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PREFACE 

This volume con tains the texts of Contributed Papers to be presented at the 9th 

European Conference on Controlled Fusion and Plasma Physics. The papers were selected 
and arranged by the Papers Selection Committee. 

Direct reproduction by photographic processes means that the authors must bear 
responsibility for their texts. Only the minimum of editorial work was carried out. We 
wish to thank the authors for complying with the relative ly rigorous instructions 
necessary for this type of publication. 

The texts of the Invited Papers, together with post-deadline contributions and 
supplemen tary pages to papers in this volume, will form a companion volume available 
before the end of 1979. 
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A2.1 
SCA['INC 111 ELMO BUMPY TORUS (BliT)" 
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,. IHTROOUCTIOfI 

The steady_sh.t .. plasma in the EUlO Sumpy Torus (EIIT) 13 oonfirLed In 
a "bUll3PY" mas.netio field produoed by joining 2~ OIagnetio mirror oell" 
into a large asp.eot ratio torus. HeaUng power la provided by continuous 
wa u (CII) lIicrollave sourc .. s at 280Hl:, 18 GH1: , and 10.60Hz. The 
lIagnetic field is adjusted to bring e ither the 28 GHz or the 18 GHz 
micrOllave s into local electron cyclotron r .. "OnanOe near th ... irror co11s. 
the tllO cases are referred to "" EBt_S (tor Scale) and EBt_I , 
respectively. the toroidal pl asma has been shown to be l18crcscopically 
stabilized by the "agnetio neld mOdIfication r es .. ltlng fro .. diamagnetio 
annuli of energetic eleotrons l/tIich for. in neh cell a" 11 result of the 
microllave heating. 

the EBt-S coofiguration e:o.ploys a 28 GHl: CII gyrotron tube, receotly 
developed by Varlan Anochtes, for the purpose of s t .. dying th .. sca ling 
of the plasm. parametera with applied microw1ve fr .. quency . Experimentd 
dooumeotatloo of the plasma 1n EBt_S is a prbl .. obJ .. ctive of th .. pr .. sent 
~:S::~:h.!:~:te.yocUlllentlltiOo of the plasma parPleter" io the ESt - ! ,"ode 

2. MEIoSUREI'IENt OF PLASHA PARAMETERS IN EBt_I 

The ph" .. " para .... t .. rs In th .. ERT_I mode Ilava been measured by iI 

Variety of dlagoo"Uc techniques. The results of a typical d .. ta rWl In 
the ... croa table regt.e (T_laOde) of operation ar .. listed in T .. bl .. 1. 

The"e parameters do not represent the IUxi_ ... values of any of th .. 
parallleters, but ratller the case for "hich the greatest ... ouot. of 
diagnostic Infor .. ation Is available. As the ambient pressure h reduced 
(lower collhlonalit y), bot.h t.he d .. nslty and electron t.emperature (and, 
consequent.ly, the energy lifetime) are ob~erYod to inQrease (~e .. Fig. 1). 

In addition, the ion t."..perature and the dept.h of the potent.lsl " .. H 
which ha~ been lIea~urod in tho phs... also Ire great .. r ilt 10"er 
collisionality. 

The two .. ~"ourc,"c"tD of e leotron U .. p .. rature (.oft ,,_rillY ~nd l ~~ .. r 
~cattertng) difrer slgnifielntly. Th .. la,er scattering speetrWl for the 
Claae given 1n Table 1 Is shown in Fil. 2 . the anillysls of this spectr ... 
indiQates an uncertaint.y of ~15 eV In tile temperature d .. t.e .... ination. Th .. 
uncert.aiot.y In the ~ft. ~-ray lIeasure_ent is eatt.ated to be in the 
neigllborhood of .. 50J. 

For caLoulation of the encrgy l1feUme, 10-25J of tile applied 
microwave power "as assumed to be ab~orbed by the plaslla electrons. TIlia 
range 1" derived er"" ~xperi.entll Ind theoretical estill!l.tes of lIicrowave 
po"er balanee. 

TABLE 1. Results or a typical EBT_I run 

MACH I NE PARAMETERS 

~ 
M .. gnetic field 
Hajor radius 

"""" 5 kG .. idplilne 10 kG mirror 

Hinor radlus, midplane 
PlaSll3 volulle 

150 CII ,,= 
300 11 ters 
9" H.agnotie up .. et ratio 

Microwave power 
A .. bi .. nt pressure 

110 kW a~ 18 GHl: + !:i kW lit 10.6 GK~ 
5.5.'0- torr (outside cavity) 

""""""" Line a'/eraged density, n .. 
EI"ctron tHlperature, Te 

Ion t.elllperlltura, Ti 
l'otenti31 weU ojeptll, /I,. 
£nerg1 1 HeU_e , t 

3. ~T SCALI NG LAWS 

PLASMA PARAMETERS 

",...."'" 
K.lcrowave interferoalflter 
Soft x_ril y detect.or 
Tn"",,,,,n scattering 
Charge excllange 
Heavy Ion beall prob .. 

6=11 .,.- 3 
]15 oV 
120 .. 75 eV 
63 ;v ,,. 
1-2.5 II"'C 

The basic phs .. a param8ters in EST (density {nl, electron 
t e .. peratu ..... (T .. ) , and oonfinement t ille {Tl] are predicted to sc .. l e 1n t.he 
follo"lng _3nn .. r. The pleam .. density is ll..alited by microwave cutoff, SO 
the :l.ni.\IIII attainable density increases a" t.h .. square of the lIicrowave 
frequency. Since the .agnetlc neld required to bring the applied 
.1cro""v" power into resonance increaaes lioe"rly With the fre'!!u enc y , 
then the density scales as the .. agneUc field squared {n " B~ . A 
l1 .. 1ted nu .. be r of 31eaSur"lIonts at 2e GHl: support this scaling . The 
electron tellperature, as deter_in .. d by the "oft ~-ray det"ctor, Ila" b .. en 
observe;! to increase ~~rt.1onal to t..he square root of the applied 
.. ICr OWH" power {Te " P l. the confinement tl..ale exhibits two dif f erent 
scaling r .. latlons, depending vn th .. regille of ooll1sionllllty (vtn) In 
"hich the plasllla operates. 

, . 
{

T-1 / 2 v/n»1 . ' 

T~I2, v/O« 1 

Researcll sponsored by the Orelc .. of fusion Energy , U. S. Oepartlllen~ of 
Energy under Contract No. W-1~05-eng-26 witll Union Carbide Corporation. 
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n,.I. ;ae~t....... <i,natty fal and 
tMp,r-ature (bl V~r~uS .. bhot 
prn,ure for various amounts of 
31icro~ave power in EBT-l. The 
notation xII ,"uns x kW U la Oil: 
.,Id 1 kll H 11).6 Oll~. Sln! lo 
number. • • .., _er vu .~pll .d It 
la Oil: only. 

1'11.2. !.uer ICltterlng .pect .... for 
tile cue In i alll.. 1. Tb. 
tup"rHure h ae •• ured gn ~h. 

torQI~d uh; the plulla i. 
shifted tow.r~ tha "'Jor &Xis 
,a ... ral cantl.atlr •. 

'. • 
•• '00' 1 .... 1 .. ' ""(10'" 

FlI.J. ~nk elac:ron ~~n.lt1 f a ) ~nd 
~nk t .. ,pera:',r . {bl ' . r~u ' .~g. 
neutrll ~r ... un fro" U,. 
~n . _1 1 ... nol~ul radlll tran.por: 
ccd~ for u r l3us lDounts of 
.;~,.."w •• t PO\ler u,orba-J In tha 
to,..,,11al ~lu,.a. ~d,. n~utrll 

~rusur. (a~ ~he ~Qroi.l al ~luroa 

edul Hff.rs frO<o ion gou,. 
~ressur. ..nl:h h ".uur.d >t tU 
ca~lty "all. 

.. 

~. RADIAL TRANSPORT CALCULATIONS WITH CONStANT EDGE NEUTRAL FLUX 

Recently, one_diIensional radial transport equations for ESt have 

~~::p:~~:~ a~:umti;:otd~n~p~a.:~afl:r~~e~:~!.~"u~~~~s :~u~~:r~la:~d~~~~ 
prOVides a negative reedbaok .. ecllanislll loItlicll li .. lts thermal exc .. rsions 
and allo"s .teady·stpte solutions at low colUsionality. Sucll a bOWldary 

:~~i~o;a;:d "r:r:~r~::;s:fe:[;:'':;'':"t~he~ "~~e~:~~:s~n i~di!:: .. s~~~: 
a tille on th .. order of tens of lIinute" is required ror the p1lSlla t.o 

~:~:~c:~U~~i~r~~~g~~t~a~herewe~lldr :~:t. e~:~;:Fr~:r i~i~:~~::~: p~~r!n~e!~ 
rate is s .. all co.pared to the flux of neutra l s required to sustain the 
plulla, which i. abol,l t 1 torr liter/sec in tile preaent calculetions. The 
aOl,lrce of these neutrah is anullled t.o be wall reflux. 1 

C"lCU~:iO:e-~~:~;!::~! ;"d!::f_:;:;~::;:t e~ue"c\i:;: :iseel~. ,:~,6th;~: 
transpor t coetrioients are assumed to be approxilllately neoclasdcal and 

!~~~~d~relqOuWe~:tie:r:~ ~:l~c.\f, 1of velocity space regions wtlere poloidal 

Expe rl.ental re~u1ts are often plotted versus .... bient neutral 
preuure as given by ion gauges. for comparison witll such datt. , the 
nUllerical res .. lts are plotted a, a funcUon of Po = nokTo ' wtlere no 1s 
~Ile density or cold neutr .. h at the plas .... edge and kTo : Eo ~ 1).5 eV. 
Note t.hat Po IS sillilar t.o but. not equal to the ion gauge preuure. I n 
th.. co111s10n1lu r egi... (lOll neutrel pre"sure), the par""etri" 
dependence on edg" neutral pres"ure la millllar to that observed 
experi.entllly: i.e., dens lt.y, te.perature, and potential all increll"e 
"ith decrea"lng neutral pressure. Co,"pare 1'"1g. 3 wlth 1'18. 1. 
Expe rilleots apparently do not observe tll .. collislonal ~callng at high 
neutral pressures s1no .. the el .. ctron ring beta Is not ~ufrtoient t o 
stabll ize the toroidal p1ls1111 In tlli s reg1.ae. We regard the trend3 "hown 
by this very r .. cent. work ea encouraging. At thia "r1t1ng, millpl1fied 
analytic approxi.aUon3 for t.he Ion as " e ll as electron transport 
coerfictent~ have been .. sed In tile lIIodellng. Work 18 in progress to 
imple .. ent. IIOre accurate expressions for til e transport coefficlent.s. 
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A2.2 

r. Sh<>j i. ~1. I-uji""r:o. M. lIu"o~~"·". 11. I gu.:h i, N. Tnnaka "od 11. I kt'~~1I1 

InHilu,,, .. r 1'135'" I'hy~lc ~ , ~".L:u~a Unin' r sily . )/3g0)," 46 J. J.I.an 

~H~:I' I "l'C'ri .. ntn l ~tud;{'~ or<' .. ~d" on t he p las lI" ~onfi"ellt'nt in NaRo~n 

[tu",,')' Torus INIH1 ... here 1'13 s,,~ ~ ",.,. I'r",luCl'd, heated an d ~I"hlli:t"d 11)' h ; ~h 

1'''',,' r ""C rOOl :"·~ ' . I'la~ ... '1 ~h" r3ctc" i5 t ;c ~ Ire OhS t'Tvcd to depend on hoth 

" '';''000 0\'<' I'"".' r ~nd ".bicnt lI " s I're~~url , b." .. hieh t hT"'- "I'cratin~ ....,.Je ~ arc 

,1l'fin ,·J. On<' nf ... ,ny intcn:Hinl: fl""t"r" ~ j. th,· forllation pf I'o.<itivc 

d"c t r".Q"tic ptH c "l;a l sU 1"r<","din~ the t UToidal p\as",,' tubin g. Th" Ilo\<'ntial 

is peak"<l at t il e l!h:a rl on o f hot elec t ron ring_ •. 

Nag,,),:! Bump), Torus is a hU"'f1)' n,e,' track cl",~i~lf'J 01 1·1 ." ,-r (>rs "'ith 

2: 1 mirror r"tio an.I I wo 80 cm l on l( stn. i ~11t secti 'l]I ~. 'Ii", m"jur ru<liu ~ of 

the circu lar sect i OtI Is 160 c. wi tll the a'pcct ra li o •• f '~J'pro~im.:Il "' ly H'. 

The OI;Ili",,,,, .agneti .. fie It! strengtl, i.' ~ ~C; ( .. idpland - O{ ~ r (IIi n v l" ! hr,,,, ! l. 

Microwave ~OI.Irce~ ~n.' ~I ys t rn" a"'f' li ri{'r~ with fix .. .I fre'luenc 1c ' of 

I S 011: C20 Ut .. ni.,ral, 10.5 (111 1.\(1 ~"). ant! S.S at: (75 kill!. an.1 the .lcrt'­

":lV{, IX"'cr i ~ .Ilvi.1c..! in t o 2~ "'IU''' (>"Tt~ and ({'d 10 each ."· ..... r Sl:e IIO!l. 

~~'l:n" 1 ie fI e ld I,ne_ anJ CQlI' 

<t"lIt 111 1 li"e ~ in "r l~ II" of Ih{' 

... -di an hu ri~on l ~1 ell ' ar{' ~h""" in 

Fi g.l. "11", halch l..t rq; IOfl ~ corTt' ­

;pOIl.1 10 the Is! and 2n.I C)" CI(HTOfI 

resu .. ,,"ce :one fnr 11 . 5 (11: : r l ' s .. , ~ 

arl: I'rorJuced and he.llf"d at t he 

rund" .. "'t31 re~nn.,n ce " nd the (,1I~r­

I:elic el"clrn,,~ arc r.cncralorl a, Ihe 

~ econtl harllOnic rc<oaanc~ 10 fono ., 

hot electroll r in~ in Ihe .. i<lp l "lIe . 

Althou~h Ihl.' hump)" l or ll< h .' ~ 

no rOlatioll,,1 ,trall ~ fOI'm ] n thl' .,,,~­

lIetic field linc ~. p"rtlclos "t")" in 

.~ elo~,,<I Jri Ft surf:.e .· ,, ~ ~ r~slll\ 

.!:.!..&..:...!. ~kldi llll h o ri zon t~1 cuI vi ew 
of 11 sing l e S~Clo r of NBT s h"~,,,~ 
the cont ou r of eon<l ant Isl and t he 
";1\:lIet;<; fieltl lines. o f guidin g cen{~r d ri ft~ ,Iu~ to th~ 

curvatur .. ()f fi,.ltI I ine~ :," <1 I:r~oJ - n. 

:-;h ~p~ s IInd Ih~ a x i _ of Ihe dri ft .• "Tface~ de prnd <Irong l )" on I h .. I'i ' ~h ., ng l e 

of 1'lIrlle l o ' . Filt"'"" 11,,1 < ho,, ~ ~ drift ~urfa",' o f" I,article wilh ""/ ~ ' I, 

and Fi ):. 2 [hl inol i ,·"I .... I h~ "fr"c ti v" Cllrvatur .. , <R>, of lh~ fie ld lill~ ~ 

!l.s..:l.i!!l UTi ft ~lI rr"c"s for 
p"rl ide~ wI t h v"/v · I. U"',,,· 
d rcle i"dlc"tl' ~ Ill<' ~Io.,do ... of 
co, I c:.sill)( l'ruj"'·'<'<.i 0 ,,1 0 th .. 
m[<lpl: ,,,e. 

. 'v'·r"~'·d al o nl: tlo(' t llrll' "I]ich ... ,,' 

dCler" ln" d hy Ir :. 'ill~ an " I,-Cl r on 

h",,,.!1 'n, e I"' s itlun ... here , ~ . hcco~'< 

infin 'I " "' l· i ):. 2 1101 i ~ I he :o ,i < of Ih,' 

i\ 
6 ' .. ~ 

: "-- ' 
: ~-----. " • 

., 

~!(hl Fffec ti ve lurohl,,1 
eurvHture o f Ill .. "")(II(' ti . fi"ld 
I in,·s tlel e rminetl from ,he l.'1c,·­
Iron h .. a. {rac in ~. 

• Inf, ' '''' fll ee< , ~hldl i ~ in ~flo.J :I)(T"'.'",,"n l "ilh the eO"'l,u ! r d r .. .. "lt •. 

It pr.! <e"I . 1"1: .... 11,,· ""' "l di;o ):no.<1ic~ ~re liHed in th<' fol l owin).l: 

I I I ~ 'n !~ '" ,·h.nlll o:- I. K ..... · '·OW3 VC illl " rfcTO""ler 1 0 de t o ... i"" Iho ,, "e r~)lc 

e 1<'Clrvn ,k"~ il ~·. (21 <;I.· illtiI 1:l1 o r f'b l)_Phol""llipl i "r_ I'III ~l' hri ght 

:","I y:" r ~)'q c. :",J ~_1r "'hl . ' ~ I ·""·:I\· ~ r"dio"",l~r 10 1IIC: . ~.,rl' thc l' n .. r j!)' .,nd 

den < ,, ~· .. t" Ih{' ho ' ,I .. "mu rings. 151 Ilia",'!:nelic coil s "nd 1l~11 ,'I (' . ·nl· 

10 ~q i.~ It· II,{' ";' ~ " " I'" f, e ld prod",·e..! hy tllaOl3gnel i c currl' nt s o f the 1001 

l'I,'~t ron rln ~~ . CII l i s ;hl .... <pec lro"" I Cr to .... a5Url' ( h{' i nl ens ily IIf tI" 

lin ... 151 ~k' \'ahh I . n): .. .,ir I,rllh<' for the rad;~ 1 distribulion o f Ihe d ~ n ~ il ~ 

;I n..! I'I ~s,.;, <1' :0 " 1.' 1" " " "( 1,,1. 

l"'l'" n<l " ,"" ,· o f v"rloo~ I'I" ~ ... ' p:or~lIeter~ n" I h{' :,,"hii'n ' hydro):" n I!II S 

l,r,· " uTt· ~ r r s h.w" ill 1· ,&. 3 . I" hll:h~r p re ~~ur~ r"gi, .. • X_r"y ; nl,'n s ;ty i ~ 

~· I.'a k 1111. i llt,,"<'I' ' " plOlted in l"~"'·'lh .. ;.· "'ca le) and tl1<' r aJ i "l ." ~n~li " 

fi .' ld Ilr )11",,01,, ", ' 01 Ior hOl cl{"<'lrnrl rin g< i s not d"'"cI"hl,·. Thr pl: .. m:o i ~ 

1'r!IJoccd ""d , <()Iat,·.! ""hill ""ch ~ iml'l" mirrnr 'celion with rather ponr 

,·,)ttn"C IIII' II1 : C- ... ,.1e "1"' 1"'li o" ",hich s !"ntls fur co ld plasma. ~'; th d,'cn':o s ing 

A 

z" 
V 

UJI.2. Vario" 5 pl".m:l p" ,."m""· I·s a~ 
;0 fUll cl i o n of the a .. t>",,,t nC " 'ra l 
)l:.s I,r,,"sur ... 

I · ' '.: > .' :..:... .... ', '. r 
,/;'/ 
. / ./ . 

~c , 

~. l)"I,,"IId<'nec ef Ih .. ,rall­
SI(l on h{'tl«'en C, T " "d .\1 mod,· ~ 

011 Ihe ",icr<l~'~\"e ,nl'" ' pO~'c r 
:lnd th l.' :1I"hi en ~ ~ ,, ~ pres~"r<'. 

tho,! g :'~ l "·~ "~ tlrc • . ~-ray nnd .. ic l·o"; .",,, rml;:.tio" arc I.'"ha ll ce tl indicating th{' 

fo r .. :,tioll o f ho , elecl r on ri ng~ . "nd B . ( ~ 1 ga uss I i s no~' dctect~d. In 

thi s re g ion the ,·,oIue nf In .I t inc ro ~s~~. h'hil ~ the intcn s ity of 11 t in~ , 
I. e •. r"eno <nv",,~ .1 <. decrc~,.'~ with the I:~' I,,·es~\.t.re. The~(' f~ct~ !lll'! an 

I hM tll,' 1' 1' ''''';0 confi"~,..,nl t i "", h"eOlll.'~ long ... r a ~~oci"H'd .01110 I II{' ~"n"ra­

,ion o f I he high ~ h OI t' J ~ ctr<'" r ings . then the b .... ,y toro. 1'1a~1\;I i ~ 

~ lIl'l'O~"d to h{' Hahly cunfined hy "",,,ns of the aVl'ra~" . 'ni ..... " ' I:ncli ,' 

fi d ,1 "",in l: 10 tht' hiGh ~ hOI clcclrorl ring encirclitlJ: thc 1' 1 "~ ... ' ~urf"c ... 

Th h lIOde of urera l iQl' i~ n".,.a T_....tc :.ft "r It s toroidal bchl.vior of I he 

I'lu'IO:I~ 1 MI",,, Ih{' cas p ressur" is furl her Jl' c rrasoJ. ~tr ..... g ~nd ~ llOn l an{'oos 
~- " ay l>u rs t ~ :ore ubscrvc'd anti tile 1,lnslII:I J ri'· ... ' .acr05cDl'i, ills t nhili l ies as 

i ~ II ften ohse r v<·J , ,, .1 ~l "'l' l e " irro r 1'13s.~, ~() nn .... d I-I_.rxle . COfIJi t ion5 

for r - 'I ... ,Je Ir.m"li " " IlIJ ·1- ~I.ade tr~ll ~ i!iOfl .,ve 10 highe r I!-" ~ I'res~ur" 

... ilh 11" in~ ,·~.I" J " i r r" ~;"" [""'I.·r inl" U lF i ~.1 ) . 

,\l1fll h{,f illtc rb t i"~ ,,·~turc, in Nil,. pIns • ., i s I he spalill l l'fofl I .. of 

th<· l'l:ls",,, SI,.1ce I~'t<' ''t ] :tl, ,. h,..:1I i, .... :o ~"r<.J hy n t.~n~m"ir rrohe in~ert .. d 

ill III{' 1",,, .1>" ~e c \ ;. ". ·., her .. "r> ""cr""',,,',, ;"''''"r l~ f .'d. So ..... I'r"file~ "f 

, he fl"at i ng l'o t"nti~1 ~ith 'h" .~.!,ient ncut r al ~a~ I'r<'~~ur" n~ a r;ora,,,'ter 

"re .<llo"n in F' g.S It i . " ,·id .. nl rh:>1 n p<>t cnti nl we ll i~ for m('d oll ly ... h{'n 

Ih ~ ""utral l>re~~"r~ is l ow enolLgh to "pornte Ih ~ T-mode. I"h,' r~di31 ro~; ­

t ; "n "f the potenl;:<1 pea", lXlwakl ~'II"n t" IIC"J bn cl< u l o]]~ tll .. ":lglleti~ 

fi~lJ I;n {'~ . ; ~ I'oll"d 1 0 corre~rond to Ihc locntion "f the h" t <' leclrOIl 

"; n~. in Ih ~ .. idr'l.~nl' of (' ach lIirr<1 r . 

, h., 1"'t" Mi,,1 p<,,, ~ .,00 rh,' lo,·.nl"n o f 

hno .. I"",run r inl(. \, ... n ~ " "< ~'a~lIr~d 

':lJlJ.. Radia l di~tr ; hulio" o f 
fln;'ting potenli,,1 fol r diff .. r{'nl 
~n ~ l',.c~surcs. The potential 
l'ca~s nr~ t rae"d l>ad I" the 
10<':lli"" of the hot elec tron 

:I~ a fUII<"I ' 1IO of th,' lor()ida l .. a)lnet ic 

fir Id ~tTl'n ):t h (rlj!..h ) "lth "h,<'h 110 ... 

I.,..., , ;on "f . ~ 2()Ct' fe r , h .. app li ('d 

ff<'4Ueno' , .. /1 - • 8.5 Dll) I ~ CDIIIf'lI T1'J. 

In Fig.to Ih(' dn t .d,,~ h l'd lin.· i"d i c~t,,~ 

t h{' cycl<>tTOfI f r e'luen"Y ... ilh Ihe 

r elntivi~ric rlenron .. , ~ s .. llh th<' "~,, 

of ""' ~sur~d hot e l ('c tron ''''''l'~rat'',.l'. 

The r~su lt n~"in confil1ll' Iha t th n 1 ... :a ­

tinn of (h,· het r [n ~ i< Ih(' ci r e" I "" 

drifl ~"rfRec ,,",socillt ,'d ",i ll\ I hp 2nd 

e leelron Cnonrel"fj,'i 5(;cl eye 101 r C>l1 

1I:""1lIOnic ~ in lh r .. idp!:"'''' Th~ ",,,ch a­

ni ,m of gl'ne";l t ill~" pMi l iv,' 1'(I"'Ilti3J 
r i " ~ in th{' !lid!,I"" e. 

~. The n,di,,1 ['''';liOfl 
of Ihc )H" ak " f thr float in ): 
1'''t''"I;;' ) as n fun cti on of 
Ihe tMoid,,1 no.agne lit.: fi {'ld. 

r ~ :lk ~lIrr" lLIld]n ~ th p l"r{lid,,1 1, l n'"'' i • 

con,idrr .. d 10 I", d,,(' tl"' (11 .. I,,("nl m;rrnr 

I.·ffen producrd I'v I h~ hi~1o ~ ~ I ' ( l' I"<"Irons 

t ra l'l'~d in Ih" " i ..tl'lnnc, ~'h"rc co ld ,·1",, · 

1Ton~ nr{, <c:)l lt' r e<.i Otlt "",r,' lh:<1\ iOll .< . 

T1,crefnr,' ,h,' pot .. nt i,, 1 i < 110~ ill'·". <{'\· .. r ,· 1 

l i .... s n f ~ I t·~tr, '" I I'"'I'c r.'t"rl' "1:~ IIl ~ 1 th" 

con l :<i llcr ",, 11. I"h .. POlcnlial ""11 {'..!I!cd 

hy Ihi ~ llOtl'nlial p ... ~ ~ 1' 1 3y ~ <' rui e l,,1 ,·o lt· 

for Ihc conn"~ lIIt'nl o f hm" J1~' lonl ~ 1' 1:","1~ 

n .. f,· r encc !'.. 

11 11. 1 I:\lcll , .• 1. 1I,"e1 ~":I. "I". " h".1i . ~. 

f uji wara :lI1dll. Ik"~ ~ lIi : 11"1'-\a~"' .• 

R~~c:'rch Ikl,ort. 11'1'')-185 I l" 7~11 

]1 11.. ,\. n""dl .. I a[.· n:l~ R id l( ~ \ :", nll.,1 

I.nh. R'·I'"rt . Oll'lll.-nl- ·I"II ( I "- ~ ] 
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~ 
The , ' ob ility of .troight, helic;ally symme tric e." 2 equilib.io with orbi'""y longitudi ­

nol current i, invedigoTed u,ing" 2-D "ode. The re.ulh o.e compared with Iho.e of 

o J D-code applied 10 the some problem . The 3D-code is used 10 lIudy the effect of 

loroidal curvature Of> the .IClbi.i l)' of Cl ( • 2 . 1 .. lIoro lo<. As a Further example on 

3D-equilibrium w ,th mare than one magnetic oxi. is presented. 

~1~cliDn 

The computolion of mognetohydrodynomic IOfoidar , 1,, 110'01 01' equilibria i, 0 3-dimen-

• ional problem. Since recently numerical code. are oyailoble which Ore oble 10 de-

t .. rmine .uch equi ' ibrla ilera l ivOJ ly and la alien the ir g'o., l Iabi l ity from the conve,­

gence properties of the 'e,ult. 

Due to the complexity of Ihe problem and lhe reltriclion in grid lize for 3D colculo­

tion., it i, de.iroble to get 0 firll estimote of growth role. by 20 c:olcul.Olionl for 0 

slra ight helicolty symmetr ic analog. Moreover, when ",nning the 20 and 30 code on 

a 20 problem, th .. r .. ",It. from Ihe 20 code con .erve To 101,1 Ihe ,eliobility and reso­

lution of Ihe 30 code. In Ihe following we give Same resulh of 20 and 3D codel. 

2. Helical-Symmetric R.IUIt. 

The 20 "roighl helically . ynme Iric t: " 2 equilibrio ore chorocle,ized by five paro­

meters:1l=2 p/B
2

zb ot Ihe magnetic o"i., the t " 2 di. lo,l ion;2. ~(ll/e;>. - 11(~/f.~ ~O 
of Ihot mognelic su,foce where the preuu,. is decreo,ed 10 Ihe 1/~fold vell.e of the 

mall imum preSlU,e Po (i,1 <~ i. I .... olles rolio of lha, fl Ull -lu.foce conl"",r), Ih .. com­

prellion ratio jI.., the periodicily number i l • ~ ~ 'Llond the longi tudinol n .. 1 current 

J
IOI

' The mean plosmo rodiUI i, denoled by 0, Ihe mean longiludinol magneti c field 

ot the boundary by B
zb

' The MHO equi! ibrium ,olulionl ore computed by using 0 

modified venion of Morder ' I he licol-symmetric code / 1/. The longiludina l current 

on each mognetic IUrfa Cfl is o>sumed la be 0 given funclion 'z( l') of Ihe fl ull funclion 

-'I' . In Fig. 1 0 Iypical cale of 0 heticol t '", 2 equilib.-ium ilShown hav ing no longi­

ludina ' net current. In co.e Ihot 0 longiludinol currenl i, super imposed ,uch Ihol the 

rotational transform of Ihe currenl i, odded to the rotoli"",,1 transform of the I lellorolor 

field, on upper Ihre,hold for J'OI ;, found numerica lly beyond which the solulion does 

not converge to on equil ib.-ium wi lh one magnelic ax is (re.ononce phenomeno). 

Changing the 'ign of the longitudinal nel current, the e ll iplicily of Ihe mognel ic 

",rfoce. near Ih" oxi. decrease,. 

Th .. numerica l .Iability calculations Ore carried oul by uling Ih. Ita bi lity code by 

Herrne gger and Schneider 12/ . The lime-dependent lineodled MHO equation. ore 

solved a. on in itiol -boundory- vo lue problem. Th .. code is described in Ref. 2 and 

"a. been upda led 10 doscribe " = 2 configura tions. The Itabilily re.ults of 0 Ilroighl 

" .. ' ico l l" 2 equilibr ium 0'" r .. part .. d here wh .. r .. Ihe rolotiono l Iron.form t:: per 
. p 

period i, <; .~ j .- ... t. I , B" 0.25, ha . 0.3, ;t. = 2.2, ond negligible nel current. We 

. Iud y m " 2 mod"l wi lh on ,>lIiol We"e ""mber k in Ihe vicini ly of Ihe n,,,,"onl value 

Ik I" m h"{ . In our co.e lk o\~ 0.06. In Fig. 2 the no<molized e'genV<llu., (1·/i...",)2 
rei p rei I A, 

i, plotted versul the longitudi na l wove number ko for different grid. (V/~ ~!~ I ~. ; 
of: iSlhe equilib.-ium density on Oll"). A qvod.a li c elllropalolion ha, been applied 10 

gellhe grOWlh rote fa. l e ra me.h ,iu . The peak of the e><1.opolo led curvt!' s rot he. 

close 10 Iko 1= 0.06 hence Ihi , mode i, olmosl 0 flule mode. 

3. Relulh by Ihe 3D-code 

The ",me problem 01 in s"c . 2 i, treate d wilh OUr 3D code /3/ , i.e. Ihe ,Iobil ily of 

on m . 2 mode in 0 .I.oighl helicol \ = 2 confi!PJrolion . The mode, bei ng in"estigo­

led have 0 fixed .... ovelength ell lend ing over 5 periods of Ihe equi librium. The 10101 

rotolionol Ironsfarm -t . 5"" .. i. vo,ied oround the value 1/ 2 where Ihe re,onont 

inlerchange mode is e xpe cle d 10 e V<l lve . Fig. 3 Ihowslhe growth rale, fo< vori"". -to 

o. obloined for diffe re" I grid., i. e . 10
2

l150, 12
2

x60, 14
2

1170 meJh poin", re.pec live­

Iy. At mo~ be . een Ihe grid dependence of Ihe dispersion curve i. rolher sl'ong, the 

maximum of the growth rOle is .hifled oH Ihe re sonon l poinl 01: " 1/2 to """ewhol 

.molle r "olues of -(. 

Comparing Ihe 2D and 30 re lu lts, we find only 0 foclor of two difference in the ell ­

lrapoloted growth rotel, lhough the equitibrio ore nol idenlicol and the boundary 

conditions Ore differenl. For abou t the some mod ... Ihe .urfoc. current model predic," 

e igenvolue. (r /h vAI2 • B ( 2 - B) J / . 0 . 044 for B on axi •. 

Bending Ihe L = 2 he li" In to a larus oodkeeping In.. period length of Ihe he l ill (and of 

In.. disturbance) filled, lhe equilibrium i, changed by Ihe OUlward displacemenl of 

the plolmo: 0 magnetic wel l with appreciable ,hear i, formed. Thi. lead, 10 a change 

of Ihe e lgenmode (If.e ouler ~orlell i. much Ilronger than Ihe inner one) and lowers 

Ihe eigenvolue. r a, compored la Ihe Ilro ight case. If Ihe alpect rolio A " R/o (R = 

meon la"'. ,adiu.) i, below JO, the confi!PJrolion is .Ioble in 0 142~70 grid; for A:60 

ir l 
hot a bout half Ihe vo lue of the corresponding stroight COSe (A ~ .., J. Refining the 

grid lile Ihe sOme tendency for , Iobililr for m = 2 model may be ellpected bu t for 0 

smatter critical a.poc l ro lio. 

Sinco we use 0 spac.-filled grid and nol fl ull coordinolel, Ihe code i, capable 10 find 

equi l ibrio with more lhan one magnetic oxi •. Fig. <I !how. 3 Cull, 0 """rler of 0 wave­

length aparl, of flull IUrface. for 0 so- called Mdouble-.tor· configurotion / 4/. The 

alpecl ro l io is 16 wilf. 16 periods a long the lorul. TI1il confi!PJralion i. achieved by 

superpCllition af on f .. 3 ,I .. lloralor wilh 0 quad",pale field. The mall imum bela is 

3%. The ou twa rd Ihi fl of the magnelic all" . il v .. ry lmoll a. compared 10 Ihal of a pure 

·r "' 3 .Iellorotor . 

m:Z Mode 

P =0.25 

~=o.32 

f.!.a..:...! Cootour lines of p " con,tant 
lu,foce, of a "roigh t he l ical t = 2 
equilibrium: /J" 0. 25, 't.." 0.3.?:J 
ha - 0.30,K = 2 .2, J'ot - 10 

f!i.:.l.. Normalized eigen'>'Oluel ( r- 1 t....~) 2 
for Ihe equilibrium of Fig. 1 "ersul (ongi lu· 
dinol wo"e number ..( from If.e 20 code 

! 
"- - 'S 
,i P > > 

.,~ I '!']'t; I 
~=~=- ,- .. . -

~ The some eigenvalues os in Fig .] 

verlUS rololionol I,ansfo<m <. from the 

3D code 

~ A configura tion with 2 magne ti c 

Olles and" separolrill, A = 16, IJ .. 0,03 

(firsl l ine: initial candilion 

second tin.: equi l ibrium) 
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PARTICLE AND ENERGY TRlINSPORT IN THE \'1 VII-i\ STEl.LARlITOR 

Iv VIr - A Teilm+), TJccsented by H. Ringlc!:" 

Ita): -P)Llnck- Institut £;jr Plasma'Jhyslk 
,,'jsQciu tion EURATOIl-IPP 
D- BO,lG Garchlng, F.R. Germany 

Introduction : Results On nlaslI\a confinement of ohmically hcatE'd 

plilsmilS in the \') VII-A !'tcl laratoc hilve been rcnortcd at the 

Bc,cch t cs'Jaden F1J, Prague [2 1, and Innsbruck l )i confC!ccnces. 

The energy confinement ,.115 shown to deteriorate above a criti­

c"l current l2J . i\s " function of e l ectron densi l:y the energ~' 

.;onfinement tielC incceases rabove " critical density depending 

on plasm" current the confinement time dec r eases again [31 . 

Il.adiation losses ',Icre found to be an im~lort'"1t lo<;s mechanism 

iH\d closely connected I·,i th the limita tion of the confinement 

time.';here i", hO',1cver s or::", j,ndiciltion thClt radiation losses 

are not the only cause for the d.1terioration of confinement. 

Hoasurements of Particle and Energ" Confinement : \,e '.·,iil nluinlv 

concentrate here on meilsurements from 11 standard 20 kl'l he li u,," 

dischilrge 13
0 

• 3.:; T , cxterna 1 rotationil l trilnsform t o =O.14 r 31. 

The globul ;>urticle confinement tIme '
p

(a) was determined from 

t he ioni~ation rate which was measured using the 5015 ;,: Hel 

line [ 4 J . Contributions of oxygen imnurities «1 \ ) to the 

!Jroduction r a te ,·",re neglected . 

As a function o f line density, :ncdl, the narticle con finement 

time shows a behilviour similar to the globil l energ,! confincment 

time , Ti:(a) , as derived from the (Ham1lgnetic signal (Fiy . I; : 

an inCl'ease of To (a) Hith -' nedl follm',ed by it strong decreilse . 

'rhe region of ma~imum confinement time is shift.ed to snI"ll ct: 

den~ities b;1 an incre ase of radiation loss due to slnall am')u'U" 

of neon [J 1. The dccrc~5c of the energy confinem"'n t time 'l 

hig!l densit" is still seen if the !:adiation losses ;)s mea Sll rLU 

by bolometers " r e tak,-.n"into account in the definition ,,' 'r,l:ll, 

3/2 ~(ni.kTi + nekTe)nlr 
~ E (.,) "c:"-~~-~-:-~­

; (POll ~ Prad)rdr 

(POll OhMic !lOWcr d;:;l,;it , . f'rad l"<'Id iatcd pC".'ler densit'.'\. 

The !!imilal:"l.ty b<>t,ojE'en "article and ener<J'I confinelT"cnt. l-ai:;es 

th(,' '1ue:;tion '"hetner Lhere is "nolh <'r los!! "'f'chanism besides 

radiation . 

lIeat Conduct i;jitv and Diffusion Coefficien t: \~(' h ave derived 

local experiment.ill v" lue" for the e l ec:tron heat conductiv i t y . , 
, IP (r ' ) ~ P (r ' )Jr ' d1' 

xe (r)" 0 011 dT r ad (con tribution s of char'1e 
cx!" r ne dr~ 

exchange a~d dif fusion "r<' small) and the diffusion coefficic.nt 

. (nroouc tion rate)r ' dr' 
Dex",lr) = Q ~ , using measured profiles for 

, d, 

the nrod~ction rate, ne' Te , and the radiated power P rad . In 

Fig. 2 ~e x r>(r) and Dex,,(r) ar.(] the calculated neoclaSSical ci f~ 

fus ion r.o£'ffi-::ient 0t:Cl arc plotted ilS a function of radius for 

th.-ee typical lin~ df'nsi ties 2 . 8 , and 11 x 1014cm~2 For com~ 
~larison the neoclassi"al va l \\p.s arc sho'ln to be 2 ~ 3 orders 

of magnit.urle smaller. 

The import;;l.nt point hO'~'evel- is that Eor 11 x 1 014cm~ 2 line 
o 

dc'n5ity 'ex!' a nd OC):1' seem to increase agai n '1ith density . 

if' Fi '1 . J ',le helVe p l otted in a ne~1'e ])lane, curves "Iith 

'cx[l = cons t. 'rh e s,," data '''ere tilken outs i de the '1 .. 1 surface 

[.-on, ~ p r ofi l e s of t h e 20 kA discharge ~Iith different densities 

.]nd tcmncratures . In th", 

:lieh]'; t ile scaling ' exp 

t hermal conductivity xe 
0'" 

10'" density regime the nrocedu re 

n:'l'e verifyin,! that the elec t rOn 

i s a function of ne ilnd Te only . 'm-
pur; ties such as neOn chiln<je the .,lectron temperature ",ith the 

pi"sm" current. kept constilllt, hut the data. from He-discharges 

',:i,th small "dditions of n"on confirm the aSS\lmotion !cxp .. 

[(ne ,Te ) ()n!'! in the 10'.-.' density l·e ~rime. In the hiqh density 

re,]I",,, '"ith decreasing confinc·nKlnt time these data no longer 

fil into tht; resnlts of fi'J . !. ThC'refore , in the high density 

regime "e should consider additional narameters besides ne and 

T" to characterize t he local thermal conductivi t y . 

Tr> F iq. 4 'gxP ne'~ is plntted ilS " functi on of rad;,US . l'I'Jidn 

j~ is <Jv-,-dent that fo r htgl""r line densltieo; this ne,lTe scalin<J 

'H1 l-:>I:'.Icr appliC'~, fI then""l conductivity of the form 

.c aft: []'1:'r.; 'I.Il' p'-ono"ed by Guest et al. r5 1, hut the k 

dependence is in contradiction with the resui ts above. There 

is some experimen ta l evidence tha t x
e 

scales with ~ but t he 

da t a base is too small to 1'1'0'10 this de1'endence. 

Discussion and Conclusion : A possible exnlan " tion for the de­

terioration of the confinement at high density is the increase 

of tearing modes especially of the (2,1) mode [3") , and [6J . 

The strong increase of the ~IHO act ivity with increasing den~ 

sity c oincides with the observed decrease of 'I' and ' E and the 

dep".-ture f r om the Xexp . nc:'T
e 

scaling . The silt"e correlation 

is observed in discharges "ith addition of inr9uri t ies (neon) , 

Fig . 5 . The increilse of radiation modifies the temnerature " nd 

the cl1rrent nrofiles in turn . l'ls sho',1[1 in f 61 this 'llVe S rise 

to an incro;;:se of t'1e (2 , 11 mode am!='lit.udc . How ,-esulting is ~ 

lands of ' ~ 'l cm "idth affect in det<'li l the nlllsma i0SSC~ c"n ~ 

not be ev"luated frum the oresent T'lC"Sll rement., bl1t ,,"c<'or(\jn 'l 

to theory an ar'preciablc effect is (expected r7i . fit lar'l" c x ~ 

tern ... l t ransform (to 0 .17) no 11,11 "'<JdEs arc obser ved , bllt 

"till there is a dctC'rioratiun of confincme'l t at l a [" '1e densilv . 

Whe t !1er stationary islilnds o r th" 13 . 2) 1;100(, . which ,.,as ob~ 

served '-'fl[le .- these con.ht ions, is l"csconsible for the enhanced 

l oss hilS nol yet be"" invcstlgi1t,"d in del;)ii . 
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LOWER HYBRID HEATING IN THE W£GA- STELLERATOR 
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~ : By applying a Ti-getter , the density could be kept constant du­

ring lH-heating in stellarator and t okamak discharges . I-kldest e l ectron and 

ion he ating (by about 40%) was observed. Net-currentfree stellarator plasma; 

with lMan densities up to 0. 9.1013 cm- 3 ~re produced by using t he HF pulse 

alone. At 100 kW applied HF power the central plasma remained cold 

(Tio' 9 eV , Teo .. 12 eV), but a significant population of hot el ec trons was 

observed by soft X- rays . 

EXP ERII-!£NT The WEGA devi ce has been transfonred from a tokamak into a 

stellara t or by inserting a new shell with 1=2 , m- 5 windings on it for the 

ste 11 arator cu rrent. The experilll€nt a 1 set-up is described e I sewhe re /11 . 

The particul ar fea tures of the \;'EGA stellarator are the small aspec t ratio 

and the "e-bridges " between t he helical conduct ors. Tokamak and stellarator 

di scharges are made fo r comparison with same t tot (a). Oiagnostics used in 

addition t o the existing equiplMnt /2/ are mi crowave scattering at 2TtJ1l, 

space resolved wce-measurements , microwave I1JJltichannel interferometry, 

bolometer measurements and space resolved measurements of the 0" -emission . 

STElLARATOR CHARACTERISTlCS The stellarato r was normally operated at 

Bs 14.4 kG , t o=O. l1 and Ipl - 25 kA resulting in -t to t ~0 . 26 (aeff ~ 1 3cm , Rs72cm) 

and an e ll ipticity of the plasma b/a-0.7 . The mai n plasma parameters for 

discharges with and withou t use of a Ti - get t er are given in t ab l e I. IkIder the 

non-optimal cooditions of the torus wal l , gettering reduces the impurity 

con t ent of the plasma already considerably. Nonthermal Wee-emission has been 

studied extensively and a new parameter regime for runaway format i on has 

been deduced /3/. 

APPLlCATlOO OF TH E HF The same HF system and the same coupling structure 

as in earl ier t okarr:ak experiments /21 are used. The decay spectrum measured 

by probes in the shadow of the li miter shows ~ bump at about fo- SS J~Hz i n 

t okemak discharges. This may be interpreted as penetration of the pump wave 

into a region of higher densi t y (n
e

- 1013cm- 3) required for the decay to 

modes ... ith this f~quency difference to the pump wave /4/ , /5/. In the 

stellarator thi s bump does no t appear. Instead the spectrum is domi nated by 

harmonics of wci ' An interpretation of this spectrum , howeve r, is di fficult 

because the density between limiter r adius and wall is at least an order of 

magnitude lower in s t ellarator discharges than in tokamal: discharges and 

migh t be less t han the cut-off density for the s l ow ... aves in this f requency 

range. Phase measurelD?nts by probes at the pump frequency of 500 II.Hz give 

N -va lues only in the nonaccesslble regioo N. ~ 1.-1.2. 

The ma in effects of lower hybrid heating at a 'level of 100 k ~' on both Stella­

rator and t okama k pl asmas , respective ly , ... ere sin,ilar to t he earlier tokamak 

results 12/. A strong increase of the electron density and of the loop volta­

ge were observed . as well as electron and ion heat ing in the central plaslThl 

region. 

Space resolved C,. -measurenoents show a rapid increase of the emission near the 

pl~sma edge at t he b~ginning of the HF pulse . No strong toroidal dependence 

was found for the altOunt of increased emission indicating that at leas t a 

part of the densi ty produced by the HF can not be due to local production 

near the antenna . 

For the purpose of reducing the density increase, a Ti-getter was mounted 

near the HF an t enna . By gettering the torus walls during 6 min be f ore every 

plasma shot (evapora t ion of 20 mg Ti) , we finally succeded in keeping t he 

dens ity cons tan t during the HF pulse up to the maximum applied power of 

170 kY (fig.I). It ..,as sti ll necessary to reduce the flux of the gas injected 

during the HF . thereby dropping the density without HF t o about 70:¥ of its 

value with HF at the same time . 

The [}~ -emission stays nearly cons t an t durin~ HF heating in gettered di schar­

ges . The loop voltage (fig.2) still increases slightly. 2eff increases from 

3 to about 6. In the limited time of operation with getter, optimisation 

of the heating was not possible. Present results show , at constant density 

a modest increase of the bulk temperatures (IITio- 50eV , IITeo~150eV) . On 

charge exchange measu rements tangential t o t~e mai~ field . a high energy ion 

t ail is Observed in stellarator discharges during t he HF. The mean energy of 

the tail ranges from 250 to 550 eV and i ncreases proport i onally to the dens i ­

t y whiCh i s consistent with ions having a perpendi cular energy of 1 keY 

( as observed in previous t okamak experiments) and scattered by small angle 

collisions into the observati on cone. This cone in tangential observation i s 

close r to the perpendicular in the stellarator than i n the tokamak because 

of the helical mirrors. 

HF PRODUCEO STELLARATOR PLAS ~IA The HF pulse alone is used to produce and 

to heat the plasma in the stellaratDr. The time evolution of HF pD .... er and 

plasma parameters is shDwn in fig. 3. The reflection coefficient of HF de­

creases rapidly f rom initial 1'0% t o S:; . Complete ionizatioo of the filling 

gas at t he opt i~a l pressure of 3.10- 4 torr is achieved at B ms when the line 

density saturates at 2.10 14 cm-2• Thi s is seen also from t he O·- s ignal which 

passes through a maxi~um at 4ms and reaches a constant level at S ms due to 

recyc l ing . Radial profiles of O.,.,--emlssion show rather unifonn volume emission 

during the initial phase and strongly peaked emission f rom the pl asma edge 

duri ng the 1 ater phase. The dens ity profile is ho 11 01'1 with ne _g. 101lcm - 3 , 

neo~6.1012 cm- 3 (Thomson scatter ing) and ne ~ 1013 cm- 3 (microwave interfero­

metry) near the edge . The density corresponding to f .=500 MIlz ( transmitter 

frequency) is 1.1.I013cm- 3 t he density corresPOndingP~o flH =SOO MIll is 

2.6 . 101\m- 3. Simil ar resu lts were ob t ained in othe r experiments /6/. The 

electron temperature measured by the Thomson scattering at the centre and de­

termined f rom the rise times of t he 0 ... ,OIl and CIV lines remains low ( fig. 3e) . 

Line integrated X-ray measurement s as well as the appa ri tion of OVlI li ne 

emission indicate, however , an electrDn propulati on with some hundred eV which/ 

are not foun d by Thomson scattr:ring in the central plasma region (r<4 cm) . 

The i on tempe rature determined from the Doppler broadening of t he CIV l ine 

(:".1548 A) fall s to Ti~lOev at t ~ 6 ms from the t ime when CIV appears . 

Abou t 30 kW of gO kW HF power incident are detected by the bolometer (assuming 

isotropic emission). The same r at io of power measured by the bolometer to 

tota l inident power (OH+HF) is found in tokamak and hybrid stellarator dis­

charges during HF , whereas abou t 50:¥ of the Ohmic power are de tected without HF. 

During the density decay , t he ion temperature stays constant until at least 

Sms after the end of the HF when (IV disappears. This might indicat e t hat 

convective ion energy 1055 is la rge r than heat conduct ion loss. 

~ A maj or problem of lower hybrid heating hitherto, t he density i n-

crease during the HF pulse , could be overcome by means of Ti - gettering of 

the torus wall near the antenna. In st ellarator discharges a high energy 

ion tail is observed du r ing the HF in charge exchange measurements tangential 

to t he toroidal main field. Net-currentfree stel1arator plasmas (aside from 
a ,-unaWlly Curr<'!nt of sev<'!,-al 100Al with d<'!nsities of 1013cm- 3 Wl!r<'! produced 

by ~pplicat ion of t he KF al one . At the low cent ral electron t emperatures , 

the HF po._'er can e~si1y be radiated, assuming a reasonable impurity concen­

tration . 
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/ 1/ R. FRITSCH et a t . , 9th So ft , Canmscn-Partenkirch .... , 287 (J97(j) 

/ 2/ H. D.PACHER <It at- , 7t h IAEA Co!!f. on Pl.Phys . , Innsbrtlck , I·ol . I ,p. 97 (1978) 

/ 3/ H. k'.PIEKAAR, Y. P.. PUTCERS, inte1'>wl report Jutphaas , to be pubUBhed 

/ 4/ M. FOR1.0LAlJ, Phye. Fluids ~, 2058 (197?) 

/ 5/ S . PESIC, Heating in Toroidu l Ptas",ue , eNnob le , Vol.I , p. 16I (1978) 

/6/ P.JAVEL e t al. , 7th .oup.Crn! . 0>1 Co>ltr. fUIJWn , iAJusanne, Vo l . I , r .147 (1975) 
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/CI!l-~1 2.' 1013 2.4 ]0 13 

", I.cm- 31 1.2 1013 15 10 13 
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~ o 

T. reV 
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.7 130 125 

t" 
E Lms J 1.6 2 . ' 

Table I : Plasma parameters in Ohmi­
can-y---neated Stel l arato r disch~r[lf:'~ 
before applica t ion of the H.F . . 

wllhou l ge ne, (HF J 

rlml l 

~ 0. 
.~r.wrp 

H.,tl ro";]: ~ °1 r 

rlml l 

:1 
iL-o-=----==":"I 

". ' I 

'.,';j.v) 0 

20 : 
0, 

I, i j 

10 ! ~"~' ~' *,,_~ 
o L_·~~o,_.c/V . . , 

1, : + 

J 
t"irj",. f O 15 

!!:.l:J. Time evolu t ion of 
the I ine dens; ty in 
stellcrator discharges 
with and wiro_out llette r 

!!..il..:.! Ti"", evolution of 
the plasma resiatan~e 
wi th and "ithout getter 

Fig. J Time evolution of 
HF power and plasma 
paraJDl!tets in I;P produ~ed 
stell .. rator piu ..... 

5 



6 
A2.6 

L'OtlPItIEHl:t11' or LOW 0>.:10 llORO CUR!!Drr PUlSMAS I!I nu: CLi::O STELtARATO;tS 

D W "tl<ln"on, J E S r adlcy. P J 11 0 .. "i5On, " 11 Dtollt:;, PC Johnson, 
S "'>gosh!, 1I J Lees , P J t.c:.as. A C Seld .. n, P 11 Sh"t:£ord, 

1 J Sp<>hHnq . T SUmd t "H$ , ? R -n.o.u, /I C Walker ilnd 5 lidrd. 

Culhl" I.<ItlOr~t:o r y . ill>in"don, Oxon . OX14 3011, U. K. 
(Euratca/UI(JI£A f'u"lon Associiltlon) 

I . IN'l'RODUt."TIOII 

CLtO 18 ~ 7 Ci<!ld - pe r lod 1 • 3 stell<arillor wit.h " 90 ca ... jor radius . ""d 

.. "ilCOIa- yen,,! inte r""l .inor ,adius of 14 cO.. The 0 .. t ,,'-..;I51O lIIa'lnoUc audae ... , 

ace tdilnglllflr "ivin9 ft me"" p \<'lImil , .. diu!! of .... 10 CII. Previously r eported 

>fOrk ( 1,2 ] h .. ,. shown an incr""sln" e l f!ctron ener"y replac"men t time lE n 
, 0 

the el"ctro" ddft pa r " ... te r !; .. 1"/n,?" 'S decreased . The p\"nned ""ped ­

"""" t al programme on CLtO 1nvolv05 ""utral inj ection "nd elec tron cyclotron 

h""U"'l of pla"III~& w1u. no net to r 0 1dal qas current Iq' The present paper 

describes firstly a Btud y of hiqh-den"lty low-current pla5m,,~ at IlQ - HI kG . 

The"e offer good confine_nt properties. "ith Tg" up to 10 .... and ,.hou l d 

prov i de" '100<1 tllr9Ct plasm" for nautrlll injection. S .. condly. ""'k on pillS""" 

produc<>d in th .. vacu..., fi .. ld~ by l",.e r irradiatIon of solid deuteriulO pellets 

is reported . 

2 . OHKICALLY HEATED PLASMA 

rn a woll-'Jettcred to r us, dlschar9GS f r co f rom runa" .. y electr ons arc 

obtaln<>d in hydroqen by l1"'it:inq the qa8 current to lq/8", < 0.4 (kp.jkG) for_ 

II~ in lhe r<.ny~ 6=~1I kG and bre"kinq down to Ilne-of-siyht mcan <hms1ti&s ne 

o f 0.7- 1 ~ 10 <::Ill at B. - III kG. With VacuWl transfonn~ (It th" Umi ter in 

the ranqe 0.25 - 0.4. br"akdown t o hiqher l,/B<II prodllce" 1085 of confi"eaN!nt 

due to the qrowth of .. r"qion of MilD ins tability at q - J nc .. r to the pl .. lIma 

..age. 

Pe"dback control at ne [rOBl the IIIlcrowave d~n81ty i ntor f ecOnlfltc r ustng 

piezo-el"ct.rlc 'la" valve. enables rep r oducible con"tant-density pla ...... s to be 

p r oduced ilt low valu"s of 1<) < 9 kA "~/I/I_; 18 kG . Tho highO$~ d,,,,,sity produced 

up t o th" pr".ent t1_ ia If '" 2" 10 ca • correspondIng to an .. "i .. l vilL"" 
lJ _) e 

of nOD'" 4 ~ 10 "'" wi th T.,o '" 140 eV. Te and "e radial p r o Ult,s for 

this d~scharqe ilrc depictccl i" Pig . 1; Thomson .. catterlnq wa. u~ed for Te "nd 

ne an<! electron cyclot r o" e", i s810" UXE) Il'abrY-PI!rot) f or T",' the edge v~iues 

b"in9 'lIven by a Lanqmuit doubl e-Vf obe. The vacuUPI tr~nsform I,..rc "'.:. .. t ~ 0 .4 

(~t the ""'qnctit; surfac" In con~act with tlle lI",iter). The overall profile o f 

t (t) is shown in P1<j.l . The r otationai tr,,,,storm is monotonlcHlly lncce". '''y 

.. itn radiUS. with t < t .. t the conte". Also. Wc r.,elstance ,,,,,,,",,,11' AR .. I 

fo r this dischargc . ... Ith the f raction of 1h" ohmic pow!:r (Pot!'" 12-15 kW) 

de t ected by a toonlOpilc (r .. dlation .. char'le exchan'lc "eutrals) I><IIn9 l e .. 

than 5\ . The ncutrlll denaity on IIxi" Is n ... 1-2" 10BC,.-) (11 "",I neutral 
o " 

p.Htlcl .. "nalyser _asur""",n1,,). T
io

;" 125 eV , indic,~ti"'J that a ""jor frilCtiun 

o £ th .. ohmic power h transf"rr"d to tho 1an... ror thl$ disch"r'l" Tt: ... 5 ms, 

.. s e~p<!"te<l If n"o-classlc" l (pl (lto"u) Ion tl"" .. .,1 can<luction I" the p~inclp~1 Ion 

'''''''9''1 loss .... chani .... 

,-

'rh" followin'l cffects on confine""'nt are cb~"rved, 

1. lit COfls t .. nt 0e' Iq' Il<p' l.ncr" .. dn'l 't (th" heUral winding current) 

increases T , .. nd Tcduc"s V (the lOOp vol t,,) . The Incre .. "e of '0 , 
T

E
.., ,md reduc~ion of r. " r e c"'''''' l ""t ... Ith drift parll""'t"~ 8CIlIi"q . 

2. ~t C<Jnst..,nt Iq' 11. , l l' rOiludnq ne dec r eaa(J" lE" ""d anOllldlous 

.. Ioct ~on ~h"T""'l conductlOf1 b, .... I"" to doooi"at" th" [>0\'1'" bahncG. 

IIq:,11\ tnl ' ~arr"Bponds br"~illy to the drift pa,-a""'t<>r sc~lln<j . 

). lit """stllnt. "c' 11<:>, I,. ' i"cr"~'Hn'l Iq Initially <kpr e&SP.s Tr" 
at ~ ~"t" much ra~ter than dri ft pa r UlOte r &c.) lill". I'or 11.:. ~ 18 kG. 

all'" ')-10 kll 5awt ooth o"dllation" o f nand T ,ore ob"erved : 
'I _ IJ c" 

f or th" " "" 2~ 10 cQac . t:Ct: 'liveS ~.T /T '" 0.2·0.3 at r . O. " . . 
We "",,<><:Ia'" lhl " \oI i t_h a br<>ad r"qion whece q ~ 3 stretch;,,'l frO<l n"ar 

r .0 tu r 4-S Cm ( .. lI ob~'-'rvod by Inv.,rsion of soft x- r"y 5a"t001h 

"lqn .. 1,,). A " i .. ll~r r eSul t i s obt~lllC<l at ",,'" 1 "IO
lJ

<::III-
3

. but with 

r T /1' ~,O .O$ • O. I at r ~ O . The ,. .. "toot h ~"'la~Gtlons ~ r" EO ~ O. 
o ' 

n .0 (I:>ulk n,dhtrib"Uon of nand Te l. Ther .. i~ " "Id"ncc of " 

rotatin'l I'r,,-curBOr mot!c. ohs ·rvO)od on .... gn"tic protM!~ , "hose OIOde 

""OIl....,r i" con~ist(!nt "'I~h m - J , Jl - I. It is pOSSible to br,,~k th rouqh 

thl,; re<liIK: l>y " rapid lncr"""e o f 

impr"v"s , '"Itl, j > q , l Ut r • O. 

I , with the re .. ui t that t aqd i n 
'I to) 

The overGlI trend thus fOllows drill 

po>r_t'!r IIC" lin'J althouqh clearly the KliD effects d"s<:rlbw<l p~oduc .. " 

d .. t "lled (lev i "tlon from ~h". p;lttc" , . 

lJ IIfter·jl ...., .,I",,_s have been produced ro r 6( in tho ,-anqc 13-16 kG by 

~~r .. inat1"'-I the plus,"" current after LO m". The 1lM Con"tant for ne 

tu de<: c",,"" is 5-20 "''', the e10ctrun tc .. per.,~ur" r "U b,'l f .. om ~O cV to 

.~ I S cV In ,!>out 5 ms . lIydroqcn Ii'lht "",,,,, .. rc_nts Indic .. t" " n"utral 
B <J-3 

d<CJlRlty In tn" rnn'J" 10 - 10 cm . 

2) Pl·'~"' .. s .... r" cr"<lt ... 1 by focuslnq a CO
2 

!as"r, with pulses of 1.5 US 

duratIon ... Ilh :. I kJ cn~rqy . on to fr eely tollln'l sol id d(!uterlum 

pell" ts conUlinin'J 0-71 ~ 10
16 

"tOOl,. . P r ell .. lnary eKperl.",:mU [lJ 

showed (I.b~o r?tion ot (65 1 l~). of this .. ""rq,!, qen"r~t lon or 
lOO·20:J0 eV ions . and possibly co,"plete ionl~ .. t l on o f the pellet. 

The t~ .. pplng of this plas,.& within C!.EO has been £oWld to Increue 

with inc r""sinq rotatlon~1 transfo r .. (se .. Pi'l . 2) to'" SO\ of the 

pollet U one USWlICIB to~oidill uniformity (l nil d noar ly fla t r~d l & l 

profil". 1111s COntraSt .... Ith th" Wllb reau lts 141. Th" riset! .... to 

half peilk den~Hy ilt s point 165
0 

roYnd the ta~U5 (rom the 'Jen.,rat i on 

si ta i s ... 5-10 \lS at 0.;0 ~ 13 kG a nd t .. 0.6, which cor r esponds to the 

U",e - of-£l1'lh t for Ion ~ner'llo" of'" &00 cV il nd a total ~ne rqy o f 

ord" r 100-140 J. 

Pi<) .1 "haws th" u t her Bhort conf inemen t t i .... s observ"d . The ini ti al 

de"sity decay (.,Howlnq for ionization r ates) iodl"a t "s a pilrticle 

confin~ment ti..e of ... 0.2~ m~. and nt lat"r UIIICa this increa ses to 

1,4 ! 0.4 "''' . contr".ting ~·tth the p r <>dicti!d p fi!Bch- Schluwr valu" 

ot'" i s. Th .. r~pid decay of., is con,;iseent with a "",~su red 
ii -3 e 

neu tral density o f ... 10 en ,cau5lnq ehar<Je exchange of <tIOst of t ho 

ene r qetic ions. POGlllible neutr~1 prOduction _chanis ... are incoa:pl"te 

10ni~aUon o f tha pe llet, ",,, 11 he~tlnq by !!catt"rln" at l a5e~ Hqh t 

fr_ the pellet and .. all inter~ctton vi t h .. nergeUc p;>rticles. (the 

n""tril ls Wcre locali~"d near the h s"r-pelll!.t interact ion point) . 

Chlitr'le excha nq .. loss"a could be reduced by tr .. pping h i 'lhe r density 

p i asmas. 

4.~ 

(11 D W J'ltkln~on et a l. Eighth Europ"'''' Conf . on Controll"d ~'''81c n and 

Pla_ Phydcs, Vol. H. Praq" " (1971) , p.9) . 

(2) D W Atk inson "t a1. i n, PI .. ,;"", Physic~ and Con t .-oiled Nuclear Fusion 

Res .... rch 1978 IInnsbruck ConC . CtI/)7 !I-I). Vol .ll. IIIEII, Vi .. nna (1979), 

p.251. 

D) A C Walker. 5 I':oqoshl , 5 5tamitaki" .. nd I J Spillding, Opt. CO/IlIIlun . .?2 . 
247 1197B) . 

I 'll II IJ..llJllhaek~r et al., Eiqhth European Conf . on Controlled I'usion a nd 

PlaSlll;1 PhystcI. vol.t. Praque (971) . p.IH . 
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A2.7 
'i':i.J ~u;..,;r~J~BOCLASSIC.AL lJo.\1 OF PL.~"'.A LOSSES DI A STBLLA.RATOR 

Yu . V • Guto.rev ,V .A.Suprunenko 

The Kiw.r~:ov Phy:lical-Techn1cal Institute ,Acad .Sci.Ukr.SSR 
Khar ~tov ,USSR 

Invo~tientions of plaama confinement in stellarstora with ohmic 

heating in the region of intermediate collision frequencies (0 pla­

teau) showed that anomalously high losses both of particles and ene-

r6Y fror.! n plasma electron component wore observed. The study of the 

ohmical plaol~ confinement according to various parameters was per­

formed in ereatcst uetalla on the stellarators URAGAN-l and URAGA.N- 2 . 

These exper1monto showed that the dependence of particle lifetime 

on electron temperature , confinl ng mBBnotic field strength ,and rota­

tional transform wae similar to the neoclassical one for the plateau 

at confin~ment 01' the nODohmic plasma ('LI'I "" IF) ~ eT) ,however,in 
'le !:S 

tne absolute value it hes more than one order less value /1/.In this 

case the anomality greatly depended on plea~ density . This allowed 

to introduce in the 8iven discussion tne quasi-neoclaSSical formu­

la for the plcuma diffusion coefficient in 3tellarators: 

Dexp_!·D
O 

plateaU)where 

DO = {if .P,! Ii"jl+(l .!!..N" · t'1fi 1,1+S)!L'f-15Je..'f-!.~ rj' .!l (1) 
Pi, t' R Z,r r R JT-711(' re /? ''7£ .,/7jf- ~' 

is the diffusion coefficient of nonohrnic plasma in etellaratoro in 

tlle plateau region /2/ • Rer eA/is the nUlllber of magnetic field peri-

ods on a by- paes ,o ther nO~Q.1uua are universally adopted. 

In experiments on tne stellarators CLEO and VIENDELS'l'EIN VII-A 

it was shown that tho coefficient in formula (1) was increaoing li­

nearly v/ith toe 8Towth of the so-called drift parameter (Jd. - the 
ZTr. 

ratio between current drift velocity snd thermal velocity of elec-

trone )/),4/.At the same tiros , in experiments on the stellarator 

URAGAN- 1 on the confinement of conohmic plasPl/l produced at the ion 

cyclotron he:!.ting ( Tet:.<. Ti~ 600 ev) (1 good nUlllericel allCi functi ­

onal a(;t'eement "ith the neocla::l::ical vslue ,:as observed/5/ . A simi­

lar result "ith a cold plasma nt (Ti< '1'e~ 10 ev) \'ftlS obtained 

in the stellarator SATURN , 1f' a shear value exceeded some critical 

value 01' (B> 0.05)/6/ . 

These results allol'l to \'Iri te down a coefficient value in the 

qussi-neocla::Sical formula 8a f:Z If f ('i ) 
Some considerations about the function '~~COuld be gainod 

from papcr/7/ in which the plasJaa turbulent diffusion due to cur­

r ent-drift instability ia treatod.This kind of instability io exci­

ted at a r ather high value of tl. drift parnmeter when Y.. > f) . It ill 
2Irc 

probably pOllsible to expect that the eXistence in ol~ic dischargos 

of reSistive MGD-modes of a restricted o.mplitude( observed by vn­

rious mothodfl ie all expor1ments) l"Iill re:mlt in alleviation of 

conditions for current-arift instability excitation. Taking into 

considoration the foregoing and paper/7/ , it is possible to writo 

'O~ t he follo''l'ing ecmicnpirical expression; 

}= 
At rather !lien 

J<' //,1;)&( f/)~ f f Cj2j ~2 (,,,,; . M'e 
vnluQs of drift parameter and espect 

ty in roroule (2) can be neglected. 

(2) 

ratio the uni-

At a rather high electron temperature and relatively low densi­

ty , when it io posoihlo to n081ect enert;y 1003es from a plalllllll olec ­

tron componont at the expense of radiation and ion henting ,one can 

believe thnt thormel lcsses fro~ nn ohmic discharge will be deter­

I.linad l:lIlinly by tile 10:H1es duo to particle diffusion/O/. 

Thereforo,thermal losses can be probably a lso described by the 

quo.si-neoclaosical f on nula ( (te:::::. 5/2 Dexp )' 

Fies 1, 2 Qnd ) Ilhcwi~heir graphs the values of plnsma energetic 

lifet ime obtained in various experiments/),4/.The heavy line con-

7 

forms to calculations according to the quasi- neoclasoicnl formula. 

The calculations were made in neglecting radintion losses and ion 

heating. 

The maximum electron temperature et the ohmic heating obtained 

under the asswnption that t. '" l +C . 1 , can be ea31ly dorived from 
L "CUI '1 

(1) and (2 ) and given in the form convenient for comparinon with 

the data of paper/)/: ~.3 II tt6 ..lA..; R Z,6 . ' JJ' 
T. -J a' rt I) . p <oV ') 

emo-,.. = ~(j2 X) Z ~,j6 .(I:;"Pt;~j/T(i; k'\1If %'.;) t';~ r"'--t ()If[ '/~'f, () 
In this fcrmula tbe¥coefficient in front of the root depends rather 

slight ly cn parametors,and for exper imental conditions in the atel­

larator lVEtrDELSTElll VII- A it varies froll! ).1 to ).6 ,whlle the mea­

surement~ offer the value 2.9/9/ . 

In fig . 4 the values of Temax derived from formula () are plotted 

with the solid curve.Bxper1mental point s for etsllarators and toka­

maks were coll ected by the a uthors of pnper/9/ . Somewhat over estima­

ted values of TemBX derived from the quesi-neoclassical formula are 

probably associated with the above-mentioned simpl1:fica tions in cal ­

culations which can be eas11y refined at the expense of the loes in 

illuatrativeness for the sake of numerical cal culations. 

Thus , the semiemp1rical , quasi-neoclsssical fo~ula derived on ths 

basis of the analysis 01' experiaental r esults on stellarators des­

cribss adequately a rather extensive class of results on the confi­

nement of ohmically heat ed plasma both in stellarators and tokamaks. 
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A3.1 

Id .. ,,] and Resistive BallGoning Modes in A~lsyn:!lletrtc TotoidaL P13s",,~* 

A. U. Glauer . H. S. Chance , And R. L. Dc",,,. 
Pla$IU Physics Laboratory, Princeton Unlvera ity 

Princeton , New Jersey 08544 USA 

A theory of ideal and r esistive HUD ballooning !\>Odes with large roroidal 
-od" DUIl!>c r n in ahea t ed, aXis)'JUllecric , taroid,,! p135 .... 5 has been develop.,d 
recently,! B,'[",,,, p resent some new d evcloPlOen t s in this theory. The 
potold,,} ~tructure of ideal ballooning modes Ilnd the r o l e of the I!ont:lnous 
.p"" trum lire clar1Ued by an applicaU<>" of Floquet theory to the Luge-O 
behavior or tbe solut ions , The ["dial .ode s tructure la [rented by 11 n!IV 
nUllerical code, together With an '''laly[1",,1 U"" Cllent of the .adial boundary 
conditions "'hl"h takes account DC the Dlo re exotic topologies which these 
"ode~ Ca'\ e~hib it. The efreer s of reSistivity are treat~d by two nu,"arlcal 
codes .. hlch solve the full r esis tive ba.lloonlng c'l""tlon5, on one hand , and 
the e'luattons for the "",rched aSY'"ptot{r expanslo"s o( the ideal and resis­
tive reg ions , on th~ other, and the r esul t & of the two toethods sre compared. 
The notation of Re( . 1 18 used throughout t h is paper. 

Ideal balloo ning """'es :>ore described In terllls o( the d!8pla"ement veCtor 

t - i " "ij+/!lZ ~ Bav/all , where the psrallel and perpendicular stream fUncUons 
Q and v ara expallded in the b"lloonlng r ep r esentation, 1 

+ - r ~ a(V ,k) ; (V ,a - t,k) exp [ - 2_ni(8 + l q + I kq'dV)] (1) t __ m k 

~o s"t~&fy toro i dlll pe r iodicity in the presence o[ ahear. The equations for 

• and v ean be written in "" trix tom. 

ay/ae _ 'H',y, ", 
wher" ; la a 4-v"eLo r with co'"ponent8 Y

l 
_ t , y, ~ v, y) ~ ( X, 2 ,82) 

" (VII +k,{W )2 a+/a8, 14 - [S2lPf( S2 + lP)Hx'iI~./all - 2(~ + kq ' ~ );1. /lnd H 
2 2 - .. 2. " " 

is a 4·4 .. atdx with K
13

- H Ill ' (9 /1 + kq''7V)J.II21''-K34 .. 2{~w+kq · ,: s)Jx ' , 

11
24

" (11 2+ 'P)/('( ·2B2l~ . 113\- - p,}(V/I + kq'~V)2/112 - 21"(~w + kq'..,s)!x' . 

"'2 .. _ p.,28 2 , and a ll pth"r cOll.pon.m~s of it vanish. The c"""po"",,ts 1'( ii 
cpntaln .eeular fvnetion" of 11 . 

To ~t"dy th e. be-havior at larS" 0, we ,""k " power gerle . s olution of the 

fot" A" 
Yl (O) - e 1 ~ y!p)(O) o-P 

, · 0 
with J. ;; ~2 .. AA' ),1 .... ~O) 1, 1.3_"(0)') :(~) Then ~~) 10;e.s t ,-;,r~2ar ~ eis (0) 
ssLidy the equation 3y taO" " .y .vhaf"l!n -\I /(x q 1""1), 1121 .. 

-K~~) 3 -2q ' ~ Ix' . II~~) ~ (1\2 ~ yPY (X' 2 B!yP), II~~)" _p.,2 q , 2 IVv 12/1\2 • ~(~) .. _1' .. 28
2 • 

snd all othe.: cOlllpo~ents o( 'lrO) V8 11 18h . The prop"lIstor u'<e) . defined as a 

. 4 .,.trix such tha t y(O){O) ~ u(e)';(O) (0) , s"tlsfies the "quat 10n. 

a'U/~O .. j{<0). iI, lI(O) _ 1 , 

.,1th '1 the identity ... trlll. Since jj<0) is periodic, the splution can be 

expanded in "xpon"ntially ""rying C!lgen[u ncUon,,2 s uch th.~t .;j (11 + 1) 

,<, 

_ e
Oj 

;J( O). Tho ellt> rae teri"tlc exponent ~ Cl
J 

ar" tha root9 of the "qu"tion 

'" 
Sillee 7°) is Hamilton!; .. ', V is "Y"Il'laCtic.

2 
anrl from this H fottolO" th"l If 

Cl is a root, so is -0. Since~U<°) Is real, If" Is a root. 10 \" 0* . The 
r oot" thu~ to .... pairs :tu I! c.- is r eal. o r qu"drupl"t s !o , !,,* if not. If 
all Re a'" 0 . there oro two growing $olu tions ~s e ~ .. ""d two as e .. _ .. . 

!!!:!::~t~:':~r l~:s:I;~!~!;~:: ~:~v ;~:" r:~~:~":~v:o~~!~!~n:(~:J~~ermlne a 

r epresenting the dhcrete sp"ct ru • . If Re" • 0 [or one or both p~lrti, 
there is " 2- or 4-dilllensionDl contlnuu" of dive r gent solu tions, th" 
contlnuOU B5pccC r ll ... Kreln' s theoTe .. 2 Implies tha r tr,,",s\c\onl between these 
Cllles ~an occur on ly At v~lue5 of V ond ",2 for which Lw<> rootB o f .. are equal 
Nu .. " rical s tudiea s h""2Ch:!L, for 3,,~e'lulllbriu .. .. Uh no zcroth-order flow". 
all .. · s nre real for .. < O. For .. - ~ 0 , rigure 1 ~hows a " ap or a portion 
of the r"81 "" ,. axh for a tyrlcal Bur[ace V. with Il danotl"lI both pll1rs 
I .... &inary, lR denoting one pa ir rcal and one I. aginary. RR bolh real. II nd C 

11 c .. r1ex qu.a<!rupl e t. 2 
When oil Re~ '" O ... e can tllus ddlne a llUili-valued function k( V, w) , or 

equivalently" f""ctlnn ) (V. k ) such ch"t ~(V .k) • .,2 representll" g l obalroode. 
Hr,ure 2 sh""s contonrs of conscanl ~ in th"qCr) - Re k ph",e for" typlcol 
equlllbr l ..... Sine" lhe c l ,enfunccion s an' lllvariant whcn k ~ k + 1. the 
f i gu re I .. periodic In k. There ar. o-point S .. h"n' ~ has a .. Ina .... 
repre"entln,; the most un Sl3.bl e mode . "n<l X-pcinls on 11 nep"ralrlx, where A 
has a saddle poinc. The propagatlnll region. where k 15 real, I II sIOlpl)· 
connecced Ins i d " th" "epaUlrt><. 0<.(5Ide che scpa r :lt rix . two propagat i ng 
reil Ions "rc, ~"panll~d by "n evane~Ce!lt r cglon lhrough which tunneling occu rs. 

IJlff e r en t r adill l "",d" ~tructure9 result fr"", the dl[ferenl topo l ogies 
of the Cnnl,wrs in Fig . 2. For th" ~m~ll. dosed Curve" neor an o-point ' .• , 

~ il? 0 k". ""p3n~ lon In powe r s of n - yields a W"ber equ"tlon for tha 5l""ly 
va r y lnR " .. plitud" n(V) . Radl"l bO'-'nda r y condlllolls requiring evanesCenCe as 

\' ~ "'01 • ~ th.,,, y i<l.ld the eigenvoiue conditl o,,1 

.} • • (V , k ) +;; ~+. (1,12) (d2~ Dj l
/ 2 j o 0 - nq ~k- ,,,,2 Vo 'l<.o 

wirh ~tshll!.,jll' .. ,,-I r"rrCCl!(}n~ . For the Illrger closed contou r s inside thc 
.eparatr tx, 'In expDnsion In powe r s of ,,- 1 away from s ing le turning points . 
"her e ~''''k * 0, ~\ / :}V -I 0, Is .... rched to expanSion in poweu of ,, - 10 about a 

~~;:~~r. t~~i;~r~~~~hl'~~~~~: ~~?~~e e:~::!:~~o[:!~~l~~~~tlons " hlch e"anesce 

This condilion 'l""nlhes the. II re~ 1nslde " closed Lonl ou r and reduec5 to Eq . 
( 6 ) fo r .... .,11 A .. i.mII3.r treatment (or ., conlour fa r lo the ten of ehe 
sp"ratrl~ . n"slecling tunnelln&. yie ld .. the condition 

Jv (1 . k - k ) q'dV + q .. ~lln. 
\. -. I. .. ''l 

which qu.~"ll ?cs the arc" to the lcft uf one cycle of the contour. A s imilar 
r esult holds on the l"ight of It,,, ~epar"tri" . F! n.,lly, tuanel(ngcanbe(reated 
by ""tchlnr, aCrOSa lhe X-pOlnl re lllon . whero an expansion in powers of n- 1/2 
yie lds p:lrahollc cy linder f uncUon ... . :lnd evanUeenee to the left and rlghl of 

the tWo propagatlnr. r egions y i elds the .,lconvalue condlrlon 

~RR - (I + ,,-2r.1' )1 /2(~ + ~) + 1 _ 0, 

"here 

Equa tion (9) r educe" to Eq. (8 ) as ~ .. .. and to Eq. (7) ss ~ .. _" . 

(9) 

tlUOler ica l solution o( Eq" . (13)_( 15) of Ref. I governing resistive 
baUocn i ng codes yield, a 1nge v"rie t y of different lDOdes. Figure 3 s bows 
e l genv .. lue eU",eA In th" compl ex "'TA pi"n. on ~he aame surface as thot used 
for Fig. 1, wHh :lrr""s denoting

2
inCreasillg values of the smo ll. dt..en r lon-

!~:s r::~!~~~:1 ~~t!:"~~::~~r ~s = ~ n .. T S~T~e~:e;:.:~. a~~n:~r~:o 0~ 1 !~:n t~:~:~:~on 
line, bnt" .. en the differen t region s of Fig. 1, "h"r e two va l ue. of 0 a r e 
equal IInd t he 1IIr8e- O limit of the; i deal codes becomes de generate. The mod., 
which converges on ""A - 0 a s (10 cor responds to the ""de t r ea ted in Ref. I 
by .... tched a'Y'"ptolic e~pan810n~ of t he 5 .. a l1-9 ide.l r egion and t he l a rge-O 
res1stiv" region. Matching of nv"e r ieal solutions of these t "o r .. gion~ g i v.s 
excellent agreemenl ,,1[h result s ob t ained by solving the full equations , 
.. hlle taking 10- 100 times less co .. puter lbe. A co .. parslon o f the two 
.. ethods is sh""" in Fig . 4. S1aHar .. atched aSY"'ptoti~ upanstona sllould 
e 13rify the behavl"r of the other ."des In Fig. 1 , .. hieh app r oach their 
limit frequencies as cllZ. 

. 
Thls work waa supported by the UnH"d se"te" Del"'rt.ent of Energy Con t ract 
No . EY-76-02-C-307J . 
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A3.3 
Beta Limits fo~ Tokamak Experiments 

W. Kerner, K. Lackner 
MaK-Planck-Institut fUr Plasmaphyslk, EURATOH-Assoc. 

6046 Garching, FRG 
R. Gruber, F. Troyon 

CRPP-EPFL, Lausanne, Switzerland 

Abstract' Numerical MHO stability calculations are performed for 
tokaroak configurations with circular and 0 shaped cross-sections 
and parabolic and exponential type current profiles . For rela­
tively flat profiles and 8 values les8 than A/J configurations 
are found which, for an a$~ect ratio A= 2 . 4 are stable against 
both low n (n=1,2,3) free surface and high n ballooning modes 
for average 6 values of about 3% for a circular and 5\ for a 
JET-type cros~-section. 

Introduction, Extensive numerical investigations using the Gar­

ching equilibrium and the Lausanne stability code /1/ have been 

carried out to determine the maximum Bt-values for tokamak de­

vices compatible with stability against ideal MHD modes . 

The motivation of this study is to investigate whether Bt values 

high enough to allow ignition in planned experiments could be 

reached with pressure and current profiles close to those of 

operating tokamaks. 

The configurations of interest have circular and JET-like cross­

sections and different aspect ratiOS. wall stabilization of free 

surface modes is not assumed, as future expected discharge t imes 

will largely exceed the field penetration time through practi­

cable copper shells. The invest igation includes perturbations 

with low toroidal wave numbers n~O,l,2,3 and also high mode num­

ber ballooning mOdes. 

The considered equilibria correspond to two different families 

of pressure and current profiles. The parameters Bt and Bp used 

to measure the performance of different c ases .. are defined as 

A ''1'. If"' / f l{'J, /, ' K·ffdf /(r.I:) 
Stability, In reference /1/ it had been shown that trying to in­

crease the achievable Bt by flattening the current around the 

magnetic axis led to the appearance of unstable external kink 

modes while improving the s tabi lity against internal modes. Cur­

rent distributions are looked for in this paper giving an opti­

mum compromise between these counteracting tendencies. 

The first set of equil ibria discussed here is characterized by 

pressure and poloidal current profiles of the type 

p', TT' - (r- ,,: ... if< .. )'" (1) 

with values of Cl( in the range 0.3 ! .. <! 1.0. 

Profiles with (l( -1 yield a very low B
t 

value ('" 1 % for A"'2. 4) , 

which can be increased by decreasing oc to flatten the current pro­

file. A minimum value of"''' 0.8 for a circular cross-section is 

required however as a necessary condition for stability against 

external kink modes. In the large aspect ra t io case this limi­

ting profile gives a ratiO of q(limiter)/q(axis) ~ 2. Optimum 

B
t 

values are obtained if Bp is about or less than A/2, leading 

to B
t

- l/A and also £or'" =0.8 - still rather small absolute 

values (Bt~ 2.1% for A~2.4). For JET-like configurations, stabi­

lity against non-axisyrnmetric modes requires only'" it.0. 6. resul­

ting in a maximum B
t 

£ 4.2\ for A_2. 4. 

Considerably larger stable B
t 

values can be realized 

the profiles as proposed in /2/ , , ' 

" '.p H' · rlr .• " .. lt'J . p·, .. P(·(' · r/r,'·" .. ) "l 
Profiles of this type, which compared to the previous 

by chaSing 

(2) 
class con-

tain a flattened region around the magnetic axis, could be thought 

of being created from more peaked, centrally unstable ones by 

the action of those localized instabilities themselves. Favour­

able stability of these cases with respect to external kink modes 

with n=l requires for the range of aspect ratios considered 

(1.8" A f 4) Bp.( 1. For an aspect ratio of 2.4 the most favour­

able cases correspond to Bp'" 0.5 and l',,'l"tt" 4 . Figure 1 shows 

the eigenvalues (normalized by the Alfven time) of an unstable 

mode versus q on a xis for a circular cross-section with A~2 . 4 and 

various Bp-values For small Bp (0 . 25 and 0.5) the stability 

limit is given by values of the safety factor on the boundary 

'1.. 2: 2. For the flat q profiles this requires q value consider­

ably above 1. At large Bpvalues (~ 1 ) the kink mode remains un­

stable even for qs values::, 1 .7 corresponding to ql5. Increasing 

the size of the central, flat current density region by i ncreas­

ing the t -values ha s a similar, destabilizing e ffect for exter­

na l kink modes. 

Although the favourable Bp values are less than unity, the kink 

limit allows high B
t 

as can be seen from Fig.2. Higher values of 

Bp result for a given value Of ,) in a steeper current density 

gradient on the torus outSide which seems to have a destabilizing 
effect. For A-2.4, this ki nk stability limit corresponds to 

Bt' A,..9\. The results for different aspect ratios A"'1 . 8,2.4 and 4 

moreover show this maximum value of Bt A to increase with de­

creaSing aspect ratiO, and to occur at progressively larger Bp/A. 

Stabili ty against ns2,3 and 4 free surface modes has also been 

examined for these equilibria, showing them less restrictive 

than the n~l mode . Ballooning modes however can be a more se­

vere restriction of Bt A values, as can be also seen from Fig.2. 

The dependences of Bt' A and of the value of Bp/A for Which 

the maximum value of B
t 

can be realized on the inverse aspect 

ratio are given in Fig.3 for bath kink and ballooning modes. As 

also axisymmetric modes are stable for circular cross - section 

in this range of Bp-values, completely MHD stable equilibria with 

Bt· A between 6 and 8% have thus been found. 

For JET-type cross-sections a qualitatively similar stability 

behaviour can be found. Figure 4 shows the beta limits for kink 

and ballooning modes for A=2.4 in dependence of Bp for different 

t - values. The optimum kink limit agrees well with that quoted 

in Ref. /2/ with B
t 

up to 7%. The ballooning mode limit is found 

to be more restrictive. Axisymmetric modes with n~O are strongly 

instable and require wall or feedback stabilization. Provided for 

that, Bt A values of about 10 - 13% could be ideal MHD stable 

for this class of profiles. 
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/1/ Gruber,R.; Schreiber,F.; Troyon, F.; Kerner,W.; Lackner,K .; 
Plasma Physics and Controll ed Nuclear FusIon Research (Proc. 
7th Int. Conf. Innsbruck, 1978) lAEA- CN-37/K2 

/2/ Moore,R.W . ; nobrott,D,; Helton,F.J.; Bernard,L.C. 
Bull. Am. Phys. Sac, n, 871 (1978) 
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A3.4 

STABILITY OF 1\10 DIMENSIONAL DRIFT WAVES 
IN A LARGE ASPECT RATIO TOKAMA.K 

J.W. Connor, It.J. Huth, R.W. H .. k ... ~h and J,B. Tlylar 

Culhll Laboratory, Ablngdon , o.on, OX14 308, 1Jt( 

(Euntom/UKAEA Fusion Anoel.tion) 

1. Introduttion 

In dab geOlletry .. ith .... I n.Uc I h.ar the dr1ft - univeual .... de h 

al ... y. ,ubI.. How .... er new eH.eu arialng in toroidal II000etry "'r IlI­

nlUce ntty alCI!r the Itability of .uch modu. For a model .. !chout Lend,,, 

r .. eonance. Or trapped pectic!. .• , Hutie , H •• keeh and T&ylor(l) invutl.eced 

th" eh.ar d •• ping of drift .. _ ... e. 1n turOidel .y.u, ... . U.lnl the tnnl-

formatton developed 1n the study of balloonins .od ... (2). Tbl. tran.fonl-

etion raduc .. the I:W'O d1menetnnal elg8nv81". problem to en a r dln.ary 

diffennt1al equation in en extended poloidal varhble (in leading ordu of 

• ay. t_tic .. Iq> .... ion(l) "hich h.da to a n "equivalent plana dab" probl .... 

again In Dna d1 .. e"aion. in higha r ord .. r). 

For a .. or .. COtllplet .. tr eat .. ant of a tability One .. ua t include electron 

r ... onance t .. n ... . "hich are t he aOUrca of the inft.biUty. To do thh Dna 

.ppli .. s tha bsllooning tr.nBfo ...... tion dir .. ctly to th .. Vt.aov .. quation for 

each apec1uO). 

2. Solution of Vluov Equation 

Uatng cha ""t.tton .nd coordinaua (t.l.t) of ref. 2 th .. b.pooning 

r"pr •• "ntltioo for f J and " 11 

'J) .... ~i<.Jt r: eilllflo j .. ~iml\fXo exp[iN(' ~ ? vdl\)] ~._Jl 
" .. _'" n., 

(1' 

• "here the e1kond S . N(t -rJ .. dl\) .. thUn !.·VS - O. Ap.rt fr_ the 

infinite ranlle of the extended polclidal coordinate 1\ , and it. cOnaa~ 

que nc.a for th .. boundery conditiona. the structur .. of th. problem i. then 

at .. U . r to th.t aolved by Taylor and uu ti .. (4) 1n .. ltipol .. aeDlll.eny. li e 

... y therelor .. tak .. over their .olution viz 

wh .. re er .. !.J. X !, "'5 and g .at!aftea 

v e , ·VII + i(v.· VS - Iol)a" - J (z) ia; (Iol - Iol.) Fo 
fI -.... 0 T 

(3) 

"here :!.cl i. the guld1ng centre drift and z - v~1 VSlflolc . 

New leaturea ari.lng bec"".. 1\ h •• inftnlU ranae Unltead of being 

periodic) au the rapatHlon of ,airror trapp.d di a tribution. in 8ucceulve 

"ella and the •• cul.r incre.se ol VS "ith 1\ Th .. bound.ry condition 

for paulng particln 11 &: ~ 0 "h .. n ,,~±.... Thus "ha n 1 .. Iol > 0 

(.nalytic continu.tion lor lJII Iol < 0) , 

with 

1\' JB .. ! I~I dl\ (101 _ ~."QS) '" 
Th .. corrupondtng .apra.l lon for tupped par tic 1 ... 

Th" expr .. ssion (4) conCMl, the L.nd"u relOn'nce ~ which 18 now ."0_ 

et.t .. d "ith th~ infinit. unge of the T\ integution. It cln be ",,,de 

explicit by lnaoductna th~ HUbart tr.nafor .. (.gain for 1. Iol > 0) when 

.0 th.t the 1 .... gi .... ry contribution i . 

er CD JB 
1 .. g .. - ----E: (Iol-Iol ) / I-I d" ~Jo(z) COSH(Iol,T)' .T) 
pt· _ CD v" 

3 . Thc Drift W.v .. Ei& .. nv81ue EquIUon in • Tok.,.,.,k 

(0, 

11) 

Th. aener. l expr ... 10n' .bov. Cln be co".1derlbly aiapl1Ued in thl 

I1mica Iol i « Iol« lJ
e 

"hire Iol
j 

.re the tnnflt fr .. qu~nCi(:)over • typicIl 

con"eccton length. Then the ion rupon.e can be obt.ined ... n ' I)'1IlP­

totic .erie. b •• ed DO M>j l, '!.I.VS« IJ . Tht. t . equivalent to th .. 

approximation of r.f. 1; it negl.ctl ion drift r ... o .... nce •• nd i. U .. ttad by 

the • • cul.dcy of VS in T) 

'OT the electron. H«l .nd, in . Tok .... k field B~ · Bo(l~(co.ll). 

the p"aling .l .. c tron re'panlc bec ...... 

'- .'" [-.!!5 ( • )\' ,-, , 1 liP . .. - T 'I' + 2 (101 - 101,,) '2"rT J dl\ </1 (1\ ) K(I\,I\ ) 
e e -'" 

(0, 

• 1. _ 

"h .. r e the integrll t .. rm i. thl lought for a lecercn drlving uno .. hich ori­

gin.t ... fro .. thl Land.u rUOnances in Eq. (6). The kernel ia 

Fi .... lly then .... obtain . new. one di .... naional intagrc_differenthl 

equation r eprelenting drift "avU in • toroid. l 5y8te... In the not.tion 

of re!. 1 thia can be written 

(9' 

(l0) 

1 f"")(. -.',.. ")' 
J1-2J;\;T: (1ol:+IoIT)\~. (et 

(ll) 

.. lth Lc - Rq • vTe - GT.'.e)~ 
Thl. MW eq~tlon . "hich incorpora tu th .. el .. ctron driving .. ech.ni ••• 

r l placu Eq. (LO) of ref. l, ("her e In artificial driving Uno iift. w" 

introd"ced) . Th .. e l ectron driving una ... y be further limplified by re_ 

placing K(I\.I\·) by It l ·dooainant contribution In{2l() , 
In th .. H alt (n -" ~ ~ 0 • Eq. (l0) c.n ba .01vld ..... lytic. ll y t o 

glve. diaparlion r elation 'qutval .. nt to that of r .. f. 5 wHh fn(HrnimL.) 

repl.c .. d by 1n(2ft). corresponding to re.onancu in g .. ne r.l geometry 

rather th.n a d.b. 

4. Nu.eric&l Rnult. 

Because of th. integul t.rm in £'1. (to) the ".hooting" method of 

nu",erlc.l .olution u l ed in ref. 1 11 no longer convenient. We have inste.d 

.olved Eq. (to) by exp.nding in Hetwite buts fuocttona •• 0 reduetng (to) 

to a .. tzix elgenv.lue probl.... Relultl h.v .. b .... n c01ll.puted over. r.nge of 

valu •• ef the toroidlcity p.umet .. r €n .nd 8hOlil the expected d.cre •• e in 

the decay ute "Y frOOl it. plane d.b value I t (n - 0 through I 

marginally Itlb1e point .nd into I weak in,cabiltty. An exa .. ple ol the 

v.riation of "Y .. 1th (n 1, ,hown in Fig. 1. Other ..... ple • ..,111 be 

pr ... nt~d .t the confe rence. 
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A3.6 

SYSTEMATIC OPTlHIZATION or TOKAHAKS TO ALL IDEAL HilD ItJDES 

L. C. hrnard, R. L. KUler, R. 11. Moon , F. J. Melten 

C<!n~r.l Atoat" ColDpany, 
San 01&,0, California. 921)8 U. S. A. 

~. Stable pha .. a equUlbrh with "eOllllter,. cOIIIparabb. to the JET 

device have been found .. lth beta in exc.s. of 122 . External-conductor It.­
bilintion 18 uqulnd only for the axhYOIIetrie .ode. Hi,,, .. · valUeI of 8 

aI's reached for hl,hs r slonasUons. 1./" USe an automated nu ... rical procedure 

Which .. xillhu the Itablil a of tokamak plasOIu with rupeet to al l lcIeal 

KHD Il1001... Thh optiIl1~.tion conatdeu variations in both ,hape and currant 

profUn. 

Inve&.,1,_t l onl .. hieh .... k to increase the maximum atable. 8 for toltallulka 

are of hlndsmental Il11portsn"a . To Our knowledge , paat It"diu have b •• n 

more restrictive than thl ptesent work which i ncorpora t es: 1).11 ideal MHO 

"",del . 2) .n lutOUtiC and ay~telll..tlc aearch for optimal par ..... t.r •• and 

3) both arb itrary plaallUl Ihapu and current profile!!. Thh work t. the cul­

lIination of two prlvioul atudies.
l

• 2 In Ref. 1. the current profils wal 

opti.llhed for a fixe.d pIli'" Ihape (JET) with rupect to III MHO model. In 

Re f. 2. the pha ... Ih.pe wal opt1.lliud for. fixed current profile with 

relpact to loc.lized intimal IIOdea. uaina an autollUlted " ... eric.l t.chniqua. 

lie have now IIOdified thia code to optiaize the current profil. 11 _11 •• 

tha pla ..... h.pe with r eaplct to both ntern.l and intarnal id.al MHO lIOdea. 

Thil codl .utouticl11y ... an:hl. for opti_ equllibr l U111 par_ten charac­

tarhina both pI •••• ahapa .nd current profUe •• n appro.ch ... d. ·po .. ibh by 

efUdent ideal KIlO codel and ClalS VI computers. 

KIlO IquUibri. are obtdne.d by s olvina the Crad-Sh.franov .qu.t10n 

ulina thl glolllat ry Ihown on Fig. I. For thll study: 

p' ... { - (0.)']-, 
when lnde)!: .(t) nhra to the .. agnetic "xh (U,.itllr) end a is a "elllure of 

th. width of thl prellur. p r of11e (sIle Fig. 2). For ff' we con.ider two 

OptiOnl: 1) ff' ha. the "Ill functional form as p', and 2) q(ljI) la speci­

fied. The tOtal pI ..... current is held lixed. 

Tha atabUity to internal ooodll h dlltllr .. inl!d by the criUtion for 

locllhad ballooning ....:I ... ) (tlose to the magneetc .xis , t hll criterion 

teducal to the d .. plar critarion for 10caUzed interchange mod"~). This 

givII. czltical value for tha VlcuulI torotdal field ftlR c fo r ""gind 

.tabUity. The corzeapondina vllue o f the vol""",, . ver . ge beta, 

h than the v.lu. of 8 for which the equil ibrl ... is marain.lly aubl. to 

locdhed intarnal IIOdu. For axtern&! DIOde! it is neces .. ry to atudy only 

tha n-l kink "",dl Without exte rn.l eonducton. The 4xll,..atric _dl, n-O, 

C.n Ilwlya b. la.11y I t.bilhed by IXternll conductors while • .,ch conductorl 

llay not bl practical for It.bilizing kink IIOdes. Under thue allu .. ption. 

the n-l kink IIIOde il tha IIOst restrictive external "",de. The !tabil ity to 

external IIIOdu la I Valuated by the global code ERATO. 5 

The lutollllted opti .. ization h begun by c"lculatina 8n equilibrium with 

a given ut ot ValuII of the independent optimization pl ra .. e tll U Pt (pololdal 

fluxu on thll field-ehapina coils and current profil~ paralOoaten). The ... ~_ 

imUII stlble 11 11 d.tarmined for this ahape and current. Then chi v alua of 

onl ot thl Pi' s h altered with sn inerellent dP
i

, s nd a nlw IqulUbrlull and 

• new II\x1 ....... Ba r e ellc ... lltl d. P
1 

i l lner .... ented until I rel.tivI IIIx1_ 

in B i . found. Thin th" next Pi la varied. The opti .. iz.tion cycla 1. co_ 

plated by IIqulntial1y v.rylna alch independent parameter val ... e untU I .. x­

l .... bIt. la reached. 

To reduc I the cOllputlr tillMl, the optimization h begun wlth a good 

IquilibriulI daUra1ned by C"rrent profile opt1.llization w1th Uxed plll .. 

lhape (s.e Fia. 3). rtaUta' .ho"l ... ximl1lll valulI o f B _ 8.2% , corr .. -

pon<!.ing to (l - 7. ~ , Bp - 0.~3. The cv rrent profUu (Fia. 2) lupport the 

qUIUt.tive picture that kink instabilities are induced by I cronl current 

andi.ntl clo~. to the pll81U . urflce . Thil picture exp1a1ns why thl currlnt 

csnnot bl too nIt, .nd why there 1s .n opt i .. "", v.1ue o f Bp: fo r lllra l 

(1 ... 11) vlluu of 8p ' the flux l urhc ... are shHted outward. (inw.rde), 

yield!nl I .trong currant at the exterior (inter10r) of the tOrul . 

Iy optWztng the pla ... s hlpe together ..nth the current profil. , .... have 

Ichieved .n increl" of B fro .. 8.2% t o 12.22:. The profila la sU,ht1y chllnged 

(new valu •• are a - 7, Bp. 0.7) . Th .. nev Ihap. 11 trianaular .nd 1I!1,htly 

indented It the Indde ed,e of the pl...... loth .ffect. produce I large 

criana ... larity .t the 1LBgnetic IIKt., henca the .tlbUity to interchln,e lIOdes 

11 i "pr oved. Tbe t r ianaular shlpe of the ouuida of the pla81LB keepa the 

current well centered i<lllide the pI ..... lurfacI, which 11 !avor.ble for Stl­

bUity to the Ixternal kink. Tbe indentation helpI to stlbllha the balloon-

1ng IIOde by nduc1na (enlarg1na) the connection 1.nath in the bad (Iood) 

cu r Vlture reaion of the outSide (indde) of thl pluml. In COntraat to 

Rlf. 2 (lillited to internal "",dea) , the pI ..... Ihape t. not strongly indented 

I t the ioa idl edall . This indentation increlSU the ."", ... nt of curren t Howins 

cloll to the pla" .. " surface on the iMide IIdse, which dec reuOI atability to 

thl extetnal k i nk. \lith strong i ndentation, the value of q on .x18 for 

atability to localhed "",des !ltay drop below untty. Then the intarnal kink, 

and thIn fore the external kink , become una tlbll. 

By I co .. bined optllllization of plll_ and curunt sh.pina , we h.ve delDOn­

Inltlll the exiatence of plaslla equilibr i l whlch Ire Itable to . 11 ideal miD 

IIOdea wlth a valu e. of 8 i" exce .. of 12% for plasmas with IIpect ratio 2.B 

Ind Ilonlation 1.71. Prel1 .. in"ry comput.tions .how . n incra ... of 8 with 

alongltion Ind Inverae Ispect ratio. If ti.lle pendt., the influanCI of .. peet 

r AUo , alonal t101! . new cla .. e. of current protUI , and doubl.t aeo .. etrie. 

wUl b. diacullld In IIOre denll at the conference. 
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fia. 1. Equ1l1briu .. geometry. 
Innlr rectangle is 11,. i ter . 

>Jo 11 specified on hbeled points. 
ReI ... 2.53; bla - 1.71. 

/Jp • 0.5 
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fia. 2. Current dendty profile 
in the .qultorlal plane . ff' .. p'; 
Bpl _ 1 + ff ' /(p'R~). 
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H8. 3. Initial pl""1 .hlplI. 
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fi8. 4. Optillal value of a for 
the fixed pla80111 I hapa I hown on 
U8 · 3. St.biUty to all ideal 
MHO O1Od .. 1. below the curve. 
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A3.7 

STUDIES ON SLOWING DOWN OF ENERGETIC IONS 

AND TRAlISPQRT r.OEFnCIENTS Br I'.AKOKOT 

H. CAPES , G.CISSOKO, C.Hf.RCIER, J.P.MOflF.RA. F.WERKOFf* 

,ISSOClAl'lO\' nnATUIJ·ct: I .~III t I I·TS"'" 

I)iJ""'~""'m (I~ I'h"i.,u~ ,I~ l'I"'mu ~,d.· /" 1'"""" r:"~,, .. I, ... 
r.n"p ,"f:'~,I,·. '.,,' .... "'~. 

n"ll~ I'"""I~ ~ . b, 'JUr,1! 1'0\.". \ 0 - 11 \ ·HUSr.511;/I~ \0.) 

N ...... rou . nWleric.11 lIGde1s have b""n propo. ed for .tudyin g the 

alowing down of energetic ions. Fi~5tly rhe FOKKER-PlANCK codes study the. v~ID· 

city relaxation o{ fast iOlls distribution [unctio" .... ithout (Adinl di ffusio n 

ICORDEY and CORE 1974 .ra..'L.ER H d 1976 ,I)NF.STROVSKI H al. 1977/ . An ; .. ponant i",p~D"e­

alent hav" been ~3rried out by averaginl lhe colli.ion operator along _gnetie 

au~facc. and including rh" e ff ects o( tr~pped particles . Secondly the I',oNTE-

CARLO code. I DEI-CAS and MARTY 1974, LlSTt:R 1976 I neat the exac t partie1e" 

orbits but ore very ti"", con5W1ing. 

In order to obtain the. po""r Jep05ited on "'''gnetic sur f ace., Ou r 

starting point will be tl>c bounce-averaged FOKKER-I'l.Af;CK equation for axisyoo<!tric 

ge""""try [CORDEY 1976, ROHE 1977 I . Anu_ing that t .... sIO\Iing do,," time is 

larger thon the bounce time, it i~ pouible to show I ROm: 1977 I that particle 

orbits betveen two co llisions are cOlllpletely deter .. ined by eLle "f the two 

intersection poinu (rH' (
1
) with the equatorial phne, "nd by the velocity 

v at thi s point. Wc choose to treat the p r oblEIA in the 3D 5pace (r
W 

v, pn) 

where rH is the "",re distsnt intersection point fr"'" the ""nnetic axi, Dno.! 

In the cafe of cylinddcal magnetic surhces, the {al l owing ilapliei.c 

equation DUst be solved in order to deteroine inteflection points (r
W 

rr) 

[ROtlE 1977) 

• 0 

rH v, 
where h • 1 .. f cOl9, '11 " I .. R' p. v 

This equation allows the deter llin,nion of the source of energetic 

ions at the point (rN' v, PK1. In addition the kn ..... led&e of the second Inter­

lection point, rl' give the typ~ of particle orbitl and the orb it deviations 

from magnetic ~vrrace8 . Fast ion en~rgy dep<>$i[ion for ... hich the trajectories 

are included between the lwo .. agnetic ."rfaces ( r H' '"I)' .. ill he distributed 

over i on. and electrons of tlw! background localized bet""en the two .. urfaces 

(unifor"lllly for e ach 5pecies). 

Starting frail t be bounce-averaged kinetic equation in the drift ~ppro­

xi. .... tion, we obtain ~ partial diHerentiat equation for the dinribution function 

of energet ic ions f (rW v, PH' tl 

The bracket < .. > .eans ave r age ~lon8 the p~rtiele trajectory, C 

is the Coulomb collision operator ... ith u5ual approxilllation8 [CORDE':" 1976 I 
So is the !ource of the faIt ions ; ~I the diffu8ion flux. 

If the deviation froill magnelic ,,, !"faces is . mall, quantities ,,~ 

< Ilv,b > or < v/ > have been calcula t ed by CORDEY. In thnt CaSe it is slso 

possible to evaluate the clals ica l diffusion flux 

Morever, from the nnalogy of impurities and light ions I ~I.t:RCJ[R -

et al 1979 J ' we include the possibility to ,,"e the fot\owing "nol"1"OlllOU8 

flvx 

(where 0 i. the eleCtrOn di(fu~ion cocHicient) .,,,d in a .imih r way combinat i ons 

Buch a5 01 • }7 " .~C Pr~.ently the "",del uses anI)" ~7 . 

Pre~ent adres s Service das Tran"port s lhennique. D.T. C.F.. C£N/Cunoble 

\.Iith a low """'puter time, an applic"tion i. ".cried out for B ITR 

exl"'ri .... nl and campari...,n ... icb tbe »"i-C41 KONTE-CARLO Code il discU5Sed. 

Nu .evere discrepancies arc observed , "hich probabily ...,anS tbst ~~ nn<l o~C 
Ire of the s""'" ordar . In another ",a y , "8 alno co",pnre our result "ith an 

1!nergy deposition .odel ... itho ut ion slowing do,," all<l observe so1bc di sc r epanci", 

in the cen U r of the p lasma. 

Stat istical analysis of a number of To komak ~"perill\ent5 lead to some 

different functional depend"nce fo r the elec tron particle coeffic ient •. Such 

dependance. ""'Y be studie<l by M.~kokot, by si mulatinc experillents "i t h diffe rent 

trall~port coeff id~nt s. In stationnary Hates, ... e show che importance for telOpt­

rlltur~ prorile of functional depenoJance in I/T"q. In che ." .. e way for electron 

density profile , we find" great sen.ibility to the f unctional dependance of 

the diffusion co"fficient at the edge of the pJa 8m8 . 

~: 

- CORDEY , J.G and CORE, W.G. (197~) PbYN. Fluids.!2. P 1926 

- t:OkDEY, J.G . (1976) f;uclear Fusion..!! p 499 

- DEI-CAS, R. and KARn" , J. (1914) Report [UR-CEA-FC-776 

- FOWLER, R.H aDd al . (1976) Report ORHL/TH-S981 

- LISTER, C. G. (1976) in Heating of coroid"l PlaSfIla (Proe . 3rd S}Illlposi"m Vare DIII, 

- lto.'IE, J.A. (1977) Priva t e co-.nication 
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SimulliLl'<'Ol!S Oper"'ion I : x!,~ri ... n!~ of Nm,t ... ", BC:I .. Injection 

and I.ooIcr Hyhrid lI"allng in JIPP T~II 

J. ""jlla, S. ttoh! K. Kadotll, K. Kawahata. Y. ~awa~Ulli. T. kuroda, 

~. MatslIol:a. K. ~l:ltsUur.1. K. ~Iiya-.oto, N. Noda, ~~, Y. Okll, 

K. Sakurai , K. SaiD, S. Ta,,,,ha~h;. Y. TcrU5h;ma, k. To;' 

In~tltutc of Plasaa I't!y~ic l' , Na~oya univcnity. Nagoya 4M, Japan 

°Resca r.:h if'l't i tuta f(> ... App I1 ed /oIc'chani cs. KyusllO Un; ver!; Iy, 

Fu~uok" 812. Japan 

~ - 'l1>c slllllJ ltancous opcrn!ion of neutral be a. inj ection (NB ll with 

itlpu t power as lIigtl as 70 kW and tower !lybrid hemtl"g (Will with rf power 

of SO kW into the toTUS h l'arrj~,1 ''''I . \1'" oh$trve CHt,tlll'" ion 

heating of 220 eV whose vnlue l~ nearly "'lual 10 the 5u. of the t elllpcratu l't' 

in(:rcasc by each heating .e thod . 

IiJI,cri.ental Ikvi..:e, Additional Hening Sy,te ... and Dialnostic, - The 

e xperi.enu of NBI nnd Wit have been carried ou~ in JIPP T-1I1) which I~ 
ope rated presently uS a tokall1lk with the resistive shell. Expe r l..,ntal 

conditions of urgC[ plUM a .... followln\l:S: toroldal !Ia!!netic field Bt .. 

2 1 or 26.4 kG, pla511a current II' .. B~ kil., line averaged e lect:on density 

«f hydrogen plas.a, ne " (1.4-2.4 ) ~ 10 1 ) u- l , ion te""eraturo Ti,n) ~ 

l50 eV and electron te llJle rature Te(O} .. 700-800 oV, ion ener gy con fine.ent 

tlllllC 'El .. 5 - 7 IIsec. A gtU puffing syste. is used to control the pInna 

I!ensity. The neutral bealll injector2) i s installed to a tangential J>OTt with 

dla""' t er of 12 The Ion sourCe is Dcrkeley type whose electr odes h~ve 

587 holes .. ith the dia lllCte r of 3 _. Equivalent current of N81 h aOOut 5 A 

at 25 keV with 20-100 ... duration. The rf power of UlIl is 180 kW a t IMxlllI.UI 

with fre<juency of 0.8 Qh and with 20 lIS duration. The l auncherl1 in,tolled 

in the IIIOvllb le bellows, whose waveguide i ~ a pair of C_5haped waveguide, Is 

Inserted Into the torus. The diagnostic InstrulllCnts used are a~ follow~ : 

ruhy laser scattering equir.ent ; 2 ... Icr"", .. ve i.nterfero_ l e r: vhible and 

Vlcuu ... ultrllviolot s r ectrollC t eT5; TV ca..,ra to lMMlitor the pl;IS!IIII cro~s 

5cction . 11 6 - channe l charge-eIchDnge neutral-particle unplyzcr celll1l3ted 

- SS kW, the telllpcrnture increns .. ~ by 10 \ <lu r ing he ating rnl.... In thi~ 

case the electron te"" .. ratu", al~o h .. gi"~ I.U dec .... a~e aftpr heBti n \l: pul~('. 

In or<l .. r to cXB"'; " e th .. r ea"on On Ihese d .. cronses, {"m l ~$ion Ilnc~ nn 

i""urities (oxyg"", carbon, I ro" , IIOlybdenuIII, laid ) a .... .ea~u red. Co"'l'arinl: 

the iOll tellperatures with and without unl in the condit ion uf th(' ~'".<" elcc_ 

tron density, we esti"""le the "et efficiency of utH at Pnl't .. 41 kW; th(' 

va l ue of loTi,,/Pnel is 0.9-1.3 cV/kW And the p",,"cr to 10" hy UUI 1l' 11Jl) i~ 

Piut .. 9-Ul kW. In our experiment it IIBy h~ noted that PIU/Pnet doe~ not 

~how any dra5tic dependence on el ect ron density a~ FPr as the turning posl_ 

lioo of ill ~' ave is located Within the ha lf radiu~ of pla~ lI.l. 

Si .. ltaneous Operation of N81 and UIH "'''en both heating ... thod of NB I whh 

inrut power of nbout 10 kW into the torus ;Ind UlH with input powt'r of SO kW 

i s carried out si .. ltaneous ly, the Increase of ion tellperature is uh .. ,,'rved 

to be "bout 220 cV as s hown I n Fig.3. The vllue is nearly !!<lua l t o the ~ull 

of the incre~se of ench hentin!! I!M.'thod; the Increase of ion te •• ,ernlure by 

NB I only is about 110 eV and the Increase by Uii only is ahoul 90 rV. In 

thi s heating, Increues of loop voltage and ulect r ol! den~il Y hy 241·10'" art' 

observed. These effects are re~ulted frolll uti!. 

~ - ,1>c ('fflci encil!s of lun heot i nE" by NBI and UUl are I.S eV/kW 

and 2.0 eV/kW, resl>octively. By Ihe ~i .. lta"eous operation the increa5" of 

ion tc"peralure i s nearl)' equal to the $um of the t('III)'erllture increa~c~ by 

NBI und UlH. This arplieatlon d ..... ~ not cau~(' thcdct ri llCntal effect on 

plaSM. 

AcknowledgellO!1l!S - It is n 1, l easur!! to "c~nowledJ:o th ~ a~5 htanco In th ~ 

cltpc,"illll'nn given by .~sr~. S. Okuno, T. T;,bnta and K. Yasuda. 
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thnn oIIlIIic power I" 200 kW). The increase of Ion le.peratur(' I ~ proportional 

10 the input power Phea .. alld sc~l~s a ~ ATi,,/Phenlll ~ l.~ I'\'/kW. Th(' te~e ra ­

ture incrc"~e5 at " heatin~ r~'tc of nhout 9 eV/"~('c nnd the Incr""pnt loTi " 

reaches 1110 cV. The observed ion te .... erature r is" is roughly conslHrnl 

with the esti .. ~ted value. Th .. c:l l culated .... T
i 
.. shows thot the ener~y confine­

IICnt tl.e with NBJ is I:qu,, 1 tu 'he value wlthuut ~8J. Th .. high ep .. rgy COlI)lC­

",lOt of ions i s IIIC:.surcd In thc r:ong .. ul' to 8 ~eV . Typical e.a~le of Ihe 

ti"'" evolution of thc hi~h enc'r~)" coml'o""nl of Ions is ~hown in Fi g. I. We 

oI"e r ve the high ene r gy cO!ll[''''' ''nt tluri,,~ hea. in;t'clion, wh i ch rel,,~(' ~ In 

~hOUt 1n ftl; .... thllt is neurl)' e'I,,;.1 tu c'ncrl!y ~ I u.dng down t i llle of he.~II. 

This result ~hows that jnj~<·ted he". i .< tr~l'l'ed in the [1ln~_:t during th{' 

li.., nenrl y <'<1",,1 to slowi ng .low" I; . ant! til .. !,Ias .. I~ ht'at .. d hy th .. 

tral'l'ed IK'~ ... . Net ('Icnru" hC' ''',nl: i~ "h~erved in th" ""M' of h i )!hrr I'ow.' r 

injection Ir
h
"". ~ I :;(] kW). In the ... , ... ri .... nt nO ;'Pl'r.,,·iahle effect n f NAI 

..., i .... "ri l les ;'" wcll liS on 11,,· e lrctrnn d .. n~ity nr .. oh~e rv<,<1 d"rin~ 

inj<'ct in" . 

!l.'!~ -- 'rypi cal r" ~ lllt.< nf (ht· I'''fnll,-j ,-,wrgy ~I'eclr"" with and without lJ~1 

IIr<' ~I""'n in l'il:.2. I ru. the c""'I>nri~o" of the te_,wrntures with nnd wlth­

""1 !JUI, ~,. ~ .. e Ihnt the iun h 'II), .. r allll·c Inc rC3 ~('~ fro. 111 cV l u 4 10 eV for 

I'" c" ~ .II! k~' "e",. lh(' c"d of heat i ng 1',,\';.-. No high cn(' rID" toll is obse rl'ed 

in the enl!r~' s lIC c tro. of I,arallcl cO"'l'onent in the r~n g{' up to 5 keY . 

<;I nce in" t .-~ .. r"I" n: ;ncrea~l!s wilh th.· t; .... cons C"nt, which c los<'s t o Ih(' 

Ion encrllY ,·onfine ... nt cl .... of ull.icnlly hente<l p las""" it ~"gg~5 t 5 thal 

th"ra:,I, z;' llon I'rucess has t,,~en pl;,ce. The e~I>o .. illCntal r('~ults on the 

,,'c,·ea.<~· of I<·ml",,.;, turc show tIll' vn l" .. of ~\ .. /l'net .. 2 eV/kW und ~Ti" h 

""I ye l ~'''''r31<'d within thr inp,,1 p .. ~er I"vel Ir"eI < SS kif) . !luring WH, 

hollo th,' 10<>" vol l "ge 3nd th (' .. Iectron dcn~ity incr .. ase hy 20 \ Dnd pla~lIa 

C"!"rent " " ':lin~ "nch'm~e.i. n,P t i .... e~o!"tion~ of electron tC!IIJ>Oraturc ;01 

the c"nter 3rc IIII'llsured. At '\ .. 11 kG and l'n"l a 42 kW t he electron te.­

I'~ r"tur" doc's ""1 chnn~.· tlOlrin/: !JIlI, hut dccr .. ases ~Iowly 'lft.'r thp end of 

l ... allnR IIU I>,c. At thl' hi~her "~lInt'tic fi.-Id Bt a 2h.-1 U; ;.n<l rf powe r Poe t 

Vol. I, ~~ {July 1918, Gr .. nohl('\. 

PI L Oh~uho ~nd K. I-ia Buurn:~. Vol.l. \45 (July I!I1B. Gr('nohlel. 

1 , 
I 

. 

:\ 
. 

r'l1".I · l'l~ 

\ -
"""""8.'·10"1 ..... (,SO-'" 

I.", I _ 

I'~r~ '-'-t--+--1 

!:.!L!. f.ncrl!)" sp('ct r~ of 
ChD rgt'-('(ehangt' "1'1,1 r~ I : ""ri'r 
fIgure shuw~ th .. rt'~"I' pr If> 
... <et bofore th(' injcction und 
lOOIcr figure at 19 .. ~c afr .. r 
the ~tnrt. (The duration of 
)lAl is 20 ""'. J 

OOOr-------.---~, 

00 

.!:l&..:.1. EnerlO' spectra of 
chp r~ .. - .. ~("h<ln]!e neUlr~1 i n 
the tllnll .. nti"l direction: 
ul'P('r fillure show~ the rr ~ll! t 
..I thout UlIl nnd low .. r One wl lh 
UU I Ht I ., .. c befor(' the cnd 
of he,nin]! lwh ••. 

OOO,r---------,---~_, 

600 --.--~-----;-----~----+ 

:: ::--J:,:;;'j'\;'; ~:,: :::r--

, 1 ... 01 

t!.&.:l. Ti.., evoi utlons of ion te"'fKlrature deduced frolll l,nrnll('1 
chpr~('-exehpnge with nnd withou t the addit ional hcntinl!~' 

13 
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CllAllACTEl:lSTICS OF TIfF. DIn: PMS!:: Tl ION SOURC" 

H.S. lIems,",onh , D. Stork a<><l n.c. Co l e 

C"lh"", Labor~l"ry , Abint:don, Oxon, OXI~ 30B, UK 
(Euratoou!UIlA!;A I'u.ion Anoc LHion) 

The Ch;lr3ctcrist ics of the DIn: Phase 1 1 plnm" SOI.II"Ce arc presented 

" ith 1''II" t i",,111r ""ph:!s;s on the yields of the vnrious hydrose" i on Rp"c ic" 

obtained. We " JVC mca~ured a species .ilf U+'U;:H; of ( 80.:: 4) (18.:: 4): 

(2 :. 2) at sou rce pru~ure 4 .. T and current deruity 250 mAJc:i . 

HlTROllllCTlO:-l 

Th" [)lTE rha~c n neutral injectioll "yslClll has been described i n detail 

chcwheT,,(I.Z). The ion source , shown ill Fi&. 1, consisl! of a pi ns"", source 

invo l vinc n 10'" voltage arc discll"q:c in a r ec t ans"l" r box ... ith onc " .. 11 

replaced by an in&uh t cll thTne ~lec trodc ex traction g rid au .... bly (65% trans­

pan·n l) . Th" rectangll\ .u bOl< (t4S ... >< 4~0 .... >< ISO""" deep) has ro"s of 

CD- Sa perm~ncnt "al:n~ t s """,nud onhogonal t " the be" .. ""is ""tside the 

Bource walls, adjacent r ows of magnets hayi " l: op!lor. i~e polar i ty to form a 

picket Cencc L1gnl!Lic field ins id" the sour""O) . For the 5tudies reportl!d 

here the "ou rce "'al plac"d It the end DC a 3.6 '" be"D line, a r e pl ica of " 

DITE b"am line , con!lecred to a diagnoUil! tes t tank. 

I'I.ASN .... !>OURC[ CllAIlACTER1STICS 

The ID" malloetic field near thl! extract ion lystCIII leads to A unilo ..... 

plasmA dendty in tha t region . ~Iea suro:<llent s at eh" "xtraction plane shov 

the ion flu>< to be un ifona to ... ithin .: 5% over an atea or 36 ~ 8 "",2 (or 

90 v discharge. Then. is no Observed variation with 50UrCe pressure. 

The source O1'".ne5 reliab ly ovC'. r "wide r ange of pa r"''''Hers , ATe 

c u rrent 50 -600 11, pressure I -3D lilT. Typ i c,t1 I-V character i stics for the 

Soorce a.e shoun in rig . 2. Th"se 5how t hat the .pace-ch~rge limi t ed e .. i s ­

aion at l ow arC yoltages eyentll"lly giyes .. a y t o lhcnaionically limited 

emission at high a rc volt" Ses and" saturation of arc cur rent. 

The sourcl! is n0rnlo111y operat ed ",i lh extrac l ion grid at floa ting pot­

encial and in this case the "node current ( lA) is a pproxi""l.ce.ly equal [0 chc 

fi l " .. ent emis~ion current (!e) ' thus t he ion:sin~ eff icie ncy of the source 

111 can be dehned as 111 - 1 ex/lA ' \lher~ I
ext 

u the extracted curren t . 

J ncre,,~ing the sou r c e a cc voltage inc r ease s III doe t o the i nc r ea sing ion is­

i ng efficiency of ch" primary electrons. II I is found Co hll ",ith inc r eas­

i ng arc curren t OIL fixed " r ~ v o ltage (Fig. 3). Th is phenomono n i s nOt ",e ll 

understood though vc have shovn thac ie t~ ·not due lu Lh" (~ll in so"l'''~ 

p r ess" re du e to t he e"trac t ion of !:IOrc io"s . Wc ",i ll r e to rn to this poin t 

in" r ut"re l.ubl i c ,"tlon(2) . 

!~ 
One yery i"teres ting p"T.1JDet"r for" hydror,cn plasllL3 lource is th" 

ratio or th" v.,.·iollS hyd r ol;en s l.eci". [1I+,n;,1I; 1 p .. uduced by the SOuTte . 

Thl! species f .. <>", the I'h"s" 11 sourcc have been .. ~asured using 11 '''''C ­

netic _"" rull anll lys" r placed a t 4.1 la Cr OW! thl! Source Dt thl! cnd o( an 

evacuate.! flil:ht (ubc. G.u is added lo thc l i ne i n (ront of the a na l yse r 

"o inci~en \' "irh ~ be3m being extracted rr .. ," tha 5<>u,· ~e. Tn,,~ the ",,, I Qcular 

tractions a~e b r oken up and th<.' detecto r .. easures peaks a t I!ncq~ics E. E/2 

and E/3 ",here E i . the e"tract~d be,.. "nc r ilY. The sicna}s observed a r c 

equat ed Co ~he i "ri ,dte tarr.ct (equ ilibrium) i<>" (run i ons and hence OnC 

"a" obtain lh" oril:in~ 1 sped ca fcacti on • . 

TI,e r eslIlts obtai "ed at a bea. ~neri\Y o ( 24 );V aTe shown in r it. 4 . 

I t ""'y be seen Lhal rh" fr"ction of 11 Ions r isu wi th i ncreas ing current 

dp.ns i ty «() in 11 direct mirror of t_hc (~ll o[ the 11+ (eaction. The amount . ' of "2 I'reduced i. laq;ely insensi t ive 10 ... adadon in f'. The n+ f r action 

sa t urates .~t ~""'cthinl: over COl fu r / ",;'I lue~ grealer than 200 1IA1c .. 
2

• The 

beh"v i"",- of the 11' Imd 11; R;i>I"' ) ~ ~uSl:ests that direct break-up of t he lit 

ioos i s occurdnl>. Host llUdels nf speci"s [orll3. tio,,(/·) wh i lst pr edicting) . . . 
t he ri~e in 11 yi"hl wi th j , ur.u:li ly havc b rl!alt- up ""curr i ng yia the "2 
state. Our ob"ervlltioll of ., largdy invar iant 11; [rac tio n c~st5 SOl1le d"uht 

Oil Ihi ... 

An incre"~" of !,cessurl! in thc sou r ce is eXI",ctc<i lo yield highe • .."le­

cul " r (rnc l ions due to a n incr~.'s" in probability fo r the 11; [oTllation rea -

ct i o n. . . H • 11 ., It + 11 
2 2 3 0 

"nd this i s ind"ed observed in OU T r(!Sults (sc~ ~'ill' 4). 

TI'e nbsolu L<' species fr n,·t ions obtai,,<,d for the DITf. Ph,,$c II SOurce 

m"sl be t rl' a ted uilh some c .. ,ulion. TI'e ,""thod ou , lined nbove ncr,l ects the 

f act thill the brc .. d;-up p rod"cts ",i l l havo a highcr div,;rgence th~n ehe I! 

(raeti on ,,,,<I hen(" ~'ill bc 1"'c{" rcnli~lly scatll'red ou t "C I dct"c lor .. i lh 

" limi lt'<i accepr .,,, .. ·,, such n~ nu rs (~20 mrad ) . Thus the p . oton yield will 

bc cnh"" .. ed . w~ h.we pe rf"' ..... ,1 somC me~sure""'nlS nt l a", pressure (I. mT) i n 

t he ~D"rce ... i tho"t "d<l i ll& ".H. In the~<! ...,asur e"""nts the IUSs """IYlc r . . . 
5""5 cS"""Lially nn break-lit> products o hd .,.,asures the It , H

Z 
and 11) frac -

lions ,lir<"c Lly. ,\ r"mp"r i ~Ol1 of ' infinite ' and thin targ.n .. easuremenU at 

4 IITo rT 50"rce r' . "~~nTe i. 5hn"" in fie. 5 . 

The pruL"" f",'~li"" i~ 1",,0,1' nnd Ihe 11;. "",1 11; yields arc incre~scd. 
Th~s" re~"lt~ , .~n I", quot,·.1 wi tl, confidrnr:" ""d "" ~ce ,hilt 3t 4 mT " nd 

COtlCJ.US10NS 

The DIn: Ph"se II plasm., source " po r ates "vH n ",ide rnnge ol p"ra­

"",ten with an elect ri c al e f fic iency of - 1. 2 A extrac t ed por kW o f ~re 

I><»'<' r. The i on i sing efficiency incrl!ases wi th arc v"lugll bu t h lls slowly 

"'i t_h arc cur rent. The prnton (rneti on at high current dc"c i cies, ,. 200 mAl 

c • .z . i s -802. 

R[F'[I~[tlCa,:S 

(I) R.S. "e"'~wDrth et al . Contrib . I'a pc r J" inc Ya r enna- Grenobl e Int. Symp . 
o n Ton lIeali "g in Toroidal 1'13sma5 , Grenobl e 1978 . 

(2) 11..5. lI em5",on h " r ai , t o be sub.iued to Jou.n~ 1 of Phys ics E. 

(J) R. Limpaechf'r. aDd K. R. IM:Ken~ie , Rev . Sc i. Ins tr. ~ (I91J) 726. 

(4) Scc [" r i nstanc e .... . R. flan in and T . S . Green. CLtI-RI 59 ( 191 6). 
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RESOUAUC[S !fl THE ION CYCLOTRGtI RAUGE IN TOROIDAL GEm~ETR1ES 

T. Hellsten and E. Tennfors 

ROYAL INSTITUTE OF TECHNOLOGY, 5-10044 STOCKlIOU\ 70, SW EDEN 

~~Hr~~~. Equations for resonances aod cut-affs of the fast AHven and 

ion-cyc l otron waves have been derived for a multicomponent phsfT)iI in a 

toroidal axisyrm1etric geometry. Resonance and cut-off frequencies are 

given by eigenvalues of ordinary differential equations on the resonance 

and cut-off surfaces. respectively. These surfaces coim;ide with magnetic 

surfaces and intersect the fundamental ion-cyclotron and hybrid resonance 

surfaces . 
ICRF heating of toroidal plasmas via the fast A1fven wave has received 

im;reased interest dUI! to the large heating efficiency observed in Tokamaks 

0.3J. A cruch l problem for estimating the efficien~y is to determine the 

location of various resonance and cut-off surfaces G,5] . 
In a cold, axially sjllTllletric multicomponent plasma the resonance and 

cut-off surfaces of the f/lst A1fven and ion cyclotron waves COincide with 
magn~tic flu~ surfaces. The line functions at the resonance surface are 

propagating on the high field side of each fundamental ion cyclotron reso­

nance surface, w=Wca' singuhr at the surface. and evanescent on the low 
field side. This is in agreement with the experimentally observed asynmetry 

with respect to the location of the ion cyclotron resonance ~urfaces [!;.4]. 
We use a local orthogonal curvilinear cocirdinate system (X.<';,a) where 

a is the toroidal angle, X and r. labels two sets of orthogonal axisjIITllletric 

surfaces. The metriC is defined by dS
2

: g
xx

di + g~l;d <,; 2 + /d0
2 

We linearize 

the equations of motion for a cold plasma /lnd ~laxwel1s equations about a 

static equilibrium and then Fourier decompose the perturbations with respect 

to time and the ignorable toroidal angle 0 IInd arrive at 

CS! x !!. x £1 i (I) 

The resonances are recognized by the fact that the equations of motion 

become singular. Cyclotron resona nces are obtained for poles of E in 

general, there are other singularities of a system of partial differential 

equations which cannot be obtained by studying the coefficient in front of 

the highest order derivative or from poles in E The set of x-surfaces 

is chosen such that one of these surfaces. xo' coincide with a singular 
surface. Furthermore, lie assume that EX has the same order of singularities 

as 3E<';J3X. The leading ordel· terms are denoted by index o. For Eq. (1) they 

read 

1 a 
J~ [>:' ("''' - 3!x]) 

J ilX ill; 

(,n E _ CEoa] 
l Ox eX 

Substituting Eqs. (3-4) in to Eq. (2) we obtain E. ~ ~ 0 where 

J (',,2 B a
X 1 1 - L --,-"-, --'U- -1 

a "'ca - '" '" B 

whiCh defines the upper hybrid. lower hybrid and Buchsbaum's ion-ion 

hybrid resonance. 

(2) 

(3) 

(') 

(5) 

To find the resonances of the ion-cyclotron wave. correspondin9 to the 

Altven wave resonance, we f irst note that the coupling between the elec­

trostatic and ion cyclotron wave smooths out the singula r behaviour. We 

eliminate this coupling by taking the limit m .. O. In that limit w2 .. '" 

whereas wp2eJw ce remains finite. From EQs .(2,5j we obtain that E X i~efinite 
X X 

and EO t 0 if and only if Bx ~ 0, i .e. the singular surface coincides with 

a magnetic surface. 

We transform the components pa rall el to the magnetic surfaces of 

Eq. (1) into components pa rallel and perpendicular to the magnetic field. 

The parallel component described the electrosta tic waves. In general, the 

dielectric tensor elemen t s approach i nf inity when me" 0 , whereas for the 

perpendicular component the svrn of the terms con taining the dielectric 

tensor elements remains finite. This behaviour justifies the assumption 

that EX varies more rapidly in the neighbourhood of the resonance sur~ 
face than Ea and E~. We eliminate the coupling of the electrostatic wave 

on the other waves by replacing the parallel component of Eq. (1) by 

! . I ~ 0 we then arrive at 

[
B ilEox. _ in B EO) - 3Eox 1) -
e a<,; ~ (J ill; 

(6) 

The cut-offs are recognized as apparent si nguhriths where the 

solutions change from an oscillating to non-oscillating ones [7]. The cut-off 

surfaces can be shown to coinc·ide with the magnetic surhces with arguments 

similar to those used for the resonances. The algebra becomes simpler if rle 
do not start with the two components perpendicular to the magnetic field of 

Eq . (1) but instead replace it with a set of first order equations by utili· 

zing that i"2" c~~£ yielding 

~ cba _ 

J "' 

We write the equations in the following way 

(7) 

(') 

(9) 

where f,G and K are differential operators with respect to~. The el.gen ­

values of FEX "" 0 with periodic boundary conditions will then define 
apparent singularities corresponding to different kinds of cut-offs 
depending of the choice Of the variable T 

The fast wave cut-off is obtained for T : Ea yielding 

( 10) 

The cut-off pair in the neighbourhood of the Ion cyclotron wave reso­

nance is obtained for T ~! . E.I411 yielding 

a [,0] 
~ Ea;; ~ 

'J iw [~ [O"'J -;:,-- ,. 
B 

"' In ~ E 
iwJbl.:B2 • J. 

-~ 

"' " X , 
] E~,.2BO X 

inb~ "E ~ EX ~ -'~ Ea + E a E6. 

( 11) 

'0 , 
Jr' , 

(12) 

(13) 
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CUHPUTF.R SIMU1.ATtoN OF ELECTRON CYC LOTRON HE.ATlNG 

ON HR ANIl T-l(l 

R. C,\..'lO, /.. CAVIII.LO AND F. WERKOFf 

1~"tIIl rllIIl /1 /llmlt 'l / I '/ It I I1I '/11\ 

/1"/",,,,.,,,,.,,, ,/,. 1'/"'''1'''' "" 1'/,,,,,,,, ", ,/ •. /., r"·;.,,, /''''''''/" 
( ... ""~ ,f /.tu",-, \'''/,.,,,..,-, 

1/."". I',~,,,,,·.' /._ ":~~," /11\ n. \ 11 . " '-II/hl' filii I, 1./ 

[leclron cyclotron ... sonanec heati ng is potentially a "eq" uufu ! 

roetlwd both fo r pl;)am.~ healing as well 3S tC,"p" raturc 'lIld cunenl profile 

coM rol in tok"' .... k •• On~ grellt advo\ltallc " thut coupling the wave e"er8~ 

t o the pi" ..... sh_Id be ind~pendcn t of conditions at the pial'" edge. Aho , 

/lny .egion in t he pi,,," .. ,, can be h"oeed by ",ak i ng the loca! .. hetrOR cyclo­

tron fr c'lucncy "'1ua1 to th" "~ve f uquenq. p r ovided the \<>cal plasma f • • -

'1""''':y i s hss r hqn Ch<! w3v~ h",!"enc),. Finally, the physi~a l .erhani~. of 

ene r gy absorptinn i s [heoretic .. lly w~11 und'Hsrood . 

Fo r ndi a tion in the o r diqary po ler i u t ion (vay .. eleclr i c field E 
parallel tu the t oroida l magnet;.: fie ld ii) prupagating along the .. ajor 

radius of lh~ torus at a fr~,!u~ncy c"ne'ponding [" th~ fieccron cyc\otrc", 

h",!""nc), in Lh .. pla.m .. at ~ plasDa radius rc' t he p""er depos i ted in the 

piu.,,, a$ n fun ction of radiu . .. as tak"n to be (Il 

- ~ ~!lW iO 
PIp) - Pi ( <' ) nIp) "'''P - 7 n(p)d 

" ! w'(p) ",'(p) i , 
nIp) - li- ~ (I - *) z' cxp - Z 1--'--1) 

0(1 +~) 

He r e p i s t he nOTlllnli~ed r ndius :;, n the [DuI plas .. " radius , "'p(p) the 

plns .. a freq,,""cy , "'c the r_ydotron frequency OIL the plas"", cen t er, """c the 

f r ll-quency of t he r adiation , IIIC' the rest .. an energy of th" .. Iectron , kTe 

thc e l e c tron thermal energy, R the .. ajor rad iu! of the plasm~ . The incident 

pD\nlr Pi d ivided b~ the volume inslde the ruonant .<urface lIT~ 2.R , i s 

denote<! by Vi, 

The dia"'eter of the . i crowDve heat;!>!; be"m i 9 .s~u .. ed to be ~rJ" I\ 

cDllpa red to the dip .... ter of t h .. plas .. " : the absorbed p<»oer is PlB..-d to 

hent an enrire toroid~1 ~he ll of pl","'Q o f "'idth {jp and this is calcul ated 

hr the reg i on in thl' pl3lu Pc "" (I ,.. O. Th" ~vnlution of the discharge in 

tille and 'p • .,e i s then <,~lc"lued by MA"ot;OT (2). 

The r ... ul t. of th~se nume.ica l c •• lculation5 de pe nd on [h~ auulll'~ 

tion. made about the """ Iin(l of the ennrgy eon fin~ment time 'E. In pnrri cu­

Is r , in KAKOKOT lE i. taken to ,·"ry as the elect r on tellperature to the 

Ihree-q"nrt~r5 power, 

For HR (Ro -98 c .. , ~ ~ 20 ell) with n toroide l fi .. ld HT-)O \cC , 

p i : .... " current lp _ 200 kA. ~ dPnsity profile ~(r) _ 5 x 10" (I _ (;)') "nd a 

r,iven impurity profile , a ~tl','dy 5tHe discharge was cn lculated using 

MAKOKOT . Th<! oh", i c heating l,ove r fur the c"\~ul~tcd discharge WaN )SO kll, 

ceneral "I"cnon r.'lIp,·ra" .. ~ 1200 cV , and Q(a) - 3 .1. ill r euollable agrl'e­

"'"nt with Ih~ parm."t"rs obl"in"d in TFR di .cha rges [or thc abo~e initi ~1 

conditi'lOl. 

.:Ie<'tron <'yclorr"n hea t ;nlll,ower F,,·61.~ Gllz, t'i -.150 kll . (ab­

~<> r bed p", ... r '\, 1~Ukll fo r on,' Lransit through tbe pl~anln) applil'd with 

the reson~nce zon" c losp to tlw pluGa e<'nt"r, re - } C., and rh evol u tion 

o f the di~,hll r g" cal ... ,lat pd (fib . I). 

rh~ "1",,tron Letnl' " r ~t ur~ ut t he eentr.r ,i .es ve,·)" r~pidly to 

1900 "I' ( liT,. ::: 100 .. V). 1l0000'v.'r , on .. pay" for hClltinlf, the eherro"s i....,­

d;'''e l y, and th" oh .. ;.· harinK po .... r d"cr"3S~S s ubHanti ally. Y" r y little 

i n" h";,,i"l: i. ob~,·r~,.d due ,0 the dirf~renc~ ""tween the ~nerg~ 

<',"'fi n.· ... ·n( r;,..· r. '1.1 .~e,·. ,ond the .. Irctr"n-ion ",quilibradnn ti .... 

T "'I • )/, "'5"'· r <lr ',, :!:: 1"100 \:1', 3~ ca l~uht"J rr"", tbe S\1' tzH ror .. " la. The 

1' 10 ,,,,,\,, in Q lOt t h" ,·rnler uf l h" disch~ r l(" wirh Li .. e indi~at'" llo"L thr 

,·"rr,·nl rr"(iI" is strongly .ud if ied hy th .. he~ting, but on " .. uch longrr 

,; .. ,·.,·,,1, '· ""'par~d .. ith th"t (ur th" t~"'p .. rnturr. 
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A"""",r '·,H.· ron ~i,lr r.,d f". TFIt was with elereron ".,dotron hp,,­

I in); (,o", ·r "I'pr,",","ely ("I " at to tl ... initi,,1 ohmic h~ .. ~ting pow~r 

(Pn - )~O kll), The effcc t of the heat ing pove r (Pi-nO k\l, Fe" 1&.4 CHx. 

r ~ -9 . 4 CII) is shown in ng . 2. The elect r on te"peratu r e at the c~nter o f 

the pl asN rise, fro .. 1200 eV to 4200 eV f or a 201) mS Oe heating pu l s~ , while 

che ion tellpeu.tur ~ r" .... in. al1D05t unchanged. The ohlllic heating pover d~_ ­

Cr"ase. to l ess tha" 50 kl<. _0 that .ueh a discharge is r~ally doao;nated 

by external henin6. The abrupt decrease in the central Q after the henting 

ItOpS, .. ithour a di.srup tion of the discharge, .. ~y indica te that the huring 

shou ld diMinish Ove r several tens o f lIIilli leeunds when such large "",difiea­

tions of thc temperature and currellC profile "ccu r, 
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Fig, ~ - TFR - "0 '> Pi 320 kW, re - 9,1< ell 

f.le" t roll cyclntron hea.ing on T-IO (k -1 50eD,. -}6cD)haB aho 

been inve~tigated \l~ing HAKOKOT . This is p~rticul~rly relevant since T-IO 

il the on ly la q~p. toka .. ak whic h is atte .. pting to use th i s heati n g .. ethod 

(Pi ~ )~O kW, 85 Gilz, lOO .5"", pulse). 

For T-IO >li t h a t uroidal field at 30 kC, a plaslla cur renc of 

500 kA, ~ densi t y pro fi h N(r) - 5" IOU (1- (;)') and a giv"o i .. purity pro­

file. ~ Rtead~ .t~t" dischnrge >la, calcu l ated using MAKOKOT . Thc ohll i e hea­

Ling pawer in thi s di.charge WaR 7~O kll. the central ~Icctron r"mperatu r " 

ahout 1200 eV , and Q(a) - ),1 in r"a~o .. abl .. ngreell>Cnt vith parameter . ob t3i­

ned i n T-IO discha r g .. for th .. above initial cond itions , 

Tbe evolution of the di scharge with a heating power of 340 kll 

~'c ~ 7fo,~ GHz) n nd a rl!snnnnt surfac .. 10C'Hi!d at r~-14.1 ell , is ah",," in 

Fig . J. Then· is ~ .ign ilieant rise in both " Ieetron ("'Te ~ 200 eV) ~nd ion 

(ilT i ~ 160 "V) tC"I'Qratur~ . a~ will I a <I~crf!u ~ e in th~ Ohmic Ilencing pow"r 

fur a 100 .. ~ec pnls". [)u~ 1<> the Innll"r ,·onfinL...,nt ti .. e in T-IO (lE _ 3118 

.'ec for these pins .... condition,,) th~ ions 81.d dect r on t CKperalures ar .. 

c1n.c1y co"pled . The ri se in Q(r_O) indi"ac u t hal ~hl' lemper~ lurc ~nd ~"r­

rent prof ile5 arc also sigll ifica .. tly ,""""ifird, but that chI! current pro­

fill!s oaodi ficati on t "kt'5 place on a _ch longer ti ..... eale cDllpnrP<i to the 

tUlpernturc prnfil~ lI1odifi e3 tion, 
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It i~ w~11 k""''" thnr plcnron da n"t· h<·h~H da,;~; "" lly "itl> 

hard to h"at rr3nlpurt nod "nergy ~"nfin,·_", ri ... • i n ("k;r.""k rl"~I"'", This 

is t "ken into> , .. ·count in HAKOKOT by lIlu!tipl yinll .·10,' "',·{"tr"" h"H ."nd",·­

li~it}, diffusion {"""H i d .. "t in"id~ th .. Q_ I ~"rfac" by,. f:lnnr of 11 In 

a"eouAl f o r th,· eHer t o f Inw-tooth osr ill at ; nns .and nthl' r non- r\"ss i ,·,,1 ,.f~ 

! ~c ts. For the 5t""dy stat .. di"ch3rSes (.h,. taqo:" t 1,1".",,,s) <'OIIIputed by 

HAKOKOT l.he Q_I aurf3c" wu I "{",' t~cl "t D.O,~. TI"'A, ;L apl''''''·~ (h:Of 11", 

enhanr"d heat cond" r l ivity which ... istR i .. Ihi s r .. g i nn doe! nor prvv,·nt 

gni fi ~"nr m<><IifirMioo of ehe ,·utrent and re"p" r acur .. profil •••• For ,, 11 "f 

the ca.," sfudied th" reS nn3 l1L ." r fn<: ,· "aR ,n"icl,' tl". (! _ I , ,,rf,,~ .. . 
The r"fiults of the <' .... puter ~ i .... htion rl~nr l y oh"" tha t borh 

pl~s .. ~ h"nring n"cl profil~ control ~re po.~'h l~ w;,h .. I enro" ,·ydotrnn 

h,·nt ing. 

/1/ Yu. ~. I)tlESTIIOVSKII "t al . Sov, l'hY5, T~,'h. I'hys. , !, fo'll (1'1£04 ). 

121 HAKOKOT It"pore EUR-CFA'F(;-CISI ; Ellll - r.t:A-f"{:-612 (1971), 
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EMISSION AND TRANSMISSION MEASUREMENTS 
AT THE ELECTRON CYCLOTRON FREQUENCY ON TFR 

HR GROUP 

b.'1II I rI/ill U 11 rrUl/ ·I, I . I .'111 I I H ,. //1\ 

III '/Hu', '"'''''' ,/,. 1'1",;,/",· "". /'1".,,,,, I-I ,/.- I" /"",i .. " 1",,,,.;/,,· 
1.,·", ... ·01,-,1,,,/,,, \",·1,·",,,·, 

11"",.1'"",,/,. " . ". "~~I'" j't/ln.' 11 · 11 \ · iIIl-',I .. ' (,'U(III I 

liea.uremcnts of the e\e,,-non cyclonon cmissio" at the fundat!1en­
till fToquell"-Y and at the oecond harmonic have been 5u,,-c,,".ful ly u."d for 
measuring the time IInd space variations of the "l .. "tron temperature,/I/'21/3/ 

In this paper 10''' report measuremellts of the emission IInd transmis­
sion at the electron cyclolron frequency carried out on the TFR 600 tokOlOak . 
The experimental aTrange_nt consiots of a "et o( ["" opposite c;.cular 
horns positioned in the equatorial plane followed by oversize dr~ular wave­
guides ending in a micravave pobrimerer which divides the wave polarization 
in two perpendicular direction . A OIicro"a ve superheterodyne receiver wi th a 
single end broad band OIixer ha. been used and the Location of the emitting 
o r absorbing region has been selected by setting the value of th" local 05-

ci lIator frequency in the interval 113- 140 GHz . 

In order to obtain absolute values of the electron temperature an 
accurate calibration of the receiver over the total frcquency band has been 
carried out by using a caHbrat ed noise source emitting like a black body 
at a ·kn""n temperature. The overal L accuracy in the cal i br3tion is not 
bHter than 10 % li .. ited by the low frequency drift in the BIllpl;fier gain 
and in the source ~mi$Sion . 

A detailed study of the wave prop3&ation through the circular 
horns 3nd wav"guides h"s been also made to be sure that the polarization of 
the receiv"d radiation is not mod ified before reaching t he microwave pola­
rimeter. 

Polari zation measurements of the emitted ~adiati on ha"e been per­
f orm~d using the horn positioned in the high toroidal field side of the 
corus to avoid the ev~nes"ent region in the extraordinary mode propagation. 
It was found that. in agreement with the pI"evious result~ obtained on PLT . 
/31 the a .. aunt of che radiation is the sa .. e in the ardinary and extraordi­
nary lIIOde both emitting as a bl ack body at the local value of the ele"tron 
temperature Te. 

With the frequency or t he local oscillator fixed to select the 
emission in the plasma center a vertical scan of the cmission has beeo made 
by moving shot by Shot the receiving horn. The low B fieLd side horn was 
used and the ordinary polarization was selected . The results are shown in 
Fig. I. for one dimens i onal an tenna the output of the receiver is propor­

tional to P • kTe 1If(1 - e-T) ... here (¥-) . 250 MMz is the band of the recei -

ver and T 

.' 
T • n' ~ 

is the optical thickness for the ordi nary "",de given by 

w:, III kTe R 
(I - w;:) iiiC2 \; • ",here wp and "'c are the plasma and elecnon 

[t~4u~,,~y, R, LI,~ ou"jur r a di". and ~c t h e ..... velength of ch" ,"e ft ~"red fre­
quency. In Fig . I is also shown the radi"s ro for which T • I ce lculoted 
fr"", the electron density and temperature measuremen t s . For T > I (r < ro) 

it is expected th~t the measured po"er is proportional to the local eLectton 
temperature and that clearly appears from the 800d agreemen t with the Va­
lues of Te Obtained by laser Thomson scattering . For r > to' as the radius 
inc r eases to the limiter radius a - 20 cm , the temperature f rOll cyclotron 
e .. ission increasingly exceeds the expeued one . This result can be explai­
ned by wall refl ec tions of the radiation em itted at the s ame fr~quency (de­
fined by the receiver lo~al oscillator) by the hottest region of t~e plasma 
dominating the radiation emitted hy the peripileral (colder) region seen di­
rectly by the horn . 

This effect is more ~vidcnt in the results sho,," on Fig . 2. lIere 
t he limiter radiu~ was set at a - 17 cm and the densi t y was 1.& times le u 
than the previous case. The emission . ordinary polarized. was OIeasured 
along the major radius R by changi ng rhe frequency er the l(}cal o"cillat(}r 
.. nd vertically by m,wing the receiving horn up and down. The emission hori­
zcntal profile presenrs th .. ""pected feature of the Te profiLe decreasing 
Rlmost to ze r o at the limiter radi"s. Now rhe "al l reflec tions for r > ro 
(T < I) play", favourable role bringing the "miuion to the thermal leveL 
since P _ [ kTe<l - e-l ]/1 - ~e- l where ... is the wall reflectivity . Va­
lues or ... close to one are e"pected I~I for meta llic walls, thus the IIICasu­
red powe.r is still proportional to the m"ximum value of Te at the radius 
selected by the rece iver. Unh.rtunately the available measurements of Te by 
Thornson scattering arc nor a<:curat" enough to obtain by comparison with the 
emission da t e . a measured value of I). 

The vcr,ira! profile e"hibits the same feature as sh.,.", in Fig. I. 
Noce 'haT measured c·mission at r > a remains at a constant value which is 
dose 10 the 8ve . al\" pla~ma t~mp .. rature ill the I"egion r > ro. This can be 
eKp lain.,d cons idering that for '" ~ ro th" reab.orption of the radiatio" re­
[lected by the wal Ls is very efficient giving a small (negL i geable) contr i­
bu,i(}n to the rad"'tion col lected by the horn. 

With thp. •. ~me cnnditions of Fig. 2 a search has been made for tur­
bul~"t temperature flnnuations. The po ... e r sp~ctrum of the electron t empera­
ture signa I w"s ohserved to be f1 at in the 0-1 0 HHz region. Thi s can be e"­
plained",s follow, [or a rcceiver output voltage Vo (p r oportional t o the 
square root of the IX: output power POC' the time .weraged signal < Vo > is 

< Vo > " ,rPnC - 5G kT .~t "hen, S is the square la ... detector constan t, G the 
,"ec~iver ga in, b! ,he band ... id,h and kT the dectron temperatu r e plus recei­
Vcr noise t emperature . Assuming t he signal is ince~ted for t se"onds . thc 

R.'lS fluctuati<ln ,n the o utput i s IPNO ISE _ SG kT 1'1. Thus a h Lack body at 

tcmp"rature kT will have" flat no i se spectru .. ..,ich the magnitude of the 
fiuctuatiohs determined by the intep,'"~tion time of the receiver. 

This r ... sult is in con t rast to that observed On the PLT toka .. ak 
... here a non-flat spectrum was observed out to 0.4~ 11Hz. 151 

In ~omc cases a bruad p"ak wa~ found in the no i se spectrum at 
)0 MH7.. which ~orr,," pond" to clw ion cyclotron frequency for deuterium at 
40 kG. Thi~ feature is not well understood ",nd i~ being invest i gated in 
more dHnil. 

Tr"n&mi~sion bll'aSuHments for the ordinary m(}de po iari 7.a tion have 
hee n pnfur"",d hy two opposite horn in the equ.'torial plane in the direc­
tion p"'pendicul~T to the toroidal field . Refraction effects are found to 
be i.'port,,"t only if the peak d"n~ity is larger th~n S - 6 x 10 " cm-' . These 
ran be t~ken into 3<·COunt by measuring transmission through the plasma at 

a frequency at which tbe r"sonent layer is not present in the machine and 
cOMparin!', to the transmission measured ",ith the resonant layer present . Th,' 
results arc shown in Fig. 3 . Density and eLee-tron t emperature obtained by 
infrared laser interferOtlleter and Thomson· scattering have been used to cal ­
culate the normalized transmitted power at the frequency of interest 
PtlPi - e-T. The good sgreement between the calcu l Hed and directly m~asu­
red values of T is a good ch~ck o f the hot plas .... theory for cyclotron ab ­
sorption. It is also a further confirmation of the eXperimental results of 
the emiasion prev i ously presen t ed. 

Since high dire~tivity horns have be .. n used the transmission mea­
surements are independent er the ",all reflection. Then an accu r ate measu­
rement of T in the plums border Can be used to ob r ain a local value of T 
if the density profile is known. This can be of considerable interest ~ 
because of the lack of Te measuremen t in the plasma border ... here radiat i on 
and wall intersctions dominate the heat transfer. 
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~D H.E80NANT RF !lEATING IN TilE R...o~, STELLARATUR 

A; G. Kirov, L.F.Rouebko , A.V.Sukachov,E.A,Meleta,I,Ya.Kadysh 

~ukhUm1 Institute of Physics and Technology of the State 

CoJ:Ull.ittee on Utilization 01' Atomic &nars,.. Sukbum1, USSR 

JBSTRACT: The results on HF plasma beating ln the R-OM 
Stellarator uBiut'; WH.D resonance at tU L. Ws<: fr.;quenc l ss are 
presented. 

Experimental and thooretical Studies on additional HP 

heating of thermonuclear plasmaa u81~ plasffl8 column MKD OA­

cilIatione excited at w <. W Si frequenc i es are getting suf­

l'iciootly common at pres ent /1-9/. This m.ethod m8;f be conven­

tionally called as MHDR beating (MHD r esonance heating). As 

it follows from tbe theo~ 12·~/. the two r esonance situated 

close to each oth~r can be discerned within this frequency 

range: a locally excited shear Alfvon wave and a helical r eso­

nance, i.e. excitation of plasma column eigenmodes when the 

amplitudes of both fest magnctoacouetic wave and the Alfven 

weve are increasing in the plasma. Both of these resonancies 

occur provided W/ K, > CA for the p lasma centre. ;;)xperiment­

ally effective p lasma heating under above condition was found 

by U~ in the R-O device in 1966 11/. 

Far the r ecent years, inve3 tigations on efficient MHDR 

heating were carried out in toroidal devices R-02 IS / ,Prote­

-Cleo / 7 / and Hel1otron-D /8 /. AB distinct from the expe­

riments in the R-02 Stellarator (1 = 2) where the HP winding 

had a apatial m=-2, n = 6 etructul'e the HP winding in the 

R-oM Stellarator (1 =- 3) /10 / bas a m= 2 , LI '" 2 ono. The 

device parameters allowed, as in R-02 , to investigate the 

heating over tbe wide raoge parameters : Bo - I-8 kG:I; ..1-=-0,1_1, 

nl":={). 5 .IOI3_~.10I4cm-3 , W =- 2 . 5~106 and 5 ~I068-I. ~, He and 

Ar \fere used. HF generators allowed us to feed up to 1MWT 

(pulse duration 2,5 ma) into plasma and the HP field coul d 

be ei ther travelliDa ( t. Ill ,:!: n) or standing type. 

The f,oala of the experiments have been to investignte 

the h.,atiJ:l.ll; effiCiency both in Alfven and helical resonance 

l'egiollS , the IolHD stability of plasma wi t h the Ohmic current 

and without it , the plasma density and energy confinement 

durins the heating . 

During the ~xperiInent6 , the plasma density was meaaured 

by 2.3- mm microwave interfp.rometryl the ion tempera~lre by 

the Doppler broadenlno: of ion spectral lines and UF fields by 

maKDetic probes. The power ausorbed by the plasma and its di a­

mao-netic sibnal were det~rmined as well. Aa it follows from 

the Alfven r "snnance condition 

U)s<K/lC
Io

", B (n - rn..i..) 
RYIfTflirn( 

(1) 

ther .. exists some critical value of the magnetic :field 

and when it i R exceeded the Alfven resonance condition is not 

fulfilled anywhere within the pla:Jma. This faet is well dis­

.lJl~ed in the experiments when meas1ll'ing the hoating effici­

ency deneIldl<ncl:! upon thr< m8.l';netic f i eld ( Fip;.I, curve I). The 

field cri tical value at which the heating is stopped Ilas to 

increase on increasing the densi ty (curves 1,2). The Bcr de­

pendence upon the rotational trB01lfor.o and the frequency is 

illustrated by curves 1 , 3 \'there tSrowth of Bcrl'lith the frequ­

ency is compensated by the rotational transform decreBDe 

when the pressure is unch~ed. The pre~su re increase l ed to 

the essential growth of 8<r(curve 4) . On increasing the ion 

masses (Arl , the heating was initiated at lower initial dcn­

Rities . In the H2 discharge the heating took plaee at higher 

plasma densities. The criti cal field value rather well col~ 

cided quantitevly with that calculated from (I) . 

The HF field measurements within the plasma by magnetic 

probes showed the periodic structure. \Yhen Bo approaches to 

the critical field end the resonance point being sfiifted 

into the plasma, the internal magnetic probes registered a 

considerable growth of the HP field. In this region HF field 

Ilad radially travelling wave sttUcture. l'Iith the fields 1.5 -

_ 2 times lower than Bcr ' when the l 'esonant point had to 

shift toward the plasma boundary , all of t he 9robes within 

the plasma showed so~e increase of the HF field which we re­

late with the helical resonance . At t he sawe time there ap­

peared some increase in plasma neating (curve 3. Fig . I) . 

The plasma en~rgy against th~ SF f ield grew faster than 
-, B" which evidently indicates the existence of additional 

nonlinear d1s~ i pation mechanisms at large ampli tudes of the 

HF field. With the BY fields at the plasma boundary lOO-15OGs, 

tbe HP power absorption reached 10-20 Wt/cm3 within the ~laema 

The plasma energy content reached 6.I015eV/cm3 and wae close 

to tbe 11m1tinR equilibrium value. The maximum ion temperature 

in He measured by broadening of impurity lines waa 100-120 eV 

which was close to the diamagnetic temperature. 

The ch~e in the HP field rotation direction did not 

result in a considerable variation of heati~~ Afficiency. 

HoweVer when the wave ie rotated in the direction of the 

electron diamagnetic drift, low frequency oacillatioua and 

an increased density decay took place . With the HF field 

switched on the olasma column stability was considerably im­

proved and the o~c current ~rew 2 or 3 times indicating 

the electron temperature 

increase. In optimum 

regimes ~tb H2 the ener­

gy life time wa~ about 

401"s that was close to 

the pseudo- classical time 

(Bo'"7kGs ,a=3. Scm , ..i .. O, 5). 
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of Sciences , Kharkov . USSR 

ABSTRACT 

This experimental study haB been carried out to ge t El better 
insight of the toroidel plasma production and heating condi­
tione by employing the RP- method within tbe t.J:6 w •• frequency 
range. This hee been accomplished by applying various RP power 
i nput systems. Aa e result, slot type antennae have been clearly 
demonstrated to Buit heat for the purpose of El lugh-level RP 
power input into plasma . A1ao, the dense toroidal pl asma was 
shown to ge t l?roduced only when Ion Cyclotron Waves (ACW) and 
Alfven ','ISV6S (A\'I) are being inten6ively launched. 

11l'mODUC"I'lONI Ioiany an experiment on the RP plasma heating wi t hin 
the frequency range of iOn~cyclotron order of (tJ- Wr/) that 
we nave previously performed on tbe mirror dSvices[1 , 21 ' also 
la ter on the toroidal onea fJ,41 ,demonstrated the feae bility 
of plaema he(lting by ~ay of the Fast Magnetosonio WsveB (PII5IV). 
Ion_Cycl otron "Naves (ICIl) and Alfvan Waves (AI~). The same expe­
riments have proven the effecti veness of the RP plasma producing 
method. and this i s of vitol importance for a better look into 
plasma confinement process in stellarstors under currentlsaa 
conditions. The present paper gi ves the results of the experimen­
tal etudy of the RP power input efficiency by menns of various 
exoiters . and it also looke into the toroidal plasma producing 
fac tors under IC~I and AW exci ting condi ti ons ae Vlell as t hose 
of pl asma beating by the above wavee. Besides , we have also i nves­
tigated t he influence of the impuri ty accumulation on the RP 
heatin process . The ab ove research has been performed on tbe 
Omega toroidal device [4] and on the Uragan- 2 l-J ahllarator[J 1 
RESULTS AND DISCUSSION : Por experimental inves tigation of pl as-
ma production and wave ceneration in the vic ini ty of the ion­
cyclotron frequency the RP power wae put in through the medium 
of the low- impedanca elot- type wava launchin,s struoture (WLS) 
(Fig.1). Experiments have ohown that , voltaga in the wave laun­
cher not exceediIl8 U % 20kV , the RP power feed-in is liable to 
reec h the level of 1'.f~::::1.J Mil (an tenna efficienoy 60 %). Pig.2 
ehowe the time relations of plasma denei ty n~and transversal ion 
energy "{j' generated by trea ting the diamagnetic eignal on the 
assumption that the main contributora to 117;. are ions. The trans­
versal ion energy at the initial phase of RP discharge was of 
considerable magnitude (several keY) and that wae indicative ot 

Fig.1. Uragan-2 RP experiment : 
1-S10t Q'LS; 5- Prame l'iLS ; 
2,7- Diamagnetic probeei 
J ,6- RP magnetic probee; 
4~ ~l1crowave interferometer(}I*Q&l 

" . 
.­. 

Pig . 2 . The time behaVior of 
RP plasma transvereal ener­
gy T~ and ite deneity 11~ 
(hydrogen goe . p. .2"10'r~u, 
8.14.J kOe,n .0 .95, I = 
.. 20.8 hillz , slot antenna). 

the poaaible neutral (hydrogen) gas ionization by high energy 
ions. Aeide f rom usi ng the shortlength ICA' (k~o_1) the effec~ 
tive plaema heating con be brought abcut by aither (1 longwave 
(k. Q"..:. 1) FIJSVI [4] or ion~ionhybride resonance [ 5 1. And alac per­
epective may ~rove the inhomoceneous plaema heat!ng methods 
uoing the AW [6,7( . I"le have carried out a oeries of experiments 
in order to inves igate the plasma producing conditions. ae 
v/ell ao those of Vlaves exci tement and absorption in the alfven 
froQuB!1cy range. 'I.'he RP power input 1'1'09 effected by dint of a 
quadripolar frame l aunching structure Which bad been placed 
i neide t he vacuum c hamberwi thout insulation [J 1 (Pig.l.). 

Fig.J. Tranoversal component 
longi tu!Unal epeotra 
of the R~magnetic field , 
generated by elot{a) and 
framr (bl antennas 
(P¥H.O .• )\ and alfven 
reeonance ines in the 
( nt ,)." ) coordinates . 

Ae a matter of fact, a discrete number of longitudinal wave 
modeo ~ • • Lln io excited in the toroidal plasma reeonator, 
where L ls t he torue axial length ( for the Uragan- 2 I~10J5 cm) 
and n is the mod e number. The relative amplitude ot each mode 
depends on structural peculiarities of wave launchers and~ con­
oequently, on the epectral characteristice of the RP fiela 
which they radiate inwarda (Fig . J). 'rhia spectral variation of 
Lhe RP field is a predeterminig factor fo r range vsriability 
( along the longitudinal magnetic field) of the RF plaema pro­
dUction (Fig. 4 5). 'l.'he analysis resul ted in the reetriction of 
officaciouo ionizntion end achieved level of lagh density plasma 
( I7c~4.1O'· ... 10 1J cm-J ) to the regimes of IC\'/ and A\'I effic tent 
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excitement. That occurs only when a local altven wove resonance 
i e existent in plsema for A~ values of considerable spectral in ­
tenai ty. 

j 
1 
". 

.' .. 
, 4 
, . 

Pi g.4. The RP tcroidal plasma 
producing method involving the 
ese of slot Wf.,S under the con­
di tions of ICWexcitement, where 
B. i s wave field amplitude at 
plaama's center ( Qz6.8 cm). 

PiC.5 . The RP method for to­
roidal plasma production 
uoing frame antenna i n the 
AW excitement regime , wharC"l n, is wave fie l d amplitude in 
t he proximity of plaama ' s 
border-line( '2 -: 6 cm). 

AW, wbile propagating inside the plasma from tbe re s onance 
affected ar ea. damps due to CherenkOV distant electron abeorp­
tion d Z <'" a • where a ie pl asma radiue and 

~<- q('"·Py',,..a)" (V •• ~ S.) 
However, the A~I packet has ample time to make aeveral revolutions 
r ound the torus before covering this distance along the radius . 
Those revolutions number : )Y. 

M ,(1l,~ Q' J ~-". j 
' 1' '''''. \E:"j? --

This hap pens becauaa there exist'e a great difference betwe en AW 
r adial and longitudinal eroup velocities. This fact givee us the 
reaeon why AW pr opaga te well around the torua and ara launched 
without hindrancs (ae is the case with our experiments) by the 
l imited range antenna despite a heavy aboorption . 'l.'hat is why the 
sntennae do not necessarily surround the entire torue to excite 
them. 

The emerging of the impurities in plasma and the decreasing 
densi ty of I'ilsonant i ons during the RP pulse final phase, this 
all l eeds to aevere restrictions in the RP heating mathods em­
ployment (Pig.6.). And the interferometrical measurements of the 
electron concentrati on indicate its growth at that. Non-linear 
phenOmena may occ ur in plasma when amBIl-(or sven medium-) sized 
devices are used for RP experiments . Those phenomena tend to check 
the RP heating on account of an energy releaee on plasma ' s peri­
phery with ensuing plasma contttmination and cooling down by im­
purities influx frOID tha walls . 

~
- ~ .. ,~ -. ~ .. 

'"-

. -
j
"~ -' , 

~
;::.. 

.. ,~ .. 
.., "'z .. ~" 

Pig.6. The influence of nOn~reBOnant iona 
concentration incr ease on tha RP power 
absorbed i n plasma: 
Q - lCW power absorp tion ~n the Oh=ic pl aBmQ 
at the l-st and the 2-nd t:IB from the begin­
ning of RP discharge. 
b - eame for ourrentless plasma • 

CONCLUSIONS, Thus, the ree ear ch under consi­
deration hes cl early demonstrated that, gi ven 
the right choice of parameters ( wavel ength 
spectrum of the WLS, confining magnetic field 
etrength , RP generator power level and fre­
quency range), both , the denee currentlese 
plasma produc t ion under the conditions of --:-\......,.....,~ 

lCW and AW in tensive exoi tement , as well as 
ita heating. are quite poseible. To serve these purposea t he low 
impedance slot Ins helps r eeolve the :problem of the isulator 
eleotric reliability of a high level (~1 /llI) RP power input nodee 
as wel l BS uee the slots i n the chamber ' s first wall as radiating 
antenna8 • 
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AP10 
STOCilASTIC ION IIEATTNG BY AN ELECTROSTATtC WAVE IN ,\ SHEARW HA.GNETlC nELD 

'i. CELL:t .",d R. NAKACH 

ASSOCIATION EW?ATO/.!- CEA 
D"-).l<VLtCllIC.~t de Pr.!I~_i.qu. c du PiMma et de la FMioOl CmWtiitee 

Seitvice IGu - Cc.ttlLe d' E1:uriC1> N[[c.Ha.(Jl-V> 
85 X - 3B041 GRWOBLE CfI)EX I Fltal1(:tl 
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The hot ion tail iu the ion velocity distribution observed in 

lower- hybrid heating eKperiments I has motivated lately a conside rabl e alll<lunt 

of research interest in the mech""islll responsible for its formation. Special 

attention "'as given to rhe possibility that scochastic acceleration of ions 

due to elecnostatic waves propagatinr. in the plasma may play an important 

role in this u ne"pected and "n .. anted strong heating or a selective part of 

the ion population. Considering r.f . elecnostatic waves propagating in the 

phs"", perpendicularly to the homogeneous magnetic field, Fukuyama et al.
2

, 

and Karney and Bers) have deOlOnstrated the I"'ssibility of stochastic ion 

heating due to IIOnl;ne"r reSonanCeS between the mo tion in the dectro~tatic 

wav" and cyclotron oscillations. 

However, present day experiments make it difficult to estimate the 

significance of this heating mechanism when compared with other mechanisms 

which ,might lead to the same phenomervn. A first step in understanding and 

conscquently in preventing this undesired effect could be the isolation of 

an external physical parameter which would affect differently the heating 

process accordingly to which mechanism is operating . The purpose of this 

paper is to suggest the shear of the magnetic field as a I"'ssible candidate 

for the above mentioned role. Sp~dfically, ""e sho"" that magnetic shear 

effects may be rather important in the stochastic heating process, .... hile as 

pointed out by Berger et al.~, they shoul~ oot be of great significance 

in heating effects due to parametric instabilities. Thus, evidence for the 

dependence of the heating process on the shear parameter should serve as 

a consistency indicator for the ope~ation of the stochastic heating mecha-

nism. 

We consider the motion of an ion in the presence nr an el ectr"s­

tatic ",ave with frequency in the l(}"er-hybrid range E cos(kV-.ut)e and a 
_.. 0 y 

8heare~ !O<lgnetic field B" (e
z 

.. XIL. e
y

) where L. is the shea~ length . 

Norm.~li~ing time t o 0- 1 (0 - eB,,/m
i

) and lengths to k-
I 

.... e find the equations 

of mo ti on . 

Y _ a cos (V -Vl) - X '" 
where a - (kLs)-1 is the shear parameter, !l - <,-Eok/mill', v"",/n and U

o 
is 

nonnali~ed constant of integration representing the Z component of the velo­

city at the plane X - O. 

In order to study the l ong time behavior of this system, ",e intro­

duce act i on-angle variables (li' fli)( i - 1, 2) . A sequence of canonical trans­

format i ons leads to the following Hamiltonian 

il.! - X - (Y-Vl) and J
m 

is a lIessel function of order m. 

By using this Ilamiltonian "C proceed to investigate the condition for onset 

of stoch.1sticity, ""hich is usually considered to be resulting from the over­

l apping "f adjacent resonances. Quantitatively, this condition is expressed 

by the folluwing ine'I,,"lity 
h.l(n)+ l\j~(n- I) 

T - 2/i", }:J I 0' 

... hen' h,(n) and f:J~(n- l) are the "idths of the "n" and "(u-I)" reSonance" 

respectively, and &. is the distance in frequency between t hem. In o ~der to 

esti"~.t" a quantity as,oeiated ",ith a "n" reSOnan"~ .... e as"ume that this 

reSonance i~ isolated which "mounts to keep in the infinite SUI'I of the 

Hamiltonian (2) only the ,,,rm corresronrling to the in t eger n. Consequently, 

associated •• tth " "n" isolated t here e xi sts an adiabatic invariant 

'" - '2 + ~ .... hich c.~n he used to reduce the syste" to a Hamiltonian 'yste .. 

wi th on" dcgTe e of freedom. 

In our case , ""~ find for the stochasdcity criterion the followin(/; 

inequal iey 

2u l /2n(n-l- 4 1 ) [1/2 1/2

J 
T . 20 [y<n)J {I (n»l + [y(n-I)J (I (n-I»J 

v - I ((\u +4 + ,13'[') n $s ~ n-I $ s 
20 0 2" 20 (~) 

.... heTe y (~~ th e nonlinc"rity parameter a"J is give" by 

p, 81 4 I (0) 4 I' 
y (o) " , n" + I~ ' (I _ ~ +~ ~) 

n' n n~ n' 

Nhere I
20 

represents the initial value of the action 1
20 

and I~~)is the 

value of the action 11 corresponding to the l ocation of the ell i ptic singu­

I.n point ns"ociated .... ith the "n" reSOnance. 

It should be stressed that this criterion is a non rigourous onc , 

simplifying a rather ~omplicated process by emphasizing the overlapping of 

primary resonances , neglecting correlations among resonances and secondary 

effects. The approximate nature of the criterion is apparent ... hen conside­

ring """,11 values of 6 . Within these limitations we can predict the thres­

hold value of Cl. for onset of stochasticity and proceed to compare it .. ith 

the numerical solution of the equations of motion for various init i al con­

ditions and different values of the relevant parameters. IJsing the ... ell 

known cross section of surface method, fixing the cross p l ane by the con­

dition 6
1 

• TI/2 "e have s tud ied the different patterns of the traj ectories 

crossing points of the cut plaoe. From the theoretical analysis . as well as 

from the numerical solutions of the equations of motion, it turns out that 

the effect of shear is to reduce the threshold for stocha.ticity. 

tn order to investigate the I"'ssible hot tail structure in the 

ion velocity distribution. we translate the distribution of the cros sing 

point. into a panicle ve locity distribution by averaging in time over many 

cyclotron orbits the I"'sition of the particle. in the velocity space. OIe have 

considered the distribution in velocity resulting from stochastic accelera­

tion of 10 particles having th~ same ini.ti.,l velocity (1
10 

- 450 , 1
20 

_ 0) 

but different phases (821 for various values of B fi xing <I _ 10. The avera ­

ging procedure has been performed over about 1300 cyclotron "rbiu starti "g 

after the first BOO crossings . Normalized distribution functions fo r repre­

sentative values of <I a nd 1\ a r e g iven in figu~c I. in this figure .... e see a 

pronounced cail in the d;~trib"tion fonction depending ho",ever on B. As can 

be Seen the effect of increasing the shear is to shift the tail towards 

lo .... er velocity range and an opposite effect results from increasing t he a .... 

plitude of electrostatic wave . 

Considering t ypical plasma parameters 8
0

. 10 kG, Ti - lkeV, k a
i 

_ I , 

w~ have a _ ailLs' a
i 

heing the gyroradius of the ions , ,:e find that for 

.heatlengths Ls less than _ 90 a
i 

the ~ffect of shea r on the stochascic 

process is nuticeable. We conclude that inherently as~ociated with the sto­

chaseic heating process is a formation of a hot tail in th~ ion velocity 

di~tribution . NoreovcT, it turns out that the shear of the magnetic field 

might provide an eff ic ient mean to indicate ""hether the "tochastic heating 

mec\wnism is operating. \/e find unexpectandly that the shear by shifting 

the tail to lo .... e~ values of velocity can diminish tbe dam3ging effect o f 

the ion tail fOTOultion phenomenon to the RF heating process by lower-hybrid 
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nGUIlE CAPTION . 

~ - The ."""taged velocity distribut ion in arb i trary units of ten par­

ticles st,, ~ting .... ith identical values of r (r _)O) and evenly distributed in 

phase 6
2 

; 0 - 10 ; V - 30.23, I
20

-u
o 

• 0, B
l
- TI/2 for different values of 

6 (0.000 . 0.015 . 0.03) . The averaging is performed ovcr ab"ut 1300 cyclotron 

orbits starting after the first 800 cro.~ings each cu r ve is IIOrmali~e d by 

setting its max imum value equal to I. 
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LOWER. HYlIRID EXP[RlKEHTS IN nlE PETUl.A TOKAMIJ( 

PET1ILA GROUP + 

ASSOClAnOU EURATOU-CEA 
OlpaMe.n!.nt dft Phyb.tque. du Pl46ftl t..t dft 111 FUAun C.;m.fJtOlh. 

S(!It.vic.e. tGn - CVtlAe d' EtudM Nuclla.l.-\u 
.S X - 3.041 ~/<IJ61E C[OEX I FMUlCtI 

the prennt paper duI. .nth the application o f high RF po".r near 

the t oOler hybrid CUI) fuquenc:, t o a Tolla/ll.Ok discharge. A double wav!!!S",id .. 

grill antenna has been und to launch ~ 1.25 GIIz-500kW-6 1U RF pull" in 

PETUl.A. Ona ot the objectiv .. o f thi . study is to invenigate the """h""lo­

,ieal probleme "nodated with LU heat i ng and caused by the hi811 level of 

RF power involved. Two IISp8cts have been carefully studied: grill conditio­

ning and grill "nuptinlJ' The latter i. orrcngly dependent on the acr a pe-off 

layer of tha PETULA pl .... a IInd the observations are p068ibly not signifieant. 

The fo .... er upect ttmugh not uAlly understood is probably to ba expected 

in other UI experilHnu . PI .. "", exp~riment~ have been carried out with a 

wida r ange of electron den.ity 2. <ne axie < 8.IOl)clI-) in both hydrogen 

and deuteriUQ. For hydrogen thi . ello ... theoretically li""ar IIIOde conversion 

to t ake plllce in the discharge. Although so ... hea ting has been observed, the 

axped .. nu are not , 11. yet, very "onclusive. The a"cual U puhe duration 

i. hardly hrger than the ion energy confine.ent tt-, and the rsdid pi .... 

dilphceHnt cauud by tha RF i e not feedba"k controlled. Tha ... in dilChl r ae 

par_cera were the foltow ina :pl ...... radius 14 Cl. toroidal .agnetic field 

21 kG. pi ..... current 75 kA, l oop vol tsge 1.6 V, leff ~ 2., 800 !..Te(o)~ II000V. 

200 sTfo)~ )SO eV. 

1 - GRILL BEHAVIOUR "T HIGH RP POWER. 

In P£TULA the RF power ia delivered ta the grill rhrough a double 

"indow vatUUIII pUQpf!d "aveguide. Experiments wich grill. af different width. 

have been .uccelSfulty perfonlOl!d to launch transmitted U power densitiel 

up to 10 kW/cm 2 • How.ver po"er traMminion is only obtained once the gdll 

i . properly conditioned. Correlation betwe"n the incident pnd the reflecced 

RP power clearly shows that arcing occurs during a conditinning period in 

two diHinct phlSes (i) the cleaning of the vscuum pumped waveguid., 

(ii) the cluning of th e grill e xtremity . U the machin~ has been opened 

to the atmo. phere the t>lO cleaning I'hllSU are required. Even if the Nchine 

ha. bu·n kept under vacuum but not oper3ted for a bw day. , Btill th. I8cond 

ph .... i. required. 

"",e RI' network i. duigned to .. easure the natural plum. reflec­

tion coefficient vithout a ""'tching myHe .. . The reflection coefficient beha­

viour verau' RI' power .nd RF phase f RF between tbe two waveguide. hu be"n 

""ten.ively .tudi . d. The first grill ("aveguide width ].55 c., toul ar .. 

11 1 c.2
) behlves .. previously I 11 with 100 liS RF puhe , i.e., the reflec­

tion coeHid.nt with +U ... decr .... lses a. the power incre •• u a t l ow power 

it tit. the Brambilla ' . theory 121 and aC 'j.(IO kW (4 kW/c.2) it i . quite 1 .... 11. 

We then tri.d .nother grill (v _ 1.8 t>I.. total area 40 Cl
2). The reflectioll 

coeCficient is nitl bitter with ~ RI''''' dun ,.,y other RF phase as . hown on Fig. I. 

but it incrlUes with increasina pover. The _in difference with the first 

grill i . the transmitted power density .... ich is close to 10 kW/cm 2 Cor 500kW. 

All our obu r vations could be . ....... rized in the following "ay It low pover 

den. ity (~ I kW/cm2) the reflection coe Hicient is described by the theory 

12/,at intennediate power den.ity ( ~ 4 kW/c.,2) it has a minim .... , at larger 

power den. i ti lS it increases. Th i s behaviour does not depend on either th" 

pluma apoeie. (11
2 

or 02) or the plasma denaity. We do observe a minimlll!l 

r eflecti on when mouif\i the grill radtally (about I COl back to the limitelr 

radius) . 

2 - PLASMo'. II£ATING EFFECTS. 

Ho. t eltperiment. wl!re run with the w - 1.8 cm grill which ha- the 

following '}, lpec tr.... 12 Z of transmitted RI' pawer P
RFt 

for '},< I .] (.cces-

. ibi.!ity), 86 % of P
RFt 

for 1.1 < '}, < 8 . (Flat Nil .pectrun) ..... in othn 

I..H experiJDcntl , • dlnsity increase whose o rigin ie not yet fully undentood 

il triggered by ~he RI' pul.e. The initial elec tro n den.ity incra .. e IClles 

with PRFt' IIP
RFt 

llne/llt = &.IO\ .. -J /J . Thi s scale factor i. lower chan thlt 

oburved in WEGA 13/. Ue r e ne i. the line averaged electron den.ity. Th , 

tOtal denelty incr .... e doe. DOt d"pend upon ne for a "iven P
RFt

. We. al.o 

observe. fait i o n tail durina the RF pul s e tha t .. ku ' .. pallible .ny ... a­

lure_nt of the eentral ion temperature Ti (0) iroal our pe rpendi cular ch'rg. 

exchangl neutflll analyzer. Snong Us (or DS) line intens ity vadation ..... -

.ured at diCferent polition. , upedally in front of the grill, l ugg"'t 

import.nt ItF ionization at the edge of the diacharge of the ato ... enhanced 

by outH.saing fro .. the grill and the wails. This may explain the. di.crepan­

c~ beltw.e" the cent r al electron denli ty neaxis measured hy Thomson .ca tte­

rt,ng and ne. pig. 2 .how. the t i me evolutions of diffe r encaa with and without 

RP of the following parameters HS intensity in front of th" grill, ne ' 

radial diapl"co!fti!nt Or' P
RFt

, and Ti (o) from neutral analysis. !luring the 

RI' pu l ", no .... jor i mpurity conta.ination i e observed. Re lative ovt .nd C IV 

line intenlity variuions follow t""ghly th. raht ive n. ti ... evolution. The 

pia ..... current remain.! constant .. hereas the loop voltlse ehange, only .ligh­

t1y (~ 20 I). The raw ion t.-:.-perature d ", ~!i{O) ~; found co Ht. PRF/n, 

.ealing for ~;dr~~n data , ne llTi(o)::: 2.10 "Y.cm at PRFt·)5O ~W, over 

I. t o 5.10 cm n range. Deuteri"" data ob t .ined over a .... Iler n ranga . . 
are rlther e i . i l~r. The c~~tr~~ electron t .... pera~ure increase llTe.(O) i, 

abou t ZOO IV U nl! - 2.10 CII\ and follow, a lIne Ic.lins law III given by 

ThOlll eon .c.ttering and anft X-ray Inalyl il. The Te profile tend. to peak and 

re}axu to the initi"l profile after the RF pulle. Pre.ent experi .... ntl do 

not altow u' to conclude much about huting &f fecu. The fact that the U 

pulse duration i e less or abou t the ion energy confinement tilll! On axi. , 

and the lack ol data i n the outer region of the di.charge make it difficult 

to utablish a total power balance with RI'. 

) - CONCLUSION. 

We have demon9trated that high RI' po"er density up to 10 kW/c .. l 

c.n be coupled to a Tokamak u sing a grill-type antenna. lIowevlr the p<:lwer 

dependence of the coupling i, not explained by the present theory. The re­

.ulu in PETULA .. ould suggut thet if no RF IUtchl ng network il used, it 

i. nece ... ry to limit the RI' power denaity to a few kW/cm2 to minimiu the 

reflection coefficient. Shore RI' puhe UI experimenu ara not conclusive 

in te ..... of RI' heating. More . ignifie.nt h.ating uperiments .re under pre­

paration. It 10nfll!f RI' pulse will be used and the pili .... di.chuge I quili­

bri .... during R.P. vill be controlled to reduca the radial di.place .... nt. 

REFERENCES • 

I11 - C.M . SINGH e t ai, Pro<:. ]rd Top. Conl. R.F. PI. Heu. , paper 83 (197g). 

121 - H. BRAH81LLA , Nud. FUL~, 47 (1976). 

III - H.D. PACHER et al . Proc. VU th Conf. Innsbruck, Vol. t, 97 (1979). 

+ E..:.....!!E::!. R. BARDET , M. 8ERNARO, P. BRIAIID, C. BRIFFOD, M. CLEMENT, L. DUPAS, 

A. CAUTHIER, S.N. GOLOVATO , M. CREGOr~ P. CRELOT, M. HESSE, R. LECItRDELJR, 

D. PINET, E . PORROT. C.M. SINGII, C. REY, B. TAQUET, J. WEISSE. S. ZYMo'.NSKl. 

AD, 
[cm] 

2 

,0 

0 
0 

... ., 
~ 

.5 

60 

,., , d • • 1£ 
~ •. y 
,. " 

'" ,po 

.' 
,~ 

>00 

Fig. 

Fig. 

00 

, . ..... . ... 
'" 

, .. , 
• .. ..... ~ .. ~1 .. • 

• •• o.V ........ 100 

Ptak RF inci<!.nl powtf (kW) 

6lia 
I.V) 

AHft 
[a.u.] 

200 .2 

100 

21 



22 
AP13 

THEORETI CAL AriD EXPERIMENTAL RESULTS ON THE COLPLEO 
RESISTIVE_,/ION TE i"PERIIJURE GR ADIE NT INSTABILITYTY 

J G Cords), . T Edl1nr;ton . W H W Fletcher, E 11 Jon05 , A C Rivie.-a 
and 0 F H St art 

Culh<PI Lebor lltory . Abln&don . Oxon, OX14 3OB. ur, 
Jfu.lla.to.r/ UKAEA FIU.iO Il M 4oc.i4.tionJ 

ABSTRACT It 1s s hown th.!l t Sit e" .. 1n t lln ma&neUc fie l d eoupln t he 
~e·& mode and ion t smpo r ll t llrG I:.ed lent instl!b l l1t1aB to f onn 11 d ngl " 
strong l y Irow1nl: n>Ode . For DIOr_ton "pproprll1ta to thoe (ulh"", le.,ltron 
axperi ..... nt the ca lculated mode s tructure h dOflltnetod by HI res1stive-s 
na t ure confirming the p r eviOUS Identifl""Uon of the observed low frequency 
flu ctulltionl . The f requent:y . Crowth rtlt .. Md diffusion coaffldent (y/k2 ) 
e rl! compe r ed with the BXoa .. i man t a l results . l ne sCil l1nB o f diffusion wit h 
co ll151o""11t y appsll r s t o be f lls t er t h" ... p r edlcted . 

INmCOJeTIDN Rl!cent eKperimants on t he Cu l lwn L.vitron [l ] hova shown thot 

low frequency . ( .. <", . 1 long wilvlllllngth ("~ei« 11 fluctulIUans II r l! .... sponsible 

fo r the d i ffusion 1n strongl y col115ionlll plesmes . Or iK i nillly t hltse fluctu­

etions WilU t hought to be d r ift wevltS bu t th i s seems unlikely since ( .. ) 

coll isi onsl d rift .... ves "nI "tabl e in s.lllb ' ....... try [2] . wnlch is the eppro­

pr ill t e geometry fo r these low m-.-ber "",ol!s [l J end {bJ the long weve length 

19 no t e drift wave cher ec t e r h ti c . Two insteblli t1e5 which do hllve tho 

r i ll.h t cna r ectBr isticil e r e the nI shtive-g ",nd ion temper eturo I:ra dlent 

i ns t llbilit1lls ( sl!e ... f.l1 . These instab ilities IInI similar. nIlluirin, k~ai<l 

IInd havin& 11<1 "" > Reel "". TIlII major d i ffarence betwl!en tlUInI 19 t hat the 

eloctrons beh!lvl! IId illblltiCll lly ( kfl ve
1<wye ) in the r e sistive-& i n9 teb i l1 t y. 

and i so t hermally ktl Ve
2

>I;N " in thB ion tempe r llture &radion t ins t llbiU ty . 

I n .. Shellred "",gnetic field . the parll110 1 W/lve vecto r of 1IIOd85 wnich lire 

c .mtrlld IIbout e mode r ationll l su r fllce dl!p.mds on too r ildill! d i s tance X frafl 

the mode centrl!) kil o ky KILS ' For such modes t he e l ect r on behaviour in 

the inner ro& l on near the mode c ... ntre 1 s adillDatic whi lH in t he ou t er reKion 

(K > ..G"eLs/kyVe l the electn m s behove i s otherrMlly . Thus the question 

a r i ses liS to whll t he r there li re two npar llto unstable lOOd ... s. one having the 

c her"cte r of " ro sist l ve-g mod ll' and thl! othllr " tgn'lflo r a t ure Kr<KI ient ins t ab­

i li t y. o r whether there is j ust one uns t " ble mild ... . Ely nLmer l ca lly solving 

tha f u ll r<KI i 81 e1genvlllue p~blem it 1 5 shown thot t ho mod8B coupl ... tClcat­

ho r to fo"" a single strona l y growina mode. 

THEORY The differ ... ntial equ"Uon describi n& low fr equs ncy elec trostllt1~ 

1"St llb1l1tl85 csn be ob t ained from t he t ...... flu i d D J equ8tions .. s s hown by 

Harton IInd VII ........ [4] end 15 written i n t h .. form 

p"Z ~t_ • (C • R ° SI + _ D 
1 a ~ 2 '" 

.,hu r a the f unc t ion m P. Il . R "n r1 ~ IIrR r1RHnAr1 tn ref.15). Eou", tion {11 wlls 

BOlved by " s t llnda rd shooting t"'ctniquo . The depend llnca on m81notic fie l d 

CU""8tu r e 18 given 

in Fig . l . For %lira 

Vt/W .. 

rrl Ls 
'T)i ,,1 

.-

:: 100 . 0·0' 
• T(;: =0 

cur va ture the mode 

11 pu r e l y the t emp­

IIrlltura g r ildient 

ins t llbility . As 

(r/Rc l Is 1n~reaaed 

Idesteb1l151n&) the 

growth rllte i ncrea .... s 

d r lllMtic" l1y untU 

lO t the ond o f the 

r"nga t he moda is 

relisUve - g in ctvor­

act ... r. Thll effect 

o f lhellr o n the 

_0'\.,----_;;OO.OU5'--CO!----.,OO.OU5'--"O.1 f'1Isi s tive - g mode is 

Curvature rnlRc 

~ e nti" l fluc t u"Uons were 

_",suNti l ] in t he Culhem 
~ 

Levitron experiment IRolkm. ~ 

IR~~'0~. IT-SSkA , nlOll l!l 

10 cm _s o TeIOl~~V 8nd 

P
t1e

- 10 torr, Ls EIr/I
R

). 

Low f r "'1uency {LF J waves 

(f~ 1 5kH~ . kll~O . OJI are 

seen on t he outer oend t y 

cradien t wllere Q'B . 111'>0 Dut 

not on the inner dsnsity 

'0 

2 5 

snown i n H Il .2. For 

10 20 
L slrn 

v~/w. =1 

l = 0 
( = 1 

50 '00 

(a) 

.4 

• 
.2 100 

(b) 

• r-.... 0 

a func tion o f 

~exP I T s now th" t 

the I F WIIV.S 

sre s trong l y 

dempud et 

I 
" 0 0'" larg ... IT a nd 

6" \ Y 002 li r e 10ca 11sed 
.; ' a \ \""k! " on modo r " t -

" 10n lll su r -

OL-2----"3----'04f- f aces [1] . As 

DISTANCE FROM RING (CM) I T i nc rsases 

Fig.J(a) RndiaL profile oflllDde a!l!f'Litl.dO, /1<+>/1<1'0. ("pen changlls I n rn 
o-L!'Cles) oomp:fl'ed with e;111 t"eo""tioa~ gl'O:.Ith ,'<lte r/"' •. 
(b) Hm1ia~ pl'OfU" oJ' ":rrcrin"",tal diff!<l,wn L'Ooffieief:t, mUlln t ha t 
[)/lXP' (open oil'tlL.w) eompm'l1d with tile q"aei- U'loGl' 118timo to . r / Ls is a 

sl ..... ly vllrying funct ion wherells t he curv"ture par _ter . r n/Rc' decro" s .. , 

sign1fic""tly. ThII strong danp i ng of the ltOde with IT i s thoulht to bY due 

to t h i " change in lOu r vatu r e .. " well as to shear shbil1sa t1on _ Th .. p" r Uc l e 

f1uK . r . c<! l ~ulatlld from t he n. T profiles . ls u"ed to o b t " i n a 10c ,,1 

diffusio n cOllffici ..... t. 08Kp·r IVn . "re was f ou",I [1] thllt 0exp/Oclllss" [IT/1RI-P 

where P""'2 Ihlt ... DClilss - vel"elI1 ' TilTel' . Thus thy perticle diffus ion 

Oecre"s ll s liS the mode amplltude dec ....... sea . InWs pall8 r fur t hUr a roalysis of me 

dllta is cOllljlllred with thli t hao ry of 10' 

the coupled mode. The mod .. ampl1 -

tude. e+ /kTe. is cmopared ., i th 

Y/Woe in f ig , 3/! showIng the locolis­

ation of th ... modlol5 is .,ell oredlct" d 

(the d ... n slty Ilrofilo ",,"ks a t 1 . 3"". 

IIIId the outer IIdg8 l Ies lit 4 . 5cnol . 

I n FiB .Jb, Oo~p is cqnpared with 0Q~ 

( oY/k,, 2 1 . Tow<1rds thll outyr odge [ 1 

00xp divol'\!,es f rom 0Ql whore the 

coll151on freQUency "ei/Woe is hIgh­

est . A plot of 0eKp/Woea12 e,elnst 

vei /WoII f or dhch<l r ges !It sever ll l 

ECRH powe rs but Fixed toroidal fie l d 
• 

.. 
. ··r' .. 

. , .. 

rr T /IR~ . 611S showninF1&.4 .Th<I 10' 10' 

thea,·y prlldi cts 00L /"" ' e "1 2 .. Iv "/"".,,,P 7 Vel/W Me 

in d1~~sre"mant ", ith th<l dOlL", . The Fig . 4 The >lOl"/r'aUlled e.>;perirnentll l dl:[­
fusion ooef fioien t /la a j"w1etian of nor -

.... nl:"s of the otlle r Dllr"""'tlln In mali..ed ooHision frequency. 

(S 

(0 

kH, 

o 
2 3 4 

this dllta ere 0 . 36lno, 1.3, 0 . 4U 

'1 i $1. 0 . 04~r/RcSO . 13. 0 . 02S~rn/L. 

,0 . 125 <"nd O .65~Ti/Te~O.&5 . InspClc­

Uon of the O"tll shows t hllt t hese 

var1~ t1onB togetho r wit I'> the tl1eo" 

rlltic"l scel1ng in each c" ss "NI 

not suffiCient t o remove the 

st"'''D dapendenlOs on ve1 /""' e ' 

Unoer the r eason llbl a sssumpt ion 

of zcro moss mo tion 1n t he lllbo r -

IItory frame t he frequency of t he 
DISTANCE FROM RING (CM ) 

Fi.{/ . ~ Radial profae Of lII;Iallla'ed medII wllve s undel'loes 11 dappler shift 

fl'cqw,,,ciell (vertical ual·a) . Cw'ue( J) ie such that 2 n\ AS - kY' vdi oVbal ' ''''R 
che ploedwtcd dopplel' frCqU.NCY ""Uh "h00 whe re v o17p /IInEl v -2kT /sElR 
and alU"V<1 (2) i. tl,e dopp14r frcql«lllCll dl 1 • be e c · 
loIitl! the theoNticaL ""R addBd 0>1 . ~ ls the rYIII frequency o f the 

mode Md ky-mlRq. Rec ... nt ky lIIellSUrm\llnts ""ve confirnlOd thllt the IF + w ... ves 

I'lIIv ... m- 1 with lower IIIIIPlitude 1D"2 end ~ pr <>,ent. The mfI"su r ... d mod e fre -

Quencle s li ra sho>.<! 1n fig.S for t he s~e dlscha r Ce 115 1n Fig . ~ . Cu r ve 1 

corresponds to flAB with ""R-O "nd curve 2 to f LAB with t he predlcted VIIIUII 

of~. There is rallsonable IIl:re_nt with the M8gnltuo.. o f the dapp1 er 

s hift "nd with the sign IInd mlll:n1tude Of ""R ' 
In sUlTmll r y . tha 10ce Usation of the mode on the outer donsi t y gredlent Is 

successfully predlcted by theory e5 "re t ha s1gn IInd "'''gnitude of the r l!lIl 

frequency. The diffusion 15 ..,re sens itive t o collhlon~ howeve r ttvon the 

'1uIISj-11near model p r edict s . 
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ANALYSIS ANO INTERPREtATION OF ELECTROSTATIC FLUCTUATIONS 

IN THE CULHAH LEVITRON 

o E T F Ashby and E H Jones 
Culham Laboratory. Abingdon, Oxon OX14 JOB, UK 

(£urato m!UKAEA Fusion Association) 

ABSTRACT Digital l y implemented bispectral analysis showlj that 

a t.and ol waves , t,/?ically centred nea~ ~OkHz and tentatively 

identified as drift waves, drive very low frequency fluctuat i o ns 

( "\. 3- SkHz) by non-linear interaction . 

INTRODUCTION The levitated superconducting rinq 1n the Culham 

Levitron (11 has major and minor radii of 30 cm and 4,6 cm 

respectively. High shear ax l-symmetric field configurations 

lire produced giving Ls ~ IDem , I BI~3kG, BO/84> " 10. Early fluct­

uation measurements [2, 3J were conce rned with decllying pl!ismlls 

and the effect of ohmic heating. Latel" measul"ements{41 dealt 

with steady-state helium discharges {ne"' Sxlol1cm-
J , Ti "Te " SevI 

produced by ECRI! and made extensive use of digital techniques 

for spectral analysis {5 I. These and more recent measurements 

together with theoretical work[6] illustrates the diversity of 

waves and modes possible. ThIs paper is primarily concerned 

with explaining large amplitude fluctuations of a few kH~ which 

commonly occur. 

~ Fig . l shows fluctuations in floating potential , mea­

sured by a high - impedance capacity_compensated probe , together 

with the correspondi ng frequenc~ spectra_ One signal is from 

a region of favourable curvature of magnetic field, the other 

is from a region of unfavourable curvature. In both cases a 

band of high frequency fluctuations , characterised by k.a ~ 0.3, 

occur together with large amplitude low frequency fluctuo!ltions. 

The high frequency fluctuations are tenta t ively attributed to 

colliSionless drift waves in the form of wave packets. This 

identification is based on the value of k.a and the f act that tI-e 

amplitude drops as dIIOgf,Tel/dllogenel increases [ 4J. The low 

frequency fluctuations have a measured value of k~<2./Lp (Lp. 

pitch len9th of the magnetic fieldl indicating that k 11 ,to. 

This characteristic, together with the fact that the fluct­

uations occur in regions of favourable curvilture and also when 

d (logeT i I Id (logenel <2/3, rules out bot h t emperature gradient 

Tim~ (ms) 
f'OWE~ SPECIRl.>< PI1 

k.a • 0-26 
no .4.201011 cm-3 

T •• 4·1cV 
lal" 3.7 kG 

~ Lp . 7cm 
&. 10 -1 

o 0·5 1·0 
Timtl (ms) 

POWE!! SPECT!!l.>< P 11 

~a" 0·36 
no:: 5·9.1O\\cm-J 

T. : 4·2~V 
IBI = 2·9 \IG 
Lp= 21, cm 

o 100 200 300 0 XXI 200 300 

! .or ""\'~" 
~05 ~~ 

}O----~,~----~2----~3~----~'--~-. 
Dlslance from ring (cm) 

Fi{]. / Signal/! (I [ [luf'tuati'l!J plallnn pntelltiaL alld POWOI' Op6ct/'a for 
/X'lJitiollll Of f'lllOurabl .• a>ld u"fa"ol.//'abl" c I'MlGLure of 1I!<Z9'" .. tia fidd. 

waves (41 and resistive-g waves [6J as explanations. onc pos­

Sibility is that the low frequency f l uctuations result frOJ:l 

mode coupling between the high frequency fluctuations causing 

ener9Y to cascade down the frequency spectrum [7]. 

This possibility W<lS investigated USing bi&pectra1 

analysis [ 81 . Conventional spectral analysis resolves a signal 

into the lineal" superposition of component waves. Higher order 

spectral techniques a re needed to identify non-linear inter­

action. For quadratically generated cou?lin<J the bispectrum 

(re1<'11ted to the triple correlation function) i& <'IIpprapriate . 

The bispectrum S(lIl l , "'2) is I (F( 1Il1IF("'2IF * (wI+1Il21)1 which when 

normalised gives the bicoherences b(1Il
1

, III 2 I • B(1Il
1

, w
2

) x 

(IF (W l )F(1Il2)lhIFlWl+IIl~)I>J-l where F(IIl) is a fourier compon­

ent . If F{lIl l +1Il 2 1 '" ZFlw l IF(1Il2 ) where Z ia constant over the 

re91an of aV(!r;!lgl-ng then b( '~ l ' III 2 1 • 1. Frequency averaging 

was u sed in this work. E<lch record of 1024 amplitudes was 

re solved into 512 comple x fourier components and averaged in 

groups of 8 or 16 to give b("' l ' 1Il2 ) . Fig. 2 shows <'11 t<'llble o f 

bicoherences typical of the type of power spectra shown in 

Fig.l for regions o f unfavourable curvature. Since b,1 it has 

been rounded to a single digit and the decimal point dropped. 

Synthetic random signals give b '" 0 . 1 with a atandard devi­

ation of 0.07 50 numbers >3 in Fig.2 are hl<]hly aigniticant . 

Four groups of large numbers are discernable. One pair is 

attributed ta frequenCies near 50 kHz interacting to give l ow 

frequencies near 5-10 kH~ a nd high frequenCies near 100 kH~. 

'the third group Is attributed to frequencies near lOOkJtz a1&o generating 

1(1il fniqUencies near ~l(jkHz and the fourth gtoup to .... 50kH~ and .... 100kH~ 

inl:eraC"l..1ll9 to give "'-150kH~. (Notel:h<lt the NlVlltude ut 150kHz is too small 

to show or, tl-e ".,ectrun Gtu.m. in Fig.2.l Similar results are obtained with 

signals f r em regions of unfavourable curvature . 

DISCUSSION AND CONCLUSION In interpreting fl uctuations mea­

su r ed by floating potential it is important to realise that 

the amplitude is proportional to perturbations of plasma pos­

ition and not velocity . Consequently the amplitudes squared, 

as shown by the frequency spectrum, i. not a measure of e nergy 

in the wave: multiplying the spectrum by w' gives a better 

i ndicaticn of energy or ~J;. It is conc luded that the fluctuations 

Frequency (kHz) 

o 25 SO 

25 , , 

~ ! 
, 'C) ::::', 

" .' " : , , ; ! : ~ . : 

~ SO 

~) l~' . . . 
125 .. , 

MA 701~16 !l_07.18 
PHll (H5) MO 
POWER SPECtRUM P1I lot . 8 

o 

Distoncll from ring 
l, ·07cm 

~a =0·3 

" eo 120 
Frllque.ncy (kHz) 

Pig. 2 fl'cq .. ency apactrwn aM. a tahl: llhor.ting tI.a bictOhal'llncll blw/, w2' o f a 
PI'Oba lIignaL 

near 50 kH~ are unstable and are respon sib le for the low 

frequenc ies near 5 kH~ as well as higher f requencies. 
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Studies of Fuel Deposition and Penetration Depth 

of a Rofuelling Pellet 

C.T . Chang 

Association EuratOfll - Rislll National Laboratory 

DK-4000 Roskllde, Denmark 

Abs t ract, Neglecting the deceleration of the pellet and the 

perturbation of the background plasma, the maximum penetration 

depth and fuel deposition for a pellet injected at a given 

speed are investigated with respect t o the adopted ablation 

model and the prescribed temperature and density profile of 

the background plasma. 

The penetration depth of a pellet in jected at a given speed 

is affected by the drag experienced by the pellet as well as 

by the ablation rate itself. If the pellet ablates faster than 

it decelerates during its journey inside the reactor, one may 

consider the pellet to be ·moving at a constant speed [1'. The 

injection speed requited to atta in a prescribed penettaticn 

depth of a pellet injected at a given speed can be determined 

from the knowledge of the pellet ablation rate alone ptovided 

the temperature and density profiles of the backgtound plasma 

tema in essentially unperturbed. This condition conceivably can 

be met by restricting the pe llet to a sufficiently small si~e. 

An estimation of t he required injection speed for a plCescribed 

pe netration depth has been treated previous ly [11. In view of 

the uncertainty tegarding the desired penetration depth, the 

converse cases , i.e. the maximum penetration depth and the re­

lated fuel deposition (prior to the transport of the deposited 

fuel thrOugh its interaction with the background plasma) at a 

given pellet injection speed , a re to be presented in this note. 

Under the assumption that both deceleration of the pellet 

and perturbation of the background plasma are negl igible, the 

ablation of the pellet is governed by 

(1) 

whete x .. I-f , f .. y/;), ~ .. rp/a 

with y as the penettation distance and a the plasma radius. 

Uo is the injection speed, qe~{x) the e l ectron thermal energy 

flu x of the background p la sma , and t(x) is t he shielding fac ­

toe with respect to the ablation model being considered. For 

exampl e, refereing to the transonic-flow neutral shielding 

ablation model o f Parks and Turnbull [2J, one has for a 02-

pellet 

(2) 

- J 
where rp Is in cm, ne_ , ns in cm ,Te~ and hs in ev, and re-

ferr ing to Gralnick's ablation model [31, one has 

I) 

Anticipating a possible surface/volume effect of the ablation 

process, we ma}' introduce a modified shielding factoe 

(4) 

On substit.uting Eq . (4) into Eq . (1), a direct integration 

gives 

where , 
1 ( · Ixlq . (x)dx, q , (X)" n.(x)T!!2(X) 
H 

IS) 

.e. qeo is the electron thermal energy flux at the torus axis 

• od 

n,(x) • ne(x)/ne(O), T . lx) " Tc{xl/Te{O) . 

In particular, the maximum penetlCation fraction, 

by 

(o,(fmax' r. ') • 

r (0) p+l 
(~J . • 

(6) 

f
max 

is given 

17) 

Eq. (7) indicates that apart flCom the shielding factor ( " and 

the power 

(qeo' a), 

Using Eq . 

index p, with r espect to a given reactor condition 

max depends on an injec~ion parameter, uorpP+l(o). 

(7) and ~ (xl given by Eg . (2), the relationship be-

tween f
max 

and U
o 

is computed for two pellet radii with r~­

spect to t he following modified parabolic prof il es , 

2 °T 
T .. lx) '" (I-x) , ".(x) 

2 1. 3-aT (i-x ) (S) 

for aT .. 1.2. The result is shown in Fig. 1. As a comparison. 

the lCelationship between Uo and fmax is also shown for the 

shielding factor I; given by Eq . (3) folC a pellet with rp "" 

2 . 5 mm. One observes that if the ablated material leave s the 

pellet surface as a cold plasma instead of in tho neutral 

state, the requilCed injection speed Uo for the same f max will 

be an order of magnitude lower. Regardless of the ablation 

1/3 is about an model used , the injection speed folC f~ax ~ 

order of magnitude lower for f max :t: 1. 
2 1. J 

Keeping ill constant pi.'lsma pressure plCofile of p,, " (I - x) , 

t he n"lationship bet ween f
max 

and the tempera ture profi l e in ­

dex aT is shown in Fig . 2 with respect to the shield ing fac ­

t a lC ( (x) of £q. (2) . One observes that for a given combination 

of Uo and rp(O), fmax is greater for a steeper temperature 

prof ile (largelC (IT) as compared with a steeper densi ty profile 

(smaller UT) ' 

Using Eq . (5), it can be s hown that the pellet lCadius rplf) 

is lCelated t o its init ial radius rplO) through the func t ion 

A(f , ( o) by 

~ 
rp(O) 

, 
[1 _ A(f,t ' ) ,P+T 

!I.(fmax,C Oj 

(9) 

With respect to t he two shielding f actoe, Eq . (2) and (3), the 

valCiatlon of the pellet radius rplf)/lCp(O) and. the f uel de ­

position Np(f)/Np(O) (where NpIO) is the total number of par­

ticles contained in a pellet of radius lCp (O)) with respect to 

the fr ... ction of penetration, f, is shown in Fig . 3. 

01 t l n 

Fig . !. Injection speed U
o 

vs . the flCaction of pene­

tration, f. 
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,.;ur'l"nO: ~i.;lorl Of THE (LECTflUN CYCI.O TRON IN .iTAB I L ITV or rI BEAM. 

I l l\jl1ol .iV"TE,., 8Y :i!;.LECTIV E CYCLOTRON oJA Kl'lNG 

J . It , C. [ebI'al end ::: . Il , r. Verandas 

laboratdrio de Llectrodin~~lC8 - Complexo i"tardisciplinar 
["" titulo -'uas r ior Tdcnico _ Lisbon _ I'ortugal 

.le study the possib il ity of suppre ss ion of tho elect ron cyclo ­

tron instabili ty of 8 bllflm- pLesma system ("'o , k
o

) through the 

paralle l injol::tion of a s :: condary electron beam of !'Idequate ve ­

locity to induce cycl otron dBmping ("o -ko\l~2"\IIca). The b_ p lIye ­

tllllo is con~cntio"<ll "nd the sed . bll<lm was crealod by the inser­

tion of n nlH):ltivoly biillSed fine .. esh 'Hid of Tungsten betwee" 

the rHemo,, ', and the first ea r thed elaclrodB of the Pl arell elec­

tron gun . rho main tmam bomb,uds this qrid ~nd eo the scd . beam 

results fro " thermoioni(; iIIl \IIell as f ro m s~(;orodary ele(;troro emis­

flioro . Typical parame ter s are: ~"flin beam: 2000 eV , 10 mA, It;J mm; 

jloll bea,"' {I to I BO eV, {I .1~ mAi Plasma: 109 (;m- J , 5 eV ; Challber: 

L =75 (;m, If; a c~ , ~H ~ 4 K 10-
4 

Torr . The spe(;trulII shows a strong 
• 1 

(;ydotron peal< lit ro:o4 SO ",H~ , ko:1.JO (; .. - with f(;e:3JO ~lH~, fpe 

2BO Mfl~, p:1 . 0 (;m- • rhe instflbility appear s un:ler the form of 

rapid b'Jr s t s wi t h typi(;lIl duretions of 100 ns (CllflRlIl , 1976). · Ie 

verified that the p~ss~ge of the scd . beem changed only slightly 

the plasma fleramet ers. \'e measured the totel .lIve pOller p 11 re­

- .. 
--,~ 

(;eivad by a lllngmuir pin probe , 

es a function of the scd . bell'" 

energy and Fig . l s holls a typiclIl 

r "flull ,- there is a st rong pO\llar 

redu(;ti on for Ub2 - 110 eV . ~,ee 9 -

urement~ of Wo and ko showed that, 

in every case s t udiad, the veloc-

ity corresponding t o the ,dnt.um 

of p 11 is very close to v~2 ' ra­

v8sling cyclotron damping (CABRAl 

et 81 , 197B). Spectral analysi s 

show th llt the power reduction i ll 

mllinly due to the decrease in am-

pli tude o f the eiectron cyclotron 

instabil ity . rigu r;, 2 and J Iho. 

flg . l ro"poctively t.h .. t . .... l'n [ .. l .. nd the 

spati81 verlation of the cyclo tron bursts in t~ r ee situations: 

1)- in the Ilbr'once of the sec . beam; 2) - lIith ~ resonant bel m 

\Ub2~90 eVb J) - with ;:I nnn-r llsone nt beam ( Ub2 :ltlO eV). fiG 110 

c"n observe, the passage of the resonant beam clluses the "lmos t 

Fig.2 Fiy " 
co"'olote .JlsO. ' I,e<lr"nce uf the cyclot run _eve wo , k

o
) ' leavinl~ a 

·,l" 'H ce:;!,juul ovl"oncl:' For t hfl ex(;it:Jtion of 8 1 rivel pll/CIl _ 

['(] ulrJ ":,,0:: '1 clllvel(]Pi"'J , by cllincJrl"ncl/ , Brouml ( wo/2 , 2k(]1. [Je8ms 

(]f dirra r llnt val(]!;ities i '·,on-re">one nt ) produce only ",inor mod i­

: ication .... ,' ~h e \nsta!lil lt·, uehalli ouf. !n oroo t to expi"in the 

eX l'c ri' .. onllll result" ... ! first Lonsider the Lrans varse dynamics 

of lhe ~ct! . he .. ", electrons. "cted by the lorent l force arising 

f ron. ~ n!! Q~l(l1 U_field anj frail tho inst"bility E-field. To sim­

ulata a (;ontinuous eloct r on str eam we write E~ ( o cOS(lIIot - ko~·iI) 

end I!" ie Vnri(HJ from () to 2 11; • " ince "b2«V ph ' ·~L / ko .{, vbl ' we 

noqloct the influence of El/ on the electron trajectory and s o 

il s ax ial "elocity is tal en as cons t. Therofor e the E- field c"n 

b" t houu ht as purely tr"n s ver s e for the (;"lculetions . Electrons 

enter the i nteractio n ch8111ber <It ~:L and t"O und leove it at %:L 

at t"l/llh~ ' iroto r, ration o! the er:;u .. ti(]n o f mution load S to an 

ox ·· te :~ i on fo r t he el""tro n transve r se anargy U1 (1!" ,v b2 ) at z=l . 

fly an ave~ago ovor I!" ~9 obta)n t he meon el ectr o n transverse o ner· 

'J Y <U1> ( II b2 ) 3150 at z:L . \i e verifiB.1 thet <U1"> i:3 :3 harply 

peak od a1 the resonant volocitv v~2' a~ e~pe cted . J\ numarical 

calculation, .. ith tho p"rameters: f :<150 fo:fI~, k :1.JO c",- l, f ce~ 
'JO 'lH~ , l:1~ CIII and [0,10 V c ",-lle~ds to a ",ee~ transv erse enef-

gy of J6H eV at re sonance . In 'ig.4 we plotted tho variation of 

< U1> IIith Ubl • Oesides t he sh"rp main resonance peek "Ill ob"e rve 

o ther s~oller olllp litude peak" . These ones ere due 10 the cnnsid-

.,.~> 

I 
0 

® 

0. 

rig . 4 

0 

- -
" 

eration of the finite II - _ iot h of 

the cy(;lotron 'IIIave p"cke t (reso ­

nont in taractlon __ ith modes to 

both side" of the main Spe(;tral 

line with " ",plitudes at - 3 , - 5 

"nd - 9 dB). The r efore t h e g l obal 

retionanl .ave_pa r ticle interac­

tion is not so s harp . lis t he de ­

penuen(;e~ of P'lll end -< U1> on Ub2 
lire similar we believ e t hat the 

\Oave po wer deC r e"sQ obs erved 

(rig . l) is duo to tha net gain 

of transver se eno r gy by the s(;d . 

beelll elect r ons , all e r,-,sull o f 

ene r gy (;Onservstion . A sBcond 

sppro,,(;h to the interpratation 

of ~h o eKperJ .. entld results is basod on di spe reioro theoq . The 

computer so l ution o f the disperSio n equ .. tlons , fo r the thr ea 

sub-systems , in tllo cyclotron region of intllrest ("(;e"w~"uh' 

I< - k
o

) ' le"d to tI,e foll owi ng rO!lults:- ( i ) - f"st beam+ plasma: 

absolute inst"billly ; (U) - s l o,," beam + pleslla: evanescen(;e ; 

(ii i ) - fast beall + 510. be" .. : .. eek convective instability . The 

~ olution of the uis persion equatio n for the system of a pluma 

with two 'leams, Whlln (;omp"red with that fo r tho normal system , 

shows a small dec reasa in the temporal 9rowth rete wi of the 

.!lbsolute instobility and im increase in the sp" tl"l damping r ate 

k
i 

of the e""nes c8nt ",odes which a~pear for the S8me frequency 

band _ ith slightly lOller reel-k values . He can co"'pute th e effllct 

o f the lIlodification on both 'IIIi IInd k
i 

on tha amplit ude "tt<llned 

by the ins t"bi l1ty E-field . Indeed , the rat io E/Eo , ."here (0 is 

the field amplItude ettainod in the IIbsence of the s cd . be am, 

cen be (;alculated fr(]m eithe r E/Eo'" 8X P [-(W
i

- 1II
10

)T} ar E/Eo= 

e XP[(k
i

- k
I0

)Z ] , IIhere T and Z "re of t he ord nr of ona ha lf of 

the lotal extenSion of the bunts respectively in time arod In 

s pace (T: 50 ns .. nd z" 20 cm) . I f we compute the decrease in 

amplituda due to the changoll on -i:mo k i ,lIlth t ne e~presslons 

ab(]ve , uarying tho scd . beem energy in stops of 10 eV from 0 to 

HiU eV, we arrive to the rosultll presented in Fig . ~ . Cu rve a) 

s hollls the decreas!! in amplitude ( in dB) due to tho reduc t ion of 

the i nstebllitv g rollth rllte "'1' lis .. e see the inflUllnce o f the 

scd . bee. is modera te leading to " maxi_um decrease of about 1 

dB . Curve b) sho .. s the ro sult of tho increese of the damolng 

rata k i IIIhich leeds to a higher amplitude r eduction (some 11 dB ). 

• 

Fig . ~ 

If we combine bolh eff e cts , that 

is to say , if we aS9umo thot the 

instability lIave pacl et couplea 

to the evanescont modao .. ith 

slightly 101ll"r k - velues , .e ob­

teln (;urve cl which sholls ~ 

,""K imum amplItude reduction of 

about Ib dB e nd .. ho"e dependan ce 

on Ub2 r e veals an e~cel en t agre e­

.. ent with the reel e~perimen t al 

s i tuati(]n ss u epicted in ri g . l . 

fur1:her lIIe note tl ,et t he erollrgy 

correspond i ng to the mi nimum in 

Fi q . S is practically (;o jn(; tde nt 

lIi th the co r responding va i ul! for 

U~2. Therefore tho IIcquisiti(]n of 

transverse enerqy by th~ scd. be~m ele(;t r ons il trensiatsd, intn 

disporsion langua'le, as IIn incraase in the sPolial dall,pi no:; rote 

as lIell as in a dec re8sD of the instability r: ro .. th rat e • • ls the 

dispersion diagr"lns show th"t the ne. instabilities caused by 

the scd . beam are comparatively weak , the possege of this bealll 

throu .. h th D plasma const i tu tos iroueed an effoctivo sUf"or[!ssion 

mechanism for the olectron c~clotron in:;tability . ',l e exLend the 

conclusions of th i s paper to Fusion r esear(;h in T OI(~H'C:.. s iro c:a 

the fast beam can be constituted by the runa",ay olec trons and 

the 51011 be"m by the ho t tail of the electron velOCit y dist r i ­

bution of the lhe r .. onuclear plss .. a. ~Ie finellv cen fo r eseo .. 

heating mechanism , s e loctive cyclo troro dampinq , baseu on till" 

adequate injactioro uf poworful wavos with f~ f co ' 

t{efer enc es ' 

1.- CAURAl, J./I. . C. (1976) - IJlume ~hy si(; s llb 1l9. 

2 .- CABRAl , J . A. C., Sill/A, I'1 . E . r., I/AHilNOAS , C. II . r. _ Pl"sllla 

lihyalco lQ, 21. 
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AP17 
Anomalous Heat Transport in a Turbulent Plasma Blanket 

D. Anderson, ~I . !.. isa).; and H. Wilhel msson 

Ins t i tute for ElectTomagnetlc Fl'11d Theol"Y (EUR-NE) 

Chalmers University of Technology 

41 2 9 6 Goteborg, Sweden 

An analytic investigation is made of the conductive heat trans­

port properties of a plasma blanket, where the heat transport 

is dominated by anomalous conduction due to a current-convec­

tive instability. The scaling of the blanket width with physi­

cal parameters is g iven. 

The main purpose of a cold pla sma blanket in a fusion reactor 

is to prevent high-energy neutrals from hitting the wall of the 

con tainer causing sputtering and subsequent impurity i nflux. 

Thus the ion temperature in t he blanket must be below the 

spu ttering t hresho ld and the width of the blanket mus t exceed 

the penetration depth of h ighly energetic neutrals from the 

plasma centre. On the other hand, the width of the blanket is 

determined by its heat transport properti es and for low-beta 

devices, th e corresponding width is usu'llly too small. It was 

recently sugges t ed , [ , J , that a wider boundary layer cou ld be 

obtained by enhancing t he conductivity of the blanket through 

a current-convective ins tability. In [lJ the corresponding 

highly nOn linear temperature equation was solved numerically 

and several conclusions were drawn as to the scaling of the 

blanket width with some of the characteristic physical para­

meters. 

In the p resent work we reconsider and extend this problem 

giving explicit 'lnalytical solutions for the temper ature pro­

file, heat flow, 'lnd blanket width, which clear ly displ'lyS t he 

scaling with a ll relevant physic a l parameters . The analysis 

can also be extended 'lnalytical ly to inc lude the effect of a 

cons t ant particle f l u x contributing to the hea t flow. 

The steady-state he at flux equation determining t he tempera­

ture profile , T(x), is taken as 

111 

where the denSity, n, is assumed constant and the source term, 

S, is due to Joule heating by th e electriC f i eld , Eo' which 

drives the current - convective insta bility . \·/e consider 'l situa­

t ion , whel:"e the dominant cont ribut ion to the conductivity, X.i ' 

is due to tUl:"bu lence induced by the CUl:"l:"ent-convective insta­

bility, [ 1 ,2], i.e. 

£ 4 2 

X .i~10 ~I (~ ~ ¥X ) 121 

where R is the distance 'llong the majol:" rad i us, Bo the longi­

t udinal magnetic field , and XII the claSSical the l:" mal conduc­

tivity . 

Inser t ing the appropl:"iate expressions, we obt'lin the highly 

nonl inear equ'ltion 

131 

where the constant y is 

141 

zeff being the ef f ective ch'lrge and In h the Coulomb logarithm . 

From eq . (3) the heat flow is obtai ned 'lf ter lnteql:" a ti ng OnCe 

q(x) .. -nx Q! .. q rH 
i dx 0 

151 

·"here CO " 9 · '0- 1' (nR2Eo/Bo)2Zef f , qo denotes the hea t flux 

inc i den t on the blanket from the i nner hot plasma core, and 

To is the tempera ture of the inner boundary . Eq . (3) can be 

integrated one step further t o yie ld 'ln explicit exa ct solu ­

t ion i nvol ving elliptic functio ns (3]. As is evident f!C om eq. 

(5) the character of this solution depends on the single 

paramete!C 

16) 

For most parame te l:"s considered here (typically R~500 cm, 
14 -3 -2 

Bo · 40 kG, Zeff=1:,n= 10 cm ,qo~10wcm , To~100 eV, and 

a ssuming Eo=1 Vm )p«l in which case we obtain a simple 

approximate solution corresponding to constant heat flux 

through the blanket : 

T=T
O

( 1+X/X
O

)-2 

1/3 -' /2 
(2....) To 
qo 

Defining the width of t he blanket, x., as the distance at 

which the temperature has d!Copped to T=T. ~ 10ev«To 

(n2R4E!Zeff\ 

~B~ qo 

1/3 -1/2 
T, 

which clearly displays the scaling of the width with all 

re levant parame t ers . 

Fina lly, requil:"ing that the blanket width must exceed the 

penetration length, L, of hot neutrals (L - 1 0'5 /n ) implies 

For characteristic values as given above one obtains 

~5 >4 . 10
12 

qo 

171 

181 

1'1 

(10) 

Thus for a heat load of qoa1 0 wcm- 2 , n must e xceed 2 . '0 '4 cm- 3 

in order to pl:"ovide sufficient shielding effect. 

The analys is can also be extended to include the effect of 

particle diffusion on the he at transport, [3J . 

References 

[1 ] Bhadl:"a , D. K., and Gross, L . Nucl. Fus . 12, 622 (1977). 

I, I 

131 

Kadomtsev, B . B . , and t>ogutse·, O. P., Rev. t>lasma t>hys. 

(Leontovich , M.A . , Ed . ) Consultants Bureau, New York 1 
(1970) . 

Anderson, D., Lisak, M., and Wi lhelmsson, H., 

CTll-IEPT/PP-19 79-9 (intern .. l report) . 



AP18 
CURRENT TRANSITIONS IN TilE PLASMA-I'ALL INTERFACE IN A TORAHAK 

U. Daybelge 
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Abstract: The potential variat ion a t t he equatorial region of 

the t orus wall, wher e most of t he unipolar arcing tracs have 

been observed, is calculated by a self conSistent method . Second ­

ly . it is shown t hat certain types of potential perturbat lons on 

the wall can lead to self sustaining and moving current transi­

tions. 

Although, most of the arcing reported in tokamaks 1,2 =cur on 

surfaces parallel to magnetic field lines, and especially close 

to the equatorial helt, in the available theoretical studies 

about unipolar arcs, characteristics of the t okamak plasma in such 

regions a l-e completely neglected . Among the plasma features close 

to the torus equat o r one observes : l )D..Ie to the magnetic drift, here 

particl es come closest to the wall d uring their drift-gyro mot i on . 

2) Between two collisions particles can perform many of the fast 

gyro- motions , so that as far as gyro-mo t ion is concerned, plasma 

is col l isionless . 3) The self consistent electric field near the 

wall depends on t he boundary condit ions on the wall, whether the 

wall is reflecting or absorbing one or bo t h of t he part icle spe­

cies.4) For most t okamaks one can estima t e tha t here electron 

projection of 
the drift orbit 

y dr-_--++ __ -jC 

aL---+----:;;=~ 

Fig.l Part icle orb its ne<lr the wall at equator. Left , Section 
" abed" and typical o rbits, 1 . Out side the sheath, 2.Inside the sheath. 

gyro radiUS Pe ' is about equ<ll or less th<ln the Debye length AD ' 

5) Since the magnetic dr ift displacement is larger th<ln the Pi 

and Pe' a nd the direct ion of the shift depends on the sign of VI I ' 
inside the w<lll shea th VII can have only one direction . 

In Fig . 1 a small section of the region of interest is shown . 

To calculate t he self-consistent shea t h potential in the vicinity 

of the section ~abcd " one h <l s to consider the particle dynamics . 

Neglecti ng the curvature of the g Uiding center orbit s and consi­

dering the poten t ial to depend only 0fI y, we Can write for a par­

ticle of charge q t he equations o f motion as 

mi(=qyB m y ~ q E(y) - q x B m 'z' ~ 0 ''I 
Integrating the first equation once we find K ~ ny + Cl wher e 

n E qB/m , substituting in the second We obtain after integration 

y~ - nly'+ 2nyx + 2q~(y)/m ~ C
2 

Here , we used E ~ -dt/dy 

If we substitute a 'lso X, we find 

(2) 

Contents o f the root sign must be positive f or <I re<ll motion <lnd 

setting it equal to zero we f ind the turning points . Hence, 

f') 

Given th" potenti<ll <lnd the i ni tial conditions , this relation 

indicates whether or not the particle can exist at the level y. 

Los. 

y 

['"or a monotonous potenti<ll var i a ­

tion the condition for hItting the 

wall is simply c
2

.::. 2q I)(O)/m . 

Fig .2. illustr<ltes t he relation (3) 

for i ons . For an adsorbing surface 

loss region in velocity space can 

be the~efo~e e a st ly determined . 

Setting the value of C
2 

we find 

C
2 

- 2Cl{}Y- Q2y2 that the loss reg i on corresponds t o 

Fig. 2. 

On normalizing by respective Larmor radii and thermal speeds we 

rewrite ReI . (4) fo r plasma components as 

Ion loss region: 

Electron loss region , 

where 

Y~ + 2Yixi- yi+ IjQl 
Y~ 2YeXe- y! Ql 

Ql ~ l ~ (0) , and l ~ 

o (5) 

> 0 (6) 

If the p<lrticle distx-ibut ions far f~om t he wal l are Maxwellian, 

then the densities in the vicinity o f an ad s orbing wall can be 

calculated by i ntegrating t he Maxwellian f unctions outside the 

l oss regions in the velocity space . The Maxwe l lian functi o ns are 

in the form f ~ (/lTv
th

)-' N expl - (vt+q",/m)/v~hl , where the den­

Sity N is a slmlly varying function over the l ength scales Pe 

and Pi ' and it re flec ts the boundar y condi t ions at the infinity, 

(plasma co~e , or limiter and diver t or effect s) . Due to guiding 

center shift, i can have a single sign , and t r an sforming all 

lengths to the Pe scale, i.e. , Ye~y and Yi- cy (c-!m7M)we find 

Thu s, we find that 

ne e~ 0> 1 z M -- ~ ~ I dz erflZ exp {- -,[-y-(Y+ y)J'l 
Ne 4"lIY . 

c'y' exp(-t[cy~] '} 
(c'y'-IjQl) /c'Y'+n"'~ , 

(7) 

(8) 

Asymptotic expressions in (B) were obtained for y~O( 1), c __ O. 

For y-+«> (ion Larmor radius) one has to use the full i ntegral. 

SUbsti tuti~?:I:}he expressions (7) 

a tion 6' ~ • ne/Ne - ni/Ni ' 

where 6"" D/ Pe'::' 1 , with $'(0) 

fixed , ~ (~)~O , we find the po­

tential variation near a per ­

fectly adsorbing wall. OUl- ini­

tial assumption for a mono­

tonous variation is a,}reement 

'lit th the numerical results s)lO<m 

for 11 hydrogen plasma in Fi g. 3 . 

and (B) in the Poisson 's equ-

lel41 

3 

2 , 
kTo 0 I::----:'<"""~=..:....."::,"'" 

0.' -, ~-------:~ 
'" -2~-----
'" iL -3'----

Results indicate that the alterat ion of the wall ad s o r ption co­

effjcients change the decay lengt h of t he po t ential without a f ­

fec t ing i t s monotony. These resul t s are contrary to the"poten­

tial model with a maximum" sugges t ed in Ref.2. 

We have seen that once the wall potent ial, ~(O ),is given 

(depending on t he discharge histor y and the diffusion) rad i a l 

potential var iation ne ar the equ <l tor region can be determined . 

Let us. now , assume that a local perturbat ion locally r educes the 

potential difference between plasma <lnd the wall (assuming "'~>O), 
bendin'} the equi potential sur­

faces tow<lrds this region as 

seen in Fig. 4. (in i tial pertur­

bation may be due t o t he star­

ting electron emission) , As a 

resJlt, hot charged p<lr ticles 

dri f ting par allel to the W<ll! 

y 

at some di s tance are directed wall B z 'disturbance x 

to the disturbance region , hit--q; ~reg)on ® 
ting and heating th e wall t hey + 
cause more electron emission . ,~ I 

The disturbance region will be Initial Induced Superpos. 

asymmetrically heated, and the ...j. pot .dist. dist. ~7~~~ed 

current passing through met<ll en 
indicate that the initial po- i.i: 
tential perturbation has to be shifted to the right (so called 

retrograde direction) . Wi t h sufficient heating metal evaporation 

and wall erosion Can follow . Neglecting the rol e of impurity 

ions in this process, we have determined the amount of energy 

transferred by plasma ions t o the disturbance region, using 

orbit simulation for a class of perturbations for different 

w<l ll potenti<lls . Naximizing the heating by v<lrying t he shape 

f actors of t he perturba t ion , we have determined necessary 

ambient condi t ions for achieving meta l erosion during time 

lengths of a few ms. 

1 D. H. J . Goodall and G. M. MdIacken,CUlham Rep::lrt CIJoI R167. Nov.nb:!r 197i . 

2 G. M. MdIacken and D. H. J . Q:xrlall, Culham Report OM P509 CCtober 1977 . 

3 Nedospasov , A. V. and Petrov, V. G. , J. Nucl. Mat. 76/77 (1978) 490. 
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COz LASER SCA1'TEnING f'RO~ ION -ACOUSTIC fLUC'!UIITlONS 

C . ~I. SlJRKO ' o . GRESILLON, J . OLIVilW ""nd A . TRUe 

w,bo r 8 toire <le Physique des Milieux loni,;';. 
Eeo)" poly tech nique , YlllB Pala ;seau, ,ranee . 

Study of the ion fe a ture in 1'1"",,,,,£ can yie ld deta iled in formation 

aoout plasma par"mcters such ,,~ ion tel!lpc, a ture, elecuon d rifts and impuri­

ty content. It is of interest to ~tudy detail<:; of the thee",,1 ion feature in 

a ·~ell -controlled l~bor" tor~ pI"sm". In this Pill'''' "''' describe an experimen­

t"l stUdy of ion- "coustic fluc tu ations using CO
2 

laser sca lte<i n~!1,2) This 

techniq ue has the ~dvan tage th at it does nol suffer fr olO [ ,,([action in p las­

maS a s dense as 10
15 

cm- ) ,and ,t requires only" 5,",,11 a tl'l u lar "cceSS to the 

It a lso prov ides enougt' sensitivity to [,,~ch the thHm"l lcvel in 

the I~t:or~tory pl~sma descri bed bel"". 

The plD"m~ is produc"d in One ch amber (80 '"'' di~m. by Ba cm long 1 

o f ~ double pl .. ~m~ dcvice ",ith densitie" of up to 10
12 

c .. -] in '" ~nd lOll 

J in He, wit~ elec tron temper~tures 'r~ from I to 5 e V. A singlc- !l'Cde 

c.w. CO
2 

l a ser with a poI.'er af H O h' is foc ussed in t he p lasma to" di~mete r 

2~0 uf 4.6 mn't t o the 1/ .. 
2 

po ints. iI spat i al filter consi stirl<) o f a sm"ll 

~perture "nd two I .. nses is phced bet ... e e n the laser .. nd pl"sma to elimina te 

nonunlformities in the tran~VHse ""'de pattern o f the l~se . b e am . Scattered 

rarliation is hcterodyne detected by bea li ng it ",ith a sm .. 11 f r a"tion of the 

inc i den t laser he~m .. hich is split off ~nd a li 'l ned so th,' t it passes through 

th .. plasma. The interr.ecr;on of t he l"o !:>eams define" the interact i on vo lume 

and assures efficienl heterodyn,irtg(l).1'he det~cto . is a "egal i ve ly bi ~scd IIg 

cd Te photodiode ",hich ta~es a maxi .. "m LO p""'er of 1.5 0'1., . Ne h"ve be"n able 

t o ,",ork ~ t scat ter ing ang l es ~s ,,,,,,,It ,,~ Ll mr~d (p l ~ s",~ "avelength s of 

0 . 9] mIll) "t,er .. t he str"y m~ i n be" m po"Wer o n the detectar .. as less tha n 0.2 

.w. Th" de tecta~ nois~ is f ound to be clo~c to the photon rIOi ~e fl uctu a tions 

of th" LD bea,. in .. hich case the minim" .. detect~ble sca tter"" p""'er is 

given by Pm - lh \' 1 '111 o.lf/'t ) 'f .. here h" i s the CO
2 

radi a l ion photon e ne rgy, 

? the qua n t um efficiency (0 . HI, .:'>f the band",idth s tudi ed , a nd ~ t he ave­

raging t ime . 

Sho .. n i n fi,] ur .. I is t h e scattered sign~1 ' 5 lproportiona l to 

the fluctu~ting elec tron density nl from an ion acoustic wave driven by ~ 

YOlt~ge at f r equ .. ncy , ~ applied to " 20 cm di~meter plane grid in t he 

plasma. The d c tector si9nal was ",ixe<l ,",ith the dr iv i n9 osci llator o f [r e ­

quency ~ lO produce the interferometer patter n s h"",,, . I n such an """ng" -

figure 1 

~TC (MHz) 

1,5 

45 65 90 

mcnt. th" "nvelope o f the sig"al "hould he due to the .. "veveCtOr r .. solution 

of th e sca tter ing e xper in",nt . The r " pid o~cillations a,-e due t o t he <: h ''''9'' 

i n "h~5e prod"ced hy t he W8Ve uaveling he tween t he grid .'nd 'catlering 

lu"", '~hich are ~epacated by a dis t ance xo ' In thi s cnse we " ould e><pect 

I S IX) cC n e-IK-RoI2a~/8 1KXa l III 

... hec n ~" i ~ ' liven I)", t he """tte,;n'! angle 9
0 

a nd the wave l ength ). of t h e 

CO
2 

cadialion 1Ko ~ 2 1'T (
0
1) 1 ami K is the '~~vevector of the i on ac"ustic 

,,"'lC. The pre,lic t ions or I II a c e sh"",n by the dae.hed curve in Pig . 1 using 

a ph~~c v" Locity at ./2 '" ~ 1 . 1S m lz af L JS x 10
5 

cm/sec , ~ pl~~"", den ­

sity uf 1.75 " 1010 ,,10- 3 8 nd)(0 ~ I. BS Cm . The on5c r vecJ signal poI<Ier ;~ 
about )0 db I"",,, . tha n that p r .. d icted from the ",ave a mplitude .. ,e"su red 

.. i th a probe in the plasma . Tld ~ may Ue due to the sensitivity o f t he 

c,c~tter" d signal on grid ~ll'J n .. en t ""d f latne ~c,. 

We have st"d;ed n"tur nl l y occurr ing f l uc t UAtions in I\r pl a51fkl ~ 

'~ith d en~itles up to 10 12 -3 Sh O"~n In fIg"re 2 is the scattered signal 

ohser"cd in & pi as,,"' of density 1 . 1 K l Oll cm- 3 with el ec t ron fe .. p~ r ~tu . e 
2 . 2 eV . Tbis spectrum '~ aS tilken with the interaction vo l u", .. center e d 

n (K,W) figure 2 

on the " dg c of th .. plasfO~ and ind icates a Huctu~tion le" .. l far above 

thermal (by a fac to r of the order o f 10) in scaUere<! power) . This sign a l 

was observe d t o be a m~xi,"u", neM the plasma edge a nd i s probably r .. la t ed 

to plasma produc t ion and gradi .. nts near the wall a f the device . Th .. fr .. -

quencie" ~nd wavelengths obscrv~d agree reasonilbiy well with the iou-acous­

tic d isper sion r elation includin'.! finite ~"'ne eff .. cts (dashed line). The 

frequency .. idths ~ r e due m~inly to aur fini t e waveVE'Ctar resolution. In -, 
Pi<Ju r .. 2. ISO cm corr e~ponds to RA)}e equal to 0 .5. 

;.le h~ve attempt .. d to observe the th ... "",l ion fe8<ure in I\r plas­

ma s .. ith de n s i tie~ o f up to 10 12 cOl- 3 . We hav .. nat observed th .. th .. rmal 

s pectrum fo r whic h wc would h~v .... xpect .. d a signal to noise r a tio of 1 to 

10 .. i t h a 1 sE'Cond ave r aging t.ime i f S (K) ~ I (a th .. rmal pla$m~ ",ith 

T~ '" T/ I,'e have h..,,,,,ve r ob~erv"d that driven ,",aves in this pLa s,"a d a lllP 

~ bout ~ f actor of 30 fast .. r t han expected fram electron L~ndau da ... ping. A 

I , c Onc .. nt<a U on of H in tbo h< p l a ~,.a would 1'<00""'0 gu"h 3 d~ml'in~ ~ntl 

in th is caSe we wou ld expect S (R) '" 1/10 which is cansistent with the ne ­

gacive ~c~tterlng rosults. In ~ e plasm~s this enhanced damping do .. s not 

appear t o be presen t . In prelimin"ry experimentS in th e ne .. e have,depen­

ding on plasma conditians, obser ve<! supe r thermal fluctuations similar ta 

thase sh"",n in r ig. 2 , bu t .... have not y .. t observed ~c"tterlng from th~ 

thermal l a n featur ... 

We would like to ackna~'le<!ge useful discu~sionS",ith T.D. Man t .. i 

and th .. technic a l assistanc .. of Il . Ctl,) pey and R. Vermillard. Thi~ e xperi­

ment .. as sponsor .. d by D.R.E . T . and C. II.R.S •• and One of uS (C~IS) would 

l ike to ac~nowledg .. pa rtial support from Bell L~bo r ~torl .. s . 

Permanent address s .. ll Laboratories, Murr ~y Hill, NJ 07974, USA. 

D~h-prC, Cornmissadat " l'Energie A to,"iqu~, BP N" G, 92260 Pontenay­
aux- Roses. 

(1) C.~I . Surko, R.E. Slush"r, D. R. MOle r a nd M. Porkalab, 
Phys. R"v . Letters , H, S1 (1972) and J6, 6 74 (1976) . 
R.E. Slush e r ancl C.~I-=-surko (SUbmltt .. dto PhI'S . Fluidsl. 

(2 1 E. Ilolzhauer . Pnrs . !.ett . • 62A, 495 (19771, R.L . h'atterson, 
A.L. Per "tt "nd H. DerfLer. Phys. Pluids, ,fl, 110 (19791. 
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KINETIC THEORY OF THE COLLISIONAL SCRlIPE OFF LAYERS 

U. Daybelge 

Institut fUr Theoretische Physik, Ruhr Universitat Bochum, 

46]0 Bochum, Federal Republic of Germany 

l\bstICact: Thls p"per deals with the boundary value pcoblem of 

the 00111510na1 plasma ion kinetiCS in the sCJ;"pe-off layers of 

poloidal and tOlCoidal limiter s. 

Under ideal discharge conditions the purpose of the limiter 

is to in t ercept all charged particles diffusing out of the dls-

charge and so t o prevent them from interacting with the torus 

wall. It has well been established, however, that in many toka-

maks a cool, low density plasma extends outside the Ilmlter and 

is ~n contact with the wall. It is reasonable to assume t his 

plasm" as c011i5iona1. To simplify the pt"oblem, one can also 

assume, that t he tt"ansition ft"om collisionless to collisional 

t"egime <It the dischat"ge edge has occured well inside the limi t er 

aperture. These assumptions imply that the boundal"Y condi t ions 

imposed at the limiter surface can influence the ions only in-

side a cel"tain range . However, the plasma-limiter interactions 

and the related impurity transport largely depend on the kinetic 

stt"ucturc of these influence regions . 

101 '" ~ Limiter Configura-

divertor) . 

I~-, '-
B~ , : t 

~ . .- ' 

! " . 

tions and relevant coor-

dinates, (a) poloidal Lim. 

ltoroidal divertor), 

(b) toroidal Lim . lpoloidal 

We consider the ion drift-kinetic equation 

"1 
with the particular ordering w« \l "" {} , where w is a typical 

transit time, Vth/R. , \l is ion collision frequency and {} is 

ion gyro-frequency. flccording to the maximal ordering of the 

neoclassical theoryl theneglected t 'E I1I 01 '/0'1 erms ~n ·qu. are w p. 

Our purpose is to solve Equ.( 1 ) with the limiter boundary condi­

tions. The drift velOCi t y in Equ . (1) is VD=vII!l"VlVII/f/l . 

The effect of the limiter induced electric fields on the pal"ticle 

orbits is assumed small.a point whose consistency needs to be 

checked. ror the collision operator C
ii 

we assume a simple pitch 

angle scattering operator~ Normalizing by the therma l velocity 

and the aperture radius a, the kinetic equation becomes 

v sin C ~ H ~f 
2 ( 1il + ;w" qla)~ .. qlaj-y ~ -k [lH')!f J 121 

Here, we have intl"oduced new radial coordinate ll"-a) 
T- (,'/R. ) (vth/'V 

cosine of the pitch angle ( , the safety factor q, and the 

parameter of c011isiona1 i ty Y" R.\l/v
th

. Since y is assumed 

to be large , we define new boundary layer coordinates il" "y(O-Oo ) 

, 
TK YT. Hence, Equ. (2) C<ln be · ... ritten as 

DI 

It is cl"<lr that in an axisymmetric case such as a toroidal li -

miter, f does not depend on <!I, and the third term on the left 

drops out. Due to the last transformation, ( can be treated now 

as a COns tant of motion. flllowing ( to vary in (0,1) we can look 

ilt the Equ . ()) as a prescription to determine f+ . Similarly, 

if -1~f.:sO , Equ. ()) determines In what follows, we cons i-

der the equation for f+ without specifying the superscript. 

With fNeo we denote the distt"ibution function to th is order 

fOund VHI neoclassical theOl"Y without limi tcr 1 , and notice that 

fNeo is a slowly varying function of ~ , and it is essentially 

Ma "wellian 1. As the collision oper<ltor does not couple f + and 

flow quantities to one plate can only be affected by the dis -

tant boundary conditions at the other plate , this effect decreas -

ing with the increasing collision frequency. Hence, using a ~I<1X-

wellian fOl" f~eo' we find that t he ion flow 

face is ri"(?JT
e

) 1/2 n cis/21ii" where c is 

speed and the ion heat flux is Qi-2kTiri' 

to the limi t er sur-

is the ion sound 

On defining f 8 f+-f~eo' it is clear that also satisfies 

Equ. (3) and vanishes for large values of the 1il"1 and I~ I. Now,we 

take t he rourier transformations of Equ(3) by applying 

(2,,)"' .CeXP(iBt')('eXP(i<I'if) dt' dil" , and neglecting dependence 

5 • 
d[(l- r.' )MJ+[iS sin OO+(1+(Z)+1(l2~ (J X 

" I 
The point (~ , is one of t he singular points of the equation (4) . 

The analytic solution at this point can be obtained by subs t itu­

ting Xoo r An(r.-1)n in the homoge neous equation . 1'le find 4 

An = An_l(a+2b-n(n- l)l/2n2+An_2( a +2b)/2n2+fln_Jb/2n2 , where a:
21

; a 

b =ie sinO ovS/q. ror the limit (~ l we can express the series by 

the Bessel function J . (.i2(a+2b} (1 - ()) At the othel" limi t , 

when ("0, t he solution can be written as X'" c , Ai( _a 1 / 3 ((+ ~)) 

+ c
2 

Bi(_a1/ 3 ((+ ~). The coefficients Cl and c
2 

can be deter­

mined by matching these two limit solutions with an int ermediary 

\~KB solution in the middle found for large values of t he para­

meter lal 

z(t)-2 Iii+2b ~ tdt 11~/(l+tllZ 

and jJ"(2b-a)/(2b';'a). Thus we f i nd cl~12 a -
1

/
6
cos I and 

c
2 

• 12 a - 1/6 sin I , with Ioo(2bJ /2f3a)- z(1) . 

15) 

Having thus determined t he solution X in the neighbourhood 

of ( =0 , we,now l"equire that x· o for (·0 . This is necessary 

to prevent particle accumulation at t he turning points of t he 

orbi t s. Expanding the Airy functions for l arge arguments we 

find that X", I'f7i fj"1/4 sin( i + z(l)) whe.., (·0 . Therefore, we 

find that the argument of sin must be equal to k" with k being 

an integer . Thus wc found a relationsh i p between the two e~gen-

values <I and b when a is 1"rge , 

, 
~ dt /"i"+iit"/(1+t')' =3nk/SIa'+"2b '" 

For any value of b, we note that there arc m<lny possible values 

• of ak(b), and for k large ak(b) '" (3~k/S ~0 . "98612 [[ence, by the 

Fourier inversion formula the solution can be written as 

171 
Here , Rk is the solution of the nonhomogenous term in (4). To 

deter,"ine Ak(S) we use the "initial" condition E(r , D. , O . [-"or 

nonemitting limitel" plate it is equal to _fHaxu( t'l where II is 

the step function. For recycling Ol" reflecting pla t es this va.lue 

can be accord i ngly altered. In addition wc need the orthogona-

lity of the functions Xj and X
k

. It can be shown that 

, 
! dr. Xj( (l ,O Xk( B,';') • Cj ,sjk 

where lijk is the Kronecker delta.Hence, flk(S)'" (I; dl; x..(f.-r.Rjl/~(lll. 

1 F . L . Hinton and R. D. Halel tine, Rev. ~bd. Phys . ,i!!., 239 (1976) . 

2 F . L. Hinton and R. D. Hazeltine,Phys. Fluids, .12, 2236 (1'H4) . 
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COLl.f.CTlV[ SCATTER I NG or COZ-L\SER LIGHT BY THE H1GIlLY 1O~ I ZEll ARGON rLASKA 

l)~' " "OLLOW CATIlOIJE IHSCIlARGF. 

8.F.M. Pots~ J.J.II. Cou .... os ,trld D,e. Schra .. 

Ph~5ic' Do!parLlWnL, Eindhoven I!niversity o f TechnoloBY, The N .. therlandl 

1. Introduction, We r eport on eoll~<:tive "ca ltering of CO
2
-laser tight witt> 

optica l ho..odyne detection. The emphasis li"s 'm the measureoaent of sponu­

neo"~ly al'""aring tu r bulence in ~ IRdiulI density plns .. 3 (n~.IOI9_1020.-)) 
.,ith " C.w. luw p ..... "r CO

2
-la ... [ (P i ·2W). We cOIIIpan the nunuation level 

"",a.ourcd by .c.' LL~ring wi t h the hvel a t frequencies below IMHz .. e,,~ured by 

"ptiCRI p r ohc,. These oplicaL probes "",,,sure the plnsma light fluctuations. 

Collective Icone ring r~f" rs to plolS"''' sca tt e ring of electromagnetic 

radiation . for which the 80c.,lled scattering paraCleter a"( k\u)- I , I. lien 

k"111 "11s-1 i l , whete 1 is the wavevccto r and sand i r~!er to " acattered " 

~I\d "incident" re~pectively (cL fig. I); ~D i s the Pebye l ength. The 

~caltered paw~r al rrequency ... ~ in a band 1I"'5 is equal to 

"s . !ll",s 

P{1., .. s ' ..... ')-l' i ne LollO flA S(1s-1i · ... ~ -"'i)d",~ 
"' .. - ... ~ '" 

.. he r e L is the ob&e rvacioo length, 0~8xlO-)Oa2!sr is the Tho'lI5on c ros,­

sec tion IInd All i, the solid angle . S(~ . .. ) is the s pe<:trd density fun<:tion 

[1 1. By varying the scatted ng angle 0 (er, fig . I) 'HId the fr~quency of 

observation ... . the function S(~ . .. J can be studi ed in var i ous part. of the 

(~ . ",)-.pace . ror a theraal phs"", fs(~ . .. ldw~1 and the width o f the .pect,-..... 

can yield infoT'lllltion IIbout the ion thermal velodty or the ion acooscic 

velocity. ror " t .. rbulent phsllL1. IS(!':, .. )d .. »> 1 i~ possible. 

In h...udyne detection the "ca ttered power is . i"ed optically wilh a 

fr"ction of the origin~1 las~r be"",, ca\led 1010'11 osci llator (1.0.). The 

lIixing ~li .. inateB the ItrllY light problem, shifts thc scattered 'pectru", 

from the optical to the r.f. ra nge ;1nd enla r ges the vo l tage lcvel. Ne 

distinction between blue and r ed shifts can be _de . The .olid ~ngle of 

detecti"" i. limited by 6Q·~ftA , where A is the effective source area. 

The ide31 s i gnal tu noi.e neio (SNR) for a photoconductive detector with 

quuntum ~ffici~ncy ~ ; ~ equ" l t o 

,,, 
hv i. the photon energy. A" i s the f . band of det~c~io" and r is the 

poot dctecti"" il1tcgl'e"en ,i .. e. The ideal SNR i, .'pproachod whon .h_ ~ho. 

noi se of the 1.0. i. dooi"""t. 

2, CO2-tclltt,, r inK diaK"ostic (c f. f~ Our CO 2-laser bUll i . focu ued 

in the pIt .... to 11 spot o f 2 ... ; " haction is used as 1.0. The .catte r ed 

radiation i, I) chopped f or pi. 3~e sensit i ve detecdon lJUrpo.u and ~ 
2) .. ixed with the 1.0. on a 1 i quid hd iUII cooled Ge:Cu detector (I •• , 

Curr~nt I ...... 1\~ I O%l. As IIO!n tioned for opti_ SNR [ he 1.0 . • hot noise 

~hould be d".inant with re.pect to o ther noise sources. On the other hand 

low del~ctOr dissiplltion asks f or I"", 1.0. power. Ther~rore .we c hoo.e • 

high load (600 0). sour C(l fOllower and ultra low noi se c""'poneo" ; then 

10..w 1.0. power 8uffices . I'assive band pass filten (center freq ... en<;y 

I-50 flflz. r~lativl! b""d~'idth O. I-O.J, 24 <iB/octa",,) "re u~ed ror spectral 

analys;s . Th~ .I!~lt~rinll angle 9 can be vari~d between 10 ~nd 70 

(0 . 02~kA~0. I\' 

AR the \.0. paul!" throu~h th" plasma also "s"",ll-k" sca ttering will be 

cl etect~<l ill ~Jd;ti on to the ~c"ltl!r in l: at ang l e O. It Coln be d;.cr;minatecl 

hy !,\oaBe ."nsit i vol detection .,nd "",asured s"perately . It yiel d . info rm.Hio" 

about S(~, .... ) in the I"" fre'l.lcncy r cg i on , hm:ever , withuut ~~regOI1lt ' ''n . 

"',, a"hi .. v~ SNll'. llbout a (actor t en b"low t he quantum limit (2) . The 

degr.,datiun .• are dUI! Lt> ~he ua" o f a chopl"" , losses in lIixin& efficiency 

.,nd re ..... nnt noi.e . i ncluding nu i .,e contributions of the"s .. all-k"scatter in r. 

b"5 id,,~ 1.0. ahut noise. 

t'ur the cal i hr.l.i on of the diar,nonic we r"fer to reference (21 . 

3. P l a~", facility. ]0" u'" a low p ressure (10-3 torr) hollow cathode dil­

.-har!!.". The plul» ("rgon) i ~ cy lindric .. 1 (radial 10 _ . length 1. 5 Ill. 

.. ,gneticlllly confined (II 'O.~ T). s tationary , current drive n (10-)00 A) and 

h i ghly ;on;";ed. Typ;cal pia .... ' pa ra_te r s arc n" WIOI9_1020.-3. Te-)- IO eY, 

T i -I-20 "y 121. Th" ion plas ... , frequenry is .,bout 200 Wiz and the l)ebye 

length about 2 U •• The s<:n["r;ng volu"", i s located rcl"tiv~ly hr fro. the 

r nthode CO.n 11). 

:,. ' ;xr ,·r' .... o.al .. ,~ult5 and discussion. lie uscd "'0 scatte ring lI~ollM!t riu 

'~JI.!: and !.l!! . ,\ re."rk"ble r esu lt is tlwt "c find for all rara""'te r ~ets " 

fl"c t u.,. i on levol clnR~ to thcrm~1 fo r '!:.II!.!" "hereas for .I':.l!! the fl" et oll­

t ;0" level c., " r ", .. ; 11 ~"v" r.'l orders o f map,nitudc above thermsl . A eypic ,,1 

~xn"l'lo or S(t, ".) W ill'~!!. i~ shown in figure 2 . The m~asur~,,!ents ~how 

I) li"ear cli"p~r"ion ,:orresl,onJ,ug to the ion acoustic velocity : 

2 ) a decay in h",h k.l ,'nd .. ; J) the oc"urane e of a peak Ilcar the lower 

hybrid freq .. ency , i . e . (l1 .lI~~u HIIz (d ri ft lower hybri d instsbility). 

Lo figure J the relative fluc tuation level ~.,fnt.lfd3.!f(2.)jS(~ , "')n; is ~iven 
..s f"""l i on of frequency fo r the sa .. I'''r .. ..ettr ut as in figure 2. 

The integration refers to the .. hol" ~-5p"ce. \le 1 ..... tH here [hat 110 othe r 

t urbulence pheno1lena arc present than observed around the ion acoustic 

velodty l in ~ in th~ (k.l . .. ) - plane . The pOint. "",a.ured by th" optic,,1 

probes arc i nd i cated and the ov ... ,,1I behavio .. r is .. 1I .. 2-deeay Ipectru",. 

We not e that al50 the opt ical probe •• easu re.en .. point out fluctuat i ons 

with a propaBat i o n p~rpendicular t o! . 

5 . Expectations fo r Tokamak pia ....... An interening que5tion ... whethe r 

s uprA· thermal drif t -wave turbulence l eveh c~ n be me~~ured in a hrg~ ~iz~d 

Tok mnak plaama " ith a I",,, power c . ... CO
2
-J..5er, Ag Surko and Slusher did 

.. ith a high po"er 200 Wc.". . CO
2
-Ia .er [ JI . ror a CO

2
-l aser and AD~20 um . 

scatt~ ring angles be t "cen . 1° and I " are to be uJed. with" laser be3t11 

di~moter of d .. l() - m; for drift waves l he f requencies nre rel.1t.vely I"". 

(",~l()6_ 1 07 rad/a) . Spatial r~50 lution is bad (L'lm) . I/ith A fluct .. Ation 

level oC l(» times thermal, P."20 11, n . 10 20,.-3, L.I m. 60.~~/J(d/ 2 ) 2_ 
-6 _? 1 e ) 

1.~xIO sr "'ith d EIO - • • l()% o[ the eotal ph~no ... non at a Ipec i f;c k in 

a t)'p ical frequ~ncy b"nd of /I"'5"IO ~ Hz IInd nn "ptie~l t r aM .. ini~n of 

50%. yields P5" IO-IO W• With ~"IO%. a t otaldelradlltionof I fa ctor ten , 

and 1 .l()-2 S, we get SNR~IO\ Le. nuctuatioM a r e "",Isur ed "alii)' On 

a [l lle scale ut 10 mS . \I~ note that .. ult;plexi ng both in ~ and .,- .pace is 

ponible, 50 that in one plaSIIII shot S(~ ... ) can be st .. died as (unc tion o f 

li ..... 

~ 
[11 J. Shef f ield , "Plas ... s~attering of e l ectr","",gnet'c rlldiat.on" , 

Academic P ress, New fork . 1975 . 

[2] B.F.~1. Pots. thesis, Eindhoven Univeroity o f Technology. 1979. to be 

published. 

DJ CH. Su r ko and R. E. Slu.her, Phys. R"v. Lett. , 1! ( 1976) 1747. 
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SPACE POTENTIAL ~!EASUREMENTS HITH PARTICLE BEAH PROBES" 

R. L. Hickok, W. C. Jennings, K. A. Cannor, and J. T. ~!oo 

Plasma Dynamics Laboratory 
Rensselaer Polytechnic Institute 

Troy, [Iew York 12181 U.S.A. 

This paper presents a comparison of four heavy ion bea~ 
pro~e diagnostiCS systems that are in operation or under con ­
struction. The beam probes are located at the EU~O Bumpy 
Torus at Oak Ridge National Labora tor)'; the Tanderr. t:trror 
Experiment at La:..'rence Livet'1!lOre Laboratory;. the research 
Tokamak, RENTOR, and the ALEX Baseball ey.per~me~t at Rensse­
laer Polytechnic Institute. The EST system 1.S lully opera­
tional. the TI1X and RENTOR systems are completely installed 
and detai led alignment with the magnetic fields is in 
progress, and the ALEX system is in the p~oces~ of being 
assembled on a test stand. The primary object~ve of each 
system is the measurement of the plasma space potential "'ith 
auxiliary objectives of studying plasma density, electron . 

Fig. Schematic of Typical Beam 
Probe System 

t~nperature, nagnet~c 

field structure. and 
fluctuation levels. 

The essential 
features of all four 
bean probe systems 
are the same and are 
illustrated in the 
set,ematic diagram of 
the EBT probe shown 
in Fig. 1. The basic 
components consist of 
a gun chamber to pro­
duce the heavy ion 
beam; an optics cham­
ber t hat contains 
auxiliary 'lens. S~leep 
nlates and beam moni­
tors; the plasma re­
~ion where the charge 
state of the beam 
ions is chan~ed by 
interaction wi th the 
plasma electrons; and 
the detection chamber 
that houses the energy 
analyzer to monitor 
the energy and inten­
sity of the secondary 
ions. The space 
potential is deter­
mined by measuring 
the difference in 
energy bet ... ·een the 
~ricary and secondary 

ions . the intensity of the seconda ry ion signal provides 
information on the plasma density and electron temperature 
and the momentum of the secondary ions can provide informa­
tion on the magnetic field. Typical primary beam character­
istics are a few tens of microamps of alkali metal ions at 
10 to 70 KeV and the secondary ion signal is usually of the 
order of a few tens of nanoamps. 

The EBT systems takes advantage of the O.C. operation 
of this device by using a chopped beam and phase sensit i ve 
detection to provide increased sp.nsitivi,fY. '.nth the in­
creased sensitivity we can observe the I to 3+ and the 1+ 
to t.+ transitions as well as the usual 1+ to 2+ reaction used 
wich beam probing. An analyzer energy scan sho ... ·ing the var ­
ious secondary ion charged states is sho;.'ll in fig. 2. In 
principle this information can be used to evaluate the elec­
tron te~perature, but it requires large ~orrection factors 
that are not well kno~'ll since the various c~arged states do 
not come from the same coint in ~he olasma and they have 
different sample volumes. The 3 and 4+ signals can be used 
to measure <j. . This has the a~vantage that energy difference 
between the primary and the 3 and 4+ ions is 2, and 3~ re­
spectively , but it has the disadvantage of weaker signals and 
higher bfam energy co probe the same point in the plasma. The 
3 and t. signals are very useful in making potential measure­
ments at different points in the plasma without changing the 
beam inj ection parameters. This provides confirma:ion of the 
potential profiles obtained with the 2+ secondary ions. 
figure 3 shows a typical apace potential profile measure~ent 
on EBT. This is an energy scan along a curved detection line 
that is more or less vertical. 

3econ~ary Ion ~~rge 
States Observed on EBT 

The TMX beam probe system 
rr.USt take into consideration the 
variation in the beam trajec­
to.ies with the pla sma beta. As 
beta increases. it will automa­
tically scan the observation 
point across the plasma without 
changing either th e beam energy 
or the injection angle. This 
is illustrated in Fig. " where 
the observa tion point in the 
?lasma for a given set of 
injection characteristics is 

,. 

fig. Potentlll Profile 
Observed on EBT 

r·o 

! 01 

~4 
Fig. 4 Simulated B 

Scan for TKX 

plotted as a function of plilslDa beta. I:nfortunately beta ::'s 
an unkno ... 'll parameter, but by monitoring the location of the 
primary beam after it has traversed the plasma , as a function 
of the injection parameter, we e xpect to obtain an evaluation 
of beta. The calcu lated scan is for an assumed square well 
beta extending out to a 30 cm radius k'ith flux conserved in­
side the solenoid coils. There is only very minor changes in 
the beta scan if flux conservation is neglected. 

The primary beam has been aligned 
with the vacuum magnetic field and 
Fig. 5 shows the beam walking across 
the primary detector as the magnetic 
field is pulsed. This is a long 
resistive detector so that the volt ­
age signal out each end is propor­
tional to the beam location. As the 
field comes up the beam abruptly 
appears on the nor th end (top trace) 
then this signsl decreases while the 
south end signal (center trace) in­
creases until the field reaches full 
value. As the field decreases, the 

Fig. 5 Primary Ion Sig- bea~ walks back north and finally 
nal on TMX off the detector. 

On RENTOR one of the major 
problems is ehe toroidal deflection 

of the beam by the poloidal magnetic field. The effect of 
the vacuum poloidal field can be compensated for by appro­
priate steering of the beam in the optics chamber. bue the 
field produced by the plasma current gives an unknown amount 
of toroidal momentum co the beam. The detector in the elec­
trostatic ana lyzer is split in the coroidal direction and we 
anticipate using a feedback loop to hold the beam center ed 
on the split plates. This should provide infonnation on the 
curtent density distrib\ltion, but: the accuracy of the results 

Fig. 6 Toroidal Oisplace­
ment of Primary 
BeAm nn RF./ITOR 

Fig. Primary Beam Signal 
Through Analyzer on 
RENTOR 

... ·::.11 dtlpend en tha "ignal to noise ratio or er,e '''easurements. 
Fiplre 6 sho ... ·s the walking of the l'cam in the t(..,oidal direc­
ti on due co the vacuum poloidal fh'ld produced bJ the OH 
k'indings. The signals are from a set of radial "'lres in the 
bottom of the diagnostic box. The wires are s eparated by 1 
cm. Th.:! beam starts to the left of the first ~~irc, wa l ks 
acros sit And the s econd h'ire, and ends up on the third wi re. The 
toroidal field is also pulsed at the same time so the beam is 
walking in both the radial and toroidal direction. A pro­
grammed toroidal s,-.'eep is used to keep the beam centered in 
th e vacuu~ field. A standard technique for calibrating beam 
prebe systel<ls and to establish the proper slaving conditions, 
is co bend th e prima=y beam into and through the electro­
static energy analyzer. Figure 7 shows 11 typical signal 
when this procedure is ca=ried out ~ich the RENTOR beam probe. 

On ALEX a neutral beam rather than Pr. ion beam is used to 
probe che plasma. A schematic diagram 0: the primary beam 
line, shok'ing the alkali metal vapor neutralizing cell and a 
deflec tion chamber to remove any unneutralized portion of the 
bean is shown in Fig. 8 _ The advantage of this system is that 
the primary beam is not severely defocused by the strong field 
gradients of the "baseball" geometry, the reQuired beam energy 
is reduced by a factor of four and the ~eaction cross section 
is higher for the low temperature arc plllsrr,a used in ALEX. 
The disadvantage is the necessity of incorporating the 
neutralizing cell wieh its a~ociated inefficiencies and the 
inability to sweep the beam across the ~lasl!la. The plasma can 
still be scanned in one dimension by swee?ing the beam energy. 

The present status of all four beam pr ob e systems will 
be reported and the latest results presented. 

Fig. Schematic of Primary Neutral Beam Line on ALEX 

* Work supported by ORNL. LLL, and DOE. 
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!'ROOOCTHl'I Of 1'1.AS~\II CURReITS BY ~IEANS OF ROTATil'G ~\IIG."ETlC Fl EWS 

W.N. Hugrnss, Loll. JOIICS and M.C..R. I'hil 11p5 

The Fl inde .. s Univers ity of Sout h Australia 
Bedforo P3T~ 5042 South AU51 ral ia 

The tec hn Ique of gcnera t inr, azimuthal e l e ctron currcnt ~ i n a cy li ll<J ri _ 

cal plas.,. <:01,,11111 by 1IK'311S of trans""rs.- rotatinj! "'gr!ctic f i elds was fint 

in"cstigatcd by Bl cvin and Thonem"nn lJ1 and [lavenpart c t nl [2] . 'n t hi s 

paJl(lr the results of theoretical :mu experi_nu l extens ions t o t hese early 

sn~dlcs a re prese n ted and at t ention I ~ dr aw" to t he merits and versati lity 

o f the t echnique in gene r ating the stead)' equlllbri .. currents appropriate 

to a varlely of plaSllm-ficld config"rlltion~. 

In essence, th~ techn j,l"" involves applying 11 rota ting !lagnetic fie l d 

i n :I direction transverse to the axis 0< 11 cylindrica l plaSIla column. Pro­

"ided that thc ~n~u I 3r frequency ,If t he r ota ting fie l d (w) lies between t he 

ion IInd e l ectron cyclot ron frequencies, "'d and IoIce (c:llcul:ltcd with 

r cference to the amp l itude of the rotat ing fie ld. RoJ. nn<l provided thl' 

e lectron colli s ion f r equency . \le' is Icss than the electron cyclotron f~­

qucncy, the elect rons Can he considered as " tied" t o the li nes of force o f 

t he ro t ;. t ing fie l d. They circulnte synchronous ly .,ith the pngular f re-

quency of t he rota l;n&: field wherea s the ions (nt l e:lst in the shor t tel'll) 

have no net t aIlmuthnl 1IIOtlon . As long a s t he "yste .. re.ains azl_u t hnlly 

sr-ctric, no charge separ:ltion occu rs and the elect rons lire no t Ilreventcd 

from "",ving by s pace charge fields . The electrons thus f orm a steady 

IIIi .. tha l current layer "hlch genl'rates " stcady ax i al .. ,gnetic fie l d. 

In both t he above di.cussio". and in Refs . [ I ] and (2), t he Impl icit 

"ss ump t i on is lIIade that onc i s di,'cu ssing a steady-state situation ""ere a 

rotating .agneUc fi~ l d cOllp l etely permea t es a plasu column and drives an 

azimuthal pla smA e l ect r on current. I n practice, t he p13s.:I colu.,n to 

wh i ch t he rotati ng field i s applied is ob t:llned ei t her by preioniIing the 

neut ra l fi lling gas or by 0110\"'; " 1: the i nd"ced elec t ric f ield a ssoci ated 

with t he rotati ng fie l d to do t he ionl:ing. I n ei t he r case t he I_por tant 

question ar ises a s to wheth"r or not t he ro t a t i n2 fie l d wi ll fu lly pene­

t r nte t he plas .a coh .. " in t he first ;ustance . This questien h~s been 

investigated by .eans o f n numer i c a l study of the inil in l vn llle probl em . 

The penetrat i on of " tr;," sverse rot ating ."gnetie field int .. an unifo,.... 

i n finitely 10"& cylinddc-a! I'h ~." colUlln wllS followed in tllJl('. It wa s 

3ssUllled that the ions fon:ted " fixed. unifo,... nClltr31i t ing bnckRround and 

tha! the resistivi t y. n. "as unlfor. a",1 r emained con~lant In !i .e. Pro­

vi de<l I hat wd < W < wce and W < ve < [.ce' t~e appropri" t ~ for. of Oh.' s 

13", i s : 

The effect of thl' non.linear Hal l tera (which becomes si£n ific an t when 

\le/wce '" l) is to a id t he I'ene t r:otion o f the rotating fi e ld. 

These .adel c'llcu lations ~ho.;ed that for small values ef Bo the 

ro t ati ng field only p~rt ia l ly penHrntes the phslIIa column nnd only a 

fraction o f the elect r ons rota t e. On incre:lsiug the value of Ba, a 

t hresho l<l regime i s reached where the Tlllmber of ro t at ing elect r ons in_ 

c r eases rap idly. Ahove " cenain value of "0 , there is no lItain to he 

oblnined by f llr t he,. illcrca s i " !: the ampli t ude of the rou.ti ng fiel<l because 

a situation is "Ire~dy re:!ched where ~'l the pl:lslI:! electron rot:!te syn. 

chron""~ly ~'ith the fi e ld. n,e 1 0~'er t hc value of "e' the 101<er is t his 

critical v:. l ue of Bo ' 

An experi"",nt .,,, s ."de i n which th ... rot.Hing field technique ~'ns used 

to gcne rate a the t a_pinch li ke diHrih"t ion o f field and p1." .. " . This 

e ~I'e riltCnt hoth il l us trated certain felltures of the nu.erica l call'ulatlons 

and demonstrated t he I'se flllne~~ of t he technique. ,\ ~ t r algh t . cyl indrica l 

pyrex di~ch"rRe tulle. o f 5 c. illtl' r ll"l dia.cter nnd 70 .,. length ""5 

equippC<.! <In the out s i<le ,lith t wo \"ngitudill" l loops orient ated at !lOo to 

e.~th other. 11.f. currenu of the s a_e frequencY:lnd allplit,lde . hut 

~el'h .. s C<.! hy !lOo . ,",ere l';!s se<l throu~h these t~·o loops to pr oduce a t r"ns · 

vers e r.onEnHic field "hid, rotat ed abou t the axi s o f the di scharge t ube. 

The r.f. current ~ ~'ere ge •. e rated h)" "eaus of Weihel typl' r.f. l i ne 

generator .• D] which were lIOt!i f i ~ ~ in s" ch a . anne r a ~ to reduce sub-

stantiall y the "ecess:rry n\llther of s pa rk gaps. Each IInc gehe r :Hor could 

produce n ~hort r . f . ~tlrrent p"l~e con~lstinll of eight periGtls at " fre. 

quency of U.67 ~ilz . The cqui""lenl Ileneralor i"lledance and the r.5 ol'!!n 

circu it volta~e of ench generator ~'3S 9.7Q :", <1 14.1 kV, respectively. No 

att"'pt "a s ."de to .. ,tch the generators t o the l oad. ]n fa c t . s ince the 

10:1<1 i .. pedance W.15 nt a l l ti~ ,., gm"ll f r actloTl of t he genera t or l mp ednnce. 

the llener3 10rs beh3ved e s ~ enti"lly a5 constnnt current .<ource .'< . The 

; .. plitu<le o f !he "aCUlIll retating fiel<l l' r oouced in th!~ ","nncr 011' 5 220 

g"uS5 Oil o1xi5. ,\n extern~ 1 solellOi d wa3 lI sed 10 prod"c~ a Heady hi as 

... , gnetic fi e ld. Ba' directed "lon~ t he axis of the dischar ge t uhe. In 

thes e experi.cnt ~ . Ihe filling g"g w"s "rgon. The use of ar~on ensu red 

tha t the necessary cond ition. wci < III < Id
ce

' ~':l5 eas i l y satisfied. 

Prov i ded t he tondi r ;"ns set oue at t he s t nn of t his paper a rc s~ t is_ 

fied . the applied t rans"erse rota t ing field drhes " steady a zi ..... tha l 

electr on cu rren t i n a cy l i nd rica l pl a s",~ . At ~ny r adi al pos i t ion r , the 

elec t ron drift " e l ocity Is fbI and. if a l l .. e plas." el e ctrons part 3ke o f 

the rotati on3 1 IlIDt ion , j e er ) .. nef r ) lel fbI . The eemponent of t he te ta l 

axia l .ametic fi eld whiCh is gene rHed solely by t he rotati ng elect rons, 

where N(r) (2" "e(r) r dr 15 the l i ne dens ity o f elec t r on s l ying 

between I' and R; R i s the Inne r rad;"s of the d i seh ar~e t ube. Not e 

t hut 
11 l el W N 

Bz(R) • 0 and BI(O) .. ~ 

""fOre No is the e lectron line densi t y. The direc t ioo of Bz(r) depends 

on the sense o f rotati oll " f the r OU t ing field . Fo r t he appli cat i on we 

have in lI i nd. wc have t o consider t he case where t he a~ ia l field cOllpOnent 

produced by t he rotating el ec t ro ns is in t he oppos i te d irection to the 

applied bias fie l d , Ba' The to t a l a~ i al lIagnetlc fie ld. s,. ( r), is there. 

fo re given by s,.(r) .. Ba - 8:(r) . 

E~pe riments were conductod with t .,o fil l in&: pressur es o f argon. name l y 

3.7 .Torr and 6 . 0 ItTorr. For t he 3.7 .Torr e~peri_ents i t .,as obs erved 

t hat the rota t i ng fie ld full y pe ne tro ted t he phsma co lumn ond set t he 

electrons rotating. By ehoosl,,<: two diffl'rent va lues o f Ba it Wa S 

poss i b l e to gener ate t heta - pi nch I H~ confi guration s having di ffe ren t e n-

axis S-vplue s . Typ i ca l ly, Ba ~ 740 gau55, BI{O) .. 300 gauss and 

S(O) ~ 65\ . These cenfiguratlons "ere s us tained f o r '" ] 0 IIsec , t hi s 

being the effective du r nt ien o f t he r . f. pulse. In the 6.0 .Torr e~peri _ 

-ents, it was obser ved that t he e ffect i ve e l ectron colli sion f r equency .,as 

too h i gh , on l y partial Jlene ~ r"tlon of t he ro ta ting fie ld oecuned and onl y 

fraction of the elec t rons rotllted . 

The t echn i que discussed i n this pape r can be used t o genera t e the 

steady cqui libriulI currents appropriate to :I varie t y of pl as.,.-fi etd 

Confillura t i ons . In par t icular. the use o f it to ge ne rnte the equllib r i ull 

<·tl rrent! correspond i ng l O the s phe rOll.' ~' reve rsed fie l d pinch nnd screw 

pinch/high-B tok~ ":I ~ configura tions has 111 r e ady been d i scussed [4-6] nnd 

delllD nstrated In preli.inary experi.ent s . 

D' If.A. Bl ev i n nnd P.C. Thone.ann. t.:uc l. Fusion . 1962 Supp l ., Pa rt I , 

p .55 ( 1%2) 

[2] P." . DaYl'npor t e t ,, ] .. U.K.A.E.". Culha. Report CL'I_R6S { 1!K>61 

[3] E.S. Jleihel, Rev. SeL Inst"' •. ~, ]73 (19641 

r<' LR. Jone s, H i nders Uni ve r s i t y Report FUPH_R_ISI (1979) 

[S) I.R . Joncs. Fl l nders Unlnrsity Repor t FUPH_R· IS3 (1979) 

rO' W.N . HugTass, LR . Jones , N. C.R. Phillips. Fl i nders Univers ity 

Re port FU l'll _R_ I SS {I9791· 
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SCREEN!NG J:ffICIENCY Of THE SCRAPE orf P!.ASMII. IN TilE SHIIOOW Of 

A POLOIDAL LIMITER 

11. Nl<:ol~i 

lost.ltu t filr Plasmaphyslk de t" Kernforschungsanlage Jillich GmbH . Assoc iation 
EURJlTQM- Kfl\ , ~170 J(lUch , federal Republic of Ger=ny 

~-~ 
The p l asma. pa raCleters i.n the scrape off l ayer of a poloidaL limite.- are cal­
cu l ated by introducing additional particle a nd energy toss terms into che 
six-regime ve.-sion of Dilchs' code /1/ . The plasma has COlD ion CCOP O llollt&, 

o ne hydrogen and o ne impurity sp<?cles. The Impurity influx from the outs ide, 
ga dnl"t in t"" oxygen .. "d s pu t tering in tne iron C""C , i5 t.-e" t "d by It tl<lO­
climenslonal mode l. Using TEXTOR data it turns out that th .. screening effi­
ciency of tl", scrape off layer is about 25\ in the oxygen and 45 \ in the iron 
case . The recycling- r ate o f o Kyg-en at the Hmiter wall assumed to be lOO' and 
th~ g-as puffing- ra te was N_ l . 35 · 1020/sec. The iron Ions a re supposed to sUck 
a t the limiter surface· 

I. Impurity built-up 
1.1 Oxygen 

The o~yg-en influx ~o consists of t .. o parts , ~O l and ~02' the first o f which 

~o l • 2_ R' h rim (nof-nOi)/~t 

i s due t o the oxygen g-a s puff which is supposed to increase the mean oxygen 
density f roal nOi to nOf linearly during- the time i\. t. R and rim are the major 
and .. inor radius (Fig . 11. The second contribution 

"" 
~02-2.Q A J ~v''vvvrdr 

',. emanates f rom the impurity r"cycling processes at the limlter s urface . ~ is 
the recycling- rate. < lm and rJn ar" the radii of the limi t er and liner plane 
respuctiv"ly (I'i g . 1) , nv is th .. i mpurity denSity summed over all Ioniza tion 
IItag-es. hv is the ""lt~~~nn f~ctor /2/ and" is a consUnt 13/ and Vv i s the 
iml'Urit_y ions thermal velocity . 

1 . 1 I ron 

The influ~ of iron atoms has during normal tok,,,.all: oper" Uon essentially 
t wo reasons: Charge .. xchan g-e sput t ering a t the liner surface and ion sput­
t ering at the limiter surface . Arcing-, the ablation of blillt .. red macroscopic 
iron pa rticles a"d the selfsputtering- "voked by the impurity Ions b"ing- ac­
celerated in the potential " heath lire ne'llected here though th"y might be 
importan t impuri t y sources. The flu~ of sputtered iron due t o the escllping 
charg-" e~chan'le neutra ls r"ads 

10 dr 

" I' • 1 ~ XI {I0<lE 
"I j _ 1 .. 

I[ere the sum runs over the g-enerations of the charge exchange neutrals /J/ 
~:~ ~0~1~~~~,,~ : ~~;.energy distribution of the hot neutral s . x{":') is the sput-

The flu~ of s puttec<>d iron released at the limi ter surface is obtained "s 
follows: 
Before ent .. dng- th .. sheath In the hydrogen i o ns have one half of a M"xwellian 
as dhtdbution function . The sheath l e"ds t o a shift of th .. energy of th .. 
impinging ions o f abou t l eou l where U is th" ,;he~ th pot"n tla l. By f o lding- the 

sputter coefficient /5/ for the shifted energ-y X(E+ leou 11 with the dis tribu­
tion function in front of the sh .. ath , we g-et the temperature and voltag" de-

pendent sputter lif,Oeft;Clent 2 2 

X
2

(T ,U) - 4 Idu u exp l--... ) x lu 'kT+ I"ou l) 

The inteqratio~ variable is u ~ v/vl ... here v • t 2m i /( kTi )' i s the ion thermlll 
v<>locity . Fig- . 2 "ho ... " a strong dependence or the sputter coefficient on t he 
sheath potent1~l i f the tempe r" ture Is belo .. 200 eV . 

The flul< of the sputtered iron due t o ion Impact at the limiter then r .. ads 

' ," +Fe2 - h '" I hiniviX2('l'I'U) rdr 

lI .. re ni is the ion density , c ~ lculated in t he diffus ion .. odel di s cuss"d be­
low, ~i i s the ions' Boltzmann factor / 3/. In analogy to th" trea tment of 
the cold neutrals due t o the hydrog e n r .. cyc ling at the liner and limiter sur­
faces /4/, t he density of th .. neutral impurity atoms within the p1as .. ~ is 
calcula t ed by ...,anS of the expression 

n (r).! ~ I 1 
0 1 vo': d~~xp (- ~ 0/ ne <ov' I dl ' ) 

Vo is the velocity of t he incoming IlIlpurlty a t oms the distribution function 
o f wh ich is ~upposed t o be hotropic a nd monoenerge t l c , <ov ~ I is the i on ha­
tion rate coe fficient fo r th" first ionization stage /6,7/ . The length 1 is 
defin~d in / 4/ . In teg r ation of the impurity volume s ource te'" 

sv - n"nv <av' , 

over the scrape off r eg-ion a nti the c entral core ':lIves th .. fl ux"s of il1lpurity 
atoms b"ln':l ioni""d In these regions (I'i g-. 1): 

t . 4,2 R ;ln rdr Sv ~ - 4~2R;I" r dr Sv 
a rim c 0 

The screening- efficiency i~ then g-I ve n by ~ • ~ /( + .. ~ ). 
In th .. oxyg-" n ca_~e the flu xes $a and ~c " re ~alcufat"~ a na~ogouslY . 

2. Diffusion model 

Th" diffusion mode l eman~t"& from the fact that th" transport I"'ra ll" l to the 
""'gneUc field is cau sed by MHO proces~es and by parallel e l ectron hea t COn­
duction On a very short time scal .. Itypically 10 - ]0 microseconds). On th .. 
other hand the tim" sc" l e for the diffu"ion processes !>"rpendlcu )ar to the 
.... gnetic field is 10 - 20 ml ll is,,"conds. Therefore, if th .. r e a r e closed flux 
surfaces in the 5.0 . 1 ., th .. den~iti"s and teOlperatu res a r e a l ftlOst constant 
on them , ev"n I n case o f the impurity ions. By applying- the conserv"Uon laws 
on t he r egion between two Infinit .. sia>ally neig-hbourlng flux surfac .. s, add i ­
tional ioss t erms occur In the tra nsport "quatlons .. hich are .. qual t o the p<>r­
tic le or en"rg-y f lux densities at t he llmlter surface divided by 5""''' charac­
te r hUe: length 1/2 . ]/ . 

3 . Sheath po t ential and seconda r y emission 

The «'quice"KlIlt that the net c urrent de nsity due to the influx of hydrogen 
ions , impurit y Ions . electrons and due to secondary "Iectron emission ~hould 
vanish Locally r esults in an equation of the she"th po t ent ia l /2,)/. As the r e 
ar" strOng r e laxa tion proc"s~es (two-s tream a nd th ", mi rror instabili ty) I n 
the bulk o f the scrape-off reg-ion deviations from the ~axw"lll"n distribution 
[unction ,or" supposed to b" neg-ligible. 

4. Resul ts 

Va rious calcula tio ns concernin g- the TEXTOR d"vice (rim. 50 cm, rln _ 54 cm , 

:i:y 1 ~5 ~ c; : ,~lT~=; L h!~:l~e:~ ~o~~ . k~~m~l:;:~c:~r~::~l~~ : r:7:i~:~ :~:w ~en-
4. J OMygen 

If a n oxygen g a "puff which r aises the o xygen conten t from U to J\ ill appli"d 
between ~OO and 430 m~ , i .e. du~in g- the flat top pha se , one obtains at the end 
of the g""puff the pa r ameters shown in rig. 3. Th~ hydrog .. n density deviates 
s trongly from the electron density at the limiter edg-e, because Zeff is 
about 4 here . The tempurature dhtribution is very similar to the case wi th­
out i"purity inlet /2/ . as the radia tion losses are still small compared t o 
the limi r.er losse". About SS, of the ch" rg .. flUM of th .. Inco .. inq electrons 
i s balanced by the se condaries and only 10\ by th" hydrog-"n a nd 5' by the 
o xygen ions , so fa r the li .. iter edg-e Is concerned . The impurity densi ty there 
is about 20\ o f the hydrogen density. The Impurity profile deviates consid­
erably from the g-raphs o f the other plasma para,.eters characterized by an 
a lmost eMponential decay. The reasons ar .. the s trong deposition by the 9a5-
puff and the decrease in the loss term due to the lowe r t her"",l speed of 
the impurities. I'ig. 4 shows t h .. dif f erent Ionization st~ge" of the oxygen 
which a re caiculated from a tirn .. dependent coron~l equilibrium, i.e . by 
.. ean" of the r a t e "qu" tions . Their solutions is interwoven with the solution 
cl the diffusion equation /B/. This procedure seems t o be re~nsonable f or 
the central core , bu t is somewha t doubtfull for the scra pe off reqion be­
cause of the steep gradients a nd the strong flow p<>ral lel to the 1IagneUc 
field. Nevertheless, th" concentrations of the ion species O2- 0 7 shown in 
Fig- . 4 h"d b .. en calculat .. d by this procedure . The position of the maxima 
should be t ypical, whereas t h" ... Ing-s of the curve" might be not so ate .. p in 
rea lity. The density of the n"ut ral o xygen is in the limiter plane about )0 \ 
s .. " ller as i n the liner plane . 100\ recycling- a t the limiter surface is 
assumed. At 430 ms the pa r ticle fl uxes ~Ol ' ~02 ' ~a and ~c ar" 22A , 40A, 15A 
and 4 7 1\, so that th" "cceening efficiency i s 24 , . 

4.L Iron 

The f lUKes ~Pel ~ 0 .97 1\ and ~ Fe • 0.61 1\, calculate d at 4)0 ms a re of the 
" a me order of ",,,gnitude. '!'he f lu~es ta and +c turn ou t to be 0 . 64 1\ a nd 
0 .95 A respectiv .. ly so that t he .. cr ~ening- efficiency i s 4] \ . lis "",pected 
the scr"ening- "ff i ci"ncy for iron is highe r tha n that for oxygen. As it is 
a ssum.ed here t ha t both fluxes 91"" 1 and ~Pe2 are released in th .. liner pla ne 
the screening efficiency might be somewhat overesU .... t .. d. As a similar con­
side r a tion applies also to the oxygen ca"e, the sc r eening- efficiency cal­
"uhted h" r e "'ig-ht be also somewhat too high . 
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Experimental Studies of Scaling Laws in a Cold Hant l e 

J.R. Drake and A. Kuthy 

Royal Institute of Technology, 5-100 H Stm;khol .. 10, Sweden 

Abstract: The classical one- thi rd power scaling of the plasma density with 

~ral density \.,as observed dO,1I'I to a pl asma density of 1 .h1021 m- J 

with a neutral wall dens ity of 2.4 xl020m- 3 and a field strength of 0.5 1. 

Introduction: A cold-l'Iantle is a shell of intcrpenetratill!l plaSlll<l and 

neutral gas surrounding an impermeable plasma core. In this 5hl11 1, the 

neutral density, Ill,is detcnnined predominant ly by diffusive pene,tralion 

of neutrals into the cold m.lntle frOlll a source region outside the cold­

mantle shell. The diffusive scale length is lo· PexAlon) 1/2 where Aex and 

A
lan 

are the neutral mean free paths for charge eAchange and ionization 

respectively. The cold-mantle boundary layer regime is att~ined if the 

plasma temperature , Tb' IS above" eV and t he product of the pl~~~2 

denslty, nb' and cold rmantle ttllc~ncss, t. , satlSfles ntP ~ ID .. (1] 
E~perimental s t udies of scaling laws and observ~tions of plasma density and 

tamperature p"ofiles and neutral penetration were carr ied out in this 

parameter regime in the F ! rotating plaslllil device. 

In this regime, the observed scaling between nb and the neutral 

hydrogen atorn density at the wall, nlw' followed the sc~ling hw given by 

where 8 is the magnetic field strength. In this ~per we report 

. vcl'ification Of this scaling to 10~ler neutral ilnd pl osma densities than 

previously reported [i , 3J. This one-third power scalin9 law imp l ies that 

rib is predOl1linantly detemined by the particle and moment ... balllnces. 

In addition, we have measured plasma nand T profiles a t va rious 

power input levels and h~ve calculated the neutral profiles using the 

Boltlmann equDtion and these measured profil es . The observe(j plasma 

density profiles and aqllitudes ""ere comparatively intensitive to P, 

but the temperature profiles .md ampl itudes were strongly dependent on P. 

Temperature Increased with P. In the calcul ated neutral profiles, lo was 

dependent on P tllrough the strong dependence of Aion on T in the 2-cV 

temperature range. In fact, the criterion fo r sustaining ~n imper"llleable­

core plasma was maintaining the core temperature above 2eV [41- For all 

values nf fI ftnd nlw ' we obs ~rved tllat the penetrDtion of neutrals w~s 

determined by t hese t!!l11perature profile effects. 

Appara t us: The experiments were ca r ried out on the F I rotating plaSllla 

device which has a purely-poloida! 5pherator magnetiC field [3j. The ali· 

muthal Ex B rotation velocity is 5heared and therefore the plasma is 

heated througll ion viscosity. This proYides a technique for coup l inq high 

power inputs, up to loBw/ .. 3, to the p Iasllla. The deY i ce has the disadvantage 

that particle and energy trMlsport !Jarallel to l give lOsseS t o the in­

ternal ring suppo rt. Howe~er in the eAperiment discussed here, the rotation 

parame ter s and B were such that transport perpendicular to ii domina ted 

and the part i cle cootaillllent scaled classically like 82 . The central plasma 
density ranged from hl021 m- 3 to 6x1021m- 3 and the central tenoperatur e 

from 2eV to 15eV dependin~ on field strength , filling pn'ssure and power. 

The exper"iments were c~rried out with a typical poloidal field of 

0.5 T. Classical higllly collisional ion transport in this spherator dey!ce 

with q-O is roughly equiva len t t o tha in a tokama~ with Q.J and a toroidal 

field strength of 1.5 T. 

One-Third Power law. The scalinq law relating the plasma density at the 

edge of the i lJof)erneable core to the neutral density at the wall Is derived 

by usuming the presence of a steady- s late fIolld bahnce between the outward 

diffusion f1u~ of ions and the inward diffusion flux of neutr~1s. The 

frictioo bet ween ions and neutrals is neglected when considering the 

ion-fluid II{JIl:cn tUlll balance so tha t the ion diffusion flux has the classical 

form r J .. n2 !J-2T-IIZ(Q"Jn/n. '.'JT/2T). 

However, the dominant term in the neutrai fluid momentum balance is the 

friction exerted on the neutrals by the ions through cha r ge e~ch~nge colli ­

sions. Thus t h'! sca li og for the neutral f1u~ in regions where n>nl is given 

by r,i '" ' .(nlTl)/n. If the teqlerature profile effects are negl ected in the 

cold-mantle boundary layer, a spatial integration of the flux t61ance gives 

the one-third power law. 

Th i s Jlredicted scal in9 has been eAperimenta lly examined. The IIlasl1lo1 

density meHur ements were raade using interferClr.M1try. The filling pressure 

was taken as the neutral rressure at the wall. The dense plasma volume 

represented only aoout ID!: of the vacuum volume so we assumed that t he 

vacuum volUl1e was an infi r.ite reservoir of room temperature neutra l hydro­

gen. [n Fig. I, we show the plaslao"l dens i ty versus tile f i I ling pressure e~­

pressed as a neutral H-atom density. The field strength "IIIS 0.5 T and densi­

ty values ",ere taken at a constant density-norma l ized power input level of 

4AI 04 eV/sec per ion. The scaling followed nb"' nl!!3 down to val ues where 

the ratio nb/ n,w was 5. 

5 

2 

1 1 2 5 10 20 50 IX) XlO 
Fig 1. nb versus nllt showing the one- third power law-scaling . 

To d('f11Onstrate the classical nature of the lIarticle contail1l11ent, we 

show the scal ing of nb versus B at a fixed nlw and fhed pOl"/er input 

in Fig.2. The sCDling followed the classical e~pectation, n
b
"'B2!3 

Neutra l Penetration: We have cal culated 

the neutral profi les for various power 

i npu ts by numeri ca lly i ,.,tegra ti ng the 

BoIHmann '!<'uation using experimentally 

l1II'asured nand T profi l es. These 

calculated profiles show an increased 

penetration of the neutrals \iith 

decreased power !nput. A minimum 

power , P"in ' was needed to llalntain 

the core temperature above 2eV will le O.J u.5 01 
~lso, of course, replacing the energy Fig 2. Scaling of nb versus !J . 

losses from the sys t em due to entl1alpy 

transport, conduction and r~diation 14J. If P was below P
min

' the core 

beca .. e pemeable to neutral penetration. 

Figure 3 shows examples of the e~perimentally mea sured n and T pro­

files. The outer half of t~e proflles on the equa tori al midplane are shown 

as a function of the I1Io1jOr radius. Only two power inputs are shown for 
clarity. 

In Fig .4, we show the calculated neutral profiles based on nand 

rl"o fil es for different pOh'er inputs. lIote that with higher P, the neutral 

density decayed rapidly starting illl11!'dia t ely ins ide the liQiter . The inner 

neutral density was deterwined solely by recOllbination at these powers. For 

decreased powers, the neutral penetra tion Ilas increased and, at P~O.24 MI4, 

the central neul"al Oensily was attenuated by less than a hctor of 10. 

P~09 MW 
______ T(eV) 0.12 

4 _n(1021 m-3) 21 

3 
0.24 

}9 
0.42 

2 

P~O.4~-\_ 0.61 

TleVI .-----:---_-- :S17 
P~0.92 MW 

n(1021 m-3)- . 

22 23 7J. 25 22 24 26 
major radius(crn) major radius {cm) 

Fig J. " 00' T profiles. Flg.4. "I profiles. 

As seen in Fig.4, the plasma core was perneable at P~0.24 MI~. In the 

F I rotating phs..a device, this transition to a pemeab l e core was easily 

seen experi.entally. The a~iS)ll1l11etry of t he system was l ost "nd the phsm~ 

bro~. e up into rotating spokes \1hich were evident on all di~gnostics. Thus 

the calculated neutral profi les are consistent wi t h t he other e~perimentally 

observed characteristits indicating the transition frOll ~n illlJleraoeab l e to 

a lIel"llE'able plaSllla core as a function of power input. 

Conc I uslon: The plasma densi ty amp I itude fo llowed the one- thi rd power 5ca­

ling low for 1x1021( nb< 6~lo2Im-J even though the derivation of thi5 lalj ne­

gll'(:ts t!'l11Perature profi l e effects. However, the temperature alBplitude ~nd 

profile was strongly dependent on the power inpu t and. in turn, the neutral 

penetration scale l ength was dominated by the temperilture pro f ile effects. 

Acknowled9ements: This wor~ has been supported by tile EUropean COl1rnUniti e . 
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' ..... u,. 'd.CIL,IQUE uF IR HOLOGHAPUY AT 10.0 fm 

BOR LASlIR-PRODUCED PLASIIlA DIAGilO::."TICti 

li.l.!.Barkhudarov, V.R.Derezovak11, '.I'.'ta.Chelldze, 
G.V.Gela/3hv!ll, !!.I .. .l:aktakishvill, N.,L.Taintasdz e 

Institute o~ Physics, Academy of Science. of tue GeorGian SSR, 
Tbl11ssi, USSR 

Ab,tractl The results of the dev.lo~m.nt of IR holoGraphic int er­
tuom.try technique util1ziIlr; 11 pulsed CO2 la8e.r (,l", 10.6 fm) lire 

presented. The possibility of ita application to diagnostios of a 
lasar-produced 8011d target plasma in vaouUII, se Vlell 88 0 18s8r­
_produced B'park in 11; SBs,haa be.n demonstrated. 

In studying the higb-t.~eratur. plasma in devices of Tokamak 

type, thets-pinch. plasma focus .tc. tbe necessity to measure the 

,leotron denaity of the order of 1014~1016 cm-} ariala. In this 

oas. it Is ad'Vlaable to ut1l1u an int'rarad (m) 1nterfuometric 

toohniqu. at }... '" 10.6 f. wanlengtb (inahad of 'tbe visible Ugbt) 

r.aliz.d u.ing a pula.d CO2 las.r,ainc. it Rro~ide8 eesentially 

higher •• nsitivity and allows on. to attribute the llleasured inhr­

f.r.ocB fringe sh1tt .ntir.ly to plasma electrone. 

In tb. pr.a.nt work tbe R08.ibility of the applioation of 

doubl .... u:pollur. IR holographic interfero.etI7 teohniqu. at 10.6 rm 
to diagnostios of a las.r-produc.d aolid target plasma in vaouum, 

aa •• 11 as a laa.r-produoed spark in &!r,bes b •• n d.monstrated. 

th. so11d targ.t plasma was produc.d using a puiaed CO2 las.r of 

aioro •• coDd duration. Th. study of sucb • plaama 18 of ~~nsider­

able int.res~ for the problem of magn.tio trap filling. Experi­

a.nt ••• 1'. carried out in a stsinless .teel vaouum obaaber. The 

double-disoharge ~ CO2 lsser generated a radiatiOD pulee of a 

oo~lioated &bap. - a peak of =100 aB width was followed by 8 

"taU- of 1.2 fS width. ~Ihe las.r radiatioD energy was 60 J. Tbe 

rsdiation waB :rooused onto tbe surface of IIn sluminum target by 0 

concave ooppar airror of 15 om fooal length. 'the maximum radiation 

!ntenaity in tbe focus waa ....... 1011 .. /om2 • 

A pulsed double-discharge TE 002 la.er wae us.d for obtaining 

IR bolograll8 of tbe !llasu. Th. laur was oRersted using a gss mix­

ture with small nitrogen conten~generat1ng s radiation pulse of 

about 10 J anergy, tbe predominsnt part of whioh wss concentrated 

in a peak of t: :><100 ne width. 'rhe beam diaensiona at the laser out­

put w.re 2.5 Z 4 0.2 • HWlograma were recorded usinS a usual double­

-besm scheme, on diff.rent polymeric materisla [1]. 
Double-eXpollure IN hologramo of the laser-produced oolid tar­

get plasma in vacuum have been obteined for a series of time. up 

to 2 fa after the initial peek of tbe plasma-producing laser radi­

ation pula •• Plasma holographic interferoGra~ have been reoonst­

ruoted frOm thea UIIlng a H .... N. laser, one of which, taken at t .. 

E 100 nB, ls shDwn in Yig. 1. ~b. quality of interference fringes 

is qUite satisfaotory , indicat'lng, in particular, that telllPoral 

resclution cf 100 ns is suffioient for studying OUCh a plasma. Fi­

gure 2 ahnws radial electron density profiles at four diatances (x) 

fro. target eurfac. obtain.d as 0 result of a quantitative treat­

•• nt, USing Ab.l inver8ion, of frinGe 8h1fta measured on the inter­

ferogram in Fig. 1. Aa it follcws froll1 Fig. 2, tbe electron densi­

ty detera1ned 10 this experiment at t • 100 no and at the distance 

of about 2 mm from target surface varies from the axle to peripbe­

ry by tWl) orders of magnitude, falling to the value lie ~(2_3)' 1 015 

CII-'. 
The teCbn!que hos been also teoted on B laser-produced spork 

in (l Wide range of eu fressure _ from atmospherio to £I few Tcrr. 

The Spark YJ8S produced by a ruby lsser (radie.tion eoerlD' 0.5 J, 
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l-ullJe width 25 00 ) . ua well ao the puloed CO2 laser desor1bed 

above. Later staGes of tbe spark development (t >2 fS after air 

breakdorm) h.:Jve beon studied. PiG,--ure .3 ohcl1s, as en oxample, radi­

al electron uensity profiles in tho ruby looor-produced epark plo­

emu at 6.2 and 9.6 to after breakdovm. It should .be noted that 

quantitative reuults obtained in the present wurk ore w.ll consis­

tent with electron density dattl obtained in [2-4] for earlier pha­

sea of the loa er-produced spark development. 

Figures 2 and .3 show that IN holOGraphic technique permits to 

measure. fcr studied obJects, miniaum electron densities as low 8B 

of the ord.r of 1015 clI1-3• 

As to the pulsed CO2 lsser-produced spark, our reault. »oint 

to rather oomplicated spark struoture due to the existence of ae­

v.ral sreas of eDergy release and interaction of produced shock 

wavee. In this oonnection a quantitative treatment of obtained ho­

lOGrap.tdo interferogrsllW 1.e diUioult. 
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Fig. 2. Radial electron den­
aity prcfiles in the 19ser­
produced soli d target plaama 
in vacuum at t = 100 ne. 

FiS. 1. Holo­
graphic inter­
ferogram of 
the laser-pro­
duced lIolid 
targot plasma 
in vacuWl at 
t = 100 ns. 
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FiS. ,. Radial electron den­
sity profiles in the lsaer­
produced spark plasma in Bir 
(p = 1 stili) at t '" 6.2 and 
9.6 fa after breakdolm. Dis­

tance from the focal pl.ne 
x", 1.3 mm. 
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Depnrtme nt of Electri cul En.gineeril'g, UtsunomiYil Uni versity 

H' ros hi Masc 

Dcrar t lllont of Electron i c EniginccTing, I baraci UnIversity 

Kazu s h igc lshii 

Institute of Plasma Phys ics , Nagoya Univers i ty . Nagoya , Japan 

~~ In past ),e ars, c ro ss - fi eld-cu rr ent ddven micro­

in stabil i ti es have been i.ntensively studied, partic ula rly in con­

nection wi t h anomalous ion heating in pIas_as produced by r e lat iv­

istic elec t ron beam injec tio n into lIirror lIachines l an,j the modi­

fi ed Pennin g discharcc.2 !\mon g these instabili t i es , ,, lower - hy­

hrid in s t abil it)', ,-.'i t h frequency bet"'een the electron IInd ion C)'· 

clotron f requencies, is easily dl's tabilized hy ExB current. This 

insubility co n pla y an important rol e in enhanced i on heat i ng . 

On t he othe r ha nd, t his hea t ing mechanism ha s been regarded as 

the J oule heating due to colli si onal therlllalization of the kinet i c 

energy o f Ex8 d ri f t ,"ol ion generated by the rad ial current. 3,4 

Thu s , the he(l ting mec hanism i s s til l no t cleal". 

In t he present paper I.·c ... ould l ike lo point out that ,L basic 

process of ion heating in the cl'C6s.fie l d configuration i n a ";1g­

ne ti c rnirror fiel d i s Joule hcuti n g due to col l isional thermal i­

!ation of i ons , af ter the inve st igation o f the in st<lbil ilies. 

furthe r, the inc reased ion conrinement is investigated by lIIeas ur­

ing the confinement t i 11le directly. 

Ex pe r iment al devic e Th e exp e ri men t al appa r<l t u s i~ ~sseL\t ially t he 

'>aDe as that repor t ed elsewhere , 3 except the dialLe ter of the heat­

ing sec t i on with lO (:111. The 111asma density in sa'ady s t ote is 

vari ed be rwee n about J Ollto 10 13 cm - 3 i n a Hc-gas of a pressu r e 

l ess than 2xlO- 4 Torr. For ,"easu ring the t ran sient Hatc, the 

above p l asllLa is chopped electrica ll y with repe t i tion rate o f 10 

][ z and about 50 % dut ies . The (:har acte ris tic dec LL Y constant of 

the plasma c urren t is less than ZO )1 5 . niagnostics iLl c luding ;' 

floating doub le prohes , a s,"all diallLeter (S,"IIlif.') I'a r ady cup and 

double monochrOlfLcter (I r e u sed for me a suring the p l aslla part i cle 

confinemen t time, e l ectron and ion tempeI3t ure :Lnd their ~ nergy 

di stribut i on function s . In stllbi lltl.eS are obse r ved by u"j,,!: 

LangllLuir probes ill steady state. 

Resul ts Ion te mpe r ature is me a su red in H cad y state b}' usi ng the 

monochrometer in a dense p la sma, wh ile the Far ady cup is used in 

a di lut e pla sma . "typica l example of the spectrulI around Hell( 

4 686 A) line is shown in Fig.l(a) as a function of the Iliffen'nce 

in th e wave l ength, 6)" with a J)arameter of the hC'atin g volt.~ gc 

VH applied across t he Ila gneti c field . The 1IL0nOChrollleter i~ focu~-

eu on the p l aslILa ax i s in th e LlL i ddle of t he lILirror field . Fro lL 

this f i gure we ca n easi ly r ecognitc t.hat when VB is sma ll, the 

distr i but i on fu nction s hows the equilib rilum stat e , but it s huL;s 

t,.·o components dist ri but ion " i th hi gher voltage of VB' The colu ' 

er co mponent is suspected t o be the pla sm .. fl oldn g int o the mir ror j 
[iel" region through the orifice I.'ithout fr equent collisio ns. ': 

by assuming the col1i s ional t hcrmali Z(Ltion, and 't i s the parti c l e 

cOllfinenent tille . VE;s ExB/BZ d r ift ve l ocity and "0 is thl' i n i· 

tial part icle velocLty. lIere the pa rt icle e ne r gy i s gained 

thro u\:h tile cro ss· fIeld kine ti c energy . 

Thus; T, .l.~l (V 2 + V z)..!.... (3) 
Z E 0 t i 

By the crude assulLption of ~1I·ErRo ' where Ra i s the radius of the 

chambe r, Ti ch ange s ,dth VH
M as s hown i n Fi g .l (b) b}' so lid line . 

The confi nement time t is discussed as f o ll ol.·s; ! f the ions 

with energies J!,+ arc confined in the axia l i1nd the radia l poten­

t ial well for" ti me t requ ired for them t o di.ffu se upwa rd in 

energy a bove the barrie r he i gh t. For <I> ~SZTi' t ma y bo given us 

(ollows si .. illilr to the result by PaHukhov 

l"~ilnRt.exp-t . (4) 

i Llscni ng Eq.3 in t o 4, onc ob lai~s t J. 

,~, L L. II ) .1. r- ./'-( '111 r i f} 
r ~(l-l\ ~ -;>: )'f" 9 'I- (~-K(t1b') "'t(r! ~- ~ . ~T.:"(R-~') C,-a) 

(S -b) 

for V
E 

Z,(. V/. 
Th ese feil-lUreS ,ITe qua litat ive ly in c oincidence with the experi­

lILenta l results obsC'rveuin Fig.Z{b), ""hile fi g.2(a) are not ex· 

plained by this mann(' r becau se of the p lasma ne llT the core flown 

",,'uy by the ce ntri fu~al force. 

The i nst :lhilit ios are obse r ved "ith a i.angmui r probe i n a low 

densi t )· case. Only the ExB type low frequency flut e ",ode has 

be en observed , whic h freq ue rlc)' i s in p roport i onal to ExB drift 

vo l o(: iry . No s tron g instabil i t ies near the Lowe r Hybri d f r equen­

C)' have not been observed. 

AI' gas of abou t lO~ is imposed i n the p r esent system to make 

iL mixed 1\1' and l Ie plasma for i ntendin g t o ob s erve the io n mass 

separa t ion caused b}' the centrifugal force in the ra di :!l di r ec­

tion. PrelilLLinary results show that the Ar gils ori g inally con­

centrated ne:Lr the column ccnte r spr eads out towanl the c hamber 

1<;'11, I, hi l e He ion s L'emain 'l e ar t he co lumn cen ter . Th i s s hows 

that the !lass sel'a r ation i s possi b le wit h the d iffere nce of ion 

mas~ and t he possibility of th e gas blanke t is s u ggested in t he 

cross· field rotating typ e plasma . 
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and Y Nisht da et al. , J .Phys. Soc. Ja\lan!l , 136 4 (1977) . 4: 11. 
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Fro. the gr .. dient of the curve we can obt a in the io n t ellL llcrature 

a s an ex amp le is shown i n Fig.l(b) . The (older part does not 

cha nge ve r y much wi t h the inc r ease o f the heati ng voltage, "'hi l e 

t he hotte r one changes i n p ro portional to the squ r e o f VII' 
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The particle con fi uelLcn t time is Jleasured directly frail the 

de(;,l )' c urve of the floati ng do uble-probe curront by chopping the 

pl;j~PI:I c urrent wit h a decay t i me l ess th:lLL 20 lIS. A typ ical ex · 

a mple of the decay t i lle, 1 , i s 5ho,,'n in I: i g . ! .ellsured at se \'eral 

roints in a r :L"j,,1 direct ion. As cl earl)' seen fr om t he figure, 

the dec " y time.of "bou t IOO- ~OO ~s i ncreases to abo u t I.S·l PIS a t 

VII- 100·200 vo lt~ without no sign ificant increuse o f ion t ellpera­

ture , although it deJlends on the r adiul pos it ions. f urthe r in­

c r case o f VIl dc!.: r eases t. he decay time iLnd aga i n increases it . 

This is rea SOLub l e beca u se the particles ex i st in g i n the off 

center region arc trapped electrosta t ically as this i s aimed od· 

g in a ll y for the pre se nt system. At the high vo l t ages o f Vf! t he 

iOJl telllpera ture in creases and the den sity also incre a ses bcc au se 

of f l attenin g o r the "ensity ll rofile in the ~ te:Hly st"t e oper,,· 

[ ion as alrea.!)' shown in Ref . 3 . 111 the trans ient s tat e, howcvcL·, 

[he cu rre nt (or heatin g ions uecrc<lses \'ery rapidly cO"IIHLreLi with 

t he de(:!L), ttllLe, 1. Th~s the ionization l.·ith1n the decaying pha~e 

Ill i gh t no t be very effecti\'e. 

The r e la tio n o r Ll LLcrgy llal:lnce of ion s may be give n a s fo ll ew 

"t~]'i )x nRU • ~nT i • 0 (I) 

in a ste ady stale, where the he(lting rat e RH is givcn a ~ 

R .J.~ (V Z~ V 2) (Z ) 
JI "( i 2 " 0 

" Co ld 
" " I 

°0~--~---,~k~--~~2~k 
VH(IIOII) 

I:i ~ .l. (a) Spectral intensities obsen'C'd around Ill'I l 
line. lb) Ion tCt:LpeTature as a function of VIt" 
sho \~ s the result of E<I . (3) . 
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Abstract. The Tandem device has been advanced as a mirror con­
linement scheme with potentially l arg e Q (ratio of fusion power 
to injected power) va lue. Several previous calculations have 
shown that Q values of about 5 are obtainable for realizable 
fields and sizes if the alpha particle s from the O-T reaction 
are selectively removed. In this paper we solve the full set 
of particle and energy balance equations that characterize the 
multi species plasma including fast and thermal alphas and exa­
mine various alpha-associated processes that cou l d impact the 
Q_value ot the system . 

Analysis and Results. One of the exciting schemes that have 
recently been proposed to ~nhance the Q-value of mirror machines 
is the Tandem concep t. (1,2) This device which consists of a 
long solenoid in which the magnetic field is nearly uniform, 
and two end, minimum-a , mirrors that serve as ·plugs~. By 
making the electron density in the plugs much larger than that 
in the solenoid an amhipolar potential is set up which provide s 
the desired confinement for the plasma i n the central section. 
As a reactor it is expected that most of the fusion reactions 
will take place in the solenoid, and becaus e of thei r la rg e 
charge number the alpha parti cles generated by the D-T fusion 
reactions will be better confined by the electrosta tic pot ential 
than the ions. As a result, the O-value of the system will be 
significantly affected by the longer confinement of the alphas 
a nd some means must be found to selecti vely reMOve the alphas 
without totally destroying their role as a major plasma heating 
source. In this paper we examine some of the processes that 
might contribute in a positive manner. 

We begin by no t ing that the sys tem can be char ac terized by 
a full set of coupled particle and energy balance equations for 
each species in the three regions of the device. These e quations 
can be found elsewhere(3), and in the interest of brevi t y and 
space we include only those pertaining t o the central section. 
For the ions in this region the particle and e ne rgy balance equa­
tions are given by 

d/l1'),.Se f/ _ <1"'>,,]_ (Y1.J: _.L("')\<f~> 
d.t L <aLl).t...- (r1:T.)c ~ ( 0) 

"l!~"I;, )<" S; S;, - (>I,:.t" £; _ - n, (.,j,C\<.{'e) - "in,),":. 
~ lrb.)(. c (2) 

_ "- «fV>", (e;) -t L(",l'< ,,-...->[r <i1 ' _ 4£;"] 
<O-"~L c 1- ( ~'/C 

where Sc is the ion injection rate, Eoc is the ion Lnjection 
energy, '[';. is the ,~propriate confinement time, Wik is the 
energy exchange rate )between the two thermal species repre­
sented by the indices, f is a non-escape probability of the 
fusion alphas, and Q .o(,' denotes the energy given to the ions 
directly by a fusion alpha as it theramlizes. The first term 
on the right hand side of Eq. (l) represents the net fueling 
rate b y neutral inj ection that includes ion losses due to charge 
exchange. If one ignores the atomic processes (i.e., ionization 
and charge exchange) with the alpha particles and assumes that 
the electrons and the ions of the plasma have the same tempera­
ture then the charge exchange loss term can be written as(5) 

--- .. - /10 _ 1.0 <G",,, > [ T - "S ] 
<crl.T)~ 3 

(3) 

where T is in keV . Since the electron a nd ion tempera tures are 
not the same and since the atomic interactions with the alphas 
cannot be ig~ored we have revised the above formul a to read 

<Gu)cJC ----
(0- if >,;. 1'1 

with the last two t erms in the denomi nator representing alpha 
ionization and charge exchange respectively. Analytica l formula s 
for all the terms in (4 ) including dependenc~ 9n plasma tempera­
ture and injection ene gy have been developed(6) and checked 
aq~inst experimental data, and subsequently incorporated in the 
present analysis. The effects of the alpha terms in (4) on the 
Q-value of the system will be addressed shortly. 

Equations similar to (1) and (2) can be written fo r the 
alphas in the so lenoid while for the electrons in this region the 
particle balance equation is r eplaced by o n e that yields t he time 
evolution of the amhi polar potential{]) Standard balance equa ­
tions are written for the electrons and ions in the plugs where 
it is assumed that no interaction takes place between these par­
ticles and the fusion alphas that escape from the sole noid . For 
the particle and energy conftnement times in the plugs we use 
formu l as deduced elsewhere(3 while fo r the end losses from the 
solenOid we emplor a mUltispecies modification of Pa stukhov ' s 
f ormulas namely(7 

t -~. s~ 
..1.-: 4 (R 'i ~ ... ("') -'r:--T.' dt IS) 
(~l::)~ )1",c.:fJ z:.l( (l.,.c,...:j t.l(~"l) '-G,ct e V ''''~ 

,-.j t ·0~F£} (k)_ b'k (R):Ir- ~ -r., '2.. (7; \ - I: ~ d:t 6) 

\1'L k- ~I( Ut' i>1(~+2.) J+ 2/1(~ t , ... "}.,:" 
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where ~'k is the famil i ar 90· co llision time , and R is the 
appropriate p lasma mir ror ratio . The constant C~ identif~~d 
with species k is given in terms of densities ana masses! I and 
for small alpha densities in the solenoid this constant t akes 
on values of 1, 2, _ 4 for electrons, ions, and alphas respec­
tively. It must b e kept in mind that in applying Eqs . (S) and 
(6) to the positive species in the central cell the q uantity , 
should be understood to represent the difference between the 
solenoid and plug potentials. 

In its simplest form , the magnetic field in most of the 
solenoid (i.e., excluding the transition region) c an be viewed 
as uniform so that in addition to the end losses descr ibed 
above the particles will undergo classical diff usion across the 
fitlld. Ilowever, due to the non-axis~etry imposed b y the mini­
mum_a plugs, Ryutov and his coworkers(8) have recently shown that 
the particles will undergo neoclassical and enhanced radial 
transpOrt due to resonant diffusion arising from such field con­
figurations. In this calculation we include only the neoc la s ­
sical effect which has been shown to be proportional to aohm 
diffusion. with this in mind we introduce the fo llowing confine­
ment t i mes 

I CS. ~ 
(:> n. " f2.~ Ylll (e~~)' I7l 

EL C £k~ 18) 
- -. BM 

/l.1'L~ J1/1e. ( • ~e )L (~ e)k 
wher e the coeffic ient CnM includes ~ong other things g e ometric 
factors. 

We have focused our attention in this investigation o n 
three machanisms which the alpha aprticles can parti c ipate in 
and indirectly impac t the O-value . by solving an appropriate 
Fokker-Planck equation we find that the self-scattering of fast 
alpha particles in a mirror geometry doe s not significantly 
change their lifetime and hence does no\ contribute measurab ly 
t o s1ective removal of these particles. 9) We find that by 
including alphas in Eq . (4) a si zable increase in the Q-value 
occurs as shown in Figure 1. This increase can be attributed 
to the fact that ionization of neutral particles by alphas in 
a stea dy state operation leads to a reduction of charge e xchange 
losses which in turn manifest themselves in higher Q . Results 
based on Eq. 13} are shown in the lower curve . 

Although all species are allowed to u ndergo neoclassical 
diffusion i n the central cell the fact that the step size is 
proportional to the I"lrmor radius allows for some measure of 
preferential diffusion of the alphas. This must, however, be 
balanced against loss of heating when too many alphas diffuse. 
Al though it does not represent an opt imum case Figure 2 shows 
the dramatic increase of Q with increasing value of the aOhm 
diffusion coefficient. The same effec t can be seen in Figure 1 
,,1t-hn"9h Inll ll nf h ..... t ing ... nll poJlJlib1e excessive loss of ion s 
at high diffUSion rate will ultimate ly bring t h e Q-value down. 
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~: The ponderOlDotivl! rorell of T.f. f't"ld n88T the 8111c-

tron pI" .... '. :frequency ill u""d for ,.t"biltzing the drift_cyclo_ 

tron 10",,-con a (D.e.L,c.) inllubUity 0 8 well 1111 lIuppr",u'!ng 

the pl""mn 10" •. 

The pla .. _ produced by the 1181.tano co1.1 Clow" to both 

direction ll, n nd i " ref'lect"d by 8 mirror fiel d lit only on .. "id" . 

The apera tine: pressure of AT or lie go" ill 10-4 TorT, nnd th .. 

elee tron tfll1lperD tur .. a n d the pla 8"'" den .. i ty 8 re th" ""ver" l eV 

end 109 _ 1010 c.,-J, '111 .. pt .. """, 18 thoUflht to bll col1 i 8ionl .. 1I11 

und er th .. expert", .. "t!>l conditions with only the h lllf .. irror, 

.1n o;: .. the ion_ion moan I'ree path i ll compa r a ble to the veaael 

l e n gth. The cllvity, .. hieh h a s the db .. eter 01' )0 CIII, t h e Q 

va lue 01' 2500 and t h e rellonllnt I'req uency of' 76) MHz without 

plaema, i ll .. ounte d n ear the mirror f'ield. The r.f'. pO"" r of' 

200 .... is 1'od to the loop_antenna i naid" the c a vity ope rllted a t 

the 'l1oI010 mode. All the dlnoctlon 01' t h e electric 1'leld inside 

the covity i s ollllost parallel to th., II tlltic lIIagn"tie 1'ield, the 

interaction between t he two I'ieldll is not eerioue. 

Af't " r the mirror el' f'ect i e invellti&ate d .. ithout r.l'. field, 

the .,1'1'"ct of the 1'.1'. f'i ., ld for the lIupprellllion o f' the e n d 

lo ee ill IItudied~ ,2) In Pie .l Or" .. hown th" typical expe rim"n _ 

till r" .. ult .. i n Ar l'I"all with the 1'.1". f'i"ld of' 500 V/cm inll ide 

the cavi ty. The incident wavo l'orm to the cavity IInd tranll-

lIIitted on" throujl!h th" c a vity Or" .. hown by t h " upper 2 trace". 

The tra ce of the e l ectron e ll turll tioo currllnt I ll " "t the b ottom 

1"i",urll "how lI thnt the plallm~ 10 1111 at the mirror end i" " " 1"-

pr"ased by the r.f'. 1'ield. At the s a Bl", time, t h " 1"11111_ den _ 

.ity incr"""". a t the lIIirror c enter a " e hown by th" third trllce, 

Then th" " dia b e tic conl'inement without following the ion IInd 

e l ectron h."'ting ill ach ieved. In Fir:.2 ill s hown the dep"ndence 

01' tile lIupprellllion r3tio or the " nd 1011 11 on the n"t input po"er 

Pi to the c " vity, where I atl o is I"" .ith out 1' .1'. field nnd AI lle 

i e tll tl Db ll Olute " n l .. " 01' the dO'lcr""",,d I s ". 'th" th"oret1ca1 

Curve ill o b tained I'rom th" e xpl " nat10n or Fi .,\" .4. 

Th" a ponto n e oullly elicite d wave with the f requency cl o se to 

the ion cyclotron fr"qu"ncy i 8 ob llerved in t h" pl"s"" of HII 

g"s~) Thi ", .. nve 10c~1 t. 7.in /l: in the r~di ;"1 l rejl[ion "'it h tI,,, ",harp 

den Sity grlldi e nt prop~ r." t"s i n the az i muthal direc t.ion or the 

ion_dl ;"""lI:nfltlc curre nt. The "",a sured dispfl rsion re18tion of'" 

th ll W" V" i ll in /!;ood agrflelllent with t he theoretic" l prfld iction 

of D.C.L.C. in e tability. In Ft/l:.) "re II how" the ion eeturation 

current 1 ,,1. the e lectron temperoture T s . the II pac" potential 

" nd th" .. ,.pli t ude or th" W" VII 1'01' the .Irror ratio) ft S a runc_ 

tion of th" r (ldhl position r. The curve " a and b ohow t he 

plitud" or th e WDV e with and with.out 1'.1'. field of 65 V/cm. 

Thill "how" th ll t th" D.C.L.C. ine t a bility I s " tabillz ed by r.f. 

rteld. 

Tt,,, ""Ch(l ni8"0) or th e s uppre as ion or th" end 10;> 11 " "nd 

a t " bilizat1on of D.C . L.C. in 8 t llbility e r" ",":plain " d by l"io'l:.4, 

whic h " howlI th e ve locity s pn c" in thfl .. irror c"nter. The dot-

ted r"glon c ontll ins th .. c h a rp:lld partic l e e rlowin l',: from the 

region of the pl"II"'o p roduction towo rd the .,Irror f'"1" ld. The 

hor i z on tolly " nd verticnlly hatch.ed r egions conta in the parti_ 

c le ll reflected by only t h e mirror fiold a n d by th" pond"romo_ 

tiv" rorce with th" mirror rield r es pe ctive l y, wh"re of nnd tp 

the q U"si-potentill l produced b y th" ponde romotiv" 1'orc e and 

the "",bipola r po t"n t lel. Since the los s - con" v"locity distri_ 

but ion ie conv"rt"d into th " 1 0ss-hyp"rbolo id on" b y th" pon -

dero",otive I'orce, th" D.C.L.C. ina t llb ility 1.s sta bilized. n ' lI 

propolled meth od to IIta bilize th" D. C.L.C. instability do"s not 

ne"d the p o t"ntial of the int"n"e r.1'. f"i"ld which 115 comparo _ 

b l " to the kin"tic en"rgy. "inc" t h " con rin"ment of only the 

l o,,_e n ergy ions i 8 nsceell" .,.- to c ha nge the 1 0 slI _eon .. distribu_ 

tion. 
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pos5IaILITY OF MHO-STABIE PLASMA CONFINEMENT 

:r;; AH AXISYMMETRIC I.!IRROR MACHDIE 

V.V.Ars!!nin 

I.V.Kurchatov Institute or Atomic Energy, 
Moeeolll',USSR 

Stability of a hollow plasma 10 an B%isymmetrlc mirror machine le 
illwstigated in the presence either of an azimuthal current in the near­
uia winding, or an u1o.1 CUN'ent in the paruiel approximation. Stabi­
lity is poasible, in particular, in the case without IIIin B in the plaema . 

3ince tha ~u~druDole geometry of the end mirror in an ambipolar 

[lJ giwe rise'to "neoclassical" tr8llBports [2] it le interesting 
trip 
to analyz8 possibilities of MHD stability in an S%isymmetric case. It 18 

sufficient to consider an end trap. 

1. A system witb 8 near-axie winding. We proceed from, the stability 

criterion for potential perturbatlolls in rarefied ( fJ -.. 0) plaamss. 

( 1 ) 

in ordinar,y notations. I!:q.(1) is valid aJ.so tor finite f3« 1. provi­

ded the plasma radius R ia mucb less tban tbe plaelllll lengtb ~ (~ is 

of the order of the field variation lengtb L if tbe mirror ratio i8"'2 ) 

('.'J. 
Let • nearaxh region of the trap be empty. there is a winding 

the surface density of the azimuthal current i(z) (~ig. 1 ). Then 
, I)h 2 Q2 f "-,, B,=Cr.J-"ij" +T "'e . 

B. = - iC', • ff' fM % (2) 

'llbere f ",_2~L l', 1 - i9 the variation length of i(z) (1)> a). 

1.1 . m - 1 stabil1t:y. If the Lurmor radius f »f only the 

"first" mode f ." r., un 8 * = 0 cen be unstable [5] . For 

this mode, 

w=.lfd'Pfr(C~l t'). ~dl + a'fd'Pff'f' M! d, (') 
(2 2. 1 'H ZL2 le)!,3 'lit' '" 

r {z ) [ 2~ 22C J.. 

= t(O)Mg1 + -.!! J f "IF l(?) L8 0 

_ denotes the radius of a 

lI!lgnetic force line, p '" P.1 + pq • Two terms in Bq.(3) describe the 

in~tabl1ity of a hollow p l asma in the absence of the inner winding (a 

euitable mechanioal analogy is a rigid ring on tbe potential mountain 

,,1th a "flat" top , l~ig. 2a ) and the stabll1zation effect of positive 

OD the inner boundary of tbe plasma tube ( a ring on the mountain Witb 

a sharp top, Pig.2b ) . Stability 19 possible if 12,?; Ci . We empbaeize 

that min a ia not nflcessa.ry to stabilize m '" 1 mode . 

1 . 2 Stability of other modes. Min B. OtIly tbe cOll8tancy of f witb 

relllpect to r was flssential in the above proof of the "first" mode 

IIItabilit)' . Tberefore, pert urbations m ~ 2 are also atabilized, pro-
of Vided ~ :>0 . !.loreo~r, a apecial choice of i(z) giVl!ls a possibil1ty 

to ouppress all the perturbationa. In raet, wa see from 

'1) ' :1. pll 2 I :1 01 :l 2 :I. 

B . C{<), I>--"-)z'+!l.I'&.:f -E.. ... f +.!L f O!. (ac ~ L ~ 2L C 2L2 't:l. 
(.) 

that I!l.1n R can eXist at r :: r, > a , provided t> o. A a~fieient 
stSbil1t;y criterion is 

w~ w. - 1J..' [d'PfL'(lj' ~ dl 
o ZL 81. t 'a't 

-here Wo is defined by Eq.O ) (for 5 eonat the latter term 

in Eq . ( 5) V8.nishe s ) . A si mple f1X&lIIple is a plasms with ~«L (ani-

30tropi o presaure ) . In this case Eq.(5) reduces to the conditionsl 

the roots of qu adratic form 

" X "'-a' (6) 

Are pOS i tive and radius r 1 correeponding to the 1ls88r root coincides 

"1th the poaition o l" max pe r ) (the outer plasms r adius R IIIUfIt be (r2 ). 

These oOnditions are satisfied, in particular, lf 1) the ratio ~/L is 

SUffiCiently small and t / - ill (for ins tance ,.:: conet. z ) or 
L, 
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2) a decrease of the plasma pressure along the axis is s low, f or ey.3JIl;·l e 

as I 'l ~ it 10£ , c:I., < 1 ( z :: 1: ¥ are the coordinates of the J:li['ror 9 ) 

and f is l ocalized near the mirrors (for iDstnnce, = CODlJt ) . 

L ['] T, (m):l The c ase cl:: Z ' for instance, CM be reali'l;ed at --l.» ;;;-' re "'f 

(this inequality does not contradict to the general concept [1J ), 
when i-e cooling is faater than i-i scatteri ng. 

The existence 

read3 pointed out 

of stabl& 

['. I] 
axiaymmetrie configurations has been 01-

Tbe paraxial approximation used aJ OI'IO us 

to find a class of long stable eonfigurations. Aa min B exists both in 

this approXimstion nnd in the limit of s hort plasma r lng removed trom 

the ax18 [~J a hopfl ar1ges tbat it ia possible to find a. compact 

configuration suitablfl for a resctor. 

2. Stabilit:r in the slBtem with axial current. 'fhe enstence of 

a sbear in hollow systems with axial current alows the stabl1ization 

of all modes. A simple example is a plasma with isotropic pressure 

(mirror ratio A» 1 ). In. this case it ls s ufficient to prove the sta-

bility i n magnetol\Ydrodynamics [9] Tbe potential energy 

W _5£_' __ [(KzB.-mBo!df + ( KtBz ·ma.!lzY. 
- m:l.+ KJotJo C <7 d'l 

B 2 F' f d , (7) + (Kl8,-m.) .,itdz .4" Cd~F ,dz, 

where the first teI'll corresponds to pflrturbationa cos ( mB - KC ) in 

a cylinder without mirrors and the " gravity" G ..... AT't/m,LL, imlllitates 

the effect of the fiflld curvature in the pr esenee of mirrorB. The 

atsbility takes place if the pOSitive minimum at the first integral 

( this minimum ocouree on the perturbation locali zed ne ar ro wnere 

= 0) ls larger than the second term: 

(8) 

( L1 is the llli r ror length). 

J AR2.1 
It ia eatisfied if Be ~ P ('/t)2 and qu o ity 1 + lTr'l M!. is . "B;""bt' 
nowher e close to zero in the p lasma, The latter requirement gives the 

limit p ~ 1. 

..... ::' .. .. ::: 
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ELECTRON He;ATli;u UNDER THE DrPLUENCE OF THE ION 

CYCLOTROJl lllSTABILITY IN A I.IDI-B MIRROR TRAP 

Zhiltsov V.A. ,Kosarev P.I.!.,Panov D.A.,Skovoroda A,A., 

Shcberbakov A.G. 
I.V.Kurcbstov Institute of Atomic Energy 

It is wel l known that neutral beam injection ln a mirror 
~achine ls accompanied by various types of the iOD cyclotron 
instabilities (101). These inotabilitiee are characterized by a 
comparatively narrow frequency spectrum with maxima arranged in 
the vicinity of the cyclotron frequency and its harmonica. The 
enbance 10808S of particles from a trap are often observed 8i­
multaneously with the 101 development. It was shown in the Osra­
,B experiments [1.1 that the enhance losses actually exist 
only if at the SlUDe time there are low frequency oscillations 

in the plllBlD8, which were drift oecillatiOD!l in that particular 
experiment. When lel eppl:tared as a series of bursts the low f re­
quency oscillations looked like "ringing after blow". When 
101 appeared AS a stationary OSCillations, then the 10'1'1' frequen­
cy activity and particles losses were much lower. 

In this report we discuss the behovior of ploema electrons 
in the presence of I CI in Ogra- }B installation. 

It was found out that during each burst of ICI the peeJc of 
electron flux along the axis of the trsp is detected. As these 
electrons overcame very high potential borrier (it reached 
10-15 electron t emperature) and the axial flux of electrona be­
tween the bursts was undetectable. It ,"'AS necessary to suppose 
the longitudinal acceleration of the electrons ln the oscilla­
ting field of ICI, the processes well kuown after the experi­
ments in Ogra-1 inotallstion [2] • 

Fig.1. shows the electron temperature dependence on the 
product of the plasma density and Un time of life ,,7;' with 
the cantroJ. fi eld equUlo 13 kGs. The life time 1: in this e:zpe­
riment was limited mainly by charge exchange and was equal ap_ 
proximately O, } s. The arrow indicates the threshold of I CI. 
Electron temperature was calculated from the measured line pro-
11ie uf the super high frequency wava ahsorptio~ at the electron 
c~clotrOll frequenc~ in the minimum B region o~ the magnetic 
f i eld L}.J • In tbis case the line prof"lle la described by the 
Doppler Shift, that permits to find eaeily the longitudinal ve­
locity electron distribution function. It is clear from fig.1 
that leI development followed by eignificant rise of" the elect­
ron temperature. In the reglon of the 101 activity the tempera­
ture dependence on n.~ is more steep than classical one propor­
tional to (fl'T )1f~ .• 

The time dependence of the electron temperature in one in­
jection impulse is shown on rig . 2 . Dietribution fUnction hae 
sODle deviation from the maxwellian profile so "the temperature" 
calculated from tbe tail of the distribution function (dotted 
curva) doee not coincide with "mean electron temperature". The 
difference become visible after tbe appearance of ICI. 

Fig.}. shows the li~ts of ICI on tbe electron temperature 
- ion angular anisotropy plane calculated in [4] .Horizontal 
solid line indicates the region of parameters observed in our 
experiment. So at highest electron tempera~ the stable re­
gion was reached. 

The rise of the electron temperature in the preeence of ICI 
and the delay of the electron beating process may be considered 
as a cause of a relaxation mechanism vi the hursts generation. 
After the beginning of thu lCI oscillations the longitudinal 
electron temperature with so:ne delay reaches the region of sta­
bility and burst etops itself. The electron temporature relati­
vely slow drops down am! plasma again gets into unstable region 
&na the next burst begins to nevelop. Apparently the interval 
between hursts muet be of the order of tho electron-electron 
COllision time t~~. Experimentally messurud intervals between 
bursts es a function of plasm~ density ohown on fig.4 (solid 
points). l:iolid line repJ:esents the runction 2'Tu( 1\) and it ooin­
sides With experimental pointe rather well. 

Some processes may be responsible for electron heating du­
ring the ICI bursts. Tbey are electron heating by high energy 
ions gener6ted in burstes, resonance phenomena on the plaame 
bOUDd&r.y where the pl aema resonance conditions ere fulfild, the 
resonence between the frequency wl of the longitudinal 08cil­
lations of electrona in the electrostatic potentia l well and IeI 

frequency <.<J.: . Thll l atter process is rathe .. ' tl1'fective in 8. pa­
rabolic well ~f '" 'foe 1 + ( 2Z/L)2), .... ere fftq uency of oscil­
lations doee not depend on the electron energy (here ~ i s the 
pl asma potential and L is a characteristic l ongitudinal dimen­
sion of plasma). In our experiments the resonant condition 
W~ '" Wa may be f ulfJ.1d. The investigations of the longitudi­
nal structure of the ICI waVBS showed us that two types of wa_ 
we were exCited - symmetrical wavas i.f :: if. coa(Toz/L) and 
anti symmetrical 'f '" 1 sin( r. z/L), wheN if i6 emplitude of 
lOI oscillati ons . 

If we take into account tbat in e ach period of oscillati on 
electro!I.B b3ing in resonance with ICI waw can rise their ener­
gy only on a small qUlllltity,it is not difficult to calculate the 
charaoteristi c time of electrone acceleration . In the cnee of 
antisymmetrical waves the process of acceleration tal:es p l ace 
not only at fundamental frequency but als o at tbeir odd barmo­
nics. The fundamental resonens i e most effective and the eccele_ 
rati on time up to energy equals to the well depth o/g can be 

eetimated ss t"V( L/Vf,,)('fo/f ), where Vf .. "'" (2e'fo/m)j/~ 
This estimatiOD of acceleration time does not contradict to the 
experimental. observations _ the axial flux of electrons was 

detectable just at the beginning of the bursts . 
In tbe ceae of symmetrical .aves the process of accel era­

tion takes place at even harmonics. Usually ICI gsnerates 00-

cillations at fundamental and some higher barmonics and t his 
gives more possibiliti se for longitudinal e l ectron acce l e ration. 

So we have aeen , that 101 can generate high energy el ect­
rons and this procese must be taken into consider ati on in the 
theory of ICI development . 
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Studi es of Finite Gyro-Radius Effects 
in a Fi e ld Reversed Mirror Con f iguration· 

G. H. ,l1iley , J . G. Gilligdn, D. E. Oriemeye r , and E. C. Morse 
Fu sion Studies Laboratory 

Univers ity of Illinois, Urbana. IL 61 801 USA 
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'rI . C. Condit 
Lawrence livenoore l aboratory. Live rmo re, CA 94550 USA 

The field-reversed mirror (FRM) is characterized by a sll\iIll size sucll 

that finite gyro-radius effects must be considered in both st(lbility and 

transport analyses. Consequently, such effects are impor t ant to the inter­

pretation of both ongoing e~periments and eJ(trapolation to future reactor 

concepts.(1,2) The present work employs an energy principle to study stability 

of low-frequency (",« (lee' '"" rid) acollstic modes. Also a Monte Carlo 

technique has bee n developed for study of high energy-Ion transport. 

Stability Studies 

Due to the large orbits, FRM stabili t y cannot be determined from a 

conventional MHO analysis, forcing recourse to the Vlasov equat ion. (3) In 

thi s study, an energy principle based on the Vlasov equation was developed 

for an aKisyrm'!etric field-reversed mirror. With this energy principle, the 

perturbed energy of the FIlM configuration is calculated from an applied 

elec tromagnetic perturbation . 

A unique aspect of the analysis is that the equilibrium confirration is 

m(ldeled using the time-dependent orbit kinetics code SUPERLAYER. (4 This 

code ignores electr(ln physics but computes the ion trajectories in a self­

consistent axisYOJnetric field. Orbita l data from SUPERlAYER is used to find 

the perturbed energy by calculating orbit integrals of the perturbed vector 

potential of the form 9 = /y. 6~dt'. The energy principle is a functional of 

9 and its time derivative. Consequently, by variations of the trial function 

6~, instabilities can be found by eKamining the roots of the energy equation 

6(2)U "' O. Here U is the total energy of t he plasma and magnetic field . 

For a particular equilibrium studied with the SUPERLAYER code, no roots 

were found for 1 • 0, where eH9 is the azimuthal variation of the perturbation. 

This corresponds to a lack of tearing instability for a "short, fat" reversed 

field mirror. For .l = 1 and 1 = 2, however, roots were found giving growth 

rates - 0.05I1ci and real frequencies on the order of O.7In , where n is the 

mean drift fr~quency of the ions. [These modes are s imilar to precessional 

instabilities postulated for As tron.] The growth rates indicated are much 

lower than those predi c ted by MHO theory, possibly explaining the relatively 

long lifetimes observed in some field reversal experiments. (5) Such instabili­

ties are likely to cause magne t oacous tic t urbulence , inducing a 80hm-like 

diffusion. This would not be directly measureable in present low temperature 

e~periments, but could be serious in later devices. 

Examination of the theore t ical s tability prop~rt;es of reversed-field 

mirror equilibria with a toroidal field, supplied either externally by a 

center conductor or int ernally by poloidal pla sma currents,(6) is now in 

progr~ss. Also. the possibility of using a quadrupole magnetic field is also 

under cons i derat ion, a lthough result i ng orbital resonances could enhance 

t rans port. {n 

Al pha Particle Transport and the MCFRM Code 

For the small FRM configura t ion s , the question of fusion product leakage 

(Le. whether or not igni t ion i s possible) becomes crucial. Due to the 

1arg~, complex orbits invol~ed, a 1·lonte Ca rlo s imulation techn ique (MCFRM) 

has been devel oped where the background pl asma i s represented by an elollgated 

R ~ 1 

[1) 

R > 

Compa ri son with eKperiment(I, 8 ) and SUPERLAYER calculations indicate that 

t his is r easonably accurate. Pres sure balance then gives the self-consistant 

pl asma dens i ty as 

n(r,l) no /(l_Rl ) + n2 , R ::. 1; n
2

, R > I [1) 

Her e ~ is t he e l ongati on factor, R ~ ( r2 + Z2 / o: 2)1/2, and based on t he good 

thermdl conduct i vity of the pla sma, a uniform t emperature has been assumed. 

Va lues fo r t he pl asma parametp.rs are obtained from an au~illiary global 

pl asma roo del t ha t incnrpordtes appropriate energy and particle balances . 

The fu s ion product (fp) trajectories are calculated from the equation of 

motion using a mo dified leapfrog algorithm. Slowi ng down and pitch-angle 

scattering effects are superimposed on this motion through the well-known 

Spitzer coefficients for drag <dv"/dt>, parallel diffusion < d v~/dt> , and 

perpendicular diffusion <dvf/dt>. The Gaussian distributions which descr ibe 

the random change in vL and v" are approximated by triangular distributions, 

preserving the standard deviation. The change in the local velocity components 

during a t imestep is therefore 

[ 
dV/ ]"1 

llVq ,2 ~ 3 «(i[""") li t (01,3-02, 4) (3) 

[ 

dv,,2 ] 1/2 dv" 
i'.v" = 6 <1I"t) tit (PS-P6) - < (!f)i'. t (') 

where Dj-P
k 

are random numbers and li t is the timestep. The "scattered" 

velocity vector is then calculated by rotating these changes back into the 

inertial frame of the particle pusher. 

A starting grid is selected which weighs each test particle equally. 

This requires construction (If appropriate grids in both configuration and 

velocity space. Particle histories are calculated in parallel. Histories 

are terminated when particles hit the wall, are carried out the mirror throat, 

or slow down below the cutoff energy . Particles below the cu t off energy are 

only assigned to the ash buildup if they are confined completely within the 

closed field region . The remainder ar e assigned to the lea~age plasma that 

originates on the first few open-f i eld lines. 

The primary use of MCFRM has been in conjunction with the SAFFIRE(2) 

reactor design study. In this design, a co l d flowing plasma is introduced on 

the open-field lines for two purposes. It shields the hot closed-field 

region from co l d neutral charge-exchange interactions, (9) and it aids in the 

removal of fp ash . This latter effect results from the FRM ' s sll\illl size(9) 

which allows rnally fps to interact with both the open and closed-field plasma 

during slow down. Fig. I illustrates th is for a 14.7-MeV, . O-3He proton in a 
typical FRM plasma . The large orbit ootion carries the pr(lton out into the 

open-field region. The diverting action of the cold plasma is illustrated by 

the final gyro-motion which occurs just prior to cutoff, depositing the 

r,roton on an outer open fluK surface. 
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TWO- PREQUENCY - BAlII)S PLAS~!A - m;!'isJ'I'Y Il!TEP.FEItOt.!:TRY WITH 

OVERSltED IoiICH{)WA'/-"! WAV}:GUIIIl:: 

Ye YOUZh8118 . Hal ShUYUIllI , Zhang lienmo 

Southwestern Institute of Physics 

P .O. Box 15, Leshan , Sichuan 

People':; RepubI ie of China 

~~~~!!!:!:.t:. A two-frequency-bands inte r ferometer hns been used to 

measure Lhe electron density of 11 plasma . The two l'llgnn!.8 

with different freQuencie13 (700H I'l and 35 GHz) are mixed Md 

divided by a double-prism coupler und interfered independent_ 

ly in the same bridge-type oversi7.ed waveguide system. This 

arrangement permits measurements with overlapping check and 

granter band width than a conventional Single frequency-band 

interferometer . I n the present ex periment , a range of electron 
density from 5 x '0'0 to 2 x ' 0 '2cm-3 is covered . 

~!!~~~!~!~:~: A t~o-frequencY_bandsmicro~ave interferometer 

~ith overSized ~aveguide has been developed on the basis of 

4rnm-band f r inge shift micro~ave interferometer ~ith overSized 

wnveguide/ 1/ . "he principle of thi.s type of interferometer is 

similar to that of lIIultichannel comrmnication . \lie use zebra­

stripes for 4111111 and direct- frinees for Bmm . Components( coup­

lers , bends , phase shifters) are constructed in the same ~nner 

as in the 4mm_band fringe .shift interferome t er with oversized 

waveguide. A Sketch of the interferomete r is shown in Fig . 1 . 

MicrowQves of 4mm a~d Bmm inte rfe re simultaneously in the same 

instrument . In princ iple, it is also possible to realil,e three 

or multi-frequency-bands system . After the micro~ave signals of 

the two frlQ,uency-bnnds are mil:ed by a n adjustable iris-type 

po~er divi~er (or a double_prism coupler ) , they are divided in­

to reference path and transmiSSion path by a double-prism cou­

pler ,and mixed again by another double-prism coupler , then the 

interference signals with differen t f r equen cies a r e sen t out 

from different arms , detected, amplified a nd clipped fla t .and 

finally , two signals are recorded simul taneously on an osc1110-
.3cope. 

!!!~~!!~!!::~=~!!: Two micro~ave beams o f 4mm and Bmm wavelenr:th 

bands are gene ra ted by a reflex klystron of type 1)2012 and K 21. 

The interferOmeter can be operated in th ree different ~ays: ( 1 ) 

AS a 4111/l1 and BIIUII lIIicro~!lve absor ption- mete r. In this case the 

reference path is shut , the 4mm-band refle::r. klystron is modula­

ted by 250KHz salftooth 1101 tage and 8mrn- band reflex klyst ron by 

1¥.Hz sinuso idal vo1tnge . (2) As a 4mm z;ebra- stripe micr o wo ve in­

terferometer and 8rne absorption_l:Ieter , the reference path is 

turned on and connected with a high pass filter ~hi ch allo~s 

4!!\1!1 ~nve to propagn te bu t s top the passage of Br.Jm Wflve . The 

BlIlm reflex klyslron is still modulated by 1 MHz 'Sinusoidal VOl_ 

taGe . ( 3) As a 411'.rn ?:ebra- s tripe in t er fe r ometer nnd B!IIlII d i rec t­

fringc(or /,lach-Zehnder) in t erferometer . The reference path is 

turned on . Omm reflex klystron ope ra tes in c . w. state . 

~!~9~£!!£L~!~!~~!_~L!!!!!!::! ; The frequency divider nnd mixer is 
an important component of this kind of interferometer . Its main 

function is to incorporate Signa ls of different frequency-bandS 

into the trunk comminicnticn system and then to sele ct different 

Signals from the trunk f or different terminuls . The r r equency 

divider Is n pasnive network ,Be cause it is reverSible , it can 

also be used as a mixer . The f requency dividing sY8tem is usual­

ly compened Of a series of frequency divider s connected in dif­

ferent ~ays . \lie use a step_by_step channel shunt filter isola­

ting me thed . Amons: the six arranGe men t8 sugge8 Led , i . e . , series 

diffraction converte!2/ , series directional coupler ,dunl fre­

quency diplelCer/3 / , Grating-polari~ation diplelter , finli!le coup­

le/'d nnd series double-prism coupler/51 , ~e use the double­

prism couplers . The baSic de3ien of thin cOlllpQnent and its se­

ries-counnected diagram a r c shown in Pig , 2 , fror:J which ~e can 

see that it can separate three di~ferent f roquencies . We use 

only onc double_prism coupler an frequency divid ~ r . The 4mm and 

Bmm ·~twe 10'111 go ou~ from the ve r tical n nd t he horizontal arm 

by adjusting the distance bct werm two pri>Jm>J of the coupler , and 

the attenuaticn of 4mm wave js nbout 3dl\. 'rhia kind cf coupler 

is usually used as on attenuator, but it is found to be a good 

frequcncy divider too. 

~!E!!!~£~!~!_~~~!~~: The oscillograms of electron denS ity mea­

s urement on a pla.'lma produced by discharse tube with the two_ 

bands interferon:eter are shown in Fig . 3 , wlth the direct-fringe 

oscUlo{>r<!J:I at frequency 35Gllz( top trace) and the zebra- stripe 

oscillogram at fre quency 7OGHz( boaom trace). Discharge para­

meters are ; discharge vol tage .. 5Kv ,condenser bank capecity=16uf , 

vacuum pressuredO- 3 tor r, horizcntal sweep period oC oscillo­

cope .. ' . Ims . pla!'lma size=72cm . The meo1s\lred electron denSity of 

the pla.'lma is shown in Fig .4 . The agreement hetween the r esults 

from the measurel:lcnt!l cf two frequencios is quite /;lood . 

The authers url'! indebted to Frof . Sun Xiang fOl" he r encoura­

gel:lent throughout the research. We are also thankful to the In­

stitute of l::lectronics Research of the Chinese Academy of Sci­

ences for supplying the re fle x klystron . 
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Physics , PRC ,78- 11 , (197B) 

2) D.H.la •• eqe oa. '.pOKoDo~Oe.aa Aa~ •••• Ca.a. DO Bo aaoa oxe., 

Ba~.Te~.oT ao AB CCCP. (1959) 
3) M.A.Hea1d and C . B. 1IIharton , Pla8ln.ll diagnostics ~1th .. icrowave . 

John W11ey /l; Sons Inc . , Ije~ Yor k.( 1965) 

4) S ,D. Rober tson , The Ultra-Bund~idth Finline Coupler. P .I.R . E . 
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5) J .J.Taub et al., IEEE Trans ,on ~!icrowave Theory and Techniques , 
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ATTEMPTS TO OPTIMISE B IN THE TOSCA TOKAMAK 

R airch~ , C W Gower s * ,FA Ih:l.as , P A .Tones·, K MCGuire+ , 
D C Robinson, A Sykcs , M Turner, A J Wootton 

culham L~boratory, Abingdon, Oxon, OX1 4 lOB, UK 
(Eur ll t o m/ UKAEA Fusion Associ a tion) 

*AWRE Aldermaston, UK +univer sity of Oxford 

ABSTRACT Tokarnak empirical scaling laws for an ohmicaUy hea ted 

plaSll1a shOW that the maximum 8 i s obtained in small aspect ratio 

devices with small major radii. The maximum central value of 8 

obtained by a combination of gette ring/qas puffing/shaping on 

TOSCA ls 4 \ . For a central q value of 1 the maximum theoret i cal 

value of centr al 8 f or the onset of ideal MH O balloon1ng mode s 

i s l\ but for certain profi l es higher values are possible. A 

combination of gettering and the use o f a resonant helical coil 

has permitted stable operation with qa down to 1.4 a nd no cond­

ucting shell. Triangles show ' jUl1lps ' between t wo equiUbria. 

I NTRODUCTI ON The small tokamak TOSCA (R")Ocm, a/RI00.27 ) ha s 

been used to investigate t he maximum value of S which can be 

obtained with ohmic heating . 

MAXIMUM B SCALING The maximum density f or ohmically heated 

plasmas in t okamaks is Ob served to be proportional to a ,/R, or 

as q{O)~I, t he central c urrent density. When this i s combined 

with empirical scaling laws for the energy confinement time, the 

central value o f B c an be exp r essed as B (G)~(')Y Z~ff 
It R&q«(I) Ea,/ 

If rE",na' then y_4/:' , 6- 1, c-9/:' , Aa l/:', "",2/:', with the PfeJffer, 

waltz(ll scaling y .. 0.4:', 6-0 .5S , 1: -1.04, A.O .24, ".0 .46 and with 

the Hil:nov so"ling ., .. 6 /5 , 6_ 4/5, , .. 2, A .. O, ,," 2/S. Fig.1 shows 

the Pfeiffer , Waltz scaling for central electron STeo for a 

number of devices operating at or near the maximum density (Zeff 

and g (O).I) . The optimum results o n TOSCA shOW t hat the maximum 

B is obtained on smill.l aspect ratio devices w±th smal l major r adius. 

OPTUIISING B (a) With circ u lar plasmas t he c entral dens ity rises 

to 3 .. 3.5 101J cm-3 in ) ms while the central electron tempe rature 

is constant from 2")ms at "'300 eV . (1) Over the di scharge period 

t he toroid"l field can be decreased from 5kG to 3kG raising B 

without "ny deleterious effects . (ii) When gas puffing is used 

the density can be raised to 3.5 lol] cm- J in Ims Withou t d:ls­

ruption but higher values of ne o r B a r e not obtained . (b) With 

gettered c ircular 

plasmas the density can 

be 5x I 0
12

cm-
J 

witho u t t,,,,o Il 
runaway phenomena and 0 ..... 

can be raised to 3.:' f'.~ fr,,~ 

1013cm-3 by gas-pu ffi ng 

but with no further 

increase in density or 

B. (c) A triangul ar 

plasma h"s a similar 

effect with a central 

value of 311 (21 . In sum-

mary , attempts to in-

c r ease the density Ilnd 

decrease the t oroida l 

field r esult i n a max­

imum ce ntral electron B 

o 

,l 

Fig . I 

• 

'0 

OT.". 

,s._"" (;;' ~-
0'·11 

1>1,,, 0'''1 
«0 ~o_ 

... .., ....... s 

T_~:-~ , 

0" 

value of 4 \ . The total B value o n axis maybe 5'. These dischillOges 

trace out trajectories in a normalised current, normalised den ­

Sity dl"gram "s shown in Fiq. 2. The highest B values are obtained 

with trajectories which reach high va l ues of oeRIS, i . e . E . 

Attempts to optimisc the average B have also been made by d e­

creasinq the value o f q by raising the curre nt i n a controlled 

Wily. USing a combinlltion of gettering whi ch yields low densit­

ies with broad current d istributions throughout the pulse, and 

a resonant coi l \31 Which stabilises the m,,2 mode , stable ope r­

at ion is obtained at values of q <2 f o r times up to Ims( '" 2 x TE ) 

with no conducting shell (trajectory A, F i g . 2) . The minimum 

value o f q reaches "'1.4 where mode activity with m_ I , J and n - I, 

2 is obse r ved, "nd TE is not reduced . The central B value is 

lower as the density is lower , t he average vlllue is "' 1 .5 \ . 

BALLOONING MODES The value of average B for the onse t of ba l­

looning modes h"s already been exceeded on TOSCA(21 with a tri­

angular plasma. Low to r oidal mode number instabili ties may have 

a higher c r i t ical B, and a second, high Bp reg i o n of stability 

may be a ccessible. Numerical results for one family of equi l­

ibria as the central curren t profile (characterised by q( O») is 

modified are given in Fig.3. This shOWS the maximum poloid"l 

B , Bp as a func tion of q(O) for st"b ility to large toroidal mode 

l 
q 

i 
I 

number modea[21 i n the TOSCA device 

for a cir c ular plasma with qa"'J. Two 

regions of stabilit y (A and S) are 

apparent. One with Bp< 1 and q(O)?; 1 

whi ch ha s a centr al v"lue of B of 3 \ , 

a value which i s exceeded in this de­

vice , and a region w:lth Bp» l. Fig . ) 

a l so sh~~s the flux contours , current 

a nd pressure profi les for a margi nally 

stable case with Bp"'7 (a) , average B o f 

2 . 6 \ and central value 13, . This high 

Bp regime maybe accessible if q( O) can 

be kept at "'1. 5 while heating. Equil­

i br ia with qa"'1.4 give high a verage 

value s of B ( > 4 \ ) with low shear i.e. 

q(0 )?; 1.2 although these are 1n the 

neR D OI 9
m- 2T - I ) -.. 

Fig.2 1I0ntJ3,UBed CllI're1It all 
a j'wlctitm of ,zaomoli8cddenBity 
A, B 9<lttel'fld, cUJ'rent ri-lie C, 
D ulI!I"teel'fld ClU're"t l'i8" E 
gaB p!jff"d, F ordinW'y. 
l o wer region o f st"bility has 

Bp<0 .3 for q(ct"' l which h"s also 

been exceeded exper imentally. 

TRIANGULAR EQUILIBRIA Triang -

In this case the 

'lit ,9 ..... . " r--7\l 
{ I ) .l.L.jJ 

, W· ' 

ular p l asmas are p roduced by qlol 141 
add i ng a hexapole f ield, rurrent 

I h . Inward poin ting plasmas 

(Ih/lp<O ) are easier t o control 

than outward poin ting ones , 

because o f unusual jumps n R in 

maj o r radius . These occur with 

velocities between 0 . 02 and 0 .2 

" 

cm ).IS-I . Fig .4 shows the mag- • Il,. 
Fig. J (1)PLur conto:" 'B. (2JCI<I'NI'It and 

nitude of the j ump no rmali sed (JJpl'rllIlIW'Q distribution for lIEll'flinaU!I 
to the start:lng posit i on ilR/R e>tabLe> <>qI<.:tibl'iUIJI "':th .r-r>-? ( I)BaL-

, pllooJling lIIOde stable 1'''(1''"' in thrl q(OJ , 
as a function o f t he trianqul - Bp plarle . 

t 
." , 

arity, Ih/Ip. The re ­

sults (x), are fo r pla sllSs 

i n itially near the 

hexapole centre, Ro ' 

and show small jumps 

for inward point ing 

pl"smas, large jumps 

for outward one s . In 

these jumps the plasma 

moves from one eqUi l ­

ibrium to another, fol-& 
~"'=:,::a=i~~~=t~=:::::~'.~"~-~=t"o lcw.ing a >:mall perturbation . a_a OT --.. 

Two possibilities are 

00> 

Fig. 4 l4aJor radius jlmfPB as a fv.11ction Of 
tl'i.anguLmoity . 

- a neighbouring equil­

ibrium exists or a 

change in parame t ers 

modifies the existing 

e quilibrium. The solid 

curves in Fig. 4 show 

the predicted jump for 

a decrease in iJductance 

of 0. 07 . Two sets of 

curves are shown for plasmas in i tia lly centered (0 ) or outside 

by 2 . 1cm ( G.07). The model p redicts the vari"tion of the jump 

size wi th t he ratio Ih/Ip . The new equllibria associated with 

an outward jump , a re not observed experimentally. 

CONCLUSIONS Experiment ally the opt imised. central B of 4\ from 

ohmi c heating just e xceeds the lower ballooning mode limit. 

Theoretical ly a second higher 8 req:lon o f stability maybe ac ­

cess ib le . Stable operation atqa values down t o 1.4 has been 

o btained wi thout a conduc ting shell. 

ACRt-IOWLEDGEM.ENT \/e wish t o thank Hr R Peacock for his valuable 

assistance, and reliable operation o f TOSCA . 
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IHGH POWER NEUTRAL BEAM EXPERIMENTS (HI ISX-B* 

D. W. Sw~ln. S. C. Bates . C. E. Bush, R. J. Col thin, W. A. Cooller ' , 
J. l. Ounlap, G. R. Dyer, P. H. Edllllnds. 11. C. England, C. A. foster , 
J. T. Hogiln. H. C. Howe , R. C. Is ler. T. C. Jernlgan, H. E. Ketterer, 
J. Kim, P. W. King, E. A. Lazarus, Co M. Loring, J, F. Lyon, H. C. 
HcCurdy. 11 . M. f".enon, J. T. MihalczCl, S. L. l1i1 ora , M. Murakami, A. P. 
Ilava rro±, R. V. lfeidigh. G. H. Neilson, D. R. Dverbey, V. K. Parc!, 
V-Ko M. Peng. fL S. Ponte, H. J. Sal tmar Sh . D. E. Scllechter , J. E. 
Simpk i ns, W. L. Stirli ng, C. E. Th0rn3s, C. C. 1581, J . 8 . 1I'11gell, 
W. R. 11';09, R. E. Worsham. and iL Zurro:t 

Oak Ridge National Labordto ry, Qak Ridge, Tennessee 37630 USA 

!SX·B Is a mOdif icati on of the ISX-A toka ma k [1]. which Inc l udes 
neut ,'al beams with injected power ~ I.B MW, and a pol oida l coil systel!) 
designed to produce circula r, elliptical. or D-shaped p\a5JJloiS with elonga­
Hons up to 1.8. A major goal of the experilllenta l program is the study 
of the equilibrium and stability of e laS(1las with average tleta <1I~ in the 
Z-5~ range pr(lduced by be~m heating [2]. 6aslc machine parameters for 
ISX-6 ( shown in fig. 1) are: Ra· 0.93 m. a· 0.27 m. 6t = 1.0-1.6 T, 
I • 100-200 I:A . Plasm current and pos i tion (both vertI ca l and horizontill) 
a~e maintained at des ired values with feedb.lck contro l systems. PlaslIIlI 
density Is normally controll ed by a pr eprograrJV1led gas puff. So l id hydrogen 
pellets I 11111 i n diameter moving a t speeds up to 1000 IlI/sec may also be 
injected I nto the bea .. heated pl asma to raise the density. 

In this paper, we present the results of neutral beam injection 
experiment s carri ed out on an almost circular pl asma (elongati on· 1.1 -1 .2) 
with neutral beam power of up to 1 ~ us ln'J gas puffll1g for density control. 
We have obtained vol~ averaged betil va lues (Includi ng t he calculilted 
filst ion component from neutra l bealll injection) of up to 1.6l. Peak beta 
values of 8-10% have been achieved. The re l atively peaked pressure profile 
observed gives an rms beta ( .. I<'F>T ~ 3% (the paranll"ter of Interest for 
reactor design because burn rate is approx imtely proportiona l to pressure 
squared). Pololdal beta va l ues ~ 3.0 have been obtai ned. We have not seen 
evidence of a beta limit caused by ball ooning or other instabilities. 

T ical Dischar I" Charac teristics: Parameters characterist i c of discharges 
at our ect on power eve s and severa l del1si ties fo r Bt = 1.15 T are 
shown in Tilble I. Figure 2 shows the tillle beha vio r of plaslI<} cur rent, loop 
voltage, line average dens ity, central ion tempera ture . and Bp + t i ll dur­
ing a typ ica l shot with 1 M'~ of neutral beam il1jection (at a beam energy of 
40 keY) . The usual IllOde of opera ti on is to Inject hydro9l"n ncutra l s into a 
deu t e rium pJasllla . The increase In plasma current f rOll1 110 to 145 1<.A s t art ­
ing at the beam Inject i on time was preprogranrned into the current feedback 
con trol sys telll and is not a result of the beam injection . 

The two beilllS, f!"Oll two neutral beam Injectors desi gned and buil t at 
DRIlL , are both co-injected. Si gnificant electron heatillg is observed. with 
Te (0) (detenoined frooJ Thomson scatter i ng lIII"asureflll" nts) i ncreasing f l"Olll 
0.6 to 1.5 keY duri ng injection. The val ue of Ti (0) (from charge exchange 
analysis) locreases froll 0.35 to 1.3 keY. As can be seen in Fig. 2, till! 
l oop voltage drops fT'Olll 1 .5 t o s O.S Y when the bealaS are turned on. In 
these discharges. thoe plasma hoeatlng is dOlJllnated by the neutra l bealPS, the 
Ohmic heating power being < 10% of the tota l power input dur ing the injec­
tion pulse. 

As in ISX-A, the I' l dl>l~ impurity concent .. ation is low, with <Zerr' 
between I .S and 2.5 typica lly, both with and without injection. Radlated 
powe r is usually < 30% of the input powe" during ohmic heating. ~r.a d does 
110 t Increase significantly du ring injection and i s typica ll y ~ I tn of the 
input power duri ng high power injection shots. Thi s Is attr ibuted in pa r t 
t o the use of low-Z materials t hroughout the vacuum vessel afld diagnos ti c 
devices . with stainless steel used fo r the limlters. The vacuum vesse l is 
not gettered wi t h titanium. 

Beta Results; Figures 3 ami 4 plot vo l ul1ll" averaged an-d pea~ values of beta 
vs ne for 1njection powers between 0.3 and 1 MW . For these da t a , B .. 
1.12 T, and J .. 11 0- 11~ kA. The plasma component s of 60 and <II~ te~d to 
increase lIne~rlY wi t h ne' in agreel11l"nt with results reported pr eviously [1]. 
However, the t otal beta , wh ich iocludes the beam cOlllponent of the pressure 
addition to the plaslM coqlOnent, does not increase as fast as the plaSMa 
component. For the I MW cues , which are dominated by t he beam £ont ribu· 
tiol1 t o the pressure, the a~erage beta is almost independent of ne beCa lJ$e 
t he bea .. con tri bution goes down (due to the decrease In the beaRl slowing­
down tl lOO) as the electron density 90es up. The fa s t Ion contribution to 
total beta Is computed usi ng a Fokker-Planck code (3] to cal culate the 
Init ial beam deposit ion profl1e, using measured Te and n profiles and 
est llnated neutral density. It i s in reasonable agreement with results from 
a I4o l1te Ca rl o code [4] that computes i nitia l beilll lonintion alld subsequent 
diffusion . Figure 5 is a graph of the plasma and fast ion cont ri bution 
to the tota l beta vs radiuS for tl'IO cases. As can be seen from the curves , 
the fast Ion contribution i s a Significant fraction of the total beta, 
particula1'1y near the Jlagnetic axis fo r the lowe .. density case. 

Fi gur e 6 is a plo t of le ( r ) and n (r) fo r two cases with the saJlll" 
i njected pO'~er, gU5 puff, plasma current, average density. and app roximate ­
ly the same Ti (0), but with differ ent toroidal fields. For t he 1.12 T case 
<B~ s 1.~~ , and for the 1.46 T case, <B~" O.g,:. Although nUlIII"rlcal s t abi­
lity calculations using the Jlll!asured pressure profiles indicate that the 
il1teri or third of the plasma should tie unstable to balloon ing I1JJdes, the 
c lose agreement of the measured maCI'oscoplc plasma parameters indicates that 
no instability that substantially lowers the gross energy confinement t ime 
was triggered by the lower toro idal field (I.e .• high be ta ). Distinctive 
changes i n oscil l a t ory s lgnah detected by JII/Iglll" tic plckup coil s and 
co llimated PIN diodes are seen as beam power is incr eased . These may be 
mni f estations o f bal l oon i ng or other pressure driven modes . but any s uch 
Identification Is uncertain at this tilDl". 

Partic l e and El1ergy Tr ansport : The behavlor of net t) Is altered by Injec­
tion at powe r s above approximatel y 500 kW. For a fixed gas puff fl ow rate, 
the density decreases shortly after Injection beg i ns , as shown In Fig. 2, 
and then increases once llIOre after the end of the InjKtiOI1 pulse. This is in 
contra st to a slmihr sho t with 110 Injectlon~ in which ne inc .. eases unifonn­
ly in time to a value of 4-5 x lOll cm- l unol a dl sTupt lOn occu r s . This 
dec rease In line average density lIay be due to a change of the profi l e or 
to all increase in average particle loss rate. This could result fl'OlJl a 
ballooning or o t her instab i11ty , or another JIlI"chan lsm such as a reduction 
of inward radial transport (e .g . , a dec rea se In the Ware pinch effec t) due 
to t he lowered toroida l el ectric field. More detailed measurements are 
necessary to resolve these Questions. For a fixed va l ue of ne, anal ys i s of 

electron heat in-g by the neutr~ l bealll indicates tMt the beilfll power has appro)(i· 
mate l y the same effect as the ohmic heat i l1g power, causing a change in Te of 
" 0.5 eV/kW. Although extensive sca ling studies hne not been done so far, It 
appears that the e l ectron energy transport Is In agreement with Alcator scalil1g 
(te '" ne)' (011 therma l conductivity appears to be with in a facto r of two of 
Ileocl asslcal at the highest densities observed. However, losses associated with 
charge exchange dominate the ion power bal ance at low values of ne ( .. 2.5 x lO ll ). 

Sjl1lllil. rY~ I) Average beta va lues of 1. 6S have tleen attained In a relatl~ely 
c ean p asma in JSX -B with neutra l beam InjKtion power ~ 10 times the ol1aic 
powe r input. 

2) Total beta has increased smoothly with beam power so far, with no 
lnd i cilt lon that a ballooning or o ther instilblll ty Is Increasing the energy loss 
rate significantly. . 

3) For a given pl asma density ( ~ 3 x lOll). pla sl1lll ener9Y transport 
proceSSes ar e In rough agreement with 1-2 times neoclassical for the Ions 
~~du:~~~~~~n~ransport for the electrons. The effect of le on the transpor t 
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82.3 
FUSIO"l >J~'JTRON PROOUCTlON DURING DEUTERIUM 

NEU TRAL BEAM INJECTION INTO PL T 

P. L Coleslock, S. Oav;s, P. Elthimion, H. P. Eubank, R. J. Goldslon, 
L. R. Grisha,", R.] . Hawryluk, J. Hoyer, D. L. Jassby, D. W. JOhflSOO, A. A. Mlrin, 

C. Schilling, R. Slooksberry. L. O. SIcilian, J. D. Slrachan, IInd H. H. Towner 

Plasma Physics lalxlratory, Princelon University, 
Princelon, New ]er5ey 08.544 USA 

deuterium 

mallimu," ~rved fusion neutron intensi ty (\., X I014n/secl from PL T 

plasmas hea led by deuterium neutral beams(I) is about IWO orders of 

magnitude greater than in previous IQkamak eJlperime~!s . The neutron emission is 

due p4"incipally 10 beam-induced lusion reactions 1. , 

occurrlng either whe" the injected deuterons coUide 

with pla!,na deu terons (beam- 13rget reilclions) or 

when the injected deuterons collide with other beam 

deuterons (beam-beam reactions). For beam-target 

ructions, the reacting deuteron pain have a 

center-Of-mass veloci t y which was observed on PL T 

by recording neutroo spectra with a collimator 

Ylewlng the Counter_direction for Co- only and 

Counter-only injection (Fig. n. The shape and mean 

energy (If the neu!rcm spectra are reasonably 

e~plalned by calculated spectra(2) lor the energetic 

beam Ions slowing down in a Ti ~ I. j keV plasma 

'" 

C ... ,,, "1 

Co'_, 

;1:a:~~1 ~n) ~:~e ::t~:lut~:i:: I S:~ont~; I::: ~ , 
(Fig. 2) roughly as expected from the neutral beam 

deposlt ion.m 
The neutron in tensity was measured in the 

range 107 to 1015n/:;ee with 10ms time resolu­

tlon(~) (F ig. 3). The rise t ime re llecu the equilibra ­

tion 01 the linearly accumulating fast ions (constant 

injection current} and their classical slowing down 

to ellergies where they 00 longer ton tribute to the 

neutron produc tion. The la ll time reflects only the 

s lowing down. tn the case 01 unidirectional injec­

tion, where beam_beam collisions can be neglected, 

both thl!- rime bofohavior alld lho! absolute magllitudo. 

01 the beam-lJ.rget neutron flux are well-de.\Cribed 

1\ " " 
" " 
" ~ '0 

~ ,Jl 
z 

~ M:l' 

~ 10'" 

u .. I.' U ••• ,_ to[O",,,,,, 
Fig. I. Collima ted neutron 
spectra obtained looking 
langelllial!y ill the direc t ion of 
Counter-injected ions. The 
shift in mean neutron ene rgy 
is due to the dillere ll t tenter­
of_mass velocity o f the reatt­
ing deuterons for Co-only vs 
Counter-only in}ection. The 
lines are the spltt t ra pledic ted 
(ReI. 2) for Ti : 1. 5 keV, 
Z 11 :5, WCO~26kV, 
..t-'CTR :)0 kV. 
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Fir,. 2. Radial prolile of tile 
fll:utron emjs~'un. Tile sllo.lded 
region re plesellts the e~pected 
pro file (R.e l. }). 

Fi-:. 1. Time cvolut;Ofl o f the PL T discharge 
',~ith t l", largest neutron emission. 
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r.lg .~. I)e pendeoce of tl", neutron emis­
lion on !learn v'lllage (Re I. ~). The insert 
sho .... s the dep~e uf (TV on voltage 
f'JT the O(O,n)He re"tllon. 
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Fig. 5. I)ependellce of tl", neutron emis­
sion (Co . Counter illjec tioll) on plasma 
dens ity. The shaded regions indicale lhe 
predicted levels o f beam-beam and 
beam_targel react ions (ReI. 7). 

by a bouTICe-averaged numerkal calculation ollhe fast ion behavior. 

Tile absolute calibration of the neutron emission is a dill icult prohlem In the 

toklllllak geometry bUl we use several different schemes, including the use 01 PuBe 

source. Our favOTed calibration uses the thermonuclear neutron em ission predicted 

from the experhnental plasma parameters for high densi ty ohmica lly heated PL T 

di.Kl\arges, w~re Ti""Te. The expected aCC\Jracy is abou t a factor 01 two. 

Over the entire range of PLT plasma and neu tral beam conditions 50 far 

obta ined the experimental neutron emission varied about two orders of magnitude. 

The parameter which infl~ed the neutron production most strongly was the beam 

voltage (Fig. ~), which reflects the e~pe<:ted dependence 01 the lusion reaction rate 

on m>ergy. Empirically, the neutron production rate per unit (If injected curren t (Q' ) 

decreased as the density increased (Fig. }). For the beam-target !leutrolls, Ihis 

indica tes the influence of enhanced beam trapping in the cooler edge plasma as we ll 

as the reduction in central temperature 

as ne is raised. For the beam-beam oo"'r~~~~~~~~~~~'" 

neu troos , the direct linear influence of 

ne on the decrea5t' in the beam s low;nS 

down lime, with increasing ne reduces 

lhe probabi lity of an en.e-rge tic collision. 

The observed neutron illtensity tan 

be predic ted reasonably well (Fig. 6) by 

Fokker-Planck code cakulations('-7) 

which describe the fa st ion populatioll by 

classital energe tit ion slowing dowll and 

orbit mOl ion. 

A factor _o f~two uncertain ty is 

e~pected, however , ir. the I ~oretica ll y 

predic ted neutron rates due to UflCef"­

ta inlies in the e~perimcntally measured 

parameters tllat are used as illput inlO 

solving the Fokker-Pland< equat ion. 

0 " 

0'.,,,, .. .,,, 
o"'~ ~~-:;\."-'--;."" ~"': .. :'---~o'" 

r"(OIIY C.Il.d NOlI UHt '. mo.NSI'OIIrUlO( 

Fig. 6. Comparison of the observed 
PL T neutron emission with the pre_ 
ditted emiss ion (Ref. ,) for a wide 
range 01 plasma aod Ileutral beam con­
dit ions. 

The most impOTtalll uncer tainties a re the magnitude and radial profiles 01 I) the ion 

tempera ture which contr ibutes a fin ite TI enhancement to the re la tive velocity III 

calculat ing Ihe fusion reaction rate ,(!) and 2) the neutral density which determines 

the fast Ion charge e~change loss. 

nlese urocer tailllies in the absolute neutron calibratioll and Ihe ..:perlrnental 

input to the codes are of a magnitude 5IIi1icien tly large to allow enhanced radial 

transport o f the energelk ions 10 remain unde tected in a simple comparison of lhe 

n.e-utron magnitudes. Evidence fOl" the lade of radial tr ..... sport comes from the fact 

that injec l ion illlo both high density and low den,ll y plasmas have been equally .... eU 

de.\Cr ibed. 

At low densi ties, th" neutral beam trappillg is ce lllraUy peaked, so that 

cnhallCed diffusion tends to move energetit iOlls outward resulting in a reduced 

Ileutron emission.(5) However, a t higher densities (ne ?,5 x 10 13 cfn-\ the neu tra l 

beam trapping pro/i1e is hollow so that diffusion tends to move energetiC ions bo th 

inward aod outward. In this case the departure of the exper imental n.e-utron emiss ion 

Irom classically rediCled levels even wi th enhanced radial transporl can be expec ted 

to be minimal.U The agreement between theory and e~perirnen t at both high and low 

densi t ies suggests that 00 enhanced dilfusion was present. 

Furthef" evidence for the lack of radia l transport comes from the fact that 

cases .... here beam_ target em;ssi,," dominates are about equally well described as 

cases where beam-beam emission dominales (even a l the sa'lle ile ). A significant hot 

ion loss should have had a more pronounced e ffect on the beam_beam reattions. 

During some of thes" DO~ 0+ dis tharges, la rge dellsity fiUCtlia tions Obse rved 

by microwave scaltering were preselll.(ll The neu tron emission from these dis_ 

charges wu equall y well described as in all Ihe other ca5('."s . Hence, these densi ty 

fluctuations have apparently 00 drast ic ellecl on the classica l behavlor of the 

energetic beam Ions. 

Conclusions 

Deuterium beam injec tion into deuterium PL T plasmas has resulled in 

J)(O,fI)He) neut ron yie lds o f 1.5 ~ J() I ~ n/SIeC ».!ld 2 x IO!) n/pulse. This neu tron 

. production amounts to 170 watts of fu sion power (QDO> t> x 1(1-5) while the 

eq~ivalent 0 -T fusion power would reac h .10 kW (QOT ~ Z%) . These resu lts are In 

agreement wi th theoretical analyses that assume classical ell"rgetic ion behavior and 

use the experimental profi les of densi ty and tempera ture . 
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B2.4 

llALA;!CE 0 ... ~J/EiiGY A'1 'i'HE LI! HEATIIIG IN THE PT-l i'Ol~.!AK 

V.E. Golant , V . l~ . Gullev, V.Y,Dyachellko, M.lI,Larionov , 

..... D. Le bede v , G. T . Llazdoba.:rin , G.A.Serebl'eny , O.lJ . Shcileruinin 

A. , Jo' .Ioffe Physical-Technical Institute , 

Lenili6rad, ussa 

~. Vneu studyill~ the LH heating in tile F'l'-1 Tokwnak the 

increase of electron alid ion energy was found . It was Dhown 

that up to ')0''; of UP power was absorbed by electrons in the 

1:iR rouse and up to 20;;; was spent for f aet ion production . The 

heatinr; process Vla B accompanied by an incr ease of energy loesee 
from plasma. 

The experiments on the lower hybrid plaoma heatinG at the 
Pl'-1 '!okamak ( R '" 62 cm , a '" 15 cm , B .. 6-10 kG ) are det,;­
cl'ibed in /1 - 3/ . llow the measurementa h~ve been perforced t o 

precise the data on the b81allce of enerGY at tbe LH heating. 

The HP power ( 400 llHz. 1-) ms . 80 kW ) l'1aa coupled to the 

plaama by the pessive olowine structur e witb 1I
z

• 2- 6 /3/. 

'l'h c ohmic heatiu8 (OU) power was of the came value (I .. 30-)5kA , 

U = 2.2- 2.5 v) . Plaama parameters before the HF pulse were : 

Te (O) = 300- 400 cv , ne(O) .. 1xl01J cm-J (hydrogell ) . The LH 

condition waa eatisfied at B '" 9-10 kG , ne- 6x10 12 cm- ) . 

The effect of the liP pulee on e lectron temperature wee 

studied by laser scattering. The average plasma denelty was 

controlled by microwave interferometer . Pi g . 1 sbo'ls the chan­

ge s in densi ty and temperature profiles when pulse duration 

was 2 . 5 me. ~ae IP8ximum temperature rise ( b Tt." 100 eV) was 

registered a t r .. 4 cm . J-:o change s were obaerved at r> 7cm. 

The increase in plasma den sity ( 6 n ~ lx1012 cm- J ) seems to 

be cOIUlected with the neutral gafl flux in the antenna region . 

The total electron energy etore increased from )7 to 50 J , o r 

by J5~. At ths lonc;er HF pulsee the increase of dellsity is mo­

re significant , but t he temperature decr eases everywhere ex­

cept the axial reGion . 

The e frect of ultH:Lnm he .. tiuc; i e more e:tplicit if Illeaeu­

rements are made 1 ms after the begip~ng of t he pulse , when 

the densi ty does not chanGe yet (Fig . 2) . It ie seen tha t the 

increase of 'l'e iD local ized in the expected region of wave 

transformat ion , which is mar j(ed by the black rcctangle. The 

temperature profile was Mo.lyzed by the thennal bal ance equa­

tion in assumption that the electron thermal conduct ivity did 

not chanee during LH heating . The increase of temperature .,'Ta­

dient at r • 5- 7 cm pointed at the additional ellergy release 

inside thi a zone . The comparison wi th the OH reeime ahowed 

that up to 40 kW of liP power (about 50';) \'Iae aboorbed by elec­

trone . The electron temperature in the peripheral region did 

not rise due to addi tiollal e llergy loases for ionization and 

emiesion of impurity i Olls. This phenomenon spoilt! the Bfficien­

cy o f HP h ea ting . 

'rile iOll enerGY 1'/0.0 studi ed by cho.r(~e eXCho.llge neutral ana­

lyeer(C .. () /1/ . It \·/08 found tha t HF power produced the f ast 

ions with enerGY 0 . 5- 2. 5 keV. Their flux increased eharply 

when t he Li-I ccndit i ol! \"Ias I~et ir.. the discharge . Pie . 3 shows 

t he t:!vol u tioll of the CX spectra after swi tch off at Bo = 9 kG. 

'.i'he " tail " of ion diotribution has an effective temperature 

eqtlcl to 450 eV . By inte,!5;l'atioil of t he Cl: spectra it wae aholm 

tJlat tIle B'llOUll"t of fus t ions reached 4~ of t o tal proton densi­

ty and tile "ner:;y of i Olle increased during the HF pulse by 2()<~ . 

Pi,;. 4 l'epresente the til:le dependence of flux of neutrals 

with O.9fJ ~C ·i· sllergy an er the lIF pulse at 130" 6 . 6 kG and 9 kG. 

In 1.he .1irst cnsc ti lS flux is omal l and its decay time is 010-

!le t o the i011 bOUllCillG tll~e along the banana orbits ( r Il .~ 

70 rs), At 9 j,G "the flux is 3 t i mes createI' and alr.lOst 50;; 
of ionn are trapped by the maglletic f ield . their l ife time is 

much l on;;er Bud is detennined by collisiolls with other parti­

cles . 

l'a l: ing data 011 fast ion density and t heir life time one 

can estimate that about 15 kW of i llPUt pOVler ( 20~ ) Goes into 

t he fast iOllS , bu~ only 2 kW 1a epent for production of l ong 

livill£ component . 'rhe rest o f the powel' io loa t oince the po­

loidal r:1a~net ic field ia not strong cnoudl to contain f ast 

iona . 

The ion t emperature determined by CX wi thout the HF \·Iall 

a bout 80 eV . But during the HF pulse the CX measurelnenta be­

came inaccurate because of diotort ion of ion distriuu1.ion 

function . The chanee i n lOll temperature in this case was de­

fined by Doppler broadening of CV line 2271 A, which is 

emitted from the central region of the discharge . In ohmi c 

heating staee Ti( CV) - 70 eV, and A Ti(CV) • 25- 30 eV du­

ring HF pulse . The power transferred to ions durinG OH is 

evaluated to be 10 kW. So it is clear that only amall part 

of the !lP power (4 )<:1'1, or 5~n goee into the bulk ion heating . 

I t i s quite probable that the bulk ion heating can improve 

in stronger discharges due to better confinement or fast 

lOllS. 
In conclusion, it is shown that the efficiency of ab­

sorpt ion of HF power 1e high. Up to 50% of the applied power 

goes into electrons and up to 2~~ goee into fast ion produc­

tion . Some reasons can be noted which limit the plasma hea­

tine : 
1. The region of enerGY deposition is not localized at 

the discharge a..xis but at r~ 4- 6 cm . 

2 . Neutral gas injection takes place under the HP pulee 

whi ch leads to cooling of the plasma peripbery . 

J . The fast ion containment ie rather POOl' because of 

low toroidal current in our experiment. 
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NOH-THERHAl ELECTRON DISTRI BUTION 

FUNCT ION iN THE FT TOKAHAK 

ASSoci;Hione EURATOH-C H.LN. $ulla Fusione , Ce ntra di Frllscat1 , 

C.P . 6S - 00044 Fr escatl . Roae , It/l ly 

I NTRODUCT ION 

It is well koown that the electron distribution fun ctio n 

f in a t okamak plasma cannot be a maxwellian for the presence of 

t~e electric field E driving the toroidal current . 

The fir st order correction In [lED' where EO is the Oreicer 

field , gives the well known Spitzer-Hlirm distribution fUnction 

(1) . from which the resistivity is usually computed. 

It is al so known that tile re Clln have other corrections, due 

to the prese nce of runaway or slide-away electrons (2 , 3). 

In th is work we describe the violations of the Spitzer-H a r ll 

Bod el observe d in F.T. tokamak by so ft x rays, electron cyclot r o n 

ellisslon (ECE) and Thol1son sc attering diagnostics. 

In thls wor k we will consider discharges with a low co ntent 

of run away electro n s ( no s ignal in the hard x r ays lIonito r) in 

whic h the streaMing parameter ( ~ vO/Vth ranged frOM IS to 9S. 

The corresponding pluma parame ters range was n e ~ .3 ;. 2.5><10 14 

e.· 3; I p " 250 t 350 kA ; Te 2 600 f 10 00 eY; B .. 6 T. 

We ob se r ved non-the rmal ph en olle na developing beyond a value 

of C of the order o f II few pe r cent. 

In o r de r to ellpla ln the Observed phenOllena we tried II very 

si.ple IIIodel , based on a deformation of the fe having a non·zero 

average ove r the pitch angle. With our mod!!l we cannot explain 

the details of the deforllat io n, but we can derive the order of 

magnitude of density and ene rg y of supra thermal electrons. 

EXPERIMENTAL RESULTS 

In FT we were able to produce very high current densitydis· 

charges «J> _ 300 A/cm 2 ) at B " 6T and ne _ .5 i- 3.5~I014 cm - 3 • 

The pre se nce of run a way electrons is monitored by a hard x 

rays detector. In the discharges under examiMtion we had no 

rUMwayelectrons. 

At very h i gh densities and not t oo high currents the results 

of the diagnostics lIIeasu ring the electron temperature were con­

sistent, but for highe r cu rren ts or lower densities some anomalies 

In so ft Il rays and ECE came ou t. 

The e.lsslon at the second harmonic of the central cycl ot ron 

frequenc y was no longer corre lated with te lllp erat ure but with 

Ip / ne; which i s an anollalous behaviou r because the corresponding 

op tlul depth was about 4, and the e lliss ion was ellpected to be 
black·body. 

The cor r elation loll th lp/ne sugg ested a ;,; dependence of the 

phenomenon. We plotted t he emission versus ( and the re sult is 

shown In Flg.l. The current density prof i l es necessary to compute 

the t were der ived fr om Thom son scattering temperature profile s 

HSumlng j _ T;n; th is is a goo d assumption for low ( val ues; 

probably above C _ 10 : the devhtions from classical r esisthity 

could be Important. 

Co rr espondi ng t o anomalou s ECE we found anomalous soft II rllys 

flu xes and spectra (Flg.2) , due partly to enhanced bremsstr a hlung 

~nd p~rtly to e nha nced li ne radiation . 

In Figure 3 a comparison betwe en ECE , soft ~ rays f1u~ and 

lp/ne is Show n. 

AnOMalies have ~lso been found in Thomson scatter i ng spectra, 
as shown in Fig.4. 

We explored horizontally the disch~rge section by a ECE; the 

enhancelllent CallU! out to be p re~ent every where, but th e e.lsslon 

is peaked on t he center of the discharg e, as shown in Fig.5. This 

ag~ln suggests 0 dependence on the stre~lIIi ng p~rallleter of the 
e.lss l on enh~ncellents. 

THEORETICAL MODEL 

A co • ., l ete understanding of non-the r lllal phenomena is a ve ry 

difficult task rellng on the sol ut io n of collisional Boltzma n 

equation in which the correct expression of collisional operator 
OI ust be t~ke n In account. 

In t h is work we only try to fi nd a tentative form of the e ­

lect r on distr i butio n function which can brin9 together results of 
diffe r e nt diagnostics. 

We aS s ume that the popu ht lon of non · thermal electrons c~n 

be represented by a displaced mallwell1a n 

f . " [,.rr.jlll e~p 1_ .! _" ;~'_'-';L'-:-,(_'";_- _'-"'-'-) '1 
ss,.. s l 2 . kT s J 

where Vo is the drift velocity. 

From that expression we calculate the x- r ays spectrum and 

[CE enhancellent and , from best f i t to experi mental data, we find 

vlllues for vo ' ns and kT s . 

Resu lt s of both Il-rays and ECE show that, depending on dls-

cha rg e parelleters, 

'" ~ < 201 
" 

< kTS < SkeY 

Conclud in g we stress that such re s ults refer to the center of 

the discharge; where the supra thermal elect r ons appear to be con­

centrated (Fig.5). There fs can car r y an IIIportant fraction of 

the l ocal plasma current and poss ibl y i nflu ence the energy balance 

o f the discharge. 
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82.6 

CHARGE EXCHANGE MEASURE.\\ENTS [)URING NEUTRAL DEMo! 

INJECTION AND JCRF HEATING ON Pt. r< 

S.S. \\ ~dJey, K. Bol, S.L. Davis, H.P. Eubank, R.l. Goldston, 

L.R. Grisham, R.l. HawryJuk, J.c. Hosea, E.B. Meservey, G. Schilling. 

w. Stodiek, R. Slooksb"rry,t and M. UJrickson 

Plasma Physics labOfatory, Princelon University 

Princc\on. New Jersey 085~~ USA 

AI\5TRACT - Ion tempefiHure increases o f - 2 "V/kW injected po_r <In: ob5e'rved 

00 PLT lor both neutral beam and ICRf heating e~periments. Ree"n! resu lts are 

reported wilh emphasis on charge exchange diagnostics. 

INTRODUCTION - Neutral injec tion he,,!ing cxperimellts performed 00 Pt. T [1) 

using lour 40 keV ORNL sources delivered up 10 2.4 MW of <Jeuler ium beam power 

to the plasma aod sourc" tm~ovemcots are projected 10 increase this power 10 

3.0 MW. E~t~nsion of th~ ICRF coil pow~r 1"",,1 from - ~OO kW up to 2.0 MW and 

combined bellln/lCRF heating studies are in progress. 

PLT is equipped with two ch.lrge ~Kch;,"'ge diagnostic sys tems (Fig. I). ,\ rive­

ch.lnnel mass/energy analy~er (MACE) prov;<k. measurement of the perpendicular 

"therrnaliz"d" ion """rgy distribution in the energy rang~ 01 o.n to ~o k"V [2]. This 

,yst"m operates in a pulse coonting mode, is capable of scanning to ~2' cm in 

minor radius (3 = ~o cm), and uses a Berk"Jey 15 keY, J(I A diagnost ic neutra l lI"am 

Fig. l. Location of charge e~change 
analyzers on PL T. 

source for localized measurements. A 

second t.oril.OIlta lly scanning mulli-

sight-line energy ilf1illyz~ (FIDE) 

operating in t",", analog mode prOyjdes 

measurement 01 both the ion 

t"mperature and the irljected-lon 

slowing-down distribut ion. 

RESUL T5 - With Ihe MACE analyz!!r, 

ion temperatures were determined 

(Fig. 2) over .l sub,t"nli,,1 rarlge of c lectroll density ~nd neutral beam pow"r [J]. The 

peak central ion temperillure measureme nts (Fig. 3) underestimate tl)., true centra l 

yalue by :!5%. Recent numerical calculations [~] and our prcvious ana lysis [11 show 

that no significant distortion of the Maxwellian thermal tail distribution by beam 

ions is eKpected unde r PLT eKper ime'llal condit ions und, in fact, none Wi" nlnerved. 

. . 

"" ........... 
1 1-., ...... -

~ . . 
-.. , .... , .. ... -.. ....... 

" .. 

I .. .. 

,r~ ,. . , . . ' 
. " .. ,. .. ,/' ......... .. 

. 

'" .. ~c"";*~~ .. ~~ .... 
to .. ( -.d' 

Fig. 3. Peak central T. durin& beam 
tJ,.,ating. Line average e~ectron density 
is measured a l p~k T

i
. 

[00 t e, "pcratur~ increases du;ing 1-1 0-+ I)' ilnd 0 0-+ H' injection 5Cenar;os (Fig. 4) 

were found to ~cale with heam pvwol; r, P
B

, and line ;,yerage electron density. ne' 3S 

The ion le.npcrature ..caling does not appear tn he affected by the enhunced 

mic rolLlrbulcnc" [,] observed wrong high power injec tion irllo 10"" densi ty plasmas. 

The hi~loe~t teenp"ratllre recorded to date (6.' keV wi th 2.4 MW D°-+ H' at 

" ,,' I.') x 11)13 cm- 3) h.ls p!Js",",d PL T deep in to Ihe co lli s jonles~ regime witll I'r 
well below 0.1 o v" r much 01 the plasm,. r"dius. Preliminary ion power balance 

c aLCUlationi ind icate that electron-ion coupliog, parllc le difill,jon. aod charge 

, 

"-""} H' _ o· No ~ • • il, Flu(lUOlio., 

rf-H' ~ •• il, FI.(1.0Iio •• 

.. • , 
I'b ( MW)' ne (>Id ' ui', 

Fig. 4. SCaling 01 central T. with the ratio of 
be"m pow"r to line average'elcctron density. 

.. 

1.0 1.1 1.2 tJ 

" xchange losses dominate the power flow with neoclaloSica l thermal conduction 

contriblltin& a small fraction. nu" to the uncertaioties in determilling particle 

dillusion and charge eKchange losses in a plaima where the ratio 01 bea m- to-plasma 

ions is no longer small, the ponillll ty 01 consickrable erlhancement 0 1 thermal 

conduction over neolcassical cannot be excluded. 

Energy. pitch angle and time r"solved measuremeots 01 the injected-ion 

slowing_dowo distribllti~ ar" provided by the FIDE analyzer . For eKample, the 

slope 01 the l/c lall times of thc tangenti.,.1 cha rge-eKchao&e sigJlal as a IU llC t ion 0 1 

energy (Fig. ') lor a ~OOkW H°-+O' case rellects the falll-ion slowing down rates 

and agrees well with a numerical solution 01 the bounced-averaged Fokker-Planck 

equation. Measure ments of t he beam ion tail distribution above the injection 

energy, which is sensi tive to the ratio of the drag rate to the rate at which beam 

ioos are hea ted by the thermal plasma, also "sree well with the calculatloos. 

P[a..ma toroida l rotation at cen tral speeds of v\, ~ 10
7 cmlsec were measured 

during unbalanced neutral injection by compari,,& the tangential th~mal spec:: t rum 

with co- and counter-injection. 

i)uring lCRF healing, lIoth 

analyzers wcre used to study the 

isotropy 01 Ihe miljori ty and minority 

speciei ion ener&y distributions . AI ! 
the maKimllm power <kposition lev,,1 ~ lO~ 

so far obtained ( - 260 kW). increase a ..... II I , ... 
~}IQ ",If( 

of the majority deuteriu'Tl ion 

temper(Llur~ from '00 10 [200 eV at 

n,,-r.0_l .5x I0 13 cm- J was 

observed. With combined hydrogen 

beam injection and ICRF heating, the 

beam tail distribution ilbove the 

injection energy h 'trongly enhanced 

(Fig. 6), Indicating direct RF tJ,.,lllng 

of beam ion~. 

,,,L~,,..-~~;\ro""~~'"'~~"'ic'~ 
EN(IiCiT [. "vl 

Fig.~. Plot of the lIe 10111 times o f the 
tangential charge exchange /lux alter 
beam turn off. 

.}. __ -, • .-__ ,"~1C,.~ __ , .• ,-__ ~ • 

Fig. 6. Fast-ion la il above .the injection 
e nergy in the countcr-dir",;:lIon. 
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82.7 
NODERATE POWER ICRF HEATING CHARACTERISTICS FOR THE 

TWO-ION REGIME IN PLT-

o Hwang V. Arunasalam. S. Berna bei, M. Bitter, O. Boyd, 
N B~etz, S: Cohen, P. Colestock. S. Davis, O. Dimock,~. Dyl!a, o E~e6, P. Efthimion. H. Eubank, R. Goldston, L. Gr1sh~, 

'Hinnov J. Hosea, H. Hsuan, F. ' ']obes, D. JaMson, R. KIIl.ta, 
E' J Laws~n E. Mazzucato, D. McNeil, S. Medley, E. Meserve~. 
D. Mueller, 'N . Sauthoff. G. Schilling, J. Schivell, G. SCh~ldt, 
A. Sivo, F. Stauffer, W. Stodiek, R. Stooksberry, J. Strac"a n, 

S. Suckewer, G. Tait, H. Thompscn 

Plasma Physics Laboratory. princeton University 
Princeton, NJ 08544 USA 

ABSTRACT. RP wave powers up to -260 kW have been applied on 

PLT for pulse durations exceeding 100 mseC'. Charge exchange 

measurements 5t two radii (0 and 15 cm) indicate that the 

energetic minority proton distribution is centrally peaked 

with the two-ion hybrid layer placed on 5 xis and that the 

majority deuteron heating for this case is approximately the 

same a t the two radii. The central d e uteron temperature has 

been approximately doubled. 

Initial heating results obtained on PLT for the two-ion 

regime in both D-H and He 3-H plasmas for rf wave powers up to 

-70 kW have sho"'Tl that the wave powcr absorption can he 

attributcd to direct fundamental cyclotron damping by the 

minority (H) ion species [w - 0h(r=O)].l Thc minority d~ping, 
which is aided by the influence of the two-ion hybrid 

resonance,2,3 sustains energetic proton distributions which 

are consistent with Fokker-Planck theory4 to E - 40 keV and 

heats the deute rons (helium ions) and electrons through ion-ion 

and ion-electron coupling with the protons. This minority 

heating regime shows considerable promisc for good ion confine­

ment devices. 

In our present experiments we are investiga ting the power 

deposition and heating characteristics for a single half- turn 

• coil, whiCh excites a broad kll spectrum, to serve as a basis 

for comparison with mUlticomponent antennae which will enablc 

placem .. nt of thE! kll c pectrum in a r .. nge favorablE! to rpntral 

heating of the plasma.5 In th is paper we rcport pr-eliminary 

results at moder-ate rf powers in D-H discharges with the 

parameters: 

I - 230-300 kA, V~ = 1.3-1.5 V, ne _ 1.3-1 . 7 x 1013 cm- 3 , 
P "h 

nh .. iid ~ 6-10%, Te(O) " 1.2 keV, TdeO) '" 0.5-0.6 keV 

(Without rf), TEe" 20 msec, and Zeff - 3. The excitation 

frequency is 24.6 MHz and the magnetic field is B~ '" 17.1 kG 

which places the two-ion hybrid layer on axis for n
h 

- 8\. 

lIydrogen charge exchange spectra and deuterium tempera­

tures measured with a wa ve power of -90 kW applied from 

t - 360 to 520 mscc are given for r = 0 and 15 cm in Figs. 

and 2, respectively. (The single coil coupling efficiency 

is -80 %.) The hydrogen spectra indicate that the effective 

temperature of the energetic proton distribution decreases 

with radius and tha t t he Fokker-Planck parameter4 

~ " <Prf > (T )1/2 dec r e a ses by the ratio of ( (0)/( (15) :: 1.17 
nenh e 

f or thi s case. Taking t he electr on density and temperature 

profiles into acco unt and assuming n
h 

is constant, gives 

<Prf >r - O/<Pr f> r " lS cm ~ 1.4. The increase in Td a t 15 cm is 

comparable with that on axis indicating a broad heating pro­

file. This result is consis t ent with <P
rf

> and nd decrea sing 

with radius (to within the accuracy of the data) but does not 

eXclude charge exchange and diffusion effects. 

The deuterium heating measured a t a wave power of -260 kW 

appl ied for -100 mse c is g i ven in F i g . 3 along with the 

neutron emission. Td is doubled and fn values of 1010n/sec 

are Obta i ned . Fig. 4 gives 6 Td versus wa ve po wer divided by 

ne for the range of wave powe rs explored. On the average, 

ATd - 2.3 eV/kw f or the p resen t o pe rating r egime. 

No attempt h a s been made t o c ontrol the energetic hydro­

gen d i stribution as the power has been increased; so enE!rge tic 

p r otons are lost more readily at the higher powers as evi­

denced by increased levels of h e avy impurity radiation caused 

by p r o ton bombardment of the vessel and limiters. (This 

radiation is comparable with that for c o unter beam injection 

f o r the same conditions.) For the present heating regime at 

24. 5 MHz, improved proton confinement and d e uteron heating is 

",------,--,-----,--, expected at higher levels of 

nh and ne' and for multiple 

coil excitation. The planned 

operation in a higher fre- In'h 

quency regime with approxi­

mately twice the present 

ohmic heating current capa­

bility should provide the 

additi onal ion confinement 

required for power levels up 

to -5 MW. 
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FINITE MEAN-fREE-PATH EFFECTS Oft AXIAL PARTICLE 

TRANSPORT IN MIRROR DEV ICES· 

T. D. R09n1i~ 11 and 1. A. Cutler 
University of Cal1fornla, Lawrence Livermore Labora t ory 

Livermore, Cllllfornia' 9~550. USA 

We consider the problem of col1l510l1a\ particle and energy 

transport in open -ended systems wtlere the axia l transport is doIninant. 

The Fokker- Planck equation for the distribution function f Is * +v • ~ + ~ • * 2 C (1) , , 
where C is the Coulomb colliSion operJtar . This equation has previously 

been so lved in two limits: when the mean-free -path Amfp Is long compared 

to the sys tem length Ll, and when ). mfp « L. 2 We shall present a 

Monte Carlo procedure for the so lution of EQ . (1) which Is formally valid 

for any range of \ lIfp /L. although it is mos t pNcticaJ for Amfp '" L. 

Results are given for two problems relevant to .Irror devices at Lawrence 

LherlOOre laboratory, namely, electroo conf i nement In 2XIIB and Ion 

cooflnesnent in the tan~ ",Irror nu. 
The I400te Carlo procedure uses a two-part solution to [q. (1) for an 

ensemle of test particles. First, the coll i sloo t enn Is Ignored and the 

test particle is advanced for li t accordi ng to the left hand side of Eq . (1) 

which ghes the equations of motioo 

dV z .!u aB 
mOt ··~ · \I"5Z M· o (2,3) 

Here m is particle "'ass, yz IS the velocity along the magnetic field 

B, q is parti c l e charge , ,~ is the ulal electrostati c potential, and 

1.1 • mvj
2n B is the lIIagnetlc JllCilllent. The second part of the solution 

Includes the colllsloo te .... which is calculated ass~l ng that the 

distribution of scattering particles Is an isotropic Ma~welllan 

loca lly. The velocity coordinate frame is rotated to the ~ frame so 

that Wu I ies along the velocity :t and W~ ,y are perpendicular to ~: 

Then fo ll owi ng SpitzerZ, t he velocities af te r the co l lision are 

W. • W
IIO 

f ··ClW~ ·, M t ~ 3 ilW~ 2 ~ At RI (4) 

15) 

where W10 • Ivl . R'.2,3 ~re randolll nlllr.!i:r ~ chosen frOln a unlfonn 
dis tr ibution frOl' ·1 to I, and the b :,".,~·: .. t:>d t err.tS are collision 

pr obahilities2. I\cculII 1 1~ted density ~nd temperature profiles of the 

test particles can then be useU to upda t e the bi\ckground scattering 

profiles . Th i s p,·oceduri! is repea ted un til a s teady-stllte is obtained . 

As our first exampl e , we consider f! l ectrcm confinement in t~e 

2XII0 mirror device. A gas bo~ l oca ted at one mirror throat (z : ·.8 m) 

produces a s treJm of w·'nll Ions for suppression CIf micro\nstJbt1ttles of 

the hot confined ions . Two CJses with different gas-bo~ currents are 

presented. The 1_0 fluid code PHLOW calculates the final density and 

potent i al profiles shown in Figs. h,b. The hot Ion I'flergy is taken to 

be 15 keY , and the wolrm ion teqJerature is ~. 100 eY. The test electrons 

have collisioos with electrons, war., Ions , hot ioos , arK! Ion ize gas box 

nI'\,trJls . The fin~l test p~rtic l e t~eratllre rrofiles are shown 10 

Fig . lc. for the II)W-current case, Te Is quite pea~ed at the midplane 

and thr.rmal <:onductivity Is not important sin<:e a large gra(i ient in Te 

Is maintained . Here, e l ectron energy is confin{'d pr imari ly by the 

p. lectr(lsLali-:: potentia1.' A nmrOer nf ZXII8 shots a t this gas·bo~ 
current show t his behaYior with le 100-U5 eV at t he midphne and 

l e 30-40 eV in the f an region. For the high·curr ent case, Te is 

la><er becJuse of increased It'H curr~nt, and Te(z) is now near ly 

uniform. ite rI' thermal conlioctivity is very iqJortant, and one can 

prflrluce nearly the same pr .'f ile using a fluid energy equatloo for Te 

." ith thern!JI conductivity. lhe 2XI'B e~periment also e~hlbi ts lower 

midplane Te fo,· high gu·bo~ currents . 

The scrom! e~ampll' s t. udled with the code is tile TMX tandem mirror 

experiment. For t h i ~ case ions ~re confined el ectrostatica ll y In a 

solenoid by higher dens ity mirror-mdchine pl ugs at each end. 

Confln",ment time of H'e ions i~ generally calculated assuming that 

'lI1fp L so tha t f is zer o on the loss-cone boundary.l,3 However, 

because THX has a lolrge .. Irror ratio ( 20) f ron the solellOid to the 

plug , Ions need scatter only a fairly SJlall angle to fil l the loss-cone 

i ll J transit - line. In the limit of a Ma~wellian tl>l' conflnCfllent lime 

dPproac hes the coll i sional value of 

. Ii RL exp (~) " . --,-; - , 161 

nhot ions 

Fig. Ha) 
c 
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where R is t he Dlirror ratio, l is the effect he solenoid length , 4> Is 

the potential barrier, 1 is the solenoid ion t~erature, an~ YI : (2T/")\ 

The code results in Fig . 2 show that 00 has a con f inement flrod\lct 

nT part ;.lay bet,;een that given by Eq . (6) (450 l ine) and Pastukhov's 

r esult (hori zonh l line) .1, 3. We used the vac uum magnetic f ie l d 

profil e of TMX, T • 80 eV and e l, 1l • 3.5 . The sol enoid density ne is 

var ied to show the transition bet,;een the two regimes. Tyoical TMX 

density Is ne '\. 1 x 10 13 clll-3. The enhanCl'1llent In nc" only 

occurs for devices with modera te \ nffl; for reactor" l i ke plas.,as, I t Is 

negligible. 
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STABILlTI 01' ll1GtI DESSI1Y PLAS,"" IN A t-l)lTlPLE H1RROR 

Insti tute of l'la5m.~ Pllys lc s , Nugo)'a University, 1>1110)'11 464, Japan 

.'" 
A. KotIori, R. IlatakeYaJIa and N. 5:lto 

Iklpt. o f Ele(:tro"i" Eng., Tolloku Iiliversity . Seooai gaO, Japan 

.... BSTRACT : Experi..,nU are lIadC on the Hability of a quaSi_steady, higll 

!:tetll, collis iona! plas. a in D IlUltlplc .iTro r ,..,~hine. For p l llSlI" beta 

lO>leT than about 15 \ . a s trong de ns ity osc illation accolllpanied by . .. gnctie 

field fluctuation is observed to propagate with a l ilU"thal lIodp number m . I 

In the direction of the tdectron diamagnetic drift. The .easur cd fre'luenc), 

\5 in a reasonable agree ..... nt with the electron dianoagn et ic drift freq"~ncy. 

It i' ,lire t his drift-type inst.bility i s due to the periodic structure of 

t hl! srst ... . 

Confin_cn[ and stabil ity for 11 low be ta plaslIII in a .. Jitiple .i r ror 

have been investi gat ed by usi ng Q-lla.chines at Novosibir s k , I) Be rke l ey,2) 

.nd Sendai. 3) ""'asure.enU have also been .. ade on gun_prod uced,1nd 0-

p lnch4
) plasaas with high beta value. In such transient plaSIIIlS with short 

duration, it is difficu l t to Clarify cha r acter istic beh~vlor5 of low f r e ­

quency plasma instabiliti es. In thi s report, we use a quasi_Heady (I mSeC 

duration), high-density, he liUII pi as .... (~ 10
14 c.-3) in o rde r to I nves ti_ 

gue drift-type i nstabill.t l es in a high beta plns..a. 

The plas,"" is pr oduced by an ~IPD (_gncto- plas.a -dyna.lc) arcjet which 

is a kind of coaxial plnsM accelerator. Typical paraaot ers . re a s 

fOllOW: : e lectron and ion t eeperatures Te - Ti - 10 eV, plaSIlil flow speed 

U _ 10 c./sec , ion acoust i c IoIach nUllbcr.1 ~ I, i on . nan-fr ee-path AU -

fell C., plns. a he ta a _ several \ , ionization degree ~ 80\. The plas .... 

co.lng Idong a u"iform guide field (80 c. long) strea.s into a .ultiple 

.I rror region (100 Cll long) a s shown In Fig . l . The lIultip l e IIlnor con­

fiaurntion with cell_l ength 1Il c. (» Aii) is fOr1l!ed by 10 Iron rings (iD 

c. dla • . ) IIlOUnted in a vacu ... chn mber (I S CJI dia •. s tainl ess stee l ) with a 

unlfo l'l! external ... gnet i c field (8
0 

~ 3.4 kG). The . iITor ratio R. is I.S. 

The p l aslIiI is ter. inated by a sta inless stee l plate whic h ca ll be .oved to 

change t he nuaber o f cell s in the 5y51e •. 

Axial/ radial profiles of nullber dens ity n, floating poten t ia l VF as 

well as fluctuations of den s it y n, poten tial V
F 

and ... gnetic fleld Bare 

. eosured by II<Ivab l e double probes ond .agnetic probes. TI Is deter.illed by 

the Oopp ler hroadening of lie n line. le i s detcr.ined by the dcmble probes 

and confirmed to ngree well w\ th [hat obtained froll the Intens ! ty ratio of Il~ 

I to lie n line . The density o~talned froll the ion saturati on current of the 

doub le probe is cross_checked by the I!CN laser int erfer01llCte r. In Fig.2 is 

s hown the ion saturat ion current J~ co llected by a plane double probe (0.5 

_ diall. disk), thc surface nOfllil! o f which i s perpendiculDr to the plasll3 -

flow direction. 

A s trong l ow fr"'luenc y osc illation IIlth 10 - 20 kll~ is Observed in thc 

... ltlple . irror configuration (Flg.2(b)). This oscillation does not appear 

when the iron rin!! s are r ep laced by a ltlllim. ri ngs in order to chec k geo­

aotr ica l e ff c-ct provided by the lIeta l ring . (Hg.2(all. Thus the oscil h _ 

tlon Is due to th e inst .1bi lities c:oused by the multipl e mirror conf igurn­

tloll. We can 1,150 obse rv~ this osc il!ntion diS3ppears dra s tically when the 

... gne ti c field decre35es belo" a certain critical l evel 3S s hO>ln In fig.2 

(c). "he results arc s.-r1:ed quantitatively i n Fig.3. The s uppres s i on 

o f t he instabili t y i s also observoo ... hen the pr essllre Is i ne r e3scd with a 

fixCll .:>gnetic field. Accord lnll t o thne r e5ults we ca n say t h:lt t he 

threshold of t he ins tabi lit y depC!>ds on the plasma 8 va lue. The th r esho ld 

be ta vnlue is a bou t lS"I.. Bo th the osci ll a tion frc'l uency and a.p litude 

Increa sc ~radunlly ... i th all in.:repse in the ... gnetic f ie ld ( Fi g.3) , on the 

other Iw ud, with nn increa se i n the plasmn pressure the frequency increases 

Bnd the ampl itude decreases. 

Before dC5crihinll f urther de tail s of the instability, wc present t he 

p !a ~1IIa properties in the St:lb l e oper3ti on regime of the lIul t ll,le .l rrClr 

syste •. The nx ial profile of J 1 ~'hich is roughly proportional t o n are 

plotted in Fig.4 f or b<Hh the .... Itiple ai rror f ield and the unifor. fie ld. 

It i s c l ea rl y seen [har Ci) n in t he .idp lane is higher tltnn thn in the 

th roat r egion. The rati o Is nc:lr l y equal '.t> R •. , lii) n in the upstrea. 

r Olilon is I!UC h :dgher than t httt for t he unifo ... fi eld and (ill) Ivernlle 

densitY '!l: radient i n t he 3x i3 1 direc t ion for the -,I tipl e .irror f i eld is 

Heeper lhan that for the " nifo rll field conf iguration. 

A~ it result o f the instab i l i ty , t he Tndial diffu s ion o f piu"", Is 

entmncccl . so tl\at the n\' e ru ~e den~ity profile ha . a steeper gradient than 

tfmt In the s table operation Clntl less incre3se in n i~ r>hscrl'etl in the 

Upst r ea. r egi on. In ord cr to id entify the instability. radiml profiles o f 

J 1 (- nl, V
F

, Te a s ... ell as the oscil l31ion 3.p litud e~ of density jJ' 

pOtentia l "F' three cOllponents of Klg nc ti c field (Br' fie ' fI , ) 3re ..easured. 

in F1~.5 is shown n, together lIi th J 1 ( .. n) at I _ 60 c. (upstrea. region), 

100 c. (th i rd !lirror ""int) and 160 en (g th .. Irrer ""int) . (i) At the first 

two posi tions , the density fluctuat ions ' arc c learly localized near the 

position o f t he lIIaxillulI radial density_gradient. Br' Be' i\ and "F nre 

observed t o be local ized . At I _ 160 ca, n has a broad radial prof ile IInd 

the f luctuation decreases . (ii) The fl uctuation propagates with the Ill-

... thal lIOde nllllber 11 ~ I in the dir«: tion of e lectron d i allilgnetlc drift 

v eloci t y. (ili) The phase diffe rence be twoen n and V
F 

is 180'. At and ii 
are out of phase. (Iv) The axial phase veloci t y a long the field line Is 

confiT.cd to be equa l t o about Alfvln ve l ocity, ... Mch is larger than the 

ion acoust i c ve locity and le5s than the elec t ron thermal velocity. (v) The 

observed osci I!ation fr"'iuency ... is in a r esonable agreement wi th tho 

din01agnet i c frc'l"ency ... • - kaKTeo:/eBo' where ko - '; (azimutha l wavenullber), 

" ~ _ ~ {inv er s e of radi~l density gradien t). The Doppler frequency due to 

the radia l e lectric field is less than .... Here the electri c field is estl­

I!lIted fro. tho f loating pote ntial by taking into account the tCllperature 

profile. The incre;lse of .. with an increase In Bo is mainly due to the 

c ha nges of" and Te IIh ich are ..,a s ur«i In detail. I t Is t o be noted .. Is 

d~tel'l!ined by .. ' in the IIOst unstable r eg ion, i.e., in the rel. ion of first 

fev . irror-cel l s , altoough calculated .. ' varies a~ially . 

From the cKperi.ental result s .entloned above, it i s sure that the 

drift _type instabili t y of high B pluuta is c Du sCll by the IllUltip l e In irr or 

fi e ld. ,\ further investigation is necessary to clarify t he instability 

mechani sm of s uch a high 8 plo 5mB nnd Its s tabililation a t hi gher beta 

va IlIc. 
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TH E RE XIMPLD EXPERIMENT: CONVERSION FROM CYLINDRICAL 

TO aUASI·SPHERICAL PLASMA COMPRESSION 

E. Panatella and R.P. Gupla 

Nat iona l Researdl Coullcil , Ottawa, Canada, K 1 A ORS 

Abstract : Tlte ""'''eUliunallhela'pinch drv;'", uS/'Or in the R.;XIMI'1.0 e%perim('nt for 

plasma compressio" h:lS be<:n modified from "ylmdril-al to .pltel'kal g~""metry. Under idcmicoJ 

~'O", liLion. of gas I'rc ... "r~ ~ I Torr) and ""31Iabl~ ""mlen,c. ""nk energy (10 kJ), Ihe conversion 

• l'1u lwd in at! jncrC3JW of Ih~ electron t\imp".uture fwm 120 cV .u over -lOO cV 811d in the 

product ion of '\.·1 0' IICUI'OIlS. MO'Nlver, the neutron oU!J'ut Increased inversely wilh lite 

volum~ of Ih~ spherical discharge ,.",",-~. 

AI a conuIlualion of the worlc reported al the 81h F.uropcan Con re,..",,,\, on 

Cont.u ll,,·d .""';01} and I'I"'m" I'hysi .... in 1" "JeIl" r 1 J. t he Illclll·p,(\~h di""llarge ~Ylilcm of IIle 

REXIMpLO expcrimen' has ~en ~o nvert('(l from cy lindrical I" spherical geomelry. The 

oon""nion wos mOlivnl<'d hy the considemtion IlIal the end 100SI.."5 jnllerent in a cylindrical 

Iheb'pin" h ,,"" be ,educed and the ..... n r.ncrncnl improv.:d if Ihe imploding "Iaoma is tlri .. en 

towards. s",all .. .."re m lume ralher Ih"" "" "xlelMled line. 

To ill".tr:lle how 3 sph"ricat im lllOliion can be oblllioul(1 from the convergence to • 

co,e vuln",e of all r < 1i ,,11\&"'8 drivin~ force., cu",ide r 11 <phcrieul . u rface eoveretl by curre"t 

lin .. " tliN!o:ted a1on~ ~~at cird ... (me.idilll)5) IYIl1" on ]>Ianeo pe, ,>cntlicnlar 1(> Ihe equalorial 

plone IFi". l a). This is Ih" currenl tonfiguralion of a 5j.heri<-a! pinch. In order 10 . eprod uce 

il, o nc first "'-"'<.I. to cut h:llf of tile liphere alon~ the equato •• SO that cnrrent enterin, through 

A Can leave the .phere thro\l~h 11 (~~g. 1b). Ilowcver, Ih is "I'llln~emenl pem,its the currenl 

to now "Ion" an~' dlreclion On Ihe , u,fa" e o f Ihe lphe,e. To Improve the.ilunti"", i.e. 10 

force the ~n . ... nt to now along the rne.idia.,., "ne needs 10 ],,0"1(111 Ihe 'phe", with a.'" of 

I UU Dlon~ a few ""Icct .. 'd rnc ritli""s IFi.:. Ic l. This i. Ihe fi nal pinch structure. II hll the drnw· 

back th~1 Ihe currenl density T (and the...,rote the plasma driving force T • BI is lar~. It the 

poles P, and P, Ihan els..wh<!re, oo t n~"""nhel",," it is CIlpable o r d"Yin8 the plOl'lma 1O .... d • 

• • mall volnme. 

To •• ,e mure d early how Ih i. CDn OI",nr, oonside . the m"~iried version of I'i,. le 

(~·il. 2). TI,e sphe .... it: provided with Iwo main c" tl. o ne in the equalo.ial"bnp. QQ IlId the 

othe. in the IlOla. pilUle P, Pr. The m"gnNk rickl lilies in Ihe NluatoriaJ and in Ihe 1>oIur 

planH , . t a particular inbllUlt of Inne. &re rt.'pl'C5Cnt~'d in Fill'. 3 and ~,'C!lpe<:ti~ely . It I. 
ohservc'<l thal Ih~ l'huma ia not .pherically symmelric bee,,,,e thp. driving forces T. B do not 

have e"ua! inten.ity nntl d" not converee toward. " poin t. Neverthdl'$' th .. I'lasmo is 

.,...,ntinlly Ihree-di",ens;onul and i, helle, tonfined lhan In a cy lindriclll pinch. 

In ord .... 10 .pp~iate Ihe erred of Ihe to",·e ... "", of tI,e dischalllC leomeu y from 

cyli ndrical 10 spherical, an experim~nt W II!I IIC.fnnned wilh D sphe. ical p'nch ... shown in 

Fi~. 5. I t c"".isted of" l :tr~e spl",renf .... lti cm Il '~mctc. wh,eh coulll accommotlule" 

. "Iw.lcal glll!l' ve.sel eunt"ining Iwo dinnUilrtc ;oJly o ppo,it e internal cI'~trOl!<'1; fur gas pre · 

ionizalion. The condenser bank ene rgy t .... IO kJ) was di"·harg .. ~1 ;,,10 deuterium Hili ul 1 Turr 

inillail"CSSu ..... Th" ~xr>erimelll yi<'lded m IIIOV" nux o f X·rays from the pinched ]>lasmm. The 

d .. 'Ct ron I.I!n'peralUle peaked ~~ "ve. 400 ~V. a facIO. of 4 lntge. thlln in li>c cylindrlcal l,ir>ell. 

Neut.ons were al'" o bserved wllirh cm, l<I nOI hI1 deted .. 'd with Ihe cy lindri<:al pinch untie. 

idenlical co ndition . of initial gas density and • .""tle""". ba"k 1'''C'K~. 

The olhe. experiment& p".ronn .. ~1 Wo''''' ..... ncen,ed wilh th .. elucidalJon of th e e rr""l 

o f the lIICahng of Ih" 5j'h~.ical de';ce on Ihe ",'ul ... n output. By d "",harging Ihe ... mc COIl· 

denser bank eo<''I:)" l .... tO kJ) into <phe.kal 'klvil. ... 'lI of different dimen,ions, Ihus YlU'}'ing Ih .. 

I'lasm'" energ)" den,ily, a vII,i"tin" of nCUI.un out)'UI wu' e~p«led. The experiments were 

eonduct(~1 wi th Ihree fully "nd"",,1 'pherlcul,und, .. 'lI . lml],t, to that of FiG. 2 of .... 15 cm , 

.... 8 cm, and .... 5 C[o diame ler, res","'Cliveiy. '1 he re.ults of tile me ... u.ements arc .eporl"'" in 

Table I . Onc can ..,., Ihal. when Ihe dUlCha'll~ vulume d""",.3.'ICI by" foclo. of 8. from :WOU rnl 

(~-o""'I""idinc 10 Ihe .... 15 cm d.B. haU/to 2&0 ml ( .... 8 cm din.I, lhe neu lron nUI]lut itlC~""'" 

hy al ).·asl. f<&c tor uf 5,Ihc """"rla'nly hem~ dn" 10 the lim ill!<! Si!" sltivily of theeou",er. 

II'III'n Ihe d i,""h"'Jl~ vu lume ~o • .". tlown hy" f"do. uf 5. from 250 ",I 1050 ml l ""v& c m dia. 

halll . the n .. nlron OIllpnl incre",es hy a f~~l o ' of .... 7. In 'hort. Itl-l~" ms Ihnllh~ neutron 

"",put .... al ... 'nve~ly III th e volume of the di5Char~". 

T ;\lILE I 

I ---- ,- --,------,-- --, 

~ 
V"h",,, U" tin Ne ntron Onlpot n"ti" 

" ,,(ml] \'./" ... '. 1. /1 •. 1 - -+---, 
, ,000 < 10· 

I: 2: , -lAI ", >. , 2 .95 I '" " 

Qull<· ... 'C~ntly, wu'" has bet.-o sl urt~-d On the nu n.erical 3naly.is of the ••• he rica! 

'lnl>! ... iu". l1w p.ohlrm I. _nlwly IhrCfl-dimcnsional. 'Iloe tom put"lionallUlalYlis """ . 

• HI.,., 11", following phD.O('!I: 

I. l'i",1 th~ DC cu rrenl dis lrihution in .h~ "phcr;cal contlucl o. a",] the magnct ic field 

in~idc it. Since lhr ,·ondueto. has ..... ..,"'1 slots for guid in~ Ihe C"",,"I a.id rcducin~ the eddy 

cu rr('nllolSl'S. it i. not ~vnvo~';""'1 to ""I .... Ihe I"obl .. m ,malyt,cally. And s;""" ellillSOidal 

~<'O",etri", will he tonsid.,rc'<l in futu .e. the tinile elemenl method will "" adopll."d. 

~. Find It", ~'1uilihri\l '" pl: .. ",a eonfib""alion, if "ny. unoler MilD np]lro~im:ltio!l. Fo,lhi. 

purplISe, ,·it],cr th" exMi n" 3D·fi'''le difference i<:hcme. 0. a fi,,,le elcment ocheme fo, Ihe 

whole "yslem will be -.dopted . The densily o r finile elemenU in a given ~~on will be d~ter. 

mined by the toml)lexlty of Ihe pla'm. In Ihall"Cllion. 

8. Study the tlyu;u" ics of Ihe plM"'a from the &.hock ibge IhrouGh Ihe equilibriu m confih""'" 

tinn. The pl(l5rna equilibrium ,cached il CX]l<.",ted 10 IM!. dynamic onc so that the plasma 

oo~ing out from the r"1lioru; of low magnelic r",1d will be moved back oyer itsel f. Th is means 

Ihal the pllt$mQ will mov~ from inlidc 10 out Ihrough !he ~od" 001 there il will experience 

field. wh ich .. ill tend 10 fold it b:>ek ove r Ihe outer "'gion of the plasma ball and cornp ...... it 

at the ,ume time. If thp. dynamical calculallolU confi rm Ihll premise. and ir the lnst"bililic • 

do nut develop too '"I)ldly, Ihen it . hould be possible not only to generale a three-tlimen.ionall ~ 
pinched plasma hu t also to tonfine it for a , illn ificlln l time. 

~. Calcul3le Il'e tonlainment lime of Ihe " lamI" c ..... l~ in the IIphcrical pinch. The various 

ell ipwidal modificnt lon. uf the .ph~rical conductor geometry u nder VlIryinll elect rical enefJY 

tlisehnrge conditlons will Ih~n ~ s lud led in order to maximize the containmen l li me and 

",inim;.e Ihe lo"~~. 

Work Is In pr<.:>gren on !hI! tompulational onalYlu and will be reported at. late. 

lime. 

[1 J 1>. Pa,mrdla, l'roc. 8th I>uropcan Con re",,,ce on Conttolle-d Fu.ion IUld Plasma Phy.i.,.. 

Prague, CzechOllo .. akia, Septembe. 1977, (Vo!. I , p. fi9). 
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INFLUENCE OF MltROIHSTABILlTJES ON THE I'ilO 

STABILITY OF FIELD REVERSED PINCHES· 

~~, Science Applications , Jnc . • la Jolla, C~ l [fornh 92037 

11. A. Krall and J. B. McBride, JAYCOR , Del Mar, California 920}4 

Reversed field pinches (RfP ) are potentially attractive for fusion 

4Pplie:ations largely because MHO stable configurations have been predicted 

to exist at re1<lti vely high plasN beU with the possibility of purely 

o/IInlc heating to ignition. The practical tJllbodilllent of the reversed 

field schelf.e as a fusion reactor depends on whether a stable equil lbrluRI 

can be established and l1al ntalned for sufficiently long times In t he 

presence of plasma tnmsport from microlnstability. 

Christians!!n and Roberts [1] showed th<lt because of local ohmic 

heating and consequent rise of phsma S, the central region of low she~ r 

can become Suydam-unstable, which results in local MIiD turbul ence, flat­

tening out the central density and tempeN t ure profiles and leading to a 

quasi-steady state which evolves near Suydalllllarginal points. This paper 

addresses the question of whether microinst~bi1ities can occur driven by 

the ohllic current or by the radial pJaSIao) gradients i n RFP and t hus induce 

sufficient radial trilrlsport to alter an ini tia lly MHD stable Z- pi nch 

canflguration inta an unst~bl e one. 

As a starting point, the M1iD stable initial profiles of Ref. [2] are 

chosen as typica l RFP profiles and shown in Fig. 1. The ma)(imum local B 

is about lOt . The magnetic prOfiles satisfy r~dial pressure ba l ance and 

have the form Il] Sz "'SoJo(2 9 r/a), S9 ""SoJ 1(Z8 r/a), e"" 1.4, a · 16 CII, 

p . posech2 (r2/ r~ - 1), ro ~ 6 cm, for r < 16 cm and are the vacuUIII pro­

file s for r > 16 CBI. For these given profiles the dens i ty gradient length 

Ln · (anr(tn n)] - I , the lIIagnetic shear length Ls • HS~/B21 .. nr(Be/Bz)]-1 

and the Ion gyroradius Pi (assuming constant temperature profile) can be 

calculated as shown in Fig. 2a. The cross field drift speed Vd In units Of 

Ion thennal speed Vi is plotted in Fig . 2b. Note the drift ion-cyclotron 

cutoff line [31 below which there is no lower hybrid drift or drHt ion 

cyclotron instability. We see that low frequency drift instabilities may 

be possible in the inner radius region, while the lower hybrid drift or 

Ion cyclotron instability !lIay occur in the outer regions of plasma when! 

Ln Is smIler. The actual occu r rence of these .. icroi"stabilities , however, 

depends on the III.lgnet;c sheolr st.:lbiliution conditions , which .. re listed 

In Table 1 for various i~rtant IIl croinstabilities. Table 1 gives the 

critical shear length reqUirements for stability of all wave numbers for 

reasonable tl:'lllperature ratios of 0 .5", TelTI :<.2. The ordinary universal 

drift or shear A1fv~n InJde is stabili zed with any iTllOunt of shear, but 

lI1ay become unstable with trapped particles (ID] or some nonllnear turbu­

l ence (11]. The effects of high magne t ic shear (Ls '" Ln) as in RFP are , 

however, still unknown for these modes. Other low fr~quency instabili t ies 

like the current driven drift rr(lde which operates when Vd ~ Cs (sound 

speed) or the ion temperature gradient driven mode seem easily s t abilized 

In RFP devices wh i ch have Ls'" l". Th is leaves onl y lower hybrid drif t 

and drift ion cyclotron instabilities. 

ThE' critical shear length L~h for both lower hybrid drift and drift 

ion cyclotron instability is plotted in ri g . 3. The threshold shear 

length is larger than the actual shear length of RFP indicating completE' 

stability, as shown i n Fig. 3. Suydam's criterion can be written as a 

critical shear rE'quirement 

for aP/<I r > 0 

L~ Is also plotted in fig. 3. bcept for a slllilll, outer plas .. a edge 

region, Suydam stability requires IIOre Shear than microstability. In 

this outer region the shear is st rongest and sufficient for microinsta­

billty. Usually Suyd~m's criterion requires a low II(S < 0.2) and for 

low B systems, pressure balance can be written in tenns of a shear length 

" 

For these typical field reversed profiles, the shear length becol1l:'s 

Ls ( a/O ( '3 > 1.2). Thus we conclude that for low B, Suydalll stablE' 

RFP systems , the magnet ic shear Is strong enough to stabllhe almost 

any dangerous microins t ability. 

Tab l e 1. Critical shear conditions for mlcrostability. 

cr itical Shear Condition 
Instability 

Lower Hybrid Drift 

Drift Ion Cyclotron 

Universa l Drift 

Shear AHvl!n 

Current-dri ven Or; ft 

Ion Tempera t ure Ori f t 

fo r Stability 

I~\ < 4.43 I~l 

I~I , (~n~r 
1',1 
I', I ' . 
I~I fml Cs 

< m;~ 

" ' 
10 , 

It - 0,g5/n)1; 
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THETA-PINCH FUSION SYSTEM WITH LUIBR EXPLODBD BY 

TllliR1IOIIUCLl>AR nEUTRONS 

1:: • .1. Azizov, Ju...tKareev, I.K. Konkashbaev, L.B. NikWldrov 

I.V. Kurchutov Institute of Atomic Energy 

.I.IOBCOW, USSR 

~. The poss1b1l1 ty ot increasing the inertial 

confinement time ot a pulaed fUDion syotem is discul).aed. The 

therlllonuclear neutron flux 1s BUfficient for o:q>loaion of inJler 

layers of the liner and heating these up to tOlIlperature 20 13'1. 

So that tho pressure in the liner exceede the plrullna preaeure if 

t he conditions ttt" ~1015 cm-J.eec and n. ~1021 0111-3 are fulfilled. 

Due to increasing the inertial confinement time and nddi t1anal 

compression of the burning plasma one can achieve IllU.ch greater 

burn-up ( i ~ 1~) than in the cnse of "clo.lIs1cal tboto- plnch 

wi th liner". As an eXWlIple of such a.xploding liner systems the 

t heta-pinch with Closed onds comprcS3ed by tha fast linor 

(V, =- 106 cm/soc) is considered . The calculations using one­

- dimenaiont1l mID-codc for the pll!.oma a.nd linal'" aTe pl'"esented . 

Good knowledgo of linel' acceleration and a cODlpreollion process 

01' the theta-pinch with c l osed or open ends ia the main advantago 

of the puloe theTlllonuclcar system I'I1th inertial confinsment . 

However , the decreaeing a large therIllal energy of the plooma 

Q
p 
~ Vl - 2 w1 th liner velosi ty VIl - 105 cm/o requires 

1 ) to compress IllDgnetic trnps [1, 2] or 

2) to increaoe liner veloaity . The problem of increaaing of VI 1a 

connected wi th a) cOlUplice.ted phyaico of liner accelcration (the 

electric e.xplosion of tubeD [J] , magnetopresoed diechaTge [4] 

the liaer or relativiotic beams) ond b) the l ow efficiency of 

energy convertion from cnergy aource into the plaama - 2 
For micro-implosion systems (lisor, relat1.viat ic beam) with 

Vl ,. 107 ~m10 the enllrgy gain should be very Inrge to clo .. o 

energy cycle during inertial confinement tilllll in flpite of 101'1 ~. 

It is very hard to closll energy cycle in traditional "theta-pinch 

liner system" {if thll o<-pnrtical self-heating takes place 

l:lurn-up ~ .ia eq ... <ll '1;0 5IL only (51 J. StHl. it j" f\ Ila:fe 

e.sswnption tha t 1 t is possi ble to preserve tbe simplioi t y and 

technical practicability o.f pulse liner ilYDtelll with VI "" 106cm/s, 

Qp '" 109 ~. 
The idea io based on the fact thst if in the liner aystem 

nt" ;!:'101 5 cm/s then thermonuclear flux ill suffisient .for fast 

heeting the inner layera of the liner. As a reDult the liner 

preosurc exceeds plsema pressure, and hence the plasma confinement 

time must increDse, because of the compreilsion o.f the plS9ma by 

exploding liner lsyers hard gas. 

In this exploding li ner sY(ltem one can achieve large burn-up 

!i: > 10';:', D.lld it ia possible to cloae cllergy cycle. The energy 

gain may be equal to 10 . 

Three conditiono lD.uat take pluce for pla.sma confincment 

w1 th help of liner exploded by thermonuclear neutrons : 

1) The liner preseure PI must exceed plaema preseure P durinG 

inertial coni"inement til~o 't'1.l '" Rp/Vl (after that Pl :> P in spite 

of plll8me self - heating by o(-particals): 

Where [",. 14.1 Mev + loinding e nergy; "lJ - io the rntio of 

specific heats of liner IlIO.terial, Rp is the plasma radil.ts, f 
is the liner deneity , RL ia the abaortion length of therlllonuclear 

neu tron , f} is the in tensi ty of thermonuclear reac tiona. 

2) the inertial confinement time 'tu lDU!lt be less thEUl 

TS",RL/CS,Where t"S - is the fall down time of liner prealJure ; 

Cs - is the speed of the exploded layers (Ca"" VI)' 

J) the lincr thickness ilR >"> R~ . 
Pig. 1. shows the re,uon (II) of the existence of 

'I, t hermonuclear syetom with exploding liner. The curve nf "" Ye 
limite thia region .from below, o.nd curve nt ~ Ye 
fl'"(lm a bove . The m1ni..noum liner velosity Yimiot'" 5.105 CIII/S. As 

eXWllple of this explodine; liner system wo hav e considered t he 

"theta- pinch with closed onds" /5J • The longitudinal energy losees 

will be el1sht i.f IlL > 6 .1 0 22 cm-2 [51 ' the longi tudinl1.l lIIagnetic 

field H decrenaeiJ ratlia.l energy l osscs . Tile liner velosi ty 

V If lJ C~';f) CI,U\ be Il.cllioved using cwnulatioll of the t hick cooper 
liner with AR-pRL 

This liner obtll.ines )tinetic enorgy Il.f tcr the collision 

with B1l othcr l iner called "puaher ". The pU9her veloslty is 

Vo" 105 cra/s . The numerical hydrod~"'e.nic8 calcula.tions show tbat 
tlle veloiJi ty of the inner lIur.face "t(t) .. ~. U:'lIR

1 
(t»~.? 

( 6.7] (soe :fig . 2), W1d Mating condition p.diV y,. 1,0{ 

io ontiofied during compre8ai ....... h ... ·c W io tho energy losoee 

IO~ • 

The basic p&.ramllters of t he fuoion system are obtained UOing 

IrlIID-code. In the .aiD-code we take into considere tion transveroe 

and l ongitidina.l thermal conductivity, radiation 10es06 , plaem!!, 

heating by eX. - partical8 and ao on; tile absorption o.f 

thermonuclear I\eutrone in the Inner layore of the l iner , DOnlinell 

diffuaeion of the magnetic fie l d i n to the l iner , real thermOdYn&ll1e 

squation of ntote o:f the liner [a ] • The pnremeter a of n t :YPicllJ. 

eystem are: liner lenth L = 180 cm ; the initial ene re;:y o:f the 

pusner is 50 LI1/cm, Rpo·a cm, Rplllin • 0 , 65 cm , 1'm11.X.a . 1020clll~) , 

p {r", 0) • 5, .he mean burn- up ~ "" 1~, ; ( r =o) • 25$, 

Tmux= 25 keV, the mlUiJDum liner temperature Tlmux'" 25 eV , 

Rp"" R~<"tJR.. 
Fig.) illustrates the system parametcre a s a f\Uiction of time , 

It is lIeen that maximum compression occurs at the r.IOllIent t .. 112/ l tc 
and then weak expansion of t he plesma fo l 10",0$ (curve 1) . 

The eXpansion is stabilized. by thermonucl ear neutrono be at1.no! 

o.f the liner. From fig. 4 it is sean that the thermonucle ar 

burning take s place in 60 percent of t he plasma amo\U\t ( wh er e 

S =0 25%, T ~ 10 keV). 

Conclusione. It i s posllible to create pulee l iner 

thermonuclear eystem, where plasma. io confined by inner liner 

layero exploded by neutrona. Thia "recursi onn of thermonucl ear 

neutron energy back into the plasma givee conSiderable burn-up 

~ = {15+20)1'. The burn- up cOlllpensaten low 2 ., ( 5+10 )%, 

therefore we can consider the liner syetem e.a a c l eanly 

therIllolluclear system. Moreover , the ueing veri ous auha tancee 

ao the liner material ( aspesially water ) may promote energy 

Utilization, tritium reproduction and defence of r eactor Btruc~ 

from neutrOD!-1 . 
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i'ig. 1. I - reGion of the exiatence of the reactors lfith 

cleanly inertial confinement; 11 - region of the reactors with 

expl oded liner; III - lnicro- lmposion eys t em. 

Pig. 2 Liner yelosi t:r VI as a function of inner r a diue 

of liner R1( t ); V(R 1O ) '" 0 , RlO is the i nitial radiUS of l iner , 

R2 io the external radius of the liner. 

i'ig. J. Time evolution of the plasma. parame t ers (t, 106 a )l 

1 - "I' 106 cm/ s; 2 - P ; J - n , 1018 cm-J ; <I - T, ko V -

temperature; 5 - p. Llbnr - preesure; 6 - ~ • 

Fig. 4. The distribution of the P , /Ilbar ; 

n, 10 10 cm- ); T, 100 eV; p aa a function of t h e LagrEUlg1e.n 

coordinate . 
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SPECTROSCQPY OF TITANIUN 101-:5 

INJECTED INTO A HOT PLASNA BY CO
2

-LASER- PJ\OIATION 

P. Gr~ve, J. HClUmann, ~\ . Kata, H.-J . Kunze and L. Ullrich 

Institut fur Experimentalphysik V, Ruhr-Universitat 

~6)O Dochum, F. R. Germany 

Abstract : Titan ium ions are injected into the plasma of a 

large-bore theta-pinch by firing a CO 2- laser onto a solid 

target. After compICessian and heating of the plasma , the time 

histories of successive ionization stages are recorded and 

analyzed . 

;'1t the Ruhr-University of Bochum we have started a program 

to Ineas,,,re rate coeffiCients for eKcitlltiofl "nd ionization of 

positive ion5 . Ue employ the plasma spectroscopy method 1 : 

atoms or iOnS of interest are introduced into a hot plasma, 

which is well diagnosed, and excitation rates are deduced from 

absolute in t ensities of properly selectcd emission lines, 

ionization rates are obtained from the time histories of the 

ions, 

The plasma is produced in a large-bore theta-pinch, which 

has been cons tructed specifically for such investigations, It 

is easily accessible from all sides , The diameter of the 

single-turn coil is 21 cm, its length is 60 cm , The main 

capacitor bank stores 140 kJ ilt a charging voltage of 40 kV, 

At the time of peak cun-ent (the qua:!Cter cycle rise ti~e 

being 5,75 \.15) , the discharge loS cro,.ba:;red . The maximum 

field inSide the coil is 4 T. Bias field and preheater banks 

are discharged through t he Same coil . For the inVestigations 

being reported , the discharge tube was filled to an initial 

pressure of 12 mTorr hydrogen, ap-d a reverse bias field of 

0,06 'I' was applied. 

Titanium atoms and ions are injected into t he discharge 

vessel about 20 \.IS prior to the preheating discharge by 

firing a high-power CO
2

-laser-beam of 200 HI-I peak power onto 

a solid t a rget. The titanium rod of 6 mm diameter protrudes 

into the discharge tube t hrough a sidearm at a distance of 

about 6 cm from the end of the coil . The laser beam enters 

through an oppositc s i dcarm. A schematic of the setup and o f 

the diagnostic instr1.! men t atlon is 5hoom in Fig. 1. 

For til~ an a lysi s o( the s pcc troscopic observations , t he 

p l asma c onditions m\.:st be kno \oJn . Electro n density and tem-

pe r atu r e are d e d uced iH, ( unctior, o f r adi us a nd time in th~ 

mi d p lan e of t he co il u sing Thomson s cat ':.ering of light fro m 

a rub 'l l<lsor. The laser beam is d i rec t ed para llel t o the ax i s 

of t he dischargE tube aeld t he scatte::ed light is <.nalyzed at 

900 by a seven-channel system. 

Fig, 2 shOWS the electron den-

sity and temperature as func -

tion of time averaged over the 

diam"ter of the plasma column. 

The time history of the C V 
o 

line a t 2271 A as well as the 

continuum emission at 5226~, 0 

both observed Side - on , are 
FIG · 

used to monitor the disch<lrge 0 5 
h---~~= 

conditions . The length of the 

plasma column is deduced from 

observations of the continuum 

emission through small holes 

in the coil. It is obtained to 

30 cm . "he diameter of the 

column from the light scattcr-

ing reeasurements is abou t ] cm . 

SpectroscopiC' observations 

in the \'acuum-uv are mane end-

on using a 0.2 In Seya-typc and 

a 2.2 m grazing-incidence mono-

chrornator, both equ~pped with 

a scintillator and a photomul -

tiplier. 

Figure] shows experiro",ntal 

l-esul ts , The t op trace displays 

the time derivative of the cul--

rent of the main dischar9~ fIG.3 

d11d t 

MAII~ BANK 

continuum 

Ti YII 
252.275A 

Ti WI 

258.6 A 

Ti IX 
278.7 A 

Ti xrr 
460.69 .~ 

through the coil, the second trace t he continuum intensity 

in the midplane of the coil . The sharp drop in the continuum 

emission at the time o f current maximum clearly reveals the 

break-up of the p lasma column caused by an instability , With -

out injection of titanium this instabi l ity does not occur : 

the continuum emission indicates a stable plasma column last-

ing for abou t 10 ~s. When the amount of injected titanium is 

increased from very 10'" levels, the plasma remains stable 

initially. However, the break-up sets in as soon as the 

amount of titanium atoms reaches a level, "here spectroscopic 

observa t ions become feaSible. Details of the injection are 

still being investigated. 

The rer:taining traces of Fig . 3 sho~' the t ime histories of 

lines from various ionization stages. This time histories are 

compa!:Ced wi t h calculated ones, ,·,hieh are obtained from numerlo -

cal solutions of the coupled set of rate equations and assum-

ing, that the upper levels of the emissio:l lines are popula-

ted according to the coronal model . 1'he th~ore t ical rate co-

effici ents, finally, are varied til l observed and comp1..ted 

time histories match . 1·he prelimin~.r}· rate coe fficient for 

ionization of 'ri XII thus deduced lo:; 

I ( Te " 180 eV ) :::: 9 x 10- 11 cm]s-l 

This can be compared with t he semiempirical value of lotz
2

, 

which is I ~ 8 x 10- 11 cm 3s- 1 . 
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General Theory of Kinetic Ballooning Modes 
. 

G. Rewoldt, E. A. Frieman, \~ . N. Tang, and 11 . H. Glasser 
Plasma physics LaboI:atory, Princeton university 

Princeton, New J ersey 08544 U. S . A. 

The r ecent success in the analytic and numerical treatment 
of high t oroidal mode number ide a l /-IHD stability points t oward 
the utility of similar techniques in the treatment of kinetic 
stabil i ty problems. The ganeral features of the "ballooning 
t"epresentation," which automatically satisfies the requi:a:ernents 
in tokamaks of peloidal periodi city and of small effective 
wavenumber along the equilibrium magnetic fie ld lines . i n the 
presence of finite magnetic shea r , apply to the various t ypes 
of drif t modeslin axisymmetric geometry in the kinetic regime. 
The MIlD theory reduces t he general t wo-dimensiona l eigen­
function equation to a one-dimensional differenti al e quation 
along the lines of force, using a WKB proce dure for the radial 
mode structure . These simplifying features are also present in 
t he kinetic problem, where a o ne-dimens ional integral equation 
f or the behavior of the eigenfunction along the lines of force 
resu lts , when the effects of trapped particles , magnetic 
drifts, and finite ion gyroradius are included . 2 

In the past, a general two-dimens1onal code has been 
used to generate numerical solutions in t he low- B limi t . This 
procedure , while vali d, leads to an impractically large 
expenditure of computer time when all relevant physical 
features (e.g., spat ial variations in the equilibrium gradients) 
are included . However , a code implementing the one-dimensional 
ballooning formulation produces results which are in good 
agreement with those generated by a two-dime nsional code con ­
taining identical physical assumptions. 

I~e consider here the usual low- !l tokamak geometry with 
circular concentric magnetic surfaces and large aspect ratio , 
r being the minor radius, Il the poloida l a ngle, ~ the toro idOl 1 
angle, R the major radius of the magnetic axis, and q the 
safety factor . We resh·ict ourselves for simpli c ity to t he 
low- B, electrosta t ic l i mit for the special ca s e of closely 
spaced . tur~i n~ points. Fo1/2his special case, the ap~ropriate 
expanS 10n 15 1n t erms of {; ,where £ = Pi/rn' 0 i be1 ng the 

ion gyroradius and r the densi ty gradient scale length . \~e 

employ the ballooninij representation in the form 

t _ e x p{-iwt + it[t <jJ ( Il - 2T1p) 
p =- "" 

x exp(it211pq) , (1) 

for t he perturbed elec trostatic pot ential . The function n 
determines the slow radial dependence of the envelope f o r t he 

~~~:~~u~~~!~n(i~n~1/2 ~Oe~~i~i~~1~:e~~~t;~b~~i~~t~~~~~~~~ F1Bi 
is a Maxwellian with temperature '1' . 'rhe nonadiabatic Hart h(O) 
of the l~Wj s t 018rr perturbed d 1stributi on funct10n f( ) • 
-(e<l>/T) F + h i s decomposed as in Eq . (1) for <1> . Af t er 
tra nsforming to the guiding center coordinates r', e ', C', and 
then too the banana-center r adius r ", th~ gyrokinotic equation 
for h(O), obtained at second order in £1/2, 1s just 

where we have used a Krook collis ion operator, , 
(2) 

_ (IJB + v, I) 9. 
"'d = t ~ r [cos O' + (q ' r/q) ( 0 ' - 00 ) sinll ' ] (3) 

and the r est of the notation is standard. 3 The gyrophase 
average <~> may be evaluated a s 

<40>" o!>(O ' )J
o 

{(vJ./Q) ( lq/r)[ l + (q'r/q)2( O' - 0
0

)2]1/2 ) . (4 ) 

Equat ion (2) may be solved by the m~thod o f characteristics, to 
yield h in terms of integrals over <jJ , which may be performed by 
means of Fourier int egral transforms for circulating particle s 
and Fourie r se r1es trans forms for trapped part1cles . The 
resulting expression for h is substituted into the quasi­
neutra11ty cond1tion, 

" J 3 -(ne /T) ~ + ~ , e cl v h , 
0, , e , i 

(5) 

t o obtain the 10\~est order eigenmode equation . Here h must be 
transformed back to t he partic le position , introducing a second 
factor of J . , Equation (5) i s a one-dimensional integral 
equation fa'? w ( Il ), who se kernel contains secu l ar fUnc t ions of 

~~e~h:i~~~~!~u~",.,( O ) ( ~ , ~e )~d which dotermines the loca l cam-

3/2
0 

The next o r der ( E ) , equation 11cates a double turn ing 
point (r , ~ ) by the COndl.t10nS 3", (0 / 3r l _ = 0 and 

(0 ) m m (1/2) r - rm 
d'" I dOol~ o= l}m " 0 , with ,~ • O . For an eqU~libr ium with 

~p~~~;~ :~~~~~~' f~~i~h~ i~~~fa~mc~v~iop~tf~~~~~O~ ~,we obtain 

- -,- --:-t + 2( t q ' )' W - T ----::---r- " - 0 , (6) 
J 2 ~, (0) I d

2
n ,- ((1) z2 a

2
", (0) I )- -

00 0 rm' Om d7. ~ r r m' Om 

with z :; r - r. The solu t ion of interest of t:q . (6) is 
n = c exp(_ (l z2)~ where c and (l a r e constants , with the g loba l 
eigenva lue 

'" • ", (0) (rm, Om) 

,~ (o) ( r
m

, Om) 
1/' I ' " (~ a2

bl (O) ) 

2I<i' all
o 

a r2 rm, llm 

[o r t he present case of closely spaced turning poin~s . 

p, 

'I'he one-dimens ional integra l equation (5) for <b (B) is 
:;o lved by a Ritz method, as in Re f . 2, decomposin9N$( G) into a 

truncated complete set o f basis f unctions, $(Il) • I ~ nh (0 ). 
n=O n 

This Aconverts the integra l equation into a rnatrixAequation for 
the $ n 'S, which is solved <IS in Ref . 2, yielding <10 ( 0) and 

", (0) (r , Il ) . Repeating the solution for several va lues of r 
and a , i::1 order to compute the necessary derivatives of ", (0), 
the ~loba l eigenval ue w is de t ermined by Eq. (7) in the c<lse 
of closely spaced turning poi nts, as well as the constant Cl in 
the so l ution for 11. Then Eg . (1) is used to construct the 
complete pe ~turbed potential . 

This procedure has been carried out for a particular set 
of equili brium profiles for n(r), T· (r), and T (~) where the 
gradients are a maximum at r = r , ~nd approacR zero rapidly 
as r moves away from r . Thi s p'foperty facilitates comparison 
with a two-dimensionalocalcul ation2 which allows for varying 
equilibrium gradients , but which can only cover a small range 
of r, for realist i c values of the toroidal mode number, 
because of computer size limi tations . For representative 
parameters,3 the eigenvalue w, computed <lccording to Eg . (7) , 
is w/w *e(r

m
) .. 0 .194 + 0.070 i. The corresponding eigenvalue 

f rom the two-di mensional code is w/"' *e(rm) - 0.1865 + 0.077 i, 

in acceptabl e agreement wi t h the one-dimensional ballooning 
formal ism result . o Defining ~(Il , s) by <10 = ~ ( Il , s) 0 
exp( - i wt + il ~ - im Il) , where S " t 'l{r) - mO , and q(ro ) = m I t , 
the <lbsolute magnitudes 1~(Il , S) I of the eigenfunctions from 
the two-dimensional (2-D) a nd one-dimensional (1-0) calcula ­
tions <Ire shown in the f igure . They a re i n good agreement, 
both as to the structure along the field line and the radial 
envelope. 

In conclusion , we find that the o ne -dimensional , "balloon ­
ing formal ism," calculations can adequately reproduce the 
results of the earlier two-dimensional calculation, and can be 
computationally mOre efficient . 
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1. Introduction 

In fusion research, electromagnetic wave is extensively W*rl 

for plasma production, plasma heating, rt plugging of open ends 

of lines of force and plasma diagnostics . In these applications, 

it is essential to know the wave intensity dis t ribution in plasma. 

TO know the wave intensity distribution, it is important to study 

the elementar y processes such as mode conversion, wave penetra-

tion, reflection, re f laction, absorption of the electromagnetic 

wave in the nonuniform plasma. In the high temperature plasma, 

thermal motion of plasma particles plays crucial role on 

these tllementary proce.sses through the finite larmor radius ef-

fect, cyclotron damping and Landau damping . 

Traditiona~ approach to study the wave propagation in the 

nonuniform plasma is based al the georretrical optic approximation; 

the wave intensity distribution in plasma is obtained by the ray 

trace equation and the wave energy conservation equation (I). In 

this approach, it is not clear how to derive the local ·dis -

persian equation . Furthermore, the wave energy conservation 

equation is not suitable for the ntlmerical computation since the 

conservation equation is the partial differential equation. 

The present method is based on the linear integral equation 

in the wavenumber space which includes finite Larmor radius ef-

fect, cyclotron and Landau damping . t·:e obtain the soluti on of 

the integral equation by the systematic expansion in terms o f 

(kL)-I, wher~ k is the typical wavenumber and L, the scale length 

of the inhomogenuity of the plasma and the condition kL»1 is 

assumed. The wave intensity is then determined by the ordinary 

differential equation which is suitable for the numerica l compu-

tation. 

n. App roximate Solution of Integral Eguation 

We assume that the wave is descri bed by the electrostatic 

potential '~ Otl f or simplici t y. The electrostatic potential il« x) 

is expanded in terms of the plane waves as 

III 

The integral equation in the wave number space is derived 

from t he Vlasov and Poisson equations as fo l lows : 

(2) 

The r ange of it , which contributes to the i ntegral of R.H.S . 

o f Eq . (2) is limited to 

(3 ) 

When the ty pical wavenumbe r k satisfies the condition 

kL » 1. I., 

The i ntegral equat i on (2) can be s ol ved sys t ematica lly by intro­

duc i ng an eikonal func t i o n S( k)2) in the wavenumber space 

<Il (k) ;; expl- i S(k)]. IS) 

The eikonal functi o n 5 ( k) is determi ned by 

(6 ) 

where 

9
k

S
1

. aH(k,G) + 
• G 

S(k) ~ S.(k) + 51 (k) + O«(kL)-') 

G;;9"k. S o (k.) . 

o • (7) 

IS) 

(9) 

(10) 

Substituting Eq . (5) into Eq. (1) and performing the integral 

by the method of the steepest descent, the amplitude A(X) and the 

phase <I> (x) of the wave in real space is found t o be 

~ (x) A(X) eUIX) 

<I> (x) "k.·x - S~(k) 

~ G 
a's. 

Pjl ;; akj~kl (j,l = 1,2,3) 

(11) 

(12) 

(13) 

(14) 

(I5) 

The quantity e (;;Vk"S, (k)) corresponds to the observing point x 
and k represen t s the local wavenumber of the wave at the point 

x. 

Equation(8) can be regarded as t he Hamilton-Jacobi equation 

of the classical dynamics . Therefore, the quantities it and G 

are SOlved by a numerical integration of the "Hamiltonian system" 

dit 
dl "" -He (16) 

~ = Hk" (17 ) 

where T is an artificially introduced "time". 

The qua ntities <1>, ~, and P
jl 

can be obta ined by the numer-

ical int eqration of the ordi nary differential equations 

(18) 

(19) 

(20) 

Thus we have shown that the distribution of the amplitude and 

the phase of the wave can be determined by the local dispersion 

equation H(1t G) ~O which is defined by Eq. (6). Numerical calcu-

lations for specific e~amples are now underway . 
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BP3 
SATURflllOel or SI1MUlA TEQ !;;CATTER1NG PROCESSES BY THE NONLlNE,'R 

nrCAY OF EL[CHW:; TAtIC UAUGHTER ',.,flVES 

S . J . r-arttunBn and R.R.E. Salomaa 
Te"hni"al RlI:;earch Centro of Finland 
tlUC\ Elilr Enr,lncering laboratory 
P . a . Bo~ 169, 00 16 1 Helsinki 10 
r Inland 

~: A model of a thrall-wave syst om wh i ch ta k .. s into 

ilt:count the perametric deeily of t he el ectros tlltic doughter 

w..Jve predicts efficient saturlOlion of a nomalou s iilsflr rlolrJllcti­

"ity . Stimu Jet cd tlrillouin IIcattOr'inB rlllnains 5,nall for' n 

;) ,1 "cr ' Bilckscett" ring duo to Ri1mafl process ""tu.-"tI:lS to 

a level p l'oportiundi to (ve/cl' . 

Sevcrlll r'Bcent exp'H'imf>nt s wilh underdllnsO p lasma torv,ets havEI 

!'uvElalcd u rH.~p~ctBd ly low reflectivity dUll to stimuletod Ra man 

(SRSI or' Brillouin sca t tering (SBSJ [ 1] . The la~"'r intonsi ­

tins have been well ",bove the instability t hr es ho lds which 

I'a.::t iMplies the presance of som", ",fficient Stl turation 

rneChOl n15m. 11any altarnatiV Il expla nation!! hOlV", been sUI!~e5t ed 

MId st lld i ed . I n this 110rk WII investieat o the effect s i"tra­

duced by th" nonlineill· paramlltric decay o f the elcctrostatic 

daughtel' waVlIs CI'Dated by the ext"rnai pump field . The 

backsclltterlld EM waVD May IICt also as a seconda r y pUMp . but 

Itn further decay dOFlS not seem to "ccOllnt tho low reflectivi ­

tillS observed ( 2 ). A stronger c oupling to the plasma is 

provided by th e ES waves becau:;e of the noarer coincldenCil 

betwoen t he secondary ES pump and its decsy products . 

A theoretical model is derived from thil familiar three-wave 

e(]llatiO" ~ by Introducin~ " nonUneilr doclly tel'''' int o th u [, S 11<>V ", 

ilquetlo n and the lwo addiliol1al 8'l lla t iO"5 for the secondary 

docay products [ J , 4 ] . For mllthematiclII simplicity we hllvO 

negloct~d furth~r ca s cading (five wave sy~temJ and assumed a 

hOlllOgon~ou s pia!!''' .... slall . Couflli ng betwel/n th~ secondary (S 

W;'IIAS ""M th .. ( M wllll"S ; 3 exr: LudeIJ by nff resuni;ln"e . 

In SBS the fl['\mo!lry ES wav" Is a n ion IIcoustic WI'lIlO [lA) which 

elln furth"r oJucay in t o twu now lA ~,avl!!l only , Phl'lse .nlltching 

conditions in the proc~ss lA ~ lA ' • 1.',. lire satisfied I" the 

li nellr region of tho dispersion rcl"tion 1101 ... csk if kAn 

j J . r" dimQnsionlil~S form the ~tearly 5tlltO cqu"tions for the 

~Iowly lIa ryin f. lI",pl itud"s relll1 (for det.alls !HH, { ] ] ) 

'0 "'0 0 

.: ." . ' B' 0 

, ' , B I e 1 

"; 11
2

e
2 

' .. 
- sO",* 

" " o 0 

':0=2 
':1l 1 " 

.0 (:, e
2 

{1' 

(2) 

(J J 

10 ' 
IS ) 

whor!! 1.10 and e_ UI'O th~ EM pump i;lnd b;lI:k"c"t t o r~d W;:!lIor, . 

rer,rr ,lcli llclv, " ,,01 e t h", r", j'";:!1 y (S wavc, e 1 ,'\I.d ~l the ES decay 

PI'llduct" , e, 'lnll e !"pr"s(:nt~ ph~nomenolor,lcMl rlamping. The 

ccuplin~ r:ocfficipnt .: is gillPn by.: 4(~lk2/k2)1/'lncr/n 1) 

whr.re f·
i 

i" the w.lve numlllll' corl- .. "pondin,: lo "I ' I t is 

" ... "Imu·" fO! ~'1 ~·2 - ~ k and for n « n,,;r we halle .: » 1 wh i ch 

In!lI".1tes the ~t! "n!~th of thfl ~"conrlilry decay . The latter 

f""ll"" b (""D"""; fllll.de n t a 1110 I r w') r.run[1;JI· e t h e 1 in e~I'isp.d 

"""1th .. " L,,~ of lhl! o.·i~ln"l SBS inst"hll ity end t h e ~oconda! · y 

I,· "'1' 

:""1",.1.;",, ,1.:I",..,i"l> ilnrl ",.(j,,,"lrH~ !'Ilil) il"'[1ILtud .. ~ wf! Cl'l n solllO:; 111-

(;" ,1'nlytic'11Iy by '!lilH"e II!:n Ill" the C(J'H)P.l'lIillio n l!lw~ n' 
" ' I, .• - T , , n' _ J : ~ 1 """ ,11 ", ' 

~ r ~ · ·1 ' Cl "2' a n" BO {I e, -
11, !1/;,'3'''~ wt."r" r ( "~IOJ,is thl.! roflectivit~and ( 

111I .. " .. i1.o·, l::,. noi .. " , rhr, ~olution r(l/L,,'C) where l I s the 

rr I DS"'~ ien,:th .:In,) Le thn r:rl t.ic,,) l cn!;th i:; !)hown i n the Figu ,'c 

Il· 111 ") . 110" \lrnf.en l 1n ') rOrr!lS[1Dnrl:; to a tlwee-Wllvll 

rt.fl.,_tivity [ 5,r. ]. ,\ "!<'1st !·a-n,lrk"bl,' rA"tU!"{l is the low lIalue 

of th .... " .... ,·.U'", If,JP., r.., ilt Je"si'.i~.:l n ~ n , l 

n·J·,j •. ilt",1 f!.~ th .. e.l''''lli on 

~ 1 I roI 7·r,.lr.) 

n ' ""i In [ ('.!,,,,, ,7,-C,,-,CI-,-,,-,-. ,C1C,C,-:-, 

" , "C 
Thl" can 

<01 

wt"wo we to·"·,o ·ls .. um~d k, ~2 ,~ , Note a\o;o thP!lL thfl or.set 

of lhe sf},."n·,.,ry .Iuc"ly !·"'-luin.s Cl finltu EO:; noise levo l £, 

FOI· haavy lA damping the flrimary (5 wails inlensl ty wi 11 \",r I 

off et the lI1l'",;IIolrl of the succndlll·y d()t:ay le' Sta2/'''') . 

If the lA wav()s i;lre ltlnda ... d,1mped WII find for lho timll-de rH!ncler>t 

bac kscattC l'ed lnt~"5ity at tile enlr.:lnce plan" 

whu!'e K • In/16)'j,11oI ''''0)''' . MId lolt) is the inr.oml"g int lln!ll­, " ty , Backsc~t t aring bllgins at t - l/r. whic h is the tlmB th" 

pump wallO needs t o proplIgllte through the plasmll slab . 

rl1 SRS the ES daughter W.llle is a Langmuir wall"', whiCh 

furl her declly parametrlr.lIlly into ,l noth .. r langmui !' wav~ "nrl nn 

l A wallU (phP!lse mism1ltch p r()V~"t5 the procasos L .. L' , L·), In 

tha long W<llle length regi o n Ik i AO « 11 th~ lllnr,muir ,~av~ 

number is k1 ... I6m"/9>ni) l hAO-' - 2 kO ItypiclI}ly k t < O. note 

k' 2k
O

J and for the LA w .... ve we havs k2 '" 4kO - (8m/9''' 1 )~ O-1 

(k
2 

> 0] , The set of I!qulltio ns fol' th!l five ,",,1vll ~yBlE!m is IIB I'y 

sim i lar to (1)-(5) oxcept for some 51g n cha nges .lnd thilt nOI~ 

the cou p ling t:oefficicnt ",'equals", • 11"21/31klp l h K (c/vel i 

Iv" clf!t:lron thermal veloolty) . Even in the keV·rl' l! lon I( Is 

lIal·y largfl which impl i tt!'i e ",trong effBCt of t he seconda ry decay 

on the SRS silt uration . In the weak dampin>: limit we rind for 

the madmlll~ reflec t ivity 

181 

Thls oJepond~ ",ainly on the pli;l s ma temperl'ltllr" a nd Is lIel"'y small 

for'" » 1 (., weak dcpendent:c on den sity i s c.:l\Jsed hy kl and 

"2) . In the solution (sec [4]1 we cen put phenomcnological 

noisc ~OU I'COS eQuill to ":011'0 which indicetas lhat thfl P!·OCIIS!. 

Is an absnlulll j !lsti;lbility . Fu ! heallily rla",ped lA "wd Langmu'l' 

willleo:; the stead y sti'lte !·ollectillity Is ~illl3 ll by 

•• hel'e tp a n d L~ i;lre the .lbSOI·ption l E! ng ths . loll! halle 111';0 

st udied LI,e effects of it "o n iinear d.:unping of th e (sero ndiwy l 

lA .... "lIa 0" the SRS sIlt.III 'llllo n [cf . SB':>I. It tll' ns oul that 

(lnly mina! cor!"3ction!l unt.e" the dOl\dn.tnt I-ule hein); played \)y 

the Lanr.mlli: wilv" deCIlY . 

The simpiifiud model Co!Ilcuiat io" !jur,p,eGt~ t.hat th() ~9conMalY 

dcray prOt:8!)5I'S p roll ida a lIery offl cilfnt 5a tur.llion of ~BS .1nd 

SRS in undlll'dcnse pl~smll , This is in £',ood Qua litlltille "greA ­

menl with exp"ri'l·",nts . Nosr the cl'itlcal density IInomalou,; 

reflectillity I'emai",; 11I!'gc. Ther", however, "dllilional p, 'oroea-

~B:; arll operational which Ilrl' not Inr.ludcd intn 0 '''' ,,,,,d.-I . 
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BP4 
rlllll£M l1£rnY IF TIE IUfATiOO IIISTAIlILllY IN A OllISICJIlESS 
F ,L, R, P\ASI"I\ 
PETER A,LM , JANSSEN, DEpARmENT OF ELeCTRICAL &X;INEERltlG, EINDHJVEN 

lillVERSITY OF TWfnJXiY, EI~, THE NElHfRl.NIDS, 

I . Introduct ion 

For some f i ft",," years now there has bee" inu,rest i n low-frequency 05c .l ­

littio"1 whiGh a rise in it cylindrlul plasma confi ned by !In aJlla! _gnelic 

field. The presence of a radial e lectric f ie ld gives rise to an E ~ a-drift 

and ' centrifugal force on the Ions which drives these ui .. uthally propa­

gating waves ullstable (rotation Instability). Recent ly , the irltereSl In 

this Ins tability ha s increned be!;"use large electric fields are e~pec t l!d 

in t andem mir ro r systems [I]. 

A theory wtlich descr i bes low-frequency waves is given by Roserlbluth and 

srlllCH'l (2/ jn wh i ch they a5S..-e that the electric force j, of the Soi""eorder 

of .. agnltude d . the prenure gradient (~In ite .!: .. mor !!adlU$ OrderIng). "'any 

papers were devote d to tl>e linear st .. blllty of .. rot .. ting pl .. SII\iI, and as 

resul t, F,L.k. effects were found to give rise to a t hreshold for 

Inst .. bllity 12 ] -[6 ], Near this threshold two time sca les can be dis t in ­

guished, .. nd we the refore dete""l". the nonl in" .. r evo luti on In tlm" o f the 

rotat i on inHability by means of the multipl e time sca le fo rma li sm. He re, 

we cons ider the special case of an i sothermal, uniformly r Ol u lng plasm .. 

with a wcak ly-vary ing density profile. 

11 , Linear Theory 

IIosenbluth .. nd Simon [2] have obt .. lned a closed set of .... croscopie equ .. -

tlons for low- f r equency, aziMuthally propagating .... ves In • colllslon less 

F,L.k. p l .. SIII ~ in the so c.l l ed f lute .. pproxlm .. tion. T~ flute .. pproxlmatlon 

nsUl'lles a) a low- S pl .. sma , so that the magne tic f ield B Is constant in time 

and b) a two-dimensional problB'lO: the magne tic field is also a constant In 

s pace and points in the third diren lon . 

Bec .. use of .. ) the f' x B drift V Is divergence free. Only wave propagation 

perpendicu lar to the "'agnetlc fie l d Is considered .. nd tlla .... ves Ire e lec­

trostatic. 

Fro- Ihe c los"d se t of "<t"~I I""~, f" .. nll i n R"f. 2, _ obt. i n ror ~ q .. "c i­

n<!<ltnl , !5o t henn .. 1 p l ...... a the fol lowing coupl ed s"t of "quat ions for th" 

density n . nd the el"ctrlc poten t i a l.: 

h n .. O. ,n 
V.(n %t ~ r - v!h %t Vn). 0, 

o a ..... ...... ... 2 
where Ot " :IT + V,V. V .. Ex8/B , E .. -V<t 

All tl>e symbols hav" the i r usual .. "aning. 

The set of " qu .. tions (I) is th" starting poin t of the linear and nonlinear 

stabi l ity .. n .. lysis of .. cylindrica l pl .. slI .. with a gaussian density prof l l" 

and .. n unifo .. rotation profile, Linearizing Eq . (1) around this cyli ndri ­

ea I equ III brl .... we obta i n for no .... " I modes'" exp i ("' t......,) (where 11 I 5 the 

MOde number and '" its fr"qu"ncy) an ei<Jenvalue equation for the p"rturbed 

elec tdc fie l d E$' 

I d 3 - d r 2 - 2 dnol 
;: d'r{no r 'oN dr E<t) .. L( l-m lno'oN+r'" 'ii'r Eo!> . 0, (2) 

2 dno 
where 11 ............ E' ii .. """'("'('''' '0), "'E· -Eo/rB, "'no. v th F Irnowc a nd "'c 

I s the Ion cyclotron f r .. quen~y. 

The Doundary cond i t ions r .... d 

E.I,.O) is finite, E", lr",,)" 0, 'j) 

$Ince at thl: .. al l (r. a) the plaSll\il dlsp l .. cemen t is ass"",,,d t o van i sh. Fo r 

our specia l case tt... " igenvalue problen (2)-(3) Can be so l ved In tenns o f 

IIhltt"ker functioM ((~],[6)). A ,elaUvely s imple solution c~n be found, 

however, for s lowly-varying density profi les , 

no .. no exp _6r 2 , 

where 6 ;$ ... ,,11 in some sense. Then, the eigenval u" L and the unknown EIjI 

Can be expanded i n power s of <I and the I"...,st order resul t reads [7] 

2 j .. n 
+1 - "'exp ~<lr J .. (yllnr), Y.n - a ' (5) 

wOere J. is the 8euelfunction of tt... first kind and . th order, whi l e j.n 

Is its nth zero. Tt... .... p l itud". I s Hili undete,..in"d. Th" dispe"ion 

relation I s then giv"n by V [' l ' 
Id" -rn(", +:!) (I-!) + ~ (p-1l p ~ • (Id + ~)2 

E2 p-p ~ E2 
(6) 

where p .. -I + ~6-IY!n+ 0(6). 

The so lution (5) - (6) can be shown to be va lid for 

2 _ la262 I 
L.t =J-Y-« ---,-. 

Ymn I+~i"'-I) 
()' 

' .. 

To proc""d, we labe l a particul .. r mode wi th the numbers (m,n-I), where m Is 

the mode nutTlber and n-I the numb"r of nodes in the Interv"l (o , a) . A parti­

cular (m,n-I) mode I s stabl e if 

'S) 
e, F,L.I\, effects give rise to. thresho l d for instabil ity. The stability 

criterion (8) s~ that the first IIOde to become unstabl" i. the 11,0) 

mode s ince then p Is .inimal. th!nce, there i s a cri t ica l diam .. gnetlc drift 

fr .. quency ~ for which all oaodes .. r e $till stable. Cons ider now a phsaa 

with a dl ... agnetlc frequency which Is a fractional amount below "\>C' 
A« I 

then al l modes remain stable, " Kcept the (I,O) mode., Th" di spe rsion r e lation 

for thi s mode is given by 

(1 0) 

thus. two time scales un be d i sti nguished In tt... problem of the non 11 near 

eVOlution In tl_ of the sligh tly unstable ( 1 . 0) mode . This is therefore a n 

appropriate opportunity to apply the "'t lpte tl _ sca l e ... thod In so lving 

this proble!ll, 

I ll . Nonllnear Theory 

In this sec ti on wt! discuss the result , of the multiple time sca le method 

applied to the 1 11<Jhtly unstabl e (I,O) mode o f the rOlatlon instability . lie 

have seen In sec. I I th .. t t h" (1 ,0) mode Is sligh tly unst a ble if the p l asma 

has , dl .... agnet l c drif t frequency given by Eq. (9). Inserting tt... expansion 

h"""r Al i- ; n .. r ,} n1 : to. r Altl (11) 
1_0 11 1-0 1-0 

in the basic set (I) .... ge t t he follOWing hi erarchy of e quations 

, - -A :L"'l -St 1 .. 0,1,2,.... (12) 

wh"re t( .. (;~) and L i~ the linear lIat rlx o per .. tor .:"uring In linear 

theory. The sou r ce t e rm S1 cont" ln s on ly l owe r orde r oto
p 

wllh p ~ 1-1. 

Usually 5t generates higher harmonic s , but may also have terms which oscil­

late .. ith the elgenfrequency in the TO sca l e of L'tt . 0, giving secular 

terms In '1' Si nce lI'Iany t lroe scal es are Introduced sufflcl "nt frlt"dDfl Is 

introduc"d to prevent this secu lar behayiour, 

In the I I_ lt IJ « I (1.".6« I) _ h.ave solved th" hierarchy (12) order 

by ordltr /71. th!re. only t he r ... u l ts . r lt b r ief l y dlscussltd, 

In f i nt ord"r .... obtain the Iln"ar resul t , as found In 5"C. 11, but now the 

iIIIlpli t ude t Is still a functi on of '1"2"" Gr owth and s .. tur .. tlon of t he 

(1,0) mode occu r s on the T, scale, so that to thi s o rder there I s no r adia l 

pl asma Ira"sport. 

In .econd order higher harmonics a r e ge"e r~ted : In addition, a phue dlrfe­

rcnce bu .... en dltnslty and potential f l uctuation Is found giving " third 

order radi .. 1 transport . 
63n' 

nu _. ~k 1 ~12. 
r (r8V) T I 

(I)) 

In third order we obtain from t he conditIon that secularit i es .. re absent 

equuions for the .adif i cation o f th" equl ll brl .... : e.g . the d"nslty on the 

axis starts to decrease due to the radil l t ranspor t g iven by Eq. (I]). In 

add i t i on , an equat I on f o r the T I -depe"den~" of the amp I1 tude • is found, 

a
2 

2 2 I I' ::-24>' Y ... S4>4> · 0, (I~) 

a" ~ 
wher" y Is the growth r"te of the (1,0) mode and a2 .. T . 6Y~l/a2B2 , In the 

l imit IJ « I the inst .. bility Is quenct...d due to IIIOdlflcatlon of the equl ­

libri ..... . Clearly, the rota t ion i"s tablllty In a colllsionl "55 F.L.k. pi ..... 

does not exhibit li.it cycle behaviour. but In stead a ..ooul .. tion in tt... 

.... p l ltude Is found. For this re .. son , tt... time- asymptot i c n>ethod of Simon 

t S] does not pr ov ide " proper solu t ion of t he problen under co", idera ti on, 

t>..caus" In thi s ""'thod t he amplitude Is assumed to be independent of time 

for large t. 
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Fachbereich Physik, Univ. Essen, 4300 Essen, F.R. Germany 

In the presence of the baroclinic vector, \;In" \lp, where n 

and p are the number density and pressure of the plas~, magl!. ­

GauB magne tic fields have been observed (1.2]. Such magnetic 

f lelds are considered to play all impot"tll.nt "ole in the electron 

transport properties 1n laser-pellet interactions. The aim of 

this paper Is to shOW [3] that the baroclinic vector simultane­

ously creates an i on vortex, and that the formation of III sta­

tionary vortex is essen tial to the creation of the magnetic 

fields. 

By taking the curl o f the equat i ons of mot i on of a plasma 

in " magnetic field, and assumin9 two-dimension"l incompressi­

ble flow ( I] . ~ .. 0) in the plane perpendicul"r to the magnetic 

field jj ",nd the vorticity vector I] 'v, o ne c"n derive for each 

pl"'sma species the equa tion for vorticlty, 

p, 

.... here Wc ( . qB/m) is the cyclotron fr equency ",nd m is the mass 

of the species . If we i9nore electron inertia, we obtain for 

electrons dB/dt .. -(I/en)1;In" YTe' .... hich .... as obtained by Tidman 

and used to discuss magnetic field production. On the other 

hand, the inertia of ions cannot be ignored . Hence, .... e see from 

( I) that vorticity is generated simultaneously. This is true 

eVen if the ion baroclinic vector is zero, for in this case 

d(I]"~1-WcJ.)/dt O. 

We consider stationary vortex solution under these cir-

cumstances. We assume that the baroclinic vect or has existed 

for" defin ite period of time and disappeared at t -0 as the 

plasma gets heated and becomes col11sionless . Thus the pla sma 

has a certain initial tot" l vortici t y V" v 1- 2L:ic:!. we t"ke a!; 

an example a cy lindrically sYl1lllletric vortex with only radial 

variation. We treat the pl"sma as collisionless. First, we con­

sider the ion dynamics . The constan ts of ion motion are the 

Hamiltonian, H .. e '!' 1- [(Pe /R - el\)' 1- p~) /2mi , and the canonical 

angular momentum, Pe .. mi R' II 1-eRA, .... hel."e PR = m! Ft, A is the 

13 component of the vector potential, • is the electl."ostatic 

potential, and R and El are the radial and azimuthal coordinat­

es . We choose the ion distribution function fi{Pe ,PR, (;I ,R) -

fi(H,Pe) to be f 1 - (no/271mlTl)exp(- (H1-aPa/21'11)/T1), 

.... here Ti is the ion temperature and u is a constant. Thus, the 

ion density n
i 

(R) and the G component of the current density 

Ji(R) are n i = / f idPRd PEI/ R, Wo J 1 " l,oe / R~fidPRdP0 /R, 
respectively . Here, Wo is the vacuum permeability. 

Fol." electrons, we assume the Larmor radius to be much smal­

ler than the scale sizo, "nd use the guiding-center Hamiltonian, 

H'" U "'c" - e.." · .... here U{E me v~/2 "'c <» is the magnetic moment. The 

canonical variables are then u , a .. f "'ca dt, R, and e . Note 

that f or electrons, Rand 0 correspond to the guldin9-center 

coordinates . The constants of motion arc Hand R. Hence, we 

choo se the electron distl."ihution function fe{u , a ,R,G)" fe(H,R) 

to u.e fa" (nc "'c./2· T,,)exp[-(1/Te)( ~"'ce -e'l') 1-g(R»), where 

the function g(R) .... 111 he determined later. This gives the 

electron number ucnsity, n e - f fe dw dO, and the electron cur­

rent density J e is the sum of the g.c . (Wo J <; = -e 1'0 f Re f " du de), 

and the magnetization (1'0 J .... f u f .. du de) currents, where Re .. 

-(aH/aR)/eS. 

The nocessary field equat ions arc the quasineutrality con-

dition . n. ,. ne' and A.mpere's 

vector potential, 

~ik(R~)-

law for the e component of t he 

(2' 

'rhe magnetic field is then 9iven by (I/R) (d/dRI (RII) .. B. When 

a vortex is s et up, the centrifugal force of ions should be 

balanced by the pressure gradient . The self-generated magnetic 

field should vanish at R ~"' . The density at the core of vortex 

Is hence roouc ed and n should approach " 0 (,EO) at R ~ D . If a· 0 

as R - "' , A. Should be bounded there . Hence, in n
1 

we must have 

" . -(T I /2e)ln(1 1- (lRI ) as R~ " . The quasineutral1ty conditlon 

then gives g(R) "11n(1 1-aR') , .... hore '1 - T1 /T" . The densi t y 

and potential arc now given by 

n .. n ex ( _ _ "_ aeIR' A' ) 
n i " l1 OP '1-~2mlTi(l1-aRl)' (3) 

(4) 

Substituting the above results into Eq. (2) we have the equa­

tion fol." the vector potential A. Equation (2) can he simpl i­

fied by using the variables ; u ~ eRA/milc .. , C '" Rl/AI, (i;::a),', 

where A,. c/"'pi is the linear spatial scale, and Cs - [(Te 1-

T t )/m1J I> is the sound speed . Then Eq.( 2) becomes 

" ('")-'] ( a"' ) - 2lT'TiiT d( exp - 2 (1 1- (iC) 
(5, 

The asymptotic value of its vortex sol ution, which is obtained 

by neglec ting the left hand side, is u-[n (/ I 1-rll)"I>. Thus, at 

large R, the vector potential becomes constant, while the den ­

sity becomes "", _ no exp( - n./2 (1 + n.J]. Using the asymptotic so­

lution for l.!,we have integrated Eq.( 4) radially inwards from 

R/ ~ .. SO . A typical vortex result is shown in Fig . 1. Note 

that in general the electron and ion currents do not vanish 

outside. 

Next, we diSCUSS the effec t of collisions. The electron­

ion collision time f or 're: 10 keV, n '" 10" cm -', is approxi­

Jllately 1 ns. Hence in the absence of the bal."oclinic vector 

(driving force}, the current and the IMgnetic field will die 

off rather quickly . Ho .... ever , the ion vorticity wh ich can be 

dissip,,-ted only by the ion viscosity relflilins for a much longer 
- , 

period. The viscous dampin9 rate for klP i > 1 (k! is the typi-

cal scale size) is given by v u(kj P1)-I, where Pi '" vTi/"'ci. 

is the ion gyrorad i us . Hence for Tt : 10 keV, n"10"cm-', 

a " 1 MC, .... e obtain the lifetime of the vorticity to be 10' ns. 

Vortex formation in the laser-pellet interaction has seve­

ral important impl ications: (I} If the vortici ty is made large, 

iight leadln'J tn ~h .... nhllnced transparency. 

1- Supported by SFB MP lasmaphysik Bochum/JUlichM . 
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r2) C.I::. ~laX, W.M. M"nhoime r, and J.J. Thomson, Phys. Fluids 

ll, 128 (1978). 

[3] A. Hasegawa et aI., Phys . Rev. Let t. i!., 16~6 (1978), 
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Fig. 1 . An example of a stationary vortex solution. The den­

sity n has been renormalized to 1 at R .. ~, and the 

radiu s R is normalized by l; ;; .. 1, '1 •• 5. 
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In both the reverse field pinch a nd spheromak the most dan­

gerOUS instability is the resistive 'g' mode. If the pressure 

gradient is much smaller than the value given by the Suydarn 

criterion then the parallel viscosity is found to reduc~ the 

growth rate significantly so that configurations with i~ lO' can 

be obtained with the maximum growth rate less than the field 

diffusion rate for specific pressure profiles. 

INTRODUCTION Tearing mode stable distributions of the current 

exist for both the reverse field pinch (1 J and the spheromllk 

with a small vacuum region between the plasma and the conducting 

wall. Fig . 1 shows such a configuration with zero S. Previous 

IoIOrk (2) has 

shown t hat 

resiative 

intel·changp.li 

or ''1' modes 

grow rapidly 

in auch high ~ 
B, high shear 

configurations. 

The modes 

dominate 

unstable 

Suydam modes (3] 

at realistic 

" 
" 

" 

Ccncb:'1ni _ 1 pos ....... 
t ..... ", ... _.tal>il;ty 

'.~'--------t--------t---->,,-;------"-",c--

-----~=.~ 

values o f the magnetic Reynolds number, S, and are not stabilised 

by viscosity or finite Larmor radius effecta (4]. Non-linear 

calculations (5] show that such modes in these confiqurations 

do not readily saturate. The influence of the parallel viacoslty 

on the resistive tearing mode has been investigated [6, 1). 

CI'ILCULATIONS The code GNSTAB 15 used to solve the generalised 

resi stive equations of motion which include a full stress tensor 

in cylindrical geometry . Fig.2 shows the growth rate p (norm­

alised to the field diffusion rate) of pressure driven resistive 

modes with m"'l and 0 as a function of the ion Larmor radius, r Li , 

(the incompressible inviscid value la indicated). Perpendicu lar 

and par allel viscosities 

are included in this cal­

culation but not the 

finite Larmor radiuS 

terms, the m.O results 

show that the perpend­

icu lar Viscosity plays 

no role. The modes are 

essential ly stable for 

rLi /a"'O.1 for this value 

of S o r when r Li becomes 

comparable with the 

resi stive layer thick­

ness (this condition 

" 

...... ;d 

m., 

""'. K . 1 . S . ! . IO' 
" kII . 11"1 • • v, .'. 

can be written as 

s> (a/rLi)'6~), however 

the equat ions are of 

f'L'J . ~ Gl'owtl, m~I' <lB <I [",wtum o[ ~"e Ntio o f 
{o" w ,,,,,,l' t'<ldi ~ R to plc/lRX! rod il<B f01' t.w 
1<>lI! l abw 'g' RtOtiU8 . 

lp{,. .. 
doubtful v<llidity in 

s - 3.10' this doma in. In addition 

t he d rift to sound speed 

ratio is gre<lter than 

unity which will pre­

sumab ly lead to other 

instabilities . At lower 

values of B the m_I mode 

is found to be stable if ~~----t-----~---r-,c-,~--. --~ 
B~ .O r Li /a ? O.03 (and the equa-

Fig. t 'S t<lcl ,,' Pl'tlt;O k,'U pl'O[Uo i ndicating tht; tions are applicable) 
f latumi>IiJ I'equi r ,.d IJ/,el'e 11,,- 0 . however the 10n9 wave ­

length m_O lIIOde is much more difficult to stabilise and demands 

a low pressure gradient in the region of field reversal. We can 

~onstruct pressure profiles which are grossly ' stable' in the 

sense that p~ 1 for all modes for a given value of s. Such a pro­

file I s shown in Fig .3 which has a central 8 value of 5\ and an 

a~riICJC value of 10\. Inclusion of all the finite Larmor r .. tdius terms leads 

to a broadening of the re sis­

tive layer thi c kness and 

increased growth. The equa ­

tIons used in these calcul­

ations do not reduce simply 

to those of slab geometry 

and field curvature effects 

are dominant. In these cal ­

cu lations we have assumed 

that the pressure 9radient '. 

{;I • 00\ m " 

5 • 11010' 

• PM ',. 

is associated with a density f'Lg . ~ 

9radient to avoid producing 

ripplin9 modes associated 

Groutil rot" as 0 f'!,"r:tUm o f Dr:'l t rol 
B value [01' till! I1?D mode i ,w Ludi"B 
all t e .... B . 

with the resistivity gradient. Though the finit e Larmor radius 

terms tend to cancel the stab ilising effect of the parallel 

viscosity, if the value of 8 is decreased further, stabilisation 

is achieved. Fig.4 shows the growth rate p, as a function of 

central 8 value for a calculation including all terms . Stability 

is possible for 8(0):;.4& . 8 values for the ' cylindric<ll' s~eromak 

are about <I fac t or of two lowe r than for the reverse field pinch. 

ANALYTI C CALCULATIONS The ion p<lrallel viscosi ty enters the 

slow interch,lnqe orderin9 resistive equations as a cylindrica l 

curvature ef f ect which is zero in slab geometry and small in 

tokamak ordering. The equa tions for the radial disp l acement ( , 

and perturbed parallel field component v , can after fourier 

tra nsforming be reduced in the limIt that y (the ratiO of spec ­

ific heats) .. 0 to 

(!!: - " 
d" 

+ ;;Ih)~ -~¥, ~ ° 
(!!: - " -
dz' 4 

o 'h (1+3 ))' _ 

"4 ~ ~'h 
[

30 d ' JI! Q 0+3 )}], • 0 2O'h ;h, - \"! + 4 VQ ~ ,>I 

subject to ((0) • ~ , vIOl - ~ D and ( , v"O as Z". . and 0 are 

the length and frequency normalised to the slow interchange 

scaling parameters. V is related to the parallel viscosity 

(v",rLirLe/LR', LR is the resistive scale length), D the Suydam 

parameter and 11 is related to the shear and fie ld curvature. ("e 

h<lve chosen the limit ,, "0 as this qives the most pessimistic 

results). In the limit V-O (and ,;'''0) we obtain 0"0 % <IS the 

maximum growth rate for the slow interchange mode. If we 

expand In V in the electro stat ic limit (i. e b ~ O) 

Q . D '''(] _ V (1:11 ) ) 

-;a;;-'" 
then we obt<lin 

and ( • • e- z'/2 0 +z 'v/o'I,). The coeffiCient VU T lO/D 1/ ) can 

be expressed as (1+4k ' BS ' ) rLir
Le 

Whe re F ~ mB e/r + kBz ' F '{f 

r' F" L ' R 

r Le is the electron Larmor radiu» and k is the axial 

w<lvenumber. The stabiliSing eHec\.. indicated by this 

coefficient is not liS strong as thllt shown in Fig.2. However in 

the calculations y_5/3 and the more complete form of equations{l) 

with y,tO indicates the stabilising nature of non "l:ero y which 

may explain the discrepancy. No general solution has been 

obtained. 

CONCLUSIONS The presence of parallel ion viSCOSity is found to 

redu ce the growth rate of the slow Interchanqe or resistive ''I ' 

mode siqnificantly so that reverse Held pinch configurations 

with W"' lO\ can be obtained with the maximum growth rate less 

than the field diffusion rate for specific pressure and curren t 

profiles. A similar stabilisation is indicated by analytic 

c<llculations. 
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Abstract: 1\ necessary stabili ty criterion is derived for Ilxio!li­

ly symmetric stationary equlilbI"iil with a purely toroidal riq i d 

plasma rotation, a purely poloidal magnetic field, and constant 

entropy along t he field lines. The criterion impOses a complex 

requirement upon the fiol d line curvature and the mass distri­

bution . If it is violated, unstable eigenvalues accumulate at 

the harmonics of the rotation freque ncy; the eigenfunctions are 

flute-lIke, and have many radial nOdes. 

Since Significant plasma flow perpendicular to the magnetic 

field appears in a number of laboratory experiments (e.g. plasma 

centrifuges, homopolars, Astron, rotatinq multipoles, l inked 

mirrors, or reversed field theta pinches) as wel l as in cosmical 

objects (e.g . the earth 's magnetosphere, rotating stars), a 

stability theory for rotating plasmas offers a wide variety of 

interesting applications . I n the present contr ibution we con­

sider axially symmetric equi1ibria with a purely poloidal mag­

netic field ilnd a purely toroidal flow. While the energy prin­

ciple has been applied to this geometry to give a complete so­

lution of the stability problem in the absence of flow [lJ , it 

can give only a suffi cient stability criterion in the presence 

of flow [2J. Here, wa perform a nonnal mode "nalysis which gives 

a relatively simple necessary criterion if the rotation is rigid 

and if the entropy is constan t a long the field lines. 

To describe an equilibrium, we put ~ • v4>-votr and)! • r2nv'l> 

for the magnetic field and the flow velocity, where (r, t, z) 

are cylindriCill coordinates . The rotation frequency n must then 

be a function of the flux t . and 

.i..! ! l! + D + 2 ~~ 
ar2 r ar ~22 r - H. • 0, III 

121 

where Nand P are the mass density and the p1asma pressu re. As ­

suming that as(t, rl/3r '" 0, where S '" PN- Y (this J.mpl i es that 

the continuous spectrwn Is stable) [3H, we Ciln sol ve Eq. (2) to 

obtai n 

III 

where Po and No are arbitrary functions of t , and A_No n 2r2/2 Po 

is the ratio ot kinetic energy and thermal energy . An equili ­

br ium is now determined if onc prescribes the functions ,l(iI' ),Po(~" 

and N
o

( "' ) (along with a boundary condition upon t» , because 

Eq. (1) then is elliptic . 

The MUD e<luations, when li ne "rised about such an equilibrium, 

and when fourler decomposed by putting the perturbations propor­

tional to exp 1(- ~t + m ~ ), can be written as 

141 

where .... ~ - ma , Land 0 are the self-adjoint operators given by 

Oy O;> (~' VP + yP div y) 

- curl ~ x curl (~ x ~) 

~ x curl curl (v x B) 

('!. VN + N rliv y; 1I 2r;r, 

ISI 

161 

and:o.: is the perturbing veloc ity. If !I is constant frigi d rota­

tion), .. is a constant . too. "nd can be viewed as an eigenvalue 

parameter replacing the frequency .. . Being quadratic in 'J , the 

Gi'1envaluo problem (41 - (6) is not self-adjoint, and investi­

gatin.." stability (Imn ~ 0) requires a nonnal mode analysis . 

The necessary stability criterion whose derivation we sketch 

here /Irises from putting n '" 0 (f) and .j"t> ~ 0 (l/ e) , and expand­

ing Eg . (4) in powers of t . To lowest order wc find, among other 

relations, that the quantity X ~ '!: . \1i11 is an arbitrary function 

of ill alone . In the next order a solubility condition 

.imposing a constraint upon X which can be written as 

0 2 d
2

X + K( . )X • 0, ,,' 

appears, 

171 

where K is an equilibrium quantity. The eigenvalues of Eq. (1) 

are real, and they accumulate at the origin from the positive. 

the negative, or bot h sides depending on whether K is positive, 

negative, or takes both signs. Hence K ::. 0 is a necessary cri ­

terion for stability. lihen written out, this cr iterion is 

<F><G> ~ ~ [<11> <NV:~;t> - ~«F > <lIr2>- <Fr2 H H»J >.0 , (B) 

where < . '" q-l~dl ... /B is the usual field line average 

(with q <;pdl/B), 

, . (9) 

G N Nn 2rvr 
r2B2 Vt . (-2 ~ - yP (10) 

N 2 (B2+rP) 

yPB2 
(11) H • 

and ~ is the curvature vector of a field 1ine. The ealcul a -.-
tions l eading to Eqs . (7) - (11) are formidable, and will be 

given e 1sewhere. 

The criterion (8) is rather unintuitive. To provide some in­

sight , we consider two spec1al cases: (1) If 11 • 0, the cri­

ter ion reduces t o 

'!'- 0, (1 2) 

thus requiring that the curvature vector,on the average , is 

opposite to the pressure gradient. The criterion (12) i s the 

closed-line counterpa rt [4] of /·Iercier's cri te rion ; it reduces 

to the well-known interchange condition d(PqY)jdq ) ° in the 

low beta limit, and then also I:oecomes suffiCient for stability . 

(2) If the curvature vanishes (rotating theta pinch), the cri­

L"~' io,, ~· .. duce" to the well known [!>] condition 

(13) 

thus requiring that the density gradient points away from the 

rotation axis. 
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On th~ p~~ Hng instability 
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Abstract ' The stability of a coroidal magnetohydros ta t ic equilibr i um 

configuration surrounded by VacuUI. is t .. -investigar .. d . An ;""roved fono 

of the p""linll c riterion together llith the balloon ing "",de equation i. 

evaluated f or certain danes of 8><i sY""""trlc "quilibria. 

I f a toroidal MHD equiUh rium c onfi guration with a continuous pressure 

p..-oHle is s,"parated from a perfectly conducting wall by a vacuum reg ion , 

then a distu r bance of the peeling type ean be found which la loc alized 

nur the free boundary. The 'yote", is unstable unl"s. near the fre,,­

bou ndary (for notation see [ IJ 1; 

(IVVI'Aj-(I.Vr'i'<±<P-ji> .. 0 . 
A 2/vVrbct)(1)V). (B'V)VV ) 

(I) 

(--' > [ § S-',UT' f"S-'d e, 
Th~ criterion (I) , the proof of Io'hich will he publ.ished el sewhere , i. mere 

~tri n&enc than the form in [ IJ . for a"isymmetric equilibria du"-ribed by 

o 

We hav" in di..ensiontus form 

:t T • ~ C;' [ f'{ +(, + ,0' p'] o 
where 

:I.. ::.J' , / 2.+I ",'- ~'" T(O 0)=0 ;)Xi - I+'X ('IX ~'j ... ) - Q.T ) I , 

:tT(o,o)<>z(-e+r')) r",-t-LoR"Bo r I .f(0) "" ' , 

f,BoR-I-, p,S;p , X=(~-R)/R,1d/R, 

''l 

and '0' BD . ear .. the rotational tran~ fDr"" field strength , and half-axis 

ratio on the magnetic IIxi5 with radius R. Here , the peeling condition is 

of the fo rm 

< /VV/-l.j."I.> +± ~ -j.i = B; L:"'TT-~R.- (,.V,-I [ p'''-W3 + 

+2 pi,,.,,,. 'N, +.f.'1.-I~'v{,-+L: I~~: -+ L~ p"u,'l!: 0 (3) 

's" )"" I r1. IT
!I I ..... lJ'"l- " rr 0 f r f(J+X (i t, W ..... '" IT ~ O'rf) (fl.+f:r (I.f.X) .x'f, 

X=j>/Aj,/ ) 'i ""f~lf. 
for a convex contour Un > 0, \"n > 0, and in the neighbourhood of a .epara­

crix at T ~ T. we hay~ U~I ' U; ". (\-1)- 1 Since p ~ 0 , p'!" 0 on the free 

surface , it is fo und from the criterion 0) that the par8magnetic cue 

f' f ~ 0 is always peeling unstable. Speci ~ l izing t he profile s to 

fit'" t'o of- i", T) p'", - po +- PI T , (4) 

• n " " '0' -': ['-{3lol](<+<-')/2, p.- L~ Nol(<t d/2 , (3p. '-I~/H , 
;re can solve "-'I . (~) in the form T • v(x) + w(x) cos ky and obtain 

1]"11_( ItxyIV'+'i l:~[ (Q+ 'f",V+(I+X)"l..(_P,, +PIV)j '" 0 ) 

"W' ·_(I+)(t'W'_~"1. .. w?h:L ii'W'+(H)()"1. p, 'IJ] =- 0 

The expansion to 4 th o rder in p yields 

T'" 'j'2.[ .e (¥.J ..... 'ft,e-'.-:ItM1.'f + y{r; o Ut/'f+ T12 tM Y--.;...."1.'f) 

+f"l.(T~olc1"'f + '1.1 ~"1."AA-""'f +To"~"'f)] + 0 Cr~) 
:: f y"1. L -e + [' t{ ( _,[') Ih1 2 'fJ + fl( $31 ~ Of of %11 I.b1 H) 

. .,y"( $"o+ $,,"1. (b"12. 'f + S~" l411f r) t o(~l' ) 

(5) 

If ~he .hear is ddi"ed by S(V} . - 2n RJ i/l , then the 'Iuantities e , '0' 

il p(O), SB ' 5
44

, 5(0) , PI can be pr~scribed and it i $ found that 

t (.( + 3'~ ) """ -}.f - rio) ({' -I- i) - 2 SJ"!, 

r ~~(,_...l..d) T =-2<' + 2(l(o)(.f.f-i)+..f.01., 
30 "3, I..... f' 

12 T"o t l..1,."l.d <1.,.e C{,fp,) ="3 TlO-2..f tH:"l.p" 

2 Tn+l"2. T,,~+'fL:Yr,+p,)t .. Tn. ) 

_~ "l."3 - '( -2":1. ..... T 'r') 
3~ T"o+T2l.+3< To~ =T£ ~<. r30 +21

'
'''1. t (!. '11. (6) 

+ 3 .e-~ r~o of- T'2 + 2. -(-I +tyo -'1$.(0) 

T"o - T:1.2 f T,,¥ ... 8 S.~ 

-h"l."'_I'2. -<: T" •. 

The initial ~onditions for the equations (5) are 

.,.,(0),.. -2 <-'A -~ 'W'~) .. -2 1!-2T,~ 

For the ~ase of the simplest geomecry (e • I , S33 .. 5
44 

• 0) e'ls. (6) 

redu~e to 

-iL:~ (C,f p,),. - L~ .,. 2,) /31 +(t~ +5"/'1) PlO) + -} r;(o) -:; (0) . 

For this case the e va luation of the ~riterion O} is represented i n I' ig . I 

£0< , -
° 

Fig . I 

5(0) 
40 50 

The dotted line has p' (Ts) .. 0 "uch t hat in the region lEft o f the dotted 

line we c an choo.e the T-value Tb of the f r ee boundary ,,· ;th p' (Tb) • o. 
It is then found that ou t side the ~oarsely h8.t~hed region the system is 

complete ly bellooning Hable , wl,il e inside the coarsely hat~hed region it 

i s ballooninG unstable On the .,agn~tic axis according t" the results in 

[ 3J. However, there is peeling ins t ability ever)"lhere except in the 

finely hatched region , leadi.ng lo a v3 lue Bc'" It (B .. 2 f Pdlllfll~dlrl. 
If Onc drop. the condition p' (Tb) . 0, hi&her Bc - values can be reached. 

An example with Bp(O) above the ballooning unstab le band [3J is: e . I, 
S)) • S44 .. 0 , Bp(O) · 5, S(O) .. 0, Y

I 
• 50 . He re , the system is bal­

looning atab l e everywhere hetl<e en the magnetic axia and the Bcparatrix, i , 

peelin& &Cable near the separatrix, and has 13 .. fI.5 %. This case , however , 

i ~ unotablo with ~ .. ~p . ct to a xt ''''" "l global .. .od,,£ " ith n .. I a ccording t o 

the nu."' ri.~81 ~ode ERATO [4J. 

Finally, if one relaxes the profile conditions (4) to 

f'.f. .... '{" .. + (, T + ;(1 r"l. ) 1" '" _ p~ + P, T + PI.. r1. 
such that cq. (2) be~o_s non linear , the resul ts are more en couraginr;. 

Hagnctic .urfacc$ "f the ... ",ample 

('pbl= . ... , (.,",, .e. .. I , S ....... "'O) r~ ~ ID, "{"1"'~ 1 (3 :. '3 % 
are sho .. 'II in Fig. 2 . Thi" confi guration is peeling stable and eV~.I1""here 

ballooning stabl~ . 

Fi&. 2 
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gt:,\SlLlIlEAR t:VOLUTlOO OF TIlE ION-ACOU5TIC TURJlULENCE EXC I TED BY A RETURN 

CCRRENT 

K. Appcn , R. Singh" .. , J. Vaclavik. and LS. I.'eibel 
Centre de Recherche5 en Physique dIU PLasmas 
F,colc Poly cechni'luc Fcd6..-a\e de l.ausannc 
21 t.v . des Bains, CH-l001 Lau5IInne , Switzerland 
Au()d~tion "Con[~d~nH i on Suisse - EURATUN" 

ABSTRACT Current-driven ion-acoustic turbulence i s inva.cigated numeri­
cally wi ehin chI! cOIlCen of a q"uitine.n DIOde.!. It i. found that th .. tur­
bulent wave enng)' and the p ia .... heating ""hibit featurn si.i1ar [0 those 
obaerv .. d in particle si .... lItion. 

L introduction 

Experiments on relativistic eiec:tron bu ... head,, !!; of piu .... in contralled 
fus i o n dcvices indicate that che n.turn current of dri fting plasm. elec­
tron, Sives rise to ion-acoustic turbulence "hich enhances the dissipation 
of th~ b~"m ~nergy IL,a). An ob jective of the present paper is to invuti­
ga l e the evolution "f this turbuLence and t he associated heating of the 
pllUlftn Ii;thin the c"nte~t "r a quasilinaar "",del that in.;:ludeo nonresonant 
ion diffusion . rhi. type of interaction lias negle.;:ted in previou. theories 
of ion-acoustic turbulence Cl) II l th""&h it is 11 si,.ple one, and th" results 
of computer si"",lad"" (4) indicate lllat the interaction i. naent i al for 
tho deterllination of quasi-•• turadon _chanisllS. 

n,e plas ... under considerltion is assumed to be "olli, i onle .. , unifo .... and 
nomaagnetizl>d. The electrons a r e hot (TenTi) and drift "ith a consUnt 
veloci ty td - Vdex relative to 11 "o ld ion background "hi"h r,.ultl io the 
genera d<lo <If an i"n-acoustic turbulenc .. in the .y. t .... Since the proble,. 
exhibits axial "y_try liith r u pec t to the current .xil '" confinc "une l ­
ves, for convenience, to a t1olO-dirr.ensi<ln31 "",del. As one cnn , ee belo", 
the structure <If t he ion nonresonant diffus i on term i. rather formidable. 
In order to m.3ke it arr.eoabl e to a nu .... rieal procedure "01 take the motion of 
Lons as one-dimensionaL Ho"ever, in their resopant tenos, wh e re 2-D beha­
viour is important, lie replac.e the 1-D 6-funetion obtained by ~ve [.1.g ing t he 
2-D 6- funetion over the ~ngles an uming tha t the ion di st rlbuHon is iso­
tropic. With thi . 5Cipulation, the quasilinear equation. describing the 
proble .. "an be giveo in th. fOnll {5 , 6) 

u, 

0' 

" k 2 k v 2ac x xd 
k ~ - 2(.,l_ + ;;;-) , , . ", 

where fe and fi are the electron IInd ion distribution functions, respecti ­
vely , It is the spectral distribution of the fluctuating ,Iectro.tlltic. 
field, E is the electric field associated with the current, and" • '"e/mi 
is the <'lectron- to-ion .. us ratio. Kq uations (1)-(4) are in dimensi.<lnless 
unit l ; the unit. of time, space, di~triblltion Cunction, electric Cii!ld and 

temp .. r~ture are, r espoctively , .. ;!, )'D ' '"en/Teo' (4 'n Teo)% and Teo' 

Horo nand Teo are the electron density ~nd initial temperllture, respeet;­
vcly, and ~ D is the Debye length. Equations (1)-(4) are solved numerically 
us ing the fin;te-eleMent .... thod (7 ) . TI,e initial conditions are 

f i ft - o) - ~~.~- .. , 
(2 '"T

io
) \ 

1. CO"j>ut~liunal resultl and eon<:lu~ion 

We have perfor.,.,d a series of computations "ith different values of the 
p"ra_ters n , Vd and Tio ' In gene r a l. all runs gave a s imilar ove rllll pic­
lure. In t he accOmp~nYlng flgurca w<1! show the ruult . of the run "ith 
" - .01, Vd - .J'j and T,o - .02 , "hich arc v"lue~ used in pa rcidc simula­
ti o n by DUll et al. ( ~ j . ngvre I s how. the ti _ evolution of the ele"tro­
uali" wave eneq:y 10' , the electron "nd ion te .. peraturu, and the e1ectri" 
field. We observe that the ele"cric field, ...-hich is " mealure of the turbu­
l"nt resistivity, beg in. Cn saturate a . s oon ". t he wave ene r gy reaches 
~ I'pr.'~i ... u .. l :r I I . Since the resistivity is proportional to a fe/ av, this 
impLies that the electron d i nribllti"n function begin. to flattcn a$ a re­
s ult of di.ffus;on. At about thi s ci .... (c"_LO l ) che heating of the e l ~ctron. 
and ions sets in . The lattet is connected with the fact thae a significant 

fraction of sup r a therll31 ions i . produced due to a combined dyna .. i cal ef­
fect of the quasi linear nonre50nant and resonant diffusions. The forllation 
of the higll - en<1!rgy ion tail is clearly deDOnstnt[ed i.n fi.g. 2, "hieh s ho"s 
the i on distribution function at thres inst:lnts in lime. As th<1! "live e ne r­
gy gro" . further, the ion tail start. extending t<l larger vdoeiti u and 
the number of particles in the tail increases. At the same time the el"c· 
tron distribution function flattens more and "", re as is evidenced by the 
decreaso "r the ~ Ieuric fi"ld. 1'hi s lead . t a 11 further reducti on of the 
"nve r,rolich rate. Finally , "hen the number of high-energy ions reaches 
"bout 2% or the total population, the gro"th of the wave energy i l quenched 
by Landau damping in the ion tail (["'\.4 .1 0 1) . Fro .. thi s ,"",mene on the ""ve 
eoergy decreases, the electrons aod i o ns being furlher heated . The s pe"lral 
distribution of th" fiucluations at the ... luution time is displayed in 
Fig. ). One "an ~~" that thi! SpeCnUII puks roughly around ). .... . 6 liilll an 
lIngular "idth greater lhan 45

0
. With s uch ... broad spec tru. "ne ..ay expcct 

that the ehct r on distribution Cu nction r e ... ins qu ite isotropic. Fig. 4, 
which . holi. the electron distribution fun"don at several times, indicates 
that this is t he "ase except for a I m~LI runaway tail 310ng the curren t di ­
r ection . 
In generaL , all chese feature . compare favourab ly with those obse rved In 
panicle simu lation 141 . Iloliever, tha time $ca l e~ for the evolution ()C t he 
macroscopic quantiti .... and ~heir values arc 8om~"hat different. In our 
opin i on , chis discrepancy i s due to particle disc r eteness eHects lihich, 
of coune , are not induded in "ur tre~tment . 

In concluaion , lie have found t hat the evolution of tbe ion-acou~tic turbu­
lence excited by a constant current II1!IY bc utis f llctorily des cribed " ithin 
t he fmlDl! of t he quasilinear approJ ~; ... tion that includes n"nresonant i on 
diffusion. 

This IIO rk "as supported by t he S"i ss National S,,;ence Fo undat i on. 
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0)1 TIlE TRANSPORT THEORY OF ELCCTROSTAT1C J.lICRO[I\STABILITIES 
J. J. Sanderson 

(Dept. of App l ied ~lathe""'tic5, Uni.vers it y of St . Andrews , St. Andrews, 
Scotlund) 

1111<.1 

5. P. GM'Y 
(LDs Ala.,! Scientifl e L"boratory. Unlvcui ty of Cnltrornla , Los Alamas , 

N./oI .• U.S.A . ) 

A gene ral second order perturbati on theory for e lec trostatic 1I;(:ro­
instabilith!5 in an inflnJtc, Vlasoy plaS!ft1l Is applied to the caSe of density 
and tellperature gradien t s porpendicular to :I. unifor .. lII~gl1etic fie l d. The 
lIIO.cntum and energy c~chl1ngc ratc . arc expresso.! in te l'1ll5 of integrals oyer 
lI~ve vector s l'ncc, each intoKrand being a produc t of the fluctuation energy 
dmlslty nnd another factor involvinK t he contribution o f til e relevant species 
to thn linear dielectric function. These e xchange rates and t h ... heat flull 
arc then de ri ved by the u_ two-step proceu used in earli e r pap"r! [1,2], 
na_Iy , a [lI!rturbation ellpansion followed by a velocity Integr a tion of the 
enselllble-ave rag ... d second order Vlasov equation . If the result s are used 
with estlmHes of the maximu,n fluc t uatiOIl lev ... l . wav~ -pnrtlde transport 
coefficients lDay easily bo deterllined. 

The perturbation exp:.nslon is valid only if tile flu ctuation energy 
density is IlUch \ ... 55 than tile ther.al energy d ... nsity and Is really useful 
on ly i f the linear Vlasov equ:.tion correct l y describes the s pecies respons e 
to tile fluctuating fields through ail pha ses of the instabi l i t y (growth, 
saturation. and post- saturation). The Integration over vt'loclt)" space 
requires thut the wave-pnrticle interaction be ei t her bro~dl)· resonant e r 
ehe non resonant . 

Resu l ts aTe presented for the application of the theory to the tt'MJ'er3 -
ture II:radlen t driven ion acous tic i ns tability [3 . 4,S) of relevance t o laser 
produced plasMas. The theory has also lIet'n appli ... d to o ther instabilit ies 
driven by diamagnetic drifts [6.7,8] which .,a y be duI' to a dens ity gradient 
(9) or both density and te .. perature crndlcnlS [IOJ . 

CENERAL nlEORY 

The distribution func tion satisfiu the Vlasov equation 

at · '!... --d: +?- !(!..t) • - c - .:.;J.. 0 H H. e [ "'J or 
- , -

nnd the fluctunt l ng eleetrl c field is d eter,"i ncd by I'oi n on' s cquation 

t . .£(!.. t) • 4 . ~ 0j(!..t) . , 
We carry out a perturbation expllnsion usi ng the ratio of the magn it..,je of the 
fluctuatln& fields to the ..ean ki n ... tic ener&)" as the !aa l l pa r a .... ter 

fj(!..'!.. , t ) f1 °) (!.' '!..) • ff) {!':::-.' t) • fr\~., '!.. ·t) 

!(!.. t) !(J)(!.tJ • !.(z}(!..t ) 

and with the usual definition ! of dl'nsit y nJ' ehnr&'" d ... n~i typ j' particlt' flu~ 

density '!:j ' lDO.,n tUII den s ity f:.j =- _/j' current densit )" J j ! "/j' drift 

velocitY!dj ! r/n
j

, energy densit)· t ... nsor 

:!; i 1- J d1V '!..'!..fj ' N; E '1 J dlv V2 fj 

pr ... ssure ten~or 

Hj ! IIIJ J d1v('!.._ 'f..djl('!..- !.Ij)f; 

scalar press ure 

RJ = 1- f d lvc.~- '!..d . )2 f
j , 

t .,.., ... raturoT
J 

? n/n
j

• kinet ic "nergy flu~ den~ i ty 

q . !J. ld 1YVV 2 f _) 2 - j 

a nd hea t flux density 

Q. ~ -+ 1 d1'·t'!.. - v ~ lI'!.. - '. , ) 2f . 
- J - -uJ ...... j) 

one obtains the f o l lowinll s et of second o r de r "qua t io,,~: 

at n(2), 

=-;~ . 2..I.!:;2J) • ° 
HP{2) , 

~ • !!j' C!~y ) l' 2! (~~1)1 _ c nl~~21). <l /!.(I)n (I») -VP/"J 

a( .,(2) 

~ • y.(,.!}21) e
j
l!i (2) ) Ej ' e/!'.(I) . .!:l'») 

.1 11 ~') I 
---it · . iv·(g1 2), ! . 1:!.J / n~2))) • ~( !!j • ~t( ~1 2)) 

• ~,", (Il rfl») _ v ./E(1)n( I»)) 
3 ..0 _ j _.d; - J ; -VT/ j 

an/ f 21 l lA . ---1t-- . <i..( +1 dlv '!..c:~. - ~ . lI'!.. - !.J.l2 fy» • !!'j • (9.j2) l 
- " 

~nd 

; ( n!2») ;; n 
-J -vQj:.1j 

whe("(' wc huv" o.i tted t he ~"pe r sc ript 0 on stead y st3te quantiti ... s. 
£j • cj.!!f .. Je . and ( ) donote5 an a l·era.lle over ~n ... nse.blc o f wave s wi th 

rnndnln plI:o .ql!~. 

It then follo",s f rOID the usual linear theorr applied t o a slab -ade l 
wilh ! ~ fdfdx.O,O) and!! • 10 .0 .11 ) t h3t the wavc- part ic le euhange 
rre'luencit'~ defim:d by the second or de r equations are given hy: 

",. , 
"T. , 

2v~ &(~.t) 
- ---1. r); --- 11D1~.(k, .. )) 

Vdj!.y nTj J-

Im( ( .. - !..!.:I. )I:;C!. ... )) , 
v -..!... r &(k.t ) I .[ky",(!. ... ) • 2iO,. ' , . • (!. . .. ,] 

Qj Qj!. -

0 ' 

(2, 

1" 

",I.ere vJ ~ T/llj • &(!.,t) - II(II(!..t)12/S., and I:j '!:j and M
j 

aro the first 

three lIIO,..,nts of the dielectri c function : 

"'j ~ 40n jC
2 f_j • 

the t iMe integration being t he usual Integra t ion ovt' r unpe r turbed o rbits. 

S·r eADY STATE DISTlIIBUTION FUlt:CTIO~ 

Assuming gradient sca lc lengtll~ much cr ... ater than an ion gyroradius a n 
a l'propriate zeroth order liistribution function is [3) 

f~ '(ll,V ) • ---"~2 I' c Ix ,...1.) + eT (x • ..L' I _ _ ~) exp(-v~f2v~) • ". ~ v v v

2 

] 
J - (hvP n flj j flj Zvj 2 ] 

fro. which i t folio", ' that 

n/") • 11 0 ( 1' c"x) 

'" j 
T . (x) , 

so that £n and C
Tj 

.. ar b" identified n5 the inverse sca le len~ths for the 

de nsi t y and t .... peroture gradients a nd Vnj - £nv~/flj and VTj ~ cTjVJ/flj arc 

the dia""'t:netie lirlft velocitie,. 

No! " that lhu dl~t,.lbu t ion function .. a)· be written as 

f(Ol(ll , vl • [1 • [T T 'T". If~O)( x, ~.t, .0) 
j J j en J J 

where t h" operator In the square bn ... : kets co ... "tes with t he ve locity and ti.e 
jntegrmtions of "<lua t lon (4) . Thi s reduces s ubs t a ntially the algeb r~1 
InVOlved \n Calcularln~ rn" ""v"- I' ; " · Ll~ I " e~~hangc fr c'lucncic3 . 

~ 
lI"e presenl h"'ro the result s o f Ih i ' Iheo r y npplied to the electron 

u '".operatur'" gradient driven ion acou stic instabi lit y; r ... sul15 for other 
innuhilltil's dri" en by di"a;'gnetic .!rifts are tlTl'" ~ented " I ~ l'wh"r('" 19.101. 
t ogether wi th ;0 full des cri ption of th" derivations . 

On cva luating ~e. h and ~Ie fro .. equation (.1) for the ion Dcous tic 
i n.qUhlli t y and i n ~ erting the M! ~ ult s In equatio,,~ (I) to Cl) w~ obta in 
f o r the wa\"e -el~ctron ,,"chan, ... f r equencies: 

l!ik~ c(!..t) k). [k/Vdl' - ?vTel - OIrl 
~~: v .--- ,---

Pc lIe"O"d
e 

~ kl Vc 

26 k! 
-jnoTe 

2&~ 2 . - - -'-
5·enOvT" [

, '., - I", ) - "'I 2_' _ __ '_~ 
., 

where k! ; 4.noe2/Te. The fir st twO rcsuils a r e npproprl~ tc -adlficati ons 

of e:l rli er fl' s ults [ ~ ) for the ion ncoust ic instability accountillg for the 
fact that th ... i!l s t nl>Jlity is here driven by the e l ~ctron teml' c ralUI·1' 
~rndl l'nt rathe r than a cu rr~nt l'~r a llel to thl' lII:Jgnetic fi eld. 

~ 
I . C:a r r and Fe lda;m. Phrs. Fluids 2 1. 71 ( 1978). 
_ . C:a r y. J. Phs.~ Phys. n. l61 (i919) . 
1. Priest and Sanderson. rTaslla I'"h ys lcs 14. 951 (1972). 
4. "'ll on and Sanderson. Plas ma I'hrs . 16.-j 53 (I97~). 
5 . ~l "nh"imcr. ~b~ ~ "d 11101ISOn, l'hrs. Flui ds 21. 200!1 (1978). 
6. Gar)" a nd S~ndersun. I'hrs. ~ ltol ds ZI. 1181-( 19111). 
7. Gar)· and Sanderson. I'lIys . Fluids (to he published). 
S. Gary and G<:rwill, Phy~ . Fluids (to"" pub li shed ). 
9. Gory. Nue. Fu~ion (to be pub llsh ... d). 
10. G:.ry and Sandersen (i n prepa r at ion) . 
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Self-Consin"nt N.....,rical Solution of till! Nonlinea ... 

Axisy_t ric Hagne tohydro dynamic Equilibria. 

R. lIioglo" .. , R. Gruber and r. Troyan 

Centre de Recherche. en Physique des rlasmas - EPFL La"sann" 
21, Av. des Bainl, CII - 1007 (.auunne 
Aucx:iation "Confldlration Sui."" - EL1RATOM", 

Abstnct A seif- cons i stent _"lution of the i nverse nonHou r Grad-Shafu­

nav equation desc ribing ..agnetohydrodynamic equilibria in enfoidal geometry 

i6 obtained . 1111. equat i on is "Dived iteratively by a finie e hybrid element 

""panoion fich"me of th .. "'eak form ar the linearized equation. 

I. Inuoduction 

An important problem in the pursuit of "-,,ntrolled therruonuclea r fusion la 

the fut c~h:ul.tion of '1.ILD. equilibda. Not Dnly i s knowledge or M.ILD. 

equilibria important for de termining the position of th" poloidal field 

coils and the current. flowing in them, bu t it is also an essential part of 

M.It.D •• tabi l ity calculations ""Id 2-D transport codu . Th" ov"ul l accur acy 

of th" sUbility ca l culation i . usually li.,it"d by th" accuracy of th" "qul­

Iibri ... calcul3tlon itulf. In this paper we only cons idn the fixed boun­

dary case . 

2 . Hodel 

Conv"ncional codu for M.H .D. "quilibriwa calculations are based on solving 

the Grad-Shafranov equation (equation 1.) in an r,>'. coordina te syste. 

(1,2) • 

4 ~ tl + .!:t _ -xp'-TT' 0' 
~x2 a~2 

",her" X - .2 and p snd T are the plas .... pressure and toroidsl fi" ld func­

tion, respectively . They are both functions of the polo idai flux function 

~ . Th' prinK! denotes dUhrentiation ",ith respect to • . 

As a lolucion w" obtain ojJ (rL,z) or .(r 2 ,.2) when up-do"", ay_try i . inclu­

ded . lIo"'"""r, stab ility calculations Ilr .. carried out by choos ing . 11 an 

ind"p'!IIdenC "ariable. The purpose of this paper i s to in"ut equat i on (I) 

and ea l culate the polar variabl" p (., O), ( 0 is thl! pohr angle), at the gi­

v"n (.,B) !Hah points (ne Fig. 1) . Introducing the Ileo .... trieal variable 

& ( . - .a.2 , ta ... at the pi as ... surface and 0 , s & I), ... triplyin, eq. 

through by 2: * we obtain the quasi-linear differential equation' 

• 
•• ~ -re --(-)­.. . 

3 . Num ... ieal Approac h and Resulu 

Equation (2) is sc lvl!d it ernli"" ly by "'riting at eaeh step 

(K~I) (K) n .. p + d 

m 

(.ll 

a.uuming d« ,, (K). IIft e r s ubstitutioo the resulting equation is l olved by 

a finit e hybrid I!hlllC!n t approach IJl cn its ",eak fcr .. 6 L( /I )/ 66- 0 {4}, 

C" 

.od 

c - ~sin O 

G .. *" cos 8 + ~ * sin 8 - 4: * (t
2

p ' • IT ' ) 
• 

f .. - !. • 

"d t -R+ p cole . 

th .. "variation" cver all the unkn"",. Aij then gi"el a system of linear al­

gebraic equati!>ns tc be solved. Numerica lly, ther .. a rc two problem" tc be 

ove r come. The fi r st eonsists of the determination of th .. mngnetic ax is 

(r - R) which has CD remain at the centre o( the inner-rr.ofit i sur f ice . The 

second problelll consists of the determinat i on of .8 vh i c h play. the role of 

the eigen"aiuc cf the o,iginal p r oble .. (eq. I). t s i . detumined ite ratil1e­

ly by fixing the elliptieity E around th" m.agnuical ax is . uch that * -0 • A study of the influence of t. on the. al1ipt i city around the nxis 

has bel!n perfor.,ed on the analytic Sol01l'ov equilibri Um (5) . We have cholen 

<11 a tut ease, e llip t idty £ - 2, up"e" ratio J and ., _ 2/9. Using t hese 

value. and a ..esh s i ze Ns x Ne .. 20 x 40 ",e converge to t he . olution in a 

few .tep • • By increasing (dee r .. as ing) •• ' the ellipticity arOund the axis 

deer" ".I!' (inc' '''' s es). After 20 interation s teps and a ehang" ot 101 i n 1/1. 

"'e ob t ain the r ... ults shovrt in fig. 2. As an exa-.plc of a "",re difficult 

equ i libr i ulI calcul a tion the foll .... ing for .. f o r p ' a nd TT' are used , 
p ' - "\<. ~ 2. ); TT' .. 0 2(>2 • O l"'~ 

wher .. "1 .. -{) . 101 , "2 - -11.89, "I - -11.51. Thi , particular case ha. been 

(cund to be ~ery diffi~ult to eo",pute by the uandard procedure (51. how­

ever, our m .. thod is ~xt remely eff i cient in comput ing thi s case . Th .. numeri­

cally computed fl ux surfae~s arc sho"", in fig. J. 

Thifi work "as su ppoI"ted by the Swiss Nat i ona l Foundntion. 
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-, 

-2 
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ABSTRACT 
rr--rssnown that finite Larmor radius effects affect the absorp­
tion of electromagnetic waves at the electron cycloDITm frequency . 
Moreover, the role of polarization in reduclng the absorption of 
the extraordinary mode at finite plasr"a densities is displayed 
on the baSis of the energy conservation law . 

lNTRODUCT ION 
For plasma densities and magnetic fields such that w '" wc' III 
and Wc being respectively the plasma and the cyclotrgn frequ~ncy 
of the electrons, the absorption of electromagnetic waves arpund 

~~r~~c~i~~n~~~ :~:~~~~~o~y ot~h~l:~~~a~~~~~~~~~(Xrr~~~~t~:: 1 b·e!~ 
found to scale as (wc1w )2 in the limit in which finite Larmor 
radius (FLR) effects ar~ neglected. Here, we discuss how FLR ef­
fects affect the absorption coefficient of the ordinary (0) and 
the X r.lode in a way that clarifies the physics of the absorpt ion, 
namely ·, we evalua t e the absorpt i on coefficient on the basis of the 
energy conservation law (an evaluation of the absorption by solv­
i ng the dispersion relation has been given in 2 ), but in this ap­
proach the !:"eason for the reduced absorption of the X mode remains 
obscu!:"e and, in pa!:"ticular, a c<lncellation of terms appea!:"ing can 
not be inte!:"preted physically). This allows also to unde!:"stand the 
way in which the electromagnetic and reactive kinetic ("sloshing") 
energy of the wave ente!:" into the absorption process. Moreover, 
for the X mode the role of FLR effects in both the wave polariza­
tion and absorption is exhibi ted. 

Under steady-state conditions the conservati~n law of electro­
magnetic energy (Poynting theorem) has the fornl ) 

2k" . f..£.. Re (E >< S*) -~ ~ E*Ej .. ..!!!... E* · , · E , (1) - L4lr - - 8w a~' i j 4n - a -

if the (slow) spatial variations associated with the energy ab­
sorpti on are dominant with respect to the variations due to the 
plasma inhomogeneities . In (I), ~~:=lin~ and ~''''Ft!~denote respec­
tively the imaginary and real part of the wave vector ; 101 is the 
(real) wave frequency: E and B a r e the Fourier components of the 
wave electric and magnetic field (the a s t erisk denotes the com­
plex conjugate); ,,- 'h + i~ is the dielectric tensor, &h and i&a 
being the Hermitian and anti-lIermitian part of r" respect ively. A 
further condition for the validity of (1) is IkM I < Ik'l , but no 
smallness assur,' ption is requh-ed for J! or fa . For the high fre­
quencies considered here, it is only the electron dynamics that 

:~!~~~~~s~OW!h:~l! ~:k!OU~: ~~k~~)a~ot~~a~~:~:c~~!Ca~:~~~~i~~ ~~; 
efficient of both the Q and X mode around Wc for propagation per­
pendicular to!!o,in a weakly relativistic (vj<c 2 ) Maxwellian 
plasma (v t - (T/m)'" is the thermal velocity 0 the electrons) . 

o ~laDE 
For perpendicular propagation, !: .. iEz and the wave propagation 
and absorPtionzare de~cribed by the zz~elemen t of f' 

ooP_!ooP 
£zz '"' 1 - ;;;T 2 ~ Nf F% (z) , (2) 

with 
-I izt 2 00 - 101 

F (z) '" - i -"--- dt, S- - -" 
qk' (1- it)q v t 101 

Nl ,;; ....:!:..E baingOthe refractiv~ ) inde x . The term proportional to Fh 
in (2)wis due to FLR e ffects and contributes to the electromag_ 
netic energy balance e'luation (1) both via the flux of sloshing 
energy 

a~. w l IE I2 
25 "" -ii aikJ:h EtEj .. ~ ;f Fh (Nl c) ----t-(~llkl) 

- wC lw 2 " IEzl2 
and the power absorption · 411 !:* · f;a · !: .. -} ~ NiF'h '" - , -. ­

Re~'q and ·Fq E u..Fq )., 'rogether with the Poynting vector 

P E .E.. Re (E~B*) .. (N c) J...:..:f. (~: /k ,') _ 4"11 _ _ 1 4"11 .L.L 

equation (1) yields the absorption co,:fi~cient of the 0 mode, 

131 

(4) 

101' (-Fi' ) 
2k" _ ! k' ;:; r~ (5) 

1 21wc lw 

1 + :2 ~ FY2 

in agreement with the r esult obtained by solving the dispersion 
relation l ) for I~I < I~\'I. Not e that for w~ ""w~ and near the 
resonance, i.e., IF7J,I'" ,one has kt "" kl' 50 that (1) and, as 
a consequence, (S) rltach their validity limit. 

X MODE 
For perpendicular propagation, the X mode is elliptically polar­
ized in a plane perpendicular to !!o' i. e., !: .. gEx + YEl' . By making 
use of the explicit expressions for (xx ' [; and EX \.11th correc­
tions o f orde r vi/c z included, i . e . , ~fkin~Yboth FL~ effects and 
relativistic corrections into account ,one gets for the power 
a bsorption * !:*· lta ·!: " * [t:~2 lEx - iEyll - ~~}z SI + ~lC9ft S2] , (6) 

whcre 2 

1 ~ c 2 
£q ~ -} ... 6 V7 Fq , 

w Z vi t I .' I "[ 
A = ~ er Ni :: 2 1 - ~ CT 

51'" 2 1Ex - iEyl 2 + IEy l2 -I ExI 2 

52'" ¥-IEx - iEyF + jl l Eyl2 -11::x I2 ) +~IEyI 2 
It appears that the absorption mechanism has to do .... ith both the 
deviation from circular of the polarization of the mode and the 
fIniteness of the electron Larmo r radius . In fac t, the first and 
second term on the right-hand side of (6) are zero in the limit 
Qf cIrcular polarization, whereas the second and the t hird vanish 
for zero Larmor radius. For the w<1ve amplitucies, Ex = - (Cxy/£xx) Ey 

;r-On leave of absence from the University ol P"vla. Itllly . 

holds, so that the mode polarization is given by 

Ex - lEy _ . 2 v ~ 1 [., I 
Ey - 1Nl C1" FSf.. ;:;;, - F% ' (7) 

for 1 £"" 1 ~ 1, which is t he case close to resonance for plasma den­
siti~s·"and magnetic fields of practical interest, i.e . , w1/w~ > 
vl/c z • lA no t iceable exception to the condition 1£1' l :Jo l ap~ears 
for the runaway electrons of a tokamak for which ~£ )< 1 so that 
the tenUous-plasma approximation J ) is appropriate) . ~rom (7) it 
<lppears that the mode polariza t ion deviates from circular by 
terms of order vfjC<, FLR effects, proportional to F-r' contribut­
ing as well as the term, proportional to w]../wZ, that ~eads to the 
anomalous scaling of the wave absorption wlthPrespect to density~). 
I t is i n fact the value of 00" /w~ which we i ghs the importance of 
FLR effects, and neglecting ~hese effects, as usually done , is in­
correct for wp '" w~. It is interesting to note that (J; - iE ) IBy '" 
(c~,)-I, with cOh (""F.;~ \ the anti-Hermitian part of the dfelectrir 
teffiior to lowest order in v~/c2. I t is just the fact that 1£2' I;t> 1 
wniCh makes the polar1zation of the X mode almost circular (ib the 
direction opposite to the gyration of the electrons) and hence the 
resulting absorption much weaker than that corresponding to the 
tenuous-plasma limi t. This almost circular polarization is also 
the physical reason for the cancellations found when solving the 
dispersion relation 2 ). Note also t hat all t~rms on the right-hand 
side of (6) are of the same order, viz . O(Vt/C2), and, hence , the 
FLR terms must be consistently retained. Insert i ng (7) into (6) 
yields 1 E 12 i'rr !:* · h'!=" Bn(o) (Nlc) ~ (S) 

with 

B (;i 11 - :::¥- F7/ I + 2 =e ~ Fs~ - ~ Re (Ft F7 ) -f-~ J?: .J'z.. . .' 12 00
2 F~ ~ .' j w~ F" 

Wc 2 WtFY2L72 Wc 'Z;.'2 2w~F.yz 
191 

n(o) "" 12 [1 -~l % ~ vi (-F""Iz) ~ 
2wc w~ C! 1 F I' " ' 

'h 
(10) 

Noting that to lowest order in v
1
2 /c 2 the flux of electromalnetic 

energy of the X mode is simply th Poynting vector (N c) 1 B 2 /h, 
(the flux of slosbin~ energy is aSSOCiated with FLR e-1fect~ 
and is of order Vt)C ), (1) combined with (8) yields the absorp­
tion coefficient 

2kj' = BII(O) (11) 

in agrees-ent with the result obtained by solvi ng the dispersion 
relation). In the limit o f zero Larr.lOr radius, which according 
to (9) is appropriate for W~/w~<l, B"l and the absorption co­
efficient reduces to (1(<» as given by (10), the result deduced 
earlier (cf. Re£. 1). The function B has been studied in detail 
in Ref. 2 . Since B'" 1, FLR effects, although modifying the scal­
ing of absorption with plasma density and magnetic field as well 
as the llne profile for w ""wc' do not chilnge the order of mag­
nitud1 ?f the absorption goeff i cien t. Final ly, let us note that 
k" '" 11.0 - (CS( ) -I, i.e . , the l<lrger is the anti-Hermi tian part of 
tile dlelectric tensor the smaller is the absorption coefficient 
"nd , con"equentiy, I~··I <C I~ ' I fo .· crz :Jo 1. 
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Aba tra"t 
~"patial &trllc tlU"e ot 1ICMl ... with high toroidal lIIOde nUlllben 11 investigat 
ecl. Exploitir>q the radia l tt.nd.tion .. l InvarianclI and the pololdl11 pOriodicit:y­
ot the qyro- kineU" and. IIaXW"U equations, th" two dillenaional mode .t ..... cture is 
e"pressed in t ........ oC .. sIngle ""tended poloidal variable. The diaper.ion equa­
tions for lIIOdes with phas .. velocities larger than the ion th"",,,1 velocity ilre 
91vlln fo r .. gene ral torol<ul qeometry. COIIIp"esslonal "fta"ta arll r ecainvd. 1\ new 
fOrlll of the nonadlilbaUc ele<;uon cesp:mse Is discus.ed in connection .. tth e le" 
rroBtlltic drift: "aves and an uymptotlc limit of electrOlll&qnet1c modes is a""'lyi" 
~. -

we conslder an " xl'YIOIIIetric toroldlll equ1l1brlu.m conf1\1uration d".ctlbed by 

!" V~"9>jo+I(~)9~. We use thll orthogonal coordlnat ... (",,",~) wlth Jacobian J, 

where IjI ls the peloidal flux funct.ion, " t.he poloi""l anqle- llke var1ahle, a nd 

the toroidal .. nqle. Referill9 to any perturl>ed quanUty (" , "e "rite 

t .. t(S , ") exp_1("'t_no~+ r '1"") , II1 

where nO is the to~oidal ..ode number, S _ nOlq--q-D) the short Ica le radial varia­

ble, q _ (211)- lfqd", q .. JBC/R and qo lab"ls a refere nce lIIOdll utional surhclI. 

"1'he mod" fOnD 0) i. vlllid in the larVII nO limit wh"re the equilibrium scale 

l.ngth 1. long cnmpared to tbll distanc" b e tw"en a d jacent 1l'Od,,-rlltional ~urfaces. 

Althouqh (" i9 petlodic in ", the .... plitude ~(S,") is not and lIust IatiBfy the con-

atnint t(S ,"+28) - ((S,") elCp(i2tS). The <:<>mponenbl ot the "ave vector correspond­

in<} to the ...cIe fo ... (I) an given to l""'din<} order in I /no by k .. -noB/(Ra,,), 
, , X 

k"," kl
s

" \ s [Ouatn(ns+(d(j;d"4')-13/a",j d'" (q-ql] and k ... i/PJ)- latnt/a" , 
o 

where kX is the """,ponen~ In the lJIagnetic surface .. nd po!!rpendicular to the _ -

gn.tic Ueld lines II nd S _ (Ra,,)1 B-1dq/dlj<. Thus kU/kX'''''' O(l/nOq) 50 that 

these modes hllve long parallel "ev"len9ths and vary rapidly perpendicularly to 

the tleld lines. w .. consider model with frequencies below thll ion qyrofrequency 

and obtain the perturbed particle and curren t densities frnm the 9yro-kinetic 

equations (GIt EI.To leadinq order in 1/{nOq) tbe GItE and Ka""ell'a equations 

are a systell of coupled ditfllrenUal equations for the parturbed electric po-

tenti .. l .(S , ") and the vector potenthl ~IS,,,), of fint order in " through ~I 

and of infinite order in S throuqh the operator k", which e ntan the GIt E to­

Ur. t order through the MolIgne tlc drift frequency and to infinite order through 

the Unite ion gyroradiu. effect • • The coefficients in th"," equatione a re either 

periodic in " or depend on the combination " +t anS and dO not dopend on S upl1-

clUy. Hence , tile "'luationa a a invariant under continuous tranllaUons of S. 

The pololdal periodicity constraint re . tricta this invari"nce to the discr e t e 

tranllations S -+ S+ .. , with 11 integer. 'nIen, the _Iitude ((5,") can be expand­

ed I on a bash of radially p<lriodlc amplitudes to(S''')' -, < a!" 

I'" , e(S,") - _~d(I./(2l1)Ca~o(S , }exp( iSO), (2) 

where Co(S ,") is periodic in 5 wiU, perIod one. I'xp .. ndinll ta(S ." ) in" Fouder 

aarh. a nd .. xploitinq the peloi da l congtra int we c .. n write 

( (B,") -(-c <"+2'0-10) exp (-1211111S) ~ (31 

o .., '[. )' '] 
"ith ~ .. expan!lion. (2) and (3) ks beCOM05 ks .. S ("-01 + (.,q/dt)-' 0 (q..ql"'" , 

where" _ "+ 2_ is tbe e "tended poloid.)l v .. r i""le. so that the infinite order 

differential operator. in 5 are conver ted into algebraie e"pras.ions in "-0.. 
The G It E and Ha""ell equation" becomll a s et of ordinary dlfferential .. qUatiOn5 

in the 5inglll " adable " on the domain (_"',_). All coeft1cianU are either pe-
, , , 

riodlc in " or depend on "-0 throuqh kS • 

TtJe disp"rsion equaUon. for rodea with ph""e ,,"locit!e. larger than the 

ion the ..... l velocity arll a .y.te. of two coupled second order dlffllrentla1 equa­

tion. for the electric potential .o(~) and the potent.lal ;;0.1~) definlld by 

(JB)-la,/ao _ - i l(oj/C)'l ' and are vaHd for arbitrary ratio. of the the ...... l ion 

\lyroradius to the P"'l"'ndicular wavelet><jth. For simplie1ty "" con,ider th .. 11-

.it of .... 11 ion qyroradl1 (bq) ancl t ake equal te .. per .. tu r .... Ind obta in 2 

[ 
Ill,. B w! ,. T did)" ~,.,] " -0· 1- -+4" (1-,.".. (1+'1)1)+ ~"""JBl -:::: (1) ~ 'I' )+,. b+C _ t +11 , 
"'a wa '"i"'a d" d" (l Cl "'c. 0 0. 

TC' 1 d kl (l +k~) d ~ [~~ Ill. ~ ~ 1 ~"' L ~ 
-- _ _or ~....,.. , -A bt +c-(<) + ' ) -2t:...!.f ' , 
4"'!neIJdoJ JB' d" Cl 0. "'a all",! p 0. 

'" 

'" 

where", .. k eT/(eBL } , n-L /L, 1,-1,- -11I,-Vlnn,T] ,i;-L~I+L; I , A - I+(I+111o.1,'-I 
.. X n n" n, _ _ ~ et' 

b" b o+;!), b - k~T/.in1' n 1 .. eB/=.1C:' B - Snp/u', ((") - -LnB -, ~~ -k~~) -V IS'+hp) 

repreaenta the curva t ure of tha .... 9ne tic flold Unes .. nd NO · ", It +; ) 1 
" et I~ 

non-adiabatic response of trapped and circulatinq e lectrons. The tom propotti~ 

to B in Eq. (4) r~presenta COIIIpr enion&l IIthcts due to the pl!rtur~d parall'l ..... 

9netie field IInd thl! nnn-curvature par t of the magnetie dritt trequllncy. 'l'Ioo ~ 
~ ~ .. ~ . 

dratic to","" are obcain .. d by l ubtraetinq '" or 'a ti_s Eq. (5) frOlJl (0,"+'111 c, 

("'''+'0.1 - tim"" Eq. (4) , re~pect1vely and by Int.e<;JraUn9 over 6. 'nIe flut 1."1_ 

riational but qenerally compillx. The aecond is relate d to th .. u.ual 'lect~ 

tie La9ran9i .. n .. nd tu variational for r eal frequencies . 

The (l1~por.1on '"'Iu ~tiona ara invariant under the transfonnation (6,,,} .. (~,~ , 

"hich in tams of the ampli tudes ("IS .") is {".s,,,),,, (-'',-S,-01 and i"Plin lt
ll

, 

"'_0. • No ayanetzy relation Inll'O l v1n,) only" or onl.,. sexists . Thh invarlanc, 

derivel from the qe""ral propotrtiea of equl1ibria that are even in " and tr"" t!io 

addltional IV-etry in the qyro-kinetic orderinq. 

Tha plane 51"" llIOd.el ia obtained in the limit of zero curvature, k ... pl.nq tlioI 

connllction length Unite and neqlectln9 trapped particl ... . In this lI<KIal u.. a. 

IIOdes are degenerate . In thh limit, except for the compresdonal and n t erm", 

Eqi. (4) a nd (5) a re equivalent to the Fourler tr .. nsform of the equation \liven (, 

Re f. 0). For modes that an 10cal1red on 11 pololdd l enqth gcale 6" < Wt/III. 

Vthe/ (q~), takl11<j 11 - 0, Nil can bll approx~tecl by 

;0. • :r ~-{ 1 - ~ J r~'I.Q (~. 1+' " {~ ' I] ( -tn r:-bi I~-~ ' l]-ty+tI) ' '" 
.. "'te kI - Iwte 

The .. /2 .. rhes frDIII non r"sonant electrons ,whereas Euler ' s eonstant y and t ilt 

loqarithllorlVinate from rasonant ones . The c:ontribution of tho latter 11 very 

I'lInsitiv e to the structure of the DIOde a round" .. <1 . To illuetrate this "" coo-

s ider e lectrosu.Uc drift wavlIs in the U"it B -+ 0 • The collplox "ariational 

quadratic fotIJI, usinq Eq. (6) and th" trial function ;a _ ""P i(l I~-") 1/2 >lith 

1Il10 ) 0 tor t"",, l .,....,s t orde r e ven eiqellllOdll, ylelds >'+(1/2) ~IO-'+(IJ+1C(-iO) -1 
(-2y + UI/2 .. In(W~e ';"'0:7)) - O. lien. >. - lw' /td~l [~ + (I ...... ,/ •• II/A] .. ith WU -

• I,R)l " ("'/w ):C~b)) and c" 2t.,l/(td W' AI [,. ",I.] . Except for. 
thi' ti te tl 

80lIl11 contribution, this fo ... le equivalllnt to the one 'liven in Ref. (4) . In th. 

e a .,. way, wIth the t rial funCtion;o - (6-,,) eHpiO(~-0)'/2. we obtain>. + 

()i/2) (1l'0- 1+(I) ~ 2iC( - t Ol-) _ 0 for the l O>lest order odd tIIOde. The quadratic 

fotIJI. for even and odd modes 91von above can be used to detll...,lno 0 and the f", -

, 
quency variationally • 

"nle a8ymptotic ~olution. of Eqs.(4) and (5) with "I .. 0 for I~I ..... couespnl 

to drHt-Alv'n waves with freq ..... nc:ll1S suc:h that ( 1-"',/"'] < b A;' (~-oll . Diar"'1ard-

in<) ;" for I < :; < td
t e

/"' as a first approd .. Uon, thll "'YI"Ptotic solutiona are 

;; '" (~_,,)-p and'; .... (O-<"l)-P-2, "here p" 1-(;-'(10)/2'" )1 11 _""/,,,), E - ;L/qR , 
a as'" ~ g 

IInd cOrlpre s sion .. 1 effect" hav a bllen ne9 lected. The amplltudll 'o{S.") toqether 

"lth ~ I a' and the perturbed Helds and current B..po. - ikX~lo. and J h " (c/411) 

k~(I+k!)"nIl ' lire then cdculated fro" 1lq.(3). For p" I, odd mode. have curnnt 

aheaths on !lOde raUon"l surface. while J 11l for even _ell ha. aimple pol e • • 

Tbi. behaviour i s a consequO!nce ot the contribution of the h i qktlr . -ter- In 

the serl ... (11. _evllr, the approxillll.Uon breaks down becau.e kl .... ~-l 110 th.t 

for hiqhe r .-ntabers the phase velocit.,. appr oache s the IIlllc:tron theI"lllll "elocitY 

and Na ,"ust be re t ained in the evaluation o f the asymptotic limit. 

This work was per!ot1lled und~r t he Euratom- f"OH .. ,,~oc1l1t1on IIqreemant with 

financial support fro", lIWO, Euratom an<'l fro," the Scuoh no"' .... I. supo!!r1ore , pi-

aa , Italy. 
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ION-ACOUSTIC SOLITONS WITH A TEMPERATURE GRADIENT. 

by 

W. Malfliet 

physics Department, University of Antwerp, U.l.A., 

B-2610 wilrijk-Antwerp, Belgium. 

Abstract. 
with the a id of the reductive perturbation (RPT) me t hods, the 

nonlinear propagation of warm ion- acoustic waves is analysed in 

the case of a small temperature gradient . When the t e mperature 

profile is linearly space-dependent or arbitrarily time- depen ­

dent we are able to find again KdV-l ike equations. 

The nonlinear propagation of an ion acoustic wave in a colllsion­

less plasma with a temperature gradient is investigate':!., 

Then, in one dimension, the normalized set of equations can be 

wri tten as 

i¥+ixnuC'o (continuity eq. for the ions) '" 

'21 

(eq . of motion for t he ions) 

~ e '" - n (Poisson' .'I eq . ). 131 

'x' 
It seems appropriate to start first with the case of a fixed ion 

temperature . 

T, 
" - ~ "0 - constant. 

Then the last term on the r . h . s. of eq . (2l disappears. 

introduce new space-time variables 

( ~ ~ 'I. (x- l.t) and 

with A' .. 1 + G.Y i 

141 

I f we 

151 

'" 
and if we ~oreover expand the relevant physical quantities, 

n .. l+(n, 

OP .. ("', 

U .. (u , 

+ ('n. + 

(''''. + 
('u + , 

we arrive in f irst- order at the rel ations op 

and in second-order at the KdV equation . , , 
"""fi + • 0 

(7a) 

(7b) 

(7c) 

'8) 

This analysl.s is known as the RPT-methoa
1

) . 

solutions of eq. (8) reads like 

The one-soli ton 

"', .. 2 y~:?, sech' [t re (2Aj;, (-CT) 1 
If we should increase the ion temperature c, for instance 

o ~ o. + 6 (0 < 6 «Il, 

we obtain the following result for the one-soli ton solution' 

Of '" , ,3C sech'[' 
, 2 '11~ 'l'(I+~ 6b) 2 

• 3 

n " where b ;; "f! 

(91 

(10) 

(11 ) 

HenCe, a higher ion temperature reve als the following properties, 

it lowers the amplitude of the corresponding soli ton and it moves 

~anifestly faster than the c~lder one. 

fo, o .. x .. a (12) 

In this case we have to take into account the last term of eq. 

(2) . If we use again the RPT-method, we get the following KdV 

eCjuation with a correction term . 

_ ('h Yi 
2aAo 

(13) 

(14 ) 

A solution o f this equation can be found w1 th the aid o f Miura' s 

transformation 2). The result is 

' ,' 4, '[' ~( ---'----/ 'I sech -, 'c (n ) 
2 I ~. ' 0 

2CT - C I 

where C , , 
("I,y 
---' f' 
2aX. l 

(l5) 

The constants c, and c , are determined by the condition that for 

x _ 0 (or ( = - ~oT) the solution (15) reduces to the sol iton 

(9) . We remark tRat the a(gument of the sechl term consists of 

a nonlinear combination of ( and T variables. 

Furbhe(, the term - 2CT - C, (proportional to x) causes an unstable 

situation and, if the temperature would have no upper limit, our 

perturbation analysis would break down . 

At x = a, the solution is re lated to that one of the region 

x .. a where Cl "" c. -t (' (1.e . the e q . (11) with 6 .. c'l . 

T, 
o .. T • Cl. + (f(t). 

• 
For this case, the last t erm in eg: . (21 cancels. By changing 

the var iable ( into 

(16) 

(l7) 

We arrive again at a KdV equation with (, and T as the indep e n­

dent variables. 

Clearly, if f > 0 (f < 0) the corr",sponding soli ton move s fas ter 

(slo~ler ) , but with the same amplitude as in the case where f ",o. 

We remark a lso t hat this ana l ysiS c a n be formalised by an exten­

sion of the RPT method, if we introduce the following variables 31 

'h t 

where 
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CA&:AJJE ~ATURATION OF PARAllETRIC INSTABILITIES IN PLAS/JA 

INDUCED BY PINITE- BANDwIDtH DR IVER l'U/Iil' 

V. STEfAN 

Dcris Xldric Icat11;ute of Nuclear Sciences-Vinca, 

Beograd, yugoslavia 

The nonllnear saturation ot para~etrically turbulent 

plasma s tate, initiated by nonmonoch:rolIl!ltlo driver PUIllP, 10 

cODsidered.PnrslIlstrlcally excited electron L.angmuir wave l a 

saturated by seoondary deoays to new electron Langllluir wave 

and ion-sound wave, tranafering, in that way, energy frolll 

tbe domain of primary excitation to the domain with lower 

frequencies. It is shown that the exclstence of a tlnlte­

bandwidth pump leads in non11near phase of evolution of para­

metric instabilities, to decreasing of electron Lnngmuir nnd 

ion-sound oscillation energy and also of effeotive 00111s10n 

frequency (turbulent dissipation f.requency). 

Tbe excitut ion ot parametrically unstable plasma osoila­

tions by intense electromagnetic radiation 1 leade to variety 

ot nonlinear phenomens, obecrved experimentally. Linear 

t beor,. ot parametric decay instability in plasma in-

'teructins with the nouIDonochromatic pump wave 

~l')""r tiWo"') + c.. c.. with des crete trequency spec trum 

J;,I!<).£;,,~ ~,,""Pt('>'\S1k) . Eoo=ma.>< E.,l~) 
~ \ , 

(1 ) 

ahowB the possibility !or excitatioUB ot 

and i on-sound waves with the trequencies 

decrements i- and "ts, respectively, 

modulation trequency satisties ~&Js. 

aecorulary decays ( t -- t + S ) 

electron Langmuir 

WLe.. and Ws and 

in the case when 

Let us consider 

leadiD8 to tbe css -

cade tra~fer ot Langmuir wave energy from the domain ot 

primer ,. excitations to tho do~in where frequenc ies decrease, 

and restrict ouraelves to the domain of bigh enousb modula­

tion trequency S1. ($2 >'t) where "t is psrametrio i llOre­

ment in the case ot monochromatic driver pump. In the opposite 

caue instabilities reach nonlinear phase ot evolution during 

one modulation period, making possible use 01' monochromatio 

driver pump parameteric theory. This mechanism ws a tirst used 

in [5J tor consideration ot hlOtermsl plasma. 

Fcr the deacription 01' plasma upon the action of the ex­

terne. l fi nite-bandwidth ,j~'iver pump ~(t) , " system of hyd­

rodillB.mical equation averaged over the frequency vJ\..~ (see 

for example 5) 

is used. Here Vs i s ion-sound speed , rile - electron Debye ra­

dius, 'Yf't; - maGS ot ionG a nd 110 nonperturbed plaSIllB density.Por 

the eftective col lision frequency in the cll ee ot weak linear 

damping rate ot electron Langrouir waves l',,,.,,'f , 
Sl. > 'l\. and tor large enough spectral width ( Sw>is , 
Sl. , r ) ot driver pWllp 

Y).D ~ <>lLe!", Eo'- I t, \ i , J:: ~ 
'1"~ ~ 4iC<1o'e.\iiUi7 sz. S2... 

(J) 

i s obta ill8d. Factor (tYtfw) in the right-hand eide 01' 0) Dhow!! 

s ignificant deoreas i ng of nonlinear dissipation rate tor ~ 

tinite-bandwidth driver pump. In the cs se "ben Sl:»t~ 

ie valid tCll" 

(, ) 

is obtained. It modulation frequency ~ is omall oompared to 

the linear damping rate of ion-sound wave 1':, eSl ~/'t .. ) 
opectral diotr i bution of driver pump oould be oODD i dered aa 

oontinuous. For the effective ooluaion trequency in this oase . 

(5) 

is obta ined. The ettective collision f requency given in (5) 

is at the order of parametric iDcrelleDt in the case 01 ncn-

monoohromat10 driver pump 2 

It the intensity of driver 

enough so that t> 0' ~ > t 
pump is assumed to be s n-oog 

i e valid, every aattcl ite of 

electron Langrouir \'Iave has finite speotrsl "idth snd every 

line from spectral expansion (1) ooul d be considered as se­

parate driver pump. Is this case tor 

YE{~" t ~ (6) 

is obtained. Here t:: and T ure re:tangular pulse duration 

and repetition period, respeotively. On the upper l imit 

T!\T .J~··,,)'i3o' / l \J"J .L the applioability of (6), defined by the 

etability of Langmuire oattelites with l'espeot to the 

aperiod ic exaitations, YI!.{{ exceeda eleotron-ion collision 

frequency V~ , '1 times, the same ae in the case of mono­

chromatio pump wave. 
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!!,OllCTION AND INVERSION or PAlITlCLE TRANSPORT DUE TO PUr.SHA ROTATION AND 

lOS-NEUTRAL FRICTION 

O.C. Seh r a .. , II . F . M. PoU , 

l'hY5i<:8 Department , Eindh"y,," Un'vcr . ity or Techno l ogy . The Netherlands 

and P.A.E.H . Janssen, 

Dep.reMnt o f Electrical Engineering , Eindhoven Unive r a ity of Te<:hooloIY, 

The Nethe r lands. 

I. Introduction. In Ch", put saveral Icudies h"ve been devoted to the 

••• "reMne and calculation of pressure enhance_nt in .. gneti:ud arcs with 

IIsH patalKte r 0e'e~~l. I n .. ,veral of the~ .. Hudies the _"s"rad p r essure 

enhancellH!nt wu partially ascribed to the Heroat - effect. Originally. tha 

dfe<:ts of i on [oeadrm and f dct i on On t he IOOl!II!ntuBI balance , particle 

transport and pre u un, enhance.,,,nt weT" ignored . Kl ube r [ I ] in hi • • Cudy 0" 

the potentia l distribut i o n in _y""""tric~ 1 arc. and la ter Schu llu r [ 21 i n 

lIi. study on toroida l arcs did inClude tllen e[ [ ect • . Th i s pllper COncernS 

In a".IYlis o f tile ....... ntu .. equations of electrons a nd ion5 i n " routinll 

piu .... volulIM! , including ion vi.colity and inn~neutral f riction. Hnreove r , 

InnIWIlou. diffusion due to un i table fluee vaves i . considered. Relulc. a r e 

co-pared .. ith e"peri_nu. 

2. Theo r y. In lIallne t ized a r C8 the udially di rected "hctdc fi e l d can 

be of the o r de r Er2 kT,,'eA , where A is the radial .cale length. Th i s field 

.. ay r esul t in la r g" rota t ion.l velocities of the i o ns a nd electr""., 

approach ing the ion thenna l velodty Vthi-M,'~ ' Then . t he effect o f 

rotstion In the contr i butions frail inenia, ion viscos i ty , ion- neutral 

fdction and f i ni t e sou r ce tBr. to the ion mollentUIII balance c.nnot be 

neglected . A .yste .... tic o rdedng of th. moo"", t ... equations with .1U1I 

puuoeten (lie t e) - I , AIL (L i. tile axial .eale lengt h), and l i i I A yie Ids 

for 11 ,1,<1 the following e"prenion fo r the diffus i on flux; 

(1). 

In tile experi_nt.1 eale con. ide~ed we .. y negiect the pinch ter. and ion 

uru in t he first part of the ri ght hand-aide of equation (1). Since 1110 

If- ¥:- « ;;;~, the fiut ee"" b.eveen . quare brackets leads to ~hQ 

tll: clauical cont r ibution _I)clan Tt, .. he r e the elaasical diffu"on co­

dficient is D
cltss _ -'- '" 

lI et e eBz 
The lecond Ut,. o f nw

ri 
. .. hicll ... e c.ll " roc- Cional " diffu.ion , fIIAy b~ 

i.por tlne ,,~ it is .... ltiplied by lIete' I t contains contribution. frail ion 

vilcotity (Y · .!.i)e ' ion neutnl fr iction (!ia)e And moment"'" Iou due to I 

finiee 'Ou r ce t e r ll (~i)e' 

The direction ot t he "rot.tion.1 part , depends on the tign of vei ; if it 

it po.itive (Er<O) i t i. directed inward and extra confinemene occur. ; if 

it i. negative extra diffulion r.suICl. 

The preuu r e enhance_nt can be talculat~d froll equation (I) . W, can 

deduce tllat i-a f riction is _re I .. portant than t h" Ner nst efhct if 

1 0-~ 1 

T e I {".'T i I levl llzA 

Ik note , that for I torr p res.ure IIrc. thi s is usual l y the c .... 

1. Exped_nt p ~ocedure .nd r ","ult s. We invutigated the trsn_pon in the 

arltOn p i a."" of a hol l ow catllode discharge in ... n a:dally directed a3gnut i c 

n eld 8
2

; ne and Te were .,,,.ured by Thomson s catte ring, tile neutral density 

fru .. Ar l and Arll li nes and Coll i alonal Radiative !lodeL. and subsequent 

cnlibrnlion by lh~ r elation p,,-constant for lew elect ron density cond ltion5 

[) J; thi5 neulral density i s cons h tenl vith the classica l ion energy 

h. l snc". 

The " .. rtide flux was dete .... i ned froOl the condnuity equntion for ions 

I r an 
newd .. r! nena «,ve ~ ion r' dr' :;: _D,""al are. 

In figure I the ...,.1Sured diffra~tion coefficient i s cOlllpaud with the 

clauical diffu~ i on coeHiclent. t'or l ow values o f neTe ... e observe indeed 

I hr~" reduction of tran.port eo.,pared to cLassical diffusion. Thi . reduc­

lion Can be ~xplained by th" rotalional confinement . which for 10 .. value s 

o~ ne' e i . UU1inly due to the i-a fric t ion a nd fo r scme ... hat larger vnlueM 

dUI! to ion viscosity . Tllis i ~ equivalent to the conclusion that th",e 

effec t ' contribute to tl,e preo,ure enhancemen t , "", r e than the Nern,e effe~c. 

Tile eHcct of i-a friction IISY be eve" larger far higher prel.ure .re,. 

Fo r III~ge ~ VII\UU of lIeTe' the rotltiona l pllrt is expec t ed to beC<M1'8 eo 

strong that even an inward fl ux i . expected ; howeve r . rhe exped .... nr 

BhcWI an increue of the Dlni! as . In referenca V. 1 thi .... as ascri bed to drift 

wave. , the levels o f wh ich a r e in l he order of maxi"",1 a f e ,"" %. Bes ides 

dri ft waveaalsoro t a tional ins tobiliti.,. are presen t in a ll but f cur 

conditions, the level i a about 15% . In tile next lec tion we i nd icsta wllich 

anOfUloul difful ion contribution follow s frolD th.,.e instabil i tie • . 

~. 1.11.,..10\11 dltfu.ion. In c .... i nation .. ith a redial density grad i cmt , 

the t;xlI drift ddvu flute waves unstab l e, IIlving hrge .mplitude , l ow 

frequency o.cillation. in a rotating pial" eol ulIKI. I n the p ~ennce of [heso 

low frequency oscilhtions enhanced transpo rt i. pou i ble . Tile dominant 

contribution eo this "turbul ent " t ran ' port atems fro .. che average o f t ile 

~,,! drift . 

I n a 1I0l Low cathode d i .ehar ge the IIOlt unstable low fr equency .... ve hos 

mode nullher "",1 , and if thi . mode is o nl y tlken into .ccount t he follO>llng 

e xpreuion fo r the total radial plas"",, transport ruul u 

an ri 2 
" ".,' <nw > - D --.! D - cs't(...!.) • ri eq v ~r '.. ne 

()) 

vhere 't i ll tile growth rate, <\. i. a ..... Jurl fcr t he """,Iitude of ~ lIe dan­

s i ty oscillation, and csa ge""etri~al factor. Tile r sdi.l tran$port in 

equilibrium . given by <nwr i'eq ' has been di_culted in t he previou. section . 

The saturntion value or the m- I mode in a coll i .ion l e.s p la&m~ is 

given in Ref. [5) , and accord ing to Ref. [61 , for flute waves t he IIIt urn­

eion is nOt nffected by cnllisions. In.erting thi. in eq . (J) wc obtain lor 

I) .. on tile I xil 

,., 
""ere 4 il the rntio tf grol<thrate 't to the o,eillation f requency .. snd 

_ i . the plu.a rad i us . To app r eciate the errect of tile enhanced d i ffusion 

we added in Fig. I a plot o f Dw/Dela .. vertu. t he Hal l pa r a""'te r. ro ~ the 

unknown psr" ... ter ~ ... e have taken ~-O.20 . re.ulting in a relat i ve fl uctuation 

levol o f IIbout 20% , hence " r easo nable ag r "ement be t ... een thec r y and 

experimene is obtained. 

5 . Conclu.ionl .nd i.plicarions. We h.ve shown tl .... t for low v.lues ot 

Q .. 't~ rot.tiond confine,..,nt i. i . portant. For I . ~ger values of lIe'e ... 

find an ~na..:llous diffu5ion vIIieh can be eXplained i n te",," of tran.port 

due to ehe rot.tional i nnabil i ty. 

Though in Tokallllk. the plas ... i. much IOOre col I i l ionle .. still in tile 

oute r hyerl tile rotational contribut i on ... y be signlfic.n t. Since here 

niTi»I . ion vilcoaity i~ un i,.portant; rile dominant contr i bu t inn cOllel fra.. 

the ~ource term [7) : 

'" n wd 

The pOtential i . again of the orde r TelA IInd negative in the centre , 

(5' 

though . Iightly politive in the li_iter Ib.dow. Thi. llay lead to routional 

velocitiu in tbe outer layer of a few ti.e. 10~ _'. , in t he order ot tile 

l ocal ion thera31 veloc i ty. For neutral densi ties brger than 10
17

.-1 , ... e 

Ilet <I n inwll r dLy di r ected radial velocity of about 10 m/s , vh i ch it of lhe 

lIalle order as t ile ob.erved inwa r d velocitiel. 
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l>Q'i'&;l TIAL SI.lALL-SCALE IlISTADILITIES OP INH01:OGE:l.iEOUS PLASL!A 

IN CROSSED ~LECmIC AND MAGIIBTIC FIELDS . 

Yu.A.Kirochkin, A .G~PokroyeT.K.N.Stepanov. 

Pbyoieal-Technical I nstitute of tbe Ukrainian 
Academy of Sclencse, Kbarkov, USSR . 

Abstract. Tbe effect of lnhomogenei ty ot particle drift velo­
city in croased fields end of finitenesB of their Lermor re­
diue on inhomogeneous plasma instabilities le considered~ 

Introduction. Crossed electric and magnetic fields are inhe­
r ent to many the~nuclear devices : surface magnetic confi­
nement eyetslIl3, in particular, electromagnetic trap, tbeta­

pinches, adiabatic traps witb redial electric field. etc~ 

Trans verse current which 10 due to the electric drift 
l e tbe cause of a seriee of small-scale plasma instabilities 
in Buch eyetema [1-4] . The present paper shows that the in­

homogenei ty of the electric drift veloei ty Ve = - (. ( E I S) 
essentially infl uences the cyclotron aDd ion-sound pl asma 

instabi l1 ties. 

Steady state. Consider f l at- layer plasma in weakly inbomoge­
mioue E - and 6 tielde. In such fields a charged particle 

describes an ellipae~w1th tho modified cyclo tron frequency 
Q:EW",,[t+{t/W,XdvtAh)]. The ellipse has p ... "" v ... 1.l<!1 and %..,.= 
= IW!,>/.QI J... half-axes and it drifte croas to E and B 
with a vel ocity being the sum of the velocities of electric 

VE and modified magnetic VI'! drifte, where VH ,,(C.Je /2l1.)Y.,.';!(Sl 
~A",dtn.A/dx . VJ.is oscillating velocity runplitude~ (N~te !hst 

V H f. 0 even fo r a homogsneous magnetic field if dE/dx ;. O. 

This fact for a weak E case 1a notad in papere (5.6].) 

The dietribution over V... and VII is considered locally 
Uaxwe1l1an w1 th the temperature e ! 

Dispersion equation. Por perturbations ...... e:xp(i.SIC"dx -t-~\(~J) . 
. e:<.pE-o.i,.J\.)"in: tlie locsl apprOximation the dispersion equation 
is 1 .... ,;-E .. +8"E; .. O where _ 

SE .. = (QI'~.V,)'i\ -t-t.p(t.):'W*X \If2\( .. '\1T)·[CP!>]. ( 1) 
I l 2 & ~" • s,,-"';; 

W "'Q-K~V(, 1< .. =\( .. -+ (:..J~/..2)I(,. w"=)(~il;(w.l.slX~n+ .... e~). 

In the ahort wavelength limit (K .. ~;:;:K ... 1.1T /lw!!l\ ...... 1) if I dVl/d-~I"~ Iw..\ 
·t ~" -(M~ ·h 'l 

we have q:J5 =L(f2::rtS.f""'}')·L(·\)Jn(Q~)~ e. ~. f(Mi 1) (2) 
\"1,..0<' 5 , !> 

where 
&. :: 'SrI. <l.1',/l2 K .... 1 ~ = - ( o!>-+ ~/(,) , "Z ~ = ('.:/-'S.Qe.)jf2 K..."'I:T, 

Q,.,= (K,KJ~\f:f:,), KS= (\I",jw~)(dVdch,) -+ S~i!>' 
..In.(a.) is the Bes9s1 function, f (n..,i,'J) is the incomplete 
gamma function. The validity conditions of the l ocal sppro­
Xilll8tion have the foI'I!l 

, ' , 
\dKJdx ! "'.(.K~, IK~\"» I~A,I ,~rLld .... \/d)C\""'I. (3) 

If (K"Iw",)(dV,/dx) }) S:J:p'>, IY,lblolol 1' and I ~l '" 10.1"" 1 t t hen retai­
ning in the sum (1) only resonant t erm w1 th oS=n.. gives as 

a result 

8"£. .. = «(.,)rlW"l.f,)·!; -+ ~ (w'-,.:r.v2 1<~YL ~1(::IVM(w/- n(.Jo-.s:i")] (4) 

where w'" '" W~"\rT r"~ (an-a<l) , V,..,'" -IT~-:x.. ... ;2w,.., 

.2
11 

= - (I(, K~/2K~')t",W ... )(d'ldd~)t. 

The festure of this paper in contrast to pape re [1 - 4 , 

7- 8] is the presence in resonant denominators of tha expre­

ssion for the pe rturbed dietribu tion fUnction, W- (..;I.-a!> ' 

the terms which are due to the Doppler shift because of par­
ticle drift vel oci ties VE and V~ as well as the terms which 

are due to Ve and (.),., inhomogenei ties: W~., = I<:rl/£ +- nw",-+ 

"T I<""VH·V~/tr~ -+ «lCj/w,.,)(dVt /d ... )-t roa",)Vj" These terms lead to _ 0 • 

sppearanco of the frequency 52 in eq.(4). 

Results. I n higbly inhomogeneous plasmaa ( ~ .. , "» LA '" r~ '1 • 
LA =: \ /I~" I) the gr owth rete 0 =.;1 ..... Q ... ) wt!>, • In this 
csse the ions may be considsrod unmegnetized and f or them 

we may put 8f~ = (wpJr- 'J',, )2.[I+dli 'i.;W('l;)] where 

!!; = w/-ni K~\~.,.~ t W(I:) is the Kramp function whereas for 
ate. we may use sxpresaions ( 1) ,(2) and (4). 

To evoluate the growth rate of the electron cyclotr on 

oscillations of a plasma w:I. t h p ...... 1 undsr the r esonant con­
dition K."Ve -:::: - n. w !'>e we use eq. ( 4' . Then we iu!.vs , 

(5 ..... ( r-.. t./L). \W,,~\ (5) 

It is assumed that I ~~I ..... I~n\ -\'3.0 \ ..... tit.. > V { """ 

A. V .. __ "'J".,.e('r'i. .. / I..) .The instability discussed is due to 

the resonant interaction between cyclo tron waves and the par­

ticl es having ths velooities \~ - -\r"Te('r'i. .. IL.) 
The expression ( 4) corresponds to one found in paper (a} 

where only the magnetic drift wae involved. Note that i n the 
case considered 10... 1 ..... 1 and the formula ( 4) and ther efor e 
the estimate (5) are valid only to the or der of magnitude . 

Iti e necessary t o esy that the eventual breaking of the reso_ 

nance K.:jV{::; _ n.Wr..e. in an inhomogeneous plasma l~o.ds to 

the violati on of the l ocal appro:ximation cri terton r"l ... ldK .. /d.1« 
... " 1 too. It meane that the electron cyclotron instabili ties 
of a pl aslll8 with f-' ..... 1 necessi tate D non-local approach. 

To de scribe the i on acousti c oscilla tione of the i~omo_ 
geneous plasma With f-'- 1 l'Ie retain in eq.( 1) only the term 
w:I. th 50 . 0 . Then '11' 13 obtain that Re. w = w5:: K-\7"" (1 -+ w,'.,.'; .. )" '1;z 

and 2.6 
l! ...... (IW"'IW~/~I\. .. ~ IK.:jV .. I) . (6) 

The growth rate approaches its ma:d.mum. at I K.:jv ... l ..... IWt>e \ 
v, 

3'mo .. _(rn .. in"',) .lw~ .. I . (7) 

Tbis growth rate exceeds that found in [21 • In contrast to 
the electron cyclotron oscillati ons all of t he validity con_ 
ditions ( 3) of the local approach hold for t he ion acoustio 
oscillstions. 

Conclusions . The i nvestigation performed shows that the inho­

mogeneitiee of the drift velocity Ye and the frequency Wee. 

effects essontially the devel opment of electron cyclotron 

instability and i t may change ths resonant conditi ons of ion 
sound excitation. 

Acknowledgements. The author s are very gratefUl to V~D .Yago_ 
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Experillent.l. Oil the Uilh Pr .. ," sure PI . . ... 1n 
Stldla r acor (A . petator NP-l) 

lid 10;.111 

V,GoCn, T . ... "alshi . Y, Puna t a, K.Hlltllfuji, S.Klc'JtlD" , 
J.Neyatani , ILS ... ak i, K.Sugica, l,S.k"IIO(O, r.To~uka, 

H.Watanab8 and S.N.gllo. 

Faculty of Engineer1 !!1. Tohoku Univer . ity, Se nd . i, Japan. 

AUU-AS-'-' It w .. " h'und th . t there i •• distinct "forbidden 

raaiDn" of tnroid .. ! dllcharge in • atellarato t IItth • clo ll ed 

helical , .. snltlc alli.I(A a pe r ator NP-l) .This pheno .. "non ill charl!­

fore tentatiVely "xplAined by [h a D'a"mption of 1/2 . "B onanC I! 

of the . 'aner 1" field ltnea neaf th e 8111a. The lIe. a " r e.ent . o f 

the pi ..... colu .. " re " t " t.nce sugle.t ch.t in the al l ow e d r e[lion 

but th e vicinity of boundary of both r es Ions rh e p l a"lD. 1. 

• t,bili~ ed by the f o r •• tion of magnet t c well. 

Asper.tor NP-JIl) 1. s eOfoidal device with. halics1 11811-

netic IIx l s of which th e IIsjor rsdtus i s SOc • • the .perture 

r.diu. of pi .a.s li . lt er )cm. radius of ." l s1 helix 5c .. and 

pe riod nu.ber N-16(F1S.1). The important difference a between 

Aspe r ator NI' - J snd other hi g h bets t -1 ateliarators or Pigur e 

S stellar. tOr sre In such pnint!! that the pitch .nsle of the 

helix of .'Inet ic axls 1. about ~5 · . which t . much t a r ge r t h"n 

those o f other ste ll 'Tato r . a"d the pe riod nu .. ber N-16 i • • uch 

l.rger than 2 of Figure 8. These cha r acte ri Btic fa.tu res In 

our device are inte nt l y 1n order to guaran te e a heltcsl 

IYllll e try of the field conf igurati on as &ood s. po . , ible. 

In 1'11.2, the ti.e v. ri at ion . of the pIa ••• current J. I t s 

tille deTtvative dJ/dt and the one tu rn vo lts ge Y o f the dis­

charge are ahown . Each phale corr es pond . to e sch Re8ton of the 

Itab ility criterion, given " Safranov(2(. 

Re8 ion 0) l/q unst a ble 

aaSion n l)l/q')O un . tab le 

Region m 1.84>I/q)1 .tsble 
0) 

Region • l/q> 1.84 unalable 

"h~re q-B . k/~.J. ,., " ' J 0 ,., , H ' ". swilll • a&n~tic fie Id • 

the plllsma curr"nt den s ity nesT the axis a nd the curvsture of 

the a xi s reapectlv"ly. 

Th" pesk cu r rent. end the column reaistanc e. In the Re lionl 

. nd n . both measu r ed In the . eeond half-eycl. of th a d19charge 

• re compered in fig.) s i func t ion ot the cnndeo ae r voltHK~ ur 

f - I hellClI1 .. illdings. Tt.on It w a~ e v e ntually fnund that th ~ 

discharge Cu rr en tB in cr e ase Blllhtly III the incr e ase of l - 1 

h"lical IIlnding currcnt 11 ' "hlch .. ay Shift rhe lo c a ti on of 

di . chs r g e CurTent a xts. Above s certain v . Iu " of 11 ho""ver 

th"re is a diatinct regi on "here the toroldsi dlachaTg" does 

not occur a t sll, which 11111 be cslled hereafter aliI "the for ­

bidden reg i on " of cOToid.l d l a"harla a,stnst the ollow"d r a ,tnn. 

It la to be noted th.t th .. boundary of both r e gions csn be 

d.dined .nd reproduc a d ewperi . entally very well and tha c tha 

real . tencea of plasma "0101'"0 decr e ss a in the vlctnity of the 

bo"nd q ry in the allow ed rogton . 

Then tha . hlfts of the plaa . 1I current ""l a tJ. war .. rou ghly 

• "tillsted by two .. lIgnetlc prob e • • which "ere U! t o utllde the 

va"uu . "ha.b a r. Th., relult s of me • • ure . ents are s ho"n in flg.4. 

.. her" th e posltiv., of 11 denote. th a t the heli".lwindlnl cur­

r e nt In the direction or the principal normsi la parsll"l to 

th~ 10nllltudin.1 main fl o ld and vica vera". When 11 is nelative. 

the inva r d a hif t in th e direction of the prlo c ip a t no r .al of 

the axi. 11)0 .. s s ob!le r v e d. le i s va r y obvio u !l in this "a a e 

tha t the r.dius of axi a l helix decrea a e a as the incree"e of th e 

obsolute value of Il and BO tbe current pa th n~ound the torus 

"ill heco.e aho rter tn g i ve a ... "ller reaisrsnce of the pl a sma 

c o tu . n than ot h e r .,iae . nd t h e dischlrle ,,111 be fina lly fnr­

bidden .bove a cert a in critical valua of 11. 

In the caae of po . itlve II how e v e r. wh ich l a e"pect ed t n 

ahlf t the plsaMs current ao ia out .. ~rd in the oppoalte dlr~ctlon 

l a tbc principal nor."l. "pparent a hifts of t he plaa .. a curr ent 

sxi .. were not observed . nd neverth e le B. there e xtat a th " 

cu rr en t forbidden r e gion of toroid.l di a "harge with a .... all 

v4l u .. of :legst lve I t. 

In ordar to ~Iarlfy thea .. phenom e nll above de a ~rlbed . th e 

bou ndary bltt .. e"o the a llowe.d aod forbidd .. n r eglon ' (in lIelllnn D 

discharse) w. a meaaur e d next in th e pl a ne of 11 v e r . us 1 2 , 

where 12 la th e curr e nt of helical winding t - 2 to giv .. the 

e lllpticsl defor . ation of th e I s g netlc lu r f a c .. s. Th e reBult a 

are shown in fig.5 . HOll e ver It haa been known by th e nu .. er l cal 

;,sl cula[ion l of ... gnetic ,urf llee a for gi ven 11 a nd '2 ()J that 

tb" 11 current haa so.e co.po nent to give tbe elliptic a l de­

for •• tion of ."gnetl c l urface . be s ide. the n bift o f ma g nettc 

sxls, while th .. 12 cu rr"nt ha • • 0." co.ponent to give the . hirt 

of .agn e ti" sxl. a a well aa the ellip ti cal defor I o t ion. of th e 

magnetic . urfsce • . these ara of cour a e due to the fllct that the 

current a In the direction nf th e pr in cipa l nor .. sl sre le.>!! 

effective tn pr oducc the helical fi eld near tbe axla th an the 

current a In the oppo. ite diTactlon, by [h e curva t ure effe<:t of 

the helical .xl •. By .esns of the reault. of numerical cal"u­

lation. ebove me nti oned. P1g.3 w.a tra"sforlled ontn the 6 and 

c plsne . as aho .. n t n fig.6 . "here 6 snd C denote the ah lf t of 

lIasnetic ax i ll and ellip tlcity at .. agnetic surfac es r eapac tively. 

I t .. S8 .. I so lI e •• u r e d that the plaBII8 co lu.n reslltance 

obt.inad by the cu rr en t dec a y of L/R type v.rlea ea fun ction • 

of pura 6 snd pure C , S!! ahow" In Fig.7. 

To ex plsln th c ex iatsnce of the fnrbidden region of toroi dal 

dl a <:harge . It .. ay b •• ssumed h.re that the vacuu .. msgnettc 

a urf e caa sre di.rupted st the boun d ary of both regiona b y the 

1 /2 reBOnaoce of fleld Itn es by the to r oidat effec t. whi"h 

c o rr e'po nd. to the re a onance of ch" asfety factor q - 2 In toke .. sk. 

Th, d l schsrge al l Dwed (e&ion " "pprnximsted h, I 1 -Cl (l-~) > 1 
2 2 r . l ,,, 

where • <0 .., , no <h. shift ., <h • • ag n etlc axia . <h. 
radlua of the a:dal heltx snd t he elllptlcity of the . '8n e t1" 

lurfac., respectively. 

Thus it In r.matkQbl~ that the decreSBe of plss,"s co l \l,"n 

relltltsnee in the v i Cinity 01 th e boundary of both reglon a 

81 . 0 .gree8 .. ell with the pla a mo .tabillt y near the field ttn e 

r"son.nce •• s predicted theoretic.lly by C.Hercter[4 J . 

The. defin ite conc l\lsion on the mee hsn J, .. uf current 

forbidden pheno .. ens snd well fo r mation near the bDundQry I hou l d 

be postphoned till fat her .. xperlmenta with reinforced oh.lc 

heating are eX"uted In ne.r futu r e. 
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A I.J\ia: 5"I'ELlI\AATCR M.SED CN M:DlllAR a:ms 
5 .M.I!aIIDerger. L. E . Sharp, am L . F • Petersoo 

Pla!:llEl Research ~ratory. 
The Australian National University, canberra. 

Alth:J.>gh stellarators offer 5CfIr. o:msiderable I!Idvantages over tokamaks, 

(e.g . in amtinoous ~8t1on. better cnnf~nt properties, ab initio 

equilibdun, froodc:lll fran disruptions) difficulties arise in desiqning l arge 

devices due , tOl" instance. to poor plaSM access as -U as to alnstruction­

aI, electrure;h;mical and maintenance problems associated with CXJnt.inu::1ls 

helical wiIdings. 'nlis paper describes a design for a fairly large device 

(major radius 2. 1 m). based on II set of discrete coli no:Iules arranged in a 

toroidal configuration to provide the required close:! rraqnetic surfaces, 

having gaps for unobstructed access to the plasna for dhqrost1cs, e te, and 

allCMirq for easy r(m;Nal for m!lintenance . 

The provisional. design p.:1Catreters, which have been obtained as part of 

a detailed ca!plUltional. study ainel at optimisaticn of this tYfe of config­

uration(l). are as foll.o.iBl D ~ 4 T, R - 2.1 m, t - J, B field periois 

(ex:h <ntSisting 01' tIoo nr:dules). "'faX = 0.59, mean helical wirding radius 

0.33 m, separ<>trix radius a _ 0.25 m. The eq.Jivalent current Ieq- l:: a l B/2R 

.. 0.35 MA. It is interded to use ohnic he<tting currents ~ " 0.2 MA.. The 

arr<ln9~t is s/1o::1.In in Figs. 1 and 2: the helical ccrductors within each 

m:xhlle are to be oonnected in series with each other an:i with the toroidal 

COils, the links between helical con::!uctors contril::uting to the toroidal 

field . Mochanical strero;th is obtained by using large cross-section , 

single-turn corxluctors (hard CU or cu-cr alloy), an:! by fixing the helical 

wird:inqs to the toroidal ooils to fonn a r i gid asseaDly. No azimlthally 

enc:ircl..in:J con::!uctors are used: the transverse field o:rrp:nents required to 

centre the magnetic surfaces, including the se~atrix, within the vacI.UI1 

charrber will be obtained by using a different pitch argle lI'Odulation 

(C - mt> + "1,2 sine, (11 ~ 2) for each p:llarity of helical oorductor. Fig. 

shows the separatrix COI'plted for the above arr~t, bolt with "1 = "2 

,. i{) . 05. 

The l,(M ~ electrical characteristics of the assenbly form a 

suit.'lhle l oad to the CAnbarra Han::I(xllar Generator (stored erlel'9Y 0 . 5 GJ , 

400 V) . With the wirdings all in series, this will produce a .. 3 T for a 

2 sec . 'f~t-tDp ' (I.,. '" 0.3 AA) and with half the wWings in parallel 

B '" 4 T for 1 soc. (~ .. 0.4 MA.). 

FraIl extralX'~tion of the results frail existing ohnica.lly heated 

Fig.l. Sc/'iertI).tic layout of canberra ~·tiIular Stellarator wirdings . 'I'tl<' 
'diagnJstic gaps' are 13 cm wide at the nean major radius ard offer 
access to the pla~ frdll all four directiDrul . 

Fig.2 . Arrangerrent of wiodings in one ll'Cdule (cormectiona now sho.m). 
'lW rn:xlules (of different type) form each f ield p€lriod . 'I1le oonductor 
cross-sections and rrean minor radii are: A - 17 x 6 an, 33 cm; 
B - 20 x 7.5 an, 48 cm; C - 3 x 20 cm, 49 cm. 

stellarators, which suggest Tt (I I!:t ' we expect lE - 100 ms, while experi­

ence, e.g. (WI am(2) , SUl]gests that opt.iJtuu a>nfinm'ent will be obtaina:l at 

l~ ohnic current densitr such that the drift pararreter r, ;;: vd"ve ~ 10- 2 . 

Fran sin{;>le pcr.rer balance, taking ii · 5.1019 m-J , z = J, rp . 0.21 rn, an 

ohnic heated current of 200 kA should praluce tarpe:ratures Ta '" Ti ::: 1.3 keV, 

(l; .. 10-~) with a loop vol tage .. I V. Generous space exists (sce Pig. 1) fot 

the use of a sufficiently IlLr9C iron oore (say,S Vs) with the primary wind­

ings close-..o.md on the central linD to all<:M l oag (1llsc operation ( > 1 s) 

without introducirq stray fields due to oorc saturation. 

An engineerirq design stmy of this device, sup(X.lrta::t I:rj the National 

Energy Ceve.lopIleIlt and DI3fOnStration Q:mnission, is un:ler way. 

~ 
(1) SHARP, et. al . , ~C\ltimization of a Stellarator Design Inclming 

r-biulation o f the Helical Winding Ge:metry" : this o:>nference. 

(2) ~,et. al., 7th Int. COnt. on PlasM Physics aoo COntrolle:i 

FUsion , llIEA/CN/31 11.1. 1978 . 

.. 

rig.3. CoTIputed separatrix cross-sections at four IX'sitions in onc 
field peri crl . Each conductor is awraximated by 3 filarrents. There 
are 4 x 4.50 diagnostic 9"PS with 10 gaps between each m:dule. 
1. - main gap. 2 - 4, quarter, half, three quarrel." pedod. 



> 

BP21 
OPTIMlZATICN (F A Sl'ELlAAATOR DESIGl ncJ.Dm:; 

M:IXJlATIOl CF 'DiE HELICAL WlIDm::; GI:Xl£l'RY 

~, L.F.Peterscn an:!. J.W.Bl.amey 

PlA.sma Pesearch Iatx:u:atory. 
The 1\ustralian National University, ~a 

'l1le optimiUltl..oo ot the helical winlinq geatetry of the next qeneration 

ot high perfol:1MllCe stellarators is of critical ~ as the current in 

the helical CXlI'Iductors I!WIt be kept to a mi.ni/Tull tD reduce the very large 

e1~oal forces on the oonductm::s. 

c;ereral C£Um1zation 
Using 11. m:rliIied version of the CUl.ll<IIt\ COIpJter o::de r-w;BAT(l) we have 

ca.lculated the. aeparatrix rs as 11. fraction of the helical win:Iing radius a 

ard the pararreter , 1:5 (aIR) calculated at the &ep:lratrill, as fun::tions of the 

helical wirding pitch angle 1j> '" tan_ I (m aIR), for I. • J stell=atora with 

aspect ratios 4 .: aIR s 16. The results are plotted in Figs. 1 ard 2 re­

spectively for different values of the ratio I/ba, where I is the helioal 

o:o:'Iuctor current ru-d a is the toroidal. Jraqnetic field. The width of the 

helical oorduc:tors has been approxilrated by ) current filivrent.s !»Ch carry­

ing I/l an:! spaoad poloidally HP apart. The graphs sI'Jo., an opUrrun .. for 11. 

given value of I/Ba which inc:reases with increasing I/Ba. ExaI'fIination of the 

poloidal rotation of field. lines (e .9 . see Fig. 3) :>~ that surfaces will 

o 
90 ~ANGL£J 

Fi g. 3 . The rate of rotatinn of a magnetic field line starti.ng at 
e - 0, r - 26 an for m:rlulate:i !lteilarator with Q - 0 .05 and un­
modulated stellarator l - 3, m . 7/3, R . 2.15 m, 11 • • 34, 
B .. 40 kG. 1 -330 kA. 

q:en 1ffien the l ocill pitch of the ficld line (correspondirq to 2 to 3 times 

the IIv .. r~9''' value) a~s ",. Thus as the winding pitch is dElCt'e.a.sW 

bel.cw the optinun value the separatr1x shrinks am as a ~ .2-s3/R 
falls . Nevertheless, as the elect.rarechanica forces on the helical wrrluct­

or increase with '" it ill advisable to choose the l.<:Mest acceptabl e win:ling 

pitch a.ngle . 

Taking the set of cw:ves for which I/Ba • 0 . 25 as an exarrple, the 

effect of toroidicity can be seen to be ~rtant for small aspect ratios 

Rla 1 4 ard to be:o::IM negligible when Rla - 12. It is ttus :iJ!pxtant when 

cx:rrparing the curves of Figs . 1 ard 2 to use tte actual value of Rla if " 12. 

'Iba infll.lEll'\C'e of toroidicity can be reduced if the heli£:al wUldinq 

pitch is l1Odula ta::l aClXlrdirq to the equation 

mq. - O-asine 

where 0 is a constant fcund by ~ter iteratiDn. 'lbe effect of a on the 

helical winding qecnetry is to make the wiJ"dirr;j on the outer ciro..nference 

steeper, i.'U'rl shal~ on the inner c irCl:lllference , thUs causing the field 

li.ne to rotate lIDCe uniformly with p:lloidal argle. This is illustrata::l in 

Pig . 3, ..mere the case of CClnStMtt pitch wirdin;! i s shown for o::rrpui9Oll 

with the paramaters 1. 3, rn _ 7/3, R. 2 .15 rn, a ~ 0.34, B .. 40 kG, 

I - 330 kA. For these calculations the conductors were appr0xiJI0.ted by 

single fUarretlts. The e ffect of m;x'Iulation ill to iN::rease the rotational 

transform by - 20\ . 

It srould be rntOO fran Fig. 2, that little inptovG'\'le1lt can be e:q::ected 

us.inq noIulation when Rla ~ 12 . By usin;! different values of 0 for the 

fcm.>ard and retum helical con:!uctors , a local vertical field which i s m:du­

late:! in Fh<'se with the winding is intro::luc:ed. This produces toth a fi.J1ite 

rotational transform on the magnetic axis (Fi g . 4) and its displacEJmnt i.J1 

rrajOJ: radius witOOut causing bcoo);~p of the c.Jter Sl.U'faces . 'nUs is in 

contrast to the distortion of the surfaces IIJld serration near the separatr.iJc 

fOlll'ld by Gibson (2) '</Mo a uniform vertical field was added. to a CXlI'Istant 

pitch s tellaratcc . 

M:xlular Configuration 

Fig. 5 CCIlpIlrCS IlBgnetiC surlaces of a continuously wound stellarator 

with that in which a nmtJer of adIJuthal 9"f>S (4 diaqrestic gaps of 4 . SO Md 

12 \}ape of 10 for finite OOi"ductors an! insulation) have been introduced, 

an::l s hc:aoi:s little effect on the gross features of the ItIlgnetic surfaces. 'l1le 

helical win:linq m::xt.Jles are oriented so tiut the erd p:lints of the amduct­

ors are rotated in aziJruth with the S/VtIe poloidal coordinates across the gap. 

'nle case clDsen is thIIt of the Carberra r1:Idular Stcllarator (1) . Fig. 6 
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Fig . 2. ~sajR as a function of '/I , for various I/Ba and aspect ratios. 

shows the effect of varying 

the total gap width up to 

4So varying the ratio of 

the al:x:Ive f:',,() types of gaps. 

The IMin effect is a de­

crease in the rotat.i.ooal 

transf(l[lll with the outer 

surfaces themselves rena.in­

ing intact. 'll1is a~s 

" ~(+1:Ql0: .... (- )= O.07 

\ 

, , 
, 
'-

, 
• 

, , , 
i • , , , , , 

to hold provided. the 

individual 9lIP width is not 

l/IrqC carpYoo with the 

wJ.n::ling-separatr.iJc distance. 
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Pig. 4.-i: as a fln::tion of the initial radius 
of a field line for ca\Stant pitch (solid) 
and rro::lulated stellarator (dashed) with 
Il(+) .. 0.10 and 0(- )·0.07 sIxlwi"!J finitet' 
on the magnetic axis . 
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Fig.5. Maqnetie surfaces (i) - - -
for noIular st:ellara tor with 4x40 
and 12xlo gaPII. (ll) - oontin­
uous helical winding. t .. 3, rn .. 8/3, 
R · 2.0 m, a • 0.34 rn, B . 40 kG and 
I "' 370 kA. 

Fig.6 . -t iUII a function of total 
aziJruth g"p 1LIl91e with 4 l arge 
and 12 Sl'Mll gnp5 , helical wind­
ings awroximated by single fila­
ments l· 3, _7/1.(1...1), R=2 . 2m, 
a =0.34, 1F40 kG, I~130 kA. 

""""""" (1) Ml\RTIN,T., Culham LaborAtory, llKAFA , Private Cc:mrunication. 
(2) GIllSOO, A., Phys. Fluids, 10 (1967) 1553. 
(3) IW(I!EJI(D, S .M. , SHARP , L. E.', PEIER.5(:N, L.F. , -A l.arge stellarator 

basa:l on rro::lular exlils M
, these Prooeedinqs. 
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ON TOROIDAL VACUUl-I FIELDS AND PARTICLE ORBITS IN MODIFIED 

STELLARATORS I\ND TORSATRONS 

W VI I-A Team+) and W. Lot~, presented by F. Rau 

Ilax-Planck-Institut fUr f'lasmaphysik. Ass.EURATOM- IPP 
D-S046 Garching, Federal Republic of Germany 

Abstract: SU9crimposing magnetic fields on the vacuum fields of 

stellarators or t orsatrons can reduce, usudEly at the expense 

of aperture, the poloidal variation of q = bdl/S which is a 

measure of the diamagnetic current parallel to B, L being the 

length of a fteld period.So far , large reduction factors have 

been obtained only for t .. 2 torsatrons with V" ~ O. In certain 

regions of such a configuration drift orbits of cha.>:ged parti­

cles are closed within one field period. 

Introduction: In non-axisymmetric configurations trapped parti­

cles (collision less plasma without electric fields) perform 

complicated spatial drifts (superbananas) which induce addition­

al losses when touching the limiter or the wall. The drift ve­

locity out of the surface is correlated with the variation of 

IB I on the sur face . Instead of minimizing this variation, the 

poloidal variation of q is minimized. Therefore, a drift-opti-

mized magnetic 

_ r
'
q_g I 2 

Os - 2 

surface s is characterized (1] bv a minimum of 

,,' 
---.;- . The sum I is taken over one poloidal 

q 
transit of the field line (major radius RA of its axis, toroi-

dal flu x ~T' 'i - 6d l/B normalized to one field period). At a 

minimum of Os simultaneously the secondary currents are mini­

mized ( 1]. The rotational trans form t enters implicitly in the 

sum; large t causing r to consist of a few terms only. The 

<juali ty factor 0 of nested surfaces is taken to be the linear 

average of their values Os . Since a large aperture A is useful 

for confinement ~Ie consider a configuration as drift-optimized 

at minimum O/A. 

Confiquration Studies: Vacuum fields o f stellarators (t_ 2,3) 

and torsatrons (t_2) with m_ 2 - 20 field periods are modified 

by homogeneous, axisymmetric (dipole to octopole) or m-fold 

symmetric magnetic fields. It is aimed to maintain com!=,ati­

bility with structure and toroidal field of the \1 VII-A 

stellarator ~] . Depending on the topology and the magnitude of 

the superimposed field, the values of ° and O/A are obtained, 

along with the radial dependence of t and 'i , as well as the 

position and helicity of the magnetic axis. 

Stellarators: Hodified lo: 2 m .. 5 stellarator configurations are 

shown for two azimuthal positions in Fig. 1 (quadrupole field) 

and Fig.2 (m25 field) .As given in the table below, Q is moder­

ately reduced,but O/A stays constant to within 10% and VH < O. 

COnfiguratiOn 0 O/A axJ.stetJ, e axis~ Dipole fie lds (3] 

I z2 1TF5 stell. 
Fig. 1 
Fig.2 

5.3 31 
2 . 9 32-
3.9 35 
-1 -1-2 

T T m 

0.21 0 . 22 
0.250. 28 
0.31 0.31 

4.2 3.8 
4.5 4.3 
4 . 7 4.4 

-1 
T m 

have a similar ef -

fect, but octopole 

fields introduce 

smaller changes in 

Q than quadrupoles;vertical fields shifting the surfaces out­

wards improve Q via an increase in t; low m provide s large ~ 

(low 0) at small A (separatrix limit);large m requires large 

helix current for reasonable t and Q. 

Ouadrupole fields a t 1= 3 stellarators cause an internal se­

paratrix (Fig.3),similar t o the "double star"(4 ] . The X-point 

is s ituated bet· .... een the quadrupole stagnation point and the 

axis of the l=3 system. At large quadrupole current the in­

ternal separatrix would touch the limiter . No ~articular im­

provement in Q has becn seen. 

1 z~ Torsatrons, m- l0 - 20, Even in the case of a relatively 

large external toroidal field -l/Radded to the torsatron con­

figuration a .. eduction of Q by factors ~100 is obtained by 

shifting the magnetic surfaces radially inward by a strong Bz · 

The minima of Q and 0/1\. nearly coincide (Fig.4a) ; A and V" > 0 

are reduced but t is increased (Fig.4b) due to a strong in­

crease of the poloidal field when periodically approaching the 

helix . The "reduced Q"configuration of Fig. 4a is shown in Fig. 5. 

The aperture A i s about three times that of the \1 VII - A stella­

rator . In an effort to keep Bz within technica l limits the he­

lix is modulated in the po!oidal(a)direction,da/d f "'(1-<1.3 oos a). 

lleUca! mirrors are l arge but toroidal mirrors are nearly absent. 

The "min OH configur1l.tion of Fig. 4a has a very small A and 

no shear and appears to be less interesting. 

Particle Orbits: Drift orbits of charged particles (mass M, 

energy W) are calculated in the absence of electric fields 

and collisions using the adiabatic constants w= ~ ( = lh; at 

a mirror pOint with B = Bm)' and J '" f,v"dl .. 171- f,/B
m

- B dl. 

In a space grid covering one field period numerical values of 

B and of J."f,~ dl are computed. Intersecting the surfaces 

B _ canst. and J = const. and integrating the spatial line 

of intersection yields the spatial curve of one of the mirror 

points. The analysis is f aster in computation compared to an 

explicit calCUlation of the complete guiding center trajectory. 

In the W VII-A stellarator and the centered torsatron case, the 

particles are azimuthally untrapped or drift Out of the con­

finement region. In contrast to this result drift orbits of 

the "reduced 0" torsatron are closed for cert1l.in mirror pOints 

in the configuration. An eX1I.mple of a closed superbanana is 

shown in Fig. 6 (10 keV deuteron starting at \" ", ,, /10). The 

dashed contours in the figure are obtained by the analysis 

described above . This example demonstrates a corre11l.tion be­

tween a reduction of ° 1I.nd an optimization of drift orbits. 

Particles starting in a mirror point at~· = 0 perform several 

bananas and eventually leave the considered field period in 

the aZimuthal direc tion . 

The "min Q configuration" yields particle orbits similar to 

those at reduced Q. 

References 

[1] A. SdllUter, private o:mm.micaticn, and !PP Annual Feport 1978, 56 

[2] W VII-A Team ,Prcc.Bth fur . Cenf . II,73, Prague 1977 

(n R. P. f'reis et aI., Nucl.FUsian 17,281, 1977 

( 4 ) T.S. IQang, T.Il. Jensen, Nuc1.FUsion 18,1459, 1978 

+ )See paper Neutral Injection into the 1·/ VII-A Stellarator, 1·1 VII -A Team, 
Neutral Injection Group, these nroceedings 

3-
\ .,. . .. /s 

" \ 

" 

Fiq. 1: 1~2 stellarator lOCdified 
by quadrup:>le field, current 
"20% of helix current, stagna­
tion p:>int at Rs. 
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DePENDENCE OF THE (2, 1) TEARING HODE ON THE 

STELLARATOR FIELD IN loffiNDELSTEIN VII-A 

W VII-A Team+), presented by R. Jaenicke 

Max-Planck-lnstltut fUr Plasmaphyslk 
Association EURATOM-~PP 
0-8046 Garching, F.R. Germany 

hbstract' In t he W VII-A stellarator it has been found experi­

mentally that the m .. 2, n~l or (2,ll tearing mode is stabilhed 

by increasing the external rotational tnmsform beyond -to = 0.17. 

Numerical calculations confirm that this stabilization is 

mainly due to the radial shift of the resonant q=2 surface 

with respect to the current density profile by the stella­

ratar field . The width of the (2,1) islands is calculated 

following the theory of P.H.Rutherford. The resulting magnetic 

field perturbations outside the plasma agree guite well with 

the measurements from Mirnov COils. 

Introduction' The too2, m.,5 helical wind.tngs of the W VII-A 

stellarator produce an external rotational transform to with 

negligible shear [1] . Operated with ohmic heating the radial 

profiles of the current density j(r) and the safety factor 

g{rl .. l/!tp(rl+to) are similar to those of tokamaks (tp{r) is 

the transform produced by the plasma current Ip) . 

In a previous paper (2] experimental results on the dependence 

of the (2,1) mode on the parameters to' lp' electron density 

ne' and working gas have been presented . The main result was 

that the (2,1) mode is no longer observed provided the ste11a­

rator field is strong enough (to> 0.17). 

In the following, experimental results are compared with nu­

merical calculations based on a paper of A.H. G1asser et al. 

[3]. The only stellarator effect included in this cylindrical 

approximation is the additional to in the safety factor q{r) 

which shifts the resonant surface outwards. The current pro­

file j (r) _ Te 3/2 is calculated from the temperature profile 

with Zeff" const. ro defines the width of the Te{r) and there­

for e j (r) profiles and increases mainly with II'. " indicates 

the steepness of j(r) and increases mainly with ne. The width 

w of the tearing mode islands is approximately determined by 

dw/dt - 6 ' (w) ... 0 [4 ,5]. From the radial field perturbation 

Br - w2 on the resonant surface [6 ) the relative amplitude 

~Be/Be of the po10ida1 field fluctuations at the IHrnov coils 

is calculated (Be is the poloidal field of the plasma current). 

Dependence on Electron Density' In Fig . 1 the measured oBe/Be 

of the (2,1) mode is g iven as a function of the central den­

sity neo (derived from the microwave line density by assuming 

a parabolic profile). The theoretical curve is shown as a 

fUnction of" (upper scale). " is taken from profile measure ­

ments for four different neo by fitting the data from Thomson 

scattering. The second parameter in j(r), ro,is always de­

termined by q(r-o) '" 1 resulting from sawtooth oscillations. 

The experimental values of ro from the Te profiles are unre­

liable because of the elliptic cross-section of the current 

Channel . 

The theoretical values of 6De/Be agree quite well with the ex­

perimental results. Thus, the strong increase of the (2,1) 

mode amplitude with ne can be understood by the cooling of the 

outer plasma region and the resulting steepening of the 

current profile inside the q'"2 surface (compare Fig.2, profile 

(5) characterizes the situation of neo ~ 8.S ·101]cm-
3 

with no 

(2.1) mode). 

Dependence on External Rotational Transform, 

(1) At constant current II' a superposition of t o on ~p shifts 

t he CJ",2 surface towards the outside, where j (rl and j' (r) a r e 

smaller. The solid lines in Fig . 3 show the theoretical 6B..,/Be 
as a function of to with Q as parameter . For W VII-A Q varies 

approximately between 1.5 and 4. In fact, the experimental 

values taken at ~o - const: and Ip • 20 kA lie qUite well in­

side this shaded region . 6B9/B\;I again increases wi t h Q cor­

r e sponding to increasing electron density and/or impurity con­

tent for to ~ 0 .14. 

(2) At constant g(a) (a plasma radius) the position of the 

Q"'2 surface remains nearly fixed. With increasing ~o the plas­

ma current has to decrease from 46' kA to 16.4 leA (to= 0 .. 0.17) 

which again results in a smaller j (r) and j' (r) around the re­

sonant surface. Fig . 4 shows theoretical and experimental 

v alues of 6Be/Be for g(ll) .2.9. Again the experimental data lie 

quite well inside the shaded area given by the numerical 

calculation. 

Conclusions, Numerical calculations to compute the width of 

tearing mode islands from 6 ' (w) '" 0 are in good agreement with 

experimental observations on the (2.1) mode in the W VII-A 

stellllrator. This suggests that the increase of the (2,1) mode 

amplitude with electron density (or impurity content) is due 

to the resulting modification of the current profile. The 

stabilization of the (2.1) mode for to ~ 0.14 ~s sufficiently 

well explained by the shift of the q",2 surface with respect to 

the current density profile by the stellarator field. The is­

land width ranges between 1 - 4 cm for a ~ 11 cm. Under cer­

tain conditions (to $ 0 . 05, large Ip and ne' see Fig. 4) the 

is lands extend up to the limiter . Whether islands of that size 

affect the plasma loss will be discussed in another paper [ 7] . 
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NEUTRAL INJECTION INTO THE W VII-A STELLARATOR 

W VII-A+) Team, Neutral Injection Groul'++) 

Milx-Pl llnck.- Institut filr Plllsmaphysik 
Association EURATOM-IPP 
D-8046 Garching, F .R. Germilny 

Introduction: Three neutral injectors (30 kV , 30 A) [ 1] have 

been installed on the W VII-A stellllrll.tor (major radius 

R _2.0m, plasma radius 11" 0.1 m; helical windings: 1_2 , m_S 

shearless ; main field Bo < 4 T). A neutral beam power of 

Pb ~ 600 k~l is available for hydrogen, this exceeds the ohmic 

power of P
OH 

.':. 400 kW. The beam is injected radlally 1nto the 

plasma 6° from the perpendicular direction t o the magnetic 

field. Therefore, the fast injected particles are mainly 

captured in the tor01da1 and helical mirrors and this affects 

the heating efficiency appreciably [2 ] . 

The interaction l e ngth with the plasma is very short (L ~ 0 . 2m), 

therefore a hi9h density !,lasma (n ~ 5 ' 1019 m- 3) with kTe 

400 cV is necessary fo r sufficient absorption. 

Hydroqen Injection Into a Helium Plasma, As shOt"n at the Inns ­

bruck conference (3] He discharges are more suitable for pro­

dUCing high density discharges for the follOWing reasons, 

1) The capture efficiency for fast hydrogen atoms (for a 

given electron density) Is nearly the same in lIe++ plasma as 

in a H+ plasma. 

2) The release of oXYgen from water absorbed at the wall is 

very small in helium discharges . Oxygen, even in low concen­

tration, deteriorates the confinement and reproducibility of 

hi9h density discharges. 

3) During the interaction of the hydr0gen beam with lie Ze ff 

remains practically constant in spite of the unaVOidable in­

flux of impurities during injection. 

Mode of operation: The high densi t y f>lasma as discussed in (21 

could not be reproduced after t he installation of i n jectors 

since the Mo calorimeters, which measure the power of the neu­

tral beam, introduce an additional impurity influx in spite 

thelr p"_"lt_lnn 2 cm behind the limiter radiUS. 

With the use of Ti gettering the following target plasma could 

be achieved: f nedl . 1.5 '1 0 19 m- 2 , ne _ 7 '1 0 19 m- 3 , TeIO) .. 

260 eV , Bo = 3 . 5 T , Ip " 35 kA, to" 0.14, POH - 350 kW, 

q(a) ~ 2 . These parameters lire only possible because the ex­

ternal transform to ~ 0.14 prevent s the disruptive instabili ty. 

WIth the density feedback system it is possible to keep the 

density constant during the injection phase. So far only one 

injector has been used, the two others are in the condition­

ing phase at present. 

First Results with Injection; An injection pulse of 25 kV/26 A 

and 75 ms durlltion is applied during the stationary plateau 

o f the ohmic discharge (Fig . 1) . Following the Lister code (2) 

only 40 \ of the neutral power of 200 kW at the port may be 

fed to the plasma ..... n increase of the energy content is 

measured by means of the diamagnetic l oop. This oner9Y in­

crease is mainly due to a heating of the electron!! and was 

confirmed by laser scatte r ing data and soft X-ray measure­

ments. The ohmic power s1l.9htly decreases at the begin nin9 of 

the injection pullle, but later on it increases above the r>re­

injection level i nd ica tin9 some accumulation of impurities 

durin9 the pulse. The oxygen emission does not increase durin9 

the injection pulse, but radially r esolved ener9Y flux measure­

ments with a bolometer exh ibi t an additional radiated power 

of P rad - 100 k~l. (Fig.2). 

Further results will be given at the time of the conference . 
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Stability of Helical Equilibric 

++J +) . +J F. Troyon++) R. Grub.." ,W. Kerne, ,W. SchneIder , 

+J MlK _Plonc!<_ln,titul fll' PlollncphYlik, 0-6046 Gorching, Germon'y; 

++J Cenlre de Recherche. en Phy,iqul! de. Plasma., Eeole Polytec;hnique F~dllrale de 

Lousorme, 21 ov. de. Bain., CH-lOO7 Lo ... sonne, Switzerland. 

Ab.troci 

The stability code ERATO ho. been modified to treat the more general cion of heli­

tally symmetr ic equi librio. 

I , Variational Form of Ideal MHO for Helical Geometry 

A helicolly .ymmetric plo.mo equil ibrium IV" choroclerized by the flux fundi" .. 

1f'Ir, 'f - hz), 'he invorionl .hope of the cross-section, the di,tonce J 1 between tile 

magnetic "xis and the geometric axil of the helix, and 'he wove number h'" 2iT/L, 

where L" the period length ($I'" Fig . I) . The flux function "'tidies the e"luilibrium 

o"luation 

r -Cd~ [ru
2 ~;] + ;~ ~ ~j _ .2. ~ J.h T/.I~ (I) 

whe,e ~ '" }O - hz, «2 = --'--; the cu,rent density j = - '#- _ u2r T ~; 
I +h2 ,2 dlf d'l 

Tarld pore arbitrary functions of ~ / 2/ 

The id ~al MHO spectrum of luch e"luilibria il obtained by variation of the tagrongian 

L !! ~W ( 'S. ' 1 ) -'-:,2 K (j', l' ), where d W is the usual expreuion for the po­

tenlial energy and K = 1/2 IS! d3 x f/'f/2. It i. caowenientto replace the angu -
~ - . 

10' variable) by 0 new local va riable 'i{ '" I tl:J d~YH ' wheroll the integrelian 

ruru along a conolant } -surface , and I designates the arclength (.ee Fig . I) . The 

Jacobian J is defined as J '" U' (l:. hto 0) . The ",afety factor" q i. obtained 

by normalizing ;( to 27T . For the sake of n~~ericol accu",cy, y.. is substituted by 

the geometric variable s: 'Y'= ,211-., O~. ~ 1,1'; '" ~/.urfoce . 
In the rotating coordinate sy,tem (x l, yl), or, equivalently (r, !j"), the equilibrium 

quanti tie. are independent of z; the displacement r con be expanded a. . ~ 
rr"'<,,,) - -h f d"rl.,') 

Far 0 specific k the potential energy in the lagrangian then reduce. to the two-di­

meruionol expreuio" 

where b ~ T2 u2 ( longi tudinol magnetic fie ld pressure), 

{p7;tu
L 

(poloido l magnetic field pressure), d O' t p , 

ll-'~ f,:~. _}·U rJ,J&./!J1)~ -I ~ ~~ u)., + ;hlA~0 ~ -1u;.)1) 
I1 =f[x1 +GX, 12 ~ D-.1.!~ "'U L 

X 

'3 ' 0+", F[xl -F[V] ' HX. 

" 'D-XM"1- v*(" "~+ I:'[{.] 
D 

H 

'JX 'tIV 
=?S+~+ikX 

• -'- + ikq 0;1: 

• - .:, (t.. ("?i!. 

(Ilz - al~l: ) + ik 01, V , 

G· - q ,~ (t./.'Jj) , 

The new vector components X, V, Y arc related to the displacement I through 

l;.t/ 'f, - y +1",)( , lr;'. r~ IT ), 
The quant ilies 

mea.ure the no,,-orlhoganolity of the ( /,v, 'X) l ) coordinate system. 

The vorialiOfla l form for axisymmetric g~omelry (tokamak) /3/ is oblained by re­

plocing u2 "" T' and then selti"g h = Oond k'" n. 

2. Balloo"i"g Mode Criterion 

From the expreuiOfl obove for 8w, it is p~sible 10 derive the balloo"ing stobilily 

criterion. It con be wri tten as 

(3) 

where A = 0+ b~c (Bl _M)2 J 

obc 2 1I/1..,(1'1>"'V 
C :0 A(b+cJ (E - (1l1 -M)G) - e J M=TuTf{llz - r-;r~~{~-'<.))J 

=H_~+*"S'Y;l,kL i 
oX T 

X is Ihe amplitude of X, X .. X (,)e - il<'l (1' - J:. ) 
o 0 

Just lil<e in the axisymmelric case this criterion has to be verified independently on 

each magnetic .u<face. 

3. Discretization 

The variational problem. (I!<js. 2 arJd 3) Ore di.cretized using finite hybrid elememtl 

/4/ which prevent the pollulion of the eigenvalue spectrum. 

The eigenvalue problem orising from eq. (2) is solved by 0" l"vel'le vector ite",tion 

tech"ique. The re.u\ting code is on exlen.'on of the oxisymmetdc ERATO code. It is 

suitable to sludy lo[\g-wove length perturbatiON, k'l:E 3.;. 5. For the ballooning 

stability criterion {e'l. (3)),carresponding to the limit 1<"1 -+ "'" , we check the poo;itive 

defin;tenen of the resulti"g matrix. 

4. Results 

The fil'lt application of the code was for 0 homogeneous screw-pinch with a conduc­

ting wall tight 10 the plasma lu<foce . For thi. canfiguretion the growlhrole r can be 

colcula ted analytically ond furthermore by a ID stobililY code /5/ (see Fig . 2) . Thi. 
~p dr 

case is reproduced by our helical code when .etting h = 0, ?f= -0.4, T d, = 0, 

"I '" 5 and varying k from 0. \8 to 0 . 22. 

The grawthrotes r of the first three fu"dame"tal m '" I mode. are plotted versus k . 

The ,."ulh of Ihe helical ERATO code, plotted os (x) in Fig. 2, are ill y~ry good 

agreement wilh Ihe "exocl" solutiON (solid curves). 

The next .tep will be to calculate the eige","oluc. of fixed boundary modes for 

stroight 1 = I helical equilibria ond compare Ihem with results of an initial-boun_ 

dary .... alue code /6/. 

Coordinate Systems 

" 

Fig. \: Pla,ma cros.s-seclio" in 0 plane 
perpe"dleulor to the geometric 
axis z .howi"9 the variou. 
coordinate .ystemo;. 

Straight Screwpinch 

,m 

~ Compari.on belween the 
"exact" solution, calculated 
by THAlIA /5/ (solid CUNeS), 
u"d the results of the helleal 
ERA TO code (x). 

Thi. work has bee" carried aut in clme cooperotion between CRPP tausanne a[\d 

IPP Gorchj"g under the auspice. of EURATOM. 
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OBSE RVAT I ON OF POLOIDAL AND TO RO I OAL AS'lH? IETRY IN 

LINE EMI SS ION IN W VII - A STELLARATOR DISCHARGES 

W VII - A Team+ ) . presented by H. Hacker 

Hax-I'lanck-Instltut fUr Pl!l.smaphysik 
IPP-EURATm! II.sso.:1a tion 
0- 8046 Garching, F . R. Germany 

Abstc ;tlct: Space and time resolved me09lltement s of the intensi­

ty of line radiation of D, Ne, and the working gas have been 

made i n H- and He- dis charges . 11. survey of the main and 90me 

detailed features of the comrli cated pattern of asymmetri c 

profi l es and their orig i n are g i ven. 

During a long perIod of experiments ( _104 shots) the time a nd 

s pace resolved line radiation o f impurity and working gas i ons 

was measured in H- and He-discharges of t he ohmi cally heated 

W VII-1I. stel larator at two diagnosti c planes. At the hori­

zontlll port of plane) (1080 from the limiter) a 2.2 m grazing 

i ncidence monochromator (magnet ic multipl ier, 15- 120 nm) and 

a 0.25 m quart% monochromator (300-6 50 nm) with a mova b le 

mirror unit were used . By scann ing the a ngle of inc idence f r om 

70 to 880 on a shot-to-shot baS is, a profile could be obtained 

with a space reso lution of 0 . 5 cm over the entire pla sma cross­

section . A 1 m normal incidence monochrorna tor (cha nneltron, 

50-150 nm) and a 1 m grating monochromator (Joo- 650 nm ) on the 

horizontal (or by means of an a dditiona l mirror, the vertical) 

port of plane 7 (_180 0 from limiter) allowed radial pr ofi l es 

to be Obtained wi t h Q. 5 cm resolution of the 450 two mirror 

unit. Both systems (mirror unit, monochromator, detector)were 

absolutely calibrated . 

The elliptic cross- section of the W VII-A plasma is viewed at 

450 wi th respect to the major axis. The angular scan of t he 

light emission exhibits a natur a l asymmetry due to the ellipti ­

cal shape of the plasma . This geometrical effec t is taken into 

a ccoun t during the evaluation of the measured prOfiles; plasma 

current and external transform det e r mine the shape of t he mag­

netic surfaces . All prof iles shown in the fol l owing section 

a re transformed prof iles and s how t h e ligh t flux rpho t. cm- 2 . 

s -l. sr- l ] along a line of sight a s a function of minor radiu.'l 

r in circular geometry . The limiter is about IQ cm . 

As is wel l known f r om Ha-measurement s a nd side - on observation 

o f the limi t e r, s tro ng asymmetrie s, up to a f llctor o f 10, exist 

in t he r adial distribution of light f l uxcs . Thi s also 

happens in o t her planes around the torus with internal diag­

nosti C struc t ures . In contrast to this fac t resonance lines 

of higher i oni zation stat es of 0, C snd a dditional elements, 

such as Ne or Kr - observed in the VUV reqion - show only 

sma ll asymmetr ies within experimental accuracy (~ 1 0') during 

the stationary phase of a d ischarge (Fig.1) . Thi s Observa~ 

also made on PLT ( 11, was verified on W VI I-A in many cases 

by measur ing pr ofiles a t p l ane 7 with no add itional s tructure 

inside. I f asymmetries appeared a t !)hne 7 t hey were o f small 

order (a fac t or 2 qreater at the bot tom) in the profiles at 
wor k i ng gas l ines (H, HeI, Hell), whereas those of 0 11 to OVI 

showed an i ncreased light flux only up to a factor of 1_5 in 

the upper half of the profile. I n contrast to this al l pro­

files observed at plane J 111 , lIel, He ll , 011 to OVI) , where 

an internal structure i s only 10 cm from the por t , a re domi­

nate d by a bottom-to-top asymmetr y up to a factor of 5. In 

order to Simulate the influence of such inhomogeneities in the 

wa ll . a rod of Mo was mov ed into the torus through the bottom 

por t olIt plane 7. The Obse rved asymmetric pro f i l es of Hell, 

0111 , QV , a nd OVI, shown in Fig . 2, are quite simi l ar to those 

of plane 3. The top of the rod at r • 8.5 cm acts as a strong 

source of He a nd 0 as well. The light fl uxes exceeded those o f 

the unperturbed discharges (line density constant) by a factor 

of 5 . 

In order to study the location of poloidal asymmetry in more 

detail, radial profiles were measured in the samc plane 

through both the horizon t a l and the top vertical ports. Fig.) 

shows that the strong bottom- to-top asymmetry of Hel l-radi­

ation may be explained by an incre ased light flux in the lower 

par t ot the elliptical plasma cross-section , simulating a bel l 

shape distribution in the case of observation from the top. In 

addition a hori:rontal asytmletry was found_ The horizont ally 

measured profile of the QV-l ine is trapezoidal while the ver­

tically observed distr ibution is asynune tric and exhibits the 

usua l hollow shape (Fig . 4). 

The OV- pr ofiles, given in Fig . 5, wer e observed simultaneously 

at planes 3 and 7 . The dis tribution detected a t p l ane 3 is 

strong ly asymmetriC, while that of plane 7 is symmetric. The 

light flux, determined from the upper h.!llf in p lane 3, wa s 

equal to that from the symmetric profile of plane 7 within the 

error of absolute ca libra tion (~O" . In mos t cases when asym­

metric profilos were seen at both planes, difference s i n t he 

integrated light fluxes of 100 to )00 , existed . 

Up to now it is unknown which effect is respons i ble for t he 

asymmetrie s in light emission and which effect preven t s the 

i mpurity i ons f rom achieving a constan t concen tra tion on mag­

netic sur faces . The asymmetries mainl y occur in t hose p lanes 

with inhomogeneities of the wall. Increase of asymmetries 

toward s l ower ionization states indicates that t he i nhomoge­

neity of the neutra l component is the source o f the asymme­

tries . This idea is suppor t ed by the f act that i n H-discharges 

the asymmetries occur more often and are more pronounced than 

in He- dischar ges where recyclin9 from the wall is n ear ly 100\. 

The B x VB- d r ift of ions [2] can be excluded as an e xpla na t ion 

since the asymmetr y can chanqe its sign around the torus 

(Fig.4) and during the discharge as d emonstrated by the 

history of a OIII - line (Fig . 6) . The ini tial t op- bottom asym­

me t ry is reversed by changing the plasma current from 36 kA 

(16Q ms ) to 16 kA (2)0 ms) during the discharge . 

In conclus ion , the results presented above caut ion agai nst the 

use of quantitativto statements for radiation loss balance 

s tudies if no detailed spatial information is available . 
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Max-Planck-Institut fuer Plasmaphysik 
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series of ccmpu ter studies of the effects of neutra l injection Ilas 

been performed for Wendelstein VII A. This device is a ste llarator hut may 

be run also as a pure tokamak or as a hybr i d. 

The purpose of these studies is to optimize the parameters of the 

experiment as well as later on to be able to illterpret the results of the 

experiments on Wendehte in VI! A. Computations indicate that the efficiency 

of neutral beam injection may be greatly improved by the addition of a 

toroidal current ("hybrid" fie l ds) or with a sma ll ~ertic~l magnetic field . 

The efficiency as a function of injection angle and plasma parameters has 

also been studied. 

A brief description of the de~ice is as follows: Major radius· ZOO cm. 

Minor radius of plasma ~ 10 cm. Limiter radius _ 13 cm. The de~ice is an 

t • Z, m_ 5 stel1 arator with an -to - 0.23 for maximum current in the helical 

field Windings. The field on axi s has a ~alue of 35 kG for maximum current. 

For opera t iQn as a hybrid , the value of the maximlll!l onnic heating current is 

35 I:A. Space res tr ictiuns limit the maximum angle of neu t ral injection to 60 

to the perpendicular. 

The studies were performed using an extended ~ersion of the computer 

program FREYAl) modified to include stellarator fields2). This program 

first calculates the trapping of the injected neutral beam and then f ollows 

the subsequent ion motion by a guiding center calcuhtion. The Fokker-Planck 

equation f or the slowing down and scattering of the ions is sol~ed as fol l ows: 

The slowing-down of the ions is calculated by integrating the differential 

equation resulting from the usual s l owing-down time for ;ons . The scattering 

Is calculated by a Monte-Carlo method. The program is thus able to ca l cu ­

late the fraction of the neutral beam not ionized , the orbit losses , the 

charge exchange losses, and t he ene rgy delivered to the plasma. The energy 

given to the plasma ions and electrons is calculated separately. The spatial 

energy deposition profi l e is al so calculated . 

In the computer studies, the injector is represented by an B cm dia­

meter circle located 2Z3.5 cm frlJ1l t he major axis. The angular distribution 

of the neutrals as they emergy from the circular i njector face is such that 

t hey are uniformly distributed between! 70 in the vert i cal direction and 

! 1.530 in the horizontal. Since the ion beam consists of three species (H-+-, 

H;. and H;), there are three energy components in the injected neutral beam. 

Si nce high density plasm~s can be achie~ed more easily in helium, most 

of the studies were done for a neutral hydrogen i njected into a helilllll plasma. 

The plasma electron density is chosen so that f nedf . 2 x 10 15 cm-2 . The 

density and temperature ~ariat i ons with radius were ta ken f rom experimental 

measurements. The central ~alue of the electron density is 1.06 x 10
14 

cm- 3 

whil e the central ion and electron temperatures are 200 eV. The neutral 

density profile was fitted to measurements at the minor radius 6 cm 

(no - 3 x 109) and 10 cm (no. 3 x 1010) such that the radial deri~atiye of 

the neutral density ~anished in the center. The neutra l density was extra­

polated t o the 13 cm limiter radius (no ~ lOll cm-3). 

The helica l winding, of the stellarator give the orbits a different 

character fr(JJ\ those in a pure tokamak. The stellarator orbits are rosette 

rather thall circular or "banana " as ill a pure tokamak. The stellarator field 

also has loca l mirrors . The initial orbit los ses in the pure stellarator are 

from the orbit size rather than from local mi rror t rapping. However, an ion 

can be lost by sca t tering into a local mirror. 

Fig. 1 shows the efficiency of neutra l beam heating for a pencil beam 

in a pure stellara t or as a function of injection angle. Results obtained from 

two computer codes, FREYA and a code de~eloped by Dei-Cas 3), are shown and 

are in gQod agreement. For the case shown. the density profiles were taken to 

be parabolic and the temperature profiles flat. The resu lts show that high 

(80 I ) efficiencies may be obtailled for ang l es of injection ~ ZOo to the 

perpendicular. 

Fig . 2 Sh01liS the efficiencies of neutral illj ection in to stel1a rator alld 

"hybr id " magnetic fields as a function of the source ~olta!Je of the injection . 

In this case flat profiles were used f or both density and temperature. The 

single point represents a result for the pure stellara tor field with the 

addition of a 100 G vertical field and it can be seen t hat the i ncrease in 

efficiency is equiva l ent to that obtained using a hybrid field . 

The spatial energy deposition i s highly sensiti~e to the plasma pro­

files. It can be seen from Fig. 3 that the energy deposition profile is 

parabolic for parabolic temperature ani! density profiles (case a) whilst 

for broad plasma profiles (case b) the energy deposition is peaked near the 

edge. This difference is due both to the poorer beam penetration and the 

faster slowing down time at the edge for t he broad plasma profiles. 

Conclusion 

We conclude t hat the eff iciency of neutral beam heating for the 

Wendelstein VII A experiment should be of order 50 ,; but this could be 

greatly impro~ed if the inject ion angle could be increased . 
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Toroidal Plasmas, Varenna 1976 , p . 303 

G. G. Lister, J .E . Faulkner, t o be published 

R. De i -Cas , D. Marty. Fontenay-aux-Roses Report, EUR-CEA-FC-726, 

Jan. 1974 
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~.tAG!lE'I'fC SURFACES , PARTICLE ORBITS AND 

,~ EUTR/lL INJECTION IN CONVEIITIONA L AND ULTIMATE TORSATRONS 

O. T . Andez.-son , J . lI. Darr , T. Kruckewitt and J. L. Shohet 

University of Wiscon sin - Madison 
~Iadi&on. Wisconsin 53706 (USA) 

S . Rehke r 

l<!.!lx Planck Institut fur Plasmaphysik, G;uchin'l - bei-:iunchen.(FRG) 

and J. A. Ta t aronis 

courant Institute, New York University . New York, MY (USA) 

ABSTRACT . Capabilities in fully non- axi sr-etric numerical 
~h"ve r esulted in III pa rametric study of various conven­
tional ilnd ultimate torsa tro n confiqurations. NO superban"nas 
are found in torsatrons without local magnetic wells. lIeutra l 
injection calcula tions show tha t, if the vacuum magnetic sur­
faces are well defi ned , tangential i n j e c t ion i 8 very ef f icient. 

In a conve ntiona l toraAtron, the nature of the magnetic surfa c es 

arc well known 1 However , in an ultima te t orsa tro n, nested magnetic 

surface s are produced without t he use of vertical field compensat ing 

coils. This i s achieved by using a IlIOd u lated helic/l l coil winding 

1/110' of the forl!l • _ me .. osin. where 0 is the I!IC/dul;ation con s t ;an t . 

II n analyticai expression for an Cl which produces no net vertical field 

within the tOI'US was derived by ~urdon, et ;al 2 , as /I function o f 

the invel'se aspect r atio c : 

0analytic - t (log ~ - i) (t; < 1) 11) 

Numerical studies show thllt such va lues of Cl produce surfaces of high 

t r An8fol'm a t t he separ;atrix (typically 1- > 1) but often with mo r e 

than one ",agnetic ;ax is causing the formAtion of internal s op;a r atricies . 

The qualitative shape of the magnetic surfaces is pr incipally d e t ermined 

by aspect I'atio, t nUl!lber, and number of fie ld per i ods . Variations 

of a of up to 120' move the I118gnetic axis inward or o u twa rd in the 

radial direc tion but do not directly affect surface 8Mpe. It is 

found that an u ltill\a te torsatron of multipl icity t produces surfaces 

resembling those of the conventiona l torsatron of multiplicity 1 .. 1. 

In an 1 '" 2 ultimate torsatron this result s in ..agnetic surfaces ha ving 

both high shear and non-zero r otationa l transform on the magnetic a x is . 

for a 12 field per iod 1 '"' 2 ultimate torsatron with Cl .. . 63 (Fig. 1 ) 

well-behaved surface s are formed with the magnetic a x is located at the 

geometric axis o f the torus. tlo evidence of island formation has bee n 

f ound . 

+ 

+ 

Fig. 1: Magnetic su r faces and transfol'n profile i n a 12 field 
pel'iod 1 .. 2 ultillllltc tol'satron (a .. . 63, I: .. . 22 4 ) 

Orbit study and classification lIIust pl'ecede transport theory de­

veloplnent tor tOl's;a trons. O.,bit classifica tion is made on the basis 

of drift surface boundary intersections with flux surfaces. These 

curves are computed from t he condi tion E - uD .. 0 o n flux SUI' f a ce s , 

where E is energ y, u is magnetic moment, and D is the va lue of !"a gne tic 

field fol' whi ch pa rticle r ef lection occurs . Regi ons where B > Ell. a re 

i nacceSSible t o the par t icle . The o rbit classifications follow fl'om 

topolO<']ic"l variations of the forbidde n r egions as a function of the 

no r malized magne t ic r.IOment 6 "1.ao/E (f i gure 2 ) . The s u rface .. ecessi­

bili t y A is a function of the I'ippl e R(",), where. is the flu x and 

°lD4x( O) - Dmin(O) 

R(O)- BO'.' 

whcre 8 0 1. ) is the average 8 on the surface "' . 

The fi r mness of the assumed adiaba tic invariants, the magnetic 

moment a nd the action , must also be investigated for differen t orbit 

types. fI study of these qua ntit ies for 3 . 5 MeV alpha particles, using 

the Lorent ~ force equation of motion for vacuum fields, hAS shown good 

inva l' ia nce of the magnetic rr.omen t. The action, ho wever , has been found 

to be con served on a piece - wise basis only, for a s ignificant por tion 

of the trapped pa rt icles (Figure ). Th i s is due to the predominanc e 

of the transi t ional o r bit types in the torsatron geontetry. 

A rehted result is the a bsence of superbananas in the torsatron, 

which lacks t he closed helical rI\olgnetic wells fou nd in stellarators . 

Analytic pl'edic tions of superbananas are invalid due to the nOn­

conserva ti on of the action in the predicted superbanana regime. 

tleutral beam injection is the next large step that must be taken 

in the hea t ing of torsatron/stellaratot' type devices, especially in 

the light of dd f t parameter scaling previously reported on the Cleo 

stellarat ot' , and now repol'ted i n L-2. We have examined neutral injec-

FLUX SlllFo\([ AU{SS(B(LIIY 

IlUCAL l W'9 I~6 

~,"-----------~,--~--~,----. 
2'RITol I 1.UTo) 

Fiyur e 2 figure J 

tion into two large proposed devices, one a "classical" tor .!!& tron, 

and the other an "ultimate~ torsatron, usi ng a mOdified ver Si on) of 

the Dei- Ca.!! code . This code uSeS a single - partic l e g uid ing center 

PlOdel to f o llow the f a st ions down to thermaliza tion with the inehislOb 

of Honte-Carlo type collisions. It is fully three dilllensiona l in both 

o r bits and fields . 

The machine investigated had the fo llowing parame t e rs: 

Class ical : 1 K 3 , 16 fiel d periods, BT _ JOkG, R ., 306 cm, 

50 cm, • - me winding law 

Ult ima te: 1 .. 2 , 1 2 fie l d periods, aT .. JOkG, R .. 250 c m, 

56 cm , -t " mO + QSi n.:> wind ing law " .. . 63 

Simila r plasma parameters were a ssumed for the two devices: 

Te 500 eV N ~ 5 x 10
13

, zeff - 1 , N " 7 x 10-
8 

Torr. Ono of the 

bum parameter s studied wa s the in ject ion angle with r espect to the 

l!Iagnetic axis . I n both cases, the differ ence in e fficie ncy between 

tangential .. nd p e rpendicula r injection was d factor of ) -4, with tan-

gential beinq the "",510 effiCient . 

The r e ason for t hi s can be seen as follows : trapped particle! art 

poorly con tained compau:d to ci r culating pa rticles. Tangential injec· 

tion put! all of the pa rticle! in with a r e l atively Low pi t ch ang le . 

Since 1 51o\ol1ng dmm ~ 190'\;ca ttcl'ing for t he par ametel' S c hosen , most of 
the tangentially injected par ticl e s slow down before they are scatter ed 

into trapped s tates (Figut'e 4). As the angl e is moved toward perpendi­

cular, the velocity space angle to the trappe d s tates is r educed, with 

a corresponding reduction i n the amou nt of ener gy deposited befor e a 

po rti.:: l .. beeo"",," t:r<>.pped (rigul'o SI . 

These calcula tions show t;he illlportance of tangent ia l injection for 

a large, beam heated device, wher e effic iencies as hiqh as 94 ' can 

be ;att .. ined with tangential inj ection . 
::11<11 0" I..:Z 1' Ehl.,..· 1;><[" I'[" 1 'Jl Itr ~1I"'t""" Cl 
: 'ftkllC<[ t ) 

: I .' 
:1 

' r : , . r ' \ 

'~!C.!!!.J...l~~~~1!1 '052I.~" ' X I ~ 
F1g. 5 

'E.!..::l---.L..~/?g- 1' '' ' ~ ·.,ft ".M:. I." 
F ig . 6 

figure 5. Tangentia lly injected par ticle 
Figure 6. Non-tangentially injected p"rticle 
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OIiNIC HEA'l'mc DISCHARGES IN THE L-2 STELLARATOR 

WITH GAS pUPPDlG 

E.D.Andrjukh!ne , Ll.A.Bloch, M.S.Berezhetek11, I,5.Sbitn1kovil., 

G.S.Voronov. S.E.Grebenahchikov, K.S.Dyabl1in, O.r . Fedjanin, 
N.F .LerionovB , H.P.Lunin, S. V.Xladov, S.N.Popov, A.V,Khudoleev, 

Yu.V.Kholnov, l.S.SptgsI 

p.N.Lebedev Inatitute of the Acade~ of Sclencea 
of the USSR , Moacow 

Ohrnlcelly hested plasma with gee puffing was investigated on 

the L-2 etellarstor. The machine and plasma parameters are BB fo1-

lowSI the eteinlos8 eteel vacuum vesee l has major and minor radii 

a.100 cm and r-11.5 cm , the plasma mean radius 108- '1. 5 cm, heli_ 

cel winding 1-2, N-14, the vacuum rotational transform on the axie 

le -t- (0) '" 0. 165 and at the plasma edge 10 -t, (a).0.8, B-14 + 16 kG, 

lp.la • 22 kA and gae pufting ~a used in hydrogen dischsrgea_ Fig. 1 

illuetratss ths time biotory of the plasma parameters for typical 

di8chargeo both without end with ga8 puffing. With gas putfing 

(Pig. 1b) the plasma densi ty increaaed linearly with time while the 

radiation power Pwall 
The central electron 

plaema dens! ty up to 

a. 

grew proportionally to the eleotron density. 

temperature showed wsak dependenoe on the mean 

ne- 2.1013cm-3 and above thie value dropped 

Fig.1 

l~ 
20 

10 

t [ .. eel 
o 10 20 ;0 

200 

100 ~ 2g:: stati onary 

.. 10 msecl • 15 moeo gas puf':f1n{; 
• 20 I!I3eo 

o 10 

influx 

25 

20 

sharply (Fig. 2). 

The central ion t em­

peratura ohanged only 

negligibly with den­

sity and agreed ee­

sentially with thoue 

diocharges without 

gas pUffing. The in-

_::t. tenuity of soft X-ray 
r",-~ 

o,'---------"'Uor---------c2"ot---:n~.":x=:,0~-12 decreaeed monotonous-

ly with plaoma deneity. 

During the density increase no instabilitiee were observed but 

plaema resistivity increased . It is possible that the sa phenomena 

are cauBed by oooling of the plasme edge due to the influx of cold 

gae and impurities from the wall. The increass of plaema resistivity 

in L-2 leads to the change in the operation of the primary circuit of 

the ohmic heating transformer. The ohmic impedance becaoe equal to 

the reactive impedance and the primary circuit source cannot main­

tain constent plaama current. The high leval of radiation lossee and 

ths current generator impedance are possibly the main uppe r limit to 

the neutral fl ux and plasma density. The decrease in tho soft X- ray 

ulteneity while the electron temperature remaines conetant can be 

eXplained by decrease in impurity concentration in the plasma column. 

At firet oight, thie eppeare in contradiction with the observations 

at the increaee in the intensity of light impurities of the plssma 

edge. Theee phenomena can be conneoted with the diminution of slec­

tron temperature at the plasms edge , simulteneouoly with tbe increa­

eing plasma deneity but not the increase of impurities. Ths indepen­

dence of the central ion temperature on the plasma density does not 

agree with the Artsymovich formula. It is possibls that these pheno~ 

mene sre connected with the neutral deneity increasing and the incre-

83 

flux Pex' The measurements of the charge-exchange f lux (on the oite 

of the torus opposed to the gas pUfting pJt) showed that )0% of the 

ion power input were lost with charge-exchange flux. 

There appeara to be no deoreaoe in the central electron tempe­

rature at higher densities obtained with gas puffing into target hot 

plasma while the quaai-oteady-state diecharge indicate monotonously 

diminishing of the eleotron t emperature as the density grows. It 

seemo thet grose energy confinement time increasee with gae puffing. 

~l D.K.Akulina et aI, Fizica Plae~ i, 1022 (1978). 
~ V.S. Vlasenkov et al. Proc. 7th Ini".Conf. (Innsbruck, 

Clf-35-D-5. 
1978) , 

OBSERVATION OF SAW'l'OOTH FLUCTUATIONS IN OHMIC HEATING 
DISCHARGES IN THE L-2 STELLARATOR , 

M.S.Berezhetekii, S.E.Grebenshchikov, B.I.Kornev, J.H.Harris , 
I.S.Shpigel 

In this papor we report the result s of investigations of fluc­

tuations in OH plasms in the L-2 stellarator. Soft X-ray radietion 

along different chords of the plasma crose-section was detected with 

two movable silicon surface - barrier detectors. I n somo operating 

regimes in a well cleaned vacuum chamber usual sawtooth ooc111ations 

we~ observed. Fig . 1 shows typical radial distribution of amplitude 
4U If eawtooth modulations ot the eot.t X-ray flux. 

The amplitude of fluctuationshae the maximum value at the cen­

tre of plasma column, decreassa with radiuB and goee practically to 

zero at eome surface. Out of this ourface the amplitude of fluctua­

tions growo again and changes its phase_ Sawtooth period is 0.2-

0.3 msec and the amplitude increases with plasma density (Fig.2). 

Aseuming thet fluctuations of X-ray intensity is mainly due to the 

change in electron temperature we found that 

to 20 eV (Te(O) -

4 Te at the centre 

400 - 500 eV, of tbe plasma column is up 

ne .... 1013cm-). The radiuo of the surface at which the change in 

the phatl!! ot tltI"l;uot h fluctuationa took place at the given valuo at 

" 

1" o .I . 7 
Fig.1 

... ' 

. B . 9 1 .01 . 11.2 
Fig.2 

a confining magnetic field increased with ohmic heeting current(?ig .}) 

In the L-2 experiments wo did not succeed in the fluctuation 

mode analYsia due to the smell value of X~ray eignal. We analyeed 

the possibility of appsarance of eowtooth OBcillations due to deve­

lopment of m-2, n.1 mode at a resonance eurface with t~0.5. I t ie 

possible only at ths flat current density distributions and doea 

not agree with the measured electron temperature distribution . 

The appearance of m- 1 at the t.l surface r-4 cm requires peaked cur­

rent profile which may be due to the effect of etellarator-trapped 

particles on the plasma conductivity [2] • 

The thermal flux f r olll the plasma central part throngh the re~ 

sonsnce surface due to the sawtooth fluctuations gavs ~ 5 KW power 

l ooses that is 2~ of the ohmic power input in theee conditions. 

'fC..J/, 4 ••• 

; 
2 , 

Jj'i g.3 

o Lt! :? .9 1.1 1:3 1:5 1.7 I/B[kA.IkG1 

l1l D. K. AkuJ.iI1a et al.IAEA Plo,cllla Pbys. and Contr.llucl.F'usion & 115 (1976) 
[~ ~fj: _ ~~1n!-.~~ A~:.:~A! In.n:;bruck . CU-37-1! ...t~ ~J~7aj 
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'l~iE EFFECT UF S'I'OCHASTIC ELECTRIC FISLDS or' 
T,lAN!;;I't)RT OF WW CULLltlION FltEQU "·NC Y PLA.S!.IA I N TORSATROJI 

I'IITH A HIGH IW-LIeAL rlUlOOOGEttEITY . 

V. K. })U(;HA..'WV , P. la. Burcbenko . V. S . Vel tsoDJa, E. D. Volkov . 

A. 'tu. Voloshko , S . S. Kal1ntchenko , K. 8. Rubtsov ,S . 1. ::iolodov chenko, 
O. Ol . Suvets , A.F . Shtan: 

THE KHARKOV P1fYSrCAL-T':CHNICAL IN~Tl'l\J'R , 

;:'CAD . SCI . ,mill . SSR , KHA..'UWV, USSR . 

In t he 1:1 torsatron "Vint- 2o" [1 ] t ha l't'esence of high 1lIhomoge­
neities of 8 lII<l6netic field re s ults tn the increase of 10w-col11S10nsl 

clll"rentless plasma l osses and the anomal:/ of current-earring plasma 
electric conduct1vitJr at low e l ectr ic fields . Th e excltation in a 

plasma of n . F. fields with 0. broad 9pecLru.w. sives an appr ec iable 

effect in the improvelllent of plasma con1'i nelllent. 

Une of results of the neoclassical theoI'J' is an i n crease of trans -

port cooff1.cients du e to t he t r app i ng of sOll1e part of charged particles 

bot-.. een magnet i c field l ocal inhomogeneities : he lical ones _ in a 

stellarstor (21 a.cd l ong i tudinal on es - i n a tokamak[ :~i] . '.rhe roost sub­

stantial increase of l osses was detected in model exper1J;lents s t t h ose 

stollaratoro where helical inhomogeneities are especially high (4) . For 

exwnple . as seen f rom rig . 1 a . t he chan!{e of collision fre quency of 

injected ploelll8 in the 1=<1 torsatron " Vint- 20" reeulted in 5- fold 0, 
change ( "[ ..... Ye' ) of th~ lif etime . 

'l'he mrl a SUL'ements with t he cllL'rent- earrying plasma in this IIIBch1.ne 

show that rather strong a.DOIlIlll;l of e lac.t ric conductivity tokes place 

in the low electr ic field runse (1ow- co11i310nal regime of plasma 

diffusion) • 

Fig . 1b sho":e the comparison of <.lepemlences . on the electric field 

value, of plasos e l ectric conductivitJ' anomal;y , _q:,~~!!1 ,mllasured 
b~ • 5 _ . 
ot on ., 1.rius (curve 1) and Vi nt- 20 (curve 2) mach ines . M<lBnflt i c 

confi~rations of both machines differ in volues of magnetic field 

inhomogeneitiea a:;!eociate<.l .... ith tOl'oidal1ty (t t ) and helical 

curren ts CCh ) for the stellarst or Sirius et''' 0 , 04 and t'h"'O' 01 , and 

for the torsatron Vint - 20 It=U, 25 and eh=o, 65 ( for the outer _ 

most Iolacnetic surfaces) . 

The coinciden ce of <lependences Occ> .. e in the high electric 
E O~.p 

1"1eld range ( /E > 1 ) , where noises ar'l exc ited '"ith the electriC 

- " fiold strength £"'1 - 10 !."v/om 15 1. coul d be inte rp,'eted us the r esult 

of the effective collisionsl frequenc", increase due to this fluctus t _ 

illG noioc fi e ld . 

:Lt '.Il!i shown in tile ~te l lurator ~atUL'n [61 t hat che eXCitation 
o( 

in 0 pluslllaVfluctUo.tin8 elllctdc fieldS with a broad spe ctrum 

(Af- 2 HII .. ) L'esu l ted in uecrea:;ins: the effect ceused by traPged 

l, J,rticle s . 

'l'he ln iti:ll dota used fol' the eotimation of a gener1J.tor frequency 

rllllge for the Vint_20 tcrsatrcn ~).'e shown in F4;. 2: the radial de­

penuencel> of 11 plnsma ..lensity ( n rJ ) , quantit;y of localisod electr ones 

(On) and the frequency of elecLron reflections fr02l the local 

"'agnetic mirrors ( f e ). It is seen that t he total cal culated 

frequency l'lUl{!jo is L'sthor wide ( b.!,/fs:>:! f ), however . for a high 

iJor·tion of localised elec trons ( the volume "ith r,. 4 clII , Fig.2)the 

,liff9r enco of calculat'ld froquenc ies does not ex ceed ..... 1 t.lHz . As a 

result of thi s , it ,"ould be possible to have at this lIIachine a 

' siGni.ficant effect of transfaring of localised partic l es into 

passing ones in such conditions when the frequency rAn~e ~ f --.00 o~ RP ge~ 
nerator is quite narrow : -:. « 1 . 

. f 
Experiments were pert"ormed with a p l aslJIa produced by the ECn i n 

quasi- station ary conditions ( t he magoetron fre quency f.."" 2, 5 . 109sl!c~1 

t he discharge duration -=- 2 sec ) , and the effect of chllllgin. f ' 
o Pl a.8I:l. 

confinelllant was registered b,y the change of plasma d ens i t J'. 

For the fcittation o f RI' electric f i elds with a broad Spectt"UII in 

a p laslIla the pairs ot e l ement s .... e r e used. 'l'hoy were placed near Out ! r 

regions of the outermost lDaglletic surface in five (out of, thiM;een) 

mBt!;netic fie l d pel' i OO!; . As i n '10rk [ 6) , tho speotrum of eXcited os­

cillations i n a \)la sma differed s lightly from tb!t spectrum of tbe 

generator . 

TJlo lDeasurements show!ld:the effect of R.F . fie ld exc itati on t o 

depend bTeat.lJr on the spectrum of the RF generlltor and tho plaSl:la 

densi\;] . 'l'he best results were obtained when the mean spectI'UJI f !'t!quet. 

cy was approximate.lJr t wo- thre e times of the frequen cJ' found f r om the 

Simple e stimation , Fig .2 : r. t"" 8 MKz , l ~ 1a + 28 Wiz 
S fJP • 

The maximum change nf the iJ l asma <lens1ty dU!'ins HP f ield excitatio~ 

has baen obtai ned under minimum background pr essure ( ..... 10- 6t orr) 

... hen it ... as s t i ll pOl:\sible to maintain an !CR discharge . 

Th l! de pendence of WDp litudas of the e l ectric probe s igna ls obt3.1ned 

with ( ARF ) Md without ( Ao) !iF field excitation is shown in Fig . 3. 

It is aeen , that the "positive" effect v alue decre a ses very faet wi th 

the increase of plasma denlOl~ (11 0 ) , thtlt is with t he l.ncrease of 

the electron collision f r e'Juency. 

This fact , together with an optimum on RP voltage found, 1s an in_ 

dic ation that the effect of 1m9rovement of plasma confinement does 

not relate to the additional ionization of the background sas , but 

is causad by an untrappinr; of' :.ome portion of local ized electron 

into passill8 trajectories . 

1 . A. V, Georl5ievski1 at . a l. , ";id Intern . Symp . on Toroidal Plasma 
Confin . " , Garching , 1973 , paper D-11 . 

2 . B. B. Kadomtsev , O. P . POgutse , Mucl.Fus • ....:!.:! . 67 (1'171) , 
3. 'J-' . E. Strirl€isr, Ibld [ 1 ] • paper F1_1 . 

I~ . V. S. Voit::;en,ya a t 81. . IA~, Tokyo, 1 ')74 , vol. 2 , p . 63 , Vieenna , 
1975 . 

5. A. ?Bar:C:ov at Il l. , I b i d [ 1 J , paper E - 16. 
b. V. S.Voitsen,ya , et 0.1. ,"7th Suro,> . Conf' . 

Nuc:l. Fu ;3 . " , Pra&uo , '1 '!7'1 , .1 , iJ , '124 . 
on Plosma i'iI;),5 . and 

§~ 
: G ... 

" , 
' .,. 0., ' 

'.' I .. 

, 

z 

o ,. " J. 



BP31 
cURRstiT TURBULENT ION HEATING IN OODUL..A.TIONAL INSTABILITY REGIME 

A.ND CAVITON TRANSPORX DYNAMICS IN A STELLARATOR IN A" HIGH MAGNEl'IC 

FIELD 

N.F.Perepelkin, V .A.Suprunenku . A. S,B1avn,.. id. P.Vasil' ev. A.G.Dlk,y . 

V.D . Kotsubanov . B.V. Kravchin, A.E.Kulaga (Phys. - Techn. Inst. Aced . 
~ci • • Ukr .SSR, Kharkov , USSR) ; Ya .Shtockel (IPP, Prague, CZSSR) 

Identification of turbulent discharge modulational regime has been 
performed on combinative sp ec tra of thermal radiation of the cyclo­
tron harlaonic 2Wce and cplthermal sporadic radiation near Langwuir 
frequency Wpe. Tbe dynamics of turbulent discharge transfer into 
modulatlonal r egime and ion heating effect have been investigated. 

The nonmaxwell i an o~~ic beating of ions in stellarators and toka­
)!lWtS arises in strong electric field E-Ez,t agains t the background of 
intensive low- hybrid oscillations. The excitation mechanisQ for os­

cillations and the conditions of effective transforming of ~bulent 
anergy over to particles are not enough studied. For such lOW-densi­

ty discharges with l"Ull-away elec:rons !:;he "slide-away" regime teI'lll 
has become strong enough, here preference is being given to the in­

stability on the Doppler anomalous effect 01 • 
In the URAGAN-2 stellarator in t h e fields E" E.D~ t he growth of ion 

noise int~sity (JP;' results in disruption of quasi- stati onary electl"Qn 
acceleration. At low heating efficiency of electl"Qns the t ransv erse 

elec~ron temperatuI'en does not strongly depend on eloctric and mag­
netic field etrength . The contradiction implies the fact that !:;he 
increase of plasma ~bulization degree in a strong magnetic field 
leads to the decrease of plasma resistance. As a reSUlt! the plasma 

anomalous resistance depends on the magnetic field R-I-H..,~I and the 
noise energy i s effectively pumped over to ions. 

In the g iven work the regimes of ion heating and the dynamics of 
current discharge transfer in:o the strong-turbulence regi me with 
low impedance have been studied in order to identify instabilities. 

The dependences of various parame ters of ohmic heated plasna on elo­
ctric and mae;netic fie lds have been obtained for two 6asesH2.D2 at 
n~=const=6 . 1012cm-3 and H=5- 20 kOe on the basis of laser-T~ ; mic­

rowave T&~Pe measurements, and the spectra Wp~ ,2WPt' and 2.Wce ; X- ray r (5-
- 100 keV Ji spectroscopy and neutral charge-exchan~e atolllS - <t1;Tt> , 
as well as magnetic measurements of noise intensity- PWpt. 

Phenouenology of discharges in the stellarator is the following : 
in low Ul:/ Wpe and high (JQl> Wpemagnetic fie l ds the nature of anomalous 

Fi g .1 

resistance is different. In both cases with the 

el'Jctric field rise, near the threshold E"'E'.bl ~lJy~I , 
there takes place the excitation of noises ~pt 
and the intensity of hard X-radiation r both 
from the target in a plasma and chamber walls 
sharply drops. The stripping of quasy-s tationa­
ry acceleration of electrons does not lead to 
the stripping of epithermal sporadic UHF radia­
tion Wpe , its brightness temperature T~,e is ma­

ximum in the regime of noise excitation Ulpi... 

In an =agnetized plasma Wee -::;:; (Jpe from the 
data of laser scattering and thermal UHF radia­

tion Wpe , in the fields E> EU;tl't it i s observed 
a strong anisotropy of temperatures T~» T; , 
so that T~e '" T; - E at T! and ne=const. 
Fig . 1 shows the dynamics of discharge transfer 
ilito a strong- turbulence regime with the magne­

t ic field rise. It is seen that the excitation 
of epitherJnal sporadic radiation (Jpe and ion noises Wpi , the change 

of uno!nalollil r(:sistance R nature, the drop of theroal component of the 
pla:Jma Ufu'" radiation Tf,~i'e aIld the associated with it jump of the drift 

Puro.o~ter U/lJre take place in the field E,.. E~l near the threshol d 
Wr~p~ I . The exponential gro\,th of total energy of ion hot cowponent 

<n(Tt) with the supercritica! iJagDetic field rise is an eSSential fact. 
I II thi::; case th<:l three- temperature energetic ion sp(:ctra arise, and 
with the :n<Jtjn(>tic field increase a nllillber of particles and their enc:r­
gy grow . The spectra of synchrotron 2U\:e and epither mal Wpe radiation 
allow to draw a number of i mportent conclusions about turbulence natu­

re and thr: extent of eneLb:Y localization in the 10\'I-hJbrid frequency 
. range Wt.=Wp~{i+W~/[J~er~z_Wpi. ' In fact , the bum-

TkltVI ping of run-awa:y electrons with the electric "'[lJ' field rise leads to instability stripping on the 
anomalous Doppler effec t and to the v~~ishing 

lIn ·0. of transient synchrotron spectrum with the cha-

J~ I rncteristic " red" shif t W<2Wce' .r.n anomalously 
D ~/V ;: ~. broadened stationary combinative spectl'Ulll arises 

Qg 1.0 ~ U near the frequency 2G.lce • As s een from Fig. 2, 
1W. its fine structure depends on the gas mass, as 

Pig.2 frequ ency intervals between satellites are equal 

:ll> , 
lO' 

t, 

~o ~""o,'o.:o> L'...C'-;o" 
£ Iv·,.,'] 

Fig. 3 

85 

to flU) =- 2W p i. ; 

Her e the dashed path show:; the magnetic broa­
dening in a stellarator in a radi ation detec -

tion zone where L\H/H= 1. 5%. 
The epithe~al sporadic radiation spcctruc 

where strong energy concentration n(>ar the 
Langmuir frequency (Jpe is observed is quite 
typical [2]. The harmonic rat io in the spec­

trum is P2Wpe/R .. :3(tyt<.Yl{tMt3.W·I". which accor­
ding to [3J, allows to estimate redistribution 
of oscillation energy in a plasma in a wide 

frequency range • .\9 the scale of ~bulence.2 
satisfies the condition K <Ko~ Kp =Wp"1lJri' at K~3.10 ~b 
and it can decrease only with the density rise 
of Oscilla t ion energy due to energy pumping 

over to n long-wave reg ion, s o even for small 
changes in K.;<K.l>/2, the density of ions 05c11-

lation energy greatl:y exceed the density of Langmuir oscillat i ons 

WC> 10\.1(. 
Investigat ions ahowed that in the high magnet ic field Wce",Z,2Wpe 

the ratio 'rhfwt depended on the electric field strength and ~he num­
ber of ac cel (wated electrons which can, fo r example, appear l.ll a for ­

plasma with low fi eld strengthE~Ellt' and then their bumping in a tur­
bulent phase at E :>Elll takes place . Fig . 3 shows the dependences of 

Wt/wt ,PWrl and r on the electric fi eld in 

the bumping t(=200 r sec and t urbulent t2 = 

Fig • .If. 

400 r sec discharge phl1ses. It is s een that an 
exponential decrease of X-radiation intensity 
t< 100 keV in - t he bum.ping phase t! (when the 

noise level PWrt is 101'1) correlates with the 
intensity decrease of Langruuir oscillations 

Wt/Wt"'" 10 2 .,..1 • In th6 turbulent phase tz when 
hard X-radiation t>10 keV does not exist , t he 
6xponential ris e of ion noises PWp,- atabilizes 

the ratio at the level Vhlwt<lO-1 . The esti­

mation of Langmuir turbulence extent from the 
dati:'. P2W?e gives the value which is much leas 
than the threshold of IQodulational instability 

el/:citation (4] : Wt/nT <<: (~Kf - 10-3
• 

At t he samp- time , e high radiation level on plasma frequency 
Pw - 2.10. 6 W·cni3 can be well associated l'Ii th the phenomenon of cavi ­

tat~~on in low-hybrid epectrum range , as Wt/nT> ('7KyeJJClYwpQtiMt' 5.10·~ 
The combinative spectra of the synchrotron 2Wee (Fig. 2) ond epi­

thermal Wpe radiations are the confirmation of the give~ hypo t hesie. 
Fig.4 shows the fine structure of sporadic bursts near Wpe fo r vari­
oue gaees and plaSCUl densities: He Cne:::;,2.1O'2cm!» . Dz. and Hz 
(ne~6.1Dt2.(m-3) obtained during 5jJseo. Her e the minimum frequen­

cy shift between eatelli tee ia equal to AW ~ Wpt • The bosic ra­
niation power is enclosed in a doublet of linea I'(i th frequenoy diffe­
rence 2.o.[J::= 2W pi. • 

Thus , it hae been stated that in the elp-ctric field E:> £~t the 
stripping of quasi-stationary electron acceleration in the URAGAN- 2 
stellarator is caused by the ey-citation of inteneive ion oscillati­

ons, the ~nergy of which is much more than that of Langmuir ones WL»Wt · 
Under conditione of plasma magnetization , when Wee> Wpe ,this pro­
babl y results in formation of IOW- hybrid cavitons With the scale 
Ko <: KDh • 

The turbulent dischnrge transfer into t he modulational re~i~e 

near t he threshol d Wcelwrt 1 i(l followed by an effective hcatine 
of ions and electrons from the tail of their energy dis tributions. 
Along with etationary perturbations of plasma dsnsity and a magnetic 

field which were observed earlier in these conditions [2\ , the sta­
tionary combinative spect rum of t he synchrotron rediation 2Wce±n2w~t 
and sporndic bursts near the frequencies Wpe.±'hW6 ; W-w(.~ 
and 2WrI. are the direct indication to the modulational Instahili ty 
excitation in the low- hybrid Bpect~un . It is the modulational proces­
ses in the low-hybrid spec trum which lead to production of fas"'; ion::; 

and electrons and whioh can be th~ reason of radiati on of combinative 
spectra (Jpe and 2 Wee' 

I t is Sllppoaed that due to cavi tation the longitudinal tra!lsport 
increases and the anomalous plasma reSistance drops \·,i th the mar;ne­

tic fie l d riee . 
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PLASMA- WALL INTi,RAC'l'Iml STUDY IN KJiARKOV 

S'£3LLARA TORS 

A.B.Blank.V.S.Voj taenya. ~ .D.Volkov.A. Yu.Gribanov. 

A.G ,Dikij , i':h.S .Zolotovi take.ya.E .U . Latsko, V .F . Rybalko, 

V_P.Samoilov,S ,I.Solodovchenko 

The analysis of vacuum chamber inner surfaces of the 
Uregan-2 and SiriUB etellerators showa that strongest plasma-wall 
interaction 1s realized in the regions cl08e to the aeparatrix 
apexes where the major plasma flux to the wall la localized , 
~hich azimuthsl distribution has been meaoured by means of epecial 
multilamellar probes. 

From year to year the importance of plasma-wall interaction 

etudies in the fusion program is growing. 'this type of study is 

usually carried out I'll th tokamaks and special devices r 11 but 

there are practically no results obtained for stellarators though 

plasma wall interaction here has some peculiar! ties. In tbis paper 

we report some experimental results concerning plasma-wall inter­

action in the stellarators Uragan-2 f 2] , Saturn [) 1 and Sirlus f 4 1 
of the Kharkov Physico- Technical Institute. All these devices sre, 

so called, "classical" stellarators l'I'i th 1=3 helical windings. In 

Table 1 the parameters of these devices and ranges of ne and Te 

under principal operating re9imes ) are shown . 

The measurements, performed with special multilamellar electro-

static probes, indicate that plasma fluxea to the vacuum walla of 

the Uragan-2 and Saturn stellarators are concentrated near apexes 

of the sepsratrlx (Pig.l). The apexes,as it is known,are placed 

under helical conductors with t he current direc tion opposite to t he 

main magnetic field. The halfwidth of aZimuthal distributions is 

only an insignificant portion of the minor perimeter of the vacuum 

Chamber, for the Saturn stellarator ~1/20, for example. 

At the same time, plasma flux values between separatrix apexe s 

do not exceed 1% of maxilllllDl amplitudes shown in Fig.l. When 

comparing values of plasma flux to the wall at different positions 

of sepsratrix apexes one can see that there ie a conSiderable 

difference between those of them directed to the inner and outer 

torua perimeters (apexes and 4,respectively, in the insert of 

Pig . l). This difference is due to ths toroidal inhomogeneity of 

magnetic field. 

Thus, our measurements indicate that plasma-wall interaction 

regions in stellarators arn restricted of by rather narrow helical 

bands placed under the "negative" helical conductors . The denaity 

of plasma contacting With the surface, due to strongly localized 

plasma flux8s, lllUst be rather high. Evaluations made for the "Ura­

gan- 2" atellarator give values r",~5. 1 017 cw- 2 sec- 1 for the plasma 

flux and 11",~5' 1010 cm- 3 for the density of plasma in contact with 

a Burface. 

The analysis of the vacuum chamber walls state in Uragan and 

Sirius, made of stainless steel, af t er several years of exploi ta­

tion ahows that areas of the heavieat erOSion coincide w1 th plasma 

flux outlet regions. The main reason for the erosion is unipolar 

arcs. In some regions of the Sirius vacuum chamber the density of 

arc tracka is so high t hat they are overlapping and form almost 

continuous strips going helically juat under the "neentive" helical 

conductora (Fig.2). The arc tracks cover k10% of t he total surface 

area of the vacuum chamber and the density of arc tracks on the 

outer perimeter of torus is much higher than on the inner one , as 

Fig.3 ahows. The difference is lllUch g reater than the difference 

between plasma flux amplitudes measured in the Uragan-2 and Sa~ 

stellaratora ( Pig.1). 

The arc length varies from aeveral mm to several cm and the 

longest tracks (up to "'10cm) are observed on the outer part ot th~ 

straight sec t ion of Uragan-2. These long tracks appearing hare ~ 

aScribed to training discharges. 

We estimated the formation of ~ 10 arcs and the injection ot 

"'5. 1016 metal etoma per di h A I i th h m1 a sc arge. ne. ys ng e c e cal CO~tt, 

tion of a deposit on the slumina break (Table 2) one can Sse th4t 

only small portion of metal atoma arrive into the plasma 

distributing all over thp. surface of the vacuum chamber. 
SUbsequentlr 

This tact 

is in agreement w:i th data obtained from studies of the compoSit1Q~ 

of sputtered matter in the vacuum arc [5 1 : the major portion of 

sput t ered products i s distributed along the electrode surface in 

the form of small metal drops. 

The peculiarities of plasma-wall interaction described abOve 

(in particular, very strong localization of the interaction region ~ 

near separatrix apexes) are typical of a stellarator configuration 

when the magnetic limiter plays an important part in the fo~tion 

at a plasma volume. Consequently, transferring the zone of the ecti" 

plasma-wall interaction into a special burial chamber (e . g . by mUll! 

of torsatron configuration With a divertor (61) and the use of 

special measures to suppress the arcing there l11 can guarantee an 

essential decrease of impurity content in a plasma. 

Evaluations made for the torsatron Uragan-) [8 J show that in 

this case even the unloading divertor (with efficiency 90%) Will 

give quite 101'1' metal (Fe) impurity concentration in the confining 
f1 F~ 4 

volume: ~ ). 10- by the end of a discharge pulse. 
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RAIHAL TRANSPORT IN THE ELHO BUMPY TORUS IN COLLlSlONLESS REGIMES· 

E. f. Jaes!!r, C. L. Hedrick. and D. A. Spong 

Oak Ridge N(lUonal Lab()~atory, oak Ridge . Tenness"e, USA 

lnnoduction: Fully classical, thermally stable ~olutlons for radial 
transport in the ELHO Bumpy Torus (EBT) have [",,-ently bee n achieved in the 
collisionl eas electron regime by changing the trear"",ot of the cold neutra ls 
at the pias"", edge [lJ . Previous one-dl""'Mional (I-D) radia l t rans por t 
calculations for EBT have a ssumed a variabl e flux of co l d ne"trah at the 
plas..a edge determined by instantaneous reflux of [nroidal pIllS"'" particles 
at the wall [2]. This assumption gives thermally unstable solutions [0 the 
I-D radial t r anspon equations [).~J for EBT in the col11aionless electron 
regime, "here exper i ",ents apparently operate stably [5]. An alterna te 
boundary condition has nml been ~pplied th~t ~8S""""S constant flux of cold 
neutrals at the plasma edge. Thh provides a negative feedback mechanism 
to limit thcnnal cx"utaions by reducing t he power deposited per plasma 
particle [ I ]. 

Transport Coefficient s: I n these calculations dif f usion is assumed to be 
neoclassical. Direct, or nondiffusive, losses arc neglected. Transport 
coefficients inc l ude Imlest order effects of velocity space regIons "here 
poloidal drift frequencies are s"",ll [2,6]. For particl es t hat experience 
cancellaUon of electric and "",gnetic d r ifts in the bulk of the velocity 
space distribution (ions in EBT), the flux is domina t ed by slololly orbiting 
particles on nonci r cular drift orbits . In the mode r ate collisionality 
(p l ateau) regime , this gives tra nspnrt coefficients independent of colli­
sion freque ncy [2 , 6 ] . Specifically , the plateau result of Eq . ( 14) in 
Ref. 2 is used for ions. Fnr particles tha t do no t experience such a bulk 
cancellation of drifts (electrons In EBT), the flux i9 dominated by par­
ticles with large poloidal drif t frequencies and nearly ~ircular orbits . 
For convenience , the l arge ele ctriC field result of Knvrizhnykh [7] is us !!d 
for electrons . Conservat i on of cha r ge requires that enhanced ion particle 
losges in the plate au r egi .. e increase the radially inward poin ting electric 
field, t hu" b r oad!!ning the regime in which such negative electric field 
solutions e"lst. 

Rttdla l Transport Calcul ations : Stability resulta for two ncut r a l boundary 
conditinns are illustrated in fig . I , which sholols radial profile~ of 
plasma density n , ambipo l ar potential fj., ion temperature Ti ' and electron 

temperature Te at 4- 019 time intervals as the 1-0 transport ca l culation 

pr()ceeds fro .. the initlal parabolic profil es at ti .... t .. 0 to the colli­
slonles .. electron regime. The calcula tions in Fig . 1 are fnr typical 
EBT-I para .. !'.ters IoIith 24 mirror sectors, plasma radius a .. 10 CII , major 
radius "'r .. 150 cm , bounce-aver aged magnetiC Hel d on axis Bo " 6.4 kG , 

cold neutral energy Eo " 0.5 cV , e l ectron ring b"ta 110 " 37%, lIicrOlolave 

pOloler a bsorbed by toroidal electron9 P ~ - 6 kW, and pOloler absorbed by 

t oroidal 1nns P
b 

.. 0 kW. At the edge , r .. a , pl asma density and tempera­

ture are fixed at n " J x 10 10 c .. - 3, "nd Te .. Ti .. 13.5 eV . 

In fig . 1(a), the flux of cold neutrals ~t the pl"sma edge Is assumed 
to be determined by the toroida l plasma through instantaneous r eflux of 
p l asma particles at the IoIall. I n this approxllM.tioa the tota l number of 
plasma par t icles remains COnstant i n time. In the collisionle9s regi""" 
energy con t al",.ent tillle increases with electron temperatur e, and for a 
~onstan t tntal number of particles , there is a net ponitive feedback, 
causing e l ectroo temperature to becnme arbitrarily large . SteadY-9tate 
solu tions eXisr H the temperature depende nce or [he energy li!erime i9 
modified artificially at low collisiona1ities 12). 

In Fig. l(b), the flux of cold neutraIs at tne plas"", edge la auumed 
constant independent of toroid a l plasma parameters. Such a boundary con­
dition Is app r opriate if reflux from the wall occurs on a time s~a le that 
is 510101 compared to the energy contain""'nt time . As the tempera tu~e and 
lifetille Increase, so does the total number of particles, thus reducing the 
pawer depol<ited per particle . This provide" a negative feedback mechanism 
that limits the therma l excursion and yields thermally stable results in 
t he regime of the experiment , Le . , collisionless elec t rons IoIith negative 
el"ctri~ fields . 

Figure 2 sho"s thermal l y 8tahle, steady-state solu tions IoIith constant 
edge neutral flux as in Fig . l(b) and 8 kW of pmler deposited in the 
toroid"l p l asma . In the solid curves all power il< nssumed absorbed by the 
elect r ons (P~" B kW , P

b
" 0 kW) . In the dashed c u rves, oae-fourth of the 

pnwer is assumed absorbed directly by t he .ions (P u .. 6 kW, P b .. 2 kW). 

Edge neutral pressure is varied as a parameter along the curves . In all 
cases the shape of the potential is such as to produce a negative or 
radia lly inlolard pointing elec t ric field [3]. I n Fig . 2(a), st~ady-sta te 
values of e nergy containment time 'E and "lectroa and ion tempe r atures on 

axls are plotted vs central pIa .. "", density. In Fig . 2(b), the steady-state 
produc t of energy cont"inment time 'E and central electron temperature i" 

plo t ted vs electrnn collisionallty ve / llo , e On axis. TIoIo distinct <:01l1si"n­

ality regime9 a r e evident I.n Fig. 2 . In the colHsionnl regime, 0E varies 

as T~7/ 2 , and edge ne utral pressures are high. In the collisionless 

regime, 0E varies as Te llz, and edge neutral pressurcs arc low. Also, in 

the cnllisionless r"gime density, temperature, potential , and lifetime all 
increase IoIith decreasing neutral pressure [I], as observed experimentally 
[5 ]. A diHcontinuHy in the variation of T 1 with n occurs IoIhen cancella­

tion of po l oidal drifts beco"",s possible for thc ...... l ions at some radius 
within the plas.",. 

Th" eHect of direct ion I,eatlng is shololn by the das hed curvel< in 
Fig. 2, IoIhere one-fourth of the powcr is absorbed directly by ions . In 
this Case for the same pla~ma density , both energy containment time and Ion 
temperature increase. Also, for the same electron colUsinnallty, the 
prnduct o[ electron temperature and energy containment time iacreases IoIith 
direct ion heating. 
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Fig . 1. Plasma profiles at time intervals lo t .. 4 ma for t"o 
neutral boundary conditions: (,,) constan t total number of plasma 
particles ; (b) constant flux of cold nelltra19 a t the plasma edge . 
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ment scaling "Hh electron col l isionality for t he boundary condition 
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I\ccumulation of Impurities 1n the 
High Density Regime o f ?ULSATQR 

\~E ~~i~~~:r~~ ~o~· ~!~!~+) ~ . ~~~~~~~;d~: F~~~~~~r: . g~~~~~~~ ~' 
G. Lisitano , H.M.~layer, D.~!ei sel. H.~!urmann, F .Uagncr 

Max-Planck-Instltut fUr Plasmaphysik , EURATON-IPP 1\850C . 
0 - 8046 Garching . F.R.G. 

I. Introduction: The accumulation of impurities as predicted 
by neoclassical theory has been Observed in the high-densi t y 
regime o f Pulsator /1,2/. The e ffect was deduced frOlll the time 
evolution of the signals from an X-ray diode array which inte ­
grated over the spectral range from photon energies of I to 
10 keV. In order to investigate the effect at lower photon 
energies as well, we extended the spectral range of the diodes 
down to 100 cv . The results, which conf i rm the accumulation 
hypothesis, are presented in Sec .!I . A systematic parameter 
study of the conditions leading to accumu lation was performed . 
I t showed that the accumulation depends on the density bui l d - ul=> 
the plasma position , and the safe t y factor q(a ). The results 
arc given in Sec.III. Finally , an attempt is made in Sec.IV to 
e xpla in all observed features o f the accumulation e ff ec t in 
terms of a model which includes the interact i on o f neoclassicai 
diffusion and anomalous transport caused by sawtooth activity . 

IJ. S ctral Resolution of the Im ur it Radiation Durin 
Accumu ation: By means 0 X-ray diode s it is possi e to 
measure the radiation over a la r ge spectral range. A rough 
spectra l resolution can be achieved by placing different Be f oils 
in front of the diodes. Using five different filte rs (0, 0. 5, 
2 , 12 .5, 251-'m Se i n addition to 0.02 ..... m Au on the diodes), we 
obtained five spectral channels by subtracting the tran smission 
curves of t he individual filters . The half-widths of these 
spec t ral windows are indicated in Fig. 1 . The radial in t enSity 
profiles with different filters were take n 1 ms a s well as 
20 ms before disruption o f a I = 60 kA, Bt-2 .7 T di sc harge . 
After Abel inversion of the !n~ensity prof ilos the emissivity 
measu r ed by diodes with d i f farent fil ters is subtracted in the 
Sll~ way a s t he filter curves and normalized by the integrai 
ove r the transmission curve of the s pectral window. The result­
ing spectra are displayed in Fig . 1 for five radial positions. 
For reference we have inCluded the slope of a bremsstrah l ung 
spec trum taking the measured electron temperature. It is obvi ­
ous that t he se spectra depend on t he plasma r adius, and that 
they are strongly dominated by line emission . Comparing t he 
two points in time, it is seen that the whole spectrum peaks 
within r:!: 4 cm <"It tho disruption . This effect is not d ue to 
peaking o f the temperature o r density of the elec t rons, as 
shown by the Thomson scattering measurements. It is ver y l i kely 
that an accumulation of iron , which has many lines between 0 . 7 
and 1.2 keV, is responsibl e for t he emissivity increasa in the 
centre of the plasma. It canno t be excluded , however , that oxy­
gen with s trong lines at 0 . 57 keV and above 0.65 kev accumu­
lates, too. 

Ill. Cond itions Leadin to Accumula tion : It ha!! been repor ted 
in 1 that the a ccumu ation Can be controlled by the hydroge n 
influx . In o rder to investiga te this effect sys t ematical ly, 
the gas i nf lux wa!! p rogrammed in such a way as to yield con­
stant dne/dt. It was found tha t t he c r itical density at which 
accumuiation occur s depends on dne/dt, as shown in Fig . 2 . 
Be l ow a cer t ain threshold densi ty of 5x 1013cm- 3 no accumuia ­
tion is Observed. \i1th increasing dne/dt the critica l density 
for accumula t ion rises. !n these cases t he sawteeth disa ppear 
when ne crit is r eaChed and 5 t o 20 ms l a t er the discharges 
d i srupt probably because of an unfavourable curr ent density 
profile characterized ~y ~(0) ,.1 /3/ . Above a thr eshold in 
dn e/d t of 1 . 8 X 10 1 5cm- s- accumul ation is no longer observed . 
The saw t oo t h activity continues until the high density limi t 
/1/ is reached. 

These results refer to well centred dischar ges . If the 
plasma is Shifted inward or ou tward by mora than to.5 cm, ac­
cumulation is prevented and the discharges disrupt at 
ne < ne crit without the sawtee th disappear i ng. High current 
discharges with q ... 2 . 8 show a w.,aker tendency to accumulation. 
The sawtooth a ctivity is much stronge~ in these dischar ges /1/ . 
The increase of the diode signals before disruption is moder­
ate and tt-,e time between the l a st i n te rnal and the main dis ­
r u ption is too short in order to dec ide whether q (0) > 1 has 
been reached . 

IV. Transport r·\odel : I n the absence of temperature gradients 
the impurity flux wIth ionic charge Z may be written as 

r I "dn H n 1 () nI 
I x Dneocl (zn I n;; ~ - ,- ) Danom ~ 

The firs t term descrIbes the neoclassical diffusion where the 
inward convection dominates for peaked proton density profiles. 
The second term is due to some anomalous transport mechanism 
which [l roduces an outwa rd (lux . As Dneocl is propo rt ional to 
nl[ and Dario is probably pr opo rtional to nH- 1 , it is clear 
that accumuTation can only occur a bove a ce r tain c ritical den­
sity . This is in accordance wIth the experimentally fo u nd 
threshold density fo r accumuLation (Fig . 1). It is diff i cul t 
t o unders t and , however , why nec rit increases with dne/dt and 
why the accumula tion devolops on a short t i me scale during 
which the density va r ies insignificant ly . These findi ngs may 
be explained qualitatively as follo~1S : The sawtooth activity 
usually pr events accumulat i on in two ways : It inc r eases Danom 
and flat t ens the proton density gradient in the centre. On t he 
other hand , the accumulation has a tendency to prevent sawtee th 
bec<:luse it increases the central resistivity with a conseque nt 
reduction of the current dens! ty and an increase of q (0) . Bo t h 
effects, sawtooth activity and accumulation, counteract each 
other . Whe never the accumulation is strong enough, the saw teeth 
will disappear and the further development of the accumulation 
pro::ess can occur unhampered on a s hort time sCilIe . If sligh t 
changes in the plasma parilmeters f a vour ilccumulation, it will 
therefore prevaIL. On the contrary , if t here exist condit ions 
in f a vou r of sawtooth activity , accumu lation will not be ob­
served . A stronger influx of hydrogen , for example , may coo l 
the edge of the pL asmll to some degree with a consequent slight 
peaking of the current density and a reduction of q(O ). In this 

+)00 leave flUll Plasma I'hyscis l.aboratory , Princetal University 

case a higher c r itical density WQu ld be necessary. so that ac ­
cumulation can overcome the outward transpor t c a used by the 
sawteeth. This picture fits to the fol lowing experimental find ­
ings; 

sudden occurrence of accumulation 
depend e nce of necr i t on diie/dt (Fig. 2) 
prevention of accumula tion by an influx of krypton /1/ (edge 
cooli ng) 
weak accumulation at low q dischgrges / stronger sawtooth ac­
tivity) 
prevention of accumulation by plas~ displacement (reduction 
of q, edge cooling by impurity release from the wall) 

V. Conclusion : Spectrally and radially resolved measurements 
Of the impurity radiat ion show a strong radial peaking of the 
emissivity in the whole spectrum at constant or decreasing 
electr on temperature before disruption . The most obvious ex­
planatIon is an accumulation of impurities (probably iron) i n 
the centre of the plasma. Other observations concerning the 
exper imental conditions fo r the pea ki ng of the emissiVity are 
cons i stent with t his assumption . 

Refer ences: 
111 W . ~ngelhardt et al., 7 t h Int-Conf . on Plasma Physics and 

Contr . Nuclear Fusion Research , Innsbruck 1978, lAEA-<l+-37-AS. 
/2/ W.Engelhardt et al., Proc.of Symp . on Dis ruptive Instabi_ 

lity in Toroida l Devices, Garching, 1979, to be published 
by I AEA. 

/3/ G. FuBmann e t al ., MLlmitation of the Electron Density 1n 
the Pulsater Tokamak-, this conference. 

Figure Capti o ns: 
Fig.l : Spectrum of the er.1issivity of the plasma on five 

r ad ii at two points in t ime measured by X-ray dio des 
with different Be filters . 

Fig.2: Dependence of t he critical mean density fo r accumu­
lation on the density r i se 
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D2.2 
FLUX AND ENERGY or DEUTERIUM INCIDENT ON A LUIITER-LIKE PROBE IN PLT 

c . n. ~IcCracken; S ..... Coben, H.F. Dylla , c .w. H:"ee+, S.T. 

S.H. ROIIsnagel, W.R. WII .. ple~ 

Plas ... Ph),d". Laboratory, Prlnc" t on University 
Pdnceton. N.J. 08SU USA 

. 
Pte.r .. ",. , 

Introd .. c tion. In tokamaka , the energy distributions of ions a nd neu[rals 

.triking "urf",,-es o f the vac" .... cho .. ber are L..portar,t parllllleters In the 

overall po ..... r balanca and bopu r ity generat i un p[~esseG. Fur thenaor e . 

the ene r g ies or the hyd r cllenu, pankle, det"noln .. the ""turat lon h.vel 

o f hyd r ogen iso t opes In the ",all . and hence the trHi_ invent o ry In nT 

devices . Data on the enersy distribution are /lvllUabl" for """,t[als at 

high energies from ,nipping cell ana l yz"[ I , but the r e Is littl e duta On 

10"8 or 1010> energy n.ut~al. . The ener ll i e. of ions cannot 81111ply be de­

dllC~ fro- ph ...... pa~allOlI!ters a s the 10n en ergy may be lIOodified by shi!.:J th 

potentla1a befo r e n~lk1ng the "",11. Ifew teChniques for Iteaauring the 

energy o f hydrogen hotope. have been propo.ed based on depth d1st~ibut1on 

and ,atvration trapping value nf the 10 na 1IBplanted in carbon and a Ulcon 

collec tora [1[. SOIIIf> experimental r " .. uIu hllv" been repon ed for TFR [2[ 

and PLT [)[ . The p r .aent paper report . the energy and (luenc e of deutHiull 

liS n function of rsdial posit i on .:Ind evalurtea the rnle nf theae partic l es 

In power balnnc. and lnIpurity gelleratlon . 

Expert_nt. " aet of ca r bon a ne.' lI ilicon .altplell were ltO"nted In PLT on a 

, r ounded. rotatable cy lindrical prohe behind a ahield which had 3 ItIl Blits 

on both t he ion and el ectron drift sides . (Fig. 1). The a""p l e . we r e 

politinned o n the t o rua mid - plane. wi th thoBe ne.:lreH the plasma being ju s t 

at the p081tlon o f the ""tlide limiter (~5 c.) . Th08e furthast f r o. 

the pIa_a ve r e behind the nOltinal wall poaltion (50 ell). The ph .... a r"diu" 

..... detenained by t op and botto. carbon lIuahroooo I h,Her s at r -1 40 Clt . The 

horizontal position of the plas"", center va. feedback s tabllhe<l at R - 131 

! 2 CII ( Fig. 1). A series of expoaur ea were lIade on each set of "".pies 

by rotating the cylInder. The expcsurea won to 1 . 2 . 3.6 and 12 low density 

dlachargea typical of thoae UBed for ICRF heating. Le. 1 - 230 kA.. ;; - 0 . 9 

It 1013c.-3. Te(O) _ 1. 1 keY . B - 11 kC, V
L

" 1.6 V, and the puhe length 

waa 0. 4 Bec. Ifo au.U llo ~y h~ting va . appUed during the pr.aent eltposure • . 

After IUposure to the p laama . the a_plea .... re r-.>ved ~nd analya...:! ... ing 

both a""ondary l un ....... b~""n"""' ry _nd 311 " (d.p) 41le n""h"H r .... c .ion ~n"l ygl. 
[ll f o r the a.ount of deuterl ... reuined 08 {"nctlon o f the n" .. be r of d ischatgeM. 

Fr"", this data pnd ual"~ the theoretica l .O<'el [1 ). the ,.e"n enQrgy . E. and f1u~. 

r . o f the incident ions wer e obtained under t he as"Ulopt10n of a Ma~wellian ener gy 

d b t<1bution. The depth profiles ind iCAte t ha t the ions h"v e a b r oM en_ergy 

dhtrlbution. The .,nuration beMv ior of the trap ped deu t erlult aB a function 

of incident flux stve. ano ther ind1<: ,,- t10n ttlat the fl ux i . not Itono_ 

ene rgetic . [41 lIut becaule of the uncerta in ty about the detail...:! enersy dis~ 

trlbutlon "'e will refer to a lIean energy f or the deuteriu. ~ather than" 

tnperatu t e. 

Reaul t s . The incIdent f1u~ iA deter.ined {rOIl the absolute IOItOun t of retained 

deuteriult a f ter cor r ec tionl fo~ r eflection and u turatio n. Figure 2 s hows 

flu~es calcu lated for bo t h cos 9 and norltAl Incidence iIIp"ct angle distributionA. 

The flux faUs oft ""notoni ca lly "lt h rDdlus. At radii sr ea ter th.-~ n 50 CII. in 

a r eces s In the V~CuU" "'A ll , the flu~ d ~op" by "", re than .:In ord er o f mngnitud e. 

A 10'" flux in thl ll region la u pecred du ~ t o chllrge e~ch.:lng e neut rnh . gom" 

b~i ng backscattcred (re .. the wnll" . 

The results (or the 1I""n ion enerll:lea ob t a ined as 11 functlnn of r adial 

poaitlon are IIhovn In fig. J. In the range of th .. data , the energies "re 

In.en,,{tive Co whethu a nor_l inrldence Or ros 9 distribution la c hosen. 

The cn"rgie~ and flu~ea on the e l ectron drift stde are con,lAtentl y b.!!"" 

lhoB~ on the ion drift ai de. Electrcn te"pUlI[Ure profile s w~re not TOcasured 

durlnll the di .. chargeB which were uaed for IIII ",pl e exp"~\lre. but ~ .. su l t s 

ubtai nlM! fr o- ThOllpson eca ttering in al.ll" r di !ICharges III A late . d ate 

lodlcat .. values o f T. o f 180 t SO el! at r - )6 Clt ISI. If Te were s till 

nbove 100 el! at r _ 45 Clt and a "healh pot.ntb. 1 . 3T
e 

developed at the sur­

hce , then the s heath would h~ve contributed a large fra ctiOn of the t o tal 

ener&y. 

llicu",io" . The htKh energies. althoug h initially surpr hin& , arc only tlolO 

tl""a higher than ener Bies observed in the divertnr of the relativcly cool 

C Atellarator [61. Th .. po" .. r f l ux l a calculllted frOll the I on flux IInd .. """ 

enerBY and ~q\l a l a j rE. Ill' have alllo Inc lud ed the "nltl~ of the pr "b .. with r e.­

pC!'CI to the to rn l d~1 fl"ld. The pow.r ("Ill off exponenti"lly ... Hh an e- f old ln!! 

dlAt llnCe of 2,~ Clt (F i g. 4). integratinH over the ,.~dtu . f r Olll ~ 5 c. to 51 CII 

and ove r 2x in polllldal angle gives the total power flow ln this annulus of 

-- ··-··-.)·~~~·r ...... ._,. 
i""" 

Fig, 1. Sch"'"'~tlc of p ~obe: (a) 

!~eth:l.sl'nrd~~~l~ '~r~ t ~~~b". 

1 

j •. 

" .. .. 
••• 00 . ... "''' . , 

Fig. 2 Inc ident deuteriu", flu~ 
to th" prob" calcu late<:! fr "'" the 
n"pp"d flu x us .... lng (a) cos 9 
Incident distribution (b) nO~It­

" lty In"ldent flu •• 

"'--o.~, -".~, -c.~. -c,o-, -c,C, -~". 
W'~Q. RaC'"' I ... J 

~·~~te~i.,,~e~bt~~~~~y 1 r~ ~,~t~~~~~~~t 
b"h.willr (~ . O)""d f r oa d"p t h pro­
files (0) F~r .. H.~~ .... Il\itn distrl~ 
buchm [ - 7 kT, 

~'i'" 
:::~ 

" .. ~ 
~:.:;~ ... 

, 

0 I , 
" " .. " 

. 

. 

" .. 

; 
; 

Fig. ~ . Pow"r ~lux to probe du e to 
deuterium bOlllburd.,en t, calculated 
h"'" the s.,oothed C"rveS in Fi!!. •• 
2 and 3. Correction h,, ~ been .. lIde 
fo r the angle of p~obe with r e­
spec t t o liT. 
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40 t o 100 kll. The lower end of tht . range corre5pond a t o n orm.~] incidence 

loopact a. would <>cc ur if a large sheat h were pre""nt. The upper end cor .e.~ 

ponds t o ~ co. 9 distributIon of impac t angles . Over hu lt thl! power i a lost 

b"twe .. n 45 and 47 co . 

Makln& an tntcsratiun over the .... e a Tea for t he sputtcring duo to these 

ions and uaing 8ohd~nskJ ' " " putterlng yields 111. V" obtain an eTo"ion ~ntO 

of 0.6 _ 1. 5 x 1019 a t ""'s 5- 1 for atain less s teel . and 1.2 - J.O It ]0
19 

at"'" 

$-1 for ,,"rbon. If the i .. purltte. were unifo .... ly diat ~ ibuted through the pl,,8WI. 

t his wol-Id ba equivalent to an inj~ctlon rate of 1. 3 _ 3 . 5 x 10
12 

nnd 2.6 - 7.1) ~ 
1012 at""'S c .. - 3 , - I for Fe a nd C respecttvel)'. Again. <lo r" than half the yield 

c","es fro. t he ,1"nu hr r eg i o n between 4S Clt and '7 Clt . thc l ocat i on of the PLT 

stainbsa ateel ring llllite r. 

If we ABlult" that deut eriuII ar r iv ing a t the i on std, ta r ge t at ~ .. ) 1 .6 c. 

is representa tive of the ch.-uge exchange ""tflux. then intcgr nUng oyer the whole 

toru .. wnll gives an est i mated c harge I!X c hange rHte or 1021 deuterons 0- 1 . This 

would produce aputtering cO"'I'Arable t o that of the chnrged p~rt1cle flux to thc 

lhoUer . Suc h an extrapolatio n 1 • • how(!ver. ha.ardouR a. the po!<,ld"l And 

toroldal ~.,...etriea a r e knovn to be la~l!e . 

Concl us i on. The " s ~ of surface probes h . the piaB'" edRe h3S prov ided infor­

... tion about the flu~ "od en. r gy o r particles .:IHhl ng ~ t th~ UmUer. TIle 

va l ues obtaincd in l ow dcns hy PL.T dhcharge9 indicll t e lhDt sputte ring by 

t"n8 at the It .. lter and by c har!!e "",c hange neutral s produce c um parah l e 111-

puri t y flux r atca . Assuming pololda l .,....etry . lh .. p""er 1089 to t he r 1ldl~l 

scan accBuible to the probe .,aa .1l - 28 t of t he ol-oa i c power. 
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IMPURITY ION SPUTTERING FOR INTRODUCING METAL 

IMPURITY IN JFT-2 TOKAMAK 

N.SUZUKI, N.FUJISA\~A, S.KONOSHlMA, M.MAENO, 

M.SHlMADA. T.YllMAMaI'O, S.KASAI and K.UEHARA 

Japan Atomic Energy Research Institute, Tokai, Japan 

~. Origin of metal impurity in the JFT-2 tokamak 

was investigated experimen~lly and it was concluded that a 

predo~inant mechanism for metal contamination is the sputter­

ing by highly ionized light impurities. 

Introduction. The prOblem o f metal contamination has been 

pointed out early from the viewpoint of radiation 10ssl) and 

in the research to reduce metal impu r ity three mechanisms 

responsible for introducing metal impurity into a plasma were 

considered , that is, ion sput tering2l , unipolar arcingJ
) and 

evaporation. on the Jf'T-2 tokamak we i nve stigated exper i­

mentally which mechanism is the dominant one. Typical para ­

meters of the olFT-2 tokamak arc as follows 1 Bt .. 14 - 18 kG, 

Ra 90 cm, a" 20 - 25 cm , qa'" 2 - 4, ne= - 6 xl 013 cm- 3 , 

Te{OI - 0.6 - 1.0 keV and Zeff~ 1.5 - 6. 

First!y, thermal evaporation is not a predominant source 

because the surface temperature of Mo limiter measured with 

a infrared camera (AGA 680) was 400 - 600 GC at the end of 

discharges 41 and so it is too low to evaporate Ho . Residual 

two processes have similar dependence on the electron tempera­

ture of scrape-off plasma (Tesl . But the sputtering yield 

depends strongly on incident ion species, so this difference 

was noticed for identification. We investigated the relation 

among the metal impurity (mainly Mo), light impurity and the 

Tes. Impurity densities were measured with a VUV monochromator 

and checked by the soft x-ray measurement, the Tes was 

measured with a electrostatic probe . 

Tes dependence. The Tes scaling 51 shOWS that a simple way 

to change the Tes is in control o f t he peripheral radiation 

cooling by light impurities . In thi s experiment the Tes was 

varied by adjusting t he injec t ion rate o f working gas (112) 

through a piezoelectric val ve a t a s t ationary state of a 

discharge. Results are shown in Fig . l . At a higher i n jection 

rate , as the electron density rose up and increase of the 
radiation loss was followed, the Tes was re~uce~ to about half 

and the Mo density was also reduced . In contrast, at a lower 

injection rate the Tes increased a little and the ~'o density 

also increased. In this eXperiment Ti-gettering was not used 

, so main impurity determining the radiation loss ~nd the zeff 

is oxygen 6), and in spite of the change of ne oxygen density 

was kept nearly constant. These results confirm that the Tes 

is one of the important factors to determine the metal im­

purity concentration. The Mo density was estimated to be 109 

1010 cm- 3 spectroscopicall/). 

Light impurity effect. Liqht impurities (mainly oxygen I lInd 

their radiation loss were reduced by 1/3 - 1/10 with Ti­

getteting 61 (one Ti-ball) and simultaneously metal impurities 

were also reduced by about the same f actor ~s shown in Tab. I. 

Titllnium impurity w~s also observed , but its density was the 

same order of NO density or le ss (10 9 cm -3) and so no bad 

effect on a plasma was observed . In this experiment the ~'o 

limiter and about hlllf of the vac uum wall (SUS 304) were not 

coated by ti.tanium geometrically . I t is to be noted that the 

Tes WlIS almost the same in two case Sl with and without Ti­

gettering. This data is not strange because the reduction of 

light impurity leads to decrease of joule input power. So 

the r e duction of HO density comes from cleanliness for light 

impurity. These results are summarized as followS l undel· the 

same Tes the motal concentration depends on the light impurity 

one. This phenomenon may be different apparently in comparison 

with other expetiments8 ), but a key point of this result is 

probably thllt the Tes is not so high as to bring about the 

self-sputtering of metal impurity. 
Dependence on working gas species. Under the same operation 

conditions working gas species was chanqed from H2 to D2 or 

!le. In these expe riments Ti-getterinq was used to reduce the 

effect of light impurity . Results are shown in Tab.Il. 

Hydrogen and deuterium plasma have almost the same plssma 

parameters, hut helium plasma has a d if fe r ent characteristics 

, namely the NO density is higher than by one o r der and the 

radiation loss increases by about 6 and onc-turn voltage rises 

from 1.2 to 2.0 volt. Here oxygen density and the Tes are 

nearly tho same. so the increase of one-turn voltage comes 

from !le itaelf and the rise of r adiation loss is brought about 

by the i ncrease of Mo density because of the center peaked 

profile of radiat ion loss . These results show clearly that the 

sputtering by He ion is the dominant . source of Mo contami­

nation. In the normal H plasma the Mo density can be explained 

as t.he sputtering by oxygen ion, because the sputtering yield 

of oxygen ion ~10- 1, which is necessary to explain the Mo 

density in comparison wi t h the lie sputtering yield, seems 

a reasonable value . 

Rare gas injection . In order to simulate the effect of 

light impurity and the Tes, neon gas was injected int.o a clean 

plasma produced by Ti-gettering. Quantity of injected neon 

corresponds to 2 - 4 , o f the electron density, which is 

consistent wi th the electron density increase. Results are 

shown in Fig . 2 . At t he inj ection phase, the Tes decreased 

abruptly to ha lf and t he No density also decreased in spite 

of existence of neon i ons . But at the following steady state 

of neon densi t y , as t he Tes re t urned gradually to the original 

value, the Mo de nsi t y increased up to about 7 times. This time 

evolution of the Mo de nsity is in agreement with that of t he 

sputtering yield of neon ion. These results confirm again that 

the metal impuri t y concentration depends on the l ight impurity 

one and the Tes. 

Swrmary. It is concluded from these results that in normal 

JFT- 2 discharges a predominant mechanism for introdUCing metal 

impurity into a p l asma is the sputtering by highly ionized 

light impurity. The sel f -sputtering of ~tal impurity is con­

sidered to be a sub- p rocess because the Tee was comparatively 

10Wl 10 - 30 eV. The arcing was not observed in these experi­

ments, a reason may he that the conditioning effect of the 

discharge cleaning suppre sses the probability of arcing. 
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Table I . Effect of liqht impurity (mainly Oxygen) . - - -
V , OV1 OVIII ~'oXIII TU Zetf " (Voltl (cm- 3) (cm- 3) (a .u.) (eV) (kW) 

without 
hl010 lxlO12 

Ti-getter ' . 1 28 30 5.5 60 

with 
3:d0 9 2xlOll 

Ti-getter 1.5 '.6 30 '.0 20 

Table 11. Dependence on workinq gas species. ----
Working V, OV1 MoXIII To, " Sputteri ng 

G .. (volt) (a . u . ) (a.u . ) (cV) (kW) Yield 
(atoms/ion) 

", 1.2 2 . 3 ' I. 5 , 12 12 < 10-4 

0, I. , '-' " .5 , 13 15 < 10-4 

"' , .0 '.1 , 22 ' 12 83 '1. 10-2 
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Introduction POX was brought into operation initially with a 
cLrcuiar cross-section plasma. Extensive glow discharge clean­
ing. feedback control of plasma position, current and density, 
and the use of titanium limiters and getteEing allowed PDX to 
produce plasmas with reasonably low q, low Z and long confinement 
times i n a relatively short time of operation. 

Machine Description For these initial experimen t s, PDX was 
operated as a c~rcular cross-section undiverted tokamak with the 
foUowing parameters, BT ~ 20 - 25 kG, a "" 37 - 40 cm , Ra - 132 - 142 
cm, qL - 3, Ip = 350-500 kA, i'i ~2 - 5 x 1013 cm-3, li=2-4, and 
pulse lengths - 1 sec. lnternal vacuum vessel components that 
were exposed to the plasma (such as limiters , protective plates, 
microwave horns, etc.) were fabricated from 99% pure titanium . 
Titanium gettering was done using one 0.3 gm/hr sublimator in 
the divertor burial chamber tha t depos i ted titanium on an area 
of " 4 .m2 . The vertical field power supply was feedback con­
trolled using an internal saddle coil detector and held the 
radial position of the outer flux surfaces t o ± 3 mm during the 
plasma current flattop . The vertical position of t he outer flux 
surfaces was also positioned to - ± 3 mm. In addition, the oh­
mic heating power supply was feedback controlled during the 
plasma flattop, wh ich allowed the plasma current to be held con­
stant to ± 3% during a pulse and . from pulse to pulse . Diagnos­
tics included magnetic measurements of lp, Re,_Ba + 1i/2, 6B , 
a three channel 2 mm at y ~ 0 and ± 15 cm for ne ' a four radral 
position soft x-ray system for Te{r) and impur ity measurements, 
microwa ve measurements of Te{r), hard x-ra y measurements of en­
ergetic electrons, visible and vacuum ultraviolet measurements 
of impurities , charge excha nge and neut ron production measure­
ments of ion temperature , bolometric measurements of radiation 
profiles and surface analys is measurements of the ~plasma-wall" 
interaction. 

Discharge Cleanin9 Conventional low power Taylor-type discharge 
clean~ng was appl~ed for only 16 hours due to difficulties with 
discharge initiation at low fields in t h e presence of stray 
fields produced by induced currents in the divertor coil vacuum 
jackets. This problem was solved by reconnect ing poloidal coils 
to passively cancel the error fields and allow discharges to be 
started at steady-state 3 kG toroidal fields . lntensive con­
ditioning was undertaken with a d~c . glow discha rge (G . D.C.) in 

:~!C~h:~!; :tP~~s~~~~_ ~!_~.x ;~: o;o~~of;~~~~st~~~~£=dt~~ ~~~-
midplane provided a discharge current of 2 to 4 amps at 400- 500 
volts. 

Impurity production was monitored with a differentially 
pumped residual gas analy~er and by in-situ surface a nalysis . 
Impurities produced were mainly CH4, C2H4 and CO with an ini­
tial gas phase removal ra.te of 1. 5 x 1018 molecules s-l . 
The rate decreased roughly inversely with time over 120 hours 
with a total removal of - 15 gm or - 120 monolayers of carbon . 

~~f!a~~a~1~~v:!sr~t~ ~fl~t~b~~0~~dc~~2~:~ .a t the surface anal-

lnitial G. D.C. was accompanied by frequent arcing, but this 
gradually decreased and the discharge occupied an increasing 
proportion of th e v acuum vessel as the impurity level and arcing 
d~creased . The relatively low level of oxygen and carbon 
(Z - 2.5) after a short period of operation, is attributed 
largely to the effica cy of G.D.C . 

Circular Plasma Results Typical plasma parameters for a circu­
lar deuter~um plasma d~scharge with titanium gettering are: 
V1 ~ 1 .25V, Ip ~ J60 kA, ne - 2 . 1013 cm- 3 , Te{o) = 1.4 keV, 
Ti(O) .. 0.6 keY, Z '" 2 .4 , TE '" 37 mS and qL .. 3.2 . The elec­
tron density profi2e was measured at r ~ 0 and 0.4 a, the re­
mainder of the p~ofile and the Ti profile were estimated using 
a transport calculation. This confinement time t'! in the same 
range as those for PLT under similar conditions . ) The soft 
=~~~ii:~~ctrum indicat es t he presence of Cl, Ti and Cr im-

. The effective ion charge was determined from the soft x-ray 
cont ~nuum intensity as zeff ~ 2.5 - 3 .2, in good agreement with 
t he measured p lasma resistance,(2) and spectroscopic measure­
ments of the impurity concentrations. The latter gave typical 
values as Zeff ~ 1 . 0 + 0 . 25 + 1.0 + 1.0 for the H, C , 0 and T· 
contributions, with negligible additions from Cl and Cr . The~ 
impurity concentrations appear to be fairly homogeneous , with no 
observed evidence of spa tial accumulations on the time scale of 
abo~ t 0.5 sec. Surface physics measurements of oxygen and ti ­
tanlUm fluxes to a probe :; cm behind the limiter in a similar 
hydrogen discharge are typically 0 .6 - 5.0 x 1015 and 0 . 2 - 0. 4 x 1015 

a t oms cm-2 discharge-I. 

. Several new spect rum lines of magnetic dipole transitions 
In t he lround configurations of Ti XIV - XVI I ions have been ob­
served, 3) and their measured intensities have been used to test 
the adequacy of recent theoretical calculations . (4) These lines 
are expected to be very useful in local plasma diagnostics i n 
the 0 . 8 - 2 . 0 keY range of temperatures . 

. . Runaway electrons have reached energies greater than 8 ~leV 
lnd~catin9 single particle confinement for ove r 10 6 transits of 
the torus. Mean runaway electron confinement times are in the 
range of 10 to 100 ms as measured by hard x-ray spectra. The 
energetic runaway electrons have caused photoneu tron production 
at t he titanium liwiters. The neutron f lux had maximum steady­
state levels of 1 0 m/sec on some discharges . Radioactivity was 

observed on the limiters,com~ng primarily from Sc 47 caused by 
runaway electron induced Ti4 (y,p) reactions. The outside 
l imiter had the highest dose of about 1 0 nCi. The PDX runaway 
electron photoneutron levels · are considerably lower than were 
obse rved on early PLT discharges. 
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The total power radiated from this discharge was measured 
with a scanning bolometer at a position 1000 azimuthally away 
from the l imiter and found to be 200 - 280 kW out of a total of 
450 kW. Estimates of the power radiated by the spectroscop­
ically measured impur ities are PR (C ) =- 5 - 20 kW, Pij{O) " 70 kW , 
and PR(Ti) '" 15 0 ~ 190 kW giving a total power radlated of 
225 - 280 kW. The radial distribution of power radiated from the 
discharge was essentially flat with a '" 50' peak at r ~ a/2 
(Te =- 600 eV) and second peak near the plasma surface . 

A s equence of l ow q experiments was run using a plasma 
current waveform that increased in time from an initial value 
corresponding t o qL" 3 . 5 to a final value qL" 2 . 4 700mslatec. 
In this case the radial position of the plasma was adjusted to 
minimize the fluctuations in the poloidal field (presumably 
m = 2), and this allowed the l ine average electron dens i ty to be 
increased by gas puffing from 0.8 to 5 . 0 x 1013 cm- 3 . _ Parameters 
o f this difjhargj were Ip = 500 kA, Vt: (res!stive ) =- 1 . 5 v; ne '" 
1 + 5 x 1 0 cm- , Teea) - 1.2 + 0.8 eV , Z ,,3 + 1 . 5 and 
T - 30 ms . There appears to be some degraaation of confine­
m~nt relative t o the low density disch arge if TE a n, however 
t he error bars were large for this early measurement. 

Poloidal Divertor Experiments The poloidal divertor exper~ments 
are Just beg~nn~ng. The llrst experiments will concent rate on 
particle and e nergy _tiansport· · in the divertor scrape-off region 
and the efficiency of the divertor in reducing impurities. In 
addition, the effects of plasma cross- section shaping o n trans­
port anci MHD, ~~h,,:,:,ior will be. studied~_ . . . 
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TOROlOAL DISCHARGES WITH COLD BLANKETS HI RHIGBOOG I 1 

The R HIGBOOG- Team" . presented by l.e. J. M. de Kock 
Association Euratom-FON, fOI~-Instituut yoor plasmafysica 

Ri j nhui zen, Jutphaas -Nieuwegei n, The Nether! and, 

Abstract : 

The measurements on toroidal discharges in IIl NG60DG 11 with electron den­
sities ranging from 5dOl~ -'- J~102 1 m- l indicate that the particle balance 
is mainly de t ermined by hydrogen transport, whereas the energy balance seems 
to be domina t ed by oxygen line radiation. 

Genera 1 : 

~[NGBOOG Ill) (R. 0.56 rn, a. 0.075 m, B ~ 4 T) . grossly stable to­
raida! discharges in hydrogen are produced to study plasmas surrounded by 
cold blankets . Di scharges are main ly characterized by the filling pressure: 
between 3+100'10- 3 torr, resulting in electron densities ranging from 
S~1019 -i- 3~1O?I m- J • Pl asma currents (Ip) are approximate ly 17 kA ~nd l oop 
voltages (V t ) range from 10-;-250 V at BT a 1.4 T. In Fig. 1 various discharge 
parameters are shown as f unctions of the density . The equ il ibrium of the 
plasma toroid is mai nly provided by a copper shell ; the equilibr ium position 
may be influenced by an eJ(ternally applied vertical magnetic field 6

1
, 

The results presented here are obtained af ter overnigh t bakes at 00 °c 
and daily discharge cleaning of the s ta inless steel vessel with Po"S~10-3 
torr, Bl"O .S T, and [ -300 A at 11 kHz in pulse-trains of I sec. duration . 
The reSIdual ~as press8re is approximately 10- 8 torr (mainly H2 and H20) . 

It may be stressed that a continuous t ransit i on is found from resistive 
arc discharges at high density to modest tokamak discharges at the lower 
end of the density range studied . 
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fig . I. PaTametct"S of RINGllOOG Il dischargcs;lt BT · 1.4 T. 
lp, Vl' condClctivity temperature ~, and electron e nergy replace­
ment time 'Ee as functions of line- averaged el"ct ron density <n,,> 
Assumptton., fl;lt profile~ and Zeft · I. 

Profi l es, 

Various profiles have been studied in detail: Local measurements of T:c 
and n~c are taken by means of laser scattering at various different vertlcal 
positlOns, z, H fixed R ~ 0.56 m. The n~nf profiles , have been 1nferred by 
Abel inversion of t he line-density measurements !n~nfdl a t different radi­
al positions R done \<11th a COZ-laser interferometer, c.f. J). The line den­
siti es of excited hydrogen, f n3d t and f n4d l , are derived from s imultaneous 
measurements at different horizontal chords of the I\., - and H,,-emission re­
spectively. All parameters vary in time during one sliot. In pa rti cular, the 
electron densi t y. certainly in the lower range, decreases with time. The 
measurements presented in Fig. 2 are taken at t • 2.4 ms after t he start of 
t he discharge and are averaged over 0.3 ms, e~cept for the laser-scatterin<) 
data (20 ns). The results are obtained in shot-to- shot measurements ; the 
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data are averaged over several runs with ident i cal external parameters R 
to- run var l at ions are genera lly sma 11 in the laser-s(;a tteri ng measure~nt Un­
and l ess than 20:; In t he in t erferometer data, but can be as l arge as 70l ~' 
H,,- and HB- measurements. However , the general shape of the profiles remai 1n 
unchanged . Typica l vanations within one run are indicated by bars. ns 

Particle and eneroy balances: 

To descr i be the pa r ticle and energy balances a computational mOdel 4) is 
used in which emission and reabsorption of hydrogen line rad i ation as well 
as d i ffusion of neutrals in the ground state and enthalpy transport are 
taken_into accoun t. Self-consistent prOfileSsjre found when t ransport co­
effic lents for the highly collisional regime are used . I~oreover, it is 
possible to calculate f n3dl and fn4dl with t his model, when the e~perimental 
profi l es of T~c and n~c, extrapolated to the walls, are introduced . The re­
sults are sensitive to the actual va l ue of the neutra l densi t y at the out­
side of the plasma. To obtain agreement between the ca l culated and t he mea­
sured values of rn3d ~ and ! n4d t. , the nl'utra l density nl near the wall 
(Te~ 1 eV) must be nl ~ 1 -;- 3xl02o m- 3 for <ne> " 3dO 0 m- l (b). No satis. 
factory agreement could be found for <ne> " 3~ 10 2 1 m- 1 (a). 

According to our model La -radia ti on produced i n the central par t of the 
discharge is resonantly absorbed in the outer layer s of hi9h neutral densi _ 
ty . With decreasing densi ty the blanket sta rts to be optically transpa rent 
to Lo-radiat i on , but on the other 
hand, the emiss ion decreases . As -
a result of these two competing 
effects, a ma~imum in the L,,­
emi ssion should occur. In Flg. 

.:'! l. 0 

the 'w indow' as predicted by our .J 
model is shown as a function of 
ne on a~is, together with the 
La-intensity measured with a 
vacuum UV spectrometer. The ex­
perimental profiles and the 
self-consistent profi l es from 
the model are different, but 
nevertheless , a reasonable agree­
ment is found: the power pre-
dicted t o be emitted in the for-
ward direction in the maximum 
is approx. 3 kW m- 2 sr- I , 
against a measured value on the 
order of iO kW m- 2 sr- I . 

.. 0 . 5 

l 

Fig. 3. La-"mis~ion versus n~ on axi • . 

Full line; prediction according to model. 
Shaded area and poin ts' exp"'imen~a l ob-
servations. 

The measured energy replacement time '[Ee - 20750 us, is at l east one 
order of magnitude smaller than e~pected. The total ohmic power i nput of 
several 11\01 can neither be accounted for by hydrogen l ine-radiation losses 
« several 10 kW) nor by conduction and convection (- 100 kW according t o 
the model). Moreover, flHO activity is a lways found to be too smal l to ex­
plain the power l osses . 

Since measurements in the vacuum UV (at <ne> ~ 1020 m- 3) sho,1 only oxygen 
lines, mainly 0 [V,it is tentatively concluded that oxygen l i ne radiation 
is the dominant energy loss mechanism. Taking the experi menta l data (ct. 
Fig. 1), assuming that a ll ohmic power i s radiated away by oxygeo

J 
and in­

serting t emperature-dependent radi ative energy loss coefficients fl , we cal ­
culate the oxygen density in all dischar<)es over the whole range of densi­
ties studied to amoullt to nox " 2' 10 18 m- 1 . This hypothesis for the energy 
l oss mechanisnl is fur the r corroborated by t he observation that when Te is 
l owered (by decreasing [ ) an i ncrease in '[Ee is found in high- density cases 
and a decrease in TEe atPlo.1 densities. This can be explained as excurSlOns 
1n temperature on both sides of the maximum (near Tfi' ' 20 eV) of the rad i a­
tl ve energy loss by the oxygen contaml nation . A dool1nant influence of the 
oxygen radiation , even at this low concentration, would also e~plain the 
broad Te-profiles. 

This work was performed unde r the Euratonl- FOf[ association agreement with 
f inancia l support from ZWO and Euratom . 
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MAGNF;T[C I SLANDS AND DISRUPTIONS IN A TOKAMAK 
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ABSTRACT Experiments with an external m~l coil show that saw­
tooth OSCillations are suppressed when the current in the coi l 

exceeds 2kA . The application of an m"'2 helical f1eld suppresses 

InK2 activity and permits operation at Qa-2. At higher fields 

irregulur m"'2 oscl1 htions are produced whiCh can lead to 110ft 

disruptions. An m·J, n - 2 coi l wound around the torus shows the 

presence o f 3/2 mode activity just before a major disruption, 

at the time of an internal disruption and when ope rating at low 

q", Enerqising the coil produces soft disruptions if m:2 

activity is present above a certain level . 

mml COIL EXPERIMENT To obtain a better understanding of the 

inte rnal di sruption and the tr .... nspol." t propel."ties of the m,.I, n=1 

magnetic island, an J:FI coil~.ras litted onto the TOSCA device . This 

is a first ol."der helical approxim .... tion coil with no net helicity 

which completely covers the torus. This coil was powered by a 

capacitor bank, with a pulse length of 2ms. The experimental 

HSUlts are shown in Fig . l, where Im_1 is the coil current and 

-P is the relative amplitude of the sawtooth oscillation. It 

was observed that the m-I coil inter fered with the s awtooth 

oscillations and reduced the amplitude. The suppression of the 

oscillation occurred about SOO)l S after the a pplication of the 

field, corresponding to the f ield .,erll:lt rat ion tilllC . 'l'he stabil1s­

at ion could be due to the coil produced i sland, reducing the 

effective radius of the g - l surface o r decreasing the current 

grlldient at this surfa ce. Field line tra cing calcu l ations show 

-~ , , 
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F'ig .l Sawtaoth ""T'Ut"f/" aR a /Unction 
of helicaL <>ail current . 
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that the interaction of 

the externally produced 

m- I island and t he in ­

ternal iSland produces 

an island of larger 

width - Fig. 2. Because 

the m~1 coi l is an 

approximation it also 

produces an m_2 , n .. l 

island of smal l size . 

For a c urrent distri­

bution of the fonn 

j·jo (I-(i)' )' corres-

ponding to the experi-

mental ratiO of qa t o 

q(O), the iSl and 

.. " .,m, O. 

width of the m~1 mode 

would be some 3.7 dmes 

larger than that 

obtained from the 

c urrent filament 

approximation used in 

Fig.2, if the radius 

at which g-I is taken 

to be lern, as measured 
Fig.2 Iia!!"stic 'isl<Znds pl"OdLoced by internal NJ{O 
activity Qnd applied e;derllal /fF1 [i f/ W . 

experimentally. From these considerlltions the maximum size of 

the magnetic island is about 3cm when the sawtooth oscillations 

are completely suppressed . The m- I coil was observed to produce 

a stllbilising effect on the 2/1 mode. It 1s proba ble that the 

m- I coil produces a fixed is l and structure Within the plasma 

which hinders the rotation of the 2/1 mode and /or decreases £1, 
dTe a nd becausQ of thi s, affect s the growth of the perturbati~n. 
<IF 
The densIty as measured by a two channel 1.4mm microwave inter­

ferometer, showed no detectable profile changes. The central 

electron temperature as inferred f r om x-ray emissivity, also 

showed little change when the m- I coil was activated . 

m_ 2 COIL EXPERIMENT An m_~ , n-I coil was fi tted to TOSCA. This 

coil wa s again an approximation COil, but a correction to the 

position of the coils was made to produce the correct quadrupole 

field for a tight torus. For these experill!ents the plasma para­

meters were I p_ 12kA , VL~2.SV , "e_ I.5xI013cm-3 and Te {OI - 300eV 

(fram Thomson scattering and soft x-ray spectral. The m~2 coil 

was activated at I.Oms with a pulse length of I.Sms . The experi­

mental resu l ts obtained with a coil current of 2kA are shown i n 

Fig.l . The main effect ot the m-2 , n '" l coil is to stilbllise the 

2/1 modeI1]. The integrated sin 2e signal demonstrated that t he 

coil did not produce IIn additional stationary island , associated 

f.--.... f:rlilI4JII~; ' 
~,.,.,.f,~~I\~,~"4r..;rj'ltl 

f----~·~'l·.,SJfJ.\I' 

IHthout ~! "'2 coil 

...... 

~ 

With />1,.2 coil 
stabilising effect 

Fig . J l-!ode S1<PPNlS!lWIl ob!leriX'd !.J},"" a _2 he lical fi e ld ill applied. 

with tht! plasma rotation ceasing . The stabills a tion o f the 2/1 

mode made it possible to operate at values of qa"'2[2] . However, 

at very low qa (below I.S) the 2/1 coil was observed to produce 

major disruptions. Under normal conditions (qa"'3 . 5) the 2/1 

coil did not p roduce a major disruption even with coil currents 

of lkA, thou'i/h the time evolution of the m- 2 mode disru?tio ns 

was irre~ular, giving r I se to Soft d isrurltions. 

Fig . 4 shows a field line tracin,,; calculation for a fil i1 mentary 

current but with a radial field pertu;:-bi1 t i on as measuredI3]. 

• 1, .. 11 

Fig •. 4 Magnetic iala'ldo and flrgodic 
)'C9W>l8 pl'Odi.a9Ci by 1lllXi6 activity. 

Large regions around the 

Islands become erC;od i c at· 

the measured perturba tion 

levels, a~paren tly ansociat ed 

with the coupling between 

toroidicity and the 

mode. Pran ~ts ·"lth the 

x-ray detectors and a L.'m<JI1"o\'iT 

f'rwe it i s doubt!'ul if er<JOdiS<lUon 

tal,es place at a ll. 

MAJOR DISRUPTIONS A recent 

theory 14] indicate s tha t the 

major disruption could be 

due to the destruction of 

magnetic nurfaces by the ron-
linear interaction of magnetic islands of different ileiiCity . 

An m" 3 , n_2 coi l was constructed for TOSCA to produce another 

iSland Which could interact with t he 2/1 island. This saddle 

m.' ~.II "., 
1'1' 

--
50,us 

m·' 

~ 
". , 

V 

F"r · 5 7;,,' J, ·:. . • ·· ic " of tn p '11 ... 1, , .. t mod!! a t a 
.. ~l..". '· Ii.H I·',pti ; " , ~i '~ "" )'')'" ~'il~ ,, ·,~.:: ! I'L ~&:.e 
or d~' ·I,,,!' l'i" 'I . 
t r oy the cen tre core of the plasma, the 

coil was used to detect 

the 3/2 mode, which is 

p redicted to appear 

be fore a disruption. 

Fig.5 shows the time 

seque nce of a major dis­

ruption on TOSCA. 11 larqe 

2/ 1 island is believ(ld to 

dC3velopc, which fl.lttens 

t he current profile a t 

the q=2 surface , t hen <l 

fast 3/2 mode starts, 

which appears from soft 

x-ray detectors to des­

current d istributi on 

broadens and then the nega t ive voltage spike is observed. The 

2/1 and 3/2 modes may no t be the only modes invo lved i n the 

disruption process. The frequencies of approximately 100kHz and 

50kHz for the 3/2 and 2/1 mode respectively imply that the 

plasma is r otating in the toroidal direction . The growth rate 

of the 3/2 is a pproxilJlately three time s f aster than the 2/1 mode. 

The 3/2 mode is also observed when internal d isrupti on occurs 

and when opera ting a t low ga' Energising tr..:. 3/ 2. coi! ::>ro.:iuces sor t 

disruptions if 2/1 activity is prese nt above a cer t llin level. 

Energising both the 2/1 and 3/2 coils produces 11 maj or disru~ion. 

CONCLUSIONS The m-I coil reduces the ampli tude of the sawtooth 

oscillation. Stilbilisiltion of the 2/1 mode is possible with a 

m'"2 coil whi c h permits low q operat i o n. A 3/2 mode i s detected 

with a helical saddle coil just before dis~uption and thi s mode 

seems to play an important part in t he di sruptive process on 

this device. 
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AXIS ENCIRCLING ION GYRO-INSTABILITY 

Peter J . Catto, R. -E. Aamodt, and Marshal] Rosenbluth
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ABSTRAr.T. An idea l ized plasllkI model in which all the ion guiding centers 
lie along the magnetic axis of it cylindrically syrnnetric plasma is investi­
gated. The radial eigenvalul! equation is derived and so lved fo r this 
strong ly unstable limit . 

INTRODUCTION. When it large fraction of ions encircle the magnetic axh 
in a smi.lll radius plasma, their gyratory motion results in it substantial 
alimuth<ll mean ve l ocity. In an inhOOlOgeneous plasma this flow can lead to 
an ion cyclotron instability which cannot be treated by a radially local 
analysis . fu r thermore, the axis encircling ions which are the source of 
this instability are not retained in the usual slab models of drift cyclo­
tron instabilities.l This axis encircling ion gyro- instability may be 
excited in some operating regimes of t he ZXJI-B mirror machine,2 and in 
configurations with plasma radii the order of a few ion gyroradii or less . 

The effect of axis encircling ions in a cylindrical plasma is con ­
sidered in the l imit in which all the ion guiding centers lie along the 
magnetic axis. Neglecting variations along the magnetic field, a rad i al 
eigenvalue equation i s derived and solved for a fami ly of model density 
profiles capable of representing both a Maxwellian and a c l ass of loss 
cone velocity space distributions. The resulting gyro-instability typi­
cally has a growth rate and real frequency on the order of the azimu t ha l 
mode number 1 times the ion gyrofrequency n . 

DERIVATION OF TljE EQUATIONS. For a cy l indrical plaslTld i(jJllersed in a 
uniform magnetic field ~ ~ Si, the response of the ions and t he e l ec­
trons is calculated from the species cont inuity and ll\OIllentum equations by 
treating the electrons as cold and assuming tha t all the ion guiding cen­
ters are on axis . In obtaining the equations, only flute modes are con­
sidered so that all dependent variables are functions of ti~'e and the 
cylindrical spatial coordinates rand 0 only (a/az z 0). 

By considering the specia l limit in which all the ion guiding cent ers 
are along the axis of synmetry, the unperturbed ion density No and the 
nu;an i on velocity Yo are such that No = No{r) and ~o = V,, ~ - fl r ~ . 
WIth n" eB/Mc and M the ion mass. In addition, becall'~e all the gUId­
ing centers are on axis, only a single velocity is pres~lIl ~t any point 
in space so that the ion pressure is zero and remains zero even when the 
plasma is pertUrbed. Note , however, t hat the ions are not cold since 
there is a dis t ribution of velocities . 

Seeki ng solutions of the form exp (-i wt + Hr.) and denoting differ­
entiation with respect to r hya prime. the l inearized COllti nuHy and 
momentum equations for a neutral unperturbed plasma becoo,~ 

-i{ w - lYo/r)n + N~vr + (N/rl((rv r )' + HvA]' 0 (I) 

-i(w - 1Yo/r)v r + !ljVe - -(Ze/Mj h ' (2) 

13) 

where 40 is the perturbed electrostatic potential, and species subscripts 
(j ~ i , e) are suppressed on n and v ~ v i' + vefi. for the ions (j j, 
Z ~ +1. Mi - M, and Ili ~ n) , Voj = :nr; ~hile for the el ectrons (j = 1', 
Z'" -1. Me ~ m, and \le = -eB/mc) , Voe ~ O. Combining Eqs . (1) to elimi­
nate ~ and inserting tile resulting expressions for n into Poi sson's 
equation gives 

( 4 ne)~l vZ<Io ~ ne - n
i = 1-*l~V- (NoQ ) + i~~ ] ! _ 

where n~ » ,} i <; as~",,"e d 

Defining 

I ~fl",' w + m 
W }IJ . (NOV<Io) + ( HJ/ r)tl~ (\ ) I 

{w + m)Z - l 

• ~ + ~{ - !l] - ~ Wf(w + Hl )l 

b - {m/Mp. )( w + In ) - f;l) ! 

n - 4"eZll (m/Ml J[{w + tl l) f;lJI 

14) 

15) 

16) 

and maki ng ~ change of dependent, (\. (IIQ + ,, )- '":;'1' . and independent, 
r · L exp (x), vd r ia bles, gives the deSIred form J for Eq . (4), namely. 

,', -:-2 - V(x .)'!' - 0 , (7) 
1. 

with 

IS) 

The constant l i~ some t:,pic~l sca le l ength for the model density pro­
file of interes t. For the density pro f ile employed here, 

110 ~ no{r/L)r exp (.//2LZ) , = 0.2,4,.. (g) 

is a measure of thl' width nf the gaus s ian. For this density profi le 
the re ue only two turnin9 points. Oenoting XI or r l ~ L exp (Xl) and 
Xz or 1"2 ~ L e"p (x2 ) as the inner and ou ter urning pOInts, respective­
ly, the WKB phase integral expreSSIon for the eigenva l ue equation obtained 
by demanding !( " I ., ", )., 0 i~ simp ly 

" J d. [-VI. ,.,Il" -
'I 

r 2 dr ' r -r- [-Vir, ,"}] ' - n{n ~ ',) , 
' I 

( 10) 

\~ith n = 0,1,2,. V giVE" by Eq. (8), a"d r
l 

and r 2 g i~en by 
V{rl,w) 0 = V(r2' ~ ). 

AtIAlYSIS OF WKB E1GEtIVAllJE EQUATION. In the limit of a shallow, para-
bolic well the IOCH ion of the bottom of the ·~el1 ro - ro("'o) and th~ 
lowest order eigenv~lue ~'o may be Obtained by solVIng V (ro , wo) = 0 = 
dViro,~)/ ;) ro . When ~2 >~ I only the first two terms In Eq. (B) need 
be retaIned . El l .. inat l ng ro and employ ing the p " 0 f onn nf Eq. (g) , 

the eigenvalue equati{)n (10) reduces to 

g(wo) t 2/21n[Znog{wo)/e(l{wlJ) l2], ( 11) 

where e - Z.7 18 ..• . ASSlJmlng Wo - ~ Hl(l + 6) with 16 1 « 1, then far 
1.2/3 ~ > 11/61 » 1, Eq (1ll 91ves 

o - ~n ll:;: i[Ztn(Zw~/et2n2) (m~Z/I1)r'q, (12) 

where ~o = 4neZno/M. Consequently , the axis encircling gyro-instaoili tj 
has a growth rate and real frequency on the order of the azimuthal nlOue 
number for 1 « [Z «H/m. In addition, the electron polar i zation dl' irt 
correction results in stabilization for 9.2 ~ i2M/m) ln [2w~0/e l 2 [JZ), .1~i1@ 
for lower densities stabilization occurs for smaller 1 (z « M/m) beca"'~e 
2("~0/et2n2 becomes of order unity or less. As a result, the polarizatiOn 
stabililation occurs in the high density limit zw~0/en2 > [2 > (21·Vm) 
tn{2w~oIet2QZ). whi l e the 10\'/ density limit requires i.2w~0/eQZ for 
stability. For p # 0 the analysis is somewhat more involved; however , the 
only effect s are a slight lowering of the growth rate and a small shift in 
the range of unstab l e t . Finally , the radial mode number corrections to 
the shallow well approd,nation can be evaluated to find that the higher 
radial eigenmodes are becoming more unstable with increasing n . In order 
to see that this behavior does not persist for n n t , a treatment of the 
radial mode number dependence which pennits widely spaced turning points 
is required. 

In order to obtain a simple approximate fonn for Eq. (l0) that is valid 
when 12» 1 in the widely spaced turning points limit, note that in 
V ~ l 2 [(rZ/l2) _ p]gNo/{No + (I ), No/{NQ + col decays exronentially fast 
beyond No - 11. Consequently, again definlng ro via aV{ro,w) /3 ro ~ 0 so 
that for 41n(no/a) > p - 1 , I (n/" )[Z1n( no'ed ]J;p I 

(ro/l) "2tn I n{no'n ) _ (p + 1) 

then Eq . (l0) may be approximated by 

"

'd,[(,' \ ']" "C ' , " I 1 n(n; (,) ~ . rl9 ~- p)- 1. • fL(ro - r l ) - r l cos- (rl/ro ) , 

'I 

(13) 

wi th r1 found from V ~ 1Z - g{r1;LZ p) - O. For the widely spaced 
turning poi nt limit (rl/ro }2 < 1 may be used to simp l ify the righthand 
s ide of tq. ("13) to (g!i/l)(ro - ',rrq) . Then for 1 « 1Z « [(2M/m) 
t n (2" '~0/ e ,.ZI!2))l;. and 2"'~0/eQZ, g ~ t(w + m)2/~ may be employed in 
res u1t1ng form to obtain 

wIn ~ -t + (S/2 t ) ~ (-5 + (S2/41Z)]1o (14) 

where I. 2 

- ro~ lro/l 
S .. [ !!.1!!... + 'i) + ~ (eZ + pg)"'] 

Con~eque~tly, stabi l ity occurs for S> 41Z or n > t (Zro/nL). In addi ­
t i oll, t he fastest growing r adia l eigenmode occurs for S· 2t Z wh ich gives 
the f~stest growing n to be the integer nearest 1{Z"ro/nL) and results 
in Im ~,/ n - it . Because or the approximations employed to evaluate 
E~. (l0)' Lh~ , · ~~ulb ill Lhh paragraph should be vi ewed as Qualitative. 

In addition to the large t results of the preceding two paragraphs, 
a form of the eigenvalue equation can be obtained wh i ch is valid fClr small 
t. n, and p and/or high density. Such a l imit is obtained by noting that 
in the 11'" 0 limit there exist two turning points of the full V that are 
independent of density . Eval uating Eq. (10) for "" 0 gives the simple 
eigenvalue equation 

g ~ Zn + ( ~Z + 2pn))' ~ Q . (15) 

Equation (IS) is val i d provided the outer turning point r Z occurs before 
No becomes as small as " , t h~t is, No{rZ) > a . ThlS ~ondition restricts 
Eq. (15) to the lowest villues of ~ ,n, and p . unless ",po/1l2 is extremely 
large. When l ~.l Eq . (15) predicts stabil l ty for all nand p , while 
for 1» I it yields 

(]6) 

This last equation predicts results similar to Eq. (14), hm·lever , Eq. (l6) 
can only be satisfied if ~0/i!2 - "' . lis w601l/ is decreased, only 
Eq. (1 4) IS able to predlct the qualitative beh avior of an increase in the 
growth rate and a decrease in IRew/nl. 

Many of the physical features predicted by the preced i ng simple ana ­
lytic limits of the WKB phase integral condition have been verified fo r 
p - 0 by a comparison with the results of a linearized particle simula t ion 
which is being deve l oped to tre~t the transi ti on region be tween the on axi s 
and s lab limits.4 In particular, the I ~ I mode is observed to be stable 
for all densities. 

0ISClJSS1Q;L The preceding paragraphs have sketched an inVesti gati on of 
an instability driven by the flow associated 11ith a la'·ge fraction of ions 
encircling the magne tic axis in an inhomogeneous , cylindrica l plasma. In 
the l imit in which ~ll the ion guiding centers are on axis, t he in stab i lity 
typically has ~ growth rate and real frequency on the order of Ul . The 
fastest growing radia l mode is found t o be roughly pUl·ely growi ng with 
w - H n and with n - , . In this on axis limit a l arge range of I. ~2are 
found to b~ unstable. Roughly speabng, ill the higher density l imit 
wZo/ f22 > l > M/m IS necessary for stability, whi l e at lower denSIties 

1~ > "'~0 /n2 i s .required. Furthernore, the fastest growing , modes occur 
.lust beVore stabll ization. In additTon, the results are fOl..nd to be rela­
tively insensitive to the details of the density profile near the magnetic 
axis s ince the modes are [entered away from r z 0 
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D3.2 
DlSTRIBlrrlON Of PARTICU:S IN STOCIlASTIC FIELDS 

P. ROLLAND 

ASSOCIATION fURATOM·CEA 
VipaM:tlllv<t de Phy4iq .... e. du PlMlI01 & at la FIL4.toI1 Co ,~OuiUe 

St/lvic.t. lGIl - CV\tAe d'E.tudu Nuc.!f.a..iAu 
15 x - 3804 r (;RfM::l8LE CEPEX ! F.t4nI!d 

It has al ready beGn noted that tile diatribution of panid". in a 

" I ("chaotic field i. generally not" gauuian o ne ', The r a tu of dHfumion, 

Ileati,,& . .. tc ••• delH'nd strongly UpDll the kind of la .. the 'to"haltk fie l d 

ohr • . lIe.idu, the deviation o f t he .. quilibd .... distribution fro .. a gauni"n 

one .... y be of ia.portanc" in reoo,..,.lized tu rbulence theory~ Several '''pec t a 

of this prohl" .. ar" """"inad in thia paper: whac is the probability p (x , v) 

to find a !,"'ftich at th" point x, v in a fh.ld E which variu (\ccording to 

different laWI ? What kind of 101ution i. then obtained tor hounda...,. or ini­

ti"l value problem. 7 In "hat condidona doe. a stationary and holDOglmeou. 

diltribution exit{ in a nochattic Odd? 

I - Svppose chAc {".v, t} can be regarded al a ,,"rkov proce", that is to •• y 

Then p u tiltiel r.haplllan- Kol.ago rov'. equation (C-K eqvation) 

Expanding pC .' ." ;t.I~·.V';t') .. a Taylor sariet in ('(~.A) ,e.,.··v) and conlidering 

th!! li. it t_t·; t .. 0 yi<!lds the partial differential eqvation (POE) ; 

(3) 

"here 

Under thi, IUrkov ian a u ""'ption, the initial va lue proble. in "hich p{..: •. ~;~) 
i, given i. e •• Uy .o lved, .ince we have: 

(s) 

"hich giv .. the local den'ity N (~ ; t) . fdVp ( .... v;t) che l ocal velocity 

dil tribution fl>l;tj:N·'C).;tlp{ .... v;c.) , genotully different rrOll the toul 

veloc it y diltrlbvcion F{v;t}; rd ... p(JiY;ll/ /0.. Nl~ ,t.l , with the evident 

Bi"'plificaCio nB if P( ..... vi lP' •. V.:t.. 1 depends' On ... · ... D and if the initial statl 

i . homogeneov" The qvution il nOw to know if {).,'<;t.} can be regarded &I 

IUrkov proce .. and what the good approxi.ation for P(J ..... ; ':. I~~.~.t~) il. 

2 - Let vs first consider the follo ... i ng li.ph IDOdel chi! field E i . cOn.tant 

in space but it undergoe . pul aet "ich am plicvd U [,'l:t'lIl durinH small incerval. 

o f time llt separated by perlod.t:. E. i. stochaatic and obey. a gau .. ; an 

h"P(t),~_r.i~ . An eltact fO:1IlUla'has been obtained~for p. It givea("hent. ... 

[.t ",t·).[iif the as)'llptoric li.-i t ; (valid for" h.rge r clan or fields . , 
"ith correlation ti.., t:( ) 

(6) 

This probability utisfi ... C-K'. eqvation C 2. ) as well as the eqvation , 

t - ;. L 

U'l:P1"'Vdp_..!.(~:C) F.O 
~ l <l1 I , .• 

(7 ) 

Le. the eqv.tion C:'.o) with l .v 1 ~t(4)~ 1 .. 0, 
. " ' •• ( I... ' • 

etc ••. 

There il nO trapping , and tha process {".Y;l} i s .,arkovi.n. 

The m~an deviations ar" ; 

, ,- ~ • P t 
< (' ." ."c.; ) ~ !Lt...:. (' !<!_) ,(v_V )/,< .J_Y C.): t:r t. (""-) (6 ) 

<- ~ <l1 0 ." 2. m 
in ag reement "ith trajectory method ruvlt~6'lIithf~t<EE ,~t(€~ and 

i:! ~ dt.d [ ).0 The kinetic energy incr .... ;;' "i:h
t
: rate ad·,.T.(~t 

v, c t •• L • m 
whichis invarllnt in unif"", translation. A gausaian ho .... geneou. inidal 

dis tribut ion r"""os • gsunian one "ich a linea rly growing ther.al energy 

V,~(CJ+1.E(~lt. When che initial distribution is localized in t pace, the 

local hcating rO Ce is IarRe r than the tolal lIeat ing nlte beyond the diff,,­

. i on front. An ini cial ... ave "'th "ave nv..ber k i . d"mped with an increment 

l ~ _ l. l l 
_kt:("t:(cE/m) / b-e _l (.0)1. )12. 

l - l.et uS noli c"'nlider • ti.., indepe ndent stocha lt ic field, conltant in 

incervals i Of te"gth ·1, ... !rh undo •• mpli t vdea E.; "ith probability 

P(E \. !....- e - S . One obea .ns
1 

the u)'IIptotic I i .. i t ; 
".ff" lE' 
, irf E IW.wJ ( .......... 0 l· 

p(winIW;r1 ) .. -'--1£ -if'-'!) _ e· Uii.'\i} ........... r .. W; "''I'. ,n, ~ pn 
, < Jllrl'l''l,) i. if/rE i l 

Thi . probabili t y .. ti . fiu C-K' s e"vation as "ell AI 11 ~i.ple PDE. The 

proce .1 {I<I;"} i a a .arkov p r ocess. Things a re qvice different "ith the 

proce .. {wit} ~ince r eClecced particles cross over BHain the s aaoe inte rvals 

i 10 that plw;tIW';t'} is not i ndependent of the re:lisatio .... fo r t,<i:.· . 
{w;r.} ia""tal1arkovproceu.However , if~£·t.;~,a, ..... ~ one can 

neglect the very ... all number of ren.cted partidn and ~everthe.le .. uke 

che devi.tion from the gav60i an procel. into account. lndeed, the calcula-

tion of the integrals ( I;. ) . hows that p/".y;tlll •. '!,;~) slIti afiu th~ 

equation ; 

[) P 1" Vd pt i (~)lJp _!!. (cl)l.i~ p : 0 
t "lY~"''' lv m , 

(10) 

An e~panaion in powau of (V.\I .. )/"... h.ads CD a hierarchy .. 'hidl can be solved 

u,inS Fouder and Laplace transforms. The firsc two Cenos "f thia cxpllnsi(}n 

ar," : 

(" ) 

The mean deviation. a re 

. I l ' l ~ 
(,V~Vc, · -t:/ ... v;, (~-" •. ':t:)£_t.Il .. "<0 < {\I_'{J''(l;/O( (12.) 

«(,,_ ... ~ .V"L)'>, Z t.'/ ~~l d".V"ltA ').o·V"C);1 .. c l /..,,-" I 

in aHreellent "ith crajectory method relults "ith r- dt(E.,E <.) ·f fly and 

il {:(£ r ) •. f £k/. We observe that () ~ V l ) ~ 0'" in Chis' 'reh:"",,: f rame, 
~. ~ • t.<- le. 
whero dispersion and drag e ff ecu cancel. H"",ever, 'n a frame .. ;th volocity 

U lIith r",pect t o the fidd confilluration, "e have c.((v.U,z}. ZU/ ... :~ 

(:"Jd/(Jl)~/\~ '<!:.t:c(ftE/m)Z wh .. ,., V,v,,). 

4 - The result. (11) can be extended to Lhe mixed en Se "here independenl 

periods of spacial nuchanicity r e il)"'" l ucceed wi th time interval I '('I « V/",l 

/to" eon.ider an initially hc-.geneou, ""''''''eLl'.n p l an'" with a sh ifted di5-

cributionf.,b·nrr·"l""p_tl (V~ .LJ)l i ... eraed in I "ch ... tochascic field "ith 

correhtion length 1, a nd co.relation ti"", t: c SUP""'e 'Cf(,(mf,It:.E)W 
Then particles "'th volo~ities vo«l£/[ r ob~y eq. 6 whereao panic les lIith 

velocitiea -':'»1!/r:,obeycq . 11 When U -Oone obtains (V).O 

.ndchv~. t di:£lmtC1:,f'(fcb'U/1: ); The energy g.owch rate ,,~vj> vani'hes 
• • _ ~ c 

"he,,1(itf (. \I<~ and reach..- itl lIaxi.Ull f
l

(ef/JII) w~en flirt )V ... 

When t.J » 1~lti ,vt/o one obtains iI, (~' t l,)' .. c\. Ii~ • i~ (d·fm 1'/ iul\J1 

and £),«v~lJ)" > 0 0,( V') .. ltJJ, (v> " if (t: i":M~ )l/\lJI che energy gro"th 

rate In the field refeunce f~ame Cl-( V l ) vanishes; in the plas,.a 

. ererence fra"", ic . express ion i l analogov. t o that of i 2 ;n "hich "t
f 

i . replaced by the correlation ci ... in thi " rr~ .... 'C~. Tt hul 

~ - The follOlli1\g <tue~ti"n may be noked What condi cinn~ must sntis(y the 

la" cbeyed by the .. ocha s ric field in urder to permil the eKist e llce or " 
holllOlleneou. and I t ationary dis"ribvti o n of plITticlel ? Whcn it ex;st l a 

refe rence fr"""in which [is stacioMry , ic i. shown"th~t t ...... ~ondition is 

that r,-r.:"dVd }' D(V i "' ) mvst uil( (",here p (V;") is the probabil i ty 

thnt a particle Harcing fro," "1 lIith V • 0 .caches " l "' Jo, '\")i. "ith a 

velocity V. ) In the abov~ model., like in Ref . l chap. VUI this intel\ra l di­

verge.. However, •• all effects (viBcol ify c"lli,ionl) May rescare the con-

vergence. 

~. 

1- P. ROLl.AND, rapport ElIR-CEA-FC 757 (1974). 

2 - P. ROLU\NO, Proc. 2nd lnt. Conf. on Plas.a Thl!Ory Kiev (19H). 

J - r. ROLUND . J . of Plas ... Phy.icI!,!., )41 (1 979). 

~ ~ I'. ROLLAND , Rppport EUR - Cf.A-FC (tc be publ; Rhed) . 

S - P.A. STURROCK, Phy • . Rc" . .!. , 141 ( 1966). 

6 - P. 1I0LLA/ID, Rapport EUR-CF.A-FC 9n (1918). 
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MA~ETlC fI ELD CFllERATlON I N IMPLODINC 

I'LASHAS DlIE TO tlERIIST REFRIGERATION 

J. 11. B ~o"'IH!ll 

Los .... Ia_. S(:{entjfl" L"bo ~atory , Univerdty of C" lHorntn 

\..os Al.""'" N" .. Hexl~o 87')45, U.S.A. 

It 11 shown thM th" Ncrnst effect .. ay general" 

" large ... ,gnetic (1eld in a high den"ity pI as .... un 

a very .. hort U,"" 5cllle , even In initially By,"",ctrie 

lI ), s teIllS. Such 11 ftelrl would ha"" implications for 

pellet fuston. 

It hl4 B been pointed out tbat self-generat"d _ane t!.: fields IM )' be pro-

duced by the Inte roctlon of dlrec:ted ene r gy b " a Ols with target plll .. .... ~. Th,,!e 

fldda an. c/lulled by ther_l curnmtll generated by "ollpa rallel te. pe r ature 

and den . lty &rAdl e nt ll , 1,2.3 by ."dl"Uon pressure, I, by . """n allt absorp­

tlon, ),6 and by tho ...... l tnstllhilHy 7 Such fidds could affect the pufor-

... nee o f pelllHII inconded (,,~ u .. e in i nental confine .. ent fu s ton b .. c~un ehey 

"Leer t he ideal hydrodyna.icR of the i . p1091on proc""" . For cxa.ple . ror a 

p .. llet co,"poRed or concen tric, hO"",,lIeneou1I Inye r s rhese proeeBRes .ny produce 

""'lIn .. tl c fie l d s In the be.". deposition re g ion wh ich """ de" re llse the .. l "c lfon 

th\'! r llBl conductivity hct""en the absorption region Bnd the 3bl~1'" s urfac e . 

The present wo rk. ",aa originally MOtivated by asking If a magn o tlc field 

could b ... produced tn a p ... llet wH h concentric, hOOlOlleneous Inyers nnd which 

Is Initially BylllJlBtrl c in the lIenBe that vn~vr - O . Upon considering that 

part of th .... l .. c[ron temperoture d ht dbution ",here aTenr>O ~uch a s .Ight 

occur in the Interio r o f n peilet at the beginning of an I.,ploll lon o r at the 

ablation . urface , It "a. noticed that a the nlOe1e"uic effect . I. Ullr to the 

Ne rns t eHect could Indee d p roduce"" abrupt change In the _lInetic field. 

To ho late thll Ncrn"t IIffllct ' s influencc on the evolution o f th .. ""'g­

n"th: field fo r ..... 11 U_e, .,e look a t eh" lndu"tlon equa t ion on lyA 

0' 

"herQ VI l s thl! Ion drHt velocity, Is the curr~nt, n L~ th" d .. c tron d .. n-

81[y , ~ l.~ thll ther .... ~1 forcc. and (J Is th ll conduc tivity . 

\/11 COll Slde r the "O~C .,he r e IIn "'}T - r) and compare the ""' I\n !tllde8 of the 

terfOR. Fo r smull tlmo tl'e lIall ten, Is "mall, b"lnk of 0(H
2
), and, nntlcl-

p.,t!nll c aSe S .,herll II r olJt h tl .. ,,~ arc shon compared to L./Y
t 

(I. 15 the 1nltl1l1 

s,,-ale l .. ngth o f the p ro hlc . ), the ter .. Involving VI """ be neghc ted. 

Re ... r 1 t 1nll then, we hllv" 

(2) 

~o .. the r l: hvllnt P3rt o f R.y i s proportional to (-"''',,1 h ~ 'iIT) (h Is tile unl! 

v"ctn' nr the ""'-Rnetlc field) and constitutes" sour" " teno "hos e st r ength 

I .~ ~ func tion of thc unltn""". 

Con" lder the solution of Eq. (2) for s dab of plss,"" bet" .. en x- _a and 

x· s " Uh ., 5Y1""'IItrieal te.perature dt llfr tblltion. TI, e Nllrnn IIfhct c rUt~ 

a source of e.r that drives a curren t In tile direction h ~ VT (a r i n g Curttnt 

In cylindrical or ~pherlcal gllO_try). Msu,"e thllt the d .. nslty la unUo", 

and con s t ant f or times of Int Hest and that T_ T
o
{l" X2

/L
2). The boundary 

conditIon b that B(~ a ) ~ Bo .,here Bo h th .. inlthl fhld. The so lution 

s lI Y be expreH~ed In "enos o[ integ rah o f pa r abolic cy lindr i cal fun c tion . 

and fo~ th ... and aIL s ••• 111 It Ca" be shown thst B(x- 0) ~ Bo exp ( rt ) 

[1 - Viii cx p (_1;2 ) It 1, .... he~e C - Iyr;t. , to - 4mJ.
2 Ic2 

Is the dif(us'lon t lJoe 

and r_ .82 TT"/m. 
21 -3 

for exaOlple , If ,, - 10 e .. ,T _l keY, and th ... IIrad l ~nt 

length I" 100 ~m, the c - f"ld1n& time i s 2 M 10-
11 second~ . It h 111portont 

to notc that exponential &ro.,th occurs only fo r ~Icl « I. 

. 8 
inittnlly, thc Nemst coe ffic ient ch"ng,,~ for. and B is .. uch """' ller . 

Thu~, thc Nc",st dfcc t is cllpabl" o f produc ing " xpon entIa lly g rowing 

fields both .... !thin the core of a pellet nnd i n t h " ablation r egion even if 

thll pel l c t Is sy ....... trically i r r ad iated . 

fro .. ene r gy "on5erv~Uon t he field g ro". at t he I!~p.,n~e of el ec trnn 

themal ene~gy , and one .Ight deSC ribe the effect as Nernst re[dIlIlUtl"". 

Mot lng that cn~rllY Is he i n g transfo ..... d f r oll IIn Incohcrllnt forll t o 11 co-

herenl fo r a , it h ""cessaty to Chec k that the entropy produc tio n la po~ t-

tiv ... This c an be shown te be so for ~""'- II till", p r i nc ipally because of 

r:lp l d ~.e,," "onduction . On c can c s t i.Joate t hat electron th~r .... l con duct{on 

nccu r ~ on a U.e s"ale .. illilar to that of the field IIro"th, and 80 n "",te 

cort" c t "ol"tlon to the proble. muH foil" .. T{;,[). 

This " " gneti" field amplificat i on effeel mny have il'lpIIC.:I. U on a for {u_ 

alo" pellet implosion schemes , 5\ncc with n proper tllllp e ratu r c profile any 

Initlnl field (or te"'peratuto percurb'Hlon'l) ""'y causo the II-fleld to gro .. . 

On ce the field reaches a Significant lQvcl, it "Il l affect [he sy ... etry of 

tho i.plos i on . In addition. t he pl usa t e.per nture lit the pellet' . center 

.,Ul be lowe r t han would othen.ol ~ e be supposed. 

Finally , thl! sclf-generated ""gBHlc fie l d ""'-y be ICllportQnt to t he 

th"~ ... nuclear burn process , as It .,HI decrease th .. oR rt!qulrl!"",nt "nd In-

c r aas" t ile dIRt"nc" tll"t r e a ction produ~ts tmvel tn the pi as"", , aiding in 

boots trapping thl! r e 8ctio". Tlms, whilll thls eHect ""'y h i nder the IItt"in-

III!Ilt ef the"..,.,uclear conditions, once a prop"r aSB.,.bly la (o",ed , t he 

.,.snetlc ficld lIIl.y he lp Ign ition l o occur. 

1. J. A. Sta .. pl!~ et. al. Phys, Rev. Letters ll, 1012 (1971). 

1 . .I. ChallC, J. LeBlanc , and J. l-alson, Phy8. Fluids li, 111. 2 (1973). 

3. .I. A. Stamper and B. 11. Ripln , Ploys. Rev. Lett~rR 1!, I)B (1975) . 

I, . J. ,\. 5tnnoper and D. A. Hd"',,-n, PhY R, Fluids .1_~. , 202~ (1973). 

S. J . J. Thomson e~ . ~l., Phys. Rev. Le U.,rM 11, 663 (1975). 

(,. 8, Dczze Hdcs et -11., I'hys . R~v . L.e tt l!r~ ll!., ~95 (1.977). 

7. 0 . A. Ti d"",n and R. A. Shanny , 1'hy". FI"lds E, 1207 (197~). 

g. s . I. Bral: l n sk il, JETP 2 , 158 (19511). 

9 . J. Rrownell, eo-en ts Pta" ... , ph YII. Coo t , Fuden~, 131 (1 97Q). 
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KINK HiSTA.I!lLl'I·H:~ OF A PL/,SH"" COLU~lIl 

WITH J::LLH''rlCAL CIlOSS-sr;CTIOJl 

Gu Yongnian and 1,/111 NBi.:I:lan 

Southweste rn Institute of Physics 
p ,O. Box 1'5 ,Leshon ,Sichuan , People 's ltepubllc of China 

A,bstrac t : Kink instahil ities of (1 sro.rp boundar y plo8mo column 
\11th elliptical cross- acetior: Bre studied , with arbi trary elllp­
t101ty and 'oIBvelenF,th . For finite wavl}leneth pe rtur bations , 
numerical calculAtions are carried ou t by uSinp, Mat tJ leu fun c­
tionS directly . 

If the plnsmn is nSllua;ed to be incompres sible , the perturbed 

total pressure in the plo.!lma Pt and the scalar potential of 

perturbed vacuum maglle tic field 4> are described by LnpJace' s 

equations/1/ : • 
Vl l't_O -q ' tpt=<l (1 ) 

In the co- focal elliptjcal- cyllnder coordinate(ll , 0. z) . the 

inner and outer solu t ions of Laplsce' s equations are/2/ : 
p .. 2:{C Ce {ll ,-q)ce {e, _q)+ iS Se {ll, - q)se ( e, _q))e1kz (2) 

t .. mm m mm m ikz +._ ~ (F m1Pekm(lI ,-q )cel1l( e ,-q)+GIDGekm(u, - q)se .. ( e , _q)) e (J ) 

I f there is a conductive She ll at u O'u, , the Fekm end Gekm in e q . 

(3) should be replaced by the followinr, functions respec~ ive ly : 

fekm"'Fekm(lI ,-q) -P'ek~( ll, ,-q )Cel:l(ll ,-q)/Ce~{ll , .-q) 

ue'km=Gekm(ll ,-q)-Gek~(ll , ,-q) Sel:l{ll , -q)/Se~( u, , - q) 

where q.k2d 2/4 i d is half f o cal leneth ; c em( e. - q) and sem( e . -q) 

are JIIathieu functionfl lIith negotive q ; Cem(ll,-q) ,Sem(ll . -q) and 

Fekm( ll, - q) , Gekm( ll, - q ) a re the fir9t kind and third kind of 

IIIOdifie d ~:athieu functions respecti vely , Cl!! ' Sill ' Fm ' and Gm a re 

constants to be determined , the primes ond dots refer to diffe­

r e n tials with r espec t to II and e respectively . This form of 

sol~tions is general and it is slir.~tly different f rom that 

given by Coppi et al/ 1/. 

I'rom tl'>e boundary condi tiona on t t-e pl£H1ma col umn surfoce and 

using properties of Mathieu functions, we have obtained a general 

form of the d ispers ion relation : 

I umn l "O (4) 

here Dl!lo·PIDO- rI Fm/~j!Gao ' Dmn-llmn-I~ PmjOj!Usn (n) I ) , 
I",i" I" , j" 

I'mn"(>I+X~- lx~(ce~().to , -q)/cell(llo .-q »F;'kiM~) 0 mn 

-(Ce~(llo , -q)/Cem(llo, -q)) ~ (G;'k/G;kjJH.'3mj MSnj 

- thll (Ce ' {uo , - q)/ce eu ,-q))NC • 3 219 1:10 mn_ ........... , 
UI!II1=( II-+:tp_ JI x~( Se~( llo ,-q)/Se~(llo ,-q) )OekJOek~) (J 1!111 

- ( Se~(Jlo ,-q) /~em(llo , -q») t (I'e k/Fekj )/l:Cmj~l(!nj 
- thllo{Se~( Uo ·-q)/sem(llo , -q)NS"'!L ' __ __ 

Hm,n .,J,lXp( ":o~{uo , - G) /cem{uo , - q) )( Io!(:nl:l~km/~~ - tlSm,n ~kn/~~J 
0mn"'lIXp( Se~{ Jl ,o , -q )/Sem(llo , -q))( MCmnFekn/r'e lo: ~-r-!SnmGekm/Gek~) 

MCmn" X- ' I~" ser.:(cenf!ho da NCmn"Jt- ' 1 ~7tcemcen/h~ de 

M~mn=7t-I J ~ Jl cer,,{senf/ho do Nsmn= n- ' J ~ ll sOmsen/h~ do 

Co:,n=Gmn (lII , n ) I) , 1'1 0 ,,( l_k~cos2e)X, k~=1 /Ch 2110 ' 

1.1 "Bv/Bp xp" co(la .,(p-DlB~ w=4]( f oa
2 

w 2/B~ 
in whicl'> Rp and Rv u r e uniform lOngitudinal mllgnetic fi eldfl i n­

!lide and outside the plB8r.1a col~M respectively , BJ. is the 1lI!l6-

netic field on the houndar:;-, >lhich if: produced hy planmn. current , 

a in tIle hulf ma,10r !Ui!1 of tf.o el liptical colmm , b the hal f 

minor !Uie , 

The order or t).e determinnnt vl-ic" expr('f1ses the diS),ersinn 

r elat ion correspond ", to t, (' r. ur.1her o~ perturt-otion modes exi!lt­

ine: i :1 tho "y" LeTl , Jo!ode!l li re eenenlly couplinc: . Coupling occurs 

only al'l{}ne; even Jtk' de8 or nm<-'r'l' odd modes . IIceo rd ~ nely , the dis­

pers lon relation can be di'lidlld into tvo kinds , one with e ven 

IIIOUCfl and the ot?er with odd I'IOde8 , The IMlre stringent one of 

thcn. 8hould he taken 1'15 t ! e l'Itubility condition of the Ilyfltem . 

In the fir st o rder in ell i J;ticil.? E , the stability criteria 

are the sume afl that obtained in the cnsc of a circular cylinder 

plllfl"'U lIi th the !'lame c r onn - s e c tional area . !'or nEI mode ,q c)2/{ 2-13 ) . 

In the second order in E • the stability conditions for inte­

rior sir,ele-mode pertarbution are ( .11 .. ,) 

n_ I, q ~ ('+J*, 2/J2 ) , 

n .. 2 , q::) (h ,; 2/8 )( H ( 6E2)~/t.)or Gc' (1+ fO 2/A)( 1-{ 6 E 2)X/41 

n)J , stoble . 

1'01' an arlJitrllry c llipticity , numerical colculation8 have been 

carried ou~ for the stability cO;lditioll.'l of the fi r .'lt fell moden and 

for it~ r.lluilLUDI i nstabil1t.y growth roto . The renults ore sholo'T1 

in P'ig.1 and 2 , It foll ows that the number of 1n.'ltablp. molie!! 

increases >lith E and fJ , and t he l!Iill( imum grovth ra te Of high n 

IIIOdes is greater than that of the 10,.. n modes . 

In the s econd order in € , the stability co"d itioll for the 

case of coupling between n=1 a nd J modes is { J} =1 ) 

tic) (1+9 1'0 2
132 ) . 

It shows that the coupl :!.ne ho.s fI. destabili zlne effect , 

NUlIICrical calculations hav» been carried out for the case of 

!IIul tiple_modes too , il'he resul t8 arc os fol100l3: ii:c r equired for 

s tability increlloO' f1 r opJdl,;r with € , Accordinc:ly , the number 

of coupled modes to be token into accoun t increases too . When 

the coupled mode!! [or 0. given E increo.!!eS to 0 certoin number , 

q approaches a limit' (Fig.J). lit a/b>2 nnd in t"o obflence of u 
, 2 

conductive shell , >le obtain approximlltely qc-lOO:: (a/b) • If ~ is 

small , the volue 0:- Ci c Cor t he perturhntioll with finite >lavel ene;th 

i$ sli{l"htly lar .-:er than t he value fo r per turbntion wit' , long 

>lavelene;th (Pig . 4). A conductive Shell cl03e to the pl;).smn hlls a 

stabi lizine; effec t to some ex tent . rlowe'ler, if a/h is lnr r.e en­

ough , either perturbilt10fl wi th finite W3velen/!ths or any condllC­

tive shell has hardly IIny etrect on the 'Jolue of lic (i'ig.5) . In 

addition , in t he preaence of 0 conductive !lhell , qc changes abru pt­

ly at cer~ain value:J of a/b. 

'MIC stability condition is more ntrinr,ent 1n high- JJ system 

than in 1 0w- (3 sy:J t em , 

'fhe analj'tical treatment and the results in long-wuve length 

approxi/llOtion in t!·ja raper are found to be the f1all:e as those 

in papers /J/ and /4/ , 0,1 1' work waS done inde pendently /5/, 
lieference~: 

/1/ B. Coppi , II . uajazion alld 1I . G:Jje>lski , l'tlys . Pluids !2(1972) 

240') . 

/2/ N, ii ,McLachlan, 'l'heory and "Plllicll tion of FnU' ieu Funotionfl , 

Oxford , (1941) 

0/ J . P . Fraidbere; ,ond ~ . ;; . !lQOn , \·;·ys . nuid.s DJ1974) 440 . 

/4/ B.~l . l~arder, PhY3.l'luid!l 11( 1974) 447 . 

/5/ Gu 'tonr,nian a nd lau Naixioll . tlepor~ of the Sou'ho,restern 

Institut.e or 1'!'ysl::~l , !'HC (1974) , 
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HIGH CURRfNT RFP D£VlcrS 

ANO THE PULSED RFP REACTOR 

J P CHR I STlANSEN ant: K V IIQBERTS 

Culhalll labor<1tory . Abingdon.Oxon. OXI4 J 00 , U)(, 

(Eurat ID/UKAEA FLlSion Assoc iati on) 

Absll'yct. Rosu l ts frcm c"lcul .. t1DJl~ with" 1- <ll"",n510n,,1 oQu ilibrlum 

l ", ..,,,purt codo on hle.h-curnmt medlum- siu.d !lFP tloviclls "ro pr":;ant&d . 

ThrOfl dellices of minor radii" • O. S, 0 . 7 , O. 1Im .. o"p"cUvely "n computlld 

wUh toruld .,l currenU In ll>u Mug"",' rsgim" ""d the Hno oonslly for 

OPtlmuon 1o" t',""IHU'''luro (0,,1\<1 . Sucondly" study of thg opa r"tlon of a 

l'ulue<J RFP recetoT (PRFPR) Is mode . Om. reactor cycle t~ diVided Into 5 

r>t"'~II~ " nd 11 &lm,,10 analytic mod,, ] fo r the "nurgy Dill"",ce 15 us ad to show 

thtlt Illnlt100 by Ol1mic !1CMlng aiD,,,, I s fo" "lblu subject to certain 

," Illlj" CU I' ,v"t RFP dUI/Ices . AJly pre"ent RfP si!TIIJI "Uon modlll i , bUI,Ifld 

t u bll I"complotll dw tu l&cl<. of ClI'fJlrlc,,1 kIlO ... 1edgll of "nDftl(lIOU5 tr,,"sport 

,"'OCC5110.. . Ihe RFP mod<Il used In the ATHENE 1 codll nOl"lMl1zes the e l oc­

t...,., thunMI C<Inducllvlty tu t he umplrlcal s"aHng 1 ..... 9 for 10kOlMkl b~ 

c hous ing the diffusion "" 0 • c 021tE. whe re lE is the energy contiltnment 

time for a T"lIillnllk expressl!d In te","s of tlla oper"tlng p"r_te,·s. 10 

achlllvlI tho v .. luo ' e ghon by tllo Tok""",,1I scaHng thll CO"lllt .. nt c IS ehosen 

s u Ch that ' el t • 'cl· 'E ' _". lC Is the RFP conflgur"tlon llma. 

1.1 p" ,·_tllrs. The t oroldol current Is v .. ried ... I ·12 .S.S.7.S.JOli1I MJ 

corrllsponding tu 4 dlHen",t volue5 of the .. xial field. The line donslty 

I~ voried nS tI • 11.2.3.4,8IN
o 

... he re No. 2.'> 1019 1",-1], The effllctive 

.. t.,..,le 1 is leff • I.JS cO'Te!!pondlng to Hydrog,," .... d 0.6'>\ fully 101'11201" 

Ox~p,en. Ihu stvnu"rd Inltl,,1 und wdl l conditions of I\TI"ENE 1 .. re usrW . 

1 . 2 Rusulta . rho upll"""" v"lue of tI fo r " .. ch II . a) valoe is ro l .. ted to 

the c()ll t siu"" llt~ of the plo".... . When the perfo""" "cII ""raolOlters fol' 

tile opllmum tl wlluoo ore stOJdled "5 " f"""tion of current I it I~ fouod 

thllt tl,e l"n tamperl'!tors "ppr. "evches l ke V per MA . It "", .old tho~ "ppUII" 

tll"t lJ madium- oi2ed htr.h current RfP could get c1<l~~ tn Ignition by OI""lc 

heating " lth r > '>MA llithOof,h UH' 1I,wson p~rameter Is 

n , ." n.2 1020 Im-3se" J . It should be notad u",t the drift pll"/lI!1l1lur 

I s hIgher b~ 11 f.J"tor i-2 th.:ln the vlllue lit which o,,,,.,,,,luu~ affllctlJ IlNl 

I,"OIIctrrrl. 

2. The pIJlIIad RfP ' 'Ullctur . ();,.. cyc1 .. Df " I'e r" tiDJl of the PRfPR is divided 

into S ptvooes t:har""lg"\Zl!d by tile settlng - u!-, of tho:' Rf P. the heottnl: of 

t he p lil~ to Ir,nltlon . .:"''' \>Ufnng. them,unucl""r bon,-up and puIIIp-out, 

Of tI\IIlIe 5 the ~"s pUffin!: Md thennonucle .. r burn-up phases Ilnl IIlutJiod 

for the l<lWson RfP 1'fIltCtor desi&n I ll. 1\ low-density (rlol Pi"""'" Is 

hootll<l beyond the l&nit1on JlOlnt 'D and cold g"s puffe" into the dloch!l"r:'" 

lhu energy boll"""e equation fur the Ill"""", Is 

where ~ . 111 0 , n · nlno ("ss,....., '" . T
i

. ne' "i1 (tr.d t ho ~ term!l 

r el>resont (,-he"tlng «Ov'[Jr"'12 ), Ol.."lc he,,[lnl:. tlremsstrllhlunr • .Jnd 

I" 

thel'lll!ll IOOBeo rlls per.llvlll~ . 

-I 
either con'll""l u,· ." ro • 

Ih" 11",., c"nst""t "i . I"E io congJdererl 

Ourlnr. t he gas puffing pll"511 it Is envIS~~ed 

th.~t ~U ~t Ir. """,11 I",d solut l uno for prngr 1llffMd puffing. u(t) " r e fou nd. 

Slmll.Jrly durlnl~ thermonuelll"r burn - op Ju/H \5 SmLllI itnd solutions f OI" 

l(t) "''ll found. 11\0 solutlon~ u "nu. <o ru ctl"rilclal"\z~<d tly lime 

CUl'5t .. nl ~ 111 (KiI~ p.,fflnl:) n,,1I lb \ burn- op l which "lIPe,,,1 0" In
o

' 'o.lEo !' 

The succo!!!; 'ol comploltion of lh" 2 pl\;ose5 reQulroq 

no· J lU
I9

1 .. -
3

J. T".IIl[kuvl 'En~ 2Ul sec}. \Xle r_ycle of op .. ,.,.t l on ... 111 

lhU~ protluc" IhQ "v"rolil" 11""'''1' lovl!l of 2 1G wJ lll subjllct to 5 bOlllc 

r.UI,dltl"'J: I) he"tiny, to 10 , II np"tI"lly uniform puff i ng. 3) 101;,,1 

,, -hooting. 4) GrU!l5 f"H'l stnbillly durin\! cyc l .. tt..... '>1 poorfect 

" .. I.,;"I ... liohS ... lth t he I\T!£N( , CU<l" :;Ince the te""" of \ ll now MVV " 

SI, .. U.,1 ut/fIt,.\l ICJOC9. In UIII:;e c"lr.u)"ttons It Is however still oltlSUOIIKl 

U .... t " .. hI I''<'~ ,,,,,.. lKI pufflld Intu the centre ....a furthc ... norc thllt the 

.,. .• , lrlc,,1 1"~",,,,.~ !lc .. dine for li: " ppl1.,5. 

III J fI ( ..... ,!l0" f"II .... Rello,·t elM-1l17l 11977) . 

DP2 
tuEltI'«i ZT- qll WITH THE G2M OiFFUSION COCE · 

R. N. Byme 

Setence nppl1c"Uons . Inc •• l" Jlllle . Cellfomlll 92038 

C. K. Chu 

CoIU<obi" UnI""rs1t~ . N<!w York . New York 10021 

~. The G2M tok"""'~ dlffusioln cod .. (1] hes been modif i ed to 

include t he modIll o f efl(Jmllluu~ dHfUllon aeveloped for ' 1>11 ATttEf,!f 

coJ2 .3J to model the slow evolution of rllllllrs ed field plnch~a . ThE' 

rcsulting code thus includll5 neot r .J1 IInd iJl"(lur l ty tr"n:;pOrt. lonpurt t y 

r odl~t1t", . and v" rlous a nom" lous trlln5pOrt. fl'lJdel& devalOlllld for toko­

milks. w~ Int,,"d . fullowlng Ch r istil'!nsQn ~nd Rob"rts . to norlllll)lzf! t he 

code to ZETA d"ta . t hf'n use I t. t o in"o"t I8I1t~ the Il'!te~'lme beh<!!v:lou r 

of 7.1-40 . 

~. The followl,,!: tt'r~~ polnt~ art! egtabl1shed ,.,HI, 

rl!5p(!ct to zt'TA, 

1. 1 The Chri,U .. nsen!Roberts,suytJ"" t r;:tn~POrt mod<>l fCRSl(lJ duesn ' t 

much "ffect the t e"'P" r .. tu .... s 1/\ our 1iI""' I~tl ons . s ince "i"sslc:.l1 

tl'''''sport glv~!I fl"Ulsh profl 1e5 ""Y"""'Y . The densi t y profiles ore 

s~t affocted. but tl"e oVllrlll1 calc,, 16 t.ion Is little (".l-<ongod . 

1. 2 . Tile calcul llted te""eratures do depend on tllO lovel of l~ur1ty 

09S....,.," . lhey Increase with th" snoont of o"ygan ildOed. due to the 

lncre"se in Zeff. Fiv .. per cc"l 81ve lefl about 2.~ line! .. uHHrlll 

temperature of 2 10 eV • 

1. 3 T ...... dlmenslo",,1 c .. kul .. t \onl< ~h"" tl>l1t the ~"r",n ' ~ u .... t ~·volve 

produclI mll'rorlng n old5 . The mirror r!lt.1o on 11 flux sudllce ri ses 

to 1. 3 lit 0 . 35 m. f ll1l1ng to 1.2 lit th" ","11 . Slnc!! neHner c l llsslc,, 1 

nor CRS t r .. nspor t. models oopend on thl~ . t l, ,. "Ill""'" """Iut.lon le 

o lmoot the ~I!me a~ in the 10 - slmul<o t.lon . 

~. Tor"lng to Zl-40 . .. P. find t nllt ,I>" CRS 'TMsDor l ~t.ro nl:lv 

II ff e"t!l the cl'!icul ated r esu iLs . Tt'I/ '"mperlltur"5 lond to I>"a~ .. harply 

off-~~l~ . c lltsslc .. l1y, .. nd thi s tf!ndl!nr.~ h rod"Cf!d Dy CRS . Odrlly . 

t Ill! ce"tral ternp.,r"tures .. .... hlg l"ll r ... Ith the e n hanced I.r !l"Sllllrt . "'vcn 

thooght tl"o! l osses .. rf! "",cl> i ll".er . Thi s Is Pll r tly bBClluse the Cf!nt1"1I1 

den~lty f al l s with CRS .. nd partly beclluSIl thl! teorperotUT"l! prof il es ore 

!IJIIOOther. The cl .. ss\",,) c,, ~e does .... ve nooNl "norgy In the pJoltGIM!I . but 

it 11 concentrated \n the off-lid s pellk. A for!her prodl"tlon o f th" 

...ade l 1&" l llrge reduction In configurlll l or> time. fl nro the ft pl " lit 

the ... all p"sses through 2Cro at IIbout 3 . 5 IllS .. ith CRS . ,"ot "o t for tens 

of mS clllss l colly . "55 .... 1"g pen ... r:t crowbarrlng . 

EVll" with the ""Ip of CRS, zr -40 cannot ,"urn througtt o~vg .. " In 

ttte cent r lll corn "t the highest .wnsltl"9 I'nvlsioned 110
2 1

",- 31 

.. 1th os little " s 1 per cent_ oxyg...... If 11 ... ay ls fn"nd to preh"a! the 

oJ"~trons to. s"y . SO eV, the dl!vl"e can 51JDDOr t u .... t m .. "h oxv!:eJO. I\t 

h"lf the tJen~1ty . t he proh lFm d1sepDeer, . I)nrl . " 5 tn Z'ETA . jn"",IIsed 

oxygen levels rllsult 1n tnc r os ""d "aMlnll . 

Finelly . the 21l ca lcul .. lIons ~h".,., tn"t 'I>er .. I~ los!' mirroring 

in ZT-4D thlllt I" 7ETA, not. lmre"50n"blf' Jro vl"", of t" .. I"rgllr asp"'ct 

rlltiO of the fo"....,'· device . the rati o o f fl"ltI,. uult".""rj t o (nl'n""d 

I s ~ti ll as much .. s 1. 2 ""' ... UtA Ile(l~ of thEt 1l0101r101 fl (l lrl . ",,_ve r. 

(1 1 By",e . R. N .. Kleln . H. It .. J. Co:xno . PhV6 . 3!fl978 1 3'>2 . 

12J Rabe l"h .K. V • • ChrillUlIlls"n . J . P . , Long . 1 . W • • ~. 
Ph~s . Co:mt . IO[)91Sl 264 . 

I lJ Chrlst\""s,,n . J . P .. Rol .. r' '' . K.V •. Nu"l. Fu'<10n 2.!!II Q 7AIlt'I! . 
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In"estiqa"oo of Mic;roinstobili,"u in 0 low Oeruiry linear Theta- Pinch Plasma 

H.U. Fohrboch, W. Ktlppend&fer, M. MUnich, J . NeuOOuser, H. Rtihr, G,Schrorrrn, 

J. Sommer 

Max.Plonck-tnl'i'ut fUr PIOlmophY'ik, 0-8046 Gorching, Germany, 

EuRATOM Anoc:iotion, - and 

E. HoI zhouer, tmrllul fUr Plosmofonchung de. Uni~erlitDt Sluttgort, 

7000 Slull9O.I, Germony. 

I. Introduction 

Current-driven mieroinstobililies can 8Ki.1 i .. post-implosion theta-pinch plasmal and 

eau.e anomalous diffusion. Uoeorized theory /1/ predicts the lower hybrid drift (lHD) 

in.tabili ty if rhe densi ty grodient extends over Cl rew ion gyrorodii for Te < Ti_ The 

wove i. fou"d 10 grow fa,te., ot Cl wave length ).. LHO= 21Yo .. (~)1/2 
with Cl .. 

• 'he electron gyroradlul . The satura ted flucluotion level of the wOve and anomalous 

diffusion we •• es ti mated us ing thermodynomic considera t ions /2/. Anoroo loui diff"iion 

woi ded"ced from tf>e time behcwiour of the magnetic field profile in the the lo- pinch 

e Kperimenl He llK /3/ but concl"iionl on If>e co"se of this diffmion could not be drawn. 

In order to idenlify t f>e lHD inilobill ly and to meoi"re it. fluctuo t ion amplitude 0 

smoli-ongle C02 10ler Iight-sCOllering eKperiment wo, $8t up ot the theto-pinch 

INTEREX in Gorehing. In IeCt. 2, this e"Periment, its diognostic , the paramele~ 

ond the behgviour of Ihe p lo<mCI ore described. Se cl. 3 gives the scollering orrange ­

ment ond relulrl for two typical fill ing pressur".. A discms ion of these reiults followl. 

2. The INTEREX Experiment ond tf>e Plolma Properti es 

INTEREX il 0 8.75 m long thelo-pinch with 0 coil of 0.19 m diometer. The mognelic 

field produce.:! by 0 power-crowborred cop<lci tor book ri$81 in 0.6 esec 10 0.7 T ond 

tf>en stoys neorly conltant for 20 t:,ec. AI fill ing pressures between Jond 10 mTorr 

deuterium 0 hot low-comprened plosma il produced Ihi. woy. IlI'<Ige convertor come ­

(Os, diomagne t ic 10OfIl, inf(Ored Interferometen ot 3.4 ond 10.6 t!, 900 Thorruon 

Icollering, neut ron detec lon ond monochrorootors for impurity line meo,uremenn ore 

uled toonolyze the plo l,"" . The II'<Isne ti c field, ne utron flux, elect ron temperoture 

ond dio,""sneti c n UK ligno ls ore ihown in Fig .1 from 5 mTorr discOOrse • . FiS.2lhows 

electron densi ty profiles meolured with the C02 in te rferometer in the midplane of the 

coi l. An ion temperature of 700 eV wOI deduced from the neulron flux ollumins 0 two­

dimensIonal velocity dlstrlbutlon. The be ta on oxis varies from 11 = 0.8 to 0 . 9. 

Al though the plosmo ii grossly stoble and contained for more tOOn 20 fleC, the dio,""g­

""tic nux ond the line density show i.reproducibl e deviotions IF.s. I).They ore of the m=0 

type wilh obout 20 cm axial wave lenglh ond con be assigned to mi rror ani.otropy 

inslobilitie •. They do not a llow 10 derive dafu.ion coefficienll from densi ty profiles. 

At half density rodi\ls 0 lHD wove wilh ,""ximum growth rote 6 = 2.2' 107 sec.,.1 

). .. 0.7 rM1 and W - 2.4' 108 1ec- 1 Ihoutd be exci ted occording to li!>eor the«y. 

The ion gyrorodi\ll ilobout I cm in Ihi. region and the ion- ion collision ti me SO t'lec. 

Plo.,"" prod\lced at J ond 8 mTorr give obout the some condi t ion for LHD instabilities 

.ince Ihe rotio of the diomognetic drifl ve locity 10 the ion sound velocity is obout Ihe 
'd 

wme in Ihe boundory layer, V; .. 0.2. 

J . C02 Scattering 

The orrongement for colleclive scollering at 10.6 e wilh opticol heterodyning illhown 

in Fig . 3 . The opticol components ore mounte d on 0 moveoble corrioge. At small anglel 

91 Ihe direction of k c. is nearly perpendicu lar to li /4/. If fluctuatioru ptopogole 

only in 0 narrow gradient region, radlollcannlng ollows the .eparation of ozimuthal 

ond radio I k.Q component • . The occe.s ible wovenumber range i. determined by Ihe 

windowl ( k,!l,.l..8 .. 60-600cm- l ; ko.1I8 " 60cm- I ). 

The single-mode, lingle -frequency outpul of If>e pul.ed CO2 loser has conslontpower 

during the plo.mo lifetime. The dete ctor lignal i. omplified behind 0 7 MHz high­

pass. Firoolly spectrol onolysi, within the delector bondwidth (300 MHz) is performed 

wilh fillen of 20 MHz bondwidth. 

The a l ignment of Li 000 lO in the e"P"riment il conl rolled with 0 nove l method usi ng 

nonlineor absorption in SF 6 ot low p,"",S\lres /5/. The ongle gs is varied by changing 

pooi tion and angle of mirror MI' 

For 011 filling preilu..". the ICOtt.,ed power increased strongly with dec reoling k b 

(ho lFw idlh in k,!l, .poce 200 cm _I ) . The relulll quoted below Were oil meolured a t 

ko = 82 cm -I (gl = 13 mrocll, cI"'e to tf>e maximum growth(Ote e"Pected from linear 

theory. Rodiollconning up 10 6.5 cm rodiul indica ted az imuthal and rodiol fluctu ­

OtiOnl of comparoble intens ity ond freq\lency 'pect",m. 

In Fig,4 the signol ampl itude proportional to li'e i. Ihown (double ien. it ivi ty for 

75 MHI) . AI 8 mTo" Itrong initio\ n\lcl\lotio", domp out with in 5 t:!.ec . lateron 

Icottered signal I con be detected only in the two lowest frequency channels . 

No lignals could be detected o t ony pre"\lre for kL). 11 8 (k c. = 82 cm-I ) . A lower 

- J -

bound for the ¥olue of 0.. il obtoined by integroting over the scottering vol\lme (g ra ­

dient thickness 2 cm) and a ronge of k.j" vecto~ which il specified by the beom ge­

ometry, correiponding to -;'e " 1010 cm -3 (Pi = 7.2' 10- 10 W) at 8 mTorr ond 

~ _ 6' 1010 cm-J (Ps - 2 . 10- 8 W) ot J mTorr. An upper bound for the val\le of 

n;, rel\llll if the kb -spectrum is a.s\lmed isotropic in the r-Q-plone yielding 

~ .",. 4 x 1010 cm-3 ( ~" 4 x 10- 5 ) ot 8 mTorr andne __ 2.4 x 101/ cm-3 
'ire 4 neo 

( neo = 6 x 10- ) ot 3 mTorr. 

4. Dilcuss ion 

Th. results obtained.o for show strong fl uctuations in the wovenumber ronge in whi ch 

lHD inl lobill lie. shOlJld be excited. The wove vec tor paralle l to the magnetIc field 

I. found lmol l (klt« kg) in accordance wilh theory /6/. The rodiol wove vector, 

however, leem! comporoble in size with the az im\lthol one Ikr ~ kg) 0 cOle not lreoted 

by theory. The fl" ctuo tion amplitude fits within on order of magnitude the loluration 

level 01 eilimated in/2/. 

At J mTorr 0 frequency ipect rum.6. f <'t;:'. lOO MHz WOI meo.\lred which il brooder Ihon 

e"Pected fram theory /1/. The ob.erved discre pancies con depend on the foci tho t Ihe 

eJql8riment may not fit the simplified theoretical mode ls. Especia l ly al low pre$Surel 

the ion ve locity dili ribution will deviote coruiderobly From a Moxwell ion distribut ion . 
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NUMERICAL STUDIES OF mE RFP 

r \: C~r"l..n . J W Johnsto" ," J W Lnng , * 
A A Nellron, V A Piotro"icz,* H It C Watts 

C"lh8. Laboratory, Abingdoll, Oxf ord,hit" OXI4 3DII , UK 
!fu-t<lCowr/IJKAfA FuMolI A..I4(1cUtU,m) 

• O(~oJld P"tlftl'.c/UUC 

AlISTRACT 

The ev? \ ution or the •• gnn;c field profile of a pinch t o a reveued field 

state has been &illUlated by a 1-0 code .,odi f i ed to ;""lude 'dynamo ' e[feets. 

The effective the r mal cond""livity ~ due to the dyn3tI>Q hu been es ti",ued. 

We find that K., ~ T/,~II i n the collisio,,"! regi..., and ~ .. ""J a Il Te in 

the co lli sionlcsl case. A 0-0 p","cr bai"",;" code has bee" used to .imutale 

the behav i our or the RHa, lIBTX! and ZEIA. 

~2!! 
I-Il IInd 0- 0 codes have been used to study t he fo.-matioR of , and energy 

lones frOlo, reversed f ield pinch (RFP) plasmas, such as ZETA and HBTXI. 

FIELD OIl'I'IISION DUIII NC THE ClIRRENT RISE PHASE 

Calculations of the magnetic field profile during the eurrent rise phue 

have been perlonaed using a modifi .. d VeTS ion of the 1-0 code 'ATH[~'E,.(1) 
The noo-a~iBYl!llInrie percurbnions neccssary for spontaneou. field reven~1 

... ere included u l ing a ' dynamo -odel·.(2) We assulI!! cha( the phlllla 8 i l 

.... 11. and that the current ri se ci""" 'i ' is . uch larger than the Alfdn 

tr .. nli, eilll! , 'A' The lIIagnetic field then evo l ve" th rough a se rie l of fO Tce 

tree IUtet latilfying J ~ 8 - O. The plas .... res i stivity , n . i. a"u .... d 

conltant i n .pace and ti.e . Re . ult . aTe given as F-B curv ... . ... here f. 

B ...... II/B.aver.ge and 9· Ba ... all/S.ave rage. rigure I 5h"". the curVet 

obe.ioed "ithout a dyna .... for sever al values of n . In spite of large vari­

ationa in the fi e ld profile., the r - e curves are vety si .. ilar for all value. 

of n . The effect of non-uis)"UIIM!tric fluctuations is to add the utn te r ll 

~ lInt • - V ~ (Cia - "T/''o 'l ~ \I) to the field diffusion equation. "here 0 

and "T depe~ upon the para""'ten of 7th!! turbulence. If a i s chosen a~ 

11'IT/u,, ' f(1I - u) . "here ~.VK B.U/U-. f is any positive function and 11 i5 

th~ ~veragc of u with wei ghting function f, then the condi t i ons fo r Taylor ' s 

lIlinimiudon theorem[)] are satisfied snd the fie ld re l aKU to the Benel 

Function Model (Brn). W .. de .c rib" this choice of 0 as the ' MelOn ~ Madel'. 

Aa a demonacrati.,n , we take f • nT/~o - ~onstant. Figure 2 sho ... s the 1'·0 

curve lar three valu ... of "T ' For 11 < 1.2 the 1'-0 curve is scarcely a l t ered 

by the dynamo, but for 0 ~ 1 . 2 the dyna"", a llows the field to r everae snd to 

f o lIo" the am curVe. Thi" i~ ~imil~r to thc beh~viour obGcrvcd ellpcri..., ,, c­

a lly. [4) 

FLUCTUATIONS AND IIEAT LOSSES DURING THE CU RRENT SUSTAINl-ffiNT PHASE 

Ulinll the dyn ... DOdo:! ...., have esdmated the fluHuation l evel required t o 

prevent t he resiltive decsy of the r eversed field. Ass"'sing equipani tion 

of energy be t"een velocity and magnetic fie l d fluct""tion ' , ..., find 611/11 • 

s-I. where S il the ra tio of r es istive diffusion to Alfv':!n timucales. It 

i .. inlerening to note tha t thia is t he 5 0me scaling a s lhat f ound fo r rev­

ersal due t o I-fID lIIOde5. [ 4J The taOdel can be extended to include heut louel 

d"" to electron thermal COnduction along the peTtubcd field line •• (5] In 

the collisional r egl...,. typically T ~ ~OeY for Z[1"A-like condit i on., th' 

tranlveru ther .. l COnd uct ivit y , K
f

: i s proportional to T,/nell ' ... hich i . 

enentillllya 80hm Icaling. In collislonless condition s ... e obtain a c lani­

cal sCllling . 1>11th "r - ne1a/1 Te' 1£ oheai" heating and cond uction lossel 

rlOllllnate the energy belsnce th"" a scaling la\ol [or the electron t emperature 

.,ay be found. In the co lli sionless cnse, ~ppropriate for Isrge device • • "'<! 

find T ~ 12/n". c~rn'" p"nding lo ronstant <,lenr"n b~ta. 
~C~ 
A. O- D pO\ler bslance code hu been used to sin .. lIate th~ h~h;", iour of the RFP 

experlJl>enta , 7.ETA " nd IIBTXI.(6) The IOodel includes the electrical circuit 

and "n~ rgy loue. d .. " lo ioni . ation. radiation. diffusion and convection 

uM<><: iall,d ... ich f ie l d nuctuHIon8. The i"'purity eharge Blllre di stribution 

and radiation 101le, . .re d ... " .... In .. d from t he COrona """'el. 17J The effect of 

relaJCHiao) of the discharge to a reversed f i eld is included hy allowing the 

p l asma 1IOd,,1 to pan thrOllllh a sede. o f t earing lIOde .. tablc (THS) s tate.!8] 

Thes" d"fine .In f-8 curve do,", to tha t observed and the correlpond i n~ phn.a 

inductance va l uel are Uled. SillllJ\ations o f ZETA ha ve been e .. tended to inc­

lude caUl """re the filling gal ... a5 deuteri, .. mixed with know" quanti tie. 

of argon to It udy ch" r adiated eoe r gy losses. The steady Itllte coronal ..... el 

l>Ias aUlllDI!d lu be va);.t ror the a r gon and iron i .purifies cons idered in the.e 

c alc"htion. and valuea o f .... n charge e tc ""re taken f r Olll r05c
(9

) ... ith 

elll rapolarin" . ... her" Te < 30eV . 8010.;,0, ter ...,asurelleoU of the! ra~iM<"d ..... c r gy 

1o'«r .. ~7kJ ... ithonl Drgon and I~OkJ on the addition of 0. 4 % argon. An"", i ng 

that 0.15% iron w/ls also present the code produce" corre~pondin[l r~.ulta of 

55kJ and 157kJ . In fir. ) i s sh""n the experimentally ..e~~ured CurT enl and 

th" c,,",puted curr~n{ for O.IS~ iron and 0 . 4% argon . In ".de. to elCtend the 

ca l c l.l lut·ions tn 11 8TXI . t he cod" "as modifi"d [(> t •• ke 'lcc,"u"t of rhi a e~peri · 

menr ' s I.,rge ' .... "d space ', i.~. the area bet ..... cn the V.1CUU", vusel and the. 

fl"~ conse rvur. Us inll lhe ex~eril:k."ntal result tholt the pl:lsrna follO\ls a 
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ng 2 ~'- 9 curv ... S fo t t;/1" - 10 
inctudinr, dy"alllQ t .. nos. As 
the Itrength of the dyn~mo 
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is increased the F-6 cu,""e 
npprooches that o f the Besu l 
I'unction tlodel . 

fi g 3 Exp"rillenul (solid 
li ne ) and coaputed· 
plSIIll~ current In 
2ETA us u f "nction 
of ti_. 

Fi ll 4 1I1ITX! plaslla current 
/IS a func tion o f ti"", 
(da.hed lines computed). 

univenal 1'-0 curve where I' aod 0 are measured at the pla""D edge (no t 3t 

che • flux conserver) the actual e "nd thus thl! phSflD induc t .. nce .. nd res i .­

tane" factor call be ca lc"lated. Agree..,nt .. ith the e~peri ... nrally observed 

current i n HOTXI CUn only be obtained if the lIIOdel phn.a inductance is 

increased abov~ that of thr TMS lIIOdel. Even in (h is CSle only re~sonable 

agree ... nc is obtained .,it h the expe ri.enta l reau l t • • aa Ihoom i n Fig 4. 

"her" ~~ of o~Yl\en impuri,y and the ... asured va lues Po & 40aTorr and 611/B -

101 .. r e us~d. The ~ Iectron ' e.pe r at" re reaches 7eY. coaparable ... i th values 

.easured by Th_soo Scattering for similar dilcharges. A poslible reason 

for the poorer ag ree""'nt of the predicted curreot ... ith HIITX I relults is that 

the p i u"", is not in " fully relaxed "ate d"rinr, the d i scharge , thus the 

I\O<lel values or p las.,a induc t ance ... ill dif fer frolll the ~ctua l values. 

CONCLUSIONS 

Th" "xperi"",,,t~lly obs erved F-O curv"s CS" be simul a t ed ulinll an aX i SYIlIIIIHric 

fi~ld diffusion eq uation . ... ith non-axiay ... etrlc fl"ctuatio1l5 included ",sing 

a dynamo model. The enhanced ther .. ~l conductivity ~ ssoci 3 ted "ith rh" dyn­

anK> i ~ found to have a dassical scali n g under co lli s ionl eas conditions. 

The O-U si.,,,larion5 "ere e~tended to cas"s "itere argon wan present io ZETA. 

Good ag r eellent ... as obtained with radiation and current me IUUTL""en t s . n,e 

code ... as IIIOdifi.ed to indud" a dead space region for H!lTXI si ... dations. Uy 

in~reaaing the I nduct ance to value . grc .. ter th •• n lhos II of the nil: raodel 

reasonable a ~rl!ement ... as ... de bet""en the currents. 
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11. T. Ar<tStro"jI; , k. K. I.tnford, J. Llpson, D. A, Plaets, and t;. G. Sherwood 

1. [ntrod" e t Inn 

r'>", e'I"lllbrl" ... !ltdb lllt y , ""d co"ft"" .. ~nt propert l ee of tile 
r ."·",r~,,d tl~l~ """fllluratlon 8.r~ I>elng !ltudled In .lIa thel M pinch 
fnelliti~~ referr .. rl to n ~ FRX-II , ~ !\d FRX-B . Th" configuration h a 
[",'lld" [ pl,, ~," a "o"flned In " purely puloldal thld "nntlguu tion 
cn,,!»lnl"r. both c1o.ed ""d open It ., ]d ling .. , The t'Rll .ys t ... p r oduces 
hl!!hly "'on~~t<!d torl .. Ith ..... jo. udtu~ R-3- ~ "IO , .Inor .IIdlu8 " _ 2 
"lOo .,nrl ~ full len"th 1 - 35 c a _ Pia .... condition!! ha ve u nged trOD T 
- UO eV, Tt - f~ e~. and 11. x - Ill",,,.) to Te - ~O "Y , Tt - 5U .. y~ 
~nd N.~ . - ~ ~ 1'1 le. . Thl! pt." ......... 1". \n a 8t"bie "'1ut UbTi,,", 
ru. up to 50 ~8 'oHo"!!d by an "-2 rot,ttonal IlIstablUty which . uul ts 
In t" r .. l n.Hlon nr the . "v .. r"e<l field configu r ation (Rrc). Th" pla~,"" 
h"h4'lio r ... Ith r osp.ct [0 eq"fllbrt"", . UIlblltty, and rntation 1" 
con,,19t<'n[ ... tth r .. cent theo r etlcnl .. ork In the8e "rea". 

8efon , proc<!edlnR .. Hh a d e t aIl.d rev le" of experl_nul (IU~ a nd 
thei r consistency with theo r y , ... e a hall fln t b r I ef ly ducr lbe ou r ... a t 
r ecen t e.o:perl-.ntll re ,.ults . Indel'endantly driven. c.owbll rr" d .tH or 
eo\1s ve . e recen t ly Included on FRI_A. IH th op t l...., •• I.ro r c l.,ln&, it 
" •• t ound thH th .. pa n lele Invento r y Inerea"ed a. cOlllpar." vlth 
plas .. na cri!ate" "Ith pU8lv" .. I.rors or ... Hho.,t any .. Irrora . th .. 
Incre0ge being hrllely du .. to ~reater pI8S .... length . It la t hou ght 
thnt the ",irrnra produ"e a !>Ore 10CAli%od tearing and r econnec tion of 
Held U neA durlnR the forllUltian phas" by providing lIO[a f.vorable 
H.ld cu r vature at the ends . Thll a hould ~ontr lbut. to Increased 
Invento r y . Al t er the flut f e" . ( croseconds, t he .>ir r o r . act .... r" Ilk" 
An exten"ion nf th" l"'PloA(on eoU wll l c h woulo1 also (ncrea.e plll~1Ia 
length . _'n incre .. 'e In plaAIIa I (het'" fro .. 1U to about 1~ ~'1I also 
"b.eued but haa OOt yet been f u ll), ""pl .. lned . 

An e~p edllH!nt In pl.l.s.a tunsbe lo" WaS perforo, .. , d by disconnecting 
nne of the drlv~n mi n o r s . I/h"r~ t h .. f",.n Lnlng "lrro r 10'119 ac t iva ted 
0- 5 ~. b"f org [ha I",ploatnn. th l! pi .. ..... ... as observed to tranl l.ot" 
tOOla rds the oppoalte eod with an Inlthl tl r trt veloe Hy of J . J c," l~s. 

ax iClng the cotl In I~ ~8 . Thh tlODe lA Inten"edl.ce bet_cn t he 
I'Ll ..... s table t h.e (t,) and an Alfv~n tunslt tt_ (TA) .. 0 tha t th" 
pl.n_ can under"o .. collect Iv .. tran.latlon prior [ 0 In"tAbIlUy. A 
/))2:1 A f rac tional (rlnfla tnt e d"r.,..,ter. external tt ~ltl p rob"., and a 
lid" on Atr"ak cAQar~ all I ndluted a ... "ll del tned plas .... col""" 
for .. lnlt In t he centr .. nf the 1"",loaloo coil ,,,,d then drifti n g u n l to r ll.1y 
nuC o]f the s yHe ... 

End-o n f • . 1 .. lng photography ind icat.d retention n l an An nular 
.. qu tllbriua A~ th" p iA a .. a moves axl lllly . 

Th...,."n .c~tterln& has r ecen t ly b .. "n added to fill - H. The Ayste .. 
hll. .,11 ila coapnn.nt , rigIdly .ount.d to a .. Ingl., t able surt.ce s ucb 
that all r"latl -'" a ltr,nll'lUnU r " .... ln ft_ .. ., . To Ahllt the . _l'edllH!nt 
eit her r adtall ), o r a"ll111y , t h .. tAbl" 1. t r "ns l ated by _ans of aIr 
bearing'" This veultl Hty la per .. lt t.d because • thrae )l r atlng 
POlych ra"'""tor l ha .. be"n emplny"d . Th I s Ina t rUNent has autt lcient 
rej"ct(on a t b<)4) A to obvldte t he n"c"~slty .,f a b"a. or '/1.wln& duOlp . 

Ob s erv.tLons "ere """le o n t he .. _ i,a l OIldpl" oe ;ot a constan t Ilillnr. 
prusu r e of 17 .. t orr . Ov~r t hi! RUh!o 11Iet1"", of the plaS"R . th" 
el.c tron t e .. pen t"re "as eas"ntl~l\y con.tant In both tl ... and 51""'" BC 
Abou t 100 eV tor r~dll Interior to [he '''pe r a tr lx . Reb el v .. de"sHy 
"as a l ao fairl y conaUnt al a functi on of tl .. e ~ t the'e [adll. The Ion 
teap" r ature 00 the adal .. I dphn" WIIII d.ter.tned hy Dnppl.r b r o"denlng 
of t he 2211 A Ilnn of CV and " Ite r the fl r " t III ~s " a " aho IOU "V a" 
r"'1ul r "cl by fai rly ... pld equlpanltlo" . Th"se dllta Indicate thet the 
eno rgy de n~jty nt ant Itlven rad!., 1 pOSition on t he a xhl '"t.dp hne I .. 
n"nrly c"n~["" t I" time· This Implies that th~ "qu lll ~r lu.., arlj u U 5 
a ~lally t o compenute /"r 1.,~seA Irn", thl~ r"g l "" . The dnta a lso 
[I!concll"" pr .. ~."r" h" 13,,ce ~u~nllt"tlve l , Itn ... Ithln ~ U ~ ) wh",,, 
pUyto,,~ Int~ rfe ~.,..etttc cl~ t a .H 11 .. COn ha ~ h""n uaed . The 
tI"t" r .ina t lon or An "nnr~~ c .... t1ne"",nl tl_ . ,S t a"all dllt.lled axial 
'~~n". 

111 . E'lulllhrlu .. 

r:re~ t I'r" ~r ... sy h~ .. b"en .. ,d,· In ""'d<!llng thr I'RX e'lulllnr!un both 
a nAlyllc_,I(y an,1 hy "", ,, M or ~o,.p"t" r C",1 <!5 . 

A 2" "h3"P t>ounday c.,I~ul.~tlon by 1,lnf~rd~ ha~ Yh l"e<l~,.e~ul t " 
AI",( IA T t o ... u ll.!r cft l rul~t l"M!ly UrlRhl et ~IJ , and by l(~dIAn . The 
,..,,1,,1 h.dJ~'He .. h"" th" e,!ulllnrl"'. -.. " d "" und" r adl~batle CO~r"A5Ion. 

"Ith". hy th,· , .I<tlt(" .. 01 le.tl"~1 Ilu" , o r by a perr"ctly c ondun(ng 
....... 1" .. \lOI' T. The pl,' ""a ''''n$th t I" fou nd t o"" pro portiona l to 
r,IU5 (r" H lhl! ~" p"r.u.lx ... ,Il" ,, ) !or the IIrs t ca"". and r ,/I) tor 
ll,.. (att . -r """e . TI,,,,, ,' fl"<lI",, , .~re In e~c .. ll"nt Allruo"",nt for 
... ":,, .,n., co"r .. ,,~,. I "nA '~I [h a lU tl""l 'Iop~nd"n t Ideal M. H. U . co<le 
d".",,(npc d hy '; r ".~""n n~. Th .. roault ~ dlJ~rBe t"r h r r." "omprnslons 
h-'c,,, ,~,, th"- ''' I' , lllh rl " .. (""S"A \nln ..... ll"" nhnut [he ""IIA And changes 
'rH" a " p l nnr.~t"d t ..... """lIh11 <:lr~u)~' c~nflgurattn" A~ rl,,"c r lbe" by 
I-~rlf.t, . ~ .. tI ~;~'-J"" ."' . 

,!",,, " It .. "tl..,n c(>nc,,. .. lnr. ~1.Il.n. ,t"hI Hty haA been greatly 
"I ~rtt 1~<I _ 'jo pur ~ I: .H.D. "0""8 .. ro.: ob~" r-I" " durln" the nab'" 

!~_~ ~.~ \"'~ u'; -I-:~ .I~~~~r,h ;'~"':t l~ ~I t ~u ~~~"r ~~ t~~ r h::
1 ~~"n t:~.e~.~:~"':~a t t ~~: 

1tMbl.' ll .. " in,. r,,~s'·~ "Ith In~ r,, ~ ~lny. nfl ' ( 0) h the 10" flyra-rlldl u.l 
~ .. . "ur p~r" rl ~nt,,1 r~n~~ I ~ .~fp < 10 . Tt'I ~ I" p r ec l " .. ly th~ 

'""nslt<' ~r,,1t"K It ! IMtp ' ... r_r .a~l\la tFLR) eftect~ 
"" ntrl~"t l ,,!. , .. tto" H,h l ll t y .1::nl'lc~ntly. 

~U ... r " peTfo."..,1 unde r It, .. ,,"spl ~e~ of the U. 'I . I)e part."nt a t tn"rZY ' 

Th e )[l M.H . D. ~ Imul~tlon " n rk nt Ande r son7 ct a l. and the 
.nalytlc81 " o rk o f IInr" u .. nd seyl~rH haa be"n IIItgely consistent with 
"xperl .. ental ob.c~vulon. . The n- o aod" (n- t oroldal "",de n" .. l>er) h 
found to be sub I" for rusonable pr".sure profile. In the fhe" 
bounda r y .,.,de l but ts ".11 stabilized In the Iree boundary IIOd"l. 'rh" 
n-I 8Id"""y5 IIOd e waa found to b" "uble .V"n wlthnut a wall .,"C"pl 
... her .. v" r y st . ong .t rror fl"lds ar" Includ .. d . The n - I tUtlng _ .. Is 
n""er obse r ved tn th" )0 cOIllp<lter ""dell "g . 

Fo r n-2 . )[1 ca .. pute . AI.",latlan" s how 9ta~lllty e~c~pt for 
pruaur" profll eA char .. cc~ ri8tlc n l <>ver-tolllPr" .. ,ed pLas .. a .. . n". " th" 
,,-2 "OdA "a" found tn h.ve a rcl.H lv .. ly smstl I';ro"th r ale ,-I - 'JU 1'A ' 
fo r n >2 but still nnt lars". th" .1"",lattons Indlc~[~ stablllt),. 

Local .od",. hllve a lAo been eon~ld.r~d. fo r n~ - the _0 _" ( .. 
Is t he polnld~1 .... d. n"",be r) was found to be stable [Dr cln" .. d thld 
lln. configurations (nn " h"ar). ;>nd for prnper p r essure pr"ll1e~ and 
bnundary condi[lons . !ndl<;atlonll ar~ thAt [Inite preuure On the 
."p" r~trl" I,. aho r equi red. The _ I ",,1nl a nd radial kink -ad .. ~ hav" 
be" n e~a",ln .. d by h.r l8teln and N"""oo:1b 9 for a lUll- 8 vor t e. 
"qulllbrlum. Th~ grO" tII rates both sCAlo a 5 "I~ so for hlg), ly 
doogat"d IIfC-s the g f ""th 18 9 .. "U . fLr. effe~t should nlso help 
.tablll z~ these .od" a . For .. ~lllll _ 01" . "'~re atablc · In al l c~.u . 

, Inngn tion of th" "qultlbrlon vas favorabl" ror a t n h ll ity . 

V. Rotation 

Th e plasa .. tlhthle Is a _ Ited by the OM"t ot an n- l rot . tlonal 
Ina tablllty "hi ch has ""en treated th~ore tlc~lly b{ seYler lU USing a 
I'l asov f1 u t d cod .. . ond by Freldb .. rg ~ncl Paarl~te in I using an FLR 
~~p8 nBlon. In 5eyl.r·8 ,"ode I - Od ff!- - l. b4 "h~fe", \0 the re,,! p~rt 
of t h " perturbatlo" f r equenc )' , rand 11* 11 t h e <'i1 ~""lI n e tl c drift 
fuq" .. ncy . For FRl, thl~ ratio Is ahout 2.0 "h"re "r l a det" r .. lne<l by 
.nd on f ra. tng photolluphy. The Vh anv fluid lI1O<Ie! ,,\Bn Indlc~t.a , 
c rltt c .. 1 .. alue of fI;; _ \1/11* _ 1. 55 f or s t,.bllity "her .. n i a th" Ion 
roUtlonal fr"que .. cy. Th l ~ 18 not In .gre .... nt "Hh t he experl_ntll1l1 
det.r .. lned value of 0 • • • ho""ver 11 la det" r .. lned e"p"rt..,nt.t1y by 
..,ARurln ll the doppl.r ~ hl ft or the nl ' A line 01 CV . I t is th""gM 
thnt the tmpudty profile Is .. "ch .or" dUfu ... than the deut.rlu .. 10" 
pro f ile ~nd that the CV OIeasure .. cn t h not r e f l"ctl·. e nr the d"ut e r lu," 
rotatlon~l -Jeloclty. Th 1.. is support e d hy tile t hcoretl"" l crlterlnn 

~~:t c~f t~c: 11111 a~~::~~"I~!~Y b::~ ~:!!:_~!:d t~e;clI ~ ~e "i:~p~:I::n~~~dl~:~: : 

al s o ~::n :;~:ne:!;,~;t:!;l::fla:::!:n t~:r p~:: ,,::~~~~r ~!,,!h:r P~:~~~e~:: 
wHh n"gaU;/e angular _ntu. I s conftld" r ed. Th"A~ partlcl.ft ara 
found to be l ocated a lther outside the ftepe r~ trl~ or "ndrcll.n~ th~ 

a"I~ . pr"c\s"ly the locllt l o". of antlclpat"d laf!'l" losses. 

VI. Tr a nsportf Sca ll"R 

Trilnsport h a ~ be"n the lea s t ft ntl a loctorily studied araA both 
e~"orl ... n t "lIy. and theor"tiea lly. The "ncrgy conf\""' ... " t tl ... during 
[h" s t .. ble p .. rlod h or the orde r nf tenA of aIC ~05eC.,nds "lIIeh I ~ 

11,,,lfie,,nt ly "hener t""n a CI"A31"al dllluslon tbM!. On .. """dldue 
for "nh" nc"d tun.port la Hk~ par[\ ct~ (ton- Ion) diffusion!) which c an 
proc.,·d rapidly vhen th" denalty ~ra,lI.nt I.ngth I" 0' the order ot sn 

11,;~r~~r,,~~~: ~uatM ~!~~ I ~::1~hl:h~~h an'~;" I~~~v~,~on~~on s:~:n;,n t:~ .. 10:;: 

g r adien t ,. . 1\ In hyb r Id code I ~ b"ln~ rt aVelo p"d by llomUI\klU t n 
c"nslde r botl, "la.~\ta l .nd .. nn .. al nu~ tr""sport but .. a s "o t y ~ t yh lrte d 
de l lnltlve .~~ult ~ . 

~xp"rl_ot .. lIy. tho ~tudy o f tr"n ~port ."d " ca ling I_ ItQI<~d by 
t he relatively r "lItr l ct.d p"ra...,t~r rang" 01 e" lsti nr. .... chln"". A 
1arll"r e"perl .... n t "alled fllJ::-C ha . b."n proposed [ 0 alleviate t h" 
rltfflculcy . 

I'll. Concl"stnn~ 

Conslderab h pro~rp89 hn~ be"" .. nde In deflnl,,1'; the e~lIl!lbrlL" • • 
~tAhlltty. a nd roUtln"~l prop~rt le~ o r the ~FC. 1'hcs<! ~ t'fnn . h""" 
h""n AI <I~ d by Ch" A~dttlnn nf Th"",~"" ftcAtterlng tn FRX-II. a nd hy 
lubs t 3 ntla l """ re . "lts I r OOl th .. r henr<'tlc.1 co_u ntry. )luch r ... alns 
to he <lone hoth ".perlaentally and thenrctl~a l l y In undp." t a ndlng 
tr~n.po.t "nd acftllnR with resp"ct tn .. lcro-turb"l .. nc" . r". I"Uf(-' 
InSt llhllt tt"9, M.H. !) . arablllty, and "'lu lll b r l", • . 

I. R. SI .. ""'n . A"pl _ Op [ lc"!2, 6~7 (\ IlH) 
2 . R. r.. Llnford to J. Llpso". I'd ,,,c,, "(>".."nlc_tl",, 
) . J . K. Wrl ght, R. D. ""'dlord , a"d~. CM .. b"r~ . I' IAana l'h Yi t c" ll • 
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Z-PINCHES OF INTENSE ENERGY-DENSITY 

DRIVEN BY HIGH VOLTAGE STORAGE l.INES 

by 

Baldock , P. , Choi,P ., Dangor,A,E., Folkierski, A. , 
Kahan , E. , Potter, D,E., SLide, P . D and II'cbb, S . . J . 

Blackett Laboratory, Imper ial College ,L ondon 511'7 . 

The high power pinched d i scharges described earlier (1) 

have been further investigated wi th the use o f holograph:ic 

interferometry to obtain information on number density, and 

s pectrascopic technique in the vis i ble to obtai n temperatures. 

The holographic interferometry has been carried out in the 

double pa th configura t ion panllel to the axis of the 

discha r ge, with a IOns ruby lasor . Pinches in hydrogen, 

having lengths Scm and 3cm , radii lc:m and a . Sc m and f illing 

pressures 350 mTorr and 1 Torr respectively , were exam ined . 

Ring electrodes were used, and cur rent waveforms were similar 

to those in ref .1. The interfcrograms show a cylindrically 

symmetric collapse down to approx . ~ of tube diameter, after , 
which the diameter remai ns constant for an apprec iable t ime , 

and the plasma appears confined, until fringes begin to grow 

near t he wall at times g r eater than 350ns . Fi g .l shows a 

hologram t aken 3S0ns after onset of current in tbe largcr 

tube; fig . 2 shows the cor respondi ng ne profile , and - for 

comparison - the fringe pa ttern comp u t ed f rom it. Th e 

mea sured electron de nsity of 1. 5 x 1017 c m- 3 taken t ogether 

with the filling pressure of 350 mTorr and the assumption of 

full ionization yie lds a compression ratio of 6 . 

Spectroscopi c measurements were carried out on a 10cm 

l o ng, Zcm radi US tube , and the curr e nt pul se was 80kA for 

1 50ns . Time resolved line profiles were obtained us ing a 

polychromator . In most cases 6 channels were used. Th, 

six simultaneous phetomultipl i er o utputs were fed t o an 

electroni c time -editing u nit constructed by one of u s (PC) , 

and were displayed sequential ly on an oscilloscope . Tbe 

d is charge column was observed s ide-on, and t he Balmer HI! 

line , the He II 468 . 6 nm line and var i ous nitrogen impurity 

lines were used . 

The pre-ionization stage of the discharge was examined 

using the H6 line. This li ne was predominantly Stark 

broadened and its width showed that preionization was 75 \ o r 

more 1.n t he filling pressure range of 30-100 mTorr of H2• 

As soon as the main current came on the 1i6 1 ine "b urnt out" . 

The collapse stage I\'as investigated wi th heli um f illing, 

and t he evo l u ti on of the He I1 46f1 . 6nm line profile w~s 

obtained for a range of f illing p r essures . This is shown in 

fig.3 fo r a pressure o f 4SmTo r r . Bot h Uoppler and Sta rk 

broade ning contrihute to the profi l e. The S t ark pro file was 

calculated us ing Kepple ' s tabulation (2) and ne values 

infer r ed from compression ratios ob t ai ned fro m strea k photo-

graphy (s ingle ioni za ti on being ass umed) , Then the Doppler 

width I\'as ob taine d using t he un fold ing procedure desc r ibed by 

Wiese (3) and a Voigt p r ofile . This procedure yields ion 

temper~ tures of aboll t 100eV . 

After some 300ns - th e precise value depending on the 

pressure - the 468 . 6nm line is burnt through . To study the 

discharge after thi s st~ g e we reve rt ed to a hydrogen discharge 

and llsed nitrogen impurity wh i ch did no t exceed 2\ . In 

part i cula r the lines Nil 460 . 1nm and NV 460.4nm we re monitored 

simultaneOllsly in a 50 mTo rr hydro gen di schar ge. The NIl 

line appeared as soon as the ma in current came on , and burnt 

through i n about 150ns , I\'hile the NV line a ppea red at about 

200ns . 

In co nclusion, both i nterferometric ho l ography and 

nitrogen impurity spectroscopic measurements confir m that the 

quiescent st age after pinch fo rmation is hot ~nd dense as was 

surmised in ref (1) . 
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rITCH ~ROGRAHHING or THE ZT-S REVERSED- FtE~O PINCH F.xPER [MWT~ 

A. Jacobson, L. C. Burltha ... dt, D. A. Baker, 
R. B. H"""11. A. E. Seho fleld , A. G. Sg r o 

t. WTRODUCTION 

Un lv~rdt1 of California 
loa "hlOos Scientific Labo r atory 

Loa "'13""'8, Nell Mexico, 1'.5.1. . 

The ZT-S f!"1'edor.ent 18 a " ... 11, (RI . ~ 40 " .. /7 . 1 c .. ) torotd81 pinch 
."perl .. "nt chat uae.8 the favarable HHO etabil ity p r opl!nha l • 2 of .. htgh 
• h,,~r. reversed tOfoide l fhld CDn!tgurstlon (Rf'P). Thts .""" rt_nC 
provldu guldenc. for the _ d tUI:I - s lud 2T- 40 IFI' ""PerIH"t p"'''' ''ncly 
under ,,-nnsa ll"tion U LASt. The ZT-'O expert_nt hu b •• n du11l""d [0 
Ill"" lIuch flexibi li ty in current .tu time (2.S ~.-I ... ). Thl . 
(~p.blli ty "UI be used t o Hudy (I) the conrlnaent and Bca llns 
p ropenhA of .. h l 8h- be t a IIFP a t eleva t ed [ ","!,eratoree , (2) the product t on 
and ohod e heatlng of Rfl' configurations lit lo nge r r ise tl .. e, . The first 
object i ve "U I b<lgln "Hh a s tud y of thg. du lre d RPI' conf1gunt1Gns that 
a r ~ produ c<ld u llng Held progra.lldng .. lth t . n. of oo1"ro'''cond cu rr~nt ri' <I 
tt •• and the aecond .. ill b<l acco,"!, lllh~ by e"a.inlng the production of 
the RfP a nd auociated lones wHh Inc r eaS ing rhe tt .... a up to ~ I .s . In 
the latter case , se lf-reversa l a nd relant l on procuses .. It I phy a n 
I'"!'o r tant role SI the fhlds are appUed On .I_er tI -.e scale. . This 

:?:;_~~p~:;s t~:U~!~:t -::;e:~ I~!~S ~/~::~::t ~!d~:~e b!:: :'::e~ r~~:~~~: 
pUch progralll!l1ng concept "",y be a uaeful guide for prDduclng the desi r ed 
rllld profile .• In an RH. This .,ethod ha. b ee n extensively used for 
program.i n8 the ne.rly cDns t ant-p itch profile. lnto the ,cr~ .. -pinch 
exped .... nt . at Jutph.n since 1963. The purpoee o f the pre'Qnt at .. dy on 
ZT-S h to us. lne the utility o f the concept fo r producln8 Rrp 
configuration • • 

11. THE p(TCII pROGRAHMI"'C COIICEPT 

A. Ideal 

The pitch p f og r . .. .. int conc. pt wu Urn introdu ced by Colgae!!, 
et ~ t.~ The but" Id . a of thl! pltch p r ogram",{ ng is tll . t, .. hen both the 
pololda l and torold .. ! flux"s are conRer·,ed during the plnch-for .... tion 
ph~'." the pitch P of t he [ldd linea (I' ... B~/Be)H wlll 'tay Cl>nUant on 
e~ch Inwar d _ving .... 'net {c surh". . To the "Kt ent th. t the. field Is 
froze.n I nto the pla ... a , 'I. It is p rod .. ced a t the ... 11, tt slloul d b e 
pO"'lb1o> .. lth thla {deal _dd to .... p s given radhl- pHch proHle into 
th ' plas ... with .. p r oper "hnl"e of th. ti., history of the pitch applied 
a t the WIll . The enncept o f injecting gaR and con tinuou a l y producing the 
pin ... It t he "all during t he pinch fo r _tlon hu been proposed by the 
Cul~e .. s rou p . S The .edhl pitch a nd preuur e pro fl lu obtllned fro," thi~ 
.. Dd e.l "Ill depend upon the ~ubsequent p l uOIB .. oUon and he.ting ... hieh I ~ 

not .. uily pr"dlcted. and no r ..... lly co .. puter c a lculations a r e needed to. 
co..,le t .. t h", p i cture . 

B. Non-Ideal 

(I) C"ne r.l 

In th" 7.T - S e.pa rl ..... t8 the departura f ro. the above id"alhed 
plctut" 11 cona ld.nbh . (I) Th" pr l "", r y . pan of the plas.a is born 
throughout the volume by ionizatiOn of the lnitl"l gu fill. 
(2) OHfuolon Df cha f ields dU R to fi nite reala tlvlty Is I.,portant. 
(3) The energy Iou pfocu . .. a during the prog uraming are not eao{ly 
predl" t ed . (4) The production of a dul r ed pitch hl..,ory 11 It .. lted by 
• va llable ZT- S "trcultry and h cOllp lt cat.d by the lnter>lc t lon o f the 
plu_ . otlon .. Ith the drlvinll clrcultft. 

(2 ) Ethct Df Ruhtlvt ty on rh" Hotlon of th~ Conat.nt Pitch 
Surfec.a 

To gct a n Id.R of rhl' eff~ct of non-zerG t enso r r~.tstlvlty ii On the 
motion of t he conate nt pl t ~h flux a urfHCe,. , we deduce :o n e~pru5 lon fo r 
the r ad ial velncity Df !I"ch n ~urfnce . The radia l velDclty vI' of a 
fturhce o f cDnsta nt pHch 1~ obt"ln~d fro., rhe ('xp .. allon for the 
convectlve de rlvstlve a ctlng on the pitth function P(r,t) .® Using 
P(r , t) ~ r8 z /Ba • • nd "a ,,,,,latlng vp ~ - (ap!at)/(iP!ar) ylelda 

\f.1ere vr la th e plulOR r~dlal fluid velocity and K ~ -;;' ' .1. \le Ue th"t 
the const ant pl t th ''' rf ece.~ _ve with the rluld only If the added 
r<>rrec U ",., t ~r. v.nl~hu aa It doe~ for the c".e of ze r o r~.ht1v1t y •• ·or 
finite res1lti"Jlty th .. r e CR n be R _ tlon of th" c<mata nt plt" h au r h ces to 
th. ~~ l ..... nd IID_ ,,,lues n f rh .. pitch progra_d Into the 1'1.'01 utIl be 
lOH. Tb" tf>rrectl"n t o the IMpplnt Is "o .... Hca ted by the tl-.e "'Id apace 
~ependence Df the .. ~ht lvl ty . aklns p redic t to",' d~ffit"l t. 

C. Inlll"l Prelh. l n"ry r:o ... put ~ r r:Rlculattnn .. 

The p~e l j .. lnRfY <.:. Iculatlon~ f or the tdealhed tu rrent .. a"" fo,...,s 
a hown In Fill ' I "cre uH e d ro Guid e the up"til.ent>ll progra ... lng. The 
ctlrtupond l nt: q(t) i P(t)/R behvl n . nt the .. all h 5h .... n In Hg. 2 .. ( ll. ill 
the .... jor rad lu.). The q( r) ptof l h >It t ~ 4 us I ~ shovn In f1g . 2b. The 
q(r) profll .. I . quellr..r t ·Jely quite . I. l h r tn t he q( t ) profile , and 
qu"lIt" tl~·ely a l.ner t o dest r ... bl .. nqulllbrlUII q p r oftlea . 'The los~ of 
the pitch val .. e .. cnrru ponding t o. valuea o f q In the Interval - 0.07- 0 . 2 
proll r a ..... <I :ot the " a ll resule~ f r .... th" rlnlte value of v r a t the ed~ . 

··~ork perf"r...,~ "nde r lhe ~u .• pl~e8 or the U.S . ')epart .. e nt of Enetgy . 

""A cy\i ndrl ~ .. 1 a pproxl .... t!on u .. ~d a inc. 7.T-S has ~ rMher large d5p~C t 
. .. Un (S.3) . 

~t 15 ... s9u."d t hst th~ plnch ~., ... In. cr llndrl c~ lly sr-t rlc .nd .... o t hly 
varylnll durIng the progra_lng tl . .. . 

Ill . COMPARISON OF THE EXPERIMENTAL RESULTS WITII FINAl. COl!PUTEM 
CALCULATIONS 

In the exp. r t .... ntsl r"sul. . the ". ve for.." "ere a_hat di ff e rent 
f r Oll the idealhed verllon due to cD08tr"lnts of the circuit Induc t anc" 
end bank c apa"Uy, The r e . ult ,. a r e di v i ded into two caae a . In ca ... e (a) 
the HQld "avelDr-s a t the .. all are .h_n In fi g . 1 . The co .... uted q{ r ) 
ptorlle at 4 ua I. 8hovn I n Fig . ~ by a duhed line "'Id the expe r l .ental 
q(r) v. Iues a r . plotted as ~l rc1es . The q(t) profile Is .h""" a" 'I so lid 
Itn". The plot8 of q(rJ corr~"pond to the c01lput ed a nd measu r ed field 
prGHle" In Fig . 5. C~lcul.Hed eleClron telllpera ture. n ng"d fro .. In el' In 
the plasIlIa t<> Ill/) el' I n a hot CD r ona surrGundtng the p!ss ... . to. 2 ~v " ear 
the "all • 

In ca.1! (b ) the Held ... velo .... at t he w,ll lire " hovn In Fig .... The 
experlllen tal q(r) profile at 10 UI t . ~h""", in Fig . 7 along wHh the 
c o,""ut e d q(r) .. hlch Is Indtute d by a daahd Une. Tb . "Drru pondlng 
ft.ld proHle. e xhibit a n off -ads s hift, which was used t o recen t e r t h e 
npertmental q(r) prDtU. In Fig. 7 ( n e vident frolll th e horlzo"t ~ l haul 
ID that the q( r ) pl<>u have co..,."n c .. nt en . The lo"e[ solid curVe is q(t) 
Ih""'l ng the ""pplng of q( t ) lnto q(r) . 

In t h e t .. n cas • • ahOWll here th" co .... ut ed pitch profile . res . .. b l e. the 
.xpert_ntal pro( II.. . The res!atlvlty and the.-l condu"tl·,lty chosen 
h.ve thua been abh to p r ovide a u"eful "'pplng fro. the q(t) at the wall 
t l> q( r ) Ins i d .. the pI .... . 

IV. C(I)ICLUS IONS 

Prel lm tna r y s tudl.., of pitch progra .... ing hAve been ..... de , b[}th 
eMp . rlmentally and computanoDally. In elth.r c"se the r e I. a r (>ugh 
qU3lltat1ve ""'pplng between r adl . l pitch p r oftle s (at th" CO .. cluBlon oE 
the program,.lng phue) and tl .. e hhtodes o f the p H ch (It th . ... 11) 
durlng th" prog .... tng phiS" . An e ffect o f r"a l ~ tlvtty la t o reduce the 
total r e nge of pitch vllues In t he r ... .. ltlng radial profile b. t "" the 
co rrespoodtn& unge p r ;Jlra .. ..,d .. t the ... ll. It is 9tHI unltnown ""ether 
pitch progr._ ing will be appropriate t o hrg, r bore eMp.rlotents (su~h a s 
ZT - 40), and th t preaent "" f k indic~tc6 t:, .. " .. .. 0 [Or ... r . Inv •• tI8atlon of 
tllla "",tt e r. 
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EQUll..IBRlml ANI) STABILITY or A SCREW-PINCH 

J. ReD 

""'Gelation Euratom-FOH . FOH- In.ti t uut voot Pl u ... fy sicl 
Rijnhuizen, Jutphaas , The N"thcrhnd, 

An analytic .e>lution for the "<luilibrium H"lds in the f orce- free ri"ld 

reBion surrounding' hi,h-beta tokaaak has b .. "" found. th; . solution was used 

to deerna!ne which eDlnbioarion of the equilibriu. puametUI dClcrib;n& the 

lub ility of a tliah-bHa [ok ....... k correspond. to the screw·pinch. 

In I scre ... -pinch the plasma i •• hock-h" "ted and cOIIIp reued in Huch a maMcr 

that forc'-£"-"" cu n ent. in the tenuous plas,." Qut,id" the plnm. give rise to 

a " pedal q-profile: a q that i. unHan i n s pace. Thl. mak u ... direct appli­

cation of the stlbility theo r y of the s har p bounduy modc.l of 11 hiBh-beti. to­

knmak i.,panibLe b~c.u.f!' th i s has just the a ttract i ve feature of inv(llvinll ""­

Iy che equilibd"", lield. (In the pLu ma b" unda r y . To detumine "hid cOOIbina­

ti.m <If the equitibriurn p~rameters leads to such. apedal q-p r ofLh one ~U5t 

.olve for thl! I!quilibrium fields in the f"rc~- fr~~ field r egi(ln. 

I n Ref. I it "as s ho"n that thl! hillh-b e t~ "rdering r educes the proble .. (If 

decllrllining cha {orea-fuc fields t(l a t",,-dilOl!ns i ond [,robll!m for thc polol­

del Hold. A . illpll! depndl!nce on the equ i libriu. par_tll .. - bec., qa thl! pa­

r _tcr relaced to che curr ~nt and the force- free curront parametl!r r - i, ob­

uined "hcn a dillenaionhu field is iotroduced, 

", 
", 

"the ".riou5 quanti tie, appearing he r e arc: !: thc i nv"r n upect ntlo a/Ro' 8
0 

the to roid. l fiold on S at x .. 0 , Ro the .... jor radius, "." the halt-.. idth of S, 

L thl! hngth <If the ei r cumference and Iter t he cereidal pl'lSlIa currenc IFia · 11. 
Exprused in te r ll! o f the flu x f unc tien the preblell i . tha t ef detl!r"'ning 

thl! .olution to thl! Poinon "'1ua t ion: 

in V
ff , Thi, cquation IIUat be so l ved "ith Cauchy bounda ry conditions on S, 

,·0 
b (on S). - n·\1,..", 21fll" ( I- O.SIt.2ll-x (t»)JI!It , 

p - - l' s 

0) 

'" 
"here tBr>"' BqaZlc" 0 . Z5kZI <11_0.SkZ(I_x~ (t»)l1>2 , .e thac it belongs [0 

the ~augory of "ill-posed" p r oble .. s; <A> ~ ~s HA/L. Obse rve th3t the HUM 

function dcpends only on r, and t he pa.anetc. It, i.e. On BqaZlt, k"O corrl!­

.ponds to BO'O and k"' I correspond. to che equi libr i .... I illllt. "the sa .... de­

pl!ndenco i, found in che safl!ty ["etDr q "h .. n it i s nor .. aliled ... ieh res pect 

[0 q. : 

vIIore 1- i. thl! length dong ~ '" - constant s urface iD the di.ensionlllu ~o-

ordinates of rig. I. 

I n Ref. 2 , Kernl!r et al. sh""' .. d that a confo ...... l 

tundorution of thl! V"CUUlll reCion in thl! (x,y)­

plane to a Ulli-infinite scrip in th ........ pt .. ne en­

ables one to find thll .olution to thl! pDIDidal Hcld 

by 3nalytic co"dnuad"n of thQ field on the buun­

dary. 1hi, method h". been extl!nded to a plasma sur­

rounded by force-free current.]. Whcp. t h .. shapi! of S 

is given in n puamuric form , i . e ., xs "' Ht) and 

Ys- g(t), th" dell i red conformal tran.formation is : 

f(w) + I g( ..... ) "' h(w) , W "' u' i v . (6) 

., o 

Fig. I. 

In the {x,y)-planl! the (u,v)-lines represi!nt an orthogonal eoord i n.u IY$[" ," 

in which thl! . urface S coinci des "irh v .. o. Oi!compos in& che field in COllPO­

"entll .lonl: these c"ordinates til e foll""inl; analrtic cxpr<!lS i on for the polo­

idol £io!ld i . obtai nl!d : 

(7) 

whore iiidcnotl!s the c_plex conjul:a.te of .... The fi rst t .. r .. cor re.pond. to the 

"'le"""" t~r. of Kl!tner I!t al. and the second onl! ar i se5 f r ... tha fo r ca-frcQ 

current • • Obsl! rvl! that th~ cur r e nc distribution insido the p\:IS"'" influenco. 

thll fialet. only thro.,&" bp{W). n ... flux di~tribution around S i . deu ... i nl!d 

frOll F.'l. (7) by Int egration. 

"tha vacuu .. SoluLion sh""'. a n",.bcr of peculi a rili ... : I tagnadon poinu oc­

cur "here h'(w l ) - 0 , bl'(';;2) - 0 or h'("'3) - ... and these paint s are al so 

branch painu unlc55 the zcra at w l .1nd th~ ~ole at "'3 .re even or ... hen ,,~ar 

w
2 

th~ funCLion b~(;:;) i s mulri - vall.ed . For che sharl' boundary "",del (ln l y thu 

first and lecond typ~ of sta~nation points occ"r and both He bra"ch poi"t~. 

Only thl! · sta~I\"tiun points arising frO<n ~p(w) d"p"lId on beta so th"t ct l"~H 

0"" af thc~e 51,oul<1 corr~"pond to th" usua l stagnation po i nt that "ppronch"g 

the in~lde of the toroid "h"" k .. I . The branch cuts 5t~rting ~t che ~tagna­

tion puint ~ arc physical bound .• ri". "ith cuncntS along the .. and their pOili-

tion i . dete".ined hy Eq. (7). fiB' 2a Jlh"",a the flux ~urhc ... a~au"d an el_ 

lipse "ich an .. Io"gatio,", of 1.5 for k " 0 and r"' O. The !811~ surfacu for 

k .. 0.9 aed I!r "' I are ~b~ iD fig. 2b (e - L/2I1a). Due to the incrl!ase III l 

th" branch point {rOIl bp ( ... ) has IIOvcd frOG< It· -- to P viii le the on .. o~illln.._ 

ting from h' (w) has rl!IIained at t he Ulcae pos ition: Q ..... e xpected tlte faru _ 

free currents re!DOved th~ staanation points but cannot affect the presence 

of the singular itiea. 

A n ... bl!r of shapes .... r .. investigated - e tli pse! and D- shapes - and the r~ 

. ulting q-profiles " ere found to depend .. eak l y on the Ihapc. OVl!r • large 

range of k- and f - vducs the t-dependence of 'I "a~ approximately linen. ~_ 

f(lre a good ind ication of th~ d~pcndcncg of q(ljI) on k and r can bl! obUinod 

fr(lfll dq/d., on S . FOT an ellip.e "ith an elongation (If 1. 5 thl. i . 5ho ...... in 

Fig. 3. For each va lue of r there i9 on~ value of k (or tap) tha t yield. 

dq/dljl)A .. o. Si nce k corr"'ponds to Bq _2/t • conStant thl! e'luil ibrium q- pro­

fill! is the same for all pe i nts on thil curv~ in the stability diagrall (8ft 

versu. q") . The i nt ersection point of this curve "ich the one corresponding tu 

~a r ginlll stab i lity (fo r the same v"lue (If r) thus cor r asponds Co a I ctew-P;nch 

ptasma, i .e . It plas"", "i t h a uniform q-profile in vU Fig. 4 ahowl the :oar­

Binal stability boundar ies f or the ellipse b/a "' 1.5. Th~ curv n ., b, d, e 

cor r espond t o the values of e r , 0, 1,2,), and tha pointl 1,2, 3 , ~ indiute 

chc I!quil i bria " ' th dq/d c.) ... o. Point I haB er '" 0. 1 and lies on the equilib_ 

ri<>lll boundary while the oth .. r points li e on t!le II.l r g lnal s tability curvu, 

I!r .. I, I .S and 2. The figure points out thac values of r largl!r than 2 camot 

yidd a. scre..-pinch and that hiBher val"e. of BIt are ~ou ibll! "hen nesatlve 

valu," of dq/d",). are p ..... inN. 

AJ.:KNOIIL\!.DCEMEIlT 

Tlti. \JO r k wa s perfo ..... d undl!r the Euuc ...... rOH anociation agreement .. i ch 

finandal lupport f ro. 7.1.'0 and ["rnCM. 
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~ 
Profiles of electron ter.lperature and density line been measured in crow­

barred discharges at times up to 120 ~S. In stable discharges plasmas with 
all average B - 0 . 2 are Observed up to 50 \.s. A comparison with compu ted 
prof i les shows remarkable differences. The first results of an investiga ­
tion of i!llpurity radiation " re reported. 

Introduction 
S<;rew-pincll discharges with type L predischarge1) (characterized by a 

I\OIIIOgeneou5 density profile and an ioniution degree of 40:1: ) have been in­
ves ti ga ted. These discharges reproduced poorly and, therefore , definite 
conc lusions cannot e~sily be drawn. Nevertheless, stabl e discharges can be 
produced with interesting discharge properties. Two causes for the irre­
produc ib l e chara cter can be men til)ned: 
• t he prediScharge i t self is irreproducible, 
- the conflic ti ng demnds of S below lO :I: (stabil ity) and an effec tive implo­

s ion without excessive skin broaden i ng leave only a narrow r ange of useful 
opera ting conditions. 

Density and tellJle rature profiles 

A new 900 ThOlllson-scattering detection system has been installed t o en­
able the measurement of el ec tron density and temperature profiles in a 
si ngle shot. A ISO nrn long section of the laser beam travers ing the plasma 
is imaged onto the entrance slit of a spectrometer and the spectrum is 
viewed with a sensitive c~mera tube (ISIT vidicon. opti ca l mul ti channel 
analyzer ) . The optical image of the scatter ing volume is transferred to the 
spectrome ter in the screened r OOll by laea ns of a 12 III long illage guide con­
sisting of a coherent bundle of 300 optical fibres. The spectral illlage at 
the vid icon is scanned in successive trackS correspondi ng with 11 posit ions 
in the pl aslIa . Each track Is divided i nto 500 spectral channels. This nLlll­
ber Is reduced during read-out by addi ng t ogether the signals froll groups 
of succes si ve channels. The resulting spectra l resoluti on is 5 Ilm; the 
spatia l resoluti on elements measure 14 mm in the radial direc ti on . Figure 
shows an exampl e of the r ecorded signal s . Temperatures and densities ar e 
detennined by fitting gaussia n curves to the spectral profiles. 

MeaSUre!llellts have been done of discharges with PQ ~ 8 mtorr 02 , 
S •• 1.2 T, [zp " 250 kA and 0. 14 T bin field at tl mes 1.5, 10 , 20 , 50 , 
10 , 100 and llO liS after the start of t he lIIIIin discharge. 

The fo ll owi ng observations can be llade: 
At 1.5 liS , the density frequently shows a hollow profile. In the central 
region , with a width varyi ng frOll 20 to 40 nm, the density is lower than 
- 3~1021 m-1 and often even too low to observe the Thomson· scattering sig­
nal. When the density is sufficiently high to detennine the temperature, 
values fr om 20 to 50 eV are found in th is region . In the ·skin" regions, 
which have a width of 40 to 70 l11li, ne is In the range 5 to 1 5~ 10 2 1 m- l and 
Te ranges frOll1 40 to 100 eV. A rou9h sketch of s uch profiles i s given in 
Fig. 2. The density minilllUlll is not always as pronounced as shown and the 
tl!lllperature values usua ll y shaw considerable scatter wh i ch cannot always be 
eJI.plained by inaccuracy of the lEaSUrl!lllent. At 10 \I S hollow profiles are 
le~~ f requcmtly obser ved, but the 9pnprftl appearance is sillilar; while the 
density falls off rather sharply a t the bounda r ies , t he temperatUf(' does not. 

, 
." 

/ 
, 

Ht:. I. Exampte of Thollson-Bca ll8T ing Fig. 2. Sketch of ne and Ta radial 
si~naJ s after co rrect ion {OT prof il es at 7 • .'> \'5. 
background t ighL. 

The measure!llents H la ter t imes indicate that in stable discharges the 
teraperature and density decay appro~illlately at the same rate. Inlen a column 
Is stil l presen t , its teraperature profi le is usually rather fht (e.g., 
40 eV at 50 \Is). while the density (- 7~1021 ... ,) is somewhat asyuuetric, 
with a steeper gradi ent at the outside. The dillllleter of the colua," appears 
to decrease from about lOO IIWI at 10 \IS to about 40 l1li1 at lOO us. Remnants 
with density " 2~10 2 1 m· ' and temperature 20 - 50 eV have been detected at 
120 us; a reasonably dense but col d (Te < 20 eV) column MS never been ob­
served . 

Integra t i on of tile dens it i es, obta i ned from the profi le measurements , 
along t he r adius did agree well with the i nterferometric ..,easurements . 

An investigation of the region neor the outer wall, using the ol der 
s ingle-position scattering set-up, indicates the presence of a plllsaa with 
ne" O.J~ IO~L 11 - ] and Te" 5 eV at 10 \IS. 

The ccnputer code ATHW[2) has been used i n an attefllpt to sillluiate the 
expecJ·lllental observations. The code differs from the earlier version of the 
cooe3 with respect to the treatl1ent of the momen tum equation, in which 
both i nertial and viscous terms are included, 

Jv .. . .::: n at ,. • Vp + J~~ - v · ~ , 

!>'here 0 is the pl asma density,; the fluid 
, 

vel ocity, and V a v1scous tensor 

given by [a Vi I • 
Vij • -211 ~ - "l V' v] , 

J 

where ~ is the coefficient of viscosity. 
This viscous tensor also provides a he&ting mechanism in the ion t emperature 
equation. In order to l im it t he viscous heating we used \l . ull/( l .... i"f~ ), 
where \l1! is the Br aginskii pa ra ll el viscosity. 

.. ) No .. at the Ma,.-Ph" c.k- Inscilul fur Plas. aphysik, CaTc.hing. 

... ) Gues t fTO" Culh .... Laboralo ry. Epgland 

loIe used a variety of initia l conditions. An example of t he resu lts is 
shown i n Fig. 3. These results were obtained for ini t ial temperatur es of 
Te • Ti = 1 eV and an initial density of 6~102o m-3(g mtorr 02) . For higher 
init ia l teraperatures, qua l itative r esul.ts are similar, but higher f ina l 
tempera t ures are reached due to the larger allKlun t of viscous heating. The 
figure show~ Te- andTj-profiles at II us and 36 \IS, and te.peratures are 
seen to relll<lin peaked, while hollow density prof iles per sist long after the 
implosion phase of the pinch. 
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~·i g . J . Tu- ~nd ne-profiles c"mpu~ed i n a cyl indri cal "",d~l . 

illpurHy radiation 

To deternine the natu r e and the density of illlpur ities , a two-metre 
grazing-incidence VUV spec t rometer (Hi1ger and Watts [ 580) has been instal­
l ed . Both Jlhotographical and pllotoelectrical lleasurements have been done in 
the .. id-plane , IIIOstly in ring ing discharges. Because of lllechanical con­
str~ints the spectral range for photoelectri cal recordings is li mited to 
5 1111 ( A < 40 rnI. Fr()nl the ph()t()graphical measurements the foll owing con­
clusions can be drawn: 

no emission line s are found bel ow 5 11111 (hv . 230 eV), 
- al1 persistent 0- and Si- lines be tween 5 and 50 1111 have been Identified, 
- apart from 0 and Si also some N and probab ly C is present . 

Unfor tunately . it is not yet JIOssible to IIIlIke si .uluneous recordings of 
different emission li"es photoe l ectrically, which is a severe l inLitation in 
view of the poor reproduc i bili ty of the discharges. Several llnes have been 
recorded , /IIOstJy DV·, OVi - and SiVII- l ines. 

The er.Iission starts with a r apid increase i n intensity between 1 and 7 
lIS (only slightly shifted to later times for higher ioni zation stages), 
usually followed by a ten-fold decrease in the next to-IS us , whereafter 
it slowly decays. Only in discharges where the interferome ter does not show 
a decr ease of line density directl y af t er Ilaximum compress i on, the OVI ­
lines are seen to remain at a relatively high level f or severa l tens of 
lAic r oseconds (see Fig. 4). No increase in in t ensity of ('IIission lines be­
longing to lower Ion i zation stages is observed at la t er tilllE!s in the dis­
cllarge , indicating thH density is lost before the electron tecnperature 
drops below 20 eV. The· dens i t y of OVi-ions has been estimated frOll 11 mea­
surement of the absol ute intensity of the OVI 361.1 ID (3 s 25 - 3p2pO) 
emission line. At lla~imLlll intensity (the intensity of emission llnes be­
longi ng to CV has decreased by a fa ctor of three then) we find n(OVI) < 
0.002~ ne· 
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Fig. 10. Ti..e behpviour of the inten l ity of rhe ).81. 1 NI OV I - l ine 
and of tne electron lino d""~ ity . 

L6(1 180 

Ti has been detel"llined as a functi on of tin:e by aeasuring the Doppler 
broadening of the NV 460 . 31 roll i~uri ty line by means of a 5-channel I-metre 
polychromator. The i ntensity of thi s l ine also displays the above-men t ioned 
t ime behaviour arid only between 2 and 12 \IS i t is high enough to allow l ine­
widths to be measured . The derived telllperatures range from 40 to gO eV in 
stable dischanJes with 0.14 T bias fie l d. In. as expec t ed ~ery unstable, 
discharges with Po" 5 mtorr and 0.035 T bias field, the ion tempera t ure 
reaches 350 eV. 

Concl us ions 
Stabl e screw-pinch discharges have been obtai ned in which the a-value of 

the ...."in coh ... n remains at about 20S for at leas t 50 us. The electron and 
ion temperature in the main col Llln are a lready roughly equal at 7.5 us . 
Measurements of the impuri ty rad i ation indicate tha t the oxygen concentra­
tion is very low ( ~ 0.2'1: ) and that nea r ly all t he oxygen ions are in the 
OVI . state early in the discharge, so losses due to the oxygen impur1ty do 
not look very serious. Although peak values of density and temper ature from 
both nl.Wl'r i<:al computation and measur(!men t are the sanLe, there is a l arge 
difference in radial dependence. 
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Introduction: The stabllity a Reversed-Field Pinch (RFP) Is strongly depend ­

ent on tile plasfTI/I proflle and the confining sheared magnetic field. Magnetic 

diffusion and thermal transport produce changing conditions of stabl1ity. 

Despite the limited understanding of RFP transport, modelling Is important to 

predict general trends and to study possible field prograrmling options. 

To study the ZT-40 experiment and to predict the performance of future 

RFP reactors , a one- dimensional transport code has been developed. This code 

includes a linear , ideal HHD st~bi1Hy check based on a energy prlnciple. 

The transport section Integrates ~1asma profiles fOr.lard in time while the 

stability se1:tion periodically checks the stability of the evolving phslIIII 

profile. 

TranSPOrt Hode!: To accoll1Jlldate fusion plaSIQ3S, the code has three fluids: 

electrons , ions, and al pha particles. Coofioed alpha particles are assurEd 

to Instaotal"ll!ously thermallze io-situ, joining the background Ion group. The 

quasi-static, quasi-neutral approxillliltlon gives seven working equations: 

ano. 2 n-+ ~ . ro.. f(l - f) <ov> ni . F (,) 

dT t nj;t.+ Pj V , 9j • - V · qj + Qj (j~i,e,o.) (3) 

(4) 

(S) 

where I , e, alpha, denote Ion, electron, al'd alpha particle terms respectively. 

Si Qj are particle aod energy source terms. 11th is the thermal force, f Is 

the trithnn fraction. and F Is the alpha particle confinement fraction. 

The Eqns. are solved on a 1- 0 lagrangian finite difference nesh using a 

2-step process. Fi rst, Eqns. 1-4 are Integrated fOr.lard In tl!llE!. Hext the 

mesh Is rebalanced to satisfy Eq. 5 using flux conservation and Ideal gas hw. 

Stability Model: Stability Is IIOn itored in two fashions. Suydam's criterlon(l) 

Is used to check for 10Cill rrodes (aSSUlled to saturate) while a Rayle lgh-Rilz 

type enerR principle Is used fo r global modes. Based on the 1-0 fonn of 

NewcOllb, (2 the energy prioclp l e is expressed as 

where 

6w • ~ J dr [f(~~/ ~ g(2] 

o 

f • 
r(kr8z + rn 8.,)2 

(~ 2r2 + m2) ' ; 9 

(6) 

2k
2
r (t' 28 2 _ m26,2) (7) 

(k2r2 + m2)2 r t 

Then, using a t r ansformation to finite functions,(3}~,. If ( , and the 

integrability constraint on £; reduces to a finite constraint of "'. Using the 

Raylelgh-Rllz technique, '" Is expanded in tenns of a finite sil"ll! serles: 

( 8) 

Here Co Is no~llzed to I and Ci ; j • I, ... n arE: cOlIIPuted to lII inl .. i!e 6
w

' 

Equ~tlon (6) Is then numerically Integrated. Stability Is checked for 11 • 0 , 

k · l/R ~nd m . I, ~ ( k ( ~Where R is the major radius. 

When 5uyda .. eigernodes are localized to relatively slllilll regions , no 

direct effect on tile global st~bility is observed. Indicating that only local 
transport coefficients are affecte<l. However, if their extent Is wide, 

Suyd~ .. modes are obser~ed In the Rayle igh-Ritz method. Then global sUbllity 

is restricted by the 6w minimizing eigenmode. 

Results: A typical case using reactor parameters(4) Is shown In Fig. 1. 

Off- axis OMic heating causes the temperature and pressure to peak off 1~ls. 

This Is characteristic unless anOllalOU5 the~1 conductivity Is aSSumed SUch 

that the pressure initially peaks off axis and then diffuses to t~ Center. 

Off-a~ls pressure peaking prohibits Suyda. instabiliti es In the Central 

region of the plasm;!. where shear is the weakest. However, Suyda.lIOdes do 

appear beyond the pressure peak at - 2.6 secs into the sllllll latlon. Tlley then 

persist until tennination by a global Ill· 0 Instability at r e i 0.5, in 

agreement with analytic predictions. (3) This Instability correlotes with 

Suydam instabil Hies reaching the m " 0 rational surface (the reversal POint), 

e.g. note the sharp peak in the displacement elgenmode near tile rational 

surface In Fig. 2. Simul atlons which al l ow anOlllillous transport in Suydam 

unstable regions to f latten the pressure proflle have shown stability up Be 
0.7. (5) 

In sUmmilry, calculations using classical transport Indicate that Suyda .. 

modes In tile cent ral plasma region are stable due to the off exis peak In the 

pressure profile. However, Suydam modes do appear outside the pressure peak 

and can tenninate the discharge if they reach the reversal pOint. 

Refe rences: [1] R. 8. Suydam, Proc. of the Second UN Inter. Cont. Peaceful 
asesorTtomic Energy , Geneva, Switzerland, Z (31):151 - 15g (1968). [Z] W 
A. NewcDril, Anah of Physics, 10, 232-Z61 (1960). ( 3) O. C. Roblnson, 
PlaSIIIi! Physics, 13, 434-462 (I"9iJ). [4) R. Rebe l and G. H. Hiley, Third AIls 
Jopic;tl Meeting on Fusion. Santa Fe, lfl (1978) pp. 15-18. [5] R. A. Nebel, 
G. H. Miley. and R. W. ~se~ . 1979 IEEE Inter. Conf. on PlllslII/I Science, 
~ntrea!, Canada (1979) p. 146. 
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I W-740S-ENG- 36. 
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/ " li<ltu~18k . N. I: obinsl(i 

Instit u te of IIuc1 00r nos'J arch , ~""1erk , Poland 

~c~ Th e conclusion s fror.l 2D sno\"' plo'.'1 code end their 81'­

pJ,iCCltion to t h e nnoly!)!:! of rF devices doveloped at IN": tIro 

proscntod. 

~,ovorol f'F device:::: oro ,.nvllstigatocl /PGtl_invost igations et 

clavated ropetition roto, PF20_dotormination of inf~uonce of 

elect r odes Dnd 1nculotion systems r.l3tFJr!alc and goor.1etry on 

neutron yield/ nnd built /PF:;OO-1nvectigations o{- II n e r g,! tr:)ne 

far 1nCl"0801ng possibilities , r'i'"1<JOO-forlllu).Dt1on of scolin ,]-

1<1 :5 , ::tudies of 1_;:)'ln r _foclIs 1n to r:lction;;/ at IN:-! ·~:"lio rJ:. :,11 

of thorn \',oro onol'/=:od uoinU ~I ::lnor: ,']10';; r.lOdel /1/ . The follo_ 

wing conditions \~ore token into account: 10 The value of the 

current during the radie l phase should be as large as possible. 

It is eVident fro~ scaling- lens . 2 0 Tha p<'lralQater 0( intro­

duced by :i:r.I::lhennil: /~,: should be 0( ;;" 2 ' 1033 , Rolations resul-

ting frol:! 20 !ln O','1 plOt" modo 1 analySiS shOUld be considerod to 

fulfil tho firet condition 

Fo r tho:! o::iol phaGe: 

I I I 

,',horo: 11:10:: - t he r,IO::im<ll 1,1011,10 of the current in tho clisc har-

tho time to tho 1r.10X a nd 10 - Sllort-circuit currant. 

The other notstion io gonorally adapted and unite - as in the 

Toble. This relot10nship is an appro:limation of tho curvo 1 in 

the F1g.1 , 1f tho value of t mex 15 r eloted to tho curve 1 

1n the F1g . 2. These both curvos are results of the numer1cal 

20 snOt'/ p l olV calculations . Tha equation /1/ is co rrect alao 

\',h en the seeullpt10n i..const. 1s mada . Values of t max 1n th1s 

case ahould be thoee ea on curve 1 1n F1g . 2 . The r elationship 

/1/ at L_eonst. ie plotted /curve 1/ in Fig.1. From Figures 1 

and 2 the good ag r eement is eV1dent . The curVe 2 i n the Fig . 1 

p r esen t s ra tio of the vOltege ~/t / on condenser bank st the 

moment 't lllax to Vo and the curve 2 in the Fig.2 p r esents the 

dependence t V_ o on f3 ' It is evident that the large valu e of 

f3 leads to the poer .,fficency of tha energy transfe r . Fo r 

t hat r aoson j3 should be ss small as possible , From enelytical 

solution of the modsl , et Laconst. 1t follol'IS: 

- ~ a - 334 ,9 ',blo 

f· R2/R{ 
A. t.1.1I2 _ 0 In'l :!m2J< • .l~ 
r ne;; VpR, 30 30 

121 

- Fo r the red1el phase: The curves 1n F1g.3 p r esent th e de pan-

dences of the current Ipp at the moment of pinch fo r mation, 

/ the r ed1us is aasumed 1 mm/ to tha value 1p _ the cu rrent at 

the beginn 1ng of the radiol phDse , and the relative dep th of 

the cur r ent ain gular1ty on the rat10 of 1nductanca r ise in 

the radiel pheee A LR, to the inductance of the beginn1ng of 

the rad1el phase: Lo+Le; [o~~ should be soal1. 6. L,~ one can 

estimate acco r d..-1ng to the 8x p r ess10n 6. Ln"" 2P.1 In 10 f'12 let 

above ment10n ed radius 1 11111'1/. If Imax=VZ tf.1ax rlould be 61:1all 

and Lo+LEmox<6.Lf'1 the length of inner electrode 1 shOUld b:l 

greate r then lms x ' where L" max Is g1ven by 

l mox "'d In11'max J mgx a = 340 ~ 
E ~30 Vo 

For ~lathe r type pr- devices the modyfied Imshennik ' s 

'" 0( - b/P3R~.(3moxjJot 'cft'lpR,ln4,{ '7 

131 

parametor 

;:/\1111 be invcctigD t ed :It :i:PP-Li: "",':l r so':, 

107 

* /if Ip slgn1flcant d1ffers from Imax then i n steed of I
max

' 

s hould be lp ' Tal.;ing 1nto account the conditions for f3 one can 

choosa .he ran!J6 of j)3 r aneter6 p' ~1,f, from the cond1t1ono( ~ 

2 '10 33 • The results of abova consideretions concern1ng PF de­

vices D ·: INrI arc given in the Table: 

'-lIk'// 

\1:,01 

'0 

8 

It/nH/ 10 

PGIl 

:ycm/ 2 . 5 

P,/cm/ 4 

l/cm/ 12 

pfTorr/ 1 

nom, 

50 

• 2 , 48 2 .32 

b 6 . 6 10384.2 10 38 

pp 20 

75 

2 . 5 

5 

20 

2 

expL. 

33 

11.'" 

PF 300 x:: 

50 

360 

10' 

5 

7 . 4 

42" 

25x 

1 . 54 241 

PF 1000 xx 

40 

15 

17, 5 

104x 

4" 

9.3 

d 

f3¥mox 
(/;.C</Jmox)4 
L~x/nHI 
lmox /cm/ 

4 .. . 3 176.8 

0 . 47 0 . 45 

117.5 

0 . 3 3.65 

9 . 6 10 34 

1G . 3x 

2 1" 

1 . 425:: 

1.8 1033 

(,;.3 1031 

9.8 i03 

5 . 08 

1030 

2 1" 

58:( 

() 
0( 

9.1 37 . 4 

9 . 7 25 . 9 

0 . 35 0 .34 

2' 
16.6 

0.24 

4 1034 

1, 83x 

Jmax/Jo 

l>LR !nH! 

~ 

2 1036 1.7 10:;;5 

0. 74 0.75 

18.5 19.5 

0 . 68 0 . i7 

0.8 0.37)( 

19 . 6 43x 

0.21 1 x 

1. 75 1034 

O. 35x 

155)( 

1 . 96'" 
101'lE 

x/ .,xpected o r caiculllted, XX/cooperation rlith IPP Lt·1 rla r S81'1 

The dependences Imax/lo~O·~ according to /2/ using the v alues 

g1ven i n the Table for PF20 /11n e 3/ e nd PF1000 111ne 4/ sre 

plotted 1n F1 g . 1 . The points of intersection of theee lines 

rt1t h the c urve 1 g1ve the values of I.ax/lo end ~ • The kn Ol'l ­

ledge of values Ima.,.;/Io or fJ enables to ve r 1fy whethe r condi­

t10nci.~2'1033 is satisfied . From obove e n aly.,1s it shons 

t hat for large dev1ces it 1s very difficult to fulfil s imul­

taneously both conditions 1 0 and 2° . It 1s due msinly to the 

la r ge value o f 6l*+lE} 

Therefora , the r e 19 nece ssary to find anothe r geomet r y of e l ec ­

trodes as a Mather's type. For exsmpla , the proper guid i ng 

I'/sll connected to ou t er e l ect r od:! i n front of the i nne r elee­

trod ., may dec r ease tho 6.LR• 

1. 
08 
06 
04 

Fig.1 

2 

Q2 t. 
Ok::::::':::~\5~~~3 fa 
8,------------, 
6 t.~ 

2 

OD~~~\~5===J3 
t 

Fig, 2 ~ 
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ENERGV DISTRIBUTION OF OEUTERONS I N THE 

FRASCATi 1 HJ PLASMA FOCUS FACHIlY 

* " • 0 L . 8~ ~t"IQt • L. Si!bc>o , H. B" .. z~o,, ~ , A . Ge"t.:ti.,.l , C. Go,,,,.,,,, , 
R . L . Gull':"kBO"Q , H. X>'"agl"t' , S . Pod"-" , J.P . Ra(lIH', 

B.V. Robo",,;, and K. St"in .. et~· 

AssoclH ttln~ [ URA Tori-C H,LN. sulll Fusione, Ce ntro dl frasCltl , 

t.P. 6S • 0004~ FrU(lt i. ROlle. I taly 

The propertiu of the hlgl\ energy del/ teroll bUllS (hedb) pro­

duced in the Frueat! 1 IIJ phslI. f ocus f~cility aTe meas u re d u 

I function of the filling pressure (Po) of each shot. fo r two 

different geometrtH of th e electrodes (sllal1 and l a rg e diame­

ter, see Re f.1). 
Neu trO'n energy spec tra w~re deterrltned by t i lle of fl ig h t 

techniques (at 11 Ill , 34 . and 113!'11 slllultaneous1y) and by nucle ­

IT plates; neutron e.tsston aniso tr opy was lIIeuured by two c~li ­

brl t e d Ag activation countfrs, one on uis (0 " ) and the other at 

gO ' . The hedb chHacteristlcs we r e dete r lll i ne d by .uns of the 
activation they Induced In HC; lOB Ind UN h r gets and also by 

detecting the high energy neutrons of the 7t1jd ,n ) Bh r raction 

(ste li ble I), by ",uns of the above lIIe nt loned time of flight 

de t ecto rs and silllultaneously with ~ " b "thation co unt er. 

Figures la and Ib show the mean neu~rM y ield (V n ) and the 
IRuimum hedb flu~ IRea s ured on IXls with 2C t~rgets iI$ functions 

of "0' for both electrodes geometries at Vo • 20 kV (250 kJ). 

Two neU ly sepHated reghlu can be distinguished in both situa ­

tions: I low pressure one (lp r ) , where the be u inUnsities are 

.u t lll UIII , wi t h a poor Yn and a high press ure r e g i.e (hpr) , with 

.u t.u. Y
n 

a nd b e4111 inten$tties, if any , below the detection 

level. 
Figures 2a and 2b show typical angula r dhtriloutions of the 

hedb flu~ with respect t o the ~~1s tile electrodes. at "0 • 0.5 

Ind 2 . 0 Torr. Stro ngly non-symetric angu lar dist ri butions are 
found I n ju H a few shots, with poo r be alii Intensity. 

The simu1t~neous llea s uremen t of 108 and 14N lethatlonwtth 

a boron nitride tH get give s indicatio n on t he .,eln energy through 

the ratio of thick Urg e t yields H a func tion of the ene rgy of 
the deut e rons. Tile obtained VI lues I n about 20 shot5 range f ro ll 

1 to 5 MeW. Therefore we have chosen the lower value of those 
• ean ene rgi e~ ( 1 M"Y ) ~ o w" rold ~h ~ nu .. b~r of d~uteron, f~o. tile 

acthation d .t~, In o r der to hive In upper 111II1t estillatlon of 

this nUlllber . 
Figure 1 shows a pr eli .l na r result o f the hedb e nergy spec­

t r u • • obt~ined by act hHion of !lc foil stacks (2) , unfolded 

acco r din g to Ref.3 . It5 gene r al behavio ur Is SllllilH to the ones 

s hown in Re f.2, with t he exception o f th e bUlllp ~t hi gh energies. 
Not withst~ndi ng the fHt t ha t this Is the o nly one we have r eg­

Istered up to nOw we feel that bUmps of t hat kind cou l d be r e­

sponsi ble for tile re ported disperSion in the IIun e nergy of the 

dellte ro n be~ • . 
Figu res 4 and 5 show t he behaviour of the ani$otropy 

('\ • Y (OO)/ y(gO " ))of t he neutron fl u~, .enured i n the s.al l 
and h r ge dh . eter configuration , respectively. when ch.ng lng 

the pr usure fro. the r eg l .e o f opti.um bea .. production to t he 

regi,u o f optiMu. neu tron pr od uction. lll e influence of tile pr es­
ence of an obst~cle on uts (the holder for acti vation t arge ts), 

is also s hown at di stances r inging from 30 to 7.5 cm frolll t he 

e nd of the a node. 
In t he lpr, for both ~eometries the anisotropy pr operties 

cln . os tl y be accounted for by the propert ie s o f th e he db de­
sc r ibed previously. Anlsot ropy Is always corre l ated with bUll 

intensity and hard X ray intensity. An obstacle placed on uh 

s trong l y i nfluences the In l so tr opy. 
In the hpr. uch geo.etry behaves di f ferent l y: (1) thesull 

di'lle t e r gun hn an anisot r opy of 1.15. and the pr esence of an 

obstac l e On uts di .i nlshu substa ntially the neutron y i eld but 
not the aniso tropy; (2) conversel)·, for th e large dia lle ter gun the 

obstacle has no eff ect on neu tr on yield but provokes a drop in 

,nisotropy. This evidences ag~ jn t he pa rti cuhrttles of the ne u­
tron production mechan l SIR as a functio n of the geometry n al­
ready outlined In (I). 

lIIe .ea~urelllent o f the h igh e ne r gy neutrons frO Il the 7Li 

ruct i ons were undertik en In orde r t o check If the pr nious Ictl­

vUlon .easure.ents were hulsed by p~r tia l blow-off of the 

targets. lhe results Ire consisten t wi t h tile 1 MeY hedb flu~ ob-

t~lned by lZC activation . Tlley also provide a ,.easu r e of t he tl.e 

lap se of the bea •• tb ~ 30 -50 nsec. Neu tron spec tr~ me Hured at O· 

a nd 90 " by nuclear plat es ~ re t he Same in t~e hp r for bo th geome­

tries an d diff ere nt energy levels. Al sO . the 0° spect ra peak at 
2,8 HeV, Irrespect1vely o f the filling pr essure, but t he lpr hu 

a higher popu la tion of faster neutr ons. 

An i nteresting pr ope rty obsHved up t o now only for the large 

dh.eter gun, is that the neutr on spectru. Meuu r ed side on de­

pe nds very little on the pressure r egi .. e. 
We wan t to stress the fac t t hlt , on ICco un t o f the reported 

be haviour of neutron yield a nd bealll production as functions o f Po' 

the hedb can not be respons ib l e of the neutron produc t ion . by .. eans 

of bean-target i nteraction. Neutr on spec t ra a s well as anisotropy 

measureme n t s give s ome i ndirect ev ide nce of sul l e r energy compo­
nents In the deuteron beam . Measurements r epo rt ed in t his paper do 

not a ll oud an eval uation of thei r i nten s lty. However, to justify a 

1.5 _1011 neutron yie l d by bellO-target interactions of 100keV deu­

ter ons with the gas blank e t (30 c. at 1.5 Torr), the energy con­
tent of suell a beu Sh ou l d be about 27S of the t Ola l energy In t he 

sys te •. 
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nN3S1'IGATIOJI OP FnlCHED HICH- VELOCITY PL/.SMA FLUXBS 

A.G,folstolutskij ,V,G,Zykov , I.U.Zolototrubov , Yu.N.Novikov 

The Kherkov Physical-Technical Instltute,Acad.Sci.,Ukr . SSR 

Kharkov. USSR 

The results of plasma inves tlgntions ut the output of u pulsed 
coaxial accelerator have been reported. In pinch ope~gl~ conditi­
one the plasma density is shown to increase up to 10 cm in O.2mCS8C 
at a frequency of 1-5 mele per discharge.The average ion energy at­
tainD several kevs.Plasma oscillations are associated with an un­
stable state of a pincbed flux . 

Toe plasma focusing at the output of plasma accelerators hos not 

yet been studied thoroughly enough . ln papers dealing wi th experimen­

tsl studies of phyoical processes in plasma fhues /1/ the plasma 

parametere are shown to depend greatly on discharge conditions in 

the accelerator itself. The aim of the given work comprises the in~ 

veatigation of dietinguishing features of plaema self-focusing pro~ 

cesses at the output of a plasma accelerator (PA) at meeting opti~ 

mal diScharge conditione inside the accelerator. 

In the experiment a standard geometry of coaxial electrodes of 

7 and J cm in d1ameter , respectively,and 52 cm or length was appli~ 

ed.The voltage wos supplied to electrodes from the 20 mcf capacitor 

bank in the interval U=5 f'}0 kv ,so that discharge current J varied 

from 70 to 400 kA,respectively . The discharge halr~period was 6mcsec 

and the current grew to a maximum value in 2.2mcsec under all va~ 

lues of U.Prom the side of the centrsl electrode (cathode),at 25cm 

from the open edse of the coaxial system n dosed volume of the ope­

rating gas (hydrOGen) Vo.0. 5 f' 2cm3 was injocted.A gas cloud after 

injection spread freely in the interel ectrode gap during td8 100-

400 mcsec,then voltage was supplied to e l ectrodes , and the break­

down took place. It is ascertained tbat at td~ 150 mcsec gas distri~ 

but ion inside the accelerator has steep fronts,and when s current 

front is moving in gas witb a decreas1n8 density , tbe plaama flux 

velocity at the lA output bas great rise 11/.Besi dee , the plasma out · 

put from PA takes plnce in vacuo.Such operating conditions of lA 

were of particular interest in these investigations. 

The plasma research at the lA output was performed by many diag~ 

noetic methods including a laser interferometer with a 2)Ox160 mm 

field of vision and the t~e resolution of 20 nsec.Big pinchinge of 

s plaBma flux were determined to take plac e at the FA output at 

V 0 .. 2 cm), td- IJO mcsec ,and discharge currents 'J:> 300 kA. In thie case 

the plasma density during 0.2 mceec reaches the value of 1019 cm·~ 

cnd the mean ion ener~y makes up several kevs 12/.The plasma densi~ 

tyNest the FA output incrensos rapidly a t U:>20 !!v,as shown in 

fig . I. With thl3 density 6rowth the plnsma pinch diameter day decrea~ 

" 

• 

• " , 
• E 

see Bo,that tbe 

number of parti ­

cles per pinch 

length unit re­

mains approxima­

tely the same . 

The perform-

ed current mea~ 

surements at the 
o~ __ ~~ __ ~ ____ ~,,~~ 

ID 1.1 20 25 U . • " PA output by me~ 

ans of magnetic 

probes ahowed tlmt a substantial part of (l discharge full current 

was taken outside the electrode end,and the current density grew 

with the U increase . It le obvious that the current taken outside at 

the FA output , rise at U > 20 ItV not at the eXpense of the increase 

of current ~carrior number,but due to the increase of current veloci~ 

109 

ty of particles. 

Pig.2 shows the plasma density field at t he PA output at a ~~i~ 

mum pinch1llg moment . Solid lines determine nn equal phase excess with 

the figures ,respectively: 1 - 41ij2 - )II) ~ 2'Ji j4 - tt;5 - 0.6i";6-0.J1., 

The broken line shows the limits of measurements deterained by in-

terferometer sensitivi-

ty(Ne'l.. )tu1n,,1016 cm~2. 
A density maximum 

always arises at some 

distance from electrodes 

1 ~ 1.5 cm.lt is possib~ 

le to make a conclusion 

from the picture of den­

sity distribution along 

acceleration that a ma­

ximum density point is 

an obstacle "for exceed­

ing plnema flux . On the other band ,at s distance of 4 cm and more 

from electrodes it is observed a plasma divergence ~ith high veloci­

ties.Substantial particle tluxes are not sd in perpendicular directi­

on relative to an acceleration axis 12/. 

Spatial measurements of soft x~rays trom a plnsma made by means 

of a pinholc~camera show this radiation maximum not to coincide with 

a density maximum position , but to be displac ed for s distance of 4 

cm from FA electrodes,Availabillty of x~radiation determines ind i s ­

pensabl e presence of fust particlee in a plasma. 

Plasma compreSSion up to densitles> 1018 cm· } does not take pIa· 

ce regularly and lasts only 0.2 mcsee,while the plasma flux density 

nt a level 1017 cm~) ls recorded constantly during the discharge of 

of 8~10 mcsec 13/.The density oscillation frequency ie 1-5 mc/s. 

In a visible radiation range the plasma pincb oscillations are re~ 

corded by a f ast photorecorder whicb operates in the scanning regi~ 

me with time resolution of 10-8 sec . The plasma Slow is of a d1scre ~ 

te nature , and with removal from lA electrodes the intervals between 

sepernted plasma layers incrense.Investigations by means of e spec~ 

tronogrnphic device 141 show that the broadening ot the line C rv , 
4658 X is changing with the :Jame frequency,as the plasma density os ~ 

cillations . The plnaca density measured on a balf- widtb of line C rv 
constitutes the valuo of 1019 cm-J and bigher.lt is obvious that 

plasma flux fractionation into separate layers i8 aDsocie.ted v/ith 

an unstable state ot a resulting dense plasma core. During a dischnr-

ge , pinchings and disruptions could repeat aeveral t~eD,and outwar~ 

dly this ShOW9 itgelf in a discrete structure of tho plllems flux . 

The given facts attest that in our CllDe the interaction between 

partlcles in the rogion of plasmB. flux pinching is of 8 collective 

nature. 
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DIRECT ENERGY CONVERSION AND CONTROL OF UNSTABLE BURN BY 

CYCLIC MAJOR RADIUS COHPRESSIOrl AND OECOl4'RESSION 

K. Borrass, K. Lackner, L Minardi 

Association EURATON- IPP. Garching bei MUnchen 

ABSTRACT: Direct ener1lY conversion and control of unstable burn ill 

Ignited tokamaks by cyclic:: IQIIjor radius cOOIpression and decOOIpresslon is 

"n.lYled on the basis of a genera l 501utioll of the global energy and 

particle balance equations. With respect to direct energy conversion , cycles 

with arbitrary compression ratios are considered. The usual adiabatic laws 

are found to lIo1d under relaxed conditions near ignition, so that compres­

sion is a prOOlising scheme for lIeating dev i ces in this regime. The cycle­

-averaged , converted power 15 given explicitly. With respect to control the 

energy and power required during compression are relHed to t he compression 

speed and accuracy in JDeasuring devhtions frOlll equilibril. ... A lower Hllit 

for the speed of cOIIlpression is derlved. Unlike other non -wattless schemes. 

this method woold have no unfavourable effect on the overall energy balance 

of a reactor. 
SASIC EQUATIOHS. We consider the equation of energy conservation 

including a - heating, transport arM! the external work p dV. The density of 

a -pllrticles is neglected and the a-energy deposition is usullf!d to be 

instantaneous. Defining n-ni - ne and assuming Te3Ti-T the global ener!IY 

balance takes the form 

cl - _ -, - ( _~_ ~ ~ d V) <ltP-"' P - P U"(t)+ 3 V dt (1) 

where ii. iiT and the bar denotes a volume average except f.or temperatures 

wller!! f ~1iT/ii. The bar will be mitted frOll now on for conveneience. The 

a - production has been taken to be proportional to p'2, which is 11 good 

approxilllltion between 7 IInd '20 keY. cA Is a coefficient which includes the 

effect of space averllging on the (I - heating and which 11150 takes Into IIccount 

the possible imperfect confinE!ll1ent of non thenna1iled (I -particles. 

! _ 1. + 1... For the total particle number it is assumed that N~const. This 
1 Te li 
constraint can be reali zed by , for ins tance, a rail limiter of appropriate 

shape and complete recycli"g. Al cator sca 1 i ng is cons idered throughout, 

yielding with N=const T(V)!T(Vo) • (VoIV)l12. Equation (I) is a Riccati 

eqtJation wllich can be integrated exactly, giving 

~(t) - p,,(Vo )~/J c.X..f>_tj f:
oI

9'.21':"lt"J (~) 
- VIt) 1- '" P. ft Jt'(VWyl' ~- [tdtiOr 

t. t. 

COMPRESSION-OECQIof'RESSION CYCLE ANO PLASMA-OUT£R CIRCUIT COUPLING. 

We consider the cycle outlined on the p- Y-plane in Fig. l. The points of 

ignition li e on the daslled line. At the 

points A and 0 th e plasm! is igniti ng, 

while in B ~nd C it is subigniti ng. 

Using the equilibriln equation for the 

ph SJIa column in a toka~k one can re­

late the lire" of the cycle to tile 

electric energy delivered to the omic 

IInd vertical field coils: 

W· ~ 1Uilidt .-2fpdV' (3) 

where Uj and li are the voltages and 

currents acting in the outer circuits. 

Olvll!c losses are neglected In eq.(3). 

A positi~e area of the cycle then 

implies a net ener<Jy gain with the 

po •• " 
p ~~ 

av p dt (.) 

A 

B 

c 

VB 

Figure J 

v 

Cycles of ~his kind lIave /llready been considered earlier in pinch~s III 12/. 
DIRECT ENERGY CONVERS ION. In order to study in detail the properties 

of the cycle we deri~e from eq. (2) an algebraic e~presslon for the pr essure 

in tenns of an arbitrary change of volume t.V in a tlmeTc ' loIe assume the 

approxi ma tion 0 i TC/2T < 1 IInd moreover approximate T(t) /lnd V(t) in the 

range to"" t ~ta + lC with an Intennediate constant value l <l;nd V. One thus 

obtains fr()'ll eq . (2) 
Vo 5/3 

P(tO+lcJ ~ Po ("V) I 513 + 0(02 )+ O( a·.,) 
Ita IHl-lIV/~) J 

(5) 

Here n ~ (Po-PII)lPr. lIIe<l;sures the devhtion of Po frOll the ignition point Pm· 
Then, if 

lC 6V S/3 2i [I- (1- V) [ « 1. 
lC Po -Pm 
- - <cl 
2i- Pm 

(5) 

the plasma obeys the adiabatic law . Conditions (6) for adiabatic ity are much 

weaker than the usual one TCti' « I. The physical reason is thllt in the plasma 

near ignition the non-adiabatic effects of the transport and the o-hea ting 

cancel each other in first order. Under our asslDptions the following rela-

tf!lllperatures of the cycle 

TS-Tc TA-Tm -re < -r,A' (7) 

wher e TII is the ignition temperature. Moreover, 

TA-TO TB-Te ""'1'A ~ IjJ (S) 

(') 

[NERGY AND POWER REQUIREMENTS FOR BURn CONTROl. A systf!lll being CYcled 

as in Fig. I can be con­

sidered as burning control-

led at the lower unstab le 

burn point. To minindze the 

power requirements for con-

t r ol the dev ia tions f rom 

equilibrium should be as 

low /IS possible. A lower 

11 .. 1 t is set by the <l;CCU­

racy with which deviations 

can be a.easured. We slla 11 

assume that the ratio 

(a P'2-P121 )b p2 can be 

mea sured wi th accuracy c . 

We now characterize the 

" 

" 

• 

points A, B, C, 0 of the cycle by the following conditions: 

(') Cl -11'1: {I P~ ~ "P~ 

D) 

(11 ) 

where III > I is arbi'ra ry and .. ' has to he chosen such that tile cycle is 

closed. The optilltn va l ue of m will s trongly depend on tile specific design of 

the power supp ly (swi tches, sources etc.). Our conc Ius ions do not qua I i­

tatively depend on the choice of m. 
We shall assume A V s const (IJ) during compression IInd decompr ession. 

Tills choice , corresponding to switchin9 of and on constant volhges In tile 

outer circuits , is not unreasonable from 11 technical point of view. Intro­

ducing TV'VA/V and IJ.V z V9-VA' we have VB • VA ( 1+ IJ.Y/VA) • VA (1+ TChy). 

Stlldy;n9 t.he r.nntr nl pmblell the ordering 

olV TC 
C;V;"yY«1 (14) 

is adequate. Applying eq. (13) ano (l4) to eq. (2) gives to first order i n ~ 

and TC/TV 

PB " PA (1+ me 

(where !l{x) • (eX-I )/< ~ I. 

approximation 

STe 13 lC 
TC12T,., ~( Tc!2TA)- ~ Tv + b (1-g (TcI2TA))iV)' ( IS) 

FrCWll eqs. (9) , (10). (IS) one !lets in the Sftnte 

VA TV 6V 
(1I+I)e 6Y t nl£ Ty121A 9 (2T,i QA) 

13 1 Y 6V 
b g (fiA ¥A)' (16) 

lC TY IJ.V 
Equation (16) holds for arbitr/lry values of 2TA '" fiA ~. All terlls being 

poslthe in eq. (16), it follows that 

TVl2l", ,,~ (17) 

must hold, giving a lower limit for the speed of decompression in segment A-B . 

In the limit Tv/2T", .. 0 (fast compression and decompression) eq. (\6) gi ves 

6V 6VI 5 -. ~" . ~ .... (11+1) e. A vA .. In lJ 
( IS) 

Figure 2 gives IJ.V/VA as a function of lV/2TA according to eq. (16) for mo2 

and t-O.IJ5.IJ.V/VA increases only slightly over its lIini_ va l ue except in the 

very vicinity of the limit set by eq. (11). Tills behaviour is, of cour se, 

independent of the specific choice of III and f:. 

For the power that has to be appl ied in Se<}lll!!nt A-B one gets with eq.(J) 
, • 0 

IPc! - n m [ PA, (lg) 

where pn _ J V a p2 i s the tota l "-power. The energy that is transferr ed in 

thl s phase j s given by 

(20) 

where Epo3 PA VA. Deviations fr(JII equa l ity are sm"l1 in eq. (20) except ne~r 

the lillit set by eq. (17). 

It is easy to verify that the sal:lf! conclusions result from corsidering the 

cOllpression phase (-0. In addition, we note that, as is already indicated by 

eq. (g), Pav is of the order [2, so that unlike from other contro l scheme~ . 
Pav would only be a neglig i ble fr ac tion of the recycling power in a rellctor /3/. 

The results ghen here agree well with numerical soluti ons of the general 

particle and energy ba l ance equations Il/. 
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J:;'ltroduction: In future Tokamak reactors and in the near futuro 

ignition e xperiments. th~ stability of t he burning D-T plasma 

against temper,.ture/dclnsity perturbat ions is onc of the funcla ­

menta l problems . It is also Obvious that a fusion plasma , sur­

r ounded by material walls of a t echnical device, contains ligh t 

and heavy i mpUrities (due to desorption and sputtering ) and, 

even in a well prepar ed 1qn1 tion experiment , the plasma is con­

taminatecl by discharge induced arcs . 00 the o t her hand, the 

simple e x istence of fina l dimensions of dny fusion device im­

poses edge e ffocts , such as redu~ed a-p~rt ic le hea ting effi ­

ci£!ncy, special diffusion coefficients, edge telf,per<l tures, den­

sity of ne utr<lls at the edge, etc. Consequently, the st<lbility 

problem of the burn ing plasma should be trea ted taking lnto ac­

count edge effects and impurities . 

Plasma model: With the as:>umpt ion tE<t<l p (lE' '1' energy a!'ld 

particle confinement time, t time of :>'table or qU<ls1-stable 

burning of the plas/llaJ, the temperatureldensi ty perturb<ltions 

decouple: The fast e r thermal i nstabil i lies can be studied sepa­

rately/ 1/ , the density profile is a free pa r ame t er, and particle 

l oss and fuel injection are excluded from treatment . The core 

temperature ~y be limi t ed by 5 keV<Tc <2C keV. Consequently, 

ohmic heating, injection heating, and synchrotron radiation 

loss are less important. The a-particle he<lt i ng , impurity radi­

ation loss (based on the averaye ion modul /21 for iron and on 

nl/ne~cons t), and plasma bremss trahlung are dominant t e rms in 

the space-t.i.Jle dependent energy balance of the isothe rmal plasma, 

a (3nT)jat .. VIK'IT) + Ealr) p,,( n , T) - P1Izeff, n ,'f) _c
b

n 2Tl/2 

The a-particle heating efficienc y, Ealr), is a free pa r ameter 

in the above equation and takes account of a- p<lrt i cle l oss du ­

ring slowin'] down /3/ . The he at conduc t ion coeffic i ent is g iven 

in functi o nal form, K..L "'K..I.One Tl 8
6

, where the constilnt 1< .1. 0 ra­

mains undefined throuyhout this work. 

Stllbility ",naly sis, J.. Un.;>, .... s t ahlli t y dn;J.l,-':is ''''iti1 

T!r,tl=T(rI + RIF) e>:p i(~,t + kB .. m. l , 

with t he bounda!y conditions RW)"Rc ' dP.(Ol/dI" EO , R("j " O 

'J'1u)"'rc ' ,1T {Ol/d;:~O , T {,'J =T" ' 'l'a/1',:"1 

and with somc ohviou:; (u ,:ll,ct r.in' p llfic;lLions Imak_O , "/"'0,,, 1) 

transfornlS tl'e ab('lvc Sp.lc",-ti~ dt!pendl"nt f'nt,rgy bill.lncc into 

t .... o t .... o bounu"ry V",I\lC tJ!OI,l .... r.1S (thl.' first, non- lin"";1 r , fo r t.he 

tt'r,'perature p l"o[il~', Y(I"), thoe second, linear, fo ( t ~,,:" I'crtur­

h,ltion I,(oflle, Ill") ) '"ith t· ... " eiqellva lue'> 

(If the COnstD:'t ;:.1r.l b, d",fI" .. ct, the .. i <j",nv;J.\ul.! Ita can sc n ·e 

for the sC;J.\iuq of the It,ln'lr r !ld\us ,1 ; thl '> i s not intended In 

this worr .. ) The !;.;>co"d "\qe"valu" , to. , _~"FVeS to det"rmlnc the 

" tilb!e burn;",:! , 

to. < 0 , 110. 1 t.5 1 'In;],, ! - stable burn;,,,) 

Id th 1In "PP"\" I I rnl t.ilL I un F'JI" lilt' l'rc>duct of ,1>:i1l1 iOIl uensi ty 

a mi ulII1Iing li me , n
c

" by the rel"'~iC)n 

n c ' .! 1 ,.~/2/Zeff l"'l Cb 

lIt shunid he nl~ntlcned th'lt th '" CC"Et a :1t Kl o has no influence 

<.In the ~tabil1tY/lnr.::ahl1 ity prohl .. n, .) 

~ 
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~lain res ults : 1) There ClI'e two regions f or s teady teacto r op.,­

r a tion , The first, above 6 kf'V, quasi-stllble wlt.h nc U5 '1 0 14 

slcml , very 10:.1 Z ff ' and ,-11 t h Cl ht''''t. conduction coe ffi cient 

of' c lassical type~ K.1. '\.n 2/T I/2s2 IF 9 I) , the second region 

below 20 key, !';table , withou t IHIII~",ti'')n o f ncl, il nd with a 

Oohm- llkc he,lt conduction coefficient, Kt ..... n 1'/B ((ig . 21. 

2) In the case of c lassical-type heat conduc~ iol1 , iropurlties d o 

not affect the limitati on for ncl very ~\uch /I'"iq.l); but ill 

the case of Bollm-likl" heat conduct ion, t h", .region of nalJlfl 

burniny is sh ift.e d t o· n iqher core tf'ml,~r.!ltU tcs wi.th increa ­

s ing Ze H If"1g . 2) . 

J) The reduced a-neating efficiency, Ea<l, rais es the upi,er 11-

", 1 t for the product neT (Pig . 1 and Fiq. 2) . 

4) Undo! the COmbined effect of red uced a-heatin'l efticlencr 

ilnd of a hiyhcr impu rity concentration, Zef f~2 , th e re i G on­

ly one region of quasi-stable burning near 20 lte¥, fo r bo t h 

t ype s of he .. t. conduction cocfftci erl ls \F1g. 3 lIod Fi g .4) . 

Sl The results o[ Fi'1.1,2,3 a.4 we re calcul ated with iI density 

profi.le n- " elt'/Tt) " , 11~1 . They are nOl very diff erent wit h a 
variation of 11 in t he interval 1/2 ,. 11 S 2 
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KINETIC THEORY OF NEUTRALS IN A BOUNDED PLASMA SLAB WITH INHOI<llGENOUS ION 

TEMPERATURE AND DENSITY 
H. Tendler. Institute of Technology, Uppsala University, Sweden 

Abstract: The analytical solution of the kinetic equation for the neutrals 

in a plasma is proposed taking into account. besides previously considered 

charge-exchange, impact ionisation and gas feed, inhomogenous temperature 

profile and photorecombination. Steady-state neutral pro files and neut ral 

particle fluxes are obtained showinq the effect of non-uniform temperature . 

The appearance of neutrals in the fusion reactor is a desirable fact pro­

vided that cold gas mantel system (1] being established near the wall. 

The full problem contains the simultaneous solution of the coupled kinetic 

equations for the ion and neutral distribution functions. Here, we assume 

ion parameters to be !liven and treat the kinetic equation for neutra l 

distribution function. For a plaSfl\iI with optical thickness , exceeding 

impe rmea bility criteria [1), a slab model is sufficient. The equation 

for neutral distribution function reads: 

;F 
v ~ ~Fi (v)f IV ~V ' loc( IV-V' i)F n(V' )dV'-Fn(vlfl V-V' I 

(1) 

Here, F. F., F - distribution functions of neutrals, ions and electrons, n le eiph 
respective ly, 0c' 0i ' 0i ' 0 rec - cross-sections for resonance charge­
exchange , ioniZation by electron and ion impact and photo-recombination. 

By doing tlOO conventional assumptions that ov c-const, ve nVn and Ne=Ni 

equation (I) can be simplified as: 

(1) 

Here, Nn and Ni neutral and ion densi t y . 

further, we assume the local ion distribution function 

1'1- V and - VjTf.T fn~vi (X)fn(v,X} equat ion (2) takes the form 

(3) 

the t err.perature gradient scale 

-lln L.fndW {4} 

'~e assume, that the plasma is loca ted in a layer (O'::'~':::l) and that the 

dens ity and velocity of neutrals issued from the wall is No ~nd Vo ' 

r!'s~!'ct ively. We start from l fOT1llal solution of the equation (3) con­

~idering the sourc~ function (r.h.s . of equation (3)) being given. 

!ntroducinS) the new variables ,:.=wfn exp ~ t. L~n"" we ~I't 

(5) 

The quasilinear equation (5) can be reduced to the first order differen tial 

equation a l on!l their characteristics defined as x.-(-t . ~ = ~ and ~(X.~)",:·(~,t) 

~~'; f~","el solutkll1 of e~uHion (5) •. 'ith ta r.en into a~~o~r,t t>oun~iiry 

for 1'1>0 

• f tP .(-I;'-X)exp ___ l __ 
i; 1 w{ - I; '-X') 

r~!\I~') ~ rqr' ) jdC' for w~O [- ,-. '1 ~ (6b) 

Fur th~r, using the nlation (4) a;.d the si .. " l if"in" assu(:\~tion ';'i ~ i[ f(~I-l)~ ~(w+ lr 
\',e \·, i I1 2et the in;;e(': r~l e"uacion f~r t hE neutr;; l density and solvl' it. 

then ret')rn bad t o 6(a-b) and detem.inf< t~.!! d:stributicn f unction of 

that because neutral density appe~ rs in (6) within the inte,]nl, the 

neut r al distribution is on l y slightly sensitive to the fine details of 

the neutra l density profil e. 1ntegratin!l equation (6) with respect to 

velocity, an in t egral equa t ion for the neutr~l density is eaSily obtained: 

• N(O~ !:o(()+ ~ f K((-~';[~N (( ' )+yNi(~')Jd~' 
o 

where 

I{~-;,).exp[- y - si gn(~-~ ' )e~p ~ ~L Sln(~-c)] 

-~ c_ a 

tl( (~)rt!oe 0 ch '} 
, 0 

(1) 

(e) 

(') 

H~re No(~) !:leans the neutral density with multiple charge-exchang~, 

reCOr.lbination and temperature grad ient neglected.; After d;fferentiatin9 

t~'ice equat ion (7) and h ki ng into account that T < 1. we get a secorld_ 

orde~ ordinary dif ferentia l equation with the constant coeffi cients: 

ill 1 dN 2 d
2
N 

-----..,. - - -- - (1-~)~I-:7 ll ~ _~o - No(O- "' ~i(~) 
1 ; L L d~ l d;;' (\0) 

The full solution of t he equation ( l el) consists of the general solution 

of the homogenous equation (r.h.s. of ( l O) eq~al to zero) and arbitrary 

solut ion of the inholl'(lgenous equation. The bot h p~rts of the solution are 

co~pled through tKJundary conditions ,which can be obtainEd from the inteSf!\ 

equation (7). So, we get 

<Dlh o.:>zh 
NW~<D2 J W d('-'"'1 f w dt'~Cl'"'1+C2\O;! (11) 

(12) 

(13) 

(14) 

Note that in case of the homo!lenous temperHur~ profile G· - ~), our 

results COincides >lith the we l l- ~nown lehnert estimatl' for the t hickness 

of t),,, ~ohl-!,<-~ .. ~"L1" .y~l"'''s ,, - \/\h-c/.i [1 ) . The conclusion, "hid, ~~n 

be dral-m fro.1l formu la (12) . i~ th~ t the temtJeraturE gradient hinders thE 

neutrals on their way toward the pl asma core and their penetra t ion length 

ctr. be significantly decreased due to the high temperatur€ gradient. lhe 

sol~tion ( 10) can be \,...-itten tS follows: 

H,e first t enn i n fomula (15) represer.ts th!' dens~t:; ~ f t ile primary 

atol'S, injected from the wall. the second term describes the density 

aris i no due t o photo-recombination, the last tlOO teT1lls result from the 

multiple rl' charg ing. Si nce under experimental conditions J- » 1 

(15) 

the first :.enn is attenuated very fast, then the 1I"000in contriBution i s 

c~ :oir, ,, frem t he I'ultip l e recr.;;rg in~, finally in the '.n:1t-'· ;:~r~s c..f ti1~ 

Cis :r.argE thE rEcOIf.bination effHts became b~o,· : <-~t. ~hE ;;-~l;:udE ~. ~ 

Ire recha'-g~d density scales ;n at(Ord~nCE with ~ i:.) es "c. (!f' .:'".~ :r,·ti~l 

coord inates it r:le3nS as tile rHio [If the velocHj' 0: n,1' ir, jec'.:ed ~;;~:r,s 

to the 10n mean velocity.) Th!' spectra of neulrols ejHteC L)' the ~;"s~.t 

can be ca lcu l ated frem fonnulae ( 6; and ( 8) as; 

• • l 
j(\· :,·f d~wf(w,~} • .r dO( ~ ,t} exr' W 

o 0 

·Tile non-trivial par t of the flux, ~Ihich is responsi ble for the flux ~u~ 

te ·.ne temperHure gradient is given by: 

. CIIF,(w) 
J' --­

'1 

Lexp ~w"i(""}exp-+ 
where f 2(w) ~ b .. , [- ·' 2[ cw 

\ '/ " 

The e ~plic jt ~~ILulations will be published els!'wherE [5J. 
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F. tngl'lm~nn , FO~ !nst itutl' for Plasma Physics and Prof. U. D~J·belgE, 

Ruhr-UniVf:rsity, for valuable discussions. 
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Recent experimental results have dEmonstrated that Q'p Z will soon be 
available. Tllerefore, a high efficiency thenaal system which can effecti· 
vel y exploit the high temperature potential of fusion reactors may expedite 
the establ1sm.ent of economically viable fusion power. These high efficien ­
cy thero,al energy conversion systems require the develOllllent of 1I19h tem­
perature (I500oK to 25000 K) components for neutnln absorp tion and power 
extraction. 

Efficient energy recovery also provides other important !)enefits. At 
values of Q" 10, the sensitivity to energy conversion efficiency does not 
appear Important to the cin::ulating power fraction of a fusion power plant. 
HOIoIever, collater<l l g<lins of equal value are achieved, such as large reduc­
tions in net.ltron wall loading for a given output power, and reduct i ons in 
waste lIeat and fn the production of radioactfve products in tile III<lchine 
walls. In addition, re laxed engineering design constraints a r e possible, 
leading to options in terms of the types of raachines which .ay prove econo­
mical energy producers. ThUS, the advantages of high therml efficiency are 
not restricted to I'<Irly. Iow Q concepts. 

It is also possible that through the use of effident energy recovery 
methods, fusion reactions other than that of OT can be milde practica l . 
These could elimi nate the necessity for !)reedlng tritium. If low neutron 
producing fuels can !)e harnessed, a great reduction in radiological pro!)­
lems might !)e achieved. l 

MOtIest extrapolations of recent eXJ)l'rill1ental resul ts indicate that the 
next generation of f us ion devices, such as TFTR. JET . JT60, T20 and Doublet 
Ill. should produce fusion ph$lllu capable of Q's greater than one. The 
Princeton Large Torus (PU ) recently demnstrated ion te.aperatures greater 
than 6.5 kilovolts. At the Kassachusetts institute of Technology , the Alca ­
tor haS achieved <I confinement tillle, nT, of ).1013 at ts.peratures of aoout 
I kllovolt. 2 

llIIpo r tant results have also been atta ined in the ",agnetic mirror pro­
gram, where tenperatures of over 20 kilovolts and !)eta values close to I 
Mve been achieved . ] If new mirror concepts such as the tandem mirror~ and 
the reversed field mirrorS succeed, losses wi l l be significa nt ly reduced, 
payIng the way for the development of I"irror fusion machines with Q's 
greater than I. 

As indicated in the preceding par~graphs, the physics of near-tenn 
fusion devices with Q's in the range of I to 5 is now nearly established. 
These devices, which are beam driven6 , 1 , B and do not necessarily reach 
ignition , have engineering derllands which a re consistent with cur rent prac­
tice. However, ecorlOlllic viability rllquirllS .ore th~n j,,~t a successful low 
Q fusion device; a high efficiency theT'1llOdynamic power cycle Is also needed. 

The importance of high the~1 conversion efficienGies Is illustrated 
in Figure I, in which a neutral beall driven fusion power plant is used as an 
example. A conventiol\ilJ ste<lm pl ant ha-s a thermal conversion efficiency of 
aoout 40l . if such an energy convers ion systen is coupled to a fusion de­
vice with Q. 2, the resulting system will not produce adequate circulating 
power to sustain the fusion reaction, and essenti ally no power will be 
available for distribution. However, If this same f usion device is coupled 
to an engine with a the1"1llll1 efficiency of between 50:t: and 7011 , t hen the 
amount of circulating power will be reduced to ma nageable levels and power 
will be available fo r cOlllnercial use. Thus, only if high efficiency therma l 
cycles are employed Ciln low Q fusion power plants be utilhed to deliver 
cOCl'lml'rcial1y cOllpetitive electrical power. 

in Order to construct the (OIIponents of a therma l cycle with energy 
conversion efflciencies in the 50-70s; range, the components of the energy 
conversion system RlJst be able to sustain continuous e~posure to high tt'lll­
peratures. In the past, Nteriais limitations have restricted the peak 
operating temperature of conventional systl'llS to less than lOOO"K. The 
thennal engine therefore requires both a direct high tellperature heater for 
the working fluid and a high tempera tul'e energy conversion device to produce 
an efficient cycle . 

The next section will review the engineer i ng requirenents of these key 
componen ts. In all fusion reactors, the neutrons pass t hrl)ugh a first wa l l 
which is nearly transparent to the high energy neutrons. tlorm!llly, the 
neutrons are absorbed In a lithium !)earing blanket which transfers energy 
through a heat exchanger at modest temperatures to a conventional heat en· 
ginI'. For a high efficiency system, the secondary heat exchanger must be 
elillinated . The neutrons therefore ar e absorbed in a high temperature re­
fractory bl anket through which the working fluid of the heat engine Is 
directly circulated. Several promising approaches to such boiler sche.\E!s 
are currently under study at M.lthena t ical Sciences Northwest, Inc. (HSNW) 
and it appe.lrs that working fluids with temperatures of 2SOOG K can be ob­
tained while still retaining the capabl1ity of trith ... br eeding. The key 
ele(ll!nt of such a system is the 1'1 ilnlnation of the secondary heat e~changer 
and therefore great care will have to be taken to prevent the contamination 
of the working fluid with radioactive prodllct~ frolll the blanket. 9 

The high tenperatur~ capability of such a radiation boiler can only be 
used by advanced energy conversion systems which are still under develop­
ment. At the present time, significant wor k is in progress leading to the 
development of tu r bo-expander technology with inlet tmlperatur es approaching 
ZOOO"K.I Q Other approaches also being developed are even more suiteble at 
the high temperlotures required. In parti cular, d device called the "energy 
exchanger," which has an opera ting telllperature potential of up to 2S00" K, 
is under develoJllllent at I1SNW .ll Final l y, the high tEDperatures of the wor­
king fluid ..,y allow the effec tive ~10)'llll'nt of Illigll!!tohydrodyMII I( energy 
conversion. The develOlDl'nt of these devices Is now being spurred by the 
need for higher energy convers ion eff ic lenc i es cre<lted by the ever-increa­
sing energy shortage. Unfortunately, due to space llrlitations It Is not 
possible to discuSS in detail the various advantages of each of these desi!)n 
approaches and the techniques of exploiting these e~panders using either 
combined cycles (8rayton-Rankine) or binary cycles {Rankine).I O. r2 

In combining 10.1 Q fusion devices with high efficiency cycles, one 
unknown must not be traded for another. We have concentrated on fusion 
devices with physics that is relatively well known . While several approa­
ches to increasing thennal effic iency are currently under devel opment, t hey 
all involve va rying degrees of engineering complexity and risk, balanced by 

the potentia l for cycle improvement. Indeed, if any imp rovement can be made 
in the efficiency of thennal conversion systems for fusion , it reflects 
fa vorabl y on all approaches to fusion. 

While none of th~ components place unreasonable denands on existing 
engineering practice, the proposed approach involves a significant devell)p­
ment prl)gram. Ilowever, no techMlogy is introduced In which the physics and 
engineering are not understood and t he key lies In the economical Cl)mbina­
tion I)f these var ious components into a power r eactor. Thus, the capability 
of fully exploiting the high temperature potential of fusion neutrons In 
high efficiency thermal conversion systems will Serve to accel erate the 
introduction of fusion power. 
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Tf{ER~!AL FLUCTUATIONS AND LEAKING RADIATION FROM 

LASER-PRODUCED Pr.p.SMA 

yu.~. Allev, S. Vukovi~ , 0 . 101. Gradov, A.¥u . Kyrie and A.A.Frolov 

Lebedev Physical Institute, USSR Academy of Sciences, Moscow 

"d 
Institute of Physics, Belgrade, YUgoslavia 

The theory of thermal radiCltion of electromagnetic "';;I­
ves has been sufficiently well developed for plasmas with sharp ' 

boundaryl . However, in laser - prcx:luced plasmas the existence of 

corona region makes the sharp boundary model inadequate. Theo­

retlca1
2 

and numerical] calculations, as wel l as, experiment"I 

measurements
4 

revealed a steepening of plasma density profile 

near the resonant point, induced by pondercrnotive force of a 

longitudinal high-frequency field . One of the important charac­

teristics of such a density profile is the appear,mce of leaky 

surface waves as eigenmodes of the system . These modes are 

quasi-localised in the vicinity 0:" plasma resonance and are 

propagating with the wave vectoc Kn along the p l ane, which is 

orthoqonal to the di'rection of density gradient (z- axis). Their 

frequency is given by5 

6)1:;: t { W:~ (0.) + W;e. (0) t- 21<; [1 _ [GJL~(<l)- WL!(O~~ 4K"lt[~}1) 

where (JLe (0) and uhe (Q) are the electron plasma frequen­

cies at the bottom and the top of the steepened density region . 

OUtside this strongly ingomogenous region of the length a.. 
(11',,<1«1). Besides the standard dissipation processes, like the 

linear wave transformation, collisions, etc . , surface waves with 

W »K"C. are damped by energy loss due to radiation (leaking) 

into the transparent region Je '(Z) < Q , where 

JI (2) ~ 
2 

1- 0" (z) 
6J' 

Being interested in the radiation due to thermal fluc­

tuations of leaky surface waves, we suppose that plasma is sta­

tionary but not in equilibrium, assumi ng the damping time of 

surface waves much less than the characteristic time of density 

profile mooification. The energy flux density of the radiation 

leilking to vacuum can be ru<pressed through the Fourier-compo-. ~ 
nents cf random electriC E and magnetic B fields as: 

where the line above means the ensemble-ilveraged . Only z-compo­

nent of this quantity is different from zero, since plasma is 

supposed to be isotropic in xy-plane, The related spectral in­

tensity I\oJ~dIIJlJd.IL Where df1. i s the elementary solid ang le , 

is defined a s: 

and can be calculated using the method of phase micro-densi­

ties6 ,7 to determine the correlation functions of electromagne­

t ic fie l d fluctuations intrcduced in eq . (2) . ,",5 shown in 6 

all relevant correlation functions can be expressed by means of the 

the longi tud inal electric field correlator G
n 

(IJ,KU)l-,Z') 

(" J\j (<:, -is:) G" (", ,,,2,' 'i' 1;", , . [j:,,,'., ,,,, ') £:( •. ;,, ' ,,1) 131 
•• 0 

Also, the c orrelation f unctions for variOUS z, can boe expres­

sed through G"(w,)(,,,C~O,'l·~o) . As a result for spectral inten­

sity we get 

f(W.1~O) 

d£ (2~O) 

o 

exp{-j!('id,} G"(W,''',z.o,,,o) 
'1, (") 

I. _2 l . T!?) G (<J K Z~o 2',0) = ...,Jt K. St9i1W 

" "'" w I w i? I' 1"1 ~ ,}J(,,,) <lZZ:Zo 

Ilere oZl ( <..) , K,,) is the dispersion function of leaky surface 

waves , l, i s the lea king point Jf(i!(} =ql.the r esonant point 

E (~1.) ::: 0 and T (2~) electron t emperature at the resonant 

point. In the case of pllrt- by part linear density profile: 

'11" Cl)' 11., (0) (I +- t ) Z<o 

1'lot (2)::- 1'1~e (0) + 

we obtain the following expression for spectral intensity (4) 

I ' w 
Where 

d,11 = _~'Ji:''-!.:(3:.,--_ 
d. - ! 

2 cl: d;' 

2. -y 
s,;,. e X (X-I)(I-)(",,'8) , 

ann nondimensional parilmeters 

'(3= etU/r(o) . d:: "(J~f (o) 
I C J C 

have been introciuced. \} is the angle between Z-axis and the 

direction of observation defined by: \} ~ arc sin Investi-

gating this spec::Cum one can determine important plasma para­

meters L. a, (Jtt(O) , CJu(a) and ':."(Zo)' An example of such a 

procedure will be presented on the conf erence. 

Throughout the paper we have neglected the contribution 

of electron-ion collisions to the corr elation function G,,(cJ,.r •. ~t) 
For characteristic parameters of laser-prOo3.uced plasmas: 

W = 1015 sec- I, L_IO- 2cm, a ~ 1O-4 cm , T(Zo) .. 1+10 KeV this 

contribution will be small if 

0.2 »x - 1» 0.001 

Taking i nto account that the rate of the density profile defor­

mation is determined by t he ion-sound velocity, the quasistati­

onarity condition gives the following limitation to the angle 9: 

84> (cl -I ) Gth,(o) Loe(O} 
(JL~ (0) a.. 

where '[pe is electron Debuye radius . 

The estimllted peak value of the radiated energy flux 

is 105 _10 6 W/cm 2 • 

In conclusion we want to underline th"t the results of 

this paper could be used as a base for a new Jl'.ethod of laser ­

-pr cd used plasma diagnostics. 
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The initial heaUnq of a plasma by radiat ion in t he optical 
region aiming at laser-driven fusion l Is almost enti rely due 
to the transfer of electr omagnetic e nergy to the electrons. 
Elec trons acquire osci llation'!! within the electric fleld of 
the radiation, which , at high laser intensi t!es , can reach 
relat ivistic velocities. The electrons transfer their ene rgy 
mainly by electron-ion collisions to the whole plasma . The 
duration of this thermalizatlon should be shorter than the 
pulse duration of the laser radiation which l eads to a modi­
fie d MLawson conditionft for laser fusion . The radiation ab­
sorption mechanism is of greatest importance for laser fusion 
where intensities a re applied tha t produce electriC fields 
several ten to hundreds of bil l ions of volts per cm . Such 
fie lds will l ead to electron oscillation energies exceeding 
the rest mass e nergy of the electron , 50 that the re fr active 
index of the plasma will become a nonlinear function of the 
radi at ion power·- I • The resul tin~ lIIass variation will in­
duce relativistic self- focusing'. ,&,7 of the intense laser 
beam, especially when t he plasma to be iTradlated has a den­
sity near or above the critical dens ity Nocr-tomolll'/el (to~ 

8 .8!ix l O- "F/m ; m _9.1lxlO - "kg ; e "'1.6xlO- '·C ; III - rad i al fre­
quency of radiat?on) +. Under such conditions the laser beam 
can be f ocused to a diameter equal to i ts vacuum wavelength ' 
" , so that for laser powers P exhibi ting self-focusing , the 
ridiation intensity I is approximately equal to: 

I • ' P /},~ (1 ) 

!~~e~~~~t~~r:~~~~~' o f the electron is a function of the f ield 

a - eEo/(cmow) (2) 

IEo - peak e l ectriC field within focus of l aser beam; c ~ 3x 

10'm/s) , wh ich will become independent of "0-2wc/1Il as fo llows 

f r om Eqs. (1 ) and (6). The kinetic ener'Jy is given by 

T_mcl(y-l) Il) 
VI - 1/2 0 

[ Y - 11 - Cll : v - electron velocity 

a nd determined by : Y ~~ (4) 

for ci rcula rly polarized light , o r 

y • a ( 1 - n{r~l--:_ -;"~~~,T'-) /(,,~) (!i) 

for linear ly polarized laser light. 
Hereby aret 

(6) 

n - refractive index; v~ .. 1 + I/o' ,and K -the solution 

of the f ol l owing complete ellictic in teg r al of the first kind 
Isee Eqs. !il and 52 o f Ref. 9): 

K(K) ~ lTn[2(1 - v~"·)1 -l/2 . a turns out to be sim.9ly a 

func t ion of the laser power P and the refractive index n : 

Cl l = bop/n (7) 

with b
o 

• el/(2 ... ·t:oc·m~) - 7.JlxlO- lL [w- 'j (7a) 

a constant, which means that the kinetic enerqy in thi s case 
of self- focusing is independent of the wavelength of the 
applied laser radiation, except for the wavelength dependence 
of the refractive index n. The refrac tive index, neglec t i ng 
co llisions , is given by5 : 

n l _ 1 _ 1Il~/(lIlly) 1 _ v'/y 

where ~p - plasma frequency a nd v No/Nocr' 

No being the plasma density . 

(81 

(91 

It turns out that the kinetic energy is indeed completely in­
deoendent of the wavelength of the radiation as long as the 
plasma density adjusts itself or is being adjusted such that 
v rema ins the same for the different wavelengths of the 
applied radiation. 
This statement does not only hold for the self-focusing c ase 
as inferred by H. Hora et a I', but also f or the case where a 
focusing system is used to its maximum focusing power , esp . 
where lower laser energies are app lied with lower dens ity 
p l asmas (n~l , indeoendent of laser wavel ength). The ac tual 
irradiance of any focusing system of a given focal ratio 
f ntlfld (n

1 
- refractive index of lens, t f - focal length, 

d - l ens diameter) at the s90t cen ter is given byl.: 

Icenter - lTZP/"~f' (l0) 
so tha t o ne arrives almost at the same value s for a l (Eq. 7), 
if one assumes f _ 3 . 14 : 

(I' - blP/n (11) 

bl - e'{l/f z )/(2 coc'm~) ~ 7 . 2lxlO - LO /f J [w- 'Ja ronstantl lla ) 

Applying an op timally focused laser beam, initial energy ab­
sorption depends directly only on the laser power and weakly 
on the refractive index , regardless whether relatiVistic self­
focusi ng occurs or not. 
Figures 1 and 2 represent this dependence for different p l as­
ma densities given 1n terms of the parameter v • No/Nocr . 1'he 

kinetic energy is clotted in units of the electron res t ma ss 
energy m Cl as a function of laser power p fO~ircu larly pola­
rized l1ijht focused with an optical sys t em of focal ratio f -
10. The points were calculated fro~ Eqs . (4) and (11) combin­
ed with Eq. (8). Hereby the resulting equations: 

(1 2 ,13) 

were solved for n at differen t P and v . Equations ( 4) and 
(J) were then used to detenltine the · kinetic enerqy T/moc z • 

Equation (12) with the constant b
l 

IEq .l la) and lower powers 
P served for Fig. I, whereas Eq. Ill) with the constant b 
IEq . 7a)served for Fig . 2. Values for linearly polarized 0 
light should also show a similar waveleng th independence . 
Our results seem to be experimentally confirmed by McCal l et 
aI" when they compa red the i r measurments of high-energy 
charged particles originating f r om plasmas produced by an Nd 
doped glass laser ( "o~ l. 06um) and by a CO2 laser ( "0 . 
10 . 6um) . No appreCiable wavelength dependence was found i n 
agreement with our theoretical results. 
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+ All formulae i n t his paper are written in such a way that 

the SI system of units ISysteme Internationale) can be 
used which is i dentical with the rationali zed MKSA sys tem . 
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Abst r ac t: The pllper prcsentli the results of re c"m exp<!rimcnllll SIU(lics on 

the behllviour of 11 loser_produced p\llsmll. in 111" sphe ri cal mulllpolc ISM / 

magnetic Irllp. The plasma cOll ta ilUll"m time ancl the particle loss Ilpc:rtl.lrc 

are estimated, 

The concept of plus"l!! conlaimllcnl ,,-ilhin the nearly_zero mognO!lic Hcld 

region surroundee! by the spheric .. l multi pole /S/Iol/lIlagn(,lic surfllcc ,,·os de­

v",loped In the miu sixtics[ l]. Later ('xp"riments with plosma injection Into 

the SM IraI' [ 2] ucrnons tnllccl that the particle losses through the point 

cu sps . although smuller thlllllhoo,;e in 11 comparable spindle-cusped cOIUIg­

uratlon , arc Inher<!ntly conn<!cted ,.,ith Ihe interaction of the Injected plasma 

s treams . Olhe r measuremenlS [3] proved thllt the trapping and randominl_ 

zallon of the Injected plasma lire slrongly affected by the polarization phe­

nomena. At Ihe same tUne Ihe eonccpl of symmetrical arrangement of mag_ 

netic tlipoles oV\!r the sur face of the vacuwll vessel wa s aho adopted by 

other inve stigator s [L.5] to build IlI r ge cylindrical machines. 

In order la Improve the conditions of the plltSma gen" ration a m! containme nt 

within the orginal SM configuration .. newexperimentnl fll clllty Kaktus 11 was 

constru"ted [ 6,71 . To elim inate all Ihe problems connected with the plasma 

, .. ; Jj'" .... ,.- ~. :t 
...... , .... . >y, .. 

~ -"'-" Fig.l . 

injection , a lase r me rhod of pl 8Smn pro­

duction in the SM trap hllS bc.en applied 

Some pr eliminary ,·O!SullS of experlll1<.!n­

tal research on the IlLSer_produced pll15_ 

mn behaviour in the SM geometry wcre 

pr O!Se nted lit the prcvious Conference [S ] . 

Recenrly sonle new and more detailed r~ 

suits have been obtained. To get these 

da tn use was mnde of Ihe same exvcrl­

mcntal se tup liS describ.!d In Rer.[8]. 

Pla sma wa s produced by IJ. 40 liS. ruloy laser pulses focused onto a Ihln 

polyethy lene foil loc llled lit the cenler o f the experimenlal chllmbe r Isee Fig.l/. 

All the optical mcas ureme nts we re performed at Ihe pr..ssur.e of lO-3 Pa 

and w1lhout any exle rnlll magnetic field since its influence could be neg_ 

lected fo r the initial s tage of the dischllrge . To mensure the Incident laser 

beam as well as the tr ansmilled_ and r e nected - radill llon \ISoC .... a5 made of 

BPYP- 49 phOIOtltodes calibraled by means o f a l aser calOrimeter of the 

"rat's nest" ty pe [ 9] . As a com prom i se between assymetry of the integral 

visible rlldtlltlon and thc nmounl of en .. rgy IIbsorbed by pl asma, 11 250- pm 

polye thylene [oil largel has bcen selected. Although the laser pulse s were 

vtl r y rep r oducible . the tran~mltted radiation varried from 15 to 95 percent 

of the Incident beam [LO] . The renected r ildiation r eached only 0 . 4 perccnt 

/l nd W1L'l ~lightlyaffected by pllLSmll/see F ig 2/. From the IInaly s l s of laser 

c r aters in the lllrget f01l onc could estl_ 

mllte that the averagc nwnber of hydro_ 

gen IItoms vaporized by onc s hot amo_ 

unted t02x!01~lt was IIbo shown that the 

region surrounding the laser c rllter in 

the fOil .... a s nOt IrllnSparenl for the 

I . . 

T ;- .... R-fQO , 

Fig . 2. 

light bec ause of c hnngC!l In the structure of Ihc lIIat .. ria!. and not of the car­

bon deposition. To <I e lenninc initial pl .. sma pa r amete r s deUliled observa_ 

tions of time_resolved spectral lines of various ion species we re pc: r fonned. 

The lines obse f\"o:!d r evealed a distinct spike slructure [10] • Under typiclII 

expc:rimentll l condi tion s the e lc ct ron temperature .... a s found to be 10 eV II I 

the la se r focu s and 3 cV III the di slance of I mm from the larget. 

T he temperature s of C+ and 110 species a( r ~ I mm .... ere equal 10 1 . 3 cV 

and 1.0 eV . r espectivtlly . The electron concentration. as de tarmi ned on 

the basis of the spect roscoplc measurcmenlS I lIlso nt r ~ I mm/, was found 

10 be 5xlO l7 cm- 3 all _ 20 ns, and 2xL0 16 cm- 3
1l11 ~ lOO ns . The se vllI_ 

ues were con sistent with tha intcrferome tric measurement!! performed with 

11 IlIser Interferomete r of thC' Mach_Zchnde r type similar 11 5 in Ref. [ 3 ] . 

S ince the spectrOltcopic obse rvations ha"", al~o dcmon5trated C+ ions of 

H 
e ne r gy of 20 - lOOeV . and C tons of e nergy of lOO-SOOeV, as weU

a
• 

C3+ lotu . Ihe low degrce of tonizntion lestima ted to bc 1 percent/. 
17 115 Pro. 

bably du~ to a large amounl of I1eutral s Isome 10 I . Since the thermal 

ve locitie s of HO and CO neUlrals were, re s pl!ctivtlly , equal to 1 .4x106 
5 ern/s 

and 4 . 0..10 cm/s. those neutrals could reach Ihe c usped r egions In 5.20/13 

IInd reduce the cOllflnement time of ions by charge-exchange processes . 

(n order 10 study Ihe interaction of the l aser-produced plasma with the in_ 

vtlsligaled SM magnetic surface use was mllde of 

Langmuir probe s, an "lectrostlltic e nergy II no._ 

Iyler . and a multi_pin comb pr obe . The electron 

temperature of th" e xpanding pl llsma , as meo.surcd 

wi lh the probes a t the d i stance r .. 10 cm I i. e . , In 

the pOint cusp r egion/ . was nl most the 'Ilme a s 

determined by means of spcs t roscopy Ilt the dh­

tancc r .. 0 . 1 cm . To invcst igllte the plasma ex_ 

I'lInslon and COnlllinmcnt various Ion species we r e 

IInalyzed . No ions of c nergy below 20eV .... ere ob-

" 
• 
• 

,.rPWf<,J 
" ." 

, » 

Flg .3. 

scrvtld, wh .. 1 could be expla ined as a r esult of recombinat ion pr ocesses . 

Ene r gy spectrwn of H+ ions mensurcd wi thout magnetic field /see F ig .31 

.... n s narrowe r than that of car bon tons, s ince the C+ ion s 1(}fS well lIS neu_ 

t rnls l of en", r gy up 10 1 keY ... ..,re observed. Those could be generated by 

the known accele ra tion mechanism [llJ . S ince such fas l Ions could no t be 

confined within the investigated t r a p because of a limited val ue of mllgne tic 

field, lItlention .... 115 paid to lo .... _"'ne r gy i ons IInd in par ticular to l OO-e V pro_ 

tons . With the SM field of the oNer of 3 T a t the chamber wall and 0 . 1 T 

at the point cusps, 1111 the protons and highly-Ionized cllrbon Ions WII n! 

trllpped ... nd only C + Ions we r e registered with the energy analyze r placed 

Ilpprox . 70 cm from the trap eente r . 

To study the plasma cont ainme nt d",tailed meas­

urement s of neutrals n ux wer e c a r r ied out 

wi th a set up consis ted of ion deflec ting plate! 

and n neut r al! detec tor. With the S M Held the 

FiS . 4 . 

neu trals .'Ilgnals were con.qlde r ahly lone"- r Ih ~ n 

those obtained without the SM fie ld Isee F Ig.tJ. 

Under the expcrimc ntal conditions consider ed , the containment lime, as 

detennined fr om the neutrals measurements, wa s approx . 30 ps only . It Wll5 

limited probably by too lar ge amount of neut r al a toms vaporized from the 

target . In order to dctc n\\iru! the effeeti ve loss-cone apent r e for Ions , sim­

Ilar to the preliminary studies ( 8 ] , detailed mea surements with a 6 _pin 

comb prol>e ~r" pcrfonned in the poim cu s p n!gions . With the S M field the 

signals from the s ide pins were considerably smaller than the signal fr om 

the center pin I see Fig . 5/ .T he measurement s 

proved that Ih", particle leakllge apc.r lurede_ 

pcnds on the SM field strength, and fo r the 

Ions Investigated it is compa rabl e to the l oclll 

vlllue of Ihe e leClron_ion hybrid gy r orlldius , 

In compliance wi th t he r esul ts of the pr e lim ­

Inary studi~s [ 8 ]. Since those measUfe-
Flg . 5 . 

ments we re pcrfonned for a relatively l ow_bet a pl asma il is r equir ed 10 

check whether a de nse ene r getic pl asma of fu sion Interest can be confined 

in the SM geometry without unacceptabl e losse9 . In order to generate ahigh­

_be ta, nearly fully ionized pla~ma, it is necess ary to increase lase r e ne rgy 

and optimize Ihe target or to use another method of the plasma pr oduction . 

In Ilny case, in orde r to obla in pl asmas as nearly Isotropic liS possible , 

some special measur es are r equir ed . Such s tudies would be ofpart tcul a r 

interest for fusion r esea rch because the SM magnelic surface concept of­

fers some important advantages, e . s . , the mM stability. the possibil i ty of 

confining a pl nsma wi thin a region of low magnetic field. and the reduction 

of cyc1O\ r on radiation losses . 

.. On leave from the Phvsico_Teclmical Ins titute . Kharkov , USSR . 
1. M.Sadowski. Phys . Len . 25A , 695/1967/ ; J.Plasma Phys . 4 , l/ 1970/ . 
2 . M . Sadowski et a l . , P r oc . 5th ECPP , GrcnoblC' 1972, p . t1i2 . 
3 . M . Sadowski et al . , Proc . 6 th ECP1' , Moscow 1973, p.393 . 
4 . R . Limpaeche r , R . K.MacKenzie, Rev. ScI.Instrum . 44 , 726/ 1973/ . 
5 . J . R . Rolh . IEEE Trllns . 1'l asJll a Sci . PS_6, ?70/197FT. 
6 . Wo rld Sur vey of Ma jor Fac . in CFR , Nuc1 . Fuslon S upp\. 1976 . 
7 . K. Czau~. M . Sadowski , P r oc . 6 th ICMT. I3rntis l a l'a 1977 , p . 123 . 
8 . J. Bnr anowski et a l . 1' r oc . 8(h EC1'P, Prague 1977 , p. I06 . 
9 . J. Appclt, INR lntcrn . Re por t No . 0_96/SL PPG/72 . 

10 . S . Chyrczllkowski c t al • • Proc . ICPIG_14, Grenoble 1979 . 
11 . Vu . A. !3ykovski j e t al . , Kvnnt . Elektronlka ~, 989/1975/ . 
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Abstract Resonance absorption effects in laser gener a ted pl as ­

ma hllve been investigated by focussing short neodymium laser 

pulses (JS psec, 1.06 ).tm] on t o plane perspeJl slab tar gets. The 

experimental results are interpreted wi th the aid of a numeri­

cal simulation code thllt calculates the time dependent behavi­

Qur of the electric field in the criticlIl density re910n. 

Introduction Resonance absorption of short laser pulsE'S in 

plasma has been demonstrated experimentally by several authors 

[1,2]. Theoretical and numeric",l tre lltme nts of the pr oblem show 

the existence of a reson<llntly excited electric field spike in 

the t"egion of the ct"itical density [3,4J. In a wat"m plasma, the 

height and width of the t"esonance peak at"e detet"mined eithet" by 

colI isional damping or by pl",sm", Wllve convection (51. The 

common featut"e of these models is the stllnding - w",ve natut"e of 

the electric field in the plasma. Het"e we t"eport on a numerical 

Clllculation of the time dependent e lectt"ic field inc l uding 

collision el ebsorption. It i!l shown that for ne < nec the 

t"esulting electt"ic field behaves es a tt"avelling wave moving 

inwat"ds, whereas in the vicin ity of the ct"iticel density it 

appellt"s as '" sequence of positive ",nd neg"'tive "pulses" gt"owing 

up on the high-d ens ity end o f the t"esonance peek and moving to­

w",rds itl lowe t"-density end in one oscilllltion period. A limi ­

lilt" result has pt"evioualy been obtained f ot" the collisionlesl 

t"egime [6]. The proplIg"'ting pulses effect the electt"on velocity 

distt"ibution in that they pt"efet"entially IIccelet"lIte electrons 

that initi",lly move in the dit"ection of lowet" density . A simple 

model w",s used to clllcul<llte this effect and the t"esults are 

shown to be consistent with hllt"d X-ray and ion mellsut"elllents(7]. 

Equations The one-dimensionlll inhomogeneou!l plasma is IIssumed 

to have a 5tllt ion llt"y density profile of the form ne(x)-necx/L. 

The Illset" light electt"ic field vector is lllid i n the xy-plllne 

115 is its wllve vector k
o

' Starting fro~ Maxwell's equations and 

the generalized Ohm's lllw the wllve equation fOt" the Ex-compo­

nent of the electric Held reads (3]: 

(6
2 

... 6
2
,)E + 2 ~ ~ + [~ n 2 + 2 

cix 2 ciy x 6x 6x c" 

, 
~JE"O 

" ' 
III 

2 ~(x) 
where n (x) E(X) _ -

.,2(1 + iv(x)/",) 
12) is the complex 

dielectt"ic constant for 11 cold plasma, 

the electron pla sma frequency and v(x) 

lI.'~(X) • h-e 2n
e

(x)/m
e 

is 

'" ne(x)/Te 3/2 the elec -

tron - ion collision frequency . 

By sepllt"lIting Ex(x,y) - exx(x) exy(Y} 

and sUb!ltituting u(x) .. exx(x) nIx} 

11 l inear 2nd-ordet" differential equlltion for u(x) is obtained, 

.' , 7'2 u(x) + K (x) u(x) ·0 ., 
where K2(X). ~[n2(x) _ sin 2e ) _ 2[n'(x))2 

c 0 n(x) 

is the squat"e o f 11 complex x-<:lependent Wllye 

III 

n" ( x ) 
'OT'iT' 141 

number wi th its 

real and imaginllry pet"ts plotted in Fig . l. The dllshed lines 

rept"esent the collisionless case. Note thllt in equation (5) 

the first and second order det"ivatives of the complex reft"acti­

ve index, n ' (x) and n" (x) t"espectively, have to be kept in the 

calculations, since the cha nge s in nIx) are biggest i n the 

region of the resonllnce where n(x) IIpproaches ze t"O . 

... ', 
/ 
i 

...,. ... ',r------- ----:" 
.', 

..... ', 

Fig- .1 
11 .. . , .... 

Calculation!l and discussion Equation (3) was solved numeri-

cally using a 4th - ordet" Runge-Kutta method. The calculation has 

been perfot"llled fOt" a t"ange of t"eal istic value!l of electro n 

temperll t ures end de nsity !lcale lengths obtained from previous 

experiments (2 , 8J . An example is shown in Fig .2. Here the r e lll 

pert of the electric field (which is the physically significant 

quantity) is plotted as a function of x for three different 

instants of the oscillat ion pet"iod (thick line). The thin line 

repr esents the a b solu te value of the e l ect r ic field (which is 

usually discussed in the works referred to in the introduc­

tion) . It constitutes the (time i ndependent) e nvelope of the 

real pat"t of the field which appears as a positive pulse fol ­

lowed by a negative pulse, both crossing the resonance peak 

from supet"critical towar d !I subcritical density in one oscil ­

l a tion period. The pt"opagation velocity of these pulses was 

calculated numedcally and we5 found to be temperature <:lepe n­

dent and ".4x l0 9c"'/5 . This behaviout" very str ongly s uggests 

a possible accelet"ation mechanism fot" elect t"ons entering the 

t"esonence t"egion at i ts high - d ensity end . Oual i tatively it is 

obvious that electrons within 11 certain rllnge of vx - compo ­

nents mlltched to the propagetion velocity of the field spike 

IInd arr ivi ng in phase with it should be accelerated o ptimdly 

while ct"ossi ng the enhanced field r e gion. From the value of 

the pulse propagetion velocity IIn e l ectron enet"gy of .. 4 keV 

can be estimated for optimum acceleration . 

ExlEo 
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In order t o more qUllntitlltively determine how this mechanism 

IIffects the electron velocity distribution the total IIccele­

ration was calculllted fot" electrons enter inq the t"esonance 

peak region with different initial velocities a nd phllses . A 

Maxwellian velocity distt"ibution was assumed lit the begi nning. 

A typical result of this calcu l llt i on is shown in Fig.3 whet"e 

the undisturbed (dash ed line) and the disturbed (1I01id line ) 

electt"on distributions are plotted as a function of the elec­

tron energ y E fOt" 11 cold electt"on temperature of 400 eV. It is 

clear l y s ee n thllt electrons with initial energies E ~ 4 keV are 

strongly accelet"eted to form a hiqh-enet"gy tllil on the Mllx wel­

lien. This re!lult is in 900d agreement with hard X-ray mellsut"e­

ments in which a signal depletion has been found lit foil cut­

off energi e s of 10 and 17 keV fOt" p-polarized laser light PI . 

~e)~ f=====::::=====---.-------r-------r---,-----l 
(ret) 

~ 
\ 
\ Fig.3 
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Recently heavy ion beams (1I1B) have been considered (lS possible drivers 
in an inertial confinement fusion sell"",,, [1). The first majoI" objective Is to 
produce, transport and focus 100 TW, 1 ~ he"",,, of particles with a short range 
in a millimetric-size target. HIli became atttactive because of the existence 
of advanced accelerator technology, capable of high .. "petition rates. A 
pn""hing and possibly cheaper approach is the uSe of collective ion accelera­
tion (CIA) aa a source for HIB. In a t ypical CIA ""periment " relativistic 
electron be"'" is injected into a drift tube in which an ion source is present. 
The ions which initially have negligible kinetic energy sre eventuslly 
accelerated by the collective electrostaUc fields generated by the incoming 
electron beam. BasiC(llly, in CIA long e-be"", pulses afc transformed into 
short energetic ion pulses. Ion eneTgies many t.u.es higheT than the injected 
electTon beam energy have been detected in several experitnents (2-5]. CIA in 
vacuum drift tubes has not been well understood until now. Some b(lsic 
ste(ldy-s t ate theories exist, but they either do not include ions self­
consistently, or cannot account for the high ion energies obtained with linear 
electron beams in v(lCuUllt drift tubes (3]. All modeh are based on the aSllump­
tion that a virtual cathode is forn>ed inside the drift tube, when the injected 
current exceeds the limiting current. In spite of the advantages of the 
steady-state theories in giving s01lle crude evaluation of the (lchievable ion 
energtes, there is a criUcsl need for s titne-dependent model, in which 
electrons and ions aH! included in a self-consistent .. anner. At present, this 
goal can be achieved only by a particle c""puter simulation model. For this 
purpose, a l-d rel(ltivistic PlC code is- used in order to simulate the 
processes following the injection of an intense, relativistic electron beam 
into a vacuum drift tube, when a plallllla source is available at the site of 
injection, inside the tube [Fig. 11. Space-charge limited "",188ion from the 
plasma source is assumed . 

Preliminary reaults indicate that an irregular space nnd time-varying 
virtual cathOde 18 formed, whose left wall is nearly stationary [Fig. 2a]. 
This suggests that part of the ion acceleration occurs within a finite 
distance (ldjacent to the injection boundary. 

An unexpected fe ature in ,mr simulations 1s the periodical fono.ation of 
short-lived regions of positive electrostatic potential ("virtual anodes") 
inside the drift tube [Fig. 2bJ. The upstre_ sides of these regions accel­
erate the incoming electrnns and the downstream sides further accelerate t he 
ions. Thus one should expect rhe presence of spikes of energetic ion cur­
rents inside the drift tube. Our eonclusion is that both accelerated 
electrons and the bulk of slow ions are responsible for the high acce leration 
of the fastest ions. In Fig. 3 nne can see the gradual transfer of energy 
from slow ions to faster ions (marked by succe9sive arrows). 

In agreement with experiments, "'e find good propagation of the electron 
be""" ... hen ions are present. A .~trong coupling exists between electrons and 
fast ion~ during propagation, which is atRo corroborated by e xperiments. 

Finaily, the total ion current is a f ew percent of the injected electron 
current (10 KA/<;JJJ.2) and tbe maximum ion energy is ~ tiloes the injected beam 
energy (1 Mev). The various current component" are presented tn Fig . 4 . The 
notations are: e - electron, i - ton. em - emitted . aba .. absorbed. Al _ left 
anode, AZ - right (downstream) anode. Figure 5 gives the time variat ion of 
the virt"al cathode (~ .. in<t» and v1rtual anode <t max(t». 

In summary, the computer simula tion model se"",S to be an indispensable 
tool for explainiag and guiding present and future linear collective :Ion 
acceleration experiloents . 

L Proceeding9 of the Heavy ron Fusion Work~hop, Brookhaven Nat . Lab., Upton, 
New York, October 17-21, 1977. 
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6. H. S. UhnI and H. Kilo, "High Intensity EI,,!:tron Be.., Propagation between 
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Thin_alled Itlsa .'erohalloons irradiated at high laser intens i ty 

(2 If 10 15 \I <::.-2) exhibit a n iaptosion behaviour thac has been tenoed 

"exploding pu. her" l inee che glass wall i. heaced throughout by I "pra­

then .. ,,1 ehctrons , ge ne rate d by the laser absorption proceu at tile 

target s urface , and the r esulting "xplosion of the glau wall cooap renes 

the gas filling the mic rohall o"" leading to an implosion core of high 

temperature but low dens; cy Space resolved X-ra y apectroacopy has 

been used to diagnose the phs ma parameters in ch" implosion core (1~6). 

Cl ...... i crobal l oonB of "" 70 \lID diameter, '\. I UIII ",all thickne .. 

filled ",ilh various g ...... (Neon , Argon, Deu t erium .. 5% NeOn, or lIeuteri ...... 

.. TritiUII + S% Neon) were irnMated at a laser inten5ity of'\.)" 1015W c.- 2 , 

in a 100 p. pulse, uling a tvo be .... Neody-.i ... laser. A space resolving 

c rylta l spectrOlleter 'lIS used to record , separa t ely, the X-ray e . iuion 

,pectra of the i"",lolion cor e and the two regions of ablation pl ... a 

centred on the l .. ,er heated poles of the lIicroballoon wa l l, Space res o­

lutiOn, down to 1 ~, 'I.' obtained by a narrow slit (6 !JaI) in the plane 

of di . perlion ( 4), 

Our .. naly.i . of rhe iw.plo.ion core spectra is diu uued in det .. il 

e!sewherl! (2 to 6), The tnnSverse di_nsion o f the core spectr .. gavl! 

the core lize . The e l ectron te"pera ture ",as deduced fr ... the s lope of 

the ncOlObination conc inu um and the a t a te of ionisation froll the inten. ity 

ratio of high .c ri es .eaber, op tically thin, lIydrogen-like and lIelium­

like e.ilS ion linCl . At the de ns ities encouotered here Stark broadening 

pred .... inates and thil WaS calculllted uling the theory outlined in Re fer­

ence 5, 

An improved lIu!thod of uBing the line profiles a. a d;agnoHic has 

been developed, In gene r a l the .pect r .. l profiles depend on electron 

den.ity Ne' optical opacity due to NIL (ground state density x line of 

.ight depth) a nd electron temperature Te . 

The dependence On Te is weak .. nd the temperature measured frOll the 

continuulI slope has been used in the co.putacion of the int r in.ic Stark 

profiles. ExpedllOntaJ He-like and II-like line prof i l ... are then c ...... 

pared with th .. tin .. profi l es ca l culat .. d for a hOllK>geneou, piu." s lab 

or variable Ne and NIL CO plot contouu of qUAlity of Hoc a hilpe fit 

in the pl a ne defined by the axes Ne and NI L. The unique values of Ne 

a nd NIL that live a fit to all the lines a r e tben ,ought; thua deter­

Ilioing the denlity (1') a nd 'the den.ity x l .. ngth product (pR) in the 

i ",,10.ion cor •. The plu..a p.r.-ter s of the coorpressed ga. a nd the 

i oap loded glas l hive thus been lII!aoured by u. ing the Iin .. b..-oodening of 

He-like a nd If-li.ke e.i .. ion lines of Neon and Silicon r espective ly. 

We report the tirst obse rv .. tions of the Stark broadening of the 

He -like Arlon line, Ar lCVlll 11 5
0 

- )IPl fro. the implosion core of 

an Arlon filled .ieroballoon . The line width iorplie. h ee figure 1) 

an el ectron density of 1.5 x 102J cll- 3 which is the ..... e as that 

derived fro. an ana l ysi. of silicon emission from the imploded gtass, 

The ahorter wavelength of the A ... XvIll .... i .s ion, relative to Ne IX 

and Ne K, i s "",re s uitable for the diagnosi.s of denser i .. plo8ion5. 

A XVII I'SO-l'PI 
Cl EXPERIMENT 

· 1.2 

2. ~ 17IJm 

tmo.~ 2.8 

°1 : .002 

We also report the first observations o f the time variation uf th .. 

• pece r al profites of Stark broadnnr.d x-ray emission linCl from laser 

imploded , Neon filled 1IIicroballooll5 . The spectrum ",as dispersed U.inl 

8raBl ..... f1ection On to I very s ensitive, I"", density Cae l ium Iodide 

1 

1 

NeHea Ne LyJ3 Ne lye. EDGE 

(b) 
Figure 2 
St re aked X- ray Spectra 

( a ) 0,2 Il'" Al coated .. icroh l lloon ",ith . M )JII thick glau "'all a nd 
52 1.1'" di ...... ter iorploded with a 22 J IClO ps laser pulse. 

(b) 64 IJIII diameter. 72 l/II ",all thickn .... neOn fHl e d gl ... . icro­
balloon imploded with a 17 J 100 PI laser pulle. 

ti ..... cale: Cl t o t
J 

in (b) i. 320 p i . 

photocathode of a n X-ray s treak ea .... ra, A . hort lCetion of t he ' pect..-WI 

in the telion of lid Ly8 was ti .... r eaolved aod i s ahown io filure 2(b). 

Here it was obaerved thlt th~ NeX Ly8 line efllillion was dlllay~d with 

r etpeet to the HaXl Lyo. line trOll the ablation pIli ... and this delay 

(the i.plolion time) vas dependent on the balloon liu. The Stark 

b roadenilli of the N .. X Ly8 line was well r eso lved and the duration of 

IIlIillion was '\. 250 ps, In s tilll/! r eso lv .. d recordi.ng of the Si U U 

Ilso - )l pl line from the ablation pla.ma (figure 2(a» th .. linewidth 

'I" ob.erved to ehange with tilll! by a factor of'\.2 a nd the duration 

of emi"'on v .. 500 pa . The continuu", em uion las t ed for only 150 ps. 

These mc8.uremenes csn be used to eheck the v .. lidity of u l ing time­

integutl d X-ray spectra to diagnose the plasma parllmeters in the abla­

tion plasma and in the core uf laser imploded microba lloons , 

On l eave frOll Quee n's University, Belfast. 
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TR.~JI:;ITlOtl nOM l StUTP.QPIC TO ISOTIIERllAL [XF" .... US10II 

III LAStR-PRODOCr:O PLASMS 

A. Ba,'rero and J . R. SanmartI" 

1:. T. S . In&""i.,r05 "'eron~uticos 

Univer.!Lidad Polit4cnica de !iadrid. Hadrid_3 . Sp.in 

The ellpansion flow of phslI"" produced by i"radiati"!: GcUd targets 

.. ith las .. r light, changes non trivially as one lOO"es fro. long. low inten-

'ity puhes to short , int"",,, one .. . In the first l:i .. it the neighbourhood of 

tha plas",,,·vacuU/II boundary . which lie, ilt " f inite distance ilt any give" 

time, beh'''''''' i s.m t ropically. and the electron temperature Te " .. "hhus 

there; in the oppositl! 11.it, and assuming quasineutrali ty and a short e-

nough .. "an-frce·path , the flow ")ttends to infini t y <It any ti",e, and Te i~ 

non_zero and unifo,..,. in the .. a"",fied plaslliI (1 ) . This transition has i .. por-

tant consequences: in an 15othe ... al expansion the above lIentioned assullp-

lions .ay break doom . leading to phellOlMlna such as s1gnific4nt ion acceler­

ation Or non-the ..... al "lectron5 (2J. undesirable fo r 1&5.1' f usion. 

Wc have found that th. transit i on occurs . in a sens e . disccntinuosly. 

In a ris ing pulse . the rate of entropy Keneration in the absorption proc,."s 

increases with the l aser irradiation +(t). If the incI'f!ase is slow enough. 

the plas .... is able to convey away all the entropy produced. conduction heen 

neKl1gible outside t he absorption region. The convection is less e ffi cient 

if the increase i s fastu·. !!!!!:!..l.!. a finit e val"" Of~. for a given plas.., 

IInd III &iven laser f .... quancy . Ilbove which conduction is i_portant throughout 

t ha e"pansion . and the ra r afied plll!l .. a is isothe...., l . 

Cons ider. first, planar r.eometry. l arge ion Humber Zi (to neglect ion 

pressUl'e and therma l enar&y). absorption "t the critical density n
c

' and a 

pulse reasonably described by a rise \i_ 1 and .. peak intensity .0 

( ... t .o'12 t d+/d t ). The equations of ..alion for the ion-electron fluid are 

ll.~ n 

i( is Spitzer's conduc tivity coef{ici~nl . and other syml>ol& hav" thej .. u~u"l 

lneaning. Lir.ht is indd1!nt f,'Q!II x:-'" Oh the solid half-space x>O ; since ne 

is ."ch less than the solid d"nsJty we lIiIy analite the CKpansion assuming 

th1! abliltion ~Urf IlC1! at >I~O al all ti_s. 

We have found that. for d~/dt low. t he (i$entropJc) ples..a b1!haviour 

nellt' the plas .. a-vac,,"" front ("v"c"'t~ /J ) is 

v/x ~ 1-(3/10)(1-x/K ) 
va c v,'c ", 

rho ~onGt"nt e decreas(!s wi th ;ncr .. "sj"l: d<l>/dt, and ~ at finite 

,» 
for d./dl slight ly below (d./dlll> , J.e. e 5 .... 11. the approxlltoilt!on (1) fails 

very close t o the front [1 -"/x
vac

"O(C1" )] ..-he ,.., the flow takes s800thl y th .. 

fo~ 

''l 

"'S d+/dt approilches (d./dt)~ fl'Olll below (C"'O). the t hickness of th .. i sen-

tropic region (1) ild10 ining the front collapses to ", .. ro, so that . at the 

"alue (dt/dt)1> the behaviour at th .. front b \h~ (non_is .. "tropic) li .. iting 

o ne given by (3). for d"'/dt~(d./dt)r: theN' is ~ solUllon with finite "vac; 

in ri g 1 ~~r values cloHe ta (d+/dl) fiK"re 2 shows scb(!matically nand 

T. versus K. 

The ratio of h~"t flow tt> inter""l .. nerr.}' c<>nv~ction fl ow 

KT~I2~T tax 
_ e ," 

lconv .. cdon measured in a frame wher1! t he local density i s conC\ant: 

dx/d li n= - (anfat)f (an fa,,)] i s an ind .. " o{ the no,,_isen t ropic character of 

• the flow. for d./dt«dt/dt) (e gh1!nJ o«l hav1! .... 0 as h"vaC; on th1! Oth"r 

hand. ,,_ as e ... o . {or a ny &ivo"" slUll (1-"'''vac'' ... t the transition (CoO) • 

• ,--1/30 at tl!f, front. for dt'dP(<I+/dt) , we ha"" .... 35/30 as .... 0. 

We foun.;! t he preceding rnults valid (or fi ni t e Zi ' though the nUNri _ 

ea! val"e 0.14 in (2) .. ay change. A . i~ilar conclussion should follow f rom 

a n "nalY!lis allowing absorption at den,ities below critic"l. We found that 

in spherical geo .. etry the characteristic radius leads to ~n effeet similar 

to the present one, evcn in s t eady conditions. f or a structu .... d pulu d<l/dt . 
.ay c han!!" dra ... tically in ti_i condition d./dt:(d./dt) should .... rk the 

till" of transition freta isentropic to bothe",""l now. Notic1! finally that 

short-wavel1!ngth lase r s aM high Zi plaSM. (ir\ozi -1) IIllow fast-riling 

pulsee balow transition. 

[tJ J.R. Sanllartln and ... . Barrero. Phys. fluids E-, 1951 (1918); 11. 1961 

(1978). 

[2] J.t. Crow. P . l.. "'uer, and J.t. Alien. J. Pla~"", Phys . .!!' 6~ (1975); 

J.S. Pearl""'n IInd R. L. Horn . Phys. Rev. l.et t. ~, 16~2 09781; R. 0.­

cosu , N.R.L . He_ . Report J77~ (April 1978) . 
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rHARACTER!ZATlON TECHNIQUES FOR HIGH QUALITY [eF TARGETS· 

8.101. Weinste ln and r. O. Hendrlcks 

University of Cali fornia 
Lawrence liYel"lllOr e labor atory 

lIverlllOre . ralifo r-n la 94550 U.S. A. 

To obt ain fusion targets which have the requ i red synnetry and 
su rface qU(llHy for I nertial confinement fusion, it Is nece ssary to 
develop adequate target measurement techniques. These techniques are 
necessary both to provide feedback du r ing development of the 
fabrication procedures, and to Inspec t t he final product. In this 
paper we outline t he resolut ion and speed which IllUst be met and review 
the upabilltles of techniques currently In IIse and under acthe 
t'1!velOJllDl'f1t. We al$(1 suggest some posslbllltles f or f uture research 
and l~llcations for power plant production processes, 

Cons ider a sl"",'e target (Fig, 1) consisting of an Inner fuel 
reo ion surrounded by a hollow shell of high density · pusher" and an 
outer layer of "ablator", If one part of the pusher or ab lator wall 
Is i nH lal 'y thlc~er than the other , then as the pellet is Imp loded, 
t ile thick sl<!e will lag behind the other and the I"",loslon will not 
converge synmetrlcally. Al so, t he Imp lodi ng pellet Is subject to 
fluid Ins tab i liti es. Small per turbatlons on the surface gr ow 
exponentlally In amplitude as the pellet Is compressed and can cause 
breakup of the IIT4l10dlng shell. 

The growth r ate of the per turbation Is dependent on Its Initia l 
lateral dimensions or ~wayelength. · From computational analysis of 
fusion 11T4l10slons . one can generate a plot of the ma~lmum a ll owable 
Initial amplitude for a pertu r bation as a function of perturbation 
wavelength. Fi gure 2 shows such curves for two different target 
sizes . The smaller s ize Is appropriate for current laser s (10 kJ) . 
while the hrger t arge t would be appropr iate for more powerful lasers 
(lOO kJ) . ~hlle the ac tual allowable defect ~lItudes depend on the 
speci fiCS of the pelle t construction and the ,,,,,, losl on process . the 
genera l shape of the curve will apply to all targets of roughly the 
same size. 

Curves such as those shown In Fig. 2 are very useful In deciding 
which characterization techniques should be pursued for fu sion 
tar gets. Generally when one considers the "resolution" of a 
lI'Iea5urement technique, one think s only of the spatial resolution. In 
evaluating techniqUes for fusion targets, however. a IIIOre IqH)r tant 
parlll1eter Is t he sensl th l ty of the technique for defects wIth a very 
low ~l1tude and a relatively long wnelength . The bulC task In 
ch aracter l l lng fu sion targets Is to develop a set of techn Iques with a 
cOll'blnatlon of spatial and amplitude resolution whi ch cover s the 
enti re "def&t space" shown In Fig . 2. 

Currently the t hree primary techn iques for measuring the 
uni formity of Inertial fusion targets are op t ic al Interference 
mlcroscopy , mlcrarac' lography , and scanninq electron IIIlcroscopy. 
Figure J shows the approximate reso l ution limits which can be achieved 
with these three -easurement techniques If they are fully develope(l . 
With the cOlllblned coverage of all three techniques , IIOst of tile 
relevant defects can be detected. Other t&hnlques which C<lU lo .. used 
to supp lement the above IIII!thods are acoustiC IIIlcroscopy, mechanical 
stylus measurement s, air balancing. ~n<' dest r uc t ive sectioning . 

In addition to the resolution requirements , the techniques should 
be noni!estruc t lve and mus t be f ast enough to a l lol" cOl"4'le te 
char~cterilat lon of a target sphere In an acceptable length of tlOl\e . 
The speed constraint beCOflleS partlcuhrl y I~rtant when tl'le 
techniques are used for sort ing pellets as W1!1I as for fin al 
measurements. 

We have underway a progr.w tu develop all of the above techniques 
to the maxi_ acl'lleveable resolution ane to eutomate the menurement 
procedures In or~'!r to oroYIc'e the necesSllry speed. The flnt fully 
automate~ sv~tem for mappln~ a sphere "Itll transnlssloo Interferometry 
wn clJl'1l1ete<' recently, A schematic of tt-e system Is ~hown In 
Ft!! . 4. This system I!l'IPloys cOl!!Puter control of both the manipulation 
anc the phase measurement to mao the wall thickness variations of a 
target microsphere. Tloe dete Is storee on.a flexib le dlsc cartrl~ge 
~n<! car be rllspla.vee lflllll'elatel .v or savee! for later analysis. The 
entire time to mep a 200 lII'I <'I<!f'II!ter sphere ... It" 2 u'" spatlal 
rpsolutlon ancl 10 "Ill! thickness resolution Is less than one minute. We 
have ~ lso cOlllpleted an automatec' scannln!l electron r:licroscope and 
ftutomaUon of r adiographic ~asur""1l!nts Is under Inte~ slve development. 

An ;~crtan t future hsue Is ... h~t type of characterization 
tec lon lQul'S !'lIght be I"corporate~ Into a power plant. It has been our 
elloerlence thet ITIOH tyoes of defects . once tlley have beell lc'enU f le", 
Cltn he e l1"lnated by careful contrnl of th~ product ion process. Son!e 
c!efec t - are ""'re r'lfflcult to contra! thol:n ot~e" s , hOl>'ever . and It may 
be t"at fllr SOtle hbricatlO!' precesses. eli,.inatlon of specifiC types 
of e'efects may be too :!lfflcult or expenslvp.. 

Ou r op.~era l approach Is twofole': For the near tem , w~ l1e Inerti al 
fuslo" Is In fn experlPll!ntal stage, we are purs uing measurement 
tec~nlques whlc~ are capab le of lllc!tlno and flIeasurinQ a ll possible 
<:'!!fects but wl-Icl- ~ re not fast enouo~ to be used for sorting large 
nUlT1hers of taroets . For the la!'!!! ter!l'l , we plan t;) determine which 
types of "efects CMnot be ell .. Inate!l by fabrication orocess control 

• ard t t-en ", , 11(1 Illg~ly specializee'. raphl sorting SySt .... 5 which do 1I0t 
"'etect all possible de fec ts but which can dlscrilllinate against pellets 
with ~ sp&lflc type of defect. Such s.vstl'lllS coule' be fast enough and 
Ine~pensiye enouq~ tll b!! loclu~ec' Ir tile target production sequence 
(or a reactor. 

'Work performed under t he auspices of the U.S. Department of Energy by 
tile La ... rence Llvemore Laboratory under cJntrac t number W_74 D5_EH/;_48 . 
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Pusher 
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FIGURE 1. Bas ic structure of an Inert hI f usion target. To ob t ain 
high density cOl'\ll r esslon of t~e fuel . t he pusher and ablator l ayers 
IIIlIst be er.treme ly uniform. 
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FIGURE 2. Pellet "'~11 uniformity requlrl'lllents. Curve (a) Is f or a 
target approxlmatp.ly 200 urn In dlamp.ter with a 20 ~rn t~ick wall. 
Curve (b) Is for one 600 ~m in diameter anc' 50 urn thick. The smal ler 
size pellet Is appropria te for current 10 kJ l ~ sers. !'hl1e the larger 
pellet would be appropr iate for a 100 kJ laser. 
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FIGUPE 3. P.l'solutlon lI",lts ettaln~ble with tllree c"~n target 
..easurentent t&IIr.lques. The t-or llonta l hatching Indlcltes ~ surface 
cor.tour measuremeot ~h lle t~e Y~rtlcal IIatchlng l"cI'·· ' es ~ wel l 
t hickness mea~urement. Ideally. one should be ablE " 'IIa~e both 
measurempr:ts over the ent'rp. defect space .. I-Ich is ~ f Il"terest. 
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FIGURE 4. Block dhgram of ToPO-11, all autOntated ; nterfe~ lJIIII! tr lc 
raapping system cur rently used to measure fuslo,. pellets. Tt-Is Is Olll' 
of several automated char acteriutlon lecllnlques being developed at 
Lawrence L Iyermore Laboratory. 
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AXIAL VARIATION OF THE ENERGY TRANSHR FRO~I AN 

INTENSE RELATIVISTIC ELECTRON BEAM TO A PLASMA 

A.E. Dangar, A.K.L . Dymoke- Bradshaw, G.S.Kcrslick, P,SWlka* 
Illackctt Laboratory, Imperial Colleg e , (,ondon, U.K . 

*institute of Plasma Physics, Czcchoslovk Acau.Sci.,Praguc 9 . 

Experimen t s investigating the interaction of intense 

rc1ativistic electron beams and plasmas indicate that appreci1.ble 

plasma heating is possible under certain conditions. At 

Imperia l College a 3S0kV, lSkA cm- Z and lOOns duration beam 

(v /y '\.2.4) is injected into 11 chamber containing neutral hydrogen, 

at pressures from 0.05 to 1 TOTT , immersed in an axi al magnetic 

field of 'I,. 1. ST. 

Diagnostics used have been ruby laser scattering (a«l) 

for Ill' and Te , Stark and Doppler broadening of the "Cl and Ha 

lines for Ti and a check on ne' benm and net CUrrel1ts for the 

return current dissipation (~ r lp .!?'zdt) in the plasma and 

the plnsmn dinmagnetism for the total perpendicular plasma 

energy density. 

Previously reported results(l) indicate that the return 

current dissipation and plasma diamagnetism is strongly 

dependent , especially at lower fill pressures , on both the 

input beam angula r scatter and the beam rise time . The 

deposition is higher for fast risin g bei!ms and aluminised Mylar 

anode foils . In addition under these conditions the return 

current deposition rate peaks later at 30ns from the start of 

beam injection , compared I<ith 20ns under other conditions . 

The return current deposition makes a significant contribution 

to the total plasm,1 energy density under these conditions . 1" 

"ddiLiulI Lllc ILIcasured re~i~tivity fall.~ [<lr ~ lowe r and i ~ 

anomolous under these conditions. 

The dependence of the return current dissipation on the 

beam angular scatter introduced by the foi 1 implies non-

linear inter"ctj ol1 , (Thode(2) and papadopolous(3) . According 

to this theory Langmuir turbulence generated directly by the 

beam, decays parametrically to p r oduce a high level of ion 

acoustic turbulence and hence an enhanced resistive dissipation 

of the return current. A "cold" unscattered beam will produce 

high level of Langmuir turbulence. 

In this paper we repor t results of the axial dependence of 

the plasma diamagnetism and laser scatterin~ results and also 

some work on fast ion production . Fast ions are important 

because they arc responsible for ionization in the early stages 

of the interaction and control the overall temporal history of 

the plasma number density . 

Resu l ts of the plasma diamagnetism at t .. 'o ;!xial positions 

and for t l<lO types of anode foil are shown in Fig.l. It is 

apparen t that for aluminised Mylar anodes, over the whole 

pressure range inves tigat e d, the total plasma energy density 

is some 2-3 times hi gher at posi tion (2cm from the foil) than 

at position 2(13cm from the foil) . Plasma diamagnetism is 

always small with the 25jJm thick aluminium ~nodc foil . This 

is consistent with t he non-linear description of the inter-

action according to .. 'hi ch the plasma turbul ence acts back on 

the beam increasing its mean scatter angle and redl,cing the 

growth rate of Langmuir waves downstream. Some diamagnetism 

waveforms are s hown in Fig.2. The signa' has a period of 

ci ther '\. 2S0ns or '\. 500ns, the longer period being observed 

at posit i on 1 and with aluminised Nylar foils . 

\\'hi1st the diamagnetic results indicate sign i ficantly 

different plasma conditions near the anode, the laser scatter _ 

ing results do not . Trpical densities and electron 

temperatures are .... . 1015 cm-3 a nd SeV respectively near the 

foil. Somewhat higher temperatures , S-IOeV, but the S~me 

densities have been observed downstream. 1 t shOUld be noted 

that the laser scattering results art> only al'ailable a t times 

later th a n'\. 80ns, ,,·hich is about SOns later than the peak 

return current dissipation rate. 

Measurements of fast ions produced have been observed with 

Fa raday cup, screened from the applied magnetic field and 

with a localized transverse magneti c field to reject electrons, 

Observations show that with nluminium foils short burs t of 

energetic ions .... 200keV is generated ~t th e time of beam 

injection. At very low pressures some ions were detected fro ll 

shots with aluminised ~!ylar foils. The number of ions produced 

decreases with increasing fill press ure. This could be due in 

part to ch<lfge exchange losses . The impl ications here are that 

the ionization rate lIith aluminised Nylar foils will be lower 

and that the ratio nb/np I,·ill remain h i gh er longer permitting 

fast growth of the l.angmuir waves . Tt is not clear which 

effect is domin~nt, beam scat t er in t he foil or changes in the 

ionization rate. NOfe work is required to independently vary 

the be~m scatte r and ion production. 

(1) A. K. L. Dymokt> - lIradshaw et a!. Plnsma Physics and Controlled 

Nuclear Fusion . Vol 11, 555 ( IAEA, 1977). 

A. K. L. lJymoke - Jlradshaw et a1 lnd Intern~tional Topical 

Conference on Electron and 1011 ile:!m Research and 

Technology , Cornel!. 19 77 . 

(2) L.E . TIIode and R.N. Sudan. Phys . F1uids 11, 1552 (l975) 

(3) K. Papadopolous . I'hys.Fluids.!!, 1769 (1975) . 
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APl'LICATlOO OF INTENSE RELATIVISTIC ELECTkON 

BI::AMS TO STEADY .!:iTATE TOKAHAKS 

V. Bailey. J, Ilenfard, <,"d H. Helav,," 

Physics International Company 

San Leandro, California 94577 

Use of intense rel"'tivistic electron beams (RESs) has 

been proposed for (1) starting up or lI\iIintaining the toroidal 

current in an essentially steady- state WkCilll(l,k reactor l - 2 ; 

(1) product n9 the confining IIIilgnetic fields fot' the plilsma l - 6 ; 

III rapidly heating the plllslIIa to ignition conditiOns 7; and 

(4) providing start-up plasma heating and current maintenance 

fO l(" a steady-state , compact, hIgh ~ tOkamak9- 9 • This paper 

disc usses the pedodic injection of an intense kEB to JlI!I.intain 

the toroidal current in a tOkamak reactor and thus permit 11 

steady - stClte !lOde of operation, 

Prior to ItEB in jection the toroidal plasma currents are 

decaying due to resi s tive dissipation, The RE B is injected 

parallel to the toroidal magnetic field and trapped i n the 

toroidal plasma colu",n by drift-inject i on, energy-loss 

trapping lO- 13 . When the RES Is injected in the same direction 

8S the original plasma electron drift , the HEB induces a back 

ernf which reduces the plasma e lectr on drift veloc ity so as to 

maintain the net current (the plasma current plu.'i the REB 

current) appr ox i mately constant . 

Slnce the injection time o f the Ht;S is IllUch longer than 

the transit tilllE'! of a relativistic electron a r ol.md the t Ot"l.lS , 

the lum wraps up on itself and as a consequence the 

circulating REO current can be much la r ger than the injected 

REB current . At the end of beam injection, the 

counter8trea ming phslI"III e lectron current cancels 11 portion of 

the beam current and the net cur r ent is a ppr odmately equal to 

the intial net current. As the counter streaming plllsma 

cu rrent is dissipated by the f rict ional force between the 

plasma electrons and ions, the absolute magnitude of the 

p la sll\tlo e l ectron currcnt dclc::rc;l.cc", and th .. count .. r"troaming 

p l asma curre nt cancels less and less of the beam current . 

This effect causes an Increase In the IOIagni tude of the net 

toroidal current . The rising net toroidal current induces a 

toroldal electric field, which takes kinetic energy out of the 

kE;B and drives the plasma cu rrent. '1'hus, a portion of the 

beam kinetic energy is dissipated in increasing the poloidal 

magnetic fields, and a portion is dissipated in plasma heating 

by maintain in9 the decaying currents . 

After the k.l::B ener9Y has been significantly degraded the 

relativisitc electrons give up their IiIOmentum to the 

back<,lround ~lasllla e l ectrons t>y ooulolllb col li sions . Uecause of 

the &trony induct i~ coupling of the beam-plasma syste", the 

net current will rl!lI\o!IIn OOnstant during this IIOmentum 

transfer. The extension of this scenario to t he case in which 

then! is no initial plasma. curn,nt (i . e. , start-up) lS 

stt"llightiorward and is not discussed here. 

~imple formulas for calculati.ng the increase in the net 

toroidal cu r rent per injected IU!I) pulse , t he ti~ scale for 

this increase , and the fraction of the injected bealll energy 

which appears as increased poloidal IIIlIgnetic field energy are 

presented. The increase in the net toroidal current i.s a 

linearly increasi n<,l function of the kinet i c energy of the 

injected 1<I::U and is inversely propor tional to the inductance 

per unit length of the beam-piaslllll sys tem. For example , in a 

reacto r o,Ieometry, in jection and tra~~inq of a sin91e pulse of 

a 15-HeV intense I<lm wiLL increase the nl!t toroidlll cur~ent by 

I HA, while four pulses of the same beam wi11 produce an 

increase of '" 4 HA . The time sca l e for this increase in net 

toroidal current is shown to be si9niflcantly shorter than the 

normal L/k decay tillll! of of the plasma . The fraction ot the 

injected I<EB ene rgy that is initially converted to poloida l 

ma<,lnetic field energy or plasnlill heating can be adjusted by 

Changing the parameters of the injected HEB . 

For the appli cat i on of kEIl curren t drive to a t Okamak 

reactor, the UWHflK 11 1 reacto r was cons idered, The avero/lge 

power of the injected IlEB required to maintain the 15.6 ~IA 

toroidal current in the reactor was found to scale inversely 

with the kinetic energy of the injectf;ld BEB . The pet"iodic 

injection of a b . 6-MV HEB with an .ilveraye power of 1 . 5 ~M 

could maintain the 15 . 6 M/\ of toro i dsl current in UWMAK Ill . 

In this example approximately UO\ of the injected beam energy 

is converted to inc reased po l oida1 magnetic field energy. 

The technology of REB generators is such tha t significant 

experiments can be ca rried out i/lllDediately. Overall 

electrical effic iency f r om energy store to beam of > SO\ has 

been demons trll ted . The key f actor for the future is 

repetitive beam generation and injection , which will be accom­

plished first in a burst of a few pulses . High frequency 

burst IIOde pulses are produced by chargi ng line~ f rom separate 

Marx gl!nerators, The lines are connected by triggerable gas 

switches so that the pulses can be fired in succession down a 

trilnsmission li.ne . To date this method has produced 

three pulses of 1.5 ~IV, UO 10\ and 40 ns with pulse separation 

of lU-1 _lU-3 sec . 14 Therefore, considerable flexibility in 

the injection se<.Juence can be obtained . 

Energy is brought through the field co ils of the tokall'lllk 

by a magnetical l y insulted transmiss i on line at 

> 1010 w/cm2 . Exper iments have shown'" ';10\ efficient energy 

transmission over distances of several mete rs. fI plasma diode 

is used to avoid anode foil rupture and contaminat ion from 

impuriti es . A low density pla sl11!l at ground potentia l is in 

contact with the: cathode . 1I.s the pulsed current d epletes i ons 

from the plasma illlllledia t ely in front of the cathode, the diode 

gap grows and an I<EB is emitted. Thia scheme allows 

repetitive REB injection at high frequencies . RepetitiYe CW 

systefllS are now under deve l opment IInd haye aChieved kHz 

operation15 . 

'I'he majo r teChnical areas requiring further research are 

outlined and SUo,lgestions are made for experiments d ir ected 

toward a steady- state reactor . 
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A rW~tERICAL STUOV atl WAVE SHAPING IN REB DIODES 
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Plasllla En~i neerin9 Laboratory , Ankara · TURKEY 

A.S WMAN 
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Abstract: In this s tudio us i"", a IIl.11lerical method and bearing in 
~ld-LanQIIIUir and parapotential AIOdel s with low and high IB/ IA 
ratios the electrical characteristics of foil and foil less diodes 
driven by a charged line, have been Invest igated. Tile stlllUh tlon 
algorithm Is based on the t heory of tran5lllissi on line, the dynar.Jics 
of cathode phSlna and fonnul4tion of De Padh. 

intrrxtucti on: In REB machines. in the case of inertial confinement 

short termed ( FWHtI .. IQ nsec.), but on the other side in magn~tic­

ally confinelll~nt at th~ order of usec. b~am pulses are r~qu i red . 

Th~ pr oblem of beaM shaping also ri s~s at inductiv~ ~ffects of col ­

l ectiy~ ion acc~ \ ~rat i on III and TEA las~rs schemes 12/. Showirtg a 

time varying arld rlorl-\inear properti es . the REB diodes IIIiIke difficult 

to cOrltro\ the currerlt pulse shilpin!). It is clear that, for a con­

stant storage energy in the system cO rlsisting of Man or Tesla re­

sonant transfOlT.ler, for a solution wi th a best efficiency an con­

ven ient to an a im of research problem , 1t is rl{'cessary to know the 

characteri s ti cs of REB diodes. [rl other IOOrds, it CM also be called 

as the optiMization of REB diodes. AnIong the results obtained, depen­

dirlg Orl above conslderatiorl, determination of the condition to ob­

tain t he square wave current pulse and other characteristics of the 

RE[) diodes are present. Consequently, these computational finding, 

taking i nto account the different application fields of REB have 

been discussed. 

Nl8I.'rical ScheAle: The par.meters of actual REB systen is In t l .. e­

varying arld nOrl - linear features. For this reaSOrl, the mathen.a t ical 

model would be dynamical. In sill1l.lla t ion al'lorithm, the gener~l sys­

tem pa~ameters or Hs identity Should be described with Xy(t
j

) or 

with x;. 
Kere, y is general ly symbolili~ a COlllpolll'n t of t he REB sys t e.. . The 

sillllplirlg t irae dt, is equa l to tj+l - tj or t o its roldlrlgs tj+\/U+I) 
dependhlO) on j; wt.ere j-O, l, ... ,n. In SOIIIe situ~tion it h.~ been 

used the symbol of j+l = k. The results of the analytical solution 

have been written in time-dOll13ln based on above concepts. The e~pres­

sion used are as follows: 

The di ode impedance; Rtl~136(dac-vptj+I)2/(\,~)I12R~ (I ) 

j+l _ J_i j -Aj _ -1-1 
The line ~o1tage; Vl - Vl~(Rd+Zo)e , Aj - tj(LO!Ier j )tL (2) 

The diode voltage; vtl = 2Y~(ak/bk)e~p!_a ktksinh(b)ktk 1 (3) 

where , aj+l _R~+1/2Lc and bj+I _ (1/2Lc)I(R~)2_4L/CoII/2 

Accordi ng to Child-Langl!luir model, the dlodecurrent!'\CIy be calculate 

f l"Oll equations (1) and (1). As to parapotent ial ...,del 13/, the cur rent 

I'assed in hlgk 'BlIp, di01es is , 1 ~ - B500(Rc/dac)(Vb/c)klnhk+(l-I )II2IY~ 
where; yk _ I+1.96~1O - 6yt and (vb/c)k=!1_(I/Y~)II12. (4) 

The symbol s used abllve expres sion are: diode iml'edance Rd; anode cath­

ode 'lap dac ; ve I oei ty of ca thode I' hsma v 1'; I i ne vo I tage VL; ca thode 

radius Rci characteristic impedance of line lo; r eflection factor r ; 

diode volta~e Vd; cathode inductance Lc; capacitance of l ine Co ; 

diode curN!nt Id ; beillOl velocity Vb; veloci ty of ligkt Ci relatiyis­

ti c mass hctor y ; tillle constarlt of line t
L

. 

Pesults of COIIIputatlonal E~peri Rlents: Two fundamental const ruct i on, 

being foil and foil less diodes , have been takerl into attention. As a 

diel ectri c medi urn deioni led wa ter (I( = B2) is accepted. Because of 

a few alternathe given values of lo (2 , 5 and 7 olns) arld C
o

(5400 . 

7200 and 16000 pfs), !wO-1!ay ! r avelling ! ilJe of transmission lirl{' 

(nrrT - t l ) have changed between the hlghes t and lowes l Vi lues of 

I Bl nsec and 21 .62 nsec. The va I ues of Rd are genera lly bel n9 

'Jreater tharl Zoo At such construction, ta king into aCCOl/ rll the dy­

namic of the cathode plasma too, It has been convenient to carry 

out t he C<JI'l'utatlona l eXj)erimcnt , uslrlg low sampling tir..es ( t LI1 6) . 

Seri al cathode Inductances (5 rIl - 100 nH) have not influerlced the 

wave shap ing but it has only changed t he rise tinK! of current pulse 

(2 - 10 nsec ). Wave shapin!, are being affected by \ arld Rc for 

constant dac . Ncrmalized bea .. currerlts versus time are seen i n f i g . l 

· 3·· 

and Fig.2. In the rr.odel of Ill.' Packh, using a t r~nsmis5tOn li rle at 

t he ~ame specification (Z0"5 Ohms: Co - I BO~ pF, t L - IBI nsec.), 

keep1ng constant the llrle voltage lVl (O) - 1O vi and cathode radius 

(Rc·I .O cm), beanl currents of 69.7 kA and 78.1 U, corN!sporlding 

to cathode inductarlceS of 30 nil and 10 nH have res pectively been 

found. For these cond1tions, diode efflc1encles and di ode Impedances 

are 77 %, !l4 S and 7.84 oh;ns, 7.80 ohms respectively . At the 

end of the first nnT, very close vo ltage va l ues such as 31.7 kY 

(0 .032YL(0) 1 for lc "30 nil and 27 . 5 kYIO.028V
l

(o) 1 fo r lc · IO nH 

have been obtained. Thus guarding the value of cathode inductance 

In reasonab le 1 imi ts. the wa vefo,... arld the perfo .... ~nce of a RES 

systeIJI for high IB/IA ore not consider~bly effected e~en if for in­

s tance its value rises three times. Ccnputa ti ona l resu lts without 

chanqing all of the parameters excep t t he capacitance of trarlsmission 

line are given in Table 1. In both cases (C
o

"'S400 pF and Co"' IBkpf), 

while the cathode rad ius to be increased. t he diode current and the 

effi ciency are ~lso increased. Very c l ose beill!l current values such 

as 117 U (Co =54oo pF) and 12jj kA (CO - ldkpF) for Rc - l.50 en ar e 

intresting. But here it IlUst never be for(lotten that TWTT's are 

21.62 nsec. arld 72.02 nsec. (for the case of Zo""2 ohms). Beyond of 

t hl s . a t the end of the fi rs tHaT, the vo I t age across the trans­

mission line is drop;>ed to 1114 kV for Co - 5400 pF and to 138 ~v for 

Co -I BkpF. These val ues are 181; and 141; of initial value of 

itnI.' voltage respectively. On the other harld, a t t he end of second 

N TT. these ratios are found as 2.B S and 1.6 : . Thus irl return 

to be high of ~alll current, in wave-shap i n~ there exist an Importarlt 

second voltage step wi th ~ level of 14 - 18 t . At above given exam­

ple for lo -5 ohms . r re fl ection coefficient is 0 .1 83 ~!hereas at 

last example it Is O.4H. COrlsequently, it coul d be noted that the 

lIIisll1atch is /lOre effective on wave-shaping than all of other para ­

IMlters. Beside the expected effect on tr rise time of cathode irlduc­

tance, the increase of tr as the cathode radius increasirlg, is an 

other intresting feature demonstrated by the numerical study. 

Conclusion: (i) L' sing the model of Chl1d-lan~muir in the diodes with 
TOWlii7TA"rat io; se lecting conveni ent cathode rad i us, lirle voltage, 
arld r~TT, it wou ld be poss ible to contro l t he wave-shaping although 
there exi st miSlllatch: (H) In the diodes of hi gh iBIIA' it has been 
understood that t he cathode inductance (provided that it r l.'lllai ns i n 
definite lillits) Is not so ir.lpo rtan t as expected. I\t ungated beam 
/lOde of ope ra tion, fl"()lll this way constructional facility cou ld be 
suppli ed; (Ill) Itl thl! ~d~ 1! uf Lullt"o;:livt" ion ft",,~l~)·ation, ~ontrol ­
ling both of the limiting current of diode to be used and wave-shap­
ing , t he optiml.i!l ope rat ional conditions may be determined; ( Iv) For 
TEA lasers, oPtlmizin~ the interface between REB diode and laser 
cavity, higher electrlcal efficiency can be obtained. The same pro­
cedure is applicable for microwave generati on. 

Table I 

:"£,_-~I:O"~H~._ZJ'C-_':..:'~"'~'~._CJ'C-_5:._'_"pf~ Lc -10nH, Zo = 2 ohr;is , Co - 18kpF 

Rc"O.SO ct:I. 1.0 CII!. 

3B.5 : 53.2 , 

1. 50 ClII. 

57 :; 

Id - 56.9 kA 

~ Eff ici ency 

93.3 kA 11 7 kA 

RC -O .SO cm. 1.0 (]I). 

40.7 S .. 60.4 S 

Id - 5il .6 kA 100 kA 

1. 5 CII . 

67.0 " 
128 kA 

~: /11 'J1son. c.l.. IEEE Trans.tlucl. Sci. 115 - 22 tlo.3 962 

(1915); 121 Harris, ".W .. e t aI., Rev.Sci. l nstrw Yol.4B No.B 

1042 (1977) ; /31 De Packh. D., tlnal Research l ab., Radiat ion Proj. 

Int. Rep. 7 ( 1968). 
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FORMATION OF A REVERSED-FIELD PLASMA CONFIGURATION WITH A 

ROTATING RELATIVISTIC ELECTRON BEAM 

by 

J.O. Se thl,n, K.A. Gerber, D.N. Spector & A.Eo RobsOf1 

Naval Resea rch Laboratory. Washington, D.C. 20375 USA 

Introduction 

The use of relativistic beams to create field-reversed configurations 
was first proposed by Christofiios, 1 In his Astron concept, the field­
reversing curren ts were carried by the reh.tivistic electrons. This 
paper describes a different appllcatioll. In which the relativistic electral 
beam is used to Induce plasN currents. which IIIollntaln a field-reversed 
c.onfiguration after the beam has passed out of the system. 

Modern pulse generators, coupled to field-emission diodes, can readily 
produce electron beams that will reverse an applied magnetic field.',',' 
Rotating beams can also propagate in a closed metal tube in the absence of 
an applied magnetic field. " When injected into neutral hydrogen at a 
pressure of about 150 mTorr, the beam produces enough plasma to neutralize 
its charge but not enough to neutralize Its current. The radial equilib­
rium of the beaM Is then detel'Wlined by a balance between the centrifuga l 
forces and the interaction of the beam with its self-field. This arrange­
ment automatically produces a f ie ld-reversed configuration. The passage of 
the beam increases tile electron temperature, so that when the beam leaves 
the system its magnetic field is frozen i nto the plasma, and persists for a 
time detennined by resistive disSipation of the induced plaSIllil currents. 

Beam Propagation 

Studies of beam propagation have been carried out in the apparatus 
shown in Fig. I. The rotating beam Is produced by first fOl"llllng a hollow 

co , 
-CAji~~-i-~-~-·I~----~----rr---..---~---r'-.L--- t~~g 
FERRITE q 

ANODE THOMSON ' FIBRE STREAK 
FOIL -SCATTERING OPTICS CAMERA 

Fig. I. EKpertlDental Apparatus 

cylindrical beam (Vo • 900 kV, I • 100 kA, T x lOO nsec) with an armuhr 
diode inmersed In a uniform axial magnetic field, and pusing it through a 
half-cusp in which the field is brought to zero In a short distance. The 
half-cusp is created by a pulsed call and a flux-excluding aluminum disc. 
The rotation of the beam arises fr()l!l the interaction of the axial velocity 
with the radia l fie ld of the half-cusp. 

A siqlle model has been developed ' to describe the radial equilibrium 
of a thin , hollow beillll as it propagates down the tube. The I'IOdel takes into 
account the balance between the centrifuga l and magnetic forces and uses 
conservation of flu)(, Ampere's Law and conservation of canonica l angular 
momentum to give the following relations: 

" • (1- cot'u t YN)" 
r b w 2 (Il 

r'B .• r ' B (l+cot
1
n - Y/V) (2) 

b Zl cc l +cot'u t y/v 

cr~Bc/2lrw • (tan'Q(!'v + 1) - 1)"(1 + cot
2'2 t y/v ) (3) 

where rc ' rb' rw are respectively the radll of the cathode, the beam and the 
tube, I is the oeam current. Bc is the field at the cathode, Bzi is the 
axhl field inside the beam, Q is the pitch angle of the bellm currE'nt and 
y/v ~ Y"'oc ' /He J , where H is the line density of electrons in the beam. 
Equation (3) shows that for dense beams (y/v « 1) the pitch angle Is 
detE'nnined by IIBc and the gea.etry , and the bealll radius is then deterllined 
by Equation (1). For dense beaJlls the bealll current takes up a nearly force­
free configuration. ' Equation (2) shows that the axial f1u~ inside the 
beam is equal to the flux in the cathode to O(y!'J). The beam may thus be 
regarded as s tretching out the field lines from the half-cusp , as shown 
schematically in Fig. 2. 

The ~eloclty of propagation of the beam, Vb' is determined by the 
balance between the injected power and the power required to create ne'oj 
belllll. This leads to ' 

Vb :t: Vo/ll 

where L Is the inductance per unit length , which in turn depends on Q. 

(4) 

In the experiments, vb '" 0.05 - O.lc, that is, the beam propagates mUch 
slower than the velocity of the injected electrons (0.94c). This is no-'-­
sImply on account of the spiral current path, since (l is, typlcal1y, 50 ' -60' . 
The fast electrons from the dlolde are reflected by the radial magnetic field 
Br at the bea .. head (Fig . 2). They return to the diode, and are re-injected 
i nto the beall. The electrons lose energy in their successive collisions 
with the IIIOYing beam front, and this energy goes into creating new IlIiIgnetlc 
field. The bealll density is enhanced by this reflexing process, and the 
condition y/v « t is easily satisfied. By making the length of the beam, 
vbT. equal to the length of the experimental tube, the energy of the beam 
may be converted into magnetic field energy with efficiency if. 50'1. Equations 
1 through 4, which have been verified experimentall y , ' provide a prescription 
for setting up a magnetic configuration inside a conducti ng tube with 
azimuthal and reversed axial fields, that Is to say a linear reversed-field 
pinch. 

,) 

bI 

,) 

'''''''Jr­
.~~ 

Fig. 2. Stages in the Prop­
agation of the 
Rotating Beam 

a) Beam injected through 
half-cusp. 

b) Field lines stretched out 
into tube. 

cl Electrons e)(ecute 
multiple reflections 
between beam front and 
diode. Electron energy 
.. IIIo1g netlc energy. 

Sol id lines: magnetic 
fie ld lines. 

Dotted lines: electron 
trlljectories. 

(Be field not shown) 

Plasma Behavior 

The beam breaks down the gas and produces a partially-Ionized plasma 
In which the electrons are heated by bearD-plasma interaction. Shortly 
after the passage of the 100 ns duration bea .. , the ionization is c!lq)lete 
and the electron tewJperature is , typically . ... 5 eV': the II'Iagnetic 
configuration, ., intained now by plas-a currents, decays over a period of 
20 usec. The history of the configuration can be seen in Fig. 3, which 
shows traces from three pairs of magnetic probes at 20, 40 and 60 cm 
respectively from the diode. The beam creates an H imuthal magnetic field 
Be ~ 2.5 kG and an e)(ternal axial field BZQ ~ 1.0 kG lit each position. 
Over a period of 5 )lsec , a rearrangement ot the configuration occurs , In 
which Bzo increases by a factor of two at the end furthest frora the diode, 
and 8e decreases by about the same factor along the entire length. The 
axial current is still continuous, but its pitch angle now varies with 
axial position. This re-arrangetroent Is analogous to the DIOtion of a call 
tending to lIaxill1lze its inductance: in this case the process is prooably 
li lllited by axial pressure gradients. After the re·arran9ffllent , the entire 
configuration decays uniformly with a time constant of about 8 )lsec, which 
is consistent with classical resistive dissipation of the plasma currents, 
at the electron temperatures of ... 7 eV measured by Thomson scattering. The 
dissipation of the cu rrents tends to heat the electrons, ~nd in similar 
experiments ' an increase in electron te~rature was obse rved several micro­
seconds after the beam had left the system. 

z .20 z • 40 z • 60 

~,oEJ W [C;J'.O 
0 1.0 1.0 

m" 
o 0 

~fJw[J; 
O '.~ ~ ro 04.~~ro 04.~ ~ ro 

TI ME ~.ec) 

Fig. 3. Magnetic Probe Signals. Be measured at r ~ 6.3cm (rw~7.3cm). 

Further Applications 

These experillll'nts have demonst rated a rethod of creating a plasm and 
its associated confining lIIagnetic fie ld Inside a closed metal tube . The 
innediate ap~lication is to IIIilke the initial plasma for iIQPloding-lIner 
experilnents ; for this purpose it is 6eslrable that the field lines should 
be closed, which i s not the case In the experilllmts described here. Hty,j­
ever, if a second, hollow, rotating electron beam were injected between 
the fir st beam and the tube wall, but in the opposite di rection, the net 
a~ial current could be brought to zero. Natural reconnection of the axial 
field lines at the ends would produce the configuration of a reversed-field 
theta pinch with internal Be or, if the geometry were appropria te, a 
Spheromak. ' hperilllents to test this concept are In pN!paration. 
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VELOCITY ANGLE SCAITERING OF A REL/lTlVlST I C ELEI.:TRDN BEAM 

DURING TRANSPORT THROUGH A PU.SHA 

P.lI . de Hun, H.J. Hnean. C.C.A.It. JlI.nuen, [.Il.A. Cnnneaoan , 

R. Jayal ..... 8r· . 1'.5. St r elkov", B. Jura"", '" 

FOH- Insc i [uta tor AcoOlic and flolecular Pbysi"s , AJosterd!lll, The Netherland. 

Association Euratom-Fm!. 

AIISTRACT. ~le4.ur~lIen[. on rhe propagation o f a rehtivisti c dectrDn bea .. 

indicate good be .. transport through a vu.kI)' ioni ud hydrogen BU with an 

electron Cellperature Te "" 18 eY, degree of ionization" 2 x 10-] and beam 

to plaslla dens it)' r atio"" 10-
3

. 

INTRODUCTION. In rhis paper IIn presoMed experimental results on thl! pro­

pag"tion of " relativistic electron baam through hydrosen gas. Beam paraote­

t ers .n" 0.83 MV, 6.2 leA, ] cm dinm, and It I'ulsehngth of 100 Ca 150 n5. 

The beSll i s drawn from a Bpheri~al urbon ~athod~ IInd is injected along a 

0.2 1 T g uide IUgnetic f idd in t o a ... talli~ ~hamber of 2.511 length and 12 

CJO di .... Fill pr., s " r es were varied bet"een 10 - 6 and 1.4 Torr. 

Diagnostica in~11,lde an energy analyur "",as1,Iring the energy distribution of 

beam el~~tron. with the v e locity vector ",ithin a ~one of 20 
abou t the mag­

netic fidd lI~is ; n n angle 3nlllyzer measuring the angu l ar distr ibutin n of 

b"am d"ctron velocities up to 60
0

: optical s pectrolcoPY giving 11 .. nnd Ha 

Iin" profiles. All diagnostics aro thag relolved and res ulu are integra ted 

ov" r 8 ns ei .... intervals. 

MAIN FEATURES. VACUIN CURREIfl' . The lull be"'" ~urrent Ib - 6.2 kA is tmna­

ported in VacuWII, 10-6 ..,;; P < 10-) Tort. Angle scattering is negligibl:, 

stl.S l t. The Ilogdankevich- Rukhadze [ 11 Iilliting ~urr"nt in vacuum und~r Ou r 

conditions h 3.8 kA. The fa~t that we .. easur~ a larger vacuu," current 

lends auppor t to the ~alculations of Tllodc e t a l . [2J , indicating larger 

limiting current. in "" .. k guid6 Ci6lds. The essential par8lDo!ter is th" ratio 

o f electron ~yclotron fr"quency ov.r b .... plastaa freq"en~y .. ~.,I"pb' I n our 

~ase "~.,I"pb - I .' , for whi~h value a factor 1.3 in~reS5e in liaiting cu r -

rent is fnund by Thode et d. - 2 -2 
BEAM CURRENT DISRUPTION. The pr .. aure int"rval 10 p < 5 _ 10 Tort re­

vealed t wo phenomena. It was found "itll the energy analyzer th<1t the whole 

b"3111 105"s" 100 keY , in so .. e .Ilou without a distinct broadening of the 

distribution function. Th i s can tentative.ly be exphined by the red uction 

of beam space cllarge fiel d s by ionization of the b"~kground Ea • . Tr ansit 

...... rn".itl"r"tinn. th"n suu.ut that th"se spa~" ~harl!.e fields occupy a 

larg"r area (length'" I 11) tllRn diaeuuc.d in IDOs t theoriu (length 0.111) 

[2 , 31. The f illing up nf th" spau cha r ge w,,1l take! "')0 IU [ 4). \Jhen tlp­

pro"i"",te charge neutrali ty hns bac" attained a strone inatahility sets in. 

The beam i. dri"en .crnu the guid" field and hiu the drift cllamber "all 

at 50 ell distance from the diode. lIeyond this d i . tan~e t h a b~wa current i s 

f ou nd t o drop to .. 10% of the vaC1,I .... valu". 

ANGLE SCAr!t1UNC. the "ngl" analyz. r r 5] consists of four ~oncentric ring 

" leetrod .... The e1e~trodes are plQc"d behind a 0.1 ~II di"lI. ent r ane" hole 

and collect ben", eh~trons "ithin tile int~r"als O_IS
o

, 18
0

_J6° . J6
0

_51,0 

and 54 0
_ 60fJ respect ively . In the present measurements tha " naly>.er i . 

placed on ax i a . The lIeasured data are fitt~d "ith a Gaussian distribution, 

f(O)" ""p( 2 c059/<9>21. (I) 

With th" analyzor placed in front of the diode th" ... asu r ed dinribu tion 

ag r en with a cal~ulated One [6J. In casa o f tll" use of a )0 u. thick anod . 

foil "e havc ~O) a IBa. Injecti", tile bell .. in hydrogen gllS of 1.4 Torr it 

is found thllt the .. ean angle r i scs with a charllcteriHi~ time of '" I) no to 

'" 90
0

. Fig. I givu '6~ as function of time for three ditferent shots . In 

this ca"" the analy>." r ",~ s placed at 150 cm di stan~e to the diode . At 100 

CJI the r,,~ults a r 6 a illilar. At 50 ~. <e~ rellai ns s ... a11 at all tilDes. 

Th" energy analyser indicat"s an en"rgy loss at tbe _"nt of at rong b" .... 

scattering of .. 10%. Sp"ctroseopi~ ",,,asure""'nts give an ion teaperature 

t, - 35 eV and 11 dens ity ne'" 9- 10
19 

III-J tit t · 50 ns. At I~ter timcs tile 

ene r gy 10"" decre~se8 to"" 3% and the dcnsity rises ~lowly to " final 2-

1020 ",- J . RogDWsk i ~ni l .,,,asure,,,ent . ~ h"", 8 rapid " ,,~ay of the r e turn cur­

rent , fro ... whicll a collision frequency "en. J_ 109 .-1 i a d"d,,~ed. 
The slow r a ta of ionization at t - 50 nS suggests a " .... 11 plas", .. ele~tron 

t ........ rature. An upp" r est i lll3te is obtained by ass ... i ns that th" be .... energy 

1055 is used to &Saint"in Te againat .. n" r gy loss of the plasma electrons due 

tn ionhadon of the gas . The be"'" energy loss of 10% represents a power 

depositiM of 5~ 10 8 W in t he p ili."''' volume. Equa l hins thi, to the ioniza­

tion losses onl1 obtain"" 

"'0 i "e" nn ne Ei " ples .... volWlll! - 5 ~ lOS, (2) 

where no i a the d"nsity of the neutul gas and Ei is ch" ene r gy lost by " 

pri ... r y el"~ t ron in an ionizing collia ion. Taking E
i

- 20 eV , Eq. (2) gives 

<0. v, _ 1.2' 10- 14 mJ,,-I, which leads t" T - III cV , it a Ma ""c llilln 
~ e e 19 -3 

plasma el"ctron distribut i on i s usumed . At n - 8 ' 10 m wc have .... 
10-1 9 -1 e 8-1 pi 

LIS·IO • ""err · 3' 10 • ~ nn ~oi v e ' . 6~ 10 I . It therefore 

S"ClIl' ""asonable to ass","" that turbuhn~e is th" main cau.e of the fric­

tion felt by pia ..... et"ctrons . It follOWS frOlD Te .. 18 cV and from a rerur-n 

current lp - 0.5 rb tllat the r a tio of ehctron drift "elocity over sound 

speed vd/c" .. 5. Furthe .... ore Te' Ti and turbulence .. ua t be elicited und"r 

the.e conditions . A turbul en t ~ollision f r equency is obtained fro .. [7] 
-2 ""f{ - 10 "Pi(;/~f) (TeIT i ), (3) 

yielding "elf - ),7" 10 5 • This "alue is in fair IIgrecllII!nt with the ex­

per i "'enUI result. The aaxi ..... I.ve l of turb1,lIe n~" is obtained fro .. [1J 

""H" "'pe (1oI/ nk Te )'_3 (4) 

from which (\/fnl Te) .. 6_ 10 Plugging tllis number in the f Orlllul" f o r 

beam angle SClltto r ing [a) "e find , 

v _ '" (lo//nk T ) (T Imc 2»)12 • 6005- 1, (5) 
o pe e e 

where "D i s the t ime required hy " bes. electron to .~tltter Over one radian. 

Compared t o a trandt ti .... len th"n 10 ns this scatter frequency "0 i. 

r " diculously sma l l. "'" no t " that the bea. "Iectron angular diacrib1,ltion 

fai r ly well approxiutes a Gauuian .hap~ , which Su"elCa s~a tterins cauled 

by turbulence. Becauae <6> increases by .. I radinn wllen the beam el ectron 

hu travelled 8 distnnce of '" I .. , tha exp~riment indicatel a vOlue "D '" 

3_ lOB 8- 1• Taking this value intn Eq. (5) one finds T" - 100 keV. A way 

out o f th" di lema o f tlolO electron temperatures .. ight be the auumption of 

a t"'" t""'perature diatribution. A Iligh "nugy frs~tion a~celorated in tile 

strong fields at a lower plnu.a dena ity "arlier duri~ the s hot and a ~old 

fraction originating from a latu ti .... 

Once the otrong angula r s catt"rlng hu dccayed , dnta s uggest 0 fai rly "Ui ­

cient beam transport <e~ '" 25
0 , Bce Fig, I, and the en"rgy loss o"er a pnth 

length of 2.5 .. a:DOunt . to 3%. 

LINEAR REACTOR CALCULATIONS . REil ' s ha"" the potential to heat t he pl as ... i n 

linear IUgnetic fu.ion device. to ignit i on t emp" r atur"s . TllereffJre c""'puter 

studies o f the properti" " of the phslL' in these de"i c"s were performed to 

obuin infOrlllation on t he r"quirClllenta REB's hav" to fulfil. A one-di .... n­

s ional (radi'al) HlID ~ode hns been used to atudy the nuclear burn phas" of 

a h i gh beta (0.S5) , high density ( 10
23 .. -J) , 5 keV plasma of radius rp . 

0.03 .. [ 9J. The vacuum mngnet i~ field is 110 - 20 T. Radial heat conduction 

i. r"duced by a pplication of I"w d"nsity (10
2 1 . -1) cold plasma blanket b,,­

tween rh" hot burning cor" pIa .... and the "all. A finite I.ngtb L i s 

s i lJUlat"d in the ~od" by extra~tlng energy frOll t he plas .. a t a rnte ~or­

responding to ,"ultipl" aiHor end 1011es . Th" calculntiona 'ugses t " 450 m 

l~ng plasma co l umn ~an rench a scientific Q equal to two. For this part i­

~ulnr length the radial and axial ~nergy 1088CS are equnl. The w"l l load ing 

inte&rnted over the burn cycle "mounts to CI.73 tU ... -2 o n a wall o f r"dius 

CI.I 11 . Tile total plasma h"acing power required i. no tu. Following th" 

plaslSa du ring complot" cycle for aever~l plas .... lengths , i t wa a verifi~ 

that Q acalu proportional to L2 . iC L~2000 m a self lustaind burning 

plasma colulln bacOllB. possible. 
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MODEL INVBSTIGATIO!f OF' QUASISPHERlCAL LINER COIlPRESSION 

OP 'l'OROIDAL PLASMA 

V.M. Goloviznin , R. Kh. Kurtmullaev, V. N. Semenov , 

I.V . Kurchatov Institute of Atomic Energy, Moscow , USSR 

V.A . Gaoilov , A.P . ¥avoreky, ~ . Lu.SbaekoY 

~.V. Ksldysh Inatitute of Applied Mathematics, Ao.5cl. , Moscow , 
USSR 

N.V. 50eD10 

~ .v. Lomonoeov Moscow State University, ~08COW. USSR. 

The results of the numerical simulation process of the plasma 

adiabatic compression in the thermonuclear system with the closed 

configuration toroidal plasma compression by the qUBsiapherical 

liner are discussed in this paper . 

Plasma toroid , w~th poloidal field ie created in the 

cylindrical forming eamera and injected into the liner camera. 

The envelope compression quasiepherical regime ie obtained by butt­

ends outstripping motion of the initially cylindrical liner with 

the profiled wall thickness. 

The distribution of the initial envelope thickness and the 

initial motion velocity were set beforehand acc ording to the 

assessment of the energy minimization (the energy was wasting 

during the process of envelope butt - ends slamming) in preliminary 

and siJnplified calculations /11. 

The calcula tion of liner motion was based on the two-dimensi ­

onal modsl of the incowprsssible ideally conducting fluid /1/. 

The variational principle of calculation of the equilibrium plasma 

state in the closed magnetic field wos used. 

Tu\:! IUln:lmization 

= ((f:.2- hr)"- lr l ifT t-1 
variation method /)/. 

of the energy func tional VV = 
/2/ was accomplished by the local 

At the first moment both the radial velocity distribution 

over liner length and the magnetic flux dependence on the plasma 

127 

then in the previous one , but the ratio of the full plaema energy 

to the magnetic energy cbangee more slowly then in the quasisphe­

rical regime (Pig. 2b). 

It depends on the p( if' ) retio change , leading to the plesma 

volume relative decreese to the volume of the magnetic field during 

the comreeeion process. 

The preference of quasispherical compression regime for 

almost cilindrical compression case is shown by these results. 

The creation of the cumulative je ts during the liner butt- ends 

slamming (Pigure le). were observed in the examined vereions; 

the compression coefficient wae limited by the moment of the 

meeting jets collision in the csmere centre . 

The initial velocity profile wes specially chosen to get large 

comp~eesion coefficients; so , the penetrating of the cumulative 

jets into the camera wae l oosened /1/. 

The high comreesion degree can be echieved in the opened 

magnetic flow regime, where the compact toroid is covered by tbe 

magnetic flow. In this cese the envelope is not completely closed ; 

the converging butt - ends cavity is created by the central part of 

it; the opened flux gets out through theee butt - ends . 

2. 

3. 
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}figure captions 

pressure , which defined the configuration of equilibrium, were al 
o 

o 02 o.q 06 01 /.0 
set. At eome moment after slamming the envelope form and the 

configuration of magnetic force l ines for two cases. differed by 

ini t ial velocity dietribution, are shown in the Figure 1. The 

in! tial profiles both of the liner thickness and PC 'f) plasma 

dependence were the same. It is at once apparent that in the 

first case (a) the envelope takes practically quaeispherical form ; 

in the second case the closed cavity is strongly strethed out. 

Q2.~, ~ 
at .... 

~~;~'w4\S\'\S'b, 
In the first case (quasispherical compression regime) the 

maximum plasma pressure Pm dependence on the olosed cavity volume 

V to the comprsssion coefficient 

Pm • V 1./ • const , where l l} 

specific-beat ratio is equal to 

k ~/O eatisfies to e law 

value is equal to 1 . ) (Plasma 

0= f z , . 67) . The evolution 

of the ratio of the plasme heet energy to the magnetic energy with 

the cloeed cavity valume change is shown in the Figure 2a. 

The grouth of the relative plasma energy takes place in tbe 

quasispherical regime during the compression proceea (Pigura 2a) . 

In the aecond c aBe (cylindrical regime) the retio of the maximum 

pressure to the cavity volums is not satisfy t o the law Pm 1[¥e/; 

conat . 

In order to use this formula (.(.1 is lJet ae a variable 

5 
4 

3 

2 
value which may grow from 1.6 to 1. a during the compression process. 1 

50 , in thie caee the maximum plasma pressure grows more quickly 0 

o Q2 o.~ Q6 Q8 10 

Figure 1. 

The envelope form and the force lines configuration of the poloidel 
field (solid lines insude the cevity) for the diffirent initiel 
envelope velocity distributions : 

a) bell-type velocity distribution along the length ; 
b) parabolic distribution. 

Wr/w~ 

o 112 o.~ Q6 0.8 1.0 

s 
~ 

3 
z I /r-------...., 
1 

o 
o Q2 0.4 Q6 QI 1.0 

PUglU"e 2. 

The ratio of the total heet plasma energy VVr to the magnetic 
field energy WIo1 dependence Ol'! the cl oeed cavity volWlle respectively 
for the cases a) and b) of Pigure 1. 
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BUILD-UP OF A}!T!PARALLl>L STRUCTUfU AIIll I TS STABILITY 

III SYSTJ::ioiS WITH ~IAGl{ETIC BARRIER 

A. G. Es ' kov , A. G. Kalygjn , R. Kh. Kurtmullaev, A.I . ~alutin 
A.P. Proehletsov, V. t! . SemeDOV 

A me thod of pulsed formation of a compac t antiparallel 

magne tic s tructure in plasma suggested i n /1/ 1s developed . The 

process 113 realized by a programmed capacitor storage discharge 

on a cylinder shock coil when a multipala magnetic barrier, 

controlling coils and quaeistetionary mirrors are involved / 2/. 

In optimizing the scheme a method of pulsed trapping of an initial 

magnetic flux CPI~ in plasma was in:'i:6stigated. The ma.gnetic pulse 

wi th independently variable parruneters (ampI! tude 'bt "" 4+ 15 kGs I 

half-period T/2 • 9 ~ ) was used. In Pig . 1 the value of the 

trapped field b/T' = ~,. Pr RZ versus shock pulse ampli tude 

is shown. Among other factors which determine the trapped field 

strengtb is the barrier field, the influence of which is very 

efficient and can be used a t different stages of the process. 

a) Piring of the pulaed barrier field just before reversal (after 

comletion of b~ diffusion into plasma) is the main mode of 

operation. In this case the function of the barrier field is to 

couserve the frozen flux by preventing plasma from counteraction 

~th walls ( compare the curves a and b, Pi g 1). Pig . 2 c learly 

shows, that losses of the trapped flux, which are of 50% without 

barrier field, reduce practically to zero with barrier field. 

The reversal phase with wall (a) and barrier (b) confinement is 

shown in Fig . 3 (pictures are taken by an electron image converter 

at an angle of 30 to axie). A very strong reduction of the plasma 

flow to walls in the second case (b) of barrier confinement C&I 

be clearly ceon. b) It io fround , that when UO~6 a quaoi - D.C. 

barrier field a t the phase of pulsed trapping of CPtr ' the 

trapped flux considerably increases. This interesting result can 

be seen in Pi g . 4 where the value of the trapped fie l d (before 

reversal ) versus b 6 is shown . A probable explanation is t hat the 

barrier field , frozen in outer region of plasma prevents from 

strong radial compression , which results in increasing ~ .. :8,·Jir,:i~ 
Effects mentioned above lead to important qualitative consequenci ­

es. Reversal with wall plasma support (~~o) resul ts in a strong 

chwlge of the radial distribution or plasma parameters: density in 

the neutral l ayer increasss, while temperature remai ns low . In 

this mode of operation a considerable amount of total plaoma 

concentrates in the neutral layer. On the other hand the miltipole 

magnetic barrier and mirrors provide an efficient control of plas -

ma and energy flow to the walls end ends of the system end, as a 

r esult , a depression of msin losses characteristic ror conventional 

r eversed field B - pinch. A clear demonstration of t hi s effect is 

a depression of an inertial outburst on diamagnetic signals just 

after reversal by means of barrier field (Pig. 5) Simultaneously 

onc more important result is achieved - possibility to control the 

par8Jlleters of the nautral layer (d",0,2 + 2 cm ,I1. _ 1014. 10 16 clll- 3 ) 

and of the whole toroidal formation ( '&t,. = 1 + 4 kGs, '1'" 5+15 cm ). 

The parameters mentioned , in their turn , predetermine the main 

physical processes : axial shock wave generation, evolution of 

microturbulence, equilibrium, stability and energy content of the 

whole torus. Notable in 

compact torus radius rs 

this respect i8 the dependence of t he 

(in the final state) on the trapped 

field 8 fr (Pig.6). Here main effects, connected with beattnc 

and 108ses are presented in an accumulative way . From Pig . 6 

a principally important conclusion follows about a poSSibility 

to control a rate of closed magnetic flux losses . Large dift 
er tne t 

between curves a end b demonstratee effect of operat iOnal re~, 

on occurence and disappearance of micro turbulence in the neut r al 

layer. Equally, a correlation is determined between MHO pl asma 

instability , and conditions under which sharp gradiente of main 

parameters ( n, B ) in the neutral layer are observed, 
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~ Trapped field 8t~ dependence on shock fiel d .fJ" • 
a) Wi~barrier field, b) barrier bank voltage Ub _ 40 Icv . 
Shock coil radius R= 10 ,7 cm 

Pis.2 Magnetic barrier infl uance on losses of trapped field . 
J>. ~i- berore reversal, h." - after reversal . 
~ Reversal pha.se. a) without barrier field an~4b )_~tb 

pulse arrier field (Ub .. 40kV)bt_ O,3~ , no_ 3.10 cm , 
R_ 10,7 cm, ' 

~,_4 Trapped field (before reversal) versus quasi - D.C. 
barrier-?Ie~d noe3.1014cm- ), R=21 cm . 
~ Depresaion of the inertial outburst on diama.gnetic 

signa~eans of barrier field . 

ikS't6 Dependence of compact torus radius on trapped field. 
s ) wi ou controlling coil s , b) con t rol l ing coils are energ1 ~ed, 
c ) calculation fissuming conservation of trapped f l ux . 
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PA!\AIIAGNETI C SPHEROtIAK FORMT I ON 

IN A COI1BINEO ZEE AND THETA PINCH 

b, 
G.C. Goldcnhaum, J.H. 'rby, V,P. Chong. IInd G. Hart 

Department of Physk. and As tronomy 
University of Haryland 

Coll ege Park, Ma ryland 2(1742 

\le repan here our f i rst results on the fo......,tion of a new type; of 
configurat ion with th" !I"n" r !c n_ of spllerOlllak.1 Our experiment, 
called rar_gnuic SpherOllWlk (ps -1) , uses !lIeu and ne pi nches to 
produce the pololda l {8z} and t orolda l (Be) field !> . Our results .how 
t hllt a (oroid.' pin ..... is formed IInd that the ne cess ary currents are 
set up within the plasma to prod",c;e the t o roidal f ie l d. 

A key fe ature of the sphe romak Is th.t both the toroidal and 
pololdlll fi eld. are produced by plum. currenn induced by external 
cal ls wh i ch do not pass through tile toroldlll hol e on the sy_try iXls . 
O~r eKperlment has this prope rty and combInes the good heating 
Ch.Hlct er lstics of thc thcta pl"ch and the favorable stability proper­
ti es of a puamagne tlc toroldal field. Theore tical stability I"vestl -
9lt lo"s2 u. lng a force -free current mode l point o~t the poss ibilIty 
of a tlltl "9 mode being ~nstable In prolate and chulcal s pheroIds 
b~t not In oblate sphe roIds. 

The present ve rs ion of ou r 
expe ri men t (ps-1) Is desIgned 
to I"yestlgat e a Me thod of 
producIng the configurat ion . 
Fu t ure e lect r ical modif i cations 
will a ll ow stabi l ity and 
transport effects to be Inves ti ­
gated. Our method for producing 
the conflgurltlon is shown In 
the figure on the r ight. 
Initi a lly ..... s t , Tt with an 11.~ 
cm rad Ius cylfndrical deute rIum 
gas colUIM (p - lCl mTon). 
The col UIM contaIns an iox la l 
bl.s fi e ld ( -Bl. ) produced by 
l e curre nts In a 30"" long 
s ingl e turn .. I rror coil with 
a .. I rror rat io o f 1.1 (see 
f'lgure .). Typically fi elds 
of ~ kG .re used. He~t (b) 
I l.ee d l recud current s hell 
Is produced by discharging. 
second capacitor ban k between 
two annular electrOdes with a 

radlu$ of 7.6 cm located at the 
""rror poInts. The Iz current 
rises to about 200 kA in ~ usec . 
The I z cur ren t creates an 
annula r s hell of plasma and a 
s lIght pInching o f the col""", 
with c_r.nlon of in iti,,1 
Bz flux. Fi na ll y the 1nt 
capacitor bank Is discharged 
Into the 16 mirror coil 
c reating a reversed (+B 2 ) fIeld 
on the outer edge of t he column 
(c) . The fast B2 bank produces 
a 10 kG field ri s ing in I.S 
~sec. This further compreues 
and hea t s the p lasma annull s . 
During this ti me it is expected 
that fi eld line re connection 
wi ll take place at the ends 3 
I lI owlng some current t o 
t;l r cuh te within the pln"'ll 
on closed flux surfaces. 

(o) 

(b) 

(c) 

'" 
'" 
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''\ 
f-----'~ R 

- 8 ' 0 I----{; 

B 
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1-------"7-*R 
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1----'f.L-*R 
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Present ly both t he 11. and hst Sz cI rcui ts oscillate . Our Inltl~ 1 
Inyen Igat Ions a re t herefore 11 • • ted to t he forlliltJon phne n 3 llseC) . 
We wIl l shoortly in~t,,11 crowbar ~nd c l ~mp circuits to prolong the 
currents and ~l low longer ter", stabIlI t y InvestIgat ions. 

FrarTIlng camera phootographs show In Imploding she ll of plasma 
whIch Is .xlsyorrnet ric and free of gross Insublll ty for a use ful 
range o f para!TK!ters . The ~he ll reaches It s equilibrium positIon, 
IIpp r o~lt!\8tely ~ . 5 cm radius , at lbout 2 to 3 ~sec afte r the nart of 
the fan B2 f Ield . Since t his 1$ Ifte r tfle tl"", of maximum applied 
f ield it is IPPl rent that the fi eld accelerates the plasma ring which 
then coasts Inward cDT\jlress l ng the bias flux until the po lo ldal 
rwgnetlc preS5~re on a~ is 15 sufficIent t o s top tile IIIOtlon. Prcs"",bly 
t his kInetic energy is available fo r conversIon to the r .... 1 energy. 

Hagne tlc probes were used to fMasu re the toroidal (86) and 
pelold,1 (82) fields in the .idplane of the "'r ro r coi l. The probes 
were moved to differen t radii on I shoot to shot basis so thlt radial 
profllu of t he fi e ld Ca n be constructed f o r diffe rent t i ..... s. The 
t orolda l fhld C""'l'onent 15 shown In the figure be low for t - 2 llset 
Ifte r the stirt of the fast 82 bank. From t he field structures one 
can "Icuhte t he pololdal current de ns ity , Jr . This is al so s hown 
In the figur e . In thi s figure pos itive c~rrent density corresponds 
to t he direction of the current fr om the 11. capacitor bank. The 
negative current density at large rad ii Indi cat es that current I s 

returnIng in the 1'185"'11 signi fying closed surfaces with in the p l .as~. 
The peak net 12 In the phsma is 2~0 kA whi le the net current on the 
oute r wall 1$ on ly 170 k.~. We plan to op t imlze the amoun t of in t e r­
nail ., circulatIng current and then da .. p out the e xternal curre nt. 

Using both the Bz and Ba fi eld profiles and assuming stat ic KIlO 

:q~~!~ b;~:I:e h:;e 3~; I~u: ~fid e~~~J:~ I :~p~~:~~ ~: I ~r~~! I~~n t~~ !; nd 
the bright annull s seen In the 1~ge conye rter photog raphs (r :::' ~.5 o;m) . 
'oIe have obtained some Indication of the Ion ternper.t~re by obse rving 
the s hape of the BII lIICr lines ( OS is shown be low) and carbon I .. purity 
Hnes. From the width of the Balrne r lines as sumI ng only Doppl e r 
broadening we find a tempe rature of 230 eV. Caroon l ines give tempe r ­
a tu re s of about 160 eV at the same time. At thl l time we do not under­
stand the diffe rence between the nne widths. Fo r an electron and Ion 

!:::~a~~r: :!n~~~y e:f a~ !h~op~r:..f _~~e ;~~:s~~~r:~~~: ~:i ~ :~:~ . 
c""'l're sslon (axl,1 plus radi~1l of a bout 7, which I s not unreasonable . 

In • ..,.,..ry we hive observe d the forll\lltlon phlle of a puls ed , C""'l'ac t 
torus configuratI on wIth toroldal and pololdal f ie lds. From magne tic 
fields _asuremenU the IISpect ratio has been f ound to be 1.8 , the 
elongatIon ( length t o width ratio) Is about 3. Th l $ means the configu­
ration , ~t present, Is I prolate spheroId. The paramagnet i c toroidal 
fi e ld Is partly due to ."ternally circulating currents Indicating some 
closed surfeces. MelSure"",n ts a re unde ..... ay l O .. ap out flu~ surfaces 11$ 

are <nodif1catlons to extend the pulse life ti me to $!udy s t abi lity 
prope rti u. 

This work Is s upported by the U. S. Department of Energy . 
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E 1.1 

COI1PUTATIONAL STUDY OF LASER IMPLOSION AND 

Cm!PARISON WITH EXPERIHENTAL RESULTS AT ILE OSAKA 

T. YABE, K.NISHI!JlIRA, K . ~!n!A, N . HIYANAGA , Y • KA'I'O ,C • YAMANAKA 

INSTIUTE OF LASER ENGNEEnING, OSAKlI UN I VERSITY 

SUITA, OSAKA, 565 JAPAN 

INTRODUCTION 

\~e <Ire studying implo s ion process of doub le layer 

spherical target irra diated by 1.06#m glass laser light 

using GEKKO IV glass laser system. Our major interest in 

this work is to investigate trans i tion fIC om exploding pusher 

t ype compression t o ablative mode compression by variyng the 

thickness of coating material on a spherical glass microballcon 

t arget. Comparison of experimental results with s imulation 

calcul ation of implosion process is expected to provide 

transport properties of hot electrons . 

CODE DEVELOPEMENTS 

~Ie have developed I_dimensional Lagrangia n hyd r odynamic 

code which includes t r ansport of hot electron by multi - group 

flux - limited diffusion model I! Ioni za tion p rocess are calcu­

l a ted by use of Sa ha equa tion . We also developed codes 

solving t he r a t e equation and calculating X- r ay line sha pes. 

Reli abilit ies of t he mul t i-group code has been che cke d by 

compa rison with t he analyt ical results obtained by one of 

a uthors Deta iled investiga tion s of transport cha racteristics 

wer e performed . Among those r e sults we presen t here t wo 

interesting example s . 

If elect ron distribution has trancation at the velocit y 

v~Vcut 2) diffusion dept h of hot electron strongly depends 

on the rati o Vcut/vTh ' vTh being therma l velocity of hot 

elect ron, as s hown in Fig . l . 

I n weak collisiona l region where densi ty is lower than 

the critica l density, the multi-group formalism is no t correct. 

We are now developing new code in which distribut i on function 

of ho t electron is expanded into Legendre s eries in angu l ar 

veloc ity spac.e . Figure 2 shows preliminary results from 

ne,,' code and mu"lti-group code . In this case, ba ckground 

d en s ity, hot el e ctron temperature and effective Z a r e fixed 

to 10 19 cm- 3 , 10 keY and 1, respectively, and constant E 

Ueld is imposed , maximum potential being 20 keY . In the 

figure, solid line shows spatial distribution of hot elec t ron 

density obtained from our new code, daShed line and dash­

dot line represent one s from multi-group code and collision­

less B. G. K. solution, respecti vely . Comparing r e s u lts we may 

conc lude tha t hot elect~on in the mu l ti-group code quickly 

appr oa ches equilibrium state and feels less E f i e l d due to 

t he free-s t reaming limi t . 

IMPLOSION STUDY OF DOUBLE LAYER SPHERICAL TARGET 

"We s i mulated implosion processes of g l ass microballoon 

(BOllm diameter and 1.1Um thickness) filled with Neon at 26 

atIn, coated by polyethylene. Total laser input power was . 5 

TW in 100 psec . Absorption rate due t o class i cal inverse 

bremsstrahlung was a few percent and absorption due t o 

resonant effect were assumed t o be 10 \ , whose energy was 

converted to hot electrons. Tempera t ure of hot electrons wa s 

determined by using the formula by Estabrook and Kr uer ~) 

Figure 3 shows calculated flow lines for various coating 

t hicknes s. The transition from exploding pusher mode to 

ablative mode with increasing coating thickness is clearly 

Seen fo r m the f igure . This is also con f irmed by viewing radial 

distribution of hot elect ron, which is completely s topped at 

lo~m polyethylene. I n fig . 4, Some of plasma par amet ers a re 

plotted as a f unction of coa t ing thickness . Peak densi t y of 

compressed core exponentia11y increa ses with thickness 

whereas peak electron tempera t ure decreases . Experimentally 

ob s eved densLty of Neon c Ore are also plotted by circles . 

Within a factor of 2 , both results are in quite an agreement 

with each other. 
X- ray spectroscopy is one of the usefu l diagnostic tool s 

to measure p, PR and Te in compressed fuel and pusher . In 

order to know the s t age of the implosion process when x- ray 

line emi ssion mostly occurs in the experimen ts, we have solved 

both rate equations for the fuel and pusher and transport 

equations for line x- r ay from t hem . The number of the 

states in the code a r e 20 for Neon , 41 f or s ilicon a nd 16 

for oxygen. For the case of the exploding pu s her type 

compression , line emission occurs in the expanding pha se 

after peak compression . As shown in Fig.5 , the line emiss_ 

ion however occures near the peak compress ~on . 

Refere nces 

1) G. Zimmermann, Lawrence Li vermore Lab. UCRL- 7 4 B 11, 1973 . 

2) C . P . DeNee f , J . S . DeGroot Phys . Fluids 20(1977)1074 . 

J . S . Pea rlman , R.L. Morse Phys . Rev.Lett . 40(1978)1652 . 

3) K. Estabrook, W. L Kruer , Phys . Rev . Lett. 40(1978)42. 
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El .2 
LASER FUSI ON EXPERIMENTS AT KMSF* 

Ray R. Johnson , R. l. lIe l"ger, P.H . Call1lbel1 , G. Cllaratis, J.G. Downward, 1.H . 
Henderson , F.J. Haye .. , N.K. Hontur, D.l. Husinski , L. V. Powers, S.B. Sega1\ 
L.O. Siebert, D.e. Slater , O.E. Solomon, J.A . Tarvin, and C.L Thomas 

KMS Fusion, Jnc. 
Ann Arbor, Michi gan 48106 

U.S.A. 

The KMSF laser fusi on program has been di r ected at investigations of a 
wide spect rum of physics issues , with our primary effort focused on the 
spherical illuminat i on and Implosion o f spherical shell targets. We have 
done experiments to quantify the condit ions of the Imploded target core. to 
measure the amunt of laser ener<jJ absorbed, to exalll ne the partition i ng of 
this energy into Hs various components , and to ex, .. ine the transport of the 
absorbed energy. Theoret ical inYestigatlons haye been directed towa rd achiev­
ing an understanding of the physical mechanisms r elevant to these experiments. 

The implos ion process has beeo iovestigated by measuriog the neutron 
yield, alpha-particle spectra, and x-ray piohole photographs from the com­
pressed targets. Using targets of varied s ize, fuel-gas pressure and fuel 
di stribu tioo , we have atte.pted to determine the final COlllpressed -fue\ den­
sities and temperatures at laser powers up to 0.7 TW. Typical neutron yields 
of a few times 107 and fuel - ion teml;leratures of 2.2 keY are obtained from the 
implosi on of 60-)lm-di ameter (10 atln) ta r ge ts at 0.4TW. These values a r e con­
sistent with peak COlllpressed-fue l densities of ",I to 2 g/cm3. Wi th somewhat 
larger, SO-)lm-dlanleter (30 at.) targets , x-ray pinhole photographs direc tly 
s how a compressed-fuel volume which represents a fuel density of ",0.5 g/c .. 3. 
[n implosion experiments with cryogenic fuel layers, x-ray pinhole pho tographs 
show that the fuel has been compressed to densiti es as high as 7 g/cm3. In 
these experiments slowing of alpha particles (expected with the higher den­
sHy) was observed for tile first time at KHSF when the loss in energy was 
detennined f rtllll the alpha-particle spectr~. The experimental da t a on co .. -
press ion and alpha pilrt lc l e enen;ly loss were found to be consistent with the 
neutron yield. The relati ve ly high densities achieved at modest absorbed 
energies are believed to be due to the synmetric target illumination afforded 
by the el1ipsoidal-mirror sy stem. A maximum neutron yield of lOB was obtained 
from an SO- )lm-d lame ter ga s-filled gl a ss slle ll with 0.7 TW on t"rge t. 

The effects on absorpt ion of laser wavelength "nd bandwidth h"ve been In· 
vestigated at KHSF )l s ing frequency~doub1ing crystals to obt<lin 0.53 ~III light 
and G plasma spatial filter device to Increase the laser bandwidth . In ex· 
perlments <It. 0.1 TWon t arget, absorption at 0 . 53 ~m is substantially greater 
thao equivalent experi..ents at 1.06 ~m only when tile plasma spaUal filter i s 
included in tile laser systelll. Al t hough there are Insuff i cient COlQll ressi on 
data at these low laser intensities, the neutron yields a t the leyel of 106 
are an order of magnitude greater than t he yi elds of similar experiments at 
1. 06 ~m. The neutron res~lts are al so consistent with sma ller energy loss to 
f ast Ions and the Increased absor~ti on. The KMSF s imu lat ion cClde incor porat­
ing ion turbulence has shown that the fast-ion co~onen t decreases and toul 
energy absorbed increases at the lower w<lvelength with" resulting i ncrease 
i n neutron yield. 

In absorption experiments at 1.06 )l m typically 20:10 to 30:;; of the laser 
light Is absorbed. Tile rehth .. o.: uI1l dl!utions of various absor ption mec ha _ 
nis llls have st i ll to be establlslled experimentally. SiRlU l <l t i on studi es indi ­
cate that approximately 40S of the absorbed energy is due to resooa nce absorp­
ti on. This ener gy is coupled into a fast electron tail on t ile thenn,, 1 di stri ­
!!utlon and ha s an important effect on energy transport In the pellet. 

Time-resolved laser-harmonic -emi ssion measuremen t s have been made t o 
study the evolution of the splle r ical target ' s critical-density surface during 
la ser i r radiat i on. These ..easurement s have shown an interest ing intens i ty­
dependent evol ution of the crltl",1 sur hce . <lnd strong spatia l and t~ora l 
structure , possibly associated with ponder omotive force effects. Ponderomo­
the force, when included I n the si RlU lat lon code , h" s a s ignif ica nt effect on 
abso rption , heating , and ma~imum compress ion in addition to the expected 
steepening of the density profile . The fo r lll of tile density profi l e' controls 
the relative II!l x of the possi ble <lbsorptlon and scaltar i ng pr ocesses . 

We have performed a varie ty of experimen ts to investigate the production 
and dynamics of fa st ions. Fast ions constitute a sma ll fraction ( .. m::) of 
the mass of the target but car ry off <I s izable amount (",40% ) of the absorbed 
la ser energy . Experi lllents have shown that (1) these fast ioo s ori gi nate from 
, very thi n ( .. soo A) layer at t he outer surf",e of the t<lr<]et. (2) they have 
a ve l ocity distribution char",terlsti c of an isothenllill rarefact i on with e l ec ­
t ron temperature that depends on tile laser intensity, (3) they are acce l er<lted 
ou tward with a broad, laser-Intensity-dependent angular distribution, and (4) 
some of t he i ons from the outel' s hell s urface can mix with the fu el during the 
implosion. Host of the observed pr operties of fa st lOllS can be obta i ned from 
the sillaJiation codes "ssUlling they are produced by a COlllbination of reduced 
the ..... l conductivity in the laser deposition region "nd fast e l ectrol1s origi­
nating from re sonance absorption. 

Compu ter si mulations genera l ly agree with the expe rimental resu lts in 
the 0.3 TW to 0.7 TW range, Including the inferred fue l - density values. 
Other ..easured quantiti es whlcll "re cDqlared to the simulation runs are neu­
tron yield, fuel-ion temper"ture. " bsorbed ener gy (Incl ud ing the partitioning 
between slow- "nd fast- ion expansion energy and x-ray emissioo) , ion ve l oci ty 
spectra , x-ray spec tra, and a l pha - partic l e energies. 

Signifi cant improvetnents have been made in the KHSF lase r system. As a 
resu lt of cleaning and r esUging , t he focusable l"ser power f rom t wo bealllS 
was increased frOll! an aver age of 240 GW to an average of 440 GW on ta rget. 
The beaSl fill-facto r was a l so increased frOIl! about 70s to 9Cn, rai si ng the 
average power to 502 GW . with a ma~ i mum of 758 GW on target. Tile foca l- spot 
size of tile la ser was reduced by a factor of about 5. Despite the improved 
cleanliness of the laser, previous damage t racks inside t he used laser gla ss 
generated low-frequency sp"tial ripple at the output of the laser. This l ow­
frequency noise, which cou ld not be retnDved by spatial filters. damaged t he 
output dielect ri c co"ti ngs. We therefore installed the plaslIIiI spa U,,1 filter, 
whiCh time-averages spat ial ripple by partially degradi ng laser coherence . 
The average focusable powar dec r eased f rom about 500 GW to 400 GW, but further 
component damage hn been eliminated. 

*This wor k w"s supported by the United States Oepartlllent of Energy under 
Contr act EO-ACOS-7S0N0030. 
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E1.3 

ENERGY TRANSPORT fROM 1.01>)l a AND O. SJ)J. 

LASER PLASMAS INTERACTIONS AT 10 15 \<1 ".-2 

J.D.Kllkenny, D.J.Bond , n.R.Gray. J.D. Hares, 
8Ia",);"tt Laboratory. laperial College, London. 

ILG. EVllns, M.Key. W.Toncr, Rutherford Laboratory. 

J.G. Lunncy . Queens University Belhst. 

Two types ot experiments measuring the transport at 

energy by thermal a nd l ast electrons for l,06)Jm laser 

plasma interactions at intensities around l015w cm- 2 are 

presented. Heat flux inhibition at 3';(, of the free 

streaming value and a low absorption are measured for 

thermal electrons . In contrast the fast electrons carry 

most of the absorbed energy many microns into solid density 

t.argets. However a low density target material is shown 

to inhibit these fast e lectrons by a resistive electric field, 

(i) Inhibited transport by thermal electrons 

It Is well known that the penetration depth of the high 

temperatu r e ablation front in high intensity laser inter­

action with solid targets is much less than is consistent 

with classical thermal conductivity , Other experiments 

(1 , 2) have measured the penertration depth on plane targets 

where there is the possibility o f magnetic field heat flux 

inhibition, Here we have used plane targets and micro-

bal l oons for which the measured magnetic field is less than 

100 kCi.,(3). . 

A uniform layer of At was coated onto 70~m diameter 

glass microballoons , or plane SiO substrates. Targets 

were irradiated with lOOps laser pulses using the Rutherford 

Laborato r y C.L.F . Experiments were done at 1 . 06~m and 

0 . 53~m by frequency doubling the 1 . 06~m laser output. Fo, 

microballoon illumination the intensities were 2 1015• cm-2 

and 5 1014W cm-2 for A- 1.06~m and 0.53~m respectively. 

Xray e mission was recorded usi ng a space resolving P.E . T. 

crystal spect rometer. This allowed measurements of the 

electron temperature from the slope of tbe At XII and At XIII 

recombination continuum, the electron density from line 

broadening and the ablation plasma bu rn depth from the ratiO 

of helium like Si to At lines. 

}o'or microbnlloons the electron temperatures were 

500,:50 eV tor both wavelengths. The electron densities 

(and opacity) obtained by fitting AtXlll La ' Le' Ly and L6 

lines self consistently (3) .were ne~ I.,: . 3 10
22 

cm- 3 tor 

both wavelengths. ThiS implies that the ablation pressures 

were s imilar for both wavelengths . The burn depths, for 

both wavelengths are shown in Fig . l . Here there is a 

signifi cant difference, the burn depth being two to three 

times larger for 0.53~m than for 1 . 06~m. For 1.06~m 

radiation on plane targets the temperature was measured over 

a range ot intensities I and was found to scale Tea rO. 18,: .(» 

Mode lling with a ID Langrangian code has assumed that 

the fast electrons have a negligeable effect on t he heat front 

as tIle temperature rise they cause a small c . f. 500eV. (see 

below) Two parameters were used to fit the observa tions to 

the code , namely the fraction of the incident energy' c' 

d,eposited into the ablation pl'asma at the criti<:al density 

surfa<:e and the heat flux inhibition factor 'f' applied to 

the f~ee streaming l imit and the Spitzer thermal condUCtiVity, 

For A= 1.06)1m a unique Ut for f and £ to the experimental 

observables was obtained with £ -' 3 ~ l~ and f 30 ,: 20. 

For A" 0.5~ tentative analysis indicates n tit with f " 30 but 

with£"6~ as would ue expe<:ted with the larger c riti cal denSity . 

(ii) Tr ansport by fast electrons 

Fast electrons are usually diagnosed either by the 

continuum Xray spectrum tbey produce or by tnst ion ' production 

A more a<:curate measurement is Obtained by l ayers of Ko fluors 

buried at known deptbs within targets (4). Recently we 

demonstrated how such targets can measure the electron energy 

distribution function and thus th e total energy in fast 

electrons . By varying the Inser intensity the scaling of 

the hot electron temperature TH and the energy in the hot 

electrons has been measured for 1 . 06)1m irradiation. Tho 

fraction of incident energy measured as preheal i s shown i n 

Fig.2; assuming that the absorption i s 30-<10%, the fraction 

of the absorbed energy gOing into prehent is about 50%. The 

measured scaling of TH was TU _ 11(I/IOI5 )O.4\vfor 4 1014"cm-2<1 

< 6 1015W cm- 2 , which 1s consisten t wi th hard Xray <:ontinuum 

measurements. 

With solid density targets there was no evidence of 

inbibition of fast elec trons . Howe ver t he resistive electric 

field set up to drive the return current that c an ce l s the 

curren t denSity of the fast electrons can inhibit t h e fast 

electrons . This inhibition will be largest for materia l s of 

low density and high r esistivity when the elect ron energy is 

deposited . A Monte Carlo electron deposition code predicts 

that at 1015W cm-2 high denSity gold targets will not inhibit 

fast electrons , whereas low density (1% solid) gold targets 

will appreciably de<:rease the effective range. This was 

demonstrated experimentally, b~' de tect ing the e l ectron flux 

through 1 mgm cm- 2 of l:"old . The flux of fast electron through 

solid density gold was consistent with the previously measured 

However fo r l~ solid density gold the elect r o n flux was 

reduced by at least a factor of 6. 

(1) B.Yaakobi and T . C. Bristow, Phys.Rev.Lctt ., 38, 350 (1977). 
(2) F . C. Young et.al., Appl. Phys.Lett., 30 , <15 (1'§'17). 
(3) 1979 Rutherford Lab . Annual Progress-neport, RL-79-036 . 
(4) J.D . l!ares eLal. , Phys.Rev.Lett., i!., 1216 (l979). 
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E1.4 
ACCELERATION OF THIN FOIL TAAGrTS UtlDER !NWCS£ LASER JRRAOIATlOtl 

G. Brederlrn/, R. Brodmann, K, Eidmann, P. Mulser, R. Petstl!, R. Sige!, 
G. Spindler, G. Tsakiris , R. Volk , S. WHkowsl:i, 
Proj ekt grurpe f Ur Laserforschung der Max-Phnck-Gesellschaf t zur 
Forderung der Wissenschaften e.V., 0-8046 Garching/FRr. 

1. The laser fusion concept relies basically on the efficient and stable 
acceleration of a thin , fue l containing shell to <l large implosion 
velocity, In this investigation we haYe attempted to study severa l 
aspects of this accelera thm process, nome ly II\ilSS ablation rate and 
efficiency of energy transfer, in planar geometry using thin foil 
ta r gets of va r iable t hickness . In t his lIIanner it 1s hoped to gain 
insight into t he underlying physical mechani sms which govern the inter­
action of the laser radiation with the t ar get material. 

2. The basic idea is best Illustrated by assllling a stationary situation 
where the laser-irradi ated foil is accelerated by the ablating plasma 
like a rocket by its burning fuel. From Integrati on of the well-
known rocket equa t ion (see poster) it becomes clear that the effi­
ciency of energy transfer to the cold material depends onl y on the 
ratio of ablated and initial mass of the foil, r egardless of the ab l a­
tion mechanism . The optlmUIII energy transfer is achieved for r.la ~ 0.8mo 
with "I. - 0.65. The absolute value of t he ablated MaSS Is nast directly 
determlned by a measurement of the foil kinl't ic energy as a function of 
initial foil thickness. In a nonstationa ry situation recourse has to 
be made to a numerical simulation. 

3. Exper iments wl're carried out by irradiati ng plastic ( C6i!701 1N3) Q foils 
i n the thickness range 0.1-10 IJm with 0.3 TW pulses frOfTl the i od lne 
laser Asterix 111 ( J. ~ 1,3 l/1li). To ensure a planar interac t i on a la rge 
foca l spot dia/lll'ter (400 ~ di am. ) with a corresoondin'1 intl'nsity of 
2 x 1014W·CIII-2 was used . The kinl!tic energy of t he accelerated foil 
mater i al was measured with a large graphite cone calorimeter. In sepa­
rate seri es we measured al so transmission and t ota l absorption of t he 
foils; \.he lat t er b.V ~ n Ulbrich t spherical photCll'1eter. Additional dlag ­
r.ostics Incluc1ed ion time-of- flight probes in the front and ren space, 
a Thocllson pa r abola mass spectrometer. ~-ral pi nhol e camer~ and a 5-chan­
nel absorber foil Spel:tra-t er (1.3- 50 KeY. 

~. The experil!lental results (see poster) are consistent with a stll tionary 
ablatioo (rocket eQuation). from the ~inetic energy ntellS Urements an 
abla t ed layer t hickness of only d ~ • 0.06 pm is obtained; the transmis­
sion measurement s give 11 somewhat larger value (d& - 0.15 ~m). Thus 
efficient accl'le r ation is achieved only for very thin fo ils . 

s. The results have been analyzed with tile help of a 1- 0, slogle fluid 
hydrodynamiC code. The following points sllould be emphasiz ed: 

(Il Unllrr.ltt'd (r • Il Spitzer heat conductivity prcdict~ ~y"""'t .. ic 
fall e~pa nsion up t o a t hickness of 2 IJm . This is clearly not 
observed. 

(iI) Reasonable a9reement with the e.perirents can be obtained if strong 
heat flux Ii llltation is ass umed in tile code {f _ 0.003 is shown in 
the poster}. The ca lculati ons show that the foil accelerat ion then 
is well described by the stationary rocket lIIGdel . Possible ca u1l!s 
for heat flux l imitation cll noot be inferred from t his work . 

(ill) An alterna t e inter ac tion model ('e.pl oding pusher") assumes that 
the absorbed laser energy is deposited by supertherrnal electrons in 
tile t ar get. Fro.ourx-ray lII!asur8lents in t he rao!]e k- 4-15 keY a 
teeperature of the superthennlll electroos of TH!:!') keY is found . 
One-sided ablatioo as observed in t ile exper illll!nt is consistent with 
dominant superthermal ener<JY transport only if the range R of these 
electrons does not exceed the ablo ted layer thickness: R= da . The 
measured d,= O. l ~m corresponds to a r ange of =..:1 keV electrons In 
cold plast c. This energy is less than the meuured x-ray hot elec ­
tron temperature Th~3 keY. Note however that Th values de r ived 
fro.. x- ray spectra depend on the photon energies of the lII!asure ­
III!nt and give only a rough figure for the characteristic electron 
ener9Y. lie must admi t therefore that superthel"lllal electrons lllAy 
be important i n the ablation process; quantitatively t heir contri­
butioo can be assessed only by a more detailed model f or energy 
transport . 
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STUDIES OF LASER DRIVEN UIPLOSlO:fS BY rUlE-RESOLVED SHADOWGRAPHY 

C L S Le",i., L Cook", J G LURney , A ~loore, J H Ward - The Queen's 
University of Belfast 

R G Evans, ~I H Key - Rutherford Laboratory, Oxon 

T A Hall - Essex University. Colchcatcr 

On leave ero[ll Que,m'. UniversilY. Belfast 

X- ray shado",graphy techniques have be"" developed to diagnose dense 

laser imploded pinsm'" which "re too cold to characterise thc",selvcs by 

self emission of XUV radiation. Experiments we have carried out Ca date 

can be grouped under two categories. 

Pui • .,d X-ray shad~'o&raphy of lIlicrob311oons irradiated in the 

e l<p iodlnR Pllsher mode Here 65~ .. diameter 1.3 um ,,/all thickneSi glass 

""c.aballDon targets ':CH! irradiated at 5 x 10
14 

... <:",-2 ... ich 100 ps, 1.06 urn 

pulses 3nd the imploding plasllla probed "ith 'I. 100 pse" duration , 1. 8 keV 

X-rays hom an auxilliary laser produced plasma. Ey imaging the back light­

ing plasma through the balloon with a pinhole camera and varying the 

anival time of the auxilliary pulse, "time frozen" images of tbe plasma 

"'ere obt.1ined which show the spatial .1nd temporal development of the "bsorp­

tion zone. Experimental data were found to be in general agreement with 

predicti,,"s frrun the I-D fluid code !!EDUSA aod early experiments with 

87 Bar Ne filled balloons indicated a peak core density of Q ~ 2 g "",-](1). 

Improved experimental conditions have corroborated this observation and 

yielded better quality illl"ges (Fig. I). 

INITIAL 

DIA METER 

---j 69 ~m !.- Figure I 

Pulsed X- ray shadowgraph 
250 ps after irrad iation 
showing imploding she ll. 

2. Streaked .hadwography of m;crobalioons irradiated in the ablatilll! 

mude. These experiments used 1.6 ns laser pulses with incident power den­

sities, I 'I.] x 10
13 

w C.,-2 on 2<\0 um diameter 1.4 ~m glass "all thick­

ness microballoons coated "ith I to 6»01 of polymer. The hot electron 

preheating range, H "'as small relative to the shell thickness Q..H/1Ir ... 0.1 

to 0.5) "nsuring ablacively driven implosions. As above n backlighting 

sour~e ",as ;rnaged t hrough the balloon with a pinhole camer .. but the i_ge 

was samp led with a slit before detection on the photocathode of an X-rny 

streak camera. Streaked images provided 'I. 10 Jl spatial resolution in one 

di_ns;on and ... 250 psec t""'poral resolution and ~ho"ed the implosion 

dynami.cs directly in " single shot. I'igur~ 2 oho". a streak photograph 

in which the irradiation of che X-ray baeklighting target was I.a ns delayed 

relative to the microballoon target irradiation. Peak compression is 

as a minimum ( 'I. 100 »01) width of the absorbing zone. 

o 

x_ 

TIME ns 

Figure 2 
Streaked X-ray shado'~graph 

microbal1oon inadiation c entred 
a t [ - 0 

This and other d .. ta sho" 

anomalous features which suggest 

the development o f significant 

Rayleigh-Tnylor instabilities in 

the imploding shell . The anomalies 

(al The inten.ity of the 

X-ray emissi.on from the target 

(preceding the intense back light­

ing intensity in figure 2) "hich 

is much larger than in pure polymer 

targets and is evidence of Si0
2 

in 

the ablation pIa.",a . The s imple 

burn depth of the ablation is 

insufficient to explain this and 

unstable mixing may be occurring. 

(b) The boundary of [he zone of 

absorption in figure 2 i. diffuse 

on a scale'" 30 ~m "hile calcula­

tions with the 2-D '!EDUSA hydro­

dynamic code suggest it shou ld be 

at the instrumen ta l limit of sharp­

ness ( '1. 10 pm). This could be 

explained by 5i02 mixing "ith the 

polymer . 

(cl The translahs ion of backlighting X-rays Seen in the early Stage of 

the implo.ion (with .. Ho time del3y backlillhting) is .'I"'III"lously large 

(compared to cOIlIputed values and shadowgraphs of unirradiated targets). 

This could be explained by br eakup of the high Z glass shell . 

Estimates 0[ the growth e"pOn~nt for surface ripples on .. scale 

equal to lhe s hell thicl<ness (present with amplitudes of 0.1 to O.3~ .. 

in the polymer coating), using classical Rayleigh Tay lor growth rate 

and the observed .hell acceleration, indicate growth e"pon~nts fydt 

",aching 10 before the shell has i mploded by more than 20 X of its 

initial radius (see figure 3). 

MicrobQlloon Radius (1"= 0·51 vs Time 

, I~",I o - E'J>enm1'1 
5~m polymo< <001;"'./ " 

,., 
-- Th~o,~/ 

Ihll'l 

'" - ¥I c~,,,," 
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The time to implosion peak and radius time characteristic of the absorp_ 

tion zone boundary are other",i.e consistent ",ith HEDUSA calculations "hich 

predict 'I. 10 g <:m-3 in the imploded glass. 

New experiments to study ablacive implosions of shells "ill be reported. 

These will use s}'lmll.etric target irradiation with 6 beams and n streak shad­

owgraphy system incorporating an X-ray microscope a. shown in f igure 4. 

One aim of the experiments is to u.e a combination of s hell material, gas 

fill and X- ray backlighting energy ",bich will give me .. . urable X-ray trans­

miosion through the compress~d core, dominant absorption from the gas fill , 

.. nd thus a direct measure of the c,,",pressed gas density. 

Analytic modelling of ablatively driven implosiom i.s being used to 

give a broader view of parameter dependences than is afforded by hydra­

dynamic code calculations. These .. odels are discussed else"here (2) and 

suggest for exartlple that for unshaped laser pulses (con.tant applied abln­

cion pressure) the mass ablation fraction n, for a « I is given by, 

~~/------!s------Ll--y~- _. f--I: c== 

A CRYSTAL SPECTROMETER 
B X-MICROSCOPE MIRRORS 
C X-STREAK CAMERA FIGURE Q 

,, - (# £.....) j "here" i s the ablation front density and" the shell 
" ". a " 

densi ty ; and that the compressed core density Pc is 

where Pg is the fill gas density. 

Increasing Pc by increasing rJAr i. limited since 

there is a practical limit to" and aho because R.1yleigh-Taylor insta­

bility growth is expected to scale as exp I (r/~r)ll. The analysis , ug­

gests that if the ablation denshy is proportional to the critical density 

and if the optimum irradiation intensity is given by constant 1).2 for 

constant hot electron effects, then for a given" the attainable implo­

sion velocity i s wavelength independent but the ne~essary r/~r sca les 

p
a

- I or ),2 . 

Stability and scaling behaviour of ablative i mplosions can be 

investigated directly "ith the shadowgraphy techniques discussed aboll" . 

We should like to acknmdedge the ~aluable contribution of 

B Ahlborn to the develop ment af our underst.1~ding of the i .. plosion 

hydrodynamics . 

(I) Ke y H H, Le",is C L 5, Lunney J C, ~Ioore A, Hall T A, Evans R G 

Phys Rev Letts i.!. 1467 (1978) 

(2) Ahlborn B, Key M 11 (to be publiahed) 
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LASER MATTER INTERACTION AND IMPLOSION STUDIES IN 

Ll ME IL RESEARCH CENTRE 

A. BEKlARIAN - A, BERNARD - E . BURESt - R. DAUTRAY - K. DECROlSETTE 
r. DELOBEAU - P . GUILUNEUX - J,K. REISSE - B. SIn - J,H. VEDEL 

J . P. WATrEAU 

CENTRE D' ETUDES DE LIIiElL - S.P . 27 - VILLENEUVE SAINT GEORCES - FRANCE 

I. INTERACTION EXPERIMENTS AT 1,0611'" 

Ouring the I llS .. year, LiID .. il l abo ratory placed ",""hasis in [hac H e ld on 
a batter knowledge ot absorption and tun.port pro~ .. " •• in 80 p. pull .. expedaoentl 
at).. - 1,06 IIm. 

Resulu dealing with ahBocption have been .... corded with our solid 02 plane 
target e xperi_nt /1 f. Ene rgy balance wu performed uling twenty five photon ,b .. 
calorillll!ters, and an equal nulaber of land.)' cup. or ion ealori ... !tefl isotropically 
"et around the tarset ; the advantaBe of such an arrangelaent i . an ea. y recording 
of energy lobes , for ion. as well Q8 for specu!ar or scattered light . The normsl 
to the targe t aurface could be rotated in the horizontal plane, and 8 qua n z plato 
allowed P or S polarization irr.diations. Iioreover , scattering spectra near 1,06 
or O,S) 1111 have been s tudied with a photodiode array .ys te •• Ne.r 4.1015 W. CII-! 
and tor rotated angle of IS· , an absorption e fficiency of )7 !: 2 :z have been 
obtained for S polarization, and 60 ! ) :z t o r P polarization . Ion calori .... try "81 
found in agreement with the photon energy balance . It "'at observed that P pola­
ritation inc r eased ion acceleration along the normal to the target. Concerning tho 

~~:~t~~! :~~!i~:, t~=o r~:P:~:~ ~~~f~n~~a!'~1 h~=~ifo~::.~~~:: ~;o~::r~~~~ :~~lIf:" 
whila spec t r al width ineru.ed fr_ g A to ;0 )0 A. Ion acoustic in. tability i. 
able to e"p lain such re.ults, but to confir. this interpn _ta tion we uill need fur­
ther invutigations which are now in progre8l . 

bi.l enerlY tean. port have bel!n invest ila~ed in sillilar irradiation 
coadltlons ( 1, 061111 80 pi) usinS layered targer. /21. The _ i n diasnostic ",u here 
X-ray spectrography; Ipatial profiln, e nergies and retloa of X-rey lines h.ve 
been 1DI! •• ur ed and coapared to thoae deduced froOl • one di ...... n . ion.l hydrodynamic 
lagr.nlian code including thet'nUIl flux inhibition and prehe.ting, X-ray emiulon 
being calcula ted with a corOna DIOdel t ak i nll into accounf . pectral op.citieB. 
T.rgef. were composed o f a glus substute, coated with varioua thicknes .es o! alumi­
nium between 160 and 4000 A. In fhe cau of single 18ler pulae, the . blation de pth 
(deducad frOfll the resonance SI-Lioes cut off) and tha dependence on Al thicknen of 
thl! .. in linn inte na ity ratio' , allowed to infer the tbenaal fiu" lillitation 
factor for a given ab.othed fIul( . Then . " double laser pu lae technique (time 
delay 1-2 nB) producing two well separated-in-apace X-ray emitring plumaR, gave 
accell to parllll4lten relative t o the preheating due to f.,t electrons occur r ence , 
•• hydrodynamic ' fronsly depends on the preheating depth .nd ratio. Typical v&IUel 
at'" 1015 W. c .. - 2 are: a few per tent for the thet"lllal flux !i_it.t{on f .c tor, 
around 10 :z for the ptl!heating r.tio, and 10 to )0 \Ill for the prehuting depth. 

II. IHPLOSION EXPERIMENTS 

We reported et the Innlbruck conference (978) the fint relult. obtained 
with our illploa ion e"peri ... nt C ..... lia /3/. It i s perforated with OIJr e ight bea .. s 
l ue r facili t y Octal, cu r rently delivering on target I TV in SO ps. \le proceeded 
with a u, riea of implosion exper i_nca in the e"p1odi n l pusher regi .. e /4/ . Tarl.t . 
won .. icrob .. lloon. typically l ~u t han I IJm In ",all thickness , 60 - 120 IIm in 
diameter. The irudiation geolHtt)' wll th.t previously dOlcribed, i-I! with the 
lale r bs .... incoming .Iong the directions o f the diagon.ls of a cub e , such a .itua­
tion inauring a nsarly isotropic energy d,po. ition. 

Beside . ulua l corona and core diagnostics .uch as time intlgrated X-ray 
pinhole photographs or space resolved spectroBcopy , particular i nure . t has been 
given to neutron yield and evolUfion in time of X-ray e,"iuion. I"plol ion dynaalica 
wa . obtained with a raa t X-rIlY , treak camera , the apatill r esolution be ing !!.iven 
by. second slit petpendicu l a r to that oC the photocll thode. A typicll ruult i. 
shown on the fig. 1 ; it h.s been obtained "Ith a atandard 80 1111 diallCter .. icro­
b.lloon fill ed with" )0 bars of DT. The collaple time, identified .. the dl!hy 
be t ween Corona and core emi ssion, was 100 pi. On fil. 2 i . reported the neutron 
yie l d versus the .bsorbed specific energy ca. If taking Into account tho fut ion 
encrgy, the neutron variation venus the use ful specific energy i. in good agree­
ment with n ..... ric.1 predictions fr_ the .. LL analytical aodel /5/. At last th .. 
effect of a prepulse (in the cOntUn ratio range 10' - 10') on the {IIOplo,ion cha­
racteristics has been s tudie d, .. hich provided useful in fol"lla tions for e"plodinl 
pU8hl!r regime unde n tanding. 

In . THEORY ANa NUMERICAL SIMULATION 

In relation with e"peri .... ntal studie., t he follovi ng theoretical .. nd nUlle­
rical atudiu are pursued. A te l f sillilar e"pansion of 11 sphe r ic.1 plasma into Va­
cu"'" , without any assumption about the e lectron stace s equation , has been deve­
loped /6/. In order to """del fluid behaviour far aU/l Y frOll quasi equilibrium when 
high gradients IInd thermal flu" are existing .n equation sy.te .. giving the four­
teen lIO .... nU of a kinetic equation ha. been set, .mich de l cribu as well .di.batic 
collisionless flow .a colli.ionnal equilibriOll . The .... l flU)! lillitation by ion 
acoustic instability and cha kinetic rhaory of magnetic fiel genl!ration in r non.nt 
absorption of laser light 17/ have been aho s tudied , In order to interpret X-ray 
spectrs, a non LTE piu .... Tonisation o>odel has been obtained by solvi n !!. the rete 
equati on for radlatlve and colli. l onn.1 transition • . U.ine a HOMe Cado aimulntion , 
penetration length of luprathenul electron. has been eva luated 18/. 

Studin on the fluid dyn .... ic stability of target implasions h.ve been 
continued. In particular, theoretical mod a l for the description of ."",1 1 pertur­
bations of e phne or spherical implosion h81 bee n e"tended to include t he effec t 
of vi aco , ity and of ae lf-generated .... gne d c field s (which might reactl the .... gagau6S 
r.nge in the overdenle region) /9/. lIe.i dea , our spheric.l perturbat ion code PERTUS 
h ... been used to inveati&ate IIOre thorOlJghly the instability of th .. converging 
shock tront and of the ablation laYl!r /9/ /10/. At hat , apecial dphas i' hat been 
put On the development of a two dimensIonal code ta allow 11 better simulation of 
laser light abRorption and thermal conduction. 

135 

, 
I ~ 

9 0 

W 0 00 , 
IO CO ~ 

Z E 0 3 " " " ~ 

" W 
Z 

o 

z -. 
°i ...... g 
~-. ---·· .... 0 

M 

" . 

r----::-----.----------
~ 

§ 
o ~ 
w ~ o m 
00 
~ ~ 

'U . -_. 
R.EF:ER.ENCES 

11/ C. COI1EDARD - A. SAlLR.ES 
Experi-.nul obse rvltion of pan lineer eU ICtl in a lUlf created 
pIu ... "ith S or P polarization 
9th annual conference on .nomalous absorption of elec rrOll>l.gnetic 
" liVes. ROCHtSTtR 1979 

11/ J . C. COUTURAUD and 41 
f.xperimantal and nUlllerical e nerg)' transpon studies Io'ith 80 ps ; 
1,0611" luer pulul 
9th ennu.l confennce 011 . nomalous .bsorption of ehctrougnetie 
w.vu - ROCEESTER 1979 

lJ/ A. BEKIARlAK .nd al 

Travaux Sur I'inuraction et l'ialplosion l aser au Centre d'Etudes de Liweil 

7th COnUreDCe intern. tional ... ut le Physique des Pl85l:181 - ll>l'SBRUCK 19 711 

14/ O. BtLLO~ ami II I 
EightbeRll1s impiosion experiments at Li(lleil 
XUth European conference on l aser interaction "ith matter .nd l.ser 
thenro:;lnuclur fusion - ~IOSCOU 1~18 

lS/ E.K. STORM and a l .• p.R .... 40 , 24 (1918) IHO 

16/ P . MORA - R. P!:LLAT 
!loltDllann mquilib r ium and enerlY conserv.tion in the self ,icoilar 
e xpanaioo of a pi., ... into a vacu ... 
To be published ill Physics of Cluids 

17/ P: MORA, R. PELLJ.T - Journal d, Phy.ique httres.!Q, 24~ (1979) 

1..8/ J.P. NICOLll 
Etude du r .. lentlnemrn t d'~lectrons sul'rathe crJques danl un plasma 
erU p.r laser 
rapport Cu. - R - 489g 

B. SITT 
Analytic.l .nd Numerical s tudies of tbe 
confine .... nt Fusion tl rget im;>lo.ions, 

. Bull oC the APS.!! (£) 721 (1979) 

/10/ N.II'Iua: - B. SrTT-

Linear stability of Inertial 

- ~~~:ility of a spherical shock " I ve in the implosion of an lcr t arget , 



136 
El .7 

RECENT fllGIi DENSITY INERTIAL FUSION RESULTS FROM TilE SH!VA FACILITY 

E. K. StOrnl , H. G. AhlstrOOl, J . A. Glaze , K. R. Manes, J. H. Nuc~ol1s 

University of California Lawrence Liver more Laboratory 
livenlOre. Caltfornh 94550 

OfJe of the near team goals of the inertial confine1l\ent fusion 
program at the Lawrence Livermore Laboratory. is to demonstrate 
scientific breakeven with the Nova laser system in the mid-1980's. The 
conditions required for this goal are several t housand times liquid OT 
densities at fusion Ignition temperat ures . The Shiva laser system, 
capable of focusing up to 15 kJ at 1 nsec lInd 30 nI at 100 psec, was 
developed to study the ph!,sics of laser drhen inertial conflnalen t 
fus\oo (ItF) and atta i n intemedlate milestones for the U.S. leF 
program. In recent experhnentJ we have achieved co.pressed DT fuel 
den5ltie~ in excess of 15 9/cm • or greater than 75 ti~s the liquid 
density of OT. Although the DT bur9 temperatures obtained were rather 
low,-D.5 keY, neutron yields of 10 impll that conflnement·tlme 
product values (nT) in excess of 10 14 cm' sec were achie~ed. 

Extensive target diagnostics have been developed for Shlva. These 
dhgnostics are routinel y used to measure neutron yield and spectrum . 
energy balance. al pha , beta, X·ray, optical. Ion and proton spec tra and 
telllPorally. spatially and spectrally resolved X·ray and alpha particle 
emissions of the I .. ploding target. Some of the IIIOre recent additioos to 
our target dhgnostics capability are listed In Table I. Four new 
Instr~ents have been develOiJed to Invest Igate implos ion dyn4/lllcs and to 
determine the fuel density of the Imploded fusion pellet. The first, 
neutroo interval timing, is used to measure the time Interyal between 
the peak of the laser pulse and the later neutron emission from the 
imploded fuel. M example of data from this diagnostic. In the form of 
average implosion velocities for 3 generic target types, Is shown in 
Figure 4. The second util i zes an Imagl ng X·ray spectrometer to measure 
the spatial exlent of Argon tracer seed gas Introduced i nto the OT 
fuel. An example of dat4 fron this technique for an ex.ploding pusher 
target is shown in Figure 2. Figure 3 shows the compressed fuel as 
determined from our p; lone phte coded Imaging lectllllque for the same 
experiment. indicating good agreelllent between the two II'Ie t hods . The 
Argon imaging spectrograph will be used In the intermediate density 
regime when the p;·partlcle range prohibits the use of the lone plate 
coded imaging technique. The third utilizes radiochemi s try techniques 
to obtain a direct measurement of the overage density-radi us product 
(par) of the various target ell!l1ll!nts at peak neutron production. A 
generic target with several poss ibilities for this technique Is shown in 
Figure 4. Frail lnI!asurements such as these. the fina l OT fuel density 
can be inferred. The fourth techn ique Involves X·rlly backlightlng. 8y 
creating an Intense ;a:·ray source ami spatially and temporally resolving 
the tranSlllission of these X· rays through the target, detailed • 
Information about the target dynamics can be obtained. We have recently 
carried out the preliminary experiments shown in Figure S. For this 
experiment , no time resolution was attempted, and t he target itself was 
not Irradiated. A Fresnel zone plate coded aperture was used to Image 
the tranSlllissiOll of Sn l line ellisslons through a 143 tJII by 5 tJII thick 
SI02 mlcrosphere coated with 50 .... of CH. 

During the past year we have Irradiated both exploding pusher and 
ablatlvely drlvl;!n t ~wg~ts >!ith ~i.,,,, l ~ lIulse shape~ , prodlJ'l:ing higher 
neutron yields than previously attai ned frOOl b9th types of targets. A 

~r 1 ~s a o~ t~;g~~l ~~r~~!~~ ~~~s i~1 ~hm:~~~~~ I ~~uir~~e;i~~ 1~~ S 3 a~ l~l~~ 20 
In addition the experiments further extended our confidence in our 
simple exploding pusher model. Figure 6 shows a compari son with 
predicted and measured neutron yields liS a function of specific energy 
absorbed by the target. The exploding pusher targets were also used to 
correlate f uel densities as Inferred f rea radiocl1e.lst r y neutron 
activation t echniques and n lOne plate l .. aging. The exploding ~~sher 
high neutron yields produced easily detectable quantities of Al by 
neutron activ ati on of silicon in the target Shell, and made possible the 
determiMtion of the pM of the Imploded shel l. The inferred fuel 
density from this experiment, was then COlllPared with data from the 
n zone plate camera on the same shOt. A simple isobaric-isothermal 
model has been devQloped which relates pus her pllr values to fln4l fuel 
densities both for explodi ng pusher targets and for targets such as the 
one indicated In Figure 7. This model ami the ex.plodlng pusher scaling 
regime, is compared to de tailed 1-0 slmuh tlons In Figure 8. To date, 
neutron yields in ex.cess of 107 have been obtained frea the e~ploding 
outer shell high density targets shown In Figure 7. Irr adiation of 
ablatively driven targets designed for high compression at 7 to 10 kJ 
with pulses frCJtl 0.7 to I os duration have produced a maxjmum neutron 
yield of I x 108 , Peak OT densities In excess of 15 g/c.., have 
been observed. The total range of DT densities and neutron yields 
avai13ble with the ID kJI1 ns to 25 TW/100 ps Sh i va facility are 
SUl1lllari led In Flg~ .·e 9. Resu lts of the se , and oth~r experiments, will 
be reviewed. 
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E1.8 
PLASMA HEATING BY THE AMPLIPIER MODULE RADIATION 
IN THERMONUCLEAR INSTALLATION "DELl'IN" 

N.G.Basov, Yu.A.M1kha11ov, G.V.Sklizkov, S. I.Pedotov 

P.N.Lebedev Physical Institute of Academy of Sci ences 
of the USSR, Leninaky prospec t 53. Moseo_, USSR 

The laser amplifier module under consideration 1e a ba­
sic unit of a multi- beam fUsion installation ~DELPIRIt. This 
installation l e intended for spherical heating of plasma at 
t he light energy level Er. ~ 10 4 J 1,2. Laser installations 

for such experiments must compl y with a number of specific 
demads, such BB high degree of energy contrast ratio K ~ 
107_ 108 , small divergence of laser radiation ~~10-4_1~-J. 
precise time and apace u,rnchronization of a great number of 
optical beams, and a possibility of pulse shaping in time 1n­
teM"al 't'Lc;! 0.1-10 De 2,3. Hoted requirements have been taken 
into account in the creation of the amplifier Qodule. 

Laser radiation frOQ the output of the linear preliminary 
stages of amplification With energy ~PSA~()O-40)J and beam 
diameter ~ 45 mm is directed into ampl ifier module.Construc­
t ion was based on successive-parallel disposition of active 
elements With splitting coefficients from stage to stage : 
n_) , 2,),). Mentioned above parameters of laser radiation have 
been meaeured along the optical beam, and the corresponding 
correction of beam quality has been performed by means of 
optimizat ion and alignment of the optical elements. In Pig. 
is presented far field transformation distribution, which is 
connected with a divergenoe o~ laser radiation. 

Pig. 1. Par field zone of laser 
radiation at different 
stages of amplifier 
module. cl. - radiation 
divergenoe. 

At the amplifier module output 
54 light be!llmA 45 mtJI in diameter 
are summed into ) composed beams 
containing 18 small beams each. 
These ) composed beams correspond 
to the three out o~ twelve di­
rections o~ the target illumina­
tion in the vacuum ohamber. 

Pig.2 presents ~ar and near field distribut ions pictu­
res for one o~ the composed beams. Lassr radiation parameters 
for pumping lid-glass aotive rods by light pulses With energy 
Bp!::O! 25 kJ per Mlpl1f1er in the time interval 'tp .. 800 ~ 
are listed in Table 1. 

Pig. 2. Typical struoture of a composed beam in ~ar 

field ( A) and in the near field (BX B - ~or one 
of 18 small beams). 

T b1 a • 
CROSS N1JJIllER ENERGY DIVERGENCE PLUX BRIGHTNESS 
SECTION OF BEAMS J rad DENSITY W/cm2eter 

om' ;45 mm W/cm2 

810 )%18_54 10J ).9. 10-4 5.106 10" 

Radiation of eaoh of tha composed beams (285 mm in aper­
ture) was directed by means of prisms and lenses into a va­
cuum chamber and was focused by two-component objectives 
With equivalent ~ocal length f._780 mm onto the target . 
In our experiment Al foils 0.5-10 pm thick, and both glass 
and plastic spherical microshells were used as targets. The 
main goale of the experiments With one and three composed 
beams was to study optical oOTlllJlunication in laser-target s1e­
tem, and the efficiency of laser light abeorption in thin­
-shell targets . Investigation. ot the energy balance in lase~ 
-target system and the composed beams parameters during in-
teraction with plasma showed good optical isolation of the 
amplifier stages from plasma refleoted radiation. ~a latter 
wes about ) ~ of the radiation incident onto the plasma (in 
focusing optics aperture). Measurements of plasma parameters 
carried out by X-ray epectroscopy of both Rremstrallung 4 

and linear 5 radiati on from plasma allowed us to make a con­
clusion about possible heating of thin sbells up to the kilo­
volt temperaturee. Flux densities of laser radiation on the 
target surface were q, ~ 1014 W/cm2• Figure) prasents 
pin-hole photograpbs of a plasma target in its X-ray radia­
t i on in the wavelength region ~ -(3.5 - 5.5) •• X-ray 
radiation spectra of multiply oharged ions in laaer plasma 
are uasd tor epace resolved measurements of the electron 
temperature and electron density profiles. 

~~l~'~;""'" .---
.. TARGln' , AI - 5 ..u1l 

Pig.). Pin-bol e image of 
thin foil plasma 
in ) frames. 
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E2.1 

NONRESON"NT DECAY ay LOWER HYBRID WAVES 

H. BItA.'lBIU .... . B. LIBERHAIf, S.S. PESIe, D. ~R[AU 

4SSOCIATlON f.URATOU-CEA 
OPl!-rFC - Ct!ltlte. d' f-(udeJ Wu cUa.i-'l.(!,4 
85 X - 3804 r GRfM:JBLf CfVEX I F-\t1uce.) 

Para_trie decay of Lower Hybrid ",av.,. hu been extensively studied 

s ince 11 f .... years I. To derive the di l perdon relati o n ot the decay "ave l , [wo 

different approaches have been used in the literature. In [he first 2 thl! pump 

electric field is assumed to be hOlDOge nao" l in sl"'ce (diro1e app roximadonl 

and Vluov Equation i, i.ntegrated in the Oscill ating Center Coordinate. (OCC). 

In th" second approach) the parametric decay process i, considered •• the 

linear IItaa" of a thru WII"c interaction (P""'P. sideband and beat lIave) and 

rhe disper sion relation is ob tained fre>m a recursive solution of VIaso,", "'1ua­

tion . 

To """,,nd orde r in ~h~ uoplitude of the pump, one would e"pect 

aguCIDI!nt b~tw~en ~he two approaches in the lillit in which the wavehngth of 

the decay wava is short compared with the wa,,('.length of the pump, lk:1 » Ik"J 
In thi s limit , the dispeuion rela tion obtained in)(neglect ing for simplici­

ty the upper .ideband and tenas small in the electron to ion ma n r at io) be-

0) 

where 
II _ .!... l(E 0 x k) . b 

e m III 11 
e 0 ce 

(b i s a unit vector in the direction of the Hatic _Inetic field; other 

notation. are standard). ['I. (1) hu to be compared with the dispeuion re-

lation obtained with the oee ",ethod but under othenoise identical auu"'p­

tions,2 

(2) 

) Xi (W-<.oI
o k) - Xi (w, kjfXe( ......... o, k) - " 'w , • y} 

dw, k) E(W"W
o 

k) 

tf both ", .idobnnd and ,", beat w"vU are relonan~, 

m 

Eq.(2) become.! identical with E<t . (I) . UnW""OH Eqs . (I) ~nd (2) admit 'Hlsta~J" 

soluti!)n' for which (3) an not "alid, ttln ~e"t "ave being heavily damped 

or evanescent in the ab."nte of the pump. for such "quatiOlOdes" E"s. (1) and 

(2) are qUantitati"ely difhrent, u illu~tratcd by the e:U"'ple of Fig. I 

(thue turve. are obtained fro .. the co.plele dispenion relations of) 1011 2 

respectively; the curvet crOss at a point whi~h happens co satisfy Eqs.() 

exactly). n,e discrepancy between the [WO npproa~he8 had been previously 

noted for unmagneti~ed piaSLlS 4 . 

To understand the or igin ("If the di l ~rep8ncy, we re~all bow VI.lWV 

Equation i l s olved in the two e:"5eo . The steady s tate d i .tribu rion function 

in the OCC method is assumed to be 

'" 
where fH i . ".,,"'ly a H.allwellian , and ;;[(t) i. the o .<:i ll at ing velo<:ity of 

the parfich. in th~ pump field. To lo lve t he perturbed Vlasov Equation one 

then looks for a .olu[;on of the fo .... 

OC" .. .....I [k.(r- Jt;;E(t ' )d~ ' ) - wt] 
M (r, v, t) • r (v-u,,(t»e (S) 

f(~"> then utis[ies a line .. Vlasov Equotion from which F.o(t) ha5 been eli ­

.. inated IInd whose integration i s straigtltforward . The d i spersion relation 

(2) is then found by applying Floquet theorom and devdoping Poisson F.qua­

tion [0 2d order in 111,\. 
However (5) i s not the so l ution on .. would obuin by integratinll 

the perturbed Vlasov equati.on atonl: its chll ra"teris(iCI (the later has an 

unmanageable s"cular te .... in the phs.e fac~or). The diff"ren~e hns n non­

vanhhing component at th" pump frequency , implying the need of a "renomn­

li~ntion" i( (4) has to repre.~nt the Itald~ state [0 all orders. Ho"e"er, 

sine:e the Choice of fH is 3[bit .. r y. while the di sp .... ion relation of q ue ­

simodes i. eritically .en.itive to e:orrectiens of order Illel2, it appear. 

difficult to reach unambilUOU5 conclusions within ~h .. acc me thod. 

On the otherh .. nd in the iterative approach 
.. • a f H F(v, t) - fH(" l) - ~E( t) (6) 

Thi. i s not just an approxi-.ation to Eq. (4), but cornlponds t o the alJump­

tion that to order Illel the PU"'P prop'l\at". linearly, the ""xact" intellr.h 

. of !DOtion in the pump field being destroyed in 1 .. 55 than a bounce time. A 

suffie:icnt eondi tion for this i s !6(wo/k/lo)!=<wo/kllo)l6.kl/ol » (2CEo /JJ"k"j./2 

always s"ti~lied by LH ", .. ves Uclted by a finite length antenna. 

To nellt order F
H

(-;) will va r y slowly with ti"", beuuse of qua.i~ 

linear diffusion in vdocity Iple: .. d"e [0 ioteraction .. ith the P""'P. For 

'n 
This equation has within tbe iterative lIpproae:h juu t he ..... role 

.. rcnonna.li~etion within th .. oce method ; however here the . r bitrarine .. 

of the steady state d i Hribution funetion hu b",n eliminated uling simple 

and jus ti fied phYli~al " 5I}'JJption. 

The di.per.ion relu'ion of Re f ie then Obtained by iterati l\i 

twice thc perturbed Vl a .ov EqUation and substituting in t o Poi .. on equation. 

In so doing, terma of order 111,,1 drop out, and tile us ual coupling eo~fficient 

of order 111,,1' is Obtained. It turn. out ho"ever that terllls of this orde r 

Ite contributed al.o by the next iterat i on. in t he fo .... o f nonU"""r OIlIdifi­

cation of the I Ulceptibiliriu, e.g . 

") 
... .. af 

. ( dT"~( r"){ik , -+- ( dl"'C);' (;·ik ... H) .. (~ "" k.)i 
)0 -av"...b 0 0av'" 0 ~ 

"tI..,rc G-k represent the usual prorng~t"rs for nonruonant decays, £(w, k)o()(l) 

implies Cl £(w!.k.l) _ 0 ((1',,1') for on<'. of the .idebnnds ; henCI! the e:ones­

ponding 6£1 cannot be neglected. 

In conclu.ion , the itera tive appro Ae:h correc tly de.crib..,s in prin­

ciple the nonresonllnt de~ay of LH wives i n Tok", .. ks ; the di'peraion r e la­

ticn 'luoted in 131 is however incomplete:. Work to ,,,,aluate (8) uplicit l y 

and to include It in the nUlDCrical code "hich 101v"5 the di.peu;on r e lation 

i l actively in prolress. 

,. ren.anent .. dreu : ins titut de .·i li~a, UfRCS 90 .000, Porto A!egre-RS-Br uil • 

1 - H. PORKOLAB, Nocl. fusion.!!'., )67 , 1978 and refe r e nee. therein. 

2 - H. rORKOLAIl, phY8. fluid s lQ, 2058 , 1977 ; 5.5. rESIC Phy" . Lett . A65, 

124 , 1978. 

) - V.K . TRIPAnll ; C. CREBOCI, C.S. LIU, Pltys. Fluid. 20 , 1525 , 1977 

O.C. WATSO!'I, A. BERS, Phy • • F1uids~, 1074, 1977 . 

, - NCUHN nu; IIUNC, J. M. \IF.~~TNr.F.R, 1l~lvetica PhyB. Ac t a!!. 465, 1975. 

5 - N.J . n511, Phys. R"". Le~tet& 41 , 873, 1978. 
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E2.2 
H£ DlSTORIlQN OF THE Tt£R""L ION DlSTRlOOllotl 

BY 'lEUTRAL INJECTI ON tEATIt.(; 

E 8i ltonl ' , J Ci Cordsy a nd M Cox 
Culh""" LlIbar"lory. Ab1nSdon , Oxon ,""(i')(i"4 308 . Ut:. . 

(EuratOtn/UKAEA Fusion Assoc i ation) 

' Pl!nMmmt odd r " .. , CNEN . CentN> ealea l o (Bo l oll nlll 

ABSTRACT It 15 shown thllt the ngllttnlt of tI p l l1"",a by ""utrlll injection 
180<1$ to the fonnllUon o f iI 111gh ensrlY tail on t he bll"I\ground 10" distrib­
utton. The t"""e r ll ture of this Uti 11 found to v!O r .,. .. lIpld l.,. with tha ratio 
of fast Ion to thullndi Ion anergy density . ThII ".,58 of particle IoU by 
charg .. elCchanll! 1 s given partic., I",. at t ention . 

INTRODUCTION t n ..... ny ""porimenU. Inclualng ""'lint neutra l injection 11"­

pllrl"",nts on PLT[ 1J , the anarzy &p<Ictn.-l of th<! charge- elCch""llI elOlll fiux 

hes 11 two t4llllPe r .. tu r e fonn . II.t low ane r gies Ch .. spactr"", is opprodmately 

J'\axwell1en w1th a low tempera t ure. usulIlly muCh less th"n 1 keV . whUg "t 

higher energi05 t ho spectrum ~OrrD SIlOnds to 0 MaxwolH " n o f n'I<.ICh highe r 

tCl1\lllit r"tura. One "Xpla" at1on [ 2 1 of t hh Ja t h"t the low tompDrature comp­

onent .Is 11 mollsure o r t he tij~er"ture ne"r the Il'dga . whe!r""8 the high energy 

t "t! 11 .. me .. sure of tha cllntnl plalWa t empentur" . It Wlla tllen shown by 

(ordAy[ 3] th!it "eutr .. 1 tnjllction IwiI"Un&could load.to .. lItron& dls tortton 

of tho tt'ol~1 1Qn d1st r 1button. We eKBmine this d1stQrtl on rnachen1l1111 tn 

IIlOre dateil by solving t m 11n11l1rlsud Fokkor-Plllnck equ .. Uon anlllyttcally . 

Tl'esa analyUcal resul t s have be"n checked by "'-""Or1cal soluUon of thB 

fu ll eqlJllUon and a c~lIrison 15 glven for the! cllse of particle 106& by 

Ilharge*eKChanga . 

SOlUTION OF THE FOK KER PLANCK EQUATION We ~ons1d"r an equiUbrium FCkkar­

Planck oqUII U on ror the zeroth term. f • in the Ll3gl3ndro polynomilll UPlln­

don of t he dis tribut10n fUnCtion [ 4] °PartiCles 'Ir" l ost by either diffus­

ion or ch .. r&II-0Kch llnge (cont .. 1 ..... ent t1Jna l CI and ene rgy is lost by thanna l 

conduction (contll1.-nt time le I . Constlln t density is .... 1ntllined by 10n-

151"8 the Dackg r ouOO glls (lIS~ to be IIIOnoanorgotic for conYDniencel a t 

the _ rll t D as perticles are l oat. The r e"u lt.l1l£ _ e t Ion 1. 

r [ {7yZ j '1 ~ ( 1/ 2 ~~ f ) * v - 2 L (I VZ.!!! • .!~) f l] 
)1/2 a y ) 13 aI/ ~y a y 0 

, 

( /

- , 7. , 6 {1/ - 1/ I , ' 
-....!! • . ~)~ . -.!., ,.i (-"'-) . 

l e 0\: v2 2 y"l ~v le 0 ( 1) 

.. here r '4~ e~Z~ 10& n/m
1

• The fU ll~t1l1 n s h .md g . t he Rosenblu t h po t enU als . 

lire IIUIIIIIed "I/er the SpllCles presen t to t ake 1ICC0un t o f the~l-thOnMl. 

the~ l-flls t ion collisl of1 5 and thel'Ml lon-e lectron coll l siQn!l . Integr llt· 

1nl <Iq(11 with rO!lpect to 1/ ond efter tllktnl tho el...,tron d1atrlbutlon as 

MlIxwolI illn 0"" obtains 

.! Ho. _r_,_ [fo"Z<ll1 • _,_ 

'oal/2 l y:), 1/ 1 C yl, 
C 0 C 0 

:.or ,,2dO 
(HII/-I/ I - 11 J _ 0_ 

naut 0 r c 

n yl Z2 m 1/ 
. _'- • .i.....l. J f ,,2 d O 
y~l 3rn f of 

where ".nels·1012AITe%IZ~. Ycl'O.75.1"'.,"el/mt' f, is thou fast Ion diltribution 

lInd I/f\OIJt is the slleed of t hou blIcklround las et(WD:; . t he subscrlptll •• 1. f 

rafer to the el ectrons. background Ion. and fllst ions respect!"ely, When 

y»v j eql2 1 ""'y bo I1noarl sad by replacing J:fo(lZlId hy ''1 then so l "ed by 

aunstlluUnf, t he .. Ikon,,] form 

wnerQ T ect 

to be [ S] 

I "J"2d"~ ) 
f o .... 9KII \ - "2 o~) 

f, • Sls,l ("l ' ''c11 

. " 
" ~ "Inj 

" ~ I/inj 

.. ith tSf • '012Aflol~ll~ ne ' Wo now in_ltigato two specific eXllmples . 

'" 

,., 

lel GootJ High Energy Contalrrnent We consider t hou """Slit where the Qner&Y 

IIflO Pllrticle conf1_nt is "ery goOd lit high ef1ergi"s. lIll the energy 

being lost by the low ener&y ton • • AS!I,"lnr, "l/v,,] . <1 . "'1(4] giYel f o ,· Y(V
inj 

I • T
oct

' !lM for v ~ v
1nJ 

(", "r )1 r " ~1 • - - t In Im • n Im I 
"' i act J m

f 
f f f 1 1 

Thus the ratio of tllil ternperlltu ru , T
tllll

• to T
oct 

1s 

2tf n f ml 
Ttllil 1'3~;;;- m; 
~ n f m1 

1'- -
n

l 
m

f 

Since the meen enorgy of tho fllst ion8 t
f 

Is 1I1wlIyS mUCh g relltor then 

~Tect ' Ttlll1 is .. Iwllys lll'ger th.ln Tact and 1. a mellsure of t he melln Ilne rll~ 
of the totlll lon pDpu l llUon (fas t plus thennllll rllther th.ln the temper"ture 

of the tharMI 1ons . 

(bl Lou of Pllrtiel"s by Ch!lr&o Exchlln,1I We IISS""'" 1 to bII const ..... t and , 
~ E to be lnfinita. Again u31n, Gq{~1 we obtatn 

1 .3.~~~ .(~)3neTe 
J m

f 
n

1 
T

llct 
Yc ntT IICt 'SI 

1 . ~~ • .':2.2. ~ 2T t1l1l • (~)3 ~ 
mf n l 2 Yc l lC Inl('t Y~ n1 

Whenr. in this case , T
t 
.. 

l1 
is the vlIlue of 1(,,2 , at v • Y

1nj 
This exp r u-

ston .... y be usod to detonTIi rlB T
lIct 

from oXpllrlment .. lly me1lsuroo \lIIIUe8 or 

Ttlll1 if lS and le lire known . To proceed .. Hh the lInll l ytic ~olution the 

thumal ton contlllnment time. lC' .... "t be e~pre55od in terms of the othllr 

p" r_ter.. Th1l """Y 00 lIclll evod Ily u.lng thR Ion p ....... r toalance oquatlon 

wh t ch Is 

'" 
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whore lU II nd l ie lire the ralov~nt IIvllrllge e nGr gy trllnsfar t1me~ . For 

stq:oltc1ty we hllYe aS liUIlIed ttmt both lft /lnd lie lir e o'lull I to the onergy ( ~] 

trllfl"fe r t imes for the ClIse ..men the dis t ribution functions an f1Ilxwell1l1n • 

The resu l t8 of substituting far lC fre:- /lqISI into oq(5) lire shown 1n Fill· 1 

for vllrtou. nf/ni with the! ot he!r par_ter" fixGd . Ono sailS tMt . III 

e~PlilCted . the r atto T
tlll1

l1""tullI increllses .. nh iocreasin!: nf/n i lit COn­

St llflt T
t

,,11 IInd tha t I t i s I lIrges t for _11 vlllues of Ttll11 · Note II l so 

thllt the curvu d r~p below TtllUl111CtuIII • 1 at highe r te'r~:"'rlltU rBlI. I n 

FiH.2 tha n
f
/n

1
"1 curve from Ftg.1 15 cDlflllo r l3d with t hE n,,",erlcal nl!l" lts 

for tho ssne pllrameters. It CII" till SOlln tMt the IIgree"",nt bllt .... e n thll two 

Is good . pllrticulllrl y fo r ama l l Tt <l11 · 
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ION- ION HVBRID RESONAIICE llAt~pmG AND HEATItIG IN THE [RASl4JS TOKAHAK. 

V.P. 6HATIlAGAR, G. BOSIA , ~:. ULOERON , I. DARIUS, L D[SOPP[RE, R. KOCH, 
A.M. HESSIAEN, O. PEARSON , Cl. PIRET. G. TElESCA , P.E. VAlIOEUPlAS, 

G. VAN OOST , R. R. "'EYNArm. 

Laboratoi~ de Physique des Ph.smas - LaboratoriUII voor PJasmllfyslca 
Association "EuratOll""Etat beIge" - Associatie "EuratOlJl-Belgische Staat" 
[cole Royale H; lItaire - 1040 Bn..rssels - Koninklijke MilHalre SChool 

Significant theoretical and experimental progress (TrR, PLT. DIVA) 
Is pruently being made In tile understanding of leRf heating . Prominent 
in this respect is the insight in the role played by the Ion-ion hybrid 
resonance in two-component plaslI1iIs. Recent experiments un ERAS!1US (Clnfirm 
important details of this process and enlarge significant ly the experimen­
tal data base concerning these p ~enmnen~ . 

(i) The damping of the magneto-acous tic eigenmodes , e~c1ted in the 
toroidal cavity , and as inferred from their Q v("llues, is shown to be 
attribut~ble to the mode conversion that results from the ion-ion hybrid 
re sonance. 

(il) The spatial localization of the heat deposition resulting from 
the mode conversion mechanism is consistent with the heating results at 
power levels up to 50 kW , and where ion temperature increases up to 40 2: 
are observed. 

The characteristics of the coil loading are such that the coupling 
to magnetosonlc waves does not appear to be the only contribution to the 
loading resistance. This might have an important bearing on the overall 
heating efficiency, for which only very preliminary estilliltes are at pre ­
sent available. 

1. Description of the IIF setup. 
Ihe launch ln? half loop antenna is Mall m!!tal" and of the strip 

line type with an e ectrostatic shield IfIiIde of stainless steel strips (see 
Fig. I). Penetration of the plas~ into t'le ant.enra is prevented by a 
second row of radial strips and by t he closeness of the Ho lilllter ( ... 
39 c-). The antenna is fed through an illlpl'dance II"IiItching network ,consisting 
of a transRlisslon line of length I ~ 1/4 having a c~aracteri~tlc i/JPfdance 
of 16.7 n and of a tunab l e condensor CA , by a Col pith oscillator capable 

of delivering up to 150 kW into its tank circuit at 4.85 11Hz.The power 
delivered by the generator can be written as PT ~} IA2(Rc + RS) 

where RC (- 0.38 n ) 15 an equivalent series resistor accountin9 for all the 

losses in the absence of phs~. (tank, coupl ing system ~nd Mtenna) a'ld RS 

Is the loading resistance due to t he phsma. I is mea~ur[>d by a curr'!nt 

trar.sfcrmer and PHF • ~ 1,./ RS is obtained fro~ VI cos ~ as indicated in 
Fig. 1. 

2. Wa~e dampin~. 
ihe qua lty factor Q af tile toroidal eigenmodes is a direct mellSure 

of the amount of wave damping and ian-ian hybrid ITKlde conversion 15 iden­
tified in EAASI~US as the dominant damping mechanism[ll . ).le sumnarlze these 
find1ngs in view of their connection to the heating results reporte" 
further on. 

(a) 1-. simplified analysis [I], based on the 8udden model [2), leads 

to Q • ~ ~ KG , where a is the plaSIIIiI radius,w the distance between 

• cut- off and confluence In the cold plasm approximation and averaged over 
the plasma cross section and h is the half length of the chord al ong 
which ... 2111(0· "CH' C is the average ratio of tile perpendicular phase 

and group yelocities. 

(b) Agreell!ent within a factor of two is obtained between the above 
fomula and the measured Q, when the pl asllla cotlposition is changed frOll! 
95 2: of deuterhn to 95 2: of hydro,::"n and when the con~ersion layer is 
IlUved from the plaSIM center to the bounda ry. FiguN! 2 shows an e~amp l e 
of the comparison between theory and experiment. The e~perimenta l error 
is about 202: . 

(c ) At high power excitation, the resonances often becOl!le less 
defined because of the Interaction of the RF .... ith the background pI 45m3 
resulting in density rrodification , lotiO acti~ity and increased fluctuation 
level. 

3. Heating results. 

(I) O~~r~lL~!~~"2L~~~Q2~~e; 
fhe sequence shown in ~ ig. 3 is an average o~er about 15 shots, 

necessitated by the one pul se-per-shot limitation of the laser scattering . 
the rather large error bars on the ion tempera ture measurements and the 
low reproducibility of the discharge ill the presence of RF. 

Figul'e 3~ shows the power input. Trace 1 is a typical record for 
one shot showing the indj~idual reSOllances on top of a non-resonant 
background loading. The resonftnces account for at most 30 2: of the power 
input. The time of occurrence of the resonances shifts from shot to shot 
yleldin!) a r ather smooth ~verage power depositioll (curye 2). 

The plulII!s reacts by an illcrease of the loop voltage toget~e~ 
.,itt ar increase of HHO activity which . however, does not result in a 
dhq.lptive instability (3b) , a decrease of the plasm current (3b) and ar. 
increase of the olwll i c heating polI'er (3c). The central densit{ increase 
(3d) aoounts to about 20 J: with an average of about 2.0 • 10 2C"-) per 
40 kW injected. The density build up sta rts at the edge and gradually 
pervades the interior. The central electron tell'lperature (31:) Is not affec­
ted within the 25 2: error ba rs of the laser scattering . whereas t he Ion 
temperature (3f) as ... easured by the Doppler broadening of an OV ilnpurlty 
l ine increases distinctly. The Ion he~ting is not due to the density 
increase as borne out by gas puffing silll.llation. An influx of illlpurHies 
is appaN!nt frOfll the enhancenK!flt of the OV li']ht output, as well as CV, 
and lilY, and froll the Inc~ease of 2 (f (resistivity) fro., 4 to 5 (3g). 
The latter effect also accounts fore fte overall increase of P

OH
. 

(il) Ion heating. 
Tlie-aependence of the ion heating efficiency, 1efined as 

1.5 I tl&TidV/PHF,o ,on the hydrogen concentration (Fi!!. 4a) has tleell 

studied at fhed frequency and magnetic field . In spite af the low repro­
ducibility, the trend implied by t he average dotted line is clear 
heating occurs over a rather broad concentration ran']e but decreases 
distinctly towards high XI' • NljNI! + rl O} . Fi']u re 4b shows the rad ial 

localization, along the major axis, of the conf luence woe (cu t-off infi­
nity pair) as the concentration i$ changed. Th i s location is thought to 

be a rather good first approxilll/ltion of the energy deposition zone. 
although the energy absorption occurs to the right of this zone and hence 
towards the center , the actual 10calizatl01l of this zone off tne I'Iajor 
radius occur5 mre to the outside as seen In Fig. 4c. We "DeTleve that 
Fig. 405 reflects the gradual shifting of- the hut deposition over the 
plasma cross section . 

110 high energy tail has been found 'rihen scanning the CX analyser 
up to energies of 60 times Ti' even at the lowest proton concentrations. 

The lower 1 imit for XH as found frOll1 spectroscopy was 5 S t 2 S. The 

detection of all high energy component is however rendered difficult by 
the fact that the background ions ar e non-:o\a~welli~n in EAASMUS, as 
already observed in the TM- 3 [3) and T01 [4 1 e~periments. 

4. Loading resistance. 

Figure 3a shows that t he resistance corresponding to the power ab­
sorbed by the plasma can be subdivided into a cOlltributi()n from the I.I.A. 
resonances and a mean loading ~S . This ~S has the foll()wing behaviour: 

(a) ~S decreases with the antenna current lA f()r a !lIYen density to: 

(see Fig. 5 and [5)). 

(b) At lA < 300 A, RS is higher far t he all metal antenna than f()r 

one covered with a glass insulator [6]. 

(c) RS increases with N for a given lA ([6, 71). -The linea r increase with lA of the Sz sigr.al (Fig. 5) pi cked up , both 

at resonance and off resonance, by probes dlstrl])uted along the torus 
suggests constant lIa9netosonic RS FT'(lII the dec r ease of iiS we conclude 

that the Ilean loading is only partly due to magneto-acoustic loading. 
Oecreasing the non.-lUgneto-acoustic contribution by better electrostatic 
shielding, by incre~sillg the value of the toro idal field [51 or by the 
use of multiple antennae lIight have an hrportant bearing on the overall 
heating efficiency. 
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~. Reson<lnt .urfacas , OIOde convoraion laye .... reson",,"" con"., 8ur­
face "'aves and "a.,sUe. are briefly discussed in four frequency """<;le!!. 

Introduction. Tha prh.ary rcquir< .... nt any efficient heating ache .... ,hould 
fulfil I ia that IIIOst ol th .. bunched energy be diulp"ted well within !:he 
confined plasma voll.lllm. EM-po_r Is absorbed ll\ainly in place,. whore the 
fidd amplitude bec:o"",. larg" and preferGntially in the neighborhood of the 
wave resonance surtae<!ll which occur In tour frequency ranges , 1. .. < "' ! 
(Low Resonance Frequency !teetinq, LRFR), 2 • .., ~ .. 1 (lon Cyclotron Re.o~ nee 
1Ie .. t:in9, lCRIl) , 3 . .., ... i (Lower !tybrid ResonlUld HeaUn9, lliRll), and 
4 . .. ~ (.2 .... 2) (Upper" Hybrid Re~onen.,., He .. t:in9. UlIRH). Unfortunately. 
such aurf~es /fly c~oss the pl .. slM periphury and, in ,Ilddition. if suffiC"ient­
Iy hi9h IIOde nwnl><!rs a~e excited. reson .. nce <:One8 fr()lO localized antannltll, 
9l1rlace .. ItVCII . and cauatics • .. ~y .. ub .. tantially enhance the fi eld aaoplitude 
.. t tha pl .. n"", ~urfaca. We shall discusa these .... ttars with elilphaais on f~e­
queney rMq .. (1) and other a re .. $ requiring further s tudy. 
Resonanl: Surf .. ces &nd Moda conversion Layars. tn non-unifo" ~ pl ....... II. 
resonances appe .. r .. t su~faces ,,!>are the .... v .. fraqwlncy aquals dui .. iqen­
fraquency of the loc .. l collective oscill .. tions. When the wave croue. tM 
Do-linas . the re90nance frequencie. do not coincide .. ith any of the frgqucn­
cies of the unperturbed sinqle pa .. Ucl .. IICtion. '!'he collec tive OIIcU l.tions 
involve. frozen-in field which "t ,,11 hyb" id f".,quencieB is pu"ely olectro­
st .. tic, and .t the resonance in r,,-nge (1) h Jllagn"tic, .... ith an electrost.tic 
~nent of "/"'ci -; O. In.ll C.IIU. I:h! lllnit of the uniform-plsalllol 
"l.qenf~equencl.es for k ..... - ...... t eXl.lll (k ... i.s the ... ve n-'>er Scrosa tllo 
con.idered .. urf.c .. ,. 

In hot plas .... , the cold reson.ncos ace repl .. ced by neighbodng .ade 
conv"rsi;;;;--layen .. horo tho group velocity oither vanishes or is very 11 .. 11 . 
But in addition, a ll wa"e b r anches now have ~esona""aa (k ..... 00) "nd cutoffs 

!k; 7,~;: W~:r:~r.;o~r:~hV=~~:~~~~::c~!~ :~ .. ~~ ~ge ~:n- .. ~iB~ '~~~n. 
w ...... nd • uniforlll the~l (colli.ionl .. 811) pla!l.lla ev .. n I:ho"g~ all p .. rticles 
.re in r .. Sonanco .. ith the .... v.. . New """"" converdon l.yers with vanishing 
qroup velOCi t y appear near .. - "'" . Bltt_en t..., .djacent I\.anoonics the be ­
h.vior of I:he v.dous hOtPlBsIM ~es ( .. full dectro&a.'JI1etic generaliza­
tion of thC Gross-e .. rn.tein ooa..s) d epends strongly upon the fiald pohtiz<l­
t ion and the w~ve number along B. In. toroidal .. yatem. whete the oqui­
denaity surfaces end the equi-a surfaces have entirely different geDmetrios. 
tho ..... v. propa9atiOn Char.cteristics ooay 00 diffiCult to visualiz. even 
within the WKB .pproidaation. AlthoU9h 80_ of I:hese ...:les are .. >:potcted to 
pl.y .n iIoportant rolo in rf-heal:ing in the four f~equency ranges cil:ed 
above, as yet no <liraet check of these 1IICd0s on any toroid .. l elCPllrt-nt 
ha. been .... do. 

At low frequenclea tho wave proporties, althouqh relativaly &>mple, 
h"vo bean "",,,ked out only par t i.lly evan within th. WKB approxillllltion. 

Asawrdnq k.vi < 01 « (k.ve'''pi) « "ce; k.V i « I .. - "cil . "ci« "'Pi 1 

B ;; (vl/v )2 « 1, .. Ilere v _ 2To/"b, and v is the Al f vcn sp"ed •• nd kee(>ing 
t"".. ilp t;, pi - '1/2t.a~i' tho dhpenion r:lBtion c.n be ...-itten 

~B(II-i)(l+X.T,/Ti)xi + (X.-II)X ... + {A-21\X.+r. - ~B(Te/Ti)x"J - 0 (ll 

wh .. ro" : (1 - ("'/"'d) 2) -1 .nd X~ •• ~ (k ..... v,./"')2. Qu .. litativ .. plots of 
X ... (X.) are shown on Fig. 1. (Notice tll1lt in order to .(>ply Eq. (I) to 
toroidlll Situat ions. X_ h .... to be con.idered as • function of the .unor 

::e~~;~l":!~~ ;~!::o:.;:"~:e~~)·!~~~a: ~U:f~~;j~ ~"~s""':t:E~d ~ 
henda into tlle hot plaSlloil .. lIymptote (2) doscribed by 2&. (U when t!>a terms 
in the curly br .. ckets are ne91ec t ed . Thi~ corrects .nd gell"rllli~es pr .. vious 
" .Hll\llt" .. /1/ Asymptote D) is the v.cu"'" dillparsion rel~tion in the 
"haence of displacement current &. W.ve penetration into the plas .... i. 
possible by tunnellin9 thrcu<jh th .. evanescence peripheral zo"" and mdo 
conversion into tlle very .low hot-pl.s .... lOde with little reflection .nd 
ne'lliqible tr.ns.ussion to the fa.t *>Cia. (When the X ... compo""nl: unqent 
to the JlIIgn"Uc surfacell Is conside r ed as given, and the full w~v .. equation 
is ullod , the t\olO "dj.cent cutoff .. would be less closelly !spaced. ) TOO ... ve 
br"nch tending to tho otlectrost1ltic .symptote (4) ha .. been considered i n 
/2/ in r.lation to r .SOnance COIlO fOnTl&tions (See noxt 'loc t ion). When 

:.: .... i~n=s~n!~:t~~: ~~pe~! ~~~ ;:b=" r=~~:s!:n t.!ar~:e:~i::~. 
Resonant Cones. These are con"tructive interference patl:erns of .. aves 
l.unc hed by a finite Illn'll:" antenna whiCh occur whon the ray traj"ctories 
ar .. independent of the .... velength, as in tlle c ..... of ".YIII'tote (4) in 
Fi". 1. Thll l"rgo el .. ctro .. tatic fiolds ""1ch develop .long such cones are 
tho ruult of tho pr.gence of very hiqh mode-number "IIVOS . lMllthemllticlllly 
re80n.nr;:o COneS are .. consequence of the hyperbolic char.cter or t"" 
llpati.l differential oper.tor of tho electrostatic w.ve equ~tion). Resonance 
COn .. S can be at the ori'l1n of unwanted .. ffectll inhibitinq rf - power 
pen .. t r ation into the pI ...... producing run ... ay particle populationll .t the 
su~t.ce or even deterior.ting pl.s .. confine_nt. RellOnance cones .re an 
iI.po~tant and unavoid.ble aspect of UIRll, where the elactrost atic ap(>roxi­
IMtion is tcmarl<ably .ccur ate even fairly cloGe to th. o low wav .. launching 
structure /3/ , "t l o ... t for the hi9h-n" waVII componellts. Their role may 
be non-nagligiblo in some of tlle LRFlI .nd ICRH oxperiments. whil e it ahould 
be inut.r!al for UHRll .... hete slow ... ve .. tructures are not llSed . 
Pr ... Surf.ce, -Whisper in" Gallery- and -BOuncing Ball" MOde .. . Large field 
.lIIPlitudes can .lso be foulld loc.lized .. long ·discontlnuil:y· Burfaces -
.ctuallY l'Or.cs of Iharp t"ansition bet_en adj.cont unifonolY tefr.ctin9 
r.,qlon .. -lU<> free lurf.CIII and reflecting fixed wlIlll. This occurll .. hen 
the wave numbers p .. r .. llel to the discontinuity Burf.ca are sufficiently 
high to lIUlI<e thc fint nonv~nishin'l ZQro of the eigonfunctions (!lOre 
'lonerally of s ..... appropriate combination of eige"tunction~ and their radial 
derivativos) essentially to coincide .. ith the diacontinuity 5U~face. Only 
f .... c.s ... of ieee-surfece .... "es havin<J .t least partial bearing on ~f-
tlo'ltin9 in toroidal Iyst ...... is found tre.~ed in th .. literature /4/ .lthough 
moro general ,,~sell could e.sily be worked out (evon including. toroid.l 
B-field which f " lla off inversely .s th" major radiul /S/) . But evan I:he 
simpl .. ~t cSsc ot a cylindrical cold pIe .. "", with uniform .xi"l B-fiold h 
instruct1v'; . By usinq Eq. (24) suct. IV of Ref. /r./, hi1h aziltllthelll'lOdc 
nUlOlHr ,urface waves are found whun {k~C/"Pi)2 ~ (OI/ .. ci) (l - OI/"'ci) o~ 

.. hen 2(k.c/OIp1)2 • ("""'d)2 (l + "/"d) ' 

We c.u ~"hhperinq gallery·_es, .. ave. loc.lized near. fixed re­
necting concava wall. '!'hey correupond to the Ra.yl .. i9h explanetion of 
the well known .. coustic phonomenon /7/ . The .. modes may Occur .t the 
short w"ve len'lths t h"t are roquirad for UHRlI. nero tha rays which 
e.cape the n"rrO .. solid an91e le.din9 to I:he abllOrprion zone" .. ithin the 
pI"" ... , have tt><> undcsirable tendency to fill out. thin l .yer next to 
th .... all and bounded internally by • caUSl:ic. Mechanically this de9cribe • 
• particle sUding o r bouncing . long 11 ".11, but ltaying clo~e to it. 
Whi .. pering q.U .. ry 1IIO<ie. are also excited by LnRL 1.unchin9 IItructures. 
but their Significance should be secondary COIIIp.red to thlll rllllon.nce cone 
amp l ific"tion /8/ . 

Anothor set of eigeIUllOdes can be found in conv"" non-circular 2D 
domains /7/. We cali the. "bouncin'l billl· -.les .. ince , ,""ch.nica.].ly, 
they describe. particle bouncin'l bilck and forth bet .... en opposite .. all 
point.!! a.1on9 • di8lllCt er. In o~dor that lIuch • IIOtioll be .tabl ... the 
diameter .USI: be the _ in i ..... dl_ter of t!>a ~in . Theae ....:>d .. s differ 
Qssen t ially from zero only in e I:hin strip .round thie dia .... l:er, .nd 
the strip 111 bounded by two c.u .. tics . They may Occur durln9 UHRIl 
ospeci~lly when tlle p l "slllll and the wal l hllv .. non-circul.r cro ... -sections. 
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EP1 
)oIICROTEARING mDES AND AN()!.IALOUS TRANSI'ORT IN TOKAMAKS 

J. F. Drake, N. T. Gladd, C. S. Lil>, IInd C. I. . 0.1111& 

Ocpart-.cnt of Physics and Astrono.y 

University of Maryland 

College Park, Haryland 20742 

The ano.aly in the electron the mal transport ha5 been widely Observed 

in tol:aa;ok disdlaTgU . 1 Rocently the i_portanc;e of u£11ctic fluctuations i n 

producing stochast!.: magnetic fields and enhanced thermn! t rnnsp!lrt has been 

reco£llhed. Radia l aagnetic fluctuation s allow e l ectrons t o IIOve along .I! in 

the radial diroction; thereby effectively coupling the parallel thomal con­

ductivity Xe" to Xe .' A se lf- consis ten t investigat i on of the souro;:o of these 

lIagnetlc perturbation, and the resulunt transport in a real eXl"'ri.ent .. 51 

be carried out. 

In thi s paper, we investigate the s tability of .Icrot earing (high .) 

.,des2 IIml the aS~(lcillted electron thenul transport. !.inearly, wc demonstrat e 

that .icrotearing JIOdes arC driven unstable by the e l ectron tellpl!rature grad­

i ent in present toklimaks, ~ven in th~ ~b$ence of toro i dal and trapped parti­

cle effects. Honlinearly, these tearin &: !lOdes produce (lver l apppin&: magn~tic 

islands which saturllte when lillIB • P'/" (the ratio of electron i)'roradius 

to the tellJlCrature gradient scal e length). The resultlnll perpc!I'Idicula r ther­

mal conductivity Xe' scales inversely with density, consistent with e~irical 

Alcator SCalinll , and is ceaparable in 1113&:nitude with expe rilllental aleasuremcnts 

of enni)' confin ..... nt ti_. 
We consider a stab pllls .. a with deesity and tempe rature gradien c, (scale 

lengths_ Ln and ,,~ respective ly) i_e rsed in a s he ared magnetic field 

~ '" Bo[1 .. (X/Ls)y]. In a low B s ystem the electric and lIacnetic perturbations 

of t he tearing .. de can be represented by the paralle l vector potential 'A" 
and the scaler potontial l . Fro. Alapere's law and the quasi-neutrality con­

di tion, we obtain the following coupl ed equations for 'A" and +: 
(aZ/axZ • k/))." • • (4./c)0"e 't" • • (4~/c)0"e{ i<.>');,,/c • ik ,,;) 

(c2/c1)(. • ..., . i) [a 2/ax2 _ k/ll • • 4. k,,'t, p"e 

when the parallel e lectron conductivel y , 

er"e • 

is calculated f r Ola the drift-kinet ic cquation with a veloci t y-dependent, 

Lorentt colli sion-operator. We h.uve defined v(v) • h no Z2(!~ In AI_2s Jve l, 

s ~ v/ve , ... • ".1'1 [1+ne {s2_3/Z)j, "'1'1 . (c T..'e8) d In n/Ib. , 'le ~ d 11'1 T..' 

d In n, k" • kyx/Ls a nd "I is given b)' the continued fraction 

"n .. l.k~v2(n'l) 2/ (2n>l) (2n+3) I too.!{n>I ) (1'1>2)] [t.,+{n*l ) JOn+i 

(I) 

(2) 

(3) 

For Ik"v/ (v-i .. ,I«I, °1:::1 and er"e reduces t o that derived by Drake and [.ee,3 

where the phys ical IIH.!chani sms leading to (2) and (3) have !>cen discus sed . 

The tearing branch of Eq. (2) and (3) correspond to lIIOdes ... ith even 

'A',,{x) and odd +(x) , i . e . , lx(D).ikl,,~O with l(O)~O , and 't,,+{) at large x 

The usual ( •• c rn) t earing .odes , wi th kyLn'l: l, are global ... des driven by the 

.. agnetic fi e ld energy . mcrotearing .. des, on the other hand, are short 

wavelength _odes, with kyLnU I , which are localized near the ration~1 surface 

(,,~O). At large IxL 'A',,' .... xP(·ky1xIL corresponding to a negative 1I in the 

usual t earinG IIIOde to" inoloIlY. The lIagnetic field pe r turbation, therefore, 

increases the IIIIgnetic cnerllY and is stab ilizing. The e lectron t elllJ>Orature 

Gradient 'le can overco ll\C the stabilizin g magnetic forces and produce insta­

bility provided the realhtic velocity dependence of e lectron-ion collisi ons 

is included. 3 ,4 The se .odes are stable in the colli si onless r egi.e . 2 , s 

The coupled equations for l:" and. ha ve been solved nUMl'ically usin g 

standard shooting techniques to find the cigen frequency.. . The I'<!al fre­

quency of the IDOde is approxillate l)' '"r " " .n{I >I.s'le)' The growth rate r/vei 

is shown a s a functi on of ky '" " .n/vei in Fig. I for 'le. 0, 1,2, 3 . Without 

o telllJlenture gradient the .... des arc stable . A positive tempe ra t ure gradient 

'le ~ 0 is deU abili1ing at int e.-.cdia t e IfIIvelen&:ths " ./v
ei 

•. 1 and is sta­

bilizing in both the short and long ... ave lcngth regi .. cs, a result "hieb differs 

fro. previous analytic theory where 'le ~ 0 was a lways destabil i1ing. 2 In the 

analytic trCDtllKlnt .. and the splItilll variation of l" (constant . approxillUltion) 

were neglected 00 the right side o f Eq.{I).2 Nei the r of these approxilllations 

143 

CIll1 be justified for prcsent tokamat I'arameters. In particular, the rapid 

spatial variation of l:" in the vicinity of the r ational surface (corresponding 

to strong bending of the magnetic ~iel d l1ne~) ha s a strong stabi lizing influ. 

ence on the tearing -ode when 'le28Ls2/Ln2 > I. In contrast t he potential'­

has a de$tBbiliHng influence and is tyPically neCeSSary for instability. The 

cApetitlon between t hese two effects can lead eithe r to instability or sta· 

bllity as sholo'll in Fill. I. 

The nonlinear saturation of mtcrotearing instabi li ty has been inves tigate d 

by solv ing the drift k inetic equation to the third order in the perturbed field 

~. The dOllinant non linearity arises froal the electron met ion ,llong the flucu· 

atinllllllifletic field lines. We consider the case of lel'O shear a nd 1 .. I«vel 

for simplicity, although l>oth of the se r estrictions can !>c r e laxed. The non­

linear dispe r s i on rel ation is 

(') 

" - i[Sr{iI /2)/12] vC: ) 
• 

Where .. k ... . n{I.2.Sn
e
). The first i "'llinll'Y tera i n ( 4) r e presents the desta­

bili:ing Influence of ~e and the second arisos froll field line bending. The 

non linear tera in Eq. (4) sca l e s as ~2:?t' Where ?J • (Ve2/ve)I~12/B2 is the 

perpendicular electron diffusion coe ff icient, and i~ dl!Stabili1ing fo r 

"k < " k' a nd stabiliz ing for" k ~ wk'. Thus , the nonlincarity l eads to an 

energy flow f ro. short to l ong wavelength. Since the long wavelength .odes 

aI'<! stable, thi s enersy cascade saturates th(l instability when the growth and 

dallping rates balance or 

(5) 

F",r typ ical tokallak discharges 1'il 1/8 - 10·~. Nith I'III/B . p.,lt,., the an_a­

lol.ls crossfie ld transport coefficient is 0t • v.,2p/ /ve ,,2. The t elllperature 

,radient sca le lenllth t..r is deteI'llined self-consistently by bala ncinll the oh.ic 

heat ing and thel'llal loss rate, 'lJ2 • 01nT.,I,.2. /lftur solving this equation 

for ", wc find 

(6) 

where q.r8/R8
0

• Remarkabl y, thi s is the scaling obtain CKl previously by 

Ohkawa fl'Oll a di .... n siona l arguJlent. 6 The IIDgnitudc of the diffusion co· 

efficient is of order 1 0~cIl2/sec for typical toku.a.k paralll!ters (n.IOI"/~l 

and Te" l Kev) which Is of the s alle order 3 ~ inferred from expe ri raental 

mcasure1lllnt s of the ene rgy confinellCnt tiM. 

Recent prohe measurements o f the magnotic fluctuat ions on the macrotor 

tokaaak revealed a broad spectl'Ulll of WaVeS p!!aked :It 25 kllz and extendln s up 

to 100 kll l . 7 Thi s spect rum was relatively Insendtlve to the lo"er frequency 

MiD oscillations at 1 kilL For the jlarDEeters of their experi.en t the .axi-

.., .. linear growth rate of the . icrotearins IIOde corresponds [ 0 SO kill , which is 

in reasonable agreement ... ith the observations. 

I. 

2. 

3. . . 
5. ,. , . 

This work 'la! supported by USOOE. 

~ 
A. Condhal ekar, O. Overskei, R. Parker and J. Nest, ~t1T R~pen PFC/RR- 78 _ 
IS ( l978). 
IJ. /I . 1J'1I'polito, J. F. Orake , and Y. C. Lee, Bull. Mler . Phys . Soc. ~, 
867 (19 78) . 
J. F. Drake IInd Y. C. Lee, Phys . Fluids ~ 1147 (1977). 
R. D. lIazel tine , D. Dobrott and T. S. Wang, !'hys. Fluids 18 , 1778 (1975) . 
K. T. Tsans, et a l . , !'hys. Rev. Le t t. il, 557 (1978) . -
T. OhkawD, Phys . Lett. 67A. 3S (1978). 
S . J. Zwebcn, C. R. ~tenyuk , and R. J . Taylor , Phys. Rev. Lett. i!, ( 1979) . 

Fig. I: The gr .... th rate 

r/Ve is shown as a function 

o f ky '" "./"e i for ne ~ 0, 

1,2 , 3 with L/Ls • . OS, 

B " .01, Te • Ti and ve i 
c hosen so that vei • "" n 

when kPs • 1. 
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Experiments on nigh Beta Tokalllak Stability' 

P,G. Weber, T. e. Marsllall (ind !I . A. Gross 
Columbi a University. New York, HV 10027 

Experimental research on high bet a pinch tokamak plasma; sugges t s 
1, 2 

that stable configurdtions can be achieved. There <Ire a l so recent 
3,4 

theoretical predictions of a region of tokamak s tability at high beta . 

In this paper we report on experintents using Coll.Dbia Torus 2 In which a 

high beta ( ~'loo;), hot ("'100 eV), dense ("' IO"IIi" j t okalllilk plaslIIa is pro­

duced and held in lllacroscopic equilibrhn fo r !lldn)' ("'30) 1410 instability 

growth times . 

Torus 2 has a glass Vilcuum vessel of major radius 0 . 225 m, width o f 

0.125 nI and height 0.25 m. After prelon t zation a toroidal Z-Pinch is 

formed for purposes of preheatlng t o 5-10 eV at a dens i ty of 1021
,.. ' , The 

Z-P lnch plasma carries a t orolda l current of 40 tA , toroldal magnet i c fi eld 

BT(Ro) • O. Z T, and is he l d in radial equilibriuM by an appr opriate verti ­

col fie l d. After several microseconds , the toroidal !Mgnetl c field is 

very rapidly (lR & 1.7 us) reversed to 0. 4-1.0 T, and the verti cal field 

is also increased . lJp to 50 GW of power is employed in this fast heating 

technique. At low heating power (iZ GW) we hdve used magneti c fi eld 

prObes to observe the transition during t he rapid hedting frOl11 a Z-Pi nch 

to a tokamak configurat ion. Fig . 1( a) shows the Z-Plnch toroidal magne tic 

fie l d at the time of applicati on of the heating pulse. Fig . I (b) shows 

the gradient s induced In the toroidal field as the strong poloidal heating 

current penetrates to the centre of the plasma . The resistiv ity In this 

layer Is anOl!l<llously high due to l!1icroturbul ence in the strong ( .... 50 kV/m) 

poloidal electric field. leading to very efficient plasma heating . S The 

fin al tokamak configuration evolves In about four microsecond S with the 

dissipa tion of the skin curr ent. Carefu l control of the verti ca l /Ind 

radia l magnetic fields allows us to lllaintain an equilibriu~ for at l~ast 

B (T) 
f '" O~s 

0.3 

0.2 

0.1 

O~~+-~~~-+~R~ 
18 22 26 (cm) 

- 0.1 /-

- 0.2 ,~ ,/ ' 
"-.'" - 0.3 • • 

(0) 

I " 0.8~s 

(b) 

Fig, I: Toroidal Hagnetic Field as a function of radius during heat ing, 

the following 30 us . (The capaci t or ban~s are crow-barred at the peak of 

the ooating pulse, and their L/R de<;oy time is 50-60 vs . ) 

As an exall'lple of the equi1lbrluPl conf igurat ion at t • 15 us after 

a 1Z GW heating pulse. fi g. 2 shows plots of const~nt toroldal current den-

sHy derived from t he magnetic field d~ta . Note that the Jl I IIS/lla is 

elongated, albeit \'iith some concentration of current at the centre , attri­

butab l e to the considerabl e distance bet\'ieen the plasma and the external 

conductor s . 6 The apparent radia l shif t s in the vertical direc t ion are 

probably due to experiRlen t al er ro r s . For this case t he total ph sma 

curr ent H .... 25 kA and q( a) .... Z. Electron t fq)eratures wer e estilllated 

lIere by tile spectral line- to-continuUll ~thod; the centra l value is 30 ! 

10 eV . Ion temperatures were measured by Doppl er line brwdening of He I ! 

(4686 ~) and are approx hnate ly equal to the electron temperature. Combined 

with all e lectron denSity of 10" m_ l , t hi s ghes Cl peak S of .... 301 for this 

typ1cal equilibrium, We es t imate ~B> to be of order 10%; mo re diagnostics 

are be ing added to determine this value fr(I re precisely . 

Z 10 

9 

B 

7 

6 

5 

4 

3 

2 

o 

Fig. 2: 

x 1 )( 106 0 3 x 10 6 

• 1.5 x 106 <:> 3.5x106 

o 2 x 106 + 4 x 106 

62.5)(106 Am-2 

I ~15~s, 12GW 

Contours of Constant Tor oidal Current O€nsity at t ~ 15 lIS after 
12 GW heating pulse . Z denotes the di s tance fN)lll t he torus mid · 
plane; R h the major radius (in cl1ls) . 

It is our observation that under these high beta conditions the 

sho t - t o-shot r eproduc ibility of the data is good; there ar e no rapid 

c hange~ in the equilibrium and the magneti c field probes do not de t ect any 

significant fluctuat ions . The opera ting cond1tions described place I~Ost 

of the plasma in the second (high beta) region of t okamak staiblity pre­

dicted by theory , 3,4 and our preliminary results show tha t macroscopic 

high beta to~all\a~ stability may i ndeed be achieved. 

Recent exper i-.en ts have explored operation at higher he~tin9 powers, 

in parti cular 25 G'tI . Soft X-ray diagnost ic s indicate e lectron tearpera­

t ures of ZOO eV a t early times. and t he ion temperature also reaches tllis 

value before th~ plasma cools to -t l OO eV in its equil ibrium pha se . Aga in 

s treak photography and re"roduc ibi lity of the diagnost i cs indica te the 

abseHce (If macroscopic instabilities. More detailed studies of t hi s and 

other conditions, ef!I!I l oying Thomson and COZ scatter ing are planned. 

(n conclUSion , -.re have succeeded in producing a tokallldk plaSllla at 

e l ev/lted va l ues of beta with a gross equillbriuJl lIIiIi ntained for !Mny ItIO 

instability growt h times. \le believe t llat our fast initial heating is 

responsible for al l oWin9 us to oper ate in this regime, which may not be 

accessib l e with con~en tional low beta tClkamak start-up methods. 

~ Resear ch SUIlPorted by DOE contract EY-76-S-02-24S6. 
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Influence of q on Confinement and Stability in th. Garching Belt-Pinch 11 0 
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EURATOM - Association 

Ahstroct: In th" new version of Selt-Pinch Ho lHjuil ibrio wi th reduced half-axis rali01 

b/o!.6 cnd poloidol bele >101"01 obove Ihe aspect ratio (Bp ~ 7) have bee" achieved. 

For higher q - VOIU81 (qo"" J, 9b ~ B) lha ,,"ergy decay Is dominated by impurity radio­

tion cooling and clouical transport i. found. FM lower q-valuel (90 ""1.5, 'Ib %' 6), 

howe .. er, additional particle and energy lones and enhanced Field diffusion occur 

which indicate the existence of MHO mod" activi ty. 

1. Introduction: Toroidol high-beta plosma. in beh-pinche. produced by shod< healing 

are obl. 10 provide valuable information on MHO liability and confinement of future 

high-beta tolcamako. In order to achieve moderat . ly e longated equilibrio (half-D)d , ratio 

b/o ~ 6) with high poloidol beta VClluel Bp ~ A (aspect rotio), 0 Belt-Pinch 110 ve"lon 

with 0 ,maller coil height (130 cm) 1.01 been built up. With Ihi. device 0 stronger shock 

heoting relults and 11.. temperotvre 'Um Te + Ti il nearly doubled compared with earlier 

experimenh /1/. In Ofder to sludy the influence of q on .Iobility and confinement on 

impro~d poloidal field .y.lem hOI been ;n.lolled which a llows 0 vorialian of q . 

2. Pla$mO Paromelerl: With the changed coilsyltem equilibria will. b/a~6 at 0 rodial 

compression ro tio :::I 2 .5 could be achieved . Higher rnultipole curr.nll near the coi I 

ends resu lted in 0 clltOr sepo<olion of Ihe plolma from Ihe end plolos of Iho vacuum 

venel wolll and ..,pprelOad v.rtical displacement instabilities at lealt for Ihe experi ­

menIal lime Icole. Seriel of discharges with Iwo different q-values at the plcnmo 

boundary hove been invesligoled. Measured and calcula ted plolmo parameters at '1 ps 

when the compreuional Oicillationl ore damped out, and at 'he end of the high Bp­

phale ore given in Ihe following table. Standard dolo aro, filling pressure 2 mTaH 

deulerium and 0 loroidal magnelic field 8," 1.4 kG ol lhe plo.ma axis (Rp :=:.50 cm). 

hi her -cole lower -celle 

I {.,Il 11 50 90 11 " 
" 10 10 7.5 6 5.5 

,. 3.0 2.5 3.0 \.5 2.6 

<Pp) 7.0 3.' \.6 5 .0 \.5 

( I1t )a O.BO OAO 0.03 0.B5 0.05 , [=[ 60 60 " 60 52.5 . Fml 10.5 12 16 10.5 12 

"~ 
{cm -31 3.' 10

14 
4.5'1014 4.5.10 14 

3 .0' 10
14 

NIN. 0 .50 0.65 0.75 0. 40 

<X{, ',j(c, -<,..fr.] lA,1 A,O.2 1.0, 1 .0, 0.1 

It ,plasma lkAJ 60 47 35 76 71 

r ... J'~ [,,~1 " 30 

TOfaidol and poloidol beta and q-vohles Ore defined a. followl 

j)" 1- 't/~, .. ,. !' , '·1, ' : ~ ~ 1' ; ;'.-; 1~ j(8t ciLr )j(B,.lt'lt) 

The averages denoted by <> and - are laken Over the plasma crou-Ieelion and the po­

loidal circumference t I' on Ihe plosmo surface, r8lpeelive ly. Width and height of Ihe 

ba.il of the prenure profile ore 20 and 2b. Subscripts 0 and b refer 10 the mognelic a"is 

and the plasma boundary, respectively . The Bond q-values and the l/e decoy lime of 

the pl,",ma energy 't' 1/e ore loIeen from meo.urements of Ihe toroidal diamagnetic flux, 

of Ihe rodial magnetic field profiles (Bt, Bp) and of the o"iol Bz-profiles outside the 

di.charge veuel and from calculations using on equilibrium code /2/ and the Gorching 

high-belo transport code /3/. The electron density ne and the tolol particle number N 

were mealUred by end-on 3.4 pm A"'by inlctrferometry /1/. No i. lhe particle number 

filled in. From the prenure balance 0 temperoture Sum Te + Ti ~ 150 eVot 11 pi hell 

been derived. A.. the "'od< wove mainly heotllhe iam, Ti b Te <t:< 20 eV rewl ts. The 

impurity degreel of oxygen (»<0' carbon (OCC) gnd nitrogen (Dc. N) normalized to the 

el!lClron density were delermined .pectroscopicoll y by odding .moll amounts of impuri-

3. Pla.ma Confinemenl:.., The oquilibria ore studied by meons of 0 free-boundary equi M 

librium code which match ... meolUred pla.ma thidtne .. (20), <6>, < Bp> - voluel and 

axial Bz-prof'ilel. A.. in the fOfmer extremely e longated equilibrio (b/o "" 11) /1/ Ihe 

toraidol current den.ily il remoin, roughly con.tont over z Ihroughout the di.charge. FOf 

the higher q-cole comistent equi librium solutions ond q (¥' ) - profiles are ,hown in 

Figl. 1 and 2 ('I' polaidol nux tl,onctian). For lar9" (BP> - value. the exoel rodiol 

~ependence of il and Ihul of q ( '1' ) in the plasma centre cannot be simulated by Ihe 

equilibrium code used. The U>own initial q-VCllue l on axil hove been derived from 

locol meoluremenl, of 8t and Bp' Although Ihe pla.ma chonges its shape in the course 

of Ihe di.charge and IUffers a strong energy decay, loroidal and poloidal flu"es and 'I 

ore roughly conserved e"cepl in the colder boundary regions. In controsl 10 Iha t the 

lower q-cale .xhibits 0 rapid change of q(y} (see Fig. 2 ) lugge. ting lhol flu x con­

servation il violated OVer 0 considerable plosmo region. 

Differences in the two coses ore also observed in Ihe transport behaviour. The higher 

q-cose il fully conli.lent in stabilily and confinement with the earlier b/a "" 11 Bell­

Pinch !la plosmol. Again the dominanl 100S il caUled by radiation of oxygen and co,ban 

imputilie •. The ob:.erved increole of plalmO den.ily on oxis due to sl,ong radiation 

101111 and subsequent plo.mo compreuion, Ihe development of side mo"imo on Ihe n.­

profile , the time behaviour of line denlity and plolma en.'gy oro in good agreement 

with comp.!ter simuloliom with Ihe Gorching high- beta Ironlporl code. 

All COfllp.!talions hove been carried oul with clollical coefficients, since neocla$lical 

correclionl in Ihe Pfi,sch-SchIUte r regime due to elongation and high- I:.eta effecll may 

Iti I1 be neglecled for b/o "" 6 / 4/ . 

In Ihe lower q-ca.e, however, 0 two limes smaller (; 1/e lhan colculaled wilh the doto 

given in the ,able and a decrease of o"ial plalmO denlity and line denlity hove been 

found (lee Fig . 3) which cannot be I!I<ploined by clallicol proce"," alone. There eHisl 

additional energy and particle lOises which con be simulated by on ambipolor diffusion 

model with 0 variable length of magnetic Field line. Z 

l (cm) • 600 0"1' t>R ' II,)/,J'ltl20 (see fig. 3). 

Thll model 1"8110 delcribe 10'101 parallel to e rgodic B-line, presenl in mognetic 

i.land •. 

Thus, MHO mode octivi ' t in the lower q-ccse i, bath ,uGgelted by Ihe oblerved enhance­

ment of particle and energy louel and by the change of q{,. )-prafiles. Tho modes 

.eem to grow unl Iable in the lower q- cole with qo ""'" 1.5 and qb /qo "" 4. The lIable 

behQviour in the highr q- cale with qo ~ 3 and qb / '10 "'" 2. 5 to 3 hal been found 

olso in the e"perimenl. wilh b/a ::::11. The foci lhol Ihe lower q-colO becomel unsloble 

in spite of Ih. larger "'eor indicates thal Ihe inllability rewll' from 0 too small qa­

value and represents on internal mode, o .g . of ballooning type / 5/. 
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LIMITATIO N OF THE ELECTRON DENSI TY 
I N THE PULSlITOR TOKAHAK 
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E . Glock, S.von Goeler+ • N. Go ttardl, K.Lackner, G.Llsita no, 
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~Iax-Planck-Institut fUr Plasmaphysik , EURI\TOH-IPP Assco . 

8046 GarchIng. F . R.G . 

The density of tokamilk phSR\as canno t be increased arbi t­
r a r ily since tho occun:ence of the d isruptive instabili ty con­
s titutes an upper l i mit. In the Pu lsa tor tokamak at f ixed tor ­
Oida! magnetic fIeld of 27 kG this d ensity limit Is surpris­
ing ly s ha r p : The line averaged elec tron den Sity determined by 
2 mm micro .... ave in t e r f erometer does not e"cC'ed i. 1 5 " 1014cm~ 3 
correspondi ng to 27 fringes / 1/ . Only in low q - d i scharges 
(Ip> 80 kM 36 f r inges (ne '" 1.4 " 1014 cm-J) have been 
aChie ved, when weak r e sona nt helical fields wer e applied /2/ . 

In all discharge s the density inc reases continuously . The 
density limit was reached f o r d ifferent functions of n,' " 
(e .g. ne(t) =const. · t or ne (t)'" 1 -elOp( - t/t )) and dif erent 
cu rre'!nts between 90 kA and 45 kTl cer respond~n9 to 2 . 6 :lqa ~ 5 . 2. 
The Op values at nma~ varied between 0.9 and 1. 8 in s uch a way 
that in 11.11 cases II p /qa = const. -0 .1 6 was found with an accu­
racy better than 10 , . 

Pulsator discharges in the high density r egime 
exhibi t particular properties . In the regime nJn<lX / 2 -5 ne ~ iill'..1I.x 
two types of discharges can be dist i nguished . The difference 
between them is most distinctly manifested in the temporal be­
haviour of t he signa l from the central x-ray diode (cf .F ig . ') . 

~~et~:w~~~lhco~~1~~:~i~~ 
continues up t o the diS­
ruptive cnd of the dis -

~~i~ti~~en li~lt~u~~ 1 
-40 1 , the rcpeti tion 
time "t"r = 3 - 5 ms . The 
~ discharge is 
characterized by a 
sudden increase of the 
diode'! signal to .... ·ard s the 
e nd of the diSCharge 
whiCh is ascribe'!d to a n 
accumulation of impur i­
ties 11, 31. Befo r e the 
oni e t of this phenomenon 

:hn/~~ma~d .. ~! .. ~a,".',t~a"i" ~ _ ~~ ~ vu " '" .L t:.!9....:....! Tr aces of t he soft X- ray in-
S-type diSCharges . Dur- tensity, elec tron density , and plasma 
in9 the si~nal rise , current for A- type (accumulation) and 
however, ... "KllI decreases S-typc (sa~Jtooth) di SCharges . 

drast i cally: in many cases, t he r e is no sawtooth relaxation dur­
Inq the l a st 10 ms before the disrupt i on . Enhancement of the ga s 
flow rate postDOnes t his effect to highe r densitv until 
no'" Ill: 101~cm- J. The actual density limit, however , is reached 
o nly in S-type dischar ges. 

For bo t h "Vr><>". f:he m~2/n'" tearing mode ell:ists 1,n a Quasi ­
-stationary saturated s tate lead ing to a modulation Be of t he 
Nirnov probe signal with 'iJe /Bg .E-0.2' a nd " ",20-25 kll<: 
(qa K 3 . 4). The meas ured am plitude of the modulation is roug hly 
in agreement with the values obtained from tearing mode calc u­
lations 14/ r eferring t o Pulsater c urrent dC'n s i tv nrof iles . 
According t o these calculations the on ly unstable inode is 
m .. 2/n~1 which saturates at 1sIDnd widths of 1 . 7- 2 . 6 cm and 
0 .05 \ -!;ii~/Bg~ 0.15 \ with respect to 5 .2 ~ qa !o 2.6. I n the ex­
periments the u nstabl e growth of the mode precedinq the ex t e r­
nal di sr u ption occurs on different time scales: the e - foldi ng 
time i s 0.25 ms for S-type di scharqes and i/: l ms for A- type dis­
charqes . The amount by which the freque ncv decreases i s a lso 
differen t: for A-type discharges 11. fllctor" of 1.5 is typical 
whereas in S-type discharges a decrease bv a factor> 3 is ob­
served . The Ba/Be va lue which i s atta ined-just before the 
negative vol taqc spike ranges from 0 . 5 to 2 \ for both t ypes 
of discharges . Ano the r cOllV:lon fetlture is t he i nc r etlse of the 
hard X-ra y signal arising from the limiter during the g rowth of 
the mode . It indicates the rapid loss of runaways in this 
phase. During this time t he hard X-ray intensity 1s modulate d 
by the frequency of t he 2/1 mode. 

In the S-type discharges the mode starts to g r ow ilmledi ­
ately after the last sawtooth r elall:ation. The time difference 
be tween this event and the negative voltage s p i ke i s therefore 
:S 1 nlS in 3/4 of the cases. Tlnother characteristic fea ture of 
the S-type d isCha r ges is the sawtooth modu l a t i on of the hard 
X-ray intensity 15/ . There is a thresh21d f o r the occurre nce of 
th is e ffect : it i s Observed only for 6A/A > 25 , . ~ -type dis­
cha.rge s d o not exhibit this modulation even i f n AlA r eaches 
40 , . 

Some of these fi ndings agree fai rl y well with the bas ic r e ­
sul ts o f tearinq mode theor y /6/. The transition f rom a peaked 
to a more rectangular cu~rent density profile is e xpected t o 
deteri ol' a te the s tabilit j . Such a transiti o n OCCU L'S at every 
sawtooth rel axation and can e xpla In to some exten t the tempora l 
corre lati on between the relaxation a nd the onset of t he exter­
nal di sr uption in the S-type d ischarges . In the case of tho 
A-type discharqes t he cessation of the s awteeth indicates that 
q(o) stays> I. The accumul ation of imp uri t ies is likely to be 
accompanied by a continuous flatteninq o f the c urrent density 
in the plasma centre . thereby producing profiles l eadinq in­
evi t a bl y to disruption. 

The e x istence of the sharp density l i mi t, however , i s dif­
ficul t t o understand in thi s contex t. The To profiles do not 
change t mlards Cl recta ngular shape during t he last 30 ms before 
the disruptlon.l-lithin the ell:perimental error of :!: 10 , they 
stay constant. The pla sma survives many sa,·, teeth with statis­
t i cally varyinq relaxation amr>litudes before ;:! disruption 
(Fig . 1 1 . Furthermore , shaping of the current profile by i nduced 
cur r ents does not t rigger the disruption unle ss the density Is 
close to the limit 18/ . All these Obse rvations lead to the con­
clUSio n that there must be a n additional cause fo r the disrup-

+lan leave from the l'la5JM Physics Lal;oratory o f Princeton University 

t ion in S-type discharges Wh ich is directly connected with 
density (o r the pressurel . the 

In searCh of a di f feren t mechanism that could explain Our 
observ"tions, the influence of finite Bpol on the magnet ic 
topology has already been briefly discussed in a previo 
/7/ . WIth increasing r. 1 the maqnetic surfaces a r e com

us 
paper 

at the.outside of the ~rus . ThiS compression l eads to ~r~!~ed 
f ormat Ion of the magnetic islandS and , more impor tantly, in ­
c r e ases the.deqree of erqodizotion . To demonstrate the rele_ 
vance of th I S effec t code calculations on magnetic field lin()s 
o re performed Where the . tokamak equlibrium fi e ld (in the 1 
aspect ratio appr oximatlon) is perturbed by the m"2 /n"'1 wi Il ~~e 
available on pul sator. The followi ng current and pres sure n ng 
p r of iles have bee n used 

" [ 2 2 iU+l ] , ,~ I r =10 1-{1-r Ill) , p{ r l-po{1 -r l a J , ~+I "' qa/q{o) . 

a .. 11 cm i s the limiter radiUS and r is the radius of a torOi_ 
dai magnetic sur face displaced to the outS ide of the torus b 
" .. "(r, Bpal ' fl' Ro/a) . The s ur fac e coinciding wi t h the li -

Y 

miter is a!isumed fill:e,j : d{a) - a. The above profi les fit ~Iell 
to measure d ones in the r"nge 2.6 ,"qa !o 5.2 when q{o ) '" 0.85 is 
assumed. Compu t a tio nal result s a r e shown in the Figs . 211. - 2c 

fo r vary ing llDOl and the f ol -
..ZIll 0"", . 0 riq . 2a 10wingset o f - data : Qa,"5 .1, 

10 ~ 45_8 kA, I hel- 1.2 kA , 
rhel = lf1 cm, 1lo - 70cm. In 
ea ch case a fie ld line is 

... .'. 

n"",I· 1.S Fig. 2b 

followed for 120 toroidal re­
volutions with the starting 
point a t the X-po int of the 
m_ 2/n .. l island . As it i s to 
be seen, the island structure 
i s well conserved u p to 
Ilpa1 = 1. S . Above this value, 
hOwever, a tremendous incr ease 
of the ergodizatlon is ob­
ser ved and f o r BPOl '" 1 _ 6 a 
large scattering-of the inter­
section point s i s found 
(Fig . 2c ) . Colcullltiom; for 

0"", _1.6 I'ig . 2c 

Rlcrn 

.' ... 

FIg . 1: Intersecu..:.n p:>lrl ts ot ftI1I.9nE!tlC held lInes wtth a pololdal plane. 

smaller values of qa show t he same effec t but lead eas ily to 
ergodizcd regions extending beyond the limite r. 

Prel iminary e x pe rimen tal res ults lire in rough agreement 
with these ca l culations : By means of the cited helical winding 
disruptions are triqger ed at various d ensi ties . The critical 
helica l currents at Which the disruptions occur are fou nd to 
decr ease with increasinq d ensity . Also, the abSOlute values of 
the currents are nearly the same as those needed in the calcu­
lations t o produce strong ergod iza tion . 

Similar erqod i~ation effects may play a crucial role also 
for the spontaneous disr uption s defining the density limit. It 
i s conce i vable that in these cases a sudden rise of ergodiza­
tion due to i ncreasing Ilpel can trigger the rapid growth of 
the m .. 2 / n _ l and pos sibly other modes. The enhanced runawa y 
losses observed during the qrow1nq phase o f t he 2/ 1 mode sup­
por t t he assumption that ergodization i s of importance dur inq 
this g r owth. Fu rthermore, the inverted sawteeth in the hard 
x-rays appearing -25 ms before the dens ity limi t is reached 
may also i ndicate a strong but l ess severe erqodi zatio n corre­
la ted with the internal disruptions . 

Conclus ion: The exper imen ta 1 observa t ions indica t e tha t the 
disruption at the high density limit is not entirely due to 
changes o f the curre nt density profile. Rather, some ev i denc() 
has been fou nd t hat erqodizatio n induced by the increase of 
BPOI is responsible for the onset of the disrupt i on . 
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An expeI"iment has been performed on the pulsator tokamak in which 

the plasma cu rrent was modulated 1n the frequency range 100 Hz ~ 

f:5:.2OOO Hz Ill . The aim of these investigations was to study the 

stability ot tokamak discharges against tearing modes - more 

specificlllly, to drastically ch<1l1ge the radial distribution of 

the plasma current density whieh, according to theory /2,3/, Is 

the most important factor determining stability. Originally, an­

other aim was to heat the plasma with the sc - currents. However. 

since only very little hea t ing was observed with the K-ray diodes, 

this aspect o f the experiment has remained in the background. 

The main results can be summarized as follows, 

1) Small mooulation of the plasma cu rrent ~IpI < 10 kA) has prac­

tically no effect on 50 kA discharges with reasonably high safety 

factor (q (a)~ 4) and moderate densities. The amplitude o f the 

Mirnov oscillations is sometimes slightly modulated. The level 

of the Mirnov osci llations is, however, comparable to the level 

without ac-modulation. This is a remarkable result because even 

10 kA-modulations are expect ed to produce quite substantial chan­

ges in the current distribution. At low q and close to the high 

density limit the discharge is sensitve to any perturbation and 

small ac-modulations lead to disruptions. 

21 When large current modulations 110 kA" AI I {4-0 kA)are applied, 
growth of m-2 oscillations is observed on the Mirnov coils . nus 9~ 
leaos to minor and major disruptions . (In sorne cases, when the 

safety factor q(a) reaches 3 . 5 in the course of the modulation, 

m-3 oscillations seem to be eXCited /4/.) The level of these 

oscillations is cO!!lparable to the fluctuation level before a ma-

jor di sruption . Often the growth is phase correlated with the 

ac - modulation. At the same time the level of the Mirnov Oscilla­

tions averaged over one ac period increases . 

3) In order to compare the experimen­

tal results with predictions of the 

tearing mooe theory, w\! h(l.ve co~pu 

ted the instability parameter ~ /2/ 

for the modulated current profiles, 

taking into account the skin effect. 

The same code also predicts a "no n-

linear saturated island width w", 

which is obtained by determining the 

distance W /2, where the derivative 

["t(rs+l)-""(rs-~)r becomes zero 
/5,6/ . These computer code s calcu­

lations can be summarized as follows , 

~ 
,,1V~ 

c 
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30 
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38 39 40 41 42 43 U 

"' ~ Plasma current wave-
forms for sinusoidal lA) 
sawtooth (S) and inverted 
sawtooth modulation IC). 

The instabili ty parametert:.: It) oscillates sinusoidally around its 

dc-value for small ac - currents. For large ac-currents t'(t) be­

comes nonsinu soidal and(.tl')the averaqe over an ac-period , becomes 

much larger than the dc-value, The dc-current profile Which has 

been deduced from laser-temperature profiles, seems to be margi­

nally unstable against the m/n-2/1 mode. Depending on the exact 

shape of the current distribution the dc-profIle then has already 

an island or has none. Once £1' becomes greater than zero an is­

land is formed . The island size is usua lly relatively large even 

for smal l values of LI' and does not depend strongly on Ll'. There­
fore, when we increase the amplitude of the ac-modulatlon , the 

t1 bccomes very large but the island width increas~only very 

slightly . During the modulation the distance between the 2/1 and 

3/2 resonant sur faces pcriodically increases and decreases. For 

large modulations t he docrease of the distance between resonant 

surfaces coupled with the earlier mentioned slight increase of 

the island width leads to the overlap of the 2/1 and 3/ 2 islands . 

An ac -modu lation '",ill periodically alter the current profile and 

therefor e worsen and improve the stability of the plasma column 

at different tim<>s .With a nonsinusoidal modulation it might be 

possible to minimize the adverse effects on the stability beha­

viour, at least in the time average . !~e have therefore compared 

a Sinusoidal modulation with a sawtoot h and an inverted sawtooth 

modulation. The current wavef orms for the three cases, labelled 

A,8,C are shown in Fig. 1. Since our computer code calculates 

the o nset of the oscilla tions, we plot the results for the 6th 

x) On leave from the Plasma Physics Laboratory of Princeton Uni­
versity . 
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period where the oscillation has approximately reached a sta­

tionary state . The instability parame ter jj' (t) for the three 

cases is shown in Fig. 201, 301 and 4a, respectively. The radial 

location of the resonant surfaces and the sa turation width of 

the islands is shown in Fig. 2b, 3b and 4b. For the sinusoidal 

modulation (Fig . 2) we find 11. strong increase of (A) and a se­

vere overlap of the m/n-2/1 and the m/n_3/2 island s . For the 

sawtooth modulation (Fig . 3~~iS comparable with the dc-value 

of 4.4, a favourable result. However, 1J. I becomes relatively large 

simultaneously for the 2/1 and the 3/2 mode during the sharp de­

crease of the current. In addition the resonant q - surfaces move 

very closely together during this instable per iod so that a se­

vere overlap of islands occurs (Fig . Jb). In the case of the in­

verted sawtooth modulation (Fig . 4) the situation l ooks unfavour­

able as far as ~'is concerned . The 2/1, the 3/2 and the 3/1 mode 

become unstable,<~I> for the 2/1 mode being very large . However, 

since this kind of modulation tends to move resonant surfaces 

a part , Isee Fig. 4b), we de not encounter a large overlap of mag­

netic islandS . These calculations then demonstrate that appropri­

ate nonsinusoidal modulation should theoretically offer appre ­

ciable improvements over sinusoidal modulation . We remar k that 

these calcu l at i ons depend sensitively on the exact shape of the 
current profile . 
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Abstract: A new "schlieren" diagnostic applied to the Pulsator 
tokamak using severill J.. = 2 nun vertic"l probing chords, gives 
a fai r ly localized picture of the v3riation of the density 
gradien t at about the equatorial plane of the torus . One fea ­
ture of the schiieren signals reported here is the observation 
of a localized, rapid deformation of the density distribution 
dur ing a major disruption . 

Introduction: As is well known , the schiieren t echnique depends 
on light-ray devia t ions which are roughly proportional to t he 
transverse electron density grad ient . These techniques have 
hitherto been applied to high densi t y pinch discharges . Par the 
relatively low densi t y values in tokamak plasmas , i .e . 
Ne'" 10 14 cm- 3 , a fi nite angular deViation of the exploring ray 
is encountered in the millimetre wavelength range . The x-compo­
nent of the total angul ar deviation of the e xp l oring millimet re 
wave ray is related to the x-component of the gradient of the 
refractive index by the expression /1/ : 

C 

ex = J ( l /n) (oSn/ oS xldz , 

o 
where n is the refractive index and the integral is taken OVer 
t he length L of the p l asma in the beam direction z . 

In the pulsator tokamak seven )., = 2 mm wave beams explore t he 
plasma along vert i ca l chords . The amplitude-independent phase 
variation of the beam interferometric signals is used to derive 
t he average density distribu tion of the plasma. All channels are 
decoupled from each other by i nterferometric frequency selec­
tion. The amplitude decrement 6 A of the deviating beam and the 
signal amplitude 11 of the undeviated beam are related to the 
angular pattern of the radia tors used in the Pulsator tokamak 
by the expression I:.A/A'" (ex/oo) 1.2, where 6 0 is the first zero 
of the antenna radiation pattern . Combi n ing the above equation 
with the refractive i ndex n 2 • 1 - Ne/Ne, where Nc is the cut­
- off density corresponding t o the)., ~ 2 mm wave , we have : 

C 

fj A/A'" ( 1/2Nc901 J [1 / (l-Ne/Nc )] (I;Ne/ 1) xl d:: 

o 
Thus, the elec t ron density gradient may be very sensitively 
measured by choosing the exploring wavelength such that the 
density cut- off value tIc is close to Ne; i . e . Ne/Nc~l . 

Schlleren signals : The amplitude vaeiation of the f ive )., = 2 mm 
prob i ng beams shown in Fig.la, represents the first demons t ra­
tion of the applicability of schlieren techniques , in the milli-
metre wave range, on a tokamak pl a o: ma . . 

The amplitude decrement 6 A, representing the eefracti on 
losses of the various beams, is most sensitive to d ensi ty gradi­
ents tra ns verse to the r a diation pa t h o f the waves. Thus , t he 
dens i t y gradient v<lri <l tions deduced from the ampli t ude vaeia ­
t ions of the millimetre wave beams, which a~e arranged ver t i­
cally, ace f airly localized in a region about the equa t orial 
p l ane of the torus, wheee the mo s t impor t ant c u rrent ~edisteibu­
tion phenomena occur . 

---Hms) -t(rns) 

Fig. la , Schlieeen s ignals of five ver ti cal probing chords at 
)., .. 2 mm. 114 is the central channel at r • O . A3 and A5 

are positioned at r .. ~ 2 . 8 cm ; A2 a nd A6 a t r = ~5 .6 cm . 
Minus s ign eefers to inside channels . 

Fig.lb: Phase-shift of the 5 ch<lnnels . One f ringe (2Tt phase-

~S~i~~\20~m:S ·w1 t~~~e:s~7~~t:~ ~~:~:f:rd~~S~~Yc~~ For 

~~ty3~f5r:~~e~t1v~~; ~~~:g~of~p~~~jn!~da~.~~e~~1~ ~~~J . 
The sta ndaed set o f pa eame tee s f or the s ho t of Fig . l i s: 
1 · 75 kA; B ~ 27 kG; q(aL) ~ 3 . 1. 

~igt~~ ;~;:Ch 
path deflec­
tion-angle 
and of the 
corresponding 
schlier en 
amplitude va­
riation of 5 
probing beams 
foe a para­
bolic densi ty 
profile with 
N = 1014cm-3 
~ 

Using the calculation o f Shmo~s/2/ for a par abolic density 
dist~ibution Fig.2 shows the correspondence between the ray_ 
- dev1ation ang les and the amplitude varia t ion of the millimetr 
wave , s1gnal inteeceoted by the receiving antennas for a maxim e 
dens1ty of Ne .. lOl~cm-3 . Il!!l 

In Figure 2 each deViated ray has been extended over the 
circle, eepresen ting the limiter, by a s egment coreesponding to 
the measured amplitude of each undeviated ray. The eesulti ng de­
formation of the eay patteen gives a picture of the decrease of 
the n11111metre wave signal 1ntercepted by the receiver antenna 
The fan-l i ke deformation of the ray patt:rn of ch. 4 produces a~ · 
attenua t10n of the ray dcns1ty intercept1ng the antenna. Cal_ 
culation s have shown that for a parabolic density profile havi 
a maximum densi ty Ne = 10 1 4 cm- 3 such attenuation of the ch . 4

ng 

can be more than 50 % of that corresponding to the undeviated 
signal. 

Non- s ymmeteic, flat density profile: A compari son between the 
calculations shown in Fig.2 and the schlieren and phase-shift 
signals of Fig . 1 il l ustrates two main features of the discharge 
shot of F 1.g. 1 • 

First, t he non-symmetric amplitude of the schlieren signals 
indicate a slightly inward of f - centering of the discharge . 
Second , at t = 110 ms the average density for ch.4 (after g a S 
puffing of t = 20 ms) is 10 14 cm- 3 . However, as seen in Fig.la , 
the amplitude of the schlieren Signal of ch.4 is not affected 
by this high value of density , whereas it should have been re­
duced as mentioned earlier by more than 50 %. This indicates 
tha t instead of being parabolic, the density p r ofile must be 
very flat. This is in fact confirmed by t he densities measured 
by a l l five channel s shown in Fig.lb, from which the same den ­
si ty value can be d e rived , in 50 far the strong at t enuation of 
of the schlicren Signa l s allows a phase-shift measurement. 

) Shows 
eh, 

schlieren 
ch. 2 to 5 during a 

major disruption . As shown by 
the current pos i tion signal 
the discharge is centered 
slightly outwards. The poSition 
signal does not give , how­
ever , any deta11ed informations 
about the spatial eesolution 
of the discharge current during 
the disruption. 

On the othee ha nd, the 
schlieren signals of Fig . ) Show 
a very rapid (within a few 

Fig.3 : Enlarged time-sc al e view 
of the schlieren Signals of 
channels A2 t o AS during a ma­
jor di sruption. The current 
pos i tion signal (second trace) 
has been delivered by m<lgnetic 
pick-up coils . 

microseconds) and localized eedistribution of the density. At 
this t ime the dens ity has a n aveeage value wel l above 10l 4cm-3 . 
At the onset of the negative voltage spike, a significant part 
of the density first moves inwards from the inside part of the 
discharge closest to the center . This is deduced in Fig.3 by 
t he rapid enlargement of the schlier en signal of channel 3 . 

Subsequentl y, wi t h a time delay of about 10 us, th is inward 
shift of density is observed by t he ch. 2, positioned 2 . 8 cm in­
wa rds from channel 3. This first rapid shift of density occurs 
simultaneous l y with the fir s t inwa e d step obseeved in the pos i­
tion signal 

Immedia tely after this first deformation of the density dis­
teibution, the density profile is rapidly flattened by a second 
step-l i ke inward shift of density f r om the centee of the di s­
charge . This . is deduced in Fig . 3 from the e apid increase of the 
schlieren signa l of ch. 4. From now on the density profile i s 
flattened and shifted inwaeds, as it can be deduced from the 
enlargement of the schlieren Signal of ch . 4 and (to a ~maller 

extent) from that of ch . 3 and ch . 2 . 
Depending on the discharge conditions prior to disruption, 

the cinematics of the schliee en signals presents a rich vaeiety 
of supplementary feat uees ; but in all c ases one can observe a 
localized, rapid density redisteibution fOllowed by an inwaed 
shift and flattening of the densi t y profile . 

In order to investigate the mor e impor t ant part of the dis­
charge immediately peeceeding the onset of the diseuption a re­
fined s Chlieeen system is undee development. 
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RESUIoTS FROM '1'11£ DITE BUNDLE DIVERTOR 
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U:\Iraec./UKA£A Fusion ""sociatlon) 

The OIT!:': bundle divertor h<ls be"n oPQr" ted In conjuncUon WIth .. tit~ 

aniWl \lettered t<lru." wall and r,,~ults cQapared with rho ... without \let ter ing. 

lli9her "'"n"IU •• have been .eh!""",," with 'lettering and dl""rdon. Prelill­

inary ob!lervations wft.h injection and dlverlllon are reported. 

ItI'M\OOUCTlOO 

Both th" bundle dl\1"rto1'(1) and (lettering of the teru!! wall (2) have 

been used, previOusly sepan.tely and now together, to reduce t.purlti .... In 

011'1:. The bundle dl\1"rto1' acU by prodUCing a !I"pjlutrh , Durdde of which 

'" sc r ape - off layer exists, PActicle& and omlt:gy a r lt I>xhausted vIa this 

layer onto 11 tarllet in a chamber ou1'"I(18 the ... In ton •• , thus reducing U,e 

p lIlSlla-v"U interacUon . llIPUriti"a produeM at the .... 11 Ilr" ioni.ed and 

r...oved to the target. Typically, low Z impurities ore reduc"d to _ 0 . 25 

on<!, hIgh Z impurities t o ~ 0.1, of th.ir previoua concentration .. in the 

.... 1n dhcharg ... 

GetterillQ operatu by c"-oicllUy tnppinq particle. on u.e .. all. Thi. 

reduce" the 1"", Z i .. puritia. to _ 0.12 of their pravious valua •• Bacaus" 

th .. working ga. i. tr" pped, additional \1"" feed is raquir"d to IIdntai" the 

d.nsity . ,",e hi\lh Z 1..puritie" =ncentr .. Uon h reduced to - 0.2 .. t hiqh 

den.iUes. 

LOW DENSITIES 

Preliminary r"sults .. ith .. nd ..,ithout th" divertor, f or both rIOn­

qettered .. nd q.ttered ..,dl., ara cOlD{)lIred in Fig " . 1 a nd 2 . The divertor 

i. a .. itched On in the .iddle of the toIc ...... k pulse for a duration of about 

ISO .. a. Other par .... eter ... re Rp" 1.17., all", - 0 26 ... "sep- 0 16-0 1911, 

I.ITg - 0.9 T . Ip .... SO kA , ql111l - 5.2. q.eP - 2.0-2.8. Tea .... 300 ev. The 

11..iter .. "teri .. l ia HO. The Qettering, bet .. "en each discharge, cOver s 

about So, of the torus .... U ... ith two IIIOnol .. y"ra at Tt. The data present ed 

h"ra ia derived f.."., a f ..... hort period. of operation and i .. not .. l .... ys 

con.i.tellt. 

1n " noll-Qettered torus, oper .. tion of the divertor incre ... ea the 

pta_ .. curr"nt ond decr e .. se. the volt •• 'l1\e opposite effect OCCUr. in a 

\lettered wrus, where th .. deer ..... e in curr"nt .... y be c .. used by the expul­

sion of a caoponent of run .. ..,ay o lectrons. The eflect doas not occur tlhen 

l~ .. initial don8ity i" ~"oidad. 

AU:"r tI>e intt1~1 gas Hlling there 110 .. steady q~" feM during th., 

TABLE I; No ... "lised I ntensitiea of Oxygen Line . 

DivOU"tor oH Di.,ortor on 

'00 on OVIl on OVtI 

I UIIQ"ttered 
, , 0.' 0.25 "" GC!ttsrad 0.12 0.13 o. , 0.05 '" 

disch./lrge. ln./l non--<jettarod toru", diver .. i on rMucel the s t .... dy densi t y 

to 0.)5 of it" initial vatU\). In a lIett"red toru .. there 1" .. _ .. ller redu­

ction to 0 . 7, althou\lh .. stelldy . t ate· i l difficult to obtain . With unget­

tered walls, refuel1ng is mainiy fr ... the .., .. 115 with the qa" reed consti tut_ 

inq a SO\l!.l1 component of th" total hydroqen flux inW the pI .. "",... Diver~ion 

approximately h .. lv"s tho tlUIC of ions to thS w .. U thareby r e<1ucinq the re­

cycUnq and hence the density. With 'lettered .. all . this .. all recyclinq i s 

reduced befor .. diversion .. nd the qas f .. ed i. incre .. sed. W cOO:p<!naate. ,",to 

hy<!roqe n nux Into the plasma i, n ...... dOlllinated by th" qas feed, whicll is 

not \lreatly aCrected by the divertor because at thes" den~itie" tho "cr"en-

1nq efficiency f o r hydroqen is 1 .... « 0.21. '"'Is expl .. ins the lower den­

sHy drop .. ith qettered wall • . 

The intend t y o f the 0 It (4414 A) Un" is "SSW!lOO to r"pre.ent the 

i nflux of oxygen .. t the edqe. Oper .. tion Or tho di\rertor reduc". this influx 

1.s. In a qettered t h .. n in a n uIIQettercd Wrus (T"bla I) probably bec .. u .. " 

ot ..... ller char"IeJa in tha particle flux to the ..... 11. The inten" lti"s o f 

the 0 VI (lOll A) end 0 VII (1621 AI Un ... , ..,hich "rilO inSid e the iepara­

trb, are as"","ad to represent tile Influx of oxygen inside th" separatrix • 

,",I decr ease in those lines 011 diversion (I>iq". 1 slid 2, T<lb l " 1) results 

fro. both t"" deensscd ....... rce .. t th<! vall a nd the .cr eeninq effect. Thu" 

the Icneni"9 etHciency (1;50) C<ln ba calcullltcd (Table I). For both linG8 

'lotterin'l r "duce. the i nten. ities to 0.12. 

The total radiated power from r < 0.1 " drops dr ...... t1c .. lly .. hon the 

divertor is I .. itchad on .. ith an unqetterecl wru., but hardly chanqe. with 

11 qottored t orus (rigs. 1 .. nd 2: Table IlII). However, it ch"nq"s during 

the pul~e even "ithout diverBion (T<lhlo lIb) so th"t th .. effect s hould be 

mea.ured by the! r .. tio divarwr o n to ott .. t th" S","" ti,.e (Table lIc). The 

total radiation before diversion with \lettering is about half that .. ithout 

gettoring and so the .. bsolut" value <l fter diversion i . about the .... e in 

both C .. ses. 

Th .. me~.ured X-r .. y encasly f actorl It). (T~bla llI) d ..... n.trate tha 

reduction of h .... vy _tah .. rod thle production o f pure pla_ (( .... 1). An 

under.ta nding o f tho behaviour of the radiated powe r .. nd X- ray aflOlllaly fac­

tor requires clearly con.i.t""t seta of dat .. includin<,l profiles of both "lid 

the u.purity .pcc:ies . 

IllCitt DENSITY QPERATlOO 

In preUminary expcrillents, \lettorinq .. ithout diverBion did not ex t .. nd 

~h. n!,pr"~1"'9 rlln9" of d"nsit\'. bu~ ..,hen combined with diversion t h .. <a"9"e 

..Ill ox~endcd by 11 fac t or oC sbout t wo (I>ig. 31. Divorte d discharges recovor 

more r .. "dily frCIII soft dilruptlon., dUl'ing qas feod probably becaulO o f the 

.. eaker interaction .. ith the .., .. 11 . HOr. perscver""ce might al .... all .... hiqher 

d enBity ope r llt i en .. i~h 'lettering .. l one. Pllr_etcr. have been inc r a ... ed to 

neo - 6 ~ 10
19 

• - ), ;; .. - 2 ~ l019 .. -
3

, T
E 

.... 11 "', Bp - O. 7S and (8.( in~ide 
the .epar"trix ~ 0.)'. 

INJECTION AND DIVERSION 

Pr elimin .. ry .. ~peri .. ent . .. itll tho dJvorWr .. nd 0.2 I',W (100 ... ) 

of injection powor into an ungette red wru. ha ve ellown be .... trappin\l of up 

to SO,. Tha d .. ns ity incr ..... On injection correspondl roughly .. ith the 

trapped be ...... nd Is unaffectad by diversion. Th .. re is a la rqe influx of 

i .. purities (0, C, r.) resultlnq from the absorbed IInd no t the trllnsmitted 

pow .. r. The divortor i" not .. s offec tive at controlll"9 t.h~ baaro .induced 

impurities and radi .. tive loss as it Is for the COIII~rab1e olD.ic Jl'O'oIG'r input. 

The be .... appears to be l el t by charqe-exchanqe, becau.e of the 1 .... dand ty, 

IInd by orbit efhctl , becsUla e f the le .. current. 'rhese "ffect, .. Ul be 

roducod in the nea r futur e by eperattn'l .. t higher don.ity .. nd curront (1ow­

or q) and aftar that by a ne .. full f1ald divertor. 
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NEUTRAL WJECTION HEI'.TING IN DI TE 

R.D. Gill, LB. /\x01l, G.II . ai1XC"~, W. H.M . Cl .. "k, R.S. Hensworth, J. ]lu9i11, 
J.W . M. Paul, J . B . B. Perci",,\' R. PTentic .. . II.A. powell ""d A.A. r4idn-

Cuth"", L"b<l r atory, Abingdon, Oxon, OX l4 30a . UK 
(Euratrn!UKAEI\ Fusion Association) 

' L" "r<>ncc Li "",,",ore Laboratory, U . S.II. 

'.'le h .. "c rN,ently operated DITE tOkiUllak(l) (R ~ 117 cm, a - 26 cm, 

1141 ;; 1 . B TJ with t he 1.2 MW, 50 ",S , )0 keV hydrogen neutr a l injection 

system(21 Four injectors with MCKenzie bucket d esi')n "re fi t ted l'-' two 

UlngenU .. l beam lines di.-ce r ed .. ith the plaSlll~ "tirrent (co- injection) . The . . . 
.,easured ion species extracted tTom tho so".-""s lICC I (N ) : 1 (H

2
1 : I (11

3
) 

77 Hl:~. The tok",nak pi .. "",,, was H+ 

The main experiments were "ilrded out with molybdenum hmitccs and 

titanium 'lettered t orus w"ll~. "l'ypical parurneters with ~nd without injec­

tion a~e shown in the ""ble. "l'he considerable drop in loop vo l ts Wt.) with 

nO electron t""per"ture change is suggestive of the presenc" of a be"," 

driven Ohkawa curr .. nt a l though this is difficul t to prove. Standard diagn­

ostics wer e used to me" su r e !!lost o f the main plasma p<!r""'eters and " mass 

selective n"utr,l l particle analyser measu r ed the ion t ""'pe r ature (Ti' pro­

f iles . Th{) ion temperature increases linearly with neutral injection power 

per unit p<!,-ticle (p/n
e

) at first (fi'J. 11 but ~atur"t"~ at a v~ lue .. ppro­

achln<] 900 eV . The electron temperature ("I'e1 did not rise but there wa~ 

usu .. lly a consider~ble ris~ in electron density (tie) during injection. 

feature of our e xpedment whidl is not well illu strated by this data was 

the obs ervation On many disc harges of plasma disruptions when injecting 

t han 600 k W. 

0", 

h·e h~v" used t hese injection result~ to determine v alues for the ion 

thermal cond uctivity (K ) in the "bsencl! of disruption . The ene r gy ba l ancl! 
i 0) 

equation fOT the ions at mi nor r~di"s ~ can be ... ri t ten in the steady 

state a s 

- ~ a~r:il ~ nlevE
r 

~ Q
ei 

~ Q
N1 

~ % neno iOV)i To - % nino <ov \ (Ti -"1'0) = 0 

... her e the radia l heat flu>< (Qi) and the radial ve l ocity (vl .. re determined 

" 

.. he"" "0 ""d "1'0 <>".0 t h" ncutr.,l dcncity and t""'p .. r~tur .. . Qe i .. nd QNl a r .. 

t he h~at input t e rms due to electron-ion collision~ and neutra l i n jecti on 

and are calcul"ted in the s t andard way( 4 ). The terms involving <elV) i and 

<o,,)x a ~e t he source tel"l:ls due to ioni~ation and charge-exchange of ne utrals 

in the pl .. ,." a . y is a coefficient which is " PPT oxiJn" tely 2 . 5 for DI'TE and 

W1l have assumed that the radia l electric field Er - 0, al t hough our values 

of 11.1 are insensi t ive to this assumption. 

I n o r der to solve these equ"tions for Ki we must know no and To · 

forme r "as determined fr"", the intensity of t he neutral paTticl~ analyser 

signals and the latter by assuming To(r) • Ti (r + A/2) where A is t he ncu ­

tr"ls me" n hec path. This assumption is justified be cause thi! strong in­

ward '1radient of no in " tokamak pla"'M implies that neutrals at r h"ve 

origi""ted , on average . a t (r + A/21. "l'l1e ion he<lt fluxes determined by 

this procedure are shown in Fig . 2 and the ""lues of K deduced <Ire shown 
i (5) 

in I'ig _ ] as <I function of radius. The theoretic,,1 n€oclassical values 

are also shot,·n and are less than the e x perimental values by a factor of 

about 5 both with and without nl!utr"l injection. "l'hl! other mai n resul t of 

high Z atomS in the dischiirge (probably MO) and it was for thi~ re" "on it 

... ~a decided to change thl! fixed lirniters to titanium tQgl!ther with a pair 

of "djus table carbon limi ters. 

Prelilninary eXperimen t s with no Mo in the torus showe d a dram a tlc 

reduction in the total radiated power by a factor of _ 5 and .. lectron heat_ 

in~ ... as observl!d during injection into hi'lh"r density discharges . The 

oCCUrrenCe of disruptions WaS very mllch reduced a nd with injection of_ . ' 
1. 0 !-Ill of JI into " D plasma it "as possible to re"ch peak plasma Il.r~ 1.5\ 

.. nd Se - 0 .65 . It was a l = found that the ion tenlp~rature increased lin_ 

early with (P/~e) up to P ~ l.0 HW. 
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Experimen t al a nd thcoret i ca) 
io" th{)rmal conductivity 3S 
" function of mi nor rad i us. 

loss to the "ooler electrons was a docnina nt process a nd th~t this c au~"d the d""t 

observed s a t uration i n "1"1 as a fUnction of injection power. The plot of 

\! _ qR/viT
i 

as " function of r~dius (Fi'l . 4) shows th~t the ions are in the 

pl a te~u Te<Jion during omic h"a tin" bu t move into the b~"ana regi",1! duri"'l 

strong n"utra l injection he~ ting . 

Wc have a lso cCXDpare<l C·u r r esults with the predictions of a Pokker ­

PhnckJ tran~po rt cod~ developed by Midn ot al (6) . The code uses empir i cal 

vdue" for th" t ransport coefficients. the Hughes-Post method f o r treatin'l 

neutra h a nd " t wo r egi",e Fokker-Pl"nck method for determining th" he"U,,'1 

effects of the neutral inj~ction. SpecificalJy ·~e a s"ume th,lt K~ - 5 ~ 10
17

/ 

ne =2 s·l, K
i

• 104 cm 2 s-I and D(c) _ [lOJ ~ <) ~ \OJ (r/a)?] c",2 ,,-I, 

sinc" these v .. lues give good a 'lrecment with our dischatgc~ wi t hou t neutral 

injection. The code was u~~d to cDr.lpu te the results shown in t·ig. 1 and 

agre""'ent with e x periment is good exc~pt at the highest power levels. This 

difference appears because the code does nat correc tly mod e l t he impurity 

radi,)Uon losse5 " nd hence predict,. ~ub,.t"nt1al electron heati .... wt,ich is 

not observed experimcn,."l l y. 

lie have a lso carried out an ovcrall e lectron {)nergy balance (Fig. 5) 

. both "Uh ~nd withCM.lt 1.0 M'~ of neutr"l injection. The racliat"d po .. er deter­

.,in"d from 8 radi.al ly s',,'nned the rmopile showecl " very strikin" increase on 

injection, but th" en"rqy lost due to conduction and convent i o n re .. ained 

npproximat~iy con~tant. 1'he la<ge r adiation l osses implies th" presence of 

Total pOWH flu x integ<a,,,d 
ov"r a ,oroidal "urrace as 
a {"onion of minor radius. 

""' .. o~ ;1 
""heyl ",,.,lion / 

10·' :-..l.. ________ _ __ ---// 

, . ~ . ~, . I 
" woth I MW "jo<'''''' Pr" .100 
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The ,_,,11 is io"a\ ity parameter (b) w,,~ 10 MW of n,u"al "'I" '''''' 
u as a fu nction of minor 
radius . The injeerion takes ~ Elect~on hea t b,,\ance (a) 

t h e plas",", fro .. the plareau wi t houl and (b) with neutral 
to the collisio,,\cso regime. inj {)cdo". 
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LOW-9 DISCHARGES IN DITE roKAAAK 

J. HugiU, A.J . Io/ootton. ICB. A>\o n, B.A . Powell, R . PI'''''!:!'''', D. n.R. SWllDers 
" [ld C.M. Wllscn 

culham r...bou.tory, Ahinqdon, Oxon. OX14 301l . UK 
(EuratOlll/UKAEA Fusion Associa tion) 

ABSTRACT Reproducible , grossly stable discha.-ges "ith 2 . 4 > qL > 2.2 f o r 

up t o 100 ms are produc<,d in DlTE tokamak by ""reful at tention to operating 

procedures. The m.h.d. beh" viour is described and .m energy balance ';liven. 

The confinement properties .. re not i n f erior t o those at high .. :: toroid,,1 

f ield. 

Tha main parameters of the urn: TOkamak during these expedments a re 

R" 1.17 ID, ''l.'' 0.26 ID, HT " 1.35 T, I .. 160-lJ5 kA, giving qL " 2 . 2- 2 . 5 . 

TWO I1mlters,ellch =n,,18 tl09 of two seml-clrcuh .r "rcs , spaced at l"ast 

30 m> fI"OIO the vacuum vessel, .. re of either Mo Or Tt . The bundle divertor 

is not used. Fee<iliack control keep s the plasma centre at R - l.ll>-l.l? m. 

The eiqht box-shaped s ections o f the vacuum vesse l a re connected toroidally 

by bellow~ and copper straps and ha ve a till1c constant for vertical fi eld 

penetration of _ 4 mS. The torus is qettered "ith tita nium for one hour 

before operation a nd between discharqe s ( 10 mins) usinq be tween one and 

three "arian Ti balls sP<'ced a r ound the vacuum vessel. Cold qas f e ed via 

piezoelectric valves ms lntain" or increa"es the density dudnq a discharqe. 

The di5Char" e current is firs t raisetl to - 100 kA q 1. ~ 4) in 3 105 

a ntl i s then r""'petl more slowly to 160 -175 kA in 40- SO ms , ei ther immetl­

lately or after a 100 mS plates u a t t he lower currcnt level. The qas feed 

rate is usua lly held const" nt during the secantl cunent ramp, at a low level 
- 19 -3 -

'Iivinq const;~t ~) -_iD m ,0'- sufficient to increase ne a t a rate up to 

ilbcut 3 )( 10 III S • The "ene r " l behaviour cf the discha.-ge dees not 

seell to tlepentl critically on the " a s f eed .-ate. Fi9. 1 shows the v ario us 

paths followetl i n 1 v n space. The hlqhest densi ty was r eached wi th a 50 mS 

0 . 3 MW pulse of neutral bea.> injection at 22 kV . 

" 
Opera tion a t low q in 011'£ tlepends mainly on the following conditions 

Cleanliness o f th ft v" cuum " a ll, provitled in this ca"e by getteri ng . 

b) Absenc" o f mhd modes with III _ 2, m"asured by coils ou t Bitle the pla"",a 

co l Ullln. 

e) Re"",val of he" vy u.eta l& from t he vacuum system. hlthouqh l",,-q opera­

tion is possible "ith "'" limiters, it is much easicr "ith limiter s of 

TL 

d) Conditioning of the vacuum vessei and/or limlters a nd the p8t:lenCe 

of the exper imenta Ust. The fir st tlischarges usually tlis r upt even at 

hiqh q but the !>ehaviour 'Iradu~lly improves . Vio l ent disruptions can 

themselves cause deconcliUoninq and a ffec t t he subseguent tlischar<Je 

but in a ... ell contlitionetl vacuum vessel the discharge r ecovers from 

minor tllsruptlons even tluring the l o ... -q plateau . 

Sixteen coils positioned at r _ 0.2g m around the mino r aximuth .. ea­

the a.>plitutle and poloi<ill l mode number of maqneUc fluctua tions in Bp' 

Soft X-ray tliedes are used to tletect s,,"wtooth oscillations antl me aSure the 

radius of phase inve.-sion . $awtoot h oscilations are also seen on the 2 """ 

microwave interferometer. 

Fi'lure 2 s hows the time behaviour of the mai n discharge par"",eters 

antl the mhtl behaviour, for a low-q D2 tlischar<Je with Ti limit"r" . As the 

cunent pa"se" t hrough the levels where Ll " qL" 2 . 1 a rapitlly 'Irowing 

m _ 3 mode is seen associatetl with a "",a ll + ve spik e on the loop volto.ge. 

Because o f its rapid qrowth rate a OO i ts perd~tence t o qL <; ), this is 

thou<Jht to be a kink motle. At the same time a JDQ r e s l owly <Jrowing m .. 2 

mode is seen which mil l' persis t at low-q and , in a batlly conditioned vacuum 

vesse l, l eatls to tlisruption . This i s probably a tearing motl" centretl at 

the q _ 2 s urface . During the low-q cur r ent plateau, strong SBwtooth oscil­

lations are se"n "ith a period of 2 . 5 OIS . The radius of the q _ 1 sur hce 

obtained from the Te profilc is 0 . 14 m, with or wi thout neocl .. ssica l cOrrec­

tions to the resistivi t y . Afte r Abel inversion, the profiles of ,,,,,; tooth 

oscillations in soft x-ray signal s a nd in the line of sight density show 

that the inversion poin t lies bet"e en r _ 0 . 1 1 '" antl r _ 0.13 m. The ampli­

tude of the de nsi ty fluctuation s at r _ 0 is _ 5 \ . 

Figure] <,lives the profiles o f Te' ne' Ti antl total ratllation for the 

discha rge s hown in Fig. 2 . The profiles of Ti w"te .. atle with a neutral 

particle analyse, sC<lnnetl " c.-oss the minor .-.. tlius , obse~vin<J at on .. ngle 

of 7.5° to tne majo r .-"tliu". All the profiles o re quite flat insitle the 

q .. 1 surface. With neoclassical corrections , there is no resistance anO<ll­

.. 11' . indic"Unq iow lmpudty content . Total radiation, including charqe­

exchange neutrals, accounts for only ( 12 + ") \ of the ohmic input . The - , 
main impudt,' is probllbly Ti from the w"lls and limiter s. Table I lists 

the par,,",et"ts tlerivetl from th"s" profil"s and an ene r gy bal"nce at r - 0.2,. 

is " in'" in Fig. 4 . 

COIlIpar1son .. Ith discharges at simUa r current and density a t h i gher 

q , shows that the confinement properti es of the low-q d ischarge a re similar 

to those at higher B
T

, the profiles beinq somewhat broader antl Teo and n"o 

lower. 

Preliminary a t tempts to r a ise the current r api dly to achieve qL< 2 

wer" unsuccessful. A major disruption occurs, p receded by vcr:y rapidly grow­

in9 mhd "",des wl th unde t ermined mode number. A more systematic a t tempt to 

.-e .. ch qL <; 2 "'ill be .. atle in tlue cours". The e ffect of using the PlTE bundle 

tlivertor will also be studied. 
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~ The ene.-gy balance 
insitle r _ 0 . 2 III a t t _ lSO ms. 

, 
P :::: J.~ 128 kW 

, ,,-,--!> 55 kW 

Table I - Main discharge parameters 

1.17 m N _ 3 . 4}( 1018 m-I 

0.21> "' <T
e

;>" ] 12 eV 

'T 1.35 T <Ti>- 239 eV 

Z ff from resistance 

a~ :1_ Te
3/2 1.4 

110 kll 

" 1.5'1 

" 2.' b) N- C corrections 1.0 

contl 

f
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1.1lkJP t54kW 
T£ 12 ms Ve(",ln) - 0.1> at r gO.l lA 

conv 
Bp 0 . 20 V
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~ Tr ajec tory of vado us 
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Reqion of stable op~ration 
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area wher" enhanced m _ J 
(kink) "ctivity is observed . 
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~ Time behaviour of 
v"rious parameter s in a low­
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vadous parameters at t' _ ISO "'5. 
The q profile shown i s tlerived 
frcm the electron t<!Illperature. 
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IEuratOlll./uKA£A Fusion As"""iat:i cnl 

• 1118 I.V . lW .. cha t ov Institute of At "",i" Ellocgy, 
MOJJCOW. U . S .S.R. 

:t The lIatioMl Physical Labcntory . T..ddlnqtOn , ut-; 

Moasurementa of the electron cyclotron "",15:;io" fran the T-IO tok"",ak 

piu .... are presented. Fra. these the .pat l ". profiles ot t he electron t "",­

porlltun! are deduced and caol"'red .. ith ... "sur.,."nt,. frca 'I'1looIIson 'CII ~t"r1I>1J. 

In 98"e.-a ' there is 900d aqreeCIent but In _" cases structur e Is observed 

on eh<! profi les. It i. possible that t h iS I' due 1:0 the p r a&<lncI of trap­

ped e lectrons . ilttempts to .... "sun' the "",b.d on dur1nq expe r lments On 

ECRI! were unsucccuful Mc"use of int" .. f" .. .,,,co. hut "e Can conclud" th~t 

r.cRH does r>at le~Ye th ... e l "c u-on ""loclty diBttibution dlstu~bad "fte~ the 

pul"e. 

EXPER1HEllTAL 1IRRAtIGEMEm' 

In U.l .. p!>per .... repor t r esults of a joint UK/USSR ""p<!riJoent on the 

T~IO tok .... ok .,h"re the primary objectlye " a s t o .,c " "un' the spectr .. o f 

.. lec tron cyclotro n eao i .. sion " nd t o deduce the sp"tid pTofile or t he ele<:­

n o n tempe ratur". Attempts we re alSO made to me""ure t he em i ssion during 

e lectron cyclotron r elJQn"nce he~ting (ECRU) experiment' on the p t ",.,.,,, . 

Radi"Uon .... ieted f .... U. e outaide of the tok..,.ak ~t 100 to the 

equatoria l pl .. ne "a, tran_itted b y over_od"d w"veguides (dla. > 10 " 

• ""IOIu" wav l '''''lth) to" rapid-scan polarlzIlt i on type interfer oaoe t eT!l) 

fitted wi t h 11 l1qu i d heli"", cooled i ndl""" " "ttmonide detector. The instru­

m" nt m"asur es the emh.ion spectrum in the frequ"nc y r a nge 500( f 0( SOO G flZ , 

t ha t is f
ce

" (0( ofce for toroidal flu>< density BT g 3 .0 T , "her" fce Is 

the electro n cyeIotron frequency. 'I'I,e ti,.e .. esolution Is - 14 ,.s "00 the 

spectral resolution" 7 GIIz. A dedica t ed .1ni caol'"ter "yst_ ISAI)A) i" 

used t o cont.rol the interfero:..,t" r raaote l y, and t o analy.e , di~pl.oy " nil 

record the da ta in U.e time interv~l b<!tween .hot~ (typlc.1l]y 10 eins) . 

The i"terferOOleter was ca libra ted with sing l e frequency mi"row~"" l'Ource" 

and .... ith " b lack body source at liquid ni troqe n te",p"rature. 

In addition . tl>e OlIiuion around fixed frequencie s "as _asu re(} with 

il "abry-Perol interf"rc-"ter operating In Hrat o r der with 110 re.o l ";ng 

power " 20 . A .ultl-e l.,.."nt low pass filter 1" included in the device to 

prevent u ""'lIIis.ion of t he h;gheT o r ders. ,n pd""ipl". tha tI_ 

r esolution o f thi .. de"ice b d" t onaIn<!d by the bandwidth of t h .. detector 

(<" 300 kllz) but f or the m"~"U r,,",e n t5 reported he r e the radlalion "aB ampli­

tude modulated " t 200 Il~ to minimize .. ffeets due to pick-up . 

SOme pr el i.llinary ..,,,sur,,,,,,,ntS w"re ,, 180 made wi th a ,..,anning r"bry­

Pe~ot interferOllet .. ,· where on" of t he I'ht"s Wd S Yibr .. t<!d at 100 II~. "ith 

thh device it i s poss i ble to ,.ea.ure the .... i.don in narrow re'lions o f 

the " >",,ctrum, e . 'l . L.8 fc" 0( f 0( 2.2 fce ' with a spec tral rellO ]vl'''1 powe r 

_ 20 a nd 11 U",,, r elJO lu t lon - 5 10 5 . 

RESULTS 

Two types Of pllPlll discharge. wore lnvestiga ted. In type I ' '1-r ~ ) . 0 T, 

plaSllla Cur r en t I _ 400 kA, typic"l 1Ine-a"er4ge e lec tron densi ty ;; -
19 - 3 '1 .. 

2" 10 • and e lectro n temp.,~ature Te - 800 itV . ror type It , 1I.r- L~ T, 

Ig - 200 kA, no - (.5" 10
19 

. -) ~nd T .. - 1. 2 keV . 

Under condilion. 1 the "",i~slon sree n a ~r" usu a ll y of the fono shewn 

in rl'l. 1. Slnco fer these conditions t h e p I .. "",,, is opt1c,~lly thick f or 

IKIlt of the " .. cond hu..anlc Isee riq. 2) it should be pOssible to determine 

tha Spll tial d"pOndencII of the electro n tenopeutur" b y usIll<} the us,....1 fre­

quer>ey t o 5paca transfonllation(2). An ex .... pl .. is shown In Pi'l. 1 aloh<J 

with the e<>rr""pondl"'l "I'ho.son """ttering point" . The profile. obt"ined 

at o ther time5 on th" """,e soot ar" also shown . We note tMt the agre .... ent 

i5 'le"erally good l"o<.t. that t he pr ofile fe"'" cyclot~on ""inion is s llghtly 

""rrO""" Thl " ill ponlbly d ue to a re<lucHon in optic~l d"pth ~nd there­

fore 11 departure, frDIII black-body eoOOitlon. I n the wi ngs of the 11ne. 

One i ntere'ting teatu n. is t t>e IIPP1'r"nt st r uctur .. on the lIn .. which 

unde r lIOIIe circUIIStenc ... c"n b<! cel4Uv"ly la r ge . The plasma "",iasion 

result5 sU<Jq e .t tMt this .... y 1>0 r &<oi , although at present tho . ig",,(-to-

noise on the calibr ation i& In9uffici ."'t to ha s.ne o( the eX"ct .M1"' . 

In view o f thQ hl9h ther .... 1 conductivity 0 10"9 the m"',MUC 8"rfllce~ It is 

" "l ike l y t h.>t this tepre~ents re ,,1 structur<! In the te .. perature p r o fil " . 

ane possible "xplan~tlon is "," ission by trapped elECtrons, i.e. localised 

s "prd'h"r ..al., ,"~: it i. Int" .. ".tinrJ to note t ..... t independent soft X- ray 

~asu.~nts h~ve .hown u.at such p;irt.1cies exbt in T-iO pa~ticulady on 

th" outsid .. of thp. p l~_~ II.e . at "",jor ra,U i > l. ~ .. ) ill. 

Under c"n(\lU"ns It dmilar ~poct rft are obtained Lu t i n this cas" 

the ,1,,(} ,,"101, of th" ..,I .. ctron tcmp<>rature profile Is l .. ss r e Ullbl .. b"""u~,, 

of cut-offs in th., .... i.don due to fln i t" densi ty eff"cu(41. ll everrhe­

loss, the profile, still ace. t o be in approxi,.at" <>g._nt "ith ThcIDscn 

scotterin<J , pOssibly b<!cau se o f the spatial " "eraging I. n th" emission 

measur c,,,.,,,t ari8ing f.-CIlI .on ten"" pattern, fr<>quency r esolutio n and refrac_ 

tion eff .. cts. 

"ith ..,xporltl"nts On ECRI! .o t th" s&cond h"nnonic e.trao~dinary DodO' 

unde r type 11 cond i tions no .,ea,ure.oent. could be .. ade duri"9 the hea ting 

ptllse (pe<lk power "< 250 kW, durll t.l o n <" 50 ",si becouse ot ae"or" pick-up. 

!lowever . m"asurcmonts .. ade imm .. diat"ly before aod "ft"t the puls" Showed 

linl" chang" in the R(>&C tnw, a " "hewn in rig . ~ . No hea ting .. t f eet was 

obs .. rved but thi" i. probably bc!cauR .. the time delay for th" sy"te.. to 

r ecover troao thQ pIck-up w"" of the 1/IJJl@ order a,. t hQ ener'lY confin ...... nt 

ti.lle C- IS .8 under th .. " .. coruHtion,,). tI"v"Tthe le55 , it is pos.ib l e t o 

conclude that t.he h"aUnq does not produc" distortions to the el"ct t on 

"elocity di s tdbut!on lasting lon'ler than 15 IDS . It ... Ul be necessa ~y to 

use a system spocHle aUy dcdgnod fot minimum ~en .. 1Uvlty t o r"diati"e 

and ., l~ctrl cal pick-up to obul1n lO<lasur.",...nt s during the heating pulse . 

Wc ... ish to thJnk On s.,rUzov, Dnes t roYskii, HoUln and R4ZlmOVa for 

Infono"tion "nd u"eful dis~us!lionB , Or B . I-I" lker tor supplying the Fabry­

PeTot interferOllle te. a ond the T-l0 toka .. ok g .. oup (or the ir co-operation . 
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Hea..,r"",enta ot electron cyclotron ... isdon (ECEj speCtra (rea 01TE 

t ok ... .,k on a .. 1l1h,,"~md tlo"u clIle are uported a long with the corres ponding 

electron teaopel'"atu r e profiles. Prelialnary .. "aSut_ent" of the Stok .. " para­

.,,, t eea f or the polari za tion of the em i ssion II I the ".o;:olld harmonic: are aho 

repo r ted. "theoretica l ""preutan fo.- the .. "",u!<or ""d .. tion of t he optical 

depth of each mode of polar i za tion o f the ."cond h ....... onic in .. finit .. d.,nsity 

pla_ is ... sed to quaUtaUv .. ly ,""plain the low d '"9rn o f polarization obser­

ved. 

MILLISECOND foIEASUREMDltS 

'ibe ... as ... r8/llent of ECE spectra fr". tok_ak dlach,,,'gel ... si"9 tOll r ier­

t ranlfotm I pectroBcopy iu beCOlOing a r o ... tine diagnostic(l,]), It t he "1s­

!lion is d ... e to ther.al .,lectron .. the r adill electron t_perat ... r e prof ile ."'1' 
be det"l'1Iined f re. the line profile of an opticslly thick hl,,'..,n i ,,!)) . On 

the DITE tok_ak a vibrlting . !.r r or int.rf.ran.ter, with a aca nn ino tbe of 

14 "a, i !l .... ..,.. tor this purpos e. Repetitive .. oalur ... ents in !lhorter t u.. ­

scai ... ""v .. proved ditUc:ult(4). Here we repor t spectr al .. .,a9ur ..... ntu taken 

... i th a novel Kichel",," interfe rom.t e r. ""' e r", the " c .. nning dgvice i" a roUt­

inq .i reor providing s scanning tilae of 1 ., ,, a"" repetition rate of 100 H ... . 

In P'iq. 1 t h ... pectra ... asu r ed by both inltruaent" f o r dmllar steady .tate 

diacharg •• " how good agr ....... nt, (..ag n .. tic field - 2 T, "",,, n density - 4.5 M 

1013 cm - ] .. nd peak e l ec tron t ... perat ..... e f...". Thomson sca t t. r i ng - 700 .V). 

Yl9ur. 2 shows a " "<JUance of .1,..,tron temperatu r e profil e " det ..... ined fre. 

spectr " .. e" aur"'" ( f ra. ,.eversl shot,,) in the early tran!lient phas. at the 

DIT!> discharge. The p I a_a il asslJtlled to be optically thick in t he central 

r "9ion . (field _ 2 T, den!lity _ I M loll c.. - 1 , t.,peraturo. 1 k.V) . Inter­

f erene<o p reven t:ed .. easur e_nt " fra. beinq .. ado d ... d"'! the first 10 IOU. The 

.. ame d .. tecto~ (a hot e l ec t r o n bollllll.te~) la ""ed fo~ both inatnJlllent" but i. 

not yet calibrated aecuratcly. 'i1til .... y acco ... nt tu. LIo" QPp" rent ,,,,,,,,,,,,,,try 

in the pro t llu. 

POLARIZATION HEASUREH&NTS 

Previou s musursumt" hav e not canpletely d .. t e .... l nt'd the pola riotatlon 

o f the ECI!:15.6) . If the x and y CQlponenta of the .. l .... tric field v""tor o f 

a IOOnochr lllll8 tic ... a v .. proPQgating In the z-d l ~ection are given hI' 

than t he polarization ...... y be COIIpl.t.ly d.fined by tho four Stok •• parllfl.te r ", 

I - E • E 

'" '" 
C .. 2E E S-21!: E .In(05 -6) 

.0 '" xoy<> x y 

_ /r," -.-,-" .-,'] _ o. For a beaIQ CIllllPOSed 

o f an i ncohorcnt ens"",bl .. of ... a v".II In a na rrow spectral bandwidth th .. to t .ls 

of the Stokes parametera .. r e such that 

1 _ IK2 • c 2 • S2 _ I _ ! .. 1 . 
ttt t tpo 

Thu" th .. be .... t n tenutty is COlllpo"e<1 of ~ polarized ca.ponent Ip end .. n unpol-

a dzed C<lIOponen t I such thet the deg r e .. of pol"rizaUon 
o , 

p-~ . 
o , 

Wi th a fix sd freq ... ency (112 GMz) polarilleter consisting of a F"hry­

Prrot interfera. .. ter (bandwidth] GHz). rotating pol .. ri ... er a nd a quarter­

"'''"e p l ate . , .. , h.wl! det<!rmined the Stoke.ll par ..... ter . for radiation at the 

second hal"llOl1ic fra. the centre of a dIschar ge under conditions "i .. i19r to 

t hoae o f Fig. 2, "i ... , 

1 .. 4.5~L5 C - 0!.1.5 5--1.0::1.5. 

With th" -.gnetic f iald al0"'ll t h e x-axl" . this meanll t hat p • (25:!:. 10) \ 

of the ndhtion is .llipt1<:"lly polarizOld ... ith tho .... jor axis at (9o! 10)0 

to the x-.. xis. E lE • (0.2 + 0.]) a nd the mora probable stlnae i. left-handed. . , -
'i1t1! ._"'ur....,nt uncertain t ies a re con"i.t.nt with plane polarization in the 

.. xtrllordlMry ..ado and sho ... ld b<> elq niHca ntly r~lICed ... ith a n improved Ver­

sion of the polsrt_tar prasently under construction. 

If tha optical depth T. fOl; radiation in the r . ... n .. nt layer h. such 

' t hat T " I than the intensity of ECE corresponds to the black body level (7). 

For t he .IIacond harmon ic u"der typical toka"""k condition. q. (a> 1",)2 < I. 
(J) pe -

""nee inst.ad of the vary low denaity. Iq « 11 , t heory used to esU.ate 

To , e for the o~dinary (0) a nd extraordinary (e) lIIOdas _ ... se th .. gen .. ~al 

expreedon for the lth ha...,.,ni c cyclotron dUping in a pla9mll o r finite den­

ait/B) and the ... s ... a l dab modal for t~c reaonan t layer(]) . Thus tor the 

second ""...onic, 

.. he r a, R - _jor radi ... s. ). _ fre. spac ...... velength, T _ e lectron t""'per .. tur., 

e is the Iln",le bet .. een tha ""ve v"cto r and th .. ",agn .. tic field a nd 8 i. the 

..nqle bet_ .. n t he .. a"" "&etor and t he I>oyntinq vector. 

G(q,Ol .. 3qn1 stn2 0 [n
4 

Sin
2 

(l_n
2
(l_9)(1+ coa

2
61 + 2(1-29) (1_9_ n2.1n20) J 

211- 2q) (3 - 2q)(1 _ q_n
2

) _ qn
2

{1 + coa2B) 

.. here n .. n (q, B) 15 the cold p l asma. r .. fracti"a index. The neglec t ot r.l-

ativistic l~;':-b~Oadening is v .. lid for n~tlO ;: IkT/1IC2 • typically B "< 880 • 

Flgura 1 llhows a plot o l G(B) for q '" 0 .1 and 0 . 2 (for which cos 6 ... 1) indi ­

caUnq u.a t although To «T .. fo~ Bat 90
0

, tor e at 70
0 

TO - Te. 

In the experi .. e nt the ant"nna r eceive . ~adiation o v .. ~ an\l l .. s 67
0 < e :c 

90
0

. The anq ... lar variations of T (e) are i nsuf ficient to explain the low 
0.-

degree o f polar i zation observed unle.s a significant amo ... nt o f b l .. ck body 

radiation In U.e o-mode frao 6 "< 700 is r efrac t ed by the plaSllla into U\e 

antenna. N ....... rical computationa of To,e alon9 refracted rlly paths conU .... 

thllt thia affect can brinq about . uhatanUslly unpola r!,."", _l".II i on at 

(l .. a/2 , previously attributed to polarization scr lUDb lino by wllll r e flect­

ion" (1) • 

~,~ 
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Do SPECTRAL PROFILE MEASUREMEtiTS ON TFR PI.A$MAS 

TFR CROUP 

Pr~unt~d by P. Pu"TZ 

,fSSOC/ATION t:VHA TOU · t:I: r Sl 'R U ,.., slfn 
lHpo"~,,,r"r ,/~ I'lrni'lue ,tu ,'/,,,m<l " ". /" Fu.i,,~ ("""N;'" 

C~~P" JT,,,,I •• "<lr'''',,, •• 

~ ; High ruolution (dA - 0 . 1 A) profile measur-..nu of Do are done 

with a high- C:hrOlJlhput . high-fineue (f • )0) ."anning Fabry-Pe rot inrer­

hrometer . In a typicd discharge a auperpos ition of " Bar row and a broad 

c .. panent .. i th an in t e ns i cy rat io of I : ) is ob served and intC!rpr~ted as 

d UI! t o a r",,-cOCIIponent ""lociry distribution at 1 eV and )0 eV respec tive­

ly. With pun. 02 fillillg gas , the Ha/Da intenaity ratio i . normally near 

or bela .. the thru hold of detection (6 %) . 

A Bur}eigh RC 110 interfer .... eter i . us" d ar " r lUll' AIIplirude of 

interference order. and a r .... p duration of 100 105. "He·He la.er is used 

for adjust .... n t (fine .. " .. 30). The !la lInl! is isolated by an in t erfcr ence 

fi lter (FWHM 20 A). Obse r vations n" main ly done in the R- di r l!ct ion at 80 ' 

with respect t o t he toroida l field. A lI ·polari~er penait s the almost com­

plete s uppression of t he O-cOIIlponent a (thl! width of the n-cOalponent due to 

t he fine-stlll cture ;. O.lA Ill). 

Fig. I . hO\l, a t ypical l ow-re.olution (0 .3 A) ruult of a (200 kA, 

40 kC, D21-diacharg6 (two luccessive scans are superposed). The profile 

may be decomposed into a narrow c"," ponent (NC), a broad component (BC) and 

residue. from DaO Rnd Han. The BC has a lmost constant width throughout the 

discharge (the fiut 10-20 ... excepted ) and , in the pruent cue , fiu well 

to a Caussian diltribution a t 28 eV. The intupre tation of the NC i. some­

what uncertain due to instrumental r._lon •. Ho r e insight into the HC i s got 

at higher r uolutio n (0.1 A) accepting 1000e overlapping of the BC interfe­

re nce orders. Fig. 2 .howa such a lean for a ( 1')0 kA, 43 kC, D2)-discharge. 

Here , the NC is nearly Caussian with shot-to- s hot variat i cml of th~ FWHM . . 
fro .. :: 0.] A to 0.41 A. After corre.cting f or the fine~struc ture and the 

ill ltfumental function this Ie.ads to 0.5 - 1.2 eV . How eve r , in another series 

unde r si .. ihr cond ition. , a non-Causai.n HC wich s everal reproducible f ea­

tu res has been observed (Fig. 3). Th ia at r ucture .... y be all indic::ation f or 

d,e "",I ""ul.r ori, i ll oC the slow neut r ala In these di s charge •• S i .. i •• r 

0a (and 1'0) profile . have been observed in experiments on the diuociation 

ot D2 (11 2) by electron impact /2-4/ IInd a re welt explained by the discrete 

value. of the Idnc.tic e nergy of the dissociation fragments at electron 

illpact energ i es ~ 30 aV. lIowever, the elti.tence of the BC is incompatible 

with the pTe.ent knowledge o f t he ...,Iecular potent i al curvel .. nd i. there­

fore i nterpreted a s due to the kinetic energy o f p laslI8 particles after 

backacat tering trOll the "a ll • . 

With . .. e l l discharge-cleaned (i . e . oxygen free) wall SIlrface and 

SS li.'ters, the Ha/Da ratio i . ge nerally nepr or below t he threshold of 

de tec tion (:: 6 :t, depending on the Do line radiance) ; Fi,. I. A alight 

increase llay be ob.erved 'It the end of Ion, series of s hotl. However . whe n 

uling a f our-section li .. ite r with the top . nd bottOll ,ecton made of ..oder.­

re l y discharge-deaned carbon, the I\./Da r.do increases fr<XII a fe .. :t to 

50 % i.n 100 - 200 ... . These obseTvations sg r eoo well with .... s spectro,copy. 

/11 P. C. No r e .. , PP l - Report, HATT-286 (1964) . 

12/ R.S. freund et al., J. Che ... Ptly •• !!, 1122 (1976) . 

/31 K. I to et at. . Che .. . Phys.,.!2.. JS ( 1976) 

and 11, 203 ( 1977). 

I~I L. Julien ~t aI., J . Phys. B, 2" L 196 (1973). 
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;.Ui'Ln~!:AR PHe: ti O!).EflA BY i.'!1E 'rut Al.IAl.. HuLl';AL 

;.:OD~ I:! VOLUl'ION 

u . ~ . lvanov, A.I.I. Kakurin 

.1. v. KUl'chatov Insl,":&u~e of atomic energy 

Moscow, ilSSH 

AtlS'fitAC'f : By moons of pllenomenol ogical ,0-1 t OJ< !llDak oscillogram analysis 

a Bct 01' dil:ferent:inl equatl.OllS, describing 8 WSSDetic plckup silSllal , 

ie derived. 

it ia known, thaL helical mode amplitudes 01 tokWDak ph.sma either 

sl.1ghtly change in time or pUli:late aroun'.! their average levels /1/. 

155 

Voltage spikes , till'! voltag<'! dl!c~aa"s while th ... mod", IUllplitud .. incres::c:.l 

(Fi g .1,2 , 6). It means that tllere is a voltage wld dw/dt time correla~ion . 

The pl asma current being constant, it shows B tie between w and t otaJ.(inc.!.u­

(ling magnetic) plasma energy. Idagnetic energy depends on p!antlB current 1':'" J ­

:file, which both conditions r value 1 Cl 1 and changes under nelicul mQde 

influenc e. 

REFE!lli'NCES 

1. H.P.Furtb , Nuclear lI'usion, .12....,487 (19'/5) . 

2. V.V.Arsenin et al, Plssmn Physics and Controlled Nuclear FUSion Research. 

7-th Conf. Prooeedings. Innsbruck,1978 ,IAEA-Cli"_37/N_1 . 

';ucn an amplitude uehaViour snows a nortii!l.ear nature 01 helical modes , 3. H. P.Furth , J • .i:ileen , M.N.Rosenbluth , Phys.Fluids ,§:, 4';J':l ('1':11:>3) . 

because permanent or vUisatory sel1'- oscillatory regimes are impoasiole 4 . B. A. l{OTMbtHlKOB, A. htHIIROJlaCB , "OCHO.B1;l paIl.\iOTeXIIIIRI1" , rOC . ~! :J.1i:-BO ,o1l1T-ptl 

i n lin",.,r systems . 'rhe investigation of helical code nonlinenr evoluLion 110 OOTIp:!CaM CBIl31l It panllo . I.1qcRHa, I954 , c . 262- 266 . 

ia nec~ssary for comprehension of feedback 121 action peculiariUes . 5.A . hI . PaTHep , "CUev.Tp8../lhfllie rrpoCTpallCTBeHHlle 11 apeMeHHlIe xapm{TepIICT;l1HI 

i'he pickup trace (Fie; . 1) shows oscillations with i"requency of <!U khz Jl1!3epa" , !l3.l{-DO "HayKOBa JIYMKa" , KlteB, I968 , c'I'p. I09--III . 

and periodicelly changing amplitude, The amplitude pulsat ion per iod is 6 .C.B. MRpHOB , H. Ii.CeMeHoB. A1'OMHaJ! 3!1eprlU'I ,;m , 2C (1 97I) . 

about 0 . 5 msec. the pulsations form is characterized by relstivelly sloV! 7. V.S.Vlasenkov e t al, 6- th European Conf. on Controlled Pusion end Pla:;mo 

increase and swift quenching. Phy!lics . Contributed papers. Moscow 197j, p.55. 

He consider the poloidnl mngnetic field perturbations as B. II.P. Furth , P.H.Rutherfor d , Il.Selberg, l'hys.Vluids , .:!.§:, 1054 (1'J·/~) . 

Be(t)= 8e(t) ccsQt, 
ignoring the mode frequency variations. 'l'he amplitude evolution is 

deacr ibed by 

et Be/cU '-' '( ~ (2) 
Let us assume, that if' time variation:; are not independent , but ere 

conditiond "uy BO{ t) behaVJ..our. Let Ba tt) and je t) dependencies be 

determined by a closed set of equations, which we shaJ.l try to find from 

~he experimental data. 

'rhe p1llsed form of BO(t ) shows absence of s simple tie between 

instant BQ end J~ values. 'l'he magnetic pickup trace IllId corrcaprm~ng 

Ba (t) ond (t) depe ndencell are oho'IIU 1..D dg . 2. As i t :follows from the 

"' llll,)'tll" ul: o""lllogram Beric:> , th" r e 15 II tie between 5"0 and a product 

of d{/dt and some r fuv.o~ion, ~he t ie remains invariable in t ime . "i'his 

conclusion loB illuatrated by Fig . ~ , in which s series of instant dl/d~ 

upon t)c' dependens , each obtailled for f ixed "( value , is shown. 

J" i a convenient to take into account some w valuel 

so that 

where He~Z 5 G. 

du'" d u"" sf.£. 
dT 0 "y ' d" 

U- ~ 0 i I .:r~ c, 

(s) 

Using Fi~ . ~ we obtain dw/dt as ;( l.·unc~l.on . rhe result, shown in ,·ig. 4 , 

gi ves a!lpro:.dma~ely 

,h-/d;f = le-El (j -l C"''f 
t hat is 

where V"" ,,104 aec-1 . 
4",.:.>( 

.f C" 1J .. ~ 
1 • 1C ... ·H .. ~ 

So ... c have deri ved a. set OJ. equs~iono (2) .(5 ) , ('1) , 

(6 ) 

u) 

deacribing 

helicsl l10de nmpli~urle time evolution . BG( t) dependence, o"utained from 

,1; by means of (2 ) , (5) ,( '1) numel"~cal calculation , ia shown in ,·ig . 5. 

l'he pbenome nol ogicelly derl ved (2 ) , (5 ) , (7) ae t ot" equatione is in 

agreement with the next simple int..arpretetion , 'l'he helical mode benaves 

(IS !I self- exciLed oS"cillaLion ytith ine rt ial nonlimlarity . "l'he growth rst e 

.r depends on plaam(l parllJlleter combinal:10n , which 1n it's turn changes 

UJlder the moue induence . 'l'hia parameter combir.ation is characterized by 

III 7a1ue . By VI increuse , (' goes to i,,'s !~axlomum value, which coincide 

with the Learing mode 131 growth rste : 

r - 1 Q~ (0'/4" %")' (8) 
for our e:cpa"imeutal COLldi t ions . '1'he pulsed regime ia due Lu t i nert ia . 

Similar p ul aed generation of solf-oscilla~oL's with inertial nonlinearity 

is well Known 101' 'llectronic generators wl"t:h thermistora 141 lJlld for 

laeers 15/ . 

Helical mode ampliLude pulse s are in time correlaLion with tokamsk 

Fig . 1. Magnetic pickup a, (absolute cal_ 

l1bration given for a freq uency of 20 Itll.z ) 

and tokamak discharge voltage U traces. 

Fig.2 . Mngnetic pickup trace and time de­

pendences of mode amplitude B: ,growth 

rate r ' w, dw/dt and discharge voltage U. 

· :<, \ . ! ~ · '\ • \ ',~ · .~'\, · · · > · 
:", • 'c · ". "'- '<-'>< · · · > 

• , , " • "',.. , ..... " D 

Fig.3 . df/dt versus mode WDpl itude for 

"fixed r valuel'l l a_ r" -5 1 C3$ec- 'I , 

b- f" -2.~ 10~sec-1. c- f " 0, 
d- I" 1.5 103sec-1 , c_ ~'''3 1 0~sec-1 , 
r- '(" 4.5 1 0~sec-1. 
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Balbon;ng Stabl~ ProH\e" in Ci["<llar Tokncoaks 

D. Lonz, J. Nlihrenberg 

~!3x-Planck-Institut fUr Plasmaphysik, 80A6 Garohing bel Hiinch,O!n 

federal Republic of Gec!Ii.1.n)' 

~ The ballooning stabilitv propeni~s of a~i s )',"me tric equilibria 

'Cc characterized by a \alloonine "'lH ~' ;_ b '] nd In lh~ plane poloidai B 

H O. ,h,·a[. Fm ~qui lihria WHiI "early circular ~ro". - ,ection ballooning 

" t "ll~ Il -va tu~ s of ab<,ul 8% bel"", the unstable band and of about 25 Z above 

th ~ uonabl" band an, found . 

il~ cently , ballooning instabilitii'.', as ob tained fr,,1n tile balloon ing insta­

bi lity equ~tion [J,D have gained much interest and it has been shown [3J 

thut t ile ballooning stabihty properties of self-con<iHcnt axisy..,,-.etric 

~quilib ..- in lIn. charactcriz~d by a ballooning uns~able band in the plane 

poloi.dal B vs. shear. \le have developed a code which "valuates the 

ballooning instability c..-iterion over the ~'hole plas ma cros s-section of 

any given s"iSYDmlCtric equi.librium. Here , this code is appli ~ d to ~qui­

libria with circular cros s-section near the magnetic axis snd \ - I On the 

magnetic ads. 1'"'0 classes of equilibria arc considered: Class I . 

Malytic equilihria with linear profiles p' __ lI
p

(O)+P
I
T (T normalized 

peloidal flux function) , ff' _ _ ap(O) -I + YIT , which are Obtained by sepa­

ration of variables [4J, have vaniShing triangularity and quadrangularity 

nea r the magnetic ""ia, and contain th..-ee free parameter. 

ap(O) - l - i~(O)di:(o), S(O) _ 2n2R\j(O)/q(0), P I' Class 2. A new class of 

numerical equilibri a "'ith indep~ndently prescribable nonline"" profiles 

(as an .. "ample P' _ _ B
p

(0) +P
I
T+P

Z
T 2 , [f'.B

p
(0)- I +Y

I
T + Y

Z
T2 is used) 

for ",Hch the angularities in all o..-ders of " nu,""rical aspect utio 

expansion to arbitrary order are put to zero . 

First, ",e consider equi l ibria above tile ballooning unst able band. Wi t h 

Jlp(O) .2, S(O) _ J, PI - 5, P2 - Y
2 

- 0 , the C la~s 2 equilibrium is 

baUoeni ng stable over t he whole cross- se~tion a nd ha. a a-value of 251 and 

\ " 1 at the boundary. Fi8' I 5ho,",$ tiu,", • .,rfaces of this configuration. 

A similar equilibriUln of Class I , ~ (0) . J.5, 5(0) - ~ , P I - ~ . 69 7 5 , "'as 

mode analyzed ~'ith the help of ERAT~ [)J l1ith resp~ct to internal ",odes 

and found w be unstRble to a mode ",ith toroidal I:".ode number N - 3. This 

appears t o be the first example of an un stable i"tHnal mode in a confi­

guration stable to ballooning .. .odes a' obtained fro", the ballo"lOins insta­

bilityequ"cion . Thus, we cC'"jecture that high-B ballooni!1 S stable equi ­

li hria of this type found above the instability band are unstable to 

internal "'-"des . 

Second, ,",e consider equilibria belo", the ballooning unstable hand. 

Choosing II
p

(O) "nd 5(0) "",rginal (i . e. on the lower boundary of the 

stable band) an optimization of B ",ith respec t to Bp o~ equilibria ",hi c h 

are ballooning stable over the ~'hoh cross-section waS carried out in 

Class I . The r~sult . ~'hich ",as obtained with 2 as lower bound on the 

aspeLt ratic, sho,",. thac ~p • . 4 i ~ cptill'Jll , as illustrated io Ftg. 2. 

.1 

.05 

0 .5 f3p (O) 1 
fig. 2 

Flux surfaces of the case B (0) , . 4 (11 ~ 6 7. ) are shO\JI\ in Fig. 3 • 

Fig. 3 

for this equilibrium, \ -.. . • 6 at the bound ary, so that instability ~'ith 

r ~ spect to ~1<[crnal modes has to be expected and "'as indeed verified "'ith 

ERoITO . 

~'e conclude th~t also belo" th~ unstable band the ballooning instability 

i s not limiting the B-value realtscically . I n cOntrast to the situation 

above til. unstable band . her~ , as far a s "'e kn","" only the external modes 

limit the A-values obtainable. A particular class of exte rnal modes, the 

peeling ... odes , is inve <tigated in the paper "On the peeling in~t.:tbility" 

of t h i s conference . Starting from an equilibrium of Cl~ss 2 of the above 

type [S/O) - .4 , S(O) a 1.04625 , P I • Y
I 

- OJ peeling n:arginality 

( p' . H' - 0) is obtained ",ith P2 • 10 , Y
2 

- 15 a t T - . 2, "here \ 'I. 1/3 , 

s o that probably no extern~l II"1de~ ;;ill be found . The B-value is n . 

Ad,,,,,,, tedbelr.,,nt. Di . cussi ~ns ",it h IJrs. I: . Grubn and I.'. Kerner on the 

of F.RATO are gratefully ackno~·ledged. 
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Ripple Lou of Faat Ions in a Largo Tokamnk 

~, H. Kisht..,to and S. TUlura 

Dlv1alon of Lar ge TOkamak Developl!Ient, JAERl 
Tokal, Tbaraki, Japan 

Ripple Ion of fast ions in a lar ge Tokamak 11 invu tigated 1n 

detail by Man8 of a Honte-CaIro 81auhtloo code. Coupled proeenes of 

tuppi ng into and dee rappiD g frOll ripple W<l.lls are "ssentia! in tha [sst 

ion ripple 1088 _chanill • . 

U . Introduction Neutral bea .. injection into a brg8 Tokamak luffen 

froll the aurfate trapping of the injected bUlII9. A quasi-perpendicular 

injection pe.-.1ta I"ffident be"", penetration . lIowevH this injection 

geo!ll8try 11 associated loIith an incresse In the ripple 1018 of fan iona. 

Hence decdle,d studies on r1ppl .. loBs proceues an .... qui red. 

rhe Monte-Carlo 111mulatloo code(l) . which 10/88 developed fo r 

baeo ""tended so aa to involve the effeeu relat i ng to a non-axhymmetric 

conCiguratlon. Thh code ha" hen u"ed to .... a1y.e rhe rtpple 10u of f ast 

ion l in a large Tok(llllnk. The masoetic field la given by if - Bw(r ,e,iII) + 

Be(r, B), .. here et 11 the toroid'! .... goerlc Held and Be the pololdal one. 

They a r e represented as followinga: 

e.-Bt(Ra/RHI+ <5COI N.) , Be - (Ra/R)8p (r). 

Here , B
t 

is the toroidal field <Xl the magne tic axh (RO) , Bp t he poloida1 

field defined by a current profile j .. jO(l- r2/a
2
), N the number of the 

toroidal coila , <5 rhe amplitude of the toroidal Held ripple, r upeett llely . 

In Cllle of JT-60 , 6-6
0

·61(r)cole h ohtltned for e~./2(2) ; 6
0 

l a the peak 

of the ripple field and 6
1 

h given by polynOOl1llh of rla (6
1

'" (r/a)~). 

In the preaeat calculations, charge e )(change proceu"a Rre excluded and the 

pI ...... para_t"u a r e a9Ru.ed to he radially unifono with T e • T 1 - 1 keV, 

n
e

-2 Xl0
19

,.- J and Z"ff-2 near the pla8.a periphery. We III~e.tIB"ce che 

ripple Iou procene" by c hanging the toroidal fhld stnngth B
t 

under a 

condition of constant qa(.J.5) . The birth point of fan tons (protons) 18 

set at r/a-0.9 .. i th s pitch angle of 10' , .... d the e n"rgy i .. 75 keV. 

iJ. Result! rutd DIscu"aion8 Typtcal contouIll of f ast ion drift orhit 

are .h""" tn Fig. lea) and (b) in clISe of JT-60 ( 6
0 

.. 0.5%) . r..o kinds of 

r ippI ,,-associate d 1099 processe s a r e found. The. e sre the ripple- trapped 

drift loss (Hg . 1(a» and the ban.na orhit loss '(ftg. l(b» . The IIltter 

COlD" from the ripple-enhanced banana dr ift (l), the de t rappin g fro. the 

rtpple "ell and the <:<>11hional ban.na drHt. 

We Hnt foellll our sttention to the ripple-trapped drift Iou. The 

~nerlY fracHon of hst t Onl d"" to chia 10ls procen 1& denoted by G
rt

· 

If the detrappinR proce"8 18 excluded artificially in the comput a Hons , the 

ripple-trapped drift loss I s incr ••• ed .nd Itven by G~t' The dependences 

of G
r t 

"nd G~t on gt are ahown In Fig . 2 where 6
0

.1% . Therefore the 

difference between G~t and G
r t 

re lults frOll the denappinl effect of rhe 

ripple- trapped iona . In a high B
t 

region (B~5T), G
rt 

ah0\l8 an inverse 

proportionality to Bt' This rellltion h defined by the ripple-trapped 

drllt velodty (vr.-lDv;/2BtR). In a low St r"gicI[\ (B
t

<5T), G
rt 

sh""" 

s IUght dependence On B
t 

and it probably .rise. froll the detrapping effett 

due to the intr"ue of the banans she. When the I<I8gnitude of the ripple 

field 6
0 

is chlUlled, G~t il not influenced aignllicantly hut G
rt 

v. r iu 

according ss G
rt 

'" 6~. 

In order to study the detrapplng p r o"ISI In more detsil . , we coun t the 

detrappml tilDu N
dtr 

and the t rapping tiAo. N
tr

· The ratio <>f Ndtr to N
tr 

( Io lid curve) h l iven in Ftg . J •• fun ction of Bt. NUlllber of dnrappinll 

tt .... ha. its IIln illlWl near B
t
'\06T. This fact is fairly consh tent with the 

B
t 

dependance of G;t -G
rt 

in Hg. 2. If the pitch-angle st.lltterinls are 

. excluded artifidally for the tupped particles, the ratio of N
dtr 

to N
tr 

lIartes as shown by the dotted line in Fig. 3. The difference betw""n the 

lo lid Une snd the dotted One inditare9 the nWlber of detuppina tillles due 

to the p!tth-angle acatterinR and it increases in the hillh B
t 

relion . The 

de trappin ll from the r ipple well ..tthout scaCterinll arh ... froll the 8patl&1 

The collh i onal banana or bit IoU G
so 

decreaU8 1D0notonically with an 

Inctease of B
t 

as illustrate d in Fill. 2. This re s ult can be exphined by tbe 

decrease of the banana size .. ith an increa8e d Bt' When a r ipple field exilta , 

the b.nana orbit 1088 is enhancea by the banana drift IIOtiw O) and the 

detUppinll fr"'" th.e ripple well. The banlUla orbit loss in • ripple field 

results in th" curve denoted hy G
ro 

in Fig. 2. The curve of Gr oh .!aUar 

to tha t of Cso ' If the de tfnpping effect ls not t a ken for the iona t r apped 

in the ripple well, the banana o t bit Iou without d.,trapp1nll G;o decre.s .... 

The differenc" be tlo'eeo Gm and G;o corresponds to the detrspping effect. In 

contrast ~lth the ripple-tupped Iou , the ripph-.ssoctated banan. orbit 

10 ... increases when the ripple fie ld betoOll!s a .... ll f roll 6
0

.1% to 0.5X. 

U. Conclus ion" 

1. Ripple-a8.ll0ciaced 10 .. particles can be C4tegol1~ed ln t\lO RrOllpes; the 

ripple-trapped 1ot18 particles Bnd the ripple ~hanced banana orhit loss 

p.rticl ... 

2. The ripple-trspped lOll is aigoif i ""ntly influenced by the d etr.pping 

prnceaa frDIII the ripple .. ,,11 .nd decrellles .. ith the ripple field s trength. 

3. The banana orbit 10s9 la s t rongly enhanced by the ripple-a"so"hted 

banan. drift IIOtlon as well as the de t upplng o f t he ripple t .. pped 

particles. 
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Numerical Study of the lnle,nol Kink Mode 1n T~om"k. 

W. Kerne., Mo)( - Plonck-Imtitut fUr Plo.mophy,ik, D-8046 Gorching, FRG 

EURATOM - As.odo!i"n 

R. Grube., F. Troyo", CRPP-EPFL, lousonn" , Switzerland 

Ab,tract 

A numericol study of the inlernol kink mode i. performed far" fomi ly of tokomok "'1ui 1i­

bri., with c ircular ,rOIl-section and parabolic current profile. If the !Jp vclue, orc 

sufficiently small the internol kink mode becomes stoble. 

Inlroduct ion 

The inlernol kink mode is e)lomined in Ihe context of ideol MHD theory u,lng the 

ERATO / 1/ code . Growth role. ond eigenflmctiom of t he normal mode, o.e computed 

by extremi"ing the Logrongion of the .y.tem connected with lineo rl zed perturbation<. 

The "internal kink mode." ore defined here a. mode, with 0 laraidal wa~e number n"' l 

leaving Ihe plasma boundary unperturbed . Besides the relevance to tokomak experi­

ments, there i, 0 challenging a.pect in the n"mericol comp lexity of this problem. Since 

the growth rotes of these modes ore very $moll, 0 high re.olution of the numer ical .cheme 

i, requi.ed . Thi, numerical .tudy i, complementary 10 analytical re,ul15 / 2-5/. It i. 

well known that the.e analytical calculations differ .t.ongly in the re sults, especially 

conceming the ~p stobilizolion or the inte rnol kink mode . In our opinion il ,eem. 

worlhwh i le to re,olve thi, controversy by providing the numerically obtained sol"tion 

to the problem. 

Equilibrium 

Becou,e of the high accuracy . e '1uired in the n"mericol coieulotion 0 fam i ly of very 

occ:urole equil ibr io (Lotlz and NlJh.enberg /6/l i. u,ed. These equilib. io ore choracte-

rized by the pressure p and the poloidal cu rrent profi le T '" 

.'if... 
"1 
TdT 

":r 
with Po and ¥~ 0, constonts . 

~~ ( I - 'f/~l, 

11) 

The toroidol current den'ity vani,he, 01 the plo,ma boundary (f = "fL ). The e",lemol 

kink mode i. then .tabl e for 'Iona",,, greater or oboul un ity (qo"-:! 1.0 l. Th e flu", 

function :f i. computed with a ,e paration on,otz 

leading 10 Coulomb wove function •. Thi, solution con be computed 01 any grid point, 

wh ich enables u, to perform the mopping from Carle.ion to flu", ~oordinate, occu"'le ly. 

The equiiibrio con,idered hove circular flux surface. near the magnetic axis. We cannol 

prescribe the ,hope of the pla.mo bo"ndary, but we have to adjust the parameters 10 get 

the de,ired .hope. The paramete rs hove been chosen ,uch Ihot for" large o.pi!cl ratio 

Ihe.e equilibr io hove on olmo.t circular cross-,ection and 0 parabolic ClIffent profile . 

In the following .tudy the profile. {eq. (I)) Or<! kept fi><ed, ond the cross - .edion i. 

(a lmo.t) ci.c" lar. The following quan t i tie, ore voried: 

q 'Ion axi., 

/J;' (= !i'o l.p <:IV Il ) beta poloido l, 

€ o,pecl rot,a 

Remit. 

The ospect rolio i. chosen large 

the onalylicol re.ulls. 

-, 
€ = 8.4 in order to allow ° detailed campari,on with 

A ,atisfoctory ,e.ol"tian a f the eigenfunction. i, ob tained by u,ing 0 non-equidi,tont 

, me,h (,'" (of.) wilh a slrong accumu lalion oraund Ihe '1 '" 1 .0ond the '1 '" 2.0 Sur-

foce, if the lolle r i.loC<lled imide the plo,mo. -, 
For (; '" 8.4 a nd /Jp = 1.0 the eigenvalues a. 0 function of '10 ( the vo l"e of Ihe 

,ofety foetor on oxi,) hove two marginal pomh, on upper and 0 tower one: 

'1.... = 0.975 -.:: 1.0, 

'le = 0.61 with 'Is = 1.5 ('1\ = 'Ion Surface). 

The inte rnal kink mode hos irl.ide the q = 1.0 .urfoce in terms of Fourier components 

o dominant I " I com»<lnen t , whereo. at the '1 = 2.0 surface it is 0 pure ( = 2 mode. 

The norma l component of the di.plocement ~ecto. i, la rge in.ide the q = 1.0 surface 

wh h a .teep grodien' at the '1 = 1.0 .urfoce. 

The fact that Ihe lowe r va lue corre'»<lnds e><octly to 'Is = 1.5 ,haws the ,tobilizing 

effect of the f '" 2 Feu,;er component on the eigenfunction . Nate that Ihe upper mar­

ginal point i, ,moller tharl unily. Thi, in tere sting re.u lt i. to be che cked against the 

analytica l re.ult •. We pe.form 0 detailed compari.an with s.."ac et 01. / 2/ . In their 

paper Ihe followirl9 ddinitian of 11 wos u.ed: , 

~p\"'1 == 2ll::r/~')'(-"'f/d.r1 <lyS: f .... ) ~ ~p(".o.H(r·/'1.1)h1.t (3) 
which leads 10 the approximate value, for our cio.s of equilibrio. The radius of the 

'1 = 1.0 ",.face i. denoted by ro and the plo.ma .adius by o. In Fig. 1 th: stability limit 

of ReI. / 2/ for 0 parabolic current profile i, plolted. If the value of ~p far on 

'quilibrium is smaller than Il':':,lsac there i. stobilil oth . . b I _ B' y, erwue'mlo i it y. In 

this diogram the crOSSeS denote the IIp ~alucs for the »<lromete" used in the numerical 

"ability caielllation. Fa. /Jp = 1.0 the re is according to /2/ stability for qo = 1 .0 , 

which meo", r = 0. · 
o 

There is very good agreement in the margina l poinl given by Ihe analytical and nu"'eri~ 

col analys is with qu " 0.975. The marginal points obtained numerically ore indicated 

by the dots in rhe figure. The lower stobilily limit q~ i, not obtained by /2/. Thi, is 

exprelSed by the" ? "on the extrapolated Il~"oc value,. For 11 = 1 . 2 margina l 'tobi. , P 
l ily i. given by 'la = 1.0 in agreement with / 2/ . If we further inc,eo,e the Il

p
value 

the lIpper l imit rem" i", qu " 1.0 ,but the growth rote. of the un.toble mode. in-

creo,e and 'le change •. 

In order to check the /Jp .tobi lizotion we keep '1 on oxi. fixed -'10 = 0.8 a nd 0.9 ~ and 

vor y:
p

. The Bp volue, for marginal ,tobility ore 

/Jp = 0 .63, for 'la = 0.8, 

Il;· = 0.70, for 'la = 0.9 . 

The.e value, ag ree pe rfect ly wilh tho,e of Bvssac et 01 .. For Bp value, le" than Il;· 

( including IIp-i> 0) we find the internol kink mode to be .table - in contra,1 to the re ­

,ults of Ref. / 4/. Summarizing Ihe large aspect ralio coieu lot ions, we ore able to con-

f irm the entire cllrve for morgino l stability 01 Re f . /2/ . 

Fino l ly, we change the o'peet ra t io from 6.4 to 2.5 . If the '1 = 1.0 surface i, very 

do,e to the axis the stabilit~ limit is unchanged . The 11;· va lue, for qa" 0 .8 ond 0.9 

ore .hifted to somewhat .maller value. compared wi th the lorge a'pect ,otia cases. 
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ELECTRIC FIELD AND SLOIUNG-OOWN EFFECTS ON 
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~: We consider relatiVistic guiding cente r motion of 

charged particles in magnetic fields consistent with toroidal 

tokamak equilibrium. For peaked current distributions and suf­

ficiently high particle energ ies the occurrence of drift sepa­

ratrices is observed. They are calculated and their relevance 

to charged par ticle confinement and injection in tOkamaks is 

conSidered. 

Toroidal Equilibrium and Relativistic Drift Equations , Analyti­

clIl expressions for mllgnetic fieldS consistent with toroidlll 

tokamak equilibrium in terms of current and pressure d i stribu­

tions are available from the customa ry approach involving the 

basic differential equation for the poloidal magnetic flux in a 

large aspect- ratio approximation which gives resulta correct to 

first orde r in inverse aspect- ratio Ill. The magnetic surfaces 

are represented by non-concentric tori of circular cross - section 

and are nested in an o utermost one of small radius a and large 

radius Ra. For pressure and toroid!!l current we assume the fol­

lowing class of distributions 

p _ Po(l_p2)n I '" I
T

I1_(1_p2)m+l) (1) 

where p - rla is the normalized poloidal cross - sectional radi­

us of a magnetic surface, Po the plasma preasure on the magnetic 

axis and IT the total toroidal plasma current. n and m a re arbi ­

trary positive intege r exponents describing the peakedness of 

the distributions. The resulting equilibrium is che.racterized 

by the poloidal magnetic flux 

1 m+l , 2k (2) 
G ,. ifloRoIT kZ:l k(l-(1-p ) ) 

and a displacement function 6(p) describing the outward shift 

of the magnetic surfaces. Besides on p, tJ. depends on the para­

meter!! n and m in (1) and on the poloida l beta value IIp _ Bx2 . 

.. 21'0/(n+l)1'oI; Ifor more detail., ...... /2/1. 

Closer investigation of the guiding center equations J:eveals 

that, for tha considered equilibria, the poloidal trace of a 

quiding center orbit is given by a solution of the equa tions 

~ " ~R VSxVC" (3) 
dt TmoqA 

G'" .. G 

Here x. is the gUidinq center pos ition, €I is the ch"rqe and mo 

the J:est mas!! of a ?article, q is the safety factor at rsa, ~ 

is t he ang le about the axis of symmetry div ided by 2'X , R t he 

dis t llnce fJ:om this axis and A is the aspec t-ratiO Ro/a . FurtheJ:, 

lA - 4:J1moc/poe is the Alfven current and 0< Is the iniU"l pitch 

angle. T is the relativistiC parame ter , which in terms of the 

paJ:ticle kinetic eneJ:qy Ek is given by T'" I+Ek/moc2. We wish 

to consideJ: solutions of (3) for two particular pJ:oblems, wheJ:e 

we specify T (or, equivalently, Ek ) as functions of time. 

Electric Field and CUrJ:ent-Pl"tten in9 Effects on Runaway MOtion, 

The t oroidal electJ:ic field essential to tokamak opeJ:ation cau­

s es T to increase according to 

-- 1 ';~mo bo,",,,, 
mognetic surface 

+- --dr(f;~ur'o~~---'''', 
: " Rla 

Fin . 

the poloidal locus of char­

ged particle motion is found 

(5) 

where U is the loop voltage. Ta­

king into account the smallness 

of eU/mo c 2 the acceleration pro­

cess Is accompanied by only a 

quasiBtatic increase of the paJ:­

ticle kinetic energy. In that 

case and for 
1_( 1_)..2)m+1 .. 

ll.~{r'Q'.) <: A{ 1+t.' (A)) .. ll.s{),)< 6) 

to be tIn e nvelope of closed dJ:lft oJ:bits at constant ki netic 

energy, whose cross-sectional aJ:ea ls constant. Fig.1 shows the 

qeometry tOJ: magnetic "nd for drift surfaces throuqh a given 

point (R,:;:)-(R
o

+a.(}"+lI(A),O). Figs.2 and 3 show J:esuUs for 

typica l PULSATOR parametcJ:s. Fig.2 shows the drift surfa ce mi­

g ration due t o the toroidal electric field, fig . 3 illustr"tes 

the effect of a complete cUJ:rent- flattening resulting in an ad­

ditional runaway outw"rd drift at constant ener'lY oveJ: the J:a­

dial distance 6).. 

III ;:;;~~~ .!.k.. "",,Hel' ~i ... lk E~"g1 E~ 
M,V o. Function 01 I~, Rodial 

I'oro_t ... A 

., 
Fig . 2 

..... 1 r-ro;;;"'.-"-.;;.,-'C,-,.-,-,~'" ~-,.-.",;-.-,,-, 'I 
liO'I I ~u' I~ Cu"onl FIGII .... "!! I 

,: ..... , ... .. ! -~:(i\ 
I: \~, 

\ .' 

/ 
. --" 1- ... j •••.• 

., 
Fi']. " , --

. The Problem of Particle Injection and of Slowinq-Down: For non­

flat current d i stributions there is a finite region inside of 

the ou termost magnetic surface with radially decreasing po l oi ­

dal magnetic field. I .. n this region, for energies Ek- m
o

(r-l)c2 , 

such that 11"(1,«1 - -\(1) applies, a staqnation pOint "ppears tIt 

(R,z)"'(Ro+a. U.+lll).) 1 ,0). Fig .4 shows drift sUJ:faces in the nei­

ghbourhoo<l of such a point in ASOEX (E k-2 MeV, m_3, 12 orbital 

points correspon1 to one tOJ:oid"l tUJ:n). Their geometry with 

trajectories leading into the pl"sma region suggests tangential 

i n jecti on fo r the purpose of heating. Depending on the stagna­

tion point position). the J:equired energies can be Obtained 

from the condition 6.~( HE,/m c 2 , Q:.).ll~{}.) . Neglecting pl"sma di s-
0' • 

pl.!lcement effec t a this simplifies to Ek/Mev" As.A.IT/~6.7 for 

relativistic electrons and to Ek/ev = 1.93.IA.1I: .IT . Z) /~j for 

nonrelativistic ions (Z is the ion charqe and M the mass number, 

IT in kA), and ll.: _ Bp(Ro+a . A, o)/Bp{Ro+a,O) . For ASOEX, for 

example, we find fOJ: electrons 74-10] MeV, for deuteJ:ons 1.5-2.9 

MeV (IT= 300 kA). If we, in the ease of ions, assume e nergy l os­

ses due to Coulomb co llisions we can aehieve deuteron trapping 

as illustr"ted in fig . S, however, only under the assw"l-'tlon of 

an unJ:ealistically high density (ne _ 10 '6 cm- 3 ). The correspon­

din9 slowing-down l!Iw is 1)/ 

!tr _ _ 2Ir-') r,. I= j"'} (1) 
dt ~\ \ y-l 

(with the slowing- down time ts=ts(Te,ne ) and some critica l r-va­

lue rc)' The introduction of lI.nornalous eneJ:gy loss PJ:occsses 

would make the slOWin9-down more efficient . Here particle- wave 

interaction and beam-induced J:eturn currents come into question. 

For relativistic electron!! the importance of these effects is 

known /4/, for high-eneJ:gy ions a theoretical treatment can be 

found in 15/ . 
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U11\'il£L OF nu:: N..WIAL 1000ITIIX" OF _~ T{l(AU\K 

PlASIL\ I N 111E t1JRllEm' RISE rnASE 

D.J. Gr"'!f1, ~1.n. l>t>n'One ·, P. Noli, I' . !);)kopoulcs* 
JET Joint Undcrtnklnr.. Ablngdon , Oxon. 

l)l\vCI-slta degli Studi ill J..ecoe. It.aly . • Univc,'Sil)' of Salonika, G''eCre. 

,\bstracl 

I t ha. .. been experi rrentall}' clemanstr"~ that tolUlInak pi" !'fonl~Ul~ is much 

I ~"o\led whe" !llC' position of the p l asma collml is accurolely (Ullrolled . In 

thls pape," "'e nudel .he <'Orltroi of Ihe radi al pasition or a tok:vmk plasllla in 

the cur~t-ri"c phase, incl uding m:uly of the features of a N'B.I lokamak S)'Stcm, 

e.g. curreIl L- <:arrying elarent.<; whu:h .. sera .. '" IlX' plasma fnln the control 

fif'lfl oo11s. Thro nr:rlds for this lll'oblern are presented :Uld tile result!< of 

calculation slIImarised . 

Plasma Radial Position Control 

call1'Ol of the radial plasma IlOSitiOll Is c,uTied Oul by extcmally­

applied l'Crtical rI'Iab'11Ctic field,;. 11\C pi:lSlT1a dispJaccrrent fran a m/'ercnce 

equlllbd~ peai I loo increases Wi Ul too valoo of [he ind1.l('l!d plaslru. CW'ITm t 

so I.hnt n gen<'1-.I.1posil.iooinl; )J1"CX'le<.klre Is to regulate lhe \'cnlc,'l! field:; i n 

step with the plasrrn CU I·"",I. HCOVCIX:I', I n the earl~' )Jhn. .... of a lOk:lllak dis­

dl:t.r~ .. U IIhen the plasrm c urrent isuuilding up (current rise 11h~) stray flelrn 

( In particular these due to currellts Indlc .... d In the vacutrn l"CSSel) rm.), be 

larger than the caltrol field b!lliCd 011 t.he value o f thu plas .... a currellt. sum 

a "stl'ay" err~t makes 91asrna radial poslr. l oo control in the CUI'I"C11t rise 

partlculal'ly dl flicul t. 

'Ille a ctual )Jlwl€fll In a n'al lokumak s )'stElll ilwolvffl 1101. ollly a vaCUlm 

vessel but also toroidal flp]rl ooi].!! and their :JSSoclau:'(1 rrechaniCIl] >itructw"C 

as well as the poloirl:ll field coils thcrn5clves, All u>e;;e Clarcnl fl can carry 

current and. togl' ther wiUI We plasma, are ele<;tJ'O--ff<Ign(!tiCllly coupl .. d. and 

the InUJccd curK .. tltS give 1'1"", to pcnulv lng fiel<i> IIhid' affect the plasma 

position . 

To 'Ichicl'(> rua'5Oflable ronl,rol of lhe plasma position. a dl!tL'Ctial c1n:uit 

Is USl.'CI to roon itor too pa:;itlal (Md .!!pI...'l!d) o f tJl<.' plasma colllnl, 111l&..' 

31 1'11als ran be ~Iified and fL>o-back to m:xilfy th<! ('(]flll"l field ilppropr.iately . 

[lasla £guatlons 

111l! vert i cal fie ld 8,L''t.oqUll'ed fOl' too ''''IuiHbriun of a lal'l,.'e :lH jlCct_r aLio, 

c ircular cross-section , tol"Oidnl plasnn collJll1 cnr' 'Yinl: CIU'I'ellt I", at major 

radius Roanrl minor radius a is ~ .(p'~/J,d..t,t.~ 'A .. trJ)"hCI'C I,. Is t l'll! ]lOlohlnl 

bel a (r.1Iio of llean plllSlI1a pressUI'P to nngnclic p,'t'Ssw'e of the polohlnl fi ,·l dJ 

and t, i s relat.cd to rhe pla>;rm i llwmal IIlWc l.anct" (i .... plasun curl'el" 

distributi on). 

11lC nct ual Vf>rlical ra"ld at 11)(' plnSml pasi tion Ii.oe 10 ('\I"'''n':<; ( I j 
in tlw vurlous circuit ",Iem.'ot.'> NIIl ~ writtell as, BIR)'J,.bi,I; ,I';lien' bAR) 
:U'O the vel·tlc"l f Ullrn at Ihl' pl:lSlM d ..... to llI1il t:un'e11U; 111 caUl e lP.m~nt , 

'Ille difference Uel\O.,€€1l Bv IUld lj,ll "OV I{.'''; Ul1.1 driving fOl'oo 01\ the plasma 

oolll lm. 'llIe pl=na mass I s 90 RTI~III that llIP f>Qllatioo of IT>:)tiOlI reduces to 

:111 "equilil>riun" CQIldi tion !3v(R., .. x)· 8.J.(~.iIC) "''h idt for ~0.11 displ:lC('ffCn1s )( 

frem the ruferef1<.p pasi liOl,R"Jth'PS x,I~. {B .. ,JR.) -B.,.(It)V( ~ - ¥'t ) .... R.. 
tbot the eluctludynantlc L'qualions goI'eming [he tim~ eI'OJullon o f 

{:urrcnts ( I ) lncludinJt rh;: pl:l$l'O cunent can be put in lll<.' fOlm 

iJ + 1. I.Rij '" ~ (I). MlCl'E" Fj Is the .. rr('CII'~ flu.>: of ''Cr t I cal 

magnetic field linking rurn'nt-car'I)'lllg elem-'l1lS so th"t 1>1:: fLjiI, . 
The flu.'«'S an' unfined In sum a Wrty tha. t Ill<.' inwc l ance «lCf rl ch_'11ts Lji 

satisfy Lj(:: Lij '11M'" ralP o f dHUlgE' of flu.'1 link~g'" I s due lIot OIlly to 

Ihe n,tl' o f (oflanW-' o f "Ut'ren!s ~., hut alGo to t.hp I'udiul shl f~ v{'\oei ly of 

the plll>'l'lll(.~) ,u 'l 11,,-' ,'adi,\1 vari ation o f the i nductances " ,g, LJp "~"·i.~i'" 
TIle l'-..... isUlllO"'S Rq an' (I) 1111' !'<<'If-,,,,.ist.1l1Cf'S R1i ,,111dl rlI"C LIlO-> 1R 

101'Oldul elf'<'lri ....... 1 n-'SiSI.1l1<'f!S of eiL,rents cal'l'Y ing ,~~t 101'Oi dll cUlTcnt I, ; 

and (11) the <:roS"~-- !'P.!"i"tUl,,'('SRij( i f.i) "tll dl desr~' ilJP lhe effect Umt 

tlirt'eI'Hl1\al cUrI,\"nl» (7I.'I'O 1)('1 lomi dal vall.lo.') in a <;IU' I,--,tt_carrylng 

t'Icm:>n1 "all 11(' dl'i\'<"n not oll ly by !Iif' di rr"l'1:.'IIlial n,l>: dl.11ll,'C O'VCI' that 

t'\Ul ... ',!. bul ,liso by the !lP1 rhl~ d1:Ulf.!· . 111i>< is to bP consldcll.'d fo" Ull! 

ull-lfK:l al V:I<:UlJIl vCSS('1 .. 'hid, .'at'd (f: a CUrl'l:'nl distrlhutlon wi Ih t"('lUI 

1 ...... 1()j.."-~I, • ...,"S ""d i nhom<>g'·u, ·ous pat· IS . 

'[lie ~' lln ' npplipd vo ll 'll."-" 11'111'0; and ill<' lude the vn l tal,'\.' !11)J)iied to lhc 

wk:ulI"k "dllm), ""j ndi ngs and LlH' VO II . at..~ appl\ Pd to the polo' d:t1 fie I d ('il1 1s 

( lIoth L~lullibrilln ,uld feedJadt <'01111'01). 

1l1f' prohlE'Il1 '''" n in\'()iI_ IlK' solutloll of the ('quatiat sy»lem (I) fo r th., 

l l nn L'VoluliOll of (,':.,..h of t.h<. cur l'Pll IS ill the cirrui le!'''IICUI''', lIlt" s~'Stun 

of f'CJU3t1~ isclOSf'd ll.o; tl'lf' vollul.'CS ~ al'e <;[)JPcifiL'<.I, (Inrludinl!' any feed-­

b:t<'k I'oltagc>< }, thp rt'SisrIUHF'S and illdurtanO"S (and 111L' l':Idial dcrlvatl\'es) 

;lI,.. spr>r-irted, and lht·x and x lCTmS "Ull 1>(' "XPI'PSSf:"-l in l,-..mlS of 100 ~pemlaJlt 

,':u'iabh-s ( Ij l "sin" tho:' ~~ltl'llh"ir rmlial <:t>ril-ali,·CS "jl l dl :U1' spec i fied , 

~'!!ili! 
'Ih: t"'·o di rr,'r.-.nl trO<J<.>ls "l1kh '''' haw· {'Oflsi{k",'d cn ll he <.fl:U·UC l c ,·lscd 

:1.<; folICMS : 

(1\) 111(' curno'lll --eal'rl'illg l'l. m'nt~ of 11'1t' ... ystL1l1 are l'(-'pi"ccd l )y equivalen t 

lal1."" :lHIXlct-ral 10 lorohJal slK'lls ("''''' fig. I.) .... i th IllU'U cul:.u' s W'faU' 

e uo· ' '(-'Ill. distl'il>ul ions J .. JCAs8 11lis all().\'S lhp ~,LJi and ~l to bu c:li culated 

~nnlyti(';:llly II I In r'-"n16 01' TI,, ~ ,,~'!U(1l1 Jl\..'UIf'tt .... ' . 

( 11) ' ne dlscl'PU> natUTP of the eUI"n11t-C:trr}'ill~ .. 1 ..... "'15 Is ''Ctlill1l....:I( .. ec fig. ? ) 

:U1d it Is ~ihl'-' to in.:ltxb Ih. ' prt'sellC(> of an i l'Oll CVI"(/ ""Ilh :l sped 1 iL'<l 

(l('11I'Cablllty dIStrihutl~. Fal' !ul}' pal'Ucular ( fin ite aspect-raTIo) plllSlTn 

equi libl'I lJl1, 2...tJlfI8J>;i~al n'IaGllUtootal1 c cu lculatlons evalu:1te the h, (R) 

(and thell' ~rlvatives) (see fig . 3 , ) IU; wldll as the Lj . {II) mid thulr oo:.\ V_ 
ativL'!;' 

111e c l rcui t cUIIJ~ctions 1'01' UlI' tWO In::xIcIs mtlSt 00 sped nod and do.."­

t~'(1nill" the detailed form o f (I). F01' hoT]1 m:xlels, the nlJlOO,'S of tUlTls 

or the poloidal fiel d col Is 1ll'C taken Into nccoUlt as well us (I) a OOI.t:!Ctlm 

drcw t ,"11Idl fran 1IIO':tS~U; of uw pl:snn speed and posi tion provides 

un electrical signal S.nd{iI)afL'ed>ack ci n:uil "Mdi """lifies the Signal S 

to pro\' ioo a \'oltagu ~. 1hese cll'<.:uits are described by tJlC l'qu.'lt l cns: 

v. .. ~/r, . G,S/r" (3) 

""hel~' tl Ulltl ~ are cl rcui 1 Ilrre COIlSt.1l116 ruld 6, ,G.l and '~ arc "JtU-ln" fnctol"S, 

'(lie ]llwh;m is lUl initi al-value one [\lId .. he starting pn:,cedw'C nOOpt fld 

fOl' bot!l <rodel>:! is as foI IOl'S: thl, c1l'e lJl t equalions (wit.hout lhe p!ru;ma_ 

cOIl;>ling effects) are nllOl'ed to c'~llve wltil (tinu t = 1;) the IICrlical fluId 

at the n duI"Cnoo POSi tiOlI is tlmt for ",111 .. h a pla,9na oolum CIU'I'Y1ng loltll 
CW"'CII l Is In equl llbrilJ]1 at X "0 i.t. Bv (Ra,t.) = B.dI" = lokA,x .. 0) 

Ff>r till'CS t>..t, tbe CU!pil"te t-'(jual l m 5<'t is s tepped fOlwurd in tine 

I~ tl l Iht! n::q)\etion of tJ ... • current rise phase. 

~ 

OUI: 

'nlC nuol'e tJOdeb; were applif'li 10 JI:."J' (2J alld variOIE .Hlklies we l"C cnrried 

(I) Ihe variatlOll of tj~ Ilrre 10 br,'ak<b.m t" with pololdal 

field =il" tw'"s ,'ltlios .1Ild initial coil currents . 

(il) Ill" a"hiewne,, 1 of atb:luatf-' I'.1di~1 po5i tion CCll lrol for 

IP'-f>n dett'<'1.lon :uld :JIllpllficltti oll circuit tirm ool1StanLB 

by rh" adj16t!wut of the gain fn cwrs, 

(Il i) the sens i lil'ity of control I'I"Sults to tJle IIQ(\e I of p l asma 

'TypIcal bI.'1ml'iour for the pln...;;m ool um dlsplaa-'t1'Cnt Is 5hcM11 In Figs 

4 and 5. 11,.... K1l5 bn>akdom oondi Ua> :md pll\l3Ql:l. resismnm m:xiel do Influence 

[he detnl l s o f Ihe JXl5iti~ 001111'0 1 plwlF.'ll'l , 1lC\-ertheless appropriate control 

wi lh n>Otlural(' feed\);.{'k prn'P" C:'" be obtnil>('1'i OIIt'r a .... ide rang<) of operating 

<Xlt1dilion~ (poloidal f ield coil t urn ... ral i u<; .1Ild initial c w·,'CnLo.;) . 1'01' 

ru:k.'Quale <'0111.",,1, buth "pat.ial foC ~ ) :u.u veloci t y (oci: ) feefback ",m-e found 

to be nert.'Ssat'Y. 'Ille finit" ti,re L'OI1Slall t:s for the ~tectiOIl and IIIIlllifier 

cin:uiu< did not P'l".-t'fIt adf<quat~' COlltl'O\ frem being ob tained .. Both m:xIels 

exhibit s imilar qualitati''''' beh"viour, but bI.,<,al!'>e!lOdel B I s more real1stlc 

( in l l,pt 11 ,,1 100'5 for ttnrc C"a'I1)lic."ed .. "'·r....-.t <\i"tl'ibul i on::J in drcuit 

elertallS, OJld Is 1lU1"t' dil'P("tl y tnl"pl\'henslblp In te llIS of the l"Col clrult lay­

out.). It is being eX lended to dPsc:r lbe Ihe phlSlm pasitim contl'Ol sltuaUOIl 

j n the CWT\"'11t flat lop in lhe p n'f;L'l1l'c of 11 s lgnific ..... nt i ncre:lSC 111 pln..cmo. 

pr't'r;Sul,{, (duo:. 10 a 1l0l1-otvniC Ilf':nlng ml'lhod) , 

, 
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EP22 
A STABLE RVUTE TO THE HIGH Bp REGIME 

A Sytes, H F Turner 

Gutho Laboratory, Abingdon, Oxon, OXI~ JDB , UK 

(Eurat_fUKAEA Fusion Assodadon) 

Recent compucational Io/O r k has con fino.ed che existe nce of a ... cond , high 

beta-po!oidal , relli .... uf ,[ability t o high-n ballooning IDOdea . Here we 

e xa.ine the. " ccQuihili ey of thi a i>i gh Bp reg;"", and sh"Io1 cha t it ltIay be 

possi ble to reach it experimentally. Examples of TOSeA and JET equilibri a 

.. re given and the ii values obtainab l e are s hown to be significantly hi zhu 

chan the 'oprimi,cd ' values previously obtained particularly f or high cur­

T!!"t operation. 

INTRODUCTION 

It ha. recently been Cound(l) that , for a certain famil y of equilibria , 

31 lip i , railed {heping the q-profile fixed i n Fey fashion} the equi li ­

bd . become hi gh-n unstable U u iua l as ~ Bp - I. bur be cDIIO(! !table, aga i n if 

Bp i s increllled luHident!y 10 that tBp'<:' )I.! . Calculations of the 

stabili ty of a IIOdel rokaJllilk 

equili bri ... wi th ci r .:ular 

surfaces Rnd no variation oC 

the poloidal fi.e.ld on the 

lurface (fi r st eonside r ed 

i n Ref. 2) ind i cate 

the exi nentl! o f such a 

.econd .tability region in 

11 ... ~' a nd n" ~ p ' q2 

djaStll1l (Fi g . I), and the t c.u Lrs 

o f Re!. I indic ate thRt it may be 

a prOperty of IIIC r e rulistic 

equilibria. 

•. , 

•• Unslobl~ 

5!oti~ 

0,1 0,2 OJ 04 0.5 06 Cl 

Fig . I 

To inveat iglltQ this r e Rien ,,11' use rhe family of equilibri ll described 

i"O) An advllntage ef this f a .. i l y ia that for a given fix ed rotll1 cur r ent , 

Bp and qo can be varied independenr l y by a suitable choice of the 

pan_ter,; and it ha , been ,hewnD , I.) thllt l ew-n inrerna l _de s ClIn be 

srabili.ed even at hish Bp by r e-arrange.,nt of the curr .. nt profile 

(conveni .. ntly cha r llct .. ri scd by the va lue of qo )' In this paper we de fi ne 

B" 2!pdt/!B2d r ; Bp .. 2!pdl/fB~dT ; qo" safety factor On axis ; 

qa" safety lacto r at pia ..... edge. 

THE UICH Bp STA BLE REClHE 

There are already Indications(5,6) that high n ... des can be panially 

atabilised by ... sins the technique l tha t stabili ... Iow n modes . Here we 

undertake a .or e aYHemaric scudy, consid .. ring f irst a 5: I aspect ratio 

devi ce o C circular sect i on . 

Fix ins the total curren t t o g i ve qa - 3 , we vary 8
p 

frOll 0.5 to 

8.0. At each value of Bp ' '1.0 i& varied frOll! D.S to 2 , and for uch 

equilibdUII the high~n ball ooning mod" .. qua cion(2) is so lved on each of 

a set ef equl-spa ced f lux surraee" (Nore that Ta ising qo in thl' fashion 

i . not a silllple scnling : cu rrent i s r"di.rributed f rom the magnetic Dxi s 

r egion, t<,,,,,ling to produce hollow profiles). 

In fllct we find fo r this con figur,ltion that, provided the bu l c prl!s­

sure profi l e i. not t oo wid .. , high-n s tability is obtained [Dr e~ch lip if 

'1.0 exceeds so",e critical v ll lu .. , shown in Fig.2. FrOlll Fig . 2 w .. can IU that 

if a fixed q-pro fi !e is conl id"nd - with qo · 1.1 for example - then the 

usual stabl e reaion exl s ts if 8
p 
~ I, followed by an unstable reaion if 

1 < 8
p 

< 6 , and a ... cond r egion or aUbilit y if' Bp > 6. Thi. i s .i .. ilnr lO 

the result found in (I), and i s analogou5 to moving hor i zontal l y in Fig.l . 

.. , 

" 

" 
'. 

' .2 

" 

Stobto! 

(ID. 4.S J 

• 
(0.8.4.0) 

U<lSlotllc 

(06.3,0) 

Slotll~ 

( 1-5.6.5) 

CZ.o.n.S) 

(2.5,13.5) 

.o~o --''-C, --7---:--_7---;~-_7--,:--_:_--::_ 

" Fig.2 Cr i tical qo faT stability vs Bp 
muaber pairs nTe (jj:: , ~(o) % ) . 

The relation betw .. en B, 8(0) and 8p i a Siven by tho n .... ber pa irs 

(8, B(o» alongsid" the curve of fig.!. The low Bp lillit u ( stabi lity 

(point A) haa B _ 0.61 ; we see thar Bean incune t o 2.S% at Bp - 1-

A STABLE ROUTE TO THE SECOND RECto)! 

Usually, as in rh .. above .. xamp l e , t he second (high 8p) region of sta­

bility i a r .. ached dter a p .. riod of instability . lIoweve.r Fig. 2 .u&geBts 

thlt if , uperi ... ntally, larg .. heating power could be applied to a discha r ge 

with a '1.
0

> 1.5 hC?lIow current prnfile (during the current ri se?) to give 

hi llh Bp' t he curre nt can then increase n~ar the a~i l provided that qn 

exceed~ ~ome critical val ue (- 1.1 ror t he cnnfiguratien o f Fig. 2 : 

peui bl y < I for nth .. r equi libri a) . 

Thi. then "nuld prnvide a possibl e stable reute. Whether the inst ability 

caused by a dev;3 tin" frnm the reut .. acts to nu t ore stability , er grow. to 

destroy the conf inement, r ema ins t o b .. seen . 

Fig . ] may previde ins i ght i"to the trans i tion fro .. t he. r eltrictive low 

lip r egion t o the high Bp r eg''''' , Th .. ru ll cu r vet l hew tho _,a 

value. of each flux surfa ce fo r "qui\ i b r is A, . 11 , C of fI fl. . 2 . The 

shaded region ; 5 the un.tabl .. reg i on of Fill. I , Ind i. relevan t for 

unshift e d circular flux surfaces. It i. Been that the (st.ble) po i nt. 

o f equilib ri lUll A lie just to the left of thil shadl!d region. 

.. , 
u 

c 

tt-_ 

Fig .], 5 , 0 va lues nn fl ux 5ur facu for atlb l e equi li bria It, B, C 
of fiS. 2. 

Cons i dering rh .. extre.., h i gh-Bp c . ... C, the OUter flux . ur fa ce. IIp~e ;l r 

lo be in t he s haded region but are in h c t stable, as they have h .rse d ll­

place_ot and ellipricity, and thea .. effec t . are known by acudy or th .. "",del 

equarion (2) to s hHt th .. uns t able r egion in thl! direc tion indicated by the 

da s hed r .. gion. The inner flux s urface. o f C have a s .. I IRr dlsplace_nt, 

and app r oach the odgin und .. rne ath the orig inal ahoded area. 

Hl en B EQUILI BRIA IN JET AND TOSCA 

We find that at a cur rent er 4 . 7 MA (q " _ 6) , JET i . I t lb l e to hi gh n 

..,des H 8 " ~.51 , t> .. 3, thi s va lue is slightly higher than the ' opti ..... 

ia .. d ' value obta ined rn (5) " n", .. ver li t hi Ch CUHent (9 . 4 HA, qa _ 3) 

.ignific ant tnc rease s a Te poss i bl e ; althnugh I'he lnw B limit has l! .. 2% 

at a .. 0 . 3 ( ]ower th~n t he opt imi .ed ruul l g iven i~ (5», th .. high S, , -
regi,... all nw~ 6" 12% .H Bp • 3. 

Si milar r .. s u\t s are fnund for TOSCA(7) , here taken .. having a p\as"", 

nr 4 ; 1 a spect r a t in and circular section . At large current (qa " 1.4), the 

Iow B Iimir has s: - 11 at 8 _ 0.3 and t here a r e indicat ions that th" , , 
exp"ri ... n t .ay be near thi9 I ...... r limit. lIow .. ver the high-Bp regi"", a llows 

B " 51 at 8 .. 2. , 
CONCLUSIONS 

We have d ... m s trate d a ponibl .. rOute t o the hig~ Gp teai_ of ideal , 

high*n balloening .od .. 5tahiliry. The cor r esponding B va l "" l ~tt .. ined 

aiSnHicantly h i gher than pr@vio". " s t i .atea and a re ve r y s ill i l ar t o 

the va] .... . pred i cted by rh .. I ....... n in r .. rnal IIOde acabil;ty cond ;t inn . 
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PElLtT IU:ruttLL~C OF A 1l\I"'ERTOR TIIKA.'!.\x 

L.II, J4 . ,.noOft aDd. r. E, S<ott" 

Cu l two Laboratory. AbinVion, 0..00 , Oli4 lPI, Ill: 
(EIIUlOll/UKAJ:A h l iDO Au ociadonl 

llITlODUCtlC"': hp •• t-att .. Ith t ll. Di n Jundl. Din« ". have d .... n .. raud tbe Dud f"r • 

R ...... un. o f <dueUln. I dh·,ned dl",Ioa'." la orde r ,<> '''plau tb~ put;c l u uhau<tcd by 

the dtv ... ". and ,lw ... IR<~io ~ < .. noon. dool',yll) . • <fueLl ' ...: v ith ... ""Hid loto ' M 

t Oruo h .. bun oh""", ... b. inoffici _M !>cc.un I lar&c (u«ion of ,h. la. i. i,,"hod In the 

diy«." • •• rapo-of( Loyer lod h""d i .tely u ..... ".d Inv ing only' "",11 ft .«ion to P~MUU' 

0< .. 1 ,d ... 1 the u",u "f 'h~ dlKb".o. i n<:.u.in, .1>< iop .. , of , •• '0 ' .. "nUnC. thi . 10 .. 

. ..... 1 •• la 1"", .... 01 ,"cydinl be,,,,,OR the piu". boundary and the ",,11 "hid. in 'urn ' .... I .. 

i n ,"<",,"d dOforpdon of l .. p"d<l~ •• 

Inj ection o f ."Hd hydro,oa po ll ... hu bun p<o~o •• d .. a D«kod of rof"e l Hna ~ f"t"ro 

f" oion en«oe. and th. ucknique h .. b~." d ... onH'o<~d r~e.ntly i n .u upor i.,.nt.1 tok..,.k(2). 

A p. II " ~i 'h . "ff iden<ly "il h velocity IIill p~n . <r'''. t he .crapo-off l OYu ~ilh only « .""It 
10" of 1I .. eri ol Aod "ill <ofu.1 th. c.ntU of tho diocbu,e . A pe 1l 4 t ace. lu.don dodoo 

bo oed 0" 0 \laht , .. l un 'yH'. i . bol", conHmtted for DIrE . Initiolly . th. pion i . ju •• 

to occ.lout. a .in, l . cylimJrlcAI poll., "i,h • di"""e r ~nd lonE'" of ob"u, 400 \l1li '0 " vo l ­

oci,y of .bout 1,00 .1. "lth .h. puepo .. of to .. in~ Ab l.,ion _ . 10 and ",,,dyi,,, the e!fe« of 

inj.cti"l fr .. h luo l ocro .. the div. rto, . crapo-ol! bye<. 5I-" .. i u.to uu d <1 .. _&110,,' <hi . 

p.pu ucept whe ..... cod other" i... T_puatuuo ATO l iveo in . V. 

PELUT ABU.TlC(! MU Kany diU.n"t _.10 of p.lI .. ablotio n in. bot pi ..... ",,"v. bun 

p, ........ d']) . ,.... _ .. . . ~.n< _d.l ....... thot a neutnl cloud o f ~ •• i ..... blh"od u ...... d 

lho p.llet (4.~) and the p.iI.t ~blation • • to i. d.' .... in.d by tb .... iRU"oneo or cl_ <" ic~ -
DU. equal '0 .IM! pO.netr.tt .... d~r'h of .he pla_ .Iou", .. . . Cooopui ... the di U ..... t _.11 
f o r pdl.t-p l ..... iM .. aet i .... "it" tbo to .. .voH.bl. npori_n t al ,u"lt. of po llet inj .. ti .... 

• _ (1.1.6.1) tl>;l. ID pr ... n. day t"" ..... t. tho ""n"-plu ••• i Metacd .. n can b. uploined b, 

this .. out ul cloud _.1. 
n e uul .. of tbo dlfforont .. o" nd do,", _oa. ~av. be~n c_H.d O ) ...... i< 10 con­

cluded that the .bb,;on ..... "hich .hoy predict It.>.~ . 1"" .. id~nticol .~. lins . Nonce ". 

" i ll ..... the foll""I"1 conuni."t "IVUI,," palh' . bloti"" "<e (0' • • ph. ti •• l rellu 

'" 
""ore. I1 tlM! i nlunt p.ilu r.dlu,; n and Te ' .. cko pi . ..... . IoCtTOR dan. ily ...... t"'p"r-

otu .. ; Pf I ..... t .. lal CO"UA"t: f
H1

.: ~ \0- 1\ t02 - ~.~ K 10- 14 . 

lie "ill ........ Ii ..... r.oHlu fO T 'he piu"", d~n.i ty n •• n ... (l - ,I.) ond ' ... po .. -

tun T •• T.o (I - ".) "he ... 10 th~ . inor r .diu. of the 'orua . Inn rdng ch ... p.orl l u 

i n Eq.(J) "oinS" t. a - T ... h .... i • • h~ po lio< •• Ioci ty. , ivu 
p P a n 11l T 513 

' p ' (rpo!ll _ j f _~ __ .~ Cl _ da)l)lIS (2) , 
o .. d • po llu p." .. u<io" dop.h of 

d . ( -ft) III al ll "~0-1/9 T<0-519 <p<>5 19 v
p

llJ '" 
Fo, .... n-p .. p.ndicu lar (to .h tOeoidol "',nHi< f i . ld) pell .. i .. j.u ion ,1>0 pOl·p.n<!I.ul~e 

c_en< of 'ho velocity vulo, i . u.ed in Eq • . O) .od ( l ). I n o,du u. d.dvo .... b l ation 

.qu<ltion a . (I) i< i. " ...... ry '0 ... .-(4.5) t ~at '~e ....... . of pellet •• ..- . N
p

' 10 ", .. 11 

e,.... ... d '0 ,,,", to • • 1 n ..... . of piu ... ioo • • ~ . o . ho.",;u ,h. pc ... "". of the pell .. in <ho 

pi .... " ill .i",ifieOR.ly cb ... e tlo. plo ... dens i,y.nd ,~«.,,,<e. vhi.b i n ,ue" .. ill chonc. 

the .blotlon r ••• of the pall .. . 

" 

lilv,o , ._. the pollet ponetu,ion d~p.h ~ ... " . th~pelh< •• Ioti<, fo. dilf.un< 

100 200 lOO l.OO '>00 &00 700 
P9 l1 t' veloc;"y. vp (ml~) 

pi ..... , ............ 11. h .... ......... 

.ho the val ... of t1>o ... io 

~pl~ . 2". ' p/, .. 
2
• "eo' IIh"o 

". i •• ho .. _le d .... "y of ao Hd 

hyd , o,.n, ~ i . ,he .. jo, r~di" . 
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Nonline~ ~ Theo r y of Collislon~l Drift-Waves in Toraldal Geometry and 

Anomalous Sk in Effects in Tok" .... k" 
Andr" Rogl s t er and (;(Inter Hasselberg 

Ins t ttut fur P \ as"'''physik de,. Kernforschung"anlage J(jlich GInb~, As s . EURA'I'OM­
!(FA, D-5170 Jiilich , I'"d"r~l R"public o f Germany 

CoLlisionaL drift waves in a sheared .... "netlc field which are ~tabl" in cy­
lindric .. t geo .. et~ /1-31 ""'1' become unstable in '!'Ok .. "",k cantiqu,." t ion ",h.m 
rh" ~he"r dalllping h nulliU e(j by strong toroldal coupling . The s t " bil i ty o f 
long toroidal wavelength modes , the "",s t dangerou" from the point o f vie" o f 
p .... Ucle and energy transport, is e"""nU"lly gov<>rned by the 9iqll of fi e " 
dtnTe/dlnN. These modes which are unstable for reversed e lectron temper"tu[e 
a nd d"nsity '1radien t s (ne <0) are of p;lrticular ~iqnificance for many f usion 
probleOls such as t he iniUal current rise, the fuel1n'1 phase by inj ection of 
cold "as , and the cCl l d plasma ",antle concept. ror exa .. pte, the r apid "xperi­
",,,ntal di sappe~rance of the tempe ... ature .. ~ximum nea r the plasma bounelary du ­
rlnq the current rise ( .. no .... lou5 teClpe r .. t"n, skin effect ) and of the outer 
density ma"i"'m' d urin" fueUn" (anomalOUS denSity skin effect) are indicaUons 
of anomalous p;lrUcle ellffusion , ther .... l conduction and/or elec trical resis­
tivity which COUld be the result of wave t ransport. 

In this paper, the nonlinea r theory of collisiona l drift wav"o in a sh"ared 
.. aqneUc fiel el is eleveloped in the fra",ework of weak turbulence t.heory and In 
the stron'1 toroidal couplin'1 approximation (balloonln" 1\mit). 11 self-con­
sistent estimate of tbe turhulence level results. The a nollllllous I"'rUc le a nd 
heat fluxes are then evaluated and compared to the neocl .. sslca l f lu~es. The 
dominant nonline"r effect is to increase tile rad1,,1 width of the ei""nroode 
and consequently to decrease the destabi liz 1n\l role of electron collisions 
whUe inc r easln" til e role of ion [,andau damping. St~tio,,"ry turbu l e nce l evel 
obt~ ins when the latter balances the residual growth r ate . 

Tile electrostatic r'tenth l 0 (" , ~,.I) is w~ltten In the fo"" " 

, , (X, Il) 2eXP{it(-i-j u(r ; e ')de ' lli! {K,~li 0 (x,e)EIexp (im(0+0 )1 11 , ,,' 
" . 1 1 m 0 , m 

where III Is a slow function of x :; r-ro and, because of toroillicity , o f B, l is 
the toroid~ l mode number, of (B) ~s the toroi elal (poloidal) an'1 le, v(r ,B):;rB-j1 
RBS desc;:lhe" t he d iffer ential rota~,ion of a field llne, ro 15 the position 
o f a rational s urface defined hy l~"(ro,B) (dB/2n)" 1'1( r ) - n (n "ntire), q is 
the safety fa~tor , andB

o 
is a n arh1trary "ngl" in th" v'i'Clnity o f which th" 

mode is locahzed pololdally. In the follo winq we shall assume Bo _ 0 or ~ 

(lel< .. /2 corresponds to tll .. inside of the torus) fo r reasons of simplic;tY. _1 
'!'he distan"e between neighbour in" rational s urfaces is 6x - ( t 'lHnq (ro)/ atJ ~ 
fq/ l q , fo r linea r densi t y and tomperatu re profiles, periodicity in ~ requIres 
Iilt,m(x) - 1l1 (m+tqx/rq ) . We e"pec t th" "lg"nv"l"e equation to heco,,", non11n"ar 
f o r wave amplitudes ellt,m/Te • G( , .. " £ :; "I/r wherl! ai is the Ion Lar"",r radius. 

Then' r esults from a straightforward calcul<ltion the f ollOWing no n l1 near equa­
tions 

'" 

where lI~ r/rq I s th .. sllear par""'ete r, A = (1 + ( 1+ " 1) T ]-I , ~. -1 .1"" 
th .. poloi<;l"l mocI~ nurnhcr, 0 t - !l/"' e"s"1 2(rN/Ro HI-2u )c.u~ 110 - 1. T _ T("e ' 

", _ _ -(cTe/ell; I<. /r is thl> diamagnetl~ drift frequen~y , r~1 ~ dtnN/dr , 
a:'! cs/ f) i ' Cs - (Te~ml)1/2 , and 6"'t i s t he .. Igenvalue . I'U r ther 

p " t r! : ke2IG~ , m.12, Ql;; j k~a~ r~;: 1~.t..'!'.'.. 1 
t ' ,m" t ' ,m' <I x 

, 
'" , . 

U _ ~ O.6 nl! i~ "ee/vei« I , p i s of order unity . and " t, l" (me"e1 /m i" 'e , t ) 

(Ilr"'e , t /BaCs) . 

The rI9ht- lIand-siele of the equation repre~ent" the linear e lectron respons ... 
(For sImplicity we hav" only r"tained the p~n proportion .. l t o the tempera­
ture grad ient. It Is noted t.hat ~xcept for a n"m .. rlc"l factor . thl> electron 
r e spons I! in Eq . (2) agrees wltll Eq: t31 of Ref .. 2 .) The left-hand- Sid~ o f the 
equation repre sents the nonline"r Ion rl!"pan" e I ncLudlnq ",erUa . mot~on 
a lon; tll .. f'elll lines , "",,,nctic ~urV3ture and hnL t l! Larmor r adius effect ~ , 
a nd nonline"r ion Landa" damp i ng Including both thl! COIIIpton (·har .... pa rticle) 
and the s hielding cloud contributions. Thl! matri ~ "lements hav~ been e "ti­
mated in the limit o f s .... ll Lar...,r rad i us . I.e. k~"~ < 1 and assuming 
cN/Ro < I . Not surp r i sIngly the nor.llnear t ...... ,. o f E:q. 12) "(Ire .. '<Ii t h those of 
Ret. /4/ in t ile limit where the modes overlap many rational surf"ce" . The 
linear ion r""ponse was previousl y ob t ai ned in 15/ including th" torolda l 
tencs. 

1I0ting that P a nd Q t ar" approximately constant since the modes o"erla p many 
rational s u rfaces, Eq. {2) ha" the sa",e structur e a s the linear equation 
sol"ed in 11 - 31 hy the ...,thod of match!<d "sympt otic expans ion . This ,s pos-
~ib le if 

low (k a 11 12 ~ I~ I n x
2 

<4) 
a s Be r t , t 

Por {k ~II~.m)2 » xt t ,N Eq . (2 ) redu~es to KUllll!le r' s Equation ; for (kAo~~m)2 « 
"L t, i t bec"""'s the hypergeometrlc differential equation . 

The "i'l"n",,\"" , oh t ained by ""'tch! n'l the two a9ymptoclc solutIons, 
to ~ CjOOd "ppro ximation by 

1 <\"'1 - 1 
a - "4 [ - z;r- ]l> ,(l.nj J] ~Ql ) 

I . . e 

'" 
It i6 r ealllly vedfi"d, hy "oln" back to the definition of s , ("l t h Res .. I) 
and "t t tha t Ins t ability occurs for ,, ~ O , thus invert~d temperature gra­
<lient s ' (I;e < 0) are de~tabilizinq. H Is also oh" i o"" that th .. qrowth rate 
decreases with inc~easin" turhulence , anel perhaps mo r e impartant tha t the 
wLelth of the .. igemnodc i ncreases . This may go 02 until 

«x , ~) \ ; " -1 _ _ ,_ ~ /"';, l) 2 ,, ~ ~'1. a 2 
k o 222c 229 

e k OO Ele S BO r tl '" 
at which point increased convection o f e nergy by sheu from th" unstahle re ­
qion t o the regi.on "here ion Landau dampl n" occurs will balance the r"sldual 
'1rowth <ate. We Sh3ll assume and verify l ater tha t "hen (7) approximately 

1I01d,., P > (ka a 1I) -21IrN/R )(1-20) 1 where k G is the mlni .. 1l/II value of k G 
far ",hlch the'~o~dition tha~ the mode OVerlal'~"many rational surfaces is 
still satisfi .. d, Then, lrom (7) , , 

P ; ~ 1 (El) 

BO rN 

The condition for tile ..,de to ove~lap many raclonal surhc". a nd t he ~SsUlIlp­
tion k .. c

e 
< "ei lead to the inequalities 

o IrN I -~ veiRoq 1 2 BO Irnl ;I (9) 

B f,~ p (----c:-) ~~ (k O" "") '" B Irl 
and it is easily ".eri fled tllat th" assumption leadlnq to (8) holds . It is 
no ted that the ran"e of toroid"l o>ode numbers satisfyin" (9 ) is nOn - ze r o on­
ly in t he l'f1rsch-Schli!ter r egime ("ei Roq/Ce > 1) . 

Considering now anomalous particll! a nd h"at tr"nspart, we have found that 
pa rticles and hea t flow tow"rd s r~"ions of lower density and t .. mpe~"tu ~e 

respec1tvely. The ratio o f a nomalous to neoc l a ssical t i me scales is approx­
imately, both for particl .. a nd heat transport, -, , 

_'0 __ _ I~ I ~ ... - 2 

T~\. e £~ 
( 10) 

The "stimat" (10) shows that the "nollll\lous t~ .. nsport is easily more than One 
order of ma"nitude faster th~n ni!ocla5sical. Th" collision"l dri f t ha lloonin" 
mode" ale tllus candill~t"s to e xplain th" eKperimental obs .. rvations whereby 
temper3ture profiles whl~h are stronql y pea ked outw~rds within a IBOnotonical ­
iy decreasing density distri.bution a s should be expected dudn" tile Inicla l 
current rise (t" .. per"tu~e skin eff .. ~t) , or reciprocally strong outward peaked 
density profile" in a smooth Te distrihution as expected durin'1 fuelin g 
(density skin e ff ec t) , are not observed. 

In conCluding , i t is noted that t he nOn linear th..ary deve l oped here re~dily 
applies to other types o f drift balloon in" mod .. s in a xisy_teric toroidal 
"eometry . 
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EP25 
TRANSPORT CALCUL.lTIONS FOR THE APPROACH TO IGNITION IN JET 

ill L Watklns and A Glbson 
T~c JET Joint Undertaking, Abtngdon, Oxfordshire, OXl 4 3EA 

Abctn;wt: Ti,e. aPPI"oQc:h to ig>1iticm in the JE:T appamt"" is mJs~<)ued l<si>~7 a 

O'I(! ~dimensio"a.l o1'ansport roodel that {"d"des irrp,wity eff~"ts . The J'~n"Uu 

al'e p",,,,umted it! U Il"" of ~he pa)U'IlMel', Y,"P,/(PZos s+IEI) , which t,,,,dll to 

,mi ty as alpil!J. pCll·ti,;!les domi>1att' the fmel'gl! bala1lce bo~h in steady state 

and c lia lv'. ,!.:: p!.(W',",w. Whir..' Y iG Umited to 11(,lll(l8 ~ W:; ;dt;' basic pe,­

fOlwUIlce levels o f heati'IJ , Y :: 0'0,. is achic1Jed with pow.,,., le"fIlu t/:.lt l'O}''­

.:wpo>ui to t h" pl'Oposed e,;t'md"d 1''' ''/0)='''''' capabaity i>: JET [ : J. 

I. Introduction: We r eport the results of radl~l trnn~port calculntlon~ 

lor a plasma that is heat<'~ by neutral injec tion tu condition s of thermo­

nuclear Interest In the equ ivalent circular cross - section JET configuration 

Earlier wor k [2J Indicated th"t for an"",alous transport losses that scaled 

as I',,,,.,do - c hsslcal or PHrsch- $cbluter plas,.n~ characterised by te"peratures 

-5 keV and ~ensltles - l"W) ' .. - ' could be achieved dth 10 14"0\' of injected 

power, provided that 3 11'01' (at Iow ellergy) were used to control the IlIpurltl' 

influx bl' maintenance of a Cool Plasma /Jantle LbHt surround s the hot c ore . 

The present calcnlatiOnR ,,"tend fro", basic po"er level s to the higher 

Input po ... er level" cl",racterlstlc o! the proposed extended perforllance pnr .... 

", ,,ters in JET (Table I). Eleelron transport .. odols are chusen to be in 

accord ~·Ith recent experimental results [ 3.4 ]. 

2. Physical.\lod"l (Essentially as in [2l except as indicated b"lo·g) 

2.1 Electron and fuel Ion fluxes and electron thermal Ilu~ re!>resented 

by anu .. alous di!!u.,\on coefficients (Table I). The coeUtcient 

In the N-mDdel Is chosen to nppruximate ALCATOH dllta (3]. Th e 

exponent~ in the NT-mod~1 lire chusen to I:lve a fit to dato in [sJ but 

cunstralned to be both proponlunal tu density and te,.perature. and 

con~isten' with [6J. The coofflc ient is chosen to agree with high 

tecperature PLT data [4J . 

2.2 A mul,; - regl",e nco - classical . odel !or th e fuel Ion thermal transl,urt 

2.3 A eolllsun-dm.lnated neo-classi~31 cudel for t h e particle and the,. .... 1 

transport ut a single iropurlty spedes. 'IT lerllS I n the parlicle 

flux are set to >;ero. 

2.4 All ions have the same local t""'pera,u,·e. For the I .. purlty c31cul8-

tlon" reJ>Or t ed here the electron and ion teoperatures are assu,"ed to 

the cun!erence. 

2.5 Escaping partlcle5 are assumed to r"cycle at the boundary and be 

returned tu the plasma wi th an energy distribution deter.lned bl' the 

reflection prupert1es u! the "9 11. The penetration of the ""utrnl 

!iu" i~ calculated u s i ng a diffusion HpproxllDatJun In which the J>Opu­

lation Is expon"ntially attenuated into the pla~m3. 

2.6 Injected neutra l part i cles ~re ~ssUlDed to penetrale the pla ~ma using 

the model ,,! Rivlere [1]. with an e Uectl ve penetratiun lentth that 

takes Into accuunt prolon lonisalion and Charge ,,·ander on i.purity 

Ions according to the prescription of [S]. The inject~d power h 

apportluned bet .. een electruns and ion~. The Unite width of the Dea,. 

Is appruxl 10ated b~ .. "dification uf the source termS for rndil. r ~ 0.210. 

2.1 Th" sol" suurce uf I .. purities 1.5 a~sumed to be spyttcrln~ [9] of iron 

l"'purHy ions fro", lhe ... ,,1\ ns a resul t of out~oi ng f1uxe" of both fuel 

10115 and chaq;e-exch"nted neutral s . All impur ities accy",ul"te ~· 1thtn 

the pl a~ .. a. 

2.8 Additional to brems strahlu llg" ra,ll"tlon losses the ", c a n state of ion1,,­

ation and t he radiation dflcicncy are cawlnled usl"~ the renulu ofrtOJ 

2.9 Alpha parllcle power from the calculnted slowi n g down of t)w hen .. and 

fro. plns,. " thermonuclear reacllon~ I~ evaluated aS5uIDing a 50,50 

", ix,ure of O- T. The alpha particles are ~Io .. ed down instantaneously 

and J>O",cr Is apJ>Ortiun"d to electron5 and luns as in ~ 2.6 above. 

3. Su ..... ary of Ih,aults 

The approach to [!:nltlon In t~c JET apparatus is as~e"se<1 In ter" .. of , , 
the variation ... H h :he central ",ton. te",!>eraturc (T I) o f the par:-",e~:r9 n .. "{ 

and Y " P,/ (P
IUS

$+ IEI) ... hel·e n ~o u th" central density (x 10 ° 11 ). and 

T. P
a

• 1'1055. IEI are de!lned In the Interior of t~e plas .. a (radil.r <0.63 .. ) 

to be respectively the ener~}· eonflne .. ent tlme(s). the « -po ... er productiun. 

th e po ... er loss by conduction and rad13tion and the ", .. ~nltude of th" rate of 

cha nge of lnterna l energy. The results are ubtalued !ur different pla.ma 

cO"J>O"ition5 (different startlo~ densities Ilnd purity), be"m po .. e,"s and 

energie,., and plas,.a transport ( Tabl e I) and are su .. :o .. rlsed below: 

3.1 In 1I0Rt of the cases reported, the Y-vlllue shu~·n Is "lth the additional 

heating source otill on. Whether or no l a hrge Y-value will lead to 

ignitJ.on ~·hen t he additiuna l heating 1 5 switched off depcnds upon t he 

consequent profile relaxnllon which can take ,,"oy seconds. 

3.2 Wit b tbe basic power level In a pure piasom (i.e. i"purlt)· nuurce 

swltcbed oH aod l e vel set to ·~ero)condltion" close '0 ignition (I 

te",perature esclllatiun wit h no external po"",,r source) cannot ba obtained 

wit h the N-.. odel but can he obtained ~·lt h t he"NT - JIUd"\. Th~ pOint 

plutted (,\ In {Igs. 1 a nd 2) hns Y .. 0.8 and TI ~·ould continue to 

Increase I! the be"", ... "re to be switched off. 

With ext",nd"d po~·e" level In a pure plnSJ!la ignition Is ohtalned r ead ily 

with the N- model. prOVIded that the bean I.~ on for - 2.~s at full 

po~er (Po i nt B in figs. I and 2). 

3.-1 In the cases .·Ith sputtered Iron l!:Ipurity the t emperat ure profiles Bre 

more peaked thRn In the pure CRses: ,he total Input power Is eventu­

ally ra<1IDLed by Impuriti e s in the edge region . 

3.5 With po~·er levels approp,·lal< to the basic per!orrnnee. the best per­

f or .. ance is ubtained at 10 .. dellsitles (;; buildln~ up from 0.26 x 
'. , 

10"",-' to 0.6 x 10"10-') and gives Y - 0.08. T
j 

_ 6 keV and ""f - 0.8. 

:l.6 With the ext<mded I'uwer level and the N- model. beal! po"ers Rnd enorgies 

that currespond to similar Ion powers (Table I) produce comparably good . 

approachos to Ignition. Y _ 0.7 Is obtained for 6 - 3" . 

3.7 With the exte"ded power level and th" NT- model. Y - 0.81 h obtained 

"'lth B - ~:!:. .. hen the ileam Is swit ched 0If/2 .5 s). Temperature e s caiQ_ 

t1un Is ohtnined eVen ~·Ith sputtered Iron 39 the Impurltl'. (Potnt C in 

[1~9. 1 and 2). 

3 . 8 With ,"odest a l:lounU ( ~ 12 M~·) ut yet unspecified h~ntinc that couples 

efflciently("ith a parabolic power density profIle) to the Inner 0. 511 

radius plas .. a, Y - 0.15 ",lth B - 8$ ia obtained. The temperature is 

still 1ncreoslng and .. uuld continue to du so If the heatlnc Source 

were to be s ... itched of!. (Point D in figs. I and 2). 

4 . l )odol Variants 

Th e result s or moderating the iDpurily In!!u" by the forel3lion and main 

- tena~ce ot a Cool PlaSIDa Mantle for thes " . odel calculations .. ill b e pros­

ented at the con!ere"ce . There arc Indications that gas- puffing Can affect 

the Initial build- up oC impurltles. but that usinK carbon ns the sputtered 

Impurity cnn lead to a build- up of highly iunised carhun In the edge layers 

~·hjch can prevent bea,. penetrat i on. 
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Mnjor Radius. R 2.96m 

TABLE 1 

~-~lod"l 

Transport Lu~ses [JJ 

':e,=0.5/;; .0 [m-'s-tJ 

~anor Radius, 1.62 .. liT-Model <;e , ~K/n""l"[m- 's - l J t"r Ke,>Ke~ 

Toroldal Field, B 3.45T ...here = 2xlO-'Ja,·:r; R)·'I- ·" 

Toroldal CUrI·ent. I <1.8 lLI(3.0.~,I) D'"O.25 K
e

) or 0.25 "el 

[Icam SpecHlcation Species: Hydrogen [I( ur deuteriul:I [DJ 
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62 . 5 {D] 120 

Initial Density Sped fl catlon 

Radial. r. variation of density n;,l In 

units of 10:'> m-I: n", (r)=~Jl [1-0.9(./ a) " J 

n;,l and;;:.> ~re pe3k and avera~e dens!. ties 

Th", sy"'ilol key applies to FillS 1 and 2 

"I 
i 

I 

Uni!o,,,, 
T, PtO"l .~. 

0.1 !------~'"~------"oc 
T) 1 ~ ~V) 

Fill.1 Vari~lion ",tth ce.!-liral ion 

;"onp erature.1i (keVl of n l . r "here 
" is the density on axis in units 
oi'lO",.-' an~ T 15 the energy COn­

Une",ent tlme(s) In the Interior 
(r3dlus. r,0.63m). 

I 

I 
i 

'" 

" " 
LO 

0.75 

0 .50 

0.)0 

0.15 

'" 
'" 

, 
" 

0.88 

0 .66 

0 . 44 

o 
o 

0.26 )( 

O . \) II 

, 
.. Q.c 

/
/:1 

i 

'.' 
, 

1/ 
, 

I 
I 

O~"+----------·oc-------,oo 
T, t_ , V) 

FIC.2 yarlation ~"Ath centr a l 
ion t .... perature. T (keY) of 
the p3raaoeter. Y. ~erlned In 
the lnterior (radlus.r~.63 .. ). 



EP26 
THE LOSS OF INJECTED IONS DllE TO SPIITJAL FIELD IIIPPLE IN 'roKAMAKS 

J, G. Cordey, UKAEA. Culham Laboratory, Ablngdon, Oxon. Engl Rnd 

W. G. F . Core and A. Glb .. ,m, t b e JET Joint Undertaking, Ablngdon, 

Oxon, Englllnd , OX14 3EII. 

The IoU of Injected tut ions froOl tokamak confinement ayate"'5 haa 

been Intensively investigated In tbe lIterlllur,,[ll. In thl . paper 'lie ""-

.... ine a further lOBS .. echanl .... [21 thBt 1 .. due to tll .. energetic ions belnr BCal­

tcred during the slowing d""1n p r ocess Into the toroidal field ripples. To 

assou this los a process we restric t our trea t ment to confine"en! system" 

that contorm to the tollowing Bssumptlons' 

(1) The UBUa! simplified lIodel tokWlQ\< "he r e the resulting confining 

magnetic field can be approdmnted by 

11 '" B<jJ '\. lIo(l - t;co,,(j - h(r) cO" Nl'>l .. (1) 

.. here BD i& the llagneUc field on tll., .. a""etic a:<1s, £ .. r / R the aap e ct 

ratio , R the ,,"Jo r radius of the ma!;lleUc axis, e the peloldal an .. le, 

h e r) the .. ognitude of the rippl., fi e ld at .. lnor radiua r, 1'1 t he nUllher 

of toroldal field coih, and III ia the angular dlstpnce alone t he ma!;llel1c 

axis . 

(11) The ripph Ueld COllpon.,nt 18 Independent of peloldal ang le 

and toke9 the twol llar fo r m h{rl ~ h(a)(r/D>'~ , where heal 18 the ma gni­

tude of the ripple field at the plaa.,a edge r " D, ), Is s constant and 

describes th" varioUon ef ripple with .. Inor radlua and is s u fU ciently large 

to li . it the effect of the ripples to " radial depth d " s - r of thc 

plas,"a edge region. 

(tii) The orderings heal « c < 1, and 0 < d ?r a, are applicable. 

From tile guidin g: centro equation .. in the drift approximation, it Is 

readily ahown that the .. otion between collhions can be complotely charact­

e ri s ed by tbe equaUon of energy, 

i atY~ .. E - ~ B, .. (21 

and the Invariance of the toroldal c anoni cal .", .... ntUll J .. bieh for a par­

ticle moving in a tokwonk .. lth unifor,. current den s ity can be .. ritten In the 

for .. , 

, , ! 
J = ~ + 0 ~ {I - I!.!\ 

2A flW RE,· 
.. t:>' 

Where (J B ! 1, I! the Ion energy, V" the velocity along the .agn .. tI~. fiel d 0, 

11 • "V~/2B the m"lnetic mOllent, and P i e the tota l Lar.or radius In the 

polold .. l .,agnetlc Held BI tbe ph.s.,a edge. To co,"plete our de .. criptlon 

of the ion behaviour during the do"t ng down process , we assume In addition 

that: 

( Iv) TIle ~catterlng i~ predo.,lnontly a.all ongl., .. 0 that the u .. uol drift 

kinetic Fokker-Planck prescription for the collhlonal evolution of thc ener-

getlc ton is appl1eabl~ . 

(v) TIle ordering", TII « T. , 6 «IJ. «liE:, and VO/d <~ls ' 

wher., TII ls the uaual "banana" o rbit bounce tl .... , T. the Spltzer &1"",lnl'[ 

down time, 6 and '" are the .I dth and sepnrntion of the ripple trapping 

reglona in velocity space respectlv~ ly, and Vo is the g u iding centre drHt 

velocity of the r ipple trapped Ion. 

Starting troat the usual dri ft k inetic equation ( 3 ] in the velocity space 

Vllriables V, r. _ V,,/V, and bounce averaging, glve~ 

.. ( ~) 

for the ripple trapped particle dl .. tribution f uncti o n fR' we neglect 

back -~cnt terlng fro., the ripple " .. I h Into the "banana" reclons of velocity 

s pac" ~o that the Fokker - Planck equation I n this re"lol1 , .".: ,,''''" lo 

.. (5) 

I'ihere Vc i s th e critical velocity Rnd f! a funcUon of the plasma para­

.... ters . 

Our ..... h od or solution for th .. ripple tra pping 1099 proccu Is first to 

d ~ 'cr"ln., the .. ldth ef the ripple trapping regions I) and thcir s epa ration 

in v<>loclty .. pac<> IJ. . Ife tllen solve th" drift kinetic equation I n the Intcr -

well region. I",poslng t he boundary condi tions, continuity of t 

and partic le flux leads directly to D boundary-layer aolution f or tile ripple 

trapped particle d.\ s trlbutlon. 

The regiona In "eloclty space In which the particles al'e rIpple trapped 

dotermlned a .. f ollows. A part icle Initially In the .,edlan plane B ~ 0, 

"ltb p~tch ~II ~ Y,,1V such tbat It is just roflccted at the rlppl .. we ll max­

imum 1) ~ e .. defines the edg., of a particular trapping rellion. The "idth 

of tt,e Io u r"glon In velocity apoce Is ,·hen given by t he incre.,ent In pitch 

I) consistent with reflectio n In ~he Interval ~ .. < B ~ e ,,+1 .uch that thc 

particle becol:lCS locsll a ed and napped. 

ConSldar a particle reflectinG in the toroidal field gradieot". Let 

tbe .agnetlc field at the reflection point r, B
b 

be lJ(r , B
b

) and at r ~ t:. r , 

~ m be lI(r + "' r, Bill then the condrtlon that particl e be rippl .. -trspped 18 

165 

lI(r + II r, e,.) ~ B(r, e
b
). Where "' r 18 the radia:L .. idth o f the orblt at the 

rippl e well .. axlolU .. a "e ... Writing a b • 8 .. + 110 , expanding , ualng th., .,nor~y 

equation Eq.(2), InVOking the invariance ot J [q.(3), and Introdudng tho 

8llllpl1Ued . odel field Eq./ll givcs for the width I) o f th., ripple trapping 

region in velocity space aS80c1ated with t be ripple .. ell at e ~ e. , 

/)'\. 2r
l

:
A.;:<a)f .. (5) 

The s ~par~tlDn o f cDDseculive ripp le trapping regions 11 .. 1;"+1 - 1; .. OD a .mg­

netlc sUTface Is calculatod in a Bi . ilar atanner, w., have 

11 ~ !....,f2E cos \(~J\ " , .. (7) 

wbere q 15 the s afety factor and 2/Nq I s the r i pple well period . 

In order to solve tbe .. yllte . of equations (4) ,(5) .. ~ consider a fast 

ion population Injact.,d at an initial velocity Vo between con~ocutive 

ripple IOS8 regions so that en Introducing the variable f; ~ nIJ., Eqn.(4l 

beco .... s 

" 0 
, 

(
') a' f 6 (V - Y) 

+ rr y aT)' ~ -TsS(.v---yr- '. 

.. (8) 

with S(Tll - 1: 0 ~ ~ ~ 1, and fB ~ 0; V > Vo. Integration of Eqn.(5) through 

ripple trapping region In velocity .. p a co gives the followi ng con .. t ralnt on 

the d i stributi on I'l ~ 0, 11 m 1, 

.• ( 9) 

Substitution of the npproprinte Fourier repre .. entation" tor the distribution 

t unctlon fll and source function S In Eqns (8),(9), thcn uslnr; the .~th(]d 

ot Laplacc tran5formRtlon in the variable r, g:lves the foUo" lng selution 

for si·tuntions that are typlCRl of the ne",t gen ft ration heating syste ..... i .... 

lie bave 

51 Vo 6 

" { ' f"'} R · ~exp -y-;r ~ 
c 0 V c 

,..here 

TIle e ffect of ripple trapping on neu trol Injection lIeating In a nc>:t 

generation device can no .. be acceued. We take the JET parallo ter ~ , 

R _ 2.95 10 , a " 1.25 .. , d ~ 0 .15 I1 , Jp . 3 MA, r _ 32, q ~ 6, ), ~ 11, 

b(s) _ 21" ne " 5 x 10" .. - ' , and condder proton injection lit 80 kY, and 

. ,(10) 

40 kV accelerating VOl tage... Using Eq.(IOl, the f lu" of energetiC 1009, and 

energy flux to tbe vessel " all 1s c a lcula t ed as a f unction " f mean bounda ry 

layer e lectron ~ e .. pe r ature <To > tor particlos that are Ionised onto banana 

o rbit s III the ripple trapping region of the pla .... a, Fig s . 1 and 2. 

; 
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, 0 .-

0' 
< l e>keY 

Fig. 2 
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1 
In orde r to e sti.,at., the corre,,-

pondlng Impul'1ty production rate .. e 

take the sputtering e,,1sslon apec­

trum o r CH+-+ Fe): fo " I.4J x 10- ' 

(E/2+/2/El ' ) - 2 exp( -0.01 7E) . [4 l .. hera 

E Is tha Incident proten encrgy. 

TIle impurity generation Is then 

doter,. lned in a slllllar .. anner to 

the ion, and "nersy flux .... , 

In thh paper we hllv e sbo .. n that 

at rehtively 10" values of edge "hctron 

(lO~~o~, '-- - - ·'o.C, - - - - c,l.o­
<Te>k .. V 

temperatur .. e,g,«T
e

> - 5OeV) ,a subs tantial Fig. 3 

fractlnn of the particl es (501.) nnd powor (20,; ) that Is deposit ed in the ripple 

trapping region of the plallllR is lost. Calculations of censequent t.,purlty 

production Indicate t hat Injection directly Into a ripple trapping region hav_ 

Ing <Te > - 50eV g ives a productIon rate c""'parable to tbat calcu l 3tcd [5] 

duc to ditfu81ng and c harge exchanled partlclea alone, 
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A fhIlti-Region Global Transport I'.odel for Tok .. mak" 

W.G.f'. Cor" and T.E. Stringer, UK1\EA/JE'I' 

JET Joint lJnd .. "takln'1, Abingdon. Oxon, OX14 3EA , Uni t ed Kingdom 

Global transport models can provide a ".-"de guide to the pl .. ~ma 

""ol ution for" fraction of the computing tim~ required by " full on"­

dimensiottal (1 - 0) simuidtion. Their "rea test "eakness Is the prediction 

of impurity influx . This Is la"'1cly determinecl by the Quter annulus of 

plasma, "hose properties mBy differ consld .. " " bly from tile main plasma CO"". 

A furth".- defect ;s that the temper .. ture and density proflles must b" 

speci f ied" prIorl, to " llow the various energy sources a nd sinks to be 

averaqe<l over the cross-section. In practice, these profiles "H' them­

selves determined by the sources and ~inks, and may cha n'le during the evolu­

tion. The 3- r"'1ion '11obal code to be described takes accoun t of both these 

effect,... 

Fiq . l shows typica l density " nd 

t eOlp""a ture profiles obtltined by 

nUOlerical simulation of the pla mIla 

evolution using 1-D transport codes, 

e . '1. {1]. Similar profHe,.. are 

observed experinoentltlly. Impurity 

r adiation 1 " the do .. in" nt: loss OIecll"n-

is", OVer the relatively cool ~dge 

region, balanced mainly by energy 

,. 
o -~-b 

transport out of the hot: core. This " " diation dominated annulus is repre ­

sented by re<;lion 3 of our "",del. Its Inner boundary b(t), is characterised 

by the temperature above which iOlpurity radia tion is small {2]. If iron Is 

the do .. ln"nt iOlpudty, b(t) is defined as the radius at which the tempera ­

ture equal~ 200 eV . Bec"use of the relatively high collision frequency, 

the ion and electron t.ernperatures are "ssl,IIlled equal in reglon 3 . The 

temperature is taken to increase linear l y with edge distance from a low 

value a t the plasma bound"ry a t r - b(t) . 

The tempe"a ture profHe for the jth species over the centra l region is 

taken in the fo"," 

To obtain eq""tions f or Yj(t)the sharpness parame ter, the central region 

divided into an inner core (region 1), 0 <r<b/2, a nd an in t ermediate annulus 

(region ~) , b/)<r<b. >;ep"rata glOba l energy conservaUon equ"Uum; ~'" 

used t or each of the th~ee regions, with allowance for the hea t conduct.ion 

beo.een them. Fo~ example, the electron e nergy eq"ation for the inter-

mediate region has the form 

'" 
when FBe - beam a nd RF powe~, Pa e ~ a - h"'.ting, Pn ~ ohmic power, Pie~ ion-

electron eollisional tra ns f er, Prad - radiated power. In each term the 

local power to the electrons is integrated ove r the ""glon, a nd divided by 

the volume. Pin and Pout are the energy condllction and convection into 

and out of the re'lion, divided by tha volume. Thi" energy fl "x between 

the inner "nd intermediate reglon~ b nbXj <IT/~r, where Xe is Onc of th" 

e .. pi ricd results ~ nd Xi is neoclassic"!. The corre~ponding he~ t fl ux 

between the inter"",dla te and outer regions is tltken to be 1 . 5 {(nTjh2 -

(nTjlb]v,.,/ T
Ejl

. , · .. here (nTj) I, is the pressure " veraged over the centra l 

(inner + intermedi"tel region, (nT j)b the pressure a t r - b, v" - 2n'llob ' , 

a nd 'Ejl2 is the energy confinement appropriate to the central regions. 

The t erm in db/dt is the change in mean e nergy of the inurmediate region 

du" t o the moving boundori"s. 

S ince the e lectron density profile does not gener~lly show a ny r"'1 ion­

al structure, this is assumed 00 f ollow a si"'ple form over the entir" 

plasma, 1. e ., 

n(r , t) _ no( t) { l - 0.'1 r '/,,' l '" Hence "a have only one g lob"l equation for the evolution of "0, 

'" 
where ;;e - 0 . 55 "<> , Rc - boundary recyclin'] coe ffic i,,,, t, 'p • electron 

con fi ne .. ent time, Re anCl RG are the mea n electron sources due respectively 

to the injected beam and to gas fe"d or other refuelin<J method. 

Th" large difference in radi" ted po .. er between region 2 and] res"lts 

f rom the r"pid decrease In line r adia tion ab""'e a certain temperature. 

'fhere is no corresponding abrupt cha nge in the impuri ty density profit .. 

nJ (r) ~ rjnIi (r ) , s""""ed OVer a ll ionisation sta t es of tll ~ species. Thus 

one might hope to average "l o ver me entire cross- section, " nd describe 

it by a s ingle globa l equation. 

,,, 
.. here I I is tile confinement time and S r the sputtered influ~ divided b y the 

pIa"",,, vol"",e. However, experiID"nt indicates that impurity confinement 

within a narrOW edge region (whose depth is less than region 3) is sub-

stantially shorter tha n OVer the rest of the pla~ma. It has been 

estimated {]] mat only about 20\ of the sputtered influx penetrates this 

regIon . Sinc" the processes are not well understood, no attempt 1s made 

to represent this rapid recycllng layer. As a first approximation , the 

"e~n impurity density ove~ the rest of the pIa"",,, is described by Eqn. [5) 

with the dght side repla ced by S I/5 (the estimated net influx f rom the 

recycling layer) . Over the main part of the plasma th" net effect of 

neoclassical and a·noma lous t~ansport should give relatively long confine_ 

ment, a nd th" loss t"rm from thls region is neglected. S I is found by 

estima ting the f a s t nelltral flux striking the w" ll. This flux results 

from ch"rge exchange o f slO>l neutrals recycled a t the walls . 

The radi"l u.purity rlistribuUon is needed to evaluat" the electron 

energy loss by line radiation. A first approximation is based on the 

observation, froOl both experiments and I-D nWllerical simulations , that 

Zef f tends to be rel"Uvely constllnt over IIlOSt of the cross Section. Thus 

we a ssume for each iIIIpuri ty species 

'" 
whe"e Zro' r ZI ' lIt r _ o . ZI ' ",ay be obu.ined as a f<mction of l ocal 

temperature f rom publighed data [4], asslIDIing coronal equilibriUJII. A 

simple analytic approxim" tion to the vadation, Zl- ~ ~ (C1+-Te ) /I\i Te , is 

""cd to a llow analytic lnte<; ration of nI over the cross "ection . This is 

co .. ,bined with approximations for tile radiation rate per impllrity ion 00 

evaluate the total line radia tion from each region. 

We nOW consider the simui taneous solution of the global continuity 

equa Uons for e l ectrons and impurities , a nd ma energy conservation 

equations f or each r "glon . 

lnteqr" tion ov"r "ach region \l ives (nTj)s ~ noFs{Tjo'Yj,b) , hence the 

left side of e ach e ner gy equation has the ferm 

..'!.. (;;T ) ~F d"o + n JaF~ ~ + ;;Fs dYj + JFs db l 
dt j s s (It °ldTjo dt "JY"j dt . ft) cft I '" 

The mwber o f equations Is 6 + the nwnber of impurity speCies . These 

eguations ~re integrated numerically 00 follow the time evolution of "0' 

b, Tio' T"o' Yi' Ye' and nl. Tne width o f region) is deterlllined prJ.Jnarlly 

by the ba lance between heat conduction into , "nd impurity radiation out rI , 

coole r ed<Je . The ratio of the energy sources in the inner "nd inter­

mediilte regions dete r mines the sharpness of the temperature prOfile for 

e"ch species, while the mtal heat input deter .. ines the peak temperatures . 

The milln object is to study tile evolution of the edge region and its 

e ffect o n the impurity content. Sputtering of impurities resul t s mainly 

from the hot neutra l flux , Originating from ch"rge-e~ch"n']e in the hot core . 

It has b"an proposed {5] that sputtering could be 'lreatly reduced by con-

trol of the ed<Je region. A cool plasma mantle, which screens the wall 

f rom ho t neut r " ls a nd whOse t empera t ure is be low the sputt"ri n'l threshold , 

co"ld be formed by " low energy ne utra l beam (5). 

Application of this code to JET a nd to existing tokamaks will be 

illustrated. The code allows a rapid scan of p;lrameter space, 00 supple­

ment the more reliable, but more costly, I-D simulations . It should also 

he l p elucido t e th" dominan t physica l process"s. 
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BEAt1 · 1/O.JCED CLRRENTS IN TOROli:W. Pl..ASI1AS 
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Cull""" Laboratory, Ablngdon, Oxon, OX14 306, UK 

(Euratorn/UKAEA fuSion Association) 

AaSTRACT A Fp~ker_ Planck trellUnont o f the afflICts of trePD"d elll~tronll 01\ 
biiBiiI1'iiduced <:ur" .. "tl hes been dllveloped fo r the ' b.mane' rellme of ool1is­
lon"HtyolWld larga ,,.pect ratio to""",,,"5. Tho theory 1& extended to tok_". 
of lIrb1trary 8spect retlo u&lng " OIIOdal operator to simu late elllctron. elactron 
coll1B1ons . 

INTROIJIJCTION The H ...... Uc theory of bas ... lnduced currents developed by Cord.y 

n el (11 has been succlIBsful In nproduc1nS t h .. Ob!leT'Ved[2] ICll i1nl of the 

current with et Ktron tumperaturII . Th .. tllC;:hnlQulI1l dll'.eloped In that thool"y 

erlB' used In the pru8flt p"pllr to ca l culate the effect on the "ur"Rnt Of 

Id.ctro" trllpping in the toroldal field 1l'lId1unt of " tok!!lllelk for pleslI\IIs In 

ttlll'beneno' r"l1l .... of coI11 510n .. 11ty, For larg" !!SpllCt r e tio tOk_~S e 

FO~"I!r.-P l enck tr .. etm .. nt is ernplo~lId which USIIS ~h" full 8lectron collision 

operator. It is shown thllt for th" h1gh t~lIrlltura rag1 ..... of presen t dlly 

tok"""'k 5 thll theo r ~ IIgrees with the clllcu l et10n of Conner IInd cordey(3] who 

used 11 modal '"Perlltor to "i/lOJlllt" "lectron-electroo colUsions. With this 

just 1flCIlt1on the lIICdel operlltor is uslOCl to clllculll t D thD DUact of trllppl"g 

for tok ....... k5 of IIrb:ltrll r y IIsPlICt ratio, 

FOI!;I!;ER~PlANo:. THEORV Th.o Injllctton of flllt Iona is tllken to produce 11 sraall 

pert urbll t10n of the "ll1ctron distribution funct ion whl " h Is writ t lln f"aF.,..'r;. 

_ .... Fmll h th" """xw"ll1l1n dhtriDution, ThI! pe r turbllt10n f~ 511t1511a5 

thll electron Fo"ker Plllnc" 8Q<Jlltion 

~ v Ba' H~ 
C"b( Fme , f b ) 'Clll(f~. Fml1 • Ce,,(f~, FM) • CllelFme • f~) ' ;:-iI » I" 
WneN! C h thll I1n8llr1 511d collhl on operlltor . (oVII /v end fb is thD fest ion 

dhtrlbution function. The .o lution of eq(1) for too 'blln llnll' N!gl11111 Of 

coll1s1onlll1t~ clln b" obt lllnlOCl t o order £1 1" the Invera" IIspect rlltio (p r/RI 
( 4] . 0 0 0 

~~II:::d f::ctro:: • • h! :: :f;ocW:::e: f:~:::n d~~t:~~:~::p:~n::~::c;:r 1':101\ 
and f ' Ss 11 nen-locllllled corra<:tlon t" ... Of order El. In t",..s of too cur­

rlln t , h
O 

IInd f ' delc r lba the raduction of the bllck eh.ctn:m cur r e"t due to l al t he 

.... duct1on 10 toe nurrober of current cllrrylnl elllctrons IInd (bl thB inCrGlIs ed 

friction on the p lIss lng eiBctl'Ofls dUll to colll.tons wit" thll trllpplld " Iectrons . 

Tho funetions ha ,,"d f ' 11 .... rol ll t "d to fa by eqB{S6) ""d (6[)) of ref.4. 

E~pllndins fO. ha and f ' In terns of LeSEll>d r o pol~nomll1h end wrlt1ns e1{"~) 
'( fi ) ' whero ("~ )lInd(f; ) lire thu flu~ surfoce IIvar~g~s the f irst order Leg8ndre 

CIIoU1c10nts. 10<>d. to thu 1ntegro-d1fhrEll>tilll eqUIlt10n 

e; • P(~llIi 'Q(~le1 - -T. [~ I3{~)-1.Zds(~)-~~11-,.ZX2)(101~I-rol.)) ] 'RIXI 
3. A (21 

wherll ~ . v/v Dnd p, O. "ond 1 e rll dof1"ed In ref.1 . Equllt10n (2) is 

Ido"Ucal to ~hllt of Cord .. y at 1I~( 1 J for t"lI CII" of no trapped p"rticles 

s~cept thllt tha tllnn R(xl depends on f~ 

I o[ 2 2 ] 2 R(~) • - , .46c f 1 ~E' , (2x -11E • 21I1U~ /Ax "I 
ThII equetlo" fo r no trllp plld pllrticles Wll5 l olvsd numllrlClIll~ to c b t llin f~ 

' .0 

0.' 

0.' 

0.' 

0.' 

o. 
'0.2 

-0. 

'0.6 

-0-0 

- \.0 
,0' 

u s lnS 11 two point boundery vlllue 

~odll['] . Thh dlltributlon 

funcUon Will thlln u sed to cIII­

culllte R(~I 1" aq(2J whIch W'IS 

_ _ ~'~.0"0"'1 olso solved numoriclIlly ua1ng 

too two p01nt boundDry vlI Jue 

codll. Ths r05u lt l li r e ahown 1n 

,.0 Flg,1 whir .... too rlltio F of thll 

net cvrrent (f"st Jo" plus r llV­

erse II l ectro" curr""tl to too 

hilt Ion currll"t 11 plotted 

.. galnst (Ve/Vb)2 w,,",rll ve is 

t hll electron the"",,1 veloc1t~ 

lOt IInd Vb the 00"'" velocity. 

Fifl.l Ratio of ,wc ClU'rl!nt to .. t ion 

aurr41nt as a JUnction of v//vb2
. 

Clellrly _ ll lIIIIOunts of tr"P­

ping (rlO.1) II r ll 5"Hlclon t t" 

produCII llIra" chanles :In too nat 

clrcOJlat1ng cu r romt. For prese"t dll~ tOi'.lImIIk expor1rnont a the r 05ult CII" btI 

sxpr 8ss11C1 in the for'lll 

f.'-~ (: '1 . 2 Vb~'1.46cjA (Zeu'~~ (" 1'~ ) 
eff v" eff ve 

At high els~tron t~lIrlltu re. the function ACZ
eU

' 0) IIgrees tD withi" 11 

faw per cent of thllt obtaIned frOOfl too model operlltor clllcull1t1on of Connor 

and Cerdoy(3]. With thi s Justtflclltio" the model oporlltor hIIs belln used tc 

c .. lculate tl1ll eUect of trllPPlld elllctrons on the current for 1111 vlIlu"s of 

t. Ua1ng 11 proceodurll aimJillr to tl'lllt ef Con"o r ot III[S} tha mtio F h 

found to be ! 1[:00 '-XdXr~~ II- x
dx I 

F'1- ~ lb I rxl~ e-xd~' 0 e 0 (41 J.' Jo " r"ee -~ r"~1I -x LV' e dx - 1 Lv e d~ 
o el 0 11 

167 

whero tn. Jntegrsl I llrod 

• , 
E 200 

~ 
• 

d(u leri~ b(am, Eb" 160k(V 
dzu te r ilm/ tritium plasma. 
Zdl "I _ £=0,1 
--- calculal icn toatd( ( ...-.. ,-
-- co mple te ./ 

. calct.i(atlon./ £I: 0,\ 

/ 
/ 

tl1ll collhlon fraquenCi"s 

"ee ll rod "ei ar~ defined ill 

Nlf.5 end "e ·"ee '1"e1' The 

1l'1tegr~h lIppe~rlng 1n " q(41 

MV" bllen Dveluated " ....... r1-

clllly. Tha reaults have 

bllen combIned with the fllst 

" ...r 100 
/ ,.... ...... ...­

/ ",,,,"" 
;; ~/.'" 

°O~. TI-!2-!J~4C-5;-*6-!,~,C-';-~IOC-~ 
B ectron t(mp((olure (k(V) 

FifJ . 2 CompaJ-ison of too FoJeluno . p!.o""k and 
modd opel'ator oolcu!.otiona Of tho .... t oircuL­
ating currellt fo /' deuterolls injflcted into a 
deuteriUlfl/t .. itil«! p!.osm. 

ion di.trlbution of Cordey 

and H1I6S16] to clllculllto 

th" "lit cin::ul1!Ung current 

IT pll r mel"wett of ..... utr61 

powor P Injected into 11 

tok""",k plllsmll of mIIJo r 

r<>dlus R. In Flit. 2 t"ls 

current 11 plotted IIIalost 

eloct r on tompereture for 

160koV deuterona l"Jected 
14 -3 

Into a dev t e riLln/tr1tIU'll p l e51T111 of de"s1ty 10 cm • for comp6rlson the 

result. obtllined with the Foi'.ker Plllnek t .... at.Dn t to order cl lire II l so 

silo ...... . for t·0 . 1 thl . I lltt .. r clI l culatio" overestim .. t lls thll cu r rent by about 

25,. Tha lIIOdel DpIImtor cllloulation has toII"n used to DOtll!n tha oeutl"lll 

bBl!II\ i"jection po_r required to driv" the plllsmll current! 1n tl1ll PLT. JET 

IIfOd TFTR tokllmllk •• IInd t oo .... Bult. 11 .... silo..,., In Tablll 1. These powers lire 

of similllr mallnitude to the beam heeting powers for thll lll dllvices. 

COI«:LUSlOO The aUllct Of trapped IIle<:troro, on b"sm drtve" cUI'runts has 

bean obtaIned to ordolr c' usinll 11 Fo~ker-Plllnck clIlc"llltion. It 15 found 

thllt the nDt currll"t i . .. slI!1Bi tive fu"~tlon of the in""r111 !!spec t rlltl0 

for 1111 VII lUll " of vllIY
b

• At high elect ron t""'Perlltu r llB tl1ll results justify 

t hu US" of " mode l operator to siOWJlllte electro,.,.. eloctl'Ofl colU.lons IInd 

this ""8 enllblllCl tl1ll clllculat10n to be utended to 1111 values of £ . 

NEUTRAL IHJECTION PIlIoaI REQUIRED F(fl BEAM-a;tIVEN OPfRATlON OF 

PRESENT OAV AND NEAR-TERM TOKAMI\I(S 

PeT '" TfTR 

(HO, H') (00
• 0'- T'I (00 , 0'- T I 

0 
0 

(1014cm- I 0.' 0.; 0 . ; 

" (~eVI 2 .0 ,., '.0 

, 
0 

(i'.eVI '" '" no 

ZeH 2 2 2 

II' (MA) 0 .4" 3.' 2.; 

, I~I OJ " '" 
~ 
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Effect of Lower Hybrid Wave Turbulence on 
Tearing Mode Instability 

A.K. Sund.aram " and A. Sen, 
Physical Research LabOra tory, Ahmedabad, India 

In a tOkamak plasma, the free enerqy sources associated 
with the current, density gradient. etc., drive a wide 
spectrum of instabilities in the plaslIIiI. Of these. the low 
frequency lon9 wavelength ~1HD type .... " ves affect the '.Il"OSS 
motion of the plasma co l umn and in a sense determine the 
stability Characteristics of the discharge. The higher 
frequency shorter wavelength fluctuations. On the other hand, 
influence the microscopic behllvior of the plasma e.g . its 
heat conductivity. resi stivity. viscosity, etc. It is of 
interest then to study the mutual interaction or the influence 
of o ne kind of wave activity on the other . In particular, wo 
study the influence of hiqh frequency microturbulence on the 
MilD activity of a tok",rn",k ph-smil. ,In this context[ we 
inve stigate the behavior of resistlve teariny mode (specif­
ically for the case, m-I) in the presence of lower hybrid 
wave turbu l ence'. 

Our calculations are b"'sed on the simple MHO model 
the resistive tearing mode carried out in a cylindrical 

geometry with an equili brium field, Bo ~ (0, B
6

(rl, Bzl 

an electrostatic lower hybrid (LHl field, *o(;,tl .. 

,,, 
'Od 

t ~k exp(ik'r-iwtl • c.c., where (w,kl satisfies the linear 
k 

lower hybrid dispersion relation, ~2 _ W~H(l + k~mi/kl 2me ). 

Assuming the level of fluctuations to be low, so that only 

terms to order l~kl 2 need be retained, we consider the inter­

actions among the low frequency tearing mode (n ,q) and side­

band LH modes at n+w, q+k. The dominant nonlinear contribution 

to the sideband equations arisell from the (V
T 

' 'nvLH and the 

VLH x BT termll in the equations of motion . Here VT,B
T 

are the 

perturbed velocity and magnetic fields o f the tearing mode and 

VLH is the pump induced high frequency veloci t y. To describe 

the tearinq mode, we use the single f lu i d ~1Il0 e q uations and the 
Maxwell equation. The MHO equations are derived from the two 
f l uid model where the appropriate nonlinear coupling terml are 
t a ken into account by using the sideband equations . The pre-

dominant non linear coupling term i s the (V1 , V)V
U 

t erm in the 

electron equation, where Vi is t he £ x B drift velocity 

e xperienced by the electrons in the LH fi e ld . Then, defining 

the pot entia Is t and ~ by the relations, V
T 

• zxv~, BT - Z X V~ 
.. nd leo&k.i,,~ th"" I"ode perturbations ot the t ype 
-O(rlexpi{m6 + q: :-l1t) , the modified set of coupled equations 

for the inner layer becomes 

Il ) 

'1 + (~l/xl • oll+So/x) ~ l + [S+(il+SoS)/xl'fll (2) 

where primes denote the differentiation with respect to x, 

'1 • ,/xAVA, ~l - ~/BzXA' il - i nc
2

/ 4.0xA
2

, so · rS/xA' 

x - ( r -rll)/ltA, XA • l1/q.VA, q' - (dql/drlr~ rs and 

Be (r) 
q . - qz +~. Uere V,., and n are the Alfven velocity and 

Spitzer's resistivity "'nd r
B

, the mode - rational surface . The 

quantities ~, v, ~ and S are the turbulent contributions a nd 
will be defined later. Treating the turbulent terms perturba-

" tively and writinq E - x -cr;f - ~' l' we obtain, f["om Eqs . (1) 

a nd (2) , a single equation in E, 

[f(x)E' J' + (u- v/ x)E' + E(1_1/x 2 ) .. Cl ()) 

where fIx) _ lil+s
o

S)/x 2 + (B-So(l)/x - (I and Cl is a constant. 

In the limit, \I - v - Cl· B - 0, Eq. () agrees with the one 
derived by Hazeltine ",nd Strauss l for the m",l mode. To ensure 
proper matchinq with the outer l ay er solutions, we require Cl 

to be zero and therefore we only need t o COncern ourselves with 
the homogeneous part of Eq. (3). We proceed to solve it by 
employing a variational technique'. Using a transformation, 

£ - tl//l)£l exp {f(u - v/x)dx/t}, Eq. (J) reduces to a self 

adjoint form. Then, it can easily be shown that the functional 

, ,I 
1 ! ,<1 

is variational , in that l S '" 0 yields the equation in El' 

Choosinq trial fUnc t ion, El '" n exp (_ Ax 2/2) with 

Re( ),/x~) > O. We obtain the function, 5(A). Then a 

simultaneous solution of S(A) - ~ - 0 will now give us the 

dispersion relation. To obtain such a re lation we need to 
evaluate the nonlinear t f!rms which are proportiona l to a 

r esonant term, l+ +~, (~ ! " ~W ! w , q ! k) being the 

dielectric response functionl. We use the adiabatic apprOXi­

mations Iql <c 1k:1 and 101 « 1",1 to expand u around (W,k) 
and consider only the non resonant type of interaction 

(11 « q . Vgk ' Vgk be ing the group velocity of LH waves). 

Thus, the expressions for n, B, u and v simplify to 

q~V~ k ) C2k 2 1• 12 
~ " .;. 1 1 k 

?lnewLH xA k ~ B~ " . 
, . - IS) 

With thele simplifications, the dispersion relation will now be 
Obtained in two convenient limits. 

Cllle (il: For Is IXI > I, the disperaion relation takes the 
simple form 0 

II- (B/2So){"'~i/c2q~)HI+ il + B{So - Wpi/CqZ)j- 0 (6) 

Both r oots of Eq. (6) are oscillating damped modes. The r oot 
corresponding to the first factor ia a heavily damped qua.imode 
while the second factor yields the turbulence modified ver .ion 
of the tearinq mode {f or S-O) , one c"'n recover the classica l 

result I , )' .. (nc2/h)l/3(qIVA)2/3 froln itl. Setting O-OR+iy 

and assuming )' « OR the second factor can b e solved to give 

. ! kll'kI21,/3 
)' ,.. (q I V AC)2/3I{TJ/4n l - (qzrs/ne).t -:---::-r (7 l 

k k z Bz 
The turbu lent t e rm in )' easi l y exceeds TJ/ 4 ~ for small levels 

of fl uctuation s (Wk/TJOT - 1 0 - 6 ) a nd for typical tokamak pa ram­

eters (Te - l kev , B ~ 25KG , aiR - 1/)) . Thus the tearing mode 

i s stabilized in this limit and in addition has a real 
frequency induced by the f luctuations. 

Case (ii), Nex t , the limit ISoftl < I corresponds to a broa d 

spatial extent of the eigenmede (wider than x ... ) and the 
dispersion re l ation becomes , 

~. - ( 2 2 2 /)) (81 1 + «O~O'l+TJ+B SOtl-wpi/c qz)-(wpi cqz -0 

The first equation yi e lds a new unstable mode with growth rate 

2 121 k1J kfl ·k I2 ,1/2 
)' .,. (q.vA/2l / I(me/mi (wLH/rteJ[ T ---;r-I (9) 

zqz z 

and a comparable real frequency. This is again a quasimode 
which is solely driven by the f luctuations and it qrows at a 
rate comparable to the classical resistive growth rate fo r 
moderate levels of fluctua t ions. From the second equation, 
we get ) 2 

• 2/31 2 2 2 kll *k I 1'/3 
)' " (qivAc) l'l/h - (q r /rt ) (1-", ./c q It -:----:T' 

s s e pi k k
z 

B
z 

(10) 

The growth rate is similar to t he one derived i~ the previous 
limit (Eq . (7) except fo[" the factor Il-"'~i/c2qz) mUltiplying 

the q;:rs term. Thus i f "'pi/cqz ( 1, this again lead s to a 
damped mode and 1n this case only the slowly qrowing quasimode 
can exist. For "'pi/cqz > I, however, the mode can become un­
stable a nd assume a large growth rate due to the turbulent 

contribution. Since wpi/cq z - 4.4 x 10-8 RIiiQ, where R is the 

:!~~d ~:~~i~~st~~s_c~~~;~to~n~St~~~~!l ~~~!;!~e~e~~rtT~~e~~te 
-1014 cm-). For Wk/ 'lOT - 10 - 6 , taking qj - a- 2 and using the 
parameters ~uoted ea r lier, the mode qrowth rate is of t he order 
of -106sec- with a correspondingly large real frequency. The 
growth rate time is thus comparable to disruptive time scales 
for rathe r modest turbulence levels . 

To summa~ize, we have . discussed an importa~t nonlinea~ 
effec t that Slqnlficantly lnfluences the evolutlon of tearlng 

~e:s p~~S6i~!~YWh~~h ~:~d~~ri~:~~f~~IY$ ~~~r~ef~~ci~p~~~~~ 
the tearing modes through the non linear ponderOlllOtive force 
effect. 

' Presen tlyat fusion Research Center, The University of Texas at Austin 
1. R.D. Hazeltine and H.R. Strauss, Phys. Fluids 21,1007(1978) . 
2 . A.A. OoII!ens et. aI., Pllys. Rev . lett. 36 , 255(1'§7"6); A.T. Un and 

J.M. Oawson, Phys. Fluids 21 , 109(19-rn-). 
3. R.O. Hueltine and 0 .11. Ross-;-Phys. Fluids n, 1140(1978). 
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P . Gautle ... , R. Gruber , F . Tr oyo" 
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W. J(eroe r. K. l.ackne r, W. Schneider 
Hall-Phnck-Inst itut fii r PI.slllaphys ilr.. 

Ablt ract n.a ideal I1IID aUb ilicy of a fa_ity of hollow oblate . pheromah 

ia nll!llC! r i cally H udiad. The IIIIIximUII value of 11 i , obtained by .lIaping the 

fo rce-i r e e cun'ent such that q on ax i l i . I and by s urround i ng the pi .. "", 

with a she ll at a distance of the o rder of .Z to .)5 of th .. pi . ..... udius . 

The lilliting 11 i ncre ..... wi th the .i:e of the ho l e. 

A sphero_k ia d .. fined heu, &I an axi.y ...... Crie equil i brh .. i n which the Cn­

roida l fidd vanishes at the pla._ s u r face {ll. We study nu..ariealiy t he 

ideal MIlD ata bllity of a e1 all of s phe r o.ak l to ex tend the ana l ytic reslllt~ 

reported in Ill. Thi . fa .. ily i a car3c t erited by t he shape o f the p l a~1IIII ~ " r­

filce , given in t he IIslIa l cylindrica l coordin~ te .ys t e. r, z , +, 

where ~ and 6 (excluded flllx) are free par...., te rs which fix the e l ongation 

and the l ize ot the cen tra l ho l e (aspect ra tio), and by the t \lO lource 

funct i onl , T * and *. in the Cnd-Shafranov e quation. Fo r the to r oida l 

fl ux , \le choo.e 

T2(t) _ T! • ( l +a. ), 

~=, -ojI a ' 

\lh e re ." i l the. va l ue ef the flux a t t he lurfac e , and To a notllUlli z ing fac­

to r \lh ich entera only as a .. l t i p liCAt i ve con'tant in t he gr""th rate. The 

only free pa r alllO-tee ia a , which caracter ius t ha fo r ce- f r e e cur r en t profil .. . 

At 10..- 8 val uea , the centribution t o the current o f t he s econd 10ll r c e ter. 

dp/d<!t is vnry ... al l 10 that the toreidal Curren t pro fi le , and thus the q 

profile, is essentia lly f ixed by the para .... ter a . I ncreas i ng a hads t o a 

ho l Lo.., i ng o f th .. rU T r e n t profile a nd tn a correspending inc reue o f qo' A 

typical c llrrent pr of il e a nd the cor r esponding q profile arc shOlorJ1 in ri g . I. 

"tlle o r iginal I phe r .... ak is recovered fo r (-0 , &-<1 and 3-<1 , which g ivu III 

.phe ~icI I pi ...... sur f ac e . A pos i ti"e [ e longatu the plas .. a ",hi le. 3 negat i ­

ve t compr essu the pL ... " into an obla t e . Ilipaoid. Yor 610 the topology 

ef the pi ....... chllngea into a te r oidal tonfil'lura ti<>n ",i th a hole <>n t h~ .. ai n 

axi s , the . iza o f which i nc r ease" \lith I.. 

In r e f uence II I i t i~ s ho"," that enly an oblate .phe r omak can be .table 

against i nte r nal _de • • Thi . ruult i s obtained by an analy tic t r e"t.ent 

limi ted to. 6-0 , [« I, a-O and p =O . We have ver i fied i t numerically wi th a 

111&11 hol e (6-<1 .05) and a 55UM! it is true in a ll cases . 

Our s tudy i. limi t e d to a fallli!y of ob li .... ks \lith E_ .) , varying o nly 6 and 

a . All the cal cula t ion. have been done with the ' pec tnl code ERATO . 

I nte rnal .od .... t ability 

Aa s een befer e, ebli .... ks \lith a..o and *0 pre stable. "tlle q profile it flat 

in the cente r and d r ops to uro at the edge . On axi l , q ~qo . i l t\\lays Ius 

thlln 1. A p ressure dp/d~~O "",y int r educe in!tabilities . The :-Ie rciu crite­

tion can be \lritten at 

\lhon HI and "l are flux averages which depend \leakly on * a a long lIa 

6~~1 and do net vani s to in the l i mit dp/dll-o . For 11-0 , "2(, »0 and since 

"lC. »O the Herder c riterien providu a preas ure gradient \i .. i t 

This I • • it vani .hes on t he u il linear ly \lit h .. and increas es IIIOno t o n i ca lly 

t o"'ards the ed lte . An integratie n giv ... the U . iting value for 8 I ll . 

We n"" int r oduca the addi t ienal t er. a in the force-free cur r ent . TncreA-

l ing a , and thua qo ' dec r eUI!I H21. ), giving a higher li . i.ting value of B. 

When qo bacomes l arge r than I, " 2 chll nges s ign in t he vicini t y ef t he ax i s , 

.nd if 11 and qe are further increased the He~cier critedon doe. not prov i de 

a 6 LimitA ti en. The ba IL eonill, c r ite rion i 8 in principle ""'re a tr ingent t han 

'Ie r c ier, co i nciding \lith i t e ll the .. gnetic • • i • . We ha ve net found, up te 

the hi ghe l t v"lues or S tested , any bal looning in. tabilities beyend tho 

Mefci er !i.it , with an in t eg ration r a nge of gO A. 

n,,, upper limit nn A and qn Corne. from an in t e r nal n-I kink inHabitity. 

Fe r q,, >I, the s ingular l u r fa ce q.t !in ill the pi u ... and ... n internal kink 

appear. loca l ized \lith in the q .. l l urfac •• The exact vaLue of qe cerrospcn­

ding to the onse t o f ehi . i nRt~bil ity i l cle. 1 to I bu t \le Canno t alse re 

that it i s e xactly 1. I t i . l ufficiently clou to the va lue \lhere K2 (0) 

chang ... s ign to eenl i der t he., as identical in which caae tha r e i s a .. xi_ 

value o l JI which Cln be s t ably cenf i ned choose ~ such that qe -1, and * 
s uch that Me r c ie r i s ... rginal everywhere . Yo r technical reasons we hav .. 

p r esented dp/d"/l by a polyn".,ial expreuion (011 -0 en 3xis) 

and adjlUted "1 to . atisfy Hercier everywhere. Ou r 8 vatue l are then unde r ­

estiuted. Figur e 2 , hO\l5, for a pArticuh r case , t he Ce!1lPari aon be t wee n the 

valua e f dp / d . whi ch wou ld .ah He rcier lla r ginal and the optillized analytic 

pro fi le. Figure J shews the optimized value of B a s a f unction o f th e size 

of the hol e 6. W .. do net knO\l yet how it vari ... \li t h the elongatien t. 

Fr ee bounda r y _des 

Withou t 11 s hel l al l the "quil i b ria conside r e d are unstab le te e xterna l k i nks . 

Yer th ... opti.ized equilibda found above we have ve rified t hei r stabil i ty 

\l ith ERATO for n-o ,1, 2 , 3 and 4 as the she ll i , progre8l i ve l y IIDved a\ol"ay f r om 

the plas .. a .udace. The -.od, n· 1 i, th .. fi rst to beeOllll uMtable . The cri­

t i c a l d is tance i s be t ween .20 and .40 of the p i u ..... radius . lIeclI".e ef the 

non-vanish i ng current de n.ity at t he edge , free boundary high-n modes ara 

expected to be always unsubl e . A . .... othing of the cu r rent di . continuity 

. heuld e asily , ,,\ve this problem. 

"tll is \lo r k ha. been . .. po r ted i n part by tha S\l i ll Na tiona l science FOu nda ­

tien . 

I II ' Low- As pect-Rltio Li,.it o f the Te roidl l Reac t o r "tlle SpheromBk '; 

H.N. Bu ..... c , H.' . Yurth, H. Okabayahi , '1.10. Rounb l utb , and A.K. Todd , 

'Iu ..... Phys i ca Dn d Centfelled Nuclellr rusion Re s earch (P r ec . 7th ln t . 

ConL Innsb r uck, 1919) lAEA-CN-J7/Xi. 

magn. <lX'I S R 

~ , Typi cal pro f i la 
CE-.J , 4-.2) of the toroi ­
d,,1 c urren t dens ity (arbi­
tra r y uni ts) acrell tha IIIi d 
plane Z _ O. 

!.!t.:.....!! ' Corre s pon-
ding q 

q ~~~~------I 
profile 

( . .. 'F.>. 
.5 

o .5 

5 

~ Compar iaon , berwaen ", pressure 

I gradien t which would 
""'ke Herc i e r crite-

I rion .arginal e very-
I 

/ \lhe r e (--- ) ." ", 
op ti .. iud analytic 

_<!f. r--------------, 
dy 

.5 

exp r ess ion for "hi~h 
Herde r i s margin41 
areund ... . 1 (-). 

o 
5 

!i..&.:....1 , Tho depen-
dence e f t he ave r agll 

" [./.J,--------------. 
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FREE-BOUNOARY EQUILIBRllll1 OF A HICH-B TOIWW{ 

J.P. Goedbl""d 
AUo<:i1nion Eurllto .... rOM, rOM-Innicuut yoo r Plasm.o.fylica 

Rijnlluilen, Jutphau, 'l'ne Netherlands 

ABSTJtACT. It. fait and accurate .. ethod for ch .. solution of free-boundary C'Iui­
hbna u obtained . 

Thll problem of global equi tibri'" and ,ubility of . harp-boundary high-B 
toklllUks has baen .("died previously for a r bi t rary plas .... crOU-Iee(ions of 
puacdbed ahal'" . 1-4 In these Itudiu the equilibrium waS completely fixed 
by giving the valUI! of the par""",c .. r I:Bp ii 21'/<Bp> and thl! ahape o f the 
pia ..... s urface on which a kin-curren t. aU flololing . The equilibrium pr oblem 
in that ".1" conlists in solving Lap lat"" equation on a two-di .ensional d,,· 
aain "ith give .. valu ... of ch. nux function and ita n"....,,1 derivative at the 
1'1 .. 118 boullduy. This pToble. i l ill-poud, but it leads to ... ell- d .. fined 
.. qul.libril ... lillit: 1 2 

I:Bp ,crit ·"2 </[x(8)-6)/a+ 1>- , (I) 

lIere, the bracket. indicate sveraging vith rupect to s rc l enlth, x(8) is 
ths horizontsl di.tance of • poin t 00 the cross-section to the centre of the 
tube, 6 i s the .h ift of the centre of the piu .... , and • i s the hsif-width. 
Thi, H.it on the poloidal bets s rises SI a result of th .. e"i stence of a 
u.pantrix of the. vacuum lIagn .. tic fie.ld, which has reached t hll. plasllla s ur­
hce when Ellp h .. the valu .. given in Eq. (1). 

The existence of a separatrix, th .. location of the associAted stagnAt i"n 
points, snd the sp .. cific fona of Eq. (I) s n due to the fact that thll. shap .. 
of the plasma crou-section is impos .. d, .. hich leAds to an ill-poled proble •• 
This .how5 up in a ve r y sensitive dependence of the locat i on of the stagna­
tion points on th" spe cific f or. of the cross-sccti"n chosen: 1 .... 11 change. 
in th" s hape had t o big chnnges in t he loution of the atagnation points 
snd , h"-nc"- , in the value of the rotational trandorll para .... ter q. To re .... dy 
the latter pathology , i n a pr .. vi ..... s pubtlcation~ we Ilready advocated th .. 
replace .... n t of the pa ra.eter q by • parameter q-, .... u r ing the toroidal 
I;u r rant. The purpo ... of the p r esent invutigation i. to ..-e .... Vll the ill-posed 
charac t e r of the problem altogether by turning to the o r iginal phyaical 
qUaltion , vh. the determination of t he plasma crOIl-Bect ion for a given 
,hap" o~ t he outer conducting .. all and to i nvestigate whether and how the 
poloidal beta i. lillited in that case. 

For a "ircula r wall thi , free-bounda r y proble. OIly be cast in the f a .... of 
an integral equa tion for the poloidal Held at the p las...,. vacu .... bounda r y: 

f IC(g(II) , II ,g(O ' ),II ' j + Cl u(O ' )dB ' ·0. (2) 

- Th. ke r nel iJ th. Green'. function C(r , B,r', e ' ) for a cirCular dOll.lin evalu­

ated at the piu .... boundary r • g(8): 

C(e,O') - 1 In JgLHQ-2HtllglS')Cos!s-e;I+&!rIl;j 
2, V 1-~g{lIjg(e')co.(e -8 )+g (lI)g2(1I) (3 ) 

The function u(8) providu t he angular dependenee of the po l oidal f ield bp(O) : 

u(8) • ~ {I + Ik2 ( gcol 11 - 6 - aj/a -~ bp(O). (4) 

Here, k ~ ia • par.metar of unit range associated .. ith the poloidal beta: 

tllp • !k
Z f..gr.;p dOl fUdll . (5) 

Tho conlCant C turno out t o be an eigenvalue pa rameter deter .. i ned by period-
i city r equire .... nu on u(e) . . 

Th .. probl .... consists of deter .. ining the shape function r • gCII) such thn 
the .olution t o the inugnl equation (2) p r ov i du the correc t anguls r de­
pendence of u(8) ginn io Eq. (&). ; .e. , the kernel of the inUgral equarion 
i s unknown here. Thus, although Eq. (2) i. linear, .. e still .. ind up with a 
non-linear probh ... for which no guaranteed ",ethod of solut i on exilt l . 

Ih" solution r · gee) i s fixed by fixing the points g(O). 6+a and g('rr)· 
6 - s. The pArametar kZ i a th"n determined, ,0 th.t the proble ll only has two 
free para .... ur. , vi~ . a and t. (o r kZ, or c~), cor responding to fraedom in 
choi"e o f the pi ..... area and of the poloidal beta. 

Previous invntigation. of the free-boundary p r obhm5- 7 vere bas"d on Dn 

ite rative procedure where the equilibriWII equa t ions we re .olved by &uessin& 
the shape of th" plasma boundary. At <'!ach s tep in th" i terntiv, pro"edure 
the boundary il then displaced with an IlIOun( proportional to the unbalance' 
in the total pr ... u r e at th .. boundary. Th;' .. ethod turned out to be extre .. -
Iy inaccurate Dnd of t en led to dive r gence. Since .... 11110 in tend to invead-

~~~: ~~;o:t~~i ~~!y f7! I~h:~:u~:U~!~b:!~e::' 1;-r;~~f; :~~~;:~y t::~I~h:o~e ~:-
re&ch"d with this me t hod. 

A l uccenC ... 1 modificaLion of th" probl"m stated In f.q~ ... (2) - (4) consistl 
or app.I)· in ;: ,. confo .... 1 "",pping z • z( .. ) ~r= the , • ~el- -phnl! 10 the 
... s elt - plane , in ~uch a .. ay that the ;m,,&e of the w~11 i s a circl .. and the 
;"",ge o f the plasma boundary bl!c"""s • curve centnd around the origin. Such 
a !lapping conservea thl! (0<'111 of the Eqa . (2) and D). For a circulu wall it 
ia provided by the s imple bi linear transformation 3 • (., + o)/( I + ~w) , where 
the interior point z • 0 of the plasma i . mapped onto the origin and the fix­
ed points 3 • tI .! a tran.for. into tt.e fiud point. w • .! p . 

The technique of confor .... 1 .apping aho p r ovide. us .. ith s .i'"P l .. method 
to tr"at free-boundary equilibria for wa ll s of arbitrary c r o.s-nction. Al l 
thal i s required there is the con truction of a confol'lllal mappi ng t • z(w) of 
an arbitrary domain OntO the unit disk . The ex i stenca o f s uch a mapping i , 

~~:~ ~;~:~i.!y ~~e b:i:::~ n:;P~; n; e:~;:~e:~ t~::~a s lI!h~a::p ~!~! ~o~:e:i~:~ 
_ thod which i s also exploitad in the ttability analysis. 

After the confo...,,1 trandor.adon tha p r oble. i , ideally .uiud for a 
Fourier representation in th" new angle t, .. here .. e h"ve to Ic.CI!p only very 
few h:lrmonic s (typical ly in the order o f 10) to accur"tely repreMent the 

. fie l d. This IIIIIthod nlso exhibits the reUOn for the above-.. ~ntiOl1ed failure 
to provide accurate ans"~n. I t turns out thn, in tha iteration p r ocedure . 

1 
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Fil' 1. Fru-boundary equilibri ... f or ••• 4 , 6 • • 45, 

for .. hich ESp· .595 . 
a. Ori&inal z-plane, b . image v-piane. 
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rig . 2. Poloid~1 fidd as D funct i on of s r c length A. 

tha r •• p<>n u to chIns". in .t.., hiehpr h~r"",,,;c. of the boundary i s much 
hillher than that duo to the 10W<! r harmonic • • If III harmonics are tres t ed on 
an equal foot i ng this frequently lead s to divergence. ey d .... ping th .. r espon u 
to the higher ha..,.,nics Irtificially through a judiciously cho . .. n duoping 
hctor a !astly converging .ch" .... was obtain .. d, whe r e thl required sccuracy 
of 10- 5 was reached in 10- 15 icarat ions. 

In Fill , 1 a typica l example i . ~xhibited of a free-boundary .. qullibrium 
in a range of I:I3.p wher" a separa trix w"uld be elos" to tho wall in the orig­
inll ill-posed probh .. leading to Eq. (I). lie have _ho indicated tha com­
putstional grid , .. h ich i5 equidistant in the angl e t. (Only 16 of th" 128 
point . that ...,re used are .hown.) It i . cl.sr that the con £o"",,1 OIIpping 
l ead. t o a distribution of angular grid-points t hat i. quite optimal for 
t h is prob lem. 

Th, variat ion of the poloidal field at tho plasma boundary and at t he 
.. all is shown i n ril' 2. If one fI"es thl psrameter a and illcrea ... t. 
(Le. , tB ) the field. develop .n ever .. id"r IIlini.ws on t he in. id. of the 
torul '0 ~hat all th .. polo;dal field is squashed t o the ouuide of the to­
rus. In the fix ed- boundary problem . i ncrasa ing &8 leadl to an inward IIIOtion 
of the saparatrix unt ill the stagnation point hit~ t he plasma boundary. It i . 
a~ OIlY .... tter to s ho .. that t hi s cannot happ"n in tha free-boundary clle , 
S}n~l. bp at the .. all cannot develop a uro .. long PI bp i. still po.itive 
dcflnlte at the ph ...... boundary. H .. nce. a leparatri" could only suddenly 
"p;>ear at the pia .... boundary .. ithout having . rrived there by a continuous 
mot i on from the outside. Unfortunately, wherh"r thi l actually happens could 
not be traced in the computation because the obta ined accuracy i. rapidly 
lost when t. is incra ased beyond the value given in Fi g. I. So, t h ~ qU""tion 
rai.ed "t the b"ginning of this paper i . not definit"ly .nswered, but On the 
way to an answer .. e did obtain a rapid s nd .ccurate IIO!:thod t o find high-beta 
free-boundary .quilibri .... 
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Numerical Studies of ~mD Instabilities 

J. L. JOhnson,t M. S. Chance , R. L. Dewar, A. H. Glasscr, 

R. C. Grimrn, J. M. Greene, S. C. Jardin, J. Manickam, 

A. E. Miller, D. A. Monticello, A. M. M. Todd, 

K. E. Weimer, and R. B. White 

Plasma Physics Laboratory, Prince ton University 

Prince ton, New Jersey 08544 USA 

At relatively high values of a. pressure-driven ballooning 

modes are not radially localized, but f orm channels lead ing 

from the center of the plasma to the edge. l This observation 

has motivated much computational effort 2 and has led to sig­

nificant analytic advances in the limit of large azimuthal mode 

number,) Recent analyses using analytic equilibrium mOdels 

with circular but nonconcentric magnetic surfaces and working 

near the magnetic axis have indicated that at sufficiently 

high a these high-n ballooning modes become stabilized. 4 The 

pur pose of this communication is to discuss some numerical 

calculations that confirm this observation using numerically 

generated equilibria which show that the stabilization is not 

due to simplifications associated with the model, and to study 

ways of using this stabilization mechanism for future tOkamak 

design. Some of this work has already been published 5 

The mechanism responsible for this second region of 

stability can be understood with a rough mOdel where insta­

bility should be expected when the energy associated with field 

line curvature, p ( 2/aR, is larger than the magnetic field 

bending energy, B2(2/L2 . Here pia measures the pressure 

gradient, R the major radius, and L the connecti on length or 

the distance along a field line between regions of favorable 

and unfavorable curvature. For the standard low- a tokamak 

or dering L - qR with q the safety factor, we find i ns t a­

bility if a > a/q2R. At high a the Shafranov shift moves the 

magnetic axis out close to the plasma surface, drastically 

increasing the poloidal field locally, and shortening the 

connection length . Thus, at some value of a , field line 

tension introduces a new stable region. Since this effect is 

e xaggerated by the circular cross section model, it is 

important that veri f ication be made with exact numerical 

equilibria. 

This was first done using a large aspect ratio tokamak 

approximation to obtain equilibria and the localized ballooning 

mode theory to investigate stability. Typical results are 

given in Fig. 1, where we plot the unstable region for n 

modes fO~ a low shear model where qa/qo - 2 and p varies as 

(1/1 - oto a1 with>p the toroidal flux. 

Comparison with exact numerical equilibria using the PEST 

code showed good agreement with this model. Results for a 

series with 1 < q < 2.5 a nd p ~ po{[l + 3( 1/1 - OP al ] 1/2 _ 11 4 

are given in Fig. 2. Here the growth rates were evaluated 

using a perfectly conducting surface boundary cond i t ion rather 

than wi th the localized ballooning mode mode l . 

Ef forts have been made to get into the high- a sta ble 

reg ime from a stable low pressure system through a f1ux­

c onserving tokamak scheme by increasing the pressure in such 

a way that the localized ballooning mode criterion shows at 

least marginal stability everywhere. This has not been 

successful for high shear sys t ems with a circula r outer plasma 

sur face, but such a trans i t i on can easily be made in reason­

ably D-shaped configurat ions. 

Stability in this high-a regime has only been demon­

strated for pe r turbat ions where the plasma sur f ace is held 

fixed. Growth rates for both fixed and free boundary modes 

are plotted in Fig. 3 for the same parameters as in Fig. 1. 

The unstable growth rates tend to saturate as a increases. The 

modes can be stabilized with a conducting wall reasonabl y far 

from the plasma. 

Since more control of the free boundary modes may be 

needed, it is useful to investigate the effect of changing the 

s h ape of t he current di s t ribution on the stable regions that 

occur nea r rat i onal values of qa. For suffic i ently low B, 

t oroid icity ha s little effect on the width of these windows. 

As shown in Fi g . 4. increasing a rapidly closes the stable 

windows. The width o f the stable window and t he pressur e 

needed to close it are functions of the cur rent prof ile a nd the 

aspect ratio. Peaking the profile increases the r egion of 

stability, as does lowering of the aspect ratio. Careful 

shaping of the current could further improve the critical a 

for maintaining stability up to moderate a values as noted above. 
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';1'UDI3C; 0"" PARTICI.E i<tlD EiiERGY BALAHCE OP IQ:lS 

It! 'i'OJ~,!.J,t:s 1'-4 Aim TUl.:J\l1- 2u BY 1.';ETIlODS OF COR­

FUSCUIJ.R PJJ..S!.JI DIAGl!QSTICS . 

V. V . !.fros i nlcv , E . L . :acre~ovol:y , A. B. Izvozchikov, 

j, . I . lIislyc.icov, Ii . P . Potrov , J. . V. Klludo leyev 

Ioffe Piljsico- 'l'cchnicu l Insti tute , USSR Academy 

of Sciences , Len!n~rad . 

Abot~ct . U~inG cxperl~entnl data obtained on T-4 anti Tu­
man-2n \",1 th the help of the cample;: IT.othods of corpusculc.r ples­

ma dio.gnoatic(J c.n ennlysia 01' pl.ll'ticHi cnd enerGY balallce of 
1011 8 is carried out throu('".h tile numericaJ solution of trans-
for equationa . 

Diuc;nostic complexes Inotolled in T- 4 uno. Tu.mull-2e per­
mitted to obtuin dnta on the space dlstrioution of density 
np(r) cnd te)~perntul'e Ti (1') of plusJlW. ion,;, . I n T- 4 thene mec­

s u rcmento were carried out by Ilnc.lyzillG the flux of fa!!t ntom!! 

resulting froD churbe-exchance of the plu~ iono on the arti­

ficial tCGet proliuccd "y injection of" fest deuterium utomo in­
to the hydrOGen pl[, =.ll [ 1] . EnerCY enc.lysi s of spectre of fc!!t 

charee- exchanGe ctOl,!! enable!! to obtain diotribution '1'1 (r) pre­

sented in Pi~ . 1- e . By the value of atomic fluxeo fo~ed on 

the crtificial t arGet local ion den::Ji t icn \"Iere detel'l'uincd (Fie. 

1- b) . Ilbaolute vnluc:J of ion d(mnitieo \"Iere found from the va­

lue of atomic be!!T.l attenuc.tion [Lt pao9inc; throuGh the p l p.om!! . 

Dia(;nontic deviceo in ~'uman- 2!! ene.ble to .;lmul ~tlncousl~· 

carry out r.lultichord prob1ng of the 1)11l= colur.!ll by fnot e .. ol:l 

beer.l!l as \"Iell cs multichord analysis of chP,rGe-e~chn.J1ce e.tor.lic 

beams fror.: the plc.SJ118 {21. TIee1!ltre.t1on of" atomic flu::e!l nno J:U:,. ­

de in the direction perpendiculc.r to tile tore eque-tor plene . 

In this Cl'.se emmntiully decl"eC'.Dcd tile influence of the trapped 

ions drift Oil the o!mpc 01· ludio.l ion tempel":".turc Ill·ofi l u . ':hc 

obtained di9tribution::: Ti{r) and npL(r) ere pl·eoented in I-'ib ' 

2- a .. b . It Shoul d be noted that i n tokrunal, TtunRn- 2a fl ohort 

plateau of ple=c. density ( - 2 DLuec) 1·;['.:3 Ob:::Cl·vcd after I"Ih1c1l 

dencity drop b~;:;~ proceedin!; unti11 the enc. of thc diflch;lrge . 
I1wnericnl ",olution of parti olo I'.nd cnar;:;y h"Cllsfor 0'luc.­

t1ono ~IC.C utlen for anc.lyzinG tile l'e::ult:; obt{'. i nud . To d(!t(!~1IIinc 

d if1'u!Jion coe!'~~::'ciellt D on to!:(IJlI('J: TWlllm- 2a VII' hrve c on:J1der­

cd non-stationary diffusion equation 

~~ + ff,:(ib~);=AL 
where Al is the source of iono det e~ined by ionization 

of the flux of o. toms from the 1'10.11. 'thc flux valuc 1":[,,1\1 obtain­

ed from the absolute voluefl of the C;)al·~e-ezcho.n(;e ator- lic flu]; 

from the plnl.llIls . For T-4 c. Dtfltionnry type of thio equation 

1'1Q8 uDed as \·Ii thin the operatinr cOlldi tions the main port of 

the diacil.o.rge took placc at a constant ple-slnn density . MJ a 

diffusion coefficient 1:> pceudoclasoice.l e~reS9ion \"Ins 

uned: 

bP'''.': k·3.3-10- SenA 
,[,hc ccJ.culntion !1hol"lcCl that the best c6reement l'lith the 

experiment (u['.shed zonco in Fit.: . 1-b and 2- b ~lj!Osc width io de­

fined by the Cl'TOl' in dctem.ininG the values of lhe e t omic fluz 

f rom tho 1·,0.11 no (a) . ZeH t'.n~. 'Y(a) ;. fOl' t Jle two devi­

ce:: i3 obacl"vud ut k z 1 . 

S ta t i onnry ' lcC.1; equr..tion we e uced to unsl;rze the ener~ 

baIt_lic e of iono 

< a ( aT,) Q 0 Q r= ar np,...;t. 8r ::. £i. - C - b 

in 1.lIi ch t he left part repl'coonte the hec.t 1009cn due to hent 

conductivity, ·~ e i ia hent trtLnofcl" fror~ clectron9 to iono and 

{.c and (ID lll·e hea t losses due to cimre;c- exchance and diffu010n , 

rellpectively . 
I!eocln:::sicsl coefficient o i n the fOlT:r e;ivell in[)] \"Icre 

u :::ed e o ilel'.t conductivity coeff iciento 

'1'he clllculated 10n tenperu ture profilell a re ;;i ven in Pig . 

1- a ond 2-0. no dashed zonCll . 
In l"11..: . 1- ;" and 2-u are pr eoented the cnlculated value o of 

pOller lien::::i tie::: Q end f ull pow~r flo\'! P for the cy­

)ill(101· ';Iith rnd iuor oi' heatinc; a ntI hent loo:JCs duc to different 

I~echalli::::rrs . 110 is seen fOl· both the devices in the !:lain part 

of t he planmc. c01= Ilc{'. t loooea by ion::: a!'e determined by the 

"eut c onductivit~' and only in the pleamn periphery c.t t"'/a> 0.7 
b .c l~nin l·01e in l:he ilent bnlcmce iD plc.ycd by chal'ce-exchent:e 

and d1fiuoio71 . 
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Thus , application of complex methods of corpuscular din~­

noatico permitted to obtain opace diotribution n of density ruld 

temperature of pl flSJ:Iu ions 61)d to minimize the ocope of thc hy­

pothetical date. ncccssary for numerical simulation of trOO19fcr 

processes in plasma . 

The o.nnlysis of pal·ticle and enel·GY balance of iono llhol·led 

that for devices frith various plaalJl(l parameters pc- l·t1cle trans­

fer is determined by the pseudoclaesical dif"fusion \·/i th the 00. ­

me adjusting .coefficient k ::= 1 . At the swne time heat tranofer 

io of claosical character defined by ener&! tl~sfcr frOM elect­

rOlls to 10na nt Coulomb collisiona and heat loss due to neoolae­

sicc.l hcat conductivity in the major portion of the plp.smo co­

lumn . 
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