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u Kpacropenuem oboavyarom cepduya npocmuir dyw.”

Cs. anocron Ilasex
Ilepsoe nocranne ¥ KOpUHGIHAMS.

(AsBinevenns)

B JIa6oparopuio Teoperutieckon ¢dusuru Bragumup KoncranTurosid 6bl npuria-
men BecHou 1974 roga H.H.Boromo60oBEIM 1 ¢ TeX HOp ABAAETCA NOCTOSHHBIM COTPYR-
aukoMm JIT®. Ha spems paborsl B JITD mpuxogurcs BechbMa INOKOTBOPHBIN NEPUON
Hayunon pearensHocTu B.K.®Depnsumma. Opnaxo um x Tomy spemenu Brammvup Kon-
CTaHTUHOBUY yKe OLLI BPENBIM YUEHBIM, UMEIOLMM HAaYYHBIe PEe3YIbTaThHl MUPOBOTO
yPOBHSL.

Csot1 nyTs B Hayky B.K.Penauun wagan 8 1959 rogy 6ygyun acnupanrom H.H.Boro-
mo6osa 38 MUAH unm. B.A.Crexnosa. B nepuon ¢ 1959 mo 1962 rr. B.K.®enaununiv
OBINK IOMY'eHb] HePBhle CYMECTBEHHEIE PESYILTATEL - HOCTPOEHA PENATUBUCTCKAA KU~
HEMaTHUKa MPOLECCOB ¢ ABYMs POTOHAMYU ¥ Ha OCHOBE IUCIEDCHOHHBIX COOTHOUIEHMI
II0 OFHOU IEepPEMEHHOU BBIBENEHB! TOYHBLIC YPABHEHUS NIf PEIATHUBUCTCKUX AMILTATYN
koMrToH-3pdexTa Ha Hyknaonax. CrefyeT oTMETUTH, 4TO B TO BpeMsa Nogo6HOro poja
nporpaMMa Gplila peanuBoBaHa TOILKO A ME30H-HYKIOHHOTO paccesHus u HoTopo-
xpeunsa 1y, Jloy, Tonsg6eprepom u Hamby B 1956 r. Hcmonesosas »Tu ypaBHEHUS
U DKCIepUMEHTANbHBlE JaHHBE IO (POTOPOXKAEHUIO [0 IIOPOra DPOKICHUS p—ME3OHA,

B.K.®enanun momyynn qucieHHBle BHaYeHNs ~HOMIPU3YEMOCTEN IPOTOHA &, fi(t =

3

0,1)”. Benn4uHa bIEKTPUYECKON U MArHUTHON IIONAPUBYEMOCTH g = 71,71 - 10~ cm3,

Bo = 6.95 - 107**cm® 6p1mm vrRCIEpUMenRTaTBHO UBMepersl BapanoseM II. u mp. (Bara-
sus, CIITA, 1973). [Ise gpyrue nonspusyemocty, nonyiensste B.K.Pexauunniv B 1962
romy, ay = 10,{13 - 107*em3, B = —6.95 - 107%*cM®, cpasaHHEIe ¢ BHICIIMMH pAacIpe-
[ETeHNAMU 32PARa U MATHUTHOTO MOMEHTA, NONXKHE U3MEPATELCA B MONAPU3AI[UOHHEIX
PKCIIEPUMEHTAX, He MIPOBEREHHEIX §O CUX Top. OToT nuki uccnegosaruit B.K.Densauna
cTaJ MPeAMETOM ero KaHFUMAATCKOK guccepranuu (1962r.). B nHeM no cymecTsy Buepsbe



HaMeveH I KONM4YeCTBEHHO oQOpMIIeH Ha IpUMepe IIPOTOHA NMyTh TEOPETUIECKOTO UC-
CIENOBAHUSA YIEKTPOMATHUTHON CTPYKTYPHl aZPOHOB.

B 1967 rogy cosmecTrOo ¢ C.B. Ta6aukoseimM B.K.PensuunsiM Obina monydeHa ToqHasg
cucTeMa anrebpanvdeckux ypaBHEHMH i KOPPeNAINOHHbIX QyHKI B Mofeny Maunra
(upeanbHBIX M TpPHUMecHBIX cucTeM). HepaBeHcTBa M ANIpPOKCHMAIIMOHHBIE CXEMEI IIO-
TyeHns IPUOTINKERHBIX BbIPaXKEHUH 18 KOPPEIAlNOHHbIX QYHKINN, OCHOBAaHHBIE HAa
BTUX YPABHEHNAX OBIIN IOIOXKEHBI B OCHOBY pacdeTa DaBHOBECHBIX U HePaBHOBECHBIX
XapaKTepUCTUK MarHeTHUKOB, afcop6uum u abcop 6y, ynopagoduBaloIuXcs CIIaBOB U
paccIanBalomMXCca cMecel, Tudpakuy MeIIeHHbIX dIeKTPoHOB nosepxHocThio (LEED),
KUgKocTel. OTa OporpaMMa OblIa PEATH30BaHa B 1968-1976 rogax. B pamkax mogxona,
passuToro B.K.®enaHunnM, yratoch o6BACHUTL MHOTHME Y€DTHI JAHHOrO Kpyra ¢u-
BUYECKMX ABIEHMI, BHIABIEHHBLIX dKCIEPUMEHTAILHO B KOHNEHCHPOBAHHOM COCTOSHUU
BellecTBa, U MPERCKasaTh HOBHE OCOHEHHOCTU B IOBETeHNN PANa PUBMIECKHIX Xapak-
TepucTuk. CylecTBeHHO, YTo annpokcuMmanuu, chopmyauposatnsie B. K. Degannusiy,
Ha ADBIKE KOPPENSUMOHHHIX (yHKIMHA (paBHOBECHBIX CPEIHUX) HaMHOTO 6oiee 060CHO-
BaHHBI ¥ JOIYCKAIOT PUBUYECKM pasyMHoe oObICHeHNe, HexXKell IPOLENyPhl pacllere-
uui ¢yskuun I'puna. (JIng nocregHux OHUM ABIAIOTCH, IO CYWIECTBY, IIPENIONOXKEHNU-
AMM 06 UX aHAIMTUYECKOH CTPYKTYpe, KakK (YHKIMII KOMIUICKCHBIX HepeMeHHBIX). Tak
B.K.®egauunnM nokasaHo, YTO U3BEeCTHOE CYNEpIIOSMIIMOHHOe npubnmkeHue Bere-
Haitepnca-Tyrrenreiima (g xugkocrn Kupksyna-3ansubypra) mis BEICUINX byt
pacrnpenenenus 9epes NapHyo, TOYHO YHOBIeTBOPAeT cUCcTeMe ypaBHeHun Tabiaukopa-
PepsrnHa (MOTOCHOBOH A STOM AMMPOKCUMAIMM SIBIAETCS TpeGoBaHME MapKOBOCTH
A COOTBETCTBYIOMMUX YCIOBHBIX BeposTHocTel). CrefyeT OTMETHTB, MTO Ha OCHOBE
opuruHanbueix uccinegopauun B.K.®Penanuna n ero yuenuka A.E.MosonbkoBa nmocss-
wenHelx npobnemMe LEED, B 1982 rogy nHammcada eguMHCTBEHHas B Mupe MoHorpadus
" Mudparina MeqIEeHHBIX SIEKTPOHOB MNOBEPXHOCTHIO”. Bombllas 4acTh pesynbTarToB
NaHHBIX MccregoBaHuil Bragumupa KoHcTaHTHHOBIYA BOLITa B €70 [OKTOPCKYIO AUCCED-
rammio (1973r.). '

B 1972 rogy B.K.®egsuunniM mpeqioxkeH COBEPLUIEHHO HOBBIN ITOTXON K KIHETUKE
cop6buunu. B 0cHOBY ero nonoxeHo NpegcTaBIeHNe O IEPEXOIHOM COCTOSHUN (aKTUBHPO-
BaHHOM KOMIIIEKCE), KaK O IIPUMECH B CHCTEME MHOIMX B3AUMOTENCTBYIOWMX HaCTHI.
Ha ocnoBe mony4eHHBIX B€Ch PE3YILTATOB OBIIM KOIMYECTBEHHO IIPOAHAIUBUPOBAHEL
cop6mus, camoguddysus, BISKOCTE, BIusHMe copOLuu Ha Opoliecchl nepeHoca. Uccrne-
[oBaHUA B 9TOM o6macTH NpuBlekaloT BHUMaHue Bragumupa KoxcranTtunosmia u B
HacTosiulee BpeMs. Tak, B paborax B.K.PDemgsumua 1992-1994 ropgos, xonmyecTBEHHO
IIPOAHANNB3UPOBAHO BINSHUE aKTUBHON IOBEPXHOCTU Ha KOHLEHTPAIMIO copénpyemoro
KOMITOHeHTa B noToke. [lockonbky yueT BIMSHUA aKTHUBHON [OBEPXHOCTU TIPUBOAMUT K
cucTeMe HEMMHEHHHBIX AuddepeHIanbHbIX YPaBHEHUN ({aKe B TMHENHOM A ypaBHe-

HUI IlepeHoCa NPUOGIIKEHNI), TO BO3MOXKHBI DasiIMyuHble DEXKUMBL ~maBHOe” Tede-



HUe, KOHLEHTPAINOHHLIX BONH N, IIPY ONPEAEIeHHEIX IPENIONOKEHUIX O BIAUMOREN-
CTBUM 3ATOMOB, CTPAHHBIX ATTPaKTOpP (HE UCKIIOUEH U XAOTUYECKUl pexum). A B
mukie paboT 1985-1994 rogor na 6ase MoguPUUIMPOBAHHLIX MOGENbHEIX IaMUIIBTOHNA-
HOB, ITONYYEHHBIX U3 "IepBLIX” NPUHLUNOB IPY yYeTe MeXSICKTPOHHBIX KOPpeIdI,
B.K.PepsguuuniM 1 ero yYeHUKaMU PaCCYNTAHBI BCE OCHOBHBIE XapaKTEPUCTUKM SIEK-
TPOHHOH HOJCUCTEMBI afcop6aT-ancop6eHT (KOHKPETHO PacCMaTpHUBAlCA BOZOPOR Ha
IepEXONHBIX MeTal1ax). PesyapTaThl 9TuX UccIeRoBaHull 060CHOBAIN OCHOBHEIE IIPEN-
nonoxernns nogxofa B.K.Pegsnuma, koTopsli, TakuM 06pasomM, Ipruobper cTaTyc Ko-
CTaTOYHO IPOCTON, KOHCTpYKTUBHOU Teopun. [Tuxn nccnegonanui B. K. Deganuna u ero
YI€HNKOB ITO MEXKONEKTPOHHBIM KOPPELInuaM B xeMocopbumu (1975-1990r.) 6511 3 1990
rony orMmeueH npemuen OUSIH.

C 1977 ropa B.K.®enauny BEIIOIHWT BO MHOTOM IIHOHEDCKUE MCCICTOBAHNUS 110 M-
HaMUKe YaCTUIENON06HbIX BO30Y KICHUI B KBABHONHOMEPHEIX MOMIEIAX TeOPUM KOHEH-
CHPOBAHHOTO COCTOSHNS, KAHAIUPOBAHNUN, IIPOXOXKAEHIN NONSPUBOBAHHOIO UBIY1eHUs
B MHOTOCIHONHEIX CTPYKTYPAX INIaHAPHOH, cHepUIecKon 1 UINHEPUIECKOR reOMeTPUH,
OMUCBLIBAEMEIX PEIIeHNIMY HENUHENHEIX SBONIOMOHHEIX ypannemm Pesynsrars, nomy-
yennble oeck B.K.DegauunbiM 1 ero yueHNKaMu I MarHETHKOB, o- CIIMPAH, (CH),,
AB-momumepos, monexyne JHK, xanannposarnio nosurponos B AB-kpucrannax, ontu-
JecKoll GUCTAaGUALHOCTY MMenu OOoNnbIION Pe3OHAHC M Y Hac, U 3a pybexom. Ilo menr
B.K.PegaHuHBIM U €10 KOMIEraMi oIy HIMKOBAHO HECKONBKO 0630pOB 1 6ONbUINE KL
craren. Oxono 10 yuennkos B.K.DensHuna samuTunm mo Hell KaHEUZATCKUE AUCCEDP-
rauuu. MccnegoBarusa oTu ObIIM IINPOKO NPENCTABICHB TOKNARaMU Ha Bceconsnrix
un MexpgyHaponHuix koH@epernuuax B 1982-1994 rr., cpefu XKOTOPHLIX BaMETHOE MECTO
BaHUMAIOT ¥ KoH(epeHIUN HO HelIWHENHBIM SBOMIOLMOHHEIM YPABHEHUIM U UCIONL3O-
BaHNIO UX PEMEHN A ONMCAaHUA CUTyanuu B (usuKe KOHTEHCUPOBAHHOI'O COCTOSHNU,
nposogumsie npu yaactuu OUAN B 1985-1992 rr.

Hcnonszosas nogxon Boromo6osa no croxacTusanuy MOBELEHNS MaION TOTCACTEMBL
B TepmocraTe B.K.®enauun u ero yuenux I'.M.I'aBpunesxo mocTpouin opurnHalsHyo
Teopuio kaHanupopanusa xerxkux vactun (e*, u¥) B kpucramnax. Amu Guina o6bicHena
TEPMONUBAINA MYYKa TOSHTPOHOB ¢ pHeprusMu ~10 I'ss npn xamanuporsanun B rep-
MaHWMM U KPEMHNH, HESaNoNro N0 ®TOro HabmopgeHHas B onelTax llsramosa D1, n
ap. B Barasuu (CIIA), u nmpenckasaso monyuenme Ha JBYyX YaCTOTaX IPH KaHAIM-
posanuu ¢t B 6unapbrx xpuctamtax (NaCl, KBr u r.m.) (1982r.). Dro mpexckasa-
Hye ObUIO BKCIEPUMEHTAILHO HopTBepxkpaeHo Ilanremmom (1983r., Crendopg, CIIA).
B pa6orax B.K.®ensunna u ero yuennka J.Muxanaxe (PyMeirus) 6510 npegckasaso
ABTEHNE ONTHUYEeCKOH GHCTabMILHOCTH B INIAHAPHBIX CTPYKTYPaX ¢ HETNHENHLIM dle-
MEHTOM: MOfBICHUE OKOH ~HEempospadHocTn” IIPHM MGMEHEHNM MOIHOCTH JIyYa J1asepa,
TIPOIIyCKAEMOTo Iepes INACTUHY ¢ HeTMHEHMHBIMM CBoXCTBaMn. Ha sTux pesymnTaTax,

BBIBBABUINX GOMBIION MEXKAYHAPONHBIN PESOHAHC, OCHOBLIBAETCS LUKI NCCIELOBAHUI 11O



CO3JaHMIO HOBOTO TIOKOJNIEHNA KOMIbloTepoB konnabopaunenn IBM (CIIA), Begymnxes ¢
1985 r. OTa TeMa nonyumnna npopomxkenue s 1985-1994 ropax B paboTax B.K.®eyaunna
c JI.A.Ysaposon (TBeps), rie UCCIEROBAINCH ABIEHNS B HEIMHENHBIX CTPYKTYPaX pas-
INIHON TE€OMETPUH C TEIUIOBRIM PEXMMOM THma ~obocTpeHus”.

B xnaccuyeckon sagade o nonspore B.K.®epanun coBMecTHO CO cBOUM yI€HMKOM
K.PogpurecoM moly4ns TeMIEpaTyPHYIO 3aBUCUMOCTD (e THBHOM MacCHl ongpoHa
I DHEPTUM OCHOBHOTO COCTOSHMS BO BCEM MHTEpBale KOHCTAaHT CBA3K U TeMuepaTyp T,
M(a,T), Eo(a,T) (1982r.). Cooteercrayiomue popmynet mpu I’ — 0 u gus o < 1
IIPEKPACHO OIMCATM DKCIIEPMMEHTH B MOHHEIX kpucTamtax no M(a,T). Ocobernno pe-
TanbHO OHM 6nlmy npoBepensl Urnerucom (ABcrpanus) B 1984 rogy. Hago ckasaTs, uTo
GONBLIINHCTBO TEOPETUYECKUX pacdeToB, nposefennnix u B CHI' u sa py6exom, mpep-
ckasniBanu ymenbuenue M(a < 1,T — 0). Pesynsrars B.K.®enauuna un K.Pogpureca
IIpMBENN K 06paTHON CUTYAUMH - ONIPOH " TAKeNen” 110 BIOIHE ONpeAeNeHHOMY 3aKOHY.
OTU pesyabTAThl TaKXKe BHISBAIM GOIBLION PESOHAHC BO BCEM MHIPOBOM COOOLIECTBe,
SaHUMapoleMcs pobleMoil IONApOHa, ¥ ABIAIOTCA Tenepb obmwenprsHanHbMu. Lukn
craTeH, anioqa.loumﬁ 9TH NcclegoBanus, 6611 yrocroed nepeon npemun QUAN sa 1982
rof.

B.K.Penauun B cBOUX HCCIEROBAHUAX U B COBMECTHBIX MCCIENOBAHMIX CO CBOUMU

y4eHHKaMu HavuHasg ¢ 1977 rofa cTan ogHUM U3 IEPBHX B MUP€ CHUCTEMaTUYECKH HC-
MONBL30BAThL COMUTOHHEIE PEIleHNs HEMMHENHBIX TuddepeHnInalbHEIX yPaBHEHUI B MO-
[eSX TeopHH KOHIEHCHPOBAHHONO COCTOSHUA MpocTpaHcTBa (141) mus umrepmpera-
MU UX PABHOBECHEIX M HEPABHOBECHHIX XapaKTEpPUCTHK Ha SIBHIKE T'asda JacTHIENOofR00-
HBIX Bo3Oyxpenuni. UM mpennoxeH OpUrMHANBHBIA MORXOM, K BBIYMCIEHUIO OCHOBHBIX
TEePMOIMHAMIYECKMX U JUHAMUYIECKUX XapaKTePUCTUK. B oTHX MCCIegoBaHUIX OBLIA
‘[eTalbHO MBy4eHa CUTyauus B KBasHORHOMepHHX MarHetukax (CsNiFz, RbFeCls n
np.), B leitsen6eprosckom marmeruke, CH,, a-cnupann, AB-momumepax, nomeHax,
monekyne JHK u gp. (1977-1993 rr.). Insa cucreM c 8KCHTOH-(HOHOHHEIM B3aMMOfEN-
cTBUeM U Mofenu Xab6appa’ GLIIM MONYyYeHHI HOBBIE KIACCHl HENMHENHEIX yPaBHEHUI
C COBEpLIEHHO HEeOOHYHEIMU CBOMCTBAMU COMMTOHHLIX pelieHuyl. KoIM4ecTBEHHO HC-
cnenosaHHEM 1 npegckasansui B. K. Penanunniv, B.I'.Maxauskoseim 1 B.JIucu sxmag
6pusepon gias C'sNiF; (1982r.) 611 BRIlENEH B SKCNEPUMEHTAX IO PACCEAHNIO HEUTPO-
HoB: (Keitmc, IlITenuep, Kakypu, 1983r.).

Brapgumup KoHcTanTHHOBIY MHOTO CHI O0TA2eT paboTe ¢ MONOABIMA, HAYUHAIO MU
uccnegosarenaMmu. Ilog pyxosogcreom B.K.@enaunna ¢ 1972 roga samuineHo caeIle co-
pOKa ZUMIIOMHEIX paboT, gBafuaTh KaHAumaTckux guccepranuit. [lecTs ero ydyenuxon
saluTIIN fokTopckue auccepramuu. lIpodeccop Penauun MHOro cut oTaaeT npenoia-
BaTeNbCKOR pa6\o*re, YUTad JeKnuy; nocnegoaTensHo 8 MI'Y, MUPOA (y6ra), TTY.
B Teepckom rocygapcrsenHoM yHuBepcuteTe B.K. Densanun paboraer naunnas ¢ 1986

rofa 1 {0 CUX INOp, Ha COBKaHHOM uM ¢umuane xademprl METOZOB MaTEMaTHYECKON



$uouxu npn OUAN. Ero npurnamanm gis YTeHUs JEKIUM B YHUBEPCUTETH! TOPOROB
Tapry, Apocnasns, Ogecca. B.K.PensaHuna HeOZHOKPATHO NPUINIAAIY ONIOHIPOBATD
II0 TOKTOPCKMM U KaHTUIATCKAM HUCCEPTAUUIAM, TOCBAMEHHBIM UCCISIOBAHMAM IO BhI-
HIEOYEPIEHHON TEMAaTHKE.

Crenyer orMeTuTh 60IBUIOH HayIHO-opranusanuonnnyt skiay B. K. @egauuna. Baa-
muvup KorcranTunoswd yuacTBoBal BO MHorux Hay4Hbuix kondepennusx CHI u sa py-
6exoM. OH CTOAN y UCTOKOB OPTaHUSAIIN CEPUU MEXTYHAPOTHBIX HayIHBIX KOH(epeH-
nuit, nposogumerx OVIAN: xorpepennuu no craTuctudeckon Mexanuke (1977-1989rr. ),
"Comuronsr u npuaoxenus” (1986-1989rr.), NEEDS (1990,1992). B.K.®epsuun yua-
CTBOBAl B HUX M Kak IIPeACefaTelnhb, U Kak KOKIAf4MK, ¥ KaK PEefakTop TPYHOB KOH-
depenuun. B xondepeHuusax npuHaayM ydacTHe HE TOILKO NPAKTHYECKN BCE BERYyILUE,
aKTHUBHO paGoTaolye o TeMaTukaM xoH$epennuit uccregosarenn CHI, Ho n crpan
Awmepuxu, Esponsl, Asuu. Xorenoch 651 Taxke OTMETUTH €ro 60IbLIOH BKIAX B pPa-
6oty Canxr-Ilerepbyprckoro oTnenenus Beepoccuitckoro Menneneenckoro O6mecTsa,
Ha KOH(PEPEHINAX U CEMUHAPaX KOTOPOro OH HEOTHOKPATHO BLICTYMAN ¢ NpUIalleH-
HBIMH IOKIafaMHU. \

Bragumup Komcramprtunosima Peggauun Xopouo USBECTEH B HaydIHEIX Kpyrax. s-
BECTEH KaK KPYIHBIN QUBKK-TE€OPETUK, BHECIINII SHAUUTEIbHBIH, 3249aCTYI0 IMOHEP CKUI
BKIAT B TEOPHIO DIEMEHTAPHEIX YaCTHI], TEOPUIO KOHIEHCHPOBAHHOTO COCTOSHUS, TEO0-
PETUYECKME ACIIEK THl XUMIYeCcKol QUuanku 1 pusndeckonr xumuu, Guodusuxu. s may«-
noro crung B.K.®engunna xapakTepHo To, 4T0 Ha 6a3€ TBEPHO YCTAHOBIEHHBIX DKCIIE-
pUMeHTAILHEIX (GakTOB CTPOUTCH TEOpeTUIeCcKas MOJENb PAacCMaTPUBAEMOTO ABIEHN,
(xax npaBmno, Ha YPOBHE MOJENBHOrO PAMIILTOHMAHA ), KOTOpas BaTeM HCIOIb3YeTCs
(¢ mpuMeHeHNEM ANIPOGUPOBAHHBIX TEOPETUYECKUX IOAXORXOB 1 COBPEMEHHBIX METOOB
MaTeMaTHIeCKol USNKY) 1715 0 6bICHEHN IOBEGEHNS MMEIOLIMXCS 9KCIIEPUMEH TAIbHBIX
NAHHBIX Ha MakKCHMalbHO LIXPOKOM KIacce PEalbHO UCCIEAYEMEBIX CHCTEM, BIUCHIBAIO-
IUXCS B JAaHHYIO MOfeNhb, YTOUHEHUS [TOBENEHUs QUINKO-XUMUIECKUX XAPAKTEPUCTHK U
IpeCKas3aHUs HOBLIX YePT UX HOBELEHWs MpPU BapbUPOBAHNM YCIOBUN BKCIEPUMEHTA.
Ouepuennnin Brime kpyr uccregoBaruil B.K.Penanuna, ero Hay-uHo-0praHU3aloHHaL
IeATENBHOCTh CBUAETENbCTBYIOT, uTo Baagumup Kouncranrunosua PeqaHuH sBugeTcs
YYIEeHBIM MEPOBOrO yPOBHI, PaSHOCTOPOHHUM (PUBHKOM-TEOPETHKOM, LOCTONHO IIpEN-
crasasiomuM Jlaboparoputo Teoperndeckon Ppusuxu um. H.H.Boromo6ora. B.K.Pegsa-
HUH BHEC BHAYUTENbHLIN BKIAX B T€ 06IacTH Te€opeTHIecKor PUsnKu, KOTophie Obliu
IIPEIMETOM €0 UCCIEROBaHMN. HayJHbIN IOTEHIAAN ero BLICOK, 1 OH, 6€3YCIOBHO, ele

MHOTO CHeTaeT B IPOLeCcce CBOMX MAaNbHENIINX UCCHEROBAHMIN.



Crucox na6paHHBIX Hay4YHBIX paboT
PDenauuna Baragumupa KoHcranTuHOBHYA

CrTaTbH

1. YacTunuel. ITons. Maremarudyeckas ¢usuka

¢ PaguannoHsble MompaBky B AYCIEPCUOHHBIX COOTHOMIEHUAX nn)z (7N) — («'N").
2KOTP, 33, Bein.5(11), 1957, ¢.1301-1303.

e IIpubnmxenHvle ypaBHeHUs RIS aMrnm'ryﬁbI paccesHua (POTOHOB Ha HYKIOHAX.
IAH, 119, Brim.4, 1958, c. 690-693. (coBmecTHo ¢ A.H.Tasxemupse).

o JlucnepcuonHsle cooTHOWEHNs ANg KoMnToH-spdekTa Ha mykmonax. JAH, 140,
Bum.2, 1961, c. 347-350.

¢ KomnTon-sdpdexkT na nporoHe B gunonsHoM npubnumxenun. 2KOTD, 42, B4,
1962, c.1038-1046. N

[ Hpmaenelme TUCIIECPCHOHHBIX COOTHOMIEHUH K KOMHTOH-Bq)q)eKTy Ha IIPDOTOHE.

KOTP, 44, primn.2, 1963, c. 633-648.

e 3aBUCHMOCTDb MEXIY HEKOTOPHIMH dNEKTPO-dHIedanbrpaduiecKIMy IOKas3aTeNlsd-
MM I ee BHavUeHNe B OLEHKe THXECTHU MOBPEXIEHUM MOBTa IPY OXUBIEHUY IOCHIE
mpekpatieHns kpoBoobpamenns. [laranoruyieckas pusnonorus n 9KCIEPUMEHTAIL-
nas teparus AMH CCCP, 1972, c.8. (coBmectno ¢ A.M.I'ypenu u E.A.MyTyc-
KUHOI1).

¢ AnmpoxcuManms CIIeKTPalbHOU IIIOTHOCTH B Mofenu Anpepcona. TM®, 25, srm. 1,
1975, c. 80-86. (coBmectHo ¢ I".M.IaBpunenxo).

¢ ACHMIITOTHYECKM TOYHBIE METOHBL! B BOHHOU Teopuu ¢eppomarHeTusma. TMD,
23, Bum.3, 1975, ¢.419-424. (copmectro ¢ B.B.Momunckum).

e Acumnroruka Mmonenn lenoenbepra ¢ manpHopmencTsuem. TM®P, 31, 1977, ¢.101-
106. (coBmectso ¢ B.B.Moumunckum).
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O nmopcranoBke Koyna—Xonda.

s

B.K. ®enaaun

( Jdabopamopug meopemuyeckot gusuxy um. H.H Fozoawnbosa

O6vedunennoitl uncmumym gdepuvic uccaedosanui, Jybna

1.ByneM ucxoguTh ma ypaBHeHUS IepeHOca B ero obuen gopume:

00(z,t) _ da(z,) _
ot oz

spech p(z,t) ~ ITOTHOCTH Ha EUHMIY BAUHEL, ¢(Z,t) — PAcXol B €UHUILY BpEMEHU

0 (1)

( 4ero XKOHKpeTHO BaBUCUT OT mpobmeMaTuxu sagaau ) . ¥ p(z,t) , n g¢(z,t) nonaraem
muddepennupyembiMu pysruusamu, xors (1) odeBugubiM o6pasoMm obobwaeTcs u Ha
Cliyyal paspbIBHEIX QyHKImE [1].

HenTpanbHEIM MOMEHTOM RIS AalbHEHINErO UCHONb30BaHn (1) ABiseTcs npernono-

xKeHue o BeiGope ¢(z,t) , Kak PyHKIUOHANA IOTHOCTH:

) 4=Q() @)

IPUBORUT X UBBECTHOMY, BOOOLIe TOBOPS HEMUWHENHOMY yPaBHEHUIO

Bip+Clp)p=0 , Clp)=Q, (3)
foIyckaoleMy oblee UcClefoBaHUE NOBEREHUS pelteHul Ha (,t) — IIOCKOCTH, faBas
[ONHYIO KAPTUHY QUArpaMM XapakKTepUCTHK 11 HeluHEeXHBIX BonH. MoxHO rorasath
, 9TO HAYUHAS C ONPERETCHHOr0 MOMEHTa BPEMEHN g, BOSHUKAET ONPOKUAgbIBaHue [1].
Dpepnonoxenne (2) saBusercs u He 006s13aTENbHBIM, U HEe PUSHIECKUM.

Ipegcrapusercsa ecTecTBEHHBIM BRIGpaTh ¢(z,t) B BUfe

gz, t) = Q(p) - Re™'pp — 6poz — ... (4)

" mobaBnerHsble” crnaraeMble fudPysHOHHO-NUCIEPCHORHOTO TUNA, ’ pasMaxyT Gport”’
BEPTUKAILHOM XapaKTEPUCTHKY, ¢ KOTOPOU HEMUHAETCA ONPOKUILIBAHNE U IPUBETYT K

YDaBHEHUIO
Oip + Clp)pz = Re_lpm‘ +68pzez , (Re,6) >0 (5)

(B mpuummme MoxHO 6BLIO 6bI 6paTh U BHICLINE INPOMSBORHEIE, HO NIf HAUIMX Lelen
MOXHO OrpaHmuuTcs pasitoxeHueM (4)). Kospduument npu pg., Re™! = v/vL -
o6paTrHoe uncno Peftronbca. CooTReTCTByOMIEE CIAraeMOe OIMCHIBAET IPOLECC AUCCH-

nanus, oGycnosneHHEEN guddysuein (¥ — KUHeMaTHIeckas BISKOCTh; v, L — xapaxTepHbIe
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ckopocTb U pasmep). Cnaraemoe 6p;., onuceiBaeT gucnepcuio. Ecrecrsenno, ocraercs
pewnTs Borpoc o Buibope ()(p). B npurmmune ero MoxHo B3ATH B caMOM oOLIEM BUJE:
HaIIpUMeD,

n pk

2

Qo) =2 a7 (6)
o kK
|

Opnnaxo, 3 coo6pakeHUH ITO yXKe CIydalt n = 2 NPUBOJUT K JOCTATOYHO CIOXKHOM

u B o6LIEM CIydae HepellaeMolt Bajlade Mbl BOSbMEM €0 B BHAe
Q(p)=§p2‘+bp+c , €>0 (7)
4YTO RaeT Ais ypaBHeHus (5)
Bip + (ep + b)pz = Re™ por + 6pozz - (8)

[Ipeo6pasopanueM p = p+b/e ypanuenne (8) nepesoputcs B ” crarnapTHyo” Gopmy
(2] (wTpux MsI omycTiM)

6tp +€eppr = Re‘lpzz + ’Spa:a:z (9)

Henuneitnoe ypasuenue (9) onuceIBaeT 1 AUCCHNAIMIO ¥ JUCIEPCHIO. 3aMETHUM, YTO
[0 CHX IIOP He JelaloCh KaKnx-mu60 TIpeqIonoxeHuil o BenuuuHax €, Re™1, §: amnmuryne
HENMUHENHOCTH, BASKOCTH, kosdduImenTe gucnepcuu.
~ JleTanbHOE MCCIEOBAHME HOBENEHNs HEIMHEHHBIX BONH MAON AMILIMTYRH! €, 4TO
' [IOBBONAET CTAPTOBATH C PELICHMS TNHERHON BaIaty U PO CIeNUTh nc;BeneHne HenuHen-
HBIX BOTH Ha uHTepBanax t, ~ 1/e nposegeno B pabote (2]. Ilpu sToMm npeneGperas
muccunanueir Re~! << § Mt npuxoguM x ypasuenmio KiB, chirpasmemy raBHYO poib
B ¢opmynupoBke MeTopa obpaTHOH 3agaun paccesuud [4]. Ecnu gucnepcumeil MOxHO

npene6peun Re™' >> §, To Mul npuxopuM x ypapHeHHMI0 Broprepca [5]:

Oip + PPz = Re_lpu (10)

KOTOpOEe ¥ 6yIeT NMpegMeTOM HAlIEro JalbHERIIEro pacCMOTPEHNUS.

2.MacuTabHEM nnpeo6pasoBaHNeM
t=ar , z=bz; a=(Re) !, b=+vRe

MoxHo "y6paTh” napameTph € u Re™! us ypasuenus (10), xoTopoe nepeiigeT B ypaBHeHue

- 0rp + PPz = poo (11)

HO 7711 yo6CTBa COMOCTABIEHN C IPeRbILy MU paboTam [1] nabasumMes oT mapaMeTpa
!
€; TO-eCTh MacIITaboM aMIUIMTYRH GyfeT sBasaTcs p (z,t). Ilepexogs or ¢t k 7 mo

dopmyny t = ar umeem cregyromyio dopmy ypasHeHns Bioprepca

20




Orp+ PP =Vpow , V= — ., a=

-1
Re 1 (12)
€

IIns oToro ypaBHeHUs ImpakTudeckn HesasucuMo Koya [6) u Xond [7] mpegnoxumn
HEITUHEHHYI0 SaMeHy [IePEMEHHOHR, OBBoNuBIIyIo cBecTH (12) kK IuHeNHOMY ypaBHEHHIO

TEIIONIPOBORHOCTH, a UMEHHO

p= 2w Inp(z, 1) (13)

Hopcranoeky »Ty yro6HO IPOBOZUTE B ABa DTANa

o= Sz 1) (14)

3aMeTuM, 4TO

v(e,) = [ p(a,t) + pol®) (15)

yrosueTBopseT (14); mocnenHee HUrfe SBHO He IHOFYepKuBailoch. [logcranoska (14)
B (12) naet

"’brz + ¢z¢zz - V¢xzz =0 (16)
nin

(tﬁ, + %z,bﬁ - mp,z)z —0 o

Ypasrenne (17) nunTerpupyeTcs TPUBMAIBHO U MBI UMEEM B UTOTE

Yo+ S92 = s = (1) (18)

rfe f(7) nekoropas dymkuua " r”. BaMmeTum, 9TO IPU CTAHKAPTHOM usinoxeHun (1, 2] ee
momaraioT paBHOn Hymio. Huxe GygeT DOSCHEHO A7iA KaKOTo KPYTa 3afad BTO BOSMOXHO.
Hanee monaras

v=-whp , g=ew(-v) , (19)

IIOCIIe HECTOXKHBIX BBIMUCIEHUH IPOMBBORHLIX, $urypupyoumux B (18) u mopcranosku
ux B (18) nmeem

o = Vs — o f(r )i (20)

2v
Henurennoe ypaBrnenne Bioprepca (12) cBenocs x THHENHOMY yPaBHEHUIO TEMIIONPO-
BoprocTH (puddysnn), Ho BOSHUKIO JONOIHATENbHOE craraeMoe ¢ f(T) — pyHkImeln sa-
[aHHOM HAa XapakTePUCTUKEe ypaBHeHus napabonumdeckoro Tuna. Eciu paccMaTpusaTh
JI&HHYIO BaMeaneanyro HOHCT&HOBKY KaK Y1ucTo MeTOI[I/I‘{eCKPIﬁ npneM csenenym HeIn-

HEIHOTO yPaBHEHUS K YPAaBHEHNIO TEINIONPOBOJHOCTH, TO B IPHUIOKEHNE K KOHKPETHBIM
sagadaM (1] mpu f(7) = 0 MOXHO pelnTh TOIBKO HaYAIbHYIO Bafady: safas p(z,0) =
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F(z) - ¢uouseckoil penmmuuHoM sABIfeTcs UMeHHO p(z,t), ¢urypupyomas B (12) m,
BOCHONB30BABLINCH PYHKIMeR nerodnyka pis (20) — MOYYUTh HOCTATOMHO CIOKHOE
BhIpaxenue i p(z,t). MMenHo Tak u genaercs B [1, 2].

Ho HaM NpeRCTaBIfeTCA 9TO RONOMHMTENbHOE ciaraemoe ¢ f(7) B (20) mossomut
pelaTh peanmcTUYecKUe KpaeBble sajauu gus ypasHenuit (8),(9). Komeuno moxmo
cTaBUTH KpaeBble 3agauu musa (20) nmpu f(7) = 0, xakx nepeoro poga ¢(0,t) = o(t),
Tak u Broporo popa ¢-(0,t) = p1(t) [9, 10] n nonEsoOBaTHECS ANPOOGUPOBAHHEIMU Me-
rogamu [8, 9, 10]. Ho mago umeTs B BHAY, uTO Kak ¢pyEkmus y(z,t) B (14), Tax n
dyuxuns ¢(z,t) B (19) cyTs BcnoMoraTenbHble QyHKINHM U CTaPTOBATh Haflo OT yCIO-
BUIT Ha PEATBHYIO INIOTHOCTH p(z,t), moguuHmomyiocs (11); To-eCTh CTaBUTH Kak Ha-
JalbHBEIE Tak U KpaeBhle yCIoBHA UMeHHo ais Hee samasast p(0,t) = po(t), p(z,0) =
po{z), p=(0,t) = p1(t) ¢ pasnuuHBIMH KOMOMHaIMIMHM KpaeBhIX ycnoBuid (8, 9] m "uc-
xoBepkas” ux nopcranoskon Koyna-Xonga pewars (20) yxe He ¢ npoussonsHon f(7),
a ONpENenseMON STUMY SafaHHBIMU QYHKLMIMHA.

DTa nporpaMMa u 6yIeT pealNdOBaHHA HIKE. 3aMETHM, YTO IIPH HCIONL3OBAHNMN
(12),(20) B XOHKpeTHHIX 3afadax HAgO YUYUTHIBATH, YTO MHl ~yb6upann” NOCTOSHHYIO B
(8) , mepexons oT mioTHOCTH B ypasenun (1) p k p = p + b/e, coberrus passuBamHCH

BO BpeMeHU T = €t 1 xoapPuunert Auddysun B (12) v = Re™!

€. 3aMeTHuM Tak¥XKe, ITO
u ancno Pennonsaca Re ¥ aMIuTyRa HEMUHENHOCTY OTINYHEL OT HYINId , HO B IIPUHITUIIE

MOTYT MMETBH Ti0Okle 3HAaYEeHU.

3.BocronsayeMcs Tenepb TeMH BO3MOXHOCTSMH, KOTOPHIE BOSHUKAIOT U3-3a IIOSB-
nenus ¢yHxuuoHanbHOro npoussona (18) pus pewenus ypasnenus (12) Ha monyorpaxu-
gensont npamon: t >0 , 0<z < oco. C ygerom (15) nonysaem

fr) = tim [ele )+ 39e) — v (B2),] =

= A7)+ 564(r) = vpu(r) @

v

rae

po(7) = p(z=0,7) ,  pa(7) = pz(0,7) (22)
nsBecTHBle QYHKINM, BaflaBaeMble, Kak KpaeBhle ycloBus ypaBHeHus Broprepca (12).
JononHuUTENbHO A7 NMOMHOTO OIpPERENeHMA Bajavdl HaXOXIEHWUS pelleHud B 061acTH
0 <z <o , t> 0 ypaeuenus (12) Heobxogumo sagath po(z) = p(z,7 = 0). B
BBINUMCAHHEIX HUXKE MHTErpanax GyfeM MAPKUPOBATh HPOCTPAHCTBEHHbIE KOODAUHATHI

cumsonamu (z, €, z), a BpeMennste (7, u, A). Ucnonsays mogcranosky

¢ = x(7)R(z,7) (23)

HECIIOXHO I0KasaTh, 4To Pyukuus R(z,T) yRoBIeTBOpsSET ypaBHEHUIO

R.(z,7) = vR,(z,7) ’ (24)
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mer (o [ ) = et
= [Po( )+/ ( ~pa(p) — VPl(,ﬂ)) d,u.] ‘ (25)

X0, Po(0) — KoHCTaHTHI, BEIGUpaeMsle us Puaudecknx coobpaxkenuit. Ilockonbky HamuIo

cessb (19), To

R(z,7) = R;'exp (r - -2-1;1/)(33,1")) = |
Rt exp oo [ (58800 —veu(w)) du~ [[oter)e]  20)

Ro = x0e57©

MeI BocroassoBanuck (15), (19). Us Bmpax;ermﬂ (25) cnegyer

Ry(z) E‘R(:c,O) R;'exp [—%/ p(€,0)d¢ ]

Riz) = R(O,7) =Ryt exn o | [ (5680~ ver(w)) ]

TakuM 06pasoM MBI IIOMHCTHIO OUPERENUIM IEPBYIO KpaeByio safady (3, 9] mis scnoMo-
raTensHOro ypasHeHus ruddysuontoro runa (24). Hecnoxuo popMynupyiorcs BTopas
1 TpeTbd Kpaepble 3agauu gus (24); ( Hapagy ¢ Ri(z) sapaercs mubo Rs(7) = 9, R(0, 1),
mb6o 0, R(0,7) = A[R(0,7) — 6(7)]) a Takxe sagasa 6e3 HavanbHux yciaosui (Ry(z) =
0), pasuuyHble KOMOUHALUKM KPaeBHIX 3aja4. MoryT pewarcs U Bafaddm Ha OTpe3Ke
0 < z £1[3). Hna nocregsux, ecTecTBeHHO, HeobxopuMmo saganne R(l,7), R (I,7),
ansTepHarTusHo, p(l, 7), p-(l, T) oTo npusegeT x 6onee rpamosgkuM GopMyIaM, HO pr;:-
HOCTHU HOCAT YMCTO BBIMUCIMTEILHBIN XapaKTep.

BameTuM, uTo B (21) mepBoe claraeMoe MOXHO ObLIO 6Bl BEIPa3UTH 4depes po(z),
(p0)z, (Po)zz BoCONBBOBaBINCH ypaBHenueM (12):

polr) = —po(r)p=(7) + 1p2sl0,7) (27)

Ho, umes B Bnﬁy nocTaHoBKY (23) ¢ mocnepgyomunM upegcrasnennem (25) pas x(7) Mo
BSTOro He CHemaIu. '
IlepBas xpaeBas safada gus (24) pewaercs cTangapTHEM cnocoboM [3, 9]. Pemenne
ee gaeTcs popmynamu ‘ '
R(z,7) = Ry(z,7) + Ra(z, 7); (28)

Ra,r) = [716-(,6,7) = Ga(a, &, 7] Ra(€)dE +
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T 0G(z,0,7 — A)
+ 2 /0 e B X))

R(&) = Ro €xXp (—“1—/ Po(f)‘ﬁ) (
R(\) = Ry'exp [_51;/: (m(u)—%mﬁ(u)) du]

1 h?
Gy(z,&,7) = mexp (———2-2*1-) , he =x:€ , d=2vur

8G(z,0,7 — )\ 2 2
(z a; )_ T ;‘33/2 xp( 2d1) , di=v(r—=X)

Hcxomoe pewenue p(z,7) ypaBHeHns Bioprepca nomyvaercs, eciu BOCIOIb30BATHCH
(14), (19), (23) u gaercs opmynamm:

pla7) = e = ~20 (29)
e
® 10G_(z,¢, 0G4(z,¢,
e [R5 B,
+ 2 /0 aG‘(g’zoa’g_)‘)Rz(A)d,\ . (30)

; 2nhg hZ
0.Gx(2,6,7) = £ g oxp (- 52

2 2
0 G(z,0,7 — X) = — [2# - (ijrfiz } exp (—%:) (2ndy) ™32 ;
Ecrectsenno, okonyarensusie Gpopmynsl gas p(z, 7) mo (29) nonydaoTces JOCTATOIHO
rpoMosiKuMy, Ho 3afasas po(z) = p(z,7 = 0) — HavanbHOE SHaYEHUE PaCIpPENeneHNs
HIOTHOCTH INORMUHAIOLeecs ypaBHeHmio Bioprepca u po(7) = p(z = 0,7), pi(7) =
pz(z = 0,7) SHa4YeHUS INIOTHOCTU U €€ MepPBOM IPOM3BOAHON MBI HAXOAUM C IOMOILBIO
(29), (30) saxon ssomonnu p(z,7) g 7 > 0n 0 < z < co. Pynxunu po(z), po(7),
p1(7) BOMKHEL yIOBIETBOPATDH YCIOBUAM

(@)l <A , lp(MI<B , |a(n)<C

obecrieunBaOILINM E€EAMHCTBEHHOCTS IIONYXICHHOI'O PECIUCHUS.
MoOXKHO KOHEYHO CTaBUTH TEIIEPD

1) IlepByIo kpaeByo samnady fAns ypaBHenus Bloprepca, sapaBas: po(z) = p(z,7 = 0);
/ P
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p(:l? = OaT) = pO(T)a px(ovT) =0;

(2) Bropyio xpaeByio safady ypaBHeHus Bioprepca, sagasas: po(z), p«(0,7) = po(7) u
3, 9J;

(3) Tpernio xpaeBylo sagady , sagasas: p1(7) = A[po(7) — 6(T)] momydernsle BbIwe
dopmynst (29), (30) mator ux pelenye.

Taxum 06pasoM ONNCHBask KOHKPETHEIN IpoLecc HeoGxoguMo B Ry(€), Ry(A) u R(z, )
nepeittu ot p,v, 7T K p— bje,v = Re"l/e,t =7/¢,d = vT — Re™?

B saxmioueHny nogdepkHEM elle pas, YTo IIpu ucnonssobanun (12), (20) B KOHKpeTHBIX
BafjavaX Haj0 YyIMTHIBATH UTO Mbl ’ybupamn” nocrosHryio B (8), mepexops oT mior-
HocTH B ypapuennu (1) p X p' = p + b/€, cOBLITHA PaBBUBATICE BO BPEMEHU T = €t U
"xosdppunuent gudpdysun” 8 (12) v = Re~!/e.

BamMerum 4yTo 1 gucio Pertnonbaca u xospduuueHT HETUMHENHOCTH OTINYHEL OT HY IS,
HO B IIPUHIAIE MOTYT MMETH NI06BIE SHAYEHNS.

A npuorarenen B.M.Bap6amosy, B.A.Ocunosy, 1.B.Iyssruay, B.I1.Cummey sa
o6 CcyXKaeHne pesyILTATOB U KOHCTPYKTUBHBIE 3aMedanus. fI Takxke rioyboko 6marogapes
II.B.IITupxoBy, BHUMATENBHO O3HAKOMHUBLIEMYCS ¢ HaYaIbHBIM BaDIAHTOM 3aMeTKU, Kou-
crpyktueHas xputuxa JI.B.lllupkosa co6cTBenHO U CToCO6CTBOBANA IOABIEHAIO €€ TPETh-
ero paspena. OH, Kax MHe IIPEICTABAAETCS, X OTKPLIBAET 1Ty TH UCIONL30BAHIA ypaBHe-

HIA Bmprepca o) PEUICHNA KOHKPETHBIX 3afdad UM OIIMChIBA€MBIX.
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H.H. Boroawo6os. (Mi1.)

Mamemamuuecxut Huemumym um.B.A.Cmexaooa,
117976 Mocxea, ya.Basuaosa 42, Poccus.
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nocrpoerHoro B [1] ucxons us BapuanyonHoro npuxnuna Boromo6osa.
B pa6ore [2] x usy"eHIIO MOETH ONTUUECKOrO MONSIPOHA YIKe IPUMEHSIICST BapHUaly-
OHHBII MCTOM, OTIMYAIOMUNCS OT NPCHIATAEMOTO B 5TON paboTe, KOTOPHIN NPUBOIUT

135tech MBI YMHTHIBACM KOHUCI'EYAIbHBIA NoOjxoj npegioxennsiii B pa6ore H.H.Borono6opa [1]
upenpunt Iy6ua F2-90-535,1990, cMm. Taxxe Prjceeding Italo-Soviet Workshop Advances in Theoret-
ical Physics, 23-28 October, 1990 (World Scientific) ed. E.R.Caianicllo.
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He K TOYHBIM SHaveHuaM Ey m A,, a x omenkaMm gua Hux. B pabore [3] mas oncukn

E nocrpoera sagaua Ha COGCTBCHHBIE BHAYEHUs, ONPENENIIOad JacToThl GOHOHOB,

JOKaNM30BAHBIX BONMSY NMONApoHa, npudeM Eo m A, BBIpaXCHBI depesd COOCTBCHHBIC

sHadeHuA. Kak Mul yBIOUM B IIH.JIBHGIPIILUCM, Hall MCeTo[ IIPUBOAUT K TOMY K€ 3HAYICHUIO

nas Ey , 9ro u B [3] , Ho gaeT oTnm4aolneecs SHaAYEHUe NOIPAaBKU A,.
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Q,y) = Y Llwvalv) (28)
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Tax xak, cornacHo (21), a~! = O(¢), To ¢ yderom (23) u (26) nonygaem
2 (Ao 2
E=c¢v 3¢~ I(a) + O(a—2)] . (29)

Taxum o6pasoM, ypasHenus (22),(24),(27),(28) saMkHyTBIM 06pasoM NOSBOISIIOT
BEIYMCANTD IPUGIMKEHNE BTOPOrO NOPARKa K SHEPIUHU ONTHYECKOro NONIPOHa B IIpefele
CHMIIBHOM CBSSH.
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CaasaHHBIE BJIEKTPOHHBIE COCTOAHMUA B 3AKPHTHYHOM KJiacTepe
‘ aMMHakKa B MarHUTHOM IIOJIE.

B.I. Jlaxno

Huemumym mamemamuueckus npobaem 6uosoeuw PAH,

IIywuno,Moc.06a. 142292, Poccua.

CoBpeMenHas TexHUKa TIOMyYeHUsA MONEKYIAPHBIX KIACTEPOB C BafaHHLIM THCIOM
MOTEKYJl COCTABIAOIMX KIACTEP OTKPEIIA BOBMOXHOCTb UX IIOCIENOBATEILHOrO U3y-
yenng. MccneqoBannsa Takux CHCTEM IPENCTAaBIIET UHTEDPEC , IOCKOILKY OHU SBISIOTCS
IPOMEXYTOYHBIM BBEHOM IPHU IIEPEXONE OT U3YUEHUS CBOMCTB BEWECTBa KaK IENOro
K MBYYEHMIO COCTABIMIOIMX €r0 OTAENbHBIX MoleKyn. C IpakTHYeckodl TOYKM BpeHus
STOT MHTEPEC CBA3AH C IIEPCIEKTUBON PasBUTHUA (USUKN KOHIEHCUPOBAHHEIX CHCTEM B
HAHOMETPOBOM IMAIIOB0HE, IPELMETOM KOTOPOU ABILIOTCA 00BEK TH KIaCTEPHOrO TUMA.

Monexynspusiil knacTep COCTABIEHHBIN U8 JOCTATOYHO GONBUIOrO YUCIa MOIEKYI B
mpocTenIueM Cliydae MOXHO PacCMaTPHUBATh Kak cqpepnqecxn—cmmmefrpnqnyzo obnacrs,
IPEACTABNAIOWYIO I BNEKTPOHa NOTEHNHNATbHYI0 aMy rnybuunoi Vo. Tax, Hanpumep ,
[ KIacTepPoB Us aToMOB renus Vp = 1B, gnaz Ne Vo = —0.655B [1]. B nepsom caygae
BaxBaT ®IeKTpoHa kinacTepoM (He), HEBOBMOXEH, eCIM 1 HE CIMIUKOM BEINKO, KOTHa
BOSMOXKHO 06PaBoBaHye IOBEPXHOCTHEIX IEKTPOHHBIX COCTOTHUM. Bo BTOPOM CIydae

BaxBaT BIEKTPOHA KIaCTEPOM IIPUBOLUT K 0OpasoBaHMIo 3apskeHHoro knactepa (Ne), .

Oco6rin cnygail npercTaBIsioT coboM KiIacTephl U3 MOTEKYT aMMuaka. TouHoe BHa- -

genue Vp gia aMMilaka B HacTosllee BpeMs HeycTaHoBleHo. OGBIMHO CINTAIOT, ITO 3Ta

BennuuHa 1exutT B obmactu (—0.5 — 0.56B). OkcrepuMeHTaIbHO, OfHAKO YCTAHOBIEHO, |

“TO JiIf [OCTATOYHO GONBIINX AaMMUIAIHBIX KIACTEPOB C 7t > 36 CTAHOBUTCS BO3MOXKHEIM
BaxBaT ®IEKTPOHA KIacTepoM [2]. DTOT pesynbTaT MOBBONAET NONLYIUTH OLEHKY R
rIyOUHBL MOTEHIMATLHON MBI B KIacTePe aMMHUaxa. YUUTHIBasg , ITO CBI3aHHOE COCTO-
aune chepuiecKu—CuMMeTpUIHON sMe rirybunon |Vp| cTaHoBHTCS BOBMOXHEIM TONBKO

HpYI yCJIOBPIPII
wlh?
Vol 2 g | (1)

IIe m — Macca 9IekTpoHa, R — pafuyc aMel ¢ UCIIONB3OBAaHUEM COOTHOIIEHNUS:
R = Rn'/? (2)

Te n — YHCIO MOIEKYI B KaacTepe u I, — spdekTUBHEIN paguyc MOIEKyIbl aMMIaKa:
“

R.(NHs) ~ 2.854 (3], nonyunv npu n = 35 mua |Vo| Benmauny:

Vo = —0.11sB (3)
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Takoe smavenue Vo BRIMIZAUT BIONHE NPaBAONOROOHBEIM M NPUMEPHO COOTBETCTBYET
pasSHULE MEXIY DKCINEPUMEHTAILHLIM BHadYeHMeM SHeprun (PoTOOTpHIBa MIIf MXKUNKOTO
aMMHIaKa M SKCTPAIONANUM SKCIEPUMEHTAILHEIX BHadeHMH mis kiaacrepos (NHs), x
npepeny 6eckoHeyHO GONBIINX T2 [4].'k

Xopouo usBecTHO, YTo mobas faxe HeGONBIION IIyOUHBLI IIOTEHIUAIbHAL AMa BO

BHELIHEM Mar{yTHOM IIOJI€ IPUBOOUT K O6paBOBaHI'IIO CBA3BAHHOI'O COCTOAHNA C :-)Heprueﬁ [5]
27152 2
me‘H
€= —c5rig (/VodV> (4)
8n2h’c

rie MarHuTHoe none B (4) cunrtaerca cnabuM: po >> R rue po = (/ch/eH - maraurHas

B
mmuna. Ins paccMmaTpuBaeMoro saech cdhepriecku—cUMMeTPUYHOro Kiacrepa us (4)

MOy InuM: !
2mR?_, (R\'
e=-577 V% (;;) (5)
XapaxTepHrnil pasMep < r > TAKOI'O COCTOSAHUS PaBeH:
n? (R’
o — 6
<r> EmRzVo (,Do) (6)

¥ HAMHOTO NPEBOCXORUT pasmep knacTepa. OTMeTHM, YTO It TAKOTO IPOTAXKEHHOTO
BIEKTPOHHOI'O COCTOSHUA IPUOMIKEHHOe ONMCcaHWe KilacTepa Kak o6lacTH C IOCTO-
AHHBIM TIOTEHIMaNoM Vp MOXeT BHUIONHATCA faxe mis Gompumx n. Us (5) cuegyer,
YTO BIUIOTH O OYEHb CHUABHBIX MAPHUTHBIX TIONEH SHEPTUA BIEKTPOHA B BAKPUTHIHOM
KllacTepe aMMMaka OodeHb Mana. 1ax , Hanpumep, piag H = 5 10% COOTBETCByIOLlAA
MarHITHag AmuHa po = 3.5+ 10" 7cm . JIng sakpurmynoro xmacrepa ¢ n = 35, uTo co-
oTBeTcByeT kinactepy ¢ R = 9.3A, oHeprus cBABY ¢ UCIOTLIOBAHUEM (3) u (5) nmeer
Benumyuny € ~ 107*5B. Takoe 3HaveHME SHEPIUM CBABH, OHAKO, JOCTYIHO #iId Habmope-

HHUS B COBPEMEHHBIX YCIIOBUAX IIPOBENECHUA BSKCIIEPUMEHTG.

Cunucox nureparypbl
(1] P.R.Antoniewicz, G.T.Bennett, I.C.Thompson, J.Chem.Phys. 77, 1982, p.4573.
(2] G.H.Lee et al, Z.Phys.D. Atoms, Molecules and Clusters, 20, 1991, p.9.
[3] N.K.Balabaev, V.D.Lakhno, Chem.Phys. 1995, in print.
[4] LlIortner, Z.Phys.D. Atoms, Molecules and Clusters 24, 1992, p.247.

[5) JI.O.Jlannay, E.M.JIugpumun, Ksanrosas mexanuka, Hayxa, 1974.
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Dedicated to Professor V.K.Fedyanin
on the occasion of his 60th birthday

Vortices in elastic media

V.A.Osipov

Bogoliubov Laboratory of Theoretical Physics
Joint Institute for Nuclear Research, Dubna

An investigation of pfoblems concerning localised particle-like excitations in condensed
matter physics was a subject of Fedyanin’s continuous interest [1, 2]. As is known, a study.
of these problems meets considerable mathematical difficulties since essentially nonper-
turbative methods should be used in an analysis of strongly non-linear equations. It is
clear that every new exact solution is of importance in understanding the physical nature
of various phenomena.

Point, line and wall defects are of remarkable interest in modern physics. They appear
in a broad class of both condensed matter and field theory models. Point-like vacancies
and interstitials allow rapid particle diffusion in crystalline solids. Vortex rings control
the decay of supercurrents in superfluids and superconductors. Monopoles, instantons
and magnetic vortices play an important role in modern field theory models and quantum
chromodynamics. Dislocation lines mediate plastic flow. Disclinations are of importance
in plastic crystals, liquid crystals, amorphous bodies, polymers, etc. '

As is known, there exists a close relationship between dislocations and vortices. In
some sense, dislocations and disclinations are vortices in elastic media. The recent progress
in theoretical study of elastic materials with topological defects is based on the principally
new theoretical methods (differential geometric approach, topological analysis, gauge ap-
proach). In particular, the gauge theory of dislocations and disclinations [3] has been
proved to be the new powerful method to investigate defect media. The main idea of
the gauge approach is the following: the space group G = 50(3) > T'(3) is considered
as the gauge group that leaves the Lagrangian of the elasticity theory invariant. Within
this approach, the defect fields are treated as the compensating Yang-Mills fields. This
theory is essentially nonlinear in its origin. It allows us to study nonlinear problems (in-
cluding nonperturbative solutions, like vortex and monopole) which are of a considerable
importance for disclinations.

Note that usually one uses the linear theory of elasticity to study dislocations. It
is clear, however, that the linear approximation works well only in the case of small

deformations. When deformations become large, the nonlinear theory of elasticity should
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be used. Unfortunately, the nonlinear problems in dislocation theory turn out to be

more complex since the nonlinear relation between stresses and strains must be taken’
into account. In addition, all known approaches are based essentially on the perturbation '
scheme. It is known, however, that topologically nontrivial solutions cannot be found in

the framework of any perturbation scheme.

It should be noted that disclinations are studied better in hqmd crystals. In par-
ticular, there is the known exact solution (a hedgehog) within the continuum model for -
nematics [4]. An important advantage of the gauge approach follows from the fact that
the model obtained is similar to the known field theory models (first of all to the non-
Abelian ‘and Abelian Higgs models) where topological objects are well studied at the
present time. Taking into account this similarity we have found two exact static solutions
for disclinations [5, 6].

The exact solution for the disclination vortex posseses cylindrical symmetry which
is of interest for linear defects like strait wedge disclinations as well as for defects in
planar elastic systems. Clearly, both these defects can be studied in the framework of
the two-dimensional model (the first problem can be easily reduced to the planar one by
considering the plane to be normal to the disclination line). In this case, the gauge group
for the rotational defects becomes G = SO(2), that is the Abelian group instead of the
non-Abelian group S 0(35 in three space dimensions. -

In the cylindrical coordinates (r,8), the static vortex-like solution is written in the
form [6] ; ‘

x'(X*) = F(r) cos vb, xHX*) = F(r)sin v, (1)

and \
W.(XP)=0, We(XP)=W(r)=y/r, ‘ (2)
Here x’ is the state vector of elastic fields, W, is the gauge field due to disclinations.
Clearly, W, is a pure (but topologically nontrivial) gauge. The Frank vector for such
a solution is normal to the plane & = (0,0,w), and rotW = w52(F) Note that v is in
fact the Frank index v = w/27. One can see that this solution is similar to the well-

known magnetic Abrikosov-Nielsen-Olesen vortex. The function F(r) in (1) is expressed
via g(r) = 0, F(r) where

a1(t) = No cosh[l cosh™ 1], t<1
9(t) = ~11 4 2 (3)
g2(t) = No cos[ cosl i+ 2] t>1

Here Ny = 24/(B/3A), t = r/ro, 1o = 1/(2792A/4B?) Let us note that that (1-3) corre-
spond to a topologically stable elastic vortex. It was found that this solution reproduces
qualitatively the behaviour of strain and stress fields of a wedge disclination with the
integer Frank index.

At the same time, an analysis shows that the important electronic properties of discli-
nated crystals take place for topologically unstable disclinations with the non-integer
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Frank indices. In particular, it was shown [6, 7] that conducting electrons can acquire
the Aharonov-Bohm-like phase in elastic materials with fractional disclination vortices.
It results in specific transport properties of defect materials.

This finding is of importance for many elastic materials like amorphous bodies, glasses,
liquid crystals, polymers, etc., where such disclinations can play an important role. Let
us consider a linear approximation for the gauge model. It is clear that in this case we
have to restrict consideration to defects with the sufficiently small Frank indices to justify
the use of the linear theory. However, even this problem is of interest for two reasons.
First, one can compare our solution with the known results of the classic disclination
theory. Second, in many physical applications one considers disclinations with a small
Frank index. Notice that for instance 72° disclinations which are of interest in defect
glasses [8] have the Frank index » = 0.2 which is quite appropriate in the linear theory.

The calculations shown (7] that the equilibrium condition, takes the following form:

At + (L +1)Vdivii = j(7). (4)
where @ are the displacements, and

75(7) = L(Wy + 20:.W,)) + 20,We — (L + 2)y0: W, — yo, W, — W,, (5)
FU(F) = —L(We + y,W,) — y0, W, + (L + 2)zd,W, + 23, W, + W,. (6)

Here L 4+ 1 = (1 — 20)~!, o is the Poisson constant. When the source in (4) is setting to
be zero we get the well-known in the linear elasticity theory equilibrium condition that is
expressed in terms of displacements fields, A source ;(F’) in (4) characterizes the density
of elastic flow due to a disclination, 7 is a two dimensional vector. Let us note that a
presence of such a source is typical to the dislocation theory. Namely, to take into account
the singular behaviour of the distortion tensor on the dislocation line, in the classic theory
of dislocations the source is assumed to have a §-function form j(7) = [7)8(), where b
is the Burgers vector [4]. On the other hand, within the framework of a self-consistent
gauge approach we can clarify the origin of I(F) As is seen, the source is' completely
determined by gauge fields.

We have found a self-consistent solution of the problem [7]. The. static vortex has
the form (2) where, however, v is non-integer. The Frank vector for such a solution is
normal to the plane and directed opposite to the z-axis & = (0,0, —w). According to the
generally accepted terminology it corresponds to the so-called negative disclination [9]. A

disclination flow can be found from the circular integral
w= der: 27v. 7 (7
1

Notice that the case ¥ > 0 will correspond to a negative disclination whereas for v < 0 we
.get a positive disclination. Substituting (7) into (5) and (6), we obtain the flux density
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in the following form:
2uvz 5 2vy

. Y
= :
re r?

(8)
Finally, we have to solve (4) with a source (8). To do this, let us use the following ansatz:

u' = z(CyInr + C2). (9)

where C; and C; are arbitrary constants. After substitution of (9) into (4) we get that
Cy=—-v/(L+2)=—-v(1-20)/2(1 — ), whereas C, remains still an arbitrary constant.
The stress fields take now the following form:

2

: _ __V ¥y
¥ = 1_g(lnr+r2>+c, (10)

v z?
Eg;—l_a(lnr+r—2)+0, (11)
foyy=— Y 12
Ey Ez‘ 1_0_7,2' ( )

Here C = (—v + 2C2)/(1 — 20). Thus, one can see that stresses turn out to be just the
same as those for the straight wedge disclination with an arbitrary (but small) Frank in-
dex in the classic theory [10]. It allows us to identify the elastic vortex with an individual
wedge disclination. Stress tensor contains known lbgarithmic divergence for both r — 0
and r — o0o. The most essential difficulty results from the behaviour at the infinity. As
it is known in the disclination theory, there are two possibilities to avoid this difficulty.
Namely, one can consider arrays of disclinations, e.g., dipole as well as multipole config-
urations. Particularly, it was shown [9] that in many ways a disclination dipole behaves
as an individual dislocation or a dislocation dipole. In this case, the stress fields do not
diverge at infinity. Alternatively, one can consider a finite crystal with the a.ppropriat\e
boundary conditions for a disclinated material. Namely, the following boundary condi-
tion at the free surfaces of the elastic body must be imposed: Xyn; = 0. It implies that
disclination-induced stresses can not result in the non-compensated surface forces. The
classic problems of this sort include the description of a wedge disclination in a cylinder or
in a disk. In fact, both these problems are very similar in their mathematical description
(see, e.g., ref. [9]). It was shown that all the formulas for a cylinder are valid for a disk.
One has only to perform a replacement of coefficients: (1 — o)™! to (1 + o).

The topological origin of the disclination vortex will result in the non-trivial physical
properties of disclinated materials. In particular, the possibility of the solid state realiza-
tion of the Aharonov-Bohm (AB) effect [11] was predicted first for metals in refs. [12, 13]
and for dielectrics in ref. [14]. It has been shown that the AB effect results in oscillations
of physical characteristics (transport properties, magnetic susceptibility) with a certain
fundamental period ® = hc/ne where n = 1 for pure metals and n = 2 for disordered

metals and dielectrics.
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There is another principal possibility to realize the AB-like effect in crystals. The
fact is that the presence of topological defects in elastic medium changes the topology of
space, a simple connected region becomes multiply connected whenever there are defects.
As a result, the physical characteristics of quantum particles moving in defect medium
will be modified in comparison with the defect free case.

The AB-like effect in dislocated crystals (called ’phase-dismatching’) was predicted
first by Kawamura in refs. [15]. He found that the Schrédinger equation for a tight-
binding electron is reduced to the AB-like equation in the presence of a screw dislocation.
In this case, the t-matrix is found to depend essentially on the z-th component of the
electron wave vector. In another interesting paper [16] the effects of Berry’s geometrical
phase were established in analyzing the high-energy electron diffraction from a screw
dislocation.

As we have shown [6], the AB-like effect can be realized in planar elastic medium with
disclinations. In many respects this idea is similar to that considered in the gravitation
theory where the gravitational analog of the AB effect was studied (see, e.g., ref. [17]).
Namely, it was shown that the local curvature caused, e.g., by a static cylindrically sym-
metric cosmic string reflected in the phase of a quantum system moving through the
otherwise flat space. It is known that a space with torsion and curvature is completely
equivalent to an elastic continuum which has undergone plastic deformation being filled
with dislocations and disclinations. Recently, some analogies between the geometry of
planar arrays of disclinations and gravitation in (2+1) dimensions was studied in ref. [18].
In elastic continuum the disclination vortex will play a role analogous to a string. The
long-range gauge vector potential due to a disclination vortex will induce a topological
phase in direct analogy with the usual (electromagnetic) AB effect.

For example, we have shown that the relaxation time 7y, related with disclination

vortices has a form

1 h

- ~TNis sin® 7. (13)
18

Here ng;, denotes the disclination density. Thus, there is the oscillating contribution to a
conductivity o (recall that o = n.e?r/m* within the free electron approximation) which
depends crucially on the disclination flux characterized by the Frank index. Note that in
isotropic continuum medium we have no restriction on the value of v apart from v > —1
for topological reasons. In real crystals, however, the values of ¥ must conform to the
point symmetry group of the underlying lattice. Namely, if we have the axis of m-fold
symmetry, then the available values of v are equal to v = p/m where p is integer and fixes

some restriction from above. Thus, we make a conclusion that the available values of »

111
VIR

Finally, we have established that conducting electrons or holes will acquire the Aharonov-

are "quantized”: v =

Bohm-like phase in the presence of disclination vortex. The vortex has physical effect if
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the disclination flux happens to be fractional. This fraction of a flux is defined fairly well

in crystals where the symmetry of the lattice plays an essential role.
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K 60-neruro npodeccopa B.K.Depsunna

Semus—armocdepa KaKk CaMOOPraHE3YIOIAACA OTKPLITAd
qEHAMMYeCcKad cucTeMa (K KOHOENIHH PerylapyeMoro pasBHTHSA
6nocdepsl)

C.®. Tumaies

I'HI] P& HEDPXH um. J1.A. Kapnosa, Mocxea

PaspaboTka xoruenmuu perynupyemoro (”sustainable”, ”ycroiusoro”) passurus
6uocdepbl NPENCTABILETCS Ba)KHENIIEN NS MEXTUCIUIIIMHAPHBIX HAYYHBIX IPO6IeM
[1]. Ocuopomonaraiomas uges TakoM KOHLENLNM MOXET COCTOATh B PaSBUTHM IIPeN-
crasnenni B.M.Bepranckoro o cucreme Bemis—arMocdepa Kak DPasBUBAIOWENCT AU-
HaMI9ECKOM OTKPBEITOH CUCTEME, TOABEPKEHHON ynpaénamu{nm BOSIEMCTBUAM CO CTO-
pousl ConHIA 1 NIaHET CONHEYHOU CUCTEMEL, IPY PEearTnsaliii MHOXECTBA B3AUMOCBII-
3ell ¥ BEYTPEHHETO €UHCTBa KOCHOI'O U XUBOI'O BEIIECTBA Ha BCEX IPOCTPAHCTBEHHO—
BpPEMEHHBIX YPOBHAX opraHusanuu cucreMsl. [Ipu sToM MacwTabel 1 XapaxTep ~Ipous-
BOTCTBEHHON JEATENLHOCTU YeNoBeKa MOMXKHB COOTHOCUTBLCA KaK CO CIIOCOGHOCTIME
caMO IPUPOXEI K BOCCTAHOBIECHNIO TIOCIE PaspyUAIUX AHTPOIOTEHHBIX BOSLENCTBIN
H K CAMOOYNIIEHNUIO OT SarPASHAKINNX M TOKCUYECKUX BEUIECTB, TAK U C BO3MOXHO-
CTAMM COBPEMEHHON HayKH OIpPEReIsTb Ipefensl ’ TePIMMOCTH IIPUPORLL K OCKop bile-
HuAM” U TPAHUIB] JOIIYCTUMOTO PHCKA. Mo;;enbnme HpECTABIEHUS, OTPaXalole yKa-
SaHHBIE BOSAENCTBIA aHTPOIOTeHHON I HEaHTPOIOr€HHON, B TOM YUCHIE, * KOCMUYECKON”
CYLUIHOCTH ¥ YYUTHIBAIOLINE CIOXKHYIO UHAMUKY Bcex reocdep ¢ HOCTOSHHO GOpMUpPYIO-
WIMMICA MaCCOBBIMU MOTOKaMM, BKIIOYas 06pasoBaHue BOREL X ' BOCCTAHOBUTEILHEIX
MaHTUUHEBIX QUIOUIHBIX TOTOKOB, (OPMUPOBAHIUE ITONEBHEIX UCKOIIAEMEIX, IIPOIECCEL Ca-
MOBOCCTAHOBIEHUA U CAMOOYNLEHNs B 6uocdepe, 66mu pasBuTH B [2,3].

Hcxonroe nonoxenne Mogeny — Haludue B XKUIKO-METAIINYIECKOM Afpe 3eMII pac-
TBOPEHHOTO B BEICOKOU KOHIEHTPALUX BOJOPOXa, KOTOPHI " BKonauuBaica” Bo popmu-
pyoume 3eMIo MIAaHETOIEMANIN KaK OCHOBHON KOMIIOHEHT CONHEYHOTO BETPa NIPU €€
obpasosanuu 4,6 Mnpp. et nasap [4]. Ilomaraercs, 4TO NIOTHOCTE PACTBOPEHHOTO B
xupkolt pase agpa Semmu Bogopopa moxeT gocturars 0,1 — 1,0 r/cm® mpu obuwedt cpe-
IHEeH MIOTHOCTM XUIKO-MeTanmrieckoro aupa ~ 10 r/cv®. B MeHBmIMX KONUYecTBax B
XUAKOM Afpe MOTYT GHITH PaCTBOPEHEI FeNnit, 30T, KUCIOPOH, MOHBI KOTOPEIX BXORMIN
B COCTaB COMHEYHOro BeTpa ~Monogoro” Conuna. Ilpunsrue ogHoll Iuub STON TUITO-
TE3Hl IPUBOJUT X PA3HOOOPA3HBIM CIECTBUAM IMI06AIbHOIO MacliTaba, BCKPHIBAIOLIAM

TeHEeSNC BHYTPEHHUX U BHEHIHUX B3AUMOCBABEN B cucTeMe 3emis—aTMmocdepa—Kocmoc
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U TIOKa3BIBAIOIUM HEeNS6€XHOCTh GOPMUPOBAHNUS AUCCUIIATUBHBIX CTPYKTYD B PasIud-
HBIX reocdepax — OT sAgpa 3eMIn 10 CpegHed u BepxHen arMmocdepbl. AHaIM3 Takux
$eHOMEHOB MM UX MIPOSBIEHUN, YCTAHOBIEHNE PEANINsyIOLIMXCS B3aUMOCBA3EN MEXIY
reocdepaMi IOSBOIUT OLEHUTHL CTENEHb afeKBATHOCTU IpeRIaraeMoi MOJeIH U pas-
paboTaTh MOIXONLI K BLIABIEHUIO YIIOMAHYTHIX BEILIE IPEREIOB YCTOWUYNBOCTH ~HAIIErO
noma” — 6uocdephl B YCIOBUAX CHNILHEIX BOSAENCTBUA HEAHTPOIOTEHHON I AHTPOIIO-
reHHOU CYLJHOCTH.

IepeuncinM -ocHoBHble cnegcTBus Mogenn (cM. Taxxke [2,3)).

1. Peanusanus Ha XUMUYECKM U TEPMUYECKM HEORHOPORHON MexdasHOn rpanuie
XKUAKOE AXPO-HUKHAS MAHTUA DHEOTEPMUIECKUX XMMHYECKHNX PEaKIUil BOCCTAHOBIe-
Hus OKcUoB (IIpexfae Bcero, KpeMHeseMa) ¢ o6pasoBaHMeM BORBI IPUBOJUT K MHUIINY-
POBaHMIO HECUMMETPUYHBIX, HEPEryIIPHEIX AUCCUNAaTUBHEIX CTPYKTYp Benapa-Mapas-
COHM B NPUIEXAUMX K TPAHULE XUTKO-METATIMIECKUX CHOAX Sfpa. OTH CTPYKTYPHI
(BauIBl, BUXPH) C HEperylsapHOHN CPelHEH CIMPalbHOCTBIO OyAyT 06yCIOBIMBATE ~XUMH-
YeCKMH MexaHusM”’ BOZHUKHOBEHHUS 3aTPABOYHOI'O MArHUTHOrO IOIA, KOTOPOE 3aTeM
yeHImBaeTCs IyTeM " pacTaXeHns” MATHUTHBIX CHGIOBHIX JMHUI IIPU CO6CTBEHHOM Bpa-
meHny Semau (”guHamo-MexanuoM” ). IIpu oToM ®BOMIOLMOHHBIE MBMEHEHHS IeoMa-
THUTHOIO TIOIs1 MOTYT CBSSHIBATHCA ¢ HEM3GEXKHBIMY BapUAIMAMU ~XUMAIECKON aKTH-
pHOCTH' MexX(pasHON IpaHULEL. ’

2. Bosuukamouas B XXKUZKOM SAPE CAMOOPraHUSYOIIAACA CUCTEMA TUCCANATUBHEIX
CTPYXTYP MOXET olpefensiomuM obpasoM BIMATH Kak Ha GOpMUpPOBaHUME CTPYKTYD-
HBEIX HEOJHOPORGHOCTEN MaHTUHM (IPOLECC MOXKET GBITH CAMOCOIIACOBAHHLIM ) U CUCTEMBI
nuHeamenToB nutocdepnl [5] uepes cucTeMy MaHTHHHLIX KAaHAJOB, Tak X Ha WHAIHAU-
pOBaHMe KOHBEKTUBHLIX IBMXKEHUHN B CaMOU MaHTHUY, BKIIOYas AIBENIMHI MAaHTUMHBIX
IMoMOB 1 "nepeBopoTs MaHTHR” [6).

3. Ienepupyemurit Ha MexdasHOR IpaHUIle ANPO—HUKHASL MAHTUA MaCCOBEIM MOTOK
"BBepx” (IIOMUMO MOIIEKY BOABI, BOZOPOJa U KUCIOPOTa ero KOMIOHEHTAaMU MOy T OBbITh
BLIXORAIME U3 AApa FelMit U aBOT, a Takke o6pasyomMecs IpH MOCIEYIONX XUMI-
YeCKMX PeaKlMsaX B MaHTHM MeTaH M OKCHJ yIiIepofa) NMepeHOCATCA Heped MaHTHUIO K
nosepxHocTH JeMau. [IponcxoguT mognuTKa "MAHTUUHON BOJOH~ PABHOOOPABHBIX BO-
IHBIX CHCTEM, NOAAEPKMUBAIOTCS IPOLECCH! (B TOM HICIe MUKPOGUOIOTNYECKE CTATUN )
dopMupoOBaHUa yrIepoi- 1 METAINIOCOREPKAUMX TUCCUIATUBHLIX CTPYKTYP — MECTO-
POXAEHUI MONE3HBIX NCKONaeMbIX (HeTh, yriy, claHUbl, UIYHIHTH, pyasl). IIpu sToMm
CTalNOHAPHOE B CpefHeM cocTosHue 6uocdepsl 06YCIOBINBAETCA YXONAIUMHA ~BBEDPX”
4yepes aTMocdepy B kocMoc (M3 061acTH 9kB0CPepsl) MAaCCOBEIMM IOTOKAMU.

4. Taxue ” caMoopranusymouuecs”’ IOTOKHU ¢ IPOCTPAHCTBEHHO-BPEMEHHBIM Paclpe-
fieneHneM, oIpefenseMbIM CIOXKHON TUHaMHIKoN reocdep, a Takke IOTOKU BEIeCTBa, TIo-
Nafaloniero 13 KOCMOCa Ha 3eMiIo ( KOMIIOHEHTH! CONTHEYHOT O BETPA, METEOPLI, KOCMU1e-

CKaf IIBIIb) TOMKHEI 06YCIOBINBATE ”CTOXACTHYECKU [leTePMUHNpPOBaHHble” (Koppenn-
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poBanHbIe) [7] Bapnanun cyMMapHOro MOMEHTA KOIMYECTBa FBIKEHNS CHCTEMEI 3eMIIA—
aTMmocdepa. [IpaxTudeckas HEMSMEHHOCTD HOCIERHeN BelIMYMHBI (06CyxaeHne o6mux
IIPUHIMIIOB YCTONIMBOCTY 3BEBIHBIX U [NIAHETAPHEIX CACTEM B PaMKaX npuHimma Maxa
I €70 BOSMOXKHEIX 060 61IE€HNI BEIXOTUT 32 PAMKY JAHHOTO COOGIIEHNs) JaeT OCHOBaHMe
IonaraTh, YTO 0OMEH MacCOBEIMY TOTOKaMHI MeXAy Semien u 6mukauM KocMocom gon-
XKeH ¢ HeoOXOMUMOCTBIO CONPOBOXKIAATHCSA IPOLECCaMyl, IPUBONIUIME K KOMIIEHCAIIN
I3MEHEHUI CyMMapHOI'O MOMEHTa KOINYeCTBa ABUXKEHUI CUCTEMBI SeMisa—aTMocdepe.
DT0 MOTyT GBITH IPOLECCH, CBABAHHBIE ¢ PIyKTyaluaMy MarHUTHOTO nois Beman (” Me-
xanuoMm Pentrmana” [3]), a TaKKe ¢ TOKATBHBIMIE II€PeCTPONKaMNI TUTOCHEPEI WU Bep-
XHeft MaHTUH (TIPH BeMIeTPACEHUAX, H3BEPXKEHIAX BYIKaHOB [2]). YcTaHOBIeHME Mexa-
HUBMOB PealIUsalliy TAaKUX IEPECTPOEK, IPUBOAAIINX JACTO K KaTacTpo(uIIeckuM IIo-
CIENCTBUAM, C PaspaboOTKON METONUK UX IPOrHOBUPOBAHUS HECOMHEHHO NOMXKHEL CTATh
ONIEMEHTOB PaspabaTHIBAEMON KOHIIEMIUN PEryIUPYEMOTO PasBUTHL.

5. PesympTupyroummue noToku "BBepxX” (YHKIMOHAIHHO HULPAIOT OYUCTUTENLHYIO
ponb mis 6mocdepsl, MOCKONLKY CIIOCOOHBE! YHOCUTH Ba IIPENensl BeMHou aTMocdeps
4acTh BPEIHBIX ¥ TOKCUYIECKUX coefuHeHnn (min ux GpparMeHTOB), HE PaBIOKUBILIIXCA
B arMocdepe MOf AeHCTBHEM TNIABHBIX ~CAaHNTAPHBIX  areHTOB — TUIPOKCUIA U O30HA
[8], a Taxxke mpum pasHOOOpasHEIX PorTo- M (HOTOKATAINTUYECKNX IIpOHeccaX. OTH
xe ”ounCTUTENbHEIE” TOTOKU “BBEpX’, MO—-BHAMMOMY, MOTYT y4acTBOBaThL, HapALY
¢ MaccoBreimMu moTokamu oT OkeaHa B (OPMUDPOBaHMU -CAMOOPTaHUIYOLINUXCH IapO—
rasoBBIX TOTOKOB (”pex”) B Tpomocdepe, MPUIeM MOIHOCTE HEKOTOPEIX U3 HUX MOXET
IIPEBOCXOOUTH CTOK AMasoHKU. BrisgBieHne npupopsl o6pasoBaHus IPOCTPAHCTBEHHO—
BPEMEHHBIX CTPYKTYP B aTMocdepe, paBHO KakK U OKEAHUYECKUX TEHYEeHUN HeoOXORUMO
77151 afleKBATHOIO MOREINPOBAHMIS NHAMUKY G1ocdephl 1 MPOIECCOB ee CaMOOIHIIEHNs
1 CaMOBOCCTaHOBIEHUSI.

6. Bapuanuu conHedHON ak THBHOCTH OOBIYHO PACCMAaTPUBAETCA Kak OCHOBHOII IIepe-
MeHHBIX ”ynpasnsomun”’ GakTop, BOSHERCTBYOWUN Ha dBomonuio 6uocdepul. Coraa-
cHo [3], Taxue BapUaUK MOTYT OIPEREIATHCA OCOBEHHOCTAMN TPAEKTOPUM LIEHTPA MacCe
ConHua npu ero gBUXKeHUN OTHOCUTENbHO GapunerTpa (ConHLe MOXeET YRAIATHCSA OT-
HOCUTEILHO HEHTPA MacC CONTHEYHOU CUCTEMEL Ha PACCTOAHU, 60ee UeM BIBOE IIPEBLI-
maomume comrednnbt paguyc [9]). IIpu TaxoM IBMXEHNN HEOTHOPORHOCTEH TPABUTAI-
OHHBIX BOSIENCTBUN Ha pasaudHble obmact ColHNa M MHEPUUs COIHEYHOTO BelleCTBa
IPUBOAAT K BO3HUKHOBeHNIO B ConHie Kone6aTenbHEIX U BUXPEBBIX ABUXKEHUN,KOTOPHIE
MOTYT MHUIMIPOBATH UBMEHEHM B HaGMONaeMOil COMHEYHON aKTUBHOCTY Ha PasHOO06-
PaBHBIX IPOCTPAHCTBEHHO—BPEMEHHBIX YPOBHAX — OT BapUaluil IOTOKOB HEUTPUHO UB
LeHTpansHbIX obnacten ComHIa [0 NSMEHEHUN B MHTEHCUBHOCTH UBILY Y€HUI CONHETHON
xopows! [10]. Bxech MBI 06palljaeM BHUMaHUE elle Ha ofHO o6cToaTenbcTeo. B [9] 65110
IIOKaBaHo, YTO HECMOTDs Ha CIOXKHBII XapakTep ABMXeHUs neHTpa Macc ConHua oT-

HOCUTENBHO HapuIleRTpa, paccTosHre oT demiu fo ConHlla npyu 9TOM NPAKTUYECKH HE
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USMEHAETCA, YTO IOATBEPXKAaeTCAd HEU3MEHHOCTDIO BETMYMHEI COMHEYHON ITOCTOAHHOM.
Ho sToT BHIBOR B TO e BpeMs 0SHa4aeT, YTO LUEHTP MacC 3eMIIN COBEPLIAET TaKoe XKe
HenHepIUanbHOe ABMXeHMe, kak ¥ HeHTp Macc Conuna. Ilockonsky B cucreMe Semma—
arMocdepa TakxkKe MOTYT I'eHEPHPOBATHLCA BUXPEBBIX U KolebaTelbHbIE OBIKEHUS (He
Tonbko B aTMochepe M oxeaHe, HO M B JKMAKO-METALIMYECKOM fpe), a auTocdepa
U OTYaCTH MAHTUS CIOCOOHH K HEGOIBIUMM CTPYKTYPHEIM HEpECTPONKaM, yKaBaHHOe
EBINKEHNSA LEHTPA MacC 3eMIH, OCIOXKHAEMOe IPABUTAIMOHHEIM BOSIENCTBUEM CO CTO-
poust JIyHEI, MOXET NPUBOGUTHL K LUKINYECKUM SBIECHUAM ILTAHETAPHOro MacuiTaba.
Koneuno, MOgelIbHEI pacyeT TakUX IEPECTPOeK U BUXPEBBLIX BOBGYXHeHn: eme 6onee
cioxeH, 4yeM B caydae Connna. [losToMmy Gonee akTyanbHRIM cervac IIpeRCcTaBIAeTCA
Imouck, o6HapyKeHye U UCClefoBaHue Takux peHoMeHOB. DTo TeM Gonee BaKHO, YTO He-
KOTOpHIE U3 MIBECTHHLIX, HO IIOKA HEIOHATHIX KPYNHOMACIITAGHBIX SBICHUN IIPUPOXHI,
Takux Kak Oab-Hunbo unu Toansderpum, xoTopble MOryT MMeTh MMEHHO YKaBaHHYIO
NpPUPONY, B DHAYMTENLHON Mepe ONpEeeNsioT DKONIOTMYeCKoe COCTOSHUE GOIBIIMX Tep-
puTOpHit SeMnu 1 CYRbORI MHOIUX mOfeR. MoxeT okasaThes, YTO SHEPIUA FUCCUTIALNY,
BhIfleNieMast IPU PACCMaTPUBAEMBIX CTPYKTYPHEIX [IEPECTPOUKAX, BUXPEBRIX U Koneba-
TeIbHBIX BO3OYX[eHuAX B 3eMie U OORIYHO He y4MTHIBaeMas B obuieM GanaHce Te-
IJIOBBIX IIOTOKOB, fOCTATO4HA Al paspelleHus T.H. mapapokca “Mainoro Comuma” [11].
Cornacuo [11], Ipy Tex moTokax sHepruy, KoTophle Semis Nonydata or ComHIa B Te-
4yeHue 4 MIpA. JeT, HauKrHas ¢ Inepuofa “Manoro ConHna”, CBETHMOCTBL KOTOPOTO 6bITa
Ha TPeTb MEHBLILE CErORHAUIHEN, a TakXKe IIPU yIeTe USBECTHBIX TEIIOBBIX IOTOKOB U3
Hellp 3eMi, TOBEPXHOCTH 3EMIIN HOMKHa OBITH IOKPHITA JeNIHBM nannupeM. Ho sroro
HUKOTHA He GBINO B MCTOPUY SEMIIM.

BooMoxHOCTI COBPEMEHHOM KOMIIBIOTEPHON TEXHUKU U YCHEXW B KOMIBIOTEPHOM
MOJIeTMPOBAHNM TMHAMUKY TOCTATOYHO CIOXKHEIX HETMHEMHEIX CHCTEM JAlOT HANEXKTY
Ha IIpOrpecc M B MONETMPOBAaHUM AMHAMUKU IPUPORHLIX apieHuil. cnonpsoBanue He-
JMHENHBIX MOJeNe! ¢ Peannsalyell B UX peleHnsax 6udypKalNoHHBIX HEPEXOROB MEXKIY
PasINIHBEIME COCTOSHMSMU PACCMATPUBAEMON CHCTEMEI IIO3BOIUT HE TONLKO IPeICTa-
BUTBL OCOGEHHOCTH AVHAMMKY OTHEIbHBIX (parMeHTOB cucTEMEl SeMas—aTMocdepa u
6nocdepsl, B YaCTHOCTH, HO K IOCIEJOBATEIbHO BBECTH [2] Taxue BaxKHEIE [ ITOHU-
MaHNA N HallpaBIeHHOTO peryINpOBaHMs BBOMIOLMK DKOCHCTEM XapaKkTepPUCTUKH, Kak
IIIB ("npepenvro gomycruMmule BHGpocw”), IIK (”npen,enbuo AOIIyCTHMEIE KOHIICH-
rpannu” ), [Tl ("npepentro gonycTuMoe HoTpebnenue” ). f

IIpexcrabnenns o HENMMHENWHOH AUHAMUKE CIOXHEIX MHOTO(aKTOPHEIX HPOIECCOB Ie-
XaT U B OCHOBE COBPEMEHHBIX METOJ[OB aHAIN3a SKCIIEPMMEHTAILHEIX TaHHBIX (B 4a-
CTHOCTY, BpEMEHHHIX PAAOB AUMHAMUYECKUX IEPEMEHHBIX ), XapaK TEPUBYIOWIUX DBOMIOLIIIO
npuponHbix cucrem. Hapany ¢ ussecTrbiMu MeTogamu [12] — onpepenennenm GpaxTaib-
HOM pasMepHOCTH, nokasaTenel Jlamynosa, K-surpormuu KonMoroposa — BecbMa, ad-
($EeKTUBHEIM MOXKET 0Kas3aThCsa HOBHIY [UHAMUYECKUN METON, aHAIU3a — QIUKKep—LIyMO-
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Bas crekTpockonus [13,14], nossonsiomas monydaTs HHGOPMAIUIO O XapakTepe pelak-
CAlMOHHBIX IPOLECCOB B HUCCIENYEMON cuCTeMe U O 06 UBMEHEHNN COCTOSHUS CUCTEMBI

B XOJI€ €€ DBOIIOINIL.
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Abstract

The path-integral representation for the two-photon process with a quantum
pump is considered and gives the semiclassical picture via the condition for the
action (S/h) > 1. The corresponding inequalities for frequencies, amplitudes and
dipole interaction appears in the nonlinear dynamics both of pump and registered -
field. These inequalities show the border of the regimes of the given and classical
pump as well as the difference between nonlinear and parametrical effects.

- The recent interest in the wide class of quantum electiomagnetic field states which have
not classical analogies has been stimulated by a development of experimental technics in
the quantum optics. One of this states is the electromagnetic field state with Sub-Poisson
photon statistics. It corresponds to the smaller fluctuation as compared with coherent
state which is close to laser field state. The criterion of the Sub-Poisson effect existence
" is that the average occupation number < n > exceeds its variance V(n) | - 3k

Vin) < <n>

Formerly the details for the existence condition of Sub-Poisson photon statistics in the
model of parametric amplification of the signal and noise superposition was established
in the work [4]. The test of thermodynamic equilibrium Sub-Poisson effect was made in
the papers [5], [6]. However all these models corresponds to classical pumping. In this
paper we will touch quantum pumping in order to understand the frames of the classical
approximation to be justice. '

Hamiltonian of the resonant tree-boson interaction is

3

H= ijafaj + g(araza} + azaat), w3 = wy + ws, lai,af] =65, (1)
=1

¢ is the interaction constant, w; is the frequency corresponding to j oscillator. This Hamil-

tonian gives a complete quantum description of second harmonic generation, frequency
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conversion, so that az is amplitude of pump, while a; ; are the amplitudes of generated
fields.

By using path-integral method we will consider the condition of applicability of the
classical pumping by the way of research of the photon statistics. It is convenient to
define the average photon number < n; > and its variance V(n;) for the problem of the
Sub-Poisson statistics of the model (1) by the generating function

- R — Tr(e—éa;"agR)’

0P, 0P,
—az E:Q, V(ng) B 662

—<n >2, (2)
e=0

<n; >=<afa; >=—

where R = URyU*, U - evolution operator and Ry - operator defining an initial system
condition. For the thermodynamic equilibrium case R is equal to Gibbs operator. P
should be calculated in the coherent state representation

P = /dp < 2|Ut| >< Z/|e—sal.+a.-lzu >< 2"|U|2" >< 2"|Rolz >,

du — 7r—4d22d2zld2zlld2zlll.

Let us describe the matrix element of the evolution operator

< z|U|Z' >= Je?cp(—% - %i), (3)

with the functional integral representation

1

I= [TIPaiDues®), @ =is+3 Y (el +a0) @

. t
* * ! Z * d * d
z; = al(t), zi = a;(0), S = / {52 [a,-d—T-ag - a,-;;a,-] - H(T)} dr . (5)
0 : .

Hamiltonian function H is obtained from Hamiltonian H after replacing operators by
trajectories. The pump amplitude a3 is taken as given C-number usually, as far as it is
“assumed to be a strong enough. In the opposite case we must consider a3 as the unknown
quantum amplitude which must be determined together with a; 5. Such problem can not
be solved exactly because the dynamics of this system is nonlinear.

We are going to use a semiclassical approximation with the purpose to make clear the

frames of C-number picture and follow the transformation of the non-liner process to the

/
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parametrical one. Really, the dimentionless function S in (4) is the physical S divided by
h. So, we have a semiclassical approximation when

5= (8/8) > 1. | (6)

In this case the problem of dynamics reduces to the solution of the functional saddle-
point equation which is resulted from the condition §S = 0. Therefore the approximated
semiclassical formula is the following

. s s . 525 exp(Po)
[T pepme = [Tlopec= Fo50 @
1
Qo =150 + 3 E zjao; + zjag;, z; = ai(t), z; =a;(0),

where the subscript 0’ means that the action S and the determinant of its second variation
\
are calculated on the extreme path ag, ag.
As the first step of our research we take the classical limit a3 — C- number and show

the application of the path-integral method in the simplest situation preliminary. This

problem is solved exactly and we treat both statical and dynamical versions of it. In the

first of these cases the photon-phonon interpretation of the problem is the best one [7].

1. Statical nodegenerate case.

Hamiltonian of two-boson interaction

H1 = wlaf'al + w2a-2’-a2 + g(alag + a'{af), ‘ (8)
may be used for description of simplest case of monochromatic light interaction with
izotropic crystal. In this case af(a;) - creation (annihilation) photon operator and a7 (a;)

- phonon operator accordingly. For establishing quantum statistics (phonon or photon)
we introduce the function:

F, = V(n.«)— <n; >, 1=1,2.
If F; is negative the quantum statistics is Sub-Poisson. When F; is equal to zero we have
Poisson statistics and Super-Poisson, if F; is positive.

To define F; according to (2) in the thermodynamic equilibrium state it is need to
calculate the matrix elements of Gibbs operator. Using Euclidean transformation
1

Zt 3 = —=
=B, B o
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in the formulae (3-5) we go from matrix elements of the evolution operator to matrix

elements of Gibbs operator. To utilize formula (7) we should solve differential equation

system:

d .
- —a] — W — ga, =
dr 2
d * * _
2;01 — Wiy — gaz =
d
*
- Edz —Walz — gay =
d * * _
Eaz —Waly; — gay =

which gives the exact solution of the system (8)
Their values on the boundary term of the phase

(0) = 3 [s1e# - TR
alf) = 1 |17 - g .
n(0) = |43 - s E
(0) = & [s38 - SIIE ).

So, the phase of the integral on the paths, which

1 a
QO:T[zlz; - ’3+z’ 2P — ¢

sinh SFE

0,  ai(0) =2,
0, ay(B) =4,
0, az(0) = 23, (9)
0,  ayB)=z.

via saddle-point (S = 0) trajectories.
® are:

T =coshBE+ @ SmhﬂE,
E
E2 — (:)2 _g2
§= T2 "2“"2, (10)

A=w1—w2.

supply 65 =01s

P s+t

The calculation of the second variation of the action operator in (7)

Det62Sp = Det K,

~L(P\g(P
s=2o)

may be reduced to defining the inverse operator

Tr(ln K') = In(DetK),

DetK = exp (/ dgTr(K™?

0)-5(2)
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s In(DetK)

al(O) = a,(0) =0,

. _(m ajy
, p = « p =
a, as

K~! with the zero boundary conditions

— Tr(k 95),

0K
dg )>

ai(B) = a3(B) = 0.



The solution of the differential equations system (9) with the zero boundary conditions

is equal to

B
1 1 A
()= (2) - /d,/{%_rqe-mv—ﬂ e ( - ) e-M<ﬁ-~}a(A,.),
0 S

_ -—mM 0 _ w1 g _ 0 A3

le-268 g 0 0 1 0\
= Te A = A A = .

Al ( 0 0 > 9 2 ( 0 %e?ﬂ ) ) 3 ( 0 —1 )

As a result we obtain external integral factor

2 TV pa
Det6°S = , T=T|_,=e€ (12)

T,
and in accordance with (2,4,11,12) the generating function is

2(cosh AE — cosh %ﬂ)

Py, = 2 v
2 2(cosh BE — cosh %—ﬁ) + &(cosh BE — & sinh BE — exp(q:%—ﬂ))

(13)

i

which gives the result

F; =< n; >%, i=1,2

exp(q:%ﬁ) — cosh BE + £ sinh BE

< >=
M2 2[cosh BE — cosh 2 6]

(14)

Evidently, the condition of Sub-Poisson statistics of both phonon and photon is not
fulfilled for any parameters values of the system wy,w,, T, g. The above calculation shows
that the statement [6] concerning the possibility of the equilibrium state with Sub-Poisson
statistics must be revised. Surely, this result may be received by the help of the canonical
transformation in (9) as well. Still we prefer to present the functional- integral method
here as far as we use it in the rest part of the paper.

2. Classical pumping. Degenerate parametrical process.
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The Hamiltonian of the bose-oscillator
H, = wa*a + %(azeﬂwt—ﬂp + (a+)26—i2wt+i¢) (15)

describes the parametric excitement on the frequenéy 2w (pumping) of the field with the
frequency w of the fundamental wave, ¢ -is a pumping phase, § -is a pumping amplitude
a3 multiplied by the interaction constant. The initial distribution for the radiation with
the frequency w is assumed to be Gibbs distribution [4]:

Ry = le—ﬁ(wa+a+ja++j'a),

Q
_ exp(§*/(wB)) _ _ -1
Q T. —]—:——W)— = TI'RO, ,B =T ) (16)

describing a superposition of the coherent signal with the intensity 7 and of the thermal
noise at the temperature 7. It may be shown [4], [8] that the Poisson distribution
po = |20 >< z| is the limit of the initial distribution (14) at the zero- temperature
and the parameter zg is connected with the distribution parameter (14) by the formula
zg= :% At high temperatures distribution (14) is the Plank distribution. The competition
between these distributions leads to the formation of a new statistical state.

The generating function P may be calculated by the use formulae (2,7). It is obtained
in the way similar to the way (9-12). The result of such calculation [8] coincides with
that one received by these authors earlier in the different way [4]. It gives the formula
for the F function [4], [8]

. 24) — sinh(& 12
F=V-<n>= sinh(§t) sinh (3 )2 sinh(gt) + 2%2_ sinh(3§t)+
12
+ 2|i—|2 cosh(3§t) sin(p — 20)| + (V— < n >)g, (17)

(V— < n >), = nd cosh(4§t) + 2ng sinh(§t) sinh(33¢) +
(2 |
1 cosh(4t) + sinh(45t) sin( — 20))

w?

+2ng

ng = (e“’ﬁ — 1)_1, 0 =arg(j),

which is the exact solution of the problem with the bilinear Hamiltonian and initial
distribution.

The Sub-Poisson photon statistics of the field with the frequency w is said to take
place if the inequality V — n < 0 is fulfilled. At zero temperatures in formulae (15) the
terms < n >p and (V— < n >)g are equal to zero and these formulae coincide with the
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well known one [2] which is obtained for the initial distribution pg. The inequality V < n
is fulfilled when the relation between the phases is equal to ¢ —20 = —%. With increasing
temperature the positive addend (V— < n >)s describes the influence of the thermal
noise and prevents the establishment of the Sub-Poisson photon statistics. Also, this is
prevented by the first terms in the square brackets (15) which are independent of the initial
field j and describe the quantum noise. It can be noted that the thermal fluctuations are
important at a small evolution time (gt < 1). On the contrary, the quantum fluctuations

are important at large times (gt > 1), if the frequency is large enough w > j.

3. Quantum pumping. Degenerate nonlinear process.

It is seen, that the ”classical pump” approximation gives the exact result in the prob-
lems with bilinear Hamiltonians (8) and (15). The quantum and classical properties of
the registered field ay(or a;) were discussed in this approximation. Now let us turn to
the general threelinear case (1), when a; = a;. Using the equation éS = 0 for the as-

sumed semiclassical situation (6) we receive the equation for the extremal trajectories
al(t)’a;(t)7 a3(t),a;(t) ‘

N L3 * g *
- 2:1‘7:‘103 — W3lg3 — 5(‘101)2 =0,
d

1—ag3 — W33 — %(001)2 =0,

dr

- ig;a:n — wiag — gagae =0, ' (18)

. *
1=5—ap; — W1Q01 — gagaay = 0,

dr

Except the approximation (6) for the equations (18) to be valid we notice that some
additional approximation must be introduced. Really, the nonlinear équations (19) (even
they are valid) can not be solved exactly. In order to look for the existence condition of
semiclassical approximation we put the trajectories as(t),a3(t) to be constant

d .
——ag3 = 0, . a3 = aze™ . | (19)

dr

In this case we take the solution of the last two equations (18)

*

a% e = cosh(grds)ay,(0) + 7 sinh(g7as)ap (0)e™,

= cosh(g7as)ag(0) — ¢ sinh(gras)e™, (20)

a01 elwl T
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which depends on the amplitudes ags, aj;. One may notice that it follows from the first

two equations (18) that the amplitude ao; is close to the value

a01(7) ~ (101(0) = a1€e . = —7 ags (21)

 as far as the approximation for aps is valid. The equation system (20) according with (19)

and (21) may be transformed to the equations:

— 2_“13:(136}"" = e [cosh(gras)e'® + i sinh(gﬂ”zg)e_"(q’_"")]2 ,

2ws

— g™ = glem 7 [cosh(gv'&;;)e‘i<I> - isinh(gT&g)ei(q"“")]2 , (22)

which will give the condition looked for the parameters of the system. After taking into
account the phase shift ® — £ = 7 in (21), the system (22) may be rewritten in the form

20-’3\/% .

— sin(w; T — 7) = cosh(gTas) cos(2r),

g @
5 =
ifi_\{_i: COS(W]T + 7'[') = Sinh(gTa;;) COS(27r), (23)
g o
which gives
cos(2wT) = S S—
"~ cosh(2g7as)’

The condition (23) together with the inequality (6) is the condition for semiclassics to be
a good approximation. As far as the action S was introduced in the symmetrical form, its
contribution Sy to the phase @ is zero. As to the boundary terms in (7) we must satisfy
the inequality (6) and receive the condition @3 > 1. Two possibilities may happen in this
case:
o<1

qgT > —.

as

These two possibilities correspond to the inequalities:

g&f > wa, and ga? < wais. (24)

The first of them assumes that the pump is low-ffequency, a dipole interaction is strong,
the initial field @, is strong too. The second of them means that the dipole interaction is
weak and initial field @; is weak too.
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These unequalities give the quantitative measure of the applicability of the ”classical
pump” (az — C-number) approximation in (1). They mean that the condition for the
”classical pump” approximation to be valid touches the initial amplitudes of the fields,
frequencies and the coupling constant. Namely, the frequency of the pump must be small
or its amplitude must be large in accordance with (24).

So the influence of quantum fluctuation of the generated field in the parametrical
process (15) is regulated by its initial magnitude j due to the parameter jw=! in (17).
The role of the initial condition in such process was underlined earlier in [9]. The influence
of quantum property of the pump in nonlinear process is also determined by the initial
amplitudes of the fields. Still the additional parameter gw;' appears in this case. This
parameter is the measure of nonlinearity: it shows the magnitude of dipole interaction g
respecting to the energy of quanta w; and it absent in the parametric process. Thus the
main point is that the parametrical process (15) dos not full the deviation g/w, as far as
this process is bilinear in the amplitude may be describe exactly. Just the opposite the
dynamics of the nonlinear process (1) is approximative and depends on the relative value
of interaction g/ws. Let us take into account the inequality (9/ws) < 1 for the optical
scale of frequency. Therefore, the initial amplitude of the generated field may be large
when the period of interaction is small (g7 < @3') and must be small when the period of
interaction is large (g7 > a3').
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