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YIX 539.1I. M-16
41{5:583‘01:1;[@ COBPEMEHHWE ITPOBIEMH CIIMHOBOH IVHAMVEY: Ipempeer UTD

@,C.IxenapoB - M., 1998 - I6ec.

Ob6cyxnaeTca pan obmiEx HpobieM CIMHOBOH KEHAMMKY, CBA3AHHEIX C IPONECCAMH, NO-
CTYHHEIME JJI4 HCCIENOBAHAA KAK CTAHAADTHRIMHA METONaMA MargaTHOrO pe30HaHCA, TAK H B
pamxax $-IMP cmexrpockonma. B qacTHOCTH, PACCMOTPEHH: a) MPOCTOR & NOYYATEIbHEE
OpuMep 3ProXEIeCKOR TeopeMmsl i1 NPEMEeCHBIX CIWHOB; §) Ipomecc smepHOE pelakcamum
Jepe3 HapaMarHUTHHEC OPEMECH B CHCTEMAX C ]IpOEBBOJILHOi Pa3MEPHOCTEIO K npoﬁneua no-
CTPOCHES COOTBETCTBYIOMICH TCOPHE CPEIHEro NOJIL; B) IPOUEcCH THIIA CIEHOBOM nxddysmn
B HEyNOPANOYEHALIX CECTEMAX B I') HOBHE METONH KJIACTEDHEIX PaslOXEHME JUIS ONHCAHUA
KRHETHKH MarHATOPa30aBIICHHEIX CPexR.

Number of general problems in spin dynamics are discussed, which can be studied
experimentally by methods of conventional magnetic resonance or by 8-NMR. spectroscopy.
There are discussed particularly: a) simple and instructive example of ergodic theorem for
system of impurity spins; b) process of nuclear relaxation through paramagunetic impurities;
c) spin diffusion like processes in disordered systems, and d)} new methods of cluster
expansions for description of kinetics in magnetically diluted media.

CIOACOK JAT. — 47 HapM.

(:) VHcTATYT Teoperpdeckol m axcnepumeﬁTansnoﬁ dmamka, 1998



1. Brenenwune.

Cpenaz HepemeRHERIX TpobneM yHIaMeHTAIBHOR DUINKE 3a0adH CTATHCTHIECKOR Mexa-
HEKE BEIJEISIOTCS CBOEMY IMWPOYARIINME NPANOKECHUAMHE MNOYTH BO BCeX 00JIacTAX 3HAHHA
n, ocoberHo, B Xumun w 6monoruy. ONEO M3 BAXKHEHINUX HANDABICHAR 34ECH — BHIABICHUE
B yTOUHEHMe CBa3el MeXINy NWHAMEIECKMMM (MEKPOCKOOEYECKEME) IOCTPOCHEAME K MaK-
podmsuxol. HanoMa®EM B 5TOH CBA3E O 3HAMEHWTOR 3ProA¥TECcKOl PANOTE3E ¥ OTMETHM, YTO
yxe Gojlee TPANMATHA JieT B JHTEPATYPE COCYINECTBYIOT IPOTHBONONIOXHEIE TOUKH 3DEHHT
Kak Ha CTEIeHBb ee JOKA3AHHOCTE (cM. Hampmmep [1-7]), Tak K Ha ¢aMy BO3MOXHOCTE IIO-
CTPOCHHSL TEOPHE HEOOPATHEMEIX NPONECCOB Ha 6ase IMCTOM MEXAHWKE B PAMKAX H3BECTHHIX
B3amMomeiicrerit (6,7].

CunproBad ARHAMUMEA 3aMedYaTelbLHA TEM, YTO B HEll MOCTMCHYTH Hamboslee BIEYATIIAIO-
[@¥e yCUeXE B HOCTPOESHEN HOCAEAOBATENHHOM MEAKPOCKONMYECKON TEOPHY B B HORAMAHYYE Ha
ee OCHOBe Makpomponeccos. Tax, Hampumep, eme B 1970 r. 6810 peasm3oBaEO obpalneHEe
5BOJIONWME (OMOJOXEHEE) ANEPHHX CORHOBHX cEcTeM [8,9]. CymecTBemHO, 4TO 3TH CHCTE-
MBI SBJISIOTCA TEPMONUHAMMYECKHMY B TOM XK€ CMHICJE, B KAKOM BOOOIIEe TepMOnBHAMEKA
OpEMERVMa K MarEeTHKaM. B 9acTHOCTH, B HEX OORapyXeHH B HOJIHOM COOTBETCTBHE C
paBHOBeCHOH Teopued ['mb6ca, mapaMarBuTHOE, GeppPOMArEATHOE ¥ AHTHGEPPOMATHETHOE
cocTosHuA ¥ $a3oBHe Iepexomk Mex Xy Ramu [10].

C 3ECIepMMEHTAILHOR TOUKH 3DEHHS YCHEXH CUMHOBOE AMHAMEKN ofyCJIOBIICHH H B3a-
EMOCBA3AHH C OIIeCTAIAM OPOrpeccoM B TEXHNWKE MArHMTHOIO PE3OHAHCA, KOTODEIA CTal
ONHMM M3 OCHOBHAIX METONOB NOJYYeHHS CTPYKTYpPHOR mEdopManme B ¢u3MKe, XUMHEHA H
6mosorum [9-11]. B TeopeTHueckoM Xe aHATH3E CYIMECTBEHHO, UTO COMHOBHE IOACHCTEMEI
BECHMa YaCTO XOPOIIO OTXEIEHE! OT APYTHX CTEHeHel CBOGONH B BemmecTBe B PAX 3iEMEETap-
HHX 33039, TAKEX HAOPEMEP, Kak OpobiieMa Tpex Teil, BOLYCKaloT aHAMTHIeCKOe PeUleHue.
CyluecTBEeRHO TakXe, 9TO BO MHOTHMX MHTEPECHAIX HpobileMaX CIUHOBasS TE€MIEPATYpPa HOY-
T GeCKOHEUHa M NO3TOMY DABHOBECHEIE COCTOSHWS TPHBHAJLHE, B TO BPEMSK KAX KMHETHKS
HEpPABHOBECHKIX COCTOSHME BechbMa 5OTaTa ¥ CIOXHA.

Bera-AMP cnekTpockomast XOpowio BIHCHBAETCE B 3TOT NOTOK ECCIICAOBAHME, OCKOIIb-
Ky, C OOHOM CTODOHEI, B HE¥ MOXHO DeaTu30BaTh BCE METONEI, PA3BATHE JIi OOHTHOrO
SIMP, a c npyro CTOPOHE, OHA IPMBHOCHT HOBHIE BO3MOXKHOCTY MUIS SKCHEPAMEHTAILHOTO
H3yUeHNs NPOCTPAHCTBEHHO BPEMEBHOR NEHAMEKN NPONECCOB mepeHoca [12].

B xamsO# pabore GyReT pacCMOTPEH DAl B3ARMOCBS33HHEIX NPOOJIEM CIMHOBON TAHAMM-
K¥ ¥ CTAT(HINKK, KOTOPHIE, IO MEEHNIO ABTOPA, BaXHHl N4 NOHEMAHAS HEKOTOPHIX ofnmux
TeHJCHIWH PA3BATHSA CTATECTAYCCKOA MEXAHHKA H /IS MOXCKA BOSMOXHEIX OyAymimx mpmio-
XeHuil B 3TOM HampasieHEE xak wig Seta-AMP, Tak ¥ ms obsraroi IMP cnexTpockonmu.

2. Dproguveckad npobraema.
B mamneelimieM HoZ >proi®YeckOd THNOTE30# Oyner NOHMMATLCA CieAylomee yTBEpXIe-
HHEE: cpefHee N0 OOMBIIOMY HHTepBayy Bpemeny oT moboit HabmionaeMoill BEIMIMEL PaBHO
ee cpefEEMy O KaxoMy ymGo B3 pacupenencuui ['u66ca:

lim3 [ drf(r) = (e (1

CranmapTebi BRHEROA pacupenerenms ['u66ca [13] ocropan ma rEmoTese o KBasmEE3aBH-
CHMOCTHE MaXpPOCKOIWYECKAX HOACHCTEM GONbINOE cucTeMH. JINTepaTypa MOCBAIEHHAS HO-
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OEITKaM IPAMOrO AOKA3aTeNbCTBA 3PTOAMUECKOH THIOTE3H HeoGO3pEMa M 3a9aCTYK) BEChMa
caoxaa. Tepmunonorrgeckne Gapbeprl pasgelgioniEe 3hech GUIBKY B MATEMATHKY IPEe3BH-
9yakHO BEICOKH. JT03TOMY HO/ME3HO DPOCHENETH POJIB OCHOBHEIX HAEH 3Prof@decKodl TeopHu
Ha XaEOM AE00 OPOCTOM K CONEPKATENHEHOM NpOmEcce.

PaccmorpsM ¢ 37O NEAb0 AWAAMEXY UPHMECHHX NEPRHX CIMECB B CIIY9ae, XOrAa
obmas coMHOBaZ CACTEMA SICP MATDHMIE ¥ IPAMECH M30JXPOBANA OT HPOTMX B3AMMONEHCT-
BHJ B KPHCTAJUIE, MATHATHEIE MOMEHTH 4P NPAMECH MEHbIIE, & PACCTOSHES MEXIY HEMA
Gonsiue, 9eM y MATPHIH. B xadecTBe peaaECTEIECKOTO IPHMEDPA 3/ECh MOXHO PACCMOTPETH
cruEoByI0 crcTeMy amep %7 Ag m °F B xpacranne AgF npz oforamenwmu ero msoromom 1% Ag
(ecTecTsennoe conepxanue msoronor %7 Ag u % Ag npuMeprO oxEEAKOBO). llpyroil mpmMep
(o1 KOTOPOTO OCHOBHEIE MECATH3ANEH, 0OCYKAaeMEE HEXE, BHIIOJHEHN HECKOIBKO XyIXKe)
— cimmEopas cacTema agep SLi ~8 Li » LiF.

ToncucreMa nmpaMecHsx comwoB I, k =1, ..., N, He 3aMxHyTa, ¥ ee AWNOJBHAA SHEPLEL
He coxpamserci ONHAKO, HONCACTEMA MMEET APYIO# RRNHTEBHEIA HETErpDall JBUXCHES —
2-KEOMIIOHEHTY TOJIHOTO MOMEHTa —

L=%I @)

I03TOMY MOXHO OXEZATh, ITO B THINIHHX YCIOBEAX (KOTNa HENOIBHAL TEMIEPaTypa K
TEII0EMEOCTD TEPMOCTATA (CUMHOB MATPEIEI) GeCKOHETHH), cTapTys ¢ moboro gmsmaec-
K¥ PEAJHIYEMOTO PACHpPeReIeHRd, NONCECTEMS C TeYeHNMEeM BPeMEHE IPUICT B PABHOBECHE,
ONACHBAEMOE KAHOHHIECKAM PACHpEIETICHAEM

pPe = e.xp(@ —¢LL). (3)

3necs, xax obnreno, P u § onpenensmorcs w3 yoiosuit Trp = 1w Trl,p =< I, >. llns omuca-
HHA 3TOTO MPONECCA MOXHO HPEMERNTH TEOPHIO, PasBETYIO B pabore [14]. MaTeMaTruecxas
MOJeJIb, JIEXAasd B €€ OCHOBE, HCTONMh3yeT MaMUILTOHEAH

2 1 -
H:Hg-{-Hy_, H[):ij(t)fj, H1 =§Zkajk1;1k’ (4)
J 2
cme I} = I +4lY, Iy = (I})", ap = aordry’(1 — 3cos?9;). Bmecw rjp = rj — 1

— BEKTOP COeAMHAMIONIER couHkl j B k, a ¥z — YTOJ MEXXY Ij; ¥ BHEUIHEM TOCTOAHHEIM
oneM, HAUPABJICHHEM BIONL OCH z. '1aBHOe MOAEIbROE OPEANIOIOXEHRE COCTOMT B TOM, ITO
JokanbEoe ToJie w;(t), Co3naBaeMoe CIEHAME TEPMOCTATA Ha j-OM CITENE NDPHEMECH, KBIAETC
4-XOpPEIMPOBAHHLIM HOPMAJLERIM CTATMOHADHBIM CIYJaliRbIM IIPOIECCOM, T.€.

< wi(O)wn(r) Sa= T%J(t — )i, )

N N t dr
Ultstonfod) =< exp (i) [ dray(r)uy(r)) >a=exp [ Y| [ Frad() 1]
=17t j=1 “t 12
3necs aj(t) — npomssonbHas geircTRmTemeRaf dymxmus. OGCyXneHEme myTek m pesynnLTa-
ToB OboCIIeRns >TEX GopMyn nis ydeTa Gojiee peamucTmiueckmx (riamxmx) $ayxTyanmit
JIOKaIBHKIX HOJIEH conepxuTcs B paborax [14, 12].
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Henocpencrsenno a3 ypaeHenus JInyBumng u ¢popMyn (4) crenyer, IT0 yCpemHeHHAL OO
PIYKXTyamEaM JIOKAIBEBIX DOJiel MATPHNA IUTOTHOCTH p(f) NPUMECHBIX CHEHOB YHOBIETBO-
PACT yPaBHCHAIO

. . 1 "z X
pP= —(R+1L1)p, LlP = [Hlap]) R= 'ZTZZS.‘iv S:i(J = [Ija [Ij!p”' (6)

Eurm dasopag penaxcanmus NpORCXORET BHICTpee, YeM MEPEHOC N0 NPHMECHHM CHEHAM, TO
pp (awarcHasmHaz wacTh p) ymoBieTBopgeT pH t >> T 6onee mpocToMy ypaBHEHWIO [14]

. 1 S p
pp =5 D wall{ Ie, [T 1T poll = —App,  win = 0Tz = wi. (7)
sk

3necs nonpasyMeBaeTcs, 9T0 pp NEATORAIBHA B HPECTABICHAN COOCTBEHHBIX BEKTOPOB Olle-
paTtopos I} B X mpomM3BeleHHE. Y pasuenue (7) upuMernmo, ecnm 3; wiTy << 1 [14]. Ipan-
1

mem, uro Bee [ = ; . Hasomem omeparopmem mpomssememmem (OIT) pamra m omeparop

Cu(j1s - dm) = [I7,'IZ, rhe Bce j, pazmmrume. Cosokymmocte Bcex OII ofpasyer mon-

a=1 “ja)

HH# OpPTOTOHaJILHEIM 6aslic B MOANPOCTPAHCTBE NHArOEAILHHX MaTp¥l wioTHocTH. CoBo-
kyarocts OII ¢pukcupoBaHROrO pasra m ofpasyer m-oe MEBAPHAHTHOE HOLIPOCTPAHCTBO
oneparopa A , HOCKOMLKY

Ac’m(jly"-:jm) = Z Z wil(Cm(jl,---ajm) - Cm(jh -~-,jm l]l - ]:)) (8)
i¢[m] le[m]

3mece [m] ecTh COBOKYRMHOCTE HOMEPOB ji,...;jm , & Cm(J1y--sdm | 1 = Ji) ects OII
Cr(71, -+, Jm), B KOTODOM CIHH C HOMEDOM J; 3aMeHeH Ha j;. CoOTBeTCTBEHEO K03dbdamm-
entH K, (1, .-+, Jm,t) B PAIOKECHRH

1 . . . .
o) =r={1+ Y 3 "2mCrn(31, s ) Kn (G1s - s )}, (9)
T ML Gt rerira
Km(jl) -")jmyt) =< Cm(jl’ '“sjm) >= Trcm(jl’ ---1jm)PD(t)1
rae z;0 = Tr(Cn(j1y -y Jm))?/ T, ymoRIETROPTIOT YpaBHEEHIO
Ka(G1soor jmrt) = —AmKon(G1s ooy ey 1) =

= - E Z u’il(Km(j17---,jm7t) - Km(jl’ '"1jmwt l jl - ]t)) (10)
i¢[m] le[m])

TIpu m = 1 ypasuenne (10) coBuanaeT ¢ H3BECTHHM ypaBHCHEEM CIy4aliHEIX 6iryXmammi

Ki(7) = = 3 wilKi(5) — Ku(d)). (11)
i#j
Bepremca x sprogwueckoit rumorese. IlycTs magansBEOE COCTOARUE BWMEET BEL
3p}

t=0)=(1+—"—
plt=0)=( L +D
Torma MaTpHIla NIOTHOCTH Joboi GOMBINOH, HO KOHEYHOR CHCTeMEl IpH { — 0o mpHMeT

¢opuy

I7)/Trl, p2=TrIzp(t =0). (12)

p(t = o0} = (14 p211,)/Trl, p=p /N, =z =3/(L(J;+1)), (13)
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IOCEONBKY HaYaibaad NOJIAPH3ANAL PABEOMEPHO pasMeniaeTcs Ba Bee comnntl. Ouerxano, 9o
3TO pacmpefeeEEe He coBIaNaeT ¢ rabGeoprm (3). Baxno, wto cocroamas (12) nporssonsr-
ca B (n,7) peakuMsx, B MOXHO NOK&3aTh, YTO 3BOJIONMS, HauUpMMep, B cucTeMe SLi —8 Li »
LiF Taxxe He S5prox@IHa HA ECTECTBCHHEIX BPEMEHaX, IPH KOTOPHX 30HH BOSHEHCTBHES pas-
werx anep 8 Li ne mepexprBaoorca. Ilng npescTaBieHES 0 DOPINKAX CYIIECTBEEEEIX BEIHTIHH,
yraxeM, uTo B o6pasme LiF ¢ Np oc 10?® yanon Li comepxurca Ny < 10° anep 8 Li, waumpm-
pysomux mpomecc, B8 N = c¢Np o 3 - 1072 N, npmmecnrix spep ®Li, 1o X0TOPEM DpOMCXORAT
TepeHOC, IpUYeM 3KCHEPEMEHTANLHEO IPONECC MOKHO OTCHIEHMTH TOJHKO AO TeX HOp, IOKa
HaYaNERAd HONAPM3ANHNS pasMemmBaercs no Np < 10* cmmmam °Li.
IlycTs RaYaNBHOE COCTOSHME EMECT TaK Ha3KBAEMYIO KBaSEDABHOBECHYIO (opury

z 1 L 3p_7 z 0
p(t =0) = exp(® — 25,1 =73 [[ T 1), = —th(;/2), (14)

j=1

HACATBHO COOTBETCTBYIONIYIO OPENCTABACHAN O KBASHHE3ABMCHMOCTH moxcucTeM. Exmmcr-
BeHHOE CTAMOHAPHOE coCcTosHEe ypasHeHHA (10) cOOTBeTCTBYeT PaBHOMEDHOMY Da3Melld-
BaHEWIO BAYATHLHOrO ycionus Ha Bce N, = N!/(N —m)! OII pasra m, moatomy

. . 1 . .
Km(]h '~~:Jmat d w) = Qm: Qm = 'IV_ Z ,Km(Jh --~1.7m;t = 0)' (15)

™ 1y idm

B paccmarpusaemom crydae Kp(ji, ..o, jmit = 0) = [T, 'pS, . B wacrmocra
_ 1
Kl(t—+oo)=Q1=p=ﬁ2pg, (16]

1 1
Ka(d1, g2, t =y =9 — ——(p? —52) = B — 2
2t o) = Q=5 — (P ~F) =P — ;4P
Boobme, ecimm $ o« N9, To

Km(jl)'“ajmyt"* w) :ﬁm'*'o((m— l)/N) (17)

B mrore nmorygaerca pacupelesleHEe, KOTOPOE C TOYHOCTEIO 1o Bemmaua o« O((m —~1)/N)
maneppeix m  OIl me oramramso ot reb6cosckoro. lloxuepkaeM, 9TO XOTS HAYAIEHOE COCTO-
suwe (12) gpasercs YacTHEM cirygaeM dopmyns (14), BEBOIH 06 3PrOAHIBOCTE UOBEAEHES
0Xa3aIMCh TPOTEBONOJOXHEIME, IOCKMIBKY ycioske § &< NO B cryae (12) me BRImONHERO.

Hauam:moe pacmpenencure (14) mpumamexuT X YHCIy HPOCTEHUIAX, B KOTOPEIX COCTO-
SHAS PASHEIX CHHHOB He CKOpPESApORaHEI. ECHM HadasbHHE COCTOAHHA CKOPPEIHPOBAHH B
KomeTHOM 06BenMe paxnyca R., conepmamen N, cmunos, manpumep K;(j1, j2,t = 0) # pf, 1},
#o K3(j1,72,t = 0) = p? pl mpm rj;, > R, npmuem

Q2= mltT),%K:ux,m =0)=#+0(N/N), 5~ N° (18)
n Boobime, .
Qm =p" + O((m - 1)N/N), (19)
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TO CHCTEMa CHOBa IPTONEYHA B MIaBHoM nopaaxe mo mN,;/N. Ho ecnu xoppensmuu riobans-
HH, TO ecTh np&x N — oo

Qu#A QT =7, (20}

TO 3PrONUYHOCTE HAPYLIAETCH.

Takmm o6pa3oM, OXHA E Ta XKe CHCTEMA MOXET WMETb KaK SPTOAEIECKOe, TAK M HEdP-
TOAMYecKoe HMoBemeHue. B mammom mpEMepe 3prOARTHOCTH BHINOIHEHA, €CIM B HAJabHOM
COCTOSHME a) KODDEJIANEEA 3ATYXAIT AOCTATOIHO CHICTPO IPHE DOCTE PACCTOSHUA MEXAY
JacTEmaMu ¥ 6) BeWYMEA aNZETHBHOO MHTErpaia ABAXCHEL ~ N1,

B nocrenmee BpeMa EETEpec K 5progEYHOCTE CHEHCBHIX cMCTeM obocrpmwicg. B pabore
[15] B pamxax gHcIEHEOTO MONEIMPOBAHAS ABYMEPHEIX B OMEOMEDHEIX CHCTEM KIACCHYECKAX
comEOB OEUIA HONYJCHHI yKasamud Ha §ojiee MEIJICHHYIO 3BOMONEIO, YeM nuddysnonnad, co-
oTBercTByomas ypasaenmo (11). B pabore [16] npx wmcienEOM MOmENMPOBaHEK H30IMEPO-
BAHHOE OXHOMEPHOM NemowkH u3 § cumHoB ¢ I = % aBTOPHI NOJYYWIE yKajaHus Ha JIOKAJTH-
janmmo nosigpusauan. B paborax [17] paccMoTpeHa 3BOMIONMA OFHOMEDHOH W30JEPOBaHHOMK
COMHEOBOW UEHOYKH, KOTNa B3aUMONEHCTBEE OMMCHIBAETCH IaMHIIHTORRAHOM

b
H= s DU T + L) + 5 DU + I T 4wl (21)
n n

Ecma ¢ = 0, To Takwe raMmIsTOHMAHE THATOHANH3UPYIOTCH Tpeobpa’joBaHMAMM TuUIA
Wopnana-Bursepa (cu. mampmwmep [18]): I} = a,exp(in m@ﬂ a}a,), rie a,—bepMreBcKmit

omepatop: [aj, a})+ = 8. IIpE ¢ # 0 Hazno elne AONONHETEILHO IPOUSBECTE CTAHZAPTHOE
u-v-npeobpasosarme Boromobtosa. B paforax [17a] 6mra oTmeveHa HEIPrOAAIHOCTEL 3THX
CECTeM, a B pabore [176] mpemroxen KOEKPETHEN cmocob ee Hab/MONEHWA, OCHOBAHHEIN, B
JacTHOCTE Ha TOM, UTO IpH ¢ # 0 ¥ HavameeoM ycaosmu p(t = 0) = (1 + £1,)/Trl xo-
HEYHOE COCTOSHWE HE MOXET OHITH ONPERENICHO OPOCTO M3 COXPAHEHES SHEPLHH, Kak 9TO
obsramo [10] menaeTcs Oi1g 3ProOOMIECKEX CIMEOBHIX cEcTeM. B yxasammmx paGorax ocrain-
Cq He3aMe4eHHEIM TOT (AKT, 9TO B PACCMATPEBACMBIX CHCTEMAX OTCYTCTBYET COMEOBAL
madpysEd 4 IJIMHEOBDEMEHEAN ACEMIOTOTEKA HPONOJBHOIO JIOKAJIBEOIO ABTOKODPENATOPA
< I{(£)I7 >ox 1/t cooTBeTCTBYET 3ByKOBOE 3BOMONME be3 3aTyxaHEL. OTOT 3ddeET, BoOS-
Ime ToBOpH, HOCTYIEH mig Habmonexus meronom S—SIMP.

B macTosmee BpeMsa Pa3BETH MeTomu [19] nmarosaymasamum Gosiee CIOXHBIX TAMEIBTO-
HmanoB, YeM (21). Onmaxo Mg paccMaTpMBAEMOro Kpyra 3aiad OHH, HO-BHAMMOMY, €Il He
MCIIOIH30BATACE.

3. SipepRasz peflakcanuis dYepe3 NapaMarEMTHLIE NPUMECH.

AnepHas penakcauus depes NapaMATHATHEIC DPUMECH SBISETCA [VIABHHM DPEJTaKCALBOH-
HHIM TPORECCOM AJif CHMHOB 1/2 B m3omsaropax. XOoTH 3TOT HPONECC H3YJIAaETCH yKE BECHMaA
IUETENEEOE BpeMs (M B 0COGEHHOCTH B CBA3M C NMHAMMWYECKOH IospE3amueil sgep (cM.
manmpumep [10,20,21])), psan EETepecHBIX BONPOCOB M3Y4EH €ule BecbMa HENOCTATOYHO, B
9YaCTHOCTH, B JIATEPATYPE IO COMHOBOH AMHAMEKE €INE HE OTPAXKEH TOT (akT, ITO AMAH-
HOBpeMeHHas ACHMNTOTHEA TNOROGHEIX CHCTeM HEIKCHOHEHNAATLHA ® OTCYTCTBYET AHAIIM3
IBYMEDHHEIX M ONHOMCDHBIX CHACTEM, B TO BpDEM# KaK JKCICPEMEHTH YX€ HAUDAaBIEHH Ha
O6BEXTH ¢ PPAKTAILHOE pasMepHOCTHIO [22].

06cyxmaeMBii IPOMECC ONACHBAETCY KRHETHIECKEM yPABHEHEEM
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dp(;t, t) =~ 3 wa(p(z, 1) — p(z,t)) — Zn,vnp(z,t), p(z,0) = Po, (22)

r1e p(z,t)— HoNApH3AmES SXPA, PACHONOKEHHOTO B y¥ie £ KDECTalia, B B HpeRebpexenun
YTH0BOK 3aBHCEMOCTEI) AMHOJL-AANONLHOTO B3AHMONEACTBEN

wu‘l‘g 1)07‘8 C

YT T e -2

(23)
3nech Wz, —CKOPOCTh GHIEN-(IION HEPEXONOB SAEPHEIX CIHHOB PACHONMIOXKEHHEIX B y3Iax X
B %, U,,—CKODOCTH DENAKCAIME AACPHOTO CIMHA B y37e X HOX BIMSHAEM 3JIEKTPOHHOIO
IApAMATHETHOIO UPHEMECHOLQ LEHTPa (AKNENTOpa) PACIONOKEHHOTO B y3Ne %, U > o,
7, —COOTBETCTBYIOIee WACJIO 3aNOIHEHES, < N, >.= ¢ € 1, c—KOHIEHTpauhs OPAMECH,
n = ¢fQ—ee wiotHocTs ( (. —06heM ameMeHTADHON TICHEM KPACTAIA) H Nalee Ipex-
nonaraeTcs, YTO 3ANONHCHHS PAsHLIX YAIOB He3aBACEME. B KORTERYaIBHOM IPEGIMKEHEE
ypaeHemme (22) mepexonet B

% = DAp(z,t) — z‘:nzvup(z,t), D= 2—1-d Z:zz'w,o, (24)

roe d—pasMepHOCTE KPHCTAMNA, a [—xospdummenT cnuropoi maddyaun.

Hanee Mu1 orpaHEYHMCS 0GCYKICHAEM 3TOrO YPAaBHEHHI EMesd B BEAY, 9TO YCJIOBHS €r0
HUPEMEERMOCTH OORYHO HOCTATOYHO XOPOIIO BHIIONHEHHl ¥ HOIOXHM py = 1.

Habmonacmoit gpiigercs CyMMapBas sAepHas HAMArHHIEHHOCTD, NPONOPHEOHAILHASL

B(t) = % [ dep(z,6) =< 01GEN0 >=< 0| < G(¢) > [0 > . (25)

3zect. BBenen mpomararop Gy (t), ynomneTROpsHOIEE ypasEeEmx (24), HO ¢ HAYANLHEIM
ycnopueM Gy (t = 0) = §(z — y), wepes |0 > 0fo3matTEH HOPMUPOBAHHELH BEKTOP C KOMIO-
Hernramu < z|0 >= 1/\/§—l, {}—obnem xpuCTALIa, 2 CAMBOX < +-+ >, O3HAYAET YCPEIHEHHAE
IO CaydJaliHOMY PaclOIOXEHHIO TpAMeceR.

Ecmm pasnoxsTts p(f) B pAX 0O KOENeHTpammd OpuMeck [14], To B mepsrx wieHax

A(t) =< 0]G(£)]0 >=< 0|GO(t){0 > +n f dr < 0|[GV(¢, ) — GO(#)]j0 > +O(n?) =
= exp (—M(t)(1 + O(n")), (26)
M) =n f &r < 0|[GO(t) ~ GV(r,£)][0 > . (27)
3necy ssemernt G(%)(t)—mponaratop B orcyrcreme mpmmeceir, G(1)(t,r)—mpomaraTop mpm
HAINYIHEE ONHOTO NPEMECHOTO IEHTPA, PACHOIOKEHHOTO B TOYKE T, H YITEHO, YTO

< 0|GO)(2)(0 >= 1. [anee, B cANY TPAHCIADMOHHOK FEBAPEAHTHOCTHE

M(t) = ¢ [ &rd'ady(GO) - G, 1)) =

=n j dzdy[G — GU(0,1)] = nQ < 0][GO(2) — GH(0, )]0 > . (28)
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Y robeO BBECTR TpencTanicHEe Jlamwiaca COOTHOLIEHAEM
F(a) = f dte™ (1), (29)
5 ‘

Teneps GO(A) = (A + A)™, A = —DA,

1

M> )‘"ﬂ<°|(A+A A+ A+ U

)0 >= 7;—? < 0T(A)I0 >, (30)

1
T(’\) = UUI T G(O)Uo ) (Uo)zv = OgyVz0-

W3 >TOro mpencTaBieHud, B CHIY KOPOTKONCHCTBEA “HOTEHmHaIa’ vy Cemyer, 9To -
MaTprna T'(A) He 3aBHCHT OT I'paHMYHEX ycjopmi npk & — oo. Jaa pearsHnix paczeron
yzoGHee 1IpoBecTH ciiemyiomee Ipeobpa3joBaHue:

nQ
<0|U°A+A+U

ns} 1
Y <0|U°(A+Uo](A+A+U)

nd 1 | < n|Uo0 > |2
= 0 >= 2 S o
STy e AT W T AL Z "+ E.)E,

3nece (A + Uo)|n >= E,|n >. Oxondarenpunle GopMysms (26) 2 (31) comepxaTcs B MOHO-
rpader [23]. Hame uamoxenre cnemosato pabore [24].

Ina peanbHEX pacueTos m0 ¢opmyie (31) Heo6XONEMO AMATOHAIU30BATE onepaTop A +
Up. OueBunmo, aro M(A — 0) m M(t — o0) oupezesmorcs manuma F,. B srok o6ractn
MOXHO, CJIEAY A [23], IpEMEEATE TEXHEKY PACUETOB, PA3BHTYIO B TEOPHHE PACCESHEL MeIJICH-
HEIX gacTHm (Teopmio mamEm paccesmma [25]). B obnactm Gomblomx A m mammnix ¢ yaobma
TEXHHKA PAMIOKEHAS IO CTEHEHAM Koaddunuenta nuddysuu, paspuTas B [24,26]. ¥ nosie-
TBOPUTEJLHYIO TOYHOCTb JaeT NpeACTABIICHAE

M) = A+ A)j0>= ;l < 0|Up~—— 10 >=

1
A+ A+ U,

(A+Uol0 >=

(31)

M(t) = Me(t) + Ma(t), Me(t) =n [ da(l ~ exp(—vact)) = (B0, (32),

TZie IePBLIE WIEH ONKCHBACT HAYAILHYIO, GEPCTEPOBCKYIO JacTh pesjakcannd, a M, (t) pac-
CYMTHEBaACTCA cOrJIacHO (31) B paMKax TeOpHEM JIwHLI paccesH¥S. EciE paccMaTpHEBATE pas-
MEpHOCTb NPOCTPAHCTBA KaK HENPEPHLIBHEIR MADAMETD, TO

My (t) = 9(d > 2)oa(d ~ 2)n D=2 + My(2), (33)

o4 Dt
)bﬁnx( 5 ) (34)

My(t) = 2%%(d - 2)? iz -9

_ [xde 1 — exp(—az?)
x(a.d) = /;1 23 (242 + 229 — 2cos(§(d — 2)))’

b (T(2 = o\# (T(1 - 42)\ & -
et () = (3) (i) e

|
oa
=
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3necs 04—nnomans enwrAIHOR d-MepHOi chepnt, b—unwEa paccesmusg, a 8 = 6—nokazaTens
CTENECHM B 3aBECHMOCTH U, OT paccrosmug (23). Ilpm d = 2

o dr

M(t,d=2)= 21rb?,n/0 o ( (35)

B wacrroctH, npr Di/b? > 1

t 4n Dnt

My(t,d=1) = 4n My(t,d=2) = (DR Mi(t,d = 3) = 4xDbnt.  (36)

3nece npr d=1 zaBmcumMocTs oT b oTCyTCTBYET COBCEM, a B ciiydae d=2 oHa oueHb cnabag.

Popmynn (26),(27) mempuromEm mpE oveEs Gompiumx t. HekcrsErensno, paccMoTpEM,
cuenys [27], Braan B p(t — oo) Gonmpmux obAacTel, He CONEPXAMEX akmenTopos. [lormome-
HHMe B HEX UPOHCXONAT TOTHKO Ea rpauame. COOTBETCTByOmMEe pEMICHKE YDABHEHEA Tab-
dysmm nns cheps pamEyca R mpomopmaomammeo exp(—xDt/R?), rme s o 1. BeposTrocTs
cymecTBoamms Takok chepu o exp(—nV(R)), V(R) = ZR*. Tosromy

Pt > o0) x n/:o dV (R)exp (—nV(R) - nDtR”z) o exp(—(Bt)iﬁ), (38)

Tne B—xomcTaETa, cnpemenseMas reoMeTPEER, INIOTHOCTHIO AaKOENTOPOB K K0abdHIueETOM
muddysmr. Crpormik BrEBOA acBMTOTEKE (38) conepxarcs B pabore (28]

Bompoc o MomerTe nepexona ¢ ssarcumoctx (26),(27) sa acamuroTEKy (38), Ho-BEIEMOMY,
ESyden wioxo. B wmcemmrix pacuerax [29] ecTs yrasammg Ha To, uTO acmMuToTmEa (38)
peammayerca upx p(t) < 10711, MlosToMy MOXHO OXEHATE, ITO UepeXoRHAL oBIACTE BechMa
1KPOKa ¥ 6ELIO GHl BETEPECHO TOCTPORTD JUIL Hee aJicKBATHYIO TeOPEK. EcTecTBeHERIM KAE-
AEAATOM HA 3TY POJIH MOrTH 651 6EITE MOMXONE THIIa TEOPHNM CPENHErO NOJS, KOTOPHE B NaH-
HOM KPYTE 3a/iad HaSHBAIOTCS METONOM KOIEPEHTHOrO ToTeRnHana (cM., Ranpamep, [30]), ama
MeronoM 3¢dexTrBROR (xorepenrHoit) cpexs [14]. Omm crposTcs B JIamIac-IPECTABRCHKR
nng nponaraTopa. Ho B IPASIOXKEHNE K OMHOMEDENM B ABYMEDHBIM CACTEMAM 3TH TOIXOMR!
BenyT K OeCCMBICIIEHHEIM PE3ybTATaM Ui TIaBROTO BpEGAKKenms. MoxHo onEaxo mpoBec-
TH AaHWIOTHYHOE UOCTPOCHRE HEMOCPENCTBEEHO B t-IpencTaBIeHEH ¥ 0GOATH 3TY TPYXHOCTD.

IpencraBum ¢ 3ToRk mensio mponaraTop G(t) xax

G(t) =< exp(—(A + U)t) >.= exp(—B(t)), B(t) = At+ M(t), (39)
U=YnU* UZ =d40c. (40)

HemapecTrsrit moxa oneparop M(t) samuutem B popme M(t) = 3, M*(t), aranormysoit pop-
umyse (40) muzx U. Moxso cxasaTsh, 310 omepaTopn M*(f) aOIXHH aNeXBaTHO ONMCHEBAThH
BNEIEEE AKNENTOPOB B TAK HaskIBaeMoll ”sdrpexTuBHOM cpene” , BOSHAKAIMER TOCIE YCper-
HEHHA 00 KORUrypamsamM axuenrtopop. IlostoMy ecrecTBenRO moTpeGoBarh, YTO mpomara-
Top G(t) B cpemEEM He W3MEHETCH, €C/IA ONMH H3 y3IOB 3P ¢EXTUBHOH CPENHl 3aMEHHTH Ha
HaCTOSAIIEH ¥ Pe3yabTAT YyCPESHETH HO PACIHPERESEHHIO AKIENTOPOE, TO €CcTh

G(t) =< exp(—At— M(t)+ M*(}) —n,Ut) >.. (41
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Coorrowenns (39) - (41) o6pasyloT 3aMKHYTYIO HEJRHERHYIO CECTEMY ONEPATOPHBIX
ypasrerwmir. [lepeiinem x nomcxy ee pemenus. Ilocne ycpennenns mo n, mmeeMm

clexp(—B(¢)—U*t+M*(t))—exp(—B(t)+M*(t))] = exp(~ B(t)) —exp(—B(t)+M*(t)). (42)

Uflepatop M? o ¢ & mosToMy Max, B0 M = ¥, M* He Man. Ynepxmum ¢ obomx cTopoH B (42)
PIIABHKE WIERH MO C:

clexp(~B(t) = U"t) — exp(~B()] = - [ deexp(~EBEM" exp(—(1 - E)B().  (43)
CYMMEDYS U0 z E yIRTHRAL TPAECHAMRORHYIO KEBAPEANTROCTE TOMYIAEM, TTO
M) exp(= B(®) = ¢ lexp(- Bt)) — exp(~B(t) ~ U°1). (44
TIomoxmm

M(2) = (moft) + ma(t))t,  (mo(t))eq = Fzgmo(t). (45)

3aece B mp BEAECIEHA YaCTh , NPOLOPIKORAIbHAS SARHEIHOMY OLEPATODPY. Teneps, HCHoIs-
3ys mpeobpasosarre Jlamwraca, MoxHO nepenmcarh (44) xak

[mo(t) + ma(8))t exp(—(A + m(2))2) =

etico ) 1 1
ES Mt At £ .
"/e_.-m ami P )¥A+A+ml(t) A+ A+ma(t)+U*

Ypasnenze (46) umeer MEOro obmero c ypasreHuamn (27)-(30) ¥ cBomRTCA K HEM IpE My =
0. Ilns pemenus npd m; # 0 mano naéTE ymobmsni cmoco§ pacwera M(A) m3 (30),(31),
obecueumBalonmi yreT wrenos go O(k?) pxmowmTemsrO mpa 3amexe |0 >— |k >, roe

< z|k >= 71[=1exp(z'kz). C sroit ToumocTEIO < K|my(t)|k >= Dy(t)k* = pons m, ceommTca
K IepeEOpMEpOBKe KodbounuenTa muddysmm: D — D + D, (t). llonpasxu x nomyvaemomy

(46)

‘TaKkEM o0pasoM npouaraTopy >¢pexTHRROHE CPENE MOXHO HaiTH Ha OCHOBE T-MaTpETHBIX

pasmoxenwit [14], mpryem nepsrie HercIesaomue wieHk o T4, Hackombxo maM mapecTHO, 310
— eEUHCTBEHHLIE TYThH, O XpaiHek Mepe B MPEHEIUNE HOSBOJLIIOMMH PACCIUTATDH IOMPAaBKH
¥ dopmynam (26),(27) u (31) npz Bcex d ® t He mpExoAT X GECCMEICIECHERIM PE3YNLTATAM .
Martepran JaEHOIO pasfena JacTHIHO ONEDAECTCHE HA eme He OMYGIHKCBAHHYIO PaboTy,
BLITIONIEEHHYIO aBTOpoM coBMecTHO ¢ M.Iombamanom, 2K.-P. 2Kaxuwo u C.B.Crenanopum.

4. CouHoBas auddysus B HeYNOPAAOIEHHELIX CpeRax.

PyrpaMeHETAIBHERE TPONECC NEPEHOCA CNEHOBOR TOAAPH3ANEA IO CACTEME CJIYYallHO pas-
6pOCaHEEIX B KPMCTaJUle HPHMECHHIX Sep ONECHBAETCI yPaBHCHAEM

Bij =~ ) _(Vmibis — VimPms) »  pii(t=10) = 8. (47)
m

3neck pi;(t) - BeposTHOCTH OGRApYXMTH BO3GYXKIAEHNWE B MOMEHT { Ha 1-OM y3/e NPHMECH,
ecd BHaYajJe OHO GRUTO Ha y3iIe j. B crTaEmapTHOR MoZenu KEHONb-AXHONLHOrO NEPEHOCA
vi; = vory/|r; — 1|8, rae vo - cropocTh mepexoma, COOTBETCTBYIOMAS MHHEMATLEOMY Pac-
CTOSHEIO Tg MEXYy IPAMECSMHE, a T'; -paIuyc-BEKTOP ¢-0i npumech. B nansrediuem upezmo-
JlaraeTcs, ITO HPHMECH CYJaHO M HEKOPPEJNMpPOBAaHO PazbpocaHEl B mpocTol KyOHYecROR
peLIeTKe, a BX XKOHNeHTpamus ¢ < 1. .
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B paszene 1 Mu1 yxe mmes mpEMep BHBOHa 3TOTO YPABHEHHS B PaMKaX IPOCTERIIER
mozien® (8 - KoppesTMpOBaRHKX) (UIyKTyamui JoXamLHEEX Tonel. BrmBon ns peanpruix Bsa-
EMOZIEHCTBMHE mpoBeneH B [14]. ARanm3 kavecTBEHHLIX BOIPOCOB ¥ HOPENKOBEIE OLIEHKH B TOR
paboTe OCHOBANEI HA MOREIEPOBAHEE (PNYXTyanRi JOKAIHLHEX HOJEd HOPMANLENM CIydal-
HEIM HPONECCOM C PEATHCTHIECKOM Koppenanaonroh pynkmaeit. Iloaxaee, B paborax [31,12]
6HLI0 MOK33a”0, TTO 3TA THNOTE3a KAET HE TONLEO KadeCTBEHHOE, HO ¥ XOPOIIee KOJIRIeCT-
BEHHOE OMACAHNAE PANA CYIECTBEHHEIX HabMoONaeMEIX BEJINIHE H, B IePBYKO odepens, HGOpPMEL
JJAHEH PE30HAHCA NPAMECHERIX SAEp OpPH M3IMECHEHHH €€ no 10_4 OT 3HAYE€HEHNd B BE€PIOIHHE.

B nammoM pasmesie MBI PACCMOTDEM BOIPOCH, HE OcBeimeHHEIe B obsope [12]. Ocpmos-
HOH HPOrpecc B TeOPETHIECKHX MCCICNOBAHMAX Ipomecca (47) B IOC/IENHAE IOXLL COCTOLN B
IPOBEAEHEN HPIMOIO TUCIEHHOIO MONEIAPOBAHAS, HOBOJIMBLIETO ONPEASETH K03dhbaLEeRT
muddpysun D ¢ Tormocrsio nopinka 1% [32,33]. [lonsTk® TMCAEHHOTO PEINICHHS ypaBHEHHES
(47) mpoBonmstacs ® pareme (cM. HanpwMep [34]), HO oHm Beerama GHLIM CONMpPIKEHH CO 3Ha-
YHTENHHOE HEONMHO3HATHOCTEIO B OHpeneneHny D.

B pabore [32] BEYMCICHES NPOBEIEHH HA OCHOBE 3aMEHH CIYYaiHOH KOHQEIYpaIW:
COMHOB NEPHONMIECKOR C Gonburmm mepmomoM R Tak, 170 HEPBOHAYAILHO BO30YXACHHEIM
OCTABANICA TONBEO ONEH NEHTP, PACHOJOXEHWE IPHMeCed B Kybe NepHOMMIHOCTE GEINO Ciry-
vaiasd. [Tocme Taxoil 3aMeEEI HeyXOPAROTEHHOH CpEAsl XKPHCTALIOM ¢ GOXBNION CITyYai-
HOH A9eHKOR MOXHO IDOBECTH AMAOHANM3ANMI olepaTopa lepeHoca u3 (47) Ha ocHOBe
CTAHAIPTHOM SOHHOM TEODHME ¥ THCJACHHHE PAacyeT €ro HE3INEro COBCTBEEHOrO 3HAaTeHEd
ao(k) = Dk? npu ManmIX 3HaUeHHAX KBa3EEMOYNbca k ompezesmt D. B (32] mcnomsosana
POACTBEHEAS, HO HHAd CTPATErHEL. BLUIM BBENEHH BCOOMOTATENLEEE BEIMIAHEL

pi(k,t) = 3 pim(t) exp(ik(rm — rj))- (48)

Konderypanzorsoe cpenree ot BEX < p;(k,t) >.= P(k,t) mmeeT cMuicn gypre-o6pasa npo-
naraTopa M, B IPHHENHAIE, IRJILCTCA HENOCPEXCTBEHHO HAOIIONaeMOll BeTMIMHEOA B HEKOTOPHIX
ONTHYECKEX IKCHEPEMEHRTAX IO NEPEHOCY JOKIM3OBAHHLX SKCATOHOB (CM. Haupamep [35)).
U5 (47) u (48) caenyer, uTo ecsmm r; — r; = Rm, m € Z3, o p; = pj, 4, CIEIOBATENHHO,
HMOCTATOYHO PEUIMTEH KOHEYHYIO CECTEMY YPABHEHE:

N
fo = —(AR)p): = - LIWa(O)ps - Wy(Wpsl,  pilk,t=0) =1, (49)
i=1
THE 1,] Teneprk HyMepYIOT Y3/IH B Kybe HEpRONNIHOCTH, X

“V.J(k) = Z I/o’rgll'j — Ty — IIIR'A3 €xp fik(tj —r;— mR)] ) (50)
meZ?

Konegnas cucrema (49) mpu mainnx sHaveHr#X |K| DaeT ocHOBHEIE cBeneHms 06 aCEMIITO-
THKE Iponecca #€a 6oms1ExX BpPEMEHAX. B Iponecce YMCIACHHOIC AaHAIM3A M3y93¢TCA BENIRIRHA

P(k, t|No) = Nizp = (0] exp [~ AQK)H[D), (51)

(vre (i]0) = 1/+/No) mpencTasasomas cpefHee N0 BeeM KOHGUTYPAEAM, NOTY TAIOIIIMCE 13
NaHBOH nepemenamu "mesTpaneEOro” y3na. C pocrom Ny P(k,t|Ng) crpemmrca x P(k,t).
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13 cnex TPANBLEOro pasiIoXeHHE 3pMETOBa omeparopa A(k) ciaemyer, aro

No-—1
Pl tNo) = 3° | <pl0> P 5 AK)lu >= o, ()] > (52)

pn=0

Hu3mee coberreruoe sRaveRme do(k — 0) emurcTBerRHO, 2 | < 00 > |2 = 1+ O(k?). Beons
npoexnuoRHNe oneparopsl m = |0 >< 0 2 # = 1 — 7 momywaem:

1

#A(K)|0 > (53)

Orciona cnenyer, aTo
ao(k) = Dogkakg — ok® + O(K*) = Go(k) + O(K*), (54)

nprueM xoadpdumment ¢ = (7?/12)crivy DOMHOCTEIO OUpPENENIETCT NEPERIM CIATAEMEIM H3
(7) = MoxeT GHITH paccemTaH, HampEMep, MerofoM Ilyaccoma-OBamsxa [36]. Termsop mag-
dysuu ymobEo mpemcTaBETE B popMe Dyg = (Kap/6)72 0. llpg N — oo B cry ®soTpomum
cucreMil Dog - Déop, 8 Kag — Kbap.

B [32) pacwern nposonmmuach npr Np < 2000 & 6xito monydero, 9to & = 0.301(4), yzosie-
TBOpETEILHEE PE3yIBTATE NocTHTaxEch yxe npx Np > 500, a HaZEKHOCTSH IPUMEHEEHOTO
Merona 6mIla IPOBEPEHa Ha BCHMUTOTHYECKH TOYHO pemacMoil Moxemu [36]. Dror aranms
HONHOCTHL BOCHPOM3BEN IPEAACEMITOTHYECKEH WIEH B PAMIOXEHEA Maaux k mrs Macco-
BOTO OEPATOPA, W, TEM CAMEIM, BCE CYIIECTBEHHRIE CBOACTBA "mepekonebanug” B IXporecce
BEIXOIa aBTOKOPPENATOpa < poo(t) > Ha mucdyIMOEHYIO ACHMITOTEKY, OPEACKASAHEEIE Pa-
mee [14].

5. CnnHOBas AMHAMMKA MArHMTOPa3baBJIeHHEIX CHCTEM.

3pecn, kax ¥ B paborax [37-40], nox MarEETOpa3baBICHRON NORKMAETCE CHCTEMA, 06pa-
30BANHAS MPAMECHHMY CUUHAME, CJIYIafiHO PACHpPEZIEICEHEIME B REMATEATHOM KDHCTALIE.
B xauecTse mpuMepa MOXET CIyXETH CHCTEMa CHEHOB 2°Si B YMCTOM KPHCTAlIC KDeMEUS
WM 2IEXTPOHHEIEC HAPAMATHATHEE UPEMECHEE NEHTPH B yCIOBUAX, KOLJa BIMAHUEM LN~
HEIX COMHOB MOXHO npesebpeds. [ling OnpeseeBROCTH NONOXEM BENWIMHY CImEa S = 1
npEMeM, ITO CIMHOBaZ 3BOJIONHA B AOCTATOYHO CHJIBHOM BHEITHEM MATHATHOM NOJ€ ONH-
CHIB3€TCA FAMBILTOHAAHOM

1 — 3cos? Vrg

lr—qf

Hyp = Ang(S5257 — %5;5: - %S;Sj), A, . Aw=0. (55
Tamusronwan (55) npexcrasiser OGHIHOE ABUOTb-IHTONLHOE B3aUMONEHCTBEE B CRIIBHOM
nome [10], sammcamEoe B 6e3pasMEPHBIX eIMHENAX.

OCHOBHBIE CIOXHOCTHM TEOPHM CHMHOBOA [UHAMAKY B MACHMTOPA3OaBJECHHEIX CHCTEMaX
IOPOMCTEKAIOT W3 TMTAETCKOro pa3fpoca BeJHYHH 5HEPruil BlaEMONEWCTBMA B Hmx. Hamm-
Yme HO KpaiHedl Mepe NBYX XAPaKTEPHBIX SHEPr€TEYECKEX KOHCTAHT — B3aEMONEHCTBAA
E, Ha MPHWMAJILHOM PACCTOSHWE (NODALKA IOCTOSHHOR DEIIETKHE) ¥ BiamMozeicTeri E Ha
CpellEEM DAaCCTOAHHM, OTAKYAIOIIUXCE B TEHICAIR pPa3, NPHBOLUT X Gomblliomy pa3bpocy Cko-
POCTER PENIRKCAUNE ¥ K HEBO3MOXKHOCTH NPUMEHCHUA IBYXTEMICPATYDHOX TEOPHE B BECHMA
LIMPOKOM NRANA3OHE BPEMEH M IJ1a MHOrEX mpomeccoB [41-44]. Hamexane pesymsraTm mo-
nyqaloTca [45] Ea OCHOBE KOHIEHTPANMOHBOTO PasnoXenus [46], TO3BONKIOIETO HOCTPORTH
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P4 NO CTENEHIM Et s 5abmonseMuX BeNAYEE HIH IS COOTBETCTBYOmMMX JYBKIRE Ha-
MATH, ONHAKO €r0 peaTbHOE MpEMEHEHHe orpaHmdueHo BeGombmuma Et. Jlna mpoasmxenus
K GonbluEM BpeMenaM Guu1 mpemitoxen [37,38] u paseur [39,40] moBRE MeTon KyacTEpHBIX
pasnoxenuit. OH COCTOMT B BHAENEHUN X TOIHOM yueTe Hambonee CUETYIIPHOR YaCTH B3am-
MONEHCTBEM, DOPOXKAAIOMER KBA3AXMCKPETHRE COEXTD ¥ CBA3AHHON C B3IAMMHBIM BIMSHHEEM
6im3KopacIonoxenskx couHoB. QCTANBHEE B3AMMONEHCTBES MOrYT OGHITH yd9TeHH AHATO-
C®IHO TOMY, KBK ITO AEJASTCH B PETY/IAPHEIX CHCTEMAX. S

Is1st yTOTHEHNS HCHOMB3YEMEIX HOHATHR OTMETHM, ITO TEPMEE KIIACTEPHEE PA3IOXKCHAL
BecbMa MHOTO3Ha9eH, ¥ KOHIEHTDAIUOHH e padioxenus [45,46] mpencrasiusior coboi xiac-
TepHHE Pa3IOXKCHHEA JUIA HaO/ONacMEIX BE/IMYNH MR CBA3aHHKX C HAME GQYHKIME HaMITH.
B 50BOM Xe MeTOfe KIacTepHRX pasiomeHRi [37-40], pa3moxeRmO NOMIEXNUT CaMa CHCTEMS
C DebIo PAa3leseHEs OOLeXTOB, XapaXTEPE3YIONAXCS NECKPETHRM A HEIPECPEIBELIM CIEKT-
PaMH, A yCTPAHEHES HEKOTOPHX GeCKOHETHOCTEH. DTH PACXOFUMOCTH BO3HEKAIOT B CTAPOi
TEOPME B Tak Ha3HBAEMOM KOHTHHYAIHHOM IpEHeIe Win npefede coinomuoi cpenst (IICC),
XOrZla DOCTOSHHAS PETIETKH KPUCTAIIIA CTPEMUTCA K HYIIO, & IWIOTHOCTD HpAMECER OcTaeTcA
KOHEYHOM.

Bonee dpopmManuzopaRHOE KPATKOE OMMCAHNE HOBOTO TOIXOAa BRIJISAMT CJEXYOmmM O6-
pasom: Knactep pamra | — rpynma w3 ! coWHOB, B CHUIy YMCTO FE€OMETPHYECKAX NPHTHH
BIAEMORERCTBYIONMX APYT C APYIOM CHUIbHEE, 3eM ¢ JIOOLIM CIHOM, HE BXONSIIAM B rpym-
my. JIna onHO3RAYHOCTH pa3bEeHMS BBONATCA OPTOTOHAILHEIE KJIACTEPH — KaXIHHE CONH
conepxuTCcE He Goslee IeM B OTHOM TRKOM KiIacTepe. Pasioxenne o OpTOrOHAILHEIM Kiac-
TepaM OCYIIECTBIZETCA CeRyIomuM 06pasom: 13 GpEsmIeckux coobpaxenmi puxcmpyercs k
— CTAPIUINE PAHT KJIACTEPOB, PaCCMATDHEBACMEIX B 3a/1ade; BRUISAAIOTCA BCE KIACTEPH ITOrO
PAETa; 3aTeM, CDElE OCTABUIMXCH CHEHOB, BRIJIENSIOTCH KJacTepHl pavTa £k — 1 > 2 ® T.4.
OcTapuraica nDociie BHICACHAS BCEX KIACTEPOB YacTh CACTEMB HasHBacTck “Maccoi”. B xa-
yecTBe (pU3MIECKOrO KpETEpHS BHbopa k B [37,38] npemyoxena xpasmonEOPONHOCTE MAaCCH,
NOHEMaeMad Kak BO3MOXHOCTH ONHCABATH €€ TEPMONMHAMUMKY B NDHAGIUXEHEM CINIONIHOH
cpemur. Ilo Brplesierus xIacTepoB RANONLHAS TemnoeMxocTs B IICC Geckomewna, a mocne
KJIacTepHOro pasbueHms mpH k > 3 M¥NONbHAL TEWIOEMKOCTH MACCH CTAHOBATCH KOHEYHOR
¥ oUpenedeTCA B3aHMONCHCTBAAMY Ha CpenHEX paccToxaMix. COBEPIIEHHO AHAOTATHO Be-
IeT ce6f ¥ BTOPO# MOMEHT JIMHAR NOriomesns. [[05ToMy MOKHO HPEANONOXATE, TTO BPEML
YCTAHOBJIECHNS PARBHOBECHH B MACCE€ HOPALKA XaPAKTEPHOrO BpeMeHw GIun-¢uion mepexonon
¥ COOTHOCETCH CO BpeMeHeM Ha3soBO# pesaKCandu Tak Xe, Kak B PEryJIApHHX CHECTEMAX.

Jlna omMCaBmEs Xe caMoro mpomecca ¢a3’oBoll peNakCallEE KJIACTEPOB M Macchl B paborax
[37-40] 6nna pasBuTa MoxEd¥Karmms B3BecTHOHK TeopEE ARzaepcona-Beiicca-Ky6o, Monemmpy-
10mmel JIOKAIbESIE NOJiA Ha CIMHAX HODMANHEEIM CIydadarM nponeccom. HoBriM anemenToM
3IIECE SBJISETCH BBENEHHE B TEOPHIO CTATHYECKEX QIYKTYanmil BTOPAIX MOMEHTOB JIOKAIbHEIX
ToJIeld, 3aBECAIOWX OT PEAMIANNE CHYYafHOIO pacHpeNe/IeHus CIEHOB B xpnc'ra.vine.' Bax-
HEHDIWH apryMeHT B HONB3Y 3TOrO MOAXONA COCTOET B TOM, YTO B IPMIOXEHUNY K WIBRECTHOR
TOYHO peluaeMoil MoZenn ABAEPCOHA, YINTHIBAIOIIER TOMLKO z — Z 9aCTh CAMMIILTOHMAHA
{55), aToT MeTOR ZAET, BONIPEKH E€CTECTBERHKIM OXHIAHUAM, YAMBHTENLHO TOYHKIE DPE3Yilh-
TATH, a I0CJIE OTHCNCHES KJIACTEPOB €I'0 TOYHOCTD JIXHA BO3DACTH.

Obcyxnaemasn xraccadEKanys B3aUMOACHCTBEA COMHOB IPEXHA3HAYECHA [JIS BHIAEICHHS
ATHRAMUIECKHX NOACHCTEM HPH ONHCAHEHA 3BOJKIITH CIIMHOBOK CUCTEMEI. OnTKMaBJ:EHi IISE
3TOH NeiM METOX BEUIENICHHS KJIACTEPOB AAIEKO He OYECRH/CH W Fe OfHo3madeH. IloaToMy
BaXHO BBUICHMTH, B KAKOM Mepe 3>Ta HEONHO3HAYHOCTL BAMAET Ha (PM3MUECKEE PE3y/IbTa-
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Tu. B pa6ore [39] moxasamo, 9To Rosig CHHHOB K, HONAJAIOMEX B KJACTEDH, BecbMa CIabo
3aBHCHT OT TOTO, Kakasd U3 KjacCHUKanwil, HEPreTHTICCKad WIK IPOCTPAHCTBEHHAS, IO-
JIOXEHa B OCHOBY aHaiu3a. [IpakTHyecks OTCYTCTBYET TakKe 3ABHCHMOCTBH K OT CTapIIEro
parra knacTepos k mpu k = 2 m k = 3 [39]. B pabore [40] BHIfiBieHO, 9TO i aHAIH3a
cerEana csoSonHol mamyknww (CCH) B BecbMa IIMPOKOM HHTEPBaJe BpPEMEH HOCTATOYHO
BuOpaTh k = 2, npwaem g camoro CCU monry9eRn CpaBEETENBHO IPOCTHE WETETDANb-
HEle IpEeACTABJICHEY, CONEpPXKAIIME £ B KaueCTBE BHEUIHero mapamerpa. B paGore (47| pac-
CMOTDEHH €ili¢ NBe EKNacCHOHKANEH, B HEKOTOPHIX OTHCINEHHAX Golee eCTECTBEHHME geM
sruneynoManyTiie. OHM OCHOBaHHL HAa CPABHEHWHA NOJH, CO3MaBAEMOr0 BCEMM BHEKIACTED-
HHME CHMHAM# ¢ BHYTPHKAaCTEDHHIMH HONAMHE. B KauecTBe MepHl BHEKJIACTEPHOIO LOJIS
OELN WMCHOJB3IOBAH €70 BTOPOH MOMeHT. VIMEHHO 3Ta BeIMIWEHA CIIYXHT HarbosIee MPOCTOR
H eCTECTBEHHOH XapaKTCPACTHEOH CHCKTPAJIbHOH LIMPHHH KOPPEASUMOHHEIX GYHENHMH, Cy-
IMEeCTBEHHLIX KAk B CHUHOBOM AKHaMEKe B mestoM [10], TaK X B pacCMaTpHBaeMEIX 3alaqax
[37-40]. Hlomyvennne pe3yALTATH IPOACHIIOT OGNACTH PEANTECTHYECKMX SHAUEHEHE K M Ha
#x ocHose 65u1 npoaramusEposal CCH B ¢usmveckn mHTEpEcHOR 06IACTH H3MEHEHRA 3TOrO
napamerpa £ = [0.6 — 0.4].

B macTosuee BpeMa B 3TOM Kpyre MCCHeNOBaBEH BIEPBhE LOCTPOCHA TEODH, IPETeH-
Iyomas ga KommuecTserroe omacamme CCU npm memansix Bt B modywems! mpemckasamus,
IPOBEPKa KOTOPHIX MO3BOJMMIA GH 3KCIEPMMEHTAIHHO YTOIHHTL KAaK HaROoJee CyHIeCTBEH-
HHE Ui DAIbHEHNIETO Pa3BATHA TApaMeTPH (Tak¥e Kak, HaOpuMep, k ¥ k), Tak ¥ caMm
UPHHNEUH KJIACTEPHOrO pasiioxeHrs, K yXe HOCTUTrHYTHM yCleXaM TEOPHH MOXHO OTHe-
cTh HallneHEoe B Heit obbacrenme [39] Toro daxTa [42], aro nmpa, BrIXUraeMad Ha KpEUIE
MUOOALHO YIIMPEHHOH JWHAM, HMEeET IPEGIM3ETENLHO SKCIOHEHIMAILAY IO (a He JTOpEHneBy,
KaK CIATAIOCh pamee) acTOTHYIO dopmy. JansEeiinell nemso Teopun SBISETCS OMACAHEE
IpOHeccoB CHEKTPANBLHOTO HEepeHOCca B 0O6beMe, NOCTATOYHOM LM OOBLACHEHHS PE3yNLTATOB
pabot [41,42] m mpenckasasus HOBHIX SBJICHHHE.

YacTh BccaenoBanui, OTPaXeHHEIX B paboTe, BumoaHena npa monnepxke POPHU (mpo-
exTH -96-15-96418 u 96-02-17771-a).
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