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CTPYKTYPA MMOHA B MOAEJSIN MHCTAHTOHHOW

XNOKOCTU
U.B.Anuxun, A.E.Hopoxos

OGbeaAMHEHHbI MHCTUTYT SAEPHbIX UCCNeaoB Hui, y6H

JI.Tomuo

Instituto de Fisica Teorica, UNESP,
Rua Pamplona, 145, 01405-900, Sao Paulo, Brazil

JI H 00630p KOB pu HTHOW KB PKOBOW MONEIM IMHOH , OCHOB HHOW H 3(pheKTHBHOM HEJIOK JIb-

HOM KB DK- JIPOHHOM JI P HXHU HE C HEJIOK JIbHOCTbIO, MHIYLIMPOB HHOM HHCT HTOHHBIMU (PIIyKTYy-

msmu B KyyMm  KXJI. SIBHO K JMOPOBOYHO-MHB PU HTHBIH (DOPM JIM3M I103BOJISIET MOCTPOUTH CO-
Xp HSIOIIMECSd BEKTOPHBII M KCHU JIbHBIA TOKM W IPOJEMOHCTPHPOB Tb MX COINl CHE C P 3IUYHBIMU
ToxzecTB MU Yopi — T K X IIM ¥ HU3KO9HEPTeTHYECKUMH TeOpeM MH. B pe3ymbT Te CHOHT HHOTo
H pYLIEHUS KUP JIbHOH CUMMETPUU BO3HHK IOT 3 BUCAIUME OT MMIIYJIbC JIUH MUYECK S M CC KB PK
U BEpIIUH KB PK-NIMOHHOIO B3 MMOJEWUCTBHS. I1 p METpbl MHCT HTOHHOIO B KyyM — CPEIHMH p 3-
Mep MHCT HTOH U 3((eKTHBH 1 M CC KB PK — BBIP XKEHBI Yepe3 BEJIMYUHBI B KYyMHBIX OXUI HUH
KB PK-INIIOOHHBIX OIlEp TOPOB H HHHBIIEH P 3MEPHOCTH M HU3KO9HEPreTHYECKUX H OO eMBIX IH-
OH .

[onpo6HO p CCMOTpeH TMepexofHbiii (hopMd KTOp MHOH I Hpomeccos y*y — w0 u
v*v* — 70, KuHeM THUecK 3 BHCHMOCTh MEPeXOmHOTO (hopMcp KTOp TpH BBHICOKHX HMITYIEC X
mepel Ui MO3BOMSET MONYYUTh COOTHOIICHHE MEXIy MIUIUTYIOU p CIpeleNieHHs KB PKOB B IHOHE
H CBETOBOM KOHYCE M KB PK-IIMOHHOW BepIUMHHON (pyHKuMei. Ero nuH Muueck s 3 BUCUMOCTD YK -
3BIB €T H TO, 4TO TepeXomublii opM Krop v*y — 70 NMpH BHICOKMX HMIyJTbC X TIepe] 9 OdYeHb
YYBCTBHUTEJIEH K P 3Mepy HENIOK JIbHOCTH HenepTypO TuBHbIX ¢uykTy umii B KXII-B kyyme. B p MK x
MOJENU B JIMAUPYIOIIEM TBHUCTE BBIYMCIIEHBI MIUIMTYA P CIIpeleneHus U (DyHKUUS p cHpeneseHus
B JICHTHBIX KB DKOB B IIMOHE B HH3KOWH TOYKE HOPMHPOBKH NOPSAIK OOp THOTO CpPENHEro p 3Mep
UHCT HTOH pc. Pe3ynpT ThI KX]I MpooBOTIOLMOHMPOB HBI K 6OJiee BHICOKUM HMITYJIBC M IIepell 9d U
H XOIITCA B P 3yMHOM COLIl CHU C JOCTYIHBIMH 9KCIIEPHMEHT JIbHBIMH [ HHBIMU O CTPYKType IHOH .

The covariant quark model of the pion based on the effective nonlocal quark-hadron lagrangian
with nonlocality induced by instanton fluctuations of the QCD vacuum is reviewed. In the explicitly
gauge invariant framework the conserved vector and axial-vector currents are constructed and the
consistence with the Ward—Takahashi identities and low-energy theorems is demonstrated. The spon-
taneous violation of the chiral symmetry result in the momentum dependent dynamical quark mass
and quark-pion vertex. The instanton vacuum parameters, the average size of an instanton and the
effective quark mass, are expressed in terms of the vacuum expectation values of the lowest dimension
quark-gluon operators and the low-energy pion observables.

The pion form factor for the transition processes 7v*y — 70 and v*y* — #° is consid-
ered in detail. The kinematic dependence of the transition form factor at high momentum transfers
allows us to obtain the relation between the pion light-cone distribution amplitude and the quark-
pion vertex function. Its dynamic dependence indicates that the transition form factor y* — 7©
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at high momentum transfers is very sensitive to the nonlocality size of nonperturbative fluctua-
tions in the QCD vacuum. In the framework of the model the distribution amplitude as well as
distribution function valence-quark in the pion are calculated in the leading twist at a low nor-
malization scale of an order of the inverse average size of an instanton p.. The results are QCD
evolved to higher momentum-transfer values and reasonable agreement with available data on the pion
structure is found.

1. BBEIEHUE

Heneptyp6 TuBHbIi B KyyM KX]I IJI0THO 3 celieH AJTMHHOBOJHOBBIMHU (PITyK-
Ty IMSMH IJIIOOHHOTO M KB PKOBOTro mosieil. I1 p MeTphl MOpaAK 3TOro CI0XKHOTO
COCTOSHUS X P KTEPU3YKTCA C MOMOLIBIO B KYYyMHBIX M TPHUYHBIX 2JIEMEHTOB P 3-
JIMYHBIX CHHIVIETHBIX KOMOMH HWI KB PKOBBIX M INIIOOHHBIX MOJIEH, KOHAEHC TOB:
(: qq 1), <: Pl Eg, :>, <: (j(UWF;fV)‘Q—a)q :> u T.1. HeHyneBoll KB PKOBBIi KOH-
JeHc T (: g :) OTBEY eT 3 CIIOHT HHOE H pYIICHHe KHp JIbHOU cuMMerpuu. Ero
BEIMYMH ObUT OIIGHEH MHOIO JIET H 3 JI B Ioaxojxe JreOpbl TokoB. Henynesoit
[JIIOOHHBIA KOHIOEHC T <: Fi Fp, :> yepe3 HOM JIMIO B CJe[ie TEH30p SHEpPruu-
UMIYJIbC 3 J €T M CIuT 6 M cc mId [APOHOB, M €ro BEJIWYMH OBUT OLEHEeH
B KXI-np Bun x cymm (IIC). B xHocth cBoiictB KXII-B KyyMm a1 ¢eHoMe-
HOJIOTUU JPOHOB ObUT OTMeuYeH B [1], rme ObLIO HCIIOSB30B HO OINEp TOPHOE
p 3noxenue (OP) mis Toro, 4ro6bl CBS3 Th IOBEIEHHUE KOPPEIATOPOB JPOHHBIX
TOKOB H M JIBIX P CCTOSHUSIX C HEOOJBIIMM H OOpOM KOHJIEHC TOB. 3H YeHHS
KOHJEHC TOB HH3ILIEH p 3MEpHOCTH OBUIM MOITy4YeHbl (PeHOMEHOIOTHIECKH U3 H -
mu3 KXJI TIC B p 3MMYHBIX JAPOHHBIX K H J X.

ITo3xe BO3HMKJI KOHLEMIHUS HENOK JIbHBIX B KYyMHBIX KOHJIEHC TOB WIH B -
KYYMHBIX KOppenaTopos [2,3]. DTH BEeIUYUHBI OMUCHIB IOT P CIpEAeNeHue KB p-
KOB U IJIIOOHOB B HEmepTypd THBHOM B Kyyme. PH3MYECKM 3TO O3H 4 €T, 4TO
(hrykTy MU KB PKOB U INIIOOHOB B B KyyM€ MMEIOT HEHYJIEBOI CPEIHEKB AP TUY-
HBIIl umiynsc. C 3TOM TOYKHM 3peHUS! CT HA PTHBIE BEIMYMHBI B KYYMHBIX OXH-
1 uuit (BBO), T Kue, K K {: qq :), <: qD%q :>, <: g2 F? :> ,..., NOSBJISIOTCS K K

KOo(PHIHEHTHI P 3TOXEHHs KOppessTopoB moyeil kB pkos { : ¢(0)E(0, z)q(z) :>
U IJTI0OHOB <: FjU(O)E(O, z)Fy, (z)E(x,0) :> B psmsl Teitmop 1o HepeMeHHOM

22/4, e E(z,y) = Pexp (i [ Au(2)dz") — ynopsimouenHsiii mo myru ¢ -
30BbIid ¢ KTOp IIIBMHTEp , HEOOXOMUMBII I K JIMOPOBOYHON WHB PH HTHOCTH
KOpPEIITOPOB.

B 10 %ke Bpems B KX]I XopolIo W3BECTHBI UHCT HTOHBI [4], HETPUBHU JIbHBIE
HEJIOK JIbHBIE B KyyMHBIE PELIEHUS KJI CCUYECKUX yp BHeHUU SJHr — Muic
B mpocTp HcTBe EBKimm , oOn 1 Iompe KOHEYHBIM [IEHCTBUEM H P 3MEPOM p.
B xHoctp mHCT HTOHOB M1t KXJI CBI3 H C H OEXHOH, 4TO HC MOIb B3 HUMO-
JEUCTBYIOIIMX UHCT HTOHOB U HTUUHCT HTOHOB IIPUBEJET K Pe JIMCTUYECKOU MU-
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kpockonuyeckoi K pruHe KXJI-B KyyM B (hopMe MHCT HTOHHOM XHAKOCTH [5,6]
(cMm., H pumep, 0630p [7]). U3 peHOMEHOTOTHYECKUX COOOp XEHHid ObUTO pry-
MEHTHPOB HO, YTO P CIpeJeleHre HHCT HTOHOB IO MX P 3Mep M sBsgercs (hyHK-
el ¢ pe3KUM M KCHMyMOM IIPH HEKOTOPOM KOHEYHOM CpEIHEM p 3Mepe p. U
MOXeT OBbITh MIPOKCUMHPOB HO n(p) = n.d(p — p.). Kpome Toro, p ccros-
HHME MeXJy WHCT HTOH MM rop 300 OoJjblie, 4eM CpeIHUH p 3Mep WHCT HTOH ,
T K 9TO XHAKOCTb SBJISETCS P 3PeXEHHOW, U 3((eKTUBH I IIOTHOCTh MHCT H-
TOHOB B B KyyM€ 7. SBIISIeTCS M JIbIM 11 p MeTpoM. M3 cBoiictB KX]I-B KyyM
CTEKTPOCKONUU JIPOHOB H ii/IeHBI OleHKH N ~ 1 M~ u p. ~ 1,7 3B, P 3-
PEKEHHOCTh MHCT HTOHHOM XHIKOCTH YHOOHO X P KTE€pPU30B Th Oe3p 3MEpHBIM
n p metpom 7 = (pcMy)?

Huxe Mbl MoK keMm, 4TO MHCT HTOHH 4 Mozaens KXJI-B KyyM 1 €T IuH Mu-
YeCKMi MeX HU3M H PYLIEHHS KUpP JIbHOH CHMMETPHH M JIEXUT B OCHOBE OIUC HUA
cporicts muoH [6,8—10]. Bomnee Toro, B3 uMopelicTBie KB pKOB, HHIYIIMPOB HHOE
HHCT HTOHHBIM OOMEHOM, €CTECTBEHHBIM 00p 30M MpuBOAuT K peuteHuio U4 (1)-
npobsemsl [11,12] 1 oTBeY €T 3 CHJIbHBIC, 3 BUCSIINE OT CIIMH CBSI3H B JPOH-
HbIX MynbTamvieT X [13]. B [14,15] 6bUI0 MOK 3 HO, YTO MHCT HTOHH S MOJIEIb
KXJI-B XyyM n eT criocob mid MOCTPOSHHUS HEJIOK JIbHBIX B KYYMHBIX KOHICHC -
TOB. B Mozenu IMH MHYECKH T€HEpHUpPYIOTCS 3 BHUCSIINE OT UMIYIbC 3(QeKTHB-
HAMCcC KB PK My ¥ BEpUIMH KB PK-IIMOHHOTO B3 UMOIEHCTBUS Grqq- I1 P -
METpPbl MOJEIM UMEIOT H IVISAHBIA (PU3NYECKUIl CMBICII U €CTECTBEHHBIM 00p 30M
CBSI3 HbBI C OCHOBHBIMHU BEJIMYMH MM HU3KO3Hepretudeckoi ¢msuku. T K, 3 BHCH-
Me OoT UMIYJabC 3((QEeKTUBH I M cC KB PK U KB PK-TIMOHH $ BEPIIUH BBIP -
KEHBI Uepe3 HeJIOK JIbHBIH KOHAEHC T KB pKOB. Il jiee, 0Op THbIA 3¢h(heKTHBHBIH
p 3Mep MHCT HTOH p_. ! HENOCPEICTBEHHO HM3MEPSET CPEIHIO BUPTY JILHOCTH
KB pKoB B B kKyyMe (k2) = A2 & 2p.? [14] ~ 0,5 I'sB? [16]. Dddexrus-
H S Mcc KB pK M, ompeneneH uepe3 cootHouenue I'onnbeprep — Tpeiim -
H My = gngqfr, IpH4EM KB PK-IIMOHH 9 KOHCT HT CBSI3U (rqq ONHO3H YHO
¢uxkcupyercd ¢ MOMOLUBI0 YCIOBUS CBA3HOCTH NMUOH . H KoHew, addekTuBH 5
IUTOTHOCTh MHCT HTOHOB 7. HEIIOCPEACTBEHHO ONpenesseTcs U3 yp BHEHUS ILEIH.
Mogens UHCT HTOHHOTO B KyyM COJEPXKHT BCE IPHBIIEK TeJIbHBIE YEPTH MOICIH
H M6y — Hon -JI 3unno (HUJT) (cMm., H npumep, 0630p [17]), yK 3 HHbIe BbIlIe
0COOEHHOCTH TPEJCT BT cO0O0M B XHbIE MPEUMYIIECTB 0 Cp BHEHHIO C P 3-
smyHbiMEA Bepersamu Mopenn HUJI. Bonee Toro, B MHCT HTOHHON Mozmenu o0p T-
HbI 3(h(PeKTUBHBINA P 3Mep MHCT HTOH p. SBISETCS €CTECTBEHHBIM I P METPOM
yIbTp (hHONIETOBOrO 00pe3 HUSl B KB PKOBBIX METJEBBIX HHTETP J X, U, T KHM 00-
P 30M, OH CBOOOIH OT MPOHM3BOJI B 3TOM Hporeaype, npucyiero Moxenu HAJI.

B XHBIM CHEKTOM p CCM TpPUB €MOH HEJIOK JIbHOU MOJENIM SBJISIETCH IIpU-
BlleUeHUe K JTMOPOBOYHO-UHB PU HTHOTO popM ju3M . OJIHUM M3 NPEUMYILIECTB
T KOTO IOAXOH SIBJIIETCS TO, YTO I P METPHl MOAENU NMPHOOPET 10T CMBICT H -
Omr0 eMbIX, Bce Apyrue (hU3MYecKHe BETUYUHBI, BEIP KEHHbIEC Yepe3 oTH I p -
METpBI, CT HOBSTCS BTOM THYECKHM K JMOPOBOYHO-UHB PU HTHBIMH. Bomnee Toro,
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HUX MOXHO Cp BHHUTb C TeMH, KOTOpBIE BBIUHCISIOTCA B JPYIUX MOAXOI X, OCHO-
B HHbIX H KX]I, T xux, x k peweroud 1 KX (pKX), KX IIC u T1.0. H -
000poT, KOl HMMEEeM Jel0 ¢ K JIMOPOBOYHO-HEWHB DU HTHBIMH OOBEKT MH, TO
MOXHO BBIOp Th JIOOYI0 ynoOHyI0 K iuOpoBky. T K, mpu moctpoeHnu 3gex-
THUBHOTO JICWCTBUS JUIi HC MOJISI MHCT HTOHOB H MOOJiee NP BUIJIBHBIM BHIOOPOM
SIBIISIETCS MTHCT HTOHHOE pellIeHHe B CHHTY/ISApHOH K JuOpoBke [6]. MHCT HTOHBI
B 9TOH K JIMOPOBKE B KOOPIMH THOM MPOCTP HCTBE JOCT TOYHO OBICTPO YOBIB IOT
H OECKOHEYHOCTH, YTO NPHBOAUT K M JIOMY INEPEKPHITHIO COCEIHHX IICEBIOY -
CTHL, U KB 3WKJ CCHYECKOE P CCMOTPEHHE CT HOBHUTCA omp BA HHbIM. OmH KO
pesyibrupyolnee 2pheKTHBHOE JISHCTBUE JIOIKHO ObITh HE3 BHCUMBIM OT BBHIOOD
K JMOpPOBKH I0JIed, MH 4Ye (POpM HEHCTBHS U JAPYrUX H ONION eMbIX BBIIISIUT HE
BIIOJIHE YHOBJIETBOPUTENbHO. K JTMOPOBOYH s UHB PU HTHOCTH IOAXON JOCTHUT -
eTcsl SIBHBIM YYETOM YIOPSIIOYEHHBIX IO MyTSM IIBHHIEPOBCKUX Pexp-¢ KTOpoB
B OIpENIeNIeHUsIX HEJOK JIbHbIX BeMW4MH [14, 18] M npuBegeHus HENOK JIbHOTO
KB PK-IIMOHHOTO B3 UMOJEICTBUA K MHB pu HTHOMY Buny [19,20].

0630p nocrpoen cieayoumm o0p 30M. Bo BTopoM p 3zene p ccM TpuB ercs
MOJIeNIb UHCT HTOHHOH XMAKOCTH M H €€ OCHOBE — KB PK-IIMOHH f JIUH MUK .
B TperbeM p 3zene noppoOHO 0OCYXJ1 eTCs BbIYKMCIEHHE MILUIUTYABL P CIIpejiesie-
HUS U (PYHKUMH p CHpefesieHus B JICHTHBIX KB PKOB B IHOHE. [lepBble SBISIOTCA
OCHOBHBIMH OOBEKT MM IPH OMKC HHUHU XKECTKHX 3KCKIIIO3MBHBIX IIPOLIECCOB C YU -
CTHeM NHOH , BTOpble — IIPU OMNKC HUU NIyOOKOHeyIpyrux mporeccoB. O6
P cIpenesieHus HEeCyT CYLIECTBEHHO HenepTypO THBHYI0 MH(OPM LMI0 O CTPYK-
Type MHOH , U MBI TIOK XE€M, YTO MHCT HTOHH $ MOJIeJIb SIBJISIeTCSl H ubonee Jie-
KB THOH IO Cp BHEHHIO C IPYTMMH MOAXOI MH.

2. KATUBPOBOYHO-UHBAPUAHTHASA HEJTOKAJIbBHASA
YETBIPEX®EPMHUOHHAA MOJIEJIDb 1 COXPAHAIOIIIUECA TOKH

DddexTuBHOE K JUOPOBOYHO-UHB PU HTHOE 4YeTbIpex(hepMHUOHHOE
JeiicTBre. B JIOK JIBHBIX TEOPUSAX K JTMOPOBOYHBIN IPHUHIMII MUHUM JIBHOTO A€H-
CTBUSI OIJHO3H YHO OIpelessieT B3 UMOJEHCTBHE IOJIei M TepHU C K JIMOpOBOY-
HbIMU TonsiMdA. OIH KO B HENOK JIBHBIX TEOPHUSX, K K OyJeT BHAHO HIKE, T KOe
B3 MMOJIEHCTBHE MOXET OBITh BBEICHO P 3IMYHBIMU CIIOco0 Mu. [I71s TOro 4ToOsI
cles Th HEJIOK JIbHOE JeHCTBHE K JTMOPOBOYHO-UHB PU HTHBIM 110 OTHOLICHHIO K
BHEIIHUM MOJISIM, YIOOHO € C MOTO H 4 JI OINpPEAeNUTh ToJie KB PK C K JIHOpo-
BOYHBIM ¢ 30BbIM ¢ KTOpoM IIIBuHTEp :

Qla.y) = P exp {—i / N Az<z>Ta} ). A = V() + AL,
(1)
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rue Vlf(z) u Aﬁ(z) — K JTMOpOBOYHbIE BEKTOPHOE U KCH JIbBHO-BEKTOPHOE MOJIS
COOTBETCTBEHHO, 1'* — TreHep TOpHI IPYNIsl poM TOB U P 0003H 4 eT orep Top
YHOPSAIOYEHUS BIONb IMYTH (KOHTYP ), KOTOPBII B K XJIOM WIEHE P 3II0XEHHS 9KC-
MOHEHTHI 10 CBOEMY IIOK 3 TENI0 P CCT BJIET M TPHULBI CJIEB H IP BO B IOpSIKe
JBUXEHUS TOYKU 2z [0 TP €KTOpuu OT = K y. HeonHo3H YHOCTb BO BBENEHUU
K JUOPOBOYHO-UHB PU HTHOIO B3 MMOJIEWCTBUS B HEJIOK JIBHOM MOJIXOJE Mpoce-
XKMB €Tcd B MOSABIEHUH 3 BUCHUMOCTU OT IyTH B ompenenenud (1). B 4 ctHOCTH,
K K Mbl YBUOUM HIXE, COXpP HSIOIIMECS TOKM B HEJOK JIbHBIX MOJIENIX, BOOOIIe
rOBOpP4, COCTOAT U3 JBYX Y CTEH: HE3 BUCHM ¢ OT IIyTH MPOAOJIbH 1 KOMIIOHEHT

U 3 BUCUM S OT IIyTM IIONEPEYH S KOMIIOHEHT . He3 BUCHMOCTB OT IIyTH IIpO-
JIOJIbHOI KOMITOHEHTBI €CTh CIIeCTBHE TPEOOB HUSI HENPEPHIBHOCTH JUBEPreHIINH
TOK . YyBCTBUTENBHOCTh K BBHIOOPY MYyTH IMOIEPEYHOH U CTH TOK SBJSETCH OCO-
OGEHHOCTBIO JIIDOOT0 METOX , HCIOJIB3YEMOT0 JUISl IIOCTPOEHHUS (4 CTUYHO) COXp H:l-
IOIIETOCd TOK , COOTBETCTBYIOIETO HEJIOK JIbHOMY AEHCTBHIO, M TPeOYeT 1 JIbHEH-
niero goonpenenenud. [l jee Mel ucnonszyeM ¢opM JIM3M, KOTOPBI OCHOB H H

HE3 BUCUMOM OT IIyTU OIpPENESIEHUU IPOU3BOAHOM OT MHTEIP J IO JIMHEHHOMY
KOHTYpY [21]:

0 v Yy
a—y“/x 2" Ay(2) = Mu(y), 6@ (2 — y)/z dz" Ay(2)=0. (2

T xoe ompezeneHue O3H Y €T, YTO WIEHBI C HEMUHHM JIBHOH CBS3bI0, MHIYLIU-
POB HHbIE KMHETHYECKUM WIEHOM HEJIOK JIbHOTO JieiicTBUs, OTOp ChIB IoTcd. Bo-
o0I1ie TOBOpsl, BHEHIHHWE MO, BXomsiiue B (1), SIBIAIOTCS BCIIOMOT TEbHBIMU
MOJSIMH, HO HEKOTOpBIE M3 HUX MOTYT OBITh OTOXHECTBICHBI C TEMH, KOTOpBHIC
MEPeHOCSAT BJIEKTPOM THUTHOE, CHIbHOE WM ¢l 6oe B3 mMmopeicTsusa. B ciy-
Y € 3JeKTPOM THUTHOTO B3 MMOJAEHCTBUA OTOT (P KTOp YYUTHIB €T 3(pheKThl U3-
JydeHud (POTOHHOIO MOJsd, KOTA [B KB PK YA JIAIOTCA APYr OT JAPYr . DTOT
¢opm nu3M GbUT HCTONB30B H B [19] (ecM. T kke [22,23]) mid npun HUsL He-
JIOK JIbHOMY B3 MMOJEHCTBHIO K JTMOPOBOYHO-MHB pu HTHOH ¢opMbl. K k Oymer
IOK 3 HO B J JIbHEHUIIEM, T K o (pOPMYIUPOBK MOJENIN Kp IHE B XH JUI C MO-
COITI COB HHOTO OIUC HHS JPOHHBIX X P KTEPHCTHUK, TECTUPYEMBIX BHEIIHHMU
UCTOYHUK MH, T KUX, K K JApoHHbIe popMp kTopsl [20] U 1 pTOHHBIE (PyHKIUU
p cnpenenenus [24].

B o0wmieii ¢opMe HeNoK JIbHOE KHUP JIBHO-UHB PU HTHOE (C TOYHOCTBIO 10
M JIBIX TOKOBBIX M CC KB PKOB) JEHCTBHE MOXET OBITh MIEPENHC HO Yepe3 MOoJIeBble
nepeMeHHsle (1) K K

S = S0+ Saq 3)

So= [y (e - 9) @lr X)6B, - mIQUY.0), @
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1 4
S, = =Gr [ d*X d*r, Ki(x1, 20, T3, 14) X
4q 3 1/ /,[[1 (%1, T2, %3, %4
X {Z [Qr(X — 21, X)[;QL(X, X + x3)] x
X [Qr(X — 2, X)[QL(X, X 4+ 34)| + (R < L)}, (%)

1+~ .
e Qrry(z,y) = 27 Q(z,y) — xB proBoe noie (1) ¢ ompeneneHHON Ku-
p JIBHOCTBIO. I[I/Ip KOBCKO€ COl_lpﬂ)KeHI/le JUI KB pKOBOFO I10JIA OHpeﬂeﬂﬂeTCﬂ K K

Q(z,y) = Q(z, y)T'yO. B (5) M Tpuunble KoMOuH 1w I'; @ I'; uMeoT Bux

1
1el-7"® Ta7 m(oﬁu QOouy — Taa'pu/ 2y TGU;U/); (6)
e 7% — ™ 1puusl I1 ynu aag mpocTp HCTB  poM TOB, N.=3 — 4YHCJIO IIBe-

ToB. CIIUH- POM TOB S CTPYKTyp JeiicTBUI B (5) MHB pU HTH TIPU IIIOO JIBHBIX
ke npHBIX g(x) — exp (iv570)g(x) U BeKTOpHBIX Ipeobp 30B HUAX ¢(r) —
— exp(i70)q(z) u Hom apHO H pym et Ujy(l)-cummerpuio:  ¢(z) —
— exp (i750)q(x). TOKOB s M cC KB DK M. I P METpU3yeT M Jblil aghdexT
SBHOTO H pYLICHHS KHp JIbHOH cuMmMmeTpud. [ jee Mbl orp HUYMM cebs TOJIBKO
CEKTOPOM TEOPHHU C HECTP HHBIMH KB PK MH.

Slapo 4eThIpeXKB PKOBOTO B3 MMoOjeHcTBus B Tp aurmonHoi HHIJI-mopenu
3 1 erca K(x1,x9,x3,24) = const Hizl d*r,6(x, — X), ¥ uMmysbcHOE 00-
pe3 uue BBomutcs pu Ay ~ 1 I'sB B p cxopsdiuxcs NeT/IeBbIX UHTErp J X,
00YCJIOBJIEHHBIX KOHT KTHBIM B3 MMojeiicTBueM. [Ipyrie B pu HTHI BbIOOp sIp
MOTYT OBITh H HJIEHBI B JIUTEP Type. B p ccM TpuB emoit Mozieniu hopM  YeThIpex-
KB PKOBOTO B3 MMOJEHcTBUS B (5) MOTHBUPOB H MOJIENbBI0O HHCT HTOHHOTO B KYy-
YM , U B JIOK JIbHOM IIpefiejie OH CBOOUTCS K 3(p(eKTUBHOHN BepuinHe 'T XOPT .
S1apo OIMKUCHIB €T B3 UMOJEHUCTBHE MEXIy KB PK MU, HHAYLIMPOB HHOE MHCT HTOH-
HBIM OOMEHOM, U SBJISIETCS HEJIOK JIbHBIM 00001menueM HUJI-Monenu.

BoiGepem Henmok JibHOE siapo K (1, %2, T3, T4) B cen p 6essHOM RpUGIUKE-
HUU:

Ki(w1, 29,23, 74) = f(1)f(22) f(23) f(24), (7

roe ¢yukuus f(x) cBsI3 H ¢ MPOQUIBHON (PYHKIMEH KB PKOBOI HYJIEBOW MOTOM
B MHCT HTOHHOM Toiie (cM. Hirke). [IpenMymmecTBoM cen p OebHOTO B3 MMOAEH-
CTBUS SIBIIIETCA TO, YTO OHO IIO3BOJIIET P 3PELIMTh UHTETP JIbHBIE P BHEHUS H -
JIUTUYECKH M Bce (pr3MdyecKue BEeIUYMHBI CBECTU K KB JIp Typ M. B mMmynscHoM
NPOCTp HCTBE cell p OeNbHOE AP0 MMEET BUI

K1(ky, ko, ks, ka) = f(ky) f (ko) f(ks) f (k)
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e k; SBISIOTCA BXOAALIMMH (BBIXOASIIMME) B BEPIIUHY UMITYJIbC MM KB PKOB,

F(k) — chypoe-06p 3 ot f(x).

D¢ deKTUBHBIA NPOII T TOP KB PK . B K yecTBe mepBoro m r mOCTPOUM
3(peKTUBHBII Mpon I' TOp KB PK C NOMOILIbI0 yp BHeHud [lIBunrep — JI iicon
(ILIOY) mns cobcTBeHHOI HEpruM KB pK . MBI OyeM p cCM TPHB Tb 3TO Yp B-
HEHHUE B JIECCTHUYHOM MPUOIMKEHUH, KOTOPOE dKBUB JICHTHO YYETy JIMAMPYIOILEro
nopsak B 1/N.-p 310xeHun. DPeKTUBHBIH MPOI T TOP KB PK  OMpPEIessIeTcs
K K

528
571 =5 ] - . - S_l - M 3 8
(p) t 5 (2) 69 (49) | o o (p) —iMy(p) (3
S()_l(p) = ﬁ — M,

rie My(p) — 3 BUCHM S OT UMIYIBC M CC KB DK , BO3HHK IOII S IMH MHYe-
CKM 3 cueT 3(pheKT CIOHT HHOTO H DPYIICHHS KMP JIbHOH CHMMETPHH B MHCT H-
TOHHOM B KyyMe. Yp BHeHME LIefu (I yp BHEHHE C MOCOITI COB HHOCTH) UL
3 BHUCAIIEH OT UMIYIbC M CCBHl KB PK MpPHUHUM €T Bux * [6,25]

~ d*k ~ M, (k
q
1 UMEET pellIeHne
My(p) = me + (Mg — me) f*(p). (10)

MbI JOJIKHBI TOOQYEPKHYTh, YTO B P CCM TPUB €MOM NMPUOIMXEHHH 3 BUCUMOCTD
M cCHl KB PK OT HMIIYJbC BO3HHUK €T TONBKO OJ rom ps HenmepTypO THBHOMY
B3 MMOJIEHCTBUIO C B KyyMOM M HE COAEPXHT MEepTYpO THBHBIX MOINP BOK IO CHJIb-
HOW KOHCT HTE CBS3H.

C apyroii cTopoHbl, HeepTypO THUBH Y CTh IIPOI I' TOp KB pK (8) Moxer
ObiTh BbruKciieH B Mogenu KXJI-B kyym . B 2dpdeKTHBHOM OJHOMHCT HTOHHOM
npubmxennn [14, 18] umeem

M, (p) = M,Q(p), an
rae
2
M, = L%’j”“ (12)

*3pech U 1 Jiee Bce 11 Ip MMBI DelfHM H , TOIOOHBIE TeM, YTO B (9), BEIYUCIAIOTCS B IPOCTP H-
cree Epxmun (k2 — 7k%, d*k — id*kg), TIe MHAYUMPOB HHblE MHCT HTOHOM hopMd KTOpHI
ompeziesieHbl M GBICTPO CI I 10T, T K YTO YJIBTP (PHOIETOBBIX P CXOXMMOCTEll He BO3HHK eT. dusnye-
CKHe Pe3y/IbT THI IONyd I0TCS H JIMTHYECKUM IPONOJIKEHHEM 00p THO B IIPOCTP HCTBO MMHKOBCKOTO.
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u

~ 2 4x ~
Q) = 25 [ e Cip Q6. QO =1 o=l (3

Q%) = (- 4(0)Ey(0,2)q(x) )/{: 7(0)q(0) =),  Q(0) =1, (14)

rie ¢ krop HIsunrep FEy(0,z) = Pexp (fz‘g%a IN Al (z)dz"), onpeneneHHbIii
4epe3 B KyyMHOE INIOOHHOe mone A, (z), T p HTHpyeT K JIMOPOBOYHYIO UHB PU-
HTHOCTh U N 1 €T HOPMUPOBKY. B mnpusenenHom yp BHenun Q(z?) sBisiercs
HOPMHPOB HHOUW MHJYLIMPOB HHOM MHCT HTOHHBIM B3 MMOICUCTBUEM HenepTypo -
THUBHOU Y CTHIO K JTMOPOBOYHO-UHB PU HTHOTIO IPOI I' TOP KB PK B KOHUTYp -
LUOHHOM IIPOCTP HCTBE, KOTOP ¢ OIHCBIB €T HEJIOK JIbHbIE CBOIICTB KOHJIEHC T
kB pkoB [3,5]. 3 meruM T KXe, 4yTo mpomn I Top kB pK (14) umeer Hemno-
CPEACTBEHHYI0 (PU3UYECKYI0 UHTEPIPET LU0 B 3((EKTUBHON TEOPUU TAKENBIX
KB PKOB, T K K K OH OIUCHIB €T P CHPOCTP HEHHE JIETKOTO KB PK B I[BETHOM
none GeckoHeyHO Tsakenoro kB pk [5]. B (12) m p Merp m™* onpenensercs
COOTHOILEHHEM

m* =m, +i(U7|S; (S — So)S W), (15)

rae (Uy|...]¥;) 03H 4 er He3 BHCHMOE YCPEIHEHHE [0 HHCT HTOHHBIM B KYYMHBIM
KoHGpuryp muaM. IloxcTt Bisig BbIp XeHue i npon I Top KB pk (8) u (11) B
(15), nony4uM yp BHEHHE LIeNU (B KUP JIbHOM IIpejiene)

4 2
/dk = (16)

@m)i k2 + M2(k) 4N,

KOTOpO€ 3KBHUB JICHTHO YCJIOBHIO C MOCOINI COB HHOCTH, 1 HHOMY B [6]. Cp BHU-
B a4 (9) u (16), H X0mUM, YTO

_ - M2
flp)=+/Q) n Gr= =

. 17
N (17)

Beip xenue 111 4eTbIpex()epMUOHHON KOHCT HTHI CBsI3M (1 COBII I €T C Pe3yilb-
T TOM, MoiydeHHBIM B [6]. T kum 0Op 30M, B cen p OeTbHOM TPUOIIKSHUA
JUIS YeTBIPEXKB PKOBOTO Sap (OpM B3 MMOAEHCTBHUS MOSHOCTBIO (PUKCUPYETCA
9(p(peKTUBHBIM MOBEJCHHEM KB PK B HerlepTypO THBHOM B KyyMe.

Henox meHbiii KoHgeHc T Q(z) u popmd krop f(k) ecrecTBeHHbIM 06D -
30M OIpeseNieHbl B €BKJIMIOBCKOM 0O CTH, TAe OHM OBICTpPO CIm 1 I0T. B sB-
HOH hopMe CK JIIpH g 9 CTh NPOMN I' TOP KB PK B NPHUOIIKEHUH, OTp HUYH-
B IOLIEMCS TOJIBKO YYETOM HYJIEBBIX MOA KB PK B IpOIN I TOpe KB PK , UMEeT
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Bup [14,18]:
8p2 [ oo COS [}7—% (arctan(tt‘%z‘) - arctan(%))}
Qr(r) = =< / drr? / dt , (18)
™ Jo oo [R? + 2]3/2[R? + (t + |2])?]3/2
e R? = p2+72, ucos|...] — & KTOp, BO3HUK Iomwmii 3 3KcrioHeHTsI LLIBuHreEp |

3((heKTHBHO CyMMHUpPyeT OECKOHEUHbI H OOp 3J1eMEHT PHBIX KTOB B3 MMOJEH-
CTBUS KB PK € HMHCT HTOH M. HopmupoBounslii koagcpurnment B (13) p BeH
Ng = 472, s toro 4to6bl nomyduth yp BHeHue (18), clemyeT BOCIIONB30-
B ThCS SIBHBIMU BBIP XEHHMAMH JUIl HHCT HTOHHOTO IONS M HYJI€BOH MOIBI KB PK .
CK IIIpHBIH NPOI T TOP KB PK B KOH(UIYp HUOHHOM U HMIYJIbCHOM IPEICT -
BIICHUSX M300p XeH H puc. 1 u 2 (cM. T KXe MpwioxXeHue A).

Cremyer 3 MeTUTh, YTO B [26], ucnonb3ysd ¢t HI prHoe OP, ObUIM THOMyYeHBI
nepTypO THUBHBIE U HerlepTypO THUBHBIC BKJI Ibl B IPOI I' TOp KB pK . Heneptyp-
6 THBH g Y CTh, IPOIOPLMOH JIbH 5 KOHIEGHC Ty KB PKOB < (g >, UMEET JIH-
IUPYIOLIMI 4YICH C HMMITYIbCHBIM P crpejeieHueM B ¢opme d(p) W momp BKY
as ~ p~% Tlepsblil wieH sBIAeTCA K JTMOPOBOYHO-MHB PH HTHBIM,  BTOpOii
HeT. Bk 1, p ccmorpenHslii B (11), cOOTBETCTBYeT MepBOMY K JIHMOPOBOYHO-
WHB DU HTHOMY JIMAMPYIOLIEMY MO (vg WIEHY, KOTOpPbIi (6J1 TOJ psi HEJIOK JIbHBIM
CBOICTB M MHCT HTOHHOTO B KYyyM ) P 3MBIB €T UMITYJIbCHYIO d-(DyHKLIHIO B IJT J-

0%
1,0

0,8
0,6
0,4

0,2

Puc. 1. Ck npH 4 CTh HOPMHPOB HHOTO K JINOPOBOYHO-MHB PH HTHOTO HENEepTypO THB-
HOTIO TpOIl T TOp KB PK B UHCT HTOHHOM B KyyMé B €BKJIMIOBCKOM KOH(UTYp LHOHHOM
npoctp HerBe (18) (CIUlOmH s JMHUA) M NPOI T' TOPhI, MOJNy4eHHble Oe3 yder Pexp-
¢ KTOp , COOTBETCTBEHHO, B CHHTYISIPHOH (IYHKTUpPH $) U peryisapHoi (107) (tuTpuxoB 5)
K JMOPOBK X
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o)

1,25

1,00

0,75

0,50

0,25

Puc. 2. Tor xe mpon r Top, 4To U H pHUC. 1, HO B HMIIYIbCHOM MpefcT BieHuun (13)
(crutomH 4 nuHMA), (108) (utpuxos 1) u (109) (MyHKTHPH )

Kuii opm KTOp Q(p) DT0 03H U €T, 4TO KB PKU UMEIOT B B KyyMe HEHYJIEBYIO
BUpPTY JBHOCTE (cp. ¢ d(p = 0) B OP). MopM JIbHO 9TO CBOAUTCS K CYMMHUPOB -
HHIO OECKOHEYHOro nmoaMHoXecTB wieHoB B OP. T kuM 0o0p 30M, B TMAMPYIOIIEM
MO vy MOpsIKE HerepTypd THBH 1 M CC HE 3 BUCHT OT K JIMOpoBKU. B creny-
I0IIEM 3 JIMIUPYIOIIUM TOpsIKe K JUOPOBOYH $I 3 BUCHUMOCTh BO3HHUK €T, K K
U B [26], HO ®TH WieHBl MOJ BJIE€Hbl M JIOM KOHCT HTOH cBsa3u. (B addexTus-
HOM JIEWCTBUH MATK 51 4 CTh IJIFOOHHOTO ITOJISI HPOUHTETpUpoB H ). OTMETHM, 4TO
B [6] mcronp3yercs mpon T TOp KB pK B K JIMOPOBOYHO-HEMHB PH HTHOH hopme
Q%) = (: 4(0)q(x) :)/(: 4(0)q(0) :).

T kuM 0Op 30M, p CCM TPHUB €M s MOJiellb OCHOB H H K JMOPOBOYHO-WH-
B PU HTHOM BBIp X€HHM [UI 3(peKTUBHOIO MPOM I' TOPp KB PK B HHCT HTOH-
HOM B KyyMe, B KOTOpPOM 3((eKT nepep ccessHUS H HMHCT HTOHE YYUTBIB €TCS
Pexp-¢ xropom. T Koil BBIOOp MOTHBHPOB H TeM, 4TO (DU3NYECKHE BEIUYNHEL,
T KHe, K K KOHIEHC T KB PKOB WIIM BHPTY JIBHOCTh KB PK (CM. HHXE), OIpeze-
JIeHBI Yepe3 K JIMOPOBOYHO-MHB PH HTHbIE O0BEKThI. pyruM 3JIeMEHTOM MOJIEH
SIBIISIETCS SIPO YETBIPEXKB PKOBOrO B3 UMojeiicTBus. B cen p GenbHOM npuOiu-
keHuu ero ¢opm (7) momaHOCTHIO hukcupyercs: dopmoii a3¢hpeKTUBHOTO MPOIl -
I TOp KB PK C IOMOIIBIO yp BHEHHs Wenau. bm roxm ps wHB pm HTHOCTH (hop-
M JM3M () KTHUECKHE BBIYHCIICHHS, B KOTOPHIX JJOMHHHUPYET BKJI 1 HYJEBBIX MOX
KB PKOB B II0Jie¢ MHCT HTOH , MOTYT OBITh BBIIIOJIHEHBI B JIIOOOW K JIMOPOBKE JUISt
HUHCT HTOHHOTO MOJIS, BKJIIOY § CHHIYJISPHYIO.

Coxp HA0OmMEcHd TOKH, HHAYIIHPOB HHbIe HEJIOK JbHbIM AeiictBueM. Co-
Xp HSIONIMeCS TOKU U COOTBETCTBYIOIIUE BEPIIUHBI MTOJIyd IOTCS K K IPOU3BOJIHBIE
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JICUCTBUS 10 BHELIHUM IIOJIAM TPU HYJEBBIX 3H YEHHUAX Mosieil. B npucyrcteuun
HEJIOK JIbHOTO B3 MMOJEUCTBUS COXpP HAKOLIMECSd TOKHU COCTOST U3 JIOK JIbHOW U
HEJIOK JIbHOHM 4 cTel *:

q)FZg (kla k27k37k4)q) :q) FZ; + Gfk[(k/’17kj2) k?}) k4)><

IIT
X ZZ [(Fia)13 (Qia )24]? HjL (kla k27k37k4aQ)7
gj=I i

rae k; — BXopsmme (BBIXOIAIINE) UMITYJIbCHI KB PKOB M ¢ — HUMITYIIEC, COOTBET-
CTBYIOLLIUI TOKY.

BriBeieM B ApeBeCHOM MPUOTMKEHIH HEKOTOPBIE M3 BEPIIHH JUIS BHEIIHETO
MOJIsI, B3 UMOJICUCTBYIOIIETO C KB PK MH U IMHOH MU, KOTOpbIe OYAYT HCIIONB30-
B HBI B IU TP MMHOM P 3JI0XeHHU (PU3NUECKUX BEIHUYHH. [I1s 3TOro He0OXOIUMO
MOCTPOUTh KB PK-KB PKOBBIE BEPIIMHbI, BKJIIOY IOIIHWE OOUH WIM JIB BHENIHHX
TOK , KOTOPBIA MOXKET ObITh BEKTOPHBIM HWJIH KCH JIbHO-BEKTOPHBIM, M (MJIH) ITH-
OHBL. [IJI TOTO YTOOBI p 3IIOXHUTH YIOPSAOUCHHYIO IO MYTH 9KCIIOHEHTY TI0 BHEIII-
HUM II0JISIM, MCIIOJIb3YEM TEXHHKY, onuc HHYyW B [19] (cM. T kxke [27]). DTOT Me-
TOJ, BO-TIEPBBIX, COCTOMT B H XOXICHUH (Pypre-00p 3 | p 3710XKeHuH B psn Teii-
JIOp HeJOK JbHBIX QyHKUMA K (21, X2, T3, 24) U Fr(21,x2); 3 TeM HEOOXOAUMO
MpeBp TUTh CTENIEHU WMIYJIbC B IMPOU3BOJIHBIE, JEUCTBYIOIIUE H  YIOPSIAOYEH-
HYIO TIO ITyTH ®KCIIOHEHTY U KB PKOBBIEC MO, COETT Th 00p THOE mpeoOp 30B Hue
®ypre U ONATH TPOCYMMHUPOB Th. CBOWCTB MH KOHTYPHOTO WHTETp J1 , KOTOpPBIE
ClleflyeT WHTEHCUBHO HCIIONB30B Th B ®TOH IMpoLenype, SIBJSIOTCS COOTHOIICHHE
(2) u ero ¢ypbe-00p 3:

) Az+a ]
/d4xf ($2) e—sz/ dzt e % =
Yy

w f 0+ X0 = f(p)

=Alrra) (p+ Aq)® — p2

e "1+ f (p?) / dz! e 7197, (19)
Yy

Hizxe npuBesieHbl HECKOJIBKO TIPUMEPOB BEPLIMH, H WIEHHBIX T KM 00p 30M.

*3pech MBI CiIeyeM CIIMH-U30CIUHOBOM KJI CCH(UK MM TOKOB, I HHOH B [20]. Ommume H -
IIero OINpeleNieHHs] OT UCHOIb3YeMOro B YK 3 HHOH p 60Te COCTOHT B ONpefeleHHH MHTErp 1 IO
KOHTYpY. DTO p 3/IHM4YMe NposBisieTcs: B (hopMe (MMITYIbCHOI) MPOCTp HCTBEHHOH 3 BUCHMOCTH HEINO-
K sbHOrO (hopme krop FJ, (k’, k) B(21) M CK 3bIB €TCS H BBIP XEHHUSIX [Jis] [IONEPEYHbIX KOMIIOHEHT
TOKOB. B TO Xe BpeMs NpomoibHbIE KOMIIOHEHTHI TOKOB OJHMH KOBBI B O0OMX IOIXOX X, K K OTO H
JIOJIXHO OBITb.
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Hcnonbays onpenenenus (1), (2), BUIUM, YTO H JIUUUE YHOPSIOUEHHOM IO
MyTH 9KCIOHEHTHl B KUHETHMYECKOM WiieHe (4) SKBUB JIEHTHO OEHCTBUIO KOB pH-
HTHON IIPOU3BOJHOU

t/ﬁm@aw—yﬂaaXﬁ@Qonw—i/&wﬁaw—yﬁﬂmd%w@x

iDy — i0y + V(y) + Ay)vs,
YTO NPUBOIMUT K CT HJI PTHOM JIOK JIbHOU 4 CTU TOKOB. T KuM 0Op 30M, MUHH-
M JIBHOEC B3 MMOJEHCTBHE BOCCT H BJIMB €TCS W TNPH BBEICHHU 3 BHCHMOIO OT

nytd ¢ xtop B (1). Jlok .ivHble 6k Obl B BEPIUUHBI, BO3HUK IOINHE M3 B3 H-
MOJICHCTBUS KB PKOB C TOK MU (4), 3 1 I0TCS K K

535,
(2) 69 (2) 0% (y) lgpg

e P (z) obosn u er puewnue nons V,,(2), Aj(z). Tlepexoms K dypbe-o0p 3y ¢

‘bFloc (%ya Z) =1 5D

nomowsio exp [i (k'z — ky — qz)] n onyck 51 (27)* 6 (K — k — ¢), H xomm

Vpua
Floc

(k,q.k' =k+q) =T, TP (k,q, k' = k+q) = y"vT,

e T, = 74/2, k(k' =k + q) apaserca BxomamuM (BBIXOISIINM) HMITYJIbCOM
KB PK W ¢ — HMIIYJIbC, KOTOPBI NIPOTEK €T 4Yepe3 TOK.

Henok JbHbill 4emblpexke PKO6bili 6k O B BEPIUHMHBI, IOCTPOCHHBINA U3 B3 U-
MOJICHCTBUS KB PKOB C TOK MU (5), UMEeT BUJI

. 85Syn
i — —
0P (2) 09 (1) 61 (w3) 0 (z2) 09 (24) |pg
M 3 JI eTCs BBIP KEHUSIMH, NPEICT BJIEHHBIMH HHXe. Mbl He BBIIHCHIB €M
asio ¢ xrop 6 (ky 4 ko + ¢ — k3 — k4), COOTBETCTBYIOIIMIT 3 KOHY COXp HEHMS

SHEPIUM-UMITYJILC . BCero BO3HUK €T TPM TUII  HEJIOK JIbHBIX  BEPIIUH
H;‘ (k1, ka2, ks, k4, q), mocrpoennsix u3 (5). Tum I3 1 ercs K K

(I)Fnl (11,1'2,1‘3,1'4,2) =

H{ (k1 ko, k3, ka,q) = F* (k1 + ¢, k1) + F* (ks — q, k3) , (20)
rae

w f(kiq)/f(k)_l
(k+q)* - k2

F* (k£ q,k) = (2k £ q) , @1

a
¢ coorserctyiomumu KoMOuH mwiamu M Tpul [(09)5 (Qia )oy], M M30cK -
JIIPHOTO BEKTOPHOIO TOK I:

(1® 1457 @ iys7%), —(T* @ T +ivs Q@ i5), (22)
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U30BEKTOPHOTO BEKTOPHOIO TOK 1
(7% @ 1+ iv5 @ iysT?), —1®7*+iv7* Q@ ivs), (23)
U30BEKTOPHOTO KCH JIBHOTO TOK I
abc( ® iy570), —eabc(i’ym'b ® 7). (24)

Henok 7pH 4 cTpykTyp Tunm II T KXe BO3HHK €T B M30BEKTOPHOM BEKTOp-
HOM TOKE

Hﬁ (kla k27k37k45q) =FH (k2 + q, k2) + Fr (k3 —q, k3) ’ (25)

CNMH-N30CIMHOBBIE M TPHIBI MOSBISIOTCS B KOMOWH LUAX: (M30BEKTOPHbIH BEK-
TopHbIid TOK II)

€% (iys 0 @ iy5T), —ie?e (10 @ 7). (26)

B U30BEKTOPHOM KCH JIbHOM TOKE HE BO3HMK €T CTPyKTyp Tull II, HO mossis-
€Tcd HEJIOK JIbH 4 CTPYKTYP TPETHETO Pox :

Hlpp (kv, ko, ks, ka, q) F¥ (k2 + q, ko) + F" (ks — q, k3) —
FH (kl‘i’(bkl)*Fﬂ (k4*%k4) (27)

C M TPUYHBIMH KOMOWH LUAMU (M30BEKTOPHBIH KCU JbHBIH TOK IIT)
(77" @ 1), —(ivs ® 7). (28)

Beimyic HHBIM BBIP KEHUSIM I BEPILMH MOTYT OBITh COIOCT BJICHBI COOTBET-
cTBytouie TOKM. H mpumep, MOMHBI KCH JIbHBIA BEKTOPHBIA TOK NPHHUM €T
BUIT

35(E) = J5(oe) (@) + 556y (),

" 1_ a
b oey (T) = 2q($)7“757 q(z), (29)
jggu)(lﬂ) = /dl‘ldl‘gdl‘3dl‘4 K($1,IE2,IE3,$4)

X

{[ e _—p

x  q(z1)ivsTq(23)q(w2)q(Ta) +
+ / dzuf?(z—x)z'e““q(xl)r”q(m)q(:cQ)ivg.qu(:u)}.(30>

Huxe mbr YBUUM, YTO HEJIOK JIbHBIC YETBIPCXKB PKOBBIC TOKW MHAYLHUPYIOT BKJI bl
B IIOJIHYIO BEPIIUHY Jqq, Korg OAH KB PKOB 4 JIMHWA 3 MKHYT B IICTJIIO.
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IIpon r Top NMOH W KB PK-NHOHH f BepmIMH . B3 mMoneiicTBue KB PKOB,
WHIYLHUPOB HHOE WHCT HTOHHBIM OOMEHOM, OTBETCTBEHHO 3 CHJIbHBIC, 3 BHCSIIIHE
OT COMH CBSI3U B APOHHBIX MyibTUIUIET X [13]. B 4 crHOCTH, 3TO B3 MMOAEN-
CTBHE SBJCTCS TMPUTATUB IOMIUM TS ME30HHBIX COCTOSHHU TICEBOOCK JIIPHOTO
OKTET , OTT JIKMB IOIIUM [JI W30CHHIIET 7/, W OTCYTCTBYET (B NPHOIMKEHHU
HYJIEeBbIX MOJ) B BEKTOPHBIX ME30H X p,w W T.J. Eciu mpurskeHue SBISeTCs
JOCT TOYHO OOJIBIIMM, TO OHO MOXKET MEPEeCTPOMTh B KyyM U CBSI3 Th KB PK W

HTHKB PK B (pOopMe JIETKOTO (TOJIICTOYHOBCKOTO) ME30H .

M cc mmoH * W BepmMHH 5 (PYHKIUS H XOHATCS C MOMOIIBI0 VP BHEHHS
bere — Commurep (BCY). ng corn cuga ¢ LAY (9), BCY p ccm TpuB ercs
B JIECCTHUYHOM NpHOMIKeHUH. B aToM mpubmikenun cern p OenbHOE B3 UMOJEH-
CTBHE IO3BOJISIET 3 MUC Th ¢g-M TpUIy p ccedHus 1T’ B ¢opme

T(p1,p2,p3,p1) = Hf(pn) 8(p1 +p2 — ps — pa)T(q), (3D

IJie MOJIHBIA MMITYJIbC Gg T Pbl 0003H YeH ¢ = p; — p3 = pg — p2. BCY Moxer
OBITH MpENCT BIIeHO Yepe3 1" K K

T(q) = G1 + GiIIpp(q)T(q), (32)

rae HPP (q) SABJIACTCSA MOJAPU3 HAOHHBIM OIICP TOPOM IMMOHHOIO IO U 3 I €TCA
TNETJICBbIM UHTEIP JIOM

, Bk~ . .
Ilpp<q>::z2Aat/°(§;5;PW<k+,k_>1%h75sF«k_JZV5SF<k+>L (33)

e ky =k =+ %q,

F(k, k') = J()F (k). (34)
u Sp(k) — odexTuBHBIA Tpon T TOp KB pK  (8), MOMy4EHHBI K K pEIICHHE
HIOY B nectHunyHOM npubmmkeHnu. Pernrenne yp BHeHus (32) mmeeT BUI
. 1
T(q) = ————G. 35
(q) RTINS (35)

CBs13 HHOE COCTOSIHHME NMUOH JI eTCsl momocoM 1’ 1 MOXeT OBITh ONpeeneHo
U3 yp BHEHUA

det(1 — G[pr(q)ﬂqzzmzr = 0. (36)

*B Kup JIbHOM Tpejesie, KOTOPBIii B OCHOBHOM MBI HCIIONBb3yeM B p 6OTe, M cC TIHOH SBIIS-
eTcsi HyJeBOl B COITT CHM C TeopeMoil I'ONICTOyH , M NpH KOHEYHBIX TOKOBBIX M CC X KB PKOB OH
nonyd ercs u3 cootHomenus I'emn-M nH — Okc — Pennep . MOXHO NOK 3 Tb, YTO YHCIEHH
3 BHCHUMOCTb PE3yJIbT TOB OT M CCHI IIHOH M TOKOBOH M CCBI KB DK IIPeHeOpeXNMO M IT .
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B oKpecTHOCTH MHOHHOTO MOIOC M TpHLl 1 MOXeT ObITh IPEICT BIEH K K

—Dx (¢%) 92,4V (2) @ V(q), (37)

rae

1
Dr(¢') = 5= pm

€CTh POl T TOp Me30H U V (q) 0603H U €T COOTBETCTBYIOIILYIO BEPIIMHHYIO (PYHK-

uuio. BepumHHple OYHKUMHM 118 KOHEYHOTO M H 4 JIBHOTO COCTOSHMIL CBSI3 HBI
coornomenneM V = 1V T4 Iing muon nmeem

Vr(q) = ivs7, (38)
U KB PK-TIMOHH $ BEPIIMH B OKPECTHOCTH IOJIIOC 3 I €TCd
Ty (k:0) = gragF (0 = b, K) insT". (39)
KB pK-IIMOHH $1 KOHCT HT OIpejieNnsercs YCIOBUEM CBS3HOCTU [28]:

L dllpp(q?)
9244 dg?

27?2 -t
— T 40
- [NchAm,%)} ’ 0

rae, B CJIyd € 6e3M CCOBOTO IMHOH , UHTEIPp JI Igﬂ— CBOIUTCA K

(B2 | kQKR)  (EQK)
IQW(O)O/ o) ' 2gm T\2aw “
C
Q)= QR), D(k) = MZG(R) + K. 42

K k ™Mbl yBuuM HuXe, yciosue (40), TOMOMHEHHOE K JIMOPOBOYHOW MHB PH HT-
HOCTBIO 9(h(PeKTUBHOTO NEHCTBUS, MPUBOJUT K BBIIONHEHMIO IT pToHHBIX [IC mmd
U30CIIMH ¥ UMIYJIEC . OTMETHM, YTO BBIP XKEHHE NI (rqq, A HHOE B (40) u (41),
COIIl CyeTcs ¢ TeM, KOTOpoe IMojiydeHo B [9].

DddeKTUBHBI KUP JbHBIA J TP HXKH H. Bo3eHn3 nma momenu. Pesynb-
T ThI MPEABIAYLIETO P 3/eJT  MOTYT OBITh MepedopMyIHpPOB HBI B 3KBHB JIEHTHOMH
thopme, HO g 2(phEeKTUBHOIO KB PK-ME3OHHOIO B3 MMOJAEHCTBUS, C IOMOLIBIO
npouenypsl 603eHU3 LuK noseit. s aToro ynoOGHO mepenuc Tb cen p OenbHbI
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4eThIpeX(PEPMUOHHBII wieH B jaeiictBuu (5), JMHE pu3ysd OWIOK JIbHbIE KOMOM-
H mun §(z)q(y) u §(z)v57¢(y) ¢ MOMOLIBI0 BBEACHHSI BCIIOMOT TEJIbHBIX COCT B-
HbIX Me30HHBIX moneit M () [29] (mpubnmxenue cpemtero noss). Torx mpuxo-
IMM K cregymoreil ¢opme a(phpeKTHBHOTO HEJIOK JIBHOTO JAEHCTBHS, COOTBETCTBY-
omiero (5):

S =S50 + Sint, (43)

e Sy SABIseTCs CBOOOTHBIM NEHCTBHEM IS IMOJieii KB PKOB U ME30HOB:

$0= [ ate {ata) iDato) + 3 [o)A ~ m2)o(w)] +

[7(x)(A — m2)7(z)] } , (44)
" Sint €CTh KB PK-TITMOHHOE B3 MMOJAEHUCTBHE

S = —My [ X0 (00 f(22) QX — 1 X)U= (X) QUK X + 72),

(45)
rie
Uy (X) = exp (—gj\’}—q:mr%a()()) —
g 1 (grag )
— _ J7™4q ¢, a\,. a _ | dmaq a 2 -3
=11 M, (757" ) (X) 5 (Mq) T (X)T+O(M, )] . (46)

B (44), (45) nmpenebper eM 4lieH MU, HHIYIUPOB HHBIMH TEH30PHBIM B3 UMO-
nedicTeueM B (5), T K K K OHM He I 10T BKJI JI B CK JIAPHOM K H Jie. @ypbe-00p 3
OT K JMOPOBOYHO-HHB PH HTHOW HeNOK JibHOH Bepumssl F (ki, k2) omuchB er

MIUTUTYAy MSTKOrO Iepexoj IHOH C HUMIYIbCOM D B KB PK U HTHKB DK C
UMITYJIbC MU k1 = p + k:/2 uko=p— k:/2 COOTBETCTBEHHO. DT (PYHKIIUS Tpejl-
CT BIISIET HOJIHYIO BEPIIMHY B3 MMOIEHCTBHS CO BCEMH KB PK-IJIOOHHBIMH BO30Y-
KICHISIMU XKecTde, 4eM M ciut 6 o ~ 1/p., CHIbHO (9KCHOHEHIU JIbHO) TIOX -
BJIEHHOH. B XHO MOMYepKHYTh, UTO MUOHHOE TOJIe, BXojdiee B aelicTBue (43),
ABNAETCS MIEPEHOPMHUPOB HHBIM, KOHCT HT TI€PEHOPMHMPOBKH IOJISI COCT BHOTO
ME30H BBIOMp €TCSl p BHOU HYIIIO:

2
Zr=1-g20 8Hgi(§) =0. 47)
{Z P
Dro ycnoBue cBa3HOCTH [28], ukcupymoliee KOHCT HTY B3 UMOAEHUCTBUS MHMOH-
HOTO TI0MIs C KB PK MH Grqq, 9KBUB JIEHTHO ycnosuio (40).
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®Du3uyecKkre TOKU. BepiiuHsl, i HHbIE B MPEIbIIYLIEH U CTH, SIBISIOTCS «TO-
JeIMI». Tereph HEOOXOIAUMO «OIEeTh» MOIENb C MMOMOIIBIO YIeT IPOLECCOB Iepe-
p ccesuud. DdeKTHBHbIC BEKTOPHBIE U KCH JIbHO-BEKTOPHBIE MTOJTHBIEC BEPIITHHBI
HEOOXOIUMBI MPH BHIYUCIICHHH MHOTHX (PH3MYIECKHX MPOIECCOB U OYAyT OMHC HbI
Gosee JeT JIbHO HiXKe. B XHbIe Orp HUYEHHUS H CTPYKTYpPY BTHX BEPIIHH H KII -
1biB 10T BekTopHOE (YTT) u Kcu spHOe ToxaectB Yopn — T x x mum (AYTT):

¢"Tu(k,q) = Sp' (K) — Sg'(k), (48)

¢ ATu(k,q) = Sp'(K)ys — 595" (k), (49)

r7ie ¢ sBisgercd (POTOHHBIM UMITYJIbCOM U kK — HMMITYJIbCOM KB DK , ITPOXOASIINMUA
yepe3 BepiurHy. (M30CIIMHOB 5 CTPYKTYp 3[ech He BbIIUC H BHO.) ITonH 4 Bep-
LIMH TIPEICT BIISETCSd CYyMMOM JIOK JIbHOW M HEJIOK JIbHOHM 4 cTeil. Henok JibHble
JBYXKB DKOBbIE 3(pheKTUBHbIE BepPIIUHBI 'y, MHIYLUPYIOTCSA YETBIPEXKB PKOBBIMU
BEPIIMH MHU 1'4;, B KOTOPBIX ONH KB DKOB 4 JIMHHA 3 MKHYT B IETIIO.

B a51eKTpoM THHUTHOM CIIyd € NOJH 1 MIUIATYH g (hOTOHHOM CBSI3U C KB p-
KOM 3 [ eTcd

F2 (&) = J* (k)

Vrua (k, q, k' =k+ Q) = 7H - Mq k2 — |2

vertex

(k+EN"| T (50)

u ygosnersopger YTT:
qﬂvrggrtex (kv q, k/ =k + q) = |:Z]\7 (quQ (k/) - quQ (k)):| .

Uto6sr moyunTts BTOpoil wieH B (50), WHAYIMPOB HHBIMA VF4q (22), (26), mu -
Ip MMy, IJle 3 MKHYT $ MEeTJIs UMeeT CK JIIPHYIO BCT BKY, YIIPOIIl IOT MPU UCIIONb-
30B Huu LY (9).

ITponosnsH 5 4 cTh 2(pheKTUBHOI JIBYXKB PKOBOH KCH JIbHO-BEKTOPHOII Bep-
IIUHBI, TONyY omeiicd u3 (28), umeet Bua [20]:

AT5g (k. q) = "y T —%Z—ZT"{[M (k+q) + M (k)] — (51)
4 2
NN G ) ) [ e -0+ s+ al.

I7e, I TOro 4TOOBI MOJYYHWTh IEpPBBIA WIEH BHYTPH (PUIYpPHBIX CKOOOK, OBUIO
UCTIONIB30B HO yp BHeHMe wwenu (9). DT BeplIUH dBISeTCA TONOH, U, B Y CT-
HOCTH, OH CBOOOIOH OT CHHIYJIsipHOCTEW. 1 TOro 4toObl HOJNYYUTH MOJHYIO
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KCH JIbHO-BEKTOPHYIO BEpIINHY, H M HEOOXOIMMO NPUHATh BO BHUM HHE Iepe-
X0 TOK B KOHCTUTYEHTHBIE KB DKH 4Y€pe3 UX IIEpEP CCESHUE B K H JI€ C IIUOH-
HBIMHM KB HTOBBIMHU 4YHCI MU. B npunoxennu b Mbl IOK XeM SBHO, 4TO IOJIHBIIA

KCU JIbHO-BEKTOPHBII TOK IIPUHUM €T BUJL

M(k+Q)+M(k)qu
q2

A eex (ki) = |7 = T (52)
DTOT TOK UMeeT (PU3NYECKYI0 CUHTYISPHOCTh, COOTBETCTBYIOLIYIO IUOHY, U, OYe-
BuiHoO, ynosnetsopsier AVTT: ¢"AT,(k,q) = Spt(k + q)vs + 555" (k). YTT
1 TpeOOB HHE, YTO BEPLIMHBI HE COEPX T HE(PM3NYECKUX CHHIYISIPHOCTEH, Of-
HO3H YHO OINpEeNessSioT MPOAOJBHYI0 Y CTh BEKTOPHOM M KCH JIbHO-BEKTOPHOM
BepuInH. [lonepeyH g 4 CTb MpU TOM SBISIETCS MOJEIbHO-3 BUCHMOMU U, B Y CT-
HOCTH, B H CTOSIIIEM ITOJXOA€ 3 BHCUT OT ONpeesieHHs KOHTYPHOIO UHTErp J .

BesmuuHBI B KYyMHBIX OXKHA HUHA KB PK-IJIIOOHHBIX omep TOpoB. B x-
HBIMH X P KTEPHCTHK MH SIBJSIIOTCS BEIMYMHBI KB PKOBOTO KOHJIEHC T H Cpel-
Hell BUPTY JIBHOCTH KB PKOB B B KyyMe. Ileps 5 Urp et poip 1 p MeTp HOPSAK
H pYIIGHUS KUpP JbHOW CHMMETPHH, BTOP $ OIpEAeNdeT cpeqHee 3H YeHHe KB 1-
P T HUMIYIbC BHUPTY JIbHOTO KB pK . Ilpu 3 1 HHOH nuH Mudeckoil M cce (11)
UMeeM I KB PKOBOTO KOHJIEHC T

d'k My(k)
(a4 4N/ (2m)* k2 + M2 (k) (53)

U cpeqHel BUPTY JBHOCTH KB PKOB [3]:

T . 4
2 (: gD%q ) _4NC/(dl;; 2 My(k) 54)

GCagsy (a0 K2+ M2(k)

CpenHad BUPTY JIBHOCTh KB PKOB OIpeAeseT MPOU3BOAHYI0 OT KOHAGHC T KB p-
KOB M, T KM 00p 30M, €ro HEJIOK JIbHble CBOWCTB . OOHHUM W3 IJT BHBIX HpENro-
moxennit meron KXJI IIC [1] 6put0 TO, UTO JIOK JIbHBIE KB PKOBBIA U ITIOOH-
HBIIl KOHIEHC ThI IOMUHHUPYIOT B (DU3MKE JIETKUX [POHOB, BBEJEHUE IONpP BOK
Gosiee BBHICOKOH P 3MEPHOCTH WIJIM JI XK€ HEJOK JIbHBIX KOHJEHC TOB [3] He W3-
MEHSET CHJIBHO CT HJ PTHBIX pe3yibT TOB. T KuM 00p 30M, MO Kp iiHei Mmepe,
U1 COIN1 COB HM4 JIOK JIbHBIX M HenokK JbHbIX KXJI TIC 3H yeHue npou3Boi-
HOH (BUPTY JIBHOCTH) HOJIKHO OBITh OTHOCHUTENBHO M JIbIM. (DEHOMEHOJIOTHYECKH
UMeeTcd JOCT TOYHO TOYH f OLEHK 3TOH BEJIMYUHBIL: )\3 ~ (0,4 +0,2) I'sB2,
ocHoB HH 4 H p ccMorpenun KX TIC g nerkux JpoHOB [16] U Me30HOB,
COCT BJICHHBIX M3 TAXeNbIX U Jerkux KB pKoB [30]. Berumcienus B pKXI 1 ot
A2 = (0,554 0,05) I'sB? [31]. KoHe4HO, HMEIOTCS MONp BKH 3 CUET HPAMBIX
UHCT HTOHOB K pe3ynsT Ty B KX IIC, HO OHU Bpsin JIM MOMEHSIOT pe3yibT T
cymecTBeHHO. Bputo Ob oueHp MHTEpecHO, ecin Ob1 oneHK B pKXJI mMorn  ObITh
MOATBEPXICH HOBBIMU BBIUYHCIICHUAMH.
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YroObl MIMETh K YECTBEHHOE MPEACT BIEHHE O COOTHOLUCHUH IT P METPOB MO-
Jenu ¢ (pu3nYecKMH H OITI0[ eMbIMH, ITOJIE3HO P CCMOTPETh yp BHeHHe wmiend (9)
U B KyyMmHbIe oxu Hus (53), (54), mpereOper 5 wieHOM MqQ(k), 10 CP BHEHHIO C
k? B 3H MeH TeNsAX MOIBIHTErP JIbHBIX (QYHKIMA. DTO NPUOIMXKEHHE ONP BI HHO
B peXHMe JOCT TOYHO P 3PEXEHHOH HMHCT HTOHHOW Cpeibl (KMAKOCTH), KOIN
(k*) = A2 >> MZ(A\;). MOXHO NOK 3 Th, 4TO TOYHOCTh T KOil HPOLEAYpbI
nyamie, yeM 20 — 30%, ecnu m p MeTp p 3pexeHHoctd M J1: 7 < 1. Torn , ¢ yde-
ToM (53) u (54) 1 ucnomnb3ys SBHbIE BbIP XeHHU 3(PHEKTUBHON M CChI, 3 JI HHbIE
B (18), (13), (10), nonyyum [jid 3H YEHHUIl KB PKOBOTO KOHIEHC T U KB PKOBOU
BUPTY JIBHOCTH, COOTBETCTBEHHO,

) N.M, , 2
(qq) = T2 Ag = Pl (55)
IlepBoe COOTHOLIEHHE, TIPEJCT BiieHHoe B hopme M, = — (272 /N.)p.>(Gq), cos-

I I €T C pe3ylbT TOM, MOJIy4eHHBIM B p 60Te [32], rme acpexTuBH 1 M cc
KB PK OBUI ONpenesneH B CUCTEME WHCT HTOHOB C M JIBIMH P 3Mep MH, B3 HMO-
NEfCTBYIOIMX C JUIMHHOBOJIHOBBIM B KyyMHBIM TofieM. Koadduument (27)2 B
9TOM COOTHOILLIEHUU P BEH HOPMHUPOBKE MPOMN I' TOP KB PK B HMILYJIBCHOM IIpea-
cr BieHnu. OK 3BIB €TCs, YTO 3TOT () KTOpP SIBISIETCS OfMH KOBBIM K K VI K -
JTUOPOBOYHO-MHB pU HTHOTO Tipon T Top (13), T X W MId mpom T TOp , BBIYU-
CIIEHHOTO B CHHTYJISIpHOH K nuOpoBKe (6e3 Pexp-¢ kTop ). Kpome Toro, ato co-
OTHOLLICHHE SBIIETCS H JIOrOM M3BecTHOro pesynsT T HWII-momenu [17] (Gq) ~
~ —N.M,A% ;. /(47%), tie Anyr — 1 p MeTp 0o0pe3 HHsSL 11O MMITYJIbC M B
KOB PU HTHOH CXeMe peryisdpu3 UM B MOIEIU C JBYMS poM T MH. T K K K
WHCT HTOHBI CO3/l I0T HEJIOK JIBHOCTh M NPHBOMAT K PETYISIpPH3 LMW HUHTETp JIOB
T KX€ KOB PH HTHBIM CIIOCOOOM, MBI MOXKEM I Th OLIEHKY H I P MeTp oOpe3 Hud
A%~ A2,
NJL q
Bropoe cootHomienue B (55) O6bUTO Hell BHO MOJy4eHo B [14], tie nenok -
Hble CBOMCTB KOHIEHC T KB PKOB H3Yy4 JIUCh B HHCT HTOHHOH MoAEIH. DTOT Xe
pe3ysbT T ObLT HoNydeH B [33] mpsIMBIM BBIYKCIEHHEM JIOK JIBHOTO CMEII HHOTO
KB PK-IJIIOOHHOTO KOHIEHC T :

a

22 (aligow G, =g )

Za _ T2 . (56)

2 (:qq )
W3 BbIp XeHWd I CpelHed BUPTY JIBHOCTH KB PKOB OYEBHMJIHO, YTO 00J CTb
KB pK- HTUKB PKOBOTO B3 UMOJCHCTBHSA X p KTepusyercs 3(pheKTUBHBIM p 3Me-
POM p. UHCT HTOHHBIX (ykTy Lumil B KXII-B Kyyme.

OO6p m 5 p BeHCTB (55), BBIp 3UM I p METPHI WHCT HTOHHOH MOJIENTH B -

KyyM B TEpMHH X (DyHI MEHT JIbHBIX I p MeTpoB B kKyyMm KXII p.2 = 2/)\2,
M, = —(4772/Nc)(((jq>/)\3). Eciy [U1d 4UCIeHHOM OLIEHKU IOACT BUTH «CT H-
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I pTHOE» 3H YeHHe IUI1 KOHIeHC T KB pKoB { qq) ~ —(230 M:aB)3 (cM., H TIpH-
Mep, [7]) u mng cpenHeil BUPTY JBHOCTH KB PKOB B3SITb )\3 ~ 0,6 I'sB? [16,31], T0
nonyanm p, ' & 0,55 IeB u M, ~ 0,27 ['sB. CoBMeCTHbIi H JIM3 B KYyMHBIX
U HU3KO®HEPreTHYECKUX MHOHHBIX CBOWCTB (CM. T On. 1), mpoBeneHHBIN B [24],
MOATBEPXK] €T 9TU OIIEHKU. BBIp 3UM I p METp p 3pEeXEHHOCTH B KyyM depes
(puznyeckue m p MeTphl

_ 3
771/2 _ 4v/2x* K qq)|1/3
N, Aq '

DTO BBIP XEHHE IPOHOPLHOH JILHO M JIoMy ¢ KTopy 1/N, ¥ OTHOIIEHHIO BeNH-
YUHBl KOHIEHC T KB PKOB K P 3Mepy €ro HellOK JIBHOCTH B HMITYJIbCHOM IIPO-
crp Herse. OnH Ko M Jiocts 1/N. KoMreHcHpyeTcst GONbIIMM YHCITICHHBIM KO9(-
¢unpentoM. T KuM 06p 30M, p 3pEKEHHOCTh MHCT HTOHHOTO B KyyM 00ycio-
BJICH BTOPHIM ¢ KTOPOM M O3H Y €T, YTO KB PKH IPOTEK IOT 4epe3 B KyyM C
JOCT TOYHO GOJBIIMM CPEIHHM HUMITYIBCOM A\, = 4/ (k2) 1O Cp BHEHHIO C JHHEHI-
HBIM M CINT 6OM, X p KTEpHBIM /U1 KOHIEHC Ta KB pKoB |{ Gg)|*/3. ®opm mbHO
THpesiel P 3peXeHHOM XKUAKOCTH COOTBETCTBYET MPEfely M JIOTO CPEHEro p 3Mep
UHCT HTOH . [IOJCT BUB pe JIbHbIE YUCI , MBI MTOJYYUM OILICHKY 1) ~ 0, 24.

B npubnuxeHnn p 3pexeHHON XUIKOCTH U3 Yp BHEHHS M cCOBOM menu (9)
MOXKHO H HTH IUIOTHOCTb MHCT HTOHHOH CpEibI B BHIE

B N.M2)\?

g = / dunG?(u/pe) ~ 0,61, (57)

Ne
472 0

rjie KOHCT HT I, He 3 BHUCUT OT p.. CyIIECTBYIOT U JIpyrHe MoJe3Hble COOTHOIIIE-
HUS, CBA3BIB IOLLME I P METPBl B KyyM Jpyr ¢ apyrom. H npumep,

1 n.

1
Gq) = ———% = ————  /N.n 2. 58
<q(I> In ]‘[q 2//_{_ /In n. q ( )

DTH COOTHOILIEHUS UMEIOT Ty XK€ C MYyI I P METPHUUYECKYIO 3 BUCHMOCTb, YTO U
OLIEHKH, TOJIy4yeHHbIe B [5,7], HO ¢ apyrumu KoaddurmeHt Mu. [lepsoe U3 HUX
BBIP X €T KOHIEHC T KB PKOB 4epe3 3(P(PeKTUBHBII BKJI J OTAENBHOIO MHCT H-
TOH , YMHOXKEHHBIIl H IUIOTHOCTh MHCT HTOHOB. KoaghduieHnTs! oTauy 10Tcd 10
TOU IpUYUHE, 4TO B [5], Tie 3TO p BEHCTBO 3 IHC HO K K (Gq) = —n./Mg, BbI-
P XeHus OBUTH TOJydeHbl M3 MHCT HTOHHBIX (DOPMYN B T 30BOM INPHOIIKEHUH
MeX HMYECKOW 3 MEHOH TOKOBOM M CChl KB PK H a(dextuBHyo. H mpotus,
IIpU BBIBOZIE P BeHCTB (58) T K 4 mporeayp 3 MeHbl (PMKCHPOB H Yp BHEHHEM
wenu (9), Kod((UIHMEHTHI IJT BHHIM 00p 30M OIPEAEIISIOTCS U3 H KIIOH (hopM-
® xtop My(k) B Hyne.

Bropoe cootHomenue B (58) mpencT BisgeT coboi ¢ MOCOINT COB HHYIO OIICHKY
KOHJIEHC T KB PKOB B MHCT HTOHHOM B Kyyme (cM., H npumep, [7]). O nee, no-



CTPYKTYPA IMMOHA B MOJIEIIM HHCTAHTOHHOM XHUIKOCTH 1043

CKOJIbKY MHCT HTOHHBIM BKJI 1 B BEJIMYMHY IJIIOOHHOTO KOHJIEHC T [ €TCS COOT-
Qs )

HOIICHUEM (—‘()GQ)|ins‘D = 8N, TO IJIFOOHHBIA KOHJEHC T MOXET OBITh BBIP KEH
T

4yepe3 KB PKOBbIM KOHAEGHC T U CPEJHIOI0 BUPTY JIBHOCTb KB PKOB:

Qg 2 25W2In <QQ>2 < 4
502 it = 50,019 TeB*. 5
(—G%)linst A 0,019 I's (59)

«CT HI pTHO» OIIEHKON KB PKOBOIO KOHJIEHC T , IMOJy4eHHON B OPHUIMH JIbHOMN
p Gore [1], ssmsieres (0](1/47%)Gy,, G%,|0) ~ 0,012 T'eB*. Mocnenyiomuii 1 -
3 [34], semonHenHb MeTogoM [IC KXJI mId TSXenbIX W JIETKUX ME30HOB,
T KX€ HeJl BHHE PELIETOYHBbIE BbIYUCIEHH [35] 1 10T BEIMYUHBL, KOTOPBIE B B
u OoJiee p 3 MPEBOCXOAAT «CT HI PTHBIE.

Hu3kosHeprernyeckue H 001 emble MHOH . [isi TOro 4yToOb! 3 (PUKCUPO-
B Thb I P METPbl UHCT HTOHHOIM MOJETH, MBI T KX€ P CCMOTPUM HU3KODHEPIeTH-
YyecKre KOHCT HThI MHOH . K K ObIJI0 OTMEYEHO BbIIIE, HEJIOK JIbHBIA KCH JIBHBIN
TOK COAEPXUT HEOJHO3H YHOCTb, CBS3 HHYIO C OIpEleSIeHHeM KOHTYpHOTO HHTE-
rp 1 . K cu cThio, POOJIBH S KOMIIOHEHT TOK HE COHEPXKUT 3 BUCUMOCTH OT
BHIOOp TyTH M ONHO3H 4HO ukcupyercs ¢ nomouibio YTT. T kum o6p 30M,
KOHCT HTBI P CII JIOB, P CCMOTpPEHHbIE HUXE, SIBJISIIOTCS XOPOILIO OINpPEAETeHHBIMU.
B pe3ynbT Te HU3KOZHEPreTUYECKHUe TEOPEMBI, KOTOPBIE CIEAYIOT U3 (4 CTUYHOIO)
COXp HEHMS TOK , BBIIONHSIOTCA. B 4 crHOCTH, cooTHomeHue [onnbeprep —
TpeiiM H 1719 KB PK-NIMOHHOW KOHCT HTBI CBSI3U UMEET NPHUBLIYHYIO (hOpMY

9nqq = %7 (60)

™

(

¥ KOHCT HT p cll I mMoH H a8 orton 70 — vy

1
Grnyy = 47T2f7r (61)
COIT COB H C TpeGOB HUSAMH KCH JIBHOH HOM JIMH.

3 ¢hukcupyeM MoJeNIbHbIE I P METPBI T K, YTOObI KOHCT HT €I GOro p CI [
IMOH fr UMEJ TOYHOCTb He Xyke, 9eM 1%. B T 611. 1 mpuBeneHbl pe3ysbT Thl
JUTSL ABYX MOZEIBHBIX I p METPOB M, U p. W NMPEACK 3 HUS I KB PK-TIHOHHON
KOHCT HTBI (rqq, KOHIEHC T KB PKOB (Gq), CPelHEil B KyyMHOH BUDPTY JIbHOCTH
KB PKOB A’ W IVIOTHOCTH HHCT HTOHOB 7.

U3 T 61. 1 ACHO, YTO ¢ POCTOM M CChl KB PK BEJMYMHBI KOHIEHC TOB KB P-
KOB U IJIIOOHOB 11 /I 10T. DTOT 3(heKT ABIAETCS CIEACTBUEM MO BJIEHHS KOH-
JEHC TOB M CCOH (hepMHOH . 3H YeHHs 1 p MeTpoB M, U p., KOTOpbIE BOCIPO-
W3BOIAT B KyyMHbBIE OXHJ HMS H MHHU3IIEH P 3MEPHOCTH C TOYHOCTBIO MOPSIIK
30 %, 1 xomarcs B unteps e M, = 220 = 260 MsB, p. = 1,5+ 2,0 [eB~1. B
]l TbHEHIIEM Mbl UCTIOJIb3yeM THIIMYHBIA H GOp I P MeTpoB

M, =230 MaB, p.=1,7TsB". (62)
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T Onun 1. 3H YeHHs HU3KOPHEPreTHYECKHX B KYYMHBIX M IIHOHHBIX H OO €MBIX

M, Pes frs 9mqq |<QQ>|1/33 )‘33 Ne,

B | IeB~! | MaB M>aB IB? | ¢pm—*
0,16 1,0 93 1,7 283 2,2 1,36
0,21 1,5 92 | 23 230 1,0 | 087
0,23 1,7 91 2,5 215 0,83 | 0,75
0,28 2,0 92 | 3.1 201 0,61 | 0,68

OTMeTHM, 4TO YCIOBHE P 3PEXEHHOCTH 7) << 1 BBIIOIHAETCH BO BCEM JOIIyCTH-
MOM HHTEDB JIE.

IT p MeTpsl Mozenu M MpeAcK 3 HUS I B KYyMHBIX M IIMOHHBIX H Omiofn -
€MBIX IOJY4eHBI NPU HEKOTOPBIX MpuOIMXeHHsX. Bo-nepBbix, Mbl p 60T eM B
KHp JIbHOM IIpejieie HYJIeBOM TOKOBOM M CChl KB pK . [| jiee, B IpUOJIMXEHUU HY-
JIEBBIX MOJ MBI IIpeHeOperIv M JIbIMU BKJI JI MU OT BEeKTOPHBIX Me30HOB. Kpome
TOTrO, YYTEHO TOJIBKO H HMHM3IIEE ABYXKB PKOBOE (hOKOBCKOE MPOMEXYTOYHOE CO-
CTOSIHHE B IHOHE, YTO COOTBETCTBYET NMPHOIKEHUIO 3 MOPO3KH. MBI CUHT eM,
4TO BCE OTH (P KTOPHI MOTYT CJETK M3MEHUTh YUCA B T ON. 1, HO Ipu >TOM
H HJEHHbIE K YECTBEHHBIC PE3YJIbT Thl OCT HYTCS CIIP BEJIUBBIMMU.

3. PACTIPEJEJIEHNA BAJTEHTHBIX KBAPKOB B ITHOHE
B HHCTAHTOHHOI MOJEIA

AMILTUTYA P cmpedeieHHs KB PKOB B muoHe. [Ipu GOJIBIINX HMMITYJIbC X
nepesl Yd MIUIMTYIBl 9KCKIIIO3UBHBIX JPOHHBIX IPOLIECCOB BCIEACTBUE (P KTOPH-
3 UM JUH MUKW H OOJBIIMX U M JIbIX P CCTOsSHMSX [36—38] BBIp X IOTCS B JIM-
JMPYIOIIEM JIOT pU(MUYECKOM NPUOINXKEHUH K K KOHBOJIIOLMS MIUTUTY XecT-
KOTO ¥ MATKOTO IOIMPOLECCOB. AMIUIUTYX KECTKOTO MOANPOLIECC BBIYUCISETCS
B neptyp6 TuBHOM KXJI, 1 OCHOBHOH BKJI A B 1 HHYIO MIUIUTYIy [ [OT O -
TP MMBI C XECTKMM OJHOIIIOOHHBIM OOMEHOM. AMIUIUTYA MSTKOTO MOAIPOLIECC
OMMUCHIB €T Mepexol H Y JIbHOIO M KOHEYHOIO JPOHHOTO COCTOSIHUH B KB PKHU
U OIpelesisieTcsl yepe3 JpOHHble MIUIMTYAbl p crnpenenenuid (AP) [36]. Drtu
theHOMeHOMOTIYECKNE (DYHKIMM MMEIOT 3H YEHHWE MIUIUTYX P CII I JpoH (B
cucreMe ¢ OECKOHEYHBIM HMITYJIbCOM, D, — OC) B KB PK- HTHKB PKOBYIO I py
(B cIyd € ME30HOB), C JOIAMH MMIIYJbC  JIPOH , IEPEHOCUMOIO KB PKOM xpp, U
Zpn(Z = 1 — x) u Bupty JabHOCTBIO 2. T K K K AP 3 BUCHT OT IMH MHKM H
OOINBIINX P CCTOSHUSX, P CHpPENEIeHUS MOTYT OBITh BBIYHMCIIEHBI TOJIBKO C ITOMO-
IIBI0 HETlepTypO THUBHBIX METOJIOB.

Ileps s MOMBITK BBYUCIUTH ApPOHHYIO AP 6p1 BhIMONHeH B [39] u mpu-
Bel K JByrop6oii ¢opme i muoHHOW AP. OmH KO HEKOTOpOe BpeMs H 3 I
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MIPUMEHUMOCTD 3TON (opMbl AP K ®KCKIIIO3UBHBIM IPOLIECC M IPU BBICOKUX HUM-
MyJIbC X Tepen 9u O6bU1 moct BieH mox Bompoc [40]. Tlok 3 HO, 9TO B KOJUIH-
HE PHOM IPUOIMXEHUHU IPU UMITYJIC X TEpel YH, I JIEKHX OT CHMITOTHYECKOU
00l CTH, TOMUHHPYIOT BKJI OBl C MA2KUM OJHOTTIIOOHHBIM OOMEHOM, KOTOPBIH CO-
OTBETCTBYeT OOJIBIIOI BEeJIMYMHE CHJIBHOW KOHCT HTHI CBs3U. Bonee Toro, mpen-
CK 3 HHE, OCHOB HHOe H 3TOH AP, 1 eT mpeBblllieHHe H 1 9KCIIEPUMEHT JIbHBIMU
Jl HHBIMH TI0 IMOHHOMY TepeXoaHoMy hopmd KTopy npu Gobux @Q2, omy6mu-
KOB HHbIMHU Hell BHO Koyu1 Oop mmeit CLEO [41] (mig mucKyccuii cM., H IIpuMep,
p 6oty [42]).

Io3nuee B p 6ote [43] ¢ MCmoOIb30B HUEM Ooliee TOHKOrO METOI H3BJicue-
Hust nponHoi AP, ocHoB HHOoro H KX]I TIC c Henmok JIbHBIMU KOHJIEHC T MU [3],
OBUTO MOK 3 HO, yTO AP MMOH H HHU3KO3HEPreTHYeCKOM M CIIT Oe Goee Om3K
mo ¢opme Kk cummrornieckoir AP. T kxe 6bU10 H HIeHO, 9TO JOpM  JIPOHHOI
AP oueHp YyBCTBHTENIBH K CTPYKType HENepTypO THBHOTO B KyyM , I P METpH-
30B HHOI'O 4Yepe3 HeJIOK JibHble KOHIeHC Thl. Hen BHO B [14] u [24] Henok JibHBIE
KOHIEHC ThI ObUTM CMOJIENUPOB HbI B MHCT HTOHHOH MOJIEIH.

B aTOM p 31€71€ MBI UCTONIB3yeM KB PK-NUOHHYIO IUH MHUKY B P MK X MOJAENIH
WHCT HTOHHOTO B KyyM JUIS TOTO, YTOOBI BBIYMCINTH B JUAMpPYIOMEM TBUcTe AP
NHOH B HU3KOW TOYKE HOPMHUPOBKM MOPSAAK OOp THOro 3(pheKTHBHOIO P 3Mep
UHCT HTOH p. [44]. Bonee p HHue monbiTku [45] (cM. T kxe [46]) BbIUMCINUTH
AP muoH ObUTM CHElT Hbl B P MK X Mojedu [6], KoTtop & uUMeNn [ JibHelilee
p 3BuTHe. DpdeKTUBHOE AEHCTBUE, MpeIoXeHHoe B [6], cIp BEUTUBO TOJIBKO B
KHpP JIbHOM TIpejielie ¥ MOAU(ULIMPOB HO Gollee mocienoB TenbHo B [25]. Beire
ObBUIO TIOK 3 HO, YTO AP0 3((HEKTUBHOIO MHAYLUPOB HHOTO MHCT HTOH MM YEThI-
PEXKB PKOBOTO B3 MMOAEHCTBHS JOMIKHO OBITh BBIP XKEHO Yepe3 K JIMOPOBOYHO-
UHB pH HTHYIO BEJIMYHMHY, HEJIOK JIBHBIA KOHAEGHC T KB PKOB, 3(h(heKTUBHO CyMMHU-
pyrolmii HeneptypO TUBHbIE 3()eKThl MHCT HTOHHOTrO Mojis [24]. B KoHTeKcTe
H CTOSIIIMX BBIYMCIICHWI B XHBIM SIBIISIETCS TO, YTO, K K 9TO OBUIO yXe OTMe-
YEeHO BbILIE, B HEJIOK JIBHOW Mozenu (opM COXp HSIOMIMXCS TOKOB OTJIMY €TCS
OT OOBIYHBIX JIOK JIBHBIX TOKOB (CM., H mpuMmep, [20]). DTH H XOIKH HPUBOAIT
K 3 KJIIOYEHHIO, YTO MOAXOJ [6] He IMOJIOH M HEe COINl COB H C HU3KO®HEpreTHye-
ckuMmu TeopeM MHU. C y4eToM 3THX ¢ KTOB HEKOTOpPbIE U3 MPEABIAYIINUX BBIYUCIIE-
HUI T KXXe TpeOyroT nepecMoTp . B u crHocty, nogxox [6] He criocoGeH yaosie-
TBOPUTb KCH JIbHBIM TOXAecTB M Yopn — T x x mm (AVTT). K k mok 3 HO
B [20], TOK JbH 4 4 CTh KCH JIBHOTO TOK MOIU(ULUPYETCS HEIOK JIbHBIM Ylie-
HOM. PHU3MYECKH 3TO 03H U €T, YTO OOBIYHBIC JIOK JIbHBIE TOKH OTIPEEeSICHBI Yepe3
(cBOOOIHBIE) TOKOBBIC KB DKM, MOAM(UK LHsl HEJOK JIbHBIMU YIEH MU IPOUC-
XOOUT OJ1 TOJ psi MEepexoiy OT OMMC HUS Yepe3 TOKOBble KB PKHM K OIUC HHIO
B TEPMHUH X KOHCTUTYEHTHBIX KB PKOB B ®(heKTHBHOIl Mojenu. Dtu 100 BOY-
HbIe WICHBI HE MOJ BJIEHBI II P METPOM M JIOH IUIOTHOCTH MHCT HTOHOB M BELYT
K momp Bke mopsak 30% K BelmduHE KOHCT HTBI p ¢ f muoH Fr. T K XK
KOHCT HT P CI I NHOH SBJIFETCS MHTErp JbHOM Mepoil MuoHHOW AP, OCHOB-
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H 314 H CTOSIIEro p 3Ie1 COCTOUT B TOM, 4TOOBI OLEHUTh d(PPEKT T KUX
YJIEHOB IIpU BbluUcieHuu AP.

Iuonn a mnaumyo p cnpeoeneHus H HUZKOIHEP2EMUUECKOM M cuim Oe.
AKcH JIbH ¢ MpoeKius MIOHHOH AP H CBETOBOM KOHYce go;?(m) onpenensder Ju-
J¥pyoollee CHMITOTHYECKOE IMOBEICHNE JIEKTPOM THUTHOTO hopMmc KTOp IIH-
oH . OH T p METpU3yeT CTPYKTYpPy M TPUYHOTO JICMEHT

1
<O =) (p) 5= ipFr [ dee® 0 @) 6
0
OT GHJIOK JIBHOTO OHEpP TOP

JM(z, —2) = d(2)y,75 P exp (z / ’ Au(z)dz“) u(—2), (64)

—z

IJle P CCM TPUB €TCs Hpelen H CBETOBOM KOHyce, zH = An#, n# gBnsercs cBe-
TONOMOOHBIM BekTOpoM: 12 = (), HODMUPOB HHBIM ycloBHeM p -n = 1, F =
= 130 M3B — xoHCcT HT ci Ooro p ci 1 NHOH , ¥ MHOHH 1 AP H cBeToBOM
KOHYyCe JIMANPYIOLIETO TBUCT HOPMHUPOB H :

1
/ dzp? (z) = 1. (65)
0

YopsnoueHHBI O IyTH IIBHHIEPOBCKUI ¢ 30BbIA ¢ KTOp Tpebyercs il K -
JMOPOBOYHON WHB PU HTHOCTH, U MHTETPUPOB HHE BBINOJIHIETCS BIOJb CBETOIO-
no6Horo H mp BieHus: z. I nee Mbl OyigeM npeHeOper Th ®TUM (p KTOpOM, T K
K K BO3MOXHBIM BKJ J| OT KJI CCHYECKOIO IOJI1 (MHCT HTOH ) Il €T IOIp BKHU K
AP 6ornee BBICOKOTO TBHCT , BKJI 1 OT KB HTOBOTO IIOJISI IPUBOIMT K MONP BK M
[0 M JIOMy Il P METPYy IUIOTHOCTH UHCT HTOHOB.

Bunok neHBIAE TOK B (64) ompenelieH yepe3 TOKOBble KB PKU, 3(¢EKTUBH S
HHM3KO3HEPreTHYeCcK g MOJeNb, KOTOPYI0 Mbl COOMp eMCd MCIIOJIb30B Tb, cop-
MYJIMpPOB H B TEPMHH X KOHCTUTYeHTHbIX KB pkoB U u D. T xum o6p 30M,
YTOOBI MOJTYYUTh M TPUYHBIA 21eMeHT (63), MBI JZOKHBI P CCMOTPETh BEPLIMHY
(0 ‘J;? (z,—2)|U(k)D(k)), KOTOp 5 NOCI/e W3BICUECHNS INOHHOTO TIOMIOC CT HO-
BHUTCS

_ 1
(01T (2, =2)|UR)D(p = k)) = (0|J (2, —2)| 7" (p)) mriq (k.p),
(66)
e T%, (k,p) = (7" (p)|U(k)D(p — k)). Torm , BEIp X 5 M TPHUHBIii BIEMEHT

(0 ‘J;?(z, fz)| U(k)D(p — k)) 4epe3 nerieBoii HHTErp JI, IPHUHAM 5| BO BHUM -
HUE TIepep CCesHUE KOHCTUTYEHTHBIX KB PKOB, M3BJIEK S HOJIOC IIHOH , BBIP XKe-
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Hue m1d AP cBomutcsd K

u Alp) = d4—k r—Fk-n
PEpA(r) = m/(%)%a( kn) x
x  tr{l%, (k,p) S(k)T"(k,p)S(k — p)}, (67)

Ie T SBIAeTCs JOoJlel MUOHHOIO MMIYJbC P, MEePeHOCHMON KB pkoM™. JlenpT -
¢ynkimg B (67) KKyMmMydaupyeT MH(MOPM IMI0 O BceX MOMEHT X AP u cBI3 H ¢
HUMH C TTIOMOIUIBI0 IIpeoOp 30B HUS MemmH .

B yk 3 uuom Beip xennu S(k), ATH(k,p) u I's, (k,p) aensores addek-
THUBHBIM IIPOII T TOPOM KB PK , KB PK- KCH JIbHBIM TOKOM M KB PK-IIMOHHOH Bep-
IUHONH CcOOTBEeTCTBEHHO. OCHOBHOH 3 I Y€l 31eCh SIBIIETCd H XOXIEHHE BTHUX
tpynkumii. Iyt ®TOoro Ml 6yeM HCIONB30B Th KOB PU HTHYIO 9(pheKTHBHYIO HU3-
KO®HEPreTHYECKYI0 MOJIENb C cell p OEbHBIM HEJIOK JIbHBIM YETHIPEXKB PKOBBIM
B3 MMojeiicTBueM. bonee Toro, ¢ KTHYeckue BBIUHMCIEHHS OYIyT CHEN Hbl B MO-
JeMH ¢ MEXKB PKOBBIM B3 MMOIEHCTBHEM, MHOYLMPOB HHBIM MHCT HTOHHBIM 00-
MEHOM. MOXHO MOK 3 Th, YTO YHCJEHHO 3 BUCHUMOCTh PE3YyNIbT TOB OT M CCBHI
MMOH M TOKOBOTO KB PK IPEHEOPEXHUMO M JI U MOXKET ObITh IPOUTHOPUPOB H
IpU I JbHEiIeM p ccMoTpeHuu: m, = 0. OmH KO B3 UMOCBA3b 3(peKTUBHOMN
M CChl KB DK Mg MM clIT 6 HENOK JILHOCTH B KYYMHOTO I10JIs )\3 nmeet 00JIb-
moe BiusHUe H ¢opmy AP.

Pezynom mot On4 RUOHHOU MAAUMYObL P CHpeoesieHus.  AMIUIUTYI P C-
MIpe/ieNieHus TIMOH BBhIUHCIAeTcd U3 (67) ¢ UCTonb30B HUEM 3(P(heKTHBHOTO TIPO-
nrTop KB PK (8), KB pK-NMHOHHOW BepmuHbl (39) M KCH JIbHO-BEKTOPHOM
BepimuHbl (51). WMIOyNnbcH S 3 BUCUMOCTb OJIETHIX B3 MMOJEHCTBUEM BEJTUYUH
OTIpEsieNsIeTCs] HEMOK JIPHOCThIO KOHAGHC T KB PKOB (13), KOTOpBIHA B H CTOSIIEM
MOAXOoe 3 A H C MOMOLUBI0 MHCT HTOHHOU Mozenu (18). B ¢ xruyeckux BbIYH-
creHusix OyJleM MCIIONb30B Th 3H YeHHs 11 p MeTpos (T Om. 1): p. = 1,7 TeB~1,
M, = 230 MsB, n. = 0,7 ¢M~?, KOTOpbIE COIT COB HBI C HM3KOPHEPIETHYE-
CKMMH H OJtoJ eMbIMU MUOH . MHTerp 1 B (67) BBIYMCISETCS C MOMOINBIO Ipe-
00p 30B Hus JI 1 ¢ METONOM, OIKC HHBIM B [24].

U3 rp ¢uk H puc. 3 BugHO, uto hopm cp;f(:c) OMM3K K CHUMIITOTHYECKOM
AP p22YMP(g) = 627, OCHOBHOM BKI JI WIET U3 JIOK JbHOM U CTH BEpIIUHbI,

BKJI [l HEJIOK JIBHOM 4 CTH SBISETCd IOJ BJICHHBIM IO BEJIMYHMHE U IOJOTUM
no copme. 3 MeTUM, YTO HOJIOr S (GOPM HENOK JIBHOTO BKJI J €CThb PEe3yib-
T T CyMMbI P 3JIMYHBIX HEJIOK JIbHBIX BKJI J0B, KOTOpbIE UMEIOT OoJiee CIIOXHYIO

thopmy.

*®opmyn  (67) 060011 eT BhIp XeHHe, KoTopoe GbUIO H iueHo p Hee B [45] (T kxe B [46]).
B atux p Gor x BMecto nonuoii BepumHel I'¥(k, ¢) GbUT HCIONB30B H BEPLIMH , COOTBETCTBYIOLL S
TOJIBKO JIOK JILBHOMY KCH JILHOMY TOKY 7Yy 7y5. K K Oyler BUIHO, 3TO IPHOIMXEHHE HE COINl COB HO
¢ Kcu spHbIM YTT.
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Puc. 3. Axcu nbH 9 Npoekuus NHMOHHOW MIUIMTYIbl p clipefesieHus (CIUIOLIH S JIMHMA)
IIpH HU3KOBHEpreTHueckoM M ciut Ge pd = 0,5 ['9B2. BKJI 1 0K JIbHOI 4 CTH BEpLIMHbI
MOK 3 H WITPUXIYHKTHPHOU JIMHHUEH, HENOK JIbHOW — IyHKTUPHO NMHHEH. ACUMOTOTH-
YecK 1 MIUIUTYN P CHpEele/IeHUs NOK 3 H IITPUXOBOH JIMHUEH

H iinenn s AP nvoH ompeielieH H HU3KOHEPIeTHYSCKOM M CHIT Oe fig ~
~ p;l, rIe OXWJ eTcs, YTO NPUMEHEHHWe WHCT HTOHHOW MOJIEH OIp BA HHO.
OH CIyXuT B K YecTBe H 4 JbHBIX 1 HHBIX W11 KXII-»Bomornmu K Oojiee BBI-
COKMM HMITybc M mepef un Q2. JInd Toro 4toGbl MOMYYHTh 3Ty CBA3b, YIOOHO
p 3nmoxurb AP no monuaom M Teren6 ysp cy 2(30), KOTOpBIE SIBJIAIOTCS COO-
CTBEHHBIMH (DYHKIUSMH sap yp BHeHus KX]I-sBosrorum:

Ponr) = ) [ 14D Bt (S05) T c e - )

n=2,4,... s

(68)

rae 7y, — HOM JIbHBIE P 3MEPHOCTHU, BBIYUC/IICHHBIC B JIMAUPYIOLIEM HOPAAKE 1O

KOHCT HTe CB3U vs(1t); By (o) — KO(PDHUIMEHTH! P 3MOKEHHS [0 MOIHHOM M
Teren6 yop . MogenbH s AP XOpolIo BOCIPOU3BOAUTCS C MOMOILBIO 3TOTO P 3I10-
XKEHUsl, ECIIU YIEPXK Th TOJBKO HECKOJIBKO MEPBBIX HEHYJIEBBIX KOD(PHUIMEHTOB:

BQ(MO) = 050697 B4(IU/0) = _070615 BG(/'LO) = _070175 Bn28(,u/0) =0.

[TonyyeHHoe p crpeneneHne ®KCTp MOMUpyeTcs K Oojiee BHICOKUM 3KCIIEPUMEH-
T JIBHO JOCTUXHMBIM UMITYJIbC M C ToMoLIblo nepTypd tuBHOil KX, T K 4TO
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Puc. 4. Axcu nbH 9 Npoekuusl NHUOHHOW MIUIMTYIbl p clipefeseHus (CIUIOLIH S JTUHHA)
IIpH HU3KO®HepreTHyeckoM M cmt Ge ud = 0,5 I'9B? u ee aBomouua K Gojee BBICOKHM
MMIyThe M Tiepen d B KB gp Te: Q> = 1 I'sB? (mymkrtupn g mumms), Q% = 10 I'sB?
(IUTPUXIYHKTUPH 4 JUHUA). ACUMOTOTHYECK S MIUIMTYL P CIpefeleHHs IOK 3 Ha TOo-
YEYHOM JIMHUEN

CPp BHCHHUE C OKCHEPUMCEHT JIbHBIMU I HHBIMH MOXET OBITh BBIIOJHEHO. MBI BBI-

6up em KXJI-M cuit OHBII 1T p MeTp AS\L})S = 250 MsB. H puc. 4 nox 3 H
AP nuoH ¢ spomonueit K M ciutT 6 M 1 u 10 TeB? B cp BHEHMM C H Y JIbHBIM
p crpejiesieHHeM H M cuIT 6e 3 = >‘c21 =0,5I'sB2.

B wTore MbI IpeficT BUIM 30€Ch HEKOTOPBIE TEOPETUUECKHUE MPEICK 3 HHS JUI
MHOHHOW MIUTUTY/BI P CIPEIETICHUs B P MK X HerepTypO TUBHOrO (hopMm JIH3M ,
OCHOB HHOTO H HMHCT HTOHHOU Monenu KXJI-B xyym . IIok 3 HO, 4TO Ip BWJIb-
H s HOpMHUPOBK AP monyd eTcd TOJNBKO MPH UCIHONb30B HUHU YCIIOBUS CBA3HOCTU
u npamoro npumeHenns YCAT, 4yTo ynmydmnr eT HEKOTOpPbIEe MPEAbIIYIIAE BEIYHUCIIE-
HH, BBIIIOJIHEHHBIE B [45] u [46].

OTMeTHM, 4TO B p CIIMPEHHOH HENOK JIBHOM MOJENH, [Jie BO B3 UMOJECHCTBUU
BO3MOXHBI JIpyTH€ CIHH- POM TOBbIE WieHbl, B AP mMoH Moryr x B Tb BKII I U
BEPLIMHBI C BEKTOPHOI BCT BKOM p-Me30H . M3BeCTHO, YTO 3TOT BKI I B Fir M 1
u ouenus ercsa K K —10% [20]. Oma Ko GbLTO0 GBI MHTEPECHO P CCMOTPETH €TO
BiusgHue H dopmy AP.

W3pnedenH g AP MHOH COOTBETCTBYET HU3KOM TOYKE HOPMHUPOBKH, Iie 3¢-
(peKTUBHBIN MHCT HTOHHBIN MOAXOA onp BI H. Mbl nonyunnu AP nmon mpu 6o-
Jiee BBICOKUX UMITYIIBC X, JOCTHIKUMBIX B 9KCIIEPUMEHTE, C TIOMOIIBIO CT HJI PTHOH
neptyp6 TuBHOH 3BOomormu. H i#imeHo p 3ymuoe corn cue ¢ o mEbiME CLEO mo
MepexoIHOMY MHOHHOMY (opM( KTOPY IPU BBHICOKMX HUMITYTbC X Hepen Yu.
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Ilepexonnbrii hopmd KTop mMuOH 11 mpoueccoB 7y*y*. Hen BHO BHOBb
Bo3poc uHTepec K hopmd Kropy Tro(g?,q3) 1A TepeXOomHbiX IIPOLECCOB
v (a1)7(g2) — 7(p) w7 (@1)7"(@2) — 7 (p). A 1 W @ — choToRHBIC M-
MyJbChl. DKCHEPUMEHT JIbHBIE I HHbIE 10 popMd KTOpY 70 IS M JIOH BUPTY-

JILHOCTH OJIHOTO U3 (OTOHOB, g3 ~ 0, C BUPTY JILHOCTBIO JIPYTOro (POTOH , MPO-
CK HHpPOB HHOIi 10 8 T9B2, u3BecTHH! U3 pe3yapT Tos Koma 6op umit CELLO [47]
u CLEO [41]. Teoperuyecku Npu HYJIEBbIX BUPTY JIBHOCTSX 0OOHMX (DOTOHOB
topmd ktop Tho (0,0) cBI3 H ¢ KCH JIbHOU HOM sueil. [Ipy  CHUMITOTHYECKH
6onbIol (POTOHHON BUPTY JIBHOCTH MoBefeHHe (opMd KTOp TNPEACK 3bIB €TCH
¢ nomoipio neprypd TusHoW KX (mKX) [38,48,49] (cm. [50] mis Hex BHHX
JMCKYCCUI) U 3 BHCUT KPUTHYECKU OT BHYTPEHHEW MMOHHOI IUH MUKH, KOTOp o
I P MeTpu3yeTcs ¢ MOMOIIbIo HenepTyp6 TuBHOI muonHol AP (2 (r). Bonee
TOrO, 3H HHE CTPYKTYphl (popMd KTOp BHE M CCOBOH IOBEPXHOCTH MO3BOJISIET
3H YHUTEIBHO YMEHBIIHUTH HEOIPEIeSICHHOCTh B BBIYMCICHHUH JPOHHOTO BKI I B

MIUIUTYIYy P CCESHHMS CBET H CBETE B MIOOHHYIO g — 2 [51], KoTop 5 u3Mepsercs
B H cTosiiee BpeMs B akcriepumente E§21 B BNL [52].

I nee, ymoOHO 1 p METPU30B Th  (POTOHHBIE  BUPTY JIBHOCTH K K

@ =—(1+w)Q?/2,¢3 = —(1—w)Q?/2, tie Q* u w, COOTBETCTBEHHO, TOTH 5
BUPTY JIbHOCTh (DOTOHOB U ACUMMETDHS B X P CIIPE/IeICHHN:
QP =—(+¢) >0 n w=(-a&)/d+a) (69)

Dkcnepument jibHbie a1 HHpie CLEO [41] ana mponece v*y — 70 (jw| = 1)
MOTYT GBITh (PUTHPOB HBI C TIOMOLIBI0 MOHOTIONLHOTO hopMd KTOp :

2 _ 2 2 _ _ Iryy ~
Toolti = =Q 0 =0 = 7 oy A= 0.77T9B, (70)
TI€ §ryy — JABYX(OTOHH 9 KOHCT HT P CII J| TNHOH . B H nHu3meMm nopsuke

nKX]I, ¢ ucnons3oB HueM OP H CcBeTOBOM KOHyce moBeleHue ¢opmgp KTop
MIPU BBICOKMX Q2 npenck 3biB ercd [38,48] Kk k

T )] go . = T () 55 + O(22) + 0 37) a
C CHMNOTOTHYECKHM K03(uimeHToM
J (w) = é/1 A ——e) (72)
3Jo 1—w?(2zx—1)2
e fr = 93 MaB — koHct HT ¢ Goro p ci g mmoH . T K Kk K AP nwu-

OH OTp X €T BHYTPEHHIOI0 HemepTypO THBHYIO OVH MHUKY IHOH , IPEICK 3 HUe
BenuunHbl J (w) SIBISETCS MOCT TOYHO HETPUBH JIBHOM 3 I Yeil, U ero TOYHOe
u3MepeHue 1 JIo Obl IOCT TOYHO B XHYIO MH(OPM LHIO.
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B XHO 3 METUTb, YTO 4 P CCM TPUB €MOrO NEPEXOJHOIO MPOLECC JIUIH-
pyomuii  cumnrotuyeckuii wieH nKXJ-p 3moxenus (71) He moa BieH CUJIbHOU
KOHCT HTOW CBSI3UM (5. CrenoB TenbHO, Tpenck 3 Hue nKX]I (71) MoxeT OBITH
P 3YMHBIM™ yXe NpH H HOOJee BHICOKMX W3 JIOCTHXKHMMBIX B H CTOSINEE BPEMs HM-
nynbcoB Q2 ~ 10 I'sB2. Tlpu cumnToTHYecKH BhICOKUX Q% AP ®BOMOLMOHUpPYET
K (p2AsYMP (1) = 62(1 —2) ¥ Jasymp (Jw| = 1) = 2. TIpu M KCUM JIbHO BBICOKMX,
JOCTYIIHBIX B H CTosIIee BpeMsi BUPTY JjbHOCTAX Q2 =~ 10 I'sB? s10 mpenck -
3 HHME pelylupyeTcsl 3 CYeT p AW LUOHHBIX IONP BOK H MHH3LIETO MOPSIK MO
KXJI [49] k J*Y™P (10 T»B?) = 1,6 u xopomo cdurupyer 1 Husie CLEO. Dro
YK 3bIB €T H TO, YTO yXe IPU JOCT TOYHO BHICOKHMX MMITYJIbC X ®T BEJIMYMH HE
CIIMIIKOM [ JIeK OT CBOET0 CHUMIITOTHYECKOIo Impejien .

OnH Ko, T X K K nKXI-aBomonus AP 10CTUT €T CUMITOTHYECKOTO PEXUM
OYeHb MeJIJIeHHO, TOuH 5 (opM AP npu yMepeHHO BBICOKMX Q% MOXeT He COBI -
I Th ¢ @haYmP(g), Tlpu Gomee HUM3KMX Q? CT HOBATCA B KHBIMU CTETIEHHbBIE
nonp BKU K opmd xTopy. T KuM 00p 30M, W3ydeHHE TOBEICHUS IEPEXOIHOTO
copMb KTOp TIpM 3KCHEPUMEHT JIbHO TOCTHKMMBIX Q2 ecTh mpeaMeT Hemep-
Typ6 TMBHOIl IMH MUKH, [Jie TOT XKe THI JMAUPYIOIIEro MpM BHICOKHX (2 mo-
BejleHus, K K 1 B (71), momyd eTcd ¢ TMOMOIIBIO P 3JUYHBIX METOHOB. T KuM
00p 30M, TEOpPETHYECKOe OIpelleJIeHUE MepeXoaHoro popMdg KTop SIBSIETCH He-
TPHBH JIBHBIM, M Xell TelbHO Moayduth Tro(q?, q3) MyTeM MpPSAMBIX BHIYMCIEHHI,
6e3 K KuX-mb0 a priori mpennonoxenuii o ¢popme AP muoH .

Tepexomublii popMc KTOp B CUMMETPHUHOII KMHEM THKE G5 = g3 IIPH BBICO-
KOH BHPTY JIBHOCTH P cCcM TpuB Jicsl B [54], rae ObUIO MCIOB30B HO JIOK JIBHOE
OP u nonyuen pe3ysst T Jopr (w = 0) = 4/3 ang  cumnrotudeckoro Koaddu-
LUEHT , KOTOPBI H XOJMUTCS B COIMI CHM C Mpeick 3 HueM (72) mpu w = 0.
B sok meHOM OP MoxHO mpexct BuTh Jopg(w) K K p 3MOXEHHE IO CTEle-

HIM w? ¢ KO3(ULUEHT MU P 310XKEHHUd, 3 1 B €MBIMM MOMEHT MU AP muoH :

fol dx(2z — 1)2"%’?(35). B [55] (eM. T xke [56]) ObIIIO MOK 3 HO, YTO JIOK JIb-
Hoe OP xopomo cXomuTcsi B KMHEM THYECKOW OO CTH, KOTH BHPTY JIBHOCTH
¢poronoB Gmusku: |w| < 1/2. B »TOM KMHEM THKE Pe3y/bT T I CHUMITOTHYE-
ckoro Koapunuent 6nm3ok K 4/3. OmH Ko B TUX p 60T X OBUIO YK 3 HO, 4TO
Wi |w| > 1/2 npu mo6oM KoHeyHOM (2 BO3HMK 10T NOTEHLM JIbHO GOJIbIINE
MONp BKM K MEPBOMY WIEHY JIOK JILHOTO OIep TOPHOrO p 370XeHus [55,56],

T kxke K mpeack 3 Huo nKXJ[ H ceeroBom konyce [38]. C yBenuuenueM |w|
yucio wieHoB OP ¢ xoa¢uiueHtT My, 3 BUCIIIUMHU OT B KYYMHBIX OXMWJ HUH
Goliee BBICOKOW p 3MEpPHOCTH, OBICTPO p cTeT. B T KOil CUTY LMK Np KTHYECKH
Oe3H JIeXXKHO H UTH 6ojlee YyeM HECKOJIBKO WIEHOB JIOK JIBHOTO p 3i1oxeHud. Ilo-

*Br cuty UM He BO3HHMK €T B CIIyd € 3JIEKTPOM THUTHBIX (hopM( KTOPOB M B IIPOLIECCE KOMII-
TOHOBCKOTO P CcesiHUs H Oonbline yriel (H mpuMmep, cM. [53]), rae Msarkue BKJI AbI TIPH YMEPEHHO
BhicokHX Q2 elme B XHbI.
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9TOMY, YTOOBI KOHTPOIUPoB Th OP, HeoOX0AUMO UMETh Top 310 Oosee IeT JIbHYIO
uHpopM muio o Heneptypd THBHOM KXJII-B Kyy™me.

B p Gote [57] GbUT JOCTHIHYT HEKOTOPBIA MPOrpecc ¢ MOMOIIBI0 HCIIOJb-
30B HHSl Oollee TOHKOrO METOJ , OCHOB HHOro H OP c Henok JIbHBIMH KOHJICH-
¢ T mu [3], 9TO 3KBHB JICHTHO Y CTHYHOMY CYMMHPOB HHIO OECKOHEYHOTO PSi
cteneHHbIX nonp BokK. C nmoMompsio KXJI-nip BHI CYMM C HENOK JIBHBIMH KOHIEH-
¢ T Mu ObUIO MOK 3 HO, YTO ®TOT HOAXOA p OOT €T MOYTH BO BCEH KUHEM TH-
ueckoi 00 cti |w| < 1 1 9to st GOMBLINX 3H YEHHE I P METP  CHMMETPUH
|w| 2 0,8 mepexomubiit GopM(p KTOp NHOH OYEHb YYBCTBUTEIEH K HEJIOK JIBHOMN
crpykrype KXII-B kyym . [locnenHuil X p KTepusyercs CpelHeil BUPTY JIbHOCTBIO
KB PKOB B B Kyyme [3] A2, U B MHCT HTOHHOI Moxenu [7] MOXeT GbITb BBIp XKEH
yepes CPEHHIl P 3Mep HHCT HTOH p. K K A2 = 2p, > [14,24]. B [58] dopmd k-
Top v*y — m° 6bI1 HenmocpenacTBenHO BhIukcaeH u3 KXJI IIC mid TpexTouedHoi
(byHKIMH, YTO MpPHUBEJIO K oueHke Jg, (w =1)~ 1,6 +0, 3.

KoB pu HTH s HeNOK JIbH S HU3KO®HEPreTUYeCK S MOJeNb (CM., H TpHUMED,
[59, 60]), ocHoB HH 4 H mnoaxoge LIsunrep — [ iicon () x auH MuKe
KB PKOB U IJIIOOHOB, IMEET MHOTO HPUTAT TENbHBIX 0COOEHHOCTEH, T K K K MOA-
XOJI COTJT COB H C HU3KOPHEPreTUUECKUMU TeopeM MH. B 4 cTHOCTH, B DTOM MOJI-
XOJle CT HI PTHBIA PE3yNlbT T Iyisi OefieBOM KCH JIbHOW HOM juu 1o (0,0) =

_ 2 -1 . .
= Groyy = (47r fw) BOCIIPOM3BOAUTCS TOYHO. B T K0il HemepTypO THBHOIA
MOJIeTT! KB PK-MIMOHHOTO B3 MUMOJEHCTBUS UMEIOT pe JIMCTHYECKOe OMUC HHUe K K
MIJI 9 MCC THOH , T K U €r0 COCT BH s CTPYKTyp . bonee Toro, BHyTpeHHss
HEJIOK JIBH 9 CTPYKTYpP MOJENH MOXET ObITh MOTHBHPOB H C IOMOINBIO (PYHI -
MeHT JbHBIX KX]I-TporieccoB HHCT HTOHHOTO U TIMIOOHHOTO 0OMeHOB. B [60, 62]
nepexonkii opme kTop vy — 70 p ccmorpen mpu Hu3KuX Q2 M HONyYeHO
corn cue ¢ O HHbIMH. T M ke ObUIO MOK 3 HO, YTO PE3y/IbT Thl OYE€Hb UYBCTBH-
TeJbHBI K BEJTUYMHE KOHCTUTYEHTHOU M CChI KB PK .

ITuonHwiii nepexoomuiti opmep kmop 6 3phekmueHoll kK6 pK-NUOHHOU MO-
Oeny. 37ech B P MK X KOB PH HTHOU HENOK JIbHOM HU3KO®HEPIeTUYECKOH MO-
Jenu KB PK-NMOHHOTO B3 MMOJAEHCTBUS W3Y4UM IIOBEJEHUE MHOHHOIO IEepexXop-
Horo copmd KTop ~*v* — 7V mpu BeICOKHX Q2 NPH HPOU3BONBHOM CHMMe-
TpUU BUPTY JbHOCTU poToHOB [61]. Tlok Xkem, yTo cUMITOTHYECKUH Koadu-
muent J (w), K XK 910 6bUT0 mpogemorcTpupoB Ho B KX IIC [57,58], 3 BucHT
OT KMHEM THKH IIepEXOJHOIO IMPOLECC WU OT BHYTPEHHEH NMHOHHON IUH MUKW,
UHIYLUPOB HHOW HeloK JIbHOU cTpykTypoil KXJI-B Kyym . JIuH MuYecK 4 3 BH-
cuMocTh J yOp BISIETCS IT P METPOM P 3pexeHHocTH M,/A,, tne M, saBngercs
KOHCTUTYEHTHOU M cCOH KB pK . Eciii NpUHATH BO BHUM HUE MOJEJIbHYIO 3 BHCHU-
MOCTh CHUMITOTHYECKOro KoapuuueHt .J, TO 3KCIIEPUMEHT JIbHbBIE [ HHBIE MO-
TyT OBITH OYEHB MOJTIE3HBIMHU IS TOTO, YTOOBI JUCKPHUMHUHUPOB Th P 3IIUYHbIE IPEa-
TMIOJIOXEHHUS], KOTOpHIe feN 10Tcd o HenepTypO TuBHOM nuH Muke KXJI-B kyym . B
HEJIOK JIbHOW KB PK-IIMOHHOM MOJEJH BBIP XEHHE JId CHUMIITOTHYECKOro Koac-
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tputment J Oyner H HIeHO BO Bcell KMHeM Tuueckoill obn ctu w. Bosee Toro,
U3 BTOH 3 BUCHMOCTH peKOHCTpyupyercsi AP nmHoH dYepe3 KB PK-IIHOHHYIO Bep-
[IMHHYIO (QYHKIIHIO.

Jnsg H crodmux 1eneil h(eKTUBH s KB PK-NHOHH 5 AUH MHK MOXeET OBbITh
IPEACT BJI€EH KOB PHU HTHBIM HEJIOK JIbHBIM HeﬁCTBMCM, 3 1 HHBIM

Sint = —/d4md4y F[x+y/2,x—y/2;A_2] X
X q(@ +y/2)[Mg + grgginsT 7 ()] a(x —y/2), (73)
rie AMH MHYecK s BepmmH F [z +y/2,2 —y/2;A72] ¢ p 3MepoM HeNoK Iib-
noctn A~! 3 BUCHT OT KOOpIMH T KB PK M HTHKB PK ; ¢(z) u 7(x) — co-

OTBETCTBEHHO, IOJI1 KB PK W MHOH . Henok JIbH s BepIIMH X p KTepHU3yeT KO-
OpIUH THYIO 3 BUCHMOCTb IT P METP TMOPSAK I CIIOHT HHOTO H PYIICHHS KH-
P JIbHOH CHMMETPHH U MOXKET OBITh BBIP XEH 4Yepe3 HEJOK JIbHbIH KOHJIEHC T
KB PKOB.

B BBIYHCIICHUSIX BTOTO P 3/ Orp HUYUMCS NpuOnuxeHuem (CM., H MpH-
Mep, [60,62]):

Flz+y/2,2—y/2;A7%] — F(y>,A7?), (74)

KOIZl IWMH MHYECK 51 KB PK-NIHOHH S BEPLIMH 3 BHCHUT TOJBKO OT OTHOCHUTEIIBHOM
KOODIHMH Thl KB PK M HTHKB PK B KB Jp Te y2, mpeHeOper s 3 BUCHMOCTBIO
BEPIUMHBI OT YIIOBOW HepeMeHHOM (yz). @ypbe-00p 3 BEPIIMHBI B IPOCTD H-
ctBe MunKoBcKoro onpenensercs Kk k F/(k%; A?) = [ d*zF(x?; A~2) exp(—ikz)
C HOPMHUPOBKOM F(O;AQ) = 1; npuMeM, 4TO BEpUIMHH 5 (PyHKLHs OBICTPO CII -
1 eT B eBKJIMIOBCKOM 0611 cTH uMmiyabcos (k2 = —k% = —u).

B 1 npHelilmeM NHpPOKCHMHPYEM T KXe COOCTBEHHYI 3HEpIHMI0 KB PK , 3 -
BHCSIIYI0 OT MMITYJIbC , B IIPOIl T TOPEe KB PK C IOMOIIBIO IIOCTOSHHOM M CCBI
[60,62]: S *l(k) k- Mg. JENACTBUTENBHO, UMITYILCH 4 3 BUCUMOCTb BEPUIMHEI
B YHCIIUTENISIX TOABIHTETP JIbHBIX (PYHKLMIA (KOTOpBIE OINpENelsioT (pu3nuecKue
BEJIMYMHBI) B XH IIOTOMY, YTO OH IPHBOAUT K YJBTP (PUOJETOBOW peryssipu-
3 MU uHTerp JoB. Kpome Toro, 611 rom ps MMITYJICHOM 3 BUCUMOCTH BEpILUH,
MEp B MHTEIp /1 X MMEET BHI MPOU3BENEHUs HEKOTOpoil ctenenu k2 m ¢yHk-
win Q(k). Dt Mep wumeer M KcumyMm npu k2 mopsik  1/p2, W mpE M JIBIX
UMITYJIbC X 3 BHCSII S OT MMITYJIbC M CC KB PK MOXET ObITh 3 MEHEH B 3H -
MeH Tessix 9peKTUBHON MOCTOSHHON M ccoit my ~ My(k ~ p;1). C copmoii
UMITYJIbCHOTO P CHpelesieHus, MOK 3 HHOTO H PHC. 2, 9TOT M CCOBBIA I P METp
IpUOII3UTENbHO P BeH M cce B Hyine My(0). Dror m p MeTp m, MoxeT GBITh
OTOXIECTBJIEH CO CT HJ PTHOM KOHCTHTYEHTHOW M cCO KB pPK . B cooTsercTBum
¢ 9TOM moICT HOBKOU mepeompenenum (ynkumio D(k), 3 1 HHy0O B (42), K K
D(k) = m? + k?, u BbIOEPEM M CCOBBIiA 11 P MeTp

mg = 230 MoB. (75)
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T Koii BRIOOp YHCIIEHHO XOPOIIO BOCIIPOU3BOAUT 3H YCHUSI WHTETP JIOB, OMNpele-
ngIomuX B KyymHble oxum HuS (9), (54). IlpuOmmkeHrue MOCTOSHHOW M CCHI
Y CTO UCIIONB3YeTCs] H Ip KTHKE C M ¢C MH KB pK B 001 ctu 250 + 350 MsB
(cMm., H IpuMep, [62-64]).

3 MeTHUM, 4TO HCIOJIb3yeMble MPUOIMKXEHHS He BIOJHE COIT COB HbL. B U cT-
HOCTH, O roj ps MpeHeOpeKeHUI0 UMITYIbCHOH 3 BUCHMOCTBIO M CChI KB PK ,
HEKOTOpPbIe HM3KO3HEpreTHYeCcKue TeopeMbl H pym wtcd. Kpome Toro, K K Oy-
JeT TOK 3 HO HIXe, BRIOOp MOJIENH JUId KB PK-MIMOHHOU BepIIwHBI (74), 3 BHCS-
el TOJIBKO OT OTHOCUTEITFHON KOOPIUH ThI, IPUBOAUT K HEKOTOPOMY pTed KTy
B x-3 BucuMoctd AP. OIH KO 3TH HEIOCT TKU BBIOD HHOrO MPUOJMXEHHsS He
BEIyT K CYIIECTBEHHBIM UYHCJCHHBIM OIIHMOK M, HO BMECTE€ C TE€M CYIIECTBEHHO
yIy4Ill 10T H JIU3 CTPYKTYPHI IIMOH , BBIMIOJIHEHHBIH B 6ojice p HHUX p OOT X.

B nipubmirkeHnd TOCTOSHHON M CChI KB PK KOHCT HT KB PK-IIHOHHOTO B3 H-
MOIEUCTBUS 3 Il €TC C MOMOIIBI0 yCIoBHS cBI3HOCTH [60, 62]:

N. [~ - 3+ 2u
—2 c 2 —2

Gnoy = duuF*(—u; x~ %) —=; (76)

% 8r? ( )(1 +u)?

U KOHCT HT CJ1 OGOro p €Il I HHMOH MMEET BHJ
Negra > - 9 1
fro= —e9maa pp o B (— s ) ———— 77
4m? “Jo ( )(1 + u)?

[lepeMeHH $ UHTETPUPOB HUS IIepeM CLIT OUPOB H KB AP TOM M CChl KB DK , U
BBeicH I p Metp X = M,/A &~ 7, X p KTepusylomi p 3peXeHHOCTH
KXJI-B XyyM . B Monenu MHCT HTOHHOTO B KyyM P 3Mep HENOK JIBHOCTH Herep-
Typ6 TMBHOTO IJIIOOHHOTO MOJA p. ~ A~1 TOp 310 MeHbIIE, YeM KOMIITOHOBCK s
UINH KB pK Mq_l, U, T KUM 00p 30M, Y — M JIblii 1 p Mmetp [7].

P ccMOTpMM BKJT JI B MHB DM HTHYI0 MILTMTYIy Tpouecc ~y*~y*mY, KoTopblii
BO3HUK €T M3 BBIYMCIIEHHS COOTBETCTBYIOILUX TPEYTONBHBIX IU TP MM:

M (’Y* (q1.e1)7" (g2, e2) — ™ (p)) = mwvv(‘]h €1;qz,e2) + mﬂ"Y’Y(QQv e2;q1,e1),

e e;(i = 1,2) — BeKTopsI HosIpu3 uu (POTOHOB U

N, d*k -
mTr’Y’Y(q17el;q2762) = _?Cgﬂ'qq/WF(k‘Q;AQ)X

xtr{ivsS(k —p/2)éaS[k — (1 — q2)/2]é1S(k +p/2)}. (78)

Eciu 13 9TOi  MIUTUTYIbI OT) KTOPU30B Th TEH30D €000 €1 €5q7q3, TO popMd K-
TOP MOXeT OBbITh NPEJICT BIEH K K

Gr
Tro(qt, 63) = 55 Malnyy (a1, 63, 0%), (79)
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rae uHterp J @eilHM H Lrw(q%,qg,pg) 3 I H BBIp XEHHUEM

Iﬂ'“/’Y(Q%aqgaPQ) = ﬂx
" F(k?; A?)
(M3 —(k+p/2)*—ie][MZ — (k—p/2)*—ie] [M§—(k—(q1—¢2) /2)*—ie]’

(80)

B npuOnikeHn MOCTOSTHHON M CChI HU3KO9HEPTeTHYECKOE COOTHOIIEHHE, CIIEIyIo-
mee U3 Kcu JbHOW HoM juu Amiep — bean — Jx kuB (ABI) (f,rgww =
= 1/(47?)), XOpOWIO BOCHIPOM3BOAMTCS YHMCIEHHO C OTHOCHTENBHOI IOTPELIHO-
croio Menbiie 10% [60,62]. B dopm JIbHOM Ipeiese O4eHb p 3PEKEHHOM B KYy-
YMHOH cpefibl X << 1 pe3yaspT Tbl HOJTHOCTBIO coml coB Hbl ¢ ABJI- HOM nueil u
cooTHoteHneM [ommbeprep — Tpeiim H .

3 mertuM, yto uHTerp 7 (80) MO CTPYKType sBIgeTcd MOAOOHBIM HHTETp Iy,
BO3HUK IoIIeMy B H uHu3meM nopsake nKXJl, p ccM TpuB womieM KB pK-hOTOH-
HOE B3 MMOjieiicTBUe nepTypO THUBHO. B mocienHem ciyd e ero CUMITOTHYECKOe
noBefeHne obycroBieHo noampoueccoM Y*(q1) + v (q2) — q(Zp) + q(zp) ¢ x
(Z), p BHOH JoJie MHOHHOTO MMIYJIbC P, IEPEHOCUMON KB PKOM, POXIECHHBIM B
¢poronHoii Bepummte g1 (g2). CooTBeTCTBYIONI S 1M TP MM TIOHOOH «handbag»-
U TP MME JUISl KEeCTKOIrO 3KCKJIIO3MBHOIO MPOLECC , IPHYEM OCHOBHOE OTJIMYHE
COCTOHUT B TOM, YTO CJIEyeT MCIOJIb30B Th B K YECTBE HENEepTypO THUBHOU BXOI-
HOW MH(OPM LIUHU KB PK-MHOHHYI BepliuHy BMecTo AP muoH . K K MBI yBUIMM
HIZXE, 3TO Mojio0ne Mo3BossIeT Mpeobp 30B Th POPMY MOAENBHOH KB PK-ITHOHHON
BEpILUHBI B crieuupuunyto ¢opmy AP mnuoH .

Hepexoomviii popmp xkmop nuon Y*y* — 0 npu ymepenno evicokux Q.
OueHuM CHUMITOTUKY nepexoaHoro ¢opmep ktop . C 3TOil Lelblo HepenuiieMm
BoIp Xenue /i unrerp 1 (80) B hopMe, KOTOp 4 MOMyd eTcs Mocye Mnepexon K
npoctp HerBy Epkmun (k2 — —u, —id*k — w2udu, F(k* A?) — F(—u; A?)),
UCTIONB30B HUS (DEeifHM HOBCKOW «--II p METPH3 LMW I 3H MEH Teleld W MHTe-
IPUPOB HUA IO YITIOBBIM IepeMeHHBbIM. TOrI COOTBETCTBYIOIIMIA MHTETP J1 L7y
MIPUHUM €T BUJ

© duuF (—u; A2
Iﬂ'“/’Y(Q%aqgvp2) :/ (—pQ)X
0
Mq2+’lllf Z

1

! 1
dea ot (121 Jot—at) | Joat (2t Jot—at) |
+ +

(81)
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rae

1 1
b2:M§+u+§aQ2—Z(1—2a)p2,

at = 2uaQ? (a+w(l—a)) — (1 —2a)up?. (82)

Boip xenne (81) MoxeT OBITh IPO H JH3MPOB HO B CHUMIITOTHYECKOM TIpenesie
6OJIBIIOI TOMHOI BUPTY JbHOCTH hoToHOB Q2 — oo. Bonee Toro, uHTErp Jj
MO (v MOXET OBbITh B3IT H JINTUYECKH, YTO MPUBOIUT B KHUP JIBHOM IIpejelie K
CHUMIITOTHYECKOMY BbIp XeHHio (71) ¢ KoatpduuneHToM

)= T () 2N, /000 i F(—u;x72) . {1 +u(1+ W)} 7

3w 1+u l+u(l—w)
< Eux )]
N, = / duu——="X 1 (83)
0 (1+u)

[HonpiHTerp JbH 4 (yHKUUS B yucnurene (83) OTIMY eTcs OT MOIBIHTErP JIbHOU
(pyHKIIMH, ompepensiomeil KoHeT HTY p e 1 fr (77). U3 (83) gacHo, uro mpen-
CK 3 HME HemepTypO THBHOIO MOAXOA 00 CHMNTOTHYECKOM KO3(hHIHEHTE J10-
CT TOYHO YyBCTBHUTEJIBHO K NPOU3BEICHUIO X, BEIUMYUHBl KOHCTUTYEHTHOH M CCBHI
M, wu p 3mep Henok jpHocTH A~ Bepmmmbt F(2%;A72) um K orHocHTENDb-
HOMY P CHpEAeTIeHHIO IOJHOM BHUPTY JILHOCTU MeXay (POTOH MU w. B 9 cT1-
HOCTH, JUTi BUPTY JIBHOTO mpouecc *y* — 7’ B CUMMETPHYHON KHHEM THKE
¢ = q5 — —oo (w — 0) monyunm u3 (83) J (|w| = 0) = 4/3, uto H xomuTCH B
corn cuu ¢ npenck 3 Huem OP [54].

3 MeTUM, YTO HCHONb3YeTCsl MPUOIMXEHHe MOCTOSHHOH M CChl KB PK UL
BCEX TpexX KB PKOBBIX JIMHUI B o1 Ip MMe npouecc . OqH KO CHUMNTOTHYECKUN
pe3ynsT T (83) He 3 BHCHUT OT BEJIMUMHBI M CChl B IPOIl I' TOpPE KB pPK , MO KO-
TOpPOMY IIPOTEK €T XKECTKHH MMITYJIbC, K K 3TO M JOIKHO ObITh. OCT JIbHBIE JBE
KB PKOBBIE JITHUU OCT IOTCS MATKMMH B TedeHue npouecc . T kum o6p 30M, M cC
M, MOXeT OBITh p CCMOTPEH K K 3 Jl HH 9 H HEKOTOPOM X P KTEPHOM MSATKOM
M ciiT 6e B 3 BUCAILEM OT UMIYAbC ciyd e M, ()\3) DTO O3H Y €T, 4TO JUH -
MHUYEeCK S M KMHEM THYeCK S 3 BUCHUMOCTH Jp, (w), H IineHHsle B (83), ocT HyTcs
HEM3MEHHBIMU, JI XK€ €CIIM YYTEH UMIIYJIbCH 4 3 BHCUMOCTb M CChI KB PK U p C-
cMoTpeH 9((eKTUBH S KB PK-(POTOHH S BEPILIMH , KOTOpP S CBOJAUTCA K 3 Tp -
BOYHOM y*, KOTJ BHUPTY JILHOCTh OJHOTO M3 (DOTOHOB CT HOBHUTCS OECKOHEUHOW.

O6 BbIp XeHus i J, NOJNydYeHHble B HEJIOK JIbHOW KB PK-IIUOHHOM MO-
nenu (83) u U3 ornep TOPHOIO P 370XKEHUS H CBETOBOM KoHyce (72), MOryT OBITh
NpUBEZieHbl K 001mei dopme

9 1
J(w)=— d¢R(€) In [

_ 1+8w
- 3w 0 ] (84

1—¢w
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d (1 o )
R(§) = _d_gwﬁ (%ﬁ) U Rpp(§) = NxF (%;xz) T—¢

me 0<&{=(2x—-1) <1, (85)

u 1ogo6bHOMY BbIp XeHmio B uHTepB Jie —1 < ¢ < 0. Ilpup BHUB g 00 BKI I ,
MBI H iiieM AP mHoH dYepe3 BEpLIMHHYIO (PYHKIMIO H HEKOTOPOM HHU3KO®HEpre-
THYeckoM M cmiT Ge p3 ~ A2 [61]:

1

et = [ E (). (36)

2z—1 11—y \1—y
T xum 06p 30M, IOK 3 HO, 4TO opMya (83), MOTyIeHH S B HEJIOK JIbHOU KB PK-
MMOHHOW MOJIENH, 9KBUB JIGHTH CT HA PTHOMY pe3yipT Ty nKX]l B HH3IIEM I0-
pAIKe Mo KOHCT HTe CB3M (72), C €AMHCTBEHHBIM OTIIMYHMEM B TOM, YTO HENEPTYp-
6 TMBH g uH(OPM 1M, KKYMYTMpOB HH g B AP muon 2 (z), BHIp XeH uepes
KB PK-ITHOHHYIO BEPIIMHHYIO (PYHKIIHIO F(—u; x2).

CriestyeT 3 METHUTh, 4TO SIBH S (OpM  CHUMITOTHYECKOro KoadpguuueHt (83)
U cooTHouIeHHe Mexny AP u BepmMHHONW (DyHKIMEH 3 BHUCAT OT KOHKPETHOM
MOJENIU KB PK-IIMOHHOro B3 umopeictBus (73). B u crHocTH, BhIp XeHue (86)
noiy4 ercsl B npubnuxeHuu (74), Korix KB PK-IIMOHH s BEpPIIUH 3 BUCHT TOJIBKO
OT OTHOCHTEJIbHOU KOOPAUH Thl. DTO NPUOIMXEHHE MPUBOAUT K UCKYCCTBEHHOM
3 BucuMOCTH AP OT MOJy/Is || ¥ BEIET K HErT JKOMY IIOBEICHUIO P CIIPE/eIeHus
opu z = 1/2 (cM. puc. 5). OmH KO 9TH OCOOEHHOCTH HCYE3 IOT, €CITH YIIIOB S
3 BHCHUMOCTh BEPILIMHBI, MOTHBHPOB HH $, H IIPUMEp, WHCT HTOHHOW MOZEINBIO,
BOCCT HOBJIEH (CM. MPEIbIIYIINIA P 3/1eT).

OneHuM pe JTMCTHYECKOe 3H YeHUe IS T P METp P 3PEXEHHOCTU X M Ipo-
BEpPUM, H CKOJBKO P CCM TpPHUB €M S Mogenb coria coB H ¢ J HHeiMH CLEO.
Bepumne 5 dyHKUIMA F(kQ; A?) (heHOMEHOIOTHYECKH ONMCHIB €T HEJIOK JIbHYIO
CTpyKTYpy HenepTypO TuBHOro KXJI-B KyyM M MOXeT OBITh CMOJETMPOB H B MO-
JIeJId UHCT HTOHHOTO B KyyM [24]. Iy 3TOii LeNu BEpPIUMHH S (DYHKLUS MOXET
OBbITH XOPOLIO MIPOKCUMUPOB H C MOMOILBIO I' YCCOBCKOU (DOPMBI F(sz;AQ) =
= exp(k?/A%). OOGp THbBIi p 3Mep HEJOK JILHOCTH BEPIIMHBI A €CTECTBEHHBIM
0o0p 30M CBS3 H CO CpeiHel BHUPTY JIBHOCTBIO KB PKOB, KOTOpBIE P CIIPOCTp H:l-
10TCd B B Kyy™me [3,14,24]:

:qgD?q N.M3 [ F(—u;x 2

= baa) Nl / du?TCUXT) (87)
(qq:) 4m2(qq) Jo u+1

rae DN — KOB pl/I HTH 4 HpOl/I3BOZ[H 4 110 OTHOLUICHUI K CI/I.HbHOMy K J'[l/I6p0BO'—l-

HOMy 110J110, KOHICHC T KB pKOB Bpr XK €TCd K K

3 poo a2
(g) = — M / X, (88)
0

472 u+1
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ol (x)
8

Puc. 5. AMmnmutyn p crpepmeneHus MHOH K K (DyHKUUS MepeMeHHOH x (86) mpu p 37md-
HBIX 3H YeHHsAX 11 p MeTp p 3pexennoctu: x> = 0,15 (crutomm g mmuus), x> = 0, 0001
(KopoTkue mTpuxu), x> = 4 (WIMHHBIE IITPUXH). ACHMITOTHYECK i MIUTHTYI P CIIpe-
JIeJIeHNd MOK 3 Ha TOYEYHOH JIMHHUEN

3u uenme A? mssectHo w3 H mu3  KXI TIC, A2 =~ (0,5 + 0,1) IwB? [16].
s T yccoBekoii Bepummbr mmeeM A% ~ A2, ecrn A?/MZ > 1. M cc KB pK
Mg 3 1 erca coorHowenneM I'onnbeprep — TpeiiM H My = grqqfr € KB PK-
MUOHHON KOHCT HTOH, 3 (PMKCHUPOB HHOU C IOMOINBIO ycIoBHS cBs3HOCTH (76),
U ee BeNnuuH corl coB H ¢ My = 250 ~ 300 MsB. Mensd MonenbHble I -
p Metpsl B unteps ne A2 = (0,55 £ 0,05) ToB? u M, = (275 £ 25) MsB,
uMeeM )\3 = (0,65 £ 0,05) TeB2, (7g) = —(205 + 15) MaB® u J,,, (w = 1) =
=1,80+£0,05. Ecnu y4ecTh OmUOKY B 9KCHEPUMEHT JIBHOM (PHTE, TO BT OLIEHK
H xoautcs B corn cuu ¢ 1 HHbIMU CLEO. OH T KXe corl cyercs ¢ HOBOM OLIeH-
koit Jg (w=1) ~ 1,83 £ 0,05, coen muoit B [68] ¢ momompio KX TIC ¢
HEJIOK JIbHBIMH KOHIEHC T MH.

ITox 3 TeIBHO P CCMOTPETh HEKOTOpPBIE BKCTPEM JIbHBIE CIIYyY U, B 3 BUCUMO-
CTU OT KOHKDETHBIX (pusuueckux mnpearnonoxenuid. Ecimu 6p1 KXJII-B Kyym Obu1
O4YeHBb P 3pexkeHHbIM, M, << A, To BepIIUHH 1 QyHKIHI F(—u,x"2) 6bu1 Ol
OYEeHb MEIEHHO CII [ Iomel (yHKIMeH. DTO COOTBETCTBYET JIOK JIbHOH KB K-
MHOHHON BepiuuHe. B atoMm cinyd e koadduiment J)i . (Jw| = 1) crpemurcs o-
I puchMUYECKH K GECKOHEYHOCTH, M AP T KXe CT HOBMTCS TOJIOTOM, A (1) = 1,
IMocneanee Moxet ObITh 3 MedeHO u3 (85), re mpousBoaH s ot AP 1o x sBigercs
OYEeHb M JIOH, T K K K B 3TOM IIpejielie HOPMUPOBOUHBIH ¢ KTop N, CT HOBHUTCA
M meM. M3 (86) gdcHO, 4TO 007 CTh MHTErpUpOB HUSA 3(PHEeKTUBHO OTp HUUYCH
cBepxy mpegenoM 1 = X2/ (1 + x72), cumsy yo = |1 —2z|. D1 npenenst xo-
POLIO P 3eNeHbl B 00/ ¢TH 2o < @ S 1—20, tie 79 ~ 1/2 (1 + x~2). D10 03H -
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J .

2,0

1,8

| | | L™

0,05 0,2 0,4 0,6 0,8 1,0

X2

Puc. 6. Acumnrornueckuii koatppuuueHt J,p, K K (yHKUMS KB Ip T I p METp P 3pe-
xerHoctd X2 g mpouece yy* — 7w (w = 1). YK 3 HBI 3H yeHus Jnp, TIOTyIECHHBIE U3
¢ur 1 HEBIXx CLEO (nKX]I [38]), u mpenck 3 HuS, IOJTy4eHHbIE M3 HeneprypO THUBHOIL
KOB pu HTHOI Mogtesu (x> = 0, 15); CTPeJIK CHp B YK 3bIB €T H TpeeNbHOe 3H YeHHe
J =4/3 npu x> — oo, crpenk cnes — nKXJI [38]

v er yro AP mox BlieH H Kp [0 KHHEM THYECKOro uHTepB 1 1— |1 —2x| < 2z,
Ie KB PKHU SBSIOTCS MATKMMH. B NPOTHBOMONIOXHOM 3KCTPEM JIBHOM CIyd €
OYeHb IUIOTHOII Cpesbl (IIpefel TsxKenoro kB pxk M, >> A), JiP  (lw| =1) =
= 4/3, K K 9TO H MPEICK 3bIB €TCS C HOMOLIBIO [IEPBOTO WIEH B ONEpP TOPHOM
p 3n1oxeHun [55]. B aToM ciyu e mpezen y; M JI, U OOBIHTETP JIbH 5 (PYHKLUS B
(86) ckoHueHTPHPOB H B OKpecTHOCTH = = 1/2. T KuUM 00p 30M, K K U OXHI -
ercst, AP c1 HoBuTCa @2 () oc §(2—1/2). K K MOK 3 HO BHINIE, pe IMCTHYECK S
CUTY LM H XOIWUTCS MEXIY 3TUMHU JIByMSl 3KCTPEM JISIMHU.

VK 3 HHBIE p 3NIUYHBIE CUTYy UMM NPOWIIIOCTPUPOB HBI H puc. 5 mia AP
muoH (86). K Kk sicHO u3 pucyHK , MomenbH 9 AP MHOH TpH pe JTUCTHIECKOM
BeIOOpe T p MeTpoB X =~ 0,4 6mu3k K cummrorudeckoil AP. K k orMeueHo Bo
BBEICHUH, NPU (P KTHYECKH JOCTHXUMBIX DKCIIEPUMEHT JIbHBIX 1 HHBIX Hemep-
TypO THBH s JIUH MUK MOXET JOMUHHUPOB Th. [I0®TOMY I HHbIE OK 3bIB IOTCS
JOCT TOYHO OTp HUYUTENbHBIMH M OJHO3H YHO YK 3bIB 10T, 4yTo B KX]I-B Kyyme
pe JM3yeTcs peXuM p 3pexeHHoil cpempl. H puc. 6 mng npouece Y+ — w0
(w = 1) u300p XeH CHMOTOTHYECKUH Koa(puuueHt Jp, (w =1) K K (yHK-
UM KB Ap T JMH MMYECKOTO I p MeTp p 3pexeHHocTH 2. H aToM pucyHke
YK 3 HBI 3H YeHud Jp, (w=1), monyuennsie u3 1 HEBIXx CLEO, U MojenbHbIe
npeack 3 Hust. H puc. 7 cuMnrorndeckuit Koatuiment J,, (w) u306p XeH
K K (pyHKIMS KMHEM THYECKOTO I p MeTp CHMMeTpuH w npu x> = 0,15 u
x? = 0,35. TlepBoe 3H 4eHHe X COOTBETCTBYET MOJIENBHOI OIEHKE, BTOPOE —
LeHTp JbHOH Touke ¢ut a1 HHBIX CLEO.
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up
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Puc. 7. Acumnrotndeckuit KosduiueHt J,, K K (QyHKINS KMHEM THYECKOIo I P METp
w. Cruiomn g Kpus s coorserctsyer X2 = 0,15 ¢ Jnp(w = 1) = 1,8; nyHKTHPH ST —
x?=10,35¢ Jnp(w = 1) = 1,6; WTPUXOB 1 — CHMIOTOTHYECKOE Tpenck 3 Hue (72) ¢
Jasymp(w = 1) = 2. CTpesKoii yK 3 HO Jpp 11 CUMMETPHYHOI KMHEM THKH 3 = ¢35

I TOoro 4TOOBI MONYYUTH I JIBHEHIIy0 UHTeprpeT w0 (86), Bep 3uM AP
Yyepe3 MHTETp JI M0 MONEPEYHOMY MMITYJIbCY OT NMHOHHOM BOMHOBOH (DYHKIIMH H
CBETOBOM KoHyce [38]:

o0
P (@) = / dkT W3 (2, k7). (89)
0
ITepenuchiB s p Byl 4 cTh (86) uepe3 UcXonHyI0 mepeMeHHyo v = y/(1 —y) u
3 TeM MOACT BiIfs u 4yepe3 KOMOMH 1mio k2 /(2Z), KOTOp s SBISETCS MHB PH HT-
HOUM M CCO#l ¢G-T1 pbl B KB JIp T€, OTOXIECTBUM C MHOHHOW BOJHOBOM (pyHKLIHEH
BBIP XEHHE
sy NLF(—K2/(zz); %), [~ 1— 22|27
wh (e 2 = N CREDA) y (fa o L= 22lew o) g
M2 + k% 1—1—2z 1

Bepumnn s (yukius F' B H IIeil MOIE/TH MHOHHOI BOMHOBOM (DyHKIMH WD eT
T KyI0O X€ poilb, K K M O-(yHKIMS B BOJHOBOH (DyHKIMH, OCTPOSHHOW IO MO-
e «IOK IbHOi my mbHOCTH» [50], WALD(2,k2) ~ O(k2 < aZsy), mie
sp = 872 f2 — uHTEpB 1 Jy JBHOCTU. 3 METHM, YTO YMCIEHHO So ~ 0,67 [3B?
OJIM3KO K 3H YEHHMIO I1 P METP HENOK JIbHOCTH )\3. K X u B ciiyd e BbIp XeHHd
(86), muoHH 5 BOJIHOB g (DyHKIMS H CBETOBOM KOHyce (89) mposBisieT He H -
JIUTUYECKYI0 3 BUCHMOCTh OT Z, KOTOp 5 MCYe3 eT IpH Oosiee pe JHCTHYECKOM
BhIOOpE KB PK-NIMOHHOW BepiinHbl. K K ObUIO YK 3 HO p Hee, BHECEHHE Helep-
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TypO THBHBIX 9(pheKTOB NMPHUBOAUT K BHYTPEHHEU IOIEPEUHON CTPYKType IpOH-
HOU BOJHOBOH (pyHKIHH [65,60], 1 T K Xe, K K U Cyl KOBCKHUiIl IepTypO THUBHBIN
¢ xTop [67], MomuHUITUPYET K PTHHY KECTKOTO P CCEeSTHUS B DKCKITIO3MBHBIX pe-
KIMSX U CYIIECTBEHHO YIIy4ll €T ee. B pe3ynpT Te 00 CTh crip BEIJIMBOCTH Iep-
Typ6 TuBHBIX KX]JI-BbIMUCIEHUH OPOHHBIX (POPME KTOPOB P CIIPOCTP HSETCS W3
KHHEM THUYECKOH 007 CTM CUMITOTHYECKHMX 3H YeHuil () B 0Ol CTh, H YHH I0-
mytocst ¢ @ ~ O (1 T'sB).
Jluckyccua no nuoHHomy nepexoOHomy ¢gopmeg kmopy mwy*~y*.  Hen BHO
B [69] 6bU10 3 gBNEeHO, uyTO B mogxone LlIBuarep — [ #iCOH TpencK 3bIB eTcs
OJIMH KOBBIl CHMITTOTHYECKHIT Koadpuument J(w) = 4/3 Wi 6cex HENOK Jib-
HbIX KB pK-poronHbix BepunH I'[q(k)q(k’)v(¢)], KOTOpBIC MIEpEXOmAIT B 3 TP -
BOYHBIE Y* MO Mepe TOro, K K BUPTY JILHOCTb OHOTO M3 (hoToHOB (k2 mmu k%)
CT HOBHUTCS OecKoHeuHOW (K K i BepummHbl B ¢opme Kyptic — IleHHuHTr-
ToH [70]). B [69] mpom r TOp KB pPK , KOTOPBI 3 BHUCHUT OT BHPTY JIBHOCTH
¢oToH , GbUT MIPOKCUMMPOB H MpH GombmioM Q%  cumnroTHyeckoii (opmoii
(M2 — (k= (@1 — q2)/2)%]7" — 2/Q*. Tlocne vroii 3 Menbr uuterp 1 (80)
npuodper et Ty ke ¢opmy, uto u uHTerp ja B (77), onpenendronmii f. I[lpu-
HUM $ BO BHUM HHME KO3((HULMEHTHl Nepel MHTErp J1 MU B yp BHeHudx (77) u
(76), HeMemIeHHO NMPUXOOUM K 3 KIoueHHo BTopoB [69] (cMm. T xxke [71]) 06
cumrroTadeckoM Koaduumente (J = 4/3). OmH Ko, K K HOK 3 HO BBIIE, T -
K s OBICTp I CHMITOTHYECK s OLEHK SBJISETCS JOCT TOYHO H MBHOH, He BEJeT
K TOYHOMY Pe3ynbT Ty M ONp B HHA TOJIBKO B (hOpM JIbHOM mpenene My >> A.
H m H 13 OCHOB HH P CCMOTPEHUU TPEYTOJIBHOU AU I'P MMBbI, B KOTOPOU
IPOII T TOp KB PK M KB PK-TNIMOHH $I BEPIIMH ONpeneieHsl HenepTypO THUBHO.
B aTroM oTHOmEeHMH H I moaxox O1mM30K K Oosee p HHel p 6ore [72]. Omn Ko
B [72] npu BBIYMCIICHUH TPEYrOJIbHOW JU I'P MMBbI ObUTH HCIHOJB30B HbI MPUOIIH-
KEeHHUS, KOTOpbIe YINPOCTUIM AWH MHUKY mpouecc . OK 3bIB €Tcs, 4TO 3TU IpU-
GIMXKEeHHs! ONp B HHBI B KMHEM THYECKOW 00J cTH GosblimX |w|. B pesymsr Te
MOJIy4eHHOE B [72] BBIp XE€HHUE A1l CUMIITOTHUYECKOTO KO3((PULHUEHT HE 3 BUCUT
OT BHYTPEHHEH HEJIOK JIbHOW CTPYKTYPBHI ITHOH , YTO NMPOTHBOPEUHUT PE3YJbT T M
I[IC KXI 1 H UM pe3ynbT T M.
B 3 xitoueHue 3TOro p 31e1 B KOB pU HTHOH HEJNOK JIbHOM MOJENH, OIHUCHI-
B IOLIEH KB PK-NUOHHYIO IMH MUKY, MOJIy4eH 7y*vy*- mepexomHslii ¢opmd KTOp
IIPU ZOCT TOYHO OONBIINX BUPTY JIBHOCTSX, rae nepTyp6 TueH 1 KXJI-3BOsronms
elle He JIOCTHT JI  CHMITOTHYECKOro peXuM . M3 MOJIeSTbHBIX BBIYMCIIEHHH MOXKHO
H UTH GCOMOTHYI0 HOPMHUPOBKY CHMITOTHYECKOTO ()~ 2-uleH . ACHMITOTHYE-
CKHil HOPMUPOBOYHBIH Koapuument J(w), i1 HHbIA B (83), 3 BHCHT OT OTHO-
IIeHHs] KOHCTUTYEHTHOH KB PKOBOW M CChl H HEKOTOPOM MSIIKOM M cliT Oe K
X p xtepHoMy p 3Mmepy KXJI-B KyyMHBIX (pIyKTy LU, T KXe OT KMHEM THKHU
npouecc . DTOT Pe3ylnbT T HEe MOATBEPXKI €T MONIOXEHUS 00 YHHBEPC JIBHOCTH
CUMITOTHUYECKOr0 KO3(huuueHT , cuen HHoro B [69,71,72]. Ecmu p ccMmo-
TPETh 3 BUCUMOCTb CHUMIITOTHYECKOro KO3(phHIIMEHT OT BHYTPEHHEH AUH MUKH,
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T0o 1 HHble CLEO cBUIETENbCTBYIOT O M JIOM 3H YEHHU I P METP P 3pEXKEeHHO-
CTH, YTO MOATBEPXKJ €T TUIOTE3y O M JIOH IUTIOTHOCTU MHCT HTOHHOHU XHIKOCTH
B B KyyMe [7]. Y3 cp BHEHMsA KUHEM THYECKOH 3 BUCUMOCTH CHMITOTHYECKOTO
K03(pPHULMEHT mepexogHoro opMmep KTop MNUOH , I HHOU B nKX]I u Henepryp-
6 THBHOU MOJENH, TOJlyYeHO HOBOE COOTHOILIEHHUE (86) MeXIy MHOHHOM MIUIUTY-
JION p CIIpeAeNeHus U JUH MUYECKOW KB PK-INMOHHON BepLIMHHOW (yHKIMed. B
9 CTHOM CJIyd € CUMMETPMYHOH KMHEM THKHU H I pe3yJbT T COIN CyeTcd C TeM,
KOTOpBIH nonydyeH ¢ nomomipio OP [54]. H crodiuue pe3ynbT ThI T KX€ H XOAATCS
B COIVI CHH C 3 KJIIOYEHHIMH, cuejl HHbIMU B [57,58,68] B IIC KXI]I.

II proHHBIe p clipeesieHHd B JIEHTHBIX KB PKOB B NHOHE. AJIpOHHbIC
CTPYKTYpHbIe (DYHKIIMHM UTP 10T B XHYyI0 poiib B KX]I mpu omnuic HUM MHKITIO3MB-
HBIX mpoueccoB. OHU BBIp X IOTCS 4epe3 I PTOHHbBIE p CIpelesieHUus] KB PKOB U
[IIOOHOB 10 JOJIE & UMITYIBC P H 4 JIBHOTO [JPOH , NEPEHOCUMOIl KTHUBHBIM
I PTOHOM. XOTS 3BOJIOLMS 1T PTOHHBIX P CIPEAENCHUUH MPH IOCT TOYHO OOIb-
10l BUPTY JILHOCTH ()% KOHTPONMPYETCs 3 BUCUMOCTBIO TIEPEHOPMUPOBKHM M C-
mr 6 omep TOPOB KB PKOB M IIFOOHOB TBHCT -2 1o KX]I-Teopuu BO3MYIIECHHIA,
BBIBOJI M3 MEPBBIX MPUHIMIIOB C MUX I1 PTOHHBIX P CIpPEAEICHHUI MpU HEKOTOPOM
H 9 JpHOM Q? orcyrctByeT. CIEOB TENBbHO, IEHTP JIbHBIM MyHKTOM, HEM3BECT-
HeiM B KX]JI, 4BIAI0TCA I PTOHHBIE P CIpENENICHHs IPH OTHOCHTEIBHO HU3KHX
BHUPTY JIBHOCTSIX, KOTOPbIE JOJIXKHBI OTPEAEISATHCS 10 HEelepTypO THUBHOM cxeme.

Hen BHO BO3HHMK HEKOTOPBIN MPOrpecc B BBIYMCIEHHMM MOMEHTOB I PTOHHBIX

p crpeneneHuuil uid muoH U p-me3oH [73] B pKX]I, rae ucnonssyores (epmu-
OHbl BUbcOH B mpuOIMKEHUH 3 MOPO3KH, KOrJ IpeHeOper 10T BHYTPEHHUMH
KB pPKOBbIMH HeTiasaMu. Dt pKX]I-npenck 3 HUS V11 MOMEHTOB MMOHHOW (PyHK-
OUM p CIpeleseHns MOATBEPXKH 0T pe3yabT Thl Mpembliynmiero H nu3  [74],
T KX€ H XOIITCAd B K YECTBEHHOM COINI CHH C P CHpeleSIeHUSIMH, W3BIeYeHHBIMU
¢eHomeHonornyecku [75,76] u3z axcriepuMeHT [77]. OnH KO BBIYUCIIEHHBIE MO-
MEHTBHl UMEIOT OTHOCHUTEIBbHO HU3KYI0 TOYHOCTb, U, KPOME TOrO, AOCTYIHBI Ui
BBIUHCIICHUI TOJIBKO HECKOJBKUX IEPBBIX MOMEHTOB, XOTd Il PEKOHCTPYKIIMU
Z-3 BUCHUMBIX D CHpelesieHHH HyXHO, B IPUHLIMIE, 3H Th BCE MOMEHTHL. boiee
TOTO, BBIYUCJIEHUS I PTOHHBIX p copeneneHuuid B nuoHe ¢ nomoupio KX TIC
JOCT TOYHO YyCTeIHbl [78] juibp B Orp HUUEHHOW OOJI CTH CKEHIMHIOBOM Iepe-
MeHHOW x. DyHKIUS p crpeleseHus KB PKOB B IIMOHE B H MHU3LIEM (DOKOBCKOM
COCTOSHUU KB DK - HTUKB PK Hel BHO [79] momydeH B MOAXOfE XECTKOTO p C-
CesdHHs, KOTI BKJIIOUEHBI 3(h(PeKThI IONEPEYHOIO UMITYJIEC U CyI KOBCKHX IOIp -
BOoK. T K 4 (pyHKIHS H CBI €T (heHOMEHOJIIOTHYECKOE KB PKOBOE P CIIpeleIeHue
npu GONBIINX .

KB pkoB s (yHkuus p crpeneieHus B nuoHe Obul  p ccmorpeH B [80] B
p Mk x HWAJI-monenu [17]. DTy u momoGHBIE MCCIIENOB HUS OCHOB HBI H IPej-
MOJIOKEHUU, YTO BBIYMCIEHUE M TPUUYHBIX 3JIEMEHTOB TBHUCT -2 B 3(PheKTUBHBIX
nopxox X, ocHoB HHBIX H KX]JI, 1 er p crnpefeneHus H HHU3KOM BdHepreTuye-
ckoM M ciit 6e po < 1 I'sB, re ucnons3oB Hue T KOi 3((eKTHBHOU TEOpHH



CTPYKTYPA MMMOHA B MOJIEIIM HHCTAHTOHHOM XHUIKOCTH 1063

uMeeT cMbici. [lofydeHHbIe p CHpesesieHus] 3 TeM BKCTp IMOJIHMPYITCs K Oosee
BBICOKUM ODKCHEPUMEHT JIbHO JIOCTHXHMBIM M CIIT © M HMITYJIbCOB C MOMOIIBIO
neptyp6 TtuBHOM KX T K, 4TO MOXeT OBbITh IPOBEJAEHO CP BHEHHE C DKCIIEpPH-
MEHT JibHbIMU 1| HHbIMHU. OniH Ko npoGrnem HUWJI-Mojenu coCTOUT B TOM, YTO OH

HETepeHOPMHUPYEM , M, T KUM 00p 30M, 9YTOOBI H30€X Th 3TOrO AePeKT , BBOAITCS
p 3u4Hble ad hoc TpennonoXeHus 06 UMITYJIbCHOM oOpe3 HHU.

IlepB & NOMBITK BBIYUCIEHUS [MUOHHOW CTPYKTYpPHOW (PYHKUMH B WHCT H-
TOHHOM Momenu Obul cien H B [81]. Cp BHHTENBHO HEJl BHO B XHBIA IPO-
rpecc ObUT JOCTHUTHYT B [63, 82] mpH BBIYMCIEHUU KB PKOBBIX P CIIpe/le/IeHUMIA
B HyKJIOHE B MHCT HTOHHOM IOXofie. B H crosdiuem p 31ene, OCHOBBIB SICh H
KB PK-NIMOHHOW [IUH MHMKE B MOJEIU HMHCT HTOHHOM XUIKOCTU, MBI BBIYUCIIUM
p clpeleneHUe B JICHTHBIX KB PKOB B IMOHE B JUIUPYIOLIEM TBHCTE B HHU3KOMU
TOYKE HOPMUPOBKH MOPSAK OOp THOTO CPEJIHEro p 3Mep MHCT HTOH p.. H #-
JIeM KB PKOBOE p CIIpejiefieHue B IMIMOHE M BCE €ro MOMEHTHI JUIsl 00Ieil (opMbl
9(pheKTUBHOI KB PK-NUOHHON BepUIMHHON ¢(yHKIMU. CIp BeUIMBOCTH I PTOH-
HBIX TP BWJI CyMM JUIS W30CHHMH U IIOJTHOIO MMITY/IbC OOECIIeUHB €TCSl C TTOMO-
IIBI0 YCIIOBHUS CBSI3HOCTH NHOH [28] W K JMUOPOBOYHONW WHB PU HTHOCTBHIO TMOJ-
xon . T X K K 2(ppeKTHUBH I MHCT HTOHH 4 MOJEJb CIp BEUIUB [UIS 3H YEHUI
OTHOCHTENTbHBIX MMITYJIbCOB KB PK JI0 p ~ p, * ~ 0,5 — 1 B, n proHusie p c-
IIpe/ieNIeHus, BBIYHUCIIEHHbIE 3/1€Ch, OINPEAENIEHBI IPH 3TOM (HU3KO0il) TOYKe HOPMHU-
pOBKH [i9 ~ p, . Tlonmyuennbie pe3yasT Thl 3 TeM KX MposBOMIOLUMOHMPOB HbI
K OoJiee BHICOKMM HMIIYJIBC M II€pel YW, U H HIEHO p 3yMHOE COIN cHe ¢ (hyHK-
LOUSAMU P CIpelesIeHHs IHOH , U3BJIEUYEHHBIMU U3 (DEHOMEHOJIOTHYECKOTO H JIU3
9KCIIEPUMEHT JIBHBIX | HHBIX.

Momenmut pynkyuu p cnpedenieHua K8 pkO6 6 NUOHE 6 KO68 PU HMHOU HeJlo-
K JvHot moodeau. Ct HO ptHbIH KXII- H 113 ocHOB HH OP, KOTOpOE CBA3BIB €T
MOMEHTBI I PTOHHBIX P CIIPEIEJICHUI MPU I HHOM M CIUT O¢ ¢ JIPOHHBIMH M -
TPUYHBIMU BIIEMEHT MU JIOK JIbHBIX OIEp TOPOB TBHUCT -2. DTOT (GOPM JIM3M IIpH-
MEHSeTCS I TOTO, YTOOBI p 3METUTh KECTKYI0 U MATKYIO U CTH MIDIATYIBL P CCe-
saus Buepen. B OP xecTK S 9 CTh BRIYUCIIAETCS IO TEOPUH BO3MYIICHUN B hopMe
Ko3(huimeHToB BUIbcoH . MSIK s 9 CTh MPEACT BISIETCS H GOPOM M TPUYHBIX
9JIEMEHTOB OT JIOK JIbHBIX OMEP TOPOB, KJI CCU(UIIMPOB HHBIX MO TBUCTY. DTHU
M TPHUYHbIE BJIEMEHTHl KKYMYJIUPYIOT HH(OPM LU0 O HEemepTypd THBHOW CTPYK-
Type OPOHHOTO COCTOSHHUS.

K nuOpoBOYHO-UHB PU HTHBIA HECUHIVIETHBIH JIOK JIBHBIA OIEpP TOpP TBUCT -2
C POM TOM KB DK j ONpEAeNeH CIeqyoIIuM o0p 30M:

O;jt1u2..;tz\1 = iN(jj{,yulDlQ“DltN}qu? 9
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e Dy, = 0y, —igAj;T, — KOB P HTH 5 IPOU3BOAH 5 ™ 1 CUMBOJI {}S O3H Y eT

GecclIeloByl0 CHMMETPHYHYIO Y CTb TeH30p . M TpuuHble ieMeHTsl A%, 10K J1b-
J

HBIX onep TopoB O B OOKJI JK X IHOHHOIO COCTOSHUS |7(p)) € MMIIYIbCOM P

,L'N

AN (i) = = {e(@)lggn(ne D) g5 |7 (p)) (92)

IJle [t — TOYK HOPMHPOBKH, 7, — CBETONOn00HbIl BekTop ¢ n? = 0 u (np) = 1,
BBEJICHHBIi JUI1 0OTOOp CHMMeTpHYHOi GeccreoBoi 4 cru omep top 0% (91).
3 muieM p crpenelneHne KB PKOB VIS j-TO POM T Yepe3 MOMEHTEHI

1
Jo(2y _ N-1 2
Al (1 )—/ dz " " g, (x, u*). (93)
0
3 BHUCHMOCTb MOMEHT A’ OT TOYKH HOPMUPOBKH 4% U3BECTH TOYHO M3 peLIeHHs
yp BHeHUs dBoiounu B 1eptyp6 tuHOW KX]JI, B TO BpeMms K K HenepTypO THBH 4
JUH MUYECK S MOJEJb 3 JI €T H Y JIbHBIE I HHBIE /I 9TOM 9BOJIIOLUU. Berarcium
H 4 JIbHBIE 3H YEHUS MOMEHTOBH M cwiT Ge u2 o< 1/p? B UHCT HTOHHOMN MogENH.
Bxn 1 H uHU3MEro )oKOBCKOro KB pK- HTUKB PKOBOTO B JIEHTHOIO COCTOS-

Hus B N-it Moment A% (143) B MHCT HTOHHYIO MOJENb 3 1 €TCS BBIP XEHHEM (CM.
rp ¢uyeckoe MpeACT BICHUE H pHC. §):

7 d*k

qq(,,2 _ 2
AN (ﬂ())pmp;tz'-puzv - 2Ncg7rch/ (27‘1’)4 X

X Q F2(k, kep; 150)trlys S (k4p) 1y (kD) s - (k+0)n b5 S (k+p)ysS (k)]

OF2(k, k+p; p
2 ) S ) () (4 4 ) bS]
(94)

BooG1e roBopsi, MOMEHTHI OIpesiesIeHbl B IPOCTp HcTBe MMHKOBCKOIO M MOTIYT
OBITh D 370XKEHBI 110 BEKTOPY P, U TEH30PY §yy. UJEHBI, NPONOPIMOH JbHbIE
Guv> TPUBOJAT K BKJI I M Gosiee BBHICOKOTO TBHCT , KOTOPBIE IIOJ BIEHBI JIMIL-
Heill crenenbio 1/Q? u MOMKHBI ObITH OTOGPOMIEHBI. 1 TOTO YTOOBI BBIIETHTH
BKII JI JIUAUPYIOLIETO TBUCT , HYX)HO CBEPHYTh M TPHYHbBIE BJIEMEHTHI CO CBETOIIO-
JTOOHBIM BEKTOPOM 7,,. OCT IoIIMecs MeTaeBble UHTETP Jbl HYXKHO H JIUTHYECKH
HPOJOJKUTE B IpocTp HCTBO EBknun [11], rie BepIuMHbI, MHAYIUPOB HHBIE UH-
CT HTOH MM, XOPOLIO OIpe/eNICHBI.

*K k u B p 6ote [63], MBI peHEOpEr €M TTIOOHHBIMU OIEp TOP MM B KOB PH HTHBIX IPOM3BOJ-
HBIX, YTO BBI3B HO M JIOCTBIO I P METP P 3PEKEHHOCTH 7).
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q : q
q Disc q Disc 5
éjﬁé Cyrs(O9)

ONS

q(x, 0%)

Puc. 8. I'p ¢udeckoe npencT BiIeHUE ONep TOPHOTO p 3710XKeHus. JIeB g 4 CThb 11 TP MMBI
npezct BiugeT ck 4ok (Disc) Mmmutynel p ccednus Brnepen. B p MK X omep TOpHOro p 3-
JIOXEHHS CK 4OK TIpeJCT BideTcd K K KOHBOMOLHs KoadbuiuenTHoil dhyHkuun Bunbscon
C’NS(QQ) XKecTKoro mnopgrnpouecc (BepXHUH 00K NP BOi AWM IP MMBI) U MATKOH I p-
TOHHO# yHkiwmu p crpenenenus q(x, Q%) (uuxnuit 610K). KoHCTUTyeHTHBIH KB PK U
NMOH 00O03H YeHBl HENPEPHIBHOI U JBOIHOI JIMHUAMM COOTBETCTBEHHO. BomHucThbie ju-
HUU 0003H 4 10T portoHbl. Ons — JIOK JIBHBIA OIep TOp, IUTPUX H KB PKOBOIl JIMHUU
cootserctByeT §(x — (kn))

Yro6s!I nosrydnTs yp BHeHHE (94), HEOOXOIMMO P CCMOTPETh MILTUTYRY KOMII-
TOHOBCKOTO P CCESHMS B INTyOOKOHEYNPYroil KHHEM THKE B JIMAWPYIOIIEM MOPsIKe
neptyp6 TuBHOM KXJI M B34Th MHHMYIO Y CTh OT Hee. B KOMITOHOBCKOM Hpo-
Lecce H JIeT IO M P CCesIHHBIH BUPTY JIbHbIE (DOTOHBI UMEIOT HMITYJBCHI ¢,
¢> = —Q? H 4 JbHBIH ¥ KOHEUHBI THOHBI UMEIOT UMITYJLCHI D, p% = 0. Ipe-
nen Brepken cootseTcTByeT GombiuM Q2 npu ¢ukcupos HHOM T = Q?/2(pq).
K n16poBOoYHO-WHB pU HTHBIA H OOp AW TP MM, WHAYLHMPOB HHBIH C MOMOIIBIO
HEJIOK JIbHOTO jeiicTBus (43) u (45), BKJIIOY €T, B JOMNOJHEHHE K OJHOIETICBOM
«box»-mu Tp MMe, MOANPOLECCH Ty — T — Ty, myy — 7. MOXHO MOK 3 Th
(cM. [83]), UTO TONMBKO BTOPOIl TUI MpOIIECC BBHIKHUB €T B Ipejesie brepken Juisd
COOTBETCTBYIOIIUX MIUIUTY[ U IPUBOAUT K IONP BKE (WIEH C IMPOU3BOJHON OT
BepIUKHBI) B (94).

UneH ¢ Mpou3BOIHON, KOTOPHIi BO3HUK €T U3 Pexp-¢ KTOp , MO3BOMSET YAO-
BIIETBOPUTH I PTOHHBIE IIP BHJI CYMM, COOTBETCTBYIOIIHE COXP HEHMIO U30CIHH
U uMIysasc . [JeficTBuTenbHO, U3 (94) 1Ig MepBbIX IBYX MOMEHTOB MOJIYYUM

1 2
- Ol (p
Al (p3) = / dr qeq(z, 13) = 9721'q(j i (2 )
0 p

)

p2=0

9727116 Ol (p2)

1

p2=0

N3 sTOro Belp XKEHH C YYETOM YCIIOBUS CBI3HOCTU (47) YyCT HaBIMB €TCS CHp -
BEUTUBOCTh (HOPMHPOBOYHOIO) M30CIHHHOBOIO M HUMITYIbCHOTO P BHJI CYMM JUIS
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B JIGHTHBIX KB PKOBBIX (DYHKLUH p crpenereHus
Af'(ug) =1 n A3 (ug) + AL (ug) = 1, (96)

rie Ay — BKJI JI B JIEHTHBIX HTHKB PKOB B IIMOHHBI ummysibc. ToT ¢ KT, 4TO H
HHU3KOM M CIIT 0O€ UMITYJIbC [i) BECh UMIIYJIbC B IIMOHE NIEPEHOCUTCS! B JICHTHBIMU
KB DK MM, 4BJISETCS CJIEICTBUEM TOIO, YTO BKJIIOYEHBI TOJIIBKO B JIEHTHBIE KB PK-

HTUKB PKOBbBIE MPOMEXYTOUHBIE COCTOSHHUS, MPU DTOM IpeHeOper eTcsi BCeMU
BHYTPEHHUMH KB PK-IJIIOOHHBIMU MOPCKUMH COCTOSHHUSMU (T K H 3bIB €MO€E IIpU-
OMIKeHHE 3 MOPO3KH).

T kuM 0Op 30M, B NPUOIMXEHUU 3 MOPO3KH JUH MHUYECK s MH(MOPM s,
COIEpX W fCS B NEPBHIX ABYX MOMEHT X, IIOJIHOCTBIO 3 ] €TCS CUMMETPHSAMH U
KUHEM THUKOHU U, K K pe3yJbT T, SABJSETCS MOJAENBHO-HE3 BUCHMON. Herpusu mb-
H 9 IMH MHK COIEpPXHUTCS B MOMEHT X ¢ N > 2. OO s CTpyKTyp MOMEHTOB
Il PTOHHBIX P CIIpEAeNIeHUH MOXET ObITh MPEICT BJICH B opMe

N-1
(=

]
1 1 [ N-1
A ) = 55— D T ( o; )J,-SF(u%), N=12,. (97
=0

¢ Koa(ppuueHT Mu

oo

1 dk k*3Q(k)?
SF( 2\ _ 2 . 2
T (o) = Iy (0) / (k2 + m2)2i+3 [21" +Qi43mg |+ 08)

IlIe WIEHb! C TPOU3BOIHBIMU OT BEPLUMHBI, MOTOOHBIE TeM, KOTOPbIE MOSBIIOTCS B
(41) ona I, (0), 06030 yeHs! Touk Mu. B (97) KB Op THble CKOOKH |[...] 0603H -

a
9 0T OeJIyl0 4 CTb YHUCI , <b> SIBIISIFOTCS OMHOMM JIBHBIMH KOB(b(bI/ILII/IﬁHT MU.

K K u B mpeznpigymemM p 3zeine, MoK 3 TEJIBHO P CCMOTPETh 1B OKCTPEM Jib-
HBIX CJIyY $1, 3 BHCSIIUX OT (pusnyeckux npennonoxenuii. Ecim 661 KXII-B Kyym
ObUT OYCHDb IUIOTHOU cpejoit, n >> 1, To JZ-SF = 0 ang Bcex i, Kpome ¢ = 0. U3
aToro cienyet, uto momentsl Ay = 1/2V=1 jig Bcex n, p cnpenenenue kB p-
KOB mMeeT Gopmy aenst -yakimn: ¢(z) = 6(x — 1/2). DTOT dKCTpeM JIbHBIA
Clyd i COOTBETCTBYET TIpefieNly TSKeNoro KB pk ,  koaccpuuments J7 ¥ npen-
CT BIISIIOT IIOCIIE/IOB TEJIbHBIE MOMP BKHU [0 00p THBIM CTENEHSIM M CChI TSKEJIOro
KB pK : ~ ((k®)/mZ2)’. B NPOTHBOMONOKHOM 9KCTPEM ITBHOM CITyd € OYEHb P 3-
pexenHoro B kyym 17 << 1 momyuum JPF = 1 mns Beex i u Ay = 1/N
JUII MOMEHTOB. DTOT 3KCTPEM JIbHBIN CIIyd 1 COOTBETCTBYET HE3 BHCUMOH OT M-
Iy/IbC BEepUIMHE W MPUBOAWT K IUIOCKOMY P CIIpelelieHHi0 KB pkoB ¢(z) = 1.
Bonee Toro, nepssiil wied B (98) IOMHHUpPYET MO OTHOIUIEHHIO K YIEH M, YK -
3 HHBIM C IIOMOINBI0O TOYEK, T K K K IOCJEJHUE SBIAIOTCA M JIBIMH HOPSOK
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O(pcmyg). Pe nucThdeck s CUTY LWl OK 3bIB €TCS [AE-TO MEXIY STHMH IBYMs
DKCTpEM JIIMHA. 3 METHM, YTO POJIb M CCHI IIMOH TPEeHeOpPEeKUMO M JI , HO COOT-
HoleHue 3(PeKTUBHOM M CChl KB PK W H KJIOH HENIOK JIbHOCTH B Q(k) UMeeT
B XHBIU 9(pheKT.

DyHKYUA p cnpedeneHUA K6 PKO6 6 NUOHE 6 HeJIOK JbHOU KO8 pU HMHOU MO-
Odeau u ee KXI-s60omoyua. OOp TUMCS Temepb K p CIpPENeNIeHHI0 KB PKOB. DTO
p crpeneneHye U NHOH C 4-MMIYJIbCOM p 3 11 €TCS C IOMOILIBI0 BBIP KEHMS
(cM. Tp pudeckoe MpeAcT BiIeHHE H puc. 8):

k Oz —1—(k-n)x

d
Qqq(; 13" = 2Nc972rqq/ (@)

xtr{%S(k +p) | F2(k, k + p; )7, S (k + p)—

OF2(k, k + p; p2)
_2< Ak + p)? ; >(k+p)”

rie ¢qz(x) = U(z)val = d(T)var W11 . HWHIEKC ¢ O3H 4 €T, YTO y4TeH
TOJIPKO H WHI3II S KB PK- HTUKB PKOB S KOMIIOHEHT IIHMOHHOI BOJHOBOH (hyHK-
1. Beip kenue (99) mst p crpenesienus KB pkoB d[x — 1 — (k- n)] onpeneneHo
T K Xe€, K K B [84,85]. ®ynkumsg, mogensgiom acid B (99), mpenct BugeT co-
6oil a¢hpeKTUBHYIO BEPIUMHY, CBS3 HHYIO C COCT BHbIMU omep Top Mu O%; (91).
MowmenTsl ¢yHKIMHM p crpeneneHns (94) BOCIPOM3BOAATCS C HOMOIIBIO ITPeodp -
30B HUI MemmH ot (99). CseronomoOHbIH BeKTOp 7 BhIAendeT B (94) u (99)
CUMMETpHYHbIe OecclieloBble Y CTH TeH30pOB. JIErko Mok 3 Th, YTO IEPBBIC MO-
MEHTHI ¢47() BOCIPOU3BOLIT II PTOHHbIC P BWI cyMM (95).

It TOro 4TOOBI BBIYMCIIUTH UHTEIP J1 1Mo 4-ummyibcy B (99), ucnonb3yem
Q-TIpEICT BIICHWE IUTA TpOI T' TOPOB™

%S(k)}, (99)

o0
1
= /da exp [—a(k® + m?)], (100)
0
JU1s BEPIIUHHON J-(pyHKLMH ee (pypbe-TIPeicT BICHHUE

§lz—(k-n)| = % / da exp [ia(z — k- n)). (101)

*Mer mu cM. B p Gore [85].
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Torx mpamoe BerumcieHue U3 (99) NpUBOAUT K Pe3ylbT Ty VIS p CIpeAeIeHUs

KB PKOB, KOTOpPoe B 6e3M ccoBoM ciyd € (m2 = —p? = 0) cBogutcs K
oo o0
Neg2,. m2  m?2
2 C,
dgq(, g) = quq//dmdl@ F(11)F(v2) exp 1/_1q + z/_gq X
00
m?2 m2
XS |Ey | —L ) +Zexp | ——2L || 0(Zve > 211) + (2 < T) 5 . (102)
T Ty
B arom yp BHenun T = 1 — x, Fy(z) — uHTerp jibH g oKcnoHeut , F(v) —

KOPPENALMOHH 1 (hYHKIIMS, CBA3 HH 5 ¢ BepIIMHHO#H hyHkumeit (k) ¢ nomomuisio
npeoOp 308 Hust JI wi ¢ . BepmmH (Q(p) B CyIECTBEHHON OOJI CTU MMITYJILCOB
p (0 < p <4/p;) Moxer GbITh MIPOKCUMUPOB H (PyHKLHEH

Q(p) = 4,5exp (—1,9p.p) — 3,5 exp (—3, 6pcp), (103)
KOTOp g IIOCJIe HpI/IMEHeHI/Iﬂ Hp€06p 30B HHUA .H 1 C HpI/IHI/IM €T BUI

— P
ez

Cnenyer moguepkHyTb, uTO BbIp XeHusd (97) mna momentoB u  (102) mng p c-
MIpe/ieNIeHs B JIGHTHBIX KB PKOB B IIMOHE SIBIISIOTCS YHUBEPC JIbHBIMU U CIIp Bea-
nuBbIME Ut 0G0 hopmsr dyrkmmii Q(k) u F(v), KOTOphIe, B CBOI0 OYepess,
OTIPEAIENSIOTCS C MOMOIIBI0 KOHKPETHON MOJIENTH KB PK-IIMOHHOHN JAMH MHKH.

P crpeserneHue KB PKOB qgg(T, 13) ¥ MMITYJIBCHOE P CIIpefienieHue Tz (T, puf)
MoK 3 Hbl H pHcC. 9. Crenyer 3 METUTb, YTO OPM P CHpedeseHUs SBIIeTCs 10-
CT TOYHO CT OWJIBHOW IO OTHOIUEHHIO K B PH LMSM I P METPOB MHCT HTOHHOU
MOJIeNH, €CIM OHH (PUKCHUPOB HBI T K, YTOOBI BOCIIPOM3BECTH HU3KO3®HEpreTHYe-
CKHe CBOWCTB mHMOH . Kpome Toro, He0OX0AMMO YIIOMSIHYTh O TOM, YTO 3(pcheKThl,
KOTOPBIMH MBI TIpeHeOperu (MMITYJIbCH S 3 BUCHMOCTb M CChl KB PK B 3H Me-
H TelIIX U IJIIOOHHOE TI0JIe B KOB PU HTHBIX MPOU3BOJHBIX), UMEIOT MOPSIOK M -
noctu O (1)) U HE MEHSIOT K YeCTBEHHO pe3ynsT TOB. OCHOBHOU d(deKT, p c-
CMOTPEHHBI H MU TPH BBIYMCICHUH D CIIPEAENiCHHS! KB PKOB B IHOHE, CBSI3 H
C HEJIOK JIBHOCTBIO KB PK-TIMOHHOH BEpPIIMHBI, WHAYIMPOB HHOH HMHCT HTOHHBIM
B3 uMopeicTBueM. Poib 3Toro agekT CcocTOUT B TOM, YTO pe3yabT T I PTOH-
HOU Mojieny B jaupymoiem Teucte ¢(x) = 1 Momuduiupyercs, IpUBOIS K I JI-
KOMY P CIIpEJIeJICHUIO C HYIIMH H Kp sIX KHHEM THYecKod o6y ctu. H momHuM,
YTO MBI BBIYMCIISIEM TOJIBKO P CIIpE/ieSIeHNe JTUANPYIOIIETO TBUCT B HU3KOW TOYKE
HOPMHPOBKH i ~ p. ', He IONHbIE CTPYKTYpHbIE (PYHKIIMH, KOTOPBIE COTEPXK T
T KXe Honp BKH Oosiee BBICOKUX TBUCTOB. [locienHue MOryT ObITh OOJIBIIUMU TIPH

F(v) (8,55 exp(—0,9p2v) — 12,6 exp(—3,24p2v)] . (104)
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1,6

—_
\V]
I

q(x, 13), xq(x, ud)
o
®

o
N

Puc. 9. ®yHKIWMsS p CrpeesieHus B JEHTHBIX KB PKOB ¢(x; ,ug) (yHKTUPH 4 JIMHUS) U UM-
NyJIbCHOE P CHpeiieienue KB pKoB 2q(x; ) (CIUIOUIH 9 JMHMS) B NMHOHE K K (DyHK-
1M J10JTM TPOONBHOTO HMIYIC 2 B HU3KOH TOYKe HOPMHPOBKH g = 0,3 ToB? mpu
pemq = 0,39

HIBKHX g2, HO GBICTPO (CTemeHHBIM 06D 30M) BBIMHp 0T ¢ pocToM ¢2. Chemyer
T KX€ 3 METHTh, YTO H IIH Pe3yJbT THl CHIIFHO OTIIMY I0TCS OT Pe3ysIbT TOB, IO-
nydeHHbIx p Hee B HUJI-monenu [80], roe BHYTpeHHSS OIUH MUK IIMOH CHUJIBHO
YIIPOIIEH , M B PE3ylbT T€ H HIEHHbIE P CIpEIeNIeHHs COINT COB HBI CO CTPOTHM
KHp JIbHBIM TipesienioM q(x, pu) ~ 1.

BrruniciieHHbIe p CIIpefeieHrs UCHONB3YIOTCd K K H U JIbHBIE YCJIOBHS JUTS
nepTyp® THUBHOII 3BOMIOLIH K G0jIee BHICOKUM 3H ueHuaM ()2, rie, K K OXuj ercs,
CTETIeHHbIE MONpP BKU IMOJA BJIEHBI, © MOXHO IPOBECTH CpP BHEHHE C JOCTYITHBIMU
9KCIIEPUMEHT JIbHBIMU /I HHBIMH. @ KTHYECKM MBI Cp BHUB €M H ILIH TeopeTHye-
CKHE MpelacK 3 HHUd ¢ (PEHOMEHOJIOTUYECKUM H JIM30M, BBIIIOJIHEHHBIM B [75],
I HHBIX ®KCIIEPUMEHTOB MO Tiporiecc M [dpemn — SAH u mo ObicTphiM POTOH M,
BoinosiHeHHbIX rpynn Mu NA10 (CERN) u E615 (FNAL) [77]. CnenyeT T KXe OT-
METUTbh HEKOTOpbIE Mpefesbl MPUMEHUMOCTH YK 3 HHOTO (heHOMEHOJOTHYECKOro

H U3 1 HHBIX. T K, pe JIbHBIC 1 HHbIE OXB ThIB IOT TOJIBKO KHHEM THYECKYIO
001 ctp o x > 0,2, U, KpoMe TOro, B H Jm3e ObUT WCIIONB30B H 3KCTP MO-
JIIUM NIPOTOHHBIX CTPYKTYpHBIX (PyHKUUMH mpu x > 0,75 B K 4ecTBE BXOHHOIA
uHpopM muu. [I mee, B T KoM (PeHOMEHOJIOTHIECKOM H JIM3€ ]I HHBIX HE TpH-
HUM IOTCS BO BHMM HHE HEOIpEIeNeHHOCTH, MHAYLUPOB HHbIE TEOPETHMYECKUMU
MPENOoNOXEeHUIMH, JIEX IIUMU B OCHOBE H Ju3 (H npumep, K-¢ KTop).

®OopM MPOIBOMIOLMOHUPOB HHOTO P CHpeNeneHus qq(T, Q3) H M cmr Ge
umnyabe Q3 = 4 T'sB? pekoHCTpyHpyeTcd MO €ro MOMEHT M, HPO3BOJIOLMO-
HHPOB HHBIM K ®TOMY M cuit Oy B JmgupytomeM nopsyike (JIIT) u ciemyromem 3
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Xq (%, 07
1,0

0,8 - ‘
0,6 '

L .
0,4 | :

02 Py \

Puc. 10. UmnynecHOe p crpeneneHue B JIEHTHBIX KB PKOB B IMOHE xq(x;Q%) (ITpuxo-
B ¢ JIUHMA) K K (DyHKIMS JOJNU HPOLOJBHOIO UMIIYJIBC &, IPO3BOJIOLMOHUPOB HH £ K
Q3 = 4 IsB? (JII-npubnuxennue), 1pu pem, = 0, 39. CIUIOWH 5 JTHHNS O3H 4 eT (eHo-
MEHOJIOTHYECKYIO KPHBYIO [72] H ToM ke M cmT 6e QZ, m3Bnedennyio u3 1 HHbX. T Kxke
M306p XeHBI p CIpelle/leHie B HU3KOil TouKe HOpMUPOBKH ua = 0,3 ToB? (myHkTHDH 5
JIMHUS); P CIIpeferneHue, yMHOXeHHoe H ¢ krop 0,65, cooTBeTCTByollee BEpOSTHOCTU
H UTH Hu3mee (hOKOBCKOE COCTOSIHHE B BOIHOBOH (DYHKLUM MUOH (LITPUXIYHKTHPH )

muaupyrommM nopsiake (CJIIT) neptyp6 tusHO#t KX]I B M S-cxeme, ¢ HCTIONB30B -

HHEM IEPBBIX IIECTH MOJTMHOMOB SIK0OU. [IJis 3TOU [ENMU MBI HCIIOIb3YEM XOPOIIO

W3BECTHBIE BbIP XeHUs [86] nepTypO THUBHBIX BBIMUCIEHUH JUIl KOD(PUIMEHTHON
2

as(Q .

pyHKIIMU CZ-N = C’é\{ + MC{Y ¥ HOM JIbHOH P 3MEPHOCTH 7Y(r), BbIYH-

ciennsie B JIIT u CJIII. T xkum 0oOp 30M, KOHEUHBIH pE3yNbT T i1 MOMEHTOB,

MOJTYYEHHBIN C [MOMOILBIO0 MPOLERYPHl () KTOPU3 LUK, UMEET BUI

1
Av(Q?) = 3 C¥ QP 0F () = [ da Mo @®). 0s)
@ 0

Iis  H U3 9BOJIIOLIMH MBI BBHIOMP €M HHU3KHA M CIIT O WMITYJIbC ug =
= (0,3+0,03) B2 u KXI-xouct nry A®) = 0,3 I'oB. PesynsTupyiomee p c-
npejieieHue qqq(x,Qg) MoK 3 HO H puc. 10 H pany ¢ ¢heHOMEHOTOTHIECKIMHU
KPUBBIMH, TIOJTYYEHHBIMH U3 J HHBIX [75].

3H YeHHs TMEpBBHIX MOMEHTOB IHOHHOTO P CIIpelelieHHsd KB PKOB MpU
Q(Q) = 4 T»B2, oruucnennpix B JIII u CJIII, nok 3 Hel B T 61.2. DTu BeH-

YUHBI CJICAYET CPp BHUTHL C TEMU, KOTOPBIC ITOJIYY HOTCA U3 q)CHOMeHOIIOFH‘ICCKOFO
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T Gmun 2. 3H YeHHs NepBBIX MOMeHTOB npu Q2 = 4 I'sB?

MomeHTbI JIIT i pKXII [73] Dken. ¢ur [75] Dken. dur [76]
AQ(QS) 0,318+ 0,01 |0,275+0,017 | 0,279 +£ 0,083 | 0,230 £ 0,01 0,193 £ 0,01
Ag(Q%) 0,147 + 0,008 | 0,120 + 0,012 | 0,107 £ 0,035 | 0,101 £ 0,005 | 0,083 +£ 0, 005
A4(Qg) 0,081 + 0,006 | 0,064 + 0,008 | 0,048 £ 0,020 | 0,057 £ 0,005 | 0,046 £ 0,005

H mu3  [75] u u3 pKXI-Beruncnenwnii [73]. B T 671. 2 T XKXe BKITIOYSHB] MOMECHTBI

P cupeneseHud KB PKOB B IIMOHE, IOJIyYeHHbIE U3 11 p MeTpu3 uuu [76].

O6cynum HeonpeneneHHOCTH KX]-2BOMONNN, H YAH OMIEHCS ¢ HU3KOTO M C-
mr 6 po. K K MbI Bugum u3 T 6. 2, p 3nmuume pe3ynsT ToB JIIT u CJIIT H X0-
autes B npenen X 30%. OK 3bIB €TCd, 4TO UCIONbB30B HHUE GOJIBIIETO H 9 JILHOTO
M cIT O 9BOJIOLUH, CK XeM, M(Q) > 0,3 I'?B2, npuBoauT K J0CT TOYHO XOPOLIEH
CXOMUMOCTH C OTKJIOHEHHMSMU MeHbIuMH, yeM 10%, B TO BpeMs K K B NPOTH-
BOIIOJIOXXHOM CITy4 €, T.e. WId M ciuT 00B MeHbpmmx, yeM 0,1 I 9B2, OTKJIOHEHHS
P CTyT, U HepTypd THBH S BONIOIMS TepsAeT BCAKHM cMbIci. T Koe moBeneHHe
T XKXe Oputo oT™MeueHo B H yme B HUJI-momenmu  [80]. Ilpenernst ommbOoOK, mpu-
BElICHHBIC B T OJI. 2 JUIS1 MOIEIbHBIX BBIYMCIICHUH, 3 JI FOTCS MPUHATON Heompee-
JICHHOCTBIO B BBIOOpPE H Y JIBHOTO M CIIT O SBOJIIOLUH [i(.

Cp BHEHME MOK 3bIB €T, YTO H IIM BblYMCIeHUs, B 4 ctHoctu B CJIII, corn -
COB HbBI C (DEHOMEHOJIOTHYECKUM H Ju30M [75] u moct Touno Omum3ku pKXII-pe-
3ynbT T M. O6 Teoperndeckux moxxon (pKXI ¥ HHCT HTOHH S MOIEJIb) MPej-
CK 3bIB IOT BEJTMYUHBI MOMEHTOB CHUCTEM THYECKU OOIbInue, YeM (heHOMEHOOTH-
yeckue. OnHa W3 MPUYUH IS BTOTO P 3HOIN CHS MOXET OBITh CBI3 H C IpH-
OJIKeHHeM 3 MOPO3KH, KOTOpOoe He MPUHUM €T BO BHUM HHE BKJI HOB MOPCKHX
KB PK-IJIIOOHHBIX U 0OoJiee BBICOKUX (POKOBCKHMX COCTOSHUH H H Y JIBHOM M C-
T Oe SBOJIOIUY, ITPUITUCHIB S BECh MMOHHBIA HUMITY/IbC B JICHTHBIM KB PK- HTH-
KB PKOBBIM I p M. [IeHiCTBUTEIbHO, IPOUCXOXICHUE MOMEHT As H H Y JIbBHOM
M cmT Oe (B IpUOIIKEHHH 3 MOPO3KH) M €r0 IMOCIIEAYION] S 9BOJIOHUS SBISTIOTCS
YUCTO KMHEM TUYECKMMH M HE 3 BHUCIT OT JAET Jiel Mojaenu. B npuHuumne, MOXHO
6bUTO OBI 3 (PUKCHPOB Th JOJK0 B JICHTHOIO UMITYJIBC , [TOJIY4 €MYIO B H IIIEM BbI-
YUCIIEHUH, TIO JI0JIe, OIpelesieHHHON B [75], ¢ TOMOINBIO CABUT H Y JIbHOW BENU-
uunbl 13 BHU3 K 0,01 B2 (cm., H npumep, [80]). Onx KO H 4 J10 IepTYp6 THB-
HOU 9BOJTIOIUHU CO CTOJIb HU3KOTO M CIIT 6 sBiIsgeTcsd (pOopM JIbHO HENp BIUIBHBIM
U TEeXHUIECKH CBOAUTCS K JAOCT TOYHO HECT OIJIBHOM MpoIemype.

ITo H mieMy MHeHuto, Goiee pe JUCTUYHO OXHI Th, YTO, BKJIIOYMB B H III

H U3 BKJI JIbl KB PK-IJTIOOHHOTO MOpS M 60Jiee BRICOKMX (POKOBCKHUX COCTOSHHIA,

MOXHO 3H YHUTEJIBHO YJIYYLIUTb COIVI CHE MEXIY TEOPETHUECKHUM IPEICK 3 HHEM
1 (heHOMEHOJIOTUYEeCKUM H JIU30M. BKJT T MOps YMEHBII €T JIOJI0 UMIYJIbC , T1e-
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PEHOCUMYIO B JICHTHBIMH KB PK MH, 3 1 B eMyl0 MOMeHToM A,. Bosee Bbhicokue
(hOKOBCKHE COCTOSHUS 1 10T BKJI J B 00 MOMeHT — Aj U Az. DTO 03H U €T, 4TO
MIOJTH sl HOPMUPOBK (DYHKIIMU P CIIPEAEICHUS U JOJISl IMITYJIbC , IIEPEHOCHM S B -
JICHTHOH KB PK- HTHKB PKOBOWH KOMITOHEHTOW BOJTHOBOW (PYHKLIMH, JOJIKH OBITH
yYMEHBIIEH H ( KTOp, KOTOPBIN MpENcCT BIsSET BEPOSTHOCTb OTCYTCTBHS T KHUX
KOH(uryp Luil B MMOHHOM BoaHOBOM (hyHKIMKM. H puc. 10 MBI T KXXe NPUBOIUM
pe3yasT T H 1iero JIII-Beraucnenus, yMmHOXeHHbI H ¢ kTop 0,65, COOTBETCTBY-
foIuii Tpy0oii orleHKe BeposaTHOCTH 35% misd 6olee BRICOKUX (POKOBCKHX B JICHT-
HBIX COCTOSHHH (TTpeHeOper g BKJI JIOM MOpS). DT OLEHK H HICH C HOMOIIbI0
Hep BEHCTB

q(z, Q) > qqq(z, QF) (106)

U H CBHILEHHS ero npu x — 1. DTo Hep BEHCTBO, p ccMOTpeHHoe B [79] (u
CCBUIKM T M), CIIp BEIJIMBO JUIs JIIOOOTO M PIM JIBHOTO BKJI A B (PYHKLUIO P C-
npepenenud. I[Ipu T KoM MpeArnonoXeHny, K K MOXHO yBUieTh u3 puc. 10, BKI 1t
OT H MHU3IIUX KB PK- HTHKB PKOBBIX B JICHTHBIX KOH(UTYP LIl B (PyHKLIUIO P C-
NpefesieHus H CHII €T H HieHHoe (PeHOMEHOJIOTHYECKH P CIIpesiesieHne B o0 -
ctu x > 0,4. P 3nuune B p cripepeneHusix npu 0ojiee HU3KHUX 3H YCHUSAX & MOXET
OBITH MIPUMINC HO BKJI Oy Oojiee BHICOKMX (DOKOBCKHX COCTOSIHHI, KOTOpBIE H YH-
H 10T ZOMUHHPOB Th IIpu z — 0. T K 9 K PTUH H XOOUTCH T KXe B COII CUU
C 3 KJIIOYEHUSIMH, ciel HHbIMUA B [79]. B momonHeHuWe K APYrMM HCTOYHMK M,
KOTOpbIE MOTYT M3MEHHTh HOPMHUPOBKY H ILIETO Pe3ysibT T , OTMETHM 3(eKT He-
nepTyp6 THBHOI 3BoMmonMK [87] U3 H 4 ypHOrO M cmt 6 pd K Q? ~ 1 I'eaB2.

4. 3AKIIIOYEHHE

Ut K, MBI p CCMOTpeNTu TeopeTHYecKue MPEeacK 3 HUs IS MIDIATYOB P C-
npeneseHus 1 (yHKIMU p CHpPEAETeHHs B JIEHTHBIX KB pKOB B nuoHe (102) u ee
MOMEHTOB (97). Bpruucienust ocHOB Hbl H MHCT HTOHHOHM Mopenu KXJI-B kyym ,
KOTOp s MOXET MPETEHIOB Th H pe JIMCTUYECKYI0 TP KTOBKY HerepTypO THUBHOM
IVH MHKH. B T KOM Mogxone CyImecTBYeT H JIeXJ BBIP 3UTh H OJIIOI eMble CBOI-
CTB JAPOHOB Yepe3 (PyHI MEHT JIbHBIE X P KTEPUCTHKU B KYYMHOTO COCTOSHUS.
MBI H 1IUTH, 9TO WHCT HTOHH $ MOJEJ b XOPOIIO OIHCHIB €T BEJTUMYUHBI B KYYMHBIX
OXUJI HAU KB PK-TIIIOOHHBIX OIEp TOPOB H WHM3IICH P 3MEPHOCTH W HU3KODHEP-
TeTHYECKUX H OJII01 eMbIX MUOH . [Jist TOro YTOOBI MOJYUYUTh STH PE3YJIbT ThI, MBI
UCIIOJIb30B JIM K JIMOPOBOYHO-UHB PH HTHYI (POpPMY I JTUH MHYECKOH M CCHI
KB PK M KB PK-ITHOHHOHM BEpIIMHBI C YIOPSIOUEHHBIM 1O NyTH Pexp-¢ KTopoM
Isuarep . T KUe ¢p KTOPHI BXOMIT B OIpEAETIeHHe HEJIOK JIbHBIX BETHIWH (IO-
NOOHO HENOK JIPHOMY KB PKOBOMY KOHIEHC TYy), KOTOpbIe d(P(eKTUBHO YIUTHI-
B 10T p IU IMOHHBIE 3 PEeKThl IITIOOHHOTO U (POTOHHOTO MO, KOTI 1B KB PK
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YA JIFI0TCA APYT OT APYT . B pe3ynpT Te nuoHHBIE (DYHKLUH P CIpPEAeTeHUsd KB p-
KOB BBIP XE€HbI uepe3 3(p(PeKTUBHBIN p 3Mep WHCT HTOH p. U I P METP M CCBHI
KB DK 1.

IMyonH s MOIUTYD p crpeseseHus U (QYHKIMS p CIIpe/iesIeHHs] KB PKOB H3-
BIICYEHBI B HU3KOH TOYKE HOPMUPOBKH, I7ie 3(hheKTUBHBIA HHCT HTOHHBIH MOIXOM
onp BA H. Ilok 3 HO, 4TO crp BeUBOCTh N PTOHHBIX IIC 1 M30CHMH U MOJ-
HOTO HMIIYJIbC €CTh CJIEACTBHE YCJIOBUS CBSI3HOCTH M HENOCPEICTBEHHOIO IMpH-
MEHEHHS! K JTUOPOBOYHON MHB PU HTHOCTH. 19 BBIBOI O®THX PE3yJIbT TOB IpH-
MEHSIeTCSl TEXHHUK , KOTOpP S MOXET P CCM TPUB ThCS K K HE3 BUCHMBINA MOAXO,
H Py C PEeLIETOUYHBIMU BBIYUCICHUSIM U (DEHOMEHOIOTHYECKUM (DUTOM DKCIIEpH-
MEHT JIbHBIX A HHbIX. MCHoib3yd BBIYHUCIEHHYI0 (PYHKIMIO P CIIPEHETeHUS B K -
YecTBE H Y JIbHBIX JI HHBIX, C TIOMOLIBIO CT HJ PTHOH NepTypO THBHOMN dBOJIOLMU
MBI TIOJTy9WSIH P CIIpefielieHne KB PKOB B NMHOHE TpH Oojiee BBICOKUX HMITYJIBC X
nepeq 4d, JOCTHXHUMBIX B 3KcrmepumeHTe. H iiieHO p 3ymMHOe comnl cuwe ¢ 1 H-
HbIMU. @ KTHYECKHE BBIYMCIICHUS BBINOIHEHBI B NPUOINXKEHUN 3 MOPO3KH, KOT[
a(p(peKT MU BHYTPEHHETO KB PK-IJIIOOHHOTO MOpsi MOXHO IpeHeOpedb. Oxuj -
ercd, 4To 3(QeKTs BHYTPEHHErO KB PK-IIIOOHHOTO MOpS HMHOHHOIH BOJHOBOI
(yHKIMM ¥ HemepTypO THBH S ®BOMNIONMS NPU NPOMEXYTOYHOH SHEPTHU I IyT
Jy4Illee COIT CHe MEXJy TEOPETHUECKUMH INPEACK 3 HHUAMU U (heHOMEHOJIOTHYe-
CKUM H JIM30M.

Astopsr 611 rox par C.b. TI'ep cumos , HH. Kouenes , C.B. Mux iinos ,
M.K. BonkoB 3 miogoTBopHOe oOcCyxmeHme pe3yisT ToB. P 6ot A.EJ. u -
ctuuHo noiepX H rp HToM C.-TletepOyprckoro uneHTp (pyHI MEHT JIbHBIX HC-
crieno Huit Ne 97-0-6.2-28. JI.T. 6 ron putr Conselho Nacional de Desenvolvi-
mento Cientifico e Tecnoldgico do Brasil (CNPq) u Fundagdo de Amparo a
Pesquisa do Estado de Sao Paulo (FAPESP) 3 9 cTuyHyo momiepxky.

I[Ipunoxenue A

K nuOpoBOYHO-UHB PU HTH $I CK JISIPH 9 4 CTh mpon I Top KB pk (18)
UMEeT CIEIYIOIINe P 3JIOXKEHUS H M JIBIX M OOJIbIIMX €BKJIMIOBCKUX P CCTOSI-
HUAX:

1..2
1—-L +.. npu 22— 0;
2 4 p?
Qz®) = 2 1 C
28 4 mpu 2% — oo.

CK IpHBIHA NPOI T TOP KB PK B KOH(UTYP LIUOHHOM U HMIYJIBCHOM HPEICT -
BIICHUSIX M300p XeH H puc. 1 U 2 COOTBETCTBEHHO H Psioy C IPOI T TOp MH,
MOJTyYeHHBIME TIpH TipeHebpexeHnu Pexp-¢ kTopoM B (14) ¢ moMoIbio BbIp Xe-
HUI U1 KB PKOBOIl HYJIEBOH MOJBI B CHUHTYJISIDHOW M PEry/IsipHOW K JIMOPOBK X.
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B peryisgpHoi K THOpOBKE UMEEeM H JIMTHYECKOE BBIP KEHHUE

2 1
(@) = = [ 1 - — . 107)
Qeg( ) yg \/W y:i (

2p¢
B  uMmynbcHOM — NIpeNCT BIGHHHM  HOPMHMPOB HHBIH  IPON I TOp KB PK
(6e3 Pexp-th KTOp ) MpPOMOPLMOH JieH KB AP Ty KB PKOBOW HYJEBOIl MOJBI, CO-
OTBETCTBEHHO, B PEryJISIPHON W CHHTYIIPHOH K JIMOPOBK X:

Qreg(p) = exp(—2pcp), (108)
2
- d
Qsing(p) = Z@ [Il (z)Kl(z) — I()(Z)K()(Z)] L M . (109)
2

W3 puc. 2 BUOHO, YTO B UMITYJIbCHOM IIPEJCT BJICHWH (JOPM TMIPOI I' TOP OYEHb
YyBCTBUTENbH K Pexp-¢ KTOpy*.

EcrecTBeHHOE K JTMOPOBOYHO-MHB PU HTHOE OINpEAeNeHHe I CpelHel BUp-
Ty JIBHOCTH KB PKOB (54) ( T kxe B (53) amst KB pxoBoro KoHueHe T ) ¢ M, (k),
onpenenenHoit B (13) u (10), cnp BemiuBo, eciu pemenue B (18) 3 muc HO
K JTMOPOBOYHO-WHB PHU HTHBIM 00p 30M. ECiii 3 MEHHTB BBIp KEHHEM B CHHTYJLIP-
HOUM K nmOpoBke (mpeHebper s Pexp-¢ KTopoMm) B (54), TO mOITyUNM
A2 = 9/(2p2) ¢ xoohduumentoM, 1 JeKHuM OT Tp BiIbHOrO. [pHanHOil wis
T KOr0 HECOIVI CHSl IPU BBIUUCIICHUU HEJOK JIbHOU BETUYUHBI SBJISIETCS TO, YTO
KOB PU HTHOCTh IIPOM3BOJHON B M TPUYHOM aineMeHTe (54) yTepsH . DTO mpu-
BOAUT K TOMY, YTO Il BOCCT HOBJICHHS TP BHJIBHOTO DPE3YJabT T HEOOXOOMMO
ydecTh 00O BOUYHBIC WIeHB B (54), KOTOpbIe YIHUTHIB JTU ObI 9(PheKThI IITIOOH-
Horo nond. OgH KO C HCHOIB30B HHEM H CTOAIIErO UHB pU HTHOro mnogxon (14)
T Kue 3(PPeKThl BTOM THUYECKU YUHUTBIB IOTCS C MOMOIIBI Pexp-¢ KTop .

IIpunoxenue b

JI711 MOJTHOTHI NpPUBEAEM SBHBIM BBIBOJ IOJHOM KCHU JIbHO-BEKTOPHOM Bep-
LIMHBI ¥ IPOJEMOHCTpUpPYeM BbilloJHeHHe Kcu JibHoro YTT. Ilocne yuer mnepe-
P ccedHMd KOHCTUTYEHTHOIO KB PK B K H JI€ C IMOHHBIMU KB HTOBBIMH YHCI MU
H WIEM IOJIHYI0 BEPLIUHY:

Appa _A La A ppa
r (k,p) =" " (k,p) +° T (k,p), (110)

vertex rescat

*UroGbl u306€X Th MPOTUBOPEYUS C K JUOPOBOYHON HMHB PU HTHOCTBIO, HEIb3sl MOIb30B ThCs
TP KTOBKOHl IIpOIl I TOP KB PK B P-TIPEACT BICHHH B () KTOPHU30B HHOW (popMe, K K 3TO ObUIO
cien Ho B p Gore [18].
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e ATrHe (k,p) SBJISIETCS 3 TP BOYHOU BEpIIMHON, 3 1 HHOU B (51), u

a oy ., Gy 1 .
A fecas (k,p) = po Jpa (p)THPP(MQTF”(k’p) (111)
Tq

cI'y, (k,p), pp (p), onpenenenabiMu ¢ momonisio (39), (33) cOOTBETCTBEHHO, U

T8 () = 2, / (;lT’;f(W(k')x

xtr {AF““(k,p) [k + M (k)] Vs [K + M ()] *1} (112)

¢ k' = k+p. Bnrox ps yp Buenuo wenu (9) sepmmH (111) comepxur mo-
moc npu p? = m?2. Cp BHUB Bb¥eTHl B moioce B (52) u (66) mpu z = 0,
MOJIy4YUM BBIp XEHHE VI KOHCT HTHI p cil 1 muoH . MaTerp a1 B (112) cBomutcs

K HHTErp Jly, ONpeleoIemMy g;qQ B (40) H M ccoBOIl MOBEPXHOCTU NHOH , U
(112) moxer ObiTh 3 HC H K K J 4 (p) = ZiéwT:p“. C 1pyroil CTOPOHBI, BTOT
M TPHYHBII BJIEMEHT OmpejensieT KOHCT HTy p ¢ 1 Jh 4 (p) = 2F:ip”. T kum
0o0p 30M, KOHCT HT P CI I TNHOH Fj BOCIPOHM3BOAUTCS B TOM BHUIE, K K OH
3 1 H coorHomeHueM [omgbeprep — Tpeitm u [20] F = \/§Mq / Grq. Tono6-
HbIM 00p 30M, eciu moact Buth B unTerp i (112) ¢ krop exp [—i (p — 2k) - 2],
NPOSHUPYIOIIMH KB PK C UMIIYJIbCOM K H CBETONONOOHOE H Ip BIICHHUE Z, IOJIY-
yum  (67).

IMonH ¢ BepuiMH MOXeT OBbITH lepenuc H B OopMe, SBHO YIOBJIETBOPSIOIIEH
VTT. IlepBole 18 uneH B mp Bod 4 ctu (51), oueBunHO, ynoeneTBopsaoT YTT.
JIiist Toro 4To6BI KOMIIEHCHPOB Th TPETHI WiIEH 3TOrO yp BHEHUS, WIEH Iepep c-
cesms ATH - (k,p) (c momompio (51)) 3 MHMCHIB eM K K

_Z'p_u Mf(k’)f(kz) X
p* 1= Gillpp(p)

4 2 ~ - ~
< |Gittee) [ Gy FOUC+n) + - pl-

dlte{[p— M(?) - M)+ M)yl + M5} 7,0 7
_/ (2m)* ("2 = M2(1?)) (12 — Mz(lz)) = fa )f(l)] ;
(113)

e I = [+ p. C noMowpio cokp menns oaHoro us ¢ kropos 12 — M? (1%) B
3H MEH TeJe MHTerp J ¢ WICHOM M3 IUp KOBCKOIO Cliell B YHCIHUTENE U, CO-
OTBETCTBEHHO, CIBUT s NEPEMEHHbIE UHTEIPUPOB HHMsl, IIEPBBIN WIEH BHYTPU KB -
Ip THHIX cKoOOK (111) MOXHO mepenuc Tb B TOH Xe (popMe, K K ¥ BTOPOH. DTO
JEMOHCTpUpYET TpebyeMoe COKp INeHHe, IIOJH S BEPIIMH 3 ] €TCs C TOMOIIBI0
(52).
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«DPU3UKA DJIIEMEHTAPHBIX YACTHL H ATOMHOI'O AIPA»
2000, TOM 31, BbIII. 5

539.1.01

YHUBEPCAJIbHbIE MACLUTABHbIE
COOTHOLUEHWNA
ONA KOHCTAHT CBA3MN ME3OHOB,

COOEPXALLNX TAXEJIbIE KBAPKIA
B.B.Kucenes

lFocyn pCTBEHHbIV H Y4HbIA LEeHTp Poccuitickon denep umm
WMHCTUTYT dU3nkm BbICOKUX 3Hepruii, NpoTerMHO, MockoBCK $1 0611.

O6cyxn ercs (OPMYTUPOBK M OOJ CTh INpPUMEHEHHS KB 3WIOK JIBHBIX IIp BIJI CyMM IUIs
S-BOJIHOBBIX yPOBHEH TSIKEIOrO KB PKOHHS, KOTOpbIE MO3BOJSIOT HCIIONB30B Th PEryISpPHOCTb CHEKT-
P M CC M HOIyd Th M CIUT OHbIEe COOTHOIIEHHS JUIS JICNTOHHBIX KOHCT HT CBS3M, H XOMILIUECT B
XOpOIIIeM COINl CHU C MMEIOIIMMUCS dKCIIEPUMEHT JIBHBIMU JI HHBIMHU /I BEKTOPHBIX COCTOSHHUI CH-
cTeM 4 pMoHHS M 60TTOMOHHUA. IIpoBeneHO 0060OLICHNE NPEUIOKEHHOI0 METOX H TSKeJble ME30HBI
C ONHHM TSKENBIM KB PKOM, ISl KOTOPBIX IOJY4EHO M CIIT GHOE COOTHOLIEHHE, COLN CyloIieecs ¢
9hheKTUBHOI TeopHell TsxemblX KB pKoB. Clen Hbl YuCIeHHbIe oLeHKH I p MeTpoB KX]JI B cexTope
TSXKEJBIX KB PKOB: M CC KB PKOB, KOHCT HT CBSI3U (vs, DHEPIUM CBI3U M CPEIHEro KB [P T HMIIYJIbC
TSDKENOro KB PK B TSKEIOM Me30He. P cCMOTpeHBI Ip BT CyMM /Il ME30OHHBIX TOKOB, OIpejie-
JIFIOMUX KOHCT HTY P CH J TSXEJIOro BEKTOPHOIO KB PKOHMS H I Py TAXKENbIX ICEBIOCK JISIPHBIX
ME30HOB, IJl¢ HOIy4eHO M CIIT GHOe COOTHOILIEHUE, CBSI3BIB IOIlee KOHCT HTHI P CII JI KB PKOHHUEB C
P 3IMYHBIM KB PKOBBIM COCT BOM. IIpOBEfieHO Cp BHEHHME C ®KCHEPUMEHT JIbHBIMH JI HHBIMH, YK 3bl-
B IOIIUMH H XOpOLIee COIT CHE C TEOPETHYECKUMH OLEHK MU. H OCHOBe BBIBEIEHHBIX M CIIT OHBIX
COOTHOIIIEHHH C/IeTT HBI PEICK 3 HUSl CBOMCTB TsXenmoro kB pkomus (bc).

The formulation of quasi-local sum rules for the S-wave levels in a heavy quarkonium and
the region of their application are discussed. The sum rules allow one to use the regularity in the
mass spectrum and to derive scaling relations for the leptonic decay constants, which stand in a good
agreement with the current experimental data for the vector states in the systems of charmonium and
bottomonium. The generalization of the offered method to heavy mesons with a single heavy quark
is performed, so that for the latter systems, the scaling relation, consistent with the Heavy Quark
Effective Theory, is derived. Numerical estimates are presented for the QCD parameters in the heavy
quark sector: the quark masses, coupling constant «s, binding energy and average square of heavy
quark momentum inside the heavy meson. The sum rules for the meson currents, determining the
decay constant of heavy vector quarkonium to the pair of heavy pseudoscalar mesons are considered
to get the scaling relation, connecting the decay constants for the quarkonia with the different quark
contents. The comparison with the experimental data points to a good agreement of the theoretical
estimates. Some properties of the (bc) quarkonium are predicted on the basis of scaling relations
derived.
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BBEJEHUE

[lonH 9 X pTUH NPEUU3UOHHBIX HCCIENOB HUM CT HI PTHOM Monenu [1] u
NoucK 3¢heKTOB HOBOW (PU3MKHU IPEANON T €T NpsIMOe M3MepeHue TpexO030H-
HOW 3JIEKTPOCNT OOi BEPIIMHBI, TOUCKH XUITCOBCKUX U CTHUIL [2], CYIepMYJIbTHILIE-
ToB [3] u T.. H Kot uuep x ceepxsbicokux aHepruil (LEP200, LHC), T xxe
n3yyenue 3¢pextoB H pymenns C'P-MHB pu HTHOCTH M U3MepeHHe (PyHI MeH-
T JIBHBIX 11 P METPOB 2JIEKTpOC 00ii Teopuu (Ipexkie BCEro, B CEKTOPE TSIXKENbIX
KB PKOB).

JinurenpHOE BpeMs LIEHTP TSAXKECTU YCWIMM 110 pe JIM3 LMW 3TOU IIPOrp MMBI,
HECOMHEHHO, OyleT H XOmuThcs B 001 CTH (PM3MKHM TSAXKENbIX KB PKOB K K H
yxe p 6ot fommx kot Haep X LEP u FNAL, T Kk u H 11 Hupyemsix ¢ OpuK X
B-me3onoB B SLAC, KEK 1 5 HERA-B.

B c¢usmke Tsaxensix c- U D-KB PKOB BBICOKOTOYHBIE M3MEPEHHSI X P KTepH-
CTHK 3JIEKTpOoCi 00il TeopuH B peaKuX MPOLECC X U IMOMCKU BO3MOXHBIX dhheK-
TOB, OOYCJIOBIIEHHBIX P CIUMPEHUSIMH CT HJI PTHOW MOJENIN U CBS3 HHBIX C BHp-
Ty JIbHBIMU TIONP BK MH, KOTOpPbIE 3 I I0TCSl OOJIBIION DHEPreTUYECcKOu IIK JIOH,
IpPEeAros I 0T UX H JeXHOe M TOYHOE BBIIEJICHHE B IIPOLIECC X, [Ne JOMHUHUPYIOT
2hheKThI CUILHOTO B3 UMOJEWCTBHS, CBA3BIB IOLIETO KB PKU B ApOHBI. [loaToMy
3H YHTEJbHYIO POJb B NPOBEJCHUM MONOOHBIX UCCIIENOB HUH Oy#eT Urp Th TOY-
HOCTb M H JEXHOCTb TeopeTudeckux 3H HUil o juH muke KX]II [4] B cekTope
TSAXKEJBIX KB PKOB.

M cc TAXenoro KB pK m¢ 3H YMTENbHO Oonblie M cIIT 6 KOH( HHMEHT
A, onpenensioiiero HernepTypO THBHBbIE d((eKThl B IpoH X. H nmume M Joro
1 p Merp A/mg 1MO3BOJSET P 3BUTH MOLUHBIE CPEICTB B H3YyYCHHH ME30HOB C
TaxenbMi KB pK Mu. T K, M 11 51 BermunH KoHCT HTbl KXIT ars ~ 1/ In(mg/A)
[5] ompenengeT H IeXHOCTh BBIYMCIIEHHH XECTKUX MPOLIECCOB C TAXKEIBIMU KB P-
K Mu 110 Teopuu Bo3myuieHuid KXJI. M 11 g sHeprus CB43M TAXEIOro KB PK
B JIpOHE, 3H YHT, U M JI 9 BHPTY JIBHOCTb, IIPUBOAUT B BEIyILEM INPHOIIKe-
HUM K HEPEATUBUCTCKOMY IBIKEHHIO TSKEJIOTO KB PK B JPOHE, YTO ONpPENENIeT
yCIEIIHOE IPUMEHEHHEe HePESITUBUCTCKHUX MTOTEHIH JIbHBIX Mojenel [6] K onwmc -
HUIO CIIEKTPOB M CC K K TSXENBIX KB PKOHHMEB, T K U ME30HOB C OJHUM TSXEJIbIM
KB PKOM, IJi¢ B IOC/Ie[HEe BpeMs IONy4HI MHTCHCHUBHOE P 3BUTHE T KXe 3-
¢extuBH 5 Teopus Tsxenbix KB pkoB (HQET [7]), ocHOB HH 1 H KOB pPU HTHOM
P 3JIOXEHHH JI ITp HXH H Taxenoro KB pk B KXJI o M 1oMy KUHEM THYECKOMY
I p METPY, 3 I B €MOMY M JIbIM BUPTY JIbHBIM HUMITyIIbCOM TSXKEJIOTO KB PK 110
CP BHEHHMIO C €r0 M CCOH (B BeaylieM NPUOIMXEHUH TSXENbId KB PK P CCM TpH-
B eTcd K K CT TMYECKHIl UCTOYHHK [NMIOOHHOTO mond). [IpouHBIM TeopeTHYecKuM
(byHI MEHTOM 71 MOCTPOEHHs] MONOOHBIX IMOAXOIOB CIYXHT OIlep TOPHOE p 3-
moxeHne Buimbcon [8], KoTopoe mo3BoNseT BBIOETATH d(hheKTH MepTypO TUB-
Hot muH MuKU KX]I ¢ BUPTY JIBHOCTSMH, OONBIIUMH IIK JIbI () KTOPU3 IVH [i, B
BHJIE COOTBETCTBYIOIMX K0achpuimentos C;(142) mepeit cOCT BHBIMU ONIEP TOP MU
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O;(4?), M TpUUHBIE BJIEMEHTBI KOTODBIX ONPENENSAIOTCS HENepTypO THUBHBIM X -
p xrepom KX]JI B uH(p Kp cHOl 00s1 CTH, TIe BUPTY JBHOCTH MEHbLIE LK JIBI (L.
B mp Bwn x cymm * KX]I [10] Bk a1 HenmepTypO TUBHBIX KB PK-TTIOOHHBIX KOH-
JEHC TOB SIBJIAIOTCS CTENIEHHBIMH IIONP BK MU K IIEpTYpO THBHBIM BBIP KEHHUIM
JUIS CTIEKTP JIBHOM IUIOTHOCTU KOPPEISATOPOB TOKOB B P 3JIOXEHUH 10 00p THOU
M cce TAXeoro KB pK .

H nyume nByx sHepreTndeckux M CIIT OOB B3 MMOIEUCTBHS, 3 JI IOIIUX M -
JBIA T p METp, IO3BOJSIET B psifie CIyd €B p 3p O THIB Th METOABI ITOMYYCHHUS
YHHUBEPC JIBHBIX M CIUT OHBIX COOTHOLIECHU Ul (PU3MYECKHUX BEMYMH, X P KTep-
HBIX JJIS TIPOLIECCOB C P CCM TPHUB €MbIM B3 HUMoAeHcTBHeM. T K, M JI 4 DHeprus
CBSI3M KB PKOB B JIDOHE IO Cp BHEHHIO C Ilepel 4el ®HepruM B MPOLECcC X INy-
OOKOHEYNPYToro p CcesHHs JIENTOHOB H HYKJIOH X ITO3BOJIMUI  BBIIBUTH 3(h(peKT
CKCWJIMHT , OTpeNesiieMOro p CCesHHeM H CBOOOTHBIX I PTOH X-KB pK X [11].
B ¢usnke Me30HOB 1 6 PHOHOB C OJHUM TSIKEJIBIM KB PKOM YA €TCSI OTPEACIUTD
B BeJlyLIeM MPHOJIMKEHUH 10 00p THOW M cCe TSXENIOro KB PK YHHBEPC JIbHBIE,
HE 3 BHUCSIIME OT POM T TSIXKENOro KB pk ¢opMg KTOpbI B IpoLecc X ¢ ObIX
9KCKJIIO3UBHBIX P CH JOB T KUX ApoHOB [12]. B »TOM Xe NpHOIUXEHUU CT TH-
YEeCKHMX TSXKENBIX KB PKOB IOJy4E€HO M CIIT OHOE COOTHOILIEHHE IS JICTITOHHBIX
KOHCT HT TSXEJIBIX ME30HOB C OJHHUM TSXEJIBIM KB PKOM, KOTOPOE O3H 4 €T (pu3H-
YECKH, YTO IIPU 3 JI HHOM TOYHOCTH P CCMOTPEHUS I0JI€ CT TUYECKOIO UCTOUHUK
He 3 BUCHT OT ero poMm T [13].

H pymenue nogoOGHbIX M CIIT OHBIX COOTHOIIEHUH ONPEAENeTCSsl y9eTOM CTe-
neHHbx nonp Bok (1/Q? — B mIyGOKOHEYpyroMm p ccesHuu, 1/mg — B Teopuu
TAXKEJbIX KB PKOB), T KX€ y4€TOM JIOT pU(MHUYECKUX NETIIEBBIX NONP BOK B Te-
opu# Bo3MyIlleHHi [14]. B aTOM ciyd e momp BKHM H pyII 0T YHHUBEpPC JIBHOCTb
M CIIT GHBIX COOTHOILUCHUiA, T K K K, K IPUMEPY, OHH SIBHO 3 BUCSAT OT POM T
TSXKEJIOro KB PK 4epe3 ero M ccy.

M cmr 6HOe COOTHOIIEHHE TS JIEHTOHHONH KOHCT HTHI ME30H C OJHUM TS-
KEJbIM KB PKOM, T KX€ JIOr pu(pMHYecK s MONp BK K HEMy MOTYT OBITh I10-
JIy4eHBI TIPU P CCMOTPEHHM M TPUYHOIO 3JIEMEHT TOK B 3((eKTHUBHOH TEOpUH
TSXKEJBIX KB PKOB U CP BHEHHMU €r0 MEpPEeHOPMUPOBKU C COOTBETCTBYIOIIMMH Be-
suuuH My, 3 1 HHBIME KX]JI. OnH KO momoOHOe p CCMOTpEHHE He MOXET ObITh
IMPUMEHEHO K CHUCTEM M C JABYMS TSXKEIbIMA KB PK MM TUI TSXEJbIX KB PKO-
HHUEB, T K K K COOTBETCTBYIOLIME BBIP KEHUS ONPENEIAI0TCS OTHOCUTEIBHBIM JBH-
KEHHEM 3TUX JBYX KB PKOB, KOTOPOE SBHO 3 BHCUT OT UX POM TOB, TO €CTb OT
ux M cc **.

*IIp BUM CcyMM B JIpOHHON (pusuke Gbuth cchopMynupoB Hel B [9].

**B omep TOpPHOM p 3710XeHuH W1 Tsaxenoro kB pkoumsi (NRQCD [15]) B K wecTBe M JIbIX
I p METPOB MCIHOMB3YIOT K K M Il BUPTY JbHOCTH (A/m¢g < 1, k X B HQET), T K u M Jyio
CKOPOCTb OTHOCUTEIBHOTO JIBHKEHUS (v? < 1).
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B Taxenbix KB pKOHMSAX (DEHOMEHOJIOTHYECKH H OI0f eTcd K K M JI 4 3Hep-
TUS. CBA3M TSIKENBIX KB PKOB, BBIP KEHH S B OIp HMYEHHOM 4YHCJIE YPOBHEH B
Y3KOH MO Cp BHEHMIO C M CC MU COCTOSHHI 3HEPIeTHYECKOW IIEIH HIKE MOpor
P Cl I H T Py TSXEIbIX ME30HOB M B H JAEXKHOCTH NPHMEHEHHS! HEPEIISITHBUCT-
CKOIO p CCMOTPEHHS, T K U ABH $ PEryJspHOCTh CIIEKTPOB M CC, OIPEENSION I
He3 BHCHUMOCTb P 3HOCTH ®HEpIuil ypoBHEil OT pOM TOB, HMEHHO OT M CC C- U
b-xB pkoB. [Tono6H 5 perynsipHOCTh H HOOJee SBHOE BBIp KEHHE H LUT B P M-
K X IMOTEHIHM JIbHBIX MOfeJeldl B BUIE YTBEPXKACHHS O HE3 BHCHUMOCTH CpeIHEH
KHUHETHYECKOM DHEPTHHU TSIKENbIX KB PKOB OT X POM TOB U B COOTBETCTBYIOILINX
yp BHEHHSX IS IJIOTHOCTH YPOBHEH ®HEPIUM, CK XeM, S-BOJHOBBIX COCTOSHHIA.

DeHOMEHOIOTHYEeCKHE HEPEIITUBUCTCKHUE MOTEHIM JIbHBIE MOJETH TAXKENbIX
KB PKOHHEB, OJIH KO, HE MOTYT CJIy>KMTh OCHOBOM JUISl TOJTY4EHUS M CIUT OHBIX CO-
OTHOIIIGHUH [UIS JIENTOHHBIX KOHCT HT, ONpeNesseMbIX B BEIyIIeM MpUOIMKEHNN
BOJIHOBOW (DyHKIIMEH KB PKOHMS B H 4 Jjie KoopauH T. HecmoTps H He3 BuCH-
MOCTb MOTEHIM JI CT THYECKOTO UCTOYHHMK OT €r0 POM T , BOJTHOBbBIE (PYHKLIUH
TSDKENBIX KB PKOHHEB 3 BUCAT OT POM TOB KB PKOB M OT IVIOO JILHOTO TIOBEjie-
HUS MTOTEHUW J BOJIM3M H Y J KOOPAUH T M H P cCToSHUM 1 >> 1 M, KOTOpoe
cit 60 BIMSIET H CIEKTP M CC, T K K K BEpOSITHOCTh H XOXIEHHS KB PKOB B H -
Y Jie KOOpOWH T (Win H OONBIINX P CCTOSHMSX) MO BIIEH (CPEIHHE P CCTOSHUS
MEXJy KB PK MU B TEXEJNBIX KB PKOHUAX cocT BT 0,3 — 1,0 M), 1 KopoTKue
P CCTOFHHUS I I0OT M JIBI BKJI A B ONpelesieHHe CPeAHUX 3H YeHUH, H NpHMeEp,
MOTEHUH JI , 3 J IOIIUX M CChl ypoBHEH. T KuUM 00p 30M, MPEACK 3 TENbH 5 CHII
MOTEHIX JIbHBIX MOJIeJIell B OTHOLICHUH JIEITOHHBIX KOHCT HT 3H YHUTENBHO OCIH -
67eH n3-3 OONBIION MOJETBHON 3 BUCHMOCTH.

K x usBectHo, B nip B X cyMM KX]I mpu M JIbIX 3H YEHHUSIX HOMEpP MO-
MEHT CIIeKTp JIbHOI (PYHKIIMU CYLIECTBEHHBI BKJI Ibl K K OCHOBHOTO, T K U BO3-
OyKIEHHBIX PE30H HCHBIX COCTOSHHMMH, OJH KO B P MK X T KOIO IOAXOJ HEBO3-
MOXHO BBIIETUTh HW30JUPOB HHBIM BKJI I K XIOTO OTHAEIbHOro pe3oH Hc . Ilpu
OONBIINX Xe HOMEP X MOMEHT Mp BWJI CyMM H CBIII IOTCS BKJI JOM OCHOBHOTO
COCTOSIHHS, B TO BpeMsI K K BKJI JI BO30YX/I€HHBIX YPOBHEH MOJ BJIEH M UM OOBIYHO
npenebper oT. [loaromy B p MK X mp Buit cymm KX]I MeTomndecku He yO ercs
UCITIOJIB30B Th PEryIpHOCTb CHEKTPOB TAXKENIbIX KB pKoHHEB. Kpome Toro, T k
K K BBIYMCIICHHS] TIPOBOSTCS C OOOPB HHBIM PSIOM Teopuu Bo3mymieHuit KXJI
(H mpuMep, YIUTBIB I0TCS TOJIBKO MONP BKH OT OAHOIETIIEBOTO BKJI I ), B METO/IE
NP BHJI CyMM BO3HHK €T 3 BHCHUMOCTb (DM3MYECKOH BEMWYMHBI OT BHEIIHETO I p -
METp , OIPEENAI0IIero KOHKPETHYI0 cXeMy Ip B cymMM. H mpumep, pe3ynsT T
3 BUCHT OT HOMEDP 7. B METOJIE MOMEHTOB CIEKTp JIbHOM (ynkimu 11(Q?) niu
OT I p MeTp GOpeseBcKoro Mpeobp 308 Hust 0 = 1/M? B hOpMyIHUPOBKE TIp -
BIJI CyMM C IpUMeHeHueM InpeoOp 30B Hus bopens. Kpome toro, m p merpom
SBIISETCS TOPOT Sth, OTACISIONIMN OO CTh Y3KMX HENEepeKphIB IOLINXCS Pe30H H-
COB OT OOJI CTH KOHTHHYYM , Ille IIUPOKHE NEePeKpbIB IOLIUECS Pe30H HCHI MpH-
BOJAT K P 3MBITHIO PE30H HCHOM K PTUHBI U IUT BHOMY IOBEAEHHIO CHEKTp Jb-
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Hoii pynxkumu I11(Q?). VimeeTcss T KKe 3 BUCUMOCTb OT BBIOOD BETHYMHBI M CC
KB pKOB. T KuM 0Op 30M, H psy C YETKHM p 3rp HHYCHHEM NepTypO THBHOIO
1 HenepTypO THUBHOTO BKJI JOB, B IIp BWI X cyMM KX]I mpuXomuTcst MUPUTBCS C
3 BHCHUMOCTBIO PE3yJbT T OT BHELIHUX I P METPOB, YTO CYIIECTBEHHO OCJ OJsieT
IIPEICK 3 TEIbHYI0 CWIY J| HHOI'O METOJ .

B KOHEeYHO®HEepreTH4ecKHx Mp BWI X CyMM [16] p ccMOTpeHMEe pe30H HCHOM
00JI CTH TIPUBOAUT K CYIIECTBEHHON HEONpeNeIeHHOCTH, CBSI3 HHOH C BBHIOOpPOM
MHTEpPB J WHTETPUPOB HHMS, BKJIIOY IOIIEro B cebs AembToo0p 3HBIH BKJI A pe3o-
H HC . MckimoueHne nono6HOM HEONpeeIeHHOCT! TpeOyeT H JIOKEHHS JOMOIHH-
TEJIbHBIX YCIIOBUH, T K YTO U B MOJOOHOM IIOAXOJE T KXE€ He yI eTcs MOJyd Th
COOTHOILIEHHUS U1 KOHCT HT CB3U TSIXENbIX KB PKOHHEB, CIEAYyIOIIHE U3 M C-
T OHBIX CBOWCTB BHEPreTUYECKOU IIOTHOCTH YPOBHEH.

T kuM 00p 30M, HEOOXOmUM p 3p OOTK HOBOTO TMOAXOX , MO3BOJISIOIIETO
UCTIONIB30B Th PETYAPHOCTh CHEKTP M CC U SBHBIE BBIP XE€HH4 JUI IUIOTHOCTH
YPOBHEH TIXENIOro KB PKOHHUS, HEPENATHBUCTCKOE IBUXKEHUE KB PKOB B KB p-
KOHHH, O]l BJIEHHOCTh CTEIEHHbIX HerepTypO THUBHBIX IONpP BOK IO OOp THOM
M cce TSXeNbIX KB PKOB M BO3MOXHOCTH OINpPENENATh BKJ Abl OTAENBHBIX pe30-
H HCOB [UIS BBIBOJ YHMBEPC JIbHBIX M CIOT OHBIX COOTHOLIEHHH JUISl JIENTOHHBIX
KOHCT HT TSXEJIbIX KB PKOHHEB.

JIng onuc HUSA COCTOSHMI TAXENIOro KB PKOHMS, H XONSLIMXCS BBILIE IIOPOT
pcenma H 1 py TAKenbix Me30HOB (H mpumep, Y (4S), BiT(3S), (3770)),
CYILIECTBEHHBI KOHCT HTHI CBSI3M KB PKOHHUS ¢ Me30H MH. T KHe KOHCT HTHI OIlpe-
nensiorcs: Heneptyp6 tuBHOW nuH Mukoit KXJI. ITosToMy MX ommc HUe Mpeano-
JI T eT npuMeHeHue mopelneid uHpp kp cHoro nosegeHus B KX, K yuciay Koro-
PBIX OTHOCATCS IOTEHLH JIBHBIE MOJEIH TSAXKENIOro KB PKOHMS U ME30H C OIHHM
TSDKENBIM KB PKOM, € BUJ MOTEHUM JI MOXET ObITh CBI3 H ¢ (POpPMOM DIO-
OHHOT'O TPOIl T TOp B HeneprypOd THBHOM 001 cTH. B p MK X T KOro nomgxon
GbUT Cfienm H OLeHK wHpuHbl p ci g (3770) — DD B Mozenu KOpHesb-
cKoro noreHud J1 [17] ¢ TUHEHHBIM POCTOM HEPIHH B3 MMOJAEHCTBUS KB PKOB
IPU YBEJIMYEHUU P CCTOSHMS MexXny HUMU. OOH KO MOIENUPOB HUE MOBENCHUL
[IIOOHHOTO TPOI I TOp (IIOTEHLU JI ) IPUBOAUT, OYEBHIHO, K MOIEJIBHOH 3 -
BUCHMOCTH Pe3ylIbT T P CUeT KOHCT HT P CI JOB, YTO 3H YUTEIBHO CHUX €T
NpeNcK 3 TeJbHYI0 CHTY NOJOOHBIX OLIEHOK. B 3T0ii CB3M KTy JIbHOI IIpoGeMoii
IPEJACT BIIIETCS IMOCTPOEHHE P BWI CYMM Il ME30OHHBIX TOKOB, OIPENEIIOMINX
KOHCT HTBI P CII J| TSXEJIOTO BEKTOPHOIO KB PKOHHUS H II Py TSXEJIBIX ME30OHOB.
[Momo6HBINT KB PKOHUH, JeX INMAH B y3KOW DHEPreTUYECKOH IIer HUXe Mopor
pcna H 1 py Gonee TSIXeIbIX, YeM NCEBIOCK JIIPHbIE, BEKTOPHBIX COCTOSHUH,
UMeeT KOHCT HThI, HONUUHSIOUIMECS M CIIT OHOMY COOTHOILEHUIO B CHJIYy Ompere-
JIEHHOH 3 BUCHMOCTH P 3Mep LIEJTH OT M CC ME30HOB C OIHHUM TSKEJIbIM KB PKOM,
KOTOp 4 cienyeT u3 3(PeKTUBHOU TEOPUU TAXKENBIX KB PKOB.

B XHOI 3 I 4ell cT HOBUTCA MNpPOBEACHUE IET JILHOTO H JIM3 Ip KTHYe-
CKOro IPUMEHEHHs MOJTyYeHHBIX COOTHOILEHH IS MpeicK 3 HHUS COOTBETCTBYIO-
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IIMX KOHCT HT CBSI3M HOBOTO TSIKEJIOTo KB pKOHUS (bc), MOUCKH KOTOPOTO BELyTCs
B ®KCIIEPUMEHT X C BEpLUMHHBIMU jAeTteKTop MU H Koi iuep x CERN u FNAL.

CucrteM (bc) ¢ OTKPHITHIME TIPEIECTBIO M OY POB HHEM 3 HHM eT ocoGoe
MECTO cpefld TSKeJbIX KB pKoHues (QQ’). B oTimyue oT mogpoGHO M3ydeHHBIX
9KCIIEPUMEHT JIBHO M JOCT TOYHO TOYHO OIHCHIB €MbIX TEOPETHYECKH CEMENCTB
y pMonus (c€) u 6orToMoHus (bb), COOTBETCTBEHHO, CO CKPBITBIME 04 POB HHEM
U TIPeJIECThIO, TIXKEJblii KB PKOHUIA (Ec), ceMeicTBO B.-Me30HOB, UMEET CIELH-
(puaeckne mMex HHU3MBI OOp 30B HHMS, P CI OB U CIIEKTPOCKOIIHIO, HCCIIEIOB HHE
KOTOPBIX TO3BOJIMT 3 METHO P CIIUPHUTh M YIIPOYHUTh KOJIMYECTBEHHOE IMOHUM -
Hue auH Mukd KXJI, T KXe IpOIBUHYTHCSA B U3YYEHUM B XHEHIIUX I P METPOB
2JIEKTPOCT OO TEOpHUH.

OCHOBHO#1 11e/TbI0 0030p  SIBJSETCS M3yYEHHE CIEAYIOIUX Ipodiem.

1. ®@opMynHpPOBK METOX Mp BWI CyMM, MO3BOJIIONI S UCIIOJIB30B Th PEry-
JIIPHOCTb CIIEKTP M CC ME30HOB, COIEpPXK ILIMX TAXeJble KB PKHU, C LENBIO I0-
JIydeHUs M CIOT OHBIX COOTHOIIEHWH I/IsI KOHCT HT CBS3M KB PKOHHEB, KOTOpbIE
X p KTEpU3yIOT MeX HU3M KOH( MHMEHT TIXENbIX KB PKOB.

2. U3Bnevenue 3H yeHuii 1 p MeTpoB KX]I B ceKTope TSXeNbIX KB PKOB.

B p 30.1 u3yd 10TCA JIENTOHHBIE KOHCT HTBI TSXKENbIX KB pKoHues. Mcxon-
HBIM IYHKTOM IIOCTPOEHMS KB 3MIJIOK JIBHBIX TP BHJI CyMM 4BJIETCS P CCMOTpe-
HHE JBYXTOYEYHOIO KOPPENSATOP BEKTOPHBIX M IICEBJOCK JIAPHBIX TOKOB TSAXKENbIX
KB PKOB H OCHOBE OIEp TOPHOIO P 3T0XEHUS U TUCIIEPCUOHHOTO COOTHOLICHHUS
JUIS CTIEKTP JIBHOHM IUTOTHOCTH COOTBETCTBYIOIIMX hopmdp Kropos. Cremys cT H-
I prHOU cxeme np Buin cymMM KXJI juid BBIMUCIIEHUS MOMEHTOB CIEKTP JIBHOM
TITOTHOCTH, OTBEY IOIIMX TPOU3BOAHBIM KOPPENATOp TOKOB B Touke Q% = 0,
e HeT (PM3MYEcCKUX OCOOEHHOCTEH, 0OyCIOBIEHHBIX 00p 30B HHEM PE30H HCOB
U JPOHHOTO KOHTHHYYM , MOXHO OIpeIenuTbh 00/l CTh HOMEPOB MOMEHTOB, TIE,
C OIHOW CTOPOHBI, MOXHO NpeHeOpeub BKJI JOM OT IJIIOOHHOTO KOHJIEHC T ,

C Ipyrod — JOMYCTHMO HEpEITUBUCTCKOE NMPHUOIIKEHUE VI BKJI I KB pPKO-
BOIi HETJIM C YYETOM CYMMHPOB HUSl KYIOHOMOTOOHBIX (vs/U-MOMP BOK, [AE U —
CKOPOCTb OTHOCHTEJIBHOTO ABIDKEHHUS TSXKENbIX KB pKoB. HeobxommmocTp yuer

T KUX KYJOHOBCKHX IOIp BOK SBISETCS OCOOCHHOCTBIO P CCMOTPEHHS CHCTEM C
JIByMsl TSKEJTBIMH KB PK MH B P MK X OIlep TOPHOIO p 3JI0XEHHUS MO 00p THOU
M cce TAXKeJIbIX KB PKOB, YTO 3 METHO OTJIMY €T 3TOT MOAXOA OT 3(peKTUBHOMN
TEOpUM TAXKEJbIX KB PKOB. B p cueTsl BKIIIOY €Tcd T KX€ U HOINp BK 3 CYET
oOMeH XecTKUM IooHoM npu v — 0. TIok 3 HO, 4TO B T KOM CIIyd € C BBICO-
KOU TOYHOCTBIO MOMEHTBI CIIEKTP JIbHOU IUTOTHOCTU KOPPENISATOP TOKOB TSXKEJBIX
KB PKOB MOTYT OBITh IOJY4EHbl H OCHOBE HCIOJIB30B HHSI BEPOSITHOCTH 00Op 30-
B HMS TSKENBIX KB PKOB H IOpOre, KOTOp 4 SBSETCS MOCTOSHHOM BETUYHUHOMN
3 CYeT KYJIOHOBCKOIO Iepep CCesHHMsl, IPHYEeM CUCTEM THYECKHUil ¢ KTop Hmono0-
HOTO TIPEeJCT BJICHUS OMU30K K SAWHUIIE M SBJSIETCS BEJIMYMHON, UMEIoIel ¢l Oyro
3 BHCHUMOCTH OT HOMEP MOMEHT , KOTOPOi MOXHO NpeHeOpeys.
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MOMEHTBI CIIEKTp JIBHOH IUTOTHOCTH TOKOB TSIXKEJIBIX KB PKOB MOTYT OBITH
HENOCPEICTBEHHO BBIYMCIIEHBI 10 3KCIEPUMEHT JIbHBIM JI HHBIM O LUUPHUH X JIETI-
TOHHBIX P CH JOB S-BOMHOBBIX COCTOSIHHI TSXEJbIX KB PKOHHEB (4 pMOHHS (cC)
1 OOTTOMOHHS (bl;)). IIpy »TOM BKJ I JAPOHHOTO KOHTHUHYYM MOJIEIUPYETCA
CIIEKTpP JIbHOH IUTIOTHOCTHIO, BbiuMciaeHHOH B KX]I, Bblllle HEKOTOPOTo MOPOT  Sth,
9TO (p KTUYECKH O3H Y €T MCIIOJIb30B HHE JIOK JIbHOM KB PK- JIPOHHOM 1y JIbHO-
CTH TPU BHEPIusgX BhIIIE MOPOr KOHTHHYYM . [IomoOHOE MHpencT BIeHHE MOXET
MPUBOAUTH K cJ1 OOM HECYIIECTBEHHOH 3 BHCHMOCTH PE3yJIbT TOB OT BEIMIHWHBI
Sth- M Jlee, 9TO K ¢ eTcsd BKJI J PE30H HCOB, TO B OTMEYEHHOU OOJ CTH p c-
CMOTpEHHsI HOMEPOB MOMEHTOB CIEKTp JIbHOU INTOTHOCTH HEOOXOAUMO YUUTHIB Th
P ¥ JIbHBIE BO30YXIEHUS OCHOBHOTO COCTOSHUS. I 3THX BO30OYXICHHA H -
Outro eTcsl (PEHOMEHOJIOTHYECK S PEryJIIPHOCTb CIIEKTPOB TSAXEJbIX KB PKOHHEB,

MMEHHO: P 3HOCTH SHEPruil ypoBHEW Np KTHYECKH HE 3 BUCAT OT POM TOB
TAXKEJBIX - U b-KB PKOB. DTO O3H U €T, YTO IUIOTHOCTh T KHX COCTOSHUH SIBJIS-
eTca (pyHKIMel HoMep BO30YXJICHHS W He 3 BHCHUT OT M cC KB pKoB. H mboree
SBHOE BbIp XEHHUE 9TOi 3 KOHOMEPHOCTH MOXHO YCT HOBUTH B P MK X HEpessITH-
BUCTCKUX TMOTEHIIM JIbHBIX MOJIENeH TSAXKeIblX KB PKOHMEB, Ile COIT CHO TeopeMe
@eiiHM H —XelIM HH ONKC HH $ CUTY LM UMEET MECTO IpPH MOCTOSHHOM, He
3 BUCAINEH OT pPOM TOB KB PKOB M YPOBHS BO30OYXJICHHS BEIMYUHE CpEOHEN KH-
HETUYECKOW SHEPIuM TSKEJbIX KB PKOB B CBA3 HHOM cocTosHuM. Ilo Teopeme o
BUPH Jie TIOCTOSIHH 1 KHHETUYeCK 51 DHEprus OTBeY €T JIOT pUPMUUYECKOMY MOTEH-
U JIy B OOJ1 CTU CPEIHHX P CCTOSHHUI MeXIy KB DK MH B TSKEJIOM KB PKOHHUHU:
0,1 < r <1 ¢dwm, rae NPOUCXOTUT CMeH TepTypd THBHOTO KYJIOHOIOMOOHOIO MO-
BE/IEHUS NOTEHUM J H JIMHEHHBIA POCT HEPIUU B3 UMOAEUCTBUS, MPUBOISIILUN
K KOH( HMeHTY KB pKoB. Ci1 6 S 3 BUCHMOCTh P 3HOCTH DHEPIHil YpOBHEH OT
M CC TSXENbIX KB PKOB MOXET OBITh YITEH IIyTeM BBEICHUS CTEIICHHOTO IOTCH-
1 M pPT?H , KOTOpPBI UMeeT B OOJI CTH CPEIHHMX P CCTOSHUI B KB PKOHHU
Ty Xe (popMy, UTO U JIOT pUPMUYECKUN MOTEHLH JI, K K, BIPOUYEM, U TMOTEHIH -
Jpl, 3 1 HHple KX]JI. B 3TOM cilyd € MOXHO 3 IHC Th SBHBI€ BBIp XKEHHS I
TUIOTHOCTH .S-BOITHOBBIX COCTOSHUI KB PKOHHS.

Il nee, chopMyIUPOB HO UHTETP JIBHOE MPEICT BJIEHHE JUIS BKJI JI CYMMBI pe-
30H HCOB B MOMEHTBI KOPPEIATOP KB PKOBBIX TOKOB, IPUYEM CHCTEM THUYECKMIA
¢ KTOp MOIOOGHOIO MPEACT BJICHHUS B P CCM TPUB eMOi 001 CTH HOMEPOB MOMEH-
TOB ONHM30K K €IWHHUIE W TpeHeOpexXuMo cii 60 3 BUCHT OT HOMEpP MOMEHT .
CriekTp JIbH S IUTOTHOCTH WHTETP JIBHOTO MPENCT BIICHHS BKJIIOY €T B ceOs SBHbIC
BBIp XKEHUS VIS IUVIOTHOCTH YPOBHEH KB PKOHMS, UTO MO3BOJISET COOPMYIHPOB Th
KB 3WJIOK JIbHBIE TP BUJI CYMM H OCHOBE P BEHCTB MOJEJbHONU CHEKTpP JIbHOM
IUIOTHOCTU JIPOHHBIX COCTOSIHMIA M CHIEKTP JIbHOM IUTOTHOCTH KOPPEJISITOp KB P-
KOBBIX TOKOB, p ccuuT HHbIX B KX]I, K K 3T0 ObUTO ONMUC HO BbIie. OmpeeneHs
TOYHOCTb U P MKH [PUMEHUMOCTH IOCTPOEHHBIX P BHJI CYMM.

H ocHoBe c¢opMynIupoB HHBIX Ip BWI CYMM JUId JIEOTOHHBIX KOHCT HT
7.5-BOJIHOBBIX YPOBHEH TSXKEIOro KB PKOHHS MOJyYeHBI M CINT OHbIE COOTHOIIIE-
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HUA, KOTOPBIC V1A KOHCT HT BEKTOPHBIX COCTOSIHUI MMEIOT BH]

2 2 2

o My my+ma\" ¢
Mn M1 4#12 n ’
TI€ C ABJISICTCA BCHMHHHOﬁ, KOTOp 4 HE€ 3 BUCHUT OT POM TOB TAXEIIBIX KB PKOB,
COCT BIISIIOLIMX KB PKOHMIA. OH BBIp X €TCs CJEAYyIoUMM o0p 30M:

20, T (m1 + Mo

2
c= M, ) Hy Zsysa

™

e T — KHHEeTHUYeCK s DHEeprusl TEKebIX KB PKOB B KB PKOHHH, KOTOp 5 He
3 BHCUT OT pOM TOB TSIXENbIX KB PKOB, (xs OIpeNeiseTcs H M CIUT Oe dHep-
TUil KyJTOHOMONOOHOrO OOMeH MexXxay KB pK MU, Hy — ¢ KTop, OTBEY IOIIMiA
KECTKOH IIII0OHHON MOIp BKE, Zgys — CUCTEM THYECKHII ¢ KTOp HCIIOIb3YeMBIX
IPEeACT BICHHMH, (112 = Mima/(M1 + Ma) — IPUBEIEHH S M CC KB PKOB.

[Mony4eHHbIe yHUBEPC JIbHBIE M CIIT OHbIE COOTHOIIEHHUS CBSI3bIB 10T HE TOJIb-
KO KOHCT HTBI 70.5-BOJTHOBBIX BO30YXJ/IEHUI KB PKOHHS, HO U KOHCT HTBI KB pPKO-
HHEB C P 3JIMYHBIM KB PKOBBIM COCT BOM.

YHCIIeHHO BBIBEICHHbIE 3 KOHOMEPHOCTH H XOHSITCS B XOPOLIEM COIVT CHHU C
OKCIIEPUMEHT JIbHBIMU 1 HHBIMH I10 JISHTOHHBIM P CII O M t- U Y-4 CTHL M IO-
3BOJIAIOT CHEN Th MPEACK 3 HUA VI KB pKonus (bc).

[TpuBeneHHbIe M CIUT OHBIE COOTHOLIEHHMS ITO3BOJISIOT 10 JI HHBIM O JICTITOH-
HBIX KOHCT HT X OOTTOMOHMSI U Y PMOHHMSI MOJYYUTh OLEHKY KOHCT HTBHI B3 M-
mopeticteuss KX, Kotop s 0OBIYHO MPUBOAUTCA K M CIIT Oy M cChl Z-0030H
COINl CHO PEHOPMIPYIIIOBOMY ITOBEIEHHIO, T K YTO

as(m%) = 0,118 £ 0,003,

npu «(puzngeckomM» BbIOOpPE TOYKH HOPMUPOBKH B KYJIOHOIIONOOHOM OOMEHE MeX-
Jly TSKETBIMU KB PK MU 3, =1, KOTOp 51 ONpPENENSeTcs CPENHMM KB 1P -
TOM HUMITYJIbC KB PK B KB PKOHHHM. OTMETHM, YTO JOBOJIBHO LIMPOK 51 B PH LA
[ ou1 B P 3YMHBIX IIPEIEN X BP MK X OZHOIETIEBOrO NPUOIMXKEHNs U1st Koapdu-
IIUEHTOB BUIIbCOH TPUBOIUT K METOAMYECKON HeompeneaeHHOCTH das = 0,010,
KOTOp 4 CHHX ercs 10 das = 0,002 npu ydyere AByXmeTineBoro Bk 1 . [lomydyen-
H s OUEHK COIN CYeTCsl CO «CPETHEMUPOBbIM» 3H YEHHEM KOHCT HTBI avs(m?%).

Cuen HBI OLEHKH M CC C- M D-KB PKOB.

B p 31. 2 nposeneHo o600mieHre KB 3WI0K JIbHBIX IP BHJI CYMM H ME30HBI
C OJIHUM TSIXeNbIM KB pKOM. [Ipo H JIM3MPOB HO M CIUT GHOE COOTHOLICHUE JUIS
COOTBETCTBYIOIUX JIENTOHHBIX KOHCT HT B CT TH4YecKoM mpezene. [Tok 3 HO, 4TO
PE3yJIbT THl P CCMOTPEHHUS H XOASITCS B COIVI CHM C P HEe MOJIydeHHBIMH pe3yiib-
TT M Bp MK X HQET. B xone H nu3 copMylIHpoB H CHEKTPOCKONMYECKHIA
MOAXOM K OLIEHKE M CC TSXENbIX KB PKOB, HCXOA4 U3 3 KOHOMEPHOCTEH JUId M CC
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TSXKeJBIX KB PKOHHEB M HPUGIM3UTETHHOrO COBI AeHus ypoBHeil Y (4.5) u ¢(3.5)
C YHBOEHHBIMM M CC MH MM p(15) M Mp(15) COOTBETCTBEHHO, W TOTYYEHBI P 3-
MEepHbIE II P MeTpbl 3(heKTUBHON TEOPHU TSKETbIX KB PKOB: ®HEPIUM CBA3M U
CPEIHEro KB Ip T UMILYIbC TSAXeIbIX KB PKOB B ME30HE, KOTOpbIe H XOIIATCS B
COIl CUM C OLEHK MH B JIPYTHX IOIXOX X.

B p 31.3 cdopMyaupoB H HOB g MOJEb IIP BUI CyMM UL ME3OHHBIX TO-
KOB, OIIPEleAIoMMX KOHCT HTBl P CII [ TSXEJI0ro BEKTOPHOIO KB PKOHUS H
Il Py TAXENBIX ME30HOB, JIEX ILEro B Y3KOil ®HEpreTHYecKOl ILIeNu HIXe Hopor
pecn H I py Gomee TAXENbIX, YeM IICEBIOCK JIIPHBIE, BEKTOPHBIX COCTOS-
HUW. P ccM TpuB eMblil OOXOJ MO3BOJIAET HCHOJB30B Th 3 BUCUMOCTH P 3MED
SHEPIreTUYECKOU IIe/IU OT M CC TSXEJIbIX KB PKOB, KOTOPBIM IIPH M JIbIX HOMEP X
MOMEHT CIIEKTp JIbHOI IUIOTHOCTH 3 [ €T BEJIMYMHY KOHCT HTBI CB3H. DTO 1 €T
BO3MOXHOCTb IIOJIly4UTh M CIUT OHOE COOTHOLIEHME JUI KOHCT HT D CII 1 TSXe-
JIOrO0 BEKTOPHOIO KB PKOHHMS C P 3JIMYHBIM KB PKOBBIM COCT BOM, KOTOPOE HMEET

[ 13% 011171783370 §
9—2 Amap = const
M M ’

BCJIEACTBHE 3 BUCHMOCTH 3HEPIeTHUECKOMN IIETH MEXIY BEKTOPHBIM M IICEBIOCK -
JIIPHBIM COCTOSIHHSIMH TSIXEJBIX Me30HOB: AM; o - My 2 = const, tme M; o —
M CCbl ME30HOB B KOHEYHOM COCTOSIHHM, 112 — HUX HPUBENEHH S M CC .

Cp BHHTENBHBI H JIM3 YK 3BIB €T H XOpOIIee COII CHe M CIUT OHOTrO COOT-
HOIIEHHUS C 9KCTIEPUMEHT JIbHBIMK JI HHBIME 10 p el 1 M Y — BB u ¢ (3770) —
— DD.

ITok 3 HO mp KTHYecKoe MPUMEHEHHE IOIydeHHOIO COOTHOIICHHS I Tpen-
CK 3 HHS KOHCT HTHI CBS3M HOBOTO TSKENOro KB pKOHHA (bc), OMCKH KOTOPOTO
BEIlyTCsl B ®KCIEPUMEHT X C BEpPIIMHHBIMU AeTeKTop MU H Kot iuep x CERN
u FNAL, u npeck 3 H Benuund wwmpusbl p cn g B (39) — BT DO,

OCHOBHBIE Pe3y/bT ThI, IPEACT BJICHHBIE B 0030pe, OBIIN MOYYEeHbl B OPUTH-
H JBHBIX p 60T x [18-29].

1. IEIITOHHBIE KOHCTAHTDBI TAXKEJIBIX KBAPKOHHEB B
INPABWIAX CYMM

[TpoGrieM omuC HUS CBS3 HHBIX COCTOSIHUE KB PKOB, JIPOHOB TECHO CBSI3 H
c u3yuenneM noBegeHnss KX v Gompummx p cerosumsix (r ~ 1/A, A ~ 200 MaB)
U KOH( HHMEHTOM LBETHBIX OOBEKTOB. HeNmpHMEHHMOCTb TEOPHH BO3MYILCHHI
KX B uH(pp Kp CHOH 00J CTH NPHBOIUT K HEOOXOOMMOCTH IOUCK METOMIOB
HerepTypd THBHOTO ONMC HUSI CUJIBHBIX B3 MMOJICHCTBUIL.

B ciyy e TaXenbIX KB PKOB BO3HHK €T psifl YCJIOBHE, KOTOpBIE MTO3BOJISIOT, 3
CYET YIPOIICHUS P CCMOTPEHHS, CAENT Th CYIECTBEHHOE POIBHXEHUE B U3YYSHUU
KX H O6oNbpIIUX p CCTOSHHUSIX.
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1.1.1Ip BuA cyMM AJId TAKENOro KB PKOHMA. P ccMOTpuM IByXTOUeYHbIE
KOpPEJSTOPHl KB PKOBBIX TOKOB

HWW)zi/&mmmﬂMmﬂmm, (1.1)
Mp(g®) = i / d* e’ (0| T J5(x) JE (0)]0), (1.2)
rae
Ju(@) = Qi(z)1.Qa(w), (1.3)
Js(x) = Qi(z)15Q2(2), (1.4)
Jsu(x) = Qu(z)157u,Q2(x), (1.5)
(); — CIIMHOpPHOE TIOJIe TSKEJIOro KB pK TUI ¢ = ¢, b.

3 mmmem g nee

I, = <gw + q;#)nv(q% + qg‘j” s (%), (1.6)

rae Iy u Ilg — BeKTOpH 4 U cK JSpH S (PYHKIMH KOPPEJSALMU COOTBETCTBEHHO.
B 1 npHeiieM MbI OyieM p ¢cCM TPUB Th BEKTOPHBIN U IICEBIOCK JISIPHbIA KOppe-
aaropst: Iy (¢?) u Hp(g?).

OmnpeznenuM JIeNTOHHBIE KOHCT HTH fy, U fp,:

O (@)[Va(N) = i€ fv, My, e, (1.7)
(0| Jsu(2)|Pp) = ik, fp,e™e, (1.8)
rae
Jsu(x) = Q1 ()57, Qa(), (1.9)
T K uTO
M? .
O ()P = 8 20T i, (1.10)

npudeM |V') u |P) — Bektopsl 1~ - u 07 -COCTOSIHHII KB PKOHHUS, A — HOJISPH3 -
LU BEKTOPHOTO KB PKOHUS, K — 4-UMITylbC ME30H , k%,v = Mz%,v-

B ciayu e u pmonus (v, ' ...) u 6orromonus (Y, Y/, Y" ...) nerko nox 3 Tb,
YTO WIMPUH JIENTOHHOTO p ¢ 1 V,, — ete™ BbIp X eTcs 4yepes fy, B BHIE

4T 5 o Z
IV, —ete”)=— ea -

— 1.11
g i-em MVW,’ ( )



1090 KMCEJIEB B.B.

II€ e; — OJIEKTPUYECKUU 3 PaJ KB PK TUIl %, BEJUYMUH 3JIEKTPOM T'HUTHOU
KOHCT HTBHI 3 I €TCSI M CIIT OOM M CCBHI CBSI3 HHOTO COCTOSTHHSI.

B 001 cTH y3KMX HemepeKphIB IOMIMXCS Pe30H HCOB W3 ompeneneHmid (1.1)-
(1.10) cnenyer, yTO

1 (res) 2 2 2

—ImII = M 5(s — M, 1.12
- v (s) En Tv, My, (s vn)v ( )
l (res) _ 2 4 1 o 2

- ImII} (s) = En anMPn ( T 2)25(5 MPW,)- (1.13)

T xuMm 00p 30M, JUId H ONIO eMOW IPOHHOM CHEKTpP JIbHOM (PYHKIIUH HMEeM
1 1 res
= Im 1% (s) = = I IS (s) + pv.p(s, sib), (1.14)

rae pv,p(s, SK;P) — BKJI JI KOHTUHYYM , OTJIMYHBIM OT HyJd IpU S > Sgn. B
Il JIbHeiIIeM Mbl OyleM HOM T Th, YTO BKJ J KOHTUHYYM P BEH BBIYHCJICHHON
nepTypd TUBHOM 4 CTH IPU S > Sgp, T K YTO 3TO MOXET NPHBECTH K JTOMOJHH-
TEJIBHOU I P METPUYECKOH 3 BUCHUMOCTH OT Sgp,.

C 1pyroil CTOPOHBI, METOJ OIEP TOPHOIO P 3JI0XKEHUS IO3BOJNLET 3 IUC Thb

QD) (¢2) = TIPert) (¢2) 4 Cg(q2)<%G2> + Ci(q*) (miQiQs) + ..., (1.15)

rJIe BbUIEIEH NepTyp6 THBHBIA BKT g 11(Pert) (¢?), wHenepTyp6® THBHBI MpesCT -
BIIEH B BHUJIE CyMMBI KB PK-ITIIOOHHBIX KOHJIEHC TOB C BHJIIbCOHOBCKMMH K03(pu-
LMEHT MU, KOTOpbIe MOTYT ObITh BHIUUCIICHBI B Teopuu Bo3mymenuit KX]I.

B yp BHenu#u (1.15) MBI Orp HUYWJIKCH BKJI JOM B KYYMHBIX CpPEIHHMX OT OIle-

p TopoB ¢ p 3MepHOcThIO d = 4. s C(GP) (¢?) umeem, n mpumep [10]:

OoP) _ 1 f 3302 +1)(1 —v?)? lnv—i-l B 9v* + 402 + 3
G 192myms @2 205 v—1 v ’
(1.16)
rae
4
= ¢ = (m—m)?, o =1- 22 (1.17)

q

AH 5orum4Hble (hOPMYIIBI JUTSl APYIUX BUJIBCOHOBCKHMX KO3(I(PUIMEHTOB MOTYT OBITH
H #aensl B [10].

B Benywem nopsuke no teopud BozmywieHuil KXJI g MHUMOR 4 CTH KOp-
penarop nomaydeno [10]:

Im ngrt)(s) = (355 — 52 + 6mymas — 2m3s)0;(s), (1.18)

8ms2
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I THE™ (5) = 2 (s — (m1 — m2))0i(s), (1.19)

tie 5 = s —m? +m3, 32 = 3% —4m3s, 0;(s) = 0(s — (m1 +ma)?).

Onnornernesoit BKT 1 8 Im II(s) T KxXe MOXeT GbITh BKIIIOYEH B P CCMOTPEHHE
(cM., H mpumMmep, [10]). OmH Ko id H ¢ GoJiee CYIIECTBEHHOI SIBJISI€TCS MONp BK
CyMMUpYIOLI S psif 1o creneHsM (s /v), tae v ompenenero B (1.17), «y — mo-
crosaH 9 KXJI-B3 uMoneiictBus H M cIuT Oe X p KTEPHBIX CPEJHUX HUMITYJIbCOB
KB PKOB B Me30HE. B 1 JpHeiIIeM p CCMOTPEHHM MbI IIOJI T €M, YTO CPEeIHUi
KB JIp T UMIYJIbC KB PK P BeH

(p5) = 2m2(T),

rae T — KUHETHYeCcK §l ®HEprus, [i12 — IPHBENEHH s M cC cucreMbl. s
«Berylieil» KOHCT HThI CBSI3U Mbl HCTIONIb3yeM cxeMy M S, T K uTo oy = as((Pg))s
e BelHYHH ;% 3 1 etcs (Pg), UTO COOTBETCTBYET «(pU3HYECKOMY» BBIGOPY
IIK JIBI KYJIOHOIOZOOHOIO B3 MMOAEHCTBHS. 1 OLEHKH BEJIHYMHBI 3 BUCHMOCTH
Pe3y/bT TOB OT B PH LMK TOYKM HOPMHUPOBKU KOHCT HTBI B3 MMOJCHCTBHSI MBI
P CCM TpHUB eM T KxXe (puKC IuIo K Jibl B oaxojae bpogackoro—Jlen x —M K-
kensu (BLM), roe [30]:

(ph) = e 3 ((pg — Vo)) = e /% 2(p}).

B [10] nok 3 HO, 4TO y4eT KYJOHOHOAOOHOTO B3 MMOJEHCTBUSI MPUBOIUT K
¢ xTopy

41 1
Fv)=— —
(v) 3 v < 47r045> ’
1—exp|—
3v

[IPUYEM P 3JOKEHHE MO (/v < 1 B TOYHOCTH BOCIIPOM3BOIUT OJHOIETIEBYIO
Qs
O(%=)-monp BKY

(1.20)

F(fu)z1+—7’.... (1.21)

JIOTIONHUTENBH 5 (g-TIONP BK CBA3 H C BKJ JIOM XECTKMX IMIOOHOB. OH
npuBOIUT K ¢ KTopy H, KOTOPHIH il BEKTOPHOIO COCTOSHMS IIPU 1M = Mg =
=mguv— 0p BeH

m 160
HVQ=1—%, (1.22)

I'a€ K J1I OHLCHKH OLE 3 J1 €TCd M CCOH TSXEeJIOro KB PK , U, H IpUMEDP, B IIpOLEC-

sype BLM [30,31] Beruucyienns 5 cxeme M S npusonat k M et 6y e 11/ 24mg ~
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~ 0,632mq [33]. P cuer H-¢ KTOp 1/ INCEBIOCK JIIPHOIO COCTOSHMS C
my # mo ObUT BbINONHEH B [32], rae H iijieHo, 4TO

20t (my —
Hp=1+ As <wln@2>7 (1.23)
™ mo +mp My

3[1ECh IOIP BK Oéf B3IT H M cIT Oe HpHB@Z[CHHOfI M CCbl KB PKOB. Pe3ynb—

T T (1.23) He nepexomut B (1.22) npu m; = me, U, CIENOB TEJIbHO, XKECTKHE
[JIIOOHHBIE TIOTIP BKM K KOPPENSITOP M BEKTOPHBIX M TCEBIOCK JISIPHBIX TOKOB
p 3muuHbl. T K K K HepenaTuBUCTCK s KXII g TAXenbIX KB PKOB, chopMy-
JIMPOB HH 1 HeJl BHO B [15], MpUBOIMT K OTILUEIUIEHUIO B3 MMOJEUCTBUS CIIMHOB
KB PKOB C IJIIOOH MH B BEAyIIeM IMPHOTUXEHUW, M CCOB S 3 BUCHMOCTh B H-
¢ KTOp X ompenensercs COOTBETCTBYIIIEH nepeHopMupoBkoil B KX]I, rae oH
3 I eTcs OOHONETICBBIMY BBIYUCIICHUSIME IU TP MM IUIS BEPIIMHBI U COOCTBEHHON
sHeprud kB pK . Crnenys [32], H xomum
2af mso —mq, Mg 8

HV:1+—(7ln———). (1.24)
™ \mo+m;g mi1 3

Pesympt Th1 (1.23) 1 (1.24) MOTYT OBITH TOTTYYEHBI U3 TIEPEHOPMHPOBOYHBIX (P KTO-
POB JUTSl BEKTOPHBIX M KCH JIbHO-BEKTOPHBIX TOKOB IIEPEXO0I0B TSXKENbIX KB PKOB
Q1 — Q2, p cemorpennbix B [13]. T x, HeoOXOIUMO 3 MEHUTH ONUH KB DK,
CK XeM (1, H HTUKB PK ()1, YTO NPUBOIMT K TOACT HOBK M 1Mi — —Mmy,
F% — Hy u F2 — Hp c onpejiesienreM GCOMIOTHOTO 3H YEHUS! Tl PIYMEHT
JIor pugm .

P cuer M ciutr 6 BLM npu my # ms B H CcTOsIlee BpeMsi He IMPOBEJEH,
HO C JIOCT TOYHOH 11 H IIWX LieJiell TOYHOCTHIO MOXHO CYHT Th, YTO OH P BEH
0,63,/mims.

Cornt CHO TUCTIEPCUOHHBIM COOTHOILIEHUSIM uMeeM np Bl cymm KX]I, xoTto-
phle I CAT, 4TO B cpefHeM npu ¢ < 0, Te HeT (pusHuecKux ocobeHHocTeil, 06y-
CITOBJIGHHBIX OOp 30B HHEM PE30H HCOB M IPOHHOIO KOHTHHYYM , BEPHO Yp BHe-
HHE

1 I H(had)
il /miﬁds - H(QCD)(q2)7 (1.25)
s 5—q

Ile HESBHO TPENION T foTcs Heo6Xomumble BbrauT Hus. ImIT(2d) (s) ompene-
nmed corn cHo (1.12)—(1.14), H(QCD)(qQ) — B (1.15)—(1.21). ®opmyn (1.25)
SBJISICTCS OCHOBOM JUTA P 3BHTHS METOIOB P BHJI CyMM B (pOpME MOMEHTOB KOppe-
JALUMOHHOM (DYHKIMK U H Jiu3  6openeBckoro npeo6p 308 Hus 11(g?) (em. [10]).
Henonuotr pam B mp Boit u ctu (1.25) NpUBOAUT K YIIOMSHYTOH BbIlle He(puznde-
CKOIl 3 BUCHMOCTH BEeIMYHH fpy OT BHENIHETO I P METP  CXEMBI
P BWJI CYMM.

Il Itee MBI UCTIONB3yeM YCIIOBHS, YIIPOII IOIIHE P CCMOTpPEHHE B CIIY4 € TIXe-
JIOTO KB PKOHHUS.
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1.2. Henepryp6 TuBHbIi BKA A. Crnenys [10,34], p ccMOTpuM n-10 Ipous-
BomHyio 110 ¢2 ot (1.25) npu ¢ = 0. DT npoUeayp COOTBETCTBYET BHIYMCIIE-
HUI0O MOMEHTOB CIIEKTp JIbHOU IUTOTHOCTH KOppemiaTop TOoKoB. K k 6bUTo H IineHo
B [10,34], oTHOLLIEHUE 7-TO MOMEHT , BBIYUCIEHHOTO C YYETOM [JIFOOHHOTO KOHJIEH-
C T , CYIIECTBEHHOTO JUTI TSXKEIOro KB PKOHUS, K 1-My MOMEHTY, P CCUUT HHOMY
B OJIHOIIET/ICBOM MpUOMXeHHH Teopuu Bosmymenuin KXJI, p BHO

A(nmom)

A oy~ 1A

Ar e ) 2 +8) (26
9 (2nmom 4 5) (2mg)* '

I71 BEKTOPHBIX COCTOSIHMH IIpU My = Mo = M. UneH p 3710KeHusd g COOT-
BeTCTByeT IByxmersieBoil momp Bke KXJI. MoXHO BHAETh, YTO BKJI A TIIIOOHHOTO
KOHJICHC T CT HOBHUTCS CYLICCTBEHHBIM IIPH «OOJBIIUX» 3H YeHUIX n'"°™ > ny ~
~ (mq/M)*?, tne A — M ciT 6 KoHd HHMEHT (W, 4TO TO Xe, KOHIEHC T ).
st 60TTOMOHMS BequuuH n; Omm3k K 20, T K 9ro mpu n™°™ < 20 mons
BKJI I DJIFOOHHOTO KOHJEHC T MeHbie 1%, U OH OBICTPO YBEJIHYHUB €TCS IPU
n™o™ > 20 (cM. [33,35-37], re MOXHO H WTH MHOTorp HHoOe obcyxnenue). ITo-
aTOMY mpHu n'"°™ < m; JOIYCTUMO MpeHeOpedd BKJI IOM IITIOOHHOTO KOHICHC T *.

1.3. HepensaTuBHUCTCKOE ABUKEHHE KB PKOB. HepenarusucTckoe IBUKEHUE
KB PKOB O3H U €T, YTO B Pe30H HCHOM 001 cTu MbI uMeeM cori cHo (1.17)

v — 0. (1.27)
OTciof  JIErKO TOJIyYUTh, YTO B BEdyLIEM MOpPSIKe
: . 3
I I8 (s) ~ Im TP (5) — 8—”(4u12)2, (1.28)
iy

4TO, C Y4ETOM KYJIOHOBCKOIO (p KTOp

41 o
F ~— = 1.29
OEE (1.29)
1 KECTKOW ITIIOOHHOM IIOIp BKH, Il €T
er Qs
I IS (s) = 5 ()’ Hpy. (1.30)

*K cox JleHMIo, 04 pOB HHBII KB PK He CTONb Tsikel, U m; ~ 5 [10], T K 4TO 0O CTh HCIIONB-
3yeMOoro IpHOIKEHUS 3H YHTEITbHO Orp HHUYEH .
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It 6OTTOMOHHUSI MCHONB30B HUe rpefel v — 0 B BbIp XEHUHM W KYJIO-
HOBCcKOro ¢ krtop (1.29) B pe3oH HCHOW 0O CTH CIp BEIMBO C TOYHOCTBHIO
MeHbIne, yeM 5%. Uro K ¢ erTcsd npHONMXeHUs Ul CHEKTp JbHON IUIOTHOCTH C
nomompio BeIp keHud (1.30), H X0oQuM, 4TO OTHOLIEHHE MOMEHTOB, BBIYUCIIEHHBIX
mo (1.18), (1.19) u (1.30) B pe30H HCHOH 001 CTH § < Stp, OBICTPO CTPEMHTCS
K eIMHMLE, T K YTO M KCHM JIbHOE OTKJIOHEHHE OT €IMHMIBI IIPH HOMEP X MO-
MeHT n™°™ ~ 1 6muzko kK 10%. YTOObl YMEHBIIUTH BENUYUHY HOTPEIIHOCTH
3 cueT HepenmsaTHBUCTCKoro mpubmmkenus, M.b.Bomommn [33,35,37] p cem -
TpuB eT n™°™ > 8. B H crodumeM p cCMOTPEHHH MBI YHOBJIETBOpAEMCA T KOU
TOYHOCTBIO, KOTJ] ITOTPEIIHOCTH JUISl JIENITOHHBIX KOHCT HT OJM3K K 5%, T K 4TO
MBI HCIIOJTb3yeM HEXeCTKoe orp HudeHue n™°™ > 2, korn Af/f < 8%.

3 metuM, 4TO, B oTimune ot [33,35,37], MBI p cCM TpUB €M Clyd i, KOrQ
nepTypO THUBHBIC UHTETP JIbI TIPH S > St;, KOMIEHCHPYIOTCS BKJI T MM JIPOHHOTO
KOHTHHYYM B yp BHEHMSIX IIp BHJ CyMM, T K YTO H Mp KTHKE Mbl IPOBOAUM
MHTETPUPOB HHE MO «PE30H HCHOW» 001 CTH M HEe 3 ObIB €M O I P METPHYECKOM
3 BUCHMOCTH OT Sgp.

P ccMm TpuB s MOMEHTHI nepTypO THBHOM CHEKTp JIbHOW IUIOTHOCTH B PE30-
H HCHOIl 0OJI CTH, MOXHO BBECTH CHCTEM THYECKOE OTKJIOHEHHE HEepesSITHBHCT-
CKOro HpHUOMIKEHHUS OT OJHOIETJIEBOIO PEe3yJabT T IOCPEACTBOM CIIEHYIOIIEro
¢ KTOp K 3H YeHHMAM MoMeHTOB: Z2C(n™°™ si1), 3 BUCAIIETO OT HOMEP MO-
MEHT MU HOpor KOHTHHYYM . H mp KTHKe IpU YMEPEHHBIX BEJIMYHH X HOMEPOB
MOMEHT COOTBETCTBYIOIIUI (p KTOp MMeeT oueHb 1 Oyi0 3 BUCHUMOCTh OT n'™°™
U sth: (2mg + 1 ToB)? < sy < (2mg + 1,5 T9B)?, T K uto0

Z0(n™O™ g) = 1,09+ 0,05, Z(n™°™ s) =1,3040,10.  (1.31)

nr nr

1.4. HTerp nbHOE MpeAcT BieHHe [POHHOIO BKJ 1 U KB 3WIOK JIbHbIE
np Bwi cyMM. Yro K C ercid JAPOHHOH Y CTU KOPPEJATOp , TO UL BKJI 1
Y3KHUX BEKTOPHBIX PE30H HCOB MOXHO 3 IIUC Tb

res ds
my(g*) = /@ D FEME (s = M), (1.32)
ds M}
s (¢?) = / —= N (s - ME). (133
P (q ) qu2 zn:an (ml +m2)2 (S P,L) ( )

Wurerp w1 B (1.32), (1.33) nerko BRUUCIAIOTCSA, YTO OOBIYHO W JEN €TCA.
B npemt r emoil cxeme BBeeM (PYHKLMIO YHCIT COCTOSIHHEL N(S) T KyI0, 4TO

n(M?) = k. (1.34)
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JI HHOe ollpejieJieHNe BIIOJIHE OCMBICIIEHHO B Pe30H HcHOW 00a cru. Torn
MOXHO 3 THC Tb, H IIPUMED,

1 res d
—Im G (s) = sf2 - >0 — MEy). (1.35)
k

I nee, O4EBUIHO, YTO

d dn(s) d
—> — M} = —> - 1.
u (1.32) MOXHO 3 TIUC Th B BUJIE
(res) ; 2 ds 5 dn(s) d
IT = | — —_— — — k). 1.
v (q%) /squ sfvn(s) T gk O(n —k) (1.37)
B3gB cpenHee 3H uyeHue, MOIyYUM
(res) 2y _ /4 _ ds .o dn(s)
0 (¢2) = <dn Ek o(n k)> /s_qQSan(S) L2 (1.38)

OuYeBUIHO, YTO B CPEIHEM IPOU3BOIH 4 CTYIIEHY TOi (DYHKUMH B PE30H HCHOU
001 cTH p BH

<%z};9(nk)>Z~l, (1.39)

rae Z 3 BUCHUT OT q2, T K K K BecoB 4 ¢yHkuus B (1.38) gpsercs 3 BUCALIEH OT

q2. T xuMm 00p 30M, B TOU cXeMe, KOTOpP s MOXET ObITh ()eHOMEHOJOIHYEeCKH

IMMPOAYKTHUBHO HUCIIOJIB30B H B IIpeAesie OOJIBLINUX M CC mg, UIMEEM

res ds dn(s)
2 £2
(res); 2 ds s fP,L(S) dn(s)
1I ~ Z . 1.41
< po(a )> /s—q2 (m1+mg)? ds (141)

YTOoObI OIEHUTHh OMIMOKH, OOYCITOBJICHHBIC MEPEXOIOM OT CYMMBI IO PE30H HC M
K UHTETp JIy IO IUIOTHOCTH COCTOSIHUM, P CCMOTPUM OTHOLIEHHE n'"°™-X MOMEH-
TOB Il BEKTOPHBIX COCTOSHMH OOTTOMOHHS M COOTBETCTBYIOLIMX HENPEPBIBHBIX
npubnxennii wig M, u f,, (cMm. puc. 1). MoXHO 3 KITIOYUTB, YTO COETT HHOE Ipe-
o0p 30B HHE A €T cT OWJIBHOE OTHOLIEHHE MOMEHTOB IpH n'"°™ < 20, ¥ H 3TOT
Pe3yabT T ¢i1 6O BIUSCT B PU LUl IOPOI KOHTHHYYM Sgn: Ongn =~ 0,5,  Gosee
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2,0

Puc. 1. OrHolmeHHe MOMEHTOB CIEKTp JIbHOH IUIOTHOCTH [l BEKTOPHBIX DE30H H-
COB OOTTOMOHMS, P CCUMT HHBIX [UI1 AUCKPETHBIX M HENPEPhIBHBIX COCTOSHMi, R =
= MY (p™mem) /M (n™°™). TeMmHble H CBETIbe TOYKH COOTBETCTBYIOT 7 = 4 M
ngn = 4,5, korm myp = (4,60 + 0,01) I'®B. LITpuxu NOK 3bIB 10T OTHOINEHHE JUIs
my ~ 4,64 I'sB. II p merp ¢uTHPOB HHUS KMHETHMYECKON BHEPTUM TSIKENbIX KB PKOB
p Ben (0,40 £0,03) =B

CyILIECTBEH IOPOr M cc KB pKOB*. UT K, 3T0 MpuOIMKEHHEe MOXET MPUBOOHUTH K
TOYHOCTH, Osu3Koi K 10%, mpu OIleHKe JISNTOHHBIX KOHCT HT. BesycimoBHO, 0-
COJIIOTH $ BEJIMYMH OLIMOKU MHTETrp JIbHOTO MPEICT BJICHUS CBSI3 H C HU3KUMHU
HOMEp MM BO30YXXIECHHWiIl, WX OTHOCHTENIbHBIA BKJI 1 BO3pP CT €T C YBEJIUUCHUEM
HOMEp MOMEHT , KOIJ BbICIIHE BO30OYXICHHUS O] BIICHBI.

K K 3710 OBLITO ClIENT HO AT HEPETATUBUCTCKOTO MPHUOIIKEHHUSI, MOXKHO BBECTH
B P CCMOTpPEHHE CHUCTEM THYeCKHe () KTOpBI I MHTErpP JIbHOIO MPEACT BICHUS
MOMEHTOB PE30H HCHOTIO BKJI [| ngtQ (n™°™ s, ). B oT™MedeHHOU 06 CTH IT P -
MeTpoB n™°™ U si, ®TH (P KTOPBI OJIM3KH K MOCTOSHHBIM BEIMYUH M (CM. pHC. 1):

Z0 (o™ ) =1,1940,02, Z5(n™O™ sy) = 1,20 +0,05.  (1.42)

int

Eme p 3 orMeTuMm, 4TO cjiesl HHOe Mpeolp 30B HHE — B YHCTOM BHjie (PeHO-
MEHOJIOTHYECKOE MPEICT BIIEHHE dKCIEPUMEHT JIBHBIX 1 HHbIX.

]l 7ee, MPOU3BOMHbIE TI0 @2 OT yCPEIHEHHOTO BKJI 1 pe3oH HcoB B (1.40) u
(1.41) moryt 6bITh 3 TIC HBI TIpH ¢ = 0 K K

mom mom

- dar res mom 2 (. mom ds
— (HE20) = b 282, 5) [

pmom| danm"m s pmom 1)

(1.43)

*C BBICOKOI TOYHOCTBIO OOJI CTh CT OHIIBHOCTH MHTETrp JIBHOTO HPENCT BICHHS HOCTUT €TCsl IPH
n™om < 10.
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rae

dn
be(nm) = (sf 5 (1.44)

Y
pmom

bp(n™™) = (my +ma)* (82 f7 d”} (1.45)

Prs) ds

)
pmom

yCpelHeHHe BBITIOTHIETCS C BECOBBIMU (DYHKIUSIMMU, 3 BHUCSIIUMH OT HOMEpP MO-
MEHT CIEKTp JIbHOU IUIOTHOCTH 1n™°™, U OHM MOK 3 HbI B 1p Boil 4 ctu (1.43).

C pocToM n™°™ BelTMYUH bv 6y,I[CT CTPEMHUTHCA K CBOEMY 3H YE€HHUIO H OCHOBHOM
COCTOAHHUH
1 dM, -t
bv — §(m1 + mQ)f‘Q/l |: dnn (TL = 1):| s (146)

e Mbl ucnonbs3dyeM M ~ m; + my. KoHe4yHo, p 3HOCTh MEXIy M CCOH OCHOB-
HOTO COCTOSIHUS M CyMMOW M cC KB PKOB CT HOBUTCS CYIIECTBEHHOH HpH 0O0Ib-
IIMX 3H YEHUSIX HOMEp MOMEHT n™°™, rje sHeprus CBS3U KB PKOB OINpefessieTcs
BEJIMYMHOW IIIOOHHOTO KOHAEHC T , CK XeM, B JOIOJHEHHE K YUCTO nepTypod -
TUBHOMY B3 mMojeicTButo. [t 60TTOoMOHMS mpu 2n™°™ ~ 15 — 20 TOYHOCTH
npubnmxenus (1.46) menbie, yem 10%.

JI nmee 3 METUM, 4TO B P CCM TPUB eMOM 001 ctn 2 < n™°™ < m; UCHOINb-
3yeTcsl HOCTOSHHOE 3H 4YEeHHe NMepTypd THBHOH IUIOTHOCTH, T K YTO IPH H HOOJIB-
MIMX JIOMYCTUMBIX BEIMUUH X n™°™ H XOIuMm

2

2
= =) Hy Zuys, 1.47
M, w dn Ml) Vi Sy (147)

Tie Zgys = A /ngtQ ¢t 60 3 BHUCHT OT HOMED MOMEHT U IOpPOTr  JPOHHOTO
KOHTHUHYYM .

Bonee toro, B uccnegyeMoil 0071 CTH yMEpEHHBIX HOMEPOB MOMEHTOB CIIEK-
Tp JIHOI IUIOTHOCTH MEPTYpO TUBHbIE U CTH MOTYT ObITh NpU g2 = 0 3 THC HbI B

BHUJIE

mom

(_1)nnlonl d’rL (pert) B as 9 QQ mom dS
o] danmomﬂpy (0) = 5, 100" Hpv Z (™™, stn) NoTTE
(1.48)
Cp BuuB 4 (1.48) ¢ (1.43), MOXHO 3 KJIIOUHTH, YTO MpH 2 < n™°™ < n; BeIH-

mom

YHHBI bpyv JOJI2KHBI OBITH HE3 BHUCHUMBI OT 7 C TOYHOCTBIO MEHbIIEH, YeM 5%.
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B k yectBe Beayliero NpHOIUXEHUS MOXHO YCT HOBUTh KB 3WIOK JIbHBIC
mp BWIT CyMM™:

Im <H(had’) (s)> = Im QD) (g), (1.49)

C TOYHOCTBIO, KOTOP S 3 BHUCHT OT TOYKH Pe30H HCHOM OOJ CTH, T K YTO CHUCTe-
M THYecK 4 norpemHocTs B (1.49) p BH 5% Ui HUXeNeX HIETo Pe30H HC U
15% nns pe3oH HC , OMMK WIIEro K MOPOry p CI A H II Py TSKEIbIX ME30HOB.
DT NOrpeuHoCTbh NPUBOAUT K JIOTIOTHUTEIBHON HEOIpPeNeIeHHOCTH IS JIEITOH-
HbIX KOHCT HT, Af/f ~ 3% u 8% IUI1 ONUC HHBIX PE30H HCOB COOTBETCTBEHHO.
C yuerom (1.30), (1.40) u (1.41) yp BHenue (1.49) n er B (pusMueckux TOUYK X
sp = M2:

2 _ O dM,, ([ 4u
M, T dn

2
E) HV Zsys; (150)

e Mbl onpenenuia f, = fy,. 3 METHM, 4TO B pPe JIbHBIX TSKEJIbIX KB PKOHHUSIX

(bb), (bc) u (&c) 3 BucuM g oT M cmr 6 1p B 49 b (1.50) ABNAETCA IPUMEPHO
IIOCTOSIHHOM (CM. YHCIICHHBIE OLICHKH HHXE):

m1 + ms

2
_ ~ const.
My )

asHy Zsys (

AH JTIOTHYHbIE COOTHOIIEHUS MOTYT OBITH BBIBECACHDBI /I TICEBAOCK JIAPHBIX COCTO-
9[HI/II71, T K 4YTO HOJTYyYUM

2 H
fo. = fn <1+ %s ) ma ¥ me (1.51)

3T M,

1.5. M cmur 0OHble cooTHOomeHnd. K x ObUTIO OTMEYEHO BO BBEIECHHU, ILIOT-
HOCTb COCTOSIHHI TSIXEJIOrO KB PKOHHUS C 3 I HHBIMH KB HTOBBIMH YHCIT MU HE
3 BUCUT OT POM TOB TSXelbiX KB pkoB. H ubosiee sBHOE BBIp KEHHE BT pe-
TYJISIPHOCTh CIIEKTPOB M CC ME30HOB C TSXEIbIMH KB DK MU H XOIUT B P MK X
HEPENATUBUCTCKUX MOTEHIIM JIbHBIX MOJEIIEH.

*3 METHM, 4TO BBIYHCIICHH S MHUM 51 4 CTh JUII BKJI I pPE30H HCOB He IPEIION T eTcs P BHOU
UCTHHHOMY (PH3MYECKOMY BBIP XEHHIO, U OH HE MOXET CUUT ThCS OINCHIB IOLICH TOYHBI JpPOH-
HBI BKI A. K K OOBIMHO B Ip BHJI X CYMM, NPEAION I' €Tcs TONBKO, YTO BBIYHMCIIEHHOE BBIP JKEHHE
MOXeT OBITb (B K 4ecTBe HMPHONIKEHMS) UCIOIb30B HO I/ OLEHKU pe JBbHOW 4 CTU KOPPEIaTop .
B 1 HHOM CIIyd € CUHMT eTCs, 4TO P CYETH 5 Y CThb ONM3K K ycpeouennou ( He TOYHOM) JPOHHOM
4 cti (cM. (1.49)). HecMOTps H OTCYTCTBHE SBHOI 3 BUCUMOCTH OT I P METPOB CXEMBI IIP BIJI CyMM
(n™°™ ) s¢p), cMBICT BbIp XeHus (1.49) crporo omnpenerneH TOIBKO B OTMEYEHHOH 00J CTH HOMEpOB
MOMEHTOB U C YK 3 HHUEM CXEMHOW HEOIPeIeleHHOCTH, OIIUC HHOW B TEKCTe.
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K k 6but0 1OK 3 HO B [36], HenepTypO THBHbBIE 3((EKTh B CIIEKTPOCKOIHU
TSIKENOro KB PKOHUS HE MOTYT OBITh OITMC HBI B P MK X ITOTEHLM JIbHBIX MOJEINEH,
T K K K KOPPEKTHOE OIUC HHE JOJIKHO YYHUTBIB Tb 3 II 3IbIB HHE B3 UMOIEHCTBHSA
C KOHIEHC T MH. TeM He MeHee IOTEHLM JIbHbIE MOJEIU BIOJIHE MOAXONAT HJIA
(peHOMEHOIOTMYEeCKUX UCCIIENOB HUil, TOTOMY YTO OHU CIIOCOOHBI BOCITPOHM3BOAUTD
MojieNibHbIe (POPMYINBI [UI psl  BEJIMYMH, UCIIONB30B HHBIX B K YECTBE BXOIHBIX
I p MeTpoB (YpOBHU M cc, H npuMmep). CienoB TenbHO, MOTEHIH JIbHbIE MOJEIN
MOIYT P CCM TPHUB ThC B K 4eCTBe (PEHOMEHOJIOTNYECKH OCMBICIIEHHBIX I P Me-
TPHU3 LUH HEKOTOPBIX 9KCIIEPHMEHT JIbHBIX BEJIMYUH, HO OHU HE MOTYT BOCCT HO-
BUTb HEKUU UCTUHHBINA MOTEHUHU JI, KOTOPbIH B JEHCTBUTEIBHOCTU HE CYLIECTBYET
U3-3 HENOTEHUM JILHOTO X P KTep HenepTypO THBHbBIX 3((EeKTOB B LEIOM.

K k 6but0 mok 3 HO B [38], KX]I-MOTUBHPOB HHbIC, HE 3 BHUCSIIHUE OT PO-
M T CT THYECKMX HCTOYHHKOB ITOTEHLH JIbI TSKEJBIX KB PKOB C KYJIOHOIOROO-
HBIM B3 UMOJEHCTBUEM H M JIBIX P CCTOSHHSAX M C JIMHEHHO P CTYLIUM YIEpXH-
B IOIIVM ITOTEHIN JIOM H OOJBIINX P CCTOSHHUIX (KOpPHENbCK s Momenb [17], mo-
teHim J1 Puy pucon  [39], monens Byxmromiep —T s [40]) B 061 cTU cpemHux
P CCTOSHUIA MeXITy TSKETbIMH KB PK MU B 4 pMOHMH (c€) u GotroMoHuu (bb)

0,1<r<1dm (1.52)

JIOMYCK 10T (C TOYHOCTHIO IO JUIUTUBHOTO CIABUT ) I P METPHU3 IIMU B BUIE JIO-
r pudmudeckoro [41] u crerneHHoro [42] 3 KOHOB, OO JI OIIMX HPOCTBIMH M C-
T OHBIMH CBOKCTB MHU:

Vi(r) = ecp+dplnAr, (1.53)
Va(r) = —car +dar(Ar)F (1.54)

ITo TeopeMe BUpH JT Uil CPEJHMX 3H YEHUH KMHETUYECKOW DHEPIUM B MOTECHIM-
7 x (1.53), (1.54) MOXHO, COOTBETCTBEHHO, TIOJYUYUTh

(Try = dp/2=const, (1.55)
k
(Tv) = k+2(CM+E), (1.56)

npudeM |E| < ¢pr, k < 1, T K 9TO € TOYHOCTBHIO 10 M JIOi 9HEPTHH CBSI3H KB PKOB
B KB PKOHHMU KMHETHYECK $I DHEPIUsl ®THX KB PKOB — IIP KTHYECKU IOCTOSHH S
BEJIMYUH , HE 3 BUCAII 51 OT POM TOB KB PKOB:

(Tar) ~ const. (1.57)
Corn cHo Teopeme @eitHM H —XelIM HH

B __ T (1.58)
dpi2 piz’
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T omun 1. P 3HocTh M cc (B M3B) 11 erd #iimx BeKTOPHBIX COCTOSHHUM € 3 1 HHBIM
COCT BOM B JIEHTHBIX KB PKOB

Cocrosgaue | T P 10)
AM 563 | 588 | 660

TJIe [112 — TIPMBEIEHH f M CC TAXENbIX KB PKOB ((Q1(Q2), TIOMydHM NP YCTOBHH
(1.55) nnga p 3HOCTU HEPIUil OBYX YpOBHEH

E(n, p2) — E(n, m2) = E(n, Nl12) - E(nal/w)a (1.59)

T.€. INIOTHOCTh YPOBHeE#l aHeprun cHCTeMsl ((Q1()2) HE 3 BUCHT OT M cC ( pOM TOB)
TSXKEINbIX KB PKOB

dn
., = ¢(n), (1.60)

rae ¢(n) He 3 BUCHT OT fi12, YTO AOCT TOYHO XOPOILUO MOATBEPXKI €TCH OMITUPH-
yecku (cMm. T 61.1).

KB HTOB HHe S-BOTHOBBIX HEPEIITUBUCTCKHX CUCTEM C JIOT PU(MUUYECKUM U
CTETeHHbIM NOTeHLW J1 MU 1o bopy—3ommepdensay 1 er

dME 2T 1 dM,
dn n n dn (n ), (1.61)
dMM 1 2 k/(2+k)
e (- (” ”0) : (1.62)
n n U

T kK K K £ < 1, WI0OTHOCTh S-BOJIHOBBIX COCTOSHHI B MOTEHHW je M pTaH
TOJIBKO JIOI PU(PMUYECKH 3 BHCUT OT IPUBEAECHHOM M CCHI ft12. C TOH XK€ TOYHO-
CTBI0 MOXKHO YTBEPXKI Th, 4TO (1.61) IpUOIH3UTENHFHO CIIP BEUTHBO B CHCTEM X C
MOTeHUW JIoM M pT3H .

Omnuc HHbIE CBOMCTB IOTEHLM JI TSXKENbIX KB PKOB H HIeHbl (DeHOMEHOIIO-
ruyecku. OHU OOYCIIOBIMB 10T BBICOKYIO TOYHOCTD ITOTEHIM JIBHBIX MOJeNel JUId
P CYETOB M CC TSXKEJIbIX KB PKOHHEB 0e3 y4eT p CLICIUICHHS, 3 BHUCSIIEro OT
criud , T K 4to dm(nL) ~ 30 MaB. Ewe p 3 orMeTuM, 4To M cIuT GHbIe CBOM-
ctB (1.55), (1.57) u (1.61) sBnstoTcs BenyuuM NpHOSMKEHUEM B (DUTUPOB HHUU
9KCHEPUMEHT JIBHO U3MEPEHHBIX M CC YPOBHEH TSXKENOro KB pKOHUS.

T xum o6p 30M, I JIENTOHHBIX KOHCT HT S-BOJIHOBBIX KB PKOHHMEB MMEET
MECTO M CIUT GHOE COOTHOIIECHHE

Sr (Mo (mtme ) e (1.63)
Mn Ml 4,”/12 N 7’L7 '

HE3 BUCUMO OT POM TOB TAXKEIbIX KB PKOB.
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BriBoa 0 He3 BucumocTu 1p Boi 4 ctu (1.63) OT poM TOB KB PKOB MOXET
OBITH crenm H Oe3 HCIONb30B HUS Pe3y/IbT TOB IMOTEHIM JIbHBIX MOAETIeH, T K K K
MpUOTTMKEHNe, KOTI P 3HOCTb MEXIY M CC MH YPOBHEH B TSAXKeJIOM KB pKOHUH He
3 BHUCHT OT POM T , SIBIeTCS (DEHOMEHOJIOTHIECKUM H OJTI0ICHUEM, CIICHYIOIINM
13 DKCIIEPUMEHT JIbHBIX JI HHBIX U BEIYyIIMM K He3 BUCUMOCTU IUIOTHOCTH COCTO-
SHUI OT POM TOB TSXENbIX KB pKOB. IToapo6GHOe 0OCyXIeHHE PEryasipHOCTH B
CIIEKTP X M CC TSXKENbIX KB PKOHHEB MOXHO H WTH B CJIEIYIOIIEM p 3/Iee.

1.6. UncieHHBIA H JM3M CIOT OHBIX cooTHOINeHHi. CootHorenue (1.63),
CBSI3BIB IOIIIEE JICIITOHHBIE KOHCT HTHI KB PKOHHEB C P 3JIHYHBIM KB PKOBBIM CO-
CT BOM, H XOIUTCSA B IPEKp CHOM COIJI CHH C J HHBIMH IO KOHCT HT M CHCTEM
CO CKPBITBIM POM TOM (cC, bb), e 4pu/M ~ 1 (em. T 6. 2).

T omun 2. DKCHepUMEHT JibHbIe 3H YeHHs JIeNTOHHBIX KOHCT HT (B M»B) mia kB p-
KOHHEB B CP BHEHHUH C OLIEHK MH B KB 3WIOK JbHbIX Np Bua X cymm (KIIC)

Benuuun DKCI. KIIC
fo 232+5 245 + 12
fu 409+ 13 | 404 £ 20
fr 690 + 14 | 690 4+ 35

T 6muy 3. JlenToHHBIE KOHCT HTHI BEKTOPHBIX H IICEBAOCK JIAPHBIX COCTOAHHIL
n.S-yposHeii cucrembl (bc), f, U fL, BoIYHC/IeHHBIE B D BIJI X CYMM II0 M CINT GHOMY
cootHomieHuo. IlorpemHocts 6%

n | fn, MaB ff: , M»B

1 385 397
2 260 245

HpeHe6per A SHCPFHCﬁ BOBGy)K,I[CHI/IH 110 Cp BHEHHUIO C M CC MH KB PKOB, I10-
JIy4AM
2
ni n2

= 2 (1.64)

no nl

3H YeHHe JIENTOHHOU KOHCT HTBI 1.S-ypoBHS GBUIO B3TO B K YECTBE UCXOIHOTO
I p METP , U P CCYUT HbI KOHCT HTHI BBICIIMX 7.5-BO3OYXIEHUIl B 4 PMOHHH U
GOTTOMOHHUH, KOTOPBIE BIIOJIHE COIN CYIOTCS C MMEIOLIMMKCS I HHBIMH (CM. XHp-
Hble KPUBbIE H PHC. 2, T€ MbI He YYUTBIB JIH OTKJIOHEHHe Beandusl M, /M, or
eJMHHIIBI, OIH KO T KOE OTKJIOHEHHE MOXeT ObITh CYIIECTBEHHO B chcTeMe (Cc)).
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Jy» MoB
600
400 |-
-
Y(nS)
200 % w(nS)
i

I S Y N
2 3 45 6 7
n

—_

Puc. 2. P ccuur Hu 4 B KIIC 3 BHCHMOCTD JIENITOHHBIX KOHCT HT 1.S-ypoBHEll 60TTOMOHUS
U Y PMOHHMS M OKCHEPHMEHT JIbHbIC 3H YeHHS fn

Jlerko H #itn Momuguk w0 (1.64):

2
ny @ Mn2

5 = .
no ni Mn1

(1.65)

JlenToHHBIE KOHCT HTBI, IEPECYUT HHBIE MO cooTHOmeHuo (1.65), mpeact BieHs!
TOHKUMH KPUBBIMU H PHC. 2, T K YTO MOXHO YBUIEThb BEJIMYUHY HeOIpefeieH-
HOCTH, 00YCITOBJICHHYIO NIPUOIFKECHHEM M JIOW BEJTUYUHBI BO30YXICHU.

OrmeruM, yto t(3770)- u 1)(4040)-cocTostHUS 4 PMOHHMS, K K HOJ T IOT,
SBIISIIOTCS Pe3y/IbT TOM nepeMernuB Hust 3D- u 3S5-cocTosHui, T K 4T0 [D-BOJH
npomuHupyeT B ¥(3770), cMeluMB HHe BOMHOBBIX (pyHKUMIA 3D- 1 3.S-cocTosHUIA
CONPOBOX €TCH JIMIIb M JIBIM CABMIOM M CC, M MBI TION T eM M3 = My 040)
u f2 = f2(3770) + f2(4040). DTH OUEHKM MOK 3bIB 0T, YTO MOTYYEHHBIE KB -
3WITOK JIBHBIE TP BHJI CYMM MOTYT BIIOJIHE H JI€KHO TPHMEHSTHCS K CHCTEM M C
TSIKENBIMUA KB PK MH.

T KuM 06p 30M, MOXXHO 3 KITIOUHTH, YTO B P MK X 3THX TP BWJI CYMM Y €Tcs
BBIBECTH YHMBEPC JIbHBIE M CIIT OHbIE COOTHOLIEHHS IS JIEITOHHBIX KOHCT HT
CBA3H TAXENIBIX KB PKOHHUEB.

Il nee, ucrionb3ys M CIUT OHbIE COOTHOLIEHHS, MOXHO CEN Tb MPEICK 3 HU
JUIl KOHCT HT cBsi3u cuctembl (be) (cM. T 61, 3), KOTOpblEe H XOJATCH T KXKe B
COINl CUM C OLEHK MU JIENTOHHOH KOHCT HTBI OCHOBHOTO COCTOSHUS, BBIIOJIHEH-
HBIMHU B P MK X Ipyrux cxem mp Bui cymm KX]JI [43].

1.7. Koner Hr fp,. Ilotenuu b, 3 1 HHble KX]I, IMEIOT TMHEHHBINH pocT
H OOJbLINX P CCTOSHMAX U KYJIOHONOAOOHOE MoBefeHue H KopoTKux. Ilpu atom
thopm moTteHmm 1 B 006N CTH CMEHBI MEpTYpO THBHOTO PEXUM H HenepTypo -
THBHBII C POCTOM P CCTOSIHHSI MEXIy KB DK MH COBH 1 €T ¢ (hOpMO# JIor prchMu-
YeCKOro WM CTENEHHOIO NOTEHLH JIOB, T K YTO TOYHOCTb NPEACK 3 HUA ypOBHEH
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SHEPIUU B TSIKENBIX KB PKOHMSIX, B TOM 4HCiIe W Wi cuctembl (bc), 3 1 ercs
ennyuHoi 30 MaB.

I'1o6 sbHBIEC Xe CBOMCTB IMOTEHILHU JIOB, T.€. UX CHMITOTHYECKOE MOBEICHHE
B [P HUYHBIX TOYK X 7 — 00, 7 — (), CYLIECTBEHHBI MPU OINpEIEIEHUH KOH-
CT HT CBSI3U COCTOSIHHM, T KHX, K K, H IPUMEp, JICNTOHHbIE KOHCT HTHI CBSI3H f
st n.S-ypoBHed. B BemyineM nmpuOIMXeHUU BEJIMYHH f HE 3 BUCHT OT CIIMHO-
BOTO COCTOSIHUSI YPOBHS U 3 JI €TCs 3H YCHUEM D JU JIbHOH BOJHOBOU (PYHKIIUM B
H 4 sie koopmuH T R(0):

5 3
fn=1/——Rns(0
n n .
wM,, 0)
C y4eToM XeCTKHX IJIFOOHHBIX MOMNpP BOK KOHCT HTHI CBSI3M BEKTOPHOTO M IICEBIO-
CK JIAPHOI'O COCTOSIHUM P BHBI

fX’P:fN‘rL (1—}—%(@11’1%_5‘/13)), (1.66)

™ \mi1 + mo mo

e mi,2 — M CCbl KB PKOB, §V = 8/3, 6P =2, xoHer HT cBs3u KX ompe-
Jendercs H M cliT O6e IIIOOHHOH BHPTY JIBHOCTH, 3 I B €MOH M CC MH KB p-
kxoB [33].

3H 4yeHMs BOJHOBBIX (PYHKIMI TSXEIOTro KB PKOHMS CYILECTBEHHBI IIPU P C-
CMOTpPEHHH POXIEHHUS U P CH JOB X COCTOSHUH B P MK X KB PKOBBIX Mojeneit
Me30HOB. OIH KO, K K Y€ YK 3BIB JIOChH BBIIIE, TOYHOCTh IOTEHIH JIBHBIX MOJe-
JIel JUIL p CCM TPUB €MBIX BEJIMYMH BECBM HM3K , U HEOIPEIEIEHHOCTb BEIp X -
ercd ¢ KTOpPOM, JOCTHUT IOIIMM IBOMKHU.

IIp Bun cymm KXJI 103BOJISIOT ONPEAENATH JIEHTOHHBIE KOHCT HTBI COCTO-
SIHUHM TAXKEIOro KB PKOHHUS CO 3H YMTENBHO Jydlled To4yHOCThi0. CT HI pTHBHIE
CXEMBI IIP BIJI CYMM JI IOT BO3MOXHOCTb BBIYUCIISTH KOHCT HTBI OCHOBHOT'O COCTO-
SHUS JUI1 BEKTOPHOTO U IICEBIOCK JIIPHOIO TOKOB C Y4ETOM IOIP BOK OT KB pK-
[ITIOOHHBIX KOHJEHC TOB, MMEIOIIUX CTENeHHYy ¢opMmy Mo oOp THOH M cce Ti-
xenbiX KB pkoB [10]. HHrerp /bHOE HpeACT BIE€HUE U1 BKJ J PE30OH HCOB,
JIeX IIUX HUXe MOpPOr P CII JIOB H I Py TSKEJIbIX ME30HOB, B 00J1 CTH HOMe-
POB MOMEHTOB CIIEKTpP JIBHO IUTIOTHOCTH JIByXTOYEYHOTO KOPPENATOp TOKOB, IJIe
HECYIECTBEHHBI BKJI Jbl OT KOHJIEHC TOB, IIO3BOJISET HCHOJB30B Th PETYJISIPHOCTD
IUTOTHOCTH COCTOSIHMIA KB PKOHMS, YK 3 HHYIO BBIIIE, U YCT HOBUTh M CIIT OHbIE
COOTHOILEHHS /I JIENTOHHBIX KOHCT HT KB PKOHHEB C P 3IMYHBIM KB PKOBBIM
COCT BOM U BO30YXICHHBIX COCTOSIHUI.

[Tpu BbrumciaeHnn BenudauH R(0), KOTOpbIe BXODIT B K YeCTBE M P METPOB
CT THYECKHMX KB PKOBBIX MOJENEH IpU P CCMOTPEHHUH P CH JOB U 0Op 30B HUS
ME30HOB, M0 JIENTOHHBIM KOHCT HT M, BHIYMCJIEHHBIM B IID BIWJI X CYyMM, BO3HHK €T
JOTIONTHUTEIIBH 51 HEOIPENEIEeHHOCTh, CBA3 HH S C BBHIOOPOM IIK JIBI, 3 J IOLIEH
KOHCT HTy cBs3u KX]I mpu yuyere XecTKOH ITIIOOHHOH momp BKU. 3 BUCHMOCTh



1104 KMCEJIEB B.B.

T omun 4. JlenToOHH 51 KOHCT HT B.-Me30H , MOJIyYeHH 1 B P 3/IMYHbIX MOTEHLH JIb-
HBIX MoOeJsAX (TouHOCTh ~ 15%), B M3B

Mogens | M pren | Kymon | [45] | [44] | [46] | [47,48] | [49]
IB. 510 460 570 | 495 | 410 600 500

T 6mmy 5. JlenTtoHH s KOHCT HT B.-Me30H , moxy4eHH fi B mp BuiI X cymym KXJI
(8 MaB)

Mogens | [54] | [50] | [51] | [52] | [55] | [56] | KIIC
fB. 375 | 400 | 360 | 300 | 300 | 450 | 385

OT T KOro BBIOOP VK 3bIB €T H 3H YEHHE BBICIIUX MOPSAKOB MepPTypO THBHOIO
npuGmikenus. Ilon r 4, uro B MS-cxeme mk 1 6mmk K p? = mymge 11/12,
nonyuuM 3H derus R(0), U3 KOTOPBIX BUIHO, YTO IPEICK 3 HUS [P BHJI CYMM U
MOTeHIU JIbHBIX Mojiesieid M prod u BT H XOI4Tcs B p 3yMHOM COLJI CHHU JIPYT C
apyroM (cM. T Kxe T Oi1. 4, 5).

T xum o0p 30M, H ubosee H JeXH 4 OUEHK fp. B IIp BWI X CyMM HOJYY -
€TCsl TIPU KMCIOJIb30B HUU M CIIT OHOrO COOTHOIIEHUS JIsl JIEITOHHBIX KOHCT HT
KB PKOHHEB, KOTOPOE COIJI CYETCS C Pe3yJbT T MH IMOTEHIHU JIbHBIX MOJIEJIeH.

1.8. OueHK «,. B p MK X CT HI pTHOH MOJEIN KOHCT HT CHIIBHOIO B3 U-
MOJICHCTBUSA, U3MEPEeHH s B muke Z-6030H H LEP as(mQZ) ~ 0,125, nonroe
BPEMsl 110 UMEIOLIMMCS 11 HHBIM ObUT 3 MeTHO Gomblue as(m?%) & 0,11, kotop s
M3BJIEK J1 Cb M3 HU3KO®HEPreTHYECKHX J HHBIX [57], T KMX, K K IIyOOKOHEyHpy-
roe p ccedHue JenToHOB H  IpoH X [58] (np Bun cymm I'pocc —JIptoBeninn-
Cvur  u spomouud 10 Q? CTPyKTYpHBIX (hyHKuMil), p ci asl Y, B Ip BWI X
cymm KXJI mist cuctempl (bb) M B BBIMMCIEHHSIX CHEKTP M CC TSKENOrO KB p-
KOHMSl H pemieTk X. IlogoOGHoe p cxoxieHue mexuy u3MepenusMd H LEP mpu
Q? ~ 10* TeB? u Benuuunoi, oxun emoit u3 KXJI npu Goslee HU3KUX SHep-
ruax (Q? ~ 102 T'sB?), Moo GBI CITyXKUTh YK 3 HUEM H BHUPTY JIbHbIE 3(h(PEKTHI
«HOBOW» (DM3MKM NpU OONBIINX DHEPIHSAX, KOTOpP S HE YKI JIbIB €TCS B CXEMy
CT HJ PTHOW MOJENU IpU Heprusax Z-6o3on [59].

B p 6ore [33] 6bumrt p ccmoTpens! ip BT cymMMm KXJI 71 1enTOHHBIX KOH-
CT HT BEKTOPHBIX COCTOSHMII TSKETOTO KB PKOHHs (bb) [is MPEIH3HOHHOTO H3-
BIICUYCHNS! KOHCT HTBHI CHJIBHOIO B3 MMOIEWCTBHS M M cChbl b-KB pK . Bomommx
UCTIOJIb30B JI CXEMY MOMEHTOB CIIEKTp JIbHOM IIOTHOCTH MONEPEYHOTro KOppes-
TOP BEKTOPHBIX TOKOB B HEPENATHBUCTCKOM IPHOMIKEHHH U TIONYYII ovs (M%) =
=0,109+£0,001, rie yK 3 H JMIIb CT TUCTUYECK 5 MOrpemHocTh. C eIl uc-
CIIE/IOB HUSl METONMYECKON YCTOWYMBOCTU PE3YNbT T MO M3MEPEHHI0 (v5(m%) B
np BT X cymMm mis (bb) TIpeicT BSET MHTEpec P CCMOTPEHHE 3TOii MpO6IeMbl B
JIPYTHX CXeM X.
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B aTOM p 3p€er1€ Mbl oy eM as(m%) = 0,118 £ 0,003 U3 1 HHBIX [0 KOH-
CT HT M BEKTODHBIX n.S-ypoBHeH (bb) B KB 3WIOK JIBHBIX IIP BHJI X CyMM H IO-
K 3bIB €M, YTO OCHOBH S HEOIPEIENEHHOCTh B BHIYMCIEHUH BEJUYMHBI KOHCT HTBI
cBasu KXJI npu oHeprusix GOTTOMOHHUS CBS3 H C BHIOOPOM TOYKH HOPMHPOBKHU
KYJIOHOMOOGHOr0 0OMEH MeXIy KB PK MH, T K 410 das(m%) = 0, 010.

B ocHoBe OLICHKH JICKUT COOTHOLICHHE JId JICIITOHHBIX KOHCT HT fn BEKTOP-
HBIX COCTOSIHUI

72L Qg dM,, (4M12

2
T Mn) Hy Zays. (1.67)

M cmt 6, 3 I OIIMHA BETMYUHY KOHCT HTHI B KYTOHOIOOOOHOM OOMEHE, OIpejie-
JSIETCS BEJIMYUHOMU Cp€OHETO KB Ap T HMIIYJIbC KB PK B ME30HEC, T K YTO MbI
Ol I' eM o

as = ) (2Tpz),

B (p KTOpe XecTKOil IIIIOHHOH momp BKM My KOHCT HT 3 A eTcd M CC MH
KB PKOB, I103TOMY

ol = al’¥(

S mims).

JInd OLEHKH 3 BUCHMOCTH pe3ylbT T OT TOYKH HOPMHPOBKH MBI HCIIONIb3yeM
g BLM
T xXe npouexypy BLM. B M S-cxeme nepeHOPMHPOBKHU BEJTMYMH ag ) o1pe-

HCJIACTCA BbIp KCHUCM
BLM MS . —5/3=2
a(BEM) = oM (e75/3p2 ), (1.68)
rae ﬁé — CpeOHHMH KB JIp T IEpeI YU UMILYJIbC MEXIY KB PK MH, T K YTO

P = ((P1 — P2)%) = 2(pT2) = 4T pu1o. (1.69)

B XkecTkoll INIIOOHHOH IONP BKE K KOPPEIATOPY BEKTOPHBIX TOKOB UMEEM I
my1 = mg = mg [33]:

QH(BLM) _ ays(e_ll/mmé)- (1.70)

I nee, @ KT0p Zsys = Znr/Ziny OMM30K K SIUHULE, W OH ONIpEJEIICT CHCTEM -
THUYECKYIO MOMP BKY 3 CYET HEPEITUBUCTCKOTO MPUOMKEHUs Ul BKJI 1T KB P-
KOBOU IIETJIH C yYETOM (vg/U-WICHOB KYJIOHOBCKOTO THI (Zy,,) U 3 CYET MHTe-
TP JIBHOTO MPEACT BJICHUS BKJ J PE30H HCOB B JIPOHHYIO Y CTh IP BHJI CYMM
(Zint). Bemmuun Zgys cn 60 3 BHCHT OT HOMED MOMEHT , T K YTO J/I1 OCHOB-
Horo coctostuust (bb) B 0611 cTH €T GUIBHOCTH Zine (mp = (4,58 £ 0,03) ToB)
UMeeM

Zeys = 0,90 = 0,03, (1.71)
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T omun 6. CucreM THYeckHe ¢ KTOPbI B KB 3IIOK JbHBIX NP BHWI X CyMM B 3 BHCH-
MOCTH OT M cc KB PKoB (B I'3B)

me VAS Zr(j) Me 73) Zr(j)

4,55 | 1,13 | 1,09 | 1,20 | 0,74 | 1,42
4,58 | 1,19 | 1,09 | 1,30 | 0,96 | 1,36
4,61 | 1,26 | 1,09 | 1,35 | 1,10 | 1,33
4,66 | 1,39 | 1,08 | 1,41 | 1,29 | 1,30
4,72 | 1,57 | 1,07 | 1,48 | 1,58 | 1,26

B 1 61. 6 mpuBeIeHbl 3H YEHHS CHCTEM THUYECKHX (p KTOPOB B 3 BUCUMOCTH OT
M cC KB PKOB (00 CTh CT OHIBHOCTH Zint sl cuctembl (éc¢) m, = (1,41 +
0,04) TB).

Ins mwiotHocTH coctostHuil dn/dM,, B TAXelIOM KB PKOHHH HUMEEM SIBHOE
BBIP XEHHE

dM,, 2T
- _ = (1.72)
dn n
W3 (1.72) cnenyer, uto
My — M
T="2"_"1 (1.73)
In4

rne M, — M cc nS-yposusi, M,, = (3My, + Mp,)/4, My,p — M cCbl Bek-
TOPHOIO U IICEBIOCK JIAPHOIO COCTOSIHMN COOTBETCTBEHHO. M3 1 HHBIX O M CC X
9 PMOHMS U GOTTOMOHMS CIIEIyeT, YTO

T = (415 + 20) MsB.

B 1 HHOM p 3ejie Mbl HCCIELyeM KOHCT HThI BEKTOPHBIX COCTOSIHMIA, TIOSTOMY
B K 4ecTBe II p MeTp ' UCHOJIB3YeTCs BEMMYUH , 3 J| B €M s SKCIIEPUMEHT Jib-
HBIMH 3H deHuHsIMH M cc T(nS) u ¢(ns), n = 1,2.

K x 6bu10 MOK 3 HO,

2
2m,
aQ = Oy HV (—MQ) Zsys
1

C BBICOKOM TOYHOCTBIO HE 3 BHCHUT OT POM T TSIXEJIOro KB pPK , UYTO MPUBOAUT K
M CIIT OHBIM COOTHOIIEHHUSIM VIS JIENTOHHBIX KOHCT HT. Corn cho (1.67), sMmmu-
pUYecK S BeJTUYUH

12 In2
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I €T BO3MOXHOCTb OIPENENUTh (vs. IIpH BTOM CIiedyeT y4ecTh, YTO JICHTOHH

mwupun Y (1S) — IT1~ onpenensercs athpeKTUBHOM KOHCT HTON TOHKOM CTPYK-

TYPBL Qer, H M cmt 6e My [33], T k uro Met ont T em f1 = (690 + 15) MaB.
U3 aKCIIepIMEHT HMeeM

ap = 0,195+ 0,007, a.=0,20=£0,01.

C IByXIETIEeBOil TOYHOCTBIO ISl «OeryIiei» KOHCT HThI (vs (OIUC HUE 3 BUCHMO-
ctd Agep OT 4MCI  KTHBHBIX POM TOB cM. B [57]) H XoguM*, 4TO

aMS(m%) = 0,118 £ 0,003, (1.74)

T kK uro A®®) = (205435) MsB. Iorpemnocts B (1.74), T BHBIM 06p 30M, CT TH-
ctudeck . CHCTEM THYECK s HEOIpPEelIeJeHHOCTh OOYCJIOBIEH BHIOOPOM TOUKH
HOpMUPOBKM KOHCT HThl KXJI mpu sHeprusx Tsaxenoro KB pkoHus. T K, p -
3yMH § B PH LUS 3TOTO I P METp , K NpHUMepy, BbIOOp (UKC muu M cmT 6 B

m(BLM)(mQZ) = 0,106 4+ 0,003, yro H XOAUTCS

cxeme BLM, npuBomut K aj
B COIJI CHU C Pe3yJbT TOM Bosomms aiVIS(BLM)(mQZ) = 0,109 £ 0,001, T

YTO MbI OLIEHUB €M METOJMYECKYI0 TOYHOCTh B OJHONETIEBOM HPUOIMXEHUH K K
Sas(m%) = 0,010.

3 MeTuM, 4TO HeJl BHee NpuMeHeHue Boioop M cut 6 BLM k mMeTony nsme-
penust avs 1o «popMe IPOHHBIX coObITHiD» 1 10 a5 (m%) = 0,109-+0, 008 [60].

BBICOK 5 TOYHOCTh M3BIEUEHHS BENMYMHBI (ts B TP BHI X cymM s (bb)
00ycrioBieH  GOJIBIION PONBI0 KYTOHOMOTOOHBIX (s /V-MOMp BOK, KOTOpPBIE MPH-
BOJSIT K JIMHEWHOH 3 BUCUMOCTH KB Jp T JICITOHHOW KOHCT HTbI OT BETUYHHBI
KOHCT HTHI CBS3M H M CIIT Oe cpefHel Mepex Yu MMITYyIbC MEXIy KB PpK MU B
TSIKEIIOM KB PKOHHH.

B p Gore [61] 6butn ucrionb30B Hel O(a?)-BoIp XeHMs IS KOPPETATOPOB
BEKTOPHBIX TOKOB [T M3BjIedeHs KOHCT HThl KXJI u M cChl b-KB pK U3 JI HHBIX
no 6orroMoHm0. IIpy ®TOM MCTONB30B JIcS H3 I TS BKJI A KYJIOHOIIOZOOHOTO
0oOMeH MeXJy KB PK MU C M CIIT OOM, 3 JI B €MbIM OTHOCHTEIbHBIM MMITYJIbCOM
KB PKOB. Pe3ylpT T T KOro p CCMOTpPEHHS COIT CYeTCsl C BEIMYMHOM, MOJIydeHHOM
B Jl HHOM D 3[ere.

T kuM 06p 30M, MBI IOK 3 JIM, YTO HCIIOJb30B HUE P 3JMYHBIX CXEM IIp -
BIJI CYMM IS JICITOHHBIX KOHCT HT BEKTOPHBIX COCTOSIHHN TSXKEJIOr0 KB pPKO-

nus (bb) NMPUBOIMT K CHCTEM THYECKH YCTOMYMBOMY pesyisT Ty ol (m%) =

= 0,118 £ 0,003, KOTOPBIH COMIT CyeTcsd CO 3H YEHHUEM, U3MEPEHHBIM B IIOJIIOCE
Z-6o03o0 H LEP.

*AH JIOTHYHOE P CCMOTPEHHE B OJHOIETIIEBOM HPUOIMXKEHNH T (vs TIPUBENEHO B [24].
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Jleyxnemnesoe npubausxenue. Koaguientr Bunbcon B onep TOPHOM p 3-
soxeHud NRQCD i M TpUYHOIO 9J€MEHT BEKTOPHOIO TOK  HHUTWIIALIUU TS-
KeJBIX KB PKOB C P BHBIMH M CC MH IOCJIE IBYXIETICBOI IEPEHOPMUPOBKH UMEET
Buz [62]:

2
Ky (ay,ma/u) = 1 —201”0‘%(%) +ea(ma/m) () (1.75)

=

i
e Cp = (N2 —1)/2N = 4/3, N = 3 — uuCIIO LBETOB KB PKOB, T K 4TO
HOM JIbH s P 3MEpHOCTh Ky B OJHOIETIEBOM MPHOMMKEHHH P BH HYIIIO, U

o dKV o Qg 2 3
7K_dlnu_%(w) +0(a),

u(Cy=23) ,

o = —Cp(20p + 30,4)%,

nonHoe BeIp xenue aid Ky B rouke cumsku KX u NRQCD p = mg MoxHO
H iitu B [62]. B np Bun x cymm mbl ucnionssyem Hy = KZ. T xum o6p 30M,
CT HOBHTCS SICHO, YTO KOHCT HT KYJIOHOMOZOOHOrO OOMEH MeXIy HepessaTH-
BUCTCKUMH KB DK MM B OJHOIICTIIEBOM NPHOIIKEHUH ONpenesseTca H M CIuT Oe
40, KOTOPBIA HE 3 BUCHT OT M cIIT 6 ¢ KTOpU3 IUHM BUJIBCOHOBCKHX KO3(phu-
LIUEHTOB U M TpuuHBIX 37eMeHTOB B NRQCD, T K K K ¢ kTop Hy HE 3 BUCHUT OT
4, HO B JIByX HETISIX T K 51 3 BUCHUMOCTb IOSBIISETCS, U KYJIOHONONOOHBIH BKJ 1
ompenenadercss H M cIT 6e i = ﬂ(u). CriejtyeT OTMETHUTD, UTO Yo — OTPHUIL TeJlb-

H 5 BEJIMYMH , T K 4TO ovs(ji2) p cTeT mpu ypenudeHuu ji. OYEBHIHO, MMEETCS

Touk , e o (ji?) = as(u?), B KoTopoii Mbl GyaeM IPOBOIMTb P CYeT Hp BUI
cymMM. UTOGHI OMpENEUTh STY TOYKY, 3 METHM, YTO CPEJHHI KB AP T HEpel 4u
UMITYJIbC  MEXJy HEPESITUBUCTCKIUMU KB PK MU OIIPEHENSETCS BHIP KEHUEM, yUH-
THIB IOLIMM NEPTYPO THBHBIA BKJI I ¢ y4eToM (PUKC LMHU IIK Jibl  KTOPHU3 LUK

NRQCD [68]:

4
2y _ g2 %2y 2
(p%) = i" + goas (W),
npudem (p?) = p3. Hon r 4 ji = p, TOTydUM
12 115

S 1- %O‘s’(/ﬂ)'

B omHONETIEBOM NMPUGIMXEHUH MBI IO T 1M (heHOMEHONoruyecku (13 = T'mg.
Tenepb ke cp BHEHHE pe3yibT TOB p c4eTOB KOHCT HThI cBa3u KX]I B p MK X
Ip BWI CyMM B OIHOH M JBYX NETISX IO3BOJAIOT 3 (PUKCHPOB Tb [iy, T K K K
®TH P CYETBHI MOTYT H XOIMThCA B COITI CHU JAPYL C APYIOM TONIBKO IIPH OIpele-
JICHHOM 3H YE€HUM [io. UHCIIEHHBIE OLEHKHU, K K OK 3bIB €TCs, IIOATBEPXKI IOT,
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uro 3 = Tm%, e m% ompejieNnseT Mopor KB pKOBOTO BKJI JI B NP BUJI CYMM
(cM. HIKE).

Il 1ee, BO BTOPOM MOPSAKE MO (vg CICAYET YIECTh 3 BUCHMOCTb M CCHI TSIXe-
JIOTO KB PK OT IOK JIbI () KTOPU3 UM, T K YTO MOPOTOB S DHEPIUS KB PKOBOTO
BKJI I 3 CYET KYJOHOIONOOHOH CBSI3U ONpENessieTCs BbhIp XEHUEM

4
2my = 2my (1) = g3 (1)m(n),

rae mg B IIp BWJI X CYMM HE€ 3 BHUCUT OT i, U B P CCM TPUB €MOM IOAXOAE MbI

MMeeM, K K U npexue, my ~ 4,58 ['sB.

B aTom xe nopszke mo koHeT HTe cBsi3u KX]I ciexyer 0oco60 OTMETHTH pOJlb
KY/IOHOBCKHX CBSI3 HHBIX COCTOSIHHII B y3KOii wwienu 2my, — 2my). DTH COCTOSHMS
B P CCM TPUB €MOii 0OJI CTU HOMEPOB MOMEHTOB CHEKTP JIbHOW IUIOTHOCTH JIO-
IIyCK 0T IIPEACT BIEHHE CYMMBI I10 PE30H HC M B HUHTEIP JIbHOM BUIE, IpUYEM
CIIEKTP JIbH S IUIOTHOCTb B UHTETP JIbHOM IIPEACT BJIEHUM B TOUYHOCTU COBII JI €T
C KOHCT HTOH, OIpeliesIieMOl H Topore BKJI [ KOHTHHYYM , T K 4TO B IIPUHATON

MIIPOKCUM LUM CHEKTP JIBHOU INIOTHOCTH €€ IMOPOTOBBIM 3H YeHHEM (popM JIbHO
HE HYXHO BBOJWUTh HMK KHUX HM3MEHEHUI B TEOPETHUUYECKYIO U CThb Ip BHJI CyMM
(Opyrumu CcilOB MM, KB 3WJIOK JIBHBIE IIP BUI CYMM JJI YMCTO KYJIOHOBCKOU CHU-
CTEMBI C €€ DHEPreTHYeCKOil IJIOTHOCThI0 COCTOSIHUI 00p IIl I0TCS B TOXIECTBO).
Ho npu 3TOM MOXHO YMO3pHTENIBHO BBIAEIUTH B 007 CTH MHTETPHPOB HUS IOMEH
PE30H HCOB U TOBOPHUTbH, YTO C POCTOM HOMEP MOMEHT CIIEKTp JIbHOH IUIOT-
HOCTH OTHOCHTEJIbHBIA BKJI ]I KYJOHOBCKMX PE€30H HCOB (T.e. OOJ CTH, H MMe-
Hee I0J] BIIEHHON BECOM HHTErpupoB HHsSl 1/s™) CT HOBUTCS CpP BHHMBIM C €IH-
Huneil [63]. YucieHHble ONEHKU MOK 3bIB 10T, YTO y4eT BKJ J KYJTOHOBCKHX
PE30H HCOB OYeHb CJl 60 B PbUPYET BEJIMYHMHY CHUCTEM THYECKOro ¢ KTOop He-
PETSATUBUCTCKOTO MPEACT BICHUS Zyp, UL b-KB PKOB, HO BECbM CYIIECTBEH I
C-KB DKOB.

ITocne cpen HHBIX 3 MEY HMI IIPUBEIEM PE3YJIBT Thl U3BJIEUEHUS I P METPOB
KX B p MK X KB 3WIOK JIBHBIX IIp BWI CyMM C YY4ETOM JBYXIIETJIEBOH IIE€pEHOP-
MUPOBKHU:

as(mQZ) =0,118 £0,002, mp(pu~1,24T»B) = (4,76 £0,01) IsB (1.76)
s cucteMsl bb, u
as(mzz) =0,116 £ 0,003, m.(u~~0,60B)=(1,871+0,04) B (1.77)

JUIL CHCTEMBI CC, U3 KOTOPOil BUIHO, 4TO ydeT wieHoB O(a) BecbM 3H yuTe-
JIeH, W TO3TOMY TPYIHO CYOMTh 00 YCTOMYMBOCTU Teopuu Bo3myineHuit KX]I B
p 3n1oxenun NRQCD.

T xuMm 06p 30M, MBI TIOK 3 IIH, YTO KB 3WIOK JIbHBIC TP BWJI CYMM B OIHO-
U IBYXIICTJICBOM HNPUOIMXEHHSIX TTO3BOJISIOT H JIEXHO U3BJIeK Th I p MeTpbl KX]I
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U3 JI HHBIX O CUCTEME TAXKEIJI0IO 60TTOMOHI/IH, H pE3YJIbT Thbl HOI[OGHI)IX P CUCTOB
COINT CYKOTCA C OLUCHK MU B JPYIUX IMOAXOHA X.

2. JEIITOHHBIE KOHCTAHTHBI TAXKEJIBIX ME3OHOB
B CTATHYECKOM IIPEJAEIE

B aTOM p 3meme Ml 00001 eM KB 3WIOK JIbHBIC TP BHJI CYMM H CHCTEMBI,
B KOTOPBIX OJIMH KB PK H MHOTO TSXejee APYroro, YTo COOTBETCTBYET, H MpUMep,
B-me30H M.

B a¢pexTuBHOI Teopuu TAXKeNTbIX KB PKOB [7], KOTOpP § IIHPOKO HCIOJNB3Y-
eTcd U1 ONKC HUS JUH MHUKU CUIBHBIX B3 MMOIEUCTBUI TAXKEJBIX KB PKOB, UME-
€TCS A P 3MEPHBIX I P METPOB, KOTOPhIE ONPENENIIOT K K TOUHOCTb BEIYIIETO
MpUONTMKEHN B Tpenelie 0eCKOHEYHO TAXKeNbIX KB PKOB, T K U BEJIMUUHY CTEIICH-
HBIX Tomp BOK o A/mg < 1, rie A — 1K J1 , ONpedessow i BUPTY JBHOCTH
TSXKeJIoro KB pKk B JpoHe. K yneny T KMX B XHEHIIHX I p METPOB B (hU3HUKE
TSXeJBIX ME30HOB (QQ7) C OOHHM TSXETbIM KB PKOM OTHOCSTCS: P 3HOCTh M CC
TKENOTo KB Pk M Me3oH A = M(QG) — m¢, NENTOHH s KOHCT HT ME30H
fgat B CT THYECKOM IIpefie]ie Mg — 0O M KB AP T UMIYJIbC TAXEIOro KB PK
B ME30HE ufr. T x K K 11 BenuuuHbl onpenensorca KXI-B3 uMoneicTBusMu H
OONBIINX P CCTOSHUAX, VI MX OLEHOK HCIIONB3YIOT HemepTypO THBHBIC METOJBI,
Cpeir KOTOPHIX H HOOJiee MOLTHBIM CPEICTBOM SBIISIOTCS mp B cymMm [10].

Yro K ¢ eTcs BelmMuuHbI A, TO ee oueHKH B np Bua X cymm KXJI s Tsaxe-
JIBIX ME30HOB ObUTH ciel Hel B [64], rie A = (0,57 £ 0,07) I'sB. Kpowme Toro,
«ONTHYECKHe» Tp BWI cyMM BosommH [65] mo3BONSOT MOIYYUTh OIp HUYE-
HHE [66]

_ 1
A > 25, (;;2 - Z) ~ 0,59 B, 2.1)

rie p? — H KJIOH YHUBepC JbHOM ¢ynkuuu Msryp —B i3 [12], J; — p 3HOCTS
M cC Jlerd HMIero BeKTOPHOTO S-BOJTHOBOIO YPOBHS U [P-BONTHOBOTO COCTOSTHHS B
cucreme (QQ) mpu mg — 0.

I nee, oueHkn f3* B p Mk X mp Bwi cymm KX ¥ B BbIYMCICHUAX H

PEeLIeTK X CONI CYITCA JIpYr C APYIOM M NpUBOZAT [7] K
320 = (240 + 40) MsB. (2.2)

B p MK X mp BWJI CyMM NHOIYy4eH T KXe OLEHK CpemHero KB JAp T WMITYJIbC
TSXEJIOTO KB pK B Me30He [7]

p2 = (0,5+0,1) 'sB? (2.3)
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U orp Hu4YeHue [66]
1
p2 > 36% <p2 - Z) ~ 0,45 B2 (2.4)

B mpembimymem p 3mene Obimm p ccMoTpeHBI mp Bt cymMm KX]T s men-
TOHHBIX KOHCT HT S-BOJHOBBIX YpoBHeil KB pKoHMs (Q1(Q2), B KOTOPBIX HCMOJIb-
30B JICSl CIIEKTP M CC COCTOSIHHi, p CCUUT HHBIH B KB 3HMKJI CCHYECKOM IMpUOIIH-
xeHnu. [ 1.S-ypoBHSI ¢ TOYHOCTBIO IO CHUCTEM THYECKOIl HEOIpelesIeHHOCTH
mopsak  10% OBLTO MONTyYeHO BBIP KEHUe

16c,
Fop M = —= jiz a2 Hv,pZeys, 2.5)
tie p12 = mima/(mi + ma) — TpUBENEHH S M cC KB PKOHHS, 2 =
= 2u12(T) — cpenHuii KB Ap T UMIyIbC KB PK B KB DKOHHH C M CCOH

M ~ mq 4+ mo. B (2.5) xoHct HT cBg3u KX][ omeHuB eTcss H M ciut Oe
KYIIOHOBCKOTO OOMEH MeXIy KB pK MH, KOTOPBI P CCM TPUB €TCI H IOpore
0o0p 30B HHS I PHI KB PKOB.

It Tskenoro Me3oH (()G) CyLIECTBEHHYIO POJIb MIP €T JBHXCHHE JIErKOro
TOKOBOTO KB PK B Cpejie KB PK-IJIIOOHHBIX KOHJICHC TOB, II09TOMY H uboJjee 1o-
CJIeJJOB TEJIbHOE P CCMOTPEHHE MP BWJI CYMM IpPENINON I €T UCIOJIb30B HHUE Olle-
P TOPHOTO P 3JI0XEHUS IMPOU3BEAECHUS KB PKOBBIX TOKOB C YYETOM B KYYMHBIX
OXMWJI HUH OIep TOPOB BHICIIUMX p 3MepHOCTE. OfH KO, B K YECTBE P 3yMHOIO
NpUONINXEHHsI, MOKHO P CCMOTpPETh CIlyd i, KOIJ BJIUSHUE KOHJIEHC TOB CBO-
JIMTCS, [T BHBIM OOp 30M, K MOsBIEHHIO 9(pheKTHUBHOH M CCHI JIETKOTO KB PK .
[MToo6HBIN KOHCTUTYEHTHBI KB PK MOXHO P CCM TPUB Th K K HEpESTHUBHUCT-
CKH OOBEKT, ABUXKYIIHMIACS B MOTEHIN Jie CT TUYECKOro Tsaxenoro kB pk *. T K,
MOTEHLM JIbHbIE KB PKOBBIE MOJAEJH JIOBOJIBHO YCIEIIHO IPUMEHSIOTCI B CIIEKTPO-
CKOIMM TSXKEJIBIX ME30HOB. [I /1ee, MOXHO P CCM TPUB Tb (p€HOMEHOIOTHYecKue
BBIP KEHHUS, IJle He BKJIIOY OTCA B P CCMOTpPEHHE BKJI bl KOHICHC TOB, T K K K
OHU HESIBHO YUYHUTBHIB IOTCS TOCPEICTBOM BBENCHUS HEKUX (PEHOMEHOJOTMYECKHMX
I P METPOB TUIl KOHCTUTYEHTHBIX M CC.

B T KoM moxxone WCmosib3yeMoe MPHONUKEeHHe 03H 4 €T, 4TO

pz = ——— ~ py = p~ M(Qq) — mg = A. (2.6)

BBenenne KOHCTUTYEHTHON M CCHI JIETKOTO KB PK  SBIseTCs, 6€3yCI0BHO, IOMOIM-
HUTETbHBIM, HO BIIOJIHE P 3yMHBIM MpearnosioxeHneM. OH sBIsieTcs H JIOTOM He-
nepTyp0 THUBHOW BETMYMHBI ., Onpenensomeid Iopor APOHHOTO KOHTHHYYM B

*T koe nmpuOIMKEHHe O3H Y €T, YTO JIeTKHE CTEIleHH CBOGOIbI P CCM TPUB IOTCS K K SIHHOE
1ieroe, He UMelollee BHYTPEHHEl CTPYKTYpBI.
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a1 1 coBckoit cxeme mp Bl cymm HQET. Benuuuna E. onpenensercs: U3 MpUH-
UM CT OWJIBHOCTH IS BBIYUCIISIEMBIX IT P METPOB, T KUX, K K JICITOHH S KOH-
cr oT . Ce13p E. ¢ A obcyxn etcs B [7]. Heompemenennocts onenku E. 8 HQET
T K 5 X€, K K B OLIEHKE KOHCTUTYEHTHOI M CChl KB PK . B KOHEUHO®HepreTuue-
CKMX IIp BWJI X CyMM, KOTOpbIe corll cyrorcd ¢ mp Buln mu cymm HQET, E, —
0 3MCH $ BEJIMYMH , ONPEIENSION] S P 3JIUYHbIE P 3MEpHbIE T p MeTphl (cM. [67],
TJle NPUBOIATCS ABHbIE BHIP XeHud). T KuM 06p 30M, BEMMUHH i35 ~ A uMeeT
JOCT TOYHYIO ONPEAEICHHOCTb, K K U B JAPYTUX MOOXOX X.

T XK K X KB pKOHHI P CCM TPHB €TCI H TIOpore oOp 30B HHS COCT BIISIO-
IIMX €ro KB PKOB, CJIECAYeT TOBOPUTH O CT THYECKOM NPUOIMKEHUH VTS TSKEJI0ro
ME30H C OJHHUM TSXKENbIM KB PKOM.

I nee, H-¢p KTOp MOXeT ObITh MPEICT BIICH B CIICAYIONIEM BHUIE, YIUTHIB IO-
LIEM PEHOPMIPYIIIOBbIE CBOMCTB KOHCT HTHI cBsizu KXII:

RO _ <a5<e5vm))4/ﬁ°<”f>
v,p =
as(mq)

rie oy = 8/3, ép = 2, By = 11 — 2ny/3, ny — 4UCIIO pPOM TOB KB PKOB C
M CC MU M < M.

C yderoM nocsneqHero ¢ KTop NPUXOAUM K u3BecTHOMY pe3yisT Ty B HQET
O M clIT OHOM COOTHOLUEHMH JJIs JIENTOHHBIX KOHCT HT TSXKEJIbIX ME3OHOB B CT -
THUYECKOM Mpefese

Y

(87 )\~ V/Bo(ns)
ftat(u)M<ﬁ> = const. 2.7

T kuM 00p 30M, B p MK X KB 3WJIOK JIBHBIX 1P BHJI CYMM C MCIOJIb30B HUEM
CIIEKTPOCKOIIMYECKUX [ HHBIX KB PKOHHUS YI €TCS IIOJIYYUTb P 3yMHBII IIpenes
JUIL CUCTEM C OJHUM TSXENbIM KB DKOM.

JI71s TSKeTbIX ME30HOB B PE30H HCHOUM 001 CTH H XOAWTCS JIUIIB OfHO COCTO-
gqHue. JIerko MoK 3 Tb, YTO B 3TOM CIIy4 €

Zsys = In(n;nen),

MIpUYEM JUI CT TUYECKUX KB PKOB n; = 1. BenmuuuH nyy, onpenensercs noporom
koutuHyyM E, = 0,9+ 11I%B, T x uto E, = pt + 2T In(ne,). Torn Zgys =
= 0,40 £ 0,06. YuciaeHHbIC OLECHKH 11 B-ME30HOB [ 10T

HRC =1,008 40,004, as(p2)Zsys = 0,35+ 0,05

32" = (310 + 60) MoB.

*C TouHOCTHI0 110 Sy, p, KoTopble B HQET 1071 T 10TCS p BHBIMU HyJTIO.
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2.1. Cnekrpockonus u p 3vepHbie 1 p Merpsl HQET. B ocnose p 31m0xe-
HU4 oriep TopoB o o0p THO# M cce Tsxenoro kB pk  (HQET u NRQCD) nexur
NpeICT BJCHHE O P 3AENEHUN ONUC HUS TSXKENBIX CT THUYECKHUX HCTOYHUKOB M Te-
HEpHPYEMbIX UMH TIOJIEil ITIFOOHOB W JIETKUX KB PKOB. B T KoM ciyd e Bemymum
SIBIISIETCS] TIPHOJTMKEHNE HEPEIATUBUCTCKUX TSKEINbIX KB PKOB C HE 3 BHUCSIIUM OT
UX POM T MOTEHLH JioM. TOra M CChI TSXENbIX KB PKOB, HCIIONIb3yeMbIe B CIIEK-
TpocKONMM TAXebiX KB pKoHHEeB (NRQCD), MOryT mpuMeHSIThCS B p 37I0XEHUU
HQET pns TaXenbIx ME30HOB C OIHUM TSXENBIM KB pKOM. B criekTpockonuu T4-
KEJIOro KB PKOHMS 3 BHCHMOCTb ®HEPIUH BO30YXHEHHS S-BOTHOBBIX COCTOSIHHH
OT HOMEp YpOBHA UM M CC KB PKOB SBJSETCS BIIOJHE OIPEAENEeHHON, YTO MO-
XeT OBITh MCHOJIB30B HO IS YCTP HEHHUS IMPOM3BOJIBHOIO CIBHMI IIOTEHLM JIbHOW
SHEPIUU, KOTOPHIA BEAET JIMLIb K U3MEHEHHI0 ®HEPrHd ypOoBHS B 1/ mé—nopﬂm{e
P 370XEHHd, €ClIi BBECTH B P CCMOTPEHHE YCJIOBHE HE3 BUCHMOCTH M CC TSXKe-
JIBIX KB PKOB OT THI ME30H , T.€. MCIONB30B Th CIUMBKY INK JIbI ®HEPTHH I
TSIKEINBIX KB PKOHHMEB U TSIKENBIX ME30HOB.

JIpyruMu OB MM, M CCBI TSKEJIBIX KB PKOB HE MOTYT OBITh OJHO3H YHO 3 -
(pUKCHPOB HBI B CHEKTPOCKOIUH TAXKENBIX KB PKOHUEB, T K K K COITI CHO TeopeMe
@eciinM H —XeJsIM HH B pU LS [IPUBEJEHHOM M CChl KB PKOB BbI3BbIB €T JIMILb
M JIOE U3MEHEHUE SHEPIUM CBA3U:

dE = —(1) 212,

K12

KOTOpPOE, OYEBHIHO, H XOMMTCS 3 P MK MH HCCJIELyeMOH TOYHOCTH, KOria
M =mi 4+ me+ (T) 4+ (V). O KO IPOU3BOJIBHBIA COBUT M CC MOXHO YCTP -
HUTh, €CJIM WCIIONB30B Th T KOE€ YCJIOBHE, H mpumep: M ccel Y (4S) u 1(35)
Ip KTHYECKH COBH JI 0T C YABOGHHBIMH M CC MH TSKeJbIX B- u D-Me30HOB co-
OTBETCTBEHHO, Tjie B p cueT X HQET cTosT Te Xe ¢ Mble 3H YEHHUS M CC TSKENbIX
KB PKOB.

B ornnumne or mogoGHOro Mouxox , B KB HTOBOM TEOPHU IIOJISI MUCTOYHMKH,
U3yd IOLIMe I0J4, ¢ HeoOXOAMMOCThI0 007 I I0T C MOJEHCTBHEM, 4TO IPHBO-
IWUT K BBEACHUIO KPUTEPHS P 3[EJICHUS] BHEIIHEro IO W IIOJS, OTHOCSINETocs K
UCTOYHUKY. POpM JIBHO 3TO O3H Y €T, YTO B ONEP TOPHOM P 3JIOXEHHH H OIe-
P TOpBI, U T P METPBHI THII M CC KB PKOB, U K03(phHUMEHTH BuinbcoH 3 BHCAT
OTM ciiT 6 ¢ KTOpU3 LUH, KOTOPBIH BBIOUP €TCS COINT CHO (PM3UYECKUM X P K-
TEPUCTUK M K XIOH P CCM TpPHUB €MOH CHUCTEMBI B LeIX oOecredeHus ObICcTpoil
CXOIMMOCTH COOTBETCTBYIOLIMX M TPUYHBIX BJIEMEHTOB OIEp TOPHBIX psiioB. B
(puzuKe TIXKENBIX KB PKOB H NP KTHKE BBOAIT 00pe3 HHE MATKHX INIIOOHOB IpH
p cuer X nepTypO TUBHBIX Ju Ip MM @DeflHM H , T K YTO I P METPHI p 3JI0XKe-
HUS 3 BUCAT OT ®TOro oope3 Hug A. T K, IpH M JIbIX B pU LUIX 0Ope3 HUs ObLIn
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MOJTy4YeHbl BBIp XeHusd [68]:

mo(N) ~ma(N) = —za.(A)- (A~ X), 8)

PO~ 2N = shas() (8 - X7, .9
3T
[Togo6H 51 3 BUCHMOCTb MPUBOAUT K HEOOXOMUMOCTH P CCMOTPEHHS IPOOIIEMBI
Cp BHEHHs Pe3yJbT TOB M3BIICUCHHS I P METPOB P 3JI0XKEHHS 110 00p THOW M cce
TSKEJIBIX KB PKOB B P 37IMYHBIX mojuxox X [69]. Tem He MeHee He 3 BHCAIUMU OT
POM TOB KB PKOB IOTEHLH JI TSXKEJIOTO KB PKOHHUS CYLIECTBYET IPH MACHTUYHOM
BhIOOpE M CIIT 6 HOPMHPOBKHU I P METPOB U OIEpP TOPOB.
OmnpenenuM M cCy TSXENOoro KB pK  COIJI CHO

2
_ A NT( 2
mg =m(Qq) — A — ——— + O(1/mp), (2.10)
@ =m(Qq) - A~ g oo 001 /m)
mie (2 — CcpelHMii KB Ip T MMIYJIbC KB PK B TsXenoMm Mmesone, m(Qq) =

= (3my +mp)/4 — ycpemHEHH 5 [0 COMHY M CC BEKTOPHOIO H IICEBIOCK JIIp-
HOTO COCTOSIHWH. MBI 1OJI T €M, 4TO

uz = 2T)pqq, (2.11)

e [iQ — UPUBENEHH s M cca (O, 1 — KUHETHYecK 5 9Heprus. P 3yMHbI
BBIOOP [igg onpenensercd K K A.

3n wennss m(Qq) mit Q = b, ¢ u ¢ = u, d WUBECTHBl IKCIEPUMEH-
T JIBHO [57]:

mp(1S) =5,313TeB, mp(1S) =1,975 B, (2.12)

C TOYHOCTBIO J1yulie yem 5 MaB.
B Taxenom KB pKOHMM KB HTOB HHUE€ 10 bBopy—3ommepdensay ams
n,S-COCTOSIHMIA TP TOCTOSHHOM (1) I €T ®HEPrui0 CBI3U KB PKOB

2

E(n)=C+Tln 2, (2.13)
H12
e C' — TIOCTOSIHH s, HE 3 BUCSI] S OT POM TOB KB PKOB. Yp BHeHue (2.13)

I T 3 BUCHMMOCTb DHEPIUH CBSI3M OT HOMEp BO30YXJIEHHUS U M CC KB PKOB. 3 -
METHM, 4TO KB 3MKJ ccudyecKoe npubmmkenne WKB 11 3 1 4n ¢ TpexXMepHbIM
LEHTP JIbHBIM IIOTCHIH JIOM MPHBOOMT K 3 MeHe n H n — 1/4 B (2.13). Og-
H KO T HH 4 3 MEH He IpPUBOAUT K JIy4llIeMy OIUC HUIO DKCIEPUMEHT JIBHBIX
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a(n)

Puc. 3. DxcriepuMeHT JIbHbIE 3H YeHHUs P 3HOCTed M cc n.S-ypoBHel GOTTOMOHHMS (TOYKH)
u 4 pmonust (kB ap 1b) a(n) = [M(nS) — M(1S)]/[M(2S) — M(1S)] n 3 Bucumoctn
B p ccM TpuB eMoil Moxenu (Kpus 5 /) u B npubmuxennun WKB (xpus g 2)

I HHBIX * (cM. puc. 3). UTOObI U30JUPOB Th 3 BHCHUMOCTbH OT 71, MBI P CCMOTPEJIH
OTHOIUEeHHE v(n) B JI HHON MOZIEIH:

M(nS) —M(1S) Inn
M(2S)— M(1S) In2

aln) = (2.14)

u B npubmmxennn WKB:

aWEB(p) = Inf(4n —1)/3]

In[7/3]
Cp BHeHHe MopeibHOro npubmkenus: (2.14) ¢ KCIEpUMEHT JIbHBIMU BETHYM-
H Mu u Momucduk meir WKB npenct BieHo H puc. 3. K K BumHo, p ccM Tpu-
B €M S MOJeNb SBIseTcs Oosiee MOOXOMAIIEH I TOYHOTO ONWC HUS 3H YCHUNH
M(nS), T x 40

T = (0,415 £ 0,02) I'sB. (2.15)

3 MeTHM, YTO, B OTJIMYHE OT H JIU3 B [6], MBI HCIIOJIb3YeM M CChl BO30YKICHUH,
YCpEIHEHHbIE 10 3 BUCALICH OT CIIMHOB KB PKOB 4 CTU IOTEHLHM J , YTO K XKeTcd

*T K 9 Ke TeH#eHIMs OBUT 3 MEYEH W B KYJIOHOBCKOM TMOTEHIM Jie, IAe Yp BHEHHE
Bop —3ommepdensn 1 B 710 TOUHBIH PE3YIBT T.
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Gonee pe3oHHBIM. Kpome TOro, H JM3 CIIEKTPOB TSKEJIOro KB PKOHHMSI, BBIIOJN-
HeHHBIN B [6] mo cdopmyn M WKB, mpuBoauT K MEHBIIUM 3H YEHUSIM BETUIUHBI
T ~ 0,37 I®B. M cc nS-yposHs onpenensiercs o opmyie

M(nS) =my +ma + E(n).

B 1ensix ynoOGCTB BBeIeM «H Y JIbHBIC» 3H YeHHS 7;(f12), 3 BHCSIIME OT HpUBe-
JICHHBIX M CC W CBS3 HHBIE C He 3 BUCAIIEeH oT poM ToB moctosHHoi C' B (2.13):

2
C— iy Milk2) (2.16)

H12

HCHOJ’[b3y€M OKCHHEPUMEHT JIBHBIC I HHBIC, CHIUB IOMIUE DHEPIreTUYCCKYIO 1K JIy B
TAXKEIIOM KB PKOHHU U TAXKEITIOM ME30HE!

MT(4S) = 2mB(1S) + dp, M¢(3S) = 2mD(1S) + dc,

rae dp . — M JIO¢ OTKJIOHCHHE 3KCIIEPHMEHT JIbHBIX 1 HHBIX OT P CUETHBIX. DTH
yp BHEHHs MOTYT OBITH IEpENuC Hbl B BHjie*

7 2

o M0 og y Ha 5, (2.17)
n; (bb) my
— 2

o () ox y Fa S, (2.18)
n;(cc) Mg

e nin(bb) = 4, nyy(ce) = 3. U3 (2.16) 1 xomum

In (2.19)

Me

1
C 2

O6weaunsist (2.11), (2.17)—(2.19), nonydum

= c c 0c— 90
Ao meme [ [me () bl (2.20)
mpy — Me Me Ngh (bb) 2T
IJle CKPHIT HesBH 3 BUCHMOCTb M cC KB pKOB oT 1" 1 A.
Vp BHenue (2.20) MoxeT OBITh pELIEHO YUCIEHHO, U OHO I eT**
A = (0,63 £ 0,03) I'sB. (2.21)

* AM JIOTHYH 5 OUEHK C JOMOJTHHUTETHHBIM yciiobieM n; (bb) = 1 651 p ccMoTpen B [19].
**Tlomy4eHHBII pe3yIbT T H XOMUTCS B XOPOIIEM COITI CHU C Orp HUYeHHsMH [66].
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B pu st 6 = 6. — &, = +80 MaB 1 er A = +150 MaB. Yo K ¢ erca M cc
KB PKOB B TIEPBOM MOpsjIKe MO 1/mg, TO H X0auMm

my = (4,63 +0,03) TeB, m, = (1,18 +0,07) IB.

JlONONHUTENBH S HEONPENENEHHOCTh B M CCE C-KB DK CBI3 H C IOIMYCTUMON
3 menoit A/m(Qq) — A/(m(Qq) — A) + O(A?/mg) B BBIp KeHHH U1 M CCBI
TAKENOTO KB PK , T.€. OH OOYCJIOBJIEH WIEH MH BTOPOTO MOPSAK MO OOp THOW
M CCe TSIKEJOro KB pK .

I p merp 12 = (0,54 =+ 0,08) B2 [70].

[poBeneHHbIE BHIMUCIEHHS TIO3BONSAIOT MPEICK 3 Th M CChI Nn.S-ypoBHEH ce-
MeiicTB (bc) HIKe mopor p cm g H 1 py BD:

mp, (15) = (6,37 +0,04) ToB, mp, (25) = (6,97 + 0,04) TsB.

[Monoxenue 1S-ypoBHS HEMHOTO BbIllE, YeM B IOTEHIH JIbHBIX MOJENAX. DTO
OTKJIOHEHWE, B OCHOBHOM, OOYCIIOBJIEHO OOJbLIEN BEMMUMHOMW 1 p mMetp 7T, HO
He p 3MMYHEM B M CC X KB PKOB, IIOTOMY YTO M CCHI ypoBHeii (bc) He oueHb
YYBCTBUTENbHBI K B PU LMK M CC KB PKOB. MCIONB3ysd OLEHKY 3 BUCALIETO OT
cua p cutervienus 1S-yposus B (be), m(17)—m(0~) =~ 60—70 MaB, nomyunm
UL M CChI OCHOBHOTO TICEBJIOCK JIIPHOTO COCTOSTHUS

mp,(07) = (6,32 4 0,05) I'sB.

[TpoBeneHHbIE BbIILE OLEHKU HE YYUTHIB JIU IEPTYPO THBHBIX BKJI OB B DHEP-
THIO CBSI3M TSKENOTO KB PK W €ro CpeHHHd KB IpP T MMITYJIbC , KOTOPbIE MOTYT
ObITh yITEHBI B KOHEYHOM THopsiake Teopun Bo3mymenuit KXJI, rme, x X ObU10
YK 3 HO, BO3HHK €T 3 BUCUMOCTb II P METPOB OIlEp TOPHOIO P 3TOXKEHHUS OT M C-
wr 6 ¢ KTopu3 UMM HernepTypO THBHBIX M TPUYHBIX DJIEMEHTOB (CM. Yp BHEHHS
(2.8), (2.9)).

HerpynHo ydecTs MOOM(UK LU0 P CYETOB B IEPBOM IOPSIKE MO KOHCT HTE
ca3u KXJI. [edcTBUTENBHO, BRI 3 BUCHMOCTh OT 00pe3 HHS UMITYJIbC IJIIO-
OH , MOJIy49nM

iOZS(A) A2 (2.22)

pE = 2T)A) + o

e Apl . (A) = s=as(A) - A2 MOXeT ObITh OLEHEH H X p KTEPHOM M cwT Oe
A =1T5%B:
Ap2. (N = (0,2154+0,010) TsB?.

Tornm

A mpme In Mp Nth (Cé) _ dc — Op _ Augert ()‘)
me nen () 2T 2T 7’

(2.23)
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race onymeH 3 BUCHUMOCTb M CC KB PKOB OT )\ B urore
A(1 TsB) = (0,22 +0,02) I'sB, p2(1TsB) = (0,40 +0,02) [3B.  (2.24)

HeormpenenenHocts B § = §. — 6, MOXeT ObITh YMEHBIIIEH 3 CYET €e CBI3M C
B pu mmeid m p Merp T, W ee BKI 1 ObUT yuTeH B J HHOM omeHke. s M cc
KB PKOB H XOIHUM

my(1TeB) = (5,05 + 0,01) ToB, mc(1 TeB) = (1,63 + 0,02) B,

Torg yiaydur €Tcd €Ol CUC OLCHOK M CC TAXKEJIOTO0 KB PKOHUA (bC)

mp,(1S) = (6,31740,030) I'sB,
mp,(2S) = (6,892 +0,030) I'sB, (2.25)
mp,(07) = (6,267 0,035) B

C P CYET MU B APYIUX MOJIEIAX.

Cnengyer OTMETUTh T KXe U MOIU(UK LU0 OLUEHKHU JIENTOHHOI KOHCT HTEI
B-Me30H B CT THYECKOM IIpeiesie, p CCMOTPEHHOM B IIEPBOM p 371ele, 3 CYeT
BBE/ICHMS 3 BUCUMOCTH OT M CIUT 6 ( KTOpH3 LM, T K 4TO, UCIOJB3YS I P Me-
TPBl, P CCUUT HHBIE B JI HHOM P 3JeJI€, IIOJy4YUM

f3at(1 T'sB) = (220 4 30) MsB.

T KuM 00Op 30M, perysspH sl CTPYKTYp CIHEKTPOB KB PKOHHs IO3BOJISIET OLe-
HUTb P 3MEpHBIE IT P MeTPbl d9(Q(heKTUBHON TEOPUU TAKEIBIX KB PKOB.

3. KOHCTAHTBI PACITAJA TAZKEJIOI'O BEKTOPHOI'O KBAPKOHMA
HA ITAPY TAXKEJIBIX ME30OHOB

DKCIEPUMEHT JIbHBIA MOUCK B -ME30H H YCT HOBK X C BEPIIMHHBIMH JI€-
tektop mu (OPAL [71], ALEPH [73], DELPHI [72] u CDF [74]) cTumMmyaupoB I
TeopeTHYecKHe UCCIeN0B HUs MO CIEKTPOCKONMH TAXeNoro KB pkonus (be), Me-
X HU3M M ero oOp 30B HHUSI B P 3JIMYHBIX B3 UMOJEHCTBHSX U OLUCHK M IIHPHH
P 3IMYHBIX MOJX P CH J K K OCHOBHOTO COCTOSIHHS, T K M BO30YXIEHHBIX YPOB-
Heit. Oco6eHHOCTbI0 cucTeMbl (bc) SIBISIETCS OTCYTCTBUE HHUIHISIMOHHBIX MO
p ci A 3 CyYeT CWIBHOIO WM 3JIEKTPOM THUTHOTO B3 UMOIEUCTBUH, T K UTO
OCHOBHOE TICEBIOCK JIIPHOE COCTOstHME B p ci 1 eTcs 3 cyer ¢ GOro B3 MUMO-
HEVCTBHSL U ABIISIETCS AOTOKMBYLIel U cruueii, 7(B) = (0,5540, 15) nc. Huxe
MOpPOr P CH J H I Py TSXeTbIX Me30HOB B D BO30yXJIeHHbIE YPOBHH KB PKOHHS
(bc) p oM LMOHHO MEPEXONAT B COCTOSHHS 9TOTO KB PKOHHMS C MEHBILEH M CCOii.
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Beiie nopor 1 pel BD H xomurces BektopHoe Bt (3S)-coctosinue, p i 1 Ko-
toporo H jornden Y (4S) — BTB~. KoHcr HT nociexHero p cm o Obul
p ccMoTpeH B p 6ore [23] B p MK X Ip BWI CYMM T ME30HHBIX TOKOB.

B 1 HHOM p 37e7e MBI p CCM TPUB €M KOHCT HTYy ¢ P CII I BEKTOPHOIO
KB PKOHHS, COfIEpX MIero, BooOIe TroBops, KB PKH p 3HOTO POM T , I OIpe-
IIEJIEHHOCTH O0O03H YEHWi, CK XEM, (Bc). DTOT TAXKENbId KB PKOHUA C M CCOM
M, ynosnerBopgmoliet ycnoBuo mp +mp < M < mp+« +mp=«, p Cll I eTcd H
1 py Tsxenbix Me3oHoB BT DC. Mbl BBIBOIMM M cIIT GHOE COOTHOLIEHHE

9—2 dupp = const
M M ’

rie upp = mpmp/(mp+mp) — OPUBEIEHH I M CC I PbI TSIKENBIX ME3OHOB.
[ToCTOSIHH s B [P BOiA Y CTH COOTHOLIEHHS OOH U T Xe st p ci joB Y (45) —
— BTB~, B:*(3S) — BT D u(3770) — DY D™, tue yxe upp = My (45y/4,
upp = My(s770) /4.

Huxe p CCMOTPEHBI IIP BUJ CYMM Il ME3OHHBIX TOKOB, IIOJIy4eHO M CIUT O-
HOE COOTHOIIEHHUE H cle Hbl YHCIECHHBIE OLCHKU.

3.1.Ip Bua cymm. P ccMOTpUM BEKTODHBIA TOK ME3OHOB

TEP(@) = S[B* (@) ,0°(x) ~ 0,B* (x) - D"()

U OIpee/TiM BKJI 1 3TOTO TOK B JIENITOHHYI KOHCT HTY fpp BEKTOPHOTO KB p-
konus (bc), mex wiero Beime nopor BD:

ifppMeM e = (0[T1PP (2)[Vipe, A), (3.1)
e A — moms Vigeys € — — uM-
pu3 uust CocTosHuA Vigey, € BEKTOp MOJSIPU3 IUH, P — UM

nymbe Vigeys p? = M2

I nee, BBeneM opMd KTop F mHONEpeyHOro B3 MMoOAEHcTBHSA I pol BD c
BEKTOPHBIM TOKOM A, C BEepIIMHOM

LY =F(q*) A - kM, (3.2)

TIe ¢ = pp + DD, PB.D — UMITYJIbCHI BHIXOIANIMX U3 BEPLIMHBI ME3OHHBIX JIMHHIL
upp=qs+k,pp=9qp —k, qg,p -k =0. T xum 06p 30M,

5 q;tqu )
(0 = 22 ) 0L OB () DP(00) = ()
P ccMmoTpuM momnepedHyo 4 cTh KOPpEnsiTop TOKOB

1 ta :
155(67) = 3 (- + T [ et 0l 5220522 0)1)
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B aTOM KOppemnsaTope MOXKHO BBIIETUTh BKJI [l PE30H HC , JIEX LIEro BbIIIE OPOr
n pet BD, T K 9TO

. &, M? > ds
() = 45220+ [ (),
Sth

e p($) — IWIOTHOCTh Hepe30H HCHOro BKJI 1 . C mpyroii ctopoHsl, hopMd KTOp
B (3.2) onpenenser BENUYUHY

1 kP
Im 1% 5 (%) = — Fq), 3.3
e k|2 = —k? = (¢ + m% —m%)?/(4¢%) — m%. 3 nuumeM np BAT CyMM I
ME30HHBIX TOKOB
1 [ ds
tr 2\ tr
Iy, (q7) = p /S% - ImIT ~(s),

e s; = (mp + mp)?. CMomeNIMpyeM IIIOTHOCTh KOHTUHYYM B BHIE

1
p(s) = = Im I £ (s) O(s — s¢n)-
Torn mp BWI CyMM IPUMYT BUI

fRoM? 1 [t ds .

§—4q

3H YeHHe MOPOT KOHTHHYYM OIpEeNIeTcsl SHEPruei OTKPHITHS HOBBIX K H JIOB
B poaeHnn 4 crul TokoM J,,. K K 6610 0K 3 HO B [23] mns Y(4S) — BT B~
u (3770) — DT D™ p cn 0B, 3T BENMYMH 3 JI €TCS TOPOTOM 0Op 30B HUs
BEKTOPHBIX COCTOSAHME B*TB*~ m D*TD*~, T K 4TO MBI IIOJI T €M
_ 2
sth = (mp= +mp~)=.
Ornpenenum

4
v2(s) =1- MBMD

s—(mp—mp)?’

Torn vfh < L

P ccmorpenue dopmd krop F B Momenu it BT B~ u DY D™ tokos [23]
IIOK 3 IO, uTO cooTHomeHue (3.4) U ero nepsbie YeThIPe MPOU3BOIHEIE TI0 ¢ TIpH
q?> = 011 10T cT GUIbHOE 3H YeHHe f C TOYHOCTBIO OT 5% 10 25% COOTBETCTBEHHO.
Hmes B BuIy yK 3 HHYI0O OOJI CTh NPUMEHEHUS (HOMEp MOMEHT CIEKTp JIbHOM
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IIOTHOCTH MeHblIIE 5), nepeiiieM B (3.4) K HHTErpUPOB HUIO 110 v2(S) U MOTOXUM
> =0mu F(s) ~ F(s;) = F. Torn npu v3 < 1u k|~ 2uppv umeem

1 Vth 4/~LBD 4 F2 M2
2 2 3
~ = dv? - -
T5p 7r/0 v ( M ) 64m 3

FM 4,LLBD 2 ’Ufh
= — —2, 3.5
fBD . ( i ) V3 (3.5)

Beenem nonepeyHyio BepliMHy p CIl I COCTOSHUS V(zo) H I py B+ DY:

T xum 06p 30M,

Ly=ged k" (3.6)

Bepmiud (3.6) IPUBOAUT K MOSIBJICHUI0 MHUMOW 4 CTH KOHCT HTHI fpp, T K 4TO
Im fpp(q?) — 0 npu ¢> — s;, u, cnenos TebHo, Im fpp < Re fpp. Comt cHo
BEKTOPHOU JTOMHH HTHOCTH JIETKO ITOJYYUTh COOTHOIIeHWe Mexny Im fpp u mo-
MEPEYHBIM KOPPEIITOPOM, OIpeessieMbIM TOKOM P CIT [T e,(f‘ ) Yl ME3OHHBIM TOKOM
Jy, [23]:

M
ImI1%,(¢%) = —5 Imfep,

rue ImHtPEg COBM J eT ¢ BbIp XkeHueM B (3.3) mpu 3 MeHe 2 - Fg. Torn

JMCTIEPCHOHHOE COOTHOMIEHHUE U1l hyHKIMH fpp npu ¢°> = s; = (mp + mp)?
I er

1 Fg(4 o
f50 = 153 79( ‘ng) Mo, (3.7)

Cp BuuB 4 (3.5) ¢ (3.7), H X0omUM

M 3
= 1274/ . 3.8
g (4,LLBD) 10vth ( )

3.2.M cmT 0HOe COOTHOLIEHHE U YHC/IeHHbIe oleHKH. K X yxe ymomuH -
JIOCh, 3H YEHHUE Uy}, ONPEIeNsIeTcs IOpOroM 00p 30B HUS BEKTOPHBIX BO30YXIeHUI
TAKebIX Me30HoB B*T u D*0:

1
vfh ~ % (Amp + Amp),

e Amp = mps —mp, Amp = mp~ —mp. B 3((PeKTUBHOIT TEOPUH TIKEIBIX
KB pKOB (cM. 0030p B [7]) umeeM

mpAmp = mpAmp = const,
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T omun 7. Ilpeack 3 HUA M CIUT OHOrO COOTHOLIEHHA B CP BHEHHH C DKCIIePHMEH-
T JIbHBIMH /I HHBIMHU

Bennuun DkcnepumeHT | M cmit GHOE COOTHOILIEHHE
9 (45)—B+ B~ 52 input

Gy (3770)—>D+ D~ 31 31

9Bz +(35)— B+ DO - 49

BHE 3 BHCHMOCTH OT POM T TSIXEIOro KB pPK C TOYHOCTBIO IO IOMpP BOK II0
Agcep/mp,p. Otcion crneayer, 410

Vth + UBD = const. 3.9

Hcnonpsys (3.9) u (3.8), nerko moayduTh M CIOT OHOE COOTHOIIEGHHE I KOH-
CT HT P CII I TSXEJIOTO BEKTOPHOTO KB PKOHHS ¢ M ccoil mp + mp < M <
<mp+ +mpx:

2 /4
gM ( ﬁD) = const. (3.10)

CootHoutenue (3.10) H XOOUTCS B XOpOLIEM COIVI CUH C DKCIIEPUMEHT JIbHBIMU
J HHBIMHM JUTS OTHOINEHHs KOHCT HT p cn jgoB Y (4S) — BTB~ u ¢(3770) —
— DT D™, u3BecTHBIX ¢ TOYHOCTBIO Ag ~ 3 (cM. T 611. 7). 3 METHM, YTO OLIEHK
o ¢opmyne (3.8), I woUeH gygp = 07, CONIT CyeTcs ¢ 9KCIIEPUMEHT JIbHOU BEIH-
YHHOIA, B34TO B K YECTBE BXOIAILErO 1 p METP VIS M CIUT OGHOTO COOTHOILCHUS.
IMocneanuit ¢ KT yK 3bIB €T H C MOCOIJI COB HHOCTh MeToj monydeHus (3.10).
UYrto K ¢ ercd TOYHOCTU M CIUT OHOIO COOTHOIUEHHUd, TO OH 3 J eTcs HeoIlpeje-
JICHHOCTBIO B IIP BUJI X CyMM, e ObuT monydeH copmyn (3.8). H nomuuM, uto
C YMEHbBLICHHEM M CCBl BEKTOPHOTO COCTOSIHUS CT OWJIBHOCTB ONpefeieHHs] KOH-
CT HTHl f 10 H Y JIbHBIM ISTH MOMEHT M CIHEKTp JIbHOW IUVIOTHOCTH M3MEHSeTCS
ot 5% mnst Y (45) mo 25% st (3770), 4to crefyeT OTHECTH K CUCTEM THYECKO#
HEOIpeIeJIeHHOCTH HCIONIb3yeMoro Meton . Mel otenuB eM Ag/g ~ 15 — 20%
wis BT (39), T x uto
9gB.BD = 49 + 8.

IIlvpu p co a1 ompenenseTcs BBIP KEHHEM

1, kP
[(B:T(3S) — BtD") = — ¢* — ~ (90 + 35) MsB 3.11
(B:*(35) )= 5o 0 T N (90£35) MsB, (D
u, ¢ yuerom X H 1 B°D% u B npennonoxeduu, uTo K H oM p cn g B*D
MOXHO IIpeHeOpedb, T K K K OH IOf BJIEH TPEThEH CTENEHBI0 MMITYJIbC ITPOIYyK-
TOB p CII J 3 cueT Ooiblieid M cchl B* Mo cp BHEHHIO ¢ M cCOd B, NHOJH 4
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umpud  BX1(35) cocr Bister I'yor = (1804 70) MeB. Ilpu unclIeHHON OLEHKe B
(3.11) mbt mont 1 s M (B*1(3S)) = 7,250 [»B. 3 MeruM, 4T0 [IMPHH CHIBHO
3 BUCHUT OT p 3H0CTH M c¢c AM = M — (mp + mp), onpenemsiromeit |k|. Ipu
UCIIONIb3YeMOU BeJIMYMHE M CChl KB pKoHMS uMeeM AM ~ 110 MaB, B otu-
yue ot AM ~ 30 MeB s p cn 1o Y(4S) — BTB~ u ¢(3770) — D*D~.
Bonbmmii ¢ 30Bblii 00bEM U TIPUBOAUT K TOMY, 4TO MOJH s wupuH BT (39)
H nopsaok Gospuie noHbix mwupud Y(45)- u 1 (3770)-cocTosiHU, UMEIIIHX
Itot >~ 24 MaB.

T xuM 06p 30M, B JI HHOM P 3/l Mbl P CCMOTPEITH [P BHII CyMM JUISl Me-
30HHBIX TOKOB, IO3BOJISIIOLIIE ONPEIETUTh KOHCT HTY CBSI3H TSIXKEJIOrO BEKTOPHOIO
KB pKoHH (bc), P CI 1 IOMErocs H M Py TSKETBIX ME30HOB:

() 2V
g= 127 ,
4upp 10v¢n

e mp +mp < M < mp+« +mp~. Benmaun wyy,, onpenesndont s mopor He-
PE30H HCHOTO BKJI JT B HOINEPEYHBI KOPPEIATOP TOKOB, 3 [T €TCS P CIICIUICHHEM
M CC BEKTOPHOIO U IICEBIOCK JIIPHOTO COCTOSIHUI TSXKeJIbIX ME30HOB U 00 I eT
OMpEeNeCHHBIME M CINT OHBIMH CBOWCTB MH, T K YTO IOJYY4EHO COOTHOIIIEHHE

2 /4
gM ( FJL\?D> = const,

KOTOpOE H XONHUTCS B XOPOLIEM COITT CHH C ®KCIEPUMEHT JIbHBIMU J| HHBIMU IO
KOHCT HT M p cn goB Y (4S) — BTB~ u ¢(3770) — D*D~. YucnenH s
oumeHk wmpuHbl p cn 1 BT (3S) — BT DY cunbHO 3 BHCHT OT p 3HOCTH M cC
AM = M — (mp + mp), onpenenstomeii ¢ 30Bblii 00beM.

3AKITIOYEHHUE

B 3 xioueHue npuUBEiEM CIIEAYIOIIHUE PE3YJIbT ThI.

1. IlpenmoxeH u p 3p OOT H HOB 4 KB 3WIOK JIbH S MOJEIb IIP BHJI CYMM,
MO3BOJIAIOLL §1 UCIIOJIB30B Thb PETYJIAPHOCTD CIIEKTP M CC U SBHBIE BBIP XKEHMS /I
IUIOTHOCTU YPOBHEH TXKEJIOro KB PKOHUS, HEPEIATUBUCTCKOE [BUXKEHUE KB PKOB
B KB PKOHUHU, MO/l BJICHHOCTb CTEIIEHHBIX HENepTypO THBHBIX IOINP BOK IO 00p T-
HOW M CCE€ TSIXENbIX KB PKOB M BO3MOXHOCTb OIPENENIATh BKJI bl OTAEIBHBIX pe-
30H HCOB.

2. B p MK X mpem1 I eMOro Nojxoj IOJy4eHbl YHUBEPC JIbHbIe M CIIT O-
HBIE COOTHOILIEHUS JUI JIENTOHHBIX KOHCT HT TSXEJIbIX KB PKOHHEB C P 3IIMYHBIM
KB PKOBBIM COCT BOM, NPHYEM K K JUISI OCHOBHBIX S-BOJTHOBBIX COCTOSIHUIL, T K H
IUISL UX P 1M JIBHBIX BO30YXIECHUI.
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3. IlpoBesieH Cp BHUTENBHBIH H JIM3 M CIIT OHBIX COOTHOIICHUH C SKCIIEPH-
MEHT JIbHBIMH /I HHBIMM 110 IUMPHH M JIENTOHHBIX p cm goB Y(nS) — [T~ u
P(nS) — 1T,

4.Bp MK XM CIIT GHBIX COOTHOLICHHI JUISl JIENTOHHBIX KOHCT HT 4 PMOHHUS
1 GOTTOMOHUS [0 UMEIOLIUMCS 9KCIIEPUMEHT JIbHBIM J HHBIM CZieT Hbl YUCJICHHbIE
oueHku n p MeTpoB KXJI B cekTope TSXenbIX KB PKOB: M CC c- U b-KB pKOB U
KOHCT HThl B3 umoneiicteus KXII as(m%). OmnpeleneHbl TOYHOCTh U TP HUIBI
MPUMEHUMOCTH METO] .

5. H ocHoBe M cmT OHBIX COOTHOLICHMI IPEACK 3 Hbl BEJIUYHMHbI JICIITOH-
HBIX KOHCT HT HOBOTO TSIXEJIOro KB pKOHMSI B.. IIpoBeieHO cp BHEHUE P CUETOB
JIEITOHHBIX KOHCT HT KB PKOHHS B MOTEHIHM JIbHBIX MONENISIX U B P MK X KB 3H-
JIOK JIBHBIX TP BHJI CYMM.

6. [TpoBeneHo 0600IIEeHNE KB 3WIOK JIBHBIX NP BHJI CYMM H ME30HbI C OIHUM
TSKETIBIM KB pKoM. IIpo H IM3HMpOB HO M cIIT GHOE COOTHOIIEHHE JUIS COOTBET-
CTBYIOLIMX JIGNTOHHBIX KOHCT HT B CT THYECKOM IIpeferne.

7. TlosmydeHsl BEJIMYMHBI P 3MEPHBIX I p MeTPOB 3(p(heKTUBHON TEOPUH TSIXe-
JIBIX KB PKOB: ®HEPIHU CBA3U U CPETHEro KB P T HMIIYJbC TAXEIbIX KB PKOB B
ME30HE.

8. IIpemtoxeHn HOB s MOAEb NP B CYMM JUISI ME30HHBIX TOKOB, ONpere-
JIIOIIMX KOHCT HTBI P CII [ TSIKEJIOTO BEKTOPHOTO KB PKOHHS H I Py TSKEJbIX
ME30HOB, JIeX ILIEro B y3KOil ®HEpreTHUecKoW IIeNM HUXE MOpor p cim I H
I py Oolnee TSKEeNbIX, YeM MCEBIOCK JIApHBIE, BEKTOPHBIX COCTOSHUU. P ccM Tpu-
B €MbIi MOAXOJ MO3BOJISIET MCIONB30B Th 3 BHCHMOCTb P 3MEp ®HEPreTHYECKOH
e OT M CC TSKEJIBIX KB PKOB, YTO J €T BO3MOXHOCTH IOJy9UTh M CIUT OHOE
COOTHOIIEHHE T KOHCT HT P CII [ TSIXKEIOro BEeKTOPHOTO KB PKOHMS C P 37IHY-
HBIM KB PKOBBIM COCT BOM.

9. IIpoBeneH cp BHUTENBHBIH H JIM3 COIT CHSI M CIIT OHOTO COOTHOIIEHHS C
SKCTIEPUMEHT JIbHBIMH JI HHbIMU 110 p cnt 1 M Y — BB u 1(3770) — DD.

10. TIox 3 HO mp KTHUYECKOE IMPUMEHEHHE IMOJIYYeHHBIX COOTHOIICHUH Juid
NpEeICK 3 HUSl KOHCT HTHI CBS3M HOBOTO TSKEJIOTO KB PKOHHUs (bc), MOMCKH KO-
TOPOro BeIyTCs B ®KCIIEPUMEHT X C BEpPIIMHHBIMU JETEKTOp MU H KOJUI imep X
CERN u FNAL (o mepsom H Omogenun B. B skcnepumente CDF cm. [75]), u
NPECK 3 H BeIWYMH IMpUHBI p cn g BT (3S9) — BTDY.

CIIMCOK JIMTEPATYPbIL

1. Weinberg S. — Phys. Rev. Lett., 1967, v.19, p.1264;
Salam A. — In: Proc. of 8th Nobel Symp., Stokholm, 1968, p.367;
Glashow S.L., Iliopoulos J., Maiani I. — Phys. Rev., 1970, v.D2, p.1285.

2. Higgs P.N. — Phys. Lett., 1964, v.C12, p.132;
Englert F., Brout R. — Phys. Rev. Lett., 1964, v.13, p.321;
Guralnik G.S., Hagen C.R., Kibble T.W. — Phys. Rev. Lett., 1964, v.13, p.385.



YHUBEPCAJIbHBIE MACIITABHBIE COOTHOILEHUA

1125

12.
13.
14.

17.
18.
19.
20.
21.

22.
23.
24.
25.
26.
27.

. Tonsgp np FO.A., JIuxt™m H E.II. — Ilucem B KDT®, 1971, 1.13, ¢.452;

Boakos J.B., AkyaoB B.II. — ITucem B KDT®, 1972, 1.16, c.621;
Wess J., Zumino B. — Nucl. Phys., 1974, v.B70, p.39.

Fritzsch H., Gell-Mann M., Leutwyler H. — Phys. Lett., 1973, v.47B, p.365;
Weinberg S. — Phys. Rev. Lett., 1973, v.31, p.494.

Gross D.J., Wilczek F. — Phys. Rev. Lett., 1973, v.30, p.1343;
Politzer H.D. — Phys. Rev. Lett., 1973, v.30, p.1346.

Quigg C., Rosner J.L. — Phys. Rep., 1979, v.56, p.167;
beikoB A.A., Ipemun U.M., Jleonuaos A.B. — Y®H, 1986, T1.143, c.3.

Neubert M. — Phys. Rep., 1994, v.245, p.259.

Wilson K. — Phys. Rev., 1969, v.179, p.1499; Phys. Rev., 1971, v.D3, p.1818;
Zimmerman W. — Ann. Phys., 1973, v.77, p.536, 570.

Logunov A.A., Soloviev L.D., Tavkhelidze A.N. — Phys. Lett., 1967, v.24B, p.181.

Reinders L.J., Rubinshtein H., Yazaki S. — Phys. Rep., 1985, v.127, p.1;
Narison S. — Phys. Lett., 1987, v.B198, p.104;
Dominguez C.A., Paver N. — Phys. Lett., 1987, v.B197, p.423, v.B199, p.596.

. Feynman R.P. — Phys. Rev. Lett., 1969, v.23, p.1415;

Bjorken J.D., Paschos E.A. — Phys. Rev., 1969, v.185, p.1975;
Drell S.D, Yan T.M. — Ann. Phys., 1971, v.66, p.578.

Isgur N., Wise M.B. — Phys. Lett., 1989, v.B232, p.113, v.B237, p.527.
Bonowmn MLB., Illu¢pm 1 M.A. — 5D, 1988, 1.47, ¢.801 .

Dokshitzer Y.L. — JETP, 1971, v.73, p.1216;

Gribov V.N, Lipatov L.N. — Sov. J. Nucl. Phys., 1972, v.15, p.78;
Altarelli G., Parisi G. — Nucl. Phys., 1977, v.B126, p.298;
Altarelli G. — Phys. Rep., 1982, v.81, p.1.

. Bodwin G.T., Braaten E., Lepage G. P. — Phys. Rev., 1995, v.D51, p.1125;

Mannel T., Schuller G.A. — Z. Phys., 1995, v.C67, p.159.

. Krasnikov N.V,, Pivovarov A.A. — Phys. Lett., 1982, v.B112, p.397;

Kataev A.L., Krasnikov N.V., Pivovarov A.A. — Phys. Lett., 1983, v.B123, p.93;
Gorishny S.G., Kataev A.L., Larin S.A. — Phys. Lett., 1984, v.B135, p.457.

Eichten E. et al. — Phys. Rev., 1979, v.D17, p.3090; Phys. Rev., 1980, v.D21, p.203.

Kiselev V.V. — Nucl. Phys., 1993, v.B406, p.340.
Kucenes B.B. — Ilucem B KBDTD, 1994, 1.60, c.498.

. Shifman ML.A., Vainshtein A.IL, Zakharov V.I. — Nucl. Phys., 1979, v.B147, pp.345, 448;

I'epmureitn C.C., Kucenee B.B., luxonen A.K., Tk 61 m3e A.B. — YOH, 1995, 1.165, c.3.
Gershtein S.S., Kiselev V.V., Likhoded A.K., Tkabladze A.V. — Phys. Rev., 1995, v.D51,

p.3613.

Kiselev V.V. — Int. J. Mod. Phys., 1995, v.A10, p.465.
Kiselev V.V. — Mod. Phys. Lett., 1995, v.A10, p.2113.
Kucenes B.B. — S®d, 1996, 1.59, c.188.

Kiselev V.V. — Phys. Lett., 1995, v.B362, p.173.
Kiselev V.V. — Int. J. Mod. Phys., 1996, v.Al1, p.3689.
Kiselev V.V. — Phys. Lett., 1996, v.B373, p.207.



1126 KMCEIJIEB B.B.

28.
29.
30.
31.

59.
60.
61.

62.

Kiselev V.V. — Phys. Lett., 1997, v.B390, p.427.
Kiselev V.V. — Preprint IHEP 96-83, 1996 [hep-ph/ 9610482].
Brodsky S.J., Lepage G.P., Mackenzie P.B. — Phys. Rev., 1983, v.D28, p.228.

Grunberg G., Kataev A.L. — Phys. Lett., 1992, v.B279, p.352;
Brodsky S.J., Lu H.J. — Preprint SLAC-PUB-6683, 1994.

. Braaten E., Fleming S. — Phys. Rev., 1995, v.D52, p.181.

. Voloshin M. — Int. J. Mod. Phys., 1995, v.A10, p.2865.

. Vainshtein A.L, Zakharov V.I., Shifman M.A. — Pis’ma v ZhETF, 1978, v.27, p.60.
. Bomommn M.B., 3 iines FO.M. — Y®H, 1987, 1.152, ¢.361.

. Voloshin M.B. — Nucl. Phys., 1979, v.B154, p.365.

. Bomommmn M.B. — SI®, 1982, 1.36, c.247.

. Eichten E. — Preprint FERMILAB-Conf-85/29-T, 1985.

. Richardson J.L. — Phys. Lett., 1979, v.82B, p.272.

. Buchmiiller W., Tye S.-H.H. — Phys. Rev., 1981, v.D24, p.132.

. Quigg C., Rosner J.L. — Phys. Lett., 1977, v.B71, p.153.

. Martin A. — Phys. Lett., 1980, v.93B, p.338.

. Narison S. — Phys. Lett., 1988, v.B210, p.238.

. Eichten E., Quigg C. — Phys. Rev., 1994, v.D49, p.5845.

. Godfrey S., Isgur N. — Phys. Rev., 1985, v.D32, p.189.

. I’ akun B.O., Mumypoe A.FQ., ® ycros P.H. — 5D, 1991, 1.53, c.1676.

. Colangelo P., Nardulli G., Pietroni M. — Phys. Rev., 1991, v.D43, p.3002.

. Avaliani LS., Sissakian A.N., Slepchenko L.A. — Preprint JINR E2-92-547, Dubna, 1992.
. K preeumsuwiu B.TI., JIuxonex A.K. — AD, 1985, 1.42, c.1306.

. Bagan E. et al. — Z. Phys., 1994, v.C64, p.57.

. Colangelo P., Nardulli G., Paver N. — Z. Phys., 1993, v.C57, p.43.

. Aliev T.M., Yilmaz O. — Nuovo Cim., 1992, v.105, p.827.

. Novikov V.A. et al. — Phys. Rep., 1978, v.41C, p.1.

. Kucenes B.B., Tk 61 n3e A.B. — 5P, 1989, 1.50, c.1714.

. Chabab M. — Phys. Lett., 1994, v.B325, p.205.

. Reinshagen S., Riickl R. — Preprints CERN-TH.6879/93, MPI-Ph/93-88, 1993.
. Barnett R.M. et al., PDG — Phys. Rev., 1996, v.D54, p.1.

. Kataev A.L. — Preprint INR-092696, 1996 [hep-ph/9607426];

Kataev A.L., Kotikov A.V., Parente G., Sidorov A.V. — Phys. Lett., 1998, v.B417, p.374.
Shifman M. — Mod. Phys. Lett., 1995, v.A10, p.605; Int. J. Mod. Phys., 1996, v.A11, p.3195.
Burrows P.N. et al. — Phys. Lett., 1996, v.B382, p.157.

Jamin M., Pich A. — Preprint HD-THEP-96-55, 1996 [hep-ph/9702276]; Nucl. Phys., 1997,
v.B507, p.334.

Czarnecki A., Melnikov K. — Phys. Rev. Lett., 1998, v.80, p.2531;
Beneke M., Singer A., Smirnov V.A. — Phys. Rev. Lett., 1998, v.80, p.2535.



YHUBEPCAJIBHBIE MACIITABHBIE COOTHOILIEHUA 1127

63.
64.

65.
66.

67.
68.

69.
70.

71.

72.
73.
74.
75.

Kiihn J.H., Penin A.A., Pivovarov A.A. — Preprint TTP98-01, 1998 [hep-ph/9801356].

Bagan E., Ball P., Braun V., Dosch H. — Phys. Lett., 1992, v.B278, p.457,
Neubert M. — Phys. Rev., 1992, v.D46, p.1076.

Voloshin M. — Phys. Rev., 1992, v.D46, p.3062.

Bigi 1., Grozin A.G., Shifman M., Uraltsev N.G., Vainshtein A. — Phys. Lett., 1994, v.B339,
p-160.

Narison S. — Phys. Lett., 1994, v.B341, p.73; Phys. Lett., 1995, v.B352, p.122.

Bigi L. et al. — Phys. Rev., 1994, v.D50, p.2234; Phys. Rev., 1995, v.D5S5, p.196;
Voloshin M. — Phys. Rev., 1992, v.D46, p.3062;

Uraltsev N. — Int. J. Mod. Phys., 1996, v.Al1, p.515;

Neubert M. — Phys. Lett., 1997, v.B393, p.110.

Bigi 1., Shifman M., Uraltsev N. — Ann. Rev. Nucl. Part. Sci., 1997, v.47, p.591.

Ball P., Braun V. — Phys. Rev., 1994, v.D49, p.2472;
Neubert M. — Phys. Lett., 1994, v.B322, p.419.

Alexander G. et al., OPAL Coll. — Z. Phys., 1996, v.C70, p.197;
Ackerstaff K. et al. — Phys. Lett., 1996, v.B420, p.157.

Abreu P. et al.,, DELPHI Coll. — Phys. Lett., 1997, v.B398, p.207.

Barate R. et al., ALEPH Coll. — Phys. Lett., 1997, v.B402, p.213.

Abe F. et al., CDF Coll. — Phys. Rev. Lett., 1996, v.77, p.5176.

Abe F. et al., CDF Coll. — Preprint FERMILAB-PUB-98-157-E, 1998 [hep-ex/9805034].



«DPU3UKA DJIIEMEHTAPHBIX YACTHL H ATOMHOI'O AIPA»
2000, TOM 31, BbIII. 5

YK 538.3; 621.38

COOPERATIVE ELECTROMAGNETIC EFFECTS
V.I. Yukalov, E.P. Yukalova

Joint Institute for Nuclear Research, Dubna
and University of Western Ontario, London, Canada

Collective phenomena in strongly nonequilibrium systems interacting with electromagnetic field
are considered. Such systems are described by complicated nonlinear differential or integro-differential
equations. The aim of this review is to show that many nonlinear collective phenomena can be
successfully treated by a recently developed method called the Scale Separation Approach whose name
is due to the idea of separating different characteristic space-time scales existing in nonequilibrium
statistical systems. This approach is rather general and can be applied to various nonequilibrium
physical problems, several of which are discussed here. The problems considered not only serve
as illustrations of the method but are quite important by themselves presenting interesting physical
effects, such as Collective Liberation of Light, Turbulent Photon Filamentation, Superradiant Spin
Relaxation, Negative Electric Current, and Magnetic Semiconfinement of Atoms.

Hccrnenylorcs: KOMIEKTUBHbIE SBICHHS B CUJIBHOHED BHOBECHBIX CHCTEM X, B3 MMOJIEHCTBYIOIHX
C DNIEKTPOM THHUTHBIM IOJIeM. T KHe CHCTEMBI OIHUCBHIB IOTCS CIIOXHBIMU HETUHEHHBIMH AU hepeHIH-
JIBHBIMU WM UHTErpopudgepeHy IpHbIME yp BHeHHAMH. Llems 1 HHoOro o630p — IOK 3 Tb, 4TO
MHOTHEe HeJTMHEIHbIe KOJUIEKTUBHBIE SIBJICHHSI MOTYT OBIThb YCIICIIHO OIMC HbI C IOMOIIBIO P 3BHTOTO
HeJl BHO METOX , H 3B HHOTO METOIOM D 3feJIeHHS M CIUT GOB, OCHOB HHOTO H HJee BbIIEJICHHT P 3-
JIMYHBIX X P KTEPHBIX IPOCTP HCTBEHHO-BPEMEHHBIX M CIIT OOB, CYyIIECTBYIOIINX B HEP BHOBECHBIX
CT THUCTHYECKUX CHCTEM X. DTOT MOAXOH OOJ X €T HOCT TOYHOH OOLIHOCTBIO M MOXET OBITh IpHMe-
HEH K BCEBO3MOXHBIM HEp BHOBECHBIM (DH3HYECKHM IPOOIeM M, HEKOTOpbIE U3 KOTOPBIX P CCM TpHU-
B I0TCSl B 1 HHOM 0630pe. P ccMoTpeHHBIe mpoGIeMbl He TOJIBKO Urp IOT POJb MILTIOCTP LU METON ,
HO B XXHBI U C MH IO cee, IPEACT BILId HHTepecHble (usnueckue dGheKTsl, T Kie, K K KOIIeKTUB-
HOe 0CBOOOXIEHHE CBET , TypOyleHTHoe (POTOHHOE HUTEOOp 30B HHE, CBEPXU3IYd TEbH S CIIUHOB 5
pen K¢ LiHsl, OTPULl TEIbHBIA ®JIEKTPHYECKUil TOK U M THHUTHBIH IOTyKOH( HHMEHT TOMOB.

1. INTRODUCTION

Strongly nonequilibrium cooperative processes that occur in statistical sys-
tems interacting with electromagnetic field are described by complicated nonlinear
differential and integro-differential equations. For treating such difficult problems,
a general approach has been recently developed called the Scale Separation Ap-
proach whose basic idea is to present the evolution equations in such a form
where it could be possible to separate several characteristic space-time scales. In
many cases, different scales appear rather naturally being directly related to the
physical properties of the considered system.

Since the scale separation approach makes the mathematical foundation for
the following applications, we start the review with presenting the basic tech-
niques of this approach. Then we demonstrate it by applying the method to
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different physical problems related to strongly nonequilibrium processes occur-
ring under the interaction of electromagnetic field with matter. The considered
examples not only serve as illustrations of the method but are of importance as
such since they concern interesting and rather nontrivial physical effects. For
consideration, those effects are chosen that have been first correctly described
or predicted by the authors. Among these effects, we would like to emphasize,
as the most interesting, the following: Collective Liberation of Light, Turbulent
Photon Filamentation, Superradiant Spin Relaxation, Negative Electric Current,
and Magnetic Semiconfinement of Atoms.

The content of the report is as follows. In Section 2 the Scale Separation
Approach is described. This method makes it possible to solve, or to strongly
simplify, many complicated systems of nonlinear differential equations, including
stochastic and partial-derivative equations. The mathematical procedure of solving
nonlinear differential equations in the following applications is based on this
approach. The examples we consider have mainly to do with the evolution
equations describing strongly nonequilibrium statistical systems interacting with
electromagnetic fields. We concentrate our attention on collective phenomena
whose existence as such, as well as their properties, are due to nonlinear effects.
This is why we constantly have to deal with nonlinear equations.

Resonant interactions of electromagnetic field with radiating systems are usu-
ally described by the Maxwell-Bloch equations, in which one often passes to the
momentum representation by means of Fourier transform. But we prefer to work
in the Real-Space representation, outlined in Section 3, which seems to be more
convenient for employing the Scale Separation Approach. Another convenient
trick we employ is the elimination of electromagnetic field from evolution equa-
tions. For this purpose, the operator Maxwell equations, supplemented by the
Coulomb calibration, can be rewritten in the integral form connecting the vector
potential with the retarded current formed by the radiating system. Substituting
this vector potential into evolution equations eliminates from them electromag-
netic field. In this way, we come to the system of equations not containing
explicitly electromagnetic field, instead of which there appears an effective di-
pole interaction of radiating atoms. After eliminating electromagnetic field, we
have less equations, although the price for this is that these equations become
integro-differential. Nevertheless, the obtained equations are more convenient
for applying to them our method of solution. Another important advantage of
the derived equations is the possibility of taking into account quantum effects.
Such effects are often principal, while the standard semiclassical Maxwell-Bloch
equations cannot take account of them. To simplify evolution equations, not
loosing quantum effects, is the idea of the Stochastic Mean-Field Approximation
of Section 4. Since cooperative electromagnetic phenomena are directly related to
arising coherence, Section 5 gives the definitions for Dynamical Characteristics
of Coherence.
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The equations derived in the previous sections and the method of solution
developed above are applied to several concrete systems exhibiting interesting
physical properties. In Section 6, we suggest the theory of Collective Liberation
of Light, which can occur in materials with polariton band gap. In Section 7,
we consider the influence of external fields on radiation properties of resonant
atoms, checking whether it is feasible to get Amplification by Nonresonant Fields.
Section 8 discusses the so-called Mdssbauer Magnetic Anomaly observed in some
magnetic materials. In Section 9 the Problem of Pattern Selection is analyzed.
This problem arises, for instance, when one needs to describe resonant media with
spatially nonuniform electromagnetic structures. For treating the problem, we
have suggested an original approach based on probabilistic analysis of possible
spatiotemporal patterns. This method is applied, in Section 10, to describing
Turbulent Photon Filamentation in resonant media.

Scale Separation Approach, being a general method, can be employed for
treating strongly nonequilibrium systems of different physical nature. In Section
11, it is used for giving a thorough picture of Superradiant Spin Relaxation
occurring in nonequilibrium nuclear magnets. This method also makes it possible
to analyse nonlinear differential equations in partial derivatives. Such an analysis
helps in finding conditions under which unusual nonlinear effects can happen.
This is illustrated in Section 12 by describing a transient effect of Negative
Electric Current in nonuniform semiconductors. Another novel effect of Magnetic
Semiconfinement of Atoms is described in Section 13. Both these effects have been
predicted by the authors. In Section 14, we discuss conditions when Nuclear
Matter Lasing could be possible.

Throughout the review, we consider several physical systems of rather differ-
ent nature, Because of this, it is more appropriate to give all details and to discuss
the related literature in the corresponding sections, limiting the Introduction by
a brief enumeration of the considered problems. Section 15 contains Conclusion
summarizing main results.

2. SCALE SEPARATION APPROACH

Because of the pivotal role of this approach for treating physical problems
in the following sections, we need to start by presenting its general scheme. It
is possible to separate five main steps, or parts, of the approach: (i) stochastic
quantization of short-range correlations; (ii) separation of variables onto fast
and slow; (iii) averaging method for multifrequency systems; (iv) generalized
expansion about guiding centers; and (v) selection of scales for space structures.
Below, these steps are explicitly explained.

2.1. Short-Range Stochastic Quantization. When considering nonequilib-
rium processes in statistical systems, one needs to write evolution equations for
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some averages < A; > of operators A;(t), where ¢ is time and ¢ = 1,2,..., N
enumerates particles composing the considered system. For simplicity, a discrete
index ¢ is employed, although everywhere in what follows one could mean an
operator A(7;,t) depending on a continuous space variable 7.

There exists the well-known problem in statistical mechanics consisting in
the fact that writing an evolution equation for < A; > one does not get a
closed set of equations but a hierarchical chain of equations connecting correlation
functions of higher orders. Thus, an equation for < A; > involves the terms as
> ;< A;B; > with double correlators < A;B; >, and the evolution equations
for the latter acquire the terms with triple correlators, and so on. The simplest
way for making the system of equations closed is by resorting to the mean-field
type decoupling < A;B; > — < A; >< B; >. When considering radiation
processes, this decoupling is called the semiclassical approximation. Then the
term Zj < A;B; > reduces to < A; > Zj < Bj >, so that one can say
that < A; > is subject to the action of the mean field >°, < B; >. The
semiclassical approximation describes well coherent processes, when long-range
correlations between particles govern the evolution of the system, while short-
range correlations, due to quantum fluctuations, are not important. However, the
latter may become of great importance if there are periods of time when the long-
range correlations are absent. For example, this may happen at the beginning of
a nonequilibrium process when long-range correlations have had yet no time to
develop. Then neglecting short-range correlations can lead to principally wrong
results for the whole dynamics.

To include the influence of short-range correlations, the semiclassical approx-
imation can be modified as follows:

Y <AiBj>=<A;> > <B;>+¢| 1)

J J

where ¢ is a random variable describing local short-range correlations. It is
natural to treat £ as a Gaussian stochastic variable defined by its first, < & >,
and second, < |¢|? >, moments. According to the short-range character of local
fields, we should set

LES=0. (2)

The second moment, aiming at taking into account incoherent local fluctuations,
can be defined by means of the following reasoning. Consider the equality

2 2

<D <ABi>| >=|<A>P | D <Bi>| + <[>
i i
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resulting from definitions (1) and (2). On the other hand, wishing to take into
account both long-range coherent and short-range incoherent terms, one should
write

2

2
Z<AZ'BJ'> :|<Ai>|2 Z<Bj> +Z|<Bj>|2 ,
J J J

where the first term in the brackets corresponds to the coherent while the second
term, to incoherent parts. Comparing the latter two equalities, we come to the
conclusion that
<P>=>1<B;>. (3)
J

As far as short-range correlations and fluctuations are often due to quantum ef-
fects, the manner of taking them into account by introducing a stochastic variable
& can be named the stochastic quantization. Then the decoupling (1) may be
termed the stochastic mean-field approximation. A similar kind of approximation
has been used for taking account of quantum spontaneous emission of atoms in
the problem of atomic superradiance [1]. Somewhat related ideas have also been
used in the stochastic quantization of quantum field theory [2].

2.2. Classification of Function Variations. Employing the stochastic mean-
field approximation makes it possible to write down a closed set of stochastic
differential equations. The next step is to find such a change of variables which
results in the possibility of separating the functional variables onto fast and slow.
Let us consider, first, the variation of functions in time. Assume that we come to
the set of equations of the form

Cfl—? =/, % =g, “4)
in which f = f(e,u,s,&,t), g = g(e,u,8,&,t), and £ < 1 is a small parameter.
Equations (4) are complimented by initial conditions

U = ug , S = 8o (t:()) (5)

Here, for simplicity, we deal with only two functions, v and s, and one small
parameter €. The whole procedure is straightforwardly applicable to the case of
many functions and several parameters.

Let the functions f and g be such that

lim f #0, limeg=0. 6)
e—0 e—0
Then from Eqgs. (4) it follows that
1imd—u750, limﬁzO. @)

e—0 dt
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This permits us to classify the solution u as fast, compared to the slow solution s.
In turn, the slow solution s is a quasi-invariant with respect to the fast solution
u. Thus, we may classify the functions representing the sought solutions onto
fastly and slowly varying in time.

In the case of partial differential equations, one has, in addition to time, a
space variable 7. Then the notion of fast and slow functions can be generalized
as follows [3]. Let 7 € V, with V being the measure of the volume V, and let
t € [0,T], where T can be infinite. If one has

. 1 ou . 1 T

8113% <<V Vadr>>7é0, i%<<f/() Vudt>#0, (8)
while

lim < — 05 4> =0 lim < — ! Vsdt>=0, (9)

1m - — ar = 1m — S =

£=0 V Jv Ot ’ e—0 T Jo ’

then the solution u can be called fast on average with respect to both space and
time, as compared to s that is slow on average. In such a case, s is again a
quasi-invariant with respect to u. In general, it may, of course, happen that one
of the solutions is fast in time but slow in space, or vice versa, as compared to
another solution. Note that in the Hamiltonian mechanics quasi-invariants with
respect to time are called adiabatic invariants [4]. A generalization of this notion
to the case of both space and time variables [3] is given by definition (9).

2.3. Multifrequency Averaging Technique.  Let us continue considering
the ordinary differential equations (4). The generalization to the case of partial
differential equations can be done similarly to the way discussed at the end of
the previous section. After classifying the function u as fast and s as slow,
we may resort to the Krylov—-Bogolubov averaging technique [5] extended to
multifrequency systems.

Since the slow solution s is a quasi-invariant for the fast variable u, one
considers the equation for the fast function, with the slow one kept fixed,

0X

E:f(EaXaZaé-?t)) (10)

here s = z being treated as a constant parameter. The initial conditions for
Eq. (10) is
X =g (t=0). 11

The pair of solutions

X =X(e 2, 2z = const (12)
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are called the generating solutions. Substituting the solution X into the right-hand
side of the equation for the slow function s, one defines the average

ge=<; [ geXEnennends, (3)
0

in which 7 is the characteristic time of fast oscillations. In many cases, it is
sufficient to set 7 — oo. In this way, we come to the equation

d
— =32, (14)
with the initial condition
z =5y (t=0). (15)
The solution to Eq. (14),
z=z(e,t), (16)
is to be substituted into X yielding
y(e,&,t) = X (e, 2(6,1),§,1) - (a7

Generating solutions (12) are the first crude approximations one starts with. More
elaborate solutions (16) and (17) are termed guiding centers.

Notice two points that difference the considered way of obtaining the guiding
centers (16) and (17) from the standard averaging method [5]. The first point
is in retaining in Eq. (10) the small parameter €, which makes it possible to
correctly take into account important physical effects, such as attenuation. The
standard manner of defining the generating solutions with setting ¢ = 0 would
result in essentially more rough approximations. The second difference is in the
occurrence of the stochastic average in definition (13), since here we are dealing
with stochastic differential equations.

2.4. Generalized Asymptotic Expansion. The generating solutions (12)
play the role of the trial zero-order approximation, while the guiding centers (16)
and (17) essentially improve the trial approximations. Higher-order corrections
may be obtained by presenting the general solutions as asymptotic expansions
about the guiding centers. Then, k-order approximations are written as

k

k
Uk = y(sagvt)+z yn(sagvt) e” 3 Sk = Z(E;t)+z Zn(sagvt) e™. (18)

n=1 n=1

Such series are named generalized asymptotic expansions [6], since the expansion
coefficients depend themselves on parameter €. The right-hand sides of Egs. (4)
are also to be expanded about the guiding centers yielding

k
f(gauk75k7§at) = f(E,y,z,E,ﬁ) + Z fn(57€at) En )

n=1
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k
g(saukvskagat) = g(€,y,2,§,t) + Z gn(sagvt) e". (19)

n=1

Then, expansions (18) and (19) are to be substituted in Eqgs. (4) with equating
the like terms with respect to the explicit powers of €. Thus, in the first order,
this gives

dy _ dz _
d_tl = fl(sagvt) 7g(5,z) X1(€,§,t) ) d_tl = g(€,y,2,§,t) 7g(5ﬂz) ) (20)
where 9
X1(€,§,t)58_X(€,Z,§,t), Z:Z(gvt)'
z
For the approximations of order n > 2, we get
dyn dz,
dt fn(€a€7t)7 dt gn(gafﬂf) (21)
The initial conditions for all n =1, 2,... are
Yn = 2n, =0 (t=0). (22)
The functions f,, and g,, depend on y1, ya,..., Yn, and on 21, 29,..., 2,, but it

is important that the dependence on y,, and z, is linear. The latter follows from
the fact that expanding a function

k k
f <y+z Yn €n> = an e”
n=1 n=1
in powers of ¢, one has

fo=F W f= 5 W+ Pl

o = 5 " s + 20" e + £ s,

and so on. In this way, Eqgs. (20) directly define y; and 2, and Egs. (21) are
linear equations, thus, being easily integrated.

Usually, one does not need the higher-order approximations since the main
physics, in the majority of cases, is already well described by the guiding centers
(16) and (17). The latter are good approximations to the exact solutions [7]
in the time interval 0 < t < Ty/e, where Ty is a characteristic time of the
slow-solution variation. In those cases when the higher-order approximations are
important, each k-order approximant can also be improved by invoking some
sort of summation [8] of asymptotic series (18), for instance, the self-similar
summation [9-12].
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2.5. Selection of Space Structures. The solutions to differential or integro-
differential nonlinear equations in partial derivatives are generally nonuniform
in space exhibiting the formation of different spatial structures. And it often
happens that a given set of equations possesses several solutions corresponding
to different spatial patterns or to different scales of such patterns [13]. When
there is a family of solutions describing several possible patterns, the question
arises which of these solutions, and respectively patterns, is preferable and in
what sense could it be preferable. This problem of pattern selection is a general
and very important problem constantly arising in considering spatial structures.
In this subsection we delineate a simple way that in many cases helps to solve
the problem of pattern selection. A more refined theory will be presented in
Sections 9 and 10.

Assume that the obtained solutions describe spatial structures that can be para-
metrized by a multiparameter /3, so that the k-order approximations wg (83, 7,t)
and si(8,7,t) include the dependence on 3 whose value is, however, yet un-
defined. To define (3, and respectively the related pattern, one may proceed in
the spirit of the self-similar approximation theory [14-23], by treating (3 as a
control function. According to the theory [14-23], control functions are to be
defined from fixed-point conditions for an approximation cascade constructed for
an observable quantity. For the latter, one may take the average energy defined as
follows. The internal energy, which is a statistical average of the system Hamil-
tonian, is a functional E[u, s] of the solutions. Taking the k-order approximations
for the latter and averaging the internal energy over the period of fast oscillations
and over stochastic variables, one gets the average energy

T

1
Ey(B) =< ~ Eluk(8,7,t), (8,7, t)] dt > . (23)
0
For the sequence of approximations, {Ej(3)}, it is possible to construct an
approximation cascade whose fixed point can be given by the condition
A E(8) =0 (24)
65 k — Y,
from which one gets the control function 8§ = [ defining the corresponding
pattern. According to optimal control theory, control functions are defined so that
to minimize a cost functional. The latter, in our case, is naturally represented by
the average energy (23). Hence, when the fixed-point equation (24) has several
solutions, one may select of them that one which minimizes the cost functional
(23), so that
Ek(ﬁk) = abs mﬁin Ek(ﬂ) . (25)

Equations (24) and (25) have a simple physical interpretation as the minimum
conditions for the average energy (23). However, one should keep in mind that
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there is no, in general, such a principle of minimal energy for nonequilibrium
systems [13]. Therefore the usage of the ideas from the self-similar approximation
theory [14-23] provides a justification for employing conditions (24) and (25) for
nonequilibrium processes.

The scale separation approach presented in this section makes it possible to
solve rather complicated sets of nonlinear differential equations describing various
nonequilibrium phenomena in statistical systems. More details on this approach
can be found in Refs. 24-28.

3. REAL SPACE REPRESENTATION

When considering the interaction of atoms with electromagnetic fields, one
usually employs the so-called mode representation, expanding field operators over
mode wave functions [29,30]. These can be either free-mode functions, that is
plane waves, or resonator-mode functions depending on the resonator geometry.
We prefer to deal with the real-space representation because of the following
reasons: First, the evolution equations in this representation are written in a form
more convenient for analysing temporal nonstationary behaviour of solutions.
Second, it is more suitable for describing nonuniform solutions corresponding to
self-organized space structures. And third, this representation is more appropriate
for using the scale separation approach. Since the real space representation is
rarely considered in literature, it is worth recalling in brief the derivation of the
main equations in this representation [31]. To understand the basis of the main
evolution equations is very important, for these equations will be constantly used
in what follows. One more peculiarity of the consideration below, differencing
it from the standard texts, is the comparison of the formulas for the cases of
electrodipole and magnetodipole transitions.

Let us have a system of radiators that can be atoms, molecules, nuclei, etc.
Assume that the size of a radiator, ag, is small as compared to the mean distance
between them, a, as well as to the characteristic radiation wavelength A,

ao a

— <1, <1, (26)
a A

while the relation between a and A can be arbitrary. Canonical variables related

to the electromagnetic field are the electric field E and the vector potential A,
whose commutation relations are

[E*(Ft), AP(7',1)] = dmi ¢ 6ap 0(F —7')

[E*(7,t), E°(7',t)] = [A*(F,t), A°(F',1)] =0,
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where c is the light velocity and the indices «, 3 = 1,2,3, or z,y, z, enumerate
the Cartesian coordinates. The magnetic field is

H(7 t) =V x A(Ft) .
To uniquely define the latter, we invoke the Coulomb gauge condition
V-AF 1) =0.

Here and in what follows the system of units is used where A = 1.
The radiator charges are described by the annihilation, v, and creation, wT,
field operators with the commutation relations

[1/)(7?7 t)a TPT(F/J)}:F = 5(F7 7?/) ) [1/)(7?7 t)a w(Flvt)]:F =0,

w0, B, 0] = [w@n, 4G 0)] =0,

in which the indices minus or plus mean the commutators or anticommutators,
respectively, depending on the Bose or Fermi statistics of the charges.

Assume that in addition to the quantum radiation fields E and H there are
classical fields Eo and ﬁo for which we have

Eo(7,t) = =Veo(7t),  Ho(F,t) =V x Ag(Ft),  V-Ay(Ft)=0.

These additional fields can be due to external sources or can be created by the
matter which the radiators are inserted in.

Each radiator is also subject to the action of a scalar potential ¢;(7) rep-
resenting all stationary Coulomb interactions. Thus, we may introduce the total
scalar and vector potentials

N
Prot(Ft) = po(F 1) + Y @i(F) . Aar(Ft) = Ao(7,8) + A(F,t) . (27)

i=1
where IV is the number of radiators. Then the local energy operator is defined as
. 2

- I [Le,¢7 (= ”
A1) = 5o [0V 47 Au70)] e (1) (28)

where myg is mass and e, charge of a particle. Omitting here the relativistic term
e? A2, /c? and using the Coulomb calibration, we have

- V2 ie
rt) = +

A (F1) -V 7 t) .
ST — tot (75 1) + € Prot (T, 1)
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The Hamiltonian of the system of radiators interacting with electromagnetic
field and with matter is written as the sum

ﬁ:gr+gf+ﬁ7-f+g7rL+H7rLfa (29)

in which the terms represent, respectively, the Hamiltonians of radiators, field,
radiator—field interaction, matter, and matter—field interaction. The Hamiltonian
of the system of radiators is

. B V2 AN
H,.(t) = /W(r,t) [— e te > %-(r)] W(7,t) dF . (30)
i=1
This includes also the direct interaction of radiators with matter by means of the

effective scalar potentials ¢; (7). The field Hamiltonian writes

At = — / [B2(7.0) + B2(7.1)] v 31)

T 8r
The radiator—field interaction is described by

ie

H,(t) = /W(ﬁt) [ Apos (Fy1) -V + € @07, t)} Y7t di . (32)

mo C

The Hamiltonians of matter and of matter—field interaction are to be specified
according to particular cases under consideration.

The size of a radiator, according to inequalities (26), is the smallest char-
acteristic length. If 7; is the center—of-mass of a radiator, we shall use the
notation

E(t)= E(F,t),  Hi(t)=H(w,t),
Ai(t) = A t),  Eo(t) = Eo(7i,t),  Hoi(t) = Ho(7,t) .

For 7 in the vicinity of 7;, we may write

po(F,t) = =7 Egi(t)  (F=7),

Ry(Ft) ~ — % Fx Hot),  AFt) ~ Ai(t) — = (F— ) x Hi(t) |

The energy levels of each radiator are defined by the Schrédinger equation

2

V i » =, j— » .
- 2—7710 +e (pZ(T) 1l)n(7” - rz) - En l/}n(r - Tz) )
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where it is assumed that all radiators are identical and ¢;(7) = (7 — 7;). The
eigenfunctions v, (7 — 7;) form a complete orthonormal set enumerated by the
indices n and ¢, so that

/w:n(f—m (P ) dF = o 635 S W) (7! —75) = (7~ 7).

in
With these functions, we may define the density of transition current
s — ie * [ o\ —» Nk [
Joun(7) = =g [ (Vb (7) — (P V05, (7)) (33)
and the transition current

om = [ Tl a7 (34)

We also introduce the electric transition dipole

T = ¢ [ 03,(7) 7 (7) dF (33)
and the magnetic transition dipole

i = o [ 75 GounF) dF (36)

mn = — | T X jmn(7) dF.

K 2% J

Using the equality

N V2
V =mg {7", T +€<Pi(7")] )

one can connect the electric transition current (34) and transition dipole (35) as

-

jmn =i Wmn dmn Wmn = By — By . (37

The field operators can be expanded over the basis of the wave functions as
N
() =D enilt) Y (F— 7).
n =1
From the commutation relations for the field operators one has

eni(D)s ()] =0 0555 lemi(t), eag(®)5 = 0.

The fact that each radiator is certainly in one of the states labelled by the index
n is expressed by the unipolarity condition

et ety =1, (38)
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The wave functions v, (¥ — 7;), in agreement with inequalities (26), are localized
in a small region of the size of a radiator. Such functions are called the localized
orbitals. The localization condition can be represented by the equality

/wm— 7) F(7) YulF—7) dF =0 (i#7),

in which f(7) is a finite function.
Using the notations and conditions introduced above, we transform the radi-
ator Hamiltonian (30) to the form

N
Ho(t) = Z En ¢l (1) enilt) . (39)

The radiator—field Hamiltonian (32) becomes

N
N - = 1 - - _
Hr t)=— Tt ni(t dmnEzt _mnAzt _'mn'Bit )
f() E:E:c'mt()c ()|: 0()+C] ()+M ()

mn i=1
(40)

where . . .

B;(t) = Hoi(t) + Hi(1) (41)
is the total magnetic field.

From definitions (34) to (36), we have
Ay = Jner ) j:;m = .;nm ) /}mn = finm -

Because the wave functions are usually either symmetric or antisymmetric with
respect to the spatial inversion, so that

then we see that cﬁm = j,m = 0 but, in general, fi,, # 0.

The next approximation that is usually involved is related to the situation
when only a couple of radiator levels takes part in the considered process. This
happens when the transition frequency

wo=wo1 =Fy —FE1 >0 (43)

for these two levels is selected by means of an external alternating field whose
frequency is close to the transition frequency (43). In this way, considering
only two levels is equivalent to the quasiresonance approximation. Then, it is
convenient to introduce the transition operators

o7 (t) = cl,(t) ca(t), o (1) = cli(t) cni(®)
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and the population-difference operator
07 (t) = chi() e20(t) — el (1) eni(t)
so that
2c,(t) cri(t) =1 =03 (t),  2eh,(t) caslt) = 1+ 07 (1) -

The commutation relations for the introduced operators are

[Ui_’ 0';_] = —0 0y, [Ui_v Uj_] = [0'?_7 U;_] =0, [Uz‘_a U;] =20 0;,
[O—;_v UJZ] =-2 52’]’ O—j_a [Ufi_a A]] = [Ui_a Ej] = [O—fa A]] = [Uz‘zv Ej] =0,

where all operators are taken at coinciding times.
With the notation
dn=d,  jfn =i, (44)
we have dj = cf*, f12 = 1/, and consequently

-

Jio=—iwd, Jju=iwd. (45)

Since only the difference between level energies is measurable, one can set
FE4 = 0. Then the radiator Hamiltonian (39) reduces to

%Z [+ o7 (t)] . (46)
=1

Everywhere in what follows we assume that electromagnetic fields acting on
a radiator do not change the classification of its energy levels. In the other
case it would be impossible to talk about quasiresonance. This implies that the
interaction energies of a radiator with fields are assumed to be much smaller than
wo. Because of the latter, the term

1 N - z 53
— E (f11 + flaz2) + (flaz — fi11) o7 (t)] - Bi(t) ,
=1

[\]

entering the radiator—field Hamiltonian (40), can be neglected as compared to
Eq. (46). As a result, we obtain

) =— Y [%2() L) +dt) - Bat) + 0 - Bi0)] . @)

where the notation

i) =iwe [dof(t)-d T @], AW =doft)+d o7 1),
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fii(t) = fi o} (t) + p* o7 (t) (48)

is used. The Hamiltonian of the matter—field interaction can be written analo-
gously to the first term in Eq. (47) as

1 No
Hyp(t) = — - Z i (8) - A5(2) (49)

where Ny is the number of particles forming the matter and jmj is a local matter
current having the structure of the operator jmj = (e/m)p;, with p; being the
momentum of a j-particle.

The transition between the quantum states i1 and vy can be either accom-
panied by the change of parity or not. Then from definitions (35) and (36) it
follows that one has one of two possibilities:

d+0, i=0 (changed parity) ;

d=0, i#£0 (conserved parity) . (50)

Thus, we actually have to deal with only one of the dipole transitions, either with
electric or with magnetic. Here we consider them in parallel in order to compare
these two cases.

4. STOCHASTIC MEAN-FIELD APPROXIMATION

Now it is necessary to write down the evolution equations for the operators
entering the total Hamiltonian (29) whose terms are given by Egs. (46), (31),
(47), and (49). The Heisenberg equations yield

1
c

E(Ft) =V x H(F t)— — J(F, A7 t)=— E(Ft), (51)

Sl
o
Sl

which are, actually, the operator Maxwell equations, where the operator of cur-
rent is

N No
-3 [ ) — ¢ @i(t) x ﬁ] S(F =)+ > Tg(t) 8(F— 7)) . (52)
i=1 j=1
For the transition operators we have
do,” . _ - ., B
d]; :7Zu}()0'i+<k()d'Aif’Ld'E()ifl‘LL'Bi) O'Z'-Z (53)
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for the lowering operator where ko = wp/¢, and the Hermitian conjugate equation
for the rising operator 0 . For the population-difference operator we get
do?
dt

:72117() (JO’T*I*&O’I)/L#’

+2i(d0 & 7)~E_’0i+2i(ﬁ0;r7u_""0;)~§i. (54)

From Egs. (51), using the Coulomb calibration, we find the wave equation

L, 1 & At -
<v2 -3 at2> At = — = J(7¢) . (55)

The solution of the latter has the form

. . 1 [ - - dr’
A7) = Ayac(Frt) + - /J(;gt 7 -7 I) |xrw|’ (56)

C r

in which ffmc is the vacuum vector potential being a solution of the uniform
wave equation. With the operator of current (52), the vector potential (56) can
be written as the sum

A’Zf = A’vac + A’Zfrad + A’mat (57)

of the vacuum potential /Ymc, the radiator potential

At =S5 (=) e B (g 1) w72,

(58)
and of the matter potential
ApaalFit) = 3 —— Ty (1= 19 (59)
~ T c
where 7j; = 7 — 7, rij = [7;], and the summation }; does not include the
term with j = 1.
Our aim is to derive the evolution equations for the variables
ui(t) =< oy (t) >, si(t) =< of(t) >, (60)

in which the angle brackets mean the statistical averaging over the radiator degrees
of freedom. For the double correlators, we shall employ the mean—field—type

decoupling

<ofol >=<of ><ol > (i #j) . ©61)
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The quantum effects due to self-action [29] can be taken into account by including
into the evolution equations the attenuation terms defined by

V= g ko (dg + 1) (62)
where dy = |d] and o = |fi|. More generally, one includes the phenomenological
longitudinal and transverse attenuation parameters y; and 7s.

To take into account the retardation, we may remember that the action of
electromagnetic fields is characterized by the energies that are much smaller than
wo. That is, in the zero order one has o; ~ exp(—iwot), as follows from Eq.
(53). This suggests to treat the retardation by means of the formula

< O'; (t — %) > = ’ll,j(t) exp(i ko rij) , (63)
which can be called the quasirelativistic approximation since in the relativistic
limit, ¢ — oo, Eq. (63) becomes an identity.

Comparing the terms of the vector potential (58), induced by either electrodi-
pole or magnetodipole transitions, we notice their essential difference. Really,
averaging over angles gives

> flry) iy =0, (64)
J

unless there is a special arrangement of radiators in space. Hence, the vector
potential induced by magnetodipole transitions, in usual conditions, is negligibly
small. Then for the averaged potential (58), we have

< Araal@t) > =i k3 S (Jga;j us —d* gy uj) , (65)
J
where ik )
_ €Xp(r Ko Ti5
= — . (66)
iy k‘o Tij

The influence of vacuum fluctuations and of matter is characterized by the
term

fi (t) = kO J {A‘vac(f’iv t) + flmat (771; t):| ) (67)

which we consider as a stochastic variable, whose properties are to be defined by
additional conditions.
In this way, we come to the evolution equations for the transverse variable,

dui
dt

=—(iwo+72) ui—1is; (J Ep; +ﬁ'ﬁ0i) +
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+’ik’8 S; CZZ (Cf(pZ UJ*—CFK Pij uj)—l—s,-fi, (68)
J
and for the longitudinal variable,
ds; Lo (7R o (B
T =24 u; (d'EQi-i-/J-HQi) — 21 uy (d 'E0i+li*'H0i)_
—20 ke (dup +d u)- Y (Al ) = d iy ) =i — ) — 20w+ wig)),

J
(69)
where ¢ € [—1,1] is a pumping parameter. An equation for u; can be obtained
by the complex conjugation of Eq. (68). Another useful equation is

d’ui2 . > o= .
%:*2’72 luil? + s (uf & +wi &) — i s; uf (d'E()iJF,U'H()i)JF

+1 55 u; (J;K'E_’Oi""ﬂ_;ﬂ'ﬁoi) +

+i k3 s (ufj+u1f)z (J¢fju;fcf*¢ijuj) ) (70)
Equations (68) to (70) are basic for describing nonequilibrium collective phenom-
ena in radiating systems. The set of assumptions employed for deriving these
equations can be briefly named the stochastic mean—field approximation since
the mean—field—type decoupling (61) was used for the radiator correlators, but
quantum effects are taken into account through the stochastic variable (67).

5. DYNAMICAL CHARACTERISTICS OF COHERENCE

One of the most important results of the cooperative behaviour of radiators is
the appearance of coherent radiation. The level of coherence of electromagnetic
fields can be described by the corresponding correlation functions [32]. Here we
introduce another characteristic of coherence, which is convenient for considering
the radiation from ensembles of radiators [33].

The energy density of the radiated electromagnetic field is

]. —, —

W= — (E2 + HQ) , 71

8T

where E = E(7,t) and H = H(7,t). Differentiating Eq. (71) with respect to

time, using the Maxwell equations (51), and defining the intensity of scattering
oW, 1

ot — 2

(J~E+E~f) (72)
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and the Poynting vector

5581(Exﬁfﬁxﬁ), (73)
™
we obtain the continuity equation

0 =

The intensity of radiation into the unit solid angle is
I(ﬁ,t)z<:ﬁ-§(7*’,t):> r?, (75)

where 7i = 7/r, r = ||, and the colons imply the normal ordering of operators.
To accomplish the latter, one separates the Hermitian operators into their conjugate
parts, which, for instance, for the vector potential (58) reads as

Araa(Ft) = AF(Fot) + A= (7)1) (76)
where
e ikod  14ikol®—7 . . L] 4 1
A (Tat)—zj: |F—Fj|+ AR fx (F=75)| o} t—z|r—rj| .

Respectively, the electromagnetic positive and negative fields related to Eq. (76)
are

. 1 04, .
EradE__ 7ad:E++E_
c Ot

In the time and space derivatives, we may employ, for differentiating o, the
relations

1 0 0 + Tij) 0 . + Tig

-2 (T g +ik -(t——]):O.
(c ot * 87“1-]-) 7 ( c orij Y c

In the wave zone, where r > || and |7 — 7| >~ r — 7 - 7}, (r > |7}]), we

have s .
Aty =i =2 (d+xa) Yy of (1- 77
(7 ) =i~ +uxnzjjaj - : (77)

, ﬁ,.adzﬁxffmd:ﬁ‘*—f—ﬁ_.

from where

Et = —ikgAT | Ht=axE'. (78)
Then in the part of the Poynting vector (73), describing the radiation from the
ensemble of radiators, one has

- ¢ = - - -

Srad = _7T rad X Hrad ) Hrad =nX Erad .
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For the corresponding part of the radiation intensity (75), we get

. cr? s TN
Lraalii,t) = T < Bl = (n-Emd) > (79)
Averaging the latter over stochastic variables and over fast oscillations yields
_ wo 27 Jwo
I(7,t) = — L Irqa(f,t) > dt, (80)
2 Jo

the slow variables in the process of integration being kept fixed. For the radiation
intensity (79), this results in

N
I, t) =woy Y fis(i) < of (o (1) >, (81)
j
where 5
fij () = o | < & exp (i ko 71+ 7ig) (82)

and € = d7 do or [i/po depending on the type of radiation.

In the radiation intensity (81), we may separate the terms with the coinciding
and with different .1n(.11ce.s, SO t.hat.zij = .Zi: i+ > ~;- This makes it possible
to separate the radiation intensity into the incoherent and coherent parts,

I(7i, t) = Line(7i, t) 4+ Ioon (7, 1) , (83)
so that the incoherent radiation intensity is
1 N
Lin(ii,t) = 5 wo Y ; Fia (70) [1+ si(0)] (84)
while the coherent radiation intensity is
N
Teon (7t t) = wo vy > fij (1) uf (B)u; (t) - (85)
i
Here the equality 2ai+ o, = 1+ 07 was used. The total radiation intensity is

given by the integral

I(t) = / T(7i,t) dQU7) = Le(t) + Loon(t) (86)

over solid angles. Here the incoherent part is

1 N
Line(t) = 5 w0y > +si(t), (87)
=1
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and the coherent part is

N
Leon(t) =wo vy Y fij ui(Bu;(t) (88)
i#]
where
fij = /fij(ﬁ) dQ(n) , fii=1. (89)

Finally, the level of coherence can be defined [33] by means of the coherence
coefficients

]Coh( ,t)

Iinc( } t) ’
The radiation is mainly incoherent when C.o, < 1 and it is almost purely coherent
if Ceon > 1.

Icoh (t)
Iinc (t) .

Ccoh(ﬁa t) =

SL 3L

Ceon(t) = (90)

6. COLLECTIVE LIBERATION OF LIGHT

A system of initially inverted atoms can, due to photon exchange, become
strongly correlated, as a result emitting a coherent pulse. This effect of self-
organization, accompanied by a coherent burst, is called the Dicke superradiance
[34]. This phenomenon is well studied for atoms in vacuum [1,29,30], includ-
ing different particular cases, such as superradiance in two-component systems
[35-37], superradiance from ensembles of three-level molecules [1,38], two-
photon superradiance [39,40], and so on (see citations in Refs. [41]). When
radiating atoms or molecules are placed in a solid, they interact with phonons
[42,43], which can lead to such interesting phenomena as the laser cooling of
solids [44,45].

When an atom is placed in a periodic dielectric structure, in which, due
to periodicity, a photonic band gap develops, then spontaneous emission with a
frequency inside the band gap can be rigorously forbidden [46,47]. This kind of
matter, where photon band gap appears because of the structure periodicity in real
space, has been called photonic band-gap materials. The photon band gap also
appears in natural dense media due to photon interactions with optical collective
excitations, such as phonons, magnons, or excitons [48,49]. One calls this type of
the gap the polariton band gap since photons coupled with collective excitations
of a medium are termed polaritons.

If a single resonance atom is placed in a medium with a photon band gap,
and the atomic transition frequency lies inside this gap, then the spontaneous
emission is suppressed, which is named the localization of light [46,47]. This
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effect is caused by the formation of a photon—atom bound state [S0-52]. When
a collection of identical resonance atoms is doped into a medium with a photon
band gap, so that the atomic transition frequency is inside this gap, then the
atoms, in principle, can radiate because of the formation of a photonic impurity
band within the photon band gap [50,53-55]. A model case of a concentrated
sample, whose linear size L is much smaller than the radiation wavelength A,
has been considered for studying superradiance near a photonic band gap [56,57],
when the transition frequency almost coincides with the frequency of the upper
band edge. Here, following Ref. 58, we study the realistic case of a sample with
AL L.

Assume that the localization of light occurs for a single atom with an electric
dipole transition, so that its population difference is always so = s(0). Consid-
ering an ensemble of resonance atoms, we resort to Eqgs. (68), (69), and (70).
For simplicity, we write u; = u and s; = s. Introduce the effective coupling
parameters

sin(ko TU J cos(kg m]
= ; 2y
9= 4’72 > ko 74; 4’72 Z ko 74;

where v = 4k3 d2/3. In the absence of resonator imposing a selected mode,
3 .
grgx LN 92)

where p is the density of resonance atoms. It is convenient to introduce the
effective frequency and effective attenuation defined, respectively, as

Q=wy+724 s, F'=v%(1-gs). (93)

These expressions include the influence of local fields [59] through the coupling
parameters (91). Since the latter take into account the existence of an ensemble
of atoms, we may call Q and T the collective frequency and collective width,
respectively.

With these notations, Eq. (68) reduces to

d
== Q+D) utsEHpel (g+ig)sut, ©4)

where £ = &; and €5 = d7 dy. Equation (69) becomes

ds

=g ul = (5= s0) 2 (" € +u )

~292 [(g+ig) (W e+ (g —ig) wer)] . (95)
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where ( = s( takes into account that for a single atom the localization of light
occurs. And for Eq. (70), we have

d|u|?
% = 2T jul+5 (u* £+ € u)+
T2 [(g+ig) (w @)’ + (g —ig) ()] . (96)
Let us accept the natural inequalities
Y1 Y2 I
— <1 — <1 — 1. 7
Q0 <1, 0 <1, ‘Q < 97)

And, as always, we keep in mind that the interaction term (67) is small as
compared to the frequency €2, or that < £ > = 0, which tells that this term is
small on average. Then, according to Sec. 2, we may classify the solution u as
fast while s and |u|? as slow. Solving Eq. (94), with s being a quasi-invariant,
we get

t
u(t) = [uo—i—s / el DY (1)) dt’} e Gt (98)
0

Introduce the notation

a= lim /T L EWult) > dt, (99)

T—00 TFS 0

where Re means the real part and which, if < £ >= 0, takes the form

R T t . ,
o= lim - / dt/ e GHDE) < ex()e(t') > dt’ .
oo 7T Jo 0
When £(t) is a stochastic variable corresponding to a stationary random process,
so that
L@ EH) > =< (E-1) £0) >,

then the notation (99) becomes

I Re
a= lim —
7—oo T I

T t
/ dt/ e G e (1) £(0) > dt’ .
0 0
Defining a new function
w=|ul? —as?, (100)

and averaging the right-hand sides of Eqgs. (95) and (96) over time and over
stochastic variables we get
ds d|ul?
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where -
Vi=Emtdpa,  (F=2rs.
T

In what follows, we assume that the quantity (99), describing the intensity of
interaction between atoms and matter, is small,

la] < 1. (101)

To understand the structure of the atom-matter coupling o, we may model the
random variable ¢ by the interaction of an atom with an ensemble of oscillators as

{(t) :Z Yoo (bw efithrbL eiwt) 7

where b,, and b], are Bose operators. Then the atom-matter coupling is

- 9 R 1+n,
SR o R e
with n, = < bwa >. If the coupling « is small, then 7 =~ 71, (* = s¢, and
d|u|?/dt =~ dw/dt. Therefore, we obtain the equations
ds dw

52_497211}_%(3_50)7 E:—Qw(l—gs)w. (102)

For transient times, when ¢ < vy !, Eqgs. (102) can be solved explicitly,
giving

t—t 1 2 t—t
s:_ﬂtanh( 0)+—, w = 7ZPQSech?( 0) . (103)
972 To g 49°v3 To

where the integration constants vy = 7'071 and t( are defined by the initial condi-
tions «(0) = ug and s(0) = sg. For the radiation width -y, we get the equation

75 =T + 4973 (Juol* — a0sp) (104)
where )
F0572(1_950)7 ,YOET_ ) OéQEOé(O).
0

For the delay time, we find

70
t() = 5 In

Yo —Io

. (105)
Y0 +To
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Introducing the critical coupling

(1—gs0)?  |uol?

Qe = 4925% 33 , (106)
we may rewrite the radiation width as
Yo = 29 [so| 72 Vae —aq . (107)

In the case of only one atom, we have to set ¢ = 0. Then Egs. (102) give

5=sq, w = (Jug|* — ap s3) e 22" (g=0),

which means that the light is localized. But for an ensemble of atoms the radiation
becomes possible.

To find out what happens at large times, when ¢ — oo, we need to analyse
the stationary solutions of Eqs. (102). There are two pairs of such solutions:

s1 =50, wy =0 (108)
and
1 —1
s5==, wh= 771(9320 ) (109)
g 49°72

The stability analysis [58] shows that the fixed point (108) is stable for gsg < 1
and unstable for gsg > 1, when the point (109) becomes stable. When gsg < 1,
the stationary point (108) is a stable node, while that (109) is a saddle point. In
the interval 1 < gsg < 1 + v1/8v2, the fixed point (108) is a saddle point, and
that (109) is a stable node. For gsg > 1 + 71 /82, the stationary solutions (108)
correspond again to a saddle point, while the fixed point (109) becomes a stable
focus. In the latter case, the pulsing regime of radiation is realized, with the
asymptotic period between pulses

_ 4dr
g +8(1 — gso)r172l/?

T, (110)

However, at finite times the radiation pulses are not periodic, so that the charac-
teristic time (110) is an approximate period only for t — oo.

In this way, when a single atom cannot radiate because of the localization
of light, an ensemble of atoms can emit coherent radiation, provided that the
interaction between atoms is sufficiently strong, so that gso > 1. This is why
such an effect can be called the collective liberation of light. However, this
liberation is not complete but only partial since s5 > 0.
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7. AMPLIFICATION BY NONRESONANT FIELDS

An essential enchancement of radiation can occur due to correlations between
radiators, which results in the emission of a coherent pulse. In order that these
correlations could be sufficiently strong, it is usually required that the radiation
wavelength would be much larger than the mean distance between radiators. If
the latter is not the case, it is hardly probable that the self-organized coherence
can develop. How would it be possible to amplify the radiation intensity for
a system of radiators whose wavelength is smaller than or comparable with the
mean distance between them? This question is of high importance for short-wave
emission such as x-ray and y-ray radiation. Coherent transient effects due to phase
modulation of recoilless ~ radiation have been considered both theoretically and
experimentally [60-63]. A regenerated signal of gamma echo has been observed
[64], which is similar to photon echo in optics [65]. In the present section we
explore the conditions when stationary enchancement of short-wave radiation is
feasible, being due to external nonresonant fields. Some preliminary results on
the problem have been reported [66—-68], based on simplified models. Here the
problem is considered more accurately, using the main Eqs. (68) to (70). The
latter, in the case of short-wave radiation, when the interaction of radiators can
be neglected, take the form

dui

dar —(iwo + y2)ui — ZS’LJ Ey; ) (111)
dSi %7 3 —
%:2l(uid*md ) - Eoi —m1(si — (), (112)
dlu;|? - a0 o
% = —2yo|u;|* —isi(ufd — u;d*) - Eo; . (113)

The initial conditions are wu;(0) = ug and s;(0) = so.
Assuming, as usual, the existence of small parameters
|d - Eo;l

Ny, By, 20l q (114)
wo wo wo

we see that u; has to be classified as a fast solution while s; and |ui|2, as slow
ones. With s; being a quasi-invariant, Eq. (111) gives
. — t — .
U; (t) = 67(2w0+v2) t |:’U,() — Z S; d . / E()i(’T) 6(1w0+72) T dT
0

Let the external field Ey; = Ep; (t) consist of two parts,

— —

Eoi = By + By FTimet) o Brem(Frimen (115)
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one being a stationary nonresonant field Ey, and another part is a pair of plane
waves, which are in quasiresonance with the transition frequency,

14l

wo

<1, A=w-—uwp. (116)

Then the solution of Eq. (111) writes

SZJEO SiJ-El

wi(t) = — =0 4 : ei(ﬁﬁfwt)_i_
®) wo—iy2 A4y
| uo + Si d'EO _ sid - El ot k-7 e~ (iwoty2) t (117)
wo—iy2  A4iy
Substituting this into the right-hand side of Eq. (112) and averaging over time as
. I
lim — f(s,t) dt,

T—00 T 0

we come to the equation

dS,‘ « %
Fi (si —¢C") (118)
with - -
. |d- Eo* |d-Eqf LM
Vi =71+ 47 ; ¢==C
! <w3+7§ A2 493 "
The solution to Eq. (118) is
si(t) = so e Mt 4 (1—(73) . (119)
Calculating the correlation function
— d-Eol*  |d-Ei[* _ijr
wr(t)u;(t) = s(t B I
00 = () <wg+yg 3

where, for simplicity, we set s; = s, we find the incoherent and coherent radiation
intensities (84) and (85), respectively, as

. 3N ..
Iinc(i,t) = Tor “0 7 |7l X @d|2 [1+s(t)],
3N2
Leon (7, 1) = = wo v |it x &4)° $2(t) x

8
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. |d- Ey? L = |d B
X F(k() n) ——> + F(k() n— k) 5| » (120)
Wi+ 73 A2 493
where 7 = 7*/r and the form factor is
A LA 2
F(k) = 53 > et = ~ > ek (121)
i#j i=1

As is seen from expressions (120) and (121), the maxima of coherent radiation
occur in the directions satisfying the condition

(koﬁ—E)-ﬁ:2wni (ni =0,1,2,...). (122)

This corresponds either to forward scattering, when all n; = 0, and the periodicity
of matter is not required, or to the scattering in the Bragg directions, for which
the strict space periodicity of radiators is needed. The enhancement of coherent
radiation in the directions defined by condition (122) is called the Borrmann effect
[69,70], which for the case of y-rays is sometimes termed the Kagan—Afanasiev
effect [71,72].

The total radiation intensities (87) and (88) are

Tinelt) = 5 Nugry [1+5(1)]

d-Eol>  |d-E?
Leon(t) = N? 2(p) ( | 123
col() ()0“}075()<w(2)+,y§ A2+722 ) ( )
where the shape factor is
o= 83 / 17 x &ul? F(ko it — F) dOU() (124)
™

The value of the latter strongly depends on the shape of the considered sample.
Thus, for pencil-like or disk-like shapes [29], one has

: A R
3L oL <1, T K 1
Y= )
s(FR) . wR<l, 5<1,

where R and L are the radius and length of a cylindrical sample, and A =
=2r/k, k= k| =w/ec

Consider the stationary limit ¢ — co, keeping in mind the situation typical of
Mosbauer experiments, when the alternating field is weak,

\d - E4|?
— <
Y172

1, (125)
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and let us set, for simplicity,
(=-1 (126)

which means that there is no additional pumping except through the given field
(115). Then Eq. (119) reduces to

lim s;(t) = -1+
t—o0 Y1

e |dq'EO|2+|J'Eq1I2
wd A2 442 |

For the coherence coefficient, defined in Eq. (90), we get

- _ N
Jlim Cean(t) = N 7 (127)

The role of the nonresonant field Eo can be characterized by the switching
factor [24]

I1(t)
S(Ep,t) = ———— 128
( 0, ) hmEo—>O I(t) ( )
and its stationary limit
S(E()) = thm S(E(),t) . (129)
For our case, we obtain
A2 42 |d- By
+ 73 )
S(Ey) =14+ ——= | == (130)
( ) W(Q) d-FE;

The switching factors (128) and (129) show how the radiation intensity is am-
plified when a nonresonant field Eo is switched on, as compared to the situation
when Ey = 0. As is seen from expression (130), the amplification can be quite
noticeable only if |d - Eo| > |d- Ey|, so that to compensate the smallness of the
parameters |A|/wo and 2 /wo.

8. MOSSBAUER MAGNETIC ANOMALY

Stationary fields, electric or magnetic, can be due not to external sources but
can arise in a sample as a result of phase transitions [73,74]. If an ensemble of
radiators is incorporated into matter exhibiting a phase transition accompanied by
the appearance of a constant field, the latter may influence some radiation char-
acteristics. An interesting example of this kind is given by the gamma radiation
of Mossbauer nuclei placed into magnetic materials. This example is especially
intriguing because of long-standing controversy related to its interpretation.
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There exists a number of experiments demonstrating the so-called magnetic
anomaly of the Mossbauer effect in materials undergoing magnetic phase transi-
tion. This anomaly consists in an essential increase, up to 50%, of the area under
the Mdssbauer spectrum below the temperature of magnetic transition, as com-
pared to the spectrum area in paramagnetic state above the transition temperature.
A detailed discussion of these experiments can be found in the book [75] and
review [76]. The controversy related to this anomaly concerns the explanation of
the cause of the latter.

The area of the Mossbauer spectrum, for Mdssbauer nuclei in a solid sample,
is given by the integral

+oo
Aus =fM/ G aps (@) du | (131)

in which
far = exp(—kgrd) (132)

is the Mdossbauer factor, kg = wo/c, 1o is the mean-square deviation of the
nucleus from a lattice site,
O'QF2

abs 133
w = w())z + Fst ( .

Uabs(w) = (

is the absorption cross-section, I',ps is the absorption half-width,

 2m(1+42L)
T R2(1 4 210) (1 + )

(134)

g0

is the cross-section of resonant absorption, Iy and I; are the nuclear spins of
the ground-state and excited levels, and a. is the electron conversion coefficient.
After integrating Eq. (131), we have the spectrum area

Agps = 7TfMO'OFabs . (135)

It is important to emphasize that the Mdssbauer anomaly, we consider here,
has been observed only in the so-called absorption geometry, when absorbing
Mossbauer nuclei are placed inside magnetic matter which is irradiated by an
external source. Contrary to this, in the experiments with the so-called source
geometry, when a radioactive source is incorporated into the magnetic matter,
but absorbing Mossbauer nuclei are outside this matter, no magnetic anomaly
has been observed [77-79]. Therefore it is clear that the considered Md&ssbauer
anomaly is directly related to the action on Mdssbauer nuclei of an effective
magnetic field appearing below the critical point. But what is the origin of this
anomaly?
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Historically, the first suggestion was to ascribe the anomaly in the temperature
behaviour of the spectrum area (135) to the influence of the appearing magnetic
order on the Mossbauer factor (132). A number of citations having to do with
this suggestion are listed in Refs. 75,76. This assumption implies that the mean-
square deviation 7y defining the Mdssbauer factor (132) is essentially influenced
by arising magnetic order. The course of reasoning is as follows. Maossbauer
nuclei doped into a solid are characterized by the same mean-square deviation
as the particles forming the solid sample. The latter can be described by the
Hamiltonian

Hm =

)= > I(Rij) Si-S; (136)

i#] i#]

in which ®(R;;) is a potentlal of direct pair interactions while [ (R ;) is that of
exchange interactions, S; is a spin operator, and Ry = |RZ 4], with Ri; = = Ri— RJ.
The indices of summation in Eq. (136) run as ¢ = 1,2,..., Ny, with Ny being
the number of lattice sites. Introduce the deviation from a lattice site,

Ri—a;, (137)

U;
defined so that
C_I:Z':<Ri>, <tu;>=0. (138)

Taking into account that |i;| is small as compared to the interparticle distance,
one expands the interaction potential in powers of u* up to the second order,
which results in the Hamiltonian

Hy =Uo+ Hy+ Hy+ Hyy + H' (139)
whose terms are explained below: the constant part of the lattice energy
1 _ L
Uo=35 Z P(aij) ; aij = |dsj Gij = a; — dj , (140)
i#j
the phonon term

H, o7 u ufl (141)

i#j af

in which CIDZ’@ = 9%®(a;;)/ 8af‘5‘a? , the spin Hamiltonian

Hy=-Y" Iai) Sij ;. Si; =85, (142)
i#]
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the term responsible for spin—phonon interactions,
Hy=->" 3120 ueuf 85, (143)
#j af

where ]quﬁ = GQI(a,-j)/aa?Ga?, and the term

H=-" % u 1+%Zufiﬁ F® (144)
i a 8 da;

related to the striction energy, where the striction force acting on the site ¢ is
given by the components

P = 0 Z [®(aij) — 21(aij)Si] -

Oa¥
j

The correct definition of the lattice sites in Eq. (138) presupposes that they serve
as equilibrium positions for particles. This implies that the striction energy is to
be zero on average,

<H >=0. (145)

Then one invokes a kind of the semiclassical approximation
<ufSy > =<uf >< S >=0,  <ufu)S; >=<ufu) >< S >,

decoupling the phonon and spin degrees of freedom, which suggests to present
the operator term in the spin—phonon interaction (143) as

B

uf‘u?Sij:<ufﬁu?> Sij—f—u,‘fu]@ < Sij > — <u,‘ﬁuj > <S> .
(146)
Thus, the matter Hamiltonian (139) can be reduced to
H,=Uy+H,+H,, (147)

with the renormalized terms
UO:UO+Z Z Ii‘;ﬁ<u?uj ><Sij>;
i#j  aB

—2

7 ooy b aB o, B 7.o—
A SESRED 3D 3 T TN A S
i i#j ap i£]
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in which the striction energy, because of condition (145), is omitted and the
renormalized interactions are

8 — B B — B B
DZO; = (I);); — 2[;; < Sij > Jij = I(aij) + Z IZ < uf‘uj >
af

The renormalized dynamical matrix ijﬁ defines the effective phonon spectrum
wps through the eigenvalue problem

1 af .=
—kda;; B _ 2 _«
E § : E :Dz’j € Y Crs = Wis €ks s
J B

where €j; is a polarization vector; the index s, labelling polarizations. The
spectrum and polarization vectors are assumed to be even functions of the wave
vector, so that wxs = w_js and €;s = €_ps. Polarization vectors form a complete
orthonormal basis with the properties

L 8 _
€ks - Ehs = Oss/ E egs Crs = 6aﬁ .

s

Expanding the deviation and momentum as

o €ks ( T ) ik-d@;
u; = ——— (bgs+ b e i,
¢ %: V2mNowis b ks

— . mwrs _, s
pbi = —1 Z A/ QNQS €ks (bks - bjr_ks) eZk “ ’
ks

one transforms the renormalized phonon Hamiltonian to the standard form

- 1
HP = (bLa brs + 5)
ks

After this, it is straightforward to calculate the correlators

a B
8 0ij €iis Chs Whks
<uu >= —— &2 55 coth
vy 2N() kz m Wrs 2T ’
S

in which T is temperature. Thus, one gets the mean-square deviation from the
equation

1 1 1 w
2=z § Qg0 — E ( - ks
=3 < wuju; > A o coth 5T - (148)



1162 YUKALOV V.1, YUKALOVA E.P.

In this way, the influence of magnetic order on the mean-square deviation comes
from its influence on the phonon spectrum.

However, the magnitude of the spin—phonon interaction, renormalizing the
dynamical matrix, is rather small as compared to the magnitude of direct inter-

actions [76], so that |I;} o iy A| ~ 1073. Hence, magnetic order cannot influence
much phonon frequencies, as well as the sound velocity

_1s Wks k alJ)2 a B

~ k0 T lllg(l) Z Z T omk2 ke Chs (149)

This conclusion is in agreement with all known experiments where phonon char-
acteristics have been examined by means of neutron scattering, sound—velocity
measurements, elastic and thermal investigations. The onset of magnetic order
can change the Mossbauer factor not more than by 1%, which cannot explain the
observed Mossbauer anomaly of the spectrum area (135).

Another explanation was advanced by Babikova et al. [78], supposing that
magnetic order can influence the electron conversion coefficient o, in the cross-
section (134). A noticeable decrease of the conversion coefficient could lead to
the increase of the cross-section (134), and, consequently, to the increase of the
spectrum area (135). The decrease of the conversion coefficient could be due to
the suppression of the conversion channel in favour of the ~-radiation channel
whose weight could be increased by the enhancement of the vy-radiation caused
by the arising magnetic order [80].

To estimate the influence of an effective magnetic field, appearing in magnets,
on the radiation intensity of Mdssbauer nuclei, we have to consider the switching
factor (130) that in our case, takes the form

L2

2 —*.H

S(Ho) =1+ 2 |[E22
Wy |- Hy

For the characteristic Mdssbauer nucleus °“Fe, we have wo = 1.44 x 10* eV
and 75 = 71 = 0.67 x 10~® eV, which can be transformed to the frequency
units as wo ~ 10s~! and 45 ~ 3 ~ 107s~1. The corresponding wavelength
is A ~ 1078 cm. Let us take for the effective magnetic field Hy ~ 10° G and
for the alternating source field H; ~ 107° G. The transition magnetic dipole
to ~ 0.1p,, where p, is the nuclear magneton, hence g ~ 10713 eV/G.
This gives poHg ~ 107s™' and pgH; ~ 1073s~!. From here we obtain
YaHE /wiH? ~ 107%, which tells us that the switching factor S(Hy) changes
too little. Therefore, although the arising magnetic order does enhance the radi-
ation of Mdssbauer nuclei, this enhancement is not sufficient for causing such a
drastic increase of the spectrum area.
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The last quantity that could be blamed to be responsible for the Mossbauer
magnetic anomaly is the absorption width I'ys. The latter can be presented as
the sum

Cabs =72 + 73 (150)

of the homogeneous line width v2 and of the inhomogeneous line width +5. The
inhomogeneous width can be due to the variation of local magnetic fields resulting
in the random shift of the Mossbauer transition frequency [81]. Returning to
Section 3, we see that, really, an external magnetic field shifts the transition
frequency as wo + (a2 — fi11) - ﬁo. Therefore, the inhomogeneous width can be
of order v5 ~ (floa — fi11) - Hy or Y5 ~ pwoHy. From here, 75 ~ 107s~!, that
is, 75 ~ 2. In this way, the anomalous increase of the Mossbauer spectrum
area (135) below the magnetic transition temperature can be explained by the
increase of the absorption width (150) caused by the increasing inhomogeneous
width 73 ~ o Ho.

9. PROBLEM OF PATTERN SELECTION

Nonequilibrium cooperative phenomena are often described by nonlinear dif-
ferential or integro-differential equations in partial derivatives. The solutions to
such equations are in many cases nonuniform in space exhibiting the formation
of different spatial structures. It happens that a given set of equations possesses
several solutions corresponding to different spatial patterns [13]. In such a case,
the question arises which of these solutions, and respectively patterns, to prefer?
The problem of pattern selection has no general solution [13]. A possible way of
selecting spatial structures, by minimizing the average energy, was delineated in
subsection 2.5. Here we advance another method of pattern selection.

Assume that the considered differential equations in partial derivatives can
be reduced to a d-dimensional system of ordinary equations; the dimensionality
d may equal infinity. Suppose also that admissible patterns are parametrized by
a multiparameter 3. Let the state of the dynamical system be defined by the set

y(t) ={w(t) = w:(B, 1) i =1,2,...,d} (151)
of solutions to the system of differential equations

d
o YO =0(y.1). (152)

For different parameters (3 there are different sets (151) corresponding to different
spatial structures. All admissible values of 5 form a manifold B = {#}. Each
particular value of § can be considered as a realization of the random variable
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from the manifold 5. The classification of the states (151) can be done by
defining a probability measure on 5.

To introduce the probability distribution p(f3,t) of patterns at time ¢, we
resort to the ideas of statistical mechanics [82], where a probability p can be
connected with entropy S by the relation p ~ e~°. The entropy at time ¢ may be
expressed as

S(t) = In|AD(t)] (153)

through the elementary phase volume

AD(t) = Héy,-(t). (154)

Let us count the entropy from its initial value S(0), thus, considering the entropy
variation

AS(t)=S8(t) — S(0) . (155)
Then the probability distribution p ~ =%, normalized by the condition
[pio.tyas =1
takes the form
efAS(ﬁ:t)
p(B,t) = 0N (156)
where the normalization factor is
Z(t) = /e*ASW) g .
The entropy variation (155) writes
AD(t)

AS(t) =1 157
where the dependence on [, for brevity, is omitted. Define the multiplier matrix
[83]

(t) = [Mi(0) 0= 500
for which at the initial time one has
dy:(0)
M;:(0) = = 0;i . (159)
0= 5y500) =%
The variation of the state (151) gives
y(t) = M(t) oy(0) , (160)
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which yields for the elementary phase volume (154)
AR(t) =] D Mi;(t) 6y;(0) -
i g

Hence, the entropy variation (157) is

AS() =n|J] > Mi(t) M;i(0)
i J
With condition (159), this results in

H M (t)

Taking the variational derivative of equation (152), we get the equation

S M) = (1) M(1) (162)

for the multiplier matrix (158), where

AS(t) =1In = Z In | M ()] - (161)

51}2’ (yvt)
Jyvt = Jzyat ) Jzyvt = ; (163)
o) =Wl a0 =g 0
is the Jacobian matrix. Substituting the entropy variation (161) into Eq. (156),
we get
[T, [Mi(3,)] "
t) = = 164
with

20) = [ TLIMu(o.0)1" ds.

Expression (164) defines the probability distribution of patterns labelled by a
multiparameter 3. This expression naturally connects the notion of probability
and the notion of stability. Really, the multipliers are smaller by modulus for
more stable solutions and, respectively, patterns, for which the probability is
higher.
Another form of the distribution (164) can be derived as follows. Introduce
the matrix
L(t) = [Ly(®)] . Lij(t) = | Myy(0)] - (165)

Then the entropy variation (161) becomes

AS(t) = Tr L(t) . (166)
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Since the trace of a matrix does not depend on its representations, we may perform
intermediate transformations of Eq. (166) using one particular representation and
returning at the end to the form independent of representations. To this end, let
us consider a representation when the multiplier matrix is diagonal. Because of
Eq. (162) with the initial condition (159), the matrix M is diagonal if and only
if the Jacobian matrix is also diagonal. Then from the evolution equation (162)
it follows that

M;;(t) = exp {At Jiui(y(t'), ) dt’} .
Hence

Lii(t) = At Ai(t/) dt/ 5 Ai(t) = Re Ju(t) 5

from where

Tr L(t) /tA(t’) dt', A=) Ai(t).

0

We assume that the state (151) is formed of real functions, so that the velocity
field in the evolution equation (152) is also real. Then the eigenvalues of the
Jacobian matrix (163) are either real or, if complex, come in complex conjugate
pairs. Therefore

Z Re Jii(y,1) = Z Jii(y, t) = Tr J(y, 1) .
For the entropy variation (166) we obtain

t
AS(t):/ A(t') dt’, (167)
0
where
A(t) =Tr J(y,1) (168)

is called [84] the contraction rate. The latter is given by the form independent
of representations of the Jacobian matrix (163). With the entropy variance (167),
the probability distribution (156) becomes

p(B,t) = % eXp{—/OtA(ﬁ,t') dt’} , (169)

where the contraction rate is defined in Eq. (168) and

Z(t) /exp{/OtA(ﬁ,t’) dt’} ag .
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The most probable pattern at a time t corresponds to the maximum of the distri-
bution (169),
abs max p(B,t) — B(1) . (170)

One may also define the average pattern at t as corresponding to

B(t) = / Bp(8,1) dp .

The most probable and average patterns, in general, do not coincide, although
this may happen, especially with increasing time. To illustrate the latter, consider
a particular case when the contraction rate A(5,t) = A(/) does not depend on
time. Then, as ¢ — oo, we have

2(t) = / MO g [T (—A(R) 1) |

A”(ﬁo)t
where y is the point of the minimum of A(3), so that
d i~ & _
%A(ﬁ)Z()’ A(ﬁ):d—ﬂgA(ﬁ)>0 (8= Po) -
In the distribution
A//
p(8.1) = 2 e () — A 1)
one may expand A((3) near 3 = By, which gives

N (8 — fh)? !
p(ﬂvt)me}(p{?(to)}’ o(t) \/W

From here one finds

Jim p(8, 1) = 6(6 = Bo) -

In this way, if differential equations describing a nonequilibrium process
have several solutions corresponding to different spatial patterns, the latter can
be characterized by the probability distribution (169), with the contraction rate
(168). In the case when the multiplier matrix (158) can be calculated, one may
use the expression (164) of the probability distribution. If all patterns correspond
to stable solutions, it is sufficient to analyse only the beginning of the process of
pattern formation. Then for the entropy variation (167) we may write

AS(B,t) = AB,0)t  (t—0).

Consequently, the most probable pattern, defined by the maximum of the proba-
bility distribution (169), that is, by the minimum of the entropy variation (167),
is now characterized by the minimum of the contraction rate A(/,0) at the initial
time.
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10. TURBULENT PHOTON FILAMENTATION

Spatial structures can appear in radiating systems if the radiation wavelength
is much shorter than the system characteristic sizes [13]. For instance, elec-
tric field in laser cavities can exhibit a state which bears some analogy with a
superfluid vortex [85]. The Maxwell-Bloch equations for slowly varying field
amplitudes have been shown to be analogous to hydrodynamic equations for com-
pressible viscous fluid [86]. The Fresnel number for optical systems plays the
role similar to the Reynolds number for fluids. In the same way as when increas-
ing the Reynolds number, the fluid becomes turbulent, there can appear optical
turbulence when increasing the Fresnel number.

Spatial structures emerge from an initially homogeneous state with a break of
space-translational symmetry. For small Fresnel numbers F' < 5, such structures
correspond to the empty-cavity Gauss—Laguerre modes imposed by the cavity
geometry. These transverse structures can be described by expanding fields over
the modal Gauss—Laguerre functions [87-92], which results in reasonable agree-
ment with experiments for CO, and Nas lasers. For large Fresnel numbers
F > 10, the appearing structures are very different from those associated with
empty-cavity modes. The modal expansion is no longer relevant at large F', and
the boundary conditions have little or no importance. The laser medium looks
like divided in a large amount of parallel independently oscillating uncorrelated
filaments [93-100] the number of filaments being proportional to F', contrary to
the case of small Fresnel numbers when the number of bright spots is proportional
to F2. This filamentation was observed in Dye and CO- lasers, as well as in
other resonance media, even without resonators [101-105]. The same type of
patterns arises in active nonlinear media, such as photorefractive Bi;2SiOqg crys-
tal pumped by a laser [106—-109]. In the latter media there are also two types of
pattern formation: for small Fresnel numbers, the symmetry is imposed through
the boundary, while for large Fresnel numbers, the symmetry is imposed by the
bulk parameters. In the case of large F', there occurs a kind of self-organization
with spontaneous spatial symmetry breaking [110]. It is possible to easily notice
a qualitative transition in the behaviour of photorefractive media as well as in that
of lasers: In low-F’ regime there are a few modes of regular arrangement of bright
spots corresponding to the peaks of the Gauss—Laguerre functions in cylindrical
geometry, the number of modes being proportional to F2. And in the high-F
regime there are many modes spatially uncorrelated with each other, which is
typical for spatiotemporal chaos, the number of the chaotic filaments being pro-
portional to F. Short-range spatial correlation is characteristic for turbulence, this
is why one calls the similar phenomenon in optics the optical turbulence.

The theory of self-organized photon filamentation in high-Fresnel-number
resonant media was suggested in Refs. 33,111-116, where the consideration was
based on simplified models and only the stationary regime was analysed. The
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choice of filament radii was done by means of the variational principle, as is
described in subsection 2.5. Here we present a more general and elaborate theory
based on the evolution equations (68) to (70), which includes the description of
temporal behaviour, and for defining the characteristics of filaments we employ
the method of pattern selection developed in Sec. 9.

First, it is convenient to pass in Egs. (68) to (70) to continuous representation
replacing the sums by integrals according to the rule

ij:/p(F)dF,

where p(7) is the spatial density of radiators. Wishing to return to the localized
representation, one makes the replacement p(7) = vazl O(7 — 7). In the case
when the structure of matter is of no importance, it can be treated as uniform
on average setting p(7) = p = N/V. Cooperative optical phenomena are often
considered in this representation of uniform medium [117]. Let us stress that the
uniformity of matter in no case requires the uniformity of fields or polarization.
The solutions to Egs. (68) to (70) can correspond to highly nonuniform structures.
Introduce the notation

f(f'a t) = f()(Fv t) + frad(ﬁ t) (171)

for an effective field acting on a radiator with the transition dipole d. This field
consists of the term o
fo(Ft) = —id- Eo(F,t) (172)

due to an external electric field and of the term
Fraa(Ft) = ko < d- Avaa(F)t) > (173)

responsible for the action of other radiators. Taking into account Eq. (65), we
have

3
fraTst) = = 5 i [ [0l =) uls8) = 62 (7= 7 w1 10)]
(174)
where the continuous representation is used, and
iko |7 4
e
r) = , =— k3 d?
80( k()|77| Y 3 0 %o
Then Egs. (68) to (70) acquire the form
du ) ds . .
= —(iwo +y2)u+sf, ==2(u"f+ ffu) = (s = (),

dt dt
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d|ul?
dt
Notice that from the latter two equations one has

= —2’y2|u|2 +s(uf+ ffu) . (175)

d
pn (32 + 4|u|2) = —-271s(s—() — 8’y2|u|2 )

We consider a sample of the cylindrical shape typical of lasers. The seed
laser field defining the cylinder axis is given by the sum of two running waves,

Eo(7,t) = Ey etb==wt) 4 Fix emilkz—wt) | (176)

which selects a longitudinal mode. The radius, R, and length, L, of the cylinder
are such that the following inequalities are valid:

a A R

-1 -1 -1 177
y <L 7 <L 7 <1, a77)
where a is the mean distance between radiators and A, wavelength. There are
also the standard small parameters

A
£<<1, E<<17 u
wo wo wo

<1, (178)

with A = w — w( being detuning.

The solutions to Egs. (175) are not necessarily uniform in the whole volume
V = wR2L of the sample, but may have noticeable values only inside narrow
regions of filamentary form, while being almost zero outside these filaments.
Consider one such filament, and let us surround it by a cylinder of radius b
so that the magnitude of solutions is an order smaller at the surface of this
enveloping cylinder than at its axis. If the profile of a filament is close to the
Gaussian exp(—r?/ 27“?), with r¢ being the filament radius, then

b=+v2In107ry . (179)

In what follows we assume this relation between the radius b of an enveloping
cylinder and the radius 7y of a filament.

Suppose that there are Ny filaments in the volume of the sample, the axis of
each filament being centered at a point {x,,y,}, with n = 1,2,..., Ny. Let us
present the solutions to Eqgs. (175) as expansions over enveloping cylinders,

Ny Ny
U’(Fa t) = Z U’n(Fa t) @n(.ﬁ,y) eikz ) S(Fa t) = Z S’VL(F’ t) @7L(x7y) )
n=1 n=1
(180)
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where

On(z,y) =0 (b V(@ —2,)2+ (y — yn)2)

is a unit-step function. The filaments are located randomly in the cross-section
of the sample, but so that their enveloping cylinders do not intersect with each
other. The interaction between filaments is small, which follows from Eq. (174).
This is why they do not form a regular lattice but are distributed randomly.

The function ¢(7) in Eq. (174) oscillates at the distance A, and the solutions
u, and s, essentially change in the radial direction in the interval b. Assuming
that

% <1, (181)

we may say that, in the radial direction, the function ¢(7) is fastly varying in
space, as compared to the slow variation of u,, and s,. For the latter, we define
the averages

1 1
u(t) = 5~ /v un(F ) dit,s(t) = 5 /v sn (7, 1) dF (182)
n n n n

over the corresponding enveloping cylinder of the volume V,, = wb%L, where in
the left-hand side of Eq. (182) we, for short, do not write the index n.
The seed field (176) is needed mainly for selecting a longitudinal mode with
cylindrical symmetry, but the amplitude of this field is small, so that
d-E
M <1. (183)
72
The excitation of radiators is accomplished by means of pumping characterized
by the pumping parameter ¢ in Eqs. (175).
Defining the effective coupling parameters

3 infko|7” —7'| — k(z — 2’
g=-2F / sinlfol? =71 = hz = 2] g g (184)
49V v, kol — 7|
ol / coslko| — 7" — k(z = 2] . . (185)
B 4’)/2‘/Tn Va kf0|77_ FI| ’
and the collective frequency and width, respectively,
Q=wo + g'12s, ['=7(1—-gs), (186)

for functions (182) we obtain the equations

d B
d—;‘ = —(iQ+ D) —isd- Bre=™t
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ds 7 i
= = —Agrlu = (s — Q) —4tm (v d- B e, (187)

dul® _

dt

Because of the inequalities (178) and (183), the solution w in Eqgs. (187) is fast,
while s and |u|? are slow in time. Using the scale separation approach, we find

2F|u|2 + 25 Im (u d-E e_“”t) .

d-E _ .
U;(t) =uge — Q4+t + w‘i Q +IZF |:67’Lwt _ 67(19+F)ti| . (188)
Introduce the parameter
I T — -
a= lim —% / w(t) d- By e"t dt (189)
T—00 TFS 0

characterizing the coupling of radiators with the seed field. This, with Eq. (188),
gives
d- E\ |
= 190
“ (w—Q)2+T72 (130)

The latter, according to inequality (183), is small,

la] < 1. (191)
Finally, defining the function
w = |ul? — as?, (192)
we obtain the equations
ds dw

= —dgyow —71(s— (), =27 (l—gs)w. (193)

dt dt

The behaviour of solutions to Eqs. (193) essentially depends on the values

of the coupling parameters (184) and (185). To evaluate the latter, we may

notice that their integrands diminish and fastly oscillate at the distance of the

wavelength \. If condition (181) holds, we may neglect boundary effects in the
integrals (184) and (185) writing approximately

/ NG drdF’NV/ f@) dr.
Then parameter (184) reduces to

)dz7

_ 3myp /b / sin(kovr? + 22 —
0 L/2

kovr2 + 22
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where r is the radial variable. Because of the quasiresonance condition |A| < wyp,
we have kg ~ k. With the change of the variable z = k(v/r? + 22 — 2), we get

_ 3myp / / sinx
dr
2k kr2/L T

In this expression, one can replace kL — oo, thus obtaining

3myp Ekr?
272]{/ [2 SI(L rdr,

where the integral sine appears,

/ﬁdt ——|—51()7 si(x)E/ Sl—ntdt.

Introducing the dimensionless quantity

kb?  27mb?
=— =" 194
b=—F=>1 (194)
we come to the coupling parameter
3mypL / [ }
= = —— . 195
9=9(p) = ok 5 — Si(w)| dx (195)
This can be integrated explicitly by means of the property
/Si(x) dx = x Si(z) + cosz
which results in
3mypL m .
90 =T {5 [5 *Sl(ﬂ)} +1 fcosﬂ} . (196)
For the coupling parameter (185), one similarly finds
‘= g(p) = 2TPL /ﬁ Ci(z) dx (197)
9=9 42k Jy ’

where the integral cosine occurs,

Ci(x) E/ LS

o
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Integrating
/Ci(x) dx = z Ci(z) — sinx ,

we finally get
3mypL . . .
'(3) —
9(B) = Tk [sin 8 — G Ci(9)] . (198)
To better understand the properties of the coupling parameters, we consider two
limiting cases. When x < 1, then

a3 x?
Si(x)zxfl—S, Ci(:c)z'yEJrln:cfz,
where vg = 0.577216 being the Euler constant. From here
3nypL (7 1 5 , 3nypL
~ ——— [ — = ~ | .
(x i \3 gt ), (x) 1ok x| Ilnz|
In the opposite case, when x > 1, using
. ™ cosx sinx . sinz cosx
Si(x) ~ SR Ci(z) ~ T
we find
() ~ 3nypL 1 sinx ’ J'(z) ~ 3nypL (cos:c) '
4o k? 4o k? T

These asymptotic expressions help to analyse the dependence of the coupling
parameters on the variable (194) changing in the interval

2
0< B <2F ( %) (199)

The stability analysis of Eqs. (193), similarly to that given in Ref. 58, shows
that, for g < 1, the solutions tend to the stationary stable point s7 = (, wj =0,
while for g > 1, the stable fixed point is

2Ty’ : 49>
In this way, for all 8 from the interval (199), except the sole case when g( = 1,
there exists a stable fixed point, that is, almost all solutions are stable, indepen-

dently of the value of 3. Following the method of pattern selection from Sec. 9,
we can equip the solutions labelled by 8 with the probabilistic weights (169).
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The most probable, among all stable solutions, is that providing the minimum of
the initial contraction rate, which for this case is

A(B,0) = =71 — 272 (1 — gso) - (200)
The minimum of this rate requires that

dg d’g

— =0 — > 0. 201
g ) 50 a3? (201)
For sg > 0, one needs the minimum of g, which gives § = 4.9. From Eq. (194),
one has b = 0.88v/A\L. And the relation (179) yields

rr = 0.41VAL (so > 0) . (202)

When sy < 0, conditions (201) imply the maximum of g, for which 8 = 1.92, b =
0.55v AL, and the filament radius is

rp=026VAL  (s0<0). (203)

This is practically the same value as found for the filaments radius in Refs. 33,111-
115 by using the variational principle of subsection 2.5. When the system of ra-
diators is not inverted at the initial time and becomes excited by means of a pulse
characterized by the pumping parameter ¢, one has to consider the filament radius
(203) as corresponding to the most probable pattern. The number of filaments
can be defined from the normalization condition

1 = =
v /s(r,t) dr = ¢, (204)

assuming that the population difference equals +1 inside each filament of radius
ry and —1 outside of the filaments. Then the number of filaments is

2
N = Ltaso (5) . (205)
2 Tf
The most probable filament radius (203) and the number of filaments (205) are
in good agreement with the values observed in experiments [93-99,101-105].
The considered phenomenon of filamentation can be termed turbulent since the
filaments are chaotically distributed in space and for sufficiently strong pumping,
when g¢ > 1+ 71/872, each filament is aperiodically flashing in time. The
turbulent photon filamentation is a self-organized phenomenon due to the bulk
properties of interacting radiators. It practically does not depend on boundary
conditions and exists in both types of lasers, the resonator—cavity lasers, such
as CO2 and Dye lasers [93-99], as well as in the resonatorless discharge—tube
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lasers, such as lasers on Ne, T1, Pb, N5, and N;“ vapors [101-105]. The turbulent
filamentation is also principally nonlinear phenomenon. Thus, in low-Fresnel-
number lasers (F < 5) the number of light spots is proportional to F2. The
same dependence of the number of coherent rays on F' is typical of the initial
linearized stage of superfluorescence [118]. However, for high-F lasers (F' > 10)
the number of filaments is proportional to F', which is in agreement with formula
(205) giving Ny ~ F..

11. SUPERRADIANT SPIN RELAXATION

When the initial state of a spin system is strongly nonequilibrium, different
kinds of spin relaxation can occur. If there are no transverse external fields acting
on spins, they relax to an equilibrium state by an exponential law with a longitu-
dinal relaxation time 77. When the motion of spins is triggered by a transverse
magnetic field, the relaxation is again exponential but with a transverse relaxation
time 75 that is usually much shorter than 7. A rather special relaxation regime
arises, if the spin system is coupled to a resonator. This can be done by inserting
the sample into a coil connected with a resonance electric circuit. Because of
the action of resonator feedback field, the motion of spins can become highly
coherent resulting in their ultrafast relaxation during a characteristic collective
relaxation time much shorter than 75 [119]. This latter type of collective spin
relaxation from a strongly nonequilibrium state in the presence of coupling with
a resonator is the most difficult to realize experimentally and to describe theoret-
ically. Experimental difficulties have been overcome in a series of observations
of this phenomenon for a system of nuclear spins inside different paramagnetic
materials [120-127]. The collective relaxation time of this ultrafast coherent
process is inversely proportional to the number of spins, N, and the intensity of
magnetodipole radiation is proportional to N2, in the same way as cooperative
radiation time and radiation intensity of N resonant atoms depend on this number
in optic superradiance [1,29,30,42,45,59]. This is why the process of collective
coherent relaxation of spins has been called superradiant spin relaxation or, for
short, spin superradiance. In the case of spin systems, what is usually measured
is not the radiation intensity itself, which is rather weak, but the power of cur-
rent induced in the resonant circuit [128]. The enhancement of generated pulses
by using resonators is, actually, well known in laser optics and is important for
realizing superradiance of Rydberg atoms [129] and recombination superradiance
in electron-hole or electron-positron plasmas [130]. Resonators can be employed
for modifying radiated pulses in optical superradiance [131]. Note also the usage
of resonators for amplifying the nuclear spin echo signals in magnets [132,133].
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The appearance of strong correlations between spins is due to the resonator
feedback field, but not to the photon exchange as it happens for atomic systems.
Hence, various quantum effects existing in the interaction of electromagnetic field
with atoms [32,134—-137] seem to be absent in the case of spin systems. Therefore
it looked natural to try, for the theoretical description of relaxation in a spin system
coupled with a resonator, to invoke the classical Bloch equations complimented
by the Kirchhoff equation for the resonant electric circuit [1,119,138—-140]. How-
ever, these equations can provide a description of coherent spin relaxation only
when the latter is triggered by a coherent pulse, similarly to the semiclassical
Bloch — Maxwell equations in optics [1,141,142]. The phenomenon of the self-
organized coherent spin relaxation cannot be described by the Bloch — Kirchhoff
equations. Then, what initiates spin motion leading to the appearance of purely
self-organized spin superradiance? This problem of the origin of pure spin su-
perradiance was posed by Bloembergen and Pound [119]. They also noticed that
the thermal Nyquist noise of resonator cannot be a mechanism triggering the mo-
tion of spins, since the thermal relaxation time is proportional to the number of
spins in the sample and, thus, the thermal damping is to be negligibly small for
macroscopic samples. Nevertheless, this notice was forgotten by the following re-
searchers who assumed that it is just the thermal noise of resonator which triggers
the spin motion.

To resolve this controversy and to discover the genuine mechanisms originat-
ing the spin motion, it was necessary to turn to microscopic models. The system
of nuclear spins is characterized [143] by the Hamiltonian

Hzégﬂij—unzé-ﬁ, (206)
i#£j i

in which spins interact through the dipole potential
o=t (173 (7o) (5-50))
j

where p1,, is the nuclear magnetic moment, /; is a nuclear spin operator, r;; =
= |F|, Tij = Ti — T, Tiyj = Ti;/7i;. The total magnetic field

B=Hyé, + HEé,

contains an external magnetic field Hy and a resonator feedback field H defined
by the Kirchhoff equation.

The temporal behaviour of a finite number of spins, with 27 < N < 343,
was analysed numerically by computer simulations [144-149]. From various cases
studied, we present here some that give the general qualitative understanding of
the whole picture. In Figs. 1-4, Kcon = Peon/Pinc is a coherence coefficient,
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100

Kcoh

Fig. 1. Coherence coefficient Kon, current power P, and spin polarization p. as functions
of time for two different coupling parameters defined in Eq. (207), g1 (solid line) and g2
(dashed line), with the relation g1 /g2 = 10

Fig. 2. The same as in Fig. 1 for two different Zeeman frequencies, wo:1 (solid line) and
woz (dashed line), related by the ratio woi/wo2 =5
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Fig. 3. The same functions as in Fig. 1 for different initial polarizations, p.1(0) (solid
line) and p.2(0) (dashed line), with the relation p.1/p.2(0) = 2

Fig. 4. The same functions as in Fig. 1 for different initial transverse polarizations, ps1(0)
(solid line) and p42(0) (dashed line), with the relation pz1/pz2(0) = 0.5

being the ratio of the coherent part of the current power P to its incoherent
part, and p, is the negative spin polarization. In Figs. 5-11, Ceon = Icon/Iine
is the coherence coefficient of the average magnetodipole radiation defined as
in Eq. (90), with respect to the total radiation intensity /. The current power
and radiation intensity are given in dimensionless units and time is measured in
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Fig. 5. Coherence coefficient C.on, radiation intensivity I, and spin polarization p. versus
time for p.(0) = 0.48 and different parameters: wo = 200, g = 25 (solid line); wo = 40,
g = 25 (dashed line); and wo = 40, g = 2.5 (solid line with crosses)

units of T5. In the figure captions, p.(0) and p,(0) mean the corresponding
polarization components at the initial time, wg is the Zeeman frequency, w is
the natural frequency of the resonant electric circuit and also a frequency of an
alternating magnetic field, if any, the amplitude of the latter being denoted by hy.
The quantity

2 PalinWo

= 207
g=7n H a0 (207)

is the effective coupling parameter, in which 7 is a filling factor; p,,, nuclear
density; and I'y = T, !'is a line width. Computer simulations proved that pure
spin superradiance does exist with no thermal noise involved.

However, computer simulations can provide only a qualitative picture, as
the number of spins considered in such simulations is incomparably smaller than
what one has in real macroscopic samples. Moreover, these simulations give
no analytical formulas, making it difficult, if possible, to classify all relaxation
regimes occurring when varying the numerous parameters of the system. Simpli-
fied models [150] can also provide only a qualitative understanding.
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Fig. 6. Coherence coefficient Ccon, radiation intensivity I, and spin polarization p, as
functions of time in the case of switched—off resonator—spin coupling (¢ = 0). The varied
parameters are: wo = 200, p»(0) = 0.48 (solid line); wo = 20, p-(0) = 0.48 (dashed
line); and wo = 200, p,(0) = 0.20 (solid line with crosses)
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Fig. 7. The same as in Fig. 6 for p,(0) = 0.48 and for different Zeeman frequencies:
wo = 1000 (solid line); wp = 200 (dashed line); wp = 50 (solid line with crosses); and
wo = 200 with switched-off dipole interaction (solid line with triangles)
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Fig. 8. The same as in Fig. 6 for p;(0) = 0.48 but in the presence of an alternating
magnetic field with the frequency w = wo and different amplitudes: ho1 (solid line); hoo
(dashed line); where hoi/ho2 = 10; and hosz = 0 (solid line with crosses)
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Fig. 9. The same as in Fig. 8 but for p,(0) = —0.48 and different amplitudes of the
alternating field: hoi (solid line); ho2 (dashed line); and hos (solid line with crosses),
where the amplitude relations are ho1/ho2 = 0.25 and hoi/hos = 0.1
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Fig. 10. The same as in Fig. 8 for a varying relative detuning from the resonance
0 = (w — wo)/wo taking the values: 6 = 0 (solid line); 6 = 0.025 (dashed line); and
0 = 0.25 (solid line with squares)
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Fig. 11. Radiation intensivity I, coherence coefficient Ccon, and spin polarization p.
versus time, in the absence of alternating external fields and with a weak coupling with a
resonator, g ~ 1



1184 YUKALOV V.1, YUKALOVA E.P.

An analytical solution of the evolution equations corresponding to the mi-
croscopic Hamiltonian (206) and a complete analysis of different relaxation
regimes of nonequilibrium nuclear magnets coupled with a resonator has been
done [25,26,151-158] by employing the scale separation approach. The evolution
equations are written for the averages

1 ~ ! .
u:Nzi:<Si>, s:Nzi:<Si>, (208)
where S;” = S¥ —4S/. Presenting local fluctuating fields through stochastic

variables &y and &, one comes [25,26] to the evolution equations

d
d—?:i(wo—fo—i-irﬁ u—i(ysh+§) s,
o |
b b w L Oah ) u-Tis -0 (09

d . * . *
T lul> = —2Tsful® — i (vah + &) su® +i(ysh+ &) su,
in which the resonator feedback field, h, in dimensionless units, satisfies the

Kirchhoff equation

dh i d
— +2v3h —|—w2/ R(t) dt' = =2k — (u* +u) +y3f , (210)

in which f is an electromotive force, s is the resonator ringing width, and
Kk = mpnp/hys. The random local fields are defined as Gaussian stochastic
variables with the stochastic averages

LE>S=<|¢P>=172, 211)

where I', is the inhomogeneous dipole broadening. Because of the existence of
the small parameters

I I I, - A
L1, 2g1, 21, B, 14l
wo wo wo wo wo

<1, (212

where A = w — wyq, the functions u and h can be classified as fast while s and
|u|? as slow.

Solving Egs. (209) and (210), it was shown [25,26,151] that the role of the
thermal Nyquist noise in starting the relaxation process is negligible. But the main
cause triggering the motion of spins, leading to coherent self-organization, is the
action of nonsecular dipole interactions. This gives the answer to the question
posed by Bloembergen and Pound [119]: what is the origin of self-organized
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coherent relaxation in spin systems? All possible regimes of nonlinear spin
dynamics have been analysed. When the nonresonant external pumping is absent,
that is ¢ > 0, there are seven qualitatively different transient relaxation regimes:
free induction, collective induction, free relaxation, collective relaxation, weak
superradiance, pure superradiance, and triggered superradiance [25,26,151,155].

In the presence of pumping, realized, e.g., by means of dynamical nuclear
polarization directing nuclear spins against an external constant magnetic field,
one has ¢ < 0. Then, as was shown using phenomenological equations [139],
two stationary solutions can appear. In our approach, the behaviour of the system
is as follows [158]. When ¢ < 0, three dynamical regimes can be observed,
depending on the value of ¢ with respect to the pump thresholds

1 1 I'y
- _Z =2 (14+=—1). 213
G 7’ G2 p ( + 8F2) (213)

Analysing the equations for the slow variables s and w, where

w= |ul* — —= 57, (214)

2
—x
w
we find two fixed points

_F1(1 + 9¢)

ne (215)

Va)
i
|
A
g
=%
|
(e}
[Va)
N ¥
Il
|

*
) w2:

Q|+

When (; < ¢ <0, the first fixed point is a stable node and the second one is
a saddle point. For ¢ = (3, both points merge together, being neutrally stable.
After the bifurcation at ( = (3, in the region (» < ¢ < (1, the first fixed point
looses its stability becoming a saddle point while the second fixed point becomes
a stable node. Finally, when ( < (2, the second fixed point turns into a stable
focus, and the first one continues to be a saddle point. In this way, there are three
qualitatively different lasting relaxation regimes induced by the pumping [158].
The first one is the incoherent monotonic relaxation to the first stationary solution
s7, wi. The second regime is the coherent monotonic relaxation to the second
stationary solution s3, ws, although the level of coherence may be rather low.
And the third case is the coherent pulsing relaxation to the second fixed point.
This unusual regime of pulsing relaxation was observed experimentally [159].
Here we present the results of numerical solution of the evolution equations for
the slow variables s = z(t) and w(t) defined in Eq. (214). Different cases of the
pulsing regime are clearly demonstrated in Figs. 12 to 18. In the corresponding
figure captions we use the notation zop = 2(0), wy = w(0), and v = ~1 /7.
Everywhere in Figs. 12 to 17, the pump parameter is ( = —0.5, and in Fig. 18
this parameter is varied. The coupling parameter (207) is always g = 10.
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Fig. 12. Phase portrait demonstrating a stable focus for the parameters zg = —0.5, wo =
0.001, g =10, and v = 0.1
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Fig. 13. Pulsing regime of spin relaxation with the parameters zo = —0.1, wo = 107°

and v = 0.01 for the functions: (a) w(t); (b) z(t)
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Fig. 14. The time dependence of the functions: (a) w(¢); (b) z(t), for the parameters
zo = —0.5, wo = 0.001, and vy =1
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Fig. 15. Dynamics of slow solutions: (a) w(t); (b) z(¢), for the parameters zo = —0.5,
wo = 0.01, and v = 0.1
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Fig. 16. Evolution of slow solutions: (a) w(t); (b) z(¢), for the parameters zo = 0.5,

wo = 0.01, and v = 0.01
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Fig. 17. Temporal behaviour of the function w(¢) for different sets of parameters: (a) zo =
—0.1, wo = 107%, v = 0.001; (b) zo = —0.1, wo = 0.001, v = 0.01; (c) z0 = —0.5,
wo =107% ~v=0.1; (d) z0 = —0.5, wo = 0.001, v = 0.01
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Fig. 18. Function w(t) for zo = 0.5, wg = 0.5, v = 1, and varying pump parameters:
¢ = —0.5 (solid line); ¢ = —0.3 (dashed line)
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The problem of superradiant spin relaxation can be generalized to the case
of nuclei incorporated into a ferromagnetic matrix, where nuclear and electron
spins interact through hyperline forces. Some model studies of this case have
been undertaken [160-162], and a general microscopic theory has also been
developed [163]. The latter theory makes it possible to discover all feasible causes
triggering the process of self-organized coherent relaxation. The most important
such causes are the dipole hyperfine interactions, dipole nuclear interactions, and
the transverse magnetocrystalline anisotropy.

12. NEGATIVE ELECTRIC CURRENT

The study of electric processes in semiconductors is important for describing
and modelling semiconductor devices [164]. One of the most difficult prob-
lems is the consideration of strongly nonequilibrium phenomena in essentially
nonuniform semiconductors. Nonequilibrium and nonuniform distributions of
charge carriers can be formed in several ways, for instance, by means of exter-
nal irradiation [165,166]. Transport properties of semiconductors with essentially
nonuniform distribution of charge carriers can be rather specific. For example,
in a sample, biased with an external constant voltage, the resulting electric cur-
rent may turn against the latter displaying the transient effect of negative electric
current [3,166—-168].

Transport properties of semiconductors are usually described by the semi-
classical drift-diffusion equations [164]. In what follows a plane device, of area
A and length L is considered, which is biased with a constant voltage V. It is
convenient to pass to dimensionless quantities, measuring the space variable z in

units of L, time in units of the transit time
2
To = m ) p = min{ |}

where u; is a mobility of the i-type carriers. And the characteristic quantities

Qo Vo
= - =cAFE FEy = —
Po AL7 0 £ 0> 0 L7
. Q
JOEA—O7 Dy = pVo OE@,
T0 T0

are employed for measuring other physical values which are used below.
The drift-diffusion equations consist of the continuity equations

op; 0 aQPi
E + W % (sz) - D; 922

+ 2y, (216)
Ti
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for each type of charge carriers, and of the Poisson equation
oE
o =dr Z pi (217)

for the electric field F(x,t). Here p;(z,t) is a charge density; u;, D;, and
7; are mobility, diffusion coefficient, and relaxation time, respectively; ; is a
generation—recombination noise [169]. The sample is biased with an external
constant voltage, which in our dimensionless notation implies that

1
/ E(xz,t)dx=1. (218)
0
At the initial time, the distribution of charge carriers

pi(x,0) = fi(x) (219)

is assumed to be nonuniform.
The total electric current through the semiconductor sample is

1
J(t) = / j(z,t) dx | (220)
0
where the density of current
0 1 OF
j = E—D; — | pi+— — . 221
J Z(u zax)pﬁ“ > (221)

?

Because of the voltage integral (218), one has

1
0
— E(x,t)de =0. 222
| 5 B a (2)
It is also possible to show that
. 1 (70
lim <« - — Bz, t)dt >=0. (223)
T—00 T Jo oz

This means that the function E can be considered as slow on average in time
and in space. Then, treating E as a quasi-invariant, one may find the solutions to
Egs. (216) and (217) in order to analyse their general space-time behaviour and
to find conditions when the effect of negative electric current could arise. Such
negative current can appear only when the initial charge distribution is essentially
nonuniform. For example, if this initial charge distribution forms a narrow layer
located at the point x = a, then the total current (220) becomes negative for
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a transient interval of time in the vicinity of ¢ = 0, if one of the following
conditions holds true:

1 1 1 1 1 1
S = S ), (4
“<3 47Q <Q> 27T> o ez 2+47T|Q| <Q< 271') , (224)

where )
QEZQm QiE/O pi(x,0) dx .

The effect of the negative electric current can be employed for various purposes,
as is discussed in Refs. 3,168. For instance, when the initial charge layer is
formed by an ion beam irradiating the semiconductor sample, the location a
corresponds to the ion mean free path. In this case, by measuring the negative
current J(0), one can define this mean free path

:l—i[l—ﬂ]. (225)
This formula is valid for both positive and negative values of Q.

Equations (216) and (217) have also been solved numerically [3,168], which
confirmed the appearance of the negative electric current. Two cases were
analysed, with one layer of charge carriers and with two such layers. Here
we present the results of calculations for the double-layer case. The initial charge
distributions (219) are given by the Gaussians

i) = Fexn{ - @} |

2b;

-20 1

: - -25 .
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t t

Fig. 19. Electric current through the semiconductor surfaces in the case of ¢ = 0.1,
Q2 = —1, v = 1 and different mobilities: p2 = —10 (solid line); uz = —5 (dashed line);
w2 = —3 (short-dashed line). (a) Left-surface current J(0,t); (b) Right-surface current
J(1,t)
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Fig. 20. Left-surface current J(0,t) (solid line), right-surface current J(1, ¢) (dashed line),
and the total current J(t) (short-dashed line) for a = 0.25, Q2 = —0.1, p2 = —10 and
different relaxation parameters: (a) v = 1; (b) v = 10; (¢) v =25

in which 0 < a; <1 and

1 1 2
Qi = A fi(x) dz Zi:/ GXP{—%} dz .

0 %

The positive charge carriers, with g3 = 1 and Q; = 1, form the left layer
centered at a; = a, while the negative charge carriers form the layer centered at
as = 1—a. We keep in mind the relation Dy = 3D for the diffusion coefficients,
typical for holes and electrons, and we set Dy = 10~3. For short, we use the
notation 7, ' = 7, ' = v and b; = by = b. The generation-recombination noise is
neglected, which is admissible at the initial stage of the process. As the boundary
conditions, we accept the absence of diffusion through the semiconductor surface,
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Fig. 21. Total electric current J(¢) for a = 0.25, Q2 = —0.1, pu2 = —10 and varying
relaxation parameters: v = 1 (solid line); v = 10 (dashed line); v = 25 (short-dashed
line)

0 0.01 0.02 0.03 0.04 0.05
t

Fig. 22. Electric current through semiconductor for the parameters a = 0.1, Q2 = —1,

~v = 1 and different mobilities: p2 = —10 (solid line); po = —5 (dashed line); p2 = —3
(short-dashed line)

which implies the Neumann boundary condition
9 i(z,t) =0 (=0, z=1)
or Pi\T, - — Y - .
In Figs. 19 to 24, we present the total current (220) as well as the electric

current through the left surface, J(0,¢) = j(0,¢) and through the right surface,
J(1,t) = j(1,t), defined by the current (221) at = 0 or & = 1, respectively.
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Fig. 23. Electric current J(¢) as a function of time for ¢ = 0.1, u2 = —3, v = 1 and
different initial charges: Q2 = 0 (solid line); Q2 = —0.25 (dashed line); Q2 = —0.5
(short-dashed line); Q2 = —0.75 (dotted line); Q2 = —1 (dashed-dotted line)
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Fig. 24. Electric current J(t) for Q2 = —1, u2 = —3, v = 1, and different locations of
initial charge layers: a = 0.05 (solid line); @ = 0.1 (dashed line); a = 0.15 (short-dashed
line); a = 0.2 (dotted line); a = 0.25 (dashed-dotted line)

13. MAGNETIC SEMICONFINEMENT OF ATOMS

Dynamics of neutral atoms in nonuniform magnetic fields concerns prob-
lems of current experimental and theoretical interest. By means of such fields,
atoms can be confined inside magnetic traps, which allows to accomplish vari-
ous experiments with the systems of trapped atoms. Recently, Bose — Einstein
condensation has been attained in a dilute gas of trapped atoms of 87Rb [170],
“Li [171], Na [172], and H| [173]. The details on theory and experiment can be
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found in reviews [174-176]. The Bose — Einstein condensate is believed to form,
at least partially, a coherent state. If it would be possible to construct a device
emitting a coherent atomic beam, this would be analogous to a laser radiating a
coherent photon ray. This is why one may call the device, emitting a coherent
atomic beam, an atom laser [177—-184]. An output coupler, coherently extracting
condensed atoms from a trap, was demonstrated recently [185-187]. But in these
demonstrations, the atoms, when escaping from a trap, fly out more or less in
all directions, with anisotropy formed only by the gravitational force. While the
very first condition on a laser is that its output is highly directional, with the
possibility of varying the beam direction [183].

A mechanism for creating well-collimated beams of neutral atoms was ad-
vanced in Refs. 188—192. This mechanism suggests an output coupler that extracts
trapped atoms in the form of a directed beam.

The motion of neutral atoms in magnetic fields can be described by the
semiclassical equations for the quantum-mechanical average of the real-space
coordinate 7 = {ry}, where o = 7, 2, and for the average S = {S,} of the
spin operator [193—-195]. The first equation writes

) _
m%:uos-g%+mga+fa, (226)
where m and g are mass and magnetic moment of an atom; Bisa magnetic
field; g, is a component of the standard gravitational acceleration; and f, is a
collision force component. The equation for the average spin is

h— =po SxB. 227
di Mo ( )
The total magnetic field L .
B = Bl + B2 )
Bi=B|(xé +yé,+Xr2&), By=By(hyeu+hy&,), (228)

where |l_i| = 1, consists of the quadrupole field B, typical of quadrupole mag-
netic traps, and of a transverse field, e.g., of a rotating field [196,197]. In the
quadrupole field, X is the anisotropy parameter.

It is convenient to pass to the dimensionless space variable, measuring the
components of 7 in units of the characteristic length

Bs
Ry = Fﬁ . (229)
Introduce the characteristic frequencies by the relations
5 _ HoBi _ poB2 _ d_l_i
wi = MRy Wy = e w= mtax 7 (230)
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Also, we define

@ R()w% ’ mR() ’

where v is a collision rate and &, can be treated as a random variable with the
stochastic averages

Yéa = (231)

<&)>=0, <&(1) &) > =2Dy dap o(t 1),

in which D,, is a diffusion rate. Then Eq. (226) can be written as the stochastic
differential equation
a7 9 5 - L9 -
= = (sx G+ S, &+ AS. ez+5)+75, (232)
and Eq. (227) acquires the form

—

ds -
S =wAS, (233)

in which the antisymmetric matrix A = [Aqap] has the elements

Aaﬁ = *Aﬁa ’ Aaa =0 )

A = Az, Ass =z + hy Az1 =y +hy .
Assuming the occurrence of the small parameters
w w
Tl«, ‘J-<1, ‘—-«1, (234)
w1 w2 w2

we may classify the variables 7 and h as slow, compared to the fast spin variable
S. Then Eq. (233) can be solved yielding

3
St) =" ai bi(t) exp{B:(t)}, (235)
i=1
where . .
a; = S(O) . bZ(O) 5
- 1 o o o
bi(t) = [(A12A23 — 0 As1) €x + (A12As1 + o Ags) €, + (Al +oF) €]

C;
Ci = (A2, — |oul?)” + (A%, + |au?) (435 + A2)) |

t
a1 =tia, az3=0, o®=A%+ A3+ A%, Bit)= wg/ a; (') dt’.
0
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Substituting Eq. (235) into the right-hand side of Eq. (232) and averaging the
latter over time and over stochastic variables, we obtain
d?r

Pt

-

5, (236)

[l V)

where
F =wlaz < bE &, +bY &, + \b% &, >,

(x4 h3)S2 + (y + hi))Sy + AzS?
[(z 4 h9)% + (y + h9)2 4+ N222]1/2

az =

= (x+hy)é+(y+hy)é, +Azé,
(x4 he)? 4 (y + hy)? 4+ N222]1/27

3 =
angle brackets imply time averaging and h0 = h,(0), S° = S,(0). For the
rotating transverse field, with

hy = coswt hy = sinwt , (237)
we find

wil(1+)SY 4 ySy + A28Y] (x €, +y €, +2X*z €.)

F= :
2[(1 42z + 22 + y2 + A222) (1 + 22 + y2 + \222)]1/2

The motion of atoms, described by Eq. (236), essentially depends on the
initial state, which, as is known [198,199], can be prepared in an arbitrary way.
Suppose that atoms, after being laser cooled in a magneto-optical trap [200], are
loaded into a magnetic trap where they are further cooled by evaporative cooling
down to sufficiently low temperatures, so that there is a portion of atoms with
low velocities, which are located close to the trap center. If the initial spin
condition for these atoms is such that Sg < 0and S, = 5, = 0, then the atoms
are confined inside the trap moving in an approximately harmonic potential. The
gradient of the quadrupole field supplies the levitating force to support atoms
against gravity. The combination of the magnetic field and gravity produces
a very nearly harmonic confining potential within the trap volume in all three
dimensions [201].

The semiconfining regime of motion [188—192] can be realized by preparing
for the spin variable nonadiabatic initial conditions

Sp=5)=0, S0=5+0. (238)
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Such conditions can be arranged in several ways. One possibility could be to
confine atoms in a trap, where all atoms are polarized having their spins in the z
direction, as, e.g., in the trap of Ref. 201, being a quadrupole trap with a bias field
along the z axis. Then the longitudinal bias field is quickly switched off, and at
the same time, a transverse field is switched on, which would correspond to the
sudden change of potential [202]. Another way could be to prepare spin polarized
atoms in one trap and quickly load them into another trap with the required field
configuration. Atoms can be prepared practically 100% polarized [203], with
the spin—spin relaxation time reaching 100 s [204]. The possibility of realizing
two ways of transferring atoms from one trap to another, by means of sudden
transfer as opposed to adiabatic transfer, is discussed in Ref. 205. The third way
of organizing the nonadiabatic initial conditions (238) could be by acting on the
trapped atoms with a short pulse of strong magnetic field, polarizing atomic spins
in the desired way.

With the initial conditions (238), the motion of atoms becomes axially re-
stricted from one side, depending on the sign of \S. Atoms fly out of the trap
predominantly in one direction, forming a well-collimated beam [188—192]. This
mechanism can be used for atom lasers. Another possibility could be to study the
dynamics of binary mixtures of Bose systems, where the effect of conical strati-
fication [206] can arise. The mixtures of two condensates have been realized for
rubidium [207] and sodium [208], and the dynamics of two rubidium condensates
was observed in Ref. 209.

When solving equation (236) for the realistic case of a finite trap, one should
take into account the trap shape factor, which can be written in the Gaussian form

. x2+y2 22
@(T)ZGXP T TR 12)

where R and L are the trap radius and length. The relation between the latter can
be quite different for different traps, starting from almost spherical traps, where
R ~ L, to needle-shape traps, with R/L ~ 1073, as for loffe — Pritchard magnetic
traps [210]. Accepting the initial spin conditions (238), and using the notation

r)
YA+ a? g% + A22)12 0

_ o
1) = [(1 422+ 22 4+ y2 + A222

from Eq. (236) we obtain

=
dt?

A’z

A
pria (§szx+5l’) : =wi (WS f22+0.),  (239)
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where the equation for y, being similar to that for z, is not written down. Note
that instead of the Gaussian shape factor for the trap, one could opt for

o) =1~ 1) 6~ 6 (|- 5 L) .

with ©(-) being the unit-step function.
Equations (239) were analysed both analytically and numerically [188-192].
Their solutions display the semiconfined regime of motion. Taking into account
random pair collisions in Eq. (232) shows that atomic collisions do not disturb the
semiconfined motion provided that temperature 7" is sufficiently low, satisfying

the condition
kBThpzag

3

> <1, (240)
mawy

in which p is the density of atoms and ag, their scattering length. The semi-
confined regime of motion makes it possible to form well-collimated beams on
neutral atoms by means of only magnetic fields.

14. NUCLEAR MATTER LASING

The natural question that arises after talking about atom lasers is whether
there can be produced matter waves corresponding to other Bose particles, which
could be employed for lasing. One such possibility is related to the creation of
a large number of pions in hadronic, nuclear, and heavy-ion collisions. If the
density of pions appearing in the course of these collisions is sufficiently high,
then correlations between pions can result in the formation of coherent state and
in the feasibility of realizing a pion laser [211]. Pions are not the sole type of
Bose particles arising in nuclear matter under extreme conditions characteristic
of fireballs produced in high-energy collisions [212,213]. There are plenty of
reviews devoted to the state of nuclear matter at extreme conditions, including
the region of deconfinement transition. Here we cite only some recent of such
reviews [214-217].

The very first necessary condition that is required for lasing is to be able
to generate Bose particles with sufficiently high density. Therefore, in order
to answer the question what kind of Bose particles appearing in nuclear matter
under extreme conditions could be used for lasing, one has, first of all, to find
out what are these Bose particles and under what conditions their density is
maximal. In this section, we give a very brief account of an analysis based on the
multichannel model of nuclear matter [217-221]. The main idea in constructing
this model goes back to the Weinberg approach for describing composite particles
[222-224], with effective Hamiltonians that are assumed to be a result of the
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Fig. 25. Relative energy density as a function of temperature in MeV for the SU(3) gluon—
glueball mixture of different glueball radii: O (line 1); 0.5 fm (line 2); 0.7 fm (line 3);

0.8 fm (line 4); 1 fm (line 5)
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Fig. 26. Relative enthalpy for the gluon—glueball mixture as a function of temperature
reduced to the deconfinement temperature, in the case of the glueball radius 0.82 fm,
compared with the lattice numerical calculations

Fock —Tani transformation [225]. Now we shall not plunge into the details of the
multichannel model, which can be found in Refs. 217,219, but we shall present
some figures and will formulate the conclusion of an analysis [221] with regard
to the most probable candidates for nuclear matter lasing.

When rising temperature or density, nuclear matter exhibits a transition from
hadron state to quark—gluon state. This transition is often assumed to be a sharp
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Fig. 27. Relative specific heat for the gluon—glueball mixture, for the glueball radius
0.82 fm, as a function of temperature in MeV
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Fig. 28. Glueball channel probability versus temperature in MeV for the glueball radii as
in Fig. 25

first-order transition. Lattice numerical simulations for the quarkless SU(3) gauge
model show that deconfinement is really a first-order phase transition [226], which
is in agreement with the multichannel model. Figures 25 to 27 illustrate the be-
haviour of some thermodynamic characteristics, normalized to the corresponding
Stefan—Boltzmann limits, for the case of the SU(3) gluon-glueball mixture.
Figure 28 shows the related glueball channel probability. The sharpness on the
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Fig. 29. Nucleon channel probability as a function of relative baryon density
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Fig. 30. Dibaryon channel probability versus relative baryon density

deconfinement transition essentially depends on the interactions between particles
or on their radii, when the composite particles are treated as bags [227].

In the case of realistic nuclear matter, deconfinement is rather a gradual
crossover but not a genuine phase transition [217]. Then all thermodynamic
characteristics change continuously, without jumps. This concerns as well the
channel probabilities. Thus, in Figs. 29, 30 the channel probabilities of nucleons
and dibaryons are shown as functions of baryon density normalized to the normal
baryon density of nuclear matter nop = 0.167 fm~3. The possible appearance

of dibaryons is of special interest since they, being bosons, can form a Bose
condensate [217,228-230].
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Summarizing the results of the analysis [221], three types of Bose particles
can appear in nuclear matter in large quantities: pions, dibaryons, and gluons.
The maximum of the pion channel probability, reaching w, = 0.6, occurs in
the vicinity of the deconfinement transition at 7' ~ 160 MeV and low baryon
densities np < ngp. Dibaryons can appear mainly at low temperatures T <
20 MeV and relatively high baryon densities np ~ 10 ngp, where their channel
probability wg ~ 0.7. Large amount of gluons emerges only at high temperatures
T > 160 MeV. In addition, one should keep in mind that gluons cannot be
observed as free particles.

Talking about possible pion, dibaryon, or gluon lasing from nuclear matter,
we have touched here just one necessary condition, trying to find out when these
Bose particles can appear in large quantities. To realize such a lasing in reality
will, certainly, require to solve a number of other problems. But, anyway, to
understand the conditions when this lasing could be plausible in principle is the
necessary first step.

15. CONCLUSION

We have described a general method for treating strongly nonequilibrium
processes in statistical systems. This method is called the Scale Separation
Approach since its basic idea is to try to separate different characteristic scales
of time and space variables. The idea itself is, of course, not new and we
have employed some known techniques. What is original in our approach is:
(i) The combination of several methods and their adjustment to the problems
of nonequilibrium statistical mechanics. (ii) The generalization of the averaging
method to stochastic and partial differential equations. (iii) Probabilistic solution
of the problem of pattern selection.

The scale separation approach has been shown to be very useful for describing
cooperative phenomena in the interaction of radiation with matter. To emphasize
the generality of the approach, it is illustrated here by several different physical
examples, whose common feature is that the related evolution equations are non-
linear differential or integro-differential stochastic equations. Such equations, as
is known, are difficult to solve. The scale separation approach makes it possible
to find accurate approximate solutions. The accuracy of these solutions has been
confirmed by numerical calculations and by comparison with experiment, when
available. Using this approach, several interesting physical problems have been
solved and new effects are predicted. Among the most interesting applications
we would like to emphasize the following.

Collective Liberation of Light happens when en ensemble of resonant atoms
is doped into a medium with polariton band gap. If the transition frequency of an
atom is inside this prohibited gap, then atomic spontaneous emission is strongly



1204 YUKALOV V.1, YUKALOVA E.P.

suppressed, which is termed localization of light. Although spontaneous emission
of a single atom is prohibited, a collective of such atoms can radiate due to
their coherent interactions. As a result of this coherent radiation, light becomes
partially liberated. We have advanced dynamical theory of this light liberation
for the realistic situation when the radiation wavelength is smaller than the linear
sizes of the sample (see Sec. 6).

Mossbauer Magnetic Anomaly has puzzled researches for many years. This
anomaly consists in a strong increase of the area under the Mossbauer spectrum,
below the temperature of magnetic phase transition. Several explanations of this
anomaly have been suggested. We have thoroughly analysed this phenomenon and
concluded that previously suggested mechanisms cannot explain this anomaly but
that its origin is rather in the increase of inhomogeneous broadening of Mdssbauer
nuclei, which is due to the arising magnetic field (see Sec. 8).

Turbulent Photon Filamentation in resonant media is an intriguing example
of self-organization in a strongly nonequilibrium system, whose dynamical theory
was absent. We have developed such a theory, based on the probabilistic ap-
proach to pattern selection, and showed that it gives agreement with experiment
(see Sec. 10).

Superradiant Spin Relaxation occurs in a system of spins coherently inter-
acting with each other through resonator feedback field. This ultrafast coherent
relaxation is similar to superradiance in optical systems, because of which the
term spin superradiance was coined. Contrary to its optical counterpart, the ori-
gin of purely self-organized spin superradiance has not been understood for about
40 years, after Bloembergen and Pound posed this problem in 1954. We have
developed a theory of nonlinear spin dynamics, based on a microscopic Hamil-
tonian, elucidated the origin of pure spin superradiance, and described all main
regimes of spin relaxation, without pumping as well as in the presence of the
latter (see Sec. 11).

Negative Electric Current is a rather unusual effect, when electric current
flows against an applied voltage. This is a transient effect that can occur in
nonuniform semiconductors. We have predicted this effect and suggested its
theory (see Sec. 12).

Magnetic Semiconfinement of Atoms is another effect we predict. This effect
can serve as a mechanism for creating well-collimated beams of neutral atoms by
means of magnetic fields. It can be used to form coherent beams of Bose atoms
from atom lasers. We have presented a theory of this effect (see Sec. 13).

The possibility of treating nonequilibrium processes in nonlinear systems
of quite different nature has become possible owing to the Scale Separation
Approach, which provides accurate approximate solutions to complicated systems
of differential and integro-differential equations.
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Many-body systems of composite hadrons are characterized by processes that involve the si-
multaneous presence of hadrons and their constituents. We briefly review several methods that have
been devised to study such systems and present a novel method that is based on the ideas of mapping
between physical and ideal Fock spaces. The method, known as the Fock-Tani representation, was
invented years ago in the context of atomic physics problems and was recently extended to hadronic
physics. Starting with the Fock-space representation of single-hadron states, a change of representation
is implemented by a unitary transformation such that composites are redescribed by elementary Bose
and Fermi field operators in an extended Fock space. When the unitary transformation is applied to the
microscopic quark Hamiltonian, effective, hermitian Hamiltonians with a clear physical interpretation
are obtained. The use of the method in connection with the linked-cluster formalism to describe short-
range correlations and quark deconfinement effects in nuclear matter is discussed. As an application
of the method, an effective nucleon—nucleon interaction is derived from a constituent quark model,
and used to obtain the equation of state of nuclear matter in the Hartree—Fock approximation.

MHOrouY CTHYHbBIE CHCTEMBI COCT BHBIX JAPOHOB X P KTEPU3YIOTCH IPOLECC MH, KOTOPbIE BKJIIO-
4 J0T B ce0Od OJHOBPEMEHHO U JIPOHBI, H UX COCT Bifiomue. Kp TKo p cCMOTpeHBI HECKOIBKO METO-
JIOB, CIIELH JIbHO P 3p OOT HHBIX IS M3y4eHUs T KUX CHCTEM, M IIPEACT BJICH HOBBIH METOJ, KOTOPBI
OCHOB H H HJIee COOTBETCTBU: MexXy (PH3MIeCKUM U ue JIbHBIM IpocTp HCTB Mu Dok . DToT Merox,
U3BECTHBIN K K mpenct Bienne ®ok —T Hu, ObUT p 3p GOT H yXe I BHO JUIS PELICHUS 3 1 4 TOMHOU
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MeHseTcs K MUKPOCKOIIMYECKOMY KB PKOBOMY I' MMJIBTOHU HY, HOJIY4 10TCS 3(pheKTUBHBIE SPMUTOBBI
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9(h(heKTOB KB PKOBOTO NEKOH( IHMEHT B SIepHOM M TepuH. B K uecTBe MPUMEHEHHs] TOrO METOJ
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1. INTRODUCTION

One of the most central problems of contemporary particle and nuclear
physics is the description of the interactions among hadrons and the properties
of high temperature and/or density hadronic matter in terms of quark and gluon
degrees of freedom. The mathematical description of such systems is complicated
due to the simultaneous presence of composites (hadrons) and constituents (quarks
and gluons). The early studies of the hadron—hadron interaction using quark mod-
els employ cluster techniques such as adiabatic methods [1] and resonating group
or generator coordinate methods [2]. More recently Barnes and Swanson [3] in-
troduced a formalism based on the concepts of constituent interchange and quark
line diagrams, known as the «quark Born diagram» formalism. This method is
similar to the «constituent exchange» mechanisms proposed by Gunion, Brodsky
and Blankenbecler [4] many years ago for high-energy hadron scattering. Also
recently, Blaschke and Ropke [5] considered a thermodynamic Green’s function
approach for meson—meson scattering in a constituent quark model. Thermody-
namic Green’s functions have been used to study many-body problems in many
areas of physics and seem appropriate for the study of quark-nuclear physics
problems.

A different approach to the problem is the use of mapping representations,
in which composites are redescribed by elementary particles. There exists an
extensive literature on the subject; in nuclear physics mapping representations
are mainly used in the study of collective oscillations of the nucleus. Examples
of such mappings include the Holstein—Primakoff representation [6], the boson
expansion of Belyaev and Zelevinskii [7] and the Marumori mapping [8]. A good
review on these can be found in Ref. 9. Although such techniques are available
for a long time, only recently there have been made attempts to extend them to
treat hadron—hadron interactions in the context of quark models. References 10—
15 are examples of extensions of such techniques to quark models. Here we
discuss in some detail the Fock—Tani representation, which was originally de-
veloped for atomic physics applications and recently was extended to hadronic
physics problems [16-18]. It was invented independently by Girardeau [19] and
Vorob’ev and Khomkin [20]. It has been continuously improved during the last
two decades, and has been used with success by Girardeau and collaborators in
several areas of atomic physics [21-23]. Like many other mapping formalisms,
the method is based on a change of representation by introducing fictitious el-
ementary hadrons in close correspondence to the real hadrons. The change of
representation is implemented by means of a unitary transformation such that the
composite hadrons are redescribed by elementary-particle field operators. The
unitary transformation is a generalization of a transformation employed by S.
Tani [24] in 1960 to study single-particle scattering by a potential with a bound
state. In the new representation the microscopic interquark forces change, they
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become weaker, in the sense they cannot bind the quarks into hadrons, they de-
scribe only truly scattering processes. In the new representation, in addition to
the modified interquark forces, one obtains effective interactions describing all
possible processes between hadrons and their constituents. In the new representa-
tion all field operators representing quarks, antiquarks, gluons and hadrons satisfy
canonical commutation relations and therefore the traditional methods of quantum
field theory can be readily applied.

The use of the Fock-Tani representation for studying hadronic interactions
at the quark—gluon level shares some similarities with the program outlined by
Weinberg in the last section of his 1979 paper on effective Lagrangians [25].
Weinberg makes the suggestion of using the «quasiparticle» approach [26] for
making perturbative calculations in QCD at low energies. The quasiparticle
approach is a formalism developed by Weinberg in the 60’s to deal with potentials
that are too strong to allow the use of perturbation theory. In the quasiparticle
approach the bound states of the theory are redescribed by fictitious elementary
particles and, in order not to change the physics of the problem, the original
potential is modified in such a way that the new potential does not produce the
elementary particles as bound states of the theory. With such a modification the
potential becomes sufficiently weak that scattering amplitudes can be calculated
perturbatively. Weinberg imagines the possibility of implementing a quasiparticle
approach to QCD. The program would start by weakening the forces of QCD with
the introduction of an infrared cut-off. In order to preserve the physical content
of the theory, the bound states (hadrons) are introduced as fictitious elementary
particles which should be described by an effective chirally invariant Lagrangian.
The parameters of the effective Lagrangian would have to be functions of the cut-
off, defined by differential equations which guarantee the cut-off independence
of the S-matrix, with the boundary condition that for higher enough energies
one recovers pure QCD, where there is no cut-off. The program would work in
practice if the solutions of the equations could be continued at low energies to
cut-off values sufficiently small that perturbation theory could be employed.

A major complication for the applications of many-body techniques to sys-
tems containing composite particles is the absence of a good understanding of
the low-energy regime of quantum chromodynamics (QCD). The phenomena of
confinement of quarks and gluons and the formation of the hadron bound states
in QCD requires the use of effective models, which in many cases are over-
simplifications of reality. The techniques mentioned above invariably employ
nonrelativistic quark models, or semi-relativistic ones. Obviously for the study
of high temperature and/or density hadronic matter, relativity seems to be essen-
tial. On the other hand, for the study of low-energy hadron—hadron scattering, or
even to low-temperature and/or density nuclear matter, the use of nonrelativistic
or semirelativistic models might still be of interest for obtaining insight into the
problem.
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In the present paper we discuss the application of the Fock-Tani represen-
tation to study the properties of nuclear matter in terms of composite nucleons.
We start in Section 2 with a brief discussion on quark models and possible
connections to some aspects to QCD. In particular, for low-energy applications,
the connection of the constituent quark model to the dynamical chiral symmetry
breaking in QCD is discussed. In order to make contact with other composite-
particle formalisms commonly used in this context, we briefly review in Section 3
the resonating group method (RGM), the quark-Born diagram (QBD) method and
thermodynamic Green’s function formalisms. In Section 4 we present in some
detail the basic ideas and methods of the Fock-Tani representation. Section 5
presents the derivation of an effective nucleon—nucleon interaction from a micro-
scopic quark model. In Section 6 we discuss the use of a linked-cluster formalism
in the Fock-Tani representation for the problem of nuclear matter and the onset of
quark deconfinement. We also present one application of the effective nucleon—
nucleon interaction derived in Section 5 to the calculation of the equation of
state of cold nuclear matter. Conclusions and future perspectives are presented in
Section 7.

2. QCD, CHIRAL SYMMETRY AND THE QUARK MODEL

There is a widespread belief that there exists an intermediate energy region in
which it makes sense to describe the strong interactions in terms of an effective
field theory of constituent quarks subject to weak color forces that become strong
only at large separations and keep the quarks confined. The w and d constituent
quarks have a mass of m ~ 300 MeV, which are believed to be the result of
the spontaneous breakdown of the SU(2) ® SU(2) chiral symmetry. If this is
so, the Goldstone bosons of the spontaneous symmetry breakdown (pions in the
case of u and d quarks only) must be included among the degrees of freedom
of the effective theory. The lowest order terms of the Lagrangian of such an
effective field theory were written down by Manohar and Georgi [27]. Many
of the successes of the simple nonrelativistic quark model can be understood in
this framework with a chiral symmetry breaking scale A,sp ~ 1 GeV, which is
significantly larger than the confinement scale Aons. This scenario of weakly
interacting constituent quarks has recently been shown [28] to provide a nice
interpretation of lattice calculations. Also it has been shown recently that the
Manohar and Georgi model can be derived from QCD models of the Nambu—
Jona-Lasinio type and QCD effective action calculations [29].

The use of the Fock-Tani representation in connection with an effective
quark—gluon Lagrangian involves a two-step process, as in Weinberg’s program
outlined in the Introduction. In the first step the QCD forces are weakened
by the introduction of an infrared cut-off A, which we choose to be Aconr <
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A < Aysp, and the QCD Lagrangian is replaced by an effective Lagrangian,
as for example the one of Manohar and Georgi. In the next step, fictitious
elementary particles with the quantum numbers of hadrons are introduced and
their effective interactions are derived from the microscopic effective quark—gluon
Lagrangian through the Fock-Tani unitary transformation. The parameters of the
resulting effective hadronic interactions are functions of those of the quark—gluon
Lagrangian. The program will be completed, in the sense of Weinberg’s program,
when the cut-off independence of the S-matrix elements is enforced. Of course,
this is the most difficult part of the entire program and not much progress can be
made without a better understanding of the underlying mechanisms which govern
the confinement and dynamical chiral symmetry breaking phenomena of QCD.
While such an understanding is not reached, progress in the study of the hadronic
interactions at the quark—gluon level can be made by fixing the parameters of the
effective quark—gluon theory experimentally.

As discussed previously, since the effects of dynamical chiral symmetry
breaking are included in the constituent quark mass the interquark forces become
weaker in the effective theory. This allows one to identify the low-lying hadrons
with nonrelativistic bound states of the constituent quarks. The quarks are presum-
ably bound by the confining QCD interactions, along with effects of multiquark
and multigluon operators that appear in high orders of 1/Acons in the effective
Lagrangian. Calculations of matrix elements of strong and electroweak couplings
of quarks are performed using perturbation theory or large N, expansion tech-
niques, where N, is the number of colors. For the calculation of matrix elements
involving hadrons, such as the calculation of baryon magnetic moments and the
G4/Gy ratio in [-decay, the usual nonrelativistic quark-model wave functions
are used for the hadron bound states. The nonrelativistic wave functions are
obtained by solving the Schrodinger equation for three quarks (baryons) or a
quark—antiquark pair (mesons) using a phenomenological confining interaction.

For future purposes, let us consider just the pion—quark interaction piece of
the Manohar and Georgi model. At tree level, it is the standard pseudovector
coupling

1 -
qu = f_¢75taa'V7Tawv (D

where t* = 1/27®. This leads to an effective nonrelativistic quark—quark inter-
action of the form

2 1 2
Vo= (LY jeee oP-ae®q @
e fr q? +m2

This effective quark—quark interaction will be used to study the short-range part
of the nucleon—nucleon interaction obtained via mapping to the Fock—Tani repre-
sentation. This will be discussed in Section 5.
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Before proceeding to the next section, let us introduce some notations. A
meson state composed of one quark and one antiquark can be written in terms of
constituent quark and antiquark creation operators ¢f and g’ as

) = ML]0), 3)
where |0) is the vacuum state for the constituent quarks, defined by
qM|O> = (jl/|0> = 0; (4)
M is the meson creation operator
T — vt al
Ma - Qla quUv (5)

and ®~” is the Fock-space meson amplitude. The index « identifies the quantum
numbers of the meson, o = {spatial, spin, isospin}. The indices x and v denote
the spatial, spin, flavor, and color quantum numbers of the quarks. A summation
over a repeated index is implied. It is convenient to work with ® orthonormalized

(] B) = BVBL = S 6)

The quark and antiquark operators satisfy canonical anticommutation rela-
tions,

{quQi} = {@u(ﬂ} = 5;wv
{q;taql/} = {@u@u} = {qHaQV} = {Q;M(ﬁ} =0. @)

Using these quark anticommutation relations and the normalization condition of
Eq. (6), one can easily show that the meson operators satisfy the following
commutation relations

[Ma, Mg] = 0, ®)

where
Ang = L7 g, + PR ¢l gy 9)
In addition, one has
(4, M) = S @8l @, M{] = =6, 21 g,
[qu Ma] = [(juv Ma] =0. (10)

The single-composite baryon creation operator, B, is written in terms of
three constituent-quark creation operators as

1 L1 :
Bl = ﬁ\yg fwsquqLQqL. (11)
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WHikzks g the Fock-space baryon amplitude, where the index « identifies the
quantum numbers of the baryon, and yu those of the quarks. As for the mesons,
it is convenient to take the Fock-space amplitude orthonormalized

<a|ﬁ> = \I/zltllmuz. \I/gllwlt:s — 5@5. (12)

Using the quark anticommutation relations, Eq. (7), and the normalization condi-
tion above, it can easily be shown that the baryon operators satisfy the following
noncanonical anticommutation relations

{Ba, Bl} = 6ap — Aap, {Ba,Bg} = 0, (13)
where

3
Aaﬁ _ 3@:’;#1#2#3 \Ijgntzl/qug Qs — 5\11(*;#1#2#3 \I,ngm ng qu Qo Qs - (14)

In addition,

3 ,
{aw BL} = \@%’““%qh {4u, Ba} = 0. (15)

The bound state amplitudes ®£” and W:H1#2H3 are obtained from a micro-
scopic quark Hamiltonian. The commonly-used quark-model Hamiltonians can
be written generically as

H = T(uaqlgu+T W)@ + Vag(uvi op) g @b dpae +
1 1 I

+ 5 Vao (v 0p)alalapto + 5 Vaa(uv: 0p)a}, 3300 (16)
where the convention of a summation over repeated indices is again assumed.
Strong decays and baryon—meson couplings are described by terms involving

annihilation terms such as §7¢q"q, which we do not write explicitly.
From Eq. (16), the equation of motion for the single meson state, in free

space, is given by
H (pvy ') @57 =

= {0ut100 [T () + T ()] + Vg (uv p/v') } B = B @l (A7)

where E, is the total energy of the meson. Here we are using the convention that
there is no sum over repeated indices inside square brackets. A similar equation
follows for the baryon amplitude.

The composite nature of the mesons and baryons is manifest in the terms
Agyp in Eqgs. (8) and (13). Because of these terms, the usual field theoretic
techniques, such as the Green’s function method, Wick’s theorem, etc., cannot be



MANY-BODY THEORY FOR SYSTEMS OF COMPOSITE HADRONS 1219

directly applied to such operators. In the same way, the fact that the commutators
(g, M1] and [g,, M[], and the anticommutator {g,, B},} are not equal to zero,
is a manifestation of the lack of kinematic independence of the hadron operators
from the quark and antiquark operators. The point is that the hadron operators
Mg, M}, B, and B, are not convenient dynamical variables to be used.

Of course, as will be shown in the next section for the case of the Blaschke
and Ropke approach, the traditional methods can be directly applied to the micro-
scopic degrees of freedom. But then, the hadron degrees of freedom will appear
as poles of Green’s functions and their role as independent degrees of freedom
is difficult to assess. The aim of changing representation is precisely to isolate
the hadronic degree of freedom from the microscopic ones, and transfer the com-
plicated interactions among the hadrons themselves and with their constituents to
effective interactions.

We next briefly review the traditional methods RGM, QBD and Green’s
functions. We make contact between these and the Fock—Tani representation in
Section 4.

3. THE RESONATING GROUP, GREEN’S FUNCTIONS AND
QUARK-BORN-DIAGRAMS

Let us consider, for simplicity, the scattering of two composite mesons.
The baryon—baryon and baryon—-meson cases follow similar path. In a RGM
calculation, the two-cluster state is introduced by writing

1
IA) = Equﬁzw;zwgo), (18)

where 1/)10\"8 is the ansatz wave function for the meson pair; it describes the c.m.
and relative motions of the two-meson clusters. The M t’s are the meson creation
operators as defined in Eq. (5). A identifies the set of quantum numbers of the
two-cluster state. Using the commutation relation of the meson operators, Eq. (8),
the normalization condition for the 1/)?\"8 is obtained to be

(AJA) = A" N (aBs o/ B = dara, (19)
where N(af;a’3") is the «normalization kernel»,
N(aB;a'f') = daardppr — Nu(af; o/ ') = daardpp — Ol @57 LTI, (20)

The exchange kernel, Ng(af;a’3’), comes from the noncanonical part of the
meson commutation relation of Eq. (8), and it reflects the Pauli principle among
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the quarks and antiquarks in the clusters « and 3. The equation of motion for
1/)?\‘5 is determined by means of the variational principle

S(A|(H — Ey)|A) = 0, @n

where H is the quark—antiquark Hamiltonian given by Eq. (16). Eq. (21) leads
to the RGM equation,

[Hran(aB;78) — EAN(a8;76)] %) = 0, (22)

with
Hrau(aB;76) = Tram (aB;76) + Vinm (a3 70), (23)
where the kinetic term Traas(af;v9) is given by

Trea(aB;y8) = Sas @ H (s jl' v )01 + 80y @ H (pv; /v )OK ' (24)
and the potential term V,,,,, (a0;yd) can be written as a sum of three contributions
Vinm (aB;78) = Viin (@3:70) + Ve (aBs 48) + Vil (@3:70),  (25)
where each of these is given by
Vit (@3:76) = 203" Vg (v 1) 85 17+
H QLR Vg (i )25 LT+ BB Vig(ovio )25 BE L (26)
Vi (@B;76) = *% ‘I)Z“VCPEMVZM(W/;u’z/)CI)g/”CI)Q’/Jr
F D Vg (s 1V )B5 BT+ QLB Vg (v /v ) 957+
FRLP R Vg (s V)T R 20 R Vg (s )25 R
+ 205D Vg (o a'y')@g‘”’@ga’} , 27)
Vi (B ~0) = *% [@Z“"CI)ZPUH(MV; u'l/')@g"”(I)’;’/Jr
+<I>Zp‘7(I)EWH(MV; ,u'V')(I)f;VI(I)f;"’ + ‘I)ZHU(I)EWH(MVQ u'V')(I)f;/V/@ﬁ"—l—
+ DY H (v u'u')cpg’”q)g/”’} . (28)

The two-meson wave function is not normalized in the usual quantum me-
chanical way, because of the presence of normalization kernel in Eq. (19). It is
common practice [2] to introduce a «renormalized» wave function defined as

598 = N3 (af; o’ 8057 (29)
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where N'/2 is the square root of the RGM normalization kernel. This clearly
leads to

PRPPE = §pin. (30)

In terms of the renormalized wave function, the RGM equation can be rewritten as
[Hrea (B 78) — Erdarydps] 030 =0, 31)
where the «renormalized» RGM Hamiltonian is
Hrau (aB;v6) = N2 (af; o ) Hraum (o 837/ 0 )N~2 (Y840). (32)
Now, let us expand N~% in Eq. (32) as

1 1 1 3
N~% = (1— Ng) 5:1+5NE+§N,%;+---, (33)
where Ng is the exchange kernel defined in Eq. (20). Now, if only the first order

term is retained, then the lowest order correction to the RGM Hamiltonian is
Hran(aB;78) = Tram (aB;10) + Vi (aB;16) + Vi (B 76) —
1 Ey *po ,O' V/
—3 {(I)a’ @77 [H(uv; p'v') — H(uv; \r)A(AT; )/ v')] @ 708 +
+ (= G5y« 0)} —
1 * Lo *pUV /D/ o
-5 {(I)a’ QL [H (pv; )'v') — A(pvs X\r)H (AT (V)] @F ¥ 9L+

+ (= By < 0)} . (34)

If the ®’s are chosen to be the eigenstates of the microscopic quark Hamiltonian,
Eq. (17), the intra-exchange term V,'! is obviously canceled. This cancellation
is the main effect of the renormalization of the wave function, higher order terms
in the expansion give small corrections. This can be explicitly demonstrated in a
simple example.

We consider meson—meson scattering, where the quark and the antiquark have
equal masses, m,, and use an harmonic potential for the microscopic interaction.
The Fock-space amplitude is then a gaussian whose width b is related to the r.m.s.
radius of the meson by < 72 > = \/m& The total energy of a single meson
is [18]

p? 3 . 4C

E(P):4m +2mq+m+?,
q q

(35)

where C' is the spring constant.
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The evaluation of normalization kernel and its square root can be done ana-
lytically. The results are [18],

- : 1
N(af;76) = 6@ (Po = P1)6™ (P = Ps) = & Ni(PaPpy; P+ Ps),  (36)

N2 (aB;90) = 8005503 (Po — P)6®) (P — Ps) + CxNp(PoPy; P, Ps),

(37)
where
. b2 3/2
Np(PoPg; PyPs) = 69 (P, + Py — P — Py) <2_> «
T
b2 2 P2
X exp {Z Pi+7v+75*Pa'(PV+P5) } (38)
with

w . Mooyt (o — 1
Cn =5 Jim > (5) (1175~ 69)

m=1

with w = 1/6. The partial sums C(k),

C(k) = zk: (g)_l (ﬁ 2"7: 1) , (40)

m=1

are plotted in Fig. 1 below. It is seen that the

C(k) series is rapidly convergent, for k > > 2, the
1.20 . C(k)’s have almost reached their asymptotic
value, C'(00) ~ 1.145. The meaning of this is
that retention of only the first term in Eq. (33)

1.15 1~ L 4 L4 L . . .
| . is a very good approximation to the exchange
| | kernel.
110 One can also show [18], by solving the
o full RGM equation exactly, that the effect of
1.05 - b

the higher order terms in Eq. (33) is less than
5% on the effective meson—meson potentials.
1.00 & 1 Obviously, these results are for a microscopic
harmonic interaction. For other types of inter-
' ‘ ‘ actions, Fock-space amplitudes ¢ will not be
a gaussian, and a check on the rate of conver-
gence of the expansion in Eq. (33) is advisable.
Fig. 1. The partial sums C(k) of We next consider the thermodynamic
Eq. (39) Green’s function method of Blaschke and
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Ropke [S]. In order to simplify the discussion
these authors considered a static quark—antiquark potential V;z which operates
within color neutral pairs only. Therefore, only ladder diagrams contribute. The
starting point is the single-quark Green’s function (we follow Ref. 5, which uses
the notations of Ref. 30) .

Gu,z) = ——— 41

(,2) = — B, (41)
where, as above, u represents collectively the spatial, spin, flavor, and color
quantum numbers of the quarks and F,, is the energy of the quark. The two-
quark Green’s function, which contains information on the meson bound-states,

is the solution of the equation represented in Fig. 2.

— — - —_— ————
| | |
‘ ‘
G4 = + : + ! R
2 ! ! i
: : ‘
-— = 3 . .
! L
- ‘
+ : G5
:
‘
‘

Fig. 2. Equation for the two-particle Green’s function in the ladder approximation

The equation for G¥ is

GQL (:LLl/v Nll/v QQ) = Gg(ua v, QQ) [5##’5111/’ + V(l“/a UP)GQL (Upv Nll/v QQ)} )
(42)
where L indicates ladder approximation. Here the notation of sum over repeated
indices is used (wherever clarity demands, a summation will be explicitly indi-
cated), and G9(p, v, Qo) is the free two-quark Green’s function

_ 1= F(E) — f(E)

0 — — =
G (1, v, Q) = ;G(u,zn)G(y, Qy — 2,) 0B, B, (43)

The Fermi—Dirac distributions can be neglected at low densities.
Let, as above, #¥ =< pv|a > denote the solution of the two-quark equation
of motion with energy E,. Obviously,

Gy = Z |Oé > gmeson(a; 92) < a|, (44)
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where the summation is over the discrete and continuum states and Gpeson (@, 22)
is the meson propagator,

1
Qo — B,
Again, in the low density limit, where one expects that the quarks remain confined
into the mesons, the summation is only over discrete states (bound meson states).

The effective meson—meson potential can be identified by considering the
four-quark T-matrix or, equivalently, the four-quark Green’s function G4. The
Green’s function (G4 is obtained from the 7;-matrix by the usual amputation
procedure, as explained in Ref. 30. A typical diagram that contributes to G¥%
(where L again means ladder approximation) is shown in Fig. 3 below.

Gmeson (04; 92) = (45)

- >

T
1
1
|

Y

— —
L 0

GL Gyl .

— ——— >

—Z:Lt‘jj* = [ ] = Gy .

T
1
1
|
T
1
1
|
1
1
1

!
QR QI
Y

L] [ ] [ | .

Fig. 3. A typical contribution to G¥

This particular diagram is represented by
I 0—1 ~IT  A0—1 AT 0—1 ~II  A0—1 ~I 0—1 &0
GGy Goio Gy Gon Gy 7 Gy Gy G n Gy Gy (46)
Here, G4, and G4%, are the two possible two-meson interactions
1 [N
Goga(pvop, p'v'o’p’, Q) =
*UV FH*OP Ulﬂ, #/V/
q)al q)az (I)o/z q)oc'l 5##’ Ot Ogqr 5pp’

_ _ 47
Qu — By, — Ea, W-E,—E,—E,—E, “7)

and

Goralpwop, )/v'a' o', Q) = Gy pp(ovpp,o'vi'p', Qu), (48)
and Gg_l describes the amputation of the four free quark propagators represented
by the crosses in Fig. 3. Neglecting Fermi—Dirac occupation probabilities, Gg_l
is given by

Ggil(ul/ap, [L/I//O'/p/, Q4) = 5MM/5VD/5JJ/(SPPI (Q4 - EM — E,, — Eo’ — Ep) .
(49)
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G971 is the antisymmetrized form of G
GY(uvop, (/v o' pl, Q) =

_ 5uu’ 51/1/’ 50’0’ 6/)/1’ - 6;LU’61/1/’501/’ 6pp’ - 5uu’ 51//)’500’ 5p1/’ + 6;;0’51/# 50’u’ 6/)1/’
B Q—-FE,-E,—E,—E, '

(50
Introducing the pair-flip potential

Usio(pvop, p'v'o’p', Q) = — (Q4 — E,—FE,—FE;—E,) 8500006 0pp,
(51

represented in Fig.4, all the sequences as in Eq. (46) can be broken up as

Gf = Gi+GI -Gy, (52)
Gl = GY+Gj UGy, (53)
Gl = G+ G, UG (54)

2+2 = /
*—o —x

Fig. 4. The pair-flip potential defined in Eq. (51)

Let us consider Eq. (53). For the repeated sequence of this, G§+2 Uayo, it is
not difficult to show [5] that

G£+2(MV0'P7 M”V”O’”p”, Q) U2+2(,u"1/”0”p”, MIVIU/pI, Q) _

¢*MU @*o’p @J,,p// @MIIDII
i (&2 o o)
Q4 - Eal - Eag

"1

X Vg (" 0" 1 0')801 051101 + Vg (0" V", 0"V ) B ] - (55)

X

From the iteration of this, Gé 12 U2+2G§ 12 U242, one can read off the effective
meson—meson potential

Gh o UsoGh o Usin ~ Z LY ®7” Go meson (@, B, ) X
af

"o "o

Xme(aﬁv ’76) g2,meson('7; d, Q4)(I):” v (I)g P (56)
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with
Vinm (B, 76) = —o (I)ggp x
% V;q(up, u/p/)(gw,(sggl + V;]q(UV, U'l/')(suu’(spp’ CI)’*YM/,;/ (bgo"y/, 7)
and
1
g2,meson -5 - - (58)

Q4 - qu - Eag

This last equation is obtained with the neglect of Bose—Einstein occupation factors.

Notice that the effective meson—meson potential in Eq. (57) is precisely equal
(after reshuffling indices) to 1/2 of the second line of Eq. (27). However, notice
also that the first line of Eq. (27) has the same quark indices as Eq. (57), but
the interaction indices are contracted with the indices of the mesons in the final
states. We come back to this point in Section 4.

The expression of Blaschke and Ropke is identical to the expression obtained
by Barnes and Swanson using the Quark-Born-Diagram method [3]. As mentioned
in the Introduction, the QBD is similar to the «constituent exchange» of Gunion,
Brodsky and Blankenbecler [4] for high-energy hadron scattering. For high-energy
processes, there is strong experimental evidence for the «exchange force» from
large momentum transfer processes [31]. For low-energy processes, the situation
is not so clear in view of the model dependence of the microscopic interactions,
whose connection to QCD is not yet understood, as discussed in Section 2.

The way to obtain the effective hadron—hadron interaction in the QBD method
is as follows. Initially a generic scattering diagram with initial and final hadron—
hadron states is drawn. Then initial and final quark lines are connected in all
possible ways consistent with flavor conservation. The next step consists in in-
serting interaction lines (e.g., one-gluon-exchange interactions) between all pairs
of initial quarks in different initial baryons. Naturally many diagrams are trivially
zero because of color symmetry, and the potential can be read-off immediately.
Care must be exercised with combinatorial factors, i.e., the number of ways that
quark lines can be connected. Although the applications of Barnes, Swanson and
collaborators [3] for scattering cross sections were done in the Born approxima-
tion, there is no reason for not using the effective potential in an integral equation
for obtaining the scattering amplitude.

In the next section we discuss the Fock-Tani method and discuss further
comparisons with the methods discussed here.

4. THE FOCK-TANI REPRESENTATION
AND EFFECTIVE HADRON HAMILTONIANS

In this section we summarize the basic features of the Fock-Tani represen-
tation. We use a simple example to explain the formalism, but it should become
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clear that the applicability of the method is not restricted to this example. For the
purposes of illustration, we consider the representation for mesons, considered as
a bound-state of a quark and an antiquark as in Section 2. The Hamiltonian is
taken as in Eq. (16). We note that a great variety of quark-model Hamiltonians
used in the literature can be written in such a form. However, at this point of the
discussion we have not included in Eq. (16) terms such as pair-creation, which
are of the form gT¢7qq, as discussed in Section 2. However, it will become clear
from the discussion in the next sections such terms are treated without difficulties.

The change to the FT representation is implemented by means of a unitary
transformation U, such that a single composite meson state |o) = MJ|0) is
transformed into a single ideal-meson state |a) = m/ |0) = U~!|a), where U is
of the general form

U=exp(—m/2F), F=Y_(mOa—0lma). (59)

The mf, and m,, are the ideal-meson creation and annihilation operators and the
OL and O, operators are functionals of the Ml, M, and A,g. By definition,
the m’s and O’s satisfy canonical commutation relations

[Ma,mf] = [Oa, OL] = dag,

[ma,mg] = [mf,,m}] = [Oa, Os] = [0, O] = 0, (60)

and, by definition, the m' and m commute with the quark and antiquark operators.

The operator U acts on an enlarged Fock space Z, which is the graded direct
product of F and an ideal state space M, the space with the new degrees of
freedom described by the ideal meson operators mL and m,. The vacuum state
of M is denoted by |0) o¢ and so, the vacuum state of Z is

10) = 10) x [0) a1 (61)

In 7 the physical states, |1)), constitute a subspace Zy isomorphic to F and satisfy
the constraint equation
me 1) = 0. (62)

Now, the new degrees of freedom acquire physical content when the unitary
operator U transforms the physical states [1)) of Zg to states [¢)) = U~*|¢). The
image states |¢)) span the FT space Fpr = U~1Z, and satisfy the transformed
constraint equation

U maUl) = Oalt) = 0. (63)

Although the physical content of the Fock spaces F and Fpp is the same,
the mathematical representation of states and operators in Fpp involves only
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canonical field operators. A more detailed discussion of these and other formal
aspects of the mapping procedure can be found in [18].
The operators Of and O, are constructed by an iterative procedure as a
power series in the ®’s
Oa =) O, (64)
where n identifies the power of ® in the expansion. The expansion starts at zeroth

order with

0 = M,. (65)
The construction of the higher order terms O&n), n > 1, involves addition of a
series of counterterms such that commutation relations of Of and O are satisfied
order by order. Since at zeroth order one has

[O(()co)a O,(GO)T] = 504,3 - Aaﬁa (66)
and A, is of second order [see Eq. (9)], one has that
ol =o. (67)

The next nonzero term is then of order n = 2. It is not difficult to show that
the second order counterterm that has to be added to O&O) to cancel the A,g in

[O&O), Ogm] is equal to

%AaﬁM[j. (68)
Then, up to n = 2,
On = B, + %Aa,@B,@, (69)
and one obtains
(00 O8] = b — 5By, Mgl M, — 2 MM, Ag] =
= Jap+ O(P%). (70)

A third order counterterm has to be added such that the O(®3) piece cancels,
and so on to higher orders. However, for our purposes here one needs O, up to
n = 3 only

1 1
Oa = Ma + 5805Mp §M;[Am, MM, . (71)
The transformation of the Hamiltonian is made by transforming initially the

quark and antiquark operators. Since the O operators are given by a power series,
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the transformed quark operators are also obtained as a power series, which can
be obtained by expanding the exponential in Eq. (59) to the desired order or,
equivalently, by means of the «equation of motion» technique [19,21]. Up to
third order, one obtains [18]

0 _(0
()*Q,uv £)*QU7

g = oL, (ma — M), @) = ®8vq), (Mo —ma),
a2 = =@ O (mfms + MEMj + 2Mimy) g,
) = Lo et (mimg + MiMg + 2Mfmg) G,
) = 1ame [(P“"‘I)’”Will (—mbmgms, — Mimg M, +mimsM,+
+MIMgM,) + o (<I>””1qqualqa GI)’“"qqu,ilqp) (mg — 2Mﬁ)} ;
§» = —Lawee [ég”@gwqgl (=mimgmy, — MimgM, + mimsM,+
+MIMgM.,) + v (%‘”dﬁll% + <I>é.“”<1>§“’qllqllqp> (mp — 2Mﬁ)} ~

(72)

The transformation of the microscopic Hamiltonian is obtained by

using the transformed quark operators of Eq. (72) in Eq. (16). This is
done by considering all possible combinations of the form T'(u)qy (mt q&m)’

Vag(v; op) g ()t ,(,m)T (5D etc., where n,m, k,I = 1,2,3. One obtains that
the general structure of the transformed Hamiltonian is

Hypr = Hq + Hy + Hpng, (73)

where the subindices identify the operator content of each term. The quark Hamil-
tonian H, has an identical structure to the one of the microscopic quark Hamil-
tonian of Eq. (16), except that the term corresponding to the quark—antiquark
interaction is modified to

Vag(uviop) — |Vog(pvsop) — Al f! V') H (p'v's0p) — H(pv; o' p') x

xA(o'p'sop) + A(pw; /v )H (W5 0" p") Ao’ s Up)} a\a4p40, (74)

where A (uv; p/v') = & ®*1'V" is the «bound state kernel”. When & is an eigen-
state of the microscopic Hamiltonian, Eq. (17), the quark—antiquark interaction is
then modified to

Vaa(uv; op) — [Vag(uv; op) — Ea®BX @277 1,0} 3000 (75)
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It is not difficult to show (see Appendix C of Ref. 21) that this modified interaction
does not produce the quark—antiquark bound states. This feature leads to the same
effect of curing the bound state divergences of the Born series as in Weinberg’s
quasiparticle method [26] discussed in the Introduction: the modified quark—
antiquark interaction is unable to form mesons, the mesons are redescribed by the
H,, part of the effective Hamiltonian.

H,,q describes quark—meson processes as meson breakup into a quark—
antiquark pair, meson—quark scattering, meson—meson total breakup into two
quark—antiquark pairs, etc. In models where quarks are truly confined, these
terms contribute to free-space meson—meson processes as intermediate states only.
However, in high temperature and/or density systems hadrons and quarks can co-
exist and the breakup and recombination processes can play important role.

The term involving only ideal meson operators has a component that repre-
sents an effective meson—meson interaction. This meson—-meson interaction is of
the general form

1
H, = Eam’;ma + 5me(aﬂ;75) mlmém(gmw , (76)

where the effective meson—meson potential V,,,,, can be divided into a sum of
direct, exchange, and intra-exchange parts, as given by Egs. (25)-(28). The
higher order terms by ® which are neglected from these expression give rise to
many-meson (higher than two-meson) forces, and also introduce orthogonality
corrections. The orthogonality corrections are precisely of the same nature of
the higher-order terms of the expansion of the square-root of the normalization
kernel of the RG method, Eq. (33). As seen in the last section, the cancella-
tion of the intra-exchange terms in lowest order is the dominant effect of the
orthogonalization terms and higher order corrections are in general small.

The technique can be applied in a straightforward way to baryon bound
states of three constituent quarks as in Eq. (11). For a Hamiltonian as given in
Eq.(16), the effective baryon—baryon Hamiltonian consistent with the lowest-order
orthogonality corrections is [18]

. 1
Hy = W H (v 0p) WGP blbs + 5 Vi (0B;07) BLbibabs, (77)

where b, and bL are the ideal baryon operators, and Vy, is the effective baryon—
baryon potential. Vy, is given as a sum of five terms

5
Vis(aB;70) = D Va(aB;nd), (78)
n=1

where the V,,’s are given in terms of the baryon amplitudes ¥ as
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Vi(@Bind) = +9Vygwiop) Wi s e,
Va(aBind) = —30Vig(uvsop) W W g g
ValaBind) = —OVi(uviop) Wy s,
VilaBind) = —L8Vyy(uiop) W g g,
Vs ( ) = —18‘/;1q(uy;ap)‘Il:';““z“:"\112”1”2”\11,’;1”2“3\113”2’). (79)

In the next two figures we show a graphi-
cal representation of the different contributions V,,,
n=1,---,5 to Vy.The qualitative difference be-
tween V7 and the V5 --- 5 is that the latter in-
volve quark interchange between the two colliding
nucleons.

Note that this effective baryon—baryon interac-
tion is completely general, it depends only on the Fig. 5. Graphical representa-
fact that the baryons are three-quark bound-states, tion of V4
and that quarks interact through two-body forces.

The method however can handle more complicated Fock-space amplitudes and
more complicated microscopic interactions. The necessary extension of the for-
malism to the more general situation can be found in Ref. 17.

C O )

Fig. 6. Graphical representation of V> --- V5

One particularly important property of the effective hadron—hadron interac-
tions in the Fock—Tani representation is that they lead to scattering 7T-matrices
that are post-prior symmetrical [32]. That is, the scattering matrix is symmetric
under exchange of initial and final states. The lack of this symmetry is of no
importance for the case of «symmetric» initial and final states, as in processes
like m 4+ m — m+ w. However, it is of importance [18] for asymmetric cases like
J/U + 1 — D-mesons [33]. The different position of the quark-antiquark inter-
action and the factors of 1/2 in the effective meson—meson interaction of Blaschke
and Ropke as compared to the corresponding Fock-Tani (or RGM) interaction
are the cause [18] of the breaking of the post-prior symmetry in the calculation
of the charmonium dissociation in Ref. 33.
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In the next section we specialize to the case of the nucleon—nucleon (NN)
interaction, and obtain an effective NN interaction which will be used in Section 5
in a nuclear matter calculation.

5. SHORT-RANGE PART OF THE NN INTERACTION
FROM QUARK-PION EXCHANGE

The nucleon—nucleon interaction exhibits a strongly repulsive short-distance
core which is attributed to the exchange of the w-meson (and p-exchange). Since
nucleons have a radii of about 0.8 fm and the range of the meson exchange force
is 1/m,, ~ 0.2 fm, it is natural to expect that the nucleon substructure will play
a role at such short distances. The replacement of vector-meson exchange as the
main source of the short-range part of the NN interaction is one of our main
motivations in this section. Motivated by the Manohar and Georgi model for
the low-energy structure of the nucleon, we consider the lowest-order three-level
one-pion exchange between constituent quarks, as given in Eq. (2). We then
apply the Fock—Tani transformation to this interaction and obtain an effective NN
potential, and compare this potential to the short-range part of the Bonn potential.

For later convenience, we start rewriting Eq. (2) as

2 1 2
voo— (LY e o-qo®.q _
! fx q® +m2

2 2
_ (LY pope L po e S |
I 3 > +m2  g>+m2

1\? 1 m2 S
(L) e L pmee @ Ma L Sz | g
fr 3 q>+m2  q*+m2

This shows clearly the usual pieces of the OPE interaction, a short-range spin-
spin interaction (a delta function in coordinate space) and long-range spin-spin
and tensor interactions.

The Fock-space amplitude ¥ for the nucleon can be written as

cicac3 mimams
€ X)\

V3l VI8

where p is the c.m. momentum of the nucleon, the ¢ is the momentum-dependent
amplitude, the €1°>° is the color antisymmetric tensor and x\"'"*>™?* is the
Clebsch—-Gordan coefficient of spin-isospin, where m1 = {s1, f1} - - denote the
spin-flavor of a quark.

\I/gnmﬁm = (5(p—k1—kig—kig)q)(kl,kg,kg), (81)
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Using this in the expression for the effective NN interaction given in Eq. (79),
one obtains

Van = 5(Q"— Q) (MXa|Vn (o, 7,0, p)| A3 As) x

1 [dQ dQ’ dpdp’
2 / (27)3

<bY (P + Q' /2) b, (—P + Q'/2) br,(—p+ Q/2) b, (P + Q/2),  (82)
with

5
VNN(O';T7pI7p) = Z 05(077)ug(0775p15p)7 (83)
n=1

where the O,, contain the spin-isospin dependence; and u,,, the momentum de-
pendence of the potential. The spin-isospin factors can be written as the product

On = 2, Cp A, (84)

where z, is the overall numerical factor (including the sign) in front of each of

the V,, in Egs. (79), C), is the result of the summation over the color indices, and

A,, is the result of the summation over the spin-flavor indices of the quarks.
Inspection of Eq. (79) reveals that

z1 =49, z9 = —36, z3 = —9, z4 = z5 = —18. (85)

The color coefficients are given by C; = 1 and C; = 1/3 for i = 2,3,4,5. The
spin-flavor coefficients are most easily evaluated making use of the «substitution
rules» of Holinde [34] and Liu, Swift, Thomas and Holinde [35]. These are rules
to transcribe spin-flavor operators at the quark level to the nucleon level. The spin-
flavor dependence of the quark-pion interaction is of the form Tél)ﬂ'((f) aél)iof)j
and the substitution rules lead to

A 2753)‘753) o Vig @i
Agj = %{5” 2—35 + %(1 + 180%)-053))7'%)-7'%) +
o 3 g )
Aéj = %{5” [27 — 305\1,)-0'5\2,) — (1 — %0%)-053))7'%)-753) +

_|_

50 P (@)
<6 _ ET(AI’)'T(AQ’)> oD aﬁ”},
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1 g 1
AF = £{51J 15+§<1+100(A}>-a$>>r§§>.7§3) +
5 (1) 2\ (i _(2)j
+ 1-— §TN Ty |ON On ,
A7 = A7 (86)

The momentum-dependent functions u* cannot in general be evaluated in
closed form because of the multidimensional integrals over the quark momenta.
However, for a Fock-space amplitude ®(k1, k2, k3) of gaussian form

3b4 3/4 b2 3 )
(k1, k2, k3) = (?) exp | — ¢ Z(kz —k;j)” ], (87)

i<j

where b is the r.m.s. radius of the nucleon, almost all the integrals over the quark
coordinates can be performed analytically.

The most important contribution to the NN potential at short distances comes,
as expected, from the delta-function piece of the quark—pion interaction. This
component of the NN potential can be calculated in a closed form. The result is

1 1 (25
v =3 [ ST T ool v p) -
1 1 1 61
3 <25 t 3TN TN o e ) o%’-oﬁ’> va(p'p) -

1 25
1 (27 — TS\})-TS\QZ) - 0'5\})-0'5\2,) + o7 TS\I;)'TS\Q;) ng“’%) v3(p', p)—

1 85
= (45 410 4 0@ 1+ 50,0 <><>) (ol p)

1 85
- <45 + ) + oo + SR a§$>-a§5’> w(pﬁp)] . (88)
where
2 /e ’ 2
vu(p,p) = e VPP (89)

, 3\ i 6 pap)
Ug(p 7p) = Z € ) (90)
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2 ’ 2
vs(p',p) = e VPP €2
/ 12" o211 (popryr—t2 /33 (p+1p?)
v4(p,p) = ﬁ € ) (92)
/ 12\*2 o 11 (ppr -t y33 (P +7p)
u@'p) = (1) ¢ SN CE)

In order to obtain insight on the range and strength of the potential, we make a
local approximation as suggested by Barnes, Capstick, Kovarik and Swanson (the
last reference in Ref. 3), and perform a Fourier transform to coordinate space.
The spin-flavor part of the potential is of course unaffected by this, and the radial

part becomes

v1(r)

zﬂﬂ:(%

3/2
) e 3/4 (7“2/1?2), (94)

97T 3/2 2 /72
va(r) = <§> e B/, (95)

v(r) = v5(r)<9”

262

This potential is obviously of short
range, because we are considering only
the J-function part of the pion—quark in-
teraction. Also, the quark-exchange con-
tributions are typically of the order of
the nucleon size. In Fig. 7 the quark-
pion exchange potential of Eq. (96), for
b = 0.6 fm, is compared with the one-
boson-exchange Bonn potential for w and p
exchanges. These are the main sources of
repulsion in the NN interaction. Because of
the Yukawa form of the meson-exchange
potentials, we have multiplied the poten-
tials by r2. In this way, we obtain a better
understanding of the relevant contributions
to observables. The corresponding expres-
sions of the Bonn potential are given by
Egs. (A-19) and (A-28) of Ref. 36. The
parameters are given in Table A.3 of the
same reference.

3/2
) 6733/32 (T2/b2)' (96)

§=0 T=1

» o)}
T
|

r2V(r), 1073 MeV - fm?
N

0.0 0.5 1.0 1.5 2.0
r, fm

Fig. 7. The quark—m (solid) and w + p
(dashed) Bonn potentials

It is seen that the two potentials have roughly the same ranges, but have
very different strengths (volume). Note however that in order to have a better
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assessment of the ranges of the potentials (for distances larger than 1 fm), for
consistency a gaussian form factor for the vector-mesons should be used, instead
of the dipole form factor of Ref 36.

In the next section, when we consider the nuclear matter problem, we will
show that although the quark—pion exchange interaction provides a large frac-
tion of the required repulsion to stabilize nuclear matter against collapse, extra
repulsion is needed to saturate nuclear matter at the right density.

6. FOCK-TANI REPRESENTATION FOR NUCLEAR MATTER

In the limit that the quark cores of the nucleons do not overlap, effects from
the Pauli principle at the quark level can be neglected, and the anticommutation
relations of creation and annihilation operators of composite nucleons are simply
the ones of elementary particles, as discussed previously. For field operators that
satisfy canonical (anti)commutation relations, the coupled-cluster expansion (or
eS-formalism) is a very powerful formalism for treating many-body problems.
This is a formalism that treats short-range correlations induced by strong short-
range repulsion, as is the case of the NN interaction, and allows for systematic
improvement as the density of the system increases [37,38]. This formalism
seems to be particularly appropriate also for the case of composite nucleons when
used in connection with the Fock—Tani representation.

The idea is to implement the e®-formalism in the ideal space. In the Fock—
Tani space Frr, the Hamiltonian can be split as

HFT = Hq + Hb + Hm + Hbm + qu + qu ’ (97)

where each component has obvious meaning. When the Hamiltonian is truncated
to involve only ideal nucleons, in analogy with the point nucleon case, the wave
function of nuclear matter can be written as

|0 >=e%|® >, (93)
where |® > is a Fermi-gas state of ideal nucleon states
@ >= lim_bf,bl,--bl,.]0), (99)

and S is the operator that creates ideal nucleon particle-hole states on the top of
the ideal Fermi-gas state

S=>su, (100)
with

1
e (n!)2 Z Z sp(a1--an;Br---Bn) qu o 'blnbﬁl “e-bp,. (101)

a>kp B<kr
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The form of the functions s, (c - ay; 81 -+ By) are in general chosen such as
to minimize the energy density of nuclear matter [37,38]. Explicit ideal meson
degrees can be incorporated with no extra conceptual difficulties, again using the
analogy with point hadrons [39].

With increasing density, the terms Hg, and H,, of the effective Hamiltonian
in Fpr cannot be neglected. These terms describe the possibility of hadrons
breaking up into quarks that can propagate outside the confining region within
hadrons. The incorporation of such effects within the e®-formalism seems to
be very natural. The functions s, can be generalized such as to describe the
deconfining effects.

One interesting term present in Hy, of Eq. (97) is [18]

3 Vo L Vo vs
Vbinary —break = Z\Ilg 2He ‘I’E Ve Vg (pv;op) QLQZQLQ qz;g qu ng babg . (102)

This describes a process in which two nucleons collide and break up into six
quarks. At high densities, such processes are expected to play an important
role in the description of the equation of state of nuclear matter. Within the
eS-formalism, such processes can be taken into account by a term in the exponent
S of the form

Sbinaryfbreak = Z Z 5(,“41 R VIR 6162) qlﬁ QL5 qL QL3 QLQ Qleﬁz bﬁl .
B<kp p1-pe
(103)
Other terms of the effective Hamiltonian, such as single-hadron breakup [18], can
similarly be taken into account.

There are no numerical results of applications of this formalism. Of course,
one technical problem is the large amount of algebraic manipulations necessary
to obtain the relevant variational equations to be solved numerically. Another
problem is the apparent necessity for a relativistic quark model, since it seems
that a nonrelativistic model of the type used in the previous sections would not
perform well in the high-density regime of nuclear matter.

To finalize, let us consider the Hartree—Fock approximation to the nuclear
matter equation of state using the present formalism. This amounts to retaining
only the part of the effective Hamiltonian that involves the ideal nucleon operators,
and to neglecting the (interesting) correlations between nucleons, i.e., S = 0 in
Eq. (98). We consider here a quark-meson-coupling model with constituent
quarks [40], on the lines of the Guichon-Saito-Thomas model [41]. Ref. 40
considers a semi-relativistic quark model, where the massive constituent quarks
are confined by a phenomenological nonrelativistic harmonic potential and interact
via exchange of mesons. The meson exchanges are treated in a similar fashion to
the traditional derivation of the one-gluon interaction [43], but the kinetic energy
and the quark-meson interactions are taken to be relativistic.
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The pion and a fictitious o meson are coupled directly to the constituent
quarks, as in the Guichon—Saito—Thomas model, but the w meson is coupled to
the nucleon core. The very short range part of the NN interaction is described by
quark—pion exchange, while the w meson is responsible for the outer part of the
repulsion, since it is coupled to the nucleon with the form factor provided by the
model. The rationale of such an idea is of course to replace the w meson as the
main source of the NN repulsion, as discussed above.

The «microscopic» quark—meson Hamiltonian is obtained from the Lagrangian
density of the Walecka model [42]. In Ref. 40, the Fock—Tani representation was
used to derive the effective NN interaction involving quark—pion exchanges of
Fig. 6. For the effective NN interaction of Fig. 5, the Fock-Tani representa-
tion is of course not necessary. We present here only the contribution of the
NN interaction of Egs. (82)-(93) to the energy density of symmetrical nuclear
matter [40]

Vexchzi/klr dp /kF dp,
! 3200 (2 Sy (2m)

3/2
4120 <E) o2/3307 (p-p? _ 4 s ppy_
11 3

3\ /2 2 2
54+ 8 (Z) e 1/120°(P-P)" |

3/2
272 (E) / o 8/3307 (PP')Q]_ (104)
3 11

The contributions from nonquark-exchange graphs can be written down without
difficulty and are given explicitly in Ref. 40.

The interesting result obtained in Ref. 40 is that the quark—pion exchange
interaction does provide a large fraction of the required NN interaction to stabilize
nuclear matter. Moreover, it turns out that the value of the NNw coupling
constant g2, adjusted to obtain a binding energy per nucleon E/A — My =~
—15.75 MeV at kr ~ 1.36 fm~! is very close to the quark-model SU(6) symmetry
prediction g2 /4w ~ 9¢2/4w = 9 x0.55. Note that this value is a much smaller
value than the ones used in one-boson-exchange models [36].

7. CONCLUSIONS AND FUTURE PERSPECTIVES

The traditional picture of the nucleus, which follows from a large body of
experiments in the last 60 years, is that of a system of nucleons whose properties
are not very different from free-space nucleons. This means that the explicit
dynamics of the color degree of freedom must be limited to very short distances.
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Therefore, any theoretical approach based on quark degrees of freedom that
is intended to study low-energy properties of nuclei, should minimally deviate
from, as well as contain in some limit, the traditional approach based on nucleon
degrees of freedom. In this sense, the effective Hamiltonian of the Fock-Tani
representation has a well-defined limit, since it explicitly describes the interactions
among hadrons; quark—quark and quark-hadron interactions are treated separately
as «residual» interactions that are expected to play an important role only at
higher densities/temperatures.

For higher densities and/or temperatures, the Fock—Tani representation seems
particularly useful when used in connection with the linked-cluster (or ) formal-
ism. The Fock-Tani representation naturally leads to effective Hamiltonians that
describe processes that are expected to be present in the system at the transition
regime from a cold, low-density phase to a high density/temperature phase. The
wave function of the system at this regime is naturally given by the linked-cluster
formalism, where nucleon—nucleon correlations and other deconfining effects are
built on the top of a Fermi-gas of confined, color-singlet clusters of quarks.
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®OTOINEKTPOHHbLIA METOA,
HEBO3MYLUAIOLLEN OANATHOCTUKK MYYKA

OTPUUATEJIbHBIX NOHOB
A.C.Apmémos

OGbeaAMHEHHbI MHCTUTYT SAEPHbIX UCCNeaoB Hui, y6H

B 0630pe mogpoOHO P CCMOTpeH HPEUIOXKEHHBI BTOPOM METOJ HEBO3MYII Iomieil (oTodmek-
TPOHHOU 1M THOCTUKHM 1ydK (DDJIII) oTpuy TenpHBIX HOHOB. B 1 HHOM MeTone HeobxomuM o uHOP-
M IUS O IIydKe BBIBOJHUTCS HOCPEICTBOM 3IEKTPOHOB, POXI IOIIUXCS B PE3yIbT T€ OKOJIOIOPOTOBOM
OHOOTOHHON OGAUPKY HPEeHeOPEeKUMO M JIOH 4 CTH HOHOB H 30HAMPYIOIIEH My40oK (POTOHHOI MH-
IIeHH, KOTOp s (hOpPMUPYETCS C IOMOLIBIO JI 36PHOrO U3MydeHus. [IId p 37MMYHBIX OTPHI] TEIbHBIX
HOHOB JIeT JIbHO P CCMOTpEHBI IpejelbHble BO3MOXHOCTH T KOH 1M THOCTUKH H IIPOBEJEH H /U3
BIIMSIHUA NIPOCTP HCTBEHHOro 3 pan nyuyk H ODIII. IIpu 3TOM OCHOBHOE BHMM HHE YIEIEHO IIU-
POKO HCIIONB3yeMbIM B YCKOPUTEIBbHOM TEXHHMKE PEIITUBUCTCKUM HOH M Bogopon H™. [ler mpnO
OIMC HO P 3p 6OT HHOEe MHOTO(YHKLUHOH JIbHOE yCTpoiicTBO Wi pe a3 muu ®OIl H IuHEHHOM
yd CTKe K H J1 Tp HCIOPTHPOBKH. [I HHOE YCTPOHCTBO MOXKET OBITh C yCIIEXOM MCIIONB30B HO JULL
HEBO3MYILl IOILEH U THOCTUKM Iy4K PpETSTUBUCTCKMX HMOHOB H™ ¢ TOKOM 10 HECKOIBKHX COTEH
MUY MIEp, H OPHMep, B MPOEKTUPYEMBIX B P 3MUYHBIX H YYHBIX IEHTP X MCTOYHHMK X HEHTPOHOB
H OCHOBE JIMHEHMHBIX yCKOpUTENeil.

The method of nonperturbative photoelectron beam diagnostics (PEBD) of negative ions, pro-
posed by the author, is described in detail in this review. In this method, necessary information
on the beam is extracted by means of electrons, which are produced as a result of near-threshold
single-photon detachment of a negligible part of ions on the photon target, probing the beam, and
formed using laser radiation. The limited possibilities of this diagnostics are considered in detail for
various negative ions, and the influence of the beam space-charge on PEBD is analysed. Herewith,
main attention is given to H™ relativistic hydrogen ions widely used in accelerator techniques. The
developed multifunctional device for the realization of PEBD in a linear area of the beam transport
line is described in detail. This device can be used successfully for the nonperturbative beam diag-
nostics of H™ relativistic ions with a current up to some hundreds of milliamperes, for example, in
neutron sources based on linear accelerators and projected at various scientific centres.

BBEIEHUE

B coBpeMEeHHBIX YCKOPUTEIBHO-H KOIUTEIbHBIX KOMIUIEKC X IIMPOKO UCIOJIb-
3yeTrcs Iepe3 psiIHbIA METOJ YIp BJIEHUS IIOTOK MU 4 cTtul. DopMupys BHYTpEH-
HUE IIepe3 psAHbIE MUIIEHU H P 3JIMYHBIX Y4 CTK X K H J1 TP HCIOPTHUPOBKHU
IMy4K , MOXHO CYLIECTBEHHO BIMATh H P CIHpEleNieHHe Y CTHUL B ¢ 30BOM IIpO-
CTp HCTBE U H X P KT€p UX JBUXEHHU] BO BHEIIHUX SJIEKTPOM THUTHBIX IOJIAX,

T KX€ OCYIIECTBIISTh yIOOHYIO 115 (PH3MYECKUX DKCIIEPUMEHTOB P 3BOJKY IyYKOB
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BoicokuX dHepruil [1]. H ubonplr s 3peKTHBHOCTh METOA JOCTUT €TCS IpU
UCTIONIb30B HUM OTPHILl TEJIBHBIX MOHOB H H Y JIBHOM 3T € TP HCIOPTUPOBKU
My4K M HEBO3MYII IOIIEH I FHOCTUKH €ro I p MeTpoB. B 3 BHCHMOCTH OT pe-
II eMOW 3 J 4Yu BBIOMP eTCs BHYTPEHHSS MHIIEHb C T KMMH X P KTEPHCTHK MH,
4TOOBI MYy4OK IOCJIE Hee CONepX J HeOOXOAMMOE KOJUYECTBO MPEICT BIISIOIINX
UHTEpeC BTOPUYHBIX Y CTHII.

Cpenu OTpUI] TEeJIbHBIX MOHOB H MOOJbIIIEe P CIPOCTP HEHUE MOJNYYWTH ITyd-
ku nonos H~ (LAMPF, TRIUMF, HERA, BNL, LHC, RAL, FNAL, CERN,
ANL, KEK u gpyrue yckoputenbHble LEeHTpbl). OHU T KX€ LIMPOKO HMCIIOJIb3Y-
10TCS Ipu (hOPMHUPOB HUM MOTOKOB HEUTP JIBHBIX TOMOB BOAOPOJ JUIA IIyYKOBOTO
H TpeB IUT 3MbI M €€ U THOCTUKU [2—5], B LIMKJIMYECKUX YCKOPHUTENIX U1l H P -
GOTKH U30TONOB [6], B TPOEKT X CHJIbHOTOYHBIX YCKOPUTENIEH Ul TP HCMYT LUU
P AMO KTUBHBIX OTXOMOB U IpU P 3p OOTKE BHICOKOMHTEHCHUBHBIX HMMITYJIBCHBIX
HUCTOYHUKOB HEUTpoHOB [7—10], mng umIul HT uuu uoHoB [11], T Kxe npu pe-
LIEHUH Pl OPYrdx NPUKI OHBIX 3 O 4 [12-17]. B k 4yectBe mepe3 psoHbIX,

T KX€ 30HAUPYIOIIUX My4OK AU THOCTMYECKHX MHILIEHEN NMPH 3TOM HCIOIb3YIOTCA
K K KOPITYCKYJIIpHbIEe, T K U (DOTOHHbIE BHYTPEHHHE MHIICHU.

ITox HeBO3MyII IOIIMMU METOA MU AW THOCTHKH OOBIYHO TOAP 3YMEB IOTCH
T KHe criocoOBl OTydeHHs] HH(POPM LUH, KOTJ BHOCHMBIMH IPH M3MEPEHUH BO3-
MYLICHUSIMH IMy9K MOXHO npeHeOpeub. H mbomee monHOe mpencTt BIEHHE O
My4Ke MOHOB J 0T M3MEPEHHUs TOK Iy4K BO BPEMEHH, €r0 IMPOCTP HCTBEHHOI'O
P cIpelesieHus MO CEYEeHHIO K H JI TP HCIIOPTHPOBKH, T KXe MH(pOpM s 00
SMHUTT HCHBIX X P KTEPHUCTHK X, KOTOpBIE CBS3 HBI C YIJIOBBIM P CIIpEAeIeHUEM
U HEPreTHYECKUM CHEKTPOM HOHOB B ITydyke. Hepo3mym romuii X p KTep usMe-
peHuil GOJBIIMHCTB 3THX I P METPOB TPYAHO pE€ JIM30B Th NPH HCIONIB30B HUH
TP OUIMOHHBIX JJIS 3 PSKEHHBIX Y CTHUIl METOAOB AU THOCTHKHU [18]. HomomHu-
TEJIbHOE OCIIOKHEHHE BbI3bIB €T B XKHOE IS Ty4YKOB BHICOKUX DHEPIHii TpeOOB HUE
KOMII KTHOCTH I THOCTUYECKUX YCTPOMUCTB. B CBSA3M € 3TUM KTy JIBHOM 3 Il 4ei
SBIgeTca p 3p OOTK METOHOB M YCTPOMCTB WIS M3MEPEHUs p 37IMYHBIX X P KTe-
PHUCTUK Iy4K HOHOB II0 BTOPUYHBIM U CTHI[ M, POXIEHHBIM IIPU B3 UMOJEHCTBUU
HOHOB C KOMIIOHEHT MM OCT TOYHOTO I 3 WIM IIp KTHYECKU IIPO3p YHOU A
My4K BHYTpeHHel MuIeHb0. OCHOBHOI 3 1 4eill CBSI3 HHBIX C ®TUM HCCIENOB -
HUI SIBJISIETCS BBISIBJICHHE BO3MOXHOCTH OIpe/ieNieHns] HeOOXOIUMBIX 1T P METPOB
My4K I10 COOTBETCTBYIOIIUM X P KTEPHCTHK M BBIOp HHOTO THII BTOPHYHBIX Y -
CTHL, T KX€ U3y4eHHe I'D HUIl UCIIONIb30B HUS OCHOB HHBIX H 3TOM METOHOB
J¥ THOCTUKH U JOCTUT €MBIX IIPH 9TOM TOYHOCTEN.

B 3 BucMMOCTH OT TMII HOH U 30HIUPYIOLIEH IIyYOK BHYTPEHHEU MUILEHU
B K YecTBe HocuTeseill MH(OPM LUK O X P KTEPUCTHK X My4K MOTYT CIIyXHTh
P 37MHYHBIE BTOpUYHBIE U CTULBI. H mpumep, a1 HEBO3MYIN IOINEH OU THOCTHUKU
nydxk uoHoB H™ wucrnombsyrorcs Geictpeie  Tombl HY [19-23]. Onm poxn orcs
npu oOgMpKe HEe3H YMTEIbHOM 4 CTH WOHOB H OITHM JIBHBIM 00p 30M c¢op-
MHPOB HHbBIX KOPIYCKYJISPHBIX WIH (POTOHHBIX MHILEHIX. DTH METOIbl H UOO-
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Jiee YIOOHBl H Y4 CTK X TP HCHOPTHUPOBKM IYYK C HOBOPOTHBIM M THHTOM, Ijie
JIerko ocymiectsisercs BbiBog TomoB HY u3 myuk wmowos. HemocT TK Mu mpe-
JIOXEHHBIX METOIOB AU THOCTHKH BBICOKO®HEpreTHueckux (coTHu MoeB) myukos
uoHos H~ spnsiorcs Gonbliue nponeTHble 6 360 Tomos HY B ciiyd e Bpems-
TIPOJIETHBIX M3MEPEHMii dHEepreTHuecKoro crektp [19,23], mubo 3H uMTebHBIE
Becor O pHUTHbIE X P KTEPUCTUKH M THUTHBIX H JIU3 TOPOB IPH UCIIOJIb30B HUU
00MUpPKH TOMOB B MPOTOHBI [21,22]. TTOMHUMO 3TOTO JI HHBIE METOIbI HE IPUTOIHBI
B JINHEUHBIX CUCTEM X.

H wnbonee KoMIT KTHBIE I THOCTHYECKHE YCTPOWCTB MOTYT OBITH p 3p 60-
T HBI NIPH UCIIOJIB30B HUHM BTOPHYHBIX 3JEKTPOHOB. B U cTHOCTH, U1 U3MepeHus
npocund Mydk U ero ¢ 30BOH CTPYKTYpHI IIMPOKO HCIIONB3YIOTCH 3JIEKTPOHBI
OMHCCUHM TP KTUYECKH MHPO3p YHOM I Myd4K KOPIYCKYJISpPHOH MueHu [24-
27]. Tlpu ucnonb30B HUU HECKOJIBKUX P 3HECEHHBIX H TIPOJIETHOH O 3¢ momo0-
HBIX YCTPOICTB MOXHO OIpPENENATh HonepedHslil [28] u npoponasHelii [29] sMut-
T HCHI IMYYK . BO3MOXHOCTh IPSIMOrO NEPEHECEHHs] 3TUX METOHNOB M YCTPOWCTB,
p 3p OOT HHBIX B OCHOBHOM JUIsi IPOTOHOB WU sijiep, H 0oJiee CJIOXHBIE HOHBI
TpeOyeT HOMOTHUTEIbHBIX UCCIeH0B HUH. HeTpuBH JIBHOCTH TOTO LI I' CBS3 H
B OCHOBHOM C MX TOMHOW CTPYKTYpOH M, K K CIIEICTBHE, Ooyiee CIOXHBIM X -
P KTEpOM B3 MMOJAEHCTBHS MOHOB C 4 CTHI[ MH MUIIEHH. B H ubonbiueil crenexu
®TO OTHOCHUTCS K OTPHIl TEIbHBIM MOH M, CJ1 OOMOHHM30B HHBIM U HEUTP JIbHBIM
4 ctul M. s MCHONB30B HUS JI HHBIX METOJOB HEOOXOIMMO, 4TOObI 2JI€KTPOHBI,
MOABIAIOIINECS B PE3ylbT T€ B3 UMOICHUCTBUA AP Y CTHULBI MYYK C MUIIEHBIO,
POXI JIUCh HE3 BUCHMO OT JIDYTUX K H JIOB U UX MOXHO OBUTO BBUIESTUTh H (pOHE
BJIEKTPOHOB OOAMPKM, T KXX€ 3JIeKTPOHOB MOHH3 MM MHILIEHH, BO3HHUK OIINX
IIPU €€ B3 UMOJEWCTBUU C BIIEKTPOHHBIMA KOMIIOHEHT MU H JIET IOLIEH 4 CTHLBL
B TO Xe Bpemsd B®KCIEPUMEHT JIbHbIE M TEOpPETHYECKHEe MCCIENOB HUS, H IMpU-
Mmep, ¢ uoH Mu H™ [30-42], nok 3bIB 10T, 4TO IpU (PUKCUPOB HHOM YIJIE BBLIET
BIIEKTPOHOB B MX SHEPreTHYECKOM CIIEKTPE OTCYTCTBYET IHK, X P KTEPHBIA Ui
B3 MMOJIEHCTBUS MIPOTOHOB C P KTUYECKH CBOOOIHBIMU 3JIEKTPOH MH MHILICHH.
CnenoB TenbHO, M1 HOHOB H™ HenmpuMeHUM NpeToXeHHBIH B p 60T x [43,44]
METOJI M3MEPEHH s PHEPTeTHIECKOTO U YITIOBOTO P CIPEISNICHUI N0 J-3JIEKTPOH M.
Kpome TOro, mmpokuil Ay I 30H DHEPruii JIEKTPOHOB, BBUICTEBIIMX MO OOJIb-
vy yrn mMu (6 ~ 90Y) 1o oTHOLIEHMI0 K UMITY/IbCy HOHOB H ™, 3 TpymHseT ux
UCTIONIb30B HUE B YCTPOWCTB X UL M3MEpeHHUd ¢ 30BOM CTPYKTYpHI IIydK H €ro
pouIis, MPEITOKEHHBIX B p 00T X [24-27]. DToT ¢ KT MOATBEPXKI €TCd B DKC-
MEpUMEHT JIbHOH p 60Te [45]. HeoOxomuM s TOYHOCTH U3MEpPEHHI B BTOM CITyd €
MOXET OBITh JIOCTUTHYT TOJIbKO BBEJIECHHEM B YCTPOWCTBO JOIOJHHUTEIBHOTO M T-
HHUTHOIO CeIl P TOp , BBIIEISIOLIErO BJIEKTPOHBI C DHEpPrued, HeOOXOMUMOU JUIs
H Ju3 . B TO Xe Bpems 61 roj ps ®JeKTPOHHOH CTPYKTYpe OTPHUI] TEJIbHBIX HO-
HOB MOTYT OBITh ITPEUTOKEHBI CBOM, OTIMYHBIE OT IPOTOHOB WJIH SIIEP METOMbI TN -
THOCTHKHM T P METPOB ITyYK I10 BTOPUYHBIM 3IIEKTPOH M. B 4 cTtHOCTH, B p 6OTE
[36] s v THOCTHKM MydykK WOHOB H™ mpemioxeHo HCIOb30B Th 2JIEKTPOHBI,
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POXH fouecs Npu o0aupKe MOHOB H KOPIYCKYJISIPHBIX MulleHsix. Hnes meron
OCHOB H H TOM, 4TO IIPU HCIIOJIb30B HHM TOHKHUX MHIIEHEN 3TU 3JIEKTPOHBI CO-
CT BIISIIOT OCHOBHYIO 4 CTh OOLIEro MOTOK , HMX CKOPOCTH ONM3KH II0 BEINYMHE
U H Ip BIEHUI0 K CKOPOCTH MOHOB. OTCYTCTBHE MPEMIOXKEHUI MO TEXHHYECKOU
pe M3 IMU 9TOrO METOA [ THOCTUKU OOYCIIOBJICHO B OCHOBHOM HEIOCT TOYHO
BBICOKOM JJOCTUT €MON TOYHOCTBIO (CM. p 31. 4).

3H ynTenpHO Oollee IMMPOKHE BO3MOXKHOCTH AW THOCTHKH ITydK Y CTHI C
QIIEKTPOHHOU CTPYKTYPOIl OTKpBIB I0TCA IPU €r0 30HAMPOB HUU (POTOHHOU MH-
IIeHbI0. BBICOK S MOHOXPOM THYHOCTh U H P BIGHHOCTb JI 3€PHOTO M3Iy4eHHMH,
OTHOCHUTEJIBH 5 MIPOCTOT YIIP BJIEHHUS UM B IIPOCTP HCTBE MO3BOJIAIOT 3(pheKTUBHO
UCIIOJIb30B Th JOIUIepP-3(h(eKT Uil U30Mp TEJIBHOIO BO3IEHCTBUSI H  OINpeelieH-
HBIE KB HTOBBIE COCTOSIHHMS MOH BBICOKON DHEPIMU U POXIEHHS IIPH 9TOM 3JI€K-
TPOHOB (3JIEKTPOHOB (HOTOOOIUPKH), MO3BOJIMIOIINX OCYIIECTBISATh AU THOCTHKY
nyyk ¢ TpebyeMoil TOYHOCThI0. [IprMepoM BTOro SIBISIEeTCS MPEMIOXEHHBIH B-
TopoM B 1984 1. U p ccMOTpeHHbIH B 1 HHOIl p 60Te hOTORNEKTPOHHBIH METOM
HEBO3MYIL IOLIEH I THOCTUKM IyYK OTPHILl TEJIBHBIX HOHOB.

1. PU3MYECKHE OCHOBBI METOJIA ®OTODJIEKTPOHHOM
JUATHOCTHUKH IIYYKA (@BDIII) OTPUIIATEIBHBIX HOHOB
BBICOKOI PHEPI'UU

Jns nomydeHuss WHGOPM MK O 1 P METP X MYYK OTPHIl TEIbHBIX HOHOB
H NPSMOMUHEHHBIX y4 CTK X K H J TP HCIIOPTUPOBKH NPEIIOKEH METOI AU T-
HOCTHUKH, OCHOB HHBIIl H HCIIOJIb30B HHUU BIIEKTPOHOB OJHO(OTOHHOM OOAMPKH,
POXI IOLUIMXCS TIPH 30HIMPOB HUM C TOMOUIBI0O (DOTOHHOW MHINEHU Ci1 OOCBs-
3 HHOTO KB HTOBOTO COCTOSIHMS MOH BOiu3M mopor & [46-48]. Ilpu morio-
meHnn (POTOH C BHeprueil fiw, MPEeBbII 0IIEH ITOPOr, MPOUCXOIUT «CTPIXHB -
HHE» 3JIEKTPOH W3 J HHOTO COCTOSIHWS B HEIPEPBIBHBIN CIEKTP C BETUYHMHOW U
H IIp BIIEHHEM CKOPOCTH, OJM3KMMH K MOHHOW. Be3 yder mociiecToIKHOBUTENb-
HOTO B3 MMOIEUCTBUS C TOMHBIM OCTOBOM HOH TPHOOPET eMble DIEKTPOHOM
M KCHM JIbHbIE BO3MYILEHUSI MOTYT OBITh OINpEieNieHbl H OCHOBE H JIU3 KHHe-
M THKHU CHOHT HHOTO («C MOIIPOM3BOJIBHOTO») P 3PYLICHHUS 9 CTHIIBI C M3BECTHOM
HOJIOKUTENIBHON ®HEpruedl p Cll I €, H [BE COCT BIIAIOLIUE Y CTU, U30TPOIIHO
BBUIET IOLIME B €€ CHCTEME MOKOS U ABIKYILIMECS He3 BHCHMO JPYT OT Ipyr (cM.,
H npumep, [49]). [IpeHeOpexXUMO M JIblil UMITYJIbC (POTOH B CHCTEME MOKOsI HOH
MO3BOJIIET P CCM TPHUB Th (POTOOOAUPKY K K MPOLECC MOMIOIIEHUS (POTOH € po-
XIEHUEeM Ip KTHYECKH MOKOsIeiicd KB 314 CTHUIIBI U ee MOCTEeAyoIuil p 3B JI C
€p = hw — 4. C yd4eToM pelTUBU3M IIPU Iepexoie B J1 60p TOPHYIO CHCTEMY
OTCYET TIOJydY €M CIIeAyIOIIUe BBIP XEHHUS Ul M KCHUM JIBHOTO p 30poc aieK-
TPOHOB 10 dHepruu F. (B OTH. en.) u yniy 6. (B p A) B dJIEMEHT PHBIX KT X
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CBOETO POXKICHUS:

28y [2(hw — ) AY _ 2 2(hw—ey)
(v—1) meC2 elpa] = ~3 meC2

AE,./E. = (1.1)

e E. = E; - me/M;, me u M; — M CCBI IOKOS ®JIEKTPOH ¥ HOH COOT-
BETCTBEHHO, F; — KWHeTHYecK s oHeprus WOH B J OOp TOpHOH cucTeMe OT-
cuer , C — CKOpOCTh CBET , 0 U 7y — PEIITHBUCTCKHE I P METPHI IyukK ,
vy=1/y/1-= 0% w=wyy(1 — Bcosn), w, — 4 cTOT POTOH B J1 GOpP TOPHOI
CHUCTeMe OTCYeT , 1) — YIoJ MeXJy UMIYJIbC MU UOH U (POTOH . MHUHUM Jib-
H d BeMMINH Hhw — €;, KOTOPYIO MOXHO pe JIM30B Th I IMy4K HWOHOB, OIpe-
JensieTcss B OCHOBHOM p 30pocom 1o Benuuube (AJ) u v np siaenuo (Af;) ux
CKOPOCTH U BBIOMp €TCs T KOii, YTOOBI CEeUeHHe OKOJIONOPOroBOi (hOoTOOOIUpPKU
o(w) o< (hw —e¢)? (¢ = 3/2 u 1/2 n71s SNEKTPOHOB B S- U P-KB HTOBBIX COCTOSI-
HUSAX COOTBETCTBEHHO) [50] OBLTO OOUH KOBBIM JJIsl BCEX HOHOB:

(hf“} - Et)min > q'tho {| Aﬁ[ﬁ(l - ﬁCOS 77)72 — COs 77] ‘ +ﬁ51nn ‘ Aez |(}
1.2

C ydetoM pe3ynbT TOB p 6OThI [S1] BBUIET BJIEKTPOH B CHUCTEME IMOKOS KB -
3U4 CTHIBI B OOIIEM CIIyd € He M30TPONEH M 3 BHCUT OT MOJSPH3 LU IOIIO-
LIEHHOTO (POTOH , €r0 ®HEPrHH M HUCXOJNHOIO KB HTOBOTO COCTOSIHHS 3J€KTPOH .
B cBi3M ¢ 3TUM H MHUILIEHH, 30HAUPYIOIIEN IMy4OK, pe JIbHbIe TOYHOCTH COOTBET-
CTBUS P CIIpEeNIeHUH OTPHUL] TEJIbHBIX MOHOB M 2JIEKTPOHOB (POTOOOIMPKHU MO OT-
HOCUTETIPHOM 3HEpIuy U YIIy ONpeNessoTcs Bolp XeHusaMu (1.1), yMHOXEHHBIMU
H koadpumuentst W, < 1 u Wy < 1 coorBerctBenHo, ¢ ydetrom (1.2). Ilpnm
aToM BenmmuuHbl W, 1 Wy 3 BHCAT OT p cHpeleneHuil 3JIeKTPOHOB 10 dHEPIUU U
MONIEPEYHOMY HMIMITYIIECY B ®JIEMEHT PHBIX KT X CBOETO pOXIeHHs (COOCTBEHHBIX
p crpelesneHuil) B mpenes X KMHEM THYECKU OIpeeNIieMbIX TP HHUII.

2. DO®EKTHI NOISAPU3AIIAN MUIITEHH IIPH OTHO®OTOHHOM
POXKIEHHUM DIEKTPOHOB C IAPAMETPAMH YIUVIOBOI1
ACHMMETPHH 5, = 2,0, —1

VrnoB g xoMIoHeHT pugdepeHy TBHOIO ceueHHs pe KUUH (POTOUOHHU3 -
LMY C TIOIVIOIIEHHEM OJHOro (POTOH B PENSITUBHCTCKON KB HTOBOW BIIEKTPOIMH -
MHKe uMeeT Buj [52]:

do Z (_1)j+1/2+A+qM(L/ I A) .

dQ LA Adr -q¢ q O

><<1j//2 fj1ﬂ/2 3><1j;2 %/ f/z) <1J/N2 LoN f/2>><
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L' L A PR . ’
X ; PA(COSH)ZH<pk Jg O arp(r)|nkj —p >x

o 6"
x <p k" " Baypr(r)n kg —B" > (2.1)
e (11, 12,13, ... = [(214+1)(2l2+1)(213+1)-.. J; A = L, L+1; (?11 522 ?;)
{1;1 f f — 3j- ¥ 6j-CUMBOJIBI COOTBETCTBEHHO (CM., H mpumep, [53]);
< pkm|air/|p'k'm’ > — M TpuuHBII 3JIEMEHT MEpexol B JIEKTPOM THHTHOM

none; Py — monuaoMm Jlex wHap . [Insd Henonspu3oB HHOM MOHHM3YeMOW Y CTHIBI
B DJIEKTPUYECKOM JUIIOJILHOM IIPUOMKEHUH (JUTHH BOJIHBI (DOTOH MHOTO 60JIblIIe
X p KTEpHBIX P 3MEPOB 4 CTHIIBI) OTCYTCTBYET 3 BUCHUMOCTh OT YINT 0, U VIS U3-
JIyYeHUS! P 3JTUYHOI CTENeH! TOJsipUu3 LUK BeIp XeHue (2.1) MoxeT ObITh CBEIEHO
K Ooree mpocTtoMy Bumy (cM., H mpumep, [51,54,55]). B u crHOCTH, I HHEHHO
HOJIIPU30B HHBIX (DOTOHOB IH(EepeHH JIbHOE CeYeHHe NPEICT BIFETCd B BHIE

do Oni(w)

— =—"]1 - P Oke)] ; 2.2

) o [1+ Bo - Po(cos bre)] (2.2)
e Py(z) = 0,5(322 — 1); on(w) — mnonHoe cedenue (GOTOMOHM3 UMM
nl-nogobomouku (PoTOHOM ¢ dHeprueil fw; By — M p METp YIIIOBOH CHMMe-

TPHH, 3 BUCAIIMI OT H 4 JIBHOTO U KOHEYHOTO KB HTOBBIX COCTOSHUII 9IEKTPOH
U M TPUYHOTO BJIEMEHT Iepexol NpH (POTOMOHU3 LUH; O, — Yroj MeXIy BeK-
TOPOM MONApU3 LUU (POTOHOB U H TP BJICHUEM UMITYJIbC 3JIEKTPOHOB B CHCTEMeE
ueHtp M cc. M3 oueBumnoro ycrmosust do/dS) > 0 caenyer, uto —1 < [y < 2.
Henomnsipi3os HHbIE (POTOHBI KBUB JICHTHBI IMHEHHOW KOMOWH 1M JIBYX HEKOre-
PEHTHBIX JIMHEIHO MONSIPU30B HHBIX IOTOKOB M3iydeHud. LlupKymndapHo nomapuszo-
B HHOE (WIN C KPYroBO# HOJISIpU3 1Meil) U3TydeHHe, B CBOI0 OUYepejib, MOXKET ObITh
NpPEeICT BJICHO K K JIMHEWH 51 KOMOMH LIMS JBYX KOT€PEHTHBIX JIMHEWHO MOJISPH30-
B HHBIX [IOTOKOB P BHOW MHTEHCHBHOCTH CO CIBHHYTOH H /2 ¢ 30ii. st aTux
JBYX CIIyd €B AU(QEpPEeHIH JIbHOE CeYEHHUE BBUIET 3JIEKTPOH B CHCTEME LEHTP
M CC MOXET OBITh NPEACT BICHO B BUIC

do oni(w) 1

= =M1 _ 3. P 0 2.3

dQ|n,k 47 260 Q(COS k) ’ ( )
rie 0 — Yroi Mexiy UMIYJbC MU BJIEKTPOH © (POTOH . Y CTUYHO JIMHEWHO

MOJISIPU30B HHOE W3JIy4eHHE MOXKHO HPEJCT BUTH B BUJIE JABYX HEKOT'€PEHTHBIX JIH-
HEWHO MOJSIPU30B HHBIX MOTOKOB (DOTOHOB C KOJIEOTIOLIMMUCS IEKTPHYSCKUMHU
BEKTOP MM OTHOCHTEJIBHO OPTOTOH JIbHBIX X- M Y-ocell (ummymabc (POTOH H -
mp BieH o ocu Z). Torn

do _om(w) [ 1 3 sy
T I {1 250 {Pz(cos@z) 2Q(Cos 0, —cos0y)| v, (2.4)
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e Q = (I, — I,)/(I; + I,) — crenens monmsapu3 uuu u3nydenus; I, u I, —
MOTOKH JIMHEHHO IOJIIPU30B HHBIX (POTOHOB C COOTBETCTBYIOLIUM H IP BJICHHEM
9JIEKTPHYECKOTO BEKTOP ; O, 0y M 0, — yIIbl H NP BIEHHS UMITY/IbC 3IEKTPOH
OTHOCHUTEJIbHO KOOPJAMH THBIX Oceil. B CBf3u ¢ TeM, 4TO S/UIMNTHYECKH MOJISpU-
30B HHBII CBET OTJIMY €TCS OT 4 CTHYHO JIMHEWHO MOJISPU30B HHOTO W3ITyYEHUS
TEM, YTO OH MPOSBISIET KOTEPEHTHOCTh MEXIY X - U Y -KOMIIOHEHT MU 3JIeKTpH-
YeCKOT0 BEKTOp , JJIsl HEro CIp BEIJIUBO H JIorhyHoe (2.4) BBIp XeHUe, C TeM
OTIMYueM, uTo I u I, ecTh MHTEHCHBHOCTH IOTOKOB (DOTOHOB C NONSAPU3 LUAMU
BJIOJIb IJT BHBIX OCEH BJUIUIIC .

B pelaTUBUCTCKON KB HTOBOM 3JICKTPOIUH MHKE I P METp [y OIpeaesercs
BBIP XeHueMm [52]:

(27 =3)2j =1 o (2= 1)(2) +3)

Bo = 18,2 -1~ 48j2(j—+1)2R§+
+4(2j4§(§)f{; il T 85’22{j_+_1i) |R; R} 1|+
7852(§ i ?;2 | Ry Rl + (27 =12 +3) 8](1])(371; 3 [Rj—1Rjyq] o %

e Ry = > {8k — k') — 1} < pk'j’Blnkj — B > exp(in;) — p au nbHbIE
M TPUYHBIE 3IE€MEHTBI PENATHBUCTCKHX BOJHOBBIX (DyHKLMH B®JIEKTPOH , 7); —
¢ 30BBII cABUT j- T puM JTHHON BOJHBI HENPEPHIBHOTO CIEKTp . B HepemdaTu-
BUCTCKOM IIpefieSie OHO CBOAUTCS K M3BECTHOMY BbIp XkeHuio [51]:

I0-DR?, +(+ 1)+ 2)RY, — 6L+ V)| R Ry, |
20+ D){IR? ; + (I + 1)RE,, ’

e Rj41 — p I JbH S KOMIIOHEHT JUIIOJILHOTO M TPUYHOrO aieMeHT [ + 1
K H J1 , [ — OpOHUT JIbHOE KB HTOBOE YHUCJIO UHXKEKTHPYEMOIO 3JIeKTPOH Ji0 o-
TOMOHM3 LIUH. ABTOPHI p 6OTHI [52] OK 3 JIH, YTO BEIUYMH [y OYAET OTJINY ThCs
OT BEJIMYHHBI, IPEJICK 3bIB €MOH C HCIOIb30B HUEM HEPEIITUBUCTCKHUX BOJHOBBIX
Gbyakuuii (Bojny), TONBKO KOLA M TPUYHbIE SJIEMEHTBI U OTHOCHTEJIBHBIE CIBUIH
¢ 3 U3MEHAIOTCS TP PETIITUBUCTCKUX P cYeT X. B H HOONBIIEN CTENeHH STOT
adppekT MposiBseTcss MpH (POTOMOHM3 LUK S-KB HTOBBIX cocTosHME (j = 1/2
B BBIp XeHUHU (2.5)) ¥ NPUBOTUT K CUIIBHOMY HM3MEHEHHI0 [y B OIpeieIeHHOM
I T 30HE sHepruil GoToHOB (007 CcTh «cooper»-MUHHUMYM ). COOTBETCTBYIOIIIEE
BBIp KCHHE IUI I P METp YINIOBOH CHMMETpPHH UMEEeT BUI

B 2RZ + 4|Rp Ry B 2RZ + 4Ry Ry cos(np — 1p)
O T RZ42RZ RZ + 22 ’

60\7% = (26)

(2.7)
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TJIe MCTIONB30B Hbl 0003H YEHHA P WIS P1/2- U P I P3/2-COCTOSHUI SIIEKTPOH B
HeTIpepbhIBHOM crieKTpe. [Ipy p BHBIX p AW JIBHBIX M TPUYHBIX JIEMEHT X M HJICH-
THUYHBIX () 30BBIX CABUT X JUIS ABYX OPOMT Jieil HENPEPHIBHOIO CIEKTP IOy eM
HE 3 BHCAIIYID OT ®HEPTMH (DOTOH HEPENATHBHCTCKYIO BENHYMHY (ojnr,s = 2.
JI HHBIE YCIOBHSI MOTYT OBITh BBINIOJIHEHBI, H IPHUMEp, NPU OAHOMOTOHHOU 06-
JIUpKE S-KB HTOBBIX COCTOSHMI OTPHIl TEJIBHBIX HOHOB HEKOTOPBIX INEIOYHBIX
met JutoB (Li~, Na™, K7), ocr Basiomieii TOMHBII OCTOB B OCHOBHOM COCTO-
gauu [51,56]. Ilpu okomomoporoBoi poToOOAMpPKE TeX Xe MOHOB C MEPEBOIAOM
TOMHOTO OCTOB B IIepBO€ BO30YXIEHHOE COCTOSHHE I P METp YIJIOBOH CHMMe-
Tpun By ~ 0 [57], YTO COOTBETCTBYET H30TPOITHOMY BBUICTY DJICKTPOH B CHCTEME
neHTp M cc (cM. (2.2) u (2.3)). AH JOTUYHbBIE P CIpeNeNeHus SJIeKTPOHOB Mpejl-
CK 3bIB I0TCS T KX€ IPH OKOJIOIIOPOToBOi (hoTOOOIUPKE np-M010007109eK HOHOB
C~, Si~ u Ge™ [58], mer cr 6unbroro He (*PY) [59], mwon O~ [60] u ap.
H umensinee 30 uenue 1 p MeTp [y = —1 X p KTepusyer, B 4 CTHOCTH, oTO-
00mupKy B 0011 cTH (POPM-PE30H HCOB OTPHILL TebHBIX HOHOB C™(2s), Si™ (3s) u
Ge™ (4s) [58], T xxe doroobmupky mer ct Gunbroro He™ (*P°) npu nekoro-
poO¥ OTCTpOMKE OT MOPOr , COOTBETCTBYIOUIETO MEPEXOIy HEUTP JIBHOIO OCTOB B
He(3S)-cocrostaue [59].

CoOTBETCTBYIOIUE 3H YEHHIO (y = 2 COOCTBEHHBIE P CIIpE/leSICHUs DIIEKTPO-
HOB B IPOCTP HCTBE IONEPEYHBIX UMIYNLCOB (P, Py, P,) n KUHETUYECKOii aHep-
runt (E.) B 1 60p TOPHOI cucTeMe OTCYeT , Ul P 37MYHOM OPUEHT LUH IIOCKO-
CTH TOJISIPU3 IIMU ¥ UMITYJTbC (DOTOHOB, IeT JIBHO P CCMOTpPEHBI B p 60T X [61,62]
H npumepe noHoB H™ (g4= 0,754 »B). B 0OCHOBY 4MCIIEHHOTO MOJENUPOB HUSA
P crpejeneHuii MonoXeHo BbIp XkeHue (2.2) s audepeHIy JTbHOTO CeYeHUs
BBUIET BJIEKTPOH B CHUCTEME IOKOS MOH U COOTBETCTBYIOIIUE PEISITHBHCTCKUE
npeoOp 30B HUS IpH INepexosne B 1 00p TOPHYI CHCTEMY OTCUeT :

P, = Py(cos Ok sin o« — sin O, cos ¢ cos av);

P, = Py[sin g, sinpsinn — (sin Oxe cos @ sin o + cos ke cos a) cos nl;
P, = myBC+~Po(sin Oy, cos  sin a4 cos O cos «) sin —sin g sin ¢ cos n);
E.=me(y— 1)C2 + vBC Py|(sin Ok, cos o sin a+
+ €08 Oke cOs v) sinn — sin O sin @ cos 7], (2.8)

rie P, — KOMIIOHEHT MMITYJIbC 3JIeKTPOH B H IIp BIICHWH ABIIKCHUS WOH ; Py
H Ip BIeH INEepHeHIMKYISpHO, [P, NeXuT B INIOCKOCTH B3 UMOJEHUCTBHS (OTOH

U HOH ; Py = \/2pe0(Aw — €t), fteo A M. — TPUBEIEHH S M CC BJIEKTPOH H
TOMHOTO OCTOB , (¢ — 3HUMYT JIbHBIH yrojl BBUIET 3JIEKTPOH OTHOCHUTENIBHO
BekTop mnomapus nuu ¢otoH (0 < ¢ < 2m); o — yroa Mexny ITIOCKOCTBIO

noJApu3 UK (GOTOH M IUIOCKOCTBIO €ro B3 uMogencTBusa ¢ uoHoM. Ilo yrmy ¢,
T KXe M0 yIIy « JUId HEemoISpH30B HHBIX (DOTOHOB IOJ T JIUCh CIIyd HHBIE
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P,/P,

[ENSEURSERSANRE NS NUNEN NN

Puc. 1. TpexmepHOe MpeicT BieHHe HOPMHPOB HHOro cobersennoro [ (Py, P,)-p c-
HpefeneHnsl »JIeKTPOHOB U €ro TONOrp MM IpH omgHO(OTOHHOI ob6ampke moHoB H™ ¢
a =0, n = 7/2. XKupHoil KpUBOIi H TOIOIP MMe BblieseH ypoBeHb 0,5 OT MIUIUTY/IBI
p cropeneneHus

p BHOMepHble p crpeneneHus B npexpen X [0,27] u [0, 7] coorsercTBeHHO. Ko-
JIUYECTBO SUYeeK MUCKPETHBIX p 30meHmid cocT Biuswio 20 X 20 g mpocTp HCTB
MOTIEPEYHBIX MMITYJIbcOB B 20 mo sHepruu. [Ipm aToM 0OImee KOIUYECTBO IIPO-
H JU3UPOB HHBIX JEKTPOHOB (06BIMHO ~ 5 - 10°) BRIOUp OCH T KUM, YTOOHI
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0,45 f\ 0.05
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[EERSRENEINNUEERIN NN NS UE NN

-0,48
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T

-0,95
-0,95 -0,48 -0,02 0,45 0,91

P,/P,

Puc. 2. To xe, yto H puc. 1, 1 a =0, n = 71'/4

CT THCTHYECKHH p 30poc uucia coObITUH B K X10i siueiike ypoBHd 0,1 oT M KcH-
MyM P crpegesieHds He npesbin 1 5-10 %. HekoTopbie U3 MONYYEHHBIX T KHM
00p 30M B p 60T X [61,62] TpeXMEpHBIX MPEOCT BICHUI HOPMHUPOB HHBIX MO M-
TUTATYAEe COOCTBEHHBIX f(l)(Pz,Py)-p CHpeneNieHid W MX TOMOTp MM, T KXe
f(XS)-p cupenenenus, rne XS = [E. — m.(y — 1)C?]/(0, 173P,C), npuse-
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0759
N ]
& 0,50 3
. A
0,253 ' ‘ )
; I
0,01 ":g;?" A
0,63 ,,.'.";‘;I'"" =~ 0,63

0,45

-0,02

-0,48

-0,9

~0,02 0,45
P,IP,

Puc. 3. To xe, yro u puc. 1, mst o« = w/4 (3n/4), n=m/2

neHsl H puc. 1-7. TIpeacT BieHHbIEe pe3y/bT ThI IIOK 3bIB 0T, YTO COOCTBEHHBIS
P crpeneseHus dJIeKTPOHOB MpH 0fHO(OTOHHON 00aupKe HOHOB H™ cymecTBeH-
HbIM OOp 30M 3 BHCST OT MOJISIPU3 LUK (DOTOHOB U yIJI TepecedeHHs B3 HUMOJeii-
crByroux my4koB. s f(X S)-p crpeneneHuil X p KTepH CHMMETPHS OTHOCH-
TeJILHO CPEHErO 3H YeHMs SHEPIUHU o71eKTpoH E. = me(y — 1)C? ¢ rp Hun mMu
me(y —1)C? £ yBPyC (em. puc. 7). Tlpu 3T0M H ubONEe y3KHe p CHpeeeHys
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0,45

-0,02 |

-0,48

TTTT T T A Ty T T rTT

-0,95 e
-0,95 -0,48 -0,02

P,/P,

Puc. 4. To xe, uto H puc. 1, mt a = 7w /4, n=7/4

M0 SHEPrMU TMOMyY I0TCS He3 BUCHMO oT 1) and o« = 7/2. Hma fU(P,, P,)-
p copeneneHuit, 3 uckioyeHneM « = 0 U ) = 7/2, X p KTEPHO OTCYTCTBHE K-
CH JIBHOH CUMMETPHM OTHOCUTETIBHO H NP BJICHHUS HMIYJIbC HOH . AKCH JIBHO-
CUMMETPHYHBIN Cciyd ¥ (cM. puc. 1) cOOTBETCTBYeT H HOOJee y3KOMY YIJIOBOMY
P CIIpelesieHUIo 3JIEKTPOHOB B J1 OOp TOPHOM cHCTeMe OTcYeT . B cBsi3M ¢ TeM, 4TO
npu (HoTOOOAMpPKE IPOUCXOAUT IBYXY CTHYHBIA p 3B 1 moH H™, f“)(Pw,Py)—
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-0,02
-0,48
\
~0.95 SN\ oS SN2
720,95 -0,48 -0,02 0,45 0,91

P,/P,
Puc. 5. To ke, 4T0 H puC. 1, Wit ) = 7 /4, HENOJAPH30B HHOE U3ITydeHUE

p crupejeseHus MPOAYKTOB p 3B 1 (dJIEKTPOH, TOM BOJOPOJ ) UMEIOT OJWH KO-
BbIii BUA. TIpejick 3 HHbIe HOAPH3 LHOHHBIE apekTs Wit n = 7/2u « = 0, 7/2
MOJTYYWTH K YeCTBEHHOE MOATBEPXKICHUE MPHU PETUCTP IIMU YITIOBBIX P CIIpeferne-
HUl TOMOB BOAOPOI B 3KCHEPUMEHTE MO (POTOOOANpPKE JICHTOYHOTO IMyYK HOHOB

H~ [63].



®OTODIEKTPOHHBII METO]I 1255

0,75

0,50

e, p)

0,25

-
X 0‘\\" i
-0,56

P,/P,
0,45 [ 3
: ]
: ]
-0,02 | .. 3
g .
E E
-0,48 ¢ E
é é
-0,95 ° LS ' -
-0,95 -0,48 -0,02 045 0,91

P,/P

Puc. 6. To xe, yto H puc. 1, Wi o = 7/2 ¥ NPOU3BOJIBHOIO 7)

MogenupoB Hue (HOTOHOHU3 KU C Gy = 0 MPUBOOKUT K MPEICT BICHHBIM H
puc. 8,9 fV(P,, P))- u f(XS)-p cipenenenusam. [lomydeHHbIe pe3ylnbT T XO-
POIIO COTTT CYIOTCS C H JIMTHYECKHM P CCMOTPEHHEM KWHEM THUKH CIIOHT HHOTO
P CO O Y CTHLBI H [BE COCT BJSIIOIIME U CTH (CM., H npumep, [64]).

UwncneHnHoe u3ydeHHe COOCTBEHHBIX P CIIPEACICHUI B3IeKTPOHOB, POXI I0-
IIUXCS B PE3yNIbT Te OXHO(OTOHHOUW OOMUPKH MOHOB C IT P METPOM YIJIOBOM CHM-
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J(XS)

1,00
0,80
0,60
0,40
0,20
0,00
-10,00 -5,00 0,00 5,00 10,00

XS
J(XS)

1,00
0,80
0,60
0,40
0,20

0,00
-10,00 -5,00 0,00 5,00 10,00

XS

Puc. 7. HopmupoB HHOe COGCTBEHHOE P CIIpeielieHHe SJIEKTPOHOB I10 3HEpPriuu HpU Of-
HooToHHOI 06mupke woHoB H™ ¢ n = /4, 3n/4 () u n = 7/2 (6) Anga p 3MHIHOM
noysipus wuu uanydeHus: « = /4 (o), o = 0 (+), HenomnsipusoB HHble HOTOHBI (A),
a = /2, npousBonbHOe 1 (%), a = /4, = 37/4 (%)

merpun 3y = —1, nposeneHo B p Gore [65]. s JUHEHHO MOJISPH30B HHOTO
M3NydeHns B oTOM ciyd e do /dS)); o sin’ O.. HeKOTOpHIe U3 TOTy4EHHBIX pe-
3ylbT TOB HpuBendeHsl H puc. 10-12. OHm yK 3bIB 10T H €1 OYyI0 3 BHCUMOCTB
P, P,)-p crpenielieHuit Ot 3H YeHHIl YIVIOB o M 1), 1I0AGOpPOM 3TUX II P Me-
TPOB HE YI €TCs NOIYYUTh P CHpeleIeHHs C SPKO BBIP XEHHbIMU M KCUMYM MH
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o,' g
_7

0,45 ¥
-0,02 {

-0,48 ¥

-0,95 S S
0,95 -0,48  -0,02 0,45 0,91

RV/PO

Puc. 8. TpexmepHOoe HpeacT BIeHHE HOPMHUPOB HHOTO COOGCTBEHHOTO f“)(Pm,Py)—p c-
HpefeneHns 3eKTPOHOB U €r0 TOIOrp MM IIpH OTHO(OTOHHOU o6aupke noHoB ¢ Fo = 0.
2KupHoil KpuBOil H TOHOrp MMe BbljiesieH ypoBeHb 0,5 OT MIUTUTYIBI p CIIpesesieHUs

¥ M JIbIMH LIVPUH MU UX npoekuwmil H P, /Py - w Py /P, -KoopiuH Thl. AH -
JIOTUYHBIN BBIBOX MOXeT ObITh czient H u st f (X S)-p cupeneneHuii.

B cootBercTBuu ¢ (2.6) quddepeHun JbHOE c€YeHUE BbUIET BJIEKTPOH IpU
3H veHmgx [ > 1 ompenensercs (I+1)-BomH Mu ¢ ¢ 3 MH 7);11. BenmuauH BKI 1
nepexonoB | — | £ 1 p 3muuH ¥ Bo MHOrux cinyd ax (I — [+ 1)-m pum jgpHOE
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S(XS)

1,00 —W

0,95 —

0190 TTTTTTTIT I I TR T[T R T T T T i TTITToTIT

-10,00 -5,00 0,00 5,00 10,00
XS

Puc. 9. Hopmupos HHOe coGCTBEHHOE P CIIpefeieHHe DJIEKTPOHOB MO dHEPTHU NPU OHO-
(oroHHOIT 06aUpPKe HOHOB ¢ Fy = 0

cedeHHe ABIAETCS OCHOBHBIM. [lpu aToM (cM., H npumep, [54]) 3H yenue Sy,
6rmu3ko K Beruuuse (14-2)/(2141). Homunupos Hue Bk1 1 (I — [—1)-nepexon
NPUBOIUT K 3H 4eHuto By, (w) = (I—1)/(20+1). B IPOMEXYTOUHBIX CHTY LHAX,
K K oT™Med ercd B p 6ote [54], H nmuune mepeKpecTHOro wieH B (2.6) U BO3MOX-
HOCTb M3MEHEHHS P 3HOCTH ( 3 7);41 — 7;—1 B LIMPOKUX TIPEAeNl X ONPEIeNsioT
UHTep(EePEHUIOHHYI0 K PTHHY 10 w B au¢epeHun JibHOM cedennu do/dS) mpu
peructp 1uu (OTOICKTPOH ITOJ OIpeAeeHHbIM yIIoM Ok, (0x). B aToM ciyy e,
K K BUJHO M3 NPUBEICHHBIX H pHC. 1-12 pe3yabT TOB, 3 METHbIE OCLWLISILUH B
(PyHKUHMOH JIbHO# 3 BHCHMOCTH (p(w) MPHBEAYT K MEPUOINYECKOMY H3MEHEHHIO
HOopMupoB HHbIX cobetBennbix f1) (P, P,)- u f(XS)-p cnipenenenuii aneKkTpo-
HOB TP M3MEHEHWU 3HEpPruu (hOTOHOB.

[TpoBeneHHbIi BbIle H JTU3 U MIPEJCT BICHHBIE PE3Y/IBT ThI IIOK 3bIB IOT, YTO
B ®JIEKTPHYECKOM JIUIIOJIbHOM IPUOJIMKEHUU CTENeHb BIUSHUS IPOCTP HCTBEHHOM
OPHEHT LMU UMIY/IbC W TOJISIPU3 LUK W3JIyYeHUS] MUILCHU H OJHO(OTOHHYIO 00-
IMPKY MOHOB B J 6Op TOPHOHM CHCTEME OTCYET CYIIECTBEHHBIM O0Op 30M 3 BHUCHT
OT BEJIMYUHBI I P METp yIIoBoi cumMmerpun (3p. Ilpwuem, B 3 BUCHMOCTH OT
®Hepruu (POTOHOB B CHUCTEME IIEHTP M CC, K B3 MMOJACIHCTBHIO ITOIKIIIOY IOTCS
P 3IMYHBIE KB HTOBBIE COCTOSIHUS 4 CTHLBI, U I P METp (3y MOXET MEHAThCS B
MUpoKUX npenena x. T Kum oOp 30M, B p CCM TPUB €MOM METOJE JU THOCTHKH,
OCHOB HHOM H OKOJIONIOPOTOBOW OJHO(OTOHHOW OOIMPKE OTPHUI] TEJIBHBIX HO-
HOB, TIpeIeIbH S TOYHOCTh BOCIIPOM3BEACHUS MH(OPM LIUM O MyYKe IEKTPOH MH
CYILIECTBEHHBIM 00Op 30M 3 BHCHUT OT X P KTEPHCTHK CJI OOCBS3 HHOTO KB HTOBOT'O
COCTOSIHUS ¥l CTPYKTYPHI HOH , KOTOPBIE MPOSBIISIIOTCS Yepe3 BEJTUUUHY 1T P MeTp
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Puc. 10. TpexmepHOe mpeacT BIeHHE HOPMHPOB HHOTO COOCTBEHHOTO f
HpejiesieHNs] 31eKTPOHOB U €ro TOHOTP MM HpH OZHO(OTOHHOH 00AMpKE MOHOB ¢ By =
—1u a=m/4, n = w/4. XKupHoil KPHBOH H TOIOIP MMe BbIeleH yposeHb 0,5 OT

MIUTATYABI P CHIPEACTICHUA
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Puc. 11. To xe, uto 1 puc. 10, w11 o = 7 /2, MPOU3BOIBHOE 7)
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f(XS)

" W
0,80

0,60 a
0,40

0,20

0,00
-10,00 -5,00 0,00 5,00 10,00

XS

0,20

0,00
-10,00 -5,00 0,00 5,00 10,00
XS

Puc. 12. HopMupOB HHOE COOCTBEHHOE P CIIPE/E/ICHHE BJICKTPOHOB 110 SHEPIUU IPH Of-
HOOTOHHOI 06aKpKe HOHOB ¢ Bo = —1 wit n = 7w /4, 3n/4 (@) u n = w/2 (6) upu
P 3MYHON moJsApu3 uuu ustydenus: « = w/4 (o), @ = 0 (4), HENOJAPHU3OB HHbIE
¢oronsl (A), a =7/2 (%), a =74 n=3w/4 (x)

yrmoBoit  cummerpun 3y (—1 < Gp < 2). Ilpu 3TOM M KCHUM JIbH $I YyBCTBU-
TEJIbHOCTh TOW TOYHOCTH K MOJMSAPU3 UM (DOTOHOB U YINIy MX IEpEcedyeHus ¢
MYYKOM MOHOB B IIpefieNl X KHHEM TUYECKH ONpelesiieMbIX Ip HHILI, COOTBETCTBYIO-
mux W, = Wy = 1, nposiensiercs JUisl 3lIeKTPOHOB, POXI IOIIUXCSI C T P METP MU
yIJIOBOH cummeTpuu 3y = 2 (H npuMep, ofHO(OTOHH 5 OOOMPK OTPHIl TEJIBHBIX
nonoB H™, Ag™, Cu™, Au™). B atoM ciiyd e mogbopoM H TP BJCHHS IUIOCKOCTH
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NOJSpU3 MU (DOTOHOB B MPOCTP HCTBE MOTYT OBITh pe JIM30B Hbl MUHUM JIbHBIC
IIMPUHBI H TIOJYBBICOTE P CHpEIENeHU 3JIeKTPOHOB 0 MPOEKIUH yIIT | dHEp-
run. H mpumep, H ubonee y3kue p crnpenenenus Baoib ocu X' (X' = P, /P,)
HUMEIOT MECTO, KOIl U3iydeHnue (hOTOHHOM MHILIEHH MOJISIPU30B HO B INIOCKOCTH
Y Z nex pTOBBIX KOOPAUH T C OChIO Z, H TP BJIEHHOM IO My4Ky HOHOB (CM. puc. 1,
2). M KCHMyMBI 3THX P CHpefeseHuil p cronoxens! srons ocu Y/ (Y = P/ P,)
H D CCTOSHHH, 3 BHCSIUEM OT YT 1), U CJIMB I0TCSL B OIUH IpH 1) = 7/2.

Ilns poTOHHON MHUIIEHHM C YK 3 HHOM momsipu3 mueit touHocte AX' Boc-
MPOM3BEIEHHs 3JIEKTPOH MU WH(GOPM UM O p CHpedeJIeHHH HOHOB B ITy4Ke MO
ocu X' ompejensercs IMMPUHON H MOJYBBICOTE P CIPENETEHUI <p(1)(Px) =
= [ fW(P,, P,)dP,, ne 3 Bucut ot 1 u cootserctByer Wy ~ 1/8. Ilpu arom
IOJI T €TCS, YTO U3MEPUTENIbHOE YCTPOICTBO OCYIIECTBIISIET UHTETPUPOB HUE P C-
npejiesieHnii Bronb ocu P, 6e3 Bo3mylenus nHgopM LuH B ¢ 30BOi IIOCKOCTH
X'X.

M KcHuM JIbH § TOUHOCTB BOCIIPOM3BEIECHUS 3JIEKTPOH MU I HHoro tan (3 =
2) uH(OPM LUK O MPOJOIFHOM 3MHUTT HCE NMy4YK U CIEKTPe WOHOB MO DHEPrHU
JOCTUT €TCs, €CJIM TUIOCKOCTH TMOJIApU3 UM (POTOHHOW MHUIIEHU U B3 MMOJIEH-
CTBUS MOHOB C (POTOH MU B3 MMHO NEPHEHAUKYIAPHBI (puc.7). B o HHOM ciyu e
TOYHOCTh COOTBETCTBUS P CIpejiesieHuit noHoB (B M ciut 6e F; - m./M;) u snek-
TPOHOB II0 ®HEpruu ompexessiercs Bemmaunod W, ~ 1/5. IIOTOK 3JIeKTpOHOB
JIEKB THO OTP X €T P CIpeleNieHds HOHOB B II0CKOCTH X' X U 10 9HEPruu MpH
BoinonHenuu yenosuii (1.2), AX' < Af; u 0,61/ (hw — &;)/meC? < v2AB nna
OIITHM JIBHO TOJISIPU30B HHOW MuuieHH. ClienyeT OTMETHTh, YTO PU (POPMHPOB -
HUM MUIIEHH C ONTHM JIbHOW MONSIpU3 muei (POTOHOB T K S Ke TOYHOCTh M3Me-
peHust p cripeneeHnil HOHOB 0 X' ¥ [0 9HEpIuH, K K U IPU HEMOJIPH30B HHOU
mutenu (W, =~ 1, Wy ~ 1), MoxeT ObITh JOCTUTHYT TpH YA JIEHUH OT HOPOT
U YBEJIMYEHUH 3H 4YeHus v/hw — e, B 8 U 5 p 3 coorBeTcTBeHHO. g noHoB H™,
B Y CTHOCTH, TO MPUBOJUT K YMEHBIICHHIO HEOOXOAUMON IJIOTHOCTH MOIIHOCTH
usinydennst B ~ 500 wim ~ 100 p 3 (¢ = 3/2 B BbIp KEHUH JUTSI CEICHUST OKOJIOMO-
poroBoii poTOOOIMPKH, CM. p 30. 1) B 3 BUCUMOCTH OT M3MEPSIEMOIo I p MeTp
nyuk . C ymeHsiieHneM 3y OT p CCMOTPEHHOIO BBIIIE M KCHM JIBHOTO 3H YEHHs
TOYHOCTh BOCIIPOM3BEICHUS P CIpEIeNeHHI yXyall eTcsd 10 3H yeHuit W, ~ 1 u
Wy ~ 1, 0TBeY IOLIMX OKOJIOMOPOroBoii horoobaupke HOHOB ¢ |Gy| < 1 (H mpu-
Mmep, O~ [60], F—, C17, Br—, I~ [66] u np.). Ilpu 1 npHeiimeM yMEHBIICHUU
®TOTO I P METP HE3H YWTENbHOE YIydIleHHe TOYHOCTH (=~ 1,4 p 3 1O mpoex-
Ul yImi U ~ 1,2 p 3 1O ®HEpruM OTHOCUTEIbHO BemmumH Wy = W, = 1)
MOXeT OBITh JIOCTUTHYTO, €CJIH OKOJIONOPOroB 1 POTOOOIUPK HOHOB IPOUCXOIUT
0 K H JIy POXJIEHHS BIIEKTPOHOB CO 3H 4YeHueM [y, 6iu3kuM Kk —1. B 9T0ii cBsi3u
ClIeNyeT OTMETUTh, YTO B HEKOTOPBIX CIIyY $IX, KO I P METp YIJIOBOH CHUMMe-
TPUHU 3H YUTENIBPHO MEHSETCS C M3MEHEHHEM 4 CTOTHI (POTOHOB, [UIS YIydIIECHUS
TOYHOCTH M3MEPEHUH BBITOJHEE OTCTPOHTHCS OT Iopor , rae By ~ 0, u mom cTh
B 0071 cTb H ubojsiee O romnpustHOH oroobmupku ¢ Gy =~ 2. B 4 cTHOCTH,
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9TO UMEET MEeCTO, H IpHUMep, AJIi UOHOB He_(4PO) [59], kora , OTCTPOUBIIKCH
or mopor H BemmuuHy A(fw) &~ 0,5+ 1,0 3B, npu ucmnonp3oB HUU (OTOHOB
C OIITHM JIPHOM TONSIPU3 IUEeH MOXHO P CCUUTHIB Th H YBEIMYEHHE TOYHOCTH
W3MEPEHHH 110 YIITy B HECKOJIBKO P 3.

3. OCOBEHHOCTH ®OTOOBINPKHU B MTHTEHCHUBHOM IIOTOKE
®OTOHOB HA ITPUMEPE NOHOB H™

IIpenusnoHHbIE BHYTPEHHUE MUIIEHH (DOTOHOB IJI 30HIUPOB HUA ITy4K OT-
PHILl TEJBHBIX HOHOB, H TpuMep, H™, nipu ero qu rHOCTHKE (hDOPMHUPYIOTCS C TIOMO-
IIBIO J1 3€pHOTO M3mydeHus (cM., H mpumep, [19,20,67]). B otimmune ot ogaOdo-
TOHHOTO MeX HU3M IpH (POTOOOIMPKE OTPHL TENIbHBIX HOHOB B JI 3€PHBIX MOJSX
MOTyT HPOSBIATHCS 3(PEeKTH IUH MHUYECKOTO CABUT MOPOT , KOPPEISILHOHHOTO
B3 MMOJICHCTBUS DJIEKTPOHOB U MHOTOOTOHHOH 00aupku [68—74]. YBenudyenue
HOpOr  CBfI3 HO CO IUT PKOBCKHUM CIBHIOM OCHOBHOIO COCTOSIHHSI ®JIEKTPOH U
TP HUIBI HEMpepbhIBHOTO cIieKTp . B p Oorte [75] oTMmeu ercsd, 4To ydeT Koppe-
JISIIMOHHBIX 3(p(PEeKTOB B XEH Ul MOHOB C JOCT TOYHO OOJIBLIMM 3 PSIOM SIIp
(1 mpumep, JUId OTPHIl TEJIbHBIX HOHOB INETOYHBIX MET JUIOB), IIpHU P 3pylle-
HuM H™ npuBomuT nMIs K M JIBIM HONpP BK M K AWUCHEPCHOHHOH 3 BUCHUMOCTH
BEPOATHOCTU (POTOOTPBIB BJIEKTPOH .

IIpu mocT TOYHO BBICOKOW IJIOTHOCTH (POTOHOB B MUILIEHH POXI IOTCS 2IEK-
TPOHBI 110 K H JIy n-(POTOHHOM OOIMPKH OTPHUL] TEJbHBIX HOHOB (1 > 1), BEposT-
HOCTh KOTOPOU B OUHHUILY BpEMEHH p BH (CM., H IipuMmep, [76])

W = o (1) = 4-"(21) "2k, / Vi Py, (3.1)

e (™) — ceuenne n-hOTOHHOM OGIMPKM I JI HHOM U CTOTHI M TIOJSAPH3 IHH
W3ITy9eHHs, Vf(,;.") — COOTBETCTBYIOLIMI M TPUYHBIN 3JIEMEHT Mepexox JIeKTPOH
W3 H 4 JIPHOTO ¢{-COCTOSIHUSI B KOHEYHOE COCTOSIHUE [ B BJIEKTPOM THHUTHOM IIOJIE C
H NPSXEHHOCTBIO [, I, — IJIOTHOCTh MOLIHOCTU (POTOHHOM MUINEHH WM IUIOT-
HOCTb IOTOK (POTOHOB (B 3 BHCHUMOCTH OT HCIOJB3yeMbIX €IUHHUI] U3MEPEHHS
o) B cucTeMe TOKOS HMOH , dQy = sinfpdfsdey, kf n (05, pp) — uMIyssc
thoToseKTPOH U ero cepuueckre KOOPOUH Thl COOTBETCTBEHHO. IS T KHUX MH-
meHell ¢ sHeprueil ¢oToHoB BOMM3M mopor &; (0 < w — &; < &¢) OCHOBHBIM
KOHKYPHUPYIOLIMM HPOLECCOM OJHO(OTOHHOH OOOMPKHU (CM. BBIP XEHHE Ui ce-
yenus o(w) = o (w) B p 3. 1) gBAseTCs K H 1 p 38 1 OTPHUIL TEBHOrO HOH
¢ n = 2. [Ing ynoOCTB 31eCh U 1 Jiee B JI HHOM P 3Jie/ie UCIIOIb3YeTCsl TOMH S
cucreM emuHul (| e |= me = i = 1). W3BecTHbBIE pe3yibT THI O ABYX(POTOHHOMN
obmupke H™ mpu sHeprum (OTOHOB B cHUCTeMe MOKOS HMOH HHXe OAHO(OTOH-
HOTO IOPOT & CYIIECTBEHHO 3 BUCIT HE TOJBKO OT MOJApPHU3 LUU (POTOHOB, HO
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U OT BbIOp HHOI TeopeTnyeckoil Moxenu [73]. ITlosToMy npu M3y4eHHH BIIUS-
HUS TOJSIPU3 UK U MOIIHOCTA (POTOHHOM MHUINEHW H OKOJIOMOPOTOBBIA p 3B JI
nonoB H™ (0 < w — ¢; < &), TpeACT BIMIOUINNA HWHTEpeC IS OU THOCTUKH,
B XKHO P CCM TPUB Tb OAHO(MOTOHHBIA M ABYX()OTOHHBIA K H JIbl B p MK X €IU-
HOTO MOAX0J . B CBSA3M ¢ TeM, YTO CT THUYECK S U JIMH MUYECK 5 MOJISIPU3yeMOCTH
TOMHOTO 0cTOB H™ M JIBI 110 BeJTUUMHE, WX 3H YCHMUS JUII MOH CJ1 OOYYBCTBU-
TebHbI K KOHKPETHOMY BHUJIy MOTEHIIU J1 B3 UMOJEHCTBHS JEKTPOH C TOMOM
[74], B p 6ot x [62,77,78] o HHBIe WCCIENOB HUS TPOBOOWINCH B P MK X H -
JIMTUYECKH pell eMOW OIHO3JIEKTPOHHON MOJAEIN MOTEHLM JI HYJEBOIO p IUYC
(6-norenuu 11 [79]). Huxe npuBeneHsl BbIIEPKKU U HEKOTOPbIE PE3yNbT THI P -
60ThI [62].
BoiHOB 51 (hyHKIMS €IMHCTBEHHOTO CBS3 HHOTO S-COCTOSIHMS B TIOTEHIH Jie
HYJIEBOTO p OUYC MPENCT BJSETCS B BUIE

Uy = \/g %exp (=¢r), (3.2)

e &, = (/2 — sHeprus ca3u. [Ipy 5TOM ydeT B3 UMOEICTBUS C §-MIOTEHIH JIOM
9KBUB JIEHTEH BBOJY I'P HUYHOIO YCJIOBUS
d IH(T\IJ())
dr

B HempepsIBHOM CIIEKTpE OT IUIOCKUX BOJH OTJINY IOTCS TOJBKO S-BOJIHBI C (p 3001
p ccedanud

lr=0=—C. (3.3)

k
Ne = — arctanz, (3.4)
tie k — wummyssc anexTpoH , k? = P? = 2(w — &;). M TpUuHBI 31eMeHT

OIMHO()OTOHHOM OOIMPKU MOH U3 S-CBSI3 HHOTO B P-KOHTHHY JIBHOE COCTOSTHHE B
JIMITOJIBHOM MPHOTUXKEHUN UMEET BHUJT

R G
1 . . *
—Fo zl:(_z)l(m + 1)exp(zm)/Pz (cos B5)

x 2k - jl(kr)(éf)% \/g exp(—Cr)ridr - di, (3.5)

e \I/%i) = (1/2k) 3=, i"(20 + 1) exp(£im) - Py(cos0z) X Ry (r) — BomHOBbIe
(OYHKLMM HEMPEPHIBHOTO CIEKTP B IUIOCKOBONHOBOM MpHOMMKeHUH Ry (r) =
=2k-ji(kr), [ \I/S[)* ~\P§5i)dg = (2m)30(K' — k), ji(kr) — ccheprueckue dyHK-
wnn Beccens ¢ nopmupoekoit [ g (k'r)ji (kr)r?dr = né(k'—k)/2k'k, € — BexTop
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HOJSIPH3 KK, 7i = 7/r. Belp Xenwe s ornep top (€7) 3 BUCHT OT MOJSIPU-
3 LUM M3TyYeHud. B 4 CTHOCTH, Wi JMHEHHOW W KPYroBOW MONSApU3 LMH (CM.,
H mpumep, [54]):

VAT /3 - Y10(One, One) — JHHEHH s MONSAPU3 LM,

V/8m/3-Y1 +1(0n,¢n) — NeBOKpYros s (+), mp BOKPYros s (—),

(3.6)
rie YiO U Yl,il — 1 pOBbIC (Cq)epl/lquKHe) beHKLlI/lI/I, (07L67 (Pne) u (Hna Spn) -
chepryecKye KOOPAUH Thl BEKTOP 71 OTHOCHTEIBHO BEKTOP IOJPU3 LIMU U UM-
nyasc (OTOH COOTBETCTBEHHO. CUHT 4 Oy YITIOM MEXIY MMITYJIbCOM 3JIEKTPOH
M BEKTOPOM HOJISIpU3 IUU (DOTOH B CHUCTEME MOKOS MOH , HOJNyd €M H3BECTHYIO
B JuTep Type (cM., H npumep, [80]) ymioByo 3 BUCHUMOCTb BEPOSTHOCTH BBUIET
QJIEKTPOH IS JIMHEHHO IOJISIPU30B HHOTO M3JIyYeHUs:

(&7) =

v = 4F\/27¢

ps|l

k
mpl (COS le),
do)
ds2
OH cooTBeTcTBYeT 3H ueHuo Jy = 2 B (2.2).

Jns m3nydeHud ¢ KpyroBod MONSpU3 LMEHd M TpPUUHBIA aneMeHT (3.5) npu-
obper eT BUI

(Ore )y o |V;§‘)l|2 x cos? O (3.7)

1 k : .
v = $4F\/2ﬂcm sin 0 exp (Ligy), (3.8)
e (Ok, px) — chepudeckue KOOPAUH Thl BEKTOP K OTHOCHTENBHO UMITYJIBC

¢poTOH , BepXHMII 3H K COOTBETCTBYET JIEBOKPYIOBOI MOMAPU3 MU, HIXKHUA —
np BOKpyrosoil. Ilpu aToM yI7oB g 3 BUCHUMOCTH IudepeHIu JIbBHOTO CEYEHUSd
OIpENENAeTCS BBIP XEHHEM

do)
dQ

(Ok )|+ o |Vp(sl|)i|2 o sin? B, (3.9)

Kotopoe coBl 1 et ¢ (2.3) npu Gy = 2. VYcpemuss (3.7) mo H mp BIACHHUAM
BEKTOp TMOJSIpU3 MU (DOTOHOB, MOJAY4 €M H JIOTH4HYy (3.9) 3 BHCUMOCTD ISt
HENoJISIPU30B HHOIO M3nydeHus (cM. T Kxe [81]).

Crnenys p 6ote [73], AByX(pOTOHHBII M TPHYHBIH BIIEMEHT IEPEXOA M3 OCHOB-
HOTO |$ > COCTOSIHHS B COCTOsiHHE |k’ > HEHpephIBHOIO CIEKTP MOXHO Ipe-
CT BUTH B BUJIE

@_ _1 Vi Vi, dk

A : 0, 3.10
T ) Berew—e ¢ (810)
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e Fp = k;2/27 (,lk = Ff‘ll( )* F)\I/ +)dr OTHO(OTOHHBIN M TPUYHBIN
3JIEMEHT NIEPEX0] B HENPEPHIBHOM CHeKTpe B Beip xkenuu (3.10) yuren miot-
HOCTB TPOMEXYTOUYHBIX COCTOSIHUH 3JIEKTPOH dk /(2m)3 B MHTEPB Nle UMITYJIBCOB
k= k+dk nna UCTIONB3yeMBIX BOJTHOBBIX (hyHKUMA. C ydyetom (3.7) u Bux  hyHK-

. + o
ouu ‘I/]% ), IJ1d JIMHEUHO TMOJIAPU30B HHOTO M3JIYYCHUA IMOJIYyY €M

k,é‘l YR+ 1)(20 + 1) exp [i(m — mir)] x

l’l

4k dk
XWl’lIl’l(_i)V2ﬂcmpl(coseke)m7 (3.11)
e W= [ i (K'r)ji(kr)dr, Iii= [ Pj;(cos0,.)(€R)Pi(cosbz-)dii. T x x K
B 3TOM CJIy4 € BO3MOXHBI SpS- U Spd-IByX(POTOHHBIE MEPeXobl, ¢ yueToM (3.4) u
p AU JBHOH 4 CTH S-BOJHBI B KOHEYHOM |k’ >-coctostuu Ry¢ = (2/r) sin(k'r+
+ns), Wit uHTerp noB Wy u Il(,l) = [(2U' +1)(20 + 1) ;1 Py (cos O )dQ: crp -
BEUTHBbI CIICAYIOIIUE BBIP XKEHUS:

1 0 2
ng = 0, 5% [m@é(k’l - k’) + Wé(kl — k/’):| ]
S 1 ¢ 93K — k)
N/ R)2| 20k Kk
+ i + i
(K2 — k2 —ia)? | (k% — k2 +ia)?
2 1
12 = 5 (4m)? Pa(cos Bie); 12 = 5 (4m)* Po(cos fe). (3.12)

B pe3ynbT Te B CIy4 € JIMHEHHO IOJISIPU30B HHOTO M3JIy4€HUs BBIP KEHHE IS M -
TPUYHOTO DJIEMEHT IBYX(POTOHHOIO MEPEXO] BJIEKTPOH B KOHEYHOE COCTOSTHUE
¢ uMIyibeoM k' = Py, = 1/2(2w — £4) B cHCTEMe TIOKOS HOH TIPHOOPET €T BHJ

k3 dk 7
((2+k?)? Epte—w—ié

4+/27 .
Vk(i;)\l = F2 (27‘1’) C /[I()?) exp( Zn())m)l *IQ(?)WQI]

:F2\éiﬂ?{eXp(—i770)[C( _Et _|_Z\/_( 5/2]

" Py(cos Oxre)

e — 2Ps(cos e ) (2w — Et)}, (3.13)
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IJie IepBoe CJ1 I' eMoe B (PUTYPHBIX CKOOK X COOTBETCTBYET SPS-IIEPEXOAy U Y4H-
TBIB €T BKJI ]I PE€30H HCHBIX ITPOMEXYTOUHBIX COCTOSHHH HETIPEPHIBHOTO CHEKTP
c sHepruedl E = w—e;, BTOpOE €CTb pe3yabT T HHTETPUPOB HUS B CMbICIIE INT B-
HOTO 3H YEeHHS U COOTBETCTBYET BUPTY JIbHOMY spd-miepexony (cM. T kxe [73]).
YIoB s 3 BUCUMOCTb JBYX(POTOHHOTO JH(ppepeHr JIHHOTO CeYeHus BOIM3U T10-
por e: (0 < w — & K €4) onpenensercs

do®

70 —=(Orre)p |V,

s|l| o (3cos? Ore — 1)2. (3.14)

[Ipu ucnons3oB HuM onep top (3.6) U 3H YeHHd Vk(é1 ) B Bujie (3.8) ¢ momoipio
(3.10) momyu 10TCS ClEmyIoIIMe BBIP XEHHS U1 M TPUYHOTO 3JEeMEHT JByXo-
TOHHOM OOTUPKHM HOH U YITIOBOW KOMIIOHEHTHI MupepeHIy JbHOTO CEYCHUS B
MUIIIEHU C KPYrOBOW MOJSIpU3 LIUEH:

(2) 2 v
Vk,‘S =-F

—€
eXp(iQupk/) sin kaTt,

()

dg—ﬂ(ek’)li x |V(’25)\i|2 oc sin? Gy (3.15)
Jlng sHeprun (hOTOHOB HHXE ONHO(OTOHHOIO IOPOT  H JIOTUYH 4 3 BHCUMOCTb
moiaydyeH B p 6ore [82]. B To Xe Bpems I NUHEHHO MONSIPU30B HHOTO W3-
JIy9eHUs ¢ y9eToM BeIp XeHud (3.13) mid H AmoporoBoil AByX(hOTOHHOW OOTUPKH
noHoB H™ u pe3ysbr ToB p GOTHI [82] ist £4/2 < w < £ X P KTEPH CYLIECTBEH-
H ¢ 3 BUCHUMOCTH YIJIOBOTO P CIpeJiesieHHs (pOTO3IEKTPOHOB OT 3HEPTHH (POTOHOB.
OH MeHsieTcsl OT NP KTHYECKH H30TPOITHOIo BOIHM3M ABYX(OTOHHOIO MOPOT 10
SIPKO BBIP XEHHOTO P CIpPENENEHUs 10 H Ip BIEHUIO BEKTOP MOJSAPU3 UM IIPU
w ~ €¢. B okpecTHOCTH 0O0HOGOTOHHOrO nopor p crpenenenue (3.14) u pesynb-
T ThI p 60THI [82] XOpOLIO COINT CYIOTCS MeXay COOOH. YcpenHeHHe BhIp KEHUS
(3.14) no H np BIEHUAM BEKTOpP MOISIPU3 MU (POTOHOB MPHUBOIUT K CIEAYIOIIEH
YIJIOBOW 3 BUCHUMOCTH BBUIET 3JIEKTPOHOB OTHOCHTENIBHO UMITY/IbC (POTOHOB IpU
IBYX(POTOHHOHM OKOJIONMOPOTOBON OOIMpPKE MOHOB B HETOJSPU30B HHOM H3JIyde-
HUH:

do @
d§Q

W3 Boip xenwii (3.13) u (3.15) BUAHO, YTO B OXHO®IEKTPOHHON MOJIENH TO-
TEHLM J1 HYJIEBOIO p IMYC IBYX(OTOHH S OOAMPK OTPHILl TEIHHOTO UOH HMEET
MECTO J| X€ IPU W = £¢ U P BHOM HYIII0 M TpU4HOM anemenre (3.7). Ilpu stom
B OKOJIOIIOPOTOBOI 0O CTH OCHOBHBIM K H JIOM (hOTOOOIMPKHU C n= 2 SABISIETCA
BUPTY JIbHBIH Spd-miepexon. AH JIOTUYHbBIA BBIBOA p Hee ObUT cien H B p Oote

(Ok) jup o 3sin O — (8/3) sin® O + 8/9. (3.16)
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[73], i NMHEWHO MOJISIPU30B HHOTO M3JIy4eHUs B 00N CTH HHXe OIHO(OTOH-

Horo mopor (w < €¢) — B p 60t x [83-85]. IlomydeHHble ans JIMHEHHO MOJA-
1 _

PM30B HHOTO M3imydeHus pesyabT Thl (3.7) u (3.14) corn cyorcd (npu ay ' = 1,

(2) =10/7n a(2) = 18/7) ¢ npuBeneHHbM B p Gote [50] BBIp KeHHEM

do(™)
dQ)

—o™ |1+ Z a( )Pgm (cosOke)| (3.17)

m=

JUIS YIJIOBOI 3 BUCUMOCTH n-(pOTOHHOTO JuchepeHId JIbHOTO CeuyeHUs HMOHU3 -
MM 9 CTHL, TIPH H JINYUH Y HUX [IPOMEXYTOYHBIX PE30H HCHBIX COCTOSIHUI C I10-
romeHueM m ¢GoToHoB (m < n). KoadduimeHTts ag:,z SIBJIIOTCS B OOIIEM CITy-
4 e (PyHKIMSIMH UHTEHCUBHOCTH ¥ IIMPHHBI CIIEKTP H3JTy4eHHs MulieHu. I HHoe
COITI CHe YK 3bIB €T H IIp BOMEpPHOCTH (pOPM JIBHOTO MpENCT BIIeHHUS ABYyX(hOTOH-
HO# o6aupky noHoB H™ BOMM3M 0HO(OTOHHOTO MOPOr K K MOHU3 LM Y CTHII,
I71s1 KOTOPBIX B K 9ECTBE ITPOMEXYTOUHOTO PE30H HCHOTO COCTOSHHS MOXHO p C-

CM TPHUB Th TP HUILy HEMPEPHIBHOIO CIIEKTP .

B p Gote [62] p cyer p chpeneneHUil BEpPOSITHOCTH BBUICT 3JIEKTPOH IIO
K H Jly n = 2 B IIPOCTP HCTBE IOMNEPEYHbIX UMIIYIbCOB B J1 OOp TOpPHOII cucTeme
orcyeT (Py/Pow, Py/Pow) ¥ 10 Hepruy, NpeicT BICHHOU B 6e3p 3MEPHBIX elly-
man x XW = [E. — (v — 1)C?]/(0,178Py,C) (cobcTBennble BYX(POTOHHbIE
p crpenesneHus), g JUHEHHO MONSIPU30B HHOTO M HEMOJSPU30B HHOTO H3ITyde-
HUs TIPOBOJIMJICS YUCIIEHHBIM MOJETUPOB HUEM Ipu 0 < w — ¢ K &4 C UCIIONB30-
B HUeM BbIp XeHull (2.8) u (3.14). 3 wuckiIOYEeHHEM TeHep LM Cllyd MHOIo p c-
npenesienus yol  Opre 1o 3 KoHy (3 cos? g — 1)? 0cO6EHHOCTH MOJETUPOB HUs
H JIOTUYHBI P CCMOTPEHHOMY BhIIIe OOHO(OTOHHOMY K H Jiy. Hekoropsie u3 no-
JIYYEHHBIX [UISl P 3JTUYHBIX 3H YEHUH (v U 1) TPEXMEPHBIX HPEICT BICHH HOPMHPO-
B HHBIX [I0 MILTATYJIE COGCTBEHHBIX ABYX(hoTOHHBIX f (2 )(PJ,P )-p crpeneeHuit
u ux Tomorp Mmbl, T Kxe f(XW)-p cnpenenenus npuseneHsl H puc. 13-16.
ITpenct BneHHble B p 60Te pe3yabT ThHI MOK 3bIB 10T, 4TO C ydyeToM Py, > Py
o0Immii X p KTep p CIpEeNeseHU Mpu TeX Xe « U 1) OJIN30K K pe3ynbT T M, I0-
JIy9eHHBIM [UTsl OHO()OTOHHOM OOTUPKH MOHOB (cM. puc. 2,4,5,7).

Pesynprupytone coOCTBeHHBIE p CHpeneSieHHs 2JIeKTPOHOB B IMPOCTP HCTBE
THONEPEYHbIX UMITYJCOB J1 6Op TOpHOI cucTeMbl orcyeT (P, Py) n no sHeprun
(E.) ompenemnsoTcs CyMMOW COOTBETCTBYIOLLUMX P CHpPEHEIeHH OT OTHO(OTOH-
HOTO ¥ JBYX(POTOHHOTO K H JIOB OOJMPKH C YYETOM HX CT TUCTUYECKHX BECOB.
CT THCTHYECKUH BeC p CIpeecHUs] ONpeIeaeTcss BepOSTHOCThI0 o0aupku (3.1)
JUIS J1 HHOM TIOJISIPU3 MM W MOIIHOCTH (POTOHHOW MHIleHH. M TpuU4Hble dJie-
Mments! (3.7), (3.8), (3.13) u (3.15), mpu y4ere IITOTHOCTH dl_c"/(27r)3 KOHEYHBIX
COCTOSIHUH 3JIEKTPOH B HENPEPBIBHOM CIIEKTPE, IPUBOT K CJIEAYIOIIUM BBIp XKe-
HUSIM ]IS BEPOSTHOCTU 7-(DOTOHHOUM 06aupku (n = 1,2) B MUILLIEHU C JIMHEHHON
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U KpyroBOU IOJISPU3 LIUAMU:
Wi = Wi = (2/3)FPwt VE(w — &),

W = (1/18) Flw 8 \/2,(2w — 1) [(w — 1)* (e /w)+
+(w— Et)g/w +(2/5)(2w — Et)Q],
W = (1/120)FAw8\/2, (2w — &1) (2w — &¢)2,
W | 0cwmerceny™ (8/3)WED. (3.18)

T kuM 00p 30M, B OJHORJIEKTPOHHOI MOJEH MOTEHLH J1 HYJIEBOTO p IMYC Be-
POSITHOCTH IBYX(hOTOHHOM H AMOPOTrOBOW OOAMPKM MOH CYIIECTBEHHBIM 00p 30M
3 BHCHUT OT TOJISIPU3 LM MUINEHH, NPHYEM Ul JIMHEHHO IOJISIPH30B HHOTO H3-
JIyYeHUS] OH 3H YUTENbHO OOJbllle, YeM B CIIy4 € C KPYroBOW MOJISIPU3 LIUEH.
B 0061 cti HHMXe OIHO(OTOHHOrO MOPOT [ HHBIH BOINPOC TEOPETHYECKH P C-
CM TpHB JICS, H IpuMep, B p 6ot x [82, 86-89]. B ommuue oT mosay4eHHOro
BBIILIE PE3YIBT T B 3TOH 001 CTH (w < €;) COOTHOILIEHHE MEXIY BEPOSITHOCTIMH
IBYX(POTOHHOW OOAMPKM B JMHEHHO M HUPKY/ISIPHO MONSPH30B HHOM H3ITy4eHHH
K YECTBEHHO MEHSETCS B 3 BUCHMOCTH OT ®Hepruu poToHOB. B u cTHOCTH, He-
CMOTpS H KOJIMYECTBEHHOE P 3JIM4YHME Pe3YJbT TOB P 3HBIX p OOT, HEp BEHCTBO
p = WZ(Q) (w)/Wf) (w) > 1 B 001 ctu AByx(poTOHHOrO HOpor (w > &£./2)
nepexoauT B cooTHoureHne p < 1 npu w < ;. B p ccmorpeHHO# TeopeTnye-
CKOi1 Mojiesi 3 BUCUMOCTb (3.18) juisi OKONOMOPOroBoii OHO(OTOHHOM 0OIUpKU
non H™ corn cyercs ¢ BUTHEPOBCKMM 3 KOHOM MOHU3 IIMM S-KB HTOBOT'O COCTO-
saaus [81,90,91] u u3BeCTHHIMU DKCIIEPUMEHT JIbHBIMU pe3ynbT T mu [92,93]. B
cooTBeTcTBUH € (3.18) OTHOIIEHHE CT TBECOB COOCTBEHHBIX P CIIpENCTICHHN ON-
HO(OTOHHOTO M JBYX()OTOHHOIO K H JIOB OOAMPKH BOJIM3M IOPOT OIpenessieTcs
COOTHOIIEHHEM

w 3 wil 156 (w — &) tPC

_ ~ , (3.19)
2 2
V[/l( ) 8 Wj(: ) 47l
e I, = F2C/8T — MIOTHOCTb MOIHOCTH MHIUEHH B TOMHBIX EIMHHIL X
(1 a.e. = 6,436 - 10" Br/em?). C yuerom BeIp xeHus (3.1) mig nuHeiHO

MOJISIPU30B HHOTO M3TydeHHs H puc. 17 mpuBeneH MoydeHH g B p Oote [62] Te-
OpeTHdecK § 3 BUCHUMOCTh I PIHU JIBHOTO CEUEHHS JBYX(POTOHHOH OOOMPKH HOH
H™ or sHeprun coron npm w > e;. 19 cp BHEHUS T M XK€ TNPEACT BIICHBI
TEeOpeTUYECKHe pe3yabT Tl p 00T [84,94,95] mid poToHOB ¢ w < &¢. [IpuBeneH-
HBlE CEYCHUS HOPMHUPOB HBl H OJMH M3 JBYX 2J1eKTpoHOB y noH H™ u xoporio
CTHIKYIOTCSl H TP HUIIE OIHO(OTOHHON OOIUPKH.

ITpenct BneHHbIe BbIE I K H JOB 1 = 1,2 pe3ysnbT THI MO3BOJSIOT Je-
T JIBHO HCCJIEOB Th BOJIIOLMIO PE3YIBTUPYIOIINX COOCTBEHHBIX P CIIpE/eSIeHUH
9JIEKTPOHOB B J1 OOP TOPHOU CHCTEME OTCYET IIpU H AMOPOroBoi (poToobampke
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> 0,50
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< 0,259

0,00 3
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0,45

-0,02

-0,48

Ll A T TIIIT 111
5
-0,95 -0,48 -0,02 0,45 0,91

Piv /POW

Puc. 13. TpexmepHOe mpencT BieHHE HOPMHPOB HHOTO COOCTBEHHOTO @ (Pz, Py)-p c-
HpejiesIeHNs] 3JIeKTPOHOB U ero TOIOIP MM IIPH JBYX(hOTOHHOM OKOJIONOPOroBOii 00anpKe
noHoB H™ ¢ o = 0, n = w/4. XKupHoii KpiBoil H TOHOrp MMe BblIesieH yposets 0,5 or
MIUTUTYIB! P CIIPENEIeHU
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0,57

VARG

0,28

pcagadsssesalisaaas

0,02

0,24 s 0,24
-0,16 it -0,16
-0,55 -0,56 P,/P,,
Px/POw 0,95 ~0,95 y' Oow
Px/POw
0,91

0,45

-0,02

-0,48

NN SN SAE RN RN SN S AN NP ANE RN

T AT T T T I T Ty T Ty 7T T T T Iy T o T s

-0,95 ]
-0,95 -0,48 -0,02 0,45 0,91

Py /POW

Puc. 14. To xe, uto H puc. 13, ma o = w /4, n = 7 /4

noHoB H™ H MuIleHIX p 37IMYHON MOMSPU3 LUK, 9 CTOTHl M MOIIHOCTU H3Iyde-
HUSl. B mpocTp HCTBE MONEpPEYHBIX UMIIYJIbCOB B J1 GOp TOPHOH CHCTEME OTCYeT
(P, Py) o111 p cripefieNieHusi ONPENENAoTCs BbIp XEHHEM

Wl Wi
(e, Py oy = Fah) (Pes P)— =5 + fl (Pe, P,)

e (3.20)
) 2
PO VCE-,W P(ivVOSJ?
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0,45
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-0,95
-0,95 -0,48 -0,02 0,45 0,91
Py/POW

Puc. 15. To xe, uro 1 puc. 13, mist n = /4, HENOIAPU30B HHOE UITyYeHHE

e f‘<1 2)(PM P,

a,n

y) — HODMHDOB HHbIE II PLU JIbHBIE COOCTBEHHBIC P CIIPENCICHHUS

OIHO(OTOHHOTO M JBYX(POTOHHOTO K H JIOB YISl BBIOp HHOTO YIJI 1) B MHUILEHH

o o 1
C COOTBETCTBYIOLICHU IIOJISIPU3 LUCHU (] f|(

f‘(z) (Py,P,) = 0 npu

) (P,,P,) = 0 npu P2 + P2 > F§;

1,2
chn)

2 2 . =
P;+ Py > PZ; — TOIIOBEPXHOCTHBIH 00BeM
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Puc. 16. HopMupoB HHOE COGCTBEHHOE P CIpEETeHne JEKTPOHOB MO SHEPTHH MPH JIBYX-
thoToHHO# OKOIOIIOpOroBoit obmupke nornoB H™ ¢ n = «/4, 3w/4 (a) u n = w/2 (6)
IS P 3MYHOM HoJsipu3 uud usnydeHus: « = /4 (o), a = 0 (+4), HENONIPU30B HHbIE
¢ortonsl (A); a = /2, npoussoibHoe 1) (*), « = w/4 n = 37/4 (%)

HOPMUPOB HHBIX Il PLU JIBHBIX p crpeneneHuil. B Beip xenuu (3.20) yuteH HOp-
(1,2) -

MHPOBK fla-,n (Py, Py)-p cupeneineHuil 0 MIUIUTYE, UX LIPEICT BICHHUE B IIPO-

CTp HCTBe Oe3p 3MEpHBIX MOMEPEYHBIX UMIYIbCOB (cM. puc.1-6, 13-15), wuHTe-

TP J1 p cHpeneseHus 10 HEPIuy Mo T eTcd p BHbIM eanHuIe. COOTBETCTBYIOIIEE

BBIP XKEHHUE JUIS Pe3yIbTUPYIOIIEro COOCTBEHHOIO P CHpEAe/eHUs 3JIEKTPOHOB 110
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Puc. 17. 3 BUCHMOCTb I pPLM JIBHOTO Ce4eHUs IBYX(hOTOHHOW obgupku moH H™ B ju-
. . 2

HEMHO IOJIAPU30B HHOW MUILIEHH (al( )) ot sHeprun oron (w). Kpusre I, 2, 3 — Teo-

permdeckue pe3yabT Tol p 60T [84,94,95] cooTBeTcTBEHHO

OQHEPIrUuu UMECT BUI

(1) (2)
10W, 10Wq
f\a,n(Ee) = f\a,n(XS) 5) +f\a,n(XW) 2) ) (3'21)
760504,773) ’7605&,773)10
rae 5&1;12) — o au HOle/IpOB HHBIX 1o MHHI/lTyﬂe II pI_lI/l JIBHBIX

Jlan(XS, XW)-p cnpenenenuii, ¥ MCIONb3yeTCS €IMHUYH S HOPDMUPOBK — HH-
TErp J M PLM JIbHBIX P CHpEIeIeHH B IIPOCTP HCTBE MONEPEUHbIX MMITYIILCOB.

CremyeT OTMETHTH, YTO M3-3 M JIOH MOJIIPU3YeMOCTH TOMHOro ocrop H~™
NIPY U3Y4EHUH OKOJIOMOPOroBoi (hOTOOOANPKH HOH B P CCMOTPEHHOW MOJIENH He
YUUTBIB JIOCH ITOCIIECTOJIKHOBUTEIFHOE B3 MMOJISHCTBUE ITPOIYKTOB P 3B J1  (3JIEK-
TPOH, TOM BOHOPOX ), KOTOPOE ISl APYTUX OTPHILl TEIbHBIX HOHOB MOXET UIP Th
B XHyI0 posb (cM., H mpumep, [88,96,97]).

OreHrM M KCHM IThHYIO IWIOTHOCTH MOIHOCTH (DOTOHHON MHIIEHH .| A, TIPH
KOTOPOW OHH MHYECKMH pocT mopor ¢orooomupku Aeg; emie He OK 3bIB €T 3 -
METHOTO BJIMSIHUSL H TPENCT BJeHHbIE Bbile pe3ysabT Thl. C ydyerom [74] u Benu-
YUH IUT PKOBCKHMX CABHUIOB OCHOBHOIO COCTOSIHUS 3JIEKTPOH W Ip HUILBI HErpe-
PBIBHOTO CHEKTP B JI 3epHOM Tosie F' aT0 mmeer Mecto mpu Agy ~ 1oF?/4+
+F?%/4w? =~ 0,1(w — &), THE To — JMH MHYECK s TOJAPH3YEMOCTh YPOBHS H
4 croTe nond w (wig uon H~ B61usu nopor oroobmupku 7o ~ 103 .e. [98]).

Orcron moiyy em
C w—e¢
Lia=5-1072=———. 3.22
A T To + 1/5% ( )

. . 1 2
OtHomieHue 9TOM BEMMYMHBI U 1|1 2, IPH KOTOPOU I/Vl( )/Wl( ) ~ 1, ner

Lo/ Iya =~ 0,37(w — &) (10 + 1/e}) ~ 8- 10*(w — &) ™. (3.23)
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Tt TOCT TOYHO MOIIHBIX MHIIEHEH BIUSHHE CIBUT TMOPOT OJHO(OTOHHOU 00-
IUPKH H TIOJIYYEHHBIE BBIIIE PE3YIbT Thl MOXHO YYECTh IIPH 3 MEHE &; H
g; = €1 + Agy ¥ cOXp HeHHU (PYHKIMOH JIBHBIX 3 BHCUMOCTEH.

[IpuBeneHHble pe3ysabT Thl AET JIBHOTO M3y4eHHs P CIpeeleHuid (poToaseK-
TPOHOB B JI 60p TOPHO# CHCTeMe OTCUET YK 3bIB 0T H BO3MOXHOCTH d((PEeKTHB-
HOTO YIIp BJICHUS mpoieccoM hoTo0OMPKHU ObICTPEIX MOHOB H™ B J1 3epHOM H3ITy-
yeHuH. [j1s 3 1 9 ¥ THOCTHKH IyTeM MOAOOp MOIIHOCTH U3Ty4eHHUsl, IPOCTP H-
CTBEHHOW OpPUEHT IIMM UMIYJIbC | TMOJSIPU3 WU (POTOHOB MOXKHO p€ JIU30B Thb
YCIOBHSA Tepel Ui HeoOXOIUMOM MH(OPM MM O IMyYKe OBICTPHIM BIIEKTPOH M C
M KCHUM JIbHOH TOYHOCTBIO.

4. TIPEJEJBHBIE BO3MOZKHOCTH JTUATHOCTHUKHU ITYYKA HOHOB
H™ IO DJIEKTPOHAM HUX OBAUPKH HA PA3JINYHBIX
MUIIEHAX

TouHOCTH COOTBETCTBUS p clipefeneHnii HoHoB H™ 1 37eKTpOHOB B ITyYKe MO
yITly U 9HEPruu (UMITYJIbCY) ONpPENENAI0TCA BEJIMUYMHONM M X P KTEPOM BO3MYyIIe-
HUs, IPUOOPET eMOro dJIEKTPOH MU B DIIEMEHT PHBIX KT X CBOEIO POXJIEHUS, U
3 BUCAT OT THII HCIOJb3yeMOH 30Haupymomeil MumeHd. Cp BHUTENBHBIA H U3
BTUX TOYHOCTEH MOXKET OBITh IPOBEAEH C MOMOIIBIO MPEACT BICHHBIX H pHC. 18
3 BucuMmoctei [99]. [l KOpIyCKyNApHBIX MUIIEHEH NPUBEJEHDI IIUPUHBI H IO-
JIyBBICOTE COOTBETCTBYIOIIUX P CHPENEIICHUI IPU POXKAECHUM BIEKTPOHOB C YUETOM
W3BECTHBIX dKCIEPUMEHT JIbHBIX [30-35] u Teopetudeckux [36] pe3yapT TOB. st
(pOTOHHBIX MUILIEHEN UCIIONB30B HBI IIPEICT BIIEHHBIE B P 34. 2 A HHbIE. [Ipu aTOM
CIUTOLLIHBIE KPHUBBIE COOTBETCTBYIOT TEOPETHYECKHMM 3H YEHHSIM M KCHUM JIBHOTO
YIJIOBOTO M 3HEPIeTHYECKOro p 30pOCOB 3JIEKTPOHOB B PE3YNIbT T€ OTHO(OTOH-
HOH o6aupku noHOB H™ mpu 3 1 HHOIl anHe BOJIHBI (DOTOHOB B CHCTEME IOKOS
1noHOB. LITpUXIYHKTUPHBIMA KPHBBIMH OTMEUYEHBI IIUPUHBI H MOIYBBICOTE P C-
MIpesiesIeHui IpU TOM Xe JUTMHE BOJHBI (POTOHOB, HO ONTUM JILHOM H TP BJICHUHU
UX UMIYIbC (Yroid 1)) U IVIOCKOCTH MOJApU3 IHHU (ov).

W3 npexpct BieHHBIX H puc. 18 3 BHCHUMOCTEH BHJIHO, YTO BBIOOp M TepH-

J KOPHYCKYJISIpHOH MHINEHHM NP KTHYECKH HE BIUSAET H M KCUM JIBHYIO TOY-
HOCTb COOTBETCTBHS p cIipejiesieHnii noHOB H™ u amekTpoHoB. B cBI3m ¢ atuM
IUIs 3 11 9 O THOCTUKH MOXKHO HCIIOJIBb30B Th H HOONee yIoOHbIE C TOUYKH 3PEHUS
(popMUpPOB HUS 30HAMPYIOIIEH MHUIIEHHU I 30BYIO d4YeiKy, TUI I' 3 WIH (POJIBIU.
CylecTBeHHOE YITydIlIeHHe TOYHOCTE COOTBETCTBUS P CIIPEAEIEHUI MOXET ObITh
JOCTUTHYTO IpU mepexofe K (OTOHHBIM MuIleHsIM. IIpu 30HAMPOB HUHU IyYKOB
JI 3€pPHBIM H3JIy4deHHEM MOXHO (pOPMUPOB Tb MHINEHH C JOCT TOYHO M JIBIMU
NPOCTP HCTBEHHO-BpeMEHHBIMU p 3Mep MH. T KuUM 00p 30M, OTKpPBIB €TCS BO3-
MOXHOCTb I THOCTUKH C IOMOIIBI0 KOMIT KTHBIX YCTPOMCTB IPH PETUCTp MU
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Puc. 18. M KcuM JIBH S TOYHOCTh COOTBETCTBHS P cHpeaeneHuii noHoB H™ ¥ a1ekTpoHoB
no orHocutenpHoi sueprun (AE./E., xpusbie 1-5) u yriy (Af., xpusbie 6-10) mis
p 3MM4YHBIX KOpmycky/sipusix (I, 6 — (¢) — Kr [34], (x) — Ne, CH3Cl [35], (o) —
He [31,33,35], (x) — Ar [30,32], () — C [36]) u doronnsx (A = 10600 A — 2, 3,
7,8 A=16300 A — 4, 5, 9, 10 [62]) MuIIeHei B 3 BUCUMOCTH OT ®HEPIUH HOHOB

BIIEKTPOHOB, POXI IOIIUXCSI B PE3YJbT T€ OKOJOIMOPOroBOH ONHO(OTOHHOH 00-
IUpKU noHOB H™ H BT me cUuThIB HUS MH(OPM LIUH O My4Ke.

5. OTPAHUYEHHSA HA IUIOTHOCTHh MOIITHOCTH ®OTOHHOI
MUIITEHA

[11OTHOCTH MOITHOCTH MULIEHH I |1ax, TIPY KOTOPOH HH(GOPM 1M O I P Me-
TP X OYYK 3 METHO HUCK X eTcd M3-3 ABYX(POTOHHOW OOOMPKH OTPHI] TEIbHBIX
HOHOB, 3 BHCHUT OT IOBEJCHUS CEUYEHH K H JIOB n = 1,2 BOJIM3M MOPOr &4, KOH-
KPETHOIO BHI COOCTBEHHBIX P CIpeeSCHUI JIeKTPOHOB B ®JIEMEHT PHBIX KT X
UX poxkneHus, T kxe oT BenmuuuH AF u A6; noHOB B myuke. I p CCMOTpEH-
HBIX BBIIIC H UOOJIee ONTUM JIBHBIX P CIpEAelIeHH C (Jy = 2 3TO UMeeT MecCTO
npu (cM. puc.1,2,7,13,16)

w88 < 10w )\ /(AXL )2+ (A6;)2 (5.1)

W Jg < 10w P /1) ()2 + (€@)2, (5.2)

B CIly4 € U3MepeHus p crpelelieHuii HoHOB B miockoctd X'X W 1o sHepruu
COOTBETCTBEHHO. B TpuBefeHHBIX BHIp Xenuax & = BALBY/(y — 1), €3 =~
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~ (0,698/(y = V))/e/moC? u AXL, ~ (0,25/78)/2/m.C?. C yucrom

Pe3yJIbT TOB, MPEJACT BICHHBIX B P 34. 3 NPHUMEHUTENBHO K Mydyk M HOHOB H™,
HETPYIHO HOJTYYUTh CIICAYIOIIHE BHIP KEHHs ISl L |1max[BT/cM?] B cricTeMe 1ieHTp
M cc:

0,35 \?
w +(5088) g — (XX)
4 e
|max ~2 5, 21'1012[5t(hﬂf*5t)]1’5 5 (53)
0,6 €
1+ : L - Ez )
(’YQAﬁ) m@cQ ( )

IJie BeJIMYMHBI fw U £; BBIP XEHBI B 3JEKTPOH-BOJIBT X. KpuTHYecK ¢ INIOTHOCTh
MOILLHOCTU MMILEHU [W‘Cr[BT/CMQ], P KOTOPOil COOCTBEHHBIE OJHO(OTOHHBIE

I

Y

p cnpenenerns M) (P,) u f(XS) a1eKTpoHOB ¢ [y = 2 MONHOCTBIO «CTHP I0T-

1 2
Cs» H JIOTUYHBIMHU JBYX(POTOHHBIMU (Wl( )/ Py ~ VVl( ) /Pow), onpenensercs B
1 HHOM CIIyd € BBIP XEHHEM

Ljer & 4,4-10"%7 (hw — &y). (5.4)

ITpu T KOI MOIIHOCTH TOYHOCTh M3MEPEHMS I P METpOB IMydyk wuoHOB H™ orp -
Huden BemmuuH Mu AX! no yoiy u €2 1o oTHOCHTENBHO# SHEpIHHL.

6. MHOI'O®YHKIIMOHAJIBHOE YCTPOIMCTBO LIS
HEBO3MYVYIIAIOILEN ®3II OTPULIATEIBHBIX HOHOB
BBICOKOI DHEPIUA

JIng pe M3 MU P CCMOTPEHHOTO BBIIIE METOH HEBO3MYLI IOIIEH W THO-
CTUKM Iy4K OTpHUI] TEJIbHBIX HOHOB BBICOKOW ®HEPrHH (H NpHMEp, B ME30H-
HBIX (p OpHK X) MPEWIOXEHO U p 3p OOT HO KOMII KTHOE MHOTOC(YHKIIMOH JIBHOE
YCTPOICTBO, CXeM KOTOporo mpeact BieH H puc. 19 [48,100]. BriBox anekTpo-
HOB (POTOOOAMPKM W3 NMy4YK HMOHOB M H JIM3 NEPEHOCHMMON MMM HH(OPM LIHU
OCYILECTBIISIETCS] OJHAM HETIOABIDKHBIM M THHUTHBIM 3JIEMEHTOM C OJHOPOIHBIM
nonem (M A). ng momHON KOMIIEHC LMW HE3H YMTETIbHBIX HPOCTP HCTBEHHBIX
W YIJIOBBIX BO3MYLIEHHH HMOHOB IO U IIOCJE HEro p CIHOJIOXEHbl KOPPEKTHPYIO-
e M rHUTel M1 u M2. Corn coB HHOE U3MEHEHHe H JIM3UPYIOLEro U KOp-
PEKTHPYIOIIHUX MOJIeH 00ecreyrB eTcs MOCICI0B TeIbHBIM COEIMHEHHEM 0OMOTOK
M THHUTOB U OOIIMM HCTOYHHKOM TOK . MEXIIOMOCHOe p cCTOsdHUEe L, BBHIOUp -
eTcsl JOCT TOYHBIM UIsl OECTIPEIsITCTBEHHOTO NMPOXOXIEHUS MydK B B KyyMHOU
K Mepe MeXIy IOJI0C MA M THUT M TIOM [ HUS H JIETEKTOPhI BCEX 3IEKTPOHOB,
POXI IOMUXCA H Ct)OTOHHle MUIICHAX.
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Puc. 19. CxeM MHOro(hyHKIHOH JIBHOTO YCTPOMCTB I HEBO3MYIN OIIEH hoTO2/IeKTPOH-
HOH I THOCTUKH My4K OTPHIl TEIBHBIX MOHOB C BBICOKOW ®HEpruein

H3mepeHne »HEpreTHYecKoro CHEeKTp M MPOAOJBHOIO BMUTT HC  IMYYK
HMOHOB OCYIIECTBSETCS MO M3BECTHOM I M THUTHBIX H JIU3 TOPOB CXeMe
(puc. 19, ), B KoTOpoil BMecTO I ¢(bp I'MHPYIOLIEH MLIeAN C IOMOLIBIO JI 3€ep-
HOTO M3JIydeHus popmupyeTcs B INIOCKOCTH X Z JIEHTOYH S (DOTOHH § MUILIECHb
O ¢ TpebyeMoii mpocTp HCTBEHHOM JIOK 3 1ueid AY mo ocu Y. CrHektp HOHOB
[0 SHEPIUU WM MMIIYJIbCY BOCCT H BJIHMB €TCd [0 U3MEPEHHOMY H JOETeKTope
D,y mpocTp HCTBEHHOMY p CHpeleSieHHIO IUIOTHOCTU MOTOK 3JIEKTPOHOB BIOJIb
ocH Yy ¢ y4eToM MpOCTpP HCTBEHHOTO p 3pelieHus (d) AeTeKTop . DIeKTPOHBI C
TpebyeMbIMH T (p 30BOTO H JIW3 MMITYJIC MM JAOCT TOYHO OIlep THUBHO BhIjie-
nsroTed A ¢p Mo D NpH W3MEHEHUM 3H K W BEJIMYMHBI M THUTHOTO IIOJS.
ITocne mpenB puTenbHOI IOCTHPOBKM AW (p rMupymomeil cuctemsl D U 1mene-
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BOIO JEeTeKTOp (POTOHOB D), OTHOCUTENIBHO H JIM3 TOP KOHTPOJb MOIIHOCTH
W YITIOBOM OPHEHT LMK MHUIIEHH OCYIIECTBISIETCS MO CHIH JIy AETEKTOp OT Hpo-
IIe/mero yepe3 obm CTh B3 MMOIECHCTBUS HM3MydeHHd. g TOro oHO IepeBo-
IWTCS B INIOCKOCTh Y Z ¢ MOMOIIBIO KIIMHOBHUIHOTO 3epK J1 M, p CIIOJI0XKEHHOTO
B B KyyMHOIl K Mepe H OIHOM U3 M THUTHBIX MOJIOCOB H Ju3 Top . IIpomoss-
HBIIl ®MUTT HC Iy4K MOHOB OIpEeNeTcsd MO0 COBOKYIHOCTH MPOCTP HCTBEHHBIX
P crpeneseHUil BBIIETICHHBIX 3JEKTPOHOB H JeTekTope D.o mocie yCTpOHCTB
¢ 30Boii p 3Beptku (C'DP), H npuMep, H JOTHYHOTO IPEUIOKEHHOMY B P -
6orte [101]. OCHOBHBIM €ro SIEMEHTOM SBIETCS UWIMHIPUYECKUN Pe30H Top,
H TPYXCHHbII IUCK MH, B KOTOPOM BO30YXI I0TCS ®JIEKTPOM THUTHbIE KOeO Hus
EHyy, c xpyrooii momspu3 1uei. Ilpu p BEeHCTBE U CTOTHI Bp ILIEHUS IIOCKOCTH
nossipu3 1 B CDP u p 6odeit 4 ctothl BU-mos1s ycKopuTes p crpeaeieHue
IUTOTHOCTH TIOTOK 3JIEKTPOHOB IO JUIMHE KOJNbI] H JETeKTOpe ONpeserseT ¢ 30-
BBIl CIIEKTP COOTBETCTBYIOIMX MOHOB B ITydke. [Ipi aTOM CTeleHb COOTBETCTBHSA
¢ 30BOI CTPYKTYphl IOTOKOB MOHOB U 3JIEKTPOHOB (horoobaupku (6W) ompene-
JIieTCsT B OCHOBHOM Tpoekieid AZ,, o0 cTi (POTOHHOH MHIIEHH, C KOTOPOIi
BbIIEJICHHbIE U (Pp TMOI BIIEKTPOHBI COOMp I0TCS H JIETEKTOpP, T KXe p 3HO-
CTBIO JUTMH TP €KTOPHH ®THX 3JIEKTPOHOB B M THHUTHOM H JIM3 TOpEe HM3-3 HX
yI7I0BOTO p 36poc .

ITpu p Gore ycTpoicTB IO cXxeMme, NMPEACT BIeHHOW H puc. 19,6, B mioc-
KOCTSX, I p JUIETIBHBIX Y Z, ¢ TIOMOIIb0 11 (hp rMupyommx meneid D, dopmu-
pyercs OfiH , MepeMeln eM s BIOIb Och X, WM HECKOIbKO HEIOBIIKHBIX JICH-
TOYHBIX (DOTOHHBIX MHIIEHEH c TpeOyeMOHl I W3MEpeHHMi IPOCTP HCTBEHHOMH
jok nu3 nued AX. B mocnmenHem ciyd e JONMYCTUMOE p cCTosiHUE 60X Mexjuy
MUIIEHIMH OIpeessIeTcsl YCIOBUEM NEPEeKPHITUS P CIpe/eNeH i 3JIeKTPOHOB OT
HUX H gperektope D.;. [l HHOE p CIOJIOXEHHe MUIIEHeH B IPOCTP HCTBE CBOAUT
K MUHUMYMY B3 UMHOE BIIMSIHHE YIJIOBOTO W ®HEPreTHYECKOro CIIEKTPOB 3JIEKTPO-
HOB H HX P CIIpeielieHHe BIOJb OcH Xg B (DOK JIBHOM INTIOCKOCTH H JIU3 TOP .
YucneHHOe MOJIENIMPOB HUE BIUSHHS €r0 FeOMETPUH, IOCTUPOBKH U KpP €BBIX IO-
seit mo ontumuzupoB HHOH mporp Mme TRANSPORT (TURTLE) nok 3 510, 4To
B 9TOM CJIy4 € p CIpeliesieHHe dJIEKTPOHOB H JeTekTope D1 Biojab ocu X4 Onu-
CBIB €TCS BBIP KEHHEM

X, = AX + BX/, (6.1)

rme m p Metpl A U B onpenensioTcs TOMbKO X p KTEPUCTHK MH BBIOp HHOTO

H ju3 Top . P cnpenenenne woHoB B (X' X)-¢ 30Boit miockoctH, X -mpoduits
Ny4yK U ero NONEepEeyYHbIi ®MUTT HC MOTYT OBITH OINpEAENeHbl 10 H3MEPEHHBIM
BIIOJIb OCU X4 TIPOCTP HCTBEHHBIM P CHpeleSieHHSM IOTOKOB 3JIEKTPOHOB IpU
KOHTPOJIUPYEMBIX X P KTEPUCTUK X (DOTOHHBIX MHIIEHEH (OIpefeNsomuX Bepo-
STHOCTb POXIEHUS 3JIEKTPOH ), X YIIOBOH OPHUEHT LMK M MOJOXEHHS B IIPO-
cTp HCTBe 1o ocH X . JI HHBIN KOHTPOJIb OCYIIECTBIISIETCS 1-K H JIBHBIM ILIEJIEBBIM
aerektopoM D, rae n — 4ucio GopMupyommx au ¢p .
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ITo pe3yapT T M YHCIICHHOTO MOJEIUPOB HHUS OINPENETIEHbl ONTHM JIBHBIE X -
P KTEPHCTHKH YCTPOMCTB , IPU KOTOPHIX 0OECIeUnB €TCsl JOCT TOYH 51 TOYHOCTh
M3MEpEeHMs I P METPOB MydK . B 4 cTHOCTH, /U1 HEBO3MYI IOIIEH O¥ THOCTUKH
nydk uonoB H™ ¢ smeprueii Ey- = 600 MeB, AB/B8 ~ +£1073 u Af; ~
+1072 p o p 3p 60T HO ycTpoiictBo ¢ R = 200 MM, L,, = 60 MM, d
AX ~ AY ~ 0,1 mm, 6X ~ 1,5 MM, p cueTHpiMU T p MeTp Mu A = 1
u B = 0,072 cm/mp 1, AZ,, < 1 MM ana ¢ 30Boro H 3 c 6¥ ~ +1°
u AZ,, < 10 mm mia usmepenus p crpegenenuii 8 (X' X)-¢p 30BoM mpocTp H-
CTBE U I10 HEPIUH. BeTMYMH M THUTHOTO MOJIS H JIM3 TOp ®JIEKTPOHOB (F, =
= 327 x3B) npu atom coct Biger H = 110 B. HeToyHOCTH IOCTUPOBKH U U3rOTO-
BIIEHUSI H JIM3 TOP MPUBOIIT K OTKJIIOHEHHIO T p MeTpoB A, B u qucnepcuu ot
P CYETHBIX M MOTYT OBITh YYTEHBI IIPH €ro K JHUOPOBKE TECTOBBIM 3JIEKTPOHHBIM
My4koM. TOYHOCTh COOTBETCTBHS P CHpeleeHUH HOHOB M 3JIEKTPOHOB (POTOO0O-
mapku AX' ~5-107% p nu AE./E. ~ 3-1072% moctur erca H ONTHUM JbHO
HOJSIPU30B HHBIX (POTOHHBIX MumieHsx mpu 7 = (41 £+ 0,5)°, Koropsie opmu-
pytorcs mu ¢p rmupos HueM mznydeHus Nd : MAI-1 3ep (hwo = 1,17 3B) co
CpEeNHEH MMITYJILCHOH IIOTHOCTBIO MouHocTd L, < 30 kBr/cm? B 1 6op TOp-
HOH cucteme orcyeT . CrefyeT OTMETHTh, YTO 1 HHBIA YTOJ MEXIy HMITYJIbC MU
HOHOB M (POTOHOB ONM30K K BenuumHe 7, = arccos(f) ~ 38°, mpu KOTOpOit
MPOUCXOAUT (POTOOOIMPK B MHHHUM JIBHOM () 30BOM WHTEPB Jie (71 3€pHBIN JIyd
NEepHEeHIUKY/ISIPeH My4Ky HOHOB B CHCTeMe LIEHTp M cc). P 3p GOT HHbIii 1 3ep
U3Iyd eT B yIOOHOM JUISl JIM THOCTHKHM KB 3MHENPEPbIBHOM pPEXHUME TeHep LU
C JUIMTENILHOCTBIO P BHOMEDHOHM Y CTH MMIYIbC T, ~ 250 <+ 500 MmKc, 4 cro-
toit f, ~ 1/5 'l ¥ YIJIOBOH P CXONUMOCTBIO U3NIY4CHHS ty A 2 - 107% p n,
CHELH JIbHOE 3JIEKTPOHHOE YCTPOIMCTBO BKIIIOY €T JI 3€p COIVl COB HHO C ITy4KOM
noHoB (7; ~ 100 mkc, f; = 1, 100 I'm) BO BpeMeHH U OOECIICUYUB €T Iepe-
KpPBITHE MMIIYJIbCOB H Y4 CTKE NP KTHYECKH MOCTOSHHON MOIIHOCTH H3ITy4eHUS
[102]. OnTuM JbHOE COINI COB HHME UMIYJLCOB J1 3€p BO BPEMEHU OCYIIECTBIIS-
eTcsl TyTeM pEryJHpOBKH OIEpeXeHus MOMKHT . M3mydeHne CHHXpOHU3HMpYyeTcs
¢ JI00BIM MCTOYHHKOM, UMEIOLINM CEPBHCHBIN T MMep ¢ IPOU3BOJIBHOM 4 CTOTOM
f < 2-10° 'l ¥ WIUTETBHOCTHIO MMITYIbcOB, Kp THOH 10 Mkc. Y crtoT mo-
BTOPEHHUSI UMITYJIBCOB JI 3€p OIpEAendeTcsl BpeMeHeM pell KC LU H BeIeHHBIX
OCT TOYHBIX TEIUIOBBIX AepOopM LM KPUCT JUT TP H T , MPUBOIALINX K p co-
KYCUPOBKE U I JIEHUI0 MHTEHCUBHOCTH WM3JlydeHUs B 30He B3 umopneiictsus [103].
JI7st yMeHbIIeHNS! p 1M MOHHOTO BO3NEHCTBUS H  KTHUBHBIN 3JIEMEHT J1 3ep Ipe-
IQyCMOTPEH B PH HT €ro p 3MEIIEHUS B MOJB JHHOM MOMEIIEHHH IO YCKOpHUTe-
JIEM U TP HCIIOPTHPOBKH HU3Ty4EHHUS [0 T THOCTUYECKOIO YCTPOUCTB C IMOMOILBIO
3epK JI. OTO T KX€ YINpPOI €T JOCTYI K OTHAEJIBHBIM 3JIEMEHT M J1 3ep B CIyd4 €
€ro 9KCIUIy T MU HpU p OOT lomeM yckopurene. B 3 BucuMoctH OT BBIOp H-
HOTO PeXUM P OOTHI yCTPONCTB TpPH JUCT HIMOHHOM MEX HHYECKOM Bp LICHHH
3epK JI HOJIIPU30B HHOE H3JTydeHHe BHIOOPOYHO IO €Tcs H OOHY U3 JBYX U -
¢p rmupyromux cucreM (D; wiu D)) 118 (OpMHPOB HUSI MUIIEHU C HYXKHOMN

Q

~
~
~
~
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HPOCTP HCTBEHHOM opueHT 1uel. [Ip ktudecku 100% monspus wus JOCTUT €TCst
[pY NOMOILM CTONbI KJIMHOBHUAHBIX CTEKJIIHHBIX IUI CTUHOK, P CIOJIOXEHHOH B
IUIOCKOM PE30H Tope J1 3ep moJ yriioM bproctep K ero ocu. I[loBopot mockoctu
HOJSIpU3 UMU H yron 7 /2 ( pH U3MEHEHWH PeXuM P OGOTBI YCTPOUCTB ) MPOH3-
BOJUTCS IyTeM BBEJIeHHS KB PLIEBOH IOTYBOJSHOBOM IUT CTHUHBI, P CIIOJIOXEHHOMN
H BbIXOJe J 3ep . H mp BjeHue U cTemeHb MOJApU3 LUU M3TyYeHHd MOTYT Iie-
PpUOIMYECKH KOHTPOIMPOB ThCS H JIM3 TOPOM U (POTOAUOIOM C OCIIMIIIOTP (HOM.
Jlnst 6onee omep THBHOM p OOTHI YCTPOWCTB B P 3HBIX pexuM X (puc. 19, wmm
6) MOTYT HCIONIB30B ThCS OB ITOOYEPEIHO BKJITIOY €MBIX J 3ep C TpeOyeMbIMU
MPOCTP HCTBEHHBIMH OPUEHT IUSIMU U3Ty4EHHUS W €ro MOJSIpu3 LUH.

Heo6xomuM s Uit U3MEPEHUN BEJTUUUH MOIIHOCTH OJHOH JICHTOYHOW MHU-
wenn P, 7, [BT] B 1 6Op TOPHOU CHUCTEME OTCUYET OIPENesIsieTCs YCIIOBUEM BbIIe-
JIeHHs 3JIEKTPOHOB OT OOHO(OTOHHON OOIMPKU MOHOB W3 MOTOK (DOHOBBIX BIIEK-
TPOHOB, UMEIOUIUX T KYIO XK€ CPEelHIoI 3Hepruio. OHU pOXI I0TCA IPU B3 UMO-
neiicteud noHOB H™ ¢ KOMIOHEHT MM OCT TOYHOTrO r 3 (cM. puc. 18), T KXe
B PE3y/bT T€ JBYX(POTOHHOU OOMUPKH (CM. P 3. 3) U JIOPEHUEBCKOU TUCCOLM-

MM MOHOB B M THUTHOM II0Jie OMIIOJeil. BiusgHMEeM OCT TOYHOTrO I 3 MOXHO
npeHeOpeys MpH BHITOJIHEHUH YCTIOBUS

P,10(w)(1 - Beosn)

- >3.10%.v o_1Bly 6.2
4,8 -10"%wq sinn - BAl — o ’ (6:2)
Ile Ve — KP THOCTb IPEBBILICHUS IVIOTHOCTH MOTOK HH(OPM IIMOHHBIX 3JIeK-
TPOHOB H A (POHOBBIMH H [JETEKTOpe; V, — KO3((UIMEHT JIUHEHHOIo YIIH-

peHust n300p XeHust (POTOHHOM MMIIEHH B (hOK JIBHOW IUIOCKOCTH H JIU3 TOp
n3-3 p 30poC 3JIEKTPOHOB MO YITIy M UMIIYJIbCY (3 BUCHUT OT TUI  H JIU3 TOp );
O_1b = O_jo)p + O_11)p — CpenHee ceyenue oOmMpKH MOHOB H™ H  Kowmro-
HEHT X OCT TOYHOTo T 3 [cM2]; P, — 1 BIEHHE OCT TOYHOro T 3 [Toppl; Iy —
9(ppeKTUBH 1 WIMH , C KOTOPOi (DOHOBBIE 3JIEKTPOHBI MOMN I 0T H IETEKTOp;
Al — nonepeyvHblii K ITOCKOCTH IepeceyeHus II0TOKOB (hOTOHOB ¥ HoHOB H™ p 3-
mep mumenn (AX wm AY) [em]; oD (w) = 2- 10710 (iw — &4)%/2 (hw) ~3 [em?]
— ceuyeHne ofHO(MOTOHHOW oOmupku moH H~ BOmm3m mopor [91-93]. Ilpm
Very = 102, 0_1p = 6- 10717 cM?, I, ~ 25 cM (p cCTOSHHE MEXIY M THUTOM
M1 u n s topom MA), Al =~ 1072 cm u P, = 5- 1078 topp monyd em
Py, > 130 Br. D10 COOTBETCTBYET HEOOXOMMMOK IUTOTHOCTH MOIIHOCTH H3JTy-
genmd 11 3ep Iy > 20 kBT1/cM? 1pu u3MepeHun npoduiisl, NONepPedHoOro SMUT-
T HC U CIIEKTP HOHOB I10 3HEPIHHU C MOMOIIBIO JIEHTOUHbBIX (POTOHHBIX MHIICHEH
IIMHOH [y =~ 6 MM.

Jng ¢ 30BOro H JM3 U U3MEPEHHUs] MPONOIBHOTO 3MUTT HC TpH IOIepey-
HOM ceyeHuu 3oHaupyoweid mumeHd 0,1 x 0,5 MM, COOTBETCTBEHHO, MOJIY4Y €M
L,p = 260 kBt/cM?. T Xoe yBeluyeHMe IUIOTHOCTU MOLIHOCTM M3ITy4eHHs HC-
TMOJTB3YEMOTO J1 3P MOXKET OBITh JOCTUTHYTO C IOMOIIBIO TEJIECKON , YMEHBII F0-
mero B 3—4 p 3 momnepevHslil p 3Mep Mydk poToHOB. [IpH 3TOM yBelIUYUB eTcd
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YIJIOB S P CXOOMMOCTH U3JTy4eHUs, ONH KO OH OCT €TCSl B HECKOJIBKO P 3 MEHbIIIe
BeIU4HUHEL AG;.

Il BBIOp HHOTO YINT 1) C TIOMOIIBIO BBIp XeHwit (5.3) u (5.4) HeTpyAHO olle-
HHUTh 3H YEHHS M KCHM JIbHOH M KPUTHYECKOH IIOTHOCTH MOIIHOCTH JI 3€PHOTO
M3ITyJeHHs B CHCTEME TIOKOSI HOHOB Iy |may ~ 1010 Br/em?, I, &~ 5-10" Br/em?.
CrefyeT OTMETUTb YTO INPH JIOMHHUPYIOLIEH poiu OBYX(DOTOHHOH OOOUPKHU HO-
HOB H [ THOCTUYECKOH Mutend (I, > I,|c;) TOYHOCTb M3MEPEHUs I P Me-
TPOB MyYK YXYALIUTCS IO 3H YCHHHA AXl’Cr ~3-10*pnum AE./Eejer =
~2-1072 oTH.em

X p KTepHOe BpeMsl XU3HU MOHOB H™ B cOOCTBEHHOI cuUCTeMe OTCYET Ipu
UX JIBUXEHHUHU 4epe3 M THUTHOE IoJie H MOXHO OLCHHTD C TIOMOLLBIO BBIP XEHHUS
[104,105]:

7(F)[c] ~ (8- 107" /F) exp(42,6/F), (6.3)

rie F[MB/em] = 0,3y | [6 x H] |, H Beip xeno B k9. Herpymso mok 3 s,
uro nosns anemMeHToB M1, M2 u M A 1 HHOTO yCTPOHCTB BECbM M JIbl, YTOOBI
BBI3B Th JIOPEHIIEBCKYIO AUCCOLM LU0 MyYK . TeM He MeHee Yepe3 MHIyLHUpyeMoe
JBUXEHHUEM 3JIEKTpUYecKoe nosie F' oHn BudioT H nponecc hoTooOIMpKH HOHOB
H~ Bbicokoit anepruu [106]. B 4 cTHOCTH, 3TO BIUSHUE MPOSIBISIETCS B U3MEHE-
HMH OKOMOTIOPOTOBOTO MOBEeHHs cedeHus oanodoronnoii obmupku oM (w, F),
€ro BEeJMYUHBI NIPU Aw = €; U MOSBICHUU OCHWUIALMNA B (PYHKIMOH JIBHOM 3 -
BUCHMOCTH OT 3Hepruu (hOTOHOB, MpeBbll fomeid nopor [106-109]. Benuuun
I HHBIX 3((EeKTOB M KCHUM JIbH TIpH HOJSIPU3 MU H3IIy4eHHs, I p JUICTIbHON
BIEKTPUUECKOMY MO0 (7-TIONSAPU3 LUs), ¥ MOXET OBITh OLEHEH C MOMOIIBIO
BoIp XeHus [108]

0,16 - 10*170;-[‘]’)3 exp [—68, 3(e; — hw)3/2/ F]

npu hw < ey,

21,5-10717
(hw)?

npu hw > ey,

(0, F) ~
o\ (w, F) =
{(hw — €4)3/240,015F cos [68, 3(hw — &;)%/?/ F]}

(6.4)

e fw ¥ €¢ BBIP XEHBI B ®JIEKTPOH-BOJIBT X, F — B MB/cm. Iln BHBIN nepe-
XOIl MEXHy MpPUBEACHHBIMU 3 BUCHMOCTSIMU U 0o0Jiee TOYHOE MOBEJCHUE CEYEHHS
oM (w, F) B 0611 cTH hw ~ &; OMUCHIB €Tca T OYIHMPOB HHOIi (hyHKIMEIl, KOTO-
P 4 1 €T MPOMEXYTOUHBIH Pe3ylnbT T MeXIy 3H 4eHusMu (6.4) npu hiw = e, £ 0.
@opmupyeM g IU THOCTUYECK 1 MHUILIEHb SBIISETCS 7-IOMSIPU30B HHOM B B pU-
HTE U3MepeHMil Mo cxeme puc. 19, U UMeeT COOTBETCTBYIOIIYIO MPOEKILUI0 BEK-

TOp TOJSIPU3 LM H TIOJe Fs pexuMme p OOTHI YCTPOMCTB , IPEACT BICHHOM H
puc. 19,6. B cootsetcTBuu ¢ (6.4) 11 BBIOp HHBIX 1) U H cedeHHe yBeTMUYMB €TCS
H ~ 20%. Ecmu B K 4ecTBe HOBOro nopor ¢oroobaupku nonos H™ B mone
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F npunare sHepruto GoToHOB hwp = &4 — A&y, IPU KOTOPOH oM (wp, F) =~
~ 0,10W (g, /R, F), To nonyanm 31 venne Aeyp [3B] ~ 0, 1(F [MB/em])¥/2. C
yaetom 30 yenuii Wy =~ 1/8, W, ~ 1/5 (cm. p 30. 2) u $OTOOGIUPKH MydK B
Kp €BOM Iole H Ju3 Top (cM. puc. 19) yMeHbIIeHHe MOPOT H 9Ty BEJTUYUHY
HPUBEIET K YXYUIIEHHIO TOYHOCTH u3Mepenuil H < 25%. Ilpu HeoGXOmMMMOCTH
OTMEUYEHHbIe U3MEHEHMS MOXHO YCTP HUTb COOTBETCTBYIOLIEH KOppeKLuei yri

7. B H crodinee BpeMs OTCYTCTBYeT MH(OPM LM O BIHMSHUM BHEIIHUX 3JI€K-
TPUYECKOTO U M THUTHOTO IIOJIE H YIJIOBBIE U DHEPrETHMYECKUE P CIpENeSICHHS
3IIEKTPOHOB NPH OOHOGOTOHHOH 00MpKe noHoB H™ B 11 6op TOpHOII cucteme oT-
cyeT . DTO CB3 HO CO CJIOKHOCTBIO OIIMC HUS 9TOTO MpPOLECC B CHUCTEME MOKOs
HOH IIpU P 3JIMYHOU IIPOCTP HCTBEHHOW OPUEHT LIMM IIOJIEW U BEKTOp IIOJIAPHU-
3 i potoHoB. OOH KO B H LIEM CIIy4 € H Ip BJICHUE I0JId F oTHOCHTENbHO
IUIOCKOCTU B3 MMOJEHCTBUS MOHOB M (DOTOHOB COBII Ji €T C YCJIIOBUEM OITUM JIb-
HOW MOJpPU3 LMY MOCTIEIHUX. B CBA3M C 9TUM MOXHO P CCUMTBIB Tb, YTO BIMSIHUE
Kp €BOrO IOJisI H JIM3 TOP He YXYAUIUT p CHpejencHus anektpoHoB f(XS) u
@M (P,/Py) (cM. p 31. 2), ONpeaeNsonX MpeiebHble BO3MOXHOCTH JIH THO-
CTHKHU.

T xum o6p 30M, hopMupyem s B ycTpoiicTse poToHH st Mutuenb ¢ I /1,1, =
= (w/w,)? ~ 0,44 NO3BONAET H JEKHO BbLIEIATH MH(POPM LIUOHHBIE BIEKTPOHBI
oT onHo(oTOHHOI 06mMpku noHoB H™ u3 ¢on . Ilpu atoM T Kxe obecnedyus -
€Tcsl IOCT TOYHO BBICOK $I TOYHOCTB TE€pe UM MH(MOPM LU O IyYKe BJIEKTPOH M.
OTHOCHUTENBHBIE IOTEPH Y CTH MOHOB, NIPOJIET IOMIUX Yepe3 00l CTh MUIIECHH NpH
U3MEPEHMSX, OLIEHUB 10TCS BeJMYUHOM = 2 - 1076,

JIist Ipeuu3uOHHON p GOTHI YCTPOMCTB HEOOXOMMMO 0OecHeYuTh KOHTPOJIb
MPOCTP HCTBEHHOTO ITOJIOXEHHS JICHTOYHBIX (POTOHHBIX MHIICHEH OTHOCHTEIHHO
oceif X u Y ¢ TouHOCTIMHU 07 = 0y < 0,1 MM, ap = ay < 3 Mp I, T KXe
XOpOIIYI0 9KP HUPOBKY (POHOBBIX M THUTHBIX mosiei (Hp) ¥ BBICOKYIO TOUHOCTb
(0H) ycT HOBKM HEOOXOJMMOIO M THUTHOTO IMoJisi B H Ju3 Tope Hy ~ dH <
3-107*H. KOHTpOJIb M THUTHOTO HONA ¢ TpeOyeMOil TOYHOCTbIO MOXET ObITh
OCYIIECTBIICH, H TPHMED, C TOMOIIBI0 I TYNK H MopgHbIx MU-31meMeHT X THIT
redep top Kommure [110].

Ornep THBHOCTb M THOCTHUKH 3 BHUCUT OT M3MEPSIEeMOrO I p METp Nydk H
MOIIIHOCTH c(pOPMHUPOB HHBIX (POTOHHBIX MHUIIEHEH. B W cTHOCTH, HeBO3MyI fo-
Imiee M3MEpPEeHHe CIEeKTP HOHOB 10 ®HEPTHH (MMITYIIbCy) WM P CIpEIesIeHUs B
(X’ X)- 30BOii IWIOCKOCTH MOXET OBITh P€ JIN30B HO 3 BPEMS UMITYJbC IIy4K
(1 = 100 mkc, I; ~ 50 MA) mpu I, ~ 20 kBT/cM?. BONBLIOH MMITYITbCHBII
TOTOK 371eKTpoHOB hoToobaupku (~ 10% + 101 e/c ¢ oxHoOll NeHTOUHOI (HOTOH-
HOW MHUILIEHH) MO3BOJISIET CYUTHIB Th 1 HHYyI0 MH(opM 1m0 3 Bpemd < 10 MKc.
BkioueHne eTeKTop H [ HHOE BpeMs IIPH TIOCIIEIOB TENbHBIX H3MEPEHMSIX,
H NIpUMEp, C JAUCKPETHOCTBIO CABHI BO BpeMeHHM ~¢ 10 MKC OTHOCHTEIBHO H -
Y JI MMITYJIC MYYK , I €T BO3MOXHOCTb IPOCIIEXUB Th WU3MEHEHUE JI HHBIX I -
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P METpPOB BIOJIb UMIYTbC 3 BpeMs MopsAaK MHUHYTH (10 UMIyTbCOB MUIIEHH).
B 1o xe Bpems mH(popM wust o p crpeneneHun HoHOB B (AP;/P;, U)-¢p 30BoM
MPOCTP HCTBE WIM NPOJOIBFHOM 3MHUTT HCE Iy4K HE CTOJIb ONep TUBH U IpH
L,p =~ 300 kB1/cM? MoxeT ObITh monmydeH 3 Bpemst ~ 8 MuH (~ 100 uM-
MyJbcoB 11 3ep ). [Ipu ®TOM MOTOKOM (DOHOBBIX BIEKTPOHOB MOXKHO IpeHeOpedb
TOJIBKO IPY BKJIIOUYEHHUH JETEKTOP H BpeMs CYIIeCTBOB HUS (POTOHHON MHUILIEHH.
B ycnoBHAX 0XHA €MOro p IM LHOHHOIO ()OH 3TO MOXHO pe JIM30B Tb, H MpPU-
Mep, TIPH UCTIOIB30B HUU MPEITOXEHHOTO U JAeT JIBHO OMUC HHOTO B p Oote [111]
yOp BISIEMOTO p AW LUOHHO CTOMKOIO AETEKTOp IPOCTP HCTBEHHOTO P CIIpejie-
JIEHUS UMITYTbCHOTO IMOTOK PENSTHBUCTCKUX 3JIEKTPOHOB. 3H YHUTENbHOE YMEHb-
LIIEHHEe BpPEeMEHM H3MEepeHus p crpenerneHuil noHoB H™ B mpomossHOM (b 30BOM
MPOCTP HCTBE P CCMOTPEHHOIO BBIIIE ITyYK CBSI3 HO C IMOMCKOM U p 3p OOTKOIA
IPYTMX KTHBHBIX 3JIEMEHTOB JI 3€p , AOMYCK IOIIMX ero p OOTY C IHOBBIMLIEHHON
Y CTOTOH W TeHep LWeH W3JTydeHHs B Hy’KHOM I I1 30HE IUTMH BOJIH, MOIIHOCTEH,
IJTATESTBHOCTH HMMITYJIBCOB, T KXe C TpebyeMoil mid (hOpMHUPOB HMSI MHIICHU
YIJIOBOU P CXOAMMOCTBHIO.

7. BINAHUE TOKA IIYYKA OTPULIATEIBHBIX HOHOB
HA EI'O JUATHOCTHKY I1O DJIIEKTPOHAM OBIHUPKH

K x oTMeu 50Ch BbIIIE, TOCT TOYHO BBICOK 9 TOUHOCTh M THOCTHUKH ITy4yK
OTpPHUI] TEJBHBIX HOHOB IO 3JIEKTPOH M OOAMPKH JOCTUT €TCS NPH €ro 30HAHPO-
B HHMHU JI 3€PHBIM H3JIydeHHEM ONTHUM JIbHOH mondpus nuu. OmH KO IHepex B e-
M 4 3IEKTPOH M HH(OPM LU MOXET HCK X TbCA B JU 'HOCTUYECKOM YCTpOIi-
CTBE H OT Ile BBIBOJ U3 My4ykK . BedMumH U X p KTep MCK XEHHUsd 3 BUCAT OT
THII YCTPOWCTB ¥ OOYCIOBJEHBI JBYMS NpuuuH Mu. [lepB g cBSI3 H C Heco-
BEPIIECHCTBOM YCTPOHCTB W MOXET OBITH YUTEH IIPH €ro K JIMOPOBKE TECTOBBIM
BNIEKTPOHHBIM ITy4KOM. Jpyr s 0OyCIIOBJI€H BIMSHHUEM JIEKTPOM THUTHOTO MOJIS
My4K MOHOB H H3MepseMble H JIM3 TOPOM X p KTEPUCTHKHU IOTOK 3JIEKTPO-
HOB. B 1 HHOM p 3zene H ocHoBe p 60ThI [112] mpoBeneH H U3 3TOro a(pdekT
i 180° M THUTHOTO H JIU3 TOP C OJHOPOIHBIM MOJIEM P 37THMYHON BETUYUHBI.
ITpu ¢opMupoB HUU 30HAMPYIOIIEH MUIIEHHd H TP HHULE MOJ 1 HHBIH H JM3 -
TOp obecrieunB eT HeOOXOAUMbIE M3MEPEHUS! U MUHHUM JIbHOE BPEMS H XOXICHUS
HocHuTemne H(pOopM UK B 001 cTH 9(hp(heKTUBHOTO IMOJ My9YK (CM. p 3A4. 6).

JIBUXE€HUE 3JIEKTPOH B 3JIEKTPOM THUTHOM (ﬁt, ﬁt)—none OTMMCHIB eTcsl -
(pepeHLIN JTBHBIM Yp BHEHHEM JUIS UMITYJIBC BO BPEMEHH i:

P - e 5 =
% = eFt + E[V X Ht], (71)

me e, PuV — 3 psag, uMIyasCc ¥ CKOpocTh dMeKTpoH B egunun x CI'CD.
ITocneanue BeMUUUHBI CBS3 HBI APYT C APYTOM Y€pe3 €ro M CCy U3BECTHBIMH COOT-
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Puc. 20. CxeM wu3MepeHHil I p METPOB Iy4K OTPHUI TEIbHBIX HOHOB IO BJIEKTPOH M
06aupKu

Homenuamu: P = ym,V, vy = (1—£2)"%5 u §=|V | /C. lna 1 musupyemoii
CUTY LM BETUYMHBI 3 U 7y COBI [ 10T C PEJISITUBUCTCKUMH I P METP MH IyYK .
BoiBog U H M3 9JEKTPOHOB /ISl OIBYX B PU HTOB IOJIOXEHUS MULIeHH (I u 2)
CXeM THYECKHU IpeicT BieHsl H puc.20. B Monenu GeCKOHEYHOro p BHOMEPHO
3 PSKEHHOTO IIWIMHAP C p OuycoM Ry H y4 CTKe IM THOCTHKHU IMydk (3) ¢ To-
KOM [; CYIIECTBYIOT TOJBKO p U JibH o F}, 1 Kcu JbH 1 Hpg-KOMIIOHEHTHI €ro
BIIEKTPUYECKOTO U M THUTHOTO MOJIEH:

2I; { T, mpu r < Ry

Fp(r) = =
br(r) BCR? | R/r, upu r > Ry,

Hyy(r) = BEp- (1), (7.2)

Ie 7 —p CCTOSIHHUE OT OCHU My4K . ByaeMm mos r Tb, YTO M THUTHOE IOJIe H u-
JIU3 TOP H IIp BIEHO I p JulesibHO ocu X. Torx uis MpeicT BISIOIMIUX UHTEpeC
NPOEKLMI UMITYJIbC ®NEeKTPoH P, m Py c nepBoH 4 JIbHBIMU KOOPAMH T MU Xg
n Yy monyd 10Tcs CIeAyIone yp BHEHUS:

dP, dP, HR-Y +Y,
=FO(Y)Xy; —2 =FO(Y)Y — eH( + Yo) ; (7.3)
dY v CV2R(Y = Yo) = (V = Yo)?
FO(Y) = 2eRT; (%_R—Y—i—YO)X
C2\2R(Y - Yy) — (Y = Yp)2 \ R

1, mpu | Y |</1— X2
(XZ+Y3H™ mpu | Y |> /1 - XE,

X
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0,83 FI,F2
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Puc. 21. ®ynakunn F1(Y) (crwiomusie muann) u F2(Y) (MyHKTHPHBIE JTHHAK) L P 3-
JMYHBIX 3H yeHuit R, Xo u Yo: I — Xo = £0,7, Yo = —0,7; 2 — Xo = £0,25,
Yo =0,25; 3 — X0 = +0,7, Yo =0,25; 4 — Xo = 40,7, Yo = 0,7

IIe Yy4TeH CBiI3b MexXay ¢, Y u 5 H He BO3MYIIEHHOW ITy4KOM IOJYKPYroBOH
TP €KTOpHHU BJIEKTPOHOB p muycoM R = vB8m.C/eHRp. Tlpu TOM BeTHIUHBI
R,Y, Xy n Yy BbIp Xe€HbI B OTHOCUTEJIbHBIX €IMHUIl X K P OUYyCy MydK . UncneH-
Hble PEIICHUS 3TUX YP BHEHHUIl IUI1 COCT BISIOIIUX MMITYJIbC 3JIEKTPOH , 00ycio-
BJICHHBIX JIEHCTBHEM TOK ITy4K , IMEIOT BHI

Po(Y) = 252 XoRIFA(Y) /57 — F(Y)] (7.4)
! 26]1 2
Pu(Y) = S5 RIF3(Y)/6 - FA(Y)] (7.5)

Oyuxunn F1(Y), F2(Y), F3(Y) nu FA(YY) mia Y > 1 1 HEKOTOpPBIX 3H YEHHUI
R, Xy u Yy npexct BneHsl H puc. 21, 22.
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Puc. 22. ®yukuun F3(Y) (crutownsie auaun) u F4(Y') (nyHKTHPHBIE JMHUK) LIS P 3-
JNUYHBIX 3H yenudt R, Xo u Yo: I — Xo = £0,7, Yo = 0,25; 2 — X0 =0, Yp = 0;
3—Xo = :‘:0,25, Yo :O; 4 — X() = :|:O,7, Yo :O; 5—X0 = :|:O,7, Yo = *0,25

B p ccM TpHB eMOM YCTPOWCTBE X p KTepuUCTHKM mydk B (X' X)-¢ 30Boi
IUTOCKOCTH OTIPEAEIISIOTCS 110 P CHPEAEIEHHIM IFIOTHOCTH 3JIEKTPOHOB BIIOJIb OCH
X4 H gerexktope D mpu p 37IMYHBIX KOOPAMH T X X 30HAMpPYIOIIEH MHIIEHU
1. B cBssu ¢ tem, uro 3 Bucumoctd F1(Y) u F2(Y) GblcTpo BBIXOIAT H

CHMIITOTHKY, BIMSHHME MYYK H OTH HU3MEPEHHd X P KTEpU3YeTCs BEIWYNHOM
60X} = Prjmax(Xo,Y0)/v8meC. M KcuM nbHOE 3H YeHHe Pyjmax/l; A1 1 H-
Horo R BbIOMp eTcs cpelyl HOPMUPOB HHBIX H TOK CHUMITOTHK BBIp XeHud (7.4)
IUIS P 37MYHBIX KOOPIUH T 3JEKTPOHOB X M Y Mo cedeHuro mydk . [Ipu gomy-
cTUMBIX BosMywieHusx 0X, ~ 2107 p nu 8 = 0,79 (Fy_ = 600 MaB) aro
COOTBETCTBYET M KCUM JIbHBIM TOK M [; ~ 400 MA mpu R = 40 u I; =~ 550 MA
npu R = 20. JIng HepensaTHBUCTCKUX HOHOB BIMSHHE NYYK IIPOSBISETCS ObI-
CcTpee ¥ BbI3bIB €T Bo3MywieHue 0.X, ~ 1073 p x yxe npu ToK X [; ~ 3 MA s
6=0,12 (Eg—- =7 MsB) u R = 10.
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Bosmymienne mmnynsc Py, u3-3  BO3eHCTBHS 1O IMydK HpOSBIAETCS B
JOTIONTHUTESIBHOM CMEILEHNH KOOPIOWH Thl Yy 31€KTPOH H JeTeKTope Npu (uK-
CUPOB HHOM IOJOXEHUM MUIIEHU 2. B Cilyd € M JI0ro OTKJIOHEHHs TP €KTOpHU
BIIEKTPOHOB OT MOJIYOKPYXHOCTH p OHyC R 3TO IPHUBOIMT K CIIEAYIOIIEH Morpem-
HOCTH B OIPENEICHUN BEINYUHBI UMIIYJIBC :

2R+Yo
6P eRI F3(Y)/3? — FA(Y)
P pym.C3 J V2R(Y —Yo) — (Y = Yp)?

0

dy. (7.6)

YucrieHHOe HHTETPUPOB HHE 3TOTO BBIP XEHUS, H MpHUMeEp, I MuleHn ¢ Yy = 0
U p 3IHYHBIX X MPUBOONT K M KCUM JIbHBIM TOK M myuk [; ~ 200 MA (R = 40)
u I; ~ 300 MA (R = 20) npu 8 = 0,79 u momyctumoM Bosmymienun JP/P =
~ 2-107% B nepenstupuctckoMm ciyd e ¢ 3 = 0,12 nonyd em I; ~ 5 MA nipu
R=10udP/P~2-1073.

CremyeT OTMETHTH, YTO Oojiee JET JIBHOE H3yYeHHEe P CCMOTPEHHBIX 3(hek-
TOB WIS OPYTMX P AW JBHBIX 3 BUCHMOCTEH IUIOTHOCTH TOK MOHOB, C YYETOM
H Y JIbHBIX P CHpeIeIeHHl 3JIeKTPOHOB 110 YIIy U UMIYJIbCY, TpeOyeT CII0XHOIo
YHCJIEHHOTO MOJEJIMPOB HUS W3-3 P 3JIMYHON CUMMETPHUHM TONIeil NydK W H JIH-
3 TOp .

3AKITIOYEHUE

IIpenct BieHHbIE pe3ysbT Thl U IPOBEACHHBIN BBIIIE H JIM3 II0K 3BIB 10T, YTO
METOJl HEBO3MYILl IOIIEN AM IHOCTHKU IIyYK OTPHI] TEIbHBIX MOHOB II0 3JIEKTPO-
H M OT OKOJIOIIOPOTOBOH OJHO(OTOHHOH OOOUPKH U P CCMOTPEHHOE MHOTO(YHK-
LIFOH JIbHOE YCTPOICTBO JUI €r0 pe JIM3 LM MOTYT OBITh C YCIIEXOM HCIIOJIb30-
B HBI U1 JIOCT TOYHO MHTEHCHBHBIX PENSITUBHCTCKHX IyuykoB H™, H mpumep, B
CYLLECTBYIOILIMX ME30HHBIX (p OpHK X WIH B IPOEKTHPYEMbIX YCKOPHTEJSAX VIS
BJIEKTPOSIIEPHOTO CIIOCO0 TMONTYyYEHHs DHEPrMU M TP HCMYT LUH P JHO KTHUBHBIX
oTxom0B [7-10].

B 3 xmoueHne BTOp BHIp X €T IIyOOKyl O roJ pHOCTh BCEM KOIUIET M
n3 CyxyMcKOro (huU3HKO-TEXHUYECKOro UHCTUTYT , MHCTUTYT <nepHBIX Hccie-
noB Huit PAH (Tpouuk) 1 OObeIMHEHHOTO MHCTUTYT SIIEPHBIX UCCIIEHNOB HHH,
KOTOpPbIE CBOUM TBOPYECKUM TPYAOM M MOMIEPXKKOil COCOOCTBOB JIM MOTYYESHUIO
NPUBE/ICHHBIX PE3Y/IbT TOB H P 3JIMYHBIX T I X P 3p OOTKH OMUC HHOTO METOX
J¥ THOCTUKH.

CIIMCOK JIMTEPATYPbIL

1. Oumos I'.H., Ayaaukos B.I'. — ®usuk i 3mbl, 1978, 1.4, ¢.692.

2. Post D.E. — In: Atomic and Molecular Physics of Controlled Thermonuclear Fusion (Eds.
C.J. Joachain and D.E. Post). Plenum, New York, 1983.



®OTODJIEKTPOHHBIM METOJI 1289

11.
12.
13.

18.

19.

20.

21.

22.

23.
24.

25.

26.

Bransden B.H. — Nucl. Instr. and Meth., 1987, v.B24/25, p.377.

JbaukoB B.A. — B ¢6.: Tpyzasr 10-ro CoBew HHS 11O ®JIEKTPOCT THYECKUM yckoputeasam (O6-
HUHCK, 26-28 Hos10ps 1991), O6GHuHCK, 1992, c.162.

Isler R.C. — Plasma Phys. and Contr. Fusion, 1994, v.36, p.171.
Burgerjon J.J. — Nucl. Instr. and Meth., 1985, v.B10/11, p.951.

Martin S., Planner C.W. — In: Proc. of the Third Europ. Part. Accel. Conf. (Berlin, 24-28
March 1992), Berlin, 1992, v.1, p.435.

Jason A.J., Woods R. — In: Proc. of the Fourth Europ. Part. Accel. Conf. (London, 27 June -
1 July 1994), London, 1994, v.3, p.2684.

Mizumoto M., Kusano J. et al. — In: Proc. of the 18th Intern. Linear Accel. Conf. (Geneva,
26-30 August 1996), Geneva, 1996, v.2, p.592.

Wangler T.P., Billen J. et al. — In: Proc. of the 18th Intern. Linear Accel. Conf. (Geneva,
26-30 August 1996), Geneva, 1996, v.2, p.749.

Ishikava J., Tsuji H. et al. — Nucl. Instr. and Meth., 1995, v.B96, p.7.
Gullickson R.L. — Nucl. Instr. and Meth., 1987, v.B24/25, p.730.

BynroB A.A. u ap. — B kH.: Tpyzasl 12-ro Beecoto3Horo cosely HUS 110 YCKOPHUTENSIM 3 PsKEH-
HbIX 4 crui (MockB , 3-5 okTsa6ps 1990), dy6on , OUSIH, 1992, 1.2, c.110.

Mc Kenzie-Wilson R.B. — Nucl. Instr. and Meth., 1991, v.B56/57, p.987.

I'opmixkoB O.A., Koporees A.C. — B ku.: [IBur Tenu u dHepreTuyecKue yCT HOBKM (H Y4HO-
TexHm4eckuii cobopuuk), HUMUTII, 1993, ¢.93.

Boporymua M.®., I' spum 10.H., CunopoB A.B. — B xu.: Tpyasr 14-ro Cosem Hus 1o
yckopurensiM 3 pskeHHsix 4 cruy ([Iporsuxo, 25-27 oktsabpst 1994), Ilporsuwo, 1995, 1.2,
c.269.

Clarke-Gayther M.A., Borden A.L, Allen G.M. — In.: Proc. of the Fourth Europ. Part. Accel.
Conf. (London, 27 June -1 July 1994), London, 1994, v.2, p.1634.

Mock jes B.A., Ceprees I'.H., Illect KoB B.I'. — M3mepenne 1 p METPOB Iy4KOB 3 PSKEHHBIX
y cruu. M.: Aromusg T, 1980.

Cottingame W.B., Boicourt G.P. et al. — IEEE Trans. on Nucl. Science, 1985, v.NS-32,
p.1871.

Connolly R.C., Johnson K.F., Sandoval D.P., Yuan V.W. — Nucl. Instr. and Meth., 1992,
v.A312, p.415.

Stephen L., Kramer D., Read Moffett — IEEE Trans. on Nucl. Science, 1981, v.NS-28,
p-2174.

Connolly R.C., Sandoval D.P. — In: IEEE Part. Accel. Conf. (San Francisco, 6-9 May 1991),
v.2, p.1237.

Yuan V.W,, Connolly R.C. et al. — Nucl. Instr. and Meth., 1993, v.A329, p.381.

Kos 0B PJI., M pr pan IOJL, II nan I''A., Uy psau I.I'. — BAHT, cep: O6w 5 u siiepH s
uzuk , 1988, Bbim.3(43), c.43.

Feschenko A.V., Ostroumov P.N. — In: Proc. of the 1986 Linac. Conf. (Stanford, 2-6 June),
p.323.

Mikhailov V.G., Iudin L.I. et al. — In: Proc. of the Fourth Europ. Part. Accel. Conf. (London,
27 June - 1 July 1994), London, 1994, v.2, p.1743.



1290 APTEMOB A.C.

217.

28.

29.

43.

44,

45.

46.
417.

48.

49.
50.
51.
52.
53.

54.
55.

Tron A.M. — In: Proc. of the 2nd Europ. Workshop on Beam Diagnostics and Instr. for Part.
Accel. (Travemunde, 28-31 May 1995), p.60.

Birukov LN., Mirzojan A.N., Ostroumov P.N., Petronevich S.A. — In: Proc. of the Third
Europ. Part. Accel. Conf., Berlin, 1992, v.2, p.1109.

B cuases ILB., Tpons A.M. — B xn.: JIuneiinble ycKopuTenu U (pU3MK ITy4KOB 3 PSKEHHBIX
gy cruia. M.: MU®U, 1991, c.63.

Duncan M.M., Menendez M.G. — Phys. Rev., 1977, v.A16, p.1799.

. Geballe R., Risley J.S. — In: Electron. and Atom. Collis. Abstr. Pap. 8-ICPEAC, Beograd,

1973, v.2, p.834.

Duncan M.M., Menendez M.G. — Phys. Rev., 1979, v.A19, p.49.

Menendez M.G., Duncan M.M. — Phys. Rev., 1979, v.A20, p.2327.

Duncan M.M., Menendez M.G. — Phys. Rev., 1981, v.A23, p.1085.

Macek J., Menendez M.G., Duncan M.M. — Phys. Rev., 1984, v.A29, p.516.

Kaminsky A.K., Meshcherov R.A., Popova M.I., Sazhin V.D. — Nucl. Instr. and Meth., 1981,
v.180, p.231.

Menendez M.G., Duncan M.M. — Phys. Rev. Lett., 1978, v.40, p.1642.

. Duncan M.M., Menendez M.G., Hopkins J.L. — Phys. Rev., 1984, v.A30, p.655.

Esaulov V.A., Greuard J.P. et al. — J. Phys., 1984, v.B17, p.1855.

. Crawford O.H. — Phys. Lett., 1984, v.A104, p.25.
. Alton C.D., Compton R.N., Regg D.J. — Phys. Rev., 1985, v.A31, p.2129.
. As koB I'.B., binoxunues JI.I., Kpekorenp C.II., C Bun JI.A. — B xu.: Te3. goku. 10-it

Bcecoro3Holt KoH(. 10 usnKe 27eKTp. 1 TOMH. CTOJIKHOBEHUi, Yxropon, 1988, 1.2, c.114.

Tpoub A.M. — B xu.: Tpyusl 6-ro Bcecoio3Horo cosell HUS 10 YCKOPUTEISIM 3 PSKEHHbBIX
v crun (Qy6n , 11-13 okra6psa 1978), dyou , OWIH, 1979, 1.2, c.105.

Tpoub A.M., ®emenko A.B. — B ku.: Tpyusl 7-ro BcecorsHoro cosell HUs 10 YCKOPHUTENSAM
3 psixeHHbIX 4 ctul (Iy6H , 14-16 oxTsa6psa 1980), dyon , OUSIHU, 1981, 1.2, c.125.

McCrory E.S., Schmidt C.W., Feschenko A.V. — In: Proc. of the LINAC-92 (Ottawa, 24-28
August 1992), p.662.

Apremos A.C., I'eBopkoB A.K. — Oruer COTH, Cyxymu, 1984.

Apremos A.C., I'eBopkos A.K. — ABr. cBun. No.263428 (CCCP, 3.N.3143559/3143560), MK
HO5H7/00, 1986.

Artiomov A.S., Vaganov N.G. et al. — In: IEEE Part. Accel. Conf. (San Francisco, California,
6-9 May 1991), 1991, v.3, p.1573. In: Production and Neutralization of Negative Ions and
Beams: Sixth Intern. Symposium (Upton, New York, 1992), 1992, p.592.

JI vn y JLA., JIndmmy EM. — Mex nux . M.: H yk , TOMII, 1965.
Dixit S.N., Lambropoulos P. — Phys. Rev., 1983, v.A27, p.861.
Cooper J., Zare R.N. — J. Chem. Phys., 1968, v.48, p.942.

Walker T.E.H., Waber J.T. — J. Phys., 1973, v.B6, p.1165.

Cobenpm H H.M. — Bpenenne B Teopuio TOMHBIX criekTpoB. M.: T'oc. u3n-Bo ¢us-m T. mur.,
1963.

Amycba M.SI. — Aromuslit oroadppext. M.: H yk , TOMII, 1987.
Manson S.T., Starace A.F. — Rev. Mod. Phys., 1982, v.54, p.389.



®OTODJIEKTPOHHBIM METOJ 1291

56.
57.
58.
59.
60.
61.
62.

63.
64.

65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
71.

78.

79.

80.
81.
82.
83.
84.
85.
86.
87.
88.
89.

Moores D.L., Norcross D.W. — Phys. Rev., 1974, v.A10, p.1646.

Kasdan A., Lineberger W.C. — Phys. Rev., 1974, v.A10, p.1658.

Gribakin G.F., Gribakina A.A., Gul’tsev B.V., Ivanov V.K. — J. Phys., 1992, v.B25, p.1757.
Saha H.P., Compton R.N. — Phys. Rev. Lett., 1990, v.64, p.1510.

Hanstorp D., Bengtsson C., Larson D.J. — Phys. Rev., 1989, v.A40, p.670.

Apremos A.C., ABua3z6 A.A. — Ilpenpunat COTU-90-17, M.: HHUU Tomundopm, 1990.

Apremos A.C., ABua36 A.A., B pr 3 pan A.C. — Ilpenpunr OUSU, P9-96-146, Hy6H ,
1996.

Annudepos B.B., b typun B.A., Ipemun I''H. — XKXT®, 1993, 1.63, c.21.

b amun A.M., I'onbx Hekwmii B.M., M kcumenko B.M., Pozenr ap MJI. — Kunem Tuk  siep-
HBIX pe Kumil. M.: Atomusg T, 1968.

Apremos A.C., ABna3o A.A. — CooGmenne OUSIU, P9-93-431, dy6n , 1993.
Radojevic’ V., Kelly H.P., Johnson W.R. — Phys. Rev., 1987, v.A35, p.2117.
Bryant H.C., Donahue J.B. et al. — Nucl. Instr. and Meth., 1991, v.B56/57, p.205.
K 3 koB A.E., ®egopos M.B. — XKDT®D, 1982, 1.83, ¢.2035.

Andrjushin A.IL, Fedorov M.V., Kazakov A.E. — J. Phys., 1984, v.B17, p.3469.
Haan S.L., Cooper J. — J. Phys., 1984, v.B17, p.3481.

Boiitkus A.B., Il 313epckuii B.A. — Onrtuk u cnekrpockonus, 1986, 1.61, c.1184.
Kuklinski J.R., Lewenstein M. — J. Phys., 1987, v.B20, p.1387.

Kusaun U.1O., Kp iinoB B.II. — KDT®, 1989, 1.96, c.1606.

Tonosunckmii ILA., Kuaun U.FQ. — Y®H, 1990, 1.160, ¢.97.

TonoBunckwuii ILA., Kuan H.HO. — Onrtuk  u cniekrpockonusi, 1985, 1.59, ¢.988.
Bebb H.B., Gold A. — Phys. Rev., 1966, v.143, p.1.

Apremos A.C., ABum36 A.A., B pr 3 pan A.C. — B xu.: Tpyzns! 13-ro coBen Hus O yCKO-
puressM 3 pskeHHbIX 4 crun (IyOH , 13-15 okra6ps 1992), HOy6oun , OUSIU, [19-92-455, 1993,
1.2, ¢.256.

Artiomov A.S., Avidzba A.A., Vartazarian A.S. — Nucl. Instr. and Meth., 1993, v.A328,
p.408.

JHemkos 10.H., OctpoBckuii B.H. — Metox noteHuu 0B HyJ€BOro p JUYC B TOMHOU (DH3HUKE.
JI.: Uz-Bo JIT'Y, 1975.

Hall J.L., Siegel M.W. — J. Chem. Phys., 1968, v.48, p.943.

Meccu I'. — Orpun tenbubie uoHbl. Ilep. ¢ v M.: Mup, 1979.

Adelman S.A. — J. Phys., 1973, v.B6, p.1986.

Crance M., Aymar M. — J. Phys., 1985, v.B18, p.3529.

Geltman S. — Phys. Rev., 1991, v.A43, p.4930.

van der Hart H'W. — Phys. Rev., 1994, v.A50, p.2508.

M u koB HJL, IIpeodp xenckmii MLA., P monopt JLII. — KDT®, 1978, 1.75, c.1243.
Reiss H.R. — Phys. Rev., 1980, v.A22, p.1786.

TonoBunckwuii IL.A., 3o B.A. — W3s. AH CCCP, cep: ¢usuueck s, 1981, 1.45, ¢.2305.
Becker W., Long S., Mclver J.K. — Phys. Rev., 1990, v.A42, p.4416.



1292 APTEMOB A.C.

90.
91.
92.

93.
94.
9s.
96.
97.
98.
99.

100.

101.

102.

103.

104.
105.
106.
107.
108.
109.
110.
111.
112.

Wigner E.P. — Phys. Rev., 1948, v.73, p.1002.
Armstrong B.H. — Phys. Rev., 1963, v.131, p.1132.

Bryant N.C., Butterfield K.B. et al. — In.: Proc. of the 7th Intern. Conf. on Atom. Phys.
(Cambridge, 4-8 August 1980), New York, London, 1981, p.29.

Lykke K.R., Murray K.K., Lineberger W.C. — Phys. Rev., 1991, v.A43, p.6104.
Geltman S. — Phys. Rev., 1990, v.A42, p.6958.

Laughlin C., Shin-I Chu — Phys. Rev., 1993, v.A48, p.4654.

Kyuunes MLIO., Illeiinepm H C.A. — Y®H, 1989, 1.158, ¢.353.

Blondel C., Delsart C. — Laser Phys., 1993, v.3, p.699.

Nicolaides C.A., Mercouris Th., Picingos N.A. — J. Phys., 1990, v.B23, p.L669.

Artiomov A.S. — Preprint JINR, E9-96-200, Dubna, 1996. In: Proc. of the 5th Europ. Part.
Accel. Conf. (Sitges/Barcelona, 10-14 June 1996), 1996, v.2, p.1654.

Apremos A.C., K xarun B.A. — Jlu rHocTHYeCKOE YCTPOHCTBO (TEXHHYECK S HOKYMEHT LU
1.248.00.000), COTH, Cyxymu, 1991;
Apremos A.C., Anmudepos B.B. — Ilpenpunr OUSIU, 39-99-182, My6u , 1999.

3nyanneiH 9.C., 3pikoB A.H., Kp mckoii I'JI.,, Kymuup B.A. — BAHT, cep. Texn. ¢us.
sKkcnep., 1986, c.37.

Annudepos B.B., Apremos A.C. u ap. — JI 3ep Nd: UAT (TexHudyeckoe onuc HHE U UHCTPYK-
g no excmty T 1uu), COTH, Cyxymu, 1991.

Meseno A.B, Comc JL.H., Cren HoB A.. — TepMoonTHK TBEpAOTEIBHBIX 11 3epoB. JI.: M -
mmHoctpoeHue, 1986.

Stinson G.M., Olsen W.C. et al. — Nucl. Instr. and Meth., 1969, v.74, p.333.
Hpyk pes I.®., MoHo3oH B.C. — XKDT®, 1971, 1.61, c.956.

Fabrikant I.I. — Phys. Rev., 1991, v.A43, p.258.

Stewart J.E., Bryant H.C. et al. — Phys. Rev., 1988, v.A38, p.5628.

Du M.L., Delos J.B. — Phys. Rev., 1988, v.A38, p.5609.

Bo Gao, Starace A.F. — Phys. Rev., 1990, v.A42, p.5580.

Uchiyama T., Mohri K. — J. Magn. Soc. Jap., 1995, v.19, p.469.

Apremos A.C. — Coobmenne OVSIH, P13-97-247, Iy6n , 1997.

ApremoB A.C. — Coobmenne OVSIH, P9-97-94, Ny6n , 1997.



PE®EPATHI CTATEN, IOMEIIEHHBIX B BBIITYCKE

YK 539.12.01
CTpyKTypa NHOHA B MOJeJU HHCTAHTOHHOM skuaAKocTH. Anukun U.B., /lopoxoe A.E.,
Tomuo JI. dusmka >IeMeHTapHbIX YaCTULl U aTOMHOTO sizipa, 2000, tom 31, BeIN.S, ¢.1023.
Jan 0030p KOBapHaHTHOI KBapKOBOH MOJENU IMHOHA, OCHOBaHHOW Ha 3()(EKTHBHOM
HEJIOKAJILHOM KBapK-aJpOHHOM JIarpaHKHaHe C HEJIOKAIbHOCTHIO, HHAYIUPOBAHHOW HH-
CTAaHTOHHBIMH QIykTyanusmu Bakyyma KX/I. SIBHO kanunOpoBOYHO-HHBapHAHTHEIH (opma-
JIU3M ITO3BOJISIET TOCTPOUTH COXPAHSIOIIUEC] BEKTOPHBIN U aKCHAIBHBIA TOKU H IPOJEMOH-
CTPHUPOBATh UX COINIACHE C Pa3IMYHBIMH TOXAECTBaMH Yopaa—Takaxalm U HU3KOIHepre-
THYECKIMH TeopeMaMH. B pesynasraTe CIOHTAaHHOTO HapyIIEHHs KUPAaJbHOH CHMMETPHH
BO3HHUKAIOT 3aBUCSIINE OT NMITYJIbCa AUHAMHYECCKAs Macca KBapKa U BepIINHA KBAPK-TIHOH-
HOTO0 B3auMozeicTus. [lapameTpbl HHCTAHTOHHOTO BaKyyMa, CpEAHUN pa3Mep HHCTAHTOHA
u addexTrBHAs Macca KBapKa BBIPAXKCHBI 4Yepe3 BEIWYMHBI BAaKyyMHBIX OKHIAHUIH
KBapK-IJIIOOHHBIX ONEPaTOpOB HaWHH3ILEH pa3MEpHOCTH M HU3KOIHEPreTHUYECKUX HaOIIO-
JaeMbIX IHOHA.

ITonpobHO paccMoTpeH mHepexogHblid (opM(paKTop MHOHA IS IPOIECCOB yDy—» ™
u yD\F ~ 1. Kunemaruaeckas 3aBHCHMOCTD TepexoxHoro GopMQaKTopa Mpy BEICOKUX HM-

My/bcax Iepeiauy MO3BOISIET OIYYUTh COOTHOLICHUE MEX/LY aMIUIUTYI0H paclpeieeHus
KBapKOB B [IMOHE HA CBETOBOM KOHYCE M KBapK-IIMOHHOH BepIInHHON QyHkuuei. Ero nuna-
MHUECKas 3aBUCUMOCTD yKa3bIBaeT Ha TO, YTO IEPEXOIHEINH GopMpaKTop yqu ° IIPA BHI-

COKHX UMIIyJIbCax Mepeaayy OueHb YyBCTBUTEIICH K pa3Mepy HENOKaJIbHOCTU HelepTypOa-
TuBHBIX (nykryanuid B KX/I-Bakyyme. B pamkax Mozpenu B TUANPYIOIIEM TBUCTE BBIYHCIIC-
HBl aMIUINTYAa pacupeencHust 1 QyHKIHUS pacHpeeleHns] BaJICHTHBIX KBapKOB B IHOHE
B HU3KOH TOYKE HOPMHPOBKH MOPS/IKA OOPATHOTO CPEHETO pasMepa MHCTaHTOHa P .. Pe-
3ynbTaThl KX/ MposBOMIOIMOHUPOBAHBI K O0Jiee BBICOKMM HMITYJIbCAM Hepeaadyd U Haxo-
JTCA B Pa3yMHOM COIVIACHHM C JOCTYHMHBIMHU 3KCHEPUMEHTANIbHBIMU JaHHBIMU O CTPYKTYpe
MHOHA.

Ta6n.2. Un.10. bubnuorp.: 87.

VK 539.1.01

YuusepcajbHble MaCIITAGHbIE COOTHOMIEHHS 1151 KOHCTAHT CBSI3H ME30HOB, COepPIKa-
IUX TsKeJdble KBapKu. Kucenes B.B. ®u3nka 3JIeMEHTApHBIX YaCTHUIl U ATOMHOTO S/Ipa,
2000, Tom 31, BBIN.S, ¢.1080.

O6cyxmaercss (HOPMYIUPOBKA U OONACTh MPUMEHHUMOCTH KBA3WJIOKAJIBHBIX MPaBUII
CYMM JUIs S-BOJIHOBBIX YPOBHEMN TSKEIOTO KBAPKOHUSI, KOTOPBIE MO3BOJISIFOT UCIIOIB30BATh
PETYISIPHOCTD CIIEKTPa MAcC U MOJy4aTh MaciITaOHbBIE COOTHOLIEHUS ISl JIEITOHHBIX KOH-
CTaHT CBSI3M, HAXOJIUECS B XOPOIIEM COTIACHH C MMEIOIMMHUCS IKCIIEPUMEHTAIBHBIMU
JTAHHBIMHE U1 BEKTOPHBIX COCTOSIHUUN CHCTEM 4apMOHUsI 1 GoTroMoHwust. [IpoBeneHo 0606-
HIEHHE MPETIOKSHHOTO METO/Ia Ha TSDKEJIbIE ME30HbI C OJIHUM TSKEJIBIM KBAPKOM, JUISI KOTO-
PBIX MOJIYYEeHO MacITabHOE COOTHOIIEHHE, cortacyoieecs ¢ dpdexkTuBHON Teopueit Tsi-
JKeIbIX KBapKoB. ClieNlaHbl YUCIIeHHBIE OlleHKH TapaMeTpoB KX ]I B ceKTope TsHKeIbIX KBap-
KOB: MacC KBapKOB, KOHCTaHT CBS3H O (, SHEPTUM CBS3H M CPEJIHETO KBajpaTa MMITy/bCa
TSDKEJIOTO KBapKa B TSDKEIIOM Me30He. PaccMOTpeHBI mpaBuiia CyMM [UISE ME30HHBIX TOKOB,
OTPEAENSIONNX KOHCTAHTY Pachajia TSHKEIOTO0 BEKTOPHOTO KBAPKOHUSI HA IMApy TSKENBIX
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HICEB/IOCKAISIPHBIX ME30HOB, TJIE MOTYyYSHO MacliTaOHOE COOTHOLIEHHE, CBA3BIBAIOIICE KOH-
CTaHTHI paclaja KBapKOHUEB C Pa3IMYHBIM KBapKOBBIM COCTAaBOM. IIpoBeleHO cpaBHEHHE
C 9KCNICPUMEHTAJIbHBIMU JIAaHHBIMH, YKa3bIBAIOIIMMHU HA XOPOILIEE COIIACHE C TEOpEeTHYE-
CKMMHU OlLleHKaMu. Ha 0CHOBe BbIBE/JCHHBIX MAaCIITAOHBIX COOTHOILECHUH ClIeaHbl IpecKa-
3aHUS CBOMCTB TSKEIOr0 KBAPKOHUS (l;c).

Ta6n.7. Un.2. bubnuorp.: 75.

VK 538.3; 621.38
KooneparuBHnble 31ekTpoMaruuTHbie 3¢ derTol. [Okaroe B.U., IOkanrosa E.Il. Pusnka
3JIEMEHTAPHBIX YaCTHI U aTOMHOTro aapa, 2000, Tom 31, Beim.S, c.1128.

HccnenyioTcs KONIEKTUBHBIE SBICHHS B CHUIBHOHEPABHOBECHBIX CHCTEMaX, B3aUMO-
JEHCTBYIONIUX C HJIEKTPOMArHUTHBIM I10JIeM. Takue CHCTEMBI OIIMCHIBAIOTCS CIIOXKHBIMH He-
TUHEHHBIMH UG QEepeHIINATBHEIMI HIN HHTETpoAu((hepeHINATbHEIMUA  yPaBHEHUAMH.
Llens manHOTO 0030pa — MOKA3aTh, YTO MHOTHE HEJIHHEHHBIE KOJIEKTHBHBIC SBICHHS MO-
TYT OBITh yCIIEIITHO OITHCAHBI C TOMOIIBIO PA3BUTOTO HEAABHO METOA, HA3BAHHOTO METOIOM
pasneneHns MacmTaboB, OCHOBAaHHOTO Ha UJIe€ BBIICICHUS Pa3INIHBIX XapAKTEPHBIX IPO-
CTPaHCTBEHHO-BPEMEHHBIX MAacIITa0OB, CYIIECTBYIOIIMX B HEPAaBHOBECHBIX CTaTHUCTHYE-
CKHUX CHCTeMaX. DTOT MOIXO0A 001agaeT J0CTaTOYHON OOIIHOCTBIO M MOXKET OBITh TPUMEHEH
K BCEBO3MOXXHBIM HEPABHOBECHBIM (DH3MUECKUM MpoOIeMaM, HEKOTOPBIE 3 KOTOPBIX pac-
CMaTPHUBAIOTCA B JaHHOM 0030pe. OTu mpoOiieMbl HE TOJIBKO MIPAIOT POJIb MILTFOCTPALUN
METO/la, HO BaXXHBI M CaMH IO cede, MpecTaBiisisl HHTepecHble pusnueckue I3PdexTsl, Ta-
KHe, KaK KOJIJIEKTUBHOE OCBOOOXKICHHE CBETa, TypOyJlleHTHOE (JOTOHHOE HUTEOOpa3oBaHUE,
CBEpXU3/TyuaTeNbHas CIMHOBAs pPeslaKCalUsl, OTPUIATEIBHBIA MEKTPHUYECKUN TOK M Mar-
HUTHBII NONYKOH(aHHMEHT aTOMOB.

Wn.30. bubmuorp.: 230.

VK 539.12.01
MHoroyacTH4YHasi TEOPHsI CHCTEM COCTABHBIX aiPOHOB. Kpeiin [ du3nka >1eMeHTap-
HBIX YaCTHIl U aTOMHOTO sizipa, 2000, Tom 31, BeIN.S, c.1212.

MHoro4acTu4Hble CHCTEMbI COCTABHBIX aJPOHOB XapaKTEPU3YIOTCS MPOLECCAMH, KO-
TOpBIE BKIIIOYAIOT B ce0s1 OTHOBPEMEHHO U aJIpOHBI, U UX cocTapistronme. Kparko paccmo-
TPEHBI HECKOJIBKO ME€TO0B, CIICHHAJIbBHO paSpa6OTaHHbIX JUIA U3YYCHHS TaKHUX CHUCTEM,
U NpeaCTaBJICH HOBBII MECTOMI, KOTOpblﬁ OCHOBAaH Ha HUJEE COOTBETCTBUA MECKAY (1)1/131/1'-16-
CKUM U UAeaNbHBIM npoctpancTBamu Doka. DTOT MeTOJ, M3BECTHBI Kak NpeACTaBICHUE
®oka—Tanu, ObUT pa3paboTaH yke JaBHO JUIS PEIICHUs 3a/1a4 aTOMHO (DU3HUKH, a HEJTaBHO
OBUI pacIIMpeH U 10 agpoHHOH ¢u3nku. HaunHas ¢ 0HOYaCTHYHBIX alpOHHBIX COCTOSHUI
B ripocTpancTBe Poka, c MOMOIIBI0 YHUTAPHOTO TPe00pa30BaHMs MEHSETCS IPEACTaBICHNE
TaK, 4YTO COCTABIIIOIINE ITEPEHHICHIBAIOTCS B TEPMHHAX JJIEMEHTAPHBIX IIOJIEBBIX OIEpaTo-
poB Boze u ®epmu B pacmmpensomM npoctpanctse Poka. Korna sTo yaurapraoe npeobdpaso-
BaHHE NIPUMEHSIETCS K MUKPOCKOIIMIECKOMY KBAPKOBOMY I'aMIIIBTOHUAHY, ITOIy4atoTCs 3¢-
(heKTHBHBIC 3PMUTOBHI TaMHUJIFTOHHAHEI C SICHOU (u3uueckoi nutepnperanueid. O6Ccyxma-
€TCsS WCIIONB30BAHHE ATOTO METOJa B CBA3M C ()OPMAIM3MOM CBSI3aHHBIX KJIACTEPOB
JUTSL ONMCAHUS KOPPEIAIUA Ha MaJbIX PAacCTOSHUAX M 3(P(EKTOB KBAPKOBOTO AEKOH(pAHH-
MCHTA B SIIEPHON MaTepuu. B KauecTBe NMpUMEHEHHS 3TOTO METOAA PACCMOTPEHBI: BBIBOJ
3¢ GeKTHBHOrO HYKIOH-HYKJIOHHOTO B3aHMMOAEHCTBHUS U3 KOHCTHTYCHTHOI KBapKOBOH MO-
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OenTd H [OJyYeHHE YypaBHEHHs COCTOSHUS SACPHOW Marepud B MPUOIMKEHUN
Xaprpu—doxka.
Wn.7. bubmuorp.: 43.

VIK 539.17; 621.384.63

®D0T03J1eKTPOHHBIN MeTOJ HeBO3MYLIalOUiell TUATHOCTHMKH NMy4YKa OTPHLATEJbHBIX
HOHOB. Apmemog A.C. Pu3nka dIEMEHTApHBIX YacTUIl U aToMHOTO sapa, 2000, tom 31,
BBIN.S, ¢.1242.

B 0030pe mompoOHO paccMOTPeH MPEAIoKeHHBIH aBTOPOM METOJ HEBO3MYIIArouien
(hoTornekTpoHHOI tuarHocTHkH myuka (DPI/IIT) orpurarenbHBIX HOHOB. B 1aHHOM MeTone
HeoOxoxnuMast MHGOPMAIHs O IMydYKe BEIBOJUTCS IIOCPEACTBOM DJIEKTPOHOB, POXKIAIOIINXCS
B pe3yJbTare OKOJOIOPOToBOi 0AHO(GOTOHHOM OOIUPKY MPEHEOPEKMMO MaJIoil 4acTh no-
HOB Ha 30HJUPYIOIIEH ITy4oK (OTOHHOH MUIIEHHU, KOTopas GOpMHUPYETCs ¢ MOMOIIBIO J1a-
3epHOro u3iyueHus. /i pa3nu4HbIX OTPULIATEILHBIX HOHOB JETAIbHO PACCMOTPEHBI IIpe-
JIeJIbHbIE BO3BMOXKHOCTH TaKOW JUArHOCTUKU U IPOBEJCH aHAIN3 BIUSHUS IPOCTPAHCTBEH-
Horo 3apsajga nyuka Ha OIJII. Ilpy 3ToM OCHOBHOE BHUMAHHUE YICICHO IIUPOKO
HCIIONB3YEMBIM B YCKOPHTEIBbHOM TEXHHUKE PEIISITHBUCTCKIM HOHAM Bojopoaa H . Jletaib-
HO OIMCaHO pa3paboTaHHOE MHOTO(YHKIHOHAIBHOE YCTPOHCTBO st peann3amun OOJIIT
Ha JIMHEWHOM y4acTKe KaHaja TPaHCIOPTHPOBKHU. JlaHHOE yCTPOWCTBO MOXKET OBITE C ycIe-
XOM HCIIOJIB30BAHO JUTSl HEBO3MYIIAOIICH THArHOCTHKH MyYKa PEIATHBUCTCKUX HOHOB H ~
C TOKOM JI0 HECKOJIBKMX COTE€H MMJUIMAMIIEp, HalpUMep, B IPOEKTHUPYEMBIX B Pa3JIMYHBIX
Hay4yHBIX LEHTPaX UCTOYHUKAX HEHTPOHOB Ha OCHOBE JIMHEHHBIX YCKOPUTEIIEH.

Wn.22. bubnuorp.: 112.



«PU3UKA DJIEMEHTAPHBIX YACTUL] 1 ATOMHOI O A[IPA»
2000, TOM 31, BBIII. 5

COJAEPKAHUE
Anuxun U.B., Jopoxoe A.E., Tomuo JI.
CTpyKTYpa NUOHA B MOJEJIM HHCTAHTOHHOM KMIKOCTH « « e v v vvvenrnnns 1023
Kucenes B.B.
YHuuBepcanbHble MACIITAOHbIE COOTHOLIEHUSI
JJIS1 KOHCTAHT CBSI3M ME30HOB, COEPKAIIUX TSKeJIble KBAPKH . .« oot ... 1080

FOxanose B.U1., IOkanosa E.II.

KoonepaTuBHbIe 31eKTPOMATHUTHBIE 3PPEKTBI ..o vvvvveieninnenene. 1128

Kpeun I

MHoro4yacTH4Hasi TEOPUSI CHCTEM COCTABHBIX AJPOHOB .« v v v vvvvennens 1212

Apmemos A.C.

D0T02/1eKTPOHHBIH METOJ HEBO3MYIIAIOLIEl THATHOCTHKH

MYYKA OTPULATETIBHBIX HOHOB © oot v vvvnserosnosnsosessssasasasas 1242
CONTENTS

Anikin 1.V., Dorokhov A.E., Tomio L.

Pion Structure within the Instanton Liquid Model ................... 1023

Kiselev V.V

Universal Scaling Relations for Cupling Constants of Mesons,

Containing Heavy Quarks. . ........ciiiiiiiiiiiiiiiiiininnnnnnnns 1080

Yukalov V1., Yukalova E.P.

Cooperative Electromagnetic Effects................cooiiiiiiin, 1128

Krein G.

Many-Body Theory for Systems of Composite Hadrons............... 1212

Artiomov A.S.
Photoelectron Method of Nonperturbative Diagnostics
ofaNegativelonBeam ........... ..ottt iiiiiiiiiiiiiiinnnnnnn, 1242



K CBEJEHHIO ABTOPOB

B xypHrane «®u3nka 351eMeHTapHbIX YacTHUIl U aTOMHOTO sipa» (QUAS) nevararorcs 0630pbl o
aKTyaJIbHBIM IIPOOJIEMaM TEOPETHYECKOIl M IKCIICPUMEHTAIbHOH (PU3MKU 3JIE€MEHTapHBIX YaCTHUL U
aTOMHOTO s/Ipa, MpobIeMaM CO3/J1aHUs HOBBIX YCKOPHTEIBHBIX U OKCIIEPHMEHTAIBHBIX YCTAaHOBOK, aB-
TOMaTH3alluH 00pPabOTKM KCHEPUMEHTAIbHBIX NaHHBIX. CTaThbM MEYATAIOTCS HAa PYCCKOM M aHIVIHM-
CKOM s3bIKax. Pejakiys IpoCUT aBTOPOB IPH HAMPABJICHUH CTAaThH B II€4aTh PyKOBOJCTBOBATHCS H3JI0-
JKEHHBIMH HIKE TIPaBHIAMH.

1. TekcT cTaThy HOIDKEH OBITH HAaIle4aTaH Ha MAalIMHKE Yepe3 JBa HHTEPBaa Ha OJHOU CTOPOHE
mucTa (00s3aTeIbHO MPEACTAaBIIeTCS IEePBI MANTMHOIKMCHBIN dK3eMIuLip). ITomst ¢ oqHON cTOpOHBI
JIOJDKHBL OBITH HE yxkKe 3—4 CM, PyKOIIHCHBIE BCTABKH HE JIOIMYCKAIOTCS. DK3eMIUIIP CTAaThU NOIDKSH
BKJIIOUATh aHHOTAI[MM U Ha3BaHUE HA PYCCKOM M aHIIHIICKOM s3BIKaX, pedepar Ha PyCCKOM S3BIKE,
VK, cBenenus 06 aBTopax: GpaMHINS U HHUIHAIB! (Ha PyCCKOM M aHITIMHCKOM SI3bIKaX ), Ha3BaHHE WH-
CTHTYyTa, anpec U TenedoH. Bee cTpaHHIBI TekcTa JOIDKHBI OBITH IPOHyMepoBaHEL CTaThsl JOMKHA
OBITH OJIIMCaHA BCEMH aBTOpaMu. TeKCT cTaThH MOXET OBITH HalleyaTaH Ha IPUHTEPE C COOIIONEHHEM
TEeX 7K€ MPaBUIL.

2. ®opMynbl ¥ 0003HAYCHHS JIOJDKHBI OBITH BIIMCAHBI KPYITHO, YETKO, OT PyKH TEMHBIMHU YEPHHU-
namu (1100 HarleyaTaHbl HA IPUHTEPE U 00s3aTeNbHO pa3MedeHsl). JXKenaTeabHO HyMEpOBaTh TOJIBKO TE
(hopMyIbl, Ha KOTOPbIE UMEIOTCS CCBUIKM B TekcTe. Homep (opMyibl ykasbiBaeTCst clipaBa B KPYyIIIbIX
ckoOkax. Ocoboe BHUMaHKE clielyeT 00paTUTh Ha aKKypaTHOE U300pa’keHe HH/IEKCOB U TI0Ka3areei
CTENCHEeH: HIDKHUE NHICKCH OTMEYAIOTCsl 3HAKOM MOHIKEHHs [], BEpXHHE — 3HAKOM MOBbILIeHHs [1;
IITPUXU HEOOXOAMMO YETKO OTIMYATh OT €IHHHIbI, a CAMHUIY — OT 3ansAToi. Cieayer, o BO3MOX-
HOCTH, U30erarb rpOMO3AKHX 0003HauYeHHUil U ympouiaTs Habop Gopmyn (Harmpumep, IPUMEHssI exp,
Ipo0b Yepe3 KOCyro 4epTy).

Bo u3bexanue HeOpa3syMEeHUH H OIIMOOK CIIEMyeT AeNaTh ICHOE Pa3IMNIie MEXTy IPOIHCHBIMU
U CTPOYHBIMH OyKBaMH, ofliHaKoBbIMH 110 HadepTanuo (Vuv,Unu, Wuw,Ouno,Kuk,Sus,Cuc,
Pup,Z v z), nponucHble NOAYEPKUBAIOTCS IBYMsI YepPTaMU CHH3Y, CTPOYHBIE — ABYMs YepTaMU
cBepxy (S u s, C u c). Heobxoaumo aenate 4eTkoe pa3inine Mexay OykBamu e, /, O (6onbmoii) u o (Ma-
no#t) u 0 (Hynem), 1uist yero 6ykBsl O M 0 OTMEUAOT ABYMsI Y4ePTOUYKAMH, a HYJIb OCTABIISIOT O€3 mogdep-
kuBanus. ['pedeckne OyKBBI IOJUEPKUBAIOTCS KPACHBIM KapaHAAIIOM, BEKTOPbI — CHHUM, JTHOO 3HA-
KOM cHH3Y yepHmIaMu. He pekoMeHIyeTcst HCroIb30BaTh U1l 0003HAYCHHUS BETHYHH OyKBBI TOTH-
4ECKOT0, PyKOIMHMCHOTO U JPYTHX MaJloyNoTPEOUMBIX B JKYPHAJIBHBIX CTAThsIX MIPU(TOB, OAHAKO €CIIU
TaKyro OyKBY HeJb3sl 3aMCHHUTb OYKBOIi JIATHHCKOTO MIIM IPEYEecKoro angaBuTa, TO €€ pa3MeyaroT Mpo-
CTBIM KapaHzaaimom (00BOAAT KpykkoM). B ciyuae, ecinu HanucaHue MOXKET BBI3BaTh COMHEHHUE, HE00-
XOAMMO Ha HOJISX JaTh MOsICHeHUe, Hanpumep, [1— «x3era», [— «keny, k — nat., k — pycck.

3. PUCYHKY NpEACTABISAIOT HAa OTJCJBHBIX JICTaX 0esioi OymMard WiiM KajJbKH C YKa3aHHEM Ha
000pOTe HOMEpA PUCYHKA U Ha3BaHUs cTaTbU. ToHOBBIE (hoTorpaduu NOIKHBI OBITH MPEACTABICHBI B
JIBYX 9K3EMIUIIpax, Ha 000pOTe KapaHAALIOM yKas3aTbh: «BEPX», «HU3». I'paduku KOKHBI OBITH TIIA-
TEJIBHO BBIOITHEHBI TYIIBIO WM YEPHBIMH YEPHHUIAMHU: HE PEKOMEH/YeTCs 3arPOMOXK/IaTh PUCYHOK He-
HY)KHBIMH JICTQJISIMH: OOJBIIMHCTBO HAJMUCEil BBIHOCUTCS B IOJIMHUCH, a HA PUCYHKE 3aMCHSIETCS
uudpamu uu Oyksamu. JKenaresnbHO, 4TOObI PUCYHKHU OBLIM TOTOBBI K IPSIMOMY PEIPOAYLIMPOBAHHUIO.
IMoamucy K puCyHKaM HPEACTABISIIOTCS Ha OTACIBHBIX JIHUCTaX.

4. Ta6nnu},1 JOJIKHBI OBITH HalleYaTaHbl HA OTACIIBHBIX JIUCTAX, KaXxaast Ta6nnua JOJI’KHA UMETh
3arojIOBOK. CHCZ[yeT YKa3bpIBaTh €AUHUIBI U3MEPEHUS BEJINYHUH B TabIMIaXx.

5. CMcoK JUTepaTyphl HOMELIAETCs B KOHIIE CTaThH. CCBUIKM B TEKCTE JAAIOTCS € YKa3aHUEM HO-
Mepa CChUIKH Ha CTPOKE B KBaJPAaTHBIX CKOOKaX. B iuTepaTypHOii cChblIKE TOMKHBI OBITh YKa3aHBI: JUIs
KHHUT — (DaMHIJIMH aBTOPOB, MHULMAJIbI, HA3BAHHE KHUTH, TOPO, H3AaTENIbCTBO (MM OPraHU3aLHs ), TOJ



U3JaHus, TOM (4acTh, [MIaBa), HUTHPyEMasi CTPaHUIIA, CCIIH HY>KHO; I CTaTeil — (paMUIINN aBTOPOB,
MHUIMANBI, HA3BaHUE XKypHAJla, cepus, ol U3NaHMsA, TOM (HOMeEp, BBHIYCK, €CIIU 3TO HEOOXOAUMO),
nepBasi CTpaHMIa cTaTbu. Eciiu aBTOpoB Golee MATH, TO yKa3aTh TOIBKO HepBble TPH (paMHIHH.
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