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FOREWORD

The ultimate goal of controlled nuclear fusion research is to make a
new energy source available to mankind, a source that will be virtually un-
limited and that gives promise of being environmentally cleaner than the
sources currently exploited. This goal has stimulated research in plasma
physics over the past two decades, leading to significant advances in the
understanding of matter in its most common state as well as to progress
in the confinement and heating of plasma. An indication of this progress
is that in several countries considerable effort is being devoted to design
studies of fusion reactors and to the technological problems that will be en-
countered in realizing these reactors.

This range of research, from plasma physics to fusion reactor en-
gineering, is shown in the present three-volume publication of the Pro-
ceedings of the Fourth Conference on Plasma Physics and Controlled Nuclear
Fusion Research. The Conference was sponsored by the International Atomic
Energy Agencyand was held in Madison, Wisconsin, USA from 17 to 23 June
1971. The enthusiastic co-operation of the University of Wisconsin and of
the United States Atomic Energy Commission in the organization of the
Conference is gratefully acknowledged. The  Conference was attended by
over 500 scientists from 24 countries and 3 international organizations,
and 143 papers were presented. These papers are published here in the
original language; English translations of the Russian papers will be pub-
lished in a Special Supplement to the journal Nuclear Fusion.

The series of conferences on Plasma Physics and Controlled Nuclear
Fusion Research has become a major international forum for the presenta-
tion and discussion of results in this important and challenging field. In
addition to sponsoring these conferences, the International Atomic Energy
Agency supports controlled nuclear fusionresearch by publishing the journal
Nuclear Fusion, and has recently established an International Fusion Re-
search Council. The primary aim of this Council, which had its first
meeting in conjunction with the Madison Conference, is to promote inter-
national co-operationin controlled nuclear fusion research and its applica-
tion. By these activities the International Atomic Energy Agency hopes to
contribute significantly to the attainment of controlled fusion power.
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The papers and discussions incorporated in the proceedings published
by the International Atomic FEnergy Agency are edited by the Agency’s edi-
torial staff to the extent considered necessary for the reader's assistance.
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IAEA-CN-28/H-1

NNOBEAEHNWE IIVIA3SMBI B CTEJIIJIAPATOPE
IIPY BOJIBIINX NJIVNHAX CBOBOIHOI'O
[TPOBET A SJIEKTPOHOB

B.H.BOUYAPOB, B.1.BOJIOCOB, A.B.KOMUH,
B.M.TAHACKK, I0.H .I0INH

VHcTuTyT Anepuoit Gusukn CHGHPCKOTO OTAENEHHA
Axazemun Hayk CCCP, HoBocHGHpPCK,

Cows Coserckux Counanucruuyeckux Pecnybauk

Abstract— AnnoTanus

BEHAVIOUR OF A PLASMA IN A STELLARATOR FOR THE CASE OF LARGE ELECTRON FREE-PATH LENGTHS.
A study has been carried out of the characteristics of plasma behaviour in a stellarator under conditions
where the electron free-path length is larger than or of the order of the longitudinal wavelength of drift oscil-
lations. A study has been made of the relationship between the plasma decay process (decay time, density
profile, etc.) and the main parameters of the experiment (magnetic field, ratio of the currents in the helical
and toroidal windings, collision frequency of the plasma radius, electron temperature, etc.). An investi-
gation has likewise been made of the structure of the oscillations (wavelength, frequency and correlative
dimensions) accompanying plasma decay; measurements have also been made of the radial plasma flows
caused by these oscillations. The characteristic oscillation frequencies of the potentials, electric fields and
density of the plasma are close to the drift frequency, and their dependence on the magnetic field, electron
temperature and other parameters coincides with drift theory predictions, Experiments have shown that
plasma decay is determined by drift oscillations, while the plasma decay time increases with an increase
in the size of the magnetic field, the plasma dimensions and the parameter €. At a quite small value of
the magnetic field a quadratic relationship is observed between the plasma decay time and the field strength;
as the field increases the relationship becomes linear, the absolute decay time being 5 to 10 times greater
than the Bohm time. The results obtained may be explained quantitatively if an analysis is made of the
radial plasma flows caused by azimuthal drift electric fields, This process gives the characteristic time for
plasma losses Tp = 7‘1 (a/x,). Here y is the increment in the drift-collisionless oscillations, a the plasma
dimensions and x, the amplitude of the radial oscillations of the plasma. The expression for p coincides
with the empirical formulae for that value obtained experimentally.

NOBEAEHUE INNA3MEL B CTENJNAPATOPE IIPHU BONBIUX AAHHAX CBOBOJHOTO TPO-
BETA 3NIEKTPOHOB,

HpOBOAH}IOCb H3yJdeHue ocofBeHHocTeR NMoBeAeHUA ITJa3Mbl B CTeJ/lapaTOpe B peXHMax, KO-
La cBOGOAHRIA NMpober 2/eKTPOHOR 60/Mblle WM MOPAAKA MPOAOCABHON A/MHHB! Apei(oBbX Koneba-
Huit. Maywyanach 3aBHCHMOCTB NpoOLeCCa pacnaja MJ1aaMbl (BpeMs pacrnaia, Npoduab MIOTHOCTH
M T.R) OT OCHOBHBIX TapaMeTPOB SKCMepPHMEHTa (MarHUTHOTO MO/A, OTHOLjeHUA TOKOB B BHHTOBOIK
¥ TOPOHAaNbHO! 06MOTKaX, YacTOThl CTOJKHOBEHUH paAuyca NAa3MBbl, TEMNEPATYpPhl 3/J€KTPOHOB
¥ ap.). OnHoBpeMeHHO HCCAeAOBaNach CTPYKTYpa Konebauuii (ANMHEI BOJHEL, YaCTOTHI, KOppeas-
UMOHHBlEe pa3Mepsl), COMPOBOXKAANIMX Pacnan nNaa3Msl, a TakkKe POBOAUIUCE U3MEpPeHUS paananb-
HBIX MOTOKOB IJIa3Mbl, Bh3BAHHBIX 3THMMU KoneBaHUAMHU. XapakTepHbie 4acTOTH KosaebaHuit no-
TeHLHANOB, 3JIeKTPHUYLCKHX NoJeit W IVIOTHOCTH MJIA3MBl JIeXaT 6AM3KO K ApeHdoBBIM, a ux 3a-
BUCHMOCTD OT MarHMTHOTO IO/, TeMIepPaTyphl 2JIeKTPOHOB M APYI'HX NapaMeTpOB COBNAJaeT C
NpeACKa3aHUAMH apeiidoBOH TEOpHH . DKCINEPUMEHTH NMOKa3aMH, YTO pacnaj Ija3Mul onpeaeaseT-
ca apeidoBriMH KOMe6aHUAMH, BPEMs pacnaja MJaa3Msl BO3pacTaeT C yBeJIUYEHHEM MAarHUTHOrO
nonsA, pa3MepoB MJa3Mel ¥ napaMeTpa €. IIpH AOCTATOMYHO MaJOM 3HAYEHHH MATHHTHOIO MOAS
Ha6mo11aerc9l KBajapaTHyHas 3aBUCHMOCTE BpeMeHH pacliaza nja3Mbl OT BEJHWUYHUHBL NTOJASA, 10O ME-
pe yBe/IHYEeHHd MO OHA MepexoAUT B JHHERHY, IPH 3TOM aGCcoMTHOe BpeMA pacnana B 5-10pas
Gonpme GOMOBCKOTO BPEMEHH. TMTonyyeHHble pe3y/bTATH MOXKHO KAauyeCTBEHHO O6BACHUTS,
€C/IM MPOBeCTH aHaNM3 PaAHaNbHBIX IOTOKOB IJIa3MB!, BR3BAHHBIX a3UMYyTalbHbIMHU APERGOBEIMU
3/IEKTPUYECKUMHU NONAMHK . D TOT MPOUECC AAET XapaKTEpHOe BpeMs MOTEph MJIa3Msl T, = 7'1(a/x0 ).
3mech y ~ HHKPEMEHT ApeiR(OoBO-6eCCTONKHOBUTENbHBIX KONe6aHNH, a — pasMep MIa3Mbl, X, = aMm-
MINTyRa PafHanbHbX KoleGaHuil Wia3Msl. BhpaxeHue Aasa T, COBNafaeT ¢ IMIUPHYECKHMH

dopMyaraMH AAg 'Tp y NOJIYYeHHBIMH 3KCNIepHMEHTAaNBHO .



4 BOYAPORB u ap.

IIpoponxaoch u3yueHue Mjia3MBl Ha cTeJliapaTope HHCTUTyTa AfepHOM Gu-
3uku Cubupckoro orneneHus AkagxeMuu Hayk CCCP. IToapo6Hoe onncaHue 9Kclie -
PHMeHTaJbHOR yCcTaHOBKH 61110 MpuBeseHo B paborax [1-3] . Ocuosuble napa-
MeTpHI cTennapaTopa: bonpuwoi paauyc Topa — 50 cM, Manablii paguyc — 5 cM,
MarHuTHoe noje H — go 3-3,5 k2, Tpex3axoAHas BUHTOBas o6MOTKa, € — XO
0,2. Ilnaszma co3zaBajachk MeTOJOM CTOXaCTHYECKOTO Harpesa [4-5], kak u
B onyG/NMKOBaHHBIX paHee 9KCIepUMeHTaXx.

B oTauuMe OT NpeXHUX 3KCIepUMEHTOB, IPOBOJWIOCE Gojlee TaTelbHOe
H3MepeHHe TeMIlepaTyp:hl 9JIEKTPOHOB B [IpOlleCcCe BCETO pacrnaja, uTo Mo3BO-
JIUJI0 YTOYHHUTE 3aBHCUMOCTBH BpPeMeHHU pacrnaja oOT pas3/IMuHBbIX mapaMeTpos. C
MOMOIBI0 KOPPEISALMOHHBIX MeTOAOB U3YYalHuCh NPOCTPAHCTBEHHbIEe XapaKTe-
PHUCTHKU KoJeGaHUMl M H3MepeHHl paZuabHble IOTOKM IJIa3MBbI, OOYC/IOBIEHHBIE
KoJIeGaHUSIMHU .

MAKPOCKOIIHYECKUE XAPAKTEPUCTHKHU PACITALILA TIJIASMEI

Msyvyajach 3aBHCHMOCTDH CKOPOCTH paclaja IJIa3MBl OT OCHOBHEIX llapa-
MeTpPOB 3KCII€PHMEHTAa: MAaTHHUTHOTO nojis H, OTHOMEeHUs TOKOB B BUHTOBOH M
TOpouAaJbHOH O6MOTKax cTe/IapaTopa (mapaMeTp €), TeMIepaTyphl 3JIeKTpo-
HOB Te , ZaB/EeHHUS HEHTPaAJBLHOTO ra3a p.

OCHOBHBIE 3KCIEPHMEHTHl GLLIM BHIIOJHEHB Ha apT'OHe; AJIs CpaBHEHHs
HEeKOTOpble 3aBUCHMOCTH OBUIM H3MepeHB Takxe Ha He u Xe. YucTora Hc-
MOJIL30BAHHBIX I'a30B 6bUIa JOCTAaTOUHO BBICOKOH, KOHUEHTpauus npuMecei
MOJIEKYJIAPHBIX Ta30B He NpeBsIIala 1072~ 1073 %. JaBienue HeHTpanbHOTO
Ta3a B SKCIEepHMeHTax MEHSJIOCh OT 5-10'6 o 510° TOpP, MpHU JaBJIEHHUH OCTa~
TowHOTO Tasa 2-3-107" Top. Ilepen M3MepeHHUSIMU MOBEPXHOCTHL KaMepsl NMOA—
Beprajach TPEHHPOBKEe paspsaoM B paboueMm rase.

JIJIOTHOCTD IJIa3MBI ONMpPEAeAIach ¢ MOMOW B OTKPhiTOoro CBY-pe3o-
HaTopa (f = 1830 MT'); TeMmmnepaTypa 3JIEKTPOHOB, IOTEHUHAJIBl U JIOKAAb~
Hasl NJIOTHOCTD IJIa3MBbl U3MEPSAIUCEH JIIHI'MIOPOBCKUMHU 30HAaMH, YCTAHOBJIEH-
HBIMH, K@K H PE€30OHaTOp, Ha NPSIMOJIMHEeHHBIX NPOMe XyTKaX xaMepsl. Makcu-
MajbHas MJIOTHOCTH NJIa3Mbl B paspfAfe ZOCTUTaJa 1,5-1010 cm™ , B Ipouiecce
pacnaja U3MepeHHUs BeJHCh 4O IJIOTHOCTH ~ 2-10° ¢M °. JLis U3MepeHus TeM-
[epaTyphl 3JIEKTPOHOB HCIIOJb30BaAJCS OAHH U3 BAaPHAHTOB 30HAOBOTO METO-
nga [6], xoTopriii mo3Bonsan 6bIcTPo, 6e3 AOMOAHMTENBHOM 06paboTKY, onpene-
nate Te B moboit Touke BXOAL pacnaja. PasMmepsr! 3oHAa: auamerp — 0,035 MM,
AnuHa — 5-7 MM, IpH STOM INPaKTHYEeCKH BCeTJa JapMOPOBCKHMIH paguyc aJexk-
TpoHOB 6B Gonbme paaumyca 3oHZa (cM.[7]). OcTuBaHHe miasMil B npouec-
ce pacrnaja onpeiessijioch, B OCHOBHOM, IOTEPSIMU SHEPTHUU 3/IEKTPOHOB U3
"xBocTa" MakCBEJ/UIOBCKOTO paclpegeseHns Ha BO30yxAeHHe HEHTpaJabHBIX
aTomMoB. Ha pHc.l mpuBeZeHSBI TUMHUYHBIE 3aBHCHMOCTH TEeMIlepaTypPhi 9/I€K-
TPOHOB U IUIOTHOCTH IJIa3MBl OT BPEMEHH .

Paauaneusie npoduan reMmnepaTypdl T, U JIOTHOCTH IJ1a3MBbl N (CM.
pUC.2) HECKOJIBKO MEeHST CBOK $OpMy B HaualabHOH crafuu pacnajga. Jau-
TeNBHOCTH 3TOTO IEePEeXOAHOTO Nponecca Ha Ar 6suia obsryno < 0,5 Mcek; U3~
MepeHUe BpeMEHH pacliaja NJaa3Mhl NPOBOAWIOCH JUIL MIOCHe YCTaHOBIEHUS
npoduna NMAOTHOCTH .

TTpu yBeJHUYEeHHH AaBJeHUS HEeHTPaJbHOTO r'a3a U BEeJUUYMHBI MATCHUTHOIO
roJis Hab/JoEal0Ch HEKOTOPOE YO eHNe BePIIMHBl pasualbHOTO Npoduis
TJIOTHOCTH U, COOTBETCTBEHHO, yMeHblIeHHe TpaJueHTHOro paamepa. Cre-
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Puc.1. Tunuyuble KpHUBblE 3aBMCHMOCTH IJIOTHOCTH M TEMIEPATYPbl 3/IEKTPOHOB OT BpeMeHH
Zns Ar.
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Puc.2. PaZjunanbHble NpOQWIM NJIOTHOCTH (c/leBa) M TEMNepPaTyphl 31eKTPOHOB (ClIpaBa) B pa3-

ANYHble MOMEHTH BpEMEHM OT Hauaja pacnaga: H = 2 k3, €2= 0,04, P = 4,010 Top (Ar).
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Puc.3. 3aBHCHMOCTb BpEMEeHM pachalia [JIa3Ml Tp OT AaBJIeHUs HeliTpanbHOro rasa (Ar).
3HaukoMm * 06O3HAaYEHBl TOUKH, NOJMyYEHHbIE H3 KOPPEALUHOHHbIX H3MEpPEeHHH; - - - — pacuyeTHbE

KPUBBIE A4 Klaccuueckoh anddysun.
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Puc.4. 3aBUCHMOCTDH TP(EZ) IS pa3HLX pasMepoB nuadparMe: H = 2 k9, P = 4,010 rop (Ar),
T.=0,592B.
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Puc.5. 3aBUCHMMOCTH 1p(62) Ans pasubix rasoe; H = 2«k3, P=4,010%rop, T, = 1 3B.
3HAYKOM * 06O3HAUEHBl TOYKH, MOJYYEHHBIE M3 KOPpeNsUMOHHBIX U3MEPEeHHil ana AT.

AyeT OTMETHUTDH Takxe, UTO HPH YBEJIUUEHHH €2 pacrnpezneneHue NAOTHOCTH
CyXaeTcsd, 9TO COrjlacyeTcs C NIpelCTaB/eHUIMH O TOM, UTO IIPH AOCTaTO4Y-
HO GOMBIIUX € cemnapaTpHca CTAaHOBHTCS MEHbUle pajnHyca KaMephl.

OKCnepuMeHTH [TOKa3aH, YTO XapakTep 3aBHUCHMOCTH BpeMEHU pacnaja
njasMbl Tp OT NapaMeTPOB OCTAEeTCHA KaueCTBEHHO MOJOOHEIM MPU Pas3JHYHBIX
3HaUEHHUAX TeMIlepaTypPhl 9NMeKTPOHOB. OJHAaKO IJIA ONpele/IeHHOCTH, a Takxe
IJISL TOTO, UTO6H UMETh BO3MOXHOCTE CPAaBHUBATE abCOMIOTHEIE BEJIUYMHBI Tp
B PasHBIX PeXUMax M AJSA pa3HbX ra3oB, U3MepeHHd NPOBOLUIMCH, B GONBIIUH -
CTBe CJlyuaes, IpH TeMIepaType daexTpoHos 1 sB. Beiuunua 7, onpezes-
Jlach IO HaKJIOHY KpUBOH pacrnaja nJOTHOCTH n(t) npu 3Toit TeMmmepaTtype .

Ha puc.3~8 npuBeseH: 3aBUCUMOCTH BpeMeHH T, OT MapaMeTpoB D, H,
€”,

3aBucuMOCT® T, (p) (PuC.3) OTiIMYaeTCs OT panee onybauxosauHon [1]
JIUllb MEHEeE KPYTHM yBeJUYeHHEeM BpeMeHHU yAeDpXaHHUs C POCTOM AaBJIEHHA
p (xpuBsie B [1] 6niam monyueusl 6e3 KOHTPONAS TeMrnepaTyphI) .

3aBHCHMOCTS 'rp(ez) TaKXe MaJlo oT/iM4ajach OT paHee onyO/IUKOBAHHOMH.
B raHHEIX sKcnepuMeHTaxX NOMOJHHUTENbHO U3ydalachk 3aBUCHMOCTH ’TP(€2)I‘[pH
pasiv4HbIX padMmepax AuadparMsi, yCTAHOBJIEHHOH B OLHOM U3 NMPSIMOJIUHEHR~
HBIX IPOMeXYyTKOB CTe/ulapaTopa. OTH U3MepeHHUs [TOATBEepKAaioT BHICKa3aH-
uoe B [1] npe.zfnonoxceﬂue, UTO NMOSBJACHHE H3/I0Ma Ha KPHBBIX 'rp(e2) MpH ZO-
CTaTO4HO GONBIINX 3HAYEHUAX HapaMeTpa €2 CBA3AHO C TeM, 4TO cenapaTpHu-
Ca BIIMCHIBAETCs BHYTPb BaKyyMHOH KaMephl. M3 9TOro skcnepumeHTa Tak-
Ke caenyeT, YTO BeJHYHHA r§ €3 = Const, rge ry — paauyc nguadparmsl, a
€4 — 3HauYeHHE € B Touke neperuba Kpupoii 'rp(ez) NMpH JaHHOM pa3Mepe Aua-
dparMsl. DTO COTJIaCyeTCsl C TEOPETHUECKHMH NIPEACTABIEHUSIMH O TOM, UTO
Ha nocjaenHedl Hepa3pymeHHOH MarHUTHON NOBEPXHOCTU BEJHUUHA
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Puc.8(a u 6). 3aBHCHMOCTH Tp (H) ana Ar: T, =13B.
3HaYKOM ¥ 0BO3HAYEHBl TOUKH, MOJYUYCHHBIE U3 KOPPEIAUMOHHEIX H3MEpeHHit.
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Pnc.7. 3aBucumocTh 7, (H) ana pasHEX rasos: €= 0,08, P=4,010"*Top.

-30HObL

Puc.8. Cxema pacnonoxeHnnsd nE-30HZ0B B KaMepe .

€2r? = Const [8] . Ha puc.5 NpuBeseHs AN CDaBHEHHS 3aBUCHMOCTH 'rp(e2)
ANl Pa3JMYHBIX Ta30B. KauecTBeHHBIH XOI KPHUBBIX [ToJo6eH, XOTs NpH 6015~
HIMX €° WX MOBeJEeHHEe HeCKOJBKO OT/IHYaeTCH .

3aBucuMocTk Tp(H) npu 3uauenuax €2=0,01+0,04 ¥ MATHUTHHX TIOAAX
a0 3 K9 6/1n3Ka K KBaApaTH4HOH (puc.6a). Ans €2= 0,08 u BEIIIE U XA Mar-
HUTHOTO NoJs Gosee 1 k9 HabmogaeTcs AUHEHHAs 3aBUCHUMOCTD Tp OT MATHUT-
HOTO MoJsA (puc.66). ITo-BUAMMOMY, T€peXOd K NUHEHHOMY 3aKOHY HaMedaeT~
csl TakXe Ha rpadukax nisd €= 0,04 npu H > 3 k3.
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Kpussie 7,(H) ana Xe npu €*= 0,04 u 0,08 umeT Te Xe 0COGEHHOCTH
(puc.7). Oasa He xox 3aBHCHMOCTH T, (H) HeCcKonbKO OT/IMYaeTCs; MPH
€” = 0,08 He HabmomanoCh NIMHEHHOTO yyacTKa Ha Kpusoit Tp(H). Kpome To-
TO, HaK/JOH KPUBLIX HECKOJBKO 3aBHCEJ OT 3JIEKTPOHHO} TeMIepaTypHl .

BpeMs pacrnafa mlasMbl mpu €2 = 0 (puc .6 a) cosnazaeT, O NOPAAKY Be-
JIMYHUHBI, ¢ GOMOBCKHM BpeMeHEeM.

B sKcnepHMeHTax He NPOBOJWIOCEH NeTajlbHOTO HCCJIEeNOBAHUA 3aBUCH-
MOCTH BpeMEHH pacnaja OT MacChl HOHa, OJHAKO H3MepeHHs, IpOBeJeHHbIe
npu Te = 1 3B va He, Ar u Xe npu nasneuun 4107 Top, H = 2ks, e?= 0,04,
MO3BOJSAIT CPABHUTE Tp IJISA 9THX MOHOB. OTHOWeEHHe BpeMeH paBHO 4: 3:1;
COOTBETCTBEHHO mlx/e2 : mlA/rz :mlég = 5,7:3,2:1.

CpaBHeHHe KPUBBIX paclaja INIOTHOCTH M KPUBBIX OCThIBaHHS MJIa3MBl
IoKa3ano, 4To T, ~T;9 rne 2/3 € q € 3/2. BenuuuHa 3aBUCHT OT yCIIOBHIA
3KCIIepUMEHTa U HECKOJIBKO MEHseTCS B IIpoliecce pacnafa. HHTepecHO oT-
MEeTHUTB, 4To q = 3/2 B ciay4ae, KOTAa T, HAXOLUTCH B OKPECTHOCTHM MaKCU-
MyMa Ha KPUBOH Tp(Pp).

3aBUCUMOCTE BPEMEHH paclaja OT paiHaJibHOI'O pa3Mepa IJasMH (a) B
cTe/ulapaTope HCClenoBanach B ABYX pexumax. B cnyuae, Korjga pasmep
cenapaTpUChl MeHbIle pa3MepoOB KaMephl, pa3Mep IJIa3Mbl MOXHO HU3MEHATH,
BapbUpys €2 . 3aBHCUMOCTD Tp(a), B 9TOM CIy4ae, UMEEeT BHI
Tp ™ €2a?%s (cMm.puc.4,5). B apyrom ciayuae, Korja pasMep cernapaTpUCh
Gonpuie pasMepa KaMephl, 3aBUCHMOCTb Tp(a) U3yyanach IIPH H3MEHEHUH pa3-
MepoB nuadparmsi.

Besnnunua 7, yGpiBana ¢ yMeHBUICHHEM &, OXHAKO CHIBHBIH pasbpoc ok-
CIIepUMEHTAJIBHBIX TOYEK He IO3BOJIN/ ONpelesHTh 3aBUCHMOCTD ~rp(a) LocTa-
TOYHO TOUHO. IIpuGIHKEHHO Tp(a) ~a® ,rge 1 <S8 < 3. Ilpeanojaraercs,
4TO pa3bpoc TOUEK CBA3aH C HEOZHOPOJZHOCTBHIO WHypa IJIa3Mbl BAOJDb GONBIIO-
TO a3sUMyTa U HaJUYMEM HEKOHTPOJUPYEMBIX MPOLECCOB B IJIa3Me, HaXOoAAme~
ca B "Tenu" guadparmsl.

TakuM obpa3oM, BpeMs pacnaja MJa3Mbl MOXHO NMPeACTaBUTh B BUAE 9M-
[MUPUYE CKONl 3aBUCHMOCTH:

P

T, ~€?Ha' T F(p) (1)
B CUJIBHOM MarHHTHOM IIOJIe H
~ 2172 -
7, ~?H%a* T,9F(p) (2)

[IPH OTHOCHTEJIBHO MablX MarHUTHLBIX Nojsax. 3aeck F(P) — dyHkuusa gasiae-
HHSI HeHATpalbHOTO Tasa, crabo 3aBHcsas oT p (cM.puc.3), 2/3 < q £3/2;
1<s<3.

KOPPEIAUHMOHHBIE HBMEPEHHUSA

Kosd puuuent koppensinuu Mexay ABYMs CUTCHaJlaMH B HAWlUX SKCIEpH-
MeHTax ONnpelessi/ics ¢ [IOMOI b0 MeTOAAa AHarpaMM paccesanud [9-12] . s
[OJy4YeHUs AHaTpaMMBbl paccesHHs W3/ydaBlIMeCsl CHTHA/B Yyepes yCHIHTeIH
MmojaBalHCh Ha MJIAacTHUHH ocuuwiaorpada. Ecnu BpeMs HabmogeHus MHOTO
6osplle, ueM XapaKTEPHBIH [epuol U3ydyaeMBblX KojiebaTelbHEIX MTPOLECCOB,
TO Ha 3KpaHe ocumwuiorpada nabnonaeTcs APKOCTHOE H306pakeHHe, KOTOpOe
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Puc.9. XapaKTepHblii BUA CHTHAJOB HOHHOT'O TOKa (a), a3MMYyTalEHOT'O 9JeKTPHYEeCKOTO No-

a5 (8) — HUXHKIX JIyd ¥ AMarpamMMa paccesHMs (B) ais curHanos (a) u (6). Ha Bepxuewm ayue (6) —
HMMNynbC NoaceeTkH. CKOPOCTb pa3BepTku: (a) ~ 0,5 mcex/cM; (6) — 0,1 Mcex/cMm; 4yBCT-
puTenpHoCTh — 0,2 B/cM; £= 6 MM, H = 1,0 xo, P = 4,010 op (Ar), €2 = 0,04.
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U SBAsSeTCA AMarpaMMoil paccesiHMsl ABYX CHUTHAJIOB, OPHYEM JIMHUM PaBHON sip—
KOCTH fIBJISIIOTCS 9KBHBEPOSTHOCTHBIMU KPHBBIMU . CriefyeT 3aMeTHTh, UTO
3zeck HeOBXONUMO HCIIONb30BaTh 9KPpaH ¢ GOABIIMM BpeMeHeM IocjecBeye-
Husa (MHOro 6onblle mepuona kojebauuit), nu6o GororpadupoBaThk OCLUIIOT=
paMMy C JOCTAaTOYHO AJIHTeJbHOH sKcnosupueil.

B HampX 3KCIE€PHUMEHTaX 9KBUBEPOSTHOCTHBIE KpUBRle, KakK [MpaBWIO, UMe-
nu opmy, 6AM3KY0 K 9/IMIICY . B 9TOM ciaydae Ko9dPHUUEHT KOppeaaunn
onpenensieTCss BHpaXEHHEM:

1 -b?/a?

(1+b2/a2)sin2¢ )

R =

Tae b u a — Manas u 6oabIas OJYOCH SJUIMIICA, ¥ — yroa HaKJoHa GOJIBIIONM
OCM 3JUIMIICA K OZHOH M3 KOOPAMHATHRIX ocel.

OCco6eHHOCTD M3yyYawluXcs IPOHEeCCOB COCTOA/a B OTHOCHTE/IBHO GHICT-
pPOM usMmeHneHuu napamerpos miasmet (T, , n); B psale ciydyaep XapaxkTepHbii
nepHop KoneGaHuit GBI CON3MEPUM CO BpeMeHeM pacliala niasmu T, . Ha-
MEepEeHHS NMPOBOANINCH Ha OTpe3Kax BpeMeHHu ~ 0,2 - 0,4 MceK, IJIUTEJILHOCTD
KOTOpHIX 6BlIa MeHBbIIe BpeMeHM pacnaja (cM.puc.9). s cpaBHEHMUS yKa-
’KeM, 4TO BpeMs pacnazna miasmil 610 ~ 0,5-5,0 Mcek, mepuon Kosebanuii
~0,05-0,5 MceKk, 4yacTOTa NIOBTOPEHMSA HMIYJbCOB, CO3JAMUX IIa3My —
50-10 T'y. s nocTpoeHMUs AHarpaMM pacCesHHS HCNOJIb30Bajachk Cepus
CUT'HaAJIOB (102 -10° ) H3 psAZAa MocjenoBaTeJbHBX PaclajoB MJAa3MBbl.

Vi3aMepeHHs paAHaJbHEIX [TOTOKOB IJIa3MBbl, 06y C/JOBJIEHHEIX KONe6aHUIMHU,
BEJIHCH C NMOMOMUBI0 " TpoHHEIX" IEHIMIOPOBCKHX 30HAOB (nE-30u70B). CxeMma
pacnonoxeHus nE-30Hza B Kamepe Noka3aHa Ha puc.8. KpailiHMe 3OHABI HC-
[IOJIb30BAJUCH AJIST H3MepeHus MaBallinX NOoTeHuua oB (¢), a CpefHHN ~ Lid
H3MEePEeHHSI OTHOCHTEJNBHOM MJIOTHOCTH [JIa3MBbl IO HOHHOMY TOKY HaChlIeHHd .
Tpu ycaosuu £ K A, 97€KTpHUECKOE o€ E, PaBHO PAa3HOCTH CHUTHAJIOB C
MOTEeHLUHAJbHEX 30HAOB (A@), Ke/leHHON HAa pacCcTosHue Mexay Humu £. Bce
TPU 30HAa HMEJIH OLMHAKOBHE pa3Meph: aMaMeTp — 0,1 MM, AmuHa — 4 MM.

Ha puc .9 npeicTasieHsl XapaKTepHLIH BUI CHTHA/IOB HOHHOTO TOKa M
Ag@, a Takxe fUarpaMma paccesHHsl, COOTBe TCTByoWas 9THM CUTHa/aM.

Bripaxesne s NOTOKa U/Ma3MBL HMeeT BHA:

I =iV, o= ¢ (Alle > = ¢ aRp (CHEDCEZ )Y (4)

mlo

HsmMepsasa KoadPuuueHT Koppensuuu ,Rp Mexay i u E H AOTOJIHUTEJJBHO
ompezenss {n’> u {EZ >, MOXHO BHYUCIHTE Be)quHy panHaabHOIO HOTOKA
[1a3MB5l .

ITockonbky namepeuue E, Npu sToM npono,uwrc;: He B TOYKEe, TO BO3HU-
KaeT MOrPeIHOCTD HPH ONpeneseHnH (E >, ¥ BeAMYMHA NOTOKa 3aHUXaeTCH.
CnenyeT OTMETHTH, UHTO H3MEDEHHBIH NOTOK MOXeT OTJHYATHCS OT MCTHHHO-
T'0, €CJH N-30HJ YCTAHOBJIEH HECHUMMETPHYHO IO OTHOWEHHO K ¢-30HAAM.

PacueT mokasnBaeT, YTO NPH PACCTOAHUN MeXAy ¢-souzamu £ < A, /4,
The Ay — LJIMHA BOJIHbI 10 a3uMyTy, BeJIMUYuHA OWuU6KYU cocTasngeT ~ 10%.
Hcxons us atoro, paccrosuue £ BHOGHpasoCch TaKUM 06pa30M, YTOGH Koad-~
dunuenT Koppeasauun ¢Ry 6pU1 HEe MeHee 0,8 +0,9. OTO ycioBHE BHIIONHA-
JIOCL IIpH £ ~2+6 MM.

L5 onpeze/sieHNs HHTEeIPaJibHOT'O NOTOKA HCHONB30BAJIOCh HECKOJIBKO
OJHMHAKOBEIX 30HAOB, PACIIOJIOKEHHDIX Ha Pa3HHX yTjaX mo MajJoMy a3suMyTy,
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Puc.10. 3aBHCHMOCTH pagHanbHoro noroka I' or yria ¢, H = 2 ke, aprou: (a) €2= 0,02;
(6) €2=0,08; P = 4,0107* Top.
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a TaKXe CllelHalbHbll 30H[J, KOTOPER MOT NJaBHO IepeMeuaThCs 10 asHMYyTY
B mpesesnax ~ 120°. 30HAB yCTaHaBAMBAIMCH IO PANMYCy B TOUKaX, COOTBET-
CTBYWOIIHX [OJNYBLICOTEe Npoduien NIOTHOCTH. BpeMs XKHU3HH IJIA3MEL olpeae -

JISJIOCE U3 Bpra}KeHHﬂ!
- .— 2
=k ng I‘] ) I‘]_{
Ty 2 (5)
f T(p) _<£

rae: n(r;) — MJIOTHOCTL B TOUYKE M3MEPEeHHHd,
T"(¢) — BesHMuUMHA NOTOKa B TOUKeE,
T; — cpenuuii paauyc NOBEPXHOCTH, Ha KOTOPOH M3MepsAeTCH IOTOK,
k — xoadduuresT, CBA3aHHBIA C (I)opmoi npod®uas MIOTHOCTH:

fﬂ(ﬁ rdr
n(0)

ﬂRn
"'&XQ\" (a)

Puc.l1(a). A3uMyTa/nbHas NpOCTPaHCTBEHHAA KOPpeAAuHOHHasA GyHKuua (TK®) ana ¢ = 0°
Ay —€2=0,04; osavo-—€2=0,08; eo—H=1k23; 44 ~H=1,5k0;YV —H= 2 ko,
o~ H=2,5ks; P=4,010* Top.

an Ly [ (6)

10}

’ P=410"r0p
09f H 243

08} R, ox (€2173cn)
o7t x-Ly= €/ Cn,Rrr..
06| 300

0,5+
04t 200
03¢

0,2} 100
04

00t pp2 00 004 085 106

(6). 3aBMCHMOCTB MaKCHMAaJbHOI'O KO3 P PHUHEHTa KOppesALUHH BAOAb MAaTHUTHOI'O NOJs
L , oT mapaMeTpa €2 (CI/IOWHAs JHHHA — pacHeT).
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1 omu. ed

01

Pram
—

(B)

(8). Pacnpeneneune NMIOTHOCTH NO papuycy (BBepXy) M pandanbuas [TK® ans ¢ = 0° (Buu-
3y).

Ecnu n(r) — dyuxuus, nasa koTopoit 82n/9r2 < 0 u n({*l) = 0,5 nmax , HE-
TPYAHO MokKasarp, 4ro 1 £ k € 2 (ana n(r) ~J,(r) k= 1,42). Huxe, npu nei-
UHCJICHHH ¥, BE&JIMUYHHA k nojaraeTcs paBHOH 1,4, MIOCKONBKY B Hallux dKCIe-
pPUMeHTaX NPoGU/IN IJIOTHOCTH HE CHABHO OTJIHYAKTCH OT mpoduis byHKuHu
Jo(r).

lIpu onenke BeJAHUMHBL OMUOKH B 5TUX USMEDEHUAX CIEAYyeT YYUTHBATH,
4TO AHHA BOJHH A, paBHa 2-6 CM, T.e. IO NOPAAKY BEAHYHHBI COBHAmAET
C paccTosHueM Mexay nE-zoufamu. ITo2ToOMy U3MepeHHe MOTOKA AMIIDL B
OTAENBHEIX TOYKaAX IO MajJOMy a3UMyTy HE MOXET MPUBOAUTHL K 3aMeTHHM
omuGram. Boiee cymecTserubie OMH6KY MOTYT BO3HUKATE 3a CYET TOTO,
4TO U3MEPEeHHUS BEJIHCE JIMIIb Ha NPIMOJHHEHHOM yuacTKe, 63 KOHTPOJBHEIX
H3MEpeHUN Ha TOPOUJANbHOM y4acTKe.

B ciy4asx goCcTaTOYHO C/IOXHOK CTPYKTYPH paclpeieleHus NOToKa MO
a3UMyTy, MIS NONYyHEeHUS 3aBUCUMOCTHU I'(¢) MCMONB30BaNCs 30HA, IJ1aBHO e~
pemMewasmuiica no yray. I'paduxu I'(@) mis pasHbX 3HA4YEHUN €2 M HaBACHHMS
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T. 38 // y Hk> \\\ 1'
Lop ’ H v/A A=zconsty * B=zconst
’ v / 4)0' N\ |
o ks // o / 3 "\\ ' 2
& 2K3 / / r N x 5;0,0"
v ! \\xf o £2:0,08
40 200 o
o r \
L 8 + \*
L 0,6 I \
i I . /l
04 J/ 1’0: /
[ /
L o—— Y
~
o5t P
L [
6 8 ](K’L
: : N I R I RN

(a) (6)

Puc.12{a). 3aBHCHMOCTb YacCTOTHl KO/NeSaHMH OT TeMnepaTyphl 31eKTPOHOB €2 = 0,04;
P = 4,010 TOp; UWITPHUXOBBLIE JTHHHUM — pacuyeT.

Puc.12(6). 3aBHCHMOCTb 4acTOTH KoNeGaHuil OT MarHUTHOTO noias; P = 4,010 Top; mTpuxo-
Bble NMHUU — pacuer.

I‘=|.

f

1
]

& 20 ky

P=5-4O'5-rop p=5 "70"4T0p
(8)

Puc.12(r). Tunuunmit A cnexTpa Konebaunuit, H = 2 ko, €2= 0,04.

npuBeAeHH Ha puc.l0. CiaeayeT OTMETHTH, YTO MOTOK IJIa3Mbl BO3PacTaeT
Ha asUMyTax, TAe UMEKTCH 3alepThle YaCTHIH .

BrluMceHHbIE [TO TOTOKAM BpeMeHa T, HaHECeHH Ha puc.3,5u 6. Kax
OTMe4aJloCh BRIIE, IOTPEMHOCTD B ONpeJe/J€HUH MHTeIpaJlbHOTO [IOTOKA MO-
XeT OITh CymeCTBEHHOH, OAHAKO BHAHO, YTO KAUECTBEHHO XOX 3aBUCUMOCTEH
T(pP), 'r(e2), T(H), noxyyeHHpx pa3HNMU cTIOcO6aMH, coBlazaer. B o6xacTi
zaBneHuit P > 1073 TOp, TAe AOJIXEH HabmonaThCcs NMepexoa K KIaCCHUECKOH
audPysuu, MOTOK NIA3MIL Ha CTEHKH CymeCTBEeHHO NagaeT X Ty ; COOTBETCT-
BEHHO, BO3ZpacTaeT: 7, 3> Tp (cM.puc.3).
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Ha puc.11 npuBeneHH XxapaKTepHble NMPOCTPAHCTBEHHbIE KOPPEIALHOHHEIE
dyHKLHH, a TaKXe 3aBHCHMOCTBH NPOJOJILHOTO KOPPENALUUOHHOTO pa3Mepa L
oT mapaMeTpa €2 . W3 BUIA 5THX KPHUBHX MOXHO ONPeNETUTEH a3UMyTalbHble
(nopsanka 2-6 ¢M) ¥ paxuaabHble (NOpAAKa 4 cM) IJIMHBI BOJIH; O CTPYKTYype
BOJIH BAOJE MaCHUTHOI'O IO MOXHO CyINHUTBH IIO BeanuuHe L,

$azosrle ckopocTH v, ipu H = 1+2,5 ko Oniin nopsanka 1 +610% cm/cex,
YTO COBHAZaeT C OUeHKaMHU ApefdoBOil TeopuH; HampasieHHEe CKOPOCTH Tax-
¥e COOTBETCTBOBAJIO TEOPHH. PaZHalbHble COCTABASKIIHE CKOPOCTH V; BBLIH
Hampap/leHbl HAPYXY H IO IIOPAAKY COBNAJaldH C Vy ; BeJMUMHA MPOMAOJBHOM
ckopocTH cocTabiana ~ 107 cm/cex .

XapakTepHble yacTOTH KoJiebaHui nexand B ob6aactd 8~10 kT'n. Tunuu-
HBIil cekTp KoiebaHuil mpuBeeH Ha puc.12; TaM Xe npHBeJeHa 3aBHCHMOCTE
yacToThl Konebanuii ot H u T,

CPABHEHUE C IPEN®0OBOI TEOPUEI

MapameTpsl KonebaHUl, CONPOBOXAANIUX PaCNal IIA3MBbl, sBAANTCS Xa-
PaKTEepPHBIMHU IS Apeii@oBbiX BoAH. OHEHHM NOTOK IIJIa3MBl U3 cTejjlapaTopa,
oByc/oBNIEHHBI 9TUMH KonebanusaMu. B cayuae, korga wacToTa 3JEKTPOHHBIX
CTOJIKHOBEHHH V, MeHblle, yeM K, Ve , YTO OOBIYHO BHIIOJHAETCA B ONHCAHHBIX
BHIle 3KCII€PHUMEHTaX, NPOUCXOAUT pacKauka Apeidopo-6eCCTONKHOBHTENBHOM
HeyCcTOHUMBOCTH. M3 IMCNEPCHOHHOTO YpPaBHEHHUS [JIS HEHU30TepMHUEeCKOH
nmaasmst [13,14], npexnonaras v; K w/k, K v, ; kfpi2 < 1; whk,<Kc ;

T, < T.; |Rew|> Jmuw |= v, nonyuaem:

2
Rew=y750;  v=r K, Ve (I + D)3 (6)

3nech we — ApeiidoBas 4acTOTa SJMEKTPOHOEB, b = (kETe )/, Q%) = (1/2k, p¥)?,
a p} — 1apMOPOBCKHII pafHyC MOHA C SMEKTPOHHOR TEeMIepaTypoi. 3aMeTHM,
uTo ycnopue k2 p?2 < 1 coorsercrsyer yciaosuw 0 <b < T, /T; . TMonpaeku
K (6) 3a cyeT JIEKTPOHHBIX CTOJIKHOBEHHH IIPUBOLAT K BO3PACTAHMI0O HHKPEMEH -
Ta, OAHAKO NpPH YCIOBHH Ve <K K,V 9TH NONpaBKH Manbl. MOH~HeHTpa/lbHHe
CTOJNKHOBEHHUA CTabUIM3UPYIOT 9Ty HEYCTOMYMBOCTS MPHU ¥y ~ . MakcuManb-
HEIt HHKDEMEHT HMenT BOJHE ¢ k pf' = 1, YTO HETPYNHO NOKA3aTh, HCCIe =
ays (6) Ha MaKCUMyM; BeJIMuMHA k, OTpaHHueHa TakXe yCJIOBHMeM KPaTHOCTH
NepHMeTpa IIa3Mbl AIHHE BOJHH, T.€. ko= Mr™! |, nge M — Homep asuMy-
TaJBHON MOZB. DTO OTpaHUYeHHe CYWEeCTBEHHO MpU AOCTATOYHO MAaJBIX M.
PaccMOTPUM CBA3B T H Y € y4yeTOM paAla ocobenHocTeil apeiidoBoro AU~
KEHHS [Ia3Mbl B a3UMYTa/JbHBIX 2J€KTPUUECKHX IOMAX. Y XOI YacTHL M3
M1asMBl B CTe/IApaTope NPOHUCXOMUT WM Ha MaTHUTHON MOBEPXHOCTH, Kacawo-
weics CTEHKH KaMEepH JIMIb B HECKONBKHX TOYKax (MpH Iy > a), WIK Ha cemna-
paTpHce (npu a > r'c). OTO 3HAUMT, YTO E, Ha Ipadune 1masms MOXeT He-
CymecTBEeHHO OT/IMYaThcs OT E, B 065eMe U, COOTBeTCTBEHHO, pagHalbHasn
CKOPOCTE YaCTHL V, Ha TPaHMLe TJIa3MBL JOJXHA O [IOPANKY BEJIHYHHE COB~
nazaTh CO CKOPOCTh V, B 063eMe . YacTuua, KOTopas mepeceKk/a KpaiHoo
MaTHHTHYIO [IOBEPXHOCTD WM CellapaTpUCy, MOXET YXOLUTH Ha CTEHKY Kame-
p3Bl, ABUrasiCch BAOJS CHIOBMX JIMHMHA, HA ONHOM MM HECKOJNBKMX IIepHOmax Mar-
HUTHOTO IIOJISl 3a BpeMs MOpsiAKa WIM MeHbiie mepuoja Konebauuii. Ecau
kl= a, = (1/n.8n/8r)"}, To ammmuTyna kone6auuit yacTHUL IO PagHYCY X, 1O
NOpAAKY BEAHYHHB COBNaRaeT ¢ TPAIUEHTHHM Pa3MepOM IIa3Mbi ap :
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T/¢
Xg = fvapdt =fa, (7)

o

rae B = e@ua/Te »

OTa oleHKa cupaBelAnuBa s Bcex vacTuy ¢ v, < w/k,. B cremaparo-
pe 2TO yCNOBHE BHIIONHEHO Kak Aj1s HOHOB, TakK W ANA Bcex 'zanepTHx" snex-
TPOHOB, KOTOPHIE COCTaBAMIT 30-40% OT MONHOTO 4HC/Ia 9AEKTPOHOB B o61ac-
TH Pa3BUTHIX ApeHPOBEIX KoneGaHuit, IPpU 4OCTATOYHO GOABUIMX AJMHUHAX CBO-
6oauoro npobera.

B cayuae, xoraa cBoGOAHH Mpober 9/JeKTPOHOB CTAHOBHUTCS MajblM, UHC-
70 "3anepTHx" 37MeKTPOHOB, AN KOTOPHX v < w/k, , JomxHO yGHBaTE, OXKHA-
KO OJHOBPEMEHHO HOABJISETCA 3aMEeTHOe KOJUUYEeCTBO NPOJIETHRIX 3/IeKTPOHOB
C OTHOCHTeABHO Majoi cpelHei NPOAOABHON CKOPOCTRW, YTO CBA3AHO ¢ aud -
$y3UOHHBIM XapaKTepOM ABHXeHHsS SJIEKTPOHOB BIOJb IIOJIA .

UKCcnao YacTHL, YXOAAMUX U3 NIa3MBbl 3a BpeMs t = wl yepe3 eIJUHHUUYHBIH
3JIEMEHT ITOBEPXHOCTH IJIa3MBbl, paBHO:

AN = njAx (8)

rae AX — npupamieHHe aMImJIMTyab Konebauuit sa t, : Ax = xon'y/w (xy—~ am-
NJAUTyla paauaibHbX Kojebauwuit).

Ycepenusas (8) 10 NOBEPXHOCTH NJAa3Mbl U yUHUTHIBAsi peryNsSIpHOCTD KoJje -
6aHuil BO BpeMEHH, MONYyYHUM:

XY
a

=n

2|3

OTKyJZa BpeMsi pacliaja uaa3Mbl IIO NNOPAAKY BEeMHYHHB] paBHO!

a
= X (9)

CnesyeT OTMETUTH, 4TO YXOA YacCTHI U3 MJa3Mbl B JaHHOM Cliyyae ofnpejne-
nserca He auddysueit B TOUHOM CMBIC/Ie 3TOI'O CJOBa, a I€PEeHOCOM YacCTHI
NJia3Mbl Ha CTEHKY 3a CYeT IepeMeHHOTO a3HMYTaJbHOTO 3/J€KTPHUYECKOTO
fo/Is 3a BpeMsd NOPsAKa HeCKONBKUX NMePHOJAOB KonebaHuil, H NO3TOMYy Koad-
duunedT AMGOy3UM MOXKHO 3€Ch BBECTH JUUE yCIOBHO,

IIpeo6pasyem BEpaxeHHue (6), yuuTbIBasi, UTO AJHHA BOJHBL A, yMEHBL~
uaeTcA 3a cyeT mHpa: (7(,,)'1 =k,~k,6. Toraa:

. g_j 1 Jrb
YENeH / \ &2 ()X, (0 -8(r) v/ (1 + b

(10)

WHpexc (r) o3HayaeT, 4TO NapaMeTpHl Opele/eHbl Ha paauyce r., Bpemsa pac-
naga 7, onpelensieTCs BbpaxXeHueM (9), B KOTOPOM Y yCpPelHSeTCs Nno obbeMy
mrasMu, IIycTe a, = a/2,4; TpeANoONOXUM TaKxe, UTO paiHaibHasl aMIIUTY -
na KoneGauui MopslKa pasMepa JoKaAusauuu konebauuil x, (B paccMaTpHBae-
Mo# 3ajaue X, = X1~ a,). Torga:

[ eHY 3,8e%2a%a%v. (1 +b)®
T T\ T, 1 BRENFES
2’4<Z(I‘)-I‘3 >
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Ecau a > o7, TO A = p; u
T, = AT O(F) Nm; /m_ ~H e2a? T]! mli/2 (11)

B cayuae pf) a, Kak 0TM€YaJloCh Bhllle, kq,: ' M, COOTBETCTBEHHO,

“ By T {2 _(1 £ b)
T, = ATy O(T) mi/me pi*/ 3,8 M7H

IIpu T, =1 9B oTciola nojyJdaem:
7, = HZ a3 T (12)

3aeck A — NOCTOSHHBIA MHOXHTENb NOpsAAKa 2,5; T, — HOMOBCKOE BpeMs pac-
mana Tg = (a/2,4)? (16 eH/cT); ¥ — panuyc, B OKPECTHOCTH KOTOpOT'O ¥(r) no-
cTUraeT MakCcHUMyMa (F < a); q< 1. :

OuyeBHIHO, YTO MOH-HEHTpa/bHble CTOJKHOBEHHUS [IPHBOAST K YMEHbII SHULO
unkpemenTa B (10) M, COOTBETCTBEHHO, K yBEJHUEHHIO T, -

3aBHCUMOCTH T, OT MarHMTHOI'O NOJ, €? M pazMepoB MIa3MEl, MPHBEEH~
Hble BHIIlE, XOPOMO COBNAAANT C T,

CpasHuM abcomorHoe spems T, , noayuennoe us (11), (12), c sxcnepumen-
TOM. B THOM4HBIX ycaoBHsix a =3 cM; T, =1aB. H = 2 ke, €2 = 0,08;
T = 2cM; O(r) = 0,01; (m;/m.)/2 = 270, p¥= 0,5 cM < a; TaxkuM o6pa3oM,
pacueTHOe 3HaveHue T, = 6,5 73 = 3,1 Mcex ¢ TOYHOCTBIO 4O MHOXUTENd ~ 1

COBIIaJlaeT C IKCNNEePpUMEeHTAJIbHbBIM 3HaY€HHUEM ’Tp = 2,9 MCeK .

OBCY XIEHUE PE3YJIIETATOB

1. ComnocTaBfeHle BpeMeHH pacnaja la3Mbl, H3MePEHHOTO No ybGnBa-
HHUI0 CPelHe# NVIOTHOCTH IIa3MBl T, , ¥ BDEMeHH pacraja, U3MepeHHOT0 Mo
pandaabHBIM NOTOKAaM IJ1a3Mbl, 06y CIOBAEHHEM KOMeGaHHAMH [IOTEeHIMAIA,
Ty, HIO3BOJAET CASATDH BEHBOA O TOM, UTO NOTEPH MIA3MbL H3 CTENNAPaTOpPa
B OIIMCaHHBIX 3KCIIE€PUMEHTAaX IOJHOCTHIO OIIPeAeIAnTCS KOJeOaHUsIMH M1J1a3MBbI .
O TOT BHBOJA AONOJHUTENBHO NOATBEPXAaeTCs TeM PakTOM, YTO BCe U3YUEH-
Hble QyHKIHOHAIBHBIE 3aBUCHMOCTH T, ¥ T, COBHAZawT. CnenyeT OTME@THTB,
4TO TIpH HOCTATOYHO GONBUIMX JaBJeHHSX HelTpanbHoro rasa (p >107%) (puc.3)
aMnauTynsl KoneGaHUi # CBs3aHHble C HUMH IMOTOKH IJIa3Mbl Pe3KO NMaJakT .

2. PasprThie BhE NPEACTaBJICHHNSI O BO3MOXHOCTHY ApehidoBOIrO nepeHo-
ca 9J1eMeHTOB IUIa3MBl N0 PaJNycy Ha PacCTOsIHHe MOopslKa IpalHeHTHOTO pas-
Mepa 3a NepHoA KoyebaHHit MO3BOAT OLUEHHUTD BPeMs paclaza maa3Mbl T,
OHO XOpoWOo COBIlaZlaeT C 3KCIEepPUMEHTaJbHB MM 3HaYEeHHIMHU T, 1o abcoswr-

P
HOM Be/IMYMHEe M H3IMEHHETCH NOZOGHO T, NpPHU M3MEHEeHNH NapaMeTpOs.
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Abstract— AnHoTaumus

AN INVESTIGATION OF PLASMA CONFINEMENT IN THE TOR~1 STELLARATOR,

Investigations have been catried out previously on the TOR-1 stellarator of the confinement of plasma
in a collisionless regime. A relationship was established between the plasma lifetime and potential on the
one hand and the rotational transform angle and structure of the magnetic surfaces close to the resonance
value i = 2 on the other. In the present paper plasma confinement conditions are investigated as a function
of the collision frequency, the rotational transform angle and the intensity of the magnetic field. Use was
made of the ultra-high-frequency method of creating and heating plasma, permiitting a transition to sub-
stantially higher collision frequencies (dense plasma). When ultra-high-frequency heating was applied in
the TOR-1 stellarator a plasma having the following parameters was obtained; density ne= 3-5 x 1012 cm™%;
Te= 3-8 eV; density of neutrals ny = 10! cm™; the working gases were argon and helium, This permitted
an investigarion of a wide range of changes in the collision frequencies (Coulomb type collision and col-
lisions with neutrals) with a transition to the region of hydrodynamics. An investigation was carried out of
the relationship between the plasma lifetime and the rotational transform angle 0.1 g i/2m < 3, the density
of the magnetic field H= 1-10 kOe, the temperature of the electrons and the density. The experimental
results were compared with those obtained on the basis of classical diffusion theory.

HCCIEILOBAHHE YOAEPXAHHWA NIIA3MBI B CTEJITAPATOPE TOP-1.

Panee na crennapatope TOP-1 NpoBOAMIUCH WCCIEAOBAHHA yAepKAHHA Naa3Mbl B 6eccTonk=~
HOBHTEJILHOM pexuMe, DBblIu nosyueHsl 3aBUCUMOCTH BPEMEHH XHM3HU W NOTEHUMa a NIa3Mbl OT
yTa BpaliaTenbHOTO npeo6pa3oBaHUst U CTPYKTYPbl MATHUTHBIX NOBepXHocTel BGIM3W Pe3OHAHC™
HOTO 3HaueHHa i=27. B naHHOM pafoTe uccieAOBa/IMCh YCHOBUS YREPXAaHHUA IUIA3Mbl B 3aBHCH~
MOCTH OT 4acCTOT CTOJ‘IKHOBeHMFl, yrja BpawaTelbHOT O npeo6paaoaaﬂml W HaNMpAXEeHHOCTH Mar-
HUTHOro nonsa. JAnsa sToro ucnonassopancs CB Y-MeTon CO3AAHUA H Harpesa IMJaa3Mbl, NO3BOJHUB~
wWwHA NepeiTH K cymecTBeHHO GONBUMM YacTOTaM CTOJKHOBEHu# (noTHas nnasma), [lpuw CBY-
Harpepe B cTeslapaTope TOP-1 monyueHa niadMa co clelyBUHWMu napaMerpaMH: MIOTHOCTH
n.=3+510'% cM?®; T, =3+8 5B; pabounit ras — aprou, rejui. OTO NOIBONWIO NPOBOIUTE
HCC/eA0BaHUA B WHPOKOH 06/1aCTH U3MEHEHHA 4aCTOT CTOJKHOBEHUH (KYJTOHOBCKHMX M CTOJIKHOBE-
HUH ¢ HelfTpasaMH) ¢ NepexojoM B o61acTk rUAPOAHHaMUKH. HccneloBanachk 3aBHCUMOCTD Bpe-
MEeHM XHU3HH IUIa3MBI OT yTJja BpalaTejbHoro npeobpasosanus 0,1 € i/27 £ 3, HaNpPAXEHHOCTH
maruuTHoro nois H = 1+ 10 ka, TeMnepaTypbl 3/I€KTPOHOB U IVIOTHOCTH . IIpoBeneHo cpaBHeHHe
pe3y/NbTATOB PKCMEPHMEHTOB C TE€OpHeH KJIacCUUYECKOH AUPHy3uu.

TeopeTHYeCKHe HCCAELOBAHHS YIE€PXKAaHUA [UIA3MBl B 3aAMKHYThIX MATHHUT -
HBIX JIOBYIIKaX, NPOBEAEHHbIe B [IOCJAeAHHUE T'Olbl, BEChMa PACWMHPHIH HAWK 10—
HSTHUSA O KJIacCHYeCKOM MexXaHusme aUdPysun, YyeT BAUSHHS TOPOHAANTBLHO-
CTH, HAJIHYHS PA3JIMYHBIX KJIACCOB YaCTHL M, COOTBETCTBEHHO, PA3/IUUYUSI B Tpa-
eKTOPHSAX OBHXEHMS HalU CyUeCTBEHHO OTJIHYHbIe Pe3ynbTaThl B Kosdduunen-
Tax NepeHoca No CPaBHEHHIO C NPAMONHHEeRHBIMHY CHCcTeMaMHU., MMeoumuecs B
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HacTosllee BpeMs TeOpPeTHUECKHe MOIeNH 3aCTaBISKT NO~HOBOMY OTHECTHUCH

K [IOCTaHOBKE 3KCNEepPHUMEHTa M TPaKTOBKE HAKOIUIEHHBIX 9KCHNEPHMEHTaNbHBIX
AaHHbIX, 3akoHbl auddys3un mrasMmul CymecTBEeHHBIM 06pa30M MEHSKTCS B pas-
JIUYHBIX 06/1aCTAX YaCTOT CTONKHOBeHHus, C Hamell TOUKM 3peHMS NpencTaBiasds-
eT HeCOMHEHHBIH HHTepeC NpoBeneHHe Ha OJHOH M TOH Xe 3KCIepUMeHTaldb-
HOHl yCTaHOBKEe MCCAeNOBaHHUA YAepXaHUs IIa3Mbl C PA3JIMUYHBIMU NapaMerpa-
MH.

B naHHo#t paboTe npeacTaBneHbl Pe3ynbTATH 3KCNEPUMEHTOB MO HCCle-
NOBaHUK yIepXKaHHUs 1a3Mbl B 06/1aCTH MasbiX W OONBUIMX WAaCTOT COylapeHHil,
lna3Ma co3paBajach ABYMsi cnocobaMU: BO~NepBBIX, BHemHeH HHXeKLued
I1a3MBI U3 MCKPOBOT'O MCTOUHHKA (Ne = 5-10%° CM'3, Te =1+ 2 3B) U, BO-BTOPHX,
METOAOM HOHH3ALHU U HATPEBA C IIOMOIIBI0 CBEPXBBICOKOUYACTOTHOTO 3J1€KTpPO~
MaTrHHUTHOI'O MOJsA (n322~1012 CM'3, Te =0,2-0,4 aB). Ecnu B nepsoM ciyuae
MpH PaCCMOTPEHHH MEeXaHH3Ma yxoaa HeoOXOAMMO yUHTBHIBATH YHMCTO cTelaa~
paTopHbie 3@ PeKTH: TPaeKTOPHH Pa3JIMUYHOTO COPTA HaCTHN (MPOJETHHIX U 3a-
NepThIX), PA3/IMUHe B MEXaHU3MaX yXOJAa 3JeKTPOHOB U MOHOB, TO BO BTOPOM
Cclly4yae MOXHO OXHMJAATh YHCTO CTONKHOBHTeNbHYKW AP Py3H0, onHChiBaeMy0
MATHUTHOH I'MAPOJAMHAMMUKOHN.

CTEJIJIAPATOP TOP-1

Ycranorka TOP-1{1] npeacrasnseTr coboii TOPOUNAABHYIO MATHUTHYIO TO-
BYWKY ¢ ABYX3aXOIHHIM BUHTOBHIM MATHUTHHIM MONEM,

IponoNnEHOE MATHUTHOE M0Jie CO3AAETCS CEKLIHOHUPOBAHHBIM COJIEHOUIOM,
cocToamMM U3 28 kaTtymwek. Jid co3naHHsi BUHTOBOTO MarHHUTHOTO NOAT TIPH—
MEeHSeTCsl CHCTEeMa IBYX3axXOAHOH BHHTOBOH# o6MOTKH., BuHTOBas o6MoTKa
npeacrapnaseT cobol cnupasib, 06pa30oBaHHY0 YeTHIPEMSA WHHAMH C B3AWMHO
NPOTHBONOJOXHBIMH HANPaBAeHUIMH TOKOB., 3aKOH HaMOTKH chOMpasiu ¢=N@,
rie ¢ —yroa B MJOCKOCTH Ce4eHHs, € —yroa B IJIOCKOCTHU Topa, N — uucio ma-
T'OB.

I[luTaHHe yCTAHOBKH OCYWECTBAsAeTCA OT KOHIAeHcaTopHOH 6arapen. Ilpu
M3MEHEeHHH OTHOWEHUs TOKOB B CHCTEMAaX MPOLOJBHOTO M BHHTOBOI'O Nojei
MOXHO MOJYyYaTh Pa3/HUHbIE 3HAYEHUS € (€ — OTHOUIEHHE aMIUVIHTYABl OCHOBHOM’
TapMOHUKH BHHTOBOI'O TI0JIs1 K MPOJOABHOMY, € =0-0,72), KOTOpLIe ONpeAeasoT

TABJIUALUA I. OCHOBHBIE MAPAMETPBLI
YCTAHOBKHU TOP~1

Bonpmod paanyC TOPA «cevenveennanns Cher e e 60 cm
Manslii paaMyc BHHTOBON 06MoTkM [al..vvvuueuiun . 8,5 cM
Yucno 3axodos suHTa {n]..... e eeiee e ianan ee. 2
Yucno waros BUHTA [N]iviieereroreaeeraranaaaans T
38KOH HAMOTKM BHHTA +uvuvserovurenrasasssasssenss @P=NO

(rme: 6 —yron B MIOCKOCTH TOpa, € — B MJIOCKOCTH CEYEHHA)
MaKcuManbpHoe 3HAUYEHHe yrna

BPAWATENbHOTO NPEOBPA3OBAHHA +.vvvosnrereansaras 174,57

~ : -2
MakcuMajibHoe 3HaueHHe cpegHero mupa {6) .....:.... ~{1,5+2]10
. Mausbiit pagrMyC BaKyyMHONW KAMEDPBL v.vaterosaooancas 5 cM
MakcuMasbHasg HallpAXEeHHOCTH
MarHUTHOTO nons “‘[o] teeeararan on eriresresesess 1BK3I

BJIMTQHBHOCTB NOCTOAYHOTC yYPOEAS
MaruuTHoro monst [25%] ...viviiisinonesinnnsennas ~10512 Mcek
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CNEKTPOrPAD U

3
NNA3MEHHbINR 30HA 2.
MHMKEKTOP
Dz
2
UHTEPGEPOMETP
T-pl ABPU-NEPO

1 NOAC
PAFOBCKOIO

30HO 1

BBOO CBY MOLLHOCTH

Puc. 1. Cxema pacROJOXEHHH annapaTypsl Ha cTenanapatope TOP-1:

1 — pakyyMmHaa KaMepa, 2 — ABYX3aXOAHaf BHHTOBaA 06MOTKa, 3~ KATYIWKA NPOAOABLHOLO M0-
ns (28 wt), TP-1 — TrpaHcopmaTop BoabyxkaeHus npobHoro toka, I, M2 — aeTtexToper CBY-
MOIHOCTH.

BCK CTPYKTYPY MarHHTHOTO HOJS cTeanapaTopa. Tak,sanpuMep, yroa spa-
MAaTEeTbHOTO NPpeobpas3oBaHus CUIOBOH JIMHHKM B 3aBUCUMOCTH OT pPajHyca U Be-
JIMYUMHBL € BhIpaxXaeTcs cAefyRmuM obpasom: if27=i= Ne?{1/2+[(Nr)/R]? ),

BakyyMmHas KkaMepa YCTaHOBKH, H3TOTOBJIEHHAS M3 HEMATHHUTHON Hepxa-—
BeowWel CTanu, COCTOUT U3 ABYX NONYTODPOB, PA3AE/NEHHBIX H30JHPYOIMHUME MPOK-
nankaMu. Bonewoi panuyc Topa R = 60 cMm, Maiblit pagnyc KaMepsl I, =5 cM,
TONIKHA CTeHKH 6 =0,2 cM,

OCHOBHBIE MapaMeTphl YCTAaHOBKH NpHBeneHs B Tabn.l, a cxeMa ycTaHOB-
KU [IpeACTaBJeHAa Ha puc. 1.

MATHUTHBIE UBMEPEHUA

MarHuTHbe U3MepeHus (2], npoBeneHHbIE HA YCTAHOBKE ¢ NOMOWBK Npo6-
HOT'O 3JIEKTPOHHOT O MyuYKa,l0Ka3alH, UYTO CTPYKTypa MaTHUTHOTO MOAX AOCTa=~
TOYHO COBeplIeHHa. OKCMNEePUMEHTaJIBHO H3MepeHHbIe 3aBHCHMOCTH yIrja Bpa-
ImaTeNbHOTO Npeobpa3oBaHUs OT paaHyca, CMelleHHe MaTHUTHOH OCH OTHOCH=
TEeJBHO €OMETPHYECKOT O LHeHTPa, SKCUEHTPHCHTET MArHHUTHLIX [OBEPXHOCTEHN
XOPOIIO COTJ/IACYIOTCS € TEOPETUYECKHUMHU pacyieTaMU CTPYKTYPHI NOJIS CTENNapaTo=
pa [3]. MakcumanbHple 3HAYEHUSA YTJa BpamaTe/NbHOIO NpeobpazoBaHus H
mupa, 6= {i(r) - i(o)} r/(27R), uaMepeHHbIE SKCIIEPUMEHTANBHO, COOTBETCTEY T
ApeleNbHEIM 3HAYEHHSM A1 KPYTOBOro cTeanaparopa (4,5]:
imaxs (0,25+0,33) N=1,75- 2,25,

IIpM npoBeAeHWH MAaTHUTHBIX M3MeEpEeHHH uccnrenoBaHa CTPYKTypa MarHUT=
HBIX NMOBEPXHOCTEH B 06saCTH PE3OHAHCHBIX YTJI0B BpawaTe/lbrHOTo npeobpaso-
BaHusa = 1/2, 2/2, 3/2, 4/2, Ha pHC. 2 NPUBEJEHbl CTPYKTYPhl MAaTHUTHBIX
FIOBEPXHOCTEH B PE3OHAHCHEIX CiIy4asX.
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Puc.2. CrTpyKTypa BO3MYIUEHHBIX MArHHTHBX NOBEPXHOCTEH MNPH PE3OHAHCHLIX JHAYEHHAX yIia
BpalllaTeNbHOTO Npeobpa3osanus,
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BenuuuHb nosiel, KOTOPhE MOTYT NPUBOAMTE K TaKHM BO3MYIEHHSIM CTPYK™
Typbhl MAUHHTHBIX MOBEPXHOCTEH B PE30OHAHCAX, COIVIACYWTCS C TOUHOCTBIO M3~
TOTOBJIEHUS MATHUTHON CHCTEMBI,

Jlig yMeHbIeHUsS Pe30OHAHCHBIX BO3MYIEHHUH HA YCTAaHOBKe 6blJIM NpoBeae-
HBI HCCJIe fOBaHEUs BO3MOXHOCTH KOMIIEHCALHH BO3Myllalmero nojasg B o6nacTu
naubonee cunbHOTO pesoHaHca ¥=1[6].

KoMneHcanus Bo3MyaKlero Noas NIPpoBOAWIACE NYTEeM HAJOXKEHUS BHEM ~
HEeT O MaTHHUTHOTO NOJ, NOTEHIHAT KOTOPOTO B LHAMHIPHYECKHX KOOPAHHATAX
uMeeT Bua: ¢ = &, r cos(e -Z/R-‘rl/}) (onHO3axonubIif BUHT € LIATOM, PaBHBIM
nepuMeTpy yCTaHOBKH),

Hay4yeHHe BIUSHHUS KOMIIEHCUDYIIEro NOAd Ha CTPYKTYPY MarHHTHBIX IO-
BEPXHOCTeH NOKa3ano, YTO MOXHO JIMKBUIMPOBATL CMelleHHe MaTHHTHOH ocH,
a TakXe 3HAUYHUTEJIBHO YMEHBUUTE PasMep Pe30HAHCHEIX PO3eTOK.

TakuM o6pa3oM, HUCCTeNOBaHHe yaepXaHUs MJa3MBl IPOBOIUTCS HA ycTa-
HOBKE C XOPOWMO HU3y4YeHHON KoHPuUTypauueili MATHUTHOTO MOJS JOBYIIKH,

HCCIENOBAHHE YOIEPXAHUSA BECCTONKHOBUTEJBHOH IIJTA3MBI

MnaszMa B TOBYlWKe CO34ABAaNach MCKpoBol nmymkoit [8], pacnonoxennoil
BOAN3U I'PaHUYHON MaTHHUTHOH noBepxHOCTH (r ~4 cM)., MakcumanpHoe 3Ha-
YeHHe MAOTHOCTH Maasmsl (0,5-1)1011 emM3,Te= 1+2 aB, T;=20-30 sB. Ksa-
3MCTAllHOHAPHOE NPOJLOJBHOE pacHpeneseHHe MJIOTHOCTH YCTaHABAUBAETCS
yepes 150-200 Mxcek nocne uHxekUHH, IIpodunp NIOTHOCTH B yCIOBHAX He—
BO3MYIEHHPIX MACHUTHBIX NOBEPXHOCTEN HOCHUT XapakTep obsluyHoro auddy-
3UOHHOTO pachpegeneHns. C ZOCTATOYHON TOYHOCTHIO I'PAHHLA MIA3MEI
(n/nmax"'O,l) CcoBnajfaeT ¢ KpaliHell 3aMKHYTOI MarHUMTHOH NOBEPXHOCTEHIO.
VisMeHeHHEe TWIOTHOCTH TWIa3Mbl BO BpeMeHH ¢ 60JbpMOH CTENEeHBI TOYHOCTH
HOCHT 9KCNOHEHUHAJBHBIA XapaKkTep IPH U3MEHEHHH IJIOTHOCTU IIPHUMEPHO Ha
NOpPSIOOK,

OnHOM U3 OCHOBHEIX 3a7Ja4 HalIUX 3KCINEPUMEHTOB OBIJIO BEHISCHEHHE BIHUSI—
HHsSI BpallaTeJbHOIO npeobpa3oBaHus Ha BpeMsa XU3HH rmia3mbl. Ha puc.3
npuBeleHa 3aBHCUMOCTD SKCINEPHMEHTANBHO H3MEPEHHOT'O BPEMEHU XH3HHU
NJa3MBI OT yTJia BpallaTeJbHOIO npeobpas3oBanusi. I[IYHKTHPOM MOKa3aHa
3aBUCHMOCTDb HOPMHPOBAHHOTO BPEMEHH XH3HH OT ¥ C yYeTOM YMEHbUWEHUST
pasMepa IJIa3dMbl NPpH YBEJHYEHHH yTJla BpallaTeabHOro npeobpa3oBaHua:
ri = ro2 [(1- E)/(l +e)], rre Fep =~ CPEAHHH PAAMYC MATHHUTHOH NOBEPXHOCTH,

r, — palHyC KaMmephi.

OcobeHHocTrlo rpaduka T(i) sBasercsa: 1) aHHeHHBIA POCT BpEeMEHH XU3HU
B 3aBHCHMOCTH OT %; 2) HajnM4KWe NPOBAJIOB HA KPHUBOH B 06AaCTH Pe30OHAHCHBIX
3HaYeHHu# yrjaoB BpamaTeabHOro npeobpasosanus (o) = 0,25; 0,5; 1; 2).

MoxHO 6B1/10 NPeANONOKHUTE, YTO TAKOe yMeHbleHHe BpeMeHUu XHU3HH obyc-
JIOBJIEHO HECOBEPMEHCTBOM CTPYKTYDPBI MaTHUTHOTO NOJAA, T.€., U3MEHEHHEeM
nuddysrnonHHoro pasmepa Npu obpa3oBaHHK PEe30OHAHCHBIX BOJIOKOH. IIpoBepka
3TOIr'0 NPEAINoJoKeHH MPOBOANIACE B 06/aCTH NepBOrO pes3oHaHca =1, IIpu
3TOM H3MEHSANACh BEJIMYMHA BO3MYUEHHS U, KaK ciaencTBue, dopMa U BEJIHYH~
Ha MaTHUTHOH! po3eTKH, OKCHNepHUMEHTH! NOKa3ajld, YTO, HECMOTPS Ha TO YTO
pacrnpejeneHne IIOTHOCTH MIa3Mbl 10 CEeYEHHUI KaMephl NepecTpauBaeTcs B
COOTBETCTBHH C [€PECTPONKOH MarHHWTHBIX [IOBEPXHOCTEH, OOHA W3 OCHOBHBIX
HMHTETpanbHbX XapPaKTEPUCTHUK YAEPXKAHUA MJIA3Mbl — BPEMS XKHU3HH — NIPAKTH~
YECKH OCTaeTCsl HEU3MEHHOH, U COOTBETCTBEHHO — NPOBAaJl B KPHBOH T (i) OKO-
no £=1 ocraeTcsa, McCXOAT H3 9TOTO, MOXHO NPEANOAOKUTD, YTO PE3KOE yMeHb -
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Puc.3. 3aBHCHMOCTE BpeMEHM XH3HH MJasMbl OT YTJIa BpallaTelsHOTO npeobpasoBanusa (Gec-
CTONKHOBHTE/NbLHLIA pexumM); MYHKTHPHAA KPUBAA — 3aBHCHMOCTE NPHBEIEHHOTO BPEMEHH XH3IHU
n1a3Mbl ¢ yYeTOM yMeHBbUIeHHS paldyca [JIa3Mbl C POCTOM yTJ/la BpaulaTeabHOTO npeobpa3oBauus,

medHe 7T BOJIHU3M PE3OHAHCHBIX 3HAUeHUH # He 00I3aHO Pe3OHAHCHOMY Pa3py-
leHmo CTpYKTYpsl nona [6,7). Oror sddekr nMmeer Gonee raybokyw Gusu-
4yecKylo Npupoay. IIOCKONBKY XapaKTepHbIM A/ BCeX PE30HAHCOB ABJsI€TCH
3aMBIKAHMe CHIOBBIX JIMHHA MATHHUTHOIO NMOJS, TO €CTEeCTBEHHO IIPeAIONOKHTS,
yTO 3a GbICTPHHA YyXO4 I1a3Mbl OTBETCTBEHHB B 3TOM c/lyyae JJIHHHOBOJHOBbIE
HEYCTOHUYMBOCTH, YCIOBHS LIS PASBHUTHS KOTOPHIX B A2HHOH CUTYyaLHH ONTH-
MaJIbHBI,

CBUY-METOI CO3JAHUA NIITA3MEI B CTEJIJTAPATOPE TOP-1

Il npoBeieHNs 3KCNEePHMEHTOB [0 U3YUYEHHIO YAepXaHusd Ia3Mbl B 06—
JIaCTH BRICOKHX 4YACTOT COYZAPEHHUH (THAPOAMHAMMUUYECKAs 06GlacThb) GblI BHG—
paH mMeTon CBY-noHu3alUNH M Harpesa MIa3Mbl.

OBAacTh TUAPOAMHAMUKY 33laeTcs C/leIybuuM HepasencTsoM (9]

A< (27rR)/i , Tae i —yroa BpamaTejgbHOro npeobpasoBaHus, 27R — nepuMeTp
JIOBYIIKH, X — IHHA cBOGOAHOT O npobera. Bilpaxas AIHHY CBOGOAHOTO NpPOo-—
fera yepes IJIOTHOCTH H TEMIEPaTYpPy, [NOJYYHM AN XapaKTEpHHIX napaMer-—
poe TOP-1 (R =60 cM u 1= 27) creayollyo HUXHKW IPAHHLY AAA IJIOTHOCTH
nJaa3Msl n> 1,2-1010 T? 9B. Kak nokasanu SKCNEePHUMEHTHl, 3TO YCJIOBHE BHI—
NOJIHANOCE ¢ GONBWHM 3aNacoM,

IlnasMa B cTe/ulapaTope co3jaBanachk ciexylomum obpasoM, MeTamin-
yeckas BaKyyMHasa kaMepa Bo3byxaanace CBU-reHepaTopoM Ha AJIMHE BOJI-
HBl ~4 cM, Jo0BpPOTHOCTH KaMephl — MHOTOMOJOBOTO pe30HaTopa — B OTCYT-
cTBHe mnasMsl cocTaBisna 10°, OHeprus BBOAUTCS B KaMepy 4yepe3 Kpyr-
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Puc.4., PacnpejeneHue IJOTHOCTH MIa3Mbl O PAAHYCY IS Pa3/¥4HBIX 3HAveHui mowmuocth CBY:
w1~0,2 wg.

B BONMHOBOA (naTpy6ok)., HanpsiXeHHOCTH 31€KTPHUYECKOTO MOAS B pe30Ha~
TOpe B OTCYTCTBHE IVIa3Mbl MOXET H3MEHATHCS B WIHPOKOM AMANAa3oHe

E = 100-400 B/CM. OKCNepHUMEHTH MPOBOAMNUCE [IPH MOCTOAHHOM AaBJIEHUH
HeHTpaJibHOT O ra3a (aproH MM TejiMil) B AuanasoHe 5107~ 510™Mm pT.CT.
TipeaBapuTeneHad HOHKM3aAUMSA Npu paboTe Ha ManbsX ypoBHax CBY-MomHoCTH
OCyIWEeCTBIANACE HUCKPOBOH NMYWKOH,

HccnenoBaHuss nokasajau, UTO cTalnuoHapHsit CBY-paspsaa B cTennapaTo-
pe uMeeT psaa ocobeHHocTell. Pas3BuTHe paspsala NMpH WHPOKOM H3MEHEHHH
BHEUNHHUX NapaMeTpOB (IaBj€HHE Do, MOUHOCTL W, HANPAXKEHHOCTh MATHHUTHO™
ro nonsa H) npoucxoauT 3a OTHOCHUTENBHO Majioe BpeMs: MeHbuie 200 MKcek.

C nomombeio CBY~paspsaaa nonyvaercsa Gonbuias mIOTHOCTE MIA3MBEL
Nmax™ 51012 cp3 , IpUYEM HH [IpU KaKux napamerpax (p,, W, H) He ynaercsa
[OJIYYHTE KBa3HCTAUHOHADHLIA Pas3psal NMPHU MJIOTHOCTH [UIA3MBbI, HHXE KPUTH™
yeckoil, mna paboueit amuHbl BomHel CBY (n.=~ 6+ 7'10110M-3).

KBasHcTauHoHapHas TeMIlepaTypa 9JIeKTPOHOB, 3aBHCAWAs OT YyPOBHA
CBUY-MmomHocTH (Te ™~ W) H KaBieHUA HeHTpaAbHOro rasa (Te “-pal ) A1eXxHuT B
huanasone 3-8sB. CneayeT OTMETHTH, YTO BO3MOXHO CyIleCTBOBAHHE KBa3n~
CTaLlHOHapHOI‘O COCTOSHHS U IPH 6onee HU3KHX yCpeIHEHHBIX 3HAYEHHSAX TeM-
nepatypbl T,= 1 2B,

XapaKTepHCTHKH pa3paaa (ne, Te) He 3aBUCAT OT cnocoGa BO30Y X AEHUs
CBY-BosIH B KaMepe (9/JeKTPHYeCKHH BEKTOp NapasjeneH WIH NnepleHIuKyasa-
peH HanpaBJIEHUIO MATHUTHOI'O IO ),

VsMepenus ypoBHss CBY-noss B KaMepe yKa3bBalT Ha CHJIBHYIO IepecTpoi-
Ky Pe3OHATOpa NpK paspsle; 3TO ob6CTOATENBCTBO He NMO3BOJsAET ONPEeLEeNUTh
BENIHWYHHY norjoumenuss CBY-MomHOCTY B nasme,

VizMepenus paclnpeneneHus MJIOTHOCTH IJIa3MBbl, TOYHEE IOJHOT O TOKa Ha-~
CHIIIEHHUs, YKA3bIBAKT HA TO, YTO BelH4nHaA CBY-MOmWHOCTH 3HAYMTEIBHO BJIHI-
eT Ha reoMeTpHIo IIasMel. lIprMephl pacnpelresieHUs IVIOTHOCTH IO Paiuycy
npexcTaBleHbl HAa puc, 4. Hannuue HeozHOopoZHocTeH B n(r), NoO~BHUEUMOMY,
MOXET YKa3bIBaTh Ha JIOKaJIbHBIH XapaKTep NOrjoIeHUs SHEePLUH.

OnHOM M3 OCHOBHBIX ocobernHocTelt CBY-paspsana aBiasgeTcs HaAUUHe B
mIa3Me KBa3HUCTAUHOHAPHOI O NOCTOAHHOTO TOKa, NPOTEKAalmero BAOJAE OCH
TOpa B T€4YeHHe Bcero BpeMeHu nercTeua CBY, Hanpasneuune Toka coBnana-
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€T C HamnpaBJeHWeM NPOAONBHOTO MAarHUTHOTO NOAA CTeNJapaTopa U H3MeHAeT-
Cs ¢ U3MeHeHHeM eTOo HamnpaB/leHHs. DBeJuMuyuHa ToKa paBHA HECKOJBKHM aM-
nepaM (1-3) u Bo3pacTaeT Npu yBeaudeHuu ypoBHss CBYU-MowmHocTH, Ilpuposa
3TOT0 TOKA B HACTOsAW €€ BPeMs He BHSCHEHAa, HO,NIO-BHIUMOMY, OH CBf3aH C
MmexanusMmMoM nornomenus CBY, KocBeHHo Ha 9To yka3slBaeT TOT PpakT, UTO
_TIPH LUMKJIOTPOHHOM PE3OHAHCEe, KOTJA W = Wey U UHKJIOTPOHHOE MNOTJIOWEHHE SIB-
e TCS NPeBaJHPYKOIHM, NOCTOSTHHBI TOK HE 3aBHCHT OT HANpaBJIEHUS MATHUT-
HOT'O nons.

COBOKYIHOCTH NPUBEEHHBIX SKCNEePHUMEeHTaNbHbX AaHHBIX (MaJloe BpeMs
pa3BUTHA pa3psaja, HaJIHYHe KBA3HCTANHOHAPHOT'O COCTOSHHA IPH N> N, BO3-
MOXHOCTBH CO3JaHHA MJIa3Mbl C MAaJblM YCPEIAHEHHBIM 3HAYEHHEM 3JIEKTPOH-
HOM TeMmepaTypsl KOTAa BpPeMsi HOHHM3aUuM OGoJblie BPEMEHH XH3HH, 3aMeT=
Hoe nornomenne CBY-MOWHOCTH, BOSHHKHOBEHHE NOCTOAHHOTO TOKAa B IJIa3Me)
[03BOJIAET CAEJATh NPEANONOXKEHHE, YTO HATPEB MJIa3Mbl HOCHT HE PE3UCTHB-
HbIMl XapaKkTep, & UMeeT MeCTO MeXaHH3M aHOMalbHOT'O noryomenus CBY nnas-
Mol [10]. Hannume Takoro aHoManbHOTO MOT/IOWEHUS NO3BOASET NONYUYUTb
nnoTHy®o miasMy n =5102cm™, Te =~ 338 3B,

TaxuM 06pa3oM, CIOXKHOCTH gBAEHUH, Npoxonswux npu CBY-paspane, He
No3BOAAET U3yuaThb AUPPY3IHIO NIa3Mbl B 3THX YCJOBUAX, IlO9TOMY aKTHBHas
ctaausa CBY-paspsaja HaMHu paccMaTpHBasach JHUB Kak clocob co3AaHus IOT -
HOH mna3Mbl. HccrnezoBaHHe XapaKTePUCTHK yJLepXKaHUA IVIOTHOH NJIa3MBl B
cTennapaTope NpoM3BOIUIOCH ANA pacnajapumeics miasMb MOCA€ BRIKIIE™
Hus CBY,

HCCIENOBAHHE PACNANAKIENCS [ITA3MBbI

Ha puc, 5 npuBeeHa BpeMeHHas NOC/IeLOBATENBHOCTDL NPOLECCOB C yKa~
3anueM Macmraba BpeMeHH. CBY-MOmMHOCTE cnajaeT 3a BpeMsi, MeHbIIe
100 MKcek, u B JaJdbHellleM NMPOUCXOAMUT pacnaj IVIa3Mbl ¢ 3aJaHHBIMH Hauyanb-
HBIMH yCJIOBHSMH, ONMpPEAEJIeHHRIMH aKTHBHOR cTaiuei.,

a. V3MepeHHe 3/IEKTPOHHOH TeMIlepaTyphl

OneKTpoOHHAas TeMnepaTypa olpeAeAnach JeHTMIOPOBCKHMH 30HLAMH
(noKanbHbIE U3MEPEHHUA) H MO NMPOBOJUMOCTH I1a3Msl (cpedHas no obremy),
B nocneaneM ciayyae B asme Bo3byxaancs npobHeI BRICOKOYACTOTHBIH TOK
C noMolbio Bo3AymHoro TpaHcdopmaTopa TP-1. HaMepeHuUs TokKa NPOBOIST—
Ccsl BRHICOKOYYBCTBHTE/NIBHBIM NOsicoM Porosckoro (cM. puc, 1).

Ha puc. 6 npuBegena ocuuanorpaMMa NpoSHOTO ToOKa, NPOTEKaKWero no
n1a3Me, U onpejeseHHas M3 NPOBOJAMMOCTH IUIa3Mbl BeJHYHHA 3/I€KTPOHHOM
TeMIepaTyphl:

2/3
T.(oB) = HE%% 5%2]

rae I —BennuuHa TOKa, V ~ HanpsxeHue Ha obxoxe, r — palduycC MJIa3MEHHOTO
cronba,

C NMOMOIIBI0 OJHHOYHBIX JIEHTMIO POBCKHX 30HJOB yCTaHOBJIEHO NMOCTOSAHCTBO
dopmpakTopa r2, onpejensomero ConpoTUBNEHHE Ia3MeHHoro cronba., Tok =~
YUCTO @KTHBHLIM, BEJIMUMHA Y A€/ILHOT'O CONPOTHBJIEHHUS IJ1a3Mbl H3MEHAEeTCH B
guanasose (5-107°-1) om-cm. M3 npusoaumoro rpadrka T(t) BUAHO, YTO OX~
RaxJeHHe 9JIEKTPOHOB NPOUCXOAUT OBICTPO: 4yepe3 1 MCek NMpakTHYECKH ycTa-
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Puc.5. BpemenHas nocnenoBaTeNbHOCTD Npoueccok npu CBY-paspsige:
H — maruuTHOe none, By — MowHocTs CBY, Ip— KBa3HCTAUWOHAPHBIN NNIAa3MEHHbI! TOK,
T, — /€KTPOHHAA TeMMNepaTypa, N, — WIOTHOCTb MJIA3MBbI.

HaB/IMBAeTCsA KBA3HCTaUHOHapHAs Temnepartypa Te=0,2+ 0,4 aB; ckopocTs
H3MEeHeHUs TeMIepaTypsl YMEHbIAETCA Ha NopsaAok. CKOpocTb OXNaxIeHus,
T.€. BpeMs YCTAHOBJIEHUS] KBA3HCTAUHMOHAPHON TEMMNEpaTYpPhl U €€ BeJHYHuHa
HE 3aBHCAT OT HANPSXKEHHOCTH MATHUTHOTO MOJIA M JaBNEHHS HeRTpasioB.

OxnaxAeHHe 3JIEKTPOHOB MOXeT OBITH O6GBSICHEHO ABYMS NpPOLIECCAMMU:
no Te=2 3B oxnaxneHue MOXeT GBITE OGYCNOBIEHO HEYNIPYTUMHU CTONKHOBE -
HUAMU (MOHM3ANUMA M Bo36yxXaeHue), a npu T.<2 3B 0CHOBHON NpHYHHON OX~—
JIAX A€HUs, [IOMHUMO NONepedHod TEIUVIONPOBOAHOCTH, UTpakl el ONpeaeleHHy0
ponb U npu Te> 2 5B, aBnAKTCSA ynpyrue CTONKHOBEHHS C MOHAMU,

OnHaKO HEeSICHLHIM OCTaeTCs BOMPOC 06 OTHOCHTENBHO BLICOKOM
(Te=0,2+0,495B) KBa3UCTALKOHAPHOK TeMnepaTtype. DOTOT $GaKT MOXHO
O6BACHUTD TONBKO B NMPEANONOKEHUN O CYIECTBOBAHMN HOHHOI T@MNEPATYpHI
Ty =0,2+0,4 sB. 3aMeTuM, 4To aHaJOTHUHbIE PE3YNBTATH IO U3MEPEHHI
KBa3WCTALHOHAPHOH TeMNEepaTyphl B pacnajapiieitcs nnasme Te>0,2 5B no-
nyudensl B pabore [16].

6. HccnenoBaHue pacnana MaasMbl

OCHOBHbI® 3aBUCUMOCTH, XapaKTepu3ypmue yaepxaHue IIasMsl B CTel—
JlapaTope, T.€. 3aBUCHMOCTH BPEeMEHM XU3HM IUIA3ME OT BEJIMUMHLI MATHHUT-
HOTO NOAs 4 YI/1& BPalaTeNbHOTro NpeobpasoBaHus NMONLY4YEHE U3 U3MEPEHHS
pacnana sJeKTPOHHOW MIOTHOCTH. M3Mepedus X042 IVIOTHOCTH IJIa3MBl BO
BpeMEHH [TPOH3BOAWINCE C NIOMOIBK OTKPHITOTO MHUKPOBOJHOBOI'O pEe30HATOPA
®abpu-Ilepo [11], paBoTamumero HA AnMHE BOMHB ~ 4 MM, XapakTepHas oc-
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Puc. 6, OcunanorpaMma npobHoro Toka B pacnafapmeiics noasme (a): f=3,56 kxT"u.
3aBHCHMOCTD 9MeKTPOHHOM TeMNepaTypsl pacnalawiefcs nnasms oT speMenu (6).

uWwlorpaMMa npuBejeHa Ha puc, 7(a). BeluunHa TOPU3OHTANBHOTO OTKIQOHE=
HHUS PEe3OHAHCHOTO NUKA OT HYAEBOTO 3HAYEHHUA (HY/NIEeBOH OTCUET 3aLaeTCs
BTOPBIM ONOPHHIM PE3OHATOPOM ) NPONOPUHOHAIBHA IIOTHOCTH. HM3mepenue
MIOTHOCTU NPOHIBOAUTCA Uepe3 AMCKpPEeTHHI@ UHTEepBAaj bl BpeMEHH, UTO HA 0C—
UWUIoOrpaMMe COOTBETCTBYET Pa3/IMUHBIM TOPH3OHTA/NbHEIM JIMHHAM (BpeMeH-
HOe pPaCCTORAHNE MeXJAy MAHHUAMU HA NpUBOANMON ocumorpaMme — 400 Mxcek).

Ha puc, 7(6) npuBOAUTCS 3aBHCHMOCTE abCONIOTHOH IIIOTHOCTH NJIA3MBI
oT BpeMeHH (pe3yiabraT obpaboTky ocuMnAnoTrpaMMbl, aHaflloTHuHON| npeacTas-
JIeHHON Ha pHcC, {a), 3aBucHMocCTh n(t) JaHa B ABYX Pa3/MYHBIX CHCTEMAaX Ko~
OpAMHAT: BepxHAd{ln n,t), BuXHAS (l/n,t).

H3MepeHHe MIOTHOCTY NAA3MEl BO BPeMeHH NPOHCXOJUT, CTPOT O TOBOPH,
HE IO SKCHNOHEeHUHAJbHOMY 3aKOHY; SKCIIOHEeHTa B cucrTeMe (ln n,t) npeacras-
nseTcs NpsAMoi nuHueR (CM. puc, 76).

Bonpoc @YHKUMOHANBHOA 3aBHCHUMOCTH MIOTHOCTH pacnajalbmeics naas-
MBI OT BpeMeHH, korja koadduunenr aud@ysnuy 3aBHCHT OT NMAOTHOCTH H, B
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Puc.7. OcuumiorpaMma H3aMepeHus INIOTHOCTH pachajaiowefcs naasmsl (a).
3aBHCHMOCTD XOJa MAOTHOCTH OT BPEMEHM AAs pachnajaouefcs NIasMsl, NOCTPOEHHAS B pa3nuu-
HBIX CHcTeMax KoopauHatT (6): (Inn,t)wu (I/n,t).

4YacTHOCTH, OonpelensieTCd KYJOHOBCKHMH CTOJKHOBEHHAMM, HE PACCMOTPEH
AOCTATOYHO noapobHo. YpaBHeHue aud@y3Hnu B 9TOM cAydae NOAydaeTcs He-
nuHelHsM, B pa6otax [12] nonyueno yacTHoe pemeHHe mlsl cloy4as, KOraa
BO3MOXHO pa3fesjieHHe NMepeMEeHHHX (BPeMs W nNpocTpaHCcTBo). Oanako obmee
pemeHHe NPUHUHMNHANBHO ONpejesieTCs HAa4YalbHBIMH YCHIOBHSAMU, T.€. Ha-
YaZbHBIM pacCIpeAeNeHUeM MIOTHOCTH.

BpeMeHHas 3aBHCHMOCTBL YaCTHOTO pelleHHs HeJlHHeHHOT O YpaBHEeHHs
AP Py3uu uMeeT caeAylOmMUA BUA:

[ng/nt)—11 = [t/7]

ng— HayanbHas IJIOTHOCTH B lLIEHTpe, T = az/ [(2,4)2 Dol,
Do — 3HadeHus kos@ duunenrta anddysumn npu n=ngq.
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Pnc 8. 3aBMCHMMOCTD BPEMEHH XH3HM IJIA3MBbI OT KBAAPATa HANPAXEHHOCTH MATHUTHOTO NOMA
7(H ) IYHKTHPOM npeNCTaBjeHa TeopeTHdecKas 3aBUCHMOCTH AnA TMAPOAHHaAMMUYecKon obnacrtu,
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Puc.9. 3aBHCHMOCTDL BPEMEHH XH3HM IUIA3MBl OT YIJa BPAWATENLHOTO NpeofpasoBaHHs.
TIyHKTHPOM NpelCTaBieHa TEOPEeTHUYEeCKad KpHBaA.

$opMma KpUBOH {CM. pUC, 76) B HEKOTOPHIX YCJIOBUSX BIOJIHE YAOBJETBOPU-
TeJIbHO OMUCHBAETCSA 3TOH 3aBHCHMOCTBIO, T.€. NPOBENEHHE CPAaBHEHHs pa3-
JIMUHBIX YCJIOBUH ylepxaHHA (BapHALHS HANPSIXEHHOCTH MATHUTHOTO IOJs,
yron BpallaTe/IbHOTO npeobpa3oBaHtsa) MO BEIMYHHE NOCTOSHHON BPEMEHH SB-
JIIeTCSl He COBCEM KOpPPEKTHLIM, 3a XapaKTepHoe BpeMs pacnana [Ia3Mbl
NPUHUMaI0Ch BpeMsl W3MEHEeHUs NJAOTHOCTH B 3 pasa Wwid PHUKCUPOBAHHOTO
IManasona mioTHocTH (10-3-1011 cm3),

3aBHCHMOCTDL BPEMEHH XH3HHU IUIa3Mbl T OT KBaJApPaTa HAMPS XEHHOCTH
MarHuTHoro nons H” npupeneHa Ha puc., 8, M3 rpaduka BuIaHO, 4TO UMEWTCH
aBe obnacrtu: npu H<8-9 xo saBucumocTs 7 (H?) 6nuska k nuuelnoi, B o6-
nacTH HeBoNbWUX nosiedt HabonaeTcs YeTKO BhlpaXeHHOe HackmeHue T(H2).
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Punc, 10, 3aBHCHMOCTH BpEMEHM XH3HH MJIA3Mbl OT BEJHUHHLI KBA3HCTALHOHAPHOTO TOKA.

H3aMepeHuss OpH MabIX HANpSIKEHHOCTSX MArHUTHOTO MO OCJOXHEHBl 3a-
TPY OHEHHBIM DPAa3BUTHEM paspsiia; OLHOH U3 BO3MOXKHBLIX NPHYHUH U3MEHEHUS
KapTHHBI pa3psala MOXEeT OB TB MaJioe BpeMsl XHU3HH IMJA3MBEI.

XapakTep 3aBucuMoct T(H?) u abconloTHas BenuYMHA BpEeMEHH XU3HHU
HE 3aBHCST OT MaccCk HOHOB (Ar,He). B HacTosuwee BpeMs He uMeeTcs AO-
CTAaTOYHOTO KOJAHYECTBA 3KCNEePHMEHTAa/BHEIX NAHHBIX IS OGBSICHEHUS HAChI—
weHust kpuBo# 7 (H?) npu Gonpmux nonsx.

Ha puc. 9 npuBeneHa 3aBUCHMOCTL BPEMEHH XHU3HU IJIa3MBbl OT yrja Bpa-
maTrenbHoro npeobpaszopaHus, XapaKTepHOH 0COGEHHOCTEHIO NpeACTaBAeHHOM
KpUBOH siBAsieTCst 6ojlee CHIBHAS 3aBHCHMOCTL OT YIJla BpallaTeJlbHOrO INpe =
oBpa3oBaHus N0 CPABHEHHIO C PEXHMOM 6ecCTONKHOBHUTEAbHON MIasMbl. Jns
CpPaBHEHHUS NYHKTHPOM [OKa3aHO TEOopeTHUYeCKOoe BPEMsI XH3HH, onpenense-
Moe kKoodduuunenrom audPysuu o1 TOPOUAANBHOH CHCTEMBI B IMAPOAMHAMHU -
vyecko#t obnacTH. TeopeTuueckas Kpusas [13,14] nonyuaercs 6onee KpyToit.
OueHka BpeMeHH xu3uy assi = 0,25, r=3 cm, H=10 ko u T, =0,2 oB naer
abCONOTHYI0 BEIMUMHY T = rz/[(2,4)2DKyn(1 +8n2/i2)] = 4103 cex, no NMOPSLAKY
COBNaJaKIly0 C 9KCNePUMEHTAJIbHBIM BpeMeHeM XKH3HH.

OCOBEHHOCTH Y IEPXKAHHUS [NJIOTHON MIA3MBI, CO3TAHHOH
METOINOM CBY-TIPOBOS

Uccnenosanus pacnagaoueiics niasMsl nokasaad, UTO Npd 3aAaHHEX Ha-
YaJIBHBIX yCJ/IOBHSX = HANPSXKEHHOCTh MAarHMTHOTO NOJs, POA ra3a H JaBje-
HHe — CKOPOCTB Pacnaja CyuecTBEeHHbIM Oo6pasoM 3aBHCHT OT aKTHBHOH da-
3B pa3psifia, & HMEHHO OT BEJUYHMHBEl MOUHOCTH, H, OUYEBHAHO, KaK CIeACTBHE, —
OT BEJHMUYMHEI TOKA, IpoTeKanWero no niaasMe (puc.10). U3 rpaduxka 7(I) Bug-
HO,YTO ¢ yMeHbUHIeHHEM TOKa U, COOTBETCTBEHHO, CBY~MOWHOCTH, BpEMSA XU 3HHU
nIa3MBbl pacTeT, OAHAKO, HACHIUEHHST NPH MaablX TOKax He HabiawogaeTcs, &
Tpeje/IbHble 3HAYEHUS T COOTBETCTBYHT MHUHUMAIBHOH MOUWHOCTH, NIPH KOTO-
poit BO3MOXeH Npo6Goi.
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DKCcnepuUMEHTHI M0 UCCIeA0BaHHUI XapaKTEPUCTHKN Y AePXaHUsT MPOBOIU—
JUCh ¢ yueTOM aToro faxra, T.e. NPH MUHUMaAbHOM! MomHocTH CBY, mpu ko-
TOpOH Bo3MOXeH Npoboit u, clieoBaTENbHO, IPH MUHUMAIBHBIX 3HAYEHUSIX KBa 3K~
CTAalLMOHAPHOTO TOKa. B HacTosfliee BpeMs HENb3s YTBEPXAATh OAHO3HAYHO,
YTO SIBJSETCS ONPEeAENTOUUM B YCTaHOB/JIeHHOM dakTe BNUSIHUA aKTHBHON da-
3bl pa3psaga Ha CKopocThb qu@@ysun pacnajawmencs nnasmel. OnHol U3 BO3-
MOXHBIX THOOTE3 MOTJIO Bbl CNYXUTH IPEANOJOXKEHUE O BAUSHUH YCIOBHIH CO3—
IaHUA NMAa3Mbl HA €€ NPOCTPaHCTBEHHOe pacnpereseHde, T, €. Ha HaJH4uHe Npo-—
JOJILHOT'O TPAaJUHEeHTa IVIOTHOCTH WM Ha passidyHoe HadallbHOoe paclpeleieHHe
N7a3MBl 10 CeYEeHHI, OIHAaKO UCCAeNAOBAHHS NPONOJBHOrO ITpajHeHTa MIOTHO-
CTH U1 ABYX PA3JUYHBIX Ta30B (aproHa M renus) oKasalu, YTO MPOAOAbHAS
HEOJHOPOIHOCTD ZaXe ANsl aprOHOBOH mias3Msl Majia, T. e, MeHblie 20-30%,
Kpome Toro, 6b1710 MOKA3aHO, YTO OCHOBHbIE XapPAKTEPUCTHKY yAepKaHHUS,
HanpuMep 7 (H) (cM.pHc, 8) He 3aRUCAT OT COPTa HOHOB,

SAKJIIOYEHHE

1. Bonee coBeplleHHas CTPYKTYpa MArHUTHOTO nons creanapaTopa TOP-1
MO3BOJIKAA MPOCAEIUTh 3aBUCUMOCTE BPEeMEHH XU3HU NIa3Mbl B 6€ CCTONKHOBU ™
TeJbHOM pEeXHMe B CyllecTBeHHO 6OoNblIeM AHANA30HE YTIJIOB BPAIATENbHOTO
npeobpasoBadus (BINIOTH a0 37), UeM 3To 6bI0 ciaenaHo panee [15]. Hame-
PEeHUS [0Kas3anu, YTO MONYyUYEHHBIH paHee nuHEeHHBIH POCT BpEMEHHU XHU3HU NMpPO-
ponxaeTcss ¥ B o61acTH YI/IOB BpallaTeNbHOTO NpeobpasoBaHusi, 6ONbWUX 27,

2, TouHOe 3HAHHE CTPYKTYPBHI IOJS U NPOBEAEHHE SKCIEPUMEHTOB MO HC-
CNeAOBaHHWIO BIUSIHHMST Pe3OHAHCHBIX BO3MYUEHHHR (B obnacTu pe3oHaHca = 1)

Ha yJepxaHue IJIa3Mbl NO3BOJAAET YTBepXKAATb, YTO U3MeHeHHe nuddysnon-
HOT'O pa3Mepa He ABASEeTCs ONpelefsKillMM B YMEHBbIIE€HUH BPeMEeHU XHU3HU IS
obnacTefl pe30HAHCHBIX 3HAUYeHHH yIJIOB BpamaTebHOro npeobpa3oBaHus,

3. IlpoBeneHbl HCCeN0BAHUS BO3MOXHOCTH MOJY YeHHsI IJIa3MBl B CTeJIa -
paTope MeToaoM CBY-uonusanuu, Ilokasano, 4To nNpu B3aumozeiicTeun CBY
¢ mia3Moii HabNoAaeTCss aHOMAaJIbBHOe, HEPEe3UCTUBHOE MOTIOWEHHE PHEPTHH.
AHoManbHoOe NMOTJIoIEeHHe CONPOBOXIAAETCS MOSIBJ€HHEM KBa3uCTalLHOHAPHOTO
NOCTOSIHHOTO TOKa, NPOTEeKaKmero no naasMme. IlapaMeTps naa3mMmbi, Nonydarw-
wHecsa npu CBY-HOHM3ALMH, Ngmay = 5-10% oM™, T, ~ 3+ 8 B,

Y cnoBus CO3AAaHUA [JIA3MBl B 3HAUYNTEJBHOH Mepe onpenessiioT NOBeeHHe
pacnajamumeicsa miasMbl,

4. UccnenoBaHHue XapaKTEepPUCTUK yAepXaHMUA MJIOTHON mua3Mbl MOKa3asu,
YTO NOJYUYEHHOE BpeM$ yAepXaHHUs NO BeJHYMHE COBIAJaeT C BPEMEHeM XHU3~
HM, KOTOpOE ClelyeT OXUAATH U3 TEOPHU T'MIAPOIAMHAMHUYECKOrO PABHOBECHS
IJIST TOPOUAabHbIX CUCTeM. 3aBHCHUMOCTL OT YTJa BpallaTeabHOTO npeobpa-
30BaHua — Gojiee CHAbHAT, 4eM U1 6€CCTONKHOBHTEABHON Naa3Mbl, HO HeC-
KOJBKO cnabee TeopeTHYeCKON 1151 TUAPOAMHAMUUYECKOH 061aCcTH YaCTOT CTOJNK—
HOBeHMI, 3aBUCHUMOCTb BPEMEHH XH3HH OT BEJHUYUHBI MATHUTHOT'O MO NpHU
H >8 k3 npakTHY€CKH OTCYTCTBYET.

Iina AeTalbHOTO BhIICHEHHUsS 3aBUCUMOCTell HeoBXoAUMO NMpoBeJeHHe Nanb—
HeHWKnX 9KCNEPUMEHTOB C LEJbIO BHISCHEHUST POJIM Ha4YaJbHBIX pachnpeneleHu#t
IOTHOCTH MO 06BE€MY MarCHUTHOH JIOBYWKH, ONpeAesieMbIX crnocoboM cosna-—
HUS TUIa3MBl.

HecoMHeHHBIH HHTepeC npecTaB/seT BbIsiCHEHME NMPUYUHbI BO3HUKHOBE -
HHSI KBa3UCTALMOHAPHOTO TOKa, €ro NPUPOABl U MEXaHH3Ma er'o BIUSHHUS Ha
XapaKTepHCTHKHU YAEpXKaHUA pacnagaomefcs niasMmbi. BecbMa HHTEDECHBIM
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B JanbHeilleM MpeACTaBAASTCA UCNOJb30BAHUE QHOMAMBHOTO NOTJIOWEHUSA
CBY gns HarpeBa MJIa3Mbl, CO3JaHHOHR B JIOBylIKe HE3ABUCHMBIM 00pa3oM.
CuxTaeM CBOMM IPHSTHBIM NOJNTOM BHpPa3uTh OnaroaapuocTts M. C.Pabu-
HoBuuy u Y. C. lllnurenpo 3a BHUMaHHe K paboTe u nonesHsle OHCKYCCHH,
T'.H.CwMmupHoBy, I0. A, HrHaTseBy, B, . CyaveHkoBy, U. B. ConaaTckomy,
O.M.Kopdunosy — 3a NoOMOME B NPOBEIEHUNH BKCIEPUMEHTOB.,
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PARTICLE-CONFINEMENT MINIMA IN
THE WENDELSTEIN II-a-STELLARATORX*
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Max-Planck-Institut filr Plasmaphysik, Garching, Munich,
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Abstract

PARTICLE-CONFINEMENT MINIMA IN THE WENDELSTEIN I1-a-STELLARATOR,

For not too large values of iota, previous experiments in contact-ionized barium plasmas have
demonstrated confinement in accordance with classical theory, except in the neighbourhood of the low-order
rational values of iota., The minima in confinement there observed may be understood as the result of
stationary or non-stationary convection. The present experiments are concerned with the investigation of these
minima. In particular, measurements of the dependencies of the peak density on the input flux, magnetic field
strength, and neutral pressure have been carried out at various values of iota in order to test theoretically
predicted relations. Low-frequency oscillations have been observed and the influence of shear on the position of
the minima has been investigated. The conclusion is drawn that the most probable explanation for the observed
minima is an unstable transition between the classical diffusive equilibrium and a stationary or non-stationary
convection,

1. INTRODUCTION

As reported earlier [1] the confinement in the & = 2 Wendelstein 1l-a stellarator
under certain conditions showed a behaviour predictable from classical theory. The
dependence of the maximum ion density on various parameters, such as shear, dis-
turbing magnetic fields etc., has been investigated. In the neighbourhood of certain
values of iota (€=1/2, 1/3, 1/4 .. .}), minima in the traces of ion density versus
iota were observed, for which until now no explanation could be found. It is the
purpose of this work to obtain more information on these minima and to discuss various
effects which might be responsible for their occurrence.

Theoretically, higher losses of rational values of iota can be the result of
stationary or nonstationary convective motion. This motion could be initiated by one
of the following effects.

1) Destruction of magnetic surfaces

dl
2) Noncoincidence of the rational magnetic surfaces and éﬁ surfaces

3) Inappropriate boundary conditions
4) Spatially localized plasma source

5) Instability

* This work was performed as part of the agreement between the Max-Planck-Institut fiir Plasmaphysik,
Munich-Garching, and Euratom.
1t should be noted that the iota scale, which one deduces from the assumption that the minima
occur at rational values of iota, disagrees by 10% from the numerically calculated one, This discrepancy
is thought to be due to errors in the mechanical positioning of the helical field windings and is presently
being investigated by electron beam measurements,
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In order to study the behaviour of the minima and their dependence on various
parameters barium plasma was used as in the earlier measurements. This plasma was
produced by contact ionization on a tungsten ball of 3 mm diameter which was heated
by laser irradiation to a temperature of about 2500°K and suspended on 3 tungsten
wires of 10 um diameter each. The base pressure was rather high, 10-6 Torr. In some
cases dargon was added in order to increase the neutral background.

The ion density was measured spectroscopially using resonance Fluorescence[Q] .
The ball potential was monitored with a high impedance voltmeter and recorded. In
addition the flux to an annular particle detector acting as a limiter was measured.

2. EXPERIMENTAL RESULTS
In order to study the properties of the minima the following parameters were varied:

a) the toroidal magnetic field, B, between 3 kG and 6 kG
b) the jon input flux, (b, between 5 x lO|2 and 2 x 1013 sec™!
c) the neutral pressure between 1 x 1076 Torr and 6 x 1075 Torr by the addition of

argon

The main object of this experiment was the plasma behaviour in the minima. The
experimental conditions were not optimized specifically to achieve a close approach
of the maximum density towards the classical value; ot low neutral pressure agreement
within a factor of 3 was typical .

2.1. Conditions for the Existence of the Minima

Most observations were made at minima No. 5 (€ = 1/5) and No. 6 (¢+21/6);
minima No. 4 (€ = 1/4) and No. 7 (£ = 1/7) have also been investigated.

In general, minima No. 5 and 6 behave in the following manner:

a) There exists a critical magnetic field above which the minimum occurs (see for
example Fig. 1). Fig. 1 shows that minimum No. 5 occurs above a value of the magnetic
field lying between 4 and 5 kG, whereas for minimum No. 6 the critical field lies
between 5 and é kG. This critical magnetic field decreases with increasing neutral
pressure, as shown in Fig. 2.

b) The width of the minima does not depend on neutral pressure but increases slightly
with increasing magnetic field (see Fig. 1).

c) At low values of argon pressure, peaks in the middle of the minima are observed
under some conditions. These peaks vanish at higher magnetic field and at higher neutral
pressures.

d) As fota is changed the transition between maxima and minima extends over a
very small range of & (d& = O.005).
Simultaneously oscillations of the floating potential of the ball and of the flux to the
particle detector are observed, with frequencies between 1 and 25 Hz.
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FIG.1. Density versus iota at different magnetic fields and with constant argon pressure (ps; = 1.0 x 1078 Torr,
@ =1.75% 101557,
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F1G.,2. Critical magnetic field for minimum No.5 versus argon pressure (¢ = 5 x 1012571,

2.2. Dependence on Magnetic Field

From the variation of the n vs iota curve with magnetic field the following re-
sults were obtained:

a) At |ow ressure (P 4 5x10 Torr) the density in most of the maxima appears
to scale as B 3),'w hile af higher argon pressure (pA; up to 10-5 Torr) it
scales as B. The B3 ;2 scaling at fow argon pressure is probably a mixture of the classical
B scaling and an anomalous effect which scales as B<.
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FIG.4. Density versus magnetic field in the minimum No.5 (pay = 1.0 x 107¢ Torr, ¢ = 5x 101571,

b) The density in the minima stays constant or decreases with increasing magnetic
field (Fig. 4). The decrease was found at higher a rgon pressure (10-5 Torr), where
the minima No. 5 and é were more pronounced than at low pressure.

2.3. Dependence on fon Input Flux

For various magnetic fields, n,v%:"%' were plotted versus ¢ (Fig. 5). It is found
that at low ;ressure the density scales as ¢ , but at higher neutral pressure a proportiona-
lity to ¢ 1/2 (esults. With respect to the dependence on ion input flux there is no
significant difference between minima and maxima.

2.4, Influence of Argon Pressure

The effect of interaction between plasma and neutral particles was studied by adding
argon at pressures up to 5 x 1072 Torr. With an increase of the pressure up to 1072 Torr
the plasma density in the maxima increases by approximately 10O per cent, while
between 1 x 107 and 2 x 1072 Torr the density decreases below its value at low
pressure {Fig. 6). In the high pressure regime ion-neutral collisions begin to dominate
over jon-electron collisions.

As for the minima, a distinction must be drawn between Nos. 5 and 6, and
No. 4. In minima No. 5 and 6 the dfgsity_if independent of neutral pressure in most
cases. At high ion input flux (2x 1O~ sec ) and at high magnetic field an increase
of the neutral pressure results in a decrease of the density (Fig. 7).

in minimum No. 4 the density first increases with increasing neutral pressure
(up to 8 x 1O ™ Torr) but decreases for even higher pressure. Simultaneously the
minimum becomes wider. This broadening of the minimum occurs as a discontinous
process. As the neutral pressure increases, more and more minima appear in the
neighbourhood of the original minimum, and at even higher neutral pressure the
maxima between these minima vanish.

At high neutral pressure (2.1 x 10_5 Torr) minimum No. 4 shows the same un-
expected scaling with B as the minima Nos. 5 and 6, i.e. a decrease of the density
with increasing magnetic field.
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FIG.6. Density versus argon pressure at various maxima (¢ = 1.9 x 1083 s=1, B = 5 kG).
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FIG.8. Oscillation of sphere potential versus a) time, b) frequency (¢ = 5 x 1022574, p=1,1x 107¢ Torr,
B =4,5 kG, + =0,194).
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FI1G.9. Example of a hysteresis effect in the n-versus-iota curve (B = 4 kG).

2.5. Oscillations

In the present experiment, high level, low frequency oscillations are observed
under some conditions. As iota is changed slowly, the onset of oscillations is followed
by a transition of the density from the adjacent maximum to the density of the minimum.
The oscillations show an increase in frequency {from 5-10 Hz to 11-20 Hz) and a
decrease in amplitude as the center of the minimum is approached.

The main diagnostic used to investigate these oscillations in a preliminary manner
was the floating potential of the hot sphere. A typical example of the oscillations is
shown in figure 8 in which a frequency spectrum from 1-20 Hz is also demonstrated.

The oscillations in this example appear to be a single mode, but measurements at
other values of iota show a broader spectrum. Simultaneous oscillations of the flux to
the particle detector and of the floating potential and the density signal of a probe
are also observed. Unfortunately, lack of detailed experiments does not permit con-
clusions about the amplitude of the density fluctuations and their phase relation to
the potential fluctuations.

A discontinuous transition between a higher density and a lower density state as
iota is varied can be subject to a hysteresis effect, that is, the transition occurs at a
lower value of ¢ when t is decreasing than when € is increasing (see Fig. 9). The
upward as well as the downward transitions are preceded by a hard onset of oscillations.
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FIG.10. Experimental and theoretical results for the relative shift in iota for minimum No.4 (B = 4.5 kG),

Little can be said at this point about the type of osciliations observed. However,
the present data indicate that the amplitude of the oscillations increases with magnetic
field. In the minima the oscillations show a decrease of frequency with increasing mag-
netic field, although this trend is not very definite. For all magnetic fields, an in-
crease in frequency of oscillations at the edges of the minima with increasing argon
pressure is observed.

In summary, the low frequency oscillations that are observed are strongly corre-
lated with the transition between the maxima and the minima in density. The presence
of oscillations of comparable amplitude in adjacent maxima and minima makes it possible
that the oscillations are not directly responsible for the observed particle loss but
rather accompany the transition from one state to another.

2.6. Influence of Shear on the Position of the Minima

To decide whether the occurrence of the minima results from the coincidence of
a particular value of iota with a certain plasma radius, the magnetic shear was changed
by superimposing a quadrupole magnetic field. For several plasma radii the variation
of the relative change of the local iota with the shear producing currents was calcula-
ted numerically (Fig. 10), and was found to be markedly different on the axis (r = o)
and in the outer plasma region. In the latter, the sign of the shift of iota is independent
of the direction of the "shear current", 1 , while on and near the axis a reversal of
the “shear current" changes the sign of the shift of fota. Therefore, if the minima can
only occur when a particular value of iota lies on some radius in the inner plasma
region, the experimentally observed shift of a minimum should change sign on reversal
of the shear current, while for the outer region the sign should remain constant. The
experimental data are shown in figure | O by the dotted line. They demonstrate that one
may exclude the region with r&£3 cm as a possible origin of the observed minima. How-
ever, from this result one cannot decide which effect near the plasma boundary, deter-
mined by the limiter, is responsible for the poor confinement in the minima.

An additional experinéental result is that the width of the minima does not vary
with the applied shear (4%k<io %),
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3. DISCUSSION

The possible causes for the occurrence of the minima, as stated in the introduction,
will now be discussed on the basis of the experimental results.

3.1. Destruction of Magnetic Surfaces

Numerical calculations, starting from an ideal current distribution, showed the
existence of magnetic surfaces, but also islands of relatively small radial extent were
found at rational values of iota (€ =1/2, 1/3, ...). Besides, it could not yet be ruled
out that the magnetic surfaces in the device are destroyed by unknown magnetic field
perturbations. If, however, the plasma were to stream freely along the field lines to
the boundary, an addition of neutral gas should inhibit the flow and therefore increase
the plasma density. On the contrary, a decrease of plasma density with neutral pressure
is observed in some cases (see section 2.4). For the same reason enhanced radial trans~
port by parallel flow along the islands is also considered to be unlikely.

dl
3.2. PR# const. on Rational Surfaces

A theoretical model C3] which was developed for this case predicts a stationary
convection at rational values of iota. But the asymmetries in the magnetic field needed
to explain the experimental results are much larger than those possibly present in the
machine. Furthermore, again, the theory predicts increasing density with increasing
neutral pressure. In some cases, this dependence is apparently not observed (see 2.4).

3.3. Boundary conditions

If the outer boundary does not coincide with a magnetic surface, a static equi-
librium with n = const. on this surface is no longer possible. The more closely the iota
on this surface approaches a rational value of low order, the larger is the stationary
convection which might occur. This convection, again, should be inhibited by in-
creasing the neutral pressure. Although some of the experiments show a decrease of
the density with increasing neutral pressure, the boundary conditions cannot be exclu-
ded as a possible cause for the minima. However, their description by @ continuous
variation of an unique equilibrium state seems to be implausible.

3.4. Spatially Localized Plasma Source

This cause can be ruled out by the result of the shear experiment (2.6), since
there the region near the axis was excluded.

3.5. Non-stationary Processes

The experimental results clearly indicate that the transition between a maximum
and a minimum is correlated with an instability (2.5). This conclusion is supported by
the existence of a critical magnetic field and a critical neutral pressure (2.1). The re-
sults reported above show a great similarity to the nonstationary convection of a fluid
heated from below | 4 J . Here also saw~tooth-like oscillations and hysteresis effects
are predicted. As for the critical field and anomalous scaling with B, an
analogous situation exists in the case of the instability of a positive column£5,6] .
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4. CONCLUSIONS

From these results it can be concluded that the most probable explanation for the
minima in particle confinement time is an unstable transition between the classical
diffusive equilibrium and a stationary or nonstationary convection. Although the
experimental observations give no clear indications, the shear experiment gives some
hint that the convective state might be determined by the conditions at the plasma
boundary .
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APPENDIX:

OHMIC HEATING IN THE WENDELSTEIN STELLARATOR W 1l b

G. Grieger, R. Jaenicke, I. Katsumata, H . Renner, G. Schilling, J.-G. Wegrowe,
G H. Wolf

Max~-Planck-Institut fur Plasmaphysik, EURAT OM-Association, 8046 Garching,
Red. Rep. of Germany

In order to expand the barium plasma experiments on the W I a stellarator to
hydrogen plasmas of higher temperatures and densities, another apparatus with similar
constructional features was built: it is an € = 2 stellarator with major radius R = 50 cm,
minor radius r =9 cm. The internal limiter restricts the plasma radius to 6.5 cm. The
toroidal magnetic field can achieve 7.5 kG in a stationary state, 15 kG pulsed.
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The preionized plasma is subject to ohmic heating applied in two steps. For the °
preheating stage the energy of capacitor bank of 30 kJ is discharged into an air core
transformer. The loop voltage induced in the forus reaches 4O V over O, 3 msec. The
subsequent heating pulse applied by a second air core transformer should allow for
quasistationary operation with a loop voltage of up to 3 V over 50 msec. Estimates
yield expected temperatures of Tj e T ~ 40 eV and densities of n=g 1 013, Preioni-
zation is accomplished with an RF discharge or ECRH, supplemented by an electron
emitting filament.

The first test runs were used to obtain some information on the build-up and proper-
ties of the preheated plasma. Initial parameters are: filling pressure of Ha of 104 Torr,
toroidal magnetic field 7.3 kG and ¢+ 5 = O.1. The plasma current thus achieved is
about 1.5 kA. An estimate based on classical resistivity gives for the electron tempera-
ture Te <. 20 eV. A five-beam microwave interferometer operating at 7O GHz shows
peak plasma densities of 5 x 1012 em™3, assuming a plasma radius of 5 cm, and a de-
cay time of typically 1.5 msec. The density reaches its maximum in O.3 msec, in
correlation with the time dependence of the plasma current, the latter decaying during
0.5 msec.

An x-ray energy analyzer pointed at the limiter shows a bremsstrahlung spectrum
with energies up to about 40 keV, the maximum of its intensity occurring at the
characteristic iron line. The emission of the bremsstrahlung is restricted to the build-
up phase of the plasma density. Additional diagnostics as laser scattering, particle
energy analyzers, spectroscopic and photographic methods, magnetic probes,etc. are
installed and will be put into operation in the near future.
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DISCUSSION

A, GIBSON: Can you rule out the possibility that the observed resonan-
ces may be associated with effects due to the ball support wires?

W, OHLENDOREF: Yes, because we got the same qualitative features
using photo-ionized Ba-plasma and ECRH-argon,

K. MIYAMOTO: You conclude that the resonant losses are connected
with instability, Do you have any idea what kind of instability is involved?

W, OHLENDORF: The experiments give no definite indications as
regards the nature of the instability, but it seems to be macroscopic,
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OKCIHEPUMEHTAJNBHOE UCCIIEJOBAHUE
KBA3UCTAIIMOHAPHLBIX ITPONOJBHBIX
I[TOTOKOB MOHOB B CTEJIIJIAPATOPE JI-1
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$dusuueckuit uHCTUTYT um.II .H .Jlebenera

Axanemuu Hayk CCCP, Mocksa,

Cowpz CoBeTckux CounHaaucTHUeCKUX Pecny6auK

Abstract— ArroTaUMS

EXPERIMENTAL INVESTIGATION OF QUASISTATIONARY LONGITUDINAL ION STREAMS IN THE L-1
STELLARATOR.

The results are presented of an experimental investigation of a quasistationary longitudinal ion stream
detected in the L-1 stellarator., The possibility of the existence of closed ion and electron streams is pre-
dicted by the theory of plasma equilibrium in toroidal traps formulated by Pfirsch, Schiliter, Sagdeev,
Galeev and others. However, the directed ion and electron motion superposed on the random thermal
movement of charged particles in toroidal systems had not until recently been investigated experimentally.
An attempt to study experimentally streams of this kind was made using the L-1 stellarator. With the help
of a specially developed technique, the motion of the ion component in one direction along the axis of the
toroidal chamber was recorded. The experimental results indicate an absence of either qualitative or quanti-
tative agreement with the conclusions of the existing theory of plasma equilibrium in toroidal traps. In
particular, the measured directed velocities considerably exceed the values predicted by the theory; the
longitudinal stream detected in the experiment does not change its direction in the transverse cross-section
of the chamber; the radial dependence of the directed velocities and their dependence on the rotational
transform angle of the magnetic field lines ~ relationships which were found in the experiment ~ contradict
the theoretical relationships. To explain the observed effect, the authors advance a hypothesis based on the
existence of "blocked™ particles in the toroidal trap. In the presence of radial electric fields, the longi-
tudinal velocity distribution function of the particles becomes asymmetric, which leads to the appearance
of an effective ion stream directed along the axis of the toroidal chamber. The relationships found in the
experiment confirm the unique connection between the electric field and longitudinal jon stream values.
Comparison of the experimental results with calculations performed on the basis of the suggested hypothesis
confirms the validity of the explanation given of the mechanism whereby the ion stream occurs.

OKCINEPHMEHTAJNBHOE UCCIIEJOBAHUE KBA3UCTAUHOHAPHBIX TPOOONBHBIX MOTO-
KOB UCHOB B CTEJJIAPATOPE JI-1.

B noknafe NpHBeeHDbl PE3YALTATH SKCIIepHMEHTANBHOI'O HCC/NeJOBaHHA KBa3uCcTallMoHap-
HOT'O NPOAOJBHOTO MOTOKA HOHOB, OBHApYKEHHOTO Ha cresnaparope "JI-1". BOSMOXHOCTBH Cy=
WEeCTBOBAHUSA 3aMKHYTBHIX NMOTOKOB HOHOB M 3JIEKTPOHOB [IpeACKadbIBaeTCS TEOpHEeH paBHOBECHS
naasMsl B TOPOUAAJBHBIX JIOBYIIKaX, pa3BuToit Ildupmenm, Uinorepom, CaraeesrmM, IaneeBbiM
n ap. OIIHaKO HanpabBJ/IeHHOE NBHUXEHHEe HOHOB H 3JIEKTPOHOB, Hak/Jalbpawueecs B TOpoHgaib-
HBIX CHCTEMaX Ha XaOTHYEeCKOe TEeIUIOBOEe [epeMelleHHe 3apsXeHHbIX YaCTHL, He MCC/IeA0BajoCh
A0 MOCNEeAHETO BPEMEHH aKcnepuMeHTansio. Ha cTesulapaTope JI-1 Gnia NpeANpHHSTa NOMBITKA
3KCMEPHMEHTANLHOTO H3YYEHHs NIOTOKOB Takoro poia. C NMOMoNbo ClelHaNbHO paspaboTaHHol
MeTOAMKM yAaNOCh 3aPeTHCTPUPOBATh ABMKEHME MOHHOTO KOMIIOHEHTa B OAHOM M3 HaNpaBJeHHH
BAOJIE OCH TOPOHMARNLHONR KaMepbl. COBOKYMHOCTDb 5KCIEePUMEHTaJBHBX AaHHBIX CBUIAETE/NbCTRY -
eT 06 OTCYTCTBHH KaK KaueCTBEHHOTO, TAK ¥ KOJHUECTBEHHOTO CUrJIACHA C BHBOJAMH pa3BHTOM
K HacToslieMy BpeMEeHH TeOpHH paBHOBECHS IJIa3MBbl B TOPONIANBHBIX JOBYIIKaX . B YaCTHOCTH,
H3MepeHHble BEJIMUUHEL HAlPaBAEHHBIX CKOPOCTEHl CYWeCTBEHHO [IPERBOCXOAAT BENHUYHHEL, pen-
CKa3blBaeMBble TeOpHeH; BKCIEePHMEHTANbHO OBHADY KEHHBINR MPOJONEHDIA IOTOK COXpaHAeT HeH3-
MEHHOe HaNpaB/eHHe B MONePeYHOM CEYEHHM KaMepBhl; palHalbHasf 3aBUCHMOCTDL BEJIMUMH Ha-
NpaBJIeHHbIX CKOPOCTEH, a TakXe 3aBUCHUMOCTL OT yTJla BpallaTeJbHOTO Npeofpa3oBaHus Mar-
HUTHBIX CHJIOBBIX JIMHUM, MOJy4YeHHbIEe B 3KCIePHMEHTE, IPOTHROPEYaT TEOPETHUYECKHM 3aBHCH-
MOCTSM . nﬂﬂ O6BACHEHUR HaémonaeMoro 3¢l¢leKTa B AOKJlaAe BRIABHTAeTCsA runoTe3da, OCHOBaH™
Hasi Ha Ha/lM4MK B TOPOMA@AbHON JIOBylke "3anepTrx" YyacTHL. B NpuCyTCTBHM paaHasbHBIX
3/IeKTPHYECKHUX Noell PYHKUHS pacrnpefesedus 4acTHL MO MPOAOABHEM CKOPOCTAM CTAHOBHTCS
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acHMMeTpPHYHOlT, YTO NIPHUBOAHUT K NMOSABJIECHHIO adpdekTuBHOTO MOTOKA HOHORB, HaNpapJA€HHOT'O BAOADB
OCH TOPOMIATBHON KaMephl. DKCNepHMEHTabHO MoNy4YeHHbIe 3aBUCHMOCTH IOATBEPANIK OAHO~
3HAYHYI0 CBA3b MEXAY BeJHUYHHaAMH SJIEKTPHYECKOT'O NOJA M IIPOJAC/IBHOTO NOTOKa HOHORB . Cpas-
HEHUe pe3yNbTaTOB 3KCNEpDHMEeHTa ¢ pacueTaMH, BHIIOJIHEHHBIMH B paMKax npeajsaraeMo¥ ru-
MOTEe3s NoATBEp XKAaeT CIIPAaBeJ/IMBOCTE BHIABRHHYTOI'O B AOKNajae 06BACHEHUS MEeXaHH3Ma BO3-—
HUKHOBEHHUSA MOHHOTO MOTOKa,

BBEIEHUE

OKcCnepHMeHTalbHOE HCCIEeNOBaHKE ynepXaHus 6eCCTONKHOBUTENBHON!
JIa3Mbl B cTejl1apaTope JI-1 npuBeso K o6Hapy XEeHHI0 KBa3UIIOCTOSHHBIX 1O~
TOKOB HMOHOB, HanpaBJIeHHbIX BAOJNb OCH TOPOMAANBLHONK KaMep:l (OCh Z Ha
puc.l). PesynbTaThl NEepPEHIX SKCIEPUMEHTOB coofuanuchk B gokaazne [1] va
IV EBponeiickoff ko epeHUUH 1O ynpaBAsieMOMY CHHTe3y ¥ GU3HKe IJIa3Mbl
(PuM, 1970 rox). B 2ToM Xe ZOKJaZe OLIIO BLIABHMHYTO NPEANOJIOKEHUE O
BO3MOXHOM MeXaHU3Me BO3HHKHOBEHHS TAaKOT'O poja aKCHaJbHOTO ABHXEHHS
KOHOB. SIB/NIeHUe, oOHapyXeHHOe Ha cTesulapaTope JI-1, CBA3bIBAJOCh C Ha-
auuyveM "pe3oHaHCHHIX" HOHOB, O6pasywuux "KoHyC noreps" Ha GyHKUMH pac-
npezneJsleH’s IO INPOAOJBHBIM CKODOCTSM .

B pauHoil paboTe nospo6HO ONHCHIBAKWTCS W3MEpPeHUS HaNpaBJeHHOT O JABH—
JKeHHsl HOHOB Y IIPUBOXSITCS pe3yjbTaThl HOBBIX SKCHEPUMEHTOB, IIOCTaBIeH=
HBIX C LEeNbo NPOBEPKH NpejnojaraeMoro MexaHusma GopMupoOBaHUs HOHHOTO
[MOTOKa. B XOne 3KCIepHMEHTOB olnpeneseHs GakTopsl, BAKALLINE Ha HalpaB-
JeHHe nmoToka. HaHZeHsl 3aBHCUMOCTH aKCHAJIBHBIX CKOPOCTeH MOHOB OT Be-~
JIMYUMHE! yTJia BpallaTe/lbHOro nNpeobpa3soBaHus MaTHUTHBIX CHJIOBLIX JMHHUHE,

OT HanpAXeHHOCTH TOPOUAAJbHOTO MarHUTHOTO noas H,, a Takxe OT Beaudu-~
HBl paguaibHOTO 3JIeKTpHuecKoro nond E, .

PesynbTaTsl U3MepeHUl HaXOASITCA B XOPOlieM COIJIACHU C THUNOTE30H,
BHABUHYTOH paHee [1] . 3To nossonseT paccmaTpuBaTh ZauHyo paboTy Kak
3KCIlepUMEHTAaJbHOE NMOATBEPXIeHHE (IO-BUINMOMY, OJHO H3 IepPBHIX) CyllecT-
BOBaHUda "sanepThix" uayu "pe3OHaHCHBIX" HOHOB B TOPOMLANBHBIX MaTHUTHBIX
JIOBYWKaX U Kak AOKa3aTeJNbCTBO ONpejensomeil poan aTUX yacTul B opmu-
POBaHMU HaNpPaBJIEHHOrO MOTOKa HOHOB. B pafoTe oTMeuaeTcs, UTO NOLOGHO-
TO poza MOTOKH C aHAJOTHYHBIM MEXaHH3MOM MX BO3HHKHOBEHHUS HE SIBJISIOTCS
cneuudUuUeCcKUMU 4J1s1 CTeNaapaToOpPOB, @ AOJNXHB, IO-BUAUMOMY, CYHWECTBO-
BaTh ¥ B aKCHaJIBHO~CHMMEeTPHYHBIX CHCTeMax.

Puc.1. O6wui BUA TOpoHza.
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1. "PE3OHAHCHBIN" MEXAHU3M BO3HUKHOBEHHUS TPOJNOJBHEBIX
NOHHBIX TOTOKOB

Buwon 1 CMUT Brepshie o6paTwid BuuManue [2] ua To, uro paguansible
3JIeKTPpUYECKHE MOJIA B 3aMKHYTHIX JIOBYIIKAX IPH HAJIMUUK CTEHOK BaKyyMHOH
KaMephl MOTYT IIPUBOAUTE K MOSBIEHUI HOHHBIX ITOTOKOB BAOJAL ocH Z. OpuHa-
KO pacueT TPaeKTOPHH 3apsXeHHBIX YaCTHL M HX OTKJIOHEHHH OT MarHHTHBIX
rnoesepxHOcTe# 6511 BhIMOJHEH B [2] He KOppekTHO. DBosee cTporuit aHanus
ABUXEHHUS 3apsKEHHBIX YacCTHUl B TOPOMJAAJBHBIX JIOBYIIKaX COAEPXHUTCS B TeO-
peTuueckux paborax A.Il. Monpsayxuha [3], A.A. Taneesa, P.3. Carae-
epa u I".JI. Bepka [4] . B cooTBeTCTBHMH C AAHHBIMU paboTaMHU B pas3psiKeH-
HOM nja3Me NPH HaJIMYUH pajuajlbHOTO 3JeKTpudeckoro nojisa E cymecTByeT
Tpylila Tak Ha3hblBAE€MBIX "pe30HaHCHHIX" MOHOB M 3JIeKTPOHOB. K KaTeropuu
"pe3oHaHCHBIX" OTHOCATCA YacTHLbl, ABHXYIIMECS B OJHOM M3 HanpaBJCHHHR
BAOJEL MATr'HUTHOTO IMOJAS C MPOXOJbHBIMH CKOPOCTSIMH V, , OJAH3KHUMH K:

V
Vires™ g (1)

T

rae vg = c-(E;/H,) — ckopocTs azumyranbHoro Apeitda, a @ = (iyr)/(27R).
i — yroa BpamaTeJBHOT O Npeobpa3oBaHUsA MaArHUTHBIX CHJIOBBIX JUHHE Ha ne-
puMeTpe cucTeMsl 27R., PU3HYECKH YyCHAOBHE Pe30HaHCa O3HayaeT PaBEHCTBO
HYJIIO TIOJIHOT'O YTJIa a3HMMYTaJIbHOTO NPOKPYYHBAaHMA 3apAXeEeHHbIX 4acTHL:
i=1ip +i; =0, rae iy — yron spamaTe/NbHOTO Npeobpa3oBaHusi, CBA3AHHbIA C
apeiifom B E, u H, monsax: ip = (2n-R-vg)/(v,-1).

C TOYKH 3peHHs ONMChiBAaeMBIX B ApeHdOBOM NPULAHKEHHH TpaeKTOPHHN
pe30OHaHCHBIE YaCTHUb aHAJOTHYHBl YacTHUaM, "3anepThM" TOPOUAANBHOCT bi0
MarHuTHOTO NOJisl B OTCYTCTBHE 9JIEKTPHYECKOTO . Pe30HaHCHBIEe YacCTHLbI
ABUXYTCS 10 TPASKTOPUAM, IIPOEKIHS KOTOPHIX Ha MJAOCKOCTH, NEPIeHAUKYIAp -
HYI0 OCH Z, nIpeAcTaBjsieT Te xe "GaHaHbl", 4TO U AN 3amepThlx yacTuy. OT-
KJIOHEHHSI TPAaeKTODPHUH PE30HAHCHBIX YaCTHL OT MaTHHUTHBIX NMOBepxHOcTel (Ar)
CyWEeCTBEHHO IIPEBOCXOAAT OTKJIOHEHUS Hepe30HAHCHBIX WM "nponeTHrx" yac-
THI. BeJIMYHHY OTKJIOHEHHS MOHOB JAJfA CJyuas TOYHOTO pe3OHaHca (paccTpoi-
ka Av = |v, - v”resl= 0) MOXHO OUEHHTH U3 COOTHOWEHHUS:

1 /2r vy
Ar, =< (8 (2)
1 7] Wei
= (v2 2 i
TAE V= (v +1/2v2)/(wy'R) — ckopocTs Topoumansuoro apeftda, a wy — nap-
MODOBCKasi YacTOTa HOHOB.
ITpubauxenHoe Brpa)XeHUEe NJI NMOJYIUHUPHUHB PE3OHAHCHOH 0bJacTH HMe-

€T BHIO.

AVyeg ™ 27N VgiT g (3)

IToBBMEHHDI! YXO4 pe30HAHCHBIX HOHOB K3 TOPOHAAJLHOW JIOBYWKH AOJ-
xed (npy E, # 0) IPUBOAUTH K acUMMeTpHH @YHKUMM paclpenesIeHUs 110 NPo-
JOJIBHBIM CKOPOCTAM. OToT sd@dekT BbpaxeH 0COGEHHO CUABHO B TOM CIy-
vyae, Korjga Ar; Gojblle pa3Mepa CHCTEMbBI U TPaeKTOPHUs PEe30HAaHCHOTO HOHa
rnepeceKkaeT CTEHKY KaMepsl. Ilomazas B pe30OHaHCHYI0 0o61acTh, MOH IMOKHLA~
eT JIOBYWIKY, H B IIPOCTpaHcTBe ckopocTefl dopmupyercsa "Kouyc noTeps' .
PyHKLMSA paclpeieseHls MO OPOLOJLHLIM CKOPOCTSM IPH 3TOM IpHOGpeTaeT



52 BEPEXELKHH u ap.

Af(VZ)

0 Ve

=Y

vOZ',

Puc.2. Pacnpeaenenue HOHOB MO NPOAO/LHBM CKOPOCTAM IPH HAJSH4YMM "KOHYyca HOTepb"
(crlowHas KpuBas) U CMelleHHOe (B pe3yabTaTe 3amo/iHeHHs "Kouyca') pacrnpeneseHnne (MyHKTHP).

BHA, yKa3aHHblH Ha puc.2 (cnromHas auuus). ITOoTok HoHOB B "KOHyC nmoteps",
CBSA3AHHBIA CO CTOJIKHOBEHHUSMH, & TAKXe C Pa3BUTUEM HEYCTOHYHBOCTeH [4],
JOJIXeH NPUBOAUTH K CT/IaxuBauumo "ssMp" U, B pesyabTare, — K obdeKkTun-
HOMY CMelleHUI MaKCBe /JIOBCKOM QyHKUUH paclpelesleHUs 10 NIPOLOABHBIM
CKOPOCTSM Ha HEeKOTODYK BEJIHYHHY Vi,i(CMelleHHOe paclpee/leHHe IOKasa~
HO HA PUC.2 NYHKTHPHOH JHuHUeH). CMemende GYHKUHMH pacnpelelieHHS paBHO-
CHJIBHO MOSBJIEHHI0 HOHHOT'O MOTOKA € INIOTHOCTHK S, = N Vy,; , HAlIPABJIEHHOT'O
BJOJADb OCH TOPOMLaJBbHOH KaMepsl .

CneayeT oTMeTHTh, YTO AJISI BO3BHUKHOBEHHA "KOHyca moTeph'' HeoBxonH-
MO BBHIIIOJIHEHHE COOTHONIeHHUA:

a
— <
v | T0o0® (4)

03Ha4aKIero, YTO PE30HAHCHBIH HOH yClleBaeT JOCTUYEL CTEHOK KaAMephl 3a Bpe-—
Ms npeShBaHUS B Pe3OHAHCHOR O6JacTH. 723%@ —~ COOTBETCTBYeT HaUMeHBIIeH
. >

W/ 2 . 2
H3 BeJHYUH 1/Y,-Le '2—7:3@) B 1/Yii<2 ”a

; 1/Ym. a — TOonepeyYH bl
pa3amep kaMephl, Yi, Y;i, Yj, — 9acTOTH COyJapeHHH HOH~3JI€KTPOH, HOH-HOH
U MOH-HeHTpas, COOTBETCTBEHHO.

B crennaparope JI-1, B KOTOPOM MarH{dTHBHIE 1055 CPABHUTENBHO HEeBEIH~
KU (2-10 k3), a I1a3Ma, CO3JaHHas METOLOM BHEIIHEeH HHXeKLUHUH, UMEeeT OT-
BocuTensHo ropayne Houst (T, ~ 10-40 5B}, oTk/IOHEeHU AY;, OKa3hBAWTCH
CPaBHUMBIMHU C Pa3MepaMH CHCTeMBHl a (Ar; = a). [/ TUIHYHBIX YCJIOBHH 9K-
crepuMeHTa, KaK MPaBUJIO, BHNOJHAETCS U cOOoTHOWeHHKe (4), Pe3oHaHcHas
CKOpPOCTE 6/IM3Ka K TeIlIoBOH CKopocTH nonos (E, = 3-10 B/cMm; 6 = 1/30).
TakuM 06pa3oM, U3 3THX OLEHOK CJefyeT, YTO B YCJIOBHUAX HalleT'O SKCIepU-
MEeHTa BeCcbMa BEPOSITHO BO3HUKHOBeHHe '"KoHyca moTeps" u o6paszoBaHus
"amp" uwa yukuun pacuperenenus f (v, ) Tak, Kak 3TO TOKa3aHO Ha PHC.2.

OnucaHHB MeXaHU3M He CyLleCTBEHEH AJIs 3/1IeKTPOHHOT'O KOMIIOHEeHTa
nnaasMsl, B 4aCTHOCTH, U3-32 MaJIOCTH OTKJIOHEHHsA TPaeKTOpu# OT MarHHUT-
HBIX TIOBepXHOCTeN: Ar, Ka.

OneHKH MOTOKa B "koHycC MoTeph", aHa/NOTHUHbIE NPOBEAEHHBIM IS PAMO—
JNHHEeHHBIX IOBYLIEK , MOXHO BHITOJHHTE H JJI CTE/JIapaTopa B IPeATIO/I0KEHHH,
yTo E,= 0. BeJuuHHA NOTOKA OKa3EHBAETCS BIIOJIHE ZOCTATOYHOH A1t 06psicHe -
HUst HAGIAAeMOTO aKCHAaJIbHOTO JBUXEHHSA YXOLOM PEe30HAHCHBIX HOHOB (M CO-—
H3MepuMa C IOJHHM IIOTOKOM HOHOB Ha CTEHKY KaMephl, onpenesieMbiM IO
BpeMEeHM XHU3HH pacnanamwueiics naasmsl). OrTcyTrcTBHe pemenus ¢ E, # 0 He
MO3BOJsieT HalTH KOJUUECTBEHHY 3aBUCUMOCTH IPOJLOJIBHOTO [IOTOKa OT IO~
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JIOXKEeHUd pe30HaHCHOUN cKopocTH (1) Ha GYHKIMM pacnpeze/ieHHs HOHOB IO Mpo-
LOJIBHBIM cKopocTaM. TeMm He MeHee, NMpubAMXKEHHBIH XapakTep U3MeHEeHHUs
Vozi © U3SMEHEHueM MapaMeTpOB NJa3Mbl U XapaKTepPUCTHK CTe1/IapaTOpPHOro
noJis MOXeT GBITE YCTAaHOBJIEH U3 CAEXYOIHUX cooBpakeHHit .

I[TpomonbHEI UMIOYABC, IpHO6peTaeMblii HOHAMHU I1J1a3Mbl, PABEH UMITYJIb~
Cy, YHOCUMOMY M3 IJIa3Mbl P€30HAHCHBIMH yacTHllaMu . OmnpeaesiuM Hampas-—
JIEHHY0 CKOPOCTD HOHOB IJIa3MBbl Vy,; U3 COOTHOMEHUS:

Noi* Vozi = B Vires N resi (5)

3aech ny; ~ MIOTHOCTH HEPE3OHAHCHHEIX HOHOB, N, ;— MJIOTHOCTH PE3OHAHCHBIX
HOHOB, @ B — koo dULUEHT, BeIUYHHA KOTOPOT'O KOJXHA, HO-BUAUMOMY, O~
penensiThCsl TPeHHEM MeXAYy Hepe3OHAHCHBIMU MOHAMH H HeHTpalaMH, CTe-
MeHblo 3anoJiHeHus "sMEI" Ha pachpeznesieHUH NO OPOLOJBHBIM CKOPOCTAM M
T.4. (M He 3aBHCHT OT INOJOXEHHS PEe30HAHCHON 06aacTH Ha GyHKLHH pacHpe-
JeJIeHUd 10 NPOLOJABHEIM CKOPOCTAM) .

Onpenensis nresi , KaK

Yiltes ™ AV reg

ey = nkqj f e 2le dv, (6)

Virres T AV e

rae Avy, HaXOZUTCH U3 COOTHOmMEHHs (2), MOoJyuaeM OKOHUATENBHOE BhIpaXe-
HHE IJIA Vgt

P(t,) - P(t
Vozi = B-V,

resl @t - $(t (7)

1 .
t1,8 le( nres T AV ) ®(t) — dysuxuusa omubox.

U3 cooTHomeHHUs (T) MOXHO ONpPEAE/IMTh XapaKTep 3aBUCUMOCTH NPOAOAEL~
Horo motoka oT E_, i, H, u T, . HuXe NpUBOAATCA PE3y/JbTATH 3KCIEpH-

MEHTOB U JaHO UX CpaBHeHHEe C pacyeTaMu.

2. PE3YJIbTATLI SKCIIEPUMEHTA U OBCYXJIEHHUE

OcHOBHBIE U3MEDPEHHS HANPaBIEHHBIX HOHHEIX MIOTOKOB OCYWECTBIANNCE
Ha ycTaHoBKe JI-1 — gByx3axonHoM (£= 2) cTesiapaTope C NJa3MO, HHXEKTH=
pyemMoi u3BHe MCKPOBBIM HCTOYHHMKOM. ([TapaMeTpht M KOHCTpyKuUua JI-1 npu-
BeneHs B paborTe [5]). HekxoTopsle 9KCTEepUMEHTH NPOBOAHINCH Ha CTe/1a~
patope "Top-2" [6], obnazamwmem paIoOM KOHCTPYKTHBHEIX ocobenHocTel Mo
cpaBHeHuo ¢ "JI-1".

MeToaMKa, pa3BUTAT HAMM /i1 H3MEPEHHs HANPaBJIEHHBIX CKOPOCTeH,
noapoGHo onucaHa B pa6ote [7] . Hanpab/jeHHblt IOTOK HOHOB PETHMCTPHPO=-
BaJICA C NMOMOMBIO 9JIEKTPOCTATHYECKUX 30HLOB. PacueThi, MPOBEeAEHHEIE B
[PeANoOJIOKEHUHU CYIleCTBOBAHHUSA CMEIEHHOTO Ha BEJIHMUHMHY Vy,; MAKCBEJUIOB—
CKOT'O paclipee/IEHHS HOHOB 10 CKOPOCTSIM M yUYHTHBAKIIHE BO3MYIIEHUs, BHO-
CHMble 30HAOM B 3aMarHHYEHHYI0 IJIa3My, NO3BOJMIY CBA3aTh BUA BOJbBTAM-
MePHBIX XapakTepHCTHK MHOTOCETOYHOTO 30HAA, paboTaouero B pexume c6o-
pa HOHHOT'O TOKa, C BEJMYMHON OTHOWEHMS Vi, /Vr;. CyllecTBOBaHHe HaNpaB-
JIEHHOT'O TIOTOKa IPHBOAHT K NOABJEHHI aCHMMETPHK B [IOKa3aHUAX 30HAA IIPH
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ABYX B3aWMOINPOTHUBOIIOJIOXHEIX [IOJIOXEHUAX €ero. BoanamepHme XapaKTe-

PHCTHKHM IIPH 9 TOM OTJHYAKTCA KaK BeJHYHHOH TOKa HachimeHus I;,, Tak d HAK-
JIOHOM B 06JlaCTH TOPMOS3SWUX UOHBI MOTEHUHAIOB. JII9 KOJMUYECTBEHHEIX OLe=
HOK BEJIMYHHBL Vj,; BBOZASATCS ABa K02 DHLUHUEHTa aCUMMETDUH: Kk = I,y /Iioq,
HE=(Tin— Ty )/Ticp , ONHO3HAYHO 3aBUCSUHE OT OTHOIEHUA HaANlpPABIECHHOMI
ckopoctH K TennoBo#t (T;y u Tiy — addeKTUBHEE TeMnepaTyphl, COOTBETCT~
BYyIolle HAKJIOHY XapaKTEePUCTHK IpU NMTPOTUBONOJIOKHEIX MOJOXKEHHUAX 30HIA;
3gaukoM 1 o6o3HayaeTCs NONOXKEHHE, IPH KOTOPOM BEKTOp IIOTOKA MOHOB Ha-
IpaBJeH Ha 30HX, 3HaukKoM f! — IOJOXeHHe,IPU KOTOPOM IIOTOK HAET OT 30HAA,
Ticp‘= (Tipt+ T, ”)/2)- Koa@duuueurte: k u § cinoXxHM 06pa3oM CBSI3aHbl C
OTHOMEHHEM V,./Vy; U HAIPAXKEHHOCTEH MAaTHUTHOTO noad H, [7]. B cunp-
HBIX MarHUTHHIX MOJNSAX 32BUCHUMOCTDH Koo dunueHTa k oT v, /\_ITi CTaHOBHUT-—
csl cabof KU AT XapaKTePHUCTHKH 3TOr'0 OTHOWEHHS U ero GyHKIHOHaKbHOR
cBasu ¢ H, , iy ¥ ApyruMu napaMeTpaMH YAOGHO MCIOAB30BATE KOS PULHEHT
TeMnepaTypHol acuMMeTpuu §. Huxe B psge ciyyaeB Ald NPOCTOTH B Ka-—
YeCTBE OTHOCHTENBHOH BEJIUYUHBI OTHOU €HUA v(,z-l/vTi NIPUBOAATCA 3HaUEHUS
ko3P drunueHTa TeMIepaTypHOH acCHMMETPHH .

OCHOBHEBIE Pe3yJbTAaThHl IPOBEXEHHEIX U3MepPeHHUH 3aK/II4aKnTCa B CAEAYI0—
meM:

1) BoabTamnepHrle XapakKTepHCTHKH MHOTOCETOYHOTO 30HAA, OPHEHTHPO-
BAHHOI'O TaK, YTO IJIOCKOCTh €TI0 KOJUIEKTOPa NepPNeHAMKYISIpHa MarHHTHOMY
[IOJII0, CBUAETENBCTBYIT O CyWE€CTBOBAHUM NPOLOJBHONR CKOPOCTH HOHOB. OK-
CTIEpUMEHTa/NbHO HallieHHBIM KoadduuuentaM k U { MoxeT 6BITH NMpHUBexeHa

B COOTBETCTBUE ONpejejleHHasa BeJHYHHa vOzi/vTi' MpubauxeHHble OLEHKH B
paMKax paccMOTPEHHUs!, IpHBeLeHHoro B [7], MOKa3kBawT, 4TO B 3aBHCUMOCTH
OT ycCJ/IOBHH 9KCIepUMEHTa BeJHYHHA OTHOIIeHHSs v()zi/vTi KojnebneTcs B UHTEp-
sane 0,1 +0,5. OueHeHHad MJIOTHOCTE aKCHAJIBHOT'O HOHHOTO TOKa, COOTBET-
CcTByWIUlAas TAKOI'O poJa HalpaBJIeHHBIM CKOPOCTSM, MPUMEDPHO paBHA

1-4 MA/cM? .

2) HccrenoBaHo pajualibHOe paclpelle/ieHHne BeJUYHHBI v()zi/vTi (TunuuHas
3aBHCHMOCTD NpuBeJeHa Ha puc.3). HamnpasieHue BeKTOpa CKOPOCTH HEU3-
MEHHO 10 CEYEHHUI0 KaMephl (Tak 4YTO CPpexHHil HOHHBIH TOK 10 CeYEHHI0 WHYpPa
He paBeH HyJ/w). BejuuyuHa NpPOXOJBHOR HallpaBJIEHHOM CKOPOCTH BO3pacTaeT

.30 20 -10 0 0 20 30
r(Mm)

Puc.3. PaananbHoe pacrnpexne/ieHue NpOAOJbHON HANpaBleHHOK CKOPOCTH HOHOB (OTHEeCEeHHOMH
k Ttemnosoit). Hz= 2,0 k3, im= 4/371; t = 400 Mkcek.

(t — BpeM#s, OTCUHTHIBA€MOE OT MOMEH=
Ta MHXEKUHH MJaa3mbl). 1 — 3KCMepHMeHT,;

2 — pacuerT.
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Puc.4. 3aBHCHMOCTH HanpaBJEHHON IIpONOJBHONi CKOPOCTH MOHOB OT BEJIMYMHM yrjia Bpaua-
TenpHOro npeofpa3oBaHUAd MArHWTHBIX CHUNOBBIX auHui. H,= 2,0 ka; =15 mM; t= 400 MKcek.

1 — skcmepuMeHT; 2 ~ pacueT.
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o
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Puc.5. 3aBHCHMOCTb 3KCNEePHMEHTANLHO oNpeneneHHoro Kosddduunenta TeMnepaTypHOH acHM-
MeTpuH § (KkpHBasd 1) ¥ pacueTHHX BEAHYHH OTHOUWEHHSA Vg, /\rTi (kpuRag 2) OT MarKUTHOTO MO~
na Hy,. ip=4/3r; r=15 MM, t = 400 MKCeK.

A

2 f

Tt~ Ting
Ticp
——;
e
L

——

t (mcek)

Puc.6. Mameuenue BO BpeMeHH Koad duLHEHTA TeMIepaTypHOH acCHMMETPHH § BOJIBTaMIePHBIX
XapaKTepucTHK. H,= 6,0 k9, i~ 4/37; r= 15 MM.
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k nepudepuu. HaGmopaeTcs HEKOTOPas ACHMMETPUS PACIPENSICHHR V,; HA
BHENIHEeH M BHYTpeHHell CTOpOHax Topa .

3) HampaBieHne MOHHOTO MOTOKa OXHO3HAYHO onpenensieTcs xpyMs daxk-

TOpaMu:

a) HanpaBJieHHWeM TOPOUAAJbHOTO MarHHTHOTO noas Hy u

6) HanpaBJAeHUEM NPOKPYYHUBAHUA MArHHUTHBIX CUIOBRX JHHUH (3amaBaeMoOro
Hanpab/ieHHeM BHHTOBOH O6MOTKM B cTénnapaTope). HsmeHedue moboro U3
aTux aKkTOpOB MeHsAeT HalpaB/ieHUe NOTOKA Ha MPOTHBOIMOJIOXHOE .

Ipu uspecTHoM Hanpasiewuu E,, H, W i, gerko onpeleluTs Hanpabie-
HHEe De30HAHCHOI CKOPOCTH HOHOB Vv, . . 3HAK V, . B paMKax NpeljoXeHHOH
BBIll€ THUIOTE3El JOJKeH ObITh NPOTHBONONOXEH 3HAKY V, (CM.pUc.2). Ok~
CNepPUMEHTA/IPHO ONpeAe/IEHHOe HalpaB/JeHHE aKCHaJNbHOIO JBHXEHHA HOHOB
coBINafaeT C T@€M, KOTOpPOe ClenyeT OXUIATh MpH "pe3oHaHCHOM'" MeXxaHU3Me
hopMHPOBaHUS HOHHOIO NOTOKA .

4) HabmonaeTca cylmeCcTBeHHas 3aBUCUMOCTD BEJHMYHUHB HANPaBICHHOIO
NMOTOKa OT yIJa BpallaTe/JlbHOro npeobpa3oBaHusd i, (puc.4). B uU3MepeHHAX,
npoBexeHHBIX Ha "Top-2" (HpU UCMOAB30BaHHON YyBCTBUTEIBHOCTH 30HAOB),
He yJNa/JOCh 3aperHCTPHPOBAaTh aKCHA/AbHBIX HANPaBJIEHHBIX CKOPOCTEHR Vi
np im< 0,27, C pocTOM yrija BpallaTe€/JbHOTO Mpeobpa3oBaHus (B HHTEepBa-
Jne 2 7>1im> 0,2 7) Vozi 3aMETHO pacTeT.

5) OKclepuMeHTaNAbHO [TOJly4YeHHas 3aBUCUMOCTDH KO dduunenTa TeMne-
paTypHO# acCUMMeTpUH § OT BEJIMYMHBI MATHUTHOIO I10Jst MU306paxeHa Ha puc.5.
JlaHHble 9KCII€PUMEHTa CBHAETEJABCTBYIOT O HE3HAUYUTEJbHBIX U3MEHEHHUAX Ha~
[IpaBJEHHOT O [TOTOKA NMPH BapHauuy¥ MardMTHOro nojag oT 3 xo 9 k3.

6) AxcuaJbHBI HOTOK KBA3UIOCTOSHEH H PETUCTPHPYETCs B Te@YEHHE HH-
TepBasia, 6oabplero BpeMeHH pejaKcaluud /I HOHHOI'O KOMIIOHeHTa . Xapak-
TepHasa 3aBUCHMOCTH Ko3ddunueura § OT BpeMeHH NMPUBOAUTCSH Ha puUC.6.
MNocToancTBo KO3 P PULMEHTa TeMNlepaTyPHO! acCKMMETDHH BO BPEMEHHOM HH-
TepBane 0,1-3,2 Mcex CBUEETEJBCTBYET O HE3HAYHTEIbHBIX U3MEHEeHUIX Ha -
OpaB/IeHHOI'O HOHHOTO NMOTOKa. (Bpemsi i OTCUMTHIBAETCS OT MOMEHTAa MHXEK-
KK MJI23MBl B JIOBYIMKY) .

Ha puc.3,4 u 5 npuBeaeHb NYHKTUPHbE KPHBRE, COOTBETCTBYOWHUE 3HA~
YEHUAM Vg /V1i, HOAYyUeHHHM 1o popmye (7). IIpu mOCTpoeHUM pacdeTHEIX
KPHBBIX HCIOJIb30Ba/IHCh 3KCIEPUMEHTA/IBHO ONpexeseHHble 3aBUCHMOCTH HOH=
Holt TeMnepaTyps T; U PaAUaJbHOTO SJEKTPUYECKOTO noasA E; ot iy, H, u
r [8,9] . Kak ciaexyer u3 puc.3-5, pacyeTHble pe3y/bTaThl HE MPOTHBOpEYaT
JDaHHBIM IKCIepHMEeHTa .

CornacHo (1), npu DOCTOSIHHOM i OTHOUIEHHE pe30HAHCHON CKOPOCTH
HOHA K TETUIOBOH NMPOHOPUHOHANBHO: (Ve / V) ~ (E,/H, «./—Ti ). U3 npoBexeu-
HBIX paHee H3MepeHHUil clexyeT, 4To ¢ pocToM H, nmpoucxonur pocT kak E;,
tak 1 Tj . CyluecTByomas B 3KCIIePUMEHTASbHEIX yC/JOBHAX 3aBUCHMOCTL pa-
AUaJbHOTO 3JIEKTPHYECKOTO NOJIS ¥ HOHHOH TeMrepaTyphl OT HalpsAXeHHOCTH
MATHUTHOTO [OJI IPUBOAKT K TOMY, UTO BEJHUUMHA V, ./ V(8 C/legoBaTelbHO,
W OTHOCHTEJILHOE MOJIOKEHHe De30HaHCHOR CKOpoCcTH Ha QYHKUUM paclpeldee-
HUSA UOHOB IO NMPONOJBHBEIM CKOPOCTSIM) NIPAKTHYECKH HE MEHSeTCs C U3MEeHe-
HueMm Hz; BO BCeM uCNO/JAb3yeMOM B paboTe uHTepBase. D TO O3HadaeT, YTO
oCcTaeTcs NMOYTH HEU3MEHHBM OTHOCHTE/IBHOE YMCJIO Pe30HAHCHBIX 4aCTHIL.
CrnenoBaTeNbHO, GIM3KA K NOCTOAHHONR H BEJUUHHA Vo /VTi, ONpeAeaseMast
13 Bhipaxeuusa (7) (uTo ob6paAcHAET caabywo 3aBucuMocTdb § oT H, — puc.5).
Ha6awnaeMas Ha skcnepHMeHTe 3aBucumMocTh T (H,) NPUBOAUT K HecyleCcT-
BEHHOMY H3MEHEHHI BEJIMUHHBI OTKJOHEHHs TPaeKTOPHM PE€30HaHCHOTO HOHA
OT MarHUTHOH MOBEPXHOCTH (Ary;).
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Ve (8)

r{mm)

Puc.7. Paguansuoe pacupeaneieHne NiasMeHHoro noreuunana. Hy= 3,0 k9; ip=4/37;
t = 400 MKCex. 1 — pacnpeienethe, MOJy4eHHOE B OTCYTCTBME SJIEKTPOHHOTO Nyuka (Vy; ~ 0).
2 — pacnpeneneHue, NOIyYeHHOe C BBEAGHHMEM HA OCBH KaMephl 3JIeKTPOHHOTO nyuka (V,, .=-100 B).

OTcyTrcTBHE 3aMeTHOM BpeMeHHO! 3aBHCHUMOCTHU KO3 ddunueHTa § (puc.B)
TakXe MOXeT GHTb O6BICHEHO HEM3MEHHOCTEI0 BEMHUHHEL V) o/ V1; (CO BpeMe=
HeM yMeHbmaeTcsa Kak E, Tax 1 T; , TakuM 06pasdoM, YTO Vjes/ V; MEHAET=
cs HecymecTBeHHO). Hecmorps Ha ymenbweune T, , BeluduuHa Ar; ocTaeTca
COM3MEepUMOH ¢ MOoNepeyHbM Pa3MepOM CHCTEeMBl BILIOTh 4O BpeMeH t ~ 3 MceK .

B npeayioxeHHoM 00BSICHEHUH NTPUPOZa HabmonaeMoTo akCHalbHOTO MTOTO—
Ka onpejensiercs HaauudeM E,. Bsuay 2TOro npeicTasisaeT HECOMHEHHBIR
MHTepeC U3MeHUTh E., He MeHss HOHHY0 TeMIepaTypy, U NMPOCAEAUTE IIPH
3TOM XapaKTep H3MeHEeHHA CKOPOCTH INPOAOJJBHOIO ABHXEHHUS HOHOB. Ecau
clipaBeJaUB "pe3oHaHCHRR" MexaHusMm GOPMHPOBAHHS aKCHAJILHOTO MIOTOKA,
TO C POCTOM PaAuaJbHOTO 3JIEKTPUYECKOTO II0JIsi CJAeAyeT OXHIaTh 3aMeTHOe
YMeHBIIEeHHe aKCHalbHON HalpaBJeHHONW CKOPOCTH HOHOB (cM.(1)).

Jomonuure bHNA UCTOYHUK 3/€KTPOHOB (dJIeKTPOHHAs MyIMKa), MOMemeH-
HBI Ha OCh KaMephl, TIO3BOJIMI CylleCTBeHHBM 06pa3oM U3MEHHUTh BeJUUYHHY
PaivalibHOT'O 3JIEKTPUYECKOTO NoJsa. XapaKTepUCTHKHU MYUWIKH: TOK 3MHUCCHU
I, =10-20MA,ycKopswomee 3/IeKTPOHB HaNpsixkeHHue V,, & —~50-200 B.

MexaHusM 3aMo/IHEeHUs JOBYIIKM 3MHUTHPYeMBIMU 31eKTpOHaMu u dop-
MHDOBaHHUSA HOBOTO pPaAHaJbHOIO IO He U3Yy4Ya/Cs AOCTaTOYHO MOoApPOGHO .
OzHako nposeneHb U3MepeHUs] SHEPTeTHYECKOTO pacapeaesieHls 3J1eKTPOHOB
B Pa3/IM4YHBIX TOYKaX MO paxuycy, NoKa3aBlide, YTO B YCIOBHAX 3KCIEeDUMEH-
Ta IPOHCXOLHUT BECbMa GBICTpPOE paccesHHe NMydka (3a BpeMeHa, MHOTO MEHb-
e BpeMeH KYJOHOBCKOTO paCCEeAHUA T,; ) KaK [0 CEUSHMIO KAMEPHI, TaK U B
npoctpaHcTBe ckopocTeii. Takoe cuiabHoe "pasMuiTHe" Myuka APUBOZUT K
M3MeHEeHHUp NJIa3MEHHOTO MOTEeHNNaNa, XapakTepHoe pajuasbHOe paclpepene~
HHE KOTOPOI'O MokKasaHo Ha puc.7 (kpuBas 2). Kak cneayer us puc.7, BBege-
HHE 3JIeKTPOHHOTO IIyukKa INPUBOAMUT K 3aMeTHOMY U3MeHeHuwo E.. Dkxcrnepu-
MEHTaJbHO YyCTAHOBJIEHO, YTO BeJMYHHA PaAHANBHOIO 3JIEKTPHYECKOT'O NoJsA
OJHO3HAUYHO ONpele/isieTCs YCKODAKINUM HalpPSIKeHHeM Ha 3/JeKTPOHHOI MyIKe .

OnexTpuyeckue NoJA ONpesesluch 10 pacnpeleeHHuIo Ia3MeHHOro Io-
TeHuHada Vy , U3MepsSeMOoro TOpsSYUM OAUHOUHBIM 30H40M [10] . IHauusie mo
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Puc.8. 3aBHCHMOCTb KO3 PHUMeHTa TeMnepaTypHOH acCHMMETPHH BOJbLTAMIEPHBIX XapaKkTe -
PUCTHK § K HOHHOI TeMreparypel T; OT BeIMUMHBI paaMaNbHOTO 3eKTpHdecKoro mons. H,= 6,0ks;
im=4/37; r=-10 MM; t= 400 Mxcek.

TeMIepaType 9JeKTPOHOB U HOHOB, a TaKXe IO BeJUYUHE [IPOJOJABHOTO HOH-
HOT'O NIOTOKA IOJY4YeHE C NOMOU B0 MHOTOCETOYHOrO 30HAA . OKCIIepUMeH—

Ta/JbHO YCTAHOBJEHO, UTO BBEJEHHUE IJIEKTPOHHOTO MyUKa, CONPOBOXAaeMoOe
CymeCTBEHHBIM yBeJHUeHHEeM E,, He IPUBOJUT K 3aMETHOMY H3MeHeHuwo T,
u T; . PesynbraTh usMepeuus T; npuBeleHH Ha puc.8 (kpumas 2).

Ha puc.8 (kpuBas 1) nzobpaxeHa 3aBUCHMOCTb KoadduirueHTa TemMnepa-
TypHOH# acUMMeTpuu § OT BEJHUYHMHB CPEAHETO NO Pasuycy 3JIeKTPUUECKOTO
nons E, , npuseseunoro Kk By — 0OM0 B OTCYTCTBUE 9JE€KTPOHHOTO Myuka. Ha
pyc .8 cnenyet, uTo ¢ yBejuuenueM E;, Kak U clejoBajo OXHUAATE O "peso-
HaHcHoi" rumoTese, HabmogaeTCd 3aMeTHOE yMeHbHI€HHE HAIMPABIEHHOLO aK-
CHaJIPHOT'O MOTOKa MOHOB. PacnpepeseHHI BeJHUYUHE! { 10 paiuycCy, [IOJydYeH—
Hble TIpH Vo o= O MV, .= -100 B, 4 npuseseHHse Ha puc.9, CBUIETENbCTBY -
10T O TOM, 4TO 9P PexT yMeHbUIeHHUsA HAIIPABJCHHOH BRHOJAEL OCH Z CKOPOCTH HO=~
HOB 3aMeTHO CHJBHee Ha nepHdepuu KamMepsl.

Bce npuBejeHHble BhIIEe pacYeThl HOCAT KaueCTBEHHBIHA XapakTep U MO-
TYT TOJBKO ONMHCHBATL QYyHKLUHUOHaNBHbE 3aBUCUMOCTH MoTOKa OT palda xa-
PaKTEPHUCTUK MArHHUTHOTO MOJIA cTejUlapaTopa U llapaMeTpoB MJaa3Msl. s
GoJjlee CTPOTO# KOJMYECTBEHHOR OLEHKYU BEJUYHHBI HAapPaBJeHHOTO ITOTOKa
Heo6XOoONMO yueCTh psj JONoJHUTeNbHbX dakTopor. K uucay HauGonee oue-
BHIHBIX CJIellyeT OTHECTH TpPEeHHe HOHOB O HeHTpasbl U 3JeKTPOHB . Yxogm "pe-
30HAHCHBIX" HOHOB IPHUBOIAUT K BO3HUKHOBEHHUIO UMIIyJbCa OTIZAuYU y Bceil oc-
TaBueHfcs maa3Mel. ITOCKONBKY NMOTepH pe30HAHCHBIX HOHOB LJIATCSH BCE Bpe-
Msi, MOXHO 61O OBl OXHIATE HENMPEPHIBHOTO YCKOPeHHd mra3Mel. OgHako
TpeHHe HOHOB O HeHTpaJibHBIH T'a3 JOJIXHO [IPHBOAHTE K YCTaHOBJIEHHIO HEKOTO~
po#i KBa3uCcTaUHOHAPHOH CKOpocTH. IIpH JOCTaTOYHO BHICOKOH wacToTe co-
yAapeHHil 2JIeKTPOH=HOH 3JIEKTPOHE! yBJEKaTCs B HanpaBJA€HHU UOHHOTO 10—
TOKa, [IpHYeM CKOPOCTH HalpaBJ€HHOTO IBHXEHHS SJE€KTPOHHOTO KOMIIOHEH-
Ta INpH MaJoi NJOTHOCTYU HEHTpaJloB JOCTAaTO4YHO BJU3KA K CKOPOCTH HOHOB.
OAHakKo upe3BhiUaiiHO MaJjiasi BeJIMYMHA OTHOLIEHUS HarpaBJIEHHOH CKOPOCTH



JAEA-CN-28/H-4 59

. 08
z
L8
=06
n
- 2
0,41
0,2
o 10 20 30 40

r{mm)

Puc.9. PapuaabHoe pacnpepencHue kosdduuuenta £. Hy= 6,0 k9; ip= 4/37; t =400 MKCeK.
1=V, =0. 2=V, =-100B.

K TeIlJIOBOH 3aTpyAHseT NIPUMEHEeHHEe MEeTOIUKH SJEKTPOCTAaTHYECKOI'O 30H-

na IJisi obHapyxeHUsa gakTa NPoOJOJBHOTO JBHXKEHUS 9JIeKTpoHoB. Ilo-BHAHMMO-
My, UMEHHO NOSIBJIEHHEM 9JIEKTPOHHEIX aKCHaJbHEIX IIOTOKOB M O0BACHSAETCS
TO, 4TO B CII€LHaJbHO NIOCTABJEHHEBIX Ha JI-]1 uaMepeHUsX He ynanoch zape-
THCTPUPOBATh MarHUTHOE NOJie, CBA3aHHOE C JBMXEHHEM HOHHOI'O KOMIIOHEH-
Ta (IpH YYBCTBUTEJNBHOCTH MeToJa = 10 MA HOHHOIO TOKa).

3AKMOYEHUE

JocTaTouHo XOpomee COOTBETCTBHE 3KCIIEPHMEHTAaJIBHEIX pe3yJbTaTOB
U pacueTHBIX 3aBUCHMOCTEH CBHIETENLCTBYET O TOM, UTO HabimonaeMblil B
cresuiapatopax JI-1 U Top-2 aKCHaNbHbI TOK HOHOB MOXeT ObITh OGBICHEH
B paMKaX INpPeiIOXeHHOH MoJesin — CymecTBOBaHUSA "pe30HauCHONH" TpyImmsr
nouoB. ITOCKOJIBKY paccMaTpHBaeMBlii MeXaHun3M O0yCJIOBAIEeH TOPOHAaNb—
HOCTBIO YAEPXHUBAWIEeT0 MarHUTHOTO NOJS B IPUCYTCTBHH PaXHANBHOTO 9JeK-
TPUYECKOI'O, OUEeBHIHO, UTO NIPOJOABHLIA NOTOK AOJXEH CYUWeCTBOBAThL HE TOMNb-—
KO B CTeJUlapaTopax, HO U B aKCHaJIBHO-CHMMETPHYHEBIX TOPOHAANbHBIX JOBYUI-
Kax (TokaMak u ap.). OTMeTHM, uTO noZobHOIO poJa NOTOKH AOJKHBL BO3-
HHUKaThb BCETJa, KOTKA cyllecTByeT NoprllieHHasas suddysusa "pesonancunx"
yacTuy. Hanuuyue "koHyca noreps" NpuBOAUT AuMlb K HauGoJlee CHIBHOMY
npossnenuo 2pdexkta. IMMonpobusiit TeopeTHUeCKUH aHaNU3 NPHYKH, BhI3bIBA -
OUHX HapaBJeHHBIHA NOTOK NPpH AUD D y3ur NNa3Mbl B aKCHaJIbHO-CHMMETPHY -
HEIX CHCTEeMaXx,BbIIONHEeH HelaBHO JI . M . KOBPUXHBIX f11].

Bes3ycnorHo, poiik "pe3oHaHCHHX'" HOHOB HE OTpPaHHYHBaeTCcs HOpPMHPO-
BaHHEeM aKCHaJIBHOTO NMOTOKa. OUEeHKH, IPOBeeHHbIe HAMH, NOKa3kBAaKT, YTO
MOTOK "pe3oHaHCHHX' HOHOB Ha CTEHKYy KaMeph! GJIM30K K NOJHOMY IMOTOKY
HOHOB, ONpeneNseMOMYy IO BPeMEHH XHU3HHU MAa3Mbl. BO3MOXHO, YTO y4eT
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yxoza "pe3oHaHCHBIX" MOHOB NMO3BOJHT OBBACHUTE KOPPENALMIO MeXAY PaAn-
QJIBHBIM 3JIEKTPHUYECKHUM IOJIeM U BpeMeHeM XH3HHU, HaGIuraeMyn B SKCHEepH~
MenTe [8] . Kpome TOro, He MCKJIOUEHO, YTO HaIM4YUe MPOLONBHON CKOPOCTH
Y 9/1eKTPOHHOT'O KOMIIOHEHTa IUIA3Mbl MOXET CKa3aTbCsd Ha BeJHUYMHE KOdP -
GUUNEeHTOB NNepeHOCa B CTa/ulapaTopax H, B YaCTHOCTH, Ha BejuuuHe Ko3Gdu-
uyueHta Au@dysun. B HacTofwee BpeMs HET elle JFOCTATOUHO ACHOTO NpEeX-
CTaBJIeHHS O POJIH o6CcyXJaeMbIX MOTOKOB B (POPMHPOBAHUHM MaKpPOCKOIHYEeC—
KUX XapaKTePUCTHUK TLUIA3MDl, TAKHX, KaK 2JIE€KTPHUYECKOE oJe, CKOPOCTh AUd -~
dysun vacTuy u. T.4. ITosToMy mpencTaBiseT ONpeldeN€HHBIA HHTEpeC NMpo-
HOJIXKEHHE U3YUeHHs HAlPaBJEHHEX MOTOKOB B CTe/JapaTopax M IMOCTaHOBKAa
aHAJIOTHYHBIX SKCIEePUMEHTOB Ha aKCHaJbHO-CHUMMETPHUYHLIX CHCTEMAX.

ABTOpEH NMpu3HaTeabHb M .C.PabUHOBHUY 3a NOALEPXKY AaHHOH paboTh
M MOCTOSHHEBIN MHTEepec K Hel, a Takxe Guaronapust JI .M .KOBpuxHBX,
ATl .TTonpanyxuny 1 ¥ .C.JaHWIKUHY — 3a LIeHHbIe 3aMEYaHUs U ToJie3HEBle
JUCKYyCCHH .
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DISCUSSION

G. GRIEGER: The effect described is a resonance effect and I wonder
if the shear present in your machine might not be sufficient to reduce the
effect considerably or at least to restrict it to the outer edge of the plasma,
I think there are signs of this in one of your slides.

S.E. GREBENSHCHIKOV: The dimensions of the resonance-particle
bananas depend of course on both magnetic and electric shear, Quantita-
tively, the stream may vary with increasing shear, but qualitatively every-
thing will be the same for large values of shear. The longitudinal move-
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ment of the ions is due to the asymmetry of the diffusion coefficient in velo-
city space, With a radial electric field this asymmetry will always exist
in the case of weak-collision plasmas.

E.K. MASCHKE: Is the asymmetry of the longitudinal velocity as a
function of the major radius related to toroidal effects?

S.E. GREBENSHCHIKOV: Yes, it apparently is.

E,K, MASCHKE: Do your measurements permit you to estimate the
number of particles in the loss cone and to make a comparison between the
theoretical superbanana diffusion and the experimental life-time?

S.E. GREBENSHCHIKOV: All theoretical work on plasma diffusion
in toroidal machines is based on the assumption of just a slight deviation
of the particles from the magnetic surfaces, It is therefore difficult to
make a comparison between theory and experiment in the case of large
deviations or loss cones,

F.F. CHEN: How can you tell that this is a resonant-particle effect
rather than a fluid effect such as that of the bootstrap Tokamak?

S.E. GREBENSHCHIKOV: To confirm the postulated mechanism of
stream formation we studied the functional dependence on the parameters
of the stellarator and plasma, All our measurements are in qualitative
agreement with the proposed model. We cannot explain the observed de-
pendences on the basis of any other theoretical works that we are acquainted
with,
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Abstract—AHHOTAUHUA

CONFINEMENT OF A PLASMA IN A TWO-TURN STELLARATOR AT RESONANCE VALUES OF THE RO~
TATIONAL TRANSFORM ANGLE.

In a stellarator with high shear the existence of resonance magnetic surfaces with magnetic field lines
which close after a small number of revolutions (/27 = q/p) is inevitable. The decrease in the plasma
lifetime in the event of resonances, which has been observed in a number of devices, may be connected both
with the enhanced sensitivity of the structure of magnetic surfaces to resonance perturbations (the magnetic
surfaces acquire an island-type structure and consequently the dispersion length for the electrons decreases)
and with the influence of closing of the magnetic field lines on stability and dispersion (the development of
oscillations, the formation of convective cells and the mixing of trajectories which is associated with these
phenomena). 1In the TOR-2 two-tumn siellarator a field of resonance harmonics with a relative magnitude of the
order of 10" has a highly destructive effect on the magnetic surfaces. However, with the help of a special
compensation system it was possible to take these harmonics to the 107 -107 level and to obtain magnetic
surfaces of a satisfactory shape. At the resonances 1/2 and 3/2 the magnetic islands were compensated by
fields with one spatial harmonic: (q, p) = (1,2) and (3, 2) respectively. However, at the resonances
u/2m =1 and 2 it proved necessary to use two types of compensating harmonic: (1,1) and (2, 2) for the reso-
nance ¢/2r = 1 and (2,1) and (4, 2) for the resonance v/27 = 2, their amplitude and phase being selected in
the appropriate manner. A detailed study is made of the influence of perturbation compensation on the
lifetime, the oscillation type and other confinement characteristics of a plasma in a stellarator. It is found
that the dependence of plasma lifetime on the degree of compensation is complex, indicating the simul-
taneous influence of several of the factors noted above. However, the best magnetic field compensation does
not destroy the plasma confinement time minima in the event of resonances, in spite of the fact that the
density distribution over the cross-section of the device becomes symmetric. Study of the density distribution,
potential and oscillation type shows that there is an increase in the transfer coefficients within the resonance
surface. On the basis of the experimental data an attempt is made to explain the observed phenomena within
the framework of existing theoretical conceptions.

YAEPXAHHUE NIJTA3MEI B IBYX3AXOIHOM CTEJJAPATOPE ITPH PE3OHAHCHDBIX 3HA-
YEHWAX YI'JTA BPAIIATEJNRHOI'O MPEOBPA3OBAHUA.

B crennaparope ¢ 6onbpIIMM WHPOM Hen36E€XHO CYlWeCTBOBAHUE PE3OHAHCHBIX MArHUTHBIX
NOBEPXHOCTEN ¢ 3aMbIKAKWHMHUCSA nocne HeGonpWOro Yucaa o6opoTOB MArHUTHHIMU CHIOBBIMHU
JIMHUAMHU (1'/27!= q/p). YMeHbmeHHe BpeMeHM XHM3HHM IUIA3MbI NPH PE3OHAHCAX, KOTOPOe Habio-
JaNnoch HA PRAE YCTAHOBOK, MOXKeT GLITh CBA3AHO Kak C TMOBMMEHHOW UYBCTBUTENEHOCTHIO CTPYK-
TYpBl MArHUTHBEIX NOBEPXHOCTEH K Pe30HAHCHBIM BO3MYUEHUSAM (BO3HUKHOBEHHE PO3ETOYHOH
CTPYKTYPBI NOBEPXHOCTeR M, KAK ciaeacTBue, yMenpilenne and Py 3uonnoit MIUHEL AT SAEKTPO-
HOB), TaK ¥ C BJAUSHHUEM 3aMbIKAHUA CUJOBBIX JHHMHA HA YCTORYMBOCTH M AMP Py 33U (pa3BUTHE
KoneGanui, o6pa3oBaHHe KOHBEKTHBHBEIX SYeeK M CBA3AHHOE C HUMM NepeMeliMBaHHe TPAaeKTO-
pui). Ha asyx3axosHoM cresapatope TOP-2 noje pe30HAHCHBIX FAPMOHMK ¢ OTHOCHTEIbHOMR
BenuunHo# nopaaka 1074 cunbHo paspymaeT MarHUTHEIE NOBEPXHOCTH. OFHAKO C NOMOUBK Crie~
UMaJBHOH CHCTEeMB! KOMMEHCALHMH MOXHO GbINO AOBECTH 3TH FrapPMOHUKH IO YPOBHSA 1078 - 1077
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Y MOJAYYUTDL YANOBAETBOPUTENbHYK OpPMY MaTHMTHBIX NMoBepXxHocTed, KomneHcauds pO3eTOK NpH
pesouancax 1/2 u 3/2 morna OCYMWeCcTBAATHLCA NMOJIMH OAHON NPOCTPAHCTEEHHOH TapMOHHKH
{(q,p) = (1,2) n (3,2), cooTBeTCTBeHHO. OIHAKO NpPH pe3oHaHcax i/27 = 1 u 2 okasanocs Heo6-
X0AMMO MCNONB30BATH ABA THNA KOMIEHCUPYOUHX rapMoHuk (1,1) W (2,2) ans pesoHaHca if2r=1
# (2,1) n (4,2) ana pe3oHaHca i/27=2, cooTBeTCTBYLOWUM OGPA3OM NOAGHpPAT HX AMIAHTYLY M
dazy. B paboTe noagpobHO M3y4EHO BAMUSHHE KOMIEHCAUMH BO3MYIEHHA HA BPEeMA XH3HH, Xa-
paKTep KoAeHaHWA M Ha ApPYyTHe XapaKTepPHUCTHKH yAepXaHHs MIa3Mbl B cTennapaTtope. Okasza-
JIOCH, YTO 3ABUCHMOCTH BPEMEHH XH3HH OT CTE€NEeHU KOMIeHCalllH MeeT CNOKHBI xapakrep,
4YTO yKaspiBaeT Ha OAHOBPEMEHHOe AEACTEBHE LENOro psiia OTMEUEHHLX BeIWe npHudH. OAHAKO
caMas JAyuwasd KOMINEHCAUHI MACHHTHOT'O NMOJA He YHHUYTOXKAET MHHUMYMBI BPEMEHH YAEDXaHUS
naas3Msl Npy pe30HaAHCax, HECMOTPSA HA TO, YTO pacnpelejieHHe MIOTHOCTH 10 CEYEHHIO YCTAHOB-
KK npHodpeTaeT CUMMETPHYHLIA B, M3yuenue pacnpeaeseHus TOTHOCTH, MOTEHUHAMA H Xa~
paKkTepa KoneGaHHA CBUAETENbCTBYET O NOBbIMENHBIX KO3 PuUUMEeHTaX nepeHoca BHYTPH peao=
HaHCHON noBepXHOCTH. Ha OCHOBE HKCHNEPUMEHTANLHBIX AAaHHLIX N€/IaeTCs NonblTKa OOBACHUTH
HabawaaeMsle IBJEHUS B paMKax CylUleCcTBYWHX npeACTaBleHHH TeopHH.

BBEIEHUE

Kak nmokasanu uccienoBaHus nociaemuux net [1,2], B Toponnansusx mar-
HUTHBIX JIOBYIIKaX C BpalaTesjbHHM Ipeobpa3oBaHUeM TONONOTUS MATHUTHBIX
noBepxHocTeil MoxeT ObITH BeCcbMa CAOXKHOW. MArHHUTHbBIE NMOBEPXHOCTH HE-
BO3MYWEHHOTO NOJASA, AN KOTOPHIX UHCJO BpPalleHUs PauHOHaNbHO i/27m = q/p
(i —yron BpamaTenbHOTO Npeobpa30BaHus), ABAAKTCH BRIPOXKAEHHBIMH, T. €,
BCE€ CHJIOBBIE JIMHUH HA TAaKHX NIOBEPXHOCTSAX 3aMBIKAKTCS caMH Ha cebs noc-
ne p-o6xonos Topa. Ilpu BoagelcTBUU Masolt pe30HAHCHON BUHTOBOH rapMo-
HHUKU BO3MYUIEHHS MATHUTHOTO NOJASA (FAapMOHHKH ¢ P-llIepPHOAAMH MO MaJioMy
H g-rnepHonaMu 1o GoarmoMy o6xoly Topa) BeIPOXIeHHe cHHMaeTcs, I[IpH
3TOM CUMIOBblE JHUHHUH, BoOGUe I'OBOPS, He 3aMBbIKalTCA Ha cebs ¢ obpasoBa-
HHEeM NpU 9TOM pPO3eTKH, Kak nokasanu sKcnepUMeHTanbHbIe HCCIeNoBa—
nus [3], ocobymo onacHocTh npeACTABASKT CAyYad Pe30HAHCOB NpHU HE6OoabmHX
p. IIpu p=1;2 pasMep po3eTOK AaXe NMPU BEICOKOH TOUYHOCTH U3TOTOBIEHHUS
MATHHTHOH cHCTeMHl [4] MOXeT COCTaRnATh 3HAYMTENbHY YACThL ANepTyphl
AOBYWKH., OZHOBPEMEHHO C YXyZAll€HHeM T'€OMEeTDPHHM MAarHHTHOI'O NOJNI NpH
OCHOBHBIX pe30oHaHcax p= 1; 2 Habnganoch Takxe YMeHblleHHe BpeMeHU yaep-
xaHua mnasmer [5].

B sTOM CBfA3H BO3HUKJA 3alaya OCYIleCTBJEHHA KOMII@HCAUMH PEe30OHaHC-
HBIX TapMOHHMK BO3MYIIEHHH Ul OCHOBHBIX THIIOB PE30OHaHCOB, PelneHue aToH
3ajayvd NPEeACTaBAsieT CaMOCTOSTENbHbIH HHTEPEC AN Pa3BUTHS SKCIepUMeH=
TANbHEIX PABOT MO YAEDXAHHUIO MIA3Mbl B 3aAMKHYTBIX JIOBYNIKaX, TakK KaK Jaxe
B Clly4ae MOJHONH yCTONUMBOCTH MIa3Mbl B HUX CAOXHAS PO3ETOYHASA CTPYKTY™
Pa MArHUMTHBIX NOBEPXHOCTeH MOXET NMPUBOAUTDL K YXYAIEHUIO yaAepxXaHusa, B
cucteMax ¢ 6OABMHM HWIMPOM NMPUCYTCTBHE PE€3OHAHCHBIX NMOBEpPXHOCTEH ¢ Ma-
JNBIMK P B [Ipenesiax anepTyphl NOBYWKH HeudbexHo, IlosToMy OCHOBHBIE pe=
3OHAHCH AJf HHX OCOOEHHO OMAaCHBI.

IlpenctaBageT bonapmol MHTepec Takxe HUccnenobanve adPekra 3aMbika=
HUSL CHJIOBBIX NMHHUI U B npo6reme yCTORUMBOCTH Mna3Mel. B pabore [6] o6~
HapyXeHa CBj3b MEXAYy MOXaMHM Habnopalowmuxcs KonebaHuil 1 BeJIHMIMHON ifer.
B pa6ore {7] 65110 OKa3aHO, YTO HMEET MECTO BO3PACTAHHE AMIUIUTY b KO-
nebanul mias3Msl NPH Pe30HAHCHBIX 3HAYEHWsIX yI/ia BpamaTensHoro npeobpa-
30BaHusA. IJ109TOMY YMEHbUIEHHWEe BPEMEHHU XHU3HHU NPH BBINOJHEHUH YCIOBHUSA
if2m=q/p (ocoBenno npu Gonmbmux 3Hauenusx p [8]) MoxeT GrITL TakXe cBs-
38HO C HEYCTONUYHBOCTDLK IUTA3MEL,

Ha ycranoske TOP-2 [4] ocymecTBnsAnacy KOMNeHcalusi pe3OHAHCOB
if2n= 1/2 u1.° OcHoBHBIe mapaMeTps YCTaHOBKH NpHBeAeHbl B Tabn, I,

1 MepBhie SKCHEPUMEHTANbHEE JAHHBIE N0 KOMMEHCALHMH NOMyueHsl B paborax {9}, 1101,
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TABJIHNUOA I. TIAPAMETPRI CTEIJ-
JJAPATOPA TOP-2

MaruuTHoe nose Bomaxs s o e v oo 25 kre (i< ﬂ/S)
YHCNO 3aX0R0B BHHTOBOTO

MATHHUTHOTO MOMAS «vevsnstoens 2

Uueno maroB M.oveeienenianan 1/2+13

Bonemo# paauyc Topa R ...... 62,5 cM

Manbifl PAIHYC KAMEDPBl.sare.o. 3,6 CM
MaKCHMAaNBHBIA WHP Vg eevoses 3 IO (Bgmax = 4 krc}

3HaueHHUsT NapaMeTpPoB YCTAHOBKH, NPH KOTOPKIX
NPOHU3BOAHIHCE H3MEPEHHS B AaHHOH paboTe:
By = 6+8 krc
M =8 s
vg = 15410

METOAWKA KOMIIEHCALIUYU

1. Tlpu pesoHaHCce nepBOTO poha i/27=1 K NOABIEHUI POSETOUHON CTPYK~
TYpBl MATHUTHRX NOBEPXHOCTEH NPUBOASIT TAPMOHUKH BO3MYIieHHH, y KOTO™
pHIX q/p= 1/1; 2/2; 3/3; +s s, AHAIOTHYHO NIPH PE3OHAHCE BTOPOroO poda
ifer=1/2 — rapMOHHKH alp= 1/2; 2/4; ... [2]. TosTomy ans xoMmnencauuu
HEOGXOIHMO CO3IaTh Te Xe NPOCTPAHCTBEHHble T'apMOHHMKHU Tak, UTOOB HX aM-
MINTYAbl bpq COBNAianu C aMIVIMTYA2MH FapMOHHK BO3MY lE€HHA ”E)pq , a dasnl
GBIJIM NMPOTHUBOMNONOXHE, Boofue ropopst, 1a KaxJ0TO PALHOHAJIBHOTO 3Ha~
yenns i/27 PO ONacCHbBIX TAPMOHUK BO3MYylleHuit 6eckoHeden. OgpHako, 6na-
ronaps ero CXoJHMOCTH, NpH 3aAaHHOH TOYHOCTH KOMIEHCALHUH JOCTATOYHO
CKOMIIEHCHPOBAaTh KOHEYHOE HHC/IO I'apMOHHK.

AMmAuTy 81 1 $a3bl KOMIIEHCHPYIOIUX TapMOHUK MOTYT OB TH onpeaeseHbl
M3 SKCIMEePUMEHTAJBHO MOJIYY€HHOH CTPYKTYPBl MAarHUTHBIX NTOBEPXHOCTEH NpHU
pesoHaHce. B ciayuyae, Koria pe3oHaHC HMeeT MecTO BOJH3HM NOBEPXHOCTH
CO CPeIHUM PaIuyCOM rg, H Iy He cIUWKoM Mano [2], oTknonenus  nosepx-
HOCTEH OT HeBO3MY WE€HHBIX CBsI3aHbl C BO3MYIUIEHHSIMH MarHHUTHOTO nona dop-
MYyJION:

L r‘o ifrg) _air , g TEPH _
ol i o + =
UB<I“0> R | 27 P]Fo » /. cos q( 8+ 6pq) = const (1)
q
T = Yo di
A€ VBT opR ap | UMD

R — Gonbwoit pasuyc Topa,

bpq onpenenaeTCss U3 COOTHOUNIEHUA B /Bo = bpqsmq 6+ q) (B
AuanbHasi KOMIOHEHTA pq-#H TapMoOHHKH, 6 = (p/q —(z/R pq~ HavanbHas
dasa), q/p = const,

Ecnn Bubparts ry Tak, 4To6sl i(r)) /27T = q/p, HEeTPYOHO OINpenenuTh qu,
qu U3 TAPMOHUYECKOT' O COCTaBa (r/ro)2 I[Ipu TaxoM crnocobe ompeaeneHus

Z TIph 5TOM Halo YUHTBIBAThH, uTo T u 6 B dopmyne (1) npeacTapaswr coboil ycpeaHeuHoe
OTKAOHEHHE M ycpeaHeHHyl daay.
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Puc.l., CucremMa KOMNEHCALHOHHBIX O6MOTOK,

Bpg ,Opq, OAHAKO, TPYHAHO AOCTHYB HeoGXoAMMOH TouHOCTH. IlosTomy Gonee
npueMeMoil SIBASIe TCA NMOCNAeJOBATENbHAS KOMIIEHCALMUA OTAEJbHbIX TapMoO-
HUK, Ha4HHas ¢ HU3Wel p=q=1, ¢ KoHTponeM GoOpMbl MOBEPXHOCTEH Ha KaX~
IOM sTane.

2, Ins KoMmeHcaluk rapMoskku q/p=1/1 6mna nenonssosana cHcTeMa
06MOTOK (pHC. 1), TOK B KOTOPO# U3MEHsJ/Icsd BO BPEMEHHU CHUHXPOHHO C OCHOB-
HbIM MaTrHUTHBIM NosieM. KoMIeHcHpywllee Noje CO3JaBaloCh ABYMS KpyTro-
BbIMHU KATyIIKaMH, YKPeIUIEHHbIMH Ha NIOBOPOTHOH fepMe Tak, 4TO UX NMIOCKOC—
TH 6bL1M Napaie/lbHBl SKBATOPUATIBHON MIIOCKOCTH TOPA, & UEeHTPhl HaXOAU-
JIUCH HA MPOTHBOMNOJIOKHBIX 23UMYTax Topa ¥ u ¥+ 7, UMenack BO3MOXHOCTH
BKJKYATH TAKXe BTOPYI0 Napy KaTylleK, PaclOoJOXeHHBIX B INIOCKOCTH, CHM~
MEeTpPUYHOH OTHOCHUTENBHO SKBATOPHANBHON IIOCKOCTH {HHUXHHE KaTywWwkH)., O6-
MOTKH CO3JA2I0T B OCHOBHOM KOMIIOHEHTY MAarHHTHOTO Ioas B, , nepneHauky-
NAPHYIO MATHUTHOH ocu. HamnpaBieHHe nons B KATYWKaX Ha MPOTHBOIONOX ~
HBIX 23UMYTaX MPOTHBONONOXHO, BO3HMKalIyKw NPH 3TOM NepBYK NUHEeHHO-
NONSIPUIOBAHHYI TaPMOHUKY MO MOXHO MPeACTaBUTh B BUAE CYMMBI BUHTO-
BBHIX TapMOHHUK C PABHBIMU aMIVIUTY JAMH M NPOTHBONOJOXHBIM BpallleHHeM.
OnHa U3 9TUX TapMOHUK ABASETCSH JNHIIHEH, HO OHA NPAKTHYECKU HE BJIMSET
Ha opMy nmoBepxHocTeH, TaK Kak He ABJASEeTCA DPE30OHAHCHOH, a BEJHUMHA KOM-
MeHCcUpYIOWero noid Majna, l3 pacyeTa BBHINOIHEHHOTO C YYeTOM 33aBHCHMOC™
TH B, or asumyTa ¥ cleAyeT, YTO aMIUVIMTY 12 BUHTOBOH IapMOHMKH a/p=1/1
coctaBnana 0,26 B ¢ - JlaHHas cucTeMa O6MOTOK cO3zaBana TakKXe U Apy-
rue "numHue" rapMoHuku: q/p=3/1 caMmnauTynod 0,13 B, max a/p = 1/2; 3/2;
1/3; 3/3 U T.O, M3 HUX PEe3OHAHCHOH mpH i/277=1 SBASETCS T,OIIBKO rapMo-
HHUKa 3/3, HO ee aMIUIMTYJa BecbMa Mana: 31078 B, max. YeTHrle mo p rap-
MOHWKH, HANIPHMED 1/2, He BO3HHKAWT, €C/M BKAKYAETCA HHXHAL Napa KaTy-
meK, a a3UMYTHl BEPXHUX M HHUXHUX KaTylleK COBNazamwT.
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Puc.2. MarHuTHble NMOBEPXHOCTH NPU pe3oHaHce i/27r= 1 npyu pa3nuyHON aMMINTyAe I'apMOHHK
1/1u2/2:
a) Ao koMmneHcauun by; ¥ 0, bgg ¥ 05
6) TapMoHHKa 1/1 uyacTuuHo ckoMneHcupoBaHa, bee ¥ 0;
B) byy =0, kg # 0;
T') nonHas KOMNEHCAUHsl ABYX TapMOHHK byy = 0, bgp = 0.
Cpeanu#t paduyc pe3OHaHCHO! NoBEepXHOCTH — 1,6 cM,
OKpPYXHOCTB — KaMepa ¢ paadycoMm 3,5 cM,

B)

3. Ha ycranHoske TOP-2 BUHTOBOE MAaTHHTHOE MOJI€ CO3LaETCSH CHCTE—
Mo#t snauMNTHYecKux KaTymek [11], moBepHYTHX APYT OTHOCHTENBHO ADPYTAa
Ha OJMHAKOBRHMN yrom Avy= ‘y? - 7?_1 (Y; —yToJ OpHMeHTAaUUM OTAE/JBHON KaTym-
ku)., IlosToMy uMeeTcsd NpoOCTasd BO3SMOXHOCTE CO3/aBATh KOMIIEHCHDPY MY
TApMOHHKY ¢ p=2 3a c4eT HeGONbIIOTO U3MEHEHHA OPHEeHTALHH HEeKOTOPHIX
KaTymex (H3MeHeHHd 7). IIpH noBopoTe ONHOH KATYWKH BO3HUKAET CINEKTp
TapMOHHK:

p=2,9=1,2,3... (2)

Ilpu pe3oHaHCce i/27=1/2 us sroro CIIeKTpa I/ KOMIIEHCALUUWH HCIIOAb3yeTCs
TapMOHUKAa q/p= 1/2. I"apMOHUKa 2/2 MoxeT GBITb HCIIONb30BAHA MnpH KoM=
neHcallid pe3oHaHCca i/27=1. IToBOPOTOM HECKONBKHMX KATYyWEeK MOXHO 6bIIO
MCKJIIOYATh HEKOTOPhIE JIMIIHKEe TAPMOHUKHM, HANPUMeED, NPH CHMMETPHYHOM MO~
BOPOTE ABYX KaTYUIE€K, PACIOJOKEHHbIX HA a3HMYTaX ¥ U ¢+ 7, BOBHHKAIOT TOJNb—
KO YeTHhle MM HeYeTHble TapMOHMKH 0 g U T, A. AMIUIMTY A3 KOMIIeHcHpyou e
TapMOHHKH NPONOPLUHOHANBHA YTIY PacCTpoiku v —'y? KaTyWKH OTHOCHTENBHO
UCXOXHOTO MOJIOXKEHHS Y{, Pasa onpenensercs a3UMyTOM KaTYWKH ¥; U ee nep-
BOHAYa/lbHON OpHEHTaLuel 921'q= Y -(q/2)¥; . BBuay TOTO 4TO a3MMyTH Y
IHCKPEeTHbI, I TOYHOTO Noabopa ¢assl KOMNEHCHPYOILETO OIS MPOU3BOAH—
7Aach AOMONAHUTENBHAS KOPPEKUUS [PY MOMOWM NOBOPOTa KATYWKH, A KOTO=
poit 0§ = 0P + (7/2).
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a) 6)

Puc.3. a) [loBepXHOCTH NpH pesoHance i/27=1/2,r¢ =2 oM, bgy = 1,5-10'4 .
6) TloBepXHOCTH Npu pesonance i/2n=1, ro = 1,6, by; = 5105, bog = 0,

4. TlepeiineM Tenepb K ONHCAHHIO 3KCIIEPUMEHTaNbHbIX Pe3yNbTaTOB, O~
Jiy4YeHHBIX NPHU KOMITeHCalllu,

CTpYKTypa pPO3EeTOK NPH pe30HaHCe NMepPBOrO poJda NoKas3aHa Ha pHc, 2(a).
HeobxomuMyo aMmnuTy Ay bi; u ¢asy 013 komneHcupywumero nons, énarogaps
npUMeHeHHK OGrlcTpoaeHCTByOIeH CeTOYHOH MeTOAUKH H3MEPEHHUSI MAaTHUTHBIX
nosepxHocTeit [12], okasanmoch yaobusiM onpesensTh noabopoM. Ilocmemo-
BaTe/NbHble U3MEHEHHsST QOpPMBI pO3E€TOK NPH KOMIIEHCAllMHM NMOKA3aHH HA PUC.
2(6) u (B). MOXHO BUJAETBH, YTO [PH KOMIEHCAaLHUH I'apMOHHKH 1/1 Hapsany c
yMeHbIIeHHEeM IHPHHBI PO3€TKH NPOUCXOAUT TaKXe TOMOJOrHYecKoe M3MeHe-
HHEe CTPYKTYDBHl [NOBepXHOCTeH: oJHa po3eTKa paszbusaercs Ha gse, O npa-
BuneHOM BhIGOpe by;,6;; MOXHO CyAUTh H3 CUMMEeTPHH NOJYyYaloleldca KapTH-
Hbl., CTpPyKTypa NnoBepxXHoOcTel Ha pHUcC, 2(0) aHa/JOTHYHA C/Iyval pe3oHaHca
BTOPOT'O poja if2m= 1/2, cM, puc, 3(a). Pas3uuHua COCTOHUT B TOM, YTO NPH
i/27=1/2 onna cunopas nuuus ob6pasyer obe pPO3€TKH, B TO BpeMs Kak NpH
i/27=1 — TonbKOo OAHY.

YTobbl AOCTUYD NaNibHEHIETr o YMEHBIIeHHUs IMPHHBL Pe30HAaHCHOHR obnacTu
npyu pe3oHaHCcCe i/277= 1 Heo6XOAMMO CKOMIIEHCHPOBATH T'apPMOHUKY q/p= 2/2.
KoMneHcauus ocyuecTBIAIACh MEeTOAOM Noabopa bgg, Ogg ; OKOHUATENBHAS
KapTHHA NOBEPXHOCTEH, NMOoNyYeHHBIX NOCAe KOMNEeHCAlUU TapMOHHUK 1/1u 2/2,
npuBeJeHa Ha pHUc, 2(r), rie U3006paxeHsl ABE MOBEPXHOCTH, MEXAY KOTODPBIMH
pacloyioKeHa pe30HAHCHAs NOBEPXHOCTh. CTPYKTYypy NOBEPXHOCTEH BHYTPH
PEe3OHAaHCHOI NMOJOCH H3MEepHTh He YAaJOCh M3~3a HEeJOCTATOYHOCTH JJIMHBI
cBobogHOro nNpobera 3J€KTPOHOB MPH HMEBLUIEMCS BaKyyMe (10'6 } (mo mepe
YMEeHBbHIeHHUS UWMPHUHBI PO3ETKH YMEHbIIaeTCs CKOPOCTh ee obxona).

IIpu pe3oHaHce BTOPOTO poja i/27=1/2 xomnencanus OCyIeCTBISNACE
TaKuM xe crnocoboM, KaK U s TapMOHHKH 2/2. B cnekTpe (2) B 3TOM Cly-
yae HCNONBL3OBaJACh TAPMOHMKA q/p = 1/2. CTpyKTypa MarHUMTHBX NOBepX-
HOCTell, Nony4YeHHas nocje KOMMNeHcaluy, aHaJIOTHYHA NTOKa3aHHOH Ha pHc. 2(T).
IMlupuHa ocTaBlefcs pe30HAHCHOH obnacTu cocTarasana ~3 MM,

YIOEPXAHHUE IJA3MEI B OBJIACTH PE3OHAHCOB i/27=1/2u 1

1. [Ina3Ma B yCTAHOBKE CO3JaBaJlaCh MHXEKLHEH nonepek MarHHTHOTO
nons U3 8-MH UCKPOBHIX NJIA3MEHHHIX MyNIeK, PACIOIOXKEHHBIX Ha PAaBHBIX pac-—
CTOSIHUSIX TO BHeWwHel ofpasywomed Topa. IIymKH paboTann CHHXPOHHO H HH-
XKEeKTHPOBAIH MJIa3My B MOMEHT MaKCHMyMa MaTHUTHOTO MO,
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Puc.4. 3aBHCHMOCTH T OT aMIUIMTYAbl Pe3OHAHCHBIX TApMOHUK!
a) PesoHaHc 1/2, By = 8 k3, by ~ aMmIUTYAa TAapMOHUKH 1/2 mpU rg =2 ¢M; 1) r¢ = 2 cM,

2) ro =1,3 cM. YKa3aHa NojyUHPUHA PO3ETOK HA PAAUYCe 2 CM.

6) PesoHaHc 1/1, Bo=6k3; 1) ro=1,8 cM, 2) rg=1,2 cMm. Tonymupusa po3eTok Ha pajuyce
1,8 cMm.,

[InoTHOCTE MIA3MEI B JIOBYIIKE OMNpeAesiiaCh MUKPOBOJHOBBM METOAOM
Mo CABHMTY PEe3OHAHCHOH YACTOTHl OTKPHITOTO pe3oHaropa |13), paBoTaBmero
Ha ANKHE BOJHBI 4 MM. OCB 3epkas pe3oHaTopa Obllla nepneH IUKYAsipHa Mar-
HUTHOM OCHM CTenjlapaTopa M HANpaBA€HA [0 MaJOH OCH 3JUIMITHYECKOTO ce-
YEHUS MarHUTHOH MOBEPXHOCTH, T.e. onpeleasjach cpeaHsisl IVIOTHOCTH BAOIL
MaJIoT O AxaMeTpa 3jnunca (cM. puc. 6).

OTcYeTs MIOTHOCTH NPOU3BOAWIMCE 4Yepe3 100 MKcek, HayuHas OT [JIOT-
Hoctn ~3-101 cm™3 g0 yposus 1-10% cm™3 . CKOpOCTH® pacnana IJIa3MBEL
1/7=— (1/n)(dn/dt) 631712 HENOCTOSSHHAS BO BPEMEHH, 7 H3MEHAJ0CE OT
0,2-0,3 Mcek B Havaje pacnazna go 1-2 MCeK IpH YPOBHE MJIOTHOCTH 10°, B
AaJIBHEeHIEeM Uil XapaKTePHCTUKH YAEDXAHHUSA IUIA3Mbl NPHBOAMTCA T CpejHee
B uHTepBane mioTuocTH 1,6:10%0 -4-109 ,

HccnenopaHue BJIMAHUA PEe3OHAHCHBIX T2PMOHUK Ha yIepXaHHe IUIa3MBI
NPOH3BOJAWIOCE NyTeM ONpeneleHus 3aBUCUMOcTEH 'r(qu) OT AMIUVIMTY Al ZaH-
HOW TapMOHHKH NPH HEKOTOPHIX BHIOGPAHHBIX 3HAUYEHUAX 1 BOMM3M pEe3OHAHCOB
M 3aBUCHMOCTEH T(i) B OKPECTHOCTH PE3OHAHCHOTO 3HAYEHHS [PH HEKOTOpPOi
PUKCUPOBAaHHOH aMIUIMTYye TapPMOHHUKH U B peXHMEe KOMIEHCAlHH,

3aBUHCHMOCTH T(qu), NONyYeHHbIE IS pe30HaHca i/27= 1/2, puc. 4(a),

M 118 pe3oHaHca if27= 1, puc. 4(6), npy U3MEHEHHUHN aMIUVIUTYAbl HU3IIEH Tap-
MOHHMKH Ka4YeCTBEHHO NoAo6Hb ApyTr ApyTy. MaKkcuMasbcHas BEeJHYHHA T)m Ha
rpadukax puc. 4 npubaH3UTEIBHO COOTBETCTBYET TOMY YDPOBHK BO3MYUEHHH,
KOTOpHIA 6BL1 nonyueH B ycTaHoBke TOP-2 nocjie TeoMeTPUYECKOH CTHPOBKH
CHCTeMBl (4~ 7-10'4). liuprHa pe3OHaHCHBIX PO3E€TOK IIDH 3TOM COCTAaBJISET
OKOJIO NONOBHHBI pa3Mepa alepTyphl NoBepXHOCTel.

Kak BuaHo u3 rpadukos Ha puc, 4, N1pH yMeHbUEHHH WHPHHBL DO3ETKH T
CHavajla HeCKOJAbKO BO3pacraeT, a 3aTeM npu 6osee TOYHOW KOMIIEHCALHMH CHO-
Ba najaeT. TaxkuM obpa3oM, B ABYX KpalHHX CIy4Yasx NMOJHOW KOMIEHCALHH
M 6onpmWON PO3eTKM 3HAYEHHS BPEMEHH XH3HH IUIA3MBI OKA3RNUChH GIU3KH ADYT

K APYTY.
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Puc.5. 3aBucHMOCTBb T OT I, ig—BpawarensHoe npeobpas3oBaHHe HA OCH, I —Ha paluyce
ro=2,6 cm, 1) by =0, 2) by (re =2 cM) = 4,5107%,

Puc.6. PacnonoxeHHe OTKpHTOr0O MHKPOBOJIHOBOIO PE3OHATOPA B CEUEHUH BAKyyMHOH KaMepsl.
CxeMaTHUYeCKH NOKa3aHO NnepeceyeHHe MHKPOBOJHOBOTO Jy4a HEOAHOPONAHOCTAMHU IVIOTHOCTH Naas-
MEHHOTO WHYpPa, COOTBETCTBYWIMKHMHK MOAAM M = 2 y M= 1 NpH pe3oHaHcax ifen=1/2n 1,
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Puc. 7(a) u (6), OCUHIOTPAMMBI MHKPOBOJIHOBBIX - H3MEPEHHKHA NNOTHOCTH (1'/27r= 1/2):
(a) nonxHas KoMmmeHcauus; (6} 6e3-koMneHcauuu,

Ha puc. 5 npuBejeHa 3aBHCUMOCTb T OT 1 NPH TOYHOH KOMIIEHCAUWHU Tap-
MOHHKHU 1/2(KpHBaH 1) ¥ Ta xe 3aBHCHMOCTBL NpPU aAMIUVIUTYAE, PABHOH 41074
NpH Tg=2 CM, YTO COOTBETCTBYE€T MAaKCHMYMY T Ha KpUBOH 7(3512). Ilposan
7 B obnactu i/27= 0,4+0,5 npy TOYHOH KoMIeHcalUu COOTBETCTBYET Pe30~
HaHCY i/2n= 1/2 U MCUYe3aeT NpPH BBEJEHUHU ONTHMANAbHON aMIUIUTY Abl TapMO~
uuxu 1/2 (kpuBas 2). BHe yka3aHHOH obnacTH i BIHIHHE IAPMOHHKHU 1/2 ne
cymecTBeHHO. BuJ KpMBBIX pachiaza miasMbl n(t) B pesoHaHcHol obnactu Me-
HSIeTCs NPH U3MEHEHUHU aMIUIMTY 5bl TAPMOHUKHU 1/2. IIpyY, N1OTHOCTH
n>100 cm™® o6e KpUBBIE NpPaKTHYECKHM COBNajawr. JanpHeHmui Xox pacna-
ha CyWeCTBEHHO pa3nauuHblii. Ecau npu ~b21 =0 pacnal NpoIo/iXaeTcs No 9KC—
MOHEHTe, TO B ciayyae T321 = 410 pacnan cymecTBEHHO HESKCMOHEHUHAND -
HBIf: T pPACTET CO BPEMEHEM.

JAns pesonanca i/27 =1 uabnoiaTCs aHANOTHYHBE 3aKOHOMEPHOCTH, OA~
HAKO MaKCHM&aJIbHOE T IIPH HEKOTOPOH ONTHMasJbHOH WMHUPHHE PO3ETKH NEpPBOTO
poOAa OCTaeTCss MEHbIle T B cocegHelt Hepe3OHAHCHOH oblacTu, T.e. NPOBAaJ
COXpaHsieTCsl NMpH MoBhIX aMnauTysax by . OTMETHM TaKXxe, UTO yMEHbIIe-
HUe T B 3TOM ciayudae (i = 27) nabnwogaercs B 6olee WHUPOKOM MHTepBane i,
yeM IJ1s pPe3OHaHca i/2n= 1/2, u npoaonxaercs B obaacTb, rae i>27 u reo-
METPHUYECKOEe HCKaXEHHEe MOBEPXHOCTEH 3a CYeT TapMOHMKU by npeHebpexu-
MO MaJjo. .

2, UccnenoraHus konebaHui maa3Msl Nokasajl, YTO UMEEeTCsl CHIBHOE
B/IMSIHHE CTEINEHM KOMIMNEeHCalul Ha BX aMIIHTY 4y.
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Puc. 7(B) 1 (r). OcunanorpaMMsl 30HAOBOL'O CHTHana (i/277= 1}:
(B) Nonnas koMmneHcauus; (r) 6e3 KoMneHcaunu.

ViaMepeHUsT IPOU3BOAMIMCE ABYMsa MeTonaMH., C NOMOmBI0 MUKPOBOJNHO=
BOH AMArHOCTHKU (PHC. 6) uccrneloBaJuch KoJebaHUs cpenHell no JJUHE ny4a
MJOTHOCTH IMJIa3Mbl. 3OHIOBBIN METOI NO3BOJAJ NPOU3IBOAUTH U3MEPEHMA pac-
npeAefleEUs aMIUTY M Konebanuid no paauycy. Ha puc. 7 npHBeAeHHI oC-
LU0 PaMMBbl XO/Ja INIOTHOCTH BO BPeMEeHH IpHU pe3oHaHcax if27=1/2u 1 mna
cJly4das MoJIHOH KOMIEeHCAaluH U NPH HaAU4YuMK POo3eToK. BHAHO, 4TO KoMNeH-
calMs NpUBOAUT K 3HAUHTeNbHOM packauke konebanuit, Ha rpaduxax puc,8
IpHBE leHa 3aBUCUMOCTDb aMIUIMTYAbl KoneBaHuil mioTHocTH maasmbl Ah/n ot
BEeJHYHHb PEe30HAHCHOH PO3EeTKH NpHU pe30HaHcax i/2n= 1/2u 1, ans pas3HelX
MOMEHTOB BPEMEHH NOCJe MHXEKIHH MIa3Mbl. 3OHA pachnojarajcs Ha TakoMm
PacCTOSHUH OT MAaTHHUTHOM OCH, NMPU KOTOPOM KoJsieGaHUsI MaKCHMasbHBbI,

Ha puc. 9 npuBeseHO paluajibHOE paclpelieseHue aMIUIMTY Akl KolebaHui.
Tlpu M3MeHEeHHUHU pallHyCca pe30HAHCHOH NMOBEPXHOCTH KayecTBEHHO Habmoranocs
COOTBETCTBYWUlee nepeMeneHHe TOUKH MaKCHMaJibHOR aMIUIUTY Il KoJlebaHui,
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Puc. 8(a). 3aBHCHMOCTb OTHOCHTE/bHOH aMMAHTY AbL An/n xonebanuit OT AMIIUTY Al TAPMOHHKH

1/2:
{bgy — aMIUIMTYZa NPH Trp = 2 CM)

O yepe3 | MCEK IOC/e HHXEKUHH nnasme | 30HZOBbIE
A -N- 1,8 mcex -"- ~-"- -- J M3MepeHHsA
’
e uyepe3s 0,8 mcex -"- ~- =" MHKPOBOJHOBhLIE
A& -"- 1,4 mMcex-"- -U"- M- H3MepeHHus

W3 puc. 8 BUAHO, UTO NpPH YBEJHUYEHUH Pa3Mepa PO3ETOK NPOHCXOIUT 3HA~
UHTEeNbHOE YMeHbIMeHHe aMIUIMTY A5l Kojle6aHnuil, npuueM 2TO ocnabieHue Culb-
Hee g Gojlee NO3JHMX MOMEHTOB BPEMEHH [10CEe HHXEKUHH,

TIpu mosaHo# KoMIeHcanuu KonebaHusa MNMOTHOCTH HOCAT BEChbMa PeTryasap-
HBIA XapakTep (pHuc. 7). Ilepuon xoneGauu#t T cocTaBiaN NPUOTHIHTENBHO
100 MKcek NpH pe3oHaHce i/27r= 1/2 (o 30HAOBHIM U MHKPOBOJIHOBBIM H3Me-
peHusaM). IIpu pesouauce i/27r=1 30HAOBBIE® U3MEPEeHUsl JaBajii LJIUTENbHOCTDH
nepuona konebaHuit okono 200 MKcek, a MUKDOBOJIHOBbIe U3MEPEHNT B ABA pa-
3a MeHbUIYI BEJHYHHY. OTH AaHHBIe JIeTKO MOHATH, €CAH NPeANONIOXHUTH, YTO
npH i/27=1/2 B ceuyeHHM MIa3MEHHOTO WHYpPa 06pa3ylwrcs ABa CTycTKa, KOTO-
pBle BPaWawrcsd BOKPYT MarHWTHOR OCH C 4acTOTOH 2 = 2n/2T (Moma m = 2),
HaMeHeHHe cpelHell MIOTHOCTH BO BpeMeHH, QUKCHpYeMOoe MHUKDPOBOJHOBBIM
MEeTONOM, IOHSITHO U3 pPHC. 6. IIpu pesoHaHce i/27=1 B ceueHHH mHypa obpa-
3yeTcs OJWH CryCTOK (MPOCTPaHCTBEHHAs MOJAa I = 1), KOTOPHHA NpH CBOEM
BpalleHUH ABAXKIbl MepeceKkaeT MUKPOBOJHOBLHIH ny4. IlozobHoe mpeanonoxe-
Hue O MPOCTPaHCTBEHHOH CTPYKType HeOJHOPOIHOCTH MIOTHOCTHU NMOLTBEDXAA~
eTCcsa ONHOBPEMEHHBIMHU H3MepeHUIMH KonebaHuit AByMs 30HAAMH, NpOBeAeH—
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Puc.9. PaauanbpHble pacNpeleseHHa aMIUIMTYAbl 41N KoneGaHuil (©) i NIOTHOCTH n maasMbl (L),
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HBIMU TIPH pPE3OHAaHCe i/27=1. Casur $a3 Mexny peTHCTPUPYEMbIMH HMHU KO-
nebaHusMU NPpUGIN3UTENBHO COOTBETCTBOBAJ PACCUYHTAHHOMY, UCXOIs M3 Npena-
MOJIOXKEHUs O Hanuuuu Monsl m=1, Ilpu nmepeMemeHUH OJZHOTO U3 3O0HIOB B
npenenax 0,5<x <2 cM OT MAarHMTHON OCH HYaCTOTH KojebaHuit, dukcupye-
MBIX 060UMU 30HJAAMH, OCTABAJIHUCEH OJHHAKOBBHIMH, UYTO CBUIETE/NLCTBYET O
BpalleHUH HEOAHOPOAHOCTHU INIOTHOCTH KaK LeJoTO.

PanuanbsHoe 3J1eKTPHUYECKOE Nojie, onpelleJIeHHOe IO 30HIOBEIM H3Mepe-—
HUSAM [JIaBaWWero [oTeHluasa Npu i/27r= 1/2, cocTaBasano Eg = 5B/CM npu
ro =1,5 cM. YacToTa BpalleHUs HEOIHOPOAHOCTH IJIOTHOCTH TIA3MBI NPUOIH-
3UTENBbHO COOTBETCTBYET CKOPOCTH Apeiida cE; /Bg (Bo=8x9). IIpun peso-
uauce i/27=1 pacnpenenesue 2JeKTPUUECKOTO MO/ HMEJO NapabonHyecKuit
XapakTep, U B 061acTu, rae peTuCTpUpoBanucek Konebanua Qp = cE; /roBo
CHJIBHO U3MEHsAJ0oCk. [l09TOMY TPYAHO T'OBOPHTH O COOTBETCTBUH YaCTOTHI
Koyse6aHUA M YaCTOTHL BpalleHHs U3-3a dJIeKTpHYecKoTo npeida.

3. ComnocTaBnsasg yMeHbIIEHHE BPEeMEHHU XHU3HU IUJIa3MBI [IpU NpUOBIUXeHuH
K TOYHOM KOMNEHCcalHH ¢ OAHOBPEMEHHLIM POCTOM aMIUIUTYABl Konebauuit, ec-
TEeCTBEHHO CJHesaTk BRIBOL O TOM, UYTO NMPUYUHONI MOBRIWEHHOTO yXOXAa MIa3MBI
ABASETCA Pa3BUBAKMAACA B OTHX YCIOBHAX HEYCTOHYHBOCTE., IlIpu Boabuwom
paJNaibHOM pa3Mepe POo3eTOK BPEeM:A XU3HM MJIa3Mbl, OUEBHIHO, YMEHBbIIAETCSA
POCTO M3-3a YMeHbmeHUusd 3 HeKTUBHOTO NONepPeyYHOro pa3Mepa IJia3Msbl,

TIpencraBisgeT MHTEpPEC BBHISICHUTL MeXaHH3M NOAaBJeHUS HEYCTOHUNBO-
CTHU NpH YBEJIHMUYEeHHHU pa3Mepa PO3EeTOK.

Hapacranue aMniauTy sl KojebGaHui B pe30HaHCHEIX 06l1aCcTaX, COOTBET-
CTBHE NMPOCTPAaHCTBEHHON MOABl HEOAHOPOAHOCTH IJIOTHOCTU YUCIY BpalleHUs
if2n [pH pe3oHaHcax if2n= 1/2,1 M ApyTrHe JaHHbIe O KoJieGaHHIX, NpUBENeH-
HbI€ B pas3jesne 2, yKa3bBalT HA TO, YTO OHH SIBJSIOTCS JIOKAJIU30BAHHBIMU
BO/IKM3M BBHIPOXKLEHHON NMOBEPXHOCTH r =rg, Torna, oYeBUAHO, PO3ETKHU He
JOJIXHBI BJIMATEL HA XapakKTep kKoaebaHuit, ecnu ux wupuHa Ar << x, rae x — wu-
pHvHa ob6nacTH noKanusauuu, Ecau xe Ar ~ X, ToO MOXHO OXHIATHb NOLaBie-
Hus KonebaHuM.

H3BecTeH ueblil psij HEYyCTOHYUBOCTEH, IOKAJIH30BaHHBIX BOJIU3U BHIPOX -~
LeHHusX nosepxhnoctedl [14,15]. B yc/loBHAX ZaHHOTO SKCHepUMeHTa peyb
MOJKET UIATH TOJBKO O NOTEHUHANBHBIX KOJeBaHUAX, IOCKONbKY BEJTHYHHA
B = 187n(Te +T )]/ BE 6ena kpaitne mana (8~ 1077, T; =10+ 15 B,

Te= 2+4 sB). IpoussereM B KauyecTBe MpHMepa OLUEHKY WHPHHBI 061aCcTH
JIOKQIN3aluu Iiasi JpeHdoBOLUCCUNIATHBHON I KOHBEKTHBHON HEYyCTOWUYHBOCTH.,
CornacHo pabore [15], a1 9TUX TUNOB HEYCTORYMBOCTH MbI MOXEM HANHCATH:

1/4
x 1 [B £e> 3)
rg vgNmA \mi

The Vg — WHp,

P, — 1apMOPOBCKHH paguyc HOHOB,

m — HOMep MOAbl KojebaHui,

Ae — ANMHa CBOBOAHOrO mpobera 3/1€KTPOHOB.

Hoacraenas B oTy GopMmyny sHavenus By = 7102 cM; m=2;1 Xe = 2:103 cm;
vg = 1-2-1073 , IpH o = 1,5 ¢M, MBI MOAy4YMM X ¥ 1 cM, 4YTO corjacyercsa C
OpMBeAEHHBIM BHIIE YCJIOBHEM NOJABJIEHMA JTOKANBHOR MOAL Komebanuit Ar ~x,
Bripaxenue (3) Wi WHUPHHB 061aCTH JOKAINU3ALNU, TOCKONBKY X “-1/\/7&—; ,
JaeT TaKXe KayecTBeHHOe corjacue ¢ TeM $akToM, OTMEUYEHHBIM B pasjene
2, 4TO BAMSHHE PO3ETOK Ha KojebaHMs GONbIeE NPU MEHBbIIUX YPOBHAX IJIOT-
HOCTH (B Gonee jajeke OT MHXEKLUUM MOMEHTHl BpeMeHHU),
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Ins crporoil naentTudukauuy Tuna HabnwLaeMol HEYCTONUYHBOCTH HYKHEI
crelHanbHble HCCAEA0BaHUsa, Kak 3TO BUIHO H3 NMOAYYEHHBIX 9KCNEPUMEHTAIE ™
HBIX JaHHBIX, IPH TAKUX MUCCAENOBAHUAX BIAMIHHE CTPYKTYPH MATHHUTHBIX [0~
BepXHOCTel MoXxeT OB Th BECbMa CYLECTBEHHBIM.

KPATKHE BbIBOIBI

1. PaspafoTaHa MEeTOOHKA KOMIEHCAIWH PE3OHAHCHBIX BO3MYWEHUN MaT—
HUTHBIX [OBepXxHocTeH, OcymecTBaeHa KOMIeHcAUNs AN Haubosee OMACHBIX
OCHOBHBIX PEe30HAHCOB i/27r= 1/2 u 1, B caydae pe3oHaHca i/27=1 pns noc-
TuxeHHs TouHocTH b ~107 morpe6omanack koMneucauus ABYX TAPMOHHK
a/p=1/1u2/2.

2. HccnepnoBaHHs BIHSHHS BO3MYWEHHH Ha ylepxaHue IJIA3MBbl NIPH pe30o-~
Haucax i/27 = 1/2 ¥ 1 Mokasanau, YTO cymecTByeT HEKOTopas ONTHUMasbHas
WHPHHA PO3eTOK Arg, KOT'JAa BpeMs XHU3HHU [JIa3Mbl MakcuManbHo. Ilpu Sonb-
WHX pa3Mepax PO3e€TOK M NPH NOJHOH KOMIEHCAlMH BpeMsl XH3HH MeHblle,

3. O6HapyXeHO 3HAauuTe/JbHOe HapacTaHUWe KojaebaHuil NMpH yayulleHuu
cTeneHu KoMneHcauku., OJHOBPEMEHHOe YMeHbIIeHHue BPEMEeHH XHU3HHU njias3-—
MBI MOXHO CBS3aTh C 3THM SIBJI€HHEM.

4, OGHapyxeHHble KonebaHUs HOCHAT JIOKA/JIHN30BAHHBIA XapakTep, Hesa-
BUCHMO OT KOHKPETHOTO THIa KojebaHUR WHUpHHA Oo6JaCTH UX JIOKAJIU3AUUH X
LOJIXHA YMEHBIATHCS NP YBEJIHYEeHUH MATHUTHOTO nons Bo u mupa vy . Io-
3TOMY, ecinu Ar ~~X, ONTHManbHas JIs YIAepXaHHA CTelNeHb TOYHOCTH KOMIIEH—
CalHH IOJIXHA NOBMIATHECSA C POCTOM 3TUX NapaMeTpPoB B TOPOWAAJbHBIX MAar -
HUTHBIX JIOBYIIKaX.

B 3aknioueHHe aBTOPHI CUYHTAKNT CBOUM MPUATHBIM JOJATOM NOGAATONADHUTH
H.C.ODauunkuHa, A. A.Pyxaaze u U, C, lllnurens 3a ueHHsle OOCYXIEHHS U
B. A. IpslHayMHa — 32 NOMOmME NPH NPOBEXeHHH U3MEpeHHi.
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DISCUSSION

R. M. SINCLAIR: There are a number of perturbations in a real
stellarator that can perturb the surfaces and form islands, How closely
did your calculations of the amount of correcting harmonics required for
complete correction agree with the observed amount of corrections
required?

S.E. GREBENSHCHIKOV; After measuring the size of the magnetic
islands one can calculate the necessary magnitude of the compensating
harmonic, Conversely, having compensated the excitations in an actual
machine, one can then superimpose the resonance excitation and measure
the dimensions of the magnetic islands., The experimental data are in good
quantitative agreement with theory,

G. GRIEGER: Is it not true that magnetic field components lying within
the plane of the torus are the most dangerous ones for a stellarator field?
Why have you chosen correction field which are mainly perpendicular to
the plane of the torus?

S.E. GREBENSHCHIKOV: The most dangerous magnetic surface ex-
citations are resonance excitations. For every rational angle of rotation
of the lines of force it is necessary to estimate what excitations may contain
resonance harmonics, From the point of view of compensation of the
excitations it is of no importance how the corresponding harmonic is set
up. This may be done in different ways.

G. GRIEGER: I should just like to add that in our experiments with
the Wendelstein stellarator we found that correction fields strongly affect
the maxima of the confinement time but there were only slight effects on
the minima,

A.J, LICHTENBERG: It is possible for resonance between a harmonic
of the island frequency and the rotational frequency to break up the main
island into second-order islands, thereby giving rise to stochastic regions
of field lines and, hence, enhanced fluctuations, Did you observe any region
of stochastic field lines near the islands? I am suggesting that the compensat-
ing fields might strengthen the second-order resonances,

S.E. GREBENSHCHIKOV: In this experiment no stochastic destruction
of magnetic surfaces was observed, Apparently, the amplitudes of the ex-
citations were relatively small,
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Abstract

PLASMA CONTAINMENT IN THE PROTO-CLEO STELLARATOR,

Measurements are reported of the confinement of plasma in the Proto-Cleo ¢ = 3 stellarator, The
plasma has been produced in this machine by a variety of methods, including the irradiation of a metallic
target by a laser beam, and covers a density range from 10° to 10%® cm™? and electron temperatures from
2 to 10 eV. With the rotational transform of up to 27 radians used in the experiment, the plasma conditions
embrace both the collisionless and the collisional regimes.

A comparison of the observed confinement times and those derived from recent theories is given. The
enhanced diffusion predicted for the intermediate and collisionless regimes has been shown by various authors
to be explicable theoretically in terms of a unidirectional current flowing along the minor axis of the torus.
The experimental evidence for the existence of this current is summarized.

1. INTRODUCTION

Proto-Cleo is a small £=3 stellarator in which the scaling
of plasma containment times with magnetic field, collision
frequency and rotational transform has previously been studied
in the Galeev and Sagdeev intermediate regime [1,2,3]. In the
present paper experiments are described where the containment
studies have been extended into the collisionless and into the
collisional regimes by developments in plasma production methods.
Also, an attempt has been made to detect the presence of the
unidirectional current flowing along the minor axis of the
torus predicted by several authors for axisymmetric systems.

2. APPARATUS

The machine, plasma parameters and methods of injection
are summarized in Table I.

The design of the stellarator is described in detail in
References [1] and [3]. Tt is unusual in that the helical
winding is placed inside the vacuum tank so giving good access
to the plasma and, by virtue of the titanium layer coated on
the winding and the walls remote from the plasma, high pumping
speed for neutral gas. Two helical windings have been used
in turn. The first with a 30° pitch angle has a medium amount
of magnetic shear and the second with a 45° pitch angle, high
magnetic shear. The helical winding is connected in series
with the toroidal magnetic field winding across a large electro-

79
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TABLE I. PARAMETERS OF THE PROTO-CLEO £= 3 STELLARATOR

Parameter Medium High
Shear Shear
Major radius R (true toroid) (cm) 40 40
Helical winding mean radius (cm) 9 10
Separatrix radius (to apex of
trefoil) rp (cm) 5 5
vVacuum vessel cross section (cm) 40 X 40 40 X 40
Number of field periods on torus 7 13
Maximum toroidal field By (kG) 3 5
Computed maximum rotational transform
at plasma boundary o (radians) 1.247 2.17
Mean shear length Tg= 2%% (cm) 130 76
Maximum shear parameter g= ;E min 0.26 0.52
Useful time duration of fields (ms) 1o 10
Plasma density (cm™ %) l0°-10% 10%-10%
Electron temperature (eV) 2-10 2-10
Ion temperature (evV) 4-30 4-30
Confinement time (ras) 1-10 1-10
Base pressure (Torr) 1078 1078

lytic capacitor bank which gives a useful time duration of the

magnetic field of about 10 ms.

3. PLASMA PRODUCTION

In the previous work [1,2,3], the plasma was produced by
hydrogen loaded titanium guns based on the Ashby design [4]
which limited the plasma density to the range 10'° to 10'lcm—2.
Since then a combination of a titanium gun working near its
point of exhaustion, followed by E C R H to reduce the density
still further to ~ 10°cm™® and at the same time increase the
electron temperature to about 1l0OeV, has enabled the collision-

less regime to be attained.

An increase in density up to 10*?cm~® has been found
possible by the use of the Ashby gun with pulsed gas feed and
the beginning of the collisional regime has thereby been

achieved.

Further extension into this regime to a density of

10*®cm™® has been gained by the use of a plasma produced by
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FIG.1. Layout of apparatus for laser beam production of plasma.

the irradiation of a solid target placed near the separatrix
by the beam from a Q spoiled neodymium glass laser, as des-
cribed in detail in the next section.

3.1. Laser method of plasma production

Fig. 1. shows the experimental arrangement of wire
target and laser beam in relation to the vacuum vessel and
helical winding. The wire target is held on a larger
diameter rod which can be adjusted accurately in position
inside the vacuum vessel by external screws.

The laser has a pulse width of 25 nanosec and delivers
up to 1573 at the target over a focal spot diameter of O.S5mm.

The optimum position for the target was found to be
just outside the separatrix as shown in Fig.l. When the
target was inserted into the confinement region a reduction
in plasma density was observed which was not due to the
presence of the target in the plasma as was shown by insert-
ing a similar obstacle in the plasma. The fact that the
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optimum position for the target is outside the separatrix
can be attributed to the plasma coming off the target as a
"plume" in a direction opposite to that of the laser beam.
With the target in the optimum position there is, therefore,
the whole of the separatrix diameter available for capture
of the plasma. various targets have been used ranging
from thin beryllium wire to beryllium or lithium rods of

up to l.5mm diameter.

4. DIAGNOSTICS

Comparison of experimental results for the containment
time of the plasma with predictions of theory involves a
knowledge of plasma density, electron and ion temperature,
plasma dimensions and rotational transform. Where possible
these gquantities have been measured by several different
methods and good agreement between them obtained.

Plasma density determinations have been made by means of
a microwave interferometer and a double Langmuir probe on
which the applied voltage is swept. The electron temperature
has been measured by the same probe as a function of time, by
microwave noise emission, and by the retarding potential
energy analyser used for the determination of the ion tempera-
ture. This analyser was of the type used by Eubank [5] and
was usually placed just outside the plasma boundary, although
a miniature version of it (9mm cube) was also used in the plasma
in order to establish that the ion energy measured from the
ions escaping from the containment region was the same as that
of the confined ions. All these diagnostic methods are des-
cribed in greater detail in Reference [(3].

The following additional diagnostic methods have been
used in recent work.

The plasma impedence and hence the electron temperature
has been determined by a method used by the Princeton group(6,7],
of two Rogovsky coils encircling the minor circumference of the
plasma. One coil was energized by an audio oscillator and the
resulting current induced in the plasma was determined by the
voltage induced in the second coil. These coils were positioned
in the vacuum system and within the helical winding assembly.
They were very uniformly wound to minimize pick-up from the
high pulsed currents flowing in the neighbouring helical wind-
ing conductors. One of the coils was electro-statically
screened by a split copper shell and this coil was also used
in the search for a unidirectional current flowing in the
direction of the minor axis of the torus. (Section 5.5.1).

Directed fluxes of ions and electrons were also measured.
For this, a "Janus" [8] probe was used consisting of two equal
area single probes spaced 7mm apart and each surrounded by a
cylindrical screening electrode of outside diameter 2mm so that
each probe could collect particles over only a small angle of
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incidence, either upstream or downstream. By suitably biassing
the probes to collect either electrons or ions and balancing

off the signals from them, a measure of the directed flux can

be obtained, The difference in the floating potential of the
two probes was also used as an indication of a directed flux

of ions.

5. EXPERIMENTAL RESULTS

5.1. Plasma production by guns

Plasma guns have been found satisfactory for filling
the Proto-Cleo stellarator with plasma over a density
range 3 X 10° to 10'2?cm™®, with a corresponding electron
temperature range of 8 to 2eV and initial ion energy of
30~10evV.

In passing it is worth noting, however, that these
guns may not be suitable for filling all designs of small
stellarators. It had been hoped to fill the Clasp
stellarator by means of this type of hydrogen loaded
titanium gun to enable comparative containment measurements
to be made. clasp [9,10] is a stellarator of approximately
the same dimensions as the high shear version of Proto-
Cleo, but it is constructed in the conventional way with
a helical winding wound on the outside of a toroidal
vacuum vessel. This vessel has only about %5 of the
volume of that in Proto-Cleo and the pumping speed for
neutral gas is much smaller due to the smaller area of
wall that can be gettered with titanium. Table II com-
pares the electron and ion temperatures in Proto-Cleo and
in Clasp at times of 0.2ms and lms after gun injection.

For this comparison a somewhat smaller version of the
normal gun was used and this gun was transferred between
the two machines. It can be seen that the rate of cool-
ing is much greater in Clasp than in Proto-Cleo. This
difference was found to be due to a much higher neutral

TABLE II, COMPARISON OF PROTO-CLEO AND CLASP

Proto—-Cleo Clasp
Time
T; Te T, Te
0.2ms 26 4.7 11 2.7
lms 14 4.0 1.5 1.0

T; and Te in ev
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gas pressure in Clasp than in Proto-Cleo after gun injec-
tion and it indicates the advantage of the Proto-Cleo
design when plasma sources evolving a large proportion of
neutral molecules are used.

5.2. Plasma production using a Laser

A considerable range of plasma density and ion
energy has been obtained by the use of various sized
targets and laser energies.

With a thin target consisting of a beryllium wire
0.05 mm diameter and with a laser energy of 15J on a
0.5 mm focal spot diameter, a trapped plasma with an
initial ion energy of 30eV and electron temperature of
2ev and an initial density of 2 X 1l0''cm~® can be produced.
Figure 2 shows the variation of Ti and Ty with time
after injection.

When the target size is increased to a 1.5mm
diameter lithium or beryllium rod and with a laser energy
of 5J a much denser plasma of up to 1lo'2cm™2 is obtained
but with a lower initial ion energy of 4eV (Fig.2).

The signal on a Langmuir probe positioned 180° around
the major circumference from the point of laser injection
shows a time delay between injection and arrival of the
plasma at the probe consistent with the ion energy of 4ev
given by the analyser. A proportional delay was also
shown in the time of arrival of plasma at the microwave
interferometer 90° from the injection point.

5.3. Plasma conductivity measurements

Using the double Rogovsky coil method described in
Section 4 the plasma conductivity was determined over a
range of frequency. In the results given below a fre-
guency of applied signal of 6.5 kHz was used as this gave
adequate power transfer from the coil to the plasma, small
inductive reactance of the plasma compared with its resistive
component and negligible skin effect in the plasma.

Fig. 3 shows the ratio of the measured conductivity
to the Spitzer conductivity as a function of the ratio
of connection length to electron-ion mean free path. In
this, the Spitzer conductivity is derived from double
probe measurements of electron temperature. Shown as a
full line is the calculated value obtained from the theory
of Galeev [11]. There is a tendency for the measured value
of Cwyp.© to fall with R/Tkei as predicted theoretically,
although the spread in the measured points is too large to
be certain of this fact. The observed values are about a
factor 2 larger than those calculated which is about as
good agreement as could be expected taking into account
that this conductivity is an average value across the column,
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5.4. Plasma loss rate and comparison with diffusion theory

Over the range of parameters studied, plasma contain-
ment times of from 1 to 10 ms have been observed. A
preliminary comparison of these experimental results with
neo~-classical diffusion theory for the Proto-Cleo and
Clasp stellarators was given by Hugill et al [1l0]. Fig.4
shows this comparison for Proto-Cleo only, plotted in the
same way as in [l0] but extended over a greater range by
means of the improved plasma production. The containment
time is expressed in terms of the Pfirsch-Schliiter contain-
ment time and is plotted against the dimensionless parameter
R/tkei, the ratio of connection length to electron-ion
mean free path. Expressed in this way the theoretical
curve for containment time covering the range from the
collisional Pfirsch & Schliiter regime through the Galeev
& Sagdeev intermediate to the collisionless regime is
shown by the full line.

It is assumed in evaluating the theoretical value of r
that the plasma has a Bessel function density distribution
that =p__~1(3—,)? and Dpg=1.66 X 107°n log A (Te+Ti)
S50 Tps_ ps 2.4 ps=. e 1

Te5132'tz
where <+t 1s the mean value of the rotational transform
across the plasma radius, and T, and % are in ev. The
value of )i 1is taken as 2.23 X 10t Tez‘

n log A
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The agreement with theory is good in the collisional
regime, but deteriorates in the intermediate regime where
the containment time is about a factor of 4 shorter than
the theoretical value.

In the collisionless regime the indication is that
the dimensionless containment time continues to decrease
with R/txei instead of becoming constant as in the Galeev-
Sagdeev theory for an axisymmetric system. This may be
an indication that non-axisymmetric effects due to the
field of the helical winding are coming into play. The
dashed lines on the figure show the containment time to
be expected when these effects are taken into account for
the medium shear windings of Proto-Cleo using the theory
of Gibson and Mason [12] for localized particles. It has
not yet been possible to extend the experimental measure-
ments further into the collisionless regime due to diffi-
culties in making temperature and density measurements in
the rare plasma.

It should be noted that over the whole range of
conditions studied the containment time exceeds the Bohm
time. At the largest value of R/Exei, Z = 4 and at the
smallest value %B= 25. 7B

5.5. Diffusion driven plasma currents

It has been pointed out by Bickerton et al, [13],
Galeev [11] and Hinton [14] that the enhanced diffusion
in the low collisional fregquency regime in an axisymmetric
system is accompanied by a current which flows parallel
to the magnetic field. Galeev [11] and Stringer [15]
have shown that this current also flows in the intermediate
regime and Stringer [15] has predicted its value for the
collisional regime. The current should exist in the absence
of any external driving electric field and therefore if
the theory is also applicable to non-axisymmetric systems,
the current should flow in a gun-fed stellarator. The
absence of any Ohmic heating current in this case will make
the detection of the current easier. Figure 5 shows the
calculated value of the current for the various regimes
as a function of density for typical Proto-Cleo conditions.
The current rises linearly with density for the collisional
regime because of the rise in the pressure gradient term
with increase. in density.

5.5.1. Measurement of current by a Rogovsky coil

The predicted levels of current for Proto-Cleo are
of the order of 1A. To measure such small currents in
the presence of the neighbouring helical winding currents
of 15kA rising in 15 ms required careful winding of the
coil and balancing out of the residual signal. . In this
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way it was found possible to attain adequate sensitivity

for currents in the plasma building up in 1 ms. For the
gun plasma in the intermediate regime the limit of detec-
tion was 10! of the current predicted and for the laser
plasma in the collisional regime it was 5 X 10~°. Measure-
ments in these two regions showed, however, no detectable
signal which could be attributed to a diffusion driven
current.

5.2. Indication of current by probes

Using the "Janus" double probe described in section 4,
preliminary measurements have been made of the directed
fluxes of electrons and ions. Although in both cases
there was an indication of a particle drift which was in
a direction dependent on the direction of B,, the evidence
is not considered very reliable. In both cases there
appear to be shadowing effects and further work will have
to be done to assess their importance. A measurement of
the difference of floating potential of ‘the two probes
also indicated an electron drift, but no guantitative work
has yet been done.
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6. DISCUSSION

6.1, Laser produced plasma

The mean ion energy of the trapped plasma (4-30eV) is
very much lower than would be expected in the laser-
produced plume from the target. Data reported by Langer
et al, [16] of detailed measurements of plasma from beryl-
lium targets with a similar power density shows the ion
yield to be mostly Bet with a mean energy of several
hundred ev. The large yield of 2 X 10'7ions at 5eV in
the confined plasma of Proto-Cleo is therefore rather
surprising. There are three possibilities. Firstly,
there could be a slow component in the laser plasma
as has been reported by several authors [17,18].
Secondly, charge exchange could be occurring between the
high energy ions and neutrals of a few eV ejected from the
target. The ejection of plasma as a narrow plume and the
relatively slow drift of this plume across the magnetic
field could combine to retain the ions long enough in the
vicinity of the target for charge exchange to occur.
Thirdly, there is the possibility of ionization of back-
ground neutrals by fast electrons.

6.2, Comparison of containment results with theory

The very similar shape of the experimental and
theoretical curves shown in Fig. 4. for the containment
time E+ps as a function of %’%xei strongly suggest that
the plasma is being lost according to neo-classical
diffusion theory.

In the intermediate regime the experimental results
are however a factor of 4 smaller than the theoretical
ones., This could be due to the fact that the theory is
for an axisymmetric system where the magnetic surfaces
have an approximately circular cross section, whereas in
the stellarator the system is nonaxisymmetric and the
surfaces have a trefoil cross section.

The possibilities that the extra disgipation implied
by the enhanced loss rate could be due to an anomalously
high plasma resistivity is eliminated by the direct measure-
ment of plasma resistivity described in section 5.3.

Furthermore, the unidirectional current predicted by
theory to account for the enhanced loss of plasma in the
intermediate and collisionless regimes above the Pfirsch
and Schliiter value has not been found. The direct method
of measuring the current by means of a Rogovsky coil
showed that the current present did not exceed 10% of the
expected value in the intermediate regime and 5% in the
collisional regime.

There are, however, at least two reasons which could
be given for the non-appearance of this current. Firstly
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the theory is for an axisymmetric system where there is
everywhere a poloidal B field, as in the tokamak. In

the stellarator, however, there is only an average Bg field
brought about by currents in the helical windings. Thus

at points around the minor circumference under the conductors
there are much larger local By fields alternating in
direction. Under these circumstances, the theory may not
apply.

Secondly the theory is for a steady state and in
this pulsed experiment there may not be time for this
state to be reached.

It is also possible that the agreement of scaling
between theory and experiment in Fig. 4. is fortuitous
and that the plasma loss is due to an effect unrelated to
neo-classical diffusion. One possibility is that
fluctuations in electric field and density lead to plasma
loss. Previous measurements in Proto-Cleo [l1] in the
intermediate regime at points along a minor radius in the
eguatorial plane showed that the loss estimated from the
magnitude of fluctuations in Eg and n , even assuming a
correlation factor of unity, was insufficient by a factor
of ten to account for the observed plasma loss. It
should be emphasized however, that only these local
measurements of fluctuations were made.

7. CONCLUSIONS

(1) Proto-Cleo has been successfully filled with plasma over
a wide range of density by transverse injection from plasma
guns and by irradiation of a solid target by a laser beam.
The latter method gives up to a ten-fold increase in density
over that produced by plasma guns.

(2) The containment time of plasma -has been studied over
values of %%lei covering five orders of magnitude and has
been found to scale with this parameter in the way predicted
by neo-classical diffusion theory. The absolute value of the
containment time is however a factor of 4 less than expected
from theory and the unidirectional current predicted by theory
was not detectable. It is possible that both these anomalies
are due to applying a theory for axisymmetric systéms to a
non-axisymmetric stellarator system.

A unidirectional current has been detected by a magnetic
probe in the Model C stellarator by Yoshikawa and Yamato [19]
but this current appears to be about 100 times larger than the
value predicted theoretically for a diffusion driven current
and its presence was attributed to the effect of the ion
cyclotron waves used for heating the plasma.

Berezhetskii et al [20] have reported directional ion
fluxes in the Lebedev stellarators using a gridded ion detector.
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They attribute the directed flux to resonant loss of particles
due to the presence of a radial electric field in the plasma.
A radial field of sufficient magnitude is not however observed
in Proto-Cleo.

Local measurements of the fluctuations suggest that they
are not responsible for the plasma loss. However more measure-
ments would be needed to prove this conclusively.
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NOTE ADDED IN PROOF

Immediately before the conference it was pointed out
by T.E.Stringer that the derivation of the Galeev-Sagdeev
diffusion rate assumes that the ion Larmor radius in the Bg
magnetic field is less than the density scale length, whereas
in Proto-Cleo their ratio is everywhere greater than 4. In
this condition, the radial drift due to the azimuthal electric
field becomes important and decreases the confinement time
in the intermediate regime. For Proto-Cleo the confinement
time relative to the Galeev and Sagdeev time is reduced by
this effect by a factor of 3.5 which brings the theoretical
and experimental times into good agreement. Nevertheless,
there still remains the difficulty that the unidirectional
diffusion current predicted by the theory has so far eluded
observation.

DISCUSSION

S.E, GREBENSHCHIKOV: The equilibrium currents measured ex-
perimentally in your work differ from the theoretical calculations by
about a factor of ten, How, then, can you explain the very good agree-
ment between the theoretically and the experimentally determined plasma
lifetime?

P. REYNOLDS: We cannot at present explain this very good agreement,

S. YOSHIKAWA: How is 7p; determined?

P. REYNOLDS: It is determined from the Bessel function density
distribution with an average rotational transform and an average radius,

S. YOSHIKAWA.: So the theoretical value may be off by a factor of
3 to4?

P. REYNOLDS: Yes,
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Abstract

DEPENDENCE OF PLASMA CONFINEMENT ON MAGNETIC CONFIGURATION AND PLASMA PROPERTIES
IN THE J.I.P.P. STELLARATOR.

The dependence of plasma confinement on the properties of the stellarator field as well as on the
plasma parameters is studied using the J.1.P.P, stellarator with several kinds of plasma sources. The
observed diffusion coefficients of helium plasmas.are 1/20-1/30 times the Bohm coefficient, which is
one order of magnitude larger than the neoclassical case, In the case of argon plasma produced by
electron cyclotron resonance heating the observed diffusion coefficient is 1/100 times of Bohm value and
agrees with the neoclassical value within a factor of 2,

A circular £ = 3 stellarator with a vertical field is constructed with good geometrical accuracy using
numerically controlled machines. The helical winding has a minor radius of 10,6 cm and major radius
of 50 cm with eight field periods. Two halves of the stainless-steel vacuum vessel with inner radius of
8.4 cm are insulated by ceramic spacers to make Ohmic heating possible. The stationary (5s) magnetic
field is 4 kG at maximum, the angle of rotational transform ¢ is up to 1.7 w, and the shear parameter is
up to 0.15, The well depth is variable from ~5% to 10%. This device can be used in the torsatron con-
figuration. The plasma sources used are a J X B-type gun with a fast-acting valve (T, = 0.2-3 eV,
n=10""1 cm's). electron cyclotron resonance heating (ECRH) (T, #2 eV, n & 10% cm'a) and Ohmic
heating by an air-core coil (T, 3 eV, n ~10" 2 em-?), The winding of the air-core coil is arranged
so that the disturbance due to the stray field is negligibly small within the plasma region. These plasma
parameters cover the range of intermediate collisional and collisional regions.

It is observed that the diffusion coefficients D estimated from the decay times and the plasma radius
a are proportional to the first and second powers of the angle of rotationat transform .. The profile of the
density distribution is similar to cos[1. 57 (r/a)z] or (x/a)? I-2/3 [1.25(1-/3)3 ] which are solutions of the
diffusion equation with diffusion coefficients D «cr™ (& L_1> or D4 (= s ) (r is the radial co-ordinate).
The confinement times do not substantially depend on the properties of the magnetic well (and antiwell),
and the dependence of confinement on the magnitude of the magnetic field is linear in our experimental
conditions,

The two-dimensional distributions of the plasma densities and potentials produced by the J X B-type
gun and by ECRH show the existence of convective motion due to electric fields, which are possibly caused
by trapped electrons and the toroidal drift, The plasma near the central regions is transported across the
field towards the boundary, where a density gradient exists and fluctuations due to drift waves are observed.
The transport by convection and the fluctuations can roughly explain the observed confinement time.

1, INTRODUCTION AND EXPERIMENTAL ARRANGEMENTS

In stellarator configurations, plasma equilibrium and stability are
satisfied without any close connection with plasma production and heating,
Studies of plasma confinement in the stellarator field have been carried

% Tokyo University of Education, Tokyo, Japan,
J¢ % Kyoto University, Kyoto, Japan.
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FIG.1, TheJ.I.P.P, stellarator device.

out in many laboratories [1-6]. However, the diffusion or transport
phenomena across the stellarator fields are not yet fully understood, and
the results obtained so far are not always consistent with each other, In
this paper, the dependence of plasma confinement on the properties of the
stellarator field as well as on the plasma parameters is studied in relation
with the convective transport and fluctuations in the J, I, P, P, stellarator,
This device is circular in shape and has £ = 3 helical windings (Fig, 1}.
The major radius is 50 cm and the maximum toroidal field is 4 kG (the
coil current Iy = 1.8 kA) in quasi-stational operation (5 s per minute),
The inner radius of the stainless steel vacuum vessel is 8. 4 c¢m, and the
two halves of the vessel are insulated by ceramic spacers of 1 cm thickness,
so that r.f. stochastic heating and Ohmic heating can be applied., The heli-
cal winding has a minor radius of 10.6 cm with eight field periods., The
helical current is up to 22 kAT (= 2,5 kA X 9 turns) and is fed through
coaxial current feeders, The helical coils are wound by using helical
grooves which are machined by a numerically controlled method. The
geometrical accuracy of the helical coil is better than 0.5 mm. The
magnetic surfaces are checked with the pulsed-electron-beam method
[7], the measurements agree well with the results of computation,
The parameters of the magnetic configuration of the J, I, P, P. stellarator
are shown in Table I. The well depth is variable from -5% to + 10%. This
device can be used in the torsatron-type configuration, The plasma sources
used are a quasi-steady J X B-type gun with a fast acting valve, ECRH of
2.45 GHz and Ohmic heating by an air-core coil,
Movable probes are arranged for scanning purposes inside the vessel.
A sensitive micro-wave 8-mm-interferometer is used. Multi-grid-type
energy analysers are used for measuring the ion energy.
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TABLE I, PARAMETERS OF MAGNETIC CONFIGURATION
I;, Iy and I, are currents of the toroidal coil, the helical coil and
the vertical-field coil, respectively

I/ Ip 2 8.2
I/1p 0 0.02 0 0.02
R/a 9.5 11.5 14 18
¢ (outside) 1.6m | T 1.77 1.1mw
¢ (axis) 0 0.4 1 0 0.5m
shear 0.15 0.05 ] 0,12 0.03
well depth 3% 10% 3% 7%

T,(ev) J XB-QUN
2 -
b ‘—I-_'I'\f‘——__
1k
0 5 t(ms)

FIG.2. a) Typical signal of the ion-saturation current of the J X B-type gun (1 pA/div., 1 ms/div.);
b) time variation of the electron temperature.
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FIG,3. a) Typical signal of the ion-saturation current of an ECRH-plasma with different sensitivities
and time sweeps (upper tace: 200 pA/div., 2 ms/div.; lower trace: 10 pA/div., 1 ms/div.); b) time
variation of the electron temperature,

2. DEPENDENCE OF PLASMA CONFINEMENT ON THE FIELD
' CONFIGURATION

Figure 2a shows a typical signal of the ion saturation current of
the helium plasma produced by the J X B-type gun, The gun is fired
260 us after triggering the fast-acting valve; it is short-circuited at
800 us, The electron temperature in the standard condition is 1,5 eV
(Fig. 2b); the density is 0,7 X 107° cm ", The degree of ionization is
~0.7%. This plasma is in the intermediate collisional region, The
electron temperature varies from 0,2 to 3 eV, The cooling time of
electrons by helium gas is about 0,1 s, but the cooling of ions by charge
exchange with the helium atoms is estimated to be 0.4 ms, So, the ion
temperature during the observed period is low, although the ion energy
at the injection stage is high,

The ECRH-plasma is produced by using a magnetron of 2,45 GHz
(Bee ~ 0.87 kG) with helium gas of 10'® ¢cm™, The microwave power of
about 300 W is fed through a coaxial cable and a loop antenna during about
3 ms, Figure 3a shows a typical signal of the ion saturation current of a



IAEA-CN-28/H-17 97

T, (ev) OMIC HEATING

0 10

t (ms)

FIG.4. a)Upper trace: induced current in the plasma produced by Chmic heating (130 A/div.). Lower
trace: typical signal of the ion-saturation current of afterglow plasma. The sensitivity of the lower trace
is 100 pA/div.; the time sweep is 2 ms/div, b)Time variation of the electron temperature.

Langmuir probe, After the power is turned off, the density decreases
with two different decay-time constants, During about 2 ms after that,
the density decays rapidly and then decreases slowly with a decay time
of 2-5 ms in the later period, As will be shown later, very strong con-
vective cells are observed in the early period, The time variation of the
electron temperature measured by a swept Langmuir probe is also shown
in Fig, 8b, Typical ECRH-plasma has T, ~1 eV andn=~1,5x% 10 cm™®,
The degree of ionization is about 0, 2%. The electrons are in the inter-
mediate collisional region while the ions are in the collisional region, In
the case of a neutral density of ~1013cem™3 and an applied power of 300 W,
no X-rays are observed by a detector with scintillator and photomultiplier
combination or by a proportional counter with a myler window of 6 u
thickness; hot electrons do not exist during the afterglow 'period.

Figure 4a shows the typical signal of helium plasma produced by
Ohmic heating, using the air-core coil whose winding consists of a homo-
geneous coil and mirror coils so that the disturbance due to the stray field
is negligibly small within the plasma region, R.f. stochastic heating or
J X B-type gun are used for pre-ionized plasma sources. One-turn loop
voltage of about 10 V is applied during 1.5 ms. The afterglow plasma
has an electron temperature of 3 eV and a density of 0.4 X 1022 cm™3,
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FIG.5. a) 1/Dy=5.87/d&, 1/D3 = 14 7/a®; b) confinement time T of gun plasma versus angle of
rotational transform and well depth (W, D, ) for a toroidal field of 2 kG: ¢) 7 versus magnitude B of toroidal
field for helical-coil to toroidal-field-coil current ratio of 2,

The degree of the ionization is 20 ~ 100%. This plasma is in the collisional
region,

Figure 5 shows the dependence of the confinement time 7 of helium
plasma by the J X B-type gun on the angle of rotational transform ¢, the
well depth W, D. and the magnetic field B, Figure 6 shows the dependence
of 7 on ¢t and W, D, in the case of the ECRH-plasma; Figure 7 shows the
dependence of 7 on ¢ and B in the case of Ohmic heating, The confinement
times 7 depend linearly on B in the cases of the J X B type gun and the
Ohmic heating, The dependence of 7 on the well depth as well as antiwell
depth is weak, The diffusion coefficient D can be estimated from the decay
time, as the dependences of the angle of rotational transform, the shear
and the plasma radius are known from the ratio of currents of the helical
coil to that of toroidal coil, The dependence of D on the helical current
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FIG.6, a) Dependence of confinement time 7 for the ECRH-plasma on the ratio of helical-coil and
toroidal-field-coil currents (the angle of rotational ansform); b) dependence of confinement time T
on magnetic well depth (W. D.),

indicates that the diffusion coefficient appears to be related to the angle

of rotational transform and not to the shear parameter. The inverse
diffusion coefficients 1/D are proportional to the first and second powers

of « (Fig.8). The solutions of the diffusion equation with assumed forms

of D become as follows; ny(r) = J4(2.4 r/a) for D,= const, ny(r) = cos[l.57(r/a)?]
for Dy r™2 and ny(r) = 1.95(r/a)? Jy/5[1.25(r/a)3] for Dy v, They

are plotted in the lower part of Fig, 8., The measured density profiles of

the ECRH- and gun plasmas are plotted; they are similar to the ny(r)-
distribution in the outer region of the torus, The ratio of the estimated
diffusion coefficient D, to the Bohm coefficient Dy is D;/Dy= [a%/5. 87 expl

(16 eB/T,] which corresponds to the zero-order Bessel distribution and

the ratio D3/ Dy is Dy/ Dy = [a2/147exp] (16 eB/T,] which corresponds to

the ng(r)-distribution. The values of D;/Dyare 1/8, 1/13 and 1/11 for -

the J X B-type-gun, the ECRH and the Ohmic-heating plasmas, respectively,
and the ratios of Dy/ Dy are 1/20, 1/30 and 1/27, for the respective cases,
In the case of the ECRH-plasma using argon gas, this ratio becomes

1/100 (T, ~1.2 eV, 7 = 8 ms),
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FIG.7. a) Dependence of confinement time 7 for Ohmic-heating plasma on angle of rotational transform
for a toroidal field of 2 kG; b) dependence of T on the toroidal field B is for helical-current to toroidal-
current ratio of 2.

3. CONVECTIVE TRANSPORT AND FLUCTUATIONS

The experimental results show that convective transport and the en-
hanced diffusion due to fluctuations take place, The distributions of densi-
ties and floating potentials over the plasma cross-section in the case of
the J X B-type gun are measured at different times using a single probe
with a scanning mechanism (Fig.9). The reproducibility of the floating
potential signals is within a few percents and that of the ion-saturation-
current signals is within several percents., The difference between the
floating potential and the plasma potential can be considered constant over
the plasma cross-sections since the electron temperature does not change
except at the boundary. The direction of the E X B-drift is approximately
parallel to the equi-potential lines, as the magnetic field is almost per-
pendicular to the cross-section, The deviation of the equi-potential lines
from the magnetic surfaces shows the existence of convective motions [8,9]
across the field. The magnetic field is weaker at the corners of the £=3
stellarator magnetic surfaces as is shown in Fig, 11, where the profile
of the constant- | B | -surfaces is mapped at the position of the different
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F1G.8. a) Dependence of diffusion coefficients on angle of rotational transform for ECRH-plasma (B = 0.87 kG,
Te ~0.8 eV), gun plasma (B = 2 kG, T, ~1.5 eV) and Ohmic-heating plasma (B = 2 kG, T, ~3 eV).

The inverse of the diffusion coefficient 1/D; = 7(5. S/az) of the zero-order Bessel density distribution, and
1/Ds =7 (14/a2) for the nj3 ~distribution are shown; b) profiles of n;(r), n;(r) and ng(r) and observed density
profiles in cases of the ECRH and J X B-type-gun plasmas are also shown (p = 1/a).

phases of the helical coils [10], The potential is more negative locally,
in correlation with the constant-|B |-surfaces. The direction of the con-
vective motion is clockwise in these figures; its effect is observed in the
corresponding density profiles,

Similar measurements are carried out in the case of ECRH-helium
plasma (Fig. 10). The reproducibility of ion-saturation currents and floating
potentials is within a few percents. Again, similar convective motions are
observed, At the other phase of the helical pitch, similar results are
observed, These observations show that the convective cells are related
to the stellarator field. It may be considered that the electrons are trapped
during the electron cyclotron resonance heating at the corners of the mag-
netic surfaces where the magnetic field is weaker, These convective cells
then decay by ion-ion and ion-neutral collisions [9]. The electric field due
to the toroidal drift [11] remains without cancellation since the angle of ro-
tational transform ¢ of the £ = 3-stellarator is small near the minor axis
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FIG.9. Two-dimensional distributions of floating potentials (left-hand side) and densities (right-hand side)
at different times (1 ms, 3 ms and 5 ms after wiggering the fast-acting value) observed for the gun plasma.
The numbers in the figures showing the potential distributions are in volts; the enclosing circle is the inner
wall of the vacuum vessel with a diameter of 16,8 cm, The number in the figures showing the density
distributions are in arbitrary units; the value of 1 approximately corresponds to the value of n vTg ~3 X

x 10° ¥V em™® ., The direction of the magnetic field is into the figure.
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FIG. 10,

Two-dimensional distributions of floating potentials (left-hand side) and densities of ECRH-plasma
at different times (0 ms, 0.5 ms and 2 ms after switching off the ECRH-power) (right-hand'side).

The numbers
in the figures have the same meaning to those in Fig.9. The value of 1 approximately corresponds to the
value of n \fl: ~5x10% veVem>,
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FIG,11. Constant- | B| ~surfaces of the ¢ = 3-stellarator field with the magnetic surface (dotted line). The
angle of rotational transform on the magnetic surface is 1.7 7,

.

(v « ¥?). The convection stream-lines cross the outmost magnetic surface
during the early phase of rapid decay. In the later phase of slow ECRH-
plasma decay and in the case of J X B-type gun, the deviation of the stream
lines in the boundary is small at the outmost magnetic surface, but the
density-profile shapes are nearly flat top since the plasma near the central
region is transported across the magnetic field to the boundary region, where
density and electric-field fluctuations are observed,

Convective motions have been treated theoretically before [12], When
the inertia term (V . V) v, pressure anisotropy and collision terms are
introduced into the fluid equations for the electrons and ions, the deviation
of a perturbed potential ¢; from the equilibrium potential ¢4(®) can be deduced
(¢ is a flux function of the magnetic surface). These studies are being car-
ried out for the interpretation of the experimental results,
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FIG.12. a) Fluctuation of azimuthal electric field E’e (0.2 V/em/div.), product fi * NEe (arbitrary units)
and the signal of ion-saturation cwrent n (20 p A/div.) for ECRH-plasma, The time sweep is 0.2 ms/div.
b} Distributions of density n, fluctuations of i and Eg for ECRH; c¢)J x B-type gun (--- x ---; g,

--- @ ---;f).

As described before, fluctuations of density and potential are observed
in the boundary region. The fluctuations of the density n and the fluctuations
of the azimuthal electric field ﬁe are measured for ECRH and the J X B-type
gun. The flux of transport I due to fluctuations is calculated as
I'={nX Ey>/B (the brackets { ... ) denote time average). If the confine-
ment time is determined by the flux, it is given by 74 =1, a/2I" =(aB/2){(R/ny)
X E_» where n, is the average density, Inthe slowly decaying stage of the
ECRH plasma, we have fi/n, 0,12 and B, ~ 0. 03 V/cm, and they are
in phase (Fig.12), The estimated time 7, is 7 ms, while the observed
confinement time is 4.5 ms. In the case of the J X B-type gun, we have
n/ny=0.13 and E4~0.06 V/cm. The estimated time 7; is 7 ms, while
the observed confinement time is 3.5 ms. The phase velocity of the
fluctuations along the azimuthal direction on a magnetic surface is measured
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by shifting the probe position with reference to a fixed probe. The direction
of propagation of the fluctuations is the same as the direction of the dia-
magnetic electron drift, The phase velocity of the fluctuations changes

with time, but its typical value is 1,0X 105 cm/s for the ECRH-plasma.,

On the other hand, the phase velocity of the drift wave v in the laboratory
frame can be estimated as v4 = (T,/eB)Vn/n + E;/B. When the observed
values are used, we have vg=1,4X 10° cm/s. The frequency of nis 5 kHz;
this result reduces to the wavelength of 20 cm, which is approximately
equal to 27a. In the case of the JX B-type gun, the estimated value of

v4is 1,5X 10°% cm/s, The frequency of n is 4,8 kHz; this reduces the velo-
city of drift wave to 1.1X 105 cm/s, These results show that the observed
fluctuations are due to drift waves. Although the condition of shear stabili-
zation [13] is difficult to satisfy in the stellarator, there is evidence that
shear decreases the amplitude of the fluctuations [14]. In the case of an
argon plasma produced by ECRH, the fluctuations become weaker, and the
convective cells are weaker than for the helium plasma,

4, CONCLUSION

The observed diffusion coefficients are 20-30 times smaller than the
Bohm coefficient in the case of helium plasmas and they are one order
of magnitude smaller than those suggested by neoclassical transport theories
[15-17]. 1In the case of argon plasma produced by ECRH, the observed
diffusion coefficient is about 1/100 of the Bohm coefficient, and it agrees
with the neoclassical value within a factor of 2, The scaling of the confine-
ment time 7 is T x Ba2/T. 1), (@ = 1-2). The observed distributions of
the plasma densities and potentials show that the equipotential surfaces
deviate from the magnetic surfaces, because of the inhomogeneity of the
magnitude of stellarator field. These electric fields cause convective
motions and transport the plasma close to the centre towards the boundary
region where a density gradient exists and fluctuations due to drift waves
are observed, The plasma losses caused by the observed convective motions
and the fluctuations due to drift waves can roughly explain the decay times
of the plasmas,

Finally, the authors wish to express their sincere gratitude to Professors
K. Husimi and K. Takayama for their continuous encouragement,
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DISCUSSION

N.K, WINSOR: In Figs 9 and 10, where is the major toroidal axis?

K. MIYAMOTO: The major axis is on the left in Figs 9 and 10,

N.K. WINSOR: Near the upper right-hand corner of each density plot,
there is a local region of steep radial density gradient with local ripples in
the density contours near the outside., This may indicate the presence of
a stationary shock and associated increases in local convection and
dissipation,

K. MIYAMOTO: We tried to explain the contour of equipotential and
equidensity surfaces using stationary-state fluid equations for two compo-
nents. We have qualitative but not quantitative agreement with the experi-
mental results. We should take account of time-dependent terms,

A,V, GEORGIEVSKY: Have you studied the magnetic field configura-
tion and the plasma confinement for the torsatron regime? If so, what
were the main results?

K. MIYAMOTO: We spent so much time investigating potential and
density distribution that we were unable to consider the torsatron configura-
tions in detail,

A.V, GEORGIEVSKY: How can you explain the fact that 7 is practically
independent of the ratio I, /I.? A change in I,/I} causes changes in many
of the magnetic field parameters ¢, 8, V', ((0), etc,

K., MIYAMOTO: When the ratio I,/I;is changed, the magnetic-field
parameters you mention also change, along with the well depth, It is not
easy to determine the dependence of 7 on the well depth, but it may be
that this depth does not greatly affect the confinement time under our ex-
perimental conditions,

C.W, HARTMAN: Have you compared potential and density contours
with symmetric reversal of the winding currents and, if so, do the contours
also show a symmetric reversal?

K, MIYAMOTO:; We measured the contours for different phases of
helical pitch, changing the direction of the current in the helical coil, The
contours rotate according to the helical pitch, but the components of the
perturbation due to the toroidal drift remain without rotation.

R. M. SINCLAIR: In Fig.5 of the preprint you show a smooth dependence
of confinement time on rotational transform, with no maxima or minima
reflecting rational transform values, When L = 27 (p/q), do your measure-
ments of the field itself show break-up of the magnetic surfaces into islands?

K. MIYAMOTO: We followed the magnetic lines of force by a pulsed
electron beam method in several cases., The agreement between measured
and computed results is within a few percent. Since our stellarator has
an £ = 3 helical winding, we did not measure the magnetic surface for
L = 27(p/q) with particular care,
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S. YOSHIKAWA: Would you comment on why the confinement time
of the argon plasma is longer than that of the helium plasma by a factor
of 47

K. MIYAMOTO: We have not yet done the detailed experimental
investigations, but there are a number of possible reasons, The large
ion/electron mass ratio reduces the growth rate of the collisional drift
mode. We observed a decrease in density fluctuations, Owing to the larger
ion Larmor radius, the viscosity becomes greater than in the case of the
helium plasma, The vortex of convection can be damped more quickly and
this might result in the suppression of convective loss, The electron mean
free path is longer and the short circuit effect of the perturbed electric
fields is greater. Observed convective cells are actually weak in the case
of argon plasma,
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Abstract

PLASMA CONFINEMENT EXPERIMENT IN THE HELIOTRON-D MACHINE.

The Heliotron=D is a toroidal machine with the helical heliotron field as confining magnetic field.
By varying the combination of the three kinds of fields produced by the helical, toroidal and vertical field
coils various kinds of helical heliotron field are obtained. The maximum rotational transform angle of the
field is more than 97 and the shear parameter is over 2,0. It is possible to form a shallow magnetic well or
an anti-well by changing « =B (toiroidal)/B (helical). Plasma with n, = 10° ~10%° em™ and Te=1~20eV
is produced by electron cyclotron resonance heating and a gun. The neutral particle density is typically
5x10'2 em™ for the ECRH-plasma and 10'" em™ for the gun plasma, The plasma is weakly ionized. The
effect of the vertical field on confinement is examined and the optimum B8 =B(vertical)/B (helical) is deter-
mined. The equi-density curve nearly coincides with the calculated magnetic surface, and the density
profile has a sharp boundary. Under optimum conditions, the confinement time is about 40 Bohm times.
For the gun plasma, the observed confinement time is a few tenths of the value predicted by the "neo-
classical” theory in an asymmetric toroidal system.

1. THE HELICAL HELIOTRON MAGNETIC FIELD

The helical heliotron field [1-3] is one of the new axially asymmetric
external conductor systems [4] similar to the torsatron field [5,6]; itis
composed of three kinds of fields, the helical, the toroidal, and the vertical
field. The helical field is produced by the current-carrying single helical
conductor, which is m+1/£ times wound around the minor axis of the torus
and closes itself after ¢ circuits around the torus, where m and £ are
integers. The equation of the helix of the helical conductor is given by
r,=a, and §,= kg, in the (r, 8, ¢)-quasi-toroidal co-ordinate system,
where k =2rR/p=m+1/£2 with R being the major radius of the torus, a
the minor radius and p the helical pitch. In the Heliotron-D machine, we
have m=12 and £ = 2,

The field characteristics are determined by the parameters R, a, «, «
and B, where a and B are, respectively, the ratios of the magnetic flux
density of the toroidal and the vertical field to that of the longitudinal
helical-field component on the minor axis. An adequate choice of 8 gives
the closed magnetic surfaces of a wide cross-section inside the helical con-
ductor as shown in Fig.1. The rotational transform, L/27r, the shear
parameter ® = (r2/2rR)(de /dr), and the average magnetic well < B>2 for
various o are shown in Figs 2, 3, and 4, respectively. The field has a
shallow magnetic well for e< -1 and an anti-well for a>-1. The rotational
transform near the magnetic axis increases as la+ 1| decreases. The
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FIG,1, Examples of closed magnetic surfaces for «=-2.6.
Hatched circles are cross-sections of the helical conductor, Radial distance in centimetres.
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FIG.2. Rotational transform as a function of fye I 18 the average radius of the magnetic surfaces,

re 4L .
O - 5o 2L R=1.085
0 =0.13
=125
L p =-0158
20
i d:0.0
1.0
L A==22 A:=-26
B A:-18 ‘L/ o=1.0
o _/g/ <

1
0.02 004 006 008 O0.10 rm (m)

FIG.3. Shear parameter as a function of ry,.

maximum values of « /27 and® at the outermost closed magnetic surface
are obtained for @ =0. The larger cross-sectional area of the outermost
closed magnetic surface inside the helical conductor is provided by the
larger |a+ 1 ] The magnetic axis rotates about a circle on the median
plane concentric with the minor axis. For a=-1, the field becomes a
helical quadrupole, and for a> -1, it becomes a hybrid field of both the
internal and the external conductor systems.
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FIG.4. Average magnetic well <B>2 as a function of rp .
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FIG.5, Schematic view of the Heliotron-D machine. Major radius of vacuum vessel, R, =1,05 m,
Major radius of helical coil, R=1,085 m, Minor radious of helical coil, a=0,13 m, Inner radius of
vacuum vessel, 1, =0.3 m, Helical coil thickness, d=0.04 m, Helical coil pitch, p=2rR/k, k=12.5,
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THE HELIOTRON-D MACHINE

The general structure of the Heliotron-D machine is shown in Fig. 5.

A current-carrying helical conductor of radius 0.13 m, thickness 0.04 m

and pitch 27R/12.5, is suspended with thin inconel wires inside a vacuum

vessel. It is designed to be exchangeable with other helical conductors of

different geometries. The maximum magnetic flux densities of the toroidal,

helical, and vertical field are 5 kG, 3 kG, and 0.5 kG, respectively; ninety
By varying the

2.

percent flat top of the magnetic field lasts normally 25 ms.

combinations of the three kinds of fields, we obtain the various kinds of
The field configurations used for the experi-

The configuration with o= -2, 65

magnetic field configuration.
The base pressure is 5 X107 Torr;

ment are «=-2,6, -2.2, -1.8, and 0.
is used as a standard in this paper.

helium is the gas used.

3. PLASMA PRODUCTION AND DIAGNOSTICS

The plasma is produced by electron cyclotron resonance heating (ECRH)
and by a rail-type plasma gun. The peak microwave power of 2,45 GHz

is 5 kW, and the pulse width varies between 50 us and 2 ms. The pressure
of neutral helium is between 5X1075 Torr and 3X10-3 Torr. The plasma
density of the experiment ranges between 108 cm™3 and 1019 cm~3, and
electron temperature in the afterglow is 2 eV to 20 eV. The neutral densi-
ty is typically 1012to 1013 ecm™3. The degree of ionization is between 1073
and 1074, Electron density and electron temperature are measured by

double and single probes.

><102

Number

X—ray Encrgy (KeV)

FIG.6. Energy distribution of X-rays observed during ECRH. Average energy is 1.1 keV, under the
assumption of Maxwell distribution, The ECRH-power is about 2.5 kW and the pulse width is 2 ms, a=-2,2.
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X-rays from the ECRH-plasma are observed by a proportional counter
with Mylar window. The observed energy distribution of high-energy elec-
trons during the ECRH-pulse is shown in Fig.6, where a correction due
to the transmission characteristics of the window film is taken into account.
The average energy is about 1 keV. We cannot, however, observe any
X-ray signal in the afterglow. This implies that the hot electrons cannot
survive in rather high-density neutral gas of density 1022 to 1013 cm 3.
Thus, we can neglect the strong re-cycling effect due to high-energy elec-
trons in the afterglow.

Lstmh)

Vv =138 W =158 K

t=18ns LeiBms

V=178 KV

-0 -8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 )

FIG.T, Density profiles for different 8, Vy=1.78 kV (50 G/kV) corresponds 0 8=- 0,15, T, ~20eV
immediately after ECRH.,
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The gun produces a plasma of T, < 20 eV andn,<10!1 cm™3. The
neutral density changes slightly during the afterglow, but is typically
1011 cm™3. We have not obtained any definite information on ions. The
ion temperature estimated by measuring the time of flight is higher than
several tens of eV at the initial stage, and it is cooled down to several eV
in a few ms, owing to charge exchange with neutral atoms. The Ohmic-
heating current, which could be induced in the plasma owing to a time-
varying magnetic flux interlinked with the plasma ring, is measured by
a Rogowski coil and a directional probe. Near the flat top of the magnetic
field, the loop voltage is less than 0.1 V and the current strength is about
0.05 A in the case of «=-2.6 and IBI“ 0.9 kG. This result indicates that
the plasma resistivity is by about a factor of 3 larger than that of the cal-
culated value for the weakly ionized plasma. The discrepancy could be
attributed to the rather strong mirror effect of the helical heliotron field
and/or the anomalous resistivity due to ion acoustic instability.

4. CONFINEMENT EXPERIMENT AND DISCUSSION
(a) ECRH plasma

Figure 7 shows the density profiles for different B. We can see that
the density profiles and the decay rates vary as B varies. The dependence
of 7 on 3 is shown in Fig.8. Optimum B is close to the calculated value,
Figure 7 also shows that the density has a sharp boundary which corres-
ponds to the calculated outermost closed magnetic surface. The density
distribution n(r,0) is measured to check the equilibrium condition p{) = const.
Both equi-density contours measured and the calculated outermost closed
magnetic surfaces are shown in Fig. 9. It is found that at an earlier stage
of the afterglow (t=1 ms) the plasma almost reaches the equilibrium state.
BEqui-floating potential contours are also shown in Fig.9. The convective-
cell effect is not observed to an appreciable extent. Since the plasma is

X=-2865

msy

012 Q13 0i4 015 o6 0n
—f

FIG.8. The dependence of r on 8 for o=~ 2,865, ne=109 cm™, Te =6eV.
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n=17x 10“crﬁ31

2 MS€%4iv.

FIG.10. Ion saturation current of the double probe. o«==2,65, 8==- 0,14, T¢=10eV and |B| =1.7 kG.

T
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FIG.11. Confinement time and electron temperature as a function of confining field. «=- 2.65.

positively charged, the electric field is in the positive r-direction. The
electron temperature drops rapidly from about 20 eV to several eV and
then decays slowly. The electron cooling can be attributed to inelastic
collisions with neutral atoms., To avoid an ambiguity of the confinement
time resulting from both the variation of the electron temperature and the
ionization effect, we measure the decay time in the region of slow tempera-
ture variation several microseconds after the ECRH-pulse. Since the
neutral density is not low enough in our experiment, we cannot neglect the
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ionization effect due to hot electrons in the Maxwellian tail of the electrons
of 4 eV. "After correcting for this effect, we obtain r=17 ms for T, =4 eV,
n,~10% cm-3, and |B|=0.9 kG, which is about 40 7,. The change of the
neutral pressure from 105 Torr to 10-3 Torr gives no drastic change in 7,
Fluctuations which might have a serious effect on confinement are not
observed,

(b) Gun plasma

The density decay with two different time constants are shown in Fig. 10.
The shorter time constant of a few microseconds may be ascribed to the
filling process of the plasma into the confining magnetic field and/or to the
higher ion and electron temperatures; it does not seem to depend on the
magnetic flux density B. As shown in Fig.11, the longer time constant of
5 to 30 ms depends on B. The plasma parameters obtained in this experi-
ment satisfy the conditions of the theory of trapped-particle diffusion in an
axially asymmetric system as given by Kovrizhnykh [7]. The observed
confinement time is somewhat shorter than the theoretically predicted
value, i.,e. a few tenths of the predicted value.
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SJEKTPONPOBONHOCTS U TOKOBBI HATPEB
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Abstract—AHHOTALMKSA

THE ELECTRICAL CONDUCTIVITY AND CURRENT HEATING OF PLASMA IN A STRONG MAGNETIC FIELD.
The results are given of a study, with electric fields from E = (0.01-100) E, of the electrical conduc-
tivity of a plasma in a strong magnetic field Hy > (4mmg ¢® 0 N2, Here Ep=1.36x 10" ng/Te is the
Dreicer critical field, ne the plasma density, me the electron mass, Te the electron temperature of the
plasma and C the speed of light. It is shown that when the eleciric fields E = (0.1-0.7) V/cm and the plasma
density ne = (2-4) x 10" cm?, the electrical conductivity of the plasma o is inversely proportional to E.
The current velocity of the electrons u in the region 10 < E/E, < 100 tends to saturation. At the same time
a linear relationship is observed between the current and thermal velocities of the electrons u 0.1 Ve.
The relationship between the resistance anomaly c,cT/c and E/Ey, is also linear in the region
0.1 <E/Ex <100. Here 0 o1 s the Coulomb conductivity calculated on the basis of the temperature de-
termined from measurements of the plasma diamagnetism. The electrical conductivity anomaly reaches
values of the order of 10* when E/Ey = 100. When such an anomaly exists the plasma temperature
T = T + £ Tj amounisto500-600eV atadensity ne= (2-4) x 10* cm™. A comparison is made with data
obtained during previous experiments carried out in a narrower range of E/E in various closed magnetic traps. An
explanation is offered for the data obtained on the basis of assumptions regarding the build-up of ion-acoustic
instability. It is assumed that the stabilization of unstable ion-acoustic oscillations occurs when the
movement of resonance electrons in the field of these oscillations becomes strongly non-linear, namely when
their oscillation velocity attains the order of the wave phase velocity. In that case the energy of the oscil-
lations W = 1/87 < (AV’)Z>"‘(U/VT6)4ne T.. Deceleration of the greater part of the non-resonance electrons
and, consequently, the occurrence of an anomalous resistance, may be caused by the scattering of the
electrons by oscillations, the phase of which undergoes arbitrary changes in a non-linear régime. On the
assumption that the correlation time of the Fourier components of the oscillational electric field is of the
order of the inverse non-linear decrement of attenuation, an expression has been obtained for the conduc-
tivity of the plasma.

BJIEKTPONPOBOLHOCTE U TOKOBBIH HAT'PEB IIJIA3MBl B CUJTBHOM MATHUTHOM
TIOJE.

IlpuBeneHsl pe3y/bTaThl U3YHYEHUST 3JIEKTPONPOBOAHOCTH MMAa3MBl B CHJIBHOM MAarHUTHOM MO~
ne Hy > (4rmec?n, )2 | nonyuenntie npu anexTpuyeckux moasx E = (0,01+100) E, . 3aecs
Ex= 1,3610712 n, /T, — xpuTHyeckoe none lpaiicepa, n, — NAOTHOCTE MJIa3MBbl, M — Macca 3J€K-
TpoHa, T, — 3/ekTpoHHas TeMnepaTypa [Jas3Mbl, C — CKOPOCThb cBeTa. IIOKa3aHO, UTO NPH 2/1€K-
Tpuyeckux noasx E = (0,1+0,7) B/cM M IIOTHOCTH MaasMbr ne = (2 +4)10'2 c¢m ™8 snekTponposox-
HOCTB MJIa3Mbl 0 o6paTHO nponopuoHanasia E. BesHunHa TOKOBOH ckopocTH aaeKTpoHos U B
obnactH 10 < E/E, < 100 cTpeMHUTCsa X HacHleHH. [Ipu 3ToM uabmogaeTcsa AHHeiHHAas CBA3b
MeXJy TOKOBOM M TEIJIOBOH CKOPOCTAMH 3JeKTpoHOB U = 0,1 vye. 3aBHCHMOCTb aHOMAJ/HH CO-
nporusnenns o.r /0 ot E/Ey Taxxe nuHeliHa B obnactu 0,1 < E/E; < 100. 3xech 0 = xysno-
HOBCKas NPOBOAUMOCTD, BbUYKC/IEHHAs IO TeMnepaType, ONpeAe/IeHHON U3 H3MepeHHi AnaMarHe-
TH3Ma NIa3Mbl. BeJIMYMHA 2HOMAa/UH 3JIEKTPONPOBOJHOCTH ACCTUraeT 3HauYeHMH nopsaxa 103
npu E/Egx = 100. Temmneparypa nnasmb T = T, + £ T; cocTapiseT Npu HaAUYUM TAKOH aHOMa-
nun 500-600 3B NpH MIOTHOCTH ng= (2 +4):1012 cM® . IposeneHo cpaBHeHHe MOMYYEHHBIX AaH-
HBIX ¢ 6O/lee PaHHHMH 3KCIIeDUMEHTaMHM, NPOBEAEHHLIMH B 6onee yakoi obnactu E/E, ua pas-
JIMYHBIX 3aMKHYTHIX MaTCHUTHBIX JoBylWkax. IIpeanaraercsa o6bsicHeHHe NMOJYYEHHBIX NaHHBIX Ha
OCHOBE NPEeANOJOKEHUS O PAaCKayKke HOHHO-3BYKOBOH HeyCToiuuBocTH. I[Ipenanonaraercs, uTo
cTabuan3alys HeyCTOHYMBEIX MOHHO~3BYKOBBIX KoJe6aHUA MPOMCXOAMT, KOTAa ABHXEHHE pe3o-
HaHCHBIX 3JIEKTPOHOB B MOJI€ 3THX KONMe6aHUH CTAHOBHTCS CHIBHO HEJHHEHHBIM, a MMEHHO, KOoTAa
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WX OCLIMAAILMOHHAS CKOPOCTH CTAHOBHTCS mopaika Gas3oBOH CKOPOCTH BONHHE . B 3ToM ciaydae
aueprus Konebauuin W= 1/8r < (Aq))z > ~(U/vre ) n.T,. TOpPMOXeHHe OCHOBHOI MaccCh He-
pPe30CHAHCHBIX 3JEeKTPOHOB M, C/NE€NOBATEbHO, MOABAEHNE AHOMANBHOTO COMPOTHBAEHHS MOTYT
6hITL OBYCNOBAEHD HX paccesHHeM KonebaHuaMH, Gasa KOTOPHIX B CHJIBHO HEJHHEHAHOM peXHuMe
H3MeHseTCH CAy4YailHO. B NpemnosoxeHuH, 4TO BpeMsA KOPpeNALBH KOMIOHEHT dypbe 3/1eKTpu~
4eCKOTO0 oA KojsebaHuil nopajKka o6paTHOTO HEIMHEHHOT'O NeKPeMEeHTa 3aTyXaHUs, IIoNyYeHo
BhlpaXeHHe AN MPOBOAUMOCTH IIJIa3MBl,

OxcrnepuMeHTaJbHEIe HCClefOBaHKs TOKOBOI'O HArpesa [1J1a3MBbl, BbIIOI-
HEeHHBle Ha 3aMKHYTOH MaruuTHOH Josymke Tokamak [1,2], a Takxe na cren-
napatopax "C" [3,4] u "Cupuyc" [5,6], nokasanu, 4To B cnyyae CUILHBIX Mar-
HUTHEBIX TtoJeft Hy > (47rmeczn)1/2 HabJAaeTCsl 3HAYUTe/IbHAA aHOMaIUsa COo-
TMPOTHUBJIEHUS NIPH 3JIEKTPHYECKHUX MONAX, MEHBIUIUX WIH CPABHUMBIX C KPUTU-
yeckuM mojeM Jipaiicepa E, = 1,410, /T, [7] . 3zecsn- mioTHocTE a/mek-
TPOHOB ILJIa3Mbl, Te — TeMIepaTypa €e 9JeKTPOHHOH KOMIIOHEHTHI B 9JIEKTPOH-
BOJIBTAX, M — Macca 3J1€KTPOHA, C — CKOPOCTh CBETA.

CymecTBypllass TeOPUS aHOMAJABHON 9/€KTPOIPOBOZHOCTH AN CAydas cja-
65X MarHUTHBIX HoJeit [8-10] He gaeT 06BsACHEHHS Pe3yAbTaTOB yKa3aHHBIX
BhIIIEe pabor.

BrIo npeasoxeHo ABa Mexauuama [11,12] ans uurephnpeTauuu ZaHuBIX,
MOJIyYeHHBIX Ha TOKaMake, HO MX JeTallbHOe CpPaBHEHHe C SKCIEepHMEeHTOM Io-
Ka 3aTPYZHUTEJEHO H3-3a OTPAHMYEHHOCTH 061acTH U3MeHEeHHST NapaMeTpOB
nnaasMhl B 3TOit ycTauoske. Kpome Toro, B pa6ore [13] 6ria npeanpunsaTa
TIOMBITKA O6BACHUTEL aHOMAJIMIO CONPOTHBIEHUSA 3aMarHU4eHHOM Na3MBbl IPUMeE -
HUTEJBHO K 9KCIIepUMeHTaM Ha cTejnapaTtopaXx [3-6], B KoTopkix ucciaenosan-
cs peXuM cnabbIX »/7eKTpUdYeckux nouei E < E .

C uenew HccaeLOBaHUA H3ydaeMoro sddekTa U ero MaKpPOCKOMUYECKUX
XapaKTepHCTHK HA cTesuiapatope "Cupuyc" [14] 6bu1a BhimonHeHa cepus 9Kc-
[IepUMEHTOB, OTAeJbHbIE Pe3yJbTaTsl KOTOPHX U X CPaBHEHHEe C HMe®lUMHCH
TeopeTHYeCKUMU NpeJCTaBAeHMAMH IPUBOAATCS B JaHHOM JOKIaze .
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Hccnenosanochk CONPOTHBIIEHHE Te/IMeBOH IIJ1a3MBl C MJOTHOCTHIO 3JEK-—
HOB n = (2+6)-1012 cM™® . HanpaxeHHOCTH MaTHUTHOTO NOJA U3MEHANACH DU
5TOM B Ipejieyiax oT 8 10 16 K9, HaNPAKEHHOCTH 3/MEKTPHUUECKOTO IO/, 1apa-
J€1BHOTO MaTHHTHOMY, — oT 0,1 1o 0,7 B/cM. BeluuMHa OTHOWEHHA SIMEK-
TPOHHOI UMKJIOTPOHHOM W M JIEHTMIOPOBCKOH Wpe YACTOT HIMEHANACH B HCCTE=
Ayemoit obnactu ot 0,8 10 3,6.

IIpoBoaunuCh H3MEPEHHs Pa3pAdHOTO TOKa B KaMepe cTe/LiapaTopa, Ha-
npsxeHHs Ha ee obxoxe, H3IMEHEHHA NPOJOJBHOI'O MAarHHTHOTO IIOTOKa, 0byc—
JIOBJIEHHOr'O AHaMaTrHeTH3MOM IIa3MBbl K IIOBeJeHHUs IIJIOTHOCTH IIJ1a3Mbl BO
BPEeMEHH .

IIpu o6paboTke pe3yNbTAaTOB PKCIEPHMEHTOB NPEANOJaraaoch, 4TO TOK
pPaBHOMEDHO paclpeXieJ/ieH 10 CeUeHH [IIa3MEHHOTO MHypa (NPSAMOYT'OJIBHOE
pacnpejejieHue).

O6HapyX€eHO, YTO NIPH MOBLIIIEHHY HANPSAXEHHOCTH 3JE€KTPUYECKOTO OIS
MJIa3MEeHHBII TOK CTPEMHTCS K HaCHINEHHD, & CKOPOCTH HapacTaHUA JUaMar-
HUTHOTO CUT'Ha/la yBe/lH4YHBaeTcda. IIpH 3TOM ompexneseHHas Mo AHaMarHHUT-
HBIM H3MEPEeHMsM CyMMa 3JIeKTPOHHOH M MOHHOH TeMIepaTyp 3HaYHTEeJBbHO
IpPEBOCXOAUT Ty, KOTOpasi COOTBETCTBYET U3MEPEHHSAM MO NPOBOAUMOCTH B
OpUOINXKEHUN YHCTO KYJ/JIOHOBCKHMX CTOJIKHOBEHU .

Ha puc.l moxkasaHa 3aBUCHMOCTH NMPOBOAUMOCTH mnasmsel o= j/E, us-
MepeHHas [P HaNpsAXEeHHOCTH MaTHUTHOTO noas Hy = 16 k3 u Tpex pasnuy-
HBIX 3HAUEHMAX IJIOTHOCTH 3JIEKTPOHOB, OT HANPAXKXEHHOCTH NIPOAOJABHOTO 3EeK=
Tpuyeckoro noas. Ilpu E > 0,2 B/cM oHa oyenb G6AH3KA K 3aBUCHMOCTH TH-
na o ~1/E. O6paboTka ZaHHBX 9KCIEePUMEHTOB MoKa3aja, 4YTO BeIHYHHA TO~
KoBo#t ckopocTH U= j/en 6rcTpo HapacTaeT ¢ POCTOM HAIPAXEHHOCTH SJIEK-
TpHYecKoro noas B guanasotve 0 < E/E, < 10 ¥ CTPeMUTCS K HAaCHIEHHO B
o6nactyu 10 £ E/Ek £ 80. CrnenyeT oTMeTUTh, UTO E}; pacCuMThIBalIOCH B
3TOM cJlyuyae IO TeMnepaType, BHUYHCIEHHOH U3 U3MEepeHHil AnaMarHeTu3sMa
IJa3sMbl, B MPEANONOXKEHHH, YTO TeMIepaTypa ee HOHHOH komrnoHeHTs T;= 0.
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Puc.2. 3aBHCHMOCTE TOKOBOH CKOPOCTH 2JIEKTPOHOB OT OTHOMEHHA NPHIOXEHHOTO 3N€KTPU-
4eCKOTO NONsA K KPHTHUECKOMy noumo Lpaicepa. Hy= 16 k3.
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Puc.3. 3asucumocTbk TeMnepaTypbl nnasMsl (T, + {T;) =T OT OTHOWEHHA NPHIOKEHHOTO /€K~
TPHUYECKOTO NOJIS K KPUTHHUECKOMY noiwo lpaficepa. H, = 16 k3.
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Puc.4. 3aBHCHMOCTH TEIUIOBOH CKOPOCTH 2JIEKTPOHOB IJIa3MBL OT HX TOKOBOH CKOPOCTH
Hy =16 k3.

CKOpPOCTB pocTa TeMIlepaTypP5l MJIa3Mbl C YBeJIMYEHHEM HANPAXEHHOCTH SJIeK-
TPHYECKOro Mo/ TaKXe NpeTepneBaeT usMeHenue lipu E/E, =~ 10. O6e aTu
3aBHCHMOCTH [TOKa3aHBI Ha pUc.2 ¥ 3,

V3 pauHbX, IpHUBeNEHHBIX HA PHC.2 U 3, HETIOCPeJCTBEHHO CAelyeT JUHeH-
Hasl 3aBHCHMOCTDB TeNJIOBOH CKOPOCTH SJI€KTPOHOB IIA3MBL V= NT, /m, ot
U (puc.4). Kak BHIHO, B 3TOM cJiy4ae, TakK Xe KakK M Ha cTesrapaTtope "C",
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U=0,l vp,. Hna ToxaMaKka 3Ta Be/JIMYHHA OKa3bBAeTCs HEeCKONbKO GoJibleH,
a umenuo U = 0,3 V..

Vurepecno 65110 ONpenenuTh BEJHYMHY aHOMAJHUU 31EKTPOIPOBOAHOCTH
M ee 3aBHUCUMOCTE OT OTHOWEHHUS MPUWIOKEHHOTO 3JIEKTPUUECKOTO NONS K KPH-
THyecKoMy noio lpaiicepa. Ha puc.5 npeacTaBneHs pe3ynbTaThl HCCAEAOBa—
HHS 3aBHCHMOCTH OTHOWIEHHUS NPOBOAMMOCTE, BHUHC/AEHHOH Mo GopMyne CIuT-
uepa [15] o v usmepenuoil skcnepumMenTanbuo o, or E/Ey . Ora sasucu-
MOCTB OCTaeTcs JHHENHHOH B JOBONBHO WHPOKOM AHaNa3oHe u3MeHeuus E/Ey .
BmecTe ¢ TeM, BenMuuHa cCT/o NpHMepHO B 6 pa3 NIPeBOCXOAMT Ty, KOTopas
fblJa MOJMyyeHa Ha yCT2HOBKE TOKaMaK IpU OXMHaKOBEIX aHaueHHsax E/Ey .
CTo/b CylleCTBEHHAs Pas3HHIA MOXeT OHTE CB3aHa C Pa3JIMuHbBIMH NPEANIONO-
XEeHUAMH O pacnpelelieHHH [JIOTHOCTH TOKa [10 CeUeHHIo MIa3MEeHHOT o WHypa,
HCIOJIb30BAHHEIMU B JaHHOH pafoTe M Ha yCTaHOBKE TOKaMak IPH BhIYMC/IE ™
Bud U ¥ 0, a TakXe OTYaACTH TeM, YTO IIPH BBIUMCIEHUSAX O .t M By 35ech uc-
Nnojab30Bajiack TeMilepaTypa, olpeje/ieHHas U3 U3MepeHul AuaMarHeTusMma,

B npeanonoxennu T; = 0.

Pasuuna moxeT 6pTh 0OyCJ/IOR/IEHA BEJHYHHOR HANPAXEHHOCTH MaTCHUT-
HOTO MOJI U KOJMYEeCTBOM HeHTpa/ILHOTO Tra3a M npumecei B miaasme. KouT-
POJBHEIE M3MEpEeHHs OKa3ajM, YTO BeJMYHHA O.p/0 BO3pacTaeT C yBeauye-
HHMeM KOJxYecTBa HelTpasos u Hy.

CpaBHHTenbHEA aHaMM3 KOAUYeCcTBa IpumMecel B 06enx ycTaHoBKax u O-
penenenre 9@ dHeKTHBHOTO 3apsaka HOHOB [1OKA HEBO3MOXHEL U3-3a OTCYTCTBHS
3KCNepHMEeHTaJbHBIX AaBHBIX ,

Vcnonb3ys paHee NOmyuyeHHble naHHbie [5,6], MOXHO MpOCIeAUTE 3aBUCH-
MOCTE aHOMAJHMH 3JIEKTPOINPOBOAHOCTH B WIHMPOKOH 06jlacTH H3MEHEeHUs Napa-
MeTpoB. I'paduku 3aBUCHMOCTU O'CT/O' oT E/Ek npuBeneHd Ha puc.6. Anasa
CpaBHeHHMs Ha 3TOM Xe rpaduke HaHeCeHBl TOYKH, NOJYyUEHHBIE Ha yCTaHOBKE

%

3
2-10 7

Scr
6
()

1-10%

Puc.5. 3aBHCKMOCTb aHOMa/MM NPOBOAHMOCTH Gr/G OT OTHOWEHUS TPHIOKEHHOTO 3NEKTPH-
YeCKOTO NONA K KPHTUYeCKoMy noao Jpaitcepa. Hy= 16 ko, n = (2+4)102 cm™,
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Puc.6. 3aBHCHMOCTH aHOMaJIHH NIPOBOZMMOCTH U¢r/0 OT OTHONMEHHS MPHIOKEHHOTO 3AEKTPH-
4ECKOTro MoJf K XKPUTHYeCKOMY noJmo Jipaiicepa. ITyHKTHpHON JHHMeli nOKa3saHa 3Ta Ke 3aBHCH-~
MOCTE, NOCTPOEHHAS N0 ZaHHBM, NOAYUYEHHBM Ha crejtapaTope "C" (X) B rokaMaxe (A) .

TOKaMak U cTemnaparope "C". Kak BuAHO, pa3HULa MeXAYy JaHHLIMHU, 1OTy~
YEeHHBIMH Ha pas/IMYHbIX YCTAaHOBKAaX, CBOJAUTCH, B OCHOBHOM, K MHOXHTEIO
nopsaaka 2+ 5. IIpHuYMHBl 9TOTO pacXOXACHHUS OBUIM yXe yKasaHbl BhIe .

Hafmonaemas aHOMaJ/IHsA COMPOTHB/IEHUA 3aMaTHUYEHHO MIa3Mbl ¢ NIpoO-
JONBHBIM TOKOM MOXeT GHTH O6BiCHEHa B NPeANONOKEeHHH Pa3BUTHA HOHHO-
3BYKOBOH HeycToluuBocTH. TeopHd ZOJAXHA NPH 3TOM OTBETHUTE Ha ABa OC-—
HOBHBIX BOIpoca:
1) Kaxum MexaHuaMoM o6ycloB/IeHa cTabuIM3alHsl HOHHO-3BYKOBOH HEYCTOR-
YHBOCTH M KaKOB YPOBEHDb TYpPOYJIeHTHBIX NyAbCaluit?
2) Ecan crabunnsanus uMeeT MeCTO, TO KAKOB MEXaHHU3M Nepefaud HUMIIYIb-
ca OT 3JeKTPOHOB HOHaM, ofecrneuynBaplini NOABIeHHe aHOMAaNbHOTO COIPOTUB-
JISHHUS, U KaKoBa BeJHuYHHA 3P PeKTHBHON YaCTOTH pacceiHUs 3J€KTPOHOB Ha
TypOyneHTHHX NyJibCauusxX 3JeKTpHUECKoro nong ?

B nnasMe npu wHe/wPe» 1 571eKTpPOHbI COBEPUAKT B [10J1€é HOHHO~3BYKO=
BbIX KosebaHHii MOUTH OAHOBPEMEHHOE ABHXEHUE BAOND MACHHTHOIO MOAS .

JBHXeHHe De30OHAHCHBIX 3JIeKTPOHOB, OTBETCTBEHHBIX 3a BO36yXIeHHE
KoyiebaHuit ¥ HMeKIHX CKOPOCTH BAOJAL MarHUTHOTO NOJS V), :wg/k,, , CTaHO=
BUTCS CHJIBHO HeJMHefHbIM, KOTJa NnoTeHlHan koaebauut ¢ (r, t) gocTuraer
3Ha4YeHHus, IPH KOTOPOM OCLUMLISLUOHHAS CKOPOCThH

~ ek, ¢ 1
vz me (kyvi = wg) ()
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CTAaHOBHUTCS PaBHOH IO NOPAAKY BeJIW4YHMHB Pa30BOH CKOPOCTH BOJIHHI

wyp /ky=v¢ ~U. 3xecs W3 ~Wpj — YACTOTA MOHHO-3BYKOBBIX koyie6aHuit,

k ~ l/r'D — XapaKTepHBH i BOJIHOBOH BEKTOD, Kk, — NPOEKLHUSI BOJTHOBOTO BEKTO-
pa Ha HampaB/J€HHe MaTHUTHOTO nojas, U — HanpaBJ€HHAasi CKOPOCTE SJI€KTPO-

HoB. OTcwona noJjyiaeM OLUEeHKY A5 SHEePTHU HOHHO-3BYKOBLIX KosiebaHui .
4
kK2e? (U
W2 ~{ = )T, (2)
8r Vre

IIpn yposHe myMoOB (2) Pe30OHAHCHBIH 3/IeKTPOH B Te4eHHEe BpeMeHH l/wl-;
cMemaeTcs Moj AeficTBUEeM MoJiA KojebaHuil Ha PACCTOSIHHE MOpPAAKa NPOAOAL~
Hoit mnuusl BomHsl 1/k, U u3MeHseT cBow a3y MO OTHOMEHUW K BOJHE HA Be-
JIMYMHY NopsaAKka 7. EcTecTBeHHO OXUAATh, YTO B 3TOM ciayvyae o6MeH 3Hep-
THel MeXAy pe30HaHCHBIMH YacCTHLAMH U BOJHAMHU B CpeJHeM MpeKpaTHTCH,
T.e€. HOHHO-3ByKOBas HEyCTOHYUMBOCTE cTabuausupyercsa. OLeHKYy (2) MOXHO
TaKXe MOJYYUTh Ha OCHOBE Te€OpHH cjaboi TypOy/ieHTHOCTH, MpUPaBHUBAs He -
JMHEeAHBIA NeKPeMEeHT 3aTyXaHHs v ~wp (v1e/U )3 W/nT, , yuuThIBaAOWLKi He -
IUHeHHOe paccesHUe HOHHO-3BYKOBBIX KoJjieOaHMIl Ha pe30HAHCHEIX 3/IeKTPOHAX,
JIIHe HHOMY WHKPEMEHTY HapaCTaHUs v ~wPiU/vTe [15].

OCHOBHasi Macca SJeKTPOHOB HMeeT CKOPOCTb |vy |~ Vpe) 3HAUNTENBHO
Gonruwyw ¢as30BOit CKOPOCTH BOJIHBL B CHCTeMe OTcCuYeTa, ABMXYylielica co cpen-
Heil cxopocTrio U, (wy -k, U)/k”~vs =NT, 7mi, TaK 4TO UX B3aUMOAeHCTBHE
c Kone6GaHUAMHU ABAgeTCA afnabaTUYeCKUM M B KBa3WJIUHEeHHOM NpHUOINXKEHHU
OHU NOJIXHBI 6bUIH 6Bl HENPEPHBHO YCKOPSTHCS BHEIIHUM 3JIEKTPUYECKUM IO~
neM. (AcUMITOTHYECKOe NMoBeAeHUe PYHKNMI pacnpeleneHus 3JeKTPOHOB U
HOHOB U CII€KTPaJbHOM MHTEHCHBHOCTHU KoJieGaHHil MpHu t - 0 Ha OCHOBE KBa3u-
JNIHHeHO} Teopuu 6biI0 HalineHo BexkmTeitnoMm, PorossiM n Caraeessim [16]).

TopMoxeHne 3/J1€KTPOHOB K HOHOB B 3/JIeKTPHUYECKOM I10J€ B OTCYTCTBHE
CTOJIKHOBEHHI MOXET OCYWEeCTBAAThCSA 3a CHeT HeJuHeHHHX adpdexkToB. Pac-
cesiHUe 3/JIeKTPOHOB Ha 'GHeHHAX'" HOHHO-3BYKOBBIX KojebaHuii ¢ pa3osoi
cKOpoCTEL | (W} - wﬁ')/(kn - k)| ~ V1, mpuBOAKT K NosTBAEHMIO 9P EKTHBHOIM
4acTOTH pacCesHUs 9JIeKTpOHOB [15] .

v ~wp_<W 2~w <Q_>9 (3)
ff p vTe nTe Pl vTe

KpomMme paccesanus na "OueHusax", BO3MOXHO cyllecTBOBaHUe 6oJjiee CUJIb-
HOT'O MeXaHH3Ma TOPMOXeHHUsS 9JIEKTPOHOB M HOHOB, CBSI3aHHOTO CO Ciydaii-
HBIM cboeM Pa3 H KOHEUHOCTBID BPEMEeHH KOppeJIfALHH KOMIOHEHT Pypre KO-
nebaHu#t BCHeACTBHE HX HeJIMHEHHOrO B3aHMOAEHCTBUA .

Tak Kak ocLUM/UIMpywllas 4acTh YHKUHU paclpele/ieHHs 3JIEKTPOHOB MpPH
[vu[ ~ VpeMajla Mo CPaBHEHHI ¢ yCcpeAHeHHON (PoHOBOM) uacThio GyHKUHU pac-
npeaeneuns f, (f ~ U/vTef0e<< foe)s TO A f MOXHO BOCHONB30BATHCS ypaB-
HEHHEeM THIla KBa3WIMHEHHOTO ypapHeHus auddyasun [17]:

2
ofp _ e° 9@ > g 9fy. %
—_ T dk k ](p—»fz-a“v —(w_) _ k”V )2 I V2 (4)
(i K 1t
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Ilpu nonyuennn (4) KoppensuHonHas PyHKUUa Gbuta BbOpaHa A NPOCTOTH B
BUAE:

BpeMs Koppeasuuu 1/v nopsaixa BPeMeHH HeJHHeHHOTO 3aTyXaHus Koje-
Ganuit, T.e. V™~ Yy ~ 7, . YMHOXad (4) HAa M.V, H MHTErpHPYd MO CKOpPoO-
CTAM, NOJYYHM IJ51 CKOPOCTH H3MEHEHUS HMIyNnbca 3JEKTPOHOB B eJHHHULE
obbemMa mia3Mel:

. (Hepes) 0
Pz = ggfme I fOedv”_ ~m,ny, efo

(5)
v W
- fdk dv, k2 |go->| BV., (““TI " vmengU =T

e

OTciona HaxoauM 2dHeKTHBHY©0 YaCTOTY CTOIKHOBEHHH:

U 5
Veff ™ Wpi\ — (6)
P VTe
IIpyu HaJIHYMK SJIEKTPUYECKOrO MOJSA B CTALHOHAPHOM COCTOSAHHM MVepr U ~ eE
n
1/6
ek
e () "
Me Ve Wpi

rae n — Kod@duuueHT nopanska eauHruus. CoorHoueHnue (7) MOXHO Takxe

npeacTaBUTh B BHUIE!
/6
= g (8)
me e pi

Ser _ 5 E_<Ek.9.pi>1/6
o IEL\NE v, n; ~1 (9)

HecMoTps Ha MaloCTh I10 CpaBHEHHMD C eAMHMIEH napaMeTpa
(eE)/(Me VTeWpi ) M3-3a HATUUHS KOPHSA WECTOR cTemeHU B (7)-(9) MOXKHO cuM-
TaTh, 4To U He 3aBHCHT OT E, a ¢ — ob6paTHO nponopuuoHanbio E.
OCTaHOBHMCA Ha BONPOCE O 3aKOHe COXpaHeHHs uMiyibca. Hwmnynsc,
npuofpeTaeMelil B eIMHULY BPeMEHH SJEKTPOHAMM OT HOHHO-3BYKOBBIX KOe-
BaHuit, P(e), JONKeH B KOHeYHOM cueTe NMepezaBaThCs HOHAM .
Bemml«my P(l) MOXHO OUEHHTH, HCIIOAbL3Yys ypaBHeHUe gudPysuu nas do-
HOBOH QyHKLHUHU pacnpe,uenel-mﬂ HOHOB!
of,, €2 9 o o 9. 2 v
Bt =l ov dkk(k??) oz (g - KV)E + 2
YMHOXas 3TO yPABHEHHE HA MV, M MHTETDHPYs, MOJIY4YHM, YUHTHBASA MajoCTh
BeJiuuMH kv ~KV 4 ¥ IO CpaBHEHH C Wy , YTO
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SN B = - = f 2(7, Oty v
<PZ> at‘[mlvzfodv dkdvk |¢»[Q& (w;’ TV ot
X (10)
e = = 2 y(Kv)
2 — k - k_Ql — _Ie
: fdkdv Z]¢k| < > nT T Um,n

CpaBnuBad (10) ¢ (5), HaXoAUM, UTO UMIIY/IEC, IOJIyYaeMbIii HOHAMH, B
vre/U)” pas NpeBOCXOAUT MMIIYIbC, MOMy4YaeMblii HEPE3OHAHCHEIMH 3/I€KTPO=
wamu. OnHaKO, MOCKOJBKY CyMMapHBbIii UMIIYIbC 3J€KTPOHOB U HOHOB NOJIXEH
COXpPaHAThCs, TO U3MEHEHHE UMITY/IbCa UOHOB AOJ/IKHO KOMITEHCUPOBATBHCHA U3~
MeHEeHHEeM HUMIIyJ/JbCa PEe3OHAHCHBIX 3JIEKTPOHOB. J elRCTBHUTENIBHO, AJIS U3ME -
HEHUS] UMIIyJIbCa PE3OHAHCHBIX 371eKTPoHOB (v, £ U) nomyuum us (4), nosiaras
B pe30oHaHCHOIT obnacTu

v

(Wp- kv P Fo2 7Ok

4To
. (pe3) o2 :
~ - — T3 2 2 1V _
(P> meffdkdvk" Igar(.l JT;%'[ 8 (wp= K, v,)
e
(11)

W
_.Ie
YpinT, T metU

YcrTauosuBleecsa TypOy/eHTHOE COCTOSHHE, NO~BHAMMOMY, He 6yxeT cTa-
OUOHAaPHBIM . XapaKTepHble BpeMeHa MyJ/JibCalMil MOXHO OLEHHTH, UCIONb3Ys
YpaBHEeHUA MepeHoca:

9 9
ot Mg Ny Uy + a_;k m < (vy - o ak)>

=enE, —e nvVe

[>amyv4
IIpoussens ycpefHEHUE, IONYUHM:

9

9 = 13 =
Bt P = at (motno Ua0+ ma<n Uaz>) = eaEOn - ea<nav¢ > (12)

rae A=A -{A>.
Y MHOoXas ypaBHeuue ITyaccoHa
Ag=4re (n - n)
Ha V¢ U yCpeAHssi, IONYYHM C yYE€TOM OXHOPOAHOCTH TYpByIeHTHOCTH, YTO
vy > =<n; Ve >
DTo o3HavaeT, UTO CHJia TpeHHa E = e{#Vy >, meficTBywlas HA 3JIEK-
TPOHBM, paBHa Mo abCoMOTHON BeMHYHHE M IIPOTHUBONOJOXHA IO 3HAKY CHJIe Tpe-

HUs, KelicTeyomeil Ha Houst F; = —e (N;Ve). Hcnoassysa 3To, nonyuaem us (12)
3aKOH coxpaHeHus umnynsca P,, + P, = 0.
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YuureBas (1) 1 UCIIONb3YS IHHEApH3IOBAHHBIE ypaBHEHMs ABUXEHHS U ypaB-
HEHUSI HENPEePEHIBHOCTH, MOXHO IIOJYYHThb CJAeIYyoliHe OLEeHKHU Myabcauui naoT-

HOCTH H CKOPOCTH 3JI€KTPOHOB U HOHOB:

ek, m, U

R
?
5
e
?
5E
<
ps

2
U,~Zu T,~U —> (13)
m.

2
NN U
n; ~n —V—
Te

=38

OuennM vuuThBaf (13), Benuuuny cunsl Tpewua F, . Ecau 61 Bpemsa
KOppeIAluU 63110 6eCKOHEYHEIM, TO BeJUuYUHN fip u Ep = ik, ¢y coBepmanu
651 kose6auus B npoTusodase u seanunna {AV, ¢ > 6s1a 65 paBHa HYID.
IIpu yyeTe KOHEUYHOCTH BPEMEHHU KOPPENAUUH NTOAyUaeM:

F, = -efik ¢ = ~ u Y U 14
i = Cenk, e oy Wi v, me (14)
[

YTO COBMajaeT ¢ oueHkoi (10).
YuuteBas (7) B ypaBHEHUM JBUXEHUs! XA MOHOB (12), MoxHO npenebpeyb
xefcTBHEM IIOCTOSHHOTO 3JIEKTPHYECKOI'O M0JIf, TaK YTO

OTciona 1 U3 (14) caenyeT, 4TO XapakTepHas yacToTa NMyabcauuit Benmuyu-
unl (f;U,,> momxua 63ITh Nopsaaka v . JeHCTBHTEIbHO, B 9TOM ClIyuae, Jie-
Baf 4acTb O9TOI'O YpaBHEHHs NOpPAAKA

o ~

ot DiCH; Uy, > ~mvn U, ~F

B ypaBHEeHUH JBHXEHHA A/ 9JIeKTPoHOB (12) Takxe MOXHO npeHebpeub
enE, no cpasnenup ¢ F, = - F, . Beauuuna enE;, KOMIEHCHPyeTCs H3MeHe-
HUeM HMIyJbCa 3JIEKTPOHOB, B KOTODBIA I'NIaBHBIHA BKJaJ AaKT HEepE3OHAHCHbBIE
snexkTpoubl. OLEeHHM Tenepb Pze . B pesonaHCHO# o651acTH

By 8 WU
¢ mwp- kv, oy, Ve Oe

OTMeTHUM, UTO U3MEHEHHE MIPOH3BOAHOMR f, ITO CKOPOCTH B pe30HAHCHOH
ob6nacTH

12fe 1~ 2 |
vy vy

OTcCloga HaXOAMM BKJaJ Pe3OHaHCHBIX 3JIEKTPOHOB B NYJABCAUHHU NJNOTHOCTH!

3
= U
Dpes ™ er~ <'V—-> n
Te
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Ilynbcauuu CKOPOCTH STHX JEKTPOHOB Upez ~ U. Bennuuusl f, Npes ,

Upes konebmorcs ¢ 4aCTOTOR ~Wp - 3HauuT

.(pea)N

o) . o o
ze -a—t- meanUpea'\' Wpi M pes U~TF,

Hakouen, ecau semuunna i U. » Takxe kone6neTCsl ¢ XapakTepHON yac-
TOTOM nopsaaxa v, TO AN JIeBOH 4acTH (5) moaydyaeM OHEHKY:

Gl
9 _(uepes) ~ U
EPeZ vm n U~ Wy VTe> nm, U

KOTOpasi MopsikKa NpaBoil yacTu ypaBHeHHd (5).

TTonyyeHnusie BHIE OUEHKH Ve W CHIBL TpeHusa F] cnpaBeamuBhbl IHWD IO
NMOPAAKY BEJIMUHHBI, TaK KaK ypaBHEHHs AUG QYy3HUOHHOTO THIIA A/ yCPEeAHEeH™
HBIX QYHKUMHA pacnpenenenus fy, ; Takxe CIPaBeAJMBEL B paCCMaTPUBAEMOM
clyyae CHABHON TypOy/J€HTHOCTH JIMIb 1O NOPSANKY BEJAHUYMHBEI .

BwmecTe ¢ TeM, NoJyyeHHbe TakuM obpasom QYHKLHOHANBHBIE 3aBUCUMOC—
TH Ogp/0 (E/Ek ) 1 U(Vye) COBRAnawT ¢ 3KCIEePUMEHTAJbHO [IOJIy4SHHBIMHU 3a-
BHCHMOCTsIMH. KojuuecCTBEHHOE pacxXoXIeHHe MeXIy SKCIepUMEeHTalbHbIMU
3HAYEeHHAMH ocT/a # U 1 uX TeopeTHYECKHMH OL€HKaMH He IIpeBhillaeT MHOXH~
Tensa ~ 3.
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DISCUSSION

B, COPPI: Have you any new experimental information on the
E/Eqgie < 1 regime, in addition to that presented at the Dubna conference?

K.N, STEPANOV: No. The weak-field regime was not further con-
sidered in this work,

S.E. GREBENSHCHIKOV: Have you any new experimental evidence
that ion-sound instabilities are excited in the case considered?

K.N, STEPANOV: Yes., Measurements with a dual high-frequency
probe showed high-frequency fluctuations with a frequency close to the
ion Langmuir frequency. As the current was increased and, at the same
time, the density, the frequency of the fluctuations in the plasma also
increased. The measured fluctuation frequencies were somewhat higher
{(by a factor of 1, 2) than the ion Langmuir frequency. This may be due
to excitation of the plasma by the probe,
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Abstract— AHHOTAUMS

EXPERIMENTAL RESEARCH ON MAGNETIC SURFACES AND PLASMA CONFINEMENT IN THE "SATURN-1"
THREE-TURN STELLARATOR-TORSATRON.

The "Saturn-1" toroidal trap is designed for the investigation of the properties of a magnetic field of
various configurations and their effect on the plasma confinement. The design of the device allows the
creation of two types of magnetic configuration: a three-turn stellarator and three-turn torsatron configu-~
ration. The main parameters of the trap are as follows: magnetic field strength Hy § 6 kOe; major radius
of the torus R = 35.6 cm; minor radius of the spiral winding a = 10 cm; inside radius of the vacuum chamber
r= 8,6 cm; number of periods of the magnetic field m = 8. Experimental investigations of the magnetic
surfaces were carried out with the help of pulsed low-energy electron beams. The results were compared
with calculations on a BESM -6 computer. The investigations of the torsatron configuration have shown that
closed surfaces exist over a wide range of changes in the components of the magnetic field:

0.4 £Kgp= Hq,b/Ho <1, 0.5% s H, /Hy £1.5%, where Hyy is the longitudinal field created by the helical
winding and H, is the vertical field for formation of a magnetic well. When a longitudinal field is produced
only by a helical winding (K= 1) the rotational transform angle and shear are rather high (i;~0.97,

Sy ~0.12), The optimum conditions, however, are realized when K,= 0.66 and are characterized by the
following values: iy= 0.8m, Sy ~0.2 and ry~5 cm (r, is the average radius of the outermost undestroyed
surface). In the stellarator régime optimum conditions these values are equal to ~m, ~0,25 and ~4.8,
respectively. Both in the torsatron and the stellarator configurations the superposition of a small vertical
field leads 1o the occurrence of a magnetic well (~10%) while a moderate shear value (~0.05) is main-
tained. The traps were filled with plasma by external injection from several titanium sources arranged near
the outermost undestroyed surface. The parameters of the trapped plasma were measured approximately
0.5 ms after the triggering of the sources. The dependence was investigated of the plasma confinement
time 7y, on the value of the longitudinal field and on the field ratio in both stellarator and torsatron régimes,
Investigations of the radial density distribution with the help of twin electric probes showed that the plasma
boundary approximately coincides with the outermost undestroyed surface. The quoted confinement time
(ry = Tn-rz/rﬁl » Where 1) is the plasma radius) increases with the increase in the helical harmonic of the
magnetic field in both torsatron and stellarator régimes.

OKCIEPMMEHTAJIBHBIE UCCIELOBAHUSA MATHUTHBIX MTOBEPXHOCTEN U YIEPXA-
HUS IIA3SMBL B TPEX3AXOIHOM CTEINAPATOPE-TOPCATPOHE "CATYPH-1".
TopounanbHas aoByuka "CaTypH-1" npenHasHaueHa and HccleOBaHUA CBOACTB MaTHHUT -
HOT'O TOJIA Pa3/HYHBIX KOHPUrypalHit 0 HX BAHAHHA Ha yAepXaHHe naa3Mil. KoHcTpyxuus ycTa-
HOBKH MO3BONAET CO3haBaTh MarHHMTHHE KOHGUIypaunH AByX THNOB: TPeX3aXOomHOrOo CTesulapa-
TOpa W TPeX3aXOAHOro TopcaTpoHa. OCHOBHbIE MapaMeTpHl JIOBYWKH: HAaNpPIXeHHOCTb MAaTHHUT-
Horo noas Hy £ 6 k3, Gonbwoi paauyc Topa R = 35,6 ¢M, Manblilt panuyc BUHTOBOH OBMOTKH
a = 10 cM, BHYTDeHHHH panudyCc BaKyyMHOH kaMepsl r = 8,6 ¢M, UKCJIO NEePHOAOB MaTHUTHOTIO MO-
A m=8. OKCNepHMeHTa/lbHble HCCAeAOBaHUA MATHHTHBIX MOBEPXHOCTEH NPOBOAWINCE C NMO-
MO BI0 MITY/ILCHBIX HUIKOIHEPreTHYHLIX 3/IeKTPOHHBIX Myykop. Pe3yabTaTh CpaBHHBAMUCH C
pacueTamH, BHIOJHEeHHbIMH Ha OBM BOCM-6. HccenenosaHua TOPCATPOHHOH KOHGUTypauuu
NMoKa3alu, YTO IaMKHyThle MOBEPXHOCTH CYMECTBYWT B WHPOKOM AHANA30HE U3MEHEHHA KOMIO-
HeHTOB MaruuTHoro nona: 0,4 £ Ky= H, /Ho < 1, = 0,5%< H, /Hy £ 1,5% rae H,, — npoxoas-
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HOe MoJe, CO3AaBaeMoe BUHTOBOI 06MOTKOM, H, — BepTHKanbHOE MoJe LIS NOoNy4YeHHs "MarHuT~

HOM AMH" . B TOM clydae, KOraa Mposo/abHOe MoJjie CO3AAETCHA TONBKO BUHTOBOH OBMOTKOMN
(K = 1) 3nauenue yria ppamaTenbHOro npeo6pasopaHus 4 "mupa" oka3bBawTCA JOBOJBHO BBI-
COKHMMH (i ~ 0,97, Sp~0,12). Oaunako ONnTHManbHble yCJHOBHA peanusynrcsa npu K,= 0,66 u
XapakTepH3YTCH CAeAyOIMMH BeIUUMHaMu: 1o = 0,87, 5o~ 0,2, r,~ 5 cM (ry — cpeauuit paanyc
KpaiHell Hepa3pylIeHHON MOBEPXHOCTH). B cTe/1apaTOPHOM peXUMe B ONTHMaJbHBIX YCAOBHSIX
3TH BE/JIMYMHBI OKa3bBAKTCA paBHbBIMU ~ 7, ~ 0,25 U ~ 4,8 cM, cooTBeTCcTBeHHO. Kak B TOp-
CaTpOHHOMN, TaK H B CTe/UIaPaTOPHOH! KOHPHrypauuaX Ha/loXeHHe BEPTHKaJbHOTO NMOoAA He6OoNb-
WOH BeHYMHBI IPUBOAUT K MOSIBIEHHI " MaTHHUTHOR aMu" (~ 10%) npy coxpaHeHUn yMepeHHo#H
BeaduuHs "mupa" (~0,05). 3anoaHeHHe JOBYWKH MJIa3MOH OCYWeCTBAANOCH NPH BHEUIHEH HH-
AKEeKIHHU N1a3Mbl U3 HECKOJBKMX THTAHOBCKMX MCTOYHHKOB, PACNOJOKEHHbX BOAM3U KpailHel He-
paspylieHHolt noBepxHocTH. ITapaMeTph 3aXBayeHHO! NMJIa3Mbl H3MEPAIHCH Yepe3 ~ 0,5 Mcek
nocsje cpabaTHBaHUSA UCTOYHHKOB. DBbUIM HCC/AEAOBaHb 3aBHCHMOCTH BpeMeHH yAePXaHHA Maas-
MBI, T, OT BEJIM4UHBL NPOAO/IBHOTO MOJSA U OT COOTHOMEHUH NONeH Kak B CTEN1apaTOPHOM, TaK
M B TOPCAaTPOHHOM pexHMax. Y ccienopaHHs pasHalbHbIX pacnpegeaeHudil MJIOTHOCTH C IIOMOILbK
ABOMHBIX B/IEKTPHYECKHX 30HJOB MOKa3a/M, YTO T'paHHLA [171a3Mbl NPUMEPHO COBNajaeT ¢ Kpai-
Hel HepaspylleHHOH NOBEPXHOCTh. Be/lHuMHa NMPHBEAEHHOTO BPEMEHH yAepXaHHA

{Th= Tn (1‘2/r‘,2”| ), T#e I, — PaiHyC NAa3Mbl) BO3pacTaeT ¢ POCTOM BHHTOBOH FapMOHHKH Mar-
HUTHOI'O MOJIA KaK B TOPCRTPOHHOM, TaK H B CT€/JIapaTOPHOM peXHMax.

I. BBELEHUE

B TeueHHe NOCJIELHHUX JIET MPOBOAHINCE CHCTEMATHUYECKHE U3YUEHUS pas-
JHYHBIX MoaudHUKauuit cTemrapaTopos [1-T7] . Ilenbio 3TUX usyueHuit 65i1a on-
TUMH3aLUA U JajbHelillee YyCOBEPIIEHCTBOBAHUE MaTrHUTHOM CHCTEMBl KJIacCH-
YeCKOro cTejlapaTopa, MOCKOJBKY COOpYXeHHe CTenapaTOpOB GOJbLIHX pas-
MepOB B HacTofllee BpeMs OI'PaHUYE€HO, B OCHOBHOM, TeXHHYECKUMH BO3MOX~—
HOCTSIMHU CO3JaHUA B 60nbWHX o6beMax MarHHTHOT'O NMOJISA 3HAUHTEJNBHOH Ha-
npsxeuHocTu. KpoMe Toro, B cTejulapaTopax o6beM ylepXHBaARWETro NOoJs
NPHMEpPHO Ha MOPSIOK NpeBHIlIaeT 06beM, HEIIOCPEACTBEHHO 3aHATHIA Naas3-
MOH .

HauGonee nojaHO paccuuTaHHON siBJseTCsT MarHUTHas cucTema "TopcaT-
poua" [3-T7], nospoasioias 4aCTHYHO YCTPAHUTH S3TOT HEJOCTATOK. B peaynb-
TaTe pacyeToB 6bUJIO MOKa3aHO, YTO TaKoil THUII JIOBYWIKH objlafaeT XOPOUHMH
CTabUIH3HPYOIWHUMYH CBOACTBAMH U PSAOM HPEHMYyWeCTB MO CPABHEHHIO CO CTes-
JlapaTopaMH.

Bonjiomenre Hied TOpcaTpoOHa M SKCIEePHMEHTalbHOe HCCIeJOBaHHE OC-
HOBHBIX TeOpPeTHUYECKHX TIOJOXEeHHH OCyuleCcTBIeHO B XapbKOBCKOM HH3UKO-
TexuuyeckoM MHcTHTYTe AH YCCP una ycTanoske "Cartypu-1" [8] . Ilenswo
NaHHOI'O IOoKJIala siBiasieTcs o6obuleHHe OCHOBHBIX Pe3YJbTATOB, MOJYYEHHbIX
Ha 9TOH yCcTaHOBKeE.

II. OTUCAHUE KOHCTPYKIHHU

Ycranoska "Catypu-1" (puc.l) npeacTaBisieT 3aMKHYTYI0 TOPOUAANBHYIO
MaTHUTHYK JOBYIKY C TPEX3aXOJAHBM BHHTOBHIM MAarHHTHBIM IOJEM.
OCHOBHEIE NTapaMeTpBl YCTaHOBKH:
1. MakcuManbHas HaMpsaXeHHOCTH NPOAOJABHOTO MarHHTHOTO moas Hy :
a) B KBa3HCTaLHOHADHOM peXuMme = 6 k9,
6) B UMNyJIECHOM pexuMe =~ 10 ka.
2. Boabuoii paauyc BUHTOBOHK obMoTkH, R = 35,6 cM.
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3. Manmil paauyc BUHTOBOR o6MOTKH, a = 10,0 cM.

4. Pa6ouuit o6veM BaKkyyMHOM! Kamepsl, v¥= 55 i.

5. Yucjao nepUoJOB BUHTOBOTO IOJSA, m = 8,

6.8, ~3,5107.

Bakyymuasi kamepa (3) u3roTosjieHa U3 HepxaBepowmel crtann HH-3 Ton-
WHHON 5 MM M He UMeeT pa3tseMOB. BHUHTOBas o6MOTKa (2) yjroXeHa Henoc-
PEACTBEHHO Ha KaMepy, [IpesBapUTeNbHO 06paboTaHHY ¥ Pa3MEUYEHHYI0 C BB~
COKOH CTEMeHbI TOYHOCTH .

CucreMa BHHTOBOTO MOJIA UMeeT ABE He3aBHCUMBble OBGMOTKHM, KaXAas K3
KOTOpPBIX o6seauHAeT "monoxuTenbuble" wan "oTpuuarenbusie” nomocs . Ilpu
paboTe B TOpCaTPOHHOM pPeXHMe BKioYaeTcs awbas us HUX. JIByxcioiHas
06MOTKa NPOAO/BHOTO MOJIS YJIOXKEeHa Ha HAPYXHBIH KapKac BUHTOBOH O6GMOTKH
Y BBHIIOJIHEHA B BHJAE COHpajell ¢ B3aMMHO MPOTHBOINOJOXHIIM HANpAaBJIeHUEM
HaBHBKH, HAMOTAHHHX C llaroM, NO3BOJSIOIUM pacnojlaraTh naTpy6ku A1 OT-
Kaykd, AUAardHOCTHYECKOM anmapaTyphl U CHCTEM HarpeBa IJasMbl. B KaXIoM
cioe pacnonoxeus 32 BuTKa. Biarozaps caBury O6MOTKH OTHOCHTEJBHO
LIeHTpa KaMepH Ha 15 MM yzanoch CHU3UTE "rodpu" B paboueM o6BeMe 10O
+1%.

ITpu BenuuuHe TOKa B 06MOTKe, paBHOM 15 KA, HanpsAXEHHOCTD MPOJAOAD-
HOT'O [OJIsT Ha OCH KaMephl COCTaB/IdgeT = 5 k3.

Cucrema BEPTUKAIBHOTO MO COCTOUT U3 KOPPeKTHUpywued (4) u KoM-
nencupyiomeit (5) 06MOTOK U H3rOTOBIEHA OTAENBHBIM 6JOKOM. Ha3sHaueuue
KOMIleHcHpyloeii O6MOTKY COCTOMUT B TOM, 4TO6bl B TOPCATPOHHOM peXUMe
CBECTH K MHHUMYMY BEJIMYMHY BEPTUKaJAbHOT'O IIOJIA, CO3JAaHHOTO BHHTOBOI
06MOTKOY . HeOAHOPOAHOCTH KOMIIEHCHPYWIWEro MAarHUTHOTO MOJS BHYTPH Ka-
Mephl cocrapasger *+2,5%.

KoppexTupyomas 06MoTKa npeJHasHaveHa A CO3AaHuA 'MarHUTHOM
AMB" nuan "aHTHAMB' Kak B CTe/UIapaTOPHOM, Tak U B TOPCATPOHHOM P& XU~
Max. O6e O6MOTKH X€CTKO CBA3aHH ADPYI ¢ EPYTOM, H [IPEAyCMOTPEHA pe-
TYJIMPOBKA MX PAcCIONIOXEeHHUs IO OTHOMEHHI0 K BHHTOBO! O6MOTKe, KaK B BEp-
THKaJIbHO}, TaK ¥ B TOPHU3OHTAJIBHOH IIIOCKOCTHAX .

ol
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Puc.1. Cxema ycTaHOBKH!
1 — o6MOTKa NPOAOABHOTO MaTHHTHOTO MO/, 2 — BUHTOBaA OGMOTKa, 3 — BaxyyMHas Kamepa,
4 — KoppeKkTHpywWas o6MOTKa, 5 ~ KOMIeHCHpywWwas o6MoTKa .
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Bce 06MOTKH BBHIIONHEHBl U3 OXJaxaaeMolt MenHol TpyOxu, a B KayecTBe
H3ON49UHH IPHMEHEeHa CTEeK/JOTKaHb, IPONUTAaHHAasd KpeMHeOpraHuye CKUM CO-
CTaBOM, 4TO NO3BOJAET NPOTPeBaTh KaMepy AO TeMIepaTypsl cBbuue 300° .

Tlpenenbusil BakyyM B Kamepe 1'10°"MM pT.cT.

KoucTpyKkuus ycTaHOBKH O6yCJ/IOBHIA BBICOKYID TOUHOCTDH H3TOTOBIEHUS
¥ B3aMMHOTO pacrnonokenus o6MoTok (Aa/a =~ AR/R ~ 107 | venapannens-
HOCTH IJIOCKOCTEH 0O6MOTOK BUHTOBOTO HIIPOJOBLHOTO TIONS < 1’)', a MakcuMalib-
HO BO3MOXHaf 6A130CTH OOMOTOK X paboueMy o6seMy ofecleynBaeT BEICO~
Ky 99 HeKTUBHOCTE MarHHTHON CHCTEMBI,

III . HCCIEJOBAHUE CTPYKTYPH MATHUTHOTO ITOJIA

1. MeToauka uccCJiedOBaHUs

Viccnenoranue MaTHUTHEIX [IOBEPXHOCTel ObIO NPOBEXEHO C NMOMOILBIO
3/IeKTpoHHBIX nyukos [9] . Toueunas sgexTpoHHas NyWKa HHXeKTHPOBaja
3JIEKTPOHHBIN Ny4oK € sHeprued 20-30 3B, anuTesbpHOCTHIO ~ 1,5 MKCeK. Bpe-
M$ KM3HH 3JIEKTPOHHOT O My4YKa ONpeAessjoch IIPU IOMOIM KOJABLEBOTO 3JIeK—
TPOCTATHUYECKOTO 30HJa. IlepeMmemwas mymky, MOXHO ONpene/NUTh CPaHUL bl
CylWeCTBOBAaHUA 3aMKHYTBIX MaTrHUTHBIX [TOBEPXHOCTEN .

Ing usyvyexdus ronorpaduy MarHHTHOTO IOJIS HCHONB30BAJICS BpaljalouHi-~
Ccs 30HK, KOTOPHH npeacTapaan coboil BoceMb palvalbHO PACIIOJOXEHHBIX AaT=
YUKOB $ 2 MM C OCblo BpallleHus, CoBllafaipmei ¢ HeHTpoM Kameprl. Cnenuane-
HOE KOOPAMHATHOE yCTPOHCTBO MOIBONMIO ONpeedAsaTh NOAOXEHHE NAaTUYUKOB
B pabouem o6reMme xamepsl. TakuMm ofpaszoM, NIpH U3MEHEHHH PaCCTOAHUS
TIYLWKY OT OCH KaMephl MOXHO IIOCTPOUTL CeMEeHCTBO MarHUTHBIX MOBEPXHOC™
Ten.

CyuwecTBEeHHBM HEJOCTATKOM 3TOT'O MeTOMa ABJASETCs TO, WTO Apeitdo-
Bble [IOBEPXHOCTH BOJU3W MarHUTHOHN OCH I/ TPEX3axXOJZHOTO cTejjaparopa
3HAYKTEJILHO OT/JAHUYAKNTCH OT BAKYYMHBIX MaTHUTHBIX IOBEPXHOCTEH .

VisyyeHHe MaTHHTHEIX IOBePXHOCTe NPOBOAMIOCE IJIsl CTE/JIaPaTOPHOTO
1 TOPCATPOHHOT'O PeXUMOB PaboThl yCTAHOBKHM B IIMPOKOM JAHAala30HE U3Me-
HEHHUA € — OTHOWEHUS OCHOBHOH BHHTOBOI rapMOHMKMN MarHUTHOTO IIOJS K IIPO-
AOJABHOMY MaTHHUTHOMY IIOJIO.

TTepBpIM 9TanoM GLINO olNpeneseHHe O6JACTU CyWeCcTBOBaHUS 3aMKHYTBIX
[MOBEPXHOCTEH, BTOPBIM — H3y4eHUE UX CTPYKTYPBHI .

OCHOBHBIMHU NNapaMeTpaMH MarHUTHBIX MOBEPXHOCTEH, KOTOPBIE MOXKHO
6BII0O H3MEPSATH 3KCIEPHUMEHTAaNbHO, ABASANTCA yIVIB IOBOPOTa CHAOBOW JIMHHU
Ha MepuoAe MOJs 1) M Ha AAMHE YCTAaHOBKM. 1, , a TakxKe cpeiHuil pagnyc Mar-
HATHOH [IOBEPXHOCTH T :

m,
1 T 1
i, = lim — i
k moZ Kj
i=1
m0—>oo
io = ik-m

Cpeaunit paauyc onpelengeTCs KaK pajuMyc KpyTra, miolajlb KOTOPOT'O paBHAa
[IoWaiy yCpeAHEHHOTO CeYeHMsS MarHUTHON NOBEPXHOCTH. V3 3aBHCUMOCTH
iy = f(ry) YMCAECHHBEIM METOAOM OINpeNeIsyIOCh 3HAUYEHHe mupa S, Ha AZHHOMN
[MOBEPXHOCTH:
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S =£g .(_i_.iO
0 L dr,

rae L. — o6was AMMHaA YyCTAHOBKH.

Benuuuna "cpenHero min B" He uaMepsanach HemocpencTBeHHo. OnHa-—
KO, Kak [I0Ka3aHO YHCIEeHHBM cueToM [10], sHauenue "ray6uust aMe", onpe-
AeJIeHHOe KakK

(6 — cMemleHHMe lLl€eHTPa MATHHUTHBIX IIOBEPXHOCTEN OT MAarHUTHOTO LIeHTPa BHH-
TOBOH OOMOTKHM), XOPOWO COBNIaKaeT C pacuYeTHHIMU 3HaueHUsMH. HanpsaxeH-
HOCTB NPOAOJBHOTO MATHUTHOTO 1O NPH U3MEPEHUSIX B IOCTOSIHHOM peXHu-
Me: Hg=0,5+1 k3. KoHTposnbHIIe H3MepEeHUs [IPOBEAEH}I B MOJAAX 3 K3 B
UMITYJIBCHOM peXHMe .

2. CrennapaTOpHHH peXuM

Tonorpadra MarHUTHHX MMOBEPXHOCTEH TPeX3aXOLHOTO CTeJjlapaTopa
HEONHOKpPATHO HCCAeJ0Bajlach TeOPETUIECKH [11-131 u 9KCIepUMeHTalb-

Ho [14-15]. Insa ycraHoBkH "CaTypH-1" npH pasiHyHBIX € GHUIM paccyuTa-
HBl MATHUTHbIE [IOBEPXHOCTH U OIIPEAENEeHbl HX OCHOBHLIE NTapaMeTpr. Pacye-
THl NPOBOAMIHCE B MPEAINOJ0XEHHH YHCTO TOPOUAAJBHOIO TIPOAOJBHOTO Mar-
HUTHOTO NosaA. IIpH 95TOM KOMIIOHEHTH BUHTOBOTO MAaTHUTHOTO IIOJIS BBIYHC-
JIANUCH NTo 3aKoHy Buo-Casapa Ana 6€CKOHeYHO TOHKOTO [10J0Ca peaabHOoM
IHPUHBI .

Kak noka3siBawT BHUYHCIEHHs, KpaiHas HepaspylieHHasl IOBEePXHOCTH MOoJ-
HOCTBI0O BIIHCHBAETCs B BAKyyMHYw KaMepy, HauuHasg ¢ € = 0,48. [Jaa Ho=5k3
3TO COOTBETCTBYET ITOJHOMY TOKY B Iojioce 32 kAl . HanpHefillee yBeauve -
HHe € BeJleT K yMeHblIeHHw 06%eMa, 3aKJOYEeHHOTO BHYTPH 3aMKHYTOil moBepx-—
HOCTH; MpPHM 3TOM MaKCHMAaJBHBIH yTOJ OCTA€TCS NPaKTHYIECKH NOCTOSHHBIM
(ipmax™ 1,37). B obnactu € < 0,48 nabnogaeTcs pe3Kkoe yMeHblleHue yrJa
BpallaTEeJBHOTO NMPeobpa30BaHUs, KOTOpoe O6BACHSIETCS TEM, YTO NIOBEPX -
HOCTB, OrpaHUYeHHas BHYTDEHHHUM PaZHyCcOM KaMepsl, He ABAsfeTCs KpaHHel
Hepas3pyWeHHON. OKcnepHMeHTalbHble H3MEepPEHHUsA IToKa3ald XOpoumee COB-
najeHue xapakTepa 3aBUCHMOCTH iy = f(r, ) c pacueToM, OZHAKO MakcuMalb-
HbIe 3HAYEHUs I, U, COOTBETCTBEHHO, i, OKa3BBAITCS HECKOJDBKO HUXE pac-
YeTHHX 3Ha4YeHHUH (pHC.2).

HesHaunTe/NbHOE pa3pyll€eHHE MarHUTHBIX NOBEPXHOCTEH BHI3BAHO pa3-—
JIMYHBIMH BO3MYIIeHUAMH, 06y CJOBIEHHEMHU peanbHoM KOHCTPYKIHEH cUCTe=
MbI, KOTOPBIE HE YyYHMTHIBAAUCDH IIpHU pacyeTe. O TO NPUBOAUT K CHHXEHMIO MaK-
CHMaJIbHO LOIyCTHMOTO WHMpa Ha YCTaHOBKE .

MaxkcuManbHBll H3MEPEHHBHIT yIon BpallaTenbHOTO Npeobpa30BaHus pa-
BEH ~ 7 and Bcex € > 0,48. C yBesMuYeHHeM € BeJMYHMHA WHpa yBE/JIHYUBaAETCH
M nocTuUTaeT MakcHMyMma S, = 0,25 npu € = 0,625, a 3aTem yMeHbWaeTcs
BCJICJACTBHE YMEHBUEHHUS Iy .

B OTHOmEHHUH MATHUTHOTO IO/ ONTUMaJbHBIM fABASAETCS PeXuM ¢ € =0,
€= 0,625. Ilpu pamuyce xameps 8,6 MakcuManbHbIl paguyc KpaiiHeH Hepa3-
PYNEHHOH NOBEPXHOCTH paBeH 7,25 ¢cM, T.e. IOBEPXHOCTb JOCTAaTOYHO "oOTOpP-
BaHa' OT CTEHOK KaMepbl. DTO OGCTOATENBCTEBO NMO3BOJASET U3y4aTh B HaH-

1 Tonuit TOK paBeH yTPOEHHOMY TOKY BHHTOBOH OBMOTKH .
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Puc.2. TlapaMeTp: NOBEpPXHOCTEH B CTENAAPATOPHOM peXuMe:!

( — ) — pacueT, ( - -~ ) = 2KCNEPUMEHT.
Zaen
80
40
-05

i

Y

Vo

Puc.3. Bausude NONEPEHHOTO MOJA Ha NapaMeTphl MarHUTHBIX [TOBEPXHOCTEH B CTe//IapaTOPHOM
pexuMme:
( — ) — pacueT, ( - - - - ) — 9KCHEPHMEHT.

HOM DeXHMe BjIHAHHE BEPTHKAJBHOTO MArHHUTHOrO noas H, ua dopmy u na-
paMeTpbl MarHHTHBIX MOBEPXHOCTEH .

Beauyuua BepPTHKaJBHOTO 1O/ CHJABHO BJAHAET Ha NlapaMeTphl KpaHHHx
MaTrHUTHBIX nopepxHocTe#l (puc.3). Tak, B pexume "anTusmb"
(H, /Ho = -0,5%) 063eM 3aMKHYTHX NOBEPXHOCTEH# yBEJIUYHBAETCA, OJHOBpE -
MEHHO C 9TuM yBeauunBapTca iy U S; . BepTuxkalbaoe Mone o6paTHOro 3Ha-
Ka NPUBOJHUT K YMEHBIIEHHIO 06FeMa, YBeIHUEHHIO YIJIa Ha OCH ¥ CHHXEHHIO
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CKOPOCTH M3MEHEeHHUs yrJja no paiuycy. IIpd BesuuuHe noss, pasuoit 1% ot
MIPOAOJBHOTO, UP BO BceM o6seMe OTCYTCTBYET, HO 3HaueHHe ''MarHUTHOH
aMbl" gocturaeT 15% . 3DTa BeJIHUYMHA BEPTHKANBHOTO IO/ SBASAETCS Npeneab-
HOIf, Tak Kak fnajlbHeitmee yBeauueHue H, NPUBOAUT K MOJHOMY paspylleHH©O
MaTHUTHBIX IOBEPXHOCTEI .

B unTeppane usmenenus H, /Hy ot 0 xo 0,5% MOXHO moJlyuyaTb Mar-
HHUTHBIE MTOBEPXHOCTH, XapaKTepH3yoliHecs HaJHYUeM CPaBHUTENbHO 60BMO-
ro wupa (0,05+0,1) u nocTaToyHo TIYBOKOMH (10 10%) MATHUTHOM SIMBI OXHO-
BPEMEHHO, IIPHYEM COOTHOIIeHHe MeXAy 3THMH [apaMeTpPaMH MOXHO JIETKO
H3MEeHSTH, Pery/jaupysl BeJMYUHYy BepTHKaJdbHOr'O nojs. Cpelauuil paauyc Mar-
HUTHOH NOBEPXHOCTH OCTAETCs MMOYTH HEM3MEHHBIM, @ 1, CHHUXaeTCs BCEro Ha
30% (ot 7 npu H,/Hy= 0 mo 2/3 7).

C uenbpo BHISCHEHHS BOMPOCAa O BAHAHHUM paclipelle/leHHsT BEPTUKAIbHOTO
[0/ MarHHTHbBIE [IOBEPXHOCTH GbIIM PACCUYHUTAHBI [IPM PaA3/JHUYHBIX YPOBHAX HE-
OLHOPOAHOCTH 3TOro nojs. Kak nokasanau pacueTs! (¥ NOATBEPAUIN 3KCIEpHU-
MEHTBH!), KoJebaHHs BeJHUYHHB BEPTHKAJ/IbHOT'O [10JIg B 0b0beMe KaMephl B IIpe-
penax (0,9 +1,2) H, (r = 0) He cKa3kBawTCSA 3aMETHO Ha CTPYKType MarCHUT-
HBIX NoBepxHOCTeR 2, DTOT PaKT NO3BOJIsIET UCIOJB30BATDL JJIA CO3JaHUA Bep-
THKaJbHOI'O TOJsI BUHTOBYI 06MOTKY . Kak 61O OTMeueHO paHee, "IHOIOXKH-
TesbHbEe" U "OTpULAaTe bHBIe" MOMKNCH BUHTOBOH O6MOTKM O6BENHHSAWTCS B ABE
He3aBUCHMble BETBH, KaxZasd U3 KOTOPHIX co3laeT COOCTBEHHOE BepTHKaILHOE
nojse. IIpy paBeHCTBE TOKOB B BETBAX yCpeAHEHHOe CyMMapHOe II0Jieé paBHO
HyMwo. OnHako, He3HAUWTENbHO H3MEHHUB COOTHOIIEHHEe TOKa, MOJXHO MOJIYYUTH
BepTHKa/JbHOEe 10JIe HeOOXOAMMON Be/IMUMHEl U HalipaBleHUA. Jlaa ciaydas
€= 0,625 u AJ= 0,025 J, BepTHKalbHoe noye focturaer 0,5% Hy .

Ha puc.3 9TOT peXUM OTMEUeH X.

Kak ¥ npu OTCyTCTBHUH BEPTHKAJILHOTO OJA, SKCIIEpUMEHTaAbHbE 3aBH—
CHUMOCTH XOpPOIIO COTJIACYITCS C PacYeTHBIMH, OXHAKO llapaMeTphl KpaiHuX
[IOBEPXHOCTEH HEeCKOJIBKO HHXE paCUeTHBRIX .

3. TopcaTpOHHBIH PeXUM

Bo MHOTHX Te€OpeTHYeCKHX ucciaegopauusax [1,3-7] nmokasaHo cymecTBO-
BaHHE 3aMKHYTBIX MaTHHUTHBIX IOBEPXHOCTe) B TopcaTpoHe .

Kak usmectHo [1], B oT/IMUHe OT cTennapaTopa, HalpaB/ieHHe TOKOB B
noJocax BUHTOBON O6MOTKM TopCaTpOHa fABASETCS OAHHAKOBHIM. C 3THUM CBfA-
3aHbl HEKOTOpble OCOGEHHOCTH MAaTHUTHOTO IO TOpcaTpoHHOH KoHuUrypa-
LHH:

1. OceBasi KOMIOHeHTa BUHTOBOTO TOKa CO3JaeT 3HAUUTEJbHOE BEepTH-—
KanbHoe noje H, , KoTopoe I/ NOoJy4YeHHd 3aMKHYTBIX MaTHHUTHBIX [IOBEDX-
HocTedl HeoB6XOOUMO KOMIIEHCUPOBATh.

2. Hapsany ¢ 3THM, BUHTOBO{ TOK cOo3zaeT nponosibHoe none Hy, . B 3a-
BHCHMOCTH OT liara BUHTOBOH OOMOTKH COOTHOWIEHHE MeXAY 3THMH MOJAMHU
6yneT MeHATbcA. Jna ycTaHoBKM "CaTypH-1" INpH MOJIHOM TOKE B IOJWOCE
45 kA BenuumHa H 4= 2 X3, a oTHOmeHue Hy/H¢b= 0,5.

3. PesyabTupynouiee pojaojbHoe noae Hy ABasgeTcsa cyMMol ABYX NMoJeii:
octuopHoTO noas Hy u nonsa Hyp. BKJIan BUHTOBOH O6GMOTKH B Pe3yabTHPYIO-
mee noje xapakrepusyerca kKoadduuuentom Ky= Hq,b/H0 .

2 H,(r=0) ~ aHayeHHe BEPTHKANBHOTO MOJI B UEHTPE KaMephl.
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Puc.4. MarH1THble NOBEPXHOCTH B TOPCATPOHHOM peXHUME .

4. OcHoBHasi TapMOHHKA BUHTOBOI'O MOJI% B IBa pa3a MEHbIIe,4eM B CTEJ-
NlapaTOpHOM peXHUMe, IPH PaBEHCTBE TOKOB M OJUHAKOBBIX BUHTOBBIX O6MOT-
Kax B oboux peXuMax.

MarduTHblEe U3MEPEHHS NIOBEPXHOCTEH NpoBOAMINCh s 0,4 > K, > 1.

Ha puc.4 npuBenend! THIHYHBIE MAaCHUTHBIE [MOBEPXHOCTH IJIA Pas3JMUHbIX
3HaueHuit K, M NOJHOH KOMIIEHCAIMH BEPTHKAJBHOTO MOJIsT BUHTOBOH OGMOTKH .
ITyHKTHpPOM HaHeCeHH HEKOTOphle pacueTHHEe [IOBEePXHOCTH. BHAHO, 4TO Mar-
HUTHBIE TOBEPXHOCTH MMEIOT, KaK U B CTe/LIapaTOpHOM pexuMe, dopMy ucka-
MEHHOTO TPeyTrOoJIBHHUKA .

ViaMepeHHbIe BEJMYHHBL YTJIOB [TOBOPOTA 1y JOCTATOYHO TOYHO COBHAZA-—
10T C pacyeTHHMH (puc.5). Ha pacueTHsle 3aBHCHMOCTH TOYKaMH HaHECEHBI
3KCIIepUMeHTalbHble faHHble. Kpalusas Hepa3pylleHHAH [TOBEPXHOCTH BIHCHI—
BaeTcst B KaMepy npHd K, = 0,57, a iy B ry n1a vee paBusi ~ 0,97 u 5,5 cMm.
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[Mpeaensurie NapaMeTPs MaTHUTHBIX MOBEPXHOCTEN B cTeapaTOPHOM (
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Puc.7. 3aBMCHMOCTH iy M Sy OT palnyca rp A CTe/JIapaTOPHOTO NpH € = 0,43 ( —— )} 1 Top-
carponHoro npu K¢= 0,56 ( - - - - ) peXXuHMOB. ’
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Puc.8. DBnaxAHHe NONEpPeyHOro NONA B TOPCAaTPOHHOM pexuMe npu Ky = 0,5:
1—H,/Hy=20%; 2=~H,/Hp=0,6%; 3 —H,/Hy=~0,6%;4—H,/Hg=0

Hanenefimee ypenuuenue K, He NPUBOKUT K CYLleCTBEHHOMY POCTY i, , HO MpH
5TOM 3HAUYMTEJBHO YMEHbIIaeTCsl BeAUUYUHa Iy U, CJAeJoBaTelbHo, S, .

Bonee HaraanHO 3TO NMOKa3aHO Ha PHC.6.

ITapaMeTpbl MAarHHTHIX NOBEPXHOCTeH ROCTHra0T MaKCHMAalBbHBIX 3Haue-
uuit mpu Ky = 0,6 +0,7 u cocrapasoT ig ™ 0,97, ry =5 cm, 55~ 0,2.

Haubojiee 5KOHOMHYHBIM JJi TOpPCATPOHA ABAAETCA peXHM, KOTAa Tpo-
JONbHOE MAaTHHUTHOE MOJjle CO34aeTcsl TONBKO BHHTOBOH o6MoTKo# (K,= 1).
OKCIePUMEHTANbHO GBUIO TTIOKa3aHo, YTO 3TOT PeXHM XapaKTepH3yeTcs KoC-
TaTOYHO BHICOKMMH MTapaMeTpaMH MaTHHTHBIX nopepxHocTed (i3~ 0,9 7;
1y = 4 cM; 59 = 0,12). OfHaKO HAMPSIXEHHOCTE MAaTHUTHOTO MOJAS B KBa3HCTa~
LHOHADHOM peXHMe He mpeBbmaeT 2,0 K3, UTO ABASAETCS CylleCTBEHHBIM He-
JOCTaTKOM 3TOTO peXuma.
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TABJIUUIA I. BIUSHUE IOIEPEYHOTO MATHUTHOI'O ITOJIS HA ITAPA~
METP bl MATHUTHBIX TOBEPXHOCTEN

H,/H,,% - 0,6 0 0,6 2
r, (cM) 5,4 5,9 5,1 4,5
iy 90 125 120 120
S, 0,1 0,17 0,12 0,01
v' /v, 1,2 1 0,9 0,85

IIpH cpaBHEHNH 3KCINEPHMEHTAJBHBIX U PACYETHHIX 3HAYEHHH NMapaMeTPOB
BBISICHUJIOCH, YTO OTHOCHTEJbHOE pa3pylleHHe IIOBEPXHOCTEeH B TOpPCaTpOHe
BhHIlE, yeM B CTejulapaTope (puc.6). OTo obpicHAETCS TeM, UTO QPOPMEI M
napaMeTphl MarHUTHREIX NOBEPXHOCTEH, KaK [NOKa3ajyi pacdyeTsl, B 3HAUHUTEJIb-
HOH CTENMEeHM 3aBHCAT OT KOMIEHCHUpyKWEero noas. IIos3ToMy XOIMOIHUTEbHOe
paspylieHUe, BEPOSITHO, BEI3BAHO HEUAEAJBHOCTBI0 KOMIEHCHUpyKIieH 06MOTKH
¥ BO3MOXHBIM [I€PEKOCOM €€ IJIOCKOCTH 1O OTHOWEHHI0 K 06MOTKaM BHHTOBOT'O
M NMPOAOJBLHOI'O TOJIA .

Koedduunent K, xocseHnbM 06pas3oM xapakTepusyeT OTHOWEHUE OCHOB-
HOM TapMOHMKY BHHTOBOTO IIOJIS K IPOAOJABHOMY MarHuTHOMY noywo. Ias ycTa-
HoBKH "CaTypH-1" npu € = 0,85 K, NIOBEepXHOCTH B CTe/VIapaTOPHOM M TopcaT=
POHHOM pexuMax uMmenn 6amskue mapameTprl. Kax BuaHO u3 pHC.T, B 9TOM
ciyuae o6beM BHYTPH KpaHHel Hepa3pylleHHOH IIOBEPXHOCTH B TOPCATPOHHOM
peXUMe HEeCKOBKO BhIIe, a 3HAYEHUA ig H Sy — HHXe.

JononuuTenipHoe BepTHKaAbHOE (KOPPEKTHPYollee) NoJe B TOPCATPOHE
OKa3bhBaeT Ha MarCHUTHbIE IOBEPXHOCTU TAaKOe Xe JeHCcTBHE, KaK U B cTejjla-
parope. OIHaKO UMEWTCH H pa3IHyuf:

1. B pexuMe "MarHUTHOR aAMH" Ha ocH iy= 0.

2. 3aMKHYTble MarHHTHBIE NIOBEPXHOCTH CyWECTBYIOT IIPH 66npmux 3HAYe -
HHUAX I—I,_/H0 , 4eM B CTejjiapaTope.

3aBUCHMOCTD ig = f(ry) ¥ sKcnepuMeHTaJbHble AaHHbie anst K,= 0,5 ugns
pas3/IHYHBIX 3HAYEHHM HJ_/HO NMpHBEJAEHH Ha puc.8, a mapaMeTphl KpalHux Mar-
HUTHBIX oBepxHocTeitd — B Tabm.l.

IV. HCCIEZOBAHUE YIOAEPXAHNSA IIJTA3MEI

1. Co3manue nja3Mbt

Ha nepBOM dTamne NIa3MeHHBIX HCCleJOBaHui Ha ycTaHoBke "CaTypu-1"
nJ1asMa cosfaBajach THTAHOBHMH MCTOYHHUKAMH, 9J€KTPOLB KOTOPHIX HACHI~
maauchk BOAOPOAOM. VCTOYHHKM BBOJHINCE UYepe3 BepTHKasbHbIE naTpy6-
KH (puc.l) u pacnosarajuch B o6JacTy MexAy KpaitHell HepaspyWeHHOM Mo-
BEPXHOCT B0 M BHYTPEHHEH CTEeHKO BakyyMHOH KaMepri. IImTaHue HCTOYHH-
koB (C = 0,1 Mx®, U= 5 kB, T = 1 MKCeK) OCymeCcTBASANOCEH Yepe3 paspaAHHK
M aKTHBHOE CONPOTHBJIEHHE, blarofaps KOTOPOMY HJIHTENBHOCTDH TOKa Gbuia

3  PasMepH ¥ NapaMeTpsl TOBEPXHOCTH OTPaHUYEHbl BaKYYMHONH KaMepoW .
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Puc.9. TunuuHas OCUMANOrpPAMMa CHrHajla HOHHOrO TOKa HAaCHIUEHMs, IPH MCIIOJIb30BAHUH Of -
HOro HCTOYHHKA, H ee o6paboTKa.
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Puc.10. 33aBHCUMOCTD BPEMEHM XH3HK NJa3MBl OT HANPAXEHHOCTH YACPXKHBAOWETO MarHMTHOTO
noas AJf OLHOrO HCTOYHMKA:
a) crennaparop (€ = 0,38), 6) TropcaTpoH (K¢= 0,5).

orpaHHyYyeHa NPAaKTHYECKH TOJIBKO IIePBBIM NOJIyllepuogoM . THTaHOBHIE 2JIeK-
TPOZAH PacroJaTaluch 10 OTHOMEHUIO K NPOAOJABHOMY MarHuTHOMY IOJIO Tak,
4TOG B! [MONAPHOCTE HAMPSKEHUS MEXJAY HUMK BO BPeMs MPOTEKaHUA Pas3psagHo-
To TokKa obecneunBajna apeitd MuasMal (B CKpPELEHHHX NOAsSX) BHYTPh KaMepsl .
MaccoBEIl M 3HEPreTHYEeCKHH COCTaR MOHOB 3aXBaYeHHOH IIAa3MBl He U3yvas-
csi. OAHaKO H3MEpEeHUsT Ha NMPAMOIf cHcTeMe B OTCYTCTBHE MArHMTHEIX roJeti
HOoKa3ajy, YTO KOJMYeCTBO NpUMecell MOTJ/IO HOCTHraTh 20-30%. Ilpu sToMm
OCHOBHYI0 Z0J110 IPUMeCeH COCTaBJsINHN (B NOpALKe YOBHIBaHUS WHTEHCHBHOCTE!)
HOHEI YTIepOAa, KHCAOPoJa H THTaHa C 3apsAoM OT 1 1o 3, a CpeXHsAs sHep-
THs MOHOB, OLEHEHHAH IO BpeMeHH npoJieTa, Gslna nopsaka 25 3B,
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2. MeTonb U3MEpEeHUR

Jis M3yueHHus mapaMeTpoOB [11a3Mbl IPUMEHSIJINCDE ABOHHBIE 3NEKTPHUIEC—
KHe 30HAB, paboTaBliye B peXHMe MOHHOI'O TOKa HachleHHUs. 3OHIABL U3TO-
TOBJISIIUCH U3 BOJAbOPaMOBOMH NIPOBOJOKM AuaMeTpoM 0,3 +1 MM M AJAHHOHR 4 MM.
OHu 6BlIM pa3HECEeHH Ha paccTOssiHHEe 3 + 6 MM M MOTJIM [lepeMelaThcd IO pa-
ouycy. 3OHAB HaXOAHJIHCH MO IJaBaollMM MOTEHHHANOM, a C U3MEPHUTENb-
HOH ammapaTypoO# COeAUHSNNCE Hepe3 pa3AelHTeNbHbIH TpaHcdopMmaTop (rmo-
Joca mpomyckauus ot 50 xo 10° I'u).

TunuyHas OCHWINOTpaMMa 30HLOBOTO CHTHA/a NpuBejeHa Ha puc.9. Ha
pHCc .9 nokasaH CNOCob ycpeAHEHMA cllaja aMIJIMTYyAbl 30HAOBOTO CHTHajaa Ipu
onmpelfe/ieHUU BPEMEHH XHU3HU niaasMu 7. KanubpoBka 30HAZOB NpH ONpenese -
HHH MAOTHOCTH MJIa3Mbl ocylleCTBJAAach no BU-MeToLHKe, ONMCAHHOR B pa-
6ore [17] .

ToponAanbHas BakyyMHas KaMepa yCTaHOBKH CHYXHJIa pe30HaTOPOM u
zanuThiBajgachk curHajaoM ¢ vyacTtoToi f = 37 I'T'u. ITo Benuuuue CABUTA O -
HOTO M3 PEe30HAHCOB BBIUHCAAJACH CPEAHSs MJIOTHOCTE NNa3Mbl B KaMepe B
pasjuuyHble MOMEHTH BpEeMeHHU. DBpeMeHa XH3HH, onpenesieHHble o BU-me-
TOAUKE M MO CMaAy HOHHOT'O TOKa HacChlleHHUsd, OTJHYaluch He bonee ueM B
rmoJjrTopa pasa.

TemnepaTypa 9J€KTPOHOB, OLl€HEHHas W3 BOJBLT-aMIIEPHBIX XapaKTepuc-
THK ABOHHOTO SJIEKTPHYECKOTO 30HJa, cocTaBifaa ~ 10 2B u ymeHbmanacso
C MOCTOSHHO} BpEeMEHH, HeCKOJILKO NpeBbliawileill BpeMsa XU3HU [JIa3Mbl .

CnenyeT OTMETHTH CyWeCTBEHHBIH HEAZOCTATOK THTAHOBBIX MCTOYHUKOB
Maa3Mbl, KOTOPBIH 3aK/ouaeTcs B caefyouleM. Jlaxe npu Malol AJMUTEIb-
HOCTH pas3psAaAHOTO TOKa M3 3JEKTPOAOB BhIAE/SIETCS 3HAUUTEJBHOE KOIHYECT™
BO HeliTpaJoB, B COCTaB KOTOPhIX, KpOME BOAOPOAA, MOTYT BXOJHUTh H pPa3—
JWYHble IPHUMECH, TaKHe KaK KHCJOpPOA, a30T UHNIPp. OTOT HEeHTpaJbHEIN ras 3sa
BpeMsa ~ 0,5 MceK (C MOMeHTa cpabaTsiBaHHsl HCTOYHHKOB O Haual/la U3Mepe-
HUsA Ccllaza 3O0HIAOBOTO CUTHala) YyCIeBaeT MOJHOCTDBI PACIPeAeJNTHC BHYTPH
BakKyyMHO# KaMeprl. B pesynbTaTe 3TOro, B HAallMX 3KCIIEpHMEHTaX peab-
Hasl CTeeHb MOHU3ALUH K Hadaly U3MepeHuid 7 He npesbimana ~ 30%, xoTs
npenensHoe gasiaeHue 610 1-10°7 Topp. Kpome TOTO, HOCKONBKY Pas3psAHbIH
TOK NMPOTeKaJ MNOoNepeK OCHOBHOTO MArHHTHOI'O MOJIsA, KOJHYEeCTBO BBLAC/IHB -
MHUXCA HeHTpa/lOB HE OCTABaJIOCh IOCTOAHHBIM, & HECKOJIBKO yBEJIUUHBAJIOCH
C pOCTOM HamnpsiXEeHHOCTH IIOJIA .

3. YZepxaHue mja3Mbl

Bce usMepeHHs ¢ n1a3MOH B TOPCaTPOHHOM pEeXHMe IIPOBOAMINCE IPH
nonuok xoMneHcauuu Hy (Bkawdas U MarHUTHOE ITosie 3eMJIM), B CTe/IapaTop-
HOM peXHMe€ MarHHTHOe nojie 3eMJ/IM He KOMIEeHCHpOoBanochk, OAHAKO, Kak cie-
AyeT U3 CIeUHaNbHBIX U3MepeHUil, nalroxeHune H,, mMeHee 0,3% OT BEJIHUHUHB!

Hp , 3aMeTHO HEe H3MEHSEeT BPEMEHH XHU3HU [1J1a3MBI .

OKcnepuMeHTalbHbe JaHHbIe 3aBUCUMOCTH T OT HANPSIXKEHHOCTH yIepXKH~
Baplero MarHHTHOTO NMOJA 4 cTeanaparopa, € = 0,38 u topcatpoHa Ky=0,5,
npeicTaBAE€HH Ha puc.10. BHAHO, YTO B OGOMX peXUMax B obaacTH Malibix
MATHHTHBIX NOJAEH C POCTOM MOJSL BPeMs XH3HH MJIa3M:l yBeanunBaeTcs. O6-
pawaeT Ha cebs BHUMaHHe TOT (PaKT, UTO Kak B CTEJNapaTOpHOM, Tak H B TOp-—
CaTPOHHOM pPeXHMaX IIPH MoJsX, 6ONbMUX 2 K9, BPEMsI XHU3HH IOUTH He MEHSeT~
Cs M OCTaEeTCsl Ha ypOBHe OKOJO 2 MceK. OfcyxJeHne aToro pesyiabrara Gy-
IleT IPOBELEHO HUXE.
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Puc.l1{a). 3aBHCHUMOCT®L T OT € AAd cTelaparTopa Hy= 1,8 ka:
1 — Oa¥H MCTOYHHK, 2 ~ YeThpe HCTOUHHKA .
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Puc.11(6). 3asucumocTs T oT K, mna ropcarpoHa. Hy= 1,8 k3. OBHH HCTOYHHK.

VisMmepenue T npd u3MeHeuuu € U Ky A5 cTeanapaTOpHOR U TOpCaTpOH—
HoM KoH(}HUTypauu#l, cOOTBEeTCTBEHHO, MOKa3aHo Ha puc.ll(a) u (6). Benuuun-
Ha OCHOBHOT'O MarHuTHOIO roas Hy coctasnsnra ~ 1,8 xs. Kak BMAHO, pe3yib-
TaThl B O60MX C/Iyuyasax KaueCTBEHHO nmojnobHsl. Hannuue MakCHMyMOB cBsi3a-
HO C M3MEHEHHEM pajHlyca KpailHeil HepaspyueHHOH MarHUTHON MOBEPXHOCTH
(npu usMeHeHHH € WK Ky ). OaHaxko nmojioxenue MakcuMmyma (€ ~ 0,3) Ha Kpu-
Bo#t 1 (puc.10a) ABy€eTCA HE OYEHD MOHATHBIM, MOCKONBKY KpaliHaa nosepx-
HOCTb HauWHaeT BNHCHBATHLCS B KaMepy TOJBKO And € 2 0,48. Cienosarenb-
HO, C YBeJMYEHHEM € KO 9TOrO 3HAUEHHUs MPOUCXOAUT (pHC.2) HENpepHIBHOS



145

IAEA-CN-28/H-10

cex g = 0y nodreodox (9 ‘ex g7 =04 doredervaid (e - (Axdsdd BeRIMAD)
MOOW €T 90N g'Q ‘Mo0W ‘) HHOWadd GOIHOWOW BIT (au) aunavawaduoed aoHareuwed g1’ oUd

0y g 0 S¢- gg- §i- o as 5¢ @ Ge- O%- Si-

SGN




146 BOHUEHS u zp.

BO3pacTaHMe KaK yIJja BpallaTe/IbHOTO Npeofpa30BaHusd, Tak U BEJIUYUHB IIK-
pa Ha nociejHe# HepaspylleHHOM MOBEPXHOCTH IPH HE3HAYUTEJIBHOM yMEHb-
IWeHHU ee pajguyca.

To, 4TO H3MEHEHHE pajuyca naasMsl 06yC/lOBI€HO U3MEHEeHUeM T'y, BUA-
HO U3 puc.12(a) u (6), Ha KOTOPLIX NpeACTaB/IeHsl paluajbHble paclpeneseHus
HOHHOTO TOKa HaCBIMEHUs IJIS1 CTe/JapaTOPHOTO U TOPCATPOHHOI'O PeXHUMOB
B TOPH3OHTalAbHOH MIOCKOCTH. CTpeslKaMH yKasaHbl M3MepeHHble C OMOU| b0
3JIEKT POHHOT'O [IyUYKa NOJIOXKEHHUS KpaHHUX NOBePXHOCTEeH Ha paauyce, BAOAL
KOTOPOTO IepeMemalscs 30HI . Y MEHEBIIeHHe MJOTHOCTH Maa3Mbl BOAHM3H LEeHT-
pa Habaoaanoch U Ha APyTUX ycTaHoBKax [18-19] u, no-BuguMoMmy, He CBSA3a-
HO cO cnocoboM co3naHUsA MIa3MBbl, a OOBACHAETCH XapaKTePHBIMU LJIST Tpex -
3aXOJHOT'O CTe/llapaTopa 3aBUCHMOCTAMH 1y u Sy oT paauyca.

4. PexoMmbusanuonusie 3pHeKkTsr

Panee yXe orMevajoCh, UTO BpeMsl XKM3HU MIa3Mel Npud Ho ® 2 Ko He 3a~
BHCUT OT HaNPAXEHHOCTH MaATHUTHOTO NOAsA (UM Aa)e HEeCKOJBKO yMeHbllaeT-
csl ¢ pPOCTOM TNocsenHero, puc.10(6). OTo o3navaeT, YTO NpPH AOCTATOYHO
6OABIIKUX MaTHHUTHEIX TOJASX NOTEPU NJa3Mbl onpenesiorcs He quddysueit no-
nepeKk MarHUTHOTO IIOJsl, @ KAKUM~TO MHBIM MEXaHM3MOM. BO3MOXHBIMMU NpH-
YUHAMH, OTPaHUYUBAOIIUMH BPeMs XH3HHU IVIa3MBl B HallUX 9KCIEPUMEHTaX,
ABAAKTCA PeKOMOUHALMS U NIPOLECCH B3aUMONeHCTBHA 3apsKeHHBIX YacTHI
¢ HeATpaJbHBIMH YaCTHLAMM IJIa3MBbl .

K coxajieHu, B JUTepaType OTCYTCTBYIOT AaHHbie O peKoMOHHAUUM B AU~
arasoHax NJAOTHOCTeH U TeMnepaTyp, 6AU3KMX K HamuM. OpHako, Kak clie-
anyeT u3z o63opa Xacreza [20], koapPunneHT pekoMEUHARUM LIS Te/IU 3HA-
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Puc.13. 3aBHCUMOCTH T (IpH cpabaThBaHUK Y€ThIPEX HCTOUYHHUKOB):
a) oT AaBleHHUS BOLODPOMLA M NMpPUMeceil, BHIENAOWNXCSE U3 3JIEKTPOLOB, 6) OT AaB/CHHUS Te/us.
PexuM cTesnapaTopubiit, Ho= 1,8 k3, ¢ = 0,38,
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YUTENBHO HUXe, YeM AJIS APYTHX ra3oB. TakuM o6pa3oM, MOXHO OXUAATH,
YTO B OJMHAKOBHX YCJIOBUAX BpeMs Cllaja IJIOTHOCTH 3apsAXeHHHX YacTHL
fyneT MaKCHMAa/JbHBIM NPU UCIIOJAB3OBAHUM Te/HA B KaueécTBe OCHOBHOI'O r'asa.

DKCNEepUMEHTANALHO IOy YeHHbIE 3aBUCHUMOCTH T OT NaBJEHHS I'a30B, KO-
TOpBle BBLAEJAIOTCS B MOMEHT cpabaThIBAHUSA UCTOYHUKOB (B OCHOBHOM BOXLO -
POA) U OT AaB/ICHHS T'eJIMA NPUBENEHB Ha pUc.l3. B nepBoM ciayyae usMepe-
HUS IPOBOAWINCE IIPH MOJHOCTHIO II€PEKPHITEIX K/IallaHaX, COeAMHSDIUINX BAKyyM
Hy©o KaMepy ¢ AU dYy3HMOHHBIMH HacoCaMH, TaK YTO JaBJieHHE B KaMepe [ocTe-
[IEHHO IOBBIMAJOCH 3@ CUET Ta30BbIAEJ/IEHUS U3 2JI€KTPOJOB UCTOYHHKA, BO
BTOPOM CJIydyae OCYUI€CTBAANCS HENpPEephIBHbIM IIPOTOK rejius Yepe3 BaKyyMHYIO
KaMepy. PexuMbi paboTh IA3MEHHBIX HCTOYHHKOB ObIJIH ONHHAKOBHI .

Kaxk BuzHo U3 rpaduxkos, saMeTHOe yMeHbIIEHHe T B cJiydyae TeJMs Hadyu-
HaeTcs npH AaBiaeHuu (2 +3)-10 Topp, YyTo xopomo coBnagaeT ¢ LAHHBIMH ADPY-
Tux aBTopoB [19,21]. DTa BeauuHHa gaBJieHUs [OYTH Ha JABa IOpPAAKa BhIlle
COOTBETCTBYOIIMX 3HAYEHHUH /s BEpXHEeH KpUBOH .

MakcuManbHble BpeMeHa XU3HU IJ1a3Mbl 418 o6euX KPUMBBIX Ha puc.l13
OTPaHHUYUBAKTCA ra30BhIAEIEHUEM ¥ THTAHOBBIX 3/MIEKTPOLOB IIPH KaXIAOM cpa-
GaThiBaHUM UCTOUYHHKOB. C yBeJMYEHHEM HHCJIa HCTOUHHKOB NPOHCXOAUT BO3~
pacTauue IUIOTHOCTH KaK 3apsXeHHBIX YacTHL, Tak W HeliTpajloB. BTO BeleT
K pe3KOMY YMEHbII€HHI0 BPE€MEHHM XU3HU MJIa3Mbl, KaK BUAHO U3 pHUC.l1l(a),
rae KpuBas l MojyyeHa IpH UCIOJB30BaHHUU TOJBKO OLHOT'O, a KpUBasd 2 — ye-
ThHIPEeX HCTOYHHMKOB.

MaxkcuManrHasi IJIOTHOCTE, OlleHeHHass no BU-MeToAMKe,coCcTaBaANa
~ 51010 cM® n =~ 210 cM™®, a U3IMEHeHMe AaBIEHHS DU KaXIOM MMIYIbCe
unxexknuu ~ 1,6:10"%Topp u ~ 8-107% Topp AN OAHOTO U WeTHPEX HCTOUHUKOB,
COOTBETCTBEHHO .

TaxuMm ob6pa3oM, BO3ZMOXHO, YTO HajJM4He HENTpa/JbHBIX YaCTHL B IJIa3-
Me fABJIS€TCSA ONHOH M3 OCHOBHBIX IIPHYHMH, OUPaHUYHMBAIUX yAepXaHHUE IJIa3MBbl.

KpomMme Toro, 6bI0O 3aMeYEHO, YTO BBOZA LAOMOJHUTENLHOTO 30HAA (IPH
Hy ™ 2 ko) Takxe yMeHbWaeT T npuMepHo Ha 30% . CrnenoBaTeNbHO, IpeKpa-
neHue pocTa T C yBeauueHueM Hj (puc.10) vacTuuHo MoxeT 6GHTEL O05BACHEHO
[OTePAMH I11a3Mbl Ha [IOJBOAAX M3MEPUTENbHOTO 30HAa [22] .

5. CpaBHeHUEe C Teopueit

OueHKH MOKa3bhBaKnT, YTO [IOTOK YaCTHL Ha CTEHKU, OGYCIOBJICHHBIN GayKk-
TyaUHUsIMH TVIOTHOCTH M MOTeHUHasna, CAUMKOM Maj, YTo6b O6BACHUTD Habo-
JaeMble IOTEPH NJAa3Mbl B o6acTh Hg < 2 k3. B ToO xe BpeMs ANUHA CBOGOXL-
HOTO Nnpo6era 3JIeKTPOHOB 3HAYHTE/NBHO NpPEeBHIIaeT JJHHY YCTAaHOBKH, TakK 4TO
NpH U3ydyeHuH suddy3un HeoBXoAuMO yUUTHBaTh 3PP eKkTr 3aXBaueHHBIX 4ac-—
Tun. ITpuueM, B yCHOBHSX HAUIMX SKCIEPHMMEHTOB YacTOTH COYAapEHUR Vg
Y Vep TAKOBBI, YTO OCHOBHYIO POJIb LOJIKHEL UTpaTh YacTULb, 3aXBadyeHHbIE 3a
cyeT TOPOMAAJBHOTO, @ HE BUHTOBOT'O MarHHTHOTO noJjs. IToaToMy npu o6-
CyXIOE€HHH pe3y/JbTaTOB MBI 6yneM NONB30BAaTECA pacyeTaMu IaneeBa u Car-
Beesa [23] ang npomexyTouHO! O61IacCTH YaCTOT COyAapeHHIt.

B uenax cpaBHEHMA ¢ TeopHeit M3yyanachk 3aBUCHMOCTDH BPEMEHH XH3HU
IJIa3MB! OT HaBJIeHUs Tejlis, HallyCKaeMOTO B CHCTEMY, IIPH HCIOJb30BaHUU
TOJIBKO OJHOTO MCTOYHHKA IIa3Mbl. Ha puc.l4 BMecTe C 3KCIEpUMEHTANb-
HBIMHM TOYKAMH IIpUBeLeHa KpUBasl, pacCuMTaHHas Ha OCHOBaHuM paborb [23]

U3 COOTHOIIECHUSA: ;= ﬂ.’rZ n
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Puc.14. 3aBHCHMOCTb BpeMeHH KH3HH rJla3Mbl OT AaBienks renus. CrenlapaTopHblii pexXnm,
Ho=1,8x2. ( ——) — pacyeT, (-) — 3KcrnepyMeHT.

ITpu sToM nmpennosaranock, 4ro T, = 10 B Bo BCeM AHana3OHe AaBJeHUH re-
v, a Beauuues (1/n-9n/9r)! u r npuHMManUCh paBHHIMH 1 cM u 6 cM
(puc.12a).

OKcHepHMeHTaNbHEle TOYKH MOJy4deHs npu Hy= 1,8 k3, T.e. B obnacTH,
rie elle HabJKWIAETCA POCT T C YBEJUYEHHEM HAMNPAXEHHOCTH MATHUTHOTO MO-
SIS, ‘

U3 cpaBHEHUS H3MEPEeHHOH 3aBHCHMOCTH C PacYeTHOH BHIAHO HX yAOBJET-
BOPHTE/ILHOE COBIalleHue B MHUPOKOM JHana3oHe NaBJIeHUH 32 UCKJIOUeHHEeM
TOTO y4YacTKa, TAe NIPOHCXOLUT Mepexo] K THAPOAHHAMHUECKOH 3aBHCHMOCTH
D_ or vy .

Paannure, HaGmogaeMoe B 5Toit 06/1aCTH AaBiAeHHH, CBA3aHO C NPEANOO-
HeHHeM O MOCTOSHCTBE SJI€KTPOHHOH TeMIepaTyphl, KOTopas NIPH 3TOM He U3~
Mepanack., YueT yMeHBUIEHUS TeMIepaTyphl C POCTOM AaBJAEHUA T eJIUs IPU-
BeleT K CyXeHHK Toi obysacTu JaBieHuil, Thie D, He 3aBHCUT OT V:ff .

Takum o6pasoM, B obnacTi Hy £ 2 K9 NOTEPH [IJ1a3Mbl ONPENeISnTCs, B
OCHOBHOM, 3aME€PTHIMH YaCTHLHAMHU.

V. BEIBOJ B

Vs npoBeleHHEIX SKCHEPUMEHTOB MOXHO CAeJlaTh Claelyoliie BHBOABI:

1. ITonyyeHHsle B TOPCATPOHHOM peXHMe napaMeTph MaTHHTHEBIX MOBEpX-—
HocTed (ry ~ 5 cmM, ip~ 0,97, Sy ® 0,2) 6AU3KM IO 3HAUEHMIO K pe3ynbTaTaM,
HO/Iy4eHHBEIM B CTejIapaTOpHOM pexuMme (r,= 5 cM, ig™ 7, So~ 0,23).

2. B unanbosee 5KOHOMHUHOM peXHMe Topcarpona (K,= 1) MaruuTHsie
MOBEPXHOCTH HMEKT JOCTaTOYHO BEHICOKHME mapaMeTphl (ry = 4 ¢M, 1~ 0,97,
S5,=0,12).

3. B OTHOIIEHHH ONHOBPEMEHHOTO NOoJydyeHus: " MarHuTHol sMu" u mupa
TOpPCATPOH HE HMeeT IpeHMylleCTB Nepell CTe/IapaToOpoM, TaK Kak B CTeNl~
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napatope npu H, /Hy = 0,5% raybusa "ams" MOTa JOCTUTaTh 10% nipu 3Ha-
yeHuH mupa Sy = 0,1.

4. Besl cyMMa 9KCIepPHMEHTa/IBHbIX pe3ynbTaTOB CBHAETEJABCTBYET O
TOM, YTO C TOYKH 3PEHHUH yAepXKaHHs IJIa3MBl TOPCATPOHHAs KOHQHrypauns
Majo OT/JHYaeTCs OT CTEeAapaTopHofi. B TO Xe Bpems, MO MPOCTOTE U3TO-
TOBJIEHUS H YAOBCTBY SKCIUIyaTauldH TOPCATPOH HAMHOI'O NIPEBOCXOAHT CTEJ -
1apaTop.

5. llpu H < 2 K2 3aBHCHUMOCTDH BpeMEeHH XH3HH IJIa3Mbl OT NABJICHHSA COT~
JlacyeTCsl ¢ HEOKJaCCHYECKOH TeopHel, XOTA abCONMOTHOe 3HAYEHHE T IIPH 3TOM
B HECKOJIbKO pa3 MeHbIle, YeM MOXHO OXHAATh Ha OCHOBaHHH 3TOH TEOPHH.
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Abstract— AHHOTALMS

BEHAVIOUR OF A HIGH-TEMPERATURE PLASMA UNDER CURRENT HEATING IN THE HIGH-SHEAR
STELLARATOR "URAGAN".

In this paper the results are presented of an investigation into the behaviour of plasma produced by ohmic
discharges in the high-shear stellarator "Uragan” ("Hurricane”). During the past year the magnetic system
of the stellarator has undergone changes: new rectilinear cylinder elements have been installed. Measure-
ments conducted with an electron beam have shown that with the new cylinder elements operation is possible
with a magnetic system of the following parameters: maximum shear and rotational transform angle of 0,12
and 1.8 respectively on magnetic surfaces having a radius of 6 cm. Ohmic discharges were produced by
means of a discharge from a capacitor bank via a corresponding transformer directly on a metal discharge
chamber having an insulating ceramic section. Preliminary ionization was effected with the help of a high-
frequency generator having a frequency of 100 kc/s and an output of up to 200 kW. The following plasma
parameters were measured: electron density, by means of a phase meter, and electron temperature, on the
basis of the plasma conductivity and the ratio of the intensities of the speciral lines of helium. The radial
distribution of the electron density and temperature was measured with the help of electric probes. Under
some conditions control measurements were made of the radial distributions of the electron temperature and
concentration on the basis of the Thomson scattering of light from a ruby laser, The results are given of
measurements of the energy lifetime and the charged particle lifetime as a function of the configuration of
the magnetic field in the stellarator. When measuring the charged particle lifetime account was taken of
the effect of ionization by the spectroscopic method. In typical operating régimes the electron density
attained 10" cm™ and the electron temperature up to 100 eV. The results are discussed of attempts (o
separate the effect of shear and of the rotational transform angle using the specific behaviour of the shear
and rotational transform values when the increase € = hg /H, (h, is the fundamental harmonic of the helical
field and Hy the strength of the longitudinal magnetic field).

TOBELEHUE BBICOKOTEMITEPATY PHOM NJIA3MBI IIPH TOKOBOM HAT'PEBE B CTEJ-
JAPATOPE C BOJBUIXM IIHPOM "YPATAH" .

B noxknane NpHBOAATCS pe3yabTaTbl UCCAEAOBAHUA NOBEAEHHUS MJA3Mbl, CO3LaBAEMOH OMU~
YeCKMMH pas3psAlaMu B CTeNlapaTope ¢ 60AbMUM WHpOM "Yparau". B TeueHue npomezmero ro-
Aa MarHuTHas CHCTeMa CTe/l/lapaTopa NnpeTrephesa M3MeHeuusA: OLIIH YCTAHOBJIEHE HOBBlE NpA-
MOJIMHEHHBIE HHIHHADUTEAH . M 3Mepeuusa ¢ 3JeKTPOHHBEIM My4YKOM NOKa3ajH, YTO C HOBBIMH LH~
JIMHAPHTENSAMH BO3MOXHA paboTa C MarHUTHON CHCTEMON CO CAeAyOWHMH NapaMeTpaMH: MaKCH—
MajbHbI WHDP ¥ YO BpamaTeJbHOTO Npeofpa3oBaHus, COOTBETCTBEHHO.0,12 1 1,8 Ha MATHUTHBIX
NMOBEPXHOCTAX C pagHycoM 6 cM. OMHYeCKHe pa3psAlbl CO3AABAIUCh NyTeM PaspsaiKH KOHAEH™
caTOpHOH 6aTapeu uepe3 corjacywumuii TpanchopMaTop HenocpesCTBEHHO Ha MeTalIn4eCcKyw
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pPas3pAnHy0 KamMepy, MMeBI Y0 U3ONHPYIWHHA KepaMHyeCcKHil yyacToxk . [IpesBapHTe/sbHasg HOHH3a-
LIH OCYyWeCTBAANAaCh ¢ MOMOWbI0 BEICOKOYAaCTOTHOT O TeHepaTopa ¢ yacToToi 100 xT"u ¥ Moum~
HOCTBI0 A0 200 kBT, Hamepauck cjlefywuue NapaMeTpsl NJAa3Mbl: IUIOTHOCTD 3J€KTPOHOB —
da3oMeTPOM, 2JEKTPOHHAS TeMnepaTypa — Mo NMPOBOAMMOCTH [1123MBl U 1O OTHOWEHHO HHTEeH-
CHUBHOCTEH CIIeKTPaJIbHLIX JIMHHA Ce/iWs; paiHa/jbHOe paclipele/eHHe MJOTHOCTH H TeMIepaTypsl
9JIEKTPOHOB H3MEDSJIOCH C NMOMOUBI0 3/IEKTPHYECKHX 30HAOB. B HEXOTOPHIX peXHMaX MPOH3BO-
AWIKCH KOHTPO/IbHBIE M3MEPEeHHS PAJHaNbHBX PACNPEAE/ICHUA 2/IeK TPOHHOR TeMrepaTyphl H KOH=-
LeHTPanKH Mo TOMCOHOBCKOMY pacCesiHHio cBeTa py6HHOBOTO nasepa. B paboTe npusoaarcs
pPe3y1bTaThl Hsmepeﬂuﬁ 3HEePreTHYeCKoro BpeMeHH XH3HM M BpeMEeHH XH3HH 3apsi)KeHHBIX YacTHU
B 3aBHCHMOCTH OT KOHQHUrypauuu MarHATHOTO NMOJA B CTe/UIapaTope. IIpy U3MEDPeHUAX BPEMeHH
XHU3HHU 3apSAXEeHHBX YAaCTHL NPOHU3BOAU/ICS yYeT BAHAHHA HOHM3AlUUH CHEKTPOCKONMHYECKHM METO-
AoM. B THNHYHBIX pexHMaX paboThl MIOTHOCTE 2/eKTPOHOB XocTHTana 1013 cm-3, snexTponnas
TemMnepaTtypa — 10 100 aB. O6cyxpaorcs pe3ynbTaThl NONBITOK Pa3lie/leHHs BAHAHUA WHDa H
yria BpawaTe/SbHOTO Npeobpa3oBaHti, HCMOAb30BABIINX cneyHdHuIecKoe nopeaeHHe BeJTHIHHBI
Kpa ¥ BpalaTenbHOTO NPeoSpa3oBaHus NpU yBeaudeHHH € = hg /H, (h; — ocHOBHaA rapMoOHHKa
BHUHTOBOTO I1OAA, HZ — HaNpPAXEHHOCTHb IIPOAOJBHOTO MArHUTHOTO I'lO}'lﬂ) .

3a nocnegHee BpeMs HablogaeTcs CYlleCTBEHHBH MpOrpecc B H3yUYeHHH
IPOLECCOB MepeHOCa MIa3MH B cTe/lapaTopax. Ha cTennapatopax "BeH-
senpuTein" (Dapuunr) [1] B axcnepumeHTax ¢ WeNOYHON MIa3MOll BpeMs
AKHU3HH YacTHL B THAPOIHHAMHYECKOM peXUME HAXOAUTCSA B KOAUYECTBEHHOM
COrJlacHH C KJacCU4ecKoi Teopueii suddysuu naasMmul B cTelnapartope [2] .
Ha crennaparope "IIpoTokneo" (Kansm) [3] BpeMs XU3HH YacTHL B 6€CCTONK-
HOBHUTEJBHOM peXHMe, COOTBETCTByWleM "miaTo” B TeOpHH NPOLECCOB nepe-
HOCa IJ1a3Mbl B TOPOMAAIBHBIX JOBylIKax [4], HAXOZUTCSA B KAYeCTBEHHOM COT-
jlacuy c NIpeicKas3biBaeMsIM Teopueii. B 9TOM cOOOHmEHHU NPUBOAATCS PE3YAb-
TaThl H3MEPEHUN BpeMeHU XH3HM SHEepTHHU U YacTHL B 6€CCTOJKHOBUTEJBHOH
njaaMe cTes/ulapaTopa "¥Yparan", npuroraBIHBaeMOR C MOMOIIBI0 TOKOBOI'O
HarpeBa Ha aHOMaJbHOM COIPOTHBJIEHHH .

B crenjapartope "YparaH" mocie sKCHepHMEHTOB, LOJOXeHHBIX B Jy6-
He [5], npousowau H3MeHeHHa: GBUIM yCTaHOBJEHB HOBHIE NMPSIMOJIHHEHHBIE
LMJIMAPUTENH U yraneHa guapparma. MarHuTHag cHcTeMa cTejuiapaTopa 6bl-
Jla HaCTPOEeHa € MOMOUBI 9/IeKTPOHHO-NIYYKOBOH MEeTOAUKH [6]; mosyueHHbIe
rnapaMeTpbl CHCTEeMBI NpUBeXeHs B Taba.l .

Visyuasoch nnosejeHue Te/iMeBOH NIa3Mbl B JHanas3oOHe JaBJIeHHH
51078+ 1.10™ TOppP; Harpes MJIa3MBI, [TOJYy4YEeHHON ¢ TOMOLBI BRICOKOYACTOT
HOH NMpeXHOHU3ALNH, IPOU3BOAWICS NyTeM IPHIOXEHHUS Ha 06X04 CHCTEMBI HM-
MmyJibca HanpsXeHUs JJIHTEeJNbHOCTHI 10 Mcek.

ViaMepsnuch crezyollde apaMeTpHl IJIa3MBl: HamnpsiXeHHe Ha obxonxe U
TOK B IJJadMe, CPelHss MO JUaMeTpy IJOTHOCTD IIIa3Mbl — C NOMOMBI0 8-MM=-
nHrtepdepoMmerpa Y OpTOHa, HonepeyHas sHeprusa maasme n-(T, + T, ) — ¢ mo-
MO b0 JUaMarHUTHOH NeT/H, LOMJepoBCKas TeMnepaTypa HOHOB — C IOMOLIBI0
CKaHHUPYeMOT O 3JIeKTpOMexXaHHuecKH HHTepPpepoMmeTpa ®abpu~ITepo. Jokanb-
Hble U3MEepPEeHHS 5/IeKTPOHHOH TeMIepaTyphl H IMJIOTHOCTH MPOU3BOLMIUCE C MO-
MOL[bI0 TOMCOHOBCKOI'O PacCesiHUsl cBeTa PyOMHOBOTO ja3epa (9HEPTHA HM=
nyabca =4 JIX, AJIUTEJBbHOCTD ~ 25 HceK). H3MepsIuch Takxe abCo/MoTHbHIE
HHTEHCHBHOCTH cleKTpaJbHbix auuuil Hel u He II U MUKPOBOJIHOBOE H3Jyue-—
Hue I1a3Mbl BOIH3HM YaCTOT W = w,,. Ha puc.l npuBexeHbl TUIUYHBIE OCLWI-
JIOTpaMMBbl CHTHAJIOB.

Bo Bcex oLeHKax HCIOJb30BaJHCh COOTBETCTBYIINE JAHHOMY €
(e = hs/Hg ~Iguur/Ho ; hg— OocHOBHas TapMOHMKa BHHTOBOIO mosis. Hy — yaep-
XKUBaollee MaTHUTHOE MOJe) 3HayeHHUs cpedHUX panuyca cenapaTpHCH &, yrjia
npeoGpasoBaHus t = L/27 1 mupa 0, MOJyYeHHbIe C IOMOMNIBK SJEKTPOHHBIX
IIy4YKOB .

e
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TABJIHIIA I. OCHOBHELIE DAPAMETPbHI CTEJIITAPATOPA
"YPATAH"
1. YaepxHpawliee MariHuTHOE fone Hy= 109
2. MakcHManbHBIi YTOJa BpallaTe/NbHOrO npeobpasopaHns 2=18m
3. MaKCHMaNnbHEIHR WUP 6=0,12
4. AxcHanbHad AJIMHA BaKYYMHOH KaMmepbl L = 1035 cM
5. DBoabuiof paauyC TOPOMAANBHBIX YyYaCTKOB R=110cMm
6. Paauyc KaMepsl b=10cmM
7. MakcuManbHoe 3HavyeHne B, Be max™ 41073
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Puc.l. OcuuainorpaMMbli CUTHAJIOB PAa3/IMUHBIX AATUHKOB:

1) HanpaxeHHe Ha obxone KaMepsl,

2) cuna Toka B I1asMe,

3) nMaMarHHTHBEI CUTHAN,

4) NIOTHOCTH IJIa3MHL, o

5) nuTencuBHOCTD AnnAK Hel (A = 5015 A),
6) MHTeHcUBHOCTD AnHuu He II (A = 4686 A),

7) HHTEHCHBHOCTD WYMOBOTO H3/y4YeHHA U3 muasMsl (A = 1,6 cM).
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Puc.2. 3aBHCHMOCTD OT 3/E€KTPHYECKOTO MNO/s:

a) NpOBOJMMOCTH NJ1a3Mbl,

6) oTHomeHUR ApeitdoBO CKOPOCTH 21EKTPOHOB K CKOPOCTH MOHHOTO 3BYKA,

B) TeMmepaTyphl Naa3MH (0 — AMaMarHUTHbIE U3MEepEeHHs, O — M3MepeHHs WYMOBOTO H3NY4eHHT,
© = paccesiHMe CBeTa jasepa).

1. DJAEKTPOITPOBOIHOCTDE U HAT'PEB ITJIA3MEBI

VisMepeHUs cpelHel MO CeUeHU NPOBOLUMOCTH NJA3Mbl B 3aBUCUMOCTH
OT HaNPsXKEHHOCTH dJIeKTpuyecKoro nous (npu € = 0,58; Hg= 5 kD) mokasa-
JIK, UTO,HauUHas C MoJiei E/Ecr > 0,05 (E — none Ipalicepa), NpOBOAUMOCTD
M1a3M5bl 3HAYUTENBHO HUXE KYJIOHOBCKOM, BHIUYUCIEHHON B NPEAIOJIOXEHNH
Z = 2 C UCNOJb30BaHUEM JUaMarCHWTHOH TeMunepaTypsl (puc.2a). B sTux xe
YyCIOBHAX TOKOBas CKOPOCTE 3JEKTPOHOB CTAaGWIN3UPOBaJach HA ypOBHE!
Voe =10 vs (roe vy = N(Z-T, )7Mi — CKOPOCTB HEM30TE€PMHYECKOTO HOHHOIO
3Byka) (puc.26) u HaGaogancs CHWIBHEHIH Harpes IIa3MEl (puc.2B). Hamepe-
HUST MHMKDPOBOJIHOBOT'O M3JIyyeHHs BOJIH3M W = Wy, Ha OCH pa3psia [oKasaniu,
YTO ero BpeMeHHOe MIOBeIeHUEe U YPOBEHb YAOBJETBOPHTEIBHO COOTBETCTBYIOT
TEeIMJ0BOMY, T.€. He HabawogaeTcsa "yGeraomux" 2/JeKTPOHOB.

OnHOBpeMeHHBle H3MEPEHNA SJIEKTPOHHON TeMIlepaTyps! N0 TOMCOHOBCKO ™
My paccesiHuio CBeTa W AMaMaruHuTHol TemnepaTypst (T, + T; ) mokasamu, 4To
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Puc.3. 3aBHCHMMOCTb AMAMATHHTHOTO CHTHAJA OT CWIBI TOKa B I/Ia3Me AJs1 TPeX 3HAJYeHHA
MarHUTHOTO noas Hy .

B npenesax omMHGOK MeTOKOB OHH COBNAJAWT, a NpsAMbIe H3MEPEHUsT UOHHOHN
TemnepaTyphl T; mokasanu, 4TO OHa HaxXxoAUTcA B Kuanasoue 10+ 20 3B u cna-
60 3aBHCHUT OT IapaMeTPOB Pa3psaioB.

H3yuenue saBucumoOcTHu n- (T, + T; ) ¥ n-Te OT paspsUHOTO TOKa U Halps-—
KEHHOCTH MarHUTHOTO nona H, (npu 3Havennu € = 0,58, 6IU3KOM K ONTHMAIb-
HOMy) IIOKa3ajo, YTO CylleCTByeT AManasoH BenuunH Toka (I < Ii,), B KoTO-
POM BHIIOJIHAETCA COOTHOMEHHE (pPHC.3):

n.Te = 2101 (kA)-Ho (x3) <%33> (1)

TakuM o6pasoM, TaK Xe KaK M Ha ycTaHoBKax "TokaMak'] BEIHYHHE 3/1€K-
TPOHHOH TeMIIEpPaTYyPhl M IJIOTHOCTH CBf3aHBl MexXAy coboi; pasauuue COCTO-
uT B TOM, uro £na "Tokamakos" n.(T, + T; ) ~1? u ue sasucur or Hy . Kpu-
THYECKHH TOK Iy, 3aBHCUT OT BeJHUHHD! yAEeDKHBawLUEr0 MarHHTHOTO IIOMA,
TaK YTO BBHIIOJHIETCH COOTHOWMeEHHEe Iy, /Ho= 0,7 (npu € = 0,58). Ilpu Tokax,
60IbINX KPUTHYECKOT O, HCUe3aeT 3aBUCUMOCTD n-T, OT MarHUTHOTO MOJA
Hy ¥ BERIIOJHAETCSH COOTHOUIEHHE n'Te'\-I2 .

ITpuposia KPHTUYECKOTO TOKa He O4YeHb fiCHA, MOCKOJBLKY ITPU TOKaX, paB-
HBIX KpUTHUECKHM,

8r.nT _ 87.2:107-I-Hy

Bpaauos = 5= T
HO HO

~ 6107

a yron npeobpasoraHus £, , CBA3AHHBH C TOKOM,
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L I
Lrox = 5a2 <E§P> =
TaK 4TO CyMMapHbli yroa npeobpasoBauus (€ = 0,58) pasen

2= Logpyrt L= 1,57 + 7= 2,57

2. DHEPTETHYECKOE BPEMSA XU3HU

OHepreTnyeckoe BpeMs XHU3HY MIa3MBI Tp (6e3 yueTa MOTepr Ha M3ydeHUe)
HaXOAMIOCH OBBIUHBIM CIOCOGOM U3 U3MEpPEHHH MOTHON SHEPTHH IIa3Mbl ¢ Mo-
MOl pI0 AHAMATHUTHOMN NEeT/AXN ¥ BBOAUMOH MOIHOCTH. 3aBUCHMOCTDH 3HEpTe-
THYECKOI'0 BpPeMEHHM XH3HH OT 2JIeKTPOHHOH TeMnepaTyphl MOKa3aHa Ha puc.4.
3aech MOXHO BUAETH ABe obysactu: obnacrth I, rae Tg PacreT ¢ poctoM T, ,
n obnacte II, rae 7, nagaeT NpH panbHeiimeM ypeadyenud T, NPHMEpPHO IMpo-
NOPUHOHANBHO Te'l/z.

I 11
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Puc.4. 3aBHcHMOCTD BPEMEHH XH3HHM YACTHL ¥ SHEPTeTHYECKOI'O BPEMEHH XHU3HH TAa3Mbl OT
TeMnepaTyps.
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Puc.5. 3aBHCHMOCTE IIPHBEAEHHOTO PHEPIeTHYECKOTO BPEMEHH XH3HH MJa3Mbl OT CHJABL TOKa
B ILjIa3Me .

Bonee noapofHo 3aBUCHMOCTE Tp OT NlapaMeTpoB MuasMsl B obnacTu I
He H3yyaJiach, OfHaKo ofpamaeT Ha cebs BHMMaHUe PakT, UTO [epexox U3
obnactu 1 B obnacTs II npoHcXOANUT NpH YyacTOTaxX 3JEKTPOHHBIX CTOJIKHOBE -
HMIt, COOTBETCTBYIUX TpaHule MeXIy THAPOAHMHAMHUYeCKHUM peXumoMm ITdup-
ma u llnorepa [2] u "nnaTo" Ianeesa u Caraeesa [4] (B npeABapuTenbHOM
noxjaane 6nia cheaHa MOMBTKA YBA3aTh 3TOT NepeXo] ¢ CymeCTBOBaHHEM
KPUTHYECKOTO TOKa, Meubmero Iy,= 0,7 Hg ).

AHain3s NaHHBIX, MOJYyYEeHHBIX NIDU [IOCTOSHHOM €, HOKasal, 4To B objaac-
Tu II s 7, BHNONHSETCS COOTHOWIEHUE:

HZ

e YT (2)

He3aBHCUMO OT BEJHMYHHBI TOKAa B IJla3Me BILJIOTH KO TOKa Ikp(pnc.S). HUsyue-~
HHe 3aBHCHMOCTH HODMHPOBAHHON B COOTBETCTBHM C (2) Tg OT BEJIMUMHEL yrjaa
BpamjaTenbHoro npeobpasopanus t ¥ painyca IUia3Msl a (IpK yBEJIHYEHHH €
CPeXHUH paqHyC cemapaTpHUCH yMeHpuaics oT 7,8 ¢cM go 5,2 cM) nokasauo
(puc.6), uro B obnactu Il 3Ta 3aBUCHUMOCTE yAOBJIETBOPHTENBHO OMHCHBAET-

Cs5sl1 BBIpaXeHHeM:
2
~ = R 0. K3 'a'\/_t
g = (3+5)-104 5"—1—(—)————]&' T, (°B) (3)

AGcosoTHas BeIMUMHA Ty KocTHrana (5+6) 7y
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Puc.6. 3aBUCMMOCTD KBazpaTa IPHBENEHHOTO SHEPTeTHYECKOTO BPEMEHU KHM3HH M PUBENSH -
HOTO BPEMEHU XH3HM 4acTHu OT a-t .

O6uapy KeHHbI 3KcnepuMeHTanbHo dakT 3asucuMocty n- T, ~I:Hg nos-
BOJISIET cleJjlaTh BEIBOJ, UTO BO BCeM Juama3oHe usameHeHusl T, sHeprerunuec-
KO€ BPeMS$ XU3HHU Tg ~H% . JelcTBUTENbHO, €CJIM U3 ypaBHeHUa Gananca sHep-
ruu saexrponos 12 /[o(ra? ¥ ] = [3/2 n Tel/Te MCKIOMUTDH TOK, UCTIONB3YSA
BrIpaxeHue (1), To MOXHO MOJAYYHTH CleAypilyo PyHKIHOHAIBHYO 3aBUCHMOCTE
TE ~Hg~cr/r1-Te (4). 3aBHCHMOCTH O OT [MapaMeTpoOB MAa3Mbl B obnacTtu I moa-
pO6HO He HCCIeZOBajach, OMHAKO COBMNANE€HHe AHAMATHUTHON! TeMIepaTypsl C
TeMIlepaTypoii, H3MepeHHOH MO npoBoAuMocTH, npH Te £ 20 9B, nossoaser cuu~
TaTh, YTO B 9TOM JHala3oHe O ~T§_/2 M Tg ~H20-x/?e /n. B obnacru II
(50 2B £ Te £ 200 3B) 0 NpoRoaXaeT yBeJHUUBATLCA ¢ POCTOM TeMIlepaTypH,
OJHAKO 3aKOH BO3pacTaHus Gosiee ciabsiii: O ~NTe , YTO JaeT B COUETaHHHU
c (4)

Yuurnpasg TOT $akt, yTo Te > T; M Tp K Teq (Teq — BPEMs KYJIOHOBCKOTO 06~
MeHa 2HEepPTHH MeXAY 3JeKTPOHaMH M HOHaMH), MOXHO ChReflaTh BHIBOX, UTO
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NOTepH SHepPTHH U3 NMAAa3MBbl IPOUCXOASAT 32 CUET 9JIeKTPOHOB. A6coswTHad
BEJIMUMHA BpEMEHH XH3HM 9HEPTHU NIPHMEPHO Ha ABa NOpPAAKAa HMXE TEeOpeTH-
yeckoft aas obnacTh 11, BHUHCIEHHO! B COOTBeTCTBUH C [4] .

3. BPEMJA JXU3HU YACTHUL

BpeMst XM3HM YaCTHL T, ONpeAessiIOCh U3 ypaBHeHUd GanaHca 3apsXeH-
HBIX YaCTHH MyTeM MU3MEepeHHs 3JIEKTPOHHOH IVIOTHOCTH M BKJaJa HOHU3aLHMH
aTOMOB M OJHOKPATHO HOHHU3UPOBAHHBIX HOHOB Tejus (HOLPOGHO COOTBETCTBYIO-
mue pacyeTr 6yAyT OMMCAaHBI NO3Xe). 3aBUCHMOCTE ONpPEeAEe/IEHHOTO TaKHM
crnoco6oM T, OT 3JIEKTPOHHOR TeMiepaTyphl, Kak 3TO MOXHO BHAETE, NoA06-
Ha saBucuMocTH T = (T, ), 3a UCK/IKYEHUEM TOrO, YTO yMEHBUWEHHE T, BO
II ofnacTy NPOUCXOAUT NPUGNUIUTENBHO MPOINOPHUOHATBHO T;l . Bpems xus-
HH YaCTHI] OKa3a/JoCh He 3aBHCSIMIUM OT Ne (B AMaANa30He Ne = (2 + 8)-10%% cm™?)
U BO3pacTaloWUM NPOINOPHHOHANBEHO Hg (2,4 x2 < Hy£9,6 kD) -

3aBHCHMOCTH HOPMHUPOBAHHOT'O BPeMeHHU XU3HU (T1,-T, )/HZO OT BEJIMYUHBI
t-a® moxasaHa Ha puUC.6; BMAHO, YTO PE3YIbTATHI STHX U3MEPEHUH MOXHO
NIpeNCTaBHUTh B BHAE BHIPDAXEHUS:

2.2
Hg-(a%t)
Tn = (0,2+0,5) T, (ms)

A6comoTHast BeMYMHA BpeMEHU XHM3HM YacTHUH gocTHraer (40 +50)-T5 , HO B
TO X€ BpeMs NPHUMEPHO Ha MOPANOK HHXE HEeOKJaCCHYEeCKOTO.

OCHOBHBIM Pe3yNbTAaTOM JAHHOI paboTh ABAACTCH SKCIEPHMEHTAaNbHOe
Hccaenosaure GYHKUHOHANBHON 3aBUCHMOCTH BPEeMEHHU yAepPXaHHUA NAasMBbl B
cTeJulapaTope B AOCTATOYHO WMPOKOM AHala3oHe U3MEHEHHS 3JIEKTPOHHOHR
TemnepaTypbl. OGHapyXeHB ABe 06/JacTH C pasjnyHO# GyHKIHOHANBHON 3a-
BHCHMOCTDI0 BPEMEHH XHU3HH OT 3JIEKTPOHHOM TeMIepaTyphl maa3mser. Ilep-
Bas obnacts (T < 50 3B), BeposiTHO, COOTBETCTBYET THAPOINHAMHUYECKOH 06~
JacTH, Bropas ob6nacTek (Te > 50 aB) coorseTcTByeT "niaro" .

B aToit o61acTu 65110 3KCIEPUMEHTANBHO HCCIELOBAHO B CTe/IapaTope
3HEPTeTHYECKOE BpeMs XHU3HM IJJa3Mbl C JOCTATOUHO BBICOKOH SIE€KTPOHHOMN
TemnepaTypoit. IfokasaHo, 4TO MOTEpPH IHEPTHUH 3XECH ONPEAEAANTCA 3JI€K—
TPOHHOH KOMIIOHEHTHOH I1J1a3Mbl; 3HEPTETHUYECKOE BPeMA XHU3HHU CYyMECTBEH-
HBIM O6pa3oM OTAMYAETCHA OT BPEMEHH yJAepXKaHUA yacTUl KakK Mo abComoTHON
BeJIMYMHE, TaK M 10 GyHKUHOHANBHONH 3aBUCHMOCTH OT apaMeTpPOR IJa3MBbl.

Pe3ynrTaThl 9KCIEPUMEHTOB 10 YAEPXKAaHHO [JIa3MEl B CTe/IapaTopax
"CarypH" u "Cupryc" HaxonfiTCs B XOPOWEM COIJIACHUH C -3 MIHUDUYECKUMU CO=
OTHOUIeHUAMH, [TOJyYeHHBIMH B JaHHOH pabore.
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DISCUSSION

TO PAPERS IAEA-CN-28/H-10, H-11

A, GIBSON: You indicated that the energy confinement time (7g) and
particle confinement time (7.) show different scaling with plasma radius
(a), i.e, T < abut7,« a? How was "a' varied in these measurements,
and over what range?

V.S. VOITSENYA: It has been shown previously that without a limiter
the plasma cross-section is approximately the same as the cross-section
of the last intact surface. In these experiments, therefore, the authors
varied the plasma radius by varying the value of e, The relations shown
in Fig.6 were obtained by varying the mean plasma radius ''a'" in the range

5,2-7.8 cm,
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Abstract

PLASMA SHIFT IN FAST STELLARATORS WITH FINITE CONDUCTIVITY,

The magnetohydrodynamic theory of low-8 stellarator and Tokamak equilibria shows that finite electrical
conductivity demands ratherlarge plasma flows. In a fast-compression stellarator, the question arises whether
these flows can be set up fast enough to avoid the plasma hitting the walls, One can distinguish two cases:

(1) There is a vacuum between the plasma and the wall and the plasma has already shifted out of the
magnetic surfaces such that in the most pessimistic idealization no secondary cuirents can flow along
the lines of force. The plasma is then accelerated in radial direction until the necessary plasma
flows are established. An estimate of the resulting plasma shift &1, is given.

(2) The same finite conductivity exists throughout the volume inside the walls, An optimistic assumption
would be that the radial flow of the plasma already exists, permitting the secondary currrents to flow.
Due to this radial flow the plasma moves until the plasma flow in toroidal direction is achieved.

Also in this case the shift, ér,, is estimated.

The truth might be somewhere between &1, and ér,. The relations derived make it desirable to use
configurations with small secondary currents only, This could be attained, for example, by corrugating the
magnetic lines of force to a certain extent,

The magnetohydrodynamic theory of low-8 stellarator and Tokamak
equilibria [1] shows that finite electrical conductivity demands rather large
plasma flows. In a fast-compression stellarator, the question arises
whether these flows can be set up fast enough to prevent the plasma from
hitting the walls. The largest component of the flow velocity is that parallel
to the magnetic fields. Its value is given by the expression

() &)

There v is the classical diffusion velocity without any torus corrections,
t the angle of rotational transform, R the major torus radius, and 1, the
minor plasma radius. This relation had been derived assuming an axially
symmetric magnetic field whose rotational transform is due to curl
B # 0 in a non-selfconsistent way (so-called mock-up stellarator). It is a
valid approximation for a real stellarator, at least, if the main component
of the field is the toroidal 1/R-vacuum field. The plasma has to be
accelerated parallel to the fields in order for the plasma to reach this
velocity. Such an acceleration can only be achieved by a pressure gradient,
parallel to the magnetic field, which is not larger than the total pressure
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p = 2nk T divided by the connection length 2z/R/.. The time t after which
vy is obtained is thus given by

nmivy _ mjvy 27R _ 1
grad”p[ ~ 2T 2 veZ 1

where m; is the ion mass and v; = (kT/mi))f the thermal ion velocity.

We can now distinguish two limiting cases:
1) There is a vacuum between the plasma and the wall and the plasma has
already shifted out of the magnetic surfaces so that in the most pessimistic
idealization no secondary currents can flow along the lines of force. The
plasma is then accelerated in the radial direction by the centrifugal force
m;j vi’ /R. After the time t, the plasma has covered a distance of

2

s

12

o=

éry =

Substituting the above expression for t we obtain

5
T
bry = g v2 L I, g

2) The same finite conductivity exists throughout the volume inside the
walls. An optimistic assumption would be that the radial flow of the plasma
already exists, thus permitting the secondary currents to flow. The
radial flow velocity is given by

(L

Owing to this velocity, the plasma moves during the time t given by the
above formula through a distance of

The actual distance might be somewhere between ér, and ér,. For practical
purposes ér; and §rp can be expressed more conveniently as

Sy o1y qp20 mec) BZ< ><——>
T, 4
P
2
_(_5-1;2_245’2

33 R \2~

8rp/B>

w0
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Anomalous resistivity would increase ér quadratically. We would expect
this formula to give the correct order of ér for finite values of 8, as well.
An example is the '"'Spinne'' experiment in Garching with R/rp = 25,

t =2r =0,1, T = 50eV, B~ 1., These data give

4
éry/rp = 107, éry/r, = 10.

Thus, for this particular experiment it is doubtful whether equilibrium
can be attained.

The results obtained in this paper, therefore, suggest the use of
configurations with only small secondary currents. This could be achieved,
for instance, by suitably corrugating the magnetic lines of force.
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DISCUSSION

M. N, ROSENBLUTH: Did you consider radial electric fields? These
could completely change the assumed mass motion, and there seems to
be no reason to equate them to zero, The real question is transfer of
angular momentum between surfaces.

D, PFIRSCH: We did not consider radial electric fields, I agree that
these could change the mass motion,
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T. UCHIDA, K. SATO, A. MOHRI, R. AKIYAMA
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Abstract

CONFINEMENT OF A TOROIDAL THETA-PINCH PLASMA IN A PERIODIC CAULKED-CUSP FIELD,

1t has been established with a toroidal theta-pinch experiment that a periodic caulked cusp field
is effective in the suppression of the toroidal drift of a high-beta plasma as well as in the stabilization.
This caulked cusp field is generated from currents induced by the theta-pinch magnetic field in the
metal rings placed, perpendicularly to the main field, inside the discharge tube. The current in the
ring is simply inductive and a closed line of null field lies inside each ring. Owing to the skin effect
of the ring conductor, the null field line remains during the discharge,

Experiments are carried out on a toroidal machine with a theta-pinch coil of 50 cm major diameter
and 13 cmminor diameter, equipped with 24 ceramic-coated metal rings inside.

In the implosion phase, the plasma sheath contracts uniformly in space except for the ring planes,
and the axial inhomogeneity of the produced plasma that might result from the insertion of rings is
hindered fairly well by a negative bias field applied to pre~heated plasma, The plasma is located at
several millimetres outside of the tube axis at the final stage of contraction,

To obtain a favourable result for the confinement of the pinch plasma, there should be a region in
which a magnetic-field minimurmn exists on the midplane between neighbouring rings, and the region
should correspond to the plasma location at the maximum contraction, The number "24" for the rings
is chosen so as to satisfy these conditions, and the plasma is really observed to stay at this location, Some
flute -like instabilities are observed when 12 rings are used, in which case there is no region of field minimum.

The dynamics of the implosion phase is studied by magnetic probes, spectroscopy and laser techniques.
The plasma behaviour in a periodic caulked cusp field is discussed for a plasma with Doppler temperature
of several tens of eV, a density of 1 x 10" em™ and a beta-ratio of 0.1-0, 2.

1, INTRODUCTION

Several attempts have been proposed for the confinement of high-beta
toroidal plasma and they are being studied experimentally in many labo-
ratories [1-4]. It was established that a series of caulked cusp fields was
successful in suppressing the toroidal drift of a theta-pinch plasma with
a curved, but open-ended machine [5]. Here, we give experimental evidence
of the realization of this idea in a full toroidal machine,

Experiments are carried out on a simple toroidal theta-pinch machine
equipped with hi-alumina coated copper rings inside a pyrex glass tube,
which are set perpendicularly to the main field along the tube axis at
regular intervals. When the rings are removed, the theta-pinch plasma
drifts outward, accompanied by radial oscillation; it is observed to hit
the wall after about 1 us (Fig. la), With the appropriate number of rings
in place, the plasma does not drift and the streak photograph indicates
the plasma to be stable for about 20 us (Fig. 1b and 1d).

2. EXPERIMENTAL ARRANGEMENTS

A capacitor bank of 20 kV and 45 kJ in full charge is used for the main
theta-pinch discharge, The electric field induced azimuthally by the
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FIG. 1, (a) Without rings: the plasma drifts outward and is observed to hit the tube wall, (b) With 24 rings:
such a drift is suppressed, (c) With 12 rings: the plasma is not observed to be stable, (d) The plasma
boundary is well-defined even at the bad region outside theringin the case of 24 rings, Black line at the
centre represents the tube axis, These photographs are taken through a slit of the coil (a), at the midplane
of neighbouring rings (b, ¢) and in the vicinity of the ring (d).
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FIG, 2. Schematic drawing of the cross-sectional views of the machine on the meridian plane () and the
equatorial plane (b),

discharge is around 100 V/cm along the inner surface of the tube so that
the plasma temperature to be obtained is relatively low and 100 eV, at
most. The major diameter of the machine is 50 cm, and the minor
diameters of the coils and the glass tube are 13 c¢cm and 10 cm, respectively.
Each ring of 5 cm in diameter is supported by three thin Be-Cu wires
coated with hi-alumina (Fig. 2).

A negative bias field of up to 600 G is applied prior to the plasma
pre-heating by an axial current of pulse up to 10 kA; a few ten us later,
the main discharge is fired. In the case of a simple torus, the main
magnetic field reaches 13 kG on the minor axis at 4 us. When 24 rings
are used, its maximum values change to 10 kG in the midplane of
neighbouring rings and 6 kG beneath the ring., The coil current is crow-
barred at the maximum of 1.6 MA and decays with a time constant of 70 us.

Figure 3 shows the computed magnetic lines of force and the wells of
potential U = - [d€/B for the cases of 12 rings and 24 rings, neglecting
the plasma pressure (here B is the magnetic flux density and d£ is the



172 UCHIDA et al,
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FIG.3. Magnetic field lines of force () and the wells of potential U = - d¢/B (b), neglecting plasma
pressure. Written figure means the number of rings, Shaded portion in (a) represents the plasma location
deduced from photographs,
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line element along the magnetic line of force). When low-beta plasma is
contained in these configurations. equilibrium is established [6], and the
magnetic wells seem to be effective 1n the stabilization of magnetohydro-
dynamic instabilities. A significant difference in the containment of the
theta-pinch plasma appears between the cases of 12 rings and 24 rings.
To obtain a favourable result, it is essential that a region exists in which
the magnetic field has a minimum in the midplane between neighbouring
rings. The number "24" for the rings is chosen so as to satisfy this
condition, and there is a place on the outer side where the magnetic pressure
is 15% higher than that at the minor axis. Such a difference in magnetic
pressure gives a measure for the allowable beta ratio of the plasma to

be confined. This configuration is called a periodic caulked-cusp field,

3. PLASMA PRODUCTION

Computation by a snow-plow model for the simple toroidal theta-pinch
indicates that the central position of the pinched plasma column deviates
from the axis by 15% of the tube radius towards the outside, for the
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FIG.4. Time variations of the beta-ratio, the Doppler temperature, the line density and the electron
temperature in the case of 24 rings and 600 G negative bias field, observed at the midplane (a) and in
the vicinity of the ring (b). Imtensities of He 11 (4686 A) and O II (4661, 6 A) are compared, referring
to the field variation, at the midplane (c) and in the vicinity of the ring (d). Figs 4 b, ¢, d are to be
found on the following page.
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present case with an aspect ratio of 5 [7]. When helium gas of 40-50 mTorr
filling pressure is used, the plasma contracts at a position of 5-7 mm
outside, and the diameter is 2 cm at the maximum contraction. The
temperature as deduced from the drift speed is 60-90 eV, on the assumption
that it is caused by the toroidal effect, and the density is estimated to

be 2 X 101 cm™3, from the period of the radial oscillation.

Even when 24 rings are present, similar pinch phenomena are observed,
and the contraction speed is almost equal to that occurring in the case
without the rings. The plasma appears also at several millimetres out-
side the axis at the final stage of contraction, and this location corresponds
to the minimum -field region in the midplane, The plasma stays at this
location (Fig. 1b).

The maximum electron density is deduced to be of the order of
10 ¢m™ with a He-Ne laser interferometer, and the maximum ion
temperature of several tens of eV is estimated from Doppler broadening
of O II (4661.6 A) with an echelle monochromator [8]. Then the self-
collision time for the ions is around 0.1 us, and the relaxation time of the
ions with electrons is a few microseconds.

In the implosion phase, the plasma sheath contracts uniformly in
space except for the ring plane (width of 2.5-3 mm). It is observed, using
streak photographs and diamagnetic probe signals, that the pinch time
at the position immediately adjacent to the rings is the same as that
observed in the midplane between the rings., However, some differences
in the measured plasma parameters are present between the midplane
and the vicinity of the rings, as is seen in Fig, 4. Such differences are
inevitable in the present experiment.

4. PLASMA BEHAVIOUR AFTER THE PINCH

4.1, Photographs

The plasma behaviour in the case of 12 rings is different from that
in the case of 24 rings (Figs 1b and 1c). The photographs suggest that
there is no equilibrium in the case of 12 rings, in which case there is
no region of field minimum in the midplane. When 24 rings are present,
the plasma seems to be stable and neither the drift nor the m = 1-instability
are seen even in the midplane, The luminosity, however, increases on
the exterior side of the plasma (Fig.5). After having become quiescent,
the plasma is located in the region shown by the shading in Fig, 3a,
There should be an equilibrium state.

4.2, Magnetic-field distribution

The annihilation of the trapped reverse field in the midplane occurs
about 1 us earlier than that in the ring-plane, Diamagnetic probe signals
suggest that the reverse-field region in the ring plane is shifted, and
its shape is deformed in a complicated way after maximum contraction.

It may, then, be possible for the plasma to touch the rings ip this phase.
However spectral lines of A1 1(3961.5 A) and Al IT (4666.8 A) and A1 TIT
(4701.7 A) arescarcely observed during thedischarge. Theprincipal caulked-
cuspfield is achieved at about 3us, Thebeta ratiois reducedfrom thesignals
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FIG.5. Framing photographs on a caulked-cusp-field region taken from the up-side of the machine,
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of the diamagnetic probes located 5 mm outside of the tube axis, The
value of the beta ratio is determined to be 0.1-0.2 at the time of the

field maximum; its decay-time constant is 5-6 us, which agrees well

with those values estimated from the Doppler temperature and the density
measurements,

4.3. Time variations of plasma parameters

Time variations of the electron line density and the electron tempera-
ture are estimated from the signals of the continuum intensity and the
relative line-to-continuum intensities [{9], respectively. By the time of
the field maximum, the line density in the midplane decreases to a
minimum and the density in the ring plane reaches a maximum. These
signals imply an axial plasma motion, toward the ring plane and back to
the midplane (Fig. 4). Such an axial motion should be expected from the
corrugated-field configuration whose mirror-ratio is 1. 6 : 1 on the axis
since it is also observed when no bias field is applied, The decay-time
constant of the electron temperature is about 10 us, and the line density
decays with a time constant of about 20 us. The intensity of a spectral
line of the mainimpurity OII (4661.6 A) varies roughly in phase with that
of the plasma ion He II (4686 A), but in addition of 0.5% oxygen has a
dominant influence on the plasma parameters,

4.4. Induced ring current

The induced ring current is determined by the use of a small Rogowski
coil surrounding the ring conductor. The decay-time constant of the
induced ring current is about one half of that of the main field, independent
of plasma production, This seems to be caused by the proximity effect
on the current distribution in the ring conductor.

Then, the location of the stagnation point approaches almost the inside
of the ring, after about 20 us, owing to the differences in decay speed
betweeen the coil current and the ring current, Accordingly, the caulked-
cusp field is no longer formed after the time of about 20 us, and then the
outside boundary of the plasma becomes diffuse.

5. CONCLUSION

It is experimentally established that the periodic caulked-cusp field
with 24 current-induced rings is effective in the suppression of toroidal
drift of the theta-pinch plasma with a beta ratio of about 0,1, as well as
in the stabilization of the m = 1-instability. As a contrary evidence, it
is recognized that there is no equilibrium in the case of 12 rings in which
case there is no region of field minimum in the midplane between
neighbouring rings. Braginskii and Kadomtsev suggested theoretically
that this field configuration should not only stabilize the B = 1-plasma but
also make the equilibrium state itself possible [10].

The results obtained imply that minimum-B field property is necessary
for the containment of high-beta collision-dominated plasma.

Although the confinement times have been limited by some inherent
technical factors of this configuration, the values obtained are all prolonged
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about twice, as long as those obtained previously in the curved but open-
ended machine. Thus, we can say that plasma confinement is improved
in the toroidal configuration, compared with that in the open-ended
configuration.

If the conductivity of the ring is increased by its cooling downand a super-
fast theta-pinch bank is used with some positive bias field, the produced
plasma might be stable for a longer time.
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DISCUSSION

F.L, RIBE: How do you account for the decrease of beta with time?

T. UCHIDA: The beta-ratio is deduced from the signals of a diamagnetic
probe located 5 mm off the tube axis, The rapid decrease from the value
of one could be caused by destruction of the trapped reverse field,



IAEA~CN-~28/]-2

TOROIDAL HIGH-8 EXPERIMENTS IN COMPACT
AXISYMMETRIC CONFIGURATIONS

H.J. BELITZ, L. JANICKE, P. NOLL, U. PLANTIKOW, F. SAND,
J. SCHLUTER, F. WAELBROECK, G. WAIDMANN

Institut fiir Plasmaphysik der Kernforschungsanlage Julich,
Assoziation EURATOM-KFA,

Federal Republic of Germany

Abstract

TOROIDAL HIGH-8 EXPERIMENTS IN COMPACT AXISYMMETRIC CONFIGURATIONS.

The confinement of plasmas heated by fast-rising (B/B =~ 1 ps) and confined by slowly decaying
(| B/BI > 1 ms) magnetic fields is studied in axisymmetric toroidal configurations. Small aspect ratios R/a
(R = major radius, a = characteristic minor dimension) are chosen to reach relatively high current densities
and to confine plasmas of higher 8 below the Kruskal-Shafranov (K. §.) limit,

In a first experiment (Helical Hard-core Thetapinch), plasmas with temperatures T =20 eV, densities
n > 10'® cm-? and strongly elliptical (typically b/a = 3) cross-sections are produced at the end of the fast
compression. By adjusting the voltages and currents of the hard-core and the theta coil, and the time-delay
between switching the banks, R can be varied and the net plasma momentum in r direction can be made = 0
at the end of the dynamic phase. Slower variations of R, resulting from the diffusion of the toroidal field into
the plasma (B decreases to 15% in a few ps) and from the contraction of the plasma cross-section in the
z-direction occur later. They can be controlled by programming the hard-core current. Theoretical results
on the equilibrium plasma configuration agree with the result of magnetic-probe and optical measurements
which further indicate some triangular deformation of the plasma cross-section. Outside the plasma, a vacuum
magnetic field configuration is observed. The angle of rotational transform ¢ was varied by changing R and
the ellipticity; the plasma appears hydromagnetically stable when q =2 m/¢ > 2,5. The observed confinement
time (= 30 us) agrees then with the decay time of the toroidal plasma current and can be explained by the
relatively low plasma temperature. A second experiment is being built to study the high-8 stability limit in a
torus with circular cross-section and larger dimensions (R = 25 cm, 1, = 10 cm). The toroidal magnetic field
(= 10 kG) and the discharge current rise simultaneously in 1,6 us. It will be attempted to reach temperatures
= 200 eV at densities n, = 3 X 10% to 10% cm™. The r.f. pre-ionization and the preheat stage of this
experiment were studied using a similar coil system and a small capacitor bank (T = 11 ~30 ps). At the
required small gas pressures of typically 1 mTorr, optimum breakdown occurs at voltages of & 1.5 kV per
turn; at higher voltages, runaway electrons are indicated. The preheat discharge then produces plasmas with
T, =2 to 4 eV, n (spatially resolved) = 102 to = 6 X 1013 ¢cm ™ and a toroidal current of several kKA.

1. INTRODUCTION

In the last few years, considerable progress has been achieved in
experiments aiming at plasma confinement. Results obtained in axisym-
metric toroidal devices of the Tokamak family [1] have received particular
attention since containment times significantly longer than the Bohm time
were achieved at densities, temperatures and magnetic field strengths
which to not differ too much from the thermonuclear requirements, In the
present Tokamak experiments, the -values are still about 50 times smaller
than the "'reactor-g". Stable plasma confinement in these geometries at
B8 2 0.1 has still to be demonstrated. In linear systems, the thetapinch
technique produces high-temperature plasma with relatively high 3-values.
It seems, therefore, appropriate to adapt this technique to the production of
plasmas with moderately high 8 in toroidal configurations and study their
stability.
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We report here on two experiments designed to reach this goal. The
geometries investigated are axisymmetric. In contrast to most screw
pinch experiments carried out as yet, the angle of rotational transform is
< 27. This is a serious limit to the 8-value which can be contained and the
current density unless the aspect ratio of the plasma is small. In the first
experiment (TESI), a particularly low equivalent aspect ratio is achieved
by producing plasmas where the magnetic surfaces have elliptic cross-
sections. In the second experiment, the cross-section of the torus is
circular; the use of compact geometry and very fast magnetic compression
to shockheat the plasma, (with almost no adiabatic compression phase)
make us hope that plasmas with relatively high 8-values - lower, however,
than in the TESI experiment -~ can be confined.

2. THE TESI EXPERIMENT

In axisymmetric toroidal configurations with circular magnetic surfaces,
the ballooning-mode instability is cancelled out [2, 3] by the deepening of
the well resulting from the ballooning itself. The corresponding stability
criterion is independent of the plasma pressure. The confinable B is
essentially limited by equilibrium considerations. The K.S. condition
imposes, however, a severe limitation on the current density i and the
achievement of thermonuclear temperatures by means of Joule heating
alone appears to be difficult.

For a purely elliptical plasma boundary, the maximum fB-value
compatible with the equilibrium condition was calculated to be [4]

2 2 2 2

t? d?+ 3b b

S — ——— a —
Pete ey Im 1

where r, ¢, z are cylindrical co-ordinates; t¢ is the angle of rotational
transform, R the major torus radius, and a and b are elliptic semi-axes
parallel to r and z, respectively. Equation (1) assumes that p and (B2¢-

Bzw sucface) @re proportional to the poloidal flux function y, (i.e. a flat current
distribution if effects of toroidicity are ignored). If the stability criterion
were simply ¢ < 27, large f3-values would appear to be possible according
to Eq. (1) for b>a. It was, however, shown that for these cross-sections
the stability criteria for localized flute modes and ballooning modes becomes
pressure-dependent. The resulting maximum f8 is not larger than that for
circular cross-sections, Moreover, the maximum permissible current
density for a given aspect ratio R/a decreases with b/a,

For B8 = 1-plasmas with sharp boundaries, equilibrium can be obtained
with ¢ < 27 for moderate values of b/a (Fig. 1), This has been calculated
numerically for the B = l-equilibrium in the TESI geometry [5].

In the case of elliptical cross-sections with small triangular corrections,
the average magnetic well can be deeper by an order of magnitude than for
strictly elliptic cross-sections [2,6]. Therefore, the limiting 8- and j -
values compatible with the criteria for equilibrium and for stability against
flute and ballooning modes can even be larger than the corresponding
limits for circular cross-sections (see, e.g. Fig.(5) in [7]). In the case
b >a, the favourable orientation of the triangular deformation is just that
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FIG.2, The helical hard~core theta-pinch experiment TESI.

indicated in Fig.1. The effect of a non-circular magnetic surface on kink
instabilities has not yet been fully investigated. These instabilities become
more dangerous with increasing ellipticity [8].

To build a toroidal device producing plasma cross-sections of variable
ellipticity, the cylindrically symmetric geometry of a hard-core thetapinch
was used (Fig.2). The thetapinch coil (20 cm diameter, 30-60 cm length)
is connected to a 40kV/15kJ-capacitor bank. The hard core consists of
16 current conductors in parallel, distributed over the surface of a tube
of 4.5 cm diameter. Within the theta coil these conductors have a pitch
angle of 45°, Four conductors outside the theta coil provide the return
connection to a 60kV-15kJ bank. Both currents, clamped by metal-to-
metal crowbar switches, decay with an e-folding time of 1.6 ms. The
filling gas deuterium, contained in a hollow cylindrical quartz vessel, is
ionized and pre-heated by a pre-discharge.

The plasma is confined and heated by fast magnetic compression
techniques; therefore, no limiter is used to determine the plasma
dimensions. Numerical computations show (Fig. 1) that for a given
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FIG.3. Toroidal field B, and poloidal field Bpol at the equatorial plane z = 0 as functions of r and t
(for probe measurements, the hard-core voltage was reduced from 60 kv to 40 kv; therefore, a net force
directed to the hard-core results from the poloidal fields).

current ratio in the hard core and the theta coil, a continuous sequence of
equilibrium plasma configurations exists; the nearly elliptical cross-
section exhibits a small triangular deformation. R and a are nearly
constant; b can be increased up to almost the coil length without jeopardizing
the existence of the equilibrium. Thereby, the volume varies by more than
an order of magnitude, and the pressure decreases by a factor of about two.

The main experimental problem lies in the appropriate control of the
transition from the initial pre-ionized plasma state via the fast magnetic
compression to the final stable equilibrium configuration. The radial
equilibrium can be controlled through the firing time of the crow-bar
switches (not necessarily at current maximum). The net outward plasma
momentum, at the end of the implosion phase, can be made negligibly
small by adjusting the voltages of the two main banks. A fifth parameter,
the time delay between firing the two banks, can finally be varied. At the
end of the compression, the plasma cross-section should, moreover, have
roughly the shape which corresponds to the equilibrium configuration for
the experimental case (plasma volume and pressure). A strong axial com-~
pression (reduction of b) has indeed a disastrous effect on the plasma
confinement: this compressionis accompanied by a reduction of R (as is
expected if flux is assumed constant); the plasma boundary reaches the
hard core. The case of a too large plasma volume is less dangerous. This
occurs when the quartz vessel is longer than the coil length. Here, a
plasmoid is emitted at each end of the coil and a plasma toroid of nearly
maximum ellipticity remains confined within the coil. A variation of the
ellipticity is most easily achieved by changing the ratio of the theta coil
length to that of the quartz vessel.

Another consequence of the non-circular cross-section is that, during
the dynamic phase, the projections of the current and magnetic field lines
in the r-z-plane are not necessarily congruent; the resulting volume force
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FIG.4. Magnetic surfaces derived from local magnetic-probe measurements at t = 2 ps; 49 = 30 kG X em?;
q=2.740.5.,

(j; B; - i; B,) can lead to toroidal plasma rotations [9] which are anti-
symmetric with respect to the equatorial plane. In the case of TESI, two
factors reduce the importance of this effect: the rapid decay of the poloidal
current [10] and the short connection length within the ellipse. The
poloidal current decays much faster than the toroidal current. Characteristic
times calculated for R = Tcm,a =1cm,b> a, T = 20 eV are 3 and 30 us,
respectively. This agrees reasonably well with local magnetic-probe
measurements (Fig. 3) which show that, after about 2 us, the toroidal
current is large whereas the diamagnetic dip in the B¢-fie1d has already
disappeared. The B,-field diffusion results in a slow variation of R,

which can be controlled by programming the hard-core current. The
magnetic surfaces, deducéd from a three-dimensional set of magnetic
probe measurements, att = 2 us are plotted on Fig.4. The shape of the
magnetic surfaces clearly exhibits a triangular component. From the field
distribution, one derives a nearly homogeneous plasma current density of
about 1,6 kA/cm2, The value of N = (27 jR/B) ~ 1.1 on the magnetic axis
is similar to that obtained in Tokamak experiments. Outside the plasma,

a vacuum magnetic field is observed; most of the field lines in this region
cross the wall.

The following values have been obtained: B = 15%, Bpol ~1, T~ 20eV,
ne=1,3X 10" ecm™at the magnetic axis, € = b/a &~ 3. Even with strongly
reduced filling pressures (down to p, = 5mTorr), it was not possible to
rise the temperature above 30 eV, presumably because of the low S-value
of 4 X 10° G/s; the radiation-cooling barrier due to the impurity ions
could not be crossed.

The MHD-stability behaviour has been examined as a function of
different parameters. The reciprocal rotational transform, q= Ax/Ay
(AX toroidal, Ay poloidal flux between two adjacent magnetic surfaces) has
been obtained from the probe measurements. For the case considered,

q = 2.7+ 0.5 has been measured, The limiting value of N for stability
against flutes or ballooning is, for € = b/a > 1, not much larger than unity
[11], the corresponding q is about (1 + 62)/(26N). For the experimental
conditions € =~ 4 near the magnetic axis, a limiting q of & 2 is predicted.
We have never observed a stable plasma, which would allow reproducible
probe measurements, with q-values smaller than 2. 2.
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FIG.5. End-on streak pictures at a) At =1.2 ps, b) Ar =1, 0 pgsand¢c) At = 0.4 ps. 47 is the delay between
switching the hard-core bank and the theta bank.

An important experimental parameter concerning stability was the time
AT between firing the hard-core bank and the theta bank. If the hard-core
bank is switched on 1. 2 us before the theta bank, the plasma seems from
streak pictures! (Fig. 5a) to be stable for more than 20 us. If ATis
decreased (Fig.5 b, ¢) the plasma becomes less and less stable. A violation
of the condition (B, =B, ,cuum) for absence of rotation or of a maximum 8
compatible with stability may explain this behaviour. The latter possibility
is somewhat favoured by the side-on observations under conditions of
Fig.5b, which shows that plasma is lost relatively early in the region of
bad curvature; the plasma which remains in the central region of the coil
appears thereafter to be confined in a stable way.

Finally, we want to mention that the observed triangular deformation
of the elliptical cross-section has the orientation which ‘gives optimal
deepening of the magnetic well.

3. FAST AXISYMMETRIC TORUS EXPERIMENT

In this experiment, which is being built, we aim at significantly higher
temperatures than in TESI, in the density domain n = 3 to 10 X 1014 cm™3,
The volume is larger and the torus cross-section is curcular. The
stability of plasmas of small ellipticity can thus be compared with that of
the TESI plasmas.

! The radial deviation (R = 6. 5~ 7.5 c¢m), which does not result in a contact with the wall, is due to
an unprecise switching of the crow-bar switches.
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FIG.6. Schematic diagram of the fast axisymmetric torus experiment,

The maximum permissible §, consistent with ideal MHD-equilibrium
and stability, is here of the order of a/Rq® (a = plasma radius, q = 27/t>1).
For the containment of plasma with high § it is therefore necessary to
choose a compact torus and to avoid a strong compression ratio. Different
calculations, assuming diffuse or sharp boundary plasmas inside a flux-
conserving conducting torus of dimensions R = 25cm, r, = 10cm, have been
made; they indicate that for q = 1 and a volume compression ratio of
1 : 4, the maximum 3 which can be confined is 0.12 to 0.16; the corres-
ponding outward displacement of the plasma centre is 3 to 4 cm and the
ellipticity € is 1.2 to 1. 4.

Low initial gas pressures and strong electric fields are chosen to
enhance the anomalous field diffusion effects [12] during the plasma
implosion. To reduce the compression ratio, the rise time of the magnetic
field is short, not much longer than the implosion time. Provision is made
for the addition of an initial bias magnetic field to provide a further control
of the B-value and plasma volume.

The apparatus is shown in Fig. 6. After an RF-pre-ionization, the
gas is ionized by discharging the bank C;. The firing time of the clamping
switch M; controls the magnetization of the plasma. The main bank C, is
connected to 36 helically wound parallel windings via a 1 : 2 step-up
transformer T, The resulting current (I,,, = 1.25 MA) induces the toroidal
magnetic flux and the toroidal plasma current; it can be clamped by four
metal-to-metal switches M,. Two half copper shells CuS and an auxiliary
toroidal w1nd1ng T. W, surround the torus. The B,-fluxpenetrates into the
shell through two meridional slits and can be frozen to a specified value
by short-circuiting T. W. with the metal-to-metal switch M;. The shape and
pitch of the coil can be modified. For the first experiments, the angle
between the entering and return leads is 100°; the windings have such a
shape that, in vacuo, a negligible B,-field is produced within the coil; the
restoring forces leading to the equilibrium result then only from image
currents in the shell or additional currents in T.W. Because of the small
aspect ratio, the plasma is expected to have a significant outward momentum
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FIG.7. Breakdown delay times versus coil voltage Uy, for two typical discharge periods T.

p

at the end of the compression phase. Resulting oscillations could bring

it to the wall. Since only a partial copper shell is used, a short current
pulse (with voltage doubling) launched in T.W. at the start of the main
discharge can produce a compensating inward-directed force. The breakdown
and jonization of the gas in the low-density domain provided for

(p * 1 mTorr) have been studied in a similar set-up. The main differences
are: major and minor radii 20 and 10 cm, respectively; no voltage

doubling; the T.W, coil is situated close to, but outside of the main

winding.

The breakdown of the pre-ionized deuterium gas depends strongly on
the gas density and on the toroidal electric field; in this experiment, the
poloidal field does not break down the gas at the investigated pressures of
~ 1 mTorr. The gas desorption from the walls during the rf-pre-ionization
and the pre-heat phase requires some care; an oil-free vacuum system
and a prolonged discharge cleaning before each experimental run reduced the
gas release to about 10% of the filling pressure. Gas breakdown was
detected by the almost simultaneous appearance of the D, -line, of the
toroidal plasma current and of diamagnetic signals. It occurs during a
short interval around a time when the oscillating magnetic field crosses
zero. The higher the initial electric field, the later the time when break-
down is observed, For different deuterium filling pressures and two
different discharge periods T, Fig.7 shows the breakdown times, counted
in half-periods of the oscillating magnetic field, as a function of the initial
coil voltage Uy . Above a certain pressure-dependent voltage, the break-
down no longer occurs at the end of the first half-cycle; it is delayed until
the electric field has decreased by circuit damping down to the upper

electric breakdown field E 5. A reduction of E p with the neutral gas



IAEA-CN-28/]-2 187

Ne |
-3
[cm ] 1Cb | . .
Bo=360T |
5 | .
|
I
X ‘0“ .
1
i
;
!
° 3
ten *Sps : AL N
5 - I /
I J
I /
| /
! -
T :
i
Y |
5 ,l N
tep+20ps | \
I
i
1
| .
0 Rl +50 R+r

FIG.8. Radial electron density profile at the time of crowbar and at two later times. A density profile
without B, ~field is shown 5 ps after crowbar (dashed curve).f n = 6.25 x 1013 cm™.

pressure p gives for our geometry a value of E_p/p = (6 £ 1)V/em - mTorr,
which is nearly independent of the neutral gas pressure. For electric
fields exceeding E 3 and pressures p 2 1 mTorr, X-ray radiation spikes
are observed shortly before gas breakdown occurs. This X-ray emission,
which disappears after plasma formation, is attributed to fast runaway-
electrons striking the discharge wall.

The radial plasma density distribution is measured with a movable
4mm-microwave probe [13]. At the moment of a magnetic field maximum,
a compressed plasma is observed and the coil current is clamped. In
the decaying magnetic field, (11, = 120 us) radial motion of the plasma to
the outer wall was detected. To avoid this effect, the inward-directed
momentum is increased by means of an auxiliary field B, produced by
the coil T. W, The radial motion of the plasma is stopped when
ﬁl/B¢ = 7%. Toroidal plasma currents of several kA with a decay time
of about 20 us were measured by a Rogowski coil (the g-value, just after
crowbar at the wall is about 4), The electron temperature, measured on
the axis of the vessel by the Hg-line fo continuum initensity ratio is 4.5 eV
just after crowbar and 2.2 eV 50 us later. Figure 8 shows the electron
density profile at the moment of crowbar t  and at two later times. The
electron density exceeds the cut-off density for 4mm-waves
(Ng=6.25X 10'® em™) in the centre of the plasma column at ty,. A
comparison of a density profile 5 us after crowbar with and without
auxiliary magnetic field B is shown. The plasma density maximum with
applied B, -field is still shifted off axis; it remains, however, clearly
separated from the wall and appears to be in an equilibrium position during
the whole time of observation. This fact is confirmed by image converter
observations.
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4., CONCLUSIONS

Using the fast magnetic compression technique it was possible to
produce plasmas with strong elliptic deformation (¢ = 3) of the magnetic
surfaces. No instabilities were detected in plasmas with 8 < 15%, q 2 2,
2n> ij/Bw < 1. These values are close to the limiting values for MHD-
stability which are expected when the observed effects are taken into account,
i.e., that the toroidal magnetic field has practically a vacuum distribution
(Jr,= = 0) and favourable triangular deformation of the magnetic surfaces
occurs. B-values larger than 15% should become possible at higher
temperatures when the ploidal currents decrease more slowly. We attempt
to reach such temperatures by using small initial densities for which
efficient ionization was shown to be possible.
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Abstract

HIGH~-BETA (2 = 1)-STELLARATOR EXPERIMENTS.

Recently, toroidal high-beta equilibria with rotational transform, but essentially without net toroidal
current (high-beta stellarator) were proposed and subsequently refined by several authors. The experimental
investigations reported here were concentrated on the (¢ = 1)-stellarator because of its theoretically favourable
stability properties. The experiments were done in straight as well as in toroidal geomerry. In all cases the
plasma was heated by shock waves (theta-pinch). In straight helical geometry a 5.4 m long coil in essentially
four different versions was used. In all cases the typical plasma helix was formed after the fast compression,
Oscillations correlated with the helix formation could be explained by MHD~theory. At high temperatures
(Te +Tji ~»0.5 ... 2.1 keV) (m =1, k= 0)-instabilities are observed. A reduction in 8 led to lower growth,
rates in agreement with the theory. From internal magnetic probe measurements magnetic field profiles and
beta-values are derived. The field profiles indicated that longitudinal or helical cuirents also flow in the
thin plasma (“halo") outside the dense plasma column. Such currents may influence the plasma stability.

In a small toroidal pre-experiment with low aspect ratio A=R/rp (bank energy 10 kJ, major radius R = 26 cm,
plasma radius rp & 1 cm), effects which might not be seen in straight geometry were sought. The helical field
was generated by a shaped coil. As in the linear experiment, a helix was formed and oscillations of the helix
radius were observed. A net toroidal current, induced by the (¢ = 1)-field, could be explained by a simple
model. The shape of the magnetic field was varied, and additional toroidal plasma currents were induced by
external conductors. The toroidal drift motoin of the plasma helix was a function of the various parameters.
With a toroidal current well above the Kruskal limit, a highly unstable, screw-pinch-like equilibrium was
found. These experiments will be continued with our device ISAR-1 (bank energy 2.6 MJ) with a torus of 135 cm
major radius and relatively large aspect ratio.

1. INTRODUCTION

In the last few years several theoretical results habe been
published on toroidal high-beta equilibria with rotational trans-
form, but essentially without a net toroidal current (high-beta
stellarator) /1-6/. Equilibria and their stability were studied
by expansion in a small parameter e.g. € = krp <1 (k =2/},

A = period length of the helical field, rp is the plasma radius).
For very large aspect ratio A » 1 (the toroidal curvature is of
third order in the smallness parameter) equilibria with the simple
(£t = 1) -stellarator were proposed which should be nearly stable to
the most dangerous (m = 1, kX = 0O)-mode /1,3/. F. Ribe /4/ has shown
that the shift of the equilibrium position caused by the toroidal

189
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curvature might be compensated by a small admixture of (& = 0O) -
and/or (4 = 2)-~fields.

In the (£ = l)-stellarator model of Nihrenberg /2/ the toroidal
curvature is of second order in the smallness parameter, thus
giving a more realistic aspect ratio. But he finds a solution
of his system of equations only when the pitch of the magnetic
axis varies along the period.

These calculations were performed using MHD theory with infi-
nite conductivity. In. Ref. /1,3/ the sharp boundary model is used,
while in Ref. /2/ a diffuse profile is assumed. Freidberg and Mar-
der /6/ have shown that the results of Ref., /1,3/ are also essenti-
ally valid for diffuse profiles. More recent results and a survey
on present theories are given in /7,8/.

In order to test the shock heating mechanism in.the presence of
the helical fields and to compare with the above theories, we per-
formed experiments in linear as well as in toroidal geometry. These
experiments are preparatory to a larger toroidal experiment which
is now being built.

2. LINEAR (¢ = 1) -STELLARATOR EXPERIMENTS

2.1 Description of experiments

The linear experiments were done on the 2.6 MJ bank, ISAR I
with a 5.4 m long coil in essentially four versions, the main dif-
ferences being in the method of generating the (£ = 1)~field and
in the position and diameter of the discharge tube (see Table I},

TABLE [. EXPERIMENTAL PARAMETERS'

experiment No. I I | m l ")
generation of {l=1) field | wires shaped coil

local coil diameter 19.6cm 23cm

periods 8 9

Bz max 45kG 40kG
amplitude of magn. axis | 0..2cm fem

tube diameter 8,5 cm 17em
tube position concentric eccentric [concentric




TIAEA-CN-28/J-3 191

Several problems concerning plasma formation and fast growing in-
stabilities could be solved by these experiments.The results of
Experiment I have been given elsewhere /9,10/. Some further details
of the linear work were presented at the European Conference on
Plasma Physics /11/.

2,2 Plasma formation and helical equilibrium

If the (£ = 1) -field is generated by a pair of helical
conductors (Exp. I), it is possible to vary the onset time of
the helical field relative to that of the Bz—field. On the other
hand, if the inner surface of the coil is shaped as a magnetic
surface of an (f = 1) -stellarator, there is no separatrix in the
vacuum magnetic field (Exp. II ... IV}.

Experimentally, we found that in general the dense plasma
column formed a helix near the magnetic axis of the vacuum field.
Exceptions were found when we worked with high impurity concen-
tration or switched on the (£ = 1)-field before the main field.
With eccentric tube position (III) the helix formed outside the
magnetic axis as demonstrated later on. In all cases the radius
of the helix oscillated about a mean value, which was about equal
to the radius of the helix of the magnetic axis in the vacuum
field.

Starting from the theoretical treatment of Weitzner /5/ it is
in fact found /12/ that these helical oscillations should be sta-
ble. Their frequency to leading order would be

wH =N (2 - p)- kvA

VA is an Alfvén speed calculated with the plasma density on the

axis and the magnetic field outside. The calculated frequencies

(1)

agreed with the measured frequencies within 20 %.

In Exp. III we worked with the tube in an eccentric position
(37mm from the axis), the other parameter being the same as in
Exp. IL. It was found that the plasma helix was formed in this
eccentric opsition, too, that is, concentric to the quartz tube.
This can be understood by observing the topology of the vacuum
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magnetic field, keeping in mind that the total rotational trans-
form { along the coil is very small (€= {/2n N 0.05). The plas-
ma helix did not move towards the magnetic axis, as one might

expect, but there was even a small drift motion in the opposite

direction.

If the end plates were short circuited in the linear experi-
ments net longitudinal currents were observed which could be ex-
plained by simple models (see Sect. 3.2).

2.3 Internal magnetic probe measurements

With Exp. IV and 0.5 MJ bank energy ('I‘e + Ty R 500 evV) we
made internal magnetic probe measurements near the midplane of the
coil. Figure 1 shows the geometrical arrangement. From these measure-
ments we could derive magnetic field profiles and beta-values for
early times, where plasma cooling by the probe itself could be neg-
lected. In Fig. 2 normalized profiles of the longitudinal Bz—field
are shown for various times. The helical oscillations of the plasma
are readily seen and agree well with the oscillations derived from
stereoscopic smear pictures taken 150 cm away from that point. In
Fig. 3 the value
*=Bivm-B;Mm

2
Bz,vac

B (2)

derived from the field profiles is given. B is the longitudi-

z,vac
nal magnetic field measured without plasma in the discharge tube,
while Bz,min

t » 3 us the compression oscillations are damped out and to lowest

is the longitudinal field on the plasma axis. For

order

* 2

3 2. .

B Bmax 2 Bo pmax/Bz,vac
(p = plasma pressure perpendicular to the field lines).
There is no chance to derive the rotational transform inside the
plasma from the field components measured only along one line.
There is, however, an interesting feature in the By—profile. In

. Fig. 4 the Bz-profile and the profile of

ABy = By,plasma - By,vac
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IAEA-CN-28/7-3 195

are given for the second expansion of the plasma column (t = 2ps),
again normalized to the longitudinal field without plasma. One finds
that during the first few microseconds AB_ has a complicated struc-
ture in the outer region. This indicates that longitudinal or helical
currents are also flowing in the relatively thin plasma (density
some 1014cm-3 /13/) well outside the dense plasma. Later on the
currents are more and more concentrated near the dense plasma

column. But again one cannot derive the exact current distribu-

tion. It should be noted that such currents may have an influence

on plasma stability, as demonstrated experimentally and theoreti-

cally for screw-pinch-like equilibria /14,15/.

2.4 Plasma stability

In the experiments I, II,III the plasma was stable, simi-
larly to that of the theta-pinch. The e-folding time of an (m=1)-
instability, if present, was comparable with or greater than the
transit=-time of an Alfven wave from the ends.

Only in Exp. IV, where a temperature of more than 2 keV was
achieved, were (m = 1)-instabilities observed. Examples are given
in Fig. 5 (right-hand side). The plasma helix moved away like a
rigid body throughout.

At first we shall compare the experimental growth rate with
the analytical results of Weitzner /5/. In the theory of Weitzner

/5/ the growth rate W is given by

1
rp 4 2
ol ((2) () 0 men) o
P w P

(2 = helix radius, rp = plasma radius, r, = radius of conducting
wall).
Experimentally, r_is small compared with T, and therefore

the stabilizing wall-term is neglected in the following.

It is convenient to eliminate V, by introducing w, from eq. (1l).

A H
We then use the ratio
2
(% ~ 32 (2 - g)2
k=l _7) 7 " 52,4 @)
m=1 B ( /rP)



196 FUNFER et al.

which can be determined experimentally for various parameters.
One finds that K lies between 700 for low temperature
(Te + Ti R 500 eV) and small growth rate and about 70 for high
temperature (Te + Ti ~ 2.1 kev) and high growth rate.

It is difficult to compare these results with the sharp bound-
ary theory, because theye are many possibilities of defining the
mean B and the plasma radius of a diffuse profile. If one uses a
mean beta-valus of 0.3 ... 0.5 and the mean plasma radius, then the
calculated ratio is one order of magnitude higher than the experi-
mental one, But if the 8§ on the axis is used one obtains fairly
good agreement.

The variation of K with temperature (plasma radius approx.
constant) may be caused by a small change in § according to
eq. (4). Such a small variation in f can readily be explained
by the different cecllisional relaxation and hence different
time dependence of f /16/. With small growth rate, end effects
may also become important.

But B was also changed in a defined manner, the temperature
remaining constant. By lowering the degree of preionization from
the usual & 50 % to 15%, B was resuced by about 20%. From the
neutron rate and the plasma density it was found that the tempera-
ture had changed less than 10%. For a temperature of T + T, R 2kev
the growth time then increased from 1.5 ns to 3.4 us in good agree-
ment with Weitzner's theory. With lower temperature no instability
was observed because of end effects.

With a further small reduction in g the plasma remained stable
during the time of observation even for high temperatures (Fig. 5,
left-hand side). We should mention that no unstable modes with
m > 1 were observed.

In the meantime Freidberg /7/ has developed a theory which is
based on the new ordering of Weitzner/S/. If we compare the experi-
mental growth rates of the (m = 1)-instability with those numeri-
cally calculated from Preidberg's theory, we find excellent agree-
ment as fas as standard preionization was used. But in this theory
the growth rate depends relatively weakly on the plasma beta in
contrast to the experimental results stated above.
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3. A SMALL TOROIDAL PRE-EXPERIMENT

3.1. pata and general plasma behaviour

In a small toroidal experiment (bank energy 10 kJ, major
radius 26 cm, local minor radius 5 cm) we looked for effects which
might not be seen in a straight geometry. The (4 = 1)-field was
generated by a shaped coil (8 periods on the whole torus). The
amplitude of the geometrical helix was 1 cm in a first and 1.5 cm
in a second version, the rotational transform of the vacuum field
around the torus being + = 0.1 and 4 = 0.2. The temperature was
T, M Ty R 10 ... 50 eV and the density a few 1016em™3,

As in the linear experiments, a plasma helix was formed during
the fast compression and oscillations of the radius of the helix
were seen, The total plasma helix drifted to the outer wall of the
non-helical glass vessel., From present theories we could not in
fact expect to have a equilibrium with a sufficiently small toroi-
dal shift.

3.2, Toroidal plasma currents

It was found that a toroidal plasma current proportional
to the total rotational transform was induced by the helical fields.
This current could be explained by the following model. It is assumed
that an infinitely conducting toroidal plasma loop near the mag-
netic axis is established during breakdowm (t ® 0). Afterwards a
poloidal flux is set up by the helical field which is connected
to the toroidal flux by the total rotational transform. From con-
servation of the poloidal flux one immediately finds that with a
shaped coil a plasma current

L .
1
I NT 4. ~.gcoxrl
plasma 0 LPlasma
(Ie is the main current, L is the inductance) must develop, in

agreement with the experimental results.

In general, the self-induced toroidal plasma current was com-
pensated by an externally induced current. If the externally in-
duced current was further increased in such a direction that the
total rotaional transform was increased, then a small reduction

of the drift motion was measured.
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With an induced toroidal plasma current above the Kruskal limit
a highly unstable, screw-pinch-like equilibrium was found. By
observation around the torus, it was confirmed that the wave
length of the helical (m = 1)-instability was equal to the cir-

cumference of the torus.

3.3. Modified (£ = 1)-field

Subsequently, the (£ = 1) -field was modified by a small
admixture of (¢ = 0), (Bmin/Bmax = 0.8), and by varying the pitch
angle of the magnetic axis along the period according to Ref./4/
and Ref./2/ respectively. With the right phase in both cases
a reduction of the drift motion was achieved. From the drift
velocity as a function of time with the pure and modified
(£ =1) - fields, one might conclude that an equilibrium near
the conducting wall, but partially outside the nonhelical glass

vessel, should exist.

4. CONCLUSIONS

From the experiments described above, we find that starting
with the well-known and effective theta-pinch, equilibria of
the type wanted can be realized. Most of the problems connected
with the special field configuration were solved and explained
by existing theories. But there remain gquestions which can be
answered only with a complete torus with appropriate aspect
ratio and sufficiently high temperature, especially concerning
the optimum modification of the (¢ = 1)~ field, and stability
and diffusion in the toroidél equilibrium.

Therefore, our linear experiment (2.6 MJ bank energy) is
being converted into a torus of 135 cm major radius. Starting
with the drifting theta-pinch plasma, stellarator fields will
be added by currents in helical conductors and by using shaped

coils.
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DISCUSSION

F.L. RIBE: Have any theoretical estimates been made at Garching
on the stabilizing effect of the outer low-density plasma which you observe?
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J. NEUHAUSER: I believe W, Grossmann of our institute has done
calculations assuming an outer pressureless plasma and a net longitudinal
current parallel to the magnetic field lines, The effect of these currents
is essentially the same as for screw pinches; I think they have a stabilizing
effect in general, However, the currents might also be helical, with the
same pitch as the helical conductors, somewhat like helical mirror currents,
Such currents would not be completely force-free, but we have no theoretical
estimates for this case,

H. A.B. BODIN: I was not quite clear whether your explanation of
instabilities observed at higher temperatures was essentially a matter of
growth rates or something that went further, In some bulged M- and S-type
theta-pinch experiments better stability was claimed at higher temperatures —
the opposite dependence to what you find, Have you any comments on this?

J. NEUHAUSER: We find that the growth rate of the m = 1-instability
increases with temperature faster than one would expect, i, e., faster than
the Alfvén speed. We have commented on this result in our paper. We
have no explanation for the fact that it goes the other way in M and S
configurations.
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Abstract

THETA-PINCH EXPERIMENTS WITH HELICAL EQUILIBRIUM FIELDS IN A 5-METER TOROIDAL SECTOR AND
IN A 3-METER LINEAR DEVICE.

Experiments on a §-pinch sector comprising one-third of the Scyllac torus of major radius R = 237.5 cm
and plasma radius a ~ 1 cm (aspect ratio R/a =~ 240) are reported. Equilibrium is obtained by balancing the
toroidal force by means of an ¢ = 1-helical field which produces a helical shift Ry = a8, of the plasma column
approximately equal to itsradius (8, =~ 1) and asmall admixture of ¢ =0 field(&=0.1). Bothfieldshave a wavelength
of 33cm. Endeffects are not expected to dominate before the lapse of one Alfvén (or ion-thermal) transit time 7 from
the plasmaends. Hence there is sufficient time to observe the atrainment of equilibrium and some of its stability pro-~
perties. Related experiments on a 3-meter linear 8-pinch with superimposed £ = 1 fields show thatonly the m = 1,

k ~ 0 magnetohydrodynamic (MHD) mode occurs. No higher-m modes are seen during the time 7, even
though the MHD-theory of Grad and Weitzner and Rosenbluth et al. predicts much larger growth rates y, for
these modes. In the linear experiments, the m = 1-growth rate y; is measured and compared with the theo-
retical predictions, The magnitude of y, largely determines the difficulty of feedback stabilizing the

m =1-mode. On the linear device, experiments to determine the feedback coupling force F; g onthe ¢ =1
plasma column are reported which is produced by separately driven ¢ = 0 coils, as described by Ribe and
Rosenbluth. This force is also used to obtain the toroidal equilibrium of the toroidal sector. The experiments
reported here are preliminary to experiments in the complete Scyllac torus of 15-meter circumference.

I. INTRODUCTION

When a straight theta pinch is bent into a torus, the plasma is no
longer in equilibrium, and the magnetic pressure gradient of the longitu-
dinal compression fleld B, and the plasma pressure force the plasma toward
the outside of the torus. For a plasma of major radius R and minor radius
a the force per unit length is

22
Fp = BBja"/4R (L

sure B4/8x. 1In the Scyllac experiment to be discussed here the force Fy is
overcome by means of helical transverse fields [1] whose scalar potential is
of the form

where % is the ratio of the plasma pressure to the external magnetic pres-

Xy = (Bo/h)[CzIfl(hr) + DJLKJL(hr)] sin (26 - hz). 2)

* Work performed under the auspices of the US Atomic Energy Commission.
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FIG.1. (A) Illustrating the parameters involved when helical fields are applied to a plasma column to pro-
duce a body force Fy o . (B) Illustrating the use of the ¢ = 1, 0-body force to produce a high-8 toroidal
equilibrium.

Here C, and Dy are constants, and I, and Ky are the modified Bessel functioms.
The quantlty ﬁ is defined in Fig. 1. The equilibrium and stability of this
system for a straight plasma column have been treated in the magnetohydro-
dynamic (MHD) approximation [2,3,4,5] and more recently by the use of the
Vlasov equations for the ions and fluid equations for the electrons [5].
Recently Ribe and Rosenbluth [6] and Weitzner [7] showed that a combination
of fields characterized by £ and £ + 1 can be used to give a uniform trans-
verse force Fy g7 to counteract Fp and also to feedback stabilize the ex-
pected m = 1 1nstab111ty. In this paper we report on experiments in which
£ =1and & = 0 helical fields are applied to a 3-meter-long straight theta
pinch (Scylla IV-3) and to a 5-meter-long toroidal segment (Scyllac Toroidal
Sector). In these experiments the main helical field has £ = 1 symmetry,
which is chosen because theory [2,3,4,5] predicts a growth rate for the
dominant k ~~ 0, m = 1 mode which vanishes to leading order. The smaller £

= 0 fields produce the asymmetry in the plasma excursions 6 + By which is
necessary to produce the force.

=[p(3 - 2B)/8]B2h2a35180 (ha << 1) )

illustrated in Fig. 1(A). In the toroidal case [Fig. 1(B)] the balance of
F1 0 and FR produces the toroidal equilibrium characterized by the relation
E]

8.8, = -2/(3 - 2p)h°aR (ha << 1) 1S

II. EXPERIMENTS WITH THE 3-METER LINEAR THETA PINCH

1. Apparatus and Measured Plasma Properties

The experiments were performed on the Scylla IV-3 theta pinch [8] whose
main capacitor bank has an energy storage of 700 kJ at 45 kV and produces a
magnetic field B, inside the 3-m long, 13.5-cm-diameter compression coil
which rises to 49 kG in 3.7 psec. At maximum field the capacitor bank is
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"crowbarred;" thereafter the magnetic field decays with a time constant of
120 psec and has an oscillatory peak-to-peak modulation of 20%.

The plasma, produced in a fused-quartz discharge tube whose inngr di-
ameter is 80 mm, has a maximum density on axis of (2.7 % 0.3) X 1010 cn-3

in the absence of £ = 1 and £ = 0 fields, and a density profile which may

be closely approximated by a Gaussian with an inflection-point radius of

0.7 £ 0.1 cm. The ion temperature is 900 & 200 eV and B is 0.88 & 0.03.

The density profile was measured by using a holographic ruby-laser interfer-
ometer [8,9] which produces interferograms at three times during a discharge.
Each intisference fringe (cf. Fig. 5) corresponds to an electron density of
3.2 x 10*” cm~2, integrated along the axis of the discharge tube. The quan-
tity P was measured both by means of Faraday rotation [10] at 6328 A and by
means of a double-magnetic-probe, excluded-flux measurement [11] The two
measurements agree to within the experimental error. The ion temperature

was determined from the d-d neutron yield. The ion temperature was also
calculated from pressure balance, assuming an electron temperature of approxi-
mately 350 eV, as has generally been found in the linear, zero-bias-field,
Scylla~IV experiments [12], giving a somewhat higher value (~ 1100 eV).

2. Measurements with £ = 1 Fields

Figure 2 shows the arrangement of ¢ = 1 and £ = 0 coils inside the Scylla
IV-3 compression coil (the discharge tube is not shown). We first report
experiments in which only the helical g = 1 coils (mean radius 5.25 cm) were
installed and used. The currents in these coils were in the directions shown
and rose to 80 kA in 2.5 psec. Thereafter the driving capacitor bank ( 40 kV,
33 UF) was crowbarred, and the current decayed with a time constant of 30 usec.
At 80 kA the transverse helical field B, on axis is 2.8 kG. The currents to
the £ = 1 coils were fed in one-wavelength (A = 30 cm) sections, as shown in
Fig. 2, in order to keep the voltages induced by the main compression field in

COMPRESSION
CURRENT coiL
COLLECTOR

FIG.2. Schematic view of the Scylla IV-3 compression coil and plasma with helical coils for generating the
¢ = 1-fields and single-loop coils for generating the # = 0-fields.
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each section to mansgeable levels. An important measurement was that of the trans-
verse plasma motion by means of image-converter streak cameras (as illustrated
in Fig. 2 of Ref. [13]). Three such cameras were used, each receiving an image
of the plasma through slits perpendicular to the axis, located at 75, 135 and
225 cm from one end of the compression coil. At each pogition the equilibrium
helical plasma displacement was downward.

It was necessary to analyze the interferograms for the equilibrium helical
displacement r, = ad;, the inflection-point radius a, and the radial density
distribution n{r’) about the helically displaced plasma axis. This was done
by a numerical inversion procedure [9,14] which converted the interferometric
data from integrated end-on views of the plasma helix to the corresponding
densities n(r’'). For the l4-mtorr D, filling used in all discharges reported
here the result at peak compression was n(0) = (2.7 + 0.3) X 101 em~3, a
=0.7 £ 0.1 cm, &3 = 0,70 £ 0.06. When compared with the MHD prediction for
a sharp-boundaried plasma [6],

5, = (8 /B)[ha(l - p/2)}"" (5)

1t is found that 51(experimental)/81(sharp-boundary) = 0.64. This value of
841 was found regardless of whether the £ = 1 field was applied simultaneously

with BO or a few psec thereafter.

CAMERA | CAMERA 2 CAMERA 3

FIG.3. Streak photographs of the Scylla IV~3 plasma at three camera positions with and without the ¢ =1~
coils excited. Only the £ = 1-coils were installed.
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FIG.4. Comparison of observed m = 1 growth rate excited by ¢ = 1-coils on the Scylla IV-3 plasma column
with the various ordering results of the MHD, sharp-boundary theory. In the Weitzner case € = 0,147 and
8 =0.7.
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After the plasma becomes helical, a k~ 0, m = 1 instability develops with
a measured growth rate yq = 0,54 £ 0.09 MHz. Typical stereoscopic streak photo-
graphs, 45° above and below horizontal, from the three image converters are
shown in Fig. 3. These show an exponentiating sideward motion of the plasma
column as a whole to the wall, independent of axial position. No higher-m modes
are observed. Owing to a small asymmetry in the £ = 1, Bp system, this in-
stability always develops in almost the same direction: downward and slightly
awvay from the compression-coil feed slot. In order to compare with the various
ordering results of the MHD theory we plot the observed, normalized growth rate
in Fig. 4, along with the results of Rosenbluth, et al. [2] Grad, et al. [3],
Weitzner [ 7] and Freidberg [5].

3. Measurements with ¢ = 1 and ¢ = 0 Fields

We next report experiments in which both the £ = 1 and £ = 0 coils of Fig.
2 were installed. In addition to driving the £ = 1 coils as discussed above,
the £ = 0 coils were driven by a crowbarred capacitor bank (40-kV, 12.6-yF,
55-psec decay time), which produced a maximum |{I;| = }I,| = 20 kA with a rise
time of 1.6 psec. The coils were driven in pairs as shown in order to cancel
the induced voltage from the main bank. The system may be connected with I
and I2 in either direction in order to vary the relative phases of the 4 = 6

£:0,11% £:0,1~
t=4 usec t=4 psec

FIG.5. Interferograms of the Scylia 1V-3 plasma under the influence of ¢ = 1-fields aolne and for two
¢ =1, 0-combinations.
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and £ = 1 fields and hence the direction of the £ = 1,0 force. The particular
arrangement shown in Fig. 2 gives an upward force. Since the present arrange-
ment requires Iy =+ I, the force can be applied in only four directions,
either horizontally or vertically. For a feedback system the amplitudes and
phases of I, and I, would be varied independently, giving an arbitrary magni-
tude and direction"to the £ = 1,0 force. At 20-kA current, the f = 0 coils
produced a first-harmonic amplitude of axisymmetric field SBZ =+ 0.70 kG on
axis. When the 4 = 0 coils, but not the £ = 1 coils, were energized, no
detectable change in plasma behavior was observed.

The result of applying both fields is shown in the end-on interferograms
of Fig. 5. At t = 2 psec (after switch-on of B,) the plasma has not appre-
ciably moved for any combination of £ = 1,0 fie?ds. With £ = 1 alone the 4~
usec interferogram shows the result of the m = 1 unstable motion. The two
lower interferograms show the occurrence of the expected displacements with the
£ = 1,0 combinations phased to give the F body force in the two directioms
indicated. The main coil feed slot is at the left.

The magnitude of the £ = 1,0 force was determined by studying the plasma's
dynamical behavior on stereoscopic streak photographs. In order to produce
a motion which could easily be analyzed, plasma discharges were
taken with the £ = 1 field applied first, allowing the m = 1 instability to
develop. Then, 1 to 2 psec later, the § = O fields were applied to produce
the force Fy o in a direction as nearly as possible opposite to that of the
instability force.

The observed transverse displacement § yas compared to that computed
under the influence of the destabilizing force per unit length

2.2
F) = 7a py1§ 6)

(p is the maximum plasma density) and the constant force F » Initial con-
ditions of the computation were chosen to reproduce the unstable motion

alone, assuming that the instability term had the same growth rate as that
measured when the £ = 1 fields were applied alone. In Fig. 6 the data points
represent typical measurements of plasma displacement perpendicular to the com-
pression-coil feed slot for the case where the applied F1 was vertically up-
ward. The computed motion represents the best fit under ’ghe assumption that
Fy,o is proportional to (SBZ/BO) X (Br/BO)' The result is

8 5B r
—2& L dyne/em 7
BO B

>}

F) o = (0.96 % 0.15) x 10

(=)

We compare (7) with the theoretical expression (3), using the measured maximum
value of B on axis and the value of plasma radius (corresponding to the
Gaussian inflection-point) which, using the density on axis, reproduces the
observed line density. When in addition we use the measured relation between
51 and Br/Bz’ we derive from Egs. (3) and (7):

By = (3.9 % 0.5) 8B /B. (®)
Sharp boundary theory gives

= -2 -1 - - 7 7 -1 =
5, (ha) (IOKO) [1-qQ B)IOKO/IOKO] (SBZ/BO) 4,15 szz/B0 i D)
where the argument of the modified Bessel functions is ha. Thus we infer that
the experimental and theoretical values of the Fl,O force agree to within

experimental error.
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FIG.6. Computed plasma transverse motion under the influence of ¢ = 1-fields alone and for the ¢ = 1,0~
field combination, compared with data points representing measured plasma displacement as a function of
time.

ITI. EXPERTMENTS WITH THE 5-METER TOROIDAL THETA-PINCH SECTCR
1. Apparatus

A plan view of the toroidal-sector compression coil is shown in Fig. 7,
in which the plasma measurements associated with the various viewing slots
through the compression coil into the quartz discharge tube are identified.
In addition, plastic-scintillation and silver-activation neutron detectors
were located at four positions along the toroidal sector. Each one-meter
section of the compression coil and associated collector plate is driven by
a separate 700-kJ capacitor bank (called the Primary Bank) consisting of 210
1.85-yF, 60-kV capacitors, connected by means of 1,260 cables. The engineer=-
ing features of the installation are described in Refs. 15 and 16, and the
parameters of the 6 pinch with one-half and with all of the capacitors con-
nected are given in Table I. In the measurements reported here one-half of
the primary bank was used, as well as a preionization bank consisting
primarly of one 50-kV, 0.7-uF capacitor per meter which produced an oscil-
lating longitudinal field of 0.8-kG amplitude at a frequency of 390 KHz. Each
of the 1,050 spark gaps which switch the primary bank includes a ''crowbar"
spark gap [17,18]. At half energy the compression field B, rises to its maxi-
mum value in 3.6 psec and then decays in 250 psec with a peak-to-peak modula-
tion of approximately 107 (see Fig. 8).

2. Measurements with a Compression Coil of Constant Minor Diameter and No
Helical Fields

Control experiments were performed in order to measure the plasma heating
and toroidal drift in the presence of a pure toroidal field with no helical
or bumpy fields. The main bank was operated at 45 and 50 kV with deuterium
filling pressures of 10, 15 and 20 mtorr. No bias field was used.

The preionized plasma electron temperature kTe was measured with a
McPherson l-meter grating spectrometer.
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COLLECTOR PLATES

DISCHARGE
TUBE

I, ELECTRODE M-

FIG.7. The 5-metre Scyllac Toroidal Sector compression coil, with its various slots for viewing and for

¢ = 1~coil feeds. The plasma measurements are identified as follows: HS, streak camera for horizontal
motion; VS vertical streak camera; SS, :+ 45° stereoscopic streak camera; LI, coupled-cavity laser inter-
ferometer; DP, double magnetic probe; LP, plasma luminosity-profile measurement.

TABLEI., SCYLLAC TOROIDAL-SECTOR PARAMETERS FOR A COMPRESSION -COIL MINOR DIAMETER
OF 14.4 cm, THE MAJOR RADIUS IS 2,375 METERS AND THE COIL LENGTH IS 5.00 METERS

Fraction of Bank One-Half Full
v (kV) 60 60
Cc (uF) 971 1,942
W (MT) 1.75 3.5
L (nH) 6.4 5.0
source
Lcoil (nH) 20.5 20.5
o 0.76 0.80
E. (r = 4.3 cm) (V/em) 600 630
o 10 10
(dB/dt)t - 0(Gauss/sec) 2.46 X 10 2,74 x 10
T/4 (usec) 3.6 4.9
Imax Ma) 24,0 34.5
B (kG) 59.0 86.2
max
(L/R)crowbar (psec) 250 250

Two kT determinations [ 19] were made at 15 usec after firing the preioniza -
tion bank: (a) a measurement of the intensity ratio of the Dg line to a 16 A
interval of the Paschen continuum at 5400 _l, and (b) a measurement of the
relative intensities of Dy and Dg. The results at 16 and 20 mtorr were

kT, = 1.8 £ 0.4 and 1.3 + 0.3 eV, respectively. The densities deduced from ti\g
filling pressures, using the Saha equation, were 7.0 X 1014 em-3 and 1.4 x 10
em3 respectively (~ 100% ionization). A 3.4-p He-Ne laser interferometer [20]
with a rotating corner cube or a LiNbO, electro-optic crystal in the external
cavity was used to measure the preionization electron density across a diameter
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of the discharge tube. The results at_10 and 20 mtorr, 15 usec after firing
the preionization, were 6.4 X 10* em™ and 1.1 X 1013 em™ , in good agreement
with the filling density. Spectrograms showed a predominant Balmer spectrum
with only weak lines of C, O, and Si.

Image-converter streak photographs were made at the positions indicated
in Fig. 7. Views of the horizontal and vertical plasma motion at the center
of the compression coil are shown at the left of Fig. 8, for a capacitor-bank
voltage of 50 kV and a filling pressure of 20 mtorr. The initial plasma implo-
sion is followed by compressive MHD oscillations, and the plasma then drifts
to the discharge-tube wall, remaining in the plane of the compression coil
feed slot. (The front view shows extra luminosity from a metallic reflection
in the viewing slit). Oscillograms of the main compression field and neutron
emission for a 10 mtorr filling are shown at the right of Fig. 8. The neutron
signal is quenched when the plasma strikes the discharge tube. Streak photo-
graphs at various positions show that the plasma strikes the wall away from
the center of curvature approximately simultaneously at various axial positionms.

ToP B FIELD

NEUTRONS

p—2 psec

(o} | 2 3 psec

FIG.8. Left: Streak photographs at the centre of the toroidal sector plasma without helical or bumpy fields,
showing horizontal (upper photograph) and vertical (lower photograph) motions. Right: Oscillograms of main-
compression field and neutron-scintillator signal.

In order to estimate the plasma temperature from the toroidal drift we set
B = 8n nk(T,_ + Ti)/B2 and equate F_ of Eq. (1) to na? pf. If b is the inmer
radius of tﬁe discha¥tge tube, the %ime required for the plasma to move to the
wall is then given by

1,
R = [Min/k(Te + Ti)]2 (10)

For the filling pressures 10, 15, and 20 mtorr and 45-kV bank voltage the
observed drift times from initiation of the discharge were 2.23 & 0.06, 2.43
+ 0.06, and 2.72 + 0.08 psec. For b = 4.0 cm one derives the corresponding
mean temperatures: k(T, + Ti)Av = 429, 361, and 288 eV, respectively.

An estimate of ion temperature was obtained by normalizing the integrated
scintillator signal to the absolute neutron yield given by the silver-activa-
tion counters. A plasma density of 2 X 1016 cm™3 was assumed at maximum neutron
emission, and the plasma radius was taken to be r /2 = 0.72 cm, estimated from
the multichannel luminosity data described below }c%. Fig. 9). From the Max-
wellian average d-d cross section times velocity one derives kT. ~ 940 eV.

This maximum ion temperature is reasonable in view of the 412-eV average of
k(Te + T,) derived from the drift and the fact that kT_ is expected to be about
300 eV near maximum compression. €
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FIG.9. (A) Effective plasma area for B = 1 as derived from double-probe measurements on the Scyllac
toroidal sector. (B) Effective plasma radii corresponding to (A), on the asssumption of a Gaussian &r) pro-
file for various beta values 8, on axis.

The plasma diamagnetlism was measured by using the double-probe technique[11]
which yields the effective area of the plasma. Figure 9(A) shows the result
of measurements at 10mtorr D, filling pressure and 45-kV primary bank voltage.
On the assumption of a Gaussian profile B(r) one can derive the half-width
radii r,,,(t) as a function of B on axis, , as shown in Fig. 9(B). An
approximate determination of plasma half-w1é%h radius from multichannel
luminosity measurement (whose accuracy is limited by background light) [11]
yields the points so identified in Fig. 9(B). We estimate § on axis at maximum
compression to be approximately 0.7.

3, Measurements with £ =1 and 4 = 0 Fields

Figure 10 shows the arrangement [217] for applying 4 = 1 and 4 = O fields
to Scyllac in order to give the toroidal equilibrium depicted in Fig. 1(B).
The ¢ = 1 fields were applied by means of bifilar helical coils divided into
one-period (A = 33 cm) lengths as shown in the upper portion of Fig. 10,
similar to the £ = 1 coils of Fig. 2. The mean radius of the helical coils
was 5.75 cm. The £ = O fields were generated from annular grooves 1.80-cm
deep in the inner surface of the compression coil, and the onset of these
fields was delayed by about 0.5 psec by means of the annular sets of stain-
less-steel trapezoidal cylinders (lower portiom of Fig. 10) as described in
Ref. 13. The £ = 1 coils were driven by crowbarred capacitors so that the
current rose to its maximum value in 3.2 psec, thereafter decaying in 95 usec
with 127% modulation. The £ = 1 capacitor bank was switched at time delays
varying from O to 0.6 psec after initiation of the primary bank.

The streak photographs of Fig. 11(A) show the vertical and horizontal
plasma motions at the center of the compression coil with the £ = 1 coils not
excited. Note that the two streak-camera slots are 7.65 cm apart (cf. Figs.
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COLLECTOR PLATE

INCONEL INSERTS

/—J=O GROOVE
/
A
i
S0

FIG.10. Arrangement of ( = 1-coils and ¢ = 0-grooves (with time-delay inserts) to give a toroidal equilibrium
in the Scyllac 5-m toroidal sector.

TOP FRONT

——— Spusec -|, ||- Spsec ’——4

FIG.11. Streak photographs of the plasma at the centre of the Scyllac §-metre Toroidal Sector with 2= 0-
fields alone and with the ¢ =1, 0~-combination.
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7 and 10). Even though the £ = 0 fields were present because of the grooves,
the motion was a simple toroidal "drift" to the walls with no observable in-
stability induced by the bumpy fields. The streak photographs of Figs. 11(B)
and 11(C) were taken with the £ = 1 coils excited at maximum values of 87 kA
(0.5-usec delay) and 75 kA (0.2-usec delay), respectively. The horizontal
plasma motion shows that the toroidal force is overcome by the £ = 1,0
combination, and the plasma returns to the axis of the discharge tube while
remaining close to the plane of the toroidal sector. These streak photo-
graphs correspond to 20-mtorr D, filling pressure and 45-kV primary-bank
voltage. The times of observatIon in Figs. 11(B) and 11(C) are limited by
the sudden appearance of light across the field of view. This occurs when
the plasma strikes the wall at positions away from the center of the discharge
tube where the balance between Fp and F1 0 is not the same as it

is near the center. Figure 12 shows the waveforms of compression field,

% = 1 current and neutron-scintillator signal for 10-mtorr filling pressure
and 50-kV primary-bank voltage. The neutron signal is quenched as the plasma
strikes the wall at the off-center positions.

I(e=1) NEUTRONS

— =2 usec

FIG.12. Oscillograms of compression field, current through the ¢ = 1-coils, and neutron emission when the
= 1, 0-combination was excited.

| F—2ussec

In these streak photographs no appreciable m = 1 instability is seen
during the times of observation. According to the sharp-boundary, straight
plasma~column, MHD theory [2,3,6] the growth rates of the m = 1 instabil~-
ities induced by the £ =1 and § = 0 fields separately would be approxi-
matelg 0. 6 and 2.6 MHz, respectively (assuming B ~ 0.7 and nma ~ 2.4
X 10 cm™ ) Measurements have not yet been made of 3, and 0° However,
the £ = 1 currents which are necessary to produce the o%served tor01da1
equilibrium have approximately the value (x 80 kA) which would be estimated
from Eq. (4). In this estimate the sharp-boundary theoretical value [6] of

(~ 0.34) corresponding to the annular groove depth for B m 0.7 is used.
TRe value of 8; is calculated from Eq. (5), using the theoretical relation~
ship [6] between B_ and the £ = 1 current and applying the experimental
correction factor of 0.82 discussed in Sec. IL.2 above.

IV. DISCUSSION

From the observations reported here the following main conclusions are
drawn:

(1) wWithin experimental error, the m = 1 instability on a straight plasma
column with £ = 1 helical fields has a growth rate not exceeding that pre-
dicted by any of the theoretical models. No higher-m modes are seen. This is
in agreement with the finite-Larmor-radius effects calculated on Freidberg's
Vlasov-fluid model {5].
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(2) The £ = 1,0 force has been observed on a straight plasma column, and
it has the theoretically predicted magnitude and direction.

(3) Compensation of the toroidal force by a combination of £ = 1 and
£ = 0 fields is observed. On the basis of preliminary estimates, the theo-
retical relationship among the various plasma parameters and helical fields
is approximately confirmed.

(4) The m = 1 instability expected on sharp-boundary, MHD theory for a
straight plasma column with £ = O bumpy fields is not seen in the toroidal
case during the present times of observation. This is an effect similar to
that reported in Ref. 13, where a single £ = O bump did not produce the in-
stability in a linear hot-ion plasma.

V. ACKNOWLEDGMENTS

Essential contributions to these experiments were made by E. L. Kemp,
who supervised the engineering of Scyllac, and by R. F. Gribble and D. M.
Weldon. Helpful collaboration with Michael Kaufmann during an extended
visit, while on leave from the Garching Institute for Plasma Physics, is
also acknowledged.

REFERENCES

[1]Blank, A. A., Grad, H., and Weitzner, H., in Plasma Physics and Controlled
Nuclear Fusion Research (International Atomic Energy Agency, Vienna, 1969),
Vol., II, p. 607.

[2]Rosenbluth, M. N., Johnson, J. L., Greene, J. M., and Weimer, K. E., Phys.
Fluids 12, 726 (1969).

[3]Grad, H. and Weitzner, H., Phys. Fluids 12, 1725 (1969).

[4] Freidberg, J. P. and Marder, B. M., Phys. Fluids 14, 174 (1971).
[5] Freidberg, J. P., Paper CN-28/J-5, these proceedings.

[6]Ribe, F. L. and Rosenbluth, M. N., Phys. Fluids 13, 2572 (1970).
[7]Weitzner, H., Phys. Fluids 14, 658 (1971).

[8]Gribble, R. F., Little, E. M., Quinn, W. E., and Siemon, R. E., Phys.
Fluids 14, (to be published).

[9] stemon, R. E. and Jahoda, F. C., in Proceedings of S.P.I.E. Seminar in
Depth, Holography 1971, Boston Mass. (S.P.I.E., Redondo Beach, Calif.).
(to be published).

[107Gribble, R. F., Little, E. M., Morse, R. L., and Quinn, W. E., Phys.
Fluids 11, 1221 (1968).
[11] sawyer, G. A., Finlayson, V. A., Jahoda, F. C., and Thomas, K. S., Phys.
Fluids 10, 1564 (1967).
[12] Little, E. M., Quinn, W. E., and Sawyer, G. A., Phys. Fluids 8, 1168 (1965).
[13]Little, E. M., Newton, A. A., Quinn, W. E., and Ribe, F, L., in Plasma

Physics and Controlled Nuclear Fusion Research (International Atomic Energy
Agency, Vienna, 1969), Vol. II, p. 555.

[14] Siemon, R. E. and Weitzner, H., Bull. Am. Phys. Soc. II-15, 1479 (1970).

[15] Kemp, E. L., Boicourt, G. P., Gribble, R. F., Hammer, C. F., Hanks, K. W.,

Quinn, W. E., and Sawyer, G. A., in Proceedings of the 6th Symposium on
Fusion Technology, Aachen, September 22-25, 1970. (Euratom, CID,
Luxembourg, December, 1970). p. 227.




214 BURNETT et al.

[16] Proceedings of Symposium on Engineering Problems of Fusion Research, Los
Alamos Scientific Laboratory Report LA-4250 (1969).

[17] Gribble, R. F., Proceedings of Symposium on Engineering Problems of Fusion
Research, Los Alamos Scientific Laboratory Report LA-4250 (1969) .

[18] Gribble, R. F., Little, E. M i
i R. F. > E« M.y Quinn, W. E., and Siemo . E.
Scientific Laboratory Report ?E.A-4611:MS (19;1). Temons R+ Ers Los Alamos

[19] Griem, H. R., Plasma Spectroscopy (McGraw-Hill, New York, 1964). Ch. 13.

[20] Baker, D. A., Hammel, J. E., and Jahoda, F. C., Rev. Sci. Instr. 36,
395 (1965). -

[21] Ribe, F. L., Borkenhagen, W. H., Ellis, W. R., and Hanks, K. S., Los
Alamos Scientific Laboratory Report LA-4597-MS (1971).

DISCUSSION

H.A.,B, BODIN: Could you say something further about why the m =1
mode was not seen in the £=0 and £ =0, 1-systems, although it should have
been seen at the MHD-growth times involved? One might expect MHD to
be a good description of the m= 1-mode, Also, the growth rates of the
£ =0 system are higher than those for £ = 1, If increasing proportions of
£ =0 have to be added to the £ = 1-system, will the growth rates become
faster?

F.L. RIBE: Perhaps the most significant observation in these experi-
ments so far is the unexpected degree of stability of the £= 0 system, I
agree with your remarks about the m= 1-instability, As pointed out in the
paper, at §g=0, 2 there should be appreciable instability, However, we
were led by our observations of stability of the £ = 0-system to use this
relatively large value of §y in the Scyllac equilibrium configuration,

H.A,B. BODIN: In the linear bulged theta pinch experiment, where
you stated that the m = 1-MHD-mode was observed at low temperatures
but not at high temperatures, did you — in the high temperature case —
show by direct measurement that a bulge actually formed, or was this only
deduced from the external fields?

F,L. RIBE: No, We did not show this by direct measurement.

R.L. MORSE: In connection with the questions asked by Dr, Bodin,
it should be recalled that the m = 1-instability caused by £=0, k# 0 fields
require B < 1 when derived from a sharp-boundary model. Forf =1 (i.e.
no magnetic field in the plasma) the sharp-boundary model gives neutral
stability of the m = 1 ballooning model, which suggests that the instability
may be sensitive to the density and magnetic field profiles, The sensitivity
may be responsible for the failure of the instability to appear in many
experiments,

A. GIBSON: Figure 11 of your paper shows that the appearance of
the light flash coincides with the time at which the £ =1 current reaches
its maximum value, Do you regard this as a chance occurrence or has
the coincidence some significance?

F.L. RIBE: It must be chance because when we correct the ends and
delay the light flash to 7 us, coincidence is no longer observed,
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Abstract

SURVEY OF SCYLLAC THEORY.
A survey is given of both old and new theoretical results pertaining to the Scyllac experiment.

INTRODUCTION

The basic problem of the:Scyllac[1] experiment is to devise a method for
bending a 6 pinch into a torus. The underlying principle is to use a toroid-
al configuration as nearly similar to linear 6 pinches as possible, in order
to retain the advantages of the straight geometry (i.e. neutral stability,
and a tested method of plasma heating). Several methods have been proposed
to achieve toroidal equilibria. The most promising of these appears to be
the £ = 1 helical Scyllac[Z] configuration. As its name implies, equili-
brium is achieved by superposing a small £ = 1 helical field to the basic
6 pinch field. This system has the important advantage that it is basically
stable to the m = 1 mode in the straight geometry. The further addition of
very small amounts of either £ = 0 or £ = 2 fields is sufficient to provide
a toroidal equilibrium[3].

We proceed by briefly reviewing the early theories related to the stab~
ility of high B, £ = 1 gystems, and then turn to some new results.

Review of Early Theoretical Results

By and large the main theoretical effort has focussed on the equilibrium
and m = 1 stability in the sharp boundary model. In this model, the equili-
brium is described by a constant pressure plasma contained by currents flow-
ing only on its surface. The £ = 1 Scyllac configuration is illustrated in
Fig. 1. & is the helical displacement of the plasma from the axis of
symmetry normalized to the plasma radius a, and h is the pitch number of the
helix. Figure 1 refers to a straight helix., To obtaims toroidal equilibrium
an additional £ = 0 field is used. The corresponding toroidal configuration
looks the same except that the plasma radius is now a function of z; that is
the equation for the plasma surface is given by r(z) = a(l + &; sinhz) where
8, i1s the normalized distortion of the plasma due to the £ = 0 fields.

Despite the simplifications inherent in the sharp boundary model, the
theory is essentially intractable unless some expansions are used. For the
toroidal configuration there are six basic dimensionless parameters; ¢ = ha,
3, S, B, a/b, a/R. Here a/b is the ratio of plasma to wall radii, and R/a
is the toroidal aspect ratio. In each of the theories of interest it is
assumed that B ~ 1 and a/b ~ 1, In the early theories the toroidal effects
are assumed to be very small so that the parameters 3, and a/R appeared only
as high order terms in the equilibrium but do not enter explicitly into the
stability calculations. Under these assumptions there evolved two stability
theories whose applicability depends upon the relative size of the remaining
two dimensionless parameters €, 8;.
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FIG.1. Cross-section of the ¢ =1 Scyllac configuration for a fixed value of z.

In the first of these theories{4,5,6,7] it is assumed that &< < e < 1,
This ordering corresponds to a tightly wound helix with very small helical
currents, The m = 1 stability of this system was calculated to leading order
in ﬁf and leading and first order in €°. The dispersion relation is given by

2 2

4 - -
e [Bz @ - B.L_&)_Lﬁ)_‘é(i_B)Z e? ] (¢H)
a

where va is the Alfven velocity,

The first term on the right hand side represents a dipole wall stabilization
term due to the £ = 1 plasma currents. This term is formally larger than the
second term under the ordering assumptions. However, because of the strong
fourth power dependence on afb this term is numerically small in many cases
of interest, The second term represents a weakly destabilizing term arising
from the £ = 1 fields. For any £ # 1 the corresponding term is ~ 1/¢°
larger. The vanishing of the leading order destabilizing term is one of the
primary virtues of the £ = 1 system. We see from Eq. (1) that stability is
achieved by making e sufficiently small; that is by making the pitch length
long., This approach encounters a difficulty when attempts are made to create
a toroidal equilibrium. By carrying out the equilibrium calculation to suf-
ficiently high order a relationghip is derived that determines the amount of
£ = 0 field required (expressed in terms of & ) to balance the toroidal drift
force which is proportional to a/R. This relationship is given by
-2 1 a

S = 3-28 €5, R @)
We note that making ¢ small for stability purposes results in the need for
large £ = O fields. This effect is further magnified by the fact that the
ordering requires 60 < < & where & itself has been assumed small. Substi-
tuting experimental parameters into the equilibrium relation one is led to
the conclusion that € < < & (i.e. ¢ ~ .1, 8 ~ 1) which is a direct violation
of the original ordering.
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These considerations led to the development of a new ordering [8] in
which it is assumed that ¢ < < & < 1. This corresponds to a configuration
with moderate helical currents and a long helical pitch length, The m = 1
stability was calculated to leading order in ¢° and leading and first order
in 6%. The resulting dispersion relation is given by

2 2 4 5
Feea[Fd - md %) ®

The first term corresponds again to the dipole wall stabilization. The sec-
ond term is a weak destabilizing term, quite small even for & =~ 1 because of
the small multiplying factor B°/32. Substituting experimental parameters re-
sults in either smaller growth rates than in the original ordering or else
stability. A further extension of this calculation [9] in which the plasma
cross section is allowed an £ = 2 elliptical component leads to an even more
favorable result. By an appropriate choice of the ellipticity, the destabi-
lizing term can be made to vanish identically. The amount of ellipticity re-
quired in the cross section corresponds to the condition that the external
helical field be a pure sinusoidal 4 = 1 field.

In summary, two basic theories have been developed for the stability of
high B 4 = 1 configurations. Each of these predicts, at worst, a very weak
m = 1 instability as a consequence of the vanishing of the leading order de-
stabilizing term.

The vanishing of this term is not pathological to sharp boundary models
and in fact occurs for a wide class of diffuse profiles which satisfy the
weak condition [10]

lde
s a 0 )
where B(r) is the 6 pinch field.

Recent Results on m = 1 Instability

Although the early theories provide a firm foundation, they do not pro-
vide a complete picture for all experimental parameters. The second ordering
discussed above, ¢ < < 8 = 1, (hereafter referred to as the new ordering)
comes close to satisfying experimental conditions and in general gives opti-
mistic predictions as compared to the first ordering 8 < < € < 1, (here-
after referred to as the old ordering). That a difficulty arises can be seen
from the fact that the destabilizing term in the old ordering, (proportional
to €*&) is formally small compared to the destabilizing term in the new
ordering (proportional to ezﬁé) since we assume € < < & in the new ordering.
However, because of the small numerical factor in the new ordering both of
these terms are numerically comparable.

Because of this overlapping of the two ordering results a third theory
has been developed, which is based on the new ordering. In this theory the
expansion is carried out one term further in ¢® and the restriction & <1
is removed. Thus the expansion is described by € < 1, & arbitrary.

The first prediction of the new theory concerns the equilibrium. The
configurations of experimental interest have no net z current. This condi-
tion imposes a constraint on the range of parameters over which such equili-
bria exist. By assuming a circular cross section for the plasma it turns
out that '"no z current' equilibria are possible only if

pred
e < TG- (5)
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that is, such equilibria are not possible with arbitrarily large B and heli-
cal shifts. A condition similar to this was found in the new ordering, (8]
although in a slightly different form.

The second prediction of this theory concerns the stability of the m = 1
mode. A dispersion relation is derived which is of the form

== eaki (6)

where the Xi are numerically calculated eigenvalues of the matrix defined by

©

_ * 2 ° 2 *
oW = -E §mwmngn - —Eo; gm |:wmn +e w:Lmn:lgn ™

Here &W is usual MHD energy variation, appropriately normalized; the § are
arbitrary constants associated with the m = 1 perturbation to be chosen in
such a way as to minimize W, and the W are matrix elements which can be
calculated directly from the equilibrium, The results presented here corre-
spond in all cases, to the most unstable perturbations; those with the most
negative A,. A simple way to understand the relationships between the var-
ious theorles is by an examination of marginal stability. By fixing B and
a/b, marginal stability as a fumnction of € and &; is given by € = const in
the old ordering and B; = const in the new ordering. Illustrated in Fig. 2
are numerically computed contours of marginal stability in the (€,85;) plane
for B = .5 and various values of a/b. The marginal values of € and & from
the old and new ordering are shown on the vertical and horizontal axis re-
spectively. We note that the numerical calculation recovers both the old
and new ordering results in the appropriate limits.

For present experiments where b/a ~ 6 values of ¢ < .02 and & < .55 are
required for stability., Toroidal equilibrium considerations lead to a value
of ¢ ~ .1l. Present experiments are designed for e ~ .l and consequently
operate in a weakly umnstable regime. Looking ahead towards reactor designs,
we see that parameters change in a favorable direction. 1In a Scyllac reactor
a large portion of the heating will be done by shock heating (as opposed to
adiabatic compression) and the resulting b/a will be approximately b/a = 2.

In this case, stability is achieved with e¢ < .18 which is consistent with
toroidal equilibrium requirements. A final point worth noting with regard to
reactors concerns the B dependence of marginal stability. Numerical calcula-
tions of marginal stability for b/a = 2 in (e,B) space for various values of
& turn out to be independent of & . Somewhat surprisingly, the marginal con-
dition is very accurately given by the old ordering for B < .95, even for val-
ues of ¢ < < & ~ 1, which directly violates the old ordering. Using the old
ordering (Eq. 1) we see that there is an optimum B for marginal stability
given by B =~ .75. This also is favorable for reactor designs.

For comparison with current experiments we have numerically calculated
growth rate vs B curves for .1 < € < .2 and .2 < & < 1. The results of these
computations give growth rates which are independent of b/a if b/a > 4.

Again we find somewhat surprisingly that, despite the fact that the parameter
range of interest satisfies € < < &, the growth rates are accurately given,
to within 15%, by the old ordering (Eq. 1) as long as B < .95 and the equili-
brium condition B& < /16 is satisfied.
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FIG.2. Contours of marginal stability in the (€, &, )-plane for 8 = 0.5 and various values of b/a. The
stable regions lie below the contours.

Recent Results on the m = 2 Ingstability

As we have seen, the main theoretical effort is centered around the
m = 1 stability in the high B, £ = 1 Scyllac configuration. The stability of
higher m modes has not received much attention, primarily due to the fact
that no such mode has ever been observed experimentally in £ = Q0 or £ = 1
systems. However, from a theoretical viewpoint the situation has not been
satigfactorily understood.

It is generally accepted that the primary virtue of the £ = 1 configura-
tion is that the m = 1 mode is at worst weakly unstable. This is an MHD re-
sult. However MHD also predicts growth rates of the order 1/¢ times larger
than the m = 1 mode for amy m = 2. [4,5] It is quite important to understand
this discrepancy between theory and experiment, not only for current experi-
ments, but to determine scaling laws for future large experiments,

We have attempted to answer these questions by starting with a more real-
istic model and then comparing the results with those of ideal MHD. The model
we consider is based on the low-frequency Maxwell's equations (which neglect
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displacement current and assume charge neutrality). The electrons are treated
as a fluid tied to the magnetic lines. Thus their equation of motion is given
by

E+u, xE=o0 (®)

and the corresponding perpendicular electron current by

o

Le= - enu, (€))

The ions are assumed collisionless and consequently are described by the
Vlasov equation

+V o VE+ 2 E+VXE)VE=O (10)
mi v

4

The first question concerns equilibrium. We make the reasonable hypo-
thesis that all equilibriuwm currents are carried by the electrons. This is
approximately equivalent to the statement that the equilibrium is created
without generating any linear or angular momentum in the plasma. 1In this case
the ion distribution function is a function only of the energy € and the ions
are contained by electrostatic forces. Straightforward analysis leads to the
following equilibrium equations

T XB =V
JO BO pO

-

v X Eo =n T (11)
veB =0
where
il

O

We see that the Vlasov-fluid equilibrium is identical to ideal MHD if the
electrons carry all the current.

The next question considered 1s marginal stability through w = O,
Setting w = O greatly simplifies the ion distribution function and again a
straightforward analysis leads to the following set of marginal stability
equations

<
x
B
n
k=
o
K

(12)

Equation (12) indicates that the Vlasov-fluid marginal stability is also
identical with that of MHD. Thils has the following Important consequence.

If a threshold wavenumber, B8 or other plasma parameter is found in. ideal MHD,
that same threshold applies to the Vliasov~fluid model, Finite Larmor radius
effects, or other microscoplc effects do not have any effect on the thresholds
of instability (although they can effect the growth rates).
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The final question is that of growth rates. To estimate growth rates we
consider configurations which are basically O pinches to lowest order and use
a trial function approach. The basic idea is to substitute a trial function,
which results in a large MHD growth rate, into the Vlasov-fluid model and to
see what effects it has on the dispersion relation. This was done for the
m=1and m = 2 modes. For the m = 1 mode the Vlasov-fluid model yields the
following dispersion relation

(.02 = u); (13)

where -w? is the growth rate obtained by substituting the trial function into
the ideaﬁ MHD BW(€,E) subject to the normalization

K=4%[plg|® o

Once again - the Vlasov fluid model gives results essentially identical to
ideal MHD. This situation does not prevail for m = 2, In this case the dis~
persion relation is found to be

oW w

T
o+ R 2 (& JTTE) - =0 (14)
L

a

where w_ is the ion gyro frequency, r_/a is the ratio of gyro radius to
plasma Fadius and Z is the plasma dispersion function. The middle term has
two sources of origin. The part arising from the real Z is the familiar
finite Larmor radius correctioms first calculated by Rosembluth et al [11]
for low B. The contribution due to the Im Z results from the action of a
class of resonant particles, whose VB drift keeps them in phase with the
perturbation. Equation (14) has been studied in various regimes. The most
interesting one is one in which the m = 2 growth rate is greatly reduced and
in fact becomes exponentially small. This regime is described by

2 16 ¥
1 (i) M
1>> > > 15
am \a AL s
where ¥ = - «Z and a/v,, is the ion thermal transit time across the plasma

radius.™ In th¥s regime the ratio of the Vlasov-fluid growth rate y tp the
ideal MHD growth rate Yy is approximately given by

X . % Yo s -C°
YMNZ:I V—T7;'§ e (16)

where [ = avl - B7rL.

We can apply these results to Scyllac. The left hand inequality in
Eq. (15) is always satisfied for experimental conditions. Substituting the
m = 2 growth rate yields the following approximate stability condition for
the right hand inequality

2
r _ayp2
(-f) > %%)-L Pt an
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This condition is also satisfied for typical experimental parameters,B = 70kg,
T. =2 keV, a = .75cm, B = .75, & = .8 and ¢ = .1l4. With these parameters
ideal MHD predicts a growth time of T = 1 usec for the m = 1 mode and

T = % psec for the m =.2 mode.

The Vlasov-fluid growth time, given by Eq. (16) is much slower and is given
by T a~ 260 psec. This accounts for the absence of higher m modes in the ex-
periments.

CONCLUS ION

We have presented a brief survey of high B, £ = 1 Scyllac theory. The
stability of the m = 1 mode has been studied in some detail. Recent theory
indicates that growth rates and marginal stability are fairly accurately
predicted by the original Scyllac ordering for present experimental para-
meters, despite the fact that the original ordering assumptions are violated.
Recent theory also indicates that Vlasov effects are very important for the
m = 2 mode. The Vlasov-fluid theory predicts a very small m = 2 growth
rate thereby providing an explanation for why this mode is not seen experi-
mentally even though its MHD growth rate 1is three times faster than that of
the m = 1 mode. When Eq. (15) is satisfied the Vlasov~fluid theory in
effect justifies the heretofore empirical approach of investigating gross
plasma stability by studying ideal MHD equilibria and only the m = 1 mode.
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Abstract

TOROIDAL HIGH-8 EQUILIBRIA.

The equilibrium and stability of large-aspect-ratio high-beta toroidal systems with long-wavelength
helical fields are studied in an ordering that permits moderate deformations of the plasma column, includes
toroidal effects in the stability analysis and yields hopeful stability criteria.

At the 1968 IAEA meeting in Novosibirsk we presented [1]
an initial exploration of high beta toroidal equilibria based
on the ideal magnetohydrodynamic free boundary model and ap-
propriate to the Scyllac experiment. The equilibrium con~
sisted of a theta pinch bent into a large aspect ratio torus
with approximately helically symmetric fields added. In part
to avold the fundamental problems associated with non-exis-
tence of exact toroidal equilibria and in part from practi-
cal necessity equilibria were calculated by expansion in a
small parameter. Motivated by stability properties of the
equilibria obtained by us [2] and confirmed by others [3],[4]
we introduced a new expansion procedure [5] closer to experi-
mental parameters and found improved stabllity characteris-
tics in some cases. Various simplifying assumptions were
made in the equilibrium expansions which eliminated the effects
of toroidal curvature and some of the helical fields from
the stability analysis. We gilve here a more complete study of
the equilibrium and stability problem ordering toroidal effects
8o that their effect on stability is present. With the new
ordering, which effectively permits moderate distortions of
the plasma column from a circular cross section, and with the
effects of many more equilibrium fields included, there is
greater freedom to try To select a stable or at least less un-
stable state. From the earlier results we would have con-~
cluded that a theta pinch plus L=0 or L=2 helically symmetric
fields was unstable, while now we are led to speculate that
the plasma can deform and adjust itself Into a state with
greatly reduced growth rate or possibly even a stable state.
We describe the model in greater detail before proceeding.

In the free boundary model we assume that the plasma is
at constant pressure and is contained within a surface in
the approximate shape of a torus. The plasma-vacuum inter-
face is a flux surface for the magnetic fields, assumed to be
vacuum fields with a surface current on the interface, and we
require total pressure balance across the interface. In dis-
cussions of stability we mean stability in terms of the usual
energy principle and only for modes which are m=1 in leading
order. We employ the usual approximately cylindrical toroidal

223
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2+ (r‘de)2
((1+(r'/R)cos9)dz‘)2 where R 1s the major radius of the torus.
We generate an equilibrium from approximately constant fields
in the z direction, B = (0,0,K/(1+(r'/R)cos@)) and various
helical fields of helical wave number k. We introduce two
small parameters, € = kro, where Ty is the minor radius of

coordinate system with metric (ds)2= (dr')

" the plasma column and a, a measure of the distortion of the
column from the surface r' = r,- In the bulk of the previous

work a was the basic small_parameter, but now we choose € as
the small parameter and a 5 1. It is apgropriate to take the
toroidal curvature r /R to be of order ¢ .

Since our basic expansion is not in the distortions of
the column from a cylinder we may allow moderate values of
the distortions, and we conclude that neither the toroidal
shift, the object of many equilibrium computations, nor the
index I of a helical magnetic field (B=Vr‘C‘L(ikr')cosL(G-kz'))

are well-defined. If the plasma column may move by moderate
amounts then we may determine the helical fields and the
toroidal shift relative to any reasonable axis, the axis of
the plasma column, the axls of the outer conducting wall, or
any other such curve. For each axis, a given magnetic field
will be represented differently as a superposition of heli-
cally symmetric fields and the toroidal shift also changes.
When the shifts were the basic small parameters, such effects
were automatically small. The correct 1nterpretatlon of tor-
oidal shifts was one of the aims of a previous note [6]. Be-
fore we can proceed we must arbitrarily choose the position
of the curve r' = 0, and we select it as the axls of the
plasma column so as to simplify subsequent computations.
Hence, by convention the toroidal shift of the plasma column
is 1ldentically zero. We have effectively replaced the shiftby
a L =1 helical field. Relative to the interface, the other
flux surfaces will be shifted, however.

To leading order in € and in dimensionless variables,
r'=roryz'=roz, we take the magnetic field outside the plasma

to be
2
B = Boy{%~ea(Dlr—dl/r)sin(G—EZ) - 2 (D2r -dg/r Ysin(20-2¢z)

ea2
2

5 2
01_ N+ n log ———)sinez

(D.r —dB/P Ysin(26-€z) + ea

3

- eaB(Dur-du/r)sine + eaB(D r-d/r)sin(6+ez)

5

3
+ E%—(D6r3-d6/r3)sin(56-ez)

+ o(eau) + 0(62)—}

We note the great variety of fields present. Many are intro-
duced to improve stability properties and in special cases
can be ignored. We take a simllar magnetic field Inside the
plasma with all terms singular at the origin dropped, Bo

replaced by BOJl-ﬁ and D; and N replaced by 51 and §. The
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plasma vacuum interface 1s
=1 ~ aD cos{6-ez) + a® (5§ - Pg) cos(26-2¢z)
= 1 T T2

- 5300s(29-6z) - g cosez + Lcos 261 + Oz

Among the more pertinent equilibrium relations are the fol-
lowing.

3)

D, = (1-p/2)D; D3 = (1—5/2)153 N = (1-B)F
d; = (B/2)D ds = (B/2)Dy n = (B/2)N
o+ dy = (1-B)(Dg#li/4) Dy = (1-B/2)D;-a;L Dg= (1-B/2)Dgt+ 34,4
54 = Dy + /4 dg = (5/2)1'55 dg = (5/2)56
and toroidal pressure balance
B, §(2-8) + B,D;(1-8/2) = ~ (r/R/(%a7)

The above relations are rather insensitive to the ordering
assumptions and are the appropriate limits of the formulas
in [3] and [5]. The same relations apply even if we reverse
the relative magnitudes of the fields and assume the L=0
and L=2 fields are O(ea) and the I=1 fields 1s O(eaZ2). We
may take as independent equilibrium parameters the capital
letters either with or without the bars and elliptical dis-
tortion £, provided only that toroidal pressure balance
holds. The position of the outer conductor may be any flux
surface of the maghetic field outside the plasma. The equa-
tion for the surface will be of the same form as above with
the addition of a term corresponding to a shift awcos®@.

The equilibrium relations indicate the great flexibility
the plasma has in adjusting to different conditions. The
fields generated by D, d,, and D, are the same as are used
in Tokomak to center the %lasma column and here they perform
the same function. However even with no external centering
field, D4=O, the plasma can eenter itself by appropriate

choice of the field inside the plasma, 54, and the external
diamagnetic field, d4' Similarly, if it is desirable for

for stability to have non-zero {, corresponding to a slightly
elliptical cross section, then this may be achleved with ex~

ternal sources D5 and D6’ or merely by the plasma adjusting

itself, D s 56’ d5 and d6' We shall make use of this free-~

dom to optimize the stability properties.

The second variation analysis of the stabllity is in-
tricate but basically straight forward and we shall publish
the details elsewhere. We take a perturbation which is
principally m=1 with very long wavelength z dependence and
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add other small m=l, 2, 3 terms of order a2 and other z-~
dependence. We take the wavelength of the basic m=1 mode
to be K. After minimization of BW we find that the pertur-
bation is purely m=1l. We do not give the full expression
for BW, but we make several equilibrium optimizations first.
If we set D2= O the minimum of BW is increased, and so we

take D, = O. If both 53 and N are non-zero then we choose ¢,
D5, 55, D6’ 56 to be non-zero and of appropriate magnitude

to increase the minimum of 8W. Since the plasma can adjust
the equilibrium to achieve this state without additional
external fields we omit further details. If one of D, and
N is zero then optimization of BW permits setting thezabove
coefficients to zero. 1In this case other equally desirable
equilibria exist without external fields. After these
optimizations we find

2202 o, B%°0] =2, T2,3 o). 4
BW = 2m°Re BO{(Q—B)K + —r - B ((1-5/2)D3 + T(g—ﬁ%a + O(aﬂ

where p is the ratio of conducting wall radius to r,

The reader acquainted with the literature will find the
result quite familiar. The first term in the bracket is the
usual stabilizing term for kink modes. The second is the wall
stabllization effect from the L=1 field. In contrast with
earlier work on L=l systems, no destabilizing terms appear.

By setting D2=O we have eliminated the term previously found

in this ordering [5]. Of course, the destabilizing term of
the original ordering [21 is formally too small to appear.
This conclusion 1is c¢lear theoretically and of uncertain ex-
perimental validity. The last two terms are the destabiliz-
ing effects of L=0 and L=2 flelds present in the old ordering.
Indeed the above expression includes as_a special case the

equilibrium with no L=l fields so that Dl= Dl= d1 = 0. The

destabillizing terms from the interference of L=0 and L=2
fields proportional to 1D3N| have been eliminated by proper

choice of ¢ and the associated constants. The toroidal
effects are not apparent in the above formula since we have
set the plasma shift to zero and expressed the answers in
terms of field strengths. However, the field strengths are
influenced by toroidal curvature as will be apparent below.

We may present the result in various ways. If we mini-
mize the destabilizing term subject to the equilibrium con-
straint we find

5 = Yoo (2 /m)(2/(5-30)) /%75,

lwl]

and
o = er?RePE? {(2-8)K%+ BPa202/0"- (28/(5-38)) (x /R)%/ <t B ]

For a pure L=2 field § 1s zero and 5-3B is replaced by 2-B and
for a pure L=0 field D3 is zero and 5-3B is replaced by 3-2B.

Hence, optimization on the L=0, L=2 fields cuts the de-
stabilizing term by approximately 1/2. Finally, we may give the
stability criferion as a relation between the L=1 fields and

B and rO/R°
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1/

-

r
€aD; > PJ;§k6(5€357)

where the left hand side is the magnitude of the radial com-
ponent of L=1 helical field just outside the plasma. At the

- 7
optimum value of B, B=5/6 we have approximately €aD > p ?%

Again, higher P values are more stable than lower ones, and
large deformations of the plasma surface appear to be more
stable than small deformations. While the parameters of
current experiments stretch the limits of reliability of
the formula if indeed they do not violate it, they suggest
that € ~ 1A5aD1«,3/2, p~5, r/R ~ 1/250 may be almost

stable.

It is instructive to compare the predictions of the
current work and the earlier work for a toroidal theta pinch
with given L=0 or L=2 fields without regard for the require-~
ments of the ordering assumptions. In the original ordering
the plasma would shift on the order of (r /R) divided by the
square of the helical field and achieve afl unstable equilib-
rium. In the new ordering the plasma shifts on the order of one
over the square root of the helical distortion induced by the
L=0 or L=2 field, adding L=1 fields to the equilibrium, and
greatly reducing the growth rates. As the shift in the old
ordering increases we pass over to the new result where a
large shift, present in the form of a L=1 field, leads to a
less unstable, if not stable configuration.

This work was supported by the U. S. Atomic Energy Com-
mission under Contract AT(30-1)-1480.
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Abstract

PLASMA CONTAINMENT IN CLOSED LINE SYSTEMS.

Plasma equilibria with exact magnetic surfaces are obtained only in configurations with an ignorable
co-ordinate. Equilibria with closed magnetic lines result from a different syminetry, reflection in a plane.
The appropriate analytical methods and the ensuing plasma properties differ profoundly from magnetic-surface
and closed-line equilibria. The general theory is developed for scalar-pressure and guiding-centre models
and calculate a number of special results for a bumpy torus with small toroidal curvature. On occasion, the
toroidally perturbed pressure profile develops islands ("bananas"). Classical resistive diffusion is atypical;
the standard procedures fzil, and diffusion does not follow the standard 1/B® formula.

1. INTRODUCTION

Most toroidal calculations postulate closed flux sur-
faces. They are theoretically closed only with an ignorable
coordinate; but approximate surfaces can be found in systems
weakly perturbed from axial symmetry (e.g. a Stellarator).
Closed lines result from the more primitive symmetry of reflec-
tion in a plane. This is more flexible than the restriction
to an ignorable coordinate (without regard to desirability).

We present a self-consistent, finite 8 theory for scalar
pressure and guiding center models., Closed magnetic lines
provide several unusual features,; First, there are no static
equilibria on the drift time scale. Second, the assumption
inherent in any perturbation theory, that the equilibrium
varies continuously with parameters (such as current in a coil,
wall shape, weak toroidal curvature, etc.) does not hold. A
certain condition, marginal equilibrium, implies no neighbor-
ing states with the given topology. In this case, a "vertical
field" (Tokomak terminology) does not induce a simple radial
shift of the plasma column. Mathematically, marginal equili-
brium results from a continuous spectrum reaching the origin.
This implies a singular perturbation, in the present case a
change in topology, with islands; but this does not herald
instability. In special cases we calculate the toroidal per-
turbation, the marginal criterion, the effect of the vertical
field, and estimate the island thickness.

Classical diffusion is described as a slow progression
through perfectly conducting eguilibria., This assumption,
plus curl E ~ 0, leads to the Pfirsch-Schluter formulas,
banana diffusion, etc. Both assumptions can be violated in
sheared systems but are always violated Tn closed line systems,
At arbitrarily small plasma B and resistivity, fast MHD waves
are automatically generated, coupling to the "slow" diffusion.

229
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An estimate of the scaling for large aspect and low 8 shows no
classical 1/B“ factor (although a quick standard calculation
would incorrectly give a standard formula).

2, GENERAL FORMULATION

With respect to a given plane, S, we introduce two
symmetry classes for vectors (Fig. 1):

axial: normal component even, tangential odd

polar: normal component odd, tangential even
This terminology is suggested by our assumption that the
magnetic field, B, has the first symmetry and J = curl B the
second. B is normal to S and J lies within S, The symmetry
guarantees that if B intersects S twice, it is a closed curve.
J-lines are not necessarily closed (nor is J-B = 0), but if
a surface contains J, then J-lines also close. In a bumpy
torus there may be several planes of symmetry. External coils
are bound by the same symmetry as J. An arbitrary coil can be
given on one side of 8 if its image is put on the other
(Fig. 1lb). For scalar fields, we also have two symmetry
classes, viz. even and odd under reflection., We see that V¢
is axial if ¢ is odd and polar if ¢ is even; ¢A preserves the
symmetry of A if ¢ is even and reverses it if ¢ is odd; A X
curl A and A-VA are polar for either symmetry of A.

The static equilibrium of a perfectly conducting, scalar
pressure plasma is governed by the system

JxB = Vp, J = curl B, div B = 0 (2.1)

The mathematical theory follows from the presence of one
elliptic characteristic plus the field lines, counted twice,
as degenerate real characterigtics. This is more evident in
the following formulation

B«Vp = 0, B+Vg =1 curl B = J
J =V x Vp div B =0

where the elliptic cone is visible on the right and the real
characteristics on the left. The characteristics suggest an
iteration process [1]: given a field B, calculate p and g,
then J on the left; then recalculate B on the right, given J.
For certain low B closed line configurations, this procedure
has recently been shown to converge [2]. It is the real char-
acteristics which give nonexistence of solutions in asymmetric
sheared geometries [3]. They integrate out explicitly with an
ignorable coordinate [l]. Only in the present closed line
theory is the full significance of the combination of charac-
teristics felt,

T~ G|D

xiol

(2.2)

Polar s @
S

{a} {b)

Fig.1., Symmetry; a) axial and polar symmetry classes;
b) arbitrary coil on one side of § with image put on the other.
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To exploit the symmetry, we replace (2.2) by its equiva-
BsVp = 0 B =V¢ + tVp
BVg = 1 div B =0

The domain is cut (e.g. at S) since ¢ and 7 are multivalued
(as are V¢ and Vg). Introducing

[¢] = § Vodx = % Bde , [zl

the condition that B be single-valued, viz. V[¢
implies that

{641 = 1(p) , Izl = q(p) = -1'(pl (2.5)

This is the familiar condition that % d#/B be constant on each
p-surface. The integrals in (2.4) are path-independent on a
given surface (but not in three dimensions). Clearly p is
even and ¢ and ¢ are odd.

For a guiding center formulation, the pair of distribu-
tion functions, fi(e,u,y) determines the charge neutraliza-
tion potential, ¢ (B,y), thence a pressure function,
pu= p(B,¥). Given p(B,y), the problem reduces to a system of
differential equations [4]. A convenient specialization, more
easily matched to available experimental data, is p=pl(¢)p2(B).
In this case, the formulation is

B-Vpl =0 oB = V¢ + ngl

lent,
(2.3)

Vredx = f ag/B, (2.4)
+ [glVp = 0

(2.6}
BeVg = Py div B = 0
where .
o(B,¥} =1 - p;(¥)p,(B)/B (2.7)
The single-valuedness condition is now
[¢]1 = %de = t(py) , (gl = %pZ(B)%&-= afp;) = -t'(py) (2.8)

Note that % de/B is a relevant gquantity only for scalar
pressure.
3. LARGE ASPECT EXPANSION

Introduce cylindrical coordinates (R,0,Z) and "toroidal"
coordinates (r,6,z) as in Fig. 2.

R =Ry +r sin 6 , Z =r cos 0 , RO =z (3.1)

2 2.2 0

2 + r°"de“+ (l+r sin e/RO)Zdz2

as® = ar® + r%a0? + az? = ar

Fig.2. Cylindrical and "toroidal" co-ordinates.
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We expand in_r/Ro, both_the coordinate system and the physical
guantities, p = Py+pP, B = By+B, etc. The operator ¥ is vexact",
and V is the lowest order gradient, V = (3/%r, 3/rd8, 3/5z}).

We calculate

B = - _r sin® 0
B =Vd +Vp = By+ V¢ + toVp + 5Vp, R, Be, (3.2)
= - £ sinf 40
= B0 + VE + CVpO - pVCO R, Bzez
where ¢ has been replaced by the single-valued function £,

=10+ cg4p (3.3)
Next, taking out factors sin 6 from p, ¢, £, By, B,; and cos ©
from By (without changing notation, p + p sine, etl.}, we
obtain N r 0
rBe = f , B = VfA+ (CVpO— pVC()) - R—O—Bzez (3.4)
where V = (3/9r, 3/9%2) and B = (Br,BZ),
The result is a system of three equations for p, g, and f:

0
BO-Vp + X; - Yp + Vpo-Vf = (2r/R0)BZ(3p0/az) (3.5)

_ 0
ByVG + YT - Zp + Vg, oVf = (2r/R) B, (3% /82) (3.6)

Af - £/1° + div(gVp,- pVc,) = (2r/R0)(3B2/az— BY/2r) (3.7)

where

|2 (3.8)

2
X = |vpyl® » ¥ =7Vp,vg, , 2= |Vg,

Although p, ¢, and f are coupled, the mathematical structure
is such that we can interpret (3.7) as an elliptic equation in
£, and (3.5) and (3.6) as a pair of ordinary differential
equations for (p,f) along a magnetic line. Boundary condi-
tions will be given in the next section.

Eliminating ¢ from (3.5), (3.6) and treating

9, = (2r/RO)Bg(8po/az)~Vp0-Vf, g,= (2r/R()BI(3g /02) =Yg +VE
(3.9)

as inhomogeneous terms, we obtain for p the second order
equation 1
(B0~V)(§ BO-Vp) + Qop = G, (3.10)
2 .

Qp = Jo/X = (By*VI(Y/X) , Gy = (ByV + ) (9/%) - g,

A similar equation can be found for ¢ alone, but it is less
useful.

To study'non—monotone pressure profiles more easily, we
write Vp, = po(wo)Vwo, and for an axially symmetric By obtain

%I-(TEEQTE-Q%) + by 9, P = (pg)7Gy/B, (3.11)
° 2(k o *T,)
Poo/Bg = 8 = ———7
BylVy, |
where k3 is the field line curvature. FPor later reference, note
e" = § 2,dL = p; % as/B] - q (3.13)

(3.12)
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In axial symmetry, one can'verify that @F < 0 for any pressure
profile and 8 (note that gy is V" in a common notation}.
For the guldlng center formulation, a similar calculation

[introducing p P +p, o = a,to, [B{ = [Byl+b, b =B *B/B,
etc,] yields thé res
4 r 0
0,B = VE + (¢zVp,- pVZ,) - 0B, - =— o,B_ e
0 1 0 0 R0 07z 2z (3.14)

UOrBe = ¢ + LoP1 = f
The auxiliary variables ¢ and b are given in terms of p through
L} L -
o + (py/By)p + py(p,/By) b = 0
2 r 0,2
Byo + pyp + 04Byb = ByeVE - ﬁg UO(BZ)
The system of equations equivalent to (3.5)-(3. 7) is

(3.15)

UOBO-Vp + Vpl°(chl—ch ) + Vpl-Vf = (2r/R )UOB (Bpl/az) (3.16)

Boovc + Vco-(chl-cho) + p2b - P,0 + Vco-Vf
0
= (2r/R) 0 B35y /Az) (3.17)
div(vE/o,) - £/02 + div[(LVp =pVeg) /o, = (By+V) (6/5,)  (3.18)
= (2r/R) (380 /22-BY/2r)

The toroidally perturbed particle drift surfacesl(which
are extraneous to this theory) can be calculated, once (p,¢,f)
are known, from an equatlon similar to (3.17) in which p,(B)
is replaced by B(Bl-—B)l

4, BOUNDARY CONDITIONS

The large aspect theory is not qualitatively different
from the original. There are still elliptic and hyperbolic
characteristics, but the latter are now known, and there are
only two variables, r and z. Given an elliptic boundary con-
dition for f, and a pair of boundary conditions on each
magnetic line for p and ¢, we must iterate on (3.5)-(3.7),
solving (3.5) and (3.6) for p and ¢, given f; then solving
(3.7) for £, given p and z.

For p and g, boundary conditions are given at z = 0
and z = L (the basic Eerlodlc length is L =,TRy/n). We can
take g(0) = 0. If g(p) is a fixed functlon, g at z = L
we have ¢ = gg (po)p. With 3 as independent variable, a set
of boundary condltlons is

t=0atz=0, Pyt = qylyglp at z = L (4.1)
Alternatively, from symmetry alone, we require
9p/32 = 0 at z = 0 and z =L (4.2)

Examining (3.5), we find that the alternative boundary condi-
tions (4.1) and (4.2) are exactly equivalent.

Alternative boundary conditions to p(q) fixed (e.g. the
adiabatic constraint, pqf fixed), can be met by extending

I, Numerical orbit calculations in a vacuum field are given
in [5].
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the basic perturbation to include m = 0 as well as m=1l terms,
P = pylr,z) + [p(r,z) sing + g(r,z)]/ao (4.3)

but this will not be pursued here.
For the elliptic boundary condition, we can take £(0) =0,
f(L) = 0. If the original field, By, is generated by coils,
the remaining boundary condition on f 1is regularity at
infinity. If the plasma is contained within a conducting
shell, the boundary condition B:n = 0 (together with p = Q)
leads to the boundary condition on £,

9f/on + Ldp,/dn = (r/RO)(Bng/BO) (4.4)

5. SPECIAL CASES

First consider an expansion in r, near the magnetic axis.
We solve for p and ¢ considering f to be given (f cannot be
obtained by expansion since it is inherently global). It
suffices to consider the "inhomogeneous" terms contributed
by £ and r/Rqg separately.

The unperturbed equilibrimm is axially symmetric:

wO = % b(z)r2+ %(c— % b“)r4, Py = @ - % b(z)crz,
0 _ 1 1, uy. 2 0 _ _1 .. 14,3
B, = b(2z) + 5 (c- 7 b")r", B, = - zb'rt ;7 b™r (5.1)

z 4
dz 1 2 1, ,..dz _ dz 1 ,.,dz
Zo = J B{zy ~ 7 °r J (o= 22" =3 q0~§ 5zT ‘¢o§(°" "3
0 0

To the order kept, the free parameters are two constants, a
and ¢ (the pressure and its gradient on axis); also one
function, b(z) (the field strength on axis). The expansion

in r is equivalent to one in Y,; to lowest order rl= Zwo/b(z),
whence Pp = a -~ ¢y, etc,

Taking r/R, first, we observe in (3,9) that g, = O(r3)
and g, = O(r). Ordering p = 0{(xr) and ¢ = 0(xr), to lowest
consistent order,

2
By*Vp =0 , B,V - p\VI;Ol = 2r/R, (5.2)
Solving, subject to boundary conditions (4.1),
] *
p = - (2r0Y/%p /R0 )% az/b3/? (5.3)
or = - 3 % (b'/p4)? az (5.4)
From p = a-bcr2/2 +p sinb , we calculate an inward plasma shift
§ = p/rbc = -[4/3§dz/b3/2]/[R0b1/2%(b-/bz)2dz] (5.5)

The plasma displacement is large if the mirrors are weak
(b' small). This is consistent with the canted high B mirror
experiments, where the shift with plasma present is smaller
than in a vacuum; and where it is observed that the profile,
b'{z) is wmuch steeper with plasma present [6].

For the contribution of f to §, thg inhomogeneous term
in (3.7) is O(r) which leads to f = 0(r?); this is dominated
by the homogeneous solution, Af-f/r2 = 0, which can be 0(r).
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Fig.3. Vertical field.

The leading term, f = f£4(z)r + ..., is influenced by coils,
conducting walls, etc. and also by any explicit external
coils (Fig. 3). We can calculate § for any profile fo(z), but
for simplicity take the simplest odd function, fo(z)=fosgn z,

Inserting £f=f,r, p=pla)r , T = Z(z)r (5.6)
into the lowest order system

By'Vp = - Vpg*VE , ByeVe - plVgy|? = - VgV (5.7)
and applying the bound%ry conditions (4.1) yields

5 = (2/b)l/2f0[§{£(b'/b2)2d2]dz/bl/2}//¥(b‘/b2)2dz (5.8)

In contrast to the toroidal effect, this contribution to § is
not exaggerated in a weak mirror field.

Another solvable special case is near a pressure peak,
pg v 0. This is more interesting when g, is also small, of
the same order as pd. The boundary condition (4.1} shows that
p v &, and the lowest order system isg

By-Vp = o, By+VC - Zp = g, (5.9)
The solution is easily obtained

p/Pg = [§ q2d2/B0]///Ezé - pg % Zdﬁ/BQ] (5.10)

This formula is not restricted to an axially symmetric BO'
and the denominator may vanish,

Finally consider low B in the singular guiding center
limit in which pjpj is kept finite as p; + 0 (e.g. this is
automatic if the mirrors become weak with B). In particular,

A=1 - pl(¢)pz(B) (5.11)
may be small, but we insist that A > 0 everywhere to avoid the
mirror instability. For simplicity take g; = g, = 0. First,
Bp*Vp = 0 or p = p{Yp). For ¢, using only z{(0) =0,

2 2 2,.2 ' 2
t(L) =p %{(Vco-vwo) /| 90y] “+ [p5/Bg=(py) “1/4y}d8/B (5.12)
With axial symmetry, we also have
2 1
Vey Vg = |vw0[ T Qd&, g = § Qds (5.13)
0

0 = (BZ/8)) (py/BR) ' (kg T0e) /170 |2 (5.14)
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An eigenvalue is reached if r/p from (5.12) is equal to qé/pi.
This can occur if Ay is small in an appropriate region of
the plasma.

6. MARGINAL PERTURBATION OF EQUILIBRIUM - DISCUSSION

The (f,p) equations take a form which can admit eigen-
values. The displacement § can be expected to diverge near
such a flux surface, Such an occurrence signals a change in
the equilibrium topology but is not related to dynamic gtabi-
lity (although the term stability is sometimes used to refer
to singular perturbations of equilibria).

A basic question is, when do small perturbations in applied
field, toroidal curvature, etc. yield equilibria which are
qualitatively similar to the original? As an assumption,
this is implicit in almost all theoretical calculations.

A smooth perturbation, ¥o+y1(x,y), of a function y4(r) with

a maximum at r = 0, also has a unigue maximum near r = 0, with
contours that are slightly shifted, approximate circles. On
the other hand, a function ¢, which attains its maximum on a
curve, say at r = a, is degenerate, and almost any perturba-
tion will destroy this property. For example, a volcano

with circular contours opens up into a banana region (Fig. 4).
If ¢ is a flux function (e.g. in a z-pinch with reversed Jz),
almost any perturbation will violate the constraints implicit
in perfect conductivity.

A more interesting example is a straight screw pinch with
two flux functions corresponding to Bg and B,. This cylindri-
cal equilibrium can be described in helical coordinates $=0-kz,
for any given k. The helical description assigns a unique flux
function as a linear combination of the two cylindrical fluxes.
The helical flux function reaches a maximum and reverses if
the helical pitch (defined by k) matches the magnetic field
pitch., In other words, there is a range of "resonant" values
of k for which all neighboring helical equilibria have islands
or "pressure bananas". In dynamic stability analysis. a
resonant perturbation isstable or not depending on Suydam's
criterion, But the destruction of simple flux surfaces depends
on the resonance alone. In a W stability analysis, a reson-
ance implies that the minimum value (positive or negative) is
approached but not attained.

More generally, perturbing a dynamical system whose spec-
trum is bounded away from the origin will give a unique neigh-
boring equilibrium (the inhomogeneous eguation can be solved).

. Volcanic bananas,



1AEA-CN-28/7-7 2317

Marginal stability, with a point eigenvalue at the origin,
generally separates stable from unstable equilibria; but it
also indicates the existence of nonunique bifurcations, usually
with a change in the symmetry of the equilibrium [7]. A continu-
um that reaches the origin is marginal with respect to egulllb—
rium, but not usually with respect to stability.
The existence of a homogeneous solution (p,%) is local to
each individual flux surface. Thus a discrete eigenvalue for
{p,t) indicates a continuum for the complete dynamical system
(i.e. for 8W). We can expect, in general, that § will diverge
and reverse sign across a flux surface where a (p,%) eigenvalue
is reached, forming a banana region. However, the actual situa-
tion is more complex,

Since (3.11) is self-adjoint, it is related to the problem
of minimizing

U = {(Bo/w%lz) (ap/dg) %as - p, SL 2,p ds (6.1)

subject to i p2 dg = 1 and the boundary conditions (4.2). We

note the sign of the smallest eigenvalue Ag; Ap= 0 is marginal.
This variational problem (in particular the sign of Apy) has no
relation to the dynamic stability of the original equilibrium,
Since p = 1 is allowed as a test function, @* = 0 implies
Ag < 0. The form (4.1) of the boundary condition suggests that
the two spec1al cases PO = 0 and qo = 0 deserve special stgdy.
Clearly, = 0 when pg T 0; also, Ay changes sign with pg

Y- <t 8* for small p However, further examination shows
that the 1nhomogeneous tgrms are automatically compatible; p/po
is finite and there is no singularity when A5 vanishes w1th po.
Evidently A, < 0 when paR* > 0; also Ay < 0 or large py of
either sign. Thus, when p{R* < 0, Ag must change sign as |pg|
increases. From this we conclude that the Elmo experiment,
with reversed pressure proflle, will have a nontrivial eigen-
value (i.e. Xg = 0 where PO # 0) at sufficiently hlgh B.
Clearly, AO < 0 at the edge of the plasma where p < 0, and Aj
reverses sign at the pressure peak. At high B8 (this remains
to be checked quantitatively with Elmo parameters), Xg < 0
near the axis, which Implies the existence of an interior
marginal surface.

There is no implication with regard to Agr when q =0,
and C(L)/q0 remains finite. However, if g, and PO vanish near
one another, then the existence of a nearby marginal surface
is guaranteed [cf. (5.10)]. A simple estimate of the banana
thickness is

§ = 2[§ 9,48/8,1/2 / 1q4-(p, § 2d%/B ) 172

[vwol (6.2)

7. CLASSICAL DIFFUSION

Classical (including "neoclassical") diffusion in systems
with flux surfaces and shear is based on two assumptions:
first, thatthe process is quasistatic, with diffusion inducing
a slow progression through perfectly conducting equilibria;
second, that at low B, curl E = 0 and E = V&, Both postulates
were introduced by Kruskal and Kulsrud for MHD, - implemented in
special geometries by Pfirsch and Schluter, and extended to
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guiding center theory by Galeev and Sagdeev. The basic calcu~
lation in the MHD case proceeds from Ohm's law, E + uxB = ndJ,
in the averaged form

<E+J> - <usJXB> = <nJ2> (7.1)
The term <E+J> is zero for single-valued ¢ and, more generally,
depends only on E.dx, not on the local distribution of ¢.
The quasistatic assumption, JxB = Vp, gives the net diffusive
flow, <u+Vp> directly in terms of equilibrium quantities. By
inspection, we see that the net diffusion velocity scales as B
(this is commonly, but imprecisely, referred to as 1/B
scaling) .

More recent theory has shown that curl E v 0 is frequent-
ly violated even at low B [8]. 1In many such cases, it is
possible to replace the standard theory by one which incor-
porates 3B/3t while still quasistatic. The results are non-
standard, but still classical (i.e. non-turbulent). In the
present problem, with closed lines, neither postulate can be
kept; curl E is comparable to E at low B, and the quasistatic
assumption is automatically violated with arbitrarily small
resistivity. The standard estimate from (7.1) is invalid
because of the interference of waves (pdu/dt v Vp). The non-
steady convection is an unavoidable consequence of the diffu-
sion process itself,

With shear, the Kruskal-Kulsrud postulate implies that
<J*B> = 0 on a flux surface; in the closed line systemn,
<J+*B> = 0 on each line., We ask whether g E.dx = nJ-dx can
be zero (or the same constant) on each line. The  answer is
that it cannot. The equilibrium formulas allow the wvariation
of ¢E-dx from line to line on a flux surface to be calculated.
A more complicated argument shows that we cannot retain the
guasistatic assumption, Vp = JxB, even dropping curl E = 0,

In other words, any slight resistivity induces plasma flow
which destroys the classical estimate of diffusion based on
(7.1) . However, taking only the leading term in the large
aspect expansion does allow a quasistatic calculation of dif-
fusion. This is obtained as a compatibility condition relating
3p/dt to p, using the fact that 3p/3t is related to 3B/3t,
therefore to E, therefore to nJ which is in turn related to p,
In particular, the diffusion rate does not scale as 8 (or l/B2).
This calculation will be presented elsewhere,

The basic qgualitative difference between diffusion in
sheared systems and in closed line systems is that whereas in
the former, uneven diffusion across a flux surface can be
compensated by flow along the lines, in the latter it gives
rise to convection of magnetic lines.

8. CONCLUSION

For a "normal" pressure profile, p' < 0, in an axially
symmetric mirror machine (Q* > 0), A, is always negative and
the pressure surfaces remain simple when perturbed.At high B,
a nonmonotone pressure profice can create a marginal situation
in which any perturbation produces islands. The same is true at
low B with a normal pressure profile if the plasma is suffici-
ently anisotropic or if the fields are sufficiently asymmetric
(as in a magnetic well geometry) .

We would expect islands to be characterized by a flat
pressure distribution, possibly by a flat electrostatic poten-
tial signature, almost certainly by enhanced diffusion across
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the island region. A "vertical" field, in such a situation,
could be used to control the island structure and could, in
theory, remove the islands to first order.

Diffusion, even in the absence of islands, is guite non-
standard, not only in magnitude, but in scaling and even in
concept.

The very difficult theoretical problem of the comparison
between a closed line system and one with very small shear can
be analyzed in special cases by studying the perturbed spectrum,
but these results will be presented elsewhere,
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Note Added in Proof:

The compatibility condition < J - B > = o which is
required by the classical diffusion calculation is
automatically satisfied because of the symmetry of this
geometry. The classical formulas therefore apply in
this geometry, even without interference from transient
skin effect. The complications discussed in Sec. 7
do not occur in this geometry.
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Abstract

PLASMA HEATING BY STRONG SHOCK WAVES.

About 10* cm® of plasma at T~1 keV, n~1x 10' em™®, were created by fast cellisional shock waves
in an electromagnetic shock tube. The speed of these shock waves ranges up to 4 x 10%cm/s, corresponding to
an acoustic Mach number of 3200 and an Alfvén-Mach number of 15. These experiments were performed in
a 3-meue-lon§_>coaxial electromagnetic shock tube, employing a 60-uf, 120-kV capacitor bank which pro-
duces a 2 x 10°-A drive current. The pre-shock hydrogeninitial state was T = 239°K, p = 50 mTorr. The pre-
shock 7.2~ kG transverse magnetic field was used to keep the shock thickness small and retard plasma inter~
action with the walls. Separation of the wansverse ionizing shock wave from the driving current was clearly
observed, and a hot dense plasma was created behind the shock wave, The state of this plasma was determined
by laser interferometer measurements, X-ray bremsstrahlung spectra, a particle energy analyser, probes, and
neutron detectors. The shock-created plasma contained an azimuthal magnetic field of B ~22 kG. When
deuterium gas was used, neutrons were detected and we estimate a yield of abour 5 x 10° neutrons per shot.
The transverse ionizing shock thickness, as determined by magnetic field structure, was found to be from
5 to 80 cm thick, the larger values occurring at higher shock speeds. These thicknesses are found to agree
with the calculations made from a two-fluid MHD computer code employing classical plasma transport pro-
perties. The calculated structure of these collisional shock waves predict that the ion temperature substantially
exceeds the electron temperature.

1. INTRODUCT ION

Shock wave heating of plasma to fusion temperatures is
being studied in many laboratories and research in this field
has been summarized recently by Chu and Gross [1]. We have
studied strong ionizing collisional shock waves of sufficiently
high speed required to produce a hot plasma with fusion re-
actions. Collisional shock waves are expected to have a
structure in which the ion temperature exceeds the electron
temperature, a condition of particular interest for pulsed
fusion reactors. Elementary theory [see, e.g., ref. 2] pre-
dicts that a strong shock wave propagating with a speed ug
into a gas of density o) and transverse magnetic field B];
will produce a temperature

* This research was supported by contracts AF 44620~T1-C-0010 and AT (30-1)-3954.
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2
2
kT, = ™ (32 _ 15°%1) (1)
2 2|,1]
where my is the mass of the hydrogen atom and p is the vacuum
permeability, More detailed calculations [1] |nd|cate that
for high Alfvén Mach number shocks, i.e., uzu p]/B]>>|,
. C

2

-5
T 1.14 x 10 ug

Q

(2)

where Ty is in %K and Ug is in m/sec, Consequently, a shock
speed of 10" m/sec is expected to produce a temperature of
about 1 kev. It is useful to employ a preshock transverse
magnetic field B, so as to keep the shock thickness small and
to reduce the effects of plasma contact with the walls of the
device. The density ratio across a strong shock is four, and
consequently such a wave propagating into 50 mTorr préssure
diatomic hydrogen will produce a post-shock plasma number
density of n, ~ 1 x 1016 em™3.

At Columbia University we have an electromagnetically
driven coaxial shock tube which produces shock speeds in

8

hydrogen up to 4 x 10% cm/sec. Some of the early experimental
results have been described previously by Gross et al, [3].

We describe in this paper some of the experimental results
obtained in that device and some computational results which
help to interpret the phenomena., Results concerning shock
speed, shock structure, plasma temperature, density and volume

are presented.

2, THE SHOCK TUBE

The Columbia University shock tube is 3m long, has an
outer diameter of 23 cm, and consists of coaxial concentric
cylinder, with a 5 cm width between the tubes, The tube
length was chosen to provide sufficient time for the shock
wave to evolve to a steady state, thereby making possible a
study of wave structure and post-shock plasma, The 5 cm gap
is a8 compromise between wall effects and tube inductance,

A conducting rod along the tube axis is used to carry current
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which produces an azimuthal bias magnetic field essentially
constant over the duration of the shock experiments, This

bias field current, about 350kA maximum, is produced by a

1600 yf, 20 kV capacitor bank; the magnetic field in the shock
tube test region is about 7.5 kG. The shock wave drive current
is produced by a 120kV, 60 uf capacitor bank. It passes along
the inner coaxial conductor, radially through the gas in the
coaxial region, and back along the outer conductor, has a

2 meg. amp. current maximum and has a quarter cycle rise time
of about 4 psec. This bank consists of six modules, each with
its own low inductance SF6 gas filled switch. The shock tube
has a characteristic impedance of 34, and an inductance of

114 nh/m. Further details of this device has been described

by Halmoy [4] and Moriette [5]. The shock tube is initially
filled with room temperature hydrogen or deuterium to a pressure
10< pISZOO mTorr.,

3. RESULTS

a) Shock Speed Measurements:

The propagation of the shock wave along the shock tube was

detected by magnetic probes, electric probes, H, and X-ray

radiation detectors. Data were observed at axigl positions
along the shock tube axis at the 25, 50, 100, 150, and 200 cm
locations. The shock wave speed as determined from these
different diagnostics was essentially the same, the very small
differences being attributed to details in the shock structure
itself, different response times of the different diagnostics,
and boundary layer effects. The shock structure observed at
early times (first 50 cm of travel) varied from shot to shot
indicating that often the shock wave was still steepening and
had not yet achieved a steady state structure, Beyond about
50 cm, the wave structure was sharp and steady. Shock speeds

achieved in hydrogen gas are shown in table I.

The speed of sound in the preshock gas is 1.3 x 105 cm/sec
and the Alfvén speed is 2.7 x 107 cm/sec, so that the shock
speed over the first 50 cm corresponds to an acoustic Mach
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TABLE I, SHOCK SPEED IN HYDROGEN

Average speed } 0-50 cm 0-100 cm 0-150 cm 0-200 cm
over length 8 8 8 7
em/ sec. 410 2 x 10 1 x 10 7 x 10
py= 50 mTorr. T,= 293°%K. B= 7.2 kG.
HHTH :HIH::H"%h¢%¢H‘#“
AANAAY I

FIG.1. Measured magnetic probe signals; 150 ¢cm locarion. Upper trace; l.3([), unintegrated signal;
lower trace: B (t), integrated signal; time scale 1 us per box, hydrogen, p, = 50 mTorr, T; =293°K,
By =7.2 kG.

number of about 3000 and an Alfv&n Mach number of about 15,
In figure 1 are shown sample magnetic probe signals, obtained
at the 150 cm axial position,

b) Shock Wave Structure:

A set of two-fluid Navier-Stokes equations employing
classical plasma transport coefficients has been used to com-
pute the detailed evolution and structure of collisional shock
waves with a transverse magnetic field., The numerical method
is similar to the well known Hain-Roberts code for pinches.
This simulation has been helpful in understanding observed
phenomena, Details of this computer code are available in
ref, 6., The computer shock magnetic profiles [B{t) and é(t)]
for a wave at the 150 cm location is shown in figure 2. Com-
parison with the experimental data in figure 1 shows good agree-
ment. The temperatures, density, velocity and magnetic field
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FIG.2. Computer calculation of the magnetic field; 150 cm location. Upper trace: B (1) magnetic field;
lower trace: B(t), time derivative of B ().
distribution in the shock tube are also predicted by the com-
puter code and an example of such information, for a shock
traveling at 95 cm/usec is shown in figure 3. These shock
waves invariably have Ti>Te’ as shown in figure 3, since the
electron-ion relaxation time for the shocked plasma is long
(’reiz 6 x ]0-5 sec).

Although there are several length scales associated with
strong shock waves, the magnetic structure affords the most
easily measured shock thickness, |In figure 2, the computed
é(t) gives a clear indication of the time for the shock to
pass a particular location, and knowing the shock speed per-
mits one to easily compute the magnetic shock thickness as a
function of shock speed (for a constant preshock state). An
identical procedure has been employed using the experimental
data and the results are shown in figure 4., The mean free
path is about 2 cm in the preshock gas and about 140 cm in the
post=shock plasma. The shock thickness is of the order of
10 cm, so that these are indeed collisional shock waves,
although the post-shock plasma is essentially collisionless,
The ion gyro radius in the plasma is typically 0.2 cm. Qur
computations show that had we not included an initial azimuthal
field, the shock thickness at corresponding speeds would be
several meters, instead of the several centimeters, as in the

present case,
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0.8
0.6 Ug = 95 cm/usec
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FIG.3. Computed temperature, density and magnetic structure in the shock tube; shock speed = 95 cm/us.

c) Density and Magnetic Field Compression Across the Shock
Wave:

The change in electron density across the shock front was
measured using a He-Ne laser interferometer, details of which
are given in ref, 4. The post-shock plasma was found to have
an electron density ne2 = (1.h + .3) x 10'® cm™3 when Py =
50 mTorr H2. The meastired density compression ratio is there-
fore n2/n] ~ 4, as expected by theory. The magnetic field
compression ratios across these ionizing shock waves were
found to vary from about 1,5 to 3.7, i.e., 11582526kG. For a
pure MHD transverse shock, the density ratio and the field
compression ratio are exactly equal, In the present case, the
field compression ratios are less than the density ratios, a
fact that is characteristic of ionizing shock waves [7].
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FIG.4. Shock thickness as a function of shock speed. The solid curve is the computed thickness using
classical plasma transport properties; p; = 50 mTorr, B, =7 kG; hydrogen gas.

d) Electron and lon Temperature:

Two x-ray detectors, each located at the 100 cm axial
position, were used to obtain simultaneous measurements of the
radiation transmitted through different beryllium foils. Care-
ful collimation and shielding were employed. The bremsstrahlung
energy spectrum for free-free and free-bound radiation is well
known, and the fraction transmitted through various absorber
foils have been computed by Elton [81. The part of the x-ray
spectrum beyond the last recombination edge when measured, can
be used to determine the electron temperature, These measure-
ments indicate that the maximum value was Tez(li.B)keV. Further
details concerning these measurements are available in ref, k.

An indication of the ion temperature was obtained by em-
ploying deuterium gas rather than hydrogen, and looking for
neutron production, Geiger tubes wrapped in 10 mil silver
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FIG.5. Neutron flux; 75 cm location. Upper trace: Hg signal at 100 c¢m location, lower trace: Neutron
flux; 75 cm location time scale, 1 ps/cm.

foil and imbedded in a polyethylene moderator [2] were used

to estimate the total production of neutrons per shot, and
this value was found to be of the order of 5x105 neutrons,

A five inch diameter Pilot B plastic scintillator with 2 Dumont
6364 photomultiplier, all carefully shielded by 1 inch of lead,
were used to detect when the neutrons were produced. The
neutrons were observed to be produced when the shock wave
passed the detector which was located at about the 75 cm

axial position. Figure 5 shows the neutron flux as detected
by the scintillator and the HB radiatipn from the shock wave
passing the 100 cm location, The quantity of neutrons pro-
‘duced is the correct order of magnitude for a plasma with

T~ kev, n~l x 10'6 cm-3, A plasma at 1 keV temperature

and IO]6 cm'3 density has an electron-electron collision time
Tee™ 1 X 10-8 sec, and an ion collision time 7;;~3 x 10 sec.
Hence, it seems that the electrons are certainly completely
Maxwellianized, but the ions may not yet have the high energy
tail of their velocity distribution completely developed,
Since the fusion reactions take place with these high energy
ions, it is not clear whether the neutrons were produced by a
thermal plasma, it is also instructive to note that the large
azimuthal magnetic field makes the plasma very anisotropic.
For example, the e-folding time for the relaxation of an
electron temperature difference over a length of 10 cm is
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2 x 10-]0 sec in the azimuthal direction and 7 x IO'2 sec in

the axial direction, Hence, there should be no temperature
gradients in the azimuthal direction, but the post shock plasma
should have an axial temperature distribution representative

of the past history ot the changing shock speed; i.e., between
L4 keV and 100 ev.

L, ADDITIONAL REMARKS

Several operating characteristics of this high energy co-
axial electromagnetic shock tube are worth mentioning. Separat-
ion of the shock wave from the driving "piston'" is an important
ingredient of all shock tube analysis. |In the past, many
electromagnetically driven shock devices have failed to observe
such a separation, making it impossible to study shock struct-
ure, etc. In our device we have clear indications of such
separation and the region of post~shock plasma that is essent-
ially free of current is about 30 cm in length at the 150 cm
position. Our calculations also bear out this point very
clearly [6). It is also instructive to make an energy account-
ing and this has been done for the first 3 usec of operation
[5). In this time, measurements indicate that 42% of the
energy that has left the capacitor bank is delivered to the
shock tube test region, 3% is dissipated by ohmic heating, 24%
is stored as magnetic energy in circuit inductance outside the
shock tube test region, and 31% has been transferred to the
bias magnetic field circuit by inductive coupling.
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Abstract

EXPERIMENTAL STUDY OF COLLISIONLESS SHOCK WAVES.

Five experiments on collisionless shock problems are described.

In the TARANTULA Z-pinch apparatus the microturbulence within a sub-critical (resistive) shock,
propagating perpendicular to a magnetic field, is studied by forward scattering of light. Published and new
data which reveal the frequency and wave-number spectra and the angular anisotropy of the observed turbu~
lence are summarized. The data demonstrate the presence of current-driven ion-wave turbulence and also
fit some predictions of non-linear theory. The observed turbulence is used in a stochastic model to explain
the observed electron hearing,

In a new apparatus, called CHARYBDIS, shock waves are produced which propagate paraliel and nearly
parallel to a magnetic field. These shocks are generated by applying a fast-rising radial electric field
(~200 kV/m) to the end of a column (0.45 m diam. by 1.2 m long) of highly ionized plasma in an axial
magnetic field, The steepening of a switch-on shock and its separation from the piston are observed at small
radius, using magnetic probes. At larger radius an oblique shock with whistler precusor is observed.

Shock waves driven by laser-produced plasmas are also being studied. In the absence of a magnetic
field, the problem of piston formation is crucial. In the PLUMES apparatus the interaction of two adjacent
carbon plumes which are transversely interstreaming with Mach number M < 4 are observed. In the NIMBUS-I
experiment, no interaction between an expanding beryllium plasma and a background hydrogen plasma with
M >4 is observed. The introduction of a small magnetic field, the NIMBUS-II experiment, leads to some
interaction.

1. INTRODUCTION

The fiwve experiments reported here are at different levels of
development. The TARANTULA experiment has revealed the detailed
structure of shocks propagating perpendicular to a magnetic field
with low Alfven Mach number (M, < 3). Interest now centres on the
detailed explanation of the turbulent heating and the non-linear
collisionless processes. The other experiments are Jjust beginning
to reveal interesting features of shocks propagating parallel to
a magnetic field (CHARYBDIS experiment) and of laser produced
plasma expansion into both magnetized and unmagnetized plasmas
(NIMBUS I, II, and PLUMES experiments).

2. TURBULENCE WITHIN A PERPENDICULAR
MAGNETIC SHOCK WAVE

We show that the measured level and spectrum of turbulent
electron density fluctuations, (6nZ(w,k)>, within a collisionless
shock can explain the observed electron heating, and furthermore
they agree with some predictions of non-linear theory.

251
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The conditions and main results of the 'TARANTURA' shock and
light scattering experiments are published [1~7], and we summa-
rize the significant features before extending our interpretation.
We consider the shock with sub-critical Alfvén-Mach number (M, = 2. 5),
propagating perpendicular to a magnetic field, through a low-B
hydrogen plasma with initial parameters, ng = 6.4 x 10%° m~?,
Te=T;=1.2eV, By=0.12T. The observed electron heating
(Te » 45 eV) within the shock of width Lg=1l.4mm implies an
effective resistivity n* ~1l00ng (ng = Spitzer's binary value)
and an effective collision frequency v* ~ 3 GHz.

The azimuthal current (Je) within the shock corresponds to
an electron drift velocity (vd) which exceeds the ion sound
speed (cg) and theory [8-12] predicts current driven ion wave
turbulence with n* > ng.

We study the scattering of ruby laser light (50MW, 40ns,
20 mi) by the turbulence within the shock. as the shock passes
through the laser beam, we observe a pulse (10ns) of enhanced
scattering which is over 100 times thermal. There is no resolu-
tion within the shock. We measure the average spectrum of fluc-
tuations within the shock, S(w,k) = nae (w,k))/ng .

2.1 sSpectrum Si(w) = S(w,k) for constant k (ref.[5-7])

The scattered light spectrum, shown in Fig.l, is broader than
for the incident light and the peak is shifted in frequency.

The direction of the shift shows that the scattering waves
propagate in the direction of the electron current. This shift
reverses sign with reversal of current (Jg). This anisotropy
shows that the waves are driven by the electron current.

Sk(q

-010 020 aA(d)

8 oo’ shy

FIG.1. Spectrum Sk (« with scaled Sk (w) against A\ (dashed).



IAEA-CN-28/]-9 253

The magnitude of the shift corresponds to scattering by
waves with a frequency g , which, with k, fits the ion wave
dispersion curve for the mean shock conditions. By varying
the shock parameter so that Ma and Ap are constant while
Wpj ¥ 0.75 wpi and Wee -* 1.3 Wy, we obtain the dashed spec~
trum of Fig.l. Clearly w, scales as ®pi and not Wag - The
fluctuations are ion waves.

The width of the spectrum is interpreted, as a measure of
the life-time (1 ~ 0.3 ns) of the mode (wo ., k). As 7T ~ 271/ wg .,
the fluctuations have appreciable randomness of phase and consti-
tute turbelence.

The broadened spectrum, extending to ® >uwpj , cannot be
explained in terms of the range of |k| accepted or the range
of kAp within the shock. Also the scaling of the width with
Wpi (dashed spectrum) rules out Doppler broadening through the
radial motion in the shock and the small kp component accepted
by the detector.

2.2 Spectrum S(k) = J)S (w,kK)aw (ref.[6,7])

(a) s(k), for k parallel to 39, is shown in Fig.2. It has
a sharp cut-off at kip = 1. (Ap for mean shock condition).
The form of the spectrum agrees with the non-linear theory of
Kadomtsev [9]. Similar curves for other shock conditions
confirm the dependence on k and the cut-off. The dashed
curve on Fig.2, obtained for the same Mp but different

ne; (and By ), is S(k) plotted against k/k, where the
cut-off kg = 10.5 x 10° m™ ~ 1/Ap.

S(k)arb.
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8 \ Kadomtsev spectrum
A
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2l n,,-105x10%m° ¢ Khg~I
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FIG.2. Spectrum § (k) with scaled S (k) against k/k, (dashed).
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FIG.3. Specurum § (9).

(b) S(p), where ¢ is angle between k and 39 in the
pPlane perpendicular to B, is shown in Fig.3. The cut-off
at cpc=SO° , together with Sy (w) , shows that the turbulence
is restricted to a cone around the electron current (assum-
ing we can neglect magnetic effects, see Section 2.5).

2.3 Level of Turbulence (ref.[4])

Absolute calibration, by Rayleigh scattering from gases,
yields S(k) = 230 for %k = 7.1%10° m=% (This is corrected
from ref.[4] by factor 0.54.) This allows a calculation of the
ratio (R) of the total energy in the turbulence to the thermal
energy. We assume ion wave turbulence with the Kadomtsev law
(down to k = 27 /Lg) and a cone of angle @,= 50° independent
of k. We obtain R ~2%, and the RMS electric field
Em = 700 kv/m.

2.4. Measurements with T; > T,

More recently a similar study of turbulence has been made by
Keilhacker et al. [13] on a super-critical shock propagating through a high-
plasma. The shock is broad with L ~10 mm, comparable with (c/wpi).
Throughout the shock T, < 2T; so ion waves should be stable. Consequently,
it is surprising that the measured turbulence is almost identical with that in
the TARANTULA shock (Te > Ty).

2.5 Linear Stability Theoxry

Within the shock the magnetized electrons experience an
azimuthal drift. This arises from the various driving radial
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gradients vy , VB, Yng , VTg. Gary, Sanderson, Lashmore-
bDavies and Biskamp [10, 11] describe instabilities driven by

E and vB, with the former dominating. Sanderson and Priest

[ 12 ] have extended this treatment to include 9T, and vn
with the former dominating. They also consider that vT, should
dominate the vp driven instability.

In all these cases two types of waves are involved:
(i) Ion waves which are restricted to a cone about vy,

(ii) Bernstein waves which are restricted to a fan about vy
within a few degrees of perpendicular to B.

The cone of ion wave instability is well known. Two
Bernstein instabilities are found; (a) Growth of negative energy
(Doppler shifted) Bernstein waves when Landau damped; (b) Unstable
crossing of Doppler shifted Bernstein modes with the ion wave mode.

The observed scaling of w, with wg; in TARANTULA
favours the simple ion wave instability. Ig rules out the pure
Bernstein mode (a) which is thought to dominate in

Keilhacker!s experiment [13], but does not rule out

the ion wave/Bernstein mode (b). However there appears to be no
reason for invoking the restricted instability when most of
k-space is unstable to ion waves. Consequently we shall neglect
magnetic effects.

The theoretical cone of ion wave instability depends on
ion Landau damping. For T; =0, cpc=85° , the Cerenkov cone.
However, the observed cpc=SO° is possible if we assume one
dimensional adiabatic ion heating within the shock.

2.6 Non-Linear Processes

First order non-linear effects are analyzed in terms of the
three-wave processes, wave decay, and wave scattering on particles.
Current driven ion wave turbulence was first analyzed by Kadomtsev
[ 2]. He balanced the linear growth against wave scattering on
ions and obtained the spectrum S(k) « k=% 4n(1l/k Ap)., and this
form is observed (Fig.2). We previously [4,5] calculated S(k)
from Kadomtsev's formula using a cone angle ¢ ~ m/2. If we now
put ¢ = m/4 we obtain S(k) = 200 (k=7.1x 10°m™!) which is in
reasonable agreement with experiment. However the scaling of
S(k) with ng shown in Fig.2 does not agree.

Sloan and Drummond [14] show that scattering on electrons
dominates. Tsytovich [15], who dismisses scattering by electrons,
notes that, for the observed broad Sk(u)) wave, decay 1s possible
and he shows that, as the resonant process, it should dominate.
He also states that the observed gross anisotropy of s(k) is
inconsistent with scattering on ions but is consisted with wave
decay. The time scale for scattering on ions ("'s) and decay (Td)
derived by Tsytovich, are such that for the observed level of
turbulence R ~ 2%:



256 PAUL et al,

(i) Tg > t the shock transit time (6 ns) ;

(ii) 13 ~ 0.2ns (<t) which is comparable to the observed
life time of the mode, (0.3 ns).

(These figures appear inconsistent with the fit of 8(k) to
Kadomtsev's formula.) Thus, according to Tsytovich, the turbu-
lence measurements favour the decay process. On the other hand
the effective resistivity within such shocks scales with T /T
[2,5] in agreement with wave scattering on ions and not wave
decay.

2.7 Stochastic Heating of Electrons

We consider the random deflection of electrons by the fluc-
tuating electric field of the turbulence. Large angle deflection
(trapping) is neglected because eEp)\p/ KTg ~3%. The mean elec-—
tron thermal velocity vg » ¢g., the wave speed, and consequently
the field is effectively static, with a coherence length cg7T.

An electron experiences this as a coherence time, Te==CST/Ve,
which is much less than the effective collision time (1/v* ~40 T1g)
This justifies the 'random phase approximation' of a stochastic
model.

Our earlier stochastic model [4,5] defined
(l/v )D (ve) and gave:
kmax

vi=g7= () iE(k)kdk
™

We have extended this model by 1ntegrat1ng over a cone of tur-

bulence (@c) and over isotropic Maxwellian electrons down to

v = (emeD/m) . This vields
*

v>, = 1.4 (2w

-
2 )7E

(1 - cos g) vf

Substituting the observed Kadomtsev form of S(k), extrapolated
down to k = 2n/Ls, and the measured level and cone (g = 50°)
of turbulence yields, v: = 1 GHz compared with the observed 3 GHz
(about 2 GHz when corrected for adiabatic heating).

This treatment involves the perpendicular diffusion
coefficient (DL) and hence momentum transfer. An alternative
approach, Gary and Paul [16], involves the coefficient of dynami-
cal friction and hence energy transfer. For a non-thermal plasma
these need not give the same effective collision time. The
second approach vyields:

%

va = (2m) 77 (1 - cg/vy) (1 - cos @) v}

which is in general lower than v; .

3. NEAR PARALLEIL, PROPAGATION — CHARYBDIS EXPERTIMENT

The aim of this new experiment is to produce fast shocks
propagating through a magnetized plasma in a direction parallel
to a magnetic field in the 'switch-on' regime. This requires a
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