOM; P! 9TOM HWieH ¢ J-DyHKIumeHh mog 3HakoM Im
B (77.8) cTaHOBHUTCH BEIIECTBEHHBIM ¥ Bblimajgaer u3 orsera. CBsA3b
Beipazkenuii (77.7), (77.8) ¢ MHEMOI 9acThIO € SCHO HOLYEPKUBAET
CB3b AIEKTPOMATHUTHHIX (DIIyKTyauuit ¢ morsomenueM B cpege. Ho
ecsiu mpom3BecTH Iepexon K npexesny Ime — 0 B dopmynax (77.7),
(77.8), MBI OJIyYUM KOHEYHbIE, OTJIMYHbIEC OT HYJIS BHIDAXKEHUHA. DTO
00CTOSTENBCTBO CBSI3aHO C MOPSAKOM IIEPEX0A K ABYM IPEAeaM —
OeCKOHEUYHBIM pa3MepaM Cpeabl W paBHOi HyJ0 Ime. [lockoabky B
OeCKOHEYHOI Cpelie y2Ke CKOJIb YTOIHO MaJjoe Im € mpuBoauT B KOHIIE
KOHIIOB K IOTJIOIIEHUIO, TO IIPU KCIIOIH30BAHHOM HAMH MOPSIKE IIe-
pexoa K mpeesiaM IOy JaOIuiics pe3yIbTaT OTHOCUTC K bu3mde-
CKU IIPO3PadvHoil cpefe, B KOTOPOl, KaK U BO BCAKOU peaJsIbHO# cpene,
CKOJIbKO-HUOYIb OTJIMYHOE OT HYJIS IOIJIOUIEHHUE BCE K€ MMEETCH.
ITpoussenem, HapuUMep, yKa3aHHbI nepexo B opmyde (77.8).
Jns aToro 3amedaeM, UTO NPU MAJIOM IOJOXKHUTEJIHRHOM Ime
(mpu w > 0)

\/__5 ~ —im (1 +i 21;1:6)

(c yuerom TpeboBanusa Re/—e > 0). [losromy B npenmesie Ime — 0
[TOJIy IUM

(BOE®), = LEOHE®), = 2 en e (779)

n c°r c

rae n = /€ — BEeIeCTBEeHHBIH TTIOKA3aTeNb TpeJoMIeHns. Beumy oT-
CyTCTBUS WiIEHA ¢ J-DYHKIUEH ITO BHIPAKEHNE OCTACTCH KOHEUHBIM
U IIPU COBIIaJAIOMMUX TOYKAX Iy U Ia:

(E®), = %(H(Q))w = Whn % (77.10)

n c3

[IpenenbHBIN IEPEXO K CIIYYUalo IPO3PAUHO CPeabl MOXKHO OBLIO
OBl MpoOU3BECTH U HA HOJiee paHHENH CTAIUU BBIUYNUCICHUI — B I'PUHOB-
ckoil dyHkImu. Yurs, 9ro 3HaK Ime(w) coBmamaeT co 3HAKOM w,
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HafizeMm, 94To B 3TOM npenese yukiws (75.20) npuHEMaeT BuL

27,
DE(w; k) = dmh [5,~k ¢ “k] (77.11)

w?n?/c? — k2 440 - signw w?n?

(M. U. Pazanos, 1957). Munmas yactb 910 HOyHKIMU CBA3aHA TOIb-
KO C IIPaBWJIOM 00X0/1a TIOJIIOCOB w = tck/n; OTHe/IUB ee ¢ ITIOMOIIBIO
dopmyusr (8.11) u moxcrasus B (77.2), nmomydnm

(EMED )k =

or?h [ w?
Tk (726““_

’“i’“k){a(% —k) — (™ +k) peth 22 (77.12)
n? c c 2T
AprymenTts! §-pyHKIUU B 3TOM BBIPAXKEHUHW UMEIOT MPOCTO# pusu-
YECKUi CMBICJI: OHY TIOKA3BIBAIOT, UTO (hJIYKTYAIUH TI0JIS C 33 IaHHBIM
3HAYEHUEM K pactpoCTpaHsIOTCs B IPOCTPAHCTBE CO CKOPOCTHIO ¢/n,
COBIAIAIONIEH CO CKOPOCTHIO PACIPOCTPAHEHMS JIEKTPOMATHATHBIX
BOJIH B JaHHOi cpene. Pypre-obparnennem Beipaxkenus (77.12) Mox-
HO, Pa3yMeeTCs, CHOBa NOIydIuTh (77.7).

Oueprus GIyKTYAIIMOHHOTO 3JIEKTPOMATHATHOTO TIOJIS B TPO3pad-
HO¥i cpezie 4 = 1 B cmekTpasibHOM uHTEpBaJe dw naeTcs (B €JUHUIE
06beMa IPOCTPAHCTBA) BHIPAXKECHUEM

1 2y d(we) 2 dw
o (2B 2 ()]

(cm. VIIL, §80) ). IMoxcrasus croga (77.10), moydum mociie TpocTo-
ro mpeobpa3oBaHUs

[@Jr o ]“2”2 ) g, (77.13)

2 ew/T — 1| 72¢3  dw

IlepBorit unen B CkOOKax CBSA3aH C HYJIEBBIMHU KOJIEOAHUSIMU TIOJIS.
BTopoit ke WieH maeT dHEPTUI0 TEPMOAMHAMHUYECKH PABHOBECHOIO
9JIEKTPOMATHUTHOTO U3JIyUCHUH B IPO3PAUHOil cpexe, T. €. IHEPTUIO
YePHO20 UBAYHEHUA. DTY HaCTh (DOPMYJIBI MOXKHO OBLIO OBI mOJIY-
9uTh U 6€3 paccMoTpeHus QIYKTyaruil, IyTeM COOTBETCTBYIOIIETO
060b1rerns dhopmyssl [l1anka g1 9epHOrO M3JIyUEHUS B IIYCTOTE.

1) [MosHas SHEPrus MOJIYYaeTCs WHTErPUPOBAHKEM MO dw OT 0 0 00; MHOXKH-
TeJM K€ 2 B KB3JPATHBIX CKOOKAX CBS3aHBI C TEM, YTO IO HNPUHATOMY HAMK

OTIPEIE/ICHUIO CICKTPATBHEIX (byHKImE dbirykTyamuii cpeamee 3Hauenne (x2) mo-
ny4aercs maTerpuposanuem (), 1o dw/27 or —oo g0 oo (cm. V, (122.6).

14 E. M. Jludmmuu, JI. I1. ITuracsckuit
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CoryiacHO TOC/IeIHE N, SHEPIUS YEPHOTO U3JIydeHus (B eIUHUILE 00b-
eMa) B MHTEPBaJIe BOJHOBBIX BEKTOPOB d°k maercs (hopMyIoif

Fiw 2d%k

ehw/T _ 1 (271.)3

(MHOXKWTENIb 2 yUUTHIBAET JBa HampasjeHus nosspusanuu). Coor-
BETCTBEHHO JIJI IIOJIyYEHUd CIEKTPAJIbHON IJIOTHOCTU SHEPTUU HAJO

sameruTh d3k na 4mk2dk m moncrasuTh k = w/c. Jlna mepexona xe

OT IyCTOTHI K MPO3PAYHON Cpejie JOCTATOYHO MOJIOKUTH k = nw/c,
T. €. HAIIUCATH

K2k = k2 9 gy = 07 dow) g,
dw c? dw ’

4910 u faeT TpebyeMblil pe3yJIbTarT.

Samaun

1. Haiitu durykTyanuu 3jeKTPOMArHUTHOTO [OJISI BIAJIN OT TEJIA, IOrPY2KEH-
HOTO B [IPO3PAYHYI0 PA3PEKEHHYIO CPEMY, C KOTOPO OHO HAXONUTCH B TEILJIOBOM
PABHOBECUM; [JINHA BOJIHBLI U3JIyYEHWsl U PACCTOSIHUE OT TeJa K TOYKe HabJio-
JIeHUs BEJIUKHU 10 CPABHEHUIO C pasMepamu Tesa. Tesio obyiaaer aHU30TPOIHOI
IEKTPUIECKOI MOJISAPU3YEMOCTBIO ik (W).

P emenue. Paspexennyro npo3padnyo cpey pacCMaTPUBAEM KaK BaKyyM.
Vickombie GuryKTyanuu ONpenessioTcss MajbiM (Ha GOJIBIIMX PACCTOAHWSX) W3-
MEHEHHeM BaKyyMHOH (pyHkuum I'puna, BEI3BAHHBIM NPUCYTCTBHEM Teja. Jljs
BBIYNCJIEHUS 3TOTO U3MEHEHUsl MCXOIMM W3 aHAJIOTHM, COIVIACHO KOTOPOil BaKy-
ymuyo byakmuio D (w; r, r') (npu 3amanmom mmexce k) MOxHO bopMATBHO
paccMaTpUBaTh Kak ajeKTpudeckoe noie E;(r, r'), cosnasaemoe B TouKe T HEKO-
TOPEIM HCTOYHUKOM, HAXOJANIUMCS B TOUKe r'. DTa aHAJIOrHs OCHOBAHA Ha TOM,
gro nose E;(r, r') (xax u ero morenmuan A;(r, r')) ynosnersopsier npu r # r'
TAKOMY k¢ ypaBHEHHIO, KaK u dbyukmus Dy (w; r, r') — ypasmenne (75.16) c
€ = 1. Ilyctp Tesio Haxogurcs B Touke r = 0. [Tose

Ei(0, r') = Dif (w;0, r') = Dif (w; ')

(tme Dfi(w; r) — rpunoBckas byHKIHS B MyCTOTE B OTCYTCTBHE TEJIA, AABAC-
Masi BelpaxkeHueM (77.6) ¢ € = 1) mosjsipusyeT TeJo, CO3JaBasl TEM CAMBIM B
Touke r = 0 ZUMONbHBIE MOMEHT di = oy DE (w; 0, r'). Tlome xe, cosmabae-
MO€, B CBOIO O4Yepenb, 3TUM AUIIOJIBHBIM MOMEHTOM B TOYKE I'y 1 JAa€T HCKOMOE
usmenenne 6 D7t (w; r, r'). COMIACHO M3BECTHOI U3 SIEKTPOAMHAMUKE (HOPMYyJIe
(cm. II, § 72), mone, co3maBaeMoe B TOUKE I' HAXOASAIIUMCS B TO4Ke I = 0 [umoss-

ueiM MoMenToMm d (3aBucaIMM OT Bpemenu Kak e ““!), ectn
2 2 iwr/c
w 0 e
Ei=d |—Zba+ ——| —,
c Oz;0x; r

MPUYEM PACCTOSHUE T JOJ2KHO OBITH OOJIBIINM TOJIBKO II0 CPABHEHUIO C PA3MEPOM
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TeJIa, HO HE C ,II;J'.[I/IHOI‘/'I BO.T.[H])I; 3TO Bpra.)KeHI/Ie MO2KHO l'Ipe,ZLCTaBI/ITb B BHOE
E;, = T Du(w: r)d

(mamomumnm, uro byuxmus DE(w; r) yerna mo mepemennoii r). C HamICaHHBM
BBINIE JMITOJBLHBIM MOMEHTOM HaXOAMM, CJIEIOBATEIBHO,

JDfZ(w; r,r')= —%Dﬁ(w; r)almDﬁk(w; r').

M ckombre koppesiuonsblie GyHKun GIyKTyanuii JaoTcs Teneps odummu hop-
mynamu (76.3)—(76.6) ¢ §DJi Bmecto D}i. OkoHuaTesbHO mMOMyYaeM
2w 1 1

5(AN AP, = R R el L [Dff (w; 11) ctm D (w; T2)]. - (1)

HanomuuM, 9To Tesio HaxoauTcs B Touke r = 0, a ry ¥ 'y — JABE TOYKHU BIAJIH OT
reaa. OTMeTnM, 9TO BKJIaJ, BO (DJIyKTyalluu BOSHUKAET HE TOJBKO OT MHUMOM, HO
u orT BemeCTBeHHOﬁ qacTu HOJIHpI/I3yeMOCTI/I; HOCJIe,E[HI/Iﬁ MO2KHO paCCManI/IBaTb
KaK Pe3yJIbTaT PACCEsTHUS HA TEJIe YEPHOTO M3JLyY€HUs, 3aOJIHAIONIErO MPO3pad-
HYIO Cpefy.

2. To e Jyisi TeJ1a ¢ MATHUTHOMN MONAPUIYEMOCTBIO ik (W) *).

Pemenue. B sToMm ciygae paccmarpusaem rotyDiy (w; T, r') Kak maruur-
Hoe mosie H;(r, '), cosnaBaeMoe B TOUKE ' MCTOYHUKOM, HAXOAIIAMCH B TOYKE T’
(ypaBHenue Toro e BuAA, 4TO U mia bynkuuu Diy, YIOBICTBOPHAET HE HE Ca-
Mo moste H;, a ero norenuuan A;). DTO mosie HAMarHUYMBAET TEJIO, CO3AABAs B
TOYKE I' — 0 MaFHHTHbIﬁ MOMEHT

! R ’
m; = —Qyy rOtl'ml)'mk (w; 0’ r )

(An(bcbepeHquOBaHne no r 3ameneno auddepeHIUPOBaHEEM MO T ¢ yUIeTOM

Toro, uro DJ; 3aBUCHT TOMBKO OT pasHocTH T — r'). VckoMOe e u3MemHeHue
I‘pI/IHOBCKOI/I (byHKI.(I/II/I COBIIaJa€T C BEKTOPHBIM IIOTECHIMAJIOM MarHUTHOI'O IIOJIA,
CO32BaeMOr0 3THM MAaTrHHTHBIM MOMEHTOM B TOYKE I':

1 )
A; = roty [— mle’w/c]
r
(cm. 11, § 72, 3amaua 1). Takum oGpasowm,
iwr/c
e

R ! ! R ’
0D (w;r, v') = — | rotyg——— | Qum 0ty Dy (w; 0, ).
r

Haxownen, noacrasus DX, u3 (77.6), naxomum

iwr iwr’
5Dgc(w; r, r’) =h I‘Otuu Qim I‘Ot;nke—,/c (2)
T T

(ncnosb30BaHO, 9TO r0tyn Ve = €mkn Vi Va = 0).

') Hastdume MarHUTHOMN MOJIAPU3YEMOCTH HE 0BA3ATEIBHO O3HAYACT, YTO TEJIO
COCTOUT U3 MArHUTHOTO MaTepuaJja. Tak, pedb MOXKET UATH O BHITECHEHUM Mar-
HUTHOTO IIOJIsl U3 TEJIa 33 CUYeT CKUH-3ddeKTa.

14*
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3. Onpeznenuth PuyKTyaruu 3JeKTPOMArHHTHOIO IOJIS B yCJAOBHSIX 337
4 1, cunTasi, OGHAKO, YTO TEMIIEPATYPa CPEABI MHOIO HIXKE TEMIIEPATYPHI TEJIA.

Pemenue. Berauciensoe B 3aaa4e 1 mosie €CTECTBEHHO JEIUTCH, B COOTBET-
CTBHMHU C HAJIMYUEM ABYX WIEHOB B (urypHoii ckobke B (1), Ha HyseBble Quryk-
Tyaluu W TEIUIOBOE dYepHoe m3iydeHwe. Ilocienmee, B CBOIO Ouepenb, COCTOMT
U3 JBYX YacTell — TEIIOBOrO M3JIy4eHUs CAMOIO Teja U IIOJIsl, BOSHUKIIETO IIPH
PAaCcCesiHUY YEPHOTO U3JIydUeHHs CPebl Ha Teste. Fciu TemmepaTypa cpeJpl HU3KA,
BTOpast 4aCTh OTCYTCTBYET. JIjIsl pellleHns 3344l MBI BBIYUC/IAM €€ OTAEJIBHO, a
sarem Berarem u3 (1). Momoxum A(r) = A© + A® 1re A — payxryans-
ouHOE TOJIE B OTCyTCTBEE Te1a, a A®) — mone, paccesmuoe Teom. Ha Gosbimix
paccrosmusx, rae A®) maso, Moxwno npu Beruncennu §( A Agsz). npeHeGpeun

anenamu kBagpatuaabvu no A, s Bkiaga or paccesiHus uMeem O9TOMY
69 (AnAka)w ~ (AT A0 + (AD A5)0 = (AT A0 + (45 4T3
Paccesinnoe moste cuoBa nmaercs dopmysioit u3 II,§ 72, Ho Teneps mon gumosinb-

HBIM MOMEHTOM HaJ0 IIOHUMAThb IIPOCTO MOMEHT, I/IH,E[yI.[I/IPOBaHHbII'/'I YEPHBbIM HU3-

0
JydeHueM: d; = cxikAfc )(0). BBenst onsiTh rpHHOBCKYIO (DYHKIHUIO B BAaKyyMe B
OTCYTCTBHE TeJa, HMEEM

2
AP (r1) = — 2 DE(w; 11) im (w) AQ(0),
¢ hc?
TaK 4TO

2
s w
(A A = = Dil(w; 1) cum (A3 (0) 47 (x3)).

Koppensinuonnyio dyuxumio (AfSiAg))w Gepem cHoBa u3 (76.2). Ilpu arom, mo-

CKOJIbKY HAC HHTEPECYET TOJBKO TEIJIOBOE H3JIy4YeHHe, Ha0 OMYyCTUTH B ITOMH
dopmyJie HysIeBBIE KOJIEOAHUS, T. €. 3AMEHUTDH

1 cth fw 1 n 1 N
2 2T  efw/T —1 2
B pesysbraTe HaxOAMM IS BKJIAJA PACCESHHOIO YEPHOrO U3JIyYEHUsl B KOPpe-
JIAIHOHHY 0 (DYHKIUIO

1
efiw/T _ 1"

2w?

8 (Andp)y = ——
(A Aiz) fic2(efiw/T — 1)

[Dji (w3 v1) QumIm Dy (w; v2)+

+ Df (w; 12) ey Im D (w; 1)), (3)

OkoHuaTeIbHO, YTOObI HaiTH (QIIyKTyallMOHHOE IOJIE B XOJIOLHON Cpene, HaJo
Berdectsb (3) u3 (1). Ilocie mpocThix mpeobpas3oBaHmil ¢ UCHOIB3OBAHHEM CHM-
MeTpuH TeH30pOB D;; U o) TOIYy<InM

2w?

fic?(eh/T — 1)

(T — remmeparypa Tesa). 34eCh BHIINCAH JIMINb TEIJIOBON UJIEH; WIEH C HyJIEBbI-
mu Kosnebanusivu B (1) ocraercsa Ge3 usmenenuii. OGpaTuM BHEMaHUE Ha TO, 9TO
BhIpax<enue (4), OIpeneJIsAIONiee TEMIOBOE U3y YCHUE TEJIa, 3aBUCAT OT MHUMOMN
4acTH NOISIPU3yeMOCTH. II0TOK 9HEPruy, BHIYHC/IEHHBIH 10 BhIpaxkKeHUIO (4), yxke
He paBeH HyJIIO, a JaeT MHTEHCUBHOCTH TEIJIOBOTO M3JIy4eHHMs HArPETOro Teja B
OKDYKaIOIIyI0 XOJOAHYIO Cpey.

s (A1 Ak2)w = D (w; r1)[Im aym ()| D (w; T2)  (4)
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§78. ®PayKTyanum TOKA B JIMHEHHBIX IEMAX

Eie onuao maTEpecHOe mpuMeHeHne IIyKTYAINOHHO-TUCCUTIAIIN-
OHHO! TEOpeMBI TPEJCTABJISIET BOMPOC O QIIYKTyalusaX TOKA B
JIMHEMHBIX LensiX, BIepBble paccMorpennbiii Hatxsucmom (H. Ny-
quist, 1928).

DuryKTyanuu TOKA IPEACTABJAIOT cOboi cBOGOAHBIE (T. €. mpO-
WCXOISIUE B OTCYTCTBUE MPUJIOKEHHON WM3BHE JIEKTPOJBUKYIIEH
CHJIBI) 3JIEKTPUYECKHE KojiebaHus B NPOBOAHUKE. B JmHeHHON 3a-
MKHYTOM TIeTT HAauOOJBINUM NHTEPEC TPEICTABIISIOT, ECTECTBEHHO, TE
KOJIebaHUs, IPA KOTOPHIX BOZHUKAET TEKYINUN BIIOJIB MPOBOJIA, TIOJI-
HBI TOK J. Huke MBI mipenmosiaraeM BBITTOJHEHHBIM YCJIOBUE KBa-
BUCTAIIMOHAPHOCTU — PA3MEPHI TENK MAJIbI TI0 CPABHEHUIO C JIJTHHON
BOJIHBL A ~ ¢/w. Torga mosnHbI TOK J OJMHAKOB BO BCEX yYaCTKAX
[ENU U ABJIgeTCs (PYHKIUEHN JINIb OT BPEMEHH.

Beibepem stor Tok J B KadecrBe BesimumHbl Z(t), durypupy-
fomeit B obimeit popMmyiupoBke (DIIyKTYaIMOHHO-TACCUTIAITMOHHON
Teopembl B V,§124. Jljg TOro 4TobObI BBIICHUTH CMBICJ COOTBET-
CTBYyIOIIIEH OOOOITEHHON BOCIPUMMYUBOCTHU (Y, MPEIAIOJIOKAM, 9TO B
nenu JefiCTByeT BHEIIHAs 3/1eKTpoasmxkymas cuia &. Torma aucen-

manug 3ueprun B nenu ) =J €. CpaBHuB ¢ BhIpaxkenuem Q) =—TIf,
ciryKaiuM onpeneserueM «cuibl» f (cm. V,(123.10), mMbl Buaum,

aro f=—& wmm gna dypee-komnonent &E,=iwf,. C mpyroii
cTopoHbl, TOK u DJIC B JIMHEHHON Ieny CBA3aHBI COOTHOIIECHUEM
Ew=2Z(w)Jy, tae Z(w) — KOMIUIEKCHOE CONPOTHUBJICHUE (MMIIEIAHC)
nenu. 1loaTomy mmeem

Jo=Eu)Z = iwfu]Z

1, CPAaBHHUB C OIpejejieHrneM ODODIIEHHON BOCIPUHUMYHUBOCTU B CO-
orHomenuu (T), = a(w)f, Haxomum a(w) = iw/Z(w). Ee MEuMas
YaCTh:

Ima=Im% = ~_ R(w),
z  |zP

rme R =Re Z.
CoryacHO QIIyKTyaIllmOHHO-IUCCUTIAIIMOHHON TeopeMe,

D) hw
(z*)w = A cth o Im a(w),
HAXOZMM Telepb AJIs CHeKTPalbHOl (yHKunm dryKTyanuii Toka

2y _  fw Fiw
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A1y HOPMYIy MOXKHO IPEJICTABUTH B IPYTOM BHUJIE, OMUCHIBas (MDIIyK-
TyaIuy TOKa KaK Pe3yJIbTaT AeicTus «ciaydaitaoiy AC &, = ZJ,.
s nee mmeem

(£2),, = hwR(w) cth Z_; (78.2)
B knaccuueckom ciyuae (hw < T')

(Y, = 2TR(w). (78.3)

[loguepkuem JurHUM pa3, 9TO 3TU (HPOPMYJBI COBEPIIEHHO HE
3aBUCAT OT NPUPOABI SBJICHUN, OTBETCTBEHHBIX 3a JAUCIEPCHIO CO-
IIPOTUBJICHUS IEIIH.

§79. Temneparypuaa dyukmmns Ipuna dotona B cpene

Temneparypuas dyukmusa ['pura doToHa B Cpeme CTPOUTCH II0
MaIybapOBCKUM OIEPATOPAM MTOTEHIIHAJIOB JIEKTPOMATHATHOTO T0-
Jis1 TooOHO TOMy, Kak BpeMeHHas (yHknus ['puna (75.2) crpourcs
n3 rei3eHOEPTOBCKUX OMEPATOPOB:

M 1™
Dy = —(T: A" (11, r1) Ay (71, T2)). (79.1)
31ech yYTEHO, YTO B CUJIYy SPMUTOBOCTHU IIPEIWHTEPOBCKUX OMEPa-
TOPOB TOJII MAIyOaPOBCKUE OMEPATOPHI AM 5y AM (ompenesnennbie
cortacuo (37.1)) coBmamaioT ApYr ¢ APYroM. DTH OLNEPATOPHI, OJ-

HakKO (B OTJMYmMe OT reii3eHOEPrOBCKUX), CaM¥ YK€ HE SPMHUTOBBI;
BBUJy BEIIECTBEHHOCTH IIapaMeTpa T MMeeM

[:&M(T, 1‘) ]+ _ [eTﬁ’/ﬁA(r)e_Tﬁ’/ﬁ]'i' _ e—Tﬁ’/ﬁA(r)erﬁ'/h
njan - -
[AM (7, £)]" = AM(—7, 1).

[Mockonbky yskmus (79.1) 3aBUCHT TONBKO OT pPa3HOCTH
T =1 — 72 (cp. §37), ToO MOXKHO HamucaTh (LOJIOXKUB, HALIPUMED,
7> 0)

Di(7; 1, v2) = —(AM (75 £1) AV (0, 13)),
Dik(—7; r1, r9) = —(AM (5 19) AM(0, 11)).
W3 cpaBHeHMS 9TUX ABYX BBIPAXKEHUN BHUIHO, YTO
Dir(—T; r1, ra) = Dy;(T; 12, r1). (79.2)
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Oyukrust D;p moxer ObITh pazioxkena B pan Pypbe mo mepe-
MEHHOH T:

Dip(t;r1i,r2) =T Z Dir(Cs; 11, r2)6_iCST, (79.3)

§=—00

IpUYeM <«9acTOThI» (s mpoberaioT (BBHIY craTmcTHKm Bose, KOTO-
poii nomunHsoTcs doronsl) 3uadenus h¢s = 2nsT (cp. (37.8)). dusa
KOMIIOHEHT 9TOr0 pa3ioxkeHus u3 (79.2) cieyer aHAJIOIHIHOE COOT-

HOIIIEHUE
Dir({s; r1, r2) = Dgi(—C(s; 11, T2). (79.4)

CorsacHo 06meMy cooTHomeHnO (37.12) 9TM KOMIOHEHTHI CBSi-
3aHBI C 3ama3abiBaolel ¢pyukueit I'puna paBeHCTBOM

Dir(Cs; r1, T2) = DE (i¢s; 2, 11)

mpu MOJOXKUTENBHBIX (5. B §75 Obut0 moKazaHo, uTo (QyHKINH
Dﬁc(w; ry, r'y) MOXKHO B M3BECTHOM CMBICJE DPACCMATPUBATH KAk
0000ITIeHHBIE BOCIPUUMYHUBOCTH, (DUTYpUpYIOIHe B O0IEedl Teopun
OTKJIMKA MAKPOCKOIUYECKON CHCTEMBbI Ha BHEIIHEE BO3IEHCTBUE.
O1crona cemoBaio CBOWCTBO CUMMETPUH TUX (PYHKITHIA, BHIPArXKae-
Moe (/I HEMArHUTOAKTUBHBLIX cpex) pasercrsoM (75.12), a BBuxmy

CBSI3U MEX Y DYHKIUSMU Dﬁc u D;, TakuM 2Ke CBOACTBOM 00JIaIai0T

U TOCJIeTHHC:
Dik(Cs; r1, T2) = Dii((s; T2, T1). (79.5)

U3 sToro pasencrsa, BMecTe ¢ paBeHCTBOM (79.4), ciemyeT Tenepsb,
uyr0o yrrmu D;r({s; r1, ry) YeTHBI IO AUCKPETHON HepeMeHHOM (G,
TaK 9TO IPU BCeX (IIOJI0KUTENBHBIX ¥ OTPUNATE/IbHBIX) €€ 3HAUCHUSX
nMeeM

Dik(Cs; r, I'Q) = Dﬁc(z |C3’; r, I'Q). (796)

Hanee, dyukius Dﬁc (w; r1, r92), KaK U BCsKasl 000OIIEHHAS BOC-
MPUUMYUBOCTD, BEIIECTBEHHA HA BEPXHEH MHUMON IOIYOCH W
(cm. V,§123); u3 (79.6) caemyer nosromy, uro dyskuust D, ((s; r1,r2)
BEITIECTBEHHA TPU BCEX 3HadYeHUaX (g. HakoHer, m3 3TUX CBONCTB
CJIe[lyeT, B CBOIO O4epelb, 4To u mucxomuast dysxims D (T; r1,ra)
BEITIECTBEHHA ¥ YETHA II0 MEePEMEHHON T:

Dix(T; 11, r2) = Di(—T; r1, r2). (79.7)

Caasp (79.6) mexkay TemmepaTypHOW U 3amas3zabiBaorieil QyHK-
musimu  ['puHa TO3BONIsIeT Cpa3y Hamucarh AuddepeHImaIbHOe
ypaBHEHUE, KOTOPOMY JOJIXKHA YA0BJIETBOPATH (QyHKIus D B HEOI-
HOPOZHOM Cpejie; yist 9TOrO JAOCTATOYHO IPOU3BECTH 3aMeHy w — © |(s]
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B ypasHenuu (75.15) unu (75.16). Tax, mius #30TPONHOM HEMATrHUTO-
AKTHUBHOM cpezpl ¢ 4 = 1 HaxXOmUM ypaBHEHHe

2
[86_ — oA+ —6( s, T) zl] Dy(Cs; v, 1) =
z; Ox
= —47Tﬁ(5ik 5(1‘ - I‘I). (798)

st omHOpOHOM HeorpanmaenHoM cpeabl bynkmus Dk (Cs; r, 1)
pasnaraerca B uHTerpan @ypwe mo pasuocTu r — r'. KoMOOHEHTHI
9TOTO PA3JIOKEHUS YIOBJIETBOPSIOT CUCTEME AJITEOPANIECKUX YPAB-
HeHUH

_%[mm—@m —&_f(mw]QMQAQ=@k (79.9)

u gatorcs Gopmydoiit)

(T — arh . kiks
Dik(¢s; k) = REGREETE |:5'Lk+ 7@5(“@)] : (79.10)

[Mockonbky dyuxus D;r((s; k) BIpazkaercs (B JJIMHHOBOJIHO-
Boit obnactu ka < 1) gepes €(w), TO JuarpaMMHasi TEXHUKA, JJIS €€
BBIYUCJIEHUSI CTAHOBUTCS T€M CAMBIM TEXHUKOHN JJIst BBIYUC/ICHUS TU-
NEKTPUIECKON MPOHUIAEMOCTH cpenbl. [Ipu aToM mocnenuss mme-
€T TaKXKe U ONPEIEeJCHHBIN IUarpaMMHBIN CMBICI, KOTOPbIH Oymer
ceiiyac BBIACHEH.

Bynmem mzobpaxkars Tounyo D-QyHKIUO KUPHOH, a GYHKINO
DO) g BaKyyMe — TOHKOH IITPUXOBOH JIMHUEH 1O mpasuity ?)

————— Dy, —m--- —DY. (79.11)

Bcea coBokynaOCTE Auarpamm, nzobparkaomux D-GyHKINO, MOXKET
ObITh M30OpakeHa psAAOM (BroaHE aHAJOrMuHBIM paxy (14.3) mus

dbysrmu G):
—_———=t -t - - O -0+, (79.12)

I7e KpPY>KOK u300pa’kaeT COBOKYITHOCTh JIMATPAMMHBIX OJIOKOB,
HE PaACHIaJIAIONIUXCA Ha JIBE YaCTH, CBA3aHHBIE TOJBKO OMHOM IITPHU-
XOBOl JimHUEH; 00O3HAYMM 3Ty COBOKYIHOCTH duepe3 —Pix/4w.

1B peanburix mpumenenusix (cp. §80) dyukuus Dix Bcerma dburypupyer B
POU3BEEHNN C (5 ; IOITOMY pacxonumocTh npu (=0 daxTudyecku ycTpaHsieTcs.

2) Wcnonp3oBanue mTpuxoBoii tuann Ajis obo3Hadenns D-pyHKmii He MOXKET
BEI3BATh 3/1€Ch HEJOPA3yMEHUil, TaK KaK B 9TOM U CIEAyIOleM naparpagax He
Gyzer MI'yPUPOBATh B SIBHOM BHJIE SHEPIHs MAPHOTO B3aMMOEHCTBUS JaCTHI|
cpenpl (sl KOTOPOi paHee MCIOJIb30BAJIOCH 9TO 0GO3HAYEHHUE).
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®Oyukuuio Pj; (aHAIOTHYHYIO COGCTBEHHO-YHEPreTUYECKOH YaCTH
IPDUHOBCKOI ~(DYHKIMM YaCTUI) HA3BIBAIOT  NOAAPUIAUUOHHDBLM
OMEPATNOPOM.

Junarpammuoe paBeHCTBO (79.12) 9KBUBAJIEHTHO yPaBHEHUIO

——————t - O—— (79.13)

(cp. mepexoz or (14.3) x (14.4)). B anasuTuueckoM BUJE OHO JaeT
0 0) Pim
Dy = DY + D] )jpmk (79.14)

(Bce MHOXKUTEM — (DYHKIMU OAUHAKOBBIX apIyMeHTOB (5, k). YMHO-
KB 3TO PABEHCTBO CIPaBa Ha 06paTHbII Temsop D! u cieBa —
Ha D(O)_l, IIepenuIleM €ro B BUIE

Dy =Dy -, (79.15)

Haxkowner, B3sB Di_lcl u3 J1eBOii CTOpOHBI ypaBHeHus (79.9) u Takoe xe

BBIpakenue ¢ € = 1 st DZ(,S)_I

Par(i k) = = [e(1G.]) — 1] b (79.16)

YeM W OIPEeeJIieTCs AUarpaMMHBIH cMbIc byHKImY €(w) — 1 B auc-
KPETHOM MHOXKECTBE TOYEK HA BEPXHEH MHUMOII IOJyoCH w. AHaju-
THdeckoe npojoskenune Gysrimu €(i|(s|) Ha BCIO BEpPXHIOI
IOJIYIJIOCKOCTD IOJIKHO, B IPHHIWIE, IPOU3BOAUTHECHA C YIETOM
TOro, 4T0 €(w) HE JOJIKHA MMETh OCODEHHOCTEil B 9TOM IOJIYIIOC-
KocTH U 410 £(w) — 1 npu |w| — co?).

B meomrOpOIHOI Cpejie TOJSPU3AIMOHHBIN ONEPATOD SBJISETCS
(xkak u D;y) dyHKIMEH KOOPAUHAT ABYX TOUEK. [IOBTOPUB BEChH BBI-
BOZ B KOODAMHATHOM IpEJCTaBjIeHuY, mosydum Bmecto (79.14)
ypaBHEHUE

, HaiimeMm

Dik(r1, r2) =

1
= ng) (ri, r2) + E/D,(lo) (r1, 3) P (r3, Ta) Dk (ra, v2)d3z3d324

1) ljst aHu30TPOMHOi Cpe/bl HAIO THCATD

Pir(Cs; k) = (3 /A [ein (i [Cs]) — din].

OTMeTI/IM, YTO B TAKOM BHUAE 3TO BBIPAXKEHUE OCTACTCA CIIpaBEAJINBBIM U IIPU Ha-
JINYUU HpOCTpaHCTBeHHOﬁ AUCHIEPCUH, KOTda €, 3aBUCUT HEC TOJIBKO OT 4aCTOTHI,
HO U OT BOJIHOBOI'O BEKTOpPA.
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(aprymentsi (s [yisi KpATKOCTH HE BhIIUCHIBaeM). [lomeficTBOBaB Ha
3TO PaBEHCTBO CJIEBA OIIEPATOPOM

62
Ox1n,0z1

C2
— A1 + = 0y
C

U y4Td, 94TO DO yaoBjeTBoOpsieT ypasrenuo (79.8) ¢ e = 1, mosyuum

/le (r1, r2) Dy (r', r2) d®z’ = [e(r1) — 1] Cs Dix(r1, T2),

OTKY/1a

Pik(Ce; T1, T2) = ,f— S 6(r1 — t2)[e(i |Gl 1) — 1. (79.17)

CTpyKTypa KOHIEHCUPOBAHHOW CPEIbl, & C HEIO U €€ JUIIEKTPU-
9eCKUe CBOMCTBA OMPENEJISIOTCS CUIAMU, JeHCTBYIONUMA MEXIY e
YaCTUIAMHU HA, PACCTOSTHUSX TIOPSIIKA ATOMHBIX pa3MepoB a. Ha atux
DACCTOSHUSAX MOXKHO (IIPU HEPEJISTUBUCTCKUX CKOPOCTHX YACTHIL)
npeHebpeYsb 3ala3gbIBaHueM B3aUMOJICHCTBHYM, KOTOPOE CTAHOBUTCS
CYIECTBEHHBIM JIUIIb Il JIMHHOBOJIHOBBIX (B cMbicie ka < 1)
KOMIIOHEHT TIOJist; APYTWMHU CJIOBAMU, TPY BBIYUCJIEHUU TOJISPU3A-
[IMOHHOTO OIMEPATOPa MOXKHO IpeHeOpedh IJIMHHOBOJIHOBOM YaCThIO
mosist. B quarpammax ke 718 camoii TpuHOBCKOY dyHKnu D;g AIHH-
HOBOJIHOBOE TT0Jie (PUTyPUDPYET JIUIIb YePe3 TOHKUE IITPUXOBBIE JIHU-
HUY B IIpaBoii cTopore (79.12).

PaccmoTpennsiit B 9ToM maparpade TpexMepHbIil TeH30p Pji AB-
JISIETCs, KOHEYHO, JIUIIb TPOCTPAHCTBEHHON YaCTHIO MOJIPU3AIMOH-
Horo 4-tensopa Pp,. Iloguepkuem, Bo m3bexkaHue HeZOpa3yMeHHi,
9TO €ro BpeMeHHasi Pgg u cMemanubie Pg; KOMIIOHEHTBI OTHIOAL HE
paBHBI HyJiI0. bojiee TOro, KaK M B KBAHTOBO! 3JIEKTPOIUHAMUKE,
9TOT 4-TEH30p BOOOIE HE 3aBUCUT OT KAJMOPOBKM IIOTEHIIUAJIOB.
B HepenaTuBuCTCKO# Teopuu 3Ta KaJUOPOBOYHAS WHBAPUAHTHOCTH
OYEBHUIHA yKe U3 YKA3AHHOHN TOJIFKO UTO BO3MOXKHOCTH BBIUUCJICHUS
TTOJISIPU3ANMOHHOTO OMEPATOPA C YIETOM OJHUX TOJBKO HE3AMa3bl-
BAIOIIUX CUJI, HE 3aBUCHANINX OT KAJUOPOBKY UINHHOBOJHOBOTO TIOJISL.

Komnonentsr Pog u Py; MOXKHO HANTH W3 YCJIOBHS IOMEPETHO-
cru 4-rensopa: Py k? = 0, tme k* = (i(,, k) — BoHOBO# 4-BeKTOD:

Poo = —— 6( |¢sl) — 1],

(79.18)
Poi = ’Cs K e 1)) — 10
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§ 80. Tensop HampsgKeHUI1 BaH-IeP-BAAIbCOBBIX CHJI

XoTsl CTPYKTypa KOHIEHCHPOBAHHBLIX TEJ B OCHOBHOM OIIPEJIE-
asercs (Kak ObUIO OTMEYEHO B KOHIE IPEAbLAYIIero maparpada)
CUJIaMU, NEeWCTBYIOMMMHI MEXKJy €ro YaCTUIAMU Ha ATOMHBIX Pac-
CTOSIHUSIX, ONPEIEJICHHBINH BKJIAJ B TEPMOIMHAMUYECKUE BEJTMIMHBI
Tesia (CKaXkeM, B €ro CBOOOIHYIO SHEPIHIO) BHOCAT TaK¥Ke U TakK Ha-
3BIBAEMBIE 6aH-0EP-8AGALCOEY, CUADL — CHUIIBI, TEHCTBYIOIIHE MEXKIY
aTOMaMM Ha PACCTOSHUSX, OOJIBINNX TI0 CPABHEHUIO C ATOMHBIMU Pa3-
Mepamu a. HamomuuMm, 4TO 7719 CBOOOIHBIX ATOMOB YHEPTUS ITOTO
B3auMoelicTBIs yOBIBACT ¢ paccTosHmeM, — Kak 0 (cm. III, §89),
a TIoCJIe TOTO, KAK CTAHOBSATCS CYIECTBEHHBIMU (P DEKThI 3ama3bl-
Bauus, — Kak | (cwm. IV, §85). B KomaencuposanHoit cpesie, pasy-
MeeTCs, BaH-IEeP-BaaJIbCOBBI CUJIbI HE CBOJATCS K B3aMMOAEHCTBUIO
OTAE/IbHBIX Tap aToMOB. B TO ke BpeMsi TOT aKT, 4TO UX DPagu-
yC IefiCTBUS BEJIMK 110 CPABHEHUIO C MEXKATOMHBIMU PACCTOSHUSIMH,
ITO3BOJISIET MOONTU K BOIPOCY OO WX BJIMSIHUK HA TEPMOIWHAMUUE-
CKHU€ CBOICTBa T€JI ¢ MAaKPOCKOIIMYECKON TOYKH 3PCHUM.

B makpockonuyeckoit Teopuu BaH-I€DP-BaaJIbCOBO B3aMMOIEHCT-
BH€ B MATEPUAJIFHON CPEJE PACCMATPUBAETCH KAK OCYIIECTBIILAIONIEE-
¢4 9epe3 JUIMHHOBOJIHOBOE AjteKTpoMarunToe moje (F. M. Jlupwuy,
1954); HAOMHUM, YTO 9TO MOHSATUE BKJIIOYAET B ceOs HE TOJIBKO TeIl-
JIOBBIE (DITYKTyaluu, HO U HyJIeBble Koyiebanus mojsd. Baxuoe cBoii-
CTBO BKJIaJa 3TOTO B3aMMOEHUCTBHUA B CBODOIHYIO 9HEPTUIO COCTOUT
B €r0 HEaJAUTUBHOCTH: OH HE TPOCTO MPOIOPIIMOHAJIEH 00bEMY Tell,
a 3aBUCHUT eIll¢ U OT TapaMeTPOB, XapaKTEPU3YOMUX UX (HOpMy H
B3aUMHOE PaCIojioKeHue. VIMEHHO 9Ta HEaJAUTUBHOCTEH CBI3aHHAS
C JAJBbHOMEUCTBYIOIINM XapaKTEPOM BaH-IEP-BAAJIbCOBBIX CHUJI, SB-
JISIETCSI TEeM CBOMCTBOM, KOTOPOE BBIJEJISIET X BKJIAJ B CBODOIHYO
SHEPIUIO OT ropa3ao Oombineil ee anAUTUBHON yacTu. B Makpocko-
NUYECKOU KapTUHE IIPOUCXOXKJICHHUE ITOI'O CBOMCTBA CBA33HO C TEM,
9TO BCAKOE W3MEHEHUE 3JIEKTPUYECKUX CBOUCTB CPEAbl B HEKOTO-
poit 0bj1acTy IPUBOAUT B CUJIy ypaBHeHuit MakcBesia K M3MEHEHUIO
GUIyKTyalmnoHHOTO TI0JIst U BHE 3TO# obsiacTu. PakTHUyecKn, KOHEU-
HO, 3 eKThl HEATIUTUBHOCTY OKA3ZBIBAIOTCH 3aAMETHBIMU JIUIID IIPH
JIOCTATOYHO MaJIbIX (XOTsl ¥ GOJIBINIUX MO CPABHEHWIO C ATOMHBIMU
pasMepaMy) XapaKTEPHBIX PAa3MepPax: [JIsl TOHKUX IIJIEHOK, JJisl TeJ,
pa3/iesIeHHbIX Y3KOH IIeJIbI0, U T. II.

[Ipu BBIYKCIIEHNY BKIIAJA 2JIEKTPOMATHUTHBIX (OJIYKTYaIUil B CBO-
OOZHYIO HEPTUIO0 KAXK/IbIH pa3 CYIIECTBEHHBI [JIMHBI BOJIH HOPSIKA
BEJINUUHBI XADAKTEPHBIX PA3MEPOB HEOJHOPOIAHOCTH CPEbI (TOJIIIH-
Ha IUICHKW, INUPUHA IIEJIX U T. II.). VIMEHHO 3T0 00GCTOSTEHLCTBO
SBJISIETCS B MAKPOCKONMYECKON T€OpUM MPUUIUHON CTEIEHHOTO 3aKO0-
Ha yOBIBaHUs BaH-I€P-BAAIbCOBBIX CHJI; €CJI OB ObLIN CYIIECTBEHHEI
duiyKTyanuu ¢ HeKOTOPO#l (pUKCUPOBAHHON JIMHOM BOJIHBI Ag, TO 9TO
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pUBeJIO OBl K 9KCIIOHEHIINAJHFHOMY 3aKOHY yOBIBAHUS CHJI C TTIOKA3a-
TesieM ~ 1 /Ag. Jlasiee, MOCKONBKY XapaKTepHbIE PA3MEPHI, a C HUMU
7 XapaKTepHbIE JJIMHBI BOJH (QIIYKTyaluii MHOTO OOJIbIIE aTOMHBIX
pPa3MepoB, BCe CBONCTBA 3TUX (DIYKTYaIuil U UX BKJIAJ B CBODOIHYIO
SHEPIUIO MOJIHOCTHIO BHIPAXKAIOTCS Yepe3 KOMILJIEKCHYIO JUIEKTPU-
YECKYIO0 TPOHUIAEMOCTD TEJI.

Hamra 1iens 6ymer cocTOATh B BBIYUCIEHUU MAaKPOCKOIUYECKUX
CWJI, AeUCTBYIOINX B HEOTHOPOTHON cpe,z:el). B kauectBe mpeasa-
PUTEJILHOTO STANa BHIBOJA HAYHEM C OINPEIEJCHUS U3MEHEHUS CBO-
OOIHOI 9HEPTUU CPEJIbI P MAJIOM M3MEHEHUH €€ JUJIEKTPUIEeCKON
IPOHUIAEMOCTH (MATHUTHBIMY CBOMCTBAMU BEIIECTBa OyeM IIpeHe-
Operarhb, T. €. MArHUTHAs NPOHUIAEMOCTE (4 = 1). Byzem cumrars,
9TO U3MEHEHUE € BBI3BIBAECTC U3MEHEHUEM TaMUJIBTOHUAHA CHCTEMBI
Ha HekoTopoe majoe d H. Torma namenenne cBoboIHON dHEPTUH

§F = (6H), (80.1)

Il yCpeJHEeHue TPOU3BOAUTCs ([P 33JaHHBIX TEMIIEPATYPE U 00b-
eMe CHCTEMBI) IO DPACIpenesieHnio ['ub0ca ¢ HEBO3MYIIEHHBIM Ia-

muwibTonanoM H. IlpexcraBum mocsienauit B Buje ?)

B=Ho+ Ve, Viw=-— / 3A dia, (80.2)

~

rae Vi, ONMCHIBaeT B3aMMOJEHCTBHE YaCTHUI[ C JJIMHHOBOJHOBBIM
9JIEKTPOMATHUTHBIM TIOJIEM, & B H( BKJIIOYEHBI BCEe OCTAJIbHBIE B3aU-
MOJEACTBUS BMECTE C YICHAMH, OTBEYAIONTUMHI CBOOOIHBIM YaCTUIIAM
u doronam (cTporo roeops, B maTerpajie B (80.2) mo/KHO mOApPa-
3yMeBaTbCs 0Ope3aHue Ha HEKOTOPOM BOJHOBOM BekTope ko<l/a;
B OKOHYATC/BHBI!l DE3YJIbTAT, OZHAKO, NapameTp oOpesaHHs He

Bxoaut). Omeparop A — omepaTrop BEKTOPHOIO NMOTEHIMAJIA, JJINH-
HOBOJTHOBOTO TIOJISI; CYIIECTBEHHO, YTO OTBETCTBEHHBIN 3a M3MEHE-

HUE TUIEKTPUIECKON TPOHUIAEMOCTH onepaTop 0 H He COmepXKuUTB

cebe A, TIOCKOJIbKY JUIJIEKTPUIECKAs IIPOHUIIAEMOCTD OIIPEIeISAETCs
JINIITb B3aUMOJEHCTBAEM YACTHIL HA, ATOMHBIX PACCTOAHUSX.
ITepeitnem reneps B (80.1) K May6apoOBCKUM OepaTopaM B IPEJ-
CTaBJICHUH, KOTOPOE MOXKHO HA3BaTh «IJIMHHOBOJHOBBIM IIPEICTAB-
JICHHEM B3aUMOIECHCTBHUSA»: 3aBUCHUMOCTb OIEPATOPOB OT T B ITOM
NPEACTABJICHUU OINPENEJIACTCA BCEMH HICHAMH B TaMUJILTOHHUAHE,

!YUsnaraemas mmxe teopus mnpumamiexur M. E. Jlzasowunckomy u
JI. II. MTumaescxomy (1959).
%) B srom maparpade momaraem =1, ¢ = 1.
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3a MCKII0YeHHeM Jumb Vi;. Tem ke cmocoboMm, Kak M IPH BBIBO-
ne (38.7), mosyunm

1/T

L (T,68M5)y, & =T, exp / / TMAM B dr,  (30.3)
0

(@)o

OF =

rae (...)o O3HAYAeT yCpeJHEHWe IO pacupezeseHuio ['ubbca c ra-

MusibToEnaHOM Hy. COornacHo CMBICTY BBIOPAHHOTO IIPEICTABICHMUSI,
MaIrybapoBCKUE OMEPATOPHI OMPEIEICHBI KaK

AM (7, r) = exp(rHp) A(r) exp(—7Hy) (80.4)

u amajormyso mis 6 HM u mis h-omepaTopoB, M3 KOTOPHIX COCTAaB-

JISIETCA ONEPATOP TOKA YACTUI] jM 1). IMockomeky Ho He comep:kut

B3aMMOIEHCTBHUS JIJIMHHOBOJHOBBIX (DOTOHOB C YeM ObI TO HHU OBLIO,

1o AM cosmazaer c omepaTopom (Mary6apoBcKuM) cBOGOAHOTO Ho-
TOHHOTO TIOJIST; JIJIsE YP-ONEePaTOPOB YACTHUI] 3TO, KOHEYHO, HE TaK, MO-

ckoJbKy Hy BkO9aeT B cebs B3aMMOIEHCTBAE MEXKIY YACTHUIAMU.
Chenys oOIUM TPUHIWIIAM MIOCTPOEHUS AUATPAMMHON TEXHU-

KM, pa3jiokuM dKkcnoHeHTy B (80.3) o crenensm Vi, ?). Ilpu sTom
B KaXKJOM Y/ICHE DAa3JIOXKEHUsl NPOU3BEICHUE OLEPATOPOB CBOOOI-

HOTO ToJisi Ay OOBIYHBIM OOpPA30M YCPEIHSAETCsl B BUIE MOMAPHBIX
CcBepTOK coryiacHo TeopeMe Buka. HyseBoit unen pazsoxeHus, He

comepxkammuit AM, naer §Fy — usMeHeHue cBOGOQHOMN 3Hepruu 6e3
ydueTa AJIMHHOBOIHOBBIX duykTryarmit. Cireayontuil, TUHEHAHBI 10

AM yjen obpamaercs B pesy/bIaTe yCpeJHEHHS B Hy/b. B KBaj-
PATUHOM JKe TI0 TIOJIIO JIeHe CBePTKa aByx omepaTopos (AMAM)

pO 6 )
naet D, — rpUHOBCKYIO (DYHKITHIO CBOOOJHBIX (POTOHOB; ITOT HJIEH
MOKHO M300pa3uTh IUArpaMMoi

§F® = 1. :Z@} (80.5)

.

(BbLIEJIEH YMCIIEHHBIN MHOXKUTEJb 1/2!) Bo3HMKarommili npu passo-
KeHuu 9KcrmoHeHTHl). CBemas mTpuxoBasg KpuBasg OOO3HAYAET

1) Muaexc 0, KOTOPBIM CJICAOBAJIO GBI CHAGAUTE JAOTMOJHUTEIHLHO OEPATODHI B
9TOM NPEJCTABJIEHUY, OILyCKaeM BO n30ekaHue 3arpOMOXKeHUs 0O03HAYEHUIA.

2),Hoc'raToqno NPOCJIEAUTh 33 Pa3JIOXKEHUEM YHUCJIUTENsl B BbipakeHuu OF.

Kak 06er4H0, posib MHOXKHUTENHA (T )0 B 3HAMEHATEJIE CBOJIUTCH K YCTPAHEHHUIO JTHa-
rpaMM, pacraJaioluxcs Ha ABE WK OoJjiee HECBS3aHHBIX JPYT C APYIOM YacTeil.
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DO)_pynkrmio, a 3aIITPUXOBAHHBI KPYKOK — De3YJIBTAT YCPe-
HEHHsI BCEX OCTAJbHBIX MHOXKHUTejel. ZIBHBIN Bum 3TOH mociemHei
BEJIMYUHBI MBI HE Oy/I€EM BBIMTACHIBATE; BAXKHO JIUIIb, 9TO 3TO €CTH HE
49T0 MHOe, KaK 0Pk /47, tne §P;;, — U3MEHEHUE TOJSPU3ANUOHHOTO

OTIEpPaTOpa TP U3MEHEHUW TAaMUJILTOHUAHA CUCTEMBI Ha 0 H .

B aTom Jierko ybeauThesi, pacCMOTPEB TEM K€ CITIOCOOOM M3MEHE-
wre D-dynkuun. B ToM ke mpeicTaB/ieHUU OMEpaTOPOB 3Ta (DYHK-
[Hsi JAETCS BHIPAYKEHUEM

Dy (71, T1; T2, T2) = ——— (T, AM (71, 11) AM (13, 12) 7)o,

rge Tenepb
1/T
& =T,exp /( VM _sHM)dr
0

— BO «B3aUMOJIENCTBUE» BKJIFOUAETCS HE TOJHKO Vnm o u 6 H. Vicko-
Moe u3aMmenenue 6D;y A2CTCs JIMHEAHBIM WICHOM DA3JIOXKEHUS ITOTO

BBIPaKEHUS 110 CTEIIEHAM SHM.

0D;= @ < /5Hd7’ A (Tl,rl)Ak (72,12) exp/ MAMd3a:dT> .
0

(80.6)

[Ipy pas/OMKEHHH OCTABIIEHCS SKCIOHEHTHI 110 CTEIICHAM Vg
HYJIEBOW UJIEH JOJIXKEH OBITh OTODOIIEH: €My OTBEYAEeT HECBI3aHHAS
mmarpamma (ceprka (AM Aﬂ’f ) OTIessieTcs OT APYIUX MHOXKUTEJIEH,

He COIEpXKAINUX IIEPEMEHHBIX I, I'2). UjeH mepBoro mopsiaka co-
JIEPXKUT HEUYETHOE YHUCI0 A-0mepaTopoB u obpalnaeTcsd B HyJb IPH
ycpenuennu. Hakoserr, 4jieH BTOPOro mopsiaka naet B 6D;;, BhIpaxke-
HHe, N300parkarolIeecs ,zmarpaMMoi/'I

Dy =--4-- (80.7)

¢ TeM ke KpyKKoM, 4to u B (80.5) (MHOXwuTesnb 1/2 B 3TOM City-
4yae yCTPAHSAETCA 3a CYeT IBYX CIOCOOOB CBEPTKHU <«BHYTPEHHUX»

A-omepaTopoB, NPOUCXOAAMIUX W3 OIEPATOPOB Vi, C <«BHEI-

™ M o
anvu» A} m Ag'). C apyroit CTOpOHSBI, IO OIPEJEIEHNIO TIOJISPH-
3AI[MOHHOTO OIEPATOPA, I'PUHOBCKAs (PYHKIUS B PACCMATPUBAEMOM

npubIMKEeHUN U300parKaeTCd CyMMOii

Dip=----+---O-- >
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IJie CBETJIbI KPY’KOK — IOJIsiPU3ALUOHHBIN onepaTtop Pjx/4m. Ba-
puaims ke 3T0il QYHKIMU JaeT, clegoBaresbHo, nuarpammy (80.7)
¢ 0P; /4™ B KaYeCTBE 3AITPUXOBAHHOTO KPYZKKA.

Bce masbneiinme qnenst pa3soxenus B (80.3) mpeacTaBisoT co-
60l TIOMPaBKY PA3JINYHBIX MOPSAIKOB K IITPUXOBOi JJUHUY U K KDY K-
Ky Ha muarpamme (80.5). DTu mONPaBKYU NPEBPANIAIOT MITPUXOBYIO
JMHAUIO B TOYHYIO0 GyHKIMO D;j. JITMHHOBOIHOBBIE K€ OIPABKHU K
0P;k, KaK yKe TOBOPUJIOCH, MaJibl, TAK UYTO TOX 0P, cpa3y MOKHO
NOHMMATH BAPUAIIMIO TOYHOIO MOJIIPU3AIMOHHOTO  OMIEPATOPA.

B amajmTuueckoM BUje ITOT Pe3yJIbTAT 3aMMCHIBAETCH (MOCIE
nepexosa K Hypbe-pasiiozKeHnIO [0 IePEMEeHHON T) Kak )

1 o 1
SF=0F—= »r Pir(Csi r1,72) §Pri((s; T2, v1)d*z1d% D5
§=—00

(80.8)

Coruacro (79.17) u3MeHeHMe TOIAPU3ANUOHHOIO OIEPATOPA BbI-
pazkaeTcs ([JIs H30TPOIHOM CPeibl) YePe3 U3MEHEHUE TUIEKTPUYe-
CKO# TPOHUIIAEMOCTH:

§Pri(Cs; 11, T2) = (208 (1 — 12) 82 (i |G, 11);
HaJMYUE 37eCh O-(PYHKIUU YCTPAHAET OJHO M3 WHTErPUPOBAHUMN
B (80.8). YuurbiBas Takxke 4yeTHOCTH (pyHKIMU D) 1o (,, mepenu-
meM (80.8) B BuzE

6F = 6Fy— L / CDu(Csi v, 1) 8e(i |G, ) APz, (80.9)
4 =0

IIe CyMMHMPOBAHHE IPOU3BOIUTCHA TOJIBKO IO MTOJIOYKUTEIHLHBIM 3HA~
YEeHHAM S; IITPUX y 3HAKA CYMMBbI O3HAYAET, 9TO HYJIEBOW UJIEH JOJI-
JK€H OBITh B34T ¢ MHOXKUTeJIeM 1/2 (3TOT 4jleH nMeeT KOHEUHOe 3HA-
"eHMe: MHOXKUTENL (2 yCTpaHsaeT pacxoaumocTb B Dy mpu (s = 0).

st 3anucu gasipHeimmx GopMyst 6yaeT yaoO0HO BBECTH TIOMUMO
dbyuknun Dj eme nBe apyrue QYyHKINAN:

Di(Csir, ') = =Dy (s 1, 1),

80.10
Dfi (Cs; 1, ') = 1oty 10t} Dy (G T, 1), (80.10)

1) Meb1 He maem ofmiero mpasuiia OmpefeseHus 3Haka auarpamm Tuma (80.5)
(muarpammer 6e3 cBOGOIHBIX KOHIOB). B aHHOM Ciiydae €ro JIETKO yCTaHOBUTH,
3aIUCaB B SIBHOM BHJE COOTBETCTBYIOIIUE 4eHb! pa3ioxkeHuil B (80.3) u (80.6).
JlocTaToYHO, BIPOYEM, 3aMETUTH, 9TO 9TOT 4ieH B (80.3) COmEPKUT OOHY CBEPT-
Ky napsl A-oneparopos, a B (80.6) — gBe mapbl; HOCKOJIbKY CBEPTKA OLHOMN Iaph
nmaet —D;y, To nuarpammst (80.5) u (80.7) UMEIOT IPOTHBOMOIOXKHBIE 3HAKH, ITO
U OPUBOIUT K 3HaKy MuHYyC B (80.8).



432 SJIEKTPOMATHUTHBIE ©JIVKTYAIITUU TJI. VIII

LIOCTPOEHHBIE 110 aHAJIOIHY C BbIpaxkenusmu (76.3), (76.4). Torpa 6 F
3aIUIIETC OKOHYATEJIBHO B BUJE

§F = 6Fy + L Z’/Dﬁ(gs; r, r)8e(i|Gs), ) 2. (80.11)
4 =0

HUcnonbayem teneps dbopmyity (80.11) must onpenenenus cui, aefi-
CTBYIOIIMX B HEOJHOPOHHON cpexe. V3oTpomus cpenbl yxke ObLia
MPEANONIOXKEeHa; OyIeM CINTATD TENEPDb €€ TAKKE U KUIKOM, TaK ITO
U3MEHEHME COCTOsiHWs B KAXKJOM ee Touke (IIpU 3aJaHHON TeMmmepa-
Type) MOXKeT OBbITh CBA3aHO JIMIIb C U3MEHEHUEM ILJIOTHOCTH p.

IIpencraBum cebe, 9TO Ccpeia MOABEPIHY T M30TEPMUYIECKON Ma-
joit pedopmaruu ¢ BekropoMm cMerenust u(r). CoorBercrBylomiee
U3MEHEHUE ee CBODOIHOM SHEPIUM €CTh

§F = — / fud’z, (80.12)

rae f — obbemHas mIOTHOCTH AeficTByromuX Ha cpexy cui. C apy-
ro¥i CTOPOHBI, 9TO K€ U3MEHEHUE MOXKHO onpeaesuTs u3 (80.11), BoI-
pasuB 4Yepe3 TOT K€ BEKTOp cMmemieHus sapuaiuu 6 Fy u de. Ilycts
Py(p, T') — nasiuenue 6e3 ydera BaH-/1€P-BaaJIbCOBBIX MOIPABOK IIPH
3a[aHHBIX 3HAYEHUAX P U T COOTBETCTBYIOIIAs MJIOTHOCTH O0BHEM-
HBIX cui ecTb fy = —V Py, Tak 410

§Fy = / uV P, da.

Jlastee, n3MeHeHUE JIOTHOCTH CBSI3aHO C BEKTOPOM CMEIIEHUS YPaB-
HeHweM HenpepbiBHOCTH 0p = —div (pu). [HosToMy u3MeHeHme u-
IEKTPUUECKOH TPOHUIIAEMOCTH

Oe Oe .
de = —dp = ——div (pu).
5" =%, (pu)
IMoxncrasus sto B (80.11), mpon3Bes NHTErPUPOBAHUE 11O YACTAM IIO
BCceMy OObeMy TeJjia ¥ CDABHUB 3aTeM MOJIyduBIneecs s 0 F' Bbipa-
sxenue ¢ (80.12), naitmem

f=_VP - % Y pgrad [Dﬁ (G 1, 1) g_; . (80.13)
s=0

OTa (opmyJia TO3BOJSIET, B YACTHOCTH, CPA3y OMPEIEIUTH I0-
MpPaBKy K XUMUYIECKOMY MOTEHIHAJY Tejia. JJig 3TOro HamuineMm yc-
JioBre MexaHudeckoro papaoBecus: f = 0. [Ipu aTom yurem, uTo mpu
IOCTOAHHOHR TeMmiepaTrype

dPy(p, T) = % duo(p, T),
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rae po(p, T) — HEBO3MYIEHHBIH XUMUYeCKuil moTeHIma Tesa (m —
macca 4gactunsl). Torga nosydum sro yciosue B Buzge pVu = 0, rue

o0
T / 0
w=polp, T)+ 7> D (G v, ¥') a—j (80.14)
s=0

C apyro#i CTOPOHBI, YCJIOBUEM MEXaHWUIECKOTO PABHOBECHUS BCIKOTO
HEOTHOPOIHOTO TEJIa ABJISETCS MOCTOSHCTBO BIOJb HETO XUMUYIECKO-
ro IOTEHIHMAJIA; sICHO, 4TO Bhipakenue (80.14) um ompenensier 3TOT
TIOTEHITUAJI.

Hawnbosee mosnnoe onucanme AefCTBYIOIMUX B CPEIE CUJ OCYIIE-
CTBJIIETCH, KAK M3BECTHO, TAK HA3BIBAEMBIM TEH30POM HAIPSKEHUH
Ok, CBI3AaHHBIM C KOMIOHEHTaMu BeKTOpa f cooTHOMEHUsIMU

f; = 2om. (80.15)
6:13k

s mpeobpazoBanus Beipaxkenus (80.13) xk TakoMy Buzy mepe-
[IUIIIEM €r0 CHadaJja B popme

L _0h TNV O _ %\ pE _
fi= o2, T o2, {(5(1‘) Pap) Dy (r, 1‘)}
T / 1o}
- 6(1‘) DlEl;(ra I‘)

(B mesisiX KpaTKOCTH apryMeHTHI (s B IPOMEXKYTOUHBIX (DOpMyJiax
He BhINUCHIBaeM). [lepBbie nBa 4jeHa yKe MMEIOT TpeOyeMBbIil BHL.
Tpetnii ke 4djieH TpeaAcTaBUM KaK

) PPN I P
Ly {ew) e} ol ),

pasnmenuB nudhepeHnnpOBaHus IO TIEPBOMY U BTOPOMY apryMeH-
Ty dyskuuu Dy (r, r); oToxKmecTBIeHHe I' = I’ IPOM3BEAEM B KOH-
Ile BBIYUC/ICHUs. BbIUUC/IeHNEe TIPOU3BOAUTCS IIyTEM MCIOJIb30BAHUS
ypasHeHwuit (cM. (79.8))

A Dy (r, t') = —4m 63, 8(r — 1),
AN, Di(r, v') = —47 61, 6(r — 1),
rae
82
awiawz

Kil = (fa(r) 0;1 + Ot TOb = Cg 6(1‘) b1 + — 0;1A.

B pesysbraTe momyunm pasencTso (mpm r = r')

0 ~E 3] E H 0 ~H
e 9 pEP_9 9 [€D~ D! } _9p
Bz, Ul Fy. ik T Dik oz, U

15 E. M. Jludmmuu, JI. I1. ITuraesckuit
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U OKOHYATEJIbHO ClleAyIolee BhIparkeHue JJid TeH30pa HallPAKCHUN:

oir=—Po;1, — 21 ZI {_1 ik [E(i(s, r)—p (ZCS’ ] ’Dll ((s; T, 1)+
T 0 2

(i, DR (G 7, 1) = 5 6 DYf (G5 7, 1) + DY (Ges v 1)}
(80.16)

[Tosyuennbie GoOpMyJIbl €Ie HE UMEIOT, OIHAKO, PAMOTO Gu-
3UIECKOTO CMBICIA. Heno B ToM, dUTO (byHKLu/m Dzk(r r’') crpe-
muTced npu ' — T K 6eCKOHe‘{HOCTI/I, kak 1/|r — r'| (B 9em serko
ybeauThes ¢ momomipto ypasreHus (79.8)). DTa pacxomuMOCTh
BO3HUKAET OT BKJIaJa OOJIBIINX BOJHOBBIX BEKTOPOB (k ~ 1/|r — ')
U CBsI3aHA JIUIIb C HEIPUMEHUMOCTHIO ypaBHenus (79.8) mpu k 2 a.
91O 3aTpyJHEHHE MOXKHO YCTPAHWTh, HE BBOASA SIBHBIM 00Pa30M
obpesanus Ha Oosibimx k. st 3TOrO 3ameTuM, UTO KOPOTKO-
BOJIHOBbIe (DJIYKTyaIlid HE WMEIOT OTHOIIEHWS K HHTEPECYIOIIUM
Hac 3 dexTaM, CBI3aHHBIM C HEOSHODOIHOCTBHIO cpeabl. VX BKJIaH
B TEPMOJMHAMUYECKHE BEJIMYUHBI B KAXKJON JAHHOW TOYKe Teja
OJIMHAKOB JIJIsi OJTHOPOJIHOMN CPeibl U JJIsi CPeIbl HEOJHOPOIHOM, HO C
TeM Ke 3HaueHueM &(r) B maHHON Touke. [{ns npunanus dopmyinam
OJHO3HAYHOTO CMBICJIA, HE 3aBUCAINETO B JeWCTBUTEJHHOCTH OT
XapakTepa obOpe3aHus, HAJ0 TMOITOMY IIpou3BecTH B (HOpPMYIax
COOTBETCTBYIOIIUE BhIYMTaHUsA. VIMEHHO TIO/ TPUHOBCKOM (DyHKIHEH
Dir((s; T, r) HAIO MOHUMATH IPEAES PAZHOCTH

lim { Dz ((s; T, rl) - 5ik(<s§ r, rl)}v (80.17)
r'—r

rae D,;, — rpuHOBCKas DYHKIMS BCIIOMOTATE/IBHON OJHOPOIHOMN HEO-
IPAHUYEHHONW CPEIbl, IUIIEKTPUYECKAS MTPOHUIIAEMOCTh KOTODOM
COBIIAIAET C MPOHUIIAEMOCTHIO MCTUHHON CPEJbl B JAHHON TOYKE T
ITOT Ipeesl y2Ke He pacxoguTrcs. Bo uzbexanve M3JIUITHETO YCIOK-
HeHus 3amucu (POPMYJI OCTABUM WX B HPEKHEM BHUE, IOIPA3yMe-
Bas B Hux nox Dy yxe passocts (80.17). IIpu stom Py(p, T) ects
JIaBJIEHUE B HEOTDAHWYEHHON OJHOPOIHON CPeJIe TIPU 3aIaHHBIX 3HA-
genuax pu 1.

Kaxk B dopmymy (80.16), Tak u B ypasuenue (79.8), ounpenessito-
mee IPUHOBCKYI0 (yHKIMIO D;r, CBOACTBA CpeIbl BXOIAT TOJBKO
4epes €(i() — AUIIEKTPUYIECKYIO IPOHUIAEMOCTD KaK (DYHKI[UIO MHY-
Mo#t gacToThl. HamoMuuM B 9TO# cBsizu, 9TO 9Ta (DYHKIUS CBA3aHA
IIPOCTBIM COOTHOIIIEHUEM C MHUMOM YaCThIO JUIJIEKTPUYECKON TIPO-
HUIAEMOCTH TIPU BEMIECTBEHHBIX YaCTOTAX:

e(i¢) =1+ 2 / ) d (80.18)
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(cm. VIII, § 82). MokHO CKa3aTh MOTOMY, YTO €AUHCTBEHHONW MaKPO-
CKOIIMYECKON XapaKTECPUCTUKON, ONIpeAeIdIomeil BaH-JeP-BaaJIbCOBBI
CUJIBI B MATEPHUAJIBHOM CpeJe, SABJISETCS, B KOHEYHOM UTOI'e, MHUMAas
YacTh €€ JUdJIEKTPUYECKON IPOHUIIAEMOCTH.

®opwmyJa (80.16) o Busy B TOYHOCTH COOTBETCTBYET U3BECTHOMY
73 MAKPOCKOTIMYECKOH IEKTPOAUHAMUKHY BBIPAYKEHUIO [IJIsI MAKCBEJI-
JIOBCKOTO TEH30Da HANPS’KEHWH B IMOCTOSHHOM JIEKTPOMATHUTHOM
moJie, TpUYEM KBaApaTHYHbIe KoMOunHaruu kommonenr E um H
3aMEHEHBI COOTBETCTBYIOUUMH (QYHKIUIMU —Dﬁc u —Dg . Oroit
aHAJIOTHM He CJIeAyeT, OLHAKO, IPUAABATH CJIMIIKOM I[VIyDOKOe 3HA-
YeHHUe: OHA OTHIONb HE O3HAYAET CYIIECTBOBAHUS Ui IIEPEMEHHOIO
3JIEKTPOMATHUTHOTO TOJIs KAaK TAKOBOTO OOIIEr0 BBIPAXKEHUS s
TEH30pa HANpsKEHUil B MOMIOMAOMIEH cpexe (COmEPKAIIEro B
Ka9YeCTBE XaPAKTEPUCTUKYU CPEJIbI JIUIIIH €€ AUJIEKTPUIECKYIO TIPOHU-
IIaeMocThb). B maHHOM cilydae MBI UMeEeM J€JI0 HE C IPOU3BOJIBHBIM
3JIEKTPOMATHUTHBIM TIOJIEM, & C TEPMOJAMHAMUYECKU PABHOBECHBIM
cobcTBeHHBIM (DJIyKTYAIIMOHHBIM TIOJIEM B CPEJE.

§ 81. MosekyJisipHbIE€ CHJIBI B3aMMOJI€HCTBAS
MexXIy TBepapiMu Tejiamu.Q61mas gopmyiia

[TpumenuM moJiyYeHHBIE B TPEAbLAYINEM maparpade obitme dhop-
MYJIBI K BEIYUCICHUIO CHJI, JeHCTBYONUX MEXKIY TBEPIBIMU TEJIAMH,
MTOBEPXHOCTH KOTOPBIX COJIMYKEHBI 70 OYEHb MAJIBIX PACCTOAHUM, Y10~
BJIETBOPSIONTUX JIUIIH OJHOMY YCJIOBHIO: OHU JIOJIKHBI OBITH BEJIMKH
IO CPABHEHUIO C MEXKATOMHBIMY PACCTOSHUSMY B TejlaX. VIMEHHO 9T0
YCJIOBHE TIO3BOJISIET MOAOUTHU K BOIPOCY ¢ MAKPOCKOIMIECKOH TOUKHU
3peHUs, B KOTOPOI Tejla pacCMaTPUBAIOTCA KakK
CILIOMIHBIE CPEJIBI, & MX B3AHMOJIEHCTBHE — KaK OCy- 71 § 3 R 2
IIIECTBJIAIONIEECH TIOCPEACTBOM (PIIYKTYAIIMOHHOIO
3JIEKTPOMArHUTHOTO TIOJIsA. 1Ipu 3TOM CyIecTBeH- 0
HBI T€ (DIYKTYyaIuu, JJINHLL BOJIH KOTOPBIX IOPAIKA I =z
BEJIMUMHBI XaPaKTEPHLIX PA3MEpPOB 3aa4u — IIU-
DUHBI IIEJIM MEXKY TeJIaMu ).

Bynem obosmauars mmmekcamu 1 u 2 Beamdn-
HBI, OTHOCAIIUECS K JBYM TBEDILIM TeJiaM, a WH-
JIEKCOM 3 — BEJIMYMHBI, OTHOCATIIUECS K MPOCTPAHCTBY IIEJU MEXKIY
Humu (puc. 17). Hlens 6yzem mpemonaraTh MII0OCKONAPAILIEIBHOM;
OCh T HAIPABUM MEPIEHIUKYJISPHO €€ IUIOCKOCTH (TaK YTO IIOBEPX-
HOCcTaMU TeJi 1 u 2 OyayT mwirockoctu £ = 0 u x = [, tne | — mmpuna
menn). Cuna F, neificTByromas Ha €JUHUILY ILUIOMIAAN TOBEPXHOCTH,
CKaXKeM, TeJjia 2, BBIUMUC/ISETCA KAK MOTOK MMITYJIhCA, BTEKAIOIIEro
B TEJIO Yepe3 3Ty TMOBEPXHOCTb. DTOT MOTOK JAETCS KOMIOHEHTOMH

Puc. 17.

1) Pesyserars: § 81, 82 npunannexar E. M. Jupwuyy (1954).
15*
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O zg IEKTPOMATHUTHOTO TEH30PA HANPSKEHUHM B MPOCTPAHCTBE IITe-
s, B3gTOrO ipu £ = [. B mycrore € = 1 u BbIpakeHUE gy U3
(80.16) cBomuTcs K1)

F = 04,01 ——Z{D (Cns 1, 1) + DE(Cns 1, 1) = DE(Gns 1, D+

+DH<<n,l D)+ DE(Cas 1, 1) = DE(Gus 1, 1)} (8L1)

(uHIEKC cymmupoBaHUs 0003Ha4YaeM B 9TOM maparpade GyKBoit n).
B cuny OJWHOPOIHOCTH 33/1a4i B HAIPABJICHUAX Y M 2 byHK-
muu Dig((n; T, r) 3aBUCAT TOJIBKO OT pa3Hocreit y — y' u z — 2/

(aprymentst y—y' u z—2' B (81.1) He Bomucanw); Dik (¢, q; T, ') —
byphe-KOMIIOHEHTHI IO 3TUM II€PEMEHHBIM. Torma

Dzk(Cna r, I') = /Dzk(Cna q; T, .’13) (;‘_‘;2'

Hast dysakmuit Dig(Cn, q; x, ') ypasrenus (79.8) npuHmMmaroT
Buz (OCh Y HAIIPaBJIsieM BIOJIb BEKTODPA Q)

(81.2)

2 d’ no_ '
(w - @> D.x(z, ') = —4nd(z — '),

2 2 d? D / . d no_ /
W' =g~ —— yy(w,x)—l—zq—Dmy(az,x) = —dnd(z — '),
W Dyy(z, 2') + 7,q Dyy(:v ') =0,
W Dye(z, ') + iqd—Dyz(az, z') = —4né(z — z'),
X
rae w = (62 + ¢*)Y/?, a € = €(i¢s), a 2’ urpaer poms mapamerpa
(kommoneHTHI ke Dy, = Dy, = 0, IOCKO/IbKY ypaBHEHHUs JJif HUX

OKa3bIBAIOTCH OJHOPOIHBIME). PereHne 3TOH CHUCTEMBI CBOAUTCS K
PCIICHUIO BCEr0 ABYX yPaBHEHUM

2 d? no_ '
Wi Dz, ') = —4md(xz — x'), (81.3)
2 d? — 4mw?
(w — %) Dyy(x, .'I}I) = 52:% (5(.’1} — a:’), (814)

1) B npomexkyTo4HBIX BBIYHCACHHAX mojaraeMm i =1, c=1.
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nocye 9ero Dyy u Dy, onpenenaroTcs Kak

D n_ _igd /
oy (T, ') 2 dz yy (T, ), (81.5)
D N __ ig d ' 4 ’
xm(wax)—_ﬁa ya:(xvx) - (:C—:L’)

ITpu sToM Hamo ydectb, 4ro B cuiy (79.5) Dyz(r, r') = Dyy(r', 1),
u 1031oMy Dye(q; , &') = Dgy(—q; &', x).

Kpaesble yCii0Busi, COOTBETCTBYIOIIUE HENPEPHIBHOCTU TAHTEHII-
AJIbHBIX KOMIIOHEHT HANPSKEHHOCTH JIEKTPUYECKOTO ¥ MATHUTHOTO
1oJieit, CBOIATCSI K TPeGOBAHMIO HEIPEPHIBHOCTH Besmdus DE Dzk,

DH

yk?

k> ’Dzk, WU, 9TO TO YK€, K HEIPEPHIBHOCTU BEJINYUH

Dyk; D.k, rtoty Dy, roty Dy

Ucnonb3yst mepsoe u3 pasencts (81.5), mosyduMm, 9TO Ha I'DAHUIE
pasiesia JOJIKHBI ObITh HETPEPHIBHBIL

d e d
Dzz: _Dzzv Dyyv

= %Dyy' (81.6)

ITockoMbKy MBI UM€EM B BUJY BBIYUCIUTH TEH30P HAISKCHH
JIMIITb B ODJIACTH IIEJIH, TO MOYXKHO Cpa3y CYUTaTh, dTo 0 < ' <l
B obnactu 0 < z < 1 (byHKuI/H/I Dyy u D, onpeaensioTcs ypaBHCHI-
amu (81.3), (81.4) ¢ e=1, w=w3=(¢2+¢*)'/2. B obmacrax 1 (z < 0)
u 2 (z > ) oHM yJIOBJIETBOPSAIOT TEM YK€ YPABHEHUSM 6e3 IPaBbIX
gacTeil (HOCKOJIBKY 3/1eCh T # Z') COOTBETCTBEHHO C £1, W] U £2, W2
B Ka4eCTBE €, W.

Heobxomumoe, corsaceo (80.17), BeIYMTAHWE CBOJUTCH K TOMY,
9To 3 Bcex (yHkimit D;; B 06JACTU IIEIU CIEAYEeT BBIYECTH UX
3HaUEeHUS TP €] = €2 = 1. BesleacTBre 9TOr0, B 4aCTHOCTH, MOXKHO
Cpa3y OIlyCTUTH BTOPOIl WIECH CIpaBa BO BTOPOM u3 paBeHCTB (81.5),
TaK 4TO B 0OJIACTH IIIEJIN

iq d _ig d

Dy = _w_qgapyy, Dyp = — 2 42 Do (81.7)

[Tpexx e 4eM NPUCTYNUTH K PEIICHHUIO YPABHEHUI, CIeJIaeM elIe
onHo 3amevanue. Ob6mee pemenue ypasrenuit (81.3), (81.4) umeer
ug [ (z — ') + fT(x + 2'). Ucnonssys ypasuennsa (81.3), (81.4),
(81.7) m ompenenenne GdyHKIwMIt Dﬁc u Dg , MOXHO IIOKA3aTh,
9TO YaCTU IPUHOBCKUX (QYHKIUI, 3aBUCAIEE OT CYMMBI T + ', He
BHOCAT HUKAKOIO BKJaja B Beipaxkenue (81.1) must cmuiel. Mbl He
OCTAHABJIMBAEMCS 3[€Ch HA ITOM, TAK KaK ITOT PE3y/IbTaT 3apaHee
oueBnsieH u3 PU3NIECKUX COOOParKEHNA: TIONIOKUB T = z' B pelennn
Buaa f1(z+x'), MBI OB TOJIY YU/ TOTOK UMITYJIBCA B IIEJIH, KOTOPbIi
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3aBuCeJ ObI OT KOOPJAUHATHI — B IIPOTUBOPEYNH C 32AKOHOM COXPaHe-
HUs UMIyJbca. B masbHelineM Mbl 6yeM T03TOMY IPUBOIUTH B pe-
3yJIbTaTe TOIbKO BbIPAsKeHUs JJid JacTelt rpuHOBCKUX pynKiwmit D;,,
HE 3aBUCAINNX OT T + .

[Tepeiimem K Haxoxkmenuio pyukiuu D,,. OHa yHIOBIETBOPSET
YPaABHEHUSAM:

2
(w% - d—) D,.(z,2')=0, =z<0,
dx?
2 & '
wy — — | Dyp(z, 2') =0, z=>1, (81.8)
dzx?

2
(w?z’ -4 > DZz(xa xl) = —471'5(.’13 - xl)v O<z <l

dz?
OTcroga HaxoouM

D,, = Ae“™™, z<0, D,, = Be™™* 1 >1,

D,, = C1e¥3* 4+ Coe 3% — 2—”36_“’3“:_””/', O<z<l.
w—

B mociesHeM BBIpasKeHWH YyUTEHO, UYTO B CHJY TPEThETrO M3 ypaBHE-

uuit (81.8) npoussonnas dD,,/dx ucnbiTEIBaET IpU T = &' CKAUOK,
. /

pasubiit 47. Oupenesus A, B, C1, Cy (bysknuu z') u3 rpaHudHbIX

ycioBuii HenpepsiBHOCTH D, 1 dD,, /dx, nonyanm

D, = 4—7Tchw?,(:c —z') - 2—”6_“’3|z_w,|, 0<z<l,
w3A ws
TIIe
A =1 — g2wsl (w1 + ws) (w2 + ws)

w1 — wa)(w2 - UJ3)

Berurs 3nauenue D, npu wi = wp = w3 (npu arom 1/A = 0), umeem
OKOHYATEJIBHO
- 4ar
D,, = chws(z — ).
W3A

Amnasorndno, pemas ypaBHeHHme misi Dy, mosmydnm (mocie BBI-
YUTAHUSA)

— _ 4mws
Dyy - 721A1
Ay=1- 62w3l (e1ws + w1)(e2ws + wa)
(e1ws — w1)(e2ws — wa)

chws(z — '),
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u, ucnoss3ys (81.7),

_ _ Amiq /
D, =D, = ~aa, shws(z — '),
_ Ang? /
DCL“.I: = —m Chw3(.’r — T ).

Beruuciive Teneps yHKIUN Dﬁc u D{,ﬁ , Tpeobpa30BaB UX 3aTEM
corutacHo (81.2) u noxcrasus B (81.1), momyuum

[o's) (o ¢]
=I5 L
F()= 27”;) O/w3<A+A1)qdq.

Haxkonern, mepeiing K HOBOI MepeMEHHOW WHTETPUPOBAHUSA P, CO-
rJacHo ¢ = (p+/ p?2 — 1, U BO3BPATUBIIHUCH K OOBIYHBIM €IUHUIIAM,
MBI IPUAEM K OKOHYATEJbHOMY BBIPAXKEHUIO JJIst CUJIbI F') neiicTByIO-
el Ha eQUHUITY IJIOMIAANU KaXKJOTO U3 ABYX TeJl, Pa3/leJICHHbIX IIe-
JIBIO TIUPUHOH [:

[eo]

oo -1
FQ) = iz/ Cy?:/pQ [(31 +p)(s2 +p) exp(% l) _ 1] +
=0

wed (51 —p)(s2 —p) ¢
1

(s1+pe1)(s2 +pe2) G0 ) 1] -1 .
- [(Sl—psl)(82—p62) exp( c l) dp, (81.9)

siy/e1 — 14+ p2,  soyJea —14+p2, (, =2mnT/H,

€1, €2 — (PYHKIIUU MHUMON YaCTOTHI W = %(,; HAIOMHUM B ITOI
cBsi3u, 4TO €(9¢) — MOJIOXKHUTEJIbHAS BEIIECTBEHHAS BEJINYUHA, MO-
HOTOHHO yOBIBAIOIIAs OT CBOETO JICKTPOCTATUYECKOTO 3HAYUCHUS £
npu ( = 0 o 1 mpu ( = oo?). Iomoxurensusie 3Hadenus F co-
OTBETCTBYIOT IIPUTSKEHUIO TeJ. llompIHTerpajibHOE BBIDAXKEHHUE B
KaXKJOM U3 9ICHOB CyMMbI B (81.9) HIOIOXKUTENIBHO U DU KaxK-

JIBIX 3a/IaHHBIX P U (, MOHOTOHHO yObiBaeT ¢ pocroM [?). Otcrona

rae

1) @opmymna (81.9) BriBeAEHA B MpEAIONOXKeHHH H30TPOmIAE 060mX Tes. [Tosro-
My €€ IPUMEHHMOCTb K KPHUCTAJUIAM CBA3AHA C BO3MOXKHOCTBIO IPEHEOpEKEHHUs
AHM30TPONHEHl UX AUIEKTPUYECKON MPOHUNAEMOCTH. XOTs 3TO B GOJIBIINHCTBE
CJIy4aeB BIIOJIHE JOIIYCTUMO, CJIEAYET UMETh B By, 9YTO aHU3O0TPOIINA TEJI IIPUBO-
auT, BOOOIIE roBopsl, e1me U K crenududeckoMy 3(pdeKTy — MOsBJIEHUI0 MOMEHTA
CIJI, CTPEMSINEr0oCd IOBEPHYTh TE€JIa APYT OTHOCUTENBHO ADYTa.

2) B arom Jierko y6eaursest, 3amerus, uTo s s = (€ — 1+ p*)*/? (nme p > 1)
MMEIOT MECTO HEPABEHCTBA €p > § > p npu € > 1.
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caenyer, uro F' > 0, dF/dl < 0 1. e. Tena (pasmesieHHbIE IIyCTOM
IIEJIBIO) IPUTATUBAIOTCS C CHJION, MOHOTOHHO YOBbIBAIOIIEH C yBeJIH-
YEHUEM PACCTOSTHUSI.

O6mas dopmyna (81.9) ouens cioxua. OHa, OHAKO, MOXKET OBITH
CYIIEeCTBEHHO YIPOIIEHA B CBA3W C TEM, UTO BJIUSIHUE TEMIIEPATYPHI
Ha CHJIy B3aMMOJEHCTBHs OOBIYHO COBEPIIEHHO HECYIIECTBEHHO ).
Heso B TOM, 9TO 6Jaromaps HAJIWYUIO SKCIOHEHT B IOALIHTETDAJID-
HBIX BbIpakeHusxX B (81.9) riaBHYIO pOJIb B CyMMe UIDAOT JIAIIb TE
YWIEHBL, Il KOTOPBIX ( ~ ¢/l wimu n ~ ch/IT. B ciuyqae IT/ch < 1
CyIIeCTBEHHBIMU OyAyT, TakuM 0Opa3oM, OOJIbINE 3HAYEHUS N U
B (81.9) MOXHO mepelfiTH OT CyMMUDPOBaHUsI K WHTEIPUPOBAHUIO IO
dn = hd(¢/2xT. Ilpu sToM TemmepaTypa ucue3aeT u3 (HGOPMYJIbl, U
MBI TPUXOINM K CJIEAYIOMIEMY PE3yJIBTATY:

P = s [ {[eenes o2y 1)

-1

(s1+pe1)(s2 +pe2) 2PC 1:| -
i [(Sl—Psl)(Sz—pSZ) exp( ) dpd¢. (81.10)

CoryiacHO CKa3aHHOMY, 3Ta (POPMYJIa MPUMEHUMA JJIS PACCTOSHUIA
l < ch/T; y»e npu KOMHATHBIX TEMIEPATYPaX ITO JAET PACCTOsI-

Hug npuMepro 10 1074 cm. @opmyia (81.10) momyckaetr JasbHeiee
CYyHIECTBEHHOE YIIPDOIIIEHWE B ABYX NPEAECJBbHBIX CJ/IyYadX.

§ 82. MoJiekyJisipHbI€ CHJIbI B3aMMOIEACTBAL
MeXay TBepabiMu Tejiamu. IlpenensHbie ciiydan

OcTaHoBUMCsI CHAYAJIA HA IIPEIEIHPHOM CIIYYa€ <«MAJBIX» DPac-
CTOSIHWIA, TI0J KOTOPHIMU ITOIPA3yMEBAIOTCS PACCTOSHUS, MAJIBIE IO
CPaBHEHWIO C JJIMHAMHU BOJIH \g, XAPAKTEPHBIMU IJjis COEKTPOB TIO-
TJIOIIEHN JAHHBIX Tejl. TeMmepaTyphl, 0 KOTOPBIX MOXKET UATH PEUb
JJIsi KOHJIEHCUPOBAHHBIX TEJI, BO BCAKOM CJIy4ae MaJibl 1O CpaBHE-
HUIO C UTPAOIIUMU 37eCh POJib hwy (Hampumep, B BUAMMON 4acTu
CIIEKTPA), II09TOMY HEPABEHCTBO G 3aBEJOMO BBIIOJIHSIETCH.

Baaromapst HaJIMYWIO SKCIIOHEHIIMAILHOTO MHOXKUTEJIS B 3HAME-
HATEJISX TOBIHTEPAJIBHOTO BBIPAYKEHN s TIPU HHTETPUPOBAHUY TI0 dp
CyIIeCTBeHHA 00s1acTh, B KoTopoit p(l/c ~ 1. Ilpu sarom p > 1, u
TO9TOMY TIPW OIMPEJEJICHUN TJIABHOTO HWJIEHA B MHTEIPAJIE MOXKHO TIO-
JIOKUTH §1 R S3 &~ p. B 310M mpumbimKeHWU MEPBOE CJIATAEMOE B

1) T'oBopst 0 BiMsHUM TeMIEPATYPbI, MBI OTBJIEKAEMCSI OT TOT'O BJIMSIHHS, KOTO-
poe CBSI3aHO IPOCTO € 3aBUCHMOCTBIO OT TEMIIEPATyPhl CaMOM JUIIEKTPUIECKOMN
NIPOHUIIAEMOCTH.
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durypubix ckobkax B (81.10) obpaTturcs B Hysnb. Bropoit xe uien
HoCJle BBEAEHUS IePEMEHHO nHTerpupoBanus & = 2p (l/c nacr

-1
// [(61+1)(62+1)ez—1 dz d¢ (82.1)

(e1—1)(e2—1)

F(l) =

16772l3

(vKHUI Tpefes MHTErPUPOBAHUs N0 dT 3aMEHEH B 9TOM K€ HPHU-
GukeHny Hysem) ).

Cwuna B 5TOM CIydae OKa3bIBAETCS OOPATHO MPOMOPIIMOHAJIBHON
KyOy paccTosinus, 9TO, BIPOYEM, U CJIEJOBAJIO OXKUJIATH B COOTBET-
CTBHUU C OOBIYHBIM 3aKOHOM BAaH-JE€P-BAAJIBCOBBIX CUJI MEXKJIY JBYMS
aToMamu (CM. HuKe mpuMedanue Ha c. 442). @yukuun €(i¢) — 1 Mo-
HOTOHHO YOBIBAIOT C yBeJWYeHUEM (, CTPeMsiChb K HyJifo. [losTomy
3HadeHud (, HaumHas ¢ HEKOTOpPOro ( ~ (p, MepecTaroT BHOCUTDH CY-
IIIECTBEHHBIN BKJIAJ B MHTEI'PAJI; YCJIOBUE MAJIOCTU | O3HAYAET, YTO
JOJKHO 6BITE | K ¢/(p.

[Tokaxkem, KakuM 0OPa30M MOXKHO MEPEHTH OT MAKPOCKOITHYE-
ckoit dopmyser (82.1) K B3aUMOZEHCTBUIO OTHEIBHBIX ATOMOB B
mycrore. st aToro mpeamosioxkuM hopMajbHBIM 00pa3oM oba Te-
JIa TOCTATOYHO pa3pekeHHbIMU. C MaKPOCKOINYECKON TOUKHU 3PEHUS
9TO 3HAYWT, YTO UX JUIEKTPUIECKUE TPOHUIAEMOCTH OJIU3KY K €U~
HHUIE, T. €. Pa3HOCTH €1 — 1 u €2 — 1 massl. 13 (82.1) umeem Torga c
JOJI2KHOM TOYHOCTBIO

647r213 // e (e1 - 1)(e2 — 1) dzd( =

oo

JE1(i¢) = 1eatic) - 11 dc.

0

32 2l3

1) Murerpan suma
oo

a 22 dz
2/ ae® —1
0

Ipu U3MEHEHUHU a OT 00 10 1 MeHsieTcsl He3HAUUTENBHO: OT 1 10 1,2. [IpakTuyecku
C JOCTATOYHOM TOYHOCTHIO MOXKHO HO3TOMY npenctaButh (opmyiry (82.1) B Buge

P o [0 =1 = 1] 4
823 S [e2(i) + 1][e2(i) +1]

Besmuuna w urpaer posib HEKOTOPOI XapPaKTEPHOM IJIsi CIEKTPOB IIOIVIOIIEHUS
060uX TeJ YaCTOTHI.
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Beipasus €(i¢) depes Ime(w) Ha BEIIECTBEHHOH OCH W, COIVIACHO
(80.18), momyuum

F= /// wiwz Im e (wr) Im ez (ws) d¢ dwy dws =

8m4l3 (w? +¢2) (w3 +¢?)

Imsl wl)ImE,’z(UJz)
167r3l3 // dwy dwy. (82.2)

w1 + ws

O1a cuia COOTBeTCTByeT B3aUMOJCHUCTBHUIO aTOMOB C dHEpruei

. Imei(wr) Imea(ws)
U(r) = 87r4n1n2r6 // dw1 dwa, (82.3)

w1 + w2

Ie T — PacCTOSHUE MEXKIY ATOMaMU; M1, Ng — IJIOTHOCTH YUCEJI
aroMoB B obomx Tenax'). Ora ¢dopMmysa COBHATAET C M3BECTHOI
KBaHTOBOMEXaHUIECKON opmysioit JIoHTOHA, MOy Jatomeiics ¢ mo-
MOIIIBIO0 OOBIYHOM TEOPUX BO3MYIIECHUH, IPUMEHEHHON K IATOIEHOMY
B3anmozelicTeuio aByx atomoB (cm. 111, §89, samaga). Ilpu cpashe-
HUU CJIELyeT Y9eCThb, 9T0 MHAMAs YacTh €(w) CBA3aHA CO CIEKTPAJIb-
HO¥ IJIOTHOCTHIO «CHJI OCHMJUIATOPOB» f(w) COOTHOIIEHUEM

wlme(w) = 27:162 nf(w)

(e, m — 3apsin u Macca aekTpona; cM. VIII§82); cuibl ke ocrmiis-
TOPOB M3BECTHBIM 0OPA30M BBIPAXKAIOTCH YepPe3 KBAAPATHI MATPUY-
HBIX 9JIEMEHTOB JUIOJIBHOrO MoMeHTa aToMoB (cm. 111, (149.10)).

[lepeiinem k 06paTHOMY CIydaio «OOIBIINX» PACCTOAHUIA: | > Ag.
[Ipu sTom, oHAKO, OyIEM CUATATD, YTO PACCTOSHUS BCE YK€ HE CTOJIb
BeJIUKH, 4TOOBI HAPYMMIOCh HepaseHcTBo [T /hc < 1.

B dopmyue (81.10) cHOBa BBOAUM HOBYIO IIEPEMEHHYIO UHTETDH-
poBanust £ = 2pl{/c, HO B KaueCcTBEe BTOPOil IEPEMEHHOMN OCTABJIsIEM
Tenepb He (, a p. Torna €1 u €9 OKAXKYTCH (PYHKIUAMU apryMEHTa
i¢ = izc/2pl. Ho 6naromapst Hanmuuio e¥ B 3HAMEHATEJISAX [OBIHTE-
IPAJILHOTO BBIPAYKEHUSI B WHTErPaJje MO dI UTIPAiOT POJIb 3HAYCHUS
x ~ 1, a mockosibKy p = 1, To aprymeHT (byHKIMM € npu OoJbIMX [
6JIM30K K HYJIIO BO BCEil CYIIECTBEHHOW 0DJIACTU IEPEeMEHHBIX. B co-
OTBETCTBUU C ITMM MOXKHO 3aMEHUTH £1, £9 MPOCTO UX 3HAYCHUSIMU

1Y Eciiu moTennuabHas SHeprus B3auMogeiicTeus aromos 1 u 2 ects U(r) =
=—ar~5, ro nonunas 9HEPrud NapHBIX B3aUMOJICHCTBUIl BCEX aTOMOB B ABYX IIOJY-
IPOCTPAHCTBAX, PA3JEJICHHBIX WIEJIbI0 mupuHb [, pasaa Unon = —amning/ 1202,
Cuna xe ects F = dUnon/dl = amniny/61%. B satom u saksouaercss cOOTBET-

crBue Mexny dopmynamu (82.2) u (82.3).
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mpu ( = 0, T. €. TEKTPOCTATUIECCKUMHU IUITEKTPUIECKIMHY TTOCTOSTH-
HBIMU €10, £20. 1aKuUM 00pa30M, OKOHYATEJIHHO

-1
(s10 + p)(s20 + p)
327r2/4 // { [(310 —p)(s20 —p) 1] *

n [(510 +peio)(s20 + peao) et _ 1] _1} dp dz, (82.4)

(s10 —pe10)(S20 — PE20)

$10 = \/610—1+P2, S90 = \/620—1+p2~

Bakon yGwIBaHHs CHJIbI C paccrosumeMm (kak [~%) coorercTByeT B
JIAHHOM CJIy4ae 3aKOHY yObIBaHWS BaH-JIE€P-BAaJbCOBBIX CHJ MEXKIY
JIByMsl QTOMAMU C yYETOM 3aIa3-
JbIBAHUS (CM. HEKE).

Qopmyna (82.4) csomurea K g
OYEHb MPOCTOMY BBIPAXKEHUIO B
ciaydae, Korjma oba Tejia — Me-
TaJUIBL. Y MeTaJIoB (DYHKITHS
e(i¢) — oo mpu ¢ — 0; nosromy
JJIl HEX HaJI0 CHUTATh €0 = O0. (6 K\

¢(e0)

0,8 AL

Ilonoxwus €19 = €99 = 00, mOJLY-
quM

JM

0,4

o0
hic /:v dpde _ n* fic
T 16n7/4 ) pr(er —1) 240 14 0,2
0

(82.5)

(H. B. G. Casimir, 1948). dra cu- 0 02 04 06 08 1/
Jia BOOOIIIE HE 3aBUCUT OT PO Puc. 18.
MeTaJuIoB (CBOHCTBO, HE MMEIO-
Iee MeCTa Ha MaJIbIX PACCTOSHUSX, TI€ CHUJIa B3aUMOJAEHCTBUS 3a-
BUCHUT OT HoBeAeHust pyHKuum £(3() IpU BCeX 3HAYEHUSAX (, a He
Tosibko mpu ¢ = 0).

Ha puc. 18 npexcrasier rpadbux QyHKIUN @q,(€0), Onpegensio-
MUl CHJIy TPUTSKEHUS MEXKJY IBYMsI OJWHAKOBBIMU JUIJIEKTPU-
kamu (10 = €20 = €9); dbopmyna (82.4) npencrasiena B Buge

_ e (60 = 1)2¢m(50). (82.6)

240 14 \eo+1

Ha Tom ke pucyske nas rpaduk GyHKIMI @uy (o), Onpesessromuii
CHJIy IPUTSIXKECHUS JJIsl JUIEKTPUKA U MeTaJLIa (€19 = €9, €20 = 00)
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no dopmyie!)
7w hce—1
F - % l_4 o 1 (p,I[M(EO)‘ (82-7)

[Tpoussenem B (82.4) mepexom K B3aMMOAEHCTBHUIO OTIEIBHBIX
aTOMOB TOJOOHO TOMY, KaK 3TO OBLIO CAEJaHO BBIMIE st POpMy-
ast (82.1). TIpu manbix g9 — 1 umeem

-1 1
So—pr sozp , So—peo~ (g0 —1) (—p+ 2—p>,

u unTerpaJ (82.4) npuHUMaeT B

o0 o0
hc 3 —x 1-2p? + 2p*
F = —1 -1 1-2p" +2p°
say/i (€10 — 1)(e20 — 1) / z°e *dx / o’ dp,
0
OTKY/Ia
hc 23
F== -1 —1). 2.
17 g0 (€10~ 1)(e20 — 1) (82.8)

OTa cwjia COOTBETCTBYET B3aUMOMIEHCTBUIO ABYX aTOMOB C dHEprueit

U(r) =— 28fic 1oz, (82.9)

r1e 1, Qg — CTATHIECKUE TOJIAPU3YeMOCTH aToMOB (g9 = 1+4mna).
Dopmysia (82.9) coBmamaeT ¢ pe3yibTaTOM pacdera [0 KBAHTOBOM
9JIEKTPOJUHAMUKE [JIsl TPUTAXKEHUS JBYX ATOMOB Ha JTOCTATOYHO
OOJIBIIIUX PACCTOSHUSX, KOTJA CTAHOBATCS CYIECTBEHHbIMU b DeEK-
ThI 3ana3apBanus (cm. IV, §85).

Hakowner, paccMOTpuM pacCcTOSHUS HACTOJIBKO OOJIBINITE, YTO UME-
er mecto HepaseHcTBo [T'/fic < 1, obparHOe TOMY, KOTOPOE TpPeGO-
BAaJIOCh JJIs BO3MOXKHOCTH TPEHEOPEKEHNS BIUSIHUEM TEMIIEPATYPHI.
B sTom cirygae u3 Beex wieHOB cyMMbI B (81.9) Ha10 COXpaHUTH JIUIIb
nepssiit. OgHAKO Cpa3y MONOXKUTH B HeM 1. = () HEIL3 BBULY BO3HU-
KAIOIIel IPU 9TOM HEONPEEIEHHOCTH (MHOXKUTEJb C;o{ obparmaeTcs
B HyJIb, HO MHTErPAJI 10 dp PaCXOAUTCs). DTO 3aTPyJHEHUE MOXKHO
00OiTH, BBEId CHAYAJA BMECTO P HOBYIO TEPEMEHHYIO WHTETPHUPO-
Banus * = 2p (yl/c (B pesymbraTe yero MHOMKHUTETH (O mMCHUe3aeT).

Y pu g9 — 1 byuxImn puy u Qv CTPEMSATCS COOTBETCTBEHHO K 3HAMCHUSIM
0,35 u 0,46, orBeuaromum npenenbHbIM 3akoHaM (82.8) u (1) B 3amade k sTomy

naparpady. ITpu €9 — 00 06e pyHKIMY CTPEMATCS K 3HAYEHUIO 1, OTBEYAIOLIEMY
dopwmyae (82.5).
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[Tonoxwus 3arem (, = 0, moayunm

°° -1
=T /:c2 [(510 tDE0t e | gy (82.10)
167Tl3 0 (&'10 - 1)(820 - 1)

Takum obpa3zoM, Ha JOCTATOYHO OOJIBIIUX PACCTOSHUSX yObIBaHUE
CIUTBI IPUTHYKEHUS 3aME/JISICTCS ¥ CHOBA IIPOMCXOJUT O 3aKOHY |3,
HO ¢ KO3(hOMUIMEHTOM, 3aBUCALIMM OT TEMIEPATYDhl (BCE CIIELyIO-
mue wieHsl cyMMBL B (81.9) y6bIBatOT ¢ | 9KCHOHEHIIMAIBHO). YCIIO0-
Bue IT/hc > 1 ectb 1o cymecTBy ycioBue Kiaaccuunoctu (fiw < T,
rae w ~ c/l). Ilostomy ecrecrBerno, uro (82.10) He comepxur A').

Samaua

1. HaiiTu 3akoH B3amMOmeHCTBUsS aTOMa C METAJJIMYECKON CTEHKON Ha
«BOJIBIINX» PACCTOSHUSIX.

P CIIECHUE. BBaI/IMO,I(eI/ICTBI/Ie OTAECJBbHOI'O aTOMa C KOHACHCUPOBAHHBIM Te€-
JIOM MOXKHO HaiiTH, PACCMATPUBAas JIMIIbL OJHO U3 TeJl (IyCThb 9T0 OyaeT Tesio 2)
KaK( pa,?:1 exeHHyio cpeny. Cunrast €90 — 1 MAJIBIM U OJIOXKUB €19 = OO, MOJIY IUM

82

(oo}

_ fic(eao — 1) / o dm/ 2_;0 _ 3fic(ea0 — 1). (1)

3272[4 3272/4

Ecnu sueprus B3auMozeiicTBus aToMa CO CTeHKOM ecth U = —aL™* (L — pac-
CTOSIHHE aTOMa OT CTEHKH), TO SHEPrus B3aMMOJEWCTBHS aTOMOB B IIOJLyIPO-
CTDAHCTBE, OTIACJCHHOM OT CTeHKH membio [, ectb Upon = —an/31%, a cuma

F = dUgon/dl = an/I*. Tlo sTomy momydennomy 3HaueHmio F coorercTByeT
MPUTAXKEHUE OTAETHHOTO aTOMa K CTEHKE C HEprueit

U(L) = —3azhic/(8xL*) (2)
(H.B. G. Casimir, D. Polder, 1948).
Jliis B3aMMOAEHCTBUSL aTOMa C AMIIEKTPUYECKOH CTEHKOH TEM JKe IIyTeM

MIOJIyYAETCs PE3YJILTAT

3ﬁCC¥2 €10 — 1
8’/'1'L4 €10 =+ 1

U(L) =~ wan(€10)

¢ dyHkuumeit arn, npeacrasieHHol rpadudecku Ha puc. 18. Ilpu €10 — 1 oHa
crpemuTca K 3Havenuro 23/30 = 0,77, orsewatomemy dopmyie (82.8).

1) Momyuennsie B §81,82 dbopmyss MOryT GeITH 0GOGIICHBI TaKHM 06DPa3OM,
4TOOBI BKJIIOYUTH B Cebst CJIy‘laﬁ 3aII0JIHEHHOH 2KUIKOCTBIO e/ MEXJIy TBEP-
AbIMH TeEJIaMHU " CJIy“IaI/I TOHKOM )KI/I,E[KOI/I IIJICHKYW Ha TBep,Z(OI/I IIOBEPXHOCTH;
cm. U. E. Jzanowunckud, E. M. Jlupwuy, JI. II. ITumaescrudi // YOH. 1961.
T. 78. C. 381; Advances in Phys., 1961. V. '10. P. 165.
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§ 83. AcmMnToTHUecKoe moBeeHNEe KOPPEIIINOHHON
dbysKOUA B XKuIKOCTH

JIJIMHHOBOTHOBBIE JIEKTPOMATHUTHBIE (DJIYKTYAIIUA MTPUBOJIAT
TaK»Ke K HEKOTOPBIM CHermupuIeCKrM CBOWCTBAM KOPPEJISIUOHHON
dbyrknmn GaykTyanmit mIOTHOCTH B OJHOPOIHON KUIKOCTH.

Hanomuum (cm. V,§116), uro koppensiuontas dynkuus v(r)
OIIPEIEIAETCA 9ePe3 CPeHee 3HAYEHUE OT MpOom3BeeHus QuyKTya-
Wi TJIOTHOCTH 9HMCJIA YACTHIL N B JBYX TOYKAX MPOCTPAHCTBA CO-
TJIACHO

(0n(r1)dn(re)) =mdé(r) +mv(r), r=r; —ro. (83.1)

Koppenamuontas (GpyHKIUA CBA3aHA CO B3aUMOICHCTBHEM MEXKIY
YACTUTIAMHU, U €€ ACUMIITOTUYECKOE TIOBEJEHNE Ha, BOJIBIIUX PACCTO-
AHUAX OIpEAeJIdeTcd JaJbHONCHCTBYIOIIECH, BaH-ICP-BaajlbCOBOR
YacThIO 3TOro B3ammozeiicteus. [lostomy v(r), Kak u BaH-zIep-
BaaJIbCOBBI CUJIbI, YOBIBAET C PACCTOSHUEM TIO CTENEHHOMY 3aKOHY
(J. Enderby, T. Gaskell, N. H. March, 1965).

910 oTpaxkaeTCsi, Pa3yMeeTCs, U Ha CBONCTBAX (DypPbe-KOMIIOHEHT
koppessiruonnoit dyuknun v(k) = v(k). Ecam 651 Mexgy uwacTu-
IAMU JKUJKOCTH JEHCTBOBAJIM TOJBKO CHUJBI C PAJUyCOM JeHCTBUS
TOPsiTIKa, ATOMHBIX Pa3MEPOB @, TO (QyHKIUS 1/(7"3, yOBIBaJIa OBI
C PpACCTOSIHMEM MO SKCIOHECHIMAJIHHOMY 3aKOHY C IIOKa3aTesIeM
~r/a'). B TepmuHax dbypbe-KOMIOHEHT 3TO 3HA4UT, uTo (k) ObLIA
Obl peryispHo# dyHKme#t or ka, pasjoxkumoii npu ka < 1 mo
9eTHBIM cTeneHdaM ka. JlanbHOIEHCTBYONNE K€ CHJIBI MPUBOIAT
K nossiennio B v(k) unena (obosmaumm ero vi(k)), CyImecTBEHHO
MeHsIIoIerocs yxe B obsactu k ~ 1/Xg (a me k ~ 1/a), toe Ao —
XapaKTepPHbIE JJIMHBL BOJH B CIIEKTPe XKUIKOCTH (A9 > a). B obuactu
ka < 1 nmapamerp kAg MOXKeT OBITH KaK MaJIbIM, TaK M OOJIBIINM;
dbyuxims v1 (k) B 370l 06JaCTH UMEET CUHIYJISIPHBINR XapaKTep.

g BBIYUCIIEHNS KOPPENAMUOHHON (DYHKINH BOCIIOIb3YEMCs €€
CBS3BIO0 CO BTOPO#l BapHUAIMOHHON ITPOU3BOAHON OT CBOOOMHOM SHEP-
TUH TeJIa 1o ero mioTHocTH. [1o onpesenennio, 3Ta MPOM3BOAHASA ECTh

dyuxus ¢(r), burypupyromas B BBIparkKeHHN

0F = % /go(|r1 —r3|) 6n(ry) dn(rs) dzy d3xy (83.2)

1Y Peus maer o xuaxocru npu Temmeparypax T~0 (rme O~fiu/a — «aeba-
€BCKas TEMIEpATypa» KUIKOCTHM) W BIAJM OT KDUTWYECKOH Touku. BOiwm-
31 KPHUTHUYECKOH TOYKHM KOPPEJIAIUOHHBIH pPaAWyC HEOrPDAHHMYEHHO PaCTeT
(em. V,§152,153). O pacreT u npH HHU3KHX TEMIEPATYPAX, OKA3BIBASACH
npu T < © nopsanka seauwuusst Au/T (cm. Huxke § 87).
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IS M3MEHEHUsI CBOOOTHOM SHEPIWH, CBA3AHHOTO C (DIyKTyaI[usMU
wiotHoctn  (mpu  3amaHHON Temmeparype). Pypbe-KOMIIOHEHTa
o(k) = (k) sroit pynkimuu cesizana ¢ uckomoit dyukumeii v(k)

COOTHOIIIECHUEM T
v(k)=—_—1 (83.3)
n (k)

(cm. V,(116.14)). Tlomguepkuem, 4rto 3Ta (OpMyJa MPeIIOIATAET
KJIACCUYHOCTD (MIIyKTyaumii, ajisi gero tpedyercd hw < T, roe w —
qacToTa KojebaHuil ¢ BOJHOBBIM BekKTOpoMm k. Ilomaras w ~ ku
(rme u — CKOpOCTBb 3ByKa B JKHJKOCTH), HOJIyYUM YCJIOBHE

hku < T, (83.4)

YTO COOTBETCTBYET paccrosiuuaM 7 > hu/T.

«Perynsapnasi» gacts Gynkmun ¢(k), cBa3aHHAs ¢ KOPOTKOIEH-
CTBYIOIIMMY CHUJIAMH, PA3JIOXKUMA TI0 CTENEHAM K; OrPaHUYIMBASICH
(mpu ka < 1) mepBBIM YJIEHOM DA3JIOKEHUS M ODO3HAUUB €T0 HUe-
pe3 b, mumem

o(k) = b+ pi(k), (83.5)

rae ¢1(k) — mHTEpecyOmas HAC «CHHTYJISApHAs» 9acTh QyHKIum ).
BBuny orHOCHTEIBbHOI Cs1ab0CTH BaH-ep-BaasIbCOBBIX cuil (k) < b,
U 103TOMYy pe3yibraT moacraHoBku (83.5) B (83.3) MoxkHO mpezcTa-
BUTb B BUJEC

v(k) = = —1- Lo (k). (83.6)

IMockoubky cBs3b v(k) ¢ p1(k) oka3piBaeTCs JUHEHHOM, TO DYHKIMS
v(r) Ha GOJBINUX PACCTOSHUSAX €CTh IIPOCTO

y(r) = —ﬁ% o1 (). (83.7)

ITepBomy ke (He 3aBucsmeMy ot k) dneHy B (83.6) orBewaer KoOp-
quHaTHAs QYHKIMs Buga const-d(r), cBsa3anHas ¢ 6IM3KOAEHCTBYIO-
muMy crwiiaMu (Ipy IpeHeOPeKeHNH UX PAJUyCOM JeHCTBUS).

1) Mocrosiuuas b BbIparkaeTcs Yepe3 TEPMOTUHAMHICCKUC BEJIHUUHBI FKUIKO-

1 /0P

cru coryacHo b = — (—_) (em. V,§152).
n\on/r
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s onpenenerns o1 (r) ucxogum u3 dopmyssr (80.11) mius Ba-
puarmu cBoOOaHOM sHeprun. Hamucas B Heit

§e(iCs, 1) = % dn(r), (83.8)

MBI BUOAWM, YTO BBIPDa2KCHHE

T Zc Dy(Cy; v, 1) 2208)

" Anhe? on

peCcTaBIsieT coboi MEPBYI0 BAPUAIMOHHYIO IPOU3BOIHYIO CBOOOI-
HO¥ Heprum 1o mwioTHOoCcTU. J1d BrOoporo nuddepeHmpoBanus Ha-
10, B CBOIO OY€pE/Ib, IPOBAPbUPOBATH 9TO BHIDAXKCHUE, T. €. HANTH *)

4ﬂﬁ62 ngapu ot 1) éf). (83.9)

Cama D-dyukuus ymosiersopsier ypasHeHuto (79.8):

62
[&viaml - ’tlA+_€(7'<sv ) :| zk(gs:r 1‘)
= —4rhdy é(r — '), (83.10)

a ero BapbHWPOBAHWE JAET YPaBHEHUE MJisi Bapuanuu D-pyHKnnum:

8? . )
[awiam, B ilA - c_ze(ZCS)‘sil] 5le(<8a r, I‘) =

2
= —i—;ds(ig‘s, 1) Dy (Cs; T, ). (83.11)
Pemenne ypaBuenus (83.11) MOXKHO Hammcarb Cpa3y, 3aMETHB,

4t0 B cuity (83.10) «HeBo3MyeHHas» QyHKIus Djj SBISETCS TPU-
HOBCKOH (DyHKIIZEH 9TOTO YPABHEHUSI; TOITOMY

5Dik(Gos 1, ¥) =1 / 8e(iCs, ") Dipo(Cos 1", ¥)Dsi (G 1, 1) 2"

1) Bapsupyercs Tonsko dyuknusa Dy;. Bapsuposanue dyukuun € npusesno 651
K 4ileHy Buza const - §(r) B (), He HMEOMIEMY OTHOIIEHHS K JAJIbHOAEHCTBYIO-
MM CHJIAM.



§ 83 ACHUMITTOTUKA KOPPEJISIHUOHHOM ®YHKIIMU B XKUIKOCTU 449

(3mech mcnomb3oBaHo Takke, 9o Dji(r, r') = Dy (r”, r)). Hakonen,
noxcrasus cioga (83.8) u 3arem Bce BMecTe B (83.9), mosyuum BTO-
PYIO BADUAIMOHHYIO TPOU3BOIHYIO

p1(r) = - 4ﬂﬁcz)2243 2 D2 (e (83.12)

(r = |r1 — r2]). Ora dopmyna Bmecre ¢ (83.7) u maer uckomoe 06-
Iiee BbIPaXkKeHWe KOppessuuoHHo#t dyukuuu v(r) mpu r < hu/T
(M. I1. Kemoxaudse, JI. I1. ITumaescrut, 1970).

[TpeamonoxkenHoe yxke panee yciosue (83.4) st BOJIHOBBIX BEK-

TOPOB 9KBUBAJEHTHO ycyioBuio r >> hu/T musa paccrosuumit. Eciam
OJTHOBPDEMEHHO C ITWM YCJIOBUEM OTPAHUYUTH OOJIACTH 3HAYEHWIA T

TaK¥Ke U CBEPXY: Fe/T > r > fu/T, (83.13)

TO B CyMMe OyAyT CYIIECTBEHHBI OOJIBINNE 3HAYCHUS S, U CYMMHUPO-
BaHME 110 JAUCKPETHBIM «4acTotaM» (s = 271's/H MOXHO 3aMEHUTH

unTerpupoBanueM 1o ds = hd(/(2xT):

o 'nb2 fict

O d
/ 417r 210 C4Dlm(C,I’ 1'2)2—4. (83.14)
0

®yukuus Dy, nonyuaercs us (77.6) 3amenoit w — i¢. [Ipoussens
nuddepeHupoBatue U BO3BEAA B KBaAPAT, IOJIYUUM

Dlm—ﬁ‘%(H +2+ 242,

w =r(y/e(i€)/c.

IMoacranoBka (83.15) B (83.14) NpUBOAUT K AOBOJIBLHO CIIOXKHOMY BBIDa-
JKEHWI0, KOTOPOE, OHAKO, YIPOMIAETCS B JBYX MPEICIbHBIX CIIyIasdX.

B ciyuae «manbix» paccrosuuit (r < Ag, cp. §81) B unTerpase
cymecTBeHHa 00s1acTh ( ~ ¢/Ag; mpu 3toMm r{/c < 1, Tak uTO B
(83.15) MOKHO 3aMEHUTH YKCIOHEHIIUAJIBHBI MHOXKUTEJIb € TUHULIEH,
a B CKOOKax COXpPaHUTh JIUIIb mociegauit wieH. Torma Haiimem

(83.15)

o0

_A 3HT de(i¢)1?  d¢
v =5 4 1677351)2/[ on ] 2 "o (8316)
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Dypre-06pas sToit byHkmu ')
2
v(k) = ’1‘—2Ak3, kX < 1. (83.17)

B obparHoM ciyuae «Gonbinmuxy paccTosHuii (r 3> Ao B uHTErpa-

Jie cymectBeHHa obaactb ( ~ ¢/r < ¢/Ay ~ wg. [loaromy MOXKHO

3aMeHUTH £(i() ee IEKTPOCTATUYICCKUM 3HAYCHUEM £) ¥ BBIHECTH

(0gg/0n)? m3-mox 3naka maTerpasa s (83.14). Tocsie sToro maTErpH-

pPOBaHUe MPOU3BOAUTCS JI€MEHTApHO (mpuueM Bce wieHbl B (83.15)

JIAIOT BKJIAJ OJJMHAKOBOI'O IIOPsIKA BEJWYUHBL). B pesysbrare mosry-
qaercs

B 2
viry=2, B= ) > (83.18)

23hcT ( Oeo
7’ 6473 sg/ o

on
Oypre-06pa3 3Toit pyHKIUN

v(k) = —;—OBk“ In (kXg), kX < 1. (83.19)

§ 84. OneparopHoe BhIpaXKeHUE I AUIIEKTPUICCKOM
OPOHNUIIAEMOCTHI

B sTom maparpade MBI TOIyYMM IIOJIE3HOE IIPECTABJIEHVE
AM3IEKTPUIECKON ITPOHUIIAEMOCTH CPEAbl Yepe3 KOMMYTATOD Olre-
paropa tiotHoctu 3apsanos (Ph. Noziéres,D. Pines,1958). Ora
dopmyna ananorudsa dopmyse Kybo ¢ yuerom cnennduru 3jek-
TPOMATHUTHOTO TIOJIS.

Bynem paccmaTpuBaTh OZHOPOHHYIO Cpeny, OOJIANAIONIYIO HE
TOJIBKO BPEMCHHOH, HO W NPOCTPAHCTBCHHON IUCIEPCHEH IUJICK-
TPUYECKOH NPOHUIAEMOCTH. DTO 3HAYMUT, 9TO MHAYKius D(t, r)
3aBHUCHT OT 3Ha4eHuil HanpskenHocty E(¢, r) He TOIBKO B Ipeablry-
II[Ie MOMEHTHI BDEMEHHU, HO ¥ B IPDYT'UX TOYKAX IIPOCTPAHCTBA. TaKas

1) HenocpencreennbiM  uHTErppoBaHmeM B CHEPUYECKHX KOOPAMHATAX
B k-npocTpaHCcTBE MOXHO HOIYy4NUTH

. 3 .
I = lim [ e*r—epy &’k _ T(+2) sm(7ru/2).
A=+40 (271-)3 2r2pv+3

Hyxwup1it nyis nposepku dopmyet (83.17) murerpas ects I3. MHTerpas xe, Hyx-
HbL Ay nposepku dopmydst (83.19) Beruncisiercs kak dl, /dv npu v = 4.
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3aBUCUMOCTH MO2KET 6BITB Hpe,ILCTaBJIeHa B 06H_IGM BHUJC KaK
oo
Di(t, ¥) = Ei(t, r) + / / Fanlm VBt — 7, v — ¥') P2 dr. (84.1)
0

st MmoroxpomaTudeckoro nouist, B kKoropom E; D oc exp[i(kr —wt)],
9Ta, CBA3bL CBOJUTCS K

Di = sik(w, k)Ek, (842)
raoe
o0
ik(w, k) = 0 + // fir(T, r')ei(wr_kr’) d3z' dr. (84.3)
0

MsI orpaHuYuMCH CJIydaeM, KOTa CPeJa He TOJBKO OJHOPOIHA,
HO ¥ M30TPOIHA U He 00JI1a/1aeT eCTECTBEHHON ONTUYECKONW aKTUBHO-
cThio. Torga AuasieKTpudeckas IPOHUIIAEMOCTb OCTAETCS TEH30POM,
HO COCTABJIEHHBIM JIHIIH C TIOMOIIEI0 BekTopa k. O6mmit Buj Takoro
TeH30pa

kik kik
ein = e1(w, k) S5k +e(w, ) (S — S5 - (84.4)

Ckajisgpabie QYHKIUU €; U €; HA3BIBAIOT COOTBETCTBEHHO NP0J0AL-
Hoti m nonepewnoti nporuyaemocmamy. Ecin noie E norenmmansho,
E = —Vy, To ansa miocko#t Bosubl E mapassensHO BOJHOBOMY
BekTopy (E = —tky) u torma D = gE. Ecan xe mose coseHo-
unanpao (divE = (kE = 0), ro E nepneHauKy/isipHO BOJHOBOMY
BekTOpy, u Torga D = g/E.

Hanomuuwm (cp. VIIL §103), 9yTo mpu TakoM ONUCAHWU CBOWCTB
Cpesbl y2Ke HE MMEET CMBIC/IA, PA3J/IEJICHNE CPETHEr0 3HAYCHUST MU-
KPOCKOIIMYECKOil IJIOTHOCTH TOKA PV (p — IUIOTHOCTDH 3apsi/iOB) Ha
nee gactu: OP /0t u crot M, rie P — snexktpuueckas mossipusanusi,
a M — HaMarHm4eHHOCTH Cpejabl. Jlpyrmmum cjaoBamu, ypaBHEHHS
MakcBeJuta 3aACHIBAIOTCS B BHJIE

rot E = —la—B, rot B = 19D
c Ot c Ot

6e3 BBezeHUs (HApsALy ¢ MArHUTHOW mHayKnued B — cpenaum 3Ha-
YEeHHEM MHUKPOCKOIMYECKON HAPSKEHHOCTH MArHUTHOT'O IIOJIs) €IIe
u Bektopa H. Bce ujiennr, BO3HUKAIONME B PE3YJIBTATE YCPEIHEHUS
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MHUKPOCKOIIMIECKNUX TOKOB, IIPEAIIOJIATral0TCA BKJ/JIIOYEHHBIMU B OIIPDE-
nenerue D = E 4+ 47P, pv = 0P /0t.

Bénbimuit uaTEpEC B NMPUMEHEHUAX IIPECTABJIAET ITPOIOJIHHAS
IPOHUIIAEMOCTDb, IJIdA KOTOpOfI MBI U BBIBCOCM OIIEPATOPHOEC BBIPA-
xerne. OHO TOTYYAETCA MYyTEM PACCMOTPEHUS OTKJINKA CHCTEMBI HA
cropoHHee (T. €. CO3JAHHOE CTOPOHHUMU II0 OTHOIIEHUIO K CUCTEME
HCTOYHUKAMH) MOTEHIMAIbHOE eKTpudeckoe noie Eq = —Vper.

OmnepaTop B3auMONENCTBUS CHUCTEMBI C ITHM IOJEM 3AIMUCHI-
BaeTCd KaK

= /ﬁ(t, r) per(t, v) diz, (84.5)

rae p(t, r) — omepaTop IJIOTHOCTH 3apsiaa B cucteme. CoOmocTaBus
9TO BBIpazkeHue ¢ obmeit hopmysoit (75.8) u paccmaTpuBasi pep Kak
«0606ImeHHyI0 cuity» f, cpa3y Haxo[uM, coryiacHo dbopmysiam (75.9)—
(75.11), nius Gypbe-KOMIOHEHT [0 BPEMEHH OT CPEJHEl IIOTHOCTH
3apAI0B

pulr) = =+ [ [1(5(t, £)500, 1) = p(0, ¥)A(0, ©)el5 () d*a’ .
0

Ilepeiinst 3mech Takke n K PypPhe-KOMIOHEHTAM 10 IPOCTPAHCTBY U
T4, 9TO B CIUIY OXHOPOJHOCTH CHCTEMBI CDEIHCE SHAMCHHE KOMMY-
TATOpa 3aBUCUT TOJBKO OT PA3HOCTH T — I’ TOSyduMm

Puk = a(wa k)@fjl’:)a (846)

o(w, k) / / iwt=X0) (54, £)3(0, 0) — A(0, 0)A(t, r))d d.
(84.7)

CpemHsis TJIOTHOCTH 3aps/IOB CBSI3aHA C BEKTOPOM IIOJIAPU3a-
nuu cpenst cootromenueM p = —div P (em. VIIL §6). Tua dypre-
KOMITOHEHT OTCIOZIa CJIEITyET

Pux = —ikPyi = — wk-
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C npyroit croponbl, Aper = —4TPcr, TA€ P(cr) — IVIOTHOCTD 3aps-
JIOB, CO3JAIOIINX CTOPOHHEE TIoJie; WHAYKIHs ke D cBA3aHa ¢ 310
wIoTHOCTHIO ypaBHeHueM divD = 4mwp.,. 3 sTux nByx ypasHeHwmii
HAXOIUM

(cr) _ 4w (cr) _ ie
Sowclj _k_gpwcl:‘ _k_zlkEWk'

Haxkownern, noncrasus stu Beipazkenus B (84.6), moay4nm uckomoe
BBIpasKeHUE IIPOJIOJIBbHON IPOHUIIAEMOCTH

1 =1+ ¥ o, k) (84.8)
£l (w, k) k2

Iox p(t, r) B (84.7) cilemyer mOHUMATH, CTPOrO TOBOPS, ONEPATOP
IJIOTHOCTHU 3aps0B BCEX YACTHI| B CHCTEME — 3JIEKTPOHOB W fAJIep.
O6BI9HO, OHAKO, BO BCEM CYIIECTBEHHOM HWHTEPBaJe 3HAYCHHN w
u k BKJIaJl B IPOHMIIAEMOCTD BHOCAT TJIABHBIM 0DPA30M 3JIEKTDOHBI;
TOSTOMY 1107, 0 MOXHO moHuMaTh e(N — 7)), TAe i — OIePATOp JIeK-
TPOHHO# TLIOTHOCTH, & 7T — €€ CPeJHee 3HAYCHHE.

®opmyury (84.7), (84.8) MoxKkHO IPeO6PA3OBATH €IIle AAJIBIIE, BbI-
pasWB ee 4epe3 MATPUYHBIE IEMEHTHI (DypPbe-KOMIIOHEHT OIEPaTO-
pa p. Jus sroro npensapuresibHO nepenucbiBaeM (84.7) B Buzge

aw, 1) = =L [ 4 D0p(0) - PPt (849)
0

(V — obbem cucrembl). MaTpudHbIe 3JIEMEHTHI Ieii3eHOEProBCKOTO
oneparopa px (t) BEIparXKaloTCs 4epe3 MaTPUYHBIE JIEMEHTBI IIIPE/IUH-
IE€POBCKOTO OILIEPATOpa COIVIACHO

(P (t))mn = ghomnt (o) mn

PackpsiB mpou3BeieHue 0epaTOPOB 10 IPABUIY MATPUYHOTO YMHO-
JKEHHsl W TPOU3Bes UHTerpupoBaHme coryiacHo (31.21), monmydmm
OKOHYATEJIFHO

o = 1 ey 2 el { S s —
1w, k) ﬁkzv Km0l o =m0 10 @+ wno +0J

(84.10)
roe uagekc 0 oTHOCHTCH K 33JaHHOMY COCTOSHUIO, IJIs KOTOPOTO
WIIETCsT TTPOHUIIAEMOCTb.
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§ 85. BrIpoxaeHHas IjIazMa

PaccMoTpyM MOTHOCTHIO MOHU3OBAHHYIO IIA3MY, B KOTOPOH MO-
HBI 06pa3yIoT KiuaccuuecKuil (6oIbIMAHOBCKUI) ra3, a JIeKTPOHHAS
KOMIIOHEHTA, Y2K€ BbIPOXKIeHA. [1J1st 9TOTO TeMIIepaTypa JOJKHA Y10~
BJIETBOPATH YCIOBUAM

pi KT S pe,

#2n23 m; < T < B2n?/3 /m, (85.1)

(e, i — XMMHUUECKUE TOTEHIIMAJIBI JIEKTPOHOB U MOHOB B ILJIA3ME;
Me, M; — UX MACChl; N — IUIOTHOCTH UWCJIA YACTHUIL, TIPU OIEHKAX
He JiejlaeM Pa3iindus MEXAY M. U 1;). B To ke Bpems Oynem cuu-
TaTh, YTO TJIA3MA JIUIIH CJIabo HeuaeasbHa. jist aTOTO SHEPTHS KY-

JIOHOBCKOTO B3aMMOJEHCTBUS [IBYX YaCTHIL Ha paccrosauu | ~ n~1/3
ApYyT OT Apyra JOJKHA ObITh MaJja IO CPABHEHUIO C UX CpeIHei
KuHeTH4ecKoi sueprueit €. st monoB € ~ T, a mjisi 3J€KTPOHOB

£~ e ~ n2/3H2 /M. OTCIONa MOy YaIOTCsl YCIIOBUS
mee? /h2 < n'/? < T/e?. (85.2)

B V,§80 6puto mokKazaHO, YTO B 3ITUX YCJIOBHUSX OCHOBHBIM
HCTOYHUKOM IIOIPABOK B TEPMOIUHAMWYECKHX BEJMYMHAX ILIa3-
MBI (0O CPaBHEHUIO C WX 3HAYCHUSIMHU [JIs WICAJIHHOIO ra3a)
ABJISIETCA OOMEHHOE B3aMMOIEHCTBME 3JIEKTPOHOB; SHEPIHUs ITOTO
B3aMMOJeHCcTBUs (OTHECEHHAsT K €QUHUIEC OObeMa IJIa3Mbl) OKa-

3pIBaETCH BeNMUMHON ~ e’n?/3, Koppenanuornaa xe mnonpasKa
(sABIIAIOIIAsICS OCHOBHOM B KJIACCUYECKON IIJIa3Me) B BBIPOXKJCHHOMN

IIa3Me MaJjia 110 CPABHCHHIO ¢ OGMeHHOH B orHomenuu n/2, rme

n= mee? /h2n1/ 3 « 1. Tem He MeHee ec BBHIUUCICHHE IS BBIPO-
KICHHOW IJIa3Mbl IIPEACTABJIAET METOAWYECKHUIA HHTEPEC M JaeT
MOy YUTENIFHY IO WJLTFOCTPAIINAI0 TPUMEHEHUS TUArPAMMHON TEXHUKH.

OmepaTop KyJIOHOBCKOTO B3aUMOIEHCTBUS YACTHUIT IIJIA3MBI 3aIIH-
CBIBAETCS B BHU/IE

7= Z / oLy 220 U o d', (85.3)

T7le WHIEKCHI a, b HyMepyT pa3jIndHbIE COPTA YACTUI[ — 3JIEKTPO-
HBl U Pa3HbIe COPTA MOHOB; Zg€ — 3aps] YacTHI[ (Il JIEKTPOHOB
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ze = —1). B3as y-onepatopsl B Mary6apOBCKOM IIPECTABJICHUH,
MBI TEM CAMBIM IOJIyYUM U OIMEPATOD B3AUMOAEHCTBUS B 9TOM IIPE-
crapjieHuu. JluarpaMMHasi TEXHUWKA JJIsl BBIUUCJIEHUS CPEAHETO (IO

pacnpezgenennio ['u66ca) 3uadenuss (V) crpourcs 3areM OOBIYHBIM
00pa3oM IyTeM IIepexofa K HPEJCTABICHHUIO B3aUMOJCHCTBUS MJIs

MaIrybapOBCKUX ONEPATOPOB; BOSHUKAIOIINI B PE3YJILTATE PsifI TEOPUH

BOBMYyIIEHU# TIpecTaBsgeT coboit pasioxenue (V) mo cremensam e,

Beipaxkenue (85.3) He comepKuT «CBOGOIHBIX» (IO KOTOPHIM HE

NPOU3BOAMIIOCH ObI MHTEIPUPOBAHKE) MIEPEMEHHBIX. B nuarpaMMHOi
TEXHUKE 3TO OOCTOSATEJILCTBO BBIPAXKAETCS TEM, YTO UJIEHBI DA

reopun Bo3MmymieHuit miua (V) wu30bpakalTcda amarpaMmmaMu,
HE WMEIIUMH CBOOOMHBIX KOHIOB. LIITpmxoBBIM JuHESM 3THX
muarpamum (¢ 4-ummysnbcamu @ = ({5, q)) yCIIOBUMCSH CONOCTABJISATH

MHOXKHTEJH ) A
7y
—p(a) = ) (85.4)

(me 3aBucsmue or (), T. €. B3ATYI0 C OOPATHBIM 3HAKOM (bypbe-
KOMIIOHEHTY NOTeHIHala ¢(r) mois eauHu9HOro 3apsza. Cruromm-
HBIM JIMHUSAM JIOJ2KEH Tellepb IPUIUCHIBATHCA (HAPsLy C 4-MMITyJib-
com P = ((s, p)) eme u UHIEKC @, YKA3BIBAIOUMA COPTA YACTUIL, U

. . 0
KaXXJ0M TaKOHW JIMHHUU COIIOCTaBJIACTCA MHOXKHUTEJIb — g(ga)ﬂ — B34-

Tag ¢ OOPATHLIM 3HAKOM TI'DPUHOBCKAsS (DYHKIMSA CBOOOIHBIX YACTHIL
a. Ilpu 3TOM CIIOIMIHBIE JIMHUH AMATPAMMBI 0OPA3yIOT 3aMKHYTBIE
MeTJIA, KaXKaasd U3 KOTOPBIX COJEPXKUT <«3BEHbs» C OJMHAKOBBIMHU
nHaekcaMu a. Kakoi BepivHe UarpaMMbl — TOYKE TIEPEeCEUYEHUs
MITPUXOBOH JINHUM CO CIIOMIHBIMA JIMHUSMHU COPTA G — COMOCTABJIS-
eTCs IOIMOJIHATEIFHO MHOXKUTENb 2ge. Kaxmas pepMuoHHas TeTIs
BHOCHUT JIONOJHUTENbHBIH MHOXKHUTEIb (—1). ITocTpoenuse mo aTum
IpaBUJIAM JIUATPAMMEBI JAIOT UJIEHBI PA3JIOXKEHUS BEJIUINHBI

2 o~
—=(V). (85.5)
14
Muoxurtennr V B 3HamMeHaTEs e — 0O0BbEM CHUCTEMBI; 3TOT MHOXKU-
TeJIb BOBHUKAET B PE3YJILTATE TOTO, YTO MOABIHTEIPAJIBHOE BBIPAYKE-
HHE B KaXKJ0M YJIEHE PAA 3aBUCUT TOJHKO OT PA3HOCTE KOOPAWHAT,

¥ TI09TOMY OJHO W3 HHTEIPUPOBAHMI 10 d°x maer mpocTo obbem V.
3uak MuHyc B (85.5) — pe3yJbTaT OmIpe/eieHNs ITPUXOBBIX JINHUI

1) Manee B srom maparpade nomaraem /i = 1, ¢ = 1 a e o6o3nHaUaET IEMEH-
TapHbLi 3apsaz (e > 0).
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no npasuiy (85.4), T. e. co 3HaKoM MuHyc nepeq ¢(q). MuoxuTesb
JKe 2 — pe3ysbrar nepeHoca Muoxutens 1/2 B (85.3) B sieByio cro-
POHY PaBEHCTBA.

B mepBoM mopsinke Teopum BO3MYINEHUI MMEIOTCS AUATPAMMBI
JBYX BUJIOB:
'Q

6 @ a (85.6)

co BceMH BO3MOXKHbIME @ u b. Jlmarpamwmbr Buza (85.6a) BO3HH-
KalOT OT CBEPTOK 1)-OIEPATOPOB, B3ATHIX B OJMHAKOBBIX TOYKAX
NPOCTPAHCTBA. DTU JUATPAMMBI OTBEYAIOT TPAMOMY KYJIOHOBY
B3aMMOJIEHCTBUIO YACTUL, @ W b, DABHOMEDHO PDACIPEIEICHHBIX B
OPOCTPAHCTBE: BKJAABI ITHX IUATPAMM B3aWMHO COKDAIIAIOTCS
(Ipu CyMMHpPOBaHWHU IO BCEM IapaM a, b) BBHUJIY 3JIEKTPUYECKOM
HeATpaabHOCTH IIa3Mbl. /narpammel ke Buga (85.66) BOZHUKAIOT
OT CBEPTOK 1)-OI€PATOPOB PA3HBLIX apPTyYMEHTOB W OTBEYAIOT OOMEH-
HOMY B3aUMOJIEHCTBUIO YACTHI] JAHHOTO COPTA G. Bhraucienue 3Toi
JIMArpaMMbI IPUBOJUT K PE3yJIbTATaM, MOJy9eHHbIM yxke B V § 80.

B cremyromeM mnopsiike BO3HHKAIOT AMArPAMMBI  CJIELYIOIINX
BUJIOB:

0

; 0 ) o
b Q 6 2

a 6

Huarpammer (85.7a,6) npencrasisior coboii MONPAaBKY K AUATDAMME
(85.6a) 1 1o TO# JKe IPUYNHE B3AUMHO COKDPAIIAIOTCS IIPH CYMMUPO-
BaHWU IO BCeM a, b, c. luarpammsr (85.76—2) mpexcraisior coboii
MaJible TIONPABKH K SHEPIrUU OOMEHHOTO B3aUMOJIEHCTBUS U HE MIPe/I-
CTaBJIAIOT 3/1eCh WHTEPECA.
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Huarpamma ke (85.70) oka3bpiBaeTCs «aHOMAJIBHO OOJIBIION
BBUJy DPaCXOAUMOCTH COOTBETCTBYIOIIETO HHTErPaja. JTa PacXo-
JEMOCTb BO3HUKAET B DPE3yJIbTaTe€ TOIO, YTO HMMILYJbCHI ¢ O0EHX
IITPUXOBBIX JIMHUI B JUarpaMMe OJMHAKOBBI (KakK 9TO OYCBUIHBIM

06pa3oM CilefyeT U3 COXpaHEHUs MMITYJIbCa B BepmuHax). IloaTomy
auarpamMMa cojepKuT mnTerpai [ doq/q*, pacxomsumiics mpu Ma-
JBIX g Kak 1/gq.

B cremyomux npubimkeHusX MOABAAIOTC (HAPsILY C IUArpaM-
MaM¥ HOIPABOYHBIX TUIIOB) TAKYKE M HOBBIE «KOJIBIEBBIEY IUATDAM-

MBI C elrie bosiee CuIbHO# pacxoguMocThio. Tak, fuarpaMmma TpeThero
TOPSIKA

C TpeMs INTPUXOBBIMHU JIMHHUSMH C OJMHAKOBBIMHU HMITYyJIbCAME
conepxxut uuTerpan [ q~%d%q, pacxomammiics, kax ¢~ 3. Boobme
KOJIbIIeBas JUarpaMMa M-TrO HOpsjKa, o6pa30oBaHHAS 7 CILIOIIHBI-
MU MIETJIAMHE, COCTUHEHHBIMHU 7 IITPUXOBBIMU JIMHUSAMHE, PACXOIATCS,
kak g~ (2n—3).

CyMmMupoBaHme GECKOHEYHON IOC/IEI0BATEIBHOCTH KOJBIIEBBIX
JauarpaMM IPUBOAWT, KaK MbI yBUAUM, K 3ddekTuBHOMY 00pe3a-
HUWIO PACXOAMMOCTEN Ha 3HAYEHUSX ¢ TOPAIKA MAJIOCTH €; MOITOMY
BCE 9TU AuarpaMMbl COBMECTHO natoT BKJaj B (V) mopsinka majocTu
(€2)"/e?—3 = 3. 'pacdbuuecku sTOT BKJIa1 M306pasuTcs cymmoii (1o
COPTaM YaCTHI]) CKEJIETHBIX JUArDAMM

0

S e

, (85.8)

a,b

S

TJe >KUPHAs MITPUXOBAas JIMHUS IPECTABIISET CyMMY OECKOHEYHOTO
MHO2K€CTBa JIMHEHHBIX AuarpaMM

a b
> "'Q“?“'"" (85.9)

a,b,...

C PA3JIMYHBIMU YHUC/IaMHU CILJIOIIHBIX IICTEJIb.
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B 1o BpemMsi Kak TOHKas IITPUXOBas JIMHUA H300paKaeT IIo-
TEHIIUAJ ( KYJIOHOBCKOTO TIOJIS M30JMPOBAHHOTO 3aPsifia, TOJICTAs
MITPUXOBAas JIMHUS PEJCTABJIAET IMOTEHIMAJ TIOJIH, HCKAKEHHOTO
moJisipu3anyeil OKPy2Karomieil m1a3Mbl; 0003HAYUM €r0 ITOCPEICTBOM
®. Beco Brian (85.8) u maer, ciie[oBaTeIbHO, NCKOMYIO KOPPEJISIIU-
OHHYIO YaCTh CPEJHEN SHEPTUM B3aAUMOJIEHCTBUS B ILJIA3ME.

Beegem obosuadenne —P((s, q)/4m nist CyMMBI IPOCTHIX CILJIOI-
HBIX IIeTeJIb BCEX POJOB YacTUIl U OyaeM 0D03HAYATH 3Ty BEJIUIUHY
Fpaq)I/I‘IeCKI/I CBETJIBIM KPY2KKOM:

—£=§ CZ) 0. (85.10)

OtmMmernM, 9TO apryMeHT (s 9TO DYHKINN TPOOETaeT «IeTHBIEY 3HA-
genus (s = 2571’ HE3aBUCHMO OT CTATUCTUKH, KOTOPOH MOTIMHAIOT-
¢ qacTunsl a. JleficTBUTENbHO, B CHLy 3aKOHA COXPAHEHUS YaCTOT
B BEpIIHHE TOT APIyMEHT PaBEH PA3HOCTH YACTOT ODEMX CILIOII-
HBIX JIMHWMN; 9TA PA3HOCTH «YETHA» KAK IPU «UETHBIX», TAK U NpU
«HEYETHBIX» UJIEHAX PA3HOCTH.

C oboznauenuem (85.10) cymma (85.8) n3obpasurTcs OnHOM CKe-
JIETHO# nuarpaMMOii:

S HWen _ () (85.11)

Cama e XKUpHAas MITPUXOBAs JIMHUS YIOBIETBOPIET JUATPAMMHOMY
YPaBHEHUIO

———————— + O (85.12)

(BmosiHe aHasiormyHoMy ypasHeHusM (14.4) u (79.13)). B ananuTu-
YECKOM BHJIE 9TO yPaBHEHUE MMEET BUJL

—®(¢s, 9) = —¢(a) — ¢(q) P(%q) ®(¢s, ),

OTKY/Ia
4

Q(CS) q) = q2 _P(Csy q)'

(85.13)
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Ha stu popmyJibl moJie3HO B3MVISHYTH C HECKOJIBKO MHON TOYKHU
3peHusi, 4TOObI YCTAHOBHUTHL CBsA3b ¢ amarpammamu B §79. [lemo
B TOM, YTO KYJIOHOBO B3aMMOJIEHCTBHE MEXKIY 3apsJaMé MOXKHO
paccMaTpuBaTh KaK pPe3ysibTaT 00MeHa BUPTYaJbHBIME (DOTOHAMH.
IIpu sTom, ogHAKO, yA00HEe HCIOAB30BAaTh He Kaiaubpoeky (75.1),
a Tak HasblBaeMylo <«KyJoHoBy» (cM. IV,§76), B koropoit —Dgg
KaK pa3 paBHA (Pypbe-KOMIIOHEHTE KYJIOHOBCKOIO MOTEHIUAJIA.
ITpocTpancTBeHHAs Ke 4acThb D;p B 9TOH KaJMOPOBKE OIMUCHIBAET
3ama3/JblBaHUEe W MArHUTHOE B3aMMOJENCTBHE, W €10 B HEPEJISATH-
BUCTCKOH ILIa3Me MOXKHO mpeHebpedb. [103TOMy MOXKHO CYUTATD,
YTO IITPUXOBBIM JIMHUSAM Ha auarpamme (85.11) coorBercrByeT
mairybaposckas Dgg, a dyHKIHst P €CTh HE YTO WHOE, KAK KOMIIO-
HeHTa Poo mossipusarnuonsoro oneparopa. Coruacuo (79.18) MoxHO,

cenosatensho, mammucath P(Cs, q) = —q2[ei(i|¢s|, @) — 1] (rerxo
BHUJIETH, YTO IPY HAJWYIUU IPOCTPAHCTBEHHOM mucnepcun B (79.18)
BXOAUT MMEHHO NPOJOJIbHAS MPOHUIAEMOCTh &;). lloncrasisis 3T0
BeIpazkeHue B (85.13), HaxomuM

®(¢s, q) =

4

S 85.14
FeliG] @ (85149

T. €., KAK U CJIEIOBAJIO, PypPbe-KOMIIOHEHTY MOTEHITUAJIA €TUHIIHOTO
3apaaa B cpefe.

PackpelB mo 0o6muM TpaBuiaM MaiybapoOBCKON TEXHUKHU IUa-
rpammy (85.11), Haxomum

Vhaows = =53 [ Fi ola) 206, @) 5%

__vr Pe, @) da (g5 5
Z/ q%[¢? — P(¢s, q)] (2m)3 ( )

MbI yBUIUM HUZKE, YTO OCHOBHYIO POJIb B CYMME UTPAET wWieH ¢ § = 0,
IPUYEM COOTBETCTBYIOIWI WHTErPAJ OIpeessercs 00IacThio Ma-
sbix q. [losromy mus Beramcienus (85.15) dakTudecku qoctaTodHo
3HaTh npepesnbHoe 3HadeHue P(0, q) mpu q — 0. D1y Beauuuny
JIETKO OIIPEEIUTD U3 MPOCTHIX (PU3MUECKUX COOOParKeHUH, TaxkKe He
npuberast K IPSMOMY BbIUUCIEHUIO 10 auarpammaM (85.10).

ITpu (s = 0 dyukuus ¢(0, q) npencrasisier coboit Gpypre-obpas
norennuana P(r) 1€KTPOCTATHYECKOrO IOJIS €AUHUYIHOIO 3apsiia
B wiazme. HeBoamyiieHubI# moTeHnman ¢(r) yIoBIeTBOPSeT ypaB-
nennto ITyaccona c¢ §-dymkmueit B mpasoit gactu: Ay = —4wd(r).
YpaBHueHue ke s moTeHnuajga P, MCKAXKEHHOTO NOJspU3anued
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MJIa3MBI, TIOIYIaeTCs JODABICHUEM B TIPABO CTOPOHE U3MEHEHUS J 0
IVIOTHOCTH 3ap4/0B B IJIa3Me IO, BJUSHUEM CaMOIO IIOJid:

A® = —4r[§(r) + dp)]. (85.16)

C npyroit ctoponsl, pu g — 0 MBI UMEEM JIeJI0 C TOJIEM, MEIJIEHHO
MEHSIONUMCS BAOJb 00beMa IJIa3Mbl. B TAKOM TOJIe CIPABEIJIMBO
TEPMOJIMHAMUYECKOE YCJIOBUE PABHOBECUS

fa + €24® = const = p{%), (85.17)
TOe [bg — XAMUYIECKUI MOTEHITNAJ JACTHUIL COPTA @, u((10) — ero 3Haye-

HHE B OTCYTCTBHE IIOJIA. W3 sToro yCJI0BUd HaXOOUM JOJIA M3MEHEHUA
IIJIOTHOCTH YaCTHIl Ng:

g = (%> 0ng = —ez, P
Ona /) v

" 3aTEM OJid U3MECHEHUA NJIOTHOCTU 3apdaa:

5p = WO = — a2<%> 3.
p Xa:ez n Xa:(ez) v

Olta
[MoxcraBus 310 BhIpaxkenue B (85.16), mosyunm ypaBHEHUE

AD — 52D = —47H(r), (85.18)

rIe BBEJEHO 0DO3HaYEeHHE

= dre® 22 (3”“> . (85.19)
a T7V

Olia

U3 (85.18) Buzmmo, uTo 1/3¢ ecTh n1ebaeBCKUil PAIUyC IKPAHUPOBAHMUS
nosst B wiazme (cp. V,§78). Hakonen, B3sB (bypbe-KOMIOHEHTY OT
obeux cropon ypasuenus (85.18), Haiimem, dro

47
P = —
(q) q2 + %2

U CpaBHEHME 9TOro BhIpaxkeHus ¢ (85.13) maer

P(0, @)lqs0 = =5 (85.20)
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[TpousBong Teneps unTerpuposanue B (85.15) ¢ arum 3nauenuem P,
HAXOIAM

> VTt 4mq® dg VTs®
(V)xop = — / p =

sy ] P e (85.21)

OTMeTuM mpexk e BCero, YT0 MHTEIPaJl OKA3hIBACTCH CXOSAITIMCS Ha,
HIKHEM TIpeJiesie U OCHOBHYIO POJIb B HEM UTPAIOT q ~ . J1Jis HEBBI-
POKICHHO} MOHHON KOMIIOHEHTBI IJ1a3Mbl uMeeM On; /Op; = n; /T, a
IS JIEKTPOHOB ONe /Opte ~ M/ le. JIeTKO BURETH, UTO B CHILY yCJIO-

Buit (85.2) » < nl/3, a moromy u ¢ < n!/3, 1. e. 1/q Besmko 1O
CPABHEHWIO C MEXKYACTUIHBIMY DACCTOSHUAMU. DTUM OTPABIBIBACT-
Csl MCHIONIb30BaHUE yCJIOBUs paBHOBecus (85.17). s onpasranus
JKe IpeHeOpeXKeHWsl BCEMM djieHaMu cyMMbl B (85.15) kpome wiie-
Ha ¢ s = 0 3amevaem, 4TO, comiacuo (85.14), mossipu3anus MIA3MbI
OPY OTJAWYHBIX OT HyJisl 9aCTOTAX ONMUCHIBAETCH TUIJIEKTPHIECKOMN
NPOHUIEAEMOCTHIO £1(w, q). COrIaCHO M3BECTHOMY ACHMIITOTHYECKO-
My BBIDAyKCHUIO TIPH GOJIBINIX YaCTOTaX, £1(w) ~ 1—47mnee? /(mew?),
a moToMy

2
e1(ilGs]) = 1+ e

me(?

(cm. VIIL, § 78). B cuiy ycuosuit (85.1), (85.2) Bce oTm4HBIE OT HyJist

gacrorsr (; = 25T < (nee?/me)'/?, u noromy s HEX MOXKHO yIKe
cuutarh £(i|(s|) = 1, T. e. monspu3ams MWIA3MbL OTCYTCTBYyeT U P
MAJIO.

®opmysa (85.21) BbIpaykeHa dYepe3 TEPMOJUHAMHUYECKUE IEpe-
mennbie T, V', po. [losToMy TepMmonuaaMudeckuil morenuat ) mias-
MBI MOXKET ObITh HANJIEH MPSIMBIM WHTEIPUPOBAHUEM DPABEHCTBA

o0 1

— =—(V 85.22
(Get)ry, = a™ (85.22)
(cm. V,(80.4)). B pesysprare HaiimeM mjis KOPPEJSAIMOHHON YacTH
Q) crenyrormee BoipaykeHue (OOBIYHbIEC €AUHUIIBI):

3/2

_ VT 2/=VTéE 2 On,
Quop = ==~ = e >z ( %)W (85.23)

a

(A. A. Bedenos, 1959). Cormnacuo obuieit Teopeme 0 MaJjbIx JoOaB-
KaX, 9Ta XKe (popMyJia, BRIDAXKEHHAS Yepe3 APYTHhe TEPMOINHAMUYIE-
CKHE IIEPpEMEHHBIC, Na€T IIONPaBKY K APYTUM TEPMOAUHAMUYICCKUM
IIOTCHIIAJIaM.
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JlJ1s1 HEBBIPOXK IEHHOM IIJIA3MBbI BCE TIPOU3BOAHBIE ONg /Opig=nq /T,
u Torga (85.23) nepexomut B hopmyIty

3/2
Frop = ~2T22 ve > zina (85.24)

JIsl TIONPAaBKY K CBOOOAHO( 9Hepruu, coBnajaryo ¢ V, (78.12).

B ciryuae cusibHOTO BBIPOXK ieHUS 216K TPOHOB B mwiasMme (T < pe)
npousBopHasag One/Ope ~ ne/pe K ne/T. B cymme no a B (85.23)
MO?KHO TOT/Ia BOOOIIE TPEHEOPEYh 3JIEKTPOHHBIM YJIEHOM, ¥ MBI CHO-
Ba mostydaeM dopmysty (85.24) ¢ Toit sumb pasHULEl, 9TO CyMMa B
Heit bepeTcs JIAIb IO COPTAM MOHOB B m1a3Mme. Takum obpazom, npu
CHJIbHOM BBIDOXKJIEHUH 3JIEKTPOHBI BOOOIE HE BJIMSAIOT HA DAIHYyC
SKPAHUPOBAHUS U HA KOPPEIAIUOHHYIO 9aCTh TEPMOAMHAMUYECKIX
BCJIMYHH ILJIA3MBI.



'r'1ABA IX

rmaPOANHAMNYECKHNE ®JIYKTYAIINN

§ 86. Tunammndeckuii (hopM@paKTOp KUIKOCTH

Paccmorpennas B V, § 116 koppenanuonnas GyHKIms QIyKTya-
1uii TJIOTHOCTH SBJISIETCS YACTHBIM CJIydaeM Oojiee obmieit pyHKINH,
CBA3BIBAIOIIEH DIIYKTyaIINU IJIOTHOCTH HE TOJBKO B PA3JIUYHBIX TOY-
KaX IPOCTPAHCTBA, HO U B PA3JINYHbIE MOMEHTHI BpeMeHu. B kjaccu-
4ecKOil Teopun 3Ta (PYHKIUSA ONMpEAEIseTCsi KaK CPeIHEe 3HAUYECHUE

ﬁO'(t; ry, I'Q) = (5n(t1, r1)5n(t2, I‘2)>, (86.1)

rae t = t1 — to; U3 ONpeJeJIeHUsi 0 BbIHECEH MHOXKUTeNb T = N/V —
CpeJiHdAs INIOTHOCTh YUCJIA YACTHIL J[JIs OMHOPOIHON M M30TPOIIHOM
cpenpl (KUIKOCTH, ra3) ¢yHkiws (86.1) 3aBUCUT OT Iy U Iy TOIBKO
9Yepe3 pacCTosiHWEe ' = |ri — ro| Mexjay OByMsl TOYKAMH, 9TO U
OyJeT IpeAoIaraThCsa HIXKeE.

B kBanTOBO# Teopun anasornyHasa GyHKIUA ONPEACISICTCA C IIO-
MOITbI0 CUMMETPU30BAHHOTO MTPOU3BEICHNSA 3aBUCALITUX OT BPEMEHH
(reii3eHOEPrOBCKMX) OMEPATOPOB IIOTHOCTH KaK

AG(t, r) = %(m@l, r1)67(ts, T2) + 0 (te, T2)0RA(t1, 71))  (86.2)

(B coorBercTBME ¢ OOmUM CHOCOOOM ONPEIEJIEHUSI COTJIACHO

V,(118.4)). Hekoropble mpenmMyIiecTBa, OJHAKO, UMEET B JAHHOM
CJlydae HECUMMETPHYHOE ONPEEIeHUe

ﬁd(t, ’I‘) = <(5’ﬁ(t1, 1‘1)5’7‘2(1:2, 1‘2)), (863)

JJIsi KOTOPOro CoXpaHuM obosnauenue o(t, r)'). B mporusomonox-
HocTh yHKIMu o (t, ) dbyukuus o(t, r) He ABJISETCI YETHOH IO
TIIEpEMEHHOH ; OYEeBUIHO, YTO

G(t, 1) = % [o(t, 7) + o(—t, ). (86.4)

1)I/IMeHHo 9Ta (YHKIUS $BJISETCS HENOCPENCTBEHHO Habromaemoil Beju-
YMHOM, HANpUMeEpP, NPHU HEYNPYrOM PAaCCesiHUU HEHTPOHOB B KHAKOCTH —
CM. 3aJady.
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®ypre-06pa3 Gyuknuu o(t, ) M0 BpeMEHN U KOODAUHATAM
o(w, k) =o0(w, k) = // WK g (¢ r) dt d3x (86.5)
—o0

HA3BIBAIOT JUHAMUYECKUM Popmparmopom cpeasl. Beuay wuso-
rTponuu byskuuu o(t, ) OH 3aBUCUT TOJIBKO OT abCOJIOTHOI Be-

JIMYUHBL BOJIHOBOTO BekTOpa. V3 (86.4) ciemyer, uto dypne-obpas
dbysximu 5(t, r)
Fw, k) = % [o(w, k) + o(—w, k). (86.6)

YucTo NPOCTPAHCTBEHHAsSE KOPPe/IsAnus (UIyKTyanuil I0THOCTH
JKUIKOCTH onpezessercs yukuueit (86.1) mpu ¢ = 0 : o(r) =
=o(t=0,7)=0(t=0,r). Ora dyHKUUA CBA3aHA C BBEACHHON
B V,§116 (u ucnosp3oBanuoit B §83) dynkumeit v(r) coriacHo
o(r) = v(r) + 6(r); ux dbypse-obpaser: o(k) = v(k) + 1. Oyuk-
muio o(k) mam v(k) Ha3BIBAIOT cmamucmMuYecKuM GopmParmopom
s)kuaxocT. Oyukuun o(w, k) u o(k) cBA3aHBI APYT C APYyrOM HHTE-
IPaJIbHBIM COOTHOILICHUEM

o0 o0
o(k) = / o(w, ket 2| = / o(w, k). (86.7)
2w 1¢=0 2w
—0o0 —0o0

[IpenuurepoBckuii (He 3aBUCAIINI OT BPEMEHH) ONEPATOP IJIOT-
HOCTHU JAEeTCHd CyMMOU

fi(r) =Y 6(r—ra), (86.8)

B34TOM IO BCEM YaCTUIAM CPEIbI; KOOPAMHATHI YACTHI[ Ty UIPAIOT
pours mapameTpos (cp. (24.4)). Ham nmonanobsrcst HuKe KOMIOHEHTEI
dypbe-pasiioKeHus 3TOr0 OMEePATOPA M0 KOOPAMHATAM

g = /7’”2(r)e_ile Bz = Ze‘ikr“. (86.9)
a
IMepexon k 3aBucdAmEMy 0T BpeMeHH (refi3eH6EproBCKOMY) OIepaTo-
Py ITPOUCXOAMT TIO OOIIEMY MTPABHILY
A(t, r) = exp(iHt/B) A(r) exp(—iHt/h), (86.10)
e H — raMu/IbTOHIAH CHCTEMBI. DTOT OIEpPaTOp MOKET 6BITh IPE/I-

crasyieH BoipakeHusMu (86.8), (86.9) ¢ 3amenoit B HUX Iy Ha Tq(t) —
reii3eHO6EProBCKUE ONEPaTOPbl KOOPAUHAT YACTHIL.
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CoryiacHO OCHOBHBIM IPUHIIUIIAM CTATUCTHKY, YCPEIHEHUE (. ..)
MOXKHO IIOHMMAaThb II0-pa3HOMY, B 3aBHUCHMOCTH OT TOI'O, Hepe3
KaKue TEPMOIMHAMUYIECKNE TIEPEMEHHBIE JO?KEH OBITh BHIPAXKEH pe-
gysbTaT. Tak, eciiu GyHKIMS 0 ONpENesSeTCs IPU 33 JaHHBIX TTOJIHOM
SHEPI'UU U YHUCJIe YACTHUI CUCTEMBI, TO YCPeAHEHNE IIPOU3BOAUTCA IO
onpesiesleHHOMY (M-My) CTAIMOHAPHOMY COCTOSIHUIO, T. €. B3THEM
COOTBETCTBYIOIIETO AUATOHAJIBHOTO MATPUYIHOTO 3j1eMeHTa. Jliist of-
HODOZHON CHUCTEMBI (KHUIKOCTH) 3aBUCAMOCTH MATDPHYHBIX JIEMEH-

TOB omnepaTopa 67(t, n) OT BpeMeH! U KOOPAUHAT AAETCs (POPMYJIOit
(m|én(t, r)|l) = (m|n(0) | 1) exp[i(wmit — kpur)], (86.11)

BIOJIHE aHaJIoru4Hoi (8.4) (B mpaBoil 9acTH CTOUT MATPUYHBIA dJie-

MEHT MIPEJUHIEPOBCKOrO omepaTopa 07 (r), B3gaToro B Touke r = 0).
C yuerom 310# (HOPMyJIBI TIHIIIEM

no(t, r) = Z(m |om(t1, r1) | 1){l] 6ni(te, o) |Mm) =
1

= 3 1] 63(0) 1) expli(@nmt — k)]
l

®ypbe-06pa3 3To#l pyHKIIH
no(w, k)=(2m) Z] (m | 67(0) | 1) |26(w — wim) 6(k — Kyp). (86.12)

CyMmmupoBanue B 3Tux GOPMYJIax MTPOU3BOIUTCS IO BCEM COCTOSHU-
sIM CUCTeMBI ¢ 3aJaHHbIM (Ny,) 9uciiom gacTur (MOCKOJIBKY OIEepa-
TOp 07 HE MEHSHET TOr0 YUC/IA).

Eciu »xe MbI xoTrM BbIpa3uTh GopMAbAKTOD U€pe3 TEMIEPATYPY
U XUMUYECKUH MOTEHIMAJ KUAKOCTH, TO BbIparkenue (86.12) mosrk-
HO e1rie OBITH yCPEAHEHO IO pacupeeneHuio ['ubbca:

no(w, k) =

=(2m)* Y exp TE2IR | (| 67(0) | 1) [26(w = wim) O(k — kim)
I,m

(86.13)

(mpugem BO Bcex wienax cymmbl N; = Np,). Bommucas Takyio ke
dopmyny mns o(—w, —k) = o(—w, k), B3auMHO nepeobo3HAUUB B
Heli MHIEKCHl CyMMHPOBaHUdA | 1 M ¥ 3aMEHUB B 9KCIOHEHIIUAIHLHOM
muoxurese By = En, + hwyy, = By, + fw (Dociennee paBeHCTBO —
ciaencTBrEe HAJIW4ns §-DYHKIUN), TIOJLYIUM

o(—w, k) = o(w, k)e /T (86.14)

16 E. M. Jludmmuu, JI. I1. [Turacsckuit
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u 3areM, coruiacHo (86.6),
5w, k) = % (1+e™/T)o(w, k). (86.15)

Ormernm, uro u3 (86.13) (mnm (86.12)) caexyer, uro yHK-
mus o(w, k) > 0 npu Bcex 3HadYeHHUAX ee aprymeHToB. U3 coorHo-
menus xe (86.14) ciemyer, 9TO IpU HyJIEBOH TeMmepaType

o(w,k)=0 npu w<0, T=0. (86.16)

B makpockonmyeckom mpemene (N, V — oo npu 3amaHHOM
oraomernu N/V') «gactokon» d-yuxmumii B (86.13) pasmasbiBaeTcs
B HENPEPBIBHYIO (YHKIWMIO, HO O-GyHKINOHHBIE NUKKU B 0(w, k)
OCTaIOTCS NpY 3Ha4eHUAX w = w(k), OTBEYAIOIUX HE3ATYXAIOIIUM
JIEMEHTAPHBIM BO30OYXKIEHUAM (KaK 9TO CJIEAYET U3 PACCYXKACHUM,
NOJOOHBIX M3JI0XKEeHHBIM B §8). Takme NUKM BO3HUKAIOT, OJHAKO,
JIMIIb 11 BO30y K AeHul 6e3 U3MEHeHUs] YuCiIa JacTuIL ).

Tlokaxkem, kakum 06paszoM GpopMEPAKTOP KUIKOCTH MOKET OBITH
CBSI3aH C BeJUYUHAMU, (pUTypupyommMu B obieit hopMyaupoBKe
daykryanmonso-auccunanmonnoit Teopemsr (D. Pines, Ph. Nozié-
res, 1958).

[TycTh Ha KaxKIyto YaCTHUILy *KUJIKOCTH JEHCTBYeT HEKOTOPOE BHEIII-
Hee TI0J1e, COOOIIAOIIEe YACTHUIE IOTEHIMAIbHYIO dHepruoo U (t, r).
Torma omepartop BO30YXKIeHWSs, NEHCTBYONUN HA KHUIKOCTH B IIE-

JioMm, Oymer R
V() = / AL, YU (L, ) dz. (86.17)

IlonsepruyB Bce BXOIAIINE CIOAa BEIUYUHBI DYPhE-PA3JI0KEHUIO IO
BPEMEHHU, [IPEACTABUM OTKJIUK CUCTEMBI (T. €. CDeJlHee 3HAYEHUE BbI-
3BaHHOI'O BO3MYILEHUEM U3MECHEHUS IIJIOTHOCTH) BBIPA’KCHUEM BHA

m(w, r1) = — /a(w, |ty — 1o | )U(w, r2) d3z2, (86.18)

rae dyskmus o(w, ) Urpaer posib 060OIIEHHO BOCIPUAMYUBOCTH.

Dypbe-KOMIIOHEHTA 10 BDEMEHHU OT KOPPEJISAIUOHHON dyHKimu o (¢, )
ecTb, B 0003Ha4YEeHUAX (DIYKTYAIMOHHO-TUCCUIAITNOHHON TEOPEMBI:

no(w, r) = (én(ry) on(re)),, r=r;—ro.

1) Tak, B dbepmu-xumroctn o(w, k) uMeer §-bYHKIHMOHHYIO OCOBEHHOCTD TIPH
w = kug (uo — CKOpPOCTH HYJIEBOrO 3BYKAa), HO HE UMEET TAKUX OCOGEHHOCTEH,
orTBevaromux (GepMUOHHOMN BETBYU crekTpa — cM. §91.
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CorutacHo 3To¥ TeopeMe 3Ta GYHKIMS BbIpaykaeTcd depe3 00600IeH-
HYIO BOCIIPUMMYHUBOCTEH POPMYJIOit

no(w, r) = hcth %Ima(w, T). (86.19)

Taxoit ke opmyJioit BeipazkaeTcst Gypbe-KOMIIOHEHTA, IO KOOPAWHA-
tam o (w, k) depe3 a(w, k) mocse dero, corsmacuo (86.15), Haxomum
ISt TuHAMIYecKoro dopmdaxTopa

2h
1 — e fw/T

no(w, k) = Im o(w, k). (86.20)

BaxxuocTb 31X hOpMyJI CBSA3aHA MPEXKIE BCETO C TEM, YTO UMHU
YCTaHABJIMBAETCH CBSA3b AuHAMUYECKOro hopMmdbakTopa ¢ dyHKIuei
C U3BECTHBIMU OOLIMMY aHAJUTUIECKUMU CBOMCcTBaMu (11O IEpeMeH-
HOM w); Auis dyHkumm o(w, k) atu cBoiictBa omucansl B V,§123.
OHH IO3BOJIAIOT TaKXKe NMPUMEHUTHh K BBIYUCJIEHHIO dopMparTopa
o6yt dopmyay (cp. (75.11)), corsacHo KOTOpOi

a(w, k) =
= % / / @R @, v) (0, 0) — A0, 0) A(t, T)) dtd®z. (86.21)
0

Bripasus omepaTopsl mIOTHOCTU 4epe3 t)-omepatopsl (n = W),
MOXXHO TIPUBECTH 3TO BBIPAXKEHWE K BUIY JABYXYaCTUIHON (DyHK-
uuu ['puHa, AjIg BBIYNCIEHUS KOTOPON IPUMEHMMA IWarpaMMHAs
TEXHUKA.

S3agaua

1. Beipazurh uepe3 auHamudeckuit popmpaxTop BEPOSITHOCTH HEYNIPYIO-
IO paccesiHHsI MEJJIEHHBIX HEHTPOHOB B XKHUIKOCTH, COCTOSINEN U3 OAMHAKOBBIX
aromoB (G. Placzek, 1952).

Pemenue. Cormacuo merony ncesponorennuaa (cum. 111, § 151), paccesiaue
MeJIEHHBIX HETPOHOB MOXKET OBITH ONMCAHO KaK PE3Y/IbTAT B3aWMOJEWCTBUS C
MOTEHIIUAJIbHOI dHepruei

2
U(r) = 27h

an(r), 1)
rze n(r) — oneparop miorHOCTH (86.8); M — npuseneHnas Macca aToma u Heif-
TPOHA; @ — JYIMHA PACCesiHUs MEIJICHHOTO HEWTPOHA Ha OTAEABHOM aToMme (T. €.
B3ATO€ ¢ OOPATHBIM 3HAKOM IPEEIbHOE 3HAUYEHUE aMILIATYABL paccesHus). Be-
POATHOCTD IEPEX0Ja W3 HEKOTOPOTO HAYAJBHOTO (i) COCTOSHUS CHCTEMBI XKH[-
KOCTb + HEHTPOH B KOHE4HOE (f) COCTOAHHE B HEKOTOPOM MHTEpBaJIe dVf €CThb

2

/Ufi(t)dt dvy (2)

dwh' =

St =

16*
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(cm. III, (40 5); mus _HE/IMATOHAJIbHBIX MATPHYHBIX d1eMeHToB Uf; B B (1) moxHO

nmcath 61 BMECTO 7. BosiHOBY10 (yHKIMIO HA4YaJIbHOIO COCTOSHHUS HeHTpOHa
(¢ mMmysbcoM p u 9Heprueil £€) HOpMHpyeM Ha OIHY 4YacTHIy B obbeme V,
a BOJIHOBYIO (DYHKIMIO KOHEYHOI'O COCTOSTHUSI (I/IMl‘[y.J'IbC p’ u sueprus ') HopMu-
pyem Ha 6-byuknmio or p/2w. Torma dvy = d°p'/(27h)?, a MaTpuunbii snement
BO3MYIIECHUS

o2nhila
MV

rme bk = p — p’, a fw = € — €', a dng; — MATPUYHLIH JEMEHT IO OTHONICHIIO
K BOJNHOBBEIM (DYHKIHSM >KHAKOCTH. 1l0icTaBUB 9TO BEIpaXkeHme B dwg;, MPO-
CyMMHPYEM BEPOATHOCTD EPEXOA IO BCEM BO3MOXKHBIM KOHEUHBIM COCTOAHMAM
xugkocru. IIpu sToM KBagpaT MOAYIIsS HHTErpaJa 3aMUuChiBAEM B BUJE IBOMNHOTO

unrerpana (o dtdt' d*z d°z’) u sameuaem, uro

Ufi(t) = énfz t I‘) i(kr—wt) d’z

Z&nﬁ(t, r) 5nfi(t', I")* = Z&nif(t', I") ongi(t, ) =
f f
= {i|én(t, r')on(t, r)|i) = mo(t —t, ' — 1)

(npuuem o BbIpaXkeHO B (DYHKIMH OT IOJHON SHEPTUY KUAKOCTU B COCTOSHUY 7).
Nurerpuposanue no d(t' —t) d°(z' — ) maer o(w, k), a eme ogso mHTErpupoBanme
(cxazkem, mo dt d®z) maer mpocTo o6bem V u mosmHsIl nHTepBas Bpemenu t. Omy-

CTUB MHOXKHTEJIb t, IIOJIyIUM B PE3yJIbTATE BEPOSTHOCTH PACCESHUS B €OUHUILY
BpEMEHU

22 3,1
w= Ak na’o(w, k:)d—p
M? (2h)3

3)

OTO BBIPA2KEHNE OCTAETCs, KOHEYHO, CIPABE/IUBIM U IIOC/IE YCPEAHEHHS 110 PaC-
npeznenennto ['ubbea, 1. . npu hopmdakTope, BEIPAKEHHOM 4€PE3 TEMIEPATYPY.

OrmernM, aTO cBOMiCTBO hopmbakTopa (86.16) B npuMEHEHNN K DACCESTHUIO
HEHTPOHOB BhIpaXxkaeT co6oil ToT (akt, uro mpu T = 0 KUAKOCTb MOXKET TOJIb-
KO npuoGperaTs, HO He OTAaBaTh Hepruo. CoorHomenue xke (86.14) Boipakaer
co0oii MPUHLIXI JETAJBHOTO PABHOBECHUS, TaK KAaK MPOIECCHI PACCEAHHs C Iepe-
Jadeit sHepruu u uMmiyibca (w, k) u (—w, —k) sBisoTCS B3aUMHO O6PATHBIMHE.

§ 87. IIpaBmia cymm g popmparTopa

Hunamudeckuit HopMbaKTOp yAOBJIETBOPSAET OIPEAEICHHBIM
UHTETPAJIBHBIM (110 9aCTOTAM W) COOTHOIIEHUAM — NPABUAAIM CYMM.

BbIBOZ 0IHOTO W3 HUX OCHOBAH Ha TPABUJIE KOMMYTAIAN MEXKLY
oneparopamu 7y (t) u ny(t). Kommyrarop reiizenbeprosckux omepa-
TOPOB, B3ATHIX B OJIMHAKOBBI MOMEHT BPEMEHU, COBIAIAET C KOM-
MyTaTOPOM IIPEJAMHTEPOBCKUX OMEPATOPOB Ty u 7. OmepaTop 7y
onpenensiercsd BbIpakeHueM (86.9) u  TpebyeMmblit KOMMYTATOD
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nmaetcst hopMyJIoit
Pachy — g = — L2 N, (87.1)
m

rJe M — Macca YaCTUIBI KUIKOCTH ).

Ucxomum u3 BhIparXkeHUst KOMIIOHEHTHI (DY pbe-Pa3IoKeHust HYHK-
uu o (t, T) TOJIBKO MO KOODAUHATAM

ﬁa(t, k) = /6_ik(r1_r2)<5’ﬁ,(t1, 1‘1) 5’;‘2(1:2, 1‘2)) d3(£L’1 - CL’Q).

HMGH B BULOY, YTO IIOABIHTEIDAJIbHOC BBIPAXKCHHNE 3aBHUCUT TOJIBKO
OT rj] — I'p, 3aM€HsEM MHTEIPUPOBAHUE II0 d3(x1 — Z9) UHTETPUPOBaA-
uueM 1o dixy d3xo/V; mpousBeds ero mom 3HAKOM yCPEIHCHHS,

MIOJIy 9UM 1, N
o(t, k) = — (G (t1) 67k (t2)). (87.2)

Berancinm 3nadenue npowussomuoit Oo(t, k)/0t npu ¢t = 0. Ilo-
CKOJIBKY 0 (¢, k) 3aBHCHT TOJBKO OT pasHocTH t = t; — tg, TO

Tot 2 \on  on

do(t, k) _ 1 (80 aa>
ot 2

U TIOCJIe OACTAaHOBKY cioma (87.2)

8o (t, k)

6k _ % (57uc(t1) 6A_1c(ta) — Sfuc(t1) 6h_1c(t2)).

Kaxkaprit U3 AByX 9IEHOB TOTO BBIPAYKEHWSI 3AaBUCUT TOJIBKO OT
abCOJIFIOTHON BEJIMYUHBI BEKTOPa K; HA 3TOM OCHOBAHWW 3aMEHUM
Bo BropoMm wiene k wa —k. Ilonoxus 3arem t; = t9 m yurs, 4TO

n_x = ﬁi: , HafiJleM, 9TO Pa3HOCTh B YIVIOBBIX CKODKAX COBIAIAET C
koMMmyTaTopoM (87.1). Takum o6pazom, HaXOAUM

o (t, k:)’ _ _ih L2

1) Berunciienue sToro KOMMYTaTOpa COBIaAae€T C BBIYUC/JICHUEM, IIPOU3BEACH-

ueM B 111, § 149 B cBA3M ¢ BRIBOmOM mpasuia cyMmMm (149.5); BMecTo yuciia aJiek-
TPOHOB Z Tenepb (PUrypUPYyeT MOJHOE YUCIO JACTHUIL KugkocTu V.
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C mpyroii croponsl, npencrasus o(t, k) B Bume dbypbe-UHTErpaJa
O YaCTOTaM, UMEEM

o0 oo
PR 8 [etoqu,n) 22| =i [wolw k).
ot lt=0 Ot 27 1t=0 27
—00 —o0

CpaBHuB 00a BBIpaXKEHUs TPOU3BOIHON, MOJYyYUM HUCKOMOE COOTHO-

IICHue
o

2
/ wolw, k) % = (87.3)

(G. Placzek, 1952). TlomuepkHeM, 9TO OHO CIPABEIJIMBO DU JIIO-
Opix k. /I mepexofa B 9TOM COOTHOIIEHUH K KJIACCUYIECKOMY IIpe-
nesy (A — 0) Hamo 3ammcaTh UHTETPAJI B €T0 JIEBOH CTOPOHE B BUJIE

oo

dw
/w (0w, K) = o(—w, k)] 2

0

u, corsiacHo (86.14), moxcraBuTH B HETO
o(w, k) —o(—w, k) = ﬁ?wa(w, k).

Ilociie aToro muoXkuTen A B 06€MX CTOPOHAX PABEHCTBA COKPAIIa-
FOTCS U OCTAeTCs

F 2
/w2a(w, k) do _pk

2 2m
0

[Tpumenum dopmyiry (87.3) x 603e-2xunkoctu npu T' = 0 u pac-
CMOTPHUM 00J1aCTh MaJibIX 3HadeHwuit k. [Ipu k — 0 riaBubIi BKJIad B
uHTerpaJl AaeT 6-GyHKIUOHHBI nuK B popMdakrTope o(w, k), BO3-
Hukaomwii B (86.13) oT mepexogoB ¢ POXKIEHHEM OTHOrO (hOHOHA
(OCKOJIBKY B OCHOBHOM COCTOSIHMU YKUIKOCTU (DOHOHBI OTCYTCTBY-
10T, TO MEPEXOIOB ¢ yHmuTOoX)eHueM donona npu T' = 0 mer). dTOT
wien umeeT Bux Ad(w — uk), rme huk — sueprust donona (u — cko-
pocTs 3ByKa). IlomcraBus e ero B Kadecrse o(w, k) B (87.3) Haitnem
koaddurment A, u B pe3yabTaTe

o(w, k) = mhik (w — uk). (87.4)

mu
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Wurerpuposatue 31010 BhIpazkeHus 1o dhopmyiie (86.7) naer cra-
Tuueckuit popmbarTop

o(k) = T (87.5)

T 2mu

(R. P. Feynman, 1954)'). TlockonbKy 3Ta (hOpMyJsia OTHOCHTCH K
obJlacTu MaJIbIX 3HaYeHwnit k, T0 ee bypbe-obpaleHue JaeT aCUMIITO-
THYECKOE BBIPAYKEHUE KOPPEJISIMOHHON (DYHKIUHN TPU OOIBITHNX 7'

h

2m2murt

v(r)=— (87.6)

(st mpoBepKU 3TOM (BOPMyJIBI CM. MHTErpaJl, IPUBEJEHHBIA B PU-
meuanuu Ha c. 450). IIpu T = 0 dopmyna (87.6) cnpaseminusa
JI0 CKOJIb YrOZHO OOJbIUX paccTosuwit. [Ipm HU3KWX, HO KOHEY-
HBIX TEMIIEPATyPax OHA BEPHA BILUIOTL 10 paccroguuii r ~ hu/T,
Ha KOTOPBIX (DJIYKTYAIUU TIEPECTAIOT ObITH YUCTO KBAHTOBbIME. Ha
etrie BOJIBIINX PACCTOAHUAX 3aKOH (87.6) CMEHSIETCs SKCIIOHEHIIUAIIb-
HBIM yObIBaHUEM (€CJIM OTBJIEUbCS OT BKJIAJa BaH-IE€D-BaaJIbCOBBIX
cun — cM. §83)2).

Eme omHO mpaBmyio CyMM MOXKHO TIOJNYYUThH U3 YCTAHOBJIEHHOM
B §86 cBasu dbopmdarTopa ¢ HEKOTOPOH OOOOINEHHOW BOCIPUMM-
quBOCTHIO (W, k). DTa cBa3b maercsa dbopmysoit (86.20), koropas
npu T = 0 ceopurcs (mius w > 0) K

no(w, k) = 2AIm a(w, k). (87.7)

1) @opmyna (87.5), sanucaunas s suzge (k) = h’k?/(2me(k)) (e(k) — smeprus
KBa3WYaCTHUIbI), CTPOro cupaseiusa jumb upu k — 0. IIpu yeesnuenun k Bee

GOJIBIILYIO POJIb HIPAIOT BKJIAIEL B 0(k) OT MEPEX0J0B ¢ POXKJEHHEM HECKOJIBKUX
KBa3u4acCTull,. ECJII/I BCE 2XKe r[peHe6pelIb 9THUM BKJIAAOM, MOXKHO CYHTATh, 4YTO
sta dopMysa maer cBa3b Mexay (GopMGpaKTOPOM H dHEprueil KBa3HYACTHI[ B
603e-xuakocTu. IIpu aTOM MakcuMyMy, KOTOpBI ¢ umeer npu k ~ 1/a (a —

MEXKaTOMHBIE PAaCCTOAHUA B }KI/I,Z[KOCTI/I), OTBEYaEeT «pOTOHHbIﬁ)) MUHUMYM Ha
kpusoii &(k).

2) Koppensimuontas dbynxmus (87.6) orpumarenbha (YTO COOTBETCTBYeT OT-
TaJIKUBAHUIO MEXIYy '*IaCTI/I].(aMI/I) B IIPOTUBOIIOJIOZKHOCTH KOppeJIHHHOHHOﬁ
dyuKuyuu npeanbHOro 603e-Ta3a, rae oHa nookuTebHa (cM. V,§117). B cBasu
¢ sruM HamomuuM (§25), uro B c1abo HemzeaabHOM G03e-ra3e SHEPreTHUECKUil
crekTp uMmeer poHOHHBIH B, aumb npu k < mu/f (npudem A/mu > a). Co-
OTBETCTBYIOmmE paccroanus r ~ 1/k < fi/mu, Tak 9T0 IpH HEpexoae K UAeaib-

HoMy ra3y (u — 0) obsnactb npumenumocTn ¢opmyssl (87.6) oroxsuraercs Ha
6ECKOHEYIHOCTb.
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Coraacuo dopmynam Kpamepca—Kponura (cm. V, (123.15))

Re a(w, k):lP/ de’,
s w —w
—o0

IMonoxwus 3nech w=0 u yurs, uro Besuunna (0, k) BemecrBenna ),

nMeeM
o}

a(0,k) =2 [ Lima(, k) dw. (87.8)
ﬂ"O/UJ

B npenese k — 0 umeeT MecTo COOTHOIIIEHUE

a(0, k — 0) = (an) —ﬁ(a—ﬁ) - (87.9)

ou 0P/ T=0

Ono cnemyer m3 TOrO, YTO B CTATHYECKOM MEIJIEHHO MEHSIO-
meMmcss B mpocTpaHcTBe ciiabom mosie U umMmeeT MECTO YCIOBHE
paBHOBecusi u + U = const, Tak 9TO BKJIIOYEHWE BHEITHETO IIOJIS
SKBUBAJICHTHO W3MEHEHHIO XWMHWYECKOro TmoTeHnmasa na —U.
B npeneine k — 0 umeem mosromy u3 (86.18)

om = —Z_ﬁU ~ —U/a(O, r; —r9)d3(z1 — x2) = —U (0, k = 0),
n

orkyzna u cuenyer (87.9).
Cobupas mosydenusie dopmyssr (87.7)—(87.9), Haiizem, Takum

00pa3oM, ciieyioIee IpaBujIo CyMM ist popMdaKkTopa KUIKOCTA
mpu T' = 0:

i/a(w, k—0)de=0m (87.10)
wh J w oP

(D. Pines, Ph. Noziéres,1958).

3agaua

1. Haiitu koppensinuonnyo yHkmuio v(r) B 603e-2KUAKOCTH HA PaCCTOsi-
wusax r 2 hu/T npu temneparypax T < T.

Pemenne. lckomas KOppedauoHHas (QYHKIUS ONPEIesIaeTCs (bopMcbaK-
TOpOM npu 3HaueHusix k ~ 1 /p ST/hu < 1 /y IJI11 KOTOPBIX dHEPreTUYeCKuil
CIEKTD KUIKOCTH — (DOHOHHBII. Hpn T # 0 B 6(w, k) umeerca unen ¢ §(w+ku),

1) Besmnunna a(w = 0, r) BemecTBeHHA B Cuily OOIUX CBOMCTB 0GOGIIEHHOI
BOCIpHUMYUBOCTH. BemecrBenHocTh dypbe-komnonenTol a(w = 0, k) ciexyer
OTCIOAa BBHLY YeTHOCTH (dyHKuuH a(w, r') IO T.
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OTBEYAIOIMIl ITOrJIomeHu0 (POHOHA, HapALy ¢ wieHoM ¢ 6 (w — ku), oTBevaromum
ucnyckauuo GoHoHa. KoadduuueHTsl B 3TUX YIeHAX MOXKHO ONPEAEIUTH C II0-
mompio (86.14) u (87.3):

o(w, k) = TR [ e T k) 4 e T+ k) (1)

Murerpupys 3o BelpaXkeHue, HAXOLUM

2mu 2T
u 3aTeM
.. 3 F .
v(r) =/e'kra(k) Tk _ ﬁ /e””"k:2 cth fiku dk.
(27)3  8m2imur 2T

— 00

3aMbIKas IIyTh HHTErPHPOBaHUsA MO dk GECKOHEYHO yIaJIEHHON IOJIyOKPY2KHO-
CTBhIO B BerHeﬁ TNOJJIYIJIOCKOCTU KOMILJIEKCHOT'O k', CBOOUM HHTErpaJjJl K CyMMe
BBIYETOB B IOJIIOCAX (PACIOJIOKEHHBIX HAa MHUMOI ocm). Ilpu r < #u/T raas-
HBII BKJIAJ| B MHTETPaJl BOSHUKAET OT BBIYETA B IOjoce npu fiku/2T = im:

v(r) = _ 2T exp (—ﬂ 7‘) . (3)

muth?r hu

IIpu ycnoeuu aT'/hu < 1 xapakTepHOe paccrosinue 3aTyxanus GyHkuuu v(r)
OKa3bIBAETCs MHOTO OOJIBIIMM MEXKATOMHBIX PAaCCTOsiHWI, HA KOTOPBHIX yObIBa-
10T 3¢bdEKTH, CBA3aHHbIE C NPAMBIM B3auMOIEHCTBHEM MeXay aTroMamu. llpu
3TOoM B (opMmyiy (3) CyLIECTBEHHO BXOZUT fi, TaK YTO ONUCHIBAEMAsl €K KOP-
pessinus ©MeeT KBaHTOBBbI xapakrep. OTMETHM, YTO IpU BBIBOAE MBI IIPEHE-
Operaju BKJIAJOM BaH-AEP-BaaJbCOBbIX cuil. Kak cieayer u3 pesysbraros § 83,
3TOT BKJIaJ, UMEET CTEIEHHOI XapaKTep U SBJISETCH IVIABHBIM HA JOCTATOYHO
GOJIBIIMX PACCTOSHUAX. PAacCcTOsIHUs, HA KOTODPBIX HMPOUCXOAUT mepexox oT (3)
K (83.16), 3aBUCAT OT KOHKPETHOIO COOTHOIIEHUS MeXAy Ko3dduuueHTamu, Ho
obyractb npuMenuMocTH popmyasl (3) Beerga UMeeTcs IpPU JOCTATOYHO HU3KHX
TeMIepaTypax, NOCKOJIbKY HA rpaHune objacru npumeHuMocTu npu 1 ~ hu /T,

cormacuo (3), v o« T*, a cornacuo (83.16), v oc T".

§ 88. I'mapoamaaMmieckne QIIyKTyandd

B mpeapiaymmux maparpadax Mbl paccMaTpuBaJiu (QIIYKTYaluu
IJIOTHOCTY KUJIKOCTH TPHU MPOU3BOJBHBIX YACTOTAX W W BOJHOBBIX
BekTopax k. Ilpm arom, pasymeercsi, KOHKPETHBI! BUJ KOPPEJISIHU-
OHHOI (DYHKIMM HE MOT OBITH HAliZeH B 0OIIEM CiIydae. DTO MOYKHO,
OJTHAKO, CAEJIATH B TUAPOJAMHAMUIECKOM MPEEIIe, KOTIa, JIJINHA BOJI-
HBI (DIyKTyaruil BeJUKA 0 CPABHEHUIO C XAPAKTEPHBIMU MUKPOCKO-
NUYEeCKUMHU Pa3MepaMu (MeKATOMHBIMU PACCTOSHUAMY B YKUIKOCTH,
JUIMHOM cBOGOAHOrO mpobera B rase).

Brrunciienne oTHOBPEMEHHBIX KOPPEJIAIUOHHBIX (DYHKIHH (IIyK-
Tyanuii MIOTHOCTH, TEMIEPATYPHI, CKOPOCTH U T. T. B HEMOABUKHON
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KHUAKOCTH He Tpebyer 0cobOro wWCC/ieTOBaHUsA: 3TH (QIIyKTyaIun
(B KJIACCMYECKOM, T. €. HEKBAHTOBOM IPEJIEJIE) OMHUCHIBAIOTCS OOBIY-
HBIMU TEPMOAUHAMUYECKUMYU (POPMYJIaMU, CIPABEIJIUBBIMU JIJIsI JTIO-
0oit cpenpl, HAXOASIIENCs B TEIUIOBOM paBHOBecuu. Koppesnun
MEX/Iy OIHOBPEMEHHBIMU (JIYKTYaIUsaMUA B PA3JIUIHBIX TOYKAX
IPOCTPAHCTBA PACHPOCTPAHSIOTCH HAa JJIUHBI MTOPAIKA BEJIMYWHBI
MEKATOMHBIX PACCTOSHUN (IPM 3TOM MBI IpeHeOperaeM Ciialbl-
ME JaJIbHONECHCTBYIOIUMY BaH-IeP-BaalbCOBbIME cuiiamu). Ho stu
paccTosiHus PACCMATPUBAIOTCS B T'UAPOJUHAMUKE KAK OECKOHEYHO
maJjbie. [loaTOMy B ruapOAMHAMUYECKOM MpEIesie OJHOBPEMEHHBIE
duryKTyanuu B pa3iindHbIX TOYKAX HE KOppejaupoBaHbl. DopMajbHO
3TO yTBEPXKIEHUE CIAEAYET U3 ANAUTHBHOCTU TEPMOIUHAMHUYECKOMN
BEJINYWHBI — MUHUMAJIBHONW PabOThl Rpyin, Tpebyemoit misi ocy-
miecTByieHust (paykTyaruu. 1loCKOIBbKY BEpPOSTHOCTH (IIyKTyaluu
nponopiworabia exp (—Rmin/T), TO, npeacraBuB Rmin B BHUIE
CYMMBI 9JIEHOB, OTHOCSIIIUXCSA K OTHEJBHBIM (DU3UYECKN OECKOHETHO
MaJIbIM 00'beMaM, MbI HA#IEM, UTO BEPOSITHOCTH (DIIYKTYaAIllni B 3TUX
obbeMax HE3aBUCUMBI JIPYT OT JPYTA.

WNwmes B Buy 3Ty HE3ABUCUMOCTH, MOXKHO Cpa3y MEPEnucaTh U3-
BeCTHBIE (POPMYJIBL [JIsi CPETHUX KBAAPATOB (DIIYKTyallnii TepMOIH-
HAMUYECKUX BEJINYMH B 33JaHHOI TOUKe npocrpancrsa (cM. V, §112)
B Buae (opMyJ it KOPPEJSIIUOHHBIX (yHKmwmit. Tak, corsiacHo

dopmye

T2
§T)%) =
(1)) = I
st buykryanuii TemnepaTypbl B obbeme V' (p — ILIOTHOCTB;

Cy — TEIJIOEMKOCTh, OTHECEHHAsl K €IUHUIE MACChl CPEJBI) HUIIEM

CHaYaJIa )

(0T (rq) 6T (rp)) = Saby

pCy Vg
rae bIyKTyaIruu OTHOCATCH K IBYM MaJibiM obbemaM Vg u Vi, Yerpe-
MEB 3aT€M BEJIUYUHY O0BEMOB K HYJIIO, OIydnM ')

(8T (r1) 6T (ra)) = ,,TT (r1 — r2). (88.1)

1Y D1a u caexyomue bOpMyJIbI i OMHOBPEMEHHBIX KOPPEJIANHLT B CIIydae ra-
30B crpaBefuBbL st (puryKTyanuii ¢ JJIMHAMY BOJIH, GOJIBIIMMY JIUIIb 110 CPAB-
HEHUIO C MEXXMOJIEKYJISIPHBIMU PACCTOSIHUSIMH, HO He 00s3aTe/IbHO OOJIbIINMY 110
CpaBHEHHUIO ¢ aynHOi npobera. [Tociiequee ycioBue TpebyeTcsi, OAHAKO, i pa3-
HOBPEMEHHBIX KOPPEJIAIUOHHBIX (DYyHKIW B FUAPOAUHAMUYECKOM IPUOJIMKEHUT
(IOCKOIBKY MEKDOCKONIMYECKHUH MEXAHM3M PACIHPOCTPAHEHHs BO3MYILEHUI B ra-
3aX OIPEAEIeTCs UMEHHO JJIMHOM mpobera 4acTuL).
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AnasorngHbIM 06pa30M 3aMKUCHLIBAIOTC (GOPMYJIBLI I QIYKTYaInit
JAPYTUX TEPMOINHAMUYIECKUX BEJIUUUH:

(8p(r1) 6p(r2)) = T (%), 3(e1 — r2), (832)

(0P(r1)0P(r2)) = pT (Z—P> §(ry —rg) = pTu?§(r; —1ra), (88.3)
p/s

(0s(r1) ds(re)) = %”5(r1 —r3) (88.4)

(P — naBiieHUe; S — SHTPONHUS €AUHUIBI MACChI CPEAbI); IPU ITOM
duiykTyanuu nap BejuduH p, T u P, s He3aBucuMbl. Brimuiem Tak-
xKe GopMyy mjisa QAyKTyaruii MaKpOCKOIIAYIECKON CKOPOCTH KU/I-
KOCTH V (DaBHOI HYJII0O B DABHOBECHUH):

(5vi(r1) Svg(ra)) = %5% §(r1 — r3). (88.5)

CrenuduyHbM [1JIg THAPOAUHAMUKY SBJISETCH BOIPOC O BpE-
MEHHBIX KOppendanuax (UIyKTyaruii, a TakKe BOIPOC O (IIyKTya-
OUSX B JABUXKYIIEHCS KUIKOCTH. PeleHme 3TUX BOIPOCOB Tpe-
OyeT ydeTa OUCCHIATHBHBIX MPOLECCOB B XKUIKOCTU — BA3KOCTU U
TEIJIOIPOBOSHOCTH.

[TocTpoenne obmeit Teopuu (GIIyKTYAIMOHHBIX SIBJIEHUN B THUI-
POIMHAMUKE CBOOUTCH K COCTABJICHUIO «YDABHEHUN NBUKEHUS> IJIS
GIYKTYyUPYIOMUX BEJUINH. DTO MOKET OBITH CIAEJIAHO IIyTEM BBEIE-
HUS COOTBETCTBYIOMIUX JOIOIHUTEIbHBIX UJICHOB B THAPOJUHAMUIE-
ckue ypasuenus (/1. . Jlanwday, E. M. Jlupwuy, 1957).

ypaBHeHI/IH TUOPOAVHAMUKHU, HAIIUCAHHBIE B BUIE

% +div(pv) = 0, (88.6)
Oy B _ 0P 0d
0s _1 , (Ovi | Qv _ .
pT (5 + VVS) = ik (6:% + 8“) divq (88.8)

6e3 crenuduKayy BUa TEH30Pa HANPSKEHUIA 0}, U BEKTOPa IIOTO-
Ka TEIJIa g, BEIPAXKAIOT CODO# IPOCTO COXPAHEHNE MACCHI, HMIIYJILCA
u sueprun. [losTomy B Takoii bopme OHU CipaBeIINBHL I JIFOOOTO
JBUJKEHUS, B TOM YuCjIe JJisi (DIyKTYaIMOHHBIX M3MEHEHU COCTO-

sung xKunkoctu. [lpu stom mox p, P, v, ... HAOO TOHUMATH CyM-
My 3HAUYEHWI BeJuduH pg, Py, Vo, ... B OCHOBHOM JBUXKEHUHW U UX
duykTyanuoHHbIX Kosiebauuii 0p, 6 P, v, ... (1o mocsiesHuM, KOHEY-

HO, YpaBHEHUA BCEraa MOTYyT OBITH JII/IHeapI/IBOBaHBI).
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OO6bIuHbIe BBIPAXKEHUS JIJIsT TEH30PA HAMPSIXKEHUHM U TIOTOKA, TETI-
JIa CBA3BIBAIOT UX COOTBETCTBEHHO C IPAJUEHTAMHU CKOPOCTH U I'Da-
AueHTOM TeMieparypsl. 1lpu duykTyanusax B }KUIKOCTA BOSHUKAIOT
TAK2K€ MECTHBIE CIIOHTAHHBIE HAIPSKEHUS U MOTOKH TEIJIa, HE CBS-
3aHHBbIE C YKA3AHHBIMU IPAJUEHTAME; ODO3HAUNM UX UEPE3 S;p U & U
OyIeM Ha3bIBATh «CiIydaiiHbiMuy. Takum 00pa3oM, 3amuineM

ol =1 (a”" 40 25 div v> + (g div v + s, (88.9)
awk 35131’ 3

q=-»VT+g (88.10)

(n, ¢ — xo3ddunueHTsr BAKOCTH; > — KOIDODUIMEHT TemIo-
[POBOZHOCTH).

3amaua 3aKJII0YAETCSA TENEPh B YCTAHOBJICHUM CBONCTB S;p U & —
B ONpPENEJIeHUNM WX KOPPEJIANMOHHBIX (yHKImit. Jljaga mpocToThl
TPOBEJIEM BCE PACCYXKIEHUS JJIs €CTECTBEHHOTO B THAPOJUHAMU-
Ke CJIydasi HEKBAHTOBBIX (DIyKTyaluil; 3TO 3HAYUT, YTO YaCTOTHI
IIyKTYaImOHHBIX KOJIeOaHUN TIPeImoIaraloTcs yI0BJIeTBOPAIONTAMHA
yeioButo hw K T. Ilpu 3atom kK03(DPUIMEHTH BA3KOCTA U TEI-
JIOTIPOBOAHOCTU Oy/eM CUMTATH He JUCHEPTUPYIONUME, T. €. He
3aBUCANIAMHU OT YACTOTHI KOJICOAHMIA.

B ob6mett Teopun daykryammit (usnoxenunoit B V,§119-122)
paccMaTpuBaeTCs JUCKPETHBIN psaf (DIyKTYUPYONUX BEJUYUH I7,
2, ..., MEXKJy TeM KaK 37eCb MBI UMEEeM JIeJI0 C HEMPEPHIBHBIM
psgoM (3Hauenus p, P, ... B Kaxk10#l TOYKE KUAKOCTH). ITO
HECYIIIECTBEHHOE 3aTPYIHEHWE MbI 00OWIEM, Pa3/IeInB 0ObEM TEJa
HA MaJjble, HO KOHeuHbIe yuacTku AV m paccmarpmBas HEKOTOPHIE
CpeJIHTE 3HAYECHWS BEJIMYMH B KAXKIOM M3 HUX; IEPEX0]] K OECKOHETHO
MaJIBIM JIEMEHTAM TTPOU3BEJEM B OKOHUATENBHBIX (DOPMYJIAX.

Bynem paccmarpusars dopmyiasr (88.9), (88.10) B kauecrse

ypaBHEHUH .
Za=— Y YabXo+ U (88.11)
b

obmedi Teopuy KBasuCTAUMOHAPHBIX (urykTyanuit (cm. V, (122.20)),
npUYeM B KAUECTBE BEJIMYUH I, BHIOEDEM 3HAYECHWS KOMIIOHEHT TEH-
30pa 0}, ¥ BEKTOpa g B KayKIOM u3 y4acTkoB AV'; Torna Beandnsa-
MU Yq ABIAIOTCA S;) U &

. I
Ta = O3y Qi

(88.12)
Ya — Sik, 8-

CMBICT XKe TEPMOAUHAMUYICCKHU B3aUMMHBIX BCJIMYUH Xa BBIACHACT-
Cd IIyTEM NIPDUBJICHYCHUA d)OpMy.TIbI AJid CKOPOCTHU U3MCHCHUA TIOJTHOM
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suTponuu xkugkoctu S. O6praubmv mytem (cp. IV, §49) ¢ momomsio
ypasHeHwuit (88.8)—(88.10) maxomum

= /{ (a”’ %) qVT} av. (88.13)

3aMEHUB 3TOT HHTErpaJ CyMMOfI 10 y4acCTKaM AV n CPaBHUB €ro
3aT€M C BBIPpAaXKCHHEM
- Z .’j?aX as
a

HaiineM, 4To

Xa—= —o (3”’ + 3”k> Av, LT Ay, (88.14)
Ozr Oz T? Oz

Tenepsr Jierko HalWTH KOIDMUIMEHTHI Yqp, HEMOCPEICTBEHHO
OTIPEIEIAIONTIE NCKOMBIE KOPPEJISIUY COIJIACHO (POPMYJIIaM

(Ya(t1)yp(t2)) = (Yab + Yea) 0(t1 — t2) (88.15)

(cm. 'V, (122.214)).

[Tpex e Bcero 3amedaeMm, 9to B dopmysax (88.9), (88.10) mer
9JICHOB, KOTOPbIE CBsI3aJll OBl O, C TIPAJUEHTOM TEMIEPATYPHI,
aq — C rpaJIueHTaMu CKOPOCTEH. Sto 3HAYUT, 9TO COOTBETCTBYIOIINE
k03 burmeHTs! Yoy = 0 u B cuiry (88.15) umeem

(sik(t1, r1)gi(t2, r2)) =0, (88.16)

T. €. 3HAYEHUS S;; U g BOOOIIE HEe KOPPEJIUPOBAHBI APYT C IPYTOM.
Hanee, k03 dUIMEHTDI, CBA3BIBAIONINE 3HAYEHUS ¢; CO 3HAUEHU-
AV/T?)0T/du;
avu (AV/T?)0T/Ox;, paBHBI HyIIO, €CJIH ITU BEJIUIHHBI B3STHL B

pasubix yyactkax AV, u paBubl Vi = #T20;/AV, ecim onu 6Ge-
pPyTCS B OZHOM W TOM 2Ke ydacTke. C 3THMM 3HAYEHUSAMH Yqp IO
dopmyie (88.15) momyunm nocsie mepexona K npegesny AV — 0:

(gi(t1, v1) gi(ta, r2)) = 25¢T2 63, 6(r1 — v2) 6(t1 — ta).  (88.17)

AnayornysbiM 00pa30M MOTYYarOTCA (POPMYJIBI I KOPPEJISIU-
OHHBIX (DYHKITUHN CIIyUIaHOTO TEH30pPA HAIPSKEHUHN

(sik(t1, v1)81m(t2, T2)) =
=27 [(it8m+Dim 1)+ (c—%") 8ikBim 8 (r1—12)8(t1—t2). (88.18)
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®opmyuisr (88.16)—(88.18) pemaroT, B NpuHIUIE, OCTABJICHHBLH
BOIIPOC O BBIUKCJIEHWH THIPOJAUHAMUYECKUX (DIYKTyaruidi B JIOO6OM
KOHKDETHOM CJjIy4dae. XOJ pellleHus 3aJad Ipu ITOM TakoB. Pac-
CcMaTpUBas Sir ¥ g KaK 33JaHHble (DYHKIMU KOOPIUHAT M BPEMEHH,
pemaeM (GOPMAIBHO JIMHEAPU30BaHHbIE ypaBHeHus (88.6)—(88.8)
OTHOCHUTEJIbHO BEJIWYUH 0p, OV, YUATHIBAs MPU STOM HEOOXOIUMBIE
IUIPOJMHAMUYECKUE TDAHUYHBbIE YCIOBUs. B pedyibpTraTe moydum
9TU BEJIMYUHbBI, BHIPAYKEHHBIE B BUJE HEKOTODBIX JIMHEHHBIX (DYHK-
IOHAJIOB OT S;k, 8. COOTBETCTBEHHO JT0OAas KBaIpATHUHAA TIO §p,
0V, ... BEJIMYMHA BBIPAXKAETCsS YePE3 KBAAPATUIHBIE (DYHKITMOHAJIBI
OT S;k, &, TIOCJIE YETO UX CPEJIHEE 3HAUEHNUE BBIYUCIIAETCS C IIOMOIIBIO
dbopmys (88.16)—(88.18), u BCHOMOraTEJbHbIE BEIMYUHBL Sik, &
BBITIAIAI0T U3 OTBETA.

Beimumem dopmysbr (88.16)-(88.18) Takike m B (ypbe-KOM-
ITOHEHTAaX 10 YaCTOTAaM, HMPUYEM CHEJIAeM 3TO Cpa3y B Buue, 0000-
maromeM (hOpMyJIbl Ha CiIydail KBAaHTOBBIX (uryKTyarmii. CoryiacHo
obuuM mpaBuiiaM (bIIyKTyalMOHHO-IUCCUTIAITMOHHON TEeOpeMbl, Ta-
KOe 0600IIEHNE TOCTUTAETCS [Ty TeM BBEIEHUS JOMOJHATEIBHOTO MHO-
xkurens (hw/2T) cth(fw/2T) (o6pamatomerocss B ¢AUHUILLY B KJIac-
cudeckoM ciydae, fw < T'). Ilpum Hasuuum guCHepCuM Bs3KOCTH
U TEIJIONPOBOIHOCTU BEJIMUUHBEI 1), (, 3¢ ABJIAIOTCA KOMILIEKCHBIMU
GYHKIUSIME 9aCTOTHI; TIPU 3TOM B (popmysiax mist iryKTyamnwmii 7, ¢,
3¢ 3aMEHAIOTCS BEIECTBEHHBIMU YACTAMU ITUX (DYHKITH:

D=, (19
(Mg, = 6;46(ry — ro) AwT cth % - Resx(w), (88.20)

(sz(l?sl(frz)w = hw d(r; —ra)cth %x

X [(5il5km + GimOk — % ik(slm) Ren(w) + d;xdimRe C(w)]. (88.21)

§ 89. I'mapommaamMmieckne (IIyKTyanudd
B HEOTPaHWYEHHOI cpeje

B sToM maparpade MBI pacCMOTPUM THAPOIUHAMUAYECKUE (DITYyK-
Tyallui B HEOTPAHWYEHHON HEMONBUXKHOW JKUIKOCTH. DTa 337348
MOXKET OBbITh, KOHEYHO, PEIeHa M3JIOKEHHBIM B MPEIbIIAYINEM Mapa-
rpade meromoM. MbI, 0THAKO, CIEJIaeM ITO 3/1eCh APYTUM CIIOCOOOM,
MPOMJIIIOCTPUPOBAB TEM CAMBIM aJbTEPHATUBHBIN METOJ PEIleHUs
337189 O THIPOAUHAMUYIECKUX (DIYKTYAIUAX.

DTOT METOJ, WCIOJB3YET ODIMYI0 TEOPWIO KBAa3MCTAIIMOHAPHBIX
duykTyanuit B ee 60ojiee paHHel CTaauu, 0 BBEJCHUS CJIyYadHBIX



§ 89 @JIVKTYAIIUY B HEOTPAHUYEHHOM CPEE 479

cuin. Hamomuum otHOCsImecs ciona obmue dopmysst (cm. V, §122).

Ilycts
fa == AabTp (89.1)
b

— MAaKPOCKOIIWYECKUE <«YPABHEHWS JBUXKEHUS» JJIs HAOOpa BeJiu-
YVH Z4(t), ONUCHIBAIOMINX HEPABHOBECHOE COCTOSIHUE CUCTEMBI (B DaB-
HOBeCHU BCe T, = 0); 97U ypaBHEHUSs CIPABEIJIUBBI, €CJIU BEJIMINHBI
Zq BEJIMKH O CPABHEHUIO C MX CpemHUMU (BIIyKTyanusMu (HO B TO
2Ke BpeMsI HACTOJIbKO MaJIbl, YTOOBI ObLIA TOMYCTUMA JINHEAPUIAIIHS
ypaBHeHUH nBuKeHus). Torga MOXKHO yTBEPXKAATH, U4TO TAKUM K€
ypPaBHEHUAM yuoBierBopsiior (npu ¢ > 0) KOppessnuoHHble QYHK-
nuu GIyKTyanuit

% (@a(t) 7e(0) = = 3" Aap(xs(t) 2c(0)), &> 0. (89.2)
b

HayasbabIM yCcii0BUEM K 3THM yPaBHEHUSM CJIY?KAT DABEHCTBA

(za(t) xc(0)>|t=+0 = (TaZe), (89.3)

rje (TqTe) — OJHOBPEMEHHAsS KODPPEJIANMOHHAS (DYHKIWS, IIPE/IIO-
Jlaraemas m3BecTHON. B obiyiacts ¢ < 0 KOppeJisiuoHHbe (DYHKITUU
POJIOJIZKAIOTCS TI0 TIPABUILY

(za(t) 2(0)) = £{za(—t) 2c(0)), (89.4)

prUYeM BEPXHUN 3HAK OTHOCUTCS K CJIYYal0, KOT/Ia 00€ BeJIMUUHBL T4
U I, 9eTHbI (niam 06e HEYETHBI) MO OTHOIIEHUIO K OODAIIEHUIO Bpe-
MEHH, a HIKHUI 3HAK — K CJIy4Ial0, KOI/Ia OJHA U3 BEJINYUH YETHA, a
napyrasi HedeTHa. Pemenne ypasaenus (89.2) ¢ yciosuem (89.3) ocy-
IIIECTBJISIETCS Iy TEM OHOCTOPOHHETO mpeobpazoBannd Oyphe: yMHO-
JKUB ypaBHEHMe Ha €' m mpomnTerpuposas mo t B mpezmeiax ot 0
110 00 (IIprYeM MHTErpaJl B JIEBOI CTOPOHE yPaBHEHUs IPeobpa3yercs

0 9acTaM), TOJy9UM CUCTEMY yDABHEHUI
—iw(zaxe) = — Z)\ab(:cb:vc)fj) + (zoze) (89.5)
b

Juig BeauduH (DyHKIMA 9acTOTHI)

[eo]

(zqzp)H = /eth(:ca(t)a;b(O)) dt. (89.6)
0
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OO6brunble ke GypPHEe-KOMIIOHEHTHI KOPPEJISAIUOHHON (DYHKIMKA BbI-
paskarorcs depe3 BesimuuHbL (89.6) coryiacHo

(Tah)w / etz »(0)) dt =
—0o0

= (zazp) )+ [(zazp) PI* = (zazp) P + (woza) ™), (89.7)

e 3HAKM + OTBedaroT 3HakaM B (89.4).

ITepexons K IOCTaBJICHHOM 3aa4e 0 UIyKTYalusaX B HEIOJBUK-
HO JKMIKOCTH, NDEXKJE BCEIO JIMHCAPU3YEM T'MIDOIMHAMUYCCKHE
ypasHeHus (88. 6) (88.8) ¢ o}, m q u3 (88.9), (88.10) (6e3 mocuen-
Hux wienos). Ilosoxus p = pg + dp, v = dv, ... u orbpacsiBag
HEJIMHEHHbIE YJICHBI, OJLYIUM

% + pdivv =0, (89.8)
ov _ n :
p2% = —V6P +nAv + (¢+ 3) Vdivv, (89.9)
%s _ % AT (89.10)
ot oT
(mocse nuHeapuzanuu uHgeKC 0 y MOCTOSHHBIX BEJIUYUH [, ... OT-

6paceiBaeM). B ypaBreHusx (89.8)—(89.10) Gymer ymoGHBIM cpa3y
Pa3eJUTh CKOPOCTh HA MOTEHIUAJIBHYIO (<«IIPOJOJIBHYIO» ) U BUXDE-

ByIo (<«momepeunyio») gacru v(Y) u v(®) cormacro ompenenernmo

v=vl v (89.11)
divv® = 0, rot vl =0.

B (89.8) ocraercst TONIBKO TPOAOIBbHASL CKOPOCTH:
% + pdivv® =0, (89.12)

a (89.9), pacnasaercsa Ha 1Ba ypaBHEHUS

v _n Av®) (89.13)
ot p
ovih 4n )
pZ = —ViP+ (¢c+ : ) Vdivv®. (89.14)
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YpaBHeHUE [jisi MONEPEYHON CKOPOCTH HE3ABUCHUMO OT OCTAJIhb-
HBIX ypaBHeHmi. COOTBETCTBEHHO 3TOMY, W JJjid KOPPEJISAITMOHHON
dbyuknun ee GUIyKTyanuit “MeeM OJHO yPABHEHUE

0, (¢ l t t

=@t 1) 90, 0) —vA @ (¢ 1) v (0,0) =0 (89.15)
(rme v = n/p — KuHEeMaTHYeCKas BA3KOCTD). IloaBepruyB ero omHo-
CTOpOHHEMY TTpeobpas3oBanuio Pypbe, MOIydnM

—iw(0{ (r) v ()5 — vA I () o (0)) = (1 (x) P (0))

(rme cmpaBa CTOMT OJHOBDEMEHHAsl KODPPEJSIMOHHAS (yHKIUS),
WK, TIepexo/ist K Qyphe-KOMIIOHEHTAM TTO KOOPAMHATAM:

(), (t)
@, @)y  _ W)k
(v v Jwk = ﬁ
OpHoBpeMeHHad KOppeIAnrOHHAsS QYHKINA DIYKTYaIuii CKOPOCTU
nmaercs (opmydoit (88.5); nepeiins B Heil K Qypbe-KOMIOHEHTAM U

OTACJ/IUB IIONIEPEYHYIO YaCTh, UMEEM

®, @ _ T (s kike
(v vy ke = ” (5zk - k—z) . (89.16)
[MoxcraBus 310 B NpeAbLIyIy0 GOPMYILY, OKOHUATEJHHO MOy IUM ).
@),y O, O\ _ T (5 _ kiks) _ vk’
(v; "0 Jwke = 2Re (070 ") e = » (‘Lk_ k2 )m

(89.17)

JIyisi OCTAJIbHBIX TIEPEMEHHBIX MMEEM CHUCTEMY CBSI3aHHBIX JPYT
¢ apyrom ypasaenumit (89.10), (89.12), (89.14). Dra cucrema, ox-
HAKO, YIPOIIAETCA B TPEIEJbHBIX CJIydasX OOJBIIAX KMIM MAaJIbIX
gacToT. /Ies10 B TOM, 9TO BO3SMYIIEHUS TIPOJOJIBHON CKOPOCTH U JaB-
JIEHUSI PACIIPOCTPAHAIOTCS B JKUJIKOCTHU CO CKOPOCTBIO 3BYKa U, & BO3-
MYIIIeHHAsl SHTPOMUS — COTJIACHO YDPABHEHUIO TEIIOMPOBOIHOCTH.
[ociemuuit Mexanusm TpeGyer Bpemenu ~ 1/xk? mus pacmpocTpa-
HEHUsI BO3MYIIeHus Ha paccrosuue ~ 1/k (x = s¢/pc, — remmepa-
TYPOIPOBOAHOCTH cpepl). [10aTOMYy 115 4acTOT, YA0BIETBOPAIOMIUX
(Ipu 3aJaHHOM 3HAYEHUM BOJHOBOTO BEKTOPA) YCJIOBUIO

xk* < w ~ ku, (89.18)

1) JTerko BHAETH, YTO MyTEM HHTErpUpOBaHUs Bhipaxecnus (89.17) mo dw/2w
MbI BEpHEMCSl, KaK ¥ CJIeI0BAJIO, K OJHOBPEMEHHO#H KOPPeJIAIUOHHOH pyHKIMH.
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MOKHO CYHTATE, 4T0 uIyKTyupyior Toiabko v u P mpu mocrosuuoM
saTponmu. Hamporus, npu

xk? ~w < ku (89.19)

npoucxoadT nzobapudeckue IIyKTyanuy SHTponun ).

PaccmorpuM cHadasa nepBylo, BHICOKOYACTOTHYIO obacts (89.18)
U OIIpeeaUM, HApuMep, MIYyKTyaluu JaBJIeHUs.

Ypasruenue (89.14), mepernmcanHoe 151 KOPPEJISAIHOHHBIX (QYyHK-
nuii, UMeeT BUL

%M) (t, 1)6P(0, 0)) = —grad (§P(t, r) §P(0, 0))+
+(¢c+ %”) grad div (v (¢, r) §P(0, 0)),

a HaYaJIbHBIM YCJIOBHEM K HEMY CJIYy2KUT PaBEHCTBO HYJIIO OIHO-
BPEMEHHOI KOPpeJIAuu vl u P, IIpousBena omHocTOpOHHEE TIpeE-

obpazoBanne Dypbe MO BPEMEHW W TOJHOE TpPeobpa30BaHUE 0
KOODJAMHATAM, IOJIYYUM OTCIOAA
—iwp (v§P)H) = —ik(6P%)H) — (<+4’7) (kv(DsP)H. (89.20)
Haunee, B ypasHenuu (89.12) numem

5p=(

a 0ds/0t BbipaxkaeM ¢ momoInpio ypasaerus (89.10), HanucaHHOTO B
BUIIE

5P + (3”) bs = ul_z 5P — p? (g_i)sas,

OP) Os

00s _

(25) asp

ot pT \OP/s

(unenom ¢ Ads B mpaBoil CTOPOHE HpeHEOperaeM IO CPABHEHWIO
¢ 06s/0t B cuny yeosus xk? < w). DTO IPUBOJUT K yPABHEHHUIO

196P

0 =
e T (6P) AP + pdivv

CooTBeTCcTByIOIIEE yPABHEHNE JJId KOPPEJIAIMOHHBIX (DYHKIUN CHO-
Ba TOIy4YaeTCd OTCIOAa 3amMeHOlt 0P m vl coorsercrBenHO Ha

') Hepasencteo xk> <« ku BbIIONHSETCS B THIPOAMHAMUYECKOH OBMaCTH
Bcerza. Tak, B razax u ~ vr u X ~ vrl, IIe vr — CpeIHss TEmIoBasi CKOPOCTh
gacrun, a | — ux mymHa npobera. ITosromy HepaBeHCTBO Yk < U 9KBUBAJIEHTHO
yenosuio kl < 1.
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(6P(t, t)6P(0,0)) u (vID(t, r)6P(0,0)), a HagambHBIM yCIOBH-
eM K HeMmy cirykut (88.3). Ilocie dypbe-npeobpaszosanuii 310 ypas-
HEHUe JaeT

_iw | kPxp (OP\2 N M) s py(H _
[ E*T(a_p)s] (0P +ip (kv DOP)E) = pT.  (89.21)

U3 nByx ypasaenwuit (89.20), (89.21) maxomum nocie HEKOTOPBIX
rpeobpa3oBaHmit

k2 pTu (i + 2yrw/uk?)

2 — 2\(+) _
(6P%)ux = 2Re (6P?)f) = 2Re B 2 (89.22)
roe 2 9 2 9
— K 4n | wup” (0T
1= o [C+ L+ (ap)s] (89.23)

— ko3bdunuent noryomenus 3ByKa B cpege (cm. VI §79), a yp —
€ro 49acTh, CBS3aHHASA C TEILUIOMPOBOJHOCTHIO. BhIMMIeM OKOHUYA-
TeJbHBIA OTBET Jjisi 00JIaCTM YacCTOT BOJM3W 3HAaYeHUd w = tku,
rae GIIyKTyanuu 0COOEHHO BEJIUKU:

Tud
6P = —2 0 89.24
( )Wk (UJ Es ku)z + uz,yz ( )
Ora dopmyna cupaseyusa mpu |w F ku| S uy?).

B HuskowacrorHoi obsactu (89.19) mocTraTodHO paccCMOTPETS,
KaK y2Ke ObLJI0 yKa3aHO, (UIyKTyaluyu SHTPOIHWH, MpeHedperas mpu
9TOM (DJIYKTyaIlusiMA JaBJIeHUA. DTO 3HAYWT, YTO B yPABHEHWUH
(89.10) MOXKHO HOJIOXKUTH

T T
0T =~ (6—) 05 = = §s
0s/ P cp
(TemI0eMKOCTh €p OTHOCHUTCS K €IUHHIE Macchl). Ilosromy s

UCKOMO# KOPPEJIAIMOHHON (DYyHKIMM UMEEM yPABHEHUE TOTO ¥Ke
tuna, uro u (89.15), a HaYaJbHOE YCJIOBHE K HEMY JaeTcCs BBIDA-

xenueM (88.4). B pesysbrare nHaiinem

2y _ 2 XK
(3% ) o = 2o X (89.25)

1) Hammomumm (cm. VI, § 79), uro ruapogusaMudeckuit ko3 bHUIHEHT MOTJIOomIe-
HUS 3BYKa BCEr/la MaJ B raszax (HEPaBEHCTBO 7y <K k aBTOMAaTHYECKH CICAYET U3
yenoBus kl < 1) u Mas B XKHUIKOCTSX, B KOTOPBIX HET CyLIECTBEHHON AMCIEPCUH
3ByKa.
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Samaua

1. Haiitu xoppessiuoHHyio GyHKumio GUIyKTyanuil 4ucjia pacTBOPEHHBIX
JacTul B ¢1aboM pacTBOpE.
Pemenmue. IlnorHOCTE N uuC/Ia PACTBOPEHHBIX YACTHUI[ YIOBJIETBOPIET
ypaBHenuo nuddysun on
— = DAn
ot

(D — xoadduunent muddysun). B ciabom pacTBOpe OJHOBpEMEHHBIE 3HAUe-
HUS IUIOTHOCTH B PA3JIMYHBIX TOYKAX IPOCTPAHCTBA HE KOPPEJUPOBAHBI ADPYT
¢ ppyrom (mOgOGHO OTCYTCTBHIO OZHOBDEMEHHOW KODPPEJAUMY YIS IJIOTHOCTH

UIEaJIbHOTO Ta3a); HOITOMY OJHOBPEMEHHAS KOPPEJIAUOHHASA (yHKIuA
(6n(r1) (571(1‘2)) = ﬁ(;(lj — rg).
Ananorununo dopmye (89.25), Haxogum

omk?D
)k = ————.
(0m e w2+ k4D

B aTom pemenuu mbr npenebperaem repmomuddysueii, Beieacrsue 4ero uryk-
Tyaluu 1 MOI'YyT PacCMaTPUBATHCS HE3ABUCHMO OT (DUIyKTyaluil TeMIEPaTyPHI.
2. Haiitu koppensanuonayo GyHKImo IyKTyanuil JaBJIeHUS B KUIKOCTH,
oburamatoweit GosIbIION fUCHeprupyomei Bropoii Ba3kocTbio ((w) (CBsI3aHHOM C
MeJJIEHHOI peslakcanyeil HEKOTOPOro mapaMeTpa).
Pemenune. Hajmuue MeIJIeHHBIX NPOLECCOB DEJIAKCAIMM IIPUBOIUT K IIO-
ABJICHUIO BTOpOﬁ BA3KOCTHU BHOA

Cw) = —P— (u - u}),
1—iwTt

rfe T — BpeMsl PeJAaKCalluy; Ug — PABHOBECHASI CKOPOCTb 3BYKA; Uoo — CKOPOCTh
3BYKa NPH IOCTOSHHOM 3HAYEHWHU PeJaKCaluoHHOro mapamerpa (cm. VI, §81).
VYpasrenus (89.20), (89.21), a ¢ uumu u (89.22) cnpaBeIUBEL TAKXKE U [IPU Ha-

simany pgucnepeun. [losoxkus ¢ = ((w) u npenebperast 4ieHaAMU, IPOUCXOASIIVME
OT 1) U 3, MIOJIy9UM IIOCJI€ BBIYUC/IEHHS

277 pui (uze — )
(u2 — w2/k2)? + w2r2(ud, — w2/k2)2.

(6P?) i =

§90. OnepaTopHbIe BRIpAXKEHUS JJId KWHETHIECKUX
K03¢d dunmenToB

ITosyuennsm B § 88 dopmymnam (89.20), (89.21) MoxkHO HpUIATH
HOBBIIl ACIEKT, MPOYTH UX <«CIPaBa HAJIEBO», T. €. PAaCCMaTPUBA
UX KaK BbIpakKeHWs i KO3(DQUIMEHTOB TEIIONPOBOSHOCTU H
Ba3KocTH. IIpu 9TOM KOppeisnuoHHble (DYHKINHM B JIEBBIX HYaCTX
PaBEHCTBA MOYKHO BBIPA3UTh, COIJIACHO UX OLPEEJICHUIO, Y€PE3 OIle-
PaTOpBI HEKOTOPBIX BEJIMYUH, MMEIOMNX MUKPOCKOIMYECKHA CMBICI;
B De3yJIbTaTe 4Yepe3 ITH ONEPATOPHI OKA3BIBAIOTCS BBIPAKEHHBIMU
KMHETUYECKUE KOIDPUIMEHTHI XKUIKOCTH.
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[Tpezk e BCETO HAIO yIECTh, YTO OTCYTCTBUE KOPPEJIAIIUN MEXK LY
daykTyanmaMm «CIy9aiHBIX» MOTOKOB HEPTMHU W MMITYJIbCA B Pa3-
JIMYHBIX TOYKAxX mpocrpaHcTsa (d-byHkuus 6(r; — ry) B hopmysnax
(89.20), (89.21)) siBisieTcsi CIEACTBHEM TI'HIPOAMHAMUYECCKOTO IHPU-
OJINKEHUS; TTOCJIEIHEE CIIPABEJIMBO JIUIIb MIPU MAJbIX 3HAYEHUSX
BOJIHOBOT'O BEKTOpPa. UTOOBI BHIPA3UTh 3TO yCJIOBUE B SIBHOM BHUJE,
samumeM (GOPMYJbI B KOMIOHEHTaX (bypbhe-pas3jiokeHus IO IIPO-
CTPAHCTBEHHBIM KOOPAMHATAM (UTO CBOAUTCS K 3aMEHE MHOXKUTEJIEH
0(r; — ro) equumneit) u nepeiinem x npegeiny k — 0. Tak, dbopmysy
(88.20), cBepHyTYyIO IO Iape MHIEKCOB i, k,

(8. = 36(r1 — r2) iwT cth 1 - Re ¢(w)

3alluiIeM B BHUIOC

1 @ . D)
Re »(w) = ST th o7 lllirh(g wk- (90.1)

Jlerko BuIETH, YTO IPU TAKOW 3aMUCH MOXKHO 3aMEHUTH B ITOM
dopmysie «caydafiHbIfi» HOTOK TEIIA g Ha MOJHBIN MOTOK YHEPTUH,
KOTOPBIH 0603HaunM depe3 Q. Ilocieqamit, KaK W3BECTHO M3 THIPO-
JUHAMUKU, CKJI3IbIBAETCA U3 IIOTOKA KOHBEKTUBHOT'O IIEPEHOCA SHEP-
TUHU U NOTOKa TeIJa q:

2
Q:(%+w>pv+quwv—%VT+g (90.2)

(w — TenioBast GYHKIUS €UHUIBI MACCHI XKUIKOCTH; B IIOCJIETHEM
BBIPAYKEHWM ONYIIEH 4IeH C 0ojiee BBICOKOW CTemeHbIo (hIyKTya-
muoHHO# ckopocTu V). Ho mpu manbix k duiykryaruu peasbHBIX
usnueckux Besmuud (v, T, p U T. II.) COmEPKAT, 10 CPABHEHUIO C
GIyKTyanuaMu CIy9afiHbIX TOTOKOB, JIUIIHIOK CTENEHb K, n moTomy
B npenene k — 0 daykryanuu g copmagaior ¢ daykryaruamu Q.
DTO cpa3y OYEBUIHO yKE U3 TOTO, YTO B YPABHEHUN JBUKEHUSA TH/I-
pomuHamuyeckux duykryanuii (88.6)—(88.8) noToku g u s;; BXOZAT
TOJIBKO TIOZ 3HAKOM MPOCTPAHCTBEHHBIX TPOU3BOMHBIX, 8 YKA3aHHBIE
dusnveckue BeJTUIUHBI — TAKYKE U B BUJE TPOU3BOJHBIX IO BPDEMEHU;
mocyae Imepexoma K (pyphe-KOMIIOHEHTAM, CJIEOBATEIHFHO, BTODBIE
OKA3bIBAIOTCS MOPSIKA k/w 110 OTHOIIEHUIO K MEPBBIM.

B orsmmume ot g, mostHbI TOTOK 3HEPTUU (Q €CTH BEJIMYNHA,, TMEI0-
mas NpAMONA MEXaHWYECKHUN CMBICI, U € OTBEYACT OIpPECIC/ICHHBII

KBaHTOBOMexaHW4eckuii omeparop Q(¢, r), BeIpakaomuiics depes
OTIepaTOPhI AUHAMUYECKUX TEPEMEHHBIX HaCTUI[ Cpebl. BCrmoMHUB
ompeiesieHne KOPPEJISIUOHHON (DyHKIUK Yepe3 OnepaTopsl (rei3eH-
GeproBcKme) COOTBETCTBYIOIIEH BEJIWYUHBL, [PUXOAUM, TaKUM
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obpazom, K dhopmyJie
1 fuw

Re}f( ) Gﬁw_TthﬁX

% lim / / @10 (@(¢, 1)Q(0, 0)+0(0, 0)Q(, r))dt Pz (90.3)

k—0

(M. S. Green, 1954).

Bosee nesiecoobpasnoe mpezacrasienne GyHKIuM s(w) MOy IUT-
Cs1, OTHAKO, €CJIU BOCIIOJIb30BATHCs (POPMYJIOH, BBIPAXKAIOIIEH KOP-
PeJAIUOHHYI0 (DYHKIUIO dYepe3 KOMMYTATOP COOTBETCTBYIOIIUX
OIIEPATOPOB.

Eciu z4(r), zp(r) — nse daykryupyroume BesnuuHbl (paBHbIE
HYJII0 B PABHOBECHUU U BeayIue cebsi OMHAKOBBIM 00pa3oM mpu 00-
pallleHNH BPEMEHH ), TO UX KOPPeJIAnuOHHas DyHKIwMs, coryiacho (76.1)
u (75.11), MoxkeT OBITH IPECTABICHA B BUJE

(22} = cth 22 Re / et ({Za(t, T1), Tp(0, r2)})dt,
0

rae ckoOku {., .} ozHauator kommyTarop. [lepeiins k dypbe-pasiio-
JKEHWIO TT0 KOODAMHATAM I' = Iy — Iy, HOJy4nM (hOPMYJLY

(zas)utc=cth ™ - Re / / KD (15 (4 1), 7(0, 0)})dt .
0

(90.4)
[Ipumenus sty dopmysny K koppensanuontoi dbymkmun (Q2),x u
nozncrasus B (90.1), mosyunm

Res(w) = — 1im Re // iwi—ke) (1Qy(t, 1), Q(0, 0)})dt dPa.

3wT k—0

Cupasa u cieBa B 3T0i dopMmysie mon 3HakoM Re croar ¢yHK-
MY W, CTPEMSIINECs K HYJO IPU W — OO U HE UMEIOIUE OCO-
OeHHOCTE! B BEPXHEH MOJYIJIOCKOCTA KOMILJIEKCHOM HEPEMEHHON w.
W3 paBeHCTBa BEIIECTBEHHBIX YaCTeH TAKUX DYHKITUI HA BEIIECTBEH-
HO¥ OCH W CJIEAYeT TaKXKe W PABEHCTBO CaMuX (DYHKITUN, U MbI TPHU-
XOAUM K OKOHYATEJIHHOM (hopMy.JIe:

(W) = - lim / / iwt=10) (Q(t, r), O(0, 0)Pdt d®z.  (90.5)

3wT k—0
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YT00bI HOIYyYUTh CTATHYECKOE 3HAUEHUE KO3 DUIMEHTa TEIIONpO-
BOJIHOCTH, HAJIO 3aTeM TiepeiiTu u K npejaeny w — 0.

AnanornasbiM 06pa30M MOXKHO npeobpa3oBars dhopmyay (88.21)
U TOJYyYWUTh OMEPATOPHOE BBHIPAXKEHUE i KOI(PPUIIHEHTOB B3-
KOCTH.

Ecin BBeCTH NONHBIA MOTOK MMIYJIbCa 05 = —Pdi, + o)y (o
u3 (88.9)), To B npenesie k — 0 durykTyanuu Bcex <IEHOB, KPOME
Sik, OOpPaATATCA B HyJb, TAK YTO B ITOM TIPEJIEjie MOXKHO 3aMEHUTH
KODPEJIANUOHHY0 (DYHKIWIO (SikSim )wk HA (SikSim)wk- B pe3yibrare
mostyauM popMyIIy

n(w) (5il5km + OimOps — §5ik5lm) + ((w) Oirbim =

w k—0

= Ll [ [0 (Gu(t, 1), o 0, 0))) dt s, (90.6)
0

rae 0;(t, r) — omeparop mIoTHOCTH mOTOKa mMmiysabca (H. Mori,
1958). CeepHyB 3TO pPaBEHCTBO HO HapaM HHIEKCOB 4, k u [, m
win 4, | u k, m, TOJYyYUM OTIE/IbHBIE BHIPAYKEHUSA COOTBETCTBEHHO
mits 9¢ mm 10 + 3¢.

§91. Munammdieckuii popM@pakTop (HepMu-KuIKOCTH

K dbepmu-kugkoctu HenpumenuMbl dhopmyiibt (87.4)—(87.6) mis
dopmdbakTopa mpu T = (0, HOCKONBKY HX BBIBOJ IIPEIIIOJIATAET
CYIIIECTBOBAHUE &pn MaJbIX W ¥ k) Jumb (QOHOHHON BeTBU
CIIEKTpA 3JIEMEHTAPHBIX BO30yxkaenwmit. Henpumenuma k depmu-
XKUJKOCTU TaK¥XKe u pa3purtasd B § 88, 89 ruaposmnamMmdeckas Teopus
daykryanumit: ona Tpebyer BbimosHeHus ycuaosus kl < 1 (I — nunaa
cBOOOIHOrO mpobera KBa3WYaCTHI[), 3aBEJOMO HADYIIAIOMIETOCH B

dbepmu-xmakocTu, mockouabky | oc T2 u crpemurcst mpu T — 0
beckoneunoctu. [losromy misi Beraucnenusi popmpakrTopa dhepmu-
KUATKOCTH HAJ0 OOPATUTHCH K KUHETUIECKOMY YPABHEHUIO.

ITpu sTom ypobuo ucxomurb u3 dopmysn (86.17)—(86.20), ycra-
HaBJIMBAIOIIUX CBA3b (popM@pakTopa ¢ 0600IIEeHHON BOCIPUUMYNBO-
CTBIO II0 OTHOIIEHHIO K BO3AEHCTBUIO HA JKUIKOCTH HEKOTOPOTO
nosnsg U(t, r). B xomnonentax ®Pypre Takke W II0 KOODAUHATAM
onpenesnenue (86.18) 3amucsiBaeTCs Kak

n(w, k) = —a(w, k)U, k. (91.1)
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Msr orpanugumcs caygdaeMm 1" = 0. Torma nunamudeckuii popmdak-
TOp BbIpaxkaercs depe3 a(w, k) corsacuo

(. ) ={ 2hIma(w, k), w >0,

91.2
0 , w<O0. ( )

Bosmymenue ke miorsocTr 07w, K) BbIUHCISETCS ¢ IOMOLIBIO
KUHETUYIECKOrO yPaBHEHuUsI, IprdeM B HeM MOxKHO (npu T' — 0) mpe-
HeOpeYb MHTErPaJOM CTOJIKHOBEHHN. DTU BBIYUCICHUS OTINYAIOTCS
OT IIPOU3BEJICHHBIX B § 4 [yIs HYJIEBOrO 3BYKA JIAIIb TE€M, YTO B SHEP-
I'M¥ KBA3UYACTULbI JOOABJIACTCH WICH

Ut, 1) = Uppeet®r«1),

CoorBercTBeHHO B mpomsBopHOil Oc/0r (4.3) mobasisiercs dwiieH
O0U/0r = ikU, a B s1eBOii CTOPOHE KHHETHYIECKOrO ypaBHeHus (4.8) —
€IeH

8710

P
PeIIIeHI/Ie KHUHETUYECKOI'O ypaBHeHI/IH I/IH_LeM B BI/I,He
5n(p) = dng(p) 0T,

2552 p (91.3)

pyo x(n), n==.
m*pr p

—ikU — = ikvU é(e — €F).

Ingx(p) = —d(e —er)

9T0 Qyphe-KOMIIOHEHTa, BO3MYIIEHUS] UMITYJILCHOTO PACIIPEIe/IEHUS
kBasu4dacTui. Vickomoe ke M3MEHEHHE ILJIOTHOCTH TIOJTHOTO YHCJIA
KBa3u4yacTul[ (COBHAJAMOMEH C MUIOTHOCTHIO YHUC/IA WCTUHHBIX

‘-Ia,CTI/III) JA€TCA MHTErPpaJiOM

2d°p 1 do
n(w, k) /5nwk 27rﬁ) o X(n); U, k.

Oupepenenne dbyuknuu x(n) B (91.3) ommvaercs or oupexese-
uus v(n) B (4.9) HOPMUPOBKO#i: OHa BBHIOpPAaHA 3MECh TaK, 4TO (HOp-
Mmysia (91.2) npuHEMaeT B

no(w, k) = Im/x(n) Z—o, w > 0. (91.4)
7y
Hnst camoii »xe dyrkuum x(n) monyvaercss ypaBHEHUE

(w—vrkn) x(n) — kan/F(ﬁ)X(n') Z—jr/ — _kn 2 (91.5)

)
m2h2

ommyatommeecs or (4.11) cBoeit mpaBoil Y4acTbIo.
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Ypasuenue (91.5) He COOEPKUT B IBHOM BUJI€ MHUMBIX BEJINYUH.
ITosiBneHme MHMMO} 9acTé B €ro perieHuu X(N) CBS3aHO NOITOMY
JIAIIB ¢ 0OXONAME TIOJIIOCOB B BO3HHUKAIOIIUNX B MPOILECCE PEIICHUS
unTerpajax. IIpasuio sTux 00X0J0B oNpesesiseTCs TPeOOBAHUEM,
9T06BI HAJIOKEHHOe Ha cucremy moste U o e~ ™! anmabarmdaeckn
BKJIIOYAJIOCh, HaUWHAs OT t = —O00; AJIsi 9TOTO HAJ0 3aMEHUTH €ro
qacToTy Ww — w + 0.

KoukperHblit Bug pelnreHus 3aBUCUAT OT BUAA MYHKIUHU B3aUMO-
neiicreus kpasudacruy F'(¥). IIpogemoncTpupyeM X0z pemieHus u
€ro CBOWCTBa Ha mpocTeiimeM npuMepe dyukimu F' = const = Fp.

B sTom ciygae pemenue ypasuenue (91.5) umeer Bus

X(n) = C—r (91.6)
vrkn — w — 10

roe C' — mocrosinHas. locnemussa ompenesnsercsa oOpaTHON MOICTa-
HOBKO#1 Beipaxkenus (91.6) B (91.5), maromeit

C(1 + IFy) = 2mpr (91.7)

Y

= / kn'vp do’
kn'vr —w — 40 47
HO,Z[bIHTera.TIbHOG Bblpa}KeHI/Ie 3aBUCUT TOJIBKO OT yI‘JIa Me}K,Z[y n’
u K, u mocjie 04eBUIHOM MOACTAHOBKM HAXOIUM

1
1 zdx s s+1 i377/2v s<1,
I(s) == =1—2In|—
(5) 2 /:Iz—s—iO 2 s—1 +{0 , §>1,
—1

rie

(91.8)

rge s = w/kvp (MHEMas 4acTh MHTErpaJia OTIEJIACTCS O IPABIILY
(8.11)).

IMoncrasus dynxuuio x(n) u3 (91.6)—(91.8) B (91.4), momyuum
auHaMudeckuit popmparTop

_ _ 2m’pr I(s)
no(w, k) = ey Im N (91.9)

(A. A. A6puxocos, U. M. Xaramnuxos, 1958). B cumy (91.8) on o1-
JimdeH OT HyJsd npu § < 1, T. e. mpu Bcex w < kvp.

Ecim Fy > 0, To B pepMU-KUIKOCTH BO3MOXKHO PaCIIPEIC/ICHIE
HYJIEBOT'O 3BYKa CO CKOPOCTBIO Ug, OIIpeieiisieMoii ypaBHerueM (4.15):

14+ FolI(sp) =0, so=up/vp.
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[Tpu 3Havenusx s BOsu3u So Bhipakenue (91.9) npuaumaer Buz

1
const - Im ,
S — 8o

[pUYEM, COIJIACHO CKA3aHHOMY BBINIE, § = w/kvp HAJO MOHUMATH,
KakK s + 10. Do 3HAUUT, 4TO B 0(wW, k) mosBiseTCs eme U J-PyHK-
IUOHHBI 4ieH BUga const- d(s — sp), uim

o(w, k) = const - k§(w — kuo). (91.10)

DTOT YJIeH TpeCTaBjsgeT coboil BkIaa B (popMparTop, oOsI3aHHBIN
HYJIb-3ByKOBOM BETBU SHEPIETUYECKOTO CIEKTPa (PEPMU-IKUIKOCTH;
OH BIIOJIHE aHAJIOrW4YeH (OHOHHOMY BKiaxy (87.4) B dopmdbarTop
603€ KUJIKOCTH.

Cy1ecTBOBaHME TAKOTO YJIEHA HE CBA3AHO, KOHEYHO, C TPEIIIOJIO-
xenueM F' = const u siBiisieTcst o6IIMM CBOWCTBOM (hepMU-YKUIKOCTH,
B KOTOPO! BO3MOXKHO PACIPOCTPAHEHUE HYJIEBOTO 3BYKA; OT 3aKOHA
B3aMMOJIEHCTBUS KBA3UYACTHUI] 3aBUCHUT JIUIH 3HAUECHUE TTOCTOSHHO-
ro koabdunuenta B (91.10). Be3 npasoit wactu ypasuenue (91.5)
COBIIAJIAET C yPABHEHWEM HYJIEBOTO 3BYKA; ITOITOMY PEIIEHHNE HEOJ-
HODOJIHOTO YDABHEHUsI MMeeT MOJIOC Ipu w/k = ug.

U3 Buma ypasuenus (91.5) siCHO, 9TO €ro pelleHUE 3aBUCUT OT
napaMeTpoB w ¥ k Juib B BuIe oTHOmeHus w/k. @yHkuueit sroro
oTHOIIIEHUs OyIET, CJeI0BaTEIbHO, U AuHaMudecknit popmparTop.
Cratnyeckuit xke GopmdarTop

o0
o (k) =/a(w, k) &
2r
0
OyIeT, ciie10BaTeIbHO, UMEThH B/
o(k) = const - k. (91.11)

DTO 3HAYNT, YTO OJHOBPEMEHHAS MPOCTPAHCTBEHHAS KOPPEJISIINOH-
Hag GyHKIUsd QiykTyaruit wiotHocTd npu 1 = 0 B pepMu-KuaKo-
ctm (Kak m B 603e-XKMIKOCTH) ciieyer 3akomy v(r) o r—4,
OtrmeTrM, HAKOHEIT, 9TO JUHAMUIECKUH (GOpMPAKTOP UIeaTHHO-
ro (pepmu-raza Mmoxker 66T mostyuer u3 (91.9) mepexonom K mpeesty
Fy— 0: 2
‘ mTw
U(w,k)=—_, 0<w<ka.
wh?nk
IIpu sTom crarmueckuit popmparTop

kvp

_ dw _ prk _
o(k) = 0/ o, b 3o = Frm

(B corulacuu ¢ pesyabraTom 3azadm 1 B V,§117).
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