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METO/{ KOBAPHAHTHOH ®AKTOPHU3AIIMH B HEYIIPYT'HX IPOMECCAX
JNEKTPOPACHIEILIEHUS TEMTPOHA

H.K. Kupnyenko

Vipauncras unoicenepro-nedazozuyeckas axademus,
61003, Vrpauna, 2. Xapwxoe, ya. Viusepcumemcxas 16,
[Toctymuno B penaxmwno 17 susaps 2000r.

PaceMOTpeH METOA KOBapHaHTHOM (axTopusaym ceqeHMit HEVIPYIMX NPOLECCOB Ha PENATUBUCTCKAX CBA3AHHBIX
cucreMax. [lokasana TowHas (GAKTOPH3ALEA CEUCHMH NPU TONHOM YUETC PEIATHUBHCTCKUX addexros. Onpeneneno
IPPERTHBHOE MMITY/IECHOE PAaCHIPSACTCHHME COCTABIBHOIINX CBS3aHHVIO CHCTEMY B PE/ISTHBHCTCKOHM OGTACTH C yaeTOM
off-shell-apdexros u Bxnaza amTmaactTuu, Bumomen o63op pabor mo 3KCKIOSHBHBLIM H HHKTIO3HBHBIM PEaKLHAM
3/IEKTPOPACILCHICHHA ACHTPOHA, BHITOHEHHLIX HA OCHOBE METOAA KOBAPHAHTHOM (DaKTOPHAALMHIO

KJHOYEBBIE CJIOBA: mvmyscHOe pacnipenencuye, pakTOPH3aLys CeTeHui, 31eKTPOPaCieIcHre ACHTPOHA

B ¢usuke BHICOKMX 3HEpruil mpH MCCIENOBAHUM TIPOLIECCOB HA CTPYKTYPHbIX, COCTABHBIX CHCTEMax MIKPOKO
HCTIONBL3YETCsA MOHATHE UMITYJIBCHOTO pacnpenenenus cocrassioumx (MPC) cnoxnyto cucremy. B sineproit dusuxe
5TO HMITYILCHOE PacHPENeNICHHe HYKIOHOB B sAfpax. B Qu3suke SneMeHTAPHBIX YaCTHL - PaclpelencHHe KBAPKOR,
NapTOHOB B apOHAX MC AOJE MPONOILHOro uMiryabca. Beenenue nonarus MPC u KOppekTHOCTh €ro onpeneneHus
HETIOCPEACTBEHHO CBA3aHBI C BOTIPOCOM O (AKTOPU3ALHH CEYEHUH PEIATHBUCTCKUX MPOLECCOB HA CTPYKTYPHBIX
HacTULaX, C BOSMOXHOCTBIO BBIICTICHHS «DJIEMEHTAPHOIO aKTa» B3aUMONEHCTBHS C WX TOACTPYKTypamu,
cocTaBnsomEMH. B kBaHTOBON Mexamuke QakTopmsaLus CeYeHHH NMPOLECCOB Pa3Bajia CBA3AHHBIX CHCTEM SBIAETCH
CIEACTBHEM HEPEIATHBUCTCKOTO HMIYJIbCHOTO MPHUOMIDKEHUS M MIHPOKO HCHONB3YeTCs B sAepHOH (usuke npu
aHa/M3e 3KCIEPHMEHTANbHBIX JaHHbIX. BOMpPOCH! Xe DENATHBHCTCKOM (akropuzaumy cedenwnii NMPOLECCOB pa3Baja
PEASTHBUCTCKMX CBA3AHHBLIX CHCTEM C MOCHSNOBATENBLHBIM YYETOM CXONa TPOMEXYTOYHBIX HacTHll C MaccCoBOil
00ONOYKY, HANWYHEM BKIIaNa AHTHWYACTHIl ¥ KOPPEKTHOCTH NpH 3ToM onpexnenenus WPC no HacTosAmero BpeMeHH
MOJHOCTBIO HE HCCISAORBAHEL.

Asropamu pabot [1,2], Ha ocHOBe Meroza koBapuauTHOM daxropusaimu (MK®) noka3aHo, YTO cedyeHHs
NPOLECCOB, ONpPENENIeMble TOMOCHBIMHA  KOBAPHMAHTHBIMM  NMarpaMMaMK, C TIOCNEOBATEbHbIM  YY4ETOM
PEISTHBHCTCKHX 3(hdekT0oB GaKTOpU3yIOTCA TOHHO. IIpH 3TOM, €CTECTBEHHRIM 06pPasOM BBUIEAIETCA «INEMEHTAPHbIN
aKT» PacCcesHHs HaNeTaloIeH JacTHUb! Ha 3QQeKTHBHONH BHPTYATbHON COCTABIAIOLIEH 1 HEKOTOPas YHHBEpCajbHas
pyaxmust G, (x) 3aBUCAINAS JIHIOL OT BHPTYANbHOCTH H COJEpXKAIIass IPAaKTHYECKH BCH HHOOPMALMIO O
PEJIATHBHCTCKOM CBA3aHHOM cucreMe. IJT0 mo3BojseT paccMatpuBath G, (x) KaK XOpOulyld RWHAMHMYECKYIO
XapaKTEPUCTUKY PENATHBHCTCKON CBA3AHHON CUCTEMBL, KOTOPYIO YAOOHO UCCIENOBATE HE TOJBKO TEOPETHYECKH, HO U
3KCTIEPHMEHTANLHO B COBEPIIEHHO Pa3IMYHBIX MPOLECCaX.

PaccMorpum MK® Ha nedTpoHe, HE KOHKPETH3HPYA «3JIEMEHTApHBIA aKT» B3aUMOIEHCTBMS U TEM CaMbIM
TIOATBEPANB YHUBEPCATBHOCTD QYHKIMHA G(x) Ui faHHOM cocraBHOM cuctembl. O0oOmeHne Ha npyrue CBsi3aHHbLIE
CHCTEMbL NPOBOAHTCA AHAJIOTWYHO, MyTEeM TMOCTPOSHUA COOTBETCTBYIOUICH BEPIIMHHONW (QPYHKLUM C YYETOM CIIHHOB
00pa30oBaBmMXCA COCTABIAIOIUX U NpUBJeUeHHeM 00mMX TpeOOBaHMI PENATUBUCTCKOMH KOBAPUAHTHOCTH.

PaccmoTtpum mpogecc

| a+doc+x, +..+x, (1)

B KMHEMAaTHHECKHX OOnacTaX, TrA¢ CEUCHUE OnpeaciaeTcs
HEKOTEPEHTHOM CyMMOM MOTIOCHEIX (PEHHMAHOBCKHX JHarpamMM JTO
MOTYT OBbITh, HampuMep, KBasHympyruie MM IyOoKo-
p* HEYNpyrHe npoueccsl, Poro- u 3NEKTPOPOXKIACHHE ME3OHOB B
. pe3oHaHcHO# obnactu 1 T. A. Ha puc. la usobpaxern ksaapat
| aMIUTUTY bl COOTBETCTBYIOIEH i~ _(u -—) KaHaJIbHbIM
a - <) AUarpaMMaM Takux npoueccos; d, b, ¢ - AEHTPOH, HYKJIOHBI, a

M X, — agpoHbL, .JienToHsl. KBazapaty ammMtyaet (puc. 1a),

Puc.1. NPOCYMMHPOBAHHOMY IO CIIHHAM BCEX YaCTHL B KOHEHHOM

COCTOSHHH, COOTBETCTBYET BbIpAKEHHE:

ZiT(ad »ex, ) Am? -¢) Pﬁ(dﬁp{(f’h +m)A,(d ﬁ"chf}g ~m)A, (d— be)p, +m)E(ab — x, )L (p, JF(ab — x, )} (2)

rae A{d-—>bc) 7 Flab—x )~ coo*rmymmm onepatops sepmmt; p, (d)=(-g., +d.d, /M2)- wmarpuua
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. A B COCTOAHWUU X
MIOTHOCTH JACHTPOHA, a Ln(pi) onpenexaiercs COCTaBOM, COPTOM H KOAWYECTBOM 4HaCTHL (ﬁ)

(i = ],2....,11), B nawHbIii MOMEHT ABHbLH BHI ONEpPaTopa Lu(ﬁi) 1 BEPLIHHDI F(ab — xﬁ,) HEBAXKCH.

" | 1BICTCKH-UHBAPaHTHbIM
Bepuuny A,k(d — bc) C ONHHM HYKJIOHOM Ha MaccoBoW 0007104Ke ONpENCnM peNATHBUCTCKH-HHBAD
obpasom [3]:

2m

(pb _'pc):-. (p_i:. —m) .(.E.P_:EE)_’.,T :l (3)
A (d—>bc)=Ty, + = o2 Py, 4 = 4

~coBoii 06 BUCHT
Jsisi HETIONAPU30BAHHOTO AEHTPOHA, 3aMedas 4To A, d— bc) ¢ omunM HyKIOHOM BHE MACCOBOH ODOJIOHKH 33

AMHIb OT OTHOTO UHBAPUAHTA D, (pi #m’ ) a TAKKe YUWTbIBas CBOHCTBA MPOEKTOPOB HAXOAMM

(m? -t 6, +m)A, (¢ bep, ~m)A, (d > be)p, +mp,, (@)=M:G,(x)p" +m") | 4)

re p"=p, +BEp., m =al)m, x=(m’-t)M;,
G,(x)=06+2x)T? =xI,T, J+x(2 +x)T, ~T, ), +(+x)T, +T, )T, —x(@+x)[,T, +[4+ %)+, I
1f-“"(l'iy:}ul("{)z (3—2X*X2kf —ZX(Z-"X —xzerz +'2-(3+X - xz)—irs +3r32 b (5)

+x(2+x)2T, (T, +xT, -T,)- [T, + 2T, + 2, )}
B(x)G, (x)= x(2+xX]."f +3+1,T, -i-xI“i)+(2-!.—xXl"1 +T, )T, —x(1+2x_ﬁ'zr3 ~-(1-x)I.T, +xIT,)

—

2 — ol 2 _—
Md "rl,’z =X rm: Md r3,4 - rs,w

am,=m =m, M, =2m, xz-(mg—t)/Mj.

C nomomeio (4) keagpat amrumTyzs! (1) MOXHO NPENCTaBHTh B PaKTOPHU3OBAHHOM BHAE

. : * 2 » L \2 A & . . A %

S[Tad > oX, )’ =M:G, () ZfTep” > X', Y[rlp > X, ) =Spfp” +m" Fleb > X)L, (. @b > X,)f. (6
Bripaxenue (6) npe;:cramze'r coboli mpoH3BeeHHe ABYX MHOXWTENEH, KOTOphbie IO CBOSH IPHPOJE JOPEHMU-

CKaJApBI, Ga'(x) NpU 3TOM 3aBHCHUT TOJBKO OT MNEPEMEHHBIX, KOTOpBIE

CBA3aHbl C BEPIIMHON pasBalla ACHTPOHA W SBJ/IIETCH XapaKTePHCTHKOH

CBS3aHHOW cHCTeMbL. O(dekTHBHBII MMNYILC H Macca (5) BO3HMKIM

OIHOBPEMEHHO U OTHO3HAYHO CBA3aHbI CO CTPYKTYPOH CBA3aHHON CUCTEMEL.
Ha puc. 16 B kauecTBe WLTIOCTPALUM M300paxkeH «3JIEMEHTAPHBIN aKT»

- mpouece a+p —> X, Ha 5QOEKTUBHOM HYKIOHE C HMOYILCOM P H

Maccoif m™, KOTOPEIM 3MEKTHBHO MOKHO 3aAMEHHTh CJIOXHBIN IPOLECC
(puc.la). Takum 00pa3oM, BEIMHCIECHHE CEYEHHH HEYNMPYrHX MPOLECCOB Ha
PEIATHBHCTCKHX CBS3aHHBIX CHCTEMax CO CIUHOM (mefiTpoH) B TOM chyuae,
KOTJIa €CTb OCHOBAHWS OTPAHMYHUTHLCS JIMINE ONHOUACTHYHBIME MEXAHU3MAMU,
TOYHO CBOIMWTCS K BBIMMCACHUIO UMb BEpXHUX GlOKOB Auarpamm puc. la.
Tipu aToM oTmajaer HeoOXOAMMOCTb B IPOMO3JKMX BBIYUCHEHUFX (2),
BOSHHMKAIOIMX BCJICACTBHE CJIOXKHOH CIMHOBON CTPYKTYDBI HVDKHEro Groka
d—>bc. Opdexre, cemanHbIe CO CTPYKTYpoOil COCTaBHO YACTHUILbL,
BBIZIENICHB! B YHUBEPCAIBLHON PyHKUMH Gg(x),_ HE 3aBUCALIEH OT KOHKPETHOM
| _ peakmuu. KoHEYHO, «dneMeHTapHBIR aKkTy (6) puc. 16 3aBucur ot
| Ma“gi“}% y, . BHPTYAIbHOCTH MOCPEACTEOM M’ ¥ P, ONHAKO PacueTsl (Puc. 2) noKasanu,

: - TO B IIMPOKOM WHTePBANe nepeMentol X, BoTs 1o [|~0,55 IsBlc, wu

ot ; . . B 2 .

spdexrmmoll  Macow m’ =afm M crpmpm IeUTpOoHA. Bbluucnenus ¢ Pa3IMYHBIMH  NOTEHIMANAMY,

Hanpumep, napwkckum [4] (nysxTuphas KpuBas) u pelizosckum [5]
BUPTYALHOCTH,  PACCYMTAHHBIE  JUIA (c@omnaa) (pyrxran I,=T,=0), AAKT OAM3KYIO0 32BHCHMOCTE b ynxuwii
norespanos RSC (cnmommas xpwsas), ofx) u Blx) (5) o7 x. Taxan e samucumocrs atix Qynxunit nabmonaercs u
naprbkckoro (mTpuxoeas) u pesymtar ¢ B Mojenu Baka - I'pocca [6] ¢ yuerom scex HETBIPEX BepiuMHEbIX QyHKuuit
by Byka - Tpocea (A=04) (3) npu seiGope NAPAMETPOB  CMEMIMBAHUS ﬁceanocadﬁ' | u
(mrpuxnyskTapaan). Buwsy mpeacras- TICEBIOBEKTOPHOH 7NN-casn A=04. Do nossomser UIBIEKATH
sorsa paskocTs (p 00 Y’ dymapmo G (x) B pasnwambx sxcnepumerrax RAETIOIN MARRLED:
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HE3ABHCHMBIM 00pasoM B WHPOKOM mmanasone X <0,16, wro coorserctsyer |p,|<0,55 TaB/c. dtor nmrepsan
cosnazaet ¢ OONACTBIO WMMIYNBCOB, HCONEAYeMOH DKCIEPUMEHTAIBHO B  MPOLECCAX  KBA3HYTPYTOro
3AEKTPOPACIISIUICHUS JeHTPOHA ¢ perucTpauneit ep — cosnaaeHu# [7].

[pencrasnser uuTepec opManbHas uHTepnperaurs shdexTusHOro WMnymsca p- u Maccsl m . M3 puc. 2
BHO¥MM, 910 B 06nacTu ¢crabol BHpTYanbHOCTH 3¢QeKTUBHLIA HYKIOH BeneT cebs MPaKTUYECKH TaK XKe, KaK PEaIbHBI:
p =p,, m =m,ap ~m . C pocTOM BUPTYANLHOCTH MPOMCXOAHT HEKOTODAS NMEPECTPORKA CHCTEMSI, KOTOpas
saBepuraetcst nph [P, |~ 0,55 I'sB/c, a (pdexTHBHBIT CHYKIOH» YHOCHT HMITY/TBC, GAM3KHIA HMIyIbCy HeHTPOHa:

ol T oo ; : w : * %l : «2
p~ =p, +C, IPH 5TOM ero Macca 6/1H3Kka kK Macce HelTpoHa: m” =2m, a p  ONsTh ~ m

PEJIATABHCTCKAS BO/IHOBASI ®YHKI WA U CBA3b BEPIIHHHBIX ®OPMPAKTOPOB C,S-
, P-, D - COCTOSIHASIMH JEATPOHA

OcranoBumcs Ha PeITUBUCTCKON YETHIPEXKOMIOHEHTHOM Monenu ['pocca [6]. B a3tom nomxone yaanoce cBA3atsh
ueThipe unsBapuanTabix popmbaxropa I, (i =1, 2, 3, 4) B dNN - Bepmune (3) ¢ OQHUM HYKIOHOM BHE MacCOBOM
moBEPXHOCTH ¢ S—, P—, D~ cocrosuusamu aeiitpoHa. B paMkax penaTUBHCTCKOH MOaenu OXHOGO30HHOro oOMeHa B
pabore [8] nocTpoeHa Takas nMBaAMMYECKas MOZENb, KOTOPas YYUTHIBAET B3aUMOZEHCTBHE MEXAY HYKIOHAMH KaK Ha
OonpiMX, TaK H Ha MaabiX paccTosaHmax. IloTeHuan HyKJIOHHBIX CIUT CTPOUTCA ¢ YUeTOM Omenkaiiimmnx 0CobeHHOCTEH B
t — KaHane, KOTOPbIC YYUTHIBAIOT OOMEHBI T—, P—, ® — ME30HAMH, & TAK)KE TMIOTETHYECKHM G — ME3OHOM, KOTOPLIi

3ddexTUBHO yuuTHIBAaeT ABYXNHOHHBIC 0OMeHsl B NN —cucreme. [lanas Mopenb HO3BOJSIET HE TONBKO ONHCHIBATH
CTaTHYECKHE XAPaKTePHCTHKH - KBAAPYNOAbHBIN 3JACKTpHYeCKH# MOMEHT Q,, MarHUTHbIA MOMEHT OSHTpOHA L,
KOTOpbI€ ONPEHEAsIOTCS B OCHOBHOM "MSrkoi" 9acThi0 BONMHOBOM dynekuuu (B®), a Taxke NpOBOAUTH pPacueThbl
Pa3IWYHBIX ITPOUECCOB, B 00NacTAX, e YK€ ONPEHS/TMOIMUM BKIAAOM ABJAETCA BbICOKOMMITY/IbCHas 4acTb B®.
EnuscTBeHHbIM CBOOOAHBIM NApaMeTpoM B nNOoOXoAe [6] sBiasgerca mapaMeTp CMEIIMBAaHHA A, BO3HUKHOBEHHE
KOTOPOTrO OOYCHOBNIEHO HEM3BECTHBIM THUIOM CBSI3W PEajibHLIX TIMOHOB W HYKJIOHOB. 3HaueHue A =1 coorBercTBYyeT
"uuCcTOR" TICEBHOCKAMSIPHOW CBS3M, MPOTHMBOMONOXHOE 3HAa4eHHe A =0 COOTBETCTBYET IICEBIOBEKTOPHOM, a
npoMexyTrouHoe 3naveHne 0 < A <1 oTBedyaeT CMECH BKAAJIOB C BECOM A ¥ 1— A, COOTBETCTBEHHO.

Buipaxenns (5) B tepmunax B® (u, w ,v,, v,) S—, D—, P—cocroanuii [6] umeoT BeCbMa MPOCTYIO,
KOMIIAKTHYIO GopMy, YAOOHYIO A1 YUCHACHHBIX Pacde€TOB U HHTEPHPETALIMMU:

J—l\r?dl“, = u——w/ﬁ-!-zvt, qudl"z = —(2-!—7()”1{11+W‘(?’~1—23:s:)/\/2_x]-zvt g
M. T, =(l+x)v,, IM.I, =(x/(2+ x)*.l ~w(3+2x)/ JEX]— V2zv,, z=P/ex@+x)):. ™)

Hcnons3ys (7) u Beipaxernus (5), nonydaeM
M,G,(x)=3( +qu2 +w’ )+ (3/2)" (e, /5%, .
a(XNdGo(x): 3(‘12 +w’ -Vf "VE)— Jg(ﬁ/mbm »
BOM G, ()= 3x{u” + w? J+3(v} +v})-(/2)* (m e, )/ 7B, . (8)
5, =2(uv, —wv )-2(uv, +wv ), n=[i, e, =m’+n’.

W3 Beipaxkenu#t (8) BUAMM, 4YTO B Gn(x) - 30deKTHBHOM MMITYJILCHOM pachpesienieHu# Hykionos (SUPH),
DYHKLHAX a{x) H B(x) unTepbepupyiot Toipko S—P- u D —P -sonssi (Ho He S—D ). Ormerum, 4yro, X014 pob
P — o (byuxumn v, u v,) Mana u cocrasisier ~ 15% npu x < 0,16, npenebpexenne umu B popmyax (8), cTporo
rosops, HexoppexTsHo. B 3rom mpubmmkenmm (v, =v =0, #Ho I', #0), koTOpoe YCIOBHO MOKHO Ha3BaTh

(HACTHHHbIM Y9ETOM BUPTYATbHOCTI, KA9eCTBEHHO Mensercs xapakrep dymimii afx) u B(x) (puc. 2), a G (%)
MEHAETCA UL KOAUYECTBEHHO!

a(x]v‘ﬂsso ={t+x)’ =mfe, , ﬁ(x]vs;‘,’wo =xm/fe, =1-m/fe,, MdGq(Xl.ﬂwg,.u =3(1+ stf +w2):35n/m (.u2 +w3) (9)

ECTecTBEHHO, B 3TOM Clyuae «3DPEKTHBHLIH HYKJIOH» C HMIIYJBOOM P M MACCOi m’ HAXOJUTCH HA MAaccOBOH

g

" -m” Jm® =(+B) ~4x(1-p)-a’ =0, 1o p” =m",
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e

. y | B : v (x) u Blx),
a 3ddexTHBHBIN «3neMeHTapHbI akT» (6) B paccMaTpHBaeMOM NMpuOMFKEHNH, TaKke KaKk A ymunn a(x) Blx)

. " | | ' IBAXOT, 4YTO B
BOOGLIE HE 3ABHCHT OT KOHKPETHOM MOJENH NpH Mobbix X . PesynbraThl YHCIEHHBIX PACHeTOB FOKA3bIBAKOT, HTO
equko {(HO I¥IHb TIPU

obnactu cnaboil BHPTYanbHOCTH OTHHYME HaOmonaeMex (CeueHui) OT TO4HOIO pacdeTa HEB Pl
Mambix X ~ 0,02). IMocrenosarenshoe npeHeOpexenne BAPTYATLHOCTHIO H aHTUaCTH{HBIMH KOMNOHEH p

ycranoBnenun cBsasd dNN — GopmbakTopos ¢ HyknoHHbIME B® #M3BECTHBIX NOTCHLHAIOB (Pefina, Tlapuxkckoro)
noTeHnranos [4,5] NpUBOAKT K KadecTBEHHO, a B obmacty x < 0,14 ( Iﬁl < 0,5 I3B/c) 1 KOMHYECTBEHHO, OXMHAKOBLIM
pesymbratam ama ymxumit afx), B(x), G(x) (em. puc2). Pasumua umb B TOM, HTO Tereph BOZHHUKAET
yaxmuy afx),
n<05

untepdeperims S — D - BONH, KOTOPas B LIMPOKOM HHTEPBAJIE x(n) 6muska k &, B(8). B pesynprare ¢
B(x) ¥ G,(x) B mpubmmwxenun v, =v, =0, I', =0 kauecTBeHHO, a B obmactu x <0,14, 970 COOTBETCTBYET
[3B/c, ¥ KONMYECTBEHHO, BeChbMa OTU3KU K Pe3ybTaTaM, NOMyYeHHbIM 110 TOUHbIM (OpMYyJiaM (8).

Yrobbi u36ekaTh HEAOPa3yMEHUH, OTMETHM, 910, (eHHMaHOBCKHE BEPIIMHbLI HE CBA3AHB! HEMOCPEACTBEHHO C
HyiioHHbIME B®.Casa3p BepiuyH ¢ BO Bo3MOXKHA JIMillb B PE3YILTATE HEKOTOPBIX MpHOIMDKEHNH - 1TOC/]Ie penyKuun
ypasnenua bere - Conmurepa Kk ypaBHEHMAM KBa3HUIOTEHUMAIPHOTO THNA, ONHUM U3 KOTOPBIX SBIACTCH, HAIPUMED,
ypasHenue I'pocca [6] u mepexoma X ONpENENeHHOH CHUCTEME OTCYeTa, HANpUMEp, J.C. COCTaBHOTO ofbekTa.
HenocpencTBeHHast CBA3b BEPHIMH C KOPPEKTHO ONpENENEHHbIMM PeISTHBHCTCKMMH B CBA3aHHOH CHCTEMEI
BO3MOXKHA JIMIIE B TAKOM CHCTEME OTCYETa, IE YACTHLBI, COCTABIIOIIME CBA3AHHYIO CHCTEMY, JIEXAT Ha MaCcCOBOH
obonouxe, Hanpumep, B cucreme Oeckoneuroro mmmynsca (CBH). C 3Toli uenspio, B Ka4eCTBe WULOCTPallMy,
- - pacemotpum dNN — sepminny. IHocne nepexona B CACTEMy, IIie
COCTABHAS YaCTHIIA [OBIDKETCS ¢ HMIynbcoM P — o0, u3 ABYX
YIOPSAOYEHHBIX BO BpeMeHH auarpamMm BepmuHbl dNN
ocraercs mumb muarpamma a) (puc.3) rme p’=n’=m’, a
Hedusuyeckoe cocrosume - “wmypuor” - A [9] orpaxaer
"HecoOXpaHeHMe" DJHEPruM INpH MEpexoAe OT PEaNbHOIo
COCTOSHMSA K BHPTYanbHOMY (npudeM A’ =0). JIerko mMOHATH,
YTO C.IL.M. np— maps! (puc.3a), He COBNAKAET C CHCTEMOM MOKOS

nefitpona. B a3rom cayuwae [10-12] BMmecro pefitpona d
paccMatpuBatloT "melitporHoe cocrosuHue" [13] d'=d+A
(pnc.36), NOCTPOCHHOE U3 HBYX PEANbHBIX HYKIOHOB, CHCTEMA
TOKOsl KOTOPOTO COBMAfaeT ¢ C.ILM, np—maps, a ero macca d'* =M? =(2e,) ommmuna or maccel neiftpona

Puc.3.

d* =M} u onpenenseTr CXOA C MaccoBOli 06oioukH no mWoaHON Macce NN - cucremsr k2 = (Mi - Mj)/4
. o ; . ~ 3 s fL — : /
TIpomoneHelii BEKTOP MONAPU3ALMM AEHTPOHHOro coctosHus U = (P/'MN ,0,0, (P + M7 ,,fzp)f.f’MN) OT/IMYAETCS OT

COOTBETCTBYIOLIErO BEKTOPA MCTHHEOTO mAelitpona (P — w, Pl |0Z ), Torna B® nefitpoHa ONpenensiorT cleyOmMuM
oOpasom:

¥ = -1/ 2M, TS| T = gp)A Cu"(n)
ITocne yero B c.u. np—mapsl (wm nc. d') Nerko ycraHoBUTH CBsh (NN — $opmdaxTopos ¢ light cone B®
HyknoHoB [10,13]

)= 12 b, - wa NZ) )= o/ e, - mh, + e, +m)w, /43

B® pelitpona, onpenencHHas TakuM 00pa3oM, yAOBIETBOPSET BCEM HEOOGXOXMMbIM TPeOOBaHHAM PENTTHBHCTCKOMN
UHBAPHAHTHOCTH. '

NPAUMEHEHUE MK® /LIl PACYETA CEYEHWH IPOIECCA d(e,e’ p)n
OGcyaum npuMeHuMocTe MK® K BHIUNCHCHHIO CeYeHMIT o |

: I HUH TPOLIECCOB  3MIEKTPOPACHISILICHHS NeHTpoHa B
KBasWynpyrol o0OnacT# C perucTpauuedi ep-coBmamenuii. KunemaThueckas CHTyallust IKCMEPHMEHTOB ¢

perucTpaiveii ep — COBNAJCHMH TaKOB2, 4TO HU3MEPEHUS BHINONHAOTCE B TAKMX obnacrsax, rue
KOHKDETHBIH TONIOCHON 4ieH B nonHO#W ammnmutyae. Tak B ycnosumsix 3KCTep
t - MOJMIOC B AMILIMTYAE, KOTOPOMY COOTBETCTBYET PACCEsAHUE HA MPOTOHE,
onpenenuTh yAHBEpCANbHYIO dyHxmmo SUPH - G{x), KOTOpast sBIsSeTCst KO
HEPENATUBUCTCKHX yrKuuii MIPH. ynxuns IUPH B 06nacty KBasHYIPyroro nuka wa AEHTPOHE PACCMATDUBAN

paborax [7,14,15]. Ilpexpe, vdem . npucCTymuTeE X OGCYKISHMIO BO3MOXHOCTH mﬂeq?:::n ammb "
KCNEPUMEHTANBHBIX NAHHBIX, PACCMOTPUM DAA OTAMYHBEIX MOMEHTOB. K SHUKAIOT e i

AOMHHBDYET
uMenToB [7] n [14] momummpyer
ATO NO3BOJSAET C IOMOIIBIC MK® nerxo
PPEKTHBIM PENATUBUCTCKUM 0606menuem
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PENSTUBHCTCKOM paccMOTpeHmn. HucienHbie pacyeTsl nokasanu [2], 410 ponb uHTepdepeHmmM t—, u— KaHANOB B
o0NacTH MaKCHMyMa KBa3HYINPYTOTO MUK HE CyliecTBeHHa - e¢ BKian He Gonee 1% (mpuQ’ 0,2 (T3B/c)?)
yMmenbiiaercs ¢ pocrom Q°, a B o0mactm nopora 3J€KTPOPAacInErieHHE coc*ramae'r menee 30% [2,16].
JKCMEPUMEHTANLHbIE HCCNENOBAHMSA JKCKMO3MBHbIX mpoueccor d(e,e’p)n  nposomsrcs B6AMSH MakcuMyMma
xeasuynpyroro muka (Q° u Vv (HKCHPOBAHBI), 4 W3BJIEYEHHE WMIYNbCHBIX DACIpPeNENeHnil TPOUCXOANT B Tex
obnacTsx, rae OTHOCHTENbHBIN HMIYILC KOHEYHOH Np — Maph! B C.ILH. OOBIYHO IIPEBOCXOAMT 0,2 MB/c [15], uro maer
OCHOBaHMA Ansi npeneOpexesus sddexramm B3ammopelictBus B koHeuHoMm coctosnuu (BKC). Bonee Toro, B
kunematrke Caxne [7] Bian t— xasana Takke He3HAYMTENEH - pacuerhl rokasanu, yto mpu 1 = 0,335 I'B/c on
cocrapmser Menee 4% oT BKIaa t — xaHana. |

BoccraHosneHHe KalHOpOBOYHON HHBAPHAHTHOCTH HOMHOM ammumuTy bl mporecca de, ¢’p)n B kuHeMaTIYeCKux
ycnosusix (7], rae ONpERENsIOMUM ABJAETCA  f— MOJNFOCHOH BKNAA, MOXHO OGECTICMTb CTAHNAPTHLIM MPUEMOM -
BBINOJIHKB KaaMOpoBounslif casur [17], T.K. S—, U — HONMIOCHBIE OCOOECHHOCTH NMONTHON AMILTUTYAbI HAXOAATCS HAJIEKO
~or ¢usmueckoii obmacry: s—Mj =2M,v(1-x,)>>m? ~t~2me,, a m’-u=2M,v-2me, ~2m2v-cg,),
yaursiBas [7], uro v > 0,1 TeB mns obenx xuHeMaTHK IPHXOAMM K 3akmogenmo s—M) >>m’ —t, m’ ~u>>m’ -1t
H, CIEIOBATENBHO, STHMH MOJIFOCAMH MOXHO NpeHebpeyb Tak ke, Kak W PerylapHOi 4acThi0 aMILTUTYBI, 3aMEHHB HX
BKJIANbI CATAEMBIM (T q, )/q2 ’

Hcnionb3yeM CRenymouee BeIpakeHue Ui MATPUYHOTO JIEMEHTA Mpolecca d(e e'phn

T ~ ~ +m
4;“1 T, UY = 4;“15“, T,=T,U0%, me TY =Up)E" 2— PRLINIAY

Bepmuny yYNN Bbibepem B dopme

3 2
Ff}:GM(qz)y“ ﬂ-(flglfll-l:zp(qz)a G, ::Flp(q‘)+F2P(q2),

Torna ceuenus npouecca 3ueKTpopacilenie s AeHTpoHa B 0OAHOGOTOHHOM npubmbkenuu OyaeT UMeTh BUX:
d’c _a’e lawy
de'd2 q' e 2M,

EIRR :-é-"(k')yau(k)-'ﬁ(k’)yﬁu(k)z 20k k) +k.k, )+q’g,, (m? =0), (10)

rae e, €' - SHepruH HaYaNbHOTO ¥ KOHEYHOro 5eKTPOHOB. CTPYKTYPHBIA TEH30p W, , XapaKTepU3yoILuii 3POHHYIO
YaCTb aMILTATYAbL, OTIPEICAUM craﬂ,naprahm obpaszom [18]:

—(212)32< ﬂhm (

2

(1D

Brinonasas "cymMMupoBaHME", YCpeHHAA NO CHUHOBBIM COCTOSHUSM KOHEYHOH NP —Napbl W HHTErpupys B JL.C.
neifTpora, nosyJaeM BHIpaKeHue Ui cedenus peak d(e, e’p)n ¢ perucrpaumeit ep — coBnazeHHii:

d’c a’ e
7 14 =K 4 of T ap >
de’dQ), dQ q° e

i —_ E ot
:G( Sp(p+mF? (p” +m” JF" G(x)=—h—£—Go(x), K= Ipv[l_pq - J (12)

3(21:)3 M, + p’ M, +V

HexorepeHTHBI# BKAaA HEHTPOHHOH AnarpaMMel GaKTOPH3IYETCS aHAJIOTHYHO.
Crpyxrypa TeHsopa w, B (I2) ycramasmmsaetca u3 obmmx TpeGoBanuii rpamuentHod u T -,

P- mapnamnocm, cornacHo [11, 18]
o =8 tAL, S,=S,, Ay =-A,,

-ﬁ—(---gm3 +qaq,/q )W +a,a, W, /M] +b b, W M3+ (a b, +a -bﬁ)W‘,.fo_i__ : (13)
‘2

A@z(a“b,,—aﬁba)w,,/M’, W, ='Wi(q1,v,x)(i= »3), 8, =4, ---a—g b, %du.
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Crpykrypusie dyrkumu W, (i =1, ...,5) spasrorest QyHKLMAMY WHBADHAHTHBIX repeMeHHsIX 47, Vv, X (v=dg/M, )

" ' : - noab3oBasmucek (13,
B chyqae HEMONSPHIOBAHHBIX SMEKTPOHOB W MeiTpoHos A, Bknaxa we naer [19-23]. Bocmonesoea (+3)

TIOAYYMM BBIPAXKEHUS I CTPYKTYpHBIX QyHKUHA W, (qz, \ x), (i=1 ... 4L}k

- 2 | a9 it |
w, =S8 gerls, L _p), Wz/ M, ;?—?{Ws/ M3 Bl +BG(x) S EVGY |- (14

2 2 q° q g J

: ip) 1
G K) 2 q?- {p)? pipleifs _ ~ ..;..I..:..;?...I:—
W3/M31 :_gﬂ[z(l"ﬁ(ﬁm —E;HTFQ +2F"'F, (1 o B) m> 53 {»
o, o =P, -0
q | q
s, =m*[(1- 2x X1~ 28)— a]—f— Bdp,
_ - ipl _ ple ip)
rneF?(q’) - nwupaxosckm#r m FP(q?) - maymesckmii Qopmpakropsi mnpotoHa, a G Al a2
2
G = F” +-Zg-~;-Ff“" - dopmbaxropsr Cakca. DKCIEPHMEHTaIbHbIE JaHHEIE T[OKa3bIBAIOT CIPABSIIBOCTE
=gt

COOTHOLIEHUHA

GY =G0 fu =GP /u, =(1-q*/0,71)", ¢’ s(@sBleY; GW =0, p, =279, u, =-191 pen ¢/(2m).
Jlnneiiuas cBssb hopmbaxropos G, Gg’f /up " GE;‘) /1, HasbiBaeTCs CKENMHIOBBIM 3aKOHOM, 2 UX 3aBHCHMOCTD OT
q® - [OUOONbHOH TapaMeTpusanued, W O00ECTIEUMBAIOT COTNACHE C SKCHEPAMEHTOM C 25%-HOH TOYHOCTBIO IO
uMaynscoB —q’ ~ 25 (FaB/c)’. 3nas sBHBI BUR W s (13-14) He cocraBmsier Tpyna Haiith ceepTxy u3 1w, B (12):

LW, =2Q°W, +S, W, /M2 48, (W, pg/dg- W, Q /dq)/M? ,
Q*=-q">0, S, =4pk)pk)-Q*m?, S, =(dk)pk’)+(dk¥pk)-dpQ?/2. (15)

B npenene cnaboii sapryansHocTH (X, ~1/2), x>0, a—>1, B—>0 (cm puc.2) us (15) non}"{aeha H3BECTHOE
BeipaxeHue aMrmuTy bl PosenOmoTa [24], onuckisaiomed yapyroe paccesHue 3MEKTPOHA Ha MPOTOHE
; £ )2 2 : ) )
R=1,w,/G) =G&" Q*/2+(F +Q*/l4m?)E2 )5, (16)

Ha ochHoBe (12) noayyaem @amopmnna}moe BbIpOKEHHE i mpoLecca d(e, e’p}n B 00mactTM MakcHMyMa
KBAa3UYTIPYroro MUKA C y4ETOM PEITHBHCTCKUX 3PdeKxTos:

d*c (do ) dc‘ | . :
40,40, :K(dﬂ, ]RG(X);“K(?QTJR[”'S(Q v x)foe) )

OneMEeHTapHbIA aKT (d{r/d!f!c)R - ceuenne PosenOmoTa Ha MBIDKyIIEMCA NPOTOHE - CBSBAH C s dexTuBHBIM

snemenTapubiM  aktom paccesmus (do/dQ_ ), mocne ornenenus 3JEKTPOHA HA BUPTYAIbHOH COCTaBISTOMEH

cnenyommum o6pasom:
[ do do |
S P o 1 ~f 2 : W
[dﬂel [+8(Q ,V,X)(dQ= L (18)

rne amisti aun £(Q”, v, x)= [(dd/dn)n. ~(do/dQ, ), J/(do/dQ,) n nerxo moxer Gsrms onpenenes u3 (12), (14) u (16).
BosuukHOBeHHE QYHKLMH s,(Q2 ,V, x) SBIIETCS CACACTBUEM MPOABACHUS PEASTUBHCTCK
Apu 06pabOTKE SKCKIOIUBHEIX TPOLECCOB, T.€. UX CMIEKTPOB HEOGXOAUM C nemsio n3Bnesenns DUPH. B npotussom
cyuae (HepeasTBHCTCKOe onpenenciie Gynkunn MPH i asromariyeckoe pactipocTpatiete ee B pesTHBHCTCKYIO
067acTe UMTIYNLCOB) U3BIIEKAEMas U3 OKCTICPUMCHTA (YHKUMS UMMYNLCHOTO pacipeneneHus Gynmer I
KMHEMATHYECKUX YCHOBMM H, TakuM oOpasoMm, npH OGonsmmx SHAYEHMAX &pl‘yuﬁm 'ne 6 .tl-e!t aa.' m '
XapaKTepUCTHKON AHUNIb CBAAHHON CHCTEMBI. B : P YAS AThCS

ux s¢pdexror. Yuer nocnentei
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OHHCAHHE OFF-SHELL 3®®EKTOB B yNN BEPIIVHE U X BJOUSHAE HA CEUEHWAE PEAKTIMA 7
| @ YHKIHIO SHPH

OM sepmmna YNN ¢ AByMs HYKIOHAMH Ha MacCOBOi MOBEPXHOCTH, B MPEIIIONOKEHUN COXPaHeHun P-ueTHoCTH,

OMWCHIBAETCA ABYMs BemecTBeHnbMH OM (opmdakropamu F (qz) n F(q 2) - IWPAKOBCKHH ¥ MayneBckuii

COOTBETCTBEHHO. Bepumuuubii omeparop, ortBesaromuii 3M B3anMOAEHCTBHSM CBOBGOMHBIX HYKJIOHOB, HMeeT
HECKOMbKO 3KBHBATEHTHBIX QOpM 3amucH [25], ces3aHHbIX TOXASCTBOM I'opioHa

B =Rl -2 (), B =) R @), -—(P-lg-n?-—)-”‘-l*}“(q’) (19)

PaceMoTpum nuarpammy B3aHMOJEHCTBUA BHPTYAILHOTO (POTOHA ¢ HYKIOHAMHU
(puc.4), Korma ONWH U3 HUX, HANPHMED, C 4-HMITyBCOM P, , IEKHT HE Ha MacCOBOH
[OBEPXHOCTH. B 3TOM cnydae TpexxBOCTOBas _Be_bmm{a MOXET 3aBHCETb OT ABYX
BHPTYyaJbHOCTeH - GoToHa (q°) U HyknoHa (p; ), UTO NPUBENET K U3MEHEHHIO KaK
qucia Gopmbaxropos (>2), Tak ¥ BOSHHKHOBEHHMIO NOMONHHTENBHON HEH3BECTHOM
3asucumoctH popmpakropos or p; , T.e. E" (q2 ,D; ) i>3.

Taxum 06pa3om, BO3HHKAET BOMPOC O NOrPEMIHOCTH MPH H3BICUSHUH DYHKLHY

OHUPH 3a cueT HEOMHO3HAUHOCTH BHEMACCOBOTO mpoxosbkennus DM dopmdaxTopos
Prc. 4. (19) B o6nmacte 3HauMTeNBHBIX BHPTyaJbHOCTEH. Pacdyer sddexTHBHOrO

| Ly . «3JIEMEHTAPHOIO aKTa» B3aUMOMNCHCTBHSA B
46 wWhw : : : : -
T, o g %‘ o | | yNN sepurre (19) ¢ nc:renuna.namn [4-5]
nJist mpouecca d(e,e’p)n, @ mBYX
onpeneseHudi OM TOKa, CBUIETEILCTBYIOT 00
YBEJIMYEHUN PONY BUPTYalibHBIX 3QdexToB npu
YOaleHUN OT MaKCUMyMa KBa3UyTIPYTOro MUKa..
Yucnenno ornu4ue AByxX opm M BepLIMHBIX
Gyskunii And cBOOOAHBIX HYKJIOHOB, NMPH HX
BHEMACCOBOM  MPOJO/DKEHHH B  YCIOBHSIX
TpeTheil kmHeMaTuku Caxne pocruraer 30%
npu n=0,5 I'sB/c, Tormna kak BO BTOPO¥
kuHeMatuke Caise, cocraBuser nopsaka (15-
18)% (1 =0,3 I'3B/c) u menee 6% B mepBoit
kuHematuke [7]. CoBMeCTHO ¢  OLIEHKOMH
BIUIGZIOB B CEYEHHE [JPYrux TMOJNOCOB 3TH
uudpsl  OMPEACIBIIOT TOYHOCTb U3BJICYEHHS
byuximu DUPH.

Ha pwuc.5 npencraBneHsl pe3yNbTaThl
Puc.5. Dkckmosuesmie cedesus npomecca ed — e'pn. CrutommHas PENITHBHCTCKMX PacyeTOB CEYSHMs Mpolecca
xpusas (2 dopmpaxropa RSC) u Toucunmas (4 dopmudaxropa Buck - d(e,e'p)n no gopmynam (12)-(17) ¢ yuerom
Gross: A =04) - pesymrTarsl mactosmeii paGora. IllTpuxosas ® uersipex ¢opmbaxTopos (Bknan S—, P— m
ITPUXNYHKTHPHAA - HepewITHBHCTCKHE pacderst [6,5]. Oxcmepm- D-—Bonn) B Bepmmue dNN, B kagectse
MEHTANTbHbIE JaHHbIE 13 paboTsi [7] KOTOPbIX  MCIOJBE30BANMCh  NAPaMETPU3ALIMU

Baxa-['pocca [7] ¢ napameTpoM cMemmBaHUs NCEBAOCKANSPHON U NCEBAOBEKTOPHOM CBssu B TNN — Bepuunne A = 0,4
&./6, (ToyeuyHas KpuBas) ¥ C Yy4eTOM ABYX (QopmdakTopos

f (bysxuym I, =I', =0), paccuuTaHHBIX Ha OCHOBE NOTEHLHMANIA

Iy § H © [5] (cnnowmHas xpuBas). DKCHEPUMEHTANbHbIE JAHHBIE IPYIITbl
itd Ii { I[ j{ Caxusre B3sTEl U3 pabotel [7]. [lns cpaBHEHHMs MPHUBEACHBI TAIOKE
B i { Pe3yNbTaThl HEPENATHBUCTCKMX PACHETOB: LITPMXOBAsA - pacyer

- 0z s OopuoBckoM npubmwkenuu ¢ B® [5] ne#TpoHa;
| IITPUXOYHKTHP - PACYET C y4eTOM OOMEHHbIX ME3OHHBIX TOKOB

_ | (MOT), wuzobap-kondurypauuit (MK) u BKC. B nepso#

| ik , _ wunematuxke ((KI) - ¢=045 1I3Bfc, v=010503B)
100 20y -gﬂi Sy HaOmOAaeTcs  TOJHOE COOTBETCTBUE  PEUATHBHCTCKOrO  H
-’ HEPENATHBUCTCKOrO pacyetoB. Bo Bropod kunemaruke ((K2) -

Poac.5, vl MR O, B q=035 T3B/k, v=0147 .I"aB) npy nz=04 DB
. _ HEPEJATUBUCTCKUE pacyernl fnaor Oonee uem B IBa pasa
PACSETIEL O, cRRNmEL 3aBBHIIEHHBIC PE3YABTATBI H  COBEPLIEHHO HE OTPAXANT
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IKCTIEPHMEHTATBHYIO TEHIEHUMIO C POCTOM N . PenATHBUCTCKME Dacderhi CEdeHIY e zbopmyne £ ;HZ_‘{ e;;i‘:
BUPTYANLHOCTY YACTHIL B TIPOMEXYTOHHOM COCTOSHIM M BKJIAZA AHTHHYKJIOHOB Ha OCHOBE b HQWCHBZM re?mo;&'
ONHCHIBAIOT HKCTICPUMEHTANLHBIE JAHHbIE Jyyie, 9eM COOTBETCTBYIOMUE HEpENATUBUCTCKUE BO BCEM H:pé me
nManasoHe UMIyabcoB 6e3 npusnesenns piana MOT u HK. 31y cuTyaiHio BATIA RS Hmmpﬁpyﬂ. ’ Héngoge
NPEACTABIEHO OTHOIIEHHE DKCIIEPHMEHTAIbHBIX 3HAYECHHH cevenmil K pacueTHbIM. Bo BCEM A3MEP ne HH

uMIyaecoB - B kuHemaThkax KI u K2 - oTHowmeHwe o, /o, =K DpaKTHYECKH MOCTOIHHO H ECLTRBRET, SEAESS

. ~shell addexramu B
bakTopa K = const MoKeT GbITh CBA3aHA He TONbKO ¢ Hamwanem BKC [26] , HO Tak *€ 1 © b aer 3¢¢eeyrcﬂ'bﬁbrx
sepmntie YNN ¢ OZHUM BHPTYATbHBIM HyKIOHOM. B CBS3H C 5THM ObuT MPOBEICH aHRAHS PORH AP |

nuarpamM u OM  (opMbakTopo BUPTYanbHOTO HykioHa (B pacierax 6o monoxeno F, (q t)z r., (q2 )).
CpasHeHue Pe3y/LTaTOB TEOPETHIECKUX PACHeTOB CeueHui (puc. 6) ¢ yueroM P — BonH B ASHTPOHE [6] u 6e3 mHux [3]
NOKA3aJi0, YTO B IKCTEPHMEHTAJIbHO HCCIENOBaHHON O0NacT# HMIYNLCOB n <0335 I'3B/c (xuHeMaTHKH KI u K2)
pPO/Ib AHTHHYKIOHHBIX KOMIIOHEHT (P — BOsiH) B OCHOBHOM COCTOAHHH JedTpoHa HE3HA4HUTEIbHA.
KOBAPHAHTHOE ONIPEJEJIEHWE ¥ AHAJIH3 SUPH
U3 ypasuenuii (12) u (8) cnenyer, 4ro ONpeacneHHas TAKNM obpasom ¢yuxums SHPH G(x) HE 3aBUCUT HU OT

COPTa HAJICTAOUWUX YaCTUL], HY OT KHHEMATHIECKUX YCAOBHIl SKCKTIO3UBHBIX POLIECCOB U, CIENOBATENLHO, SIBIIAETCS
XOpOoI€el (MHAMUYEeCKO! XapaKTepUCTHKOH PENATHBUCTCKOM CBA3AHHOM CHOTEMBbI. Hapsiny ¢ 3TUM TO 0GCTOSTENBCTBO,
4YTO B MAKCHMyMe KBa3MyNPYTOro HKa CEYCHHUA SKCKITIO3HBHBIX MPOLECCOB ONPENe/LIOTCA MpaKTHYECKH JHIOb OOHUM

- | MOIOCOM, TO3BOJSIET C MOMOIIBIO BbIPAXKCHM

(17) wu3BANEKaTh G(x) wu cpasHHBaTh

we [(z).(Ta8leY

: o - | ', PE3YIbTATHI W3MEPEHHI Pa3HbIX

: 1 - - | SKCIEPUMEHTANBHBIX TPYII, BbIIOJHEHHEBIE B

’3’F& | . ’ | | : . pasNMuHBIX KAHEMaTHIEeCKIX YCIOBHAX
%, F | uMeHHO Ha yposHe G — QyHKUMH.

Ha puc. 7 mnpeacCTaBNCHBl pPE3Y/IbTATHI
PENSITUBUCTCKMX PacdeToB (QYHKLUH G(x) v

Frri ’lT"l F==
_),-“

% o - S dopmpakropamu [6] BI' 0,4 c¢ yueroMm
= " —-— ' P —Bomy, u [5] 6e3 yuera P —Bonn: dyHKumH
I, =T,=0. DOxcnepuMeHTalbHbIC 3HAYCHUS
usBieueHsl mo  Qopmymam  (11) ¢
UCNIONB30BAHUEM Tabmuu abCoOMOTHBIX
ceuennit w3 pabormt [7]. Habmopaercs
XOpolllee corjacHe ¢ 3KcnepuMeHToM. B
| _ | | o M3MEPEHHON o0macTH MMITyNbCOB  BKJIAX
o T .Yy o P-pom, xak cpemyer w3 puc. 7
' ' ' 50 g 700 800 : gt
o %M. 00 L"gf e ™ _.” - _ "7 HeCyINeCTBEH.
| | B xauectBe wumoOcTpanMH NpPUBEIEHbB
Puc?. Db pe3ynbTaThl  HEPEITUBUCTCKUX  pacydeToB
uc./. - EKTHBHBIC HMIYJLCHBIC pAacOpeAenCHUus HYKJIOHOB B _— 2 . .
geiiTpore. JxcrnepuMeHTaANbHBIe JarHbie [71 o6paboranst no gopmyam il p(n) u (n) tw (n ) rac “B kauecTse S u
(17-18). Crnommas kpusas (2 gopmdaxropa RSC -Rel.), mrpuxosas (2 D BOJTHOBBIX yHKHE NEHTPOHA
dopmdaxropa Paris - Rel.) u mrpuxnynxrupHas (4 popmdaxropa Buck -  HOTIOIRSOBAMHCE U 1 W PyHKUMH NOTeHUHANOB
Gross: ). =04 ) KpuBbIE - pe3yabTaT HacTosueH paborsi. Touecunas (Paris - RSC u PARIS, coorBercreenno. 3amernoe
NRel) u apaxgst mrprxnymrupsas (RSC - NRel) - sepenstusuctckne  OTHAIHE by G(x) n o(n) wabmonaercs
pacaerst [5]. nawb B o6nacTu lfi‘ >0,2 TB/c, rre pln)
CHCTEMAaTHYECKH 3aBbilIeHbI (npH ‘ﬁ| ~0,34 I'sB/c mourn B gBa pasa). Bee Teoperntueckue XpuBbie Ha puc. 7
HOPMHpOBaHBI, coOriacHo puc. 6, Qakropom «=082. Ilepemennbie x wu }ﬁ] CBA3aHBl  CNEAYIOWUM
obpazom: X =(1---I—flf’”/m")’l/2 -1.

O6cyaum sonpoc 06 ussnevenny DHUPH u3 sxcnepuMenTanbubix fanubix. Ws Boipaxenus (17) BunRO, 4TO IS

MOMY4eHUsA KMHEMATUHECKH HESABUCHMOH (yHKiMn G(") SKCTICPUMEHTANbHBIC 3HAYCHMS CeueHMl HeoOXomuMO

JEHTh Ha tbamp'K(dc/ dQ, ) ~ s dexTHBHBIN (3NEMEHTAPHBIN AKTY, YIHTHIBAKO ML BUPTYATEHOCTH 3QPEKTHBHOFO
Hywiona. JInwb TONBKO B 3TOM Ciy4ae Qaxropusauus (17) sBIAETCH TOYHBIM COOTHOLISHHEM
UMIyIbCcax (B TOM YMCAE H B PENSTHBHCTCKOH obnacTu ]ﬁi > m). Ecau camocornacosanHocTs by

!

T

.__
[
.nllﬂT

T

L | I"lT-ll'i[

>

IPH NPOM3BONIBHBIX

| HKUHi (de/dnp)' i
G(x) 8 (17) napymena B pesyibTaTe KakhX-1i60 NPUOAKEHN, TO TEM CAMBIM CPA3Y e HAPYLIACTCR HEARBUCHMOK
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G — dpynxuuu or xnHematuxu. Koneuno, B obnacru ]ii’ £0,2 TsB/c aror 3ddexr nHecymectren. TTpu Gonbiumx ke

MMITY/TbCAX, B 3aBACHMOCTH OT q° M Vv ommuOKka HpH 3aMeHe B (17) ceuenne «InEeMEHTApPHOrO akKTa» CeYeHHEM
Posenbnrora Ha IBUXYIHEMCS IPOTOHE MOKET OBITh 3HAUNTENBHA.

Ha pHC. 8 npenmmeﬂb: peaynyrarm pacyera ceveHWi (B OTHOCHTENbHBIX €HMHHULAX) 3DHEKTHBHOrO

: , «3NIEMEHTApHOI0 akTa» (CIUIOLIHBIE KPHUBBIE) M CEYESHHUS

Posenbmora Ha JIBHXyIeMCs NPOTOHe (WNTPUXOBasA) TNpH

PA3AVMHBIX 3HAYEHUAX (° B 3aBHCHMOCTH OT BUPTYaJbHOCTH X.
Kpusbie 1 u 2 — kxunemarudeckue ycnoswust Cakine; 3 — ycnosus
Xapekosa (E, =145 T2B; E, =0,72 I3B; 0,=70°); 4 —
ycnosust SLAC (E| =15,74 I'3B; E, =12,503 I'3B; 0, =10°);

V— (QUKCHPOBAHO TMONOXKEHUEM MaKCUMyMa KBa3WyHOpyroro
TIHKA.

- 48,82 0.13 . 8.31" 0.4

U3 coornomenns (18) BUOHO, YTO €C/M NPH HM3BJICICHUH
OHPH nonb30BaTeCA HEPENSATHBHCTCKOM (hakTopusaumeil, rue
Ml YaCTHYHO YYTeHa BUPTYAIBHOCTH MPOMEXYTOYHOIO

MPOTOHA IyTEM 3aMeHbl m—m = J’t: 4YTO  HapyLIaeT
Puc. 8. Ceuchms (8 orHen) osddexrusuoro CAMOCOITIACOBAHHOCTD (17)

«3NEMEHTAPHOTO aKTa» (CILIOMHbIC KPUBAIE) U CCICHHIs o do 0
PozenOmoTa Ha ABIDKYINEMCA NPOTOHE (WITPHXOBaN) - = K vt p(n), (20)
NpH DasTHYEBX 3HAYCHUAX q° B 3aBHCHMOCTH OT de’d2,dQ, @, )
N e T0 nosyyernoe MPH OymeT KuHeMaTHYeCKH 3aBUCHMO!
oo05 005 043 025  039% p= p&z v '-ni) 1)
Vo % 1 B, i ' {2 R e
P < - ' 2 ;
_E{.;:,g, " 8=8° nbo byHkIMA e(q',v, x) - mpu HCTIOJIB30OBAHUN
A ' S T = HepessITUBUCTCKOM  Qakropusauuu  (20)  aBTOMaTUYECKH
- . 4" : BKIFoUaercs B onpenenenne UPH. O6paboTka ke ceueHmii no
' g@°=5(rsg/en” dopmyse (17) no3Bonser BLIAECIUTDH MOJHOCTBIO HE 3aBUCSLIYIO
et | ot q' u v Beruuuny DUPH. Ha puc. 9 npencrasnexa QyHxims
: ] w g 1L e(qz,v,x) B 3aBMCUMOCTH OT BUPTYaJIbHOCTH TIPU PA3TAYHBIX
6,2 1 . X | i ¥
SO N . . 7 . | 10° E - —
_ /) - "R 4msATIB0 ;
0 <G  —— . 0*
b, =, ¢ 1
Q I
42 g e o _ i
a1 8.3 a,5 8,7 4,9
_ n, TaB/¢c

Puc. 9. Ovaxuus g(q"'-, v, x) NPH Pa3TH9IHbIX 3HAYCHAIX

g’ H V B MaKCHMyME KBalHyTIDYTOTO §HKa, B

33BHCHMOCTH OT BHPTVATBHOCTH X.

3HAYEHUsX (°, 3 V (QUKCHPOBAaHBI YCIOBHEM TmoNoxeHua Puc. 10. SddexTuBHOE MMITYIBCHOE pacmpeseneHne

- % b S bTAT
MAKCHMyMa KBasMynpyroro maka. Bumso, 9to B 06nacty manpx HYWIOHOB B jeiitpone. Touxu: PR then

_ | , ~ ur B KOPPEKTHPOBKM SKCTIEPHMEHTANBHLIX AaHHbIX SLAC
pupTyanmbHOcTe#l € <01 # daxropusaimsa (17) nepexony i A

nepensTuBUcTCKyt0  (21). Ilpu EI >0,2 IsB/c KOppexTHO TeopeTHyecKHi pacaer ¢ 4 popmpaxropamu BI" 0,4
onpeaennts SUPH B nefirpone MoxkHo nuuib rio Gopmyse (17). B |

obnactu 03I3B/c< ]ﬁ} <0673B/c wucnons3oBauue (21) NpUBOAMT K MaKCHManbHbIM OUOKAM NpU H3BIEYEHHM
HPH, a yniama glg?,v,x) B HEKOTOPbIX KHHEMATHHECKVX YCJOBHSX JAOCTHIaeT NOPAIKa eAHHUbL B cBasu ¢ aTim
cnenyer sameruTs, 910 B pabore [15] rpynnoit SLAG npu ussaesesun HPH B neifrpoHe HCnoss30Baiacs
HepeAFTHBUCTCKad (axTopusals, aHanorkyHas (21), mus ceueHns HHITFO3UBHOTO NPOLECCa C Y4ETOM BKIANOB 1 -~
U-— KAHAJNOB, & B KA49eCTBE «BNEMEHTADHONO 8KTa» ep—paccesHus Obino Bbibpaso cewenne Posenbnrora na

nokKommeMcs NpoToHe. Bee 310 npuBeno, no-BUOMMOMY, K cyliecTseHHOMY uckawenmo HPH B obaacru
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03B/ ¢ < [fi| < 067[3B/c. KauecTsenHas KOppeKTHpOBKa AAHHBX rpynmbl SLAG Ha OCHOBE dopmyn (17) ¢

NOCAENOBATENEHBIM YHETOM PeNATHBHCTCKHX ApdekTos u PopMPpakTop
ouc. 10. Cneayer momMepKHyTb, 4TO MCHOJNL30BaHHAA B [15] mpo _
YCPeAHEHHN PA3NMYHBIX CIEKTPOB U AU(depeHuupoBaHiH CKEWTHETOBOY PYHKLMA
TouHyio koppektHposky MIPH. Tlosromy puc. 10 HOCHT fuuib {UITIOCTPATHBHBI XapakTep M CIYAKUT YKasaHHeM Ha
HeobxoauMOCTh Oolee TIATENbHONO YIeTa PEIATUBACTCKUX 3¢ dexToB IpH HCCACAOBAHNN HIPH 8 CONOCTH BNy ARCOD

]ﬁ[>0,2 B/c. Tak, u3 puc. 10 BHAHO, YTO HAILIBIB» B CpElHEHA HACTH cnextpa MPH n3 [5] mpu ydere
JOKaTCA

amy B mapamerpusauns [6], npeACTaBlCHb! Ha
uenypsl HM3BAEHCHIA WPH, OcHOB3HHOH Ha
F(y), He MO3BOJIAET MPOBECTH

pENSTHBHCTCKMX 3((}EKTOB MPAKTHYECKH HMCYe3aeT, a OTKOPPEXTHPOBAHHBIC SKCTIEpHMEHTAIbHBIE TOUYKH
SHAUMTENHHO OIIDKE K TEOpEeTHYECKOH KpHBO# (pacuet ¢ popmpakTopamu BI" 0,4).
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COVARIANT FACTORIZATION METHOD IN INELASTIC PROCESSES
ELECTRODISINTEGRATION OF A DEUTERON
LK. Kirichenko

Ukraine Engineer-Pedagogical Academy,
61003, Ukraine, Kharkov, street. University 186,

A method of cross section covariant factorization for inelastic processes on relativistic bound sy - 1T e o

the cross se;:tions are totally factorized, all relativistic effects being included. The eﬁ’e‘i:ig: }gzz:r::nr gdgl::st'le:utif :fl" OW!-I' ﬂz;
forming the bound system is calculated correctly taking into account off-shell effects and antiparticle contribufion. The adgf mc of
the-method is exemplified by deuteron exclusive disintegration in the quasielastic region. | ik
KEY WORDS: momentum distribution, factorization cross-sections, electrodisintegration, deuteron. .
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PE®PAKIIMOHHBIE 3®®EKTHI B KBABHYIIPYTHX SATEPHBIX PEAKIIMSIX
O AEMCTBUEM JIET'KHX HOHOB

A. C. MoJjaes

Xapvrosckuii nayuonanonviil yuusepcumem um. B.H Kapasuna, 61077, Yxpauna, 2. Xapexos, ni. Ceoboodwi, 4
Hocrynuna B pepaxumio 7 anpens 2000 r.

Ipoaranu3nposans! pedpakumoHHbIe SPHEKTH B Pa3IAYHBIX KBASHYIPYTHX SASPHBIX PeaKIMAX IO NESHCTBHEM JIETKHX MO~
HOB ¢ 3uepruci £ 2 20 MoB/nykion Ha OCHOBE TOAXOAA C HCTIONE30BAHUEM MOJETHHOTO MPEACTABICHNS Marpuibl pac-
cesims. [ToxasaHo, 9T0 pedpaKiMOHHbIE KOMIIOHEHTH AN(QEpeHIMATLHEIX CeUCHMI PEaKIAY ONHOHYKITOHHOM nepenadu ¢
TICPEXOZIOM B OCHOBHOS COCTOSHME KOHCUHBIX ACp H PEaKiUH Mepe3apsaku ¢ Bo3OyXaeHweM u306ap-aHaiora 0CHOBHOLO
COCTOAHMA A7pa MHLICHA NOHOCTEIO BOCIPOU3BOIAT SKCIIEPMMEHTANBHEIE JaHHbIE B O6NIACTH YIJIOB, Ie HabMONaloTc pa-
ITy>KHOHONOOHEIE “TOPOBI™, CMEHMIOIMIECH XapaKTePHBIM 3KCIIOHCHIMAIBHEIM CIIAI0M.

KJIFOYEBBIE CJIOBA: peaxums 0JHOHYKIOHHOMN Nepeadi, peakilus Nepesaps/iki, MaTpuLa paccesHus, aupdepeniu-
abHOE CevYcHNEe, PePaKIMOHHEIN BiIall, JeOPMHUPOBAHHOE SAPO

Pedpaxmmonnsie 3pQeKTr, B TOM IHCITE SAEPHAT PALYTa, SBIMOTCA HOCTATOYHO OOIIMM SBJICHHEM B CTOIKHOBE-
HWAX JICTKAX W TDKEBIX MOHOB C aTOMHBIMH ApaMH IIPH SHEPIvM Hajletaroimx gactun £ > 20 — 25 MaB/HyknoH
(cM., Hanpumep, [1-3]). Oti sddexTs HAGMONAIOTCA HE TONBKO B YIPYTOM B HEYNPYTOM PACCESHMH, HO U IIPOSBIISIOT-
Cs B Pa3NIHEIX KBa3UyIPYTHX PEaKIMiX, TAKKUX KaK Peakiuy Nepeaauyl HyKIOHOB H nepesapsanku [4-—6]. [Tepeunciies-
HBIC PEAKIMA XapaKTEePH3YIOTCA BO30Y)KACHHEM HeGONBIIOTO YMCIa CTeneHei CBOGOIB! B MPOUCXOMAT NPH COMDKEHUH
CTaNKMBAOLIMXCH ANEP HA PacCTOSHMS, CYLIECTBEHHO MEHbIINE Payca CHILHOrO ITOMVIOLIEH S, B OTIHINE OT 00BIY-
HbIX KBA3HYNPYTHX IPOLECCOB, MPOTEKAIONINX HA TIOBEPXHOCTH sapa. AHAM3 nupdepeHHanbHbIX CedeHni KBa3HyT-
PYTHX peaKiyii OQHOHYKIIOHHOM Nepenaay U Nepe3apsaikd B PacCMaTpHUBaeMOli 00/1aCTH 3HEPIHH OPOBOIMIICS, B 9acT-
HOCTH, B paborax [1, 6 — 8] ¢ moMoOIIBI0O METOIOB MCKAXKEHHBIX BOJTH M CBS3aHHBIX KAHAJIOB C MCIIO/IB30BAHUEM [IOTEH~
[MAJIOB, HAWICHHBIX NTPH ONMUCAHNUY JAHHEIX MO YIPYTrOMY PaCCEeSHMIO.

OcoOgiit HHTEpEC K “TITy0OKHM™ KBa3HYIPYTHM PEaKiusM 00yCIoBIeH TéM, 9YTO COBMECTHBIH aHAIM3 JAHHBIX T10
YOPYTOMY PAacCesHMIO M YKa3aHHBIM NPAMBIM PEaKIMiIM NO3BOJISET B psfe CIy4aeB MONYYHTH HaOEeKHYIO uH(OpMa-
OUIO O SIAPO-AACPHBIX IOTCHIMAIAX HAa MAJIBIX PACCTOSHIAX [3, 6 — 8].

B nannoii pabore msydenue pedpakimorHeix 3¢dekToB, HabmonaeMeiX B IU((epeHIUATEHEX CEIEHUAX PeaK-
1Ml OAHOHYKIOHHOM Iepeladd W Nepe3apsikd Moj AecficTsmeM nerkux moHoB “He u *He ¢ smeprueit £ = 20 — 27
M>B/HyKII0H, OPOBOMWTCA C TIOMOLIBIO METOAA MCKAKECHHBIX BOJH C MCHONB30BAHHEM MOIENBHOrO IPENCTABICHHUS
MaTpPHITE] PACCETHHA.

MOJEJIb PEAKITHHA MEPEJAYA HYKJIOHOB 1 PE3YJIbTATHI YACJIIEHHBIX PACYETOB

HuddepenmmanbHoe cedeHne peakuy epefiady B paMKaX MeTOIa HCKaKEHHBIX BOJTH LI EPEfaBaeMoro yrio-
BOTO MOMeHTa J mMeeT BUz (Hampumep, [9])

T mmy ky 2
'Oy 1, 2 (
4 J-1 ’ . ] ' ’ -
Ty (B)=1, : Zf > i a1 + 1 expli(o] + o] )18y (' — MM|10)(1'J00|10) ¥, _,,(8,0), )
i LT

rae 6 — yron paccesHus, HHACKCH | ¥ f OTHOCATCA K BXOTHOMY ¥ BBIXOTHOMY KaHaaM peakiiMy COOTBETCTBEHHO, m —
OpUBEACHHAA MACCa CTANKHUBAIOIIMXCA A€, £ — BOJHOBOE YUC/IO WX OTHOCHTENBHOI'O ABWXKEHUA, 7 — Napamerp ‘Te-
penaum”, [ ml’ — opOHTaNbHBIE MOMEHTHI BO BXODHOM H BHIXOJHOM KaHanaX, 0; — KyJIOHOBCKad da3a paccesHus,
B — MaTpUdHBIE 3NEMEHTH! HEPexXo/ia, KOTOpHIE BRIPAXAIOTCA Jepe3 NIEMEHTHl A/IPHOR TaCTH MATPHIBI PACCESHYSA
8/ u S B cocrosmmAxX ¢ opbuTansEEM MoMerTOM [ 11, (1'700] 10} ~ KosdduLMEnTH Kne6wa-Topaana, ¥, (60) -
chepueckas pyHKImAL

YautsiBas, 910 U3yIaeMble peakidu Nepelaqy ABIIOTCA KBAa3HYTIPYTHMHE, B ipeHedperas s¢pdexrom OTAAH A4-

seTEIuEEl By , kKak pesynsrar 0606umenna noaxona [10] ans neynpyroro paccesuus, 8 suae (oM. [9))
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rae E,_,, — 3Heprus B CHCTEME LEHTpa Macc.

Ormerum, 910 Beipaxkenus (1) — (3) He comepkKaT 3aBACHMOCTE B3aMMOMEHCTBAS OT CTHHA PAacCeHBAcMBIX 1ac-
THLL, MOCKONIBKY B PaccMaTpUBaeMoM 00acTy JHEPTHHA CEICHUC KBa3HMyTIPYTOH PeaKuyy nepenaty, Kak 1 CEYCHHE Y-
PYTOTO paccesHus, NpH yrax 6 < 100° Maio 4yBCTBUTENBHO K YHETY TAaKOH 3aBRCHMOCTH (em. [11, 12}).
.roe ] =1,I', iaBHO yBETWIH-

TIpy HaMWUMH CHIEHOTO MOTTIOMEHHs MOXYIb MaTPHLIbl pacCesHs n(l)= ‘-S(f)

7 _ _ e ¥ o ’

BAETCA C POCTOM [ OT MalbIX BEJIMYMH JO €AMHHIIE! B nepexoaHoil obnacTu BOMM3A rPAHAHIHOTO momenta [, =1y,
[13]. Janee, cnemys [10], mpeamnonaraem, 910 I, » J, THe nepenasaeMslii MOMEHT J SBIGETCH He CWIIKOM GONBIIAM,

i i A
¥, VAUTEIBAA GJIH30CTH BXOJHOTO ¥ BEIXOJHOI'0 KAHANIOB, 3aMCHIM fprvafyy,aoc; —HE Or. OTH NPeANOA0KECHAA
TI03BOJISIOT BHUAENUTH B (2) 3aBucEMOocTS oT / B BuAe [10]

1/2 .
3 it (17 - MM | 10)1°700{ 10) ~ [Zj’: J ™ Y (125,0). (4)
: |

Baipaxkenue (4) cripaBeyIaBO, €ClH NpeHe0peds WiCHaMu MopAIka JN.
C yuetom (4) ammuuryna (2) nprodperaer BUl

| (1‘”)3/2 z.-.M (ﬁ ]00 __— f |
T O)=1 : - Y, .—-,_0 -\/2[+18Xp O; +0 ﬁ,f _ 9,0 A £4
JM( J ,——ZJ 1 ‘Iiﬁf JM 5 E [3( 4 { )] n “i, M( ) (5)

[Ipn pacuerax muddepeHIMATBHEIX cedeHmit peakuyy nepeaadn (1), (5) Oynem uCTIONB30BATH IHECTHITAPAMETPY-
geCKoe MOLETbHOE IPEACTABIICHAS SACPHON JaCTH MaTPHIIbl PACCeTHUA [14]:

S(L) = exp[-28, (L) + 2i8, (L)}, L=1+1/2, (6)
26 (L) = p;[2LA w(L,L;,A ) + Aw? (L, L, A 02 fFIULLL,A ), (7
_W(LaLjaAj)z"-ff-l(LﬁLj:Aj)]n(l_f(L3LjsAj))s | (8)

: L—Lj' -1 . :
f(L’LJ'?Aj)= l+e = A}- > j=0)1 ’ (9)

THe mapaMeTp 4, U HBa mapamerpa L, A XapaKTepU3YIOT COOTBETCTBEHHO HHTEHCHBHOCTb M 0GNIACTh JIOKAJM3ALIAN
nornomenus ( j = 0) wm npenomnerus (j = 1).
AMTTATY/Ia peaKIlii fepefiadn HyKIOHOB Ha /ipax 2s-1d-0607109KkH, paccMaTpUBAaeMEIX KAk KECTKHE HeaKCHaITh-
HEIe poTaTOpEL (Monens Jaesinosa B Pumimriosa [15]), ratoke Moxer GuiTs HalineHa ¢ HOMOMIEIO HOPMYITST (5) . s
TOPO MaTPHIHbIE SMIEMEHTEL B CTERyeT 3aMeHITh BRIPKEHHNEM, TIONYYCHHLIM B [16]. | ’
Brieni pedPaKIMORHLH i IHGPAKIMORHE KA B Midepermansaoe ceverne (1), (5), nossonsmomyue

MOHATE (POPMHUPOBAHIEE B HEM PA3IMIHBIX CIOXHBIX HHTEPHEPOHIMOHNEIX CTPYKTYP H, HCXOMA 3 TOTO, BBISCHUTH HX

¢;13_mec1cnﬁ cMuic. JIna sToro ammATyny (5) ClemyomuM o0pa3om:

Tns0) =Th(0)+Th,(0), (10)

(471.)31’2 I--—_M

e e ¥ E,O]wmi i f\1 pD,r .
J2J +1 kk; -’M(z E expli(or +07)18 (L)Y 4 (0,0), @)

Tﬁf @) =1,
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vne (L) = [EEL, (9,(L)/ 8LY (0n (L) 3LY Ik k 1)]'2, BT (L) = B(L)~ BP (L), rne B(L)— soipascerme (3), co-
Iepamiee ANEPHYIO YacTh MaTpHiist paccessus S (L) B pune (6)-(9).

Avnmaryna T }fd (6) ompexensercs MOrioMEHAeM BO BXOAHOM ¥ BBIXOZHOM KaHAJNaX, MOIA(QHIIMPOBAHHEIM KY-
JIOHOBCKMM B3aMMOJeHCTBHEM. PacueTsl NOoKa3smBaroT (Hanpumep, [9]), aTo moBenecHme i epeHInaTEHOrO Ce4eHus

(1) peakums HyKIOHHOM Tepenadn Moj AeHCTBHEM NErKAX SIep, HAWIEHHOro ¢ ACTONb3oBaHueM T ﬁd (0) , aBserca
mappaximonseM. [Tostomy ammmrryma T J%(G) npencraeiter coboit mudpaxumonnsiit Bian B (10). AMmiuryna
T (0) u3-3a HayVGMs pasuoctu B(L)- A7 (L) ONPENENAeTCS B OCHOBHOM CHIIBHBIM SNEPHBIM MpeniomMyienueM (ped-
paxioHHEN Biag B (10)). B kagectse o f’f B (5) m (11) O6ynem ucmons3oBats KﬁasmmaccmeCKon ¢a3y paccesHus
TOYEYHOrO 3apsA/ia Ha OHOPOIHO 3apDKEHHOM cdepe pamuyca R, [17]. |

Ha pmc. 1 IIPUBENCHBI PARCCIMTAHHBIC ¢ NoMoIBIo popmyn (1), (3), (5), (6) — (9) muddeperumansusie ceqenus pe-
axim noxxeata (He, “He) ma snpax '°C, 2*Si, *°Si u peaxumit cprisa (‘He, *He), (*He, *H) a smpax “Ca c TepEXooM
B OCHOBHO€ COCTOSHHE KOHSUHBIX SIEP BMECTE ¢ MMEIOMMMUCS SKCIIEPHMEHTANBHBIME JAHHBIME. 3IeCh jKe MOKa3aHEbl
peppakimoBHEe H AEPaKIHOHHbIC COCTABJIMIOMHE CEUSHHH peakiyil, HaIeHHEIE CONIACHO (1), (11). Iepenasaemerit
MOMEHT Ul M3y9aeMBIX KBAa3HYNPYTHX PeakuUMil OOHOHYKIOHHOW ITepefadd IpH PacCMaTpHBAEMON 3HEPTHH HMeEeT
cremyromue 3uadenys [19]: J =1 ans anpa mumenn *C, J= 2 nys *Si, *°Si u J = 3 i *°Ca. Otmernm, ato B paGote
[16] paccmatpuBanack peakims Iepenady, OTBEIAIOMAs MEPEXony ¢ J = 0 (dopmyna (5) wia J = M = 0). Hnddeperum-
aTbHBIE Ce9eHHs TakoH peaKiuy IoX AeiicTBHeM HoHOB “He Ha M30TONAX KPEMHHAS NPH E(*He) = 20 MsB/ayknoH Be-
AYT cedst moNoOHO COOTBETCTIBYIOMMM CEYeHUAM I J = 2, HO Mo abCONIOTHOM BEIMYMHE 3aAMETHO MEHBIIE o*{ (@)
(eM. Taxoke [19]). |

-:".:.."'. . X 10—4 i g . @ g5 " } . L ' L 4

30 60  90° 20 40 60 80 100°0
Puc.] laddeperumansasie cegerms peaxtmit “C(*He, “He)''C (a), “Ca(*He, *He)*'Ca (6), “Ca(*He, *H)*'Sc (8), Z®Si(He,
“He)”'Si (r), 7 Si("He, *He)™Si (x) ¢ nepexonoM B OCHOBHOE COCTOSHHE KOHEUHEIX szep npH dBeprun E(CHe) = 82,1 MaB (a) u 60

MaB (r, 1) 1 E(*He) = 104 MaB (6, B). 1 — nonmoe cegenme, 2 — pedpakuuoHsbil Bicias, 3 — Audpaxumonnsii sinas. Tow — xc-
riepuMenTAIbHEIC JanHEic [18 ~ 20]. - |
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. . : - OM KaHanax npencTas-
Mcnonb30BaBLIMecs MPH pacueTax mapamMerTphl MATPHLBl pacCearii BO BXOOHOM H BBIXOIH ape.

I — /AI0Er0 CO-
nensl B TabmLe HapaLy © BeuauHAMHA y . [lapaMeTphi S-MaTpHIlb BO BXOIHOM KAHAJE Ha#IeHEl A3 HAWTY™

rAACKA PACCIUTAHHBIX H H3MEPEHHBIX AU depeHIanbHBIX CEICHHH yrpyroro paccesHIH TEMH JE Wf;e% ;(f
e 3Heprum. [lapameTps! Wi BEIXOAHOrO KaHA/a TIOJTyIeHb! M3 CPaBACHHA paccHATaHHBIX H o MACCOBEIX
AKLIWN C YUETOM PE3y/bTATOR aHATH32 AAHHBIX [0 YIIPYrOMY PACCEAHMIO DK GIU3KIX 3HATCHHTH 3“”% Hza,so?s__- o
qucen Anep. Creyer OTMETHTS, YTO apaMETPhl PACYETOB, COOTBETCTBYIOMIHC ynpyromy "He—"Ca- 1 “He- pa

cestamo, m3aTHl 3 [14, 21]. Kynonosckuit pamayc r)/ = R: A{}" 3 Ime A, — MaccoBog THCIO AIpA BO BXOHHOM H
BBIXOZHOM KaHaJaX, BEIOHPAJICA PaBHBIM i/ =1,4 @ [7, 21] s anep yrnepona i KpeMHUA H r;’f = 1,3 Om [14]
A sAmep Kaubups W ckammms. [lapamerpsi KBaJpyNONbHOH AedopMmaimd ANEp 28g; u Sj (‘ﬁ;] = 0,240 =n 0,217,
lﬁif ! = 0,200 u 0,190) Te xe, 910 1 B [16, 21]. IlapameTpsl miepefatn MMEIOT crenylouye 3pagenss: 7, = 1,771 ma
peakipam Ha anpax °C, 7, = 1,605 1 1,116 mia peakuny Ha Aapax 28g; u 3°Si cooTBETCTREHHO, 73 =2,281 1 2,106 ma

peaxmyit (*He, *He) 1 (‘He, *H) na sapax “Ca.

Ta6nuia. ITapaMeTpsl pacueToB CEHEHHUA PEaKIiy ONHOHYKIOHHOM Mepefady TOJ AeHCTBHEM
ywioroB “He u ‘He Ha pas/aaHbIX AApax

Peaxumm
- CHe, 'He) (He,He) | (He’H)
12C ZSSi 3OSi 40Ca 49Ca
£ MoB 2.1 600 60,0 104,0 104,0
/ 11,003 12.830 12,970 | 22,573 22,573
/ 8,740 11,130 11,379 18,843 18,843
A 1941 2,145 2,252 2,580 2,580
/ 3,079 2,730 2,740 | 4306 4,306
o 02270 03555 | 03627 0,1929 0,1929
ul 1,197 1,498 1,493 1,085 1,085
I 11,846 14,562 14809 | 19877 | 19.870
i/ 9,439 13,318 13,461 15612 | 15356
AL 2216 2,455 2,530 2,017 2,000
Af 3,639 3,521 3,675 3,678 3,220
#g{ 0,2509 0,3981 0,4747 0,1838 0,1841
p! 1,377 1,772 2,015 0,918 0,916
2 60 8.9 $5,9 10,6 9,3

U3 TaGruIp! CEMyeT, YTO NPEeToM/ICHHe B BRIXONHOM Kanane peakuym (CHe, ‘He) oxasmBaercs cumsnee, wem BO
BXONHOM Kanaye. ONHAKO 3T0 HE NPUBOIUT K 3aMETHOMY Pas/IMvHIO YITIOB SIEPHON pajyry, xapaurepnayiomlrx pac-
cestHme A7EP BO -onleOM ¥ BBIXO/IHOM KaHANAX, B OTTHYHE OT PESYIIBTaTOB paGotsi [8], KOTOpHé TIOKa3aJIu Hamne
AIEPHOY PAYTH TONHKO BO BXOAHOM Kamane peaxipmu (*He, “He). Tax, nenonmssys napamerpsi ms TaGMMLBL, A8 BXOZ-
HOTO U BEIXOMIHOTO Karanos peaxiwy “C(He, *He) ''C naxonum 6}=59,7° u @ § =64,4°. Orrrane yrioe 85 u 61
JUiA KaxkIol M3 aHANM3APYeMBIX peakumii ¢ ysactuem spep *’Ca cocraBnser npubmmmrensro 10°. Juaqu i
pamyXHOro paccesHya XapaKTepHa [ B3aUMOACHCTBHSA JaCTHII KaK BO BXOJHOM, TaK H B memmm. KaHaze s

Vi3 puc. 1 BHIHO, 9T0 B KAXK/IOM U3 PACCMOTPEHHbIX CITy9aeB PACCYMTAHHOE COYeHMe pealcmm nepe atn; SBIETCS
9HCTO pedpakIMOHHEIM B 00NACTH YITIOB, T MMeeTci cnabo mposmssiounsiics “ropﬁ’" - amorwm' ' Ak
CHMYyMa B YIPYroM PacCesHUH B NOCHENYIOmui 3KCHOREHIMANBHBIA Criaz. Hudpa ’ ' iy

| | KIHOHHbIC BKJIAZLI B M3y9aem .
4eHUA NOMUHUPYIOT IPH MAJLIX YITIAX, & C POCTOM ¢ HaOMONAeTCs IKCTIOHOHIHANLHOES YORIBAHUE OrRG aqu;;n e;m_ T |
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P 1. OTMETHM, 9TO B PACCYHTAHHBIX CEUCHUAX PEAKLIUN OHOHYKIOHHOM TepeNadn CoXpaHseTcs
BRIPQXCHHAA MHQPAKIHOHHAN CTPYKTYpa NPH HEOONBIIMX YINaX, TODNA KaK B OKCHEPUMEHTABHBIX JAHHBIX TaKOe
nOBEACHAE MEHEe 3amMeTHO. [1pr 3TOM Beiien 3a NOC/HENHNUM TepecedeHueM pedpaKIMOHHOTO W AUPPAKIHOHHOTO BKIa-
Z0B, OCHM/LTAPYIOUTMX B OCHOBHOM B NPOTHBO(A3E APYT C APYroM, HACTYraeT OBICTPOE 3aTyXaHue OCHMLIAINN ped-
PaKIMOHHOIrO BKIa1a, KOTOPhIH CTAHOBUTCA AOMUHHAPYIOIIHM.

AHAJIN3 3APAIOBOOBMEHHOM PEAKIIAH (He, *H)

V3noxeHHsI BBIIIE TOAXOA MOMXHO HCTIONB30BATH I OMMCAHHA KBA3HYyTIPYroi 3apsnoBOOOMEHHON peaxiuu
(*He, *H) ¢ o6pasosasmem u3002ap-aHasiora OCHOBHOIO COCTOSHHA AIpa MHIIEHH. AMILUTHTYAA 3TOH PeaKiHy ONpenesisi-
eTcs Beipakermem (5) mpu J = M = 0. IIpu sTom napamerp 7, B (5) ABIMEICA KOHCTAHTOM, XapaKTePU3YIOMEH BESTHIHHY
M30CTIHHOBOM 9aCTH B3aHMONCHCTBIA. AMIUTATY A (5) mpy J = M = 0 COBNANAeT ¢ HAWAEHHOM C MOMOMIBIO TIPOLEAYPHI
{2], cornacHo KOTOpO¥ B rpaHUIHBIC MOMEHTHI L(Jf’) $baz 26,(L), orBevaromme MX TOUKaM neperuba [14], BBomuTca

M30CIAHOBAS 100aBKa, COAEpKamas 7, iT,rne f v T — MBOCHEHBI HANETAIOMEH TACTHI H AApa MUIIEHHA COOTBET-
CTBEHHO, W aMIUIATY[a PACCEsHNA, YIHTHIBAIOINAN Pa3IMdne MEXIY MATPHLAMH PACCeSHHS BO BXOIHOM ¥ BBIXOIHOM
kananax (M. {10]), pasnaraercs B psil ¢ TOYHOCTEIO JO YICHOB, IMHEHHRIX 110 YKa3aHHOH N0GaBKe.

N depernmansroe cesenne peaknun (“He, *H), conposoxnaromeiics 06pa3oBaHHeM H306ap-ananora 0CHOBHO-
IO COCTOSHUA AApa MHINCHH, CBA3AHO ¢ aMIUTUTYAOH T, (f) BEIpakeHHEM

| _ Jmm, [k
o,(9)=§(T+MT)(T—MT+1)|ﬂ(9)|2, £6)=-% m{ ‘E T (6), (12)

™
> TEe I'v M7 — H30CTIH ¥ IPOEKIHS W30CIHHEA AApa MUIIICHH.
-y PedpaxiioHEBI ¥ AUQPAKIMOHHBIA BKIAgbl B CEYEHHE
(\.% o, MO/cp q o,(f) ompenensmorcs ¢ NOMONIBIO BhIpakeHws (12), B KOTOpoM
) 10 ’ a UCTIONIB3YIOTCS COOTBETCTBEHHO pedpakmHoHHad H Ku(paKIuoH-
I~ Has COCTABJIAIOMUE aMIUMTYyAbl f,(f), HaliieHHBIE Ba OCHOBE
b

Beipaxxerwii (11) B ciryaae J=M= 0.
Ha puc. 2 npusenens! paccauransoe 1o Gopmynam (3), (5),
(12) m mmMepenHoe mud(epeHLMANEHOE CEYEHHE pPEaKUHH
“CaCHe, *H) *®Sc ¢ mepexomom B cocrosmme 0° smpa “®Sc
(Ey = 6,68 MdB), sBismomeecs wn300ap-aHaIOroM OCHOBHOIO
s, COCTOSHMA sapa °Ca, mpu sHeprmm E(CHe) = 82 MdB
102 3", "~ pe3ynbTaTsl pacuyeroB AM(MD(EpPEeHIHATLHOTO CEYEHHS YIPYroro
Tz paccesHAs MOHOB “He mpw Toi e SHEPTHH W Ha TeX e AApax.

), ..~  lake MoKa3aHsl pedpakiMoHHbEIC ¥ HH(PPAKLHMOHHbBIe BKJIANEl B
6/ 1 | ceuenns peaxmiu (CHe, *H) u ynpyroro paccesnms, NodydeHHbIE

P ; ) C NOMOINBIO YKa3aHHBIX BhIIIE BhipakeHwi u dopmyn m3 [14].
IlapameTpsl MaTpHllbl paccesHUsA BO BXOAHOM KaHaJle T K€, YTO

W IS ympyroro paccesmma: Ly, = 19,904 , L{ = 14,839, A, =

10 | . :
= 2,111, A =3,723, pp = 0,2063 , g = 1,231. INapamerpsi
_ Pac4eToB LA BHIXOAHOIO KaHaIa UMEJH 3HAYCHU: L{; = 17,340,
3
10 L{ =14,498, AL = 1,861, A] =3,950, ul =0,1390, i =
) : = 1,203, 7, = 0,212 ¥ rcf = rj = 1,25 ®OM. HUcnonb3oraHue npu-
10 | BEiEHHOro Habopa NapamMeTpoB INO3BONHIO KOPPEKTHO OIMACATH

u3MepenHble cedenns ( 72 = 6,9 Ik yNpyroro paccesHua u y > =

0 20 - 40 ‘ 60 8{}09 = 9,7 ana peaxumu (‘He, “H)). Omvernm, uro sddexr snepHol
| | paIyru NPUCYTCTBYET KaK BO BXOJHOM, TaK M B BHIXOJTHOM KaHane

Pac. 2. Zlsphepentuniiatic "f;‘m paecfsxm peaKiyy, IpHYeM pacCIATaHHbIe YIVIbl panyru b, = 72,3° u 9{“—-‘“-:
Ca(He, SHC) s ) u Ca{’Hg BH} i =66,1° nexaT AMEHHO B To# 0GNACTH, Tie paccMaTpUBaeMoe aud-
e Y e L bepenLmanbHOe cedeHre HaumHaeT GuicTpo yOmBaTh. M3 puc. 2
BHHO, H9TO CEYEHHE aAHANMIHPYEMOM DeaKuMd [OTHOCTHIO
BOCTIPOM3BOIUTCA OZHUM pedpakiuMOHHBIM BKIANOM B 0ONacTH
YT7IOB, rae cedenue o,(F) Beser cebs nopobHO CEUERHIO PaTYH-

iy e o W
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HOPO paccesHus. Kak 0TMeuanock Beiilie, MoBeeHAS THPPAKIAOHHOTO BKIaa IMECT ‘bpayﬂmwmm umep o~
Puc. 2 CBHAETENBCTBYET O TOM, 4TO OCLWLIAIMA PACCIHTAHHBIX PEPPAKIHOHHBIX KOMITOHEHTOB cefieﬂﬂﬁm}’ffp}fc;e_
ro paccesirs i peakimm (CHe, *H) B OFpaHHMEHHOM YITIOBOM [HATA3OHE, T1e OFH CYMECTBYIOT, YAOBNETBOPAIOT = pl
nyromeMy PaBRITY (a3, aHANorHaHOMY TpaBwTy da3 bispa (23] i cedeHnH ynpyroro pacceaHii 1 L
3apAIOBOOGMEHHOM peaiii: pedpaKIOHHEIH KOMITOHEHT CEYeaTA 3apAIOBOOGMEHEOM peaKiiy OCIHILTHPY ST B Hpe-

THBO(da3e ¢ pePpaKIIEOHHBIM KOMITOHEHTOM CEYSHHA YyNpYyroro paccesHu.

BBIBOJBI

[IpoBeleHHBIE MCCIIENOBAHMs KBA3MYNpPYT¥MX SAEPHBIX PEAKIMH MOI NEUCTBHEM JIETKHX HOHOB C
E > 20 —25 M>B/Hyk/10H 103BO/ISIOT CAENATH CIEAYIOLIHE BRIBOABL

1. C nomomnsio TNPeanoXKEeHHOTO ITOIX04a, HUCHOJIB3YIOmEro MOIEIBHOC OpeacTaBiicHe MaTPHIbl pacCesannd,
MOYHO H3y4aTh €IMHEIM 00pazoM pedpaximonnsie 3bgexTs B pasHIHbX KBA3HYIPYTHX PEAKIIAX, OTIPEAETACMBIC
NPENOMJIIOIIUM OSHCTBHEM IPUTATHUBAIOMIETO AASPHOTO TOIA. |

2. Pedpakionnsie KOMIOHEHTH! Au(pdepeHIHalIbHBIX CeUSHIH PeaKiun ONHOHYKIOHHON Mepenadd C Nepexo-
JIOM B OCHOBHOE COCTOSIHHE KOHEIHBIX Aep U PEaKLy Nepe3apsiike C BO30Y)KIeHHEM H300ap-aHanora OCHOBHOIO CO-
CTOfHNA AApa MHIIEHH ARJIAOTCA JOMHHMPYIONMMA B MIMPOKOH 06/1aCTH YIJIOB B MONHOCTEIO BOCTIDOMBOLAT XdpaK-
TepHEIE Py KHONON0GHEIE “rop6bl” U SKCHOHEHIMANBHBIE “XBOCTE pacCMaTPHBACMBIX CEUESHUH.

3. DdbdeKT pamyKHOTO paccesHUs XapaKTepeH Kak JUIS BXOMHOTro, Tak IJii BHIXOQHOTO KaHA/a pPEaKiHu OHO-
HYKJIOHHOM Iepefay ¢ MepEeXoioM B OCHOBHOE COCTOAHHE KOHEUHLIX ANCp U PEaKIMK NEpe3apialkH € 00pa3oBaHAEM
H300ap-aHaJiora OCHOBHOTO COCTOSTHUA A1jpa MHIIECHH.

4. PehpakiMOHHBIH KOMIIOHEHT CEYESHWS PEAKIH (’He, *H) ¢ Bo36yxnaermem n300ap-aHanora OCHOBHOTO COCTO-
SHUS Apa MHUIIEHH B 06/1acTH HEGONMBIIMX YIJIOB OCHIUTHPYET B NpoTuBodase ¢ pepakMOHHEIM KOMIIOHEHTOM Ce-
YEeHUS YIPYTOro paccesHus.
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REFRACTIVE EFFECTS IN QUASIELASTIC NUCLEAR REACTIONS
INDUCED BY LIGHT IONS
A. S. Molev -
Kharkov National University, 61077, Ukraine, Kharkov, Svoboda sq., 4

Refractive effects in various quasielastic nuclear reactions induced by light ions with er _ L | | |
the basis of approach, which utilizes model representation of theyscg;etﬁng matgll]xenl? gig iﬁﬁf i";‘”“;ﬁﬁ 6800 Wakyzed ot
differential cross sections for one-nucleon transfer reaction with transition to the ground state of ﬁna} - rel: ractive wﬂlpom of
reaction with excitation of isobaric analog state of the ground state of the targct nucleus fehtbduee ::tuc? md ehargewex oy 3
angular range, where rainbow-like humps followed by characteristic exponential decrease are observed. entirely experimental data in
KEY WORDS: one-nucleon transfer reaction, charge-exchange reaction, scattering matrix. differcti - ._

contribution , deformed nucleus | natrix, difierential cross section, refractive




«Vism,l\ KhNU», Ne 481., 2000 | | - | | V.Yu. Korda, N.A. Shiyakhov
physical series «Nuclei, Particles, Fields», issue 2 /10/ Determination of parameters of scatterin g ...
VIK 539.17

DETERMINATION OF PARAMETERS OF SCATTERING MATRIX
| BY A REFINED GENETIC ALGORITHM

| V.Yu. Korda™ and N.A. Shlyakhov**
‘Scientific and Technological Center of Electrophysics, National Academy of Sciences of Ulkraine
(61002 Kharkov, 28 Chernyshevsky St.,, P.O.BOX 8812, Ukraine)
“National Scientific Center, Kharkov Institute of Physics and Technology
(61108 Kharkov, 1 Akademicheskaya St., Ukraine)
Received 20 April 2000 |

The scattering matrix based analysis of the intermediate-energy elastic-scattering of light nuclei by nuclei is auto-
mated with the help of a refined genetic algorithm proposed. The developed technique has demonstrated excellent
performance in exploration of the highly dimensional, highly non-linear and strongly rugged parameter space of the
problem.

KEY WORDS: scattering matrix, intermediate energy, elastic scattering, genetic algorithm.

The original complexity of nuclear forces and the many-body nature of nuclear processes brightly manifest
themselves in the existence of absorptive and refractive properties of colliding nuclei at intermediate energies.
Having the analogy in optics these properties are responsible for the well-known features of the differential
cross-sections of elastic-scattering of light nuclei by nuclei: Fresnel and Fraunhofer diffraction patterns, Fraun-
hofer crossover and rainbow phenomena. Hence, phenomenological analysis of such features is a very compli-
cated task because a great number of fitting parameters should be involved. For instance, the analysis of elastic

scattering of 4 He -nuclei by #Ca -nuclei at 104 MeV [1] has been performed in [2] with the help of the scattering
matrix having the form: |

S(L) = n(L)exp{2[8(L) +oc @]}, n(L)= exp[.zn 5-8(L. Lo, )], 28(L) =8, g?-(z,, L, Ay),
g(_x, Xg. A) = {I+exp[(x —xg) / A]}“l sy L=1+1/2,

where o~(L) is the phase of the point-charge scattering by the uniformly charged sphere having the radius

nucleus refraction. It is noted that the parameter space of the problem is highly dimensional (six parameters
should be varied), highly nonlinear (parameters are strongly coupled) and has an unknown and unpredictable

topography (% ° surface is very complicated). Hence, to find S-matrix parameters we need the appropriate search

method.
The grid methods can explore an arbitrary search space with evidently arbitrary precision but take for that

eventually infinite time. The gradient methods are much quicker than the grid ones but often become stuck in a
local minimum. Besides, such methods can accumulate the errors of function evaluations because each the new
test point in the parameter space depends on the previous one. The random search methods are stable against
the mentioned disadvantage and can "hop" from one minimum to another but are very time intensive.

The approach which is proven to perform efficiently on such complicated problem spaces is a genetic algo-
rithm (GA) [3-5]. GA treats an optimization problem as a selection of the fittest set of parameters under optimi-
zation. But GA does not simply use the Darwinian idea of biological evolution by the selection of the fittest, it
even mimics the details of mechanisms via which that evolution occurs: mutation and heredity. From the evolu-
tionary point of view, the gradient methods of optimization are totally hereditive because each the new function
evaluation is wholly determined by the previous one. At the same time the random search approaches are abso-
lutely mutative because any consequent function evaluations are totally independent. Following the biological
example, GA encapsulates mutation and heredity the way which can be easily tuned to fit almost any optimiza-
tion problem [6-8]. Dealing with real problems GAs usually face two general problems:

(i) a perfect solution cannot be obtained while a "good" one can be found quite quickly (the inherent nonde-

terminism of GA itself); |

(ii) GAs are also time-consuming when performed on a single sequential processor.

- The situation can be partially improved by performing a set of optimization runs with different mitial
populations and different population sizes, but it is difficult to predict how many runs, generations and indi-
viduals would be needed, Besides, one can combine GAs with gradient and other detenninistic methods, but
these hybrids are still more of an art than a science. Therefore, we need to refine GA with respect to the men-

tioned problems.

R-=13 4413 ¢ <<1 determines the nucleus transparency in the small moment region; 8, characterizes the
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TRADITIONAL GENETIC ALGORITHM -

The cssentials of traditional GA are as follows. Every parameter under optimization 1s rep_resemed b}' 16-

bit string called a genc, so that the parameter range is divided on 216 parts, which 1s usually 'sufﬁme}?tly PRRCLC. A
sct of genes representing optimization parameters is called a genome {(an individual). S'elecm'e. quality of an m(_il—
vidaal is called a fitness. Population consists of a fixed number of individuals. Evolution begl.ns.trom the initial
population filled with randomly chosen genomes. For each individual the function under optimization 1s evalu-
ated and the fitness is attached. Two individuals (parents) are chosen randomly according to their fitnesses to
produce offsprings. Mating of parents uses two key GA operators: mutation and Crossover. Mutm}on means }he
inversion of gene's bits while crossover is the exchange of portions of bits between offsprings. Atter replication
of(springs are tested to acquire fitness. If the given offspring has a better fitness than the worst mdmdgal in the
population then the latter is substituted by the former to keep the population size. Next pair of parents is chosen
and so forth. Algorithm terminates when the best fitness of the population is found equal to the worst one so

that no further improvement should be expected.

REFINED GENETIC ALGORITHM

To handle the problem (i) we tested the traditional GA on minimizing the simplest one-dimensional func-
tions having the only one minimum and allowing the algorithm to reach it exactly. We discovered that GA often
stopped in the several points of the space of optimization parameters, pointing out the existence of a number of
local minima. But neither the functions were so complicated to have local minima in these points nor the popula-
tion size was too small to take into consideration the random deviations from the true minimum due to the in-
herent nondeterminism of GA. Our efforts to change the situation by varying the population size, the mutation
probability and the crossover rate failed. So we were forced to treat the genes corresponding to these unexisting
minima as "magic".

Having analyzed the binary configurations of "magic" genes we found that a binary representation of genes
itself caused the anomaly. For instance, the binary representation of the integer number 0 has all 16 bits zeros
while its nearest neighbor -1 has all 16 bits units (for 16-bit strings). So, if we want to transform the gene g=-1
into the gene g=0 via the traditional mutation operation (gene's bit inversion) we must mvert all 16 bits. As far
as the probability of such a mutation event is vanishingly small GA can stop at these "magic" genes without any
motivation from the function under optimization or the details of GA implementation. Note that the neighbor
gene pairs (-2, -1) and (0, 1) are separated by the only one bit inversion each.

To fix the problem, before the conventional inversion of bits it is worthwhile randomly shifting the value of
gene by -1, 0, +1. Repeating the simple function minimization experiments with application of the corrected mu-
tation procedure, we found it demonstrating excellent performance in dramatic increase of the successive runs
percentage.

To deal with the problem (i) we should optimize basic GA parameters and operators in respect to the
number of function evaluations, keeping the quality of optimization along with that. Mutation is a major GA
operator making the evolution possible. Frequency of mutation determines the degree of inheritance: if it is too
high the heredity is almost absent and GA becomes one of the stochastic methods; if it is too low the heredity is
almost total and GA appears one of the deterministic approaches. Maximum speed of evolution occurs wgen
the frequency of mutation acquires some optimum value at the middle. This value cannot be estimated in gen-
eral for any problem. ; e

In our approach the frequency of mutation is implemented as a number o icated bi : .
average, is flipped. That number has the initial value of 1 (every bit mmz?gene i:lelplilg giirt’:gfl)ongu(glwmmfi .
tion, the mutation genes of the parent and its offspring are randomly changed by -1, 0,' +1, Tlns mech;%jzfg ;52;
f ;}(::?.d accelerating the ev Ol.lltIOIl at the initial stage and keeping the optimum genetic diversity rate in the popula-
L o dmiriong st e e b e e o e

. peration assumes that the probability of inversion of a bit in a gene is distri
uted uniformly, so that the probability of a drastic change is equal to the Probabilit' of a sli h.- g ghstnb-
shape of that distribution we can, in principle, decrease the probability of lethal ghanaes = tpge, Altering the
rate in genome is very high. 1n biological genetics the similar alteration is called the deg ] o e
and leads to the similar result [9]. It is impossible to calculate or predict the distribut'egeperacy of genetic code
introduce 16 bit-inversion-weight-genes (one gene for every bit in a 16-bit stﬁn )1?1%];11~C_1-0§ ed form. SO": we
weight-genes provide uniform distribution of mutation probability in a gene Our s B Bt B oy ol v
the high frequency of mutation the weight-genes rapidly adopt and the final cxperiments show that under
substantially reduces. he Tmal number of function evaluations

" . 1 . APPLICATION EXAMPLE

igure shows the results of optimization of S-matrix parameters obtai r .

package created for the single sequential processor. The vaﬂues of pargm?tg;:?“&g tfhedhip - our GA SOEEW&I”C-
in good agreement with t.he‘rcs!.llfts _o:f [2]. We emphasize that the only input Habe e ‘m the qqahty of the fit are
parameters while the optimization itself is performed automatically. 't cquired for GA is the range of
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Figure. The cross-section of the 104 MeV a -particle elastic scatlering by ¥ Ca -nuclei. Ly=2187, L; =1842,
Ag =285, Ay =497, 6=00212, By = 22.46 , xz = 3.7. Experimental data are from [1].

Authors are deeply indebted to Berezhnoy Yu. A. and Pilipenko V. V. for valuable discussion.
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TTpouece 0GpaboTKH SKCAEPHMEHTATbHDIX JAHHBIX IO YNIPYroMY PaCcCEAHHIO JIETKHX SACP sapaMu B o0xacti NpoMexXy Tou-
HBIX SHEPrHil Ha OCHOBE NapaMeTPH30BAHHON MATPHLIB! paccesHysi aBTOMATH3NPOBAH C NPUMEHEHHEM YCOBEPLLCHCTBOBAN-
HOTO TeHeTHYecKOro anropnT™a, Paspaborannas TeXHIKA MO3BOJANA YCNELHO HCCHENOBATEL BLICOKO pAa3MEPHOC, CILARHO
HesHHelHOe H CHILHO EpeceyeHHoe NPOCTPAHCTBO NapaMeTpoB 3aiatl.

KJIOYEBBIE CIOBA: MaTpHUA PaCCESHIS, YIIPYTOe PACcCesHiie, TEHETHUECKIIT alrOPHTM.
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obpasus Poisepc Ha HeoOpaTHMHI CIydYai.
B} ne cBOINTCA K cynepyuoroobpasmio Po-

u. B. H. Kapasn#aa

PaccMaTpHBAIOTCH BO3MOKHOCTH ODODUIEHNAss MOMENBHEX CYyNEPMHOTO

[Toka3aHo, 4TO OmpeleSeHHEM oOpa3oM peXylHpoBalHasil MOASIb Ha
1 - | |

KJIEepC Ha Bl’g, KOTOpad OJHAKO IOCTe HEKOTOPOro oToBpaskeHud ABIFETCH OOpaTHMEM CyImepMHOT000pa3ueM.

Mccaenosano HeoBbpaTumoe obobmenne moean Pomxepc, Ha Bll 2 BBONHTCH MOAYTpYyHIIOBad CTPYKTYpa, HICalb-
HEE CBONCTBAa KOTOPON M3y4YeHH. JTO MPHBOJUT K ToJayCymepMHOToobpa3suio, B KOTOPOM HeoOpaTUMOCTD ABASETCH
pe3yaIBTaTOM MHOTO3HAUYHOCTH (yHKUKHE Mepexoia.

KJIIOYEBBIE CJIOBA: cynepMmuooroobpasue, Kapra, dbyHkunsg nMepexola, HeoBPaTHMOCTD, NOAYIPYNNa, MHO-

TO3HAYHOCTE.

Teopusa cymepmHOrootpas3ui [1-4] ¢ oxHOM CTOPOHHL ABIACTCA MaTeMaTHIeCKOH OCHOBOI COBPeMEHHEBIX 00%b-
eIHEHHBIX TEOpilil »JIeMeHTApHHIX dacTHl (cM. Hamp. [5]), a ¢ Apyroll CTOPOHEL MPEACTBIACT CaMOCTOATENbHEH
MHTepeC KaK OIHO M3 BajkHeMINX HalpabIeHUH CylepMaTeMaTHK [1,6,7]. Heobparnmbie aHAJOTH CYyNEPMHO-
rooBpasuit eI BBeseHH B [8] m wactwdHo mccaexosamsl B [9-11}. B nawHo# pabore msydarorcd cBoficTBa W
BO3MOKHEIE HeoBpaTnMble 0B0BUIEHNSE MOJENbHBIX CYyNEPMHOTOOOpasuil Poxmxepc [12], KoTopre ABAAIOTCH BarK-
HLIM WHTPeIREeHIOM BCero hyHKIMOHATBHOrO Hoaxoa [13-15].

MOJEJBLHOE PEAYIIMPOBAHHOE CYIIEPMHOT'OOBPA3UE

ITycth B;’g — axnrebpa ['paccmana-banaxa Buna Bé’z = {{x,£,n)}, tne

r = al+apips, (1)
§ = bif + b2, (2)
n = cip +c2fs. (3)
ma;, bi,¢c; € R, 1 — enununa aareGps ¥ f; — aHTMKOMMYTHDYIOUIZe HCUETHBI® HANBIOTEHTHHE OOpasylolnue
818y = —B2B1. Haa Tor0, YTOGH BBECTH OIl€pPAIMIO, CONOCTABUM ajrebpe B3? (no amamorus ¢ [13]) MEOmecTBO
BEPXHETPEYTONBHBIX MATPHIL BHI3
1. & &
0 1 nn }. 4
00 L/ . | &

Jlerxo BHIEeTh, YTO NPOM3BeACHNE MaTPHIl COXPaHsieT IPacCMaHOBY CIPYKTYPY (TO €CTh OCTaBieT Ha YETHOM
MECTe YeTHHIH aJeMeHT &, a Ha HeUeTHHIX MecTax — HedeTHbe £, 7). DTo MO3BOMSET BBECTH Ha MHOKecTBe Bo'’
KOPPEKTHYIO ONepal(iio YMHOKeHNA (%) BHIa __ 2

_ : '(3?',5,77)*(9.1!’=0'>=(f"+ysf+ﬁ+$0,n+d), . (5)
OPO # AeHHYIO MPOH3BeIeHNeM MaTpuil (4). Dra onepanus acCONMATHBHA B CHIY aCCONNATHBHOCTH IIPOW3BE 1EHNS
marpmi, IIoCKONBKY M KaxkIOro aleMenta (z,€, ) CyUecTBYeT eIUHCTBEH T OBpaTHH (—2, —¢ + -:1317,' “ﬁ)’ m

1,2 s N Al
MHO&ecTBO B,' ¢ onpepamuell (x) ABIgeTCs TPYNION, KOTOPYIO MH 06o3taunm G. [lasg rpynns G BHOOTHAIOTCS
caeaylonrye raobaabHbe CBOMCTBA! ) |

e # 0,28 # 0,27 # 0, 0, (6)
ecJ¥M Bce BellleCTBeHHEE KoeaddunueHTs oTInYHH ot () u det ( b1 by ) £0
¢ @ - 0.

I pyroe npeacrasierne 7g rpynnel G MoeT GHIb BBEIEHO ¢ HOMOLIE
| . MOWIBIO MPAMOYTONLHBIX MATDHII U3 Bellle-
cTBeHHBIX KoadduiuenTos. JaeMent (z,£,n) ¢ kosddunuenTaMn (1)~(3) mpeacraBasiercs Mag;puugﬁu s

; aiy as
tren=Ta((2,€,m) =< b1 by %, (7
_ ¢1 ¢€9 | )
a Npou3BeleHNe NOPOAKIALTCA IPOUIBEICHNEM dlieMeHTOB (5) |
ay as dy dy a; +d ' :
t-:s,f‘.f? &® ty,p,o' S X by by ® 31 €2 g { bl +e€; 4 111f1 bz fi:—l—di f; '
L €1 €2 fl f2 (5] +f1 e Cz..!,_f?l i . (8)
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JanBoe npeacTaBienne paccMaTpuBaeMoe Kak oBHUHOe 6-MepHOE MHOTOOBpAasHe ABAACTCA JACTHBIM [IpHMe-
pom "ckenera” cynepmuorootpasmua [16]. B oGumeM caydae pasmeprocts ”ckenera’ (m|n)-MepHoro cynepMHOro-
obpasus Ha rpaccMmanoBoil anrebpoir By pasma 281 (m + n). -

Brigenum 8 rpynne G auckpernyio noarpyniy D = {(p, 1, )} ¢ neasimm xosdppunuentamu, onpenesiony-
OCS CASAYIOMHAME YCIOBUAMM

p = myl+ myBifs, (9)
po= mniP + nafs, - (10)
v = kipr+ k0. | (11)

rae m;,ng, k; € Z. loctpoum daxrop-rpynny G / D. Kaacch saemenros (z,€,n) u (2/,&,7') cosmanaror
[(z.&,m)] = [{2/,€',n)], ectm cymecrsyer takoit anement (p, i, v) € D, uro

z = z'+p, (12)
§ = &+pu+aly | (13)
n = 14w - (14)

Taxum oBpa3oM MHOIKECTBO Béz npuobperaer IOMOMHHTENBHYIO (IIOPOMXIAEHHYIO (aKTopH3aume) He-
TPHBUAJBHYIO Tomodormio. MoHO mOKaszaTh, YTO LOIYyYEeHHOE TONOJOTHUYECKOE MPOCTPAHCTBO sABasiercss G-
cynepMaEOroobpasneM pasmeproctu (1]|2) Hazx rpaccmanoBoit aarebpoit By ¢ COOTBETCTBYIOMHME KapTaMH, Kak
OELT0 YIOMSHYTO B pabore [17], e Takse GbLIO pacCMOTpPEHO pelymypoBaHHoe (1o oTHOmeHuO K (7)) caenyomee
npeXcTIaBIcHue

a; 0 |

chog.ers ({=,€,9)) = { by O } : (15)
C1 0

coorBercTBYyIOmEe anrebpe Bi'?. BEACHIM, IPUBOAMT AX APYTHe peLyNAPOBARHA (IIPOPOIK IAIOUMECH yDaBHEHH-

SMHA Ha Koo PULUEHTH, a He HA HepeMeHHEe CYIepMHOroo6pasus) K cymepmHoroobpasusaM. PaccMorpum moa-

MEOxKecTBO ‘G’ rpynmut G, monydensnoe 13 ‘G IpH MOMOIMM CIEAYIONIEro pelyUpOBAaRIA

0 a
Taf«x,s,n)):{g 0 } (16)

B TakoM nmpeacTaBIeHHU KOODIMHATHL PaBHE

r = afife, (17)
5 e b:’-gla _ (18)
n = cf, (19)

a npousBegenne B G'onpenenserca popMyaoi

0 a) 0 d ( 0 a4d
{b 0j®{e 0}:{b+e 0 } (20)
0 ¢ -0 f L 0 c+f

B TepMuHax ”ckeneTa” Omepalus peAyUMPOBaHHA SBAfETCA MepecedeHHmeM TpeX runepiockocref. [loay-
YeHHOe TONPOCTPAHCTBO HHBAPHAHTHO OTHOCUTEIBHO AeiCcTBUS ®.

Tounsatuo, 9o MHOkecTBO G’ ABAfeTcs moarpymmnoit rpynnsl G, Tak Kak onpepalys (*) 1 B3grue obparTHoro
He BHBOZIAT 3a npeners G', a emuuuna G npunazaexut G’ u, oueBnano, pasua (0,0, 0), KoTOpas npeacTaBIAeTCA
myneBoit marpunedt (16). U3 (20) caexyer, yro G’ usomopdra R x R x R, Ho Herm3omopdHa rpynne Haj B}?,
npeAcTaBleHNe KOTOpoit 3aaaHo B (15), a aeficrBue (B Hamux obO3HaYeHNAX) HMeET BILX

a 0° d 0 a+d 0
{b 0}®{e 0}:{b+e+af 0}. (21)
¢ 0 ) f 0 | c+ f 0

Nas G, B omanume ot rpynns ‘G, raoGaibHEe CBOWCTBA TAKOBHL:
22=0, 26=0, znp=0, €n#0. (22)
L] ; ) /
[lepBHe TpA COOTHOUICHHWS MOFKHO CYMTATh yPaBHEHWAMH peAyuupoBanHoi rpynmut G’, a mocnenHee CBOHCTBO

BHIOAHAETCH TOAbKO OpH yciaoBuu be # 0. | _
AHaJOr#4HEM 0Opa3oM peayuupyeM QUCKpeTHyio rpynmy D, 4To MOKHO HpeACcTaBUTh MATPHUIEH ¢ LeThMu

2JIEMEHIAMB
| 0 m
an((xaé,n))f—“{ n 0 }
0 k

Buano, uro D' seugerca auckperHo# moirpymno#l rpynusi D n npeacTaBasiercs NpsMbiM [HpOU3BeAcHUeN
ZxZx Z. Mo anaxoruu ¢ (12)~(14) npodaxtopusyem rpymny G'mo D': saemenru (z, €, nyn {2’ &, n') coBnaiawr
[z, €,9)] =[{z', €, 1)], ecau cymectsyeT TaKol 2AeMCHT (p,p,v) € D', ut0 -

S ' | T = & +p, - (24)
£ = £+, (25)
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Hokamenm, uto G’ / D’ — G™-cynepmuoroobpasie pasmepHocty (1 |2) maz rpaccyaHoBOM anrebpo#t By ¢

: ryv/
obparaMeMy Kapramu. PaccMoTpum caepyiomne MHO#Fec1Ba B G

1 4 ~
S = {(aﬁlﬁ%bﬁlscﬁ2> | % <a< 'g} : (27)
! 4 (28)
Sy = {(aﬁlﬁz; b3y, ci2) | z < b < 5[
S8 = {(&ﬁ1;32$5ﬁ116ﬁ2)|:5—<0<g 29
; 2 21 30
I = {(6131/32,5%,6!32) | —z <@< g (30)
| : 2 31
T, = <{ap1fs2,bB:,cha) | s % b< 5[ (31)
: : 39
I3 = (aB182,bB1,¢82) | ~x <E< 5 (32)
1 BOCEMb UX Iepecedernil "
‘/'1"—"51052(-‘153? V5=Sl ﬂTg mT3,
2 =T1 NS3 N S, Ve =11 NSy NT5, (33)
%ZslﬁTgﬂS;g, V7:T1ﬂTgﬂS3, b
Va=S1NSyNTs, Ve=T1NTy,N15.
PaccMoTpuM BocCeMb KOOpAMHATHHX okpectHocteit U; = [V;] Ha G’ / D', cocrosmyux U3 KIACCOB SKBH-

BAJEHTHOCTH BCeX 3JeMeHTOB, NpuHajiexamux Vi, rae ¢ = 1,2,...8. Tak Kak pasMepHOCTH pelyUNPOBAHHON
; 1, .
IPYIIH paBHA TPEM, YTO COBIIaJaeT ¢ Pa3MEPHOCIBIO ~cKelera’ cylnepMHoroobpasus B;’", TO eCTeCTBEHHO pac-
¥ 1,2 i B o y - = %
CMATPHBATh KapThl Ha COOTBeTCIBYIomell aarebpe B,'". Bremem Ha U; nokanbubre kaptel ¥; : Uy — V;, rae V; —
| 1,2 o | 1,2 » 4 1,2
obaacth B anrebpe ['paccmana-Banaxa B;’”. ComocraBuM KaxIoMy MHOMXeCIBY S; B B,'" MHOAectso O; B B
caeayiommM obpasom: ecau eneMenT (afif2, 0581, cf2) € Si, f; € Ba, 10 anement (al, b3, ¢3) € 5;, 8 € By. Touno
BN, 2 : |
TaKi ke COIIOCTABNM KakIoMy MHOMecTBY 1; C By'“ mMHOMectBO T1; C B% 2. OBo3HAYUM 2TO CONOCTABACHHAE f.
8 1,2 v
Toraza obaactn V; C By'® aBasworcs obpazamu orobpaskenus f, B ONPEAeNTIOTCA TAKAMHA e POPMYIaMi, 4TO
u (27)-(33). D1um npeobpazoBaHHEM MBI COXPaHSIeM JHHEHHYIO CTPYKTYPY ~CKelera”, HO He COXpaHseM Olle-
pammio ®. 3anaguM ¥, ABHLIM 00pa3oM B TepMUHaX KJIaccoB dKBHBaJeHTHOCcTH. IlycTh Kiacc aaeMenra p € V;

pHHAANEKUT KoopanHaTHON okpectroctu Uj, torma ¥; ([p]) = f(p). Onpenenenne xoppekTHO, Tak Kak M
Ka#IOro Kiacca [p] CymecTByeT ero eMHCTBEHHBIN ImpeicTaButens B V;. Oyukuum ¥; spasiorcs romeoMopdus-

mamn. @yrkuuit nepexona ¥; o ‘If;-“l mexay kapramu Ha G’ / D’ Bcero 8% — 8 = 56. IlpuBeaeM ABHBIT BILA ONHOI
3 mux Wy 0 \1:;1 W1 (U1 NUg) — ¥y (Up NUs). Knace amement (z,€,1) = (e +m) 1, (b+n) B,(c+k)3), rue

m,n, k € Z, npudannexnt nepecedenuio Uy N Uy B AByX BapuaHTax, JIfd KOTOPHIX GyHKIUA repexona ¥y o lIfl‘l
BHITIA JAT cleytomuM obpaszom ‘

| o . o1 4 1 41 /-
W, 0 U7 ((al,bB, ¢ = (al,b83,c6), = = il A - g 4
10 U7 ({a1,08,¢B)) (al,83,cp) 5<e<pp<b<gE<e<y, (34)
- 4 i 1 41 4 3 4
VaoUT ({al,08,¢8)) = (al,88,(c—1)B), = <a< -, = i i
o ( ) ( (c-1}f), g<a<y, <b<pp<e<s (35)

®yuxuun mepexona ¥; o \Ifj“l spasiores G-rmankuMm, Takum obpasom G/ / D’ ¢ COOTBETCTBY IOHIMMU
KapTaMH ABAfeTcsA cynepMHOOOpasmeM, X014 BBeleHasd OYHKIUA f He coxpaHsier onepanyio ® Ha ~ ckeaere” u He
ABAAETCS TOMOMOPMhU3IMOM. - |
MHOTO3HAYHOCTD U ITOJIYCYIIEPMHOI'OOBPA3US
Paccmotpum Teneps airebpy I'paccmana-Banaxa B;'” suna B? = {{a1,b8,cp)
HHLa aareOpH ¥ 3 — HedeTHas obpasylomad. Jas Toro, 4TobH BBECTH noxyrpynnogy};)
B;’z, COTIOCTaBUM Ka&JoMy siaementy (al, b, ¢f) meobparnmyio MaTPUIy BHIA

/1 al b3 \ |
0 1 ¢8|, .
( 6 0 & ) | (36)

_ _ 1,2 ke g
Beegem na 57’ Ao (%), 1O . : _ |
Breg 1 onepann ( h OPOAEHHYIO CTAHAAPTHHM HPOU3REAeHHUEM MaTpuil

a,b,c € R}, rne 1 — enu-
CIPYKTYPY Ha MHOMKeCTBe

30M: (36) caeHyiommuM obpa-

(a11,018, 1) * (a21, 528, c2B8) = ((a1 + a2) 1, (by + ayeq) B, cafd) . (37)
Onrepanus (* ) BBeJleHa KOPPEKTHO, NOCKOABKY, Kak M Ipenrie, Ha HEYETHHIX MECTAX OCTAIYTC ¢ ;
SIEMCHTHL, @ Ha YETHOM MeCcTe — YCTHHH 2/IeMEHT, TO €CTh MATPHIIH COX oy TR 9

S ik PAHAIOT CBOIO FPACCMARORY CTHVKTen;
panvieiiinem Gyiem npeAcTaBIATS sneMent s ={al, b3, cB) ax [a, b, c] _E Ty ( (a1ae?§) ;g_?)c-c;i;n;mg ;2}%}’1‘} py. B
&, y € ), ¥Be a, b, e 4 }‘zi

5 UMes B
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BUAY oaBOCTOABIOBKI agagor (7) ('ro €CTh, MIst KPATKOCTH B 0D03HaYeHAAX Gy IeM OTO K AECTBIATE TiPEACTaBICHe
¢ DIEMEHTOM ).

% Ve SRR |
MmposkectBo B;'™ ¢ Bemensoft Ha Heft omepanmeit (x) obpasyer noayrpynny S =|Js (cum. manp. [18,19]),
NOCKOABKY aCCONHATHBHOCTE CAELYET W3 ACCOLUMATUBHOCTH YMHOKEeHUS MaTPHIL.
OnwneM OCHOBHEIE CBOfICTBA DOCTPOEHHON HOAYTPYNITHL S:
1. Jleas paspemuMocTs V[s1,82,83],[t1,t2,t3] € S, 3! [uy, uy, uz] € S Takoe, uto [s1, 52, s3] * [uy, us, us] =
[t1,%2, 3], mocKOABKY cOOTBETCIBYIOMMNE KOMIOHEHTHEE ypaBHEHMA f, = §; + uq,1s = us + S1u3z, i3 = us
nMeIoT pemenue [t — 51,3 — S1t3,13], ¥ OHO eauHCTBeHHO. B wactHocTH, Vs € S, 3! t € S Takoe, uTO Skt = s,
T. €. KaKJblil 5JIeMEeHT SBASETCA JEBHM HYJeM AJsi ¢IMHCTBEHHOTO 9JeMEeHTa.
. Daement [0, 0, 0] aBaserca npaBuM HyJeM NOIYTpyInnH S.
. JIeBHIX HyJZell B moayrpynme S He CyUmecIBYeT.

. Jdast moBoro saeMenTa NOAYTpynus S uMeeM [s1, 82, 53] = [ns1, 82+ (n — 1) 51, 53).

OV W KD

. JIeBEIME eJMHHIAMH MOAYTPYNIOH S ABIAOTCA adeMeHTH BuAa [0,s9,83] U TOIBKO OHM, CleJOBATENBHO
*x0 z " :
[0, 82,83]" = [0, s2, s3], 1 TakuMM DAEMEHTAMH MCYEPIEIBAIOTCA BCE MAEMIIOTEHTH MOJIYTPYIIH S.

(&)

. [IpaBHX eamHUI B moayrpynne S He CyIecTBYeT.

~J

. lloayrpynna S — noayrpynmna ¢ JeBhM COKpallleHUEM.
. Heurp noayrpynust Cent (S) =

w Qo

. Kaxauit onement [s;,s7,53] obnanaer cemeitcrboM {t =[—s1,13,13] | {2,135 € R} anemen1oB, peryIapHuX K
HeMy (s * t %S = S), KOTOpHE Takie ABIAIOTCA HHBEPCHHME (t * s xt = t), a HMAEMIOTEHTH CTPOATCH C
IOMOUIBIO UX Ipoussenenuit [18,19].

PaccMoTpuM maeanbHyIo CIPYKIYypy moayrpynnst S. Muoskecta 1, = {[s1,s2,a] € S | 51,50 E R}, rae a €
R, sBastorcs aeBumm uaeadamu S x I, = I,. Uaeaam I, He mepecekalorcsa I, NI, = @ npu a # b n nokpHBaioT
scio noayrpymny (I, = S. IlpaBux mieanos HeT. |

MuoxectBo D = {[m1, ma, mg] € S | m; € Z} aBasercs noanoayrpynnoil HOaAyrpynnk S, HO He WIEaTOM.

Brigernm B moayrpvine S moamHOKecTBo T, 3aaHHOe ypaBHCHHEM Cepbl B TPEXMEPHOM IIPOCTPAHCTBE
BEMECTBEHHHX KO3 MUINEHTOR

T = {[z,y,7)€S|2*+y* +2° =1, z,y,z € R}. - (38)

IMockoapky T — HOAMHOKeCTBO TOMOJIOTHYECKOIO MPOCTPAHCIBA B%’z, to T — TOnoOIOrHYEcKoe TPOCTpaH-

CTBO ¢ HHIyIHEpoBanHoi Tonoaoruei [20]. Bubepem B T koopaunatase okpecraoct U, = {[2,y,2] € T | z > a},

la] < 1. Beeaem xaptu ¥, : U, — ¥, (U,) C I,. Oyuruusa ¥, 3azana crexyiomum yciaosueM: ¥, or aprymMenrTa

[z,y, z] € U, paBHa npou3sseJeHHIO 2J1eMEHTA [T, Y, 2] H €T0 NPOEKIMH Ha IIIOCKOCTD Z = @, ABISIONLYIOCT 06pasoM
I, B TpeXMepHOM NPOCTPAaHCTBE BEMECTBEHHBIX KOahdUIUEHTOB

‘Ijﬂ ([.’L’, y}‘?']) - [&‘7, Y, Z] * [33, Y a] s [st Y+ za, a] ‘ (39)

fcwo, yro ¥, (U,) — obracts B I,. dynknuu ¥, B3auMHO-OAHO3HAYHH 0pH a > 0. HOCKOHB&}’ pyHKILIIH,

nopoxjatone ¥, HenpepsBHH, T0 1 caMa ¥, HempephBHa. PaccMoTpuM o6paTHYIO cbyHRumo ¥, npua > 0.
113 onpeneaenns (39) caexyer ABHEHIL BUI 9T0# DYHKINK

- _
- s X 2

‘Ifql(_[.r,y,a]): "2",]}-'23(1,\/ “T_(y—xa) v (40)

Ilpu a > 0 dbysxnus ¥, ! menpepusra, nosromy ¥, — romeoMopdusM. ITH KapThl ABIAIOTCA CTaHIapT-

HEIMH oﬁpamnmm KapTaMH Ha TomoJoruyeckodm mpocrpancrbe T. HeoGparumele kaprhl Bosaukaior npu a < (.

PaccmorprMm 310T cayyalt.
Oyuxmun ¥, CKICHBAIOT TOYKH [T,y, 2] U [:r: Yy, —z] npm |z| < —a. Beibpas onny u3 BeTBei OAHOHATHOCTH,

MO HHO I‘OBOPI‘I’IL o6 obpatHux QYHEIHAX ¥ al i) rie \IF ) O3HAYaeT BEPXHIOW “BepxHI0I0” BeTBh, a ¥ (=) —
“gummolo” . Obiactn 3HavYeHus 3TUX QYHKIAN paBHH

a(+)(q’ (UG)) == {[:z:,y}z]ET]z>O}, (4])
V@ (U) = (nAeT]se(@0U(-e ) (42)

s (1] 1 Y " '_]- P |
“BepxHsisi’ BeIBb ‘Il a(4) SBAACTCA HENDPEPEIBHOM byHkunell, a “HUKHAA BETBb ‘I’a(-_) ABAACTCst HCIIPEPHIB-
soff pyernpefi Ha muomectBe ¥, (Uy)\Z, tae Z -~ MHOKECTBO MepH 0, 3agapaeMoe OCbeIUMHEHHEM KOpHel
ypaBHeHH#

2 « ?2 | . ’- | .
o %—— —(y ——_x-a)‘; =0 =u \ﬁ—-— :—L&— - (y — ;Jr_'fa)-'3 = 8. (43)

Bubpab OAHY 43 BeTBEH OAHO3HAYHOCTH JAsA HeODParTHMBIX KapT, MOMKHO TOBOPHIDH O GbOYHKIIAX nepexoia

meaay kaprama I, u I, Koropsle EMEKOT BUX
. _ B

i | -‘I’&-fi L ;
22,y + za,a] — {.7: y, £z — 22,y + zb, b]. (14)
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Tawnum oBpasoM, aunit Bua dyiwnai mepexoaa ¥y o ‘I';fi} jagaercd popMyaoH
lI!"l v 2 raN Z1 N 3a .I,'b ot
(4 x ra z b e 45
[2,y,a] =2 [“ :e,f-_-—,ﬂ:\/l—“(*—ﬂ ez y— g+ 5b) (43)

. - 1,1
Ecan pacemarpusath Uy o @a(li) kak (pyHKUMIO Ha B’", TO MbL HOXY UM

| b |
wowsl (1 = [ (- 5+ 5) 7). (46)

: =
10 ecth W0 \I';(li) aprgerca G°-dyukumeit. Iloatomy TOHOTOrHYECKOE NPOCIPAHCTEO S ¢ maHHBEIM HaDOpOM KapT
- O3HHKaeT BcaeIcTBUe HEAHO3HAY-

ABISEICA MIAIKAM HOTycyTepMEoroobpasuem [8,9], B koTopoM HeoOPaTUMOCTD B
HOCTH.
BBIBO/bI
TakuMm 06pa3oM, JajbHellliee 3y YeHne BHYTPEHHETO CTPOEHUA HeOBpATHMBIX aHALOTOB ¢yNepMHOTOOpasii
IpefCTaBISeTCA BaKHBIM ¢ TOYKHA 3PEHUs MaTeMaTiiecKH HoCHeI0OBATEILHON TCOPHH W SABIAETCS HEODXOAWMEIM
MHCTPYMEHTOM IJifi OCTPOEHNA HOBHX CYIEPCHMMETPHYHbX MOIETEH.
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In general abstract algebraic language we extend “invertibility” to “regularity” for categories. Higher regularity
conditions and “semicommutative” diagrams are introduced. Distinction between commutative and “semicommu-
tative” cases is measured by non-zero obstruction proportional to the difference of some self-mappings (obstruc-
tors) e(™) from the identity, which allows us to generalize the notion of functor and to “regularize” braidings and
related structures in monoidal categories. Also we propose a “noninvertible” analog of the Yang-Baxter equation.
KEYWORDS : morphism, regularity, obstruction, monoidal category, functor, Yang-Baxter equation

The concept of regularity was introduced by von Neumann [1] and applied by Penrose to matrices [2].
After that study of regularity was developed in many different fields, e.g. generalized inverses theory [3] and
semigroup theory [4]. We consider here this concept in categorical language [5] and introduce the most abstract
form of higher regularity conditions (firstly introduced in [6]). |

Let X and Y be two arbitrary sets. A mapping f from X to Y is defined by a prescription which assigns
an element of ¥ to each element of X, i.e. f: X — Y. Injective mapping (injection) assigns different images to
different elements, and in surjective mapping (lsurjection) every image has at least one pre-image. Bijection has
both properties. Usually inverse mapping f~" is defined as a new mapping ¢ : ¥ — X which assigns to each
y € Y such z € X that f(2) =y and so f~! = g. For injective f and any A C X it is imposed the following
“invertibility” condition

fHF(4) = A (1)

For surjective f and B C Y the standard “invertibility” condition is
f(f71(B) = B. (2)

These conditions are strong, because they imply possibility to solve the equation f (z) = y for all elements.
In many cases, especially while considering supersymmetric theories, there naturally appear noninvertible mor-
phisms [6, 7] and semigroups [8,9]. That obviously needs extending some general assumptions. We propose
to extend the “invertibility” conditions (1)—(2) in the following way (which comes from analogy of regularity
in semigroup theory [4]). We introduce less restricted “regular” f* mapping by extending “invertibility” to
“regularity” in following way |

F(T(F(A)) = f(A). (3)
For the second equation (2) we have the “reflexive regularity” condition

fF(f(fF(B))=f(B). (4)
REGULAR MORPHISMS "

We distinguish among all mappings X — Y the morphisms satisfying closure and associativity. That
defines a category € with objects Ob € as sets X,Y, Z and morphisms Mor € as mappings f : X — Y between
them {or f = Mor (X.Y)) [6]. For composition h : X — Z of morphisms f : X — Y and g : Y — 7
instead of h (z) = g (f (z)) for mappings we use the notation h = g o f. Associativity implies that h o (g gf) =
(hog)of=nhogof. Let us consider “invertibility” properties of morphisms in general. If f satisfies th-e “right
invertibility” condition fo f~! = Idy for some f~! : Y — X then f is called a retraction, and if f satisfies the
“left invertibility” condition f~! o f = Idx, then it is called a coretraction, where Idx and Idy are identity
mappings Idx : X — X and Idy : Y — Y for which Vz € X, Idx () = z and Vy € Y, Idy (y) = y. These
requirements sometimes are very strong to be fulfilled (see e.g. [10]). To obtain more weak conditions one has
to introduced the following “regularity” conditions

foffof=1, (5)

where f7, is called an inner inverse [3], and such f is called regular. Similar “reflexive regularity” conditions

Sour o f o four = Jour (8)
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. “"'l . e '-‘# t
| - b . , ' - - 1 does not exist at
defines an outer muverse f,,,. Notice that in general fin £ fout # f7° or it can be that f

a0 U f7 1s an inner inverse, then

(7)
3], and so for any regular f there
(5) and (6) hold. Let us consider
hown, that a retraction is an
h = g o f belongs to the
. If for any

ff=fnofotn

is always both inner and outer inverse or generalized inverse (quasi—inv-r_ar'se) [
exists (need not be unique) f* from (7) for which both regularity conditions
a composition of two morphisms and 1its “invertibility” properties. It can be she
epimorphism, and a regular monomorphism Is & coretraction [3]. If the composition it _.
same class of functions (closure), then all such morphisms form a semigroup of such functions [4] _' _
f: X — Y there will be a unique f* : ¥ — X satisfying (5)—(6), this semigroup is called an inverse semigroup [4]
which we denote F. ¢

Let us define two idempotent “projection operators” Py = fef, Ppr ¥ Y arid ?Dj; = fro .fs
Pis : X — X satisfying Py O'Pf = pfj Py of = foPs = 7 and Py Opf" :/Pf*a_?f* of : f O‘Pf = f :
If we introduce the *-operation (f)” = f* by formulas (5 )-(6) and assume*that this operation acts on the
product of morphisms f: X — Y and g : ¥ — Z in the following way (gof)" = f*og*, then commutativity
of projectors P; o Py» = Py 0 Py leads to closure of the semigroup, i.e. the product go f also satisfies both
regularity conditions (5)-(6).

HIGHER REGULARITY

Let us introduce higher analogs of regularity conditions (5)—(6) (they were proposgd for some _pa,lrticular
case (noninvertible analogs of supermanifolds) in [6,7]). Let we have two elements f and its regular f~ (in sense
of (5)) of the semigroup F. Consider a third morphism f** : X — Y and analyze the action fof*of** : X =Y.

This means the composition fo f* o f** cannot be equal to identity Idx . Therefore it is possible to “regularize”
fo f*o f** in the following way

foftofof =f" ' (8)
This formula can be called as 2-regularity condition and be considered as a definition of *x*-operation. For
3-regularity and f*** : Y — X we can obtain an analog of (5) in the form

fofﬂiof**of#**of:f. (9)
By recursive considerations we can propose the following formula of n-regularity
_ 2k  2k41
f-of""ef*'*...:of**"'*of*:f*, fof*of*'*.__.of**‘”*of:f, (10)
- 2k 2k+1

Note that for even number of stars f**---* : X — Y and for odd number of stars f**---* : YV — X. We
introduce “higher projector” by the formula

n

P(”):fof-*of"‘* * %k ., L%
1 _ f...of . ._ (11)
It is easy to check the following properties '
p(ﬁk) p f* _ f* ,})(Qk-lvl) o _
} =f P; of=1F. - (12)

and idempotence 'Pj(,n') o ’Pfcn) i 73}”).

SEMICOMMUTATIVE DIAGRAMS AND OBSTRUCTORS

Obviously, that f?,l. two morphigm§ f: X ~— Y and g : Y — X instead of “invertibility” g o f = Idx we
have the same generalization as regularity (5), i.e. fogo f = f, where g plays the role of an inner inverse (3]

f “Regularization” f

i ==

7 g

Y Y

4

Invertible morphisms Noninvertible (regular) morphisms

Usually, for 3 objects X, Y, Z and 3 morphisms f: X — Y and g:Y — Z and h: Z — ¥
the “invertible” triangle commutative diagram hogo f = Idx. Its regular extension ha;a m:'};_' one can have
| “ ERLENRON | > form

5 fohogof:f_
Such a diagram (from the right) (13)
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f “Regularization” f
n = 3 ik
| h g h g
A Y
Invertible morphisms - Noninvertible (regular) morphisms

can be called a semicommutative diagram. This triangle case can be expanded on any number of objects
and morphisms. To measure difference between semicommutative and commutative cases let us introduce

self-mappings eg?) : X — X which are defined by

eg):fdx,eg?)zgof, eg?):hogof, (14)

It is obvious that for commutative diagrams all eg?) are equal to identity e‘(,?) = Idx. The deviation of
eg-?) from identity will give us measure of obstruction of commutativity, and therefore we call eg?) obstructors.
The minimum number n = Nopstr _for which etj?) + Idx occurs will define a quantitative measure of obstruction

)

the n-regularity condition can be written in the short form f o eg,?) = f.
From this equation and definitions (14) it simply follows that obstructors eg?)

Nobstr- 10 terms of obstructors ef{f

are 1dempotents.

REGULARIZATION OF MONOIDAL CATEGORIES
Let € be a monoidal category equipped with a monoidal operation @ : € x € — €. A triple of objects
X,Y, Z is said to be a regular 3-cycle if and only if every sequence of morphisms X Ly ¥ ol B

’ ", X define
uniquely the morphism e‘}?) : X — X by the following relation e(XB) =

| _ = hogo f and subjects to the relation
fohogof = f. The object Y is said to be a (first) regular dual of X, and the object Z is called the second regular
dual of X. We denote by C3 (€) the collection of all regular 3-cycles on € . This collection is said to be regularity
in €. The generalization to arbitrary n > 4 is obvious. Let X,Y,Z and X', Y’, Z’ be two regular 3-cycles in C.
Then the morphism f: X — X’ such that fo eg?) = e.g?,) o f is said to be a 3-cycle morphism. If f: X — X'
and g : X’ — X" are two 3-cycle morphisms, then the composition go f : X — X" is also a 3-cycle morphism.
Moreover the regularity Cs (@) forms a monoidal category with 3-cycles as objects and 3-cycle morphisms. The
monoidal product of two regular 3-triples X.Y,Z and X’,Y’,Z’ is the triple X @ X', Y @Y',Z ® Z' which is
also a regular 3-cycle. The category Cs(€) is said to be a regularization of € .

The morphisms e&?) can be used to extend the notion of a functor F : ; — C4. All the standard definitions

of a functor (as a mapping of one category to another with preserving composition of morphisms [5]) do not
changed, but preservation of identity F(Idx,) = Idx,, where X3 = FX;, X; € ObCy, X» € ObC,, can be

replaced by requirement of preservation of morphisms e(}?) as
F™) () = e, (15)

where e(}?) € Mor€C;, 6}8 € Mor@; defined in (14) for two categories. Then the generalized functor F(") becomes

n-dependent. From (14) it follows that n = 1 corresponds to the standard functor, 1.e. POz E

HIGHER REGULAR YANG-BAXTER EQUATION

Let us consider a symmetric monoidal category € [5] playing an important role in quantum groups [11] and
quantum statistics [12].In € for any two objects X and Y and the operation X @Y one usually defines a pqtura]
isomorphism ( “braiding” [13]) by Bxy : X ®Y — Y ® X satisfying the symmetry condition (“invertibility™)

B-y,xon‘y s Idx®y ' (16)
which formally defines By x = }f}, Y& X — X2Y. Note that possible nonsymmetric braiding in context of
the noncommutative geometry was considered in [14]. Here we introduce a “regular” extension of the symmetry
condition (16) in the form

BxyoBxyoBxy =Bxy, (17)
where in general By y # B’y . Such a category can be called a “regular” category to distinct {rom symmetric
and “braided” categories [13].



30

«Visnyk KhNU», No 481, 2000 S.A. Duplij W. M arcmek

In categorical sense the prebraiding relations usually are defined as (13, 14]

_nl R (18]

Bxgvz = B%,Z:Y OBIX,YZ; Bzxgy = Bx.zy oBx vz 19)
' - = 19,

Bf&",Y,z = Idx ® By,z, Bﬁ,}’,z = Bx,y © 1dz, =

. 51
o 5 . ; v =5 e g ’ = o]
and prebraidings Bxgy,z and Bz xey satisfy (for symmetric case) the “invertibility” property BX_@}QZ -
G o -l _ - T 4 andard “invertible” Yan -Baxter
Byxoy.z = ldxgygz, where Bxgy z = Bz x5y . In this notations the standard g
equation is [11]

- B _mnl R L
BY, xoByxz°Bxyz=Bzxy° Bx zy °Bxyvz
Possible “noninvertible” (endomorphism semigroup) solutions of this equation

eg?] were studied in [15]. For “noninvertible” braidings satisfying regularity (17) it is naturally to exploit the

obstructors e(}?) instead of identity Idx as

(20)

without introduction of

. n A i 1) a1’
B;(’T;,?Z —. e&-J 54) BY,Za B;(;%Z == BX,Y oy E(JZT " (21)
to weaken prebraiding construction in the following way :

| R L{ n _ pln) R(n) .

B%@éy,z = X(Z)Y ¢ Bx(,r;f),z: B(Z,,)X@Y_— Bxzy©° Bxvyz (22)
Then their “invertibility” can be also “regularized” as follows

n) n)x (n) _ n(n) o )

BEX@Y.Z 4 Bgﬁ'@r,z °oBxgy,z = Bxav.z: (23)

where in general case B()}‘gy g F B}ll_@y 7. Thus the corresponding n-“noninvertible” analog of the Yang-Baxter

equation (20) is
Bg,(g,)x ® Bff(?z 2 B?E??z = Bé(;')Y & BJR{(%)x v Bgf(?;')z (24)
Its solutions can be found by application of the semigroup methods (see e.g. [15]). The introduced formalism
can be used in analysis of categories with some weaken invertibility conditions, which can appear in nontrivial
supersymmetric or noncommutative geometry constructions beyond the group theory. “
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YCTOHMYHUBOCTD HAEAJIBHBIX MEJIKOMACHITABHBIX
MI'JI-MO/I B TOKAMAKE C 'O®PHPOBAHHBIM MATHUTHBIM IOJIEM
H HEMOHOTOHHBIM PACHIPEJNE/TEHUEM g

AJSL Omeabuenko, E.B. Pomamenko
Xapvroeckuit nayuonansuuiti yrusepcumem um. B.H. Kapasuna.
Quzuxo-mexnuveckuit paxynemem. 61108, Xapwvros, np. Kypuamosa, 31.
Iocrymuna B penakumto 15 mas 2000r.

Ilposeneno HccrenoBaHME YCTOMYMBOCTH HuealbHbix OamnonHHbsix mox (MBM) m moa Mepcse (MM) B
ropprpoBaHHOM TOKAMaKe ¢ HEMOHOTOHHBIM Tpodunem koddduimenTa 3anaca ycroiunoctu ¢ . ITokasano,
YTO CHOXHbIE NPOPUAM § C MHHHMANbHBIM IIHPOM B KaXJ0#H OONacTH HEYCTOWYMBOCTH BBI3BIBAIOT
ONHOBPEMEHHYIO CTAOHIM3ALMIO MOX B Pa3NH4HbIX 00NacTAX miasMeHHOro muypa. OnpeneneHa JoKaau3alys
30H HEYCTOMYMBOCTH II0 PaauyCy IUIA3MEHHOTO IIHYpa M HaWACHbl MHTEPBAJIbI AABICHMN TMJIa3MblL, NPH
KOTOPBIX BO30Y>KAAIOTCS 3TH MOJBL.

KJIIOYEBBIE CJIOBA: rodppupoBanHoe marHuTHOe mnojne, moabnl Mepcee (MM), uneanbHeie OaIOHHBIE
monsl (MBM), koadduumeHT 3anaca yCTOHYHBOCTH ¢ , MHP.

Bosbyxnenue uneansasix MI' [I-MOA B TOPOMIAbHBIX MIa3MEHHBIX KOHQHUIYPALMAX SBAACTCA OAHON M3 NPHIHH,
PENATCTBYIOMHX TOCTIDKEHUIO PEXUMOB yep:KaHusa nmaasmbi ¢ 6omsmum [3 (B — oTHomeHue razoxkuHeTHYECKOTO
HaBjieHUs IIA3MBI K NABJAEHUIO MAarHWTHOro mojsi). M3sectHo [1], uro Bo3Oyxnenne UBM oOycnosneHo 3dgdexTom
KOHEYHOr'O JABJ€HHSA INasMbl H MPONOPHHMOHANHLHO BENMYMHE INMpa O B 30HE HEyCTONYMBOCTH. OQUEBHIHO, YTO
necrabuausupyomee Bo3aeiictere 0annoHHLIX 3¢ dexToB MOXKeT ObITh YMEHBIIEHO HJIH NMOJHOCTHIO MOIABJEHO, €CIIH
B o0macti BO3OYXIEHHN B pe3yjbraTe IepepaclpencieHus pPaBHOBECHBIX TOKOB CHOPMHPYETCs JOKaIBHO
CIAfaroIyii, HEMOHOTOHHBIA MO paAUyCy MIAa3MEHHOro MmHypa npodwis ko3poHuUHEHTa 3amaca YCTONYUBOCTH
g (@) . Beneacrsue nepecrpoiiku npoduns g (@) 3oHa Bo3byxneHus GyaeT HaXOmUThCs B 06NaCTH MUHHMyMa WIHMPa
S , ar0 OKaXxeT CTaGHNH3HDPYIONee BO3NEHCTBHE Ha YCTOMIHBOCTS miasmbl. Taxue npodwm g (a) dopmupyiores B
COBPEMEHHBIX TOKAMaKaX B YCJIOBMSX MIDKEKUHM B IUIa3My IyYKOB HeHTpanbHbIX dacTul [2-4]. Pesynbrarsl
AHAIUTUYECKHX ¥ YUCIEHHbIX MCClenoBaHui ycroiunBocT UBM B pexuMax yaepKaHus IasMbl ¢ OTPULATEIbHBIM
ITHPOM H HX COINOCTABJIEHHE ¢ SKCIIEPMMEHTAIBHBIMM JaHHBIME NPEACTaBJieHsl B [5-9]. B TO Xke BpeMs B pexumax
VAEPKAHUS C MATBIM MOJOKHTENbHBIM WM OTPHLATENBHBIM [IHPOM YBETUINBAETCA BEPOATHOCTD BO3OykaeHus MM,
ecnv B pesynstare mepectpoiiku mpoduma ¢ (@) B mnasme mosssrca obmactu ¢ ¢(a@) <1, wm mpousotiger
3aMETHOE YMEHLIIEHHE TIyOHHBI MarHUTHOH sIMBI KaK TMOZA BO3NCHCTBHEM TepepaclpenieficHHs PaBHOBECHBIX TOKOB
[9], Tak u mox BAMAHAAM BHemHUX (axTopos. ONHMM U3 TakUX (PAKTOPOB MOXKET ObITH NMPOROIbHAS MOIYNALMA
(robpupoBka) TOPOMIANLHOIO MArHUTHOIO MONS TOKamaka, OOyC/OB€HHas KOHEYHBIM HMCIOM TOKOBBIX KaTyINek,
cosparomux 310 nose. B [10-11] mokasaHo, 4T0 rogpupoBKa NPUBOOUT K YMEHBINEHHIO [yOMHBI MarHHTHON SMBI
TOKAMAKA U TEM CAMLIM OKa3biBAaeT NOTOJHWTENLHOE AeCTaOWIM3MpYIOmiee BIMSHHE Ha YCTOMYMBOCTb HICATBHBIX

MI J1-m0a.
Ilensio HacToamell paboTel ABASETCHA HCCACAOBAHWE BJMAHMA rOQPHPOBKM MAarHHTHOTO MOJA TOKamaka Ha

yeroifansocts IBM 1 MM nipu HeMOHOTOHHOM Tipoduie g (a)

IIOCTAHOBKA 3ATIAYH ¥ HCXO/IHBIE YPABHEHUS

PaCCMOTpUM PaBHOBECHYIO TOPOWIATBHYIO TLIA3My C aCTIEKTOBEIM OTHOmennem R/a = 3-+4, xotopas yaep-
KMBACTCH TODPUDOBAHHBIM MATHHTHBIM nOneM, IJyOMHa MONYMALMM MarHWTHOTO [ION  ONpEAeIAeTCs
OTHOCHTENbHOM AMILIHTY RO} 8, BENFNHA KOTOPOM MOPANKA HECKONLKMX MPOLEHTOB, NEPHOX MOYIALUN

OIpeaenseTCs YHCHOM TOKOBBIX KaTymek /V . MarduTHOe roe Ha OCH TOKaMaxa B, npencraeum B BHze

B (@)* B

1+28 e'”

(H
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ra¢c B — 0CHOBHOC TOPOHMAAIBHOE MATHHTHOC TIOJE.

. , L] IPEACTABEM B BHIC
PaciipcclicHAE PABHOBECHOTO JABNEHIA MIA3MBIL [0 MAIOMY PagHyCy mia3Mbi mpeAcTan B

T’ Y | @

rae P, — AABICHHC HA OCH IUIA3MEHHOTO IHYPd.
PacripenenieHue napamerpa g (a) mo pamaycy TUIA3MBI OMPE/EIIM CEAYFOIMM COOTHOMEHHEM

d
pla) = po 1*(—--

ay

m [ N2

a .2n" - a ()
gla)=A4 l——B(—-—] +Cexp| — D ~——FJ .

ap ay

- —

Mpu C= O coorHomexye (3) OTMPEACIACT vonoTorHsH npodums ¢ (@) . BemaHHEL A u B onpenensorca 1o

sA7AHHBIM 3HAYCHUAM , B LCHTPE TUIA3MBI K (,, Ha IPABHIC asMel. B JATBHEHIIAX YUCTICHHBIX pacicTax oyaeM

nomarats ¢, = 1.1 m ¢,, = 1.5. TlocTosHHEIEC C.D,F onpenemsuorT KOOPIMHATBL TOUEK a_., B KOTO-

puxqglaja, = a,, /a,) = 1.05. Bo Bcex pacueTax, eci CIHATEHO HE orosopesio C= 9, n= 1.5 . m= 2.
ByzeMm monararh, YTo B PaBHOBCCHOM COCTOSHHH CEHCHUA MATHHMTHBIX MOBEPXHOCTEH ABILHOTCA KPYTOBBIMH. C
POCTOM JABJICHHA IJIa3Mbl ICHTPBI 3THX OBEPXHOCTEH CABUTAIOTCA OTHOCHTEIBHO MATHUTHOH OCH HA BE/IHIHHY E,a
CaMM TIOBEPXHOCTH Je(hOPMHPYIOTCA ( MX SJUTHITHHOCTE XapaKTepHU3yeTCs napameTpoM o ). PaBHOBECHYIO IUIa3MEH-
HYI0 KOHQHTypamMo MOXKHO CUHTATE OTPENCNICHHOMN, SCITM H3BECTHEL €€ MeTpHYeCKHAe KOO HIHEHTB! £ - B cBow
ouepep kK03 GumenTs! g, ONpPeACIAOTCA dopmoii MarHATHBIX NOBEPXHOCTEH B TEM CaMBIM 32BHCHMOCTBIO 0T yKa-
sAHHEIX BHING BEIMYAH & ® O TpH 33[JAHHBIX PACHPEACHCHHAX PABHOBECHBIX TOKOB, 3amaca YCTOHYHBOCTH
q(a) (3) n xaBnenAs MIA3MBL (2). CrcreMa ypaBHEHHI, ONPEACTITOMMY CMCIICHUE € u UHOTHYHOCTE OL, MOXKET

6eiTh 3amucana B Buae [12]

e

™ !

Aol | rairv®
i P--(.?-] _kp+3% | =42 (Kp)-2 iKgP———Z v, L8 VT L S a)
. ;

pr pr | 0 a(P pr pr D' (4)
| A :-p_ o ’ o’ oL &’ 2] SIRV(Z) n &' "E‘,’ &! .
G'“LL) = +3—=3—=+3 S| =T +2QJ+L)—,‘P—\I’L—>—+——-L‘P -
Lp P P P \PJ O P p' p' (5)
Ev(l) =_I4’J'C2p’Rp29: % l_}__é.’_..;*_ :+K* §g+laf 1 grz ) |
| o’ | PV | - S | .
o | 4p" p 4p 4p 8,2 ©)
oA i28°pp’p & |

B coorromennax (4)-(7) p(@)- pasuyc roppupOBaHHOH MATHHTHOH NOBEPXHOCTH, v g v®_ mepBas ¥ BTOPAf

~\(0) A

NOJIOAAATbHBIE TAPMOHHMKA PABHOBECHBIX TOKOB, K —xpususna marmursoi ocu, | ' e ininwit I L= p—i _?___
’ . y : i ’
Pip 8¢
Y = L3 _§: { + 3I§¥:,.asmi& BHJI HEJIMHEHHOTO MO MABJCHWIO MJIA3MBL cnarae o S(E* B
p'\p’ p’ | i  craraemoro S (§',0t) B (4) mpencrasien B

" 1121, (...) - npoussoaman no xoopmasare d , R — Gonbmoi paguyc Topa.

HeyCpcIHEHHOE YDABHEHHE MANBIX KONCOAHMA - B NPEACTABIICHHH . 3 e
ro()pUPOBAHOTO TOKAMAKA WMECT BHL s Kommpa Xacta-Tednopa  [13] nm
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d 1 dF d dntmy?
- ——q2 Wo +9— Ay + 2wg(1+2q2)F:0’ S
dy Qinr dy @ T 00y |

rie F(a,y)- meanteHno WAMEHMOMAACA (YHKIMA HEPEMEHHOK ), CBS3AHHAS C BO3MYMICHHBIM CMEIICHHEM
anemenra mwiasmsl X coorsomennem X = F'(a, y)exp(ingy);

(0)
21p’ || V& Q |
W(O) [ @12 ) ‘é: + _&)__,__ l-‘l'aE,O)s | 9)
0 /
_ - 2 Fr. a2 , i
1 _ "
1M 4n JgBS |\ ¢4 q
(1)’ | P
Av = [2" p )L‘-l ‘F +il’_a(()l)__& (_Y_] .27 Boy | (11)
| B2 q (I)'-L' p' E%

B coorromermsx (8-11) Q= p'V"+ J%'— ['®' ,  u O -nonownansHsii 1 TOPOHAATBHBIN MATHHTHEIC [0~
toru, g= detg,, rae g, — KOMIIOHEHTH METPHYECKOrO TEH30pPa CHCTEMBI KOODAMHAT C BBINPAMJICHHEIMH CHJIO-
1 @
BEIMH JMHWSIME, 7/ —IDIOTHOCTh MNAasMsl, Y -MHKpemeHNT MIJI-MOA, P —JaBiCHHE IUIA3MBL = —= —,
Y ¢
= j,B,/B; . j,~ IIOTHOCTS PaBHOBECHOTO ToKa. OGO3HAYCHHA (.09 5 ()Y onpenenmor yepemmermyio
TO YIVIOBBIM NEPEMEHHEIM M OCHUM/LTHPYIONIYI0 IO STHM MEPEMEHHBIM YaCTH COOTBETCTBYOIMX BemmyuH. Cuctema
ypasrenii (4)-(11) onpeaenser ycroiuuBocTs HAcamsHbIX MI'/I-M01 B roQpHPOBAHHOM TOKAMAKE.

PE3YJIBTATH YHCJIEHHEX PACYETOB YCTOMYHBOCTH HAEAJBHAX MO/
[Topsmok pacyeToB Cieayrommai. [ 3a1aHHBIX B COOTBETCTBHH C dopMynamu (1)-(3) pacnpeseNieHHH NaB/ICHAL
mrasmsl p(a), kosdmpenTa 3anaca ycToifausocTH ¢(Q) H MarkHTHOTO 0N B,(®) w3 ypasnerui (4)-(7) onpe-

AenseM B SBHOM BHJAE CMEIICHHE & , 3IUTANTHYHOCTh MArHWTHBIX MOBEPXHOCTEH Ol M PABHOBECHBIH OCLMILIMPYHOMIMH

TOK V. DTO MO3BOJAET C YIETOM COOTHOmEHM (9)-(11) onpenemuts Ko3(p@HmeHTs ypaBReHUs (8) B KXKA0H TOUKE
pajHyca Ia3MeHHOro mHypa. CBOOOIHBIM NMApaMeTPOM B ypaBHEHHH (8) OCTACTCA MHKPEMCHT BO30Y»IaEMBIX MO

"}’ .
1.5
—_— ’: 09—
>4 3
_____ 2 ’
.4
b Sl J
I eesrsasss 4 ‘t 0.6
1.3" i ’_:’
e 0.3-
= . %]
1-2"' ll -
. 0.0
1-1— R . --¢-.-.-.-_.;'I.{......;:.l::_,_._“‘-‘-.- .:- .1---.-.“-?‘:..-.-.'
Y- 034 .-
1.0 ey
05, .. 82 - 04: 08 P05 3D 00 02 04 06 08 10
e | /o,
Puc.1. TIpoduwm g(aja,): 1~ MOHOTOHHLHi npodwis ¢, ; Puc.2. Ilpopumm nmpa S(a/a,): | —nmp S, COOTBETCTBYET
2 ﬁe”om]m npodWIe ¢,, Amin /aﬂ =02: MOHOTOHHOMY Tpodimo ¢, ; 24 — IHpHL S, -5,
3 — HeMOHOTOHHEA IPOdKTL ¢, Gmin /ao =03 COOTBETCTBYIOT HEMOHOTOHHBIM npodpwisM ¢, —q, -

4 ~ REMOHOTOHHBIA NPOHTH g, , amm/ag =085 n=4.
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- . MIeCTBOBAHMA [PH 3a[AHHbI
3aJaua HA YCTOWMMBOCT MIA3MBl B MCCACAYeMOM Cly4ae afekBaTH 33,&?{:;; cg) TaK KaK TOIbKO JIOKATHM30-
JHAMCHHAN WHKPEMEHTAy TOKATH30BAHHBIX B ) -IIPOCTPAHCTBE PELICHIH ypes o ’ usEeCKH FOTYC-
. - 7 eACAOT 4§
BAMHBIC PEIICHUA NPH NEPEXOJC B PEabHOE MPOCTPAHCTEO yr/i0BO# NEPEMECHHOH OHPT:pa UnC/IeHAO HMCCTEAYEM
FIMOE PACTIPCHC/ICHHS AMIUTHTYbl CMEIHEHHMA JMCMEHTA IUTA3MB! IO MaJIOMy A3UM }’imﬂ‘r’oe pp—
yCAOBUSA CYIIECTBOBAHUA JIOKATH30BAHHBIX PEMICHUH YPABHEHIA (8). Honomf, ‘HQ: A cecKONBKIK TPOTEH-
aacrcsa mabopom N = 20 TOKOBEIX Karymiek, aMILTHTY/a TOPPHPOBKH BIMCRICTCR (21;13;15'16: 5 ]= 2.
roB 8, = (0.2+ 6)%. Pacipeernenue AABICHES IA3MEI 3a13HO B COOTBETCTBHH C ’
5 OTOHHOM peXMMax NPEACTaBICH
IIpodums ko3p¢uuueHTa 3anaca yCTOHHBOCTH g(a) B MOHOTOHHOM H HEMOHOTORELE §(a) mpeacrases:
_ | HES TIHPA 1CTaBIe
Ha puc.]1. COOTBETCTBYIOMHE ITHM KOIPPueHTaM q(a) pamamsHsie pacpeacic " q}enpv I
= () B mepHEpHHH -
ma puc.2. B cryuae MoRoTOHHOTO MpoduA ¢, (a) ® orcyrcTeue TOQPHPOBKH Oy - a]pm[ ;3,;53%535\31;4
nnasMsl Bo3Oyxkaaerca BM (puc.3). B panpueimem OyaeM PaCCMaTPHBaTE ?CHOBWe rggfoeﬁmﬂe r(jq)pnponm
marerTHoro noms (8, = 5%) npHBOIHT K JOTIOTHUTEMLHOM AeCTAOMTH3ALMH WVBM u BO3OVKICHHO B I F;Trp .
s AHMA MATrHUTH
4ACTH ILIA3MEHEHOTO MHypa MM BCTENCTBHE YMCHBIICHHS IIyOWHBI MATHHTHOM AMEL X 00pason

| mger MM
ropba. OrmeTEM, 4YTO B [HAHHOM ¢ny4ae MAaKCHMAIbHO JOCTIDKMMOE  3HAYCHHC Bc, omnpezne

- » |
0., = (s5/B2) 7 e o7 = 2 (1- (a/ar)") dlaja,)).

20

20—

N | O T A 1 ot
4 ; sl i 18 :i ,:
: : ----- : :,_ ......... 3 ' ;J
154 * Lk 3 meM il
2 ‘: ‘.‘, E'Q_ 10-
o =
] 1 1 &
[l 1 \‘ /MM -
:‘ \‘ s._
5'- 1 \\
‘\\ t"-..___- .——-MM
b —— - -I ] : . -.....-..I.---.----" : 5 ‘ —r
T H T T t T s ’ g : : -0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 : ¢ 1
ala

Puc.3. 3aBHCUMOCTb B, OT OTHOCHTENIHHOTO pajuyca a/a, WA
MOHOTOHHOTO ¢, ¥ mmpa S, : 1- 6e3 rodppupoBKH; 2 — ¢
rodpprpoBkoit 8, = 5% .

Puc.4. 3aBUCHMOCTH [, OT OTHOCUTEILHOTO pafMyca a/a, Wis
HEMOHOTOHHBIX § W COOTBETCTBYIONAX MM IIMpOB S TIpH
rodgpuporke 8, = 5% :1-111 g, u S, 2 -uiA g, U S,
3-mpaq,uS,.

Mcnoms30BaHAe HEMOHOTORHOro mpodmns g(a) mua crabwmsaman MBM 1 MM IpHBOIZMT K CICAYXOMMM
pesynsratam. B pexarve paborsi Tokamaxa ¢ mpoduiem ¢,(a) mmmmymst mupa S, (@) mnonamaror Ha ofnacru
neycroiumsocts IBM 1 MM (Ha UERTPATBHYIO H NEPH(CPHIHYI0 YaCTH MJA3MCHHOTO IIHYDA), BCIEACTBHE 3TOT0
UBM n MM nomasmmorcs (puc.4, xpuBasl). B pexamve paborsr Tokamaka ¢ npopmieMm ¢,(a) MummMym mupa
S, (a) nonapaer ma obnacte HeyctoiumBocTH MM, BenencTere s1oro MM noxasiens: B HeHTpambHOl YaCTH MHypa

sa nckmodermem obnactu 0.2< a,. /a, < 045 (puc.4, xpusas 2), a IBM re nopasmnorcs. s upoduns g, (@)
uvym mapa S, (@) monazaer Ha o6macts meycroimBocrs MBM, npu atom Babmonaerca crabumasamys UBM u
o6pa3zoBarue ABYX HeCBA3HBIX oBnacteii HeycroiumBocT:H MM (prc.4. kpusas 3). Ananorudusie pesyasrars s HBM
nomyucHsl B pabore [5]. OrmerEM, YTO 30H2 HEYCTOHMMBOCTH MM He ABAAETCA CHMMETPHYHON OTHOCHTE/HHO OCH
B, (mampumep, puc.4, KpuBasl, 3aMTPHXOBAHHAA 0GmACTL mpH S< 0): B obnacru §> O maxomurcs Gomsmas

4aCTh 30HBI HEYCTOMMMBOCTH. DTO 03HAYACT, C OJFHOM CTOPOHBL, YTO M3MEHEHHE mMpa S =>— .5 MOXKET oKa3ars Cra-
Grmsapyromee Bosaeiicteue (MM: kpusas 1 Ha puc.4). C apyroi CTOpoHbl, HEMOHOTOHHBIH XapaKTep
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- g(a)npusoput K pectabunmsauum Tex o6nacTell rUTA3MbI
(MM: kpusas 3 na puc.4), KOTOpbie ObIMM YCTOMUMBLI TpH
s MOHOTOHHOM npopune ¢, (a)m mmpe S;(a). B Ttex
: o0nacTsax, rAe HEMOHOTOHHbIH npodunsg(a) crabunmsupyer
03] MM YKa3aHHbIe MOZbl , HAOMIOHAETC  yMeHbLIEHHWE HHKPEMEHT2
. N - (puc.5, xpueas 3 mns WBM); B ofmactsix, rme ¢(a)
- [\ b3 AeCTabUIM3UPYET YKa3aHHbIE MOMbl — YBENUYEHUE HHKPEMEHTA
4 (puc.S, xpusas 2 anst UBM).

0.1 - Puc.5. 3aBucuMOCTS HHKpEMEHTA Y OT OTHOCHTENBHOTO padmyca a/d,
npu uxcuposarnoM B, =8% u rodpuposke §, =5%: 1 - gm

0‘00. o 02 . o 4' o MOHOTOHHOIO ¢, B mupa 3, ; 2 —~ A7 HEMOHOTOHHOIO ¢, M IuMpa S, ;

ala, _ 3 — AMs HEMOHOTOHHOTO ¢, W WHpa s, .
SAKJIIOYEHHE

B pabote uccnenosano BIHsIHHE HEMOHOTOHHOCTH NMpodus kodpduLHeHTa 3anaca YCTOMYMBOCTH § Ha yCTOMH-

4MBOCTh MOX Mepche 1 HAeaIbHBIX Ca/IOHHBIX MO B TOKAMaKe ¢ rOGPHPOBAHHBLIM DPOTOTBHBIM MATHUTHBIM TIOJEM.
Ioxasano, yro necrabmwmsupyiomee Bo3nekicTBre rOPPHPOBKH NONA HA YCTOMYHBOCTD MIA3MBI MOXKET GbITH YMEHb-
IeHa, eCITH B IUIa3Me CHOPMHPOBATL HEMOHOTORHBIH MPODUIL § ¢ MUHHMANBHBIM 3HAYCHUEM HIHPA B 30HE BO3GYX-

ACHHs COOTBETCTBYIOWIEH MOABI. Takum 00pasoM, eciiu B PasNMYHBIX OONACTSX MIA3MEHHOTO IIHYPa OAHOBPEMEHHO
B03OyxaatoTcst Moabl Mepese i IBM, TO [Tl MOA@BNeHUsT HEYCTORTMBOCTY B TOKAMAKE MPENCTABISETCH HEOOXOMH-
MBIM COOPMHPOBATH HEMOHOTOHHBIH IPOQMIb ¢ , YTOGbI COOTBETCTBYIOMIMIA €My MIMP WMEN Ba MHHHMYMA' OZMH B

30He BO30y»aeHus Mo Mepcee, npyroii - B 301e Bo3by:xaerus IBM.
Onpenenenst 3085 Bo30yxeRus uneanbHbx MITJI-MOL 10 pamHycy NMAa3MEHHOTO LIHYpa H MHTEPBAJIbI NaBJe-
HHI [UIA3MBbL, TIPH KOTOPBIX 3TH MOABI HeyCTOHuUBbL. HalineHbl HHKpeMeHTEl BO30YKIaeMbIX MO
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STABILITY OF THE IDEAL SMALL-SCALE MHD MODES IN TOKAMAK WITH RIPPLE MAGNETIC
FIELD AND UNMONOTONOUS DISTRIBUTION g

A.Ya. Omel’chenko, E.V. Romashchenko
Kharkov Nanonai University, Physycal-Technical Department, 31 Kurchatov ave., Kharkov, 61108, Ukraine

The stability of ideal ballooning modes and Mercier modes in ripple tokamak with unmonotonous profile of the safety factor g have
been investigated. It is shown that complicated profiles ¢ with minimum shear in the each region of the instability leads to the simul-
taneous stabilization of these modes in the different regions of the plasma column. The localization of the zones of instability on radius

of the plasma column, the ranges of plasma pressure under which the mentioned modes excite have been obtained.
KEY WORDS: ripple magnetic field, Mercier modes, ideal ballooning modes, safety factor g , shear.
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YCTOMUMBOCTH CBOBOJHOIO ABW/KEHHUA 3APAIA B 'BJ]EKTPOMATHHTHOM
MOJIE NAEAJBHO NPOBOJAIIETO KOHTYPA

1.B.Monosuyu, B.M.PamkoBaH -
Xaprroeckui zocyoapcmeennviil A3poKOCIUUecKull yrusepcument “XAH
[locTyrmia B pefaximo 15 geppata 2000 1.

PaccMOTpeHO CTalMOHApHOE ABIPKCHYE 3aPKESHHON YaCTHIE! B DK TPOMArHHTHOM T1071€ WASaBHO TIPOBO/IIHETO KOHTYPA.

C HCnoib3oBaHueM Metona GVHKIp JIsTTyHOBa TOTy4eHbl HeOOX0MMbIE # AOCTATOUHBIC YCIIOBUS VCTOMYMBOCTH JAHHOTO
TUTIa OBVDKEHMS TI0 JBYM KoopjuHartaM. llpoBeleHbl HUCICHHbBIE PacHeThl YCTOMYMBOCTH IIPH pasid<HBIX MapaMeTpax
CHCTeMBbI “3apsDKeHHas YaCTHIA - MICATBHO MPOBOINMA KOHTYD . [lo pe3yibTaTaM PacueToB OTPERCICHBI 06macTH
YCTOMYMBOTO JBWKEHMS YaCTHIb! I PACCMaTPUBAaEMbIX KOODIMHAT. -

KJIHOUYEBLIE CJIOBA: yCTOMUMBOCTD, 3apKEHHAA YaCTHIIA, CTAILMOHADHOE JABIKEHIC, UICaTLHO MPOBO ISV KOHTVD.

M3BeCTHO, HTO 3apAd, HAXOAAMMUNCA B SICKTPOMATHHTHOM MOJE, HE TONBKO MOABEPLracTCs BO3ACHCTBHIO HOJIA, HO
W B CBOK OdYepedb caM BAMAeT Ha mone, M3MeHat ero. OCOOEHHOCTHIO BIMAHHA [BIDKCHWA 3apila Ha
NEKTPOMATHUTHOE TOJE WICATHHO NPOBOLAIETO KOHTYpa ABIACTCA TO, HYTO CHIIOBBIC COOCTBEHHOTO
MAaTHHTHOTO TONA ABIDKYIIErOCs 3apAana, MPOHK3LIBAA HOBEPXHOCTD, OTPAHIICHHYH) HICAIBHO TPOBOIAMAM KOHTYPOM,
WHIYIEPYIOT B HEM HE3aTYXAIOUIHE TOKH, M3MCHMOIMECA TaK, YT0 MOJHBIH MATHUTHBIH MOTOK YCpPe3 NMOBEPXHOCTE,
OTPAHMYEHHYI0 MACATBHO MPOBOLAMIUM KOHTYPOM, OCTAETCA HOCTOAHHBM | 1| BO3HHKHOBCHHE HE3ATYXAMOIMX TOKOB
MPUBOZMT K WIMEHEHVIO KAPTHHBI 3JIEKTPOMATHMTHOTO MHONS CHCTEMBI, 4TO MOMKET TO3BOJHTL 00SCHCUMTDH
YCTOMMMBOCTD HEBO3MYIICHHOIO IBIDKCHHA YaCTHIBI HE 32 CueT 0C000# (OpMBI MArHWTHOFO MOJA, 3 32 CHET
B3aUMOAEHCTBHA NOJNA HICAABHO MPOBOIMINET0 KOHTYpA C MOJEM 3apMKCHHOM 4YacTHubi, B pabore MCCaeayroTCsA
BOMPOCH! YCTOMYMBOCTH KPVIOBOH CTAIHOHAPHON OPOMTHI 3apAaa B IIOCKOCTH HACATBHO HPOBOIMIICIO KOHTYPA.

MOCTAHOBKA 3AXAYH
PaccMOTpUM  CTAUMOHAPHOE HEPEIITUBHCTCKOE ABIDKCHHC 3apPOKCHHOM YacTUI(Bl MO KPYTOBOM TPACKTOPHH
pagmMyca p B IJIOCKOCTH GECKOHEYHO TOHKOTO KOIBLEOOPA3HOTO HACANBHO MPOBOAAINETO KOHTYPA, KAaK TOKA3aHO HA
puc. 1,

X o ' ™
L./ \g ¥
Puc.1. CxeMa IBIDKEHMA 3aPLKEHHON YaCTHIB B TUIOCKOCTH MACATHHO TIPOROIAILIETO KOHTYpa

Hicnome3ys narpamkes (QOpMamisM M Mmeron Qymxumit JIAMyHOBA, MCCNEAyeM YCTOMMMBOCTSD NAHHOLO THIM
HOJYYEHHE YCJIOBAH YCTOMYABOCTH

CHCTEMBI “"3apad - HACATHHO TPOBOAAINMI KOHTYD C VYETOM NpE OV '
_ - YYCTOM NPHHATHIX ITOIT TR H—
JNarpawka: - | | A MymMEHUH 32 -e__

Y HEKILE

m-v? : L P
L==——+qp -9 e,
A L ()

¥ ZIBA NEPBRIX MHTEIPAA ABIKCHIA
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(oL |
- ——— i . " — L ] T — 2. 3 —— a

|— =a3;7p+a;, - I=P; Ay =mp7; A, =L

9 o8 (2)
L : o¥ ¥

M o U _ o ta q

_é'I“-"azr@*’azz‘I*an 312-_3“-_““-321=_-“"'

L s ¢

3aece L - MHAYKTHBHOCTH KOHTYp2 I- TOK B MACANBHO MPOBOAAINEM KOHTYpE, A » “BEKTOPHBIN TIOTCHIMAII TIOJIA,

CoaepKamuM TOABKO Q-0 KOMIIOHEHTY, V-CKOPOCTb 3apKCHHOM YACTHIBL, (- 3apda] YaCTHLBL ‘Pq - MArHUTHbIA
TIOTOK, CO33aBa¢MbIH 3aPAIOM ¥CPE3 KOHTYP HACATLHO NMPOBOIAMICIO BHTKA.,

ZJp1 CTAaHHOHAPHOIO ABIDKCHHA 3APKCHHON YACTHING IO KPYTOBOHM TPACKTOPHE PaIHyca p B ILIOCKOCTH HICAIHLHO

MPOBOJAIET0 KOHTYPA HEOOXOAHMO BBHIIOTHCHUE YCIOBHH

a I

OR

o

5 =0; 3)

5p-0_ Joz|,

rae R - gymmugms Payca cucTeMsI “3apaz - HASATHHO DPOBOAMINMIE KOHTYD . JaHHbIe YCIOBHA HA30BEM HEOOXOXMMBIMY
VCITOBHAMHY YCTOMYMBOCTH. 3HAK o O3HAYACT HEBO3MYMICHHOC ABIKCHHC.

Hcxons n3 onpenencrng Qyuxumn Payca, ¢ yueroMm (1), npeacrasmM ycnoens (3) B BHIE:

5L | Bp-Ay)

—_— = m~q>2-p+q--<p- —2.1 =0,

op ol | op ’
| ] OA W
AL .

a'z .‘_'— q.(p.p.__a_?i_:! :0.

| T L R

B ILTOCKOCTH THHEHHOTrO KpyroBOrO TOKa COoCTaBismomas Marmmtroro mojs B = 0. Tlostomy ang crammonaphoro

JBIDKEHHA B IUTOCKOCTH IHHEHHOIO KPYroBOr0 TOKa HEoOXommMo, YTOOE! LHEHTPOOSKHAas CHI2 YPAaBHOBCIIMBANACH
yvaraatHOH., Ciayuall ¢ =0 umTepeca HE MPEOCTABLICT M HEOOXOAMMOE YCIOBHE YCTOHMHMBOCTH IO PaguMyCy NPUMET

{m : -1-5*‘”}‘ - 0. (5)
m-: p op Iﬂ

VumreBad (2). OKOHYATEIBHO NPEICTABUM HCOOXOMMEIE YCIOBHA YCTOMYMBOCTH CTALMOHAPHONW NHKIHYCCKOM
OpPOHTHI 1A CHCTEMBI "'3apAN-HICAIbHO MPOBOAAINEE KOJBIO":

BHI.

1 day, |
A~ Mg S
D — °l o 4,=0 (6)
¥ 1 Oy, ll
Ayy— — A4y |
| T omep op i,
TToxyuuM Temeps SOCTATOMHBIE YCIOBHA YCTOMYHBOCTH OTHOCHTEIBHO OTKJIOHCHHH B  HAampaBJICHHAX,

NCPICHIMEY TADHBIX CTAIMOHAPHOM TpackTopum opbutel. Mociaegyemas BaMHM CHCTEMA ABIACTCH OOOOIICHHO
KOHCEpBATHBHOM [2], Tak Kak ¢e ¢yHKima Payca

[ﬁ'azz“w'alz: ‘5"'[‘{"311*5'312-]'? _m p’ B m-z”

R= : _ : ; (7)
222y 3?2] 2 2
OR JH
a, Cl1e30BaATE ILHO, Pvakmmg [ aMIILTOHA HE 3aBUCAT ABHO OT BPCMCHH. = =, —a-t— =0.

Jig MOTVYEHMS JOCTATOYHBIX YCJIOBHM YCTOWYMBOCTH B CIy4ae O0OOHMIEHHO-KOHCEPBATUBHOH CHCTEMBbI MpH
HATHYHA IHKIHYCCKHX KOOPIMHAT V,I00HO BOCTIONB30BaTLCA Teopemol Payca [3].

[MycTs HEOOXOIAMBIM YCIOBHAM YCTOHMMBOCTH CHCTEMbI “TOYCYHBIH 3apAl - HICATLHO MPOBOAAMIEE KOMBLO
VAOBICTBOPAIOT P =p,, Z=2Z,. JT0 CTAIMOBAPHOS IBWKEHHE OyZeT YCTOHYMBBIM COIJIACHO TEOpeMe Payca, ecin

[B-an-y-a,]B+[¥ a,-Ban] ¥

W== .
B '[311’ B2~ a-u]

‘ (8)
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HMCCT TS HCTO MEHUMYM.

MyCTh CHCTCMA MCHBITBIBACT BOSMYIUCHUA p =Py +Ap, Z=Z¢T Az; Toria

o

| 1| 8*W , . O'W o > | | 9)
' Z) — vZy) = T (Ap)* +2-——— Ap-AZ+ (A~ +...
Wip,z) — W(pg,2,) 2{ 2p? (Ap) 2002 P P |
JIMHCHHBIC WICHBI PA3TOXKECHHSA VHAUTOKAOTCA B CHITY HCOOXOIMMBIX VC/I0BMH YCTOHIHBOCTH (3).

Cornacko xpurepmo CHTSBECTA BemleCTBeHHAs Ksamparmdsad (opya (9) ToTzd H TOTRKO Toraa Oyaet
OTIPC/IEICHHO TIOTIOKATEIBHOM, KOTZA BOE TTIABHBIC MHHODSI €€ JMCKPHMMHARTA MOJIOAMTCTBHBIC. JTO HacT HAM B2
HEPABECHCTBA:

oW
op? o
KOTOPBIE ¥ OYIYT ABIATHCA AOCTATOMHBIMH YCTOBUAMY YCTORHMBOCTH.

Taxum 06pasoM, M1 CAy4as CTAIMOHAPHOTO ABIGKCHMA 3APDKCHHOHM 4aCTHLE! IO KPyroBOH TPaCKTODHH B
MTOCKOCTH HICANBHO MPOBOASINETO KOHTYPA 3aNUCaHBl HeOOX0TMMBIC (6) ¥ MOCTATOSHBIC (10) ycroBuA YCTOHYHBOCTH.
C ¥MX MOMOIIBIO MOMKHO OICHHWBAThH YCTOMYMBOCTH YKA3AHHBIX TPACKTOpHH ABIDKCHUA TPH Pa3TAHBIX NapaMeTpax
CHCTCMEI “*3apSKCHHAA YACTULA - HACAIbHO POBOIAIIEN KOHTYD .

2 3 |
- [a ‘:’,5 \:’} . (10)
L Op° Oz |,

OBCYXJIEHHUE PE3YJABTATOB ¥ BbIBO/ABI
Pe3ynpTaThl MMCICHHOTO PAcHCTa KPUTEPHEB YCTOHMMBOCTH IBIOKCHHA 3aPMKEHHOM YaCTHIBI 110 CTAMMOHAPHOH
opbure 171 0OMEro CIy4as HEHYICBOTO 3aMOPOKEHHOTO HOTOKA B HACATBHO MPOBOMAMEM KOHTYPS MPCACTABICHDL Ha
puc.2,3. Pacuersl BEIHCH C MCOMb30BaHMEM YCA0BUH (6) u (10), 3aMHCaHHBIX B Oe3pa3sMEPHOM BHIC:

0
D—xl‘g*l)_
Yo =72 2 mox,; X3f,=0 mo x;. (11)
2 1 oD v
l_yz. -D- |
X4 Xy |,
0 | y2-2.y,-v, D+x}
e L 2“ 2?2:2 “L1>0 no X; ; %, >1  -m X, . (12)
Ix; x;-v2-D '
| . x . :
3ﬂeCBx1:£3 X =5 Isz“z‘i T=0-t; Xi=d13 Xz=d(p-; I3=d1;
r | or dt dz dt

(- HEXad KOHCTAHTa, HMEIOMAA Pa3MEPHOCTE YIIIOBOH CKOPOCTH, OMPEASBIEMAasA COOTHOMEHUEM

w=—L—;—+‘I’¢0;

rvL-m

7¢+Y2 D - 6e3pazmepHsie napaMeTps! ¥ Oe3pasmMepHas QyHKIMS COOTBETCTBEHHO!

. Yo & mw:f-rz = :f, ;}1‘_, 3@ 2%('11#{*——-111 : Dz-————‘/li_I-[(Z—kz)-K—nz.E]. |
C-y4eToM BBE/ICHHBIX 0603HaCHUI Ge3pa3MepHAT HIMCHEHHAS [IOTCHIMATLHAS SHEPIHs
xj-y3-DF

Puc.2 (a,0) 1eMOHCTPHPYET NOBEACHHE HEOOXOMMMOTrO YCHOBHA YCTOMYMBOCTH B BHIS Gynxipm ¥, = y,(x,) ®
- | y _ = 4 - 4 Yo = Ve
Yo =70(r2). CeMeHCTBO KpUBBIX y, =7o(X;) NPUBEZCHO IPH PA3MMMHBIX 3HAYCHUAX Y2- YTO OTPAXKaeT
roBeeHHE HEOOXOMUMOTO YCIIOBHA YCTORYABOCTH B 3ABHCHMOCTH OT pafuyca CTALMOHAPHOH OpOMTEI .

x O Pa3IAIHBIX
COGCTBCHHBIX CBOHMCTB CHCTCMBI YBCIMYCHHS HapaMeTpa ¥ ) o

MPUBOZMT K CMEMICHHIO SKCTpeMyMa QyHKumu
Yo =Yo{(X,) BHpaBO C OJHOBPEMCHHBIM YBCIHYCHMEM €ro aGCOMFOTHOTO 3HaueHWwI. KpuBeie cemelCTBa WMEIOT
XaPAKTEPHOE nosenm: 10 TOUKH 3KcmemyMa C POCTOM PaaUyca MACT YBETUUCHHE Be THYHHE] Voot
MOCTOAHHOM BMOpOKeHHOM HoToke ‘F' = CONSt pocty momenta xomuectsa npwkerms vacTrisl. Tlocne mepexona
YACTHIB! TOYKHM IKCTPEMYMA ¥, = ¥, . Hepexon Ha OpbuTH Gombmero panmyca conpos °mamg' },Wm@m

JHAYCHHA ) ;. MTO COOTBETCTBYCT MPH NMOCTOSHHOM BMOPOMESHHOM B KOHTYD MOTOKE NAJCHMUIO BEIw ”s _
KOAMYECTBA ABVKCHMUA YACTHILH. - i | BEMERIE
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cepis isuuna «ﬂ,ﬂ?&, YACTHHKH, Ao, Bun, 2 /10/ ~ YcroiyusocTb cBOHGOAHOrO AB VOKEHMSA 3ApAAA B ...

[MoBenenre, aHANOTMYHOE TOBCACHMIO CEMCHCTBA KPHBBIX ¥, = ), (x,), wumeer m cemeicTBO
Yo =Vo(ry,) mma pasmramsix panmycos OopOmTEl X, = COnst (pmc.2(6)). Habmogaercs aHatorM4HEIH SKCTpeMyM
Yo =7 ome A Qymxmm ¥, =y0(y,).
Yo Yo

95— e — — _ p i . -
| 1| gy d £y |

T [T~ 02— A g
3 i_ : _-/ T/ : . “‘M:“ 3.5 /// Py —

/ . /J! 10 = _ 30—

/ / T W 10 50—

4 / ' 50— : / :
! / ¥ 3 ' //-"‘"'"_/ “"‘“*-—-._ﬁ_“_\‘
7 / P \‘-H""-\__\__\“
vl S~

2.5 S ) r.’.. : =
/ /

15 7

0.5[{:;

Puc.2 HeoOxomuMbie ycIoBHsA YCTONYMBOCTH:
a) Yo =7 o(X,) npu y, = const;
0) 7o = ¥9(yy) mpu X, =const .

QT T T T R 5 I 1 N
A A E L u= L I T8
: b b g \ | o2 g , i ' —;_—g"
| Casaady S is MR i Raed: i‘ * i e | | 2L
SEERE ‘* | a0l B | / 30
. .. 1ot 30
i | 15 ;! 20 /
04— ;r 7
] / |
S e s ;
L)
: : 0 l\Tk—f— gt g ! !
ot : i ‘:‘ :l\‘_// { i ,...-:#:_.--j.j
| , : , | e
; || el e
; ¥ P e
/ E D4 S S e o
_. | ; By P |
& B i ”j I “-'| 1.2 F’/ _.‘I '/E !
i Yy t i | | A | A7 7] z |
M B P | I | S SR Y |
T I . ] | N I G A I | S
SO R B S S N N . e TR A |
: B l - i | _ i 4 s bl sl | - i)
42 . : = : | = I | i0
{15 2 1 3 % 4 45 5 O : ¢ ? oy

1, !

Pac.3 ﬂomamwe VCI0BHA YCTOHYHBOCTH.
8)7, =7o(X,) mpuy, =const ;
6) Yo =Yoly,) mpu X, =const.
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, St CTeMBI KakK HKIOTH
Ha pwuc.3(a6) nNpeaCTaBIeHbl  JOCTATOYHBIC — YCIOBUA YCTOHUMBOCTH ~ CHCTEMD Py

12y 33 a2 F 3 _ i ——
V2 V(.l),rﬁ v_2'v COOTBETCTBEHHO. BRIHO, YTO BBINOIHCHAE

(7 2) Mpu MOCTOAHHOM ), H X;

(“\1 (\; S é’xf’ X} "
“KH bBa Xi D" =0,
JOCTATOMHBIX YCIOBHH VCTOIYMBOCTH BO3MOXKHO /I8 CpEJHMX OpOHT, DpaBee TOMKM Pasp =72
2 57
V o
| . BETIHMUHBI XapaKTepH3yeT
KOTOpAs CABMACTCA BOpPABO NpH BospacTamm ), . Cieayer 3aMETHTh, YTO 3HAK BES P pa )

VCTOHYHBOCTb MM HEYCTOMYMBOCTE CHCTEMBI, 3 €€ aDCOMFOTHOS 3HAMCHHUE - ’KECTKOCTh CUCTEMBL.
Ilpu mepexone Ha OpOUTHI OOIBOIETO PagHyca (y, = = const) JKeCTKOCTh CHCTEMBbI CWILHO MAJACT, TO3BOIIAA

OCYIIECTBUTE MEPEXOX W3 00MaCTH YCTOWYWBOTO no.m)menm B 007aCTh HeycTOWUYHBOTO. MAKCHMATHHAA KECTKOCTD

2 12 | s e i
CHCTCMBI HAGFONACTCS B OKPCCTHOCTH TOUKH Pa3phiBa x}-y; -D* =0, x; >y, D, # yMCHbINACTCA TIPH yAAICHIH

OT OKPECTHOCTH TO4YKHM pa3peiBa. Kpome TOro, A1 HOCTOSHHBIX 3HAYCHUH NapaMeTpa )/,, MMEIOTCA KPUTHYECKHC
SHAYCHMA PATAYCa OPOWT CTAUMOHAPHOTO JBIDKCHHA, OMpPEJCTIICMBbIC yPAaBHCHHEM x{— y:-D* =0 (prc.3(a)).
Cucrema TpH ABWKCHHH 10 OpOHTE MOCTOAHHOIO paguyca X; = const TaxKe HMEST KPWTHYCCKHC 3HAUCHHA
napaMerpay,. ONPEACIIEMBIC ITHM KE YPABHEHHAM. Ha puc,3(6) noxasaHo, YTO YBEIHUCHHE )/, BEACT K MOBBINCHUIO

JKECTKOCTH CHCTEMBbI [0 TeX TMOp, TOKa He GyeT JOCTHIHYTO KPMTHYECKOE 3HAMEHMC ),, HOCTC 4yerQ CHCTEMa PE3K0
NepexoquT B 001aCTh HEYCTOMYMBOTO PABHOBECHSA, MPUIEM KPHTHYCCKOC 3HAUCHME TCM Sonsme, YeMm 00bIIE PATHYC

CTAUHOHAPHON OPOMTHI.
Taxum 00pa’oM, YHMCICHHBIE PACYETH! HOJNYYEHHRIX YCTOBHHM YCTOHYMBOCTH MOKA3BIBAXOT, ©TO UL CHCTCMEI

"3apAT-HACATHHO MPOBOAIMH KOHTYP" BO3MOXKHA YCTOMYMBOCTS HA BHEIIHKX OPOMTAaX NMPH CPEIHHX SHAYCHHAX X,

K4K U4 KOODIHHATHI X,, TAaK M AT KOOPIWHATEL X, IPH OTIMYHOM OT HYML "33MOPOKCHHOM B HICATBHO
NPOBOIAMIEM KOHTYPE" MATHHTHOM ITOTOKE.

CHHCOK JTHTEPATYPHI
1. Janmay J1.J1., Mudmoma EM. DnexrpoirHaMuka CIVTOMHBIX cpell.- M: @uzMatris, 1967 .
2. l'arrrmaxep ©.P. Jlexipum no aHamrmideckod Mexanuke. M.: @u3MaTrus, 1960.
3. Yeraes H.I'. YeroirmBocts mwkernst. M.: 'ocrexmsgat, 1946 .

STABILITY OF THE FREE MOTION CHARGE IN THE ELECTROMAGNETIC FIELD
OF SUPERCONDUCTIVE COIL
D.V.Popovich, V.M.Rashkovan
State Aerospase University named after N.Ye.Zhykovski - “KHAI"
61070, Ukraine, Kharkov, Thkalova St.-17

Consider the stationary motion of one charged particle in the electromagnetic field of superconductive coil. With use of
Lyapynov’s functions the necessary and the sufficient conditions of stability of this motion for two coordinates were got.
On the results of numerical experiments the districts of stable motion in aystem *“ charged pamcle - superconductive coil
were determined for different parameters of system.

KEY WORDS: stability, charged particle, stationary motion, superconductive coil.
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®OKYCHPOBKA MMYYKA 3APSKEHHBIX YACTHIL
CBEPXIPOBOSILIIUMY MATHUTHBIMH KOHTYPAMM

B.M. PamkoBasn, A.B. Mapuyk, A.B. Cuauenxo
["ocydapemeennolii aspokocMuyeckui yHugepcumem
wum. H E. JKykoescxozo “XAH”,
61070, Vxpauna, 2. Xapexos, yn. Yxanosa 17,
[Toctynuna B peaaxumio 10 mas 2000r.

PaccmoTpena 3anava GOKyCHMPOBKM 3apHKEHHBIX YaCTHUL CBEPXMPOBOAALIAMUA KOHTYPAMHU, a Takke MoAPOOHO UCCAenyeTcs
M3MEHCHUE BEKTOPHOINO MOTCHUWaNa MOJIs KOHTYPOB B NMPUCYTCTBUHM ABWXYLIMXCA 3apsfJ0B C YYETOM B3aUMOAEHCTBUS
mesxay Humu. [Toapo0HO u3yueHa KapTHHA U3MEHEHHs BEKTOPA MArHWTHOM WHAYKLUMM 3aMKHYTOM CHCTEMBI NpM HAIWYHM
ABWKyMXes  3apsnos. [lonyyeno npubnvxkeHHOe BbipaXeHHe s (GOKYCHOrNO pPAcCTOSHHMS MarHMTHOW  JIMH3BI,
YYUTHIBAIOLIEE PEKYTIEPALIMIO SHEPTUM B CUCTEME CBEPXNPOBOIALIMX KOHTYPOB U NOTOKA 3apsSKCHHBIX YaCTHLL
KJIOYEBBIE CJIOBA: cepxnposoasinumit XOHTYp, Gyskuus Jlarpasxa, BEKTOPHBIN NOTEHIMAN, MATHUTHBIH MOTOK.

®oKyCUPORKA MOTOKA 3apAKEHHBIX HACTULl NPENACTABNSET ONHY M3 Hambonee CNONHBIX W NPOGNEMHBIX 3a1ay
MarHuTHOHN muHamuku. Mcnonb3oBaHUEe MarHMTHBIX JIMH3 SBASETCS OIHUM U3 METONOB PELUEHHS MOCTaBICHHOM 3a1a4un.
Hicnons3oBaHue B TAKUX CHCTEMaX CBEPXNPOBOAALIMX KOHTYPOB npenacTasisieT coboil Gonee cloXHYIO 3aha4y, OAHAKO
MO3BONAET MCCACIOBATh NMPUHUMIMANBHO HOBbie 3P(EKThl, CBA3aHHBIE B NEPBYIO O4YEpenb C SBJACHUEM COXPaHEHUS
TMOMHOTO MarHUTHOTO NOTOKA NPOHHW3bIBAIOLIETO KOHTYP CBEPXIPOBOASALIETO KOHTYpA.

IMOCTAHOBKA 3AJJIAYH
PaccmoTtpuM 3amauy POKYCHUPOBKM 3apsHXKEHHBIX YACTUL CBEPXMPOBOAAIIUMU KOHTYPaMH, PAcrONOXKEHHBIMU B
TUTOCKOCTH TPAECKTOPHY IBMXEHUS 3apAN0B, TPEACTABICHHYIO Ha pHUC. 1.

g

ajI:z

Puc.1 Cxema ABMXEHHMS NOTOKA 3aPAMCHHBIX HACTHUIL BOIHU3HM CBEPXITPOBOASLIMX KOHTYPOB

PaccmoTpumM ABa -CBepxnposoMmm( KOHTYypa paauyca a, ¢ OCE€BbIM PAaCCTOAHMEM 2h Mexay HUMH ¥ YacTHILY
Maccoiim ¢ sépﬂnQM q, .ﬂefﬂmHM k ocu OX nox yriom ¢r ¥ PACCTOSHUEM T A0 UEHTpa CHCTEMBI.

CoxpaHeH1e NONHOr0 MarHKTHOTO NOTOKA MPOHH3BIBAIOWErO KOHTYPa | U 2 BhI3LIBAET yBEIUUCHUE CHIIbI TOKA B
HUX, 4TO MPUBOZHT K H3MEHEHWIO CWiibl B3aMMONEHCTBHMS MEKIYy KOHTypamu ¥ npoGHOW uacTuusl. [IpH pelienhu
NOCTABNEHHON 3ajaum yao6HO BBecTH GyHkumio Jlarparwxka, A HCKMOYEHUA LMKIHYECKMX KOOPIAMHAT CHCTEMM.
[MocTapneHHas 3a4a4a He ABJAETCA AKCHAALHO-CUMMETPHYHON B OTaMuMe OT [2], MOCKONBKY Yroji (P HeE BXOAWT B
HUKTHYECKHE KOOPIMHATB], YTO YCAOKHAET paccmomeﬂﬂym Moaesb. TIpy pelieHHH HCnoIb3yeTes Kak Jlarparkensii,
Tak ¥ HpioToHOBBIA dopmanuzMm. |
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MATEMATHUYECKAS MOJEJIb A ———
Jlis AaHHOM 3a4a4u HEOBXOAMMO BBEIeHHUE, Kak QyHkuun Jlarpatia, Tak ¥ ”P“*"f_’e”e”:: b pamica i
JlopeHiia, ¢ yUeTOM W3MEHSAIOWETrocs BO BpEMEHU MArHUTHOTO TOJIA. Boipaxkerue Ais GyHKUMH J1arp ‘

L zl(mfz +mr2¢a2)+-;#L11,2 +%LZI§ + L, 1,1, +q(ifﬁl)+q(§A_2), (1)
2

. | | o ire W i-I0 KOHTYDOB, { — CHla TOKa B
roe L, — MHAYKTUBHOCTb i~ro KOHTYpA, LU. — AHIYKTMBHOCTH B32HMOJEHCTBUA i-rO  j-I0 KORTYPOB, £,

: 4 - - TULIBI.
i-oM KoHTYpe, A ; — BEKTOPHBIH NOTEHUMAN 1-1'0 KOHTYPa, V-CKOPOCTD ABVWKEHNA 3apskeHHOH 4acTUlib

BuIpakeHUe 4714 BEKTOPHOIO MOTEHLMANA KOTbLIA UMEET BUIL

a,(r=For )2 (-ﬁ— = k)K(k) —2E(k) |, @)

27 \r
rae E(k) n K(k) — nonHbie /MnTHYeckre WHTErpaisl NMepBoro @ BTOPOro poia COOTBETCTBEHHO, 2 G.e’spawepﬁﬂﬁ
napameTp k onpeaenseTcs Kak:

g =2,
atr -
[Tocko/bKY Pe3y.IbTUDPYHOLHE BEKTOPHBIH MOTEHLHAN ONPEAEAeTCs Kak Cynepnosulyi BEKTOPHBIX MOTEHIIAATOB
KaXKJIOr0 W3 KOJIEL, TO CHCTEMA He SABJIAETCS aKCUaIbHO-CUMMETPUYHOM OTHOCUTENBHO O, uMeeTca Kak yrjioBas, Tak #
paavaibHas KOMIIOHEHTa BEKTOPHOTO NMOTEHIHAMA. | |

Aco = Awl (r,)cos(a) - ArpQ (r,)cos(f3)

; . 3)
Ar = qul (rl- ) Sln(a) o Aqﬂ (rz ) Sln(ﬂ)a
rie ¥, =k’ + 1’ = 2hrsin(p),r, = \/ h* +r® + 2hrsin(@) , a seipaxense s yrioB & # [ uMeeT BUL
o = arcsin kit , B = arcsin st 4 (4)
1 s

AHau3 BbipaxeHuii (3) No3BONAET CYAUTH O 3aBUCMMOCTH BEKTOPHOIO MOTEHIMaNA OT YIia, NoA KOTOPBIM
4aCcTHLA BJIETAET B MOJI€ CBEPXIMPOBOIALNAX KOHTYPOB.
®yukuus Jlarpamka 3aBUCUT OT 0000meHHbIX koopauHar: I, Ir,r,¢. ITockonsky koopannats I, I,. nukivveckue,
TO BbINOJHAETCA 3aKOH COXPAHEHUS MOJIHOTO MarHUTHOTO MOTOKA, MPOHU3LIBAIOLIETO KOHTYpa 1 U 2:
VY, =L1, +L,1, +qwrf(r,)=const, (5)
V,=L,1,+L,I +qwrf(r,)=const. (6)

Pewas ypasnenus (4), (5) oTHocUTenbHO [;, I, momydum ciexyioumye BeIpaXEHUs 1S 3aBUCHMOCTH CIUTbI TOKA B
KOHTYpax, B 3aBUCUMOCTH OT NOJOXEHHA 4aCTHLIbI OTHOCUTENbHO HeHTpa O:

LzlPl - szqu —gf (n)onL, + L,qf (r, )wzrz

I (F,F)=- | (7)
Lle "Lizz

L(7,%) = - L, + L)Y, "“ifgz)wz:zl;l + L, qf (n)ayr, ‘ ®)
o oo R

DOyHKLUA f (r) npencraBaser coGoli BEKTOPHbIY MOTEHIMAN KONbLA ¢ CHION TOKa B 1A, Ha paccTosiHuM r OT €ro
LeHTpa, a @ — YIIIOBas CKOPOCTb ABUXKEHMS 3apAaa ¢ OTHOCHTE/NbHO LieHTpa O.
Moacraroska Beipaxerut (4), (7), (8) B (3) NO3BONSET NOMYUUTH OKOHHATENLHOE BLIpAXEHHE /18 BEKTOPHOIO

MOTEHLMANa CHCTEMbI, TIPY STOM YIHTHIBACTCA B3AUMONCHCTBIE MEXTY ABIKEHHEM 3aPMKEHHON YaCTHIIb W CHCTEMOM
KOHTYpOB, nocpeacTBOM cunbl JIopeHua. -

- JanpHeiiuee HeCneNOBAHME XapakTepa B3aMMONEHCTRIS MEXY CHCTEMOM KOJIEl U MOTOKOM 3apﬁmeuﬂux YaCTHL
yAOGHO BBINMONHUTH, MCTIONb3YA BbIPAKEHWE WHAYKLMH MarHUTHOro mnoas B . Kak M JUIS BEKTOPHOTO MOTEHLMANA
UHIYKUHA MArHUTHOTO NOJIA OMPEAENAETCA UCXOAA U3 MPUHLIANA CYTIEPTIO3UIMH B KXKAOH TOYKE NOJiS CHCTEMBI o

Boipaxenvie U1t HHAYKUMH MarHUTHOTO 1071, GeCKOHEYHO-TOHKORO KOHTYpa ¢ TokoM | coracHo [1] paauo

B,(n=22 k) + 2 gy | L ©)
S a-r - v

2r a+r
Ces3p MEXAY yrnamu @), @, 4 @ ONPEAENACTCA CleAYIOHMMH COOTHOLHEHUAMM:
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- [ r | (7
@, = arccos| —cos(@) |, @, = arccos| —cos(@) |. (10)
h g ' |
Vrnosas ckopocTb ABKEHHS 3aPHKEHHON 4aCTHLBI OTHOCUTENBHO Ka)XXI0r0 KOHTYpa ONpeaenseTcs Kak:
_ysi(y+o,) _vsin(y +9,)
£ "
Hozncrasum nosnyuennoe Boipaxerue (11) B BeIpaxkeHHe 1715 CUTLI TOKA NEPBOTO U BTOPOrO KOHTYPOB:

(1)

wle—leqg-quz% -f—'- ——H [K(k)=2E(k) |sin(y +)

Lle o sz

11(?", Q)=

+
(12)

fat| 2 ) .
— }:—-kz K(k,)-2E(k,) |sin(y +@,)

r, 2

Li,-L,
al{ 2 _ .
Y, 1, _lexpi"'Lqufz_‘ o ";'c‘“'kl K(k)—-2E(k) |sin(y +¢,)

h ]

13(?', Q)) = ' E: s 3 ; : -—
Lle R V. (13)
al{ 2

Lgfe |21 Sk, |K(k,)-2E(K,) |sin(y +o,)
_Zfr | k - -

BHAN®
Lan o L122

[NoacranoBka BuipaxxeHuit (12), (13) B Boipaxkenue (9) MOTHOCTLIO ONMpeAeAseT MOJHYI WHAYKLMIO MarHUTHOTO
T0J11 B CHCTEME. .

3aBUCHUMOCTE BEKTOPAa MarHUTHOH MHAYKUMHA B OT monoxeHus 3apskeHHOM 4acTHULpl BONU3M CBEPXTIPOBOAALINX
KOHTYPOB MpPEACTaBleHa Ha puc.2. MarHuTHOe Nojie B CHCTEME 3aBHCHUT OT MOJIOKEHMs 3apsDKEHHOHA YacTULbl U Cuiia
B3aUMOLEHCTBASA MEXIY CBEPXMPOBOAALIMMU KOJIbLIAMM M 3apSAOM 3aBUCUT TaKKE OT CKOPOCTH, HANpaBICHUA W
NOJIOXKEHUs 3apsaa. | |

Kak cnemyer u3 (12)-(13), cwna Toka B KOHTYpe BO3pacTaeT NMpu NpUONMXKEHUU 3apHKEHHONW YacTHLbl K UCHTPY
cuctemMbl O. TlomyyeHHBli pe3yjibTaT CBUAETENLCTBYET O [EPEXOAe KUHETHYECKOM JHEprud YacTulbl B
3NEKTPOMATrHATHYHO SHEPTLXO ITOJISA.

Puc.2 3aBHCMMOCTH MHIYKLMM MarHuTHOro nojs B

B,.10%

7
MpU JBUKEHAU 3apKEHHON HacCTHLb] [(a = Z)

1-yeAMHEHHBIE KOHTYpPA C TOKOM;

_ T ,
2-MO/IOKEHHME HacTHLbl: ¥ =4,¢ = L ¢=0;

8

3- nonoxenue Yactuupl: r=3,p=—,9=0,

(=)}

N

p
4- NOAOKEHHE YacTULRL, r=3.9p=—,p= -E;

i

/4 r
5- MOJOXEHUE YacTuubl: r=3,¢ = -6—.¢ = re

[Mockonbky ¢ynkuma Jlarpawka (1) He
3aBUCHT ABHO OT BpPEMEHHM, TO HaHHas CHUCTEeMa
ABJAETCA KOHCEpPBaTUBHOM, M CJEA0BATCIILHO
[TOJTHAsA JHEPTUs CUCTEMbI COXPAHAETCH.

OnpenenuM  M3MEHEHHE  KHHETHUECKOH
JHEPTHU 3apsyKeHHOH 4acTHUbl 32 CHeT ¢¢
nepexoja B JHEPrHI0 MarHuTHOro noas, [lpu
5TOM YHHMTHIBAEM H3MEHEHHE CHibl TOKA BO
BPEMEHH: '
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L2 ~1*) LAI% -1 14
AE, = ! ]02 ”)"‘ { _02 22)""L12'(Im]20"'[11121)= (14)

i : - : skeHHOM 4acTUlbl 33 BpeMs €€
rae |- CHTa TOKa B i-OM KOHTYpe, B j MOMEHT BpeMeHM. Tak H3MEHEHNE JHeprud| 3apAKEHHON HacTHLR! 32 BPe

hOKYCUPOBKM ONPENENHTCA UCXOAS U3 BbipakeHu# (12)-(14). | .
] v . o : 158
TMonyuvm Bbipakenue Ans GOKYCHOTO PACCTOSHWMA MArBUTHOM JINH3DI [pUBEACHHOM HaHPHC- L. ‘[I;?Pl‘;yﬂaefgu
DOKYCHOTO PacCTOAHMA MATHUTHOM NHH3bl ONPENENAETCS MCXOAS U3 BBIpAKEHWA LA L opemiaa ( 3)'3 e
MOTyYeHHbIX BbIpakeHuit A1 CHlbl TOKa B KonTypax (12), (13) v popmybl A BEKTOPHOTO BOTE I, :

A 74 y 1
i‘é=-qi+q(erozA), (15)
dt o
. . 2 :
f——-rcosqo-—psmé—\/pz—(pcosé«—rsm(p) : (16)
my - ) |
rae p = BO - NapMOPOBCKHH PAIUyC IBWKEHNS 3aPSHKCHHOM YaCTULEI B HA4aNbHbIM MOMEHT BpeMEHH [ .
g8,

B 3aBHCHMOCTM OT HAuanbHLIX [APaMEeTPOB 3alauM, 3HAK [ MOXeT ObITh Kak MOJOXHTENbHBIM, Tak H
OTPULATENLHBIM, CIEI0BaTENbHO, MPUBEAEHHAA Ha prcC. | MarHuTHas JIMH3a MOXET o6naaaTe Kak COOMpATeIbHBIM, TaK
H pacCeMBAIOLMM CBOMCTBOM. [ToyueHHoe BbipakeHue A1 (OKYCHOTO paccTOSHHA MO3BOMAIOT CYAMTH 0 cuie
B3aUMOIEHCTBIS MATHUTHOR JIMH3BI C My4KOM 3apSIKEHHBIX YaCTHI M H3MEHEHHH KHHETHHECKOA SHEPTHY (14).

BbIBOJA bl

C ¢u3nueckoil TOUKM 3peHHd, TIOMYHeHHbIE€ Pesy/bTaThl MOXHO WHTEPNPETHPOBAThH CIEHYIOUINM o0pasoM.
TlosBlieHHe B CBEPXNPOBOAAMIMX KOHTYpax MEPEMEHHBIX M0 BPeMEHM TOKOB MNPWUBOAMT K BOSHMUKHOBCHHIO
31EKTPOMArHUTHOrO nonsi A(T), KOTOpoe B TOYKE HAXOXKAEHWA 3JICKTPHYECKOro 3apsia Oyner co3xaBaTh
pe3yNbTHPYIOUIYIO JMEKTPUYECKYIO CWIy P, HampaBleHHYIO NPOTHB ABIDKEHHS 3apija, B Pe3yjabTare neicTBUs
KOTOpO# 3apsan OyaeT TOPMO3UTHCA.

[pu npubnKeHUH 3apsHKEHHOM YacTHLlb! K OHOMY W3 KOHTYPOB, B 3TOM KOHTYpPE MHIyLHPYETCA ANEeKTpUYECKU
TOK, MPUBOAAILMHA K MOABNEHMIO MATHWTHOM WHIYKLWMH, OKasbiBatoLlell Qokycupyoulee IeHCTBHE HA INEKTPUIECKHM
3apsA. BriosHe OYEBUAHO, YTO ITOT mpoilece OyaeT NPOSBAATECA KK NPH PacrioiokKEeHUH CUCTEMBl KOPOTKO3aMKHYThIX
BHTKOB BJOJb TPAEKTOPHM LBIKEHMsA, TAK M NMPOCTpaHCTBE Takhum oOpasoM, 4ToObl obecreunTh MaKCHMATLHYIO
MarHUTHYIO CBfi3b MEXKAY ABWXYIIMMCA 3apAIOM M CHUCTEMO# KOPOTKO3AMKHYTHIX HICAIbHO 3JIEKTPOMPOBOIALIMX
BUTKOB. Heo6X0AMMO NMOAYEPKHYTh, YTO MOTYUECHHbIE PE3yNbTaThl OTHOCATCS K B3aUMOMCHCTBUIO TeJl, HAXOAAIIMXCS B
OHOM TIOCKOCTH, @ PACCMOTPEHHE NMPOCTPaHCTBEHHOM 3a1a4un TpebyeT Gosee NPUCTANILHOTO TOAX0Aa K ONpeIeNIeHUIO
B NEPBYIO OUEPEb POKYCHOTO PaCcCTOSHUA.
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- BEAM FOCUSING OF CHARGED PARTICLES
BY SUPERCONDUCTIVE MAGNETIC CURCUITS
V.M. Rashkovan, A.V. Marchuk, A.V. Sinchenko
State Aerospace University
named after N. Ye. Zhukovskiy - “KhAI”,
61070, Ukraine, Kharkov, Tchkalov St.-17,
department “Power units and electrorocket engines of space vehicles”

The problem of charged particles focusing by superconductive circuits is submitted and a detailed vector potential of circuit field
investigates at moving charged particles presence taking into account their interaction. Studying rriagﬁetic induction vector field of
closed system at moved particles is executed. The approximate expression for focusing distance of the magnetic lens 13 oBt ined
considering energy recuperation at superconductive circuits-charged particles flow. | e
KEY WORDS: superconducting circuit, focus distance, vector potential, magnetic field.



