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IIpeanciaosue

Hacrosimee mmocobue mocBsIIEHO JTOCTATOYHO BayKHOMY U CJIOYKHOMY BO-
IIPOCY CTATHCTUYECKOrO OIKcaHusi (PepMUOHHOIO I'a3a BO BHEIIHEM MarHUT-
HOM T10J1e. HeoOxomMo OoTMETHTh, YTO B y4eOHOI JmTepaType MpaKTude-
CKH II0JIHOCTBIO OTCYTCTBYET IEJOCTHOE U SICHOE OCBEelleHne JaHHOI Ipo0Jie-
MBI, XOTsI OTJIeJIbHbIE 3aJa4ul 1 HEKOTOPbIE YaCTHbIE IOAXO/Ibl PAa3OUPAIOTCsI
B Heil 11ojpobno. OOIne »Ke IPUHIUIIBI OINCAHUS T'a3a B MArHUTHOM II0JIe
1 UX CBSI3b CO CTAHAAPTHBIM CTATHCTUIECKIIM METOJIOM B OECIIOJIEBOM CJIyUae
B 9TUX UCTOYHMKAX OTCYTCTBYeT. Bee 910 setaeT caMocToATe IbHOE OCBOSHHE
JIAHHOIO MaTepuaJjia CTyJeHTaMHi KpaiiHe cjaoyKHbIM. OTMeTHuM, 9TO U Hayd-
Hag JINTEpaTypa 10 9TOI TeMaTUKe MPeJICTaBIeHa JJOCTATOYHO CKY/IHO.

lannoe mocobue cOCTOUT U3 TpeX OCHOBHBIX pa3/iesioB. [lepsrblit cojiepkut
o0III1e IPUHIUIIBI OIICaHNs (PEPMIOHHOIO I'a3a BO BHEIIHEM MAIrHUTHOM I10-
je. Takum 0O6pas3oM, ero pe3yabTaTbl MOTYT ObITH HCIIOJIb30BaHbl B KQUECTBE
Oa3bl JIJIsT PeIIeHns IPAKTUIecKn JII0ObIX 3a/1a9 TaKoro Tuiia. Bropoit pasien
IIOCBSIIIEH BaXKHBIM YaCTHBIM CJIyUYasiM PeIsITUBUCTCKOIO 3apsizKEeHHOI'O ra3a
06e3 aHOMAaJILHOI'O MarHUTHOI'O MOMEHTa 1 OOJIbIIMAHOBCKOI'O HEPEeJIITUBUCT-
CKOr'o raza. Pe3ysibTaThl JAHHOIO pasjiejia MOI'YT UCIOJIb30BAThCs B KQUECTBE
CIIPABOYHOIO MaTepHuaJia 10 JIaHHBIM THIIAM CTATHCTUYeCKNX cucrteMm. Hako-
Hell, TPeTHil pa3aes CONep:KUT IPUMEPHI IIOAPOOHOIO BHIUNCIEHUST TEPMOIN-
HamMudeckux BeandnH. OH IpU3BaH JaTh CTYJIEHTAM BO3MOXKHOCTH CAMOCTO-
SITEJILHOTO TIOJIYUEHUS BCEX MPUBEJICHHBIX BO BTOPOM pa3jesie pe3yJIbTaToB.



BBenenue

Bormpoc 00 onmcanny 3BOJIONNNA CUCTEMbI, COCTOAIIEH U3 OOJIBIITOr0 JUCIa
JaCTHI, UMEET JIOJTYIO UCTOPUIO U Ha HACTOAIIEE BPEMs JOCTATOYHO XOPO-
1o usyveH. lcropuyeckn mepBbIM OBLIO TEPMOJIMHAMIYCCKOE OIMCAaHNE Ta-
kux cucreM. OCHOBHBIM €ro OrpaHUYEHHEM sIBJIAETCS IIPEJIINOJIOKEHIe, ITO
coxpanserca Macca M wm uncno gacrur, N B cucreme. Takum o6pasou,
JAHHOE OTMHUCAHNE sIBJISETC 3aBe/IOMO HepeJATUBUCTCKUM. Ero 6a3a ocHoBa-
Ha Ha IPEJIIOJIOXKEHNH, YTO CYIIECTBYET HEOOJIBIIIOE YHCI0 MaKPOCKOIIIe-
CKUX BEJIMUNH, XapaKTEePUIYIOMNX crucTeMy B 1esioM. COOTBETCTBEHHO, TAKOil
HA0OpP MOXKET HCIOJIB30BATHCA JIIT OJHOZHAYHOTO OIPEJICTICHIS COCTOSHUS
cucreMmbl. OOBIYHO B KauecTBE TaKHUX IapaMETPOB BBLIOMPAIOTCS HEKOTOPHIC
yCpeTHEHHbIE 3HAUeHUsT (DU3NYECKUX BEJNYNH, HAIIPUMED CPEJIHAA SHEPTHS
COCTABJISIONIIX CHCTEMY YACTHI] MM UX KOHIeHTparus. KoHkpeTHbIil Habop
1apaMeTPOB MOXKET ObITh Pa3HBIM U 3aBHCHUT OT METOJa TePMOJIMHAMITIECKO-
ro onucanud. Tak, HAITPUMeP, B MOIX0/Ie, OCHOBAHHOM Ha METO/Ie YpaBHEeHUiT
COCTOSIHUSI, UCIIOJIb3YIOTCs CJIEJIYIOIIIe BeJIMINHbL: S — SHTpoInus, 1" — TeM-
neparypa, B — BHyTpeHHss sHeprus, P — nasienne, V — odobem. B ciaydae
1J1eaIbHOTrO Ta3a ¢ PUKCHPOBAHHBIM 9ncsIoM JacTuil N 9T napamMeTphl yJio-
BJIETBOPAIOT CJIEYIOIIEN CUCTeMe ypaBHEeHUI:

TdS = dE + PdV,
E = CVT7 (]‘)
PV = kNT,

rje Cy — TemIoeMKOCTh CHCTEMBbI IIPU IIOCTOSTHHOM oObeme, k — IOCTOsTH-
Hasi Bosbiivana. IlepBoe ypaBHeHne — 5T0 OCHOBHOE ypaBHEHNE TEPMOIHA-
MUKH JIJIsT CUCTEM C ITOCTOSIHHBIM YHCJIOM YacTHIl. BTopoe — Kajopudeckoe
ypaBHEHIE UIeaJIbHOIO ra3a, KOTOPOe CBSI3BIBAET €r0 BHYTPEHHIOI SHEPIUIO
¢ TeMmIieparypoil n o0beMoM cucTeMbl. Tperbe — TepMudecKkoe ypaBHEHHE,
olpejiesIsiioliee JaBjeHe ra3a depe3 Te Ke IHapaMeTpbl. Taxkum o0pasoM,
JJIsT OJTHOBHATHOT'O OIIPEeIeIeHIsT COCTOSTHIS MJIAJILHOTO Ta3a (¢ MOCTOSTHHBIM
quciom gactur ) J0CTaTouHO 331aTh JII00bIE 1Ba ero napamerpa. Hampu-
Mep, 9TO MOXKET OBbITh TeMIlepaTypa n o0beM cucteMbl. Toraa Bce ocTaabHbIe
TEPMOJIMTHAMUYECKUE BEJTUIUHBI MOI'YT ObITh BBIUUCJICHBI C UCIIOJIb30BAHIEM
cucrembl ypasuenuit (1),

AJIbTepHATUBHBIM METOIOM OINCAHNS CUCTEM C OOJIBIINIM YIC/IOM YaCTHI]
SIBJISIETCST METO/I TEPMOJIMHAMUIECKIX [TOTEHITNAJIO0B. 3a9acTyio OH boJiee y10-
OeH, TaK KakK JIOCTATOYHO JIET'KO IMEPEHOCUTCS Ha CHCTEMbI C MEPEeMEHHBIM
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YUCJIOM YaCTHIl. B aTOM ciiydae jijist 0JIHO3HATHOIO OIPEJIeJIEHUST COCTOSTHUST
cECTEMBI TPeOYIOTCSI y2Ke He J[Ba, a TPU He3aBUCHMBIX Iapamerpa. Kark bt
TePMOAMHAMIIECKUI TOTEHI[NA IMeeT COOCTBEHHBII HAOOp TAKNX MapaMeT-
POB, KOTOPBIE SIBJIAIOTCSI JIJIsi HET'O €CTECTBEHHBIMH IIepEMEeHHBIMU. Tak, Ha-
1puMep, 1js1 ¢cBoOoHOM sHeprun [ ecreCTBEHHBIMU II€PEMEHHBIMU SIBJISIOTCSI
Temreparypa cucreMbl T, ee obbem V 1 ancsio yactui, N, HOCKOJILKY UMEHHO
yepes HuUX MOKeT OBbITh IIpeJicTaB/IeH ee 1oJHbI anddepennuas. [Ipuegem
COOTBETCTBYIOIEE BbIpaKeHUe JIJIsi CMECH 13 JacTull k COPTOB:

k
dF = —SdT — PdV + > _ judN;, (2)
=1
rjie f(; — XUMHWYEeCKUH TOTeHINa YaCTHI] copTa ¢. TaknmMm 00pasoM, ecjiu
CBO60,ZLH&H OQHEPI'UAd 3aJaHa KaK (i)yHKH,I/IH CBOUX €CTECTBEHHLIX II€EPpEMECH-
HBIX IF(T, V. N, ... ,Nk), TO OHa IIOJIHOCTBIO OIIpejesisieT TepMoJguHaMmIe-
CKHe CBOMCTBA CUCTEMBI. ﬂeﬁCTBHTeHbHO, B 3TOM cCJIy4da€ BCE BECJINYUHBI MO-
I'yT ObITh HailJieHbl KaK JaCTHbIE IPOU3BOJHbIE OT [F:

OF(T,V, N1, ..., N)

5=- oT !
OF(T,V, N7, ..., N;)
_ 3
P 5 , (3)
OF(TVNL,... N
Hi = ON; '

B kadecrBe erie ojHOro mpuMepa MOXKHO npupectu norennna ['mbdca G.
[171s1 Hero ecTecTBEHHBIMI ITEPEMEHHBIMU SIBJISIIOTCSI TeMiieparypa 17, jaBiie-
e P u uucio gactur N
k
dG = —SdT + VdP + > _ 1;dN;, (4)
i=1
a SHTPOINA, 00bEM I XUMUIECKHE TOTEHINAJIbl YACTHI] COPTA ¢ MOI'YT OBIThH
HallJeHbl KaK COOTBETCTBYIOIINE YacTHBIE pon3BogHbie (.

OTMmeTnM, 9TO HPUBEJEHHBbIE CIIOCOObI OIUCAHUS CUCTEMBI U3 OOJIBIIOrO
YUCIa YACTHUIL OPAa3yMeBaIOT €€ KBA3UCTATHIHOCTD. DTO O3HATALT, ITO JI0-
00€ M3MEHEHNEe COCTOSTHISI CUCTEMBbI IIPOMCXO/UT JIOCTATOYHO Me IyIeHHO. Me1-
JIEHHOCTDb 3JIeCh O3HAYaeT, 9YTO XapaKTepHOe BPeMsI N3MEHEHUs IapaMeTpoB
CHCTEMBI CYIIECTBEHHO OOJIBbINE, YeM BpeMeHa pPesIaKCAI[MOHHBIX IPOIECCOB
B Heil. Takum oOpa3oM, B KarK/Iblii MOMEHT BPEMEHH TaKyH CHCTEMY MOK-
HO CUMTATh HAXOSIIeiCsl B TepMOIUHAMUYIECKOM PABHOBECUH, KOIJIa BCE ee
MaKPOCKOIINYIECKNEe BEJININHBI He N3MEHSIIOTCS.
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[TonsiTne paBHOBECHOCTH, IPUBEJEHHOE BBINIE, MOXKET OBITH PaCIIMPEHO
Ha HEKOTOpbIe B I[JIOM HepaBHOBECHbIE CUCTeMbI. [yt 9Toro mx HeoOXoIu-
MO pas30UTh Ha MaJIeHbKUE IOJICUCTEMBbI, KOTOpPble TeM He MeHee COJleprKaT
OOJIBIIIOE YMCJIO YaCTHIL. Tor1a K KaxK 0l U3 MOJACUCTEM MOTYT OBITH ITPUMe-
HEHbI TEPMOIMHAMUYECKNE METO/IbI OITUCAHUsI. ITO CIIPABEJI/INBO, 110 KpaiiHeil
Mepe, B TOM CJIydae, KOrja JIOKaJbHbIe pejlaKcalllOHHbIe IIPOIECChl B IIOJCH-
cTeMax IPOMCXO/ISAT Ha BPEMEHHBIX MaciiTadax, MHOI'O MEHBIINX, YeM XapaK-
TepHOE BpeMsl HEPABHOBECHOCTH Bceii cucTeMbl. B aToM ciiydae jijist Kazk1oif
MOJICUCTEMbI TEPMOJIMHAMUIECKIE BEJTMIHMHBI OY/IyT UMETH CBOU COOCTBEHHDIE
3HaveHud. Fcm 1pu nepexojie OT OJHOM IOJCUCTEeMbl K JAPYIOil OHU MeHsi-
I0TCSI HE3HAUUTEIHHO, TO MOYKHO IOJIOXKUTb UX HEIPEPbIBHLIMEI (DYHKITIIMEI
OT TPOCTPAHCTBEHHBIX KOOPJUHAT U BpeMeHu. Takoe NpuOJIMKEHHOE OIlh-
caHle HEePaBHOBECHBIX CHUCTEM C IIOMOIIbI0 METOJOB TePMOIMHAMUIKHI I10JIY-
YUJI0 Ha3BaHUE JIOKAJBLHOTO TEPMOJIMHAMUYIECKOI0 paBHOBecusi. B kKadecTse
npuMepa 1ojI00Ho cucTeMbl MOXKHO 1puBectn CoJtHile. XOTsI B IEJIOM 9TO
HEPaBHOBECHBIIT OOBLEKT, TEM HE MEHee BCEe €ro YacTU HaXOJATCs B JIOKaJIb-
HOM TepMOJIHAMIYecKOM paBHoBecun. Takum oopaszom, CoJiHile MOXKeT ObITh
OIICAHO, HAIPUMED, JIOKAJIbHBIMI TemrepaTypoit T'(7,t) u KoHeHnTparmeit
gqactuil N (7, t), KOTOpble pa3/JiIHbl B PA3HBIX YACTAX 3BE3/IbI, & TAKKE Me-
HSIIOTCsI CO BPEMEHEM.

Bese jmasee OyeT nCroab30BaThCsl CUCTEMa eIUHUIL, B KOTOPOil ¢ = h =
k =1, rjie ¢ — ckopocTb cBeTa, h — nocrosgaHas [Lianka.



1. OO6imee onmcanme ra3a Ha OCHOBE €0 OJHOYACTUIHOIM
dbyHKIIMN pacupeaejaeHns

OpanM 13 HanboJIee MOIIHBIX METOI0B OIUCAHUSI CBOWCTB CHCTEM, COCTO-
SIIUX 13 OOJIBIIIOrO YKCJIa JaCTHIl, ABJISIeTCS CTATUCTUIECKIIT TOIXO0, OCHO-
BaHHBIIl Ha TaK Ha3bIBAEMOIl OJHOYACTHYHON (pyHKIMH pacipegesnserus. O
SIBJISIETCS JIOCTATOYHO OOIIMM U II03BOJISIET OIMCHIBATH B TOM YHCJIE HEpPaB-
HOBeCHBIE cucTeMbl. OTMETHM, OJIHAKO, YTO JIAHHBII METOJ He YHIBepCAJIeH
U, HaIpUMep, He MOyKeT ObITh HAIIPsIMYIO HCIOJIb30BAH JIJIs OMICAHUST KOJI-
JIEKTUBHBIX 9 (MEKTOB UJIN MPOIECCOB PeIaKCAIlui B ra3e Wl IJIa3Me. DTO
CBSI3QHO € TE€M, UTO IPU ONUCAHUK Yepe3 OJHOTACTUUIHYI0 (DYHKIIIO pacipe-
JleJIeHNs] JIBUKEHNEe BCeX YacTHIl CUUTAeTCs He3aBUCHUMBIM APYI OT Jpyra.
Bo3MoxKkHOCTE Ilepexojia K TaKOMY OIMCAHUIO U I'PAHHUII €r0 NPUMEHUMO-
CTH TPHUBOJIATCS BO MHOYKECTBE HCTOYHUKOB (cM., Hampumep, [1]). 3mech xe
MBI He OyJeM OCTAHABIMBATHLCA Ha JaHHOM Boipoce. OTMETHM JIUIIb, 9TO
BCJIEJICTBIIE OTHOCHTE/ILHOI IIPOCTOTHI U OOJIBIION OOITHOCTH METOJ, OJHOYa-
CTUYHON (PYHKIMH paclpejie/ieHns SBJisieTcsl HanboJiee PacipoCcTPaHeHHbIM
JIIsl OITMCAHUsT CUCTEM, COCTOANINX U3 OOJIBINOTO YUCIa JACTHUIIL.

1.1. PeagaruBucrTcKoe onmcaHue CBO60,Z[H01"O ra3a

PengruBncTckoe onucanne MakKpoCKOIMIECKUX CBOMCTE ¢BOOOJHOTO rasa,
COCTOSIHIE KOTOPOT'O MOZKET OBITH 33/1aHO OJHOYACTUIHOIN (DyHKIMEll pacipe-
nesienns [, 6asupyercs Ha ee TaK HA3bIBAEMBIX MOMEHTaX. B KoBapmaHTHOI
dbopme oHM MOryT GBITH ONpeJIe/IeHbl CIe oM obpasoM |2, 3]:

Med-d = I /papﬁ L f @, (5)

(2m)? Po

riae p* = (po, P1, P2, P3) — 4-UMITYJIbC YACTHIL ra3a, a UHTEIPUPOBAHUE HJIET
110 3-MEPHOMY HMITYJIbCHOMY IIPOCTPAHCTBY C 3JIeMEHTOM d°p = dpidpadps.
3neck mapamerp g = 2s+1 (m # 0) u g = 2s (m = 0) y9uTbIBaET YUCIIO CIIU-
HOBBIX CTeleHeil cBOOObl YaCTUIIBI CO CIIMHOM S, a m — ee Macca. OTMeTHM,
uto daxTop ¢/(27)? uHOIIA BKJIOYAETCA B JIMTEPAType HEloCpeCTBEHHO
B OlIpe/iesieHne caMoil (DyHKINE pacipejiesienns f, Kak 9To ¢jesaHo B |2, 3.
OHAKO 3/1€Ch MBI OTHOCKHM €r'0 K 3JIEMEHTY HMIIYJILCHOIO IIPOCTPAHCTBA, KAk
5TO OOBIYHO IIPUHATO B KBAHTOBOII CTATHCTUKE. B IpUBEJIEHHOM BBIIIE Bbl-
payKeHHH HOJpa3yMeBacTcs, 9To p°p, = m?. OTciofa cieayeT, 4To BeIndn-
na d*p/po, a sHauut, u f spiasiorcss JlopeHI-MHBApUAHTHBIMU. JleTajbHoe



00CY K /JIeHIe ITOr0 BONPOCA MOXKHO HAfTH BO MHOYKECTBE UCTOUYHUKOB (CM.,
warpumep, [2,3] u nurupyemyio tam Jsureparypy). Kak mpaBuso, oObraHO
MCIOJIb3YIOTCA JINIID NIEPBbIe ABa MOMEHTA, KOTOPbIE HA3LIBAIOT 4-BEKTOPOM
IIOTOKA, YACTHULI;

0 wpa 9 op @D
N:M:(ZW)?’/IDJCE (6)
nu TeH30pOM nux SHQPFHH-HMHYHbCa:
d®p
T@BZMW:L/”—. 7
2np | PP f o (7)

Ecin B comyrerByonieii cucreMe oTCUeTa pacupeeeHns ra3a N30TPOIHO,
TO JIAHHBIE BEJMIUHBI MOTYT ObITH BBIPAKEHBI U€PE3 JIOKATBHYIO 4-CKOPOCTD
cpeast UH 2, 3]:

N = NU®, (8)
T = (E + P)U“U’ — Pp*?, (9)

rie N — KoHIeHTpalis 9acTull, £ — nX IJIOTHOCTL SHEepruu, P — m30TporHoe
JaBJIEHNE B JIOKAJIBHON cucTeMe MoKosi cpejibl, B kotopoit UY = (1,0,0,0).
3nech n*? — merpudeckuii Temsop MIHKOBCKOrO ¢ curHarypoit (+, —, —, —).
OTMeTuM, 4TO JJAHHBIC BLIPAZKEHU CIIPABE/INBLL I JH000I0 U30TPOIIHOIO
pacipe/ie/IeHus Ias3a, J1azKe eCjIi OH He HAXOJUTCS B COCTOAHUN PABHOBECHUSI.

B ciygae JIOKAJIBLHOIO TEPMOJAMHAMUYIECKOIO PABHOBECHS OJHOYACTHUHAA
dbyHKIUST pacupepeaenns ra3a f ¢ TOYHOCTBIO 10 00CYzKIaeMOil BbIlle HOp-
MUPOBKHU UMITYJIbCHOTO [TPOCTPAHCTBA OKA3bIBAETCS PABHOIL |2, 3]:

1
fea = exp[(pUs — p) /T] £ 17 (10)

rae .HOpeHIl—I/IHBapI/IaHTHbIe IHapaMeTpPbl T n M UMEIOT CMBbICJI JIOKAJIbHOM

TeMIIePaTypbl U XUMUYECKOTO MOTEHINAIa JacTUIl B CUCTEME TTOKOs CPEJIb.
3yech 3HaKku "+" n "—" OTHOCATCS COOTBETCTBEHHO K (pepMHOHaM CO CTa-
tuctukoit @epmu-lupaka (s = 1/2, 3/2, 5/2...) u 6030HaM €O CTATHCTU-
koit Boze-Ditamreitna (s = 0, 1, 2...). OTMeTnM, 9T0 NpUBEIEHHBIE BBIIIE
BbIpayKeHMsI TTO3BOJISIIOT KOBAPUAHTHBIM 00Pa30M OIHMCHIBATH KBAHTOBBII pe-
JISTUBUCTCKUI ra3, B TOM 9HCJIe HEe HAXOJSIIUICSA B COCTOSIHUN JIOKAJIBHOI'O
TepMOIHAMIaecKoro paBaoBecust (f # fe,). 37ech ne mpuBoguTest 00600-
IMeHne JTAHHOTO IOJIX0/ia K OIMUCAHUIO ra3a depe3 OJHOYACTHIHYIO (DYHKIINIO
pacipejie/ieHust Ha caydail obmieit TeoOpuu OTHOCUTE/IBHOCTH. 3aMETHM JIUIIIb,
YTO Takoe 0600IeHne 6a3upyeTcs Ha TMOCTPOEHUN WHBAPUAHTHOTO 3JIEMEHTa
3-MEPHOr0 MMITYIbCHOTO 1 OOBITHOTO MPOCTPAHCTBA (CM., HAIpuMeD, [4]).
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B cucreme 1okost cpejibl, KOTOpast HaXOIUTCd B JIOKAJTLHOM TEePMOITHAM-
YECKOM PaBHOBECHHM, ero (PYHKIINs pacipejiesienus fi sABIAeTCsi W30TPOITHOI.
Takum 0OpazoM, OTJIMYHBIMI OT HYJIS OyIyT JIUIIb T€ KOMIIOHEHTHI TeH30pa
M®5-70  KoTOpBIE CONIEPAKAT P1, P2 U P3 B U€THBIX CTEIeHsX. KpoMe TOoro, Tak
KaK MOJLyJb 3-MEPHOrO UMILY/ILCA P2 = pi -+ P35 + P3, TO B CUJLY U30TPOIHOCTH

d3p d3p d3p
[itoonfro e [ gt
Po Po Po
1 d®p
e
Po

DTO MO3BOJISIET TPEJICTABUTL B CHCTEME IOKOsi CPeJibl JIIOOYIO, He PaBHYIO

(11)

HYJIIO KOMIIOHEHTY Ten3opa M%7 B cieyiomeM Bue:

g 1 N g pg 1 k+2dp
M=~ _ . (12
o= g [ NS = ot [ e L 02
0

rae MHJIEKChbI 11 1 k COOTBETCTBYIOT CTEIIEHAM SHEPIMM M MOAYJISA MMITYJIbCa

B Tensope M, uuciio n + k pasHo ero panry, pg = \/p* + m? — sueprus 4a-
ctunbl. OTciofa s IePBLIX ABYX MOMEHTOB (DYHKIUN PACIIPEIC/ICHIS Me-

€M CJICAYIOIINE BbIPpazKCHUA IJIAd OTJIMYHBIX OT HYJIZd KOMIIOHEHT. BpeMeHHaﬂ
KOMIIOHEHTa BEKTOPa IIOTOKa YaCTHUIL:

g

No=N"= M, = 13
’ H 27r2/ exp|( )/T} (13)

0

a TaKzKe ,ZLI/IaFOHaHbeIe KOMIIOHEHTBI TeH3opa SHepFI/H/I—I/IMHYJIbCaI

BT _ A 9/ po p2dp 14
0 207 9r2 | expl(po — p)/T] (14)

0

11 22 33 g V; Do 1p4dp

Py=TY = T2 = T3 = )/, . 15
° OQGﬂJwNm/Wﬂil .

Kak ciemryer u3 (8) u (9), 0HU COOTBETCTBYIOT JIOKAJBHON KOHIIEHTPAIINH Ya-
ctuty, Ny, nX IJIOTHOCTHU dHeprun Fjy n m30TponHoMy gaBennio Fy B cucreme
TIOKOSI CPE/IbI.

s manbHeHmX BhIYUCIEHNN y/I00HO BBECTH Oe3pasMepHble XUMUUe-
ckuit morentnan a = /T u obparnyio Temueparypy A = m/T. B repmunax
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JIAHHBIX TTapaMeTPOB KOMITOHEHTHI MOMEHTOB (PYHKITUU PACITPE/IEIEHIST MOK-
HO BBIPA3UTh Yepe3 CJICAYIONN HHTerpaJ o0IIero Bua:

(22 + A2 ahde
exp [\/:c2 + A2 — a} +1

y (Y — AN gy
exply —al + 1

J,/,)\(a, A)

(16)

l>\8 0\8

Y

rje BBeJleHbI Oespasmephbie sHeprust y = po/T = Va? 4+ A? u umiyiibce
x = p/T, a MHJEKCHI V 1 A COOTBETCTBYIOT UX CTeleHsAM B nHTerpase. Orcioa
JIUIST KOMIIOHEHT MOMEHTOB (DYHKIIMU pacIpe/ieIeHns] MoJIydaeM CJIeylonee
o0I1Iee BhIpaXKeHue:

M. . — gmn—i—kz—i—2 Jn—l,k—|—2(aa A)
kT Ty 123k An+k+2

(17)

Hamomuum, 910 MHJAEKC & MOXKET MPUHUMATH JINIIL YeTHbIEe 3HAUCHUS, TaK
KaK B CHJIy H30TPOIHOCTH OTJIMYHBI OT HYJIS JIMIb KOMIIOHEHTBI TEH30pa
M50 coneprkalie YeTHbIE CTEIEHH Py, Po U P3.

1.2. Omnmucanne rasa c ImoJiyneJibiM CIIMHOM B MAalrHHUTHOM IIOJIE€

Omnucanue CBOMCTB Ta3a YCJIOKHACTCS, €CJIM OH HAXOAUTCS BO BHELIHEM
MArHUTHOM 110Jie. B IepByIo ouepe/ib 3T0 CBA3aHO ¢ TEM, YTO €r0 TEPMOIUHA-
MIYECKIE CBOMCTBA CTAHOBSITCS aHU30TPOIHBIME, TaK KaK IOSAB/ISIETCS SBHO
BBIJICJICHHOE HAIIPABJICHUE, CBS3aHHOE ¢ BEKTOPOM HAIPAKEHHOCTH MAIHUT-
woro moJist. OJIHAKO, KaK MOKa3aHo, HalpuMmep, B pabore [5], u B 3ToM ciiyuae
cBoiicTBa (DePMUOHHOTO Tra3a ¢ MOJIYIEIbIM ciinHOM (s = 1/2) MoryT ObITh
pacCcYrTaHbl Yepe3 MHTErpajibl OT ero OJHOYACTUIHON (PYHKIIMU paciipeie-
nenust fp. B mambosiee obiem Bujie, ¢ y4eToM aHOMAaJbHOI'O MArHUTHOI'O
MOMEHTa, YaCTUIBI Ky, COOTBETCTBYIONINE BEJNIUHLI B CUCTEME [OKOs CPE/Ib
MOTYT OBITh MTPEJICTABICHDI CJICIYIONIM 00pasoM [5]:

Np =N :Z/fB, (18)

Ep =Ty = Z/pB B, (19)

10



[P, v
22\ _ Z il
(T +T5) = pB | 24/m?+ p* morab] e 2

1

P = -
"2
p

P|_T33_2/pll 5, (21)

rJle T0JT OTIEPATOPOM fp 10/Ipa3yMeBaeTCd NMHTErPUPOBAHNE WU CYMMUPOBa-
HUE 110 KBAHTOBBIM UNCJIaM YaCTUIIBI, OTBEYAIONUM KOMIIOHEHTAM 3-MEePHOTO
uMIlyjbca, 0 = =£1 — Tpoekius ee YJBOECHHOI'O CIIMHA Ha HAIpaBJIEHUE
MArHUTHOIO T0JIsA. 3JIeCh CUCTeMa OTcYeTa BbIOpaHa TaKuM 00pa3oM, ITOObI
BEKTOP HAIPSIKEHHOCTH MarHUTHOTO 110/ ObLI HAIIPaBJIEH 10 TpeTheil ocu:
B = (0,0, B). OrmeTnM, 9T0 B CIydae 3apsizKeHHBIX JACTHUIL OJIHA U3 MOTe-
PEUHBIX K MArHUTHOMY TIOJIIO KOMIIOHEHT MMITYJIbCA KBAHTYETCsd, a JapyTras
siBJIsieTcsl HedbmsndecKoii. Tem He MeHee Uit UX 0003HAYECHUS 3]1€Ch HCIIOJIhb-
3yeTcsl CUMBOJI P, KOTODBIH JIIsl HE3aPsPKEHHBIX YACTHIL DaBeH +/pi + p3.
Tperbs KoMIoHEHTa NMITY/IbCa 3/1eCh 0003HATaeTCA KaK pj| = p3. Takne 00o-
3HAYEHN TTO3BOJIAIOT abCTPArnpoBaThC OT BHIOPAHHON CUCTEMBI KOOPIMHAT
1 CBA3aTH KOMIIOHEHTHI MMITY/THCA C BBIJIEJIEHHBIM HaIllpaBJIEHNEM, OTpeies-
eMbIM MarHUTHBIM 110J1eM. Kpome Toro, Bce nCmoib3yemMble BeTMINHBI MOTYT
OBITH IIPEJICTaBJICHBI B €IMTHOOOPA3HOM BUJIE KaK JIJIs 3apsyKEeHHBIX, TaK 1 JIIsT
He3apsyKEHHBIX JacTull. Tak Jijisd SHeprun pepMuoHa B 9TUX 0003HAYEHUTX

nMeeM:
pe = \[pF + P2, (22)

rie Py = \/m?+ p° — ok,B. Buji paBroecHoit dhyHKIMN pacipe/iesens
B MAarHUTHOM TI0JIe COBIaaer ¢ GecroseBbiM ciaydaeM (10) ¢ TOYHOCTBIO 110
BBEJICHHOT'O BBIIIEe OoJiee 00IIEero onpeae/eHrs SHEPTUN YaCTUIThL

1
—expl(pp — ) /T] + 1
Takzxe 37ech 110 cpaBrennio ¢ (10) ocrapien b 3HaK "+", KOTOPBIil CO-
OTBETCTBYET (hepMUOHAM.

(23)

Konkperusupyem BuJT BBEJEHHOTO BBIIIIE OllepaTOpa fp. B ciyuae nesapsi-
JKEHHBIX YaCTUI[ B MATHUTHOM I10JI€ OH MPEJICTaB/IACT U3 ceOsd MHTErPUpPOBa-
HIUE 110 UX UMITYJIbCHOMY IIPOCTPAHCTBY:

/ / d? mdpn (24)

11



rJIe 101 MOTIePEeYHbIMUA UMITYJILCAMEI TTOHUMAIOTCS (hU3MIeCKe KOMIIOHEHTHI
p1 1 po. To ecTh B JJaHHOM CJlydae

P, = Pi+ D3, (25)

a 9JICMEHT IOIICPEYHOTr0 MMITYJILCHOTO IIPOCTpaHcTBa: d?p | = dpidps. Jlerko

yOeIUThCsI, UTO JIJI He3apsiZKeHHBIX YACTUI] ¢ HYJEBBIM AHOMAJbHBIM Mar-

HUTHBIM MOMEHTOM K, = ( JIaBJIeHHe CTAHOBUTCSI M30TPOIHBIM. Kpome To-

ro, Beipazkenus (18)-(21) nepexozsat B (13)-(15), To ecTh BocCTaHABINBACTCS
OecriosieBoe OIcaHme rasza (hepMIOHOB. R

B ciryaae 3apsizKeHHBIX TaCTHIT OIIEPATOPY fp COOTBETCTBYET NHTEIPHUPOBa-

HUE 110 POJIOJBHOMY UMILYJILCY YACTUIBI U CYMMUPOBAHUE 110 JUCKPETHOMY
KBaHTOBOMY YUCJIY €€ IOIePeYHON COCTABJIAIOIIEI:

~

[ =g [ e

P (g#0)
re v = 0,1,2... — oclIWJUIATOPHOE YUCJIO, ¢ — MOJYJIb 3apsja YacTUIbI.

Anasiorom I[IOIIEPEYIHOIr0 NMIIYJIbCa B 9TOM CJIydae ABJIACTCA BEJIMIUNHA!

P, = 24BY. (27)
rie ¢ = v+ (1 — po)/2 — unneke, wHymepymormmuii yposun Jlangay dacTuiis,
0 = +1 — 3HaK ee 3apsda. TakuMm 0OpazoM, B MArHuTHOM I10JI€ TTONEePeYUHbIii
UMIIYJIBC 3aPSI?KEHHBIX YaCTUIl KBAHTYETCs, a8 HAaOOP KBAHTOBAHHLIX 3HAYECHUIT
onpejensiercs mapaMerpom £. Kax ciemyer u3 onpejesenust, ero MUHIMAJIb-
Hoe 3Hadenne £ = () cooTBeTCTBYeT KBaHTOBBIM uncyiaMm v = 0, 0 = p. To ecTb
JaCTUIA ¢ MUHUMAJIbHBIM IIOIMEPEYHbIM UMITYJIHCOM 00JI1a1aeT IOJIsIPpI3alii-
eif, coBnajatoieii co 3HaKoM ee 3apsijia. [lonepeunblii UMIYJIbLC (epPMUOHOB
Ha Oostee BeICOKHX ypoBHsX Jlammay ¢ = {1; 2; ...} gaBiagercsd aByKpaTHO
BBIPOKIEHHDBIM T10 ITOJISPU3AINNA U COOTBETCTBYET CJIEIYIOIINM IapaM KBaH-
ToBeix unces: {(v=0,0=—p),(rv=1,0=0); v=1,0=—0),(rv=2,0=
0); ... }. Tak kak B ompe/esiennn MoMeHTOB (byHKIMHN pacipejesenns (18)-
(21) BXOAUT UMEHHO P, TO 3a4ACTYIO YJA0OHO CyMMUPOBAHIEE I10 TTApAMETPY
v B (26) 3amennts Ha . Torma ocaosromy yposuio Jlamuay ¢ = 0 Gyjer co-
OTBETCTBOBATL OJHO 3HAYECHUE MOJSAPU3ALUNT 0 = 0, & OCTAJbLHBIM YPOBHIM
¢ > 0 jaBa 3HadeHnds ¢ o = +1.

Hasee ocranoBuMcst 6oJiee TIOAPOOHO Ha CIIEKTPE MOIEPETHON SHEprun 3a-
psizkeHHOTO (bepMuoHa B MarauTHOM 1ojte. Kak cieayer us (22), ona coia-
JaeT ¢ BeJmunHoil P

ppL =pp[p|=0] = P [q¢ # 0] = \/m? + 2¢Bl — or,B. (28)
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3 npuBeleHHOTO BbIPpayKeHUsl BUJIHO, YTO CIIEKTD SHEPIUU sIBJISIETCS JUC-
KPeTHBIM U OIIpejessieTcss MHJeKcoM £, HyMepyromuMm yposHu JlaHpay da-
cruibl. PacemorpuM HanboJiee pocToii ciydaii ¢pepMuona 6e3 aHOMAaJIbHOIO
MarHITHOIO MOMeHTa Kk, = 0. Ero monepeunas sueprust pg| = v/m?2 + 2qB/{
He 3aBUCHUT OT HOJISIPU3ALNI 1 PacTeT ¢ yBeJndeHneM HoMepa ypoBHs JIaH-
nay. MunnmaJsibHoe 3Hadenne npu £ = (0 paBHO Macce 9aCTHIbI U COOTBET-
CTBYeT COCTOAHMIO C ToJisipusaruit o = p. I[lonepednsie sueprum Ha 6GoJiee
BBICOKNX ypoBHsX Jlanmay £ > 0 gBJISIIOTCS JIBYKPATHO BBIPOXKJICHHBIMU 1 CO-
OTBETCTBYIOT COCTOSIHUSIM C IOJIIpU3auaMu o = +1.

Buj ciektpa ¢pepMUOHOB CTAaHOBUTCSI DOJIee CJIOXKHBIM, €CJIM OHU 001871~
0T AHOMAJILHBIM MArHUTHBIM MOMEHTOM Kk, # 0. B sTOoM ciiydae ux morre-
pedHasl dHeprusl yrKe sIBHO 3aBUCUT OT HoJsipusamnuu. Tak, I OCHOBHOI'O

r— 0 = —0 — 0 =9
4 4
4 i
(=2 —— (=92 —
\ - _ Ay =
—— =0 — =0
I'\_O':Q l'\_g’:—g
(=1 ——— (=1 ——
\‘ \‘ oc=o0
— T = l'\—o‘:—g
(=0 ——— (=0 ————

Puc. 1. Cuekrp nornepeunoit sueprun dgep- Puc. 2. Cruexkrp nonepeunoit sueprun gep-
MUOHOB pp| B HEPEJATUBUCTCKOM CJIydae MHOHOB pp; B HEPEJIATUBUCTCKOM CJIydae

s ok > g/ (2m) s 0 < —q/(2m)

ypoBus Jlangay ¢ = 0 umeeM: pg, = m — pKk.B, TO ecTh 1OBeJieHUE JIaH-
HOIl 9HEPTUU 3aBUCUT OT 3HAKA BEJUYUHBI OK,. EC/IN OHA TOJIOXKUTE/bHA,
TO SHEPTUs OCHOBHOI'O ypoBH# Jlamjay yMeHbIIaeTcs, ecjii OTpUIlaTe/bHa,
TO YBEJUYUBAETCs 110 CPABHEHUIO CO cydaeM (epMuroHa 0e3 aHOMAaJIbHOIO
MarHuTHOro MmomeHnTa. [lyist 6os1ee Bhicokux yposHeii Jlangay £ > 0 cHuMaeT-
Cs UX BBIPOYKJIEHNE TI0 TIOJIIPU3aIUN JacTHIl. TaK, JiJId COCTOSHUS C 0k, > 0
noriepevHasl SHEPIus CTAHOBUTCA MEHBINe, a JIjIs MPOTUBOIOJJIOXKHON OIS~
pusaIyu 00JIbIlle, YeM SHEPIUsi COOTBETCTBYIONIEro YPOoBHs JlaHay JacTilbl
6e3 aHOMaJIbHOI'0O MarHUTHOIO MOMEHTa. TaK KakK BeJUINHA TaKOTO PacIell-
JleHns ypoBHe#l Jlanmay yBelIndmBaeTcd ¢ pOCTOM aOCOJIOTHOTO 3HAYEHUS
AHOMAaJILHOI'O MarHUTHOT'O MOMEHTAa, TO BO3MOXKHA CHUTYallld, KOTJa ITPOMC-
XouT nx "nepexkpbiTue". To ecTh 9HEPIHsI, COOTBETCTBYIOIIAs 00JIee BHICOKO-
My ypoBHIO JIaHgay okasblBaeTCs 110 3HAYEHUIO MEHBIIE, YeM SHeprus 6oJee
HU3KOT0, 1 Ha060poT. B ciyyas caboro MarHuTHOro Hnojsd B < m?/q Takas

13



CUTYAIUsI Peajin3yercs nph |kq| > q/(2m). To ectb npu abeosnoTHOM 3HATE-
HUU aHOMAaJIbHOTO MAarHUTHOTO MOMEHTA YACTHIILI, OOJIBIIEM ee MarHeTOHa.
[ToggepkHEM, 9TO 9TO JOCTATOYHO TUIIMYHALA CUTYAIUs JJIsi aJIpoHOB. Tak,
HAITPUMeEp, IPOTOH UMeeT aHOMAaJILHBIIT MArHUTHBII MOMEHT 3¢, ~ 1.79 B eu-
HUIIAX $JIePHOIO MarneToHa, MO3TOMY ero YpoBHU Jlamnjiay mepekpbiBaloTCs.
Ormernm, 9TO JJId YacTull ¢ ok, < 0 maHHBIA 3)EPEKT TPUBOJUT K TOMY,
YTO MUHUMaJIbHOE 3HAUYCHUE MTOIIEPEYHOI SHEPIUN COOTBETCTBYET yrKe He OC-
HOBHOMY, a IlepBoMy yposHio Jlanjgay. Harmsganoe rpejcraBienue crieKTpa
depMUOHOB JIJIs pa3JIMYHBIX 3HAKOB 3apsjia MoKaszaHo Ha puc. 1-2. OTMernm
TaKyKe, YTO YaCTUIbl U aHTHIACTHUII OTIMYAIOTCS 3HAKOM HE TOJIBKO 3apsi-
Jla, HO 1 aHOMaJIbHOI'O MarHUTHOIO MOMeHTa. Takum obpazoM, Jijisd (pepMuo-
HOB B MAarHUTHOM TIOJI€ CIIEKTP YaCTHI] U aHTHIACTHIL TOJTHOCTHIO COBIAJIAET,
OJTHAKO KasKJIOMY OTJEeJTHbHOMY 3HAYEHHWIO SHEPIUU I HUX COOTBETCTBYIOT
COCTOAHNA C MPOTUBOIIOJIOKHON MOJIAPU3AIINEH.

B 3aksmrouenne KOpOTKO OCTAHOBUMCS Ha aHU30TPOIMH TEPMOIMHAMITIE-
CKUX CBOMCTB Ta3a B MaruuTHOM 1ojie. HeobXoauMo OTMETUTH, UTO HaJU-
e MOoJ00HON acMMMeTPHH He JIOJZKHO BBOJUTL B 3abiyzkjeHne. Tak Kak
dusnIecKkn HaOJIOJIAEMBIMI SIBJISIIOTCS CBOMCTBA HE CaMOI'o rasa, a CHCTe-
MBI, COCTOAIIEN W3 YacTUIl U BHEITHEr0 MarHUTHOIO 1MoJid. PaccMoTpum 310
Ha MpUMepe JIaBJIeHNs], KOTOPOE JIJIsd ra3a ABJSeTcd aHu30TPOoHbIM. Kak Obl-
JIO TIOKa3aHo B pabore [5], qaxKe B CIydae aHOMAJIBHOIO MATHUTHOTO MOMEHTA
KOMIIOHEHTHI JIaBJICHUS YOBJIETBOPSIET CJIEIYIONIUM COOTHOIIEHUSM:

P =-Q/V, (29)
P, =P — MB, (30)

rie ) — GosibInoit TepMoiHaMudeckuii morennua, M = 0€)/0B — namar-
HUYEHHOCTDL rasa. TakuMm oOpasoM, JaB/eHne BIOJIb MArHUTHOIO IOJIsI OIIpe-
JleJIsieTCsl aHAJIONHYHO OecIiojieBoMy ciiydaro. Ilorepednoe jiaBiieHne OKas3bl-
BaeTCsi MeHbIle Ha Bejnanny M B, 0JlHaKO 9TO yMeHbIIIeHIe B TOUYHOCTH PaB-
HO BKJIaJly B jlaBjieHne oT MarauTHoro nojsi: P p = M B. CienoBare/bHo,
o0I11ee JlaBJeHne CICTEMbBI, COCTOAINEH U3 ra3a 1 MarHUTHOIO I10JIs1, OKa3bIBa-
eTCs M30TPONHBIM I paBHbIM P = —€/V. Obcyxienue sToro daxTa MOK-
HO HaliTH, HAampuMep, B [6]. 31meck ke masee OGyeT paccMaTpUBATHCS TOJBKO
IPoJI0JIbHOE Jajenne Pp = P, Tak KaK UMEHHO 3Ta BeJMYMHa Olpejie/ideT
[IOJIHOE JIABJIEHIE CUCTEMBI, COCTOSIIEN U3 ra3a 1 MArHUTHOIO IIOJIS.

14



2. Hekoropnle yacTHbIE ciIyvdan Ajsd PepMHIOHHOTO Ta3a
B MArHUTHOM IIOJI€E

Kak 0b1710 oTMe4YeHO BbIlle, ITPUBEJIEHHBII 110/1X0/ K OIMMCAHNI0 (pepMUOH-
HOTO ra3a C TOJIYIEJBbIM CIIMHOM B MAarHUTHOM TIOJIe JIaeT HamboJiee OOIImil
METOJIOM OIncanus Takux cucreM. C OJHON CTOPOHBI, 9TO ABJISETCH €ro Oec-
CTIOPHBIM MTPENMYTIIECTBOM, TaK KakK TMO3BOJIIET N30eKaTh BOSMOKHBIX OIIN-
00K, CBSI3aHHBIX C UCIOJIL30BAHIEM YaCTHBIX METOJIOB 3a IIpejeaMi UX rpa-
HUIbl TpuMeHIMOocTH. C JIPYyToil CTOPOHBI, OH OKA3bIBACTCA 3a4aCTYIO MaTe-
MaTUYeCKN W3JIUITHE CJIOYKHBIM /I PellleHns KOHKPeTHBIX 3a/ad. [loaTomy
Jiajee OyJIeT pacCMOTPEHO HECKOJIBKO IPEJIe/IbHBIX CJIyUaeB, NMEOIINX Bayk-
HOE NpaKTUYecKoe MpUMeHeHne B Pa3IMIHbIX pasjieax Qu3nKu.

2.1. PeagruBucrtckuii 3apsizKeHHbI ra3
6e3 aHOMAaJIbHOTO MAarHUTHOTO MOMEHTA

O 11Ot U3 JIOCTATOYHO ODIINX, HO T€M He MeHee JIOIYCKAIOIIHIX CYIeCTBeH-
HOE YIIPOIIEHUE 3418t SIBJIACTC OIMCAHUE DPEJIITUBHCTCKOIO 3aPSZKEHHOTO
raza 6e3 aHOMAJBHOIO MAHUTHOTO MOMeHTa. Takme 3ajatin, Kak MPaBUIIO,
BOBHUKAIOT B aCTPOMU3NKE, IPUMEHNTEHHO K 9JIEKTPOH-TI03UTPOHHOI 1183~
Me. XOTs 9TH 4aCTHI[B! 00J1a/IaI0T AHOMAJIbHBIM MAIHUTHBIM MOMEHTOM, HO OH
IIPIMEPHO Ha TPH MOPSIJIKA MEHBINE IT0JHOr0. Takny 00pasoM, B MOIABIIAIO-
1eM OOJIBITUHCTBE MTPAKTUIECKIX 3818 UM MOYKHO IIpeHedpetb.

B orcyTrcrBue anoMasbHOIO MarHUTHOIO MOMEHTa BO3HHKAET HECKOJIb-
KO CYIECTBEHHBIX YIpOoIneHnuit. Bo-mepBoix, obiee BbIpazkeHne it SHEP-
run (22) nepexoauT B 6oJiee mpocToe:

et = pnlra=0, ¢#0] = \/p} + m? + 2B, (31)

rJ1e JIJIst KOMIIOHEHTBI UMITYJIbCa BJIOJIb HAIIPSZKEHHOCTH MArHITHOT'O MOJIsT G-
NOJIb30BaHO GoJlee IIPHUBBIMHOE 0003HAUeHHe p3. Bo-BTOpbIX, B 3TOM Cilyvae
B OIIEPATOPE fp (26) ymo6HO OT CyMMUPOBAHUS MO OCIILIATOPHOMY YUCITY U
HepeiT K CyMMHUpOBaHuio o ypoBHsiM Jlanmay ¢. Kax obcy:Kmanoch BbI-
1ie, IpU TAKOM IIEPEXOJe CYMMa II0 IHOJISIPU3ALUSIM MOKET ObITh 3aMeHeHa
Ha (akTop gr = 2 — dp e, TI€E O — cuMBOJ Kponekepa. 9To ¢BA3aHO ¢ TeM,
YTO SHEPIUs B JAHHOM CJIydae He 3aBUCHUT SIBHO OT IOJISIPU3AI YaCTHUIILL.
Kpowme Toro, kaxkmomy ypoBHio JlaHmgay, Kpome OCHOBHOI'O, COOTBETCTBYET
JBa, 3HaveHust noJspusdainn. C ydeToMm 3TOro 3amMedaHusi U3 OOIIUX COOT-
rormennii (18)-(21) mocsie cyMMIPOBaHHST 1O CIIHHOBBIM COCTOSHUSIM MOZKHO

15



nepeiiT K 60Jjiee MPOCTOl 3aITMCH OCHOBHBIX TEPMOJIMHAMUYECKIX BEJTNYUNH.
A uMeHHO, TOJIyJaeM CJIeYIONINe BbIParKeHUSI:

0.9]

_ _ N 9 dps
M= Nofisu=0.020) =3 5508 [ o

\80

Eno = Ep[ra=0, 0] = 229—(]3 eXp[(sgngZ))g/T]Jrl (33)
=0 0

Poo = Pil=0. 0201 =355 | i o
0

Kak n 11 ciydasgs 6e3 MarHUTHOTO IMOJIs, JaHHbIe BEJTMIHHBI MOTYT OBIThH
BbIpayKeHbl B TE€PMUHAX MOMEHTOB OJIHOYACTUYHONH (PYHKIIMH pacipe/iesie-
Hust fp. OJHAKO UX sIBHBINI BUJI 9TUX TEH30POB OyJIeT OTIMIATHCS:

00 o0

b dp
MBI _ ge B/ p*ip plip 3
0 Z;(z 2] el — /T +1 &

rie noj p*l = (pg, p3) HOHUMAETCsT BEKTOP HPOOJBLHOTO 2-MEPHOIO MMITYJTh-
ca. Kak u B OecriojieBoM ciydae, MOMEHTBI, COJIepzKalliiie p3 B HEUETHOI cTe-

o)

(35)

—0Q0

neHn Oy1yT paBHbI HyJ10. OcTajibHble KOMIIOHEHTHI TeH30pa Mg MOryT OBITh
[peJICTaB/IeHbl KaK:

n 1 kdpg
exp[(éﬁ— m)/ T+

(36)

=Yg

B,ILer MHIEKCBI 1 U k COOTBETCTBYIOT CTCIIEHAM SHEPIUU U IIPOAOJIbHOI'O NM-

0\8

myJibca B TeH3ope Mo, auciio n + k paBHo ero panry. IIpuBeieHHbIe KOMIIO-
HEHTBI MOI'YT OBITH TaK>Ke BbIPpaKEHbI B TepMHUHAX 0€3pa3MepHOro MHTErpa-
a (16), BBEJICHHOTO BBIIIIE:

mn+k+2 b

(0) _ .
Mn,k T 9r2  Antk éz_; ge Jn—l,k(a7 AE), (37)

riie b = gB/m? — Gespasmepnoe marnutnoe nose, Ay = A+/1 + 2bl. Tan-
HbIe KOMIIOHEHTHI, KaK 1 B OECIIOJIEBOM CJydae, OJHO3HAYHO CBsI3aHbl ¢ (bu-

SNYECKNMMU BEJIMYMHAMI.
No=MY7Y, Eo=MY, Po=M3 (38)
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Takum obpazoM, BBejleHHBIIT Ten30p Mg 03BOJISIET YyCTAHOBUTD OJ[HO3HAM-
HYIO CBSI3b MEXKJIy JIIOOBIMU (DU3MUIECKUMU BeJTUINHAMEI (DEPMUOHHOIO ra3a
0e3 aHOMAJILHOT'O MarHUTHOI'O MOMEHTa B CBOOOJIHOM U TOJIEBOM CJIydae:

My, <= M. (39)

Kpowme Toro, coorrorennst (17) u (37) mo3BOJSIOT MPOBOUTH X HEMOCDE/T-
CTBEHHOE CPaBHEHUE ¥ BBIYHCJICHNE depe3 uHTerpas obmero suja (16).

B zakmiiouenue paszjesia OTMETHM, 9TO TeH30p Mg MOXKeT OBITH JIETKO
paCIIUPeH TaKzKe U Ha, [OIePEeYHbIe KOMIIOHEHTDI ¢ OMOINBIO COOTHOIICHUST:

! dp3 /OO dp3
2 2 2 2
o fp— = . o fg— 40
/pJ_ B 56 (56 p3 —m ) B e ) ( )
0 0

KOTOpOe CJIeJlyeT HeloCpPeJICTBeHHO U3 Bbipazkenust jijisi sHepruu (31). Ta-
KM 00pa3oM, JaHHOe COOTHOIIEHHE MO3BOJISIeT IIOCTPOUTE HOJIHOE COOTBET-
CTBUE MEK/Iy CBOOOJIHBIMU M TIOJIEBBIMU XapaKTEPUCTUKAMU (PepMUOHHOIO
raza 6e3 aHOMAaJILHOIMO MArHUTHOIO MOMEHTA.

2.2. HepengarnBucrckuii 60J1bIIMaHOBCKHII ra3
C aHOMAJIbHBIM MarHUTHBIM MOMEHTOM

JIpyrum BasKHBIM YaCTHBIM CJIYYaeM sIBJISICTCS HEPEJIsITUBUCTCKUIT OOJIBIT-
MAaHOBCKUII ra3 ¢ aHOMAJIbLHBIM MAIHUTHBIM MOMEHTOM. OTMETHM, UTO 9TOT
1peJie/l BaykeH Kak I Pa3ndHbIX acTPOMU3NUECKUX IPUJIOXKEHI, Tak
1 JIJIsi 00IIero MOHUMAaHUS TePMOJIMHAMUYECKIX CBOMCTB (PepMUOHHOIO ras3a
B MarHUTHOM I10JIe, TaK KaK OH JIOITyCKaeT o0Iee aHAJTUTUIECKOE PeIleHHe.
B koHTekcTe acTpodu3nIecKnX IPUJIOYKEHUN JaHHBIN IIPeJes XOPOIIo MIPH-
MEHNM K HYKJIOHAM, 3a HUCKJIIOYEHHEeM CJIy4daeB HeUTPOHHOI 3Be3/bl U IleH-
TPaJbHOI YaCTU CBEPXHOBOIA.

BoJiblIMaHOBCKUM Ia30M HA3BIBAIOT I'a3 ¢ OTHOCUTEIBHO MAJIOi KOHIIEH-
Tpalyeil, JIjIsi KOTOPOI'o BLIIIOJIHSIETCH CJIe/LyIoIee YCI0BHIe:

pw—m<LT. (41)

Takoit Tum raza B JTEpaType MHOTJA CIe HAZBIBAIOT KJIACCHICCKUM LI
HEKBAHTOBLIM. OTMeTHM, UTO Beipazkerne (u—m) /T Bxoaut B nnTerpas (16)
1101 3KcroHeHToil. Takum o6pa3oM, BO MHOI'UX 3aja4uax Ipud/imzKeHne 60/1bIl-
MaHOBCKOT'O TI'a3a XOpPOIO BBINOJHseTCsT yke mpu g — m < T. B mannom
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npuOIMKeHun (QYHKINs PacIpejiesIeHns YIIPOIaeTcsd U MOXKET ObITh TpeJl-
cTaBJIeHa B BUJIE:

f= (e(f—u)/T + 1)’1 ~ elh=e)/T (42)

OrmeTuM, 9TO NpUBEJIEHHOE NPUOJMKeHne st (PYHKIUKI PACIPEIeIeHNSsT
CIIPaBEJJINBO KaK JJIsT CBOOOIHOIO ra3a, TaK 1 JJIsI F'a3a BO BHEITHEM MarHUT-
HOM T110J1e. KpoMme Toro, B OecriojieBoM cjydae JaHHOe IPUO/IMKeHHe Clipa-
BEJIJINBO KaK JIjIsi (pepMUOHOB, TaK U OO30HOB.

2.2.1. @PepmMuoHbI 0€3 MArHUTHOIO MOJIS

Haunem paccmoTrpenne 60JIbIIMAHOBCKOIO ra3a ¢ CaMOoro IIPOCTOr0 CIydast,
KOI'JIa, BHEITHee MarHUTHOE II0JIe OTCYTCTBYeT. Torma m3 obiiero GecroieBo-
o BhIpAyKeHUd Py = +/p% + m? B HEPeJISATUBUCTCKOM IIpeJIesie /IS SHePruu
depMuona 1moJrydaeM:

Eno = m + p*/(2m). (43)

Brerauciienne repMoiHAMITIECKIX BEJIMYUH JIjIsI TAKOIO ra3a B 00JIbIMaHOB-
CKOM TpuOJmzKeHnn (42) CTAHOBUTCST TPUBUATBHBIM U IMPUBOJUT K CJIC/IYIO-
EeMy pe3yJbTaTy:

T 32
No=2(5=) e, (44)
) T 32
Boo=Emo—mNpy=3T (2] elw=m)T, (45)
2
T\ 32
Po=2T Tg—ﬂ elh=m)/T (46)

rie E,) — IIOTHOCTbL HEPeJIATUBUCTCKO sHeprun rasza. [logpodHnocTu jaan-
HBIX BBIUUC/IEHUI MOTYT ObITH HallJIeHbI B pa3jene 3.1.

2.2.2. He3zapsizkeHHbIe 4YaCTHUIIbI C AaHOMAJIbHBIM
MArdovuTHBIM MOMEHTOM

Hanee paccMoTpuM (pepMUOHHBIN a3 € MOJIYIEIbIM CIIMHOM BO BHEITHEM
MarHuTHOM I1ojie. B kKadecTBe (bepMHOHOB BbIOEpeM He3apsizKEeHHbIe YaCTH-
I[bI C AaHOMAaJIbHBIM MAarHUTHBIM MOMEHTOM K. 10rj1a 13 00IIEro BbIparXKeHUsI
1Jtst SHEprun (22) B HEPEJISITUBUCTCKOM IIPEJIETIE UMEEM:

Enok 2 M+ pz/(2m) — 0koB, (47)
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rie, Kak 1 paHee, 0 = 1 — mnosagpusanus depmuona. Kaxk u B ciyudae
OTCYTCTBUSI MarHUTHOI'O IOJIsl, BbIYUCJIEHUE TEePMOJINHAMUYECKNX BeJUYUH
JIOCTATOYHO TPUBUAJIBHO U JIAET:

Nypor = Npo cosh(x), (48)
Enor = Eyo | cosh(x) —2/3 2 sinh(a:)}, (49)
Por = Py cosh(x). (50)

311ech BBeJIEH CJIeJIYIONINil Oe3pa3MepHbIil IapaMeTp, OIpeaesIsiionil BIus-
HIIe MArHUTHOI'O II0JIg Ha TePMOJINHAMNYCCKIE BeJIMYNHBI ra3a:

r =k, B/T. (51)

I3 1oJ1yueHHBIX BbIparKeHHil HECJI0KHO BUJIETh, 9TO MOAUQUKAIUS TEPMO-
JIMHAMUYECKIX BEJIUYINH CTAHOBUTCS CYIIECTBEHHON B 00JIACTHU, IJIE JAHHBII
napameTp BeukK x 2 1.

OTmernM, 9TO J1azke JIJIs He3apsiKeHHbIX YaCTUI[ MAIHUTHBIN MOMEHT IIPH-
HSTO U3MEPSITh B eIMHUIAX, OJTyINBIINX HA3BaHNEe MarHeToH: q/2m. O6brd-
HO BMECTO ¢ UCIIOJIL3YETCs JIeMeHTAPHBIN 3apsi/l, a B KAYeCTBe 17 BBICTYIIAeT
Macca JIeKTpoHa WM MpoToHa. Torja mapamMeTp T MOYXKET ObITh BbIparkKeH
yepe3 Oe3pa3MepHblii aHOMaJIbHbBI MArHUTHBIE MOMEHT ¢, = K, 2m/ q cJe-
JIYIOIIAM 0Opa30M:

T = by 7,2, (52)
Iae BBE€ACHO 663pa3MepHoe Mal'HUTHOE IIOJIE€E B BUJE:
by = qB/mT. (53)

Tak Kak J/Ist 8JIPOHOB |3¢,| ~ 1, TO HECJIOKHO BHJIETH, Y4TO MOJU(UKAIIUST
OecIioJIeBbIX BbIpaxKeHuiit OyaeT cymnecrBentoi aist Hux upu b; = 1. Takuwm
00pa30M, JIaHHBIN TapaMeTp SIBJSETCs OIPEJIE/ISIIONIIM B CMbIC/IE BIUSHUS
MArHUTHOTO II0JIsI Ha TePMOMHAMIYIECKNE XapaKTePUCTUKN He3apsSI?KEHHbBIX
YACTHIL C JJOCTATOYHO OOJILIITNM aHOMAJIbHBIM MArHUTHBIM MOMEHTOM.

2.2.3. 3apsxkeHHbIe (pepMUOHBI 6€3 AaHOMAJIBLHOI'O
MarHuTHOI'O MOMEHTA

[lepeiigem nasee K 3apskennomy dgepMnonnomy rasy. Chnadasa paccMoT-
puM dbepMIOHbI 6e3 AHOMATBHOIO MAHUTHOIO MOMEHTa. B HepeasTHBucT-
CKOM IIpejiesie 13 00Iero Beipazkenns (31) mosytdaeM nx SHEPIUio:

Engo & M+ p3/(2m) + ¢Bl/m, (54)
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norepevyHas 4acTb KOTOPOil, KAaK OTMEYaJIOCh BbIIlle, KBAHTYETCS U OIIpPeieIs-
eTcst HomepoM yposHs Jlanjay £. Berauciienne TepMomHAMUYECKIX BEJTITIIH
B 9TOM cJiydae IyTh 0oJiee CJI0KHO, HO TaKyKe MPUBOJIUT K aHaATUTHIECKOMY

pe3yJIbTary:
bt bt
Npgo = Npo | 5+ ——F5—|
q0 0 [2 + exp(bt) — J (55>
~ B b b 2 b2 b
Brgo = Boo |2 + t T L GO R ED
6 3(exp(br) —1) 3 (exp(by) — 1)
bt bt
o= a3+ il o

MOo2KHO BUJIETH, UTO, KAK I B CJIyUae ¢ He3apsiZKeHHBIMI YaCTUIAMI, MO~
KaIysl TePMOJMHAMIYECKIX BEJIMIUH OMPEJIEISeTCs BCe TeM ke Gespasmep-
HBIM MarHuTHbIM 1os1eM by = ¢B/(mT). IlogpobHocT NaHHBIX BHIYHCICHNUIT
MOT'YT OBbITh HalijIeHbl B pazjese 3.2.

2.2.4. 3apsrKeHHbIe (pepMUOHBI, UMEIOMEe aHOMAJbHBII
MArHATHBIA MOMEHT

Hakomner, paccMoTpum 3apsizkeHHbIE (pepMUOHBI ¢ AaHOMAJIBHBIM MaIHUT-
HBIM MOMEHTOM. B HepesaTHBICTCKOM TIpejiesie u3 00IIero Buipakenus (22)
1I0JIy4aeM HEPTUIo 3TUX YacTUll B BUJIE:

Engk = M + p3/(2m) + qBL/m — ok, B. (58)

Boerancienne TepMoJNHAMUYECKNX BEJUYNH B JAHHOM CJIydae JIO0CTATOYHO
I'POMO3JIKO, HO He TIPEJICTaB/IsieT NPUHITMINAJIBHBIX TPYy/IHOCTel. Pesyibrar
BBIYMC/IEHNIT MOYKET OBITH MPEJICTaB/IeH B CJIEIYIONEM BUJIE:

Nugke = Nno [% exp(ox) + %] , (59)
Enqk = Eu % (1 — 2@33) exp(or) + b <CO3S}E(:X)pzb2)$ST)1h(x))
t (60)
N 207 exp(b;) cosh(z)
3 (exp(bt) — 1)2 7
Pugk = Puo l% exp(ox) + %} : (61)
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rjge ¢ — 3HaK 3apsijia JacTuilbl. Kak obcy:K1aJ/ioch BbIIIE, €CJI aHOMaJ/lb-
HbIil MArHUTHLI MOMEHT U3MepsgAeTCd B MarHeroHax CaMoOil YacTUIbl: 31, =
Kg 2m / ¢, TO IMapaMeTpbl T # by, cojepzKaliue MariiuTHOE 1101, CBsI3aHbl MEXK-
11y cOo0Oil ITPOCTBHIM COOTHOIIEHKEM:

T = 2,/2bs. (62)

Taxum oO6pa30M, KaK U B IPEJbLIYIINIX C/IydasX, UIMEHHO Oe3pa3MepHOe Mar-
HUTHOE T10J1e by OTBEYaET 3a CYIIECTBEHHYIO MOIUMUKAIINIO TEPMOTTHAMUI I~
ckux BesnauH. OTMeTUM TakxKe, 4To 1pu 3z, = 0 mo/IyUYeHHbIe BbIParKeHHsI
epexodT B COOTBETCTBYIOIINE UM W3 IPEJABIIYIINErO pas3jelia, YTO MOXKET
OBITH IIPOBEPEHO HEIOCPE/ICTBEHHBIM BhIYUCICHUEM.

2.2.5. O6miee onucanne pepMHOHOB C MOJIYIEJIbIM CINHOM

Kak ¢ maTemaTndeckoii, Tak 1 ¢ (pU3NIECKON TOYKU 3PEHIST HeTPUBHUAJIb-
HBIM $IBJISIETCS TOT (DAKT, UTO OCHOBHBbIE TEPMOJIMHAMUYECKIE CBOIICTBA BCEX
depMUOHOB € TOJYIEIbIM CIMHOM B MAarHUTHOM IIOJIE MOT'YT OBITH OIIMCa-
HbI BCEr'o JIBYMsl YHUBEPCAJIbHBIMU aHAJIUTHIeCKIMU (DYyHKIUsIMEI. B niepByio
o4epe/ib 9TO CBA3aHO € TeM, YTO Mepexo/i OT 3apAKCHHbBIX YaCTUIl K He3aps-
JKeHHBIM HEeTPUBHAJIEH U He CBOINUTCA K IpocToMmy mpegenay g — 0. OgHako
JIAHHBII 11epexol MOzKeT OBbITh peajn30BaH depe3 cOOCTBEHHbIM Kq W TIOJIHBII
K = Kg + Ko MarHuTHbIe MOMEHTBI JacTuipl. Jajee OyiyT HCIOIB30BATLCA
caejyronme 6e3pasMepHble aHAJIOMN STUX BEJIMIUH:

B B
Y=hem, 2= R (63)

HamnomuaumMm, uto st GepMUOHOB C IOJIYIEIBIM CIIMHOM COOCTBEHHBIN Mar-
HUTHBIII MOMEHT OIpeJiesiseTcsl KaK

q
Ky =05 - (64)
[Tosromy ero GespasMepHBIil aHAJIOD CBsI3aH € BBEJCHHBIM BbIIIe Ge3pasmMep-
HBIM MArHUTHBIM TIOJIEM CJIEJLYIONINM COOTHOIICHnEM: y = 0/2 by.
B TepMuHAX BBEJEHHBIX BbIIIE [EPEMEHHBIX OOIIUe BbIPAsKEHHsI TePMO-
JMHaMNYEeCKX BEJINMYUH JIJIA CbepMI/IOHOB C IIOJIYIEJIbIM CIIMHOM MOTYT 6bITb

3alliCaHbl B cjedyromeM KOMIIaKTHOM BH/IE:
NnB - NnO FN(y7 Z)7
EnB — EnO FE(y; 2)7
PnB — PnOFN(yyz)-

e N N N
D Y O
J O Ot
— N
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Buech dyukimu Fiy(y, z) u Fg(y, z) onpeiessitor BiisiHie MArHUTHOTO [0J1s1
Ha TepMoJIMHaAMIYecKie BeJndntbl. OHI MOIYT OBbITH IIPeJICTaBIeHbl KaK

Fn(y,z) = cosh(z), (68)

_ 9
sinh(y)

Fg(y, 2) {cosh(z) + 2y coth(y) cosh(z) — 2z sinh(z)|. (69)

_ Y
3 sinh(y)
[IpuBenennoe npencrapiaenne GyHknuit F' sgBisgercsd BecbMa yI0OHBIM, TaK
KaK MO3BOJIAET JIETKO TOJYIUTh BCe YacTHBIE CIydan, BKII0Yas He3apsizKeH-
Hble YacTuIbl. OCTAaHOBUMCS Ha 9THUX Iepexojiax Mo IpodHee.

Haunem paccmorpenune ¢ He3apsizKeHHbIX dacTuil. J[ns nux cobcTBeHHbI
MArHUTHBIF MOMEHT TI0 OIPEJICJICHIIO paBeH HyJto. Takum obpa3oM, HeoOXo-
nuMo TpebosaTh y — 0. B ciydae oTCyTCTBUA MArHUTHOTO T0JIsT TEPMOJITHA-
MUYECKIEe CBOMCTBa ra3a He3apsizKEHHBIX (DEPMUOHOB JIOJIXKHBI OBITH TaKUMU
JKe, KaK JIJIs 9acTull 0e3 aHOMaJIbHOTO MarHUTHOI'O MOMeHTa. '1oT/1a ¢ yaeToM
1epBoro ycaosud nosydaem z — 0. Takum obpasom, Jitd nepexojia K 6ecro-
JIEBOMY CJIy9alo NMeeM:

Fn(y,2)|B=0 = Fx(y — 0,2 — 0)
FE(y7 Z)‘B:() — FE(Z/ — O7Z — 0)

11_’ (70)

Hepexo;L K HE3apAKEHHBIM (bepMI/IOHaM B MaroMTHOM IIOJIE JOCTATOYHO TPHU-
BuaJjied. B aTom cjIy4dae AHOMAJIbHBIA MArHUTHBIA MOMEHT coBIllaJaeT C IIOJI-
HBIM: Z — X, OTKYJa IIOJIy4aeM:

Fn(y, 2)|q=0 = Fn(y = 0,2 — ) = cosh(z),

Fr(y, 2)|qg=0 = Fr(y = 0,2 — 2) = cosh(z) — 2/3 x sinh(z). (71)

HerpyaHo BuieTh, 4TO MpejIoyKeHHBII cII0cob Mepexo/ia IMPUBOJUT K Pe3yJib-
TaTaM, COBITQJIAIONTIM C TIOJIYUYeHHBIME ITyTEM HEMOCPEICTBEHHOIO BHIYUCTIE-
HUS paHee.

st 3apsizKeHHbIX JacTUIL Mepexo] K caydaio (hepMIOHOB 6€3 aHOMaTbHO-
o MarHUTHOI'O MOMEHTa TOXKe TPUBHAJIEH: 2 — Y, 9YTO IMPUBOJUT K CJEIYIO-
UM BbIpakeHusaM Jijisd pyaxmmit F:

Fn(y, 2)|g20 = Fn(2z — y) = y coth(y),

Y cosh(y) + Q—y} : (72)

FE(?J: Z)|q7é0 - FE(Z — y) - BTh(y) Sinh(y)

OTMmernM, 9TO COIOCTaBJIEHIE JAHHBIX BBIPAyKEHUII ¢ Pe3y/IbTaTaMu, MTOJIy-
YEeHHBIMI IIPSIMBIM BBIUMCJIEHIEM He CTOJIb 0ueBHAHO. OJHAKO C yIeTOM pa-
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BeHCTBA §y = ©/20b; MOXKHO 1OKa3aTh, YTO OHU JIEHCTBUTEIBHO COBIIAJIA~
10T. AHAJIOTMYIHBIM 00Pa30M MOYKHO ITOJIYYUTh COBIAJICHIE OOIINX BbIparKe-
Huit 1t byHKIM F', ecyin BOCIIONIB30BATHCS JIONOJHUTE/IBHBIM PABEHCTBOM
z = y+ x. Takum obpasom, Bbipazkenusi (65)-(69) MO3BOJISIOT €AMHOOOPA3HO
OINCATH OCHOBHBIE TEPMOJIMHAMIYECKUX CBOMCTBA JIIOOLIX (hDEPMUOHOB C I10-
JIYTIEJIBIM CITMHOM B MarHUTHOM II0JI€.

2.3. Hekoropnble TepMOogMHAMUYECKIE COOTHOIIIEHUS
IIJIsI 00JIBIIMAHOBCKOT'O ra3a

PaccMOTpUM HEKOTODbBIE TEPMOMHAMUYCCKIE COOTHOIICHUST /I HePeJIsi-
TUBUCTCKOI'O OOJILIIMAHOBCKOTO ra3a, KOTOPBIE CICAYIOT U3 MOJIYYeHHBIX Bbl-
e BoIpazkenuii. B madasie pasjesia OpuBeJeM U3BECTHBIC OECIIOIEBLIE COOT-
Hotenust. Tak, HerocpeacTeeHHo u3 (44) u (46) cieyer TepMUYECKOe YpaB-
HEHUE COCTOSHUS ras3a:

P = NyT, (73)

a u3 (44) m (45) — BbIpakeHnue it CpejiHeil HEPEJIATUBICTCKON SHEPIuH,
IPUXOJSNICHCA HA OJHY YACTHILY:

=°T 74
N, 2 (74)

OrMernM, 9TO MOCJIE[HEEe PABEHCTBO, 10 CYTH, TPEJCTABIsICT U3 cebsi Kajo-
puveckoe ypasHerue. [109ToMy puBe/ieHHbIE COOTHOIIEHNUS TO3BOJISIOT T10JI-
HOCTBIO OIUCATH HEPEJATHBUCTCKUI GOJBIIMAHOBCKIN Ta3 B TEPMOJIMHAMII-
4eCKOM MOJXOJIE, UTO 0OCYZKIAT0Ch BO BBepenn.

Jasiee paccMOTpUM, KaK 9TH COOTHOIICHUST H3MEHSIOTCs, €C/TH Ta3 HAaXO-
JTATCsT BO BHEITHEM MArHUTHOM 110J1e. KKak ObLI0 TTOKa3aHO BBIIIe, BHIPAYKEHUST
st KouneHTpain (65) u gasienns (67) GepMUOHHOrO rasa B 9TOM CJIy-
qae u3MeHsttorcst. OJIHAKO M3MEHEHUsI STUX BEJMYNH ONPEJIe/ISIOTCsT OJIHO
u Toil ke (yHKIweir Fly, mosromy oHu oguHakoBbl. OTCIOa CIelyerT BazK-
HBII TPAKTHIECKUH BBIBOJ], YTO TEPMUYECKOE YPABHEHIE HEe MEHSIETCS JIazKe
ecyin (PepPMUOHHBI Ta3 HAXOUTCA BO BHEIIHEM MATHUTHOM IOJIE:

JlaHHOE COOTHOIIEHNEe HETPUBUAJIBHO U HapyllaeTcs Korja, (epMUOHBI CTa-
HOBATCS PEJIATUBUCTCKUM. TeM He MeHee J/isd HEPeIATUBUCTCKOTrO Ta3a Jlaxke
B MAarHUTHOM I10JIe JlaB/ieHne Tpu (PUKCUPOBAHHON TeMIlepaType Ompeieis-
eTcd JINIIb ero KOHIEHTPallneli.
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CpejiHsisi HEPEJISITUBUCTCKAS SHEPIUs, TPUXO/ISIIAsICA Ha OJHY YaCTHUILY
depMuroHHOrO Ta3a, 3aBUCUT OT MATHUTHOTO M0JIA O0JIee CJI0KHBIM 00Pa30OM.
B obmiem ciiydae oHa onpejie/isieTcsi BbIpaykeHneM:

E.p  3Fg(y,2) 1 cosh(y) sinh(z)
- T = |z 4y 00 S 76
Nop  2FN(y, 2) 2 Ty sinh(y) y cosh(z) (76)

[ToBegenne maHHOl BeJIMYUHBLI IPU JOCTATOYHO CHJILHOM MATHUTHOM IIOJIE
coorBercTByeT |y| > 1 u |z| > 1, Tak Kak 0ba 9TH mapameTpa MTpONOPIU-
OHaJIbHBI HallpsizkeHHOCTU. OTHAKO OOINMIT 1Ipejies TaKIM 00Pa3oM oIy deH
OBITH HE MOXKET. DTO CBSI3aHO C Te€M, UTO eC/ii (DEPMUOHDI ABJISIIOTCS He3apsi-
JKeHHBIME, TO JIJI HUX npu jobom MarauTHoM rnose y = 0. CiemoBarebHo,
B 9TOM CJIy4ae IOJIyIaeM:

E.p 3 sinh(x)

= |Z— x|\ T ~ (3/2—|z|) T =3/2T — |ky|B. (77)
Nupl,—o L2 cosh(x) 2|1 ( )

Kak BuiHo n3 JanHoro BeIPaykKeHus, B MArHUTHOM I10JI€ SHEePTH He3apsarKeH-
HOTO (PEPMHUOHHOI'O r'a3a BCErjia MeHbIe, YeM B OeCIloJIeBOM CJIydae, a ca-
MO OTKJIOHEHUE OIpee/IdeTcs MOLyJaeM aHOMaJbHOIO MArHUTHOT'O MOMEHTA.
JIs1 3apsizKeHHbIX JaCTUIl B IIpejiesie CUILHOTO OIS Oy YaeM:

EnB
Ny

~ (1/2+ |y| = |2]) T =T/2 — 0k.B, (78)
Blgz#0

rjle B IIOCJIEIHEM PaBeHCTBe IIPeIoJaraeTcs, YTO COOCTBEHHBIN U IOJIHBII
MarHUTHbIE MOMEHTBI UMEIOT OJIMHAKOBBII 3HaK. Kak MOKHO BHJIETb U3 I10-
JIYIEHHOT'O BBIPAyKEHUsI, JIJIsi 3apsizKEHHOTO Ta3a 0e3 aHOMAaJIbHOTO MAaIHHUT-
HOT'O MOMEHTa SHEPIHusl OKa3bIBAeTCsl B TPHU pasa MeHbIIe OECIIOJIeBOil. DTo
MOXKHO HHTePIPETUPOBATh, KaK HaJUUINe JIUIIb OJHON CTelleHr CBOOO/IbI Y 3a-
PSI2KEHHON YacTHIbIl B CHJIBHOM MAUHUTHOM I10JI€, KOIJIa IIOIepEevHOe JIBU-
JKeH#e IpakTudeckn orcyTerByer. [l gacTuil ¢ aHOMaJIbHBIM MarHUTHBIM
MOMEHTOM OIIPEJIEIAIONIIM ABJISIeTCsS] 3HAK BEJINUUHBI OK,. HCIH OHA II0JIO-
JKUTEJIbHA, TO SHEPIUs ra3a B MAarHUTHOM I10J1€ YMEHbIIAeTCsI, a eCJI OTPUIla-
TeJIbHA, TO PacTeT 110 CpaBHEHHIO ¢ OecIiojieBbIM 3HadeHueM. B 3ak/iodeHue
OTMETHM, UTO HEPEJISITUBUCTCKAsI SHEPrus (DEPMUOHHOTO T'a3a ¢ IOJIYIIE/IbIM
CIIMHOM B CHJIBHOM MAIHHTHOM II0JI€ MOXKET CTaTh OTPULATE/IbHO. XOTs 3TO
1 HeOOBIYHO, HO He IIPOTUBOPEUNT KAKUM-JINO0 (DyHIaMEHTAIbHBIM 3aKOHAM,
TaK Kak II0JIHas SHEPrusi, BKJIIOYAIOIAsd MacCy IMOKOs, B 9TOM CJydae OCTa-
€TCsl TI0JIOZKUTEJIbHOI.
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3. Brprauciaenns TepMOANHAMNYIE€CKNUX BEJINYNH

[ajiee npuBejieM HPUMEPHI OJIPOOHBIX BBIYUCAEHUN /I KOHIIEHTPAIINH,
IJIOTHOCTU SHEPIUU U JiaBjeHus rasza. Paccmorpum jiBa Hambosiee 1okasa-
TEJIbHBIX CIydast — OOJIBIIMAHOBCKNN HEPEJIATUBUCTCKUIN ra3 ¢ IPOU3BOJIb-
HOIl CTATUCTUKON 1 aHAJOIMYHBIN ra3 (pepMHOHOB BO BHEIIHEM MarHUTHOM
noJie. IlpuBejieHHbII 3/1€Ch TEOPeTUIeCKUil TIOX0/] K OIIPeIe/IeHNI0 TEPMOIN-
HAMUYIECKUX BEJIMYNH OCHOBAH Ha MOHSTUM G-MepHOro aszoBoro oobema. On
SIBJISIETCST MeHee OOIIUM, UeM H3JI0yKEHHBIN BBIIIe, TaK Kak He 00/1a1aeT sIB-
HOIl MHBAPUAHTHOCTHIO (KOBAPUAHTHOCTHIO). OIHAKO JTAHHDII METO/] BEChbMa
JaCTO HCIOJIb3yeTcsI KaK B y4eOHOIl, TaK M HaydHOIl jTepaTrype, M0ITOMY
JIUIsT TIOJTHOTHI OH OBLI BKJIIOUEH B M3JIOZKEHUE.

3.1. Ta3z B OTCYTCTBUHN MAaIl'HUTHOI'O IIOJIA

Pacemorpum sement 6-mepHoro ¢pas3oBoro oobema, KOTOPbIil 00beJimHIeT
B cebe 0OBIYHOE U MMITYJIbCHOE 3-MepHbIE TPOCTPAHCTBA!
Az d®p

To=2_ o (79

S

rjie 10j » . IIOHUMAEeT CyMMHDOBAHHE 110 BCEM CIIMHOBBIM COCTOSIHUSAM da-
crutipl. Hammaue jgononnurebHOr0 Ko3uimenTa cBI3aH0 ¢ COOTHOIIEHN-
eM HeOIpe/IeIEHHOCTH Ha KOOPJAWHATHI 1 KOMIIOHEHTHI NMITYIbCa TacTUIIhL:
Ax;Ap; > 2. Takum obpasom, dx;dp;/(2m) coorBeTCTByeT MUHUMAJBHHO
BO3MOXKHOMN JIJIT KBAHTOBLIX CUCTEM sdeiike (ha3oBoro obbeMa 10 KarkJIoil
n3 koopauHat. [Ipu Takom BbIOOpe KoabpuImenTa oiHodacTuIHas PYHKITIS
pacrpejiesieanst f mprodpeTaeT MPOCTO BEepOATHOCTHBIN CMBICT, & MUMEHHO
JIJIsl CUCTEMBI U3 OJIHON YaCTHUIIbI OHA OIIpeJiesiseT BEPOsITHOCTD ee HaXOK/le-
Hus B ajieMenTe ¢a3oBoro oobema dl'y. Tak Kak BepOATHOCTL HAXOXKICHUST
JaCTUIBI XOTh B KAKOM-TO COCTOSIHUM PaBHA eIUHUIE, TO JJIs cucTeMbl 13 N
JACTHUIL UMeeM CJIEJTyIoIee YCI0Bue HOPMUPOBKIU:

¥

rJle UHTErpupoBaHue U CyMMHUPOBaHUE I UJeT Mo BceMy (haszsoBOMY ITPO-
CTPAHCTBY, BKJIIOYAs CIUHOBLIE cocTosinus. OTMeTuM, 9TO JaHHas HOPMU-
POBKa CIpaBe/IINBa, JUIIb [IPU OTCYTCTBUN KOPPEIAIUil MOJOXKEHUS OTAE/Tb-
HBIX 9aCTHI] B (pa30BOM 00'bEME, TO €CTh B IIPEJITOJIOYKEHNN, YTO BCE JaCTHUIThI
JIBUTQIOTCH HE3ABUCUMO.
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N3 YCJIOBUA HOPMUPOBKU CJIEAYET, YTO KOHIEHTPallA 9aCTHUIl I'a3a OIIPeE-
deJIdeTCd CJIEeAYIOIUM BbIPpazKEeHUEM:

Zﬁ fdly = EoE V /f >z d®p. (81)

Hastee OymeT paccMaTpuBaTbCst ra3 B COCTOSTHUN JIOKAJIBHOTO TEPMOJIMHAMU-
YecKoro paBHoBecus. Kak obcyzK1a10ch BbIle, 00beM V' B 9TOM ciiydae Bbl-
ObupaeTcss TakKUM 00pa30M, ITOOBI OH COJIEPXKAJT JIOCTATOTHO OOJILITIOE TNC/IO
gactun, N, HO MaKpPOCKOIIMYECKHE MapaMeTPbl B HEM IIPAKTHYECKH He Me-
namick. Torna unTerpuposanye 1o d>r CTaHOBUTCS TPUBHAILHLIM H AT

1 3
Ny = o Z / fd3p. (82)

Kak ormeuasiocs Beimie (10), B crcTeme mMoKost CpeJibl paBHOBECHAsT (DYHKITHSA
pacrpejie/ieHns eCTh:

1
exp(po — p) /T] £ 1’

rjae pg = v/ p? + m?. Taxk Kak sHeprus B 3TOM CJlydae 3aBUCUT JIAIIL OT MO-
JIyJisi UMITYJIbCA, TO Jajiee B UMITYJILCHOM IPOCTPAHCTBE YI00HO mepeiiTn
B c(heprIecKyIo CHCTeMY KOOPMHAT. DTO TO3BOJIAET Cpa3y MPOUHTErPUPO-

fo= (83)

BaTh 110 YIVIOBOIl YacTH pacipejescnus dactuil dop = dQp’dp = 4np’dp.
Orcrofa ¢ y4eToM CyMMUPOBaHUsI 110 CIIMHOBBIM COCTOSIHUSIM J1JIs1 KOHIIEHTPa~
[N TIOJIydaeM CJejyoliee o0iee BbiparKeHue:

o0

Ny = Y p~dp | 4
27T20/e><1:>[(\/p2+m2 —p)/T]£1 e

B,ZLGCI), KaK 1 paHee, 110 g IOHUMa€TCdA YUCJIO CIIMHOBBIX COCTOJHUIT YyacTu-

bl JIJ1s1 JaabHeAInX BeIYUCIeHN epeiijieM K 0e3pa3MepHBIM BeJIMINHAM:
UMITYJIbCY 2 = p/m, XUMUYIeCKOMY noTeHnnany a = pu/T u obpaTHoii Temire-
parype A = m/T. B ux tepMuHax moJydaem:

3oo 2d
gm z“dz

No —
07 o2 / exp[Avz2+1—a|l+1

(85)

Jlasee Bocmosib3yeMcest pubJImKeHneM OOJIBIIMAHOBCKOTO rasa (42). B nan-
HOM IIpeJieJie BbIparKeHue JIjisi KOHIIEHTPAIUN YIIPOIIAeTCsl U IPUHIMAET BIL;
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Nom 2T [ 2 AV2+144a)d 86
il I exp ( — 224+ 1+a)dz. (86)
0

[Ipubnmzkenne HEPEJIATUBUCTCKOTO ra3a z < 1 1O3BOJIsIeT pa3IoKUTh Oe3-
pasMepHyIo 3Hepruio B psij Teitopa:

V21142224 .. (87)

OrpaHuYuBIINCH IEPBbIME JIBYMsI “4IeHaAMH B JAHHOM pa3JI0yKeHUH, 0JIyvda-
eM cJIeJlylolee BhIpayKeHne Jjis KOHIICHTpaIun 00IbIIMaHOBCKOTO HEpeJIsiTH-
BHUCTCKOT'O Ta3a

3 7 A
Ny~ N,y = I a=n / 22 exp (—5 22) dz. (88)

OTMmeTnM, 9TO pasjioyKeHue JJ0 BTOPOro HMOPsiKa B JIaHHOM CJIydae HeoOXO -
MO JIJI COXpaHeHnd CXOIMMOCTH UHTerpaJja Ha BepxHeM npeaene. s mann-
HeHIMX BBIYNCACHUIT MOXKHO HCIIOIb30BaTh nHTerpas Jitaepa-Ilyaccona:

(0. ¢]

2 1
/6_62 dz = 5 % (89)
0

Ecin npoauddepeHnpoBaTh JaHHOE COOTHOIIEHHE 110 IapaMeTpy [3, TO Io-
JydaeM HHTerpaJi, HelocpeJCTBEHHO BXOJISINNI B BbIpayKeHue JIJIsi KOHIICH-
Tparn (88):

(0.9]

2 1
/22 e P dz = 1 VT 32, (90)
0

Taxkum 06pa30M, OKOHYaTEJIbHO IJId KOHOEHTPpaIlun 6OJIBU;M&HOBCKOI"O Hepe-
JIATUBUCTCKOI'O I'a3a B CjJy4dae OTCYTCTBHA MalHUTHOI'O IIOJIA IIOJIyYa€EM:

3 a—A 3/2
_ogm’ e B m_T @—m
OTmeTnM, 9TO OTCIO/Ia MOYKET OBITH TOJIyUeHa OIeHKa Ha 3HAYCHWEe MAKCHU-

MaJIbHOI KOHIICHTPAINN:

) mT 3/2
Nyp=49g (g) 3 (92)
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JI0 KOTOPOH HMCITOJIb3yeMoe TpuoInzKeHne 00JILIIMaHOBCKOIO Ta3a OCTAEeTCs
CIIPABE/JINBBIM.

Tax Kak sHeprust Bcex 9acTHll, HaXOISIIIXCs B JIeMeHTe (ha30BOro odbe-
Ma dI'y, aBJsgeTcsa oJMHAKOBOI, TO, CJIe/lys BBIIEU3I0yKEHHO JIOTUKE, TTOJTY-
JaeM cJIefyrolnee onpe/jiesienue IJI0THOCTU SHEPruu ra3a:

Ey = %ipo fdly = (2;)3 > / o f d’p. (93)
Ty 5

[Tocie maTErpUpOBaHUA 110 YIVIOBOI YacTU paclpeaceHId MOoIydaeM CaeTy-
1olee odIIee orpejiesieHe JIJisd IJIOTHOCTH SHEPIUM:

oo

B =Y / PP+ m?dp | (94)
272 | xpl(v/p + mE — /T £ 1

B 6e3pasmepHbIX TIepeMeHHbBIX JIaHHOE BbIpayKeHne MOXKeT ObITh ITpejIcTaBIe-
HO B CJIeJIYIOINIEM BUJIE:

B _gm? 2222+ 1dz
07 o / exp[AV22+1—a]£1

ﬂaﬂee BOCIIOJIB3YEMCA TEM, 9TO I'a3 ABJIACTCA 6OHBHMaHOBCKl/IM " HepeJld-

(95)

TUBUCTCKUM. KaK W 1pM BBIYUCIECHUN KOHIEHTPAIINNA, OIPAHUYINMCS JIUIIb
IEPBBIMU JIBYMsI WIEHAME Pa3jiozKeHus sHeprun (87), OTKy/ia MoJIydaeM:

1 iy 2 A
B, = % ea_A/z2 <1 + %) exp (—3 22) dz. (96)
0

Kax MOKHO BUJIETD, B JIAHHOM BBIPazKeHUH OJMH U3 HHTEIPAJIOB PACCMATPHU-
BaJsics paree (90), a Bropoil MozkeT ObITH TOJIyUeH u3 Hero uddepeHIumpo-
BaHUEM II0 IapameTpy [3:

(0.¢]

/24 e P dz = §ﬁ5_5/2. (97)

0

Ey

Q

C Y49€TOM 39Tux COOTHOIIIEHUIA I[moJgrydaceM CJICAYroHiee BbIpazKE€HUE IJId IIJI0T-

HOCTU SHepFI/H/I 60ﬂbHMaHOBCKOFO HepeJI?{TI/IBI/ICTCKOFO ra3a.
g m4 ea—A

Ey = (2m) AFE [A+3/2] =

mT\ > W—m 3
=g|— — =T .
o(5r) oo (7))
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13 Hero BU/HO, UTO MJIOTHOCTH SHEPIHH MOYKET OBITH BhIpazKeHa depe3 KOH-
nerTpanmio dactui (91):

Eno = Nyo|m+3/2T], (99)

[IpUYeM IEePBOe cJlaraeMoe COOTBETCTBYET Macce IOKOs ra3a, & BTOPOe — €ro
HEPEJIATUBUCTCKOI SHEPTUN.

Omnpejiesienne JaBaeHns B PacCMaTPUBAEMOM IIOJXO0J/Ie He CTOJIb OYeBU/I-
HO0. OJIHAKO OHO MOZKeT ObITh IIOJIYYeHO, HAIIPUMED, KaK yIBOCHHAsI IIPOEKIHSI
IIOTOKa, UMIIYJIbCa Ha HeKoTopoe HalpaieHue. Oryckasi 10J1poOHOCTH, IPU-
BeJIeM JIMIIb KOHEYHbI pe3y/ibTar:

1 P’ 3
= — g — fdI' g — fd’p 100
To

13 obiriero onpe/iesienns JaB/IeHns 110C/Ie HHTETPUPOBAHMS 110 YTIJIOBOI YacTu

pacupenesJacHnd 1 CyMMUPOBaHMs 110 CIIMHOBBIM COCTOAHMAM I1OJIYYa€M:

P =L / P dp . (101)
07 /p* +m? expl(V/p? +m? — ) [T] £ 1

B 6e3pasMepHbIX IIepeMeHHbBIX JIaHHOE BbIpayKeHNe MOXKeT ObITh ITPeIcTaBIe-
HO B CJIeJIYIOIIEM BHJIE:

dz
6772 \/,22 1 exp[Avz2+1—a] £

(102)

JlasbHefmuil mepexoy K HepeJIATUBUCTCKOMY IIpejiesly TpedyeT HEeKOTOPBIX
nosicnennii. Kak ormMedasioch BBIIIE, pa3/IoyKeHNe SHEPTUN B ITOKa3aTe e IKC-
MIOHEHTHI JI0 BTOPOro Hopsijika (87) Tpedyercst jijisi COXpPAHEHUs CXOINMOCTH
nnrerpaja. OcrajibHas 9acTh IOJbIHTErPAJIbHOIO BbIPpayKeHUsI MOXKET ObITb
pazJIozKeHa JINIIb J0 IePBOrO MOPAIKA:

A2+t (103)

TaK KaK B HEepPEJIATUBUCTCKOM TIpejiesie CeyIonuil 1ien OyaeT j1aBaTh Ma-
ayto ~ T'/m nonpaBKy K OCHOBHOMY BbIpazkeHuIo. [Ipn HeoOX0mMoCTi MOK-
HO y4ecThb 1 0oJjiee BbICOKUE UeHbl pasyioxkeHust. COOTBETCTBYIONINE MM HH-
TerpaJsibl JIErKO BBIUUC/ISIOTCS ¢ HCHOJIb30BaHUEeM cooTHomeHus (89), mpo-
nnddepeHIIpPOBAHHOr0 HYKHOE YUC/I0 pa3 1o mapamerpy (. s mepsoro
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qJIeHa Pa3JIOzKeHNsT BOSHUKAIONTII nHTerpaJt yzke oot cocantan (97). Taknm
O6pa30M, HJI JaBJICHI A 60ﬂbHMaHOBCKOFO HepeJIHTI/IBI/ICTCKOFO ra3sa HOJIy‘{a-
cM CJIeLLyIOHLee OKOH4YaTeJIbHOE BbIPpazKECHHEC!
_ 3/2
q m4 el A mT /

P = —gT [ ==
"= e a9\ on

(104)

Kak u B ciiy4ae IJIOTHOCTU SHEPruu, JaBJIeHIEe TaKzKe MOXKeT ObITh BbIparKe-
HO Yepe3 KOHIEHTPAIUIO JaCTHIL;

Py = Ny T. (105)

()TMGTI/IM7 9TO JaHHOE€ COOTHOIIECHUHE ABJIAETCA, 110 CYyTHU, TEPDMUYICCKUM ypPaB-
HEHuEeM JJIsd paCcCMaTpUBaEeMOI'O I'a3a.

3.2. 3apskennbie GepMUOHBI B MArHUTHOM IIOJIE

Kak ormedaJioch BbIIIE, ONNCAHNIE Ta3a B MarHUTHOM I10JI€ UMEET OIpe-
JIeJIeHHbIe cJIoKHOCTU. [lepBast U3 HUX COCTOUT B IOSIBJIGHUN aHU30TPOIINH,
CBsI3aHHOII ¢ HallpaBJIEHEM BEKTOPa, HAIIPAXKEHHOCTH MAarHUTHOTO 110J1st. O1-
METHM, UTO B I10JIX0JIe, OCHOBAaHHOM Ha (a30BOM 00'beMe, yUeT JaHHOro (hak-
Ta He INpeJicTaBsieTcs Bo3MOoKHbIM. Clie/10BaTeIbHO, MOJIyUYeHHbIE B HEM pe-
3YJbTATHl JIOJZKHBI MHTEPIPETUPOBATHCS KAK IMPOJIOJIbHBIE COCTABJIAIONINE
AHU30TPOIHBIX BEJINYUNH.

Bropasi €/10XKHOCTH COCTOUT B TOM, UTO JIJIg (DEPMHOHOB C IOJIYIEIBIM
CIITHOM OJTHA U3 MOIEPEUHbIX K MAIHUTHOMY I1OJIy KOMIIOHEHT MMIIYJIbCa SIB-
nsiercst Hedpuznmdeckoii. Ijist onpeie/IeHHOCTH IIPUMEM 38, TaKy0 KOMIIOHEHTY
p1. bynem mpejnosararh, 4TO paccMaTpuBaeMasi CUCTEMa UMeeT KOHEUHBIN
pasmep L1, Lo u L3 1o Kaxkjoit u3 oceit. Torna nedusmieckas KOMIIOHEHTa
UMITyJIbCa P OyJeT CBsi3aHa ¢ WHJEKCOM {, HyMepyloluM ypoBHE JlaHjay,
CJIETYIONUM COOTHOIIIEHUEM:

+00

- 21
/...dplzz...L—l. (106)
o (=0

I‘I&HOMHI/IM7 qTOo ,ZL&HHbeI NHIEKC OIIpEeAe/IAeT KBaHTOBaHME ITOIIEPEIHOI'O NM-
[IyJIbCa 1M CBfA3aH C SHepFI/Ieﬁ HJaCTUIIbI COOTHOIIICHMNEM :

gp = \/p§+m2+2qB€, (107)
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rjie ¢ — ee 3apsjl. Tak Kak Ipu JIBMKEHINN KBAHTOBON YacTHUITHI B MATHUTHOM
oJie COXpaHsieTcss Beqndnaa 1 + po/(¢B), To B ciydae, Korja IoJbIHTE-
rpajibHast (DYHKIUS He 3aBUCUT OT Py NUMEEM:

+00 +L1/2
/...dpgqu / ...dry=¢qB... Ly. (108)
—0 —L1/2

Takum obpazom, jijist GePMUOHHOTO ra3a B MArHUTHOM I10J1€ HHTEIPUPOBAHNE
110 pazoBOMy 00bEMY MPUBOJUT K CJIEIYIONIEMY PE3YJIbTaTy:

i Z/ d3ggd3 qszS:Z/ )

I'p

Tak Kax BeposITHOCTHAasI MHTEPIIPETAIUsl OJHOYACTUIHON (PYHKIUNI PacIIpe-
JICJICHUS COXPaHdeTcd U JiJId Ccjydad ra3a B MarHUTHOM I10JIe, TO YCJIOBUE
HOPMUPOBKHU TaKzKe OCTACTCH MPEZKHUM:

N =Y fpdlp, (110)
¥

rae N — gmcno gacrun B cucreme. OTciofia mosydaeM CJIeYIONne oIpeie-
JIEHUsT JIJIsT KOHIIEHTPAIIIN:

sz dl'p = i]o [ dps, (111)
s /=0

0

IIJIOTHOCTH 9HEPI'UM:

Ep = %Z:c”gff; dl'p = ZZ/@]CBCZZ% (112>
s s

=0

n JaBJICHUA B/IOJIb BEKTOPa HAIIPAZKEHHOCTHU MalHUTHOI'O ITOJIA:
Py= YD fpar ZZ/ fodps  (113)
Vv ) B B — B 3-
FB S /=0 0

OtrMmeTnM, 9TO NPUBEJIEHHBIE OIIPE/Ie/IeHNs CIIPABEJJINBBI B TOM YHC/I€ U JIJIsd
depMUOHOB € aHOMAaJIbHBIM MAIHUTHBLIM MOMEHTOM, €CJIMA IO, ¢ IOHUMATD
obIiee BbIpazkeHue Jyist ux sHepruu (22), a cymmupoBanue 1o ¢ 3aMeHUTD
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Ha cyMMHUpoOBaHUeM 110 V. Kak oTMedaJioch BhIIIE, B CIydae OTCYTCTBUsI aHO-
MaJIbHOI'O MArHUTHOT'O MOMEHTa CYMMHUPOBaHUE 110 CIIMHOBBIM COCTOSHUSM
MOXKeT OBITH ITPOBEJIEHO CPa3y U JacT:

Z =gy = 2 — 5075, (114)

S

rae dpr — cumBosl Kponekepa. [lasee ynobno nepeiitu K OespasMepHOMY
IIPOJIOJILHOMY UMILYJIbCY 2 = p3/m U MarHuTHoMy nojo b = qB/m?. B rep-
MUHAaX JIAHHBIX BEJMYMH HepeJdTuBU3M o3HadaeT z < 1 n b < 1. Takum
00pa3oM, SHEPIUsI B 9TOM IIpejieie MOKeT ObITh pasJyioxkeHa B psji Teitmopa:

eo=m\1+22+2b0 =m (14 2%/2+b0). (115)

J/lannoe coOTHOIIEHNE COBMECTHO C YCJOBHEM OOJIBIIMAHOBCKOTO Tas3a JIaeT
myist (YHKIMN pactipejiesierust (23) cyejytoriee BbIpaskeHue:

fp as e Be AP 2 ADL (116)

Takum obpaszom, Jjist KoHIleHTpannu rasa (111) B paccMaTpuBaeMoM Tpejiesie
B 0E3Pa3MEPHBIX IIEPEMEHHDIX 10Ty JaeM:

_ bm® A - —Abe —A2)2 5
Np = We Ze gg/e dz =
(=0 4
) - N - (117)
:Z%e“‘A /e‘AZ /2d2+2Ze_Ab€/e_Azz/2dz ,
0 =1 0

rjie OTJEJbHO BbIJIeJIEH BKJIaJ OT OCHOBHOIO ypoBHd Jlanmgay. OTmeTnm, 910
CYMMUPOBaHIE B JAHHOM CJIydae TPUBUAJIBHO, TaK KaK YJIEHBI Psjia MPe/l-
CTaBJISIOT NeOMETPUIECKYIO ITPOrPECCUIO:

= 1
D e = (118)
/=1

Taxum oOpazoMm, 1mocje CyMMUPOBAHWS 10 yPOBHAM Jlanay morydaeM:

bm3 a—A [ —~A2%2/2 2 i —Az%/2
NB:WG /e /dz+m/e 2dz | . (119)
0 0
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OcraBiiieecss UHTErpUPOBAHIE CBOJIMTCS K YK€ PACCMOTPEHHOMY paHee HH-
Terpay Jitiepa-Ilyaccona (89), uro maer ciemyomuii OKOHIATETBHBINA Pe-
3YJIbTAT JIJId KOHIIEHTPAIlNN ra3a B MAarHuTHOM IIOJIe:

bm? e 5 2
Np = 1+———|. 120

B (27)3/2 AL/2 oAb _ 1 (120)
OTmeTnM, 9TO MOJIyYeHHBIN Pe3ysibTaT MOYKeT ObITh BhIparKeH depe3 KOHIICH-
Tparuio rasa B 6ecriosieBoM ciydae (91). [lociie HebobIIX MpeobpasoBaHuii,
C YYETOM TOTr0, UTO g = 2, TOJIyIaeM:

Ab+ Ab
2 eAb 1|7

Np = Ny [ (121)
OTrmeTnM TakzKe, 9TO 3aBIUCUMOCTD OT MAIHUTHOI'O TI0JIsT OIIPEJIETISIETCs B Pac-
cMaTpUBaeMOM cjrydae GespasmepHoii komOunanueit by = Ab = qB/(mT).

Hasee paccMOTpUM BBIYUCJICHHE TLJIOTHOCTU dHEPrun (hepMUOHOB B Mar-
rauTHOM Toste (112). B mpejesie 60IbIIMAHOBCKOTO HEPEISTUBUCTCKOTO ra3a
oJTyJaeM CJIeJIyIolee BhIpaykenne B Oe3pa3MepHbIX IepeMeHHbIX:

bm* R ~Abl [ 2 ~A22/2
Ep=— 2.7 € Z gg/(l—l—z /2+bl)e 2 dz. (122)
0

Herpynto 3ametnth, 9To nepsoe ciaraemoe B gopmysie (122) ¢ TOUHOCTHIO
110 Ko PUIMEeHTa 1M COBIIAJIAET C BbIparKeHUEM JIJIsi KOHIICHTPAIIUN JaCTHI
B MarauTHOM 1ojie (117). CrietoBaTeibHO, MOYKHO 3aIICATh:

b I :
Ep —mNB+ " e’ AZ _Abfgg/(z2/2+b€) e 272 dz. (123)
= 0

CymMupoBanue 1o yposusiM Jlanjgay B JaHHOM cjiydae 4yTh 00Jiee CJI0XKHO
U COJEPKUT JIONOJIHUTEJILHO PsIJl BUJIA!

Ab

- ~Abl __ €
n=1

CoBmecTHO ¢ BbIpazkeHueM (118) oHO IPUBOAUT T10CII€ HMHTErPUPOBAHUS 110 2
K CJICAYIONIEMY BbIPayKECHUIO LISl TIJIOTHOCTH SHEPrUU:

Ep = m Np +

bm* ev A1 1 2ADbeAb
5T a1 ( (125)

(27)3/2 A3/2 AV —1)?
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OTMeTI/IM, 9TO OHO, KaK M B CJ/Iy49a€ KOHOEHTpaIu, MO2KET OBITD BbIPpazKEeHO
B T€pMHUHaX OCCIIOJICBBIX BeJIMYNH:

NoT [Ab Ab 2 (A b)%eA?
2 2 eAb—1  (ePb—1)2

Ep=mNp + (126)

Boraucienns st gapiernst (113) aHAJOIHYHBL TPEJBIIYIIUM U TPUBOJIAT
K CJIEJIYIOIIEMY Pe3yabTaTy:

00 oo

bm* a—A Ny 2 —A22)2
Pp = 57 e Z e g | z7¢ dz =
(=0 0
B bm4 ea—A - B
o (277)3/2 A3/2 eAb 1|
Ab n Ab
2 eAb — 1

(127)

:NOT[ ]:NBT.

OrmeTuM, 9TO, KaK U B CIydae KOHIIEHTPAIUN Ta3a, 3aBUCHMOCTH ILJIOTHO-
CTH HEPruy U JaBJICHUA OT MAIHUTHOI'O IIOJIsSI OolIpejiesisdeTcs be3pa3MepHOil

koMmOuHarmeit by = Ab = qB/(mT).
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SaKJII0uUeHue

Bormpoc 00 onucannu (hepMIOHHOTO T'a3a B MArHUTHOM I10JI€ UMeeT JOJITYI0
1 OUeHb MHTEPEeCHYo ucropuio. Jarke yuer aHOMaJIbHOI'O MArHUTHOT'O MOMEH-
Ta, KOTOPBI JIOJT0 He MPUHUMAJICS BO BHUMAHHE, OTHOCUTCS yKe K KOHILY
60-x TOJ0B HPOILIOro Beka. HecMoTpst Ha 9T0, aKTyaJbHOCTH TEMbBI 10 CHUX
IIOP COXPAaHSIeTCsI, IIPpUUeM KakK B HAay4IHOM, TaK 1 00pa30BaTebHOM KOHTEK-
cre. B KadecrBe npumepa Xodercst YIOMSHYTb JUCKYCCUM 00 aCUMMETPUH
TEPMOINHAMIYECKIX CBOIMCTB rasa BO BHEIITHEM MAIHUTHOM II0JI€, KOTOPBIE
IPOJIOJIZKAJIICH JlazKe B Hadase 9Toro jecaruierus (cM. [6], kak onnn u3 Ta-
KuX TpuMepoB). OTMeTuM, 9TO J0 CHX HOpP OCTAeTCs aKTYAJTbHBIM BOIIPOC
0 TOM, KaKoil MeTo/1 oIrcannsi GpepMUOHHOIO ra3a B CJlydae MarHUTHOI'O I10-
JIsl BJISIETCs] IIPABUJIBHBIM U MOXKET OBITH IPUMEHEH JJIsi OOIIEero CJrydast
PEISITUBUCTCKIX YaCTUIl. B 3TOM aciekTe XoTe0ch Obl OTMETHTD HEJIABHIONO
cTaThio 5], B KOTOPOil TMOJIyUeHe TepMOJANHAMIIECKIX BEJNINH OCHOBAHO
Ha TOYHBIX pelnieHustx ypapHennsi Jlupaka B maruutaoM moje. [lo MHeHHIO
aBTOPOB, 9TO IIYCTb U CJIOXKHBI, HO Oojiee aKKypaTHBI METOM, YeM JIPyrue
BCTpevalolyecs: B Hay4dHoil jinreparype. OTIe/bHO XOTeJI0Ch Obl OTMETHUTD
MPAKTUIECKH TOJIHOE OTCYTCTBHE ITOJXO0JI0B K OIUCAHNIO (DEPMHOHHOIO ra3a
B MarHUTHOM II0JIe JIJIsI CJIydasl CHJIbHON I'DABUTAIMHU, IIPUTOM YTO JIaHHASI
1pobJieMa, SIBJISETCS BeChbMa aKTyaJIbHOI 1 BOCTPEOOBAHHOI B COBPEMEHHBIX
acTpPoU3NIECKUX IIPUIOXKEHNAX, HAIIPUMED JIJIs cJIydasi HETPOHHBIX 3BE3/I.

ABTOpBI HCKpeHHe HAJEI0TCsI, UTO JAHHBI KOMIIEHIUYM OVIeT I0Je3eH
quTaTe/siM BO MHOTHX aclieKTax. Hampumep, ero MOXKHO HCIIOJIb30BaTh KaK
IIPOCTOI1 CIIPABOYHUK, UTO OyIeT yIOOHBIM P PElIeHUs] MHOI'UX IIPaKTUdIe-
ckux 3aja4. OHAKO MbI OyJIeM pa/ibl, €CJIU JaHHOE TI0cobre OMOXKeT ITybrKe
HOHSATH JIAHHYIO TEMaTUKY U IOCIYKUT CTHUMYJIOM JIJIsI ee JaJbHefIero n3y-
YeHUs.
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