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WNccnepgosan cuenapuii HM3konoporosoro pacnaga obsikHoseHHoli CBY-BonHbI ¢ 4acToTOi, cooTBeTCTBYOLWEN
BTOPOVi rapMOHMNKE 3/IEKTPOHHOMO LMKAOTPOHHOMO PE30HAHCa, NMPUBOASALLNIA K BO3DYKAEHNIO ABYX SNEKTPOHHbIX
GepHLUTEHOBCKMX BOJH, 4BYMEPHO-/I0KAIN30BaHHbIX B KPYMHOMACLITaOHOW KOrepeHTHON CTPyKType B paspe-
»keHHoili nnasme. C ncnonb3oBaHneM NPeAsOKEHHON MOLEN NONYHEHbI OLEHKN ANS MOPOra 3TOro HEINMHERHOro
saBaeHns Ha yctaHoskax ASDEX-Upgrade n Wendelstein 7-X, a Takxe B MOAeNbHOM 3KCMNEPUMEHTE Ha JINHEIi-

HOW yCTaHOBKe.
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1. BBEAEHUE

B mnociiesinee BpeMmsi aKTHBHO BEIyTCS WCCJIENIO-
BaHNsl HU3KOIMOPOI'OBBIX HEJIMHEWHBIX SBJICHUN IIPU
B3auMoielicTBun jiekrpoMaranTHoro CBY-usiryuenust
0OJIBITTION MOITHOCTH C ILJIA3MO#l B TOPOUJIAJIBHBIX YCTa-
HOBKaX MAarHUTHOrO yaepxkanws. Cpeam HuUX — aHO-
MaJIbHOE PACCesiHUE BOJIHBI HAKAYKH CO CMEIEHUEM
YaCTOTHI CUTHAJIA PACCESHUs] BHU3 W BBEPX OTHOCH-
TeJIbHO YaCTOTHI PeHepaTopa (FMpOTPOHA), KOTOPOe Ha-
6JIIOAJIOCh HA PA3JIMYHBIX IKCIEPUMEHTAJIbHBIX YCTa-
HoBKax [1-4]. Ha nmepsslit B3MIIsiy1, SKCIEpUMEHTAIBHOE
[IPOsABJICHUE STUX 9DPEKTOB IPOTUBOPEIUT TEOPETIIE-
CKUM Pe3yJIbTATaM, IMOCKOJIbKY, COTJIACHO yCTOSIBIIIAM-
cs ¢ 1990-x roJ1oB npeicTaBIeHUSIM, TIOPOTU BO30Y kK16~
HUs HEJIMHENHBIX $BJIEHUN B HEOHOPOIHOM ILIa3Me (B
9aCTHOCTH, B PA3JIMIHBIX CIIEHAPUSIX IaPAMETPUIECKON
pacnasiHoit HeycrofiansocT CBY-BOJHbI) IPEBBIIIAIOT
5MBrT [5]. D10 3HauUeHHE, OOYCIOBICHHOE GOJIBIIUMU
KOHBEKTHUBHBIMU IIOTEPSIMU JIOYEPHUX BOJIH U3 00JIACTH
pacmajia, IMeIeil KOHEYHBI pa3Mep BAOJb HAIIPaB-
JIEHUSI HEOJTHOPOJTHOCTH, CYIIIECTBEHHO BBIIIE BBIXOTHO

* E-mail: a.popov@mail.ioffe.ru
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MOIIHOCTH JOCTYIHBIX B HacTodiee Bpemsa CBY-rene-
paTopoB. B pesynbrare aHanm3a CIOXKUBIIETOCHA IIPO-
TUBOpEeUnst MexK Ly Teopueil [5] u sxcriepumentom [1-4]
ObLI JIOCTUTHYT 3HAYUTEILHBIA IIPOrPecC B MOHUMAHUN
IPHUPOALI HAOIIONAIOIIUXCA ABJICHUNA U CHEHAPHEB MX
pa3BUTHs B HEOJHODOAHON Iuiasme [6]. Drcrepumen-
TasbHO [2] um Teopermdecku [6] 6BLIO MOKA3AHO, UTO
HUA3KOIIOPOTOBbIe HejmHeiHble 3 @eKThl, KaK TPaBU-
JIO, IMEIOT MECTO B OKPECTHOCTH JIOKAJbHBIX MAKCH-
MYMOB IJIOTHOCTH IJIA3MBI, TJI¢ BO3MOXKHA JBYMEpHAs
JIOKQJIN3aUs JOYEPHUX BOJH B IMOJOUJAJBLHOM CeYe-
HUM YCTaHOBKH, 9TO JIEJIACT HEBO3MOXKHBIM MX IOTEPH
BJIOJIb HAIIPABJICHUS HEOIHOPOIHOCTH ILJIA3MBI U3 00,1a-
CTU HEJMHEHHOrO B3aUMOJIEHCTBUA ¢ BOJHONH HAKAYKH.
Jlokaym3amuss uMeeT MecTO B pe3yJbrare BO30yKe-
aust it CBY-BosiH mwia3MeHHOro KaHasa (BOJHOBO/IA )
BJIOJIb TOPOUIAJBLHOIO HAIIPABJICHHS U3-38 HEMOHOTOH-
HOTO IPOMUIA IJIOTHOCTA U HEOTHOPOIHOCTH BHEITHE-
ro marHutHOro moss [7,8]. B skcmepmmeHnTax HeMo-
HOTOHHOE IIOBeJieHre IPOoUJIs ILJIOTHOCTH HabJI0Ia-
eTcd KakK Ha OCH Pa3psaja, TaK U B MATHUTHBIX OCT-
pOBax M3-3a OCOOEHHOCTEHl NEepeHoca B 3THX CTPYK-
rypax [9]. OxHako ciayuan, xorjga npodusb IMIIOTHO-
CTH ILJIA3MbI MOXKET ObITh HEMOHOTOHHBIM, HE Orpa-
HUYUBAIOTCS IpUBEIeHHbIMEA TpuMepamu. Cireayer oT-
METUTb, YTO B IepudepuilHol ILIa3Me COBPeMEeHHDIX
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TOPOUIAJIBHBIX YCTAHOBOK IIPUCYTCTBYIOT BBITSIHYTHIE
BJOJIb MATHUTHBIX CHJIOBBIX JIMHAN KPYITHOMACIITA0-
Hble KOI'epeHTHble 00pa3oBaHus — (OUIAMEHTHI UJIH
6J100b1, — TOSIBJISIIONIUECS B PE3YJIHTATE IBOJIIOIUH [1€D-
BUYHBIX JAPeiidOBBIX BOH HA HEJIMHEHHON CTAIUN pas3-
BUTHUSI HU3KOYACTOTHON IpeitpOBO-pE3NCTUBHON Typ-
Gymnenraocru [10]. DTu 06pa3oBaHUs POACTBEHHLI 30-
HasbHBIM TedeHusM [10] u crpumepam [11], koTopsre
HaOJTIOIAIOTCA B J1a00OPATOPHOM, MOHOCHEPHONH U KOC-
Mudeckoit masme. OHAKO B OTJIMYNE OT 30HAJIBHBIX
TeYeHUii, IPUBOMAINUAX K CTAOWIU3aIUU JIpeiihOBBIX
HEYCTOWYHUBOCTEH U TEM CAMBIM OI'DAHUIUBAIONINX aHO-
MAaJIbHBII TIepeHoc, 0JI0ObI U (DUTAMEHTBI, TAK YK€ KaK
U CTPUMEpBHI B IUIOTHOI ILTa3Me, CUUTAIOTCS OTBET-
CTBEHHBIMU 33 OAJITUCTUYIECKUI TIEPEHOC Telia U Jac-
THII, [TOTIEPEK MATHUTHOTO IIOJIsI B PA3PEXKEHHON IIIa3Me
IPUCTEHOYHON 00JIACTH TOPOUIAIBHBIX yCTAHOBOK [12].
Kak moka3piBaioT m3mMepeHnsi, BHITOJIHEHHBIE PA3HBIMUI
JIIArHOCTHYeCKUME MeTogamu [13,14], miaorHocTs mias-
MBI B 3TUX CTPYKTYPaX 3HAUYUTEILHO IIPEBOCXOIUT (PO-
HOBYIO IJIOTHOCTH IIJIa3MbI, IPHYEM €€ PACIIPEIeIEHne
mornepek 0s100a ¢ Pa3yMHOI TOYHOCTHIO AMMIPOKCHMU-
pyercs rayccosoii dyuknueii. Ilocieanee Ob110 TakKe
[IOJITBEPKJICHO B PE3YJIbTATE I'MPOKHHETHIECKOTO MO-
JEJINPOBAHNUS, HE3ABUCUMO BBIIOJHEHHOTO DPa3IMIHBI-
My HayuHbiMu rpynmamu [14,15]. C cymecrsoBanuem
TaKUX 00Pa30BaHUIl CBA3BIBAIOT HAOIIONAEMBII HA TO-
kamake ASDEX-Upgrade sacpdekr anomaabHoro usiry-
9eHUsl Ha [MOJIOBUHHON TapMOHUKE T'DEIONIEr0 MHUKDPO-
BOJIHOBOT'O M3JIyYEHUsI B IKCIIEPUMEHTAX 10 HAIDEBY
ILUIA3MBI IIPU JIEKTPOHHOM ITUKJIOTPOHHOM DPE30HAHCE
(QLP). [2]. OgeBuano, 910 1OHOOHBIE CTPYKTYPHI OY-
JIyT IIPUCYTCTBOBATH U B OYIyIIUX YCTAHOBKAX pPeaK-
TopHOro Maciiraba. Ilosromy B3ammogeiicTBIE MOIITHO-
ro CBY-uznyuenus ¢ STuMu 00beKTaMU [IPECTABIISET
HE TOJBKO TEOPETUIECKN, KAK OJIHA U3 BAXKHBIX HEJIU-
HEHHBIX 33029 B 9JIEKTPOIMHAMHUKE [JIA3MbI, HO U HEIIO-
CpPEJICTBEHHBIN NpakTudeckuii murepec. Jlo cux mop
MIPUCTAIbHOE BHUMAHUE YJIEJISI0Ch U3ydeHnio 3pdek-
ToB aHoMaIbHBIX CBY-n3mnyuenus u CBY-nornomenus
BOJIHBI HAKAYKU HEOOBIKHOBEHHON ITOJIIPU3AINT, KOTO-
pasi, KaK IPABUJIO, UCIIOJIH3YETCsI B COBPEMEHHBIX YCTa~
HoBKax st DI[P-#arpesy minasmst [2,16]. B To xke Bpe-
Ml B CJIEIYIOIIEM JEeCSTUIETUH IIAHIPYETCS UCIIOTb30-
BaHUE MOIIHBIX IIy4IKoB (10 67 MBt) CBY-BosH 06bIK-
HOBEHHO MOJISIPU3AIUH JIJIsl JOMOJHUTEIBHOTO HATpe-
Ba IJIA3Mbl ¥ KOHTPOJISI HEOKJIACCUIECKUX MAIHUTHBIX
OCTPOBOB B 9KCIIEPUMEHTAJBHOM TEPMOSIIEPHOM Deak-
Tope ITER. B wactHoCcTH, € 11€JIBIO TTOJTY I€HUST TOPAICH
IJIa3MbI OOJIBINON IJIOTHOCTH OOCYKIAeTCsd U BO3MOXK-
HOCTb WCITOJIb30BAHUS HATPEBA OOBIKHOBEHHON BOJIHOM
Ha BTOPOil rapMonuKe pezonanca [17-19]. AnomasbHble
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sIBJIEHHs] [IPU PACIPOCTPAHEHUU BOJIH OOBIKHOBEHHOM
MTOJITPU3AIUH JI0 CUX TOP He OBLIN MOIPOOHO M3y I€HBI.
B nacrostmeit pabore 5T0T IIpobesI 9aCTUYHO BOCIIOJIHSI-
eTCsl KCCJIeJIOBAHNEM CIleHapUsl Paciiaia 0ObIKHOBEHHOMN
BOJIHBI C 9aCTOTON, COOTBETCTBYIOMIEN 9aCTOTE BTOPOIt
rapmonuku DIIP, npuBossmiero Kk Bo30yKIEHUIO IBYX
9JIEKTPOHHBIX GepHIITeRHOBCKUX (DB) BoJsH, nBYMEp-
HO-JIOKAJIN30BAHHBIX B 0JI00€ U COOTBETCTBYIOIINX MO-
naM menayiiei rajgepen [20]. OTMerum, 9T0 MOJIBI IIIeT-
qyIieil rajlepen — pe30HaHCHbBIE CTOSIIYUE BOJIHBI, KOTO-
pble MOr'yT BO30YKIATbCSI B OCECUMMETPUYHBIX CHACTE-
Max u3-3a 3¢ deKTa MoJTHOrO BHYTPEHHET0 OTPAYKEHUS.
Onu BriepBble HAOJIIOIAJNCDH JJIs AKyCTUIECKUX BOJIH U
ObLIM UCCIeI0Balbl Pajteem B mengyieir rajepee Co-
6opa cearoro Ilaia, Mo mMeHH KOTOPOW W MOJIyYU-
J cBOe HazBaHue [21]. DTu HOpMAIBHBIE MOJBI YACTO
BCTPEYAIOTCS HE TOJIBKO B 3aJlad9ax aKyCTHKH, HO U B
JIEKTPOJMHAMUKE JIJI TUrarepresoro [22] u reparep-
uesoro [23| uznygenus. B gacruocru, ¢ ux napamerpu-
9eCKUM BO3OYIKJIEHHEM B MOJEJIbHBIX IKCIIEPUMEHTAX
CBA3BIBAJIOCH aHoOMaJibHOe mnorjomenne CBY-sosH Ha
JIMHEHOMN ycTaHoBke [16].

2. TEOPETNYECKAA MOJEJIb

PaccmorpuM mapaMerpuyecKyo pacrnagHyio Hey-
CTONYINBOCTDH OOBIKHOBEHHOU BOJIHBI B 0s100e mian du-
JIAMEHTE, BBITSIHYTOM BJIOJIb MAarHUTHOW CHJIOBOH JIU-
HAW U MMEOIIEM JIOKAJbHBIA MAKCHMYM ILIOTHOCTH B
[IOTIEPETIHOM cevueHnn. BIioJiHe ecTecTBEHHO OIMCHIBATH
9THU IJIA3MEHHBbIE 00BLEKTHI B JIOKAJLHOM ITUIMHIPUIE-
cKoit cucteme KoopauHar (r, 6, z), Ipeonaras, Iro ee
HaYaJI0 pacrosoxkeno Ha ocu dumwramenta. Cienys pe-
3yJbTATaM U3MEPEHUil 1 YUCIeHHBIX pacdeTon [13-15],
MIPEJICTABUM IIOTHOCTD ILIA3MbI KaK CYMMY (DOHOBOiT
IUIOTHOCTHU N ¥ IUIOTHOCTHU B 0J100€

én = dngexp (—r?/ry) ,

roe 0ng U T, — BbiCOTa U pamuyc 0/106a. ITockoinb-
Ky Macmrabbl, XapakKTepHble s poduieii ¢GoHO-
BOW IIJIa3MbI, HAMHOTO 0OJIbIlle pajuyca (UIaMeHTa,
9T0 OBLIO IKCIIEPUMEHTAJIBHO OATBEPXKICHO B Pabo-
rax [13-15], masee Mbl 6ymeM UTHOPUPOBATH JIHOOYIO
[IPOCTPAHCTBEHHY IO 3aBUCHMOCTh, KDOME HEOTHOPOIHO-
cru sToro dbunamenra. bymem mpeamosarars, 9To Bpe-
MEHHAasl BapHaIlWsd DaCHpelesieHns] IIOTHOCTA B 0JI0-
Oe MpeHeOPEXKMMO MaJia, 110 KpaiiHeil Mepe, 3a Bpe-
M4 IIepexo/ia pacCMaTPUBAEMOl HEYCTOMYMUBOCTHA B pe-
JKAM Hacblmenns. Pacemorpum nmydok mrockux CBY-
BOJIH OOBIKHOBEHHO IOJIIPUBAIMEI MOITHOCTBIO Py, KO-
TOPBI UMeeT YacTOTY Wg U PACIIPOCTPAHSAETCS Ha KPAIO
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IJIa3MbI IIOIIEPEK MATHUTHOIO II0JIsi BHYTPb pa3psijia.
B BKB-mpubsmkennn mosje 0ObIKHOBEHHON BOJIHBI Ha-
Kadyky B 6j100€e, pacIiojioXKEHHOM B OKPECTHOCTH TOYKH
C KOOPJIMHATOM Xp, MOXKHO IIPEJICTABUTH B BUIE

EO(y7 Z)
2

wo
cky(xp)

EO:ez

x exp (itka(2) (2 — 2p) — iwot), (1)
rJie & U zZ — JIOKAJIbHbIE JIEKAPTOBBI KOODJMHATHI BJIOJIb
[OTOKOBOH TI€PEMEHHOI ¥ MarHUTHOTO HOJIsI COOTBET-
CTBEHHO, Y — KOODJIMHATA, IEPIICHNKYISIPHA UM 00e-
uM. B Beipaxkenun (1)

ke = wo V 77(000)/0,

rae

nzl_wie/wg

— mapaJuie/ibHas. KOMIOHEHTa JU3JIEKTPUIECKOTO TEH-
30pa XOJIOAHOH IIasMbl [24], a wpe — SIEKTPOHHAA
JIEHTMIOPOBCKasi yacrora. Kpome Toro, 6ymeMm canTars,
YTO IMMUPHHA IyYKa MONEPEK MATHUTHOTO MOJIST MHOTO
60.1bIIe pas3mMepa 6J100a, Wy, . > 1. B 3TOM ciryvae MBI
MOXKeM IpeacTaBuTh (1) B coremyromneM Buje:

Eo(o, Z)
2

wo
cky(xp)

e, X

o0
X Z Js(kz(zp)) exp(ish — iwot), (2)
s=—00
rne J; — dyuknus Beccess.

Jlajlee MBI NpOAHAJU3UPYEM PACIA]] JIEKTPOMAr-
HUTHO¥ BOJIHBI Ha JiBe DB-BOJIHBI, IPYIIIOBbIE CKOPOCTH
KOTOPBIX MPOTUBOMOJIOKHO HAMPABICHBI U YaCTOTHI
PUMEPHO PABHBI TIOJOBIHHE YaCTOTHI BOJHBI HAKAIKU:

wi2 ~wo/2 < wum,

wun = /W, +wpe

— BEpPXHErHOpHUJIHAS YACTOTA, W e JIEKTPOHHAS
[UKJIOTPOHHAsT 4YacToTa. BoJiHOBbIe umcia DB-BosH
ABJIAIOTCS  PENIEHUSMH JIOKAJIBHBIX JUCIIEPCUOHHBIX

rae

YPpaBHEHU

Di(q,w) = Dj(q,w) +iDj'(q,w)
2

w
= ¢+ x(q,w) + 592,

(3)
KOTOPBIE€ YIUTHIBAIOT PE3OHAHCHYIO U CTOJKHOBUTE b~
Hyto juccunanmo. Ynen g2 B ypasHenuu (3) OmmCBHI-
BaeT MAaJIYIO 3JIEKTPOMArHUTHYI KOMIIOHEHTY BOJIHBI B
OKDPECTHOCTHU BepxHero rubpujiHoro pesonanca (BI'P),

750

g — HeJINATOHAJIBHBIN SJIEMEHT JIUIJIEKTPIUIECKOTO TEH-
30pa X0JIOHOM tia3Mbl [24]. JluHeitHast BocHpuuMYn-
BOCTH ILUIA3MBI 33/1a€TCsl U3BECTHBIM ypaBHeHneM [24]

2&)1276 s W — MWee
=2 > gt
Ut gz vie q=Vte
2,2 2,2
X exp 7(] Ute Im q] Vte ,
2wz, 2w

e Z — ITa3MeHHas JUCIEPCUOHHAA (PYHKIAS, Ve —
TeIIoBasi CKOPOCTh 3JIEKTPOHOB, I, — MomuduIiupo-
BanHas byukiusa Beccens. [lapamerputeckuit pacna
BOJTHBI HAKATKU B OCECHIMMETPUTIHOII T1a3Me 61008 Mo-
JKET MPUBECTH K BO30YKJIEHHIO Iapbl Jb-mojr memay-
tmiedi rasepen [20], ABUKYIMXCsT B IPOTHBOIIOJIOKHBIX
HalpaBJeHUAX BIOJIb a3UMYyTaabHOI KoopauuaTel. Oc-
HOBHO# HAOOD CBSI3AHHBIX YPABHEHUU JJIsi ITOTEHITHA-
JIOB JIOUYEPHUX BOJIH, OIMCHIBAIOIIUX TPEXBOJIHOBOE B3a-
UMoecTBIE TIpU (PUKCHPOBAHHON aMILIUTYIE BOJIHBI
HAKa4KH, uMmeeT BUJ [6]

Dl¢1 + Dnl¢2 = 07
Dy + Dy = 0,

rie nHTerpaJibHbIe OIIepaTOPbl UMEIOT BUJI

Dl,nlf(ra t) =

/ dw dt' dq dr’ )
Y Bl Sl X

(2m)*
x expliq - (r —r') —iw(t — )] f(x',t).

r+r

Dl,nl (W,q, 92

(5)
B ypasuenuu (5) s1po JmHEHRHOro oneparopa orpeje-

JIEHO B ypaBHeHu# (3), a gIpo HEJIMHEHHOTO OlIepaTopa

paso [25]
)

X \/%S;OO Js(ky(zp)) exp(ish — iwot), (6)

rae B — JiokajgbHOE 3HAYEHHE BEKTOpa WHAYKINUNA
BHEITHEIO MAarHUTHOI'O IIOJIA. HpI/I pemenun CHuCTe-

2
16wpewce

wWo (wg - 4&]36)

wce

(iqz%' — 4299 ——
wo

Ey

Dnl =
B

MBI ypaBHeHH# (4) BOCIOJIB3yeMCsT IPOTIeLy POit Teopun
BO3MyIneHmit. Ha mepBoM mare Mbl IpeInoIoKAM, 9TO
3aTyXaHue JOYEPHUX BOJIH M HeJIMHEHHAST HAKAIKA CJIa-
Oble, u n0J0KUM B ypasuenusx (4) D) =0, D, = 0.
OTO CBOIUT CUCTEMY CBA3AHHBIX YPABHEHHH K JIBYM
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He3aBHCUMBIM JIMHEHHBIM ypaBHenusM D¢ 2 = 0, pe-
[IIEHNE KaXKJI0r0 U3 KOTOPBIX OYJEeM MCKATh B BUJIE

¢1 = al@p(r) X
X exp (im@ +ig®"z+ i (% — &up’”)t),
(7)

P2 = aQ‘Pn(r) X

x exp (i) + g2z —i (5 + 8w ")),

rpeJiosiarasi HOMep a3uMYyTaJIbHBIA MOJIbI 00erX BOJIH
6osibmm, m > 1. B aTom ciryuae noste 9B-BosHBL OY-
JIeT BBITECHEHO U3 MPUOCEBO dacTu 6s1006a K objactu
BI'P. Ono jokamsyercst BOJIU3U TOIKH Ty, , TIE BBIIOJI-
HEHO yCJIOBHUE

dD;/dr|o = 8D /0T |m.q, =0,

@w=m/r, ¢@=aq+aq, ¢=0 wo=w/2

Ob-BosiHA IpM 3TOM MPEACTABJSET COOON MOy IIer-
qyIieil rajepeu, OIMCHIBAEMYI COOCTBEHHBIMU (DYHK-
[UAMUA Pp U Py, HOIIUHAIOMIUMACH PELYIINPOBAHHOMY
nuddepennuanbHOMY ypaBHeHUIO [16]

2 2 ,n\2
6_D; "m 6_ _ 9 DZ (qé’ ) + G_Df SwP™ +
dq1 | 2m Or? 26 |, 2 ow |,
O*°Dy| (r—rm)?
+ 0, - |G| = e =0 )

TBEHHEBIE 3HadeHusa owP" m ¢P" om JISTIOTCSL B
CobcTBennble 3HAYE owP™ 1 gP™ ompeessIoTe
pesyJIbTaTe MONCKa JOKAJIN30BaHHLIX pellleHnil ypaBHe-
Hust (8) u UMeT BUJL

P =

82D2 1/2 1/2\/E 8—D2 —1
0 m | Ow |,

_ 9D;
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20q1

0

(9)
92Dy

pn 1 "t

0 / 1/2
1/2
92D
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oD]
28qL

1/2

T7TL
0 V' m
Ha cnenmyromem srame mporeaypbl Teopuu BO3MYyIIe-
HHUIl MBI y4YTeM 3aTyXaHHe JIOYePHUX BOJIH U UX HeJH-

x DZ\O—(p+n+1)’

0

HeliHoe BO3OyzKJeHHue, MPUBOJSIIee K N3MEHEHNIO aM-
IUIATYJL G1,2 BO BPEMEHU ¥ BJOJIb MATHUTHOIO IOJISL.
Ymuoxast 06e CTOpOHbI ypaBHeHuit (3) Ha KOMILJIEKCHO-
COpsKeHHbIe COOCTBEeHHbIE (DYHKIMH HyJICBOTO TIOPI-
K& @ U @, SBJAIONIIECS PelIcHIeM ypaBHeHus (8), u

BBIIIOJIHSASI MHTEIPUPOBAHUE T10 TIOIIEPEYHBIM KOO IMHA-
TaM, IOJIy UM

0 0
( Up=— + l/pd) a1 = ivy (2) as,

ot Poz
(10)
0 0
(& + Un& + Vnd) g = _iVS (Z) ai,
rne U, ~ U, = U — npojoJjbHble I'DYIIIOBBIE CKO-

pOCTH, yCpeIHEHHbIe 110 00JIACTU PaJUajIbHOI JIOKa-
JIN3AIUY COOTBETCTBYIOMIMX OJM3KUX PATUATIBLHBIX MO/
Ip—n|/p < 1 10YepHUX BOJH, Vpq =~ Vpg = V4 U
vy — K03 PUIMEHTHI, OIKMCHIBAIOIINE JIHHEHOE 3aTYy-
XaHUe W HEOJHOPOIHYIO HeJuHeiHyo Hakadky. lasee,
JJIS AHAJIMTHIECKOTO PACCMOTPEHUs OYJIEM HCIIOJIb30-
BaTh MOJEJIb KYCOYHO-3a/IaHHOIO PaCIpee/IeHUs] IT0JIst
CBY-BoJtHBI B/IOIb KOOPINHATHI Z:

v(z) =0, z < —w,/2,
vo(z) = v, —w,/2 <z < w,/2, (11)
vo(z) =0, w,/2 < z.

DKCHOHEHIMATIHHO PACTYIEe BO BPEMEHH PEIleHUe CH-
cTeMbl ypaBHeHuit, aq,2 X exp (yt) , Koropoe BeneT cebst
HEIPEPBIBHO UPU 2z = W, /2 U SKCIOHEHIIUAJILHO YObI-
BaeT Ha OECKOHEYHOCTU 2 — 00, UMeeT MHKPEMEHT

v =vo—Ujw, —va, (12)
a TOpOT OIpeIesAeTcs OaJaHCOM HAKAYKA U IIOTEPh:
VO(POHL) =U/w, + vq.
3. IOPOI HEYCTOMYUBOCTU B
PA3JINMYHBIX 9KCITEPUMEHTAJIBHBIX
YCTAHOBKAX

[IpousmtocTpupyem
prMepe JBYX TOPOUJAIBHBIX YCTAHOBOK MAarHHUT-

MPEJJIOKEHHYI0  MOJIeIh  Ha
HOIO yrepxKauus IiasMbl. Ha puc. 1 g ycaoswuii
rokamaka ASDEX-Upgrade (uacTora BOJHBI HAKAYKH
fo = 140TTm) [13] mokazana Tpaekropusi DB-BosHBI
(cooTBeTCTBYET asuMyTadbHON Mome m = 112, pasu-
anbHOl Mome N = 6, fu,, = 70.41TTn) B nepuenu-
KyJIIDHOM cedeHun 010062, KOTOpas IOJydeHa C
MTOMOIIIBIO TTPOTIEYPBI TPACCUPOBKH JIydeil, TPUMEHs-
eMOH B TPHUOJIZKEHUN TeOMETPUIECKONH OnTuku [26],
T.€. BBIUUCICHHUS] TPACKTOPUU IMOTOKA MOIIHOCTH
9JIEKTPOMATHUTHBIX BOJIH Y€pe3 HEOTHOPOIHYTO 3aMar-
HUYEHHYIO IJIa3My C YYE€TOM €€ PEaJIbHON IeOMEeTPHUH.
I TpUXIyHKTUPOM ITOKA3aHO IIOJIOKEHNE TI'PAHUIIBI

12%
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Puc. 1. TpaekTopusi 3Bb-BonHbl (asumyTanbHasi moga m
= 112, pagunanshas moga n = 6, fm,n = 70.41Tu) B nepnen-
LOVKYNSipHOM cedeHnmn 6noba ans ycnosuii Tokamaka ASDEX-
Upgrade [13]. LLUTpuxnyHkTup — nonoxetune rpaHnubsl 6106a

6s06a (r, = 0.6cMm). Bunso, uro ormbaromasi Tpaek-
TOPUHU BOJIHBI HE SIBJISIETCS WJIEAJIBHO KDPYIVIOH, YTO
BBI3BAHO BJIMSTHUEM HEOJHOPOIHOIO MATHUTHOI'O ITOJIS.

Ha puc. 2 gs ycioBuit cresutaparopa Wendelstein
7-X (wacrora BosiHbl Hakadkn fo = 140TTm) [14] mo-
Ka3aHa TPAEeKTOpHs DB-BOJHBI (COOTBETCTBYET a3UMYy-
TaJbHON Mofle m = 113, pammasbpHO#l MOZle N = 5,
fmn =70.24TT') B epHeHINKYIAPHOM CeUeHUH GJI0-
6a, TaKyKe BBIYHUCIEHHAS C TOMOIIBIO IPOIEILYPhI TPac-
cupoBknu Jsydeit. Kak u Ha puc. 1, mMTPpUXIyHKTHPOM
[OKA3aHO IOJIOXKEHHEe IpaHunsl 6joba (r, = 0.6 cm).
Tpaekropun DB-BosiH Ha puc.l U 2 JEMOHCTPHUPYIOT,
9TO B 000UX CJIyYasix 9TU BOJHBI HE HOKUJIAIOT 00JIaCTh
pacnajia 1 0TBEeYal0T HOPMAJIBHOMN (Iiendyineii) Moue —
cTos9eil BOJTHE, JIOKAJIM30BAHHOW B y3KOU 00J/lacT Ha
nepudepun 6,100a.

Ha puc. 3 nmokazana 3aBHCHUMOCTh HHKPEMEHTA Pac-
[aJIHOM HEYCTONYIMBOCTA OT MOIIHOCTU. Teopermde-
CKHUe 3aBUCHMOCTHU, BBLIYHUCJEHHBIE COIJIACHO ypaBHE-
U0 (12) U1 MOZIEIBHOTO IIPSIMOYTOJIBHOIO PACIIPE-
nesennsi ot (11) pasmepoMm w, = 2cM, NOKA3aHbI
suaugvu. CUMBOJIBI — Pe3yJIbTaT YUCJIEHHOTO perie-
HUsI JIJIsl TayCCOBA PACIPEJIJCHNs TIOJIs B IIydKe MU~
puHON W, = w, = 2cM. CHlomHAA JIMHAS U KPYIK-
ku — caayuait ASDEX-Upgrade jjist mapaMeTpoB KcIe-
puMeHTa, ykaszanubix B pabore [18]. [Toporosoe 3uaue-
HEE, COMIACHO aHasjmTudeckoil momgean (11), (12), pas-
HO Poth = 297 kBT, a nmoyiyuennoe B pe3yabTaTe TUCICH-
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Puc. 2. TpaekTopusi 3Bb-BonHbl (asumyTanbHasi moga m

= 113, paguansHas moga n = 5, fm,n = 70.24TTy) B nep-

NEHANKYNSIPHOM cedeHun 6noba ans ycnoeuii ctennapatopa

Wendelstein 7-X [14]. LUTpuxnyHKTUp — nonoxeHue rpaHu-
ubl 6noba

HOr'O perieHus cucreMbl (9) JyIst rayccoBa Iy dKa HaKad-
KI ¢ Tem e pagumycom — P = 282 xBr. lrpuxosas
JguHusg 1 poMObl — ciay4ait Wendelstein 7-X jrst mapa-
METPOB IKCIIEPUMEHTa, yKa3aHHbIX B pabore [19]. Tlo-
pOroOBOE 3HAYEHWE, COTVIACHO AHAJUTUIECKON MOIENIH,
paBHO Poth = 285 kBr. 3Hadenue nopora, oLy 4YeHHOE B
pe3yJibTaTe pacdera, — Poth = 243 kBr. Pazinune 3Ha-
9eHUil OPOra CBSI3aHO C MOJIEIbHBIM MIPEICTABIECHAEM
o pactupejenennn 1moisi (11), KOTOpoe UCIOIB30BAIOCH
upu BeiBose Bhipaxkerust (12). IIpu momaocTn CBY-
BOJIHBI, CYIIECTBEHHO IIPEBBIMIAOINIEl TOPOrOBOe 3HA-
9eHne, 3aBUCAMOCTY MHKPEMEHTA OT MOITHOCTH, MOJIY-
YEHHbIE AHAJUTUYECKA U YUCJIEHHO, aCHMIITOTUYECKU
COMMAKATOTCS.

OrMmeruM TakKe, 9TO IPEICKA3AHUS PA3BUTOI TEO-
pur MOTYT OBITH MPOBEPEHBI B MOJEJIBHOM SKCIIEPU-
MeHTe Ha JmHeliHO# ycranoBku «I'panurs [16], e
IUTa3MEHHbBI cToO coznaercsa BYUY-paspsiyiom B jIuH-
HOHM CTEeKJISHHON TpyOKE C BHYTPEHHHM IHAMETPOM
2a = 22 MM, OPUEHTUPOBAHHON B HAIIPABJIEHUU MAar-
HUTHOTO TI0JISI U 3aII0JHEHHOI aproHoM (IoJ[ JaBJIeHN-
em 0x0/10 10 mum/ear” ). MarnuTuoe moste, co3naBaemMoe
BHEIITHAM 3JIEKTPOMATHUTOM, MOXKET U3MEHSThCH OT ()
Jo 450 Tc. Ycpeanennas mo o0beMy IIOTHOCTD ILIA3-
MBI cocTasager okoao 1010 ea~3 u mpu mosHo# Bapma-
IUU MATCHUTHOTO IoJig m3MeHsercd Ha 15-20 %. Crek-
JIsTHHAs TPyOKa IIPOXOJUT Yepe3 OTBEPCTHE, CACJIAHHOE
B IMIUPOKOil CTeHKe BOJMHOBOAA (42 X 34 MM?2) mapai-
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Puc. 3. 3aBncumocTb uHKpemeHTa OT MOLWHOCTU. TeopeTu-

veckune 3aBucumoctn (12) gnsi MogenbHOro pacnpegeneHus

nons (11) nokasanbl nuHusMu. PesynbTaT yncnenHoro petue-

Hus (10) ans rayccosa nyvka — cumeosbl. CnnowHas anHus

n kpyxkn — cayyali ASDEX-Upgrade [18]. LLITpuxosasi nu-
Hust n pombbl — Wendelstein 7-X [19]. wy,. = 2cm
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Puc. 4. Hactotsl SLIP, sTopoii rapmonnkn SUP, BI'P, BonHbl
HaKayky 1 AO4YEpPHeli BOJHbI B MOAENLHOM SKCMEpPUMEHTE

JesibHO y3Koit crenke. CBY-uMitysibepl (MOIHOCTBIO 10
210Br) B dopMme OOBIKHOBEHHBIX BOJIH I[OJAIOTCS Ha
IJIa3My BJOJIb BOJIHOBOJA. Ha puc. 4 mokasaHbl 4acTo-
o1 DIP, Bropoit rapmonuku I[P, BI'P, a Tak:ke yac-
TOTHI BOJIHBI HAKAYKHU U J049epHeil BOJHBI. [[oCcKOIBKY
JacToTa 3aIyckaeMbix BoJiH fo = 2.35 I'T'1; GosibIie yac-
TOoThI BTOpOil rapmonuku DIP, 2f.., B obbeme 11a3-
MBI OTCYTCTBYIOT 3(b(DEKTUBHBIE JINHEHHBIE MEXAHU3MBbI
[IOTJIOIIEHNST HAKAYKN U HUMEETCS TOJBKO CTOJIKHOBH-
TeJIbHBII MEXaHI3M, KOTOPbIii B YCJIOBHUSIX YKCIIEPUMEH-
Ta sABjsgercd ciabbiM. Ha puc. b mokazana pajguaibHast
KOMIIOHEHTA BOJIHOBOI'O BEKTOpa AouepHeil DbB-BosHbr
(mosonmanbHas Moga m = 22, IPOJOIbHBIH K03 dU-
mueHT npesomierus n, = 0.9, T, = 15B). Ha puc. 6
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Puc. 5. PagnanbHasi komnoHeHTa BoaHoBoro sBektopa Jb-son-
Hbl B MOLENBHOM 3KCnepuMenTe, m = 22, n, = 0.9, T. = 13B

0,8

0,6

2y, 10's™

0,2

0!0 " 1 " " 1 " 1 " 1 " 1 "
60 80 100 120

Po, W

140

Puc. 6. 3aBNCMMOCTb MHKpEMEeHTa OT MOLLHOCTU B MOZESb-
HOM 3KkcnepumenTe. JInHus — Bbipaxerue (12), Pi" = 39Bt

upuBejieHa 3aBUCUMOCTD (12) mHKpeMeHnTa BO30YXKIa-
€MOIi HeyCTOMYMBOCTH ABYXIJIA3MOHHOI'O paclaja OT
MOIITHOCTH IIPU YACTOTE DJIEKTPOH-ATOMHBIX CTOJIKHO-
BEHHIt Ve, = 5-10° ¢!, Onenxa ana nopora meycToim-
BOCTH B 9TOM CJIy4ae Pgh = 39 Br. [Ipeackazanublii mmo-
por Heycroiuusocru (okosio 40 Br) cymecrsento nuke
Texandecku poctynuoit mormaoctn CBY-mmmysbcos,
9TO TO3BOJISIET TOAPOOHO UCCIIEIOBATH ITO HEJIMHEHHOE
siBjleHre. B 4acTHOCTH, IPUBEJEHHBIE OLIEHKU [TOKA3bI-
BAIOT BO3MOXKHOCTB [IPOBECTH JAETAJIBHOE UCCIIEIOBAHNE
JIMHEHHON CcTaj Uy HEeyCTOMYUBOCTU U €€ Iepexol B pe-
»KUM HackleHus. [locsenHee mMo3BOJIAT U3YYUTH -
(bEeKTUBHOCTh AHOMAJIBHOTO IOIVIOMIEHUS OOBIKHOBEH-
HOI BOJIHBI.
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4. BBIBO/JBbI

Buepsbie ncciemnoBan creHapuii HE3KOIIOPOTOBOTO
pacmajia OOBIKHOBEHHOI BOJIHBI C 9aCTOTOM, COOTBET-
CTBYyIOIIIEl Bropoii rapmonuke DIIP B mrazmeHHOM 00b-
eMe, TPUBOAAIINI K BO30YXKIEHUIO 1ByX DB-BostH, 1BY-
MEPHO-JIOKAJIN30BAHHBIX B 0s106e (duramenTe) Ha Ire-
pudepun 1wiasmbl. llojiyueHbl BbIpayKeHUsl JJIsi WH-
KpeMeHTa W Topora 3Toii mHeycroiamBoctu. C momo-
nipio ypasaenus (12) mis yesosuit ycranosok ASDEX-
Upgrade u Wendelstein 7-X maiieHb 3HAUEHUST TTOPO-
roB. VIxX 3HadYeHnsi CyIIECTBEHHO HUXKE MOIHOCTH Me-
raBarTHBIX CBY-11y4uKkoB, ncmob3yeMbIx [jisi HArpeBa
B 9THX ycTaHOBKax. Ha mpumepe JInHEHHO! yCTaHOBKU
«I'panHuT» MOKa3aHO, 9TO 3TOT 3PDEKT MOKET ObITH UC-
CJIEJIOBAH B MOJIEJIbHBIX 9KCIIEPUMEHTAX, OTIEPUPYIOMIUX
¢ CBY-momuocrsamu 10 200 BT. 9T0 oTKpBIBAET BO3-
MO>KHOCTB IIOJIpDOOHOTO U3Y4YeHUsI ITOr0 HEJIMHEHHOTO
sIBJICHUS, BKJIIOYas OIEHKY 3(hMOEKTUBHOCTH aHOMAJIb-
HOTO TOIJIOIIEHNS OOBIKHOBEHHON BOJIHBI.

dunancupoBaHue. PesyabraThl wuCCIIEI0BAHNSA
HEYCTOIYMBOCTU B YCJIOBUAX MOJIEIBLHOTO KCIEPUMEH-
Ta monydeHbl B pamkax Jlorosopa Ne23-PB-02-06 u
npoekta BPOOU ®24CII6I-005. Pesynbrarsr uccite-
JIOBaHUsI HEYCTOWYMBOCTH B YCJIOBUSIX IKCIEPUMEHTOB
na ycranoBkax ASDEX-Upgrade u Wendelstein 7-X mo-
JIygeHbl TIpu nojiepzkke Poccuiickoro mayanoro ¢ou-
na (rpant Ne22-12-00010), a gucsieHHbIE PACYETHI Bbl-
ITOJIHEHBI [IPU HOJJIEPXKKE TOCYJAPCTBEHHOTO KOHTPAK-

ta ®TU m. A. ©. Hobde (FFUG-2024-0028).
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