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cepin gisuwna «SAnpa, 9acTunrn, nos», 2000, sumn. 1 AHAaNM3 NOJHBIX CeYeH N Peakumu nox nevcTBuem .
VAK 539.172

AHAJIN3 IOJIHBIX CEYEHUM PEAKIIHI IOX AEMCTBHUEM JIETKHAX
IK30THYECKHX SIIEP HA OCHOBE S-MATPHYHOT'O IOXO0JA

A. C. Moaes

Xapuvkoscxuii nayuonanbuvii YHusepcumem um. B.H Kapazuna, 61077, Ykpauna, 2. Xapexos, ni. Ceo600w1, 4
IlocTynuna B pepaxumo 7 nexabps 1999 r.

[Tomyaeno npubnmwkennoe BBIDOKCHHE UIA MOJTHOrO CEYCHUS PEaKUM C y9acTHEM JIerKux PAIHOAKTHBHBIX AIEP MPOMEXY-
TOYHOH JHEPrHHM HA OCHOBE MOENLHONO NPEACTABICHHS MATPHLBI PacCeAHMA. OTIHYHE PACCYMTAHHBIX C NOMOLLBIO 3TOrO
BBIDOKCHMS TMONHBIX CCYCHMH peakiMii nmoa AeiicTBHeM anep > "Li uw 7 '> “Be or TOYHBIX 3HAYEHUH COCTaBisieT, B
OCHOBHOM, 1 — 2%. [Tokasano, 9To ymMeHbinenne ceuenns peaxwii ans cucremsr 'Li + 2C o POCTOM 3HEpTHH B 061acTH
E =20 - 75 MaB/uyxion 00yClOBIEHO yMEHbINEHAEM TapameTpa panryca 1 YBEIMYEHHEM ITPO3PATHOCTH B o6nacTu MaaeIx
MOMEHTOB IIpH BO3PaCTaHWH SHEPrHA HANETAIOWMX S1Ep.

KJIIOYEBBIE CJIOBA: nonsoe ceuenue PeaKiui, MaTpHLIa paccesHus, KBa3HYMIPYTO€ PACCESHHE, HENTPOHOU3OBITOY-
HBIC SIpa, HEUTPOHHOE rajo

IlepBrie 3kcniepuMenTsl Ha MyaKax Jerkmx HEATPOHOM3OLITOUHBIX snep [1-3], B KOTOPLIX OBUIM M3MEpEHR! MojI-
HBIC CCYCHAA B3aUMONCHCTBHA M NOJIHBIC CEYEHHUs PeaKiuii B IIHPOKOH 00JIaCTH SHEPTUH, NOKA3AIIH, YTO 3T CEYCHHS
MMEIOT aHOMATBHO OONIbIIAE 3HAYEHMS. Pe3y/bTaTsl aHamm3a U3MEPCHHBIX MOJIHKIX CEICHHI CBUIETENBLCTBYIOT O TOW,
ITO PaZiHyChl HEKOTOPAIX CIaGOCBA3AHHEIX AP, JEKAUMX Ha TPaHMLIE HEHTPOHHOM CTaOMIBHOCTH (Hanpumep, ''Li,
' “Be, '"B), samerso npessmaior PAIUIYCEl COCCNHMX CTaGNbHBIX ANEP M BHIXONAT 33 NpENeNsl ANEPHON
cucreMatakH ~ A", 9410 OGYCNORICHO MPHCYTCTBHEM B TAKHX SK30OTHYECKIX AAPaxX MPOTKEHHOTO HEHTPOFHOIO

E =30 — 60 MaB/nyxion (Hanpumep, [4 — 6]). CormecTHEL anamm3 T DepeHTANBHOIO CEUeHNs Paccessas U mojl-
HOrO CCCHHA pEaKiWil DA OXHOM H TOM JKe 3HEPIHH HAJIETAIOMMX JaCTHIl IO3BONAET MOMYIHTH GoNee Ham KHYIO (H-
3H9ECKYI0 HHYOPMAIHIO O SAPO-SAEPHOM B3aMMOICHCTRAH | CBOMCTBAX JIETKAX “K30TAYECKHUX AAEP.

IlonHOe ceuenme peakumii ABNAETCH ONHOM M3 BAKHEIX XapaKTepHCTHK, K KOTOPOM YYBCTBHTENbEE MOIEID
OIHCAHHA ANPO-ANEPHOrO B3aHMOZEHCTBHA. B Hacrosmeli paGote mommbie ceverus Peakumil B3aUMOAEHCT IS TerKux
SK30THYECKHX Aep C aapamu npda E = 20 — 75 MaB/nykion [IpOaHATH3HPOBAHEI HA OCHORE MOAXOMA, B KOTOPOM B3aH-
MOZICACTBHE CTA/IKABAIOMMXCA AAEP OMACHBAETCA C NOMOIILIO MATPHIIbI PaCCESHMA.

MOJEJIb H IETAJIM PACUETOB
IlonHOE cedaenne peakmmit onpenensercs BEIPROKCHHEM
T - 2
or == 2. +DA-|s,|"), (1)
k° 120
rae k — BOJHOBOE YHCIO OTHOCHTEIBHOIO NBIDKCHHS CTAJIKHBAIOIIHXCSA ANED, ]S,] — MOZynb S—MaTpuusl B

COCTOSIHMH C OpPOHTATBHEIM MOMEHTOM / .
B xaectse [S;| Gynem HCNONB30BaTH YRHBEPCATHHOE MOLEEHOE npezcTaBiense [7], ¢ NOMOLBIO KOTOPOro yc-
TICITHO aHATTASHPOBAIOCE KBA3HYNPYTO€ PACCESHHE JIETKAX 3K30THIECKHX Anep ¢ £ = 30 — 60 M>3B/nyxnon

|S;| = exp[-284 (L)], L=1+1/2, )
280(L)= po[2LAgy(L,Ly,Ap) + A%)'Vz (L, Ly, Ap)]'? S(L,Ly,Ay), 3)
W(L,Ly,Ag)=—f (L, Ly, Ap) In(l - £(L, Ly, Ap)), 4)

. 4

-
f(L:Lo:Ao)=[1+ L—'—L-"-)J , 5)
Ay
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FAC NapaMeTp [, XapaKTepH3yeT HHTCHCHBHOCTS NoTNowerns, L, u A, - napameTphi hepMUeBCKOH HYHKIHH.

Moxyne S-MaTpHIEI I12BHO H3MERHseTCE B MPOCTPAHCTBE MOMEHTOB OT O4eHb MATHX BETHTHH B CITy4ac 10CTa-
TOYHO CHIIPHOrO NOMVIOIIEHHA 0 €HHMIIL B Nepexoxsoll o6nacra s6mnu L ~ L, (L, »A,), xoTopas B BHOCHT OC-
HOBHOW BKJIaz B (1) (manpumep, [8]). 3amenss B 3ToM ciyuae BHpaxenHe B KBAIPATHHX CKOGKAX B (3) MOCTOAHHLM
MHONMTENEM 4LyA, In2(1+Ay1n2/L,), 3ameqaem, 910 Momyms MaTpHIIbi PaccesHMA NpHOOpETaeT BHI, paccmat-
puBaBLImiics B [9]. Toraa ananoruaso [9] maxommm

/4 2 2A 1 A - ”2"1
il B pnanl 28, _ o (4242 |1 (6)
Or e [ exp( p(Lo))+ L, (7 ﬂ(Lo)]+ [7 - JJ

rneL, =Ly+Aq Inp(Ly), u(Lo)=4uy[Ly Ay l2(1+A, In2/Ly)["2, y =0,5772 — nocrosrHas Jiiiepa. Boipake-

Hue (6) crpasenmusoipr Ly » A, m ,'u"(Lo) « 1.

AHOMAJLHO GONbIIME 3HAYCHAA O'p IIA IPENENBHO HEHTPOROM3OHTOTHEX Anep, Takax kak ''Li, ' > “Be, "B,
MpH 3HEPTHH HECKOJIBbKO NeCATKOB M3B Ha HyknoH cornacHo (6) HMEIOT MecTo, eclii 3TH AOpa XapakKTepH3YIOTCs, B
4aCTHOCTH, GOJTBIIMMH pamMycaMH M NapaMeTpaM¥ PasMBITHS (GONbITAMY mapamerpamd L,, L, A,), 9eM y
COCeHUX CTaOWIBHBIX AHEp.

PE3Y.JIbTATHI PACIETOB H BHIBO/IBI

B xagectBe npuMepa Tabi. NEMOBCTPHpPYET OT/IHYME TONHEIX CEYEHHH peakIuii, NOTyJeHH X ¢ noMomsio (1) —
(5) u (6) coorsercTBeRHO, B Clydae B3auMoneticrsns anep * ''Li, "> “Be ¢ pasmrasniMu sapamu. Hernoms3osanesie
1IpH pacyeTax o p HaGopel napamerpoB A3, B, D, E, G nomyueHsl B pesyisTare aHaM3a SKCNEPAMEHTATBHEIX JaHHBIX
Mo (KBasH)ympyroMy pacCesHHIO NPH yKa3aHHOM 3Heprud. OTMeTHM, 9TO NpH 3TOM Habopel mapamerpoB A3, B, E
B3aThI U3 [7, 10, 11]. B ocTaibHBIX cyuasx ONEHKA O, MPOBENEHA C HCIONB30BAHHEM NAPAMETPOB, HAMICHHBIX B
pe3ysbTaTe SKCTPANOJIAIAHE HMEIOIMXCS JaHHIX IPY APYTOM SHEPTHH.

Tabu. ITapameTphi pacueToB U NOHEIC CEYCHAA PEaKIHH C yIaCTHEM JIETKAX PATHOAKTHBHBIX AIED

ITapamerpsr Or, MO
Cucrema E, M>B Ha6op L A e I;: ;?:r ];;::ff
Hyi+C 220,0 Al 30,704 5,684 0,2539 2293 2321
N+ *C 330,0 A2 34,201 7,491 0,1557 1992 2028
e 3 1 e & 637,0 A3 41,738 11,835 0,0672 1589 1637
1y j + 28gj 319,0 B 52,429 9,568 0,1806 2515 2549
UL+ Cu '379,5 C 67,175 12,920 0,1680 2689 2736
°Li+'2C 540,0 D 36,514 10,329 0,0604 1311 1353
4Be +12C | 796,0 E 46,250 15,390 0,0736 2028 2121
12Be + Cu 618,0 F 75,300 17,000 0,0960 2247 2300
Be + 2C 140,0 G 17,456 3,735 0,2654 1231 1249

Y3 Ta61. BHIOHO, 9TO NOJHEIE CEYEHUA PeaKuyii, paccauTaHHsle cornacHo (1) — (5) u (6) COOTBETCTBEHHO, NOCTa-
TOYHO GA3KH ApYT K Apyry. OTmadre NOMyYeHHEIX B 000HX CIydasx cedenuit o, cocrammser 1 — 2 % mis Ha0opoB
Al, A2, B-D, F,G uokomo 4 % nna sabopa E, xorna Lo/A, = 3,0. Cnenosaremsso, npr6mmkeHEHOe aHAMTH-

yeckoe BbIpaxKeHHe (6) MOXHO ¢ XOpOIeH TOYHOCTHIO MCNIONBL30BATh IS AHAIM3A TONHBIX CeqeHuii peakuMii non
AEHCTBMEM PAIIMYHBIX JITKHX ANEP, KOTJA SHEPrus HANETAIOMMX YACTHL COCTABIIET HECKOIBKO AeciTkoB MaB ua

HYKJIOH.
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cepin pizuvna «Aapa, wacTunrcn, noas»,2000, sun. 1 AHanu3 NosHbIX ceyeHmi Peakuuu noj AeHCTBUEM ...

BaxxHo momuepkHyTs, yTO PE3yNbTaThl NI 0, MPHBEJECHHBbIE B Tabl., MOATBEPKAAIOT 0OCYyXaaBlueecs Boiime
HanwIHe GONbIMX cedenmit peakumii ¢ yqacTHEM CNabOCBA3AHHBIX ANEP M HAXOAATCH B XOpOLIEM COrflacH¥ ¢ UMelo-
HIHMUCS SKCIICPHMEHTANBHBIMA NaRHBIME (oM. [2, 3, 12]).

Hns BBIACHEHHS OCHOBHEIX AeTaneii TIOBEJICHM TIOJIHBIX CEYEHUI PeaKimii ¢ u3MeHeHneM £ HEOOXONMMO YYUTHI-
BaTb 3aBUCHMOCTh TAPAMETPOB S—MaTPHLbI OT S3HEPIHH HANETAIOLIUX qacTul. B nansueiimem Gynem aHAITA3UPOBATH
o g (E) ans ''Li - *C-Bsaumoneiictsns npu E = 20 — 75 MbsB/nykion. Ipu sTom wis mapamerpa R, =L,/ k wcnons-

3yeM napametpmsaumio [13]

1/3 173
4,4,

1/
RO =r0 A 3+At1/3+b 173 173
A, " +4,

P

-c(E) |, (7)

roe r, = 0,843 ¢m, A, ; — MaccOBBIE YHCa HANETAIOIENO A/lpa K Apa MHIIEHH COOTBETCTBEHHO, b = 1,85 (cm. [6,
13), c(E)=1,91-16,0 exp[-0,7274(E/ 4,))*****] cos(0,0849(E / 4 2100 [14)
3aBHCHMOCTB Mapamerpa d,, = A, / k ot 3Hepruu BrIGepeM no aHaIOrHy C [15]

dy = d(1+y,[1-exp(~y, E/4,)]), (8)

rae d = 0,80 dm (cm. [15]), Yo =0,79, ¥, =0,02 MaB™,
Hanee yarem, 9T0 B BBICOKOIHEPTeTHIECKOM npubmmkenun L, (E)=W(E)/E,, (Hanprmep, [16]), rue W (E) -
[TyOHHa MHUMO#M 9aCTH OITTHYECKOT0 TNOTCHIIAANIA, KOTOPYIO MOXHO NPEACTaBUTH B BUAE [17):

W(E)=W,-a E/A,+B(E/A,)*, 9)

u E_ — 3HEprHa CTAIKHBAIOIMXCS AACp B CHCTEME LIEHTpa Macc. B paccmarpusaemoii o6nactu SHeprum s 'Li —
">C-p3anmoneiicTers HMeeMm Wo =350MaB, @ =033u 8 =1,93- 10° MsB™".

maddepermamHEx cegerui 'Li — 2C-paccesnus, B COrIacoBEBAIOTCH C pe3ynbTaTaMy GUTHPOBAHUS SKCIIEPUMEH-
TATbHBIX TAHHBIX 0 paccesHyo ' 'Li apyrumu sapamm B o6nacty E = 30 — 75 M>B/HyKIOH.

Ha prc. mpuenena 3aBacAMOCTE o' oT E mna cuctemsr 'Li + 2C, paccunmanmas ¢ noMomsio (D -(5), (-9
(xpmBas 1) u (6)- (9) (xpuBas 2), BMecTe C PE3yJIbTaTAMH PacueToB B paMKaX MHKPOCKOMHMYECKOr0 MOAXO0/a [18] u
IKCOCPHMEHTATLHEIMA CeucHHAMH [12], a Taroke onernkamu [18, 19], 0CHOBaHHBIMK Ha CHCTEMATHKE MUMEIOMMXCA JaH-
HEIX.

Kak BumHO, paccuuTanHble HA OCHOBE S—Mmatpm4HOro nomxoxna
CEYE€HHA O p (E) KOPPEKTHO OIWCHIBAIOT IKCIIEPUMEHTATBHEIEC JaHHBIE
[12], otHOCAUmeC K MOROMY cevenmio 'Li — '2C-BsaumoneticTaus,
KOTOpOE€ OTIMYAeTCA OT MOJHOrO CEYCHHA peakiMi MpHOI3H-
TeIbHO Ha 5% [18], a Takoke cornacyrorcs ¢ oueHkoil o r = 1600 M6

[19] npn E = 60 M3B/ayiion u ceueHueM or = 1500 £ 50 M6 [18],

NOTY9CHHBIM B pe3ynbTaTe 3KCTPANOMALMA HMEIOMMUXCA MaHHBIX
Opa apyrok suepray. Ilpa E = 40 — 70 M3B/Hyknon kpusbie 1 u 2
HaXOIATCA B COIIACHM C NOJHBIMH CEYCHUAMH pEaKLMUH, BEIYHC/ICH-
14007 HBIMH C HCTIONB30BAHMEM MHKPOCKOMHMYECKoro mnoaxoaa [18] (cwm.

200 400 600 800 E,MxB kpuByio 3 Ha prc.). ClieffyeT noa4epKHYTb, 9TO 3HAUECHHSA OR , Onpe-

Oy, MO

1800

1600

Puc. Iommnie cesenus peaxmmii 'Li — '2C- AeNCHHBIC HA OCHOBE ONTHYECKUX NOTeHUHaos [4, 20, 21], ¢ nomo-
B3auMoJe#cTeaA: 1 — ToYHRIN pacyer, 2 - IBIO KOTOPBIX IOCTHTAaeTCA B OCHOBHOM TaKoe e, Kak W B [7], ka-
NpHONTMKEHHBIH pacder, 3 — pacaer [18], HECTBO ONMCAHHA SKCOCPHMEHTATBHBIX AH(PEPEeHIMATBHEIX caye-
KBAApaThl — JKcnepuMerT [12], Touxu — HEl KBasdynpyroro ''Li-— '’C-paccesnns mpa E = 60 MaB/nykion,

Aannnie [18, 19]. OKka3nBaloTCA Ha 150 — 500 M6 MeHBINe NpHUBENEHHOro BhIOE Ceve-
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nus peakunit us [18].
Kak cremyer u3 pHc. u TabiL, nomHoe cederme peaximait ''Li — '2C-ssammoneiicTers yGuBaer ¢ poctoM E, 9710
06YCIOBNIERO YMEHBIIEHHEM NapameTpa pamuyca R, W YBEIHYECHHEM NPO3PAaYHOCTH B 00NACTH MaTkX MOMCHTOB

(ymeHbmeHHeM BenmwuMH 4, ¥ u(L,) B (6)) Mpu BO3pacTaHWM SHEPTHHA HAJICTAIOUIAX A4€P.

TakuM 06pa3oM, Pe3yTbTaThi PACIETOB O p C HCTIONE30BAHAEM MOJIEILHOTO NPECTAR/ICHAA S—MATPHLE (2)-(5),

MOTYYEHHBIE KaK B PE3yNbTaTe CyMMHpOBaHuA pana (1), Tak & ¢ NOMOMIbIO AHATHTHIECKOTO BHIPAKCHHA (6), no3BosIA-
0T OOBSCHUTH IKCTIEPUMMEHTANTbHBIE 3HAYEHHSA MOHBIX CEYCHHH peaKii Noa JEHCTBHEM JIETKHX JK30THYECKHX ANCP
(naripumep, ''Li, > “Be) ¢ smeprueis 20 — 75 M3B/HYK/IOH ¥ BBIACHHTb [PH 3TOM OCHOBHBIC [I€TATH 33BHCAMOCTH

o g (E).

CIIMCOK JIMTEPATYPbI

Tanihata L et al. / Phys. Lett. B. 1985. V.160. P.380-384.

Saint-Laurent M.G. et al. // Z. Phys. A. 1989. V.332.P.457-465.

Villari A.C.C. et al. // Phys. Lett. B. 1991. V.268. P.345-355.

Kolata J.J. et al. / Phys. Rev. Lett. 1992. V.69. P.2631-2636.

Lewitowicz M. et al. // Nucl. Phys. A. 1993. V.562. P.301-316.

Zahar M. et al. // Phys. Rev. C. 1994. V.49. P.1540-1544.

Mones A.C. // Uss. PAH. Cep. du3. 1997. T.61. N11. C.2152-2156.

Frahn W.E. Diffractive processes in nuclear physics. Oxford. Clarendon Press, 1985.

Ky3uuuerko A.B., Mones A.C., Onumenxo I'.M. // Borip. aToMH. HayK# B TEXHHKH. Cep. snepro-u3my. Aecaenosanns. 1990.
Bem. 8(16). C.9-12.

10. Mones A.C., Kysauuenxo A.B., Onumenxo I'.M. // U3s. PAH. Cep. ¢us. 1996. T.60. N1i. C.132-136.
11. Mones A.C., Kysunuenko A.B., Onumenko I'M. / Hzs. PAH. Cep. ¢us. 1997. T.61. N1. C.162-165.
12. Shimoura S. // Proc. 2nd Intern. conf. on radioactive nuclear beams, ed. Th. Delbar. Bristol. Adam Hilger, 1992. P.215.
13. Kox S. et al. / Phys. Rev. C. 1987. V.35. P.1678-1691.

14. Townsend L.W., Wilson J.W. // Phys. Rev. C. 1988. V.37. P.892-893.

15. Trost H.-J., Lezoch P., Strohbusch U. // Nucl. Phys. A. 1987. V.462. P.333-357.

16. Mones A.C. // U3s. AH Ka3CCP. Cep. pus.-mat. 1989. N2. C.72-78.

17. Kussskos O.M. u ap. / A®. 1996. T.59. C.466-475.

i8. Kussekoe O.M., Kyxtuna U.H., @asuc C.A. // S1®. 1998. T.61. C.827-832.

19. Kussekos O.M. u ap. / A®. 1996. T.59. C.1188-119%4.

20. Mermaz M.C. // Phys. Rev. C. 1993. V.47. P.2213-2217.

2i. Cooper S.G., Mackintosh R.S. // Nucl. Phys. A. 1995. V.582. P.283-295.

N OBl N BN b Ud B el

ANALYSES OF TOTAL REACTION CROSS SECTIONS FOR LIGHT EXOTIC NUCLEI
ON THE BASIS OF THE S-MATRIX APPROACH

A. C. Moaes
Kharkov National University, 61077, Ukraine, Kharkov, Svoboda sq., 4

Approximate expression for the light radioactive nucleus total reaction cross section at intermediate energy is obtained on the basis of
the model representation of the scattering matrix. Total reaction cross sections for *"'Li and "' "*Be calculated with the use of this
expression agree with the exact values mainly within about 1 - 2%. It is shown that reaction cross section for the ''Li + 12C system
decreses with increasing energy in the energy range E = 20 — 75 MeV/nucleon due to decrease of radius parameter and increase of
tranparency at small angular momenta with the energy of the incident nuclei. ,

KEY WORDS: total reaction cross section, scattering matrix, quasielastic scattering, neutron-rich nuclei, neutron halo
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MNOCTPOEHHE KAJIMBPOBOYHO-UHBAPUAHTHOIA [MOJIHOU
AMIUIMTY IBI B QJIEKTPOMATIHUTHBIX ITPOILECCAX

F0.A. Kacarknn, UK. Kupuuenko*, C.A. Connatos

Hayuonanenoui nayunoi yenmp Xaporoscxuii @uzuxo-Texnu wecku-Hucmumym,
61108, Yxpauna, 2. Xapokoe, nep. Axademuvecxuii |, '
*Vxkpaunckas unxcenepno-nedazozuveckas akaodemus,
61003, Vkpauna, 2. Xapexoe, ya. Vuueepcumemcxas 16,
[Tocrynuno B penakuuio 17 supaps 2000r.

[TokasaHo, uTO OTCYTCTBME 1arpaHXMaHa, OTBEYAIOLLIETO CBA3AHHOM CHCTEME HE T103BOASET “BKIOYMTL
JIEKTPOMArHuTHOEe (OM) none cTamaapTHeIM 06pasom - MYTEM YAMUHCHWS NPOM3BOAHBIX. B pabore npennoxcha
npoueaypa yyera OM 101 Ha YpOBHE NOTHOrO KOBApPHAHTHOTO MAaTPUYHOTO 3JeMeHTa, 4To obecneymsaer TOYHOE
coxpanenwe DM Toka., OTBewalolleMy pasBajly COCTABHOI SINCPHOH  CMCTEMbI Ha COCTABISIIOLLME. DTOT METO.

JKBHBAJICHTEH HEKOTOPOMY AHHAMUYECKOMY KaTHOPOBOUHOMY npeobpa3oBaHIO.
KJIFOUYEBBIE CJIOBA: kanu6poBoyHas MHBApHAHTHOCTTh, CBA3AHHBIC CHCTEMbI, aMIUINTY1a, KOBAPHAHTHOCTb.

B snepHo¥ ¢pusuke DM B3aumoaeicIBHil 10 CHX Mop CyLuecTByeT npobiema, CBs3anHas ¢ NOCTPOEHMEM TEOPHH,
YAOBIETBOPSIOWEH (YHIAMEHTANbHBIM TPeGOBAHUAM KOBADUAHTHOCTH U KaIMOPOBOYHOH WHBAPUAHTHOCTH MpH
fIOCIC10BATEIBHOM yYETE BHYTPEHHEH CTPYKTYpPbl CBA3AHHBIX CHCTEM (s1€p M3 HYKJIOHOB, aJlpOHOB U3 KBApKOB K T.
1.). PemeHue 370#f npoGnemsl akTyanbHO Kak B TeOPETHYECKOM MJIaHe, TaKk ¥ B MPUKJAAAHOM - A7 ONHCAHUS
Pa3THUHBIX XapaKTEPUCTHK POTO- M 3M1EKTPOSAEPHbIX peakumit. [TocTpoenue KaTMOPOBOYHO-MHBAPHAKTHBIX TEOPHIl B
-1aTPaHXXEBBIX MOAXO0AAX CBA3AHO C MPOLEAYPOH «MUHMMANBHOrO BKIIOUYEHMUs» SM-nons B NarpaHXuaH aaepHoi
CHCTEMbI, YTO, Ka3anoch Obl, OJHO3HAYHO pelaeT yka3aHHYl0 npobnemy. O1Hako, B HAacTOALlee BpeMs 3ajaua
OCTPOCHHA NlarpaHiKHAHOB CBA3AHHBIX CuCTeM He peuieHa [1]. TI03TOMy Npu OMMCaHHM SAEPHBIX CHCTEM OBBIYHO
HMCIOT 18710 HE C JarpaHkuaHamy, a ¢ BOJIHOBBIMU QyHKUMAMH (B®D) KOHKPETHBIX, 3a4acTyI0 (EHOMEHCNOrMYECKHX.
NOTEHOHATOB. BMecTe ¢ TeM UCMONB30BaHHE KBAHTOBO-MEXAHHYECKMX MOTEHLMATOB He TOJLKO HapyllaeT
ROBAapHAHTHOCTE TCOPHH M, CJI€NOBATENBHO, 3aTPYAHAET TPAKTOBKY NMPOLETyPbl MHHUMANbHOIO BKIKOYeHns IM-nons,
KOTOpas BOSHHKACT B pe3y1bTaTe BBEACHUA KOBAPHAHTHOM MPOU3BOAHOMN, HO M NPHMBOIMT K CYIIECTBEHHO MOACTbHBIM
pe3yJIbTaTaM [ HEJIOKANbHBIX HYKIOH-HYK10HHBIX B3aUMOLEHCTBUI. B NpHknaiHoM mnaHe, HanpuMep B peakuusx
(oTopacuiennenus anep, Takke BO3HMKAET PSAI HEOLHO3HAYHOCTEHH [2]: BO-mepBbIX, OTCYTCTBUE TEOPHH BO3MYILEHHI
H Kak C/I€ACTBHE MCNIONb3OBAHWE B CHIIbHBIX BEpUMHAX (opMpakTopoB, cBA3aHHbIX ¢ B® cocTaBHON CHCTeMBI, He
Mo3BOJAET CHOPMYIHPOBATh KaKOW-TUO0 KPUTEPHI yHeTa TeX WM MHbIX MEXaHHW3IMOB peakuuu, B pe3yJbTaTe B
JYHIIEM CTy4ac YYHMTHIBAIMCH ABE [MOJIIOCHBIE AMAarpaMMbl C JOMOJHUTEAbHbIM BKIIOYEHHEM MHOIOYaCTHYHbIX
30 deKTOB - ME30HHBIX 06MeHHBIX TOKOB (MOT), B3aUMOIEHCTBHA B KOHEYHOM COCTOSHUM (BKC) n 7. a., npeHebperas
MPH 3TOM HEOOXONMMbIM TpeGOBaHHEM COIJIACOBAHMA TOKOB M T'aMMIbTOHHAHOB [3]; Bo-BTOpBIX, yuer MOT
HEH30€XXHO TpeGyeT BBEICHHA NOMONHHTE/BHBIX MapaMeTpoB (popMpakTOopoB ME30H-HYKIGHHOM CBSI3M, NapaMETPOB
00pe3aHus W T. 1.), C KOTOPBIMH YIaeTCs OMMCATh Ty MM MHYIO peakLMio C KOHKpeTHbIMH B® B onpeneneHHO
KHHEMaTH4eCckol 006nacT, Toraa kak nepexon kK apyrum B®, peakuusM Wi KMHEMaTHYECKUM 0BIaCTAM TpebyeT ux
NEPEMOArOHKH, 4TO SABAACTCA OOWIMM NEPEKTOM TaKMX MOJXOJOB; B-TPETHUX, ONMUCAHWE CTPYKTYpHI aaep
PCATHCTHHECKHMHU MOTCHUHWANaMM W HE3aBHCHMMOE BBEAEHHE [BYXYACTAYHBIX TOKOB aBTOMAaTHYECKH NPHUBOAMT K
HApYLICHNIO YPABHEHHUA HEMPEPBIBHOCTH, Tak kak MOT cTposTca aMilb Ha OCHOBE AMarpaMM o1HO6030HHOro 0OMeHa
B OTIHYUE OT PEATUCTUYECKUX NMOTEHLUMANOB, KOTOPble 3Q(PEKTUBHO conepkaT MHOrOMe30HHbIe BKaas! [3]. Bompochl
COri1acoBaHus TOKOB C TaMWIbTOHHAHAMH B KBAHTOBO-MEXaHHWYECKOM MOAXOAE paccMatpusaiuce B [4], rae
passuBaiach uaes Cakca [5] MUHMManbHOrO BKMOYeHHA DM-MONsS HENOCPEACTBEHHO B FaMWJIbTOHHAH AZIEpHOM
CUCTEMBI, YTO, ECTECTBEHHO, TpeOyeT 3HaHHA ero ABHOTO BHUIA.

CuTyaums, C10XKMBLIAACA B TEOPHH POTOANEPHBIX PEAKLMil, KPaTKO MOXKET GbiTh OXapaKTepU30BaHa CJIE TYIOLLHUM
00pa3oM: TpaJMLMOHHBIE KBaHTOBO-MEXaHWYECKHE MOAXO/BI, YYMTHLIBAIOUIME HAPALY CO CTPYKTYpOH sajaep
MHoro4acTuyHble dpdextsi MOT, BKC u 7. 1, Hapywalor TpeGoBaHust KalWGPOBOYHON MHBApHAHTHOCTH; B
KOBapHAHTHBIX XK€ MOAXOAaX KanHOpOBOYHAS MHBAPHAHTHOCTb AaMILTMTYA AOCTHTAeTCs MyTeM «HUCKIHOYEHHAN
BHYTPEHHEH CTPYKTYph! azep [2]. X

Hactofuias paboTa nocesllleHa PELUEHHIO NBYX OCHOBHBIX B3aWMOCBS3aHHBIX BOMPOCOB B 3/MEKTPOAWHAMMKE
AAepHbIX cucTeM. [lepBbifi COCTOMT B MPEACTaBIEHMM MATPUYHBIX 3NEMEHTOB MNPOLECCOB OM-pacuienneHus saaep
KOBApHAHTHbIMU AHarpaMMaMH 0€3 MNpMBICYEHHUS TEOPHH BO3MYLUCHUH MO KOHCTAHTE CWIBHOIO B3aMMOIENCTBHA.
Karaccupukaums MEXaHH3MOB PEAKLHH OCHOBBIBAETCA HA BBIACIEHHM M3 CBA3AHHBIX N-4aCTHYHbIX QyHKumii puua,
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cojlepraimmx OM  Tok, OAHOYaCTHYHO-NPUBOAHMBIX 010KOB, cogepkaumx (n-1)-4aCTH4HBIC yuxunn I pnHa
| (OTHOYACTUYHbIE MEXAHH3MbI) U CUILHOCBA3AHHBIX N-TOYEYHBIX BIOKOB - ¢KOHTAKTHBIX» aMILIATY 1. Bropo# B"”P‘,’C
i CBA3AH C pa3BUTMEM GE3MOLENBbHOrO, He 3ABUCALErO OT ABHOrO BMIA JArpaHiuaHa CBAIAHHOA CHCTEMbI. CrIOCOO
| BOCCTAHOBACHHA MPOAO/IbHBIX YaCTEH CHIbHOCBA3AHHBIX N-TOYEYHBIX QYHKLMA [ puHa. COIEpAALIMX IM no.e, Yepes
(n-1)-Toueynbie BepwuHsl (Ge3 DM-nons), kotopble OyaeM cuuTaTh W3BECTHbIMK. Takad MpoOLEIyPa SBIAETCA
00001IEHHEM Ha MPOU3BOJILHBIE UMITYIbCHI (OTOHOB M3BECTHOTO B KBAHTOBOH /IEKTPOIHHAMUKE METO1a pOTOHHBIX
BCTABOK MPH HY/eBOM MMITynibee [1] 1 oBecneunBacT KaIMGPOBOUHYIO WHBAPHAHTHOCTB MO.TIOCHOTO PAIa HE3ABHCHMOU
07T ABHOIO BU/Ja BHYTPHUALEPHOR THHAMHKHM.
JUis WATIOCTpaUMK JaHHOTO MeTona paccMOTpuM ero (6e3 noTepu OBIUHOCTH) Ha MpUMEpe (OTOPACLIETICHHA
CKaNsAPHOro CBA3aHHOTO COCTOSAHMS ¢ 06pa30BaHNEM B KOHEYHOM COCTOSHUM IBYX CKATADHBIX COCTABIAROUIMX.

PaccMoTpenre BBINOMHMM B MMITyNbCHOM MpeACTaBieHWd. J18  WINOCTpaudy  pasBHTOMD
{c 4-UMM.TBCOM

ro0Ixo1la

MPOJEeMOHCTPUPYEM €ro Ha PYyHKUMH PACMPOCTPAHEHHA CKANAPHOro noas. “Brmounm’ M noae €

k,) B ynkwno Ipuna D . Mcnomssys ceolictep mpamoro u ofpatoro mponaratopos: DD = D'D=1I,#n

y » HOTyYnuM 5D/aku =—DX5D'1/6k“ x D Toria skioueHwe DM mnons B

IByX4YacTHuHyr ¢yHkumio ['puna [4,6] umeeT Bua

1
{D(p + Xk)} =—2€€, I%D(p + )\k)gg— {D'l(p - ).k)}D(p +7K), (1)
0 ’

anpdepeHUHpys ero mo 6/51(

u
roe Z€ - 3apaa 4acTHUlbl C UMITYJIbCOM pu Maccou m.

SlBubiit  Bum  npomaratopa D(p) = 1/ (p2 B iO), 03BOJIAET BBINOIHUTL AU PEepeHLIHPOBAHHE
oD (p+ )"k)/akp = 2\p,, u, noncrasaas 8 (1) nogysnm

! Ld\ 2\p
zeelffl—): < {D(p+kk)}=—zee“j =
"2 A O A

2
“ ° [(p+kk)2 —m? +i0}

[Mpencrapnsis 3HameHatens (2) B BUIE: (p+ ).k)2 —m?+i0=2a+(1-1)b,rre a=(p+ k) —m® +i0.

b=p’-m’ +i0 MPUXOZIMM K BBIPAKEHHIO

Lan o 1 I
zee [——2 {D(p+2k)}=-zee (2p+k), [dr =
o X aku{ H “o Pa+(-a)p)
e (2p+ k)H )
= —ze . ———==-2eD(p+K)e, (20 +k) }D(p)
[(p +k)? -m? +io][p2 ~m* + io}
£ &, [Tpu BeIBOAE BBIP@XEHHUS (3) YUTEHO, YTO k? = 0 gyku =0.
#gk ?‘C Bbille M3NOXEHHOE MOXHO M300pasuth rpaduuecku (puc.l) u
it +E{ @} = Ctbt § N 3anucarh Tak: .
| D D(p+k B
D(p) (p) Diptk) o 1AM 0 (D(p + 1)} =

g 0 )\. akp (4)
=-zeD(p + k){e,(2p + k) .} D(p).

Puc. 1

Cpenas 3aMeHy B BbIpakeHuu (4) € i = k y » MPHXOIIUM K U3BECTHOMY TOXAECTBY

G(H'p p) Vopna-Taxakaiu:
LB D(p ) -1 =

. k,(2p+k), =D (p+k)-D"'(p).

D(pz) Brirouenue DM Mofis B CHIBHOCBS3aHHYIO TPEXTOYEUHYIO BEPLUMHHYIO (hyHKLIMIO
\ G(H;p,,p,) (puc.2) npoBoautcs Mo mpasuty (AByX4acTH4Hble QyHKUMH [puHa -
BHEILHWE KOHLIbI ~aMITyTUPOBaHbI):

Puc. 2
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(3)

ra€ Z, n Z, BelW4YMHa 3apsaa yacTvu 1 u 2 (Zy =2, +2,). Takum o6paszom, MAaTpUYHBIA INEMEHT, BO3HHKAIOIUMU{

NpH B3aUMOACHCTBUM y-KBaHTa C MOJHOM TpexToyeyHoit @I (puc. 2), umeeT Bun (puc. 3):

dh o y
—ZH{ T@k {D(H )}JD(p,)G(H+k;p,,p2)D(p2)+

+z,D(H)[ [ {D@%)}JG(H;pI ~kp,)D(p,) +

0

M =eg (s (6)

edh 6 . |

+2,D(H)D(p, )G(H:p,.p, -—k)[ — {D(pz)}}
;0 ok,

Ld\ & - '
+ D(H)D(p;)[o—k— = {ZIG(H" P1»p,) +z,G(H" ,pppé)}JD@z)
. “ J
re A =1-LH* =H +AK,pyy =Pya —Ak, H* =p} +p, =p, + py,H* = H+ Ak
8ﬂ'-i.' g k | /O q*.‘fs’/ 1‘,: '/,0

o—ob0
D(H) D(H" ®
(H) D(H" \o

Puc. 3 KanubpoBouHo-HHBapHaHTHbIH PAA AHMarpamMm, BOSHMKAMOWIMHA NpH «BKIIOYEHUM» (DOTOHA B
CHIIBHO CBSI3aHHYIO TPEXTOYCYHYIO QyHKLMIO ['pUHa.

Jlerko y6enuTbcs B TOM, 4TO MaTPHUHBIH 2IeMEHT (6) ynoneTBopseT Tpe6oBaHUIO KaJTMOpOBOUYHO# HHBAPHAHTHOCTH.

[ponmmocTpupyeM paseutslit moaxox Ha npumepe oTopaciuensienus sapa ‘He. Bkian B aMIUIUTYRy TNpouecca
‘He(y,N)T, ONpEAeNAETCA CyMMOH NOMIOCHBIX ¥ KOHTaKTHOM Anarpamm (puc.4), MatpuyHsiii 31EMEHT UMeET BULT:

M=ee,u(p) > MV(T), v(T)=Cu" (1), )
1=s,t,u,c
k g P T
- 4 ' 29
3 < (s) _ (H +H)“ (s) () _ 1) (p +m) (t)
H 1 Mu =2y S_mlzi G Yss Mut S t—sz Ys>
k | P i*v__
t. ip Mf‘") - G(")ys L mg)jflu),
T u-—ms
!
P : dr 0 .
- MY = S eGl i )]+ 2.6 k2 ()],
k T o }\. aku
ke, P jf:) = (ZN +KNk)Yu, jfl") = (ZT +KTk)Y“,
C. X Zn(t) ¥ Kyery - 33pA0 M aHOMaJIbHBIA MarHUTHBIA MOMEHT yacTuubl N(T); Z,, -3apan
H T 4He. )
BeeneM OTHOCHTENbHbIE 4-HMITYIBCHI, XapakTepusylomue sepuunHy ‘He—NT B
MOJIFOCHBIX AMarpaMmax:
Puc. 4 ' ' ' H'
k, =p—@;)H'=@H’—T,k[ =k, —-@-f)k,ku =k, + (b ,)k,
H'" H' H' H"
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(8)

k,()=k, - (;H)kk (L) =k, +>H(1I';H,')k.

Bepumnnas yHkuns G onuceisaer BuptyamsHbiii passan ‘He—NT W BCleICTBHE — PEIATHBHCTCKOH

MHBAPHAHTHOCTH 3aBHCHT OT KBAIPATa OTHOCHTENbHOTO 4-immymbea G = ( k; ), =S, LU)-

[Tokaxem, 4T0 npu BbIGOpe OTHOCHTENBHBIX 4-MMIYIBCOB COrMacHO (8), WHTErpal NEPBOTO C1araeMoro B
MaTpU4HOM 371€MeHTe (7) KOHTaKTHOM AUarpamMMbl paBeH

tdr o a - k2 () acl-k2 ()] k. .86k ()
st | st \"" /) _ M dl- k2 (. ; 2 =
Dk ok, ()= j &k, o-ki(n)] (kks)! ) ok ()]
-lobk)-olx)
AHaJIOrMYHO, CHUMAas UHTErpan Ans BTOPOro ciaraemoro B (7) U 3amedast, 410 Zy = Zy + Z , NOJTYUHM:
k
M) = (—kl:j(zNG(‘) +2,G"Y —2,GY),. 9)

B BbipaxeHuy (9) xuHeMaTHueckas CHHIY/ISPHOCTS 1/(kks) aBnsercs yctpanumon. Ilpu (kks)—>0 C

NOMOLLBIO pa3noxeHun B paa Teinopa
(kk)—0 (

GV = G 4 H.z)(kk )G“’( 2) o(kk ),
(kkg)—0

602" 60 -2 O oo (i) ol

CTAHOBMTCH OYE€BUIHBIM, YTO BhIpAXKEHHE B KPYIJIbIX CkOOKax B GopMysie NMpONOpLUOHATLHO (kkS )

OTMETHM, YTO B Ciydae G*® = GY = G = Const Mff') =0, u, cnenoBaTenbHO, CYMMa MNOIOCHBIX

auarpamMM rpajiieHTHO-HHBapHaHTHa.
Takum oOpa3om, TpeGoBaHue KaJMOPOBOUHON HMHBAPHAHTHOCTH COATAHCHPOBAHO YYWTHIBAET OAHOYACTHYHBIE

MexaHu3Mbl (MOJIIOCHBIE AMAarpaMMbl) C MHOrOYacTHYHBIMM (KOHTAaKTHas AMarpamma), kak Mexmy co0oi, Tak H

COINIaCyeT UX C BHYTPHUsAEPHON IMHAMUKOM.
Vkaxem Ha 6oee 0OLIyr0 BOZMOXXHOCTb MHTEPIPETALMM TPAAUEHTHOW UHBapUaHTHOCTH (7) # (9). 3aMeTuM, 4TO

ammutyny (7) MOXHO 3amucaTh B BHIE:

= %, 1l ZM" v(T),  (G=stu), (10)
rae ( )
. ek
811 :8“ — (k_k )k“ (11)

JTO 03HAYAET, YTO MATPUYHbIH 3NEMEHT (7), BLIYMCIEHHbIH B pe3y/IbTaTe HHTEPUPOBAHHUSA, MOXKET ObITh NOJTyYeH
W3 CYMMBI TIOJIFOCHBIX MaTPHUHBIX €MEHTOB (7) NOCPENCTBOM - OUHAMUYECKO20 KAAUBPOBOUHO20 npeobopazoeanus

(11), rae npu 4-WMmynbce K =~ CTOMT He MPOM3BONbHAA KOHCTaHTAa Kak B TIDUBBIYHOM BHZE KaJIMOPOBOYHOIO

npeo6pa3oBaHus, a QyHKLMA OT AMHAMUYECKON NepeMEeHHON - 4-MMITy/1bCa OTHOCHTENBHOTO BHKEHUS ks ,
O6mHocTh npeobpasosanud (11) He.TepseTCA B CBA3M C KaXYLIEHCs HE CUMMETPHEH OT MPUCYTCTBUS B Heil
Tonbko umnynsca K, Tak kax

(ek, )= (ek,) = (ek, ), (kk,)=(kk,)=(kk, ) (12)

Bua 3Toro kanubpoBoyHOTro npeodpa3oBaHus TECHO CBA3aH € AMHAMHUKON B CHILHOM BEPLIMHE, HHEIMU CIOBAMH,
OTJIMYUEM OTHOCHUTEIbHBIX 4-UMITYJILCOB k 7} k oT k B BepUMHHON QyHkuuu G .

Ioasepryem (11) o6uieMy kanuGpoBouHOMy npeoGpasoBanito €, —> €, + f(k)kp. Torna
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cepia gisuuna «SAapa, wacTunkm, noas»,2000, sun.1 IToctpoenne KaJIMOPOBOYHO-MHBAPHAHTIHOM MONHOIA. .

e+ k)

~ — —— -
€,=¢,+tk + (k) k, =€, (13)
s :
OTKYAQ CIENYeT, YTO 4-BeKTOp E“ MOXXET ObITb NMpE/ICTaBEH B TEPMHUHAX T€H30pa DM noJis Fm, :
(s)
g =-F,
u 1A% kk(b) » (]4)

Taxum oGpasom, BEKTOP noasipuzauuu GoToHa € u B BbIpakeHuH (11) MoxxeT ObiTh BbIOpaH B M1060ii Kanubposke,

~

HE H3MEeHAH INPHU 3TOM BHIa 8“ -

Takum obpasom, TpeGosanue KanMOpOBOYHON MHBAPHAHTHOCTH C OAHOI CTOPOHBI COATAHCHPOBAHO YYMTHIBAET B
MOJHOH aMIUIMTYNe OJHOYACTHYHBIE MEXAHH3MbI (nomocHsle auarpammsi) ¢ MHOTOYaCTUYHBIMU (KOHTAKTHas
- AMarpamma), a ¢ apyroi CTOPOHBI COTNIACYeT UX C BHYTPUAAEPHON IUHAMHKOI. OueBuaHO, YTO amniautyna (7) npu
ycnosuu (11) rpaaueHTHO-MHBapHaHTHA.

B Hactosmeit paGore npenoxen metoxn BKNOYEHUA DM nons B MatTpuuHbIN 37eMeHT, OMUCBHIBAKOLLMI pa3Bal
COCTaBHOH ANEPHON CHCTEMbI, HECMOTPA Ha OTCYTCTBHE NarpaH)XMaHa CBA3aHHOTO COCTOSHMS. Ilpn xoHKpeTHOM
BbIOOpE OTHOCHMTENBHOrO 4-UMIyIbca B BEPLUMHHOI GyHKUMH, oTBevaroLe pacnany CBSI3aHHOrO COCTOSHUS
PENTOKEHHBIA METOI 3KBUBAIEHTEH AMHAMHYECKOMY KaTHOPOBOYHOMY Mpeo6pazoBaHHIo.

CITMCOK JIMTEPATYPBI
1.  bwépken Ix. /1. HApena C. 1. PenaTuBHCTCKME KBAHTOBLIE Nong // Penstusucrckas ksanTosas Teopus. M.: Hayka. 1978
2. Haropueiit C.U. u ap.// 1®. 1986. Tom 44. C.117]
3. Haropssiii C.W. u ap.// PeastuBucTckue 3 deKTH B HEYNIPYTHX JICKTPOMArHUTHBIX Npoueccax Ha aeitpoue. Of3op. M.
HHHHaromundopm. 1986
+. Haropnsiii C.H. v ap.// A®. 1989. Tom 49. B, 3. C.749
5. Sachs R.G.. Austern N.// Phys. Rev. 1951, v81. P.705. 710
6. JIesos AW.”/ BAHT. Cep.: O6uas u anepHas pusmka. 1986. Brin. 2(35). C.53

CONSTRUCTION OF GAUGE-INVARIANT FULL AMPLITUDE IN ELECTROMAGNETIC
PROCESSES

Yu.A. Kasatkin, 1.K. Kirichenko*, S.A. Soldatoyv
National Science Center of Kharkov Physical & Technical Institute,
61108, Ukraine, Kharkov, Academic |,

*Ukraine Engineer-Pedagogical Academy,

61003, Ukraine, Kharkov, street. University 16,

Is rotined, that the absence of a Lagrangian adequate a bound system does not allow «to includes electromagnetic (EM)
a field by a standard image - by elongation derivative. In activity the procedure of the count EMof a field at a level of a
full covariant matrix element is offered, that provides precise preservation EM of a current answering disorder of a
compound nuclear system on components. This method is equivalent to some dynamic gauge transformation.

KEY WORDS: gauge invariance, coupled systems, amplitude, covariance.
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| «Bicunk Xaprkisebkoro yHiBepcuTeTy», No 469 B .M. Pawxosan, A.B. Mapuyx, H.A. ITonovapead
Cepia pizuuna «Siapa, wacruukn, nonw, 2000, sy 1 SPheKT pacceaHnA IaPAAEHHBIX TACTHII HA .
V/IK 537.81:51.001.57

IODEKT PACCESAHNSA 3APSKEHHBIX YACTHIL
HA CBEPXITPOBOJAIIIAX MATHHTHBIX KOHTYPAX

B.M. PamkoBas, A.B. Mapuyk, H.A. [lanomapeBa
Tocydapcmeennviii a3pokocmuneckus yuugepcumen
um. HE. Kyxoeckozo “XAH",
61070, Vxpauna, 2. Xapvkos, ya. Ykanoea 17,
ITocTymuna B pepaxigao 25 spaps 2000r.

Taike Hccl1eloBaHa €I(

[TonyyeHo BhIpaXeHHe I YI7Ia OTKIOHEHMSA 3apSDKEHHBIX YAaCTHI] Ha CBEPXITPOBOSIIEM KOHTYpE. 2
- ; . KOHTYpP M U3MCHCHM

3aBUCMMOCTB OT IlapaMeTpoB 3ajayu. VMccreoBaH nepexos SHEPTUM B CUCTEME 3apill - CBEpXITPOBOLAIIIHHA
BETMMMHbI MATHUTHOrO Tons. [ToApo6HO aHATM3MpYETCS BO3HMKHOBEHME MH/IYIIMPOBAHHOIO SICKTPHHECKOro [IOIS M €r0 B IMSHM
Ha [BIDKYImMiics 3apsad. [lomyueHHble pe3yIbTaThl GasMpyloTcs HAa BBECHMH QYHKIMH Paycca X189 3aJaHHOA CHCTEMBI I
NOTY4EHUU UHTEIPATIOB ABKDKEHMS 3aPSDKCHHBIX YACTHII,

KJIXOYEBBIE CJIOBA: cBepXITpOBO/AILIAN KOHTYp, yHKImMs Paycca, Yroy OTKIOHEHHS, MATHHTHBIA TIOTOK.

3anaua paccesHus 3apmemrx YACTHI[ B 3NEKTPOMATHHTHOM TOJIE MPEICTAB/AET COO0H OXHY M3 OCHOBHBIX 3312
37EKTPOAMHAMMKM. B OTIMYHE OT NCHTPAIBbHOrO (KYJIOHOBCKOrO) B3aMMOJCHCTBHA, PACCCAHHC zmm!i}nmxc:
3APSKCHHBIX YACTUL B HEOTHOPOJHOM MATHMTHOM MONC CBEPXNMPOBOASIIETO KOHTYpa NMPEACTABIACT COOOH Go:1e
CTOXKHYIO 3ajady, OOYCIOBJICHHYIO KAK BIMAHHEM MEHMIOMErocs BO BPEMCHH MArHMTHBIM TOICM, Tak H K
LUEHTPAIbHOCTBIO TAKOTO B3AUMOACHCTBHA.

MNOCTAHOBKA 3AJIAYH

B KkayecTBe OMHOM M3 TAKMX 3aJa4 MOXET pAcCMOTpEHa 3a7a4va pacCeaHusd 32apMKCHHBIX HaCTHI Hi
CBEPXIPOBOIAMIEM KOHTYPE, ABIKYIMMXCH BOJU3M IUIOCKOCTH BBIOPAHHOrO KOHTYpa L. Moaeas Takoro ABHDKCHU
NPEACTaBJICHA HA pPHC. 1.

Puc.1 Mozieinb paccesius YaCTHI] Ha CBEPXITPOBOJSIIEM KOHTYpE

Kax u3BECTHO, MPH HATHYMH 3AMKHYTOI0 CBEPXNPOBOJALICTO KOHTYPA, COXPAHACTCA INMONHBIA MATHUTHBIA [OTO!
npoHU3bIBarOmmi 3T0T KOHTYP [1]. Kak nokasauo B [2], npr nBIKEHWM 3apANOB B OKPECTHOCTH CBEPXITPOBOASINET
KOJIbIIA, M3MEHACTCA CHJIA TOKA B KOHTYPE, AN OOCCNICUCHNMS NMOCTOAHCTBA MATHUTHOTO NOTOKa. [Ipn nozo6Horo pox
MCCJICAOBAHMAX YNOOHO BBECTH B PaCCMOTPEHME (PyHKumio Jlarpamka, Win, NMPH HATMMMH LAKIMYECKHX KOOD/THHA"
(ynxpzo Paycca, a Taioke BBIPOKCHHE LA NOIHON S3HEPIUM CHCTEMBI.

PaccMOTpEM CBEPXNPOBOJAIAH KOHTYP PaaMyca a M “MACTHIY MACCOH M C 3apA7oM q, MCTAITMM K KOJbILY

NPULETBHBIM M2PAMETPOM p W3 OCCKOHEWHOCTH, W C HAYATBHOH CKOPOCTBIO Vo. Takum 06pa3oM, MOCTaBIeH
KJTACCHHMECKAs 3a/a4a PACCESTHUA 1A HEUEHTPAIBHOIO B3AUMOACHCTBH.

~ MATEMATHYECKASA MO/JEJIb
Oyuxums Jlarpamka 118 JAHHOU 334a4M NPHMET BHA!
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cepin @isuuna «HAnpa, 9acTiakn, noas», 2000, sun. 1 DbdEKT paccesHNs 3apAKEHHBIX YACTUL HA ...

L:%(mr‘2 +mr2¢2)+qr¢4¢+%L12, (1)

rae A,-BEKTOPHBIH MOTEHIMAN NOMA KOIBLA C TOKOM I ¥ MHIyKTHBHOCTHIO L.
Bepaxenwe anms A, uMeeT Bux; ;

4,(r) = %1\/-5-[(% - k)K(k) " 2E(k)], 2)

rae E(k) n K(k) — moHEIe 31IANTAYECKHE MHTErpassl MEPBOTO M BTOPOro poAa COOTBETCTBEHHO, a Ge3pa3MepHsIi
napameTp k onpenensercs kax:
Na-r

k=2 .
a-+r

IuKaeCKMMH KOOPAMHATAMM A1 JAHHOM 33134H ABJISIOTCA NOJIAPHBINA YTro;1 NOBOPOTa ( ¥ 0000IUECHHBLA 3aps
xombna Q. B CHCTEME COXPAHSMOTCA KAK MOMEHT KONYECTBA ABWKEHMSA, TAK ¥ MATHUTHBIA MOTOK:

rﬂ =mv,p=mr’p+ qrA, = const,

j oA (3)
b 4 =L1+qr¢a—;’ = const.

\

3 cucremnl (3) moayymM BhIpaKeHHE AN CHIBI TOka | # YIJIOBOH CKOPOCTH 3apiaa (¥, B 3aBHCHMOCTH OT
PacnoNIOKCHUA 3ap41a OTHOCHTEIBHO KOJIBIA C TOKOM:

__BL-Yqrf(r)
mr’L—(grf (r))'
I m"qu—ﬂ]’.'f(r)

| mr’L-(grf (1))

Oyaxmus f (7) npeacrasnser coboi BEKTOpHSIA noTEHIMAN (2) KOMbIA ¢ CHiol Toka B 1A. ViI06re UepeHTH B

AAaHHOH 331a4€ K NEPEeMEHHBIM Paycca: |
2oL . mF* 1, . mr® 1 —grf(r)¥ mr*¥ — Barf (r)
R=1-3 % =™ Lgyupy)- 1 L Aoaf O o mr ¥ fgfC) ]
= 04 2 2 2 2{mr’L-(qif (n)) mr’L—(qrf (r))” )
Bropoe ciaraemoe B (5)npencrasiaser coGoi MPUBEACHHYIO TOTEHIHANBHYIO JHEPT IO CHCTEMBI.
PaccesHue 3apsDkeHHBIX YaCTHII NPEICTaBILET COGOH B 06MmMEM Cayuae HE(QUHUTHOS TBIDKCHHE H TAKHM 00pa3oM
B TOYKaX MNOBOPOTA, KHHCTHYCCKAA JHEPrHA IBIDKCHMA 3aPHKCHHOM YacTULLI NpeoOpasyerca B NPHBEICHHYIO

2 .
NOTCHIMATLHYIO 3HEPIHIO, H JULL TOYKH NOBOPOTa MOXKHO 3aITHCATh BCIIOMOTaTeabHOE pasencreo mv, = f¢ + I'Y

KOTOPOE CIPaBE/UTHBO TOIBKO B TOYKE C PAAHYCOM I,
Ormeram crenyiompit (akT: JBIDKCHHE 3apSDKCHHBIX YACTHII MPHBOIAT K M3MCHCHMIO CHUIBI TOKA BO BPEMCHH,
9T0 BICYCT 32 COOOH, KaK CIEACTBHE, H3MCHCHHE BO BPEMEHH MATHHMTHOTO NOJS, MPUBOAAIICE K BO3HHKHOBCHHIO
ILIOCKOrO MHIYIHPOBAHHOIO 3/IEKTPHYECKOr0 NOJA. JTO 3JAEKTPAYECKOE NOJIe, COrIaCHO mpaBmity JIEHIa, mpensTCTByeT
A2TbHCHIIEMY YBETHYCHHIO BCIHYAHBI MAarHHTHOTO moid B, 32 CYeT yMEHbIMIEHHMA COOCTBEHHOM KHHETHHYECKOI
JHCPrHH 33apPHKCHHOH YACTHITBL
IlepBoe ypaBuenue B (3) onpenender TOT GaKT, 4TO YACTHLA HE COBEPIIACT NOJIHEIA 060poT B6MM3K KOHTYpa L, a

yXOoauT Ha OeckOBEYHOCTh. ONpeaendM yron NOBOPOTA YACTHILI @,, BOMM3M KOMBHA. BhIpaKeHWE ANA NOJHOMH

3HCPIHH HMEET BHL:

mr’

(4)

pory &

E =

mit 1 [ A-gf V¥, mr'¥ - ff () q,], 2

1,.. _
+5(ﬂ¢+N) 2 2\mlL-(gf ) mrL-(grf (r))

dr = 25—( A -gf()¥ B+ mr"P-ﬂqrf(rZ \I‘]dt. (7
m mr’L-(qf 1)) mr’L-(qrf(r))

M3 (7) 1 (3) onpenemam @, . Herpyamo nokasarts, 4To
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r mzvg : (mvop qrA)

[Mpu BeiBOZe (8) MCMOMB30BaICA (PAKT MAJOCTH BEKTOPHOrO MOTCHIHAIA
3ICKTPH4ECKOTO MO:IA B CHCTEME B HE HAPYIUAET CHMMETDHIO TPACKTOPHH ABIAKCHAA

HA YAAICHWA OT KOJbOA. Haorme
3apAOKEHHOH HACTHIIBI (7):

! mvop qra, . (9)
\/mz - mvop qr4, )2

ITpu Hy71EBOM WM IOCTATOYHO MAJIOM 3HAYECHUAX MPHUIETHHOTO NAPAMETPA P BRIPAKCHHC (9) mprOOPETACT BAL.

® _ @® _ x - aA
w ! \[mzvgrz —(qrA‘,,)2 44 szvg —(qA,,,)2 rormv (‘IA
J Kmv
u
Bemmuuna ?1 <1, npu moBBIX T, NO3TOMY Pa3/I0KHM IOJLIHTEIPATBHOE BRIPAKCHHS (10) B pax:
my
: A 21 qA 4, 4,
e Rt R
| v 2 r my 2\ mv 4{ mv
L0 (qu’] o
mv,il—| —
myv

Beipakerue (11) onpesenser BEeMMMMHY YIJIOBOIO OTKJIOHCHHMA 33apAAa B I0C BHTKA C TOKOM. Beaay (2) ama
BEKTOPHOrO MOTEHLMANA YAOOHO HCNIOIB30BaTh €10 aCHMITOTHYECKOE Pa3IOKCHNC!

2
A,(r) =lyol(r)—a—-2—+0(—17)+... , ipH GONBIINX T, (12)
< ry X
A¢(r)=——l—yol(r)\/_—czlni(—qﬂ+0(x—a),npu r—a. (13)
2 r r—a :

3HAYCHHE 7, ONMPEACTUTCA U3 CICAYIOMEr0 COOTHOIICHHS: mv; = PI(r,). Ucnomsys (4) r (13) moaywmv

CJIEAYIOLIEE TPAHCLCHACHTHOE YPABHEHHE OTHOCHTENBHO 7,

2
1{ qu 4(r, +a)
mrlL -—| 222 lar In—2° mv: =¥’mr?. 14
0 4( T e N 0 (14)

B pesyisrare psaaa pasznoxeHui B (14), u HECJIOMKHBIX npeoOpa3oBAHMI NOTYYHM OKOHYATEILHOE BRIPAXKCHHE Ik
paaMyca TOYKH IOBOPOTa 7, :

[ 4x vaoL p? )
€Xp +4
quoa TL y.
fg =0——% \ (15)
4r J mv)L —¥?
exp -4
CLA N YL J

Beipaxxenue (15) aBnsercsa nMpuOIMKEHHEIM, BCICACTBUE YNPOIICHHN DU NONYYCHAM BRIDOKCHHA Ans 7. W3
(15) creayer, 4To Mpy NPHOMIDKCHUA 3aPAAa K KOMBLY CHJIA TOKA B KOJIbIE Bo3pacTaeT. Paccmorpum Bhipakerme (11).
[TomyuuM HaHMEHBIICC 3HAYCHHE LA YINA MOBOPOTA (P, PACCMOTPER B KAYECTBE BEKTOPHONO NOTEHIMANA €ro

aCHMITTOTHYECKOE Pa3/IOXKEHHE Ha GECKOREYHOCTH. Bo BCEX AanbHEHAIMMX BIIAAKaX GyAeM YYHTRIBATH TOILKO nepBbie
CnaraeMbie B 3THX Da3NOKCHMIX WM Pa3NOMEHWSX MO MAIOMy napamerpy. HerouwocTs B onpenenewmwmw yrna
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cepin gizuuna «Aapa, vacrunrcu, noas»,2000, pun. 1 O dexT paccesHus 3apAIKEHHBIX YACTHUI HA .

PacCCAHAA (), CBA3AHA, MPEXIE BCETO, C OBICTPBIM POCTOM (PYHKIMHK BEKTOPHOTO MOTEHIMATA BO 3N KOHTYPa KO.ThLIa.
Beipaxxenne 114 yriaa nosopora @, MPHUMET BUL:

21 g4 4, 4, - 2
Po = — = 1+-1- L +3 too +.. ldr = -2 J‘l-f(r)g-z—drz
c T my 2\ my 4\ my 4mvror_ 2
© 2y _ 2 © 2 2
__qH, J'l mr*¥ 'quf(rz a2 dr:__q_,{lijl_g’_ 1+(qrf(2r)) b —c%-a'r:
Amvir mr’L—(qrf(r)) r dmv:r L mr’L r
=_ﬂjfl.§’_ oLt Na L ak \P("z AL (16)
dmvir L{ 16mr‘L ~)r? 4mv L\ 2r; 96mLry |

JeHCTBHTEIEROE 3HAYEHHE 1A YIia (P, HECKOIBKO BBIIIC NOJYMCHHOIO, ONHAKO, YXKE BhIpakeHHE (16) mo3sosser

OLCHHTHL 3dBHCHMOCTD YI/Ia PACCESHHA OT HEKOTOPHIX HAYATBHBIX JAHHBIX. Henocratkom (16) sBagercs orcyTcTBHE

3aBHCHMOCTH (), OT NPHLUECILHOIO NapaMeTpa p, OAHAKO MPH MaIBIX P, BhipaxkeHue (16) Oyaer cnpaBe A TMBEIM.
PaccMoTpEM HM3MEHEHME MAarHMTHOrO moms BO BPEMCHH. JTO H3MCHEHHE OOYCIOBICHO H3MECHEHMEM TOKA B

b

KOHTYPE KOIbHA. B HavambHBOT MOMEHT BpeMeru | = f , TIPH MPOXOXXACHUH 3aPAJOM TOYKH MOBOPOTA, CHJIA TOKA B

2
my D 4
0. = BhIpa>keHue A4 HHIYKUHH MarHHTHOTO Mo B,, onpenenserca u3 [3] xak:

KOIBLE coraacHo (6): ] =

_ M 1)
B.(r)= 27 a+r[K(k)+

HCNOab3yA (4), BepakeHue (17) npumer Buxa;

_Hy 1 mr*Y - Barf(r) arr
B.(r)= 2 a+r mr’L—(qrf (r)) [K(k)+ a-r E(k)] | v

H3MeHeHNe CHITBI TOKA IIPH ABHDKCHHMM 3apAJa IPOMCXOIAT HA TEX y4acCTKaX TPACKTOPHH, IA€ MPOUCXOIUT PEIKOE
H3MCHCHHE JIapMOPOBCKOIO pa/iHyCa 4acTHULI. B OKPECTHOCTH TOYKH NMOBOPOTA M3MEHEHHE IO.IA paBHO HymoO. byaem
CYMTaTh, YTO0 H3MCHCHME CHIBI TOKA BO BPEMCHH ONM3KO K IMHEHHOMY, B 3TOM ClIy4ae, BBIPDOKCHHE [UIA
HANP/DKCHHOCTH 3JICKTPHHECKOro Mo OyAeT BhIraaeTs Hambonee mpocTo. Takoe YIPOIEHHE MO3BOMAET HA JAHHOM
3Tanc OLCHHTHL BIHMAHMC JJICKTPHYECKOIO MOJA, a TAKKE H3MEHEHHE KMHETHYECKOI 3HCPruM 4acTikl. [IoCkOMbKY

BCKTOp HHIAYKIMA MATHHTHOTO NO.IA 3aTyXaeT Ha GECKOHEYHOCTH, TO OYAEM CUHTATD, YTO:
2

a”E(k)}, (17)
a=r

myv, ¥
B .w ¥ I
—=x~ B " 19
ot a Yo =
pm=to 1 [K(k)+a+rE(k )}. (20)
2r a+r a-r
OB

U3 ypaererma Makceenna rotk = — 5 IPH HAMMYHH TOJBKO OCCBOH COCTAB/LIOMEH BEKTOPA MArHMTHOM

HEIYKIH 110:12 B, ompe/ie:THM HanpsokeHROCTS 3neKTpAYeckoro nons E-:
mv; ¥

(rotl'-f)z =%§—(rE,)-—:-aaE(;’ =-By Ta L V. 1)

oE
Beneacreue yriuoso# cHMMETpHE 5—'— = 0, H BHpaXKEHHE 114 YIIO0BOH COCTABIIOMEH NEKTPHYECKOTO MO

MPHAMET BHA:
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o0

1% 0B, ,
E,(r)= —;!P—ét—dp =

o, ALY T, L gk ) STLE )p. a2
or " Wlar 1, a+pL a-—p ]
Kl‘pﬂ‘leClﬁOl‘O [o/14 HANPABJICHBI NpOTHB JBHOKCHHAA

SOKCHHOCTH BEKTOpa 371€
AHaau3 (22) noKa3bIBaeT, YTO JTMHUM HAMD pa A——— Taxmy 00pa3oM, IEKTPHYECKOE

3APSDKEHHOM MACTHIIBL, YTO ECTECTBEHHBIM 0Gpa’oM MPHBOIMT K CC 160, POHCXOMAT TIPEOOPa30BAHHE
1101e MPENSTCTBYET BO3ACHCTBHIO 3aPAAA HA CBEPXTPOBOMAIIAA KOHTYP, CICAO ’ nons FE_, paccMoTpEM
KMHCTHMECKOH IHEPTMM HACTHIBI B SHEPIHIO 3EKTPOMATHHTHOIO NOL. Jiag OOpPEACICHER HOSE S

oMy B [1], mMOBEACHHE
ACHMITTOTHHYECKOE IMOBEACHUE MATHATHOTO noiA B, HA OECKOHETHOCTH. Cor;1acHO MO.Ty4CHHOMY (1}

MATHKMTHOTO MOJIA HA 6OIBIIMX PacCTOAHMAX OITHUCHIBACTCA KAK.

nu.a’ 1 23
B.(r) = -I(f) 2‘:3 +0(7). (23)

KoHeunoe BrIpaskCHUC JUIA N0 E o TIPEMET BAL

mvlL -¥* | 24)
4¥Lr*

Beipakerue (24) HE MOXET SBIATBCA TOMHBIM, MOCKOJIBKY noapmTerpamsHas (Qymkims B (22) OblLTa 3aMEHEHA
BLIDAKEHMEM JUIA MArHHTHONO NOJA KOJbLA H2 6eCKOHEYHOCTH (23), YTO MPHBEIO K YMCHBIICHHIO MOJY4CHHOIO
sHavenus s E, 10 OTHOMEHMIO K UCTHHHOMY. OCOGEHHO 310 CKKETCA /UL HacTHLl © BHICOKHMH JHEPTHAMH.
IIpu ABWKEHMY 3aPSDKEHHBIX 4aCTHL( C GOIBIOH KPMBH3HOH, U3MCHCHHC KMHCTHYCCKOM IHCPIHH YaCTHIIBI, MOXKET
GbIT OPHEHTUDOBOMHO BBIYHCICHO N0 CAEAYIOMEH 3aBHCUMOCTH:
2 3 2 2} -
T, a q(mvoL -¥ )
AE, = 2¢,1,9E,(r,) =— 3oLy . (25)

B BhipakeHuH (25) paaMyC TOYKH IMOBOPOTa 7, ONMPEACIACTCA HCXOA U3 NMPUOMDKEHHOTO €r0 3HAYCHHA (15) mm
YUCICHHBIM PEIEHUEM ypaBHEHMA (14). Yron OTKIOHCHHA “ACTHLUEI, IPH CC MpOJETE MMMO KOJbIA, KaK BHIHO H3
PUCYHKA, ¥ = }7! e 2(00! ¥ ONpeAcMETCA Yepe3 BhipakeHue (16).

EC/M NpH B3aMMOACHCTBHH YMMTHIBATH TAXKS NPUIETLHOE PACCTOAHME P, TO 3TO NMPHBCACT K HESHAMHTCIBHAIM
M3MEHCHMSIM KOHEYHBIX BRIPKECHHIA, OJHAKO CYIIECTBEHHLIM 00pa30M YCIOXHHT PELICHUS NOCTABJICHHOM 33J1a4M.

E¢ (r) = ”Oaﬂvo

: BHIBO/bI
B pe3y;bTaTe HCNIONB30BaHUs (yHKImHu Paycca yAanocs noMyMHTh KOHEYHOS AHAIHTHYECKOS BRIPKCHHAC 1A yIiid
OTKJIOHGHMA YACTHIIEI B HELEHTPATLHOM TOJE TOHKOTO HACAIBHO - POBOAAMEro kobua. CTporo 000CHOBaH M I0Ka3aH
NEPEeXo] KMHETHYECKOH JHCPrMM 4aCTHLhI B 3HCPrHIO JNCKTPOMArHHTHOIO MO, YTO SBHBIM 0o06pa3oM OOKa3BIBACT
KOHCEPBATHBHOCTD 33/IaHHOM CHCTEMBEI.

CIIMCOK JIMTEPATYPHI
1. Kosopes B.B. JluHamuveckye CUCTEMBI MArHUTHO B3aMMOZEHCTBYIOMMX cBoGoHEIX Ten.-Kues: Haykoa aymka, 1981.
2. Panmosan B.M. Mapuyk A.B, IlonamapeBa W.A.-“Yuer pensTMBM3Ma NpU IBIDKCHMU 3apsja B Imojae...”, "BICHHMK

Xapkiscbkoro yHiBepcureTy”, Ned63, cepisa disuvma “Siapa, yacTuriw, nons”,1999, Buin4 .
3. Jlanpay JI.JI, Jmonwm E.M. Teoperuueckas pusuxa: T.2. Teopus nons.-M.: Hayxa, 1965.

DISPERSION OF CHARGED PARTICLES
IN SUPERCONDUCTIVE MAGNETIC CIRCUITS
V.M. Rashkovan, A.V. Marchuk, LA. Ponomaryova
State Aerospace University
named after N. Ye. Zhukovsky - “KhAI”,
61070, Ukraine, Kharkov,Tchkalov St.-17,
department “Power units and electrorocket engines of space vehicles”

Equation of the deflection angle of charged particles in superconducting circuits was determined and its dependence on the
parameters of the problem was also defined Energy transition in the system > charged particle-superconducting circuit” and the
magnetic field magnitude variation were investigated. Appearance of the induced electric field and its influence on a moving
" particle were carefully analyzed. The obtained results were based on the introduction of the Rauss function for the proper system
and the obtainment of integrals for charged particle motion.

KEY WORDS: superconducting circuit, Rauss function, deflection angle, magnetic field.
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TEPMOJIMHAMUKA JOKAJBHOI'O KBA3ZHPABHOBECHOI'O
COCTOSIHUS B TA3E KBAZNYACTHII

B.®. Anexcun, H.P. Beases, B.Jl. Xoxycos

Dusuko-mexnunecxuii paxyromem Xapvkosckozo nayuonaneHo20 ynueepcumema um. B.H. Kapasuna 61077,
Xapekoe, nr. Ceob00vbt, 4.e-mail: khodusov@pht.univer.kharkov.ua
IToctyuuna B peaakiwio 20 sHBaps 2000 r.

[Monyyens! 3HaueHHs TepmoaMHAMMYECKUX BE/TMYHH, XapakTCPH3YIOLUKE 10KaibHOE KBAa3UPABHOBECHOE COCTOSIHUE, Kak
dYHKUMIO ApeiioBOI CKOPOCTH, NOKANBHON TEMIEPATYPBl H XHMUYECKOrO NOTEHUMANA B ra3ax KBA3HYACTHLL: ¢oHOHOB B
AUICKTPUKAX H MarHOHOB B (JEPPOAMIEKTPUKAX.

KJIFOYEBBIE CJIOBA: ¢oHoHsL, MAarHOHbl, TEPMONMHAMMYECKHUE BENHYHHBI, ApefidoBas CKOpPOCTb, JTOKajIbHast TeMriepa-
TYpa, XMMH4YE€CKUH NMOTEHLMA.

B obnacTti HM3KHX TeMnepaTyp B uMCTBIX KpHUCTajllaX ¥ KBAHTOBBIX XHIKOCTAX ONpPENEAIOWHMHI BO B3aUMOEii-
CTBHH KBasHYaCTUL ABIAOTCA, TaK Ha3blBaeMble, HOpMaIbHbIE mpouecchl (N — TMPOUECChL), MPH KOTOPbIX SHEPTHS |

HMITYJIbC COXPAHAIOTCA. Ecnu 0603HauuTe q€pes T.'N XapaKTEpPHOE BpeMs B3aUMOIENCTBUS KBa3u4acTuLil 3a cuet V -

[TPOLIECCOB, a Yepe3 T, - XapaKTepHOE BPeMs B3aMMOAEHCTBMS KBa3MUACTHII 3a CyeT NPOLECCOB, B KOTOPLIX MOMHBII
MMITYJIbC HE COXPaHAETCH, TO YCIIOBHE TOTO, YTO HOPMATbHbIE NPOLECCH ABJITIOTCS ONpenensoIMY 3aNHILETCS B Cile-
IylouleM BUIE T, << T,.
Ecii B HEKOTOpbIHf MOMEHT BpeMeHH cucTeMa KBa3M4aCTHLL BbIBENCHA M3 COCTOSHHMS PaBHOBECHS, TO B Heil 3a
b o 2w
BpEMCHa 7y yCTaHaBJIHMBAETCA KBAa3HIOKATLHOE PAaBHOBECHE, XapakTepusyemoe GbyHKuMel pacnpenenenus N é") , 00-

pauiarolieli B HOJIb MHTErpall CTOJIKHOBEHHIT 3a cyet NV - NMpOLECCOB K UMeroulen BUAa [ 1, 2]:

D) _(i; =
: oY/ —\ku)—-p ;
Ng’)z exp (T ) B -1} (1)

rae (1)(]) U K —3Heprua M MMIMyNbe KBa3WYACTHLL copra j (mocrosHnas [Tnanka 7 B AaNbHEMeM, Ui MpoCcTOThI,

NOJIOKeHa paBHOM equnmLe, /1 = 1), z'i(?,t) — ApeiidhoBas ckopocTs, | j (?,t) — XUMHYECKHUIt MOTeHLMa,

T(F,t)=T, o(1+ S(F 1)) - noxansHas TeMriepaTypa rasa kasudactul, 7() — 0IHOpOAHAA PaBHOBECHAN TeMmeparTy-

pa.

TEPMOJAUHAMMYECKHUE BEJIMYUHB], XAPAKTEPHU3YIOIUUE JIOKAJIbHOE
KBA3UPABHOBECHOE COCTOSIHUE B I'A3E KBA3ZUYACT 1500
ITocTponm TepMoaHHAMIKY NOKAIBHOTO KBAa3HPABHOBECHOTO COCTOSHMS ra3a KBa3W4acCTHUL, KOTOPOE YCTaHABIIHU-

BacTCsA B HEM 32 BpEMEHA nopsanka 7 N IIJU! 3TOr0 BB€JIEM ILUIOTHOCTh TEPMOAMHAMHUYECKOI0 NOTEHLMAa Fz) COOTHO-

wenuem [1, 2]:

Fy = -TZln(l - Ng’)). )
k.j
Eciu Bocnons3oBarscs TEPMOIHHAMHYCCKHM TOXAECTBOM
dFy =-SodT ~ Pdii— Y n jdy ; (3)
j )

TO JIETKO MOMYHHTH BCE JOKATBHO PaBHOBECHEIC BETHYHHEI IS Ta3a KBA3MYACTHI KaK (DYHKUMM HE3aBUCHMBIX Mepe-
MeHHbIX 1, U u W j + mnotHocty umMnyisca P, tenoemkocty C u sutponnn S, paBHbie cymme TemioemkocTeii

C, wuanrpormi S, KBa3UMACTHL COPTA j , YHCIO KBA3MYACTHL n;

UsHTpaiiond Hay 034 Bid, 1 oo
_XHY i B H KoDassna $
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Pe{22) s5p-{T) : c- (8) - 9_50_]
ou A oT l-l,l-; oT /“7& \ 0“] T
Jln9 HaxXokOAEHUA YpaBHEHMS ra3ofMHaMMKM KBasuyactuu [1] HeOBXOAMMO 3HATH Cledyloulne TEPMOAMHAMHIECKAL
BCEIHYHUHDI:
on ; on ;
| /o ar /7 oy
i: M TEH30p MJIOTHOCTH ra3a KBa3WyacTHLL
| 2
¢ Ou, Ou,; - Ouj
«;f? - T,H
BHytpenHes sueprua U cBszaHa ¢ TEpPMOAMHAMHYECKHM MOTEHUHAIOM Fy cootHOWwEHHEM:
U=Fy+SoT + nju;+Fa. (7

J
l'lonyan 3HA4YE€HUE ITHUX TEPMOAUMHAMHYCCKHX BEJIMYHH, Kak (l))’HKIIHH He3aBHCHUMBIX TICPEMCHHBIX

U, Ol j = j — | Jjo’ 3= (T -1y )/ Ty A4 ra3sa KOHKPETHbIX KBa3HYACTHLI, H3 KOTOPBIX JIErKO HaWTH WX NMpHOIH-

JKeHHOE 3HauYeHHe B H00OM MOPSAIKE MO MaAIbIM BeIMYHMHAM u, O jo’ 9 | yTo ABAseTCA HEOOXOAMMBIM MPU U3YHIEHUH

Na3TMYHSIX HEJIMHEHHBIX ABJICHUHA B ra30MHAMHKE KBa3WYacTHL. B HYaCTHOCTH, MpH pacCMOTPEHHH HEJTMHENHBIX BTO-
DIYHEIX BOJIH.

TEPMOJAUHAMUYECKHUE BEJIMYHHBI B T'A3E ®OHOHOB B JUIJNEKTPUKAX
B pa6orax [1, 3] ans u3yyeHWs CBOWCTB rasa (pOHOHOB B KPHCTAIHYECKMX AM3/ICKTPUKAX OblNa MpeLIoXeHa
MOZENb NPHBEAEHHOrO M30TPOMHOrO KpUCTaliad, B KOTOPOH pacCMaTpuBacTCA aKyCTHHECKHE ¢GOHOHBI C JTMHEHHBIM

3AKOHOM JMCTIEPCHH O] 4 = kvl,t’ rae Vj; — CKOPOCTH MPOIO/IBHOTO M MOMEPEYHOrO 3BYKOB. Yucao GOHOHOB MpHU
2
B3aHMOLENCTBUY HE COXPAHAETCs, MO3TOMY B (1) HYXKHO MONOXKUTD L ; = 0.

Bocnosnb30BaBLIKCH GopMyioit (2), mepexos OT CyMMHPOBaHHUS K HHTETPUPOBAHUIO M0 k B chepuueckoii cuc-

TEMe KOOpPAMHAT, B KOTOPOH BOJIHOBOW BEKTOP k Hanpas/ieH BAOJIb OCH Z , OJY4YHM CBOOOHYIO SHEPIrUIO € IUHMLIbI
oObeMa B BUIE:

Fy = rt ZTsinGdG- : -oj'ln(l—e_y)yzdy (8)
-(21t)2 0 (vj—ucose)3 0 ’

rme y = (vj —ucosG)k/T.

Pa3noxuB JOrapudM B PsA 110 CTENEHAM €
_ Tz 1 N 2
ST I O R R ERH (B I R 9)

3Has cBOGOAHYIO SHEPTUIO HAlIEM OCTAJIbHBIC TEPMOJMHAMIYECKHUE BETMUMHDI Ira3a GOHOHOB:

¢ C_22°T 1 N y
3 45 vlsﬁ_uz/vlz)z Vf(l—-uz/v,z)z ;

, ,
M TIPOM3BO/SA MOYJIEHHOE HHTEPHPOBAHKE PAAA MOTYYHM:

24 2.4 2/ 9 .
gomTH 1 A . 2u%/v?
30 v?(l-uz/v,z)z+v?(1—u2/v,2)2 T V?(l“uz/vlz)3+v?(l—u2/t\:;2)3 ;
_onrt| 2 4nT4 1 “

Pil =% v?(l—uz/vlz)3 +v,56-"2/vt2)3 Sif + s v;,(l—uz/vlz)4 +v,7(1—u22/v?)4 PUUL

4
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5_ 207 lﬂr I X 2 |
e kv[5<1--uz/v,2)3 vts(l-—uz/v,z)}J

M3 31ux popMyn MOXHO noMyuuTh 3HAYEHNS TCPMONIMHAMHYECKHX BEIMYMH B MOGOM nopsiake mo (u/ Vs )2 3.
B HyneBOM nopaake TepMONHHAMMYECKHE BETHYUHD] (10) coBnaznatoT ¢ paHee W3BECTHBLIMY [1,2].

VT

(10)

TEPMOAWHAMMWYECKHUE BEJIMYUHBI B F'A3E MAT HOHOB B ®EPPOANAJIEKTPUKAX
PaccMOTpuM MarsoHsI B H30TponHOM (heppoMarHeTyike ¢ KBaJPaTHYHBIM 3aKOHOM AWCTIEPCHU. DHEPrUs MarHo-
HOB, B 3TOM CIy4Yae paBHa

coS=coa+ak2=o)a+®c(ak)2, (11)

rae @,-— SHeprud aKTWBaUMM, paBHas @, =24, H (in), M, — marHeton Bopa; H (im)_ HAMPSXKERHOCTb MarHHTHOTO

mons BHYTPH QeppoMarHeTHka; @ - Ko3¢¢HuMeHT HEOLHOPONHOro 0OMEHHOro B3anMoneiicteus; @, = a/ a’ -

Temnepatypa 6nuskas k Temnepatype Kiopu 7.; @ — noctosnuas peweTky. Takoi 3aKOH OUCTIEpCHH, KAk M3BECTHO

[5], Bbmonuserca, ecnu 7T << ®_., a sueprus axTuBauum YAOBIICTBOPACT HEpaBEH-CTBaM X, >> X,  wmu
I>>x, >>x,,tme x4 =0, [T, xp, = puoMy/T, M) — paBHOBeCHBII MarHUTHBIN MOMEHT.

Bocrnions3oBaBIHCh BeIpaXeHHeM (2) Wi MIOTHOCTH TCPMONMHAMU1ECKOTO MOTEHUHaNa, BbipaxkeHuem (1) s
N s B ciyuae, koraa 4ucno MarHoHOB B MpoLeccax B3aHMOACHCTBHA COXPAHAETCS U MPOBOISA PACYETHI AHATOTHY HbIE

TEM, KOTOpBbIE MPOBOAWIHCE MPH BeIBOAE POpMybI (9), mOTyymm:
77 5
s 7 Flz ,—|, (12)
(4na )7 2

roe F ( Z, ) — aHalIWTHYeCKas QYHKUMA Z WM (, BBElEeHHasd B paborax [1, 4], onpenensemas psgamu n4Go
HHTErpajlaMy BUa:

F =

2 exp(-nz) T 1 .
F\z,a)= = dx, 13
P Y e SN L )

F(a) — raMmMa-QyHKUMA, a Zy = (‘Da -1 — u2/4a )/T.
Hcnone3ya ofinue TepMoaMHaMUYECKHe COOTHOILEHMS (4) — (6), wu cBoiictBo dyHKuHH F ( z,a) [1, 4] nomyyum
ClI€IyIOLIHE 3HAUCHHA TEPMOAMHAMWYECKUX BEJIMYHH:

0 Fy 794 TI's ( 5) [ 3)
=-{ =5 |z .= SF| 25,2 |+2,F| z,,2 ||,
S (6T Ju,p (41”1)3/2[2 Z4 5 Z, Zg4 2
3/2
N T 15 5 3) [ 1]
=T] == |a = F| z4,= |432,F| z,,= |+22F| z, = ||.
v T(éT)"’“ (4m)3/2[4 (z"z) z" (Z"z) w2

o Fg T2 ( 3) " (BFS] i ( 3)
A t e ]T’“ (4ma )2 \ 2 0@ )TF (4ra )2 20 (72

5 32 i 2
= OP T 1 3 u ( 1)
= - — = = F 2 s o 5 F Z ’ ’ (14)
R [aa]”‘ (4na)¥? 2a| ( ¢ 2) al |\ 92
32 T \

dng T 3 3 ( 1)]

— - —— "-F ,— +z F z ,_ )
> T[ or J“’u (4na)¥?| 2 (za ZJ “LU2 ‘

DN | r=
| S

_ 5713 L T3/2 ( 1
ﬂS _T(—_——-J Y R (47ta)3/2 F Zqs
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BOcIonb30BaRIIKCH COOTHOWEHHeM (7), MOMYYHM CleTylolee 3HaEHHH IUIOTHOCTH IHEPTHH martoHoB U ¢
) 2

5/2 L
= T ZF(ZG,E% 4o F(Za’}'J | (15)
) (411;(1)3/2 2 2 T \ 2

—

3HaueHMs TePMOIMHAMWYECKHX BEMYMH B CiTyuae, KOT4a MpH B3aUMOACHCTBHA M
coxpanserca nomyqaroresa u3 (14), (15), ecnu B HUX MONOXKUTE Hg = g.

B ofnactu Maneix 3Ha4YeHUMH |za|<2n [4, 6] dynkums F (za,a)

pasfioKeHue

arHOHOB HX YHCJIO HE

MMeEEeT CJEIYHOLUEE ACUMINITOTHYIECKOE

g, v ("Za)m
F(zg,a)=T(1-a)zg ™" + Z L(a—m)- e (16)
m=0 '

KOTOpOE MO3BO/AET HANUTH COOTBETCTBYIOLIME 3HAYEHNA TEPMOAMHAMUYECKHX BEIHIHUH (14) — (15) B BUIE pAdOB MO
CTeMeHAM MalbiX 3HaYeHui x4, u, Opgu 9.

HMcnonb3ys acUMOTOTHYECKHE CBOMCTBA (YHKLMH F ( z,a) [1, 4], npuBeneM MpeleNbHbIE 3HAYCHHA 3THX

BenuuuH, korna # =0 U pg =0, KOTOpbIE COBNANAOT C pafiee u3BecTHbIMH [1, 5] mpu X, << 1

3 3 15 Fs __3¢B)Fs . L . 757 g(-s-). (17)
2

Ug=-=Fg; Cg==Sg=-—="2; ag=-= . Fg=-
STTRUSH SSERUSEIYT STTg2) T 0 (4na)
apu X, >>1
5/2
2 2FS T -
Ueo=—%, Foi To=%x;8¢=X,08=~Xy——; Fg=-— g *; 18
S allss C§=Xg05=%Xg05="%g7 S (4 na)? (18)
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THERMODYNAMICS LOCAL QUASIEQUILIBRIUM
STATE IN THE QUASI-PARTICLE GAS
V.F. Aleksin, N.R. Belyaev, V.D. Khodusov

Department of Physics and Technology, Kharkov Nnational University 61077,
Kharkov, Svobody Sq., 4. E-mail: khodusov@pht.univer.kharkov.ua

Meanings of thermodynamic values, describing local quasiequilibrium state as function drift speed, local temperature and
chemical potential in gases quasi-paticle, are received: phonons in dielectrics and magnons in ferrodielectrics.
KEY WORDS: phonon, magnon, thermodynamic values, drift speed, local temperature, chemical potential.
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BE3INCCUIIATUBHOE PACIIPOCTPAHEHHME HMITY.JIbCHOT'O MATHHT-
HOT'O 10JIs1 B OAHOMEPHOI AHH30TPOITHOI CIIMHOBOI XY-IENOYKE

10.B.Cepena

Hayuno-mexnuveckuii yenmp :-mekmpoq'm:m'tiecxoﬁ obpabomxu HAH Vipaunw, Xapvkos, Yipauna
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men.: (0572) 404720, ghaxc: (0572) 475261, e-mail: ntcefo@kharkov.com
Iloctyrmuna B penakipto 6 smBapst 2000 r.

H3yyeHa 2BOMIOLMSA OHOMCPHO#M CIIMHOBOM XY - Lienouku, uMeromeit ¢epMmeBckuit xapakrep SJIEMEHTAPHBIX BO3-
OYXIeHMH, C ONMpPeACIeHHBIM YCIIOBHEM Ha KOHCTAHTHI OOMEHHOI0 B3aMMOJICHCTBMS TIOJ] JEHCTBUEM CHIBHOIO KO-
POTKOI'0 MMITYIbCa MArHMTHOTO I10NIL. A HMEHHO, HCCIIe{l0BaHa BO3MOXKHOCTD 3bdekTa caMOMHIYIHPOBAHHOI 1po-
3paYHOCTH MarHeTUKa I MMITy/IbCa MarHHTHOIO MoJis. B pe3ynsrate HaiineHo OTHONapaMeTPUYECKOE CONIUTOHHOE
PEIICHHE TOYHOH CHCTEMbl YPAaBHEHMIl WIS MCCIEIYEMOr0 aHTH(EePPOMAarHeTHKa BO BHEILHEM HMITYJICHOM Mar-
HMTHOM rionie. TakiM 00pa3oM, MOMyYeHbl XapaKTePUCTHKH MMITYThCa, CIIOCOOGHOIO NIPOXO/IUTb Yepe3 CIMHOBYIO
CHCTEMY O€3[MCCHIIATHBHO, HE MEHAS ee COCTOSHMS. PaccMOTpeH ciyvait d)OHOBOTO MOCTOSHHOIO OZTHOPO/IHOrO
MAarHuTHOIO TOJIS.

KJIXOYEBBIE CJIOBA: XY - uenoyka, aHTH)eppOMarHeTUK, CaMOMHIYLIMPOBAHHAs IPO3PaYHOCTDb, COMTUTOH

H3yyena 3B0/rOLHMA OAHOMEPHOI CiMHOBOM XY - nenoyks ¢ GepMACBCKIM XapakTePOM BO30YKAEHHH noj
ACHCTBHEM CHJIBHOTO KOPOTKOIO MMITYJIbCA MATHHTHOTO MOJSA C LEJIBEO PaCCMOTPEHHS BO3MOKHOCTH Pacnpo-
CTPaHCHHA B CHCTEMC HEJIHHEHHOTO BO3OY)KICHMS CIIEUHANLHOIO THIIA - PE3OHAHCHOTO COIMTOHA, BO3HUKAFOLIC-
O KaK pe3ypTar B3aHMOACHCTBHA CHCTEMBI C BHELIHHM IOJEM. Pe3yibTaT paGoThI 4aj1 MOMOMKHTCIbHbIH OTBET
HA 3TOT BONPOC: HAKASH OAHONAPAMETPHYCCKHI COTMTOH. A 3TO 03HAYaeT NPHHUMIIMATILHYH0 BO3MOXKHOCTH 3())-
(ekTa CaMOMHIYLHPOBAHHON MPO3PAYHOCTH PACCMATPUBAEMON CHCTEMBI NO OTHOLCHMIO K HMITYJbCY MArHuT-
HOTO N0/A C (POPMOH H CKOPOCTBEO, TMPHCYIMMH CONTMTOHHOMY PELUCHHIO CHCTEMbI YPABHEHHI, OMHCHIBAIOLISH
CHCTEMY IOJIE + 00pasew.

Panee Obu10 mokasaHo [1.2], 4yT0 B KOHACHCHPOBAHHBIX CPEJAX C JCIOKAIM30BAHHBIMMU BO30Yy)KIEHHIMH
PacpPOCTPAHCHHE BBICOKO4ACTOTHBIN KOJUIEKTHBHBIX MO MOXCT COMPOBO/KAATHCA B HEKOTOPBIX CIYMAsAX (IOp-
MHPOBAHHEM PC30HAHCHBIX CONMTOHOB. Takue ABNCHHA, KAK CAMOHHAYLMPOBAHHASA ONTHYECKAs NPO3PAYHOCTD
[1], pacnpocTpaneHue 3Byka B CBEPXNPOBOAHHMKAX [2] ompeiensorcsa (JakToM CyIECTBOBAHHSA PE30HAHCKBIX
COTMTOHOB. MIX Hamuyme Onpeae/suIoch IIaBHbIM 00pa3oM (PEPMHEBCKMM XapaKTepoM JJICMEHTAPHBLIX BO30YK-
ACHHHA B CHCTEME. JTO YCIOBHE ABJAIOCH HCXOIHBIM NPH BhIGOPE HCCIICAYEMOH 31€Ch CIIHHOBOM CHCTEMBI. Taxk.
M3 PaCCMOTPEHHS CPa3y JKe ObLIH HCKIXOYECHBI ABYX- H TPEXMEPHBIC MArHETUKH.

DepMHOHHBIMA ABILAOTCA JICMCHTApHBIC BO3OYKICHMSA, HANPHMEpP, B OZHOMEPHOH XY - mozenn. s
3TOH MOJETH paHee Oblia moka3aHa [3] BO3MOXKHOCTb HYJEBOIO OTKJIMKA HA OQHOPOAHOS MEHSAIOILEECH BO Bpe-
MCHH ONpPEJEICHHBIM 00pa30M MArHHTHOE NOJE (HCTOI/IOMEHHe 06Pa3LoM IHEPrHH NOJA) NPH OMPEACICHHOM
YCIOBHH Ha MOZEb. JTO YCIOBHE CHIbHON aHH30TPONHH OOMEHHOrO B3aHMOJCHCTBHSA J, = -J;, ¥ Ob1IO HanOXKe-
HO [:a HCCIIEAYyEeMYIO B JaHHOH pabore XY - HEmOYKy, TaK KaK OHO IO3BOJISUIO HANEATHCA HA BO3MOMCHOCTD npu
HEKOTOPBIX YCIOBHAX COXPAHCHHA IHEPIHH BO30OYKICHHA, BO3HHKANOIIETO B 00pasle Mo BO3ACHCTBHEM BHEI-
HEN0 MMITYJILCHOIO MOMNA H PaCOpPOCTPAHMIOMEMYCA BMECTE C MOJIEM.

PaccmatpuBaemas 3a5a4a ABJACTCA JHHAMHYECKOH, HO HE KMHETHYECKOM, rae Obl MPHCYTCTBOBAJIH - AUCCH-
nateBHEbIE mpoueccl. [loaroMy HE0OXOAMMO, YTOOBI BpEMs PEIAKCALHMK B JAHHON CHCTEME ABJLLIOCH CAMBIM
GoBLIMM BPEMEHHLIM HapaMeTpoM. TakuM 00pa3oM, mMpH PaCCMOTPEHMH Goliee GBLICTPBIX MPOLECCOB B3aHMO-
JCHCTBHA CIIHHOB C MArHHTHBIM NOJIEM (JUTHTE/ILHOCTh HMITYJICA JOJDKHA OnITh MEHBIUE BPEMEHH PENAKCALIMH)
MEepeKkayka 3HEPruM OT BO30YXKICHHH MArHWTHBIX MOMEHTOB aTOMOB (MAalHOHOB) K APYTMM MNOACHCTEMAM
(poHOHAM H MPOYMM THIAM BO30YKACHUH) CUUTACTCA HYJICBOM.

JneMeHTapHbiC BO30Y)KICHHA PaCCMATPHBAKTCA Kak He3aBHCuMbie. OTCIONA CieayeT, YTo BpeMA BHYT-
PEHHEH PENAKCAIMH ABIACTCA CAMbIM MaJIbIM BPEMECHHBIM IIAPaMETPOM.

WMy ¢ CYHTaeM KOPOTKHM C TeM, 4TOOBI €ro opMa He MEHAIACh. A HMEHHO, €ro JUIMTEIBHOCTD JOJDKHA
ObITh paBHA CPeJHEMY BPEMCHH *H3HH BO30Y)KACHHOIO YPOBHA JHEPTHM B HCCIEXYeMOH (DEPMMOHHOM (a mo-
3TOMY - IBYXYPOBHEBOM) CHCTEMC 3ICMCHTAPHBIX BO30OYKIACHHA. 3T0 YCIOBHE MPHBOIKT K TOMY, YTO JHCPIHA,
nepesasacMai CHCTEME NEPEIHMM (PPOHTOM HMITY/IbCa, "BBICBEYMBAACH", NEpPeaeTCA OOLATHO MMIYIbCY MO, * *
nonazas Ha ero 3afHWH (POHT. A 3TO H BEJET K COXPaHCHHIO (JOPMbI HMINY/IbCA, 3, 3HAYNT, H K COXPAHEHHIO
OPEXKHEr0 COCTOAMMA XY - UEMOYKH NOCHE NMPOXOAKACHUA NO HEH MMMyasca nond. Bosuumaronmii mpu 3tom
pdexT CaMOMHIYUMPOBAHHOH MArHATHOH NPO3PA4HOCTH NOAOOEH FPPEKTy ONTHICCKOH CAMOMH/TY LIHPOBAHHOH

npo3pa4HocTy [1] B rase ABYXypOBHEBBIX MOJICKY .
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4420T MOJCTPaMBAHHE NapaMeTpoOB MPON3-
3PauHOCTH LA 0 Ty4arOIIET OCH

K COHTOHA MEKIY CoDOH H

(10Ba "CAMOMHIYUMPOBAHHAA MATHHTHAA PO3PavyHOCTL" O3H
BOALHOTO MMIY/bC4 MArHMTHOrO MOJA K COAHTOHHBIM, npUBOIALICMY K MPO
nocac "ypesaHua” UMMy/IbCa. A T1aKKE OTPAKAKOT (pakT B3aHMOCBA3H NAPaKTEPHCTH

: H\ 30BMCHMOCTH OT BHYTPCHHHX XaPaKTCPHCTHK CHCTCMBI.
34eCh HE PacCMATPMBAJICH MPOLCCC MOACTPAHBAHMA Bx01HOTO MMMybca. HaiaeHo caMo ARTOSIOESTLADS

PCLUCHUC ITYyTCM COOTBCTCTBYOLUEH CMY MMOACTAHOBKM BHAA MM Ty IbCA MO.1A h(t - x/v) B ypaBHCHHA. Takoyn HM-

yJbC HE MEHACT CBOKO (JOpMY U PaCIpOCTPAHACTCA CO CKOPOCTBIO V BO/b OCH LCHOYKH crnimoB OX. )
[Mo/y4eHHE CONMTOHHOTO PCUICHUs MPEANONAracT TOYHOC pelLeHue CHCTeMbl YPaBHCHHH, OTHCHIBAIOIIEH
3JBOJIOLIIO MCCCAYCMO#i (PU3MUECKOH CHCTCMBI. B IaHHOM cayyae yClIOBHE CHIbHOH axusoTponEH J, = -J, 00-

MCHHOFO B3aMMO/ACHCTBIS CYIECTBCHHO 00/1€T4acT NOMyHCHHE TOYHBIX YPABHCHHH, 2 TAKKE HX HCC.1€JOBAHHE.
Wy, KMEIOLIEMY COTHTOHHOC PELLCHHE.

U. camoe TIaBHOC, MPCOOPa3yeT CHCTEMY YPABHCHHH K H3BECTHOMY B

I ——

P eis o L FESRS O

iR o B R B

CHCTEMA 3BOJIIOLIMOHHBIX YPABHEHUH )
B npeHeOpeKEHUH PESITHBHCTCKHMH CNAH-OPOMTANBHLIM H MATHUTHO-IMNOTbHbIM B3aHMOACHCTBUAMH
MHKPOCKONMYCCKU# raMHITbTOHHAH onsomepHo#l XY - UENOYKH CIMHOB S = 1/2 BO BHELUHEM MATHHTHOM IOJIC

o = Z{1, 8587 +1,8580 - 4h(n, 082 Y
310 YacTHBIH ciyyait J, = 0 MOAC/IH Taitzenbepra. 3aeck Jx, Jy - KOHCTAHTR O6MEHHOTO B3aMMOACHCTBHA,

S* - X~ KOMIMOHEHTA ONEPaTOpa CNKHA N-T0 y3na, g4 = eh/(2mc) - MarHeTOH Bopa, h(n,t) - NEPEMEHHOES BHEII-

Hec 1one, AeiCTByIoLIee Ha N-# y3es, h HanpaBaeHO BAOMb OCH Z, NEPNEHAMKYLIPHO OCH X LCTIOYKH. OHo omnpe-

AeJisieT HANMpaBliSHUE YNOPAJO4EHHA CIIMHOB BOIM3HM OCHOBHOIO COCTOSHHAL.
Ha myT4d noayueHns CUCTEMbI IBOIHOLMOHHBIX YPaBHEHUH MEPBHIM ABCTCA TOHHOC npeobpa3oBanue Bur-

HEpa OT CIMHOBBIX ONEPATOPOB K depmueBCKUM (T.K. S = 1/2) onepaTopaM POKICHHA M YHHUTOXCHMA B
8030yKAEHH (MEPEBOPOTA CNIMHA) B N-M Y3JI€ (mpuMep €ro HCMOJIb30BAHMA UMEETCA B [4] ).

o~ A+ At A o At A A

8- =i, [T [1~2a,4,) by = 11 (1-2a_3,)a,

m<n m<n

Sl o LR o S U RUE SR bl Sraitl G

rae §F = 8% +iSY - uukmmieckue nepemennsie. OTCi0a §2 =1/2-§;S; .

Hcnonp3ys aHTHKOMMYTATOPBI VLA Q)epnxﬁonﬂm oneparopos {4, ,4 } = Oun. {8,.8, 3 = {4, .4 }=0,
waxomum SZ =1/2-2%4, . Tak, B OCHOBHOM COCTOAHMH, KOIa MPOEKIMA CIHHA aTOMA B N-M y3/I€ st =1/2,
KeT 8030y KaeHui (4,4, = 0), B BO30OYKIACHHOM (a;a, = 1)s;=-1/2. TaMuIbTOHUAH

S = (T +1,) 14 E@hh g +A5nin) + U, —1) /4 Z(EEL, +inady) - #Zh(n,0(1/2-804,) . @)

Beuay aHTH()EPPOMArHHTHOIO XapakKTepa OCHOBHOTO COCTOARMA XY - mozenu ynoOHO MEPEHTH K ABYX-
OApEIIETOHOM CHCTEMe, BBEAS (ICPMHEBCKHE ONEDATOPHI HA METHBIX M HEYCTHBIX y3/ax c(k) =4a,,
d* (k) =4,,,, . OnuH U3 ONEPaTOPOB IPMUTOBO CONPSDKEH, 4ToGBl ¢ M d MMEMHM OJHH THII (YHHUTOMKCHHS).

¢ ¥ d AHTMKOMMYTHPYIOT, TAK KAK OHH OTHOCATCS K pa3HbiM y3iam. FicnomssyeM Tawoke h(n,t) = h(nt+1,t).
Bo BCex CyMMax B (2), KDOME NEPBOH, YHCIO ONEPaTOPOB POKICHHA H YHHYTOXKCHHSA 3ICMEHTAPHBIX BO3-
OyxacHui cosmanaer. Ilepsad Cymma B (2) MPHBOAMT K HECOXPAHCHMIO YHCIIA BO30Y)KACHMH IraMUJIbTOHHAHOM
(2). Hanaraem ycnoBHe CHJIbHOH aHH30TPONUH 0OMEHHOIO B3aMMOACHCTBHA I, = -J,, 3aHyssmoiree ee. [TomyuaeM
o# =12 {5 ((dm) - dn D)+ 3" @(Em)-En+ D)}+27 uEhn, 08" (DEm-d* mdm)}, T = Ue- 1,8, 3)

COXPAHSIOMHH YKCIIO NEMCHTAPHBIX BO30OYMICHHA. A 3T0 HEOOXOAMMO i CYLECTBOBAHMA B MCCICAYEMOM
cucTeMe (MArHETHK + M0JIC) CONMTOHHOTO B030ykacHuA. CTPYKTypa raMUIbTOHMAHA (3) MO3BOIAET TAKKE OPO
JeNATh KOHTAHYaNbHBIA Nepexo 0T (JePMHEBCKUX ONEPaTopoB K HepMHU-NOLIM:

o = a7 " (0HE) dx. @)

c(x)
- BEKTOPHOE (hepMHU-TIOJIE,

31ech a - MOCTOAHHAA PELICTKH, Nl - HOMEP Y3714, o(x) = (d(
X)

A

ﬁ = ‘h-]J 13 o+ (23) -l,llh(x, t)oy . (5)
rae o,, O3 - MaTpuusl [1ayym, p = -ii0/0X - onepaTop WMITy/isCa.

Taxum 06pa3oM, S# OTHOCHTCS K CHCTEME HE3ABHCHMBIX (DEPMHMOHOB. MIX OZHOMACTHMHBIE COCTOSHHA
omuchiBaloTca ypaBHenueM 111 re
yp 1 peaMHrepa (nccrauuor{apumm, TAK KAK MPHCYTCTBYET 3aBHCALUCC OT BPEMCHM

BHCLIHEE I0JIE) C OQHOYACTHYHBIM rAMHUILTOHHAHOM H ®epmu - non
' : € YYMTRIBACT [5] Bmsarmc
H2 BBUIC/ICHHYIO
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(M 3MUCCKH OECKOHEYHO MaJIyI0 MOACHCTEMY B KOOPAMHATE X OT BCEX OCTANBHBIX “aCTeii cucremst. g oguo-
HACTHYHOIO raMAJIbTOHMAHA (5) 3a4a4a Ha COOCTBEHHbIC (PYHKLUMU M COOCTBEHHbIC 3HAYCHH peLIaema.

[locne ynurapHoro npeo6pa3oBaHus raMHIbTOHMAHA AT ARATOHAIM3ALMHA €T0 KHHETHYCCKON YACTH JICrKo
MOTYYHTD HAYAJBHYHO HCBO3MYILCHHYHO ABYXKOMIIOHEHTHYIO (TAK KaK § = 1/2) BonHOBY10 (yHKLMIO.

/lMaroHa;M3aUMI0 MOXKHO NIPOBECTH YHHTAPHBIM oneparopom, rampumep, Buga U = 2""%(g, + 03). HoBas
® = Ugp . ITpn 370M HOBBIif OXHOYACTHMHELH rAMKIbTOHHAK Fo

~
A AN

H=UHU"=-#"J p 03 + (2a) " uh(x, 1) 0. (6)
Moacrasnas sasubii Bua H B HCCTamMOHapHoe ypaBHenue [IIpeaunrepa
He(x,1) = ihdp(x, 1)/ ot
MOy MM YPABHCHHA ABIDKCHHA (OHH OYAyT BBINMHCAHBI NO3XKE) MU KOMIOHEHT BOJHOBOI QyHkimu. 3amenss
ACHCTBHE D HA €r0 COOCTBEHHBIC (DYHKLMH YMHOXCHHEM Ha €ro COOCTBEHHOC 3HAYEHHE p = fikK, BMIHMM, YTO B

OTCYTCTBHC BHCIIHCTO N0 3aKOH AMCIICPCHH BO30Y)KICHMIT ABIACTCS THHEHHBIM M COCTOMT H3 JIBYX BETBCH
Es(k) = olk, o= #1. (7
Ilpu 3T7OM nOMyYaeM HAYABHBIC YCIOBHSA HA BOJHOBBIC (yHKIHH ¢"° (X, t) -~ MJIOCKHE BOJIHEL

B 3TH ypaBHEeHHA ABIOKEHUA BXOAMT none h kak napamMeTp. Kak Tompko CTaBHTCA 321243 OThICKAHMS BHIA
h, xoTopbIit 651 MPHBOAM K COBNIANEHHMIO COCTOSHHMIT CHCTEME AQ U MOCNIC NMPOXOMKACHHUA TAKOTO ITOJIA YEepe3 Hee,

BO3HHKACT HEOOXOAHMOCTD BBEJCHHSA YPABHEHHS, CBA3BIBAIOMIETrO HEH3BecTHOE h C BOJIHOBOH (DyHKLHEH ¢ |

Henocraroniee ypaBHEHHE A1 MATHUTHOIO MO NOJIYYHM M3 YpPaBHEHHN MakcBenna

roth=c"0E/ot+4m™'ov, rot E=—c"'0B/At, B=h+4mi. (8)
CnaraeMbiM oV IPEHEOPEraeM, TaK KAk HE HHTEPECYEMCS INEKTPOHHBIMH CBONCTBAMM CHCTEMBI.
C yuerom Sh/ oy = Ah/Bz=0 umeeM rot(rot ﬁ) = -3%h/ x> , H3 TICPBOr0 YPaBHCHHUA (8) creayer
S h(x,1)/ Ot — G N(x, 1)/ Ox* +428*M(x.t)/ 2 = 0.

Haiinem cBs3b BO3HHKAIOMmEH NOA BO3ACHCTBHEM BHELIHEro MArHUTHOTO MOJNA HAMATHHYEHHOCTH CPEIbl
M M OJHOYACTHYHOH BOTHOBO dysxuEK ¢ . 3HaueHue (husudeckolt Bemuunbl M onpenensercs us pesviabrara
JCHCTBHA €€ ONEPATOpPa Ha BOJIHOBYIO (DYHKILMIO BCEil CHCTCMBI YaCTHL;, OCTAeTCA MEPENMCATh €ro B TEPMHUHAX
OZHO4ACTH'HBIX ONEPATOPOB, ICHCTBYIOMIMX HA OXHOYACTHYHYIO BOJHOBYIO bynxumo ¢ .

JU1s 3T0r0 pacCMOTPHM CBSI3b MHKPOCKOMHYECKOTO raMHIbTOHHAHA (1) u makpockonuueckoro (4).
C yuerom (6) BHAMM, YTO B KOHTHHYQJIBHOM IpELE/IE Z§,z, —>-a" ('I.>"(x)(0'2 /2)D(x) dx . O6mmmii BuI CBS3H
MHKPOCKOII{HECKOrO ONEPaTopa CIMHA H OXHOMACTHUHOTO S” (x) Takosa: ¥'8% —» [dx &” (x)3? (xX)D(x) , oTKyaa

S (x) = -05/2.

OxanoyacTiyHas BOMHOBAA (YHKIMA 5( X,1) CBfi3aHa C BOJHOBOH (DyHKIMEH BCel CHCTEMBI YaCTHII P(x,1)
NOCPEACTBOM OJHOYACTHYHOH MATPHLbI IUIOTHOCTH p [5], KOTOpas (aHANOru4HO DepMH-TIONIO) YYUTHIBAET
BIIHAHHC HA BBIACICHHYIO MOJCHCTEMY OCTAIbHOM YAaCTH CHCTEMBL B 06mem ciay4ae ‘-I"( X l)= m J( X, t). p

HC 3aBHCHT OT BE/MYHH BHCIUHCTO MOJA, T.K. C CAMOr0 Ha4aja MPEANONAraeTcs AOCTATOYHASN MAJOCTh BPEMCH
penaxcamnu BO30OyKaeHui. B urore Her 3aBHCUMOCTH p oT t. T.0., HEB3aHMOJCHCTBYIOIMX (DEPMHOHOB
MATpHIIA IUIOTHOCTH COBNANACT ¢ (pyHKiMeH pacnpeaenenns Pepmu-JIupaka no YPOBHAM 3HepruH (7):

p=fo(Es(k)) = [exp(-E.(k)/T) + 1], 9)
rae T - abcomorHas Temmeparypa. IloayyaeM, 4T0 cpeaHee 3HAYCHME CIIHHA €CTh

z *ko/e. ¢\. 4 koo, oz ¢1 5 (X, t)
<sx, 0> = 2, (oK) (4 “(x0; ¢ “(x,0)S*(x) | 7! :
k.o &, (x,1)
YHC10 Y3710B HA €MHMIE ATHHBI BAOIb OCEH X.y,Z paBHO 1/a. I'Io.rtyqaeM.
M(x, §) = pa” <s’(x, 0> = paa” T £, (Eq (k) Im(d**(x, 5™, 1).

Tosyyennas nomHas cucTeMa 3 ypasHeHMi 114 ¢ (X, t), #(x,t), h(x,t) nO3BOJIAET HCCNEA0BATH MATHHTHBIE
CBOHCTBA CHCTEMBI, T.€. OMHCHIBAECT OAHOMEPHYIO XY - MOAEs AHTH()EPPOAMINECKTPHKA BO BHELUHEM MOJIE:

hd;ﬁ,‘“’ (x,t)/5t=Jz9¢,k"(x,t)/5x— (2a)™! ph(x,1)$x% (x,1),
hopy? (x,1)/ St=-1A85° (x,t)/ Ox+(2a) ™" uh(x,1)$%° (x,1), (10)
F*h(x,1) 1 t* -c?*h(x,1) / Ox? = —4ma > i Z (Ea(k))lm(¢,““(x,t)¢§""(x,t))/étz.
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[ pasuvHBIC YCNOBHA

“ / B s B 3

$* (x, t = -0) = 21 (' + 0 &”) exp(ikx + ioIkvh), gl = :\D . g2 = (_‘J . h(x, t=£x)=0. (11)
COJIMTOHHOE PELIEHHE )

HCCJICIUCM Cymccrt BOBAHME COJTUTOHHOIO 80’56)')&116!{1151 B MCC.IEAYEMOM MArHCTHKE, B3aMMOACHCTBYIOLICM

¢ BHCIIHMM MATHHTHBIM TOJIEM MYTEM TOMCKA aBTOMOJCTBHOIO PCLICHH To ecth GepeM MArHMTHOC MOJC B
BH/IC PABHOMEDHO JBIDKYWIETOCA H HE M3MEHAOWIErO (opMy HMITYIIBCA. XapaKTEPHCTHKH - HCH3MCHAOLIHHACH
npo(puiIb U CKOPOCTH - YAAIOCh Ha#TH (YTO H JOKa3a10 CyIECTBOBAHHC COMTOHHOTO PELUCHHA).

CicreMy ypaBHCHHIt CBOAMM K M3BECTHO#. [l1d 3TOr0 CHAaia epexoIuM B IBIKYIIYOCS CHCTEMY OTCHC-

T4, B KOTOPOM UMITY/IbC MATHUTHOIO 101 HENOABIDKCH. Hospie IEPEMEHHBIC
E=1-x/v; X. . €12
O6o3naumm k= k(1 + op), p = J/(Av). Toraa E, (k)= dl(1 + ap)"rcs E,(x).
W36aBnseMcs oT niepeMeHHOH t. I3 HOBBIX PAHHHBIX YC/IOBHH CIEAYET BUA

-

¥ (x,8) = #7 (x,6) =" 9™ (0). (13)

Taxum o6pa3oM yOHpaeM 3aBUCHMOCTD OT L. IlITpuxom ¢ 0603Ha4MM OPOM3BOAHYIO 11O & . TloayyaeMm

(1 + Py = ik - Qah)’ uh(De™, (1-p)@™ ¢ =-ixIm e + (2ah) uh(H&"™.

YpasHeHue MaxkcBeJuia nocne ABYKpaTHOro MHTETPHPOBAHHA C Y4ETOM YCTIOBHA HA NOJIC PHHHMACT BH]
(V) - D) - 4ma”p o (Eo(K)) Im(4*°(x,9¢: (x,9)) = C:& + Ca. (14)

MArHUTHO: MOJIE ¥ HAMAarHWYCHHOCTh HE MOIYT 6bITh OECKOHEYHBIMH, NIO3TOMY JIEBAA 4aCTb (14) nuxorga
He oOpaiacics 3 OECKOHCHHOCTD. CrnenosareapHo, C; = 0. C HCOJb30BaHHEM (11) maxomum C; = 0.
[Tocne 3aMEHbI NEPEMCHHBIX

(Plxa(é) Sai eix/4 9] xo(g); ¢2tccr(é) i e-in/-'lazxa(‘f) (15)
B NICPBBIX ABYX YPABHCHMAX MOJyHAIOIICHCA CHCTEMBI Y “ICHOB. COACPMALIHX (&), Teneps OAMHAKOBBIC 3HAKH.
[Tonaraem v>J/h,1e.1-p>0. ' (16)
Torna nmpeoOpa3oBaHUE
6778 = (1 - p)2 " 49, & (D = (1 +p)* e (&, v= TV - I & (17)
CBOAMT CHCTEMY YPABHEHUH K M3BECTHOH, HMEIOIICH COMUTOHHOE PCILICHHCE.
ing:"* (9= 21" + 89929 - i, (&= -247"7(9) +8(0$ (&), (18.1-2)
\ (M) - g = 274 T fy Bo(A) Re($1* (92" (D) (18.3)

5 (0) = 2" @ +0&") (1 - op)' %" ™ expli(h Eo(A) - ), () =0,

re A=-(1-p)'Ik; gd=-(a) u(l-p’)""1(&); Eo(x(A) =-Ao(l - op) =E ().
Jlanee uMeeM Jeno C npeoOpa30BaHHBIMU BOJHOBBIMH (yHKIMAMH ¥ COOCTBEHHBIMH 3HAYCHMIMH, a TAKKE
raMHILTOHHAHOM B MPEACTABICHHH HOBOH nepemenHo# & Cormacko (18.1-2)

| ihg {H=HEHE, HE =10 +g&oi.
Beuay 6wmHeiHOCTH g(&) M0 J'w (£) ynoOHO BBECTH MATPHIY
P& = (O)®F (&) 77 () =2"(1- op)'(cy + 5 5).
Bmecro ypasHenusa Llpemuurepa id BOTHOBOH (YHKUMM MMEEM [And MATPHUBI IUIOTHOCTH
Alo _ Ao
(&) =1, (Ea'( ;L))y (£) ypaBueHne JIMyBHILIA C TeM e raMuiIbTOHHaHOM. TTocne cokpamenus Ha f, mmeem
TAKOE 7K€ YPABHCHHE UL }7“’ () ; €ro JIerko MOJY4HTh C MOMOMIBIO HECTALMOHAPHOrO ypaBHenus [Lpeaunrepa
i 49 = [HE&),7* (O] (19)
JL1s IPOCTOTHI BBIYMCIICHHA KOMMYTATOpa GepeM pasioKeHHe MaTPHIbI IUIOTHOCTH 11O -
- . matpuuam Iaymnu:
7 @)= 2 Lo, /2.

3aMeTuM, 4TO Re(ﬁld(é)@.‘a(f» = Lllw(g)./2 . HCIIOIILSyeM [o'i’ 03] = 2i91jk0'k > i,j = {1' y 3}' Eik = CAMHUYHbIN
AHTHCHMMETPHYHBIA TeH30p. [0, 6] = 0 ; J = {0; ...3}. Ilpupasuusas B (19) Koadul)mmen"m I;paJ Oa , NONYHAEM
aos

Li7¢ =0, (W2)L*¢ = -AL ), (W2L*"* = AL - g(HL ), (W2)Ls*¢ = g(HL,A
Lty =0, L= aioopr . BOLTO. @0
3aMBIKAOIIECE myzcncreuy ypam-lqerme Maxceenna umeer Bug
() - D@ = -4t Ty Eo(A) (L™ - Li*(0)); gloo) =0, @1

TToACTaBNAEM OYEBHIHEIH W3 ypaBHeHHs Makceenna (21) muueitubiit Buy
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Li*(9) = (4, 0)(9).
Orcrona. pewas cucremy (20) ¢ yuerom T'PAHU'HBIX YCIIOBMH, HANOAMM BHJ OCTAIbHBIX KO3(h)HUMEHTOB
PA3NOXKCHUA MATPHLBI NUIOTHOCTH. OCTACTCs OAHO yPAaBHEHHE TIPH O NI MATHHTHOLO noJst
B(8) + 41 (X - Af(4,0)"'Ly*(=0))g(&) + 21 g9 = 0.
O603Ha4yuM 41‘:'2(/7.2 - Af(A, o)"L3“(-oo)) =-n%, 0T A H o He 3aBHCHT, 3HAK CBA3aH C TPCOOBAHMEM HAIMUMS
COJTHTOHHOIO PEICHHA. ETHHCTBEHHBIN 34ECh COMMTON: '

gO=mch’ay. T
AMILITYZY 11(V) OZHONAPAMETPHHECKOTO COTHTOHHOTO PEWiCHrt (22) HAXOMHM W3 ypaBHenus Makcseia (21).
f(A.0) Beipaxkaem uepe3 A,n. YuursisaeMm (9); BBHAY (16) Haxoaum %in}) th[Ao(1 - op) /(2T)] = sign(io).

9

B npeanono)keHu# HEMpephIBHOCTH U CHMMCTPHYHOCTH CIIEKTPA A OTHOCHTEIBHO A = () C TIOMOLUBO
ZF(A) = [dA X [F () + F(-2) @3

nocJjae cymmponarmx no o nonyqaeM CBA3b aMl'UIHTy,Ilbl H lIIHpHHbl mmynsca noJjid C €ro CROpOCT bH).
n(v) = 220" a A ((ev): - 1)1 (A - Q) v > ik

®OHOBOE NOCTOSAHHOE OJHOPOIHOE MATHUTHOE ITOQJIE
BroYyeHHe NOCTOSAHHOrO OJHOPOAHOTO MATHHTHOTO MO ho H3MEHAET rpaHMuHBIC YCIOBHMS K CHCTeMe
SBOMIOLHOHHBIX ypaBHeHui (10), rae h temeps 06o3Hauacr (poHOBOE + MMIyIBLCHOE mOE. Bun ypasueuuii
IlIpeuHrepa OCTaeTCs NPEKHUM H NOCIE BCEX MPEOGPA3OBaHMIL, POACIAHHBIX paree A hy = 0, monyyarorcs
T¢ € ypaBHeHu (18.1-2). Heobxoaumo mpocieauts nums BuA FPaHH'HBIX YCJIOBHH MPH 3TUX Mpeobpa3oBaHu-
SIX M BHI YPaBHCHHA MaxcBe/L1a noce ero HHTErpupOBaHKA C Y4ETOM HOBBIX TPAHHYHBIX YCIIOBHH
h(x, t = +o0) = ], (24)
I'paHIriHBIC YCIOBHA HA BOJHOBBIE (DYHKUMH ¢, @ (t = -c) HAXOAUM M3 nepebiX 2 ypaBHeHu# (10) u (24)
BripakaeM ¢ yepes ¢y. TTonyuaemoe ypaBHenMe peruaercs MCTOAOM Pa3NCNCHHA MCPEMEHHBIX. Takke ¢ -
J0/DKHbI OBITH COOCTBEHHBIMMU (DyHKLUMSAMH onepaTopa [aMuibsToRa | OncpaTopa UMIYJAbCa p , OTKYAA
¢1k"(x, t) = Aysexp(ikx - (VA)E,(K)1), *(x, t) = By exp(ikx - (VR)E, (k) t) ; By, = i(rk + ocR)AL,.
Taxxe nomyyaeM HETMHCHHBIH 3aKOH JUCTICPCHH
E-(K)=c|J/f|R; o =11, r=2Ja/(uhy), R=(rk*+ 1) (25)
U3 ycrnosma HODMHPOBKH | 45 (x, t — -0)* = 1 nomny4aem
Aro=|Aks| = [2(CK* + 1 + orkR)] ",
(a30Bbli MHOXXHTENB 34CCh HECYIECTBEHEH, TAaK KAK OH BO BCEX YPaBHCHHAX CHCTEMBI (10) cokpaivres,
Ilocne nepexona B JBHXKYIIYHOCS CHCTEMY oTCyeTa (12) MOJTyYHM
Hx, &= <0)/Are= (X, £= <0)/By, = exp(ixx - i 'E,(K)8); k= k - Ep(k)/(hv).
Heodxomiamo BeipasnTs k uepes «. C yuerom (25) B npeanooxeHuu (16) Haxomum
k=(1-p)'(x + op( + (1 - p)r))'?).
Tocne npeoGpasosanmi (13), (15), (17) ypaBrenus (20) mua L, He m3mersmorcs. Hauansasie yCJIOBHs
Ly (~0) = -2|Ax (1 - p))*(tk + oR) , L3 (0) = 2|Ai (1 + p) (P2 + o1kR + pp - ™).
/15 IPaBWIILHOIO yy4eTa rPaHAYHBIX YCIOBHH MPH BBIOOpE BHIA MOACTaHOBOK aa Ly, L, , L, paccMOTpuM
vpasHeHHe Maxkcsemna (14).
H X, £= -0)gh (X, £= =0) = A»B,, = -0/(2R); lim th [Eo(K)/(2T)] = sign(E,(k)) = o.

B mipeanonoxenuu (23) cymma B (14) pacxoautcs. Ita pacxoauMOCThb YCTPAHACTCA TOJILKO TakuM BbiGopoM C,:
C2= (V)" - Dho - 4ma°p T (Eo(K) Im(**(x, <0)gh™(x, <0)).

YpasHerue Makcsena npuauMaeT BHA (21), HO BMecTo g(&) HEOBXOTMMO B3ATH MMITyJIbCHOE moie g(¢&).
Li &) - L, () = f(k.0) §(&), (O =g(d - g.
Bripaxcad L, “*(£) u3 cuctemnt (20) ¢ y4eToM TparuHBIX ycnoBiii Ha Ly ¥ u g, TOJTy4aeM ypaBREHME s g(&):
gt +2g° + [I'r(1 - ) B - 28%1g + f=0; gldoo) =g,
B = 42" (~0) 1(k,0)" - go),
/3 ue 3asucat ot o u Ak). ITocne nepexoxa x §(&) urTerpupyem TOMYAOMIEeCs YPABHEHHE C MOMOLUBIO YMHO-
keHuA HA 2 g ¢ U yunTBIBaA g (&= 10) = 0. CONMMTOHHBIE PEMCHUS HMEIOT BH
E(H=-go[1+(20'801", B=4g’
(O =2"g"(B-4g) (1 - 2" (Beo™) *ch(h (Bgs™ - 4)'” go)] Beo’ > 4. (26)
Ocranocs yoBneTBOpuTs YpaBHCHRC MakcBe/UIa, T.0. HAAA BRIPAXKCHHE NapaMeTpoB peLICHHUA Lo, F(V):
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(R - 1 = -mda (1 - pY 2 £ (7 I + AP - g k- opRY B gl o= - (27)
k

Ho cymma B (27) pacxoauTcs npH k = o0, T.C. COTHTOHHOC COCTOAHHME HE HMECT MECTaA.

3AKJIOYEHHUE )

JloKa3aHa TEOPETHYECKAA BOIMOMHOCTb CyLIECTBOBAHHA dpdexTa CaMOMHIyLHPOBAHHOH MMPO3PAUHOCTH
ABYXTIOAPCICTOYHOrO aHTH()CPPOMATHCTHKA, OMHCHIBACMOr0 0aHOMepHO# cTIHHOBOH XY - MOJCIBIO C YCI0BH-
CM CHJIbHOM AHM30TPOMNHU OOMEHHOrO B3aHMOACHCTBHAA Jx = -J, anA HMITY:1bCa MATHHTHOIO NMOjA C OMpeaC/ICH-
HOit (DOPMO#, MOTYUCHHO! B PE3y/IbTaTe TOYHOr0 PCLICHHA ypaBHEHHMH 3BOTHOLHH HCCIEAYEMOH CHCTEMBI.

OTMETHM CYLUECTBEHHYIO HCIMHCHHOCTB MOIYHCHHOIO sdexra. BeauuuHa MarHWTHOrO MO.TA npe:mona-
ranach NPOM3BOJIBHOM, TO €CTh HC HCNOIb30Baj1aCh TCOPHA BO3MYLUCHMIA [6]. A nO TCOPHH BO3IMYUICHHH B Iu-
HEHHOM 00 [0/ MPUOMKEHHUHU NOTy4acTCA CYLUCCTBCHHO HEHYIEBO# OTICIHK 00pa3La Ha MPOXOXKACHHE NOJIA.

: Taxk, s ramunbTonnana H(E) = Hy + V(§), rae Hy= A3 - FAMIIBTOHHAH B OTCYTCTBHE BHCIIHETO MO
(0

: as. V(&)= g(&oy - Manoe BO3MYLICHHE, TOYHBIC PEIICHHA YPABHCHUA Hp'" = E?¢'Y mvewT BHA $i2
exp(-iti' A8); ¢® = exp(iti’ A9): coberBennsie sHauennd EL4) = Ao, 0= +1. MaTpHua OnepaTopa BO3MYIICHHA

Vis = T A (OVEY (£)dg = 2h(k +m) ' sh(A™ (k+m)E)['Z, k+m#0. (28)

ITo Teopuu Bo3mymenni E = E.¥ + EV + .., e | E, % >>|E"| >> ... U3 (28) E,\" = Vp, = +0, OTKY-
13 BIICH MOHOTOHHBIH POCT KOJMYECTBA MOTI0LIAeMOoit 06Pa3LOM IHECPrHH BHCLHETO MATHHTHOIO TMOJIA.

JI1s CYIECTBOBAHMA COMTOHA BAKCH JIMHEHHBIH (7) 3aKOH JHCTICPCHH (epmuoHHbIX BO30y:xacHHiA. [Toka-
3aHO, YTO TP NMHOXOMAECHHH MMITY/TbCA MATHHTHOrO MO OPH HAIHYHH HCHYJICBOTO (OHOBOrO MOJA (3aKOH
aucnepcuy (25) HETHHEHHBIH) NPU MPEKHEM YCIOBHH HAa CKOPOCTD (16) COMMTOHHOE COCTOSHHME (B TOM “HCIC
| ABYXMAPAMETDUYECKUH CONHTOH (26), NOJTy4eHHBIH Taioke MeTogoM A.B.Muxaiinosa [7]) HC BOSHHKAET.

f (CTAETCA HEH3YUEHHOM YCTOHYHBOCTB MOJYISHHOTO COJIMTOHA OTHOCHTC/ILHO HAPYILCHIA YCIIOBHA Jy ==l

H3BeCTHBI OPraHHYCCKUE COCAHHCHHA Ki1acca conesi TCNQ, MArHMTHBIC CBOHCTBA KOTOPBIX (B YaCTHOCTH,
NI0BCICHHE MATHHTHON BOCIPHHMYHBOCTH) O0BACHAIOTCA [8] B pamkax XY - mozenu ¢ ycnosueMm Ji = -J;.

TIpcanonaraercs, ¥To 3(eKT MPO3pa HOCTH MOXKET HaO/OJaThCA U B JPYTHX PEPMAOHHBIX CHCTEMAN.

JKCEPHMEHTAIbHOE NoATBEPKAEHHE P dekTa MArHHTHOM MPO3Pa4yHOCTH B HCCICIOBAHHOM CUCTEME SBH-
10Ch Obl HE3ABHCHMBIM TOATBEPKICHHEM AJCKBATHOCTH HCNONb30BAHHOH MOAC/IM OMMCAHMIO MArHHTHBIX
CBOMCTB 3TOi cucTeMbl. TT0Ny4EHHBIN PE3yIbTaT YKAa3bBA€T KPHTEPHH BHIOOpA BELICCTBA (IO MOJCTH MArHMT-

HOf TIOACUCTEMBL, IO BPEMEHAM PEAKCALMY H BO3MOYKHOCTH CO3JAQHHA HMITY/IbCA MOAXOIAIUCH LIHTCIBHOCTH).
\
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DISSIPATIVALESS TRANSITION OF PULSE MAGNETIC FIELD
IN 1D ANISOTROPIC SPIN XY-CHAIN
Yu.V.Sereda e
Scientific and Technological Center of Electrophysics, National Academy of Sci rai
28 Chernyshevskyi Str., P.O.BOX 8812, UA - 61002 Kharkg,v, kac:;;:fees gSees
tel.: (0572) 404720, fax: (0572) 475261, e-mail: ntcefo@kharkov.com

The evolution of unidimensional spin XY - chain, which possesses the fermi it

with certain condition for exchange interaction constants under the mﬂg::: g??;;;egr :goiemljmar); excxtatlon:s,
field has been studied. Namely, the possibility of selfinduced transparency effect for magnetic ll'l)el ge fd 4 magnetic
net was studied. As a result, the uniparametric soliton solution of exact system of equations for tl PASE I e
romagnet in the external magnetic field is found. Thus, the characteristics of pulse, which is bl1 i)
the given spin system without dissipations, dont changing it's state, are obtained Th:: case of ba- © ¥ t.hrough
homogeneous magnetic field is considered. ' S¢ of background stationary

KEY WORDS: XY - chain, antiferromagnet, selfinduced transparency, soliton
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YCTONYHBOCTD HAEAJIBHBIX MEJIKOMACHITABHBIX
MI'I-MOJ B TOKAMAKE

E.B. Pomamenxo, A.f1. Omeibuenko
Xapsrosckuii nayuonansuwiii YHueepcumem um. B.H. Kapazuna.
Duzuxo-mexnuveckuii paxyrsmem. 61108, Xapekoe, np. Kypuamosa, 31.
Ioctynuna B peaakumio 15 sreaps 2000r

B pamkax wuneansHoM MarHuTHOI FRAPONIHHAMHKH TNPOBEAEHO HCCAENOBaHHE YCTOMYMBOCTH MIAEATbHBIX
MenkomacmTabuex MI'JI-MOZ B aHM3OTPONHOI IL1a3Me TOKAMAaKa C Yy4€TOM rOoPpPUPOBKM MArHUTHOTO MOJS U
dpdexra KOHEYHOCTH NAPMOPOBCKOIrO pagdyca HOHOB. UYMCNEHHBIMH METOJAMM HaiideHbl 06JacTH
BO30y>xneHHs Mo Mepche 1 MaeanbHbX GatTOHHBIX MOI U ONPENENEHbl UX HHKPEMEHTHI.

K/TFOYEBBIE CJIOBA: roppHpoBaHHOE MarHHTHOE none, aHU30TPONHas IU1a3Ma, 3ddekT koHeyHoCTH nap-
Moposckoro panuyca (KJIP) uonos, Mozs Mepcre (MM), uaeanbHble 6anioHHb1e moasl (UBM).

JlonoaHUTeNbHbIH HAarpeB MIa3Mbl My4XaMHd HEHTPAJbHBIX YacTHL uan BU-nonsMu moxer MPUBOUTHL K 3HAYU-
TEAbHOH aHM30TPONKK AaBieHus naasmsi [1-2]. Ipouece YCTaHOBJICHHS! aHU30TPOIHOIO pacnpeneneHts mia3mbl co-

MPOBOXXNAETCs NEPECTPOHKO#M MPOGHNIA 1aBNEHNS - ETO MPOAOILHOM P ¥ nonepe4Hoil P, KOMIOHEHT TEH30pa NaB-

Nenus. B cydae nomepedHol MIKEKLHMH SHEPIUHH B NIa3My HMEET MeCTO YKpYHeHHe Npoduis AaBACHHS M1a3Mbl 10
CPAaBHEHHIO C U3OTPOMHOH MIA3MOH U YBE/IHYEHHE CPENIHETO rPAHEHTa AaBIEHHS MIa3Mbl P = ( p +p.) / 2 . Tpu

MapanieJbHOH MHXEKUHH SHEPrHH B IUIa3My, B LIENOM, NMPOMCXOLHMT CIIaXHBAHHE MPOQHIS NaBNEHMS MIasMbl K
YMEHBIICHHE CPENHero rpanauenta p [3-5]. VkasanHble M3MEHEHHMs NaBNEHMS MIasMbl H €ro pacnpeneneHus 1o

PaliyCy IIASMCHHOINO IIHYPa NPUBOAAT K U3MEHEHHMIO MarHMTHOIO MOJIs TOKAMAKA, B YACTHOCTH, €r0 MarHMTHOI
siMel. COTNIaCHO MpeACTaBIeHHAM O mMpuuMHAaX Bo3OyxaeHus MI H-aKTHBHOCTH B HIEaNbHOH Na3Me, H3MEHEHHe
BEMYHMHBI TPafv€HTa NABACHHA IUIa3Mbl MM BEIHYMHbI MArHMTHOM SIMbI ABISIETCS OOHHM H3 MEXAHM3MOB
CTaOM/IM3aUMY WM JeCTaOMIH3ALMH TUIA3MBI IPH HEDKEKLHHU SHEPrHH NOMOJIHUTEILHONO Harpesa B maasmy [5-12].
YBenn4eHHe MONepevHOil SHEPruH YacTHI IIa3Mbl NPH MEPNICHANKY/SIPHOW MHKEKLUMH SHEPrHH B I1a3My M
COOTBETCTBEHHO, YBENW4CHUE JAPMOPOBCKOTO Pajvyca HOHOB BHOCAT KOPPEKTHPOBKY B BO3MYLUEHHBIE MOJS B
niasme, yto obycnasnusaer craGwinsaumio MIJI-mon [13-18]. MaruuTHoe mnojne Tokamaka cosnaercs Habopom
TOKOBBIX KAaTyleK, BCIEACTBHE 3TON0 MAarHUTHOE MOJI€ CTAHOBHTCA MPOAONbHO-HEOXHOPOIHBIM (roppupoBaHHbIM).

['1ybrHa MOAyNAnME MarHUTHOTO MONS TOKAMAKA OTIPEAENAETCS aMILTHTY 0¥ rodpuposku O ,, , @ NepUOA MOIYJISILMH

N - 9HCIOM TOKOBBIX KaTywiex. Mopnynsurs 0pogoNbHOrO MO TOKAMAaka NMPHBOIHT K yMEHBLICHHIO riTyOUHBI
MarHUTHO# SIMbl TOKaMaKa, 9TO OKa3bIBAeT NeCTaOMIM3UPYIOLIee BO3AEHCTBHE Ha ycroiunsocts MM u UBM [19-20].

IHNOCTAHOBKA 3AJIAYH

Yka3aHHbi€ Bbille GaKTOpbl: aHU3OTPONHKS MA3MBI, FOGPHPOBKA MATHUTHOTO MOJS TOKAMAKA U 3¢ pext KJIP no-
HOB OKa3bIBAIOT KOHKYPEHTHOE BO3NEHCTBHE Ha YCTOMYMBOCTb MAealbHbIX MI'Jl-Moa B pexxumax paboTs peanbHbIX
ToxamakoB. IToaToMy akTyanbHO HCCNEnOBATh YCTONYMBOCTD MUIa3MbI C Y4eTOM 3THX (akTopoB. C 3Toil netsio 0606-
MM H3BECTHOE ypaBHEHHE MailbiX konebanuii pabotel [10] ¢ yueroMm mpononsHO# HEOXHOPOAHOCTH MArHHTHOIO
nons 4 3¢pdexra KJIP HOHOB. 31O ypaBHEHME ABNAECTCA CNEACTBHEM MMHMMH3ALUM GyHKUMOHANA MOTEHUHATLHON
3HEPTHH aHU30TPONHOH nnasmsl [21], MeToauxa koTopoii onucana B [10, 22]. 3amaua Ha ycroitunsocts MI'JI-mox B
ITOM C/IyHac SKBMBAJICHTHA 3a7a4€ HA CYILIECTBOBAHHE JIOKAJIM30BAaHHbIX B [ -NIPOCTPAHCTBE PELIEHUI YPAaBHEHHUS Ma-
bIX Kojiedanuii [23-25]. 310 ypaBHEHUEe HMEET TOUHbIE JIOKATU30BAHHBIE PELICHUA, BhIPAXKEHHBIE yepe3 CIUTHOCHYThIE
CepounanbHbie PyHKINM MPH ONpENENEHHON 3aBUCHMOCTH MEXIY NMapaMeTPaMH YPaBHEHHS, KOTOPYIO MOXHO pac-
CMaTpUBaTh KaK NMCNCPCHOHHOE ypaBHEHHE. B peanbHbIX MUIa3MEHHBIX YCTAHOBKAX 3TH MapaMeTphl OMpenensioTcs
KOHKPETHOH QyHKIHOHAMBHOH 3aBUCUMOCTBIO OT TakiX QU3MYECKUX BETHYHH, KaK NaBJIEHHE M1a3Mbl, TOKU B IIa3Me,
IUMp MAarHUTHOIO MOJIA M T.A., & NOTOMY He MOryT ObiTh aGCOMOTHO NPOK3BOJIBHLL. B 3TOM Cnyuae aHanus mucnepcu-
OHHOIO YPaBHEHHMsA CJIEAYeT NMPOBOAUTEL YUCIEHHO. Pe3ynbTaThl TAKOro aHaNyu3a NO3BOJSIOT YCTAHOBUTD. THN npeans-
HBIX MOJI, BO3DyXJaeMbix B 1a3Me; HX 30HL! BO30YKIEHNA W HHKPEMEHTDI, BIIUAHME AHU3OTPOTIHOTO HABJEHHS, OG-
PHpOBKH MarHUTHOrO noss 1 3¢p¢exra KJIP HOHOB Ha yCTOHUMBOCTD MUTa3Mbl, B3auMHbIA nepexoaq MM u UBM npyr B

Apyra.
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VPABHEHHE MAJIbIX KOJEFAHMI C YYETOM FO®PHPOBKA MATHATHOTO noJiA
" YOPEKTA KJIP HOHOB
OG001eHHOe YpaBHEHME Malbix KosieDaHuil, OTIUCHIBAIOLIEE B paMKax Hi
yuetom sddexta KJIP HOHOB yCTOMYMBOCTb MAEATIbHBIX JKETOOKOBBIX H DanTOHHBIX MO
Kamaka ¢ roppUpOBaHHBIM MarHMTHBIM MOJIEM, HMEET BHI

df s 2142\ |7=0 (1)
dt[(l-H )dt:l [X 1+12+Y'(1+t )]'/

fonu4YecKHuM, a CE4YEHHE [11a3MEHHOr 0 HIHypa €jaaoo 3Ji-

eaTbHON MarHWTHOW MMAPOJMHAMHKH C
1 B aHM30TPOTTHOH ILU1a3Me TO-

Pacnpenenexdue nasneHus ruiasmbl 6yaem rnojararte napa
suntuyeckuM. C yueToM 3Toro napame'rpbl ONMpENENsIOTCA TAKUMH COOTHOIIEHUAMH

¥ —32n2 S

[ _2 Z K K KfIH‘” +n
+(1 ]: l 3 z K,-,,, : 1 2 rn e trra,
S|4 4 (wHny | 128,50 (u 4 ) ) +ntn .

nn,n,

x[—z’- : +—5— 1 T 1
2 (p +nl)(u +n2) 2 (p +n)(p +n2) (p +n)(p +n2)

ptn+tnm—n 1 (’7""1)2 ]}

+4(u +n)(2p, +rz+nl)2 +—2-(p. +n)2(p +nl)(p +n2)

Ilapamerp A OmHCHIBaET 3bPEKTUBHYIO MATHHTHYIO AMy B TLIa3Me TOKAMaka KOHEYHOro nasieHus. MarHuTHas
siMa MOIMGULMPYETCs B aHM3OTPOITHOK TUTa3me 3a cuer nobaskn A u mpeoGpasosanus p, = (P, + Py, ) /2 [9-

10], a TawoKe 3@ CYET claraembix, OOYCIOBIEHHBIX NOQPUPOBKON MArHUTHOTO MOJI% M MPONOPLMOHANBHBIX o N B

6

_ 2-__[_1_1___&2 2 H ’ (14’,1 {_1_ [—(r%n k.rz,n
R T 322K (u+n) M 42( 42(

n 9 +n) 43 +n)2 -
ny . _ 2
1] Kr,n 1 Z Kr,nKr,n,Kr,nz Krn+nl—n, [ 4
-T2 ME) *
+ (u +n) i (0 A )0 47 ) +ntn =) (0 +m )0 +n,)
" n—n, +9 1 _4 (!—l "’"1)(l~l +”+"1-"2)
2 2 T
(w+n)p +n)  (wtm) (0 +n)(p +,) (0 +n+n +n,) 3)
1 ]_ 1 2 Er,n Er,nl I?r,nz K;r,n+nl—n2
(Pl +nl)(2u +n+n1) l6nn1n2 (u +n1)(].|. +n2)(l»l +n+n1 —n2)2 X

1 + B +n L +n,

x[(u +n)p +m)  (n +n)(n +n ) +n+n —n,) 2(“ en)on +ntm)

+9 (u +n+n1-n2) ]}

(].l +n)(u,+nl)(2u +n+n, --nz)z
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.2 _ o(o-o.)
] ' e

rae f - ycpenHeHHOe Mo yrioBbiM NEPEMEHHBIM PaNHaNbHOE CMELUEHHE 3/IEMEHTA [U1a3Mbl, P = p/ P, P -paanyc

(4)

} 3 mcl, dinp B¢
TOQPUPOBAHHOM MarHUTHOMN TMOBEPXHOCTH, @, = -MOHHasA npeiidosas yacTota, © , = —}-?—-anbd)-

a eB da

BEHOBCKkas 4acTOTa, HOPMMPOBaHHas Ha OOJBLION PajMyC TOpa, KPHBH3HA MATHHTHON OCM TOKAMAaka WMEeT TakKue

kommonents: K, v, =1+63,, K, =K, , =35, K,,v =K, _,y =38, Ocranshbie 0603Hauenus

CTannaprHbl [26]. AnautuBhas nobaska A , koropas o6ycnoenena a@HU3O0TPOIKEN AaBJICHUs IU1a3Mbl, HMEET BUJ

I L (5)
- T‘I TH+T.L.

JoGaska A BHOCHT cTaGWIM3MpYIOWMIi BKIag B YCTOMYMBOCTb MAEANbHBIX MO B Cly4ae MapalieNbHOM
HIDKeKUMK SHeprun B miasmy (7, > 7)) w pecraGunusupyrommii BKNAn — NpH NMepNEHTHKYIAPHOH MHKEKLHU

snepruu (1, < T ), 9T0 CBA3aHO C YBENHYEHHEM HITH, COOTBETCTBEHHO, YMEHbIIEHHEM FTYGHHE! MATHITHON SMbL A
il 1

ITpononbHas HEONHOPOAHOCTb MATHHTHOTO MOJA M3MEHSET BENMYMHY MACHMTHOH MBI A B OCHOBHOM 33 Cuer

JeCTaOUIHM3HPYIOLIEro CIaraeMoro, MpoNOPLHOHAIBHOTO EN 26i, [19, 20]. Mapamerp W’ onpenemsier smusme

- -~ ! 4
Oa1oHHbIX 3QDEKTOB Ha YCTONYMBOCTD IL123Mbl K B aHM3OTPOTHOM MIa3me nponopuuonanex (p’ + p|) / 16. Ha

€r0 BENHYMHY, KaK M Ha BEJIMYUHY MArHMTHOM AMbIA , BAMAET MOAYIALMS KPUBM3HBI MarHMTHOH OCH TOKAMAKA,
KoTOpasi 00ycnoBneHa roppHpOBKO# MarHWTHOTO noJis. Briusiuue sddexra KIIP noHoB IIPUBOJUT K NMEPEHOPMHUPOBKE
UHKPEMEHTa BO30yxkaaembix Mon Y, [13-16] u ofycnaBniBaer rpauyHbIil N0 BeuumuHe Y . Xapaxrep BO30OYXaeHHUS

naeanbHeX MI'/T- Moz, B oTiM4HeE OT 6ecnOporoBoro Bo30yxaeHus Konebanuil B Ciyuae NpeHeOPexeHN s YKa3aHHbIM

apdexram.
Jlokanu3oBanHble B [ - MpPOCTPaHCTBE COOCTBEHHblE (QyHKUMM ypaBHeRHs (1) MOXHO NOCTPOUTh TPU

CIIeYIOMX COOTHOIEHMSIX MEXIY TlapaMeTpamMi A , [l., Y. M XapaKTepHUCTHYECKHM MOKa3aTeneM v

5 1)
P M. 7%
= 2 i A D (62)
MEVI ST\t
\ /
(1_1 pn, VY (1_1 pn )
S -F—+>+- [ -F-—+— o
y: >2 4 2 2< >2 4 2 2<I’:'§1-v iy (66)
2 1_1 p, VY (1_1 n \I20+9v
N—F-+ 2= F—=2——
2 4 2 2)\2 4 2 2

CootHomenns (6a, 60) no3BOMOT NpH 3a1aHHBIX PABHOBECHLIX MapaMeTpax A U L, ONPENeNuTb XapaKTepUCTHue-

CKwii nIoKasaTens V M HHKpeMEHT Y BO30yxmaeMmbix konebanuii. [Tostomy cructeMy ypaBHeHwuii (6a, 66) COBMECTHO
C ypaBHeHUeM (4) creqyeT pacCMaTpUBATh KaK CHCTEMY AMCIIEPCHOHHBIX ypaBHEHHH. OHU ONpenensioT Bo30yxaeHHe
uaeaibHbiXx MenkomacmTabueix MIJI-MOx B aHM30TPONHOM I1a3Me, KOTOPYIO YAEPXKUBAeT roppUpoOBaHHOE

MarHuTHoe noie ¢ yyerom 3¢pdexra KJIP noHOB.
Cucrema nucrnepcHOHHBIX ypaBHeruil (6a, 66) omiceiBaet Bo30yxaenne MM, eciu nokasarenb V €CTh MHUMas

BenuanHa: u3 (6a) B 3TOM Cayuae cneayer HepasenctBo — A — 1/4 > 0, cootsercTayromas kputeprio HeycTOMUMBO-

cru MM B6au3u rparuuel HeycToitausocT. Ecim nokasarens V' eCTh peabHas BENTMYMHA, TO CHCTEMa AUCTIEPCHOH-
HbIX ypaBHEHUIi onuckiBaeT Bo30yxnenue UBM.
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YNC/IEHHBI AHAJIH3 YCTOMYABOCTH AAEATLHAX MOI I

[IpoBenem uHCIEHHblE pacyeThi cucTeMbl ypaBHeHmii (4), (6a, 60), OMUCHIBAIOLIEH yCTONH e

menrkoMaciuTabHbix MITJI-MOI B aHH30TPOMHO# IU1a3Me TOKaMaka C y4eTOM spdexra KJIP uorfa ; - )pT S
ONBHOrO MarHUTHOro nons. IToJ0XKHMM, YTO MPOJONbHOE MarHMTHOE noJe Tokamaka B = (

. W3MEHAETCA B Mpeaenax oT
na6opom N = 20 TokOBbIX KaTyllek, aMIUTMTyaa ro$PHUPOBKE MArHUTHOTO MOJA o, u3 np

7 = 0 b1 H3MEHSAETCS B Npenenax oT
noneit npouenTa 1o Heckonbkux npouentos (8, = (0,2 — 2)%) . Temniepatypa 1L1asM

maka ¢, O H
omtoro no neckonskux keV (T, =T, =(1—5)keV). ®axropsi 3anaca yCTOWYHBOCTH TOK2 g, Gymy4
PacnpeneneHue NaBICHHA rnaasMbl 10 paauycCy Iias-

OOJIblIE€ €AUHHLIbI, MEHAKOTCA B MpPEAcaaX HECKOJBbKHX €AHHULL
OTOJTHHUTEIBHOIO Ha-

MEHHOTO 1Hypa BeIOpaHO napaboaH4eckHM. ACMEKTOBOE OTHOIICHHE R/ a =4 . B ycnoBuix 1 5
. IPHM NapaJuIeJIbHOH HH-
rpeBa M1a3Mbl MOTYT PEAM30BATbCSA ABA PABHOBECHBIX aHH3OTPOTHBIX COCTOAHHA naasmbl. NIpH nap -
7 H B MaasMy - COCTOs-

JKeKLIMH IHEPrUM B mnasMy - coctosiue ¢ 1, > 1), npu nepneHnyuKysIpHOH MHXKEKLIUA JHEprH My

wnec 1) <7 .
y | s Tomsko 1 =10
M3 nosyueHHbIX Pe3yJbTaTOB CIEYeT, YTO B aHH3OTPOMNHOM MNiIasMe T > 7, Bo3Gyxnaerc

rapmonuka BM, nnasma ycTO#YHBA OTHOCHTENIHO BO3DYXICHHS MO Mepcoe. B ciyqae onuopomiovro Marmn;;rh;
nonst UBM packaunsaercs B obnactu By > 1,6 u S >1 (puc.l, kpusas 1 s Y., = 0). 3ona yCTOHYMBOCTH

MPpU 3TOM  OKa3bIBa€TC MEHbIUE [0 CPAaBHEHHIO C TOI 30HOW YCTOMYMBOCTH, KOTOpas HMECT MCCT((; npH
npeHebpekeRNH aMu30TpONHK MiasMbi B obnacti By > 1,4 u S > 0,7 (A =0) (puc.1, kpusasi 2 ux Y, = V).

Puc.l. S—B, AuarpaMma IpaHHL YCTOHYMBOCTH TUIA3MBI B 32BH-

- r | cumocti ot napamerpa KJIP HOHOB A, aMIUIMTYABI ropprupOBKH
!L ’,'::":,":,"‘ ',': '.‘: 0 HTeMmepaTyp r 2 ]:L
st 1-MBM; T/T, =2 8y =0; A=0
. Lt Tl s . 2-UBM &, =0; A =0 usorponHasi rwiasma
10 - TR = 3-MBM T[T, =3: 8, =0; A=0
@ ';’ '\,\ g 4-VIBM T, /T, =15; 8y =0; A=0
S TRl S-MBMIT/T=19; 8, =0: A=0
osk =S T 6-MMT, /T =19; 8y =0; A=0
""""" 7-UBM &, =0,1; A =0; usoTponHas niasma
, . | 8-MBM 7)/7, =3; A=05;8, =0
1,0 1,5 2,0 i - 3
05 A 9 — ump S. =—5ﬁ-j-+p§7‘;? " Kf(u:l_n)

Veenuuenne napamerpa 1| / T, npueoaut x nampHeimei crabumusaupun UBM (puc.l, kpusas 3) U K yMEHbLIEHHIO

HHKPEMEHTOB BO30YxaaeMbix Mo (puc.2, xpusbie 1,2,3). 310 0fycnosneHo yrnyOneHueM MarHUTHON SIMbI CHCTEMBI

32 cuer aHu30oTpomHOM xoGaBku A . IIpoTuBOMONOXKHBIH
Cy4adl - 3TO PEXHM TMONEPeYHONW HHKEKLIMM 3HEPruH

1,2
nononuurensHoro Harpesa (7, < T ). Ipu stux ycnosusx
1ok AHU30TPOMHSA IUIa3Mbl NPUBOOUT K YMEHBLICHHIO TTyOMHBI
MAaTHMTHOM SIMBl, 4YTO BBI3bIBAET pACIIMPEHHE 3OHbI
- HeycroiuuBoctd UBM (puc.1, xpussie 4, 5), Bo3Gyxnenue
MM (puc.l, xpusas 6) u yBenuueHHE MHKPEMEHTOB
- HEYCTONYMBbLIX BO3MYyINEHHH (puc.2, kpussie 1,4, 5) .
.0
Prc.2. 3aBucuMOCTb HHKpeMeHTa Y, OT By € yueToM aHM3OTPOIMM
0,4
| AQB/ICHYUA IL1a3Mbl ¥ rO(PUPOBKY MArHUTHOMO Nons mpu S = 1,3
. 1 -8, =0; n3orpormas niama
o 2-5/T.=2;8y=0 5-T,/T =188, =0;
. ‘ 3-T/T,=3,8,=0 6-8, =001
. 17 8 ’ ,01,
0oL L - r - / N N H30TPOIHAA I1a3Ma

4-T |5, =15;8, =0
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IJTO ykasbiBaeT Ha nectabmamsaumo WBM MpH YBENWYEHHM aHU30TponMM mnasmbl ([, < I'). Haneueiiwee
1

YBENITYeHNe 3HaueHus napamerpa 7, / I npuBoauT Kk BO3GYMKIEHNMIO MM NpH L / 7,=19.

AHaJIOTHYHO PEeXHMY NONEPEUHOH HHKEKIMH, ropPHPOBKA MATHHTHOTO MO PUBOJIUT K YMEHBIUEHUIO Ty-
OHHBI MarHUTHON AMbI, PACIUIMPEHMIO 30HbI HeycroiunBoctd BM (pucl, xpusas 7) u yBenuuenuio HHKPEMEHTOB
(puc.2, kpusbie 1,6). JIna 3THX NapaMeTpoB IIa3Mbl IPH BENUUHHE ammntynst 8, = 1,8% Bosuukaer 30na Bo36y-
Knenus mon Mepebe u obpasyercs o6was 30Ha Heycroifunsocty UBM 1 MM, IIpu sTux ycnosusix adpdext rodpu-
POBKH COOTBETCTBYET NeCTAOMIM3UPYIOIIEMY BO3NEHCTBHIO AHM30TPONHOI nnasmbl ¢ /. | / I =19 . 310 cnenyer us

- 1 I T =7 1

0 CPaBHEHMS BEJHYMH 3n‘8,2, || —+—=|— ,
2 dy =T,

~ KOTOpbI€  ONPENEeNAOT  HECTAOMIU3HPYIOWIMH  BKIaj B

MAarHHUTHYIO SIMY.

Puc3. S—B, auarpamma ycTOHYHMBOCTH MiasMe
npH TL/T, =15, 8, =0,02

1 — A =0 rpanuua UBM

2~ A =0 rpannua MM

3~ A = 0,3 rpanuua UBM

4 - A = 0,3 rparuua MM

5-A=03; y=03; n=0 rapmonuxa MM
6-A=03; y=03; n=1 rapmonuxa MM
7-A=03; vy=03; n=2 rapmonnxa MM

8- A=03:v=03; n=0 rapmonnxa UBM

PaccMOTpHM COBMECTHOE BAMSHME HAa YCTONYMBOCTD IJia3Mbl roppUpOBKH MarHUTHOTO noJis, 3¢dexra KJIP uo-
HOB 1 aHu30Tponuu nuasmbl ¢ 7, < 7' . Ha puc.3 npusenens! rparnust UBM i MM c unkpementom ¥ = 0,3 aus

ykasaHHeIX Monl. CoBMecTHOe AecTabMIM3MpYIOllee BO3AEHCTBHE IOGPUPOBKH MATHUTHOrO Noas M aHU30TPOMHHU
mrasmel ¢ /) < I, npuBOAMT K pacHIMPEHHMIO 30H HeycToHuuBOCTH MM u UMBM u ciusiunio stix 30H. Ctabunuszu-

pytomee BiusHHe 3p¢pexta KJIP HOHOB He KOMIEHCHPYET AECTaOHIH3UPYIOLIee BIHSHUE yKa3aHHbIX Bbilie (aKTOpOB,
HO MPHBOIMT K CyXeHHIO OOLIeH 30Hb HEYCTOHYMBOCTH. ITO BUAHO M3 pHC.3 (CMeleHHe rpaHulibl 00LLel 30HbI He-

YCTOHYHBOCTH M3 MOJOXKEHHS 110 1MHAK 1-2 B nonoxenue 1o mHuu 3-4 npu A =03 u7} / I, = 1,5. Omas 30Ha
HEYCTOWYMBOCTH pa3feiieHa IUHHeH A = — 1/ 4 Ha nBe wactu: B obnactH — A < 1/ 4 Bo3byxnaercs uernas 1 = ()
rapmonnka UBM, 8 obmactn — A > 1/4 Bos6ysxnatorcs Bee rapmonnku MM, Haumuas ¢ HyaeBoii (puc.3). TMomuepk-
HeM, 9To nuHMA AB pasnenenus UBM u MM c yuerom KJIP HOHOB coBriajaer ¢ nuumeli A = — 1/ 4 . B6nusu rpa-
HULB! HeycTolunBocTH MM A = —1/4  umeer mecTo m3aumubiii nepexon 7= 0 rapmonuxu UBM 8 1 = () rap-
MoHHKY MM ¢ nannbim unkpementom Y = 0,3 . B cooTBercTBMM ¢ 3TMM, NMpH IBIDKEHHH CBEpPXY BHU3 1O JMHMM 8 Ha

puc.3, xoropas cootsercrayer 7 = 0 rapmonuke UBM, Y™ ymensmaercs n 86musy rparuubt A = —1/4  nepe-

XOIOHUT B y‘:’lM , KOTOpbI NPONOJKAET yMeHbmaThCA (puc.3, kpusas 5). Ilpu napannenbHON MHKEKLHH (7;I >1.)

1iasMa noa BimsiHveM 3¢ dexra KJIP HOHOB NEpeXOANT B COCTOSIHHE C MEHBLIMM MHKPEMEHTOM BO36yxaenus UBM,
rpaHHLIa YCTOH4YHBOCTH IUIa3Mbl CIBMIaeTcs B 061acTh GOMbIIMX 3HAYEHHMi AaBieHus mnasmbl (puc.l, kpusas 8) mo
CpaBHEHHIO CO ciydaem, koraa apdexr KJIP uoHoB He yuursiBaercs (puc.l, kpusas 3). Iloa Bausuuem necrabunusu-

PYIOIIEro BO3AEACTBUs rOPPUPOBKM MAarHMTHOTO Mons (B obnactu paccmaTpuBaembix 3Hauenuit O, < 2% ) 3omHa

ycroiauBocty UBM ymenbmaercs. OHaKo B OT/IMYHE OT Ciy4as NEPEHANKYIAPHON HHKEKLHWH 3HEPTHU B TLIa3My B
3TOM CJTy4ae He BO3HHKAET 30Ha B030yxnenus MM u o6pasoBanus obwmeii 061aCTH HEYCTORYMBOCTH.

JAKJTIOYEHHE .
B pamkax uaeanbHONW MAarHWTHOMN I'MAPOAMHAMUKH C ydeToM 3¢dexra KJIP HOHOB MCCenOBaHa YCTOMYMBOCTD
MaeaTbHBIX XeNoOKOBRIX U OAIOHHBIX MOJ B aHM3OTPOIMHOM IU1a3Me TOKaMaka ¢ roppHMpOBaHHBIM MAarHUTHBIM MO-

nem. PaccmoTpeHo BausHue ITHX PaKTOPOB Ha riyOHHYy MarHWTHOM AMbI M MHKpeMeHTbl. OLeHeHa posib KaXkaoro M3
HUX HA yCTOW4MBOCTL Iuia3mel. [Ipu 3TuX ycnoBusax HaigeHbl obnactu Bo3Oyxaesns MM u UBM u nokasaHa BO3-
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i <T n
MOHOCTb 06pa3oBanna obLIel 30Hbl HEYCTOWYHBOCTH 3THX MO B aHW3OTPONHO#H TLIA3ME C T | (pexwum nep-
BOBATh BTOpad 30Ha yCTOHIHBOCTH HUBM. B pexnme na-

NeHAUKYIAPHON uHXeKuuu). B aTom cirydae MOXeT OTCYTCT
UpAeTCA, YTO YKasbiBaeT Ha

pannenbHoi urxkekuuu ¢ 1, > T, BrOpas 30Ha yCTOH4MBOCTH yaeasbHbIX MO pacl

BO3MOXKHOCTb yJepXKanHs nasmei ¢ Gomburum B g .
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STABILITY OF THE IDEAL SMALL-SCALE MHD MODES IN TOKAMAK

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

In the framework of the ideal magnetohydrodynamic theory, the stability of the ideal small-scale MHD modes has been investigated
allowing for effect of finite Larmor radius in anisotropic plasma of a tokamak with a ripple magnetic field. On the basis of numerical
analysis the excitation zones of Mercier modes and ideal ballooning modes, them growth rates have been obtained.

KEY WORDS: ripple magnetic field, anisotropic plasma, effect of finite Larmor radius, Mercier modes, ideal ballooning modes
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PHYSICAL MECHANISMS OF GENERATION OF SUB- AND UP.PER
HARMONICS IN A PERIODIC PLASMA-FILLED WAVEGUIDE SYSTEM

A.V. Kirichok', V.M. Kuklin2?, S.T. Mouharov?
! Institute for Electromagnetic Research, P.0. Boz 10857, 61022 Kharkov 22, Ukraine
%2 Kharkov National University, Department of Physics and Technology 4 Svobody Sq., 61077 Kharkov, Ukraine
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The influence of plasma filling on electrodynamic characteristics of a periodic waveguide system is studied. It is
considered the physical mechanisms, leading to appearance of subharmonics and upper harmonics of the main
mode, which cause the transition to non-stationary regimes of instability of a monoenergetic electron beam.

KEY WORDS: periodic waveguide, hybrid systems, nonlinear mechanisms, beam-plasma interaction

The great attention nowadays is given to the role of plasma as electrodynamic element in modern hybryd
devices [1-5]. The devices of plasma electronics have, as known, a number of significant virtues permitting
improvement of experimental and industrial devices in direction of higher energies and mastering of short-wave
spectrum region without considerable losses in power [6]. However plasma devices have a number of shortages
limiting their wide application. The most essential of them is significant spreading of excitation and amplification
spectra, and also an essential complication of dynamics of their operational regimes. These shortages caused
by the same reasons as in other conditions should be considered as virtues of plasma, e.i by variety of types of
proper oscillations [6] and essential nonlinearity of plasma as medium in a wide frequency band. Meanwhile the
plasma electronics has not pushed aside traditional vacuum electronics, but it is a question of time. because of
the requirements to microwave devices become tougher and already now we don’t quite satisfied by their power
and area of mastered frequencies. '

On the other hand it is necessary to keep the advantages peculiar to devices of traditional vacuum electronics
with their high Q-factor, perfect predictability based not only on the developed theory, and in a greater degree
on vast experience of their designing and operation. However, it is necessary to note, that power growth results in
increasing influence of nonlinear processes. arising in relativistic high-density electron beams, on the operati-nal
regimes of the devices {4, 7, 8]. These beams represent in fact a rather dense moving electron plasma. In
particular, dynamics of bunches of particles. seized by a wave fields, becomes considerably complicated. that
leads to their intensive collective radiation in adjacent spectral regions.

Note that the appreciable growth of intensity of high-frequency oscillations in the case of preliminary mod-
ulation is possible only with rather short lengths of interaction (or with rather small times), when the greatest
accessible level of oscillation amplitude, determined in particular by conditions (Imw) .~ Qi (here Q.. is a
frequency of oscillations of beam particles, seized by the field of wave, (Imw)_ .. 18 a maximum linear rate of
the instability), cannot be achieved starting from a level of initial fluctuations in the system. Maximal possible
intensity of oscillations during the instability is reached in a time

Q7. mZ6 czﬂé’)
e?w? (EZ,)

T ~ (Imw)-} In (

where (E? ) is the intensity of noise in a given spectral interval in the beam immediately after injector (other
notations see below).

In devices with rather extended interaction region, where the greatest possible intensity of generated oscilla-
tions can be surely achieved, the basic attention was usually given to the analysis of further development of the
process with taking into account the excitation of subharmonics and upper harmonics of the main waveguide
mode [15-17]. This phenomenon was accompanied by development of self-modulation regimes of the instability
(details see in [12], conditioned by dynamics of seized particles in a potential well of a synchronous wave. On the
other hand some authors saw the nature of self-modulation, arising in a regime of mature instability, in a dis-
tributed feed-back between beam perturbations and backward resonator wave. The time of energy interchange
can be estimated as Ty ~ L/(vo + |vg]). Appearance of pronounced spectral lines in a frequency spectrum of
developed instability points to it, under the judgment of authors of [13]. The distance between these lines has
an order of 2w /T that is comparable at least in a number of cases with an oscillation frequency of seized beam
particles. |

The purpose of this work is the analysis of plasma influence on electrodynamic characteristics of a periodic
waveguide system and also arguing of physical mechanisms, leading to appearance of subharmonics and upper
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! ' e ; j instability of a
harmonics of the main mode. The latter cause the transition to non-stationary regimes of the Ins ability o

monoenergetic clectron beam.

COMBINED MODES WITH FIXED FREQUENCY IN A CORRUGATED WA\;EGIQJI%:E.
Consider an axial-symmetric waveguide with a variable radius R(z) = Ro(l + acos k.z), where emfRq 18

a spatial period of the waveguide. For plasma-filled waveguide with electron beam traveling 1m 1t, the mqtlon
on is valid if to

of particles can be considered as one-dimensional (along the waveguide axes z). This a.?sumptl . :
impose a rather intensive stationary magnetic field Ho = (0.0, Ho) and, besides, to require the following strong

inequalities to be fulfilled:

2
Whe = (47""0b62/me)1/2 & Wpe = (41rn0€ez/me)l/ & whe = (eH[mec) .

where wpe. Whe, wHe are the electron plasma, beam and cyclotron frequencies correspondingly. In a lack of azbea.gn
the tensor of dielectric permeability have the following non-zero components £13 = £22 = lLieas EES l—wge/ W
The Maxwell equations for axial-symmetric oscillations of the electromagnetic field with fixed frequency in the
‘ waveguide can be represented as
; O0E, OE, ] -—16("H¢) I i E.; 0H, — E:Er, (1)

tw

-— et .__H . e . - -—
0z ar i B or ¢ dz ¢

where time dependence of all values is chosen as A ~ A(t) exp(—iwt), where A(t) is a s%owly varying amplituée

and w is a frequency of osciliations. The boundary condition — the vanishing of tangential component of electric

ficld on the ideallr conducting surface of the waveguide gives the following

E.[R{z)] = E.[R(2)] cos6(z) + E-[R(z)]sin gz} =0 (2)

Juc to the spatial periodicity and cylindrical symmetry of the system all values may be expended on the
Bessel functions: :

- :
E. = Y AnJo(kiar)exp(iksnz); (3)
E, = i AniahnJl(k_j_,,r)exp(ik;;nz)“ (4)
\ T k_Ln b
= lEwW ) '
H, = Z A"ck_L Ji(kynr) exp(iksnz), (5)
n=-—oo n

where kin = \/e(w?/c? — k3,), kan = k3 + nkq is the parallel wave-number. Usually, the central mode Aq
is selected to be close to the proper wave of the appropriate smooth waveguide of radius Ro. In this case
kioRo = €o.m, where & are the roots of the equation Jo(€o.m) = 0. Assume for sumplicity that §; = £o,1 1s
the first root of the Bessel function. |

Supposing @Ry < 1 and expending R(z) in a series near the radius R = Ro one can obtain a set of equations
for three coupled modes

k
I(n-)A-1 = %ﬁoh (&o0) (1 - ";g—(_)_ﬁik—z) Ao; (6)
2 o
Rl = (Jo(ao) - Jléf“) Ao - (1)
& (ks — ko)k
3 (l (ks - ko)g)—0k2) L L
(83

(k3 + ko) ko
2 (1 T s + ko7 — 12 ) AU A;

a kok
IO(”+)A+1 = 5{0.]1(50) (1 + kg—-(_)_:;;z-) Ao. : (8)
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Here ny = iky 44, Ip(z) is the modified Bessel function. Note that the term, proportional to o? in r.h.s. of
eq.(7), has the same order as other terms in this equation. A condition of compatibility of egs.(6)-(8) gives a
dispersion relation.

Amplitudes of coupled modes A4y and A_; are proportional to a and significantly less than the main mode
Ao. Though when the longitudinal wave-number of the main mode for given frequency appears near the Brillouin
contour (k3 — +ko/2) one of the side modes differs from the main mode only in sign of phase velocity. Beside
of opacity zones, arising due degeneracy, the leveling of the main mode and given side mode is observed in this
case [16].

We shall restrict our consideration to important special case, when the degeneracy does not take place and
k3 # +ko/2. Suppose that the frequency and wave vector slightly differ from values defined by the dispersion
relation. In this case the amplitudes of proper oscillations become slow varying. Write the Lh.s. of eq.(7) in the
form

(kz—kg)a(wDo)z.(aAo | 3Ao)

R
Tol¢o) Ao = J1 (o) = 7——22 =5 ( o2 40,20

(9)

where

k3 d(wDy) [d{wDy)
Do = e(w) - ( Je2 _-Lkg)’ Vg = 8]630 / B -

1s a group velocity of the main mode.
First term in eq.(9) vanishes because of assumption that the main mode is resonant (Do = 0. e.g. Jo(&) = 0).
As this takes place, eq.(7) can be represented as follows
8A0 aAo

5 & Ugg— = tgoAo = iqo,—1A—1 + tqo 41441, (10)

where

Ew koks Eol(n+) 4% )
- ; 11
1041 = O @ Do) 0w (1 1 k) 2 W

Substituting A_; and A4, expressed in terms of Aq by using eqs.(6) and (8), one obtains the frequency shift
of the main mode conditioned by its interaction with periodic structure:

Aw = qo — ¢— — ¢4, (12)
where
a’tle
— 13
%= 28wDo) /0w’ (13)
koks )2 Ii(n+)
— 1+ S 14
e ( k3—k%/) nilo(n) 9

DISPERSION RELATIONS AND CONDITIONS FOR RESONANCE EXCITATION OF

OSCILLATIONS
Frequencies and longitudinal wave numbers of high- and low-frequency main modes can be found from

dispersion equation for the main mode Dy(w, k3) = 0 in zero order in a. Generally speaking, it is necessary to
consider the following parameters as fixed: cross wave number k 10 = §o/Ro, Lengmuir plasma frequency Wpes
corrugation period 27 /kq. The frequency and longitudinal wave number can be expressed through the phase

velocity of oscillations

wh = k3vgy =wl. + ki gvpn/ (B3 — 1), (15)

where Bpn = vpn/ec. It is easy to see that the high-frequency oscillations have a phase velocity exceeding the
velocity of light in vacuum (¢ < |vpp| < 00) and low-frequency oscillations can be considered as slow (lvpn] < ¢).
Besides this, there is exist for latter a critical value of the phase velocity, determined from the expression

4
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pe

wge + ki(}cz .

s of the waveguide don’t exist at all.
ly excited by charged beams (see,. for ex'a.mp]e,
vo is a beam velocity) is impossible. In

(16)

(ﬁph )gr =

If 3,1, exceeds this value then low-frequency proper oscillation
Slow low-frequency oscillations, as known, can be effective

5]), whereas for the fast high-frequency main mode resonance Vph = 0 { % ity of the
this situation it is more preferable to excite a side mode by the beam. In the case, when a phase VeiOCIL)

main mode and velocity of the beam are opposite, the resonance conditions can be fulﬁlle\d for sige mock:i with
kay = k3 + ko = ko — |ka| (the frequency here and below will be assumed positive definite}. In other words

wyr = w = (ko — |k3|)vo- (17)

Taking into account that w = ksvph, one can exclude ks from eq.(15) to determine a phase velocity of the
main high-frequency mode, which side satellite tan be excited resonantly by a charged beam:

st -1 = (1-52) 65~ 1)+ D5) (18)
where d = w2, /k3c?, D = k3,/k3, Bo = vo/ec.
In rather general case, when Bo/Bph K 1
2
2 _ _Ba —d 19

and respectively
w? = k3c2B%, = k3c*B3(1 — 280/ Bon)-

In this situation

| wD 2_d—-D
e=1-d/B2, ni~ekiR3y?, 3(0(;(“)0)%2[1_’_550 = ]

Electron beams with By < (Bph)er Can excite in resonance way the low-frequency proper oscillations (the
main mode), which frequency and longitudinal wave-number are following:

2 .12 .2._..2 3 9949
WLE = k3pvg = Wpe — k1oc™Yo Bo (20)

THE INCLUSION OF A CHARGED BEAM INTO THE SYSTEM OF COUPLED MODES
A set of equations (1) should be modified if we take into account a charged beam, transported in the

waveguide:

, 47 )
) + \kz - kg)EEz = -w—(kg - kz)]bz ' (21)

10 raE,
rfr \ Or
where j», is the Fourier image of single non-zero z-component of the beam current. In a case of resonance

interaction between the beam and the side high-frequency mode the solution of eq.(21) can be represented in
the form

47
w

Io(ﬂ+')A+1 - QI,OIO('H-)AO - (k§+ - k2) X (22)

Rg
/o dr'r’ joo [To(3e47) Ko (3¢5 ') — Io(3e47") Ko (5¢47)],

where K, (z) is the McDonald function, I'm () 1s the modified Bessel function. Derivi 2
finiteness on the waveguide axe. In the case of thin tubing beam, discussed below riagegi{Ea) we e Sheifiad

oz = jsd(r? — RY) (29)
eq.(22) can be written as |
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If we shall consider the so-called temporal problem, all solutions for the infinite system will be periodic and
the set of equations will take the well-known form [18]. In this case p can be written as follows

s
p= / exp(:0)dé,.
-7
Amplitudes Ay, A+, depends on the time only.
Maximum accessible strengths of longitudinal components of the electric field of the resonance side and main
modes have the order :

A1 2 g41,040, (32)
MegCiw e
Ao ~ —"—2(4,)?3151 (ny Ry/Ro) . (33)
€V041,0

In the most interesting (resonance) case of large corrugation depth (or relatively weak-current beam (lg419| >
YN)), the term proportional to p in r.h.s. of the equation of motion is sufficiently small and it can be neglected.
However the account of this term (responsible for contribution of volume beam charge perturbations to the res-
onance longitudinal electrical field) leads to decrease of oscillation amplitude in the regime of mature instability
[16]. Really, from the first equation for the field of oscillations vop ~ X exp(i€2,t), where x is the amplitude of
beam density modulation, which depends on the size and statistical weight of “quasi-particle” formed from par-
ticles seized by the field. Then the amplitude of modulation F is proportional to (x/i€2.) exp(i€,t). Comparing
1t with the second term in r.h.s. of eq.(31) ~ (iox/vs) exp(d:t) we see that if oy /vy ~ a/'vz/?’ — 1 than the
suppression of amplitude modulation of the external force happens by perturbations of volume beam charge
and, under the judgement of authors of [16], the diffusion of “quasi-particle” in a phase-space takes place. Thus.
the field of the beam volume charge capable to attenuate and even suppress the self-modulation instability
regimes. It indirectly confirms the idea that the nature of self-modulation is explained first of all by dynamics
of seized particles.

ABOUT MECHANISMS OF TRANSITION TO STOCHASTIC REGIMES OF INSTABILITY

Amplitude modulation. It is known, that the slowly varying (in comparison with the frequency of os-
cillations) factor outside the field amplitude can lead to a well-known phenomenon of period doubling and to
further complication of phase dynamics of particles, seized by the potential well. Really, the particles, seized
by the field of wave, move along the finite trajectories in a phase plane (e.g. in the space "coordinate - velocity”
in the frame of references, where the beam is in rest) with a mean frequency of trembling €2, .

Let the amplitude of the field modulation in the frame of beam rest oscillates with a frequency w, and its
maximal value is p. In this case the field can be represented as a sum of three terms:

A Ao(1 + pcosw,t)sin k3+zi = (34)

Aosinkz 2’ + %p[sin(lc,g.,.z’ + wyt) + sin(ksy 2’ — w,t)].

Following to [14], note, that in addition to the main strip of separatrix cells with seized particles two extra
identical strips appear in this case, sliding relative to each other (and to the central strip). They are more
narrow than the central strip and one of them is shifted upwards and the second — downwards on the axis of
velocities relative to the central band on the value wy, /k3,. The particles of the beam fall into potential wells
of central, upper, or lower strips depending on values of their velocities.

Close to the separatrices the so-called stochastic layer appears. The behavior of a large part of particles
in this layer significantly depends on their initial state and, generally speaking, can be considered as random
from a physical point of view. Just in this sense it is necessary to understand the term “weak chaos”. If the
separatrix strips are rather far apart in a phase space, they do not exchange particles. If the stochastic layers of
different separatrix strips are superimposed, a probability of particle exchange between them becomes finite and
it brings into existence of groups of seized particles, which period of revolution on the complicated trajectories
is doubled. The doubling is promoted by a synchronizing role of relative motion of the separatrix strips. Thé
question 1s how large a part of these particles and what a degree of their influence on growth of subharmonics
of the field. With further converging of separatrix layers (that takes place in regime of saturation of above
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. 2m1 ; 24
Io(ns)Ass = quolo(ns)Ao— — (k34 = k?)jb % (24)
Rb Rb~
[10(7I+)K0 ('7+-R—O) — Iy (ﬂ+§;) Ko('l-;-)] ;
In a similar manner it is necessary to add in r.h.s. of eq.(7) the term:
2w, o To(ns) : Rb) . ( Rb)m )] (25)
—_ — k%) ——= — — n+) ) Iv| -
190,1 [ » (k34 — k )11(n+) Li(n+)Ko \ 7+ R F:Jo| B~ | AE

It is easily to show that in the case of resonance excitation of slow low-frequency oscillation by the beam 1t

+ill suffice to account in r.h.s. of eq.(10) the additional term:

iﬂ(k§+ — k%) jsJo (Eo%) No(&o), (26)

W

vhere Ny, (z) is the Neumann function.

NONLINEAR REGIME OF INSTABILITY ' . .
Taking into account above mentioned remarks, the equation describing nonlinear regime of the instability

< be written in the form:

oF OF N

iy L 2

81’ /39 ac pr? ( ‘)
To+%

p :/ exp(20)df, (28)

sere { = wozfvo, T = wol, Vb = 4 q + gﬁg/wg, ) i — ql,oAOIo(m_Rb/Rg)evo/meoc‘“’wo. 8 = wot — woz/vo-
is necessary to carry out the integration over initial states of particles, which are placed for the length of
3 wo/vo of the waveguide system. With increase of interaction area it is possible to proceed to average values
“+he amplitude for distances about wave-length of resonance oscillations.

Solving a set of equations

\

LI 29
dz v’ (29)
_d_g _ _eEz
dz v’

e can find the moment ¢ = t(to, po, z) when a particle of the beam, which has started from position z = 0
.+ moment ¢ = to with momentum p = po will arrive to the point z and its momentum will be equal to
2 = p(to, po, z). However, actually we are interested in the inverse problem: for beam particles appearing in the
siven point z at the given time ¢ to find an interval of times t%, when they have arrive into the interaction
area (that is they have pierced a cross-section z = 0). Generally speaking, it is sufficiently to determine an
nitial position of one synchronous particle t3(t, z), which has appeared in a point z at the time ¢, and to sum
‘he contribution of all particles, which have arrived into the interaction area not earlier than at the moment
i —To/2, where Tj is a period of field oscillations.

This description is equivalent to presented in [8,16] but only for the case when effects of the reflection of
waves from the waveguide end-walls are neglected.

The equations of motion in this case can be written as follows:

o _ o s
=g e (30)
dg _ 1— g2

i —Re[(F + iop) exp(—i0)] -——-——q—-——, (31) .

where ¢ = p/me, ¢ = 7453 ;
Characteristic time of the instability d; ! is determined by inverse linear increment of the process
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discussed instabilities, when wu ~ $4r) the motion of a noticeable part of particles becomes complicated, that
leads to generation of following subharmonics, and then to further chaotization of dynamics.

The authors of many works noticed, that with increase of interaction length of ( [15], see also [16]) or beam
duration ([17]) it is possible to observe a more and more complicated transition from the stationary regime to a
regime with gradual generation of subharmonics with lower and lower frequencies (usually under the scenario of
period doubling), and, at last, to a regime with pronounced stochastic origin. Really, the beam particles, seized
to the potential well of oscillations, which drifts with the beam. are located in the interaction region during a

finite time. Therefore, the greater the interaction region, the greater part of particles has a time for complex
quasiperiodic motion in pulled together and sliding relative to each other potential wells. which have appeared
because of modulation of oscillation amplitude.

Preliminary modulation of the beam not only accelerates the instability, but also imposes a regime of
instability development, determining the frequency and wave number shifts (velocity of envelope drift).

Resonance excitation of oscillations close to upper harmonics. Other mechanism leading to compli-
cation of dynamics of seized particles and transition to stochastic regimes of instability is the resonance excitation
of oscillations in a vicinity of upper harmonics of the main mode. Really, the periodic system (a corrugated
waveguide) contains only one spatial harmonic as was assumed above. When the depth of the corrugated
waveguide is increased on retention of a period it is necessary to take into account upper spatial harmonics. We
consider here a role of second spatial harmonic a5 cos(2kgz), where o, is its amplitude.

Obviously, the charged beam will interact effectively with the first side mode, which longitudinal wave
number is shifted on 2ko with respect to the longitudinal wave number of the main mode with higher frequency.
The frequency of the latter almost twice exceeds the frequency of oscillations considered above. F oregoing
analysis, as well as the expressions obtained for instability rate and equations for the field, turn out to be valid
for oscillations with higher frequency, which effective (even resonance) excitation becomes possible in presence
of second spatial harmonic in the spectrum of the periodic structure. To make sure in this, it 1s sufficiently to
replace a and ko accordingly on a, and 2kg;. Equation of motion of beam particles in the case of resonance
instability thus takes the form:

d ; : . : 1—q?

?d% = —Re {(F + iop) exp(—ib) + (F2 + ioaps) exp(—ish)} ——q—q, (35)

where s = (k32 + 2ko)/(k3 + ko) is the ratio of wave-numbers of oscillations, being in resonance with the beam.
Now particles of the beam appear to be in the field of two modes, synchronized with the beam and which

potential wells are differ on depth and longitudinal size. The ratio of frequencies and longitudinal wave-numbers

are differ from 2 and some values are listed in the table:

‘Some parameters of the system Table 1.

d 0.0 | 0.01 | 0.02 ] 0.03 { 0.04 | 0.05 | 0.06 | 0.07 | 0.08 | 0.09 | 0.1
B1 124 1125|1126 | 1.27 { 1.28 | 1.29 | 1.31 | 1.32 | 1.34 | 1.36 | 1.37
Ba 1.05 1105 1.06 | 1.06 | 1.06 | 1.06 | 1.06 | 1.06 | 1.06 | 1.06 | 1.06
wopf/wy | 1.86 185185184 |1.83 183 [1.82 181|180 1.79 [ 1.79
k3z/k3; | 2.18 | 2.19 { 2.20 | 2.21 [ 2.22 | 2.24 | 2.25 [ 2.26 [ 2.28 [ 2.29 | 2.31

It is easy to show that the ratio of linear increments (in the regime of mature instability) for this resonance
oscillations is equal to

(Imw), (' g4 (ko)Bi (ko)
(Q+(2ko)31(2ko)) ' (36)

(Imw),
It is possible to evaluate the ratio of intensities of the main modes on these frequencies:

Aot ? [(Imw)Ir 13 (1 (2k0) B2 ) 62 o(2ko) (ka2 + ko) -

|Aoz|2 (Imw), I3 ('H—(ko)%) 43 o(ko) (k32 + 2ko)? |

The presence of two periodic potential wells with different amplitudes and, generally speaking, with aliqua,pt
spatial periods, synchronized with a beam, can be a reason (together with the above-described mechanism) of
noticeable complication of dynamics of seized particles.
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MEXAHU3MBI TEHEPAIIMYM BBICHINX M HU3MINX TAPMOHHUK B

NEPUOANYECKON BOJIHOBOJIHON CUCTEME C IIJIASMEHHBIM 3AITIOJIHEHUEM

A.B. Kupuuok!, B.M. Kykmun?, C. T. Myxapos®
I Hicmumym 34€XMPoMazHUMHNT uccaedosanud
a/a 10857, 61022, Xapvxoe 22, Vxpaunra
2 Xapoxoscxutl nayuonaavruil ynusepcumem, dusuro-mernusecxutd daxyaomem

na. Ceobodw 4, 61077 Xapvxos 77, Yxpauna

WsyuaeTcs BIHAHHE IIa3MEHHOTO 3aNO/HEHAA HA 3/IeKTPOAMHAMUYECKAE CBOUCTBA MEPHOUIECKON BOTHOBOJHOM
crcremsl. PaccMOTpeHs! ¢H3HdYecKHe MEXAHM3MBI, OPHBOJMIIHMe K TIeHEpaliH BEICOKO- H HH3KOYaCTOTHBIX
KonmeGaHuli, BEISHIBAIONAX MePeXof K HECTAMOHAPHBIM peXHMaM HEYCTOHYHBOCTH MOHOSHEPreTHIECKOro
3JIEKTPOHHOI'O IIy9Ka.

KJIFOUEBHE CJIOBA: mniasMeHHas IEKTPOHUKA, TIHODHIHbIE CHCTEMBI, My9YKOBO-IUIa3MEHHOE
B3arMOOeHCTBHE.
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HECUMMETPHYHBIE 3JIEKTPOMATHUTHBIE BOJIHBI
B CJIABOHEOJHOPOAHOU MATHUTOAKTHUBHOM IUIAZME, YACTHYHO
SANIOJIHSTIOLIEN METAJIIMYECKHIA BOJTHOBOI

H.A. Aszapenxos’, B.®. Kaenukos’, B.II. Oaedup’, A.E. Crniopos’

! Dusuxo-mexnuveckuii gaxyremem, Xapoxosckuii HayuonarvHbiil yuusepcumem um. B.H. Kapasuna,
61077, nn. Ceo600w! 4, Xapvkos, Yrpauna
*Hayuno—mexnuuecxuii yenmp anexmpogusuueckon obpabomxu HAH Yxpaunw, 61002, yr. Yepnotuesckozo, 28 a/s 8812
[Toctynuna B penakumio 20 susaps 2000 r.

B paGore wuccnenoBaHo BAMSHUE TOMLMHBI BAKYYMHOTO 3a30pa MEXIy METaNIMYECKOW CTEHKOM BOJHOBOAA M CTONGOM
MAa3Mel HA JHCNEPCHIO, MPOCTPAHCTBEHHYIO CTPYKTYPY MOMS M  CTOJAKHOBHUTEIBHOE 3aTyXaHHE HECUMMETPHYHBIX
JNCKTPOMArHUTHLIX BONH. PaccMaTpHBAalOTCA BOMNBI, PACNpPOCTPAHAIOWIMECS BIOMD LUMJIHHIPUYECKOH BOJHOBOIHOMA
CTPYKTYPbI, COCTOAIUCH M3 METAINUYECKOr0 BOJNHOBOAA, YAaCTHYHO 3aMOJHEHHOIO nna3sMo, ¢nabo HeoaHOpPOIHOH B
aKCHATbHOM HANpaBNeHUH. BHEIWIHEE MOCTOAHHOE MarHWUTHOE MONe HAMPaBIEHO BHOL OCH BOJIHOBOJIHOH CTPYKTYpBI.
[Ina3sma paccMaTpHBaeTCs B MMAPOAMHAMUYECKOM MPHUOTMKEHUM, KAK XONOLHAS paauaibHO OJHOpoAHas cpeaa. Ilokazano,
HTO ZUCTIEPCHOHHBIC CBOWCTBA, panuaNbHas CTPYKTypa MO M 3aTyXaHMe BOJHbI CyLIECTBEHHbIM oOpa3om onpenensiorcs
TO/ILUMHON BaKyyMHOI0 3a30pa M BENMYHHON BHEIUHENO MarHUTHOIO No/s. MccneaoBanus NOKa3aJiu, YTO U3MEHSIS TOJILLKHY
BaKyYMHOTO 3a30pa MOXHO 3()(}EKTMBHO YNpaBASTH 3NEKTPOAMHAMHUYECKUMH XapaKTEPUCTUKAMK COOCTBEHHBIX BOJIH
BONTHOBOAHOW CTPYKTYDBI M, Kak CIEICTBHE, NapPaMETPaMy ra30BOro paspaia, MOANECPKHUBAEMOr0 1aHHBIMH BONIHAMMU.
KJIIOYEBBIE CJIOBA: HecuMMeTpHuHas JNICKTPOMArHHTHAs BOJHA, BOHOBOAHAS CTPYKTYpPa, HEOAHOPOIHAS M1a3Ma,
AUCTIEPCHOHHBIE CBOVCTBA, KOIPDULHMEHT 3aTyXaHus, ra3oBklit paspsia

VIHTeHCHBHBIE WCCNENOBaHHA Ta3OBLIX Pa3pANOB, KOTOpbI€ MOANEPKHUBAIOTCA BOJIHAMM NOBEPXHOCTHONO THMA
(BIIT) o6ycnoBneHbl NepCNeKTUBHOCTBIO MX NpaKTUYECKOro Ucnmonb3oBaHua [1]. Ing TeopeTHyeckoro MOJIEJIMPOBAHIIA
aKCHANbHOH CTPYKTYPbl Pa3psANOB, JIUHBI KOTOPIX 3HAYUTENBLHO NPEBOCKOAST naady Bonkel BIIT, nopaepxuBarouinx
Paspal, UIMPOKO MPHMEHACTCS JIEKTPOAWHAMUYECKHH noaxoa [2]. TarkHbIi NoAX0d OCHOBAH Ha MAaKCHMAILHOM yyere
JJIEKTPOINHAMHYECKHX ocobeHHocTelt BIIT, apndtomumxca coOCTBEHHBIMU BOJHAMH paspAanHO¥H CTPpYKTYphl. B pamkax
1aHHOTO MOAX01a, 0COOEHHOCTH AUCNIEPCHH, 3aTYXaKus H NPOCTPAHCTBEHHOTO pacnpeesieHHs NoJIS BONHBI BO MHOTOM
OTpPEACIAT  NapaMeTpbl  rasoBoro  paspsga. OnpeneneHue  3O(PEKTUBHBIX  MEXaHM3MOB ynpaBneHus
3/IEKTPOAMHAMUYECKAMH CBOHCTBAMM BOJIHBI H, KaK CIEICTBHE, NApaMETPaMM Ta30BOro pa3psaa, NoAnep>XHBaEMOTo
BIIT, aBnsercs npeaMeToM HACTOSALIErO UCCIieNOBAHUS.

IIOCTAHOBKA 3ATAYH
Kak mpasmio, nmasMa B paspsmHBIX CTPYKTypax 3aKiTiOYeHa B CTEKIAHHYIO TpYOKY, HaxoIALIYIOCS BHYTpH
WWIHHIPHYECKOTO META/IMYECKOr0 BOMHOBONA. B ciiyyae TOHKOCTEHHBIX CTEKISHHBIX TPYGOK WX BIMSHHEM Ha
aucnepcroHHbie  cBodictBa BIIT MoxHo npereGpeus [3]. Tloatomy paccMoTpum BbICOKOYacToTHywo BIIT,
pacrnpoCTpaHAIOLIYIOCS BOMbL CTO/M0a MiasMmbl paaMyca R, 4acTMYHO 3aMONHAIOMIEr0 METAUIMYECKMH BOJHOBOJ
paamyca R} (R <R;). BHeumHee noCTOAHHOE MarHWTHOE MoJe HanpaBsJ/ICHO BAOJb OCH BOJIHOBOJHOH CTPYKTYpbI.

ITnasma paccmaTtpuBaeTCAs B TMAPONMHAMHYECKOM MNpPHOMIKEHWH KaK XOJMOAHAas cNabo MOrIOWAKomas cpena.
[Ipeanonaraercs, 4To 3GQEeKTUBHAA YaCTOTA INEKTPOH—HENTPANILHBIX CTOJKHOBEHHH V MOCTOSHHA KAK B paauaibHOM,
TaK M B aKCHATbHOM HaNpaBleHUAX. Pacnpenesniesye MWIOTHOCTH MIa3MBI N0 PalMyCy NPEANnoNaraeTcs OAHOPOAHBIM [2].
PaccmoTpuM ciryuait, koraa 8 miasme Bo3GY)KAeTCA TONBKO OJHA MOJA C a3UMYTATbHBIM BOJHOBBIM YMC/IOM m .
B uccnexmyemoM ciyuae MUTMHHBIX Pa3pAlioB C MalbiMM aKCHATbHBIMHM TIDaAMEHTAMH TUIOTHOCTH IL1a3MbI peweHue
CHCTEMbl ypaBHEHHH MakcBelna MOXKHO HalTH MCTIONB3ys METOA reoMeTpudeckod omThku [2,3]. B 3ToMm ciTy4yae
ammuiutyna noas BIIT, anuHa BOJHBI M IUIOTHOCTB M1a3Mbl ¢1a60 MEHSIOTCH Ha PacCTOAHMAX MOPAAKA [JIMHBI BOJIHBI.
[Tpu 3TOM JIOKANLHOE ANCNIEPCHOHHOE YPaBHEHHE UMEET ClIedYIOIH BH:
(Zl -Yl +Cl)(22 "83Y2 +h2) _ Fz
(Zy-Y; +€3)(Zy —&3Y, +h;) F '

(1

k Q (VR) k G (yR) Km(WR) I, (WR) Km(WR) I, (yR)
. B W GRS i , R)=— -
e 4 v Q(yR) y G(yR) ) Km(yRy) In(wRy) i Kn(WR}) In,(yR))
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3 .
i _mk'eyle3 | 1 v KlnkR) | _m & Fr_l_____l_ w2 =k§_k2, © # k3- 4acToTa BOIHBI #
* R g F |k’ W2J’ TR Rkey |k2 oyl
2 _y2e el -k? k2 =p; P - P2
AKCHANBHOE BOJTHOBOE YMCI0, k=o/c, = e3(k5 —k7€1)E s s

oy = (61 +e3)(k3 ~K2e) + k26310, py =e3lld —KPe)? ~K'ed), Im(0, Km(O - WATMPEEEEEE
dbyHkLun Beccens nepBoro u BTOPOro poaa, COOTBETCTBEHHO, WITPHX O3HAYacT POHU3BOIHYIO MO apryMeHTY, €123 -

KOMMOHEHTHl TEH30pa AMINEKTPHUECKOW  MPOHHULAEMOCTH X0JIOAHOM VarHUTOAKTUBHOH  TL1a3Mbl [4]. B
paccMaTpUBAaEMOM CJTy4ae “4acToTa BOJIHbI ¢ukcHpoBaHa U OMpeaeIseTCa reHepaTopoM, a jIOKalbHOe AWCTNEPCHOHHOE
ypaBHeHHe CBA3BIBAET NOKAIBHOE 3HaY€HHe MIOTHOCTH [L1a3Mbl H UTMHY BOMHBI. B 3TOM M COCTOMT OTIMHHE OT
0GBLIYHOTrO AUCTIEPCUOHHOIO YpaBHEHUA, KOTOPOE CBA3BIBACT 4acTOTY BOJIHbI ¥ €€ UTHHY.

PE3YJIbTATHI U OBCYKAEHME
! marnaTHOro moad =0 Cce® -

Jlna NpOM3BOJbHBIX 3HA4YEHMA Oe3pa3MepHbLIX paluyca miasMel ¢ = Roc™ ',
(W (e - 3NEKTPOHHAA UMKJIOTPOHHAA 4acTOTa) ¥ MapameTpa, XapakTepuU3yHOLIETro BeJIMY4HHY BaKyyMHOro 3a3opa

n= RRI'l OKaTbHOE OHCTIEPCHOHHOE YpaBHeHHe (1) MOXET 6LITh UCCIEIOBAHO TOJNBKO HYHCIEHHO. PaHee ObL1

PACCMOTpEH CITy4aii, KOT1a METATHYECKas CTeHKa BOJIHOBOAA pacnoNoXKeHa 10CTaTOHHO Aa/eKO, TaK 9To €€ BIIMAHHEM
Ha anekTpoauMHammueckue cpodictea BITT MoxHO npexebpeur [5]. B nactoamer paboTe BBIACHEHBI NPEACIIBI
APMMEHHMOCTH TarOro PacCMOTPEHHA W M3YHCHO BIMAHHE TONIIMHEI BaKyyMHOTO 3a30pa Ha 3JICKTPOAHHAMHYECKHE
cwoficrsa BIIT. [okazaHo, 4TO MpUONMKEHHE METALTHYECKOH CTEHKH BOJNHOBOIA K [Uta3Me CYIIEeCTBEHHO MEHACT
smcnepeuonHbie cofictea BITT. Bausanue BenuyyHbl BHEIIHETO MarHHTHOTO nons M pamuyca IU1a3MEHHOTO CToj10a
G Ma eKTpoaMHamuueckue xapakrepucTvki BIIT aHanoriiHo pacCMOTPEHHOMY paHee Cly4aro BOJIHOBOJIHOM

CTPYKTyPbl € 6ECKOHEUHO DOJbLIMM PaldyCOM METajlla R, [5].

BausHHEe TONLUMHGI BaKYyMHOTO 3a30pa Ha AWCMIEPCHOHHbIE CBOWCTBA KBAJPYMOJBHBIX BIIT ¢ a3uMyTanbHbIMU
SOTHOBRIMM UMCIaMM m = +2 mpelncTaBnexs! Ha puc. 1,2. [lpubmibkeRne MeTaa K 01a3Me MPUBOIAT K YMEHBUIEHHIO
13300l CKOPOCTH KBaIApYMNONbHLIX BOJH. B cmydae cnabbiX BHEMHMX MarHuTHeiX monedl (2 <1) yMmeHbmIEHHE
roNILyHE! BAKYYMHOTO 3a30pa 10 BEJMYMH 1M =~ 11 MpHBOAUT K HCHE3HOBEHHIO obriacTh OOpaTHOW OHCIIEPCHH LA

MOAL T = -2 B 06NACTH MATBIX aKCHAbHBIX BOJHOBBIX YHCEN MPU HEOOJBIIMX 3HAYCHUAX Oe3pa3MepHOro paauyca
nra3MenHoro ctonba o < 02. Bausnue napamerpa n Haubosiee CHIBHO BEIPAXEHO AN BOJIH C MOJOKHTEILHBIMH
BOJHOBBIMM uMciamu m . Tak, Hampumep, Ml KBaApYMOJIbHbIX MOA C a3WMYTAIBHBIM BOMHOBBIM HHCIOM M = 2 B
cyuae cnabbix MarHUTHBIX MOJEH NPUOIDKEHHE METAIMYECKON CTEHKH BOJTHOBO/A K IUIa3Me NMPUBOAUT K H3MEHECHHIO
xapakTepa AUCNepCHH - ¢ 0OpaTHOH OHa CTAHOBHTCA npsMoii (puc.2).

: -1 J 21
064 ®© mpc ] © mpe
4 5
{ 5 1
H 1.0 4
R 4 4
054 4
1 .3 3
- - —
0,8 -
0.4+ » —
o ‘ 2
E -
0‘3; 1 ; /
p R 06
= W W v v Al k] 1 %R
0 ; L 5 S F. € é | s mmn ; LR MO (e B L Ll T T T T T v T Y v T T + T ~

PucyHok 1. JIucriepcHOHHbIE CBOCTBA HECUMMETPHUHOH BONHEI  PucyHok 2. Jlucne

g PCHOHHBIC CBOMCTBA HECUMM
cm=-2. Q=06, c=05. Lupps 1 - 5 cootsercraylor ¢ m=2. Q=06, ¢ =05. Hudps 1 - Seff:o‘;*;g:;“"”
snauenmio napamerpa N = 1.1,12,13,15,3.0, coorsercTBenno.  3HaueHmio napamerpa M = 1.1,12,13,15,30 coomernseuﬂyc:m

B criydae CWIbHbIX BHEUIHMX MAarHUTHeIX noned (L2>1) Biausnue ToMWMHBI BakyyMHOro 3asopa
snexTpoauHamudeckue xapakrepuctuku BIIT BbipaxeHo cnaGee, ueM npu ManblX MarHMTHBIX MOMSX ((g< lH)a

BrnusHKe napametpa m Ha aucrniepcuoHHble cBoiicTBa BIIT HauGonee cywiecTBeHHO B 061aCTH MABIX AKCHANBLHBIX

ponHOBbIX uyucen k = k3R, rae BonHa umeeT HauGonbwve $Ha3oByio U rpynnoyio ckopoctu (puc.1,2). Uccne
. shad ) AOBaHUA

MoKa3anu, YTo JUIS BCEX PACCMaTPUBAEMbIX BONH BIMAHUE METANIN4YECKONW CTEHKM BONHOBOLA u’a AHMCIEepC
HOHHbIC
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csoiicTa BIIT necywiecTBenHo B ciyyae, ecnu 1 2 3.0. [epcnektuBHOCTL Mcnonb3oBanus BIIT wis noaaepKaHus
ra3oBOrO  paspAna MOXHO OUEHNTb WCMONb3ys 3aBHCHMOCTh (€3pa3MEpPHOr0 MpPOCTPAHCTBEHHONO [AeKpeMeHTa

3aTyxawns O =Im(k) OT wivHBI BONHBLI W MIOTHOCTH MiasMmsl [7]. 3aBUCMMOCTL HEeKpeMeHTa & OT RC(E) 6!

pasiHYHbIX 3HAYEHWI a3UMYTAJILHOrO BOJIHOBOTO YMCNa m TpeicTaBiieHa Ha puc.3. B obnactu Manwix 3HayeHwuit

-~

Re(k) CcToJIKHOBUTENbHOE 3aTyXaHue BIIT pacrer ¢ yBenuuenuem abconoTHOro 3HaYeHus m .

0,022

003 Im(k) 0,020 Im(k’)

0,018 +
0,016 +
0,014 -
0,012 4
0,010 4

0.01
0,008 -

lljJ_LLlAALLll_AllLlA‘A_AJAlA

0,006 -

4

3
2 0,004 -
1

o

o

o
aat s

Re(k") Re(k )
ML AL AN RS AR AR AR RS S ANSS AR RRAARARARRNAR O A ™r

0|002 MASARRALE AL AL RS ARRARE ARG RARAARSRRS LEA G TYr[rYY

0 1 2 3 - 5 0 1 2 3 4 5

Pucynok 3. IIpocTpaHCTBEHHBIA JEKPEMEHT 3aTyxaHus 1ns PucyHok 4. TIpocTpaHCTBEHHBIA AEKPEMEHT 3aTyXaHus ans
Q0=06, 6=05. n=15, vo ' =107, Ludpw 1-4 NECHMMETpUuHOH BOmb ¢ m=-2. Q=06. o=05,

COOTBETCTBYIOT a3UMYTAILHOMY BOJIHOBOMY yucny vo =103, LHudpel 1 - 5 COOTBETCTBYIOT 3HAYEHHUIO
m = 0,—1,-2,—3. coOTBETCTBEHHO. napametpa N = 1.1,1.2,1.3,15,3.0, coorBercTREHHO.
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: Re(k ) 3 7
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PucyHok 5. IlpocTpaHCTBEHHBIA OEKPEMEHT 3aryxaHus 118 PucyHok 6. Be3pasmepnas NMJIOTHOCTb Mnasmbl AN BOJHBI C

BoaHel ¢ mM=-2. ¢ =05. n=15, vo~l=1073. uppst m=-2. o=05. n=15, vo~l=1073, Hudpsr 1-7
1-7 COOTBETCTBYIOT BEIMYMHE BHEIIHEr0 MArHWTHOTO MO  COOTBETCTBYIOT BEJHYMHE BHEWIHETO MArHUTHOrO  TOJS

Q2=02,04,06,08,12,2.0,3.0, cooTBeTCTBEHHO. 2=02,04,06,0.8,12,2.0,3.0, cooTBeTcTBEHHO.

OTMeTuM OTIHYME NMOBEACHUA NCKPEMEHTa & Ina cuMMeTpu4HOi (m = 0) MOAB ¥ AMNONBHOK MOALI m = —]
(xpuBbie 1,2 Ha puc.3) OT NOBEAECHHUA NEKPEMEHTA A KBAAPYNONbHOW M = —2 W OKTynoJsHOW m = -3 Moa (KpuBbie
3,4 Ha puc.3). [ina KBaApyNONbHON W OKTYMOJNbHOM MOJ XapaKTepHO HaJMuMe MUHHMMYyMa JeKpeMeHTa & B o6yacTu

Re(E) ~ 15 . [loka3zaHo, YTO AEKPEMEHT KBAaAPYNOJbHO! MOl M = —2 YMEHBLIAETCA NPHU YBEIWUYECHUHU NapaMeTpa n

(puc. 4). [1o3ToMy B BONHOBOAHBIX CTPYKTYpax € Majioi TONIIMHOW BaKyyMHOro 3a3opa paspsibl, NoAAepXKUBaeMbie
BIIT, O©yayr anuHHee. OCHOBHOE BHHMMaHHE B JaHHOH pabote ObLIO YAENEHO MOAaM C OTPULATENbHBIMH
a3UMyTaIbHHIMH BOJIHOBBIMM YHC/IaMH B CBA3H C TEM, YTO MMEHHO OHM SABJAIOTCA Haubosee MEPCEKTHBHBIMM IS
MoAAepKAHUA JUTMHHBIX ra30BbIX Pa3pANoB C MATbIMH aKCHAJTbHBIMH rPaiUEHTaMH TUIOTHOCTH TuiasMel [1,2].

KpoMme ToNMuMHBI BaKyyMHOTO 3a30pa Ha 3/IeKTpoauMHaMuyeckue xapaktepucTukd BIIT cywectsenHoe BiinsHue
OKa3biBaeT TaKkKe M BeIWMHUHA BHEUTHEro MarHuTHoro nois 2. Bauanue BenwuuHbl (2 Ha MPOCTPAaHCTBEHHbIi

pexpemeHT & BIIT ¢ asumyTanbHBIM BOJHOBBIM HMCJIOM M = —2 MNpHBeAEHbl Ha pUC.5. C yCHIIEHMEM BHEWIHETO
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AeH Ha
MAFHHTHOLO MOAS CHIAKMBAETCA 3aBHCHMOCTb & OT UTHHBI BOIHbI. 3aBHCHMOCTD feKpeMeHTa CTaHOBHTCA noxog
;1a
JABMCUMOCTb [UIA CHMMETPHUHBIX W IMNOAbHBIX Mod. Takoe opeeHMe 00YC.1aBAMBACT H3MEHEHHC 00.1aCTH

VCTOHUMBOCTH pa3pAla Ha AaHHo# Moze. O61acTh yCTOAYMBOCTH paspind MOKHO OLIEHWTb, MCMIOTb3YA 3aBUCHMOCTE O

OT NAOTHOCTH, cornacHo kputepmio Zakrzewski [2,6]. Ha puc.6 rokaszaHa 3aBUCHMOCTh 0€3pa3sMepHOH TLTIOTHOCTH

naasmpl N = m%cm 2 (o pe - IEKTPOHHAA TUIa3MEHHAs yactota) oT k . [TyHKkTMpHas KpUBaA MoKa3biBAET TPaHUIly

m = -2, KOTOpas pacrnosokeHa cnpasa ot ITyHKTHPHOH
uyTHOTO nond 06:1acTh YCTOHYNBOCTH pa3psia Ha
nennIo 0GnacTH YCTOWYHBOCTH pa3pAloB Ha

00/1acTH YCTOHYMBOCTH pa3psia, NOAAEPKHUBAEMOTO MOJI0# €
kpuBo#. HeoBX0AMMO OTMETHTB, YTO C YCHJIEHHEM BHELUHETO mar
BMNT ¢ m=-2 pacwupserca. Takoe MNOBEACHHE aHANOTHUHHO nose
AUOONIbHBIX Moaax [6].

BbIBO/IbI

B naHHOW paboTe MCCNEN0BaHO BJIUAHWUE TOJILLHHDI BaKyyMHOro 3a30pa MeExXIy [U1a3MEHHbIM CTOJOOM H
METALIMYECKONH CTEHKOH BONHOBOJA, BEJIWYMHbI BHELIHEr0o MArHWTHOTO nons W paadyca C€Toi0a MiasMbl Ha
MCTIEPCHIO, CTOJIKHOBUTENIbHOE 3aTyXaHue, CTpYKTypy TMOJA HeCUMMETPHUYHBIX BOJH, pacnpoCTPaHAIOMMXCA B
BONHOBOHOM CTPYKType: cTONG mniaasmel, c1ado HEOHOPO/IHbI/ B aKCHATIbHOM HaMpas/ICHHH, 4aCTUYHO 3aMOJIHAKOIIMHA
MeTanan4eckuil BonHosoa. [10ka3aHo, YTO TOMILIMHA BaKyyMHOro 3asopa i BHELLHEe MAarHMTHOE Mojie CYILIECTBEHHO
BAMAIOT Ha AMCMEPCHIO, paAMAIbHYIO CTPYKTYPY MOJsi M 3aTyXaHHC BIIT. 1o no3ponseT 3QPeKTHBHO YNPABILATH
napamMeTpamMu ra3oBOTO pa3psia, MOMIEPXKUBACMOTO STHMH ponHamu. Tloka3aHo, YTO B PaspAlHBIX CTPYKTypaXx ¢
MEHbLLIMM BaKyyMHbIM 3a30pOM MEXITY META/UTHYECKOMN CTEHKOH H M1a3sMEHHBIM c10160M, MPH HEU3MEHHBIX 3HAYCHHAX
BHEIIHEero MarHHTHOrO MOJs M paldyca [uiasmbl pa3psadbl OymyT AIHHHEE. [Toxa3aHO, 4TO B pa3pagax Ha MOAC C
m = —2 061acTh YCTOWYMBOCTH pa3psaa paciupAETCA ¢ yCHICHHEM BHELIHEr0 MarHUTHOTrO TIOJIA.

Sta paboTa yac rHiHO MOAAEpKaHa VkpauHckum Hay4dHo-TexHOJIOrHHECKHM uentpoM (YHTLL, npoekT Ne 1112).
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NONSYMMETRIC ELECTROMAGNETIC WAVES
IN SLIGHTLY NONUNIFORM MAGNETOACTIVE PLASMA,
THAT PARTIALLY FILLED METALL WAVEGUIDE
N.A. Azarenkov', V.F. Klepikov?, V.P. Olefir', A.E. Sporov’
! Physical-Technical Department, Kharkov National University, 61007, Svobody sq.4, Kharkov, Ukraine

2Scientific and Technological Center of Electrophysics, National Academy of Sciences of Ukraine
28 Chernychevskyi Str., P.O. Box 8812, UA—61002 Kharkiv, Ukraine

The influence of thickness of vacuum gap between metal waveguide wall and plasma column on the dispersion, spatial field structure
and collisional damping of nonpotential electromagnetic waves is considered in this paper. Considered waves propagate along
cylindrical waveguide structure that consists of metal waveguide partially filled by slightly heterogeneous in axial direction plasma
External steady magnetic field is directed along the axis of waveguide system. Plasma is considered in hydrodynamic approximatiox;
as cold, radially uniform media. It is shown, that the dispersion properties, wave field radial structure and wave damping essentially
determined by the thickness of vacuum gap and by the external magnetic field value. The investigations have shown that due to
varying of vacuum gap thickness it is possible to control the wave electrodynamic characteristics and, as a consequence, the
parameters of gas discharge that is sustained by that waves. ’ 2
KEY WORDS: nonsymmetric electromagnetic wave, waveguide structure, nonuni : : : .
decrement, gas discharge g nuniform plasma, dispersion properties, damping



